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Saturn’s Magnetospheric Configuration

1 Introduction

Twenty five years is a human generation. Children are born,
raised, educated and reach maturity in a quarter of a century
In space exploration, however, twenty five years is a verglon
time. Twenty five years after the launch of the first Sputni- S

urn was visited by three very successful spacecraft: Piohke
(1979), Voyager 1 (1980) and Voyager 2 (1981). The flyby tra-
jectories are shown in Fig. 1. Twenty five years after the first
Saturn flyby by Pioneer 11 the most advanced planetary probe
ever built started orbiting Saturn and deployed a landez\eal
the mysteries of Titan. One can only guess the exciting &utur
missions we may have 25 years after Cassini.

1.1 Pre-Cassini Understanding

The three pre-Cassini flybys provided a very good overaleund
standing of the large-scale magnetospheric configuralibe.
main controlling factors were the following:

Saturn has a dipole-like intrinsic magnetic fieldth the
dipole axis closely aligned with the axis of planetary riotat
(within about F). The equatorial magnetic fiel§ ~ 2 x 10>
T) is very close to the equatorial magnetic field of EaBh &
3x 10°° T) and about an order of magnitude smaller than that
of Jupiter By ~4x 10°4T).
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Fig. 1 Trajectories of the Pioneer 11, Voyager 1, and Voyager 2espac

The equatorial radius of SaturfRs ~ 6.0 x 10 km) is com- craft projected onto Saturn’s equatorial plane. Obsenad $hock (S)

parable to the radius of Jupiter {R 7.1 x 10* km) and is about

and magnetopause (MP) crossing are also shown (from [166]).

an order of magnitude larger that the radius of Earth456.4 x 10° km). The rotation periods for JupiteFy~ 10") and Saturn
(Ts~ 10.5") are quite close, and they rotate about 2.5 times faster&heth (T ~ 24"). Centrifugal accelerations at the planetary
equator, consequently, are comparable at Jupiter andrSana they exceed that of Earth by about 1.5 orders of matgmitu
Most of the plasma in Saturn’s magnetosphieref internal origin, with the rings, the icy satellites afian identified as
the primary plasma sources. It was recognized that the ntegpigeric plasma is dominated by heavy ions (in the mas®rahg
10— 20 amu), but due to the limited mass resolution of the plasms@ument the dominant heavy ion was not identified (both
nitrogen and oxygen were suspected with the debate settlinaxygen during the 90’s [147]). The total internal massreeu
was estimated as 20— 10?85 molecules per second (er 101> — 10%° kg/s), a large uncertainty due to orbital and instrument
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are discussed in detail either
in this Chapter or in the other  [upstream
magnetospheric Chapters of
this book [35, 118, 126]. P

(background figure courtesy
of the MIMI team).

limitations. In this respect the Saturnian system is agmnilar to Jupiter, where the logenic internal plasma souscabout
108 (~ 10° kg/s) heavy molecules per second. This is a big differerama fEarth, where under quiet conditions the ionospheric
plasma source plays a relatively unimportant role in cdlimigothe overall magnetospheric configuration.

Magnetic field linesare increasingly stretched as more and more plasma is addib@ iequatorial mass loading region.
The increasing plasma content per unit flux tube area regjtiire transfer of more and more momentum from the rotating
ionosphere to the increasingly stretched field line. Howewe finite ionospheric conductivity limits this momentaransfer,
and consequently, the angular velocity of the ‘heavy’ egual part of the magnetic field line exhibits an increasiogotation
lag [70, 85]. Finally, the field line becomes so heavy thatitmsphere is unable to drag it around any more and coratatio
“breaks down” [70, 85] near a radial distance of

MMs \ V4
o= (s ®

HonsQ3

whereMgs is the magnetic moment of Satupn, is the magnetic permability of vacuumg is the angular velocity of the neutral
thermosphere angk is the flux tube plasma content (per unit flux tube area) in thesyaddition region. Expression (1) yields a
corotation breakdown radius ef 15Rs assuming a flux tube contentef103g T-1 cm=2.

The solar wind encompassing Saturn’s magnetosplset@o orders of magnitude more tenuous than it is at Eartlit.orb
The interplanetary magnetic field at Saturn is about an coflenagnitude weaker than at Earth and its nominal direction i
nearly azimuthal. Under these conditions the solar wind tvasght to have a relatively weak control over the magnétesp
configuration.

A summary of the pre-Cassini understanding of Saturn’s ratgpheric configuration is shown in Fig. 2. We note that no
direct plasma observations were available from the disteagnetotail and therefore the schematics focuses on tlereihin
about 30 R.

1.2 Major Cassini Discoveries

The Cassini mission resulted in a number of exciting newadisdes. Some of these discoveries are noted in Fig. 3:
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e During its approach to Saturn the Cassini spacecraft detertergetic{ 100 keV/charge) magnetospheric ions (such as He
and O") upstream of the bow shock whenever the spacecraft was nieglheconnected to Saturn’s magnetosphere [113].

e During the initial Saturn Orbit Insertion (SOI) the spa@dtdiscovered a “ring ionosphere” dominated by water grioms
originating from the icy material composing Saturn’s speatar rings [184].

e The SOl orbit also brought some other important discovesigsh as the fact that very few nitrogen ions were detectétkin
magnetosphere [174]. This was a surprise, since beforetivalaf the Cassini spacecraft Titan was thought to a be jpma
source of magnetospheric nitrogen. For a more complete suynof the results obtained during SOI we refer to the review
paper byAndré et al.[8].

e The MIMI instrument discovered a new radiation belt inside D ring [111].

e The plasma wave instrument (RPWS) discovered a very coatpti¢ drifting periodicity of Saturn’s kilometric radiati
(SKR). A detailed discussion of this phenomenon can be fanadseparate Chapter in this book [118].

e Cassinidiscovered that Saturn’s ring currentis primadgnposed of accelerated water group ions [159]. This isurprising
in light of the discovery that nearly all major magnetosphplasma sources are water dominated. These include thsg, rin
the icy satellites and especially Enceladus, that turnétbdue the dominant mass source for Saturn’s magnetospsiasima
[197].

e The plasma produced inside Saturn’'s magnetosphere isnigitmansported through the system by the interchangabilsty
(see the chapter Oylauk et al.[126] in this book) and eventually drained by reconnection.

e Cassini discovered that Saturn has a bowl-shaped curreet ] that is due to the interplay between the tilt of Saitur
rotational axis and the direction of the solar wind flow atusat orbit.

e \ery heavy negatively charged particles (most likely ael®)svere discovered above the homopause of Titan [198% Whis
a big surprise and the interpretation of this discoveryilsisider way.

1.3 Earth, Jupiter and Saturn

In order to put the results of the Cassini mission in perspeete briefly compare the magnetospheres of Earth, JupittBat-
urn. Before Cassini the conventional wisdom was that stgamggnetized planets can have two distinct types of magpéteres:
solar wind controlled and internally controlled.

The terrestrial magnetosphere is the prototypical examfpie solar wind controlled magnetosphere. As can be seen from
the information presented in Table 1, Earth is a slow rotétox corotational electric field is only dominant in the inurage
vicinity of the planet) with a relatively small internal ngasource originating from the high latitude ionosphetel(kg/s). The
resulting solar wind interaction is usually referred tolestDungey cycle” [59]. This process starts at the daysidgmetopause

Table 1 Comparison of physical parameters of Earth, Jupiter andrSat

Parameter Earth Jupiter Saturn
Heliocentric distance (AU) 1 5.2 9.5
Average IMF magnitude [nT] 4 1 0.5
Nominal Parker spiral angle from radial direction °45 80 85°
Typical solar wind ram pressure (nPa) 1.7 0.07 0.015
Equatorial radius 1Re =6,371 km 1R; =71,492 kn=11.2Rg 1 Rs=60,268 km=9.45Rg
Magnetic moment (T 1) 7.75% 1015 1.55x 1070 4.6 x 108
Dipole tilt 10.5 10 <1°
Equatorial magnetic fielduT) 31 420 20
Typical subsolar bow shock distance ~13Re ~70R; ~27Rs
Typical subsolar magnetopause distance ~10Re ~50Ry ~22Rs
Solar wind transport time from subsolar bow shock to termaina ~3.5" ~3.5 ~1.1"
Magnetospheric plasma source (kg/s) ~1 ~10° ~300
Equatorial rotation period (hours) 23.934 9.925 10.53
Equatorial angular velocity () 7.29%10°° 1.76x 104 1.66x 104
Equatorial rotation velocity (km/s) 0.465 12.6 9.87
Equatorial gravitational acceleration (fy's 9.78 24.8 8.96
Centrifugal accelaration at the equator (/s 0.034 2.22 1.62
Corotation electric field at equator (mV/m) 14.2 5290 197
Solar wind motional electric field (mV/m) 1.6 0.4 0.2
Radius wherée oot = 0.1 Egyy 3Re 115Ry 31Rg
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EQUATORIAL PLANE MERIDIAN SURFACE
MAGNETIC X-LINE

Fig. 4 Schematic represen-
tation of plasma flow in the
equatorial plane (left panel)
and of the associated mag-
netic field and plasma flow in
a sequence of meridional cuts
(right panel) [193].

where reconnection between the planetary magnetic fiedd Bimd the southward component of the IMF can take place along
extended region. This reconnection creates a set of openetiadield lines originating from the high-latitude iondsve and
extending to the free flowing solar wind. The open (interptany) ends of these field lines are moving with the ambielatrso
wind speed, while the ionospheric ends are convectinguaniard. These open field lines form the open flux magnetogpher
tail lobes. Eventually, the open flux tubes close again bgmaecting in the plasma sheet. This process forms stretdbedd
flux tubes on the Earthward side of the tail reconnection, limeich contract back toward the Earth and eventually flow to
the dayside where the process can repeat. On the otherdisd®finected” field lines accelerate the tail plasma dawast
and eventually ‘accommodate” it into the solar wind. The kegture of the “Dungey cycle” is therefore the magnetosigher
convection controlled by reconnection.

Jupiter represents a prime example of a magnetosphere wigeselar wind only plays a minor role. Jupiter is a fast itat
with a strong surface magnetic field (see Table 1). As a caresezg, internal processes dominate the magnetospheceahgdut
100R; and the solar wind interaction (the Dungey cycle) is onlygirally important. The corotational electric field far erces
the motional electric field in the solar wind, and lo produabseut 18 kg/s plasma deep inside the magnetosphere. This plasma
source adds considerable “new mass” to the corotating niaghe tubes and eventually stretches them outward.

When a mass-loaded heavy magnetic flux tube stretches bélyerdrotation breakdown distance, the plasma will comtinu
moving outward unless there is some process that inhibgstiotion. On the dayside the magnetopause acts as a barder a
forces the magnetic field line to move along the inner boundathe magnetosphere thus forcing a corotation-like nmotio
around the planet. On the nightside, however, the plasmancae without much resistance into the low pressure magaietot
The magnetic field lines remain attached to the corotatingsphere at one end and to the outward moving heavy equatoria
plasma on the other end. Eventually the field line becomesaizked and thin that a magnetic ‘O’ line is formed and arplaisl
is formed that can now freely move down the magnetotail. @nplanetary side the newly shortened field line is'shed’ f it
plasma content, and the magnetic stress pulls the equatarizof the field line towards the planet, restoring the floward
corotation. This process is called the “Vasyliunas cycle93] and it is shown in Fig. 4.

As can be seen from Table 1, Saturn falls somewhere betweéndtal Jupiter. It is a fast rotator, but the equatorial nedign
field is comparable to that of Earth. The magnetospheric smsse is a factor of 3 smaller than that of Jupiter, and thetation
electric field is dominant inside a few tensRy. As a result of this intermediate parameter range Saturaigmatosphere exhibits
both a Dungey cycle and a Vasyliunas cycle at the same tim Tifs fact makes the kronian magnetosphere even more
fascinating and complex than the magnetospheres of Eadtfgpiter.

Badman and Cowleji 8] pointed out that in the outer magnetosphere the ratatifiux transport and the Dungey cycle are
of comparable importance. Regions driven by planetantimtahould be dominated by heavy-ion plasmas originatiogf
internal moon sources. The Dungey cycle layers should ypatlg contain hot light ions originating from either theaplet's
ionosphere or the solar wind.

A conceptual drawing (based on [46]) of Saturn’s ionospimagnetosphere coupling and plasma circulation is shown in
Fig. 5. There are three distinct plasma convection regiorise ionosphere and magnetosphere. Closest to the pfaneRs)
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Fig. 5 Schematic representation of ionosphere-magnetosphaping at Saturn [46]). The left panel shows plasma coneedti the equatorial plane
of the magnetosphere and the right panel shows ionosptamection in the northern high-latitude ionosphere. Thiisénct convection regions can
be distinguished: corotation, Vasyliunas-type plasmordifation [193] and Dungey-type reconnection driven caitioh [59].

the plasma corotates with the upper atmosphere. This régahown by arrowed solid red circles in the ionosphere arwhesd
solid red lines in the equatorial plane of the magnetospl&rb-corotation develops at larger radial distances amtgnetic
field lines become increasingly mass loaded. The final bi@akaf corotation is shown by the arrowed dashed red line imoth
the magnetosphere and in the ionosphere.

The second convection region starts at the corotation dmak and it includes the Vasyliunas cycle. Beyond the ctiata
breakdown plasmoid formation “drains” magnetospherisipla as suggested Masyliunag193] (see Fig. 4). The associated
X-line is shown by the dashed red line. In reality this is ahiygntermittent process and numerical simulations ingidaat
on the dusk side small plasmoids containing plasma “blobste@leased from the stretched and tailward moving magfielit
lines. Eventually these plasma blobs evolve into a pincbirthe field line and the Vasyliunas X-line is formed. Flux ¢slithat
shed their plasma load in this way are “buoyant” in the céuggl force and return to the inner magnetosphere through@eps
of flux-tube interchange described more fully in [126], tlwasnpleting the magnetic flux transport cycle.

The third distinct convection region is where the Dungeyley69] takes place. This process starts at the dayside magne
topause where reconnection between the planetary madie#ditines and the northward component of the IMF can takeepla
along an extended region (note that Saturn’s magnetic mbim@ppositely oriented as the magnetic moment of Earthijs Th
reconnection creates a set of open magnetic field linesnatigig from the high-latitude ionosphere and extendindhoftee
flowing solar wind. The open (interplanetary) ends of theslel fines are moving with the ambient solar wind speed, wihiée
ionospheric ends are convecting antisunward as shown irighepanel of Fig. 5 (solid blue lines with arrows). On thesku
side these open field lines form the open flux tail lobes ang $tey above the equatorial plane at all times. Point ‘A’ ishat
dusk-side magnetopause and it represents the end of thiele@agsonnection line. At point ‘B’ the lobe field lines stagton-
necting and this point marks the duskward end of the Dungpg-ail X-line. This X-line is marked with dashed blue limethe
left panel of Fig. 5. The Dungey cycle return flow takes plandtle dawn side of the magnetosphere and it is compressed on
the dayside due to the narrowing channel between the Vamdiaycle region and the magnetopause. The boundary betiaeen
Vasyliunas and Dungey cycle regions is marked by the arr@ween dashed line in the left panel of Fig. 5. Such Dungeyecycl
flux tubes, containing dominantly solar wind plasma, capo alstentiall mingle with flux tubes carrying inner magnetussyc
plasma and may enter the inner magnetospherevia flux-ttdreange, as mentioned above.
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2 Magnetic Field

2.1 Intrinsic Magnetic Field

The firstin-situ observations of Saturn’s intrinsic magnetic field were ddueng the Pioneer 11 flyby in 1979 [173, 3]. Com-
bined with the magnetic field observations by the two Voyagparcecraft [40] the early measurements provided a surghysi
accurate picture of Saturn’s intrinsic magnetic field. b de described by a slightly displaced magnetic dipole thatery
closely aligned with the planetary rotation axis [173, 4D&tailed studies of the Cassini observations basicallyicoad this
conclusion and added some additional details.

The modeling of intrinsic planetary magnetic fields has h Heritage stretching back into the 19th century with pioimee
work by Gauss. Within planetary magnetospheres there aailyde found a region where the magnetospheric volumentsr
are weak and the field can be considered to be approximateijrea (this is the region where the effects of externarent
systems can be neglected). Under this approximation thet ifiethis region can be written as the gradient of some magneti
scalar potential = —y), usually using spherical harmonics, which satisfies Legitaequation{?y = 0):

W(r6.9)=a zo (5™ 3 F(cos9) g cosmp) -+ hsin(mp) (2

wherea is the radius of the planet amd6 and¢ are spherical planetocentric coordinates. In expansipihévalueg)' andh!

are referred to as the Gauss coefficients of the field modehaiichte how strong each ‘mode’ contributes to producirgtthal
field. The values ofi are described as the degree amthe order of the expansion. The choice of a Schmidt quasiatization
allows one to directly compare the contributions from e&mtand assess how important each contribution is. To detertime
Gauss coefficients, least squares methods are typicaltiytagminimize the squared deviation between a model fieldrdest
by equation (2) and a set of magnetometer observations.

For such a model, one can only be sure of a unique solutiogy filmeasurements are available which completely cover a
closed surface about the origin. Spacecraft trajectonastitute single curves in space and because of this thevaluGauss
coefficients from such models are not unique. Cross-cogplitd mutual dependence between the coefficients can ocbilstW
the model may provide an excellent fit to the data along a dikegactory, it might be very wrong away from that trajectory
Furthermore, terms of degreescale ag~ ("1 and, consequently, a large number of spacecraft trajestati various radial
distances, longitudes and latitudes are required in ocdebtain a good estimate of the most important Gauss coeffiie

The first three Gauss coefficients fram= 1 can be considered as three components of the magnetie dimrhent vector,
one each along th¥, Y andZ axes. The dipole magnetic moment is:

3
o= T2 i)+ (ah) + ) ®

whereL is the magnetic permeability of vacuum. In addition, theatitlde of the magnetic pole can be expressed as:

%

V(@) + (gh)+ ()

A particular property of intrinsic magnetic fields with laguadrupolar{= 2) components is that the effective dipole is
shifted vertically out of the equatorial plane by a distaote) = a(gg) / (Zgg). This offset has been observed near the equator
close to Saturn and it must be accounted for in modeling.

