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Abstract Reconnection is a fundamentally important process in planetary magnetospheres, with
both local and global effects. At Saturn, observations of the magnetotail reconnection site (or x-line) are
rare, with only one in situ encounter reported to date. In this work, an extensive database of plasmoids
and dipolarizations (Smith et al., 2016, https://doi.org/10.1002/2015JA022005) was investigated from a
multi-instrument perspective in order to probe the location and variability of the magnetotail x-line.
Several clear intervals were identified in which the x-line location could be indirectly inferred to move on
relatively short timescales. Two case studies are presented, the first of which concerns short-lived flows,
suggesting the reconnection sites can be either short-lived (~ 10 minutes) or extremely azimuthally
limited (~3 Rs/0.4 hr of local time). The second interval concerns the tailward motion of the reconnection
site (or sites), inferred from the increasing electron temperature (and diminishing electron density)
associated with the flows. This tailward motion occurs over ~2.5 hr (approximately a quarter of a planetary
rotation). The composition of the suprathermal plasma suggests that this could be an example of the
gradual depletion of mass-loaded flux tubes (that must occur prior to lobe reconnection). These case
studies are consistent with previous statistical work that suggested that the site of reconnection in the
Kronian magnetotail can be highly dynamic.

1. Introduction

Magnetic reconnection is an important physical process by which the energy stored in a magnetic field can
be released. On a small scale it transfers energy stored in the magnetic field to the local plasma while recon-
figuring the topology of the magnetic field. However, it can have global effects; reconnection on the dayside
magnetopause can result in the addition of mass to a planetary magnetosphere. Within a planet’s magnetotail
it can result in the ejection of mass to the solar wind and potentially the closure of magnetic flux.

In a meridional picture of the magnetotail, oppositely directed field lines stretch down the tail. If these field
lines come together and reconnect in several places, they create disconnected bubbles of plasma and field,
known as plasmoids (Hones, 1976, 1977). A spacecraft located tailward of the reconnection sites may be
expected to encounter these plasmoids as they are ejected down the magnetotail. At Saturn, a northward
deflection of the field is expected to accompany a plasmoid observation (Jackman et al., 2007). The degree
of deflection and accompanying changes in the other components of the field will depend on both the type
of magnetic structure present (e.g., Figure 1 of Zong et al., 2004) and the relative trajectory of the spacecraft
(e.g., Figure 1 of Borg et al., 2012). Meanwhile, planetward of the reconnection sites, the previously stretched
field lines will contract, recovering to a more dipole-like arrangement and generating a dipolarization front
(Nakamura et al., 2002; Ohtani et al., 2004; Runov et al., 2009). In the terrestrial magnetotail, the inward plasma
flows associated with such fronts are observed over a large range of radial distances but are likely local-
ized azimuthally (Gabrielse et al., 2014). At Saturn, the passage of the dipolarization front over the spacecraft
is accompanied by a southward magnetic field rotation. Henceforth, plasmoids and dipolarizations may be
referred to as reconnection products.

At Saturn, flows in the corotational direction (though below full corotational speed) are observed to domi-
nate nightside magnetospheric convection (e.g., McAndrews et al., 2009; Thomsen, Jackman, et al., 2014), with
only transient departures from the corotational direction observed. If a plasmoid is completely magnetically

SMITH ET AL.

5494


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://orcid.org/0000-0001-7321-4331
http://orcid.org/0000-0003-0635-7361
http://orcid.org/0000-0003-0140-9265
http://orcid.org/0000-0002-8428-1369
http://orcid.org/0000-0003-4144-8699
https://doi.org/10.1002/2015JA022005
http://dx.doi.org/10.1029/2018JA025532
https://doi.org/10.1029/2018JA025532
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018JA025532&domain=pdf&date_stamp=2018-07-23

~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2018JA025532

disconnected from the planet, it would be expected to move tailward and plasma outflow be observed.
However, if the plasmoid is still trapped by closed field lines (that have yet to reconnect), then it will continue
to be entrained with the ambient corotating plasma (Thomsen et al., 2013). Additionally, if the reconnection
process does not expel the plasmoid such that its radial velocity is much greater than its azimuthal motion,
then the flow will still have considerable momentum in the corotational direction. In a similar manner the
corotational velocity may form a significant component of any inflow associated with a dipolarization.

