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Abstract We develop an analytical model of the Alfvén wings generated by the interaction between

a moon’s ionosphere and its sub-Alfvénic magnetospheric environment. Our approach takes into account
a realistic representation of the ionospheric Pedersen conductance profile that typically reaches a

local minimum above the moon’s poles and maximizes along the bundle of magnetospheric field lines
tangential to the surface. By solving the equation for the electrostatic potential, we obtain expressions

for various quantities characterizing the interaction, such as the number flux and energy deposition of
magnetospheric plasma onto the surface, the spatial distribution of currents within the Alfvén wings and
associated magnetic field perturbations, as well as the Poynting flux transmitted along the wings. Our
major findings are: (a) Deflection of the magnetospheric plasma around the Alfvén wings can reduce the
number flux onto the surface by several orders of magnitude. However, the Alfvénic interaction alone
does not alter the qualitative shape of the “bullseye”-like precipitation pattern formed without the plasma
interaction. (b) Due to the deflection of the upstream plasma, the energy deposition onto the moon’s
exosphere achieves its minimum near the ramside apex and maximizes along the flanks of the interaction
region. (c) Even when the ionospheric conductance profile is continuous, the currents along the Alfvén
wings exhibit several sharp jumps. These discontinuities generate spikes in the magnetic field that are still
observable at large distances to the moon. (d) The magnitude and direction of the wing-aligned currents
are determined by the slope of the ionospheric conductance profile.

1. Introduction

The Galilean moons of Jupiter and the largest satellites of Saturn are located within their parent planets’
magnetospheres where they are continuously overtaken by a partially corotating plasma flow. The obstacle
that a moon represents to this incident magnetospheric plasma can consist mainly of its dense atmos-
phere and ionosphere, as is the case at Jupiter’s volcanic moon Io (Blocker et al., 2018) and Saturn’s largest
moon Titan (e.g., Neubauer et al., 1984, 2006; Simon et al., 2015). At Europa, Ganymede, and Callisto
the resulting ionosphere-magnetosphere interaction is modified to a varying degree by permanent or in-
duced magnetic moments from the objects’ interiors and ionospheres (e.g., Hartkorn & Saur, 2017; Kivel-
son et al., 1999, 2002; Liuzzo et al., 2016; Zimmer et al., 2000). The neutral gas envelopes of, for example,
Saturn’s icy moons Tethys, Dione, and Rhea are so dilute that newly produced ions can be treated as test
particles and the observed magnetic field perturbations arise almost exclusively from absorption of the
impinging magnetospheric flow at the moons’ surfaces (e.g., Krupp et al., 2020; Roussos et al., 2008; Simon
et al., 2009; Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer, et al., 2011). If the combination of
ambient magnetic field strength, upstream plasma density and temperature is favorable, such an absorp-
tion-driven interaction alone may still generate weak Alfvén wings, as observed by the Cassini spacecraft at
Rhea (Khurana et al., 2017; Simon et al., 2012). However, the present study focuses on interaction scenarios
where the obstacle to the plasma flow is represented mainly by the moon’s atmosphere and ionosphere.

The sub-Alfvénic interaction of a moon’s ionosphere with the impinging magnetospheric plasma gener-
ates two Alfvén wings, that is, a system of non-linear, standing Alfvén waves that connects the moon to its
parent planet’s polar ionosphere (e.g., Neubauer, 1980, 1998, 1999 and references therein). At distances to
the moon where the magnetospheric magnetic field B, can still be treated as (approximately) uniform, the
plasma and field perturbations associated with these wings exhibit translational invariance along the two
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Alfvén characteristics u, + v, ,, where u,, denotes the upstream velocity vector of the unperturbed magne-
tospheric flow and v, , represents the Alfvén velocity (Neubauer, 1980). In other words, when looking into
the directions of the wing characteristics, the Alfvénic perturbations do not fade away with distance from
the obstacle. This important property has already been applied to search for, for example, plasma interaction
signatures of plumes at Enceladus (Kriegel et al., 2011, 2014; Simon, Saur, Kriegel, et al., 2011; Simon, Saur,
Neubauer, et al., 2011) and Europa (Blocker et al., 2016) in magnetic field data from remote flybys of these
moons.

While a broad variety of numerical models have been applied to study sub-Alfvénic moon-plasma interac-
tions at Jupiter (e.g., Arnold et al., 2019; Liuzzo et al., 2016, 2018; Poppe et al., 2018; Rubin et al., 2015) and
Saturn (e.g., Krupp et al., 2020; Roussos et al., 2008; Simon et al., 2009), numerous key properties of the
Alfvén wings can already be captured through idealized analytical models (i.e., “with paper and pen”). Such
analytical solutions of the incompressible magnetohydrodynamic equations are particularly helpful in elu-
cidating the fundamental physical processes involved in a moon’s plasma interaction, such as the depend-
ency of the magnetic field perturbations on key parameters like the Alfvénic Mach number M,, the Alfvén
conductance X4, or the moon’s ionospheric conductance profile. A first step in this direction was made by
Saur et al. (1999): Building upon the original studies of Neubauer (1980, 1998), these authors derived an
analytical expression for the electrostatic potential i near Io’s Alfvén wings and applied it to constrain the
reduction of the electric field within the wings and the deflection of the upstream plasma flow. In this way,
Saur et al. (1999) were able to highlight the importance of asymmetries associated with the ionospheric Hall
effect for the interpretation of plasma and magnetic field observations from flybys of Io.

Neubauer (1998) showed that the properties of a moon’s Alfvén wings are determined exclusively by the
Pedersen (Xp) and Hall (Xy) conductances (height-integrated conductivities) of its ionosphere. In other
words, the flow deflection pattern and the field perturbations near the Alfvén wings are identical for two
different ionospheric conductivity distributions, as long as the (height-integrated) conductance profiles are
the same. The Pedersen and Hall conductances of a planetary moon’s ionosphere are obtained by integrat-
ing the local Pedersen and Hall conductivities along the segments of the magnetospheric field lines that
thread the ionosphere (e.g., Saur et al., 1999; Simon, 2015). As illustrated in Figure 6 of Neubauer (1998),
Figure 1 of Simon (2015), and Figure 1 of Blocker et al. (2016), the Pedersen and Hall conductance profiles
exhibit a “suspension bridge”-like shape. The values of the conductances assume local minima above the
moon’s poles where the magnetospheric field is perpendicular to the surface (assuming the ambient field
B, to point mainly in north-south direction). Both conductances then increase monotonically with radial
distance from an axis through the poles and achieve their maxima along the bundle of magnetospheric field
lines tangential to the surface of the moon (hereinafter referred to as the “moon’s fluxtube”). At the surface
of the moon’s fluxtube, the magnetospheric field lines no longer intersect the solid body. Therefore, the
length of the integration path along the field lines is largest, causing a sharp peak in the conductances. Out-
side of the moon’s fluxtube, the ionospheric conductances typically drop monotonically with distance from
the obstacle, due to the decreasing path length of the magnetic field lines within its neutral gas envelope.

In their initial analytical model, Saur et al. (1999) approximated this conductance profile with a piecewise
constant function, setting Xp and Xj; to non-vanishing and uniform values within a circular region repre-
senting the moon’s ionosphere and to zero outside. While such a “box-like” ionosphere model is highly suit-
able to identify the cause of any asymmetries in the deflected flow pattern, it also generates an artificial set
of rotational discontinuities in the magnetic field at the transition from non-vanishing to zero ionospheric
conductance (Saur et al., 2007; Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer, et al., 2011; Si-
mon, 2015). The occurrence of these artificial magnetic discontinuities is particularly problematic when the
interaction between the moon and its magnetospheric environment also involves the formation of actual
physical jumps in the magnetic field components. A prominent example are the rotational discontinuities
generated by plume-plasma interactions at Enceladus (Saur et al., 2007; Simon, Saur, Kriegel, et al., 2011;
Simon, Saur, Neubauer, et al., 2011; Simon et al., 2014) and Europa (Arnold et al., 2019; Blocker et al., 2016;
Jia et al., 2018).

The work of Saur et al. (1999) gave rise to a series of follow-up analytical studies that applied piecewise con-
stant ionospheric conductance profiles of successively increasing complexity to investigate various aspects
of sub-Alfvénic moon-plasma interactions. By transforming the original equation for the Alfvén wings’

SIMON ET AL.

2of 27



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA029191

electric potential ¥ to elliptical coordinates, Saur (2004) investigated how the shape of the box-like iono-
sphere region (circular vs. elliptical) affects the current systems that connect the moon to its parent planet’s
ionosphere. Subsequently, Saur et al. (2007) modeled the magnetic field perturbations generated by the
north-south asymmetry of Enceladus’ magnetospheric interaction, caused by the south-polar plume. These
authors proposed the existence of - subsequently observed — magnetic discontinuities at the surface of this
icy moon’s fluxtube. Simon, Kriegel, et al. (2013), Simon, Saur, Kriegel, et al. (2011), and Simon, Saur, Neu-
bauer, et al. (2011) applied a similar analytical approach to constrain the contribution of negatively charged
dust grains in the Enceladus plume to the magnetic perturbations observed by the Cassini spacecraft. Their
work revealed a reversal in the sign of the Hall conductance Xy (and associated magnetic perturbations)
once a sufficiently large fraction of the magnetospheric electrons is attached to the dust grains. So far, the
most complex iteration of the analytical model with piecewise constant conductances was more recently
presented by Blocker et al. (2016): These authors represented Europa’s ionospheric conductance profile
as a step function with 11 different levels, thereby mimicking the exponential decrease of Xp and Xy with
distance from the moon’s fluxtube. Blécker et al. (2016) applied their model to identify possible magnetic
signatures of plume-plasma interactions in Galileo data from the non-targeted E25A flyby which occurred
at a distance of more than six Europa radii. Treating the obstacle to the flow as a “box” with constant Ped-
ersen conductance and zero Hall conductance, Saur et al. (2013) provided a comprehensive analysis of the
energy flux transmitted by an exoplanet toward its host star when exposed to a sub-Alfvénic stellar wind.