In order to calculate the longitudes used in equation (2)raezls an accurate rotation rate for the planet. The rotedies
of terrestrial planets can readily be obtained by trackimdese features as the planet rotates. By their very natneegiant
planets do not have any such observable solid surfaces astthi@omethods must be used to measure or infer the rotatien ra
of the interior. At Jupiter it was found that decametric maeimissions from the auroral regions were strongly moddlayethe
rotation of its tilted magnetic field and hence are strongdy to the rotation rate of the deep interior of the planel.[3hus
the periodicity of decametric radio emissions provides asuee of Jupiter’s internal rotation rate. Saturn’s kilbricgradiation
(SKR) was also observed to have a periodicity close to thatoafd features and it was suggested that this also repezbére
rotation rate of the deep interior [36]. The SKR period wasdu® construct a longitude syste@ejdelmann et a[158] and
Desch and Kaise55]) based on th€arr et al.[36] period of 1039M22.45+ 75,

Ag = arccos

(4)




Saturn’s Magnetospheric Configuration 9

The accuracy of this rotation period does not pose a probdertiné modeling of internal fields from a single spacecrasispa
over a few days, or several spacecraft passes separate@wynaoiths. The longitudinal error, or smear, produced by ehrior
only amounts to several tens of degrees. But when attemfaticgmbine datasets covering periods of several years the er
becomes unacceptably large. In such cases one must igedmtiitudinal dependence and seek solutions to a zonallriade
this approximation we integrate equation (2) over the attinamgle (p) and only derive fits for theQ coefficients, effectively
forcing the magnetic energy in the observations into puzelyal (n = 0) coefficients and producing an axisymmetric magnetic
field model.

Two studies have produced non-axisym-

Table 2 Gauss coefficients and internal field characteristics faazmagnetic field models. . . . .
9 metric field models using Pioneer and

Z3[40] P1184  SPV[51] ZMP [21] Cassini Cassini  Voyager observationsConnerney et al.
[50] SOI [57] Zonal [40] combined magnetometer data from
o Voyagers 1 and 2, the coefficients of
03 [nT] 21535 21140 21160 21431 21084 21162 which are presented in Table Giampieri
g% [nT] 1642 1600 1560 2403 1544 1514 .04 Dougherty[68] took a different ap-
93 [”T]34 , 2743 2260 2320 2173 2150 2283 hroach. The Pioneer and Voyager datasets
Mp [L0°*Am<] 4.714 4.628 4.632 4.691 4.615 4.633 \yere combined and fitted with a non-
Zo [km] 2298 2280 2220 3379 2207 2156 axisymmetric field model but the rotation

rate (and hence the longitude for each sam-

ple) was left as a free parameter. They sys-
tematically varied the rotation rate to identify the rabatrate with the smallest RMS deviation between the modetlaadata.
This analysis yielded a rotation period consistent withreitto measurements, but the error was reduceietds from the+7s
obtained from SKR. Comparing the models@dnnerney et al[40] andGiampieri and Dougherty68] in Table 3 one can see
that the dipole moments agree to within about 1%, the nontthwtisets to within 20%, and the dipole tilts are all lesstloae
degree. One can easily see that the dipole moments and rodlofisets from the non-axisymmetric models are in appnake
agreement with all of the axisymmetric (zonal) models depet from the Pioneer and Voyager data (see Table 2).

Dougherty et al[57] fitted a zonal spher- . . . - . . e
Table 3 Gauss coefficients and internal field characteristics foradasymmetric magnetic field

ical harmonic model to the Cassini Sollnodels.

magnetometer data, accounting for the ex

ternal magnetospheric field with a simple Ce2 [40] GDos B1? B Bs* By
symmetric disc model [67]. The results of (68]
their inversion are presented in the secongb ) 21439 21232 21171 21268 21278 21246
column of Table 3 and s_how very S|m|largl [nT] 143 23 2 7 a1 12
values compared to the Pioneer and Voyagﬁl [nT] 143 60 2 1 43 49
inversions. This suggests that no significa
secular change occurred between the Pi %[nT] 1882 1563 1584 1585 1606 1492
. 5 [NT] -515 -132 -37 -42 -70 -204
neer/Voyager and Cassini SOl epochs. 5
. 05[nT] 500 5 -17 -17 37 57
The most recent work on Saturn’s inter 1 nT] 433 51 111 69 5 27
nal magnetic field uses all the Cassini datﬁ% [nT] 36 112 5 14 16 26
. 2 = = = =
tQ date _and hence covers a mugh wider p_%g [nT] 2821 2240 2178 2945 2651
riod of time than previously published stud-"3 [nT] 2209 72 229 2205 269
ies. The axisymmetric model is in goodgg [nT] 282 o8 3 49 296
agreement with the existing models. To treaqg [nT] 156 5 0 22 2
the rotation rate issue, four different fit %[nT] 1365 33 42 50 401
were produced using four different longi-, 3 T 80 75 29 92 99
tude systems which are based on differen [nT] ;_92 2 5 53 -67
estimates of the rotation rate. Two of these3 [g [](y] 554 2 61 195 '1 75
rotation rates are based on a constant peri e ) ' ' ' '
determined from an analysis of magnetomevo [10 _ Am?] 4.634 4.693 4.656 4.658 4.651 4.648
Dipole tilt [°] 0.5 0.2 0.008 0.02 0.2 0.1
ter data [69] and from a study of Saturn 2645 2918 2955 2246 2974 2116
gravity field [5]. The other two are variable® m]

period systems, designed to reflect the obsed the rotation rate given in [6Fused the rotation rate given in [Sused

servations of a driftin the SKR period [116}ne rotation rate given in [116§; used the rotation rate given in [9].
and a drift in the period of magnetic fields

in the inner and middle magnetospheres [9]. It was foundttaiuse of these updated models greatly improve the residual
from the fit. The dipole moment, northward offset and the @ipdt of ~ 0.1° are all in good agreement with Voyager and



10 Gombosi et al.

Pioneer models. The formal errors of the non-axisymmetuéfficients, as calculated from the inversion, are smaliantthe
coefficients themselves, suggesting that they are wedlrdéhed. However the significance of these terms is questiergiven
the uncertainties in the rotation period.

2.2 The Magnetodisk

Planetary magnetodisks are formed when significant ringeotits present over an extended region, and the dipole fegdrhes
too weak to maintain stress balance and the current systedste intensify in order to balance the mechanical stresses

At Jupiter and Saturn, internal plasma sources play a sigmifirole in this process. At Jupiter the synchronous osbétti
2.3Rj, while at Saturn it is even closer to the planet &Rk. The main magnetospheric plasma sources at Jupiter anthSatu
are lo (orbiting at ®R; and producing- 10° kg/s new plasma) and Enceladus (oribiting &R and producing- 10> kg/s
new plasma). The centrifugal force acting on the newly poediplasma at lo and Enceladus exceeds the gravitatiora! figr
a large factor; therefore only magnetic forces can confiagthsma. If the equatorial quasi-dipolar field cannot nzéinstress
balance with the plasma stresses, the field will become nratenmre stretched. Most of the plasma is confined to the efjabto
region due to the centrifugal forces; therefore the magffietid lines will be more and more stretched near the rotatiequator
as more mass is added. This magnetically confined, ceraitljugutward driven plasma and the corresponding highktelred
closed magnetic field lines form the magnetodisk. We noté pihessure gradient and anisotropy forces can also gengrate
magnetodisk. Detailed discussion of these processes daube for instance in [153, 194].

The dayside magnetic field configuration of the terrestma dovian and Saturnian magnetospheres are radicallyetitfe
On the dayside at Earth the field has a quasi-dipolar formthadtdifferent from the dipolar field produced by a dynamo in
Earth’s interior. The rather modest distortion of this fialday from a dipole is produced by the Chapman-Ferraro cuatdhe
dayside magnetopause and the azimuthal electric curred ¢he ring current. In contrast, the dayside configuraitoJupiter’s
magnetosphere is highly distorted. The field is quasi-@dipolt to a distance of approximately 20 Jovian radii, beywhith
the field stretches out into a disc-like configuration catleglmagnetodisc.

Voyager and Pioneer observations of Saturn’s dayside ntiagiedd configuration revealed a quasi-dipolar magnetesph
not too dissimilar from the terrestrial magnetosphere [4713. Connerney et al[41] concluded that Saturn’s magnetosphere
did not posses a magnetodisc despite the magnetospheiegataidly and having internal sources of plasma (all @ttients
suspected of generating the magnetodisc at Jupiter).

Using Cassini observationsridge et al.[12] examined magnetometer data from Saturn’s dawn flanknetagphere and
found a field configuration similar to that on Jupiter's davani. They suggested that this was actually Saturn’s madiseto
where the dayside quasi-dipolar configuration was a coresesgiof the smaller size of the magnetosphere and thus sispgre
the disc on the dayside. In a later paper [13] they surveyediignetometer data to determine where this magneto#estidld

Current/Plasma Sheet

Titan
Hyperion

Distorted
Magnetic Field Lines

— , 4 t *&

Sun

\ Dipole Magnetic Equator

Fig. 6 Schematics illustrating the distortion of Saturn’s magephere. (left) The distorted plasma/current sheet anahetiagfield lines in the noon-
midnight meridian. (right) A three-dimensional view ofghdistortion and the resulting bowl-shaped current shew®t. arbits of Titan and Hyperion
are included showing that they are underneath the sheet (fr4]).
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configuration was observed. They found evidence for a magdiset not only on the nightside and dawn flanks where it was
expected to exist, but also on the dayside.

The survey showed that the dayside magnetodisc only formsglintervals when the solar wind pressure is low and hence
when the magnetosphere is expanded. Specificathdge et al.[13] found that this highly stretched and distorted magneti
field configuration was only observed on the dayside whenubedar standoff distance of the magnetopause was larger th
23Rs. They noted that the dayside magnetosphere was compreskess than 23Rduring all of the Pioneer 11 and Voyager
dayside flybys, thus producing a quasi-dipolar dayside. [€fiepanel of Fig. 6 illustrates this solar wind pressurg@ealedent
distortion of Saturn’s dayside magnetosphere.

The Voyager and Pioneer flybys occurred during near-equinaxlitions and so were not well-placed to investigate segso
magnetospheric effects. However, Cassini’s arrival $haifter solstice provided an excellent opportunity. An xjpected sea-
sonal effect, that has been first observed by Cassini [1d]ustrated in the right panel of Fig. 6. The dayside magspteric
magnetic field and the plasma sheet surface are distorteuegdié to the north of the equatorial plane, i.e., complethe
opposite of the behavior inferred at Jupiter. This nortldvearping was observed over the noon, dawn, and midnighasetttat
were surveyed [14]. The dusk sector has yet to be examineatifoeffect. These observations l&didge et al.[14] to describe
the shape of the magnetosphere in terms of a bowl-shapeewhemwhole magnetosphere is bent above the equator beyond a
characteristic distance called the hinging distance. Tihgifg distance was estimated to be betweengl&il 30R.

2.3 Empirical Magnetic Field Models

Planetary scientists frequently need quantitative desori of the strength and the orientation of the magnetid tielunderstand

the processes involved in magnetospheric and particlerdipsaAs the spatial coverage of in situ magnetic field mesasents

in regions of interest is seldom complete, field models arstacted to provide the values of magnetic field globallye3e
models serve many purposes. For example, magnetic fieldlsnadsfrequently used in studies of single particle dynarfdcift

and bounce of particles on stretched field lines, radial atoth pngle diffusion of particles in the magnetospheregbaation
processes in the inner magnetosphere etc). The modelsradsadplication in understanding the magnetospheric resction
geometry in the magnetotail to assess the location and éreyuof magnetic substorms and storms in the magnetosphere.
Another area where empirical models are vital is in field hmegpping studies where ionospheric phenomena such as aamda
satellite footprints need to be related to the source pdipuisiin the equatorial region of the magnetosphere.

Empirical models are constructed by specifying scalartorear Euler potentials in various regions of the magnetesph
The models are constrained by ensuring that they satistyaiurental conservation laws such as Maxwell's equationstaeds
balance in the form of a momentum equation. The first globadehof Saturn’s magnetosphere was constructetayrice
and Engle[127] who followed the approach @eard[20] where stress balance between the solar wind dynamgspre and
the magnetospheric magnetic field pressure determinebépe ©f the magnetopaudéaurice and Englg¢127] used the GSFC
Z3 model of the internal field [42] to prescribe the internaldiof Saturn and th€onnerney et al[41] current sheet model to
prescribe the contribution of the Saturnian plasma shdwt fiEld from the Saturnian magnetopause currents was firgbated

Fig. 7 Representative field
lines from the latest field
model of Saturn’s magneto-
spheric field constructed from
Voyager and Cassini data sets.
Shown are field lines in the
noon-midnight meridian for
three situations of the dipole
tilt —26°, 0° and 26.
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periodicity.

by constructing a wire frame model of the magnetopause gusyestem and then using Biot-Savart integration. The cdetbu
field was next fitted to a spherical harmonic series for fagterputation. Because of the choice of the harmonic seriesgess
the field at the magnetopause (spherical rather than Camtescylindrical harmonics which are better suited for euts arising
from a paraboloidal surface), tiaurice and Englg¢127] model is not applicable to the field of the stretched n&dgtail. The
model also lacks a magnetotail current system, does natdedhe hinging of the current sheet caused by the solar wireihig
and lacks bend-back of the field caused by corotation emnfogo¢ currents.

RecentlyAlexeev et a[4] have used the internal field model@bugherty et al[57] and theConnerney et a[41] formulation
of a thin current sheet with finite inner and outer boundanesonstruct a new global magnetic field model. They confihed t
resulting field by a paraboloid magnetopause current. Thaeinwas fitted to data obtained from the SOI period. This model
is more sophisticated and accurate than earlier modeld, &tilt cannot account for the warping of the field resultingm the
bowl shape of the current sheet, and it lacks radial curtbatenforce cororation on the magnetospheric plasma.

New models of Saturn’s magnetospheric field were constilnyaising the general deformation technique successfaég u
by Tsyganenk$187, 188, 189] to model the Earth’s magnetosphere. Fhisly tonstructed new modules to describe the ring
current and the magnetotail fields. Next, they shielded #ié iinterior to the magnetopause by using harmonic seriespi@sent
the magnetopause field. The model includes the bowl shapeaiurrent sheet by using a description of a stretch defotomat
The models (illustrated in Fig. 7) are based on data from yeyand the first twenty five Cassini orbits. A comparison ef th
calculated field with observations shows a fairly good agnert (see Fig. 8) but also reveals systematic differendesniodels,
however, do not include the tilt of the current sheet (whiabdpices spin periodicities in the data) and the sweep-biabtledield
lines.

Empirical magnetic field models have achieved a high levebphistication. In spite of their limitations, they are afustool
for investigating Saturn’s complex magnetosphere. In doation with observations and numerical simulation thgy#icantly
contribute to our improving understanding of the Saturisigstem.

3 Plasma Sources and Sinks

One of the fundamental questions of magnetospheric phisite sources of the plasma that populates a magnetosgtiere.
Earth, many years of observational and theoretical worle ltamonstrated that there are two significant sources: taewind
and the Earth’s upper atmosphere. The mechanisms for emdrtha relative importance of each source are still hotlyadkst,
but there are no additional contenders of any significant&aturn, by contrast, there is a rich set of possible plasuecss:
the solar wind, Saturn’s ionosphere, Titan, the rings, Arddy satellites. One of the prime objectives of the Casgission was

to assess the evidence for these various sources and tgira@nportance.
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Fig. 9 Color-coded electron and ion count rates (proportionaln@rgy flux) from the ELS (top) and the IMS/Singles (bottonespectively, during
Cassini’s first pass through Saturn’s magnetosphere (f&f¥@]]. The lower panel shows two dominant peaks in the E/gtsp®, corresponding to
co-moving populations of Hand W' ions. The curved lines superimposed on the plots give theggm®rresponding to the full corotation velocity
for O" (upper curves in both panels) and Klower curves).

Fig. 9 shows two energy-time spectrograms from the Cassishnfa Spectrometer (CAPS) of the energy flux of the thermal
electrons (top panel) and the thermal ions (bottom paneipgdworbit insertion (SOI). The lower panel shows two donmina
peaks in the E/g spectrum, corresponding to co-moving @ioms of H™ and W' ions (defined as a combination of QOH",
H,O™, and KO™). There is a clear inward gradient in the ion compositionif@igg near 9 R inbound and 8 B outbound,
where the ratio of the water group ions to the hydrogen ioase#ses substantially [200]. The region betweer8.and L~ 9 is
sometimes called the inner plasmasphere [167, 200].

Fig. 10 shows the CAPS plasma parameters for the inboundpaftSOI [167]. Within the inner magnetosphere the speed of
the plasma increases (panel 3 of Fig. 10) to near corotaiwhthere is a sharp increase in the densities insid® (panel 1 of
Fig. 10).Young et al[200] andRymer et al[154] confirm the Voyager observations [166] that there we@dlectron populations
in the inner plasma source region (5 to §)Rpanel 4 of Fig. 10). The density ratio of the cold electr¢a20 keV) to the hot
electrons £ 100 keV) is more than one order of magnitude throughout mioti® region [200]. The energy-time spectrogram
in the upper panel of Fig. 9 shows that the energy of the c@lcteins approximately tracks the proton corotation engg].

The average energy of the hot electron component (100 eV10 keV) increases with decreasing L value, consistent wigh t
near-adiabatic inward transport [154]. The hot electramgpdut inside - 5, due to collisions with the neutrals in Saturn’s
neutral cloud or losses to the E-ring [154, 200].

