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Abstract Moments of the charged particle distribution function provide a compact way of studying
the transport, acceleration, and interactions of plasma and energetic particles in the magnetosphere. We
employ x-distributions to describe the energy spectra of H* and O*, based on >20 keV measurements by
the three detectors of Cassini's Magnetospheric Imaging Instrument, covering the time period from DOY
183/2004 to 016/2016, 5 < L < 20. From the analytical spectra we calculate the equatorial distributions

of energetic ion moments inside Saturn’s magnetosphere and then focus on the distributions of the
characteristic energy (E, = I¢/I,), temperature, and k-index of these ions. A semiempirical model is utilized
to simulate the equatorial ion moments in both local time and L-shell, allowing the derivation of the
polytropic index (I') for both H* and O*. Primary results are as follows: (a) The ~9 < L < 20 region
corresponds to a local equatorial acceleration region, where subadiabatic transport of H* (I'" ~1.25) and
quasi-isothermal behavior of Ot (I' ~0.95) dominate the ion energetics; (b) energetic ions are heavily
depleted in the inner magnetospheric regions, and their behavior appears to be quasi-isothermal (I" <1);
(c) the (quasi-) periodic energetic ion injections in the outer parts of Saturn’s magnetosphere (especially
beyond 17-18 R) produce durable signatures in the energetic ion moments; (d) the plasma sheet does not
seem to have a ground thermodynamic state, but the extended neutral gas distribution at Saturn provides an
effective cooling mechanism that does not allow the plasma sheet to behave adiabatically.

1. Introduction

The inner to middle magnetosphere of Saturn (<10 R, 1 R; = 60,268 km) forms a very diverse region where the
charged particles coexist with the planetary ring system, dust, the inner satellites, the neutral gas cloud, and
the radiation belts. The dominant species in both the thermal (Young et al., 2005) and suprathermal (Krimigis
etal., 2005) energy range out to ~10 R are protons (H*) and water group ions (O*, H,0*, OH*). Depending on
the energies considered, these species may originate from the rings (e.g., Christon et al.,, 2013), galactic cos-
mic ray secondaries (Roussos et al., 2011), and icy satellites through sputtering (Johnson et al., 2008). Further,
a significant amount of atomic hydrogen has been found to originate from Saturn’s top atmospheric layers
(Shemansky et al, 2009). The small but noticeable percentage of Het*t that was recently confirmed
as well (Allen et al, 2018), which originates from the solar wind, is possibly indicative of the solar
wind-magnetosphere coupling at Saturn.

However, when considering the global magnetospheric configuration and dynamics, these are only minor
sources compared to Enceladus’s contribution, located at ~3.95 Rq, that is, undeniably, the most prominent
source of water group plasma inside the magnetosphere through its active cryovolcanoes (Dougherty et al.,
2006; Porco et al., 2006; H. T. Smith et al., 2010). In both the inner and outer parts (>10 R;) of the Saturnian
system, neutral particles play a key role (Delamere et al., 2007; Dialynas et al., 2013) and even dominate the
ion densities over a very broad magnetospheric region (Vasyliunas, 2008), acting as an effective source and
loss mechanism of energetic ions (Paranicas et al., 2008).

The way(s) that these ions are distributed throughout the magnetosphere are key to establishing their source,
loss, transport, and acceleration processes. From the perspective of energetic ions, heavy particles are usually
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very reliable tracers of the different source and acceleration mechanisms acting inside the magnetosphere,
which may involve complex effects (Mitchell et al., 2015) reflecting the magnetospheric dynamics: injections
associated with plasma heating of inward moving flux tubes due to interchange instability (Kennelly et al.,
2013), injections associated with current sheet collapse (Thomsen et al., 2013), inward radial diffusion (Roussos
etal,, 2007) involving adiabatic heating (Dialynas et al., 2009), or adiabatic energy loss with outward transport
(Kane et al., 2014). Unlike protons, which may have multiple sources (e.g., solar wind, Enceladus, rings, iono-
sphere), the energetic O* is mainly sourced from the dissociation of H,O from Enceladus. Further, it has been
shown that O* occupies ~50% of the energetic particle pressure, while their contribution to the total pressure
rapidly rises with increasing f (=P jqsma/Pmagnetic): €v€n becoming dominant for § > 1 (Sergis et al.,, 2007), thus
exhibiting a significant participation in all the above mechanisms. Therefore, in the Magnetospheric Imaging
Instrument (MIMI) energy range and measuring capabilities (see section 2) these ions may effectively trace
the circulation and transport processes that lead to their acceleration.

For example, the acceleration of O* in rapid magnetic field reconfigurations has been shown to be associ-
ated with the breaking of its adiabatic invariants, because its gyroperiod and/or bounce period are too long
compared to the reconfiguration time scales (unlike protons), leading to dramatic nonadiabatic acceleration.
Such situations where protons and O™ exhibit different behavior have been observed and explained at Sat-
urn, in the region between 15 and 40 R; (e.g., Carbary et al., 2008; Dialynas et al., 2009; Mitchell et al., 2005)
and (especially) in Earth’s magnetosphere (e.g., Delcourt, 2002; Fok et al., 2006). In addition, due to their large
charge-exchange cross sections (Lindsay & Stebbings, 2005), the >20 keV O* lifetimes within the inner to mid-
dle magnetosphere are much shorter than the H* lifetimes in the same region, whereas the temperatures
of energetic O* have been shown to be almost constant throughout the magnetosphere. This indicates that
although adiabatic heating should take place for all particles inside the magnetosphere, little energy is gained
as O* particles move toward the planet to stronger magnetic fields (Dialynas et al., 2009).

Here we focus on the spatial distributions of the >20 keV H* and O* moments that provide a compact way of
characterizing some of the properties of different magnetospheric regions and give clues on the aforemen-
tioned processes. We perform our analyses using x-distribution functions (cf. Livadiotis, 2017) that provide the
framework for calculating physically meaningful parameters, such as the temperature, pressure, and density,
together with their analytic representations. In conjunction, the k-index is a very important parameter, since
it is a prime indicator for systems that are not in local thermodynamic equilibrium and can be characterized
as a source of free energy that can drive different plasma processes (Hapgood et al,, 2011). The kappa func-
tion has been successfully used to fit both the low energy thermal parts and the flux excess of suprathermal
ions since the Voyager era (e.g., Carbary et al., 1983; Krimigis et al., 1983) and recently using Cassini energetic
ion measurements deep inside the magnetosphere (e.g., Dialynas et al., 2009; Kane et al., 2008), at the orbit
of Titan (Regoli et al.,, 2018), and upstream of the Saturnian bow shock (Krimigis et al., 2009), but also neutral
particle distributions (Jurac et al., 2002) and electrons (Carbary et al., 2011; Schippers et al., 2008).

