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Electrodynamic Coupling between Ganymede and the Jovian
Ionosphere

BERTRAND BONFOND AND PHILIPPE ZARKA

19.1 INTRODUCTION

Having conductive interiors and/or ionospheres, the Galilean
satellites are in electrodynamic interaction with the fast-rotating
Jovian magnetic field and magnetosphere in which they are
embedded. In the inner Jovian magnetosphere, within the orbit
of Ganymede, the magnetic pressure of the rotating flow is
larger than its ram pressure (except in the near-equatorial cur-
rent sheet at Ganymede’s orbit) and the flow is sub-Alfvénic
(Kivelson and Bagenal, 2014). The flow–obstacle interactions
generate both local and distant effects. In this chapter, we do not
focus on the local interaction, which is covered in Chapter 3.1
(Kivelson); rather we will zoom out and explore the outcome of
this interaction further down the disturbed magnetic field lines.
There, the electrodynamic satellite–Jupiter interaction takes the
form of transverse perturbations of the Jovian magnetic field
propagating away from the satellite along Jovian magnetic field
lines at the Alfvén velocity, in both hemispheres, down to
the Jovian ionosphere. These perturbations are called Alfvén
waves and their envelopes Alfvén wings, primarily theorized by
Neubauer (1980, 1998).

As these waves propagate along the magnetic field lines, they
initiate a long chain of processes and generate a variety of signa-
tures associated with the long-range interaction, as summarized
in Figure 19.1. Some of them, noted in white, have already been
observed at Ganymede, while others are expected to take place
because they have been identified at Io (in cyan). Ganymede’s
magnetosphere forms a large obstacle for Jupiter’s magneto-
spheric plasma and magnetic field rotating with the planet.
Its motion relative to the plasma launches large-scale Alfvén
waves, which then undergo some turbulent filamentation, and
partial reflections at the Alfvén velocity gradients (either at
the plasma sheet boundary or at the Jovian ionosphere). These
waves ultimately enter a regime (mostly inertial Alfvén waves)
in which they can accelerate charged particles (Section 19.4).
Part of them hit the atmosphere, exciting and ionizing neutral
atoms and molecules, which generates specific auroral emis-
sions, called the Ganymede footprint (Section 19.2), as they
de-excite. Another part of the accelerated electrons bounces due
to the magnetic mirror effect. The resulting upgoing electron
distribution is far from Maxwellian, as it lacks the electrons
with small pitch angle which have precipitated into the atmos-
phere, causing the feature called a loss-cone in the velocity space
(v‖, v⊥). This feature notably displays a positive gradient of the
electron distribution function (or phase space density f(v‖, v⊥))
towards increasing perpendicular velocities v⊥. This positive

gradient is the free energy source of the Cyclotron-Maser Insta-
bility (CMI) mechanism (Zarka, 1998; Hess, Mottez and Zarka,
2007; Hess et al., 2008), through which the perpendicular energy
of electrons in cyclotron motion around the magnetic field lines
is directly and collectively transferred to electromagnetic radio
waves having this same cyclotron frequency (fce = eB/2πme).
The corresponding electrons are said to be resonant and the
wave is hugely amplified, either causing the electron distribu-
tion to relax towards a Maxwellian one, or trapping resonant
electrons in the wave electric field, and in both cases quenching
the instability (Le Quéau, 1988). Radio emissions are further
detailed in Section 19.3.

Because Io is closer to Jupiter, where the magnetic field
magnitude is larger than at Ganymede (∼2 000 nT at Io com-
pared to ∼100 nT at Ganymede), and embedded into the dense
plasma torus stemming from the moon’s outstanding volcan-
ism, all the outcomes of the moon–magnetosphere interaction
are magnified there. Hence many of the phenomena related
to the moon–magnetosphere interactions were first unveiled
at Io before they were found to be also applicable at Gany-
mede. These distant consequences are key to studying these
interactions because they often are the only way to get infor-
mation in absence of a spacecraft directly measuring the local
environment.

For example, it was the intense radio emissions related to Io
that first revealed that this moon was playing such an important
role in the Jovian magnetosphere. Over half a century ago, Bigg
(1964) noticed that the recently discovered and variable Jovian
decametre (DAM) radio emission showed maximum occurrence
at specific orbital phases of Io (8Io) around Jupiter as seen from
a terrestrial observer (∼90◦ and ∼240◦ from the anti-observer’s
position – Figures 19.3a and 19.2b,c).

The picture grew in complexity as spacecraft brought new
pieces of information on the Jovian system, starting from the
simpler unipolar inductor model (Goldreich and Lynden-Bell,
1969), to the Alfvén wing theory (Neubauer, 1980) and then
all its subsequent developments, involving the propagation and
reflections of the Alfvén waves (Gurnett and Goertz, 1981;
Jacobsen et al., 2007, 2010; Hinton et al., 2019), their turbu-
lent filamentation (Chust et al., 2005), or their capability to
accelerate particles (Jones and Su, 2008; Hess et al., 2010, 2013;
Damiano et al., 2019).

The arrival of Juno around Jupiter and the traversal of
the field lines connected to the Io footprint at high latitude
offered a brand new perspective on the richness of the wave–
particle interactions resulting from the moon–magnetosphere
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Figure 19.1 Schematic of the chain of processes taking place along the
Alfvén wings (in red) generated by the interaction between the magne-
tosphere of Ganymede (in blue, not to scale) and that of Jupiter. The
processes noted in white have already been observed at Ganymede and
are the subject of the present chapter, while those noted in cyan have
not been discovered yet, but are expected to exist because they have
already been detected at Io.

couplings. The importance of Alfvén waves undergoing a tur-
bulent cascade and accelerating electrons along the magnetic
field lines through a broad range of energies was confirmed by
in situ particle and electromagnetic wave observations (Szalay
et al., 2018; Sulaiman et al., 2020). However, a greater surprise
came from the finding of proton beams and conics, originat-
ing from three different regions along the Alfvén wing (Szalay
et al., 2020a; Clark et al., 2020). Finally, ion-cyclotron waves
and whistler-mode waves excited by the field-aligned electrons
are also observed (Sulaiman et al., 2020).

An important question arose, however. Were these phenom-
ena specific to Io’s case, since this moon is the most volcanically
active body of the solar system and the main source of mate-
rial in the magnetosphere, or could they be extended to other
moons, such as Europa and its induced magnetosphere related
to its sub-surface ocean or – and this is the focus of our present
interest – to Ganymede and its permanent intrinsic magnetic
field.

