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coupled inner magnetospheric system and how disturbances
from the Sun can propagate to the inner magnetosphere,
radically altering the plasma and wave distributions, and
ultimately influence the ionosphere and upper atmosphere.
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Theoretical Flux Profiles at Fixed Energy

Two-Zone
Structure
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Underestimated
the Inner Zone
Fluxes

Realistic amplitudes in the outer zone
Successfully reproduced the slot region

10/2/2014

ﬂ:in[DLLL—Zﬂ}_ f
at a L a I_ T effective

J(E,a) = f(u,J,L)p>
Electron profiles

obtained from the
modeling of the quiet
time inward radial
diffusion and loss.

Theoretical profiles of
fluxes agree with
observations.

Lyons and Thorne, 1973
Lyons, Thorne, and Kennel, 1972




Competition Between Acceleration and Loss
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Inward radial diffusion
driven by the ULF
magnetic fluctuations.

Energy and pitch angle
scattering due to
resonance interactions
with different waves.

Combined effect of
losses to magnetopause
and outward radial

diffusion.
[Shprits et al., 2008; Review JASTP]




3D Fokker Planck Equation including the Mixed
Diffusion Terms.
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Pitch-angle and energy diffusion coefficients
due to resonant wave-particle interactions

Day—side chorus Night—side chorus Hiss in plumes EMIC inplumes  Plasmaspheric hiss

-
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Pitch-angle diffusion
results 1n a loss to the
atmosphere
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Energy. MeV
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Energy diffusion can
locally

accelerate electrons
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Diffusion rates due to resonant wave particle interactions with various
plasma waves using the FDC code [Shprits and Ni, 2009]. We set up
latitudinal distribution of power, wave-normal angle, density. MLT

dependent frequency spectrum, wave power as function activity, radial
distance, and latitude. Use realistic 3D magnetic field lines.




Validation of the Versatile Electron Radiation Belt
(VERB) Code for Over 100 Days in 1990

(b) CRRES MEA 1 MeV electron observations
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[Kim et al., 2010]
VERB predicts the instantaneous location of the upper boundary

of the slot region, the empty slot region, the stable inner belt, the location of the peak of fluxes
and the amplitude of fluxes.
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Observations (a) and Modeling (b) of
the 2003 Halloween Storms
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SAMPEX observations

Energy =2 - 6 MeV

Unusual radian belt
YERB simulations

Energy =2 - 6 MeV
11/06 11/11 11/16 11/21

VERB code which now
includes radial transport,
pitch-angle scattering,
and mixed diffusion
scattering can reproduce
the formation of the
unusual radiation belt.
The new belt 1s formed
in the slot region which
1s usually devoid of

killer electrons.
[Shprits et al., 2011]




Acceleration of electrons to relativistic energies

B

Monotonic profile of PSD Peaks in PSD

Radis
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[Shprits et al., 2009]
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Observations of the Unusual Storage Ring

6. 3.6 MeV
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Baker et al., 2013, Science




Simulations of loss to MP and 3 diffusive processes
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explain for the loss of
particles at relativistic
energies can not explain
losses at ultra-relativistic
energies.
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EMIC wave observationds

a) ground-based observations {CARISMA magnetormeter)

Frequency, Hz
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EMIC waves are
observed on the ground
during the main phase
of the storms.

In situ observations of
waves

Shprits et al., 2013 Nature Physics

Data provided by M Usanova, U of A




Chorus, hiss, EMIC, radial diffusion
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Physical Explanation of why Hiss Scattering is
Inefficient at These Energies

Electrons having
oKy Vi=NQy, /Y. energy above 2MeV
are out of the
resonance with
chorus waves at the
equator, and cannot
TR e ER)  be effectively
accelerated by
chorus waves.

[Shprits et al., 2013, Nature Physics]
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Computed Electron Pitch-Angle Diffusion

Parameters for the electron pitch-angle
diffusion estimate:

B=330 nT; n,=150 cm-3;

Bemic=2 nT; fgpc=0.7-1.1 Hz - RBSP

MLT extent: 80% of drift orbit

lon composition: -
assumption
70% H*; 20% He™; 10% O* P
Computed pitch-angle diffusion coefficients
(a-c) and observed normalized electron flux
as a function of pitch-angle (d-f) in the 2.3,
4.5, and 7.15 MeV for October 9-13, 2012.

