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Abstract we apply a hybrid (kinetic ions and fluid electrons) simulation model to study Pluto’s

plasma environment during the New Horizons encounter on 14 July 2015. We show that Pluto’s plasma
interaction is dominated by significant north-south asymmetries, driven by large pickup ion gyroradii on
the order of 200 Pluto radii. The transition region from the ambient solar wind to the population of
plutogenic ions (called the “Plutopause”) also shows considerable asymmetries that cannot be explained
by a fluid picture. Since the New Horizons spacecraft does not carry a magnetometer, we use our model

to estimate the strength and direction of the interplanetary magnetic field (IMF) at the time of the flyby

by comparing output from the hybrid simulation to the plasma signatures observed during the New
Horizons encounter. We find that an IMF strength of at least 0.24 nT is required to generate the observed
plasma signatures. An IMF orientation either parallel or antiparallel to Pluto’s orbital motion is able to explain
the observed plasma densities and velocities along the New Horizons trajectory. Our simulations are able to
quantitatively reproduce all key features of the plasma observations, specifically the gradual slowing of the
solar wind, as well as the location and thickness of the Plutopause and bow shock.

1. Introduction

The New Horizons (NH) flyby past the dwarf planet Pluto (radius R, =1, 184 km) occurred on 14 July 2015.
This encounter provided the first opportunity to collect in situ data of Pluto’s atmosphere and its interaction
with the dilute, weakly magnetized solar wind plasma at its orbital distance of 33 AU. On its way to the outer
regions of the solar system, the NH spacecraft passed Pluto at a radial distance of 11.54 R, on the dawnside
of the dwarf planet, subsequently moving toward the downstream region where it crossed the Sun-Pluto
line at a distance of ~44 R, (Bagenal et al., 2016). The trajectory of the flyby was slightly inclined northward
against Pluto’s orbital plane by approximately 3°. This caused the spacecraft to be located approximately 2 R,
south of Pluto at the time of closest approach. Radio occulation measurements by New Horizons showed that
Pluto’s atmosphere is dominated by N, but also includes CH, as a minor constituent (0.25%) and traces of
other hydrocarbons (e.g., C,H,, Gladstone et al., 2016; Stern et al., 2015). The upper atmosphere was found to
have a lower temperature than anticipated from preencounter models (only ~70 K compared to the expected
~100 K) (Gladstone et al., 2016), resulting in much lower neutral escape rates than previously calculated
(10% s71 compared to 107 s' for CH,, and 10?* s~ compared to 10?7 s~! for N,, see Gladstone et al. (2016)).
These authors thus concluded CH, to be the dominant escaping species at Pluto, instead of the previously
believed N, (e.g., Elliot et al., 1989; Young et al., 1997, 2001). Additionally, New Horizons found Pluto’s largest
moon Charon to be devoid of any significant atmosphere (Gladstone et al., 2016; Stern et al., 2015). Thisimplies
that the solar wind is mass loaded by Pluto alone.

Since New Horizons does not carry a magnetometer, measurements of Pluto’s plasma interaction with the
solar wind were limited to particle instruments. An initial analysis of these measurements by Bagenal et al.
(2016) revealed that at the time of the encounter, Pluto was exposed to a nearly homogeneous solar wind flow
with an unusually high ram pressure of 6.0 pPa, compared to typical pressures of 1.7 pPa at Pluto’s heliocentric
distance. The increased solar wind pressure was associated with a traveling interplanetary shock that NH had
detected 5 days earlier. As a result, Pluto’s solar wind interaction region was much smaller than predicted by
preflyby studies: Bagenal et al. (2016) estimated that at a distance of 6 R, upstream of Pluto, the solar wind had
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lost only 20% of its initial velocity. The observations also suggested that at Pluto’s wakeside, the interaction
region extended more than 400 R, toward downstream. By using the maximum magnetic field observed by
Voyager 2 at Pluto’s heliocentric distance (|B| = 0.3 nT), Bagenal et al. (2016) found the gyroradius of picked
up CH;r ions from Pluto’s ionosphere to be on the order of ;=190 R,. This implies that Pluto’s interaction
should be significantly shaped by asymmetries due to ion gyration effects.

