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4.1 Introduction

Energetic electrons in the radiation belts undergo three quasi-periodic motions:
gyration, bounce, and drift. The motions have distinct periods and each of them
corresponds to an adiabatic invariant, referred to as the first, second, and third invar-
iants, respectively (Schulz and Lanzerotti, 1974). The presence of plasma waves can
violate one or more of the three invariants through wave-particle resonant interac-
tions, leading to irreversible changes in electron phase space density (Thorne, 2010).
The process of wave-particle interaction plays an important role in the variability of
the radiation belt electrons. Much more attention has been paid to gyroresonance (see
review by Albert et al., 2013, and references therein) and drift resonance interaction
than bounce resonance, which can be responsible for the violation of the second
invariant. Violation of the third invariant through drift interaction with ultralow
frequency waves (e.g., Dai et al., 2013) can lead to radial diffusion, while violation of
the first invariant through gyoresonance interaction can lead to pitch angle and energy
scattering (e.g., Albert et al., 2013).

The investigation of bounce resonance started about five decades ago when Parker
(1961) and Roberts and Schulz (1968) suggested that electrons can be subject to
scattering by means of bounce resonance with hydrodynamic waves whose frequency
is equal to multiples of electron bounce frequency. More recently, the idea of bounce
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resonance has gained increasing attention, in an attempt to explain the observed global
coherent variability of the radiation belt electron fluxes (Kanekal et al., 2001; Shprits
et al., 2007). Specifically, during geomagnetic storms, the radiation belt electron fluxes
may vanish rapidly at all L-shells, indicating that electrons at all equatorial pitch angles
are effectively scattered by waves. This is also true for equatorially mirroring electrons
with equatorial pitch angles «,, = 90 degrees. However, those electrons are generally
immune to the gyroresonance interaction, which requires a finite electron velocity
component along the field line to satisfy the gyroresonance condition unless the
relativistic mass correction is sufficient to reduce the electron gyrofrequency to match
the wave frequency. However, when the relativistic correction factor is relatively
small, it appears that the electrons with a,, =90 degrees cannot be scattered by the
waves with gyroresonance.

Among a variety of plasma waves in the magnetosphere, equatorial noise (Russell
et al., 1969) is a potential candidate for bounce resonance with energetic electrons.
Equatorial noise, also known as fast magnetosonic waves or ion Bernstein mode waves
(Gary et al., 2010), consist of electromagnetic emissions confined within a few degrees
of the equator (e.g., Santolik et al., 2004; Hrbackova et al., 2015), occurring above
the proton gyrofrequency f,, and below the lower hybrid resonance frequency f; pr.
Magnetosonic wave frequencies typically range from a few Hz to ~ 100 Hz, and the
low-frequency portion of the wave band is close to the bounce frequency of
energetic electrons above hundreds of keV Shprits (2009). The dominant component
of the magnetosonic wave’s magnetic field is along the background magnetic field,
leading to considerable magnetic mirror force along the electrons’ bounce motion.
The wave has average amplitudes of ~50 pT (Ma et al., 2013), but much more
intense magnetosonic waves, with amplitudes up to ~1 nT, have also been reported
(Tsurutani et al.,, 2014). Ring velocity distributions of the ring current energetic
protons can excite these waves with nearly perpendicular wave normal angles (and
hence near-perpendicular propagation directions) at multiples of the ion gyrofre-
quency (e.g., Perraut et al., 1982; Meredith et al., 2008; Chen et al., 2010, 2011).
Discrete and harmonic spectral structures of magnetosonic waves have been reported
during various satellite missions (e.g., Balikhin et al., 2015; Min et al., 2018).

These waves have also been shown to be effective for causing Landau resonance
interactions, which are responsible for electron acceleration (Horne et al., 2007) and
for inducing additional transit-time scattering (Bortnik and Thorne, 2010; Li et al.,
2014). Both bounce resonant and Landau resonant scattering by magnetosonic waves
have been proposed as mechanisms for the formation of butterfly distributions which
require a depletion in equatorial and near-equatorially mirroring electron fluxes and/
or enhancements of lower pitch angle electrons (Xiao et al., 2015; Li et al., 2016; Ma
et al., 2016). Albert et al. (2016) demonstrated that a minimum phase space density at
90 degrees pitch angle for the inner radiation belt electrons can be reproduced by
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the inclusion of cross pitch angle and energy diffusion without the presence of
magnetosonic waves. In addition to diffusive interactions with magnetosonic
waves, Maldonado et al. (2016) demonstrated that bounce resonance with coher-
ent magnetosonic waves can lead to the observed rapid formation of butterfly
distributions within seconds. In this chapter, we will cover recent developments in
bounce resonance theory. We start with a test-particle model for studying the
wave-particle interaction process, and then review Landau resonance, nonreso-
nance, and bounce resonance with magnetosonic waves. Special attention is paid
to the dynamics of equatorially mirroring electrons and coherent interactions over
timescales longer than the bounce period. Finally, quasi-linear diffusion theory is
reviewed, which accounts for the bounce resonance interactions with broadband
waves.

