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Abstract The tilt between Neptune’s magnetic and rotational axes, along with Triton’s orbital
obliquity, causes a strong time variability of the moon’s local electromagnetic environment. To constrain
Triton’s interaction with the ambient magnetospheric plasma, we apply a hybrid (kinetic ions, fluid
electrons) model including the moon’s ionosphere and induced field. To represent the extremes in the
changes to the local electromagnetic field over a synodic rotation, we consider two orientations between
the ambient magnetic field and flow velocity. For each, we first investigate the (analytical) magnetic
signatures associated with the superposition of Triton’s induced field and the magnetospheric field in the
absence of any plasma interaction effects. To constrain the effect of Triton’s ionosphere on the currents,
we model the interaction between the ionospheric and magnetospheric plasma in isolation from the
moon’s inductive response, before combining these effects to investigate the complex scenario of plasma
interaction and induction. Finally, we explore the sensitivity of the plasma interaction to changes in

the ambient plasma density and the strength of Triton’s inductive response. Despite plasma interaction
signatures that dominate the plasma perturbations far from the moon (beyond ~3 Triton radii), we
illustrate that the induced field is clearly discernible within ~3 Triton radii, regardless of the moon’s
location within Neptune’s magnetosphere. We find that the orientation of the magnetospheric field and
velocity vectors strongly affects Triton’s plasma interaction; at times, resembling those of Jupiter’s or
Saturn’s moons, while at others, revealing unprecedented signatures that are likely unique to moons of the
ice giants.

1. Introduction

Neptune’s largest moon Triton (radius Ry = 1,353 km) is thought to be an erstwhile Kuiper belt object that
was captured by the ice giant (Agnor & Hamilton, 2006). Orbiting at a radial distance of 14.4Ry (radius of
Neptune Ry = 24,622 km), Triton is always located within Neptune’s magnetosphere (Curtis & Ness, 1986;
Mejnertsen et al., 2016; Ness et al., 1989; Richardson, 1993). The moon’s highly inclined orbit—tilted nearly
157° with respect to its parent planet’s rotational equator—results in a retrograde orbital motion around
Neptune. Triton possesses the second-most dense moon atmosphere in the solar system after Titan (Broad-
foot et al., 1989; Strobel et al., 1990; Strobel & Zhu, 2017). Mainly comprised of neutral N, its maximum
surface number density is on the order of 10'3 c¢m™3, with a scale height between 10 and 70 km (Broadfoot
et al., 1989). Additionally, trace gases including methane are present, with surface densities below 10! ¢cm™
(e.g., Summers & Strobel, 1991; Trafton, 1984; Krasnopolsky et al., 1992). This neutral envelope is predom-
inantly ionized by a combination of magnetospheric electron impacts and photoionization, resulting in an
ionospheric Pedersen conductance that may exceed 10* S (Strobel et al., 1990). In addition to this global at-
mosphere, observations during the Voyager 2 encounter of Neptune in 1989 indicated localized, geyser-like
vapor plumes emanating from the surface to an altitude of ~10 km (Smith et al., 1989). Since the moon’s
interior is likely differentiated in a hydrosphere and rocky mantle, it is possible that these plumes originate
from a global, deep ocean sustained via radiogenic heating and/or tidal forcing (Nimmo & Spencer, 2015).
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Measurements from the Voyager 2 encounter of Neptune indicate that this ice giant’s dipole magnetic axis is
tilted by 47° with respect to the planetary spin axis and is offset from the planet’s center by 0.55 Ry (Conner-
ney et al., 1991; Ness et al., 1989). This, combined with Triton’s highly inclined orbit, causes the magneto-
spheric environment near the moon to continually vary in time, throughout its orbit, with the magnitude of
the local field fluctuating from 3 nT < |B| < 12 nT on timescales of Neptune’s 14.4 h synodic period, as well
as Triton’s 141 h orbital period (Saur et al., 2010). Unlike near the Galilean moons of Jupiter, for example,
all three components of Neptune’s ambient magnetospheric field near Triton display strong variability, with
each component at times comparable to the magnitude of the field itself (e.g., Ness et al., 1995). Hence,
these variable magnetospheric conditions should generate induction currents within Triton’s putative con-
ducting subsurface ocean and its ionosphere, manifesting as an induced magnetic field outside of the moon,
which can potentially be used to constrain their structure (Saur et al., 2010). Hence, the presence and
detectability of such induction signatures may be key pieces of evidence in establishing whether Triton is
indeed an ocean world—a body that hosts a deep surface liquid reservoir—that may be habitable, especially
considering the rich chemistry observed near its surface (e.g., Cruikshank et al., 1984; Delitsky & Thomp-
son, 1987; Ohno et al., 2021; Thompson & Sagan, 1990).

In addition to these local magnetic perturbations due to the presence of a potential induced magnetic field
at Triton, the moon’s local electromagnetic environment is also perturbed by currents that stem from Tri-
ton’s interaction with the ambient Neptunian plasma. Due to the moon’s retrograde orbit, this nearly coro-
tating plasma (comprised of a nearly 2:1 ratio of hydrogen to nitrogen ions; see Summers & Strobel, 1991)
continually overtakes the moon’s orbital leading hemisphere at a relative velocity on the order of |uy| ~ 40
km/s (Strobel et al., 1990). Compared to the local Alfvén speed of approximately 200 km/s, the ambient
flow around the moon is sub-Alfvénic with an Alfvénic Mach number of M, ~ 0.2. Hence, as the magne-
tospheric field drapes around Triton’s atmosphere, ionosphere, and any induced magnetic field, two Alfvén
wings—a non-linear system of standing Alfvén waves—form and connect the moon to Neptune’s iono-
sphere (see also Neubauer, 1980). Changes in the local magnetospheric field orientation during Triton’s
orbit cause a variability in the locations where these Alfvén wings connect to Triton.

The structure of Triton’s Alfvén wings would be strongly affected by the presence of an induced field at the
moon, causing their cross-sections to shrink compared to the case without any induced field at the moon
(Neubauer, 1999). However, the plasma interaction in turn affects the structure of Triton’s induced magnet-
ic field, similar to the interaction at Jupiter’s moons Europa or Callisto (see, e.g., Arnold et al., 2019; Blocker
et al., 2016; Harris et al., 2021; Schilling et al., 2008; Liuzzo et al., 2015): pileup of the local magnetic field
compresses the induced field at the ramside hemisphere, while convection stretches it toward downstream.
Despite this interaction, the Galileo spacecraft detected distinct signatures of the nearly unaltered induced
fields at Callisto and Europa within a narrow region located near these moons’ wakeside surfaces (Arnold,
Liuzzo, & Simon, 2020; Addison et al., 2021; Liuzzo et al., 2016). It is therefore possible that a similar region
where signatures of the “pure” inductive response, shielded from effects of the plasma interaction, also
exists near Triton.

In addition to the ~14 and 141 h periodicities in the magnetospheric field near Triton, properties of the
ambient plasma also vary over similar timescales (Decker & Cheng, 1994; Sittler & Hartle, 1996). This gen-
erates a time-variable plasma interaction that is dependent on changes in the upstream magnetospheric
plasma conditions and may induce additional currents within the moon’s ionosphere and potential ocean.
Triton’s various plasma interaction scenarios can be compared to, for example, the Galilean moons of Ju-
piter as they travel through the giant planet’s magnetosphere (e.g., Arnold, Liuzzo, & Simon, 2020; Blocker
et al., 2016; Jia et al., 2008; Liuzzo et al., 2015, 2016; Paty & Winglee, 2004; Schilling et al., 2008). At Europa,
Schilling et al. (2007) have shown that the variability in the resulting plasma interaction generates an addi-
tional inductive response that is less than 10% of the field induced by the periodicity of the magnetospheric
field. This approach requires knowledge about the evolution of the ambient magnetospheric density over a
full synodic rotation. However, no observations or models of Neptune’s magnetosphere exist that constrain
the time-variability of the ambient magnetospheric plasma at Triton’s position. So, while the variability in
currents associated with Triton’s plasma interaction may contribute to the moon’s inductive response, we
do not include their effect here in this pilot study.
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The electromagnetic field perturbations generated by the magnetospheric plasma interaction with Triton’s
atmosphere, ionosphere, and induced magnetic field remains unconstrained. The goal of this study is there-
fore to model this interaction to identify the degree to which plasma currents may potentially conceal the
signature of a magnetic field induced within a subsurface ocean or ionosphere at Triton. In addition, by
investigating the resulting plasma interaction for distinct orientations of the magnetospheric field with
respect to the direction of impinging flow, we constrain the variability in this interaction as a function of
Triton’s position within Neptune’s magnetosphere. This study is organized as follows: Section 2 presents a
brief description of the model used to study Triton’s plasma interaction, including our assumptions on prop-
erties of the moon’s interior, atmosphere, and ambient magnetospheric environment. Results are provided
in Section 3: first, we provide a systematic investigation of the signatures associated with Triton’s inductive
response in the absence of plasma interaction currents. Next, we provide a baseline that will allow isolating
the impact of the plasma interaction on the ionosphere and induced field, by investigating the interaction
between the magnetospheric plasma and Triton’s atmosphere/ionosphere in the absence of any inductive
response. Then, we constrain the combined scenario of plasma interaction and induction at the moon, for
two representative locations of Triton within Neptune’s magnetosphere. This section also includes a brief
investigation into the sensitivity of the plasma interaction and induction signatures to the chosen assump-
tions. Finally, conclusions of our study and an outlook into the future of Triton science are provided in
Section 4.