At Saturn two global dynamic cycles could, in principle, operate. The first is the Dungey cycle (Dungey, 1961).
This cycle can be thought of as beginning with the opening of magnetic flux on the dayside magnetopause via
reconnection. Open field lines, mapping at one end to the planet and the other into the solar wind, are swept
over the polar caps with the passage of the solar wind. Once within the magnetotail, they form the magneto-
tail lobes: regions above and below the plasma sheet sparsely populated by plasma. The open lobe field lines
can subsequently close, with their ends mapping once more to both the northern and southern hemispheres,
via reconnection at the center of the magnetotail. The cycle is completed as the now closed field lines circulate
around the flanks to the dayside of the planet. This cycle dominates the magnetospheres of Earth and Mer-
cury. At Saturn and at Earth, viscous-like interactions with the solar wind are also important (e.g., Delamere,
Bagenal, et al., 2015, and references therein); Kelvin-Helmholtz interactions and resultant reconnection can
act to transport mass, magnetic flux, and momentum across the magnetopause (e.g., Burkholder et al., 2017;
Ma et al,, 2017).

The second cycle is the Vasyliunas cycle (Vasyliunas, 1983), an internally driven process that results from the
fast rotation of the planet and presence of significant internal mass sources, as are found at Jupiter and Saturn.
Mass-laden flux tubes rotate around the dusk flank and are no longer supported by the magnetopause. The
field lines stretch down the magnetotail, thinning the current sheet, eventually pinching off and reconnecting.
At Saturn, the Vasyliunas cycle voltage is estimated to be several hundred kilovolts (Badman & Cowley, 2007).
In comparison, the Dungey cycle voltage has been estimated to range between ~25kV during solar wind
rarefactions and ~150kV during compressions (Badman & Cowley, 2007), with an average of ~40kV (Mas-
ters, 2015). Therefore, in general, magnetotail reconnection can be expected to be predominantly Vasyliunas
cycle-related. However, while the Kronian magnetosphere is strongly compressed, the Dungey cycle could
contribute significantly to magnetotail dynamics (e.g., Thomsen et al,, 2015).

A product of magnetotail reconnection (a dipolarization) was first identified within Saturn’s magnetotail
during Cassini’s SOI (Saturn Orbit Insertion; Bunce et al., 2005). Since then numerous in situ encounters with
plasmoids (Hill et al., 2008; Jackman et al., 2007, 2008; Russell et al., 2008) and dipolarizations (Jackman
etal, 2013, 2015; Thomsen et al,, 2013; Yao et al,, 2017) have been observed. More recently, wider surveys of
Saturn’s magnetotail aiming to identify these structures have been conducted (e.g., Jackman et al., 2014;
Smith et al,, 2016, 2018; Thomsen, Jackman, et al., 2014).

The small region where magnetic fields reconnect is known as the diffusion region. The diffusion region can
be divided into two characteristic scale sizes; the smaller electron diffusion region is surrounded by the larger
ion diffusion region. At Earth, direct ion (Eastwood et al., 2010; Nagai et al., 2001; @ieroset et al., 2001) and
electron (Burch et al., 2016) diffusion region encounters have been identified. However, at Saturn, only a single
encounter with the magnetotail ion diffusion region has been reported (Arridge et al., 2015), and so modeling
(Jiaetal,, 2012) orindirect evidence such as bursts of energeticions (e.g., Mitchell et al., 2005) or the orientation
of reconnection products (Smith et al., 2016, 2018) have been used to infer its location.

The situation is similar at Jupiter, where the location of the reconnection site has been inferred from the radial
flow anisotropies (Kronberg et al., 2005, 2007; Woch et al., 2002) and the orientation of magnetic field deflec-
tions associated with reconnection products (Vogt et al., 2010). Overall, while a rough statistical separation
has been found between planetward and tailward directed flows and structures (Woch et al., 2002; Vogt et al.,
2010), individual Jovian events often show evidence of the dynamic nature of the reconnection site, e.g., x-line
retreat (Kasahara et al., 2011; Kronberg et al., 2005). Likewise, at Saturn the location of the x-line has been
inferred to be dynamic; indeed, this has precluded the estimation of a clear statistical x-line (Jackman et al.,
2014; Smith et al., 2016). However, modeling efforts have suggested that Saturn’s x-line is located between
radial distances of ~25 and 40 R,, depending on both the upstream solar wind conditions and the current
internal state (Jia et al,, 2012).
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For this work an extensive catalog of reconnection products, identified from their magnetic signature (Smith
et al, 2016), were investigated from a multi-instrument perspective to infer the location of the spacecraft
relative to the magnetotail x-line. Section 2 describes the instrumentation used within the study. Section 3
presents two case studies, while section 4 discusses their implications in terms of x-line width and magneto-
spheric dynamics. Section 5 then summarizes and concludes.