4.2 Mathematical model

The mathematical model of nonrelativistic electron motion due to wave-particle
gyroresonant interaction with oblique whistler waves was developed by Bell (1984),
based on averaging the Lorentz force equations over the fast varying gyrophases and
assuming a small wave magnetic amplitude as compared with the background
magnetic field. A relativistic model was later generalized by Tao and Bortnik (2010)
and Albert et al. (2013). Many various forms of the gyro-averaged equations have
been used to study wave-particle gyroresonant interactions and Landau resonance
(Bortnik and Thorne, 2010; Li et al., 2015; Hsieh and Omura, 2017). Such equations
are also applicable for studying bounce resonance interactions (Chen et al., 2015;
Maldonado et al., 2016; Li et al., 2015). Here we summarize the set of general gyro-
averaged equations for electrons or ions, near an arbitrary resonance #, in a
convention convenient for an arbitrary wave polarization and arbitrarily charged
particles (electrons or ions):

dp- L
dt 2ymBy dz
4.1)
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Here a field-aligned coordinate system is used, where z is oriented with the
background magnetic field line By and x and y are two perpendicular directions. Our
background field B is assumed to be dipolar and z is the arc-distance along the field
line measured from the geomagnetic equator; m is the charged particle’s mass and g is
the charge (with sign); v is the Lorentz factor, and p.(v.) and p, (v)) are the particle’s
parallel and perpendicular momentum (velocity) components, respectively. v; denotes
particle drift velocity, that is, the velocity of the guiding center across the field line.
The first terms on the right-hand side of Eqs. (4.1) and (4.2) represent the adiabatic
variation due to background magnetic field, while the terms associated with summa-
tion denote the changes due to multiple wave effects. The subscript ; denotes jth wave
component with a corresponding frequency wj, parallel and perpendicular wave
numbers, k.; and kj ;. E and B denote wave electric and magnetic complex
amplitude, respectively. The wave components in a rotating coordinate system are
denoted as Bx ;= (B.;*iB,;)/2,E+ ;= (E.; *iE,;)/2 The ratios among wave
electric and magnetic complex amplitudes can be determined by the dispersion
relation corresponding to a given wave mode with w; and k; and local plasma
parameters such as By and plasma density. The local dispersion relation is solved for a
plane wave of the form ~ ¢*' "~ The c.c. terms represent the complex conjugate of
the wave force terms. The complex quantities are useful for implementing a general
dispersion relation, not limited to the cold plasma dispersion relation often used
previously. To be more general, the factor containing wave number azimuthal angle
®; is also retained. 9); is defined as the azimuthal angle of the wave vector k; ; with
respect to the x axis.

The terms J,(3) are Bessel functions of the first kind with argument 3, = %.
The charged-particle gyrofrequency is € = gB,/(ym). These Bessel terms arise
owing to the wave-phase variation along the gyromotion path, which is also
known as the finite Larmor radius effect. It should be pointed out that |Jy(8) | <1
and |J4+1(B)| <B/2, and therefore the Larmor radius effect produces a smaller
driving force than the typical guiding-center approximation, which ignores the
size of the Larmor radius. By letting 3 approach 0, Egs. (4.1) and (4.2) can be
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reduced to the guiding center approximation (e.g., Li et al., 2015) and the conser-
vation of magnetic moment = p>/(2mB,). The term @jn in Eq. (4.3) is the differ-
ence between the jth wave phase as seen by the center of the particle
gyromotion and the nth multiple of the particle gyrophase. This difference
takes into account the Doppler shift due to both parallel motion along the field
line (k. jv.) and the perpendicular drift motion (K ;- vy),

The scale factor g(A, ) =g\(Ng(f), where A is the magnetic latitude,
o= exp( - i—j) and

_ (t—n)

= exp Tt? for <<t
gty =lfory=t=p

_ (t—n)

= exp _Ttg for t>1t

¢ 1s introduced to represent latitudinal variation of the wave power with a latitudinal
width of A, which is relevant for equatorially confined magnetosonic waves. The
term g, is introduced to account for temporal amplitude variation when particles drift
through the wave fields over the localized azimuthal extent, that is, when particles
enter or leave the field lines of interest. The waves turns on at ¢ = f; and turns off at
t=t,. Launching test particles inside the wave field would induce unphysical scatter-
ing, in addition to the scattering due to the waves. Since we consider the interaction
only along a fixed field line, it is implicitly assumed that the timescale of the wave
existence T =t, — t; is much less than drift period 7, and is typically less than a few
bounce periods 7.

