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Abstract The JEDI instrument made measurements of energetic charged particles near Ganymede during a
close encounter with that moon. Here we find ion flux levels are similar close to Ganymede itself but outside its
magnetosphere and on near wake and open field lines. But energetic electron flux levels are more than a factor
of 2 lower on polar and near-wake field lines than on nearby Jovian field lines at all energies reported here.
Flux levels are relevant to the weathering of the surface, particularly processes that affect the distribution of ice,
since surface brightness has been linked to the open-closed field line boundary. For this reason, we estimate

the sputtering rates expected in the polar regions due to energetic heavy ions. Other rates, such as those related
to radiolysis by plasma and particles that can reach the surface, need to be added to complete the picture of
charged particle weathering.

Plain Language Summary This paper uses Juno data to quantify the levels of energetic charged
particle flux near Jupiter's moon Ganymede. We have computed energy spectra (energy vs. charged particle
intensity) for electrons, protons, oxygen and sulfur ions, from a near encounter of Ganymede by the Juno
spacecraft in June 2021. Particle fluxes may be important for weathering processes on Ganymede, such as
the sputtering of water ice in the top layer. The distribution of water ice in the upper layer of Ganymede's
surface does not appear to be consistent with sublimation alone, so questions remain about which processes
are dominant in shaping the ice distribution. Quantification of the flux levels is also needed for planning, for
example, for ESA's JUICE mission, expected to orbit Ganymede in the future.

1. Introduction

On 7 June 2021, the Juno spacecraft had its closest flyby of Jupiter's moon Ganymede to date, at an altitude of
about 1,046 km. The radius of the moon is 2,634 km. The closest approach occurred over the leading hemisphere
of the moon, that is, in the plasma wake region. The spacecraft accessed “open” magnetic field lines of Gany-
mede, that is, those connected to both Jupiter and Ganymede. The detailed geometry of the flyby can be found
in Clark et al. (2022).

In this paper, we will focus on data obtained by the Jupiter Energetic particle Detector Instrument (JEDI) during
that flyby. The instrument has been fully described in Mauk et al. (2017). The main channels of interest here are
the tens of keV to nearly 1 MeV electron channels and the time-of-flight by energy channels, which can sepa-
rately detect protons (from the tens of keV to 1 MeV), and oxygen and sulfur ions (from the hundreds of keV to
10 MeV energies).

The last spacecraft to make close flybys of Ganymede was Galileo. Williams et al. (1998), for example, presented
data from the Energetic Particles Detector (EPD), which covers a similar energy range as JEDI, during several
Ganymede flybys. In that paper, they displayed the count rate versus time for one total ion channel and two elec-
tron channels. They found the fluxes of tens to hundreds of keV electrons were generally lower on polar field
lines than in the surrounding medium. Electron fluxes dropped dramatically in the large loss cone created by
Ganymede but, even outside the loss cone, flux levels were still lower on open field lines than on nearby Jovian
field lines (i.e., both ends on Jupiter). Total ion fluxes did not decrease much from the ambient environment to
the polar region, except within the loss cone. But from the total ion count rate, for example, in their Figure 2, it
can be inferred that the plasma flow speed over Ganymede's poles was much slower than on Jovian field lines.
This is apparent in the amplitude of the sine wave pattern in the count rate when it is plotted versus time, due to
the Compton-Getting effect (e.g., Gleeson & Axford, 1968). In this paper, we will present much more detailed
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information about the region near Ganymede, including quantitative information about the energy spectra for four
species (electrons, protons, oxygen and sulfur ions). Characterizing these levels is important for several reasons
including as inputs to models of the effects of the environment on the surface and satellite atmosphere and for
planning for future missions to the Jovian system.

