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Abstract

The inward plasma transport at the Saturnian magnetosphere is examined using the flux tube interchange stability
formalism developed by Southwood & Kivelson. Seven events are selected. Three cases are considered: (1) the
injected flux tube and ambient plasmas are nonisotropic, (2) the injected flux tube and ambient plasmas are
isotropic, and (3) the injected flux tube plasma is isotropic, but the ambient plasma is nonisotropic. Case 1 may be
relevant for fresh injections, while case 3 may be relevant for old injections. For cases 1 and 2, all but one event
have negative stability conditions, suggesting that the flux tube should be moving inward. For case 3, the injections
located at L > 11 have negative stability conditions, while four out of five of the injections at L < 9 have positive
stability conditions. The positive stability condition for small L suggests that the injection may be near its
equilibrium position and possibly oscillating thereabouts—hence the outward transport if the flux tube overshot the
equilibrium position. The flux tube entropy plays an important role in braking the plasma inward transport. When
the stability condition is positive, it is because the entropy term, which is positive, counters and dominates the
effective gravity term, which is negative for all the events. The ambient plasma and drift-out from adjacent
injections can affect the stability and the inward motion of the injected flux tube. The results have implications for
inward plasma transport in the Jovian magnetosphere, as well as other fast-rotating planetary magnetospheres.

Unified Astronomy Thesaurus concepts: Saturn (1426); Planetary magnetospheres (997); Space plasmas (1544)

1. Introduction

In the inner and middle magnetosphere of Saturn, the Cassini
spacecraft regularly observed signatures of inward plasma
transport, commonly known as plasma injections (e.g.,
Thomsen et al. 2016; Azari et al. 2018). The reigning paradigm
is that Enceladus, one of the Saturnian moons, located at ~4 Rs
(Rs = Saturn radius ~ 60,268 km), continuously sources cold
plasma. The coupling of this plasma production with the rapid
rotation (an effective outward “gravity” or centrifugal force)
produces an inward gradient in the flux tube content that is
unstable to interchange, much like the Rayleigh—Taylor
instability in fluids (e.g., Sittler et al. 2008; Bagenal &
Delamere 2011; Liu et al. 2010; Liu & Hill 2012; Thomsen
et al. 2013; Ma et al. 2016; Azari et al. 2019; Stauffer et al.
2019). As a result, flux tubes with cold dense plasma tend to
migrate outward, while flux tubes carrying hot tenuous plasma
migrate inward from the outer magnetosphere, forming the so-
called interchange injections (Chen & Hill 2008; Kennelly
et al. 2013; Thomsen et al. 2016; Azari et al. 2018;
Achilleos 2015; Hill 1976). Simulations show cold fingers
moving outward and warmer, emptier flux tubes moving
inward (Liu et al. 2010). Recently, Thomsen & Coates (2019)
further explored the idea that the steep flux tube content
gradient is the driver of the interchange. The flux tube
interchange injections have been associated with the periodic
narrowband radio wave emissions originating in the
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magnetosphere (Mitchell et al. 2009, 2015; Menietti et al.
2016; Wing et al. 2020).

However, the flux tube content is only half of the story in the
interchange. At Earth, it is well known that flux tube entropy or
total entropy can play a significant role in flux tube interchange
instability leading to plasma injections because an outward
gradient in the ambient flux tube entropy acts to destabilize
interchange (e.g., Pontius & Wolf 1990; Birn et al. 2006, 2009;
Johnson & Wing 2009; Wing & Johnson 2009; Dubyagin et al.
2010). For example, when tail reconnection occurs, the residual
flux tube has a significantly depleted total entropy compared to
its unreconnected neighbors and rapidly migrates Earthward
until its flux tube entropy matches entropy of the ambient
plasma, at which point the flux tube should reach an
equilibrium position. Further details of entropy and its
relevance to plasma transport can be found in the 2009
Journal of Geophysical Research: Space Physics special
section: “Entropy Properties and Constraints Related to Space
Plasma Transport” (Wing & Johnson 2010 and references
therein).

Hence, it would seem that the study of the inward plasma
transport at the Saturnian magnetosphere should examine both
the flux tube content and flux tube entropy. Southwood &
Kivelson (1987) developed a formalism for the stability
requirement for the inward-moving flux tube interchange for
a fast-rotating magnetosphere:

k(%) (mgh)(a_N) <o, M

2 v )\ ox,
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K = [2(B*/w,) (hc) + nmhgl/P,,
density, N = flux tube content, P, = (yp + B> /1), p=flux
tube averaged plasma pressure, 7y = polytropic index, B =
magnitude of the magnetic field, X, = the displacement of the
interchange motion, A =DLamé coefficient along X,
m=average ion mass, u,=magnetic field permeability
constant, ¢ = component of the magnetic field curvature in the
X,, direction, S = flux tube or total entropy = pV”, V = flux tube
volume, and g, = effective gravity, given by

where n = plasma

ge:er—g, 2)

where g = gravity, 2 = planet angular velocity, and r = radial
distance.