The charged particle moments allow also the determination of the polytropicindex that reveals the thermody-
namic state of the Saturnian system, an important input for theoretical studies and modeling (e.g., Delamere
et al.,, 2015, and references therein). Such an approach has been used successfully for the Earth’s magneto-
sphere to calculate the polytropic index of the plasma sheet (e.g., Baumjohann & Paschmann, 1989; Huang
et al.,, 1989) and the specific entropy (e.g., Borovsky & Cayton, 2011), and also in other space environments,
such as the solar wind (Newbury et al., 1997) and the heliosheath (Livadiotis & McComas, 2012). Electron mea-
surements with energies between 0.5 and 28 keV from Cassini suggested that Saturn’s nightside plasma sheet
behaves isothermally, as the polytropic index was found to be ~1 (Arridge et al., 2009).

The paper is organized as follows: In section 2 we describe the Cassini/MIMI instruments, the data sets, and
measurement techniques used in this study. In section 3 we provide information on the ion spectral analy-
ses and fits using «-distribution functions, which are then employed to obtain equatorial distributions of the
energeticion moments (section 4). The equatorial distributions are then simulated (section 5) using a semiem-
pirical, parametric model for the partial ion pressure (section 5.1), that is then used to simulate the energetic
ion densities (section 5.2), obtaining the polytropic index for both H* and O*. The simulated pressure and
density are then utilized to obtain the partial temperature (section 5.3), which also serves as a confirmation
of the previous simulations. The shapes and general properties of all distributions are discussed through-
out section 5. Section 6 includes a brief summary of the principal results of this study and is followed by
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Figure 1. (top) Sampled proton spectra using combined CHEMS and LEMMS data in the energy range of ~3 keV to 2.3 MeV and (bottom) oxygen ion spectra
using combined CHEMS-INCA data in the energy range of 9 to 677 keV over selected magnetospheric regions and different years. Fits to the >20 keV energy
range with «-distributions for both species (detailed in the text) are represented by the black solid lines. Measured uncertainties in intensities are comparable or
smaller than the data points, unless otherwise noted. LEMMS = Low Energy Magnetospheric Measurement System; CHEMS = Charge Energy Mass Spectrometer;
INCA = lon Neutral Camera.

section 7 that provides a general discussion of our results concerning their consequences for the plasma sheet
thermodynamical properties, in accordance with relevant studies found in the literature.

2, Instrumentation and Data Set Details

The MIMI experiment onboard Cassini consists of three independent particle detectors that provide both in
situ particle and remote sensing measurements as explained by Krimigis et al. (2004). These detectors are the
Low Energy Magnetospheric Measurement System (LEMMS), the Charge Energy Mass Spectrometer (CHEMS),
and the lon Neutral Camera (INCA).

Here we present a composite analysis of H* and O* to produce equatorial distributions using all available
Cassini/MIMI data for the time period from the SOI (DOY 183/2004) to DOY 16/2016, and over a wide L-shell
range of 5 < L < 20. Due to differences in counting statistics, the accumulation time for H* (30 min) is different
from O (1 hr). The in situ ion data used in this study are a combination of CHEMS 3 to 226 keV/e channels for
H* and 9 to 226 keV/e for O*, LEMMS A,-A, channels (assumed to be mostly counting protons) that cover
the energy range of 30.7 keV to 2.3 MeV, and INCA Time-Of-Flight energy channels which occupy the 39 to
677 keV for O*, as explained by Dialynas et al. (2009). The CHEMS instrument measures water group ions (W)
dominated by Ot (~53% O*, ~22% OH*, ~22% H,0%, and ~3% H,0%; DiFabio, 2012).

Owing to an on-demand voltage on its deflection plates, INCA can operate in two detection modes, namely
ion and neutral. Because the primary purpose of INCA is to remotely image Saturn’s magnetosphere, it does
not always measure the O* distributions presented in Figure 1.0n such occasions, we rely on the use of CHEMS
data, and when CHEMS's rates are low, a reliable fit in the >20 keV O* energy spectra cannot be obtained,
resulting in a gap in the equatorial distributions that we produce (e.g., see Figure 2). In the case of >20 keV
H*, low CHEMS rates may be compensated by the LEMMS instrument, resulting in better data coverage than
the O*.

In principle, the dayside plasma sheet extends up to +45° latitude (Krimigis et al., 2007; Sergis et al., 2007),
while the nightside plasma sheet is less extended (+10° in latitude; Dialynas et al., 2013). Notably, the plasma
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Figure 2. Color coded distributions of the fit parameters T,. and k-index, together with the equatorial distribution of T
calculated from equation (2), for both H* (left row) and O* (right row) spectra in the region of 5 < L < 20 mapped in the
equatorial plane, as defined by the Khurana et al. (2006) model, with the precision afforded by our field line tracing
procedure, less than 0.05 R in the Z-direction. The dashed circles denote the L-shells shown from the center of Saturn
per 2 Rg, whereas the sun position is to the left, and the local times are indicated. No measurements were collected
within 5 Rg because in the vast majority of the Cassini passes inside 5 R the energetic ions (keV energy range) are
effectively absorbed due to charge exchange with Saturn’s neutral cloud, sourced from Enceladus.

sheet presents a northward (southward) displacement before (after) solstice, as a result of the geometry of
the solar wind flow with respect to the planet’s magnetospheric tilt, creating its characteristic bowl-shape (N-S
asymmetry), previously explained by Arridge et al. (2008) and confirmed by Carbary and Mitchell (2016) using
Energetic Neutral Atom (ENA) measurements from MIMI/INCA.

Here we employ all available measurements for the dayside and nightside magnetosphere, and do not limit
the selection of data to orbits with the above characteristics, in order to map our ion distributions to the
equatorial plane (described in sections 3, 4, and 5). Assuming a centered dipole planetary magnetic field, the
dipole-L parameter is defined as L = R/cos? A, where R is the radial distance in R¢ (1 Rg = 60,268 km) and 4
is the magnetic latitude. However, starting from equatorial distances of 5 R, Saturn’s magnetospheric field
deviates from that of a simple dipole. If these deviations, which maximize beyond 10-12 Rs (Khurana et al.,
2009), are not considered, they may cause systematic errors in the mapping of the ion parameters, especially

if the mapping is done from high latitudes to the magnetic equator, imposing a lower bound on their radial
location.
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Consequently, the use of a more realistic magnetic field model, that involves stretched magnetic topologies,
is essential to be able to correctly map the ion distributions to the equatorial plane, reduce these system-
atic errors, and interpret our results. Here we employ the Khurana et al. (2006) model that is frequently used
in the literature and provides such a realistic magnetic field. The model is based on Cassini/MAG measure-
ments (Dougherty et al., 2004) to map high latitude data to the equatorial plane and was first introduced in
Khurana (1997) for Jupiter including an internal field plus current sheet perturbation, but the update for Sat-
urn (used here) includes—in addition—magnetopause and tail fields. Our primary purpose for using this
model (among other, equally effective models; e.g., Achilleos et al., 2010) is to reduce as much as possible the
systematic error induced by mapping high latitude measurements to the magnetic equator through a dipole.
In this way, we do not have to exclude a large number of measurements from our statistics, as done in other
cases, where latitudinal filters are applied.