2. Methodology: The AIKEF Hybrid Model

Due to the weak magnetospheric field magnitude near Triton, the gyroradii of corotating magnetospheric
ions (H* and N*) range from 0.1-1.5 Ry; the gyroradii of picked-up ionospheric (N7) particles are even larger.
Hence, a kinetic representation of ion dynamics near Triton is required to obtain an accurate picture of the
electromagnetic fields resulting from, for example, asymmetries in ion pickup or the substantial velocity
shear between magnetospheric and ionospheric plasma. In this study, we therefore apply the three-dimen-
sional AIKEF hybrid model (Miiller et al., 2011), which treats ions as individual macroparticles and elec-
trons as a massless, charge-neutralizing fluid.

The hybrid approach is well-documented and has been used to investigate the plasma interactions of many
solar system objects. Examples include Earth’s Moon (e.g., Holmstrom et al., 2012; Liuzzo et al., 2021), the
moons of Jupiter (e.g., Fatemi et al., 2016; Lipatov & Combi, 2006; Lipatov et al., 2010, 2013; Liuzzo et al.,
2015, 2016; 2017, 2018; 2019a, 2019b; 2020; Lindkvist et al., 2015; Poppe et al., 2018; Sittler et al., 2013) and
Saturn (e.g., Kriegel et al., 2009, 2011, 2014; Ledvina et al., 2012; Lipatov et al., 2012; Sillanpéi et al., 2006;
Sillanpédd & Johnson, 2015), as well as Mercury (e.g., Exner et al., 2018; Kallio & Janhunen, 2003), Venus
(e.g., Kallio et al., 2006; Martinecz et al., 2009), Mars (e.g., Kallio & Janhunen, 2001; Modolo et al., 2016),
and Pluto (e.g., Barnes et al., 2019; Delamere, 2009; Feyerabend et al., 2017).

The AIKEF hybrid model has a long history of modeling the plasma interaction of various objects through-
out the solar system, reaching quantitative agreement with spacecraft data acquired during multiple space-
craft encounters of these objects. For the Jovian moon Callisto, Liuzzo et al. (2015); Liuzzo et al. (2016) used
AIKEF to study the plasma interaction with the moon’s atmosphere and induced dipole from a potential
subsurface ocean, and were able to disentangle plasma interaction currents from induction signatures in
magnetometer data obtained during the Galileo C10 encounter. Liuzzo et al. (2017, 2018) then applied the
model to identify regions near Callisto that are most likely to encompass induced fields that may be de-
tectable during close flybys, and predicted the magnetic field signatures observable near the moon during
the upcoming JUpiter ICy moons Explorer mission. At Europa, Arnold et al. (2019) used AIKEF to identify
signatures of water vapor plumes in magnetic field data from the Galileo E26 flyby, while Arnold, Liuzzo,
and Simon (2020) and Arnold, Simon, and Liuzzo (2020) provided a framework for the identification of
plumes in magnetic field data and ion energy spectrograms from future flyby missions to this moon. AIKEF
has also been used to describe the plasma environment of Pluto, matching data obtained during the New
Horizons flyby (Feyerabend et al., 2017). This model has also been applied to study Earth’s Moon (Liuzzo
et al., 2021; Vernisse et al., 2013; Wiehle et al., 2011), investigating the lunar interaction for the distinct plas-
ma environments the Moon experiences throughout its orbit, matching data from the ARTEMIS spacecraft.
In addition, the three-dimensional electromagnetic field output from this model has been used to constrain
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variability of the planetary magnetic field near the moon’s orbit creates
a highly dynamic local electromagnetic environment. To represent the
magnetospheric field near Triton, we apply the Connerney et al. (1991)

— 0
45 90 135 180

Figure 1. Variability in the ambient magnetic field near Triton’s orbit spherical harmonic magnetic field model, which constrains Neptune’s
over the course of a synodic rotation (magnetic phase) as obtained from tilted, offset magnetic field using data from the Voyager 2 encounter. Fig-
the Connerney et al. (1991) model. Included are (blue) the angle a formed  yre 1 displays this variability in the local field orientation with respect to

by the ambient plasma flow vector and the local magnetospheric field
direction and (black) Triton’s vertical distance to Neptune’s magnetic
equatorial plane. The two solid red stars illustrate the two orientations

the ambient plasma flow, along with the moon’s distance to Neptune’s
magnetic equatorial plane, as determined from the model. Over the

between u, and By investigated in this study, at the minimum and an course of a full rotation, the magnitude of the ambient magnetospheric
intermediate angle between these vectors. The scenario with a maximum field oscillates between 3 nT < |By| < 12 nT (see, e.g., Figure 10 of Saur
angle between ug and B, (outlined red star) is not considered in this study, et al., 2010), during which the angle « formed between the ambient plas-

as the resulting signatures would be qualitatively similar to those for the

minimum angle.

ma flow and the local magnetic field oscillates between approximately
47° < a < 133°. Figure 1 illustrates how Triton’s location with respect to
Neptune’s magnetic equatorial plane is also highly variable: sometimes
embedded within the magnetic equator, while at others located more
than 12 Ry away from it. As shown by Mejnertsen et al. (2016) and consistent with the limited Voyager 2 data
from within the Neptunian system, the plasma density decreases with increasing distance to the planet’s
magnetic equator (and thus, with angle a« between uy and B, as shown in Figure 1). Hence, as Triton crosses
Neptune’s magnetosphere at L-shells ranging from ~14 to beyond 40 (Richardson et al., 1990), the oscilla-
tion in the moon’s distance to Neptune’s central plasma sheet causes the ambient plasma number density
np to reach a maximum value on the order of 10! ¢cm~ and a minimum nearly three orders of magnitude
lower (e.g., Belcher et al., 1989; Richardson & McNutt, 1990; Richardson, 1993; Strobel et al., 1990; Sittler
& Hartle, 1996; Zhang et al., 1991). Triton therefore experiences a highly variable local magnetospheric
plasma environment during its orbit around Neptune.

Since the variability of Neptune’s magnetosphere occurs on timescales of hours (compared to plasma con-
vection timescales past Triton on the order of minutes), we focus on two “snapshots” that represent Tri-
ton’s magnetic environment for the minimum and intermediate angle formed between the magnetospheric
background field and ambient flow velocity (denoted by the two solid red stars in Figure 1). By doing so, we
constrain two representative scenarios of Triton’s interaction with Neptune’s magnetospheric plasma. The
first scenario corresponds to uy and By nearly perpendicular to one another, with an angle « between these
two vectors of @ = 89°. This case is similar to the orientation of u, and By at, for example, Jupiter’s and Sat-
urn’s inner moons. The second scenario, however, represents a case where up and By are minimized, forming
an oblique angle of @ = 47° to one another. Note that the maximum angle between up and B, (i.e., a = 133°
as denoted by the outlined red star in Figure 1) would generate plasma signatures that are qualitatively
similar to those for the case of a = 47° (see also, e.g., Addison et al., 2021; Simon & Motschmann, 2009). We
therefore do not investigate the scenario with @ = 133° here. Specifics of the ambient plasma and magnetic
field environments for these cases, as well as the inputs used for the hybrid model, are provided in Table 1.

Consistent with Strobel et al. (1990), we set the ambient relative flow velocity with respect to Triton to
|ug| = 43km/s and the magnetospheric plasma number density to np = 0.11 cm™3. Because there is current-
ly no model that provides the change in the magnetospheric number density over a synodic rotation with
respect to Triton, we assume the same density value of ny = 0.11 c¢cm~3 for the two angles « considered. To
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’II"Z:.:Z:II Properties of Triton’s Local Magnetospheric Environment Used as Input Into the Hybrid Model

Parameter a = 89° a = 47°
Average magnetospheric ion mass m, (amu) 7.5 7.5
Ionospheric ion mass (amu) 28 28
Ton charge  (¢) +1 +1
Magnetospheric bulk velocity u, (km/s) [+43,0,0] [+43,0,0]
Magnetospheric number density ny (cm=)? 0.11 0.11
Magnetospheric ion temperature (eV) 65 65
Magnetospheric electron temperature (eV) 30 30
Magnetic field B, (nT) [-0.195,-7.94, —1.99] [+3.50,—-0.0178, —3.76]
[Bo| (nT) 8.19 5.14

Convective electric field E, (mV/m)

[0, —0.0856, +0.341]

[0,-0.162,+7.65 - 107|

|Eo| (mV/m) 0.352 0.162
Induced magnetic moment My (10'6 Am?)*® [+0.242, +9.83, +2.47] [-2.17,+40.011, +2.33]
M| (10'® Am?) 10.1 3.18

Alfvén velocity |v 4| (km/s) 197.4 123.3
Alfvénic Mach number M, 0.218 0.349
Magnetosonic Mach number M s 0.211 0.309

Sonic Mach number M 0.870 0.832
Simulation domain (Ry) -10<x,y,z< +10 —-10<x,y,z< +10
Average magnetospheric ion gyroradius r, (Ry) 0.30 0.48
Ionospheric ion gyroradius r, (Ry) 1.12 1.80

Note. Vectors are given in the Triton Interaction System (see Section 2.4).

aSection 3.3 investigates the sensitivity of the plasma interaction signatures to changes in this parameter. ®Simulations
without Triton’s induced field (i.e., for the plasma interaction with Triton’s ionosphere alone) do not use any induced
magnetic moment at the moon.

constrain the sensitivity of the resulting plasma interaction to this assumption, Section 3.3 briefly highlights
the effect that reducing the density has on the electromagnetic field perturbations.