Simon (2015) searched for an analytical description of the electric potential and the magnetic field pertur-
bations in a moon’s Alfvén wings that takes into account a more realistic representation of the continuous,
“suspension bridge”-like ionospheric conductance profile. Assuming the ambient magnetospheric field B,
to point strictly in north-south direction, this author applied a sequence of power laws (with different expo-
nents) to emulate the dependency of the Pedersen conductance Xx(r) on the distance r from an axis through
the moon’s poles. As demonstrated by Simon (2015), a “pawn sacrifice” is required to find an analytical
description of the potential i for a continuous Pedersen conductance profile: The ionospheric Hall conduct-
ance needs to be set to X = 0. This step eliminates any asymmetries in the flow pattern and magnetic field
between the moon’s planet-facing and planet-averted hemispheres that would otherwise be caused by the
ionospheric Hall effect. Thus, if the exosphere and ionosphere do not possess any hemispheric asymmetries,
the plasma perturbations caused by the interaction are the same on both sides of the moon. The ionospheric
Hall effect was found crucial in interpreting certain aspects of the magnetic field perturbations observed
at Io and Enceladus, especially the signatures generated in the field component along the moon-planet
line (Kriegel et al., 2011, 2014; Saur et al., 1999; Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer,
et al., 2011; Simon et al., 2014). However, a major advantage of the approach of Simon (2015) is that - since
the ionospheric conductance profile is continuous everywhere — the model does not produce any artificial
discontinuities in the magnetic field.

Simon (2015) applied their model to study the hemisphere coupling effect at Enceladus, that is, the currents
on the surface of the moon’s fluxtube that stem from the partial reflection of the northern Alfvén wing
(generated by the Enceladean south-polar plume) at the moon’s non-conducting icy surface. However, the
approach of Simon (2015) is far more suitable at, for example, Europa where the ionospheric Pedersen
conductance clearly exceeds the Hall conductance (Kivelson et al., 2004) and the notion of a symmetric
flow pattern is more adequate. In addition, their study focused entirely on establishing upper limits for the
magnitude of the surface currents and the strength of the associated discontinuities in the magnetic field.
Other important quantities, such as the flow pattern, the spatial distribution of the plasma flux onto Ence-
ladus’ surface, or the Poynting flux radiated away by interaction, were not discussed. However, the analyt-
ical approach provides straightforward access to these quantities as well, allowing to easily constrain their
dependency on the parameters of the upstream flow and the obstacle. This is particularly important since
the output of numerical models of moon-magnetosphere interactions is, to a certain degree, affected by the
choice of boundary conditions required to incorporate the solid body of the obstacle into the plasma simu-
lation. Since an analytical approach is not subject to such constraints, it allows to identify fine structures in
the plasma flow pattern, current systems, and magnetic field that would otherwise be partially shrouded by
the applied boundary conditions or insufficient resolution of the simulation grid.
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Building upon the work of Simon (2015), the goal of our study is therefore to determine analytical expres-
sions for important properties of sub-Alfvénic moon-magnetosphere interactions when a continuous ion-
ospheric Pedersen conductance profile is taken into account. In addition to the Alfvén wing currents and
associated magnetic perturbations, we shall focus on the deflection pattern of the magnetospheric plasma,
the number and energy fluxes of the flow onto the moon’s surface as well as the Poynting flux radiated away
along the Alfvén wing characteristics. While we strive to explore the fundamental physics of sub-Alfvénic
moon-magnetosphere interactions rather than analyze a specific spacecraft data set, the insights provided
by our study should significantly facilitate understanding of in-situ observations from future flybys of Ju-
piter’s (e.g., during the Europa Clipper or JUpiter ICy moons Explorer [JUICE] missions) and Saturn’s icy
moons.

This study is structured as follows: In Section 2, we identify a new class of solutions for the electric poten-
tial ¢ near the Alfvén wings. In contrast to the approach of Simon (2015), this type of solution no longer
describes the Pedersen conductance Xp(r) as a sequence of polynomials, but is based on an exponential form
of the conductance profile. This approach is, in part, complementary to the work of Bldcker et al. (2016):
These authors showed that Xp(r) outside of Europa’s fluxtube can be approximated by an exponential pro-
file, but represented it with a piecewise constant function in their analytical calculations. The solution for
P(r) is then used to calculate various physical quantities describing the moon-magnetosphere interaction.
In Section 3, we present a case study that applies this analytical model to Europa’s interaction with Jupiter’s
magnetospheric plasma sheet. The physical mechanisms that shape, for example, the field perturbations
and currents, the plasma’s number and kinetic energy flux onto the surface, and the electromagnetic Poyn-
ting flux are discussed in detail. Section 4 concludes our study with a brief summary of its major findings.

2. Model Description

In this section, we solve the differential equation for the electrostatic potential  near the Alfvén wings
for an exponential conductance profile and derive expressions for associated physical quantities. Before
going into the mathematical derivation, the underlying assumptions and simplifications of the analytical
approach are briefly reviewed in Section 2.1. For a more detailed discussion of the basic principles of this
model, the reader is referred to preceding publications from this series cited in the introduction, with the
latest update provided in sections 1 and 2 of Simon (2015).

The Cartesian coordinate system applied throughout this work is the Satellite Interaction System {x, y,z}
, the origin of which is located at the center of the moon. The unit vectors of this coordinate system are
referred to as {e,.e,.e.}. The (+x)-axis is aligned with the uniform bulk velocity ¥, = e, of the magneto-
spheric upstream plasma. The (4z)-axis points northward. The ambient magnetospheric field B, = —B,e, is
assumed to be uniform and to point southward, that is, it is aligned with the negative z-axis. The (+y)-axis
completes the right-handed system, pointing toward the moon’s parent planet (assuming an approximately
circular orbit). Thus, the unperturbed convective electric field E, = —u, x By = —uyBye, is antiparallel to
the y-axis. The electric potential ¢, in the undisturbed upstream plasma is therefore given by 1, = uoBgy and
is related to the observable vector quantities of the unperturbed flow through Vy, = B, x u,,. We also intro-

duce polar coordinates (7, ¢) in planes perpendicular to the magnetospheric background field: x = rcos¢,

y = rsin¢g, where r = \[xz + yz, cosg =x/ Jx2+ yz, and sing =y / \lx2 + yz. The normalized covariant

basis vectors of this polar coordinate system are referred to as ¢, (radial) and e, (azimuthal), respectively.

2.1. Underlying Assumptions and Simplifications

Throughout this study, the obstacle represented by the moon is assumed to consist exclusively of its (spa-
tially non-uniform) ionospheric Pedersen conductance Xp(r). We treat the moon as being devoid of any per-
manent or induced magnetic moment, although such internally generated magnetic fields were observed
at Ganymede (Kivelson et al., 2002), Europa, and (likely) Callisto (Liuzzo et al., 2016; Zimmer et al., 2000).
Consequences of this assumption are discussed in Section 2.4.

Our analytical model assumes the magnetic field perturbations §B associated with the Alfvén wings to
be much weaker than the magnetospheric background field B,. Thus, the Alfvénic Mach number of the
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upstream flow needs to fulfill M, < 1. In this case, the field lines of the magnetospheric background field B,
(which are aligned with the z-axis) still approximately coincide with the isolines of the electrostatic poten-
tial 1. In other words, 1 = 1(x, y) depends only on the two coordinates perpendicular to the magnetospheric
field, and the electric field can be expressed as

E=—Vyy =¥ + ¥, L )
ox oy —

The conductance profile Zp(r) of the moon’s ionosphere is assumed to be axially symmetric, that is, it de-

pends only on the distance r = y/x> + y* to the z-axis. In analogy to Simon (2015) we take into account a
non-trivial radial dependency of the ionospheric Pedersen conductance to approximate a realistic shape
of the “suspension bridge”-like ionospheric conductance profile. However, this happens at the expense of
neglecting asymmetries in the flow pattern and magnetic field caused by the Hall effect (X = 0).

Also, the model considers only the perturbations generated by the Alfvénic component of the interaction
alone, that is, additional (compressional) contributions to the flow deflection and magnetic field through
transverse currents in the moon’s ionosphere are not taken into account. While the perturbations gener-
ated by local current systems near the moon can, in principle, be incorporated into the model formalism,
this step can be completed only numerically (Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer,
et al., 2011). Thus, the model would lose its major advantage over magnetohydrodynamic or hybrid plasma
simulation codes that can readily accommodate a way more detailed (but less accessible) description of the
involved physics. However, we will revisit this simplification in Section 2.4.

2.2. Governing Equations

Treating the Alfvénic interaction as symmetric between the moon’s planet-facing (y > 0) and planet-averted
(y < 0) hemispheres, Simon (2015) showed that the electric potential can be expressed as ¥(r, $) = A(r)sing,
where the radial component A(r) can be obtained from the ordinary differential equation

dA() A _

FER @

1 1 d
—5 A0+ {7 + ;m(zm)}

with 2(r) = Zp(r) + X,, see Equations 17-20 in that work. The parameter
1

3
HoVao M/% +1

is the Alfvén conductance (see Neubauer, 1980). At this point, the conductance profile X(r) needs to be spec-
ified in order to solve for A(r). While Simon (2015) assumed a power law dependency (2(r) & r* with a con-
stant exponent x), here we develop a new class of solutions that uses an exponential conductance profile:

Xy =

X(r) = aexp(ﬂr). 4)

In this expression, a and 8 denote given constants. While the properties of the resulting solution for (r, ¢)
are qualitatively similar to those described in Simon (2015), having a second, independent class of solutions
available for ¢(r, ¢) provides additional degrees of freedom in adjusting the model parameters to the specif-
ics of an observed interaction scenario.

Using Equation 4, the expression for the radial part of the potential becomes

2
1 }d/\(r) CAC) _ )

1
—— A +| =+ +
r2 ") L p dr dr?