3. Energetic lon Kappa Parameters

Figure 1 illustrates sampled energetic ion H* (30 min accumulation time) and O* (1 hr accumulation time)
energy spectra from Saturn’s magnetosphere (5 < L < 20) using CHEMS, LEMMS, and INCA measurements. The
flattening/relative peak of the energy spectra that occurs in the ~30-150 keV energy range for both species,
together with the high-energy tail (>200-300 keV), which differs from a Maxwellian distribution, is charac-
teristic of a nonthermal spectral shape/behavior and enables the use of a «-distribution function (Dialynas
etal,, 2009). Further, employing a Maxwellian distribution would result in a significant underestimation of the
particle temperature (Nicolaou & Livadiotis, 2016).

j=CEE+T.(1+x)]70, 1M

The functional form of the k-distribution function shown in equation (1), with j corresponding to the mea-
sured particle differential intensities ((cm? - s- sr- keV)~"), was adopted from Mauk et al. (2004). Here we do not
include the additional term that captures possible high-energy softening breaks (denominator of equation (1)
in Mauk et al., 2004), a situation that applies in the energetic ion spectra in the Jovian magnetosphere, but
not in Saturn’s magnetosphere (see also Dialynas et al., 2009), at least for the energy range considered here.
In equation (1), as will be explained in what follows, « is the distribution’s tail exponent, T, is an effective
temperature, E is the particle kinetic energy, and C is a constant.

In this case, E is the measured particle energy expressed in keV, assuming that all measurements are made
in the reference frame of the plasma flow. In principle, the determination of £ in equation (1) relies on the
necessity to have measurements in a variety of look directions relative to the convection frame (Dialynas et al.,
2017). Corrections of E for possible flow anisotropies are very minor, however, as our measurements are per-
formed over various look directions that involve both spacecraft spin and stare periods, and together with
the relatively conservative averaging of the data (>30 min accumulation times) we obtain a good sampling
with respect to the flow direction. Notably, apart from the good spatial coverage, MIMI provides measure-
ments that include high-energy resolution, consistent with Poissonian statistics (% ~ E793), allowing the
reconstruction of the energy spectra in the plasma rest frame with very low relative percentage errors (see
Figure 1).

The T,. parameter in equation (1) scales the actual temperature (T) of the system after employing the derived
x-index (Dialynas et al., 2017; Livadiotis & McComas, 2009):
Kk —3/2

T.=T . (2)
K+ 1

We should note that the above scaling of T with k and T,. does not imply that the temperature (T) depends on
the k-index, a misinterpretation that might be extracted from equation (2). The temperature is a fundamental
thermodynamical parameter itself that does not depend on any other thermodynamic parameter (Livadiotis,
2017). Thus, any relation of the temperature and the x-index (such as equation (2) here and/or others that
are not shown here) may be coincidental and/or depend on specific plasma conditions. Here equation (2)
connects these parameters because of the way that the modified «-distribution was defined compared to
the functional form introduced by Vasyliunas (1968; see Livadiotis and McComas, 2009, for detailed algebraic
calculations on this point). This issue will be highlighted in section 5.3 where a simulation of the temperature
in relation to the pressure and density derived from these data is performed.
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Figure 3. Proton (top left) and oxygen ion (top right) T,. profile (in keV) as a function of L-shell (5 < L < 20) that resulted
from direct fits with x-distributions in the >20 keV energy range. (bottom left) The x index of H* and (bottom right) O*
as a function of L-shell (5<L<20). Although the x-index profiles are highly variable for both species, protons show a
slight trend with L-shell, with higher s in the innermost parts of the magnetosphere, whereas O* does not show any
specific trend with L-shell. Due to the very low relative percentage errors in the k-distributions fits (see Figure 1) and the
accumulation of a large number of data at each L-shell and LT bin (explained in section 3), the uncertainties associated
with these parameters are comparable or smaller than the data points. The horizontal uncertainties correspond to the

1 R binning in L-shell.

Our aim is to obtain a semiempirical, analytic representation of the energetic ion moments at Saturn.
Therefore, by contrast to the Dialynas et al. (2009) technique, here we fit only the >20 keV energetic ion mea-
surements instead of employing an additional power law in energy to capture the turnup in intensities over
the <20 keV ion measurements that we have previously identified as the high-energy tail of a cold ion pop-
ulation (Young et al., 2005), that is, a first, low energy «x-distribution (Dialynas et al., 2009). Ideally, the use of
low energy ion measurements combined with the MIMI data, as was performed in Schippers et al. (2008) for
<30 keV electrons, further employing a superposition of k-distributions would result in the full characteriza-
tion of the plasma environment in Saturn’s magnetosphere. However, such an analysis goes beyond the scope
of the present study.

The resulting fit parameters, shown in Figure 2, were binned into a grid with dimensions of 1 R¢ in L-shell and
30° in LT (2 hr) and were averaged at each bin to produce these equatorial distributions of T_ and x-index. The
H*T,, k,and T (equation (2)) equatorial distributions show slight day-night as well as dusk-dawn asymmetries,
consistent with similar asymmetries shown in the ring current energetic ion fluxes presented in Dialynas et al.
(2013) and other studies involving different charged energetic particle, ENA, plasma, and field measurements
and simulations (e.g., Allen et al,, 2018; Carbary et al., 2008; Jia et al., 2012; Kollmann et al., 2011; Thomsen
et al.,, 2012; Sergis et al,, 2017). As also illustrated in Figure 2, the H* T, and T gradually increase in the inner
parts of the magnetosphere, reaching >30 keV, which implies that protons get heated while moving toward
stronger magnetic fields closer to the planet. By analogy, the k-values of protons increase toward the planet,
implying that as the distributions become hotter, they also become more Maxwellian (x — o).

As we already noted in the section 1, the k-index of energetic particles controls how much energy flux is out of
equilibriumin the distribution’s tail (i.e., not part of a Maxwellian). Therefore, it can be related to the free energy
in a specific system, thus characterizing the system’s state alone, independently of the existence of a possible
reservoir interacting with that system. A metric that describes how close a given system is to equilibrium can
be achieved through the k-value: M, = 4(q — 1)/(q + 1), where g = 1 + 1/x (Livadiotis & McComas, 2010).
The ion distributions at Saturn get closer to equilibrium (g — 1, M, — 0) in the inner magnetosphere, where
the k indices are generally higher. However, given the relatively limited range of k-indices between the inner
and outer parts of the magnetosphere, we infer that the energetic ions are generally away from equilibrium.
For example, at L ~20 Rg, where k ~4 (for H*), the thermodynamic distance of H* from equilibrium is g ~
1.25 (the furthest possible stationary state from equilibrium, where M, ~44%), whereas at L ~6, where k ~8
(for H), g ~ 1.13 (M, ~23.5%). Nevertheless, due to the statistically significant decrease of k-index (for H*)
outward, we infer that protons move (thermodynamically) away from equilibrium, a situation that does not
seem to apply for the singly ionized oxygen, where the k remains almost constant throughout the 5 < L < 20
region (x ~8-10,9 ~1.13-1.1, M, ~23.5-19%).
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Figure 4. (top) Equatorial distributions of integral energetic H+ moments (>20 keV), in the same format as in Figure 2 (see legends for details). (bottom) The

same integral moments for O,

In principle, k-distributions are thermodynamically stable, independently of the value of the k-index, whereas
their transition to different thermodynamic states that include higher or lower k values can occur via sev-
eral different mechanisms (c.f. Livadiotis, 2017). Higher k-index values may imply older distributions, in the
sense that they may have undergone more velocity space diffusion (among other mechanisms), whereas
spectra with high-energy tails that include relatively small x-indices may imply newly formed distributions.
This is not inconsistent with the fact that the outer parts of the Saturnian magnetosphere are dominated
by a series of (quasi-)periodic injections of energetic ions (e.g., Mitchell et al., 2009), that are subsequently
subject to radial propagation (Paranicas et al., 2016; Rymer et al., 2009), the corotation electric field that
dominates the transport of particles even up to 100 keV (Brandt et al., 2008), and charge-exchange decay
(Dialynas et al., 2013).

