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Abstract Upward traveling electrons with energies from tens of kiloelectron volts to several megaelectron
volts have been observed over the Jovian polar regions in association with intense upward propagating
whistler mode waves. The electrons have a power law-like energy distribution, indicative of a stochastic
acceleration process. The energy flux of the upward propagating whistler mode waves is comparable to and
strongly correlated with the energy flux of the upward traveling energetic electrons, suggesting that the
whistler mode waves may be accelerating the electrons. We propose that a downward field-aligned current
over the polar cap generates strong downward parallel electric fields and associated upward electron beams
in the low-density regions of Jupiter’s upper ionosphere, a mechanism similar to the formation of inverted-Vs
in Earth’s auroral regions. At Jupiter, the upward-traveling electron beams produce intense upward
propagating whistler mode emissions over a broad frequency range, similar to upward propagating auroral
hiss at Earth. As the whistler mode waves propagate upward out of the inverted-V source region, the waves
are absorbed by the plasma, thereby accelerating the electrons. We attribute the stochastic power law-like
energy spectrum of the accelerated electrons to the development of Hamiltonian chaos (velocity space
diffusion), the signature of which is indicated by the occurrence of spiky soliton-like variations in the whistler
mode electric fields. Acceleration to high energies may be facilitated by the rapid increase in the phase
velocity of the whistler mode waves with increasing altitude, which could accelerate some of the electrons
trapped in the wavefield to very high relativistic energies.

1. Introduction

One of the most exciting discoveries recently made by the Juno spacecraft is the observation of upward tra-
veling energetic electrons (from tens of kiloelectron volts to above 1 MeV), presumably on open field lines,
over the Jovian polar cap (Allegrini et al., 2017; Connerney et al., 2017; Mauk, Haggerty, Paranicas, et al.,
2017; Paranicas et al., 2018). The observation was made by the Jupiter Energetic-particle Detector
Instrument (JEDI; Mauk, Haggerty, Jaskulek, et al., 2017) and the Jovian Auroral Distributions Experiment
(JADE; McComas et al., 2017). The energy spectra of the electrons have nearly power law distributions
(Figure 1), suggesting a stochastic acceleration process (Ma & Summers, 1998). The Juno Waves instrument
(Kurth et al., 2017) also detected intense upward propagating broadband whistler mode waves over the entire
Jovian polar cap region (Tetrick et al., 2017). These whistler mode waves are analogous to auroral hiss at Earth,
which is known to be generated by beams of electrons called inverted-Vs (Frank & Ackerson, 1971; Gurnett,
1972; Gurnett & Frank, 1972; Gurnett et al., 1983). The upward propagating whistler mode waves and the
upward traveling electrons at Jupiter are positively correlated, and the electrons show evidence of substantial
pitch angle scattering via wave-particle interactions (Elliott et al., 2018). Also, the energy flux of the electrons
andwaves is roughly comparable over the polar cap (within a factor of 10), suggesting that thewavesmay play
an important role in the electron acceleration. Here we provide the first detailed theoretical and quantitative
analysis of this idea. We propose a unifying theory for the acceleration of upward traveling polar cap electrons
that involves a mechanism similar to the wave-particle interactions that occur in a linear accelerator.

2. Wave Growth and Electron Acceleration

There are two primary potential sources of energy that can drive planetary magnetospheric phenomena:
interactions with the solar wind and interactions with the rotation of the planet. Jupiter’s primary energy
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source is widely thought to be dominated by the rapid rotation of the
planet, and we adopt this point of view. In Figure 2 we show a simplified
Homopolar generator (Pugh & Pugh, 1965) model that can be used to
understand the big picture of the Jovian current system and how it drives
upward traveling electrons in the polar cap. As the conducting disk rotates,
an electromotive force is induced, producing a current that is directed
outward at the equator. This current must then close along the polar cap
field lines, resulting in a downward current over the polar cap. Magnetic
field measurements show that a current of approximately 7 × 107 A enters
each of Jupiter’s polar caps (Connerney, 1981). This current is ultimately
driven by the transfer of angular momentum to outflowing mass in the
equatorial plane (Hill, 1979). The black box in Figure 2 represents the polar
observations made by Juno, including the upward traveling energetic
electrons and the upward propagating whistler mode waves. Specifically,
it symbolizes the important open question regarding whether whistler
mode waves, driven by the field-aligned current, can accelerate the elec-
trons to megaelectron volt energies. Answering this question is the focus
of this paper.

