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Lucas Liuzzo1, Quentin Nénon2, Andrew R. Poppe1, Aaron Stahl3,4, Sven3

Simon3,4, and Shahab Fatemi54

1Space Sciences Laboratory, University of California, Berkeley, CA, USA5
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Abstract18

This study presents evidence of stably trapped electrons at Jupiter’s moon Ganymede.19

We model energetic electron pitch angle distributions and compare them to observations20

from the Galileo Energetic Particle Detector to identify signatures of trapped particles21

during the G28 encounter. We trace electron trajectories to show that they enter Ganymede’s22

mini-magnetospheric environment, become trapped, and drift around the moon for up23

to 30 minutes, in some cases stably orbiting the moon multiple times. Conservation of24

the first adiabatic invariant partially contributes to energy changes throughout the elec-25

trons’ orbits, with additional acceleration driven by local electric fields, before they re-26

turn to Jupiter’s magnetosphere or impact the surface. These trapped particles mani-27

fest as an electron population with an enhanced flux compared to elsewhere within the28

mini-magnetosphere that are detectable by future spacecraft.29

Plain Language Summary30

The magnetized planets of the solar system are known to possess a population of31

high-energy, orbiting electrons that are sustained for extended timescales. By compar-32

ison, Ganymede, the only moon in the solar system confirmed to have its own perma-33

nent magnetic field, should also retain a similar population of trapped particles. Obser-34

vations from the Galileo mission hint at the existence of electrons that may be locally35

trapped at the moon, but information regarding their origin and the mechanism behind36

trapping these electrons is unknown. Furthermore, there are no constraints on the pro-37

cesses that help sustain such a trapped population, and the timescales over which they38

are maintained at Ganymede remain unknown. In this study, we provide evidence that39

trapped electrons exist at Ganymede, identify the mechanisms driving their dynamics,40

and answer open questions about the moon’s local energetic particle environment.41

1 Introduction42

Ganymede, with a radius of RG = 2,634.1 km, is the largest of Jupiter’s moons43

and is the only moon in the solar system known to possess its own permanent magnetic44

field (e.g., Jia & Kivelson, 2021; Kivelson et al., 2002). The mini-magnetosphere formed45

by Ganymede’s interaction with the ambient plasma largely prevents Jovian ions and46

electrons from reaching the moon’s equatorial surface (e.g,. Allioux et al., 2013; Fatemi47

et al., 2016; Liuzzo et al., 2020; Plainaki et al., 2020), while allowing these particles ac-48
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cess to the polar hemispheres (e.g., Cooper et al., 2001; Paranicas et al., 2022; Poppe et49

al., 2018; Smith et al., 1979; Vorburger et al., 2022).50

While sustained electron radiation belts have been observed at the magnetized outer51

planets (e.g., Mauk & Fox, 2010), and predicted at Mercury (Kollmann et al., 2022; Oran52

et al., 2022; Schriver et al., 2011), the role that Ganymede’s permanent magnetic field53

has in accelerating, trapping, and maintaining an electron population with stable orbits54

is not well understood. Using data from the Galileo spacecraft’s Energetic Particle De-55

tector (EPD), Williams et al. (1997) found hints of energetic electrons that were quasi-56

trapped around Ganymede during the G8 encounter as Galileo passed through the moon’s57

equatorial closed field line region. The distributions of these particles were character-58

ized by decreases in counts at field-aligned and anti-field-aligned pitch angles (where elec-59

trons were within Ganymede’s loss cone) and additional decreases near perpendicular60

pitch angles (α ≈ 90◦) associated with magnetopause shadowing and drift shell split-61

ting (where electrons were lost to the Jovian magnetosphere as they drifted around Ganymede;62

e.g., Roederer, 1967). The intensities at all other pitch angles were enhanced, resulting63

in the characteristic “butterfly” distribution of a quasi-trapped population comprised64

of particles in (partial) orbit around Ganymede during G8.65

For the G28 encounter on 20 May 2000, Galileo also passed upstream of the moon66

and crossed into the closed field line region. Williams (2001) found that there were no67

losses for α ≈ 90◦ pitch angle electrons as there were during G8. Instead, they displayed68

clear losses at field aligned and anti-aligned pitch angles during G28, indicating electrons69

