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Abstract The Galileo mission to Jupiter discovered magnetic signatures associated with hidden subsurface
oceans at the moons Europa and Callisto using the phenomenon of magnetic induction. These induced magnetic
fields originate from electrically conductive layers within the moons and are driven by Jupiter's strong time-
varying magnetic field. The ice giants and their moons are also ideal laboratories for magnetic induction
studies. Both Uranus and Neptune have a strongly tilted magnetic axis with respect to their spin axis, creating a
dynamic and strongly variable magnetic field environment at the orbits of their major moons. Although Voyager
2 visited the ice giants in the 1980s, it did not pass close enough to any of the moons to detect magnetic
induction signatures. However, Voyager 2 revealed that some of these moons exhibit surface features that hint at
recent geologically activity, possibly associated with subsurface oceans. Future missions to the ice giants may
therefore be capable of discovering subsurface oceans, thereby adding to the family of known “ocean worlds”
in our Solar System. Here, we assess magnetic induction as a technique for investigating subsurface oceans
within the major moons of Uranus. Furthermore, we establish the ability to distinguish induction responses
created by different interior characteristics that tie into the induction response: ocean thickness, conductivity
and depth, and ionospheric conductance. The results reported here demonstrate the possibility of single-pass
ocean detection and constrained characterization within the moons of Miranda, Ariel, and Umbriel, and provide
guidance for magnetometer selection and trajectory design for future missions to Uranus.

Plain Language Summary The best evidence for the existence of an ocean within Jupiter's moons
of Europa and Callisto comes from interpretations of measurements collected from the magnetometer on the
Galileo spacecraft. Their salty oceans are able to conduct electrical currents that are driven by Jupiter's strong
time-varying magnetic field, producing a unique secondary magnetic field signature that can be measured
externally by as spacecraft passing by. Some of the large moons of the Ice Giant planets of Uranus and Neptune
are also thought to possibly contain subsurface oceans. Unfortunately, Voyager 2 did not pass close enough to
any of these planetary bodies for its onboard magnetometer to sense magnetic field signatures associated with
a subsurface ocean. In this work, we investigate the feasibility of detecting magnetic signatures of subsurface
oceans within the moons of Uranus based upon various assumed interior structure profiles, thus providing
guidance to required magnetometer performance and trajectory design for possible future missions.

1. Introduction

Uranus possesses a rich and diverse satellite system, including the major moons Miranda, Ariel, Umbriel, Titania,
and Oberon, as well as host of smaller regular and irregular satellites (22 discovered to date). This contrasts with
Neptune, whose only major moon, Triton, is likely a captured Kuiper Belt Object that catastrophically disrupted
Neptune's original satellite system (Agnor & Hamilton, 2006). Thus, Uranus presents us with what is likely our
best opportunity for in-situ study of a native ice giant satellite system. The Voyager 2 flyby of Uranus in 1986 pro-
vided the first, and so far only, detailed imaging of the Uranian moons (e.g., Schenk et al., 2020). These images
revealed an unexpectedly diverse range of surface geologies, hinting at the possibility that these objects, at least
at some point in their recent pasts, may have experienced significant heating (e.g., Croft & Soderblom, 1991).

In particular, the innermost major moons Miranda and Ariel show evidence of widespread tectonism in the form
of rift canyons and extensive faulting (Beddingfield & Cartwright, 2020; Beddingfield et al., 2015; Croft & So-
derblom, 1991; Peterson et al., 2015; Smith et al., 1986). The surface of Miranda contains large banded regions
known as coronae that may be surface expressions of extension above buoyant diapirs within the moon's interior
(Pappalardo et al., 1997). The surface of Ariel appears to have overturned relatively recently, and displays exten-
sive rift-like tectonic features (Croft & Soderblom, 1991; Schenk et al., 2020; Zahnle et al., 2003). Landforms on
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the surfaces of both Miranda and Ariel have been interpreted as cryovolcanic in origin (Schenk, 1991), possibly
indicating that material from the interior has been emplaced onto the surface of these moons. In addition, ground-
based spectroscopic observations have revealed the presence of ammonia-bearing species on the surface of Ariel
(Cartwright et al., 2018, 2020). These species are expected to be destroyed by magnetospheric charged particles
over relatively short time scales (Moore et al., 2007), and their presence on the surface of Ariel is therefore con-
sistent with geologically recent emplacement (Cartwright et al., 2020). These observations are consistent with
subsurface liquid water oceans within Miranda and Ariel, perhaps even persisting to present day.

Furthermore, thermal evolution modeling results suggest that the outermost moons Titania and Oberon could have
retained subsurface oceans if they contain just a few percent by total volume of ammonia (Hussmann et al., 2006).
Thus, the Uranian system represents a compelling target in the search for Ocean Worlds and potentially habitable
environments beyond Earth, with Miranda and Ariel highlighted as priority targets for future exploration by the
recent NASA Roadmap to Ocean Worlds (Hendrix et al., 2019).

Magnetic induction had a key role in the discovery of subsurface liquid water oceans within Jupiter's moons Eu-
ropa, Ganymede, and Callisto (Kivelson et al., 1999, 2002), as well as a possible magma ocean within the moon
Io (Khurana et al., 2011). Because of this great utility, magnetic sounding is also a key component of the upcom-
ing ESA Jupiter Icy Moons Explorer (JUICE, Grasset et al., 2013) and NASA's Europa Clipper flagship missions
(Howell & Pappalardo, 2020). The Voyager 2 flyby of Uranus revealed a uniquely complex planetary magnetic
field about 50 times stronger than that of Earth's (3.9 x 10" T m?), tilted by 59° relative to its spin axis (also to
orbital axis of the major moons), and offset from the center of the planet by ~0.3 R, (Connerney et al., 1987,
Ness et al., 1986; Paty et al., 2020). Thus, like the Galilean moons, the major moons of Uranus are exposed to
a strong and highly dynamic magnetic field environment (Arridge & Eggington, 2021; Cochrane et al., 2021;
Weiss, Biersteker, Colicci, Couch, et al., 2021). However, unlike the Galilean moons, the extreme tilt of Uranus'
magnetic axis causes the moons to effectively travel through a range of magnetic environments (L-shells) during
one Uranus rotation period. The moons Titania and Oberon pass in and out of the magnetopause boundary, so
their local magnetic field environments are expected to be even more variable than those of the inner moons.

The tilt in the magnetic dipole axis allows each of the moons to experience a time-varying field, at a frequency cor-
responding to the respective synodic period of Uranus. Additional time variations in the magnetic field can arise if
the moons exhibit an eccentric or inclined orbit, due to the change in distance between the two bodies or change in
observed magnetic latitude, respectively. All five major moons experience strong synodic variations, but do not experi-
ence strong variations at the orbital periods as each of their orbits are close to circular (i.e., low eccentricity). Miranda
is the only moon with significant variation at the orbital period, as its orbital plane is inclined by 4.2°. It is also worth
noting that the orbital period of Miranda is shorter than the synodic period, which is rare for moons in the Solar System.

A time-varying magnetic wave will penetrate the conducting portion of the moons according to a skin depth
relationship, which is related to the frequency of the wave and conductivity of the medium. Studying multiple
frequencies can therefore be advantageous for probing various depths of conducting layers within the moon
(Khurana et al., 2002). These time-varying magnetic fields produce an electric field capable of inducing electric
currents within each of the moons if they contain conductive layers (e.g., a saline ocean) within their interiors.
These currents will induce a magnetic moment that depends on the interior properties of the moon (e.g., depth,
thickness, and conductivity of internal layers) and is accompanied by a secondary dipolar magnetic field that
can be detected in the vicinity of the moon using a magnetometer. At the Uranian moons, strong magnetic field
variations occur at multiple frequencies, underscoring the potential utility of magnetic induction to search for
subsurface oceans within these objects.

The Uranus system offers important contrasts to other planetary systems that can help us understand how these
systems evolve. The closest analog appears to be Saturn's midsized moons, which have undergone orbital mi-
gration that created mutual tidal heating (Neveu & Rhoden, 2019). From recent discoveries there, and at distant
Pluto (Nimmo et al., 2016), the prospect for oceans in some Uranian moons seems plausible. The large moons of
Uranus appear to have engaged in orbital resonances that placed them in their current orbital arrangement (Cuk
et al., 2020). Thus, the moons may have experienced periods of enhanced tidal heating during their histories, a
likely source for the heating needed to form the coronae on Miranda and perhaps also for prolonging the time
scale over which subsurface liquid water oceans could be sustained within the moons' interiors (Beddingfield &
Cartwright, 2020; Plescia, 1988).
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Although models assuming simple compositions of silicates and water predict that an ocean within Miranda
would have frozen out by the present era (Hussmann et al., 2006), the presence of volatile clathrates or other
insulating materials could support the persistent presence of subsurface liquid by providing thermal insulation
and adding rigidity to the ice, both of which lower the Rayleigh number and thus inhibit solid-state convection
(Castillo-Rogez et al., 2019; Croft, 1987; Kamata et al., 2019). Within Saturn's moon Titan and the dwarf planets
Ceres and Pluto, methane clathrates may impede solid-state convection in ice, leading to inefficient cooling that
slows the freeze-out of subsurface oceans. Similarly, the presence of ammonia on the surface of Ariel may indi-
cate recent geological activity and suggests a role for volatiles in retaining heat and suppressing the freezing point
of subsurface liquid water layers within this moon (Cartwright et al., 2020).

