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Abstract Electron acceleration by dispersive scale Alfvén waves at Jupiter is investigated using a
Gyrofluid-Kinetic-Electron model. Specifically, the simulations consider the propagation of an Alfvén wave
perturbation from the center of the Io plasma torus to high-latitude regions that are consistent with recent
Juno satellite observations (e.g., Allegrini et al., 2017, https://doi.org/10.1002/2017GL073180; Mauk, et al.,
2017a, https://doi.org/10.1038/nature23648; Mauk, et al., 2017b, https://doi.org/10.1002/2016GL072286;
Szalay et al., 2018, https://doi.org/10.1029/2018JE005752). As in those observations, the energized electron
spectra is broadband in nature and the majority of the energization is under the interaction of inertial
Alfvén waves at high latitudes. The extent of the energization associated with these waves is proportional
to both the magnitude of the wave perturbation and the ratio of the torus to high-latitude density.

Plain Language Summary Recent observations of the Juno satellite at Jupiter illustrate that
the electron energy spectrum at high latitudes is observed to be broadband—that is, ranging in energies
from tens of electron volts to tens and hundreds of kiloelectron volts. At Earth, such electron spectra are
associated with electron energization by Alfvén waves—which are transverse waves that travel along
magnetic field lines in close analogy to waves on a string. In particular, at small scales (e.g.,
perpendicular scale lengths on the order of the ion orbit around the field line), kinetic effects allow for
significant electric field generation that can efficiently accelerate electrons parallel to the field line. At
these scales, the waves are known as dispersive Alfvén waves. In this work, we, for the first time, present
global-scale (entire dipolar field line) kinetic simulations of electron energization at Jupiter. We illustrate
that these dispersive Alfvén waves, sourced in the Io plasma torus, lead to broadband electron energization
close to the Jupiter ionosphere that is qualitatively consistent with the Juno observations. We additionally
illustrate how the presence of the Io plasma torus (which is a feature unique to the Jupiter ionosphere)
affects the characteristics of this broadband energization.

1. Introduction

It has been the traditional view that the auroral acceleration at Jupiter was expected to be largely monoen-
ergetic in nature (associated with the formation of quasi-static potential drops; e.g., Cowley & Bunce, 2001;
Ray et al., 2010). However, the recent observations (Allegrini et al., 2017; Mauk, et al., 2017a, 2017b; Szalay
et al., 2018) of the Jovian Auroral Distributions Experiment (McComas et al., 2017) and Jupiter Energetic
Particle Detector Instrument (e.g., Mauk, Haggerty, Jaskulek, et al., 2017) instruments on the Juno space-
craft have illustrated a largely broadband energization, more consistent with terrestrial Alfvénic aurora.
This broadband energization is evident in the main and polar aurora (Allegrini et al., 2017; Mauk et al.,
2017a, 2017b) as well as the satellite footprints and tails (Szalay et al., 2018) and in the terrestrial context is
commonly associated with electron energization in dispersive scale Alfvén waves (e.g., Chaston, Bonnell,
Carlson, McFadden, Ergun, & Strangeway, 2003; Chaston et al., 2002; Keiling et al., 2003; Wing et al., 2013).
These waves are Alfvén waves that have perpendicular scale lengths on the order of the ion gyroradius (p;),
ion acoustic length (p,), or the electron inertial scale length (e.g., Lysak & Lotko, 1996). In the plasma torus,
waves are in the kinetic Alfvén regime (where p, and p; are the defining scale lengths), while at high latitudes,
electron inertial (4,) effects dominate.
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While dispersive scale Alfvén waves have not been directly observed at Jupiter, Alfvénic acceleration has
long been invoked for Io's auroral footprint and the associated wake (e.g., Bonfond et al., 2017; Chust et al.,
2005; Crary, 1997; Hess et al., 2010; Su et al., 2006; Szalay et al., 2018) and it is suggestive that Chust et al.
(2005) noted small-scale magnetic field fluctuations near Io. Theoretical studies have predicted that E, in
inertial Alfvén waves would lead to generation of electron beams (e.g., Crary, 1997; Saur et al., 2018). Su
et al. (2006) also considered the propagation of dispersive scale Alfvén waves in the Io-Jupiter interaction
using a gyrofluid model, but without coupling to kinetic electrons. Motivated by the Chust et al. (2005)
observations, Hess et al. (2010) illustrated that a power law distribution provided the optimal scenario to
transmit the necessary power to explain auroral emissions. They also found that electron energization at
kinetic scales resulted in Kappa type distributions. More recently, Bonfond et al. (2017), using Monte Carlo
simulations, illustrated that the vertical brightness profiles evident in the Io footprint tail were best explained
by broadband acceleration from Alfvénic processes rather than electron acceleration in quasi-static parallel
potential drops.