may have possessed stably trapped orbits around Ganymede forming sustained radia-70

tion belts. Similar “pancake” distributions were observed during the G29 encounter as71

well (Williams, 2004). Despite these observations, the stability of, and the mechanisms72

for trapping this electron population remain unknown. Using data from Galileo as well73

as Juno, Kollmann et al. (2022) have recently confirmed that a radiation cavity exists74

within Ganymede’s mini-magnetosphere (even though Juno did not cross into the closed75

field line region) and, using EPD data, have identified a region of enhanced electron phase76

space density (PSD) compared to this cavity, when traveling closer to the moon’s sur-77

face at low Ganymede L-shells. These authors suggest that the enhanced fluxes may be78

indicative of an electron radiation belt surrounding the moon at low altitudes and pro-79

vide first estimates regarding the stability of such a population. However, they did not80

consider the role that the moon’s local environment has on the dynamics of these par-81
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ticles, and the mechanisms responsible for trapping and accelerating these electrons at82

Ganymede remains poorly constrained.83

To investigate the role that these effects play at Ganymede, and to address the like-84

lihood that electron radiation belts remain stably trapped at the moon along with their85

associated timescales, we compare energetic electron observations from EPD obtained86

during the Galileo spacecraft’s G28 flyby to a particle tracing model. We focus on this87

flyby since, compared to the other Ganymede encounters, Galileo crossed the deepest88

into the closed field line region which shields Jovian magnetospheric particles from ac-89

cessing the moon’s local environment (e.g., Liuzzo et al., 2020; Plainaki et al., 2022), thereby90

providing the highest likelihood to detect electrons that may be trapped around Ganymede.91

We apply results from two independent models of Ganymede’s electromagnetic environ-92

ment to provide robust evidence for Galileo’s detection of a trapped electron population93

that formed radiation belts at Ganymede during G28.94

2 Modeling Ganymede’s Magnetospheric Environment95

To describe the three-dimensional structure of the electromagnetic environment near96

Ganymede, we apply the results for the G28 encounter from two different models, Fatemi97

et al. (2016) and Stahl et al. (2023b). These studies utilized separate hybrid simulation98

frameworks to model Ganymede’s environment, in which low-energy ions are treated as99

individual particles but the low-energy electrons are represented as a massless, charge-100

neutralizing fluid within the models. While the initial conditions differ between these101

models (e.g., the Jovian magnetospheric field vector, ambient plasma number density,102

and Ganymede’s magnetic moment; cf. Fatemi et al., 2016; Stahl et al., 2023b), each has103

been validated against data from multiple Galileo encounters and the magnetic field out-104

put from the simulations quantitatively match key features of the time series observed105

during G28. While slight differences between the modeled results exist (e.g., timing of106

Galileo’s magnetopause exit or the fine-scale structure of the magnetic field components),107

applying results from two independent hybrid models allows us to investigate the robust-108

ness of our results when comparing to energetic electron data from Galileo EPD.109

We apply the Galilean Energetics Tracing Model (GENTOo; see Liuzzo et al., 2019a,110

2019b, 2022) to trace energetic electrons through Ganymede’s perturbed electromagnetic111

environment as modeled by the hybrid simulations. The hybrid model outputs represent112
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a snapshot at a given point in time after they reach a quasi-steady state; thus, the GEN-113

TOo results do not take into account, e.g., scattering of electrons by Kelvin Helmholtz114

waves that travel along Ganymede’s magnetopause (e.g., Stahl et al., 2023b). Since GEN-115

TOo has been described in detail by Liuzzo et al. (2020, 2024) for studying electrons at116

Ganymede and for comparing results to Galileo EPD data, only a brief description will117

be provided here. GENTOo traces particles backward in time (i.e., with a time step dt <118

0) using a relativistic solver for their equation of motion. Compared to other energetic119

particle tracing models that have been applied to Ganymede, GENTOo is the only frame-120

work that captures the electrons’ bounce motion through the Jovian magnetosphere and121

their return to Ganymede’s vicinity (potentially) multiple times, by using an analytical122

approach (Roederer, 1967). Energetic electrons can leave the local environment, travel123

to high Jovian magnetic latitudes, mirror, and return on timescales of seconds (Liuzzo124

et al., 2020), so such an approach is important to accurately model their access to Ganymede.125

