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Abstract

The interaction of Io with the co-rotating magnetosphere of Jupiter is known to produce Alfven wings that couple the moon

to Jupiter’s ionosphere. We present first results from a new numerical model to describe the propagation of these Alfven

waves in this system. The model is cast in magnetic dipole coordinates and includes a dense plasma torus that is centered

around the centrifugal equator. Results are presented for two density models, showing the dependence of the interaction on the

magnetospheric density. Model results are presented for the case when Io is near the centrifugal and magnetic equators as well

as when Io is at its northernmost magnetic latitude. The effect of the conductance of Jupiter’s ionosphere is considered, showing

that a long auroral footprint tail is favored by high Pedersen conductance in the ionosphere. The current patterns in these

cases show a U-shaped footprint due to the generation of field-aligned current on the Jupiter-facing and Jupiter-opposed sides

of Io, which may be related to the structure in the auroral footprint seen in the infrared by Juno. A model for the development

of parallel electric fields is introduced, indicating that the main auroral footprints of Io can generate parallel potentials of up

to 100 kV.

A Numerical Model for the Interaction of Io-Generated Alfvén Waves with Jupiter’s Magne-
tosphere and Ionosphere

R. L. Lysak1, A. H. Sulaiman1, F. Bagenal2, F. Crary2

1School of Physics and Astronomy, Minnesota Institute for Astrophysics, University of Minnesota, Minnea-
polis, MN;2Laboratory for Astrophysics and Space Physics, University of Colorado, Boulder, CO

Corresponding author: Robert L. Lysak (lysak001@umn.edu)

Key Points:

• The spacing of the main auroral spots in Io’s footprint tail depends on the density profile assumed as
well as the magnetic latitude of Io.

• Partial reflections at the boundary of the Io plasma torus lead to secondary reflections and weaker
auroral spots between the main spots.

• The length of the auroral tail depends on the ionospheric conductance at Jupiter, with higher conduc-
tances leading to longer tails.

Abstract

The interaction of Io with the co-rotating magnetosphere of Jupiter is known to produce Alfvén wings that
couple the moon to Jupiter’s ionosphere. We present first results from a new numerical model to describe
the propagation of these Alfvén waves in this system. The model is cast in magnetic dipole coordinates
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and includes a dense plasma torus that is centered around the centrifugal equator. Results are presented
for two density models, showing the dependence of the interaction on the magnetospheric density. Model
results are presented for the case when Io is near the centrifugal and magnetic equators as well as when Io is
at its northernmost magnetic latitude. The effect of the conductance of Jupiter’s ionosphere is considered,
showing that a long auroral footprint tail is favored by high Pedersen conductance in the ionosphere. The
current patterns in these cases show a U-shaped footprint due to the generation of field-aligned current on
the Jupiter-facing and Jupiter-opposed sides of Io, which may be related to the structure in the auroral
footprint seen in the infrared by Juno. A model for the development of parallel electric fields is introduced,
indicating that the main auroral footprints of Io can generate parallel potentials of up to 100 kV.

Plain Language Summary

Jupiter’s moon Io generated electrical currents when it passes through Jupiter’s magnetic field. These currents
take the form of fluctuations in the magnetic field lines, much like the waves on a stringed musical instrument.
Due to the motion of Io, these waves follow behind Io and bounce back and forth between Jupiter and the
dense ionized gas emitted by Io. This process creates auroral emissions that can be observed, for example,
with the Hubble Space Telescope.

1 Introduction

Alfvén waves have long been associated with the coupling of the moon Io with the ionosphere of Jupiter since
the discovery by Bigg (1964) that the Jovian decametric radio emissions were modulated by the phase of Io
in its orbit. Goldreich and Lynden-Bell (1969) identified Io as the generator of field-aligned current due to its
motion relative to the co-rotating plasma at Jupiter. Goertz (1980) and Neubauer (1980) noted that this is
due to the launching of Alfvén “wings” from the moving satellite. These Alfvén waves were identified by the
Voyager 1 flyby of Jupiter (Acuña et al., 1981; Belcher et al., 1981). The reflection of these Alfvén waves from
Jupiter’s ionosphere was invoked by Gurnett and Goertz (1981) to explain the multiplicity of decametric
radio emissions. The role of the plasma torus produced by the volcanic activity on Io at modifying the
propagation of Alfvén waves was recognized by Bagenal (1983), who considered the reflecting Alfvén wave
model in the context of plasma measurements from the Voyager mission. She noted that the travel time for
Alfvén waves to propagate from Io to Jupiter depended on Io’s position with respect to the plasma torus,
which peaks at the centrifugal equator (i.e., the loci of points on each field line that is farthest from the
rotation axis of Jupiter) at a angle of 7° from Io’s orbital plane. The auroral emissions from Io were observed
from the Infrared Telescope Facility (Connerney et al., 1993) and the Hubble Space Telescope (Bonfond
et al., 2008, 2009; Clarke et al., 1996, 2002). The pre-Juno understanding of the Io-plasma interaction was
summarized by Saur et al. (2004) and Bagenal and Dols (2020).

With the arrival of the Juno satellite at Jupiter in July, 2016, detailed measurements of particles and waves in
Jupiter’s magnetosphere became possible. In particular, the Juno orbit has made a number of high-latitude
crossings of field lines magnetically connected to Io, indicating the presence of accelerated electrons and
ions (Szalay et al., 2018, 2020) and Alfvén waves with a power law spectrum extending up to the proton
gyrofrequency (Gershman et al., 2019; Sulaiman et al., 2020). Observations of the Io footprint tail have been
made by the Jovian Infrared Auroral Mapper (JIRAM) instrument on Juno (Moirano et al., 2021; Mura et
al., 2017, 2018), which indicate that the footprint tail is made up from a series of spots that at times appear
to alternate positions with respect to the footprint of Io’s orbit. The purpose of the present work is to show
the first results from a numerical model of the Io interaction with Jupiter’s magnetosphere and ionosphere
to help understand this interaction.

The propagation of these Alfvén waves was considered qualitatively by Crary and Bagenal (1997) as well as
Bonfond et al. (2008). More recently, Hinton et al. (2019) used a diffusive equilibrium model of the plasma
density to construct ray paths for the reflecting Alfvén waves. On the other hand, Crary and Bagenal (1997)
and Jacobsen et al. (2007) assumed a sharp gradient and straight magnetic field lines. A new model for
the interaction of Io was introduced by Schlegel and Saur (2022) who used a Hall-MHD model to describe
the interaction. They included the Hall conductivity in Io’s ionosphere in an attempt to understand the
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alternating auroral spots observed by Mura et al. (2018) and Moirano et al. (2021). However, this model
apparently assumed perfect conductivity in the Jovian ionosphere and straight magnetic field lines.

In order to improve upon these earlier efforts, we have developed a model for the propagation of Alfvén
waves from Io that is cast in a more realistic dipole geometry. We note that the orbit of Io is roughly in the
equatorial plane of Jupiter, while the magnetic dipole moment is displaced by 10.25°, consistent with the
dipole term in the spherical harmonic analysis of JRM33 (Connerney et al., 2022). (It should be noted that
this tilt is 9.52° for the VIP4 model (Connerney et al., 1998) and 10.31° for the JRM09 model (Connerney et
al., 2018); however, the results presented here are not too sensitive to the magnetic field model used.) The Io
plasma torus is centered on the centrifugal equator, which is two-thirds of the distance from the rotational
equatorial plane to the magnetic equatorial plane (e.g., Bagenal, 1983). Io is modeled as a cloud of Pedersen
conductivity that is moving with respect to the co-rotating plasma of Jupiter’s magnetosphere. Jupiter’s
ionospheres are modeled by a height-integrated Pedersen conductance. In this work, we will focus on the
effects of the plasma distribution along the Io flux tube as well as the effect of different conductances on the
field-aligned current signatures from Io. The next section will describe the model, followed by a discussion of
the effect of the density profile. The following section will consider variations in the conductance of Jupiter’s
ionosphere. Then the effect of parallel electric fields due to kinetic effects will be considered. We will conclude
with a discussion of the implications of these results for the structure of the auroral footprint tail of Io.

