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Abstract

We evaluate the energetic electron scattering and
acceleration due to whistler mode chorus waves using
realistic magnetic field and density models in Jupiter’s
magnetosphere, and study the potential effects of electron
injections. The bounce-averaged diffusion coefficients are
calculated using the total electron density from the
diffusive equilibrium model and the magnetic field
strength from the VIP4 internal magnetic field and CAN
current sheet model. The electron phase space density
evolution due to chorus wave is simulated at M = 10. The
typical chorus waves could cause fast pitch angle
scattering loss of electrons from tens to several hundred
keV, and gradual acceleration of relativistic electrons at
several MeV. The latitudinally varying density and
VIP4+CAN magnetic field model leads to faster pitch
angle scattering and acceleration of electrons at energies
above 100 keV than the constant density and dipolar
magnetic field model. The simulation is compared to the
electron dynamics during an electron injection event
observed by Juno on 29 October, 2018. The electron flux
is enhanced at low energies during the injection event,
and the Fokker Planck simulation indicates an enhanced
electron acceleration due to chorus waves subsequent to
the injections. The modeling indicates an electron flux
increase by nearly 1 order of magnitude within 1 day,
suggesting the potentially important role of chorus waves
in forming Jupiter’s radiation belts after injections.

1 Introduction

Jupiter’s intense magnetic fields trap the energetic
electrons in the radiation belts which generate strong
synchrotron radiation [1]. The source of high energy
electron fluxes in Jupiter’s radiation belts has drawn
broad and current research interests [2]. The suprathermal
and energetic electrons are adiabatically transported
toward Jupiter through radial diffusion and injections [3,
4], and various plasma waves can cause the loss or
enhancement of electron flux through non-adiabatic pitch
angle scattering and acceleration [5, 6].

Whistler mode chorus has been suggested to be capable of
accelerating the relativistic electrons at several MeV in
Jupiter’s radiation belts [7]. Intense chorus waves are
observed over most magnetic local times (MLT), M shell

range of 8 < M < 15, magnetic latitudes from equator to
50°, at frequencies below and above half of the electron
gyrofrequency (0.5f.,) [8]. Previous quasilinear modeling
works have demonstrated the potential role of chorus
waves in relativistic electron acceleration using a dipole
magnetic field model [9]. Jupiter’s magnetic field lines
are stretched by the currents in the magnetodisc, which
have been described by the washer-shaped current sheet
model (CAN model) [10] superimposed on the VIP4
internal magnetic field model [11]. The recently
developed JRM09 magnetic field model [12] provides
more accurate description of the magnetic fields near the
surface, and confirms the VIP4 model fields at large
distances from Jupiter. The total electron density
distribution is described by the diffusive equilibrium
model [13] in Jupiter’s magnetosphere, which affects the
resonance energy of electrons. In addition, the electron
injections [4] can provide a significant amount of source
electrons to be accelerated to relativistic energies,
therefore affect the efficiency of the electron flux
enhancement in the radiation belts. In this paper, we
evaluate the electron pitch angle scattering and
acceleration due to whistler mode chorus waves using the
combined VIP4 internal magnetic field and CAN current
sheet model (VIP4+CAN), and the total electron density
model developed by [13]. We also assess the potential
impacts of electron injections in the acceleration process
using the electron flux observation by Juno.

2 Electron Diffusion Coefficients in

Jupiter’s Magnetosphere

The electron resonance energy due to whistler mode
chorus wave is affected by the ratio between the plasma
frequency and the electron gyrofrequency (fpe/fce). We
calculate the total electron density along the magnetic
field lines using VIP4+CAN magnetic field model
following [13]. The cold and thermal electron distribution
is assumed to be in an equilibrium state determined by the
pressure gradient force, centrifugal force, and ambipolar
electric force for electrons and ions of 8 species. The
equatorial electron flux distribution at the radial distance
away from the lo’s orbit is obtained from the Voyager
data [13]. Figure la shows the total electron density
distribution at 290.8° System-III longitude where the
Jovigraphic, magnetic and centrifugal equators align.
Using the total magnetic field strength from VIP4+CAN



model, Figure 1b shows the fpe/fce ratio distribution, which
is below 10 at M < 10 and increases with increasing M
shell. The fpe/fce ratio is also lower at higher latitudes,
suggesting a higher resonance energy due to waves at
higher latitudes.
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Figure 1. (a) Total electron density obtained following
[13] using the VIP4+CAN magnetic field model; (b) the
Joe/fce Tatio using the latitudinally-varying density and the
VIP4+CAN magnetic field model. The solid curves are
magnetic field lines at M = 5, 10, 15, ..., 40, and the
dashed lines are the latitude lines at 10°, 20°, 30°, ..., 80°.

