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Ion Dynamics at the Magnetopause of Ganymede
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Abstract we study the dynamics of the thermal Ot and H* ions at Ganymede's magnetopause when
Ganymede is inside and outside of the Jovian plasma sheet using a three-dimensional hybrid model of plasma
(kinetic ions, fluid electrons). We present the global structure of the electric fields and power density (E - J)

in the magnetosphere of Ganymede and show that the power density at the magnetopause is mainly positive
and on average is +0.95 and +0.75 nW/m? when Ganymede is inside and outside the Jovian plasma sheet,
respectively, but locally it reaches over +20 nW/m?. Our kinetic simulations show that ion velocity distributions
at the vicinity of the upstream magnetopause of Ganymede are highly non-Maxwellian. We investigate the
energization of the ions interacting with the magnetopause and find that the energy of those particles on average
increases by a factor of 8 and 30 for the O* and H* ions, respectively. The energy of these ions is mostly

within 1-100 keV for both species after interaction with the magnetopause, but a few percentages reach to
0.1-1 MeV. Our kinetic simulations show that a small fraction (<25%) of the corotating Jovian plasma reach
the magnetopause, but among those >50% cross the high-power density regions at the magnetopause and gain
energy. Finally, we compare our simulation results with Galileo observations of Ganymede's magnetopause
crossings (i.e., G8 and G28 flybys). There is an excellent agreement between our simulations and observations,
particularly our simulations fully capture the size and structure of the magnetosphere.

1. Introduction

Ganymede, the largest Galilean moon of Jupiter and the largest moon of our solar system (Ganymede's radius
R ~ 2,630 km), is the only known moon today that possesses a global, intrinsic magnetic field of internal origin
(Gurnett et al., 1996; Kivelson et al., 1996, 2002). Ganymede's equatorial surface field strength is ~719 nT, which
is nearly an order of magnitude stronger than the ambient Jovian magnetic field at Ganymede's orbital distance
(Kivelson et al., 1996, 2002). This field is strong enough to stand-off the incident Jovian magnetospheric plasma
at ~1R; upstream of Ganymede's surface and carves out a small magnetosphere within the larger magnetosphere
of Jupiter (e.g., Gurnett et al., 1996; Jia et al., 2008; Kivelson et al., 1996, 1997, 2002; Volwerk et al., 1999).

At Ganymede's orbit ~15 Jupiter's radii, the Jovian magnetospheric plasma, which nearly corotates with Jupiter
(Frank et al., 1976; Krimigis et al., 1979), moves faster than the Keplerian speed of Ganymede. Therefore, the
plasma overtakes the orbital trailing hemisphere of Ganymede at a relative speed of ~140 km/s (e.g., Kivelson
et al., 2004; Williams et al., 1997). Due to the ~10° tilt of Jupiter's magnetic moment from its rotation axis (e.g.,
Acuna & Ness, 1976), Ganymede experiences different plasma and magnetic field environments that vary slowly
with ~10.5-hr period of Jupiter's synodic rotation (e.g., Kivelson et al., 1997, 1998).

When Ganymede is inside the Jovian plasma sheet, the plasma density is higher and the magnetic field intensity
is slightly lower than those outside the plasma sheet. Plasma /3 (the ratio between plasma thermal pressure and
magnetic pressure) inside the plasma sheet is slightly larger than unity whereas it is below one outside the plasma
sheet (e.g., Jia et al., 2009a; Kivelson et al., 2004). The sonic and Alfvenic Mach numbers, however, are smaller
than one in both of these regions (e.g., Jia et al., 2008, 2009a; Kivelson et al., 2004; Neubauer, 1998). In this
interaction regime, unlike planetary magnetospheres, no bow shock forms (e.g., Kivelson et al., 2004; Neubau-
er, 1998; Volwerk et al., 1999). Instead, compressional waves propagate upstream that decelerate the incident
plasma and divert the plasma flow around the magnetosphere, resulting in bending of the magnetic field lines and
the formation of the Alfvén wings (Kivelson et al., 2002, 2004; Neubauer, 1998). Therefore, it is expected that
the Jovian plasma directly interacts with the magnetosphere of Ganymede without being significantly distorted.

The magnetosphere of Ganymede consists of closed and open magnetic field line regions (e.g., Kivelson
et al., 1996; Volwerk et al., 1999; Williams et al., 1998). The closed field line region covers the low latitudes near
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the equator, forms a magnetopause close to Ganymede at ~1R; above the surface (e.g., Jia et al., 2008, 2010;
Kivelson et al., 1996, 1997; Kopp & Ip, 2002; Paty & Winglee, 2004; Williams et al., 1998), and limits the access
of plasma to low latitudes on the trailing hemisphere of Ganymede (e.g., Cooper et al., 2001; Fatemi et al., 2016;
Liuzzo et al., 2020; Plainaki et al., 2020, 2015; Poppe et al., 2018; Volwerk et al., 1999). On the contrary, the
open magnetic field line region covers a relatively large area over the poles that enables the access of plasma
to the surface (e.g., Cooper et al., 2001; Fatemi et al., 2016; Liuzzo et al., 2020; Plainaki et al., 2020, 2015;
Poppe et al., 2018) and connects the magnetosphere of Ganymede to Jupiter (Kivelson et al., 1996, 2002;
Neubauer, 1998).

With a highly efficient magnetic reconnection rate at Ganymede's magnetopause (e.g., Collinson et al., 2018; Jia
et al., 2010; Kivelson et al., 1998; Téth et al., 2016; Volwerk et al., 1999; Zhou et al., 2020), Ganymede's mag-
netosphere is considered as a favorable magnetic reconnection laboratory. This is mainly because (a) the Jovian
magnetic fields always remain in opposite directions to the equatorial fields of Ganymede, and are thus, favora-
bly oriented for reconnection (e.g., Jia et al., 2009a, 2010; Kivelson et al., 2004), (b) the Jovian magnetospheric
conditions are relatively stable upstream of Ganymede as opposed to the highly variable solar wind upstream of
planetary magnetospheres (e.g., Jia et al., 2009a; Kivelson et al., 2004), and (c) plasma f is often smaller than
one, as Ganymede is mainly outside the Jovian plasma sheet (e.g., Jia et al., 2009a; Kivelson et al., 2004). A
combination of low plasma $ and large magnetic shear angle provides a high reconnection rate (e.g., Paschmann
et al., 2013; Phan et al., 2010).

Magnetic reconnection is believed to control the energy input into the planetary magnetospheres from the inci-
dent plasma and hence the rate of convection in the magnetospheres (e.g., Dungey, 1961; Russell, 2000). The
steady and slowly varying magnetic field of Jupiter was expected to drive a steady, and not a bursty reconnection
at Ganymede (Jia et al., 2009a; Kivelson et al., 2004). However, MHD simulations have suggested that magnetic
reconnection at Ganymede is predominantly intermittent, leading to the formation of flux transfer events at the
magnetopause (Jia et al., 2010; Té6th et al., 2016; Zhou et al., 2020). These processes may deplete the closed field
lines from plasma at close distances (<1R;) to Ganymede (Volwerk et al., 1999; Williams et al., 1998). Moreover,
Galileo observations inside Ganymede's polar cap indicated a high reconnection efficiency at the magnetopause
(Collinson et al., 2018; Kivelson et al., 1997), as well as reconnection-driven plasma flows at low-latitude mag-
netospheric boundaries (Collinson et al., 2018). When Ganymede is inside the Jovian plasma sheet, recent MHD
simulations combined with kinetic particle models (MHD-EPIC) have estimated that the global reconnection
rate at Ganymede is ~80 kV with 60% efficiency (Zhou et al., 2020), which is lower that an upper limit of 100%
reconnection efficiency suggested by Kivelson et al. (1997) when Ganymede is outside the plasma sheet.

Here, we use a three-dimensional hybrid-kinetic model of plasma to investigate ion dynamics at Ganymede's
magnetopause. We examine the contribution of the electric field in particle energization and identify regions for
particle acceleration and deceleration. We also estimate how much the magnetospheric plasma can be accelerated
due to the interaction with Ganymede's magnetopause and calculate the rate of particles that cross the upstream
magnetopause and gain energy. These analyses are important to better understand the plasma environment of
Ganymede and future plasma observations in Ganymede's magnetosphere by ESA's JUpiter ICy moons Explorer
(JUICE) mission (Grasset et al., 2013), where Ganymede is the primary scientific target of the mission.

2. Model and Methodology
2.1. Multi-GPU-Based Hybrid Model of Plasma

We use an upgraded version of the Amitis code (Fatemi et al., 2017) that runs on multiple Graphics Processing
Units (GPUs) instead of a single GPU. Amitis is a three-dimensional grid-based hybrid model of plasma (ions
are macroparticles and electrons are a mass-less charge-neutralizing fluid) that runs at least 10 times faster and is
more energy and cost efficient compared to its parallel CPU-based predecessors (Fatemi et al., 2017).