While it is still unknown how much particle weathering explains Ganymede's surface features, there are indica-
tions that it is an important process. Ligier et al. (2019) have pointed out, using ground-based data, that in abun-
dance maps of water ice, the equatorial latitudes of Ganymede contain less water ice than the polar regions, in the
top layer of the surface. With their infrared data, they were only able to probe the surface to a relatively shallow
depth. While this polar versus equatorial pattern is qualitatively consistent with sublimation, the complete answer
is probably more complicated. For example, among equatorial latitudes only, Ligier et al. (2019) also found that
the trailing apex region has the smallest amount of water ice on the surface.

Plainaki et al. (2020) recently simulated how particles would impact Ganymede's surface. That work consid-
ers the polar/equatorial albedo dichotomy from a weathering point of view and also suggests how weathering
and sublimation can maintain darker surface regions. But they do not provide a mechanism for the original
cause of the feature centered on the trailing apex nor, like many recent simulations, attempt to exactly match the
latitude-longitude dimensions of the feature (Ligier et al., 2019) with the ion precipitation patterns they derive.

If Ganymede were not magnetized, the trailing apex feature might be consistent with direct sputtering of the
ice by magnetospheric plasma and particles. This is because these particles overtake Ganymede in its orbit and
preferentially impact the trailing hemisphere. Previously, Paranicas et al. (2021) put forward the hypothesis that if
ions charge-exchange near Ganymede, they can hit the surface as energetic neutral atoms (ENAs) and sputter the
ice. ENAs from ions approaching Ganymede would essentially inherit the ion's final velocity vector which has a
contribution from the plasma flow. In addition, Europa and Callisto have compositional changes centered on their
trailing apex points. An oxygen ion would get converted to an ENA with a probability ~107* if it passed close to
Ganymede, using a hydrogen density at high altitude from Marconi (2007), a charge-exchange cross-section of
a ~5 x 10719 cm? (e.g., Paranicas et al., 2008) and a path length of Ganymede's diameter. There is no question
then that ENAs will be formed near Ganymede and the energetic, heavy ENAs will sputter the ice with a high
yield. The question is whether the surface erosion rate of such a process would be competitive with other surface
modification processes and this question requires a more rigorous quantitative analysis. In addition, it is likely the
distribution of surface ice is shaped by many factors and the external driving environment may have a complex
role.

1.1. Overview of the Energetic Charged Particle Data

In Figure 1, we show an overview of the JEDI electron and proton intensities measured during the Juno Gany-
mede encounter on day 2021-158. Clark et al. (2022) have created a complementary figure displaying integrated
intensity versus local pitch angle. They have proposed that the time between 16:45:30 and 17:00:30 contains
evidence of the main particle losses in the JEDI data. We have indicated in Figure 1 our preliminary view of
whether Juno was in the wake or on open field lines during that time interval. During that time, the electron
intensity at all JEDI energies shows a decrease. This is broadly consistent with predictions made by Liuzzo
et al. (2020). They suggested that energetic electron flux over the polar trailing hemisphere regions would be
similar to the upstream region but after precipitation, enhanced by the flow reduction, the flux above Ganymede's
polar leading hemisphere would be slightly reduced compared to the ambient population.

As we discuss further below, the proton data do show a transition from the purely Jovian field lines to those
affected by Ganymede, but it is less pronounced than in the electron data. The work of Jia et al. (2008), for
example, their Figure 6, suggests that the boundary between Jovian and polar Ganymede field lines would not,
by itself, limit the access of large gyroradius particles. A 1 MeV electron has a gyroradius of ~37 km compared
to ~4,479 km for 1 MeV O" in a magnetic field with values typical of Ganymede's orbital distance. The field
configurations derived in Jia's work provide clues to the organization of the JEDI data.

Figure 1 is also broadly consistent with the Energetic Particles Detector (EPD) data shown in Williams
et al. (1998). The fluxes of approximately 50 keV to 1 MeV electrons show a decrease (compared with those
on Jovian field lines) that persists over Ganymede's poles. On the other hand, the proton fluxes at all energies
presented show almost no change when Juno first moves from Jovian field lines into the wake, but there is a
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Figure 1. Electron (top) and proton (bottom) intensities in the approximately 75 min around Juno's close approach to Ganymede. The top panel has a standard electron
correction applied to the data and combines all 3 Jupiter Energetic particle Detector Instruments and all local pitch angles. The bottom panel combines data from JEDI-
90 and JEDI-270 and all local pitch angles. The likely locations of the wake and open field line regions are indicated and we refer to them collectively in the text just as,

“polar”.

decrease in flux on a portion of the polar field lines several minutes later. Most of these polar field lines map to
Ganymede's leading hemisphere.