Io lacks a permanent magnetic dipole. So, its non-local inter-
action with the Jovian magnetic field consists of (1) its steady
Alfvén wings, which result from the stacking of Jupiter’s mag-
netic field upstream of Io and its subsequent deflection around
the satellite (Saur et al., 2004), and (2) a dense plasma wake that
is rapidly re-accelerated downstream (Hinson et al., 1998).

The existence of an intrinsic magnetic field implies some
modifications of this picture for Ganymede (Chapter 3.1). The
obstacle in Jupiter’s rotating magnetic field is not Ganymede’s
body or ionosphere but its magnetosphere, which is of 2–3 RG
radius (RG stands for Ganymede’s radius, ∼2 634 km). The ori-
entation of Ganymede’s internal field, antiparallel to Jupiter’s,
leads to a favourable orientation of interacting magnetic fields
resulting in reconnection at Ganymede’s upstream and down-
stream magnetopauses and subsequent particle energization. A
signature of this reconnection is the double loss-cone distribu-
tions (i.e. in both directions along the field line) observed by
Galileo on magnetic field lines connected to both Ganymede

and Jupiter (Williams et al., 1997). At high energies (keV–tens of
keV), particles can bounce several times between mirror points
close to Ganymede and close to Jupiter before the magnetic
field line drifts across Ganymede’s magnetosphere, and then be
temporarily trapped and exhibit double loss-cone distributions,
whereas at low energies, the larger pitch angle diffusion fills the
loss-cones at some distance from the mirror points (Williams
and Mauk, 1997).

The plasma energized by magnetic reconnection at the mag-
netopause also generates local electrostatic and electromagnetic
emissions (Gurnett et al., 1996; Kurth et al., 2000). It is much
more developed than at Io, as described in chapter 14.

Beyond a few RG downstream of Ganymede, one finds
Alfvén wings similar to Io’s (Jia et al., 2008) as well as an
extended plasma wake (Kivelson et al., 1998). The Alfvén wings
carry a current of about 0.5 MA (Lavrukhin and Alexeev, 2015)
driven by a transverse electric potential drop of about 80 kV
across Ganymede’s magnetosphere (Zhou et al., 2020) (versus
a current ∼1 MA driven by a 400 kV potential drop across
Io’s ionosphere). The Alfvén wings’ field-aligned currents close
in Ganymede’s and Jupiter’s ionospheres and in Ganymede’s
magnetotail or plasma wake (Jia et al., 2008).

For solar wind–planet interactions, the energy release is often
sporadic (substorms) as a result of the variable character of
the Solar wind and of magnetic flux storage in the magneto-
tail. But at Ganymede, immersed in Jupiter’s magnetosphere,
the upstream magnetic field conditions are essentially steady,
with a slowly rocking orientation of the magnetic field external
to Ganymede’s magnetosphere. As a consequence, steady recon-
nection was anticipated at Ganymede’s magnetopause, not a
bursty, substorm-like one (Kivelson et al., 2004). These expec-
tations were challenged by the reanalysis of Galileo plasma
data recorded near Ganymede, showing plasma flows accel-
erated by time-variable magnetic reconnection consistent with
Dungey-type substorms (Collinson et al., 2018).

Another source of variability of the interaction comes from
the fact that Ganymede does not orbit permanently in a dense
plasma environment like Io in its torus, but it periodically
crosses the Jovian plasma sheet. Its plasma environment is thus
very variable and induces a variable travel time of the Alfvénic
perturbations between Ganymede and Jupiter. Bonfond et al.
(2013) found a maximum longitudinal shift of 13◦ between the
multiple spots of the Ganymede northern UV auroral footprint
and Ganymede’s instantaneous longitude, quite comparable to
Io’s lead angle up to ∼15◦ in the north and ∼8◦ in the south
(Bonfond et al., 2017; Hinton et al., 2019).

19.2 AURORAL FOOTPRINTS

Discovery of the Ganymede Footprint

While the first detection of a satellite auroral footprint, Io’s,
took place in the infrared domain from a ground-based tele-
scope (Connerney et al., 1993), all the subsequent first detec-
tions happened in the ultraviolet (UV) domain. The Europa
and Ganymede footprints were first discovered with the Hub-
ble Space Telescope (HST) (Clarke et al., 2002). Then came
the discovery of the Enceladus footprint with the Ultraviolet
Imaging Spectrograph (UVIS) on board Cassini (Pryor et al.,
2011). Finally, a tentative identification of a Callisto footprint
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Figure 19.2 (a) Hubble Space Telescope UV image of northern Jovian auroral regions, showing the bright main auroral oval and the footprints
of Io (and its tail-like, wake-induced emission), Ganymede, and Europa flux tubes. In the top part of the sketch, hollow conical beams of radio
emission are displayed. They are produced above the UV hot spots by the energetic electrons precipitated along the satellite flux tubes or reflected
upwards by magnetic mirroring. Similar radio emissions originate from sources distributed above the main oval. (b) Geometry and nomenclature
of auroral and satellite-induced (here Io-induced) radio emissions. Radio emissions are produced along the displayed conical shells and thus are
observable only when the source is near a limb of Jupiter. The magnetic field line connected to Io is sketched as the active, radio-emitting field line,
but actually the active field line leads the instantaneous Io field line by several degrees (angle δa of panel (c)). (c) Definition of the different angles
used to characterize the observing geometry. In green is the central meridian longitude (CML), which is the System III longitude of the observer.
The satellite phase 8sat and its System III longitude 3sat are drawn in blue and black, respectively. Alfvén lead angle δa, phase, and phase 8a and
longitude 3a of the so-called ‘active’ field line (in UV and radio) are shown in red. (a) From Clarke et al. (2002); Zarka (2007). Reprinted from
Planetary and Space Science, 55(5). Philippe Zarka, Plasma interactions of exoplanets with their parent star and associated radio emissions, 598–617
©2007, with permission from Elsevier. (b & c) From M. S. Marques, P. Zarka, E. Echer, V. B. Ryabov, M. V. Alves, L. Denis and A. Coffre, A&A,
604, A17, 2017, reproduced with permission © ESO.

