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Abstract13

We present a model of the interaction between energetic heliospheric ions and Pluto’s14

induced magnetosphere. The electromagnetic fields near the dwarf planet are highly non-15

uniform, displaying extended signatures of pile-up and draping. While the induced mag-16

netosphere possesses a downstream extension above 100 Pluto radii, the weak interplan-17

etary magnetic field in the outer heliosphere leads energetic ions to gyrate on compa-18

rable length scales. We obtain the three-dimensional structure of the fields near Pluto19

using a hybrid model, and a particle tracing tool is applied to study the dynamics of en-20

ergetic ions traveling through these fields. For multiple initial energies, we compute the21

ion fluxes through a plane detector downstream of Pluto. Our results are as follows: (a)22

Deflection by Pluto’s induced magnetosphere causes highly non-uniform perturbations23

in the flux pattern of energetic ions at its downstream side. These patterns include re-24

gions where the fluxes are increased or reduced by up to 40%, compared to the values25

in uniform fields. (b) Consistent with findings from New Horizons, the modeled pertur-26

bations gradually diminish with distance downstream of the dwarf planet out to 200 Pluto27

radii. (c) The deflection of the energetic ions mainly occurs within regions of Pluto’s in-28

duced magnetosphere where the magnetic field is significantly enhanced, thereby caus-29

ing a localized reduction in gyroradii. (d) The magnitude of the depletion in flux in our30

steady-state model is weaker than seen by New Horizons; this may suggest that time-31

dependent processes in Pluto’s wake (e.g., bi-ion waves) play a major role in deflecting32

these ions.33

1 Introduction34

Pluto (radius RP = 1, 188 km), formerly considered the ninth planet of our so-35

lar system, is a Kuiper belt object with an eccentric orbit around the Sun ranging in ra-36

dial distance from 30 to 49 AU. Its atmosphere was first detected via stellar occultation37

in 1988 (Hubbard et al., 1988) and is generated by the evaporation of volatile ices, in-38

cluding nitrogen (N2) and methane (CH4), on the surface (Owen et al., 1993). Methane39

has been detected by Young et al. (1997), but was concluded to be only a minor atmo-40

spheric constituent. Instead, Owen et al. (1993) suggested that nitrogen is the most abun-41

dant atmospheric species due to the prevalence of N2 ice on Pluto’s surface. Initial model42

results for a hydrodynamically escaping atmosphere—in which N2 is entrained in a plan-43

etary wind of escaping CH4—yielded neutral gas temperatures of more than 90 K out44
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to 1 RP altitude (Krasnopolsky, 1999; Krasnopolsky & Cruikshank, 1999). Estimated45

escape rates of the neutral species are on the order of 1027 s−1 for N2 and 1026-1027 s−1
46

for CH4 (Krasnopolsky, 1999).47

The New Horizons (NH) spacecraft encountered Pluto on July 14, 2015 at a dis-48

tance of 33 AU from the Sun. Its trajectory was inclined against Pluto’s orbital plane49

by about 3◦. The spacecraft crossed the plane from the south (below) to the north (above)50

as its trajectory intersected the Sun-Pluto line about 45 RP downstream of the dwarf51

planet (Bagenal et al., 2016). Observations from this flyby have found Pluto’s upper at-52

mosphere to be much colder than suggested by earlier, remote observations: data from53

the Alice UV spectrometer aboard NH revealed neutral gas temperatures of less than54

70 K out to altitudes more than 1 RP (Gladstone et al., 2016). Additionally, Pluto’s at-55

mosphere at the time of the flyby was not undergoing substantial hydrodynamic escape:56

only thermal (Jeans) escape of neutrals and loss through ionization were occurring (Gladstone57

et al., 2016; McComas et al., 2016). Due to the lower temperature, the escape rates de-58

rived from NH data are orders of magnitude below those estimated prior to the flyby:59

1023 s−1 for N2 and 5·1025 s−1 for CH4 (Gladstone et al., 2016). Additionally, CH4 was60

found to be the dominant constituent of the atmosphere at altitudes greater than 1 RP61

where N2 densities become rarefied.62

The ionization of neutral N2 and CH4 in Pluto’s upper atmosphere via charge ex-63

change with solar wind protons and photoionization via solar extreme ultraviolet (EUV)64

photons yields N+
2 and CH+

4 ions (Cravens & Strobel, 2015). The production of these65

heavy (Plutogenic) ions generates the dwarf planet’s ionosphere, representing an obsta-66

cle to the solar wind flow. The drain of momentum from the solar wind due to the pickup67

of heavy ions from the ionosphere decelerates the impinging flow and leads to pertur-68

bations of the electromagnetic fields, generating the dwarf planet’s induced magnetosphere69

(e.g., Delamere, 2009). The abrupt deceleration of the supermagnetosonic solar wind flow70

(magnetosonic Mach number MMS ≈ 10) gives rise to a bow shock upstream of Pluto71

(Bagenal et al., 2016; McComas et al., 2016). An ion composition boundary called the72

Plutopause is formed between the solar wind and heavy ion populations. The Plutopause73

encases an extensive heavy ion tail largely devoid of SW ions (McComas et al., 2016).74

Since the interplanetary magnetic field (IMF) strength decreases with distance from75

the Sun, heavy pickup ion gyroradii near Pluto become two to three orders of magni-76
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tude larger than the dwarf planet itself (Bagenal et al., 2015). At Pluto’s orbit, the IMF77

is expected to be (on average) either parallel or antiparallel to the direction of the dwarf78

planet’s orbital motion; i.e., it is perpendicular to the bulk velocity of the impinging so-79

lar wind. The direction of the ambient convective electric field depends on the orienta-80

tion of the IMF: �E0 = −�u0× �B0, where �u0 is the upstream solar wind velocity and �B081

is the IMF vector. An IMF oriented antiparallel to Pluto’s orbital motion generates a82

convective electric field pointing northward, and vice versa. Freshly picked-up heavy ions83

begin their cycloidal motion by streaming along the electric field with near-ballistic tra-84

jectories due to their large gyroradii (e.g., Feyerabend et al., 2017). To conserve momen-85

tum, the solar wind flow is redirected opposite the motion of the pickup ions. Consequently,86

a strong north-south asymmetry arises in the plasma flow pattern and the electromag-87

netic fields near Pluto (e.g., Delamere, 2009; Feyerabend et al., 2017). A similar north-88

south asymmetry was seen in the ion tail during the AMPTE experiment that emulated89

an artificial comet (e.g., Valenzuela et al., 1986; Coates et al., 1988; Delamere et al., 1999).90

New Horizons was equipped with multiple instruments that measured Pluto’s plasma91

environment. The Solar Wind Around Pluto (SWAP) instrument detects ions with energy-92

per-charge ratios (E/q) ranging from 0.035 to 7.5 keV/q (McComas et al., 2007), allow-93

ing the derivation of solar wind parameters, such as flow speed, density, and tempera-94

ture. The solar wind observed by SWAP during the flyby was very tenuous with a pro-95

ton density of 0.025 cm−3 (versus about 5 cm−3 at 1 AU) and an upstream bulk veloc-96

ity of 403 km/s (Bagenal et al., 2016). McComas et al. (2016) analyzed the solar wind97

slowing to identify a standoff distance for the bow shock of 4.5 RP upstream of Pluto’s98

center.99

New Horizons did not carry a magnetometer, so it did not directly measure the strength100

or direction of the IMF near Pluto. Prior to the flyby, Bagenal et al. (2015) examined101

Voyager 2 data from distances of 25 AU to 39 AU to determine a range of 0.08 nT to102

0.28 nT for the IMF strength at 33 AU (corresponding to pickup N+
2 gyroradii of about103

1250 RP to about 350 RP , respectively). The direction of the IMF at the time of the104

flyby has been inferred indirectly by using SWAP counts of heavy pickup ions (Zirnstein105

et al., 2016; McComas et al., 2016). The instrument’s field-of-view was oriented such that106

it could simultaneously measure ions entering the detector from regions north and south107

of the Sun-Pluto line. Zirnstein et al. (2016) constructed a model that calculated the tra-108

jectories of heavy ions which entered SWAP at the time of the flyby to determine the109
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IMF orientation. They demonstrated that only an outward IMF sector—i.e., �B0 oriented110

antiparallel to Pluto’s orbital direction—could explain SWAP heavy ion counts. The re-111

sulting convective electric field, �E0, would point northward such that heavy pickup ions112

streaming along the electric field would redirect the solar wind flow toward the south.113

The large gyroradii of Plutogenic pickup ions suggest that any model of the dwarf114

planet’s interaction with the solar wind must account for both flow shear between ion115

species of different masses and significant asymmetries in the magnetic field topology.116

Hybrid models (kinetic ions, fluid electrons) and multi-fluid models have been applied117

to study Pluto’s plasma environment. Harnett et al. (2005) demonstrated that both meth-118

ods are capable of qualitatively capturing the impact of ion gyration on the flow pattern119

and electromagnetic fields. Discrepancies between the two methods arise in the extent120

of the pickup tail, since the multi-fluid model does not capture the dynamics of individ-121

ual ions.122

Prior to the NH encounter, Delamere and Bagenal (2004) studied Pluto’s interac-123

tion with the solar wind using a three-dimensional hybrid model (kinetic ions, fluid elec-124

trons). These authors assumed that there was significant hydrodynamic outflow of Pluto’s125

atmosphere and that N2 was the dominant escaping species. This model was expanded126

upon by Delamere (2009); the previous iteration had made physical compromises for com-127

putational efficiency, such as setting the mass of N+
2 ions to 10 proton masses. Delamere128

(2009) simulated Pluto’s interaction region for three atmospheric N2 escape rates: Q1 =129

2·1026 s−1, Q2 = 2·1027 s−1, and Q3 = 2·1028 s−1. In their model, Pluto’s ionosphere130

is generated through photoionization and the charge exchange reaction H+ + N2 → H131

+ N+
2 . The different neutral escape rates proved to have a significant effect on the shape132

of the bow shock. As the neutral outflow rate increased from Q1 to Q3, the modeled shock133

structures transitioned from a Mach cone, to a weak shock (attached to Pluto’s ionosphere),134

and finally to a fully detached bow shock. Additionally, Delamere (2009) found signif-135

icant structuring in the plasma at the wakeside of Pluto due to the presence of bi-ion136

waves arising from flow shear between the solar wind and heavy pickup ions.137

Data from the NH encounter revealed that Pluto’s atmosphere is colder, more con-138

fined, and CH4 dominated (at altitudes greater than 1 RP ). Therefore, post-NH hybrid139

models have employed in-situ atmospheric observations (e.g., Gladstone et al., 2016; Young140

et al., 2017) for representing the dwarf planet’s neutral envelope. Feyerabend et al. (2017)141
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included NH encounter estimates of solar wind and atmospheric parameters in their hy-142

brid simulations of Pluto’s induced magnetosphere. A major goal of their study was to143

constrain the strength and direction of the IMF at the time of the flyby. Their model144

included neutral profiles of N2 and CH4 extrapolated from atmospheric observations of145

Gladstone et al. (2016). They considered five different model setups with varying IMF146

strength and orientation. Four of these simulations used the following values for | �B0|,147

covering the range observed by Voyager 2 near 33 AU (Bagenal et al., 2015): 0.08 nT,148

0.16 nT, 0.24 nT, and 0.30 nT. These four runs included an IMF oriented antiparallel149

to Pluto’s orbital motion, consistent with the conclusions of Zirnstein et al. (2016) and150