McComas et al. (2016) applied the method by Ebert et al. (2010) to analyze data from the SWAP (Solar Wind
Around Pluto) instrument (McComas et al., 2008) and identified regions near Pluto dominated by either heavy
plutogenic ions or light solar wind ions. These authors found that during the encounter, Pluto’s solar wind
interaction region was even smaller than proposed by Bagenal et al. (2016), with the region where the solar
wind was slowed by 20% from the background speed value located only 4.5 R, upstream. McComas et al.
(2016) identified a narrow bow shock upstream of Pluto, possessing a thickness of only 2 ion inertial lengths,
as well as a boundary layer (called the “Plutopause”) that separates the solar wind ions from plutogenic heavy
ions. Consistent with the large gyroradii of the pickup ions, McComas et al. (2016) identified considerable
asymmetries in the structure of Pluto’s heavy ion tail: At the time of the NH flyby there were significantly
more heavy ions in the southern segment of the trajectory than in the northern part, due to conservation of
momentum of the pickup ion population. These authors also suggested that the bow shock and Plutopause
seen near Pluto are similar to the structures generated by the solar wind’s interaction with comets, Mars, and
Venus. Further analysis of SWAP data suggested that at the time of the NH encounter, Pluto was exposed to
an outward sector of the interplanetary magnetic field, that is, the field was oriented antiparallel to Pluto’s
orbital motion (McComas et al.,, 2016; Zirnstein et al., 2016).

Because the pickup ion gyroradii are on the order of ~190 R, (Bagenal et al., 2016), a kinetic description of
the ion species near Pluto is mandatory to accurately describe the asymmetries in Pluto’s plasma interaction.
However, by comparing simulation output from a 2-D bi-ion fluid model (Sauer et al., 1997) and a 3-D multi-
fluid model (Harnett et al., 2005) with hybrid simulation data, it was shown that a multifluid approach may also
be able to roughly reproduce the large-scale features of Pluto’s plasma interaction. Based on preencounter
estimates of Pluto’s atmosphere and the solar wind parameters, Delamere and Bagenal (2004) applied a hybrid
simulation model to show that the interaction of the solar wind with Pluto’s ionosphere generates a highly
asymmetric bow shock upstream of the dwarf planet and a structured wake downstream. The interaction also
generates a channel of solar wind protons that are deflected around Pluto. In a subsequent study, Delamere
(2009) used a hybrid model to investigate the structure of Pluto’s interaction region for a variety of possible
atmospheric escape rates. That study demonstrated that for escape rates on the order of Q=2 - 10% s, the
interaction region is bounded by a Mach cone, similar to the structures that appear at weak comets (Bagdonat
& Motschmann, 2002). When increasing the escape rate by 2 orders of magnitude (to Q,= 2 - 10?8 s71), this
cone evolves into a fully detached bow shock. Delamere (2009) also showed that the flow shear between
solar wind protons and heavy plutogenic pickup ions leads to the formation of bi-ion waves and may excite
Kelvin-Helmholtz instabilities at the interface between the two plasma regimes (i.e., at the Plutopause).

However, these earlier studies used preencounter estimates of the solar wind parameters at 33 AU and param-
eters of Pluto’s atmosphere that were obtained from remote telescope observations (e.g., Young et al., 1997,
2001) of the dwarf planet. Due to the enhanced solar wind pressure and the more compact state of its
atmosphere, Pluto’s interaction with the solar wind at the time of the flyby took place in a different region of
parameter space that has not been considered by any study so far. In order to fill this gap, we implement the
recent in situ observations of the solar wind (Bagenal et al., 2016) and Pluto’s atmosphere (Gladstone et al.,
2016) into a hybrid model to study Pluto’s plasma interaction at the time of the New Horizons encounter.
We investigate the influence that the large ion gyroradii have on the three-dimensional structure of Pluto’s
induced magnetosphere. In particular, we aim to constrain the unknown strength and orientation of the
interplanetary magnetic field (IMF) at the time of the encounter by treating the upstream magnetic field
strength and orientation as free parameters within the simulations. The modeled results are compared against
New Horizons particle data to constrain the magnitude and orientation of the IMF during the New Horizons
encounter.

Throughout this study, we use a Pluto-centered, Cartesian coordinate system, where the x axis is aligned with
the Sun-Pluto line, the y axis points in the direction of Pluto’s orbital motion, and the z axis points northward,
completing the right-handed coordinate system. Unit vectors along the x, y, and z axes are denoted X, y,
and Z, respectively.
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Table 1
Parameters of Pluto’s Atmosphere Used for the Hybrid Model

Species  n; (M=)  Hy(km) Ry (Rp) ny(m3)  Hy(km) Ry (Rp) nym73)  H;(km)  Rs(Rp)

N, 1020 82.4 1 10'6 54.7 15 103 3185 2
CH, 1018 88.3 1 1013 161.5 1.5 1012 509.4 2
Note. Each species is approximated by a sum of three (i = 1, 2, 3) barometric laws, where R; is the reference altitude for

the respective summand, n; the number density of that species at that altitude, and H; the scale height of the species.
The parameters represent a fit to the density profiles in Figure 3 of Gladstone et al. (2016).