Power law energy distributions are commonly associated with turbulent cascades, and turbulent processes
are believed to dominate in the Jupiter magnetodisc. Both Saur (2004) and Ng et al. (2018) postulated tur-
bulent heating models of the magnetodisc (based on flux tube diffusion and advection respectively), which
reproduced characteristics of the observed ion temperature gradient within Jupiter's magnetodisc. Addition-
ally, recent hybrid simulations of Kelvin-Helmholtz (Delamere et al., 2018) and Rayleigh-Taylor (Stauffer,
2018) instabilities, which are common in the magnetodisc, illustrate a turbulent cascade of energy to kinetic
scale lengths. In all these cases, the turbulent cascade is aided by the nonlinear interaction of counter-
propagating Alfvén waves (Iroshnikov, 1963; Kraichnan, 1965; Ng & Bhattacharjee, 1996; Saur et al., 2002)
within the torus. The resulting deposition of Alfvénic energy at kinetic scale lengths can then facilitate the
energization of both electrons and ions (Johnson & Cheng, 2001) by dispersive scale Alfvén waves.

In the present work, we do not consider the cross-scale coupling of wave energy but assume the existence
of small-scale Alfvén perturbations in the Io plasma torus and for the first time (in kinetic simulation)
self-consistently follow the evolution of the interaction between the Alfvén waves and electrons from this
source region to the high latitudes. For this investigation we use the Gyrofluid-Kinetic-Electron (GKE)
model (Damiano et al., 2015), which has also been used for the study of electron energization in both
large-scale (Damiano & Wright, 2008; Damiano & Johnson, 2012) and dispersive scale (Damiano et al., 2015;
2016; Damiano et al., 2018) Alfvén waves in the terrestrial magnetosphere. The remainder of the paper is
divided into three sections. Section 2 outlines the GKE model. Section 3 presents the model simulation
results, while section 4 gives our conclusions.

2. GKE Model

The simulations were performed with an extension of the hybrid 2-D GKE model (described in Damiano
et al., 2015) including a correction (e.g., Gombosi et al., 2002; Hess et al., 2010), which is sometimes termed
semirelativistic, so that the wave speed does not exceed the speed of light due to the effects of the displace-
ment current. Using the Jupiter magnetic dipole moment M; = 1.55 X 10?7 Am?, the ambient dipolar model
geometry considered in the simulations is illustrated in Figure 1a where x; and x, are the field-aligned and
radial directions, respectively. There is no dependence on the azimuthal coordinate so that d/dx; = 0.

The gyrofluid portion of the model incorporates the modified linearized momentum equation given by

Ol , By 0
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where u, and b, are respectively the azimuthal fluid velocity and magnetic field perturbations, y=2 = 1 +
V2/c, iy = (1-1.25p*V2)us, p; = (T;/m;)V/?/Q; is the ion gyroradius, x, = cos0/r?, x, = sin’0/r,x; = ¢,
h, = r*/(1 + 3c0s?0)'/2, h, = r?/(sin 8(1 + 3cos20)!/?), h, = rsin@, and B, and p, denote respectively the
background magnetic field and plasma density, while T, is the ion temperature, m; is the ion mass, and Q;
is the ion gyrofrequency. The corresponding nonrelativistic Alfvén speed is then given by V, = B,/ m
Equation (1) is coupled to Faraday's law
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Figure 1. (a) Simulation domain centered on L = 6.0035 field line. The flux tube is too narrow to differentiate radial
boundaries on this scale (set at L = 6.0 and L = 6.007, respectively). The circles of radius 1 and 1.5 Ry, respectively,
denote the surface of Jupiter and the model low-altitude boundary. (b) Initial azimuthal velocity perturbation as a
function of L shell and magnetic latitude. (c) Simulation density profile where the peak centered on 0° magnetic
latitude is indicative of the plasma torus.

and the Generalized Ohm's law gives the perpendicular
E, = -B,(1- p?V3)its 3)
and parallel electric fields

j P, -
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where A, = y/m,/u,ne? is the electron inertial length and this equation is displayed in conventional form
for simplicity. The full form (and derivation) is presented in Damiano et al. (2007).