As demonstrated in detail in Appendix A, the general solution of this equation can be written as
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K, (ﬂr - 1) + K, exp(—ﬂr)

r

(6)

A(r) =

with constants of integration K; and K,. We now apply Equation 4 to emulate the “suspension bridge”-like
conductance profile in the ionosphere of a moon of radius R;. For this purpose we set

(ZP,O +2, )exp(ﬁr) -2,  r<R (region )
Zp(r) = yexp(—5r) -Z, i R <r<R, (regionll) |,
0 ; Ry <r (region III) ™

where the constant X», describes the Pedersen conductivity, integrated exactly along the z-axis, in one of
the moon’s hemispheres (Saur et al., 1999). The positive constant § is a free parameter that can be adjusted
to match observations constraining the steepness of the ionospheric conductance profile within the moon’s
fluxtube. The parameter R, denotes the radial distance to the z-axis where the neutral density in the moon’s
exosphere and hence, the Pedersen conductance, drop to zero. The parameters y and & need to be deter-
mined such that X(r) is continuous at r = R; and vanishes at » = R,. We find

Tpo+ 32
]n[m]+ﬁ]gl
5= .

2A
R2 - Rl

®)

Yy =24 exp(é‘Rz) and

This result shows & > 0, that is, the modeled conductance profile does decay with distance r outside of the
moon’s fluxtube and hence, has the anticipated shape of a “suspension bridge.”

We now calculate the radial component A(r) (Where i = I, II, IIT) of the potential ¢; in the three coaxial
cylinders defined by Equation 7. While in region (I), the analytical form of A(r) is given by Equation 6, the
expression

—K3(6r + 1) + K, exp(é‘r)

r

©)

Ay(r) =

with constants K, K, satisfies the potential equation in region (II). In region (IIT), the radial component of
Yyr can be expressed as

K
Ay (r) = Egr + = (10)
r

with another constant of integration K (see, e.g., Saur et al., 2007 or Simon, 2015). The quantity E, = u,B,
denotes the magnitude of the undisturbed convective electric field.

The constants Kj, K;, K3, Ky, and Ks can be determined from the various boundary conditions of the po-
tential problem. Since our setup does not include any delta-like singularity at the center r = 0 of the con-
ductance profile, the solution for A,(r) needs to remain finite at that point. Applying de I'Hopital’s rule to
Equation 6 then yields K; = K, and thus,

pPr —1+ exp(—pfr)

r

A(r) = K, (11)

In addition, the potential ¢; needs to be continuous at the boundaries between different regions, implying

/\1(" = Rl) =Ay (r = Rl) and Ay (r = RZ) = A (r - Rz)' 12)
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At the transition between different regions, the potential also needs to satisfy boundary condition (A2) from
the work of Saur et al. (1999). As shown by Simon (2015), for the case of a continuous conductance profile
this condition reduces to

dA, ()| _ A,
dr

dA, ()| dAy )
dr | and dr | dr ’ (3)

r=Ry r=R| r=Ryp r=Ry

that is, the radial component of the electric field is continuous across the interfaces between different cylin-
ders. Thus, in contrast to the box-like conductance profiles used by, for example, Saur et al. (1999) or Simon,
Saur, Kriegel, et al. (2011), or Simon, Saur, Neubauer, et al. (2011), the cylinder mantles r = R; and r = R,
do not carry any surface charges.

Including the expressions for A,(r) into the boundary conditions then yields a linear system of equations for
the remaining four constants K = (1(1,1{3,1(4,1(5 ),

s K=c (14)
where the constant matrix ¢ is given by
PR -1+ exp(—ﬂRl) OR, +1 —exp(éRl) 0
0 ~(6R, +1) exp(SR,) -1
Sl as)
Z | 1—(BR, +1)exp(-BR,) -1 ~(0R, —1)exp(SR,) 0
0 1 (OR, —1)exp(SR,) 1

and the inhomogeneity vector reads ¢ = (0, E,R5,0,EoR5 ) This system can be solved for K, for example,
by using a computer algebra system. However, for the sake of brevity, we refrain from providing the lengthy
expressions for the four constants here. The explicit expressions for these constants are not required to un-
derstand the ideas of the following derivations.

The solution for ¢i(r, ) = A(r)sing (where i = I, II, IIT) can now be applied to calculate various quanti-
ties of the Alfvénic interaction. As shown by Simon, Saur, Kriegel, et al. (2011); Simon, Saur, Neubauer,
et al. (2011), the magnetic field B = (Bx,By, Bz) near the Alfvén wings is given by

2 2
1 — 2 252 1 (aWJ oy, oy,
B, = ————=1FM, |By — pZai———| — | +|—==| ; T 21—+ ; 16
'—Mi-kl AP0 0%~A M§+1 o oy /u()Aay (16)

1 5 oy,

T Ho=a— > 17
M3 +1 ox an

B, = 7

2 2
1 2 252 1 [51//-] (64//- oy;
PSR NS N PS8 N N (78 N (78 B SRS 1 s
z ’—Mi+1 0~ Hoxa M2 1\ ox 2 atloZa o

In these expressions, the upper sign always refers to the northern wing, whereas the lower sign denotes the
southern wing. One readily verifies the incompressible nature of the Alfvénic perturbations, that is, 1_3| = B,
The partial derivatives in Equations 16-18 can be calculated from our expressions for A,(r), Ay(¥), and Ap(r)
according to
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% = sin¢cos¢{%—%Al} and % = sin%ﬁ{%—%A,}-r%Ai, (19)

where again i = I, II, III. It is noted that neither of the two derivatives diverges along the symmetry axis r = 0
of the conductance profile. We find

lim 22 g, lim{z i G 2)eXp(_'Br)}sin¢cos¢ =0 (20)
r>0 Ox r—>0 2
and
lim oy, = K, lim{z - pr- (ﬂr + 2)exp(—ﬂr) sin2 ¢ + W} = Klﬂ_z' (21)
r—0 Oy r—0 2 2 2

The potential 1(x, y) can be used not only to calculate the magnetic field, but also the bulk velocity u(x,y)
of the deflected magnetospheric plasma. Using the constancy of the Elsésser variables Z. (see Equation 5
in Neubauer, 1980),

__B
ce \//10/00 ’ @

we can solve for the flow field u(x, y):

e s BB o)
U=iuyxt=F—.
N HoPo

In these expressions, p, denotes the mass density of the (incompressible) magnetospheric plasma flow,
whereas the upper and lower signs again refer to the northern and southern wings, respectively.

The solution for y/(r,¢) also determines the currents j; along the Alfvén wing characteristics. Without loss
of generality, we restrict our discussion to the southern wing. In the northern wing, the sign of the wing-
aligned currents would simply be reversed. According to Equation 9 of Neubauer (1980), these currents can
be expressed as

Ji = ~Zpap. (24)

In our setup we find

. 1o oA 1.,
Jii = ~Za {75&?] - r—zAz}Sln¢ (25)

for the respective region (i = I, II, IIT) of the conductance profile. More specifically, this expression yields

i ZAKlﬂl - (pr +izexp(‘ﬂr) sing = ZAﬂ%sinqﬁ 26)

for region I where the Pedersen conductance increases with distance r from the z-axis. In region I where
Zp(r) gradually decreases to zero, we find

K, + K,(or —1)exp(or A
i = =240 2+ Kl 2 Jera( )sin¢ =-Z,0 66 i
r r

sin ¢. @7
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In agreement with, for example, Simon (2015) the currents along the wing characteristics vanish outside of
the exosphere (r > R;), that is, jj iy = 0. Making use of the continuity of 0A;/0r at the boundaries between
adjacent cylinders, Equations 26 and 27 reveal that the currents along the wing characteristics are discon-
tinuous at the interface of regions I and II, with the height of the jump given by

(j\l,l = Jiv )|"=R1 =Z, (ﬂ + 5)% sing. (28)

r r=Ry

The wing-aligned currents abruptly change their direction when moving from the ascending flank to the
descending flank of the ionospheric conductance profile. While the magnetic field components are contin-
uous across this boundary, the change in the direction of j still generates a “spike” in the field. In addition,
the wing-aligned currents are discontinuous at the outer edge of the ionospheric conductance profile. As
can be seen from Equation 27,

|, gy, * 0 29

thereby generating another “spike” in the magnetic field. In other words, the changing sign of the slope of
2p(r) at the surface of the moon’s fluxtube as well as the “smooth” outer edge of the exosphere give rise to
discontinuities in the wing-aligned currents and cause associated signatures in the magnetic field. Due to
the translational invariance of the Alfvén wings along their characteristics, these signatures are observable
even at large distances to the moon. This opens an avenue to constrain, for example, the extension of a
moon’s gas envelope by using magnetic field observations from flybys through the distant Alfvén wings.
Details will be discussed in Section 3.5.

2.3. What This Model Can Do

The model developed in Section 2.2 allows us to provide a completely analytical description of the Alfvénic
plasma and field perturbations generated by the “suspension bridge”-like Pedersen conductance profile in a
moon’s ionosphere. Since the incident magnetospheric flow conditions as well as the steepness and ampli-
tude of the conductance profile are provided as input parameters for the calculations, this approach greatly
facilitates the analysis of the fundamental physical processes that are driven by various key properties of
the moon-magnetosphere system. In contrast to numerical models, extensive studies of the role that, for
example, a certain upstream parameter plays in the interaction can be completed in a matter of minutes.

Most importantly, the model operates independent of artificial boundary conditions that are required in nu-
merical models, and its output is not affected by, for example, too coarse grid resolution or an excess of nu-
merical diffusion. In principle, the properties of the “pure” Alfvénic interaction can also be extracted from a
numerical model, provided that the simulation domain encompasses a sufficiently large region around the
moon. Since the Alfvén wings are discernible only at large distances where the contribution of ionospheric
currents to the magnetic field has disappeared, this would require a simulation box with a size of tens of
moon radii, often at the expense of adequate grid resolution in the vicinity of the obstacle itself. Besides, the
ability of such a numerical approach to resolve, for example, any magnetic discontinuities at the surface of
the moon’s fluxtube would still be limited by the grid resolution and numerical diffusion. This represents a
significant challenge for numerical simulations of, for example, the surface currents generated by Encela-
dus’ magnetospheric interaction (Kriegel et al., 2014; Saur et al., 2007; Simon et al., 2014).