2. Model Description

We use the hybrid simulation code A.LK.E.F. (Miller et al., 2011) in our study which treats ions as particles and
electrons as a massless, charge-neutralizing fluid. This model has already been applied to analyze the plasma
interaction of many unmagnetized solar system bodies, most recently Titan (Feyerabend et al,, 2015, 2016),
Callisto (Liuzzo et al., 2016, 2017), and Enceladus (Kriegel et al., 2014). A detailed description of the model can
be found in these preceeding publications.

To describe Pluto’s atmosphere, we have fitted the number density profiles of N, and CH, given in Figure 3 of
Gladstone et al. (2016) with a superposition of barometric laws

3
ny(r) = 2 nie((’_Ri)/Hi) m
i=1

for each species. The reference density, scale height, and reference altitude of each summand are given by
n;, H;, and R; respectively; that is, for each species there are nine parameters available to fit this expression
to the observations. The parameter r = 1/x2 + y2 + z2 denotes the radial distance from Pluto’s center. The fit
parameters used for each species are summarized in Table 1.

Two mechanisms of ionization dominate ionospheric production at Pluto: photoionization and charge
exchange (Delamere, 2009). In our model, the former is represented using the wavelength-dependent solar
EUV flux model for aeronomic calculations (Richards et al., 1994), similar to Feyerabend et al. (2015). The latter
is included via charge exchange between the incoming solar wind protons and plutogenic neutrals. During
the New Horizons encounter, the spacecraft detected an enhanced mass flux of incoming solar wind ions
(about 4 times higher, Bagenal et al., 2016). This results in the charge exchange process being even more
important for the generation of Pluto’s ionosphere than under average solar wind conditions, where it con-
tributes about 50% to the mass loading (Delamere, 2009). This is considered by our model in including the
ion-neutral reactions

H* +N, > H+NJ}
and
H* + CH, — H + CH;.

The cross sections for these reactions depend on the kinetic energy of the solar wind protons and are taken
from Nakai et al. (1987). Further details about the numerical implementation of photoionization and charge
exchange in the A.LLK.E.F. hybrid model can be found in Feyerabend et al. (2015), Liuzzo et al. (2015), and Kriegel
etal. (2014).

We compare our simulation output with New Horizons particle measurements published in McComas et al.
(2016). Table 1 in that work lists the observed solar wind velocity at eight discrete positions along the New
Horizons trajectory over a range of nearly 200 R,. The first five of these positions are located at the dawnside
flank of the induced magnetosphere with distances to Pluto below 20 R,. The last three data points are
located at distances greater than 100 R, downstream of Pluto. Due to the remote location of these three
measurements, we have excluded them from our model-data comparison. To adequately resolve the physical
processes that occur much closer to Pluto, we choose a simulation domain with an extension of —20 R, <x <
50 Rp, —20 R, <y <20 Ry, —12 R, <z <28 R,.

The grid resolution in all simulation runs is 145 km (x1/8 Rp) in each direction, which is comparable to the
scale heights in our atmosphere model (see Table 1) and in NH data (see Figure 3 of Gladstone et al. (2016)).
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The ion inertial length of the upstream solar wind protons in all runs is x, = 1439 km (x1.2 R,), while the
proton gyroradius is in the range of 12-44 R,, depending on the magnetic field strength used in the model.
The minimum of the proton inertial length in all runs was 200 km near the ionospheric density maximum. In
this region (located near 1 R, altitude) the ion gyroradius can locally become smaller than the grid resolution of
145 km due to the magnetic pileup and near-zero ion velocities. This is a common effect known from modeling
the plasma environment of other unmagnetized bodies in the solar system (e.g., BoBwetter et al., 2004; Simon
et al.,, 2007). However, since this layer of reduced ion gyroradii is very narrow compared to the extension of
Pluto’s ionosphere (~150 km compared to several Rp) and does not extend above the ionospheric production
maximum, it does not affect the magnetic or plasma signatures associated with Pluto’s plasma interaction
(e.g., the structure and location of the bow shock).

The time step in all simulations is on the order of 1073 90‘1, where Q is the gyrofrequency of the upstream
solar wind protons. This time step is always about 2 orders of magnitude well below the smallest possible ion
time scale of ~107" Qg’ and also ensures that the Courant condition is always met in our simulation. Note
that not satisfying the Courant condition at all times in our hybrid model would result in numerical instability
of the simulations (Mdiller et al., 2011).

In all simulation runs we use a threshold of 5 particles-per-cell (ppc) for the solar wind protons and 20 ppc
for each Plutogenic heavy ion species. To ensure that enough particles are present in each cell at all times,
a splitting and merging method is used for the macroparticles: If the number of macroparticles for a certain
species in a given cell is less than this threshold, particles of the species are split into two until the threshold is
reached again. The method conserves the mass, momentum, and kinetic energy of the particles in each cell
and is described in detail in Miiller et al. (2011).

