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Abstract A prominent feature of the interaction between a planetary moon and its magnetospheric
environment is the formation of a wake cavity in the downstream hemisphere, characterized by a significant
decrease of the incident plasma density. Using an analytical model of Triton's sub-Alfvénic interaction with
Neptune's magnetosphere, we demonstrate that this moon's wake may be rotated away from its downstream
hemisphere into a region that would be accessible to the undisturbed upstream flow. Due to the strong tilt of
Neptune's magnetospheric field and the low Alfvénic Mach number of the plasma, one of Triton's Alfvén wings
can penetrate into the upstream region and intercept the impinging plasma long before it reaches the moon. The
interaction with this upstream wing causes the flow to be deflected toward Triton at a steep angle before being
absorbed, thereby generating a wake cavity that is significantly displaced with respect to the moon's geometric
plasma shadow. Along the downstream-facing wing, the flow is deflected away from Triton and therefore
unable to refill the displaced wake. Since the ionospheric Pedersen conductance greatly exceeds the Alfvén
conductance, this asymmetric flow deflection is particularly intense at Triton: when the plasma encounters

the wings, it is channeled toward or away from the moon along the axes of the wing tubes. The deflection

of the streamlines away from their upstream direction peaks in the range of plasma parameters found along
Triton's orbit. Therefore, the displaced wake may be a persistent feature of this moon's plasma interaction and
observable during future flybys.

Plain Language Summary Many moons in the outer solar system are embedded in their parent
planet's magnetospheres where they are continuously exposed to a flow of magnetized plasma. In general,

the partial blockage of this flow by a moon's solid body and ionosphere generates a depletion region at the
downstream side where the plasma density is significantly reduced. In addition, the interaction between a moon
and its plasma environment triggers non-linear (Alfvén) waves that mainly propagate along the magnetospheric
magnetic field. At many large moons of Jupiter and Saturn, the magnetospheric field is nearly perpendicular

to the incident flow direction, that is, these waves cannot reach the upstream region. However, Neptune's
magnetic field near Triton possesses a strong component along the plasma flow. Therefore, the waves may
travel toward upstream and commence deflecting the incident flow before it even comes close to the moon.
Since this deflection forces the plasma particles onto highly inclined trajectories toward Triton, their subsequent
absorption generates a wake cavity that is no longer located “behind” the moon. Such a displaced wake may

be observable during future missions to the Neptune-Triton system and may represent a unique feature in the
diverse “zo0” of moon-magnetosphere interaction scenarios at the outer planets.

1. Introduction

Triton, the largest moon of Neptune (radius R, = 1,353 km), is located deep within the ice giant's magnetosphere
at a distance of 14.4 Neptune radii (R, = 24,622 km), moving along a highly inclined and retrograde orbit around
its parent planet. Similar to many large moons of Jupiter and Saturn, Triton is continuously exposed to a flow of
sub-Alfvénic magnetospheric plasma that impinges at a relative velocity of about 40 km/s (Strobel et al., 1990).
This magnetized flow sweeps particles out of Triton's ionosphere (Broadfoot et al., 1989; Majeed et al., 1990),
generating ramside field pile-up and Alfvén wings in the process (Liuzzo et al., 2021; Strobel et al., 1990). Due
to the combination of high ionospheric electron densities in excess of 10* cm= and a weak magnetospheric field
along Triton's orbit (3—12 nT, see Connerney et al., 1991), the Pedersen conductance of the moon's ionosphere
(Z,~ 10* S) exceeds the Alfvén conductance of the ambient flow (X . ~ 6 S) by four orders of magnitude (Stro-
bel et al., 1990). Therefore, the interaction between Triton and Neptune's magnetospheric plasma is “saturated,”
that is, the streamlines of the impinging plasma are (almost) completely deflected around the Alfvén wing tubes
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(Neubauer, 1980, 1998). However, the upstream conditions along Triton's orbit are far more variable in time
than the incident plasma parameters at, for example, the Galilean satellites of Jupiter or the largest icy moons of
Saturn.

Not only is Neptune's magnetic moment inclined against the planet's rotation axis by 47°, but it is also displaced
from the ice giant's center by about 0.55R . In combination with the strong tilt of Triton's orbital plane (157°), this
causes substantial variability in the incident magnetospheric plasma conditions. Triton's distance to Neptune's
magnetic equatorial plane oscillates between OR,, and 13R,, resulting in a change in the ambient field magnitude
by about a factor of four and a variability in the upstream plasma density by nearly three orders of magnitude
(e.g., Belcher et al., 1989; Ness et al., 1989; Connerney et al., 1991; Mejnertsen et al., 2016). For comparison,
the distance of Io and Europa to Jupiter's magnetic equatorial plane changes in time by no more than 1-1.5
planetary radii (Bagenal & Dols, 1989). Most importantly, the angle £ between the upstream bulk velocity u, and
the ambient magnetospheric field B, at Triton varies significantly during the course of the moon's orbit. When
Triton is located at maximum distance to Neptune's magnetic equatorial plane, both vectors are nearly perpen-
dicular to each other (Liuzzo et al., 2021). Such a configuration represents the “classical” setup of sub-Alfvénic
moon-plasma interaction scenarios and provides a very good approximation to capture many key features of the
magnetospheric interactions at, for example, Jupiter's Galilean moons and the large icy satellites of Saturn (Kiv-
elson et al., 2004; Simon et al., 2015). However, whenever Triton comes close to Neptune's magnetic equator, the
ambient field components parallel and perpendicular to the upstream flow direction are nearly equal in magnitude
(Liuzzo et al., 2021).