2.4. What This Model Can Not Do

The analytical model captures only the Alfvénic (incompressible) component of a moon’s magnetospheric
interaction. In isolation, the associated plasma and field perturbations can be observed only in the “Alfvénic
far field,” that is, at a distance of several moon radii where the contributions of transverse currents in
the obstacle’s ionosphere have faded away (Neubauer, 1980). In the immediate vicinity of the moon, the
wing-aligned currents couple to ionospheric Pedersen and Hall currents (Neubauer, 1998; Saur et al., 1999;
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Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer, et al., 2011) which generate additional (com-
pressional) perturbations in flow quantities and magnetic field. Examples of such “local” contributions to
the interaction are the formation of a magnetic pile-up region at the obstacle’s ramside and the associated
magnetic rarefaction region in its downstream hemisphere (e.g., Arnold et al., 2020). While the piled-up
field lines may locally enhance the deflection of incident magnetospheric particles around the moon (e.g.,
Paranicas et al., 2000), this effect cannot be captured within the framework of an analytical treatment.

Also, there is so far no analytical solution available for the incompressible, non-linear fluid equations that
explicitly takes into account the modification of the Alfvénic perturbations by a (permanent or induced) di-
pole field from the moon’s conducting interior. In the Alfvénic far field, such a dipole mainly causes a reduc-
tion in the cross-sections of the Alfvénic fluxtubes and a slight displacement of their locations with respect
to the moon, compared to the case of a “purely” ionospheric obstacle (Neubauer, 1999; Volwerk et al., 2007).
In principle, the shrinkage of the Alfvén wing tubes can be taken into account by reducing the radii R, and
R, of the region occupied by the obstacle. However, there is so far no simple method available to express the
Alfvén wing perturbations in terms of, for example, a moon’s induced magnetic moment. This limits the
applicability of the analytical approach to Ganymede which possesses a strong, permanent dipole moment
of its own. The induced magnetic moments observed at, for example, Callisto and Europa are time-varying
(Kivelson et al., 1999; Zimmer et al., 2000) and average out when considering a full synodic rotation. For
these two moons, the analytical model is highly suitable to describe the Alfvénic interaction for the “aver-
age” state of the system. This state is well represented by the induced magnetic moment being zero and the
moon being located at the center of the Jovian plasma sheet where the ambient magnetospheric field points
approximately southward (e.g., Kivelson et al., 1999, 2009), as assumed by our approach. Considering the
average state of the moon-magnetosphere interaction is helpful when analyzing physical processes that
take place on time scales of many synodic rotations, such as the erosion of the moon’s surface by incident
magnetospheric particles (e.g., Cassidy et al., 2013).

The restriction of the analytical approach to axisymmetric ionospheric conductance profiles precludes the
incorporation of ram-wake or day-night asymmetries in a moon’s neutral gas envelope, as identified at,
for example, Europa (Arnold et al., 2019; Plainaki et al., 2013; Rubin et al., 2015) or Callisto (Hartkorn
et al., 2017; Liuzzo et al., 2015). While the condition M, < 1 is well fulfilled at the inner Galilean moons of
Jupiter (Kivelson et al., 2004) and many icy moons of Saturn (Simon et al., 2015), Callisto and Titan were
found to be exposed to a super-Alfvénic magnetospheric plasma along at least part of their orbits (Arridge
et al., 2011; Kivelson et al., 2004; Simon et al., 2015). In such a scenario, the notion of the perturbations in
the flow pattern and magnetic field components being weak compared to the upstream values is no longer
applicable.

Our analytical model cannot capture the dynamics of magnetospheric particles with energies in the keV-
MeV regime, which are mostly governed by their large gyroradii (see, e.g., Paranicas et al., 2009). However,
the electromagnetic fields obtained from our approach can be incorporated into tracing simulations that
track the motion of these particles through a moon’s perturbed magnetospheric environment (e.g., Breer
et al., 2019; Liuzzo et al., 2019a, 2019b). In particular, including the analytical representations for the fields
in such a tracing model can provide an initial idea of how energetic particle dynamics are changed com-
pared to motion through uniform fields.

3. Case Study: Europa’s Magnetospheric Interaction

In this section, we explore how the “suspension bridge”-like Pedersen conductance profile Zx(r) of a moon’s
ionosphere maps into the Alfvén wings. We note that detailed comparisons of the (magnetic) interaction
signatures obtained for a “suspension bridge”-like conductance profile and earlier, box-like representations
of the model ionosphere are given by Simon (2015). Since the conductance profile applied in that preceding
study is qualitatively similar to the one employed here, we refrain from providing another detailed com-
parison to results from earlier iterations of the model. Instead, we focus on novel physical aspects of the
interaction which have not yet been analyzed in preceding publications.
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3.1. Model Parameters

As an example, we analyze the interaction between Europa (radius Ry = R; = 1,560.8 km) and its magne-
tospheric plasma environment. The upstream parameters chosen for our model setup are representative of
the center of Jupiter’s magnetospheric plasma sheet and have been adopted from Arnold et al. (2020) and
Blocker et al. (2016). The thermal magnetospheric ion population is assumed to consist of one singly charged
species of mass m = 18.5 amu and number density 1, = 60 cm™>, overtaking Europa at a relative velocity of
Uy = (IOOkm / s,0,0). In combination with a magnetospheric background field of B, = (0, 0, —450nT), these

values yield an Alfvén conductance of X, = 2.6 S and an Alfvénic Mach number of M, = 0.34. Thus, the
Alfvén wing characteristics are inclined against the north-south direction by only about arctan M, = 18.7°,
which is well within the realm of applicability of our model. We note that there is no consensus in the liter-
ature on the upstream plasma moments near Europa at a given distance to the center of the Jovian plasma
sheet (see, e.g., Bagenal & Delamere, 2011; Kurth et al., 2001; Roth, Retherford, et al., 2014). However, there
is agreement on the facts that the upstream flow is clearly sub-Alfvénic and that thermal ion gyroradii
are sufficiently small to capture numerous key features of the interaction within the framework of a fluid
approach (e.g., Kivelson et al., 2009). Choosing a different set of upstream conditions would only slightly
change the magnitudes and extensions of the modeled perturbation signatures near Europa, but would not
affect our general conclusions on the involved physics. The set of parameters chosen here was found suita-
ble to best visualize the underlying physical processes. We emphasize that the purpose of our investigation
is not to explain/reproduce a specific set of spacecraft observations (although the model can certainly be
applied in such a way).

Very little information on the Pedersen and Hall conductances of Europa’s ionosphere can be found in
the literature: Kivelson et al. (2004) and Saur et al. (2013) give a typical value of Xp ~ 30 S for the Ped-
ersen conductance, while the Hall conductance Xy is suggested to be about a factor of 3 smaller. Taking
a look at Equation 7, we set the “baseline” conductance to Xpy = 3 S and choose a value of 8 = 1/(3H)
for the steepness of the conductance profile within the Europa fluxtube. The parameter H denotes the
scale height of Europa’s neutral gas envelope. We assume a value of H = 100 km, consistent with the
models of Arnold et al. (2019, 2020) and Blocker et al. (2016). In agreement with Blocker et al. (2016)
and Saur et al. (1998, 2013), the ionospheric Pedersen conductance is set to disappear at a distance of
R, = Rp + 5H ~ 1.32Rp to the z-axis. Under these conditions, the average Pedersen conductance,

r=Ryp

Ep() == | Sp(rdr, (30)
R, r=0

has a value of (Zp(r)) ~ 185 S, which is larger, but still of the same order of magnitude as the value proposed
by Kivelson et al. (2004). While the resulting sub-Alfvénic interaction may be slightly stronger than in
reality, the chosen parameters were found to facilitate the identification of characteristic signatures in, for
example, the magnetic field and the energy flux pattern at the edges of the Europa fluxtube. We also note
that (Zp) > ¥, is fulfilled for either choice of (Xp), let it be 30 S or 185 S. Therefore, the interaction strength

(Zp)

a=—-—",
(Zp)+2%,

(1)

which (roughly) measures the electric field reduction within the Alfvénic fluxtubes and the associated “in-
tensity” of the flow deflection (see Equation A7 in Saur et al., 1999 and Equation 17 in Saur et al., 2013),
differs by only 12% between the two choices of the average Pedersen conductance: For (Xp) = 30 S, we find
a ~ 85%, whereas our choice of (Xp) ~ 185 S yields an interaction strength of o = 97%.

The obstacle that Europa’s ionosphere represents to the incident magnetospheric plasma consists mainly
of the steep outer flank of the conductance profile outside of the Europa fluxtube (r > R,) that is initially
encountered by the impinging plasma. Using Equation 8, the parameters Xy, 5, and R, chosen in our mod-
el setup yield a value of H =1/ & ~ 84km for the scale length of this exponential decay. The exponential

shape of the conductance profile and the value of H are consistent with Galileo observations of Europa’s
environment: As demonstrated by Blocker et al. (2016), an exponential decrease of the ionospheric con-
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ductance outside of the Europa fluxtube is required to explain the steep gradient seen in the magnetic field
during the Galileo E17 flyby. These authors also showed that the scale length H can be expressed as

| _ 5 __HH,
) H+H’ (2)

1

where H denotes the scale height of Europa’s neutral gas envelope and H; represents the scale height of the
moon’s ionosphere. Values for the neutral scale height, as documented in the literature, are in the range of
H =100-150 km (e.g., Arnold et al., 2019; Blocker et al., 2016; Saur et al. 1998). Based on six radio occulta-
tion observations during the Galileo mission, Kliore et al. (1997) determined a range of H, = (240 + 40)km
for Europa’s ionospheric scale height. Hence, possible values for H range from 67 km up to 98 km, which is
consistent with the choice of this parameter in our model. Our value of H ~ 84km is located approximately
in the middle of the range of “allowed” decay scales.

In other words, our assumed values for both, the radial extension of the ionospheric Pedersen conductance
profile (r = R,) and the length scale H = 1/ § of the exponential decay outside of the Europa fluxtube are
in agreement with actual observations. Having reconciled all free parameters of the conductance profile in
region III (y and 6, see Equations 7 and 8) with observations, this also implies that the modeled “amplitude”
of the conductance peak at r = R; is consistent with available data (although there are currently no direct
observations available of the Pedersen conductance at the edge of the Europa fluxtube). Our choice of the
free parameters in region I simultaneously allows to include an average Pedersen conductance (Xx(r)) of the
same order of magnitude as estimated by Kivelson et al. (2004). Thus, although no comprehensive model
of Europa’s ionospheric Pedersen conductance profile is currently available in the literature, our approach
is “anchored” as much as possible into observations from multiple Galileo instruments and results from
several preceding modeling studies. It is therefore very reasonable to consider the results of the following
sections to be quantitatively relevant for the actual plasma interaction scenario at Europa.