McComas et al. (2016). The fifth simulation used an IMF strength of 0.30 nT but ori-151

ented oppositely. Feyerabend et al. (2017) constrained the IMF magnitude by compar-152

ing the solar wind flow speed output by their model to SWAP measurements of the so-153

lar wind slowing profile near Pluto’s bow shock (McComas et al., 2016). Their model154

revealed that the slowing profile of the solar wind strongly depends on IMF strength,155

with a magnitude of at least 0.24 nT needed to reproduce SWAP observations. Both sim-156

ulations with an IMF strength of 0.30 nT were able to quantitatively reproduce the mea-157

sured solar wind speeds, regardless of field orientation.158

The hybrid model of Barnes et al. (2019) was used with a similar goal of constrain-159

ing the strength of the IMF at Pluto during the NH flyby. In contrast to, e.g., Delamere160

(2009) or Feyerabend et al. (2017), their setup includes multiple upstream ion popula-161

tions: one Maxwellian distribution of solar wind protons, one Maxwellian distribution162

of doubly-charged alpha particles (He++) with one-tenth the number density of the pro-163

tons, and a drifting spherical shell distribution of protons with a number density sim-164

ilar to that of the alpha particles. The latter population represents interstellar pickup165

ions, which arise from the ionization and pickup of interstellar gas. The atmospheric model166

used in their hybrid simulations consists of a neutral profile of CH4 extrapolated from167

Young et al. (2017). However, Barnes et al. (2019) assumed methane to be the only sig-168

nificant constituent of Pluto’s upper atmosphere. These authors created a numerical model169

of the SWAP instrument’s response to incoming ions, allowing them to generate synthetic170

time series from the output of their hybrid model.171

Barnes et al. (2019) identify three observables that depend on IMF strength: heavy172

pickup ion energy, the width of the heavy ion tail, and the profile of thermal pressure173

along the NH trajectory. Their model does not show the same dependence of the solar174
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wind slowing profile on IMF strength as Feyerabend et al. (2017). They infer a value for175

IMF strength of less than 0.1 nT. The inclusion of only a single upstream species by Feyerabend176

et al. (2017) means pressure balance at the Plutopause would have to be accounted for177

by increased magnetic pressure, leading to a larger value for IMF strength than concluded178

by Barnes et al. (2019). The models of Feyerabend et al. (2017) and Barnes et al. (2019)179

both reproduce the solar wind slowing pattern observed by SWAP; i.e., the location and180

thickness of the bow shock is consistent between the two. In both models, the ionospheric181

obstacle presented to the solar wind flow is less than about 10 RP in diameter.182

In addition to solar wind and Plutogenic pickup ions, the dwarf planet is embed-183

ded in a population of energetic heliospheric ions—with energies from a few to hundreds184

of keV—constituted by interstellar pickup and suprathermal ions (Kollmann, Hill, Allen,185

et al., 2019). The gyroradii of singly-charged helium ions in this population range from186

45 RP at 2 keV to 321 RP at 100 keV for an IMF magnitude of 0.24 nT. The interstel-187

lar pickup ions are accelerated along the convective electric field to drift with the bulk188

velocity of the solar wind as they gyrate (Kollmann, Hill, McNutt, et al., 2019). Inter-189

stellar pickup proton and helium ion energies cutoff at a maximum of twice the flow speed190

in the Sun’s rest frame, when their gyration conspires entirely in the direction of their191

drift. Thus, they populate the energy range up to 3.4 keV for protons and 13.6 keV for192

helium ions. The suprathermal population arises from interstellar pickup ions that have193

undergone further acceleration, and it accounts for the range of energies above the pickup194

ion cutoffs. The mechanism for this acceleration is still debated (Fisk & Gloeckler, 2012;195

Randol & Christian, 2014; Kollmann, Hill, McNutt, et al., 2019).196

The Pluto Energetic Particle Spectrometer Science Investigation (PEPSSI) instru-197

ment onboard NH measured the differential intensity (number flux per energy per stera-198

dian) of the He+ component of the energetic heliospheric ion distribution. Shortly af-199

ter closest approach, as NH was 8-9 RP downstream of Pluto (at a radial distance of 13200

RP from its center), the PEPSSI instrument observed an increase in the differential in-201

tensity of the energetic ion flux above the nominal interplanetary level, despite the in-202

strument’s look direction pointing away from the Sun. This enhancement was followed203

by an order-of-magnitude reduction in differential intensity which immediately began to204

replenish exponentially over an estimated distance of 190 RP downstream (Kollmann,205

Hill, Allen, et al., 2019). The initial increase is interpreted by Bagenal et al. (2016) as206

the energetic ions being deflected by Pluto’s induced magnetosphere. The subsequent207
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reduction of differential intensity is indicative of an energetic particle wake formed down-208

stream of Pluto. Since the length scales of energetic ion motion are up to an order-of-209

magnitude larger than the obstacle that Pluto presents to the solar wind (Feyerabend210

et al., 2017; Barnes et al., 2019), it is unclear why the dwarf planet has such an extreme211

influence on the dynamics of these particles. The physical mechanisms leading to the en-212

ergetic ion depletion observed by NH have yet to be determined. Additionally, the dif-213

ferential intensity of the energetic ions within the depleted wake region was observed to214

oscillate with a periodicity of about 0.2 hours. Kollmann, Hill, Allen, et al. (2019) sug-215

gest a possible cause being deflection of the energetic ions by ultra-low frequency plasma216

waves, such as bi-ion waves that stem from the relative motion of solar wind and iono-217

spheric ions.218

The goal of our study is to investigate the cause of the observed depletion of the219

energetic heliospheric ion population downstream of Pluto. To accomplish this, we cal-220

culate the three-dimensional structure of the electromagnetic fields in Pluto’s induced221

magnetosphere during the NH flyby using the AIKEF hybrid model (Müller et al., 2011).222

The field output from the hybrid model is then incorporated into a newly developed par-223

ticle tracing simulation of the energetic He+ population incident upon Pluto’s interac-224

tion region. This paper has the following structure: the use of the hybrid model is dis-225

cussed in section 2.1, and the energetic ion tracer is described in sections 2.2 and 2.3.226

The results of these models are discussed in section 3. A summary and conclusion are227

found in section 4.228

2 Hybrid Model and Energetic Ion Tracer229

A Pluto-centered, Cartesian coordinate system (x, y, z) is introduced for the mod-230

eling of the dwarf planet’s induced magnetosphere and tracing of energetic heliospheric231

ions. The x-axis coincides with the Sun-Pluto line and points anti-sunward from the dwarf232

planet. The y-axis is oriented in the direction of Pluto’s orbital motion. The z-axis is233

directed northward of the orbital plane to complete the right-handed coordinate system.234

2.1 Modeling of Pluto’s Induced Magnetosphere235

To calculate the electromagnetic field perturbations generated by Pluto’s interac-236

tion with the solar wind, we apply the AIKEF hybrid model (Müller et al., 2011). In this237
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model, ions are treated as individual macroparticles, representing some number of real238

ions with similar positions in phase space. The kinetic treatment of ions is necessary for239

interactions involving non-Maxwellian velocity distributions (caused by, e.g., ion pickup)240

and flow shear between impinging and ionospheric ion populations. Both features are241

critical in shaping Pluto’s interaction region, since the gyroradii of solar wind protons242

and pickup N+
2 ions are at least 12 RP and 330 RP , respectively (e.g., Bagenal et al.,243

2015). In AIKEF, electrons are treated as a massless, charge-neutralizing fluid. The fluid244

treatment of electrons is valid near Pluto, since their gyroradii in the ambient solar wind245

field are less than 0.01 RP—nearly three orders of magnitude smaller than the obsta-246

cle represented by the dwarf planet’s ionosphere. The AIKEF model has been employed247

previously at Pluto to constrain the IMF strength during the NH flyby (Feyerabend et248

al., 2017). In addition, the model has a 20-year history of application to various other249

small bodies in the solar system, such as Titan (e.g., Simon et al., 2006; Tippens et al.,250

2022, 2024), Europa (e.g., Addison et al., 2021, 2022, 2023, 2024; Haynes et al., 2023),251

Callisto (e.g., Liuzzo et al., 2015, 2016, 2017; Liuzzo, Poppe, et al., 2024), and Ganymede252

(e.g., Stahl et al., 2023). The output of the model is a three-dimensional data cuboid of253

the electromagnetic field vectors.254

Here, we provide only a brief overview of the parameters used for our Pluto study.255

Analogous to Feyerabend et al. (2017), we assume the ion population in the impinging256

solar wind to consist of protons, with their velocities described by a drifting Maxwellian257

distribution. The values characterizing the upstream solar wind are taken from SWAP258

data interpreted by Bagenal et al. (2016), namely: a solar wind speed u0 = 403 km/s259

in the (+x) direction, a proton number density n0 = 0.025 cm−3, and a proton tem-260

perature kTi = 0.66 eV. We use an electron temperature of kTe = 1 eV, in agreement261

with Feyerabend et al. (2017). In our model, the upstream magnetic field �B0 is oriented262

antiparallel to Pluto’s orbital motion, in the (−y) direction, consistent with the conclu-263

sions by Zirnstein et al. (2016) and McComas et al. (2016). We adopt an IMF strength264

of | �B0| = 0.24 nT, at the lower bound of the range concluded by Feyerabend et al. (2017),265

due to our analogous treatment of the upstream plasma. Of the values determined by266

these authors to be capable of reproducing SWAP measurements, this IMF strength is267

the most consistent with the range predicted for the NH flyby from Voyager 2 data (Bagenal268

et al., 2015). This choice of | �B0| yields an Alfvén speed of vA,0 = 33 km/s, an Alfvénic269
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Mach number MA = 12.2, a solar wind plasma beta β = 0.29, and a Magnetosonic270

Mach number MMS = 10.7.271

The neutral profiles used for N2 and CH4 in Pluto’s atmosphere are each a sum272

of barometric laws fit to NH data with parameters given in Table 1 of Feyerabend et al.273

(2017). Our model includes the ionization of atmospheric neutrals via solar photons and274

charge exchange. Photoionization is facilitated via the Extreme UltraViolet flux model275

for Aeronomic Calculations (EUVAC) by Richards et al. (1994). The EUVAC model de-276

termines the EUV flux across 37 intervals within the UV spectrum to calculate the wavelength-277

dependent photoionization rates. We include the charge exchange reactions between so-278

lar wind protons and the two atmospheric species, H+ + N2 → H + N+
2 , and H+ + CH4 →279

H + CH+
4 . In our model, the collision frequencies for these charge exchange reactions280

are spatially non-uniform and given by the product of the local neutral density and a281

rate coefficient. The rate coefficients for these reactions are 3.36 × 10−9 cm3 s−1 and282

4.02×10−9 cm3 s−1, respectively (Schunk & Nagy, 2009). During these reactions, so-283

lar wind ions are removed from the simulation and replaced with ionospheric ions.284

The particle tracing simulation (section 2.2) will embed the AIKEF field output285

into a larger domain of uniform electromagnetic fields. To minimize any field gradients286

at the interface between these two domains, it is important that the field perturbations287

are weak near the outer boundaries of the AIKEF box. Therefore, the dimensions of our288

simulation domain are larger than those in Feyerabend et al. (2017) whose study focused289

solely on Pluto’s immediate environment. The extensions of our hybrid simulation do-290

main are 120 RP in x, and 64 RP in y and z. The bounds in each direction are [−20,291