The first term of Equation (1) tends toward instability when
the entropy gradient is negative radially outward given that the
curvature is negative. In this case, an outward perturbation of
plasma governed by an adiabatic pressure law would have a
higher entropy than the flux tube it displaced and therefore a
higher pressure. The increased pressure would push the
perturbed plasma further outward, leading to instability. On
the other hand, if the entropy gradient were positive, the
displaced flux tube would have a lower pressure than the flux
tube it displaced. In this case, the J x B force would push the
low-pressure flux tube back toward its original position, and the
configuration is stable. The second term of Equation (1) tends
toward instability when the gradient of the flux tube content is
negative outward. In this case an outward displacement of a
flux tube increases the outward force it exerts relative to that of
the displaced plasma, leading to instability. On the other hand,
a positive outward gradient of the flux tube content is stable
because the total outward force exerted by the flux tube
decreases relative to the displaced flux tube, and therefore the
surrounding flux tubes will push it back toward the original
position. At the Saturnian magnetosphere, Enceladus provides
a steady plasma source, so the overall profile of the flux tube
content is generally decreasing in the radial direction, and such
a configuration is unstable to centrifugal interchange.

Cassini frequently observed injections, where there can be an
abrupt change in the flux tube plasma content and entropy in a
flow channel. Such changes may be the result of reconnection,
which can dramatically alter the entropy and content of a flux
tube. When the plasma content and entropy are depleted
(bubbles), the gradients in the plasma content and entropy are
negative on the inner edge and positive on the outer edge of the
structure. As such, the flux tube is unstable to interchange at its
inner edge, and it will move inward. However, currently, it is
not clear what conditions would cause the inward-moving
plasma to stop or cause the interchange to stabilize.
Conversely, when the plasma content and entropy are enhanced
(blobs), the flux tube is unstable to interchange at its outer edge
and will move outward.

Ma et al. (2019) used a 2D force-balanced axisymmetric
magnetosphere model and Cassini CAPS ion pressures and
densities to investigate radial transport using the concepts of
specific and flux tube entropy. Their Figure 6 illustrates how
reconnection at large radial distances can deplete the total flux
tube entropy to the point that the outward gradient is reversed
and the residual flux tube can move inward to L ~ 10, where
the ambient entropy is comparable. The study provided many
insights into entropy-led flux tube interchange instability, but it
did not consider the gravity term in the stability calculations.

Wing et al.

Since both the entropy and effective gravity terms may be
relevant to determine whether or not a given flux tube
configuration is unstable to interchange, we need to consider
both terms and to examine their relative strengths for various
configurations.

The present study looks at the entropy and effective gravity
terms of individual events, where it is clear that interchange has
taken place in Cassini observations. We then calculate the
stability of the flux tube interchange in these events. This
calculation can indicate whether the injected flux tubes as
encountered by in situ spacecraft are likely still unstable and
hence still moving inward or outward or have reached
equilibrium with the ambient plasma. It can also help us
understand whether it is primarily the entropy or effective
gravity term that drives the injected flux tubes into the inner
magnetosphere. The roles the entropy and the effective gravity
terms can play in stabilizing the interchange are also examined
in cases where the injected flux tubes have reached equilibrium
or nearly reached equilibrium with the ambient plasma.

2. Data Set and Processing

The Cassini spacecraft was launched in 1997 and began orbiting
Saturn in 2004. Our study uses data from Cassini Magnetospheric
Imaging Instrument (MIMI), Cassini Plasma Spectrometer
(CAPS), and Dual Technique Magnetometer (MAG). The CAPS
Ion Mass Spectrometer (IMS) instrument detects ions with energy
range 1 eV/g-50 keV/q (Young et al. 2004). The ion data are
partitioned into three species: H' (m/q=1), H3 or He*" (m/
g ="2), and the water group (W, consisting of O, OH*, H,O™",
and H3;O", m/q=16-19). The CAPS Electron Spectrometer
(ELS) measures electrons with energy range 1 eV-30 keV (Young
et al. 2004). CAPS ion moments (density, temperature, flow
velocity) have been calculated by numerical integration over the
observed distribution (Thomsen et al. 2010), while the CAPS
electron moments are computed as described by Lewis et al.
(2008). The CAPS ion moments used in the present study have
time resolution of about 7 minutes, while the electron moments
have time resolution of 30 s.

The CHarge Energy Mass Spectrometer (CHEMS) is part of
the MIMI instrument suite and detects ions (including H", Hj,
and W) with energy range 3-220 keV/g (Krimigis et al.
2004). For this study, moments are calculated with time
resolution of about 3.5 minutes.

