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Abstract J upiter hosts intense auroral activity associated with charged particles precipitating into the
planet's atmosphere. The Galilean moons orbiting within the magnetosphere are swept by the magnetic
field: the resulting perturbation travels along field lines as Alfven waves, which are able to accelerate
electrons toward the planet, producing satellite-induced auroral emissions. These emissions due to the
moons, known as footprints, can be detected in various wavelengths (UV, visible, IR) outside the main
auroral emission as multiple bright spots followed by footprint tails. Since 2016 the Juno spacecraft
orbiting Jupiter has surveyed the polar regions more than 30 times at close distances. Onboard the
spacecraft, the Jovian InfraRed Auroral Mapper (JIRAM) is an imager and spectrometer with an L-band
imaging filter suited to observe auroral features at unprecedented spatial resolution. JIRAM revealed a
rich substructure in the footprint tails of Io, Europa, and Ganymede, which appear as a trail of quasi-
regularly spaced bright sub-dots whose intensity fades away along the emission trail as the spatial
separation from the footprint increases. The fine structure of the Europa and Ganymede footprint tails is
reported in this work for the first time. We will also show that the typical distance between subsequent
sub-dots is the same for all three moons at JJRAM resolution in both hemispheres. In addition, the sub-
dots observed by JIRAM are static in a frame corotating with Jupiter. A feedback mechanism between the
ionosphere and the magnetosphere is suggested as a potential candidate to explain the morphology of the
footprint tails.

1. Introduction

Jupiter hosts auroral activities with an intensity significantly greater than Earth and Saturn (Grodent, 2015).
Such phenomena are associated with charged particles precipitating into the planetary atmosphere. The
origin of such energetic particles, the magnetic field, and potentially the solar activity are all elements
determining both the morphology and the intensity of the auroral emissions. Jupiter has a strong and ex-
tended magnetic field that stretches for about 60-100 R, in the subsolar direction (R, = 72,492 km is the
Jovian equatorial radius). It is dominated by a plasma whose density in the magnetosphere can be as high
as a few thousand particles per cm ™, as reviewed by Thomas et al. (2004) and more recently by Bagenal and
Dols (2020). The plasma is believed to be predominantly supplied by the volcanic activity of Io (Thomas
et al., 2004). As Jupiter's magnetic field rotates faster than the orbit of the Galilean moons, the moons are
continuously swept by the Jovian magnetic field and the corotating magnetospheric plasma. This inter-
action triggers an electromagnetic coupling of the plasma in the magnetosphere with the ionized portion
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of Jupiter's atmosphere known as the ionosphere. One of the coupling modes is a perturbation known as
Alfven waves (Acuiia et al., 1981; Belcher et al., 1981; Neubauer, 1980) that travel along the magnetic field
lines toward the ionosphere that, under certain conditions, can develop a parallel electric field, which ac-
celerates electrons into the atmosphere (Damiano et al., 2019; Hess et al., 2010; Jones & Su, 2008; Lysak &
Song, 2003) and eventually produces auroral emissions (Connerney & Satoh, 2000). These waves are partial-
ly reflected by plasma density gradients and inhomogeneities in the Alfven speed (Crary & Bagenal, 1997;
Hess et al., 2010; Hinton et al., 2019) (i.e., at the ionospheres of the boundaries of the Io Plasma Torus),
leading to multiple bounces between the hemispheres and potential nonlinear wave evolution (Jacobsen
et al., 2007).

The auroral signature due to satellite-ionosphere coupling is usually referred to as a footprint (FP) and can be
identified equatorward of the main auroral emission (Clarke et al., 2004; Grodent, 2015) as a series of bright
spots followed by an extended footprint tail (FPT) of fading emission (see for example Clarke et al., 2002;
Mura et al., 2018). The footprint of Io is the easiest to detect (Clarke et al., 1996; Connerney et al., 1993;
Prangé et al., 1996) because of its brightness and the latitudinal gap of its emission from the main auroral
emission. The footprints of Ganymede and Europa are harder to discern since they are embedded in and
obscured by the auroral emission region, where auroral injection signatures affect the brightness of the
footprint (Bonfond, 2012; Bonfond et al., 2017). As for the footprint of Callisto, only two tentative detections
using the Hubble Space Telescope UV cameras have been reported so far (Bhattacharyya et al., 2018). Its
footprint is expected to be fainter than the other three footprints (Saur et al., 2013). Moreover, Callisto's foot-
print overlaps the main auroral emission. Therefore detecting it appears unlikely even at high resolution.
In over 4 years of Juno observations, the footprint of Callisto has never been observed. Due to the lack of
such observations by JIRAM, which is currently providing the largest database of Jupiter auroral footprints
with the best spatial resolution to date, we conclude that the observation of Callisto associated feature is an
extremely rare event. Thus, past and future claims of detection should be addressed cautiously. Up to three
individual spots have been identified by the Hubble Space Telescope in the far-UV band for the Io footprint
(Bonfond et al., 2008) and multiple spots have also been identified for the Ganymede (Bonfond et al., 2013)
and Europa (Bonfond et al., 2017) footprints. Their inter-spot distances follow systematic variations as a
function of System III longitude of the satellite, which is related to its location relative to the plasma torus
or plasma sheet. The spots appear to be related to either (a) Alfven waves coming directly from the satellite
(the Main Alfven Wing or MAW), (b) Alfven waves after one reflection by a density gradient (the Reflected
Alfven Wing or RAW), or (c) to electrons accelerated away from Jupiter in one hemisphere and precipitating
into the opposite one (the Trans-hemispheric Electron Beam or TEB). The locations of these three auroral
features of the footprints were modeled for the Io's case (Hinton et al., 2019) and the results were in close
agreement with the observations made by Hubble (Bonfond et al., 2017).