100] RP for x, and [−32, 32] RP for y and z. The (+x) direction (i.e., toward downstream)292

has the largest extent to accommodate for the field line draping. The grid resolution in293

each dimension is 0.125 RP . The timestep used in AIKEF is 0.037 s, corresponding to294

0.01% of a proton gyroperiod in the ambient solar wind magnetic field.295

Initially, each cell of the AIKEF grid is populated with 10 proton macroparticles.296

For each of the two ionospheric species, 20 macroparticles are injected per timestep into297

every cell within Pluto’s atmosphere. Inflow boundary conditions are used at the upstream298

(x = −20 RP ) and the northern (z = 32 RP ) faces of the model domain, whereas out-299

flow conditions are used on the remaining four faces (see Müller et al., 2011, for details).300

The code applies a 26-point smoothing procedure to the electromagnetic fields in order301
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to achieve numerical stability (see Müller et al., 2010). Zero divergence of the magnetic302

field is ensured through the “projection method” described by Müller et al. (2010).303

2.2 Tracing of Energetic Heliospheric Ions304

This section describes our model used for tracing energetic heliospheric He+ macropar-305

ticles as they travel through Pluto’s induced magnetosphere. We have developed this tool306

to identify the mechanisms responsible for the extensive depletion of energetic ion flux307

observed downstream of Pluto by NH (Bagenal et al., 2016; Kollmann, Hill, Allen, et al.,308

2019). The time-of-flight measurements used to identify the downstream depletion in en-309

ergetic ion flux are dominated by populations of interstellar pickup and suprathermal310

He+ ions, with energies ranging from a few keV to more than 100 keV (Kollmann, Hill,311

Allen, et al., 2019). Shortly after NH’s closest approach, PEPSSI data reveal an order312

of magnitude decrease in energetic ion intensity across this entire energy range when com-313

pared to the nominal values observed upstream of the induced magnetosphere. The de-314

pletion was first observed near x = 15 RP downstream of Pluto and immediately be-315

gan refilling out to an estimated distance of x = 190 RP (Kollmann, Hill, Allen, et al.,316

2019). In the uniform solar wind outside of Pluto’s interaction region, He+ gyroradii (at317

pitch angles of 90◦) vary from 45 RP to 321 RP across the energy range observed by PEPSSI.318

At the lowest energy, the ion gyroradii are smaller than the size of Pluto’s interaction319

region, whereas at the largest, they are comparable in size. In this study, we present re-320

sults for the following initial energies (E, in the rest frame of the solar wind) of He+ ions321

in our particle tracer: 2 keV, 5 keV, 10 keV, and 20 keV. These values correspond to speeds322

of 310 to 980 km/s, compared to their �E× �B drift speed (in the undisturbed solar wind)323

of u0 = 403 km/s. We have also carried out runs at higher energies up to 100 keV. The324

results of these additional runs were found to merely substantiate the trends that are325

detailed in section 3.2 for the lower energies, so they are not discussed individually.326

The particle tracing simulation uses the three-dimensional electromagnetic field out-327

put from the AIKEF hybrid model in the vicinity of Pluto. In other words, the energetic328

ions analyzed with the particle tracer are treated as test particles that do not influence329

the electromagnetic fields themselves. Our approach is consistent with the treatment of330

the energetic He+ population by Kollmann, Hill, Allen, et al. (2019) who computed the331

motion of these ions through an analytical representation of the plasma waves that were332
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suggested to inhabit Pluto’s energetic ion wake (e.g., Delamere, 2009; Feyerabend et al.,333

2017).334

The AIKEF simulation cuboid is too small to serve as a standalone simulation do-335

main (dimensions 120 RP × 64 RP × 64 RP ): the length of its longest side is less than336

a third of the distance along the x-axis a He+ ion would drift in a single gyration, u0P0 ≈337

371 RP . Here, P0 is the ion gyroperiod in the uniform fields �E0 and �B0 outside of Pluto’s338

interaction region. Further, the PEPSSI measurements used to identify the energetic ion339

depletion and subsequent refilling were taken over a distance of more than 100 RP . There-340

fore, the electromagnetic field cuboid output by AIKEF is embedded in a larger model341

domain for tracing the energetic heliospheric ions.342

The simulation domain of the particle tracer is depicted in Figure 1. The trajec-343

tories of three sample 10 keV He+ ions are shown to scale (solid gray/blue), compared344

to the size of Pluto. These ions are initialized on a “launch grid” (dashed green) upstream345

of the electromagnetic field cuboid from AIKEF (black), and they subsequently travel346

toward the region of perturbed fields near Pluto (magenta). A “detector grid” (dashed-347

red) is placed downstream of the dwarf planet to measure the redistribution of the en-348

ergetic ion flux after these particles have passed through the interaction region. Both349

grids are centered on the x-axis and oriented perpendicular to the flow direction of the350

incident solar wind (i.e., extending in the (±y) and (±z) directions).351

The launch grid (dashed green in Figure 1) initializes monoenergetic populations352

of He+ ions with initial energy E in the rest frame of the solar wind. The extents of the353

grid are chosen to ensure that the initiated He+ population includes all ions that could354

potentially interact with Pluto’s induced magnetosphere. To evaluate this criterion, we355

determine the maximum distance an ion of energy E could be displaced in the y and z356

directions before reaching the detector grid a distance d = u0P0 = 371 RP downstream357

of the launch grid; the motivation for this choice of d is described later in this section.358

The farthest distance an ion could travel in the (±y) direction (i.e., parallel or antipar-359

allel to �B0) before reaching the detector grid is Δymax = ±
√

2E
m P0. This distance cor-360

responds to an ion whose initial velocity vector in the rest frame of the solar wind is ori-361

ented entirely along �B0. Therefore, ions initialized on the launch grid a distance greater362

than Δymax in the (±y) direction from the AIKEF cuboid cannot interact with Pluto’s363

induced magnetosphere before reaching the detector grid. The quantity Δymax takes val-364
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Figure 1. Diagram of the model geometry used to study energetic ion dynamics at Pluto.

In this illustration, three sample 10 keV He+ ions are launched from the upstream launch grid

(indicated by dashed green lines). The electromagnetic field cuboid output by AIKEF is marked

in black, within which lies Pluto (magenta). The energetic ion fluxes downstream of Pluto are

measured by the detector grid (indicated by dashed red lines). The sizes of the launch and de-

tector grids are not to scale. The green markers on the launch grid indicate where the depicted

sample ions are initialized, and the red markers on the detector grid denote where they are sub-

sequently detected. Trajectories of the three sample ions are displayed with solid lines. The line

color represents which method is used to calculate their trajectory: analytical in gray outside

the AIKEF cuboid where the fields are uniform (equation (7)), and numerical in blue inside the

AIKEF domain where the fields are strongly draped around Pluto’s ionosphere. Unit vectors x̂,

ŷ, and ẑ denote the positive direction for each coordinate. Vectors for background quantities �u0,

�B0, and �E0 show their respective directions.

ues of 285 RP at E = 2 keV and 901 RP at E = 20 keV. The farthest an ion drifting365

in the (+x) direction could be displaced from its launch point by gyration in the (±z)366

direction (i.e., perpendicular to �B0) is Δzmax = ±2rg, where rg is the ion gyroradius.367

This means that ions initiated farther than Δzmax above the northern (z > 0) or be-368

low the southern (z < 0) extents of the AIKEF domain could not interact with Pluto’s369

induced magnetosphere when gyrating southward or northward, respectively. The quan-370
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tity Δzmax varies from 91 RP to 287 RP across the energy range considered. The (±y)371

and (±z) extents of the AIKEF cuboid itself are each [−32, 32] RP , so the launch grid372

must be at least Δymax and Δzmax farther in each respective direction. Therefore, we373

choose the extents of the launch grid to comfortably satisfy these conditions: [−385, 385]374

RP in y and [−191, 191] RP in z at E = 2 keV, up to [−1001, 1001] RP in y and [−387,375

387] RP in z at E = 20 keV. A detector grid that is infinitely-extended in the (±y) and376

(±z) directions (dashed red in Figure 1) is placed downstream of Pluto, capturing the377

flux of all energetic ions that travel past the dwarf planet.378

Outside of the AIKEF field cuboid, the electromagnetic fields are treated as uni-379

form with the same values as the background values of the hybrid model: �B0 = (0,−0.24, 0)380

nT and �E0 = −�u0× �B0, for �u0 = (403, 0, 0) km/s. The size of the AIKEF domain was381

chosen such that the fields approximately return to their background values at its outer382

edges (sections 2.1 and 3). The NH flyby took place at a heliocentric distance of r =383

33 AU where the only non-vanishing component of the IMF points in the (±y) direction,384

with its magnitude decreasing proportionally to 1
r . Hence, the decrease in ambient mag-385

netic field strength between the launch and detector grids would be a factor of (33 AU)/(33386

AU + d), or less than 0.01%. Therefore, it is not necessary to include this decrease in387

our model setup. In Parker’s solar wind model, the bulk velocity of the solar wind changes388

even more slowly with radial distance from the Sun, proportional to
√

ln (r/rc) where389

rc is the critical radius at which the solar wind becomes supersonic (Parker, 1958). Hence,390

the growth of the ambient flow speed between the two grids can also safely be neglected.391

Energetic He+ macroparticles are initiated at the nodes of the Cartesian launch392

grid, giving them initial position vectors �r0 = (x0, y0, z0). In Figure 1, the depicted sam-393

ple ion trajectories are initialized at the nodes highlighted by the green markers. These394

nodes populate the entire surface of the grid and are displaced from each other in the395

y and z directions by ΔY = ΔZ = 1.25 RP . Thus, each cell of the launch grid has396

a size of ΔYΔZ = 1.5625 R2
P . Resolving Pluto itself with our cell size is not neces-397

sary; the actual obstacle to the solar wind is the induced magnetosphere, which is much398

larger than the 1.25 RP resolution on the launch grid (Feyerabend et al., 2017; Barnes399

et al., 2019). This setup results in more than 189,000 nodes on the launch grid at E =400

2 keV and nearly one million nodes on the launch grid at E = 20 keV. In the solar wind401

rest frame, energetic heliospheric ions upstream of Pluto are distributed isotropically in402

velocity space (McComas et al., 2017; Kollmann, Hill, McNutt, et al., 2019). Therefore,403
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at each node of the launch grid, the surface of a sphere in velocity space (in the rest frame404

of the solar wind) is populated accordingly with He+ ions. Thus, in Pluto’s rest frame,405

the initial velocity vectors of these ions at each grid node read406

�v0 =

⎛
⎜⎜⎜⎜⎝
vx,0

vy,0

vz,0

⎞
⎟⎟⎟⎟⎠ =

√
2E

m

⎛
⎜⎜⎜⎜⎝
sin θv cosφv

sin θv sinφv

cos θv

⎞
⎟⎟⎟⎟⎠+

⎛
⎜⎜⎜⎜⎝
u0

0

0

⎞
⎟⎟⎟⎟⎠ , (1)407

where E is the ion’s observed energy in the rest frame of the solar wind, θv ∈ [
Δθv
2 , 180◦ − Δθv

