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FINAL REPORT ON AFOSR FA9550-15-1-0158

Title: Quantifying the Physical Processes Affecting Highly-Relativistic Electron Dynamics

in The Earth's Radiation Belts and Their Relation to Solar
Wind Conditions

Principle Investigator: Jacob Bortnik (UCLA)
Original Principle Investigator: Wen Li (Boston University)

Project Period: 08/15/2015-08/14/2019

Over the course of this project (08/15/2015-08/14/2019) we have published 42 papers in major
scientific journals relevant to this funding to UCLA and Boston University. The most significant
accomplishments are summarized below.

1.

Using a superposed epoch analysis based on Van Allen Probes electron observations from
2012 to 2015, we have determined critical solar wind conditions leading to efficient radiation
belt electron acceleration; these are prolonged southward Bz, high solar wind speed, and low
dynamic pressure. We have also evaluated chorus wave evolution using the superposed epoch
analysis for the identified efficient and inefficient acceleration events and found that chorus
wave intensity is much stronger and lasts longer during efficient electron acceleration events,
supporting the scenario that chorus waves play a key role in MeV electron acceleration. The
result is published in doi:10.1002/2015GL065342.

. We quantitatively evaluated the relative roles of various physical processes during the largest

storm over the past decade (17 March 2015) using a 3-D diffusion simulation. By quantitatively
comparing the observed and simulated electron evolution, we provided convincing evidence
that chorus plays a critical role in accelerating electrons up to several MeV near the developing
peak location and produces characteristic flat-top pitch angle distributions. By only including
radial diffusion, the simulation result underestimates the observed electron acceleration.
Moreover, plasmaspheric hiss is found to provide efficient pitch angle scattering losses for
hundreds of keV electrons, while its scattering effect on > 1 MeV electrons is relatively slow.
The result is published in doi:10.1002/2016JA022400.

. We have evaluated chorus wave properties using Van Allen Probes wave data, and identified

two distinct modes of lower band chorus: a quasi-parallel mode and a quasi-electrostatic mode.
Our statistical results indicate that the quasi-electrostatic (quasi-parallel) mode preferentially
occurs during relatively quiet (disturbed) geomagnetic activity at lower (higher) L-shells. Our
new findings suggest that chorus-driven energetic electron dynamics needs a careful
examination by considering the properties of these two distinct modes. The result is publisehd
in doi:10.1002/2016GL068780.

We have also evaluated the importance of electron scattering by magnetosonic waves in the
Earth’s inner magnetosphere and found that intense magnetosonic waves potentially cause the
butterfly distribution of radiation belt electrons, but electron acceleration due to magnetosonic
waves is generally not as effective as chorus wave acceleration. An interesting case study has

DISTRIBUTION A: Distribution approved for public release.



10.

1.

12.

been shown to provide clear evidence that magnetosonic waves play a key role in forming
butterfly distribution for ultrarelativistic electrons through Landau resonance. These results are
published in doi:10.1002/2015JA021992 and doi:10.1002/2016JA022370.

. A quantitative diffusion-based simulation has also been performed to explain energy-

dependent electron diffusion processes in the Earth’s outer radiation belt, and our simulation
results indicate that the radial extents of the energetic electrons during the storm recovery phase
are determined by the coupled radial diffusion and the pitch angle scattering by
electromagnetic ion cyclotron (EMIC) waves and plasmaspheric hiss. The result is published
in doi:10.1002/2016JA022507.

. We have also quantitatively evaluated the effect of EMIC waves on pitch angle scattering of

ultrarelativistic electrons during the main phase of a storm, and provided direct evidence of
EMIC wave-driven relativistic electron losses in the Earth’s outer radiation belt. The result is
published in doi:10.1002/2016JA022521.

We examined the excitation mechanisms of highly oblique, quasi-electrostatic lower band
chorus waves using wave and electron data from Van Allen Probes, and identified two distinct
excitation mechanisms for the first time. The first mechanism relies on cyclotron resonance
with electrons possessing both a realistic temperature anisotropy at keV energies and a plateau
at 100-500 eV in the parallel velocity distribution; the second mechanism corresponds to
Landau resonance with a 100500 eV beam. In both cases, a small low-energy beam-like
component is necessary for suppressing an otherwise dominating Landau damping. This result
has been published in Li et al., GRL, doi:10.1002/2016GL070386.

. We investigated the characteristic energy range of electron flux decay due to the interaction

with plasmaspheric hiss in the Earth’s inner magnetosphere, and found that hiss causes a
significant decay of 100 keV—1 MeV electrons with the strongest decay rate at ~ 340 keV. This
result has been published in Ma et al., JGR, doi:10.1002/2016JA023311.

We constructed a statistical distribution of EMIC wave frequency spectra and their intensities
based on Van Allen Probes measurements. Our statistical results clearly show that as the ratio
of plasma frequency over electron gyrofrequency increases, EMIC wave power becomes
progressively dominated by the helium band. Incorporating these realistic EMIC wave
frequency spectra into radiation belt models will significantly improve the quantification of
EMIC wave scattering effects in ultrarelativistic electron dynamics. This paper has been
published in Zhang et al., JGR, doi:10.1002/2016GL071158.