In this work, we calculate the expected magnitude and frequency of the magnetic waves at the Uranian moons
with the greatest potential for magnetic sounding (Miranda, Ariel, and Umbriel) and forward model their induced
magnetic moment responses for thousands of different combinations of ocean thickness, ocean conductivity, ice
shell thickness, and ionosphere conductance. This work demonstrates the ability to distinguish between these
different ocean characteristics and provides insight into the implications that the presence of an ionosphere may
have on the recoverability of ocean signatures from magnetometer data. We also discuss how the geometry of the
Uranus system and the uncertainty in our knowledge of the planet's rotation rate impacts the optimal spacecraft
time-of-arrival to maximize the induction signal, while also minimizing any plasma induced fields that may arise
from corotating plasma currents confined to Uranus' magnetic equator.

Coincidentally, two additional parallel and independent studies regarding Ocean detection within the Uranian
moons were recently published, each unique in its own right and great complements to this work and each other.
The work conducted by Arridge and Eggington (2021) focused on ocean detection in the outer two moons of
Titania and Oberon, which happen not to be a prime focus in our work. They were able to illustrate the complica-
tions of ocean detection that arise at these two moons under the influence of the magnetic fields induced by the
currents flowing along the magnetopause boundary. They conclude that although ocean detection would be very
difficult at Oberon, detection at Titania may be still be possible with the proper flyby characteristics (e.g., flyby
altitude of 200 km was sufficient for detection of a 40-50-km thick ocean). The study conducted by Weiss, Bier-
steker, Colicci, Goode, et al. (2021) focuses on magnetic induction for all moons of Uranus, but also considers
the implications of compositional and thermal evolution of the moons, thus conveniently providing bounds on the
extensive set of moon interior models used in our work. We also note that the magnetic field assessment at each
of the moons for both of these works is in good agreement with our results.

2. Magnetic Field of Uranus

The strength of the induced magnetic field that can arise from the interior of the moon is bounded by the strength
of the externally applied magnetic field driving induction. Here, Uranus is the source of the external field—
which likely originates from a self-sustaining dynamo acting within a thin, electrically conductive, convective
shell (Hubbard et al., 1995; Podolak et al., 1995; Ruzmaikin, 1991; Stanley et al., 2004, 2006). Of the Uranus
magnetic field models available derived from the Voyager 2 measurements (e.g., Q, Connerney et al., 1987, AH,
Herbert, 2009), we use the AH, (Auroral Hexadecapole L = 5, where L represents the L-shell magnetic field line
that traces back to the auroral footprint used in the modeling approach). Voyager 2 magnetometer data, as well
as auroral observations for improved accuracy. This model involves the standard spherical harmonic multipole
expansion to represent the magnetic potential; the field is obtained by taking the negative gradient of the scalar
potential, that is, B = —VV. The spherical harmonic expansion for the scalar potential V is expressed as

n+l n
V=R, g} (R—U] > {Pn”’ (cos@)[g,’l” cos(m¢) +n sin(mgzﬁ)}}, €))

n=1\ r m=0

where R, is equatorial radius of Uranus (taken to be 24,764 km), r is the radial distance from the center of mass,
@ is the colatitude, ¢ is the east longitude, P," (cos&) are the Schmidt-normalized Legendre functions of degree n
and order m, and g);', h," are the internal Schmidt coefficients (where N = 4). Although the fields associated with
higher-order quadrupole and octupole terms decrease in strength more rapidly than the dipolar terms as a function
of distance from the planet, they are still able to drive magnetic induction within the moons at frequencies cor-

responding to the higher-order harmonics of the fundamental synodic period. For this initial study, we do not
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Figure 1. (left) Simulation of Uranus' magnetic field lines, color coded by strength, at a specific instant in time which highlights the magnetic dipole axis tilt, offset,
and higher-order structure. (right) A more distant view of Uranus' magnetic field lines as viewed from its North pole. Also illustrated are the moons and their orbits

around the planet.

include an external contribution from the solar wind and interplanetary magnetic field but note the importance
of this component for assessing the magnetic field at Titania and Oberon due to the magnetopause currents at
these outermost major moons. In future work, we plan to implement the effect of the solar wind in the calculation
of induced magnetic fields. Here, we have, however, focused on magnetic induction within the innermost major
moons Miranda, Ariel, and Umbriel, which are not strongly affected by the magnetopause currents.

Figure 1 illustrates the magnetic field lines of the AH, magnetic field model for an arbitrary snapshot in time on 7
January 2031; the color denotes the magnetic field magnitude. In the left panel, the 59° tilt of the magnetic dipole
axis (magenta line)—defined by M, = 47rR?] gll, hll, g,o / py—is shown with respect to the spin axis of Uranus
(white line), which is tilted 97° with respect to the vector normal to the orbital plane of the planet. Note also that
the magnetic axis does not pass through the center of the planet, but rather is offset by 0.3 R;. As a result, the
magnetic field is not the same at all locations on the surface of Uranus, but rather can vary from roughly 10,000
to 100,000 nT. The right panel of the figure, generated from ephemeris data evaluated with SPICE, illustrates the
field lines from a view that is roughly normal to the orbital plane of the five moons. As illustrated, the orbits of
the moons are nearly circular, resulting in little variation in the distance between each of the moons and the planet.
As will be demonstrated in the next section, each moon therefore experiences only low-amplitude variations in
the magnetic field at their respective orbital periods. Miranda is the only body with a significant component at the
orbital period, due to its orbital inclination of 4.2°. Despite their low eccentricities, the tilt of the Uranus dipole axis
with respect to the spin axis causes large variations in the magnitude of the background magnetic field at the synod-
ic period of each moon—320 nT at Miranda to 3.6 nT at Oberon (neglecting for the moment the field contributions
from the magnetopause currents to be discussed later). Assessing the time-variable portion of these fields is impor-
tant as it is strictly the oscillating portion that drives magnetic induction within conducting material of the moons.

3. Magnetic Field at the Uranian Moons

Here, we provide an initial assessment of the variability of Uranus' magnetic field at the positions of the five
major moons. Although the orbital variations between the moons and planet are small, large variations in the
magnetic field are observed at each of the moons due to the large tilt of the magnetic axis with respect to the spin
axis of Uranus and the orbital plane of the moons. These variations do not occur at the rotation rate of the planet,
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but rather at the apparent rotation rate of the planet in the fixed-body reference frame of the moon. Uranus rotates
in a retrograde motion every 17.23 hr, and its major moons orbit in the same direction. The combined rotations
lengthen the apparent rotation rate (synodic period) of the planet observed from each of the moons according
=1/ (l I T =11 T ), where T, is the
orbital period of the moon. From the surface of the synchronously orbiting moons, the observed period of rota-

to the approximation 7T, ...

is the spin period of Uranus and 7,
tion is 35.1 hr for Miranda and 24.1 hr for Ariel. Each moon will experience a dominant magnetic wave that is
synchronized to Uranus' observed rotation.

Figure 2 illustrates the frequency representation of Uranus' magnetic field components evaluated at each moon
over a 20 year period. The listing of the frequencies and amplitudes (solved using a least squares inversion ap-
proach on the magnetic field time series) of these dominant waves are illustrated in Table A1l of the Appendix
for each moon. The field is evaluated for each moon in its respective IAU reference frame as defined by SPICE
kernels: the z axis is aligned with the spin axis (roughly aligned with spin axis of the parent planet), the x axis is
in the direction of Uranus, and the y axis completes the right-handed orthogonal system, roughly in the direction
of the moon's orbital motion. The frequencies of these components are associated with the synodic period of
Uranus (f)), the orbital frequency of the moon (f)), their harmonics and the beat frequencies between these two
fundamental frequencies. It is precisely these large-amplitude magnetic waves at multiple frequencies make the
satellites ideal for magnetic induction investigation of their interiors. The static DC field component is also shown
for completeness, but is not involved in magnetic induction.

In the Europa system, the recovery of the induction signal from two distinct orbital and synodic periods can lead
to unique identification of interior properties such as ice shell thickness, ocean depth, and conductivity as they
are separated in period by 10s of hours (Khurana et al., 2002). Ariel and Umbriel (second and third panels of
Figure 2) do not provide the same opportunity, as the amplitude of their orbital waves are small (<<1 nT), making
this approach less optimal for those objects. However, the waves associated with their higher-order harmonics
are moderate in amplitude (>1 nT), and thus provide information at a different frequency. Miranda on the other
hand (first panel of Figure 2), is a unique case as its orbital period is similar to, but somewhat shorter than, the
synodic period of Uranus due to its close proximity to the planet. Because of the similarity in frequency of the two
magnetic waves, little new information can be gained from the orbital period. However, like Ariel and Umbriel,
Miranda also experiences higher-order harmonics that can be useful for uniquely identifying ocean properties.
More on this will be provided in the discussion section. The lower beat frequency between the synodic and orbital
periods of Miranda creates a long 1,044 hr wave that is enticing for its ability to probe much deeper into the inte-
rior. However, the associated complex response function at this frequency is very small, thereby inducing a signal
too weak to be detected (see Section 6). For completeness, we also illustrate the magnetic waves experienced by
Titania and Oberon using the field model described above. As noted above, these bodies will likely encounter
a more complicated magnetic environment due to the fact that they orbit in and out of the magnetopause where
associated current systems will noticeably affect the fields in which they are immersed. Because of this additional
complication, we only focus on magnetic induction of the major three inner moons, Miranda, Ariel, and Umbriel.