Auroral emission from Jupiter can be detected in many different wavelength ranges: ultraviolet (Caldwell
et al., 1992; Clark & Mc Cord, 1980; Dols et al., 1992; Grodent et al., 2006; Livengood et al., 1992; Skinner
et al., 1984), visible (Clarke et al., 2004; Ingersoll et al., 1998; Vasavada et al., 1999), and infrared (Drossart
et al., 1989; Trafton et al., 1989). The polar, highly elliptical orbit of the Juno spacecraft around Jupiter
offers an unprecedented opportunity to periodically survey the polar regions at close distance (Bagenal
etal., 2017): less than 1R, from the 1-bar level when Juno is over the polar regions. Juno's payload comprises
imagers at ultraviolet, visible, and infrared wavelengths. The Jovian InfraRed Auroral Mapper (JIRAM)
onboard Juno is an imager and spectrometer. Its L-band imaging channel is designed to observe auroral
emission in the polar regions (Adriani et al., 2014). In particular, the JIRAM L-band filter is designed to
observe the region between 3.3 and 3.6 #m that includes relatively strong H3 lines with optimum contrast
against the sunlit planetary disk.

Hj ions are relatively easy to produce in Jupiter's ionosphere (Miller et al., 2020; Wu et al., 2019). Precipitat-
ing electrons ionize molecular hydrogen producing the H; ion, which under the atmospheric conditions of
most auroral processes almost immediately reacts with H, to form Hj according to the reaction

H} +H, - H} + H.

There is an excess of 1.74 eV of energy that is, retained as internal energy of the Hj molecule and subse-
quently released as IR emission due to transitions from its rotational and vibrational states (Oka, 1980).
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Figure 1. From left to right: examples of the Io, Europa, and Ganymede footprints and their dotted tails observed at the Southern pole during PJ 8, 12, and 19,
respectively. The intensity is integrated over the bandwidth of the L-imager (3.3-3.6/mum).

This emission depends also on the ionospheric conditions since collisions can repopulate rotational and
vibrational states. The height of H} production is believed to peak at around 500-700 km (see Bonfond
et al., 2009 for a discussion of the precise altitude of the emission of the Io footprint) dependent on the
energy of the ionizing energetic particle and the altitude of the methane homopause. At altitudes below the
methane homopause, the reaction with methane

Hj + CH, — CH{ + H,

efficiently prevents Hj from radiating below the homopause, as the methane density rapidly increases with
depth (Gérard et al., 2018).

The high spatial resolution of the imager (~0.01°, corresponding on average to a few tens of kilometers or
less in Jupiter's ionosphere) provided the opportunity to discover a rich substructure in the Io footprint
tail (Mura et al., 2018), which appears as a trail of staggered luminous dots whose brightness fades away
down the tail. In order to avoid confusion between the aforementioned MAW-RAW-TEB spots and the fine
structure we are focusing on, we will refer to the latter as sub-dots, as their size is smaller than the size of
the MAW, RAW, and TEB spots. By surveying the JIRAM images from perijove (PJ) 4 to PJ 30 a similar mor-
phology was also observed in the tails of Europa and Ganymede and reported for the first time in this work.
In Figure 1 an example of the signature of each footprint is shown in System III reference frame (fixed with
Jupiter magnetic field).

In Section 2, we report the data set of images used in the ensuing analyses as well as the data pre-processing
we used. In Sections 3 and 4, we present two new results related to the observation of the footprint tail of
Io, Europa, and Ganymede by JIRAM: the sub-dots corotate with Jupiter instead of following the footprint
and the typical distance between the sub-dots in the tail is almost the same for all three moons at both
hemispheres. In Section 5, we discuss previous observations of spot multiplicity in the footprint tails and
their physical explanation. We then propose a feedback mechanism between the ionosphere and the mag-
netosphere as a potential explanation for the sub-dots in the footprint tails. We also briefly show images of
the main auroral emission with a similar pattern as the sub-dots. In Section 6, we summarize our results.

2. Observations of the Footprint Tails

Images from the L-filter of JIRAM (which is a passband between 3.3 and 3.6 xm) are affected by the back-
ground interference from its M-filter (Mura et al., 2017), which is a passband between 4.5 and 5.0 x#m de-
signed to observe the jovian atmosphere (Adriani et al., 2014). In order to remove such an effect, we adopt
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the empirical correction A(x)e™'® + C, where x and y are the columns and rows of the detector respectively

(y = 01is the row adjacent to the M-filter), while A, B, and C are evaluated for each image. Additional details
regarding the algorithm, the calculation of A, B, and C for each image, and the data pipeline can be found
in Mura et al. (2017). The correction for the interference helps the detection and study of the morphology
of the auroral emissions, but slightly affects their observed intensity (Mura et al., 2018). The problem af-
fects particularly the imager pixels near the junction to the M-band filter, where the correction gradually
obscures all the emissions. For that reason, the pixels in the first 30 rows adjacent to the M-filter of each
image are removed. The substructure in the Io footprint tail (IFPT) was immediately observed during the
first orbits of Juno (Mura et al., 2018). On the other hand, the Europa and Ganymede footprints tails (EFPT
and GFPT) are located within the equatorward edge of the auroral emissions region, therefore they can
be obscured by its complex structure. Furthermore, planned observations of the Europa and Ganymede
footprints (EFP and GFP, respectively) using the L-band filter are more likely to conflict with other scien-
tific objectives of JIRAM, such as the observations of circumpolar cyclones (Adriani et al., 2018), while the
observations in the area where the Io footprint (IFP) occurs do not compete with other scientific objectives.
For these reasons, the substructure is more often observed in the IFPT than in the tail of the other moons.