2. Instrumentation

Data from the Cassini magnetometer (Dougherty et al., 2004) are used in this study. Magnetic field data are
presented in Kronocentric-Radial-Theta-Phi coordinates: a planet-centered spherical polar system in which
the radial component is directed outward from the planet, the theta (or meridional) component is positive
southward and the azimuthal component is positive in the direction of planetary rotation (corotation). This
coordinate system has been shown to be well suited to distinguish transient magnetospheric phenomena
from periodic encounters with the magnetotail plasma sheet (Jackman, Arridge, et al., 2009).

The magnetic field data are complemented by the thermal electron and ion data from the Cassini Plasma
Spectrometer (CAPS; Young et al., 2004). The Cassini Electron Spectrometer (ELS) observes the electron pop-
ulation between 0.58 eV and 26 keV, while the lon Mass Spectrometer (IMS) measures ions with an energy per
charge between 1 eV/e and 50 keV/e. During most intervals the Cassini Plasma Spectrometer (CAPS) instru-
ment does not see the full 4zsr of the sky, unless the spacecraft happens to be rolling. Instead, an actuating
platform allows sampling of ~2zsr of the sky. Electron moments (i.e,, n, and T,) derived from ELS data are also
used, and the methods by which these moments are derived are described by Lewis et al. (2008) and Arridge,
Gilbert, et al. (2009).

The thermal plasma data from CAPS are complemented by the suprathermal populations observed by the
magnetospheric imaging instrument (Krimigis et al., 2004). In particular, data from the Charge Mass Spec-
trometer (CHEMS) are presented. CHEMS measures the mass and mass per charge of ions between 3 and
236 keV for H* and between 8 and 236 keV for O*. The collection of both mass and mass per charge infor-
mation enables the separation of ion species such as H} and He**, an ability that is crucial to determining
whether the plasma is of internal (H}) or external (He**) origin.

Finally, data from the Radio and Plasma Wave Science (RPWS; Gurnett et al., 2004) instrument provides a more
global picture of the magnetospheric dynamics. The RPWS instrument allows monitoring of the Saturn kilo-
metric radiation (SKR), typically observed between frequencies of 3 kHz and 1.2 MHz (Kaiser & Desch, 1984;
Lamy et al., 2008).

3. Results

A catalog of reconnection products (Smith et al., 2016), identified from Cassini’s magnetometer data, was
investigated with data from multiple instruments in order to probe the distance of Cassini from the recon-
nection sites in Saturn’s magnetotail. We present two case studies showing the motion or formation of
magnetotail x-lines on short timescales. The first example shows the products of short-lived or azimuthally
narrow x-lines on the dusk flank. The second example shows the tailward motion of an x-line (or series of
x-lines) postmidnight over a quarter of a planetary rotation.

