
HAL Id: insu-03667435
https://insu.hal.science/insu-03667435

Submitted on 16 May 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Copyright

A Comprehensive Set of Juno In Situ and Remote
Sensing Observations of the Ganymede Auroral

Footprint
V. Hue, J. R. Szalay, T. K. Greathouse, B. Bonfond, S. Kotsiaros, C. K.

Louis, A. H. Sulaiman, G. Clark, F. Allegrini, G. R. Gladstone, et al.

To cite this version:
V. Hue, J. R. Szalay, T. K. Greathouse, B. Bonfond, S. Kotsiaros, et al.. A Comprehensive Set of Juno
In Situ and Remote Sensing Observations of the Ganymede Auroral Footprint. Geophysical Research
Letters, 2022, 49 (7), pp.e2021GL096994. �10.1029/2021GL096994�. �insu-03667435�

https://insu.hal.science/insu-03667435
https://hal.archives-ouvertes.fr


1.  Introduction
The Io plasma torus around Jupiter is composed of iogenic material brought to corotation by Jupiter's magnetic 
field. It then forms the plasma sheet, which is confined in the centrifugal equator near the magnetic equator. 
Because Jupiter's magnetic dipole is tilted from its rotation axis, the plasma sheet sweeps through the Galilean 
satellites twice every ∼10-hr rotation period. In the frame attached to the plasma sheet, the satellites travel up and 
down the sheet, experiencing denser plasma conditions there.

The satellites act as obstacles to the corotating plasma, generating strong electrodynamic interactions (e.g., Kivel-
son et al., 2004; Thomas et al., 2004; Saur et al., 2004, and others). Such interactions induce magnetic perturba-
tions that travel along the magnetic field lines as Alfvén waves toward Jupiter and ultimately lead to the auroral 
footprints on Jupiter's atmosphere (e.g., Clarke et al., 2004).

Compared to the other moons, the interaction at Io is amplified by the stronger background Jovian magnetic field. 
The Hubble Space Telescope (HST) previously helped understanding the morphology of the Io footprint and 
how it changes with Io's centrifugal latitude (Bonfond et al., 2008; J.-C. Gérard et al., 2006). Jones and Su (2008) 
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found that when the Alfvén waves generated in the Io interaction region reach high latitudes, they may sustain a 
large parallel electric field that accelerates electrons both planetward and antiplanetward. The planetward elec-
trons trigger the Main Alfvén Wing (MAW) auroral spot, and the antiplanetward ones lead to the transhemi-
spheric electron beam (TEB) spot on the opposite hemisphere (Bonfond et al., 2008). Additionally, the Alfvén 
waves may be partly reflected and transmitted by the plasma density gradients encountered along the wave path, 
such as the plasma sheet boundaries or Jupiter's ionosphere (Neubauer, 1980; Goertz, 1980), creating a complex 
auroral spot and tail pattern modulated by the Io's centrifugal latitude (Bonfond, 2012; Bonfond et al., 2013; 
Bonfond, Saur, et al., 2017).

Ganymede possesses an internally driven magnetic field, creating a magnetosphere embedded into the larger 
Jovian magnetosphere and therefore acting as a larger obstacle to the corotating plasma sheet than its physical 
size. Past HST campaigns showed that the Ganymede auroral footprint surface matches a region 8–20 Ganymede 
radius wide (RG) around Ganymede and revealed its footprint multiplicity, suggesting that similar physics than at 
Io is controlling the morphology of the Ganymede footprint (Bonfond et al., 2013; Grodent et al., 2009).

The Juno mission, in a polar elliptical orbit around Jupiter, provides a unique opportunity to study the moon-mag-
netosphere interaction (Bolton et al., 2017). Juno crosses at least once per orbit the magnetic flux tubes connect-
ing each Galilean satellite, or their region downstream of the plasma flow, with Jupiter. Its instrument suite allows 
the in situ characterization of that interaction by measuring the field and particle population in the flux tubes 
while remotely sensing the associated infrared (IR) and ultraviolet (UV) auroral emissions on Jupiter. Depending 
on how far Juno crosses the flux tubes downstream the plasma flow from the moon, its instruments probe the 
physics responsible for the footprint or tail emission.