The H*T_ increase toward Saturn (toward increasing field strength) in the inner to middle magnetosphere
(<20 Rg; see Figure 3) implies energization by conservation of the first adiabatic invariant (magnetic moment;
u=Ww,/B W = %muzsinz(a), where a is the particle’s pitch angle with respect to the magnetic field B).
Inward transport of particles has been also observed in the electron data using the LEMMS sensor by Parani-
cas et al. (2010), showing that the energization process of injections is consistent with the conservation of the
two adiabatic invariants (bounce and ) for the case of energetic electrons. We note that this characteristic
behavior of H* in the middle to outer magnetosphere (>15 Rg) could also be interpreted as adiabatic energy
loss with outward transport, since anisotropy studies (Kane et al., 2014) showed that radial transport is pri-
marily outward in the outer magnetosphere, out beyond ~20 to ~50 R;. Interestingly, plasma ions from the
Cassini/CAPS detector (Thomsen et al., 2014) showed a radial mass outflow of ~34 kg/s (and less, but exist-
ing, inflow), located mainly in the dusk to midnight sector (18:00 to 03:00 in local time), in the same radial
range as in the Kane et al. (2014) study. Although our measurements correspond to energetic particles and
are limited to <20 Rq, this compares well with the asymmetry shown in both the H* T, and k-index distribu-
tionsin Figure 3 (and in the statistical energetic ion moments shown in the next section), although the reason
is unclear to us at this point.

By contrast, the O* parameters do not exhibit similar characteristics and both the O*k-index and T,. remain
almost constant throughout the magnetosphere (T, ~10-20 keV, k ~8-10), with a possible dusk-dawn
asymmetry which may be the effect of limited statistics of Ot over the dawn sector. The lack of a trend of
either T, and k-index as a function of L-shellimplies that O™ may be heated locally at each L-shell as previously
shown in Dialynas et al. (2009).

Although mapping the H* and Ot measurements to the equator may not reflect possible latitude effects for
nonequatorially mirroring ions, previous studies (e.g., Dialynas et al., 2009; Krimigis et al., 2007) have shown
that plasma sheet temperatures and pressures have minimal latitude dependence. However, magnetic field
observations (Khurana et al., 2009) show that in the outermost parts of Saturn’s magnetosphere, the ring
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current and the current sheet add to the planetary dipole magnetic field,
resulting in a stretched magnetic field configuration, that is, the >12 Rg
region is where the magnetic field lines deviate significantly from the
dipole approximation at Saturn. This is a prime indicator of ion accelera-
tion in magnetic field reconfigurations during the relaxation phase of the

15 20 magnetic field lines, similar to what happens at Earth (e.g., Delcourt, 2002)

L-Shell (Rs) and/or due to multiple injection events that occur in Saturn’s magneto-

Figure 5. (a) Characteristic Energy, Ec (=/¢/I,) as a function of L-shell for sphere, in either the innermost regions (e.g., Azari et al., 2018) and/or the
both >20 keV H* and O* particles, using all available energetic ion spectra middle to outer parts (e.g., Mitchell et al., 2009).
in Saturn’s magnetosphere over the 2004-2017 time period.

4. Energetic lon Integral Moments

The velocity distribution function («-distribution in our case) provides a

microscopic description of statistical information on the energetic charged
particles that we study here, but a very important use of it is the determination of the macroscopic parameters
that are fundamentally important for studying the transport and properties of energetic plasma inside the
magnetosphere. The modeled expressions of the energetic ion energy spectra (modeled k-distributions) are
incorporated in the set of the velocity moment equations explained in Mauk et al. (2004), to obtain the four
integral particle moments (shown in Figure 4), namely, density (n), Integral number intensity (/,,), Pressure (P),
and Integral energy intensity (I¢), via analytic integration.

As expected, the H* and O* partial pressures are comparable throughout Saturn’s magnetosphere, that is,
~50% of the >8 R partial ion partial pressure comes from O*, consistent with earlier studies that employed
MIMI measurements to calculate the partial Ht and O* pressures using different techniques that involve direct
numerical integrations (e.g., Sergis et al., 2007). Of special interest is the fact that O* particles dominate the
>20 keV density over most radial distances and local times. This is also a result shown in the recent study of
Allen et al. (2018), where the equatorial distributions of W+ and H* revealed higher densities for the former
species. However, Ht dominates the energetic ion integral number and energy intensity at all radial distances
(L > 5) and local times by at least one order of magnitude (as in the Allen et al., 2018, study as well).

The characteristic energy (E() profiles of >20 keV H* and O* particles (Figure 5), calculated from the ratio
between the energetic ion integral energy intensity and the integral number (E- = I;/I,) that corresponds to
the peak in the differential flux (characteristic particle speed), show comparable dependence for >8-12 R..
However, the characteristic energy of O* particles remains nearly constant throughout 5 < L < 20, whereas
the characteristic energy of H* is increasing toward Saturn. The increased E. values for H*, especially inside
of 8-12 R, can be either due to a thermalization of the H* distributions (consistent also with the calculated
k-index) and the temperature increase closer to the planet due to acceleration of particles toward stronger
magnetic fields, or an effect of charge exchange of ions with the ambient neutral distributions that become
increasingly important in the inner magnetosphere, closer to the vicinity of Enceladus, or to a combination of
both these effects.

The O lifetimes inside the magnetosphere (Dialynas et al., 2009) are slightly longer than H* lifetimes over
the <20-40 keV, but the >20-40 keV H* lifetimes are much greater. Therefore, as the O* density increases
toward the planet and yet E- remains constant, it implies that little energy is gained by adiabatic heating
as O* ions move toward the planet to stronger magnetic fields. By contrast, the increasing E- and density
of H* together with relatively long H* lifetimes (H* particles survive much more efficiently than O* inside
Saturn’s magnetosphere) imply that proton energization is fairly consistent with adiabatic heating. Although
the charge-exchange mechanism alone may not resolve all details concerning the differences between the
energetic H* and O spectra, as inferred by the very simplified model in Kolimann et al. (2015, see Appendix A)
we note that if a realistic neutral gas distribution is factored in (e.g., Dialynas et al., 2013), one would obtain
a set of realistic energetic ion lifetimes, providing an invaluable input to study the energization of charged
particles in the Saturnian system. However, this task goes beyond the scope of the present study.