2.2. Triton’s Induced Magnetic Field

The 14 h synodic period of Neptune and the 141 h orbital period of Triton drive electrical currents within
conducting media (e.g., a possible briny ocean and ionosphere) at the moon. In turn, these currents induce
a secondary magnetic field signature with strength and orientation dictated by the properties of the poten-
tial ocean and ionosphere. Hence, Neptune’s magnetosphere presents ideal conditions to study magnetic
induction at Triton.

While the existence of a long-lived internal dynamo at Triton is unknown, the moon is likely too small
to still possess a liquid core, despite its mantle having been hot enough for a metallic core to differentiate
following initial capture (e.g., McKinnon & Kirk, 2007). As a relevant analog to Triton in terms of physical
properties, Europa does not show signs of a dynamo (e.g., Schilling et al., 2004), which Kimura et al. (2009)
also attributed to rapid cooling due to a small rocky mantle.

The conductance of Triton’s putative subsurface ocean is unconstrained; however, contributions of poten-
tial dissolved electrolytes to the ocean may come from the leaching of elements from the rock as a result of
interaction with water and dissolution of accreted volatiles such as CO and CO, (leading to the production
of carbonates), as well as NH; (leading to the production of ammonium). These species are expected to be
abundant in Triton per its accretion in the Kuiper Belt (Shock & McKinnon, 1993). This mixture leads to
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abundant Na*, NH;, and HCO; in solution, on top of CI”~ (Marion et al., 2012). This chemistry has been
found at the dwarf planet Ceres (Raponi et al., 2019). Soda lakes on Earth, which are also rich in Na* and
HCO;3, have electrical conductivities of a few S/m for a salinity of a few wt.% and near 0° C (e.g., Jellison
et al., 1999). In the case of Triton, a thick, global ocean (>200 km) is expected based on the moon’s geologi-
cally young surface, likely sustained by obliquity-driven tidal heating (Nimmo & Spencer, 2015). The pres-
ence of a thick liquid layer, combined with an electrical conductivity that is >1 S/m (inclusive of margins),
would lead to a conductance that is likely >2 - 10° S.

Similar to the hypothesized Triton ocean, the icy Galilean moons possess subsurface oceans with conduct-
ances on the order of 10* S, sustained by thermal contributions from accretional and radiogenic sources
in addition to tidal heating—except for Callisto, which receives negligible tidal heat (see, e.g., Schilling
et al., 2007; Seufert et al., 2011; Saur et al., 2015; Vance et al., 2021). Each of these moons displays strong
inductive responses to the changing magnetic field of their ambient magnetospheric environments (e.g.,
Kivelson, 2000; Saur et al., 2010) which, outside of their conducting layers, are well-represented using a
magnetic moment located at the center of each moon (e.g., Zimmer et al., 2000). For Triton, we therefore
use a similar inductive response as observed at the Galilean moons.

Following the approach of Zimmer et al. (2000), we assume that the time-varying magnetospheric field is
spatially uniform on the length scales of Triton’s local plasma interaction, and assume a single, spherically
symmetric conducting layer surrounding the moon. In this case, the magnetic field resulting from Triton’s
inductive response can be written as

Ho
4mrs

Bina = [3(r-Mo)r — M| . (1)

Here, r represents the position outside of Triton, with the induced magnetic moment M, written as

M, = —2—”AGI¢B0R3 B (2)
Ho

with (normalized) amplitude A and phase lag of the inductive response ¢ relative to the ambient field. In the
absence of any additional currents from the plasma interaction, the total magnetic field observable outside
of Triton’s ionosphere is therefore given by the superposition of By and B;,4. At Europa and Callisto, data
from Galileo encounters suggest that the response to the changing magnetospheric field is nearly instanta-
neous, with any phase lag responsible for less than 10% of the total induced signal (i.e., ¢ = 0; see, e.g., Zim-
mer et al., 2000). We therefore assume ¢ = 0 for Triton’s inductive response to Neptune’s time-varying field.

Recently, Hartkorn and Saur (2017) showed that induction within Callisto’s highly conducting ionosphere alone
(i.e., without a subsurface ocean) may explain the magnetic field signatures observed during two of the Galileo
encounters equally as well as induction within the moon’s putative subsurface ocean. The Neptunian magne-
tospheric field near Triton’s orbit displays a similar range of variability as the Jovian magnetospheric field near
Callisto (cf. Connerney et al., 1991; Kivelson et al., 1999), and Triton’s ionospheric conductance is approximately
as large as Callisto’s (cf. Strobel et al., 1990, 2002). Hence, it is reasonable to assume that Triton’s ionosphere also
possesses a substantial inductive response (although its amplitude and phase may be distinct from those of the
ocean’s response; see Cochrane et al., 2021). However, since the atmospheric scale height is below ~100 km, the
ionospheric plasma is confined to a narrow region near Triton’s surface (see also Liuzzo et al., 2015). Outside
of this layer, the flow deflection around a dipole induced within a subsurface ocean would therefore appear
similar to the pattern resulting from deflection around a dipole induced within the ionosphere, especially since
the gyroradii of the magnetospheric ions well exceed the radial extent of this region with non-zero transverse
conductivities (see Table 1). Hence, for the purpose of investigating the broad-scale signatures associated with
Triton’s plasma interaction, we treat these two regions as a single source of an induced field. This approach has
been successfully used to reproduce Callisto’s inductive response during multiple Galileo encounters (e.g., Liuz-
zo et al., 2015; 2016). For Triton, our initial results (i.e., for the values shown in Table 1) assume the normalized
induced field amplitude has a value of A = 0.5. However, to represent the uncertainties in the induced fields
generated within Triton’s ionosphere, we also investigate the effect of setting the amplitude to A = 1.3 in Sec-
tion 3.3. As demonstrated by Zimmer et al. (2000), this method allows us to investigate the effect of a stronger
contribution to the inductive response from Triton’s ionosphere on the plasma interaction signatures.
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‘We note that the inductive response of Triton’s subsurface and ionosphere have not been directly observed.
Any non-spherical, global asymmetries in the conductance profile of a potential ocean would lead to a weak
modification to Triton’s dipolar inductive response compared to that assumed for this study (likely below
1% of the inducing field; see Styczinski & Harnett, 2021). Additionally, any non-uniformities within the
ionosphere—especially including the day/night asymmetry associated with photoionization—likely lead to
a non-dipolar inductive response, whose higher-order terms would be associated with strong uncertainties,
since the exact structure of the ionosphere is poorly constrained. Regardless, we expect that the qualitative,
large-scale plasma interaction features (i.e., the focus of this study) are robust against minor changes in
these signatures. While we therefore consider only the dipolar component of an induced magnetic field at
Triton, future targeted missions would be immensely beneficial for determining the effects of (potential)
higher-order terms in the induced field on Triton’s local environment.

2.3. Triton’s Atmosphere and Ionosphere

To represent Triton’s atmosphere within AIKEF, we apply the coupled Ion-Neutral-Photochemical (INP) mod-
el (de 1a Haye et al., 2008; Luspay-Kuti et al., 2015, 2016; Mandt et al., 2012). This model has been used to pro-
vide realistic, quantitative representations of the atmospheres of various solar system objects, including Titan
and Pluto (e.g., Luspay-Kuti et al., 2017; Mandt et al., 2017), and is therefore highly suitable to generate a valid
model of Triton’s atmosphere. Including over 1,500 reactions between 50 neutral and 34 ion species, INP is a
one-dimensional model that couples ion-neutral chemistry to solve the continuity equation throughout Triton’s
atmosphere and ionosphere. As sources to the atmosphere, INP includes photodissociation, bimolecular and
termolecular chemistry, as well as electron recombination, while losses also include ion-molecule reactions as
well as photoionization and electron impact ionization. While collisions and plasma slowdown may also affect
generation of the atmosphere and ionosphere, considering their effect on the resulting profiles would require a
sophisticated, two-way coupling between the INP and AIKEF models which is beyond the scope of this study.

Consistent with Voyager 2 measurements (e.g., Broadfoot et al., 1989; Strobel & Zhu, 2017), we set Triton’s
neutral surface number density to 10" ¢cm™. The altitude profile of the neutral density is then calculated by
accounting for the vertical diffusion and photochemical production and loss of the atmosphere, with scale
heights that are consistent with Voyager two observations (Broadfoot et al., 1989). To obtain the neutral
profile in three dimensions, we assume that the atmosphere is spherically symmetric about the moon.