Notwithstanding the small number of images acquired for each footprint, it is clear that the EFPT and GFPT
can exhibit a detailed and rich structure similar to the one already observed in the IFPT. A morphologically
rich sub-dots structure is almost always present in the IFPT and GFPT, while the EFPT occasionally appears
as a fading auroral arc without evidence of any substructure. For this reason, we have a fewer number of
observations where the Europa footprint shows sub-dots than in the case of the Ganymede footprint tail,
even though the latter is closer to the main emission and thus more easily concealed by its activity. Indeed,
JIRAM observed sub-dots in the EFPT during a single Juno pass over the northern hemisphere (PJ 20) and
five over the southern one (PJ 12, 13, 14, 15, and 19), while sub-dots were observed for the GFPT during PJ
7 and 13 in the northern hemisphere and during PJ 7, 8, 11, 14, 16, 17, 18, 19, 20, 21, 27, 29, and 30 in the
southern hemisphere.

The across-track size of the IFP perpendicular to the motion of the footprint is ~400 km, while the size of
the EFP and GFP was ~300 km. This width is larger than the footprint size observed for Io from UV obser-
vations (<200 km (Bonfond, 2010)). Mapping this distance back to the orbits of the moons using the mag-
netic field model “Juno Reference Model through Perijove 9” (JRM09, Connerney et al., 2018), this width
corresponds to an interaction region of about 3-4 satellite diameters (R ;, = 1,560 km and R;,, = 2,634 km).
The external field due to the magnetodisk (Connerney et al., 1981) was not considered in mapping the size
of the footprint to the ecliptic plane. The retrieved distance is slightly larger than the estimate of the inter-
action region at Io based on energetic electron measurements by JEDI during PJ 18 (Paranicas et al., 2019).
The JEDI observations revealed electron depletion in a region of ~2.7 Io diameters wide perpendicular to its
orbit. The same feature width was also observed at the same time in the JADE proton data when Juno was
likely connected to the main Alfven wing (Szalay, Bagenal, et al., 2020).

3. Distance Between Sub-Dots

In this study, we consider images of the footprints acquired during the first 4 years of the Juno mission (~30
orbits). Although most of the images we used to analyze the morphology of the footprints were taken in the
Southern hemisphere, JIRAM was able to capture at least one image of all three tail footprints in both hemi-
spheres. The resolution of the images used in this work ranges between 15 and 55 km pixel ™" in the northern
hemisphere, while it is between 40 and 110 km pixel ™' in the southern one. This wealth of high-spatial res-
olution data allows us to resolve a minimum distance of ~30-110 km and ~80-220 km between consecutive
sub-dots in the two hemispheres, respectively.

For this estimation, we first select one image for each overflight on the polar regions (when available).
Then the positions of the sub-dots are retrieved in each image as (X, Y, and Z) and the Euclidean distance
d; between them is evaluated for each pair of consecutive sub-dots. It is worth noticing that the difference
between the Euclidean distance d; and the spherical distance D, = AR, is ~0.2 m for d; ~ 300 km which
is far smaller than the resolution of JIRAM (up to ~15-20 km pixel™). Therefore, we can consider the
estimated Euclidean distance a good approximation of the spherical distance on Jupiter surface. For each
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Figure 2. Average distance between sub-dots in the footprint tails of Io, Europa, and Ganymede for the northern and
southern hemispheres (left and right, respectively). The dashed line is the statistically weighted average of the data
points whose value is reported above each panel, while the gray area is the associated weighted standard deviation.

image we then retrieved the average distance (d;) with associated standard deviation o, which we used as
uncertainty and thus it reflects the variability of the sub-dot distance in each image. The results are shown
in Figure 2, where each data point corresponds to a retrieved value of (d,). Finally, we computed the typical
mean distance 4,,,,; between the sub-dots by taking the average of (d;) in each hemisphere, as indicated by
the dashed lines in Figure 2.

In the northern hemisphere we found that the (d;) varies from ~130-560 km and the average distance is
Ay = 224 £ 93km. The shortest distance was observed when Io, Europa or Ganymede were around 250°W.
This may suggest a potential longitudinal modulation of the sub-dot distance. In the southern hemisphere
(d,) varies mostly between 200 and 500 km, with an average A¢ = 323 + 89km.

Contrary to the behavior of the larger scale spots seen in the UV (Bonfond et al., 2017; Hinton et al., 2019),
we found no clear evidence of modulation of the sub-dot distance with System III longitude of the foot-
prints. Indeed, the distances between sub-dots in the IFPT in the right panel of Figure 2 was fitted by a
sinusoidal function (not shown), so as to look for simple potential periodicities, but the residuals from the
sinusoidal fit are worse than the residuals obtained from subtracting the average from the data set. The only
evidence of variability is given by the three observations in the northern hemisphere near 250°W (left panel
of Figure 2) when the distance fell below 200 km with relatively small uncertainty. This may be a localized
feature at ~250° we found by chance or a suggestion that the modulation of the sub-dot distance is obscured
by insufficient quality of the data to this purpose (as we already mentioned in Section 2, the L-band filter is
affected by interference from the adjacent M-filter).

Itis worth pointing out that the EFP and the GFP sometimes exhibit two bright spots separated by ~3,000 km.
This distance is much larger than 1, and Ay we suppose that they result from a different process than the
spots shown in Figure 1 and therefore their distance was not included in Figure 2. As will be discussed in
more detail in Section 5, this pair of spots can be explained by the bouncing of Alfven waves back and forth
between the two hemispheres or by trans-hemispheric electron beams (Bonfond et al., 2008, 2013, 2017;
Gérard et al., 2006), while the features of the trail of spots observed by JIRAM cannot. For this reason, we
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will propose in Section 5 an ionosphere-magnetosphere feedback mechanism to explain the spot substruc-
ture as the underlying mechanism.