Based on the AIKEF hybrid model, Liuzzo et al. (2021) recently studied Triton's magnetospheric interaction for
the case of u  and B, forming an angle of £ = 47°. Due to the low Alfvénic Mach number of the upstream plasma,
the strong tilt of the magnetic field against the flow direction then facilitates the penetration of one of Triton's
Alfvén wings into the upstream region. This wing “intercepts* the incident plasma long before the flow reaches
the moon (see Figure 1). Such a type of interaction had so far been known only from exoplanets orbiting close
to their host stars in a sub-Alfvénic plasma environment (e.g., Saur et al., 2013). As demonstrated by Liuzzo
et al. (2021), the impinging magnetospheric flow is deflected foward Triton by the “upstream” Alfvén wing and
then partially absorbed by the obstacle (green arrows in Figure 1). Flow deflection within the other Alfvén wing
(inclined toward downstream) is directed away from the moon. This hemispheric asymmetry in the flow patterns
generates a displaced wake of reduced magnetospheric plasma density (green cylinder in Figure 1) that has only
minimal overlap with the ”geometric” plasma shadow expected for Triton's downstream hemisphere (red cylin-
der) and observed at, for example, Tethys and Rhea (Khurana et al., 2008; Simon et al., 2009). With the exception
of Titan (where the upstream flow is generally super-Alfvénic), the magnetic field near Jupiter's and Saturn's larg-
est moons does not possess a strong flow-aligned component (see Bertucci et al., 2009; Simon et al., 2010). This
is the major reason why such a shifted wake cavity has not yet been observed at any moon in the solar system.

However, the displaced plasma wake identified by Liuzzo et al. (2021) may indeed be a typical feature of Triton's
magnetospheric interaction that occurs whenever the inclination angle £ is smaller than a certain threshold. To
corroborate this idea, the goal of our study is to prove analytically that the asymmetric flow deflection pattern
proposed as the root cause of the displaced wake is indeed consistent with first principles. In addition, while
Liuzzo et al. (2021) considered only two distinct tilt angles (£ = 90°, 47°), we shall apply the analytical approach
to systematically investigate the dependence of the flow pattern on the angle between u, and B, as well as other
key parameters of Triton's sub-Alfvénic interaction.

This study is organized as follows: Section 2 discusses the basic principles of our analytical plasma interaction
model. In Section 3 we analyze the flow pattern near Triton's Alfvén wings for different angles between the up-
stream flow and the magnetospheric field. Section 4 constructs an analytical expression for the “critical” angle
between u, and QO: if the angle between both vectors is smaller than this threshold, Triton's interaction leads to
the formation of the displaced wake cavity. In Section 5, we briefly review our major conclusions and their im-
plications for future exploration of moon-magnetosphere interactions at the ice giants.
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Figure 1. Schematic sketch of the geometry of Triton's interaction with Neptune's magnetospheric plasma. Two Cartesian coordinate systems (x, y, z) and (%, y, Z)

are introduced, both of them centered at Triton. The (+x) axis is aligned with the bulk velocity u of the upstream plasma, whereas the (+Z) axis is antiparallel to the
background field B,. The (+y) and (+7) axes are identical and point into the plane of the figure. In both frames, the third axis ((+z) or (+X)) completes the right-handed
system. The background field B, is inclined against u, by an angle of £ = 90° — 9. Therefore, the angle 97 between the Alfvén characteristics Z7 (and associated wing
tubes, depicted in gray) and B, is different in the two hemispheres. The undisturbed convective electric tleld E, = —u, X B, is antiparallel to the y and y axes. In the

z > 0 hemisphere, the upstream flow (green arrows) is deflected toward Triton by the Z~ wing and subsequently impinges onto its ionosphere (orange) and surface.
This generates a tube-like region of depleted plasma density in the z < 0 hemisphere (g_reen) that does not coincide with the moon's geometric plasma shadow (red).
The geometric plasma shadow is defined by 1/)2 + z2 < Ry and x > 0. While not shown in the figure, the plasma in the z < 0 half space is deflected away from Triton
and thus, cannot refill the displaced wake. The reader is advised that this schematic illustration does not intend to capture the detailed processes in the near-Triton
interaction region where the contribution of transverse ionospheric currents is strong.

2. Model Description

To study the deflection of the magnetospheric plasma near Triton's Alfvén wings, we apply an analytical two-flu-
id model (electrons and one ion species) originally developed for Io (Saur et al., 1999) and subsequently expand-
ed to capture the physics of dust-plasma interactions at Enceladus (Simon, Saur, Kriegel, et al., 2011; Simon,
Kriegel, et al., 2013). More recent versions of this approach were applied to investigate how the non-uniform
Pedersen conductance profiles of Enceladus' and Europa's ionospheres map into these moons' Alfvén wings
(Simon, 2015; Simon et al., 2021). Here we refrain from reiterating the details of the model setup. For a com-
prehensive description, the reader is instead referred to the numerous preceding publications (see also Blocker
et al., 2016; Saur, 2004; Saur et al., 2007, 2013).
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The model assumes the perturbations of the magnetic field vector 6B = B — B, in the moon's Alfvén wings to be
small compared to the background field, which is well fulfilled at Triton (Liuzzo et al., 2021). In such a scenario,
the unperturbed magnetospheric field lines still approximately coincide with the isolines of the electric potential
. Therefore, y = y/(X, 7) depends only on the two coordinates (%, 7)) perpendicular to the background field B,
(see Figure 1 for the definition of the coordinates). The model captures only the interaction signatures in the
Alfvénic far field where the contribution of ionospheric Pedersen and Hall currents to the magnetic field has dis-
appeared. The onset of the flow deflection that gives rise to the displaced wake cavity does indeed occur at a dis-
tance of several R, where Triton's interaction is purely Alfvénic (Liuzzo et al., 2021). The “unknown” quantity in
the model is the potential y (X, ) which can be determined from an ordinary differential equation that requires the
moon's ionospheric conductance profile as input. The solution for w (%, y) then allows to calculate the magnetic
field and flow velocity near the Alfvén wings. In other words, while the model does not consider the perturbations
generated by transverse ionospheric currents, the currents within the Alfvén wings are still determined by the dis-
tribution of conductances within Triton's ionosphere. Since the available model formulations (e.g., Simon, Saur,
Kriegel, et al., 2011; Simon et al., 2021) assume the magnetospheric field B, to be perpendicular to the upstream
flow u,, a few slight modifications are required to make this approach applicable to Triton's variable interaction.