To constrain the magnitude of the IMF during the New Horizons encounter, Pluto’s plasma interaction is inves-
tigated for four different upstream magnetic field strengths: 0.08 nT, 0.16 nT, 0.24 nT, and 0.3 nT. This range
of values covers the Voyager 2 observations of the magnetic field strength near 33 AU where Pluto’s orbit
is located. In these four simulations, the upstream magnetic field is aligned with the —y axis (i.e., the IMF is
antiparallel to Pluto’s orbital direction). As a consequence, the pickup cycloids in those runs are mainly located
in the z> 0 hemisphere. To substantiate the result of Zirnstein et al. (2016) and McComas et al. (2016) that an
IMF directed along the —y axis was indeed the most likely orientation during the encounter, we also consider
a fifth simulation with a magnetic field of strength 0.3 nT, and B, oriented along the +y axis (i.e., parallel to
Pluto’s orbital direction).

In all model runs the solar wind plasma upstream of Pluto consists of H* protons with upstream number
density n, = 0.025 cm~3, upstream flow velocity u, = 403 km/s (directed along +x), and ion temperature
kT+ =0.66 eV (see Table 1 in Bagenal et al., 2016). The electron temperature is assumed to be kT, =1 eV.
The Alfvénic and magnetosonic Mach numbers and plasma betas of the upstream solar wind in these runs
range from M, = 9.73, M, = 8.93, and S, = 0.18 for the |B,| = 0.3 nT case to M, = 36.48, M, = 19.2, and
Pow = 2.61 for the |B,| = 0.08 nT case. Thus, the solar wind during the NH encounter is always highly
superalfvénic and supermagnetosonic.

3. General Characteristics of Pluto’s Solar Wind Interaction

A three-dimensional picture of Pluto’s interaction with the solar wind for an upstream magnetic field vector
of B, =(0, —0.24,0) nT (i.e, the gyroradius of methane pickup ions is r; % 236 Ry) is visible in Figure 1. Figure 1a
shows the draped magnetic field lines of the IMF around the Pluto obstacle in the z = 0 plane, color coded
with the local B, value. Depicted in yellow is a |B| =1.1|B,| contour of the magnetic field strength, illustrating
the outer edge of the parabolic bow shock that forms upstream of Pluto. Figure 1b shows a three-dimensional
picture of the solar wind bulk velocity near Pluto in the x=—5R,, y=0 R, and z=—3 R,, planes. The black vec-
tors also show the direction of the solar wind protons in those planes. Additionally, the white arrows represent
the bulk speed and direction of the plutogenic heavy ions (CH; and NJ) as they are picked up by the ambient
electromagnetic fields and convected away from Pluto. The asymmetries resulting from the large gyroradii of
the pickup ions are clearly visible, as only a small segment of the cycloidal arcs is seen in the y=0 plane. These
arcs possess an extension of about 2 ry~ 472 R, along the z axis and a width of 2zr, ~ 1482 R, in x direction.

Figure 2 shows two-dimensional cuts of Pluto’s interaction region in the z=0 plane, with number density and
bulk velocity of the solar wind protons and CH4Jr pickup species plotted. Additionally, the electricand magnetic
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Plutogenic ions flow direction

(b)

Figure 1. (a) Draped magnetic field lines near Pluto during the New Horizons encounter, color coded with the B, value
of the magnetic field. The yellow |[B|=1.1 |Bgy| (|By| =0.24 nT) isoline of the magnetic field strength represents the
outer border of the bow shock. The white arrows at the bottom plane indicate the upstream magnetic field direction.
Black arrows indicate the direction of the incoming solar wind. (b) Three-slice of the solar wind bulk velocity [uy+|.
Black arrows indicate the solar wind flow direction in the depicted planes. The white arrows show the flow direction
of plutogenic heavy ions. New Horizons trajectory is indicated by the black line in both plots. Note that due to the
perspective in these plots the solar wind flows from “right” to “left.”

fields are included. We find a bow shock standoff distance of 4-5 R, upstream of Pluto, as visible in Figure 2e
as well as in Figure 1a. This is consistent with the findings of McComas et al. (2016) who extrapolated the bow
shock distance to be approximately 4.5 R, at Pluto’s upstream side, using NH measurements of the reduced
solar wind velocity near the flanks of the interaction region. This confirms that Pluto’s induced magnetosphere
was indeed in a rather compressed state at the time of the NH encounter, due to the enhanced dynamic
pressure of the impinging solar wind. Our simulations also show an increase in the solar wind density by up to
a factor of 4 at the flanks of Pluto’s magnetotail (see Figures 2a and 2e), which is a result of the accumulation
of solar wind particles as they encounter the shock and are decelerated and diverted around the obstacle.