2 Model Description

The model presented here is the latest version of a series of models to describe the propagation of Alfvén
waves in magnetospheric geometries. Previous versions of this model have been used in the magnetosphere
of Earth, where it has been used to describe the structure of field line resonances and cavity modes in
response to the propagation of Pi2 pulsations (Lysak et al., 2015; Takahashi et al., 2022), interplanetary
shock impacts (Takahashi et al., 2018) and the excitation of quarter-wave modes due to interhemispheric
asymmetry in the ionosphere (Lysak et al., 2020). Versions of this model have also been used to study field
line resonances at Jupiter (Lysak & Song, 2020) and the effect of the ionospheric Alfvén resonator at Jupiter
(Lysak et al., 2021). The model is cast into magnetic dipolar coordinates, defined in terms of magnetic
spherical coordinates by

Here ν is the negative inverse of the L-shell parameter and points outwards (we will use L-shell in this paper
rather than the M-shell used when non-dipolar fields are important to indicate that we are using a dipolar
geometry, which is a reasonable approximation at the orbit of Io), φ is the magnetic east longitude, defined so
that it corresponds with System III Right-Handed coordinates at the points where Juno crosses the magnetic
equator, and μ is a field-aligned coordinate, proportional to the magnetic scalar potential of the dipole field.
This coordinate increases from south to north, opposite the direction of the Jovian magnetic field. Note that
we will use east longitudes throughout this paper, although west longitudes are often used by Earth-based
observers since the west longitude increases with time as seen from Earth as Jupiter rotates. For simplicity,
we consider only the shear Alfvén mode; however, we can include the effect of parallel electric fields due to
electron inertia or kinetic effects. In this case the relevant electrodynamic equations are

Here we have introduced the scale factors , and , whereRJ = 71492 km is the equatorial radius of Jupiter,
BJ = 417.7 μT is the equatorial dipole magnetic field at the surface of Jupiter according to JRM33 (this
value is 426.4 μT for the VIP4 model and 419.9 μT for JRM09). We use where is the non-relativistic Alfvén
speed to denote the Alfvén speed including the displacement current. The coefficient ν* is a parameter to
characterize the kinetic effects (such as the development of double layers) that can lead to parallel electric
fields in strong current regions. This parameter will be set to zero until the last section of this manuscript.

3
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The equations are modeled in a frame co-rotating with Jupiter’s magnetosphere. In this frame, Io moves
westward at a speed of 57 km/s, leading to an emf of VIoB 0 of 120 mV/m. This effect is included in the
second term in the equation forE ν in equation . Io is modeled as a cloud of conductivity which is constant
over the diameter of Io and falls off as the distance squared in Io’s ionosphere. As noted above, the simulation
is based on magnetic coordinates, so that Io moves in a plane inclined about 10° from the magnetic equator.
Similarly, the mass density in the Io plasma torus is centered on the centrifugal equator. We use two density
profiles: a “high-density” case based on the density model of Dougherty et al. (2017), and a “low-density”
case based on the model considered by Ray et al. (2009). These densities are taken to be independent of
longitude along the centrifugal equator. The density and the resulting Alfvén speed cA are plotted in Figure
1, with Figures 1a and 1b giving the density for the low- and high-density cases, respectively, while Figures
1c and 1d show the corresponding Alfvén speed profiles. The high-density case results in a density of 200
cm-3 at a radial distance of 2 RJ, while the low-density case has 0.1 cm-3 at this altitude. The trajectory
of Io in magnetic coordinates is plotted as a solid line in these figures. These models have a total Alfven
transit time from one ionosphere to the other of 16 minutes in the high-density case and 12 minutes in the
low-density case. These values are comparable to the one-way transit times between 12.5 and 15 minutes in
the model of Hinton et al. (2019).

3 Results: Effects of density model and longitude

4
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With this numerical model, we can simulate the propagation of Alfvén waves from Io at various points along
Io’s orbit. First, consider a case where Io is near the centrifugal equator, so that the Alfvén travel times
from Io to each hemisphere are approximately the same. The Pedersen conductance of both ionospheres is
set at 1 mho for these runs. Figure 2 shows the parallel component of the wave Poynting flux for such a
case, 40 minutes from the start of the run. Io starts at 85° longitude (at the right side of the figure) and
propagates westward. Note that Io crosses the centrifugal and magnetic equators at 74.3°. In this figure, red
colors indicate northward Poynting flux while blue colors indicate southward flux, with the intensity of the
colors indicating the magnitude. The magnitude of the Poynting flux is scaled by the background magnetic
field to account for the smaller flux tube radius as the wave approaches each ionosphere. Figure 2a shows
the results from the low-density case, while the high-density case is given in Figure 2b. As expected, the
northern and southern wave patterns are approximately symmetric. At these longitudes, the dense torus
extends about 10°-15° of latitude on either side of the equator. An animation of the run shown in Figure 2a
is given in Supporting Information S1.
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The reflections of the Alfvén wave at each ionosphere and at the torus boundary are very clear, as shown in
illustrations of the wave propagation paths (e.g., Bonfond et al., 2008; Crary & Bagenal, 1997). By comparing
the maximum Poynting flux in the torus with the Poynting flux just outside the torus, we estimate that
53% of the wave energy is transmitted through the torus boundary in the low-density case, while 64% is
transmitted in the high-density case where the contrast in Alfvén speeds is less. These results are in contrast
with the claim of Chust et al. (2005) that most of the power is reflected at this boundary and does not reach
the Jovian atmosphere. Since Io moves at 0.46°/minute with respect to the co-rotating plasma (e.g., Hinton
et al., 2019), the distance between the Main Alfvén Wing (MAW, using the terminology of Bonfond et al.
(2013)) in one hemisphere and the Reflected Alfvén Wing (RAW) in the conjugate ionosphere is about 6° in
the low-density case and 8° in the high-density case, consistent with the travel times noted above.

However, since the torus does not have a sharp boundary, there are minor reflections through the system.
Weak waves propagating between each ionosphere and the near boundary of the torus can be seen, much
like in Figure 2 of Crary and Bagenal (1997). Figure 3a shows the same data as in Figure 2a, but with the
color bar saturated at 1 W/m2 to bring out these weaker reflections. These show up particularly well in a
map of the perpendicular electric field scaled to the ionosphere under the assumption that the field lines are
equipotentials (Figure 3b). These secondary reflections appear to be stronger after the first reflected Alfvén
wing. Although these waves are much weaker than the MAW, they still carry Poynting fluxes about 20
mW/m2 in the low-density case. This can be compared with electron energy fluxes of 10 mW/m2 downstream
in the tail (Szalay et al., 2018). In addition, due to the very short travel time between the torus boundary and
the nearer ionosphere, the reflections from the torus boundary and the ionosphere are very close together,
so these two waves arrive almost simultaneously, smearing out the effect of the trailing spots. The Poynting
flux decreases on each bounce due to the finite conductance of the ionosphere (1 S for this run) and the
pattern becomes more complicated due to interference between the various bouncing waves.