There are a number of observational clues to the origin odarpé population: the spatial distribution, the mass coitipns
the energy distribution, and the angular distribution. ldwer, telltale signatures of origin can be modified or obsdury
physical processes such as collisions with neutral ma{gaa and dust). At Saturn there is strong evidence thataleuaterial
significantly interacts with the magnetospheric plasmaysaeed to view the plasma as not completely collisionlesadtition,
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Fig. 10 An overview of the plasma parameters during Cassini orlsierin [ i 5 s T8 205
tion on June 30, 2004: CAPS ion fluid parameters (top threelppfor pro- ’ " Radial Distance Along Magnetic Eq Ry) ’
tons (red) and water group ions (blue), electron energytsmgam (panel

4), and electron densities (panel 5) and electron tempesa(panel 6) de-  Fig. 11 Top: CAPS/IMS observations of Oand O, over the main
rived from CAPS/ELS using a Maxwellian fit to flux versus enebglow rings during SOI. The corotation flow velocity was assumeot-B
100 eV. Vertical lines mark the times when Cassini crossed.tshells of ~ tom: Derived O and G densities over the main rings, compared
Rhea, Dione, Tethys and Enceladus (from [167]). with the RPWS-derived electron density (from [183]).

when molecular species are involved, as they are at Satuemistry (e.g., gas-phase chemistry, photodissociatior),can also
introduce complications, and these effects need to be boméind when assessing the evidence for various sources.

Magnetospheric plasma primarily originates from a compégyion in the inner magnetosphere where plasma is in canstan
motion, continually being created from sources in the aphese/ionosphere of the rings, the inner icy satellitesnekie planet
itself. InsideL = 10, there are plasma boundaries characterized by chandghe ion composition and in the bulk plasma
properties. The most prominent ion components in Satunnisrimagnetosphere are the hydrogen ions) @id the water group
ions (W") [111, 167, 200].

We now consider Cassini evidence regarding the relativertapce of the various plasma sources.

3.1 Rings (< 3Rs)

Deep inside the inner plasma source region, ion measursergntNMS [196] and CAPS [200] and high electron densities
measured by the RPWS [79] revealed the existence of a teqlaaraa layer in the vicinity of Saturn’s main rings. The &lec
density varies spatially in this region by more than an oafenagnitude, and the electron temperature is only a few &8][1
The RPWS electron densities reach a peak-df00 cnm3 near the outer edge of the A ring and then decrease rapidijeins
2.2 Rs [79]. At the same time, the electron parameters derived fitter_angmuir probe show an order-of-magnitude drop in
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the electron temperature that strongly correlates wittother-of-magnitude electron density increase observeRRS [195].
Wahlund et al[195] propose that the low plasma densities observed irfiSRI&s [79] are the result of absorption of the plasma
by the ring particles and invoke the density increase ingideCassini Division where ring particles have a lower dgres a
supporting argumenGurnett et al[79] suggest that the deep electron density minimum (0.03%mt 1.7 R occurs because
this is the location of synchronous orbit. Over the ringsncuquet et al[134] found that the cold electron temperature-is.5
eV over the G-ring at 2.8 & dropping to~0.5 eV at~0.5 Rs when Cassini passes through the ring plane.

The ion composition of the tenuous plasma layer locatedtijrever the A and B rings consists ofGind G [183, 196, 200].
The temperatures of these heavy ions drop to a minimum neahsynous orbit{ 0.5 eV for O" and~ 0.1 eV for O}) and
increase with increasing radial distance from Saturn [18#jnificant G is also detected outside the main rings near the F ring
[184]. There is a sharp increase in the ion and electron tiessit~ 1.85 Rs with the ion densities peaking at 4 cm 3 over
the B-ring [184]. Fig. 11, from [183], shows enhanced ion @sixonsistent with the presence of @d O, likely produced by
UV photosputtering of the icy rings, with subsequent phmt@ation of the Q. This process has been modeledJoynson et
al. [96], who also showed that scattering and dissociation cguiate the magnetosphere witfj ®@eyond the main rings.

Beyond the A ring, photo-sputtering is supplemented, iddisminated, by charged-particle sputtering by the magpéiteric
plasma. While sputtering can produce ions directly, thetrikedy outcome of an ion striking an icy surface is the liagon of
neutral water molecules, with a small fraction of dissaoimproducts (e.g., ©, H3). At one time, sputtering from icy satellites
and E-ring particles was thought to be the source of the de@neutral atmosphere of water molecules and their dis$owi
products observed by the Hubble Space Telescope (e.g]) [@6d by Cassini (e.g., [60]). lonization of this materiay, solar
photons or by electron impact is indeed the primary sourgdagma in Saturn’s magnetosphere. However, calculatibtiseo
sputter flux gave rates significantly too low to account far tibserved neutral cloud (e.g., [162, 100]). Recedtirnson et
al. [98] have recalculated sputtering rates on ice grains apdatellites, using plasma ion properties derived from Dass
CAPS observations [168, 169, 170]. While they still find $erihg to be a small contribution to the total neutral gagypate
compared to the supply attributed to the gas and ice plumssreéd to be emanating from Enceladus’ southern polarmegio
nonetheless has a significant effect on the lifetime of thalldgiring grains.

3.2 lcy Satellites (3Rs to 6Rs)

The overwhelming evidence from Cassini observations isttieplasma of the inner magnetosphere was actually praduce
local ionization of gases liberated from the icy satelldesl the rings, with the rings determined to be of lesser itapoe as
discussed above. As previously seen by the Voyager spdcéen, [144]), Cassini has found inner magnetosphesdsipla to

o* N* W*=0*, OH*, H,0*, H,0",

ST N* LEF
log(cts)
4 -
. 4
= — -
3 —¥ 3
s 3 g >
2 2 2
i _E i
) E
g 8
H- 0,
1
/
H2+ H+’H2+
0 100 \ 200 300 400 500 0 100 200 300 400 500
H"™ " TOF Channel TOF Channel

Fig. 12 Plasma ion composition measurements from the CAPS/IMS$iguhie inbound portion of Cassini’s SOI(from [167]). The ntaiare binned

by energy/charge and time-of-flight and summed over théisix-interval from 1806- 2400 UT on 30 June 2004. Particles with a given m/q occupy
distinct curves in E/q vs TOF space, and the identities abuarspecies are indicated on the plots. The left panel shosasurements from the more
sensitive straight-through (ST) detector, and the righiebahows the corresponding measurements from the lineetrie-field (LEF) section, which

has lower sensitivity but higher resolution. The bands ofints that extend across the full TOF range are due to aceidesincidences caused mostly
by penetrating radiation.
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consist of two dominant ion components?! ldnd water-group ions (e.g., [200]). Fig. 9, from [200], skdWat the energy-per-
charge distribution of the bulk plasma exhibits two distipeaks, corresponding to nearly corotational flow of &hd W*.

Fig. 12, from [167], shows definitive evidence from the CARESI instrument that the heavier component is indeet. W
Fig. 12 was obtained by summing observations over six hawsring the radial range from 3.4 to 8.3 R he left panel shows
counts as a function of E/q and time-of-flight as recordedngy3$T element of the IMS, and the right panel shows the corre-
sponding measurements from the higher-mass-resolutiénlhEhis representation, particular ion species shoutdipg specific
locations, as indicated by the various labels. Notewortpeats of the figure include: 1) an energy-dependent backgrthat
extends across the entire range of time-of-flight, whichaissed by accidental coincidences, especially with petiregreadia-
tion; 2) the signatures of Hand Hj extending from a few eV to several 10's of keV; 3) two peaksiattable to W (in the
left panel: that labeled “ water groups neutrals” and thiatlad “O~ Peak,” the latter referring to oxygen from water group ions
that enter the instrument with a positive charge, but enssfirgen the foil with a negative charge), extending from 1G'e¥ to
> 10 keV; 4) a significant population of Nclearly distinguished from the Opeak in the LEF (right panel); and 5) evidence for
molecular G .

3.2.1 Enceladus

The dominant compositional signature illustrated in Fg(H", H; , and W) points directly to water ice on rings and satellites
as the primary source. This evidence is consistent withahelasion that the primary source of plasma is ionizatiothefcloud

of neutral water-group molecules observed through ren@isisg measurements (e.g., [161]), a conclusion reaclesibpisly
on the basis of Voyager observations (e.g., [147]).

The puzzle mentioned above as to the source of so much ngasapeaking near the orbit of Enceladus, was solved in
2005. Observations from a close Cassini flyby revealed tharising fact that Enceladus is actively venting gas andjieens
[58, 83, 142, 180, 197]).

The primary gas emitted is water vapor, potentially accmgrfor the observed vast cloud of water vapor and water prsdu
Johnson et al[96] have modeled the distribution of neutrals emitted frthve vents and found that the emitted gas should form
only a narrow, nearly uniform torus centered on Enceladust.dHowever, when they included the effects of subseqokatge-
exchange and reactive collisions with ambient corotatiagrpa, they found a much more extended neutral cloud, veryjesi
to that determined from HST observations. These second#yaictions with the original narrow torus molecules algpla&n
the large population of kD" ions that peak near Enceladus’ orbit [184, 170] sing®H s only formed in reactive collisions
(e.g., BO' + H,O — H3O™ + OH) at low speeds (e.g., [74, 96]).

Usingin-situ Cassini observations the total mass production from Edoslavas first estimated to be10? kg/s [184]. This
mass addition rate was consistent with values deduced fartieeHST observations [101]. UVIS observations and a more
detailed analysis of thia-situmeasurements yielded a total plasma production rate30 kg/s [83, 96]. While this production
rate is somewhat variable, most obsevations are consisitmit.

3.2.2 HFand W+

While the core ion population is dominated kyl100 eV water group ions in the inner mgnetosphere, CAPS tetecsecond
non-thermal water group ion component from the vicinity lo¢ tEnceladus orbit out to about the Tethys orbit [185]. CAPS
measurements of phase space velocity distributions of gterngroup ions in this region show the distinctive signafrpick-
up ions, produced locally by local ionizetion and by chaegehange collisions between the thermal water group iodsfam
water group neutral atoms and molecules.

lonization of neutral atoms or molecules in the presenceftdveing plasma creates a telltale ring-type ion velocitacp
distribution (for a detailed discussion of this process eferto a later Chapter of this book [126]). Such so-calleidKup”
ion distributions are shown in the left panel of Fig. 13. Adzhal evidence for the pick-up of fresh ions in this regiames
from observations of electromagnetic ion cyclotron (EMi@\es by the Cassini MAG [120]. Such waves, illustrated értght
panel of Fig. 13, are produced by a plasma instability driwethe ring-type velocity distributions and typically h&vequencies
near the gyrofrequency of the picked-up ions. The densith@ihon-thermal pick-up ions (see [126]) is estimated to-t&%6
of the thermal water group ion population [185].

Sittler et al.[168] note that the pick-up process is consistent with theeoled correlation between the ion temperatures and
the bulk flow speed and is likely to be the dominant energy@®tor the plasma in this region. As noted Bijtler et al.[168],
the CAPS observations during SOI show that both theaidd W* temperatures have similar positive radial gradients, isterst
with pick-up ion energization in a plasma whose near-coiatal flow speed increases linearly wittfpanel 3 of Fig. 10). The
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4.00 < Rg < 4.50

Fig. 13 Observational evi-
dence for ion pick-up near
the orbit of Enceladus. Left:
The phase space density of
W ions as a function o
andy in the frame of the
bulk flow, showing the clear
ring-type distribution aty(, ,

V) ~ (25,0) km/s, super-
imposed on the bulk plasma
centered at (0,0) (from [185]).
Right: Magnetic field fluctua-
tion spectra showing distinct
peaks in spectral power near
the gyrofrequency of W and

a heavier ion). Such waves are
produced by an electromag-
netic ion-cyclotron instability
driven by an ion ring such as
that shown in the left panel ) 20
(from [120].
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temperature of the hydrogen ions increases steadily frofheV just outside 3IRs to ~ 10 eV just outside 8R The water
group temperature also increases steadily frod0 eV to~ 100 eV over the same radial distance [167]. The thermalrelect
temperature (panel 6 in Fig. 10) tracks the hydrogen ion teatpre [154, 167] and is found to vary a% 1140, 168] over this
radial distance. Electron temperatures derived from RP\AI®muir probe measurements are qualitatively similardoldwer
than, the CAPS temperatures [195].

The near equality of the electron and proton temperaturedban attributed to collisional heating of the electrori1
However, it has been argued that Coulomb collisional hgatam account for the observed electron energies outsisigs, but
the local heating and cooling effects seen near the E-riddtenorbit of Enceladus are probably due to cooling by dusiqes
in the E-ring or by the concentration of water neutrals inwioinity of Enceladus.

The hotter electrons 100 eV) visible in Fig. 9 have their source in the middle orasuhagnetosphere and are transported
to the inner magnetosphere by interchange-like injectadiot plasma, disappearing inside-16 [154] (see section 5.1).

3.23 N

While the N™ evident in Fig. 12 could in principle indicate a Titan soyrtte radial dependence of the" dhase space density
and the energy of this population point to an inner magnétespsource [174, 175]. Thisis illustrated in Fig. 14, wrsbbws the
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Fig. 14 Left panel: Nitrogen ion phase space density in the innermetmgphere derived from CAPS/IMS time-of-flight measunetsiavithin 0.25
Rs of Saturn’s equatorial plane (from [175]). The negativeabdradient strongly suggests a source in the inner magpk&e. Right panel: Average
energy of the nitrogen ions on two passes through the inngnetasphere (from [174]). The heavy solid curve is the gnefa nitrogen ion exactly
corotating with the planet.
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phase space density derived ®mith et al[175] as a function of radial distance (left panel) and theesponding profile of the
average energy of the population determinedyith et al[174] (right panel). The inward gradient of the phase spagesity
clearly indicates that the source is in the inner magne®spiThere is a peak atL4, near the orbital radius of Enceladus,
but no measurements inside Enceladus’ orbit were availdideto penetrating radiation background. The average grudrg
the N population (panel b) is consistent with pick-up in the locatotational electric field (solid line), and it is incortsist
with transport from a Titan source, which would be expectegroduce an adiabatic energy increase with decreasimith

et al. [175] also found a peak in the ratio of MW™ phase space densities in the narrow Enceladus torus reapmé¢ar the
orbital distance of that moon. Based on a comparison withuksitions, they concluded that Enceladus is the principaic®
of N™ in the inner magnetosphere. A more detailed subsequentsim@l 76] sought to identify the source molecules for the
observed N: NJ, consistent with INMS observations of mass 28 molecules Baaeladus [196]; or NE|, which would have
potentially important implications for the physical propes of the ice on Enceladus. This study found definitivelexce for
NH;, presumably from Nk, comprising a few percent of the inner magnetospheric heawy. While no similarly definitive
evidence for N was found, a best fit to CAPS data included small amountsjofidith upper limits near the INMS fraction,
leading to the conclusion that both molecular nitrogen anthania are emitted from Enceladus. One possible local sauight
be the ionization of NK from the surface ice of Saturn’s inner satellites [54].

3.3 Minor Sources

Titan has definitely been found to be a source of magnetogpplssma, picked up from its upper atmosphere (e.g., [111])
but surprisingly little nitrogen, which is the signaturenitor a Titan source, has been found in the outer magnetosbey.,
[200, 174, 175]). Cassini has thus found no real evidencéh®iTitan-sourced nitrogen plasma plumes inferred fromaday
observations [61, 62]). This lack of nitrogen is likely ditrtable to the inability of flux tubes at Titan’s orbital tisce to execute
complete drift orbits around Saturn, such that Titan-odging plasma cannot build up to substantial densities, (@0, 175]).
Whatever the reason, there is no evidence in the inner magptetre for significant amounts of plasma of Titan origin.

The solar wind likewise does not appear to be a dominant safrplasma for Saturn’s inner magnetosphere, althouglk ther
is some evidence for solar wind entry into the outer magpétere via magnetopause reconnection (e.g., [128]), asasmdbr
the existence of open polar cap magnetic flux, which imphesaxistence of a Dungey-like reconnection-driven cirboiethat
delivers solar wind plasma to the outer magnetosphere [¢8).16, 114] and see Section 4). There is as yet, howeveiefioi-
tive assessment of the relative importance of solar-wiriged transport in populating the outer magnetosphereh éspect
to the inner magnetosphere, it appears that the solar wiatlliest responsible for the hot, tenuous material that apaoias
low-content magnetic flux tubes in exchange for filled onest@oing colder inner-magnetospheric plasma (see Sett@n
And even for that hot, tenuous population, there is some oaitipnal evidence that much of it may have originated initimer
magnetosphere as well (e.g., [167, 111, 159]).

While the icy satellite and Enceladus sources of plasma @ite gignificant in the inner and outer magnetosphere, 8atur
ionosphere may also play a role through the polar wind. Tharpand refers to the supersonic outflow of particles alopgro
magnetic field lines at high latitude. While the Saturniafapavind has not been observed y&ipcer et al.[71] carried out
model calculations and predicted that Saturn’s high ldétionospheres might add a few kg/s of H1; and Hj ions to the
magnetosphere. While this process is only a minor plasmecedar Saturn’s magnetosphere, the polar wind ions migtvese
as important tracers to better understand the magnetaspgbefiguration and dynamics.

3.4 Loss Processes

To maintain an approximate steady state of the magnetasgtlasma population, the production of plasma by theseouari
sources must be balanced by roughly equivalent losses.idzdadoss processes include recombination, loss to thesginere
through pitch-angle scattering, absorption by neutrakmait(satellites and ring particles), and radial transpor

The recombination timescale depends on the ion specieslgbieon density, and the electron temperature. As not&ithigr
et al.[170], recombination is much slower for atomic ions"(GH") than for molecular ions (e.g.,48", OH", H3O™). Sittler
et al.[170] have estimated the effective recombination timeséal the inner magnetospheric plasma by taking a compasitio
weighted average of the timescale for each relevant spédiesO", OH", H,O™, H3O™). The relative composition of the
various species was determined from CAPS time-of-flightsuesmments [200, 170]. The calculated recombination tifetis
~ 4 x 1P s inside of L 5 and climbs rapidly outside of that distance.
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By contrast, the timescale for radial transport is largeatdnd small at high L values. Using a form of the radial diifns
coefficient derived for lo bySiscoe and Summefs65], Richardsor{147] found the radial transport time to be5 x 10° s at
L= 6, decreasing as 13 beyond that. If I~ 6 marks the onset of the interchange instability (see [126ial diffusion must
decrease substantially inward of that location, resultimgery long transport times inside the orbit of Dione. Thigdk in
transport properties is consistent with the flattening efrédial profiles of the electron phase space densities bidyoré — 8
[154].