The parallel electron dynamics are described using the guiding center equations

dv, 1 0B,
Mg = TR g o
1 0%

(5)

dx
hl d_tl =V (6)

where v, = v is the parallel electron velocity, u, = m,?*/(2B) is the magnetic moment, and v, is the

gyrophase independent perpendicular velocity (v, = 4 /v% + vg). The integral moments of the electron distri-
bution function for use in the parallel Ohm's law are determined using standard Particle-In-Cell techniques
(Damiano et al., 2007). The semirelativistic correction has been applied to the momentum equation because,
relative to the terrestrial magnetosphere, the densities are so low, and the magnetic fields so high in the
magnetospheres of the giant planets, that the Alfvén speed can approach the speed of light.

At the low-altitude boundaries, perfectly conducting boundary conditions are imposed, while a node in par-
allel current (j, = 0) is assumed at the perpendicular boundaries (Damiano & Johnson, 2012; Damiano
et al., 2007). For the present simulations, the low-altitude boundary has been set at the altitude of 1.5 R;.
This height is approximately consistent with the height below which the density is thought to increase
dramatically toward the Jupiter ionosphere (e.g., parallel density profile considered in Su et al., 2006) and
consequently the position of the B/n peak. Below this peak, electron energization is expected to be limited
since in the dramatic increase in electron density means less acceleration is required to carry the parallel
current (e.g., Wright et al., 2002, in the terrestrial context).

3. Simulations

The simulations are initialized by the azimuthal velocity perturbation displayed in Figure 1b, while the
initial density profile is displayed in Figure 1c. The density peak in the middle of the simulation domain
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Figure 2. (a) Initial density profile as a function of magnetic latitude. (b) Corresponding relativistic Alfvén speed
profile. (c—e) Profile of parallel current at indicated times. Panel (d) also illustrates the corresponding parallel electric
field. Small-scale fluctuations apparent at large magnetic latitudes (250°) are due to statistical noise near the
low-altitude boundary where the number of simulation particles per grid cell is less than in the equatorial region. All
profiles are taken along the central L = 6.0035 field line.

is meant to approximate the presence of the Io plasma torus. For simplicity in this initial investigation, we
limit the peak torus density to be a factor of 20 (Figure 2a) over the high-latitude density (set at a value of
1 cm~3). We additionally assume that the torus is composed exclusively of hydrogen in order to increase the
magnitude of the Alfvén speed profile within the torus which allows the wave perturbation to propagate out
of the torus in a more computationally reasonable amount of time. The perpendicular scale length of the
perturbation (Figure 1b) in the equatorial plane maps to the order of electron inertial scale lengths at high
latitudes (which for the given density profile yields 4, = 5.3 km and is close to the peak value considered
in the study of Su et al., 2006).

Figure 2 displays the evolution of the parallel current profile along the central field line of the simulation
domain (indicated by the vertical line in Figure 1a—which is also the field line of maximum j,). The orig-
inal velocity perturbation was chosen to have a peak amplitude of 100 km/s, which is order of magnitude
consistent with either the relative velocity between Io and the torus (57 km/s) or observed injection flows
(e.g., Thorne et al., 1997). This initial perturbation splits up into two identical perturbations that propa-
gate toward the opposing low-altitude boundaries. Since the pulse profiles are symmetric, we plot only the
current profiles at different times for the northern simulation hemisphere as a function of magnetic lati-
tude (Figures 2c-2e). As the pulse propagates through the torus boundary, part of the energy is transmitted
and part is reflected (Figure 2c). The profile of the transmitted wave signature becomes extended along the
field line owing to the dramatic increase in the Alfvén speed (which reaches the speed of light close to
the low-altitude boundary). The moment of peak parallel current at the low-altitude boundary is plotted in
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Figure 3. (a) Parallel current above the low-altitude boundary as a function of time. (b) Electron energy spectrogram
above the northern low-altitude boundary in arbitrary unit. To construct the spectrogram, simulation electrons were
binned in 50-eV energy intervals. (c-g) Electron distribution functions at the indicated times. Initial electron
temperature (7,) considered in all simulations is 20 eV.