One of two outcomes can occur for each electron back-traced with GENTOo, resulting126

in either an “allowed” or “forbidden” trajectory. A forbidden trajectory occurs when-127

ever the electron’s position r intersects Ganymede’s surface; in a forward-tracing approach,128

such a particle would be required to travel through the moon to reach the point at which129

the (back-traced) particle was initialized in GENTOo. These particles are nonphysical130

and are removed from the simulation. Alternatively, particles with allowed trajectories131

never encounter Ganymede when integrating backward in time, even after multiple bounces132

through the Jovian magnetosphere. Electrons are allowed when they travel beyond the133

upstream or downstream face of the hybrid simulation domain where the electromag-134

netic fields have returned to their background values (see Fatemi et al., 2016; Stahl et135

al., 2023b). For these electrons, GENTOo applies Liouville’s theorem to convert the flux136

observed at their energy in the ambient magnetospheric plasma to the flux they carry137

at a given location in the interaction region (in this case, Galileo and the EPD).138

To compare to the EPD electron observations, we proceed analogous to Liuzzo et139

al. (2024) and average the observed electron pitch angle distributions (PADs) over a full140

sweep of the EPD stepper motor, an approximately two-minute period during which the141

instrument sampled a full 4π sr field of view. We exclude all times when the EPD mo-142

tor was at position 0, since those counts are reduced by the instrument background shield143

(see Kollmann et al., 2022), but we keep fluxes from motor position 7 for this study. Data144

from EPD’s Low Energy Magnetospheric Measurements System are not affected by anoma-145
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lous drops in energetic particle counts associated with this motor position (see also Nénon,146

2022). This averaging results in a discretization of the G28 flyby trajectory into 31 po-147

sitions (each corresponding to Galileo’s location at the center of each averaging window),148

from which we initialize electrons at an energy of E = 21 keV, corresponding to the149

center energy of the E0 channel (sensitive to electrons from 15 ≤ E ≤ 29 keV). At150

each point, electrons are launched isotropically with a resolution of 1◦ in pitch angle and151

2◦ in gyrophase.152

3 Results153

Figure 1 displays the G28 trajectory along with the electron PAD measured in the154

EPD E0 channel (see also, e.g., Kollmann et al., 2022; Nénon et al., 2022; Williams, 2001).155

The apparent dropouts in the data for which there are no measured fluxes (white spaces156

in panel 1c) correspond to pitch angles that were not sampled by EPD at that time. For157

the ∼ 40 minutes prior to closest approach of Ganymede, the electrons displayed char-158

acteristics of a “scattered-beam” distribution, where fluxes near aligned and anti-aligned159

pitch angles were enhanced, but with a distribution that still included non-zero fluxes160

at more perpendicular pitch angles. Mauk and Saur (2007) suggested that, because these161

scattered beams were observed far outside of Ganymede’s mini-magnetosphere (at dis-162

tances of up to 5RG where the moon’s influence on energetic electrons should be min-163

imal), they were likely not associated with Ganymede. Instead, they state that the beams164

may have been driven by processes in the Jovian magnetosphere (see also Nénon et al.,165

2022).166

Within ∼ 3 minutes of closest approach (C/A), Galileo detected a clear feature167

related to Ganymede’s interaction in EPD data. Near 10:06 UTC, after Galileo entered168

Ganymede’s closed field line region, where the differential electron energy flux was ∼ 80%169

lower than the value outside of Ganymede’s mini-magnetosphere and focused near pitch170

angles of α ≈ 90◦. The flux away from 90◦ was decreased by nearly two orders of mag-171

nitude compared to the ambient Jovian magnetosphere. This pancake PAD suggests trapped172

particles: electrons near α = 0◦ and α = 180◦ are within the loss cone and impact Ganymede’s173

surface, whereas particles with more perpendicular pitch angles mirror in the enhanced174

field (see also Williams, 2001). Figure 1d displays the same electron PAD, but with the175

fluxes in each time segment (i.e., the full pitch angle range over each sweep of the EPD176

stepper motor) normalized to the maximum flux measured at that time. Here, the beamed177
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Figure 1. Galileo measurements during G28 and associated model results. Panels (a) and (b)

display the trajectory in the z = 0 and x = 0 planes of the GphiO coordinate system (x along

corotation, z northward), respectively, colored corresponding to the magnitude of the observed

magnetic field. Ganymede is represented in gray. Panels (c–d) display the electron PAD from

the EPD E0 channel, (c) in units of differential energy flux or (d) normalized to the maximum

value of each time bin. Panels (e–f) show results from GENTOo, using fields from Fatemi et al.