Analogous to the approach of Simon, van Treeck, et al. (2013) for Titan, we introduce a “Triton Interaction”
coordinate frame (x, y, z), see Figure 1. In this system, the magnetospheric background field can be expressed
as B, = (Bosin 9,0, —Bocos 9) with B > 0 and 9 = 90° — £. To maintain consistency with the nomenclature in
preceding publications [especially the fundamental work of Neubauer (1980)], we use the angle d € [0°,90°]
between the x and % axes that quantifies the deviation from the “classical” case of u; L B,. The characteristics
of Triton's Alfvén wings are defined by ;x = u, ¥ v, ,» With the upper sign referring to the characteristic in the
z> 0 half space and the lower sign denoting the characteristic in the z < 0 half space (Neubauer, 1980). The vector
U, Tepresents the Alfvén velocity in the undisturbed upstream plasma. The plasma and field perturbations are
constant along the directions of Z¥, that is, they are not attenuated when moving away from the moon along the
characteristics (Neubauer, 1980).

Since B, possesses a component along the upstream flow direction (+x), the Alfvén conductance X7 and the

inclination angle 9% of the Alfvén characteristics against the background field are asymmetric between the two

wings. We find

= ! and sin 9% =
Hovao\/1+ M3 F2M,sin g \/ 1+ M2 F2M, sin 9

M 4cosd

ey

with the Alfvénic Mach number M, = u/v, , (see also Neubauer, 1980). The upper and lower signs refer to the
Z~ and Z* wings, respectively. The hemispheric difference in the inclination angles stems from the fact that the
u_pstreanT velocity possesses a component i, sind along the magnetic field B,. In the Z~ wing, this component
is antiparallel to the group velocity (—v 10 of the Alfvén wave. Thus, it reduces the “effective” velocity at which
the wave propagates antiparallel to the magnetic field while simultaneously being convected toward downstream
perpendicular to the field lines at velocity u,cos . In the §+ wing, the flow component along the background
field increases the “effective” group velocity of the Alfvén wave along the field lines. Therefore, the inclination

angle of the wing characteristics against B can likewise be expressed as

upcosd  Mycosd
Va0 FUpsind 1 F Mysind’

F —
tam()A—

@

Analogous to Equations 1-8 of Simon, Saur, Kriegel, et al. (2011), we obtain generalized expressions for the
magnetic field B = (Bs, By, B:) near the Alfvén wings in the (X, , Z) system:

2 2
o N (9 9 e xd
B: = Fsin 934 | B - (M()Z;)z {cos2 8;(6—?:) + <a—u};) } + poZ7 cos &;a—lg; 3)
L0
By = :Luoz;cos&;%; )
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The Alfvénic nature of these magnetic signatures is readily verified: | B | = By. The magnetic field components in
the (x, y, z) system then read

B, = Bzcos 9 — B;:sinJ; 6)

By = By; @)

B: = Bssind + B:cos . (®)
The flow velocity u near the Alfvén wings can be obtained from

B - B 0B

— —0 —
U x =4, + ’
1/ Hohom \/ Hohom

where m and n,, denote the ion mass and number density of the undisturbed upstream plasma (see Equation 23 in

u=

&)

Simon et al., 2021). Since the flow in the Alfvénic far field is incompressible, the plasma density in that region
has a constant value 7, (Neubauer, 1980). In other words, acceleration by pressure gradient forces (which may
occur close to Triton) is not taken into account by our model.

Since the perturbations of the upstream flow are assumed to be weak, the Alfvén wing tubes in the model are
(approximately) centered around the (+Z) axis (Simon, Saur, Kriegel, et al., 2011; Simon et al., 2021; Simon,
Kriegel, et al., 2013; Simon, 2015). Therefore, inserting Equations 3-5 into Equation 9 immediately reveals that
the interaction perturbs the velocity component u; along the Alfvén wings, in addition to the perturbations in us
and uj that correspond to the deflection of the upstream flow around the wing tubes [see Figures 2 and 3 of Simon
et al., 2021]. The flow perturbations along the wing characteristics are generated by the currents associated with
the sub-Alfvénic interaction. As shown by Neubauer (1980), an Alfvén wing carries two distinct current systems
that are completely decoupled from each other: the first of these systems is directed along the wing characteristics
and ultimately connects the moon to its parent planet's ionosphere (e.g., Hess et al., 2011). The second system
encircles the wing tubes in closed loops, with the associated magnetic perturbations ensuring the constancy of
| B | Applying the right-hand rule to these loop-like currents shows that they generate magnetic perturbations
along the (Z) axis, similar to the field inside a coil. According to Equation 9, these wing-aligned magnetic per-
turbations then map into a velocity component of the deflected flow parallel or antiparallel to the characteristics.