Often one deals with a single primary resonance at a time, that is, only one possible
solution for an integer n that is close to, if not equal to, the gyroresonance condition
< < |9Q,|. Therefore, it
is safe to consider n =0 only and as a result, electron trajectories are independent of the
particle gyrophases, but the Larmor radius effect is still kept. For the case of n =0, the

n{2 —w + k.v. = 0. For magnetosonic waves, | —w + k.v.

angle ¢;,—¢ is simply the jth wave phase seen at the center of the gyration. The set of
test particle Eqs. (4.1—4.4) with n=0 can be also used to investigate the bounce
resonance interaction between electrons and magnetosonic waves for 7 on the order of
a few electron bounce periods. Here, we do not consider the effect of drift velocity v,
and consider only n = 0, for which ¢; ,,—; thus, Egs. (4.1—4.4) are independent of gyra-
tion phases. Therefore, a wave number azimuthal angle of ¢, = 0 is adopted (meaning k
1s on the plane containing x and z axes). It is worth noting that gyroresonant interac-
tions (i.e., n # 0) depend on the gyrophases, and the value of 1); does aftect the initial
value of @; .. As a consequence, particles’ response to the wave field depends on ¢);.
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Before discussing bounce resonance due to waves, we cover adiabatic bounce
motion of electrons in the dipole magnetic field. The bounce motion is similar to
motion in a potential well associated with background magnetic mirror, given
by pBy(z)/y>. The periods of relativistic bounce motion can be approximated by
(e.g., Walt, 1994, Eq. 4.28)

L _
7yfin s] = 0.117 X TV (1 — 0.46356in" ),

where v is the electron velocity, L is L-shell value, and ¢ is the speed of light. Fig. 4.1
shows the electron bounce frequency, f,=2n/7,, over a wide range of kinetic
energies E in the magnetosphere; f, ranges from a fraction of a Hz to 10 Hz and
e and higher
electron energies E. For ring current and radiation belt electrons (E>keV,

becomes greater for lower L values, higher equatorial pitch angles «

3<L<9), f, is on the order of several Hz. Note that there exists a bounce frequency

for exactly equatorially mirroring electrons (c,, = 90 degrees), although their trajecto-

eq
ries remain on the equatorial plane. As noted in Chen et al. (2015), the behavior of
equatorially mirroring electrons is analogous to particles at the bottom of the potential.

Infinitesimal electric and magnetic perturbation, if any, will result in simple harmonic
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Figure 4.1 (A) Bounce frequency (in Hz) of equatorially mirroring electrons in the dipole magnetic
field as a function of L-shell and kinetic energy. (B) Electron bounce frequency (in Hz) as a function
of equatorial pitch angle «., and kinetic energy at L = 6.6. The solid lines denote the bounce reso-
nant condition w = m,(2,, where , is the angular frequency of electron bounce motion and m is
an integer, 1, 2, 3, and 4. w is set to (, of electron with £=300 keV and a., = 90 degrees. The
dashed lines denote Landau resonance condition w — k,v, = 0 that takes place at magnetic latitude
Mes =0, 2,4, 6, 8, and 10 degrees.
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oscillation for those equatorially mirroring electrons with angular bounce frequency
Q, given by 27 = (,u/’yzme) (dzB()(z)/dzZ)|Z:0. For a dipole field, bounce frequency
for those electrons Qi = (,u/’yzmg) (9B()(z=0)/(LRE)2), where Ry is the Earth’s
radius.

4.3 Wave-particle interactions with magnetosonic waves—coherent

Here we deal with bounce resonant interactions between electrons and monochro-
matic magnetosonic wave fields. For a single wave, we simply remove the summa-
tion over j and suppress the subscript j in Eqs. (4.1—4.3). There are three possible
nonadiabatic effects due to interaction with magnetosonic waves—Landau reso-
nance, transit-time scattering, and bounce resonance. To illustrate these eftects, we
set L=6.6, equatorial plasma density 50 cm ™ >, t; =0.4s, 6, =0.1s, £ = oo and
wave frequency w = 11rad/s with wave normal angle 89 degrees and latitudinal
width A, =3 degrees. In Fig. 4.1B, the dashed black lines denote the electrons that
are in Landau resonance with the wave at various magnetic latitudes (w — k.v.o = 0),
where v.q is parallel velocity of the adiabatic motion, while solid black lines denotes
the conditions when w = m{2,, where m is an integer. Fig. 4.2A and C show trajec-
tories of electrons with initial E= 354.8 keV and a,, = 69.1 degrees (marked by an
asterisk in Fig. 4.1B) and random initial values of ¢,. They are in Landau resonance
at A,s = 2 degrees but out of bounce resonance. Those electrons experience nonadi-
abatic changes in a,, and E when electrons go through the resonant latitude because
of slow variation of ¢ during Landau resonance (Eq. 4.3). These changes depend on
the value of ¢, which is initially a random number. If the wave coherence does not
hold longer than one bounce period (7.<T,), then the value of ¢ and thus the
changes in momentum are randomized during the subsequent bounce. That is,
the random change in momentum is independent of the random change during
previous bounces, and therefore one should expect diffusive processes due to the
Landau resonance.