4. Dynamics of the Sub-Dots in the Footprint Tail

JIRAM was able to capture a continuous sequence of images of the IFP and its tail during the southern
overflight of PJ 13 on May 24" 2018, from UTC 07:10:57 to 07:18:33. The imager acquired images ~30 s
apart, which are shown in Figure 3 (animation of the same sequence can be found in the supporting infor-
mation). During the sequence the IFP moved by about 3° westward, (from 67°W to 70°W), in about 7.5 min,
with no displacement in latitude. The signature of the TEB that sometimes precedes the footprint (Bonfond
et al., 2008) was not observed during the sequence in Figure 3. Indeed, the presence of the TEB ahead of
the IFP and their relative position depend on the position of Io with respect to the centrifugal equator.
At shown in Figure 3, Io was below the centrifugal equator, hence the TEB was not observed leading the
IFP in agreement with previous observations and interpretations of the formation of the TEB (Bonfond
et al., 2008; Hess et al., 2010).

The white arrow in Figure 3 outlines a specific sub-dot that appears to be in a stable position near 65°W
in the corotating frame. In principle, the sampling frequency of the images can make the substructure of
the tail appear static if, serendipitously, the sub-dots moved over the neighboring brightness trough in 30 s,
which is the period between two consecutive images. The high resolution of the images allows us to ob-
serve and identify each separate sub-dot in different images. For example, the pair of sub-dots in Figure 3
highlighted by the blue arrows looks blended together and more extended, while the others between these
two and the IFP are narrower and well separated from each other. This set of sub-dots was observed from
07:10:57 to 07:16:01 and it remained fixed slightly before 65°W. We are thus confident that the sub-dots in
the tails are actually standing still in Jupiter's corotating frame and that this is not a result of the timing
between images.

JIRAM captured two additional image series in the southern hemisphere which revealed the same behavior
as the aforementioned one (PJ 14 and 26), even though the time windows covered were shorter (about 120
and 150 s, respectively). Hence, we believe that the stationary nature of the sub-dots in the rotating Jupiter
frame observed during PJ 13 may be a consistent feature of the tail.

It is worth pointing out that in each panel of Figure 3 the sub-dots around 2,000 km down tail from the
IFP (highlighted by the dotted circle) are brighter than the sub-dots right behind the footprint. Besides, this
brightness envelope moves alongside the footprint, and the distance between the IFP and the envelope is of
the same order of magnitude as the one between the spots in the EFPT and GFPT (~3,000 km). This suggests
that the bouncing of Alfven waves is responsible for the two bright spots observed in the EFPT and GFPT as
well as the intensity modulation of the sub-dots in the IFPT.

5. Discussion

Multiple spots were already observed in the footprint tail of Io. A bead-like tail that extends up to ~10°
downstream of Io was observed and it was ascribed to bouncing of Alfven waves between the two hemi-
spheres (Bonfond et al., 2008; Connerney & Satoh, 2000; Gérard et al., 2006; Hinton et al., 2019). Indeed, a
precursor ahead of the footprint is sometimes observed, which is referred to as the Transhemispheric Elec-
tron Beam (TEB) (Bonfond et al., 2008). The EFP and GFP occasionally showed two bright spots, which can
be also interpreted as reflections of Alfven waves or the result of the TEB (Bonfond et al., 2017). However,
the sub-dots observed by JIRAM exhibit features that cannot be explained by the incidence of reflected
Alfven waves. First, the pattern of the waves bouncing back and forth between the hemispheres is fixed
in a frame corotating at the orbital period of the moon and gives a similar pattern to the spots (Jacobsen
et al., 2007), while the structures observed by JIRAM are corotating with Jupiter. Secondly, the spots gener-
ated by the bouncing Alfven waves are separated by a few thousand kilometers (Bonfond et al., 2008; Gérard
et al., 2006; Jacobsen et al., 2007), while sub-dots observed by JIRAM are separated by ~270+ 90 km.
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Figure 3. Sequence of images taken by Jovian InfraRed Auroral Mapper during PJ 13S from UTC 07:10:57 to 07:18:33. The red arrows point out the initial and
final positions of the Io Footprint in the sequence, while the white and light blue arrows point out sample sub-dots that stayed near 65°W. The white dotted
ellipses highlight a bright group of several sub-dots following the IFP at about 2,000 km. The intensity is integrated over the bandwidth of the L-imager (3.3-3.6
/mum).

Finally, the inter-spot distance varies along the track of the footprint (the average distance is a few thou-
sand kilometers) with the magnetic latitude of Io in the torus, while the distance between the sub-dots is
observed by JIRAM did not show clear evidence of longitudinal variability.

Several hypotheses were proposed to explain the sub-dots in the IFPT (Mura et al., 2018). One of them sug-
gested a local interaction between Io and the plasma torus. Indeed, a vortex street can form downstream of
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To as the plasma flows in a similar way as a von Karman vortex street in hydrodynamics (von Karman, 1911).
Alternatively, velocity shears in the radial direction in the low latitude magnetosphere near Io's orbit can
also trigger Kelvin-Helmholtz instabilities (Chandrasekhar, 1961) and the subsequent formation of vortices.
In both cases the underlying idea is that such vortices are then mapped onto the ionosphere, producing the
observed pattern. Although these interpretations cannot be totally ruled out, it is unlikely that the prescribed
triggering conditions take place in the environment of the Galilean moons. Indeed, the Kelvin-Helmholtz
instability in magnetized plasmas requires a strong velocity shear as well as low magnetic tension along
the flow direction (Chandrasekhar, 1961). The former is the source of energy for the development of the
instability, while the latter slows down or can even completely suppress the process if there is no magnetic
shear (otherwise the tearing mode instability is likely to help the Kelvin-Helmoltz instability to develop
Chen et al., 1997; Ivanovski et al., 2011).