The MAG instrument detects magnetic fields up to 44,000 nT
with a time resolution of 32 vectors s (Dougherty et al. 2004).
Our study uses the 1 minute averages of the MAG data.

In order to calculate more accurately the flux tube
interchange stability requirement, we combine measurements
from MIMI CHEMS and CAPS data. The CHEMS data are
needed because, in some events, ions having energies greater
than CAPS’s upper energy threshold, but still within the energy
range of CHEMS, can contribute significantly to the pressure.
Sergis et al. (2010) reported that in Saturn’s inner magneto-
sphere the density and pressure are dominated by ions in the
energy range of CAPS, while in the middle and outer
magnetosphere the energetic particles in the CHEMS energy
range can account for about half or more of the pressure. The
study found that although CAPS and CHEMS ion sensors
overlap between 3 and 45 keV, the actual amount of double
bookkeeping is less than 25% of the total pressure. To
minimize this overlap with CAPS ions, here only CHEMS ions
with energy above 25 keV /g are used.
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Table 1
Selected Injection Events Listed in Descending L

Event Number Time (UT) Location SZS (X,Y,Z) (Rs) L (dipole) L (Khurana) L (Achilleos) Lat. (deg)
1 2010-06-02 12:20:00-12:33:00 (—8.9,7.6,24) 12.4 15.4 14.2 11.6

2 2007-05-27 14:38:00-14:55:00 9.2, —0.46, —2.2) 10.0 10.9 11.3 —134
3 2007-10-24 19:27:30-19:35:00 (5.7, —6.1, 0.5) 8.4 8.5 8.5 34

4 2006-03-21 05:15:53-05:23:55 (=2.5, 7.2, 4.0e-2) 74 7.6 7.6 0.3

5 2006-03-21 04:44:25-04:54:01 (2.2, 7.1, 3.0e-2) 7.4 7.4 7.4 0.2

6 2006-03-21 04:23:05-04:35:21 (—1.9, 7.0, 3.0e-2) 7.3 7.3 7.3 0.2

7 2005-10-30 07:34:48-07:40:40 (—6.9, 1.4, 5.0e-2) 7.0 7.0 7.0 0.4

Note. L is computed using three different magnetic field models, namely, dipole, Khurana, and Achilleos.

3. Methodology

To investigate the flux tube interchange instability, it is
useful to define a total stability (TS) parameter based on
Equation (1), which quantifies the conditions for which flux
tubes are unstable to inward and outward displacement. If the
injection flux tube has entropy S; and content N; and the
surrounding (ambient) flux tubes have entropy S, and content
N,, we can approximate the radial gradient on the inner side of
the flux tube as

oS

— =~ (S —S)/AX = AS/AX and

X ( )/ / an

N (N, — N,y /AX = AN/AX 3)
0X

and on the outward side of the flux tube as

9 (S, — S)/AX = —AS/AX and
g_’; ~ (N, — N)/AX = —AN/AX, @)

where AX is an infinitesimal positive displacement in the
outward radial direction. The interchange stability criterion
expressed in terms of finite differences at the inner edge of the
flux tube is

[Kv—ms — (%h) AN] /AX >0, (5)

from which we define

TS = [V—ms L (=1 K—l(%eh)AN] <0, (6)

where we have divided by the negative factor K/ AX.
Similarly, applying the instability condition to the outer edge
of the flux tube,

[V”’(AS) T+ (=1 Kl(%eh) (AN)]
=TS < 0. )

It is then apparent that TS > 0 would lead to outward motion of
the flux tube and TS < 0 would lead to inward motion of the
flux tube.

For purposes of analysis, it is convenient to define

TS - E[ + G[, (8)

where the first term is the entropy term, E,=V "AS,
and the second term is the effective gravity term, G, =

(-DHK! (%”h) (AN). Note that K is negative because it has a

dependence on the curvature of the field line, ¢, which is
generally negative. If TS =0, the condition predicts that the
flux tube is in equilibrium, but if TS <0 or TS > 0, it would
describe the flux tube condition for an inward- and outward-
moving flux tube, respectively. If the effective gravity is
negligible, i.e., G,=0, then TS = E,, which is similar to the
formalism for the flux tube interchange developed for Earth
(e.g., Erickson & Wolf 1980; Pontius & Wolf 1990; Birn et al.
2006, 2009).

The polytropic index y=1 + 2/f, where f= molecule’s
degree of freedom=3, 5, and 6 for H*, H3, and H,O",
respectively (Ma et al. 2019). At Earth’s plasma sheet, y has
been found to be close to 5/3, which is the value for an ideal,
monoatomic gas (Borovsky et al. 1998; Baumjohann 1993).
We adopt v=5/3 because the Southwood & Kivelson (1987)
formalism only allows for one value of ~ as done in Ma et al.
(2019).