Juno brought a wealth of discoveries on the physics responsible for the Io, Europa, and Ganymede auroral foot-
prints. Juno's in situ instruments showed that the broad, power law-like, electron energy distribution leading to 
the Io footprint tail is consistent with an Alfvénic acceleration process (Damiano et al., 2019; Szalay et al., 2018). 
These observations, combined with the evidence of sustained Alfvénic wave activity throughout the Io footprint 
tail, as well as the Alfvén waves turbulent cascade resulting in electron energization (Gershman et al., 2019; 
Sulaiman et al., 2020), settle the debate on the processes responsible for the tail emission (e.g., Bonfond, Saur, 
et al., 2017; Delamere et al., 2003).

Unlike most Io crossings, measurements connected to the Europa footprint tail showed signs of an electron distri-
bution resulting at least in part from electrostatic acceleration processes, with enhanced precipitating electrons 
in the 0.38–25 keV range (Allegrini, Gladstone, et al., 2020). Evidence for Alfvénic acceleration was observed 
during a Ganymede tail crossing (Szalay et al., 2020a), showing (a) broadband electrons with precipitating fluxes 
of ∼11 mW/m 2 and enhanced flux in the 0.5–40 keV range, (b) a strong magnetic Alfvénic perturbation with 
associated Poynting flux of ∼100 mW/m 2, that is, ∼10 times the precipitating electron energy flux (EF) measured 
by Juno's in situ instruments, and (c) strong associated decametric emissions (Louis et al., 2020).

On 8 November 2020, Juno crossed the flux tube magnetically connected to the leading Ganymede footprint 
in Jupiter's southern hemisphere, an event that only occurred once for Ganymede during Juno's prime mission. 
This work describes the associated set of Juno measurements. A description of the instruments is first provided, 
followed by the description of the event, concluded by an interpretation and discussion.

2.  Instrument Description
Juno's remote sensing instruments were designed to provide context UV and IR imaging of the auroral regions 
while the particle and field instruments perform in situ measurements of the charged particle populations, 
magnetic field, and electromagnetic waves responsible for these auroral emissions (Bolton et al., 2017).

The Ultraviolet Spectrograph (UVS; Gladstone, Persyn, et al. (2017)) is a photon-counting imaging spectrograph 
operating in the 68–210 nm range (Davis et al., 2011; Greathouse et al., 2013; Hue, Gladstone, et al., 2019). As 
Juno is a spin-stabilized spacecraft, UVS records one spin worth of Jupiter's data every 30 s. UVS possesses a 
scan mirror that allows its field of regard to be shifted up to ±30° away from the spin plane. Juno's spinning nature 
combined with UVS’ mirror pointing flexibility allows building up complete maps of Jupiter's aurora by coad-
ding consecutive swaths of data. Previous UVS measurements were used to correlate the auroral UV brightness 
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with Juno's in situ particle instruments (e.g., Allegrini, Mauk, et al., 2020; Ebert et al., 2019; Gladstone, Versteeg, 
et al., 2017; J. C. Gérard et al., 2019; Li et al., 2017; Mauk et al., 2020), measure variations in the Io footprint 
brightness during solar eclipses (Hue, Greathouse, et al., 2019), characterize transient emission features in Jupi-
ter's auroral region (Bonfond et  al.,  2021; Bonfond, Gladstone, et  al.,  2017; Giles et  al.,  2020; Haewsantati 
et al., 2020; Giles et al., 2021; Hue et al., 2021), as well as monitor Jupiter's radiation environment (Bonfond 
et al., 2018; Kammer et al., 2019).