In the z=0 plane (i.e., perpendicular to the upstream convective electric field E; = —u, X By), Pluto’s tail struc-
ture is highly symmetric with respect to the x axis, as can be seen in all quantities in Figure 2. In this plane
(and other z = const planes), the structure of Pluto’s induced magnetotail is mainly governed by pressure
balance: Inside of the magnetic lobe regions (1 R, < |y|, i.e., outside the magnetic neutral sheet), the magnetic
pressure is enhanced compared to the ambient solar wind plasma (see Figure 2e), and the ion number densi-
ties of both solar wind and plutogenic ions are low (see Figures 2a and 2c). As can be seen from Figure 2f, the
electric field is enhanced at the outer edges of the wakeside current sheet. This enhancement is mainly gov-
erned by the Hall term in the electric field equation. In planes perpendicular to E, the heavy ions that originate
from Pluto are mainly confined to the narrow magnetic neutral sheet between the two lobes (see Figures 2c
and 2e). The formation of a narrow channel of escaping ions in planes containing the background magnetic
field is typical for the plasma interaction of nonmagnetized bodies, such as weak comets (Motschmann &
Kihrt, 2006), Mars (BoBwetter et al., 2004), or Titan (Simon & Motschmann, 2009).

The observed Plutopause marks the transition from outside of (dominated by solar wind ions) to inside of
(dominated by plutogenic heavy ions) Pluto’s induced magnetosphere (McComas et al., 2016). Although the
solar wind density sharply drops at the outer edges of Pluto’s magnetotail (Figure 2a), the region between the
outer flanks of the magnetotail and the central plasma sheet is nearly devoid of heavy ions (Figure 2c). Instead,
we find that the transition between solar wind ions and plutogenic ions in planes parallel to Pluto’s orbital
plane (z=0) depends on the altitude above or below that plane. This stratification can be seen in Figure 3,
which shows a cut through the downstream magnetotail at x=15 R,. In this plane, Pluto’s magnetotail has an
“onion-like” shape with a bulge near z=0 that transitions into a narrow channel when moving northward
into the z> 0 hemisphere. This shape is generated by the deflection of the solar wind around the interaction
region, as visible in Figures 3a and 3c.
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Figure 2. Plasma quantities in the z = 0 plane for the simulation with |By| = 0.24 nT: (a) Solar wind number density ny-,
(b) solar wind bulk velocity |uy+|, (c) pickup ion number density Nt (d) pickup ion bulk velocity |uCH4+ |, (e) magnetic
field strength |B|, and (f) electric field strength |E|. The projection of New Horizons trajectory onto this plane is
indicated by the black line.
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Figure 3. (a) Solar wind number density ny+, (b) pickup ion number density ”CHj;' and (c) magnetic field strength |B| in
the x = 15 Rp plane downstream of Pluto.
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Figure 4. Plasma quantities in the y = 0 plane for the simulation with |By| = 0.24 nT: (a) Solar wind number density ny+,
(b) solar wind bulk velocity |uy+ |, (c) pickup ion number density nCH4+, (d) pickup ion bulk velocity |“<:H4+ |, (e) magnetic
field strength |B|, and (f) electric field strength |E|.

As we can see in Figures 3a and 3b, there are three distinct regions, where the transition between the solar
wind and plutogenic ions is structured differently. First, in the z<0 hemisphere, the heavy plutogenic ions
only partially fill the “body of the onion,” which leaves a volume near the outer edges of the magnetotail where
the density of both solar wind and plutogenic heavy ions is very low. In this region, the magnetic pressure
compensates for the reduced particle pressure of the solar wind and plutogenic ions (see Figure 3c).

Second, in the z> 0 hemisphere up to an altitude of ~15 Ry, the region of depleted solar wind density near the
flanks shows a low-density population of plutogenic heavy ions that connects to the outer boundary of the
“onion.” This transition is now defined by a more gradual decrease in the solar wind density and takes places
on a scale of several Pluto radii. The third region appears at even higher altitudes above z> 0, where the thin
pickup tail leads to a more rapid transition between the solar wind and plutogenic ions. It should be noted,
however, that the locations of these three regions depend on the tailward (x) distance to Pluto, as well as on
the upstream solar wind parameters.

Figure 4 shows the same quantities as Figure 2 but in the y =0 plane (i.e., parallel to u, and E,) of Pluto’s
interaction. The tail structure in this plane is significantly asymmetric between the northern (z>0) and
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southern (z < 0) hemisphere. Since the gyroradii of the plutogenic heavy ions are up to about 200 Pluto radii
in size, their local escape trajectories are nearly parallel to the upstream convective electric field direction
(i.e., they move mainly along +Z; see also Figures 4c and 4d). Therefore, these ions only perform a fraction of a
pickup cycloid within the simulation domain. This motion of the plutogenic ions along the +z direction com-
bined with their confinement between Pluto’s magnetic lobes (see Figure 3) leads to the formation of a “flat”
(thickness <4 R,) pickup tail in the plane perpendicular to B, a feature also found at weak comets (Koenders
etal., 2015).

