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Abstract

Ganymede’s surface is subject to constant bombardment by Jovian magnetospheric and
Ganymede’s ionospheric ions. These populations sputter the surface and contribute to the
replenishment of the moon’s exosphere.

Thus far, estimates for sputtering on the moon’s surface have included only the
contribution from Jovian ions. In this work, we have used our recent model of Ganymede’s
ionosphere (Carnielli et al., 2019) to evaluate the contribution of ionospheric ions for the first
time. In addition, we have made new estimates for the contribution from Jovian ions, including
both thermal and energetic components.

For Jovian ions, we find a total sputtering rate of 2.2x10* s, typically an order of
magnitude higher compared to previous estimates. For ionospheric ions, produced through photo-
and electron-impact ionization, we find values in the range 2.7x10%® — 5.2x10” s when the
moon is located above the Jovian plasma sheet. Hence, Ganymede’s ionospheric ions provide a
contribution of at least 10% to the sputtering rate, and under certain conditions they dominate the
process. This finding indicates that the ionospheric population is an important source to consider in
the context of exospheric models.
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1. Introduction

Besides sublimation, ion bombardment of Ganymede’s surface, leading to sputtering, has
long been identified as a key source of the moon’s neutral exosphere (Pilcher, 1976; Lanzerotti
et al., 1978; Johnson, 1990). In this work, we refer to sputtering as the ejection of all neutral
species from the icy surface, including those formed within the surface through different chemical
paths following water radiolysis, suchasH, and O, . Sources of impactors include primarily ions
from the Jovian magnetosphere and from Ganymede’s ionosphere, with electrons supposedly
providing only a small contribution (Galli et al., 2017). The thermal Jovian magnetospheric
plasma at the moon’s orbital distance is populated by O" and H™ ions, as determined by the
PLasma Science (PLS) instrument on board Galileo (Frank et al., 1997; Neubauer, 1998). The
energetic component has been probed by the Energetic Particle Detector (EPD) and includes H ",



O™ and S™ ions (Cooper et al., 2001; Mauk et al., 2004). Unlike the Jovian magnetospheric
plasma, the composition of Ganymede’s ionosphere is poorly constrained from observations;

according to our recent ionospheric model, the ionospheric population includes primarily O

ions, followed by O, H,O0", H,, H™ and OH ™ (Carnielli et al., 2019). All the

above-mentioned ion species impact the moon’s surface and contribute to the sputtering process.

Quantifying the sputtering process requires knowledge of how the plasma impacts the
surface in terms of spatial distribution of the impact flux and impact energy, as well as of the
sputtering yield, i.e., the number of atoms or molecules ejected per impacting ion. The yield
depends on several parameters, including the surface composition, temperature, impacting
species’ mass, energy and angle of incidence, and can be found empirically. However,
experiments cannot faithfully replicate the physical conditions on Ganymede’s surface, especially
in regards to the detailed surface composition at the microscopic level, which matters for the
sputtering process. As a result, actual yields at Ganymede could differ from the analytic fits found
empirically to estimate sputtering on icy moons and reported in the literature, including those from
Johnson (1990), Shi et al. (1995), Johnson et al. (2004), Fama et al. (2008), Johnson et al.
(2009), and Teolis et al. (2017).

The sputtering contribution from Jupiter’s magnetospheric ions has been estimated in
different ways. Shi et al. (1995) made the first estimate by combining the sputtering yield
compiled from experiments and an estimate of the impact rate only of thermal Jovian plasma,
without considering Ganymede’s own magnetic field, which was unknown at the time. As a result,
they assumed Jovian ions impacting only on the ram hemisphere, obtaining a value of 1.70x10%
s™. Ip et al. (1997) made use of the energetic ion fluxes (in the energy range 0.1-10* keV)
measured by the EPD instrument when Galileo was inside the Alfvén wings during the G2 flyby,
and had it uniformly impact the polar regions, assuming no change in the flux distribution; using
the energy-dependent sputtering yields compiled by Johnson (1990) they obtained a total rate of
1.01x10% s*. Paranicas et al. (1999) took the same approach of Ip et al. (1997) using a
combination of sputtering yields from Johnson (1990) and Shi et al. (1995), and EPD data
(approximately in the range 0.5-3000 keV) from the G7 flyby. Assuming sputtering to take place
in the polar caps, approximated by the surface area above +45°, they estimated a rate of 2x10%° s
1. Cooper et al. (2001) ran a simulation using EPD data from the G2 encounter (in the energy
range 20-10° keV) for the energetic Jovian plasma, and simulated test particles with a backward
tracing technique. Using the yields from Shi et al. (1995) they estimated a total sputtering rate of
4.33x10” s, Plainaki et al. (2015) simulated the impact of both thermal and energetic Jovian
ions using a test particle approach, cutting at 125 keV the simulation for energetic ions. They
estimated the sputtering rate using the analytic expressions derived by Fama et al. (2008) and
Johnson et al. (2009) for the energy- and species-dependent sputtering yields. They calculated a
total sputtering rate of 6.94x10® s, i.e., more than one order of magnitude lower compared to
previous estimates. Finally, the most recent estimate, from Poppe et al. (2018), was obtained
from backward-tracing test particle simulations of thermal ions approximately in the energy range
10°—10 keV and energetic ions in the range 1-10° keV. Using the analytic fit of Johnson et al.

(2004) for the sputtering yield, they calculated a total rate of 7.5x10%° s,

These estimates do not give a complete account of the sputtering taking place on the
moon’s surface as the ionospheric contribution has been neglected. In this work, we present the
results of the first estimate of the contribution from ionospheric species as well as new estimates



for Jovian magnetospheric thermal and energetic ions.