The corotating plasma near Io's orbit can be unstable to an azimuthal perturbation, which may lead to
the formation of vortices (Hiraki et al., 2012) whose size is ~0.5R; ~ 20R,,. At the end of Section 2, we
reported that the IFP size corresponds to about 3-4 Io diameters mapped onto the ionosphere along mag-
netic field lines, therefore it is unlikely that the emission associated with such vortices appears similar or
smaller than the MAW spot. Kelvin-Heltmoltz vortices could potentially form on the flanks of Io due to the
shear between its ionosphere and the flowing plasma of the IPT, similarly to the development of vortices
on the flanks of the Earth's magnetosphere (Hasegawa et al., 2004). Assuming that the scale length of the
shear layer is similar to the scale length of the density gradient in the ionosphere of Io (~200 km McElroy
& Yung, 1975) and that the total velocity jump is given by the speed of Io relative to the plasma in the IPT
(~60 km/s), then the growth rate is expected to be y =~ 0.01-0.03 57! (Miura & Pritchett, 1982), depending on
the compressibility of the plasma. Hence the sheared layer would require ~150-200 s (i.e., a few times y! s)
to evolve into a fully developed vortex sheet (Miura, 1997), which is not compatible with the observation of
sub-dots immediately behind the main spot (see Figure 3). Furthermore, vortices can undergo nonlinear
processes such as pairing and disruption (Miura, 1997) that should ultimately be reflected in the sub-dot
appearance. The hydrodynamic von Karman vortex street develops only if the Reynolds number Re of the
fluid (i.e., the ratio between inertia and viscosity) is in a certain range (Grenier, 2005). Because space plas-
mas usually have negligible viscosity, Re is usually very high and therefore turbulence is expected to develop
in the wake of Io instead of a trail of vortices. Finally, the structure and dynamics of the vortices depend
on the environmental parameters of each moon, as they determine the size of the shear layer, which in
turn affects the most unstable mode. Each of the Galilean moons can interact electromagnetically with its
surrounding plasma differently one from another (Saur et al., 2013) and their magnetic fields are different:
these two elements potentially affect the size of the shear layer, which is unlikely to be the same for all three
moons. So if the Kelvin-Heltmoltz instability triggers, the resulting vortices are likely to exhibit different
morphologies, which is not consistent with the observations reported here.

Although vortices in the low latitude magnetosphere near the orbits of the Galilean moons are unlikely to
develop or to exhibit features compatible with our observations (if they form), we want to underline that we
cannot completely rule out the presence of vortices: further studies are needed to properly assess if vortices
can develop as a result of the interaction of the moons with the magnetospheric plasma and what is their
precise dynamics.

The feedback between the ionosphere and the magnetosphere may be the physical process underlying the
trail of sub-dots we are discussing. The specific mechanism—sometimes referred to as the ionospheric
feedback instability (IFI)—takes into account the effect of ionospheric changes on the magnetospheric
circulation of field aligned currents (FACs) and is correlated with two factors: (a) the presence of a back-
ground ionospheric electric field and (b) a local increase of the ionospheric conductivity (Atkinson, 1970;
Sato, 1978). Assuming a longitudinal arc-like region of increased conductivity and a transverse electric
field related to the ionospheric current by ]‘, =oE ;» the general picture of the feedback can be described as
follows: the electric field of the Alfven wave enhances the ionospheric current, which then must be closed
by additional field-aligned currents carried by secondary Alfven waves at the conductivity gradient. These
waves can be reflected back toward the ionosphere at gradients in the Alfven speed such as the gradients
in the topside ionosphere, the boundary of the plasma torus or the opposite ionosphere. This process leads
to the structuring of the Alfven waves to scales at which the waves carry a parallel electric field that can
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Figure 4. Sketch of the ionospheric feedback for the Io footprint in a frame corotating with Jupiter. The orange strip on
the left represents the Io footprint tail and the yellow dots represent the sub-dots where the conductivity enhancement
is expected, while the red and orange areas on the right represent the region where plasma is potentially sub-corotating.
The red arrow is the electric field E ;- associated to sub-corotation in the magnetosphere and mapped to E, ,, at the

iono

ionosphere. The field aligned currents (black arrows) travel along the magnetic field (blue lines) carried by Alfven
waves (dotted wavy arrow), which can be reflected by gradients in the Alfven velocity such as near the IPT (gray
dashed line). The ionospheric feedback instability and the associated nonlinear evolution of the Alfven waves affect the
Pedersen and Hall currents (not shown) as a consequence of the nonuniform conductivity in the ionosphere.

accelerate electrons, which then precipitate into the upper atmosphere producing ionization that further
increases the conductivity and closes the feedback loop. This process goes on for as long as the flux tube
crossed by the feedback waves can supply precipitating material. A qualitative sketch of the IFI is shown in
Figure 4: the conductivity enhancement and the Alfvenic activity associated with the IFP affect the shape of
the ionospheric currents (not shown), which in turn determines the morphology of the FACs. As a potential
consequence, an alternating pattern of upward and downward currents can form along the IFPT, which
should be reflected in the pattern of the auroral emission.

