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This volume contains the reports discussed during the Workshop “Giant Planet Magne-
todiscs and Aurorae” held 26-30 November 2012, at the International Space Science Insti-
tute, organised together with the Europlanet project, supported by FP7 (Grant No. 228319).

Magnetodiscs are large current sheets surrounding Jupiter and Saturn (also Uranus and
Neptune) that are filled with plasma principally originating in the natural satellites of these
worlds. They are also solar system analogues for astrophysical discs. Magnetodiscs are spe-
cial features of the fast rotating giant planets, a special feature of rotationally driven magne-
tospheres. Their structure is modified by variability in their plasma sources and by the solar
wind. Auroral signatures in the optical and radio wavebands allow a diagnostic of these
dynamical processes and enable the visualisation of these large plasma and field structures.
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The objective of this workshop was to address outstanding issues in the structure and
dynamics of magnetodiscs using a comparative approach (see details under topics). More
specifically, we aimed to review current understanding of magnetodiscs and auroral re-
sponses to magnetodisc dynamics; characterise and understand radial plasma transport in
magnetodiscs; determine how magnetic reconnection works in magnetodiscs, and describe
the effects on plasma transport; describe the associated auroral responses to internal and ex-
ternal magnetospheric processes; characterise how the solar wind influences magnetodiscs
and the auroral responses to solar wind-driven dynamics; characterise the spectral and spa-
tial properties of auroral emissions produced by magnetodisc dynamics; answer the ques-
tion of whether there are significant differences between solar wind- and internally-driven
dynamics; and determine the sources of local-time asymmetries in magnetodiscs.

This volume is a unique synthesis of all aspects of the giant magnetospheres and their
aurorae; it provides an interdisciplinary approach to understanding the coupled system from
the solar wind to the atmosphere; it combines the latest observations with current theory
and models; and it also contains sufficient breadth for students of magnetospheric and space
physics to use as a reference for future research.

A few topics in detail:

Radial plasma transport: How does plasma get from its (primary) sources near Io at Jupiter
and Enceladus at Saturn into the magnetodisc and out of the magnetosphere? Of partic-
ular interest are the timescales for these transport processes, how they might vary with
position, the physics of the transport process in the magnetodisc, and how radial trans-
port varies with magnetospheric activity. To address this topic we will exploit the latest
data, models and theory together with auroral observations.

Reconnection: Reconnection is a major process by which mass is lost from the magneto-
sphere and, as such, it is important to characterise reconnection in the magnetodisc. An
important unanswered question is how reconnection is triggered in the magnetodisc and
the interconnection between the Dungey and Vasyliunas cycles. In terms of remote diag-
nosis of reconnection, can specific details of the reconnection process (e.g., reconnection
of closed or open flux) be identified in auroral observations?

Dynamics: Plasma production, radial transport, reconnection and solar wind influences are
sources of dynamics in the magnetodiscs at Jupiter and Saturn (Uranus and Neptune as
well). These and other dynamical events, such as injections, produce optical/radio au-
roral emissions. Here we will examine dynamical events in magnetodiscs, comparing
and contrasting Jupiter and Saturn, and use auroral imaging and radio emissions as re-
mote monitors of dynamics. Can the spectra and spatial distributions of various auroral
emissions be used to diagnose different types of dynamic event? Can we develop an
understanding of Space Weather at the giant planets using knowledge of variability in
plasma production, radial transport, instability, and solar wind influences in very large
systems?

Solar wind influences: Evidence for solar wind influences on the magnetodisc of Jupiter
is substantial; Saturn’s magnetodisc appears to respond even more strongly to the so-
lar wind. The mechanisms behind these solar wind effects are not fully understood but
involve a combination of Dungey cycle driving, angular momentum conservation and
solar wind pressure effects. The dusk flank magnetosphere of Saturn has been studied in
far more detail than the corresponding region of Jupiter’s magnetosphere and provides
an excellent and unique dataset for the study of asymmetries. What can be learned about
the solar wind influence by in situ observations and monitoring the location, spectra and
strengths of auroral emissions? How much are the magnetospheric structure, magneto-
spheric dynamics and the aurora of an outer planet influenced by the solar wind?
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Sources of local time asymmetries: Magnetodiscs and aurorae at Jupiter and Saturn are
known to have structure which is asymmetric in local time. There are asymmetries in
magnetodisc location, thickness, field structure, and presumably stress balance. It is not
clear what generates these asymmetries. Is it purely driven by the solar wind or do inter-
nal processes such as mass loss play a significant role?
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Abstract Characteristic of giant planet magnetospheres is a near equatorial region in which
a radially stretched magnetic field confines a region of high density plasma. The structure,
referred to as a magnetodisc, is present over a large range of local time. This introductory
chapter describes some of the physics relevant to understanding the formation of this type
of structure. Although many features of the magnetodisc are well understood, some puzzles
remain. For example, Jupiter’s magnetodisc moves north-south as the planet rotates. The
displacement has been attributed to the motion of the dipole equator, but at Saturn the dipole
equator does not change its location. This chapter argues that the reasons for flapping may
be similar at the two planets and suggests a role for compressional waves in producing the
displacement. The development of thermal plasma anisotropy and its role in the structure
of Jupiter’s magnetodisc are explored. Finally, localized plasma enhancements encountered
by the New Horizons spacecraft at large downtail distances in Jupiter’s nightside magne-
todisc are noted and a firehose instability of stretched flux tubes is proposed as a possible
interpretation of the observations.