Additional nonadiabatic changes occur because of equatorial confinement of
magnetosonic wave power even when electrons are out of Landau resonance. This
change is also known as transit-time scattering or nonresonance (Bortnik and Thorme,
2010). Fig. 4.2B and D shows the behavior of electrons with initial E and ., marked
by the circle in Fig. 4.1B. There are net changes in «,, and E whenever electrons pass
through the equator. Such changes are induced when electrons rapidly pass through
the edge of spatially confined wave power. Bortnik et al. (2015) analyzed the transit-
time scattering in E and «,, with the aid of two assumptions. First, the adiabatic
variation of the particle velocity is ignored during equatorial crossing; that is, the zero-
order parallel velocity v., remains a constant when electrons pass through the wave
field (Bortnik et al., 2015, Eq. 21), Second, the mirror latitudes are larger than the
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Figure 4.2 Simulated trajectories of electrons in a monochromatic magnetosonic wave field for
electrons in Landau resonance with the magnetosonic wave but out of bounce resonance (left
column: A, C and E) and for electrons out of Landau resonance but in bounce resonance
(left column: B, D and E). Shown are electrons’ equatorial pitch angle (A, B) and kinetic energy (C, D)
as a function of time and pitch angle (E, F) for a longer time interval. The different colors represent
different choices of random initial wave phases, ¢o.

extent of the wave. Linear changes of the electron equatorial pitch angle (or E) due to
a monochromatic wave follows

7(“)_]%”)27%'), (4.5)

Aoy, or AE~T, sinqﬁeqexp( - 1

where ¢,, is evaluated at the equator. The time to transit through the equatorial wave
region, T, = z,,/v.o, where z,, is the spatial width of wave power along the field line.
The change is randomized for a random ¢,, and also depends on the change in wave
phase during the passage A¢p~(—w + k.v.o)7T, through the exponential factor.
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If |A¢]| is large, then the effect vanishes, and for small |A¢| (< ~2), the net change
occurs. The nonadiabatic effect favors the following two regimes: (1) for electrons
near Landau resonance (— w + k.v.o X 0) and (2) for electrons transiting through the
wave field rapidly (small 7,). For a large value of A,, only electrons near Landau
resonance are scattered. For a sufficiently small A, electrons, including those not in
Landau resonance, can experience additional transit-time scattering. Such nonresonant
scattering tends to broaden the regime of Landau resonant scattering. For 7,<T,, one
can expect transit time effects to induce diffusion in pitch angle and energy. The non-
resonant eftect has been also demonstrated in the interaction between subrelativistic/
relativistic electrons and parallel electromagnetic ion cyclotron (EMIC) wave packets
(Chen et al., 2016), where the narrow spatial edge of the wave packet reduces the
effective electron minimum energy of pitch angle scattering owing to interaction with
gyromotion. For nonresonant interactions with EMIC wave packets, the nonresonant
scattering becomes effective for the small phase change |(—w — k. — Q)7 | < ~1,
where T, is the time for electrons to pass through the spatial edge of the EMIC wave
packet. The nonresonance vanishes when the phase change is larger. Such nonresonant
effects associated with spatially confined wave packets broaden the interaction condi-
tion for gyroresonance and Landau resonance.

In addition to Landau resonance and transit-time effects, electrons can be in
bounce resonance with the magnetosonic waves. Fig. 4.2F illustrates what happens
during the bounce resonance over a few bounce periods. The electrons experience net
nonadiabatic changes in «,, and E due to nonresonant interactions. The net change
depends on ¢,,. When in bounce resonance with waves of coherence of a timescale 7.

longer than 7, ¢,, remains unchanged during subsequent equatorial passage, and as a

eq
result, the same amount of nonadiabatic change is gained. In other words, the change
Aay, is proportional to 7. when in bounce resonance (as seen in Fig. 4.2F). Over the
timescale comparable to 7, although particles having different bounce phases have a

different change in Aq,,, it is not a diffusive process. Fig. 4.3 shows the diffusive

eq»
change and the advectiveq change in a,, and E as a function of time. During bounce
resonance, the advective change remains small while the diffusive change increases
linearly with time. If the wave phase is randomized after the coherent timescale 7,
then the effect of bounce resonance is randomized. As a result it becomes a random
walk motion with each step per 7. with standard deviation proportional to 72. If the
timescale of interest is > 7., then the process can be described as diffusive with
averaged diffusion coefficients proportional to 7. That is, the longer the coherence
timescale is for the bounce resonance, the stronger is the diftusion coefficient.