In the case of the Galilean moons, the conductivity enhancement is triggered by the precipitation associated
with each footprint (Allegrini et al., 2020; Szalay et al., 2020a, 2020b). On the other hand, multiple factors
can contribute to the background electric field. Generally, such an electric field can be provided by local
subcorotation in the plasmasheet. Such corotation lag corresponds to a local magnetospheric electric field
in the corotating frame, that, mapped along field lines into the jovian ionosphere, might provide the back-
ground electric field required for the instability. In the following paragraph, we briefly describe the obser-
vations and theoretical works that focus on subcorotation in the plasmasheet close to the Galilean moons:
our goal is to provide qualitative support to the hypothesis of ionospheric feedback occurring along the foot-
print tails without delving into details. Voyager 1 and Galileo plasma observations were used to determine
the azimuthal flow through the plasmasheet. although sometimes with quite large uncertainties. Bagenal
et al. (2016) analyze Galileo PLS observations in the plasmasheet between 5 and 30 RJ and they conclude
that the plasma flow begins to deviate from corotation near 9 RJ (close to Europa) and it is between 80% and
100% of corotation out to 25 RJ. Dougherty et al. (2017) re-analyze the Voyager plasma science data and they
point out that the azimuthal flow starts to sub-corotate close to Europa, it dips down to 20% below corota-
tion with a localized return to corotation at 17-20 RJ and reaches an asymptotic value of about 225 km/s
further out. This corotation lag is due to the outward radial motion of the plasma in the plasmasheet. In-
deed, the outward moving plasma slows down consistently with angular momentum conservation, but the
presence of the planetary magnetic field couples the magnetosphere to the ionosphere, and hence angular
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momentum is transferred from Jupiter to the plasmasheet. A stationary state, this process is mediated by
a current loop that connects the plasmasheet and the jovian ionosphere along field lines and, as a conse-
quence, the current flowing in the plasmasheet provides the j x B force that tends to accelerate the plasma
toward corotation. Hill (1979) attributes the observed corotation lag to the Pedersen conductance which
limits the current in the loop. Further refinements of this approach consider an increase of the Pedersen
conductance provided by field-aligned currents (Nichols & Cowley, 2004) or the presence of field-aligned
potential drops (Nichols & Cowley, 2005; Ray et al., 2010) and they suggest that the corotation should in-
stead start to break at about 20-30 R,. The discrepancy between observations and theoretical models will
not be addressed in this work.

Beyond these general subcorotation trends, significant plasma slowing is also observed near the orbit of
Io (Bagenal, 1985; Brown, 1983; Thomas et al., 2001). The plasma transport at Io is too small to cause the
corotation lag, hence Pontius and Hill (1982) attribute this subcorotation to the ionization of neutral clouds
of sulfur and oxygen that extend along Io's orbit (Brown, 1981; Durrance et al., 1983) by electron impact and
charge exchange (Delamere & Bagenal, 2003). Ultimately, the ionospheric Pedersen conductance limits the
ability of the current to restore the full corotation speed. In addition, dissipation in the magnetosphere-ion-
osphere coupling currents system may play an important role in the subcorotation near Io's orbit (Coffin
et al., 2020).

At the moons themselves, the magnetospheric plasma is slowed in the wake of the moons by the pickup of
newly ionized atmospheric neutrals at Io and Europa or by the interaction of the plasma with the intrinsic
magnetic field of Ganymede. As a consequence, the magnetic field is stretched in the azimuthal direction
and drives a radial current V x B = y,j (Ergun et al., 2009). Corotation is then restored by the j x B force
over time, so the electric field due to the wake is more important near the footprints than far downtail.
Using numerical simulations of the plasma atmosphere interaction at Io and Europa, Saur et al. (1998)
estimate that the flow is slowed by 95% at Io and 80% at Europa (see also Saur et al., 2013), thus the electric
field in the wake may depend on the strength of the interaction between each moon and its environment.

The feedback between the ionosphere and magnetosphere described above has been previously studied on
Earth because it could play a role in structuring the FACs and the auroral arcs (Miura & Sato, 1980; Streltsov
& Mishin, 2018). Lysak and Song (2002) numerical analysis of the IFI indicated that this instability may
play an important role in the formation of small-scale auroral arcs. Simulations also show that the active
feedback of the auroral ionosphere on magnetic field-aligned currents carried by ULF Alfvén waves is able
to describe different kinds of auroral structures (Jia & Streltsov, 2014). Indeed, the spatial and temporal
behavior of the FACs producing the aurorae is strongly affected by the electric field and plasma parameters
because of the highly nonlinear nature of the magnetosphere-ionosphere interaction. IFI was also related
to the development of auroral vortex streets as a consequence of the coupling between the magnetospheric
Alfvén waves carrying FACs and the ionospheric density waves driven by Pedersen and Hall currents (Hira-
ki, 2015). No reference to the application of this particular feedback mechanism to Jupiter was found in the
literature. Nevertheless, there are qualitative arguments and order-of-magnitude estimates that support this
feedback process in reproducing the morphology of the footprint tails.

First, the shear Alfven waves carry currents whose perpendicular components are aligned with the perpendic-
ular wavevector (here and in the following perpendicular implies perpendicular to the magnetic field). At the
ionosphere, these currents can affect the Hall and Pedersen currents, hence the evolution of the IFI ultimately
depends on the relative direction between the ionospheric electric field £ ; and the perpendicular wavevector
k . of the incident shear Alfven wave. Most of the theoretical studies of the IFI focused on a 2D geometry
in which &, || E;: in this case, the feedback process could lead to the formation of parallel arcs at different
latitudes (see for example the theoretical results by Atkinson, 1970; Miura & Sato, 1980; Pokhotelov, 2003
and the measurements reported by Lynch et al., 2015; Tulegenov & Streltsov, 2017), reminiscent of the Io
tail splitting observed by Mura et al. (2018) far down the tail. In order to include an arbitrary direction of k |
a full 3D geometry have to be considered. Numerical simulations of terrestrial auroral arcs showed that the
direction of the most unstable k | depends on the Hall and Pedersen background currents and that oblique k |
can produce ripples along the arc, which resemble the sub-dot structure addressed in this work (Hiraki, 2015;
Watanabe, 2010). At Jupiter, the conductivity gradient associated with the IFP is structured in both longitude
and latitude, hence modes along the direction of the footprint could be excited and driven unstable. In the
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nonlinear phase of the IFT, these ripples form an alternating pattern of upward and downward currents, which
may explain the small scale morphology JIRAM is observing in the footprint tails of the Galilean moons.