Of special interest is the sudden decreasing trend of the H*E- inside of ~6 Rq, that is, closest to Enceladus,
which suggests that the losses in this region, reflected in a corresponding density decrease, are indicative of
dramatic increase of the charge-exchange loss rate. This is consistent with the Paranicas et al. (2008) observa-
tions, who reported that the energetic ions are effectively absorbed inside ~ 5 R¢ to ~ 6 R, so that this region
is almost void of more energetic protons or singly ionized oxygen. Clearly, Saturn’s neutral cloud plays a key
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role in determining the shapes of the ion spectra, presenting a significant loss term of the >20 keV ions. We
will return to this pointin section 7.

5. Simulations

There are numerous models developed over the Cassini era to describe the pressure distribution and particle
flow properties in the Saturnian system (e.g., Achilleos et al., 2010; Brandt et al,, 2010; Jia et al., 2012). Here we
do not aim to study the driving mechanism(s) behind the ring current formation, rather than provide a simple
model as a stepping stone to obtain physically meaningful results concerning the adiabatic versus nonadi-
abatic properties of charged particles in the magnetosphere. Thus, in order to simulate the ion (H* and O™)
equatorial partial pressure distributions as a function of both L-shell and local time, it is necessary to employ
a well-constrained, parameterized ion model that can, in addition, manage a large number of measurements.
We use the Roelof and Skinner (2000) semiempirical model (also used in other studies, e.g., Brandt et al., 2010,
2012; Dialynas et al., 2013), suitably modified to simulate the partial pressure rather than the energeticion flux.

The ion pressure in equation (3) is defined in the equatorial plane with separable functions in azimuthal angle
(note that local time = [(¢+180)mod360]/15) and L-shell. Although the model provides the framework for a
separable function for the ion pitch angle distribution, since we employ mission averaged measurements,
we have assumed isotropic pitch angle distributions for both species in the present study. In mathematical
formalism, the model is written as follows:

P = Py exp(—f,(¢) — f,(L)). 3)

The exponential form of equation (3) assures that the partial pressure is positive definite, as it must be phys-
ically, and can describe the observed variable ion pressures throughout the magnetosphere, where linear
expressions may fail to perform.

For the L-dependence, the pressure distributions are written as

(L=L1)?

2512 E<tn
2
L-L 1 SL
=155 (2) Ly SLE Ly, ()

2 2
(Gl YR P ST B (1 ° 0 W Y (10
2512 + Lo +2<L0) 2<L0) L>1a
where the L-shell dependence in equation (4) forms a Gaussian in the inner regionzs of the magnetosphere
. . sl
that change smoothly to an exponential decay function (at L = Ly;, Ly; = L; + ), followed by a second
0

Gaussian in the outer regions of the magnetosphere (at L = L,,, L,, = L, + iﬁ). The parameters L, and L,
denote the L-shell values where the first and the second Gaussian functions pea&, while 6L, and 6L, represent
the Half Width at Half Maximum of the two Gaussians, respectively. The slope of the exponential function in
theregionL,; <L < L,, is controlled by the parameter L,,.

For the azimuthal dependence, the model uses a two harmonic expansion that allows us to modulate the ion
pressure in Local Time so that we can obtain a region of maximum pressure, that is, a day to night asymme-
try (controlled by parameter ¢,) and at the same time, using the second term, a dusk to dawn asymmetry
(controlled by parameter ¢,).

f¢ = ki[1 = cos(¢p — ¢p)] + ky[1 — cos2(¢p — ¢,)]. (5)

The above functions depicted in equations (3)-(5) are used to perform 2-D fits to the energetic ion equatorial
distributions shown in Figure 4 (specifically the P, n, and T, as will be shown in the upcoming sections). Note
that the user should be careful to differentiate these spatial distributions as described in equations (3)-(5)
from the x-distributions in energy. The goodness of the fit is determined by the normalized y? parameter
(Press et al,, 1992), where assuming that s; represent the set of N simulated pixels (i = 1...N), g, is the set of
observed pixel values and o; is each pixel’s standard deviation, then

1 (s—a)
Z‘NZ: ©6)
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Figure 6. (top panel) H* partial pressure shown in Figure 3 together with the simulated partial pressure as a function of
local time and L-shell that resulted after a 2-D fit of the Roelof and Skinner (2000) semiempirical model to the data

(x2 = 0.41). (Line plot) Black points represent an average of the calculated partial pressure profiles (gray points) at each
local time sector, as a function of L-shell. The line represents the Roelof and Skinner (2000) fit to these data. (bottom
panel) The same for O*.
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Since equation (6) is normalized by the number of pixels that are employed in the fit (N), and the numerator is
dominated by Poisson fluctuations, ideally y? would converge to unity for a perfect fit. However, as the model
does not include an instrument background we accept solutions for which y2? < 1. We note that although the
use of the reduced y? parameter, that is, normalizing equation (6) by the number of pixels minus the number
of fitted parameters, is generally more efficient/precise than the normalized x? function, due to the large
number of measurements that we simulate, the two methods are not expected to produce different results
(in the accuracy afforded by our measurements). Therefore, we have selected to remain fully consistent with
the Roelof and Skinner (2000) application that includes the use of equation (6).

5.1. Energetic lon Partial Pressure

The >20 keV H* and O* partial pressure equatorial distributions in Figure 6 are consistent with the cor-
responding equatorial distributions shown recently in Sergis et al. (2017). Both species are consistent with
an asymmetric ring current distribution, exhibiting a day-night and a dusk-dawn asymmetry. The nightside
magnetosphere presents—on average—an extended region of maximum partial pressure that spans over
~6-14 R; in L-shell and ~18:00 to 6:00 on the night sector, whereas the peak of these partial pressure dis-
tributions seem to lie toward the post-dusk sector. We note that these equatorial distributions describe an
average situation which refers to ~12 years of observations and therefore do not capture the dynamics of a
rotating ring current explained earlier in the literature.

The application of the Roelof and Skinner (2000) model, as described in the previous section, is shown in
Figure 6 for both H* and O*. The simulated H* and O* distributions show a clear day-night asymmetry
(centered at local midnight in our simulation, 180° from local noon, while k; = 0.4) with a peak pressure of
Py ~2 x 107'% dynes/cm? for H*, that occurs at L; ~9.5 R (6L, ~ 2 Rg), while the O* the peak pressure is
slightly higher, ~2.2 x 107'° dynes/cm?, but occurs at the same radial distance (L, ~9.5 R;) and retains the
same Gaussian spread (6L, ~ 2 R, 6L, ~ 6 Rs), ~35° premidnight for both species (creating the apparent
dusk-dawn asymmetry, while k, =0.45). This rotation is consistent with recent studies that measured ener-
getic ion injections that occur preferably in the night sectors of the magnetosphere (e.g., Azari et al., 2018).
The minor peaks for H* and O* occur at L, ~15 R, while both species partial pressures drop with the same
slope (L, ~4 Rg) between the two Gaussian peaks. Note that our simulation includes uncertainties associated
with the aforementioned L-values and angles due to 30° and 1 R binning in LT and L-shell, respectively (see
Section 3).

