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Voyager 2 constraints on plasmoid-based
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Abstract A magnetosphere controls a planet's evolution by suppressing or enhancing atmospheric loss
to space. In situ measurements of Uranus’ magnetosphere from the Voyager 2 flyby in 1986 provide the
only direct evidence of magnetospheric transport processes responsible for this atmospheric escape at
Uranus. Analysis of high-resolution Voyager 2 magnetic field data in Uranus’ magnetotail reveals the
presence of a loop-like plasmoid filled with planetary plasma traveling away from the planet. This first
plasmoid observation in an Ice Giant magnetosphere elucidates that (1) both internal and external forces
play a role in Uranus' magnetospheric dynamics, (2) magnetic reconnection contributes to the circulation of
plasma and magnetic flux at Uranus, and (3) plasmoids may be a dominant transport mechanism for mass
loss through Uranus' magnetotail.

Plain Language Summary Uranus possesses an intrinsic magnetic field that encircles the planet
and influences the local space environment. The solar wind plasma, made up of charged particles, flows
away from the Sun and interacts with Uranus’ magnetic field to form what is called a “planetary
magnetosphere.” By understanding dynamics of the magnetosphere, we are able to learn how changes in the
Sun can impact the planet's space environment but also how magnetic fields and plasma are circulated
throughout the system. In this work, we analyze data from the Voyager 2 spacecraft during the Uranus flyby
in 1986. The data revealed a helical bundle of magnetic flux containing planetary plasma, known as a
“plasmoid,” in the tail of the magnetosphere. This first observation of a plasmoid in an Ice Giant
magnetosphere elucidates processes that occur in the magnetosphere of Uranus and suggests that plasmoids
may play a large role in transporting plasma.

1. Introduction

A planetary magnetosphere is formed as the high-speed solar wind plasma emanates from the Sun and inter-
acts with a planet's intrinsic magnetic field. Magnetospheres influence a planet's evolution by regulating the
circulation and removal of charged particles and magnetic flux within its local space environment. This
removal of plasma, in the form of atmospheric loss to space, is an active area of research at planets through-
out the solar system (see Catling & Kasting, 2017, and references therein). One conduit playing a significant
role in this escape is “plasmoids,” which are cylindrical bundles of magnetic flux filled with plasma (Hones,
1979). Plasmoids form as magnetic fields are “pinched off” in a planet's elongated magnetic tail by the
plasma process of magnetic reconnection (Figure 1). These magnetic structures have been frequently
observed in terrestrial intrinsic magnetospheres such as Mercury (DiBraccio, Slavin, et al., 2015; Slavin
et al., 2009, 2010, 2012) and Earth (e.g., Hones, 1979; Hones, Baker, et al., 1984; Hones, Birn, et al., 1984;
Teda et al., 1998; Moldwin & Hughes, 1992; Slavin et al., 1989, 1993), the induced magnetosphere of Mars
(Brain et al., 2010; DiBraccio, Espley, et al., 2015; Eastwood et al., 2008, 2012; Hara et al., 2017), and the
Gas Giant magnetospheres of Jupiter (Kronberg et al., 2005, 2007, 2008; Vogt et al., 2010, 2014) and
Saturn (Hill et al., 2008; Jackman et al., 2007, 2008, 2011, 2014, 2016). To date, no plasmoid observations
have been reported from either of the Ice Giant magnetospheres: Uranus or Neptune. Here we utilize
Voyager 2 data to confirm the presence of plasmoid-based mass loss and flux transport at Uranus.