Now consider electrons that are in Landau resonance but not in bounce resonance
(Fig. 4.2A, D, and E) for the case of 7, 7,. Electrons experience a net change in
momentum via Landau resonance during a bounce. Because the electrons are out of
bounce resonance (w # {2;), one would expect that they experience different
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Figure 4.3 Advective (blue) and diffusive (red) transport in equatorial pitch angle (A) and kinetic (B)
energy as a function of t, for electrons shown in the right column of Fig. 4.2.

momentum changes for each bounce, and then return to nearly initial values after a
time period of ~ [ZW/(QI, — w)} (as seen at t~3.5 seconds in Fig. 4.2E). Although the
substantial oscillation in ., and E is induced by the Landau resonance, the change
essentially vanishes at r~3.5 seconds after several bounce motions. Therefore, one
would expect vanishing net effect for electrons not in bounce resonance when
T > Ty

4.4 Equatorially mirroring electrons

Equatorially and nearly equatorially mirroring electrons are generally immune to
gyroresonance and Landau resonances that require a finite value of parallel velocity.
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Those electrons also do not pass out of the wave-field region to experience
transit-time scattering. Note that the mirror latitude of 3 degrees corresponds to
i,y = 83.6 degrees. For these, v.,, is small and the adiabatic variation of v.,;, cannot be
ignored. As noted before, those electrons, much like staying on the bottom of the
potential well, can exhibit bounce motion if perturbed by even infinitesimal electro-
magnetic fluctuations. One way to remove the electrons from the equatorial plane is
through bounce resonance. Fig. 4.4 shows the responses of equatorially mirroring
electrons (with initial conditions marked by the diamond in Fig. 4.1B) to the

90 ~
(A)

89

88

t(s)

Figure 4.4 lllustration of equatorially mirroring electrons experiencing bounce resonance due to a
monochromatic magnetosonic wave. Shown are electrons’ equatorial pitch angles (A), kinetic
energy (B), and magnetic latitudes as a function of time (C). Different colors represent different
choices of random initial wave phases, ¢.
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monochromatic wave described above. The dependence of electron responses to the
initial phases ¢, vanishes and the advective changes in «,, (or E) dominate the
diffusive changes. Those initially equatorially mirroring electrons experience a negative
drift in a,, and a positive drift E during the bounce resonance. Correspondingly they
are removed from the equatorial plane with increasing mirror latitude (Fig. 4.4C). As
shown by Chen et al. (2015), the response is sensitive to the ratio of wave frequency
to electron bounce frequency. Fig. 4.5 demonstrates the bounce resonance that occurs
when w~nf),, where n is an integer. No significant bounce resonance for n =4 takes
place for the choice of wave setup. For such high harmonic bounce resonance to take
place, higher critical values of wave amplitude and wave number are required.

Eqgs. (4.1—4.4) in Section 4.2 contain various physical components: relativistic
motion, adiabatic effect due to the background magnetic field, the finite Larmor radius
effects, transient scattering associated with latitudinal distribution g(\), bounce
resonance, and Landau resonance (the w — k.v. term). To gain more physical insight,
a simplified nonlinear oscillation model in z for initially equatorially mirroring elec-
trons is proposed by Chen et al. (2015), where changes in @ and in y are ignored.
Doing so allows the governing equations for the interaction between equatorially
mirroring electrons and a monochromatic magnetosonic wave to be expressed as a
nonlinear oscillation model, written as a second-order differential equation in a nondi-
mensional form as:

2% + 2+ 22 = — Asin(0F — k.2 + @) g(N) (4.6)
= = d2/dili=g =0 (4.7)
where nondimensional quantities 2 = z/(LRg), T = {2,t, k.=k.LRy, &= w/ {2}, and

_ BokLR:21(B) | E(B)evLR
9B, ﬁ 9uBy ’

D2

(4.8)