Figure 19.3 (a) Occurrence probability of Jovian radio emissions detected over 26 years (1990–2015) with the Nançay Decameter Array, displayed
as 2D histograms as a function of planetary rotation (CML) and Io’s orbital phase (8Io) in 5◦ × 5◦ bins (smoothed via 1◦ interpolation). Regions
of high occurrence labelled in white correspond to Io–Jupiter emissions (named Io-A, Io-B. . . ). Vertical bands of emission covering restricted CML
ranges at all 8Io correspond to non-Io emissions (auroral or induced by other satellites). (b) Occurrence probability of Io–Jupiter emissions only
versus CML and 8Io. The profile integrated over all CML is displayed on the right-side panel. (c) Integrated occurrence probability of Io–Jupiter
emissions versus Io’s Jovicentric longitude (3Io = CML + 180◦ − 8Io). Components from panel (b) are identified by colours, and their sum is
the black line. (d) Occurrence probability of non-Io emissions versus CML and Ganymede’s orbital phase 8Ganymede. Ganymede–Jupiter emissions
show up within new regions of enhanced occurrence (white boxes), labelled A–D in reference to the non-Io components in which they have been
identified. (e) Occurrence probability of Ganymede–Jupiter emissions only versus CML and 8Ganymede. The profile integrated over all CML is
displayed on the right-side panel. (f) Integrated occurrence probability of Ganymede–Jupiter emissions versus Ganymede’s jovicentric longitude
(3Ganymede = CML + 180◦ − 8Ganymede). Components from panel (e) are identified by colours, and their sum is the black line. From Zarka, P.,
Marques, M. S., Louis, C., Ryabov, V. B., Lamy, L., Echer, E. and Cecconi, B., A&A, 618, A84, 2018, reproduced with permission © ESO.
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was reported, based on HST UV images as well (Bhattacharyya
et al., 2018). The Ganymede and Europa footprints have since
also been identified in the infrared domain around 3.4 µm
with the Jupiter InfraRed Auroral Mapper (JIRAM) camera on
board Juno (Mura et al., 2017).

Both H and H2 UV auroral emissions on one hand and H+3
infrared emissions on the other hand arise from the precipita-
tion of charged particles into Jupiter’s H and H2 atmosphere.
The UV emissions result from the de-excitation of atomic
or molecular hydrogen after impact by precipitating particles
(electrons or ions) or secondary electrons. Conversely, auro-
ral infrared emissions are thermal emissions of H+3 ions which
are themselves an indirect product of the electron precipitation
followed by charge transfer (see review in Badman et al., 2015):

e− +H2 → H+2 + 2e−,

H+2 +H2 → H+3 +H.

Usually, H+3 emissions are observed around 3.4 µm because the
strong absorption from CH4 molecules located at lower alti-
tude than most of the aurora offer a high contrast between
the auroral emissions and the planetary background at this
wavelength.

Morphology of the Ganymede Footprint

The first detections associated only one auroral spot with the
Ganymede footprint (Clarke et al., 2002). On HST images, this
spot can be fitted with an ellipse of area ∼5 × 105 km2. When
mapped back into the equatorial plane along magnetic field
lines, such a surface corresponds to a disk with 8–20 times Gan-
ymede’s radius (RG = 2 634 km), thus corresponding to the
size of Ganymede’s magnetosphere rather than Ganymede itself
(Grodent et al., 2009).

Using their characteristic motion on polar projections fixed
in System III (the longitude system fixed with the magnetic
field), it was found that, in some cases, at least two spots
could be associated with the footprint of Ganymede (Bon-
fond et al., 2013) (Figure 19.4). The spacing between these two
spots increases up to a maximum of about 4 000 km and then
decreases systematically as a function of the position of Gany-
mede with respect to the plasma sheet, and they seem to merge
when Ganymede is close to the central region of the sheet. This
evolution of the inter-spot distances suggests that one spot cor-
responds to the main Alfvén wing (MAW) and the second one
to the trans-hemispheric electron beam (TEB), that is, gener-
ated by electrons accelerated in the opposite hemisphere (see
Figure 19.4 b).

The inter-spot distance also varies on timescales larger than
Jupiter’s rotation. Observations carried out in 2007 in similar
Ganymede longitude ranges, but a few weeks apart, showed
that this distance can vary by a factor of 2. Since the dis-
tance between spots is directly related to the Alfvén propagation
time, such variations were attributed to an increase of plasma
density in the Jovian magnetosphere that took place in the
first month of 2007 (Bonfond et al., 2013). Indeed, several
other observations, such as the brightening of Jupiter’s sodium
nebula (Yoneda et al., 2009), the decrease of the hectometric
(HOM) radio emissions unrelated to the solar wind fluctuations
(Yoneda et al., 2013), the increased occurrence rate of large
plasma injection auroral signatures and the expansion of the
main auroral oval over three months (Bonfond et al., 2012) all

indirectly suggest that the plasma input from Io increased from
February to June 2007.

In addition to the spots, an extended auroral tail (≥24◦) can
also sometimes be seen in the downstream direction along the
Ganymede footpath (Bonfond et al., 2017). As with many fea-
tures of the Ganymede footprint, this tail is harder to detect
in UV images than Io’s footprint tail. Moreover, even in sim-
ilar geometrical configurations, the Ganymede footprint UV
tail has only been identified in a handful of cases. These
rare detections indicate that parameters other than just the
position of Ganymede in the plasma sheet and the viewing
geometry impact its apparent brightness (such as the plasma
energy distribution, composition, density, the magnetic field
strength, etc.). However, the existence of tails in both Gany-
mede’s and Europa’s footprints indicates that lessons learned
from Io’s footprint most likely also apply for the others and
vice versa. Two main ideas have been proposed to explain the
Io footprint tail. The first one involves a steady current loop
related to the reacceleration of the stagnant plasma in Io’s wake
(Hill and Vasyliunas, 2002; Delamere et al., 2003; Su et al.,
2003; Ergun et al., 2006; Matsuda et al., 2012), while the sec-
ond involves the increasingly intricate reflection pattern of the
Alfvén waves downstream of the satellite (Jacobsen et al., 2007;
Bonfond et al., 2017). The broad energy distribution inferred
from remote observations (Bonfond et al., 2009) and observed
directly by Juno favours the second (Szalay et al., 2018). It is
noteworthy that the existence of a footprint tail at Ganymede,
where no significance mass loading takes place, indicates that
this process is not a necessary ingredient to the formation of the
tail.