Inside the sketched black box in Figure 2 is the letter E, referring to a
parallel electric field, which can drive a beam-plasma instability. Where
this electric field and the associated beam-plasma instability occurs is
determined by the following considerations. The electron density in

the region above the ionosphere often drops to very low levels, sometimes providing too few electrons
to carry the downward plasma current. This effect is further reinforced by the convergence of the mag-
netic field lines near the planet, which increases the local current density, making it even more difficult
for the plasma to carry the required current (Mozer & Hull, 2001). Because the current is carried primarily
by the electrons, the electron drift velocity relative to ion velocity, |Ve � Vi|, is the crucial parameter that
determines the current density. Figure 3 shows that this drift velocity increases, reaches a peak, and then
decreases as a function of altitude. In the region near the peak, the drift velocity may reach a threshold,
above which there are not enough electrons to carry the required current density. This threshold is at
or near the electron thermal velocity, |Ve � Vi| > Vth. If the threshold is exceeded, which is often believed
to be the case, then a parallel electric field develops that creates a beam of electrons that maintains the
current system driven by the Homopolar generator (which acts as a constant current source). It is this
beam of electrons that is the source of the upward propagating whistler mode auroral hiss.

To analyze the growth rate, γ, of waves generated by the beam, we use
equation 10.3.39 from Gurnett and Bhattacharjee (2017), which is for wave
propagation parallel to the magnetic field,

γ ¼ π
1
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where Dr is the real part of the dispersion relation, F0 is the normalized
electron velocity distribution function, ωp is the plasma frequency, ωc is
the cyclotron frequency, and v⊥ and v∥ represent perpendicular and par-
allel electron velocities, respectively. Although strictly valid only for
waves propagating exactly along the magnetic field, since most of the
whistler mode waves detected by Juno are propagating at relatively
small angles to the magnetic field, we believe that this growth rate
equation gives a reasonable first-order approximation. The growth rate,

Figure 1. Example energy spectra for upward traveling electrons over the
polar cap during perijove 1, demonstrating power law-like distributions
(adapted from Mauk, Haggerty, Paranicas, et al., 2017).

Figure 2. The Homopolar generator model applied to the Jovian current sys-
tem. A� v!� B

!
force induces an electromotive force, producing an outward

radial current that must close as a downward current over the polar cap.
Because we believe these are open field lines, the current closes through the
solar wind.
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γ, in equation (1) can be positive or negative, representing wave growth
or wave damping, respectively. Examination of the equation shows that
it contains the following three important terms:

(1) � ω
k∥j j ∫

∞
0 F02πν⊥dν⊥

(2) �∫∞0 ν∥ ∂F0
∂ν⊥

� �
πν2⊥dν⊥

(3) þ∫∞0 ν⊥ ∂F0
∂ν∥

� �
πν2⊥dν⊥

The first term is proportional to the number of resonant electrons and
always contributes to damping. The second term depends on the deriva-
tive of the electron velocity distribution function in the perpendicular
direction, and the third term depends on the derivative of the electron
velocity distribution function in the parallel direction. To model the elec-
tron beam, we used a simple Maxwellian distribution function (Figure 4).
There are three possible categories of values for the integer n in the reso-

nance condition for equation (1): positive, zero, and negative. Each value for n reflects a different combination
of polarization and direction of propagation for the waves and resonant particles (Kennel & Wong, 1967). In
radiation belt physics, the n = + 1, or the cyclotron resonance condition, is commonly used because the
waves and the resonant electrons in radiation belt physics are always moving in opposite directions.
However, the Juno observations over the polar cap region show that the electrons and waves are moving
in the same direction (upward), so the interaction must involve either zero or negative values of n.
Negative n cases deal with ion resonances, which we believe to be of negligible importance in this study.
Therefore, we limit our analysis to the n = 0 case, often called the Landau resonance.