In the z > 0 hemisphere of Pluto’s interaction, the escaping plutogenic ions intermix with solar wind ions, and
a clearly defined “Plutopause” layer, is not discernible (see Figures 4a and 4c). In this hemisphere, the solar
wind is also accelerated antiparallel to the plutogenicions (i.e., southward along —Z2) by the local Lorentz forces
(see Figure 4b). The “raining down” of solar wind ions into Pluto’s southern magnetotail is also visible in
Figure 1b. This effect has also been seen in simulation results for weakly outgassing comets (Bagdonat &
Motschmann, 2002) and in earlier model runs for Pluto (Delamere, 2009). This motion conserves the total
momentum of the plasma as the solar wind overlaps with the dense beam of northward moving pickup ions
(Figure 4d). The antialignment of both plasma flows is a source for bi-ion waves, which can be seen in the
wave-like patterns in Figures 4c, 4e, and 4f.

Although a Plutopause is not generated in the z> 0 hemisphere, two conditions favor the formation of a
sharp “Plutopause” boundary in the z < 0 hemisphere. On the one hand, the northward pointing convective
electric field prevents the slow plutogenic ions from penetrating into the solar wind. On the other hand, solar
wind ions that approach this boundary from upstream experience the electric field due the mainly southward
pointing pressure gradient —VP,, which is generated by the heavy plutogenic ions that accumulate south of
Pluto’s orbital plane (see Figure 3b). The resulting Plutopause in this hemisphere is therefore much thinner
and more sharply defined compared to the three regions identified in Figure 3 (that can be seen in different
z = const planes of the “onion”), with the transition between solar wind ions and plutogenic ions occurring
over only a fraction of a Pluto radius (see Figures 4a and 4c).

A similar transition layer between impinging upstream plasma and pickup ions (often called an “lon Composi-
tion Boundary”) has also been found at other solar system bodies, for example, at Mars (Sauer & Dubinin, 2000)
and Titan (Wahlund et al., 2005). Using hybrid simulations, Simon et al. (2007) showed that such boundary
layers can generally be expected for superalfvénic, supersonic plasma interactions of unmagnetized bodies.
They also showed that the structure of these boundary layers displays significant asymmetries with respect
to the direction of the convective electric field, if the ion gyroradii are comparable to the size of the obstacle.
Our results therefore demonstrate that at Pluto, the “Plutopause” boundary layer has the same properties as
the lon Composition Boundaries at other solar system bodies.

Compared to the preencounter hybrid modeling results of Pluto’s interaction with the solar wind by Delamere
(2009), our modeled plasma interaction signatures for NH conditions are settled between their cases of an
intermediate (Qy=2 - 10?7 s7") and low (Q,=0.2 - 10?7 s7") neutral escape rate Q, of molecular nitrogen N,.
Note that their model uses a comet-like neutral gas profile that decreases with 1/r? (see equation (15) in
Delamere, (2009)) and uses Q, to determine the maximum neutral density at the surface, as opposed to our
atmosphere model which is based on in situ observations (see equation (1). Delamere (2009) obtained a
plasma interaction of Pluto that is characterized by a nondetached bow shock (or Mach cone) and consider-
able asymmetries in the structure of the induced magnetotail due to the large gyroradii. The solar wind in
the model of Delamere (2009) is assumed to be slightly slower (~340 km/s) and less dense (0.01 cm~3) than
in the New Horizons case. Unlike in their Q,=2 - 10’ s™' case, we do not see indications for the excitation of
Kelvin-Helmholtz instabilities in our simulations. However, our simulation domain does not cover the regions
where the instabilities were seen by Delamere (2009).

Note that the New Horizons encounter revealed the neutral escape rates to be orders of magnitude
(1023 s71-10% s7") lower than assumed by Delamere (2009). Applying these parameters to the model
of Delamere (2009) would likely result in a much weaker plasma interaction than actually observed by
New Horizons. The reason for this lies in the preencounter model of the neutral atmosphere used in that
work, which underestimates the neutral density by up to 4 orders of magnitude compared to the actual
observations. The (now known to be unrealistic) high neutral escape rates used in Delamere (2009) were
able to partially counter this effect, effectively producing a similar plasma interaction as in our simulations.
Compared with previous simulation models of Pluto’s plasma interaction, our model is therefore the first one
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Figure 5. Comparison of the magnetic field strength |B| and solar wind number density ny+ in the z = 0 plane for
simulations with different IMF field strength |B,| ranging from (top) 0.08 nT to (bottom) 0.3 nT.
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Figure 6. Hybrid model results for varying IMF strengths (colored lines) in the range of 0.08-0.3 nT along the

New Horizons trajectory. (top) Normalized solar wind bulk velocity |uy+ | /ug. (middle) Solar wind number density ny+.
(bottom) Pickup ion number density ny+. The black squares in the top panel denote observations from the New
Horizons SWAP instrument, which measured the solar wind velocity near Pluto (see Table 1 of McComas et al. (2016)).

to include in situ observations of Pluto’s atmosphere (which is far less extended than previously assumed), as
well as realistic parameters of the upstream plasma at the time of the New Horizons flyby.