3.1. Case Study 1: Premidnight Multiple X-Lines

In this example, Cassini was approximately 33 R; (1 Rs = 60, 268 km) from the planet on an inbound trajec-
tory at 20:00 hr local time and a latitude close to the rotational equator (0.12°). It should be noted that the
dipole equator is offset northward from the rotational equator by ~0.04 R; (Dougherty et al., 2005). Seven
hours of Cassini Magnetometer and CAPS/ELS data are shown in Figure 1. Figure 2 shows CAPS/IMS viewing
plots for the intervals highlighted (with corresponding letters above the axes) in Figure 1. The colored bars
represent the orientation of the associated plasma flow relative to corotation (also shown in panel g). The
angle relative to the corotational direction (a) was calculated from plots such as those displayed in Figure 2:
the angular separation between the peak of the observed counts and the corotational direction was eval-
uated. The parameter « is defined such that positive values indicate outflow, and it has been calculated
for all times during which sufficient ion counts were recorded. Red bars indicate strong outflow (a > 30°),
orange represents slightly weaker outflow (20° < a < 30°) while yellow shows those within 20° of corota-
tion and thus fairly consistent with this, given uncertainties in the measurement (as in Thomsen et al., 2013).
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Figure 1. Seven hours of Cassini data from day 040 2010 from 05:00 to 12:00 UT. Panels (a)-(d) shows 1-min resolution
magnetometer data in the spherical polar Kronocentric-Radial-Theta-Phi coordinate system. Panel (e) shows a CAPS/ELS
electron spectrogram, where the counts have been averaged over all anodes. Panel (f) shows the ion spectrogram from
anode 5, which generally showed the greatest counts during the interval. The vertical shaded regions outline the
integration times used to produce the CAPS/IMS all-sky viewing plots, some of which feature in Figure 2. These intervals
were analyzed to determine the angular separation between the peak of the counts and the direction of corotation (a),
plotted in panel (g). Positive values of alpha represent outflow, while negative show inflow. During several intervals the
peak of the flow was not observed within the field of view of CAPS/IMS, therefore only the derivation of upper limits
were possible and are indicated with triangles in panel (g). Yellow regions (and points) show intervals where a was less
than 20°, orange shows those between 20° and 30°, while those for which « > 30° are shown in red. The blue region
shows an interval during which inflow can be inferred, while gray regions show those consistent with either inflow or
corotation (i.e., the peak was not within the field of view). Six intervals are marked with letters at the top, which
correspond to the relevant panels of Figure 2.CAPS/ELS = Cassini Plasma Spectrometer/Electron Spectrometer;

IMS = lon Mass Spectrometer.

Triangles indicate those intervals for which the peak flow is not within the field of view of the instrument, and
therefore represent upper limits. The blue interval shows a time during which the region of sky just outside
of corotation is visible and the peak is outside of this location (consistent with inflow), alternatively gray inter-
vals show those for which the peak is not observed, but the instrument cannot confirm that the increasing
counts continue beyond corotation.

At the start of the interval, between 05:00 and 05:30, the thermal plasma flows appear to be fairly corotational,
consistent with previous statistical studies of the dominant flow patterns observed at Saturn (McAndrews
et al,, 2009; Thomsen et al., 2013). An example of an all-sky viewing plot for this configuration is presented in
Figure 2a. Notably, the peak of the ion counts can be seen to coincide with the angle 90° from the planetward
direction, corresponding to an « of 0 (Figure 1g). Following this, between approximately 06:00 and 06:30, the
radial component of the field increases while the temperature of the electron population appears to decrease.
This could be indicative of field line stretching, perhaps as more heavily mass-loaded flux tubes have rotated
around the dusk flank and are no longer supported by the magnetopause.

Shortly after ~06:30 narrow vertical bars (indicating a highly anisotropic population) appear in the elec-
tron energy flux spectrogram at around 1keV (Figure Te). These correspond to a population of energetic
field-aligned electrons (confirmed in Figure 2b). Mitchell et al. (2009) inferred similar field-aligned distri-
butions to be related to auroral currents. These electrons are followed at 06:50 by a southward rotation
of the field in Figure 1b. This rotation of the field is accompanied by a small energization of the electron
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Figure 2. CAPS/IMS all-sky viewing plots (CAPS/ELS in panel b) detailing the origin of counts during the intervals defined at the top of Figure 1. The center of the
plots represents the Saturnward looks direction (i.e., along the radial unit vector in the —7 direction). The dotted circle represents directions a polar angle of 90°
from this, including the corotational direction (indicated with a triangle). The outer circle represents the anti-Saturnward direction. White regions show those
areas of the full 4zsr not covered by the CAPS instrument during the given integration time (itself shown in the bottom left of each panel). The colors represent
the count rate originating from that sector of sky. The CAPS/IMS energy bin used to produce the panel is provided at the bottom of each. CAPS/ELS = Cassini
Plasma Spectrometer/Electron Spectrometer; IMS = lon Mass Spectrometer.