We also note that at Europa, the ionospheric Hall effect would not significantly alter our modeled magnetic
signatures and the deflection pattern of the magnetospheric flow. Assuming a “worst-case scenario,” that is,
a Hall conductance of (X)) = 10 S and a Pedersen conductance of only (XY = 30 S (Kivelson et al., 2004),
we find that the electric field £ within the Alfvénic fluxtube would be rotated by an angle of only

0= arctan{ﬂ} ~ 15.9° (33)
Epy+2Z,

against its direction (—€y) without the ionospheric Hall effect included (using Equation All from Saur
et al., 1999). However, the Hall effect may play a much more important role in the vicinity of local atmos-
pheric inhomogeneities (plumes), as discussed by Arnold et al. (2019) and Blocker et al. (2016).

The conductance profile Xp(r) resulting from these parameters is displayed in Figure 1. The profile is rota-
tionally symmetric around the z-axis. Thus, for a cut along, for example, the x- or the y-axis, the profile has
the shape of a suspension bridge (one half of which is shown in Figure 1). In three dimensions, the iono-
spheric conductance profile has the shape of a bowl or a basin. The value of X(r) peaks at the surface r = Rg
of the Europa fluxtube where the magnetospheric field lines no longer thread the solid body of the moon.

3.2. Model Validation: Electrostatic Potential and Flow Deflection

To demonstrate that the analytical model produces adequate results, Figure 2 displays the isolines of the
electrostatic potential ¥(x, y) in an arbitrary plane perpendicular to the z-axis. Due to the frozen-flux the-
orem Vy = u x B and the assumed two-dimensionality of the problem, these isolines coincide with the
streamlines of the flow field u(x,y). At large distances to Europa, $(x, y) is identical to the potential 1, = Eqy
of the unperturbed convective electric field, that is, the isolines (and flow contours) are parallel to the x-axis.
However, in the vicinity of the moon, the flow field is strongly deflected around the obstacle, with the de-
flection pattern being symmetric between the Jupiter-facing (y > 0) and Jupiter-averted (y < 0) hemispheres.
The spike in the ionospheric conductance profile at the surface of the Europa fluxtube provides efficient
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Figure 1. Pedersen conductance profile of Europa’s ionosphere in our model setup. The figure illustrates how Zx(r)

changes as a function of distance r = /x> + y* to the z-axis. The model parameters have been chosen as detailed in
Section 3.1.

shielding against the incident magnetospheric flow: Most of the isolines shown here are bent around the
“core region” r = R, of the Alfvén wing. From the set of isolines selected in Figure 2, only the one along the
x-axis does not alter its direction. However, the flow along the x-axis is strongly decelerated to velocities be-
low 10 km/s by the Alfvénic interaction (plot not shown here). The strong deflection of the magnetospheric
plasma around Europa is consistent with the large value of the interaction strength at the center of Jupiter’s
magnetospheric plasma sheet (@ ~ 97%), suggesting that only about 3% of the “incoming” streamlines may
still intersect the obstacle.

Taking a more quantitative look at the flow velocity, Figure 3 shows the components u, and u, along two
cuts parallel to the x-axis in the Jupiter-facing (Figure 3a) and Jupiter-averted (Figure 3b) hemispheres.
The u, profile (red) is identical in both cases: The flow is decelerated at the upstream flank of the Alfvén
wing (x < —R,), then accelerates as it passes the obstacle (—R, < x < +R,) and reduces its speed again at the
downstream side (x > R,). The u, component (blue) is exactly antisymmetric between the (y < 0) and (y > 0)
hemispheres, corresponding to a deflection away from Europa at the upstream side of the wing and a subse-
quent deflection toward the moon at its downstream side. The turning point between both directions of u, is
located at x = 0 where the flow field is parallel to the x-axis. This behavior is also consistent with the shape of
the isolines shown in Figure 2, demonstrating that the modeled flow field fully reproduces the expected fea-
tures of the sub-Alfvénic interaction under the assumption of Xy = 0. For two-dimensional visualizations
of the magnetic field components, the reader is referred to Figure 8 of Simon, Saur, Kriegel, et al. (2011).
Although based on a piecewise constant conductance profile, many properties of the magnetic field patterns
described in that preceding study are still qualitatively consistent with the output of our expanded model.

3.3. Number Flux of Magnetospheric Plasma

The precipitation of magnetospheric ions and electrons onto Europa constitutes a critical agent in weath-
ering its surface and releasing particles into its space environment (sputtering), ultimately contributing to
the moon’s exosphere and the neutral gas torus along its orbit (e.g., Cassidy et al., 2013; Dalton et al., 2013;
Johnson et al., 2009 and references therein). Numerous models attempting to constrain the spatial distribu-
tion of the magnetospheric charged particle flux onto Europa’s surface treat the ambient electromagnetic
fields as uniform, that is, they take into account neither any induced magnetic field from the moon’s in-
terior nor the perturbations generated by the interaction with the incident magnetospheric plasma (e.g.,
Cassidy et al., 2013; Plainaki et al., 2013; Pospieszalska & Johnson, 1989). However, in recent years several
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Figure 2. Isolines of the electrostatic potential ¢(x, y) in an arbitrary plane z = const perpendicular to the Alfvén
wing characteristics. The values of ¢ have been normalized to the potential EyRy of the unperturbed convective electric
field E, = —u, x B, at Europa’s Jupiter-facing apex (x = 0, y = +1Rg, z = 0). The solid black circle (radius r = R, = Rg)
denotes the projection of Europa onto the cutting plane, whereas the dashed black circle (radius r = R,) denotes the
outer boundary of the moon’s exosphere in our model. In contrast to preceding model formulations that take into
account the ionospheric Hall effect (see, e.g., Figure 3 in Saur et al., 2007) the deflection pattern is precisely symmetric
between the Jupiter-facing (y > 0) and Jupiter-averted (y < 0) hemispheres.

modeling studies have revealed that the electromagnetic field perturbations generated by an icy moon’s
magnetospheric interaction drastically alter the precipitation pattern of charged particles onto its surface,
compared to uniform fields (e.g., Breer et al., 2019; Liuzzo et al., 2019a, 2019b; Rubin et al., 2015). Not only
do these field perturbations partially shield the entire surface from charged particle irradiation, but they
can even generate “islands” of nearly zero magnetospheric ion flux that remain protected on time scales of
an entire orbit. A prominent example was recently described by Arnold et al. (2020) and Breer et al. (2019):
The plumes of water vapor that sporadically emerge from Europa’s surface (e.g., Roth, Saur, et al., 2014)
locally generate a “bulge” in the magnetic field that deflects impinging magnetospheric ions away from the
plume’s source region on the surface. In other words, the field perturbations associated with a plume may
shield any potential biomatter that has “rained down” onto Europa’s surface from alteration by precipitating
magnetospheric ions, at least as long as the source is active.

The magnetospheric plasma incident upon Europa contains ions with energies around or below E = 1 keV
(referred to as the “thermal” plasma) as well as an energetic component with E ranging from a few keV up
to several hundreds of MeV (e.g., Cooper et al., 2001; Paranicas et al., 2000). The interaction between the
thermal plasma and the moon’s exosphere is the root cause of magnetic field pile-up, draping and the purely
Alfvénic field perturbations observable at larger distances (e.g., Arnold et al., 2020; Blocker et al., 2016).
Many aspects of thermal ion dynamics near Europa can be captured within the framework of a continu-
um picture (e.g., Blocker et al., 2016; Rubin et al., 2015; Schilling et al., 2008). The energetic ion popula-
tion is so dilute that its dynamics can be treated in the test particle regime (e.g., Breer et al., 2019; Mauk
et al., 2004). However, the gyroradii of the energetic ions are generally so large that individual (macro)

SIMON ET AL.

14 of 27



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA029191

(a) ux and uy, northern wing, y = 1.5 Re
20+ SV
[ Uy,

150 - Uy

1.0}

0.5F

u/ug

T T T Y T T S A

0.0+

1
o
o
—
(O O O A N A

_1_07“‘\“‘\“‘|“‘“‘\“‘\“,\
-6 -4 -2 0 2 4 6

X (Re)

(b) ux and uy, northern wing, y = - 1.5 Rg
20 T T T T T T T T T T T T T T T T T
i LA 7Y

15[ ey

u/ug
o
o
T

I T S N T T T A T B

0.0+

I
o
o
T
I T I T B

qolb— v e b

X (Re)

Figure 3. Components of the bulk velocity u(x,y) of the magnetospheric plasma along the (a) y = +1.5Rg and (b)

y = —1.5Rg lines in an arbitrary plane z = const perpendicular to the northern Alfvén wing characteristic. Both cuts
are located slightly outside of Europa’s exosphere which “ends” at y = £R, = +1.32Rg. The components of u have been
normalized to the bulk velocity 1, = 100 km/s of the undisturbed magnetospheric upstream flow. The flow patterns in
the vicinity of the southern wing are identical to the ones displayed here.

particles need to be traced in order to determine their contribution to surface irradiation (Breer et al., 2019;
Cassidy et al., 2013). In this section, we therefore focus on constraining the role of the moon-magnetosphere
interaction in altering the thermal ion flux pattern onto Europa, compared to uniform fields.