The paper is organized as follows. Section 2 outlines the methods used to simulate the
contribution from each ion population. In Section 3 we present the results of the contribution from
each species and compare our findings with previous works in regards to the Jovian ion
population. In Section 4 we discuss the implication of the results presented in Section 3. Finally,
Section 5 summarizes the results obtained in this work.

2. Methods

2.1. Test-particle model

Our calculations rely on the test-particle code described in Carnielli et al. (2019). All
results shown in this work derive from simulations driven by the electric and magnetic fields
obtained from the MHD model of Jia et al. (2009) for the G2 flyby conditions. The fields are
defined on a cubic grid of size 20 R ;x20 R;x20 R (corresponding also to the size of the

simulation volume), centred on Ganymede, with a spatial resolution of 0.05 R .

At the moon’s surface, a spherical grid of 90x180 cells with angular separation of 2° in
the latitudinal and longitudinal directions collects the impact rate and impact energy of each test
particle. The sputtering rate is calculated by multiplying the impact rate by Y, the
energy-dependent sputtering yield. For the latter, we used the expressions of Fama et al. (2008)
for impact energies < 100 keV and of Johnson et al. (2009) for higher impact energies:

1/U, [%asn +ns§jx[1+ﬁeEa’kBT jcosf (0), E <100 keV
Y = Ar Co Y0 (1)
(1/(4.22%°[v/ Z1*°) +1/ (11.22Z*°[v/ 21’3]-2-24))‘1, E >100 keV

where the dependence on the impacting energy E comes from various terms within the equation.

@ is the angle of incidence of the impacting ion (0°= normal to the surface) and T is the surface
temperature. For a more detailed explanation of all other terms, see Fama et al. (2008) and
Johnson et al. (2009). For the surface temperature we used the same distribution as in  Leblanc et
al. (2017), with a minimum temperature of 80 K in the night side and a peak of ~ 150 K at the
subsolar point. The test particle code potentially allows to calculate exactly the angle of incidence
of test particles with respect to the surface. However, Ganymede’s surface is not perfectly
spherical. The surface is grooved, thus one cannot predict precisely the angle of incidence of the
impacting particle with respect to the section of surface intersected in the collision. Therefore, for
each impact we assumed an incidence angle of 45°, corresponding to the average amongst the
possible values between 0° and 90°. In a similar way compared to the sputtering rate, we
calculated the sputtering flux by multiplying the impact flux by the energy-dependent sputtering
yield.

2.2. Simulation setup for thermal Jovian ions

The MHD model of Jia et al. (2009) assumed a single-species plasma with an average
mass density of 28 AMU cm~® for the G2 flyby conditions. Assuming a mean ion mass of 13
AMU (Neubauer, 1998) and an electron number density in the range 1-5 cm ™ (reported by
Kivelson et al. (2004)), it follows that O" dominates the plasma composition, as also reported
from observations (Frank et al., 1997). We ran test simulations for thermal H™, which is still an



important source of Jovian plasma at Ganymede’s orbital distance (Kivelson et al., 2004); we

found that thermal H* is mostly diverted around the moon due to its low inertia, and that its
contribution to the impact and sputtering flux is negligible. Hence, in the test-particle simulations
of the thermal Jovian plasma we assumed the species to be O with a number density of 1.75 cm
~ at the simulation boundary, i.e., outside Ganymede’s magnetosphere. We describe this
population with a Maxwellian distribution with a temperature of 360 eV  (Neubauer, 1998). To be
consistent with the initial conditions in the model of Jia et al. (2009), the mean speed is set to 140
km/s — the near-corotation speed — in the corotation direction and 0 km/s in the perpendicular
directions.

Hard boundary conditions are applied, meaning that particles are not allowed to be
reflected at the boundaries. Periodic boundary conditions are not applicable because that would
imply that ions are able to mirror in the Jovian magnetosphere quickly enough to interact twice
with Ganymede’s magnetosphere, while the mirroring time significantly exceeds the transit time
of the flux tube across the moon’s surface.

2.3. Simulation setup for energetic Jovian ions

The energetic component of the Jovian magnetospheric plasma is populated by H*, O"*
and S" ions (Cooper etal.,2001; Mauk et al., 2004), and in the proximity of Ganymede it has
been characterized to some extent by the Energetic Particle Detector (EPD) on board the Galileo
spacecraft. The energy spectra of all energetic species near Ganymede (but outside its
magnetosphere) recorded at the time of the G2 flyby have been published by Cooper et al. (2001)
and Mauk et al. (2004).

In our simulations, we have used the analytical fits reported in Mauk et al. (2004) — in the
energy range from 20 keV to 30 MeV - to simulate the injection flux at the boundaries of the
simulation box, assuming a charge state of q =2 for atomic oxygen and q =3 for atomic

sulphur (Keppler and Krupp, 1996). As the energy range spans three orders of magnitude, it is not
feasible to run a simulation that injects test particles across the whole energy range with sufficient
statistics. For this reason, we have divided the energy spectrum of each species into 10 equally
spaced bins (in logarithmic scale), each of which having an average value for the intensity within
the given energy range. In other words, for each ion species we ran 10 different simulations, each
one simulating a different energy range. This ensures that the whole energy spectrum is correctly
represented with sufficient statistics. Hence, a total of 30 simulations were carried out to simulate
the full energy spectrum for all simulated energetic ion species.

Test particles were initialized with a random velocity direction, a random energy within the
energy bin and a weight determined by the mean intensity. While for the thermal population the
motion is predominantly in the corotation direction, for energetic ions the corotation flow speed —
approximately 140 km/s in Ganymede’s frame of reference — contributes negligibly (a few keV)
to the ion’s kinetic energy, hence the injection flux is uniform across all boundaries of the
simulation box. Like for thermal Jovian ions, hard boundary conditions are applied since the
mirroring time in the Jovian magnetosphere vastly exceeds that of convection through
Ganymede’s magnetosphere. The timestep is calculated at each iteration ensuring that the test
particle does not skip cells and does not travel more than 1/20th of the local gyro-radius.