6
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Figure 4 shows the field-aligned current patterns at the northern ionosphere for these two runs, with Figure
4a again showing the low-density case and Figure 4b the high-density case. In these plots, red color indicates
northward (downward) current and blue indicates southward (upward) current. The currents are larger in
the high-density case since more Alfvén wave power is transmitted through the torus. Since upward current is
generally associated with auroral emissions, the blue spots are a proxy for the aurora in this figure (although
it should be acknowledged that even downward current can be associated with counterstreaming fluxes that
can produce aurora, as noted by Mauk et al., 2020). The current in the main Alfvén wing is the most intense
current with the reflected wing (at 75° longitude) being the next most intense; however, there are weaker
currents associated with the secondary reflections as well. (Note that the resolution of the simulation in the
longitudinal direction is 0.1°, so that the small fluctuations are well resolved.)
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To interpret this figure, note that Io’s diameter of 3644 km corresponds to 0.051 RJ and 0.49° of longitude.
Using a dipole mapping, this corresponds to a footprint of about 140 km (0.11°) in latitude and 260 km
in longitude. At a speed of 57 km/s, Io moves about one diameter in a minute. The field-aligned current
at Io is generated at the Jupiter-facing edge and the edge on the far side from Jupiter (e.g., Saur et al.,
2004), producing the U-shaped pattern seen in the figures. The current pattern oscillates back and forth
with an amplitude of about 0.03 in L shell, which corresponds to a distance of 80 km, close to the 100 km
transverse displacement seen by Mura et al. (2018). This pattern is apparently repeated about every 0.3°
in the low-density model and 0.5° in the high-density model, implying a time scale for reflection of about 1
minute. Although Mura et al. (2018) state that specular reflection does not give this time scale for reflections
off the torus, our full wave calculation suggests that reflections do return to the ionosphere on this time scale.

8
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y. Between the arrival of the MAW and the RAW in each hemisphere, the currents are mainly on the side of
Io closest to Jupiter (i.e., lower L-shell); however, after the passage of the RAW, the pattern becomes more
complicated and the regions of upward current migrate across the footprint and appear at higher L-shells.
This is due to phase mixing as the wave propagates. Phase mixing (e.g., Mann et al., 1995) occurs since the
different field lines have slightly different lengths, so that Alfvén waves propagating on adjoining field lines
become out of phase. This effect becomes more pronounced after the passage of the reflected Alfvén wing,
which occurs after the Alfvén wave has passed through the whole plasma torus. At this point, the waves
reflected from the torus boundary and from the conjugate ionosphere interfere with one another, producing
the more complicated pattern as in the Poynting flux plot. Figure 4b for the high-density case shows similar
features, with the MAW and RAW currents farther apart, as in Figure 2.

The situation is modified when Io is near the boundary of the torus. Figures 5a (low-density case) and 5b
(high-density case) show the Poynting flux in the region where Io is at its most northerly latitude. In this case,
the main Alfvén wing arrives at the northern ionosphere before the waves arrive at the southern ionosphere
since they spend less time in the plasma torus. In this case, the MAW and RAW in the northern hemisphere
are farther apart (about 9° of longitude) while they are closer together (3° of longitude) in the southern
hemisphere. In addition, the reflection from the northern torus boundary and the northern ionosphere are
very close together since both of these waves must traverse nearly the entire plasma torus. The secondary
waves between the ionosphere and torus are weaker in the north and stronger in the south, particularly
between the MAW and RAW in that hemisphere. This pattern is reversed between the hemispheres when
Io is near the southern boundary of the torus (not shown). The run shown in Figure 5a is shown as an
animation in Supporting Information S2.
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The currents at the ionosphere also show these features. Figures 6a and 6b show the field-aligned current
in the northern ionosphere for the two cases, while Figures 6c and 6d show the corresponding currents in
the southern ionosphere. Note that positive (red) field-aligned currents in both hemispheres are northward
along the field line, so upward current in the southern hemisphere is red. The strongest currents in both
hemispheres are associated with the RAW and MAW; however, there are weaker currents associated with the
secondary waves. The currents are somewhat weaker than when Io is near the equator, and they are weaker
in the southern hemisphere than in the north. As in the previous runs, the U shape of the main spot is due
to the changing cross section of Io and its ionosphere as it crosses field lines; this structure is maintained in
the reflected waves. This pattern is more distinct in the northern hemisphere currents, suggesting that the
pattern is washed out to some degree passing through the plasma torus. In the northern hemisphere, the
current pattern is similar to the symmetric case with the upward field-aligned current occurring at the lower
L-shells; however, in the southern hemisphere the MAW and RAW spots are closer together with significant
currents between them.

4 Ionospheric conductance effects

The model includes a height-integrated conductance in Jupiter’s ionosphere. The runs presented so far all
considered a Pedersen conductance of 1 S. However, Gérard et al. (2020) have used data from the Ultraviolet
Spectral Imager (UVS) on Juno to make estimates of the Pedersen conductance, showing that it can range
from 0.1 S to about 10 S, consistent with results from ionospheric modeling (Millward et al., 2002; Ray et al.,
2014). We have done a series of runs to see the effect of the variation of the conductance at Jupiter, using the
low-density model discussed above. Figure 7 shows the Poynting flux for runs in which Io is near the equator
as in Figures 2a. Figure 7a shows the 0.1 S case, while Figure 7b gives the results for a Pedersen conductance
of 10 S. In the low-conductance case, the ionosphere is closely matched to the Alfvén wave impedance and
the wave is largely absorbed there. It can be seen that the reflection from the torus boundary is stronger
than the reflection from the ionosphere. On the other hand, the reflection from the ionosphere in the 10 S
case is very strong and does not lead to damping of the wave. In this case the secondary waves are enhanced
compared to the lower conductance case.

10
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To quantify the amount of reflection in each case, we have decomposed the electric and magnetic fields into
the so-called Elsässer variables (Elsässer, 1950), which for Alfvén waves can be written as , where the plus
sign refers to waves propagating in the +μ direction (i.e., northward along the field line) and the minus sign
to waves in the -μ direction. Evaluating these values at a latitude of 50° in the main Alfvén wing, we find
that the reflection coefficients are 2.0%, 36.5% and 71.4% for the 0.1, 1.0 and 10.0 S cases, respectively. Mura
et al. (2018) have shown that the tails can extend for over 100° in longitude around Jupiter. While these
results favor a high Pedersen conductance, it is difficult to explain such extended tails even for the 10 S case.

The field-aligned currents at the ionosphere show similar characteristics. Figures 8a and 8b show the currents
in the northern hemisphere for the runs shown in Figures 7a and 7b, respectively. A first point is that,
unsurprisingly, the currents are stronger for higher conductance. The low conductance case shows a near
absence of current between the MAW and RAW spots, and by the second reflected spot, the currents are
much weaker. On the other hand, in the high conductance case the currents remain strong between the
MAW and RAW, although still weaker than the MAW spot. In this case, there are strong reflections at
both the ionosphere and the torus boundary. Reflections from the low Alfvén speed torus and the high
conductance ionosphere both lead to reduction in the electric field and enhancement in the field-aligned
current, leading to stronger currents even though the Poynting flux is low in between the main spots. In
the high conductance case, the upward and downward currents are seen to switch positions due to multiple
reflections and phase mixing as the waves propagate. These simulations suggest that a strong and relatively
continuous current structure would be associated with high ionospheric conductance. This effect is possibly
related to the bifurcated footprint seen far down the Io tail by Mura et al. (2018) and Szalay et al. (2018).

5 Parallel Electric Fields: Current limitation

The models described above only included the effects of electron inertia on the formation of parallel electric
fields. Inertial electric fields are favored when the perpendicular wavelength is comparable to the electron
inertial length. In the low-density model, the lowest density is 0.1 cm-3, corresponding to an inertial length
of 17 km; Io’s radius of 1820 km mapped to the ionosphere is about 140 km, much larger than the inertial
length. Therefore, the inertial fields are small, with the parallel fields integrated along the field line being
the order of 500 volts. However, the resulting field-aligned currents can be very large, 15-20 μA/m2 as can
be seen in Figures 4 and 6. Kinetic modeling of the Io flux tube (Ray et al., 2009) indicates that such large

11



P
os

te
d

on
7

D
ec

20
22

—
C

C
-B

Y
-N

C
4

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

10
02

/e
ss

oa
r.