Keywords Planetary magnetospheres - Plasmas - Compressional perturbations - Firehose
instability

1 Introduction

The fundamental physical principles that account for the behavior of a planetary magne-
tosphere apply to all the magnetospheres of the solar system, but the outcome of the con-
straints imposed by physical laws is sensitive to critical dimensionless parameters. Special
to the giant planet magnetospheres is the composition of the plasma trapped within them:
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Table 1 Radii, Sidereal Rotation Periods, and Dominant Magnetospheric Ions of Selected Planets™

Planet/Property Equatorial radius (km) Rotation period (h) Dominant ions

Earth 6,378 23.934 HT

Jupiter 71,492 9.925 ot,ott, st st+ sttt
Saturn 60,268 10.543** Water group ions

*Radii from Davies et al. (1996), rotation periods from de Pater and Lissauer (2010)

**The internal rotation period of Saturn is not known. This value is based on indirect evidence

the mass of typical plasma ions is an order of magnitude larger than the mass of the pro-
tons that normally dominate terrestrial plasmas. Consequently inertial effects are far more
important at Jupiter and Saturn than at Earth. Furthermore the large spatial dimensions and
rapid rotation of the giant planets (see Table 1) mean that the solar wind flows past only a
portion of these magnetospheres in one planetary rotation period. Interaction with the solar
wind does not dominate their dynamics. Magnetospheric and ionospheric plasmas interact
through signals carried through the system by magnetohydrodynamic (MHD) waves, and
the large travel distances through the giant planet magnetospheres introduce phase delays
that are not readily recognizable at Earth. Furthermore, the plasma density drops rapidly as
one follows a flux tube from the equator to the ionosphere, inhibiting the coupling of dif-
ferent parts of the system. Indeed, the outer parts of these magnetospheres may be unable
to communicate with their ionospheres. Rapid rotation of the heavy ion plasma modifies the
geometry and dynamics of the entire magnetosphere and controls aspects of plasma heating
and loss through mechanisms that differ from processes significant at Earth.

Schematic illustrations of magnetospheres typically depict the field and plasma in a noon-
midnight cut such as shown for Jupiter in Fig. 1. To a considerable degree, such a cartoon
image can be viewed as generic, an approximate representation of any planetary magneto-
sphere. There is an upstream shock, a magnetosheath in which the diverted solar wind flows
around a boundary that confines most of the field lines that emerge from the planet. A few
of those field lines do not close back on the planet but link directly to the solar wind. In the
anti-solar direction, there is a stretched magnetotail centered on a region of high plasma and
current density, the plasma sheet. Field lines threading the low density region are probably
connected to the solar wind. Of fundamental significance to the discussion of this paper is
a feature absent at Earth. At Jupiter and at Saturn field lines are stretched at the equator not
only on the night side, as at Earth, but also on the day side. This type of field distortion
implies the presence of radially extended azimuthal currents flowing on both day and night
sides of the planet. The current-carrying region embedded in relatively dense plasma that is
confined near the equatorial plane at a large range of local times is what we here refer to as
a magnetodisc.

This book is dedicated to describing the properties of the magnetodiscs of Jupiter and
Saturn and interpreting their interactions with remote parts of the magnetosphere/ionosphere
system. To set the stage for the discussion, this chapter discusses the origin of the disk-like
structure and identifies some problems in the most basic interpretations of their structure.