Evidence for plasma losses due to precipitation is indiaact primarily stems from the observations of EMIC waves.(e.g
[120]; see Fig. 13). The minimum lifetimeyp for particles pitch-angle scattering in these waves isrghiethe strong diffusion
limit (e.g., [104]):

1 Qp
Q) = ? (1— COSGL) (5)
whereQg is the particle bounce period and is the equatorial loss cone angle. Taking the charactepstiticle speed to be the
pick-up velocity,
V= LRsQS (6)

where Qg is Saturn’s rotational angular speed, Eq. (5) gives~ 2.7 x 10° s at L= 4, increasing a2 beyond that. Thus,
in spite of the robust activity of the EMIC instability, piipitation is not likely to be a significant factor in the loskioner
magnetosphere ions.

The last potential loss mechanism is absorption by E-rinteriad. For low-energy particles whose range in ring matdsi
less than the average grain size, the lifetime against pgsdin impact is [181]:

Tg
Tabsorp= Z COSQeq (7)

wheren = optical opacity of the ringrf = Ndrr2), N = number of ring particles per unit volume = ring thicknessro = ring
particle radius andreq = equatorial pitch angle.

From Showalter et al[163], the peak optical depth of the E-ring is at the orbit oicEladus, where the geometric cross-
section per unit area, i.e., the optical opacity,.8-51.3 x 10~°. Again takingv = LRsQs as the characteristic ion speed, for an
equatorial pitch angle of 8Qthe lifetime against absorption is73< 10’ s, much longer than other loss timescales.

In summary, estimation of lifetimes against various plasmsa mechanisms shows that inside ef b — 6 recombination is
likely to be the most important loss process, whereas belenfl, rapid radial transport dominates. In particular, therapen
of the interchange instability (c.f. Section 5.1 and [126yond the peak flux-tube content at 16 very efficiently removes
plasma produced in the inner magnetosphere, deliveringlitimto the plasma sheet of the outer magnetosphere. Indeed
cool water-group plasma originating in ionization of then8&aturn neutral cloud extends to the dayside magneteauswell
down the tail (e.g., [129, 128].

3.5 Plasma Density Models

The first density models describing the distribution of gfets and ions in Saturn’s magnetosphere were developad usi
situ plasma measurements from the Pioneer 11 and Voyagers 2 spacecraft, along with remote sensing observatioms fro
the Hubble Space Telescope [145, 146, 148, 149]. Severaltgdenodels have been developed to take advantage of théhweal
of in situ plasma and plasma wave measurements obtainedgdygars of Cassini orbits around Saturn. Using plasma wave
measurements of the upper hybrid resonance emission baselral of the early equatorial pasdeersoon et al[138] showed
that the plasma diffuses radially outward from Saturn amdethuatorial electron density varies inversely with insieg radial
distance as R®’. When sufficient high-latitude electron densities becawslable, Persoon et al[139] developed a simple
scale height model, based on a dominant centrifugal forttiegaon the plasma. The scale height model identifies theyhieav
component of the plasma inside-L10 and shows that the equatorial density of this ion comporaeies as L4 and the plasma
scale height varies as'f [139].

Sittler et al.[170] used the CAPS ion and electron fluid parameters as lasymnditions and solved the full set of first-
order differential equations which give the balance of &sracting on the plasma along Saturn’s dipole field lineslenki= 10.
The resulting 2D density contour plots show the strong emgigdtconfinement of the heavy water group ions and a butterfly
distribution of the proton density, indicating that the fores peak off the equatorial plane due to the strong influeficke
ambipolar electric field acting on the light ions.



20 Gombosi et al.
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Fig. 15 Contour plots of the
ion densities in the plasma
source region whereis the
distance above/below the
equatorial plane ang is the
perpendicular distance from
Saturn’s spin axis. The density
contours are constructed
from the comparison of the
diffusive equilibrium model

to measured electron densities
from the RPWS instrument,

z, distance from equator (Rg)
[e)

assuming symmetry about -4
the spin axis and mirror 0 2 4 6 8 10 0 2 4 6 8 10
symmetry about the equator p, distance from Saturn projected along equator (R)

(from [140]).

Persoon et al[140] derived a simplified analytic solution to the same fialdned force balance equation and developed
a diffusive equilibrium model for a two-species plasma. Emalytical model was compared to the RPWS electron density
measurements for latitudes up td’3%he fit of the diffusive equilibrium model to the measuredsiges yields the ion equatorial
densities and scale heights for both dominant ion speciegivare used to construct ion density contour plots in thedia
plane. Fig. 15 shows the density contour plots for the wateugions (left panel) and the hydrogen ions (right panefjved
from the fit of the diffusive equilibrium model to the meastiRPWS densities. The contour plot for the water group ioearty
shows that these ions are strongly confined to the equapdaiaé at all L-values. The contour plot for the hydrogen i@ight
panel) shows that the density of the lighter ions peaks effttjuator at low L-values under the influence of a strong aoténip
force. However, the growing strength of the mirror forcesdgotcancel the ambipolar effect at larger L-values.

4 Magnetospheric Regions

4.1 Trapped Radiation

Our knowledge about Saturn’s radiation belts before Cassibased on the in-situ particles and fields measurementseof
flyby missions Pioneer 11, Voyager 1, and 2 summarized in][I&# charged particles of the radiation belts in the Sadurn
magnetosphere with energies of hundreds of keV to tens of kEeVbe found mainly inside 64k Typical charged particle
intensities measured in the middle and inner magnetospiseadunction of dipole L are shown in Fig. 16.

The top panel shows energetic ions and the bottom panel eiiegdectrons measured by the MIMI/LEMMS experiment
aboard Cassini during SOI around Saturn in July 2004. Etiergens are abundant in the middle magnetosphere 7l 8)
but between 3 — 7 Rg they are absent, because of charge-exchange processeshdhsse hot ions and the cold neutral gas
that transforms these populations into hot energetic akatoms and cold ions. Energetic (00 keV) electron fluxes also drop
inside 7 Ry with respect to the values in the middle magnetosphere nbiliiei region where energetic ions are not present, hot
electrons are much more abundant. Inside J®Rergetic particles in the range of 10@00 keV appear (typical for radiation
belts), while MeV particles are also present. In the centeach panel (k 2.3), a plasma void region is seen, where energetic
particles have been depleted by Saturn’s main rings. In pattels, ion and electron intensities show dispersed fes@as a
function of energy. These are called “injections” and arutiht to be the result of instabilities occurring betweenriiddle
and outer magnetosphere (where hot plasma is present) amanier magnetosphere (where energetic ions are absenband h
electrons are less abundant) [125]. Those injection ey@aisa major role in magnetospheric particle transport.[28]this
point the relation between the injection events and theéhtnge process is unclear.

The radiation belts are to some extent transient, given énércuous depletion of energetic particles by the icy modmes
rings and the neutral gas that are present in that regiorchitged particles pass through the orbital plane of Satumeons
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Cassini MIMI/LEMMS during SOI
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and rings while executing one of the fundamental motionsagfided radiation: the bounce motion along the magneticlfiedd.
Unlike at other planets, even equatorial particles areigoatisly absorbed by an extended ring system and by a nunfiber o
moons with almost circular and equatorial orbits within thdiation belts. As a consequence, losses of particlegtmymoon
surfaces and ring particles are expected to be higher catparthe losses in other planetary magnetosph@adhary et al.

[32] give a good summary of the Voyager 1 and 2 findings. Amdmgitportant results were the calculation of the diffusion
coefficientD_ at the distance of Dione and the evaluation of various magfield modelsVan Allen et al[190] extracted, |
values from a Mimas absorption signature and suggestedtfilgering effect to radially diffusing electrons is takipipce at
Enceladus that results in a monoenergetic electron spedtrthe innermost Saturnian radiation belts.

The variability of the absorption signatures has been sktely studied byRoussos et al[151] using Cassini energetic
particle data. Inside 2.34&and in the regions magnetically connected to the main yiagsergetic particles are completely
absent. Many of Saturn’s moons are continuously immersttkiplanet’s radiation belts and are exposed to its trappedetic
particle population. The energetic particles are absoblydtie moons forming evacuated regions within the magneersp the
lifetime of which depends on the effectiveness of partiéfeigion processes (and most importantly, radial diffugi¢see also
[126, 35]). In addition these absorption regions contiralpdrift in the magnetosphere. Monitoring the propertiethe depleted
flux tubes (depth, shape, magnetospheric coordinatesitlioligal separation from the absorbing moon), provide inguat
information about the dynamics of the magnetosphere or #wembsorbing object. The absorption regions are classified
two main categories: macrosignatures and microsignafu®€3. Macrosignatures are the permanent and azimuthediseged
decreases of the count rates in the radial distribution efgetic particles. Microsignatures are count rate deesetisat are
strongly dependent on the longitudinal distance betweesitgnature’s location and the absorbing body. Satellilegs or dust
concentrations can be the source of both macrosignatudesemnosignatures. Fig. 17 gives an example of ion macrasiges
in the radiation belts of Saturn [150] caused by the moonsslaviimas, Enceladus, Tethys, and Dione. The depletionean th
intensity of 10 MeV protons is seen in all latitudes and ldoaks as a function of L. Those macrosignatures in ion fluxgs w
E> 10 MeV are not initially sharp or deep, as for energetic etets. A large percentage of such ions can escape absorption
by the icy moons due to gyration and bounce motion; howekiese shallow absorption regions reencounter the mooneefor
diffusion processes have any significant effect on themla@kfore they become deeper, until an equilibrium is rechbletwveen
ion diffusion and ion depletion (near steady-state situgtiln the Cassini data from 20042007 it is observed that for all moons
this equilibrium is not reached: the ion depletion is alnd®% around the moon orbits. This means that ion absorpai@s r
are always faster than diffusion. For this reason, no ioris010 MeV exist along the L-shells of the moons Janus, Epimetheu
Mimas, Enceladus, Tethys and Dione. At these locations, &a absent in almost all magnetospheric local times aitddes,
independently of each moon'’s location.
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[150]).

Fig. 18 shows two examples of many microsignatures obsarvBtiMI/LEMMS data on Cassini, recorded on day 229 in
2006 in electron intensities in the inner magnetosphersamhby the moons Dione (at 03:51-03:55 UT) and Helene at droun
03:58 UT [152]. These microsignatures are only seconds twias long. From the depth and the shape of the signature as a
function of longitude difference between the object anddhserver it can be determined what object caused the dapleti
one hand and on the other hand diffusion processes respmfmilthe refilling can be studied.
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Fig. 18 Microsignatures of the Saturnian moons Dione (03:5103:55 &ind Fig. 19 Proton energy spectrum of Saturn’s radiation belts
Helene (03:58 UT) in energetic electron intensities (clednC0-C3 of the  measured with the three different sets of energy channels (A
MIMI/LEMMS instrument onboard the Cassini spacecraft) mead on day 229 P, and B) of the MIMI/LEMMS instrument aboard Cassini
in 2006 (from [152]). in July 2004 at 2.65 R(from [10]).
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A representative energy spectrum of trapped energetiopsait 2.65 B and at nearly perpendicular pitch angle during the
inbound portion of the first Cassini orbit around Saturn ity 2004 is shown in Fig. 19. Besides a power-law energy depecel
of the spectrum, a prominent secondary peak in the energtrape is observed around 20 MeV. The agreement among 3
different sensor arrangements (A, P and B-channels) of thHdIMEMMS instrument with measured values of particle flux
and energy shows that systematic errors of measurementarakgy no greater than 10%. This secondary peak confirms the
Voyager observations tigrimigis and Armstrond106]. The two-component energy spectrum of protons canteegreted with
two different source populations: the lower energy protomginate in the solar wind or inside the magnetosphere biating
the adiabatic invariants and the secondary peak most piobafinates from Cosmic Ray Albedo Neutron Decay (CRAND)
described byCooper et al[43, 44].

Saturn’s radiation belts have been modeledSlaytos-Costfl56]. This three-dimensional model shows that absorpbipn
dust plays the major role in the innermost part(2.3 Rs), while local losses from interactions with satellites ar@re important
in the 23 — 6 Rg region, consistent with observations by the Pioneer anéyeyspacecraft and by Cassini as described above.

The uniqueness of the first Cassini orbit that provided daty glose to the planet inside and above the innermost Dleithg
to the discovery of a new trapped particle population. Tteealiery of this new radiation belt inside the D-ring (see. Rig)
was only possible because the spacecraft was inside therathation belts. Only therefore the energetic neutral at¢BNAS)
originating from the new radiation belt (via charge-exajp@processes) that normally interact with ions in the maltseuld
be measured with MIMI/INCA [111].

The ENA-emitting region inward of the innermost D ring (F&f) is explainable by double charge-exchange processagwhe
planet-directed ENAs from the main radiation belt are seghof electrons when they enter Saturn’s exosphere anchapeed as
ions which will subsequently undergo another charge-exgaaollision with exospheric neutral atoms and thus besfoamed
back into ENAs. This process of stripping and charge exchangy be repeated many times, but some of these particles will
eventually escape the exosphere as ENAs. Thus, this dooubiau(tiple) charge-exchange process forms a low-altitaNé
emission region inside the D-ring. A similar trapped raidiatelt was identified and explained by charge exchange ithBa
radiation belts by in situ measurements at low altitude§].IBhe first direct measurements of the particle populatisite the
D-ring will be possible when Cassini will traverse multipliees through that region on polar orbits during the finalgghef its
mission.

Energetic particles (tens to thousands of keV) are fourmliginout the plasma source region, but the intensity is fooinery
with radial distance and is often correlated with the orbitshe inner satellitesKrimigis et al.[111] observed a depletion in
the more-energetic ions between the L-shells of Dione ametladus, indicating energetic particle loss through ahaxgchange
with neutral gas in this region [60]. Just outside the orlbiRbea (87Rg), there is a rapid increase in the energy of both the
energetic ion and the non-thermal electron population][11
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Fig. 20 (A) INCA image in 20 to 50 keV/nucl ENAs. The bright region aledSaturn’s limb is caused by ENAs produced by charge-exgghaallisions
between main radiation belt ions and near equatorial gastdisons. The band of emission above the equator is prediby the same ENAs from the
main belt being stripped in Saturn’s exosphere betweemtter iedge of the D ring and the cloud tops, trapped there tearijyoas energetic ions, and
then reemitted as ENAs. (B) Schematics of the charge exeéfstngping process that begins as ENA emission from the foelt and produces ENA
emission from Saturn’s exosphere (from [111]).
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Fig. 21 MeV ion fluxes in

the innermost magnetosphere.
Differential ion fluxes from

the ion channel P2 of LEMMS
(2.28—4.49 MeV/nuc) are
plotted as a function of the
dipole L-shell. Negative (pos-
itive) L denotes the inbound
(outbound) part of the orbit
(from [151]).

The variability of the radiation belts in response to solamduisturbances has been recently demonstratelddussos et
al. [151] who analyzed Cassini MIMI/LEMMS data. Fig. 21 shows\tuxes in the inner magnetosphere. Profiles are plotted
for three different periapsis passes. The 2004 profile @vbitrve) is the most common, identified in 27 out of the 36 erbit
considered in this study. Flux peaks are clearly separdtsevaral icy satellite L-shells, as indicated. A dropouls seen at
the G-ring L-shell. The lowest background is measured abimenain rings that absorb all magnetospheric energets; ihile
Saturn’s volume and the strong dipole field “shadow” therinsent from penetrating, galactic cosmic rays. Note thaefdo
not reach background at the depletion region of Janus andéfpeus, meaning that some flux can be transported acrass the
shared orbit. The two profiles of 2005 (yellow and turquoiseres), that correspond to an orbit with a periapsis-atls, reveal
a flux enhancement centered close to Dione’s L-shell (Diaig.brhe enhancement is isolated only outside Tethys'hélts
Similar enhancements are seen in all LEMMS channels bet&@ew®V/nuc and 10 MeV/nuc. In this study a whole series of
Cassini orbits through the main radiation belts have beediedt. It has been recognized that for some of the periapsisgs
MeV ion fluxes increased in a region between the orbit of themsdione and Tethys (shown as blue curves in Fig. 21). Those
increases correlate very well with interplanetary distumtes arriving at Saturn. After a few weeks or months the edcdione
belt” increases disappear and the “normal” radiation beket were registered again (white and yellow curves in Fig. 2 is
therefore assumed that this increase is due to interactmsepses between the particles in the interplanetary mednd the
magnetosphere. However, inside the orbit of Tethys no ahangncrease could be detected during those events, fromhwhi
the authors concluded that the source population of themnost radiation belts must be different. The most probatilegce of
those particles is the CRAND process as mentioned above.
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4.2 Ring Current

The combination of gradient and curvature drifts in a noiferm magnetic field generates a ring current that opposes th
background field (c.f. [76]). The concept of an electricalrent encircling the Earth at high altitudes was first pregubis the
early 1900s to explain the depression of the horizontal aorept of the Earth’s magnetic field during geomagnetic ssoAway
from Earth, ring currents of a different nature and size vadrgerved at Jupiter and Saturn. In the latter case, a ringrtuvas
inferred from magnetic field measurements during the Voyagend 2 flybys [41] and confirmed from particle measurements
made by the Low Energy Charged Particle (LECP) and plasm&)Pistruments [107, 108, 124, 130].