2.4. Simulation setup for ionospheric ions
To simulate Ganymede’s ionosphere we have used the 3D distribution of the neutral



exosphere obtained from the model of Leblanc et al. (2017), and ionized it via photo- and
electron-impact ionization. The ion species simulatedare O, , 0", H, 0", H,; ,H",and OH". The

reader is referred to Table 2 in Carnielli et al. (2019) for the list of ionization frequencies used and
to the same paper for a more detailed discussion of these simulations in regards to the assumptions
made.

3. Results

3.1. Jovian ions

Figure 1: Surface maps of the impact flux (top row), average impact energy (middle row) and
sputtering flux (bottom row) for Jovian thermal O (first column), energetic H* (second
column), 0% (third column) and S* (fourth column). The boundaries between open and closed
magnetic field lines are plotted in black. 0° longitude corresponds to the bisector of the leading

hemisphere and 90° is toward Jupiter. Note that color scales differ also between plots in the same
row.

Figure 1 shows surface maps of the impact flux, impact energy, and sputtering flux for

Jovian thermal and energetic ions. For thermal O (first column in Figure 1), the map appears
patchy in the polar regions because of statistics, which is insufficient to generate a comprehensive

mapping of the impact process. The simulation was launched with 3.2x10° particles. However,
only around 950,000 (less than 1%) test particles impacted the surface, explaining the patchy
appearance. Nonetheless, we do not expect that a refined statistics would change the conclusions
from our study. The impact concentrates primarily near the separatrix region (black, solid lines),
but is also present in the equatorial region of the leading hemisphere and, to a much smaller extent,
in the polar regions. The ions impacting in the polar regions and close to the equator originate
inside the Alfvén wings or at their boundaries. They move along the magnetic field lines and
accelerate nearby the moon before impacting the surface. Instead, thermal ions impacting near the
separatrix are primarily produced outside the wings, and mainly originate at the upstream
boundary plane of the simulation box, where plasma inflow is strongest.

For the impact energy, there is a clear distinction between the equatorial region in the
leading hemisphere and the polar regions. At the poles, thermal ions move slowly due to the low
electric field intensity found by the MHD model, and impact ‘gently’ on the surface, with typical
energies of the order of 10-100 eV. Instead, at low latitudes in the wake hemisphere impacts occur
with energies equal or greater than their initial energy (1-6 keV). These are thermal ions that
accelerate along the surface boundary of the Alfvén wings. This means that the bulk Jovian plasma
is more efficient at sputtering near the separatrix and in the wake hemisphere at low latitudes as
sputtering is more efficient at high impact energies. As a result, the sputtering is concentrated near
the separatrix and at low latitudes in the wake hemisphere, instead of the polar regions, as seen in
the bottom panel of the first column.

The second, third and fourth columns in Figure 1 show the impact flux, impact energy and
sputtering flux for the energetic population. The maps for each species combine the results from 10
simulations, each of which assessing a different energy range (see Section 2.3). In terms of impact



flux (top row), the maps look different for each species. For H ™, the majority of impact occurs in
the polar regions, where magnetic field lines are open. This is due to the ion’s low inertial mass,
which limits significantly its ability to penetrate inside the closed magnetic field line region.
However, for O% and S* this is not the case. For O **, the higher mass-to-charge ratio leads to a
partial penetration inside the equatorial region, but the impact still concentrates mainly near the
separatrix line in both hemispheres. For S**, as the magnetic shielding is less efficient for this
heavy species (compared to the lighter ones), the penetration at low latitudes is enhanced, as seen
by the more orange/red color in this region. Therefore, for S* a larger fraction of the impact
occurs in the equatorial region.

The maps of impact energy (middle row) show the opposite case compared to the impact
flux. The average impact energy, for all species, is greatest in the equatorial region. This duality is
most visible for H", whose average impact energy at the poles is everywhere around 10 keV,
while in the closed field lines region it is almost everywhere between 0.1-1 MeV. This trend is
explained by the fact that only ions with a relatively high energy are able to penetrate the closed
field lines. Note, the duality is seen less with heavier ions, i.e., O** and S*, as the inertial mass
eases the penetration at low latitudes. Also note, energetic ion impact occurs also in the polar
regions, but the ion intensity decreases exponentially with increasing energy, therefore the average
impact energy is still low.

The sputtering maps (bottom row) show the combination of impact flux and average
impact energy. Overall, the maps look similar to those of the impact flux, but the gap between
polar and equatorial regions is less pronounced due to the larger sputtering yield in the equatorial
region, associated with the larger impact energy. For H ™, most of the sputtering still occurs in the

polar regions, while for S* it occurs mostly in the equatorial region. For O ", it is highest near
the separatrix between open and closed field lines.

Figure 2: Impact (top) and sputtering (bottom) fluxes as a function of impact energy for different
Jovian ion species: O* from the thermal population (gold), energetic H* (red), energetic O **

(green) and energetic S** (blue). Each data point corresponds to the total flux over the energy
range delimited by the adjacent vertical lines. The solid curves show values in the region of open
magnetic field lines (north and south combined together), while the dashed lines show values in
the region of closed magnetic field lines.

Figure 2 shows the impact (top) and sputtering (bottom) fluxes for each Jovian species as a
function of energy, including the thermal (yellow curves) and energetic populations (H™* inred, O
*in green and S* in blue). The solid line shows values in the region of open magnetic field
lines, which includes the northern and southern polar regions, while the dashed line shows values
in the closed magnetic field lines region. Each data point represents the total flux integrated over
the energy range delimited by the surrounding vertical lines.