4. Favorable Geometry for Minimal Plasma Effects

The strong tilt of Uranus' magnetic dipole axis with respect to its spin axis not only provides a sufficiently large
time-varying field at each of its moons, but also provides very favorable conditions in which plasma interaction
fields are minimized. As the majority of the corotating plasma is expected to be more densely confined to a disc
coinciding with Uranus' magnetic equator, magnetic induction measurements would likely be optimal when the
moon is farthest from this disc and the current systems associated with the flowing plasma. In the Jovian system,
the moons are never very far from the plasma sheet because Jupiter's dipole axis is tilted only 9.6° with respect
to its spin axis and the orbital plane of the moons. As a result, the moons spend much of their time within or near
the plasma sheet (within a few R;) and commonly encounter plasma induced fields that can mask the induction
response of the moons (Schilling et al., 2004). This kind of masking has been observed by Galileo during flybys
of Europa and Callisto (e.g., Zimmer et al., 2000). Additionally, the angle between Jupiter's magnetic field vector
and the corotational plasma flow at the position of the moon does not deviate much from 90°, coinciding with
the case where the largest perturbation to the local magnetic field occurs. This interference makes interpreting
the induced field from potential oceans more complicated. This geometry is not encountered at either of the ice
giants, making magnetic induction study ideal for the moons of Uranus and also Neptune's moon Triton.
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Figure 2. The frequency spectrum of the magnetic field at Miranda, Ariel, Umbriel, Titania, and Oberon in each's respective fixed-body frame of reference. The
synodic periods are highlighted with blue and the orbital periods are highlighted in yellow. The broad frequency responses associated with the very low frequencies in
the Miranda and Oberon plots are due to spectral leakage, an artifact that arises from the computation of the Fourier transform.

Figure 3 illustrates the temporal variation of both the distance of each moon from Uranus' magnetic dipole equa-
tor (solid black line) and the angle between the magnetic field vector and the plasma flow direction (dashed blue
line), using the simplified assumption that the plasma is confined to a disc a few planetary radii in thickness and
corotating with the planet about the magnetic equator. In the frame of the moon, there are two contributions that
define the velocity vector: (a) the tangential velocity of the passing magnetically locked plasma disc (dictated by
the angular rotation rate of Uranus) and (b) the orbital velocity of the moon. The plasma velocity vector of the
incident plasma v, can then be approximated by, v, = @, x p), + v),. Here, e, is Uranus' angular velocity vector
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Figure 3. Distance from each moon to the magnetic equator (black line) of Uranus and angle between Uranus' magnetic field and corotational plasma flow direction
(blue line, referred to as the field-flow angle) as a function of time for 1 full synodic period for the five major moons of the planet. The red horizontal bar indicates a +1

Ry;-thick region about the magnetic axis where plasma currents are expected to create the largest perturbations of the local field.

(aligned with the planetary spin axis), p,, is the position vector of the specified Moon with respect to Uranus,
and v,, represents the orbital velocity vector of the moon with respect to Uranus. The distance d that each moon
is spaced from the magnetic equator can be determined by taking the dot product of the moon position vector and
the unit vector of Uranus' magnetic moment M, (defined in Section 2),d = p,, - M, / |M U|. This is equivalent
to finding the shortest distance of a point in three-dimensional space to a two-dimensional plane (defined by the
magnetic equator) with the planetary magnetic moment vector defining the normal vector to this plane.

Note that the plasma disc will not be perfectly confined to the magnetic equator, as centrifugal effects result
from the large angle the magnetic equator makes with the spin equator. However, the magnetic equator is a good
approximation for estimating the amount of time each moon spends in and around the disc. As illustrated, each
of the moons spends the majority of its time away from the magnetic equator, where the plasma density is antic-
ipated to be the largest, especially for those moons nearer to the planet. Miranda can be located up to 5 R, away
from the magnetic equator and Oberon can be up to 20 R, away. During the few times when each of the moons
resides in the region near the magnetic equator (illustrated in Figure 3 by the red horizontal bar of thickness +1
Ry), the field-flow angle is at its farthest from perpendicular, a favorable geometry for being able to separate
induced signals due to plasma currents. As illustrated in the figures, the field-flow angle can be +60° away from
perpendicular (corresponding to 30° and 150°) which significantly reduces the distorting effect that the plasma
currents have on the local magnetic field. Note that the 60°coincides with the tilt of Uranus' magnetic axis with
respect to the spin axis. This favorable geometry also occurs in the Neptune/Triton system due to the large tilt of

Neptune's magnetic axis with respect to its spin axis (roughly 47°).

The low magnetospheric plasma densities anticipated in the Uranus system will further minimize plasma in-
duced effects that may occur. Measurements by the Voyager 2 Plasma Science experiment (PLS) indicated that
the peak plasma densities were generally below a few cm™3, even for measurements acquired within the plasma
sheet (Bridge et al., 1986). These densities are very low, for example when compared to the relatively dense
(~150 cm3) plasma that Europa encounters while within Jupiter's plasma sheet (Bagenal et al., 2015).
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5. Effects of Magnetopause Currents on the Field Observed by the Moons

In addition to magnetic field variability around the Uranian moons caused by the internally generated magnetic
field of the planet, there are also time-dependent external sources of magnetic field that should be accounted
for. Primary among these is the magnetic field arising from the electric currents that flow along the magneto-
pause boundary of Uranus' magnetosphere (Ness et al., 1986; Russell et al., 1989). At this boundary, there is a
direct interaction between the planetary magnetic field and the magnetized flow of solar wind plasma from the
Sun, which flows around the Uranian magnetospheric obstacle. The magnetic field arising from magnetopause
currents is present throughout the magnetosphere and surrounds all five large Uranian moons, and so magneto-
pause dynamics represent a further source of inducing magnetic fields at these bodies. Such contributions to an
inducing field spectrum have been studied in the context of Jupiter's Galilean moons (Seufert et al., 2011) where
the effects were found to be small, and have proven to be a powerful tool for probing the interior of the planet
Mercury (e.g., Johnson et al., 2016).

At the large moons of Uranus, we expect the magnitude of the magnetopause-generated magnetic field contribu-
tion to be a few nT and approximately uniform throughout the magnetospheric volume, including at the location
of the moons (Voigt et al., 1987). Dynamics of the magnetopause current layer will be driven by external changes
in the solar wind and by the internal rotation of the planetary magnetic field. In the former case, we presently have
insufficient knowledge of the state of the heliosphere at Uranus' orbit and its dependence on the solar cycle to ex-
pect any deterministic signal to result, although a signal related to solar rotation is expected (Seufert et al., 2011).
In the latter case, planet-driven rotation of the magnetopause current system and the nonspherical shape of the
boundary will contribute to the inducing field signals at each moon that are related to the periods of planetary ro-
tation and the orbit of the moon of interest. Detailed magnetospheric modeling is required to resolve such effects
(e.g., Voigt et al., 1987). Such modeling is beyond the scope of the present study.

6. Induction Models of Miranda, Ariel, and Umbriel

Here, we forward model the magnetic induction response for thousands of different combinations of interior
properties (ocean thickness, depth, and conductivity) and ionosphere properties (ionospheric height integrated
conductivity) for the moons Miranda, Ariel, and Umbriel. Note again that we focus on the inner three major
moons because they orbit well within the magnetopause boundary and are not strongly affected by these current
systems. We illustrate the ability to discern certain models from others through their simulated induced magnetic
moments, including distinguishing between the ocean-plus-ionosphere and ionosphere-only models in the mag-
netic moment space. As the moons are relatively small, gravitational effects are not sufficient to retain a signifi-
cant ionosphere. For example, it has been shown that volatiles will easily escape Miranda due to its low gravity
(Sori et al., 2017). However, even a low-density ionosphere might confound the induction signal from an ocean
due to currents generated within this outermost conductive layer, so we take this into account in our analysis.

We use the interior modeling method described by Vance et al. (2021) to generate the complex response functions
for each model. This complex function describes how the moon will respond to Uranus' time-varying magnetic
field over a continuous range of frequencies. We simulate the magnetic moment U (t) using an induction model
initially applied to the Jovian moons (akin to that of Zimmer et al., 2000)

3
u(r) = —j{—zRTMM(Z), @)

where 44 is the permeability of free space, R, is the radius of moon, and the time-varying portion of the moment

vector M (t) = [Mx (t), M, (t), M, (t):| can be represented by the summation of scaled and phase-delayed domi-
nant magnetic waves at various frequencies (see Figure 2)

M(1)= %Ake’w"Bu,k (1). 3)

Here, Ake””)k forms the complex response function where A, is the relative amplitude and ¢, is the phase lag of
the ocean's induction response at frequency k. The physical meaning of the amplitude and phase parameters is
that they represent the relative magnitude and phase delay or lag of the induced magnetic moment with respect
to that which would be induced by a perfectly conducting sphere of radius R,,. For additional background, we
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refer the reader to the Supporting Information of Vance et al. (2021), where
it is shown that the complex response function Ake_i¢k is a special case of the
complex amplitude A7 when n = 1, representing the dipolar response to a uni-
form excitation field. Here, we negate the exponent of the complex response
function, to match the definitions of past work by Zimmer et al. (2000) and
Hand and Chyba (2007), which contained mathematical errors (Styczinski
etal., 2021).

The magnetic moment induced at frequency f; is proportional to Uranus'
driving field at the same frequency By, (t), defined by
By, (1) = B, @

where B, are the amplitudes of the Uranus' magnetic waves at frequency f,
and with phase @, referenced with respect to the 12000 epoch. The induced
dipolar magnetic field associated with the induced magnetic moment U (t) is
defined by the real part of the dipole field equation

3(r-U(t))r - r2U(t
i‘;( ()25 r (), )

By (t) = Re

Figure 4. Multishell interior shell model used in our study. The model where r is a spatial vector representing the point of observation with respect

includes a nonconductive rocky core, a conductive ocean, a nonconductive

to the center of the moon.

ice shell, and uniformly conducting ionosphere. The ice shell thickness, ocean
thickness, ocean conductivity, and ionospheric conductance are all adjustable We consider a multishell interior model for each moon, as illustrated in Fig-

parameters.

ure 4. Each model includes a rocky core, hydrosphere with an ocean and

overlying ice, and an ionosphere. For simplicity, the ocean and ionosphere

have fixed uniform conductivity, and the core and ice are perfect insulators.
The studied models consider logarithmically spaced distributions of conductivity, with varying thicknesses of
the ice and ocean for each moon. Note that we do not consider the possibility of an induction field that could
arise from a metallic core, as it would be located so deep below the rocky mantle that its contribution to the total
induced magnetic field measured at spacecraft altitudes would be negligible. In addition, a conductive ocean
would reduce the strength of the inducing field that penetrates it, further diminishing the size of any signal from
a conductive core (see, e.g., Seufert et al., 2011).