For our model calculations, we adapt the upstream conditions from Table 1 of Liuzzo et al. (2021): Triton is
exposed a flow of singly charged magnetospheric ions with average mass m = 7.5 amu and number density
n, = 0.11 cm™, impinging onto the moon at a relative velocity of u, = 43 km/s. The magnitude of the mag-
netospheric background field is set to B, = 5.14 nT and the field vector is assumed to be parallel to the (x, z)
and (X, Z) planes. While the & = 43° simulation of Liuzzo et al. (2021) did include a magnetic field component
B, , # 0 perpendicular to these planes, its value was a factor of 200 weaker than the components parallel to them.
In general, a non-zero Bo,y component of the background field can always be eliminated by rotating the Triton
Interaction System around the x axis, that is, confining B to the (x, z) plane does not limit the validity of our
results. Our choice of parameters yields an Alfvénic Mach number of M, = 0.35 for the upstream flow. The angle
9 is treated as a free parameter. At Triton, the expected values of 9 range from (—43°) to (+43°) (see Liuzzo
et al., 2021). However, in this study we consider the range 0° < 8 < 90°. A negative value of & would merely flip
the key features of the interaction between the two hemispheres (see Section 4 for details). The z < 0 wing would
then penetrate into Triton's upstream hemisphere and the displaced wake could be found in the z > 0 half space.
Also, taking into account  values up to 90° (i.e., 4, and B, are aligned) will allow us to provide context for the
physics of the displaced wake observable at Triton.

We consider the plasma interaction with Triton's ionosphere alone, that is, our model does not take into ac-
count the contribution of an induced field from a possible (but yet unobserved) subsurface ocean (e.g., Saur
et al., 2010), nor any induction signal from the moon's ionosphere (see Hartkorn and Saur, 2017). In the Alfvénic
far field, such an induced field would generate a slight shrinkage of the Alfvén wing tubes and a displacement
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away from an axis through Triton's center (Neubauer, 1999; Volwerk et al., 2007). However, it would not cause
any qualitative changes of the flow pattern near the wings: while the model of Liuzzo et al. (2021) does take
into account an induced field, the displaced wake (and associated deflection pattern of the plasma) are clearly
discernible in their results.

3. Wake Formation at Triton

To illustrate how deviations from u, L B, affect the flow deflection near Triton's Alfvén wings, we first eval-
uate the electric potential y for a realistic, "suspension bridge”-like profile of the Pedersen conductance X, in
the moon's ionosphere (see Blocker et al., 2016; Neubauer, 1998; Simon, 2015; Simon et al., 2021 for details).
Hence, the value of X, maximizes along the bundle of magnetospheric field lines tangential to Triton's surface
and achieves a local minimum in the region where B is perpendicular to the obstacle. In agreement with the
estimations of Strobel et al. (1990), the average Pedersen conductance in the model ionosphere is set to (X)) ~
4.5 - 10* S. The radius of the obstacle to the flow is R = R, + 3H, with H = 70 km approximately representing the
scale height of Triton's atmosphere (Broadfoot et al., 1989). The inclusion of a realistic shape for the ionospheric
Pedersen conductance profile comes at the expense of having to set the Hall conductance to 2, = 0 (Simon, 2015;
Simon et al., 2021). However, this limitation does not affect our conclusions since the Hall effect would merely
introduce a rotation of the flow pattern in planes perpendicular to the wing characteristics, that is, it would
only break the symmetry between the y > 0 and y < 0 hemispheres (Saur et al., 1999; Simon, Saur, Kriegel,
et al., 2011; Simon, Kriegel, et al., 2013). The center of the displaced wake would then be moved out of the y = 0
plane. Besides, the range of X, values at Triton has not yet been constrained through modeling or observations.

Figure 2 displays the resulting u_ component of the bulk velocity (in Triton Interaction coordinates) along cuts
through the Z~ (left column, z > 0) and §+ (right column, z < 0) wings at z = £3R,. for three different values of
9. In each plot, the plateau-like region of nearly constant u_ corresponds to the “interior” of the wing tubes. As
can be seen from the first row of Figure 2, when y and B, are perpendicular to each other, the u, component of
the flow velocity points away from the moon in both hemispheres: u_is positive in the z > 0 wing [panel 2(a)]
and negative in the z < 0 wing [panel 2(b)]. This is the scenario that occurs at, for example, the Galilean moons,
Dione, and Rhea (e.g., Kivelson et al., 2009; Simon, Saur, Neubauer, et al., 2011; Simon et al., 2012; Liuzzo
et al., 2016). Introducing a minor deviation of 9 = 6° from this “ideal” case, the u_component in the z < 0 wing
remains negative, but increases in magnitude by about a factor of 1.5 [panel 2(d)]. However, in the z > 0 hemi-
sphere u_ is positive only within the (plateau-like) inner region of the Alfvén wing, whereas the flow near its outer
edges has switched directions (1, < 0) and now possesses a component foward Triton [panel 2(c)]. This deflection
toward Triton is still a factor of 3 weaker than the motion away from the moon within the wing tube.

Further increasing the angle to the value of 9 = 43° used by Liuzzo et al. (2021) goes along with a complete
reversal of the flow direction within the z > 0 wing: the flow in both wings now has a component antiparallel to
the z axis, that is, toward Triton in the z > 0 hemisphere and away from the moon in the z < 0 hemisphere [panels
2(e) and (f)]. The negative u_ component of the flow velocity in the z > 0 wing becomes as large as ~#50% of the
upstream value u,. In the § = 43° scenario, Triton's z > 0 Alfvén wing has completely moved into the upstream
hemisphere (x < 0) and is therefore able to deflect the flow before it reaches the moon. The resulting flow pattern
facilitates the formation of the “displaced” wake: in the z > 0 hemisphere the plasma is directed toward Triton and
is partially absorbed, while the deflected flow in the z < 0 hemisphere is unable to replenish the emerging wake
cavity (see also Liuzzo et al., 2021). In all three cases studied, the z < 0 wing remains tilted toward downstream
(x = 0), and the associated u_ perturbation is consistently negative. The deflection of the flow in (—z) direction
is not restricted to the “inner” regions of the wing tubes (see Figures 2e and 2f): as shown by Neubauer (1980),
the magnetic field and flow perturbations decrease with 1/#, where 7 denotes the distance to the respective wing
axis. Therefore, the proposed deflection mechanism still operates at a certain distance to the wings, albeit atten-
uated in magnitude.