10
51

29
21

.1
—

T
h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

currents cannot be supported without the formation of large potential drops along the field lines. Thus, the
effect of these parallel potential drops should be taken into account.

One difficulty in including this type of potential drop in the present model is that the Ray et al. (2009)
formulation relates the field-aligned current to the total potential drop on the field line, while the present
model includes the parallel electric field at each point along the field line. However, we can model this
effect by including a current-limiting term in the equations. The maximum current that can be carried by
a Maxwellian distribution with no bulk acceleration is for the case of a totally empty loss cone, i.e., a half-
Maxwellian distribution with only one sign of the parallel velocity. In this case, the effective drift velocity
is , where the electron temperature is given in electron volts. Thus, the maximum current is jmax = nevd ,
which is 3.39 μA/m2 for a density of 1 cm-3and a temperature of 1 keV.

The parallel electric field can then be modeled by introducing the ν* term in the equation for the field-aligned
current in equation . This term should be zero when the current is less thanjmax and increase rapidly as the
current increases above this value. For this model, we choose the form

The parameter ν* is set to zero for weaker currents. The constant ν0 can be estimated from the linear form
of the Knight (1973) relation, j = K Φ, where . The effective parallel conductivity is then σ = KL , where
L is the distance over which the parallel field is distributed. Then we can write

Where L is in Jovian radii and we have again taken n = 1 cm-3 and Te = 1keV. Thus, if we take this scale
length to be about half a Jovian radius, we can conveniently set ν0 = 1 s-1.

Figure 9 shows the resulting relationship between the parallel potential drop (more precisely, the integrated
parallel electric field, since the field is not purely electrostatic) and the field-aligned current at the ionosphere
with these parameters for a run that is otherwise the same as that shown in Figures 7b and 8b, which is
the low-density case and a Pedersen conductance of 10 S at Jupiter. This figure shows the current-limiting
effect of our model, with the currents being limited to about 10 μA/m2 leading to potentials up to 100 kV.
These parameters are consistent with the kinetic results of Ray et al. (2009), indicating that our model is a
reasonable approximation to these results.

Figure 10a shows the field-aligned current from this run. The current pattern is spread out somewhat from
the corresponding run without the parallel electric field (Figure 8b). Strong parallel electric fields lead to

12
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a perpendicular component of the Poynting flux that broadens the magnetic perturbation. The amplitude
of the magnetic perturbation fixes the total current that should flow in the flux tube, so that the current
limitation requires the current to flow over a larger area. This leads to a splitting of the current pattern.
In addition, the current is limited to about 10 μA/m2 compared to almost twice that in Figure 9b. Figure
10b shows the parallel potential. The color bar in this figure has been limited to 25 kV to bring out some
of the weaker potentials (the actual potential in the main spot is about 100 kV as in Figure 9. Note that in
contrast to the field-aligned current plot, the red colors indicate regions of upward parallel electric field.

These figures show that while the main spots are accompanied by strong parallel electric fields, the secondary
reflections of the wave from the torus boundary are not. This is largely due to the current-limiting nature of
the current-voltage relation. This raises the question of how these auroral features in this region, as seen in
the JIRAM data, are generated. It is likely that effects not included in our model, such as the filamentation
of the currents due to nonlinear effects or feedback from the ionosphere, are important.

6 Discussion

This work has presented initial results from a full-wave model of the propagation of Io-related Alfvén waves
through the Jovian magnetosphere. While this is an improvement upon earlier models involving ray-tracing
or simplified box geometries, it still neglects a number of features that can affect the structure and dynamics
of the Io-generated aurora. Most importantly, the acceleration of the auroral particles themselves is not
modeled. For example, the model does not take into account the presence of the transhemispheric electron
beams, thought to be produced by electrons accelerated by Alfvén waves in the torus itself. Nevertheless, a
number of features in the observations of the Io tail may be understood by the model results.

The overall structure of the main auroral spots is consistent with the expectations from ray-tracing models
(e.g., Hinton et al., 2019). Our model indicates that the spacing of the main and reflected Alfvén wings is
consistent with previous work and depends upon the density profile along the flux tube. Furthermore, the
structure of the field-aligned currents produced by the model is consistent with the transverse displacement
in secondary spots observed by JIRAM (Mura et al., 2018). The results suggest that this may be due to
the generation of field-aligned currents at the surface of Io and its ionosphere. In addition, the secondary
structure in the currents is consistent with the reflection of Alfvén waves from the boundary of plasma
torus, which can occur over time scales of about a minute. However, one puzzle in the results is that when
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the parallel electric fields due to current limitation are included, these secondary reflections do not produce
significant potential drops.

The complicated structure after the passage of the RAW suggests that the waves are subject to phase
mixing, particularly while passing through the dense plasma torus. This makes the current structure more
complicated, especially after the passage of the reflected Alfvén wing. Recently, Schlegel and Saur (2022)
considered the effect of different travel times on the alternating spots and concluded that this was only a
minor effect. However, in our model, the difference in the passage time of an Alfvén wave from one ionosphere
to another between L=5.90 and 5.95, a difference of about 1 Io radius, is 22.5 seconds in the low-density
model and 30.6 seconds in high-density model, much larger than their assumed time of 3.7 seconds. In
addition, the RAW spot occurs after the wave has traveled through the torus 1.5 times, so the difference is
50% larger. So it appears plausible that the travel time difference, i.e., phase mixing, can be an important
effect down the tail from the main spot. This may be related to the bifurcated auroral tail sometimes seen
downstream from main spot (Szalay et al., 2018; Mura et al., 2018).

In summary, this new model for the propagation of Alfvén waves generated by Io has revealed some interesting
points and raised some questions about this interaction:

• The model confirms that reflections from the torus boundary are significant and give rise to the overall
pattern of currents, indicating that the spacing of auroral emissions is dependent on the density along
the flux tube. The transmission through the torus boundary is stronger in the high-density case since
the density contrast is not as large, leading to higher currents at the ionosphere for this case.

• The Alfvén wave pattern depends strongly onthe position of Io within the plasma torus. The main and
reflected Alfvén wings are farther apart and the magnitude of the currents is stronger in the northern
hemisphere when Io is in this hemisphere.

• In addition to the main reflections, there are weaker secondary reflections of waves bouncing between
Jupiter’s ionosphere and the plasma torus. These may be responsible for the continued auroral emissions
between the MAW and RAW spots. These secondary reflections appear to be particularly strong in
the hemisphere opposite to the location of Io.

• The field-aligned currents due to the main Alfvén wing (MAW) have a characteristic U-shape due to
the generation of field-aligned currents at the Jupiter-facing and anti-Jupiter side of Io. The repetition
of this shape due to the secondary reflections may be related to the structure of the auroral emissions
as seen by JIRAM (Mura et al., 2018).

• The length of the footprint tail is a function of the conductance in Jupiter’s ionosphere. A conductance
of 0.1 S leads to strong dissipation of the wave on each bounce, while for a 10 S conductance the waves
can persist for many bounces. However, the tails extending over 100° in longitude reported by Mura et
al. (2018) may require more than the linear propagation of the Alfvén waves.

• The currents produced by Io are strong enough to lead to potential drops of up to 100 kV along the
main Alfvén wing. However, the current limitation due to these potential drops keeps the currents
in the secondary reflections limited, so that it is not clear from the present work how particles are
accelerated by these reflected waves.

• At long distances along the tail, phase mixing and the presence of multiple reflected waves can compli-
cate the structure of the currents. For high conductance in the ionosphere, the upward and downward
currents can reverse with the upward currents appearing on the high latitude side of the footprint.