When we incorporate the n = 0 Landau resonance condition into equation (1) and carry out the integration in
the second term, we discover that the second term cancels the first term (see the appendix for a full deriva-
tion). This result leaves us with the third term as the only important term in the summation:

þ∫∞0 ν⊥
∂F0
∂ν∥

� �
πν2⊥dν⊥

This term can either be positive or negative, depending on the sign of (∂F0/∂ν∥). Inspection of Figure 4
shows that for a Gaussian-like beam this partial derivative term is positive on the left-hand side of the dis-
tribution function (blue region), causing wave growth, and becomes negative on the right-hand side (pink

region), resulting in wave damping. Note that damping means electron
acceleration, the details of which are discussed later. The tipping point
(from positive to negative γ) is determined by the wave phase velocity
relative to the average electron beam velocity. As the phase velocity of
the wave increases, it surpasses the average beam velocity. The distribu-
tion function then reaches a peak and starts decreasing, resulting in
wave damping.

Because the wave phase velocity (Vph) is proportional to the inverse of the
index of refraction, one can examine the conditions placed on the parallel
electron beam velocity (V∥Beam) to create an instability. Figure 5 shows a
representative index of refraction plot for the whistler mode (panel a)
and the associated Vph plot (panel b). In Figure 5b, the horizontal dashed
line, labeled V∥Beam, represents a possible beam velocity. This illustration
demonstrates that an upper limit exists for the beam velocities that can
generate whistler mode waves, which is a standard principle of Landau
acceleration and damping. If the beam velocity is too high, no intersection
point (resonance) occurs and whistler mode waves cannot be generated.
We estimated this upper cutoff to be ~300 keV by using the index of refrac-
tion for the whistler mode waves. Figure 5b also shows that V∥Beam

Figure 3. Plot of the electron velocity relative to the ion velocity as a function
of radial distance, showing a region where this velocity shift is high enough
to develop a parallel electric field (i.e., an electron beam or inverted-V). A
combination of both the density not being high enough to carry the neces-
sary downward current and the convergence of the magnetic field lines
causes a parallel electric field to develop.

Figure 4. Maxwellian distribution function for an electron beam in the paral-
lel direction. The blue region indicates wave growth, and pink indicates wave
damping and electron acceleration. The average electron beam velocity
relative to the wave phase velocity determines the tipping point.
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intersections are relatively close to the magnetic field. The resonance cone
(θres) represents the limiting angle at which the whistler mode can propa-
gate. Along this angle, the index of refraction goes to infinity and the whis-
tler mode waves become quasi-electrostatic. At Earth, whistler mode
auroral hiss is known to propagate nearly along the resonance cone and
is quasi-electrostatic, with little or no magnetic wavefield. However, the
Jovian polar cap whistler mode emissions are propagating more nearly
along the magnetic field and usually not near the resonance cone
(Tetrick et al., 2017). This is a consequence of the very strong planetary
magnetic field at Jupiter (ωc ≫ ωp), which makes the whistler mode index
of refraction much smaller than at Earth (near one and more electromag-
netic, less electrostatic).

As was stated earlier, the tipping point in the electron beam distribution
function is determined by the phase velocity. In order to model the wave
phase velocity, we need both an ionospheric density model and a mag-
netospheric density model (Figure 6a). For the ionosphere, we used a
simple Chapman model (Chapman, 1931) and for the magnetosphere
we used a constant magnetospheric density (ne ≈ 20 cm�3), which is
consistent with the electron plasma frequency (~40 kHz) determined
by Tetrick et al. (2017). We justify the use of a simple Chapman iono-
spheric density model by the fact that the overall resulting behavior of
the wave phase velocity to increase would not be affected by more com-
plicated electron density profiles. A simple dipole magnetic field model
was also used to calculate the index of refraction as a function of radial
distance (RJ). We then converted the index of refraction to phase velocity
using the following equation:

vph∥ ¼ c
n
cos θ (2)

where vph∥ is the parallel phase velocity, c is the speed of light, n is the
index of refraction, and θ is the angle relative to the magnetic field; for
the latter calculation, we used the approximation that the waves are nearly
field aligned.