In terms of impact flux, H* dominates in the polar regions for energies above a few
hundreds of eV, while thermal O dominates at lower energies. In the equatorial region, thermal
O " dominates up to 1 keV, while at higher energies the energetic species more or less equally
contribute to the impact flux. For these energetic species, the peak impact flux in the polar regions
occurs at approximately 10 keV, and at this energy is roughly the same compared to the equatorial



region (except for H ™, for which the impact flux in the equatorial region is one order of magnitude
lower). At higher energies, the profiles for the two regions converge, as the shielding effect from
the closed field lines becomes irrelevant for the ion dynamics. For thermal O ™, the peak impact
flux is found at approximately 10 eV in the polar regions and at almost 1 keV in the equatorial
region. Inside the Alfvén wings, i.e., in the polar regions, the electric field intensity is low, and ions
are slowed down from their convective motion outside Ganymede’s magnetosphere, in which their
energy is a few keV.

In terms of sputtering flux (bottom panel in Figure 2), the energy distribution differs
significantly compared to the top panel. In this case, there is a clear distinction between the
contribution from each species. Sulphur ions are the most efficient at sputtering the moon’s
surface. In particular, their efficiency peaks around 100 keV, which is the energy range in which
the combination of ion intensity and sputtering yield leads to the highest ejection rates. The bottom
panel in Figure 2 also highlights the difference between sputtering in the polar and equatorial
regions. For the bulk plasma population and energetic H ™, more sputtering is seen to occur in the
polar regions (also visible in the second column in Figure 1). Instead, for O** and S*', sputtering
in the polar regions dominates only at energies below approximately 10 keV, while at higher
energies it takes place mainly in the equatorial region, and is overall highest at low latitudes.

Table 1: Fluxes of Jovian thermal (‘th’) and energetic (‘en’) ions in different regions of
Ganymede’s surface. For each entry, the left and right values correspond to the impact and
sputtering flux, respectively. The values shown correspond to the average across the region. For
the polar flux, the values are the combined average over the northern and southern polar regions.

Polar flux [Equatorial flux Leading flux Trailing flux
Species [10° cm™2 s*] |[10° ecm % s'] [10° cm 2 s7'] [10° cm 2 s7']
O*,th 3.8/93.8 1.2|55.4 1.9|76.0 2.7|67.2
H* en 14.4]18.3 1.8]2.1 8.110.9 6.1]7.0
O*",en 2.8 469 1.3 | 364 2.11417 1.8 400
S** en 3.4|2104 2.312075 2.811973 2.712202
TOTAL 24| 2685 7|2497 15 | 2477 132676

Table 1 reports more quantitatively the impact and sputtering fluxes of Jovian ions in
different regions of Ganymede. “Polar" and “equatorial” indicate, respectively, the regions of open
and closed magnetic field lines as found by the MHD model of Jia et al. (2009), with surface

areas equal to 3.68x10" cm? and 5.04x10" cm?. “Leading” and “trailing” indicate the

respective hemispheres, with both surface areas equal to 4.36x10" cm?. In terms of impact flux,
there is an overall clear distinction between polar and equatorial regions, with a difference by a
factor of more than 3 between the two regions. The asymmetry is driven primarily by energetic H
*, which has access dominantly to the open magnetic field line region. Instead, between leading
and trailing hemispheres the asymmetry is almost absent, and the small difference is driven by the
asymmetric latitudinal extension of the separatrix between open and closed magnetic field lines
(see Figure 1), which favors the impact in the leading hemisphere for ions with relatively low
energies. In terms of sputtering flux, the asymmetry between polar and equatorial regions almost




disappears because sputtering is controlled mainly by S* , whose dominant contribution toward
sputtering is at high energies, for which the local magnetic field configuration does not matter for
the ion’s trajectory. Like for the impact flux, there is no significant asymmetry between leading
and trailing hemispheres either.

3.1.1 Comparison with previous work



Table 2: Sputtering rates (s ) derived by previously published work and by the test particle code using the fields from the MHD model
of Jiaetal. (2009) — in which Ganymede is above the Jovian plasma sheet — as input. The number in parentheses indicates the exponent

of power 10, e.g., 1.00 (25) corresponds to 1.00x10%° s,

Bulk Jovian Energetic Jovian

H o} H o S™ [Total
Plainaki et al. (2015)® [3.12 (22) 2.75 (23) 1.05 (24) 2.80 (25) 4.00 (25) |6.94 (25)
Ip et al. (1997)° - — 2.60 (24) 2.40 (25) 7.49 (25) | 1.01(26)
Paranicas et al. (1999) — — — — — 2.00 (26)
Cooper et al. (2001)° - — 5.75 (24) 1.72 (26) | 2.55 (26) | 4.33 (26)
Poppe et al. (2018)° — — - - — | 7.50 (26)
Shi et al. (1995) - — - 1.70 (28) - |1.70 (28)

This work — | 6.24 (25) 7.80 (24) 3.56 (26) | 1.82 (27) | 2.25(27)

% Values derived by combining the impact rates of Table 1 and average sputtering yields of Table 2 in Plainaki et al. (2015).

b
Values derived from the reported sputtering flux multiplied by the surface area of Ganymede’s polar regions.

¢ Values derived by converting the erosion rate (years/mm) in Table 2 of Cooper et al. (2001).

d . .
Poppe et al. (2018) simulated separately each species, but they reported values only for the total rate.




The contribution from Jovian ions to sputtering onto Ganymede’s surface has been
previously estimated (see Section 1). Table 2 reports the values obtained from those estimates and
from this work. The rates found by our simulations are higher than those found in previous works,
except for that of Shi et al. (1995), who likely overestimated the impact flux because they did not
consider the presence of Ganymede’s intrinsic magnetic field. Our results can be compared in
more details with Plainaki et al. (2015) and Poppe et al. (2018), who took a similar approach to
us in that their estimates are based on test particle simulations.