4. Injection Events

The injection events selected for the present study are listed
in Table 1, which orders the events by L. These events are
selected from the previously published injection events in
Thomsen et al. (2014b; events 1, 2, 3), Mitchell et al. (2015;
events 4, 5, and 6), and Rymer et al. (2009, event 7). Because
the corotational flows at Saturn are supersonic or transonic,
CAPS must be looking into the plasma flow to obtain an
accurate measurement of the plasma. Hence, the events are
selected only when CAPS viewing angles are favorable for
getting good moments. Additionally, we require that the events
have good CHEMS and MAG data as well. The injection
intervals are selected using the signature of electron density or
flux depletion in the 20-30 eV energy range (Thomsen et al.
2014a). This is because the electron data have the highest time
resolution and give a rather clean identification of the absence
of low-energy plasma. The pressure profiles tend to be less
accentuated (density and temperature variations offset each
other), and especially for the higher-energy ions, which can be
affected by drift-out (e.g., Paranicas et al. 2016).

4.1. Event 1 (2010 June 2)

Figure 1 shows that an injection occurred on 2010 June 2
12:20:00-12:33:00 UT in the CHEMS H" spectrogram. This
event (event 1 in Table 1) is one of the injection events studied
in Thomsen et al. (2014b). Cassini observed this injection at
SZS (x, y, ) =(—8.9, 7.6, 2.4) Rs, L =14.2. Herein, unless
explicitly specified, L is computed using the Achilleos
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CHEMS H+

Energy (kev)

11:00:00 11:30 12:00
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units 1/ (cm?2 ster keV sec)

T12:30 13:00 13:30 14:00:00
2010/153 Time (UTC) 2010/153

Event 1

Figure 1. MIMI CHEMS spectrogram H" with energy range 3-220 keV. The color is the differential energy flux in (cm? sr keV s) ', The red arrow points to the

plasma injection for event 1.

magnetic field model (Achilleos et al. 2010). Figure 2 shows
the plasma pressure and density of the injected and ambient
plasma that were observed immediately before and after
Cassini encountered the injection. The injection can be
characterized as having a depleted flux tube (low plasma
density). Panels (a) and (b) show the CAPS and CHEMS ion
pressure for HY, H}, W™, and the sum of the pressures in these
three species (total ion pressure), respectively. Panel (c) shows
the CAPS electron pressure. Panels (d) and (e) show the CAPS
and CHEMS ion density for H", H, W+, and the sum of the
densities in these three species (total ion density), respectively.
Panel (f) shows the CAPS electron density. Panel (g) shows the
three components of the magnetic field in KRTP coordinates
and the magnitude |B|. When calculating the stability, the
ambient plasma properties are taken to be the average of the
plasma properties before and after the injection (details are
given in Section 5). The ambient plasma before and after
Cassini encounters the injection seems to be similar as shown
in panels (a)—(f). Panel (h) shows the total magnetic field of the
injected and ambient plasma. Panel (i) shows the total
density = CAPS electron density + CHEMS total ion density
of the injected and ambient plasma. Here we assume that the
plasma maintains charge quasi-neutrality and CAPS ion and
electron densities are about the same, as suggested by
observations. Panels (d) and (f) show that both CAPS total
ion density (blue curve in panel (d)) and CAPS electron density
are ~8 x 1072 cm . We use the electron density because it is
deemed more accurate than ion density (see Section 5). Panel
(j) shows the total plasma pressure = CAPS total ion pressure
+ CHEMS total ion pressure + CAPS electron pressure, while
panel (k) shows the magnetic pressure of the injected and
ambient plasma. Finally, panel (1) shows the total
pressure = plasma pressure + magnetic pressure of the injected
and ambient plasma.

Figures 2(a) and (b) show that CAPS and CHEMS pressures
are comparable, which is consistent with Sergis et al. (2010),
who found that the plasma (CAPS energy range) and the
energetic particle (CHEMS energy range) pressures are
comparable at r> 10 Rs. Panels (h)—(j) show that injected
plasma has lower plasma pressure, lower density, and higher
|B| than those of the ambient plasma, respectively. The lower
plasma pressure and higher magnetic pressure inside the

injected flux tube may be expected if the injection maintained
pressure balance with the surrounding plasma. We explore this
in Section 8.