2 Magnetodisc Formation

Magnetodiscs form in the rotating magnetized plasmas of planetary magnetospheres. Close
to a planet, the currents that generate the magnetic field (dominated by the dipolar con-
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/ Magnetopause /

lo plasma torus
Magnetotail

/

Fig. 1 Schematic of a cut through the noon-midnight meridian of the jovian magnetosphere (Bagenal and
Bartlett 2013). Field lines are black. Solar wind flows along red contours. Plasmas dominated by the solar
wind are in green and plasma dominated by sources internal to the magnetosphere are shown in lavender.
The regions marked in peach contain the current that flows azimuthally and causes the field lines to stretch
radially

tribution) flow within the planet. With increasing distance from the planet, field perturba-
tions arising from currents on the magnetopause or generated in the trapped magnetospheric
plasma begin to dominate the contributions from internal sources, and the configuration
departs markedly from dipolar.

Field lines stretched radially outward near the equator at both Jupiter and Saturn imply
that azimuthal magnetodisc currents extend through much of the equatorial magnetosphere.
The regions in which magnetodisc current flows in Jupiter’s magnetosphere are indicated
schematically by the orange lines in Fig. 1. Within those regions, currents also flow radially
outward across the field and link to field-aligned currents that couple to the ionosphere. The
resulting current system imposes at least partial corotation on the plasma.

MHD theory identifies the sources of the currents responsible for the configuration of
the magnetic field. In a steady state magnetosphere, force balance (with gravitational force
negligible) requires

j=Bx (V-P+ pu-Vu)/B> (1

Here j is the current density, o is the mass density, w = (u,, uy, u,) is the flow veloc-
ity, B is the magnetic field. Because in some circumstances pressure differs along and
across the field, the pressure is taken to be a tensor, P. With € as the angular velocity,
the centripetal force contribution (from the last term on the right) is well approximated as
B x é)pué /r = —tpr?. In Earth’s magnetotail, the most significant azimuthal current
arises from the north-south pressure gradient across the central plasma sheet and the pres-
sure tensor is well approximated by an isotropic pressure. The centripetal force contribution
is negligible. Jupiter and Saturn are different. Even relatively close to the planet, the cen-
tripetal force term is extremely large because of the immense spatial scale and the rapid
rotation of the central planet and the comparatively high mass density of the plasma. The
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plasma pressure is not everywhere isotropic. Azimuthal currents can be significant at all
local times.

An azimuthal current (whether caused by a pressure gradient or the inertia of the rotating
plasma) stretches a field line near the equator and thus reduces its radius of curvature, R,.
The effect of changing the radius of curvature becomes clear in the familiar form of the force
balance equation that eliminates j in terms of B:

BB . B?
V- \P+—])—n +pou-Vu=0 2)
2”’0 ,uoRC

Here n is a unit vector normal to the field line, in the outward radial direction near the
equator. Near the equator forces other than the curvature force, —#B? /1, R¢, are normally
outward directed and as they increase, the inward curvature force must increase to balance
them, thus requiring the field lines to stretch and R to become smaller. It is of interest to
understand which of the outward forces dominates. At Jupiter, Mauk and Krimigis (1987)
showed that on the day side, pressure balance requires pressure anisotropy beyond some
critical distance. Paranicas et al. (1991) showed that on the night side at distances of 18 Ry
and beyond, p;/p. > 1 and the anisotropy force exceeded other particle forces that have
been measured (pressure gradients and the centrifugal force). However, little attention has
been directed to the mechanism for generating the pressure anisotropy. This is a question to
which I shall return in Sect. 5.

At both Jupiter and Saturn, the magnetodisc is not a rigid object but moves north-south
at the period of planetary rotation. At Jupiter, the earliest interpretations of the motion were
framed in terms of wave perturbations imposed by the rocking dipole moment and car-
ried outward along the current sheet at the Alfvén velocity (e.g., Northrop et al. 1974;
Kivelson et al. 1978). At the time these ideas were first broached, our knowledge of the
plasma properties of the magnetosphere was incomplete and quantitative tests of the concept
were not possible. Section 4 subjects the implicit assumption of wave propagation through
the plasma sheet to quantitative criticism and proposes a different model for how the plasma
sheet motion is imposed.

3 Magnetodisc Motion

In all magnetospheres, the plasma sheet is neither rigid nor fixed in its position in the mag-
netotail. To first order its position is controlled by the tilt of the planetary dipole moment.
A cross section of the terrestrial magnetotail reveals that the plasma sheet lies near the mag-
netic equator, with the center of the plasma sheet bowed northward when magnetic north
tilts towards the sun (e.g., Hammond et al. 1994) and bowed southward when the magnetic
north tilts away from the sun. At Jupiter, the rotation axis is tilted by 3° relative to the orbit,
and the dipole is tilted by roughly 10° relative to the rotation axis. Thus, as the dipole axis
rotates about the spin axis, the changing tilt of the magnetic equator imposes a north-south
displacement on a warped plasma sheet. A spacecraft near the equator (there have been
seven to this date) observes the plasma sheet passing up and down over it every ~10 hours
as seen in Fig. 2a which shows magnetometer measurements from Voyager 1 as it moved
away from Jupiter just a few degrees off the equator near 0200 LT (Khurana and Schwarzl
2005). The dominant component of the magnetic field is the radial component, which is pos-
itive north of the equator and reverses sign south of the equator. The periodic sign changes of
the radial component of the field indicate that the plasma sheet moved up and down over the
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Fig. 2 From Khurana and Post-midnight Sector: VG outbound