2

]
408

is the polar angle (measured against the z-axis), and φv ∈ [0◦, 360◦) is the azimuthal409

angle (measured against the positive x-axis). The resolutions in velocity space are given410

by Δθv = 5◦ and Δφv = 5◦. At each node of the launch grid, the values of θv and φv411

are incremented by integer multiples of Δθv and Δφv to populate the surface of the ve-412

locity sphere in the solar wind frame. This angular resolution results in 2,592 ions be-413

ing launched from each grid node. The total number of ions initialized at the launch grid414

is on the order of 490 million at E = 2 keV and 2.6 billion at E = 20 keV. The addi-415

tional u0 term in the first component of equation (1) is the �E × �B drift velocity asso-416

ciated with the convective electric field of the undisturbed solar wind.417

At launch, each ion is assigned a differential intensity according to its initial en-418

ergy, given by J = 1
4π I(E) sin θvΔθvΔφv. In this way, the surface of the sphere we pop-419

ulate in velocity space represents an isotropic distribution in the rest frame of the so-420

lar wind (see also, e.g., Tippens et al., 2022; Haynes et al., 2023). The quantity I(E) is421

the total differential intensity observable in a certain cell of the launch grid when inte-422

grating over all angles in velocity space. Figure 3 of Kollmann, Hill, Allen, et al. (2019)423

gives the energy spectrogram I(E) of energetic He+ ions measured by PEPSSI in two424

regions: one more than 200 RP upstream of Pluto five hours before the NH encounter,425

and one starting at x = 25 RP collected over a distance of more than 60 RP downstream426

of Pluto within the energetic ion wake. These observed spectra are given in the refer-427

ence frame of the spacecraft.428

A comparison between the model and the observations would require transform-429

ing the observed spectra to the rest frame of the solar wind. Such a transformation would430

be feasible for the upstream spectrum where the solar wind is uniform, but not down-431

stream due to the highly non-uniform solar wind flow within the region the data was col-432

lected (e.g., Feyerabend et al., 2017; Barnes et al., 2019). Therefore, instead of using the433

spectrograms from Kollmann, Hill, Allen, et al. (2019) to deduce the upstream differ-434
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ential intensity at each energy, the differential intensities of ions at each energy E are435

normalized such that integration over their velocity sphere yields the arbitrarily chosen436

value of I(E) = 1 cm−2 s−1 keV−1 sr−1. Since we study the physical mechanisms lead-437

ing to the depletion as well as its dependence on initial ion energy, it is suitable to in-438

vestigate how an arbitrary “baseline flux” at a given energy is attenuated by Pluto’s in-439

teraction region. By using the same value of I(E) for each node of the launch grid at440

a given initial energy E, we assume that the observed distribution is spatially uniform441

across the entire upstream region (analogous to, e.g., Tippens et al., 2022; Haynes et al.,442

2023).443

After being initialized in the rest frame of the solar wind, the differential intensity444

of each ion is transformed to the Pluto rest frame where the electromagnetic fields from445

AIKEF are provided. Equation (1) from Kollmann, Hill, McNutt, et al. (2019) gives the446

relation between the phase space distribution f and differential intensity J :447

f =
m

v2SW

JSW , (2)448

where m is ion mass, and the subscript “SW” indicates values for differential intensity449

and velocity in the rest frame of the solar wind. Since the phase space distribution f is450

conserved in the absence of collisions (Liouville’s Theorem), we can substitute the val-451

ues of JSW and vSW for those in the Pluto rest frame, denoted by subscript “P”, and452

equate this new expression for f to equation (2). This yields the differential intensity453

in Pluto’s rest frame,454

JP = JSW
EP

ESW
, (3)455

where Ei = mv2i /2 (for i = SW,P ) is the energy in the respective frame. An expres-456

sion analogous to equation (3) is applied to obtain the differential intensity at any point457

along an ion’s trajectory from the initial value in Pluto’s rest frame.458

The trajectories of energetic heliospheric He+ ions are calculated by solving New-459

ton’s equations of motion:460

d�v

dt
=

q

m

[
�E + �v × �B

]
and (4)461

462

d�r

dt
= �v , (5)463

where q is particle charge, and �r and �v are the particle’s time-dependent position and464

velocity vectors, respectively. The method for calculating an ion’s trajectory is deter-465

mined by its position within the model domain. Outside of the AIKEF cuboid, where466
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the fields are treated as uniform, the analytical solutions for equations (4) and (5) are467

used (solid gray segments of the trajectories in Figure 1). For initial conditions �r(t =468

0) = �r0 and �v(t = 0) = �v0, the analytical solution in uniform fields �B0 and �E0 is given469

by:470

�v (t) =

⎡
⎢⎢⎢⎢⎣
(vx,0 − u0) cosΩ0t+ vz,0 sinΩ0t+ u0

vy,0

− (vx,0 − u0) sinΩ0t+ vz,0 cosΩ0t

⎤
⎥⎥⎥⎥⎦ and (6)471

472

�r (t) =

⎡
⎢⎢⎢⎢⎣

1
Ω0

(vx,0 − u0) sinΩ0t− 1
Ω0
vz,0 cosΩ0t+

[
x0 +

1
Ω0
vz,0

]
+ u0t

vy,0t+ y0

1
Ω0

(vx,0 − u0) cosΩ0t+
1
Ω0
vz,0 sinΩ0t+

[
z0 − 1

Ω0
(vx,0 − u0)

]

⎤
⎥⎥⎥⎥⎦ , (7)473

where Ω0 = |q|| �B0|
m = 2π

P0
is the ion gyrofrequency in the uniform background field �B0.474

Within the AIKEF cuboid, where the fields are perturbed by Pluto’s interaction with475

the solar wind, ion trajectories must be calculated numerically (solid blue segment of the476

middle trajectory in Figure 1). In this region, we employ a Runge-Kutta scheme of fourth477

order accuracy with a timestep of Δt = 2.5× 10−4 Ω−1
0 . Using the analytical solution478

in uniform fields drastically increases the computational efficiency of the model, since479

it allows us to propagate ions through vast regions of space without the restriction of a480

small timestep. This is also what allows us to use large launch grids with a small res-481

olution of ΔY = ΔZ = 1.25 RP . Without employing this trick, simulating energetic482

ion dynamics near Pluto would be infeasible.483

As an example, the trajectory of the middle ion in Figure 1 is calculated analyt-484

ically in uniform fields (solid gray) until it reaches the AIKEF cuboid where it is prop-485

agated numerically (solid blue). The ion subsequently exits the AIKEF cuboid at time486

ta, and equations (6) and (7) are used to calculate its trajectory analytically once again.487

However, the initial conditions �r0 and �v0 appearing in these equations are updated to488

the position and velocity vectors the ion possesses upon exiting the AIKEF domain. By489

the same token, the time t in the right sides of equations (6) and (7) must be substituted490

with t−ta to ensure continuity in time. The small number of energetic ions whose tra-491

jectories intersect Pluto’s exobase (at 1.36 RP altitude; see Gladstone et al., 2016) are492

removed from the simulation. In general, the fraction of removed He+ ions during a model493

run is far below 1% of the number of particles initiated on the launch grid.494
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2.3 Detection of Energetic Ion Fluxes495

The Cartesian detector grid (dashed-red in Figure 1) is made up of cells with the496

same extensions ΔY and ΔZ as the cells on the launch grid. The detector grid measures497

the differential flux F carried by ion macroparticles through each of its cells. This dif-498

ferential flux depends on an ion’s differential intensity J and the angle between its ve-499

locity vector �v and the normal of the detector plane. As the ions propagate from the launch500

grid through the interaction region, their energy and hence, their differential intensity501

will change (see equation (3)). The differential flux that an ion macroparticle carries through502

a cell of the detector grid is given by503

F = J cosα , (8)504

where J is the ion’s differential intensity as it intersects the detector. The quantity α505

is the angle between the particle’s velocity vector in the Pluto rest frame and the grid506

normal, n̂ = (1, 0, 0), such that ions passing through the grid towards downstream (i.e.,507

in the +x direction) contribute a positive flux onto the detector.508

In order to evaluate calculated maps of the flux through the detector grid, it is im-509

portant to first understand that these fluxes depend on the distance d to the launch grid.510

To demonstrate this, Figure 2(a) illustrates the behavior of two 10 keV He+ ions (red511

and blue) in uniform fields �B0 and �E0 over the course of a single gyroperiod P0. The top512

plot shows their trajectories projected into the y = 0 plane. After the completion of513

a full gyroperiod, both ions are seen to be displaced by a distance Δx = u0P0 = 371514

RP with no displacement in z. Their displacement in y, along the magnetic field direc-515

tion, depends on their initial velocity component in the (±y) direction. The bottom plot516

of Figure 2(a) shows the flux carried by these two macroparticles at each point along their517

trajectories, as it would be measured at position x by a detector grid whose normal points518

in the (+x) direction (equation (8)). The horizontal dashed lines correspond to the ini-519

tial differential flux of the respective ions when launched at the starting grid (Δx = 0,520

left edge of Figure 2(a)). It can be seen that only when displaced by Δx = u0P0, both521

ions simultaneously return to the same differential flux value that they carried at launch.522

There are two reasons for the change in flux F along the ion trajectories as seen in Fig-523

ure 2(a). First, the chosen detector viewing geometry plays a role: the angle α of an ion’s524

trajectory against the x = constant detector planes changes as the trajectory evolves.525

Second, the energy of the ions in Pluto’s rest frame changes due to their �E0× �B0 drift,526
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Figure 2. Panel (a) displays two sample trajectories of 10 keV He+ macroparticles in uniform fields over
a single gyroperiod P0. The ions are launched with initial velocity vectors of �v0 = (1001, 179, 299) km/s for the
red trajectory and �v0 = (705, 302,−544) km/s for the blue trajectory. The top plot illustrates the ion motion
projected into the y = 0 plane. The axes show the ions’ displacements Δx and Δz from their initial positions
on the dashed-green launch grid from Figure 1 in units of u0P0. The x-axis also has labels in units of RP to
help convey scale. The bottom plot in panel (a) shows the differential flux F (Δx) of each ion with distance Δx
downstream. At each position along the ions’ trajectories, we apply equation (8) to calculate the flux it carries
through a (hypothetical) detector grid perpendicular to the x-axis at that position. The flux F (Δx) carried
by each ion macroparticle is normalized to the maximum flux reached along its trajectory. Horizontal dashed
lines indicate the differential flux carried by each ion when initialized at the launch grid. Panel (b) shows flux

maps from simulations of 147 million 10 keV He+ macroparticles in uniform fields. Just as in Figure 1, the ions
are initialized on the launch grid, and their fluxes are measured at a detector grid to create the flux maps. The
downstream displacement of the detector grid in each simulation with respect to the launch grid is indicated
by Δx. Note that these maps are made to show the ions’ behavior in uniform fields (equation (7)); therefore,
neither Pluto nor the perturbed fields from AIKEF are included in this model setup.

which affects their differential intensity J (see equation (3)). Hence, even in uniform fields,527

the ions’ gyration and drift cause a change in flux when viewed by a detector plane per-528

pendicular to the drift direction at distances other than Δx = u0P0.529

The same periodic change in flux occurs when considering the “full” model setup530

from Figure 1. That is: initializing the surface of a velocity sphere with ion macropar-531
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ticles in the rest frame of the solar wind at each node on the launch grid, transforming532

their velocities to the Pluto rest frame, and propagating them towards the detector grid533

in uniform fields. Figure 2(b) shows several flux maps of He+ ions at E = 10 keV in534

uniform fields, modeled using the setup depicted in Figure 1. The flux maps are gener-535

ated by successively increasing the detector grid’s distance Δx from the fixed launch grid.536