€2, is the bounce frequency for electrons at a,, =90 degrees. The normalized
wave amplitude A contains the contribution from BY and EY. The A is equivalent
to Eq. (4.11) of Roberts and Schulz (1968) in the limit of =0 ( Jo(f) =1 and
2J1(8)/B = 1) when the finite Larmor radius effect disappears. The B. term, repre-
senting wave oscillatory magnetic mirror force, is generally much greater than the
E. term corresponding to the wave parallel electric force. The linear term and the
nonlinear cubic term on the left-hand side of Eq. 4.6 arise from adiabatic changes,
the first two terms on the left-hand side are responsible for harmonic bounce oscil-
lations, and the nonlinear sine term on the right-hand side is driven by the wave
with initial wave phase at the equator ¢y and normalized wave amplitude at the
equator.
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Figure 4.5 Local pitch angle as a function of time, normalized by bounce period 7, for electrons
launched at the equator at L = 6.6 with an initial pitch angle of 90 degrees and energy of 300 keV,
driven by a monotonic magnetosonic wave with varying wave frequency: (A) 1.0 f,, (B) 1.5 f,, (C)
2.0 fy, (D) 2.5 fp, (E) 3.0 fp, (F) 3.5 f,, and(G) 4.0 f,. Adapted from Fig. 4.2 of Chen, L., Maldonado, A.,
Bortnik, J.,, Thorne, RM., Li, J,, Dai, L., et al., 2015. Nonlinear bounce resonances between magnetosonic
waves and equatorially mirroring electrons. J. Geophys. Res.
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For %;%‘ < <1, Eq. (4.6) can be linearized as

d*2/di* + %(l — Ak, cos(&?—f— gbo)) = — Asin((:}? + ngO). (4.9)

This linear equation is a driven Mathieu equation, permitting unstable solutions
(i.e., bounce resonance solution) when @ is 2/q (where ¢ is an integer). When bounce
resonance occurs, the 2 amplitude increases and then nonlinear terms cannot be
ignored and, therefore, this linear equation is not applicable.

For such coherent bounce interaction, equatorially mirroring electrons can
experience a net drift toward smaller equatorial pitch angles, leading to a reduction of
phase space density at a,, = 90 degrees. Maldonado et al. (2016) report a modulation
of electron butterfly distribution (with a minimum of phase space density at
@y = 90 degrees) by varying the magnetosonic wave amplitude of a discrete spectrum.
When the wave amplitude rises rapidly, an electron butterfly distribution forms. When
the wave amplitude decays, the electron butterfly distribution vanishes. Such correla-
tions demonstrate the response of electrons to the discrete magnetosonic spectrum.
The direct test-particle simulation in the modeled single discrete frequency with a
small frequency spread not only reproduces a rapid formation of butterfly distribution
over the observed time scale of 10 seconds but also accounts for the energy range of
the butterfly pitch angle distribution.

4.5 Bounce resonance diffusion theory

The response of electrons due to bounce resonance can be described through quasi-
linear diffusion with the assumption of weak turbulence with a small amplitude, ran-
dom phase, and broadband spectrum. One can model the electron responses due to
the weak turbulence by first solving the system of ordinary differential equations
(Egs. 4.1—4.4) with multiple waves. Unlike the coherent interactions discussed in
Section 4.3, which involves single monochromatic waves, interactions with weak
turbulence are realized by implementing multiple waves with a set of randomly
selected initial wave phases and for electrons that were initially distributed at different
bounce phases and then performing an ensemble average of the electron responses
over the wave phases and bounce phases. Li et al. (2015) demonstrated that for broad-
band magnetosonic waves, the electron response can be treated as a diffusive process.
Fig. 4.6A shows examples of electron trajectories with the same initial energy and
equatorial pitch angle for different sets of initial wave phases. The equatorial pitch
angle experiences random changes whenever there is bounce resonance with a
frequency component of the magnetosonic wave broadband spectrum. The deviation
of electron equatorial pitch angles from simulated responses over an ensemble of initial
wave phases increases linearly over time (Fig. 4.6B), corresponding to a diffusion
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Figure 4.6 (A) Changes in ae, of five randomly selected electrons with initial a.q =60 degrees,
represented by different colors. (B) The evolution of corresponding <(Aaeq)2> with time. The
blue line denotes the corresponding linear fitting. Adapted from Fig. 4.1 of Li, X, Tao, X., Lu, Q., Dai,
L., 2015. Bounce resonance diffusion coefficients for spatially confined waves. Geophys. Res. Lett. 42
(22), 9591—9599, doi:10.1002/2015GL066324.

process in equatorial pitch angle for the electron population. The slope of the devia-
tion with respect to time, representing diffusion coefficient, can be obtained from
numerical test-particle simulation.