4. Constraining the IMF During the New Horizons Encounter

The model results in Figure 5 show how the structure of Pluto’s induced magnetosphere changes in the z=0
plane (i.e., approximately the New Horizons flyby plane), when the IMF strength is increased from 0.08 nT to
0.3 nTwhile all other parameters of the solar wind are kept constant (see section 2). As aresult, the Alfvénicand
sonic Mach numbers of the upstream plasma decrease in between these runs, causing the opening angle of
the shock parabola to become wider with increasing strength of the IMF. The location of the bow shock stand-
off distance is robust against changes of the IMF strength and remains approximately at 4-5 R, upstream.
This is to be expected, since the standoff distance is mainly influenced by the mass loading into the upstream
solar wind (Koenders et al., 2013) (which does not change between these runs).

As visible in Figure 5, the spatial extention of the magnetic neutral region does not vary much in size as the
IMF strength increases. For each simulation, this region in Pluto’s wake is always approximately 2 R, in thick-
ness in the z=0 plane. Additionally, while the solar wind number density gradually decreases by 2 orders of
magnitude over multiple Pluto radii at the flanks of the tail for the |B,| =0.08 nT case, this decrease becomes
much sharper for the |B,| = 0.3 nT case. There the decrease in solar wind number density occurs over only a
fraction of a Pluto radius.

Figure 6 shows the bulk velocity of the solar wind protons uy+, the solar wind number density n,;+ and the
number density of the methane pickup ions Neyy along the New Horizons trajectory for the different sim-
ulations in our parameter study. SWAP measurements of the solar wind velocity, as provided in Table 1 in
McComas et al. (2016), are indicated by the five black squares. As we can see, an IMF field strength of at least
[By| = 0.24 nT (blue curve) is needed to generate any significant deceleration of the solar wind near the
observed locations. The simulation with |B,| =0.24 nT correctly reproduces the downward trend of the solar
wind velocity from 10% slowing to the maximum observed slowing of about 65% (~140 km/s) over a tail-
ward distance of 15 R, (from the second to the fifth data point). However, the modeled decrease is slightly
shifted toward downstream compared to the observed positions. Only simulations that use an IMF strength
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of |By| =0.3 nT (yellow and orange curves) are in excellent agreement with the observed values. This sup-
ports the considerations of Bagenal et al. (2016), who also suggested the magnetic field strength during the
encounter to be near the maximum of the values observed by Voyager 2.

Figure 6 shows also that simulations with an upstream magnetic field strength of |By| = 0.08 nT (purple curve)
or |[By| = 0.16 nT (green curve) cannot reproduce any deceleration of the solar wind near the observed loca-
tions. For those runs the initial decrease in solar wind velocity occurs much farther downstream compared to
the other runs, in accordance with the narrower opening angle of the shock parabola at higher Mach numbers
(see Figure 5).

The comparison of the modeled bulk speed with the measured data strongly suggests that the IMF strength
at the time of the New Horizons encounter was at the upper edge of the range measured by Voyager 2.
The modeled results of the solar wind number density (Figure 6, middle) support this idea. Based on SWAP
measurements, McComas et al. (2016) showed that the solar wind ion counts significantly dropped between
x=13.1 Ry, and x = 18.9 R, (i.e,, between the fourth and fifth data point). Our model results show that only
runs with a high IMF strength (|B,| > 0.24 nT) produce a significant drop by 2 orders of magnitude in solar
wind density near these locations, with the |B;| =0.24 nT run being closest to the reported locations.

McComas et al. (2016) and Zirnstein et al. (2016) used New Horizons particle measurements to infer an IMF
orientation that was antiparallel to Pluto’s orbital motion (i.e., directed along the —y axis) during the encounter.
McComas et al. (2016) inferred this from the observation that more heavy ions were found in the z< 0 segment
of the NH trajectory than in the z > 0 segment. They explained this observation via momentum conservation
of the pickup ions, because for the IMF being aligned with —y, the pickup ions would move faster into the
E, = —u, X B, direction (i.e., into Pluto’s northern hemisphere, z > 0), leaving more heavy ions accumulated
in the southern (z<0) hemisphere. In support of this idea, we also find more plutogenic ions in the southern
hemisphere compared to the northern hemisphere, which can be seen in Figure 3b. Zirnstein et al. (2016)
combined information about SWAP’s field of view with the energies at which SWAP detected heavy ions from
an isolated burst of heavy ions to come to the same conclusion about the IMF orientation.