Second, Earth-based simulations of the feedback instability show that the typical distance between spots
depends on the most unstable wavevector k L= 27;/111 (Hiraki, 2015), whose wavelength 4, is related to A

by 4, =}, 6% In deriving this equation critical balance was assumed from the magnetohydrodynamics

turbulence theory (Saur et al., 2018). The spectrum of the magnetic field measured by MAG and Waves in-
struments onboard Juno at ~0.4R , from the surface revealed that the parallel wavelength of the fluctuations
ranges from ~20 to ~10 R , (Sulaiman et al., 2020). In order to perform an order of magnitude estimate, we
assume that this spectrum is the same (or at least very similar) at the altitude where auroral emissions oc-
cur. Taking into account the long wavelength end of the spectrum (that is, the wavelenghts near 4 ~ 20R ),
its amplitude (~200 nT Gershman et al., 2019; Sulaiman et al., 2020) and the magnetic field at Jupiter's sur-
face (B ~ 10°nT Connerney et al., 2018), the perpendicular wavelength is ~280km, which is similar to the
value of 1, and A, we retrieved in Section 3. Dispersion of the Alfven waves due to inertial effects and mode
trapping in the ionospheric cavity may need to be considered in order to better estimate A, but the result
from this approximate estimate alone is encouraging.

Furthermore, the periodic pattern in the nonlinear phase of the instability moves at a speed given by E, x B
drift (Atkinson, 1970; Hiraki, 2015; Watanabe, 2010). The electric field in the magnetosphere associated
with the sub-corotation velocity Aii is given by E,, = Aii x B,,, where B,, is the magnetic field in the equato-
rial plane. In order to give a quantitative estimate, we take A from the corotation lag observed from ~ 10R,
outward for Europa and Ganymede (Dougherty et al., 2017), while for Io we considered the departure from
corotation observed near 5.9R, (Brown, 1983). Therefore, for Io, Europa and Ganymede the corotation lag
is ~5%, ~10% and ~20% of the corotation velocity respectively. As a first approximation, the relationship
between ionospheric and magnetospheric field is given by E, = SE,, if there is no potential drop along
magnetic field lines (Ergun et al., 2009). The electric field and the consequent drift can be up to 50% lower if
parallel potentials are generated along field lines, depending on the ionospheric and field-aligned conduct-
ances (Ergun et al., 2009). The mapping factor 3 stems from the conservation of magnetic flux between the
moons and the ionosphere of Jupiter assuming that field lines are equipotentials. Considering a flux tube
of radius R, at the ecliptic and R, at the ionosphere, the potential drop AV across the flux tube must be the
same along the tube itself, therefore AV ~ E,,R,, ~ E,R, and thus 3 ~ R,,/R,. Taking typical values f =30
and | B | ~ 10°nT, then | E, | = 0.1 - 0.2V/m and Varip & 0.1-0.2km/s in a frame corotating with Jupiter,
which is much slower than the speed of the footprints (usually between 2.5 and 4 km/s). Consequently,
the structure of the whole tail would move by about 3-6 km in between consecutive JIRAM images and by
45-90 km during the whole sequence in Figure 3. The resolution of the images was between 70 and 80 km
per pixel at the times in Figure 3, so the sub-dots would move the length of one pixel at maximum because
of the drift. Therefore, this velocity is consistent with the apparent stationary nature of the sub-dots in Ju-
piter's frame observed by JIRAM.

Evidence of dot-like structures with wavelengths similar to those observed in the footprint tails were also
detected along the main emission. Examples of such observations can be seen in Figure 5. The morphology
appears less regular than the footprint tail, but the brightness is not uniform and luminous sub-dots appear
quasi-regularly spaced along the arc. The mean retrieved distance between sub-dots of the two examples
in Figure 5 is higher than the ones in Figure 2, but it is compatible with them within the uncertainty. This
suggests that the morphology observed in the footprint tails may be caused by an ionospheric process that
is, not exclusive of the satellite-ionosphere coupling, even though the interaction between the moons and
the planetary magnetic field plays a crucial role in triggering the alfvenic perturbation. Alternatively, the
pattern observed along the main emission may be due to variation in the electron flux impinging on the ion-
osphere (Watanabe et al., 2018). The qualitative description and the distribution of the feature in Figure 5
over Jupiter are outside the scope of this work and will be addressed in a separate work.

As discussed in Section 2, the EFPT often shows a continuous arc instead of a trail of sub-dots. This might
be caused by the fact that the conditions for the IFI to develop are not always met for the Europa case, mean-
ing that the increase of ionospheric conductivity is too low or that the ionospheric electric field is too weak.
The electrodynamical interaction at Europa with its surroundings is weaker than at Io and Ganymede (Saur
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Figure 5. Images of the main emission showing local enhancements of brightness in the Southern hemispheres. The
morphology of the main emission is not as regular as the one of the footprint tails, but it shows some periodicity. The
intensity is integrated over the bandwidth of the L-imager (3.3-3.6/mum).

et al., 2013). Indeed, the volcanic activity of Io generates an ionosphere that interacts with the surrounding
dense plasma of the Io plasma torus, while the intrinsic magnetic field of Ganymede diverts impinging plas-
ma and makes this moon a bigger obstacle than its solid cross section suggests (Saur et al., 2013). Thus the
weak interaction at Europa can affect the ionospheric electric field at Jupiter and perhaps the conductivity
as a consequence of electron precipitation so that the IFI cannot be triggered. Nevertheless, JIRAM occa-
sionally observed a trail of sub-dots in the EFPT. This may occur when Europa is in particular environmen-
tal conditions such as plasma sheet crossing, water outgassing (Paganini et al., 2020; Roth et al., 2014), or
plasma injections (Mauk et al., 1997) so that the interaction becomes temporarily strong enough to trigger
the IFI.

Nevertheless, the feedback mechanism needs to be further investigated. The feedback itself structures the
field-aligned currents/Alfven waves so that they develop the parallel electric field that can accelerate the
electrons (Hess et al., 2010; Lysak & Song, 2003). Since this mechanism depends on the ionospheric pa-
rameters and not on the moons themselves, this might be the reason that the spot spacing is similar for all
three moons. Nevertheless, the relation between the ionospheric current system generated by the IFI and
the electric field in the acceleration region needs to be addressed quantitatively to estimate the intensity of
the auroral emission (Hiraki, 2015).