As discussed in Section 2.4, the purely Alfvénic perturbations are discernible only at sufficiently large dis-
tances from Europa where the local contributions of Pedersen and Hall currents to field pile-up and draping
have vanished. Resolving the dynamics of magnetospheric ions in the complex field geometry near Europa
requires the application of numerical models. However, only very recently have the field perturbations been
acknowledged as a key component in determining surface irradiation patterns (Breer et al., 2019). To better
understand the underlying physical processes, it is therefore also relevant to constrain the contribution of
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Figure 4. Number flux of the thermal magnetospheric plasma onto the ramside (x < 0) of a system of coaxial cylinders, centered around the z-axis and located
at (a) Europa’s surface r = 1R, (b) r = 2Ry, (¢) r = 3Rp, and (d) r = 4Rg. The “perturbed” fluxes, taking into account flow deflection around the Alfvén wings, are
displayed in blue. In each panel, the red line illustrates the number flux that would be deposited by the uniform magnetospheric upstream flow. All quantities
displayed are normalized to nou,. Please note that the different radii of the cylinders lead to different ranges of the (horizontal) y-axis in each panel. Since the
magnetospheric field is exactly perpendicular to the upstream flow direction and thermal ion gyroradii (about 40 km) are negligible compared to the size of
Europa, the precipitation pattern is perfectly symmetric between the moon’s Jupiter-facing and Jupiter-averted hemispheres.

the Alfvénic perturbations in isolation to the deflection of (thermal) magnetospheric ions away from Eu-
ropa’s surface. The analytical model developed in Section 2.2 is highly suitable for this task. Here, we study
the depletion of the number flux of thermal magnetospheric plasma onto the surface, while Section 3.4
deals with the flux of kinetic energy carried by the flow.

To illustrate the attenuation of the thermal plasma’s number flux with distance to the surface, Figure 4
displays (in blue) the flux
(34)

F = n0|g ‘e, i, (x,y)cos¢ + uy(x,y)sin¢|

:no

through the ramside surfaces of a system of coaxial cylinders, located at r = 1Rg, 2Rg, 3Rg, 4Rg. In Equa-
tion 34, u, and u, denote the components of the bulk velocity  at the respective location. For reference, we
also show (in red) the “baseline” flux

(35)

that would be deposited by the undisturbed upstream flow (moving at velocity uye,) onto the respective
location. As pointed out by Cassidy et al. (2013), the unperturbed flux of thermal magnetospheric ions
onto Europa’s surface forms a “bullseye” pattern around the ramside apex, that is, the flux peaks at point

Fo = noiy |cos ¢|
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(x =-IRg,y=2z= 0), then weakens in all surface directions with rotational symmetry around the x-axis,
and ultimately disappears downstream of the x = 0 plane. Since our Alfvén wing model exhibits translation-
al invariance along the +z directions, we can capture only the longitudinal decrease in flux (as expressed
through the angle ¢, see Equation 35).

As can be seen from Figure 4a, flow deflection by the Alfvén wings alone reduces the thermal number
flux reaching the innermost cylinder by more than an entire order of magnitude, compared to a scenario
that treats the fields as uniform. Flow deflection already commences as far as 4Ry upstream of Europa
(see Figure 4d), and the flux toward the surface is reduced by either completely diverting the plasma mass
elements out of the moon’s “path” or by increasing the inclination of their velocity vectors with respect to
the surface. The number flux that is still able to reach a certain distance to Europa drops monotonically,
but non-linearly with distance r. Most importantly, however, deflection of the flow by the Alfvén wings
alone retains the overall shape of the “bullseye”-like precipitation pattern given by Equation 35. As can be
seen from Figure 4, at any given distance to the moon, the flux still reaches its maximum at y = 0 and then
decreases symmetrically toward both edges of the respective cylinder mantle. Thus, while the Alfvén wings
clearly weaken the flow of impinging plasma, maximum deposition of matter still occurs around Europa’s
ramside apex. As we will see in Section 3.4, the situation is drastically different for the spatial distribution
of the energy flux.

Any additional complexities in the surface precipitation patterns are generated by compressional compo-
nents of the interaction due to Pedersen and Hall currents in Europa’s ionosphere. However, a recent study
by Addison et al. (2021) investigated in detail the role of Europa’s magnetic pile-up region in protecting the
moon’s ramside surface from precipitating thermal ions. By combining the electromagnetic fields from a
hybrid model with a particle tracing tool, these authors demonstrated that the magnetic gradient drift ex-
perienced by a thermal oxygen ion within the pile-up region will deflect its guiding center trajectory by less
than 0.07°. Even for ions in the MeV regime (which are not captured by our model), the deflection angle was
still found to be way below 10°. Besides, in full quantitative agreement with our results, the (more complex)
model of Addison et al. (2021) determined the thermal magnetospheric ion flux onto Europa’s surface to
be about 1-2 orders of magnitude weaker than the upstream flux. Thus, while the Alfvén wings generate
a protective “envelope” around Europa that partially shields the surface from the impinging plasma, the
additional protection rendered by ramside field pile-up was shown to be far weaker than hypothesized by
preceding studies (e.g., Paranicas et al., 2000). Therefore, the findings of Addison et al. (2021) imply that the
results presented in this section can be considered a very reasonable approximation to emulate ion precipi-
tation onto Europa at equatorial latitudes.

We again emphasize that the conclusions in this section hold only as long as the dynamics of the incident
ions can be described in the fluid picture. At energies of a few 10s of keV, ion gyroradii (especially of heavy
magnetospheric species like oxygen and sulfur) become so large that the particles can partially avoid im-
pacting Europa by gyrating around it (Breer et al., 2019; Cassidy et al., 2013; Paranicas et al., 2009).

3.4. Energy Deposition by Magnetospheric Ions

The energy flux deposited by the incident magnetospheric plasma may affect a moon’s neutral gas envelope
as well as its surface. The energy carried by the flow into the exosphere can lead to ionization of neutrals
(e.g., Regoli et al., 2016), thereby contributing to the generation of the ionosphere which, in turn, consti-
tutes the major obstacle to the plasma. Besides, to understand surface weathering at Europa, the discrimina-
tion between the number flux F and the energy flux £ of the magnetospheric flow may become important.
For instance, Dalton et al. (2013) searched for a correlation between the charged particle influx pattern and
observed variations in the concentration of sulfuric acid (H,SO,) deposits across the moon’s surface. These
authors suggested that both, the number flux of magnetospheric sulfur ions and the energy flux of imping-
ing energetic electrons are enhanced in regions where the H,SO, concentration is high. Dalton et al. (2013)
proposed that the kinetic energy deposited by magnetospheric electrons “softens” the surface materials,
thereby facilitating the implantation of sulfur ions and leading to the generation of H,SO,.
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Figure 5. Energy flux deposited by the thermal magnetospheric plasma
onto the ramside surfaces of three coaxial cylinders, located at (a) the
surface of Europa r = 1R, (b) r = 1.5Rg, and (c) r = 2Rg. The orange lines
display the energy flux of the deflected magnetospheric plasma, whereas
the purple lines provide the energy flux carried by the undisturbed flow
for reference. All quantities shown in the figure are normalized to the
upstream energy flux nomug / 2. Please note that the vertical axis in

panel (a) covers a much narrower flux range than in panels (b) and (c).
Therefore, the “baseline” energy flux of the unperturbed flow cannot be
included in panel (a). Also, the different radii of the three cylinders again
lead to different ranges of the y axes in the individual panels.

Understanding the detailed physics of these processes requires to study
charged particle precipitation across the entire energy range (from eV to
MeV) observed near Europa’s orbit. This could be done by, for example,
carrying out tracing simulations similar to those of Breer et al. (2019).
However, our analytical model allows to gain first insights into the effect
of Europa’s Alfvénic interaction on the distribution of the kinetic energy
flux deposited by the thermal (corotating) magnetospheric flow. For this
purpose, Figure 5 displays (in orange) the kinetic energy flux

&=—ngmu*lu-e, u, (x,y)cosd + uy(x,y)sin¢| (36)

1 1 2
- = —ngmu
2 2
carried by the flow (see Saur et al., 2013) onto the ramside surfaces of
a system of coaxial cylinders located at r = 1Rg, 1.5Rg, 2Rg. Due to the
dependency of € on the third power of the velocity |g , the changes in
the energy flux pattern with distance evolve more drastically than in the
number flux. Therefore, we have decided to “zoom in” and choose a set of
reference cylinders closer to the surface than in Figure 4. For comparison,
Figure 5 also displays (in purple) the kinetic energy flux carried by the
undisturbed magnetospheric flow

&y = n()mg(2)|u0 cos¢| (37)

N | =

toward the surface.

Asillustrated in Figures 5b and 5c, as long as the cylinder is located above
the top of Europa’s exosphere (which “ends” at R, ~ 1.32Rg), the depletion
of the energy flux when approaching the moon looks drastically different
from that of the number flux (see Figure 4). The energy flux experienc-
es the strongest drop along the x-axis, that is, directly upstream of the
moon’s ramside apex. At the Jupiter-facing and Jupiter-averted flanks of
the interaction region, the flow is accelerated around the obstacle, thereby
enhancing the energy flux compared to the ramside apex and producing
two prominent maxima in the energy flux at the “edges” of the cylinders.
In other words, at sufficiently large distance from the moon’s surface, the
number and kinetic energy fluxes deposited by the magnetospheric flow
do not peak at the same location.

However, once the flow has entered the densest regions of the moon’s
ionosphere (see Figure 5a), its bulk velocity u again becomes more

aligned with the x-axis (although the magnitude | E| is drastically reduced,
compared to upstream). As shown by, for example, Simon, Saur, Kriegel,
et al. (2011) and Simon, Saur, Neubauer, et al. (2011), the magnetic field
perturbations outside of the Alfvénic fluxtubes exhibit a dipolar shape
in planes perpendicular to the wing characteristics. However, inside the
Alfvén wings these perturbations are aligned with the x-axis (see Figure 8
in that work). According to Equation 23, the perturbation pattern of the
magnetic field then maps into the flow velocity as well. Therefore, the
kinetic energy flux deposited at r = 1Ry exhibits a similar pattern as the
number flux: The maximum is reached at y = 0, and the flux decreases
monotonically toward the Jupiter-facing and Jupiter-averted edges of the
interaction region. Also, taking a look at the different ranges of the ver-
tical axis in the three plots illustrates that the ionospheric conductance
peak is able to prevent the bulk of the flow’s kinetic energy from ever
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Figure 6. (a) Currents j, along the southern Alfvén wing characteristic, as calculated from Equation 25 for the positive y-axis (¢ = 90°). (b) Magnified depiction
of the wing-aligned currents from panel (a) between y = R; = Ry and y = R, ~ 1.32R;. The current densities in both panels are expressed in units of j, = X4Eo/Rg.
Please note that in panel (a), the vertical axis covers a much smaller range of values than in panel (b). There is no physical gap in the current density in panel (a)
around y = 1.2R;. (c) Magnetic field perturbations B, (red), B, (green), and B, (blue) along a cut through the northern Alfvén wing at x = 0.4R;. All values are
normalized to the background field strength B,. Also, the field components shown in the plot have been detrended by subtracting the background field vector
B,. Therefore, the baseline for all three field components is B,,, = 0 and only the perturbations caused by the Alfvén wing are shown. (d) Same as panel (c)

for a cut through the southern Alfvén wing at x = 0.4Rg. The orange, dashed lines in panels (a), (c), and (d) denote the locations where the (horizontal) y-axis
intersects the inner (r = Rp) and outer (r = R;) cylinder mantles of the ionospheric conductance profile.

reaching the surface at r = 1Rg: The peak energy flux in Figure 5a is a factor of 500 smaller than the maxi-
mum energy flux associated with the undisturbed upstream flow.