(2016) or Stahl et al. (2023b), respectively. The temporal position of each bin in panels (c–f)

corresponds to the spatial position of Galileo in panels (a) and (b). Orange stars and vertical

lines denote C/A, while the red horizontal line in panel (a) indicates the closed magnetic field

line region (Kivelson et al., 2002; Williams, 2001).
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distribution before closest approach and the relative enhancement in flux near α ≈ 90◦178

within Ganymede’s magnetosphere are even more apparent than in panel 1c. Although179

Figures 1c–d only include data from the EPD E0 channel, similar signatures within the180

closed field line region were detected at nearly all EPD energies, extending beyond E >181

1 MeV during G28 (see Kollmann et al., 2022; Nénon et al., 2022; Williams, 2001).182

Figures 1e–f show the results from GENTOo for electrons at energies E = 21 keV183

initialized and traced backward in time from the G28 trajectory using the two different184

hybrid model results (Fatemi et al., 2016; Stahl et al., 2023b). For both sets of electro-185

magnetic field conditions, the model predicts a pancake electron PAD that agrees well186

with the observations: clear bite-outs at field-aligned and anti-field-aligned pitch angles187

are formed before and after C/A, while a population of electrons with pitch angles 60◦ ≲188

α ≲ 120◦ persists. Although we focus only on the EPD E0 channel, our modeling in-189

dicates similar electron distributions for all energies detectable by EPD (beyond 1 MeV).190

The observed PAD within this region is smoother than the model output, which may be191

caused by our approach of tracing electrons at the center energy of the E0 channel. Dif-192

ferences between the two sets of electromagnetic fields cause subtle discrepancies in the193

PADs near C/A, including a broader dropout at large pitch angles when using the fields194

from Fatemi et al. (2016) and a narrower range of electron fluxes near perpendicular pitch195

angles that only extends ±20◦ beyond α = 90◦ when using the fields from Stahl et al.196

(2023b). However, the robustness of these results from both models presents strong sup-197

port that such a pancake distribution is a key feature of Ganymede’s energetic electron198

environment.199

Besides capturing the pancake electron distribution near closest approach, both sets200

of fields also reproduce the dropout of electrons with 0◦ ≤ α ≤ 20◦ outbound of 10:15201

UTC that was observed by Galileo. These PADs indicate that EPD was on a field line202

with one end connected to Ganymede and the other open to Jupiter’s magnetosphere.203

In addition, the models show a depletion of electrons with α ≈ 90◦ from ∼9:45 UTC204

up until Galileo crossed through the mini-magnetosphere nearly 20 minutes later. This205

feature is not caused by gyrating electrons that impact Ganymede, since the gyroradius206

of an E = 21 keV electron in the ambient Jovian magnetospheric field is only on the207

order of 5 km, and the Galileo spacecraft was at least 1.5RG away from the moon. In-208

stead, both sets of models suggest a magnetic field magnitude that is slightly reduced209

in this region (i.e., before ∼10:05 UTC; see Fatemi et al., 2016; Stahl et al., 2023b), which,210
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due to conservation of the first adiabatic invariant, causes the electrons’ velocities to be-211

come more field-aligned. Interestingly, these modeled signatures occur in the same re-212

gion as the scattered beams that were measured by EPD, characterized by reduced flux213

across a broad range of pitch angles from 30◦ ≲ α ≲ 150◦ (see Figure 1d). Although214

the morphology of the observed and modeled PADs is similar, the mechanisms gener-215

ating these features may be different, especially if the beams originate from Jupiter’s mag-216

netosphere (Mauk & Saur, 2007). Regardless, our results provide evidence that Ganymede217

alters the energetic electron environment even at these distances.218

To better understand the dynamics of electrons at Ganymede, and to identify whether219

the pancake distributions observed during G28 were associated with a trapped electron220

population, Figure 2 shows, in forward-time, the trajectory of one electron from a van-221

tage point located in Ganymede’s upstream, anti-Jovian hemisphere, as it travels through222

the electromagnetic fields from Fatemi et al. (2016). Figure 2a illustrates that this elec-223

tron was traveling northward through Jupiter’s magnetosphere with an energy of E ≈224