In our model, an ion position, r, and velocity, v,, are obtained from the Lorentz equation of motion

dv; dr; _
E Vi, @))]

qi
=— (E+v:xB), =
m,-( v ) dt
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where g, and m;, are, respectively, the charge and mass of a macroparticle ion, E is the electric field, and B is
the magnetic field applied to the ion at its position. We calculate the electric field from the electron momentum
equation for mass-less electrons (m, = 0), which is given by

Convective Hall Ohmic Ambipolar
— — A )
E=—u,—><B+J><B/p,-+ ﬂJ —VPe/p,-,

where u, and p; are the bulk flow velocity and charge density of macroparticle ions, respectively, J is the total
current density obtained from Ampere's law (i.e., J = V X B/y,), 17 is the resistivity, and P, is the electron pressure.
For the presented results in this study, we assumed that electrons are an ideal gas and P, is adiabatic with index
y = 1.667. Different electric field terms including the convective (motional), Hall, ohmic, and ambipolar are
marked in Equation 2. The magnetic field is advanced in time using Faraday's law, 0B/ot = —V X E. The model
principles are described in detail in Fatemi et al. (2017).

To present our simulation results, we use a Ganymede-centered Cartesian coordinate system, known as “GphiO”
(e.g., Jia et al., 2008; Paty & Winglee, 2004). In this system, Ganymede is located at the center of the coordinate
system, the Jovian corotational plasma flows along the +x axis, the +y axis is along the Ganymede-Jupiter vector
and points toward Jupiter, and the +z axis completes the right-handed coordinate system. We assume Ganymede's
surface is a perfect plasma absorber, and when a particle impacts the surface of Ganymede, it is removed from
the simulation domain. We also assume that Ganymede is a nonconductive body with a uniform resistivity of
107 Q m and has an internal magnetic dipole with a magnetic moment M = 1.3 X 10%° A m? located at the center
of Ganymede, which provides a surface equatorial magnetic field magnitude of ~715 nT, which is consistent with
Galileo observations (Kivelson et al., 1997, 2002). In our model, plasma resistivity is 3 X 10° Q m and to handle
the vacuum regions formed in our simulations we use a vacuum resistivity of 0.3 x 107 Q m, as explained by
Fatemi et al. (2017). The vacuum resistivity is dynamically assigned to the grid cells whenever their density goes
below 0.1% of the undisturbed (upstream) Jovian plasma density where we solve the magnetic diffusion equation
instead of the general Faraday's law (see Fatemi et al., 2017 for details).

We perform two hybrid simulation runs for the conditions that Ganymede is inside and outside the Jovian plasma
sheet. For each of these conditions, we use the plasma parameters obtained during the G8 and G28 Galileo flybys,
summarized in Kivelson et al. (2004), Jia et al. (2008), and Bagenal et al. (2016). During the G8 flyby, Ganymede
was inside (or close to) the Jovian plasma sheet, and during the G28 flyby, Ganymede was located outside the
plasma sheet (Jia et al., 2008; Kivelson et al., 2004). For both of our simulations, we use two ion species, i.e., H*
and O*, that move with a bulk velocity u, = +140% km/s in Ganymede's rest frame. We assume a mass fraction
of ~13% for H* and ~87% for O™, equivalent to a mean ion mass of 14 amu estimated from Galileo observations
(Kivelson et al., 2004). In our model, H* temperature is 65 eV, O* temperature is 220 eV, and electron tempera-
ture is 100 eV, which are consistent with previous observations at Ganymede's orbit (Bagenal & Delamere, 2011;
Bagenal et al., 2016; Kivelson et al., 2004). It is possible that S** ions also contribute in a considerable fraction
of the thermal plasma near the orbit of Ganymede. However, since the S** and O* have a similar mass-to-charge
ratio, we still do not know how large the contribution of S** ions are from the previous observations, and thus,
not included in our simulations for simplicity.

In our simulations, we only include the thermal component of the corotating ions and do not account for energetic
particles. The energetic particles significantly contribute to the total pressure of plasma in MHD models (e.g.,
Dorelli et al., 2015; Jia et al., 2008; Téth et al., 2016; Zhou et al., 2019). Including energetic ions in a kinetic
model requires taking extremely small time steps, which would be computationally expensive even for a GPU-
based model, or requires multitime stepping (e.g., Omelchenko & Karimabadi, 2006) which is not implemented
in the current version of our model. Previously, Fatemi et al. (2016) accounted for energetic particles in their
hybrid model by choosing a higher temperature than the average thermal plasma temperature. Although there is
a fair agreement between their simulations and Galileo magnetic field observations for most of the flybys, their
simulation results, similar to a few of the previous MHD simulations (e.g., Dorelli et al., 2015; Jia et al., 2008;
Téth et al., 2016), could not correctly estimate the size and structure of Ganymede's magnetopause during the
G8 flyby. Here, we take a different approach and in order to account for higher pressure in our simulations, we
assume the total plasma density is 8 cm™ when Ganymede is inside and 6 cm~ when Ganymede is outside the
Jovian plasma sheet. These values are nearly 1.5-2 times higher than the average densities applied in previous
simulations (e.g., Dorelli et al., 2015; Fatemi et al., 2016; Jia et al., 2008; Zhou et al., 2019). However, they are
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within the observed range for thermal ions (1-10 cm~3) at the orbital distance of Ganymede from Jupiter (Belch-
er, 1983; Kivelson et al., 2004). In addition, the applied densities and temperatures in our simulations result in the
total pressure (thermal + dynamic) ~3.8 nPa and ~2.9 nPa during the G8 and G28 flybys, respectively, which are
consistent with the applied pressure in previous MHD simulations (e.g., Dorelli et al., 2015; Duling et al., 2014;
Jia et al., 2008, 2010; Téth et al., 2016; Zhou et al., 2019).

Besides the differences in plasma environment inside and outside of the Jovian plasma sheet, a major differ-
ence between these two environments is the background Jovian magnetic field strength and orientation. We use
B = (-10.0, —6.0, —86.0) nT when Ganymede is inside and B = (0.0, +77.0, —76.0) nT when Ganymede is out-
side the plasma sheet, which are consistent with Galileo observations (Kivelson et al., 2004) and previous MHD
simulations of Ganymede (e.g., Duling et al., 2014; Zhou et al., 2019, 2020). The upstream Alfvén speed, v,, in
our simulations for the G8 and G28 flybys is ~179 and ~258 km/s, which leads to Alfvén Mach number, lu l/v,,
0.78 and 0.54, respectively, and thus the plasma flow is sub-Alfvénic in both environments.

We use a simulation domain of size —8R; < x < +5R;, —11R; <y < +11R;, and —16R; < z < +16R; with a
regular-spaced cubic cell size AL = 175 km (AL ~ 0.06R; and ~0.4 of the ion inertial length in the Jovian plasma
sheet). Our simulation time step A7 = 1 ms, which is ~8 x 1073 of the oxygen gyroperiod and ~1073 of the proton
gyroperiod in the upstream corotating plasma. Over Ganymede's poles, where the magnetic field is the strongest
(~1,440 nT on the surface), our simulation time step is equivalent to ~10~3 of the O* gyroperiod and ~2 X 1072
of the H* gyroperiod, which is small enough to fully resolve the gyromotion of the particles within the entire
simulation domain. We run our simulations for 700 s, but the overall structure of Ganymede's magnetosphere
reaches to a steady state after ~250 s.

2.2. Particle Selection for Interaction With the Magnetopause

In order to provide detailed understanding on the dynamics of the corotating thermal plasma and particle interac-
tion with Ganymede's magnetopause, we collect particles positions and velocities that interact with the upstream
magnetopause. Since Ganymede's magnetosphere is dynamic and the magnetic reconnection at the magnetopause
is suggested to be intermittent (Collinson et al., 2018; Jia et al., 2010; Téth et al., 2016; Zhou et al., 2020), no
steady state solution exists for Ganymede. Therefore, a test-particle approach that follows particle trajectories in
a time snapshot of the electric and magnetic fields can only represent particles distribution at a given time and
does not include the overall particle interaction with the dynamic magnetosphere of Ganymede, and thus, should
be avoided (also see Fatemi et al., 2020 for a similar approach in the dynamic magnetosphere of Mercury).