1.2. Energy Spectra

In Figure 2, we display electron energy spectra from JEDI data. For each species for which we compute energy
spectra in this paper, we average data from approximately 16:45 to17:00 UT and also on Jovian field lines that are
well away from the boundaries using the time periods: 16:10-16:30 and 17:10-17:30 UT. The data used for spec-
tra include charged particles whose local pitch angles are between 30° and 150°. These data have been corrected
but we also show, for illustrative purposes only, uncorrected data from the open field lines (circles). The change
in slope among the black circles that begins at about 100 keV is due to roughly 1 MeV or greater electrons that
fully penetrate the detector. They leave a fraction of their energy in the JEDI SSDs, which mimics the energy loss
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Figure 2. Electron intensities (electrons per cm?-s-sr-keV) from Jupiter Energetic particle Detector Instrument (JEDI) data. The black dots show uncorrected JEDI data
obtained on Jupiter-Ganymede field lines. Two lines show a quantitative fit to the data from the encounter on polar (blue) and Jovian (red) field lines. The gray curve
shows a fit to the electron data (Paranicas et al., 2021) obtained at Ganymede's orbital distance far from the moon.

expected for 100-200 keV electrons. Furthermore, the count rate of the inferred population of >1 MeV electrons
(not shown) also decreases on polar field lines by a factor of 2 or so. We include a fit to data obtained on 2019-148
17:00-17:20 (Paranicas et al., 2021). During that time period, Juno was near the magnetic equator at Ganymede's
orbital distance, but longitudinally very far from it.

In Paranicas et al. (2021), we used the standard correction to the electron data to account for the loss of effi-
ciency at high energy on JEDI (near the top end of its energy range) and for particles that deposit energy into the
detectors around and mostly above 160 keV but are actually higher energy particles that have completely passed
through the detectors and did not leave all of their energy behind. This is the same correction that was applied
to the electron data shown in Figure 1. But in Figure 2, we performed a more rigorous version of the correction
focusing on the same two issues. The supplemental material in Mauk et al. (2018) outlines a procedure for recov-
ering the charged particle intensity, j in counts per cm?-s-sr-keV, as a function of energy (E), modeled as,

E +kT(gl + D]*"!
= cplE KTl + 1)
E
1+ (£)
where E, E, and kT are all in keV, and the fit parameters (C, kT, E,, g1, and g2) are listed in Table 1. The

circles and the blue line in the figure illustrate how this correction procedure alters the raw data. When the
corrected JEDI data are compared to an intensity from Galileo Energetic Particles Detector (EPD) taken a number
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Table 1 of Ganymede radii from the moon, the value at 100 keV from Figure 2 of
Parameters for the Electron Intensity Fit by Region Paranicas et al. (1999) is a factor of 10 lower than the value for the Jovian flux

Jupiter Polar here. A thorough analysis of the variability of the energetic electron popula-
tion from the Juno data can be found in Ma et al. (2021).

C 8.3e + 08 4.1e + 08
KT 0.03 0.03 In Figure 3, we show proton energy spectra from Ganymede's near wake and

| o - open field line region and from Jovian field lines near Ganymede. Again, we
§ ’ ’ show a fit to proton data (black line) obtained at Ganymede's orbital distance
E, 029 0.166 but not near the moon, from Paranicas et al. (2021). It can be seen that the
g2 0.80 0.82 proton intensities at these energies are similar on open field lines and in the
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regions surrounding Ganymede's magnetosphere. There is some departure at
arange of energies between the 2021 data and the fit to the data upstream and

well away from Ganymede. But two energy spectra computed from data even taken at the exact same position in

the magnetosphere can be different because of time variations in the environment itself and, for example, by how

local pitch angles are sampled each time and treated in the averages, if the pitch angle distribution is not isotropic.

