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Abstract Radiation belt electrons can exhibit different types of pitch angle distributions in response to
various magnetospheric processes. Butterfly distributions, characterized by flux minima at pitch angles
around 90°, are broadly observed in both the outer and inner belts and the slot region. Butterfly distributions
close to the outer magnetospheric boundary have been attributed to drift shell splitting and losses to the
magnetopause. However, their occurrence in the inner belt and the slot region has hitherto not been
resolved. By analyzing the particle and wave data collected by the Van Allen Probes during a geomagnetic
storm, we combine test particle calculations and Fokker-Planck simulations to reveal that scattering by
equatorial magnetosonic waves is a significant cause for the formation of energetic electron butterfly
distributions in the inner magnetosphere. Another event shows that a large-amplitude magnetosonic wave
in the outer belt can create electron butterfly distributions in just a few minutes.

1. Introduction

Earth’s electron radiation belts are generally comprised of two distinct zones of trapped energetic electrons,
separated by a “slot” region [Allen and Frank, 1959]. Temporal and spatial changes in Earth’s radiation belts
result from a delicate imbalance between various physical processes acting as sources and sinks [Reeves
et al., 2003]. The outer radiation belt that typically occupies L=3! 8 (where L is the equatorial radial distance
of the dipole geomagnetic field in units of Earth radius) is highly dynamic and subject to change in response
to geomagnetic activity mediated by interactions with a variety of magnetospheric waves [Baker et al., 2004;
Horne et al., 2005; Chen et al., 2007; Summers et al., 2007; Reeves et al., 2013; Thorne et al., 2013]. While the inner
belt and slot region are largely isolated from many magnetospheric processes, their dynamic responses to
geomagnetic storms are clearly observed through variations in pitch angle and energy distributions
[Zhao et al., 2014a, 2014b; Baker et al., 2013]. Radiation belt electrons undergo three periodic motions in
the ambient geomagnetic field: gyration, bounce, and drift, each of which corresponds to an adiabatic
invariant and a characteristic timescale. Violation of any of the adiabatic invariants can result in energy
and pitch angle variations of electrons and corresponding changes in the electron distribution.

Dynamic variations of electron pitch angle distribution and their spectral dependence are important signatures
of the underlying physical processes that act on these populations, since electrons of different pitch angles at
different energies behave differently when subjected to external influences. In situ observations of radiation
belt electrons demonstrate three commonly featured categories of electron pitch angle distributions: 90°
peaked (or normal), flattop (or pancake), and butterfly [West et al., 1973; Meredith et al., 2000; Gannon et al.,
2007; Gu et al., 2011; Baker et al., 1978; Fritz et al., 2003;Horne et al., 2003; Zhao et al., 2014a, 2014b]. Inward radial
diffusion driven by ultralow frequency waves causes electron flux to increase near 90° faster than other pitch
angles, thus creating a 90° peaked distribution or altering an apparent butterfly distribution at a higher L shell
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into a flattop and eventually into a 90° peaked distribution at a lower L shell [Ukhorskiy et al., 2009]. Ninety
degree peaked distributions can also be steepened due to energy diffusion by very low frequency choruswaves
or pitch angle scattering loss by electromagnetic ion cyclotron waves [Li et al., 2007]. Scattering by extremely
low frequency (ELF) plasmaspheric hiss acts as a dominant cause of pancake-shaped distributions in the inner
magnetosphere [Ni et al., 2013].

Butterfly distributions, characterized by a local flux minimum near 90° pitch angle, are usually explained in
terms of drift shell splitting and losses to the magnetopause due to the local time asymmetry in the geomag-
netic field [Fritz et al., 2003; Roederer, 1970; Selesnick and Blake, 2002; Turner et al., 2012] and field line stretch-
ing [Baker et al., 1978], since equatorially mirroring electrons on the dayside drift out farther than those at
other pitch angles, thereby enhancing their escape from the magnetosphere. This mechanism can account
for the occurrence of butterfly distributions at high L shells close to the outer magnetospheric boundary.
However, it fails to explain the persistent butterfly distributions in the inner belt [Zhao et al., 2014a, 2014b]
where neither field distortion nor drift shell splitting is significant. While a process of nonlocal acceleration
occurring at higher latitudes was proposed to possibly explain observations of butterfly distributions well
below the outer magnetospheric boundary [Horne et al., 2003], that scenario has not been verified with either
simulations or observations. The outstanding question as to what causes the peculiar and persistent butterfly
distributions at lower L shells in the radiation belts remains unresolved.