Therefore, in this study, after the magnetosphere of Ganymede is fully developed (i.e., ~250 s in our simulations),
for every 50At (i.e., 50 ms) within a period of 450 s (i.e., from 250 to 700 s that we stop our simulations) we
select all particles that interact with the upstream magnetopause of Ganymede. Our selection criteria for interac-
tion with the magnetopause contains passing a particle through an electric current density larger than 0.2 pA/m?
upstream of Ganymede. As shown later in Figure 1, the magnetopause forms at distances below 2R upstream
and the y-component of the current density, which is the dominant magnetopause current during the G8 flyby, ex-
ceeds over 0.6 pA/m?. Since the average current density upstream of Ganymede's magnetosphere and away from
the magnetospheric perturbations is below 0.02 pA/m? in our simulations (see Figures 1f and 1g), selection of
electric current density above 0.2 pA/m? is a valid criteria for indication of the upstream magnetopause crossing.

Most of the energy from the Jovian plasma is expected to be transferred to Ganymede's magnetosphere through
magnetopause reconnection (e.g., Jia et al., 2010; Kivelson et al., 1998; Té6th et al., 2016; Zhou et al., 2020).
The energy transfer at terrestrial magnetospheres and cometary atmospheres has been studied by considering
the power density, P = E - J, where E is the electric field and J is the electric current density (e.g., Hamrin
et al., 2015, 2011; Lindkvist et al., 2018; Rosenqvist et al., 2008). In other words, the power density can be used
as a primary indicator of potential reconnection sites. In the rest frame of Ganymede, if a particle passes a region
with a positive power density (i.e., E - J > 0, also called a “load” region), the particle gains energy, but if it passes
aregion with a negative power density (E - J < 0, also called a “generator” region), it loses its energy and stores
it into the electromagnetic energy (e.g., Hamrin et al., 2011; Lindkvist et al., 2018).

As we solve the equation of motion (Equation 1), if a particle interacts with Ganymede's magnetopause, we store
its “initial” and “final” positions and velocities, as well as its position and velocity at the “magnetopause.” The
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initial denotes particle's position and velocity at the inflow boundary of our simulation (i.e., x % —8R), and the
final indicates particle's position and velocity when it leaves the simulation domain by either impacting on the
surface of Ganymede or moving through the outflow boundary (i.e., x & +5R). In addition, we also mark parti-
cles that experience a positive power density larger than P, = wopmoug during the magnetopause crossing, where
o, is the mean ion cyclotron frequency, p,, is the mean mass density, and u,, is the plasma bulk flow speed. This
indicates that a region with power density of P, or larger has enough power to divert plasma within the time frame
of a gyration period. P, for the G8 and G28 flybys is ~2.2 and ~2.0 nW/m?, respectively.

To further investigate changes in the energy of the interacting ions with Ganymede's magnetopause, we calculate
three types of energies for each ion: (a) the total energy, m,-vf /2, (b) the thermal energy, m; vfh /2, and (c) the par-
allel energy, m,~uﬁ/2, where v, = Iv,? is the ion speed. The thermal speed, vy, = |vi — (B (v - B) + E X B) /B, is
the speed perpendicular to the magnetic field seen in the frame moving with the (momentary) E - B drift velocity.
This allows the thermal energy to be larger than the total energy. The parallel speed, v, = v, - B/B, is the particle
speed along the magnetic field lines, B.

3. Results

Here, we present our hybrid simulation results for the Jovian plasma interaction with Ganymede's magnetosphere
when Ganymede is inside and outside the Jovian plasma sheet. First, we show the global structure of Ganymede's
magnetosphere, then we compare our simulation results with Galileo observations, and present particle interac-
tion with the magnetopause of Ganymede. Finally, we show a few sample trajectories of the ions that interact
with the magnetopause.

3.1. Structure of Ganymede's Magnetosphere

Figure 1a shows a snapshot of our hybrid simulation results when Ganymede is inside the Jovian plasma sheet
(i.e., for the G8 flyby plasma conditions). It shows the y-component of the current density, J, in the equatorial
(xy) plane at z = 0, and the field-aligned current density, J, in the yz plane at x = +3.5R. We also show a few
magnetic field lines in the xz plane. We have shown few samples of the closed magnetic field lines (blue) at low
latitudes and open magnetic field lines (red) at high latitudes over the polar caps. We see that the open field lines
over Ganymede's polar caps bend with respect to the background Jovian magnetic field, forming the Alfvén
wings. The recently reconnected field lines (green) at the time snapshot of the chosen simulation results can
be also seen at the boundaries between the open and closed field lines. The undisturbed Jovian magnetic fields
(white) are shown upstream of Ganymede. We have also shown the Galileo's trajectory during the G8 flyby up-
stream of Ganymede, passing close to the boundary of the open-closed magnetic field lines.

Figures 1b and 1c show the structure of Ganymede's magnetosphere (black magnetic field lines) and the field-
aligned currents (background color) in the yz plane at x = 0 during the G8 and G28 flybys, respectively. In
these figures, the red (blue) color indicates current flow parallel (anti-parallel) to the magnetic field lines. These
currents and their associated perturbations bend the magnetic field lines (red and green lines in Figure 1a) and
contribute to the formation of the Alfvén wings. Consistent with previous simulations (e.g., Dorelli et al., 2015;
Fatemi et al., 2016; Jia et al., 2008, 2010), the width of Ganymede's magnetosphere at x = 0 is ~4R; (Figure 1b),
and expands to ~6R; downstream (Figure 1a). In contrast to previous MHD simulations (Dorelli et al., 2015; Jia
et al., 2008, 2009b, 2010), we did not include any conductive ionosphere or inner boundary for Ganymede in our

Figure 1. Hybrid simulation results presented in the GphiO coordinate system. (a) Time snapshot of the global structure of Ganymede's magnetosphere when
Ganymede is inside (G8 flyby) the Jovian plasma sheet. The horizontal plane is a 2D cut of the y-component of the electric current density, J,, in the xy plane at z = 0.
The vertical plane is a 2D cut of the parallel component of the electric current density to the magnetic fields, J;, in the yz plane at x ~ +3.5R(;. Magnetic field lines are
traced in the xz plane, indicating (white) the Jovian magnetic field lines, (blue) closed magnetic field lines of Ganymede at low latitudes, (red) open magnetic field lines
of Ganymede at high latitudes, and (green) recently reconnected magnetic fields. Ganymede is the gray sphere located in the middle of the figure. Part of the Galileo's
trajectory during the G8 flyby is also marked by a solid line upstream of Ganymede. (b, c) Field-aligned current density during the G8 and G28 flybys in the yz plane
at x = 0. The magnetic field lines are traced (black lines), and Ganymede is shown by a circle, centered at the origin of the coordinate system. The red color indicates
currents flowing parallel to the field lines and the blue color shows the currents flowing antiparallel to the field lines. Magnitude of the electric current density for

the G8 and G28 flybys (d, e) in the xy plane at z = 0 and (f, g) along the dashed lines shown in Figures 1d and le. The leading and trailing hemispheres are marked

in Figures 1d and le. As shown by the directional arrows, the Jovian corotating plasma flows along the +x axis and Jupiter is at the +y axis. Ganymede is shown by a
circle centered at the center of the coordinate system in Figures 1b—1le.
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simulations. Therefore, the field-aligned currents do not close through any conductive layer close to Ganymede,
and instead, they close through the magnetopause in our model. This indicates a major role that including any
conductive boundary layer close to Ganymede plays in the closure of the field-aligned currents. However, the
general structure of Ganymede's magnetosphere obtained from our simulations is similar to the previous mode-
ling results (e.g., Dorelli et al., 2015; Fatemi et al., 2016; Jia et al., 2008, 2009b, 2010; Zhou et al., 2019).

Figures 1d and le show the magnitude of the electric current density in the xy plane at z = O during the G8
and G28 flybys, respectively, and Figures 1f and 1g show the electric current density along the white dashed
lines shown in Figures 1d and le. Our simulations show that, regardless of Ganymede's location relative to the
Jovian plasma sheet, the magnetopause stands at ~1.85R; upstream on the trailing hemisphere of Ganymede
(i.e., x = —1.85R in the GphiO coordinate system), which is consistent with Galileo observations (e.g., Kiv-
elson et al., 1998) and previous simulations of Ganymede's magnetosphere (e.g., Dorelli et al., 2015; Fatemi
et al., 2016; Jia et al., 2008, 2010; Zhou et al., 2020). Figures 1d and le show that the maximum current density
at the magnetopause in the equatorial plane is ~0.7 pA/m?2. Our simulation results in different planes than those
presented in this figure (not shown here) show that the upstream magnetopause current reaches to slightly over
1 pA/m?. The magnetopause current, as explained later, effectively shields the surface of Ganymede at low lati-
tudes from the incidence of the thermal plasma.