Triton’s atmosphere is ionized via a combination of solar photoionization and electron impacts from Nep-
tune’s magnetosphere (e.g., Sittler & Hartle, 1996). To calculate the photoionized component of the neutral
atmosphere profile, we apply the High-resolution Extreme UltraViolet irradiance model for Aeronomic
Calculations (HEUVAC; Richards et al., 2006), which has previously been incorporated into AIKEF (Feyera-
bend et al., 2015, 2017; Liuzzo et al., 2015). As input into this model, we assume an F10.7 cm solar radio flux
value of 160 SFU, consistent with the observed value at the time of the Voyager 2 encounter of Triton (Kras-
nopolsky et al., 1992). We apply photoionization cross-sections for the atmospheric species and calculate the
resulting production rate throughout the atmosphere at a wavelength resolution of 0.01 nm (see also Lus-
pay-Kuti et al., 2015). In addition, the interplanetary medium scatters Lyman-alpha photons, which affect
the photochemisty of outer solar system objects; hence, we enhance the Lyman-alpha photon flux at Triton
by a factor of 1.43, as suggested by observations at Pluto (e.g., Luspay-Kuti et al., 2017; Wong et al., 2017).

To calculate the contribution to Triton’s ionosphere from electron impacts, we use PLANETOCOSMICS
(Desorgher et al., 2005), a 3D Monte Carlo code that runs on the Geant4 framework (Agostinelli et al., 2003;
Allison et al., 2006). This code has been utilized to study charged particle interactions at a number of
planetary bodies, including Mercury (Gurtner et al., 2005, 2006), Venus (Dartnell et al., 2015; Nordheim
et al., 2015), Earth (Usoskin et al., 2009), Mars (Gronoff et al., 2015), Europa (Nordheim et al., 2018, 2019),
and Titan (Gronoff et al., 2009, 2011). For application to Triton, we use the optimized Livermore low energy
electromagnetic model, whose ionization cross sections are based on the Evaluated Electron Data Library
(e.g., Perkins et al., 1991). As input, we apply the ambient electron energy spectrum in Figure 9 of Sittler
and Hartle (1996) for energies between 100 eV and 1 MeV, with a temperature of 300 eV and density of
3-1073 c¢cm~. This spectrum represents the magnetospheric electron population as measured during the
Voyager 2 encounter near Triton’s minimum L-shell of ~14 by the Plasma Science Experiment and the
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Low Energy Charged Particle Experiment. We use a power law to extrapolate this spectrum up to 10 MeV,
consistent with the electron energies present within Neptune’s magnetosphere (Krimigis et al., 1989; Mauk
et al., 1991). Note that while Triton’s perturbed electromagnetic environment likely affects the resulting
electron precipitation and ionization patterns (e.g., Addison et al., 2021; Liuzzo et al., 2019a, 2019b; 2020;
Regoli et al., 2016), we assume that electrons precipitate isotropically onto Triton’s atmosphere as a first
order approximation (see also Liuzzo et al., 2015).

The ion production profile from photoionization and electron impact ionization described above is input
into AIKEF, where we assume that the resulting ionosphere consists entirely of molecular nitrogen, since
that compound dominates Triton’s atmospheric species by more than two orders of magnitude (e.g., Sum-
mers & Strobel, 1991; Trafton, 1984). The effect of trace species on the plasma interaction would therefore
be minimal. Finally, we assume a temperature-dependent recombination rate within the AIKEF simula-
tions (see also Arnold et al., 2019), which is an important loss process of Triton’s ionospheric molecular
nitrogen (e.g., Krasnopolsky & Cruikshank, 1995; Lellouch et al., 1992). The resulting ionospheric particles
are introduced within the model using the approach described in Kriegel et al. (2011).

2.4. Coordinate Systems

For studying Triton, NASA’s Navigation and Ancillary Information Facility (Acton, 1996) provides a Tri-
ton-centered coordinate system, “IAU_TRITON.” In this system, + z; is aligned with Triton’s spin axis, + x;
points in the direction of Neptune, and + y; completes the right-handed, orthogonal system (nearly point-
ing along Triton’s orbital direction). In the IAU_TRITON frame, the plasma velocity vector of the incident
plasma u is given by

u; = @N X pr + V7, 3

where wy is Neptune’s angular velocity (aligned with the planetary spin axis), pr is the position vector of Tri-
ton with respect to Neptune, and vr represents the retrograde orbital velocity of Triton (defined along +yr).

Unlike for the “Moon-Phi-O” coordinate systems used at Jupiter (e.g., Kivelson et al., 2004) or the “Moon
Interaction Systems” used at Saturn (e.g., Neubauer et al., 2006), the direction of the ambient plasma flow in
TIAU_TRITON is not fixed along any given axis, due to Triton’s inclined orbit and the tilt of Neptune’s mag-
netosphere. Hence, comparison of notable plasma interaction features between multiple positions of Triton
within Neptune’s magnetosphere is not straightforward in this system. To facilitate comparison between
the cases in Table 1, we instead define a “Triton Interaction System” (henceforth referred to as “TRIST”)
in which the magnetospheric plasma flow direction is aligned with the + x axis. In order to rotate the flow
vector from IAU_TRITON (u; = [ux.l, Uy, uz,[]) into TRIST (u = [uy, 0, 0]), the rotation

u=R,R.u = [|u],0,0] 4)

is performed. Here, R, is the matrix that rotates the orthogonal frame about the IAU_TRITON y, axis and
R . is the rotation matrix that rotates the orthogonal frame about the z; axis, defined as

cosfy, 0 sinfy,
Ry=] o0 1 0
—sinfy, 0 cosby, |
- (5)
cosgy, —singy, 0
R:=]sing,, cos¢y, O]

0 0 1

In the above equation, 6,, and ¢,, define the latitudinal and longitudinal angles, respectively, that relate the
plasma velocity direction to the IAU_TRITON x; axis, and are given by
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. Uzl
0y, = arcsin [ —
[u

¢, = —sign (u,;) arccos <L) .

[ur|cosBy,

(6)

Using the above, we are able to rotate the magnetospheric field vector from IAU_TRITON into TRIST. Fig-
ure 2 shows the orientation between the (blue) IAU_TRITON and (pink) TRIST systems for the two values
of @ considered in this study, along with a (yellow) magnetic field line that leaves Neptune and intersects the
center of Triton as calculated by the Connerney et al. (1991) model.

Note that in TRIST coordinates, the inclination of Triton’s orbit and the tilt of the Neptunian magnetosphere
prevent the directions of the y and z axes from pointing toward the same direction for different orbital posi-
tions of Triton; i.e., the y axis does not always point toward Neptune and the z axis is in general not aligned
with the planet’s spin axis nor geographic North on Triton. As a result, it is not meaningful to compare the y
and z components of any vector quantity between the different cases of a as described in Table 1 when using
this system. For this reason, the discussion of our model results mainly focuses on the x component of the
magnetic field and plasma flow velocity, which is always aligned with the direction of the ambient flow and
is therefore comparable for two given positions of Triton within Neptune’s magnetosphere.

3. Results

3.1. Influence of Triton’s Induced Field on Its Local Environment

Before we can constrain the influence of Triton’s interaction with the magnetospheric plasma on signatures
associated with the moon’s inductive response, we must first identify features of the induced magnetic field
in the absence of any plasma interaction currents. Figure 3 displays the superposition of an induced field
centered at Triton with the magnetospheric background field near the moon for two angles a between By
and uy: (top row) a = 89° and (bottom row) & = 47°. These cases are representative samples of the variability
in the angle between the ambient flow and magnetospheric field vectors experienced by Triton during its
excursion through Neptune’s magnetosphere (also see the two solid red stars in Figure 1). Vectors for the
background magnetospheric field (By), the direction of the ambient flow velocity (u), and the induced mag-
netic moment (M) used for these cases (in TRIST coordinates) are given in Table 1. Since this figure does
not include perturbations generated by Triton’s interaction with the ambient Neptunian magnetospheric
plasma, the field perturbations can be calculated analytically using Equations 1 and 2; use of the hybrid
model is not be required in this case.

To facilitate comparison between the two cases, each panel in Figure 3 displays the perturbations of the
magnetic field near Triton. Here, the perturbation of the magnetic field magnitude above or below the back-
ground value is defined as §|B| = |B| — |By|, while the perturbation in the field component along the mag-
netospheric plasma flow direction is given by § B, = By — Bo. Orange and red hues denote perturbations
above the background value (i.e., §|B| > 0 or § B, > 0, respectively), while purple and blue hues correspond
to perturbations below the background (§|B| < 0 or 6B, < 0, respectively). Two different cutting planes
are shown in Figure 3. The left two columns display field perturbations in the plane containing By, u,, and
the center of Triton. The angle « is included in these panels, measured against the +x axis. The right two
columns in the figure display the plane containing the ambient flow direction, the undisturbed convective
electric field (Ey = —uy X By), and the center of the moon. Note that neither of the cutting planes in Figure 3
coincides with any plane of TRIST.