Figure 2e where the dramatic increase in the magnitude of j, is due to the converging magnetic field topol-
ogy. Figure 2d also illustrates the corresponding parallel electric field profile (which has been spatially and
temporally averaged [over a 0.5-s interval] to reduce the amount of statistical noise). As would be expected,
the profile of the parallel electric field increases in magnitude consistent with the parallel current as the
low-altitude boundary is approached. The slight positive peak in E; at about 13° magnetic latitude is associ-
ated with the density gradient and reflection of wave energy in the gradient. This field is a superposition of
the ambipolar electric field that maintains the density gradient and the wave-parallel electric field. A more
complete examination of the evolution of the parallel electric field will be considered in a subsequent study,
but the evolution of the parallel electric field for a standing wave in an Alfvén speed gradient is presented
in Damiano et al. (2005).

In order to directly compare the parallel current and electron signatures, j, as a function of time at the north-
ern ionospheric boundary is plotted in Figure 3a along with a spectrogram of the electron energy above this
boundary (Figure 3b), which is constructed by stacking histograms of the electron count versus energy at
specific times (e.g., Figures 4b and 5b). The corresponding distribution functions at select times are plotted
in Figures 3c-3g. Comparison of Figures 3a and 3b illustrates that the peak of the parallel current coin-
cides with the maximum range of electron energies that are broadband in nature, in qualitative agreement
with the aforementioned Juno observations (e.g., Allegrini et al., 2017; Mauk, et al., 2017a, 2017b). The
negative parallel current is being carried by a positive displacement of the electron distribution function
(jo = —ney,) that becomes highly field-aligned as the current peaks (Figures 3c-3g). Both the broadband
energization and field-aligned distributions are also in agreement with signatures of Alfvénic aurora evident
at Earth (e.g., Chaston, Bonnell, Carlson, McFadden, Ergun, & Strangeway, 2003). The fact that the electron
energization peaks with the parallel current implies that the primary electron energization is happening in
the inertial Alfvén wave regime just above the low-altitude boundary. Kletzing (1994) noted that electron
energization in the inertial Alfvén wave limit involves both nonresonant and resonant (Fermi) components
(where Fermi-type electron acceleration at Io was also specifically discussed by Crary, 1997). The nonreso-
nant acceleration involves the energization of the bulk electron distribution to carry the parallel current. As
the parallel current and the electron acceleration are peaking coincidentally in Figure 3, it is clear that in this
case the energization is mainly associated with the nonresonant interaction and that resonant Fermi-type
energization (the evidence of which should be preceding the current signature) is not playing a significant
role for the parameters selected here. For the Fermi acceleration to happen, the resonant electron kinetic
energy (in the wave frame), must be less than the wave potential drop (Kletzing, 1994). For a given electron
distribution temperature, this resonance condition is more difficult to achieve as wave speed increases and
so it is possible that this type of energization might be less prevalent at Jupiter (where the wave phase speed
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2 M I I I P B reaches the speed of light) than at Earth. However, a more careful consid-
eration of the nature of the electron energization for a wider parameter
range will be the focus of a future study.

The bulk energization that carries the parallel current should be propor-

tional to the magnitude of the current and hence the magnitude of the
— wave amplitude. This point is confirmed in Figure 4, which compares the
— twice initial wave amplitude parallel current at the low-altitude boundary (Figure 4a) and the corre-
4 - | sponding histograms of electron energy (Figure 4b). Both the resulting
(@) current and energization are larger in the case with twice initial wave
amplitude.

One of the fundamental differences between the terrestrial and Jovian
systems is the presence of the Io plasma torus. In order to understand
what role the presence of the torus can play in the characteristics of
= 10* Ll TR B A W the Alfvénic aurora, we conducted a simulation lacking an equatorial
density torus, but with the same initial shear (u;) velocity perturba-
tion considered in Figure 3. The results are plotted in Figure 5 where
the parallel current signature peaks much sooner in the no torus case
(Figure 5a) because the Alfvén speed is inversely proportional to the den-
sity. Interestingly, both the magnitude of the parallel current and electron
energization are significantly larger in the torus case in spite of the fact
that the initial velocity profiles are identical in both cases. This increase,

time (seconds)