Hence, the Δx = 0 map corresponds to the case where the launch and detector grids537

coincide, so the detector grid measures the initial fluxes that the ions have at launch. Mov-538

ing from left to right in Figure 2(b), each subsequent flux map increments the distance539

of the detector grid from the launch grid by u0P0/4, up to a maximum of u0P0. At each540

distance Δx, the recorded ion fluxes are uniform across the entire detector grid (see Fig-541

ure 2(b)), since each node on the launch grid emanates the exact same ion trajectories,542

merely displaced in the y and z directions in increments of ΔY and ΔZ. The uniform543

flux values in the maps are seen to change from the initial value at launch (Δx = 0)544

as the detector grid is displaced farther in the (+x) direction. After a displacement Δx =545

u0P0, the uniform flux through the detector returns to the same value as at launch (blue546

in Figure 2(b)).547

The periodic change in flux when moving from left to right in Figure 2(b) is a re-548

sult of the �E0 × �B0 drift in Pluto’s rest frame which introduces a bias in the velocity549

distribution towards the positive vx direction. Therefore, the flux measured through a550

detector grid depends on its distance from the launch grid. Only after a full gyroperiod,551

all initiated ions have drifted the same distance Δx = u0P0 from the launch grid and552

each ion has returned to the same gyrophase as at launch. This periodic change in fluxes553

is visible in our model output because our launch grid initializes only a “slice” (at a given554

x position) through the energetic ion distribution approaching Pluto. Ion gyrophases change555

over a distance u0P0 = 371 RP in the x direction. Therefore, to cover all phases of gy-556

ration that reach the upstream face of the AIKEF domain, we would need to initialize557

these particles within a launch cuboid (i.e., an array of launch grids perpendicular to the558

Sun-Pluto line) extending 371 RP along the x-axis, upstream of Pluto. In uniform fields,559

a detector grid would then measure the same flux at any point (x, y, z) downstream of560

the launch cuboid. However, implementing this approach is computationally infeasible:561

if the x-extent of the launch cuboid were discretized similarly to the y and z directions562

with a resolution of ΔX ≈ 1.25 RP , runs with the highest initial energy (E = 20 keV)563

would require simulating on the order of one trillion macroparticles. However, initiat-564
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ing slices through the upstream distribution (using a launch grid at a given x position)565

does provide valuable insights into the interaction between Pluto’s induced magnetosphere566

and the energetic ion population. Specifically, by adjusting the positions of the launch567

and detector grids relative to the AIKEF domain (i.e., moving the grids left or right along568

x in Figure 1 with constant separation d), we can trace multiple slices through the in-569

cident energetic ion population. For each position of the launch grid, the x < 0 face570

of the AIKEF cuboid is met with different gyrophases of impinging ions. Thus, by con-571

sidering the downstream flux maps for different positions of the launch grid, this approach572

allows us to probe the 3D structure of the region where the energetic ion flux is atten-573

uated by Pluto.574

In conclusion, by keeping the launch and detector grids a distance d = u0P0 (or575

any integer multiple of d) apart, we ensure that the flux measured in uniform fields is576

identical to the flux that we initialize at the launch grid (Figure 2(b)). For other distances577

between the two grids, the flux through the detector is attenuated or enhanced—even578

in perfectly uniform fields—merely by the distribution being observed at different phases.579

In this case, a reduction or enhancement in flux measured by the detector grid relative580

to the flux at the launch grid is not necessarily caused by the interaction between these581

particles and Pluto’s induced magnetosphere. At each initial He+ energy E, multiple sim-582

ulations are run varying the x-positions of the two grids with respect to Pluto while keep-583

ing the displacement d between them the same. Starting with the detector grid placed584

at x = 25 RP downstream of Pluto, we increment its distance from the dwarf planet585

in units of u0P0/8 ≈ 46 RP up to a maximum of u0P0/2 (at x ≈ 210 RP ). This range586

of detector grid positions encompasses the estimated x = 190 RP extent of the ener-587

getic ion wake (Kollmann, Hill, Allen, et al., 2019).588

For each run, our tracing tool calculates the trajectories of a single set of sample589

macroparticles, i.e., the “slice”, that we initiate on the launch grid at time t = 0. How-590

ever, in reality there would be a continuous inflow of ions from the nodes of the launch591

grid toward downstream. This inflow would populate each physical trajectory with an592

ion at every point at any given time. Thus, our model identifies the pathways in phase593

space that connect the launch grid to the detector grid and takes a snapshot of the ions594

populating these paths at the position of the detector. To illustrate this, Figure 3 de-595

picts the trajectory of a 10 keV He+ ion (purple). It intersects the launch grid (verti-596

cal black line, left) at three points a, b, and c. If we consider the depicted trajectory to597
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Figure 3. Plot of a sample 10 keV He+ trajectory in uniform fields (purple; given by equation

(7)) lying in the y = 0 plane as it intersects the launch (left vertical line) and detector (right

vertical line) grids. Points a, b, and c mark the trajectory’s intersections with the launch grid,

while points a′, b′, and c′ mark its intersections with the detector grid. The solid segments of

the trajectory indicate where this sample ion would be “allowed” to travel. The dotted segments

indicate portions of the trajectory where this ion could not travel, since it would be deleted as

it passes through the launch grid from downstream to upstream. In our model, the launch and

detector grids are kept a distance u0P0 apart: primed and unprimed points of the same letter are

exactly one gyroperiod apart in time, and u0P0 apart in x. Pluto is marked by the small black

circle at the origin for size reference; its effect on the fields is not considered for this trajectory.

be populated by a sample ion at each point (as it would be in reality), we see that ions598

launched from the grid node at point a would contribute to the distributions initiated599

at grid nodes b and c of the launch grid. However, an ion with the same phase space co-600

ordinates is already being initialized in the velocity spheres at points b and c (see equa-601

tion (6)). In order to avoid misrepresenting the initial flux at points b and c, our trac-602

ing model (Figure 1) deletes all ions that would pass through the launch grid from down-603

stream to upstream (i.e., with a negative vx component). With this approach, the ions604

launched on the grid nodes at points a and b following the depicted trajectory would in-605

evitably be deleted: the ion from a is deleted upon returning to the launch grid, and the606

ion from b is removed from the model right after being initialized. However, the ion ini-607

tiated at point c would continue propagating towards the detector grid. This approach608
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to launching ions is identical to the method used in AIKEF to generate, and continu-609

ously replenish, the Maxwellian upstream distribution of the solar wind at the left face610

(x = −20 RP ) of the hybrid model domain (Müller et al., 2011).611

Our model emulates a continuous flow of ions from the launch grid toward the de-612

tector. Therefore, at any given time, each point along a trajectory (i.e., an “allowed” path613

through phase space) is assumed to be populated by an ion macroparticle. This means614

that at a given point in time, the depicted trajectory in Figure 3 simultaneously contributes615

to the flux through the detector at three distinct points (a′, b′, and c′), corresponding616

to the intersections between the detector grid and the trajectory of the ion launched from617

point c. This method of detection and the treatment of the launch grid described above618

have been applied to generate the flux maps in Figure 2(b).619

3 Model Results620

3.1 Hybrid Simulation of Pluto’s Induced Magnetosphere621

Figure 4 depicts snapshots of the quasi-stationary electromagnetic fields output by622

the AIKEF hybrid model (section 2.1). The magnitudes of the electric field | �E| and mag-623

netic field | �B| are plotted as colormaps spanning the extent of the AIKEF domain in the624

y = 0 (left column) and z = 0 (right column) planes. Panels 4(a) and 4(b) show | �B|,625

while panels 4(c) and 4(d) depict | �E|. The structure of Pluto’s interaction region at the626

time of the NH flyby, as revealed by hybrid models, has already been discussed in de-627

tail by Feyerabend et al. (2017) and Barnes et al. (2019). Therefore, we restrict our dis-628

cussion to those features that are most apposite to our subsequent analysis of energetic629

ion dynamics (section 3.2).630

An induced magnetosphere is formed around Pluto, indicated by the regions of per-631

turbed fields in Figure 4. The bow shock is located 4-5 RP upstream of the dwarf planet’s632

center, consistent with the value of 4.5 RP determined by McComas et al. (2016) from633

SWAP observations. Inside the bow shock and immediately upstream of Pluto is the mag-634

netic pileup region that stems from the deceleration of the impinging solar wind (pan-635

els 4(a) and 4(b)). The magnetic field magnitude above Pluto’s ramside hemisphere reaches636

a peak strength of over eight times the background value | �B0|. Panels 4(b) and 4(d) il-637

lustrate that Pluto’s induced magnetosphere is symmetric in the z = 0 plane (contain-638

ing �B0) within which the magnetic draping pattern is most pronounced. Pluto’s mag-639
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netotail gradually increases in width with distance from the dwarf planet. The magnetic640

field strength drops below | �B0| in the thin neutral sheet separating the two lobes (dark641

blue “ray” along y = 0 in Figure 4(b)).642

Figures 4(a) and 4(c) illustrate the asymmetry of Pluto’s induced magnetotail in643

the y = 0 plane (i.e., perpendicular to �B0), caused by the large gyroradii of ionospheric644

pickup ions. The most dense part of the heavy ion tail coincides with the region of near-645

zero electric field strength extending slightly south of z = 0 (see panel 4(c) and Fey-646

erabend et al., 2017). Plutogenic pickup ions are accelerated along the direction of the647

convective electric field to form the thin, disk-like pickup tail that extends several 100648

RP northward, following the initial segment of the ions’ gyration. The motion of these649

ions and the formation of the pickup tail are also illustrated in Figure 6 of Barnes et al.650

(2019). The pickup tail is largely confined to the neutral region between the two mag-651

netotail lobes (seen in panels 4(b) and 4(d)), consistent with the results illustrated in652

Figure 10 of Barnes et al. (2019) for an IMF strength near 0.24 nT. To conserve the to-653

tal momentum of the impinging plasma as the Plutogenic ions stream northward, the654

solar wind is deflected southward while continuing to travel toward downstream; this can655

be seen in Figure 4(a) of Feyerabend et al. (2017). The deflection of the solar wind in656

the southern hemisphere stretches the magnetic pileup region dozens of RP toward down-657

stream along the southern flank of the pickup tail (see our Figure 4(a)). Along this flank,658

| �E| and | �B| both increase up to four times their background values.659

Figure 5 plots | �E| and | �B| in cross-sections of Pluto’s magnetotail perpendicular660

to the x-axis. The region of elevated field strength within the magnetotail retains a roughly661

circular shape with a radius that increases from 15 RP at x = 25 RP to more than 25662

RP at x = 100 RP . The southern edge of the magnetotail is defined by the magnetic663

pileup region that is stretched along its flank (dark red arc in the | �B| plot at x = 25664

RP , yellow-green arc in the | �E| plot at x = 25 RP ). The neutral region between the665

two magnetic lobes (dark blue “ray” along y = 0 in all eight panels) possesses a pro-666

nounced north-south asymmetry. In the z > 0 half-space, it continues through the z =667

32 RP face of the AIKEF domain. In the south, it reaches no farther than the arc of el-668

evated field strength from the deflected solar wind. This asymmetry is associated with669

the initial direction of the Plutogenic pickup ions’ gyration: northward along the con-670

vective electric field. Similar asymmetries in the fields are also found at, e.g., Titan, ac-671

tive comets, or during the AMPTE experiment where pickup ion gyroradii are likewise672
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Figure 4. Electric and magnetic field magnitude near Pluto, as output by the AIKEF hybrid

model. Panels (a) and (b) depict | �B|, while panels (c) and (d) show | �E|. Field magnitudes in the

y = 0 and z = 0 planes are in the left and right columns, respectively. Pluto is denoted by the

solid black circle at the origin.