The Jovian Auroral Distributions Experiment (JADE; McComas et al., 2017) is composed of two electron sensors 
and one ion sensor. The electron sensors, JADE-E, measure electrons in the 0.05–100 keV range. Each sensor 
has a 120° FOV in azimuth (i.e., Juno's spin plane) and has deflectors to track the direction of the magnetic field 
up to about 35° in elevation for <40-keV electrons and 15° for 100-keV electrons. The Jupiter Energetic Particle 
Detector Instrument (JEDI; Mauk et al., 2017) is composed of three nearly identical sensors measuring the energy 
and angular distribution of protons from 10 keV to ∼1.5 MeV, ionized oxygen and sulfur up to ∼10 MeV, and 
electrons in the 25–800 keV range. The magnetic field is measured using Juno's fluxgate magnetometer (FGM) 
(Connerney et al., 2017), and the electromagnetic waves are monitored through the Waves instrument (Kurth 
et al., 2017). Finally, the Jovian Infrared Auroral Mapper is an IR spectroimager (JIRAM; Adriani et al., 2017), 
equipped with a L-band filter for auroral imaging, operating between 3.3 and 3.6 μm, which is optimal to observe 
Jupiter's 𝐴𝐴 H

+

3
 emission.

3.  Description of the Event
Coadded spectral images recorded on 8 November 2020 by UVS over the Ganymede footprint from 02:57:45 
to 02:58:45 UTC are shown in Figure 1 as polar projections over the southern hemisphere. The subspot struc-
ture seen along the Ganymede footpath can also be observed on a spin-by-spin basis and does not result from 
a coadding effect of multiple UVS swaths taken at different times (see also Figure S1 in Supporting Informa-
tion S1). Panel D shows the UV-brightness distribution along the Ganymede footpath plotted as a function of the 
Ganymede system III W-longitude (λG hereafter) and offset by the λG location of the leading spot 𝐴𝐴 𝐴𝐴

0

𝐺𝐺
 , such that 

ΔλG = λG − 𝐴𝐴 𝐴𝐴
0

𝐺𝐺
 . Note that all quoted longitudes here are in the SIII W-longitude system. λG corresponds to the 

instantaneous field-line tracing from a point along the Ganymede footpath to the satellite orbital plane, consid-
ering the JRM09 magnetic field model combined with a current sheet model (Connerney et al., 1981, 2018). In 
order to maximize the signal-to-noise ratio, the UV brightness is calculated using the photons recorded in the 
115–118 nm and 125–165 nm range and multiplied by 1.84 to extrapolate to the total H2 + Lyman-α emissionsin 
the 75–198 nm range, following Hue et al. (2021).

UVS observations reveal one leading spot followed by one secondary, dimmer spot, a diffuse tail, and a 
third spot (Figure 1c). The spacing along the Ganymede footpath between the leading and secondary spot is 
2,200 ± 166 km (ΔλG = 7.5° ± 0.3°) while the spacing between the secondary and third spots is 2,300 ± 298 km 
(ΔλG = 9.0° ± 1.1°). Unlike Io, the Europa- and Ganymede-related auroral footprints do not always show a 
diffuse tail (Bonfond, Saur, et al., 2017); however, on this occasion, a tail is observed.

Data recorded by JADE, MAG, and Waves are displayed in Figure 2, showing the electron differential energy flux 
summed in within the downward loss cone (Figure 2a), the electron pitch angles (PA) distribution (Figure 2b), 
the precipitating electron EF in the 0.05–40 keV range combined with the MAG data (Figure 2c), and the Waves 
measurements (Figures 2d and 2e). Because of the gap in the JADE azimuthal field-of-view (FOV) coverage 
(Figure 2b), only the precipitating electrons were resolved on this particular event.