The bounce-averaged diffusion coefficients ((Dg,q,)
(Dgyp) and (D)) in an arbitrary magnetic field model
can be calculated using the Full Diffusion Code [14].
Figure 2 shows the bounce-averaged pitch angle and
momentum diffusion coefficients at M = 10, using the
latitudinally-varying density model and VIP4+CAN
model from Figure 1, in comparison with a dipolar
magnetic field geometry and a constant density model.
The fpe/fce ratio is the same at the equator but different at
higher latitudes. We consider the cyclotron resonances
with harmonic numbers up to 10 and the Landau
resonance. The chorus wave amplitude is assumed as 30
pT, which is a typical value from Galileo and Juno
observations [8]. We assume that the chorus wave
amplitude is constant from the equator to the high latitude
of 50° based on the Juno statistical results [8]. The wave
frequency spectrum is assumed as a Gaussian distribution,
with the central frequency f,,, = 0.1f,., wave frequency
width f,, = 0.1f,,, and frequency upper and lower cutoffs
at f,,. = 0.5f., and f;, = 0.01f,,. The wave normal angle
() is assumed as a Gaussian distribution in X = tany
(proportional to exp (—((X — X,,)/X,,)?)), with central
wave normal i, = 0°, wave normal width i, = 30°,
upper cutoff at Y, = 45°, and lower cutoff at ;. = 0°.

Figures 2b and 2e suggests the pitch angle scattering loss
of tens of keV electrons and acceleration of MeV
electrons through the first order cyclotron resonance, and
the electron acceleration at several hundred eV over small
pitch angles and above 10 keV over large pitch angles
through Landau resonance. Higher order resonances are
important for scattering and accelerating the relativistic
electrons. Figure 2c¢ shows a lower (higher) electron
scattering rate at energies below (above) 100 keV when
the latitudinally-varying density and VIP4+CAN
magnetic field model are used compared to the constant
density and dipolar field model. In addition, Figure 2f
shows that the relativistic electron acceleration is overall
faster using the latitudinally-varying density and
VIP4+CAN magnetic field model. The difference in
diffusion coefficients is up to a factor of 5 in pitch angle
diffusion coefficients and about 1 order of magnitude in
momentum diffusion coefficients.
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Figure 2. The bounce-averaged pitch angle diffusion
coefficients as a function of equatorial pitch angle and
energy using (a) the dipolar magnetic field and
latitudinally-constant density model; (b) the VIP4+CAN
magnetic field model and latitudinally-varying density
model; (¢) The  difference  calculated by
(Daoao >VIP4+CAN,Varying Ne/(Daoao >Dipole,Constant Ne- (d)'
(f) The same as (a)-(c) except for momentum diffusion
coefficients. The adopted wave amplitude of chorus is 30
pT. The white area in Figure 2c is the region where the
pitch angle diffusion coefficients are smaller than 107 s,
and the white area in Figure 2f is the region where the
momentum diffusion coefficients are smaller than 10 s.,

3 Fokker Planck Simulation

We simulate the electron phase space density evolution
due to whistler mode chorus waves using the diffusion
coefficients computed in Figure 2 for the two density and
magnetic field models. The modified Fokker Planck
equation is numerically solved using the arbitrary
magnetic field model geometry [15] with a time step of 1
s. The initial phase space density of electron is assumed as
a Kappa distribution using the parameters in Jupiter’s
radiation belts [16].