15 keV before it encountered Ganymede’s interaction region. After initially entering the225

mini-magnetosphere along an open field line downstream of the moon (e.g., along recently226

reconnected magnetotail field lines), the electron crossed into the closed field line region227

and began drifting in a counterclockwise direction (when viewed from above), during which228

the particle mirrored multiple times near Ganymede’s open/closed field line boundary.229

Figure 2 shows that this electron completed four full orbits of the moon in ∼ 13 min-230

utes before escaping the mini-magnetosphere (see panel 2d). Throughout its orbit, the231

electron’s energy periodically fluctuated depending on its position in the mini-magnetosphere,232

reaching an energy as large as 35 keV in the sub-Jovian hemisphere and as low as ∼ 10233

keV in the anti-Jovian hemisphere. After the electron exited the mini-magnetosphere,234

its energy was a factor of ∼ 1.6 larger compared to when it entered.235

To investigate the processes driving the dynamics of this electron, Figures 2e–j dis-236

play various quantities along its orbit, for times when the particle’s pitch angle was α =237

90◦. For the first ∼ 10 minutes of the particle’s orbit, Figure 2 shows a correlation be-238

tween |B| and the electron’s energy. During this time the (relativistic) first adiabatic in-239

variant µ remained nearly conserved, where µ = γm|v⊥|2/(2|B|). Since Figure 2e–j dis-240

plays only times when the electron’s pitch angle was α = 90◦, the particle’s perpen-241

dicular velocity |v⊥| is equal to its total velocity |v|, and hence, panel 2g displays its to-242

tal (relativistic) kinetic energy. As such, for regions where µ was conserved and the elec-243
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Figure 2. Trajectory of a trapped electron orbiting Ganymede. Panels (a–d) each display

201 s in real time (i.e., one-quarter of the complete displayed trajectory), colored corresponding

to the electron’s energy. Panels (e–j) display the local (e) magnetic and (f) electric field magni-

tudes, (g) electron’s energy, (h) a five-second running average of the work (−E · vdt) done on

the electron, (i) first adiabatic invariant, µ, and (j) radial distance |r| at its mirror points when

the electron’s pitch angle is α = 90◦. The red stars in panels (a) and (g) show where the elec-

tron crossed Galileo’s trajectory at 10:13 UTC with an energy of E = 21 keV and pitch angle of

α = 120◦. Red horizontal lines denote the value of the respective quantity in the ambient Jovian

magnetospheric plasma, while the green vertical lines split panels (e–j) into 201 s segments corre-

sponding to panels (a–d).
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tron traveled closer to Ganymede, its energy increased. There are additional regions dur-244

ing this initial ten-minute interval where µ was not conserved and the electron under-245

went a rapid energization, for example, approximately 7.5 minutes into its orbit. Here,246

|E| displayed a strong enhancement coinciding with an increase in the work done on the247

electron. These smaller energization events are associated with regions where the local248

electric field direction was aligned with the electron’s motion, accelerating the particle249

through the fields (see panel 2h).250

After this initial interval characterized by periodic acceleration and subsequent de-251

celeration, an increase in the work done on the electron occurred nearly 11 minutes into252

its orbit. At this time, although any increase in |E| remained small, the electric field com-253

ponent parallel to the electron’s velocity was enhanced (see Figure 2h) resulting in an254

increase in the work done on the electron and its rapid acceleration up to energies of E ≈255

35 keV. Near 12 minutes along its orbit, the particle’s velocity vector became anti-aligned256

with the local electric field direction, the factor of two enhancement in energy that was257

gained from an electric field parallel to the electron’s motion was lost, and the value of258

µ stabilized. However, one minute later (i.e., ∼ 13 minutes after becoming trapped in259