In Figure 4, we show oxygen and sulfur energy spectra from Jovian field lines near Ganymede during this encoun-

ter and from data obtained on polar Ganymede field lines. These levels are about the same in the two species at

Black line: 2019-148 data

Blue line: Polar
Red line: Jovian

100

1000 10000
E (keV)

Figure 3. Proton intensity from Jupiter Energetic particle Detector Instrument showing data from the polar (blue) and Jovian (red) field lines. Overplotted is a fit to the
proton data (black) from Paranicas et al. (2021), which used data from 2019-148 17:00-17:20 UT.
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Figure 4. Oxygen and sulfur intensities from Jupiter Energetic particle Detector Instrument. The curves are from polar (blue) and Jovian (red) field lines for both
oxygen and sulfur. The black curves are data from the time period 2019-148 17:00-17:20 UT when Juno was at Ganymede's orbital distance but far away from the

moon. The green dashed line is a fit function, j
=57x%x10% E, =2382,a=-0.57.

sulfur, J

su

X E7 X exp(—E/E, ), with all energies in keV. For oxygen, J, = 3.5 X 103, E,,=2,550,a=~1.15, and for

- Jspecies species.

1 MeV but oxygen fluxes are trending higher at lower energy. We also show a fit to the data obtained on polar
field lines (green dotted line). Since the flow over the poles is slow, these fits can be thought of as approximat-
ing the flux in the plasma rest frame. We have added data from day 2019-148 between 17:00-17:20 UT (black
curves), a time period when Juno crossed Jupiter's magnetic equator at Ganymede's orbital distance that we
considered in an earlier work. The levels by region are all very similar, with a few energies showing a difference
of up to a factor of 2 between the data near Ganymede and over its poles. Finally, given that the energy channel
coverage of heavy ions is coarser than protons on JEDI, we do not present spectrograms of those data, but the
curves in Figure 4 indicate that the decrease is more like the protons than the electrons.

For the limited amount of ion data presented here, the values on polar (and mainly leading hemisphere) and
nearby Jovian field lines are similar, but flux levels may vary considerably at different Ganymede altitudes and
longitudes for other reasons (e.g., Kollmann et al., 2022). As noted, this is consistent with the single total ion
channel presented in Williams et al. (1998). It is also similar to some of the environmental modeling. For exam-
ple, Plainaki et al. (2015) found that the fluxes of 100 keV oxygen ions were somewhat uniform in a wide region
around Ganymede. It was only on closed Ganymede field lines that they found important flux differences. Like-
wise, Plainaki et al. (2020), their Figures 2 and 4, also found proton and oxygen fluxes similar in the upstream/
ambient and polar regions, although for energies slightly below the energy range of JEDI measurements.

2. Discussion

The JEDI data presented here reveal that the largest charged particle flux differences among the regions near
Ganymede are in energetic electrons. This is probably due to the bounce period of ions versus electrons. As
particles drift across Ganymede's polar caps in their circumplanetary motion, electrons are more likely to be lost
at the moon's surface than ions of the same energy. Williams et al. (1998) showed that the loss cone created by
Ganymede is large. Electrons bounce much faster than ions of the same energy between the moon and the planet
(roughly seconds vs. minutes). Therefore, electrons will have a higher probability of being lost at Ganymede. In
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this picture, losses are expected to be enhanced for all species by the slower plasma flow speed over the poles and
scattering into the loss cone.

If the greater reduction of electrons than ions over the poles is due to the Ganymede loss cone, it is the difference
in gyroradius that helps to ensure the levels are kept separated on the two field line topologies. Charged parti-
cles have a gyroradius about the same size as the moon's radius for energies as follows: 101.4 MeV electrons,
5.52 MeV protons, 0.346 MeV O, and 0.173 MeV S*, assuming an equatorial magnetic field strength of
0.00127 G (=4.28/15° Gauss) and particles with mirror latitudes of 5° in a dipole field. These values suggest ions
can move between the open and Jovian field lines more easily during their gyromotion.