The first column of Figure 3 reveals that the superposition of Triton’s induced field with the magnetospher-
ic background field generates two distinct regions in §|B| for the two angles «, driven by the anti-alignment
between the induced magnetic moment M, and B,. Near the “magnetic poles” of the induced magnetic
moment (and where the magnetic field is nearly radial to the surface), the field magnitude is reduced since
the magnetic moment is anti-aligned with the background field. Hence, for & = 89°, the magnetic field has
decreased nearly 2 nT below the background value of |By| ~ 8 nT near the magnetic poles, while for a = 47°,
the field is reduced by ~1 nT below |By| ~ 5 nT. Alternatively, near the “magnetic equator” of the induced
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Figure 2. Coordinate system geometries used in this study. IAU_TRITON is shown in blue, in which + x; points toward Neptune, + y; is aligned with the
direction of Triton’s orbit, and + z; is along the moon’s spin axis. The TRIST system is shown in pink, aligned so that the plasma flow direction is along the + x
axis. A magnetic field line connecting the center of Triton to Neptune as calculated by the Connerney et al. (1991) model is displayed in yellow. Panels (a) and
(b) display the case of a = 89°, whereas panels (c) and (d) display the orientation for « = 47°. The dashed white line represents Triton’s orbit.

field, where the field lines are more tangential to the moon, the magnitude is enhanced by a similar amount
(~20%) for each case (orange hues). Since the magnitude of Triton’s induced field is at most equal to the
inducing field, there is no region of closed field lines near the moon (as occurs near Jupiter’s moon Gany-
mede; see, e.g., Jia et al., 2008, 2009; Paty & Winglee, 2004; 2006). Hence, Triton’s induced field is not strong
enough to stand-off the ambient Neptunian field. Rather, the superposition of Triton’s induced field with
the Neptunian background field causes the magnetic field lines to be slightly “bulged” around the moon
(see, e.g., Figure 3a), as also occurs near Europa and Callisto (e.g., Liuzzo et al., 2016; Zimmer et al., 2000).
In the second column of Figure 3, the characteristic “shamrock leaves” of the induced field are visible
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Figure 3. Superposition of the induced and background magnetic field near Triton without considering currents generated by the moon’s plasma interaction.
Perturbations over the background (i.e., §|B| and § B,) are displayed. Orange and red hues denote perturbations above background, whereas purple and blue
hues show perturbations below. The left two columns display quantities in the plane that cuts through the center of Triton and contains vectors By and uy; the
right two columns display these quantities in the Eq—u, plane. The magnetic field is shown for two angles a between B, and uy: (a-d) a = 89°and (e-h) a = 47°.
Vectors denote the direction of uy, By, and E,. Magnetic field lines along a cylinder of radius 1.1 Ry centered at Triton are included in the Bo—u, plane. An
amplitude of A = 0.5 (see Equation 2) is used.

near the moon in the flow-aligned component (i.e., B,). These regions of alternating § B, > 0 (red hues)
and § B, < 0 (blue hues) are most evident in the case of @ = 89° [Figure 3b], but are still clearly visible with
a = 47° [Figure 3f]. The right two columns in Figure 3 display the magnetic field perturbations near Triton
in the Eo—u, plane. Compared to the case with « = 89°, the convective electric field E, is reduced by a factor
of ~2 for @ = 47° [vectors for E, are included in Figures 3c and 3g].

3.2. Influence of Triton’s Plasma Interaction on Its Local Environment

Having understood the magnetic signatures near Triton associated with an induced field in isolation from
any plasma effects, we now investigate the influence of Triton’s interaction with the Neptunian magneto-
spheric plasma on the induced field, ionosphere, and local plasma environment.

3.2.1. B, Nearly Perpendicular to u,

Figure 4 displays perturbations in |B| and B, near Triton when B, and u, are nearly perpendicular to one
another (a = 89°). The left column considers the interaction between Neptune’s magnetospheric plasma
and Triton’s ionosphere alone (i.e., without any contribution from, or plasma interaction with, an induced
field). The time-variability of Neptune’s magnetospheric field likely generates an inductive response from
the ionosphere. However, investigating the signatures associated with the interaction between Neptune’s
plasma and Triton’s ionosphere in isolation from any induction effects—as displayed in the left column of
Figure 4—allows us to establish a baseline to constrain the contribution of the induced field to the elec-
tromagnetic field perturbations. The center column in Figure 4 displays the plasma interaction with the
ionosphere and induced field. To better illustrate changes in the resulting perturbations, the right column
displays the differences between these two cases. The top six panels [Figures 4a-4f] display perturbations in
the uy-By plane, whereas the lower panels [Figures 4g-41] display perturbations in the u,-E, plane.
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Figure 4a highlights that Neptune’s magnetic field piles up at Triton’s ramside hemisphere ~4 Ry upstream
of the moon and is enhanced above background by approximately 1 nT. In the wakeside hemisphere, an
associated region forms where the magnetic field is reduced nearly 0.5 nT below background. As the mag-
netospheric field encounters Triton, it drapes around the ionosphere, generating perturbations in the flow-
aligned component of the magnetic field [Figure 4d] forming Alfvén wings at large distances (>~4Rr) to
the moon. These perturbations reach values of §B;, > ~ 1.5 nT (i.e., nearly 20% of the background field
magnitude). In the perpendicular plane containing uo and E, [see Figures 4g and 4j], the effect of the large
gyroradii on the magnetic field are visible. Perturbations in the magnetic field are asymmetric in this plane,
with the pileup region and associated wakeside cavity extending further along the direction of the ambient
convective electric field.

The central column of Figure 4 shows the perturbations for the combined plasma interaction scenario
with Triton’s ionosphere and induced field. In the uo-B, plane [Figures 4b and 4e], signatures of magneto-
spheric field line pileup and draping/Alfvén wings are visible, similar to the case with Triton’s ionosphere
alone. Closer to Triton’s surface, however, the induced field dominates the magnetic perturbations: the
magnetic field in this plane is reduced by more than 2 nT below the background value of |By| ~ 8 nT near
the “poles” of the magnetic moment, while the field is enhanced near its “equator” [see Figure 4b]. This
enhancement within the pileup region in |B|is stronger than in the case without Triton’s induced field [cf.
Figure 4a]. Additionally in & B, the shamrock leaves of the dipole are still clearly visible near the surface
[Figures 4e-4f]. While Triton’s induced field is slightly compressed at its ramside and stretched into the
wakeside hemisphere by the plasma interaction, the magnetic field perturbations within approximately 2 R
are only weakly influenced by plasma currents in this plane. Indeed, Figures 4c and 4f illustrate that close
to Triton, the signatures in the ug-B, plane are nearly indistinguishable from those of an induced field in the
absence of plasma effects [cf. Figures 3a-3d].

Signatures of an induced field embedded within a draped magnetic field have also been observed near Jupi-
ter’s moons Callisto (Liuzzo et al., 2016) and Europa (Arnold, Liuzzo, & Simon, 2020; Addison et al., 2021).
At Callisto, the orientation of the moon’s induced field causes wakeside perturbations in the flow-aligned
component of the magnetic field that are oppositely oriented from those associated with field line draping.
Liuzzo et al. (2016) used this wakeside quasi-dipolar “core region” to identify the presence of Callisto’s sub-
surface ocean during the Galileo C10 encounter, for which strong plasma interaction effects (i.e., signatures
of field line draping and Alfvén wings) were present. Within Callisto’s ramside hemisphere, however, the
flow-aligned magnetic field perturbations generated by its induced field are of similar magnitude, and the
same orientation, as those caused by field line draping (see figure 4b of Liuzzo et al., 2016). As discussed by
Liuzzo et al. (2018), the magnetic signatures within this region generated by Callisto’s plasma interaction
and induced field appear similar along a one-dimensional spacecraft trajectory, complicating the identifica-
tion of their source (i.e., induction vs. plasma interaction).

Figure 4e illustrates that this wakeside feature also occurs at Triton: for locations where field line draping
generates 6B, > 0 [red in Figure 4e], the induced field causes 6B, < 0 [blue in Figure 4e], and vice versa
[cf. Figure 4d]. However, unlike at Callisto or Europa, the signature of Triton’s induced field is also clearly
visible in the moon’s ramside hemisphere (see also Figure 4f). The ram pressure of the upstream plasma
near Triton is at least two orders of magnitude lower than near the Galilean moons (nomoué ~ 10~ nPa in
this Triton simulation compared to 10~! nPa at Callisto or 10 at Europa; see Kivelson et al., 2004; Liuzzo
et al., 2016). Hence, the magnetic field perturbations associated with the draped field are weaker than those
associated with the dipole, and signatures of the induced field are clearly visible within the moon’s wakeside
and ramside hemispheres.

At larger distances to the moon, comparison of Figure 4a and 4b, or Figure 4c and 4d, illustrate that the
cross-sections of the Alfvén wings for the case with Triton’s inductive response included are shrunk com-
pared to the case without the induced field. As shown by Neubauer (1999), the maximum current flowing
within an Alfvén wing is proportional to the radius of the wing tubes. However, the presence of an induced
field reduces the cross-sections of the Alfvén wings, compared to the case without the induction effect. The
currents along the wings—and hence the magnetic field perturbations—are therefore quenched by this
induced field (see also Neubauer, 1999). Hence, the plasma interaction not only affects Triton’s induced
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field (e.g., by slightly compressing it at Triton’s ramside), but conversely, the presence of the induced dipole
affects features of the plasma interaction in the far-field.