As can be seen from Figure 3, the flow pattern from the 9 = 43° scenario (Figures 2e and 2f) qualitatively matches
many predictions of the AIKEF hybrid model: in large regions of the z > 0 and z < 0 half spaces, the u_ component
is negative. However, within the displaced wake, the analytical model suggests a negative #, component (which
would be blue in Figure 3b), whereas the flow in the AIKEF output is deflected foward Triton (uZ > 0, red in
Figure 3b). Such a deviation between the AIKEF results and the analytical model is expected. First, the analytical
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Figure 2. Flow deflection in Triton's Alfvén wings. For different angles & = 0° (a and b), 8 = 6° (c and d), and & = 43° (e and ), the figure displays the north-south
component u_of the plasma bulk velocity along "horizontal” cuts through the Alfvén wings aty = 0, z = +3R (left) and y = 0, z = —3R,. (right). The values of u_are
normalized to the upstream velocity u,.

model is strictly applicable only at large distances to Triton where the tail formed by ionospheric pick-up ions no
longer contributes to the perturbations. However, pick-up ion gyroradii at Triton are comparable to the radius of
the moon (Liuzzo et al., 2021), and almost the entire downstream region within the AIKEF domain is therefore
’filled” with newly generated ionospheric particles (see Figure 7 of Liuzzo et al., 2021). Second, the analytical
model does not capture any density gradients in the plasma and their feedback on the electric field. Near Triton,
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Figure 3. (a) Number density of the magnetospheric upstream plasma and (b) u_, component of the upstream flow velocity in the (x, z) plane, as obtained from the
AIKEF hybrid model (Liuzzo et al., 2021). The results shown here are from the same AIKEF run as discussed in Section 3.2.2 of our companion paper; only the
coordinate system has been adjusted to match the nomenclature used in this manuscript.

such gradients are generated not only by the inflated pick-up tail, but also by the displaced plasma wake itself (see
Figure 3a). The pressure gradients associated with the displaced wake are responsible for accelerating a portion
of the adjacent flow back into the density void, thereby causing a reversal in the sign of u_in the segment of the
wake close to Triton (red in Figure 3b). However, this effect is only subtle and nor able to refill the displaced
wake (see Figure 3a). In other words, despite the high velocity calculated by AIKEF within the displaced wake,
this velocity is associated with only a small number of particles. Therefore, this particular aspect of the AIKEF
output is not a contradiction to the analytical results. Third, the thermal velocity of the magnetospheric ion popu-
lation incident upon Triton exceeds the upstream flow speed u,. Hence, particles with velocity vectors away from
the (+x) direction significantly contribute to shaping the interaction signatures in the vicinity of the moon (e.g.,
Simon et al., 2007). This effect is not captured by the fluid approach of our analytical model. For these reasons,
there are non-negligible differences between the output of the analytical model (for the far field) and the pertur-
bations of flow and magnetic field produced by AIKEF in the immediate vicinity of Triton [see also discussion
of Equations 7-9 in Liuzzo et al. (2021)].

4. Critical Angle for Flow Deflection

Figure 2 suggests the existence of a “critical” angle 9 _at which the sign of u_within the z > 0 wing tube flips
from plus to minus. Our goal is to determine a simple analytical expression that links §_ to the key parameters
of Triton's sub-Alfvénic interaction. For this purpose, we proceed analogous to, for example, Saur et al. (1999);
Saur et al. (2007, 2013), Simon, Saur, Kriegel, et al. (2011), and Simon, Kriegel, et al. (2013): introducing polar
coordinates (F, (]3) in planes perpendicular to the background field B,, we treat the obstacle to the flow as a cyl-
inder of radius 7 = R and constant Pedersen conductance X, = (X ). Again not considering the ionospheric Hall
effect, the electric potential y can then be expressed as

~ Eoa* Fsing F<R
w=y"(F.d) = ER? i i . (10)
0~ y¥ sin ¢ + EpFsin ¢ F>R
7
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where E; = u B, cos J represents the undisturbed convective electric field (see Equations 62 and 65 in Simon,
Saur, Kriegel, et al., 2011). The four constants a* and y* follow from the continuity of the potential at 7 = R and
the boundary condition (A2) from Saur et al. (1999); they read

5%
Tp +23F

at =

and yT=a*-1. (11

The quantity 4¥ = 1 — o is often referred to as the "interaction strength”, as it becomes unity for Zp > X% and
vanishes for Xp « Zj (e.g., Neubauer, 1998). In the latter scenario, the displaced wake would disappear and a
“classical” absorption wake would be formed in the moon's downstream hemisphere (similar to, for example,
Tethys or Rhea, see Simon et al., 2009; Simon et al., 2012). The lower the interaction strength, the closer the
displaced wake (green in Figure 1) would be to the geometric one (red).