While this model shows some interesting features, there are still many unanswered questions. Although
our model includes the electron inertial effect thought to be responsible for the electric field producing a
broadband electron distribution, there does not seem to be significant electric fields produced by this effect.
This may be due to the large size of Juno with respect to the electron inertial length. However, if the
currents are strongly filamented, the importance of the electron inertial effect would be increased. Including
the possibility of a turbulent cascade to smaller scales (Hess et al., 2010; Saur et al., 2002) or ionospheric
feedback effects (Lysak, 1991; Lysak and Song, 2002; Moirano et al., 2021) would give a more complete
understanding of the propagation of Io-generated Alfvén waves in Jupiter’s magnetosphere.
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Key Points:

• The spacing of the main auroral spots in Io’s footprint tail depends on the
density profile assumed as well as the magnetic latitude of Io.

• Partial reflections at the boundary of the Io plasma torus lead to secondary
reflections and weaker auroral spots between the main spots.

• The length of the auroral tail depends on the ionospheric conductance at
Jupiter, with higher conductances leading to longer tails.

Abstract

The interaction of Io with the co-rotating magnetosphere of Jupiter is known to
produce Alfvén wings that couple the moon to Jupiter’s ionosphere. We present
first results from a new numerical model to describe the propagation of these
Alfvén waves in this system. The model is cast in magnetic dipole coordinates
and includes a dense plasma torus that is centered around the centrifugal equa-
tor. Results are presented for two density models, showing the dependence of
the interaction on the magnetospheric density. Model results are presented for
the case when Io is near the centrifugal and magnetic equators as well as when
Io is at its northernmost magnetic latitude. The effect of the conductance of
Jupiter’s ionosphere is considered, showing that a long auroral footprint tail is
favored by high Pedersen conductance in the ionosphere. The current patterns
in these cases show a U-shaped footprint due to the generation of field-aligned
current on the Jupiter-facing and Jupiter-opposed sides of Io, which may be
related to the structure in the auroral footprint seen in the infrared by Juno.
A model for the development of parallel electric fields is introduced, indicating
that the main auroral footprints of Io can generate parallel potentials of up to
100 kV.

Plain Language Summary

Jupiter’s moon Io generated electrical currents when it passes through Jupiter’s
magnetic field. These currents take the form of fluctuations in the magnetic
field lines, much like the waves on a stringed musical instrument. Due to the
motion of Io, these waves follow behind Io and bounce back and forth between
Jupiter and the dense ionized gas emitted by Io. This process creates auroral
emissions that can be observed, for example, with the Hubble Space Telescope.

1 Introduction
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Alfvén waves have long been associated with the coupling of the moon Io with
the ionosphere of Jupiter since the discovery by Bigg (1964) that the Jovian deca-
metric radio emissions were modulated by the phase of Io in its orbit. Goldreich
and Lynden-Bell (1969) identified Io as the generator of field-aligned current
due to its motion relative to the co-rotating plasma at Jupiter. Goertz (1980)
and Neubauer (1980) noted that this is due to the launching of Alfvén “wings”
from the moving satellite. These Alfvén waves were identified by the Voyager
1 flyby of Jupiter (Acuña et al., 1981; Belcher et al., 1981). The reflection of
these Alfvén waves from Jupiter’s ionosphere was invoked by Gurnett and Go-
ertz (1981) to explain the multiplicity of decametric radio emissions. The role of
the plasma torus produced by the volcanic activity on Io at modifying the prop-
agation of Alfvén waves was recognized by Bagenal (1983), who considered the
reflecting Alfvén wave model in the context of plasma measurements from the
Voyager mission. She noted that the travel time for Alfvén waves to propagate
from Io to Jupiter depended on Io’s position with respect to the plasma torus,
which peaks at the centrifugal equator (i.e., the loci of points on each field line
that is farthest from the rotation axis of Jupiter) at a angle of 7° from Io’s orbital
plane. The auroral emissions from Io were observed from the Infrared Telescope
Facility (Connerney et al., 1993) and the Hubble Space Telescope (Bonfond et
al., 2008, 2009; Clarke et al., 1996, 2002). The pre-Juno understanding of the
Io-plasma interaction was summarized by Saur et al. (2004) and Bagenal and
Dols (2020).

With the arrival of the Juno satellite at Jupiter in July, 2016, detailed mea-
surements of particles and waves in Jupiter’s magnetosphere became possible.
In particular, the Juno orbit has made a number of high-latitude crossings of
field lines magnetically connected to Io, indicating the presence of accelerated
electrons and ions (Szalay et al., 2018, 2020) and Alfvén waves with a power
law spectrum extending up to the proton gyrofrequency (Gershman et al., 2019;
Sulaiman et al., 2020). Observations of the Io footprint tail have been made
by the Jovian Infrared Auroral Mapper (JIRAM) instrument on Juno (Moirano
et al., 2021; Mura et al., 2017, 2018), which indicate that the footprint tail
is made up from a series of spots that at times appear to alternate positions
with respect to the footprint of Io’s orbit. The purpose of the present work is to
show the first results from a numerical model of the Io interaction with Jupiter’s
magnetosphere and ionosphere to help understand this interaction.

The propagation of these Alfvén waves was considered qualitatively by Crary
and Bagenal (1997) as well as Bonfond et al. (2008). More recently, Hinton et
al. (2019) used a diffusive equilibrium model of the plasma density to construct
ray paths for the reflecting Alfvén waves. On the other hand, Crary and Bage-
nal (1997) and Jacobsen et al. (2007) assumed a sharp gradient and straight
magnetic field lines. A new model for the interaction of Io was introduced by
Schlegel and Saur (2022) who used a Hall-MHD model to describe the inter-
action. They included the Hall conductivity in Io’s ionosphere in an attempt
to understand the alternating auroral spots observed by Mura et al. (2018)
and Moirano et al. (2021). However, this model apparently assumed perfect
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conductivity in the Jovian ionosphere and straight magnetic field lines.

In order to improve upon these earlier efforts, we have developed a model for
the propagation of Alfvén waves from Io that is cast in a more realistic dipole
geometry. We note that the orbit of Io is roughly in the equatorial plane of
Jupiter, while the magnetic dipole moment is displaced by 10.25°, consistent
with the dipole term in the spherical harmonic analysis of JRM33 (Connerney
et al., 2022). (It should be noted that this tilt is 9.52° for the VIP4 model
(Connerney et al., 1998) and 10.31° for the JRM09 model (Connerney et al.,
2018); however, the results presented here are not too sensitive to the magnetic
field model used.) The Io plasma torus is centered on the centrifugal equator,
which is two-thirds of the distance from the rotational equatorial plane to the
magnetic equatorial plane (e.g., Bagenal, 1983). Io is modeled as a cloud of
Pedersen conductivity that is moving with respect to the co-rotating plasma
of Jupiter’s magnetosphere. Jupiter’s ionospheres are modeled by a height-
integrated Pedersen conductance. In this work, we will focus on the effects of
the plasma distribution along the Io flux tube as well as the effect of different
conductances on the field-aligned current signatures from Io. The next section
will describe the model, followed by a discussion of the effect of the density
profile. The following section will consider variations in the conductance of
Jupiter’s ionosphere. Then the effect of parallel electric fields due to kinetic
effects will be considered. We will conclude with a discussion of the implications
of these results for the structure of the auroral footprint tail of Io.