Infrared observations from the JIRAM instrument on board
Juno offer an unprecedented spatial resolution, down to 15
km/pixel (Mura et al., 2018; Moirano et al., 2021). They not
only showed similar features in infrared H+3 emissions than in
the UV, such as the pair of spots followed by the extended
tail (Mura et al., 2017), but they also unveiled further details
of the footprint morphology. In particular, and similarly to
the Io footprint spots, each one of the two Ganymede foot-
print spots appears to be formed of a pair of smaller auroral
dots separated by 170 km (Figure 19.4c) (Mura et al., 2018).
One possible explanation is that these dots correspond to the
front and tail of Ganymede’s magnetosphere, where magnetic
reconnection takes place. However, the presence of similar sub-
structures at Io’s footprint rather suggests another (and not
mutually exclusive) origin, possibly related to Jupiter’s iono-
sphere or to the electron acceleration process. This conclusion
is further strengthened by the finding that the Ganymede foot-
print tail (as well as Io’s and Europa’s) was also made of
sub-dots separated by ∼270 km (Figure 19.4d). Contrary to
the larger spots discussed earlier, these sub-dots appear fixed
with the planet rather than following the motion of the satellite
(Moirano et al., 2021). Because of this behaviour, as well as the
size and spacing of the spots, Moirano et al. (2021) suggest that
these features result from the ionosphere feedback instability,
in which a localized increase of ionospheric conductivity in the
presence of background ionospheric electric field enhances the
ionospheric currents. In this scenario, the current enhancement
closes through field-aligned currents at the conductivity gradi-
ent through secondary Alfvén waves, which further increases
the precipitating electron flux and the conductivity, closing the
feedback loop.
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Figure 19.4 (a) Polar projections of an HST UV image acquired on 24 May 2007 at 16:40 UT. Two Ganymede footprint spots can be identified,
as highlighted by the arrows. (From Bonfond et al. (2013)). (b) Inter-spot distance between the two spots of the Ganymede footprint. (top) The
coloured lines connect points from the same HST orbit. The error bars assume a selection uncertainty of 1 pixel for the first spot and 2 pixels for
the second one. (bottom) The long-dashed lines show the expected dependence of the distance for a trans-hemispheric electron beam spot (arbitrary
units). In this case, the two spots merged as Ganymede crossed the centrifugal equator. The short-dashed line shows the expected behaviour of the
distance for a reflected Alfvén wing (RAW) spot. In this case, the minimum distance is expected when Ganymede is at its northernmost centrifugal
latitude (∼200◦ System III longitude). (From Bonfond et al. (2013)). Panels a, b reprinted with permission from John Wiley and Sons. Bonfond, B.,
Hess, S., Bagenal, F., Gérard, J.-C., Grodent, D., Radioti, A., Gustin, J., and Clarke, J. T. The multiple spots of the Ganymede auroral footprint,
Geophys. Res. Lett., 40, 4977–4981 ©2013. (c) Infrared image of the Ganymede footprint spots from the JIRAM instrument on board Juno. We can
see that each spot (red arrows) is actually formed from at least two sub-structures (green arrows). (From Mura et al. (2018)). AAPG ©2018. Mura,
A., Adriani, A., Connerney, et al. Juno observations of spot structures and a split tail in Io-induced aurorae on Jupiter, Science 361(6404), 774–777.
Reprinted by permission of the AAPG whose permission is required for further use. (d) Infrared images of the Ganymede footprint tail. The tail is
also made of a string of sub-spots. (From Moirano et al. (2021)). Reprinted with permission from John Wiley and Sons. Moirano, A., Mura, A.,
Adriani, A., Dols, V., Bonfond, B., Waite, J. H., et al. (2021). Morphology of the auroral tail of Io, Europa, and Ganymede from JIRAM L-band
imager. Journal of Geophysical Research: Space Physics, 126 ©2021.
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The Brightness of the Ganymede Footprint

On HST UV images acquired at slant angle, the brightness of
the Ganymede footprint can reach up to 180 kR (Wannawichian
et al., 2010). The total power emitted by the Ganymede foot-
print’s main spot typically ranges between 1 and 6 GW in the
H2 UV Lyman and Werner bands. However, depending on the
auroral background emissions, it can also become so dim that
it is no longer identifiable (Bonfond et al., 2017a). The precipi-
tated energy is approximately 10 times higher than the energy
of the resulting UV emissions (Gustin et al., 2012). Assum-
ing that 10 per cent of the Poynting flux carried by the Alfvén
waves is converted into electron acceleration, this emitted UV
power is in the highest part or slightly higher than the range
predicted by the models of satellite–magnetosphere interaction
(Saur et al., 2013). Because the moon–magnetosphere interac-
tion depends on the local plasma density, the emitted power is
the highest when Ganymede is in the center of the plasma sheet
and decreases outside of it (Grodent et al., 2009). However, it
also varies at two shorter timescales: in the range of 10–40 min-
utes and in the range of two to three minutes. The first one
probably corresponds to Ganymede’s traversal time of plasma
bubbles with properties differing from the surrounding environ-
ment, such as the plasma injections typically observed at such
radial distances (Mauk et al., 1997). A detailed analysis of some
HST sequences showed the Ganymede footprint disappearing
as it traversed the auroral signature of such a plasma injec-
tion, further adding confidence into this explanation (Bonfond
et al., 2017a). A similar behaviour had already been reported
for the Io footprint (Bonfond et al., 2012), and Hess, Bonfond
and Delamere (2013) argued that this disappearance was most
probably due to the increased electron density at high latitude,
which limited the efficiency of the parallel electron acceleration
by inertial Alfvén waves. The two- to three-minute timescale
could either be related to the recurrence time of bursty mag-
netic reconnection at the front of Ganymede’s magnetosphere,
in accordance with the MHD simulations (Jia et al., 2008; Zhou
et al., 2019, 2020), or to the quasi-periodic formation, upward
migration and disappearance of electric potential drops of a few
hundred volts at altitudes around 0.2 RJ above Jupiter’s surface.
The latter scenario, which is not mutually exclusive with the first
one, is proposed in analogy with similar structures found at the
Io footprint from observations of fast-drifting radio S-bursts
(Hess et al., 2009) and could explain the two- to three-minute
fluctuations of the UV brightness of the Io, Europa and Gan-
ymede footprints (Bonfond et al., 2007; Grodent et al., 2009;
Bonfond et al., 2017a).

19.3 RADIO EMISSIONS

Induced Radio Emissions

The electrons accelerated in the Alfvén wings to energies of a
few keV to tens of keV give rise, close to Jupiter, to intense radio
emission via the Cyclotron-Maser Instability (CMI) mechan-
ism (Zarka, 1998; Hess, Mottez and Zarka, 2007; Hess et al.,
2008). The emission is produced close to the local electron
cyclotron frequency, which can reach 40 MHz in Jupiter’s ion-
osphere (Connerney et al., 2018), and it is beamed at a large
angle from the magnetic field in the source (Figures 19.2a,b).

The part above 10 MHz (corresponding to the decametre –
DAM – wavelength range) can propagate through the Earth’s
ionosphere and be detected by ground-based antenna arrays,
as done by Bigg (1964) and others (e.g. Lamy et al., 2017).
Accumulated observations revealed for the Io–Jupiter inter-
action four islands of enhanced emission occurrence in the
8Io–CML (Central Meridian Longitude = observer’s Jovian
System III longitude) plane (Figure 19.3a,b). Those correspond
to two physical sources, near both Io Flux Tube (IFT) north-
ern and southern footprints, seen on the eastern and western
limbs of the planet because CMI emission is beamed nearly
perpendicular to the IFT field lines (Marques et al., 2017) (Fig-
ure 19.2b). The high-occurrence islands are not symmetrical
around 8Io = 180◦ due to Alfvén wave propagation through
Io’s torus to Jupiter’s ionosphere, which induces a time-variable
angular shift (so-called lead angle) that depends on the position
of Io in the plasma torus (Figures 19.2c).