The precise location where the transition from an “M-like” (see Figures 5b and 5c) to a “bullseye-like” (see
Figure 5a) energy deposition pattern takes place is determined by the specific parameters of the ionospheric
conductance profile. For an interaction strength a < 1, the streamlines of the impinging plasma would still
be bent near the innermost cylinder and would give rise to an “M”-like energy deposition pattern, similar to
that displayed in Figures 5b and 5c. Also, we again note that our results illustrate only how the Alfvénic field
perturbations alone affect the energy flux pattern. However, our findings emphasize that the spatial distri-
bution of the energy influx may change drastically between the top of a moon’s exosphere (where it can
contribute to excitation or ionization of neutrals) and its surface (where it can contribute to weathering).

3.5. Currents Along the Alfvén Wing Characteristics and Magnetic Field

We now further investigate the properties of the wing-aligned currents j, as already briefly addressed in
Section 2.2. For this purpose, Figures 6a and 6b display the currents along the southern Alfvén wing for a
cut along the positive y-axis. According to Equation 25 the magnitude of the currents is maximized along
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the y-axis (¢ = £90°), due to the absence of the ionospheric Hall effect (Simon, Saur, Kriegel, et al., 2011;
Simon, Saur, Neubauer, et al., 2011). As can be seen, the strength of the currents powering the Alfvén wing
spans several orders of magnitude. Within the Europa fluxtube | y| < Rg, the maximum strength of j, reaches
only about 1% of the peak value outside of the fluxtube (see Figures 6a and 6b). For the parameters chosen
here, the inner region of the Europa fluxtube (where Xp(r) increases monotonically) is almost devoid of cur-
rents, and the bulk of the wing-aligned currents is bundled outside of the fluxtube where the conductance
falls off with distance to the z-axis. In other words, the “spike” in the ionospheric conductance profile at
r = Ry efficiently prevents the inner part of the ionosphere (r < Rg) from establishing a strong coupling to
Jupiter’s polar ionosphere through wing-aligned currents. A plethora of additional processes occur until
the wing-aligned currents ultimately reach Jupiter’s polar ionosphere, such as partial reflection at the outer
boundaries of the Europa torus and turbulent filamentation of the Alfvén waves (e.g., Chust et al., 2005;
Hess et al., 2011). However, it may be interesting to investigate whether any of these radial non-uniformities
in the wing-aligned current profile ultimately map into observable features of the moon’s auroral footprint
morphology.

As shown in Figure 6a, two discontinuities are visible in the wing-aligned current system. At r = Rg, the
current j; jumps from positive to negative values, whereas it subsequently remains negative for increasing
distance and then sharply drops to zero at the outer edge of the exosphere (here: y = r = R;,). Thus, continu-
ity of the ionospheric conductance profile does not ensure continuity of the wing-aligned current systems,
especially not at the obstacle’s outer boundary. The direction of the wing-aligned currents is determined by
the slope of Zp(r) in the respective region. As can be seen from Figure 6a, j; along the chosen cut is positive
where Zp(r) increases with distance r to the z-axis and negative where Xx(r) decreases. Overall, the shape
of the | Jy| distribution in regions I and II is exactly opposite to that of the ionospheric conductance profile:
The magnitude of the currents increases with distance r in regions where Xx(r) decreases and vice versa.
Most importantly, the wing-aligned currents do not reach their maximum strength at the location r = Rg of
the ionospheric conductance peak, as proposed by Bldcker et al. (2016) (see page 9,802 in that work). We
emphasize that none of these fine structures in the wing-aligned current systems are captured by earlier
iterations of the analytical model that treat the ionospheric conductance profile as piecewise constant (e.g.,
Saur et al., 2007; Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer, et al., 2011). In these preceding
versions of the model, the wing-aligned currents were bundled in a delta-like fashion at the interfaces be-
tween consecutive plateaus in the conductance profile. In regions with a constant value of Xp, the modeled
potential ¢ was a harmonic function, that is, according to Equation 24 they were devoid of any wing-aligned
currents.

The perturbations in the magnetic field components associated with the Alfvénic interaction are shown in
Figures 6¢ and 6d. In these plots, we display cuts along the x = 0.4R line and not along the y-axis: Due to the
absence of the ionospheric Hall effect in our model calculations, the perturbations in the B, component are
exactly zero along the y-axis (Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer, et al., 2011). A de-
tailed analysis of the magnetic signatures generated by sub-Alfvénic moon-plasma interactions has already
been provided in our preceding publications (Simon, 2015; Simon, Saur, Kriegel, et al., 2011; Simon, Saur,
Neubauer, et al., 2011). Therefore, we restrict the discussion to pointing out several important features of
the magnetic signatures that were not captured (or not explicitly addressed) by preceding studies.

The outer boundary of the obstacle (r = R,) intersects the x = 0.4Rg line at y = +1.26Rg. As can be seen from
Figures 6¢ and 6d, the strong jump in the wing-aligned currents at that location gives rise to clearly discern-
ible spikes in the magnetic field components of both wings. In preceding iterations of the model that treat-
ed the ionospheric conductance profile as box-like, these spikes were inseparable from the magnetic field
jumps generated by the discontinuous drop in ionospheric Pedersen conductance at the outer boundary of
the obstacle (e.g., Saur et al., 2007; Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer, et al., 2011).
However, the more detailed Pedersen conductance profile applied here reveals that there are actual physical
“spikes” present in the magnetic field at the outer boundary of the obstacle. We emphasize that these struc-
tures are not (rotational) discontinuities: All three magnetic field components are continuous at r = R,; only
their first derivative (i.e., the current) jumps.

Due to the translational symmetry of the Alfvén wings along the respective characteristics, these spikes
would still be discernible in the magnetic field at large distances to the moon. In other words, magnetic
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field observations from distant crossings through a moon’s Alfvén wing are highly suitable to constrain
the “effective” size of the obstacle that its ionosphere represents to the impinging magnetospheric flow. As
can be inferred from Equation 25, the magnitude of these spikes varies with longitude ¢ along the outer
surface (r = R,) of the moon’s Alfvén wings. Therefore, a spacecraft flyby must still have a “favorable”
geometry to capture these signatures among the multitude of effects that shape a moon’s intermediate or
distant magnetic environment. For the set of upstream and obstacle parameters chosen here, the jump in
the wing-aligned current systems at r = Ry is much weaker than at r = R, (see Figure 6a). Therefore, there
are no strong “spikey” signatures discernible in the magnetic field components at r = Ry (corresponding to
y = £0.92Rg in Figure 6a). However, for a different set of ionospheric parameters, the spikes at r = R; and
r = R, may be of comparable magnitude (see Figure Al in Simon, 2015).

As expected, Figures 6a and 6b show that the draped magnetic field has a negative B, component in the
central region of the northern wing and a positive B, component within the southern wing. The Alfvénic
magnetic field perturbations can be described by a two-dimensional magnetic dipole moment perpendic-
ular to the wing characteristics (Neubauer, 1980). In order for these dipolar field lines to close, the B, com-
ponent needs to reverse its sign outside of the moon’s fluxtube (see also Figure 8 in Simon, Saur, Kriegel,
et al., 2011; for an illustration). To the authors’ knowledge, this “anti-draping” of the magnetic field (i.e.,
B, > 0 in the northern hemisphere and B, < 0 in the southern hemisphere) has so far been observed only
during very few Cassini flybys of Titan (Simon, van Treeck, et al., 2013). As illustrated in Figures 6¢ and 6d,
the “anti-draping” of the field lines in both wings already commences within the descending flank of the
moon’s ionospheric conductance profile and is not restricted to the region outside of the obstacle (r > R,).

Only during a single, non-targeted flyby (nicknamed E25A, see Blocker et al., 2016) did the Galileo space-
craft travel through Europa’s distant, northern Alfvén wing. We note that the strength of the magnetic drap-
ing signature observed during that wing crossing (about AB, ~ 0.2B,, see Figure 11 of Blécker et al., 2016) is
similar to that from our model (see Figure 6). However, during E25A Europa did possess a strong induced
magnetic moment, which may explain why the observed draping signature was somewhat weaker than the
modeled perturbation: As shown by Neubauer (1999), the presence of an induced magnetic field reduces
the currents along the Alfvén characteristics, compared to a pure ionosphere-magnetosphere interaction.

3.6. Poynting Flux

We now take a brief look at the Poynting flux § = E x B / y, radiated away along the Alfvén wing charac-
teristics. Since the electric field is not invariant under the Galilean transformation, this quantity depends
on the frame of reference in which the fields are defined. To facilitate comparison to the results of Saur
et al. (2013) and Simon, Kriegel, et al. (2013), we proceed in analogy to these two studies and choose a
reference frame that moves synchronously with the upstream flow at velocity . Using Equations 10-12 of
Simon, Kriegel, et al. (2013), we find

s, = Llp Vi _p {% - uOBZj . i=LILII (38)
Mo | ~ Ox Oy

for the electromagnetic energy flux along the Alfvén characteristics +e..