Plainaki et al. (2015) ran a test particle simulation using the MHD fields of Jia et al.
(2009) to simulate both the thermal and energetic components of the Jovian plasma. However,
their sputtering rate (which we derived by combining the reported impact rates and
energy-dependent sputtering yields) is one order of magnitude lower compared to the one obtained
in this work for the case of H" and O™, and a factor of 30 lower for S™ . Moreover, for all
species the impact rate is about one order of magnitude lower (not shown). The discrepancies can
be understood considering the different assumptions made in their work: (1) Plainaki et al. (2015)
assumed a singly charged state for all ion species, whereas in this work we assumed doubly and
triply charged O and S ions, respectively. Different charge-to-mass ratios result in different
test-particle trajectories; (2) Plainaki et al. (2015) limited their simulations to ions with energies
<100 keV, while in our model we considered ions with higher energies. As shown in Figure 2, S

¥ jons with energies > 100 keV account for about half of the sputtering contribution from this
species, explaining the greater discrepancy found for S**. (3) The spatial resolution for the fields
in the model of Plainaki et al. (2015) (0.1 R ) is lower compared to that in our model (0.05R ),

which likely has an appreciable effect on the particle dynamics near the surface.

Poppe et al. (2018) simulated the dynamics of Jovian magnetospheric ions in Ganymede’s
environment using a backward-tracing test-particle approach with the electric and magnetic fields
from the model of Fatemi et al. (2016). Our simulations find a total sputtering rate which is 3
times higher compared to what they found (see Table 2). Taking into account the different
approaches to calculate the sputtering yield (see Section 1), we find the values to be in good
agreement. The maps in Figure 1 can be directly compared to Figure 9 in Poppe et al. (2018).
Overall, we find a good agreement between the two sets of maps in terms of distribution of the
impacting flux and orders of magnitude. In particular, both sets of simulations find that energetic H

* is prevented from accessing the closed magnetic field line region, while O* and S* gain

easier access, particularly in the leading hemisphere. For thermal O ™, both sets of simulations find
the impact to be highest near the separatrix region. Furthermore, in both simulations the impact of
thermal O™ peaks above the separatrix in the trailing hemisphere and below the separatrix in the
leading hemisphere.

In our simulations, the impact flux of thermal O ™ is asymmetric between the northern and
southern polar regions: except near the open-closed field line boundary in the trailing hemisphere,
the impact flux is 2 orders of magnitude higher in the southern polar region. This asymmetry is
driven by the background magnetic field configuration, which in our simulations reproduces the
G2 flyby conditions, in which Ganymede is found above the plasma sheet: the external magnetic
field lines are tilted by approximately 45° with respect to the moon’s spin axis. This asymmetry
does not feature in the simulations of Poppe et al. (2018) because they used a magnetic field
configuration where Ganymede is found inside the plasma sheet and the external field lines are
aligned with the moon’s spin axis.



The profiles in Figure 1 can also be compared to some extent with Figure 11 in Poppe et
al. (2018), which shows the impact flux in the polar regions, leading and trailing hemispheres.
However, their definition of polar, leading and trailing differs from ours. Poppe et al. (2018)
defined the polar region as latitudes above 60° north and south, while the leading and trailing
regions as latitudes below 60° and W longitudes of 180°—-360° and 0°—180°, respectively (W270
° corresponds to the bisector of the leading hemisphere in their coordinate system). Instead, we
define the polar region as that where magnetic field lines are open, and the leading and trailing
regions as effectively the leading and trailing hemispheres. In terms of comparison of the polar
flux as a function of energy (Figure 11 in Poppe et al. (2018) and top panel of Figure 2 in this
paper), overall we find a good agreement between the two sets of simulations in terms of order of
magnitude and shape of the distribution for each ion species. However, we notice that the peak
impact flux for each species occurs at lower energies in our simulations. For example, for energetic
ions our simulations find that the peak impact flux is between 10°-10" eV, while in the
simulations of Poppe et al. (2018) the peak occurs at approximately 3x10* eV for H* and 10°
eV for 0% and S*, i.e., an order of magnitude higher. The same difference appears in the impact
flux distribution of thermal O™, which in the polar region peaks at 1 keV in the simulations of
Poppe et al. (2018), while it peaks at 10 eV in our simulations. While thermal O ™ ions are injected
in our simulations with an average energy of 6 keV — associated with the plasma flow of 140 km/s
in the corotation direction — as they enter the Alfvén wings, i.e., the polar regions, they are slowed
down to about 10 eV due to the low electric field intensity, which explains the peak impact flux at
this energy. We expect these differences to derive from the different sets of electric and magnetic
fields used in the simulations, and possibly the methods used to integrate the ion equations of
motion. Both Runge-Kutta method (used by Poppe et al. (2018)) and the Boris scheme (used in our
simulations) are unable to conserve energy in the long term. However, for the Boris scheme the
error in energy is bound and does not accumulate along the path (Qin et al., 2013), unlike for the
Runge-Kutta method.

3.2. lonospheric ions

Figure 3: Surface maps of O, velocity components. Each column shows a different hemisphere,

indicated above each subplot. In all plots, the yellow color denotes a region where no impact
occurred. First row: Radial velocity. Note the color scale, where the blue saturates at 5 km/s, while
the red saturates at -50 km/s. A negative value corresponds to motion in the moonward direction.
Second row: Tangential velocity. The arrows on the surface indicate the direction of the tangential
component. Third row: Absolute value of the ratio between the radial component and the speed.
Fourth row: Total speed. The arrows indicate the direction of the ion’s velocity. In each subplot,
the green lines indicate the boundaries between open and closed magnetic field lines. For this
simulation, Ganymede was at 10 am in Jupiter’s local time, the exosphere configuration was that
obtained from Leblanc et al. (2017), and the electromagnetic field was that obtained from the
MHD model of Jiaetal. (2009).