This paper presents the Van Allen Probe observations during the 27–29 June 2013 geomagnetic storm. In this
storm, the energetic electron butterfly distributions coexisted in the same region as magnetosonic waves.
The initial 90° peaked distributions in the slot region quickly evolved into butterfly distributions after the
magnetosonic wave intensification. Our numerical simulations produced a butterfly distribution formation
process that is consistent with the observations, indicating that the electron butterfly distributions are caused
by parallel acceleration due to Landau resonance with magnetosonic waves. Another event occurring on 21
August 2013 showed that a very large amplitude magnetosonic wave at L=4.7 can create electron butterfly
distributions in just a few minutes, which is also reproduced by our simulations.

2. Particle Evolution and Magnetosonic Wave Observations

A geomagnetic storm hit the earth on 27 June 2013 with a minimum SYM-H index reaching !110 nT as
shown in Figure 1a. Figures 1c–1h present the electron pitch angle evolution at various energies measured
by the Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013] on board Van Allen Probe B
[Mauk et al., 2013] at L= 2.4 over selected times represented by the solid lines in Figures 1a and 1b. We have
transformed the particle local pitch angles to equatorial pitch angles by assuming a dipole geomagnetic field,
which is fairly accurate in the inner magnetosphere. The initial pitch angle distributions for hundreds of keV
electrons during the storm main phase were peaked at 90° (note that the measured 600 keV electron flux
were near the noise level, and thus, this cannot be accurately determined) but evolved into butterfly distribu-
tions in about 10 h in association with intense magnetosonic waves. The low-energy (32 keV and 75 keV)
electrons became flattop distributions before ~1253 UT and subsequently returned to 90° peaked distribu-
tions at 1420 UT, which may be caused by a substorm injection indicated by the AE index shown in
Figure 1b and an inward radial diffusion process. The measurements of> 600 keV electrons were below
the threshold noise level of MagEIS and thus are not shown.

The dynamics of energetic electron differential fluxes is shown as a function of universal time and pitch angle in
Figures 2a–2c, illustrating the development of electron butterfly distributions in the radial range from L=1.4 in
the inner belt to L=3.2 in the outer belt. The observed evolution of energetic electron butterfly distributions in
the slot region and inner belt is not a consequence of drift shell splitting or magnetopause shadowing that is
insignificant at the inner magnetosphere below L~5. However, from the wave power spectral density profile
in the frequency range of 10Hz–12 kHzmeasured by thewaveform receiver (WFR) [Kletzing et al., 2013] on board
the spacecraft (Figures 2g and 2h), a class of intense electromagnetic waves called fast magnetosonic (MS)
waves, also known as “equatorial noise” [Russell et al., 1969; Santolík et al., 2002], was found to occur roughly
in the same region and at the same time as the electron butterfly distributions. The magnetosonic waves were
identified by their frequencies general between proton gyrofrequency (fcp) and lower hybrid resonant frequency
(fLHR), ellipticity close to zero (Figure 2g), and wave normal angles close to 90° (Figure 2h). The harmonic
structure [Perraut et al., 1982; Santolík et al., 2002; Balikhin et al., 2015] of those magnetosonic waves was almost
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identical along the orbit with a separation of 32Hz, showing that these waves were generated from a localized
source near L=2.5 (the corresponding proton gyrofrequency~32Hz) and propagated into other locations in
the inner magnetosphere (see supporting information for detailed discussions of the wave generation).
Those magnetosonic waves were observed inside the plasmasphere over a wide magnetic local time (MLT)
region and covered a radial range of L=1.2–3.2 which was similar to that of the electron butterfly distributions.
Although the electron butterfly distributions observed in L=2.8–3.2 on the postmidnight side (12:30–12:45 UT)
exceeded the upper altitude of magnetosonic waves, a possible explanation is that they might have drifted
from the duskside where magnetosonic waves were indeed recorded during 14:30 and 14:40 UT (Figure 2).
The Van Allen Probe A also recorded similar profiles of intense magnetosonic waves (Figure S4 in the
supporting information). In addition, plasmaspheric hiss emissions with frequencies higher than that of
magnetosonic waves were also recorded over a broad radial range but within a narrower MLT range. The spec-
tral intensities of hiss waves were at least an order of magnitude smaller than those of magnetosonic waves.