At a distance of 19 AU from the Sun, Uranus experiences a limited degree of solar wind forcing. Typical
upstream plasma densities of ~0.02 cm™ and interplanetary magnetic field magnitudes of ~0.3 nT are low
compared to values of ~7 cm™> and ~8 nT at Earth (see Bagenal, 2013). While most planetary rotation axes
are nearly perpendicular to the planet's orbital motion with respect to the Sun, Uranus' rotation axis is
almost parallel, with a tilt of ~98°. For this reason, the angle between the solar wind and planetary
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rotation axis varies between 8° and 172° over the course of a Uranus year
(84 Earth years). Furthermore, its planetary magnetic field is tilted ~59°
from the rotation axis and shifted by 0.3 Ry (Ry is the radius of Uranus
or 25,600 km) from the center of the planet (Connerney et al., 1987; Ness
et al., 1986). This unusual geometry (Figure 1) generates tremendous
diurnal and seasonal variations unlike any other planetary magnetosphere
in the solar system (Cao & Paty, 2017; Masters, 2014).

Internal to the magnetosphere, the atmosphere of Uranus serves as
a modest plasma source with protons acting as the dominant species at a
production rate of ~0.02 kg/s (Bagenal, 2013; McNutt et al., 1987,
Selesnick & McNutt, 1987). This relatively weak internal plasma source
distinguishes Uranus from Jupiter and Saturn, whose magnetospheric
mass contents are orders of magnitude higher due to the presence of active
moons like Io (e.g., Delamere & Bagenal, 2003; Hill et al., 1983; Kivelson
et al., 2004; Thomas et al., 2004) and Enceladus (e.g., Dougherty et al.,
2006; Porco et al., 2006; Spencer et al., 2006). Nevertheless, in order to
achieve a balanced system, planetary plasma mass loss processes at
Uranus must account for its ~0.02 kg/s production rate.

The dynamics of a planetary magnetosphere and its plasmoid ejection
processes leading to mass loss are preferentially driven by either external
(i.e., solar wind) or internal (i.e., planetary rotation) forces; however, they
may also exhibit a combination of the two. Earth and Mercury provide an
example of externally driven environments, where the solar wind func-
tions as the main magnetospheric source of both plasma and energy input.
The giant magnetospheres of Jupiter and Saturn are dominated by internal

Figure 1. Graphic of the Uranus magnetosphere in a (top) quiescent and ~ dynamics due to the energy contributed by the planet's fast rotation,
(bottom) active state, demonstrating the formation of a plasmoid in the coupled with strong internal plasma sources and weak solar wind forcing
magnetotail as a result of magnetic reconnection. The solar wind flows from (Khurana et al., 2004). Uranus' location in the heliosphere experiences an

the left to the right and the magnetosphere configuration is representative of
the planet's orientation at the time of the Voyager 2 flyby.

even weaker solar wind influence; however, Vasyliunas (1986) suggested
that its magnetosphere can be externally dominated when there is close
alignment between its rotation axis and the solar wind flow. Despite its
distinctive nature, there is a dearth of in situ observations at Uranus, with only a single flyby of the
Voyager 2 spacecraft in January 1986 (Stone & Miner, 1986). Therefore, the forces responsible for plasma
transport and magnetospheric convection remain an outstanding question.

Here we report on the first observation of a plasmoid in the magnetotail of Uranus during the Voyager 2
flyby. This tailward moving plasmoid provides direct evidence that magnetic reconnection contributes to
the circulation of magnetic flux and mass transport in the Ice Giant magnetospheres. Moreover, these obser-
vations offer new insights as to whether Uranus has an externally driven (i.e., solar wind) or internally driven
(i-e., planetary rotation) magnetosphere. These single-point in situ measurements were analyzed to provide
the first estimates of downtail plasma mass loss in an Ice Giant magnetosphere and the results are compared
to analogous rates at the Gas Giants.