Although we do not have strong constraints regarding the possible presence of an ionosphere at any of the Ura-
nian moons, Voyager 2 was able to measure a highly conducting ionosphere around Triton (Majeed et al., 1990),
which can be approximated by a 200-km-thick shell with a conductivity $0.05 S/m (Khurana et al., 2019), equiv-
alent to an ionosphere height integrated conductivity (HIC) of up to 20 kS. We use Triton's relatively dense and
conductive ionosphere to guide an upper limit for the possible contribution of ionospheres at the Uranian moons,
choosing a 2.25% larger upper bound HIC of 50 kS. This conservative upper limit to ionospheric conductance
serves as a stress test for the detection of possible oceans within the moons. For simplicity, we set a fixed height
of the ionosphere as also done in previous studies (Hartkorn & Saur, 2017; Vance et al., 2021). Our modeled
thickness of the ionosphere is 300 km for Ariel and Umbriel. We assume a 100-km thick ionosphere for Miranda
as a worst-case ionospheric density—however, it should be noted that Miranda's small size and low gravity results
in efficient escape of volatiles (Sori et al., 2017), to the extent that a substantial ionosphere at this moon is highly
unlikely.

The top row of panels in Figure 5 depicts the ocean parameter modeling space used in this study for each of the
moons. The size of the dot represents ocean thickness (smallest dot associated with thinnest ocean) and color
represents ocean conductivity. This size and coloring code is kept consistent in in subsequent figures in order to
better visualize the data in the different spaces illustrated. Forward models were generated for ocean conductiv-
ities in the range 0.1 to 10 S/m in linear logarithmic increments and ocean thicknesses starting from 10 km with
increments of 10 km. The seafloor depth for each moon was also varied from 16 to 86 km at 10-km increments for
Miranda, 129 to 179 km at 10-km increments for Ariel, and 135 to 185 km at 10-km increments for Umbriel. (The
ice shell thickness is simply computed by subtracting the ocean thickness from the seafloor depth.) In addition,
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Figure 5. (top row) Parameter space used to forward model the various complex response functions associated with Miranda, Ariel, and Umbriel; the size of the

dot indicates the ocean thickness (smallest dot represents thinnest ocean) and the color code represents ocean conductivity. (middle row) A subset of the amplitude
responses for Miranda, Ariel, and Umbriel as a function of excitation period, each colored based on the parameter space above it. The magenta colored lines represent
the amplitude response of the ionosphere-only models (e.g., no ocean conduction), with only 5 of 20 shown for visual clarity purposes. Note that the complex response
amplitude is normalized to the body surface, so can be greater than 1 for highly conducting ionospheres. (bottom row) Phase delay corresponding to each amplitude
response above. Ionosphere-only models (colored magenta) are identifiable by their high amplitude at the shortest period and phase response that always asymptotes
to 90°. Nonmonotonic behavior in the phase delay results from a growing response from low-conductivity, outer layers (i.e., the ionosphere) at very short periods. This
behavior results from screening interactions between the conducting ionosphere and ocean layers. Vertical lines represent the periods associated with the dominant
magnetic waves modeled in this work. The key synodic and orbital periods are colored red and cyan, respectively. As illustrated, there are 7 periods modeled for
Umbriel, 6 periods for Ariel, and 14 periods for Miranda (some are not shown, as they are too finely spaced to be viewed at this scale).

each combination of these models was convolved with one of 20 different ionosphere models, each with different
HIC, ranging from 0 to 50 kS with step size in linear-log increments.

In total, 7,581 models were generated for Miranda, 18,291 models for Ariel, and 19,551 for Umbriel. The middle
and bottom rows of panels in Figure 5 represent the relative amplitude A, and phase delay ¢, of the complex re-
sponse function for all frequencies, for each combination of the interior and ionosphere parameters, color coded
to match the dot panels above them. The ionosphere-only models are colored magenta, and are identifiable by
their high amplitude at the shortest period and phase response that always asymptotes to 90°. Also denoted on the
plots by vertical lines are the periods associated with frequencies of the magnetic waves that are modeled in this
work. The red vertical lines represent the synodic periods, the cyan lines represent the orbital periods, and the

COCHRANE ET AL. 10 of 21



A7t |

N\ Journal of Geophysical Research: Planets 10.1029/202 1JE006956
AND SPACE SCIENCE
Miranda Ariel Umbriel
. 14 14
0.7 so,lglcfos Le ;;.::.*.,..,';. ... ] HIC 16,0005 = HIC 16,0005 ==>
0.6 /ﬂ‘," : 373 .
05 : "§ & &
'io. -‘:" £
° (0]
< [/ <
EY E
0.2
0.1
9 01 52 03 04 05 06 07 0 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
Re {Ae "} Re {Ae "} Re {Ae ™}
0.8
07T Hic 0.9 HIC 16,000 S
06 50,000 S 0.8 HIC ~ 0.7
' | 16,0005
" 0.6
BE 07
o~ 05
* 0. £ 06 £
g o 0.5 o 0.4
E” g 4 £ 03
0.2 T 03 o2
0.1 02 019
0.1
9 01 92 05 04 82 Q8 05 05 0 01020304 0506 0.7 0809 1 0 0.1 02 03 0.4 05 06 0.7 0.8 0.9
Re {Ae "} Re {Ae %} Re {Ae "}

Figure 6. Complex plane representation of the complex response function for the studied suites of interior plus ionosphere models evaluated at the two key discrete
synodic (top row) and orbital (bottom row) frequencies for Miranda, Ariel, and Umbriel. The coloring of the ocean models corresponds to the coloring code in Figure 5;
the magenta circles correspond to ionosphere-only models. Note that the complex response amplitude is normalized to the body surface, so the amplitude can be greater
than 1 for highly conducting ionospheres.

black lines represent the other modeled periods. In order to capture the waves with components with amplitudes
of 0.1 nT or higher, a total of 14 different frequencies were modeled for Miranda, 6 for Ariel, and 7 for Umbriel.

In general, differentiation between ocean and no-ocean (magenta lines) classes is most apparent in the phase
response of the complex response function. In order to better visualize the separability of these classes, as well
as the different ocean classes with different interior properties, we plot the complex response function in the
two-dimensional complex plane, where the x axis is defined by the real part of the complex response function and
the y axis is defined by the imaginary part, and the index k again denotes a discrete frequency. Figure 6 illustrates
the complex plane for the two key discrete frequencies for each of the moons, those being the dominant synodic
and orbital periods.

The model dot size and coloring code for Figure 6 are consistent with that illustrated in Figure 5; the magenta dots
again represent the ionosphere-only models. Compared to the previous representation of the data, these plots give
a better sense of the relationship between the different interior models and the ionospheres they are convolved
with. For Miranda, the complex plots for the synodic period and orbital period are almost identical, simply be-
cause the periods are very similar (i.e., 34 versus 35 hr). As a result, there is very little new information that can
be obtained from the induction response at the orbital frequency. Additionally, even though there is a magnetic
wave of appreciable amplitude with a period of roughly 1,044 hr (see Figure 2), corresponding to the lower beat
of these two fundamental periods (i.e., f, — f,), the relative amplitude parameter of the complex response function
at this long period is very near zero for all ocean and ionosphere models (see Figure 5) owing to the large skin
depth for this slowly varying wave. This effect significantly attenuates the 1,044 hr beat frequency, rendering it
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useless for breaking degeneracy of the interior models. For the other two moons, the synodic and orbital periods
are far enough apart in the frequency domain that new information can be obtained from the orbital response;
however, because each of these moons has a nearly circular orbit with very low orbital inclination, the amplitude
of the magnetic waves associated with this period are very small for both moons (e.g., the largest component, B,
is <0.15 nT for both moons), again reducing the utility of the secondary wave to resolve the degeneracy of the
interior models. Because of this low amplitude of the orbital response, the synodic period and its higher-order
harmonics contain most of the information and are the primary signal for distinguishing between models.

7. Forward Modeling the Induced Magnetic Moments

To obtain a more meaningful metric of distinguishably within the interior parameter space used in this work, we
compute the total induced magnetic moment for each combination of interior and ionosphere properties (Equa-
tion 3). This allows us to work in a space with convenient units of nT and in a domain readily attainable from
inverting the induced dipolar response (Equation 5) that would be measured by a 3-axis magnetometer on a future
spacecraft mission to Uranus.

As described previously, the induction response from each moon is dominated by each of the respective synodic
waves, as the orbital waves do not carry much strength. As a result, any uncertainty in the magnetic phase of Ura-
nus' core rotation will have a small effect on the induction response for any given orbital phase of the moon. This
small effect contrasts with the environment at Triton, where the synodic (14 hr) and orbital waves (141 hr) have
similar amplitudes (~7 and ~3 nT, respectively) and can have appreciable constructive or destructive interference.

Because the synodic wave is the dominant signal for probing the Uranian moons, we assess the ability to discrim-
inate between different interior structures via their magnetic moments for two different relevant phases of this
wave: those times occurring when the synodic B, component is at maximum (corresponding to minimum B,) and
when B, is maximum (corresponding to minimum B,). This phasing and time-domain information is illustrated
in Figufe 7 for all three moons, where #, and ¢, indicate the times at which the magnetic moments are forward
modeled. Also illustrated in the figure are the relatively small synodic second harmonic and orbital magnetic field
components, shown here for reference.