Schwarzl (2005). (a) Three 24 . !
components of the magnetic field B ’ﬁ | y f 7 e W o |
(nT) in System III (right-handed) T2} i
coordinates and the field H————
magnitude vs. UT from B ’ﬁ et et e PR

measurements of the Voyager 1 4 i
magnetometer outbound in the 24 — e

below the plot indicate radial |
distance in Ry, latitude in 36

degrees, and LT in hours. B E WW_W :
| I S —
0l |

(b) Longitude in degrees of the

magnetotail of Jupiter. Labels B, ol M nn n (d)

crossing of the current sheet DOY: 193 Jul-13 00:00 Jul-14 00:00 Jul-15 00:00 Jul-16.00:00
plotted vs. radial distance in Rj 1979-Jul-12 Spacecrafl Event Time (UT)
for both N-S crossings (squares) R 47.92 60.52 7269 84.51
and S-N crossings (diamonds) LAY 22 30 248 281
o . LT 179 2.10 231 245
The curves are predictions from
the model of Khurana (1992)
180
=120
b4 L}
S 60 ]
s 0 \ Y
- 0 —
Z 0 (b)
S .. A . .
=120 ——
-180
0 20 40 60 80 100

Jupiter Radii

* S-Ncrossing = N-S crossing

spacecraft. Khurana and Schwarzl recorded the longitudes at which the radial component
reversed sign, finding a strong dependence on distance from Jupiter (Fig. 2b). They attribute
the observed phase delay to two processes. Near the planet, the internal magnetic field is
strong enough that the plasma sheet remains very close to the magnetic equator. Displace-
ment of the distant plasma sheet launches a signal carried by MHD waves that propagate
down tail and impose north-south motion on the plasma with a delay that increases with
distance. To this delay Khurana and Schwarzl add a phase delay related to the field configu-
ration. As plasma moves out conserving angular momentum, its angular velocity decreases.
This “corotation lag” twists the magnetic field out of the meridian plane beyond ~20 Ry,
and produces an additional lag in the crossing time and it is a combination of these two
processes that is responsible for the delays shown in Fig. 2b. The phase delay evident in
Fig. 2b corresponds to an Alfvén speed of ~39 Ry/hr or 780 km/s. The interpretation is
straightforward but puzzles remain, as I discuss in the next section.

4 MHD Waves and Plasma Sheet Flapping?

The previous section introduced the concept that the rocking of Jupiter’s magnetic equator
at the planetary rotation period launches MHD waves that propagate outward from the inner
magnetosphere and set the plasma sheet into north-south motion. It is interesting to ask
which wave mode can carry the required signal radially at 780 km/s. In the complex field
configuration of the magnetotail, the shear Alfvén mode and the fast mode are coupled.
Characteristic values of these wave velocities in the distant magnetotail are provided in

@ Springer 9 Reprinted from the journal
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Table 2 Characteristics of Jupiter’s distant magnetotail*

Jupiter plasma sheet (r >50Ry) n (cm_3) T (K) B (T) Vy (km/s) c¢s (km/s)  Vymax
Current sheet ~0.1 <6x107  ~1nT 17 <226 <226
Lobe <0.006 6 x 107 ~8nT  >2250 900 >2420

*Typical values of n, T, and B are estimated from Fig. 13 of Frank et al. (2002). The wave velocities (v4
the Alfvén speed and ¢ the sound speed) assume an ion mass of 16 AMU in the plasma sheet. Although the
“lobe” entries in the table are intended to apply to Jupiter’s magnetotail, the lobe plasma parameters (1 AMU
ion mass and electron temperature small compared with ion temperature) are inferred by analogy from a
study of lobe composition at Saturn near Titan’s orbit (Szego et al. 2011)

Table 2 from data in Frank et al. (2002). The Alfvén wave propagates at V, but only along
the field. The fast mode speed falls between the larger of V4 and ¢, and Ve = (Vj + csz)
depending on the direction of propagation. These basic wave speeds vary greatly across the
north-south cross-section of the plasma sheet from hundreds to thousands of km/s as seen in
Table 2, which lists values typical of the center of the plasma sheet and the lobes. The actual
range of wave speeds may be even greater. Given that the motion must displace the plasma of
the central plasma sheet, it seems appropriate to focus on the speeds of propagation near its
center, the current sheet. There the fastest wave speed is <226 km/s for the parameters that
we have used. This raises the question: how can we account for the observed phase velocity,
which is far larger than can be related to plasma and field properties? If no MHD wave can
carry the information required to the equatorial plasma, is the model used to interpret the
plasma sheet flapping at Jupiter correct?