At Saturn, the field generated by the ring current is nortloveenrd depresses the strength of the planetary field localgrevh
the plasma energy maximizes. The total current observednitptiirough the ring current region is estimated to be betw&e
and 17 MA [41, 27]. As the field generated by a ring current iggtdy uniform inside the ring, the field remains depresseshev
inside the ring current region. Fig. 22 (reproduced fidhurana et al[105]) shows the perturbation field (observednternal
field) measured in the magnetosphere during Rev 20 in a gathedordinate system. The perturbation field inBgecomponent
is northward (negativBy) inside of~ 12Rs which is a manifestation of the ring current plasma. Dethiteodeling shows that a
ring current starting at a radial distance~oBRs and peaking near the radial distance of §@Rrequired to correctly model this
perturbation field.

The inner edge of the ring current lies between 6 ang®R the outer edge of the ring current is strongly controbigdhe
magnetopause location on the dayside and lies anywhereéet®? and 22 R In addition, the strength of the ring current is
also directly related to the magnetospheric size. The lowadses of the ring current strength (8 MA) are observed wihen
dayside magnetopause is near its minimum locatiorl 9Rs) whereas the strongest currents (17 MA) are observed when th
dayside magnetopause is located near 31 R

Bunce et al[27] used theConnerney et alj41] model to examine the variation of the model ring currneatameters with
the subsolar magnetopause distance. In this work the tbgskof the current sheet was fixed at 2& Ror each pass of Cassini
through the dayside, the residual (observethodel internal field) magnetic field vectors were fitted by &yéhe model. The
location of the last inbound magnetopause crossing and Hyneatopause model éfrridge et al.[11] were used to establish
the subsolar magnetopause distance for that pass. Usimgéiteof ring current parameters, they also calculatedr8attotal
magnetic moment (dipole ring current) and axial ring current field (essentially $a®iDst).

As the total magnetic flux from the planet is conserved, tHd fieenhanced elsewhere, namely in regions above and below
the ring current (called the lobe regions) both locally amthie distant magnetosphere. The effect of the ring curnethe field
can be visualized as a physical pulling out of the planetaig fines from the inner low-latitude magnetosphere intltigh

Rev 20 Difference field
L e e e e e L s S L EE S e e M TR s S
_ s
E 0 M‘WP‘WJQWWJWW

Fig. 22 The external field

in Saturn’s magnetosphere
(Buif = Bobs— Bint) observed
during Rev. 20. The depres-
sion in theBy component near
the planet( < 14Rs) arises 16 E
mainly from the ring current.
The perturbation field in this
component can be seen to

B9 (nT)

B o (nT)
S

oscillate by a factor of 2. Two -8 : : : : : '
envelopes (dashed lines) rep- DOY: 14 2006-Jan-15 2006-Jan-16 2006-Jan-17 2006-Jan-18 2006-Jan-19 2006-Jan-20
resenting the minimum (upper 2006-Jan-14

envelope) and the maximum

value (lower envelope) of the R 23.58 15.93 6.85 10.65 19.42 26.63
ring current field have been THETA -0.31 -0.36 -0.28 0.38 0.30 0.24
drawn to aid the eye (from PHI -3.31 -71.87 -107.43 -52.84 -112.20 169.69

[105]). RLT 8.01 8.56 16.41 22.51 4.03 5.24
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latitude regions of the magnetosphere. The percent rexucfifield strength from this “field diversion” is quite modés the
ring current regions of planets:(10% in Saturn’s inner magnetosphere) because of the stipotadfield close to the planet.
However, in the outermost parts of the magnetosphere, igectirrent and its extension — the current sheet — can maketibe
field many times stronger than that expected from a dipolé.fiel

Fig. 22 also contains evidence for the presence of an azahaslymmetry of the ring current visible as a rotational mation
of the By component. The azimuthally symmetric part of the ring cotrqgroduces a depression f8 nT near the closest
approach (see the upper envelope indicated by a dashedioufige 22), whereas the asymmetric part increases the s&pre
by another~ 8 nT (the lower envelope). A survey of such data from Cassweals that the ring current region anomalies are
always present in the magnetic field observations obtair@d the inner/middle magnetosphere. They have a perio@ ¢tos
that of the planetary rotation and show a systematic phéestoreship with the azimuthaB(,) and radial Bp) component of the
field (see Fig. 33) which has been shownGyrnett et al[80], Southwood and Kivelsda79] andAndrews et al[9] and to have
a period identical to that of the SKR intensity. The asymimetng current amplitude is seen to vary from orbit to orbieo
a range of 25- 200% of the value of the symmetric ring current. The field aledipa data clearly establish that the energetic
particle azimuthal anomalies and their associated paitiglcurrent are a semi permanent feature of Saturn’s magpkeére.

Together with its clear presence in the in-situ particle aragjnetic field measurements, the energetic particle donion to
the asymmetric Saturnian ring current is visible throughehergetic neutral atom (ENA) images that the MIMI/INCA s&n
obtained, once Cassini switched to high latitude orbitsuly 2006 [112]. Briefly, the ENA technique relies on chargeteange
between trapped ions and a residual neutral gas that résuétst atoms escaping the system and being sensed as if grey w
photons. ENA images offer a complete picture of the instaas energetic particle distribution, for almost evegjior of
interest within the magnetosphere. The ENA distributioovtes direct information on the dynamical features of thergetic
part of the ring current, which cannot possibly be reveatedugh the in-situ measurements from individual equaltpeases of
the spacecraft. One such image is shown in Fig. 23. The ringreumaximum intensity is generally outside the orbit oe&h
observable intensities may extend beyond the orbit of Titarerall, the image in Fig. 23 illustrates that althougls thiterval
was chosen specifically as an example with minimal local tflovegitudinal structure, the ring current, unsurprisingg not the
uniform, symmetric construct postulated in early modebhaturn’s magnetic field.

The ring current geometry does not resemble the neatly-taddeymmetrical current sheet extending fren8 to ~ 15 Rs
that fit the magnetic field data from the limited Voyager andnieer 11 coverage [39]. Both in-situ measurements and ENA
images have shown that the ring current can at times be higirigble, possibly dominated by a series of injections [125
with strong longitudinal asymmetries that corotate neddidly with the planet, contrary to the Earth’s ring curtewhere no
rotational modulation is seen and initial asymmetries aim@arily organized by local time effects. One such injectevent is
shown in Fig. 24 [112], a sequence of six INCA images coveailgaturn rotation. The top left panel shows a large, fact@0of
intensity increase between dawn and local midnight thatea@nticlockwise through dawn, then day side, then locatiage
(middle right panel), then local midnight, and then retumis original location some flater (bottom right panel).

Since the Pioneer/Voyager epoch, the field due to Satunmgsairrent has been modeled using a simple azimuthal syricmetr
disc model, originally developed to model the Jovian magglist ([41] and references therein). The current densityisimodel

Fig. 23 ENA image of the
ring current as viewed from
above the northern hemi-
sphere. This image, in the
range 20- 50 keV, was ob-
tained on 19 March 2007, with
MIMI/INCA, at a latitude of
54.% and radial distance 24.5
Rs. Saturn is at the center, and
the dotted circles represent
the orbits of Rhea and Titan.
The Z axis points parallel to
Saturn’s spin axis, th¥ axis
points roughly sunward in the
Sun-spin-axis plane, and the
Y axis completes the system,
pointing roughly toward dusk.
The INCA field of view is
marked by the white line and
accounts for the cut-off of
the image on the left. (from
[112]).
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Hydrogen

2050 kv

Fig. 24 Sequence of six ENA
images in neutral hydrogen,
taken by INCA in the range
20— 50 keV on February 24,
2007, covering a full Saturn
rotation. Cassini was located
at 32 latitude and 26 Bfrom
Saturn at local time 15:12.
Saturn is at the center, thé
axis is pointing approximately
in the solar directiony is ; goo _
pointing towards dusk, and - ; 0.3239 Hydrogen,
Z is pointing along Saturn’s ‘ .
spin vector. Dotted lines show
the orbits of Dione, Rhea, and
Titan in proper perspective.
The images are spaced at
roughly 2" intervals (from
[112]).

is zero in the region outside of the inner and outer edgespatside ofz+ D (whereD is the sheet half-thickness). Inside this
region the current density is uniform inand has a Ar radial dependence. This particular radial dependence hesea for
reasons of mathematical convenience and has been critibizetudies that compare the magnetic stresses measuriéd iim s
Saturn’s magnetosphere [124] and theoretical stress ¢mleadculations [193]Beard and Gasf21] developed a ring current
model which had a more flexible current density profile, anthgared more favorably to that measured from Voyager data by
Mauk et al.[124]. Nevertheless, the model produces reasonably gaotbfihe magnetometer data and has been also applied to
Cassini magnetometer datarridge et al.[13] showed that fits of th€onnerney et alj41] model in the outer magnetosphere
could be radically improved by considering the bowl-shalpieding of the current sheet.

Fig. 25 presents these results as a function of subsolaret@gause standoff distance. With the exception of the iadge,
each parameter increases with system size - principallyalties increase in the outer edge of the ring currBotce et al[27]
showed that the ring current region occurs on a fixed bandldflfrees and therefore expands and contracts as the magnsep
position varies. The ring current region therefore maps fized co-latitude range in the ionosphere (3420° N, 16’ — 22°
S). This lies just equatorward of the observed southern $mere aurora, indicating that the aurora are not assdaidtk the
mass-loading processes occurring inside the ring curegin, but with processes in the outermost layers of the etagphere
[28]. This finding is in approximate agreement with the cdaesations ofArridge et al.[12] who qualitatively observed that the
magnetodisc appeared to extend right to the magnetopause.
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Fig. 25 Fitted ring current parameters as a function of subsolarnei@pause  Fig. 26 Stress indices constructed for each pass of Cassini
standoff distance. Panels (left-a) inner edge, (left-tipoedge, (left-c) intensity,  through the inner magnetosphere (from [121]).

(right-a) axial (Dst) field, (right-b) total current, (ritde) ratio between the ring

current and dipole magnetic moments. (from [27]).

The linear fits in Fig. 25 represent an empirical model forghaperties of the ring current with system siBance et al.
[28] used this to confirm that the total magnetospheric fieldhe dayside stretched out into a magnetodisc for low soiiagd w
dynamic pressures, confirming the result®\aidge et al.[13].

The Dstindex is used as a measure of the strength of the ringntuand stress state of the terrestrial magnetospbeisner
et al. [121] subtracted a model of Saturn’s magnetosphere frornetagneter data in the inner magnetosphere to produce a
similar index for Saturn’s magnetosphere. The importaffiédince between Saturn and Earth is that both internal atedrel
stresses may affect this kronian Dst index, producing cesgion or stretching of the magnetic field lines. Fig. 26 gmés
the stress indices calculated bgisner et al[121] where positive (negative) stress indices indicatermpressed (expanded)
magnetosphere relative to a ground state. The calculainmlicate several large-scale deviations from the grouatesind
numerous small-scale deviations near the noise level oatiadysis that are consistent with variations in solar wigdainic
pressure.

The radial, steady-state form of the force balance equé#tioa collisionless, single-ion plasma in the equatoriahg, can

be written as:
oP

pQr — ar JoBz (8)
wherer is radial distancep is the particle pressurgy is the azimuthal current densitg, is the plasma mass density afdis
the angular velocity of the plasma. Here we made the assamiiiatB ~ B, in the nominal magnetic equatorial plane (ideal
dipole field). The non-trivial challenge for theory and sparaft observations is to establish which force dominatédmlancing
the magnetic stress: centrifugal stresses or pressurgégtadObservations and modeling from Voyager [130, 124)a&d that
energetic particle pressure gradients (thermal curreatpwnore important inside- 14Rs, but corotation centrifugal forces
(inertial current) became more important at larger distana result consistent with the workAifridge et al.[12]. This result is
also supported by the work &unce et al[27] who showed that in the compressed state, the thermahaniibl currents were
comparable in size but when the magnetosphere is in its mpaneled state, the inertial currents are several timesggrahan
the thermal currents.

In parts of the magnetosphere where the particle pressadiemt is comparable to or greater than the inertial term, th
azimuthal ring current density is decisively modified by tehavior of the suprathermal pressure. Furthermore, thgspre
gradient force is expected to dominate over the centrifggak during injection events, when the energetic parpicéssure is
significantly increased and highly variable.

Arridge et al.[12] re-examined the contribution of these two terms to tired balance in the ring current using Cassini data.
Transient current sheet crossings observed beyoh8Rs were used to estimate the magnetic stress, and the lobe titafigld
strength to infer the radial plasma pressure gradient asgutangential pressure balance across the plasma shestf@imd
that beyond 25- 30Rs centrifugal stresses dominated in this force balance, prigissure gradients more important inside this
distance. Additionally, the stress balance calculatides gielded an estimate of $&g for the total mass in the magnetodisc.
For mass-loading rates of 20100 kg/s this requires-3 30 hours (0B — 3 planetary rotations) to completely replace the mass in
the magnetodisc.
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Sergis et al[159] investigated the energetic plasma pressure in thellmichagnetosphere between8 and 18R using
the MIMI/CHEMS and LEMMS instruments. Fig. 27 shows the spermal equatorial pressure profile that corresponds to
the first three years of Cassini in orbit, based on equatptéie data that have been statistically weighted accortdiripe
time that Cassini spent within each radial distance intgd®@9]. The color scale is the pressure probability of ocence.
The suprathermal pressure maximizes inside the ring ciiméth typical values of~ 10~° dyne/cn? between~ 8 and~ 10
Rs, gradually decreasing further out. The measured plg3nsakept close to or above unity outside of &,Rvith indications
that the energetic particle population, rather than theselenold plasma, controls most plasma pressure in thismegfithe
magnetosphere, in agreement with the limited measurendenitsy Voyager [124]. Given the fact that MIMI does not measu
the cold plasma pressure, these values should be viewedagglimit of both pressure and plasifialnside of 8 R, the ring
currentions are lost through charge exchange with the aleaitrud and absorption by the icy satellites as describedatsome
energetic electrons are lost from satellite interactiarg @thers lose their energy by collisions with the neutralidland with
dust from the E-ring of Saturn.

The analysis of MIMI/CHEMS compositional data obtainedidgrthe first three years of Cassini in orbit (July 2004-July
2007), indicates that the Oions play a very important role in the energetic particlesprge, often being the dominant com-
ponent. The O partial pressure on average represents more than 50% afttiestiprathermal pressure, and, at times, clearly
dominates. This becomes more evident in the equatoriakplaragreement with the density distribution of the neutrater
products, and the several"@ich injection events often seen in the equatorial plane.

One of the direct implications of the high-discovery in a large part of the Saturnian magnetosphereaisa realistic
magnetopause pressure balance equation should negessdritle the suprathermal pressure term, in addition tarthgnetic
pressure supplied by the planetary field.

4.3 Plasma Sheet

The properties of electrons between 0.5 eV and 26 keV in 8atoragnetotail plasma sheet have been investigated araksit w
found that the electron temperature is approximately 200@x6nd 20 R and was approximately constant with radial distance.
The electron distributions are approximately Maxwellilre¢e is some evidence for Kappa distributions) and ocna#liobi-
Maxwellian distributions are observed with temperature2®eV and 200 eV. The density at the center of the plasma sheet
varies between 10t cm2 at 20 Ry and 102 cm 2 at 60 R; and can be represented by a power-lay- r =175 The electron

B was found to maximize at values of 1.0 to 10.0 at the centdr®ttrrent sheet - the exclusion of ions and energetic pestic
necessarily mean that this is a lower limit to the tail plagina
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The plasma density in the lobe was near or at the noise lev#éaCAPS/ELS instrument and implied that the number densit
was< 10~% cm~3. No evidence was found for a variation of electron tempeeddetween the lobe and the central plasma sheet.
Arridge et al.[15] organized CAPS/ELS and magnetic field observationslfy3=ongitude [117] and studied periodicities
near Titan's orbit. They showed that the electron densitjedaby more than an order of magnitude between a minimum near

170° £ 20° and a maximum near 353@- 20°. The electron temperature was essentially constant witgitode but with some
weak evidence for an increase in temperature towards. 1410 analysis of the magnetometer data showed that the wiect
density modulation was primarily produced by a periodic ioobf the plasma sheet and not by a density asymmetry in the
frame of the plasma sheet (although one might exist). Istergly the plasma sheet periodicity was either absent arlaiver
amplitude when the dayside field structure was quasi-dipola

Observation of plasma-sheet ions is complicated by thetlfeattcorotational flow dominates essentially out to the neagn
topause and the fact that the ion thermal speed is typicaltyparable to the flow speed throughout the magnetospheie. Th
means that there are strong flow anisotropies, so the instrumewing is crucial. For CAPS to see plasma-sheet iomgetls
to be looking into the flow, a condition frequently not saédfibecause of constraints on the spacecraft orientationable
measurements by the optical instruments.

From CAPS ion observations during SQbung et al[200] reported that the plasma sheet beyen@Rs was dominated by
H™ ions, although water-group ions indicative of an inner-metgspheric source did continue to be present (see Fig. 9).