Figure 2 shows a time snapshot of the plasma density and bulk flow velocity obtained from our hybrid simulations
when Ganymede is inside the Jovian plasma sheet (i.e., for the G8 flyby plasma conditions). Figures 2a and 2b
show the normalized ion number density (n/n,, where n, = 8 cm™ is the corotating plasma density upstream of
Ganymede) in the xy (at z = 0) and xz (at y = 0) planes, respectively. Figures 2¢ and 2d show the normalized
x-component of the bulk flow velocity of all thermal ions (u /u,, where u, = 140 km/s is the corotating plasma
speed upstream of Ganymede) in the xy plane (at z = 0) and the z-component of the bulk flow velocity (u,/u,) in
the xz plane (at y = 0), respectively. Figures 2e and 2f show the normalized plasma density and the x-component
of the plasma velocity along the dashed lines shown in Figures 2a and 2c, but for the entire simulation domain
along the x axisat y =0 and z = 0.

As shown in Figure 2a, the plasma density is slightly higher than the upstream Jovian plasma density, n,, and
it increases to ~2n, upstream of Ganymede's magnetopause (Figure 2e), which is due to the propagation of
compressional waves (not shown here). These upstream propagating electromagnetic perturbations (Kivelson
et al., 2004), slow down the incident plasma and consequently, increase the plasma density (e.g., Jia et al., 2008).
Figures 2c and 2f show the x-component of the plasma velocity at x = —4R, is nearly 0.7u,, and reduces to
0.5u, upstream of the magnetopause (x > —2.5R), which is consistent with Galileo observations (Williams
et al., 1998) and previous MHD simulations (e.g., Dorelli et al., 2015; Jia et al., 2008). The plasma flow stagnates
along the x axis at the magnetopause (x = —1.85R; in Figure 2f) and as shown by arrows in Figures 2c¢ and 2d, the
flow is diverted around the magnetosphere of Ganymede. Figure 2b shows the closed magnetic field lines prevent
the access of plasma to distances below 1.85R, also evident from Figure 2e, forming a plasma cavity upstream
on the trailing hemisphere.

In contrast to the upstream plasma cavity, the density inside the Alfvén wings and over the polar caps consider-
ably increases (Figure 2b) to maintain conservation of mass and momentum (also see Fatemi et al., 2016). The
arrow sizes in Figure 2d show the plasma flow speed inside the Alfvén wings substantially reduces to ~0.2u,
(30 km/s) near the surface at high latitudes, which is consistent with Galileo observations and theoretical analy-
sis (Williams et al., 1998; Vasylitinas & Eviatar, 2000). As the flow convects downstream, it moves toward the
central current sheet where magnetic reconnection occurs in the magnetotail (+2R; S x < +3R;;, and Izl S 0.3R
in Figures 2b and 2d).

As shown in Figure 2d, the plasma flow is accelerated along the z axis at the magnetopause and its velocity reach-
es over +2u, at x & —1.85R ;. There is also a north-south asymmetry in the z-component of the flow velocity at
the magnetopause, which is primarily due to the slight tilt in the y-component of the Jovian magnetic field (see
the upstream magnetic field lines in Figure 2b). This tilt moves the reconnection site above the equatorial plane
for the time snapshot shown in Figure 2b.

Due to the diversion of the Jovian plasma around Ganymede's magnetosphere, the plasma density in the magne-
totail substantially reduces to ~0.2-0.3n,, (Figures 2a and 2e), except at distances smaller than 1.4R; from the
center of Ganymede on the leading hemisphere where the plasma density is comparable to the upstream Jovian
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Figure 2. Hybrid simulation results during Galileo's G8 flyby presented in the GphiO coordinate system. (a, b) Total plasma
number density normalized to the upstream Jovian plasma density n, = 8 cm=, (c, d) the x-component and z-component of
the bulk flow velocity, normalized to the corotating plasma flow speed u, = 4+140 km/s, and (e, f) normalized plasma density
and the x-component of the velocity along the dashed white lines shown in Figures 2a and 2c drawn for the entire simulation
domain along the x axis. The vertical dashed lines in Figures 2e and 2f indicate the magnetopause location. Figures 2a and 2¢
are cuts in the xy plane at z = 0 and Figures 2b and 2d are cuts in the xz plane at y = 0. In Figure 2b, the open magnetic field
lines are shown in white and the closed magnetic field lines are shown in gray. The directional arrows in Figures 2c and 2d
show the direction of the plasma flow in the presented plane and the arrows sizes indicate the plasma flow speed. Ganymede
is shown by a black circle, centered at the origin of the coordinate system. Two small black circles shown in Figure 2a
indicate the area for particle selection in Regions 1 and 2 shown in Figure 6.

plasma density (Figure 2a). As shown in Figure 2c, there is a substantial increase in plasma flow velocity that
moves away and toward Ganymede in the leading hemisphere which is due to the magnetic reconnection in the
magnetotail that accelerates plasma away and toward Ganymede. The Ganymede-ward return flow, shown by
blue color in Figure 2c¢, reaches to a maximum speed of u, &~ —1.0u, at the center of the tail (e.g., see x = +1.5R;
in Figure 2f). This flow partly impacts the surface of Ganymede on the leading hemisphere (Fatemi et al., 2016;
Poppe et al., 2018), and partly gets diverted around the closed magnetic field lines on the leading hemisphere and
moves upstream. Figure 2c shows that at the flanks of Ganymede's magnetosphere (i.e., x ~ 0 and y = +1.5R;) the
plasma flows upstream with a speed of ~ u, along the —x axis. Our simulations show that the return flow reaches
the upstream magnetopause, evident by the directional arrows in Figure 2c at x = —1.8R and by negative u /u, in
Figure 2f near the upstream magnetopause. We discuss more about this return flow in Section 3.2.

In Figure 3, we show the structure of the electric field, power density, and the dominant electric field terms in
Ganymede's magnetosphere and its surrounding plasma environment when Ganymede is inside the Jovian plas-
ma sheet (i.e., during the G8 flyby). Figures 3a—3c show the magnitude of the normalized electric field (IEVIE|,
where [Ej| = 12.1 mV/m is the convective electric field during the G8 flyby) in the xy (at z = 0), xz (at y = 0),
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Figure 3. Hybrid simulation results when Ganymede is inside the Jovian plasma sheet presented in the GphiO coordinate system. (a—c) Background color shows the
magnitude of the electric field normalized to the convective electric field of the corotating Jovian plasma, E, = 12.1 mV/m, and the electric field lines are shown by
white lines in (c). (d-f) Power density, E - J, normalized to P, = 2.2 nW/m?. (g—i) Dominant electric field terms obtained from Equation 2. The left panels are cuts
in the xy plane at z = 0, the middle panels are cuts in the xz plane at y = 0, and the right panels are cuts in the yz plane at x = 0. Ganymede is shown by a black circle,
centered at the origin of the coordinate system.

and yz (at x = 0) planes, respectively. Figure 3a shows that the electric field increases to ~2—4E at the upstream
magnetopause, reaches to over 10E; downstream in the center of the magnetotail, and substantially reduces to
~0.3E in the Alfvén wings.

Figures 3d-3f show the power density (E - J) in the same plane as those for electric fields, normalized to
P, =2.2 nW/m?, explained in Section 2.2. Positive/red (negative/blue) power density indicates regions that par-
ticles gain (lose) energy from (to) the electromagnetic fields. Figure 3d shows that the magnetopause has mainly
a positive power density, which is expected, and thus the interacting particles with the magnetopause would
mainly gain energy. The average power density of the entire magnetopause P,,, ~ +0.95 nW/m? (i.e., ~+0.45P),
but the power density locally reaches to at highest ~+9P and at lowest ~—3P, for our simulation setup and gird
cell resolution. In the magnetotail, however, the power density is both positive and negative, especially at close
distances to Ganymede on the leading hemisphere (Figure 3d), indicating conversion of energy from particles to
fields. The average power density in the magnetotail is ~+0.2P, which is lower than that in the magnetopause,
but the maximum (minimum) power density locally reaches to ~+78P,, (~—6P), which is much stronger than
that in the magnetopause.

Magnetospheric cusps can be identified from Figure 3e by the red/blue alternating region close to the surface at
x =~ —0.8R; and z = +0.9R;. Particles that reach the cusps are expected to either mirror back or precipitate onto
the surface of Ganymede, depending on their energy and pitch angle (the angle between the velocity vector and
the local magnetic field). However, as shown previously in Figure 2d, the bulk flow of plasma in the cusp region
at close distances to Ganymede is predominantly toward Ganymede's surface. It has been previously shown that
a high flux of plasma impacts on the trailing hemisphere of Ganymede at the separatrix between the open and
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closed field lines (Fatemi et al., 2016; Plainaki et al., 2015, 2020; Poppe et al., 2018). The power density in the
vz plane (Figure 3f) is relatively weak in comparison to the magnetopause and magnetotail regions. However, the
red/blue signatures outline the borders of the Alfvén wings.