Before considering further the dilemma posed by the motion of Jupiter’s plasma sheet,
it is useful to reflect on what happens in Saturn’s magnetosphere and extract a lesson. At
Saturn, the magnetic axis is aligned with the spin axis and the magnetic equator remains
fixed while the planet rotates, yet the magnetotail plasma sheet oscillates north-south at the
rotation period, much as observed at Jupiter. Again, as at Jupiter, there is a phase delay that
increases with distance. The effective radial propagation speed is a very slow ~8.4 Rg/h or
~140 km/s.

If the motion of the magnetic equation close to the planet is not causing the north-south
displacement of the plasma sheet, what is? Several possible explanations for the plasma
sheet flapping at Saturn have been advanced (see, for example, Khurana et al. 2009). Here
we focus on inferences from an MHD simulation (Jia et al. 2012; Jia and Kivelson 2012) that
reproduces quantitatively many of the observed aspects of Saturn’s dynamics. The simula-
tion is carried out for fixed solar wind conditions appropriate to Saturn’s orbit, with magne-
tospheric plasma properties that closely mimic the observed values. Flow vortices, centered
near 70° latitude, are imposed in the southern and northern ionospheres and these structures
rotate around the spin axis at prescribed rates, slightly different north and south, completing
one rotation in 10.7 = 0.1 hours. In order to represent southern summer conditions relevant
to the early part of the Cassini mission, the ionospheric conductance is assumed to be a
factor of 3 larger in the south than in the north. Vorticity drives field-aligned current (FAC),
strongest in the southern hemisphere because of its larger conductance; the current source
couples strongly into the magnetosphere and imposes perturbations at the rotation period.
Even though the spin axis and the magnetic axis are aligned, the MHD simulation shows that
the plasma sheet is found to flap north-south at the rotation period, as observed in Cassini
data. Figure 3, a sequence of plots of field lines and plasma density in the noon-midnight
meridian plane separated by 3 hours of simulated time, shows the changing structure in the
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Fig. 3 From the simulation of
Jia and Kivelson (2012) showing
the noon-midnight meridian
plane at times separated by

3 hours. Although different
rotation periods (both close to
10.7 hours) have been imposed in
the two ionospheres, the
difference is ignorable over the
12 hour period shown here.
However, the ionospheric
conductance is larger in the south
by a factor of 3, so currents from
the south dominate the dynamics.
At 200 hr, the plasma sheet is
centered close to the equator. At
203 hr, it has moved distinctly
northward, at 206 hr, it has begun
to return to the equator, and by
212 hr, it is still near the equator
but has started to move up again.
In the bottom panel, the yellow
dotted contours superimposed on
the Jia and Kivelson image are
intended to suggest how fast
mode wave fronts emerging from
close to the southern high latitude
source of FACs might propagate
radially along the plasma sheet at
a speed far different from the
wave speed, Vf
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magnetotail through slightly more than one rotation period. The current sheet moves up and
back to near the equator, never dropping significantly below. This asymmetry must arise
because stronger forces are exerted by currents from the southern source.

It remains to understand what aspect of the simulated system causes the north-south dis-
placement. The flapping cannot be explained in terms of effects of the solar wind because
the simulation is run with a steady solar wind flowing perpendicular to the spin axis. The
flapping does not relate to reconnection with the solar wind because the interplanetary mag-
netic field is taken to be aligned with Saturn’s equatorial field and there is no evidence of
dayside reconnection. It is only the FACs generated by the rotating vortices and dominated
by the southern hemisphere source that can account for the periodic motion on the simulated
plasma sheet.

In Fig. 3, the density at fixed points varies in successive images, implying that some of
the perturbations are carried by compressional waves. The waves propagate across the field,
so they must be dominantly fast mode waves. At Saturn, as at Jupiter, the fast mode should
propagate at close to the Alfvén speed. The phase delay as a function of down-tail distance
can be understood if the wave fronts are skewed relative to the equator, lying closer near
Saturn and further at large downtail distances as illustrated by the schematic yellow lines in
the bottom panel of Fig. 3. (The wave fronts have not yet been studied in the simulation, but
it seems likely that their structure can be identified in future studies.) The skew of the fronts
is consistent with a phase delay that increases with distance along the equator.