To get a better understanding of the impact and sputtering surface maps, it is worth
examining the dynamics of ionospheric ions close to the surface, which is similar amongst all



species. For this reason, it suffices to describe the motion for one ionospheric species only. We
chose O, due to its dominance in terms of number density and its production close to the surface.

Figure 3 shows surface maps of different velocity components of O, as seen from different

hemispheres. In these simulations, the Sun is at 30 degrees towards the leading hemisphere starting
from the anti-Jovian longitude. The ionospheric convection differs from that in other
magnetospheres as Ganymede lacks a corotation electric field. Globally, it reflects that of Jovian
magnetospheric ions as these two populations are coupled in the model of Jia et al. (2009).

In the northern polar region, the motion is predominantly tangential and towards the
leading hemisphere. An exception is a small region close to the separatrix in the anti-Jovian
hemisphere (see plots in third row, fourth column): ions produced at low altitudes here mostly tend
to escape through the northern Alfvén wing. lons produced elsewhere close to the surface in the
northern polar region tend to convect downstream to low latitudes. If they reach the reconnection
region, they accelerate back towards the moon. They either impact the surface, or drift around the
moon before escaping through the Alfven wings (Carnielli et al., 2019), namely leaving the
simulation volume from the outer boundary. The impact on the surface is due to the low
conductivity of Ganymede assumed by the model of Jia et al. (2009), which does not allow a full
diversion around it. Note, in the equatorial region ions convect towards the trailing hemisphere
from both the Jovian-facing and anti-Jovian hemispheres (second and third rows)

In the equatorial region, the flow is predominantly radial except in the flanks. Note that in
the trailing hemisphere (third column) within the closed magnetic field lines there is a region
where there is no plasma flow. This corresponds to part of the night side, in which there is no
production of plasma since Jovian electrons do not penetrate inside the closed field lines region.
Beside it, toward the anti-Jovian hemisphere, the flow is predominantly outward and ions here
escape through the Alfvén wings. In the leading hemisphere, the flow is predominantly inward,
especially close to the boundaries between open and closed magnetic field lines. Here, ions mainly
impact the moon’s surface due to the moon’s low conductivity. Drift motion is also present and
appears as a set of arrows with an unclear direction since particles drift in both directions (second
row, first column). In the flanks (Jovian and anti-Jovian hemispheres) at low latitudes, the return
flow is accelerated back towards the ram side. The plots in the second and fourth columns of the
last row show a clear picture of the dynamics. Toward the leading hemisphere ions mainly impact
the surface, while toward the ram hemisphere they mainly escape.

In the southern polar region, the plasma flow is similar to that in the northern polar region,
but with some differences. First, the radial flow is predominantly inward, which is the opposite
compared to the northern polar region. As a result, ions convect downstream, but those near the
surface impact before reaching the equatorial region, as seen from the arrows near the separatrix in
the panels of the last row in Figure 3. The asymmetry between the northern and southern polar
regions originates in the MHD model and is due to the tilted configuration of the external Jovian
magnetic field during G2. This is most visible by looking at the configuration of the OCFB lines:
the one in the northern hemisphere stretches to lower latitudes in the wake side compared to the
one in the southern hemisphere. Hence, the northern Alfvén wing appears a bit more inclined
towards the corotation direction compared to the southern one, so ions convecting from the
northern polar region drift more strongly in the direction of corotation. Hence, between the two
polar regions, the southern one has a larger impact rate.

The other difference compared to the northern polar region is the drift direction close to the
separatrix in the wake hemisphere. While in the northern polar region ions drift towards the
anti-Jovian hemisphere, in the southern polar region they drift in the opposite direction, as seen in



the leftmost panel of the second row. This is a consequence of the orientation of Jovian magnetic

field lines, which for the G2 flyby are tilted by approximately 45° with respect to the vertical axis.
Hence, the drift direction simply represents the direction of the field lines, along which particles
move.

The last row in Figure 3 shows that ions move relatively slowly in the polar region,
convecting downstream or escaping through the Alfvén wings, and they accelerate in the
equatorial region, reaching speeds greater than 100 km/s. The highest speeds are recorded near the
separatrix within closed field lines, which also corresponds to the region where particles impact
with highest energies, similarly to Jovian ions (see Figure 2). Near the separatrix, the strong flow
shear occurring between open and closed field magnetic lines induces strong currents that flow
parallel to the magnetic field and that accelerate ionospheric ions toward the surface.

Figure 4: Maps of total ionospheric impact flux (top), average impact energy (middle) and total
sputtering flux (bottom) on Ganymede’s surface. The boundaries between open and closed

magnetic field lines are plotted in black. 0° longitude corresponds to the bisector of the leading

hemisphere and 90° is toward Jupiter.

Figure 4 shows surface maps of the ionospheric impact flux (top), average impact
energy (middle) and sputtering flux (bottom), including the contribution from all ionospheric
species. In the northern polar region, the impact flux is relatively low. As explained previously, in
this region ions mainly convect downstream, or escape through the Alfvén wings. In the southern
polar region, the impact flux is greater compared to the northern polar region and is evenly spread
across the surface. In the equatorial region, most of the impact occurs in the leading hemisphere.
The ionospheric plasma is supplied both locally (low energy impact) and by the downstream
reconnection site, to which particles from the polar regions convect (high energy impact). Near the
separatrix, the majority of impacting plasma comes from the return flow that has been accelerated
by magnetopause currents, hence the higher impacting energy. An exception is the region, of a few
degree extent, that is located equatorward of the southern open-closed field line boundary at
almost all longitudes, where the impact is dominated by low-energy, locally-produced plasma. As

the impact maps are quantitatively determined by O, , the dominant species in the ionosphere, the
average impact energy is largely represented by this species. In the equatorial region, ions are seen
to impact, on average, with higher energies in the anti-Jovian hemisphere. This occurs because O,

mainly drifts towards the anti-Jovian-facing hemisphere, while in the Jovian-facing hemisphere
the impact energy is characterized more by the locally-produced plasma, which travels a shorter
distance and does not undergo significant acceleration.