Figure 8 illustrates the forward modeled magnetic moments for all combinations of interior and ionosphere pa-
rameters, evaluated at time ¢ = £, when the synodic B, component is at a maximum, as defined in Figure 7. These
induced magnetic moments represent a three-dimensional space, but the M, (z) component is small compared to
the other two components and therefore not shown here. It is evident in the figure that the data tend to cluster in
groups with the ionosphere-only model with which they were convolved (magenta dots). Additionally, similar
ocean conductivity (i.e., color) and ocean thickness (i.e., dot size) models tend to cluster within the subgroups.
The thicker and highly conductive oceans are more distant from the ionosphere models they were convolved
with, and the thinner and less-conductive oceans lie closer, making ocean discrimination more difficult for these
cases when noise sources are considered. The bottom row of Figure 8 illustrates the magnetic separation between
the magnetic moments of all ocean models and the ionosphere models they were convolved with, plotted against
ionosphere conductance for the three moons. The magnetic separation (MS) between the magnetic moment of
a given ionosphere model M X,A~4 » M . and magnetic moment of the jth ocean model it was convolved with

M,;,M;,M ;s defined by the three-dimensional Euclidean distance between the two vectors

Xy

(6

The increased magnetic separation between models for the moons closer to Uranus occurs because the driving
field is stronger. Additionally, the thinner (smallest sized dots) and less-conductive oceans (yellow and orange
shaded dots), the harder it is to distinguish from an ionosphere if both are present.

Figure 9 is analogous to Figure 8, but with the magnetic moments computed at time ¢ = ¢, when the B, component
of the synodic wave is at a maximum and the B, component of the synodic wave is zero (see Figure 73. Compared
to the magnetic separation of moments in Figure 8 at ¢ = 7, there is a noticeable drop in magnetic separation in
moments at ¢ = ¢, for the thicker and more conductive ocean models (largest blue dots) and a small increase in the
separation for the thinnest and less-conductive ocean models (smallest yellow dots). The variation in magnetic
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Figure 7. (top row) B, versus B, components of Uranus' magnetic field at the synodic (black), synodic second harmonic (cyan), and orbital (gray) periods for each of
the moons. Note the insignificance of the orbital and synodic second harmonic responses compared to the dominant synodic period. The #, and ¢, labels indicate the two
times of arrival that were simulated, corresponding to maximum B, and maximum B,, respectively. (bottom row) B,, B, and B, components of Uranus' magnetic field
(synodic and orbital) as a function of time for the three moons. ' '

separation across a 90° phase of the synodic period is attributed to the large variation of phase delays associated
with interior models simulated. Therefore, even though the driving field is maximized at ¢ = ¢, the induced mag-
netic field will be maximized according to its associated phase delay ¢, indicating that the optimal arrival time
is model dependent.

8. Discussion

In Section 7, we demonstrated that it is possible to distinguish the magnetic moments associated with an ocean
from those associated with an ionosphere for a wide range of ionosphere HIC. This demonstrates the feasibility
of performing ocean detection from a single flyby for a wide variety of ocean scenarios if one is able to reliably
invert the data for acquisition of the total magnetic moments. However, one important question remains to be
addressed: What is the range of characteristics of detectable oceans when noise is considered? This question is
difficult to answer without a specific planned trajectory and a Monte Carlo simulation that considers all possible
noise sources (owing to plasma interaction fields, magnetic instrument noise and offsets, spacecraft position,
time, attitude uncertainties, etc.). This analysis is intended for future work. However, even without such analyses,
we can still get a sense of the characteristics of the oceans that are detectable by plotting the ocean-to-ionosphere
magnetic field separation contours as a function of ocean thickness and conductivity, for a given ocean depth and
ionosphere conductance. As shown in Section 7, although the total magnetic moments can change significantly
for a change in ionospheric conductance, there is not much difference in the magnetic separation of the ocean
moments relative to moments associated with the ionospheres they were convolved with. Therefore, we illustrate
a representative case to show the magnetic separation contours of models as a function of ocean thickness and
conductivity for a given ocean seafloor depth and ionosphere HIC. Figure 10 illustrates these contour plots for
Miranda, Ariel, and Umbriel, each at time ¢, and ¢,, for assumed ionosphere HIC of ~1 kS and the deepest seafloor
simulated for each body. We illustrate the results for the deepest oceans as it is expected that thicker ice shells
will be present due to the very cold environment at Uranus, 19.2 AU from the Sun. These deep oceans are also
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Figure 8. Forward modeled magnetic moment at 7 = ¢,. (top row) Forward modeled magnetic moments of all combinations of interior/ionosphere models when the
B, component of the synodic wave is at a maximum (correspondingly B, at a minimum) for each of the three moons studied. Color and size are again consistent with
the coding in Figure 5. (bottom row) Magnetic separation between all ocean-plus-ionosphere models and ionosphere-only models with which they were convolved as a
function of ionosphere height integrated conductivity (HIC) for each of the moons.

the most difficult to detect, due to the 1/ falloff of the induced dipole field, and therefore represent a worst-case
scenario.

Again, the Miranda ocean magnetic moments exhibit the greatest separation and the Umbriel moments the least,
simply due to the strength of the background magnetic field they experience due to their different proximities
to Uranus. For Miranda, assuming a seafloor depth of 86 km (deepest ocean simulated) and 1 nT magnetic mo-
ment extraction noise, the ocean models that are undiscernible from ionosphere models are characterized by a
parameter space bounded by oceans <10-km thick with conductivity <0.55 S/m and oceans <40-km thick with
conductivity <0.1 S/m, encompassing both arrival times. Induction signals from oceans closer to the surface will
be more distinguishable from the ionosphere induction signal. Assuming a 179-km deep seafloor for Ariel, the
undetectable oceans within this moon span an area defined by oceans <10-km thick with conductivity <0.4 S/m
and oceans <38-km thick with conductivity <0.1 S/m. Lastly, assuming a 185-km deep seafloor for Umbriel,
the undetectable oceans span an area defined by oceans <10-km thick with conductivity <1.0 S/m and oceans
<75-km thick with conductivity <0.1 S/m. Note that at least for Miranda and Ariel, the undetectable oceans are
all very likely deep and frozen out deep. Although we assert that the induction response from these oceans is not
distinguishable from the induction response of an ionosphere, alternative methodologies are being developed in
parallel to enhance this separation.

The contour plots of Figure 10 are not only useful for highlighting the separation of ocean moments from the
ionosphere moments, but is also useful for illustrating the magnetic separation between different ocean models.
This invites a second important question: How well can a detected ocean be characterized in the three-dimen-
sional total magnetic moment space? Figure 11 illustrates the magnetic separation contours between every ocean
model and a single representative ocean model characterized with 1.3 S/m conductivity for three different ocean
thicknesses for each moon at time ¢ = #,. For consistency with Figure 9, the models used to generate the con-
tours in Figure 10 are characterized with an ionosphere HIC of ~1 kS and the deepest seafloor for each moon.
Additionally, the color mapping between the two figures is identical. We simulated a 30-km, 50-km, and 70-km
thick ocean for Miranda and a 30-km, 80-km, and 130-km thick ocean for Ariel and Umbriel.

COCHRANE ET AL.

14 of 21



A7t |

.
N\ Journal of Geophysical Research: Planets 10.1029/202 1JE006956
AND SPACE SCIENCE
Miranda Ariel Umbriel
120 T 70 30
Ocean + lonosphere Models Ocean + lonosphere Models HIC 16 kS Ocean + lonosphere Models HIC 16 kS
Conductivity (S/m) 60 Conductivity (S/m) Conductivity (S/m)
oo [T = [
107107 10880 50| 102 107 100 10'g,
80 20
= =40 . =
= (=
< 60 = | =15
S S 30 / &
40
20 10
HIC
201 g ™ Hic50ks 10tos 5
0'-{” lonosphere Only Models —@— . v P lonosphere Only Models —@— 0 lonosphere Only Models —@—
0 50 100 150 200 0 20 40 60 80 100 120 0 10 20 30 40 50
Mx (nT) Mx (nT) Mx (nT)
g 102 100nT ------ -4-4-1 202 = 102
< c 10 c 10
5 5 5
= = ke
: e i 2
S anllhl A L8808 B B K 8 8 § 8 8 R KX | o .10801.. _10RR B R B s
ol - ---------- FH § e HomtH - 2
cg i »n ! &
= el ko)
i o0 o ©
__________________________ 2
g 10 1nT o o 1
5] { k] kS
5 | g g
© © ()
= 401 @
10 & = =
1 2 3 4 ‘ :
10 10 10 10 10? 10° 10* 10° 102 10° 10*

Height Integrated Conductivity (S)

Height Integrated Conductivity (S) Height Integrated Conductivity (S)

Figure 9. Forward modeled magnetic moment at 7 = t,. (top row) Forward modeled magnetic moments of all combinations of interior/ionosphere models when the
B, component of the synodic wave is at a maximum (correspondingly B, at a minimum) for each of the three moons studied. Color and size are again consistent with
the coding in Figure 5. (bottom row) Magnetic separation between all ocean-plus-ionosphere models and ionosphere-only models with which they were convolved as a
function of ionosphere height integrated conductivity (HIC) for each of the moons.