If Saturn’s plasma sheet is driven into north-south motion by compressional waves linked
to FACs, rather than by waves propagating outward near its center, is it possible that the same
mechanism is at work at Jupiter? That interpretation could explain why the plasma sheet
displacements observed at large distances from Jupiter occur with a delay that is short com-
pared with plausible wave propagation speeds down the central plasma sheet. FACs flowing
upward from the ionosphere near L = 20 linked to the main aurora (Clarke et al. 2004) are
known to be intense. Is it possible that compressional waves radiate into the magnetotail as
the dipole rotates and the L = 20 field lines rock up and down? This interpretation of phase
delays in the flapping of the Jovian plasma sheet that are far too small to be explained by
waves propagating down the plasma sheet seems worthy of further study.

5 What Force Dominates in Producing the Magnetodiscs of the Giant Planets?

We have noted that the stretched magnetic configuration of a magnetodisc requires an az-
imuthal current sheet and have introduced the equations that govern such a current (Eq. (1)).
Figure 4 shows a meridian plane cut of a data-based model of the field (Khurana 1997). It is
evident that the field begins to depart from a dipolar configuration somewhat inside of 20 R;.
In this section we consider how the plasma drives an azimuthal current. Contributions come
from centrifugal acceleration of the equatorial plasma, from the gradient of plasma pres-
sure, and from pressure anisotropy. As noted above, evidence supporting this conclusion
was provided some decades ago both from force balance analysis (e.g., Mauk and Krimigis
1987) and from direct evidence of anisotropy of the flux of 50 keV and higher energy ions
(Paranicas et al. 1991). Paranicas et al. found that the parallel pressure exceeded the perpen-
dicular pressure in energetic particle distributions measured by Voyager 1 on three crossings
of Jupiter’s nightside plasma sheet at distances of 18.0, 23.1, and 35.45 R; (Fig. 5). Ener-
gies measured in different channels require knowledge of the ion mass. In the distributions
illustrated it is assumed that the ions are protons but it is likely that at least a portion of the
particle population consists of heavy ions.
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Fig.4 A meridian plane cut 20
through a data-based model of

the field of Jupiter’s

magnetosphere (Khurana 1997)
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Fig. 5 From Paranicas et al. 27583 60 34164.72 6333.99
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Accepting the argument that the field distortion is produced dominantly by pressure
anisotropy, one may seek to identify the mechanism that leads to that anisotropy. The cen-
trifugal force has long been recognized as responsible for the confinement of low energy
plasma to regions close to the equatorial part of plasma sheet flux tubes (see, for example,
Bagenal et al. 1985; Moncuquet et al. 2002). Here I suggest a role for the centrifugal force
not merely in equatorial confinement but also in creating pitch angle anisotropy.

In order to understand the stretched field configuration, one needs to consider all of the
forces acting on the plasma. Equation (2) can be expressed as

B’ B\ n . L.
—V[er—] +(pu —r1- —)— —pS27rsin(¥)(zx @) =0 3
20 o/ Re
where (p. p)) are the components of the pressure tensor perpendicular and parallel to B,
Z is a unit vector parallel to the spin axis, r is radial distance, ¢ is co-latitude, @ is a unit
vector in the azimuthal direction. Mauk and Krimigis (1987) found that on the day side of
Jupiter inside of ~22 Ry (where the field configuration differs little from that of a dipole
field) the pressure gradient force, —V p , is sufficient to balance the magnetic force but this
force does not produce the stretched field configuration that develops beyond roughly 20 R;.
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At the equator, the radial component of Eq. (3) becomes

9 — 3 ( B? B?
_dps (o PL)+p_er:_ i 4
ar Re ar \ 2uo HoRc

showing the features of the plasma distribution that can control the equatorial curvature of
the field line. I discuss them in the next section.