population: a signature that has been recently used to identify Kronian dipolarization fronts (Smith et al.,
2018). Unfortunately, the CAPS instrument was oriented such that it was mostly looking in toward the planet
at this time (hence, only in a position to detect plasma flowing outward from the planet and into the detec-
tor), and so cannot definitively confirm the presence of an inflowing plasma population. However, Figure 2c
shows that the plasma counts increase toward the edge (left) of the field of view, extrapolating or fitting to
this distribution would result in a flow originating from at least 5° outside of corotation (shown by the blue
triangle in Figure 1g). This would be consistent with the field rotation and small electron energization, indicat-
ing a dipolarization of the field. Following the dipolarization, the flow returns to something more indicative
of corotation flow (shown by the yellow-shaded region and an |a| < 5°). It is worth noting that inflow from
dipolarizations may not be expected to travel radially inward at Saturn (as discussed in section 1); Figure 2c is
consistent with an inflow originating between the anti-Saturnward (outer edge of the circle) and corotational
direction (as discussed and observed by Thomsen et al., 2013). The duration of the inflow period was rela-
tively short at ~10 min, shorter than the 30 min to several hour intervals previously reported at Saturn (e.g.,
Jackman et al,, 2015; Thomsen et al., 2013, 2015).

Between approximately 07:30 and 07:50 a period of fairly significant outflow is observed (one of the inter-
vals is displayed in Figure 2d). The azimuthal component of the magnetic field also changes sign, moving to
a leading (or swept forward) configuration. Then, at 07:54, the field is deflected through B, = 0, briefly turn-
ing northward. This, coupled with observations that the plasma flow during this interval has a very significant
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Figure 3. Cassini data from day 227 2006 between 02:30 and 06:30 UT. Panels (a)—(e) are presented as in Figure 1. Panel
(f) shows the electron temperature: calculated using the methods described by Lewis et al. (2008) and Arridge, Gilbert,
et al. (2009). The red shading indicates the energetic/heated electron populations identified by Smith et al. (2018).
Panel (g) displays a frequency-time spectrogram of the radio emissions from the Radio and Plasma Wave Science
instrument.

outward component (a ~ 40°) suggests that this could be the trailing edge of a plasmoid that has formed as
the field has stretched downtail. The lack of a clear, preceding strong southward field deflection would indi-
cate that the tailward hemisphere of the plasmoid is not encountered, or that the magnetic structure is not
symmetric (e.g., Cowley et al,, 2015). Though not a large field deflection (AB, ~ 1nT) the outflow is signifi-
cant compared to the adjacent measurements. The outflow is shown in Figure 2e, where the peak of the ion
counts can be seen to arrive from inward of the position of strict corotation (the hollow triangle). If this does
represent a plasmoid, then an x-line may have formed planetward (and duskward) of the spacecraft. Alterna-
tively, the original x-line (associated with the dipolarization front) may have moved planetward, passing by
the spacecraft which was located in the adjacent northern magnetotail lobe (from the large positive value of
B, in this interval). The strong outflow and field deflection are only observed for a short period (during one
7-min integration for the outflow) before the flow angle reduces back toward corotation.

Just over an hour after the first plasmoid was observed, a second passed over the spacecraft, at around 09:15.
The large, bipolar field deflection in B, is once more accompanied by outflow originating between the plan-
etward and corotational directions (Figure 2f), as before. The return of the plasma toward corotational flow
between the two plasmoids could indicate that this is due to a separate instance of reconnection, that an
x-line has formed planetward and duskward of the spacecraft.

To summarize, in the space of just over 3 hr (just under a third of a planetary rotation) we infer that Cassini
observed three distinct products of reconnection. The first product, a dipolarization front, originating tail-
ward of the spacecraft, while the later plasmoids formed between the spacecraft and the planet. The thermal
plasma flows during the interval show a strong corotational influence but differ significantly from ambient
azimuthal flow.

3.2. Case Study 2: Postmidnight Tailward Motion

For the second example Cassini was located postmidnight at around 02:30 hr local time, ~20R; from
the planet and latitudinally close to the rotational equator (|Lat| <1°). Figure 3 shows 4 hr of MAG data
(Figures 3a-3d) and thermal electron energy flux from CAPS/ELS (panel e). The derived electron temperature
is presented in Figure 3f.
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Figure 4. Cassini data summarizing the three dipolarizations in terms of a) electron temperature and density and b)
suprathermal composition. Panel a displays the mean and standard error of the mean of the electron temperature and
density moments (Arridge, Gilbert, et al., 2009; Lewis et al., 2008) within the heated regions (highlighted in Figure 3f).
The suprathermal composition in panel b is derived from the CHEMS instrument, integrated over the same integrals
as above. CHEMS = Charge Mass Spectrometer.