large relative to the size of the obstacle in the plasma flow (Delamere et al., 1999; Simon673

et al., 2007; Regoli et al., 2016; Nilsson et al., 2017).674

3.2 Energetic Ion Tracing675

Figure 6 depicts output from four different runs of the energetic He+ tracing model676

(section 2.2). In each run, a monoenergetic ion population is launched, with initial en-677

ergies from E = 2 keV up to E = 20 keV. In all model setups, the launch grid is lo-678

cated at x = −346 RP such that the detector grid, displaced d = u0P0 toward down-679

stream, is positioned at x = 25 RP . The detector grid is located where the depletion680

in He+ flux observed by PEPSSI was strongest (Kollmann, Hill, Allen, et al., 2019). The681

maps sum the flux F carried by He+ macroparticles through each cell of the detector682

plane. The colorscale measures the deviation in flux from the value F0 at each energy683

E in uniform fields.684

The maps of Figure 6 each exhibit a region of decreased flux in the north (z > 0)685

and a region of elevated flux in the south (z < 0). The maximum magnitude of the de-686
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Figure 5. Electric and magnetic field magnitude in cross-sections of Pluto’s magnetotail per-

pendicular to the Sun-Pluto line, as output by the AIKEF hybrid model. The top row of plots

depicts | �B|, while the bottom row depicts | �E|. Each column shows the fields in the x = constant

cutting plane indicated above. The colorscales used in these plots do not align with those in

Figure 4 in order to highlight fine structures in the magnetotail. Note that Pluto itself is not

intersected by any of these cutting planes.

viation between F and F0 decreases from 41% in the E = 2 keV map to 12% in the687

E = 20 keV map. By E = 100 keV (not depicted), the greatest perturbation in flux688

is merely a decrease from F0 by 9%. In other words, higher energy ions experience less689

deflection. For the E = 2 keV run, the non-uniformities in flux are largely confined to690

two crescent-shaped regions centered on y = 0 (left panel in Figure 6). Only a few RP691

northward of Pluto’s equatorial plane (z = 0) is a crescent of decreased flux (dark blue).692

This structure is more than 25 RP wide, has a north-south extent (i.e., “height”) of about693

10 RP , and exhibits a reduction in flux by approximately 41%. The crescent of elevated694

flux (red) in the south (z < 0) has a similar height and extent in the ±y direction as695

the depletion in the north. The magnitude of this enhancement in flux is comparable to696

the northern depletion. The shape, extent, and magnitude of the enhancement and de-697

pletion features evolve with increasing initial energy (see Figure 6). At an initial energy698

of E = 5 keV, the width of the southern crescent has decreased to about 24 RP , but699
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Figure 6. Output of the energetic particle tracer (section 2.2) for He+ ions, initiated at the

launch grid with starting energies E of 2, 5, 10, and 20 keV (from left to right). In each of the

four model runs, the detector grid is placed at x = 25 RP , and the launch grid is a distance

d = u0P0 upstream of the detector at about x = −346 RP . The extent of the AIKEF cuboid

perpendicular to the x-axis is indicated by the dashed gray lines. The colorscale describes the

deviation in differential flux from what would be measured in uniform fields for the same grid ge-

ometry: 100% · (F − F0 (E)) /F0 (E). Here, F represents the total flux carried by macroparticles

into each cell of the detector grid in perturbed fields, and F0(E) denotes the corresponding value

in uniform fields. In each map, the vertical bar illustrates the length of the gyroradius of an He+

ion whose initial velocity vector is perpendicular to �B0. Thus, this bar represents the maximum

gyroradius that these ions can have at each initial energy.

it maintains a similar extension in the north-south direction than at E = 2 keV. By700

E = 20 keV, the elevated flux has been redistributed into a more complex pattern while701

still confined to the south (right panel of Figure 6). This northern-depletion, southern-702

enhancement flux pattern persists for initial energies E up to 100 keV.703

To understand this north-south dichotomy in the He+ fluxes downstream of Pluto,704

Figures 7(a)–(d) display the trajectories of several sample He+ macroparticles with ini-705

tial energy E = 2 keV as they travel through the AIKEF domain. The upper plot in706

each panel depicts an ion’s trajectory through Pluto’s induced magnetosphere (solid gray).707

It is accompanied by a second ion trajectory (dashed gray) with identical initial condi-708

tions, propagating through uniform fields �E0 and �B0 to illustrate the effect of the draped709

fields on the first ion. The vertical black line in each plot at x = 25 RP indicates the710

location of the detector grid from Figure 6. To contextualize how the perturbed fields711
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Figure 7. Examples of energetic ion dynamics at Pluto in uniform and draped fields. The top plot in

panels (a)–(d) depicts a sample He+ macroparticle’s trajectory (solid gray; initial energy E = 2 keV) through
the perturbed fields from AIKEF near Pluto (black circle), projected into the y = 0 plane. In each case, the
trajectory that a macroparticle with the same initial conditions would follow in uniform fields is also shown
(dashed gray). These ion trajectories are among those that contribute to the E = 2 keV flux map of Figure 6,
i.e., they are initialized on the launch grid at x = −346 RP , a distance d = u0P0 upstream of the detector grid
(vertical black line) at x = 25 RP . The bottom plot in each panel depicts the three components of the Lorentz

force �FL experienced by the ion while traveling through the AIKEF cuboid (i.e., along the solid gray trajectory).
The colored, circular markers in the upper and lower plots of each panel correspond to the same points in time.

The macroparticle trajectories are overlaid on top of colormaps of the magnetic field magnitude | �B| in the y = 0
plane. The initial conditions for the depicted ions are: �r0 = (−345.9, 0, 5.0) RP and �v0 = (701.9, 0,−80.1) km/s
for panel (a); �r0 = (−345.9, 0, 0) RP and �v0 = (236.7, 0, 261.0) km/s for panel (b); �r0 = (−345.9, 0, 0) RP and
�v0 = (142.0, 0, 166.3) km/s for panel (c); and �r0 = (−345.9, 62.5, 0) RP and �v0 = (165.8,−63.5, 188.4) km/s for
panel (d).

in the AIKEF domain modify the trajectory, the lower plots in Figures 7(a)–(d) display712

the components of the Lorentz force �FL = q
(
�E + �v × �B

)
acting upon the ion in per-713

turbed fields. Because the maximum gyration speed (
√

2E
m sinψ = 310 km/s for a pitch714

angle of ψ = 90◦) of a He+ ion at E = 2 keV is smaller than the speed of the �E0× �B0715

drift (u0 = 403 km/s), it will never have a negative vx component in uniform fields. Thus,716
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in contrast to the examples from Figures 1–3, consecutive arcs of its trajectory do not717

overlap; this is true for He+ ions with initial energies less than E = 3.39 keV. The seg-718

ments of the ions’ trajectories spanned by the first four time markers (colored circles)719

of panel 7(b) illustrate their motion along a curtate cycloid in the uniform fields upstream720

of Pluto.721

Figure 7(a) shows the trajectory of a He+ ion with an initial gyrophase such that722

it approaches the magnetic pileup region near the “top” of a cycloidal arc where vx is723

close to its maximum and vz is nearly zero. This ion and its companion in uniform fields724

are initialized on the launch grid in the y = 0 plane with zero velocity along �B0. There-725

fore, they both remain in this plane before reaching the AIKEF domain. In perturbed726

fields, the ion enters the induced magnetosphere between the first and second time mark-727

ers (dark and light blue circles) and intersects the upstream pileup region of maximum728

field strength slightly north of Pluto at the second marker. Due to the field enhancement,729

the ion’s gyroradius rg locally decreases from 45 RP to about 8 RP . This sharp drop in730

gyroradius in conjunction with the ion’s clockwise gyration causes its trajectory to be731

diverted southward when moving downstream. This deflection is also visible in the il-732

lustration of the Lorentz force (lower plot of Figure 7(a)): starting around the second733

time marker, the (negative) FL,z component dominates by up to a factor of six. In draped734

fields, the ion intersects the detector south of z = 0. However, in uniform fields (dashed735

line), this sample ion would deposit its flux onto the detector grid slightly north of Pluto’s736

equatorial plane.737

Similarly, the sample He+ ion in panel 7(c) enters the AIKEF domain near its top738

left corner within the y = 0 plane. However, this particle approaches the magnetic pileup739

region with a negative vz component, at a steeper angle than the sample ion from panel740

7(a). Immediately prior to the second time marker (light blue circle), the ion’s trajec-741

tory is initially deflected southward relative to the trajectory in uniform fields; this is742

indicated by the dips in FL,x and FL,z near the second marker in the plot of the Lorentz743

force. Between the second and third time markers, the ion travels through the region of744

near-zero electric field within the heavy ion tail (dark blue in Figure 4(c)), i.e., its �E×745

�B drift nearly ceases, allowing it to gyrate northward and back toward upstream. This746

is why the trajectory in perturbed fields ultimately intersects the detector plane north747

of the trajectory in uniform fields. Since this ion impinges onto the detector grid far out-748
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side the bounds of the AIKEF domain (dashed lines in Figure 6), it ultimately contributes749

to a reduction in flux near Pluto’s downstream equatorial plane.750

The sample 2 keV He+ ion in Figure 7(b) again enters the AIKEF domain at the751

x = −20 RP face with initial conditions that confine its trajectory upstream of Pluto752

to the y = 0 plane. However, it approaches the perturbed fields with a different incom-753

ing gyrophase than the sample particles from panels 7(a) and (c). The ion enters the stretched754

pileup region along the southern flank of the pickup tail, encountering it from “below”755

with a positive vz component between the fourth and fifth time markers (light pink and756

pink markers). The elevated field strength causes the ion to be deflected southward rel-757

ative to the trajectory in uniform fields, again as a result of the localized decrease in gy-758

roradius. This deflection is indicated by the seven times increase in FL,x immediately759

following the fourth marker; the positive FL,x component of the Lorentz force serves to760

“level off” the ion’s trajectory through acceleration towards downstream. Thus, despite761

the simultaneous increase in FL,z by a factor of three, the greater increase in FL,x causes762

the ion to remain to the south of the trajectory in uniform fields. Closer to the fifth marker763

(pink), FL,z ultimately becomes negative, thereby pushing the ion further southward.764

In panel 7(d), the sample He+ ion is initialized on the launch grid with E = 2 keV,765

but outside of the y = 0 RP plane at y = 62.5 RP . This ion initially possesses a neg-766

ative vy,0 component such that it approaches Pluto’s induced magnetosphere from the767

y > 0 half-space. The ion begins to diverge from the trajectory in uniform fields be-768

tween the third and fourth time markers (pale blue and light pink circles), indicating its769

passage through the stretched pileup region along the southern flank of the pickup tail770

(see Figure 5). The ion’s southward deflection is facilitated by the spike in FL,x that “lev-771

els off” the trajectory and the drop in FL,z to negative values between the third and fourth772

time markers. The deviation of the trajectories in uniform and draped fields illustrates773

that the southward deflection is not unique to ions that impinge from within the y =774

0 plane (e.g., panels 7(a)–(c)) or directly onto the ramside magnetic pileup region (e.g.,775

panels 7(a) and 7(c)). The southward deflection experienced by the ions in Figures 7(a)–776