6 The Source of Pressure Anisotropy

In the magnetospheres of Jupiter and Saturn, the velocity space distributions are typically
anisotropic. In the inner magnetosphere, the perpendicular pressure dominates. This is be-
cause the plasma is rich in pickup ions formed by ionization of neutrals introduced into
the magnetosphere near Io’s orbit at 6 R; for Jupiter and near Enceladus’s orbit at 4 Rg for
Saturn. Pickup ions acquire a thermal speed equal to the speed of the flowing plasma in
which they form, and, if the flow speed is comparable with or exceeds the thermal speed,
particle distributions dominated by pickup ions satisfy p; > p;. Thus at Jupiter, for exam-
ple, distributions inside of 10 R; are consistent with anisotropy A = p/p. between 0.2
and 1 (Bagenal 1994). Something happens to the plasma between ~10 and ~20 R; that
greatly modifies the anisotropy. The change with L-shell for the heavy ion component of
the plasma (mass per unit charge of 16 AMU) is particularly clear in Fig. 11 of Frank and
Paterson (2004), reproduced here as Fig. 6. Plotted are the ion number density, the perpen-
dicular temperature (7 ), and the anisotropy (7}/7y) of the heavy ion component of the
thermal plasma from data acquired near the rotational equator between 6.8 and 48.6 R; on
an outbound pass of Galileo near noon local time. The rocking magnetic equator passes over
the spacecraft twice each rotation period at times marked with dotted vertical lines. Inside
of ~25 Ry, at the equator crossings A is less than 1 (i.e., p; dominates), but its value in-
creases markedly (to almost 10) between crossings. The strong variation arises because in
the ~2.5 hours that follow each magnetic-equator crossing, the spacecraft moves onto field
lines that cross the equator at increasingly large distances. With L taken as the equatorial
crossing distance (in Rj) of a flux tube, the measurements imply that the thermal anisotropy
increases with L. From Fig. 6 it becomes clear that beyond L & 25, the anisotropy is of-
ten >1 even at the equator. Beyond the inner magnetosphere, not only the suprathermal
plasma considered by Paranicas et al. (1991) but the full plasma distribution is anisotropic
with higher thermal speeds along field lines than across them, and the anisotropy increases
with L. This suggests that plasma anisotropy is linked to radial transport.

Given a fairly steady plasma source near lo, Jovian plasma must move out through the
magnetosphere. Let us consider the kinetic effects of rotation on outward-moving plasma.
Most estimates suggest a displacement from near 6 Ry to ~20 Ry in ~30 days (e.g., Bage-
nal and Delamere 2011). Currents coupling the outward-moving plasma to the ionosphere
maintain it in rotation at an angular velocity reduced from strict corotation, but in the middle
magnetosphere typically greater than 60 % of strict corotation (Krupp et al. 2001). The effect
of the outward displacement on the energy of ions of initial energy W, bouncing on rapidly
rotating flux tubes depends on their instantaneous position on the flux tube, their pitch an-
gle, and their thermal energy. Outward displacement can be described by introducing an az-
imuthal electric field, E, derived from a scalar potential, @ (¢), and assuming local axisym-
metry. Consider ions of mass m, pitch angle «, and thermal energy, W (W = W + W) with
W, = Wsin’a) starting at (r,, 6,, ¢,). The outward displacement is assumed slow enough
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Fig. 6 A portion of Fig. 11 of Frank and Paterson (2004) showing properties (number density (cm™3),
perpendicular temperature (K) and anisotropy) of the heavy ion constituent (nominally 16 AMU per unit
charge) of the Jovian plasma measured on an outbound equatorial pass of Galileo near noon. Dotted lines
indicate current sheet crossings identified from magnetometer measurements. In the range between roughly
15 Ry and ~25 Rj the anisotropy is <1 near the current sheet but >1 between equator crossings

to conserve the first adiabatic invariant, p, so, except for extremely energetic particles, the
perpendicular energy is expected to satisfy W, = uB, implying that T, decreases with ra-
dial distance. (Strictly speaking, W, should be measured in the frame of the cold plasma,
implying that W, = 5 (v, — v £)?, but the convective velocity, vg, corresponding to outward
displacement of 14 Ry in ~30 days is <0.4 km/s and can be ignored.) Figure 6 shows that,
contrary to expectation, the perpendicular temperature increases with radial distance. Some
of the increase of 7, with r can be attributed to pickup ions, which are important in the
range between 6 and 7.5 R;, but Bagenal and Delamere (2011) note that much of the energy
of the pickup population is radiated away in UV emissions and the issue of net energy in
the region inside of 20 R; is complex. However, the energy of rotation of the plasma is at
least half an order of magnitude larger than the warm plasma thermal energy density in the
region between 6 and 20 Ry (see Bagenal and Delamere 2011, Fig. 11), indicating that it is
plausible to contemplate rotational acceleration as a source that can be tapped in order to
maintain an elevated plasma temperature in the outer parts of the torus.

For an ion convecting outward in a time-stationary magnetic field in a rotating plasma,
Northrop and Birmingham (1982) show that the change of parallel energy (from W, to W)
with displacement from (r,, 6,) to (r, 0) satisfies

1
Wi — Wjo=—u(B—B,) —qA® + 5mQ2(r2 sin®6 — r_ sin®6,) 5)

where we have set W, = uB.