2. Analysis and Results

We revisit Voyager 2 Magnetometer (MAG) data (Behannon et al., 1977) obtained during the Uranus mag-
netotail transit. Previous studies of Uranus' magnetotail analyzed magnetic field vectors that were averaged
over 48 s to several minutes in order to investigate large-scale structures. In this work, the analysis of MAG
vectors at a finer resolution of 1.92 s revealed that a plasmoid was observed subsequent to the last complete
cross-tail current sheet traversal (see “N3” in Behannon et al. (1987)). MAG data are presented in Uranus
Solar Magnetospheric (USM) coordinates, equivalent to the Solar Magnetospheric (SM) coordinate system
used in previous analyses of Voyager 2 data (e.g., Kane et al., 1991; Ness et al., 1986). In the USM coordinate
system Xysy is directed toward the Sun along the Uranus-Sun line, Zygy lies in the plane containing the
Xusm axis and the magnetic dipole vector, and Yysy completes the orthogonal, right-handed coordinate
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Figure 2. (a-d) Voyager 2 magnetic field data during the Uranus magnetotail traversal in USM coordinates. Four current
sheet crossings (CS1-4), identified by Behannon et al. (1987), are indicated by vertical dashed lines. Regions shaded
purple, red, and blue represent the plasma sheet (PS), —Bx uswm tail lobe, and +Bx yswm tail lobe, respectively. The
observed plasmoid is labeled with a purple arrow. (e) A view of Uranus' magnetotail as seen from the tail looking toward
the planet. The —Bx ysm and +Bx usw lobes are represented by the red- and blue-shaded regions, respectively. The thick
dashed line denotes the average plasma sheet location using a polynomial fit to the three complete current sheet
crossings reported by Behannon et al. (1987). The dotted line shows Voyager 2's trajectory in the tail from the magneto-
spheric reference frame with the arrows indicating the spacecraft's progression. CS1-4 are labeled along the trajectory. The
purple circle labeled “P” marks the spacecraft location at the time of the plasmoid observation.

system. Unfortunately, Uranus flyby data from the Voyager 2 Plasma Science (PLS) experiment are not
available in the Planetary Data System beyond 25 January 1986 08:00 UTC, which is prior to the time
period analyzed here. Therefore, we must rely on the published results by Sittler et al. (1987) and
Behannon et al. (1987) for plasma parameters during the Uranus magnetotail traversal.

During the Uranus flyby, Voyager 2 first crossed the dayside magnetopause and entered the magnetosphere,
it then encountered the planet at a closest approach of ~4.2 Ry, and finally traversed the magnetotail before
exiting the magnetosphere ~45 hr later (Ness et al., 1986). The spacecraft measured the magnetotail out to a
radial distance of ~79 Ry, providing measurements of the cross-tail current sheet and both magnetic tail
lobes (Behannon et al., 1987). Multiple current sheet crossings were observed, indicating that this period
was associated with significant magnetospheric activity and current sheet motion (Cheng et al., 1987,
Mauk et al., 1987; McNutt et al., 1987).

Voyager 2 magnetic field observations of the Uranus magnetotail are displayed in Figures 2a-2d, spanning
from 25 January 1986 05:00 UTC to 26 January 1986 04:00 UTC. This period included three complete and
one partial current sheet crossings (CS1-4), identified as a change in Bx ysm polarity and an incomplete
Bx mso rotation, respectively. The spacecraft observed both magnetic tail lobes and had multiple current
sheet encounters due to both tail twisting effects caused by planetary rotation and current sheet dynamics
(Behannon et al., 1987). The total field magnitude was ~2 nT in the lobes and decreased to ~0.5 nT in the
central plasma sheet, encompassing the tail current sheet. A detailed overview and analysis of this magneto-
tail traversal is included in Behannon et al. (1987).

A loop-like plasmoid was observed between the third and fourth current sheet crossings (CS3 and CS4) at
~23:05 UTC on 25 January 1986 (Figure 2a). Voyager 2's location at the time of the plasmoid encounter is
illustrated in Figure 2e. This tail view demonstrates that the structure was observed in the —Yysum, +Zusm
quadrant of the —Bx yswm lobe (red region). The key magnetic field signatures used to classify this loop-like
plasmoid were (1) a bipolar signature, representing an outer loop-like structure and (2) a local minimum
in the field magnitude at the inflection point of the bipolar signature, suggesting the presence of trapped
plasma. The significant rotation of the field observed throughout this structure distinguishes it from
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Figure 3. (a-e) Voyager 2 magnetic field data during the plasmoid encoun-
ter shown in (a) USM coordinates and (b-d) minimum variance analysis
coordinates. The vertical dashed lines mark the plasmoid signature and are
implemented for the minimum variance analysis interval. The postplasmoid
plasma sheet (PPPS) is denoted as the region between end of the plasmoid
(second vertical dashed line) and the vertical dotted line. (f) Schematic
showing the Voyager 2 trajectory through the plasmoid and PPPS in Uranus’
magnetotail as suggested by magnetic field signatures. Red and blue field
lines represent the —Bx ysm and +Bx ys tail lobes, respectively. The
purple shaded region illustrates the central plasma sheet. The vertical black
arrows indicate the open field line motion towards the current sheet with
an “X” marking the location of the reconnection X-line. The horizontal
white arrow demonstrates the tailward direction of the plasmoid after it has
been ejected via magnetic reconnection.