JADE recorded an enhancement in the precipitating electron EF from 02:55:00 until 02:55:05, showing a double-
peaked structure with the first and second peaks up to 316 mW/m 2 and 58 mW/m 2, respectively. UVS, on the 
other hand, cannot resolve the spot's fine structure. The peak UV-brightness associated with the leading spot 
crossing is 411 ± 42 kR (Figure 1b). Using JRM09, the overall double-peaked structure magnetically maps to a 
region about 4.4 ± 0.7 RG (1 RG = 2,632 km), consistent with previous findings (Grodent et al., 2009). The width 
of the first and second peaks map to a distance of 2.0 ± 0.7 RG, and 1.6 ± 0.7 RG, respectively.

Measurement of the magnetic field perturbation, mainly in the azimuthal Bϕ component, provides an indication 
of the presence of field aligned currents (FAC) (e.g., Kotsiaros et al., 2019). Figure 2c displays the perturbation 
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in the magnetic field azimuthal component denoted as δBϕ. The perturbations are calculated by removing JRM09 
(Connerney et  al.,  2018) and the latest magnetodisc model (Connerney et  al.,  2020) from 1-s magnetic field 
observations. The perturbations are spin-averaged portions (i.e., using a 30-s smoothing function) in order to 
avoid contamination from low-level spin modulation. MAG shows a ∼10 nT perturbation in Bϕ centered around 
02:55:02 and shown as a red box in Figure 2c, buried into a larger deflection of about 40 nT in Bϕ between 
02:56 and 03:00 likely associated with the main auroral oval (shown in Figure S2 in Supporting Information S1). 
MAG shows negligible perturbations in the radial and colatitudinal magnetic field components (not shown here 
for simplicity, see Figure S2 in Supporting Information S1), implying that the current was purely field-aligned. 
During the time of interest, Juno flew in a field of about 6 × 10 4 nT, meaning that the perturbation associated with 
the crossing is about 0.02% of the background field. The FGM operated at a quantization step size of about 3 nT, 
indicating that the measured perturbations of ∼10 nT are well resolved. The ∼10 nT MAG signature between 
02:55:00 and 02:55:04 suggest that Juno crossed a current system composed of upward currents (character-
ized by δBϕ > 0 in the southern hemisphere) followed by downward currents (δBϕ < 0) around the time JADE 
recorded the more pronounced precipitating electron EF, consistent with the southern Alfvén Wing structure 
(Kivelson et al., 2004). The total downward current can be estimated using Ampere's law. From 02:55:00 and 
02:55:04, using Juno trajectory information, the diameter of the Ganymede flux tube Juno passed through is 
about 170 ± 48 km. This leads to an estimated total downward current of 4.2 ± 1.2 kA. Additionally, the Poynting 
flux associated with that perturbation can be calculated through the root-mean-square amplitude of the band-
pass-filtered magnetic field turbulent fluctuations with cutoff frequencies of 0.2 and 5 Hz, following Gershman 
et al. (2019). Assuming that the Alfvén speed is equal to the speed of light, the measured Poynting flux recorded 
during the crossing is ∼3 mW/m 2.

Figure 1.  Panel (a) Juno trajectory in the dipole magnetic frame, with +z aligned with the VIP4 magnetic dipole moment, 
and 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 =

√

𝑥𝑥2 + 𝑦𝑦2 , highlighting Juno's crossing of the field line connected to Ganymede in the South at an altitude of 
1.27 RJ. Panel (b) overview of the southern auroral emission recorded by UVS during Juno thirtieth perijove on 8 November 
2020 from 02:57:45 to 02:58:45. The Io, Europa, and Ganymede auroral footpaths are highlighted in green while the 
Juno magnetic footprint track is shown in red using ticks every 10 min, all calculated according to the JRM09 magnetic 
field + current sheet model (Connerney et al., 1981, 2018). The large red dots along the trajectory show Juno's position when 
the UVS data were recorded according to JRM09. The dashed line shows the reference oval from Bonfond et al. (2012). Panel 
(c) zoomed view of the Ganymede auroral footprint. Panel (d) brightness distribution along the Ganymede auroral footpath 
in a region up to ±150 km perpendicular to the footprint contour. The brightness peak at Δ λGanymede = 0° corresponds to the 
leading spot that Juno flew across.
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The electric and magnetic field frequency-time spectrograms from Juno/Waves' Low-Frequency Receivers are 
shown in Figures 2d and 2e. Intense electromagnetic emissions below fcp are present throughout the interval 
and are likely not related to the Ganymede flux tube crossing. On top of this background, there is a broadband 
emission that is unique to the flux tube crossing and strongly correlates with the enhancement in electron EF. 
The intensification in the electric field spectrum with no appreciable power in the magnetic one indicates it is 
quasielectrostatic. This extends to frequencies above fcp. At higher frequencies (see Figure S3 in Supporting 