In the uo-E, plane, Figure 4h shows that even in the case of plasma interaction currents, the magnetic field
is again dominated by the induced dipole within ~2 Ry of the moon (cf. Figure 3c). Farther from the surface,
however, these features are again asymmetric in the direction (anti-)parallel to the convective electric field.
These perturbations are similar to those arising from the interaction between the magnetospheric plasma
and Triton’s ionosphere alone. However, taking the difference between these two cases highlights that this
wakeside cavity is nearly 1 nT weaker than in the case without Triton’s induced field.

Figure 5 displays Triton’s perturbed plasma environment for these two interaction scenarios (with Tri-
ton’s ionosphere alone, and with the ionosphere and induced field) in the (left columns) u,-B, and (right
columns) wo-E, planes. Figures 5a-5d display the ambient magnetospheric plasma density, whereas Fig-
ures 5e-h display the density of Triton’s ionospheric population. For both scenarios (with and without the
induced field), the magnetospheric particles are deflected around the draped field and exit the uy-B, plane,
slightly depleting the density downstream of the moon [Figures 5a-5b]. Figures 5c-5d illustrate that in the
plane perpendicular to the magnetic field, this wake is slightly rotated into the direction of the convective
electric field, approximately ~5 Ry wide and extending nearly 10 Ry downstream.

Figures 5e-5h show that Triton’s ionosphere dominates the ambient plasma density by orders of magni-
tude, reaching peak values near the surface of ~10* ¢cm~3. These particles mass-load the plasma, are picked
up, and move toward downstream along cycloidal trajectories, thereby perturbing the local electromagnetic
fields [see Figure 4]. The gyration of these ionospheric particles out of the uy-By plane causes the tail of
ionospheric outflow to appear fragmented along the + x axis in Figures 7e-7f. However, in the plane per-
pendicular to the magnetic field, Figures 5g-5h highlight that this is a result of the cycloidal motion of this
pickup species. For both plasma interaction scenarios, large cycloidal arcs are visible along the direction
of the electric field, as the gyration (r, > 1Ry) and drift of these ionospheric particles carry them far from
Triton in the direction of the corotation drift velocity. In addition, outflow of Triton’s ionosphere forms a
bifurcated tail reaching downstream densities of approximately 1-100 cm~3, with a gap carved-out directly
behind the moon where the density does not exceed ~0.01 cm™.

For this case of a = 89°, signatures from Triton’s plasma interaction resemble those at other icy moons
throughout the solar system. A similar bifurcated, “filamented” tail structure visible in Figures 5g and 5h
for Triton has been detected at Saturn’s moon Titan during multiple flybys of the Cassini spacecraft (Coates
et al., 2007; Modolo, Wahlund, et al., 2007; Modolo & Chanteur, 2008; Sittler et al., 2010; Feyerabend
et al., 2015). However, we note that during those encounters, one segment of Titan’s filamented tail was
directed along the draped magnetic field (see Modolo, Chanteur, et al., 2007; Szego et al., 2007) in contrast
to the orientation of the feature visible in Figures 5g and 5h). Another difference arises from the fact that,
while its ambient plasma environment may at times be super- or sub-Alfvénic (potentially even changing
during a single encounter; cf., e.g., Kallio et al., 2007; Sittler et al., 2010), Titan’s Alfvén wing characteristics
were mainly aligned with the ambient flow direction during those observations, which is unlike this case
near Triton. Still, in addition to the similarities in these ionospheric outflow structures, the dense iono-
sphere of Triton, exposed to Neptune’s variable magnetospheric environment, may also allow for the forma-
tion of “fossil” magnetic fields as have been observed at Titan (Neubauer et al., 2006; Bertucci et al., 2008;
Simon et al., 2010). At Jupiter’s moon Callisto, the ambient plasma environment is likewise highly variable
(Kivelson et al., 2004). When located outside of Jupiter’s magnetospheric current sheet, the sub-Alfvénic
plasma generates strong signatures of field line pileup, draping, and Alfvén wings at Callisto (e.g., Liuzzo
et al., 2015), similar to those displayed in Figure 4. Similar to Triton, outflow of Callisto’s dense ionosphere
is also highly asymmetric, with ionospheric gyroradii reaching up to 10 times the size of Callisto.

Figure 4. Perturbed magnetic field magnitude and flow-aligned field component near Triton for u, nearly perpendicular to B, (i.e., « = 89°). The
magnetospheric plasma interaction with (left column) the moon’s ionosphere alone and (center column) the ionosphere and induced magnetic field are
included, with the difference between these two scenarios (center column minus left column; see labels) displayed in the right column. Panels (a)—(f) display
quantities in the plane cutting through the center of Triton and containing B, and u, [which flows along the + x axis; see panel (a)], while panels (g-1) display
the perpendicular plane, containing u, and E, [see panel (g)]. Results are shown at ~20 minutes after the simulation has been initialized with uniform upstream
parameters. This corresponds to approximately four passages of the incident plasma flow through the simulation domain, and represents Triton’s interaction

after reaching a quasi-steady state.
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Figure 5. Plasma number densities near Triton for the case of @ = 89°. The (a-d) magnetospheric upstream and (e-h) ionospheric number densities in the (left
columns) uy-By plane and (right columns) u,-E, plane are included for the plasma interaction with Triton’s ionosphere alone or the combination of Triton’s
ionosphere and induced field. Note the different color scales used for the two species.

3.2.2. B, Oblique tou,

To investigate the effect of Triton’s changing magnetic field environment on the resulting plasma interac-
tion signatures, Figure 6 displays the magnetic perturbations in the uy-B, and uy-E, planes for an angle of
a = 47° between ug and B,. Compared to Figure 4, many features that were present with a = 89° are rotated
in the plane containing u, and By, including the upstream enhancement of the magnetic field by ~20%
compared to the background value and the associated wakeside magnetic cavity where the field is reduced
by ~20% [Figures 6a and 6b]. Signatures of field line draping/Alfvén wings are also still visible in this plane,
as displayed in Figures 6d and 6e, extending from the moon’s ionosphere and induced field. The strength
of these B, perturbations within the region of draped field is slightly asymmetric about the x axis (see also
Simon & Motschmann, 2009), and is reduced in magnitude by nearly a factor of two compared to the case of
a = 89°, reaching only 6 B, ~ 0.5nT = 10% of the background field value (compared to 1.5 nT ~ 20% of the
background field as seen in Figure 4). In the uy—E, plane, features of Triton’s plasma interaction—including
the ramside pileup region and the associated, asymmetric wakeside magnetic cavity—are qualitatively sim-
ilar to the case with a = 89°, but again weaker by a factor of ~2 [cf. Figures 4g-41].

Figure 6 also compares the case of the magnetospheric plasma interaction with and without Triton’s in-
duced field. Again, the right-hand column [Figures 6c, 6f, 6i, and 61] illustrates that signatures of the in-
duced field are clearly visible near the moon, with the magnetic field nearly dipolar within approximately
2Ry of the surface [cf. Figure 3]. Farther from the moon, plasma interaction signatures again dominate the
magnetic field perturbations due to their r~! decay with distance from the source (e.g., the Alfvén wings),
compared to the r~3 decay of a dipole magnetic field. For each of these cases (with and without Triton’s
induced field included), a notable feature is present in the region downstream of Triton with respect to the
ambient magnetospheric flow (i.e., the x > 0 half-space): tilted against the +x axis by an angle of ~47°, a
region of enhanced 5|B| ~ 1 nT extends away from the moon. In Figures 6a and 6b, this region is visible in
orange within the bundle of magnetic field lines connected to Triton.
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Figure 6. Perturbed magnetic field magnitude and flow-aligned component near Triton similar to Figure 4, but for the case of a = 47°.
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Figure 7. Plasma number densities near Triton as in Figure 5, but for the case of a = 47°.

Figures 7a and 7b reveal the cause of these narrow enhancements in the magnetic field: a region of substan-
tially reduced magnetospheric plasma density forms in Triton’s downstream (x > 0) hemisphere in the uo—
By plane for the cases with and without Triton’s induced field. Note again, however, that these ~2 Ry-wide
cavities are displaced out of the moon’s geometric plasma shadow, tilted by ~47°. Within each of these
tube-like regions, the magnetospheric plasma density is depleted by up to an order of magnitude compared
to the background value.

To identify the generation mechanism of the tube-like plasma depletion tilted out of Triton’s geometric
plasma shadow, we must first present an analytical description of an Alfvén wing. Neubauer (1980) have
shown that the Alfvén wing characteristics, defined as the superposition of the group velocity of the Alfvén
wave (parallel/anti-parallel to the background magnetic field) with the bulk flow velocity in the ambient
(i.e., undisturbed) plasma, are defined by

By

\/ﬂonomo'

Here, the upper sign corresponds to the propagation of Alfvén waves parallel to the magnetospheric back-
ground field, while the lower sign corresponds to wave propagation anti-parallel to By. For simplicity, we
will refer to these as the Z, and Z_ Alfvén wings, respectively.