During SOI, however, Cassini was at a latitude of abeli8’, and subsequent lower-latitude passes indicated thapgerent
H* dominance was primarily a latitude effect. Due to the stroegtrifugal force on the plasma, heavy ions are particylarl
closely confined to the equatorial plane. Near the equataergroup ions are indeed as abundant as&$ seen in Fig. 28,
obtained just before noon local time at a radial distanceden 15 and 17 &and much closer to the equatorial plane than the SOI
pass. The energy-time spectrogram for the ions in the ugp®@i pf Fig. 28 shows the characteristic strong periodasgociated
with the actuation of the CAPS field of view back and forth asrthe transonic flow. As in the inner magnetosphere (e @.9¥i
there are two bands of ions, the higher-energy one correpgo flowing W, and the lower-energy one corresponding to
flowing H'. The actual fluxes are variable, but it is clear that the ®dnstitute a significant portion of the plasma.
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Fig. 28 Energy-time spectrogram of ion (top) and electron (bott@mgrgy flux Fig. 29 Bulk moments derived from CAPS measurements
observed by CAPS in the near-equatorial dayside plasmd. Sffeetwo peaks in  for the same interval as Fig. 28, showing the general anti-
the ion energy spectrum correspond to flowing \igher energy) and H (lower correlation of the density and temperature, particulaoky f
energy). There is strong modulation at the CAPS actuaticiogh¢~ 7 minutes) as  the W'. The bottom panel shows that the ion thermal speed
the field of view is swept in and out of the flow. In addition testmodulation, there  is comparable to the flow speed, accounting for the strong
are significant variations in the plasma properties, asisdeoth ions and electrons, modulation as the instrument field of view is swept in and
with regions of cool, dense plasma alternating with regimfitsot, tenuous plasma.  out of the flow.
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Fig. 28 illustrates another aspect of the plasma sheet imdlter magnetosphere, namely that the region beyorid Rg
is often characterized by significant variations in the plagproperties over fairly short time scales. Fig. 28 show#ores of
relatively cool, dense plasma alternating with regions of@tenuous, hotter plasma. This variation can be seen imtbetions
(upper panel) and the electrons (lower panel). Fig. 29 shiba/g®n moments derived from a numerical integration of théS
SNG observations, confirming the anti-correlation of thegity and temperature of the plasma during this intervaleesilly
for the W' ions. In the hot, tenuous regions, the™Wis more strongly depleted than the"HThe bottom panel of the figure
confirms what was mentioned above, namely that the ion tHespegeds are comparable to the bulk flow velocity (dominantly
azimuthal), particularly for the W.

It is possible that the alternations in the plasma propedeéen in Figs. 28 and 29 are simply due to rapid variationisan t
effective latitude of the spacecraft, due to flapping of tleesma sheet or azimuthal variations in its thickness. Itse possible
that these different regimes represent the interminglinfiux tubes with different plasma conteriticAndrews et al[129]
suggest that similar low-density, hotter regions seenérntdil plasma sheet are the remnants of previously distefiabetlibes
that have been broken open by centrifugal stresses on thesitlg, releasing the bulk of the cool, heavy plasma nesgdbator.
Such emptied flux tubes would therefore allow the return ofjnedic flux to the inner magnetosphere, to replace the heavil
loaded flux tubes there with more buoyant ones containingpttieer, tenuous remnant plasma. As discussed above iroBecti
1.3 and in Section 5.1, there is good evidence that thisdhgerge process is an important means by which Saturn sheds th
plasma produced in the inner magnetosphere. Discrimimdgdween these two possible explanations of the obseresdngl
sheet structure awaits further analysis of the Cassini data
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Solar Wind

Fig. 31 Schematic represen-
tation of Saturn’s plasma and
neutral environment. Saturn
is at the centre, with the red
‘doughnut’ representing the
distribution of dense neutral
gas (H, O, @ and OH) out-
side the rings. Beyond this
region, energetic ions popu-
late the plasma sheet to the
day side magnetopause, filling
the faintly sketched magnetic
flux tubes to higher latitudes
and contributing to the ring
current. The plasma sheet
thins gradually towards the
night side. (from [112]).

The spatial extent and pressure structure of the plasma shedeen investigated by mapping the partial ion pressufe (
keV) over a period of- 3 years, from July 1, 2004 to June 30, 2007 [112]. The resudtslaown in Fig. 30 plotted in the, Z
plane and separated into the dayside and night side padgoplpanel includes all measured off-equatorial valuegkcitides
the dawn-dusk portion so as to obtain a clear separationyehitgnt effects. Although the orbital coveragedris not uniform,
the higher pressures on the dayside appear to extend to nigioer Hatitudes than the night side, certainly<a0Rs. This
fact is clearly evident in the middle panel, where pressurés< 1011 dynes/cm have been omitted. Not only is the day-night
asymmetry striking, but also the shape of the night sideypdesheet beyond 20Rs is outlined and is seen to be tilted northward
at an angle- 10°, although the orbital coverage in this region is not extendtxamination of each Cassini orbit at all available
local times suggests that the dayside plasma sheet extetidsrinagnetopause at local noon but thins gradually tovirrdight
side, even though the detailed distribution with local timeot fully determined because of incomplete latitudioakl time
coverage.

Our current understanding that has evolved from the pressistribution so far is shown in Fig. 31. This view from above
Saturn’s equatorial plane illustrates the compressedidiaygasma sheet and indicates its expansion to northeris@utiern
latitudes. It is expected that the sheet gradually thinshendiusk side but is drawn tail-ward at midnight and again tieglat
dawn. Whether there is loss of plasma on the night side islaat,decause this sketch represents an average pictuteddits
over a nearly three-year period. Acceleration events, iew&ave been observed repeatedly both in the magnetbid] pnd
in parts of the magnetosphere, where the injected plasmia clearly corotates with the planet, as illustrated in 2#.

4.4 Magnetotail

The interaction of the solar wind with Saturn’s internal @xternal fields produces a long magnetotail on the nightisidéich
the magnetic field decreases away from the planet at a muaieistate than a dipole field. Both drag applied by the soladwin
on the magnetosphere, and the reconnection of the IMF fieds lfo those of Saturn play a role in transferring magnetic flu
from the day side magnetosphere to the night side magnletotai

At the center of the magnetotail, a current sheet maintdiyatie hot plasma of Saturn’s magnetosphere keeps the niagnet
field at a very low value. Above and below the current sheetptlagnetic field is much stronger, points nearly radiallyvaut
(Br > 0) above the current sheet, and radially inwdsd< 0) below the current sheet. These regions outside the dwghert are
called the lobes and house the open flux of Saturn’s magretospwhich is connected to the solar wind IMF field at one end
and to Saturn’s ionosphere on the other. Fig. 32 shows taegttr of the magnetic field (directed mainly in the radiaédiion)
observed during the inbound leg of Rev. 26 and that expeotad $aturn’s dipole in the lobe region (dashed line).

In the low-latitude regions of the magnetotail the signshef tadial and azimuthal components of the field are observed t
be opposite to each other outside a radial distance db2Rs. Thus, the field lines appear to have a bent-back configuratio
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phase periodicities observed in tBeand theB, components. In each rota-
tion of Saturn, thd3, component reverses twice.

the outer magnetosphere. This swept-back appearancs fiasethe presence of radial currents flowing in the magpétese
which enforce corotation on the plasma.

A striking feature of magnetic field observations from thegmetotail region is the presence of periodicities closeht t
rotation period of Saturn [9]. Fig. 33 shows an example ohquariodicities. The two reversals Bf in each spin period illustrate
that the spacecraft travels across the current sheet in@dpefashion, which is possible only if the current sheetlted with
respect to Saturn’s equatorial plane and is rotating witkréod close to that of Saturn. A model put forwardlyurana et al.
[105] postulates that the tilt of the current sheet ariségrafly from the action of solar wind lift on an azimuthallgyanmetric
magnetosphere (see Fig. 6)

Southwood and Kivelsofl79] also propose a tilted current-sheet interpretatmrttie periodicities in the magnetotail. In
their model they suggest that the tilt is produced by an &ffedipole moment rotating in the equatorial plane in thelahe
magnetosphere. They show that a system of field-aligneémtsrflowing on magnetic shells between 12 and § 8&h produce
a tilted dipole beyond these shells but a uniform “cam-$tiegfd inside, consistent with the periodicities in the amifmal and
radial magnetic field componentSarbary et al.[33] proposed an alternative interpretation and suggesigdcompressional
motions in the inner and middle magnetosphere, producechbgzanuthally asymmetric density profile, would translaie t
transverse motions in the outer magnetosphere when Satlipole was tilted with respect to the solar wind.

Plasma flow observations from Saturn’s magnetotail shéd tig the global convection pattern discussed in SectionTh&
main issues are the extent to which corotation is enforcad@®night side, evidence for the “shedding” of material mréging in
the inner plasma source region, and evidence for the refurragnetic flux to the day side. Fig. 34 shows the results otare
study byMcAndrews et al[129] of ion flows in Saturn’s magnetotail. For plasma denseugh to be detectable by the CAPS
IMS, the flows are dominantly in the corotational directiemen out to very large distances 40Rs), although the flow speed is
well below full corotation. However, beyond 20Rs, there is no evidence of an inward component of these flovesit@appears
that the pull from the ionosphere may be inadequate to dagitbre distant flux tubes around to the day side to complete the
convective circuit.

For the intervals studied bylcAndrews et al[129], the plasma was relatively cool and dense, with a wgteup/hydrogen
composition similar to that seen in the dayside plasma H$szttion 4.3), indicative of plasma originating in the inneagne-
tosphere. An estimate of the mass per unit flux for theseviateishows it to be generally at or below the critical valuevab
which the magnetic field should be unable to confine the pld3&jaThis evidence confirms the conclusion that these flesu
are still closed and still loaded with inner magnetosphglasma, although they may not be able to complete the cifonlanto
the dayside intact.

Another aspect of the tail plasma studied MgAndrews et al[129] was that between the intervals with a detectable ion
population were numerous intervals of much lower densgyindicated by the more sensitive electron measurementde Wh
some of these low-density intervals may reflect excursiorfsgher latitudes in the flattened tail plasma sheet, at E@we of
them are attributable to flux tubes depleted of their plasoment through down-tail loss to a planetary wind [129]. yrHeus
presumably represent the magnetic flux that must returretdalyside outer magnetosphere (cf., [193]).
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The down-tail loss of plasma may occur by way of magnetic meegation of flux-tubes strongly distended by centrifugal
forces. Evidence for magnetic reconnection and the sulesggxpulsion of a plasmoid has been seen in both magnetic fiel
[93] and plasma measurements [87]. The locations of the tasnpoid events reported Wackman et al[93] for which Hill
et al. [87] could measure plasma properties, are shown in Fig. &4, their corresponding flow vectors, which have a strong
radial component. However, to date very few such plasmoéthsvhave been identified in Cassini tail observations, estgty
that large-scale reconnection of this type may be relatirdtequent, and smaller-scale processes may dominatedimal
mass loss down-tail. One clue to the frequency of occurrehtzgge-scale plasmoid release events is that just belfieretsitu
detection of one of the events, the MIMI/INCA instrumenteb&d a burst of energetic neutral atoms emanating fromaditot
midway between Saturn and Cassini, probably a signatuteeaficonnection event that produced the plasmoid [87]. &k
brightenings have been attributed to a substorm-like m®taking place in the near-tail region [133], and the baghtgs are
associated with bursts of Saturn Kilometric Radiation ($l&Rd possibly with injections of energetic particles deep® the
inner magnetosphere [125]. The occurrence rate of ENA teighgs, SKR enhancements, and energetic particle injecthay
therefore suggest the frequency of plasmoid releaseshettatl, indicating whether or not this mechanism is suffici® shed
the plasma produced in the inner magnetosphere or whether, smaller-scale processes might also be needed. THisana
has not been done to date.

45 Global MHD Models

Hansen et al[81] were the first to develop a global MHD model to study thigéascale interplay between the solar wind, Saturn’s
fast rotating embedded magnetic dipole and magnetospplkasona sources. They modeled Saturn’s magnetosphere aising
version of the global, 3D MHD model BATS-R-US [143]. Theiregent model [82] includes several important improvements,
such as a substantially modified prescription of the mastingadistribution and the use of observed conditions togriks the
upstream solar wind. Other improvements include the usbeofémi-relativistic form of the MHD equations [77], an incfil
time stepping algorithm [186], and better resolution.
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Fig. 35 Left panel: A snapshot of Saturn’s simulated magnetosptierieg the SOI period. The thick white lines are a 3D repregém of the last
closed magnetic field lines. On the dayside they represemhdgnetopause while on the nightside they represent teerimagnetosphere. The crescent
at 6-7 RS is a density isosurface showing that the plasmaisecirated near the rotational equator. The color codesepts pressure in the equatorial
and noon-midnight planes. The solid grey trajectory of @assshown with observed bow shock (red) and magnetopailse)(crossings (from [78]).
Right panel: Noon-midnight meridional plane of Saturnisisiated magnetosphere at the time of the first bow shockiogsSolor contour is the
thermal plasma pressure with black lines representing stagfield lines. The solid red and blue lines are respegtitiet Slavin et al[171] average
magnetopause and bow shock models. The intersection efStebit with this plane is shown as two small pink dots (fr{82]).

Because the addition of mass to the kronian system is signifidansen et al[82] include this process in their MHD model
through appropriate source terms for ionization, pickeppmbination and ion-neutral drag. The inner source duagbahd icy
satellites is modeled as an axisymmetric torus confined theagquatorial plane using data frdRichardson and Sittlef145]
andRichardson et alf147]. They use an average mass of 16.6 amu which assumedyetpzal mix of OH and O. A total mass
loading rate of~ 10?7 s 1 is used in theHansen et al[82] simulations (but this is an adjustable parameter thatle scaled
as necessary). Mass loading due to Titan is modeled as aymaxistric torus. The torus is centered on Titan’s orbit anslda
much lower mass addition rate than the inner source. The Tétiated mass loading rate-s5 x 10?° s~ and it was obtained
by using a peak neutral density €f10 cnm 3 combined with a neutral lifetime~( 3 x 10’ s [19]) and average mass (14 amu).

Hansen et al[82] assume that the rotation and dipole axes are alignediléed 24.48 away from the Sun. The simulation
domain covers the region of 96R: X < —576Rs, —192RS< Y, Z < 192Rs. Utilizing adaptive blocks, they are able to highly
resolve the inner equatorial plane while also resolvingiitwe shock, magnetopause and tail regions appropriatetysitallest
computational cells near the icy satellite mass loadingrem the equatorial plane are 3/16 Bcross while the largest cells (6
Rs) are located far downtail. The inner boundary is atg3 R

Global MHD simulations have been successfully used to pridassini observations in a global perspective and to pgredic
new phenomenadansen et al[82] applied the model to describe Saturn’s magnetospheienconditions appropriate for the
period just before the Cassini orbit insertion (26—29 JWQ4). They successfully simulated the bow shock and magaate
crossings [78] and investigated the compressibility of dagside magnetopause [82]. The compressibility derivedhfthe
simulations & ~ 5.2 is in excellent agreement with the observed value (seéddeg#4.2). They also successfully simulated the
bowl shaped magnetodisk, the plasma ‘drizzle’ along thé aduagnetotail and the global magnetospheric convectioteipat
[82]. These features can be seen in Fig. 35.

Fukazawa et al[64, 65] used a different global MHD model to investigateitifeuence of IMFB, on Saturn’s magnetosphere.
They found that the subsolar magnetopause and bow shodiopssire sensitive to the solar wind dynamic pressure, Hayt t
are insensitive to the IMB; and the amount of reconnected magnetic flux. They also fouatovortices were formed in the
magnetosphere that increased magnetic reconnection tilerfiginks of the magnetopause.
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5 lonosphere-Magnetosphere Coupling

5.1 Radial Transport

Saturn’s magnetospheric plasma is primarily produced de#pe magnetosphere, partly by photoionization but predantly
by electron impactionization of the water-group neutral gaud liberated by the Enceladus geysers and redistdinyteharge-
exchange with corotating plasma. Because the electronaieype is regulated by collisional equilibration with iiek-up H"
ions, little electron impact ionization can occur inside B, where the H corotational energy finally exceeds the-1Q0 eV
needed for ionization. Thus, even though the neutral clsuddst dense near Enceladus itself, the peak plasma produsti
further out.

The peak in plasma production atl6 leads to a negative radial gradient in the flux-tube plasomient beyond that dis-
tance, which is unstable to flux-tube interchange. The oofseterchange rapidly transports the plasma outward inéodtuter
magnetosphere. Inside ofL6, the transport is much slower (see also [35]), and the pyitegs mechanism is recombination.
Some authors have hypothesized a global circulation patte¢he inner magnetosphere (e.g., [73, 80], which wouldtsimathe
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inward transport time, but so far analysis of CAPS ion datanshradial flows of less than-12 km/s [168, 199], although a
comprehensive study has not yet been done.

The situation is different with the electrons. Phase spacssity analysis of the CAPS/ELS electron measurementstbf bo
the hot and cold electron populations located the sourceeotold electron populatior(100 eV) in the inner magnetosphere
and the source of the hot electron component (100 e¥ i® keV) in the outer magnetosphere at11 [154]. However, the
simple plasma transport cycle of outward-convecting fllbesicontaining cold, dense plasma and inward-convectirgifhes
containing hot, tenuous plasma required further invetgavhenBurch et al.[31] found evidence of pitch angle distribu-
tions consistent with the outward transport of hot elecdr@ubsequenthRymer et al[155] presented a circulation model for
electrons which originate in the inner magnetosphere amdleite in a cycle of outward and inward convection, drivgrtte
centrifugal interchange instability. Heated plasma driftit of the inward-convecting flux tubes through gradieit eurvature
drifts, disappearing by 6 when, caught up in the corotating plasma, the heated plashsequently convects radially outward
along with the colder and denser background plasma [155].

The first observational evidence that the interchange groiseoccurring at Saturn was obtained during Cassini's orger-
tion in 2004 [6, 30, 86, 119, 125]. Centrifugal interchangerds have magnetic and plasma signatures consistent istémt
magnetic flux tubes containing hot tenuous plasma convgitimard to replace tubes containing cold, dense plasman iBjex-
tion events occur throughout the plasma source region iraige 5< L < 11 [86, 154]. Due to adiabatic gradient and curvature
drifts, the injected plasma exhibits significant longitnalidrift dispersion, which is evident as V-shaped dispersignatures
on linear energy-time plots [86]. By estimating the slopd #rickness of the V-shaped signatuisll et al. [86] were able to
deduce the age and longitudinal width of the injection event

Remote events have a dispersed energy signature with dewéan energy and increasing electron energy occurriqgesa
tially within the boundaries of the event [200]. Similar egyedispersion curves can be seen for the more energetid1@5$.
Characteristically, local events have deep density grasli@nd high plasma temperatures coincident with the albayrtdaries
of the injection event [7], with higher plasma temperatweeseeding the background temperatures by a factor of tfiiB4].
Fig. 36 is a multi-instrument display depicting magnetid afasma parameters during a series of local injection etakén dur-
ing Cassini’s first full orbit around Saturn on October 28)20The top panel shows enhancements in the magnetic peahbsitir
correlate with the intermittent disappearance of the upgérid resonance emission band (panel 2) and significap:duts in
the plasma density (panel 5). Another characteristic sigraf these injection events is the depletion of the lowrgy plasma
population coinciding with the appearance of a hot plasnrmapgmment (panels 3 and 4) inside the well-defined boundafigeo
interchanging magnetic flux tubes [7]. The local events sheidence of decreasing ion energies and increasing eteetrer-
gies occurring simultaneously within the boundaries ofahent with little dispersion [30]. The low plasma densitesl hotter
temperatures found inside the local injections are chariastic of the magnetospheric plasma found at larger ratisahnces
[30].