The scattered data plots in Figure 6 (gray data points) represent the calculated partial pressure profiles, directly
from the «-distribution fits. The success of the Roelof and Skinner (2000) fit is apparent for both species, that
is, the model (black lines) as a function of L-shell provides a good match to the average partial pressures
as a function of L-shell (black points) throughout the 5 < L < 17-18 regions. However, the data suggest a
pressure increase in the outer (>17-18 R;) parts of the magnetosphere (a factor of ~2 for both H* and O%),
which may be the result of the multiple energetic ion injections that occur in this region, adding pressure
to the system, that our model is not capable of capturing (this effect is also shown in the partial density
profiles discussed in section 5.2). We infer that the energetic ion bundles in the 12 < L < 20, and especially
beyond ~17-18 R (where charge exchange is very limited compared to the inner magnetospheric regions),
that— possibly—result from rotating energetic particle blobs shown in previous studies (e.g., Carbary et al.,
2008; Mitchell et al., 2009), produce durable signatures (enhancements) in the H* and O* pressure and density.
We will return to this point in section 7.

Local time asymmetries have also been observed in energetic particle Phase Space Densities, Electron
temperatures (T,-), and plasma flows (Thomsen et al., 2012; Wilson et al., 2013) and reproduced in mag-
netohydrodynamic simulations (Jia & Kivelson, 2016). They are thought to result from a convective E-field
(Andriopoulou et al., 2014) with a noon-midnight orientation, resulting (partly) from adiabatic radial transport.
In that sense, it is puzzling why O™ in our analysis indicates that it behaves nonadiabatically. However, the role
of charge exchange of O* particles with Saturn’s neutral gas distributions discussed in section 4, resulting in
relatively small O lifetimes, (partly) resolves this conundrum.

An additional puzzle concerns the local time asymmetry between the peaks of the energetic particle pressure
and density (see section 5.2) shown here (peaks lie in the dusk-midnight sector, consistent with the results
in Sergis et al., 2017) and the noon-midnight preferred orientation in Andriopoulou et al. (2014). We note,
however, that all the ion distributions shown in this study include a secondary peak that lies in the post-dawn
sector (~20°), consistent with the aforementioned noon-midnight electric field. A detailed description on the
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controls the azimuthal current density” as noted by Sergis et al. (2017).

5.2. Energetic lon Density

Figure 7. Distributions of the partial energetic (top) H* and (bottom) O* Although the energetic ion (>20 keV) partial densities are some orders of

pressure and density from the equatorial distributions shown in Figure 4.
Red points correspond to (P, n) pairs in the 5 < L < 9.5 region and black
points in the 9.5 < L < 20 region as explained in the legend.

magnitude lower than the corresponding densities which characterize the
thermal plasma (e.g., Wilson et al., 2017), the derivation of the energetic
ion partial density provides an invaluable input to the determination of the
equation of state. This is very frequently used in magnetohydrodynamic
descriptions of plasma convection in planetary magnetospheres and can serve as a proxy for the local entropy
(e.9., S =T/n""', sometimes called specific entropy), pointing also to the transport of plasma inside the mag-
netosphere (e.g., Wing & Johnson, 2010, and references therein). In the generalized view of the equation of
state, the pressure relates to the ion density by P = Cn".

In this expression, I'is the polytropic index (defined as the ratio between the specific heat at constant pressure
and constant volume, ¢, /c,), that for an adiabatic process in an ideal gas with f degrees of freedom, I' =
(f+2)/f,thatis, 5/3 if we assume that the plasma sheet distributions are isotropic (f = 3). The polytropicindex
is one of the fundamental physical parameters of plasmas and provides useful information on the internal
processes that a plasma undergoes: In principle, an isobaric plasma process would be represented by I' = 0
(where P = const.) while an isothermal process by I" = 1 (where the T=const.). Despite its physical context, I"
cannot be measured directly in space and an adequate model is required in order to derive its value.

The values of the (P, n) pairs in Figure 7 provide a first indication concerning the thermodynamical processes
that are taking place inside the 5 < L < 20 region for both H* and O*. Clearly, the energetic H*(P, n) distri-
butions are separated in two different parts: (a) outside 9.5 R (black points in Figure 7) where the polytropic
index is ~1.25 implying a subadiabatic process and (b) inside 9.5 R (red points in Figure 7) where the poly-
tropic index is ~0.76 implying a sub-isothermal process. The situation concerning the O™ is different and the
(P, n) pairs form a single distribution throughout the 5 < L < 20 region with a polytopic index that is ~0.95
implying a quasi-isothermal behavior.

Although the (P, n) distributions in Figure 7 provide a useful estimation of the polytropic index, all the spa-
tial information (radial distance and local time) are collapsed into a single dimension. However, having the
energetic ion partial pressure distribution modeled (see section 5.1), we can search for suitable I" in order to
match the simulated H* and O* densities with the calculated ones (from the k-distribution fits), starting from
the ones extracted from Figure 7.

Our model, concerning the Ot densities, shown in Figure 8 (bottom panel), includes a single polytropic index
extracted from Figure 7, indicating that the Ot particles behave quasi-isothermally for all regions 5 < L < 20
and all local times, with T" = 0.95. We note that we were able to obtain almost equally good solutions using T’
ranging from ~0.85 to ~1. As was already mentioned earlier in this section, the situation for H* is more com-
plicated than O* (see Figure 7): H" behaves sub-isothermally (I" = 0.76) for all local times with L < 9.5 but
exhibits a subadiabatic behavior at all local times where L > 9.5, that is, I" = 1.25. Again, to obtain a 2-D rep-
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Figure 8. (top panel) H* partial density shown in Figure 3 together with the simulated partial density as a function of
local time and L-shell that resulted after a 2-D fit of P = Cnl" to the partial density data. (Line plot) Black points represent
an average of the calculated partial density (gray points) at each local time sector, as a function of L-Shell. The line
represents our simulation. (bottom panel) The same for O+.
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Figure 9. (top panel) Equatorial distribution of H* temperature using equation (2) together with the simulated
temperature as a function of local time and L-shell that resulted after a 2-D fit using the simulated P and n parameters
(see Figures 6 and 7). (Line plot) Black points represent an average of the calculated temperatures (gray points) at each
local time sector, as a function of L-shell. The line represents our simulation. (bottom panel) The same for O+.
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resentation of the density distribution, we were able to obtain almost equally good solutions with T ranging
from ~1.2to ~1.5in the L > 9.5 region. Notably, in the L < 9.5 region the I" remains pretty stable.

As also shown in the previous section, our fits provide a very good match to the data, except for the >17-18 R
regions where the model seems to slightly underestimate the densities (on average). Nevertheless, these
results are consistent with our previous interpretations (see sections 3 and 4 in this manuscript and Dialynas
etal,, 2009); H* is heated quasi-adiabatically, whereas O* is heated locally at each L-shell, subject to nonadia-
batic acceleration and charge exchange. While g is significantly >1 beyond 8- 10 R, (Sergis et al., 2017), adding
the magnetic field pressure to the simulations is not expected to affect the calculation of I significantly. Our
results are consistent with the corresponding analyses of electron data (Arridge et al., 2009), where I" ~1, with
many cases approaching adiabatic behavior (I' > >1 and <5/3).