Figure 6b shows the resulting phase velocity as a function of radial dis-
tance. The dashed line in the plot shows a 30-keV electron beam velocity,
which is typical for an inverted-V at Jupiter. When the wave phase velocity
is below this beam velocity, a beam-plasma instability can occur and cause

whistler mode waves to grow. Because the phase velocity increases as altitude (or radial distance) increases,
the wave phase velocity exceeds the electron beam velocity and reaches a tipping point where the waves are
subsequently absorbed, causing electrons to be accelerated. The blue and pink colors in Figure 6b have the
same representation as in Figure 4. A cartoon representation of this mechanism is shown in Figure 7, along
with expected observations of both an inverted-V and upward propagating whistler mode waves.

3. Juno Wave and Particle Observations

Our proposed electron acceleration mechanism predicts that inverted-Vs should be detected at low altitudes,
in the regions where the whistler mode waves are produced. As the altitude of the spacecraft increases, we
expect a transition from a region of wave production (γ > 0) to a region of wave absorption and electron
acceleration (γ < 0). Figure 8 shows Juno observations of the southern polar regions on 11 December 2016
(panels a, b, and d) and 27 March 2017 (panels c and e). Figures 8a and 8b show 0.1- to 100-keV electron
observations from perijove 3 (Ebert et al., 2017), taken by the Jovian Auroral Distributions Experiment-
Electron instrument (McComas et al., 2017). Characteristic arc-like energy time structures are observed,

Figure 5. (a) The index of refraction for the whistler mode in low density
regime (fpe ≪ fce). (b) Associated wave phase velocity (Vph) for the whistler
mode. The horizontal dashed line indicates a possible beam velocity
(V∥Beam), showing two intersection points (resonances). The resonance cone
(θres) shows a region where the waves become quasi-electrostatic. Our
whistler mode waves are not propagating along the resonance cone and are
therefore electromagnetic.
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with energy peaks ranging from 20 to>100 keV. These structures are inter-
preted as inverted-Vs, which are signatures of electron beam acceleration
by parallel electric fields (Frank & Ackerson, 1971). Similarly, Figure 8c
shows inverted-V electrons observed during perijove 5. These observa-
tions can be compared to upward propagating whistler mode wave obser-
vations taken by the Juno Waves instrument (Figures 8d and 8e). The
Waves data can be interpreted as a radial/altitude profile, demonstrating
that the inverted-V electrons are observed at low altitudes (Figure 8f). As
the spacecraft moves to higher altitudes, the whistler mode waves are
then absorbed and the wave energy is transferred into accelerating the
electrons to high energies. Therefore, we believe that the upward propa-
gating whistler mode waves observed over the polar cap (Figures 8d
and 8e) are the remnant of waves that are responsible for the nearly rela-
tivistic upward traveling electrons.

Consistent with our prediction of wave production at low altitudes, Ebert
et al. (2017) found an estimated range that the inverted-Vs were observed
by the Jovian Auroral Distributions Experiment-Electron instrument instru-
ment to be ~1.4 to 2.9 RJ. These radial distances are relatively small and
support our theory that the wave generation is occurring at lower alti-
tudes. It should also be noted that JEDI observed a higher energy
inverted-V in the southern polar region during perijove 3 (peaking from
~30 up to ~300 keV; Clark et al., 2017). The inverted-V seen on JEDI also
occurred at lower altitudes (roughly at 2.77 RJ), which is consistent with
our proposed theory.

4. Stochastic Electron Acceleration

Our model must be able to explain how a broad range of electron energies can be produced (i.e., power
law-like distributions, Figure 1). A viable mechanism for stochastic acceleration of electrons is chaotic
motion of electrons driven by the broadband whistler mode waves. It is well known that Hamiltonian sys-
tems have the capability to exhibit chaotic behavior. Because the equation of motion for the electrons can
be written as a Hamiltonian, it is expected that, for sufficiently intense waves, the system will transition
into Hamiltonian chaos. The details and requirements for Hamiltonian chaos can be found in section
11.1.3 of Gurnett and Bhattacharjee (2017), but the main point is that an intense, broadband wave spec-
trum can lead to chaotic particle motions and strong velocity space diffusion. Because Juno observed a
broad spectrum of intense whistler mode waves over the polar cap regions, chaotic motion of the elec-

trons is likely, ultimately resulting in stochastic electron acceleration.