The dominant electric field terms around Ganymede are shown in Figures 3g—3i. We calculated individual elec-
tric field terms from Equation 2, and for each grid cell, we found the maximum term along the total electric field
in that grid cell. Figures 3g-3i show that in the ambient plasma outside Ganymede's magnetosphere as well as
inside the Alfvén wings, the convective electric field (white area) is the dominant term. Inside Ganymede and
in the low-density plasma regions (i.e., the plasma cavity between the magnetopause and Ganymede's surface),
the Ohmic term (orange area) is the dominant electric field by our model construction. In Ganymede's magne-
tosphere, and particularly at the magnetopause and in the magnetotail, the Hall term (gray area) is the dominant
electric field, which coincides well with regions of high-power density shown in Figures 3d-3f. The ambipolar
electric field (pink area), which is related to the electron pressure gradient shown in Equation 2, has little or no
dominance in Ganymede's magnetosphere on the scale of our simulation cell size. This can also be due to the
lack of electron dynamics in hybrid simulations. A few of the previous MHD simulations have emphasized on the
importance of the Hall electric field on the dynamics of Ganymede's magnetosphere, particularly at the magneto-
pause and magnetotail reconnection sites (Dorelli et al., 2015; Téth et al., 2016; Zhou et al., 2020).

Except for the differences in the topology of the magnetosphere (e.g., see Figure 1), the overall structure and
strength of the electric field and power density, and the dominant electric field terms when Ganymede is outside
the Jovian plasma sheet (i.e., during the G28 flyby) are similar to those when Ganymede is inside the plasma
sheet, thus not shown here. Our simulations (not shown here) suggest that the average power density at the up-
e X +0.75 nW/m? (i.e., ~+0.4P)) and the
power density locally reaches to at highest +12P and at lowest —6P,,. Plasma f is smaller during the G28 flyby

stream magnetopause when Ganymede is outside the plasma sheet is P,

compared to that during the G8 flyby, but the magnetic shear angle between the Jovian and Ganymede magnetic
fields at the magnetopause during the G28 flyby is much smaller than that during the G8 flyby. Therefore, the
power density at the magnetopause when Ganymede is outside the plasma sheet is smaller than that when Gany-
mede is inside the plasma sheet.

3.2. Comparison With Galileo Observations

Figure 4 compares the magnetic fields between our hybrid simulations (red lines) and Galileo magnetometer
observations (black lines) along the Galileo trajectories during the G8 (Figures 4a—4d) and G28 (Figures 4i—41)
flybys. The G8 flyby was the only Galileo's close encounter of Ganymede when Ganymede was close to the
Jovian plasma sheet, whereas the G28 flyby is one of the five close encounters when Ganymede was outside the
Jovian plasma sheet (Jia et al., 2008; Kivelson et al., 2004). We have selected these two flybys because they are
the only ones that the Galileo spacecraft crossed the upstream side of Ganymede's magnetopause.

Figures 4a—4d and 4i—41 show a good agreement between our hybrid simulations and Galileo magnetometer
measurements of the magnetic fields (Kivelson et al., 1998, 2002). Particularly, our model has captured the size
and structure of the dayside magnetosphere during the two flybys. Our model has also reproduced sharp tran-
sitions during the magnetopause crossings (e.g., time ~15:52 UTC in Figure 4a and ~10:04 UTC in Figures 4;j
and 4k). Besides the good agreement, the major differences between our simulations and Galileo's magnetic
field observations are the nearly 35 nT difference at closest approach to Ganymede during the G8 flyby (e.g.,
Figures 4a and 4d at time ~15:56 UTC) and a slight shift in the location of the outbound magnetopause crossing
during the G28 flyby (e.g., Figure 4k between ~10:16 and ~10:18 UTC). In addition, our model is unable to
capture a large enhancement in the B at time ~10:14 UTC during the G28 flyby (Figure 4j).

Galileo observed magnetic field fluctuations during the G8 inbound magnetopause crossing (around 15:52 UT).
Kivelson et al. (1998) suggested the field fluctuations are associated with Kelvin-Helmholtz (KH) instabilities.
Jia et al. (2010) using MHD simulations, however, showed that the fluctuations are a signature of an intermittent
magnetic reconnection. As we explained in Section 3.1, our kinetic simulations presented in Figure 2¢ showed
that a plasma flow returns from the magnetotail reconnection into the upstream magnetopause of Ganymede.
The interaction between the return flow and the incoming Jovian plasma can potentially form KH instabilities at
the magnetospheric flanks, which are not evident from our simulations, partly due to the low flux of the return
flow, and partly due to the grid size effect in our simulations. Using smaller grid sizes is currently beyond the
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Figure 4. An overview of our hybrid simulations of the magnetic fields and plasma parameters (a—h) for the G8 and (i—p) for the G28 flybys along the trajectory of
Galileo spacecraft for each flyby. The top four panels compare the magnetic fields between our hybrid simulations (red lines) and Galileo magnetometer observations
(black lines). We also show our hybrid simulation results obtained along the trajectory of Galileo, showing (e, m) ion energy spectra where the differential energy fluxes
(“Eflux”) are in units of keV/cm?%s/st/keV, (f, n) ion density of (red) H* and (blue) O ions, (g, 0) ion bulk energy of (red) H* and (blue) O* ions, and (h, p) power

density, E - J.

computational limits of our global model, and thus the KH instabilities should be locally investigated using ki-
netic simulations. It is plausible that the field fluctuations are attributed to both the KH instabilities and magnetic
reconnection, which requires further investigation and is beyond the scope of this study.

In addition to the magnetic fields, we also calculated the energy spectra (Figures 4e and 4m), the ion density (Fig-
ures 4f and 4n), and bulk energy (Figures 4g and 40), and the power density (Figures 4h and 4p) from our hybrid
simulations during the G8 and G28 flybys. Regardless of Ganymede's location relative to the Jovian plasma sheet,
our simulations show that the energy of the corotating ions dramatically increases at the inbound and outbound
magnetopause crossings due to the large power density. Figures 4e and 4m show that the ion energy reaches
over 20 keV at the magnetopause crossings. The energy spectra during the G8 flyby (Figure 4e) is comparable
to observations by the Galileo plasma science instrument (PLS; Frank et al., 1992) during that flyby, shown by
Poppe et al. (2018).

During the G28 flyby, Galileo passed Ganymede at closer distances (the closest approach, CA, is ~0.3R; above
the surface) than the G8 (CA ~ 0.6R;) and moved into the closed field line region at the southern trailing hem-
isphere. During this period (between ~10:07 and ~10:12 UTC), neither the O*, nor the H* ions moved into
Ganymede's magnetosphere (Figure 4m), and as shown in Figure 4n, plasma density is zero in our simulations.
During the G8 flyby, although Galileo passed the closed field line region at the northern trailing hemisphere,
the plasma density substantially decreased (Figure 4f) but did not reach zero due to the higher altitude of Galileo
compared to the G28 flyby. Comparing Figure 4g with Figure 40, we see that the bulk flow energy of O* and H*
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Figure 5. Two dimensional histograms for the correlation between the particles energy at initialization (i.e., at the inflow boundary of our simulations), E.
energy when interacted with the upstream magnetopause of Ganymede, E

e and their
obtained from our hybrid simulations (a, b) when Ganymede is inside the Jovian plasma

mp?

sheet and (c, d) when Ganymede is outside the Jovian plasma sheet. Figures 5a and 5c show the energy distribution for O* ions and Figures 5b and 5d show the energy
distribution for H* ions. The bulk energy of the ions applied to our simulations at the inflow boundary, E, is marked by the solid vertical lines, the direct relationship

between E,

init

and E, is shown by the sloped dashed lines, and the peak of the distributions is indicated by crosses.

ions has substantially increased during the magnetopause crossings, but protons, due to their lighter mass, are
more affected than the oxygen ions. We also see a large positive power density at both the inbound and outbound
magnetosphere crossings during the G8 flyby (Figure 4h). This is in contrast to the simulations that suggest a
large positive power density only at the inbound magnetospheric crossing for the G28 flyby, where the power
density has drastically increased to 8 nW/m? (Figure 4p). The asymmetry in power density during the G28 flyby
is due to the geometry of the flyby with respect to Ganymede's magnetosphere and the large y-component of the
Jovian magnetic field (Figure 1c), which changes the structure of the magnetopause compared to the G8 flyby.

3.3. Plasma Interaction With Ganymede's Magnetopause

To better understand the dynamics of plasma interaction with Ganymede's magnetopause, we selected all the ions
from our simulations that directly interacted with the magnetopause of Ganymede, as explained in Section 2.2.
Figure 5 shows the energy distribution of O* and H* ions that interacted for the first time with the magnetopause
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Figure 6. O* ions velocity distributions obtained from our hybrid simulations (a, b) when Ganymede is inside the Jovian
plasma sheet and (c, d) when Ganymede is outside the Jovian plasma sheet. All particles are collected within a sphere of
radius 0.2R; (dark blue) upstream of Ganymede and away from magnetospheric perturbations centered at (x, y, z) = (7.5,
+12, +12)R, (orange) upstream of Ganymede's magnetopause, named as “Region 1,” centered at (x, y, z) = (=3, 0, 0)R;, and
(pink) at the magnetopause, named as “Region 2,” centered at (x, y, z) = (—1.85, 0, 0)R. Regions 1 and 2 are also marked by
small black circles in Figure 2a. The particles in Region 2 are partly visible in this figure, because part of them is masked by
the blue and orange dots.