Furthermore, Earth-based simulations reveal that the growth rate and the most unstable mode of the IFI
depend on the Pedersen and Hall conductances in the ionosphere (Watanabe, 2010) and on the magnitude
of the background electric field (Hiraki, 2015). These two pieces of information are fundamental to carry
out a proper quantitative comparison between the observations made by JIRAM and the feedback model
and will require further analysis to properly determine.

Moreover, the role of the ionospheric Alfven resonator (IAR), a resonant cavity caused by the sharp gradi-
ent in the Alfven speed above the ionosphere, can affect the development of the IFI. Indeed, the IFI can be
triggered by eigenmodes of field line resonances extending from one ionosphere to the other (e.g., Rankin
et al., 2005), as well as by eigenmodes of the IAR (Lysak, 1991; Pokhotelov et al., 2001): the former drives a
slow IFI with periods of a few minutes while the latter drives a fast IFI with periods of a few seconds (Lysak
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& Song, 2002). There have been no published reports of the application of this feedback mechanism in the
Jovian magnetosphere. However, at Jupiter, there is also the possibility of feedback in the cavity formed in
the high Alfvén speed region between the ionosphere and the Io plasma torus. The interplay of these vari-
ous cavities may affect the morphology and brightness of the footprint tails due to the different time scales
of these cavities.

Regarding the energy budget of the feedback process, Earth-based simulations reveal that the energy of
the Alfven waves leaving the ionosphere is correlated to the decrease of Joule heating, which results from
the increased ionospheric conductivity (Lysak & Song, 2002). In addition, infrared H3 auroral emissions on
Jupiter are mostly due to chemical reactions (Grodent, 2015; Miller et al., 2020), which may strongly damp
the IFI (Lysak & Song, 2002). Therefore, the relationship between the energetics of the IFI and the intensity
of the IR emission is not straightforward and requires further investigation.

6. Conclusion

In this paper, we analyzed images of the footprint of Io, Europa, and Ganymede taken by the L-band filter
of JIRAM during the first 30 orbits of Juno. The major findings we reported can be summarized as follow:

1. The footprint tails of Europa and Ganymede show a small scale morphology similar to the one previous-
ly observed in the Io footprint tail (Mura et al., 2018), although the footprint tail of Europa occasionally
shows up as a fading auroral arc without evidence of any substructure.

2. The typical distance between the sub-dots observed by JIRAM is ~270 + 90 km. This distance is the same
for all three moons at both hemispheres within the uncertainty.

3. The sub-dots were observed to corotate with Jupiter during the sequence of images taken during PJ 13
when JIRAM followed the footprint of Io for about 8 min. Shorter series showing the same behavior
were also acquired during PJ 14 and 26, which suggest that this dynamics is consistent.

We propose that the small scale morphology reported in this work may be caused by a feedback mech-
anism between the ionosphere and the magnetosphere, also called ionospheric feedback instability (At-
kinson, 1970; Sato, 1978). This process triggers where an ionospheric current flows across a local increase
of conductance: in this scenario, the increased ionospheric current is closed at the conductivity gradient
by secondary field aligned currents carried by Alfven waves. Such waves can be reflected by gradients in
the Alfven speed and accelerate electrons while they travel back, thus leading to a further increase in the
ionospheric conductance. The feedback instability has been previously investigated as it could affect the
structure of the field aligned current and the auroral arcs on Earth and no reference of application to Jupiter
were found in the literature. In the case of the footprint tails, the associated electron precipitation causes the
local conductivity enhancement, while the currents could be generated by corotation lag in the plasmasheet
(for Europa and Ganymede), by local subcorotation in the IPT (for Io), or by the electric field generated in
the wakes of the satellites.

‘We proposed qualitative arguments and order of magnitude estimates that can support the feedback process
as a potential explanation to the sub-dots reported in this work. We summarize our conclusions:

1. Three dimensional simulation of the feedback instability on Earth showed the auroral arc can evolve
into a vortex street (Hiraki, 2015; Watanabe, 2010). The specific morphology of the currents driven by the
instability depends on the intensity of the ionospheric electric field and the direction of the wavevector
of the incident Alfven wave with respect to the auroral arc.

2. The perpendicular wavelength of the magnetic field fluctuations measured by MAG onboard Juno
(Gershman et al., 2019; Sulaiman et al., 2020) are compatible with the observed distance between the
sud-dots.

3. The vortex street generated by the instability moves at a speed given by the E x B drift (Hiraki, 2015). If
the electric field is inferred from subcorotation (Ergun et al., 2009), then the drift speed is consistent with
the apparent stationary nature of the sub-dots we reported.

4. Dot-like features similar to the one observed in the footprint tails are also observed along the main au-
roral emission. Although these structures show a less regular morphology, they might be caused by an
ionospheric process that is, not exclusive of the satellite-ionosphere coupling.
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The feedback mechanism needs further studies in order to answer additional questions:

1. The parallel electric field developed by the Alfven waves is likely to accelerate electrons along the field
lines (Hess et al., 2010; Lysak & Song, 2003), therefore the IFI may potentially affect the brightness of the
sub-dots as well as the tail extent, although this aspect needs to be further investigated.

2. The growth rate and the unstable modes depend on the Hall and Pedersen conductivities as well as
on the ionospheric electric field (Hiraki, 2015): both are fundamental to perform a proper quantitative
analysis.

3. We did not consider the role of the ionospheric resonator (Lysak, 1991) for sake of simplicity, but the fast
feedback that can be triggered here should be taken into account for a proper quantitative investigation.

4. Relating the energy budget of the feedback instability (which relies on the decrease of Joule heating in
the ionosphere; Lysak & Song, 2002) to the observed intensity of the IR emission (which depends on the
emission of the Hj ion) is not straightforward and requires additional investigation.
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