Ganymede’s magnetic field), the electron experienced a strong enhancement in |E|, con-260

servation of the first adiabatic invariant broke down as µ became highly dynamic, and261

the particle was accelerated to an energy of E ≈ 25 keV, after which the electron ex-262

ited Ganymede’s magnetosphere and traveled southward away from the moon in the Jo-263

vian magnetospheric field. The net energy gained by this electron therefore stemmed from264

work driven by an electric field parallel to the electron’s velocity.265

Such an energization mechanism for particles that may populate Ganymede’s elec-266

tron radiation belt supports the findings of Kollmann et al. (2022), who show that the267

electron PSD observed by EPD during G28 near closest approach was enhanced com-268

pared to just before and after C/A. If the PSD was associated with a stably trapped elec-269

tron radiation belt, then it can not be explained through conservation of the first adi-270

abatic invariant (i.e., not by the inward adiabatic transport of these electrons; see Koll-271

mann et al., 2022). Instead, a local acceleration source is required (e.g., an electric field272

aligned with the electrons’ velocities), which is consistent with the dynamics of the elec-273

tron displayed in Figure 2. However, if the observation was driven by a more transient274

population, Kollmann et al. (2022) explain that the PSD observed during G28 may in-275
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stead be driven by impulsive electron transport through the local fields (as discussed for276

ions trapped in Jupiter’s fields; see Kollmann et al., 2021).277

Hence, to understand the significance of this single trapped electron’s behavior in278

a statistical sense, we investigated the full trajectories of 1,728 electrons that were traced279

with GENTOo through the two sets of electromagnetic fields. These electrons represent280

a subset of those from the PADs in Figures 1e–f, but we focus only on three times when281

Galileo was within the closed field line region (at 10:06, 10:08, and 10:10 UTC), and sub-282

sample to a lower resolution of 15◦ in pitch angle and gyrophase. At these times, only283

electrons with initially near-perpendicular pitch angles had allowed trajectories (see Fig-284

ures 1e–1f). Of the 864 back-traced electrons that we investigated from each set of fields285

at these three points, 7% had allowed trajectories when using the fields from Fatemi et286

al. (2016), while 28% were allowed when applying the fields from Stahl et al. (2023b).287

These percentages are comparable to the decrease in the electron differential energy flux288

observed by Galileo within the closed field line region (see Figure 1c). To determine the289

behavior of these electrons after encountering the G28 trajectory, we then traced these290

electrons beyond their “launch point” in forward time (i.e., dt > 0). The back- and forward-291

traced segments were then combined to obtain the allowed electrons’ complete trajec-292

tories near Ganymede.293

Figure 3 shows the resulting electrons’ lifetimes τ after entering within r ≤ 4RG294

of Ganymede separated by their outcomes, either (blue) impacting Ganymede or (green)295

escaping the near-moon environment. Panel 3a displays the two outcomes for all elec-296

trons combined, while panel 3b separates them based on which set of electromagnetic297

fields were used. All of the electrons completed at least half of an orbit around Ganymede,298

with most entering the closed field line region from downstream of the moon. Moreover,299

25% of these electrons (63 in the fields from Fatemi et al. (2016), including the electron300

in Figure 2, and another 13 in the fields from Stahl et al. (2023b)) completed at least one301

full orbit of the moon, with some encircling the moon multiple times. Half of these elec-302

trons that completed at least one orbit experienced a net acceleration by the time they303

impacted the surface or escaped Ganymede’s local environment, compared to when they304

entered. Regardless of the electromagnetic field model used, Figure 3b indicates that the305

lifetimes for approximately 70% of electrons remain below τ ≤ 3 minutes (with medi-306

ans of 1.0 ≤ τ ≤ 1.7 minutes). For the remaining 30%, the electrons traced through307

the fields from Fatemi et al. (2016) display longer lifetimes, with a maximum of τ ≈ 30308

–12–



Confidential manuscript submitted to Geophysical Research Letters

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25
0

0.2

0.4

0.6

0.8

1

Impacted Ganymede
Escaped Ganymede

Lifetime τ after entering the near-Ganymede region (minutes)