[Usanova, M.E., A. Drozdov, K.
Orlova, I. R. et al., 2014]




Long Term Simulations at Relativistic Energies

Modeling can reproduce the general dynamics of the radiation belts at Relativistic Energies
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Long Term Simulations of the Ultra-Relativistic
Electrons

Modeling cannot reproduce the general dynamics of the radiation belts at Ultra-Relativistic
Energies. Additional loss mechanisms are required

Flux, Energy = 3.6 MeV,a, = 90°
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Decay Rates at 100keV and 300keV

Energy=0.10 MeV, L*=4.0 Energy = 0.30 MeV,L*=4.0

6 -(a) MagEIS ‘ 6 - (e) MagEIS

{Flux),

10

1fem?IsisriKeV
10

log, (Flux),

log
1lcm?sisr/KeV

2 2
10/01 10111 10121 10131 1110 11720 11/30 10/01 10111 10121 10/31 11/20

6|-(b) VERB 6-(f) VERB

{Flux),

>
]
x
T
Kd
= 2
=S
£
2

10

=
=
i
@
k=l

log
1icm?isisriKeV

2
10111 10121 10131 11110 11/20 11/30 10711 10121 10/31 11/20

—+—VERB
—»— Data

10
10

Log, {Flux),1fcm¥sisriMeV
Log__(Flux),1/cm¥is/sriMeV

L I L L 3 L L
10111 1021 10131 1110 11120 11/30 1011 10121 10/31 11/20

f . o .
10/11 1021 10131 11110 11120 11130 10/11 1021 10/31 11/10 11/20
Date, mmidd, 2012 Date, mmidd, 2012

10/2/2014




Decay Rates at

Energy = 0.50 MeV, L*=4.0 Energy = 0.90 MeV, L*=4.0
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Decay Rates at 2 MeV and 3.6

Energy = 2.00 MeV, L*=4.0 Energy = 3.60 MeV, L*=4.0
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Conditions for Efficient Acceleration of Ultra-Relativistic Electrons in
the Outer Radiation Belt, October 8-9, 2012

*A prolonged period of enhanced convection, which injects plasma sheet electrons into the inner magnetosphere leading

to an enhanced source population of 30-100 keV electrons , and the excitation of
in the low density region outside the plasmasphere.

Evidence for peaks in PSD, Simulation of electron acceleration

October 8-9, 2012
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Particle Trajectories of Ring Current and Radiation Belt
Particles

Drift of lower energy

particles i1s dominated
by ExB drift.

Radiation Belt particles
are subject to the

gradient and curvature

drifts and will drift
around the Earth.

Stably trapped Convection of the
particles seed population of ElCCtI'OIlS —GaStWElI'd,

energetic electrons Ions-westward

[Subbotin, et al., 2011]




Block diagram showing data exchange between the
modules of the VERB 4D code.

Waves
Parameterization

Initial Boundary Magnelopause Diffusion Dirift
PSD PSD location coefficients velacities

Read
Input
Update Adiabatic : Radial Local
Next time step Results
Qutput

PSD as a function of (MLT, L*, u, K), Precipitation into
Eleclron Mux as a funclion of (MLT, L*, E, u) lonosphere
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MLT-Distribution of Electrons

Starting from an empty magnitosphere, we run simulation for 1 day with Kp=6 to demonstrate the difference
between convection only, convection and radial diffusion, and convection, radial, and local diffusion. PSD of
p=100 MeV/G, K=0.025 G’ R; electrons is plotted.

_ Convection and Convection, radial,
Convection only radial diffusion and local diffusion

Convection only, K= 0.025 G** Ry, n = 100 MeV K=0.025 6" Ry, =100 MeV/G K=0.025 6" Ry, n =100 MeV/G
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Drift Shell Splitting

Drift trajectories { Ii FVer Drift trajectories and v

Dlp()le p=300MeV/IG, K=0. \ T89
e ' . magnetic

field R field

= 300 MeV/G,
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Simulations of the March 2013 Storm

: Transitional Energies ..
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Summary

e Dynamics of the radiation belts 1s driven by the radial,
pitch-angle, energy, and mixed diffusion due to various ULF,
VLF, and ELF waves. Radial diffusion and loss determine the
structure of the quiet time radiation belts. During storms local
acceleration and loss to MP due to the outward radial diffusion
play a crucial role.

e Different physical processes operate at ultra-relativistic
energies. We can not simply consider relativistic electrons as a
bulk population above 1 MeV.

e We need to better understand acceleration mechanisms that
are important at ultra-relativistic energies.
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Modeling Summary

 VERB can capture the dynamics of the relativistic
electrons during long term simulations as well as
observations of the unusual behavior of the radiation belts
during Halloween storms, and formation of the storage
ring.

 \We have now developed a 4D code that combines
diffusion and convection.

Future work should include combined convection and
diffusion simulations in a self-consistent magnetic and
electric fields provided by kinetic and global codes.