neighboring partial crossings of the neutral sheet. The local minimum was
likely associated with an increase in plasma pressure in order to maintain
pressure balance (e.g., Hones, Baker, et al., 1984; Hones, Birn, et al., 1984;
Jackman et al., 2014, 2016; Moldwin & Hughes, 1992; Vogt et al., 2010,
2014). This minimum in field magnitude also marks the differentiation
between a loop-like plasmoid and a flux-rope plasmoid, which has a
strong axially aligned core field that is observed as a local maxima in the
magnetic field magnitude (e.g., Moldwin & Hughes, 1991; Sibeck et al.,
1984; Slavin et al., 1995).

The plasmoid was observed for ~60 s at a downtail distance of ~54 Ry. In
USM coordinates (Figure 3a), the plasmoid observations included bipolar
signatures in By ,ysm and Bz ysy as the field rotated from ~—0.2 to ~—0.8
and ~0 to ~0.5 nT in these components, respectively. Given the orientation
of the background planetary magnetic field at the time of the Voyager 2
encounter (Figures 2a-2d), a Bz uysm bipolar signature rotating from
near-zero to the +Bz ysym lobe revealed that (1) the structure was moving
tailward with a south-then-north signature and (2) the spacecraft encoun-
tered the edge of the plasmoid, away from the its central axis. The latter
conclusion, of an off-axis crossing, is further supported by the fact that
plasmoid signature was observed between a complete and partial current
sheet crossing. If Voyager 2 measured the center of the plasmoid, the mag-
netic signatures would have been closer to, or embedded within, the cur-
rent sheet and the By ysy signature would have crossed through zero.

The inflection points of the By ysm and Bz uysm bipolar signatures were
aligned with a local minimum in Bx ysym and B at the time of closest
approach to the plasmoid center. Prior to entering the plasmoid, the
magnitude of the background field in the magnetotail lobe was ~1.8 nT.
This decreased down to ~1.4 nT within the plasmoid structure, before
returning to its original lobe-field magnitude. Following the plasmoid
encounter, the spacecraft observed an extended interval of +Bz yswm as
the field recovered to its background state of Bz ysu~0 at 23:06 UTC on
25 January 1986 (vertical dotted line Figures 3a—-3e). This signature was
identified as the postplasmoid plasma sheet (PPPS), a region where open
fields in the tail lobes continued to undergo reconnection following the
plasmoid formation and downtail ejection (Richardson et al., 1987;
Richardson & Cowley, 1985). The duration of the PPPS was observed to
be ~30 s. Figure 3f provides an illustration of the plasmoid and PPPS
encounter in the magnetotail of Uranus.