One signature of chaotic motion, such as described above, is the presence
of electrostatic solitary waves (ESWs), which are commonly observed in
Earth’s magnetosphere (e.g., Ergun et al., 1998; Mozer et al., 1997;
Temerin et al., 1982). ESWs are the final state of the nonlinear evolution
of an instability driven by an electron beam (Matsumoto et al., 1994).
ESWs create large potential steps throughout the lifetime of an electron
and can accelerate electrons to very high energies. Because ESWs are
omnipresent in a variety of spacecraft observations, electrons moving
along magnetic field lines can be accelerated by the sum of the individual
potential drops, resulting in a broad range of electron energies (Mozer
et al., 2014).

In Figure 9 we show the electric and magnetic waveforms for time periods
corresponding to when Juno was over the polar cap. These waveforms
demonstrate irregularities and structures similar to ESWs. However, the
Jovian structures also contain a magnetic component, meaning that the
waves are electromagnetic, similar to electromagnetic solitons (Biswas

Figure 6. (a) Ionospheric density model (Chapman model with added mag-
netospheric constant density of ne ≈ 20 cm�3). (b) Phase velocity as a func-
tion of radial distance. A beam velocity for a 30-keV electron beam and the
speed of light are represented by dashed lines. Blue and pink colors indicate
wave growth and wave damping, respectively (as in Figure 4).

Figure 7. Cartoon representation of the wave electric field as the wave pro-
pagates along the field line (S). Initially, there is wave growth (when the
phase velocity of the wave is less than the electron beam velocity) but when
the tipping point is reached (when the phase velocity is larger than the beam
velocity), the wave is damped and accelerates the electrons. Example Juno
observations of an inverted-V (electron beam) and damped whistler mode
waves are shown in their corresponding region along the magnetic field line.
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et al., 2010). These soliton-like structures are also similar to whistler mode
solitons, described in Treumann and Bernold (1981), which can contribute
to stochastic electron acceleration. Even with a magnetic component, the
irregularity in the waveforms and the broadband characteristic of the
whistler mode waves suggests the development of chaotic field
structures and associated stochastic electron acceleration. Using the
electric field amplitude for these observed solitons (~0.02 V/m), and a
propagation distance of one Jovian radii, we performed a simple
calculation for the energy output, yielding approximately 1.4 MeV.
Therefore, nearly relativistic energies may be achieved by acceleration
by the solitons over just 1 RJ radial distance.

Another possible mechanism contributing to the stochastic acceleration
of electrons is the upward sweep of the wave phase velocity (Figure 6b)
with increasing altitude, which has the potential of carrying trapped
electrons to high, relativistic, energies. Because of the higher density in
the ionosphere, the whistler mode starts with low phase velocities in
the inverted-V regions and thereafter increase up to nearly the speed of
light as the waves propagate upward into lower density regions in the
magnetosphere. Particles trapped in the wave can then be swept to

Figure 8. Juno JADE-E observations from the southern polar regions during perijove 3 (a, b) and perijove 5 (c). Characteristic inverted-V structures are observed in all
three data sets (adapted from Ebert et al., 2017). Juno Waves observations of intense broadband whistler mode waves over the southern polar regions during
perijove 3 (d) and perijove 5 (e). (f) Cartoon demonstrating the trajectory of Juno over the southern polar regions. Inverted-Vs were observed on perijove 3 and 5
when Juno was at lower altitudes (smaller radial distances).

Figure 9. Example electric (top) and magnetic (bottom) waveforms for the
northern polar region on perijove 6. The waves are electromagnetic but
show signatures similar to ESWs. The irregularity in the electric field suggests
possible stochastic electron acceleration.
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high energies by the increasing phase velocity, as in a linear accelerator
(Ashour-Abdalla, 1972; Kennel & Petschek, 1966; Matthews et al., 1984).
Such trapping processes can result in a wide range of particle energies
because of chaotic spiky variations in the electric field strengths, thereby
resulting in power law-like energy spectrums.

We recognize the complicated nature of nonlinear effects and the overall
stochastic acceleration mechanism, which we attribute to Hamiltonian
chaos. To show that, the observed whistler mode electric field strengths
and variations can account for the observed electron spectrums and inten-
sities will require detailed computer simulations, but this is currently out-
side the scope of this paper. However, related simulations have been
done on electrons trapped in the Jovian radiation belts. For example,
Khazanov et al. (2007) conducted a study of high-energy electrons in the
Jovian radiation belt to investigate local acceleration of electrons by whis-
tler mode waves. This study used parameters that reflected typical whistler
waves propagating in the radiation belt regions where the electron cyclo-
tron frequency was both above and below the electron plasma frequency.