Three clear dipolarizations are marked with vertical red dashed lines. These were identified based on the
strong southward deflections (Figure 3b) and the change in electron population in Figure 3e. The change in
electron population corresponds to an increase in the electron temperature and a reduction in the density of
the dipolarizing material (cf. Smith et al., 2018). There are several other signatures present that could be dipo-
larizations (e.g. at 03:25 and 05:45); however they are not as clear as the three that are marked. The viewing
of the CAPS instrument during this interval is purely inward, toward the planet and thus is unable to confirm
the presence of an inflowing plasma population (or flow changes such as those in Figure 2).

Chains of dipolarizations are not uncommon in Saturn’s magnetotail (Smith et al., 2016, 2018); however, this
event is particularly significant as it shows a clear increase in the T, of the dipolarizing electron population
with each subsequent dipolarization (highlighted with red shading in Figure 3f). Before the first dipolariza-
tion the ambient plasma sheet has a temperature of ~160 eV; this increases to around 600 eV following the
first dipolarization. The second and third dipolarizing populations then show average electron temperatures
of 2.2 keV and 3.4 keV, respectively. For context, Saturn’s ambient (undisturbed) plasma sheet electron pop-
ulation is typically around 100 eV (Arridge, McAndrews, et al., 2009). The T, change is shown in combination
with the changing n, in Figure 4a.

The ion counts within the CAPS/IMS energy range (i.e., E < 26 keV) are very low for these events, and so
we turn to the magnetospheric imaging instrument suite of instruments to determine the composition of
the dipolarizing material. CHEMS observes the suprathermal plasma population (E >~ 10 keV), which could
differ from the thermal population if species-dependent heating or loss processes are significant. Figure 4b
shows the composition of the three heated intervals identified in Figure 3f. The first two heated intervals
(03:02-03:12 and 04:35-04:57) show markedly similar compositions, with W* group fractions of over 40% and
very little He*™*. However, for the last interval (05:22-05:32) a strong fractional reduction in W+ is observed,
while H; and H* fractional abundances are seen to increase.

Figure 3g shows the RPWS data during the interval of interest, allowing us a more global perspective of auroral
dynamics. Shortly after 03:00 UT the intensity of the main band SKR emission increases (between approx-
imately 100 and 400 kHz (Kaiser & Desch, 1984; Lamy et al., 2008)). This intensification is observed in both
left- and right-handed polarizations (not shown) indicating emission from both northern and southern hemi-
spheres. The emission continues to intensify throughout the plotted interval and gradually extends to lower
frequencies (i.e., toward ~10-20 kHz around 06:00 UT). This characteristic change in the SKR is known as a
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low-frequency extension (LFE). In the past LFEs have been linked with both tail reconnection (Jackman, Lamy,
et al., 2009; Lamy et al., 2013; Reed et al., 2018) and increases in solar wind dynamic pressure (Badman et al.,
2008; Lamy et al., 2010). It should be noted that RPWS data are not included in Figure 1, as during that interval
the radio intensity is much weaker.

4, Discussion
We now discuss the case studies with respect to their implications for magnetospheric dynamics.

4.1. Case Study 1: Premidnight Multiple X-Lines

Given the location of the spacecraft (postdusk) it is likely that the first example shows episodes of reconnection
related to the Vasyliunas cycle (considering a flow regime comparable to Figure 2 of Cowley et al., 2004).
As mass-laden flux tubes rotate around the dusk flank, they are no longer supported by the magnetopause
and so can stretch down the magnetotail. As the flux tubes become stretched, the oppositely directed field
lines either side of the magnetotail current sheet grow closer together, increasing the local gradient of the
field and eventually leading to reconnection. The presence of significant thermal water group ions (of internal
origin) in this interval supports this inference: this is the reconnection of closed flux.