3. Simulation of Butterfly Distribution Formation

In order to quantitatively examine the underlying impact of magnetosonic waves on the formation of
electron butterfly distributions, an accurate magnetic and electric field model of broadband magnetosonic

Figure 1. Geomagnetic indexes during the period of 27–29 June 2013 and electron differential flux evolution for the
selected energies at L = 2.4 measured by MagEIS on board Van Allen Probe B. (a) Geomagnetic SYM-H index, which is a
longitudinally symmetric (SYM) disturbance index describing the horizontal (H) component of geomagnetic disturbance
fields at midlatitudes with 1min resolution and (b) AE index which is a proxy of substorm injections. (c–h) Electron differ-
ential flux over selected times represented by solid lines in Figures 1a and 1b. The electron fluxes for the energy range of
32–600 keV initially exhibited 90° peaked pitch angle distributions during the storm main phase and evolved into clear
butterfly distributions at 12:53 UT on 29 June during the recovery phase. The electron fluxes at 32 and 75 keV peaked at
90° again at 14:20 UT, possibly due to enhanced substorm injections indicated by the AE index.
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waves, based on the Van Allen Probes waveform data, is developed at a representative location near L=2.4
(details are described in the supporting information) and then adopted for test particle simulations [Li et al.,
2014, 2015] to capture both contributions of the Landau resonance [Horne et al., 2007; Ni and Summers,
2010] and transit time scattering [Bortnik and Thorne, 2010]. The obtained drift and bounce averaged rates of
pitch angle diffusion, momentum diffusion, and cross diffusion (Figures 3a–3c) indicate that the observedmag-
netosonic waves could drive efficient pitch angle, momentum, and cross diffusion (on the timescale of hours)
for electrons above several keV but predominantly confined to equatorial pitch angles above 60°, which is a key
factor that modulates the distinct variations of the electron population at different pitch angles.

Using the test particle simulated scattering rates, we numerically solve the two-dimensional Fokker-Planck dif-
fusion equation to simulate the temporal variations of energetic electrons including their pitch angle evolution.

a

b
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d

e

f

g

h

Figure 2. Electron differential flux and plasma wave observations by Van Allen Probe B during the interval of 12:30–
15:00 UT on 29 June 2013. Differential fluxes of radiation belt energetic electrons measured by the MagEIS instru-
ment ((a) 169 keV, (b) 242 keV, and (c) 467 keV) as a function of pitch angle. (d) High-frequency receiver (HFR) electric
wave spectrum in the frequency range of 10–500 kHz, overplotted with the upper hybrid resonance frequency (fUHR)
and the electron gyrofrequency (fce). (e) Waveform receiver (WFR) magnetic wave spectrum in the frequency range
of 10–12,000 Hz, overplotted with lower hybrid resonance frequency (fLHR) and proton gyrofrequency (fcp). (f) WFR
electric wave spectrum corresponding to Figure 2e. (g) Wave ellipticity and (h) wave normal angle computed using
the singular value decomposition method. Observations show an evident transition of 90° peaked distributions to
butterfly distributions when the activity of fast magnetosonic waves was enhanced.
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The results (Figures 3d–3i) confirm that scattering by magnetosonic waves dominantly controls the forma-
tion of energetic electron butterfly distributions in the slot region. While the observed plasmaspheric hiss
can play a role in diffusing energetic electrons into the loss cone, its scattering leads to flattop distribu-
tions (Figure 3i), and makes little contribution to the electron variations at pitch angles above 50°.
Responding to interactions with magnetosonic waves, the energetic electrons near 90° pitch angle are
transported gradually to 50°–70° pitch angles, thereby evolving from 90° peaked distributions to butterfly
distributions within 20min (Figure 3d). As the wave-particle interactions continue, the energetic electron
butterfly pitch angle distributions deepen and agree well with the MagEIS observations (Figures 3e–3g),
further supporting the dominance of magnetosonic wave scattering to the formation of energetic electron
butterfly distributions in the slot region.

The occurrence of butterfly distributions is attributed to parallel acceleration through Landau resonant
interactions with magnetosonic waves, which primarily change the parallel momentum of electrons
[Lyons and Williams, 1984] and cause them to diffuse approximately along the perpendicular momentum
contours. As a consequence, the negative cross diffusion rates by magnetosonic waves (Figure 3c) result
in decreases in pitch angle when energetic electrons diffuse to higher energies along the gradient of phase
space density. Furthermore, since the diffusion rates become significantly smaller at pitch angles lower
than 60°, the electron population tends to drop at 90° pitch angle and pile up at 50°–60° pitch angles, there-
fore creating the characteristic butterfly distributions.