Figure 2.  JADE, MAG, and Waves data recorded during the Ganymede flux tube crossing around 02:55:02. Panel A shows 
the electron differential energy flux integrated within the downward loss cone. Panel B shows the electron pitch angle 
distribution. Panel C shows the precipitating electron energy flux (black, left axis) with the magnetic field fluctuations (red, 
right axis) in the azimuthal component δBϕ overlaid in red diamonds (1 s cadence) and red line (30 s smoothed). Panels D and 
E present the Waves measurement. Panel D shows the spectrogram of electric field spectral densities from 0 to 7 kHz while 
panel E shows the magnetic component of the waves. The black line at about 1 kHz in the two panels is the proton cyclotron 
frequency fcp. Both panels D and E show a banded emission at about fcp/2, likely suggesting ion cyclotron waves. The 
information at the bottom provides Juno's altitude, as well as Ganymede's SIII W-longitude and centrifugal latitude.
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Information S1), Waves measured strong intensification at frequencies near the local electron cyclotron frequency 
fce around the time of crossing, suggesting Juno may have flown through or near the radio source. From several 
radio source crossings recorded by Juno, the cyclotron maser instability (CMI) driven by a loss-cone distribution 
function has been established as a major process at Jupiter to generate hectometric and decametric emissions, 
induced or not by the Galilean moons (Louarn et al., 2017, 2018; Louis et al., 2020). Following these studies and 
assuming a loss-cone-driven CMI emission in a weakly relativistic case, the electron energy can be estimated. 
Around 02:55:02, Waves measured a radio emission in the 1.804–1.894 MHz range while fce = 1.786 MHz. The 
inferred electron energy is 5.1–28.5 keV, provided that Juno actually flew through the radio source.

The precipitating electron characteristic energy, calculated following Szalay et al. (2020a), shows an enhance-
ment from 0.16 keV prior to the crossing, up to 0.45 keV at the peak of the crossing. JADE measured an enhance-
ment in the electron precipitating flux in the 2–35 keV energy range (Figure 3b). At the crossing itself, JEDI 
measured a ∼30 mW/m 2 flux of >30 keV precipitating electrons when integrating at pitch angles 0–20° (see 
Figure S4 in Supporting Information S1). JEDI's FOV gap prevents it from sampling the full loss cone population, 
and the derived electron fluxes are therefore an estimate. The conversion factor from the precipitating electron 
flux into total unabsorbed H2 emission is lower than the 10 kR per mW/m 2 previously derived (see Appendix A 
of J. C. Gérard et al. (2019)) likely because of the higher assumed characteristic electron energy than measured 
here, which was previously used to derive that factor (see Figure 12 of Gustin et al., 2016).

Figure 3.  Panel (a) differential energy flux of the precipitating electrons measured by Jovian Auroral Distribution experiment 
(JADE) integrated for PA < 20°. The white line displays the electron characteristic energy. The black areas denote times when 
the downgoing electrons are outside JADE's field of view and are not sampled. Panel (b) energy spectra of the precipitating 
electrons at times color-coded according to Panel A's upper ribbon.
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4.  Interpretation
The Ganymede SIII longitude was 277° at the time of the crossing. This corresponds to a centrifugal latitude of 
2°, that is, north of the centrifugal equator, according to the newly derived formulation of the centrifugal equator 
from Phipps and Bagenal (2021). HST previously observed the multiple spot structure of Ganymede and Europa, 
consistently with the idea that the physics producing the auroral footprints is common to the Galilean satellites. 
However, HST only observed the multiple spot structure of Ganymede in a limited longitudinal range, which 
unfortunately does not overlap with the longitudinal range of the present event (Bonfond, Grodent, et al., 2017). 
Similarly, only a limited number of JIRAM observations are available in this longitudinal range.