(i.e., electric current density is higher than 0.2 pA/m? upstream of Ganymede, as explained in Section 2.2) when
Ganymede is inside (Figures 5a and 5b) and outside (Figures 5¢ and 5d) the Jovian plasma sheet. The horizontal
axes show the initial energy of the selected ions at the inflow boundary of our simulations, E, ,, and the vertical
axes show the energy of the particles when they interacted for the first time with the magnetopause, E, (see
Section 2.2). The bulk energy of the ions applied to our simulations at the inflow boundary, E,, is marked by the
solid vertical lines, the direct relationship between E;; and E is shown by the sloped dashed lines, and the peak

init
of the distributions is indicated by crosses.

Figure 5 shows that, in general, most of the ions that interacted with the magnetopause have higher energies at the
magnetopause than their initial energies (i.e., E,,, > E;). In addition, our simulations show that the initial energy
of the ions that interacted with the upstream magnetopause should be primarily higher than E,,. This is more pro-
nounced for H* (Figures 5b and 5d) where the majority of the particles that reach the magnetopause have higher
energies than E; ;. Our simulations also show that a few of the initially very low-energy particles can interact
with the magnetopause (i.e., E; , < 10 eV) with energies reaching ~10°-10* eV for O* and ~10>-10* eV for H*
at the magnetopause. We see from Figure 5 that particles with a broad range of energies from E |, = ~1 eV up to
~0.5 MeV interact with Ganymede's magnetopause. Due to a lower mass and consequently a smaller gyroradius,
protons spend more time within the magnetopause, and thus more affected by the electric fields, compared to the

oxygen ions.

Figure 6 shows the velocity distributions of O* ions when Ganymede is inside (Figures 6a and 6b) and outside
(Figures 6¢ and 6d) the Jovian plasma sheet. Different colored-dots represent ion distributions at different loca-
tions including upstream of Ganymede and away from the magnetospheric disturbances (dark blue), upstream of
the magnetopause named as Region 1 (orange), and at the magnetopause named as Region 2 (pink). All the par-
ticles are selected within a sphere of 0.2R; in radius centered at x = —7.5R; and (y, z) = +12R; for the upstream
region, x = —3R; and (y, z) = 0 for Region 1, and x = —1.85R; and (y, z) = 0 for Region 2. Regions 1 and 2 are
marked by small black circles in Figure 2a.
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The mean of the particles velocity for the upstream region (blue dots in Figure 6) when Ganymede is inside and
outside of the plasma sheet is (u,, u, u,) = (+139.3, —1.5, +0.5) km/s and (+141.4, —1.2, +1.8) km/s, respective-
ly, and the particles distribution is Maxwellian with 7}/T, ~ 1.0 and a mean temperature of ~218 eV, where T|
and T, are the parallel and perpendicular temperatures relative to the direction of the background Jovian magnetic
field. All of these values are similar to those applied at the inflow boundary of our simulations. The O* ions in
Region 1 are decelerated to a mean speed of ~92 and ~99 km/s when Ganymede is inside and outside the plasma
sheet, respectively. Figure 6 shows that the velocity distribution in Region 1 is non-Maxwellian with plasma heat-
ing along the direction of the background Jovian magnetic field. When Ganymede is inside (outside) the Jovian
plasma sheet, the background magnetic field is primarily along the z axis (y and z axes). Our analyses for Region
1 indicate that the O* ion velocity distribution exhibits T\/T, ~ 3.6 (5.2) when Ganymede is inside (outside) the
plasma sheet. The ion distribution at Region 2 (i.e., at the magnetopause) is also non-Maxwellian with thermal
speeds of (u,,, u,, uy,) =~ (103.8, 96.7, 85.5) km/s and (75.1, 84.9, 70.0) km/s, when Ganymede is inside and out-
side the plasma sﬁeet, respectively. This clearly indicates that the O* ions are heated up to two times the thermal
speed at the undisturbed upstream plasma (the thermal speed of the undisturbed Jovian plasma is ~51 km/s along
all directions). The mean particles velocity in Region 2 is (u,, u, u) ® (+39.2, —=26.6, —51.5) km/s and (+51.5,
—38.5, +19.0) km/s, when Ganymede is inside and outside the blasma sheet, respectively. Figure 6 shows that a
substantial fraction of the ions at the magnetopause (Region 2) move perpendicular to and against the direction
of the corotating Jovian plasma.

Figure 7 shows the energy distribution of all O* and H* ions that interacted with the magnetopause and expe-
rienced a positive power density larger than P, (explained in Section 2.2) when Ganymede is inside the Jovian
plasma sheet. Figures 7a and 7b show the energy distributions for the Ot and H* ions, respectively, at the inflow
boundary of our simulations, E, ;,

Comparing these two figures with Figures 5a and 5b, we see that the particles are fur-

and the final energy of the particles when they impact the surface or leave our
simulation domain, Ej, .
ther accelerated as they have passed through large positive power density regions in the magnetopause. Figures 7a
and 7b show that the peak of the energy distributions, marked by crosses on the figures, is (E,;, Ej;..) = (2.2,
18.0) keV and (0.27, 7.1) keV for the Ot and H* ions, respectively. The peak of the energy distribution for these
particles at initialization (i.e., ~2.2 keV for the Ot and ~0.27 keV for the H* ions) is larger than the bulk initial
energy of the corotating plasma applied to all particles at the inflow boundary of our simulations (i.e., ~1.6 and
~0.1 keV for the O and H* ions, respectively, shown by the solid vertical lines). This indicates that, in general,
larger energy than the bulk initial energy is required for the particles to interact with the high-power density
regions in the magnetopause.

Figures 7c and 7d show the energy spectra of the ions that interacted with high-power density regions at the
inflow boundary (solid blue line), at the first-time interaction with the upstream magnetopause (solid red line),
at crossing a power density larger than P, in the magnetopause (dashed green line), and the final energy when
leaving the simulation domain. We see from the difference between the peaks of the red and black curves in Fig-
ures 7c and 7d that the O* and H* ions are accelerated by ~15.8 and ~6.8 keV, respectively, after their interaction
with the magnetopause. Figures 7e—7h show that the particles energy is mainly converted into the thermal energy
at the magnetopause (red lines in Figures 7e and 7g), and then most of their final energy is converted into the
parallel energy along the magnetic field lines (solid black lines in Figures 7f and 7h) after interacting with the
high-power density regions.

Our simulations results for the O and H* ions that crossed the magnetopause with a high positive power density,
P> Py, when Ganymede is outside the plasma sheet are presented in Figure 8, in the same format as those shown
in Figure 7. Despite some similarities between the results presented in Figure 8 and those shown in Figure 7, there
are a few fundamental differences in energy distributions and ion accelerations. For example, Figures 8a and 8b
show that the peak of the energy distributions, marked by crosses on the figures, (E,,, E,,,) = (2.2, 27.6) keV
and (0.56, 16.7) keV for the Ot and H* ions, respectively. We also see from Figures 8c and 8d that the O* and H*
ions are accelerated by ~25.4 and ~16.2 keV, respectively, after their interaction with the magnetopause. These
indicate that both of the ion species are accelerated to much higher energies than those presented in Figure 7,
which is due to the lower Alfvén Mach number and lower plasma f environment outside the Jovian plasma sheet
compared to those inside the plasma sheet. In addition, our simulations show that the H* ions require relatively
two times higher initial energies to reach the magnetopause when Ganymede is outside the plasma sheet (Fig-
ure 8b) compared to those when Ganymede is inside the plasma sheet (Figure 7b). Figure 8e also shows that when
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Figure 7. (a, b) Two dimensional histograms for the correlation between the particles energy at initialization (i.e., at the inflow boundary of our simulations), E ;, an
for all the particles that experienced a positive power density P > P at the magnetopause crossing of Ganymede when Ganymede is inside the

their final energy, E,

final®

Jovian plasma sheet for (a) O* ions and (b) H* ions. (c¢) The differential flux distributions (cm‘2

and

-1

sr™! keV~!) as a function of energy for O* ions shown in Figure 7a,

and (d) the differential flux distributions as a function of energy for H* ions shown in Figure 7b, for the particles (blue) upstream of Ganymede's magnetosphere, (red)
at the upstream magnetopause, (dashed green) where P > P at the upstream magnetopause, and (black) final location of the particles downstream of Ganymede's

magnetosphere. The bottom panels are the

differential flux distributions as a function of (e, g) thermal and (f, h) parallel energies for (e, f) O* ions, and (g, h) H* ions.