2 Model Description

The model presented here is the latest version of a series of models to describe the
propagation of Alfvén waves in magnetospheric geometries. Previous versions
of this model have been used in the magnetosphere of Earth, where it has
been used to describe the structure of field line resonances and cavity modes
in response to the propagation of Pi2 pulsations (Lysak et al., 2015; Takahashi
et al., 2022), interplanetary shock impacts (Takahashi et al., 2018) and the
excitation of quarter-wave modes due to interhemispheric asymmetry in the
ionosphere (Lysak et al., 2020). Versions of this model have also been used to
study field line resonances at Jupiter (Lysak & Song, 2020) and the effect of
the ionospheric Alfvén resonator at Jupiter (Lysak et al., 2021). The model is
cast into magnetic dipolar coordinates, defined in terms of magnetic spherical
coordinates by

Here � is the negative inverse of the L-shell parameter and points outwards (we
will use L-shell in this paper rather than the M-shell used when non-dipolar
fields are important to indicate that we are using a dipolar geometry, which is
a reasonable approximation at the orbit of Io), � is the magnetic east longitude,
defined so that it corresponds with System III Right-Handed coordinates at
the points where Juno crosses the magnetic equator, and � is a field-aligned
coordinate, proportional to the magnetic scalar potential of the dipole field.
This coordinate increases from south to north, opposite the direction of the
Jovian magnetic field. Note that we will use east longitudes throughout this
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paper, although west longitudes are often used by Earth-based observers since
the west longitude increases with time as seen from Earth as Jupiter rotates.
For simplicity, we consider only the shear Alfvén mode; however, we can include
the effect of parallel electric fields due to electron inertia or kinetic effects. In
this case the relevant electrodynamic equations are

Here we have introduced the scale factors , and , where RJ = 71492 km is the
equatorial radius of Jupiter, BJ = 417.7 �T is the equatorial dipole magnetic
field at the surface of Jupiter according to JRM33 (this value is 426.4 �T for
the VIP4 model and 419.9 �T for JRM09). We use where is the non-relativistic
Alfvén speed to denote the Alfvén speed including the displacement current.
The coefficient �* is a parameter to characterize the kinetic effects (such as the
development of double layers) that can lead to parallel electric fields in strong
current regions. This parameter will be set to zero until the last section of this
manuscript.

The equations are modeled in a frame co-rotating with Jupiter’s magnetosphere.
In this frame, Io moves westward at a speed of 57 km/s, leading to an emf
of VIoB0 of 120 mV/m. This effect is included in the second term in the
equation for E � in equation . Io is modeled as a cloud of conductivity which
is constant over the diameter of Io and falls off as the distance squared in Io’s
ionosphere. As noted above, the simulation is based on magnetic coordinates,
so that Io moves in a plane inclined about 10° from the magnetic equator.
Similarly, the mass density in the Io plasma torus is centered on the centrifugal
equator. We use two density profiles: a “high-density” case based on the
density model of Dougherty et al. (2017), and a “low-density” case based
on the model considered by Ray et al. (2009). These densities are taken
to be independent of longitude along the centrifugal equator. The density
and the resulting Alfvén speed cA are plotted in Figure 1, with Figures 1a
and 1b giving the density for the low- and high-density cases, respectively,
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while
Figures 1c and 1d show the corresponding Alfvén speed profiles. The high-
density case results in a density of 200 cm−3 at a radial distance of 2 RJ, while
the low-density case has 0.1 cm−3 at this altitude. The trajectory of Io in
magnetic coordinates is plotted as a solid line in these figures. These models
have a total Alfvén transit time from one ionosphere to the other of 16 minutes
in the high-density case and 12 minutes in the low-density case. These values
are comparable to the one-way transit times between 12.5 and 15 minutes in
the model of Hinton et al. (2019).

3 Results: Effects of density model and longitude

With this numerical model, we can simulate the propagation of Alfvén
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waves from Io at various points along Io’s orbit. First, consider a case
where Io is near the centrifugal equator, so that the Alfvén travel times
from Io to each hemisphere are approximately the same. The Pedersen

conductance
of both ionospheres is set at 1 mho for these runs. Figure 2 shows the parallel
component of the wave Poynting flux for such a case, 40 minutes from the
start of the run. Io starts at 85° longitude (at the right side of the figure)
and propagates westward. Note that Io crosses the centrifugal and magnetic
equators at 74.3°. In this figure, red colors indicate northward Poynting flux
while blue colors indicate southward flux, with the intensity of the colors
indicating the magnitude. The magnitude of the Poynting flux is scaled by
the background magnetic field to account for the smaller flux tube radius as
the wave approaches each ionosphere. Figure 2a shows the results from the
low-density case, while the high-density case is given in Figure 2b. As expected,
the northern and southern wave patterns are approximately symmetric. At
these longitudes, the dense torus extends about 10°-15° of latitude on either
side of the equator. An animation of the run shown in Figure 2a is given in
Supporting Information S1.

The reflections of the Alfvén wave at each ionosphere and at the torus boundary
are very clear, as shown in illustrations of the wave propagation paths (e.g.,
Bonfond et al., 2008; Crary & Bagenal, 1997). By comparing the maximum
Poynting flux in the torus with the Poynting flux just outside the torus, we es-
timate that 53% of the wave energy is transmitted through the torus boundary
in the low-density case, while 64% is transmitted in the high-density case where
the contrast in Alfvén speeds is less. These results are in contrast with the
claim of Chust et al. (2005) that most of the power is reflected at this boundary
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and does not reach the Jovian atmosphere. Since Io moves at 0.46°/minute
with respect to the co-rotating plasma (e.g., Hinton et al., 2019), the distance
between the Main Alfvén Wing (MAW, using the terminology of Bonfond et
al. (2013)) in one hemisphere and the Reflected Alfvén Wing (RAW) in the

conjugate
ionosphere is about 6° in the low-density case and 8° in the high-density case,
consistent with the travel times noted above.

However, since the torus does not have a sharp boundary, there are minor re-
flections through the system. Weak waves propagating between each ionosphere
and the near boundary of the torus can be seen, much like in Figure 2 of Crary
and Bagenal (1997). Figure 3a shows the same data as in Figure 2a, but with
the color bar saturated at 1 W/m2 to bring out these weaker reflections. These
show up particularly well in a map of the perpendicular electric field scaled
to the ionosphere under the assumption that the field lines are equipotentials
(Figure 3b). These secondary reflections appear to be stronger after the first
reflected Alfvén wing. Although these waves are much weaker than the MAW,
they still carry Poynting fluxes about 20 mW/m2 in the low-density case. This
can be compared with electron energy fluxes of 10 mW/m2 downstream in the
tail (Szalay et al., 2018). In addition, due to the very short travel time between
the torus boundary and the nearer ionosphere, the reflections from the torus
boundary and the ionosphere are very close together, so these two waves ar-
rive almost simultaneously, smearing out the effect of the trailing spots. The
Poynting flux decreases on each bounce due to the finite conductance of the
ionosphere (1 S for this run) and the pattern becomes more complicated due to
interference between the various bouncing waves.

Figure 4 shows the field-aligned current patterns at the northern ionosphere
for these two runs, with Figure 4a again showing the low-density case
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and Figure 4b the high-density case. In these plots, red color indicates
northward (downward) current and blue indicates southward (upward)
current. The currents are larger in the high-density case since more
Alfvén wave power is transmitted through the torus. Since upward cur-
rent is generally associated with auroral emissions, the blue spots are a
proxy for the aurora in this figure (although it should be acknowledged that

even
downward current can be associated with counterstreaming fluxes that can
produce aurora, as noted by Mauk et al., 2020). The current in the main Alfvén
wing is the most intense current with the reflected wing (at 75° longitude) being
the next most intense; however, there are weaker currents associated with the
secondary reflections as well. (Note that the resolution of the simulation in the
longitudinal direction is 0.1°, so that the small fluctuations are well resolved.)