The sputtering map (bottom panel) in Figure 4 is a convolution of the impact flux with the
average impact energy. The vast majority of ionospheric sputtering is seen to occur at low latitudes
in the leading hemisphere. While previous literature reported that sputtering takes place primarily
in the open field lines (e.g., Ip et al. (1997), Paranicas et al. (1999), Cooper et al. (2001),
Poppe et al. (2018)), we find that this concerns more thermal than energetic Jovian and ionospheric
ions, which urges to consider this aspect in future developments of exospheric models.



Figure 5: Impact flux of ionospheric ions and sputtering flux of neutrals by ionospheric ions as a
function of impact energy in different regions of Ganymede’s surface. The profiles include the
contribution from all ionospheric species.

Figure 5 and Table 3 provide a quantitative comparison of the impact fluxes and of
sputtering fluxes by ionospheric ions in different regions of Ganymede’s surface and complement
the maps shown in Figure 4. Figure 5 shows the impact and sputtering fluxes from ionospheric
ions as a function of energy in different regions of Ganymede’s surface (polar and equatorial in the
top panel, and leading and trailing in the bottom panel). The profiles include the contribution from
all ionospheric species. The top panel highlights the asymmetry between the polar and equatorial
regions in terms of contribution to the impact flux at different energies. lons impact with low
energies (<100 eV) primarily in the polar regions, where the electric field is weak. At higher
energies the flux is predominant in the equatorial region, where strong currents flowing at the
magnetopause accelerate the ions before the impact. The bottom panel highlights the asymmetry
between leading and trailing hemispheres, which occurs at all energies but is more than an order of
magnitude at high energies, where the sputtering flux is greatest. Table 3 reports values of the total
impact and sputtering fluxes for each ionospheric species in the same different regions of

Ganymede’s surface. As previously discussed, O, is found to provide the major contribution to

the impact flux because it is the main ion produced and its production is confined close to the
surface, in relation to the distribution of O, , which is confined to low altitudes (see Carnielli et

al. (2019) for more details). Overall, the ionospheric impact flux is greatest in the region of open
magnetic field lines, but less than a factor of 2 higher compared to the equatorial region (see Table
3). The asymmetry is approximately a factor of 6.3 between the leading and trailing hemispheres.
In terms of sputtering flux, the trend is reversed for the polar and equatorial regions: the sputtering
flux in the equatorial region is almost 4 times higher compared to the polar region. The reversed
trend is caused by the impact energy, which is much higher in the equatorial region, leading to a
significantly higher sputtering yield associated with the impacting ions. Between leading and
trailing hemispheres, the total sputtering flux in the former is approximately 15 times more
compared to the latter, which results from both higher impact fluxes and impact energies over the
leading hemisphere.

Table 3: Fluxes in different regions of Ganymede’s surface. For each entry, the value on the left
corresponds to the impact flux of the ionospheric species, and that on the right corresponds to the
sputtering flux of neutrals by that ionospheric species.

Polar flux Equatorial flux Leading flux Trailing flux
Species [10° cm? s7'] [10° cm® s*] |[10° cm™® s7'] [10° cm ™ s']
o; 10.6 | 106 6.7 | 382 14.8 | 499 2.0|32.8
o* 1.3]8.7 1.0|31.2 2.0/40.8 03|27
H: 15|17 04111 1.2]2.1 0506
H* 0.2]0.2 0.1]01 0.2]0.3 0.1/0.1
H,0* 0.2]1.8 0.4]19.8 0.623.2 01|12
OH* 0.1|0.5 0.1]54 0.2]6.3 <0103
TOTAL 13.9]119 8.7 | 440 19.0 | 572 3.0 38




4. Discussion

Table 4: Impact rates of different ion populations: thermal Jovian, energetic Jovian, ionospheric
with the default exospheric model (last column, left) and a boosted case (n02 x10 and a regional

increased electron-impact ionization frequency (x4 ), as justified by Carnielli et al. (2019) (last
column, right).

Impact rate Sputtering rate
Species [10% s7'] [10% s7]
Thermal Jovian 2.0 0.6
Energetic Jovian 10.3 21.8
lonospheric | boosted case 9.5|184 2.7]52.0
TOTAL | boosted case 21.8]196.3 25.1|74.4

Table 4 summarizes the impact and sputtering rates contribution from each ion population.
For ionospheric ions, the table shows also values for a “boosted” case. These derive from a set of
simulations in which the density of O, from the model of Leblanc et al. (2017) has been

multiplied by 10 everywhere and the ionization frequency from electron-impact has been
multiplied by 4 in the polar regions in the anti-Jovian hemisphere. Such simulations are discussed
in a companion paper, and they are motivated by the underestimated electron number density
along the G2 flyby found by the ionospheric model compared with observations (Carnielli et al.,
2019). We found that the discrepancy in the electron number density can be removed by adapting
the simulation inputs in the way described above, and in the companion paper we discuss in more
details the extensive analysis that leads to the choice of this configuration. Here, we simply report
how this “boosted case” would modify the total impact and sputtering rates.

In terms of impact rate, ionospheric and energetic Jovian ions provide an approximately
equal contribution. However, for the boosted case, the impact rate from ionospheric ions is about
20 times higher. In either case, this population proves to be an important source to consider when
studying weathering effects on the moon’s surface. In terms of sputtering rate, energetic Jovian
ions are the main source, with ionospheric ions accounting for approximately 10% of the total rate.
However, in the boosted case ionospheric ions become the major source.