Zoxr =+

(7

For up and B, forming an angle of « = 47° and using the parameters in Table 1, the Alfvén wing characteris-
ticsare Zo, = [+127,—0.4,-90] km/s and Z,_ = [—41,+0.4, +90] km/s (in TRIST as defined in Section 2.4).
Hence, these characteristics point into opposite hemispheres with respect to the ambient flow direction:
while one is oriented toward Triton’s downstream hemisphere (Z,), the other points toward upstream
(Zo-). Additionally, for this case of By L /uo, the Alfvén characteristics are tilted at different angles against
the background field direction (see also Neubauer, 1980): the angle formed between By and Z, is 11.7°,
while the angle between B, and Z, _ is 18.5°. Likewise, the Alfvén conductance (and hence, the strength of
the magnetic field perturbations) are different between the two hemispheres (Neubauer, 1980). In contrast,
for the scenario where uy L By (i.e., where a ~ 90° as described in Section 3.2.1), the Alfvén wing character-
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istics both point into Triton’s wakeside hemisphere and are each tilted against the magnetospheric field by
the same angle [see Figure 4].

Considering the incompressibility of the Alfvén wave far from Triton (i.e., beyond ~3 Rr; see Figures 6a
and 6b) and the constancy of the Elsédsser variables Z, along the Alfvén wing characteristics Z,_., we find

B B
Zi=ux —=u+ 0 =Zox- ®)

Solving for the flow velocity u in the vicinity of the Alfvén wings (see also Simon, 2015; Simon et al., 2021)
yields

_ B-By _ 6B
U: =Uo + =uo F

: 9
1/ Hohomo \/ Hohomo ( )

Again, the upper sign corresponds to the Z, wing while the lower sign corresponds to the Z_wing. Hence,
the magnetic field 6B perturbed by the Alfvén wings can be applied to determine the plasma flow direction
near the wings.

Figure 8 displays a three-dimensional view of Triton’s perturbed electromagnetic environment as output
from the hybrid model for the case of a = 47° (without the induced dipole included). The magnetospheric
plasma density near the moon is displayed in the plane containing the magnetic field and ambient flow ve-
locity vectors (as also shown in Figure 7a). Vectors denoting the magnetospheric bulk plasma flow direction
in this plane are also included, with the direction of the ambient flow u, aligned with the +x axis. Magnetic
field lines are shown in the Alfvénic far field (i.e., where |B| ~ |By|) and colored corresponding to the value
of B, such that blue hues denote perturbations below the background value (B, . = —3.76) while red hues
show perturbations above background.

Figure 8 shows that along Z, (within the Z, Alfvén wing), B, is enhanced to a value of B, ~ —3.5 nT, re-
sulting in a perturbation of § B, = B, — By = +0.26 nT. Along Z_, B, drops below the background value to
B. ~ —4.1nT, yielding 6 B. = —0.34 nT. Using Equation 9, we see that the u, component of the flow within

the Z, wing is therefore u,, = — \/L ~ —6.3 km/s; that is, along the — z-direction in TRIST coordinates
Honomg
(see also Figure 8) and away from Triton. However, within the Z_ wing, the flow u,_ = + B~ 82

\/ Honomo

km/s; that is, the magnetospheric plasma flow is directed toward Triton.

After the ambient magnetospheric plasma encounters the Z_ Alfvén wing far upstream of Triton, part of
the flow is diverted around the wing and out of the plane containing u, and B,. However, Equation 9 shows
that a significant portion of the plasma is also deflected along the wing—in this case, anti-parallel to the
Z.- characteristic—and toward Triton, as also demonstrated by the flow velocity vectors in Figure 8. As
the magnetospheric plasma encounters the moon, it is partially absorbed, thereby generating a density
depletion. Since the impinging plasma has been deflected by the Z_ Alfvén wing, this depletion does not
form downstream of Triton with respect to the ambient plasma flow direction within the geometric plasma
shadow. Indeed, the resulting tube-like density cavity is “displaced,” tilted against the direction of the bulk
plasma flow uy. Hence, the Z_ (i.e., upstream) Alfvén wing is responsible for diverting the ambient flow
toward Triton before it even encounters the moon (in contrast to the Z, wing, which deflects the flow away
from the moon) and is subsequently absorbed, thereby generating a significant density cavity and plasma
absorption signature.

This signature is unlike the plasma absorption signatures observed at any other solar system moon so far.
At, for example, Saturn’s moons Dione, Tethys, and Rhea (e.g., Khurana et al., 2017; Krupp et al., 2020;
Roussos et al., 2008; Simon et al., 2009, 2011; 2012), or the terrestrial Moon (e.g., Fatemi et al., 2012;
Halekas et al., 2005; Liuzzo et al., 2021; Poppe et al., 2014; Travnicek et al., 2005), cavities in the ambient
plasma occur directly downstream with respect to the magnetospheric plasma flow direction. Yet, similar
to these other moons, the decreased plasma density within Triton’s tilted, tube-like density depletion also
results in an enhanced magnetic field magnitude in order to maintain pressure balance (see Figures 6a
and 6b).
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Figure 8. Triton’s perturbed plasma environment for the case of a = 47° without the moon’s induced field included.
The magnetospheric plasma density near Triton is shown within the plane containing u, and B, as also displayed

in Figure 7a. Vectors of the magnetospheric plasma flow velocity in this plane are also shown. Alfvén wings are
included at larger distances from the moon in the Alfvénic far field, colored after the value of B, in the simulation. The
characteristics of the Alfvén wings are denoted by the red vectors.

At Triton, deflection of the ambient plasma flow by an Alfvén wing located upstream of the moon occurs
due to the orientation of its parent planet’s magnetosphere. However, this mechanism is not unique to
Triton. Indeed, rearranging Equation 7, we see that the Z, _ characteristic is located in the upstream hem-
isphere whenever

By«
Uox < |———|, (10)

v/ Honomo

assuming here that the undisturbed plasma flows entirely along +x, as is the case in TRIST. Hence, the
formation of such a displaced wake with respect to the ambient flow direction occurs whenever the group
velocity of the Alfvén wave anti-parallel to the flow direction (i.e., v40,.) exceeds the ambient flow speed.
For the scenario described here with « = 47°, the bulk velocity is a factor of ~2 below the component of the
Alfvén velocity anti-parallel to the flow. Such an upstream Alfvén wing and the corresponding, displaced
plasma absorption wake have never been observed by spacecraft so far. However, similar features also form
as a result of the sub-Alfvénic interactions between stars and their exoplanets (Saur et al., 2013), and may
be present at Uranus’ moons as well considering this ice giant’s magnetosphere is as highly dynamic as
Neptune’s (see, e.g., Cao & Paty, 2017, 2021; DiBraccio & Gershman, 2019). Future spacecraft encounters
of Triton would therefore provide an opportunity to better investigate these plasma interaction features.

In the plane perpendicular to the magnetic field, Figures 7c and 7d illustrate that the magnetospheric plas-
ma is asymmetrically diverted around the Triton obstacle anti-parallel to the direction of the ambient elec-
tric field, similar to the case with a = 89°. For the ionospheric plasma, Figures 7e and 7f highlight that the
direction of outflow is rotated along with the direction of the ambient magnetic field and consistent with
the direction of Eq x B (cf. Figure 5). Note that the ionospheric particles do not enter the displaced magne-
tospheric plasma cavity visible in Figures 7a, 7b, and 8. In the plane perpendicular to By, signatures of ion
gyration and outflow from Triton’s ionosphere are present [see Figures 7g and 7h].
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Figure 9. Sensitivity of Triton’s plasma interaction to a (left columns; a-d) reduced ambient plasma number density to a value of ny = 0.03 cm~ or (right
columns; e-h) enhanced magnitude of the moon’s induced dipole moment using an amplitude of A = 1.3. Quantities are displayed in the u,-B, plane for an
angle of @ = 47° between the magnetospheric field and plasma bulk velocity vectors. Panels (a and b) and (e and f) display §|B|and é B,, while panels (c and d)
and (g-h) show the magnetospheric and ionospheric plasma number densities.

3.3. Sensitivity of Triton’s Plasma Interaction to Differences in Its Magnetospheric
Environment and Inductive Response

The previous sections provide an understanding of the interaction of Triton’s ionosphere and induced field
with the Neptunian plasma environment. Because Triton’s magnetospheric environment is highly variable
(on timescales much longer than the plasma interaction; see, e.g., Belcher et al., 1989; Zhang et al., 1991),
and given the uncertainties in, e.g., the moon’s internal structure or the conductance of its ionosphere, we
now investigate the sensitivity of the plasma interaction to differences in Triton’s local environment.

Figures 9a-9d displays results of the moon’s plasma interaction using a reduced number density of the
upstream plasma set to np = 0.03 cm™3, thereby reducing the Alfvénic and magnetosonic Mach numbers
by a factor of ~2. As visible in Figures 9a and 9b, the most obvious feature in the magnetic field near the
moon is Triton’s induced field, with nearly dipolar signatures in §|B|and é B, (cf. Figures 3e and 3f)). Simi-
lar to the case with a larger upstream density (np = 0.11 cm™3; see Section 3.2.2), currents from the plasma
interaction again only weakly perturb the local magnetic field environment. Within the upstream pileup
region, the magnetic field is enhanced less than 10% above the background value (§|B| ~ 0.5 nT compared
to|Bo| ~ 5nT).