To further assess the structure of this plasmoid, we applied a minimum
variance analysis (Sonnerup & Cahill, 1967; Sonnerup & Scheible, 1998)
over the period denoted by the vertical dashed lines in Figures 3a-3e.
This interval was selected on the basis of the local maxima in the bipolar
signatures of By ysm and Bz ysy, consistent with analogous studies per-
formed at Mercury, Jupiter, and Saturn (DiBraccio, Slavin, et al., 2015;
Jackman et al., 2014; Vogt et al., 2014). The eigenvectors defining the
minimum, intermediate, and maximum field variance directions were
Byvin = (0.20, 0.65, 0.74), Bint = (0.88, 0.21, —0.42), and Byax = (0.42,

—0.73, 0.53). The resulting intermediate-to-minimum and maximum-to-intermediate eigenvalue ratios were
16.9 and 19.6, respectively, which demonstrated that this coordinate system was well defined. Additionally,
Behannon et al. (1987) found the Uranus current sheet to be curved out near the flanks relative to the
Yusm—Zusm plane, which is consistent the Byax eigenvector defined here. Throughout the interval, Byn
was nonzero and nearly constant at ~0.5 nT, further supporting that the spacecraft did not observe the
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center of the structure. The local minimum measured during the spacecraft's closest approach to the plas-
moid center was observed in Byt and represented the axial direction of the plasmoid. This decrease in field
magnitude indicated the presence of trapped plasma from the central plasma sheet in the loop-like structure
of the plasmoid. In flux-rope-type plasmoids, a local maximum would have been observed along Byt
Finally, the bipolar signature was clearly observed in Byjax and rotated from —0.5 to +0.3 nT.

3. Discussion

The detection of plasmoids in a planetary magnetotail elucidates (1) the occurrence and frequency of mag-
netic reconnection, (2) the mechanisms responsible for plasma acceleration and mass loss, and (3) the overall
dynamical processes that dominate a particular magnetosphere. The plasmoid observed in Uranus’ magneto-
tail during the 1986 Voyager 2 flyby had a loop-like structure with a diamagnetic decrease, indicating the pre-
sence of trapped charged particles from the central plasma sheet. The identification of a plasmoid in this
region provides direct evidence that atmospheric plasma was removed from the system and that magnetic
reconnection was occurring in the cross-tail current sheet, as originally postulated by charged particle mea-
surements (Mauk et al., 1987) and more recent numerical simulations (Téth et al., 2004).

The location of the observed plasmoid at ~54 Ry downtail constrains the location of the tail reconnection X-
line to be planetward of this distance. This finding supports simulation results reported by Téth et al. (2004)
where magnetic fields reconnected at downtail distances of ~30 Ry. Additionally, although not explicitly
highlighted, magnetospheric dynamics simulations during Uranus' solstice season presented by Cao and
Paty (2017) appear to have included a bundle of magnetic flux located ~50-60 Ry downtail in the
simulation domain.

In order to quantify plasmoid-based transport at Uranus, estimates of the structure's size, content, and occur-
rence frequency are necessary. The use of single-point magnetic field observations to determine plasmoid
scale sizes can result in significant uncertainties (e.g., DiBraccio, Slavin, et al., 2015; Jackman et al., 2014;
Slavin et al., 1993; Vogt et al., 2014); however, these data help to provide quantitative constraints on plasmoid
content. In order to develop the first constraints at Uranus, we apply an analytical approach that has been
previously conducted on plasmoid observations at both Jupiter and Saturn (Jackman et al., 2014; Vogt
etal., 2014). It is important to note that systematic biases introduced when estimating structure size with this
technique should be similar across all giant planet systems (Cowley et al., 2015).

We use the local Alfvén speed as a proxy for plasmoid propagation in order to estimate the spatial scale of the
plasmoid without the availability of plasma flow measurements. Within the central plasma sheet, the mag-
netic field magnitude was ~0.5 nT and the observed electron density was ~3 X 1073 cm ™ (Sittler et al., 1987).
In the tail lobes, the field strength was ~2 nT, with an electron density of ~1 x 107> cm > (Sittler et al., 1987).
Assuming quasi-neutrality and that protons were the dominant ion species (Selesnick & McNutt, 1987), the
local Alfvén speeds in the central plasma sheet and adjacent tail lobes were ~200 km/s and ~1,400 km/s,
respectively. Because the observed plasmoid transport included contributions from both plasma sheet and
lobe reconnection, as supported by PPPS observations, the structure speed was likely between these two lim-
its (Slavin et al., 2003). Therefore, the ~60-s plasmoid duration determined by the bipolar signature peaks
corresponded to length scales between ~0.5 Ry and 3.3 Ry. We adopt ~2 Ry as the average length scale.