Radio Searches

The result from Bigg (1964) demonstrated that existence of
a satellite-induced radio emission could be statistically estab-
lished by building emission occurrence versus the satellite
phase 8, or in the 8–CML plane. Many observers subse-
quently searched for the statistical evidence of the interaction
of Jupiter’s magnetic field with the other Galilean moons plus
Amalthea via ground-based DAM observations ≥10 MHz, at
the Universities of Florida, Chile (narrow-band observations
distributed between 15 and 28 MHz), and Colorado (swept-
frequency spectrograph 7.6–41 MHz). Lebo et al. (1965) and
Bigg (1966) mentioned marginal effects of Europa and Gan-
ymede, but those were not confirmed by subsequent studies
involving up to 18 years of accumulated observations (1957–
75), that found no other effect than Io’s (Dulk, 1967; Kaiser and
Alexander, 1973; St. Cyr, 1985). The instruments used had low
sensitivity (minimum detectable flux density ∼104 Jy = 10−22

Wm−2Hz−1).
The Galileo plasma wave instrument provided several years

of continuous observations (1995–2002) in the hectometre
range (2.1–5.6 MHz), that were statistically analyzed in the
same way. Low-significance occurrence peaks were found in
the 8Ganymede–CML plane by Menietti et al. (1998a). Includ-
ing 10 months of Cassini observations, Hospodarsky et al.
(2001) found a similar result as well as a marginal depend-
ence on 8Callisto. Higgins (2007) obtained analog results from
the analysis of Voyager 1 and 2 data in the range of 2.1–5.8
MHz. Besides these statistical studies, radio emission induced
by Ganymede was tentatively identified through an occulta-
tion by Ganymede’s body itself (Kurth et al., 1997a) and radio
direction-finding by Galileo (Menietti et al., 1998b), and it
was proposed as the possible source of rare circular patches
observed in Ulysses radio dynamic spectra (Kaiser and Mac-
Dowall, 1998). But none of these interpretations was unique
and hence convincing.

Radio emissions produced by Ganymede’s magnetosphere
itself were also discovered at low frequencies (≤100 kHz) by
Galileo (Gurnett et al., 1996; Kurth et al., 1997b) (see also
Chapter 3.1). These local radio emissions are not generated by
the CMI, due to a fpe/fce ratio > 0.3 close to Ganymede, too
high for the CMI to develop, but by conversion of electrostatic
waves.
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Figure 19.5 (a) ExPRES simulations of Io-induced (in black) and Ganymede-induced (in orange) radio arcs (solid line: northern emissions; dotted
line, southern emissions) that should be detected by Cassini during its distant Jupiter flyby of 2000. (b) Dynamic spectrum of flux densities and
(c) circular polarization measured by Cassini (LH = left-handed emission from the southern hemisphere; RH = right-handed emission from the
northern one). A southern Ganymede D arc is clearly recognized. The background of nested smaller arcs is of auroral origin. From Louis et al.
(2017b). Reprinted with permission from John Wiley and Sons. Louis, C. K., Lamy, L., Zarka, P., Cecconi, B., and Hess, S. L., Detection of Jupiter
decametric emissions controlled by Europa and Ganymede with Voyager/PRA and Cassini/RPWS, J. Geophys. Res. Space Physics, 122, 9228–9247
©2017.

Radio Detections

Three recent studies detected independently and unambigu-
ously the DAM emissions induced by Ganymede in Jupiter’s
magnetic field.

Louis et al. (2017a) was based on simulations by the ExPRES
code (published in (Louis et al., 2019)). This code, based on
CMI physics, predicts the shape of radio arcs in the time-
frequency plane for a selected observer’s position or trajectory
relative to Jupiter. For satellite–Jupiter interactions, that results
in an ‘active’ magnetic flux tube (where electron acceleration
takes place – Figure 19.2c) and thus a radio source of limited
size; the predicted arcs are well defined and locally isolated in
the time-frequency plane rather than being drowned in a series
of nested arcs as is the case for auroral DAM (Figure 19.5).
ExPRES simulations were compared to Voyager and Cassini
radio observations in (Louis et al., 2017a,b), leading to the
identification of ∼100 Ganymede–Jupiter radio arcs around
8Ganymede ∼ 100◦ and 260◦, in broad CML ranges. These
ranges of 8Ganymede and CML correspond to Ganymede’s
Jovian longitude of 3Ganymede = 160◦–300◦ in the north-
ern hemisphere and 3Ganymede = 0◦–100◦ in the southern
hemisphere (3Ganymede = CML + 180◦ − 8Ganymede). Radio
arcs cover the spectral ranges ∼1–30 MHz in the north and

∼1–16 MHz in the south. Their duration is ∼40–60 minutes.
The typical energy of the electrons in ExPRES simulations
matching the observations is a few keV.

Zarka et al. (2018) performed a statistical study similar to
those of the earlier radio searches described previously, but
this time applied to a much longer database, consisting of 26
years of daily observations of Jupiter with the Nançay Dec-
ameter Array in the range of 10–40 MHz, with a sensitivity
∼1.5× 103 Jy, that is, ∼7 times better than earlier observations
(Marques et al., 2017). With this database, islands of enhanced
occurrence clearly showed up in the 8Ganymede–CML plane
(Figures 19.3d,e), with a signal-to-noise ratio of up to 13σ .
These islands, strongly reminiscent of Io–Jupiter ones, cover the
ranges of Ganymede phases 65◦ ± 40◦ and 225◦ ± 35◦ at CML
around 155◦ and 310◦ respectively, and gather 360 Ganymede–
Jupiter emissions. They correspond to a range of Ganymede’s
longitude 220◦ ± 50◦ (Figure 19.3f), very similar to the range
of Io’s longitudes for which Io-DAM emission is detected (Fig-
ure 19.3c). Northern emissions reach 33 MHz and southern
ones 27 MHz. The difference in the CML and8Ganymede ranges
found by Louis et al. (2017a) can be explained by the dif-
ferent spectral ranges covered by the observations and by the
slightly different Jovian latitudes of the observers. The fact
that Ganymede–Jupiter emissions do not reach frequencies as
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high as the Io–Jupiter ones (∼40 MHz) is due to the fact that
the northern footprint of the Ganymede flux tube (latitude
∼75◦) lies northward of the northern high-amplitude magnetic
anomaly at the surface of Jupiter crossed by the northern Io
flux tube footprint (latitude ∼66◦), implying that lower elec-
tron cyclotron frequencies are reached at Ganymede’s flux tube
footprint.