These plots give insight into the level of noise that hinders the ability to resolve different ocean characteristics.
For example, for 1 nT of noise, the oceans that fall in the space encompassed by the contours that contain the
red swaths are indistinguishable as the noise has the potential to displace the model from its true three-dimen-
sional position in total magnetic moment space. For 2 nT of noise, the oceans that are indistinguishable reside
in the contours that contain the orange swaths, and so on. It is clearly evident from the figures that the thicker
and more conductive the ocean, the better the ocean resolvability. Take for example, the case of Miranda with an
ocean characterized by a thickness of 70 km and 1.3 S/m conductivity, marked by the “X” in the top left panel of
the figure. As illustrated by the various contours surrounding this specific model, the ocean parameters can be
estimated with good precision, at least here to the level of the increments used in the parameter space, that being
within 10 km in thickness and within 1 S/m. Now consider the intermediate case (middle left panel), when the
ocean thickness is increased to 50 km. Here, the contour areas tend to grow and no longer define unique locations,
making ocean characterization more difficult when higher levels of noise are encountered (e.g., 2 and 3 nT). In
the bottom left panel, the 30 km ocean thickness case is the worst scenario, as the contour regions grow in area,
making characterization impossible unless the noise is kept below 0.5 nT.

Aside from increasing the number of flybys, we have also explored the possibility to further separate the models
in a higher-dimensional space in order to reduce the degeneracy. Instead of using the separation distance obtained
from the three-dimensional total magnetic moment vector, one could alternatively use the separation distance ob-
tained from the combination of the 3-element vectors for each of the individual magnetic moments (i.e., different
frequencies) if extraction is possible. Mathematically, this magnetic separation is defined by

== T (M

k i=x,y,z

- My )2 , @)

where M represents the x, y, or z component of the jth ocean model at frequency k and J represents the index of
the specific ocean model the distances are being referenced to.
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Figure 10. Contour plots illustrating the magnetic field separation between the total magnetic moments associated with the ocean-plus-ionosphere models and the
ionosphere-only models for a representative ionosphere height integrated conductivity (HIC; roughly 1,000 S) and the deepest oceans simulated for Miranda (left
panels), Ariel (middle panels), and Umbriel (right panels), for two different arrival times, ¢ = #; (top row of panels) and ¢ = ¢, (bottom row of panels). The magnetic
separation plotted by the contours is a proxy for the relative ease of determining whether an ionosphere alone or an ocean-plus-ionosphere is responsible for the

hypothetical signal measured.

This separation metric is beneficial as it is not prone to destructive interference of the magnetic waves at different
frequencies and therefore its capability to isolate frequencies has the ability remove degeneracy in a higher-di-
mensional space. Unfortunately, the Uranian moons are not optimal targets to benefit from this separation meth-
od, as the moons are dominated by a single wave (e.g., the synodic period). This implies that destructive (as well
as constructive) interference of the individual waves will be minimal. We note that the degeneracy is reduced
when this separation method is applied to the moons, but far from removed. Miranda, however, experiences high-
er-order harmonics of the synodic period that are, although small, significant enough in amplitude to slightly aid
in separation of the models to reduce degeneracy. Figure 12 illustrates a representative example, which compares
the magnetic separation contours for the total magnetic moments (left panel) and the individual magnetic mo-
ments (right panel), referenced to a simulated ocean with thickness of 40 km, conductivity of 1.3 S/m, seafloor
depth of 56 km, and ionosphere HIC of 1 kS. Assuming a 3 nT noise limit, precisely identifying the parameter
space associated with the reference ocean model in the total magnetic moment space is not possible as there are
multiple islands of the 3 nT magnetic separation contour. However, when the magnetic separation is computed
in a higher-dimension space, formed from the individual moments at the synodic period and its second and third
harmonics, the degeneracy is broken and more precise identification of the ocean parameters becomes possible
as only a single 3 nT island contour remains. We note that this is just one representative example in time and does
not consider all possible phase scenarios of the waves used in the calculation. Therefore, there will be other times
and or scenarios where this methodology results in either an increase or decrease in separation.

9. Conclusion

In this work, we have demonstrated that magnetic induction can be used to determine the existence of subsurface
oceans within the major moons of Uranus. The innermost moons of Miranda, Ariel, and Umbriel are particularly
strong candidates for ocean detection using this phenomenon, as the strength and variability of the magnetic field
are high at their orbital locations. For these three moons, our forward modeling indicates that ocean detection is
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Figure 11. Contour plots of three representative oceans for each moon, illustrating the magnetic field separation between a single representative ocean magnetic
moment, marked by the black “X,” and all other ocean model moments for a given ionosphere height integrated conductivity (HIC) and seafloor depth. Each
comparison is characterized by a band of degenerate models that would be difficult to distinguish from the example case. Outside this band (dark blue regions), the
different models are expected to exhibit differences well exceeding the expected precision of measurements after accounting for noise sources.

possible for the majority of the possible interior scenarios that were considered from a single flyby, even if they
possess highly conductive ionospheres. The analysis also explores the amount of noise that can be tolerated while
still being able to distinguish between oceans of different depths, thicknesses, and conductivities. We demonstrate
that even given realistic levels of instrument noise, these interior parameters could be constrained from a single
flyby, thereby expanding the possibilities for low-cost mission architectures that seek to explore the Uranian sys-
tem. Flying a heritage 3-axis magnetometer with high sensitivity (e.g., <100 pT / \/E ) such as those flown on
Cassini, Juno, and Magnetospheric Multiscale (MMS) missions, would be sufficient for this purpose.

10. Methods

For all timing and ephemeris computation in this work, we leverage the NAIF developed SPICE toolkit for MAT-
LAB called MICE (https://naif.jpl.nasa.gov/naif/toolkit. MATLAB.html). All magnetic field models and field
line visuals were implemented in MATLAB. We leverage the most recent kernel files (pck00010.tpc, ural11.bsp,
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Figure 12. Comparison of the magnetic separation obtained from a representative ocean within Miranda (thickness of 40 km, depth of 56 km, and conductivity of
1.3 S/m) with all other ocean models using (left) the total magnetic moment space and the (right) individual magnetic moment space, composed of the synodic period
and its second and third harmonics. A modest improvement of 1-2 nT is obtained by examining the inducted magnetic moments at their individual frequencies. As
illustrated, if a 3 nT total noise limit is assumed, the use of the individual magnetic moments allows more precise constrains to be placed on the ocean thickness and
conductivity.

gm_de431.tpc, nait0012.tls) and we use all [AU-defined reference frames as defined in the IAU working group
report (Archinal et al., 2018).

Appendix A: List of Frequencies and Amplitudes of Dominant Waves

Izl;l(;’?hle Frequencies and Amplitudes of the Magnetic Waves Encountered by Each of the Major Moons
Label Frequency (pHz) Period (hr) B (nT) By (nT) B_(nT)
Miranda DC 0 — =21:29 —-0.30 —85.97
1. 7.93 35.05 288.33 144.75 35.01
2f, 15.85 17.52 17.38 11.48 2.79
3f, 23.78 11.69 6.31 473 0.67
af. 31.7 8.69 1.78 1.42 0.002
£, 8.2 3391 13.98 5.94 3.36
2f 16.4 16.96 0.21 0.11 0.089
=1 0.27 1,044 3.32 2.04 1.09
fi+f, 16.12 17.23 4.19 0.39 11.33
2f. —f, 7.66 36.27 0.076 0.084 0.20
2f +f, 24.04 11.55 0.45 0.13 0.94
2f, +f, 24.30 11.43 0.45 0.19 0.18
3. +f 31.96 8.69 0.14 0.064 0.37

COCHRANE ET AL. 18 of 21



A7t |

A\ Journal of Geophysical Research: Planets 10.1029/2021JE006956
AND SPACE SCIENCE
Table A1
Continued

Label Frequency (pHz) Period (hr) B, (nT) B}V (nT) B, (nT)

Ariel DC 0 — —4.66 —-0.08 —27.05
1, 11.51 24.12 91.70 45.95 7.59

2f, 23.03 12.06 3.71 2.46 0.41

3f, 34.55 8.04 0.93 0.70 0.067

£ 4.59 60.5 0.14 0.11 0.049

fi=r 6.93 40.09 0.13 0.098 0.28

[+, 16.11 17.24 0.018 0.022 0.12

Umbriel DC 0 — —1.23 —0.02 —10.00
1. 14.78 20.86 34.09 17.07 2.02

2f, 26.63 10.43 0.98 0.65 0.078

3f, 39.97 6.95 0.18 0.13 0.009

£ 2.79 99.47 0.063 0.015 0.11

f-f 10.52 26.39 038 0.29 0.10

f+f 16.11 17.24 0.008 0.098 0.044

Titania DC 0 — —0.17 0.00 -2.26
1. 14.78 18.79 7.76 3.88 0.28

2f, 29.55 9.40 0.136 0.091 0.007

3f, 4437 6.26 0.015 0.011 0.00

£ 1.33 209.00 0.006 0.012 0.011

f=r 13.45 20.65 0.036 0.026 0.025

fi+ 1 16.11 17.24 0.001 0.008 0.006

Oberon DC 0 — —-0.05 0.00 -0.95
1 15.25 18.21 3.25 1.63 0.088

2f, 30.49 9.11 0.042 0.028 0.002

3f, 45.76 6.07 0.004 0.003 0.000

£ 0.86 322.94 0.009 0.004 0.003

fi=r 14.39 19.30 0.014 0.010 0.011

i+ 16.11 17.24 0.001 0.004 0.008

Data Availability Statement

The panels from each figure are archived on Zenodo where each panel is stored as a MATLAB .fig file where
Acknowledgments the data can be readily extracted. See Corey Cochrane. (2021). 20210512_JGRplanets_UranusMoonInduction

The research was carried out at the

Jet Propulsion Laboratory, California
Institute of Technology, under a contract
with the National Aeronautics and Space
Administration (S0NMO0018D0004).
Funding support was provided by the
JPL Strategic Research & Technology
Development program for the Icy Worlds
project (13-13NAI7_2-0024) and JPL
FY 2019 PMCS B&P Account, Uranus
Magnetosphere and Moons Investigator
(UMaMI). M. J. Styczinski was supported
by the NASA Headquarters under the
NASA Earth and Space Science Fellow-
ship Program—Grant 80NSSC18K1236.
A. Masters was supported by a Royal
Society University Research Fellowship.