When estimating the plasmoid length and height, we consider that Voyager 2 did not pass through the
center of the structure and, therefore, determine that the average length of ~2 Ry is likely an underesti-
mate. The force-free flux rope model of Kivelson and Khurana (1995) demonstrated that inferring
plasmoid lengths from magnetic signatures can lead to systematic underestimates by a factor of ~4-8
(see Vogt et al. (2014) and Jackman et al. (2014) for the implementation of this assumption at the Gas
Giants). Additionally, at Earth, it has been determined that the plasmoid height is roughly twice the
plasma sheet thickness (Slavin et al., 1993). Behannon et al. (1987) reported an average plasma sheet
thickness of ~10 Ry in the region where the plasmoid was observed in Uranus' magnetotail. Taking these
factors into account, we suggest that the observed plasmoid was likely a cylindrical structure with a dia-
meter between ~8 and ~16 Ry.

As with previous studies at Jupiter and Saturn, the plasmoid's azimuthal extent across the tail was not
directly measurable. In the internally driven magnetospheres of Jupiter and Saturn, tail reconnection

DIBRACCIO AND GERSHMAN

10,714



'AND SPACESCIENCE

Geophysical Research Letters 10.1029/2019GL083909

may be constrained to ~10% of the tail width (Vogt et al., 2010, 2014), while at highly externally
driven magnetospheres (e.g., Mercury), the full tail width is typically assumed for plasmoid flux
calculations (DiBraccio, Slavin, et al., 2015). At Uranus, Ness et al. (1986) and Behannon et al. (1987)
found the cross-tail width to be ~80 Ry. The plasmoid’s azimuthal extent could therefore range from
~8 Ry to 80 Ry.

The presence of a PPPS indicated externally driven magnetic reconnection continued between the open
fields in the tail lobes after the closed-field plasmoid was ejected. This continuation of reconnection removed
open magnetic flux from the magnetotail, balancing its creation on the dayside via magnetopause reconnec-
tion (Dungey, 1961; Masters, 2014). The observed change in B yysy of ~0.32 nT over a duration of 30 s in the
PPPS indicated that ~16 MWD of open tail magnetic flux was detached from the planet, assuming that the
full tail width (80 Ry) was undergoing reconnection. Although this number is likely a lower estimate of flux
given that the spacecraft observed the edge of the plasmoid and PPPS, it was nonetheless significantly small
(i-e., <1%) compared to the ~3.3 GWb of flux contained in the tail lobe. Note that in the instance where
reconnection is not occurring across the full tail width (i.e., <80 Ry), this result would be even less and it
would require an extended period of open-field reconnection to cycle through the entire tail lobe flux.
However, this minimal PPPS contribution of flux removal is comparable to calculations at Jupiter (Vogt
et al., 2014).

With a wide range of potential plasmoid dimensions, we estimate its content by assuming a cylindrical struc-
ture and applying a Monte Carlo simulation that considers uniformly distributed, independent values in dia-
meter (ranging from 8 Ry to 16 Ry) and azimuthal extent (ranging from 8 Ry to 80 Ry). This analysis results
in a mean plasmoid volume of 8.7 + 5.4 x 10*' cm?, where the uncertainty is calculated as the standard devia-
tion from the mean. For a plasma sheet density of ~3 X 107> cm ™2, this volume translates to a proton mass of
~430 + 270 kg within the plasmoid.