We investigated how whole populations of 2-6 MeV electrons can be quickly lost from the
Earth’s outer radiation belt over L = 3-6 through precipitation into the atmosphere due to
quasilinear pitch angle scattering by combined EMIC and whistler mode waves. Our analysis
reveals that the fastest MeV electron dropouts occur roughly at the same rate over some high
energy range and almost independently of EMIC wave amplitudes above a certain threshold.
This paper has been published in Mourenas et al., GRL, doi:10.1002/2016JA023311.
Combining previously developed analytical expressions of electron lifetimes with recent
statistical models of plasma density, ULF, whistler-mode, and EMIC waves, we demonstrate
that geomagnetic activity and plasma density govern the inner structure of the radiation belts
through several simple analytical scaling laws. This analytical model represents a very

simple and powerful tool for exploring and better understanding the complex variations of
the inner structure of the radiation belts with geomagnetic activity during relatively quiet
times. This paper has been published in Mourenas et al., GRL, doi:10.1002/2016GL068921.
We simulate the radiation belt electron flux enhancements during selected Geospace
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14.

15.

16.

17.

Environment Modeling (GEM) challenge events to quantitatively compare the major processes
involved in relativistic electron acceleration under different conditions. By comparing the
individual roles of local electron heating and radial transport, our simulation indicates that
resonant interaction with chorus waves is the dominant process that accounts for the electron
flux enhancement during the storm time event particularly near the flux peak locations, while
radial diffusion by ultra-low frequency waves plays a dominant role in the enhancement during
the non-storm time event. This paper has been published in Ma et al.,, JGR, doi:
10.1002/2017JA025114.

We investigate the gradual diffusion of energetic electrons from the inner edge of the outer
radiation belt into the slot region. We simulated the radial intrusion and decay of electrons
using a 3-dimentional diffusion code, which reproduced the energy-dependent transport of
electrons from ~100 keV to 1 MeV in the slot region. At energies of 100-200 keV, the electrons
experience fast transport across the slot region due to the dominance of radial diffusion; at
energies of 200-600 keV, the electrons gradually diffuse and decay in the slot region due to
the comparable rate of radial diffusion and pitch angle scattering by plasmaspheric hiss; at
energies of £ > 700 keV, the electrons stopped diffusing near the inner edge of outer radiation
belt due to the dominant pitch angle scattering loss. In addition to plasmaspheric hiss,
magnetosonic waves and VLF transmitters can cause the loss of high pitch angle electrons,
relaxing the sharp ‘top-hat’ shaped pitch angle distributions created by plasmaspheric hiss. Our
simulation indicates the importance of balance between radial diffusion and loss through pitch
angle scattering in forming the diffusive intrusion of energetic electrons across the slot region.
This paper has been published in Ma et al., JGR, doi: 10.1002/2017JA024452.

We present a neural-network based technique that allows for the reconstruction of the global,
time-varying distribution of some physical quantity Q, that has been sparsely sampled at
various locations within the magnetosphere, and at different times. We also show more
advanced uses of the technique, including three-dimensional reconstruction of the plasma
density, specification of chorus and hiss waves, and energetic particle fluxes. Furthermore, we
discuss how machine learning techniques might be used to advance the state-of-the-art in space
weather prediction, and insight discovery. This paper has been published in Bortnik et al.,
https://doi.org/10.1016/B978-0-12-811788-0.00011-1.

We quantitatively analyzed a conjunction event when RBSP-A was located approximately
along the same magnetic field line as MetOp-01, which detected simultaneous precipitation
of >30 keV protons and energetic electrons over an unexpectedly broad energy range (>~30
keV). Multi-point observations together with quasi-linear theory provide direct evidence that
the observed electron precipitation at higher energy (>~700 keV) is primarily driven by EMIC
waves. However, the newly observed feature of the simultaneous electron precipitation
extending down to ~30 keV is not supported by existing theories and raises an interesting
question on whether EMIC waves can scatter such low-energy electrons. This result has been
published in Capannolo et al., GRL, 10.1029/2018GL078604.

We also published four review papers on “Understanding Radiation Belt Electron Dynamics
Due to Wave-Particle Interactions”, which includes an overview of the various physical
processes driving radiation belt electron dynamics. One of the papers is an invited review
paper as one of them JGR Centennial papers (10.1029/2018JA025940).

We analyzed energetic electron precipitation driven by three types of whistler mode waves:
plume whistler mode waves, plasmaspheric hiss, and exohiss observed outside the
plasmapause. By quantitatively analyzing three conjunction events between Van Allen
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18.

Probes and POES/MetOp satellites, together with quasi-linear calculation, we found that
plume whistler mode waves are most effective in pitch angle scattering loss, particularly for
the electrons from 10s to 100s keV. Our new finding provides the first direct evidence of
effective pitch angle scattering driven by plume whistler mode waves and is critical for
understanding energetic electron loss process in the inner magnetosphere. This result has
been published in GRL in 2019 (10.1029/2019GL082095).

We quantitatively analyzed three cases of EMIC-driven precipitation, which occurred near the
dusk sector observed by multiple Low-Earth-Orbiting (LEO) POES/MetOp satellites. During
EMIC wave activity, the proton precipitation occurred from few 10s keV up to 100s keV, while
the electron precipitation was mainly at relativistic energies. We compare observations of
electron precipitation with calculations using quasi-linear theory. For all cases, we consider
the effects of other magnetospheric waves observed simultaneously with EMIC waves, namely
plasmaspheric hiss and magnetosonic waves, and find that the electron precipitation at MeV
energies was predominantly caused by EMIC-driven pitch angle scattering. Interestingly, each
precipitation event observed by a LEO satellite extended over a limited L-shell region (AL~0.3
on average), suggesting that the pitch angle scattering caused by EMIC waves occurs only
when favorable conditions are met, likely in a localized region. This paper has been published
in JGR in 2019 (10.1029/2018JA026291).
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