Previously reported Io footprint observations in the λIo = 200–300° range may help shed light on the expected 
spot structure (Bonfond, 2012; Bonfond, Saur, et al., 2017; J.-C. Gérard et al., 2006). In the λIo= 200–360° range, 
the TEB first leads the MAW, then the two get progressively closer until they merge near λIo ∼ 285°, as Io is 
located at the center of the plasma sheet. After that, they split again and the TEB trails behind the MAW (see 
Figure 4 from Bonfond et al. (2009)). Because of the sparse HST coverage combined with large measurement 
uncertainties, the RAW-MAW distance was not observed to vary in that longitudinal range. Furthermore, conju-
gate measurements of the MAW-RAW distance in the north in the λIo = 0–100° are similarly missing.

UVS measurements of the interspot distance between the first two leading spots on this event are shown in 
Figure 4. Because UVS builds up a composite auroral image by scanning across and changing the pointing, the 
Ganymede footprint was not continuously observed over that PJ. Furthermore, Juno's distance to Jupiter evolves 
quickly past perijove, which degrades UVS's spatial resolution on Jupiter and makes the spots nondiscernible past 
a certain point. The interspot distance decreases as Ganymede crossed the centrifugal equator from north to south.

Several pieces of information suggest that the leading spot corresponds to the TEB spot and the secondary spot 
to the MAW, provided that the Io and Ganymede auroral footprints are controlled by similar physics. First, the 
distance between the TEB and MAW is seen to decrease in the 270–290° range. Although Io's TEB and MAW 
are expected to merge near λ ∼ 285°, the longitude at which they are observed to merge is known to vary, 
likely because of the plasma sheet variability, which increases as a function of the radial distance (e.g., Huscher 
et al., 2021). The amplitude of the field-aligned current was estimated to be 4.2 ± 1.2 kA. Jia et al. (2009) previ-
ously estimated the field-aligned current in Ganymede's MAW flux tube to be in the 0.5–1.2 MA range, that is, 
more than 2 orders of magnitude greater than the currents estimated here. The combination of the large recorded 
number for the electron EF combined with the weak field-aligned current amplitude and the weak Poynting flux 
would be fully consistent with a TEB crossing.

Figure 4.  Ganymede footprint interspot (spots 1–2 from Figure 1) distance in kilometers as a function of the Ganymede 
System III longitude for the PJ30 southern hemisphere observation. The blue line shows the Ganymede longitude at the time 
of the crossing. The red line shows, on the right axis, the evolution of Ganymede's centrifugal latitude over that Juno pass, as 
calculated following Phipps and Bagenal (2021). The gray boxes show the coverage gap in the UVS observations. The orange 
dashed line displays the temporal coverage of the JIRAM observations (see Figure S5 in Supporting Information S1).
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5.  Discussion and Conclusions
During the thirtieth perijove, Juno transited the flux tube connecting Ganymede with Jupiter and mapping to the 
southern Ganymede auroral footprint. At that time, the Ganymede footprint showed three spots superimposed 
on a tail of diffuse auroral emission. The UV-brightness of the leading spot was measured to be 411 ± 42 kR, 
and the set of in situ measurements suggest that Juno transited through a region magnetically connected to that 
leading spot.