Theoretical diffusion coefficients have been derived under different assumptions.
Roberts (1968) and Schulz and Lanzerotti (1974) assume a guiding-center approxima-
tion for electron motion (i.e., for small # and conservation of magnetic moment) and
a flat latitudinal distribution of magnetohydrodynamic wave power distribution. The
diffusion coefficient formula is applied to magnetosonic waves (Shprits, 2016) follow-
ing the same method. Li et al. (2015) extended the formula to a wave power distribu-
tion that exists and is flat only over a specified magnetic latitude range, taking into
account the equatorial confinement of magnetosonic wave power. Maldonado and
Chen (2018) further extend the bounce resonance diffusion formula to a more realistic
magnetosonic wave model, with the finite Larmor radius effect, a more realistic
Gaussian latitudinal distribution instead of the square distribution used in Li et al.
(2015), and potential violation of magnetic moment g are included. The finite Larmor
radius effect takes place when the wavelength of those magnetosonic waves is
comparable to, and shorter than, the gyroradius of energetic electrons (i.e., the ratio of
electron gyroradius to perpendicular wavelength, p,k; > ~1). This is especially true
for the interaction between nearly perpendicularly propagating magnetosonic waves
and energetic radiation belt electrons. For pk; > ~1, the first adiabatic invariant can
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be violated, because electrons experience significant spatial variation of wave fields
over one gyration. One should use the set of Eqs. 4.1—4.4 for the electron responses,
instead of a simplified guiding center approximation. Furthermore, the observed
latitudinal wave power distribution shows a narrow peak near the equator instead of
being flat (Nemec et al., 2005). These factors are valuable for quantifying the effects of
magnetosonic waves on electron scattering. Therefore, we review a general bounce
resonant diffusion theory with the above three factors included; a detailed derivation
can be found in Li et al. (2015) and Maldonado and Chen (2018).

Three assumptions are made to obtain the diffusion coefficients. (1) Assume unper-
turbed adiabatic motion, that is, z = z,, sin(2,t + 0) and thus v. = z,£2;, cos(§2,t + 6y),
where 6, denotes the initial bounce phase of the electron motion. This assumption is
different from the assumption made in Bortnik and Thorne (2010) for evaluating
transit-time scattering, who assume no adiabatic variation when passing through the
wave field. Since the waves are confined near the equator, we assume that v; and p;
of the wave terms in Egs. (4.1) and (4.2) remain unchanged as the equatorial values of
the zero-order adiabatic motion. (2) Assume linear perturbation is much less than the
zero-order motion, that is, wave field is so weak that no significant change in «,, and
E occurs after a bounce cycle. This assumption may not be valid for equatorially
mirroring electrons, whose zero-order adiabatic motion is not well defined. (3)
Consider multiple wave components with a Gaussian latitudinal distribution of wave
power and adopt Eqs. (4.1) and (4.2) with finite Larmor radius effects included.

With those assumptions, one can integrate Eqs. (4.1) and (4.2) along the unper-
turbed bounce motion, to obtain a,, and E due to multiple magnetosonic waves over
time 7 and obtain the change of a,, and E as a function of time T,

AE=T Z exp (1425;0) B.;jXg +cc. (4.10)
integer x; >0 »
and
Aay=7 > exp (i }o) B Xy +co. (4.11)

integer x;>0

where ¢;0 =90 + xi00, x;=w;/CY, €, is electron bounce frequency, and the two

complex numbers are given by

_ 11  E,; 1 E.;
Xp = Zlkze 12 Z - lq#?&o]dh *3 Z 2;119be11~3—‘{]o]1]
ICZ ll = Xj i2k2 < Il = Xj izk'_) *1 <

and
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R )
Xo= D lue |7 D qu e~ (4.12)
k> h =X * 2k, ~z]
1 2 quio Exj 2, Qiq B
oy e s T (4.13)
8 hh=x;j* 2k £1 P20 B P=0 B

The argument of J, and J;, kipio/qBy, measures the ratio of gyromotion
radius and perpendicular wavelength. Similarly, the argument for J, k. ;z,,
measures the ratio of bounce amplitude and parallel wavelength. The argument
X220
aligned width of equatorially confined waves. A, is the electron mirror magnetic
latitude.

A few points are noted from Eqs. (4.10) and (4.11). First, the wave amplitudes

tor I, 1s ¢ = measuring the ratio of bounce amplitude and the field-

w?

B and E represent their equatorial values and can be normalized by any compo-
nent of the wave electromagnetic fields, B., in these two equations. The ratios
among the wave field components are obtained by local dispersion relation at the
equator. Second, AE and Aq,, are proportional to 7 when electrons are subject
to bounce resonance, which requires integer values of x; (=w;/2). In other

words, only waves in bounce resonance lead to AE and Aq,,, while other waves

e
produce no net change. (3) AE and Acq,, are oscillatory gecause of the term
exp(id)]’.o), where qb;o is a linear combination of initial wave phase (¢;0) and initial
bounce phase (fy). The ensemble average of <(Aaq,,) > over the two phases
vanishes while the ensemble average of < (Aozeq)2 > is proportional to the wave
power.