The third study is the in situ exploration by Juno of Gany-
mede’s wake, described in the next section.

19.4 IN SITU OBSERVATIONS ASSOCIATED
WITH THE GANYMEDE FOOTPRINT

Juno’s orbit and instrument suite are particularly well suited
to combine remote-sensing observations of the auroral emis-
sions and in situ measurements of the particles and waves giving
rise to these emissions. In particular, on 29 May 2019, during
Juno’s 20th perijove operations, between 07:37:14 and 07:37:32,
the spacecraft crossed Ganymede’s footpath (i.e. the mapping
of Ganymede’s orbit along the magnetic field lines) only 8◦

downstream of the footprint’s main spot, as observed from the
Juno UltraViolet Spectrograph (Juno-UVS). All in situ instru-
ments showed clear signatures of the crossing (Szalay et al.,
2020a). For example, the magnetometer data recorded evidence
of both significant field-aligned currents (in the form of devi-
ations of the azimuthal magnetic field component δBφ) and
strong Alfvénic activity with Poynting fluxes ∼100 mW/m2 (see
Figure 19.6(2d)). On the other hand, the JADE (Jovian Auroral
Distributions Experiment) particle instrument recorded field-
aligned enhancement of the electron flux in both directions
(see Figure 19.6(2a), (2b) and (2c)). The precipitating electrons’
energy flux reached 11 mW/m2, which is ∼10 per cent of the
Poynting energy flux. The electron energy distribution did not
show a peaked feature, which would be expected from acceler-
ation by a discrete quasi-static electric field, but a broadband
enhancement in the range from 0.5 to 40 keV, compatible with
an Alfvénic acceleration process.

From the crossing time, the inferred width of the whole
footprint tail is 660 km; however, the current system is highly
structured, and smaller-scale (∼50 km) sub-structures also are
apparent in the JADE data. Moreover, the pitch angle distribu-
tion shows that the electron acceleration is bi-directional since
a significant flux of upwards-moving electrons was observed.
Finally, JADE measurements also revealed upward electron
conics in downward currents, which further bolsters the expla-
nation involving particle acceleration by inertial Alfvén waves
near the Jovian ionosphere. These findings, as well as the dis-
covery of a similar accelerated broadband electron distribution
in the Europa footprint tail (Allegrini et al., 2020), further
strengthen the idea that similar processes are at play for all
footprints.

During the same event, Juno also crossed the source region of
the decametric radio emissions related to the Ganymede foot-
print tail (Louis et al., 2020, Figure 19.6 1). Measurements
by Juno/Waves and JADE showed that these decametric emis-
sions are produced slightly (0.5–2.1%) above the local fce and
beamed at 76◦ to 83◦ from the magnetic field. These results are
fully consistent with their generation by the loss-cone-driven
CMI (as opposed to a shell-driven one that would generate

perpendicular waves). The electrons triggering these emissions,
likely accelerated by Alfvén waves, have an energy of 4–15 keV.
The size of the radio source region was at least 250±50 km wide
perpendicular to the magnetic field. It is spread along thousands
of kilometres along the field lines, different frequencies being
emitted at different altitudes, where f ∼ fce; as a rule of thumb,
1 kHz bandwidth corresponds to ∼1 km extent along Jovian
high-latitude field lines.

19.5 WHAT ELECTROMAGNETIC EMISSIONS
FROM SATELLITE FOOTPRINTS TEACH US
ON MAGNETOSPHERIC PHYSICS

The Ganymede Footprint as a Landmark in the Jovian
Magnetosphere

The satellite footprints are extremely valuable landmarks in
the aurora, as they directly connect via magnetic field lines
the associated moons at their orbital distance to their iono-
spheric conjugates. The location of the Io footprint has thus
been used as a constraint to increase the accuracy of the internal
magnetic field models. For example, the VIP4 (Voyager, Io, Pio-
neer, 4th order) magnetic field model uses infrared observations
of the Io footpath location to complement the in situ mag-
netic measurements from the Pioneer and Voyager spacecraft
and increase the model accuracy in the polar regions (Con-
nerney et al., 1998). However, an analysis of the footpaths of
Io, Europa and Ganymede based on HST UV observations
in the northern hemisphere showed that the three contours
diverge in the region centered around 100◦ System III longi-
tude (Grodent et al., 2008). The peculiar shape of the different
footpaths could be reproduced by adding a small localized
dipole magnetic field to the global multipolar magnetic field
model, interpreted as indicative of a localized magnetic anom-
aly. The VIPAL (Voyager, Io, Pioneer, Anomaly, Longitudes)
model was based on a larger set of UV observations, using both
the latitude and the longitude of the Io footprint’s main spot
(rather than just the footpath location) to improve the model’s
accuracy, especially in the magnetic anomaly region (Hess and
Delamere, 2012). Finally, the ISaAC (In Situ and Auroral Con-
strains) model (Hess et al., 2017) used the same technique, but
also accounting for the location of the Europa and Ganymede
footprints to further refine the model. In the polar regions, the
result was indeed remarkably close to the later results from the
JRM09 model, which is derived solely from the highly accurate
magnetic field measurements from Juno’s first nine orbits (Con-
nerney et al., 2018). Juno’s measurements also confirmed the
presence and location of the magnetic anomaly in the north-
ern polar region. It should be noted, however, that only Juno’s
measurements could identify the larger magnetic anomaly often
named the ‘Big Blue Spot’, which is located much closer to the
equator (Moore et al., 2017; Connerney et al., 2018), where
footprint locations provide no useful constraints.