To interpret this figure, note that Io’s diameter of 3644 km corresponds to
0.051 RJ and 0.49° of longitude. Using a dipole mapping, this corresponds
to a footprint of about 140 km (0.11°) in latitude and 260 km in longitude.
At a speed of 57 km/s, Io moves about one diameter in a minute. The
field-aligned current at Io is generated at the Jupiter-facing edge and the
edge on the far side from Jupiter (e.g., Saur et al., 2004), producing the
U-shaped pattern seen in the figures. The current pattern oscillates back
and forth with an amplitude of about 0.03 in L shell, which corresponds
to a distance of 80 km, close to the 100 km transverse displacement seen
by Mura et al. (2018). This pattern is apparently repeated about every
0.3° in the low-density model and 0.5° in the high-density model, implying
a time scale for reflection of about 1 minute. Although Mura et al. (2018)
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state
that specular reflection does not give this time scale for reflections off the torus,
our full wave calculation suggests that reflections do return to the ionosphere
on this time scale.

Between the arrival of the MAW and the RAW in each hemisphere, the currents
are mainly on the side of Io closest to Jupiter (i.e., lower L-shell); however, after
the passage of the RAW, the pattern becomes more complicated and the regions
of upward current migrate across the footprint and appear at higher L-shells.
This is due to phase mixing as the wave propagates. Phase mixing (e.g.,
Mann et al., 1995) occurs since the different field lines have slightly different
lengths, so that Alfvén waves propagating on adjoining field lines become out of
phase. This effect becomes more pronounced after the passage of the reflected
Alfvén wing, which occurs after the Alfvén wave has passed through the
whole plasma torus. At this point, the waves reflected from the torus bound-
ary and from the conjugate ionosphere interfere with one another, producing the
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more
complicated pattern as in the Poynting flux plot. Figure 4b for the high-density
case shows similar features, with the MAW and RAW currents farther apart,
as in Figure 2.

The situation is modified when Io is near the boundary of the torus. Figures
5a (low-density case) and 5b (high-density case) show the Poynting flux in the
region where Io is at its most northerly latitude. In this case, the main Alfvén
wing arrives at the northern ionosphere before the waves arrive at the southern
ionosphere since they spend less time in the plasma torus. In this case, the MAW
and RAW in the northern hemisphere are farther apart (about 9° of longitude)
while they are closer together (3° of longitude) in the southern hemisphere.
In addition, the reflection from the northern torus boundary and the northern
ionosphere are very close together since both of these waves must traverse nearly
the entire plasma torus. The secondary waves between the ionosphere and torus
are weaker in the north and stronger in the south, particularly between the MAW
and RAW in that hemisphere. This pattern is reversed between the hemispheres
when Io is near the southern boundary of the torus (not shown). The run shown
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in Figure 5a is shown as an animation in Supporting Information S2.

The currents at the ionosphere also show these features. Figures 6a and 6b show
the field-aligned current in the northern ionosphere for the two cases, while
Figures 6c and 6d show the corresponding currents in the southern ionosphere.
Note that positive (red) field-aligned currents in both hemispheres are north-
ward along the field line, so upward current in the southern hemisphere is red.
The strongest currents in both hemispheres are associated with the RAW and

MAW;
however, there are weaker currents associated with the secondary waves. The
currents are somewhat weaker than when Io is near the equator, and they are
weaker in the southern hemisphere than in the north. As in the previous runs,
the U shape of the main spot is due to the changing cross section of Io and its
ionosphere as it crosses field lines; this structure is maintained in the reflected
waves. This pattern is more distinct in the northern hemisphere currents,
suggesting that the pattern is washed out to some degree passing through the
plasma torus. In the northern hemisphere, the current pattern is similar to the
symmetric case with the upward field-aligned current occurring at the lower
L-shells; however, in the southern hemisphere the MAW and RAW spots are
closer together with significant currents between them.

4 Ionospheric conductance effects

The model includes a height-integrated conductance in Jupiter’s ionosphere.
The runs presented so far all considered a Pedersen conductance of 1 S. However,
Gérard et al. (2020) have used data from the Ultraviolet Spectral Imager (UVS)
on Juno to make estimates of the Pedersen conductance, showing that it can
range from 0.1 S to about 10 S, consistent with results from ionospheric modeling
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(Millward et al., 2002; Ray et al., 2014). We have done a series of runs to see
the effect of the variation of the conductance at Jupiter, using the low-density
model discussed above. Figure 7 shows the Poynting flux for runs in which Io is
near the equator as in Figures 2a. Figure 7a shows the 0.1 S case, while Figure
7b gives the results for a Pedersen conductance of 10 S. In the low-conductance
case, the ionosphere is closely matched to the Alfvén wave impedance and the
wave is largely absorbed there. It can be seen that the reflection from the torus
boundary is stronger than the reflection from the ionosphere. On the other
hand, the reflection from the ionosphere in the 10 S case is very strong and does
not lead to damping of the wave. In this case the secondary waves are enhanced
compared to the lower conductance case.

To
quantify the amount of reflection in each case, we have decomposed the electric
and magnetic fields into the so-called Elsässer variables (Elsässer, 1950), which
for Alfvén waves can be written as , where the plus sign refers to waves
propagating in the +� direction (i.e., northward along the field line) and the
minus sign to waves in the −� direction. Evaluating these values at a latitude
of 50° in the main Alfvén wing, we find that the reflection coefficients are 2.0%,
36.5% and 71.4% for the 0.1, 1.0 and 10.0 S cases, respectively. Mura et al.
(2018) have shown that the tails can extend for over 100° in longitude around
Jupiter. While these results favor a high Pedersen conductance, it is difficult
to explain such extended tails even for the 10 S case.

The field-aligned currents at the ionosphere show similar characteristics. Fig-
ures 8a and 8b show the currents in the northern hemisphere for the runs shown
in Figures 7a and 7b, respectively. A first point is that, unsurprisingly, the
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currents are stronger for higher conductance. The low conductance case shows
a near absence of current between the MAW and RAW spots, and by the sec-
ond reflected spot, the currents are much weaker. On the other hand, in the
high conductance case the currents remain strong between the MAW and RAW,
although still weaker than the MAW spot. In this case, there are strong re-
flections at both the ionosphere and the torus boundary. Reflections from the
low Alfvén speed torus and the high conductance ionosphere both lead to reduc-
tion in the electric field and enhancement in the field-aligned current, leading
to stronger currents even though the Poynting flux is low in between the main
spots. In the high conductance case, the upward and downward currents are
seen to switch positions due to multiple reflections and phase mixing as the
waves propagate. These simulations suggest that a strong and relatively contin-
uous current structure would be associated with high ionospheric conductance.
This effect is possibly related to the bifurcated footprint seen far down the Io
tail by Mura et al. (2018) and Szalay et al. (2018).

5 Parallel Electric Fields: Current limitation

The models described above only included the effects of electron inertia on the
formation of parallel electric fields. Inertial electric fields are favored when the
perpendicular wavelength is comparable to the electron inertial length. In the
low-density model, the lowest density is 0.1 cm−3, corresponding to an inertial
length of 17 km; Io’s radius of 1820 km mapped to the ionosphere is about 140
km, much larger than the inertial length. Therefore, the inertial fields are small,
with the parallel fields integrated along the field line being the order of 500 volts.
However, the resulting field-aligned currents can be very large, 15-20 �A/m2 as
can be seen in Figures 4 and 6. Kinetic modeling of the Io flux tube (Ray et
al., 2009) indicates that such large currents cannot be supported without the
formation of large potential drops along the field lines. Thus, the effect of these
parallel potential drops should be taken into account.

One difficulty in including this type of potential drop in the present model is that
the Ray et al. (2009) formulation relates the field-aligned current to the total
potential drop on the field line, while the present model includes the parallel
electric field at each point along the field line. However, we can model this effect
by including a current-limiting term in the equations. The maximum current
that can be carried by a Maxwellian distribution with no bulk acceleration is for
the case of a totally empty loss cone, i.e., a half-Maxwellian distribution with
only one sign of the parallel velocity. In this case, the effective drift velocity is ,
where the electron temperature is given in electron volts. Thus, the maximum
current is jmax = nevd, which is 3.39 �A/m2 for a density of 1 cm−3 and a
temperature of 1 keV.