Diffusion coefficients due to bounce resonance with broadband magnetosonic

waves can be obtained through

Do = <w> =2 > Pr(f = x)R(XaX]) (4.14)

integer x; >0

Dor = <M> 2 ) Pa(f = xif) R(XaX) (4.15)

2 )
T integer x; >0

P <%> =2 > Pe(f =xf)R(XeX}) (4.16)

integer x; >0
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Figure 4.7 Comparison of (A) pitch angle and (B) energy diffusion coefficients among Roberts and
Schulz (1968) (green dashed line), Li et al. (2015) (black solid line), and Maldonado and Chen (2018)
(blue solid line). Also shown are the diffusion coefficients derived from the numerical test-particle
simulation (magenta circles). Adapted From Fig. 4.1 of Maldonado, A.A., Chen, L, 2018. On the
diffusion rates of electron bounce resonant scattering by magnetosonic waves. Geophys. Res. Lett., 45,
3328—3337. doi:10.1002/2017GL076560.

where the brackets represent the ensemble average, Pg. represents the power spectrum
density of the wave magnetic parallel component, in units of T°/Hz, as a function of
wave frequency f, the subscript * denotes complex conjugate, and R represents real part.

Fig. 4.7 shows a comparison among the three formulas as a function of electron
pitch angles developed by Roberts and Schulz (1968), Li et al. (2015), and Maldonado
and Chen (2018) for electrons at L =4.5 with kinetic energy E =1 MeV. The three
curves in Fig. 4.7 have the same plasma-frequency-to-electron-gyrofrequency ratio
Jpe/fee =3, and the same magnetosonic wave spectral parameters. The magnetosonic
wave parameters are adopted from Horne et al. (2007). The waves assume a root-
mean-squared amplitude 218 pT, a single wave normal angle of 89 degrees, and a
Gaussian  frequency spectrum  of Bw) %  exp(— (W — w,)>/6w?), where
W, =3.49X107°Q,, and éw=28.86 X 10~ *Q,. The frequency range of the spectral
density distribution spans from the lower cutoff w; =2 X 107>, to the upper cutoff
wue=5X107°Q,. The RS1968 and Li2015 curves adopt guiding center approxima-
tion (with conservation of magnetic moment and zero Larmor radius) but assume
different latitudinal distributions of wave power, being flat throughout the field line
for the former while being flat over only a limited A =3 degrees for the latter. One
can see that compared with RS1968, the Li2015 curve expects less scattering over low
0,y < 67 degrees owing to the lack of wave power at high latitude (A>3 degrees) and
higher scattering for 67 degrees < a,, <87 degrees because of additional scattering
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when those electrons transit through the wave edge at A =3 degrees. The MC2018
formula adopts test-particle equations in Egs. (4.1) and (4.2), which considers finite
Larmor radius and does not assume magnetic moment conservation, and a more realis-
tic Gaussian latitudinal distribution of wave power centered at the equator and latitu-
dinal width of 3 degrees. When comparing MC2018 with Li2015, one can notice two
discrepancies. First, MC2018 produces less scattering at 45 degrees < ar,, < 85 degrees
due to the finite Larmor radius effect, which tends to be more significant for large «,,
and to weaken the wave force. Second, MC2018 enhances scattering at low
oy <45 degrees. The enhancement is attributed to the additional scattering caused by
the change in magnetic moment p when electrons experience rapid spatial variation of
wave fields over gyration.

To verity the analytic diffusion coefficient, the test particle simulation using
Egs. (4.1) and (4.2) 1s performed. For a given initial energy and pitch angle, the simu-
lation is performed for 100 randomly selected initial bounce phases and 101 sets of
randomly assigned initial wave phases. Ensemble average of this 100 X 101 set of
simulation results is performed to obtain the numerical diffusion coefficients (shown
by magenta circles in Fig. 4.7). One can see that diffusion coefficients derived from
numerical test-particle simulation are in close agreement with the theoretical MC2018
curve. One discrepancy between the numerical coefficients and the analytic ones

occurs for a,, near 90 degrees, which may be due to the breakdown of the second

assumption arqld to the additional advective responses (see Section 4.4). Dependences
of the diffusion coefficients on various plasma and waves parameters are explored
systematically in Maldonado and Chen (2018).

Tao and Li (2016) further consider wave normal angle distribution to examine the
bounce resonant scattering and find that the inclusion of wave normal angle distribu-
tion favors pitch angle scattering for equatorially and nearly equatorially mirroring
electrons, which is later validated using guiding-center test-particle simulations (Li and
Tao, 2017). Bounce resonance diffusion theory has also been applied to other types of
plasma waves, for example, EMIC waves below ion gyrofrequency (Cao et al., 2017a)
and the low-frequency portion of plasmaspheric hiss waves (Cao et al., 2017b).

4.6 Summary

Bounce resonance interaction with magnetosonic waves has been developed both in
terms of coherent interaction and quasi-linear scattering. The bounce resonance diffu-
sion or advection by magnetosonic waves could be an important mechanism to
account for dynamics of equatorially and nearly equatorially mirroring electrons.
Those newly developed coefficients are expected to be incorporated into existing
Fokker—Planck framework for radiation belt modeling.
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