Using X = #cos ¢ and 7 = 7sin ¢, the partial derivatives of the potential in Equations 3-5 are both constant inside
the wing tubes (7 < R): oz = 0 and oy ™ = Epa*. Inserting these values into the equations for the magnetic
field and using Equation 9 for the flow velocity then yields the following expression for the (constant) velocity u;
inside of the z > 0 (upstream) wing in Triton Interaction coordinates (x, y, z):

Bocosd {—\/1 + M2 —2Masin8d — M2(a~)’cos? 9 + Ma(a™ —2)sind + M2 (1 —a™) + 1}

\/yonom(l +Mi —2My4 SiIl19)

An expression for the critical angle 9, can be found by setting the term inside of the curly brackets to zero, which

12)

U; =

yields a quadratic equation for sind :

1-M? (@ -2) 1+ M?) (@ -1)
sin? 9. — ——2— “ind, — % =0 (13)
2M 4
One solution of this equation,
1+ M2
9. = 4, 14
sin M, (14)

does not fulfill the sind_ < 1 condition. The other solution provides a very compact equation that expresses 9 in
terms of the Alfvénic Mach number and the interaction strength:

sind, = %MA (l-a)= %MA/V. (15)

However, the Z~ characteristic does not rotate from Triton's downstream (x > 0) into its upstream (x < 0) hem-
isphere until tan § > tan 7. According to Equation 2, this condition is fulfilled when sin9 > M,, yielding an
angle 9, larger than the value from Equation 15. In other words, the sign of u; flips while both Alfvén wings are
still oriented toward downstream. Thus, a ”conservative” estimation for the critical angle is

sind. = Mjy. (16)

Once 9 exceeds this threshold, one can be sure that the Z~ characteristic penetrates into the upstream hemisphere
and the flow in that wing is deflected antiparallel to the z axis.

Values of the Alfvénic Mach number along Triton's orbit range from M, = 0.22 (or even lower) up to M, = 0.35
(Liuzzo et al., 2021). Therefore, the displaced wake can appear for angles § exceeding 9, ~ 13°-20°. Thus, the
formation of this structure requires only a rather minor deviation from the u, L B, case, that is, it may occur along
extended segments of Triton's orbit (see Figure 1 of Liuzzo et al., 2021). We therefore suggest that the displaced
wake is a persistently observable feature of this moon's plasma interaction.

For different values of A%, Figures 4a and 4b illustrate the dependence of the (constant) velocity u¥ within the up-
stream (Equation 12) and downstream wings on the angle d. The velocity within the downstream wing tube reads
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Figure 4. Dependence of the velocity components 7 [in units of u,, panels (a) and (b)] and u¥ [panels (c) and (d)] within Triton's upstream-facing and downstream-
facing Alfvén wings on the angle § and the strength A¥ = £p/ (£p + 257 ) of the moon's plasma interaction. The case of 4% ~ 1 ("saturated” interaction) is most
representative of the actual Triton scenario. The dashed orange lines in panels (a)~(d) denote the critical angle 9 = arcsinM, ~ 20° above which both conditions for the
formation of the displaced wake are met. The ratio of both velocity components within the upstream and downstream wings (for § > 8 ) is displayed in panels (e) and
(f), respectively. Please note that the range of the horizontal axis in plots (e) and (f) is different from that in the other four panels.
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Bocos8{\/l + M2 +2M,sind — M2(a*)’ cos? 9 + My (at —2) sind + M2 (a* — 1) — l}

\/ Honom (1 + Mi + 2M 4 sin 8)

For comparison, the uf component (along the upstream flow direction),

ut (A7)

uy = ot

By {(sin 9F My) \/1 + M2 F2Mysind — M2 (a%) cos? 9 £ MaaFcos® 9 —sind (1+ M2 F2M 4 sin9) }
A/ Honom (1 + Mf\ F2M, sin19)

is displayed in panels 4(c) and (d). The ratio of both components can be seen in panels 4(e) and (f). Due to the

)

absence of the ionospheric Hall effect in the model, u7 is exactly zero within the wings (see Equations 4 and 9).
The magnitude of u7 increases with the interaction strength. The u; (9) profile in the upstream wing possesses
two roots; one at § = arcsin (M4~ /2), and the other at ¢ = 90° [see panel 4(a)]. In the latter case, the Alfvén
characteristics § * are aligned with the flow axis (+x), but the convective electric field E, vanishes and hence, the
wings disappear. The velocity in (—z) direction reaches substantial magnitudes of up to 0.6u, in both wings and
depends non-monotonically on the angle 8. In the upstream wing, the strongest flow component in (—z) direction
occurs around 9 ~ 50°-55°, depending on the interaction strength [see panel 4(a)]. As shown in panel 4(b), the
flow in the downstream wing is always directed away from Triton, that is, the only root of u}(9) can be found at
9 =90°. The maximum of |u;'(19)| occurs at a slightly lower angle than in the upstream wing.

The stagnation of the upstream flow within the Alfvén wing tubes is best visible in the 47 component: the larger
the interaction strength, the more significant is the drop of 7 to velocities far below u,, (at a given angle 8).

Above the critical angle 9 , the 4} component increases monotonically with 8 and reaches its maximum u = uo
when u, and B, are aligned [see panels 4(c) and (d)]. While the growth of u¥ with increasing 9 partially "levels
off” the enhanced tilt of the velocity vectors that stems from the maximum in |uf(19)|, the flow deflection to-
ward Triton in the z > 0 half space is most intense for § ~ 20°-60° [see panel 4(e)]. Especially, for a saturated
interaction (A¥ = 1, as is the case at Triton), the ratio |u; /u; | becomes particularly large at angles slightly above
9 = arcsinM: in this scenario, u; possesses a root at the critical angle. For § = arcsinM ,, the Z~ characteristic is
perpendicular to the upstream flow direction. Thus, the plasma merely “’rains down” onto Triton from z > 0, while
the flow is strongly deflected away from the moon in the z < 0 half space [see panel 4(f)]. When the interaction
is saturated, the deflected plasma flows exactly along the Alfvén wing characteristics, that is, the entirety of the
flow deflected within the Z~ wing ultimately hits the obstacle and is absorbed (see Figure 5 and Appendix A).
This picture takes into account that the scale height of Triton's atmosphere (which contributes to the radius R
of the Alfvénic fluxtubes) is by several orders of magnitude smaller than the radius of the moon (Broadfoot
et al., 1989). In the case of a saturated interaction (and in this case only!), the location of the displaced wake can
be determined by merely extending the cylindrical Z~ wing tube into the opposite half space. For the parameters
chosen by Liuzzo et al. (2021) in their 9 = 43° model scenario, Triton's interaction is close to saturation. This
explains why the displaced wake is so well visible in their hybrid simulation.