They found that the resulting electron energies (from chaotic motions) were higher when the electron cyclo-
tron frequency was higher than the electron plasma frequency. For this current study, the electron cyclotron
frequency (~107 Hz) is higher than the estimated electron plasma frequency (~4 × 104 Hz) over the polar cap
regions (Tetrick et al., 2017). This supports our general assertion that whistler mode waves can accelerate the
electrons to very high energies through a stochastic process.

5. Comparison With Electron Acceleration in Radiation Belt Physics

It is important to note key differences between our proposed polar cap electron acceleration mechanism
and the acceleration of trapped radiation belt electrons, which have been studied for several years
(Horne & Thorne, 1998; Omura & Summers, 2006; Reeves et al., 2015; Summers et al., 2002; Thorne et al.,
2013). Various mechanisms for accelerating electrons to high energies in Earth’s radiation belts have been
explored (e.g., Friedel et al., 2002). Among the different mechanisms, wave-particle interactions are a domi-
nant way to accelerate electrons to high energies (Summers & Ma, 2000; Trakhtengerts et al., 2001).
Electrons trapped in Earth’s radiation belts interact with waves, leading to diffusion in both pitch angle
and energy, resulting in electron acceleration (Summers & Ma, 2000). A study by Katoh and Omura (2004)
showed that wave trapping is an effective way to accelerate electrons in Earth’s radiation belts. In particular,
whistler mode chorus waves have rising tones, which can extend the trapping region that guides some frac-
tion of resonant electrons moving toward the equator, resulting in electron acceleration (Omura & Summers,
2006). Near the equator, electrons undergoing adiabatic mirror motion have the largest parallel velocities,

but the mirror force decreases. Therefore, trajectories of resonant
electrons are highly affected by parallel-propagating whistler mode
waves (Omura & Summers, 2006). However, for the electrons to reso-
nate with the waves, they must be moving in the opposite direction
as the waves. This is called cyclotron resonance. In this paper, an
entirely new type of interaction occurs between upward propagating
electromagnetic whistler mode waves and upward traveling reso-
nant electrons that can result in electron acceleration to high ener-
gies. This acceleration mechanism is new in the context of the
Jovian polar cap region and because the Landau-type acceleration
mechanism involved electromagnetic whistler mode waves.

To illustrate the difference between trapped radiation belt electrons
and our polar cap electrons, we need to discuss the growth rate
with both a typical electron distribution function for trapped radia-
tion (Figure 10) and our distribution function for the resulting accel-
erated polar cap electrons (Figure 11). To do this comparison, it is

Figure 10. Distribution function for trapped radiation. The partial derivative
term is negative, resulting in a positive growth rate.

Figure 11. Resulting accelerated electron distribution function. A positive partial
derivative term results in a negative growth rate, consistent with accelerated
electrons.
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useful to rewrite the growth rate equation (equation (1)) in terms of
the pitch angle, α (Gurnett & Bhattacharjee, 2017), as originally
derived by Kennel and Petschek (1966) the following:

γ
ωc

¼ π 1� ω
ωc

� �2

� ω
k∥
�� ��∫∞0 F02πv⊥ þ k∥

k∥
�� �� ∫∞0 � ∂F0

∂α

� �
πv2⊥dv⊥

" #�����
v∥¼v∥Res

(3)

The important instability term, which has now been written as a func-
tion of pitch angle, is �∂F0/∂α (equation (3)). Writing the growth rate
equation in terms of pitch angle is typical for radiation belt physics.
Analysis of the electrons accelerated over the Jovian polar cap
(Figure 11) shows that the instability term is positive, resulting in a
negative γ. This result is consistent with our previous results that
showed wave damping and electron acceleration. In contrast, for
the typical loss cone distribution of trapped radiation electrons

(Figure 10), the instability term is negative, resulting in a positive γ and hence, a cyclotron instability. This
comparison is consistent with Elliott et al. (2018), which compared the pitch angle scattering of the upward
traveling electrons in the polar cap to typical pitch angle scattering of radiation belt electrons and found that

the upward traveling electrons were scattered away from the magnetic
field line. This result showed how different the Jovian polar cap is com-
pared to typical radiation belts.