The durations of the identified flows (10-30 min) are less than the 30 min to several hours typically reported
at Saturn (e.g., Arridge et al., 2015; Thomsen et al., 2013, 2015). These durations are much more in-line with
the duration of the magnetic field signatures observed (e.g., Jackman et al., 2014; Smith et al., 2016). The
short durations suggest (given the fast rotation of the Saturnian system) that either the x-lines are extremely
limited in azimuth or that they form and disperse on very short timescales. A duration of 10 min and a
velocity of 345 km/s (the corotational plasma flow velocity at this radial distance, McAndrews et al., 2009),
translates to a channel width of 3.4 R; (or ~0.4 hr of local time). This value is likely to represent an upper
limit; the typically observed (sub) corotational velocities at this radial distance are around 100-200 km/s
(McAndrews et al., 2009; Thomsen et al.,, 2013). This is, therefore, a relatively small-scale process compared to
those previously observed. Small-scale, patchy reconnection was suggested for the Jovian magnetosphere by
Bagenal (2007), and more recently Thomsen, Jackman, et al. (2014) and Delamere, Otto, et al. (2015) invoked
a planetary wind or reconnection drizzle, respectively, on Saturn’s dusk flank to explain their observations.
The fact that the observed flows are not radial, and have a considerable corotational component suggests
that the reconnection products formed at earlier local times. It has been suggested, from observations of
northward magnetic field excursions on the dayside, that reconnection can initiate predusk in the dayside
magnetosphere (Delamere, Otto, et al., 2015).

4.2, Case Study 2: Postmidnight Tailward Motion

The mechanisms that heat the plasma behind a dipolarization front are a combination of those local to
the reconnection site itself (e.g., Fu et al., 2017; Phan et al.,, 2013) and the heating that occurs during the
propagation of the front toward the planet, for example, adiabatic Fermi and betatron acceleration (e.g.,
Ashour-Abdalla et al., 2011; Birn et al., 2013, 2014; Fu et al., 2011; Pan et al., 2014) and nonadiabatic wave
activity (e.g., Grigorenko et al., 2016) (nonlocal processes). At the terrestrial magnetopause, Phan et al. (2013)
derived an empirical relation between the electron heating at the reconnection site (AT,) and the Alfvén
speed and plasma density of the reconnection inflow. Transposing the empirical relationship to Saturn’s mag-
netotail requires extrapolation beyond the parameter space explored at the terrestrial magnetopause (due to
the lower field strengths and plasma densities) and so should perhaps be interpreted with caution. However,
using the measured lobe field strengths and the heated electron density (as a proxy for the inflowing popula-
tion) leads to the conclusion that the local electron heating would be fairly significant (of the order of several
hundred electron volts) but unable to explain the majority of the observed temperature change. Nonetheless,
the empirical relationship suggests that a reduction in the inflowing plasma density would result in increased
electron heating (Phan et al., 2013), though of an insufficient magnitude to fully explain the observations.

The majority of the electron heating can thus be attributed to further processing postreconnection (i.e., nonlo-
cal heating effects). Therefore, as the magnitude of the heating increases significantly with subsequent events
we could infer that the material has traveled a greater distance and that the site of reconnection is (or distinct
sites are) receding deeper into the tail. Arridge et al. (2015) observed an interval during which Cassini passed
through a tailward moving reconnection site, and therefore, this is perhaps a common occurrence. X-lines that
retreat tailward are often observed at the Earth (e.g., Alexandrova et al., 2015; Eastwood et al., 2010) and also
at Jupiter (Kasahara et al., 2011; Kronberg et al., 2005). Therefore, the second example likely shows an interval
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during which a reconnection site, or a series of reconnection sites, can be inferred to move down the mag-
netotail, farther from the spacecraft. Figure 4a shows that the subsequent events move up and to the left in
density-temperature space: the increasing temperatures are accompanied by reducing densities.

It is also noteworthy that we are observing clear reconnection-related activity for a period of around 3 hr,
almost a third of a planetary rotation. This suggests that the reconnection site/sites are either relatively
stationary with respect to local time or are very widely extended (covering >7 hr of local time).

The composition of the plasma can help determine whether the observed dipolarization is a result of the
closure of open lobe field lines (and thus is Dungey cycle related) or purely involves closed field lines (and so
is more likely part of the internally driven Vasyliunas cycle). It has been postulated that the closure of open
field cannot occur until the equatorial, mass-loaded closed field has been reconnected and depleted (e.g.,
Thomsen et al., 2013).

For purely Vasyliunas cycle, closed field reconnection, it would be expected that the dipolarizing material
would contain significant plasma of internal origin: including H*, H;, and heavier water group ions (W) such
as O*, OH*, H,0%, and H;0™. If the reconnection has proceeded to involve the closure of lobe field lines, then
species of solar wind origin (such as He**) may be expected to be included. It should be noted that H* has
both internal (e.g., Saturn’s ionosphere and its moons) and external (i.e., the solar wind) sources and is thus
not a good discriminator.