By utilizing this mass content, we can apply an estimated occurrence rate to assess the plasmoid contribution
to plasma transport at Uranus. It has been suggested that dayside reconnection occurs on the order of ~17 hr
at Uranus. This frequency, reported by Richardson et al. (1988), was determined through observations of per-
iodic velocity decreases in Uranus' flank magnetosheath that were associated with the planetary rotation.
Given that the magnetotail rotates with the planet, we take 17 hr as a reference for the plasmoid ejection rate.
The series of tail current sheet crossings observed by Voyager 2 at downtail distances exceeding ~30 Ry
occurred over an ~15-hr interval, such that identification of a single plasmoid ejection in this period is con-
sistent with the available spacecraft data. Therefore, using ~17 hr as the plasmoid occurrence frequency, we
estimate a plasmoid-based mass loss rate of ~0.007 + 0.004 kg/s at Uranus. This corresponds to ~35 + 20% of
the ~0.02 kg/s atmospheric proton production rate estimated by Bagenal (2013).

Plasmoids observed at Uranus, Jupiter, and Saturn have a similar loop-like topology, which is indicative of
internal driving (Jackman et al., 2014; Vogt et al., 2014). Mass loss in the internally driven magnetospheres
of Jupiter and Saturn are dominated by diffusive-based processes (e.g., Delamere et al., 2015; Kane et al.,
2014; Kivelson & Southwood, 2005; Louarn et al., 2015), with plasmoid-based loss contributing to only
~5-15% of the total production rate when applying the same analytical methods as presented above
(Jackman et al., 2014; Vogt et al., 2014). Because the conservative lower limit of the mass-loss calculation
derived here is greater than corresponding estimates for Jupiter and Saturn, it is possible that plasmoid ejec-
tion may be a dominant mass-loss mechanism at Uranus.

It is surprising to observe a loop-like plasmoid in a magnetosphere that is not only expected to be externally
dominated (Selesnick & Richardson, 1986; Vasyliunas, 1986) but, more importantly, one that also
experiences a natural helical tail twist due to the planet's rotation axis orientation (Behannon et al., 1987;
Voigt et al., 1987). Voyager 2 observations of a plasmoid in Uranus’ magnetic tail reveal that we do not yet
adequately understand the processes driving Ice Giant magnetospheres. With an ever-changing
interaction between the solar wind and planetary magnetic field, Uranus presents a unique challenge for
comparing external versus internal magnetospheric dynamics. Because these dynamics greatly influence
atmospheric loss to space, identifying the forces driving a magnetosphere will lead to clues about the
planet's evolution. From the analysis presented here, we are able to make the following points in order
to advance our understanding of the forces responsible for plasma and flux transport within the Uranus
system:
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1. The presence of a tailward-moving plasmoid with trapped plasma confirms that magnetic reconnection
contributes to the circulation of magnetic flux and removal of atmospheric plasma within a magneto-
sphere that exhibits large tilts in both the rotation and magnetic field axes.

2. The loop-like structure was not expected to be observed in a solar wind-driven magnetosphere with a
twisted tail caused by the planetary rotation, suggesting that internal forces play a role in mass transport
at Uranus.

3. Plasmoids may serve as a major transport mechanism for mass loss through the Uranus magnetotail.
The amount of open magnetic flux that is reconnected and released through the PPPS is likely sufficiently
less than the total lobe flux, indicating that an externally dominated environment would require unrea-
listic timescales to release the total open flux.

Although no relevant measurements are available for Neptune due to the 1989 Voyager 2 flyby trajectory
(Stone & Miner, 1989), we suggest that its systematic mass loss may include a significant plasmoid contribu-
tion as well. Similar to Uranus, Neptune's magnetosphere exhibits a large variance between the rotation and
magnetic axes at an angle of ~47°. However, in contrast to Uranus, Neptune's rotation axis is not aligned
with the solar wind (~30° inclination). This difference may allow for internal effects to play a larger role
in mass loss and overall plasma convection. For this reason, unlike at other magnetospheres throughout
the solar system, the planet's rotation and solar wind forcing may have nearly equal contributions to the
energy and plasma input at Uranus and Neptune.

The nature of magnetospheric circulation and mass-loss processes remain outstanding and essential topics
at both Uranus and Neptune. In order to definitively determine the relative contributions of planetary rota-
tion and solar wind forcing in driving global plasma dynamics, new in situ measurements will be necessary.
Until then, the enigmatic Ice Giant magnetospheres await further exploration.
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