10°

102

Electron count rate (arbitrary uni

1
10 at first glance, seems counter to what is expected given the results of
(b) Figure 4. However, even though the initial velocity is the same in both
1 T T T T cases, the increased density of the torus implies a reduced wave group
102 103 104 velocity (and increased ion kinetic energy), which, by the Walen rela-
Energy (keV) tion, results in an increased amplitude for the wave magnetic field (and
Figure 4. (a) Parallel current above the low-altitude boundary as a function thus increas.ed Po.ynting flux). The larger magnetic field perturbation in
of time for original (from Figure 3a) and case with twice initial wave turn results in an increased parallel current that must be carried by more
amplitude (blue line). Latter simulation was initialized by doubling the energetic electrons. Therefore, these results suggest that, as long as the

magnitude of the shear velocity perturbation given in Figure 1b, which also  perpendicular scale length of the wave is O(4,) at high latitudes, a large
doubles the amplitude of the wave magnetic field. (b) Corresponding ratio between the torus and high-latitude densities can actually act to
histograms of electron count rate versus energy above low-altitude . . o .
boundary at = 12.5 5. enhance the broadband auroral emissions at Jupiter. Additionally, since a
more realistic heavy ion mass in the torus will also act to reduce the wave
group speed and increase the ion kinetic energy (for a given perpendicu-
lar electric field perturbation), it is expected that a more realistic consideration of the average ion mass in the
torus will only further enhance the broadband electron energization noted here. However, we will address
this idea more specifically in a follow-up study.

In this work, we have neglected consideration of ion gyroradius effects for initial simplicity, but we note
that earlier works (Chaston, Bonnell, Carlson, McFadden, Strangeway, & Ergun, 2003; Damiano et al., 2015,
2016), for parameters relevant to the terrestrial magnetosphere, have illustrated that the extent of the broad-
band energization actually decreases with increases in T% To first order such a result can be inferred from
simple two fluid analysis where the ratio of the parallel and perpendicular electric field is inversely pro-
portional to the ion gyroradius (e.g., Chaston, Bonnell, Carlson, McFadden, Strangeway, & Ergun, 2003;
Streltsov et al., 1998)

—k ko

E,JE, = —————.
VE T

(7

(where p, = (T,/m;)/?/Q; is the ion acoustic length). Therefore, what we are presenting here may represent
the maximum extent of the energization for the considered wave parameters. Additionally, similar behavior
with increases of = was noted in studies of the propagation of kinetic Alfvén waves in the Io plasma torus
using the GKE model considering more realistic ion masses and temperatures than were used here. Another
complexity over the terrestrial example is that the ambipolar electric fields that exist at the torus boundaries,

in order to maintain quasi-neutrality, can also act to trap electrons within the torus itself.
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Figure 5. (a) Parallel current above the low-altitude boundary as a function of time with and without torus.
(b) Corresponding histograms of electron count rate versus energy at the peak of the parallel current as indicated in
Figure 5a.

Finally, it is worth emphasizing that, although we suggested that wave energy at dispersive scales can be
fed by a turbulent cascade, the broadband energization evident here is the result of energization essentially
in a single flux tube with a specific dominant equatorial perpendicular scale length (e.g., see Figure 1b).
This choice was made in order to understand the nature of the energization in a single component of such a
turbulent spectrum. However, it is important to realize that this flux tube in itself is representative of a range
of perpendicular scale lengths that the wave evolves through. Using the same model approach, Damiano and
Wright (2005) considered electron energization by inertial Alfvén waves in a uniform magnetic field topology
and, in that instance, the parallel wave current was carried by a uniform drift of the entire distribution
function that looked monoenergetic in nature. In the example presented here, because of the converging
magnetic field topology, the wave evolves through a range of perpendicular scale lengths (even in the inertial
Alfven wave limit), which suggests that this nonuniformity in the topology is a key factor in the resulting
broadband electron energy signature. In the limit that we also initialize with an energy spectrum in the torus
region (more consistent with the idea of a turbulent cascade), we expect that the qualitative characteristics of
the energization will not change. This is because we are simply adding another source of perpendicular scale
lengths (in addition to the topology) and the aggregate effect on the electron energization should still look
broadband. A more detailed analysis of these (and the p; effects discussed above) will be more completely
addressed in a follow-up manuscript.

4. Conclusions

In this work, a 2-D GKE model has been used to investigate electron energization at Jupiter due to Alfvén
waves sourced in the Io plasma torus. Consistent with both the recent observations at Jupiter and those seen
in the terrestrial magnetosphere, the electron energization due to dispersive scale Alfvén waves is broad-
band in nature. For the considered parameters, the bulk of the energization is the result of the nonresonant
interaction between inertial Alfvén waves and electrons at high latitudes. A characteristic unique to the
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case of Jupiter is that the presence of the plasma torus can act to enhance the magnitude of the energiza-
tion owing to the extra energy the increased ion density imparts to the wave for a given perturbation of the
perpendicular electric field.
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