André et al. (2007) showed that the magnetic signature of
injections is strongly dependent on latitude: very near the
equator the field is typically enhanced inside the injections, but
off the equator the signature is usually a magnetic depletion.
The reason is that centrifugal confinement of the cold heavy
ions is much greater than the confinement of the hot plasma.
This leads to the ambient cold ion density exceeding the hot-
plasma density inside the injections near the equator, but falling
below the hot-plasma density off the equator. In this event, the
total ion pressure (CAPS 4+ CHEMS) has a minimum inside the
injection (panel (j)), as typical for near-equatorial regions. The
Cassini spacecraft was located at magnetic latitude (mlat)
around 11.6°, which may be near the transition region where
the magnetic field signature is small. This small field gradient
(panel (h)) is simply reflective of the small pressure gradient in
the transition region. It appears that the significant depletion in
the pressure (due mainly to loss of cool particles) is offset by
the significant increase in pressure (due to the hot injection) at
this location.

4.2. Event 2 (2007 May 27)

Figure 3 shows an injection event on 2007 May 27
14:38:00-14:55:00 UT in the CHEMS H" spectrogram (event
2 in Table 1). This injection event is also one of the injection
events studied in Thomsen et al. (2014b). The CHEMS H™
spectrogram in Figure 3 shows that there are a few injections in
the vicinity of event 2. The spectrogram shows evidence of
dispersion where the more energetic ions seem to have drifted
out of the injected flux tube (Paranicas et al. 2016; Thomsen
et al. 2014b). This dispersion has been used as a signature that
the injection is “old” (Hill et al. 2005; Mauk et al. 2005;
Achilleos 2015; Mitchell et al. 2015).

Figure 4 shows the plasma pressure and density of the
injected and ambient plasma that was observed immediately
before and after Cassini encountered the injection in the same
format as Figure 2. Figure 3 shows that there is one or perhaps
two injections prior to this injection. As a result, the ambient
plasma before Cassini encountered the injection, before
14:38:00 (to the left of the injection in Figures 3 and 4), is
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Figure 2. CAPS, CHEMS, and MAG data for event 1. The time indicates the midpoint of the data accumulation time. Panels (a) and (b) show the CAPS and CHEMS
ion pressure for H, H, W™, and the sum of the pressures of these three ion species (total pressure), respectively. Panel (c) shows the CAPS electron pressure. Panels
(d) and (e) show the CAPS and CHEMS ion density for H", Hj, W™, and the sum of the densities of these three ion species (total density), respectively. Panel (f)
shows the CAPS electron density. Panel (g) shows the three components of the magnetic field in KRTP coordinates and the magnitude |B|. The injected flux tube is
located between two vertical black lines. The parameters inside and outside the injected flux tube used to calculate S and N are plotted in panels (h)—(1) for magnetic
field magnitude, total plasma density = CAPS electron density + CHEMS total ion density, total plasma pressure = CAPS total ion pressure + CHEMS total ion
pressure + CAPS electron pressure, magnetic pressure, and total pressure = total plasma pressure + magnetic pressure, respectively. Note that the x-axis scale for
panels (h)—(1) is different from that in panels (a)—(g).
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Figure 3. MIMI CHEMS spectrogram H' with energy range 3-220 keV. The color is the differential energy flux in (cm? sr keV s)~'. The red arrow points to the

plasma injection for event 2.

rather contaminated. Moreover, from the total (plasma-+magn-
etic) pressure and equilibrium consideration (Section 8), the
total pressure of the injected flux tube is closer to that of the
ambient plasma to the right than to the left. Hence, when
calculating the stability, we consider only the ambient plasma
after Cassini encountered the injection (to the right of injection
in Figures 3 and 4).

The CHEMS pressure (Figure 4(b)) rises earlier than the
CAPS pressure (Figure 4(a)), which suggests that more
energetic ions arrive earlier than the cooler ions. This is what
is expected from so-called “drift-out” (Paranicas et al. 2016). It
represents a loss of pressure from the injected flux tubes, with
relatively little change of density. However, the overall total
plasma pressure inside the injected flux tube is higher than that
outside (Figure 4(j)), which may suggest that, from a purely
entropy perspective, the flux tube may not be moving inward.
On the other hand, the total density inside the injected flux tube
is lower than that outside (Figure 4(i)), which may suggest that
the flux tube may still be moving inward from the consideration
of the G, in Equation (8). We calculate E, and G, and determine
the stability of this event in Section 6.

4.3. Event 7 (2005 October 30)

Figure 5 shows an injection event on 2005 October 30
07:34:48-07:40:40 UT in the CHEMS H™ spectrogram (event
7 in Table 1). This injection event is the same injection event
studied in Rymer et al. (2009). Figure 6 shows the plasma
pressure and density of the injected and ambient plasma that
was observed immediately before and after Cassini encoun-
tered the injection in the same format as Figure 2. The
spacecraft started rolling after 07:45 UT, which can be seen in
the appreciable decrease of the CAPS pressure after 07:45 UT
in Figure 6(a) (since the distribution was no longer optimally in
the CAPS field of view). Hence, for the ambient pressure and
density calculations, we use the observations to the left of the
injected flux tube in Figure 6. The ambient pressure
immediately to the right of the injected flux tube before
07:45 UT looks similar to that to the left of the injected tube.