(Version 1) [Data set]. Zenodo. https://doi.org/10.5281/zenodo.4750617.

References

Agnor, C. B., & Hamilton, D. P. (2006). Neptune's capture of its moon Triton in a binary-planet gravitational encounter. Nature, 441, 192—194.
https://doi.org/10.1038/nature04792

Archinal, B. A., Acton, C. H., Hearn, M. F. A., Conrad, A., Consolmagno, G. J., Duxbury, T., et al. (2018). Report of the AU working group
on cartographic coordinates and rotational elements: 2015. Celestial Mechanics and Dynamical Astronomy, 130, 22. https://doi.org/10.1007/
$10569-017-9805-5

Arridge, C. S., & Eggington, J. W. B. (2021). Electromagnetic induction in the icy satellites of Uranus. Icarus, 367, 114562. https://doi.
org/10.1016/j.icarus.2021.114562

Bagenal, F., Sidrow, E., Wilson, R. J., Cassidy, T. A., Dols, V., Crary, F. J., et al. (2015). Plasma conditions at Europa's orbit. Icarus, 261, 1-13.
https://doi.org/10.1016/j.icarus.2015.07.036

Beddingfield, C. B., Burr, D. M., & Emery, J. P. (2015). Fault geometries on Uranus’ satellite Miranda: Implications for internal structure and
heat flow. Icarus, 247, 35-52. https://doi.org/10.1016/j.icarus.2014.09.048

COCHRANE ET AL.

19 of 21


https://doi.org/10.5281/zenodo.4750617
https://doi.org/10.1038/nature04792
https://doi.org/10.1007/s10569-017-9805-5
https://doi.org/10.1007/s10569-017-9805-5
https://doi.org/10.1016/j.icarus.2021.114562
https://doi.org/10.1016/j.icarus.2021.114562
https://doi.org/10.1016/j.icarus.2015.07.036
https://doi.org/10.1016/j.icarus.2014.09.048

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2021JE006956

Beddingfield, C. B., & Cartwright, R. J. (2020). Hidden tectonism on Miranda's Elsinore Corona revealed by polygonal impact craters. Icarus,
343, 113687. https://doi.org/10.1016/j.icarus.2020.113687

Bridge, H. S., Belcher, J. W., Coppi, B., Lazarus, A. J., McNutt, R. L., Olbert, S., et al. (1986). Plasma observations near Uranus: Initial results
from Voyager 2. Science, 233, 89-93. https://doi.org/10.1126/science.233.4759.89

Cartwright, R.J., Bedding, C. B., Nordheim, T. A., Roser, J., Grundy, W. M., Hand, K. P., et al. (2020). Evidence for ammonia-bearing species on
the Uranian satellite Ariel supports recent geologic activity. The Astrophysical Journal Letters, 898(1), 22. https://doi.org/10.3847/2041-8213/
aba27f

Cartwright, R. J., Emery, J. P., Pinilla-Alonso, N., Lucas, M. P., Rivkin, A. S., & Trilling, D. E. (2018). Red material on the large moons of Ura-
nus: Dust from the irregular satellites? Icarus, 314, 210-231. https://doi.org/10.1016/j.icarus.2018.06.004

Castillo-Rogez, J., Hesse, M. A., Formisano, M., Sizemore, H., Bland, M., Ermakov, A. I., & Fu, R. R. (2019). Conditions for the long-term
preservation of a deep brine reservoir in ceres. Geophysical Research Letters, 46, 1963—1972. https://doi.org/10.1029/2018GL081473

Cochrane, C. J., Nordheim, T. A., Vance, S. D., Styczinski, M., Masters, A., & Regoli, L. H. (2021). 52nd Lunar and Planetary Science Confer-
ence 2021 (LPI Contrib. No. 1559).

Connerney, J. E. P, Acuiia, M. H., & Ness, N. F. (1987). The magnetic field of Uranus. Journal of Geophysical Research, 92, 15329-15336.
https://doi.org/10.1029/JA092iA13p15329

Croft, S. K. (1987). Miranda: Cryovolcanism and tectonism on a micro-planet. Geological Society of America Abstract with Programs, 19, 603.

Croft, S. K., & Soderblom, L. A. (1991). Geology of the Uranian satellites. In J. T. Bergstralh (Ed.), Uranus (pp. 561-628). University of Arizona
Press.

Cuk, M., Moutamid, M. E., & Tiscareno, M. S. (2020). Dynamical history of the Uranian system. arXiv:2005.12887 [astro-ph.EP].

Grasset, O., Dougherty, M. K., Coustenis, A., Bunce, E. J., Erd, C., Titov, D., et al. (2013). JUpiter ICy moons Explorer (JUICE): An ESA mission
to orbit Ganymede and to characterise the Jupiter system. Planetary and Space Science, 78, 1-21. https://doi.org/10.1016/j.pss.2012.12.002

Hand, K., & Chyba, C. (2007). Empirical constraints on the salinity of the europan ocean and implications for a thin ice shell. Icarus, 189,
424-438. https://doi.org/10.1016/j.icarus.2007.02.002

Hartkorn, O., & Saur, J. (2017). Induction signals from Callisto's ionosphere and their implications on a possible subsurface ocean. Journal of
Geophysical Research: Space Physics, 122, 11677-11697. https://doi.org/10.1002/2017JA024269

Hendrix, A. R., Hurford, T. A., Barge, L. M., Bland, M. T., Bowman, J. S., Brinckerhoff, W., et al. (2019). The NASA roadmap to ocean worlds.
Astrobiology, 19, 1-27. https://doi.org/10.1089/ast.2018.1955

Herbert, F. (2009). Aurora and magnetic field of Uranus. Journal of Geophysical Research, 114, A11206. https://doi.org/10.1029/2009JA014394

Howell, S. M., & Pappalardo, R. T. (2020). NASA's Europa Clipper—A mission to a potentially habitable ocean world. Nature Communications,
11, 9-12. https://doi.org/10.1038/s41467-020-15160-9

Hubbard, W. B., Podolak, M., & Stevenson, D. J. (1995). Interior of Neptune. In D. Cruickshank (Ed.), Neptune and Triton (pp. 109-138). Univ.
of Arizona Press.

Hussmann, H., Sohl, F., & Spohn, T. (2006). Subsurface oceans and deep interiors of medium-sized outer planet satellites and large trans-neptu-
nian objects. Icarus, 185, 258-273. https://doi.org/10.1016/j.icarus.2006.06.005

Jonhson, C. L., Philpott, L. C., Anderson, B. J., Korth, H., Hauck, S. A., Heyner, D., et al. (2016). MESSENGER observations of induced mag-
netic fields in Mercury's core. Geophysical Research Letters, 43, 2436-2444. https://doi.org/10.1002/2015GL067370

Kamata, S., Nimmo, F., Sekine, Y., Kuramoto, K., Noguchi, N., Kimura, J., & Tani, A. (2019). Pluto's ocean is capped and insulated by gas
hydrates. Nature Geoscience, 12, 407-410. https://doi.org/10.1038/s41561-019-0369-8

Khurana, K. K., Jia, X., Kivelson, M. G., Nimmo, F., Schubert, G., & Russell, C. T. (2011). Evidence of a global magma ocean in Io's interior.
Science, 332, 1186—1189. https://doi.org/10.1126/science.1201425

Khurana, K. K., Kivelson, M. G., & Russell, C. T. (2002). Searching for liquid water in Europa by using surface observatories. Astrobiology, 2(1),
93-103. https://doi.org/10.1089/153110702753621376

Khurana, K. K., Mitchell, K. L., Castillo-Rogez, J. C., & The Trident Team. (2019). Single-pass magnetometric ocean detection at Triton. Ocean
Worlds, 6038. http://www.hou.usra.edu/meetings/oceanworlds2019/pdf/6038.pdf

Kivelson, M. G., Khurana, K. K., Stevenson, D. J., Bennett, L., Joy, S., Russell, C. T., et al. (1999). Europa and Callisto: Induced or intrinsic fields
in a periodically varying plasma environment. Journal of Geophysical Research, 104, 4609-4625. https://doi.org/10.1029/1998JA900095

Kivelson, M. G., Khurana, K. K., & Volwerk, M. (2002). The permanent and inductive magnetic moments of Ganymede. Icarus, 157, 507-522.
https://doi.org/10.1006/icar.2002.6834

Majeed, T., McConnell, J. C., Strobel, D. P., & Summers, M. E. (1990). The ionosphere of Triton. Geophysical Research Letters, 17, 1721-1724.
https://doi.org/10.1029/GL017i010p01721

Moore, M. H., Ferrante, R. F., Hudson, R. L., & Stone, J. N. (2007). Ammonia—W.ater ice laboratory studies relevant to outer. Solar System
Surfaces, 190, 260-273. https://doi.org/10.1016/j.icarus.2007.02.020

Ness, N. F., Acuiia, M. H., Behannon, K. W., Burlaga, L. F., Connerney, J. E., Lepping, R. P., & Neubauer, F. M. (1986). Magnetic fields at
Uranus. Science, 233, 85-89. https://doi.org/10.1126/science.233.4759.85

Neveu, M., & Rhoden, A. R. (2019). Evolution of Saturn's mid-sized moons. Nature Astronomy, 3(6), 543-552. https://doi.org/10.1038/
$41550-019-0726-y