Ganymede is outside the plasma sheet the thermal energy of a considerable flux of O* ions reach over 1 MeV at
the magnetopause crossing (solid red and dashed green lines).

In order to understand the interaction rate of Ot and H* ions with the magnetopause of Ganymede and to provide
estimates for the reconnection rate we selected all the particles that moved toward Ganymede's magnetosphere
from the inflow boundary of our simulations (i.e., x = —8R; and ly, zl < 2R, which is equivalent to the size of
the magnetosphere shown in Figure 1) and interacted with the magnetopause. For every 10 s of our simulations,
Figure 9a shows the O* (circles) and H* (squares) ions interaction rate with the upstream magnetopause of Gany-
mede for the G8 (red) and G28 (blue) flybys. As shown in Figure 9a, during the first 3040 s of our simulations,
the number of upstream particles that reached the magnetopause is much higher than those at the later times. This
is because the magnetosphere is in the development phase in our simulations and the fast mode compressional
waves have not fully developed to deflect particles around the magnetosphere. Therefore, a large fraction of the
Jovian plasma ions interacts with the developing magnetosphere of Ganymede.

After the simulations reached a steady state (i.e., time ¢ > 200 s), on average ~22% of the upstream O* interact
with the upstream magnetopause, regardless of Ganymede's location relative to the Jovian plasma sheet. Due to
their lower mass, a large fraction of H* ions are diverted around the magnetosphere before reaching the magneto-
pause and thus, a much lower rate of H* ions interact with the upstream magnetopause. Since the magnetic field
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Figure 8. Energy distribution when Ganymede is outside the Jovian plasma sheet, presented in the same format as that shown in Figure 7.

intensity is higher when Ganymede is outside the Jovian plasma sheet (i.e., G28 flyby), the fast mode compres-
sional waves propagating upstream of Ganymede deflect H* ions more effectively compared to heavier O* ions.
Figure 9a shows that when Ganymede is inside (outside) the Jovian plasma sheet, on average ~9% (~6%) of the
upstream H* ions interact with the upstream magnetopause.

Figure 9b shows the rate of the Ot and H* ions that interacted with the magnetopause and experienced a large
positive power density, P > P,. After our simulations reached a steady state, on average ~(47 + 7)% of the parti-
cles that have reached the magnetopause crossed a high-power density region. Figure 9b shows that the average
interaction rate is ~3% higher when Ganymede is outside the plasma sheet.

Since the interaction environment during the two flybys has some fundamental differences, we also calculated the
rate of the O* and H™ ions that interacted with the magnetopause and experienced a positive power density larger
than the average power density for each flyby (i.e., P > +0.95 nW/m? for the G8 flyby and P > +0.75 nW/m? for
the G28 flyby), and the results are presented in Figure 9c. Our simulations show that, on average, ~(82 + 6)% of
the O* and H* ions crossed the magnetopause with P > +0.95 nW/m? during the G8 flyby, whereas ~(91 + 10)%
crossed P > +0.75 nW/m?® during the G28 flyby. These suggest that the average reconnection rate at the magnet-
opause of Ganymede is ~82% and ~91% during the G8 and G28 flybys, respectively.

3.4. Examples of Charged Particle Motion

In this section, we show a few examples of particle trajectories that have interacted with Ganymede's magne-
topause. Figure 10 shows an example of an O ion trajectory that has interacted with the magnetopause when
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Figure 9. (a) The O* (circles) and H* (squares) ions interaction rate with the upstream magnetopause of Ganymede when
Ganymede is inside (red) and outside (blue) the Jovian plasma sheet. (b) The rate of the O* and H™ ions that interacted with
the magnetopause and experienced a large positive power density P > P,. P, for the G8 and G28 flybys is ~2.2 and ~2.0
nW/m?, respectively. (c) The rate of the O and H* ions that interacted with the magnetopause and experienced a positive
power density P > P, where P, = +0.95 nW/m? for the G8 flyby and P, =+0.75 nW/m? for the G28 flyby, explained in
Section 3.1.

Ganymede is inside the Jovian plasma sheet. The background color in Figures 10a and 10b shows the intensity
of the electric current density in the xy plane at z = 0 and in the xz plane at y = 0, respectively. A projection for
a part of the ion trajectory on each plane is also shown in these figures and the color indicates the energy of the
particle along its trajectory. The initial velocity of the selected particle at the inflow boundary of our simulation
iS (Vi Vyinir Vai) = (£159.2, +2.4, +19.2) km/s, which is equivalent to an initial energy of ~2.1 keV. The final
velocity of this particle is (Vxg, s Vygar Vi) = (+309.5, +146.6, +339.4) km/s, which corresponds of an energy
of ~19.2 keV. As shown in Figure 7, the 2 keV initial energy and 19 keV final energy correspond to the peak of
the energy distribution for O* ions. Therefore, the selected particle trajectory is a typical example of the O* ion
trajectory that interacted with the magnetopause of Ganymede. In this example, the ion has interacted with the
magnetopause and moved along the northern Alfvén wing.

Figure 10c shows the three components of the magnetic fields that the particle has experienced along its trajecto-
ry. At time ¢ = 153 s, the particle has reached the upstream magnetopause where the magnetic field is nearly zero.
Nearly at that time the particle experiences a large power density P = +5.8 nW/m?, shown in Figure 10d, which
is nearly 2.5P,. We see from Figure 10e that during the magnetopause crossing period (i.e., between ~153 and
~156 s), the z-component of the particle's velocity, v_, dramatically increases from a few 10s of km/s to nearly
+375 km/s, while the v, decreases to nearly zero and the v, reaches to ~—170 km/s. We also see from Figures 10a
and 10b that the particle has changed its direction of motion toward +z and —y after interacting with the magnet-
opause. Figure 10g shows that the particle's thermal and parallel speeds have also increased at the magnetopause,
but most of the particle's energy has been converted into the thermal energy during the interaction with the mag-
netopause. A few seconds later, the parallel energy of the particle overtook the thermal energy and the parallel
speed has increased to ~—430 km/s as the particle moves in the opposite direction to the magnetic field lines in
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Figure 10. An example of a typical O* ion trajectory that interacts with Ganymede's magnetopause when Ganymede is inside the Jovian plasma sheet obtained from
our hybrid simulations projected into (a) xy plane at z = 0 and (b) xz plane at y = 0, where the background blue color shows the magnitude of the electric current
density, and the color along the particle's trajectory shows the particle's energy. In Figure 10b, the magnetic field lines are shown in gray and Ganymede is shown by a
black circle, centered at the origin of the coordinate system. (c) Three components of the magnetic fields, (d) power density, (e) three components of the ion velocity, (f)
total ion energy, (g) the thermal and parallel components of the velocity, (h) particle's pitch angle, and (i) particles gyroradius, as a function of time, obtained along the

trajectory of the selected O* ion.

the northern Alfvén wing. The selected particle has interacted with the closed magnetic field lines of Ganyme-
de on the trailing hemisphere before moving into the Alfvén wings, and therefore, its parallel speed has turned
positive after the particle has interacted with the magnetopause. We can also see this in the particle's pitch angle
shown in Figure 10h. Figure 10i shows that the gyroradius of the selected O* ion is ~0.1R; before it reaches the
upstream magnetopause. At the magnetopause, however, the particle's gyroradius becomes comparable or even
slightly larger than 1R for a short period of time. In the northern Alfvén wing and downstream of Ganymede's
magnetosphere, the OF gyroradius is ~0.2R;.

Figure 11 shows an example of a typical trajectory for an H* ion that interacted with the magnetopause of Gany-
mede and experienced a large positive power density, and presented in the same format as that shown in Figure 10.
The initial velocity of the selected ion at the inflow boundary of our simulations is (vy,,» Vy, ;> Vz,) = (+216.0,
+4.7, —13.4) km/s, which corresponds to an initial energy of ~0.24 keV. The final velocity of the particle when
leaving our simulation domain is (vx;,» Vya.» Vo) = (+298.0, —=374.4, —757.3) km/s, which corresponds of an
energy of ~4.1 keV. We selected this particle because it experienced a power density at the magnetopause rela-
tively similar to the O* ion shown in Figure 10, thus their energy gain can be compared. Due to the lighter mass,
the H* ion has a much shorter gyroperiod (e.g., see Figure 11e) and smaller gyroradius (Figure 11i) compared to
the O* ion. In addition, the energy gain for the H* ion after interaction with the magnetopause is nearly 2 times
higher than that for the O* ion.