(d) manifests in the E = 2 keV flux map of Figure 6 as the regions of decreased flux777

in the north and elevated flux in the south. We note that the locations of these features778

depend entirely on the IMF orientation: if �B0 pointed in the (+y) direction instead (in779

contrast to the conclusions of Zirnstein et al. (2016)), the regions of enhanced or depleted780

flux from Figure 6 would be mirrored across the z = 0 plane.781
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Figure 8. Trajectories (gray) of multiple sets of He+ ions in perturbed fields near Pluto at three initial
energies, projected into the y = 0 plane: E = 2 keV in panels (a) and (b), E = 20 keV in panels (c) and (d), and
E = 100 keV in panels (e) and (f). An array of ions is initialized in each panel at the left edge of the AIKEF
domain (x = −20 RP ). Their initial positions lie in the y = −3 RP plane such that their trajectories do not
intersect Pluto (black circle). In panels (a), (c), and (e), the ions are launched from z = −32.5 RP to z = 57.5
RP in increments of Δz = 5 RP . For each initial energy E, these ions are initiated with the same starting

velocity of �v0 =
(√

2E/m + u0, 0, 0
)

such that they impinge upon the induced magnetosphere with only a slight

southward incline (vz < 0) against the x-axis. In panels (b), (d), and (f), the ions are launched from z = −102.5
RP to z = 37.5 RP , again in increments of Δz = 5 RP . These ions also have initial velocity vectors with a 90◦

pitch angle (i.e., vy,0 = 0), however, they are inclined by 35◦ northward against the x-axis and enter Pluto’s
interaction region with a positive vz component. To provide context, the colormap illustrates the magnetic field

magnitude | �B| from AIKEF in the y = 0 plane. The intersection between the depicted plane and the detector
grid from Figure 6 is indicated by the vertical black line at x = 25 RP . The trajectory that appears to abruptly
“end” near the bottom right corner of panel (a) exits through the face of the AIKEF domain at y = −32 RP ,
after which the ion’s path is no longer plotted. The trajectory segments that apparently “emanate” from the
lower edge of the AIKEF domain in panel (e) represent ions that initially exit and then return. At an initial
energy of E = 100 keV, the speed of ion gyration is much larger than their drift speed, so these ions are capable
of re-entering the northward portion of their gyromotion before drifting downstream the length of the AIKEF
domain.

As initial ion energy E increases across the flux maps in Figure 6—and to higher782

energies up to E = 100 keV—there is a gradual decrease in the magnitude of the flux783

perturbations recorded by the detector grid. The reason for this is elucidated in Figure784

8 which depicts multiple sets of sample He+ macroparticle trajectories (gray) through785

Pluto’s induced magnetosphere at three initial energies: E = 2 keV (panels 8(a) and786

8(b)), E = 20 keV (panels 8(c) and 8(d)), and E = 100 keV (panels 8(e) and 8(f)).787

These energies cover the range measured by the PEPSSI instrument during the flyby of788

Pluto (Kollmann, Hill, Allen, et al., 2019). The maximum gyroradii for these energies789

are 45 RP , 143 RP , and 321 RP , respectively. At each energy, the set of ions is initial-790
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ized along a line parallel to the z-axis within the left face of the AIKEF domain (x =791

−20 RP ) at y = −3 RP . For the purpose of this figure, we do not initialize these sam-792

ple ions at y = 0 such that they avoid impacting Pluto or interacting with its neutral793

atmosphere. This is done to illustrate that the contribution these ions make to the flux794

patterns on the detector grid (vertical black line at x = 25 RP ) are solely due to the795

induced magnetosphere, and not to absorption by Pluto or its atmosphere. The trajec-796

tories are overlaid on a colormap of | �B| in the y = 0 plane to provide context for the797

field geometry. The launch points of the ions in the left column (panels 7(a), (c), and798

(e)) are located between z = −32.5 RP and z = 57.5 RP , displaced in increments of799

Δz = 5 RP . At each energy, the ions have the same initial velocity of �v0 =
(√

2E/m+ u0, 0, 0
)

800

such that they approach the perturbed fields near the “top” of their trajectories (sim-801

ilar to the ion in Figure 7(a)). In the right column (panels 8(b), (d), and (f)), the ions802

have starting velocity vectors that are initially inclined by 35◦ northward against the x-803

axis, such that they impinge upon the perturbed fields with a positive vz component (sim-804

ilar to the ion in Figure 7(b)). To facilitate these ions’ interaction with Pluto’s induced805

magnetosphere, the range of their launch points is displaced southward compared to the806

left column of Figure 8: they span from z = −102.5 RP to z = 37.5 RP , again sepa-807

rated by increments of Δz = 5 RP . Thus, the columns of Figure 8 compare particles808

that possess different gyrophases when approaching Pluto’s induced magnetosphere.809

In panel 8(a), the E = 2 keV macroparticles launched close to Pluto’s equatorial810

plane (between z = −7.5 RP and z = 2.5 RP ) are seen to be heavily deflected south-811

ward; the same is true for the ions emanating from z = −12.5 RP and z = −17.5 RP812

in panel 8(b). This leaves a gap of more than 10 RP in z direction between adjacent ion813

intersections with the detector grid, and causes an accumulation of the macroparticle tra-814

jectories south of the gap. At E = 20 keV (panels 8(c) and (d)), the gap between ad-815

jacent particle impacts onto the detector grid has decreased in z extent to less than 10816

RP . Nonetheless, the deflected ions are still “focused” south of the gap. This can be seen817

in the z ∈ [−10,−15] RP segment of the detector grid in panel 8(c) and the z ∈ [0, 10]818

RP segment in panel 8(d). By E = 100 keV (panels 8(e) and (f)), the trajectories pass-819

ing the detector grid are seen to be only slightly perturbed, and any gaps form farther820

downstream. For larger initial energy, the segments of the ions’ trajectories within the821

regions where the field perturbations are strongest become increasingly small relative to822

the scale of their gyromotion. Hence, the “ability” of Pluto’s induced magnetosphere to823
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modify the ion trajectories is diminished. Thus, the flux maps in Figure 6 exhibit a de-824

crease in the magnitude of the perturbations recorded by the detector grid as initial ion825

energy E increases.826

Figure 9 depicts flux maps, calculated for He+ at an initial energy of E = 2 keV827

using five different locations of the launch grid and associated detector grid. The top plot828

illustrates the positions of the grids used in each of the five runs. The colored vertical829

lines at the left side represent the positions of the launch grids, whereas those at the right830

correspond to the positions of the respective detector grids d = u0P0 = 371 RP far-831

ther downstream. The detector grid closest to Pluto (red) is at x = 25 RP ; the suc-832

ceeding detectors are displaced downstream in increments of u0P0/8 ≈ 46 RP to a max-833

imum of x = 210 RP (purple). Only the two detectors that are closest to Pluto at x =834

25 RP (red) and x = 71 RP (yellow) intersect the AIKEF domain, whereas the oth-835

ers do not. The bottom row of Figure 9 depicts maps of the He+ flux measured by the836

detector grids in these five runs of the energetic ion tracer. Analogous to Figure 6, red837

values on the color bar indicate an increase in flux and blue values denote a decrease in838

flux relative to the value in uniform fields F0.839

The leftmost flux map at x = 25 RP (red border) is identical to the E = 2 keV840

map of Figure 6, displaying the double-crescent pattern of reduced flux in the north and841

elevated flux in the south. For the detector grid at x = 71 RP (orange border), the mor-842

phology of the observed flux pattern is still similar, however, both the enhancement and843

depletion have increased in area by more than a factor of two compared to the x = 25844

RP case. Because the detector at x = 71 RP is farther downstream, the trajectories845

of ions deflected near Pluto are spread across a larger area: this is visible in the (±z)846

direction in Figures 8(a) and 8(b). Additionally, a “corona” of slightly elevated He+ flux847

is seen to surround the two prominent regions of increased and decreased flux in the x =848

71 RP map. This “corona” persists and increases in area with farther distance to Pluto849

out to x = 210 RP ; it is constituted by ions that experience significant deflection in the850

(±y) directions as they encounter the draped fields. Figure 7(d) depicts an example of851

such a trajectory that is deflected in the (−y) direction as it encounters Pluto’s induced852

magnetosphere, indicated by the negative spike in FL,y following the third time marker853

(pale blue).854
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Figure 9. Dependence of the measured ion fluxes on the positions of the launch and detector

grids. The figure depicts the locations of the grids (top) and the detector outputs (bottom) from

five different runs of the energetic particle tracer (section 2.2) for He+ ions at an initial energy

of E = 2 keV. The ions are propagated through the draped fields from AIKEF. The diagram of

the grid geometries includes Pluto at the origin (magenta), and the extent of the AIKEF cuboid

in this plane is indicated by the dashed gray lines. The locations of the launch grid (left, verti-

cal lines), detector grid (right, vertical lines), as well as the flux map (bottom) for each of the

five runs are distinguished by color. In each run, the launch and detector grids are displaced by

d = u0P0; i.e., in the top panel, vertical lines of the same color are u0P0 apart. Starting with

a detector grid at x = 25 RP (red, leftmost map), the two grids are incremented by a distance

u0P0/8 farther downstream (i.e., in the positive x direction) in each subsequent run. The maps

show the percent change in flux from the value measured through the detector grid in uniform

fields, F0. For E = 2 keV, this value reads F0 = 2.32 cm−2 s−1 keV−1 sr−1; this is the same

for each of the five grid geometries since d does not change between the different setups. The

projection of the AIKEF cuboid on each detector plane is outlined by the dashed gray lines; the

AIKEF cuboid does not intersect the flux maps recorded for x > 100 RP . Red/blue regions

indicate an increase/decrease in flux, respectively, compared to the (spatially constant) value that

would be observed in uniform electromagnetic fields.