The parallel electric field can then be modeled by introducing the �* term in the
equation for the field-aligned current in equation . This term should be zero
when the current is less than jmax and increase rapidly as the current increases
above this value. For this model, we choose the form
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The parameter �* is set to zero for weaker currents. The constant �0 can be
estimated from the linear form of the Knight (1973) relation, j = KΦ, where .
The effective parallel conductivity is then � = KL, where L is the distance over
which the parallel field is distributed. Then we can write

Where L is in Jovian radii and we have again taken n = 1 cm−3 and Te =
1keV. Thus, if we take this scale length to be about half a Jovian radius, we can
conveniently set �0 = 1 s−1.

Figure 9 shows the re-
sulting relationship between the parallel potential drop (more precisely, the
integrated parallel electric field, since the field is not purely electrostatic) and
the field-aligned current at the ionosphere with these parameters for a run that
is otherwise the same as that shown in Figures 7b and 8b, which is the low-
density case and a Pedersen conductance of 10 S at Jupiter. This figure shows
the current-limiting effect of our model, with the currents being limited to about
10 �A/m2 leading to potentials up to 100 kV. These parameters are consistent
with the kinetic results of Ray et al. (2009), indicating that our model is a
reasonable approximation to these results.

Figure 10a shows the field-aligned current from this run. The current pattern
is spread out somewhat from the corresponding run without the parallel elec-
tric field (Figure 8b). Strong parallel electric fields lead to a perpendicular
component of the Poynting flux that broadens the magnetic perturbation. The
amplitude of the magnetic perturbation fixes the total current that should flow
in the flux tube, so that the current limitation requires the current to flow over
a larger area. This leads to a splitting of the current pattern. In addition, the
current is limited to about 10 �A/m2 compared to almost twice that in Figure
9b. Figure 10b shows the parallel potential. The color bar in this figure has
been limited to 25 kV to bring out some of the weaker potentials (the actual po-
tential in the main spot is about 100 kV as in Figure 9. Note that in contrast to
the field-aligned current plot, the red colors indicate regions of upward parallel
electric field.
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These figures show that while the main spots are accompanied by strong parallel
electric fields, the secondary reflections of the wave from the torus boundary
are not. This is largely due to the current-limiting nature of the current-voltage
relation. This raises the question of how these auroral features in this region,
as seen in the JIRAM data, are generated. It is likely that effects not included
in our model, such as the filamentation of the currents due to nonlinear effects
or feedback from the ionosphere, are important.

6 Discussion

This work has presented initial results from a full-wave model of the propagation
of Io-related Alfvén waves through the Jovian magnetosphere. While this is
an improvement upon earlier models involving ray-tracing or simplified box
geometries, it still neglects a number of features that can affect the structure
and dynamics of the Io-generated aurora. Most importantly, the acceleration
of the auroral particles themselves is not modeled. For example, the model
does not take into account the presence of the transhemispheric electron beams,
thought to be produced by electrons accelerated by Alfvén waves in the torus
itself. Nevertheless, a number of features in the observations of the Io tail may
be understood by the model results.

The
overall structure of the main auroral spots is consistent with the expectations
from ray-tracing models (e.g., Hinton et al., 2019). Our model indicates that
the spacing of the main and reflected Alfvén wings is consistent with previous
work and depends upon the density profile along the flux tube. Furthermore,
the structure of the field-aligned currents produced by the model is consistent
with the transverse displacement in secondary spots observed by JIRAM (Mura
et al., 2018). The results suggest that this may be due to the generation of
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field-aligned currents at the surface of Io and its ionosphere. In addition, the
secondary structure in the currents is consistent with the reflection of Alfvén
waves from the boundary of plasma torus, which can occur over time scales of
about a minute. However, one puzzle in the results is that when the parallel
electric fields due to current limitation are included, these secondary reflections
do not produce significant potential drops.

The complicated structure after the passage of the RAW suggests that the waves
are subject to phase mixing, particularly while passing through the dense plasma
torus. This makes the current structure more complicated, especially after the
passage of the reflected Alfvén wing. Recently, Schlegel and Saur (2022) consid-
ered the effect of different travel times on the alternating spots and concluded
that this was only a minor effect. However, in our model, the difference in the
passage time of an Alfvén wave from one ionosphere to another between L=5.90
and 5.95, a difference of about 1 Io radius, is 22.5 seconds in the low-density
model and 30.6 seconds in high-density model, much larger than their assumed
time of 3.7 seconds. In addition, the RAW spot occurs after the wave has trav-
eled through the torus 1.5 times, so the difference is 50% larger. So it appears
plausible that the travel time difference, i.e., phase mixing, can be an important
effect down the tail from the main spot. This may be related to the bifurcated
auroral tail sometimes seen downstream from main spot (Szalay et al., 2018;
Mura et al., 2018).

In summary, this new model for the propagation of Alfvén waves generated by
Io has revealed some interesting points and raised some questions about this
interaction:

• The model confirms that reflections from the torus boundary
are significant and give rise to the overall pattern of currents,
indicating that the spacing of auroral emissions is dependent on
the density along the flux tube. The transmission through the
torus boundary is stronger in the high-density case since the
density contrast is not as large, leading to higher currents at
the ionosphere for this case.

• The Alfvén wave pattern depends strongly onthe position of Io
within the plasma torus. The main and reflected Alfvén wings
are farther apart and the magnitude of the currents is stronger
in the northern hemisphere when Io is in this hemisphere.

• In addition to the main reflections, there are weaker secondary
reflections of waves bouncing between Jupiter’s ionosphere and
the plasma torus. These may be responsible for the continued
auroral emissions between the MAW and RAW spots. These
secondary reflections appear to be particularly strong in the
hemisphere opposite to the location of Io.

• The field-aligned currents due to the main Alfvén wing (MAW)
have a characteristic U-shape due to the generation of field-
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aligned currents at the Jupiter-facing and anti-Jupiter side of
Io. The repetition of this shape due to the secondary reflections
may be related to the structure of the auroral emissions as seen
by JIRAM (Mura et al., 2018).

• The length of the footprint tail is a function of the conductance
in Jupiter’s ionosphere. A conductance of 0.1 S leads to strong
dissipation of the wave on each bounce, while for a 10 S con-
ductance the waves can persist for many bounces. However,
the tails extending over 100° in longitude reported by Mura et
al. (2018) may require more than the linear propagation of the
Alfvén waves.

• The currents produced by Io are strong enough to lead to poten-
tial drops of up to 100 kV along the main Alfvén wing. However,
the current limitation due to these potential drops keeps the cur-
rents in the secondary reflections limited, so that it is not clear
from the present work how particles are accelerated by these
reflected waves.

• At long distances along the tail, phase mixing and the presence
of multiple reflected waves can complicate the structure of the
currents. For high conductance in the ionosphere, the upward
and downward currents can reverse with the upward currents
appearing on the high latitude side of the footprint.

While this model shows some interesting features, there are still many unan-
swered questions. Although our model includes the electron inertial effect
thought to be responsible for the electric field producing a broadband electron
distribution, there does not seem to be significant electric fields produced by this
effect. This may be due to the large size of Juno with respect to the electron
inertial length. However, if the currents are strongly filamented, the impor-
tance of the electron inertial effect would be increased. Including the possibility
of a turbulent cascade to smaller scales (Hess et al., 2010; Saur et al., 2002)
or ionospheric feedback effects (Lysak, 1991; Lysak and Song, 2002; Moirano
et al., 2021) would give a more complete understanding of the propagation of
Io-generated Alfvén waves in Jupiter’s magnetosphere.
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