Certainly, the interaction of all the ions shown in Figures 5-7 are not as simple as those presented in Figures 10
and 11. For example, we see from Figure 7a that particles with similar initial energies may have a broad range
of final energies, much larger than their initial energies, thus should have interacted differently with the magne-
tosphere than the fypical ions. Figure 12 shows an example trajectory of an O* ion with an initial velocity at the
inflow boundary of our simulation of (vy, ;. Vy,;» V) = (+136.7, +0.2, +12.1) km/s (i.e., E;;, = 1.6 keV) and a
Vygoar Vagna) = (14412, +1362.2, +759.0) km/s (i.e., Ey,, = 217 keV). The initial position
of this particle is (rx, , » Iy, ,» I,;,) = (—8.0, +0.23, +0.13)R;;. The initial energy and velocity of the selected particle

final velocity of (v, < nal
is very close to the bulk initial energy and velocity of the corotating Jovian plasma. Therefore, it is expected that
the particle has a similar trajectory to the ion shown in Figure 10. However, the energy gain for this particle after
interaction with the magnetosphere of Ganymede is dramatically higher than that shown in Figure 10.
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Figure 11. An example of a typical H* ion trajectory that interacts with Ganymede's magnetopause when Ganymede is inside the Jovian plasma sheet obtained from

our hybrid simulations. The figure format is the same as that shown in Figure 10.

As shown in Figure 12b and as can be also seen from Figures 12¢ and 12d, the particle has interacted with the
upstream magnetopause at time ¢ = 153 s where the power density is close to P, = 2.2 nW/m>. The particle's
energy has slightly increased to 9 keV (Figure 12f at = 153 s) and its gyroradius became comparable to the size
of Ganymede (Figure 12i). After that, the particle has moved closer to Ganymede and entered the northern mag-
netospheric cusp at r = 159 s. We see from Figure 12h that the local pitch angle of the particle is 90° at # = 160 s
where the particle is mirrored back and moved upstream of Ganymede with a large gyroradius (Figure 12i) and a
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Figure 12. An example of an O* ion trajectory that interacts with Ganymede's magnetopause and gains an energy over two orders of magnitude from its initial energy.
The figure format is the same as that shown in Figure 10.
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high energy (~100 keV, shown in Figure 12f). After the first interaction with the magnetosphere, the particle has
moved again into the cusp at t = 171 s and its energy has increased by a factor of two. As shown in Figures 12a
and 12b, the particle has moved downstream with a relatively stable energy and its gyroradius is comparable to
the size of Ganymede.

4. Discussion and Conclusion

We used a multi-GPU version of the Amitis hybrid-kinetic model of plasma to study ion dynamics at Ganymede's
magnetopause when Ganymede is inside and outside the Jovian plasma sheet. The global structure of Ganymede's
magnetosphere obtained from our simulations and presented in Figures 1-3 is in general agreement with previ-
ous MHD and hybrid simulations (e.g., Dorelli et al., 2015; Fatemi et al., 2016; Jia et al., 2008, 2010; Paty &
Winglee, 2004; Téth et al., 2016; Zhou et al., 2019, 2020) including the formation of the magnetopause at 1.85R
upstream of Ganymede, the size of the magnetosphere which is ~4R; at x = 0 and expands to ~6R; downstream,
the formation of the Alfvén wings, and magnetic reconnection upstream and downstream of Ganymede.

We also successfully compared our hybrid simulation results with Galileo's magnetometer and PLS observations
(Figure 4). We found an excellent agreement between our simulations and observations, especially with the mag-
netic field observations. Figure 4 shows that our model is capable of correctly capturing the magnetopause of
Ganymede. Particularly during the G8 flyby, our model has reproduced the size of the magnetosphere and fully
presented a sharp transition during the inbound magnetopause crossing.

Previously, Fatemi et al. (2016) used a hybrid model of plasma to explain asymmetries in brightness patterns on
Ganymede's surface and compared their simulations with all the six Galileo flybys. Except the size of the mag-
netosphere and sharp transitions during the G8 magnetopause crossings, they found a good agreement between
their hybrid simulations and observations. Since the principles of the hybrid model in the Amitis code used in this
study and those used by Fatemi et al. (2016) are similar with only slight differences in numerical solvers and high
performance computing techniques, we conclude that the reasons for significant improvements in the simulation
results obtained from the Amitis code, particularly for the G8 flyby, besides differences in the numerical methods,
might be due to either or all of the following reasons: (a) we used a higher plasma density in this study, which
plays a crucial role in changing the size and structure of the magnetosphere, (b) we substantially improved parti-
cle statistics using the multi-GPU version of the Amitis code, (c) we applied multiion species with more realistic
representation of the Jovian plasma environment in this study, and (d) we used a higher simulation grid resolution
compared to those used by Fatemi et al. (2016).

Ganymede's magnetosphere, as shown in our hybrid simulations presented in Figures 1-3, is small relative to
the size of Ganymede and most of the magnetosphere is filled in by the body of the moon itself. In such a small
magnetosphere, ion gyroradius scale is comparable to the size of the magnetosphere, especially for heavy ions
that interact with the magnetopause (e.g., Figure 12i). Moreover, every individual particle in Ganymede's magne-
tosphere undergoes a set of particle drifts, such as ExB, grad-B, and curvature drift motions (Poppe et al., 2018).
Due to the small size of Ganymede's magnetosphere and large ion gyroradius, the interaction of ions with Gan-
ymede leads to formation of a complex and kinetic interaction (Dorelli et al., 2015; Fatemi et al., 2016; Poppe
et al., 2018). In addition, velocity distributions of ions that reached the magnetosphere of Ganymede (Region 1),
and interacted with the magnetopause (Region 2) are highly non-Maxwellian (Figure 6), a feature that violates
MHD assumptions. Therefore, as also suggested previously by Dorelli et al. (2015), kinetic effects of ions play a
major role in the dynamics of the magnetosphere.

It was previously shown by Dorelli et al. (2015) that resistive MHD cannot capture the global structure and dy-
namics of Ganymede's magnetosphere, and a Hall-MHD (with the inclusion of the Hall term) is required (T6th
et al., 2016; Zhou et al., 2020). In contrast to both resistive MHD and Hall-MHD models, we used a hybrid-ki-
netic model of plasma that treats ions as particles. Our simulations presented in Figure 3 show that the Hall
term is the most dominant term in the entire magnetosphere of Ganymede, confirming previous emphasis on the
importance of the Hall effects. In addition, the high thermal energy of the O ions at the magnetopause (e.g.,
Figure 7e) indicates that a gyro-center approximation, or in other words, fluid approximation, cannot describe
the dynamics of these ions in the magnetosphere of Ganymede. However, this statement is not valid for H* ions
(Figure 7g), which can be well represented by a fluid approximation due to their small gyroradius (Figure 111i).
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Thus, we conclude that the interaction between the Jovian plasma and Ganymede's magnetosphere needs to be
modeled kinetically for ions heavier than H* ions.

Due to the large shear angle between the Jovian magnetic fields and Ganymede's intrinsic magnetic fields, and
the low Alfvén Mach and low plasma f environment of Ganymede, magnetic reconnection is a major process
that takes place at Ganymede's magnetopause and magnetotail. Our hybrid simulations result showed that the
Hall term is the dominant electric field component at the magnetopause (e.g., Figure 3g) and the power density
is predominantly positive, with P > P, (e.g., Figure 3d), which is an indication of magnetic reconnection. The
reconnection at the upstream magnetopause is suggested to be intermittent, leading to the formation of flux trans-
fer events (FTEs; Jia et al., 2010; Téth et al., 2016; Zhou et al., 2020). Recently, Zhou et al. (2020) using MHD
and MHD-EPIC simulations developed a model to calculate the global magnetic reconnection rate at Ganymede.
Their model estimated the rate at the upstream magnetopause is about 80 kV with 60% efficiency. Our analysis
from our kinetic simulations (Figure 9) show that ~47% of the incident Jovian ions cross the magnetopause and
experience a high positive power density, P > P,. While this rate is slightly higher when Ganymede is outside
the Jovian plasma sheet, the difference (~2-3%) is not considerably high compared to those when Ganymede
is inside the plasma sheet. Although the criteria for selection of particles crossing a high-power density region
P > P, is an indication for particle crossing through a region that has enough power to divert particles within the
time frame of one gyroradius, and thus, is applicable for indication of the magnetic reconnection rate, we also
examined P > P,
during the G8 and G28 flybys. This suggests that the reconnection rate in our simulations for P > P,

. and we concluded ~82% and ~91% of the particles crossed the magnetopause with P > P,
o 18 hlgher
than the 60% efficiency estimated by Zhou et al. (2020), but in general is consistent with their estlmatlons.

Data Availability Statement

All Galileo data used here are publicly available at NASA's Planetary Data System (PDS). The simulation results
are publicly available online at https://doi.org/10.5281/zenodo.5171314.
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