Injection events also have characteristic signaturesamtagnetic field and plasma wave data. Plasma waves assogittie
density-depleted flux tubes include intense, narrow-bdetkctrostatic emissions at the electron cyclotron haiosda31] and
whistler-mode electromagnetic chorus emissions [88].dreet of these plasma waves is clearly associated with thaefned
boundaries of the inward-convecting magnetic flux tubesddition to the plasma wave signatures, there are magneltc fi
signatures associated with these events. Typically thgedi®on signatures on the energy-time CAPS spectrogramsiaie
with diamagnetic depressions in the magnetic field mageifiid 86], although there are injection signatures whiclretate
with diamagnetic enhancements as well [7]. Although botlymegic signatures correspond to inward-propagating ntagihex
tubes containing hotter, low-density plasma, the deepasity cavities and largest temperature increases witieéithoundaries
of these injection events correlate with magnetic field eckanents [7].

The rapid outward transport of inner magnetospheric plasasatwo major implications for magnetospheric configuratio
First, as discussed above, the presence of this plasmarigeet® a ring current that significantly distorts the magngéld.
Second, the magnetosphere has to find a way to drain it to amaiah approximate steady state. The relatively low degssiti
the outer magnetosphere make recombination an unlikelyisol and the tiny size of the loss cone likewise rules agrificant
losses from precipitation. Thus, the material must be parted out of the magnetosphere. This problem was addrdssed
Goertz[72], who suggested that the plasma is lost to a planetarg y@ee [193]) when loaded flux tubes convect into the night
side and break open. As discussed above, this would occunr thleemagnetic tension is unable to enforce azimuthal mption
i.e., when the mass per unit flux exceeds a critical valuegele the magnetic field strength [72].

A recent study of plasma in the magnetotail [129] has showh #ven to downtail distances40— 50 Rs, regions of cool,
dense, partially-corotating water-group plasma are conmynencountered, but the great majority of these have amagtd
mass per unit flux at or below the critical value. Betweenétasparently intact flux tubes bearing inner magnetosppkr#ma,
there are regions of significantly lower density (typicabglow the CAPS threshold for ion detection, but still dedbta in
the electrons). The interpretation of this finding is thax flubes that were sufficiently loaded to exceed the critiicait Ihave
broken open earlier in their passage through the tail, ¢pie bulk of their contents down-tail, and returning to tlag dide
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with a much more tenuous, hotter, and heavy-ion-depletéduel plasma. These emptied flux tubes subsequently farhowir
density regions seen in the dayside outer magnetosphésespersed with mass-loaded flux tubes that have not yeedrde
their critical limit in their passage through the night side

5.2 Corotation, Subcorotation and Corotation Breakdown

The highly conducting layer in the ionosphere is thin coregatio the radius of the planet. Therefore, the height-iategr
ionospheric current density can be written as [193]:

jiono = Z(Un - Umag) x B 9

whereZ is the height integrated ionospheric conductivity,is the velocity of the neutral atmosphere at ionospheritudks,
Umag is the velocity of magnetospheric plasma just above thesphere. The frozen-in MHD conditioE(= —u x B) implies
that plasma elements originally on a magnetic field line iama the field line at any later time. This means that the pasm
velocity just above the ionosphergyag determines the plasma velocity perpendicular to this fiekl(the convection velocity)
everywhere along this field line (e.g., [76]).

If the height-integrated ionospheric conductivity is véayge ¢ — o) the upper atmosphere and the magnetosphere above
must move with the same velocitys = Umag[193]. Since the upper neutral atmosphere corotates wétpldmet with an angular
velocity Q, (note thatQ,, is not the internal rotation rate of Saturn), the magnetespfiootpoint of the field line moves with a
velocity of umag= Qu x r. In other words, the footpoint of the magnetospheric figié tiorotateswith the upper atmosphere.

As it has been discussed earlier (see Section 3) the ringel&tus and the icy satellites produed (0* kg of water group
ions per second near the equator between @Rl 5R; radial distance. This plasma is “loaded” to rotating closeynetic field
lines that are increasingly stretched by the balance betwegnetic stresses and centripetal forces [70, 84].

In the MHD limit the ionosphere rotates witbg and it “drags along” closed magnetic field lines that aregasingly “mass
loaded” in the equatorial region. This process generatesipling current system that is depicted in Figure 37.

Subcorotation is primarily caused by addition of newly &®d particles to the local plasma population (see [126, &p, 7
The process of ion pick-up results in a slowing of the plasroa #ince newly-created ions enter the plasma essentially at
rest in the Keplerian frame, thereby adding negative moomarnh the plasma frame. It is interesting to note that therttaér
velocity of a uniformly filled pickup ring is the same as thartsport velocity of the magnetic field lines. This means that
even a small percentage of heavy pickup ions (such a3 Néve a large contribution to the plasma pressure. The evie
for the pick-up of new ions in the inner magnetosphere is tumsistent with the observations of subcorotation in thgian
(e.g., [144, 63, 125, 199]). The left panel of Fig. 38, fro@9], shows the azimuthal plasma flow speeds derived from CAPS

Fig. 37 A meridional cross
section through Saturn’s mag-
netosphere extending to dis-
tances of~ 15— 20Rs. The
arrowed solid lines are closed
magnetic field lines. The ro-
tating plasma is shown by the
dotted region. The angular ve-
locity of a particular shell of
field lines,w, and the angular
velocity of the neutral upper
atmosphere in the Pedersen
layer of the ionospheres,

are also shown. The frictional
torque on the magnetospheric
flux tubes is communicated to
the equatorial plasma by the
current system shown by the
arrowed dashed lines. This
current system bends the field
lines out of meridian planes
into a ‘lagging’ configuration.
[45].
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Fig. 38 Left panel: Azimuthal flow speed derived from CAPS IMS measuents made on several passes through the inner magnetoégifferent
colors represent different passes) (from [199]). The healig line shows the value of azimuthal flow for perfect catwmn, and the top panel shows
the ratio of the measured speed to perfect corotation. Theyhéashed curve is the azimuthal flow speed inferredvlayk et al.[125] from SOI
observations of energetic particle injections, and the thirve is an analytical function fit to the CAPS measuremeRight panel: Total ion density
derived from the same measurements as shown in the left. pemeltop panel shows the ratio of the derived water-grougsitero the derived Fi
density. The red curve in the lower panel is the analyticatfion from a fit to the RPWS total electron density [139], &melthin curve is a analytical
function fit to the CAPS measurements.

observations from several inner magnetosphere passéstheitflow curve inferred byauk et al.[125] shown as a dashed
curve.

Local ion pick-up, however, is not the only process that dquroduce the observed sub-corotation. In fact, there ae=th
candidate causes:

1. local ionization within the inner magnetosphere, viatplanization or electron-impact ionization, as discusaleadve (which
is a plasma density source as well as a momentum-loadinggsiic

2. momentum exchange between existing plasma and neuwttatd) could be either ion/neutral collisions or charge exule,
but which is dominated by charge exchange (e.g., [157] méunefoading with no change in density);

3. outward transport of plasma, with low ionospheric cortiditg preventing its acceleration up to full corotationdiscussed
by Hill [85].

The relative importance of these processes is determinedcoynplex mix of factors, including the height-integratedi®rson
conductivity of Saturn’s ionosphere, the radial dependaithe density and composition of neutrals, the energyiligton of
magnetospheric electrons, and the ion density and conmpasiising plasma parameters derived from the Voyager ariecsi
Richardson et al[144] andSaur et al[157] modeled these three processes for Saturn’s inner etagjphere and were able to
approximately reproduce the Voyager-observed subcawatancluding some notable dips in the azimuthal velociiyfibe, with

a very small effective Pedersen conductivity and substhistization and charge-exchange (at roughly equal ratesighout
the modeled region).

Analysis of Cassini data can likewise help identify the tigacontributions of the various processes producing srdiation
and thereby pinpoint the primary plasma source region. RPPvé&surements [138, 139] showed that the equatorial efectro
density in the inner magnetosphered& L < 8.6) falls off with distance as- L~*1. Conservation of flux-tube content during
radial transport would produce a radial density dependehke” (for uniform density within the flux tube; dr ™ wherem < 4
if the plasma is equatorially confined due to temperatursaropy or centrifugal effects). The fact thmais found to be greater
than 4 suggests diffusive transport of plasma from a sourtiesi inner region to a sink beyoid~ 8.6.

A subsequent analysis of CAPS ion observations for a nunflegnuatorial passes through the inner magnetosphere prdduc
the density profile shown in the right panel of Fig. 38 [199nGparison with thd®ersoon et al[139] profile, indicated by the
red curve, shows generally good correspondence, but dlglidjfferent radial dependence. The best fit relationsloipnid by
Wilson et al.[199] was notL~™, but rathem ~ A x exp(—BL?). When multiplied byL* to approximate flux-tube content, this
function actually reveals a peak in the estimated flux-tudrdent at_ ~ 7. If a multiplier of L3 is used to qualitatively account
for equatorial confinement, the peak islat- 6. This is consistent with the more sophisticated analysftug-tube content
performed bySittler et al.[170] using CAPS observations from SOI and inferred tenipeesanisotropies. Their derived flux-
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tube content profile is shown in Fig. 39. There are two impurtanclusions to be drawn from Fig. 39: First, the preseffitlee
peak in flux-tube content &t ~ 6 suggests that the net plasma transport is inwards insittebpoint. Since inward transport
would produce supercorotation via the Hill mechanism (ps3c3 above), the observation of subcorotation in this regiquires
significant ionization and/or mass-loading there, whicteag with the conclusions &aur et al[157].

The second important point in Fig. 39 is that beyond the pedlikix-tube content there is substantial variability in tleeided
values. This variability is due to the action of the intenchea instability (described above), which exchanges fubded flux
tubes from the inner magnetosphere with flux tubes from theranagnetosphere that contain only hot tenuous plasma (e.g
[86, 30, 6, 7]). As discussed ISouthwood and Kivelsd 77], plasma should be interchange-unstable when thetioe-content
decreases with radial distance, as indeed observed.

Using the neutral torus model dbhnson et al[96] and the electron temperature observed by CABigler et al.[170]
calculated the ion production rate profile correspondinpéoSOI observations represented in Fig. 39. They found adgpeak
in ion production per unit L betweenl4.5 and 6.5. The peak is a convolution of the neutral densitich peaks inside of &5,
and the electron energy flux, which falls off rapidly inside®&. The decline in electron energy flux is due to loss of hottebes
delivered from the outer magnetosphere via interchangetg&veombined with the low local electron temperature poedu
by collisional coupling to the cool, corotating'H154]. Significant electron impact ionization can only océor electron
energies greater than20 eV, and the electron temperature falls below this insfde~g6 due to the small pick-up energy of H
(c.f. Fig. 9). However, the non-thermal tail representedh®/hot outer-magnetospheric population diffusing ingarchkes a
significant contribution to the ionization, even at the louxflevels near Enceladus’ orbit [53].

6 Upstream and Solar Wind Boundaries

Saturn orbits the Sun at a heliocentric distance of apprateéin 9.5 AU. At this distance the nominal Parker spiral ianhein the
azimuthal direction (85from the radial direction). The out-of-the-ecliptic cormgmt of the interplanetary magnetic field (IMF)
is typically quite small, well below 1 nT. The solar wind dynig pressure is approximately two orders of magnitude weake
Saturn than it is at Earth (it scales wih?, whered is the heliocentric distance). As discussed earlier in@fiapter, Saturn’s
intrinsic magnetic field at the planetary equator is comiplarto that of Earth. Combined with the fact that there araiiant
plasma sources deep inside Saturn’s inner magnetosphisrexpected that the solar wind interaction plays an ingurtole
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in forming the magnetospheric boundaries (bow shock andhetagause) but it does not have a major influence on the inner
magnetosphere.

6.1 Upstream Conditions

The approach of Cassini to the Saturn system in late 2003 ahd2004 provided an opportunity to study the propertiethef
upstream solar windlackman et al[90, 91] examined the behavior of the IMF upstream of Satummg) January-June 2004 and
found a structure dominated by corotating interactionargi(CIRs). These CIRs produced repeating patterns of assjons
and rarefactions in the solar wind occurring at approxitydtee solar rotation period. Each compression region wpeajly
associated with a crossing of the heliospheric currenttski¢eenote that if the heliospheric current sheet is sligtiltigd, which

is usually the case especially in the late declining phaskeeo$olar cycle, we observe a two-sector structure in thipteciThis
means that there are two current sheet crossings per stdsioro The repeatability of these compression regionssuégient
for the authors to predict the arrival of a compression negiaring Cassini’'s SOI orbit at Saturn. The arrival of thisression
was confirmed using in-situ observations, which amongsrdihdings, showed that the magnetopause was expandeddurin
the inbound pass of Cassini (indicating a rarefaction mggénd that the magnetopause was compressed during theuodtbo
pass [57]. More recentlyJackman et al[94] have shown that the typical spiral angle of the IMF neatugh’s orbit is in close
agreement with the Parker spiral angle at Saturn’s locatidhe heliospherelackman et al([94] also studied the meridional
angle of the field and found a distribution of angles whichieelenear zero degrees. Typical field strengths in the solad ai
Saturn were AnT and 1- 2nT in rarefaction and compression regions, respectively.

Solar wind plasma measurements at Saturn have not beenettaiutinely due to viewing limitations, but the Januar920
joint Cassini — Hubble Space Telescope (HST) campaign geavan opportunity to study the upstream IMF and solar wind
parameters at the same time as HST was observing the uletaiooraCrary et al.[49] used this dataset to show that the solar
wind speed varies by approximately 25% about an averages®s km st whilst the density varies by more than two orders of
magnitude. The density was found to be elevated in commnessgions and reduced to less thar 203 cm~2 in rarefaction
regions. The range of solar wind dynamic pressures var@d 02 nPa to about @ nPa.

Zieger and Hansef01] have introduced a 1D MHD model of solar wind propagatiloat is able to provide solar wind
predictions at any location in the ecliptic plane betweend B0 AU. The boundary conditions at 1 AU are estimated froarne
Earth solar wind observations assuming that the solar edim a quasi-steady state on the time scale of half a sdiation.
The time dependent MHD solution can be mapped to the locafiany moving spacecraft, planet or other celestial bdayger
and Hanserj201] have validated the solar wind propagation model witly&ars of heliospheric observations from the Voyager,
Pioneer and Ulysses spacecraft, quantifying the variatadithe prediction efficiency both in space and time on astieai
basis. The solar wind predictions at the apparent oppaositere found to be highly reliable even at solar maximum. Tdiars
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Fig. 40 Propagated and observed solar wind parameters for the Z0@8time period. Left panel: Propagated magnetic fieldeslusing theZieger
and Hansemethod [201] compared to Cassini MAG observations [49]hRjganel: Propagated solar wind parameters obtained b¥idger and
Hansenmethod [201] compared to the Cassini CAPS observations [49]
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wind speed can be predicted with the highest accuracy, tunddest predicted variable is the IMF magnitude, follolwedhe
density. Their statistical analysis of time lags betweerdfmted and observed shocks at 10 AU revealed that the drsbiock
arrival times is as small as 10-15 hours within 75 days fropaagnt opposition during solar minimum. The results ingi¢hat
predicted shock arrival times tend to be late by at least 10shduring solar maximum, introducing a systematic errahim
shock arrival times that can be incorporated into forecastets. Figure 40 shows a comparison between predicted asn\aul
solar wind parameters for the 2003—-2004 period when Cassisiapproaching Saturn.

6.2 Foreshock Region

A principal characteristics of interplanetary space ndangtary bow shocks is the presence of energetic ions actiats
[109]. The Voyager 1 and 2 flybys in 1980 and 1981, respegtiodlserved such transient particle enhancements [108jeviee
interplanetary magnetic field lines connected the spaftdorthe planetary bow shock. The origin of such bursts ofioannot
be established unambiguously, unless species that ar@oteastic of a particular source can be identified. For eplan8' ions
upstream of Jupiter are clearly of magnetospheric origigrgthe lo plasma source, while He is a principal constituent of the
solar wind and is likely accelerated outside the shock.

The absence of detailed composition and charge state nesasnts on the Voyagers at lower energi€®.3 MeV where
intensities are highest) made identification of the soutasma difficult. The Cassini instrument complement, howeareludes
such sensors [110] so it has been possible to characteage #vents in detail. Fig. 41 shows data from the MIMI and MAG
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investigations (see [110, 56] for instrument descripfjahgring the initial approach of Cassini to Saturn on day 12)4.
Energetic ions are present throughout this period, fro®2 Rs to the first bow shock crossing at49 Rs. Superimposed are
discrete, high intensity bursts of varying duration, eglieg in energy to> 220 keV. Similarly, the IMF (bottom panel) shows
notable fluctuations in direction as well as magnitude toatetate well with the particle increases.