Particle fluxes, by level and location around the moon, are important for understanding whether charged particles
can play a role in the appearance of Ganymede's surface ice. Overall, the poles are brighter than the equator in
the visible and, within the equatorial region, the leading hemisphere is brighter than the trailing one (Pappalardo
etal., 2004). These features correlate with where the water ice is most abundant in the very top layer of the surface
(Ligier et al., 2019). This suggests to us that processes that mobilize, redistribute, or alter the water ice, such as
sublimation, radiolysis (e.g., Plainaki et al., 2020; Teolis et al., 2017), sputtering (e.g., Fama et al., 2008; Galli
et al., 2018), and dust and other impacts, are likely important for the albedo. Processes that darken the ice (e.g.,
Hand & Carlson, 2015; Hedman et al., 2020) might be secondary at Ganymede.

A key driver of the polar versus equatorial distribution may be sublimation (Ligier et al., 2019; Marconi, 2007
Roth et al., 2021). But sublimation alone is unlikely to provide the full answer. It does not explain the albedo
difference across the open-closed boundary (Khurana et al., 2007) or the longitudinal differences in the equatorial
region (Ligier et al., 2019). It is more likely that sublimation plus another process drives the ice distribution in
the top layer of Ganymede's surface.

The energy spectra presented in this paper are useful for computing partial moments of the distribution function,
especially since the flow is very slow over the poles, meaning the functions on polar field lines are basically in
the rest frame of the plasma. These energy spectra are also useful for predicting ion sputtering rates taking into
consideration energy-dependent sputtering yield functions (e.g., Galli et al., 2018; Teolis et al., 2017). An early
view of Ganymede's bright polar caps was that the ice was sputtered over the whole surface but was more like to
recondense at the cold poles, resulting in a brighter appearance there (Johnson, 1985; Sieveka & Johnson, 1982).
But newer work has suggested that other plasma and particle weathering processes are important (e.g., Carnielli
et al., 2020; Davis et al., 2021; Plainaki et al., 2020; Teolis et al., 2017). For example, Davis et al. (2021) argued
that at Europa electrons play a more important role in the erosion of water ice than ions.

If the Jupiter-Ganymede field line fluxes detected by Juno are taken to be a reasonable approximation to the
precipitation fluxes, we compute the sputtering rates to be: 4.5 x 108 per cm?-s for oxygen and 1.4 X 10° per
cm?-s for sulfur, assuming the target is pure water ice. For these values, we have integrated from about 100 keV
to 10 MeV only, used the sputtering yield function provided by Johnson et al. (2004), and only consider the polar
region. Plainaki et al. (2020) estimated the sputtering rate over the whole surface as, 2.6 X 10% per s. Another
good discussion of the drivers of sputtering is provided by Cassidy et al. (2013) for Europa.

In summary, the JEDI data have been used to compare fluxes of energetic charged particles near Ganymede's
orbit, near the moon itself, and on Jupiter-Ganymede field lines. Among energetic charged particles, only electron
fluxes are reduced at all measured energies between the polar field lines and nearby Jovian ones. If we ignore
how particles get into the loss cone created by Ganymede, this suggests that polar surface weathering processes
can be crudely approximated using fluxes in the surrounding space. To make all the observational data on albedo
fit together, the process of sublimation is not sufficient. Therefore, if weathering by plasma and particles play a
dominant role in the distribution of the ice and the brightness of Ganymede, more work is needed on the various
pathways from environment to surface, for example, in connecting the simulations to the exact patterns of water
ice distribution reported by Ligier et al. (2019).

Data Availability Statement

The Planetary Data System provides access to the Juno JEDI data, https://pds-ppi.igpp.ucla.edu/
search/?sc=Juno&t=Jupiter&i=JEDI.
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