To understand why Triton’s interaction is so weak, we apply the approach in Saur et al. (2013) and focus on
the Z, Alfvén wing as an example. These authors define the strength of a moon’s (sub-Alfvénic) interaction
by the parameter

=

TEam. a
where Xp denotes the ionospheric Pedersen conductance and the Alfvén conductance X, is given by
1
Za= > - (12)
HolVaoly 1+ M2 +2Msin (90 — )
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(see also Neubauer, 1980). The “interaction strength” ¢ is representative of how strongly the convective
electric field (i.e., the bulk plasma velocity) is reduced within the Alfvén wing flux tube generated by an
obstacle's interaction with its ambient plasma environment (Saur et al., 1999). A value of ¢ = 0 denotes that
no interaction occurs, while ¢ = 1 signifies that the interaction is “saturated”; that is, that the plasma has
been drained of its momentum and the resulting electromagnetic field perturbations near the obstacle are
maximized. The value of ¢ is not only determined by parameters of a moon’s ionosphere (i.e., £p), but also
by properties of its ambient plasma environment (e.g., no, |Bo|, and |uo|). For this reason, an obstacle like
Jupiter’s moon Callisto—which possesses a dilute atmosphere but is exposed to only a weakly magnetized
environment—can generate strong perturbations to its ambient electromagnetic environment with an inter-
action strength approaching ¢ ~ 1(e.g., Liuzzo et al., 2015). However, moons like Europa, Dione, or Rhea,
which have dilute exospheres and are embedded within the strong magnetic environments of their parent
planets’' magnetospheres, only weakly perturb their local environment with ¢ < 1(see Saur et al., 2013).

Using an ionospheric Pedersen conductance for Triton of Xp ~ 10* S estimated by Strobel et al. (1990), we
can calculate the interaction strength for the two cases of nj as considered in this study. For an ambient
magnetospheric plasma density of np = 0.11 c¢m™ as discussed in Section 3.2.2, the Alfvén conductance is
3,4 = 5S and the interaction strength reaches a value of ¢ = 0.9990. In this case, the convective electric field
already approaches zero and the electromagnetic field perturbations are nearly maximized. For the reduced
density case of ny = 0.03 cm~>, we find X, = 3 S and the interaction strength becomes ¢ = 0.9994. Because
Triton’s interaction is already nearly “saturated” for the case of nyp = 0.11 cm~3, reducing the ambient num-
ber density to np = 0.03 cm™ only causes small quantitative differences in the resulting electromagnetic
field perturbations.

Figures 9c and 9d display the magnetospheric and ionospheric densities near Triton using ny = 0.03 cm™.
In this case, the perturbed plasma environment is similar compared to the scenario with an enhanced
ambient density. Figure 9c shows that a displaced cavity in the magnetospheric plasma again forms that is
significantly tilted against the +x axis due to flow deflection by the Z_ (upstream) Alfvén wing. In Figure 9d,
the maximum ionospheric density still reaches values of nearly 10 cm= (see also Figure 7f).

Figures 9e-9h displays results from Triton’s plasma interaction for a scenario in which the amplitude of the
moon’s inductive response is enhanced to A = 1.3 (see Equation 2), yielding a magnetic moment magnitude
of [My| = 8.3 - 10'S Am?. To isolate the effect of the induced field on the plasma interaction signatures, the
magnetospheric plasma density in this simulation is again assumed to be np = 0.11 ¢cm=>. For this case with
an enhanced inductive response representing a strong inductive signature from Triton’s ionosphere, the
magnetic field now remains quasi-dipolar within 3-4 Ry of the surface in the upstream and downstream
hemispheres. Notably in 6 B, [Figure 9f], “shamrock leaves” of the induced field are now distinguishable,
extending multiple radii from the moon. Compared to the case with a weaker inductive response (A = 0.5;
see Section 3.2.2), the cross section of magnetic field lines extending from Triton are drastically reduced
[cf. Figures 6b and 6e with Figures 9e and 9f] due to the enhanced magnitude of the induced magnetic
moment (see also Neubauer, 1999). Other than the enhanced magnetic field perturbations, the remaining
plasma quantities are similar for the case with a stronger (compared to a weaker) inductive response. The
magnetospheric and ionospheric plasma densities in Figures 9g—9h display qualitatively similar features to
the densities as shown in Figures 7b and 7f. Again, a region of depleted magnetospheric density forms at an
angle against the ambient plasma flow direction displaced from the geometric plasma shadow, generated
by flow deflection along the Z_ Alfvén wing toward Triton and its subsequent absorption. However, since
the cross section of the Z_ wing is further reduced in this case with an enhanced inductive response, this
displaced density depletion visible in Figure 9g is slightly weaker than in Figure 7b.

4. Discussion and Conclusions

In this study, we have modeled the interaction between Neptune’s magnetospheric plasma and Triton’s
ionosphere and induced magnetic field. By investigating the contributions of Triton’s ionosphere and in-
duced field in isolation and in combination, we have identified regions near the moon where each of these
competing effects generates dominant perturbations to the electromagnetic environment. To represent the
periodic variability of the moon’s ambient magnetospheric environment generated by Neptune’s rotation
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and Triton’s orbital motion, we have investigated the resulting plasma interaction for two orientations and
strengths of the magnetic field with respect to the ambient plasma flow velocity, and investigated the ro-
bustness in these signatures against the expected uncertainties in the upstream conditions and Triton’s
inductive response. A brief summary of our findings is as follows:

1. At times when the Neptune’s magnetic field and magnetospheric flow velocity vectors are nearly per-
pendicular to one another, Triton’s plasma interaction resembles those of various outer planet moons.
The plasma interaction generates a magnetic field pileup region upstream of the moon, while field lines
drape around the obstacle. The magnetospheric plasma environment displays signatures of flow deflec-
tion around the two Alfvén wings, while large ionospheric gyroradii generate asymmetries in the plasma
outflow from Triton’s ionosphere, resembling the environments of, for example, Callisto or Titan. Closer
to Triton’s surface (within ~2-3Rr), the induced field dominates the magnetic field signatures in the
wakeside and ramside hemispheres

2. At times when the magnetospheric field near Triton forms an oblique angle with the ambient flow ve-
locity, Triton’s resulting plasma interaction generates signatures that have never been observed at any
other moon throughout the outer solar system. The characteristics of the two Alfvén wings are located
in opposite hemispheres with respect to the impinging plasma flow (one upstream of the moon and the
other downstream). The presence of an Alfvén wing upstream deflects a significant portion of the mag-
netospheric plasma flow along the wing and toward Triton. This plasma is then absorbed by the moon,
forming a density depletion that is displaced out of Triton’s downstream geometric plasma wake and
tilted against the direction of the undisturbed magnetospheric flow. Besides the Neptunian system, the
extreme obliquity and magnetic axial tilt of Uranus may also cause similar features to occur near this ice
giant’s moons as well. Such signatures also likely result from the plasma interactions of exoplanets with
their parent stars. Hence, Neptune’s magnetosphere serves as a unique laboratory to better understand
these intra- and extra-solar system couplings

3. The magnitude of the magnetic field perturbations and the magnetospheric and ionospheric plasma
signatures associated with Triton’s plasma interaction are robust against changes in the ambient mag-
netospheric environment. Similarly, signatures associated with Triton’s induced field remain detectable
near the surface within the moon’s ramside and wakeside hemispheres for a range of magnetospheric
conditions, plasma interaction scenarios, and varying inductive responses of the moon

Our study has highlighted the impact that Triton’s interaction with Neptune’s magnetosphere has on the
moon’s local electromagnetic environment and on the potential detectability of induced magnetic fields.
While future studies could refine some of the assumptions used in our model (e.g., by including atmos-
pheric asymmetries and trace species, considering anisotropic magnetospheric electron precipitation, in-
vestigating the effect of induction within an ionosphere separately from that within an ocean, or by adding
higher-order terms to Triton’s inductive response), numerous unknowns regarding Triton’s atmosphere,
internal structure, and local magnetospheric environment still remain. Besides, since the Pedersen con-
ductance of Triton’s ionosphere exceeds the Alfvén conductance by four orders of magnitude, the moon’s
plasma interaction is already saturated with the maximum current flowing along the Alfvén wings (see also
Neubauer, 1998).

While the Voyager 2 flyby provided a wealth of knowledge about Neptune and Triton, only future missions
or comprehensive global modeling campaigns will be able to shed light on the mysteries of this ice giant sys-
tem. In addition to answering outstanding questions about Triton, any future mission exploring the system
may also have the opportunity to study plasma interaction signatures that have never before been observed,
since the configuration and variability of Neptune’s magnetosphere causes Triton’s local plasma environ-
ment to be unique compared to those of other moons visited by spacecraft so far.

Data Availability Statement
Model products resulting from this study are available at doi.org/10.5281/zenod0.4917380.
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