At low energies (~20 keV, Figure 3a), the chorus waves
cause the decay of electrons to gradually form the ‘top-
hat’ shaped pitch angle distribution, and the electron loss
is faster using the constant density and dipolar magnetic
model. At 500 keV energy (Figure 3b), the chorus waves
cause the decay of electrons to form the pancake-shaped
distribution, and the loss is faster using the latitudinally-
varying density and VIP4+CAN magnetic field model.
The electron loss and acceleration are roughly balanced
within 3 days at 3 MeV energy (Figure 3c). At 5.6 MeV
energy (Figure 3d), the chorus waves cause electron
acceleration to form the flat-top pitch angle distribution
using the latitudinally-varying density and VIP4+CAN
magnetic field model, while the acceleration is not evident
using the constant density and dipolar magnetic field
model.
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Figure 3. Evolution of electron phase space density as a
function of equatorial pitch angle for different energies,
using the dipolar magnetic field and latitudinally-constant
density model (dashed line) and the VIP4+CAN field and
latitudinally-varying density model (solid line). Due to the
different time scales at lower and higher energies, the
evolution is shown for 12 h at energies below 1 MeV, and
for 3 days at energies above 1 MeV.

4 Effects of Electron Flux Injections

The energy spectrum of empirical electron flux
distribution is relatively hard in Jupiter’s radiation belts
compared to the spectrum at Earth or Saturn [16].
However, the electron injections in Jupiter’s
magnetosphere could cause the significant electron flux
enhancements at tens to several hundred keV, providing a
significant amount of source electrons to be accelerated to
relativistic energies. An electron injection event is
observed by Juno on 29 October 2018 (Figure 4a). The
electron flux enhancements are mostly observed at 30 —
300 keV energies, and the lower energy electrons are
observed earlier than higher energy electrons.
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Figure 4. Comparison of electron phase space density
evolutions using different initial phase space density
profiles in Fokker Planck simulation. (a) Energy
spectrogram of spin-averaged electron fluxes at the
energies of 30 keV — 1 MeV observed by Juno, showing
dispersive electron injection features. (b) The initial
electron phase space density profiles from the empirical
model (dashed) [16] and Juno observation during
injections at ~09:05 UT on DOY 302 in 2018 (solid). (c—
e) The evolution of electron phase space density as a
function of equatorial pitch angle for the energies of 770
keV, 1.94 MeV and 4.39 MeV, using the initial condition
from the empirical model. (e—g) The evolution of electron
phase space density using the initial condition during
injections. The chorus wave model and electron diffusion
coefficients are the same as Figure 2.

Using the observed energy spectrum of electron phase
space density during the injection event as the initial
condition (Figure 4b), we simulate the electron phase
space density evolution due to chorus waves and compare
the results using the empirical spectrum as the initial
condition. The other simulation inputs are the same.
Figures 4c-4h show a robust electron acceleration at 1.94
MeV and 4.39 MeV during the electron injection event,
while the electron distribution using the empirical initial
distribution shows a decay at 1.94 MeV and a slow
increase at 4.39 MeV. The electron flux increases by
nearly 1 order of magnitude in 1 day at the energy of 4.39
MeV during the injections, suggesting the important
contribution of chorus waves to the source of relativistic
electrons and the formation of Jupiter’s radiation belts.

5 Conclusions

We evaluated the electron diffusion coefficients due to
whistler mode chorus waves using the diffusive
equilibrium total electron density model and VIP4+CAN
magnetic field model in Jupiter’s magnetosphere. The
lower electron density at higher latitudes and the stretched
magnetic field line geometry cause the enhanced electron



scattering rates at energies above 100 keV, reduced
electron scattering loss at lower energies, and overall
enhanced electron acceleration. Our Fokker Planck
simulation suggests the decay of electron fluxes at
energies below several hundred keV, and flux
enhancement at energies above several MeV. The pitch
angle scattering loss and acceleration of relativistic
electrons are both faster using the latitudinally-varying
density and VIP4+CAN magnetic field model than the
latitudinally-constant density and dipolar field model.
Since the equatorial density and magnetic field are scaled
to be the same between the two models, their different
simulation results indicate that the latitudinally-varying
density and the more realistic magnetic field geometry are
important to quantify the electron flux variations.

We used the empirical distribution of electron fluxes as
the initial condition of the radiation belt simulation. Juno
observed the dispersive electron injections on 29 October
2018, providing enhanced electron fluxes at energies
below 300 keV. Our Fokker Planck simulation indicates
that the relativistic electron acceleration is much faster if
the initial electron distribution during the injection is
considered. The whistler mode chorus waves are
potentially capable to cause flux enhancement by nearly 1
order of magnitude within the timescale of 1 day. The
detailed study of electron acceleration due to an intense
chorus wave event following electron injections observed
by Juno is left as our future investigation.
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