This event is located near the equatorial plane at SZS (x, y,
z2)=(—6.9, 14,50 x 1072) Rs and L =7.0. Consistent with
Sergis et al. (2010), at this location (L < 10), CAPS pressure is
larger than CHEMS pressure as can be seen in panels (a) and

(b). Likewise, consistent with André et al. (2007) and the
scenario discussed in Section 4.1, the magnetic pressure is
higher inside the injected flux tube than outside. The hot
(CHEMS) ion pressure and density are significantly higher
inside the injected flux tube than outside, as shown in
Figures 6(b) and (e), respectively. Conversely, the cold (CAPS)
ion pressure and density are lower inside the injected flux tube
than outside. However, because of the significant contribution
from the hot ions, the overall total pressure inside the injected
flux tube appears only slightly higher than outside, although the
difference is probably well within the errors of the various
measurements. This would suggest that from a purely entropy
perspective, the flux tube may not be moving inward. From
these local measurements, it is difficult to discern whether this
flux tube has completed its inward motion (interchange stable)
or is still moving inward (interchange unstable). For the inward
transport to occur, the G, of Equation (8) must overwhelm E,.
This scenario is certainly possible in light of the fact that the
density is lower inside the injected flux tube than outside
(Figure 6(i)). In Section 6, the E,, G,, and TS are calculated to
assess the stability of the flux tube.

4.4. Events 3—6

The injection event 2007 October 24 19:27:30-19:35:00
(event 3) is displayed in Figure 7(a), while injection events
2006 March 21 05:15:53-05:23:55 UT (event 4),
04:44:25-04:54:01 UT (event 5), and 04:23:05-04:35:21 UT
(event 6) are displayed in Figure 7(b). Event 3 is an event
studied in Thomsen et al. (2014b), while events 4-6 are events
studied in Mitchell et al. (2005).

Cassini observed another injection shortly after it observed
event 3 (to the right of event 3 in Figure 7(a)). From the
consideration of total pressure and equilibrium, the ambient
plasma is taken to be the plasma to the left of event 3 in
Figure 7(a). Events 4-6 are clustered near each other as shown
in Figure 7(b). The ambient plasma is taken to be the plasma to
the right, right, and left of injections 4, 5, and 6, respectively, in
Figure 7(b). Events 3-6 are analyzed in the same manner as
other events, although their corresponding plasma pressure,
density, and magnetic field observations are not shown.
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Figure 4. CAPS, CHEMS, and MAG data for event 2 in the same format as Figure 2.

5. Calculation of the Stability Requirement for the Flux

Tube Interchange

Much work and care are needed to calculate the stability
requirement in Equation (8). It is necessary to obtain flux-tube-

integrated plasma properties of the injected flux tube and of the
ambient plasma. The ambient plasma can be taken as the
plasma immediately outside the injected flux tube. For this
study, if At is the time interval in which Cassini observes the
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that pressure balance is nearly achieved may suggest that the
ambient pressure increases at a smaller timescale than the
timescale for the Alfvén waves to communicate the change
across the flux tube. In the present study, the pressure balance
is nearly achieved perhaps because the injections, which are
located at L < 15, have slowed down, as they are near the end
of their lives, i.e., near the equilibrium position.

We perform an order-of-magnitude calculation of pressure
balance for the 2005 October 30 event (event 7) shown in
Figure 6. We can estimate the injected flux tube diameter D = L
Q Atr=047 Rs, where L=7, Q=Saturn angular
velocity = 1.6 x 107* rad s~', and Ar=the time in which
Cassini traverses the injection = 7 minutes. Using the Thomsen
et al. (2010) density profile, the Alfvén velocity V4 =90 km
s~ If we use V, =20 km s~ ' (Paranicas et al. 2020), then the
time for the Alfvén wave to traverse the flux tube =D/V, =
315 s, during which the flux tube would have traveled the
distance Ar=6.3 x 10> km=0.10 Rs. From the Thomsen
et al. (2010) CAPS pressure radial profile, P_tot =550 L=
nPa. The fractional increase in the ambient pressure at distance
Ar is given by dP/P=(3.77 D V,)/(L Va)=5.6%, which is
within the same order of magnitude of the fractional difference
of 9.5% in the pressure balance calculated for event 7. We
would like to emphasize that this is only a crude calculation
and it may take more than one Alfvén wave traversal for the
pressure to equilibrate.

Interestingly, the pressure difference appears to be larger at
smaller L and lower latitude as shown in Table 4. The plasma
density may increase with decreasing L and latitude, which
may lead to slower Alfvén speed and larger pressure difference.