Fr
ac

tio
n 

of
 e

ac
h 

po
pu

la
tio

n

22% of all electrons impacted
Median lifetime 1.1 minutes

78% of all electrons escaped
Median lifetime 1.5 minutes

Fatemi et al. (2016): Impacted
Fatemi et al. (2016): Escaped

Stahl et al. (2023): Impacted
Stahl et al. (2023): Escaped

21% of electrons escaped
Median lifetime 1.0 minute

79% of electrons impacted
Median lifetime 1.2 minutes

93% of electrons escaped
Median lifetime 1.7 minutes

7% of electrons impacted
Median lifetime 1.1 minutes

Fr
ac

tio
n 

of
 e

ac
h 

po
pu

la
tio

n

(a)

(b)

Figure 3. Lifetime τ of electrons as they pass by Ganymede. Fractions denote sub-

populations corresponding to electrons that either impacted the surface or escaped the near-

Ganymede environment. Panel (a) combines the outcome for all electrons traced, whereas panel

(b) separates them based on the electromagnetic fields used for their tracing.

minutes, compared to those traced through the fields from Stahl et al. (2023b), with a309

maximum of τ ≈ 5 minutes.310

4 Discussion and Conclusions311

During the G28 Galileo flyby of Ganymede, EPD observed pancake distributions312

with for energetic electrons with enhanced fluxes near α ≈ 90◦ compared to other pitch313

angles within the moon’s closed field line region. Our results provide strong evidence that314

these electron PADs were associated with stably trapped electrons at the moon during315

this encounter. We have shown that they complete at least one half-orbit around Ganymede316

before impacting the surface or being lost to Jupiter’s magnetosphere, with 25% of these317

electrons orbiting the moon at least once. We have identified similar behaviors for these318

particles when using two separate sets of electromagnetic fields to represent the perturbed319

plasma environment, providing confidence in the robustness of our results. Ganymede320
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can therefore efficiently trap electrons, sustain radiation belts for extended periods of321

time, and act as an acceleration mechanism for some electrons before they impact the322

surface or re-enter the Jovian magnetosphere. The differential azimuthal motion of this323

trapped electron population compared to energetic ions (which, unlike electrons, likely324

do not complete full orbits of the moon; see Poppe et al., 2018; Williams, 2001) may drive325

a partial ring current around Ganymede (see also Fatemi et al., 2022).326

Using our approach, it is not feasible to further constrain the timescales over which327

trapped electrons are sustained to form radiation belts at the moon. The electron in Fig-328

ure 2 orbited Ganymede for ∼ 13 minutes, but our modeling indicates particles trapped329

for anywhere from 1 minute up to 30 minutes before they impact the surface or are lost330

to Jupiter’s magnetosphere (see Figure 3). Ganymede’s local environment is highly dy-331

namic on these timescales and our present approach for modeling energetic electrons did332

not include various time-dependent processes (see also Collinson et al., 2018; Kaweeya-333

nun et al., 2021; Kollmann et al., 2022; Mauk et al., 1997, 1999; Shprits et al., 2018). While334

these dynamics may represent a loss process for stable electron radiation belts, it is likely335

that they also act as a source for electrons to the mini-magnetosphere (e.g., via recon-336

nection down-tail; see Eviatar et al., 2000). Future observations from the Particle En-337

vironment Package onboard JUICE (Galli et al., 2022) may encounter fluxes associated338

with this trapped population and should provide a unique opportunity to further char-339

acterize dynamics and lifetimes of these electrons.340

Open Research341

Galileo EPD data are available in Kollmann (2022), and the electromagnetic field out-342

puts from the hybrid models used to trace electron dynamics are available in Liuzzo (2020)343

and Stahl et al. (2023a). Data from the GENTOo runs are available in Liuzzo (2024).344
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Rymer, A. (2021). Jupiter’s Ion Radiation Belts Inward of Europa’s Or-396

bit. Journal of Geophysical Research: Space Physics, 126 (4), 1–22. doi:397

10.1029/2020JA028925398

Liuzzo, L. (2020). Data for ”Energetic electron bombardment of Ganymede’s surface”399

by Liuzzo et al., 2020. [Dataset]. Zenodo. doi: 10.5281/zenodo.3754987400

Liuzzo, L. (2024). Data for ”On the Formation of Trapped Electron Radiation Belts401

at Ganymede” by Liuzzo et al. doi: 10.5281/zenodo.10780381402

Liuzzo, L., Poppe, A. R., Addison, P., Simon, S., Nénon, Q., & Paranicas, C.403
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