Nimmo, F., Hamilton, D. P., McKinnon, W. B., Schenk, P. M., Binzel, R. P., Bierson, C. J., et al. (2016). Reorientation of Sputnik Planitia implies
a subsurface ocean on Pluto. Nature, 540(7631), 94-96. https://doi.org/10.1038/nature20148

Pappalardo, R. T., Reynolds, S.J., & Greeley, R. (1997). Extensional tilt blocks on Miranda: Evidence for an upwelling origin of Arden Corona.
Journal of Geophysical Research, 102, 13369—13379. https://doi.org/10.1029/97JE00802

Paty, C., Arridge, C. S., Cohen, I. J., DiBraccio, G. A., Ebert, R. W., & Rymer, A. M. (2020). Ice giant magnetospheres. Philosophical Trans-
actions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 378, 20190480. https://doi.org/10.1098/rsta.2019.0480

Peterson, G., Nimmo, F., & Schenk, P. (2015). Elastic thickness and heat flux estimates for the Uranian satellite Ariel. Icarus, 250, 116-122.
https://doi.org/10.1016/j.icarus.2014.11.007

Plescia, J. B. (1988). Cratering history of Miranda: Implications for geologic processes. Icarus, 73, 442-461. https://doi.
0rg/10.1016/0019-1035(88)90055-3

Podolak, M., Weizman, A., & Marley, M. (1995). Comparative models of Uranus and Neptune. Planet and Space Science, 43(12), 1517-1522.
https://doi.org/10.1016/0032-0633(95)00061-5

Russell, C. T., Song, P., & Lepping, R. P. (1989). The Uranian magnetopause: Lessons from Earth. Geophysical Research Letters, 16, 1485-1488.
https://doi.org/10.1029/GL016i012p01485

Ruzmaikin, A. A., & Starchenko, S. V. (1991). On the origin of Uranus and Neptune magnetic fields. Icarus, 93, 82-87. https://doi.
0rg/10.1016/0019-1035(91)90165-p

COCHRANE ET AL.

20 of 21


https://doi.org/10.1016/j.icarus.2020.113687
https://doi.org/10.1126/science.233.4759.89
https://doi.org/10.3847/2041-8213/aba27f
https://doi.org/10.3847/2041-8213/aba27f
https://doi.org/10.1016/j.icarus.2018.06.004
https://doi.org/10.1029/2018GL081473
https://doi.org/10.1029/JA092iA13p15329
https://doi.org/10.1016/j.pss.2012.12.002
https://doi.org/10.1016/j.icarus.2007.02.002
https://doi.org/10.1002/2017JA024269
https://doi.org/10.1089/ast.2018.1955
https://doi.org/10.1029/2009JA014394
https://doi.org/10.1038/s41467-020-15160-9
https://doi.org/10.1016/j.icarus.2006.06.005
https://doi.org/10.1002/2015GL067370
https://doi.org/10.1038/s41561-019-0369-8
https://doi.org/10.1126/science.1201425
https://doi.org/10.1089/153110702753621376
http://www.hou.usra.edu/meetings/oceanworlds2019/pdf/6038.pdf
https://doi.org/10.1029/1998JA900095
https://doi.org/10.1006/icar.2002.6834
https://doi.org/10.1029/GL017i010p01721
https://doi.org/10.1016/j.icarus.2007.02.020
https://doi.org/10.1126/science.233.4759.85
https://doi.org/10.1038/s41550-019-0726-y
https://doi.org/10.1038/s41550-019-0726-y
https://doi.org/10.1038/nature20148
https://doi.org/10.1029/97JE00802
https://doi.org/10.1098/rsta.2019.0480
https://doi.org/10.1016/j.icarus.2014.11.007
https://doi.org/10.1016/0019-1035(88)90055-3
https://doi.org/10.1016/0019-1035(88)90055-3
https://doi.org/10.1016/0032-0633(95)00061-5
https://doi.org/10.1029/GL016i012p01485
https://doi.org/10.1016/0019-1035(91)90165-p
https://doi.org/10.1016/0019-1035(91)90165-p

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2021JE006956

Schenk, P. M. (1991). Fluid volcanism on Miranda and Ariel: Flow morphology and composition. Journal of Geophysical Research, 96, 1887.
https://doi.org/10.1029/901B01604

Schenk, P. M., Moore, J. M., & Schenk, P. M. (2020). Topography and geology of Uranian mid-sized icy satellites in comparison with Saturnian
and Plutonian satellites subject areas. https://doi.org/10.1098/rsta.2020.0102

Schilling, N., Khurana, K. K., & Kivelson, M. G. (2004). Limits on an intrinsic dipole moment in Europa. Journal of Geophysical Research, 109,
E05006. https://doi.org/10.1029/2003JE002166

Seufert, M., Saur, J., & Neubauer, F. M. (2011). Multi-frequency electromagnetic sounding of the Galilean moons. Icarus, 214, 477-494. https://
doi.org/10.1016/j.icarus.2011.03.017

Smith, B. A., Soderblom, L. A., Beebe, R., Bliss, D., Boyce, J. M., Brahic, A., et al. (1986). Voyager 2 in the Uranian system: Imaging science
results. Science, 233, 43-64. https://doi.org/10.1126/science.233.4759.43

Sori, M. M., Bapst, J., Bramson, A. M., Byrne, S., & Landis, M. E. (2017). A Wunda-full world? Carbon dioxide ice deposits on Umbriel and
other Uranian moons. Icarus, 290, 1-13. https://doi.org/10.1016/j.icarus.2017.02.029

Stanley, S., & Bloxham, J. (2004). Convective-region geometry as the cause of Uranus' and Neptune's unusual magnetic field. Nature, 428,
151-153. https://doi.org/10.1038/nature02376

Stanley, S., & Bloxham, J. (2006). Numerical dynamo models of Uranus' and Neptune's magnetic fields. Icarus, 184(2), 556-572. https://doi.
org/10.1016/j.icarus.2006.05.005

Styczinski, M. J., Vance, S. D., Harnett, E. M., & Cochrane, C. J. (2021). A perturbation method for evaluating the magnetic field induced from
an arbitrary, asymmetric ocean world analytically. Icarus. Retrieved from https://arxiv.org/abs/2106.10878

Vance, S. D., Styczinski, M. J., Bills, B. G., Cochrane, C. J., Soderlund, K. M., Gémez-Pérez, N., & Paty, C. (2021). Magnetic induction responses
of Jupiter's ocean moons including effects from adiabatic convection. Journal of Geophysical Research: Planets, 126, ¢2020JE006418. https://
doi.org/10.1029/2020JE006418

Voigt, G.-H., Behannon, K. W., & Ness, N. F. (1987). Magnetic field and current structures in the magnetosphere of Uranus. Journal of Geophys-
ical Research, 92, 15337-15346. https://doi.org/10.1029/JA092iA13p15337

Weiss, B. P., Biersteker, J. B., Colicci, V., Couch, A., Petropoulos, A., & Balint, T. (2021). Searching for subsurface oceans on the moons of
Uranus using magnetic induction. In 52nd Lunar and Planetary Science Conference 2021a (LPI Contrib. No. 2548).

Weiss, B. P., Biersteker, J. B., Colicci, V., Goode, A., Castillo-Rogez, J. C., Petropoulos, A. E., & Balint, T. S. (2021). Searching for sub-
surface oceans on the moons of Uranus using magnetic induction. Geophysical Research Letters, 48, €2021GL094758. https://doi.
0rg/10.1029/2021GL094758

Zahnle, K., Schenk, P., Levison, H., & Dones, L. (2003). Cratering rates in the outer Solar System. Icarus, 163, 263-289. https://doi.org/10.1016/
S0019-1035(03)00048-4

Zimmer, C., Khurana, K. K., & Kivelson, M. G. (2000). Subsurface oceans on Europa and Callisto: Constraints from Galileo magnetometer
observations. Icarus, 147, 329-347. https://doi.org/10.1006/icar.2000.6456

COCHRANE ET AL.

21 of 21


https://doi.org/10.1029/90JB01604
https://doi.org/10.1098/rsta.2020.0102
https://doi.org/10.1029/2003JE002166
https://doi.org/10.1016/j.icarus.2011.03.017
https://doi.org/10.1016/j.icarus.2011.03.017
https://doi.org/10.1126/science.233.4759.43
https://doi.org/10.1016/j.icarus.2017.02.029
https://doi.org/10.1038/nature02376
https://doi.org/10.1016/j.icarus.2006.05.005
https://doi.org/10.1016/j.icarus.2006.05.005
https://arxiv.org/abs/2106.10878
https://doi.org/10.1029/2020JE006418
https://doi.org/10.1029/2020JE006418
https://doi.org/10.1029/JA092iA13p15337
https://doi.org/10.1029/2021GL094758
https://doi.org/10.1029/2021GL094758
https://doi.org/10.1016/S0019-1035(03)00048-4
https://doi.org/10.1016/S0019-1035(03)00048-4
https://doi.org/10.1006/icar.2000.6456

	In Search of Subsurface Oceans Within the Uranian Moons
	Abstract
	Plain Language Summary
	1. Introduction
	2. Magnetic Field of Uranus
	3. Magnetic Field at the Uranian Moons
	4. Favorable Geometry for Minimal Plasma Effects
	5. Effects of Magnetopause Currents on the Field Observed by the Moons
	6. Induction Models of Miranda, Ariel, and Umbriel
	7. Forward Modeling the Induced Magnetic Moments
	8. Discussion
	9. Conclusion
	10. Methods
	Appendix A: List of Frequencies and Amplitudes of Dominant Waves
	Data Availability Statement
	References