If total pressure balance is fully achieved, we can revisit the
stability calculation under that assumption. Accordingly, we
assume that the plasma pressure inside the injection flux tube is
(Ptot_amb — injection magnetic pressure) and then recalculate
the flux tube interchange stabilities using this plasma pressure.
However, it turns out that although this procedure changes TS
quantitatively, it does not change the overall qualitative
stability pictures presented in Figures 10-12.

1

9. Caveats and Assumptions

The flux tube stability calculation is complicated, involving
many assumptions and caveats:

1. Because of the centrifugal confinement, the pressure is
not constant along the magnetic field line. The present
study follows the formulation of the flux tube entropy
defined in Southwood & Kivelson (1987), which uses the
flux-tube-averaged pressure to compute pV~. However,
Birn et al. (2009) developed a more general formalism for
calculating the flux tube entropy when the pressure is not
constant along the field line, S= [p'/7 di/B, where
dl = infinitesimal length along B and B = magnetic field
line (see also Wing and Johnson 2009; Johnson and Wing
2009, and references therein).

2. In the Southwood & Kivelson (1987) formalism, the
parameter K in Equation (8) is constant along the field
line, but K may have dependencies on the density and
field line curvature, both of which vary along the
field line.

3. We have used the value of the polytropic index v=35/3
because the Southwood & Kivelson (1987) formalism
only allows for one value of ~, but v can be different for
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different species, depending on the molecule’s degree of
freedom (Ma et al. 2019).

4. Although it is generally accepted that the ambient plasma is
anisotropic, observations of injected flux tubes show that
some energy ranges seem more isotropic than others (e.g.,
Mitchell et al. 2015). We have attempted to study the
impact of anisotropies by making the calculation for three
anisotropy /isotropy cases as shown in Figures 10-12.

5. Cassini measurements do not reveal what the magnetic
field configurations are for the injected flux tube and
ambient plasma. We explore the impact of the magnetic
field line configuration by using three different magnetic
field models, namely, dipole, Khurana, and Achilleos.
There is, of course, no guarantee that any one of these
models is an accurate representation of the reality, but we
find that while the different models produce quantitative
differences, they produce few qualitative ones.

6. For cases 1 and 2, we assume that the injected field line
would have the same configuration as the adjacent field
line or the ambient plasma. At Earth, if we assume that
injection is initiated by reconnection, the injected tube
would have a more dipolar configuration than the
surrounding field. However, at Saturn, reconnection
may not be needed to initiate the flux tube interchange,
and depolarization (i.e., a rotation in the field direction
toward a more dipolar orientation) is not always observed
with the interchange injections.

10. Summary and Conclusion

We have calculated the flux tube interchange stability
parameter for seven events for three different cases or
assumptions: (1) the injected flux tube and ambient plasmas are
anisotropic, (2) the injected flux tube and ambient plasmas are
isotropic, and (3) the injected flux tube plasma is isotropic, but
the ambient plasma is anisotropic. Case 1 may be more
applicable to fresh new injections, while case 3 may be more
applicable to old injections (Mitchell et al. 2015). These seven
events have been identified as plasma injections in previous
studies. In addition, each calculation has been done for three
different magnetic field models: dipole, Khurana, and Achilleos.

The results of the stability calculations for cases 1 and 2 are
similar, but they are dramatically different from case 3. For
cases 1 and 2, all injections have TS < 0, except for event 2,
which has TS slightly positive. For TS < 0 (TS > 0), the flux
tube motion is expected to be inward (outward).

However, for case 3, the results show a completely different
behavior. Injections that are located at L > 11 have TS <0,
while injections at L <9 have TS >0, except for event 6.
Observations and simulations of plasma injections at Earth
show that an inward-moving flux tube would sometimes or
often overshoot its equilibrium position, then move outward,
and then move inward as it oscillates near its equilibrium
before resting (Wolf et al. 2012; Panov et al. 2013; Merkin
et al. 2019; Yang et al. 2019). Thus, the events that are located
at L <9 may be oscillating near their equilibrium positions.
The spacecraft may encounter the injections while they are
moving outward (TS > 0) or moving inward (TS < 0). If the
assumption underlying case 3 is valid, then these results may be
consistent with the previous study that showed that few
injections are observed < 6 Rs (Azari et al. 2018). They may
also be consistent with the recent study that showed that flux
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tube interchange injection would stop at L =6-9 (Ma et al.
2019). Only one out of five events that are located at <9 Rs has
TS <0, but the imbalance could be accidental owing to the
small number of cases.