At x = 118 RP , the regions of perturbed flux continue to increase in area; this855

trend persists to the detector at x = 210 RP where the region of decreased flux has be-856
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come an arc across the northern half-space. The cells on the detector grid with the great-857

est deviations in flux from F0 at x = 210 RP see a maximum decrease by 9% and in-858

crease by 7%, having diminished from the respective extrema at x = 25 RP of a 41%859

decrease and a 34% increase. Moving from left to right in Figure 9, we see an approx-860

imately exponential decay in the magnitude of the flux depletions (blue) with increas-861

ing distance to Pluto, such that the fluxes measured by the detector grids in these re-862

gions converge towards F0. Hence, just as observed by NH, our model results reveal a863

region of limited extension along the Sun-Pluto line where perturbations in energetic He+864

flux are observable. Analogous runs at initial energy E = 10 keV reveal the same “smear-865

ing out” of the features in the flux maps and a similar convergence towards F0(E) with866

increasing distance to Pluto. Just as in Figure 6, the magnitude of the deviations in flux867

from F0 diminish with increasing initial energy E, regardless of the position of the de-868

tector grid.869

Observations from PEPSSI suggest the depletion in energetic heliospheric He+ flux870

to extend downstream to x = 190 RP ; over this distance, the initial reduction seen close871

to Pluto experiences an exponential “refilling” back towards the nominal upstream value872

(Kollmann, Hill, Allen, et al., 2019). Our model reveals a similar behavior, with fluxes873

returning to their background values around x ≈ 210 RP . In addition, our simulation874

captures both regions of depleted and enhanced energetic He+ flux, suggesting that the875

observable perturbation pattern is strongly dependent on the spacecraft’s trajectory down-876

stream. NH approached Pluto from the Sun direction nearly within its orbital plane (z ≈877

0), heading in the (−y) direction and slightly northward (see Figure 1 of Bagenal et al.878

(2016)). Initially, PEPSSI measured an enhancement in He+ differential intensity as it879

was at x ≈ 8 RP with a look direction nearly perpendicular to the upstream flow di-880

rection. Figure 3 of Kollmann, Hill, Allen, et al. (2019) illustrates that PEPSSI observed881

an order-of-magnitude decrease in the differential intensity of He+ at all energies down-882

stream of Pluto as it was between x = 20 RP and x = 80 RP , which is much stronger883

than the greatest depletion in flux seen by our model (a decrease by 41% in the E =884

2 keV plot of Figure 6). Along its trajectory, the points where NH would intersect the885

detector grids of Figure 9 do not solely exhibit depletions in flux within the same x ∈886

[20, 80] RP interval: instead, the NH trajectory crosses the model detectors at x = 25887

RP and x = 71 RP in regions of elevated He+ flux. Nonetheless, this is qualitatively888

consistent with the initial enhancement in energetic He+ flux observed by PEPSSI, prior889
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to the order-of-magnitude depletion, as it moved northward within the perturbed field890

region. However, the morphology of the perturbations in flux seen in Figures 6 and 9 is891

highly dependent on the strength and orientation of the IMF. If �B0 were oriented op-892

positely (in the +y direction) the features in our flux maps would be mirrored across the893

z = 0 plane; additionally, if the field magnitude differed from the value in our model894

(| �B0| = 0.24 nT), the areas of perturbed flux would either grow or shrink with the ion895

gyroradii.896

The energy-independence of the He+ flux depletion observed by PEPSSI contrasts897

our model results, which reveal that deviations from the value in uniform fields, F0, di-898

minish with increasing initial energy E (see Figure 6). This modeled behavior is plau-899

sible, since higher energy ions spend an increasingly smaller fraction of a gyration arc900

within the highly perturbed fields near Pluto. In other words, the “effective” size of the901

obstacle represented by the dwarf planet’s induced magnetosphere decreases with increas-902

ing ion energy. In addition, the plots of the Lorentz force �FL in Figure 7 illustrate sub-903

stantial deflection to occur only on length scales much smaller than the size of the in-904

duced magnetosphere. Hence, it becomes increasingly “difficult” for the field perturba-905

tions to deflect the higher energy ions from their nearly-ballistic trajectories (see Fig-906

ure 8). This result is consistent with energetic ion behavior found at other small bod-907

ies: for instance, Liuzzo et al. (2019) traced Jovian magnetospheric protons with ener-908

gies from 1 keV up to 5 MeV through the draped electromagnetic fields near Callisto (cal-909

culated using AIKEF). These authors demonstrated that the accessibility of Callisto’s910

surface to such protons becomes increasingly uniform with greater energy, since the more911

energetic ions are only slightly deflected by the field perturbations. A similar behavior912

has been found for energetic ion motion through the draped electromagnetic fields near913

Europa (Addison et al., 2021; Nordheim et al., 2022; Haynes et al., 2023).914

While this dependence of the magnitude of the flux perturbations on initial energy915

E seen in our model results is in agreement with energetic particle behavior near other916

small bodies, the PEPSSI instrument measured a uniform decrease in He+ flux by a fac-917

tor of ten across all energies from 2 keV to 100 keV (Kollmann, Hill, Allen, et al., 2019).918

Hence, our model results show that the interaction with a steady-state induced magne-919

tosphere at Pluto cannot explain the magnitude of the decrease in He+ flux recorded by920

NH, nor the energy-independence of the observed drop. A possible cause of this devi-921

ation are time-dependent processes (e.g., bi-ion waves; Delamere, 2009) within Pluto’s922
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interaction region that cannot be emulated with our current model setup. As seen in the923

results of the test-particle model of Kollmann, Hill, Allen, et al. (2019), such waves can924

cause additional deflection of the energetic particles as they travel through Pluto’s wake.925

However, accounting for energetic ion deflection by, e.g., bi-ion waves would entail out-926

putting the three-dimensional electromagnetic field geometry from AIKEF at multiple927

points in time spanning the duration of the wave’s travel through Pluto’s wake region.928

The particle tracer would then need to sample consecutive field cubes at different times929

to emulate the wave’s propagation through the perturbed fields. However, such an ef-930

fort constitutes a separate, follow-up study. Quantitative discrepancies between our model931

output and observations may also stem from the fact that—due to computational constraints—932

we consider individual slices through the upstream ion population and do not sample it933

in its entirety (see section 2.3).934

A direct comparison between our two-dimensional flux maps and PEPSSI obser-935

vations is not feasible. Measurements of the energetic He+ ions were obtained over dozens936

of RP within the non-uniform fields downstream of Pluto, collected by an instrument937

field-of-view covering about 0.66 sr that was continuously rotating about the x-axis (Kollmann,938

Hill, Allen, et al., 2019). Since only a tiny fraction of the ions in our model domain would939

actually be captured by PEPSSI, attempting to reproduce its measurements would en-940

tail the use of a backtracing model. This approach would require launching energetic He+941

macroparticles from the momentary position of the instrument and accounting for the942

instantaneous orientation of its field-of-view at each point along the spacecraft’s trajec-943

tory. The ions would be traced backward in time (i.e., with a negative timestep Δt) un-944

til they leave Pluto’s interaction region or enter the dwarf planet’s collisional lower at-945

mosphere (see, e.g., Liuzzo, Poppe, et al., 2024; Liuzzo, Nénon, et al., 2024; Tippens et946

al., 2024). If an ion macroparticle reaches the uniform fields outside of Pluto’s interac-947

tion region, its differential intensity can be sampled from the observed upstream distri-948

bution (Figure 3 of Kollmann, Hill, Allen, et al., 2019); the ion’s contribution to flux at949

the location of the instrument can then be calculated via Liouville’s theorem (equation950

(3)). Developing such a backtracing model will be the goal of our future work. Never-951

theless, the two-dimensional model output of our current study provides important phys-952

ical context for the interaction of energetic He+ with Pluto’s induced magnetosphere that953

could not be deduced from the observations along the New Horizons trajectory alone.954
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4 Summary and Concluding Remarks955

In this study, we have investigated the effect of the draped electromagnetic fields956

in Pluto’s induced magnetosphere on the distribution of energetic heliospheric He+ ions.957

Our goal was to identify the physical mechanisms responsible for the depletion in He+958

flux observed downstream of Pluto by the PEPSSI instrument aboard NH (Bagenal et959

al., 2016; Kollmann, Hill, Allen, et al., 2019). To accomplish this, we employed the AIKEF960

hybrid model (Müller et al., 2011) for determining the three-dimensional structure of the961

draped electromagnetic fields near Pluto. The field output from AIKEF was then em-962

bedded in a newly developed particle tracing tool that propagates energetic He+ ions963

through the dwarf planet’s induced magnetosphere. Monoenergetic populations of such964

ions are initialized on a launch grid upstream of Pluto at various initial energies E (in965

the rest frame of the solar wind) within the range observed by PEPSSI. Their trajec-966

tories are traced through the perturbed fields near the dwarf planet using a combina-967

tion of analytical and numerical methods, and their contributions to flux at the wake-968

side are recorded by a plane detector that is oriented perpendicular to the Sun-Pluto line.969

We have probed the three-dimensional structure of the patterns in He+ flux by consid-970

ering different distances between the detector grid and Pluto.971

Ion gyroradii near Pluto are 1-3 orders of magnitude larger than the dwarf planet972

itself. Consequently, Pluto’s induced magnetosphere is highly asymmetric in planes per-973

pendicular to the IMF direction. Thus, Pluto presents a scenario in which the induced974

magnetosphere is shaped by large ion gyroradii, while observations suggest that it simul-975

taneously has a drastic influence on the surrounding distribution of energetic heliospheric976

ions.977

Our major results are as follows:978

1. Pluto causes highly non-uniform perturbation patterns of the energetic He+ flux979

in its wake. An IMF antiparallel to Pluto’s orbital motion generates a downstream980

region of depleted flux through the detector grid in the northern half-space (z >981

0), accompanied by a region of elevated flux to its south. This pattern persists across982

all initial He+ energies from E = 2 keV to E = 100 keV. The maximum en-983

hancement is about 41% above the unperturbed He+ flux recorded by the detec-984

tor grid in uniform fields, F0. The strongest depletion is a decrease by 34% of F0.985

With increasing distance between the detector and Pluto, these regions grow in986
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area while the perturbations weaken and the flux approaches F0. The modeled987

flux perturbations gradually disappear over a distance near 210 RP downstream988

of Pluto, compared to the downstream extent of the energetic ion wake estimated989

from PEPSSI data of 190 RP (Kollmann, Hill, Allen, et al., 2019).990

2. The energetic He+ trajectories are most significantly deflected in localized regions991

of the induced magnetosphere where the magnetic field magnitude shows the strongest992

enhancements above the background value. One of these regions is the magnetic993

pileup region that becomes stretched southward and downstream by the deflected994

solar wind. As an He+ ion passes through this region, its gyroradius locally de-995

creases, deflecting the ion away from the path it would have taken in uniform fields.996

Additionally, energetic He+ trajectories experience strong perturbations when en-997

countering regions of reduced electric field strength, such as within Pluto’s heavy998

ion tail. The near-zero electric field deflects the ions by preventing them from be-999

ing carried toward downstream by the �E × �B drift.1000

3. The modification of energetic He+ flux through the detector grid depends on the1001

ions’ initial energy E in the rest frame of the solar wind. Specifically, the mag-1002

nitude of the flux perturbations diminishes with increasing E. Because the ener-1003

getic ion gyroradii exceed the size of Pluto by multiple orders of magnitude, the1004

segment of an ion’s trajectory within the perturbed fields becomes increasingly1005

minuscule relative to the scale of their gyration with greater initial energy E. Thus,1006

Pluto’s induced magnetosphere becomes less “effective” in perturbing the trajec-1007

tories of ions at higher energies. This behavior is consistent with expectations from1008

models of energetic ion dynamics at other small bodies, e.g., Callisto and Europa1009

(Liuzzo et al., 2019; Addison et al., 2021; Nordheim et al., 2022; Haynes et al., 2023).1010

4. Even at the lowest energy considered (E = 2 keV), the magnitude of the mod-1011

eled drop in He+ flux within Pluto’s induced magnetosphere is more than a fac-1012

tor of five lower than observed by PEPSSI. Furthermore, this deviation grows with1013

increasing ion energy: the perturbations to the modeled flux pattern gradually dis-1014

appear as E grows. This quantitative discrepancy may partially stem from time-1015

dependent processes that the steady-state field output from AIKEF does not cap-1016

ture, such as scattering of the energetic He+ ions by plasma waves in Pluto’s wake.1017

According to PEPSSI observations, Pluto’s largest moon Charon seems to cause1018

a localized perturbation in He+ flux within the dwarf planet’s wake (Bagenal et al., 2016).1019
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Depending on its orbital phase with respect to Pluto, Charon may also have a discernible1020

influence on the electromagnetic fields within the induced magnetosphere (Hale & Paty,1021

2017). The natural progression of this study will therefore also account for the presence1022

of Charon when investigating the interaction of the Pluto system with energetic helio-1023

spheric ions.1024
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