5.3. Temperature of Energetic lons

Although the use of a k-distribution function in order to describe our energetic ion spectra implies that the
energetic ions are not found in a classical thermodynamic equilibrium state inside the magnetosphere, the
ideal gas state equation P = nkgT (kz=Boltzmann’s constant) still holds for any nonequilibrium stationary state
(Livadiotis & McComas, 2012). Consequently, through this equation, we can also obtain an analytic represen-
tation of the temperature of energeticions (T = T, (k + 1)/(x — 3/2)) after applying the calculated polytropic
index for eit1her H* or O*. In other words, the temperature can also be described by the polytropic law,
thatis, n~TT=1,

The resulting fits are shown in Figure 9. As expected, using the simulated density and pressure obtained in the
previous sections we are able to fit the temperature T and not T, (as explained in section 3). However, we note
that the best fit for the H* temperature (shown in Figure 9) was obtained using a slightly different number for
T, thatis, 0.74 instead of 0.76. On a technical note, the simulation in temperature appears to be very sensitive
to the selection of I'. For example:

1. For the O distributions, using I" values bellow 0.85 we may obtain a good fit to most parts of the magneto-
sphere, but the simulation creates a slight turnup in innermost regions, that is, <~8 R, and fails to remain
almost constant as the measurements imply.

2. For the >9.5 R H* distributions, using I values bellow 1.2, the temperature gradually flattens and fails to
capture the increasing trend shown in the measurements.

Notably, due to the low y? parameters for both fits (approaching zero), we infer that our fits are subject to
large standard deviations, as explained in section 5.

Nevertheless, the simulations in temperature verify that the H* follow a rough quasi-adiabatic law (being
subadiabatic) in most parts of the Saturnian magnetosphere (L > 9.5), whereas the Ot temperature remain
almost constant throughout the 5 < L < 20 region and for all local times, following a quasi-isothermal law.

6. Summary and Results

By utilizing all available Cassini/MIMI in situ observations during an extended time period (2004-2016), we
have modeled the energetic ion (H* and O*) energy spectra using a x-distribution form in energy, produced
the energeticion moments equatorial maps for both H and O* inside the Saturnian magnetosphere, and sim-
ulated the energetic ion partial pressure, density, and temperature using a flexible semiempirical model. Our
simulations lead to the extraction of the polytropicindex for both H* and O*, that together with the calculated
energetic ion characteristic energies, k-distribution parameters and lifetimes of ions (due to charge exchange)
enables a discussion concerning the energization of ions inside Saturn’s magnetosphere. The primary results
of this study are summarized as follows:

1. Our measurements include transient injections (and/or aging injections) and at those times protons dom-
inate the energetic ion (>20 keV) integral number and energy intensity at all radial distances (L > 8) and
local times, while the H* and O* partial pressures and densities are comparable. However, the O* densities
in the >20 keV range are slightly higher over most radial distances and local times.

2.The >20 keV energetic ion spectra are consistent with a k-distribution form in energy and the kappa
parameters, together with the calculated energetic ion moments, showed prominent day-night as well as
dusk-dawn asymmetries (~35° premidnight) which could be explained by the multiple injections that occur
at Saturn, as well as the azimuthal energetic ion flow properties inside the magnetosphere (namely coro-
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tation, together with gradient and curvature drifts) in conjunction with charge-exchange decay and/or the
noon-midnight electric field as shown elsewhere.

3.The 9.5 < L < 20 region corresponds to a local equatorial acceleration region, where subadiabatic transport
of H, I' ~1.25 (<1.67), and quasi-isothermal behavior of O*, I' ~0.95 (<1), dominate the ion energetics
(compared to the contribution of charge exchange with the Saturnian neutral cloud).

4. Nonradiation belt energetic ions are heavily depleted inside the orbit of Rhea (~8 Rq), that is, ion lifetimes
due to charge exchange decrease significantly with decreasing distance, so that the partial energetic ion
pressures and densities drop to minimum inside ~8 R (see Figures 6 and 8) and the behavior of the energetic
ions (both species) appears to be quasi-isothermal (I" <1).

5. Energetic ion bundles in the 9 < L < 20 (and especially beyond ~17-18 R;), that— possibly —result from
rotating energetic particle blobs shown in previous studies, produce durable signatures (enhancements) in
the H* and O pressure and density.

7. Discussion: Plasma Sheet Thermodynamic State

While all these results are discussed in their corresponding sections of this paper, and compared to relevant
studies found in the literature, one of the remaining discussions concerns the implications of these energetic
ion properties regarding the stability and thermodynamical state of the plasma sheet itself.

Baumjohann and Paschmann (1989) applied a similar technique as we show here to study the ion proper-
ties at Earth’s magnetosphere (derived from the equation of state, discussed in section 5.2) and found—on
average —a polytropic index of ~1.66 during disturbed intervals, implying that during those times the plasma
sheet behaves adiabatically, but the quiet plasma sheet behaves as a poorly insolated vessel, because I" ~ 1.39.
Later, Spence and Kivelson (1990), using a 2-D model of adiabatic convection, explored the differences with
previous calculations of the polytropic index by Baumjohann and Paschmann (1989) and Huang et al. (1989).

Our results demonstrate that the polytropic index of the energetic ions inside the plasma sheet is ~ 1 and
lower than 5/3 (see sections 5.2 and 5.3 for details), which indicates that the plasma sheet behaves—on
average—quasi-isothermally to subadiabatically. This is consistent with the fact that the temperatures for
Ot are almost constant throughout the magnetosphere, whereas the H* temperatures follow roughly a
quasi-adiabatic law. Earlier analyses from Arridge et al. (2009) using electron (0.5 eV-28 keV) measurements
from Cassini showed that the polytropic index isT" ~1.0157 £ 0.002, implying that the plasma sheet behaves
isothermally on average. However, as noted by the same authors, there are many occasions in their data set
where the behavior tends to be adiabatic, as we have also shown here (and/or even isobaric). As far as the elec-
trons are concerned, these authors determined that collisions with H* may account for heating the electrons
(Rymer et al.,, 2007), which play the role of an external reservoir that exchanges heat with the system.

The results concerning the energetic ion measurements that we show here add another dimension to this
problem. Taking into account the calculated polytropic indices for both electrons (Arridge et al., 2009) and
ions shown here (on average I" ~1 and lower than 5/3), we arrive at the conclusion that the loss of heat from
the plasma sheet is greater than the supply of new energy. New energy can either come from internal sources
or from the solar wind. At Saturn, we know that the internal dynamics are much more important than the solar
wind input. For example, the rapid rotation at Saturn and the generally weaker solar wind effects result in a
large region (up to L ~ 20) where the drift due to corotation electric field dominates the transport of ions even
up to several 100’s of keV (Brandt et al., 2008, 2010), whereas recent modeling suggests that the hot plasma
dynamics can dominate over solar wind conditions (Pilkington et al., 2015). In principle, multiple injections at
Saturn (Mauk et al., 2005; Mitchell et al., 2005, 2009) may account as the drivers of new energy entering the
system, but an existing cooling mechanism does not allow the plasma sheet to behave adiabatically, in other
words, with no gain or loss of internal energy.