We also tested the other possible orientation of the IMF at Pluto’s orbital distance, that is, along the +y axis,
with an IMF strength of [B;| = 0.3 nT (yellow curve in Figure 6). Reversing the orientation of the IMF pro-
duces nearly the same results in the solar wind velocity as with an orientation along —y (yellow versus orange
curve). The reason for this is that the flyby plane nearly coincides with the symmetry plane of the plasma inter-
action in both cases, (i.e,, the z = 0 plane). In this plane asymmetries in the magnitude of the ion velocities
associated with pickup ion gyration are not yet developed. For the NH trajectory, only in planes that are signif-
icantly above or below the z=0 plane these asymmetries will have a visible impact that allows to distinguish
between different orientations of the IMF: In the z > 0 hemisphere, the measured drop in solar wind velocity
would have been observed at a later time during the flyby and would not have lasted as long as than in the
opposite hemisphere, due to the different extensions of the magnetotail (see also Figure 3a). In these regions
the density of pickup ions would also be an even better indicator of the IMF direction than their bulk velocity.
For instance, if the IMF points along —y, in a plane far below the equatorial plane no pickup ions at all would
be detected, leaving only the other possibility for the orientation of B,,.

In conclusion, while we are not able to unambiguously determine the IMF orientation at the time of the flyby
based on the solar wind velocity alone, the simulated heavy ion data support the result of Zirnstein et al.
(2016) and McComas et al. (2016) who found a retrograde (—y) orientation of the IMF.

5. Summary and Concluding Remarks

In this study we have applied a hybrid model to analyze Pluto’s interaction with the solar wind during the
New Horizons encounter. We have demonstrated that an enhanced IMF strength of at least 0.24 nT is needed
in order to quantitatively explain the observed decrease of the solar wind velocity in Pluto’s wake at the time
of the encounter. This IMF strength is consistent with the observation of an increased dynamic pressure in the
solar wind during the flyby (Bagenal et al., 2016). The enhanced dynamic pressure results in a standoff distance
of the bow shock that is closer to Pluto than expected, located at only 4-5 R, upstream. Both possible orien-
tations of the IMF, either parallel or antiparallel to Pluto’s orbital direction, produce results that are consistent
with the observed solar wind bulk velocity. Since the New Horizons encounter took place approximately in
the symmetric plane (z = 0) of the plasma interaction, the observed slowing of the solar wind velocity would
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Figure 7. Sketch of Pluto’s plasma interaction with the solar wind at the time of New Horizons encounter. The axes

are scaled in units of Pluto radii. Orange colors indicate plutogenic heavy ions for dense (dark orange) and less dense
(light orange) values. The border of the induced magnetosphere is determined by the flow diversion of solar wind ions,
indicated by turquoise colors. The New Horizons trajectory is shown by the blue line. The curved dashed black lines in
the pickup tail represent a small section of the large-scale pickup cycloids of the plutogenic heavy ions.

be the same for both options. However, the northward escaping heavy ions as well as the higher heavy ion
content in the southern hemisphere in our simulations (see Figures 3b and 4c) support the results of Zirnstein
et al. (2016) and McComas et al. (2016) who found a retrograde (—y) orientation of the IMF at the time
of the flyby.

A schematic sketch of Pluto’s interaction region (consistent with our model and in situ observations) is
depicted in Figure 7. Pluto’s induced magnetosphere is strongly influenced by the large pickup ion gyroradii
on the order of ~200 Rp. In the direction of the convective electric field E,, a flat, disk-like pickup tail of only a
few Pluto radii thickness is formed. This is due to the heavy ions being mainly confined to the neutral region
between the magnetic lobes which are formed by draping of the IMF around Pluto’s ionosphere. The portion
of the solar wind that encounters this pickup tail is diverted southward, “raining” down into Pluto’s induced
magnetosphere.

The transition from solar wind (turquoise colors in Figure 7) to heavy ions (orange colors in Figure 7) is also
affected by the highly asymmetric interaction. A sharp transition over only a fraction of a Pluto radius, similar
toanlon Composition Boundary, is visible only in the southern (z < 0) hemisphere of the y=0and neighboring
planes (i.e., in planes parallel to E, cf. Figure 3). A more gradual transition (over several Pluto radii) can be
seen in planes perpendicular to Ej, where the increased magnetic pressure in the lobe regions separates the
heavy ions from the solar wind more effectively. Though our model may create a consistent magnetic field
this study is not an appeal to drop magnetometers for future space missions.
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