We also note that the displaced wake cannot be refilled by pick-up ions from Triton's ionosphere. Since the field
perturbations near the moon are weak, the drift velocity v, of these ions in Triton Interaction coordinates (x, y,
z) is approximately given by

g cosz 9

B
=0 ) (18)

[ = 0
up sin9 cos 9

Thus, the pick-up ions move into the z > 0 half space, whereas the displaced wake is mainly located at z < O [see
also Figure 7 of Liuzzo et al., 2021].
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Figure S. Inclination of the Alfvén wing characteristics against the undisturbed upstream flow direction (+x), taking into
account angles 9 above the critical angle 9, = arcsin M. For the upstream-facing (orange) and the downstream-facing
(purple) wing, the figure displays tan (A), where A = 90° — § + 97 is the angle between the respective wing characteristic §I
and the x axis. The two profiles are identical to those obtained for the ratio of the velocity components when the interaction
is fully saturated [red in panels 4(e) and (f)]. Thus, the flow vector in both wings is precisely (anti)aligned with the respective
characteristic.

Equations 15 and 16 reveal that the u; component switches signs while both wing characteristics still point into
Triton's downstream hemisphere (see also Figure 4a). However, as long as the interaction is unsaturated, this
deflection does not lead to the formation of a wake cavity: the flow still moves in positive x direction (i.e., toward
downstream), and u; > O clearly exceeds the magnitude of u; < 0 (see Figures 4a and 4c). Therefore, the flow
continues to move into the x > 0 half space and does not ”turn back” to impinge onto Triton. In the case of a sat-
urated interaction, u; possesses roots at § = arcsin (M 4/2) and § = arcsin M, [red curve in panel 4(c)]. Between
these two roots, the sign of u; is negative. For angles arcsin (M,4/2) < 9 < arcsinM 4, the flow within the Z~
wing tube would therefore travel "backward” and precisely antiparallel to the Z~ characteristic. Thus, the plasr;a
would ultimately be absorbed at Triton. However, this does not mean that a d_epletion region would form in the
x < 0 half space within this narrow range of angles (from § = arcsin (M4/2) ~ 10° to § = arcsin M, = 20°): the
x < 0 half space is fully accessible to the undisturbed upstream flow that would refill such a cavity. We also note
that our model includes various simplifications, such as the assumption of a ”box-like” ionosphere (see also Si-
mon et al., 2021) and the notion of the background field approximately coinciding with the isolines of the electric
potential. Therefore, in-situ observations or numerical simulations using a more complex ionosphere model [like
the approach of Liuzzo et al. (2021)] are required to determine whether such a backward” flow pattern actually
exists in reality.

Finally, we have a brief look at the case of negative 9 values which may occur at Triton as well (see Liuzzo
et al., 2021). In this scenario, the background field B, still points into the z < 0 half space, but unlike in Figure 1,
the field vector now possesses a component toward upstream. Therefore, the projection of the upstream flow ve-
locity onto the direction of the background field (i, sind) is antiparallel to the magnetospheric field lines. Thus,
the “effective” group velocity of the Alfvén mode is smaller than v, , in the Z* wing and exceeds v 40 in the Z7
wing, that is, the situation is reversed compared to the case of B, having a component toward downstream. In
consequence, and opposite to the scenario from Figure 1, the inclination angle of the Z~ wing against B is now
smaller than the inclination angle of the Z* wing. We find

- M 4cos |9]
tand?t = ———.
ML= + M ssin | 9| (19
In this scenario, the é* wing can penetrate into the upstream hemisphere, if the condition
tan 9% > tan |9 (20)
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is met. This leads to the same expression for the critical angle 9, as in the case of positive 8 values:
sin |9c| = Ma. 2D

Atd =39, the §+ wing is perpendicular to the upstream flow direction. The second condition for the formation
of a displaced wake in the z > 0 half space now reads u}(9) > 0. Replacing & in Equation 17 with (-9]) and
comparing to Equation 12 reveals that the reversal in the sign of u}(9) occurs at the same angle as in the case of
& being positive:

sin |9] = %MAAﬁ (22)

Thus, the conditions for the onset of displaced wake formation are the same for the background field having a
component toward upstream or downstream. The location of the displaced wake merely switches from the z < 0
into the z > 0 half space. The angles between B, and the two Alfvén characteristics also switch between both
wings, such that the tilt of the upstream wing against the background field is always larger than that of the down-
stream wing. However, it is still not possible to introduce a mirror plane in Figure 1 that would precisely map, for
example, the interaction features from the z < 0 hemisphere into the z > 0 hemisphere and vice versa when the
orientation of the B, . component changes from downstream to upstream: the background field vector itself is not
mirrored, that is, it always points into the z < 0 half space.

5. Summary and Concluding Remarks

Based on an analytical model, we have studied the deflection of Neptune's magnetospheric plasma near Triton's
Alfvén wings. The model captures the (incompressible) perturbations in the Alfvénic far field where the contri-
butions of local ionospheric currents to flow deflection and magnetic field are negligible. Changes in the plasma
density near Triton and the associated acceleration of the flow by pressure gradient forces are not taken into ac-
count. While the model does not include the ionospheric Hall effect, it does capture the suspension-bridge”-like
Pedersen conductance profile of Triton's ionosphere (Section 3). Our discussion of the critical angle for flow
deflection is based on a more simplified approach that treats the moon's ionosphere as a cylinder with uniform
Pedersen conductance (Section 4).