The size of the contour of the main auroral emissions at
Jupiter can change from one Jovian rotation to another, super-
imposed onto long-term trends over a few months (Bonfond
et al., 2012). It is, however, challenging to infer whether these
changes are related to variations of the radial distance from
which these auroras originate, or to the variable stretching of
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Figure 19.6 JADE, MAG and WAVES data during the Ganymede footprint tail flux tube encounter of 2019. (1a) Low-resolution Juno/Waves data
and (1b) zoom at high resolution. The solid white line is the electron cyclotron frequency fce measured by Juno’s magnetometer, and the dashed white
line is 1.01 × fce (adapted from Louis et al. (2020)). Reprinted with permission from John Wiley and Sons. Louis, C. K., Louarn, P., Allegrini, F.,
Kurth, W. S., & Szalay, J. R. Ganymede-induced decametric radio emission: In situ observations and measurements by Juno. Geophysical Research
Letters, 47, ©2020. Panels (2a) and (2c) show the downward and upward electron differential energy flux (DEF) within the loss cone, respectively.
Precipitating energy flux is overlaid on these panels with its separate axes on the right of the spectrograms. Panel (2b) shows electron pitch angles
with δBφ overlaid. Panel (2d) shows the transverse B field power spectral densities. Red/blue bars indicate approximate upward/downward current
regions inferred from MAG data. (From Szalay et al. (2020a)). Reprinted with permission from John Wiley and Sons. Szalay, J. R., Allegrini, F.,
Bagenal, F., Bolton, S. J., Bonfond, B., Clark, G., et al. (2020). Alfvénic acceleration sustains Ganymede’s footprint tail aurora. Geophysical Research
Letters, 47, ©2020.

the magnetic field lines. At Ganymede’s distance from Jupiter,
the influence on the mapping of the current sheet’s magnetic
field, which distorts the magnetic field radially, is much larger
than at Io’s. Grodent et al. (2008b) indeed noted that, while the
location of the Io footpath remained remarkably stable through
time, the magnetic latitude of the Ganymede footpath could

move by as much as 2.4◦ and the main emissions by ∼3◦. Such
a shift could be reproduced by modifying the current sheet
thickness from 5RJ to 2.5RJ in the VIP4 model (Connerney
et al., 1998), which uses the current sheet model of Conner-
ney (1981). Moreover, on at least one occasion, the Ganymede
footprint was seen inside the main emissions instead of outside
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(Bonfond et al., 2012). Not only did the main emissions expand
equatorward down to Ganymede, but the Ganymede footprint
itself had moved out by 0.5◦. This unique observation indi-
cated that both the stretching of the magnetic field lines and
the radial distance of the region mapping to the main emissions
can change through time.

Finally, magnetic field models based on multi-polar develop-
ments of the internal field and an axisymmetric representation
of the current sheet, such as VIP4, VIPAL, ISaAC or JRM09,
are increasingly inaccurate beyond 30 RJ . In particular, local
time effects become increasingly important beyond this distance
(Khurana, 1997). An alternative method to field tracing mod-
els is based on the flux equivalence principle (Vogt et al., 2011,
2015). Starting from a distance where the mapping is known,
the iterative construction of this mapping model consists of
finding the ionospheric counterpart of an elemental area in the
equatorial magnetosphere by equating the magnetic flux in the
two regions. Again, the footpath of Ganymede serves as a reli-
able reference point, from which contours at increasingly large
distances in the magnetosphere are progressively mapped into
the ionosphere.

Radio Emissions Durations

The duration of Io–Jupiter DAM emissions was found to be sta-
tistically twice that of auroral DAM emissions (Marques et al.,
2017; Zarka et al., 2018). This can be understood because auro-
ral DAM is controlled by Jupiter’s rotation of period ∼10 h
whereas Io–Jupiter DAM is primarily controlled by Io’s orbital
motion of period ∼42 h, combined with a narrow radio beam-
ing and a steady Alfvén wings system fixed (at first order)
relative to Io. Ganymede’s orbital period being four times that
of Io, one might have expected, in the case of steady mag-
netic reconnection and Alfvén wings attached to that moon,
a duration of Ganymede–Jupiter DAM emissions statistically
longer than for Io. Zarka et al. (2018) developed a method for
comparing the broad distributions of durations of these radio
emissions, and not only their moments. They showed that the
duration of Ganymede–induced DAM radio bursts, between
∼10 min. and ∼3 h 30, was statistically 1.7 times shorter than
that of Io–Jupiter ones, and only∼1.2 times longer than auroral
DAM bursts. This implies that Ganymede–Jupiter interaction is
dominated by Jupiter’s rotation.

One possible explanation is that the efficiency of the recon-
nection between Jupiter and Ganymede magnetic fields varies
with Jupiter’s rotation. Analyzing an analytical criterion for
reconnection onset, Kaweeyanun et al. (2020) found that recon-
nection may occur anywhere on Ganymede’s magnetopause in
an unpredictable, disordered way, the average reconnection rate
being controlled by the ambient Jovian field orientation and
hence driven by Jupiter’s rotation. Magnetohydrodynamics sim-
ulations (Jia et al., 2009, 2010) and MHD-Hall simulations
(Zhou et al., 2019, 2020) also showed that magnetic recon-
nection is intrinsically intermittent, involving flux ropes and
flux transfer events at timescales down to 10–100 s near the
upstream magnetopause, even for constant external conditions.
But these timescales are much shorter than the duration of
Ganymede–induced DAM radio bursts.

Another explanation is that the conditions permitting CMI
emission at Ganymede’s footprints (for example, the magnetic
field topology favouring the existence of a loss cone) exist in

a range of longitudes more restricted than those for Io. This
is indeed what is suggested by Figures 19.3c and 19.3f. Com-
bined with the synodic period of Jupiter relative to Ganymede
being shorter than the synodic period of Jupiter relative to Io,
this explains the statistically shorter durations of Ganymede-
induced radio bursts.

This, and the persistence of the UV footprints of Ganymede,
suggests that the remote electrodynamic interaction between
Ganymede and the Jovian magnetic field is rather steady, and
consequently that the electrons responsible for the electromag-
netic footprint emissions are likely accelerated by Alfvén waves
rather than by reconnection.

Radio Emissions Energetics

Kurth et al. (2000) qualitatively compared the strength of the
local and distant radio emissions and plasma waves at the four
Galilean moons, noting that it is strongest at Io and ‘interme-
diate’ at Europa and Ganymede. Zarka (2007) extended this
comparison to the power emitted in UV footprints and induced
CMI radio emissions, still poorly constrained at that time. Gro-
dent et al. (2009) better quantified the power emitted in the UV
by Ganymede’s footprint (0.2–1.5 GW). Following their statis-
tical detection of Ganymede-induced radio emissions, Zarka
et al. (2018) measured their intensity (marginally lower than
Io-induced ones) and their emitted power (∼15× lower than
for Io-induced radio emissions). This strengthened the radio-
magnetic scaling law proposed in (Zarka et al., 2001; Zarka,
2007) and generalized in figure 7 of (Zarka et al., 2018) that
relates the emitted radio power to the intercepted Poynting
flux (or magnetic energy flux) in all interactions involving a
magnetized plasma flow (sub- or super-Alfvénic) and an obsta-
cle (magnetized or not). According to this scaling law, the
dissipated electromagnetic power writes in all cases