A long-standing question in the study of plasma injection is,
what would cause the injections to stop moving inward? All the
injected flux tubes have lower densities than those of ambient
plasma. From consideration of the effective gravity term, G,
alone, if the Saturn plasma density were to increase with
decreasing distance for L > ~4-5 (Thomsen et al. 2010;
Persoon et al. 2013; Wilson et al. 2017), then the interchange
injections would maintain G, < 0 and TS < 0 and move inward
all the way to 4-5 Rs (or even < 4-5 Rs, if the injected flux
tube density is smaller than the peak density). However,
observations show that Saturn plasma injections rarely reach
L < 6 (Azari et al. 2018).

Our results suggest that flux tube entropy can play a crucial
role in braking the injections. At Earth, the ambient flux tube
entropy gradient is outward primarily because the flux tube
volume increases with increasing distance (Erickson &
Wolf 1980; Wing and Johnson 2009; Wing et al. 2014;
Johnson & Wing 2009). At Saturn, the flux tube entropy
outward gradient in the ambient plasma has also been
suggested in Ma et al. (2019). This would allow the entropy
term, E, to become more positive as the injection moves
inward. In all seven events, when the flux tube has TS > 0, it is
because E; > 0 and it acts to counter and dominate G,. This can
be seen for cases 1, 2, and 3 for all three magnetic field models
(dipole, Khurana, and Achilleos) in Figures 10-12.

Our results suggest the following scenario for flux tube
interchange plasma injection in Saturn’s magnetosphere. An
injection may start out with E;, < 0, G, < 0, and TS < 0, and the
injected flux tube may be anisotropic and case 1 may apply. As
the flux tube moves inward, the anisotropy would decrease,
perhaps due to the wave—particle interactions, and the plasma
in the injected flux tube is less affected by the equatorial
confinement. The isotropization would have the effect of
increasing the flux tube entropy, which, together with the
outward gradient of the ambient flux tube entropy, would allow
E, to become more positive, and case 3 may apply. The plasma
in the injected flux tube may be heated nonadiabatically (e.g.,
Lin et al. 2017), which can also lead to higher entropy.
Eventually, E; would increase to a value that would allow it to
cancel the effect of G,, at which point the flux tube would be
stabilized and equilibrium reached (TS = 0). However, if the
flux tube has sufficient momentum, it can overshoot and
oscillate about the equilibrium position. This may be observed
in events 3—7 located at L <9 for case 3.

It is interesting to compare and contrast the role of the flux
tube entropy at Earth and at Saturn. At Earth, G, is negligible
and the injection is primarily driven by the flux tube entropy
gradient. At Saturn, G, may be sufficient to drive the injection,
whereas E, can counter G,, so the interchange may stabilize
when the injection reaches a distance at which the ambient
entropy is sufficiently small.

Drift-out from the injected flux tube can change the E, and G,
of the injected flux tube and hence its stability and its inward
trajectory. On the other hand, as demonstrated in events 4-6,
drift-in from ambient plasma and drift-outs from adjacent
injections can potentially alter the stability of an injected flux
tube as well.
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Finally, the total pressure (CAPS + CHEMS + MAG) of the
injected flux tube is nearly in pressure balance with the ambient
total pressure with a difference of <10% in the seven events
examined in the present study. One may naively not expect a
fast-moving flux tube to be in pressure equilibrium with the
ambient plasma. Such pressure balance may be accomplished
by the propagation of Alfvén waves across and through the flux
tube as it moves to a higher-pressure region closer to the planet.
The fact that pressure balance is nearly achieved may suggest
that the ambient pressure increases at a smaller timescale than
the timescale for the Alfvén waves to communicate the change
across the flux tube. In the present study, the pressure balance
is nearly achieved perhaps because the injections, which are
located at L < 15, have slowed down, as they are near the end
of their lives, i.e., near the equilibrium position. Interestingly,
the pressure difference appears to be larger at smaller L and
lower latitude as shown in Table 4. The plasma density may
increase with decreasing L and latitude, which may lead to
slower Alfvén speed and larger pressure difference.

The CAPS, CHEMS, and MAG data are publicly available at
the NASA Planetary Data System (PDS) Planetary Plasma
Interaction (PPI) node (https://pds-ppi.igpp.ucla.edu/index.jsp).
All the derived data products in this paper are available upon
request by email to the lead author (simon.wing@jhuapl.edu).
We thank Jon Vandegriff for providing the Cassini software tools
for data visualization and analysis. The research at the Johns
Hopkins University Applied Physics Laboratory was supported
by the NASA Office of Space Science under Task Order
003 of contract NAS5-97271 between NASA Goddard
Space Flight Center and the Johns Hopkins University and
NASA grants (NNX12AG81G, NNX15AJ01G, NNX16AQ87G,
80ONSSC20K0704, 8ONSSC21K1678, 8ONSSC19K0822, S8ONS
SC20K1279, 8ONSSC19K0899, and 8ONSSC22K0310).
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