As mentioned above, the first two intervals (03:02-03:12 and 04:35-04:57) show similar (and predominantly
internal) compositions, with over 40% W* group and little He*™*. However, the suprathermal count rate mea-
sured is markedly different, increasing from 10.4 min~' to 56.7 min~" (not shown). This could be a result of
the plasma in the second event having been subject to greater heating, increasing the proportion of ambient
plasma accelerated into the energy range of CHEMS (E > ~10 keV). The similar composition, and strong W+, is
suggestive of the reconnection of closed field and therefore indicating they are likely Vasyliunas cycle related.

The final interval shows a strong reduction in W* group fraction; to less than 10%. If this were indicative of
open flux closure, then it may be expected that it would be replaced by H* and He**. However, instead we see
the fractions of H} and H* increase. Due to the strong presence of H, little if any lobe flux was closed during
this event. Instead, it is possible that this event was associated with the reconnection of slightly higher latitude,
more W* depleted field, and the release of a plasmoid. The plasmoid would act to preferentially remove the
equatorial heavy W* group ions (Badman & Cowley, 2007; Thomsen et al., 2013; Thomsen, Reisenfeld, et al.,
2014). Though the T, of this event is the largest of the three events, the suprathermal count rate in this event
reduces to 37.3 min~' (from 56.7 min~" in the previous dipolarizing interval). This could be explained by the
reconnection occurring within a region of lower density, and thus, less plasma was available to be boosted into
the suprathermal regime. Overall, this interval could be the in situ signature of the progression of reconnection
to higher latitude, W* depleted flux tubes.

The field-aligned currents that stimulate the intensification of the SKR (and cause the LFE) are associated
with the precipitation of ~1-to 20-keV electrons into Saturn’s atmosphere, producing UV (ultraviolet) aurora
(Gustin et al,, 2017; Lamy et al., 2010; Mutel et al., 2010; Tao et al., 2014). The link between magnetotail recon-
nection, LFEs, and auroral forms at Saturn was first postulated by Cowley et al. (2005). During SOI (Saturn
Orbit Insertion), Bunce et al. (2005) observed the first event combining a magnetic field deflection, heated
plasma (i.e.,, a dipolarization), and an LFE. Later, Jackman et al. (2013) investigated several dipolarizations,
their associated field-aligned currents, and auroral imagery from an event inferred to be reconnection related.
Unfortunately, no contemporaneous auroral imagery is available for the interval in the second case study;
however, given both the in situ and RPWS data, it is likely that auroral emission would have been observed
postmidnight (e.g., Lamy et al., 2013). In situ, the lack of species prevalent in the solar wind (e.g., He**) would
suggest that the associated auroral emission would likely not approach the poleward boundary of the main
oval (c.f. Nichols et al., 2014).

5. Conclusions

We have presented two examples of Saturn’s magnetotail x-lines forming and moving on short timescales.
In the first example three reconnection-related structures are observed, inferred to originate from at least
two x-lines. The entire interval considered only spans around a third of a planetary rotation. The related
thermal plasma flows only last for a small fraction of those previously reported (Arridge et al., 2015;
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Thomsen et al., 2013, 2015). This suggests that either the x-lines are extremely limited azimuthally (~3.4 R) or
operate for very short intervals before dissipating, perhaps constituting reconnection drizzle as postulated by
Delamere, Otto, et al. (2015). The interval is inferred to form a part of the Vasyliunas cycle as fresh, mass-laden
flux tubes rotate around the dusk flank and reconnect. In particular, this event is in sharp contrast to that
described by Thomsen et al. (2015), which represented a (rare) example of sustained lobe reconnection.

In the second example we infer the tailward motion of a magnetotail x-line or series of x-lines. The composition
of the suprathermal plasma (greater than or equal to several kiloelectron volts) is not indicative of lobe recon-
nection during this interval and is instead suggestive of the shedding of W+-rich flux tubes that must precede
reconnection of lobe flux. The interval is coincident with an intensification and lowering of the frequency of
the SKR emission, likely related to the field-aligned currents generated by the magnetotail reconnection.
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