6. Conclusions

We propose a mechanism to explain the acceleration of upward traveling
electrons in the Jovian polar cap. We believe that a downward field-
aligned current over the polar cap, ultimately driven by the rotation of
Jupiter, generates strong downward parallel electric fields and upgoing
electron beams in the low-density regions of Jupiter’s upper ionosphere.
The upward traveling electrons produce intense upward propagating
whistler mode waves over a broad range of frequencies via a beam-plasma
instability. Figure 12 shows the assumed source region (just above the
ionosphere), where an inverted-V occurs, generating the whistler mode
waves. As the whistler mode waves propagate upward along the magnetic
field lines to higher altitudes, the waves are absorbed by nonlinear velocity
space diffusion processes (Hamiltonian chaos) that act to stochastically
accelerate the resonant electrons to high energies. A characteristic signa-
ture of Hamiltonian chaos is observed in the whistler mode electric fields
as spiky soliton-like variations. The rapid increase in the phase velocity of
the whistler mode waves with increasing altitude can also cause electrons
trapped in the wavefield to be accelerated to velocities approaching the
speed of light. A flow chart that demonstrates the important steps in our
proposed acceleration mechanism is shown in Figure 13. The work pre-
sented in this paper has addressed the question of the main cause of
the stochastic electron acceleration, which was posed in Mauk et al.
(2018). This work has demonstrated how upward traveling electrons can
interact and be accelerated by upward propagating electromagnetic whis-
tler mode waves, resulting in a wide range of electron energies. Our pro-
posed acceleration mechanism will create a platform for simulation
models to prove that such wave-particle interactions can result in the
observed electron energies.

Figure 12. Assumed location of inverted-Vs (just above the ionosphere), generat-
ing whistler mode waves. Example ray paths for 1000 and 4000 Hz shown,
demonstrating the frequency dependence of wave propagation. The deviation
from the magnetic field is caused by wave propagation near the resonance cone
(typical of whistler mode auroral hiss).

Figure 13. Flow chart representing the important steps in our proposed
acceleration process. First, an electromotive force is induced from the rapid
rotation of Jupiter. This electromotive force then produces a field-aligned
current that points downward in the polar cap. When the plasma cannot
carry the current, a parallel electric field develops, which in turn causes a
beam of upward traveling electrons. This electron beam causes an n = 0
instability to occur, resulting in upward propagating whistler mode waves.
Lastly, as the phase velocity of the waves exceeds the beam velocity, the
energy from the waves goes into accelerating the electrons.
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Appendix A

Here we show that the first two important terms in equation (1) cancel out when the n = 0 resonance
condition is considered. The two terms of interest are as follows:

� ω
k∥
�� �� ∫∞0 F02πν⊥dν⊥ (A1)

�∫∞0 ν∥
∂F0
∂ν⊥

� �
πν2⊥dν⊥ (A2)

We will conduct integration by parts on the second term using the following resonance condition:

ν∥ ¼ ν∥Res ¼ ω
k∥

(A3)

The following is the integration of the second term:

�∫∞0 ν∥
∂F0
∂ν⊥

� �
πν2⊥dν⊥

����
ν∥¼ ω

k∥

(A4)

¼ �ν∥∫
∞
0

∂F0
∂ν⊥

� �
πν2⊥dν⊥

����
ν∥¼ ω

k∥

(A5)

LET

u ¼ πv2⊥
du ¼ 2πv⊥dv⊥

dv ¼ ∂F0
∂v⊥

v ¼ F0

Carrying out integration by parts (uv � ∫ vdu), we get the following:

�ν∥ πν2⊥F0 � ∫F02πv⊥dv⊥
� �

(A6)

where the second term, ν∥ ∫ F02πv⊥dv⊥, using our resonance condition, gives us the following:

þ ω
k∥

∫F02πv⊥dv⊥ (A7)

which exactly cancels the first important term in equation (1) as follows:

� ω
k∥
�� �� ∫∞0 F02πν⊥dν⊥ (A8)
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