Figure 7 displays the spatial distribution of the Poynting flux for a cut z = const through the northern
Alfvén wing. As can be seen, the value of S, is largest (and nearly constant) within the center r < R, of the
interaction region. Outside of Europa’s exosphere, significant amounts of electromagnetic energy are also
irradiated away from the moon near the upstream and downstream apices. Most remarkably, however, Fig-
ure 7 reveals that the Poynting flux near Europa may assume both, positive and negative signs. Specifically,
localized regions with S, < 0 are formed along the Jupiter-facing and Jupiter-averted flanks of the interac-
tion region. As revealed by Figure 7 (and also by Figures 8c and 8d of Simon, Saur, Kriegel, et al., 2011; Si-
mon, Saur, Neubauer, et al., 2011), the reversal in the direction of the Poynting flux occurs in regions where
the magnetic field is “anti-draped” to ensure closure of the field lines in planes perpendicular to the wing
characteristics. While the net Poynting flux is positive (i.e., directed away from Europa), the results shown
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Figure 7. Poynting flux through a plane z = const perpendicular to the northern Alfvén wing characteristic. The
“upstream” energy flux Sy = EBy/uo has been used for normalization. The solid and dashed black circles denote the
projections of Europa (r = R; = Rg) and the outer boundary of the moon’s exosphere (r = R,) onto the cutting plane,
respectively. Reddish hue denotes regions where the Poynting flux is directed away from Europa (S, > 0), while blue
represents regions where the flux is directed toward the moon (S, < 0).

in Figure 7 reveal that the spatial pattern of the energy flux is way more complex than suggested by preced-
ing models that treated the ionospheric obstacle as box-like (Saur et al., 2013; Simon, Kriegel, et al., 2013).

Depending on the density and composition of a moon’s exosphere, this localized “return flow” of electro-
magnetic energy along the Alfvén characteristics may contribute to the energization of exospheric neu-
trals. However, as said, multiple additional processes take place along the magnetic pathway between the
moon and its parent planet (e.g., Chust et al., 2005; Hess et al., 2011). These processes need to be carefully
evaluated in order to obtain any quantitative constraints on the magnitude of this “returning” energy flux
and its influence on the local moon-magnetosphere interaction.

4. Summary and Concluding Remarks

The goal of this study was to explore the fundamental physics of sub-Alfvénic moon-magnetosphere in-
teractions for a realistic, “suspension bridge”-like Pedersen conductance profile in the object’s ionosphere.
For this purpose, we have analytically calculated the electrostatic potential ¢ near the Alfvén wings for a
conductance profile composed of a sequence of exponential functions with alternating slopes. The potential
1 determines several other key quantities of the interaction, such as the magnetic field perturbations and
associated currents, the bulk velocity u of the magnetospheric plasma, the number and kinetic energy flux
deposited by the flow onto the moon’s surface as well as the Poynting flux along the Alfvén characteristics.

Including the new solution developed here for an exponential conductance profile, there are now three
different approaches available to analytically determine the potential i of the Alfvénic interaction:
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(i)

Representation of the ionosphere through piecewise constant, “box-like” conductance profiles (e.g.,
Blocker et al., 2016; Saur et al., 2007; Simon, Saur, Kriegel, et al., 2011; Simon, Saur, Neubauer,
et al., 2011). The advantage of this class of solutions is that it captures any asymmetries in the flow
pattern and magnetic field caused by the ionospheric Hall effect. A major disadvantage of this type of
solution is that it contains artificial rotational discontinuities in the magnetic field wherever the iono-
spheric Pedersen and Hall conductances change their values.

Description of the ionospheric conductance profile through a sequence of power laws (Simon, 2015).
While this approach provides a representation of the magnetic field perturbations in the Alfvén wings
that is not “contaminated” by artificial discontinuities, it is not able to reproduce asymmetries in the
interaction due to the ionospheric Hall effect.

(iii) Representation of the “suspension bridge”-like Pedersen conductance profile through a sequence of

By

exponential functions. This approach is able to capture steeper gradients in the conductance profile
than method (ii), which may facilitate adaption of the model to actual observations of the ionospheric
conductance distribution. Methods (ii) and (iii) are subject to the same limitations.

applying the exponential form (iii) of the ionospheric Pedersen conductance, we have arrived at the fol-

lowing general conclusions on the physics of sub-Alfvénic moon-magnetosphere interactions:

1.

Deflection of the incident thermal plasma around the moon’s Alfvén wings may significantly reduce the
number flux of the magnetospheric flow onto the surface. However, while the Alfvénic interaction alone
depletes the net value of the incident flux, it does not alter the overall shape of the flux pattern: With
the Alfvénic perturbations included, the precipitating number flux still peaks at the moon’s ramside
apex and decreases monotonically toward the planet-facing and planet-averted flanks of the interaction
region.

The overall morphology of the kinetic energy flux carried by impinging thermal ions drastically chang-
es as a function of distance to the moon. In the unperturbed upstream region, the energy flux onto
a cylindrical/circular obstacle peaks at the ramside apex and decreases monotonically with distance
from that location. At intermediate distances where flow deflection around the Alfvén wings has already
commenced, the energy flux minimizes at the ramside apex and forms two symmetric maxima at the
planet-facing and planet-averted flanks of the interaction region. In the “core region” of the Alfvén wing
encapsulating the moon, the strongly depleted energy flux again resumes its original pattern and peaks
above the ramside apex. The bulk of the energy flux cannot even reach altitudes below the ionospheric
conductance peak. While our model calculations can describe only the behavior of the thermal magne-
tospheric flow in absence of gyration effects, these considerations are highly relevant when analyzing
surface weathering features at icy moons. For instance, the discrimination between magnetospheric en-
ergy flux and number flux onto Europa’s surface was suggested to be important in explaining the spatial
distribution of sulfuric acid deposits at Europa (Dalton et al., 2013).

Although the ionospheric Pedersen conductance profile Xp(r) is continuous, discontinuities are formed
in the wing-aligned currents at locations where the slope of Xx(r) changes its sign and also, at the outer
edge of the moon’s ionosphere where the Pedersen conductance drops to zero. These jumps in the wing-
aligned current system give rise to observable spikes in all three magnetic field components. Since these
signatures can still be detected at large distances to the moon, they may help to constrain the “effective”
extension of the obstacle to the flow through magnetic field observations from distant flybys through the

Az, (r)

Alfvén wing tubes. The sign of the first derivative also determines the magnitude and direction

’
of the wing-aligned currents (toward/away from the moon) in the respective region.

In localized regions near the wing tubes, the Poynting flux generated by the Alfvénic interaction may be
directed toward the obstacle and not away from it.

In a case study, we have applied the analytical model to analyze key properties of Europa’s plasma envi-
ronment. In contrast to numerical models of Europa’s magnetospheric interaction, our analytical approach
does not take into account the contribution of local ionospheric currents to the flow deflection. These cur-
rents generate, for example, the magnetic pile-up region at the moon’s ramside. However, a recent study

by

Addison et al. (2021) revealed that deflection of the upstream thermal plasma through the gradient

drift in the pile-up region has only minimal quantitative influence on the flow deflection and the resulting
surface precipitation pattern. In both, our analytical model and the (more complex) numerical approach of
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Addison et al. (2021), the equatorial surface flux is about 1-2 orders of magnitude lower than the thermal
ion flux outside the interaction region. In addition, both models reveal the surface flux of thermal ions to
decrease longitudinally with distance from the ramside apex. The assumption of a symmetric flow pattern
between the Jupiter-facing and Jupiter-averted hemispheres (corresponding to Xy = 0) is also well justified
at Europa. Therefore, the number and energy fluxes provided by the analytical model can be considered
an adequate description of thermal ion precipitation onto Europa’s surface near equatorial latitudes. We
note that the X > Xy, criterion is also applicable at Rhea (Simon et al., 2012), various exoplanets exposed
to sub-Alfvénic stellar wind (Saur et al., 2013), and Ganymede (Kivelson et al., 2004), although this moon’s
plasma interaction is complicated by its internal magnetic field.

While only a single, non-targeted Europa flyby of the Galileo spacecraft intersected the moon’s distant
Alfvén wings, there will hopefully be more of these events during the upcoming flybys of Juno, Europa
Clipper, and JUICE. If such flybys take place while the induced field from Europa’s interior is weak, our
analytical model is able to quantitatively emulate the magnetic signatures observable during these events.
Therefore, the plasma and energy flux patterns as well as the magnetic signatures obtained from our model
have immediate relevance for the interpretation of spacecraft observations at Europa.

Appendix A: Derivation of the Analytical Solution for the Electric Potential
Equation

The solution 6 of the radial potential Equation 5 for an exponential conductance profile has been deter-
mined using the Wolfram Alpha knowledge engine. In the following, we provide a detailed derivation of this
solution. We start by introducing a function f{r) according to

Ay = L0 (A1)
r
and insert this ansatz into Equation 5. This yields
3-28r df(r) fr—-3  df(r) 1
+ + —=0. A2
==+ S B S (a2)
Making use of
3-28r d(pr-3) d*(1
=— -—| = A3
25 8(05) (1) o
allows us to rewrite Equation A2 according to
1 d*f(r)  pr-34df0) d(pr-3) d* (1
+ + — -—| =1t =0. A4
P odr? P dr ) dari dr? \r? A
This equation can be rewritten as
d | 1df(r) pr-1
— + =0, A5
af1a0, roty,) »
or equivalently,
d 1
o [ﬂ - _]f (=G, (A6)
dr r

where C; is a constant of integration. Multiplying both sides of this expression with exp( ,Br) / r then leads to
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di —exp(ﬂr) fr =G exp(ﬂr)r. (A7)
r r

Another integration now produces the desired solution for f{r):
— Clr 1 C
f@r) = F(ﬂr - ) + 2rexp(—ﬂr) (A8)

with a second constant of integration C,. We now introduce new constants K; and K, through

C
1= ﬂ—lz and K, =G, (A9)
which yields the final form of our solution:
f(@r) = Klr(ﬂr - l) + Kzrexp(—ﬂr). (A10)

Inserting this expression into Equation A1 then leads to the general solution

AG) = Kl(ﬂr—l)+Kzexp(—/3r)’ (A11)

r

as given in Equation 6.

Data Availability Statement

The model calculations presented in this study have been carried out using the Wolfram Mathematica soft-
ware. All plotting routines, graphics, and datasets shown in this manuscript are embedded in the Mathemat-
ica script, an annotated version of which can be downloaded at https://doi.org/10.5281/zenod0.4409281.
The source code provided at that link can easily be adapted to any other interaction scenario between a
sub-Alfvénic plasma flow and a planetary moon’s (or an exoplanet’s) ionosphere.
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