Pdissipated (W ) ' ε(VflowB2
⊥flow/µo)πR2

obstacle, (19.1)

with B⊥flow the flow’s magnetic field component perpendicular
to the flow direction in the obstacle’s frame, and an efficiency
0 < ε ≤ 1 (ε ' MA, the Alfvén Mach number, for a sub-
Alfvénic flow). Following Equation (19.1), the dissipated power
(from the intercepted Jovian magnetic field) in the Alfvén wings
is similar for Europa and Ganymede, Europa being closer to
Jupiter but Ganymede having a much larger cross section due
to its magnetosphere, and about one order of magnitude smaller
than in Io’s Alfvén wings. Furthermore, it was found in (Zarka
et al., 2001; Zarka, 2007) that the emitted radio power resulting
from the flow–obstacle interaction follows the relation

Pradio(W ) ' β(VflowB2
⊥flow/µo)πR2

obstacle = (β/ε)Pdissipated ,

(19.2)

with an efficiency factor β = 2− 10× 10−3. Subsequent works
explored the theoretical foundations of this radio-magnetic
scaling law and found that it only provides order-of-magnitude
estimates (see (Zarka, 2020) and references therein), but as
it seems to hold over >10 orders of magnitude, it remains
adapted to predictions and analyses of populations. In partic-
ular, the Ganymede–Jupiter interaction provides a useful model
for studying star–planet plasma interactions in which a magne-
tized hot Jupiter interacts with its magnetized parent star, and
also possibly some pulsar–planet interactions.

https://doi.org/10.1017/9781108966474.020 Published online by Cambridge University Press

https://doi.org/10.1017/9781108966474.020


312 Bertrand Bonfond and Philippe Zarka

19.6 SUMMARY AND PERSPECTIVES

Summary

Thanks to the data collected by Galileo during its six close
flybys of Ganymede in 1995–2000, and by HST, Juno and
ground-based radio telescopes, the electrodynamic coupling
between Ganymede and the Jovian ionosphere thus seems to be
fairly well described and understood at first order. Despite the
very different nature of the local interaction close to the satel-
lites, the processes taking place further away from them appear
common to all moons, suggesting that there is a universal phys-
ics at play, applicable to other systems as well, even beyond our
solar system. Among these processes are the prominent role of
Alfvén waves, not only to carry the electric current but also
to accelerate the electrons along the field lines in both direc-
tions. Another common characteristic is the presence of short
length-scale features and short timescale variations of the foot-
prints, even if the characteristics of these behaviours are not yet
fully elucidated. Moreover, the characteristics of the radio dec-
ametric emissions at both Io and Ganymede demonstrate the
importance of the cyclotron-maser instability, and the power of
the decametric emissions at Ganymede helped validate the scal-
ing law between the emitted radio power and the intercepted
Poynting flux. Finally, the location of the Ganymede auroral
footprint has also served as a useful landmark to both constrain
the internal magnetic field models before the arrival of Juno and
to map auroral features into the magnetosphere.

Open Questions and Perspectives

In addition to its use as a reference point in the magnetosphere,
a careful analysis of the magnetic footprint of Ganymede could
even help us to get one step further: documenting the changes
in the Jovian magnetosphere. The footprint could be a tool to
monitor the state of the magnetosphere, by studying both the
latitudinal position of the spots and their spacing. The first
one is related to the azimuthal currents in the plasma sheet,
while the second varies directly with the Alfvén propagation
time, which depends on the plasma density and the magnetic
field strength. However, to achieve such an objective, a calibra-
tion of the relationship between auroral and magnetospheric
parameters remains to be performed.

The coordinates of the high-occurrence islands in the
8Ganymede–CML plane (Figures 19.3d,e), as well as their exten-
sion to nearly all CML and different Ganymede phases at low
frequencies (Louis et al., 2017b), remain to be quantitatively
explained. Another open question concerning radio emissions
is the existence of Ganymede-induced S-bursts and the spatial
structure of electric fields and electrons’ acceleration along the
Ganymede flux tube (e.g., (Hess, Zarka and Mottez, 2007; Hess
et al., 2009) for Io).

It would be interesting to search in radio and UV data
for direct signatures of the intermittent reconnection between
Jupiter’s and Ganymede’s magnetic fields, and more broadly
to correlate the occurrence of radio and UV emissions at all
timescales. However, this quest will not be simple, because
short-timescale (a few minutes) variations of the footprint
brightness, which could result from those bursty reconnections,
have also been identified at Io and Europa, where reconnection
is not expected (Bonfond et al., 2017a).

These two processes are not mutually exclusive and will thus
be difficult to disentangle. Furthermore, the sub-structure of
the Ganymede footprint spots could also be interpreted as
a signature of the reconnection sites at the front and back
of Ganymede’s magnetosphere (Mura et al., 2018). However,
here again, a similar spatial pattern has been identified at Io’s
footprint, which also calls for a common explanation.

Many pieces of the scenario proposed to explain the footprint
spots’ multiplicity, such as the measurements of strong Alfvén
waves and bi-directional electron beams with a broad energy
distribution, have been confirmed by in situ measurements.
However, a clear demonstration that the electrons accelerated
away from Jupiter in one hemisphere can actually precipitate in
the opposite one remains to be found.

Finally, one of the most unexpected findings of Juno regard-
ing the satellite footprints was the discovery of proton beams
during Io’s Alfvén wings crossings, with three different acceler-
ation regions identified, at altitudes between 0.9 and 2.5 RJ at
the torus boundary and very close to Jupiter at altitudes around
0.16 RJ (Szalay et al., 2020b; Clark et al., 2020). The two former
populations probably arise from Alfvénic acceleration, while the
third possibly stems from interactions with ion-cyclotron waves
(Sulaiman et al., 2020). The first indications that a similar proc-
ess also takes place at Ganymede need to be confirmed (Szalay
et al., 2020a). Similarly, energetic proton depletion found in
Io’s wake (Paranicas et al., 2019) probably has a counterpart
at Ganymede, even if it hasn’t been found yet.

While the Juno mission is essentially dedicated to Jupiter
itself, the European JUpiter ICy moons Explorer (JUICE)
mission, which was launched on 14 April 2023, will further
investigate Ganymede and its surrounding space environment
(Grasset et al., 2013). After a first phase of the mission orbiting
around Jupiter and flying by Europa, Ganymede and Callisto,
the spacecraft is planned to insert into Ganymede’s orbit. This
mission profile will allow it to connect directly for the first time
in situ measurements of particles and fields near Ganymede
(e.g. signatures of reconnection), or observations of the incom-
ing Jovian magnetospheric plasma via energetic neutral atoms
(ENAs) imaging, to simultaneous multi-wavelength remote-
sensing observations of Ganymede’s auroral footprint on Jupi-
ter. Such observations will be instrumental to discriminate the
many processes involved in the electrodynamic interaction and
answer the questions listed earlier.
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