For low alfvénic Mach numbers of the upstream flow and a sufficiently small inclination angle of the magneto-
spheric field against the upstream flow direction, one of Triton's Alfvén wings may penetrate into the upstream
region. We demonstrated that in this case, the incident plasma is deflected toward Triton near the upstream wing
and away from the moon near the downstream wing. This asymmetric flow pattern can lead to the formation of a
wake cavity that is tilted away from Triton's geometric plasma shadow. Since Triton's interaction is nearly satu-
rated, the flow velocity within both Alfvén wings is aligned with the wing axes. Thus, the upstream wing serves
as a "channel” that directs the incident flow toward the moon where it is ultimately absorbed. We found that the
displaced wake may be present during extended intervals of Triton's orbit around Neptune.

The notion of a displaced plasma wake at Triton has been put forward by two independent approaches: numerical
hybrid simulations (Liuzzo et al., 2021) and analytical work, starting from first principles. However, since the
tour of the Voyager 2 spacecraft did not include any close Triton flybys, the existence of such a structure currently
remains within the realm of theory. Nonetheless, our work suggests that future missions to the Neptune-Triton
system may be able to reveal fundamentally new interaction signatures that do not occur, for example, at the
Galilean moons. Indeed, the mechanism proposed here should be observable at numerous moons of Uranus and
Neptune: the displaced wake can form whenever an obstacle is exposed to a flow with low M, and sufficiently
small tilt of the upstream velocity against the magnetospheric field (see, e.g., Connerney et al., 1987; Connerney
et al., 1991). We emphasize that a moon generating this kind of interaction is not required to possess a dense
ionosphere: if the ambient magnetic field is not too strong, even a pure plasma absorber triggers Alfvén wings
(Simon et al., 2012). Therefore, the ice giant magnetospheres provide formidable “plasma laboratories” to study
this novel type of moon-magnetosphere interaction.

Titan is the only moon in the outer solar system that was already visited by spacecraft and may occasionally fulfill
Condition (16) for the onset of displaced wake formation. During the few Titan flybys where a complete set of
upstream parameters could be obtained from Cassini observations, the moon was exposed to a super-Alfvénic
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magnetospheric plasma (e.g., Neubauer et al., 2006; Kallio et al., 2007). However, there is evidence that the
Alfvénic Mach number along Titan's orbit can drop to as low as M, = 0.28 (see Table 6 of Arridge et al., 2011).
Thus, a deviation of only 9, =~ 16° from the u, 1B, scenario would be sufficient to initiate, for example, south-
ward flow deflection in the moon's northern Alfvén wing. This condition on the field inclination alone was
met during an overwhelming number of Cassini flybys (Kabanovic et al., 2017; Simon et al., 2010; Simon, van
Treeck, et al., 2013). However, apart from the absence of flyby-to-flyby information on the value of M, most of
Cassini's upstream encounters occurred at altitudes below one moon radius (Simon et al., 2015). Therefore, the
spacecraft may not have intersected the region where the flow in a possible upstream wing is deflected toward
Titan. Besides, the moon's environment is perturbed by strongly variable (and so far, largely unpredictable) mag-
netospheric upstream conditions, evolving on time scales that range from minutes to hours (Simon et al., 2010).
Titan's exposure to such a highly dynamic environment may render the identification of a displaced wake cavity
infeasible. Besides, this kind of wake signature cannot occur at the Terrestrial moon or any other body that is
exposed to a highly super-Alfvénic plasma flow (M, > 1): in this case, the Alfvén conductance becomes zero
and no Alfvén wings are formed. However, the displaced plasma wake may be an ubiquitous feature of the sub-
Alfvénic interaction between exoplanets and their host stars (e.g., Saur et al., 2013).

Appendix A: Flow Deflection for a Saturated Interaction

As shown in Figures 4 and 5, when the interaction is saturated (a* = 0) the deflected flow in both wings moves
precisely along the Alfvén characteristics Z*. In particular, this means that the entirety of the flow deflected
inside of the Z~ wing tube is channeled toward Triton and ultimately absorbed. Here we demonstrate analytically
that in the case of a saturated interaction, the flow velocity within the wing tubes is perfectly (anti)aligned with
the respective characteristic.

For a¥ = 0, the components of the bulk velocity within the wing tubes read

Bycosd \/1 +M,24¢2MASinz9—1
+ .

W= (A1)
VHomom . J1 4 M2 F2My sin 9
and
(\/1 + M2 F2Mysin 1> (M T sin9)
o B ’ (A2)
V Honom \/1+ M; F2M,sin

respectively. Hence, we find

uy cos 9

uF |~ sind F M, (A3)

for § > §_ = arcsinM,. The angle between the upstream flow direction (+x) and the Alfvén characteristics (see
Figure 5) can be expressed as
cos (9 F9%)

tan (90° —19i19j) = —sin (19$19¢) . (AD)
A

Making use of
. — oF sind F My
Sln(19+19A>= (A5)
V1 M;F2M,isin
and
cos (9 F 9%) = cos (A6)
1+ M2 F2Mysin
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then yields

cosd

t 90°-9+9") = ———.
an( * A) sind ¥ My (A7)

Expressions A3 and A7 for the angle against the upstream flow direction are identical.
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The work presented in this manuscript is based on purely analytical ("with paper and pen”) calculations, that is,
we did not produce any data sets. The plots shown in Figures 2, 4, and 5 have been generated using the Wolfram
Mathematica software. All plotting routines and visualizations are embedded in the Mathematica scripts, an an-
notated version of which can be downloaded at https://doi.org/10.5281/zenodo.5090898.
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