Figure 3. Computed diffusion coefficients for resonant interactions between fastmagnetosonic waves and radiation belt electrons in the slot region and simulated elec-
tron phase space density (PSD) evolution at selected energies with comparisons to observations. (a–c) Test particle simulated drift- and bounce-averaged rates of
pitch angle diffusion, momentum diffusion, and (pitch angle and momentum) mixed diffusion of interactions between fast magnetosonic waves and radiation belt
electrons at L= 2.4, in which the white lines represent p⊥ contours along which the Landau resonance should follow. (d–g) The temporal evolution of PSD under the
combined impact of magnetosonic waves and hiss. (h) The simulated PSD variation under magnetosonic waves only. (i) The PSD variation under the impact of hiss only.
The dashed line represents the initial electron PSD, and the stars represent the butterfly-shaped PSD observed at 14:20 UT on 29 June (except that the 32 and 75 keV
channels were measured at 12:50 UT before the injections). The 90° pitch angle electrons are transported to low pitch angles under the impact of magnetosonic waves
and hiss, while scattering by magnetosonic waves is primarily responsible for the formation of butterfly distributions.
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4. Discussion

The electron butterfly distributions observed throughout the region 1.4< L< 3.2 can be explained by scattering
due to equatorial magnetosonic waves located in the same spatial region for the above event. Equatorial mag-
netosonic waves can also rapidly modulate electrons in the outer radiation belt as far as L=4.7 from 90° peaked
distributions to butterfly distributions, as illustrated in Figure 4 for the 21 August 2013 event. The electrons
measured by MagEIS on board Van Allen Probe A initially exhibited 90° peaked distributions (Figures 4a–4e).
When an extremely intense magnetosonic wave (~1.5nT) appeared at 06:23 UT (Figure 4f), the population of
54–144 keV electrons evolved into butterfly distributions within 1min, while the higher-energy electrons did
not (Figure 4e). The butterfly distributions are formed much faster in this case than that in the 29 June 2013
event because the wave intensity was 9 times larger, while the background magnetic field strength was
approximately 1/8 of that in the previous event. Our simulation of the dynamic response of outer zone energetic
electrons to magnetosonic wave scattering (Figures 4g–4j) is able to reproduce both the temporally prompt
formation of butterfly distributions and its strong dependence on electron kinetic energy.

5. Conclusions

Our results demonstrate definitively that scattering by equatorial magnetosonic waves provides an efficient
mechanism for energetic electron diffusion in the slot region and outer belt and can primarily account for the
formation of butterfly distributions at lower L shells in the inner magnetosphere. This conclusion is distinct

a

b

c

d

e

f

Figure 4. An observation and corresponding simulation of magnetosonic waves rapidly shaping the butterfly distributions of 54–144 keV electrons at L ≃ 4.7 in the
outer radiation belt during the 21 August 2013 event. (a–e) The evolution of electron fluxes at 32–232 keV channels during an 8min interval measured by MagEIS on
board Van Allen Probe A. (f) The wave magnetic spectral intensity. (g–j) Simulated electron PSD evolution and comparisons to observations. The initial PSDs were
2min averaged before the enhancement of magnetosonic waves, while the final PSDs were averaged within 2–4min after the intensification of magnetosonic
waves. The 54–144 keV electrons exhibited butterfly pitch angle distributions within 1min after the arrival of intense magnetosonic waves, as shown from both
observations and simulations.
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from previous theoretical studies [Horne et al., 2007] which concluded that magnetosonic waves are capable
of locally accelerating electrons based on the acceleration timescales but did not simulate the change in pitch
angle distribution due to parallel acceleration during Landau resonance. It is also different from the study by
Xiao et al. [2015], in which the combined effect of chorus and magnetosonic waves accelerate the 30°–60°
electrons faster than other pitch angle ones and created butterfly distributions at higher L shells (L≃ 4.8).
Since equatorial magnetosonic waves are ubiquitous in Earth’s magnetosphere [Ma et al., 2013], our results
also highlight the importance of magnetosonic waves to future comprehensive simulations of radiation belt
electron dynamics and analyses of resonant wave-particle interactions in the inner magnetosphere.
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