The time interval 00:0815:00 UT of day 176 is shown in more detail in Fig. 42. The taip panel displays an energy
spectrogram of protons while the bottom left panels showitiedirection. Intense increases are well correlated wiituesions
of the IMF azimuth toward the radial direction, which woulshtect the spacecraft location (a0740 local time~80 Rs) to
the dawn bow shock. The right panels show that the partielssure exceeds that of the IMF during each of the burstsattee r
(plasmaB) being as high az 10. Detailed angular distribution measurements show tteabhset of the event was generally field
aligned, but then became isotropic, a characteristic thadimmon in upstream events at other planets [113].

Beginning with the onset of the events~-a0400 UT there are waves in the IMF (bottom trace in Fig. 41j semingly
correspond to periods 645 and~22 minutes. A wavelet analysis of the IMF revealed that thess2 magnetic signatures
consistent with the presence of Qand also O . The analysis of composition and charge state using the KGMEMS sensor
(Fig. 43) shows the presence of HHe" ", He", and O at the respective mass per charge locations.

The measurements in Fig. 43 suggest that the source of apstrersts is the energetic particle population in the magnet
sphere of Saturn, since singly charged oxygen is not a ¢oestiof the upstream solar wind, but does represent a kestitigemt
of the magnetospheric population [111]. Protons and hefitempresent in both, in the upstream solar wind as plasmanahé i
magnetosphere as an energetic particle population. Tleusdist plausible scenario for upstream bursts is one whehelby is
nearly continuous leakage of energized particles into fistraam region that are observed whenever the IMF direitisnch
that it connects the spacecraft to the bow shock. It is nasiptesto estimate the loss rate with confidence at this tinoabse
of the lack of comprehensive statistical studies that céabéish the local time dependence and the continuity ormmiteency
of such escape. It is likely that additional acceleratiory passibly occur in the upstream region, considering thieul@nce in
the IMF, the high beta plasma conditions, and the isotrajpizaf the particle distributions after the initial anismpies during
onset. These and other issues will have to await furtheratedlyses and modeling studies.

At lower energies< 50 keV), CAPS observations show no evidence for water-grong in the foreshock region, although
there is clearly a suprathermal population of Bind He ", as seen upstream from other bow shocks and interplandtacks
[182]. The implication of this observation is that the eretigwater-group ions observed by MIMI were not accelerateitie
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foreshock region out of a leaked suprathermal populatigtraiher are due to direct leakage of already energized etagpheric
particles. The observed suprathermal population withrsslad composition indicates that shock acceleration dérswind
particles occurs at Saturn’s bow shock as at other shocgaghout the solar system.

Low frequency electromagnetic waves have also been ddtaptream of Saturn’s bow shock using the magnetometer [23]
An analysis of waves below the local proton cyclotron fraggyesuggested that they were sunward propagating ion-somemnt
right-hand (fast magnetosonic) mode waves that steepeemitdvhistler precursors to prevent the steepening pracete
non-linear regime. These waves were observed deep intothieshock an@ertucci et al.[23] identified them as kronian
counterparts of shocklets and discrete wave packets adas@mthe foreshock of Earth. These waves were found to bedypi
of the deep ion foreshock and therefore associated withs#fback-streaming ion distributions. These ions have bbserved
with Cassini [182] but no direct correlation between supemtnal ions and foreshock waves has yet been done.

Waves above the local proton cyclotron frequency were guasiochromatic and steepened with a right-handed potaiza
found closer to the bow shock than the first group. Typicdlg/waves propagated at small angles to the magnetic fielddwgsv
with a higher amplitude exhibited a degree of compressjtéind propagated obliquely to the field. The presence of reppa
sunward propagating whistler precursors attached to #epsted waves led to the suggestion that the waves wereceebdy
the ion-ion resonant left-hand instability and propagateuvard in the plasma frame. Again the hot ion distribut@ssociated
with these waves have yet to be clearly associated with fipeave eventsBertucci et al[23] presented direct evidence that
these waves participate in the reformation of the quasf@ibow shock.

Narrow regions of enhanced particle and magnetic presaliedcHot Flow Anomalies (HFA) are a common observation
upstream of the terrestrial bow shock. These anomaliefanesult of the interaction of an interplanetary curreegshwith the
bow shockMasters et al[122] presented Cassini observations from upstream ofratiow shock which had characteristics
similar to terrestrial HFAs. The analysis confirmed thatdhemalies were the result of the interaction between a cusieet
and the bow shock which focused energetic particles int@tineent sheet and formed the anomaly. In contrast with s&ied
HFAs the kronian HFAs were found to be associated with dgrmsihancements (rather than depressions) and more modest
electron heating. Estimates of the total pressure insigléltfAs suggested that their central regions were expanflingsequent
analysis of at least one additional HFA event has revealedfdggmuch more similar to those seen in the terrestrialdooek,
including the strongly reduced internal density and stribmg deflection.

During the approach of Cassini to Saturn the CDA instrumbaeoved high speed streams of nanometer-sized dust diigjna
from the inner kronian system [103]. The dust grains werenlexi more often in corotating interaction regions, shovthrat
once in the interplanetary medium the grains interact edetagnetically with the interplanetary magnetic field. Mbithg and
observations showed that the dust grains have radii bet®esrd 25 nm, move with a speed in excess of 100 km/s, and are
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composed primarily of silicon, suggesting that they areunites in the ices in Saturn’s inner magnetosphere and fnan acy
composition.

6.3 Bow Shock and Magnetosheath

The most commonly used pre-Cassini model of Saturn’s bowlsh@s published blavin et al.[171] based on bow shock
crossings observed by Pioneer 11 and Voyagers 1 and 2. Thk stassings were fitted to a conic section with a focus shifte
along the aberrated Saturn-Sun line. Since the size of tiveshock is a function of the upstream solar wind dynamic pness
the standoff distance of the bow shock was assumed to be a{emwéinction of the solar wind dynamic pressuRgs [ PSTNl/".
Slavin et al[171] found that the compressibility was abaut= 5.1 with the average subsolar shock distance o7RZ.

In the era of Cassini-Huygens two empirical models have bleerloped to describe Saturn’s bow shock [123]. An addition
study used MHD simulations [81] to investigate the pressize relation of the bow shock. For the latter studgnsen et al.
[82] tuned the free parameters of the MHD model to match tleatlons of the boundary crossings identified in the Cassini
magnetometer data. The subsolar locations of the bow slaockriagnetopause) were extracted from the simulation aig @l
as a function of the solar wind dynamic pressittansen et al[82] found that the bow shock responded to changes in sotad wi
dynamic pressure with ~ 5.9, a somewhat different power-law than published3tgvin et al[171]. The bow shock was also
found to be less flared than that identified®lavin et al[171].

Two empirical models of Saturn’s bow shock [123] use esabintihe same dataset of shock crossings observed in Voyager
data and Cassini magnetometer and electron spectromésebdadiffer in the way that they determine the upstreamadyia
pressure at each crossimgasters et al[123] assumed a constant solar wind speed at each aberateldgossing location and
used Langmuir plasma wave observations to estimate thepldensity, hence providing an estimate of the solar wincédyo
pressureMasters et al[123] fitted the observations to a conic section using a nte#iimilar to that employed bglavin et al.
[171] where the crossing locations were fitted to a conicieeavithout pressure-correction, then the pressure estsnaere
used to scale all the crossing locations to a common dynaregspre and the model was refit. The resulting model is maligin
hyperbolic, and thus less flared that Biavin et al[171] model, and had an average size ofi2BRs in good agreement with
that found bySlavin et al.[171]. The power-law exponent was found to ®e= 6 + 2 and hence consistent witblavin et al.
[171] but with very large error bardasters et al[123] also investigated the effect of the IMF orientationtba shock location
but found no clear relationship. Using the model to estintaeshock stand-off distance at each shock crossing suthesthe
stand-off distance lies between 18&nd 46R.

6.4 Magnetopause

Jackman et al[90] presented an empirical voltage formula adapted frardies at Earth, to calculate the reconnection voltage
across Saturn’s dayside magnetopause, and thus to estmagenount of open flux added to the system through dayside re-
connection. This study indicated that Saturn’s magnetaspis immersed in highly structured solar wind, and recotioe can

be driving a Dungey-type convection pattern [59] at leaghim outer magnetosphere. More recelgAndrews et al[128]
presentedh-situ evidence for dayside reconnection at Saturn’s magnetepsisg CAPS data, and they derived a value for the
reconnection voltage from one example tob&0 kV, in line with the estimates afackman et al[90]. Badman and Cowley
[18] considered the contribution of the solar wind drivenngay cycle to flux transport in Saturn’s magnetosphere, andd

that under conditions of strong solar wind driving, the Demgycle return flow will make a significant contribution teetfiux
transport in the outer magnetosphere. The contributiohe§blar wind driving to magnetospheric convection will iscdssed

in another section of this Chapter (see section 1.3).

6.4.1 Standoff Distance

Before Cassini-Huygens the average location of Saturn@ga@mpause was thought to Be20Rs. RecentlyAchilleos et al]2]
used an established statistical technique [99] with Cas$iservations and thArridge et al.[11] magnetopause model to test
this pre-Cassini understanding and establish the long-statistical behavior of the magnetopause. They obtainedbést fit
with a bimodal distribution, with peaks at 2g2End 27R with uncertainties in the range of12 Rs. A similar bimodality of the
standoff distance of the Jovian magnetopause was fouddyogt al.[99].
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To identify the physical origin of this bimodalitpchilleos et al]2] considered both external (i.e., a solar wind origin)jdan
internal (mass-loading/rotational effects) mechanishie solar wind at the outer planets has been shown to be dtadibg
alternating patterns of compressions and rarefactiorjgf@so one might expect compression regions to contaimeeldasolar
wind dynamic pressureéchilleos et al[2] compared the solar wind dynamic pressure distributioierred from the stand-off
distance distribution, with solar wind pressures measbsethe CAPS instrument [49]. The solar wind pressure distidin
did not exhibit the bimodality found in the magnetopausedtdf distance. Furthermore, there was no ordering of thedsiff
distance with heliocentric longitude, as might be expetded solar wind driver.

Processes internal to the magnetosphere, such as masgglbeldiase mechanisms and rotational effects can alssiplau
account for the observed bimodalitglarke et al.[38] studied a set of magnetopause crossings on the dawntfiabkvere
modulated at a period close to the10.5 hour periodicity seen in Saturn Kilometric Radiation (SKddd interpreted these
multiple crossings as evidence of an internal rotationahaaly (the camshaft [179]Clarke et al.[38] found that the standoff
distance was modulated with a peak-to-trough amplitudégfathd interpreted it in terms of the effect of the camshadhilleos
et al. [2] examined the magnetopause standoff distance as a dunefiSKR phase [[116] and found no evidence that this
rotational anomaly was producing the observed bimodality eoncluded that it probably only contributed to produding
observed scatter about the peaks. Thus, it was concludeidtiiaal mass-loading and mass release processes caoldrador
the observed bimodality [2]. Such an effect has also beearaed at Jupiter [99].

6.4.2 Compressibility

Pioneer and Voyager studies of the Jovian magnetosphene fbat the size of the magnetosphere was unusually resgaosi
changes in upstream dynamic pressure, compared to the stifhéerrestrial magnetosphere [171]. The suggestios made

that this reflected the effects of internal plasma stresséised magnetosphere that were either not present or wealkertt
(e.g., [172]). Thus, examining and modeling the presseqeddent size of the kronian magnetopause is a useful diigiod

the stresses inside the magnetosphere. In modeling stidigglationship between the size of the magnetosphereétiyp
represented by the location of the sub-solar point on thenetagauseyy) and the upstream dynamic pressure is expressed as a
power-law:

Rwip 0 Py’ (10)

The radial dependence of dipole field strength implies thastze of the terrestrial magnetopause should scale vétdsprex =

6. This expectation is consistent with the observed value-616.6+ 0.8 [164]. The unusually compressive Jovian magnetosphere
has a magnetopause that follows a power-law ef 4.5 [89], hencdry changes more rapidly withsy thana = 6. The physical
explanation is that the more stretched the magnetic fielesliare on the dayside (due to a combined effect of fast ratatio
and mass loading of magnetic field lines) the more compriesgie magnetic field lines are. Dipole field lines in vacuum ar
quite “rigid” and this is why the terrestrial magnetopausndoff distance scales approximatelyas= 6. This is a similar
functional form as the size of the shock discussed abovedmapressibility of the shock is different than the compitabty of

the magnetopause.

Examining data from the first part of the Cassini missfaridge et al.[11] obtained a compressibility af = 4.3+ 0.4. This
result implied that the kronian magnetosphere was eveneisahan the Jovian one. RecentBehilleos et al.[2] examined
a large multi-instrumental data set and obtained a comipiitysparameter ofa = 5.174 0.3, implying that Saturn’s dayside
magnetosphere was actually “stiffer” than Jupiter’s bilitratuch “softer” than Earth’s. This resultis in very goodragment with
the compressibility value af = 5.2 deduced from a series of numerical simulations early inassini mission [82]. Another
recent analysis obtained a somewhat higher value f@r = 5.6. RecentlyAchilleos et al[2] investigated the compressibility of
Saturn’s dayside magnetosphere and concluded that anShtudependence of the magnetopause standoff distance solér
wind dynamics pressure was best fit with a valueref 5.17+ 0.3. While these values show some scatter the emerging picture
clearly indicates that Saturn’s dayside magnetopausangwhat less compressive than the magnetopause of Jupitenach
more compressive than the magnetopause of Earth. For camnpawe think that the best estimates for the compresilsilof
Jupiter, Saturn and Earth amex 4.5, 5 and 6, respectively.

As discussed earlier, a more compressible magnetosphirterigreted as being due to the effect of internal plasnessés in
the magnetosphere. These results suggest that the inpdaaaia configuration of Saturn’s magnetosphere is quitgssito the
Jovian magnetospherf@unce et al[27] developed an empirical model for the magnetic momethefing current as a function
of magnetospheric size and were able to show that the totghetiz moment (intrinsic magnetic field plus ring currerdjied
strongly with the size of the magnetosphere. They showddhiseffect could be produced if a substantial portion &f timg
currentis generated by centrifugal forces. They went omgaethat this naturally led to the power-law that was cdastswith
the observed compressibilities of Earth, Jupiter and &atur
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6.4.3 Shape

Two empirical models of Saturn’s magnetopause were avaijaior to the arrival of Cassini-Huygens at Satudfavin et al.
[171] fitted conic sections to observed crossings from Riorid and Voyagers 1 & 2. The fit was highly flared (the conic
section had hyperbolic geometry) and the size of the magaete followed aa = 6.1 power-law. In a separate modeling study
Behannon et al22] described modeling biess et al[136] who used Voyager magnetopause crossings to produasabglic
model which did not have the large flaring of tBkvin et al[171] model.

Using Cassini and Voyager magnetopause crosshgglge et al.[11] developed an axisymmetric model of Saturn’s mag-
netopause. Axial symmetry about the Saturn-Sun line wasnaasd, A Newtonian pressure balance was used to estimate the
upstream dynamic pressure and the functional form of thenetagause was assumed to be

1/a 2 B—KPsw
0, Psw) = ARy — 11
RI\/IP( s sw) Sw (l—l—COSG) ( )
Arridge et al.[11] derived the following values for the model parameters: 4.3+ 0.4,A=10Rs+ 1Rs, § =0.77+£0.03 and
Kk=15+0.3.

7 Some Open Questions

After the completion of the Cassini mission (it is expecteglunge into Saturn’s atmosphere in 2017) Saturn’s magpétre
will be the most studied planetary magnetosphere other Baath. However, even at Earth, after literally hundreds afjnme-
tospheric missions, there are many phenomena we do notuntlgrstand. In addition, there are many individual phen@ne
that are intricately interrelated but we still need to ustiemd the complex, nonlinear relationships between thémwidDsly, the
even more complex kronian magnetosphere cannot be ex@acednderstood by a few flybys and a single orbiter missicen ev
if it is as successful as the Cassini mission is.

Here we list some open questions regarding the basic megptetac configuration that remain at the end of the Cassimidr
Mission. Hopefully some of these questions will be answéngethe Cassini Equinox and Solstice Missions, but some ahthe
will probably wait for the next mission to the Saturn systé&@hyviously, the questions reflect on the interests and pigsrof the
authors, and the list by no means is intended to be complete.

With these caveats, here is a list of some open questions:

e Does the magnetosphere exhibit solar cycle or seasonalgesh

— What controls the interplay between the Dungey and Vasgbicycles?

Do the IMFBy or B, have an impact on the magnetospheric configuration?

What are the physical processes controlling radial massort in the magnetosphere?
What controls the periodic mass release to the magnétotail

e What is the temporal variability of Enceladus’ pluméatceladus is the dominant magnetospheric mass sourcimgjec?00
kg/s of water into the inner magnetosphere. The plume disgeand becomes ionized, adding about 300 kg/s plasma to the
magnetosphere. Cassini observations show close to a f#dt@o change in the plume output.

— Is the Enceladus gas production changing with solar cycéeasons?

— How does the magnetosphere react to the changes of gacpoochate?

— Is the neutral gas composition different in different pag® If it changes from plume to plume it would suggest difiere
reservoirs, and conversely, if the composition of the plisvessentially identical in all plumes it would imply the pemce
of a global ocean below the surface.

e How is the ionosphere coupled to the magnetosphere?

— What are the coupling currents between the ring currenttamgbnosphere?

— Are the rings electrodynamically coupled to the ionospRer

— How are auroral particles accelerated?

— How are magnetospheric periodicities coupled to the iphes?

— How is the ionospheric rotation rate coupled to the rotatibthe planetary interior?
— Isthere a solar cycle or seasonal variation of magnetospiagation periods?

— Is the ionosphere and/or thermosphere differentiallgtiog?
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— Are there UV satellite footprints on Saturn? (like at Jepit
— Isthere a significant polar outflow from Saturn’s high ladié ionosphere? Does this outflow exhibit seasonal or sptée c
variation?

Needless to say, there are many more questions we need terainsve want to understand Saturn’s complex magnetosphere.
We are also certain that as we gain a better understanditng @dturnian system there will be even more questions toeansw
We are in an exciting stage of the exploration of Saturn. Téikstarts to lift, but there is so much more to see.
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