Unlike for Jovian ions, sputtering from ionospheric ions is around one order of magnitude
more intense in the leading hemisphere than in the trailing one due to the global convection pattern
towards the leading hemisphere (see Figure 3). If the true exosphere of Ganymede were like that
modeled by Leblanc et al. (2017), then energetic Jovian ions would be the species that contribute
the most to the production of exospheric particles: the leading and trailing hemispheres would
eject at the same rate (see Table 1), assuming that sublimation is equally efficient in the two
hemispheres. However, Hartogh et al. (2013) found that there is more than one order of
magnitude difference in the H, O exosphere between the leading and trailing hemispheres. They
attributed a possible cause for this difference to the surface composition/temperature, which, they

argued, could be different between the two sides. However, if the ionospheric model is run with
the “boosted” configuration, then the ionospheric species would be the major source of sputtering



and their strongly asymmetric sputtering (between leading and trailing hemispheres) would help
providing an explanation for the Herschel observations. No further conclusions can be drawn due
to the lack of in situ data, but the strong asymmetry observed by Herschel favours the possibility of
an asymmetry for the ejection process, which in the ionospheric model occurs only if the
exosphere is boosted.

Including all ionospheric and Jovian species, the total sputtering rate on Ganymede’s

surface amounts to 2.5x10*" s in the “non-boosted case”, and to 7.4x10*" s in the
“boosted” case. These rates include the ejection of all neutral species, including those formed only
indirectly following radiolysis, such as O, . In their exospheric model, Leblanc et al. (2017) set

the ejection rate of H, O to 8.0x10%" s™* in order to reproduce the observations of Hartogh et

al. (2013). This value is higher than the total ejection rate calculated by our model using either
configuration in the ionospheric model (the boosted and non-boosted cases). This discrepancy
suggests that the sputtering yields at Ganymede could be higher than what calculated using the
formula from Fama et al. (2008) and Johnson et al. (2009). The sputtering yield depends on
several parameters associated with the sputtered surface, such as its temperature and composition.
However, experiments cannot faithfully replicate the conditions at Ganymede’s surface, thus the
empirical profiles for the sputtering yield used in this work might not be fully applicable. It is also
possible that Ganymede’s exosphere has additional sources deriving from sub-surface activity
releasing gas like at Europa (Jia et al., 2018) that were not considered in the exospheric model of
Leblanc et al. (2017). In the future, it would be worth exploring the reason for the inconsistency
between the ejection rate in the exospheric model and the sputtering rate in the ionospheric model.

Finally, the impact and sputtering rates are subject to temporal variation. More precisely,
the changes are driven by the changing spatial configuration of Ganymede with respect to the
Jovian plasma sheet, which changes the incoming flux distribution of Jovian plasma, and the
varying position of Ganymede with respect to Jupiter. The orbital motion causes the shift of the
illuminated hemisphere, which changes the location of production of ionospheric ions from
photo-ionization, and the surface temperature distribution. Since photo-ionization is a minor
process compared to electron-impact ionization (Carnielli et al., 2019), we don’t expect
significant changes to occur as a result of the shift of the illuminated hemisphere. However, the
sputtering yield is highly dependent on the surface temperature, so the change of spatial
distribution of this parameter will have a greater impact on the global ejection rates. Studying the
variation of the impact and ejection rates with varying external conditions is worth conducting, but
beyond the scope of this work.

5. Conclusions
In this work, we have assessed surface sputtering at Ganymede by simulating ion
precipitation from Jupiter’s magnetosphere and Ganymede’s ionosphere. Our simulations rely on
the test particle code developed by Carnielli et al. (2019), originally applied to Ganymede’s
ionosphere. For ionospheric ions, our simulations constitute the first quantitative estimate of the
contribution on sputtering from these species. We have applied the code to simulate the energetic
and thermal components of the Jovian plasma. The code recorded the surface impact rate and
impact energy for each ion species simulated; with this information, we have calculated the
sputtering rate using the expressions from Fama et al. (2008) and Johnson et al. (2009) and
generated 2—-D maps for the impact flux, sputtering flux, and average impact energy.
Jovian ions are found to contribute to the impact flux both in the polar regions, where



magnetic field lines are open, and in the equatorial region. The impact flux is higher in the polar
regions, while sputtering dominates in the equatorial region as the ions that are able to penetrate
the closed magnetic field lines have higher energies, and sputter the surface with higher yields.
Overall, the sputtering process is driven by energetic S** ions and peaks at energies near 100 keV.

lonospheric ions are found to impact mainly in the leading hemisphere because of the
plasma convection towards the direction of corotation. The impact flux is higher in the polar
regions, but like for Jovian plasma, the sputtering flux is significantly higher in the equatorial
region. As a result, the ionospheric sputtering flux peaks at low latitudes in the leading
hemisphere. Globally, ionospheric ions provide at least 10% of the contribution to the total
sputtering. In the case where the O, exosphere is 10 times denser and the electron-impact

ionization frequency is 4 times higher in the anti-Jovian hemisphere, as argued in a companion
paper and presented here as the “boosted” case, ionospheric ions sputter more than Jovian ions. In
either case, the ionospheric population proves to be an important source to consider when
assessing ion precipitation on the moon’s surface.

Further work includes studying the variation of ion sputtering by varying the input
conditions, such as the configuration of Ganymede with respect to the Jovian plasma sheet, which
changes the flux distribution of the incoming Jovian plasma, and the position of the moon with
respect to Jupiter, which changes the illuminated hemisphere and the surface temperature
distribution.
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Highlights
e Sputtering of Ganymede’s ionospheric ions provides a significant contribution to the
moon’s exosphere
e lonospheric O," is the major contributor for surface sputtering
e lonospheric sputtering occurs mainly in the leading hemisphere at low latitudes
e lonospheric sputtering could explain the asymmetry in the H,O density observed by
Hartogh et al. (2013) between Ganymede’s leading and trailing hemispheres
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