The neutral particles at Saturn, originating from Enceladus (a major source of heavy, mass-loading particles),
dominate the ion densities over a very broad magnetospheric region (Vasyliunas, 2008), have a strong influ-
ence on the dynamics of the magnetosphere (e.g., Kivelson, 2006, mass density, flow patterns, etc.), and may
also act as an effective cooling mechanism. The most important consequence of obtaining aT" <1.66 is that
the plasma sheet does not have a ground state, that is, a stationary state that can be described as being close
to (or constantly in some sort of ) thermodynamic equilibrium. This was highlighted in section 3 (e.g., through
the values of M), where we showed that despite the fact that the H* distributions get closer to equilibrium
as they move toward the planet, they are still away from stationary states that can be characterized as close to
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local equilibrium, whereas the O retains a stable M, number throughout the magnetosphere. We, therefore,
infer that internal energy is constantly escaping by internal processes and new energy entering the system is
not enough to balance the losses.

In contrast to electron impact ionization and photoionization, charge exchange does not lead to a net addition
of plasma, rather only to a net escape of neutrals (Vasyliunas, 2008). When fast ions interact with the slow
neutral particles, the newborn ions that are created by these interactions must be then picked-up by the
corotating electric field to be reaccelerated to local corotation speeds. Therefore, these ion-neutral collisions
lead to momentum exchanges among ions and neutral particles. Newborn neutrals become more energetic
(faster) than the background preexisting neutrals. On the other hand, newborn, slow, ions cause a lag on the
corotating plasma (Kane et al., 2008; Saur et al., 2004) and, in principle, temperature decrease in the system.
Eventually, the charge-exchange decay of ions may result in a continuous plasma sheet cooling.

As we have shown in sections 3 and 4, this situation is most prominent in the case of O* throughout the
5 <L < 20 R; region, which occupy ~50% of the partial energetic particle pressure, but it is not entirely neg-
ligible in the case of H* as well (e.g., the polytropic index of H* is lower than 5/3 throughout the 9.5 < L < 20
region and lower than 1 closer to the planet). The addition and loss of plasma in the framework of different
plasma beta conditions (e.g., Sergis et al., 2009) have an immediate impact on the plasma transport inside Sat-
urn’s magnetosphere. The characteristic energies of both H* and O™ (see section 4) in conjunction with the
suprathermal ion lifetimes due to charge exchange were rather revealing on this front, and together with the
discussion presented here, we infer that the entropy (S) of the system cannot be conserved in Saturn’s mag-
netosphere and will be found to decrease with decreasing distance from Saturn (at least for the 9.5 < L < 20
region), as it happens at Earth’s magnetotail (e.g., Erickson & Wolf, 1980).

Under the assumption of a collisionally isotropic gas, the entropy becomes a conserved quantity in purely
adiabatic processes (where S = T/ng, I' = 5/3; cf. Borovsky & Cayton, 2011), which is not the case at Sat-
urn’s plasma sheet if we take into account both the H* and O™ calculated polytropic indices. In principle, for
a given system volume, V, and due to the fact that % is proportional to —T", whereas Z—; is proportional to
1 —T (e.g., Livadiotis, 2016, Figure 1), the subadiabatic behavior of H* out beyond 9.5 R (where I' ~1.25)
implies that Z—T < 0and % < 0 (note that because I" <1 inside 9.5 R, :—; > 0 for H*). On the other hand, the
quasi-isothermal behavior of Ot implies that the temperature is constant and that P ~ n. A more practical
example is given in the earlier analyses in Dialynas et al. (2009) where a typical suprathermal O* distribution,
subjected to the neutral gas distribution around Saturn, was found to continuously cool down, resulting in
no net gain in temperature as the particles move toward the planet to stronger magnetic fields.

At this point we need to emphasize again that our measurements include both a large number of energetic
ion injections and quiet times and this simply indicates that the polytropic relations that we have derived here
describe the particle distributions and the plasma sheet on average. In other words, these average results are
some of the many generalized polytropic relations that depend on local energetic particle conditions, which
may arise when studying more specialized cases. A typical example on this front involves the existence of
transient flux tubes (so-called blobs or bubbles) at Earth, thatimpose local density and pressure enhancements
which may affect the tail plasma population by resolving the pervasiveness of departures from the constant
entropy and eliminate the violation of the pressure balance as described by Pontius and Wolf (1990; see also
references therein).

Our measurements show indications that such a condition may be true for the Saturnian system as well, where
ion injections, manifested in the partial pressure and density enhancements for both H* and O* in the outer
parts of Saturn’s magnetosphere, beyond 17-18 R, may influence the on average plasma sheet conditions
(e.g., see Figures 6 and 8). For example, the INCA camera on board Cassini revealed enhanced ENA emissions
in both the dayside and nightside magnetosphere of Saturn that essentially form a rotating source of ENA
emission (Carbary et al., 2008; Paranicas et al., 2005). These ENA emissions can be attributed to (quasi-)periodic
injections that are reenergized approximately every Saturn rotation (Mitchell et al., 2009), that is, energetic
particle blobs that are replenished only in certain local time sectors and otherwise decay because of charge
exchange or longitudinal dispersion due to gradient and curvature drifts. Apparently, these injection events
dominate the outer magnetosphere, producing the durable signatures observed in both the partial pressures
and densities.

DIALYNAS ET AL.

8082



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2018JA025820

Acknowledgments

The authors would like to thank J.
Vandegriff (Johns Hopkins University
Applied Physics Laboratory) for
assistance with the MIMI data
processing. We are grateful to all
colleagues on the MIMI team, who
provided valuable comments that have
improved the presentation. Work at
JHU/APL was supported by NASA
under contracts NAS5-97271 and
NNX07AJ69G and by subcontracts at
the University of Maryland and the
Office of Space Research and
Technology of the Academy of Athens.
The German contribution of
MIMI/LEMMS was financed in part by
the Bundesministerium fur Bildung und
Forschung (BMBF) through the
Deutsches Zentrum fur Luft-und
Raumfahrt e.V. (DLR) and by the
Max-Planck-Gesellschaft. Regoli, L. is
supported by a NASA Living With a Star
grant (NNX16AL12G). The Cassini/MIMI
data and a user guide are available
online through NASA'’s planetary data
system (PDS-https://pds-ppi.igpp.ucla.

edu/mission/Cassini-Huygens/CO/MIMI).

An additional complication to the processes explained above, especially in the night sectors at Saturn, where
the magnetotail lies, is the loss of mass that has been shown to occur either through possible periodic (e.g.,
Cowley et al., 2015) or long-existing, rotating reconnection events (Yao et al., 2017), in the form of plasmoids
(e.g., Jackman et al., 2014), or constantly from the postmidnight sector that is not necessarily related to recon-
nection (e.g., A. W. Smith et al., 2016). Despite the above complications, we infer that the calculated polytropic
indexes for Saturn’s plasma sheet, together with the semiempirical description of the major thermodynam-
ical parameters for both suprathermal H* and O*, can act as an invaluable input in recent models that aim
to study the dynamics of Saturn’s magnetosphere. In theory-driven studies, our results can be used in the
method provided recently by Livadiotis (2018), to estimate the dynamical degrees of freedom in a plasma
application, through the connection between the x-index and the polytropic index.
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