At the crossing time, JADE measured a highly structured energy flux of precipitating electrons characterized by 
two peaks up to 316 mW/m 2 and 58 mW/m 2 with a broadband increase of precipitating electrons in the 2–35 keV 
range. This magnitude of precipitating energy fluxes related to moon auroral footprints (>100 mW/m 2) has only 
been seen so far for Io during a previous event and interpreted as a MAW crossing (Szalay et al., 2020b; Sulaiman 
et al., 2020; Gershman et al., 2019). The Juno magnetometer measured a magnetic perturbation δBϕ ∼ 10 nT 
indicative of field-aligned currents. In contrast to the reported observations in this work, an earlier Ganymede 
flux tube crossing further down tail reported an electron energy flux a factor of 24 lower and δBϕ 20 times higher 
(Szalay et al., 2020a).

The quasielectrostatic emission that propagates above fcp is consistent with whistler-mode propagation along 
the resonance cone. This has been observed during flux tube crossings of outer planet satellites, namely, Io and 
Enceladus (Sulaiman et al., 2018, 2020). A characteristic V-shaped emission is typically observed in a frequen-
cy-time spectrogram owing to its dispersion relation, whereby higher frequencies propagate more obliquely to 
the source magnetic field lines and are detected before and after the flux tube crossing. Unlike previously seen 
for Io (Sulaiman et al., 2020), this feature is not observed here, likely due to the very short transit time meaning 
a frequency-time dependence cannot be resolved.

Satellite flux tubes are a source of quasielectrostatic whistler-mode waves due to the presence of field-aligned 
currents. These waves are generated by a beam-plasma instability via the Landau resonance (Farrell et al., 1988). 
It is therefore likely that these waves are directly associated with the observed electron beams. The Landau 
resonance condition requires both the waves and beam to travel in the same direction; therefore, we propose that 
these waves are also downgoing. This would suggest that their source is not local to Juno and some distance away, 
which would support the diffuse, rather than well-structured, spectral character of the emission.

The evolution of the interspot distance combined with the weak field-aligned current amplitude and the weak 
Poynting flux suggests that the leading spot Juno crossed corresponds to the transhemispheric electron beam 
(TEB) which results from the electron acceleration in the other hemisphere. The generated electron beam can 
trigger whistler-mode waves via a beam-plasma instability, a scenario consistent with the Waves measurements. 
Furthermore, the fine structures of both the auroral footprint as revealed by JIRAM and the current systems 
as revealed by JADE demonstrate that an important part of the moon-magnetosphere interaction still remains 
unclear and is an active research topic (Mura et al., 2018; Moirano et al., 2021; Szalay et al., 2018, 2020b).

The main conclusions of this work are as follow:

1.	 �Juno flew across the magnetic flux tube connected to the Ganymede auroral footprint and recorded a set of 
both in situ and remote sensing measurements

2.	 �UVS observations revealed a subspot structure characterized by three auroral spots and a diffuse tail
3.	 �JADE measured a broadband increase of precipitating electrons with fluxes up to 316 mW/m 2 associated with 

an auroral footprint, an event only outmatched by a previous Io crossing thought to be connected with Io's 
MAW (PJ12 with fluxes ∼600 mW/m 2)

4.	 �The perturbation in the magnetic field azimuthal component of ∼10 nT was surprisingly small given the 
magnitude of the electron flux recorded by JADE, when compared to previous flux tube crossings, and leads 
to an estimated total downward current of 4.2 ± 1.2 kA

5.	 �The Poynting flux associated with that perturbation was measured to be ∼3 mW/m 2

6.	 �The evolution of the interspot distance combined with the weak measured field-aligned currents and Poynting 
flux suggest that Juno was connected to Ganymede TEB spot for the first time
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Data Availability Statement
All the data used in this study are publicly available on the PDS Atmospheres Node Data Set Catalog https://
pds-atmospheres.nmsu.edu/data_and_services/atmospheres_data/JUNO/juno.html, and the PDS Planetary 
Plasma Interactions (PPI) Node https://pds-ppi.igpp.ucla.edu/mission/JUNO.
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