The first term on the right hand side of Eq. (5) is positive. The term proportional to m £2>
is also positive for outward displacement and changes W) by 270 (m;/m,,) eV between 6 and
20 R;. Small pitch angle particles gain parallel energy with outward displacement. The effect
is mass dependent, so anisotropy increases more for the heavy ions than for the protons.

How would the centrifugal acceleration affect plasma on a stretching flux tube? Consider
the bounce time for particles of energy W (keV) and mass 16 m, (m, is the proton mass).
Because the particle bounce period decreases with increasing thermal energy, ions in the
=28 keV range studied by Paranicas et al. (1991) will respond adiabatically to centrifu-
gal acceleration in the inner magnetosphere. Protons convecting out from 6 to 20 Ry could
gain about 0.6 keV from centrifugal acceleration, whereas field-aligned O™ ions could gain
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Fig. 7 From Fig. 14 of Vogt et al. (2014). The effect of adiabatic radial stretching of a flux tube on the
pitch angle distribution of plasma. Color represents the pitch angle distribution as a function of distance
along the field line (0 at the equator, positive northward), density of particles inside pitch angle bins of size
d(cos ¥). The initial isotropic distribution appears as vertical color bands. As the flux tube stretches outward,
the distribution near becomes more field-aligned, especially near the equator

~10 keV. It seems probable that the proton distributions are near isotropic but the heavy
ion distributions are strongly field-aligned as a result of centrifugal acceleration in their
bounce motion. The distributions obtained by Paranicas et al. (1991) (Fig. 5) probably reg-
ister counts from both species, with the heavy ions dominantly responsible for the elevated
count rate for pitch angles near 0° and 180°.

A full analysis of the effect of centrifugal acceleration on the thermal plasma would
require use of a good field model and a particle code to follow bouncing particles in the ex-
panding field. What such an analysis would be likely to reveal can be inferred by examining
how the distribution of plasma on flux tubes in the middle magnetosphere changes as the
plasma rotates from noon to dusk. Vogt et al. (2014) have analyzed the effect of rotation on
Jovian plasma trapped on a single flux tube expanding from an equatorial crossing at 40 R;
to a final equatorial crossing at 55 R; while rotating both at half the rate of corotation from
noon to dusk and at 1 % of that rate (to represent slow rotation that produces an adiabatic
particle response). Gradient-curvature drifts are ignored in this analysis, so the effect of cen-
trifugal acceleration on the most energetic ions is underestimated. Figure 7 shows a figure
from the Vogt et al. (2014) large scale kinetic simulation (Ashour-Abdalla et al. 1993) of
the changes of a pitch angle distribution as result of the (slow) adiabatic outward expansion
(from L =40 to L = 55) in a rotating magnetosphere. The calculation confirms that the
effect of stretching a flux tube in a rotating plasma is to increase the ratio of the parallel to
the perpendicular energy.

The discussion of this section suggests a hypothetical scenario that could account for the
structure of Jupiter’s (and possibly Saturn’s) magnetodisc. Near the Io (Enceladus) source,
p. is greater than p; because the plasma is rich in pickup ions. Outward stress is domi-
nated by the pressure gradient force. In the 15-20 R; equatorial region, both centrifugal and
anisotropic pressure gradients increase field stretching. As plasma convects out, p; becomes
larger than p, through the preferential action of centrifugal acceleration on the parallel mo-
tion of heavy ions. By 20 R; (some equivalent at Saturn, yet not identified), the ratio p/p.
has become large enough to account for the disk-like geometry of the plasma sheet. Beyond
20 Ry, p;/p. continues to increase and the plasma sheet becomes increasingly disc-like.
The model predicts a dependence of plasma anisotropy on energy and ion species that has
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not yet been tested. It also suggests that the anisotropy will depend on the L-shell of the
observation rather than the radial distance, and on the position along a flux tube, with the
variations being especially significant where the fields undergo transitions from dipole-like
to tail-like. Additional data analysis would help us understand the development of the pres-
sure anisotropy that produces the magnetic structure of a magnetodisc.

7 Dawn-Dusk Asymmetries of the Plasma Sheet

A striking feature of the Jovian magnetodisc is its local time structure. Beyond of order
20 Ry, its north south thickness is far greater on the afternoon side of the magnetosphere
(post noon to pre-midnight) than on the morning side (midnight to noon) (Kivelson and
Khurana 2002; Vogt et al. 2011). This asymmetry is unlikely to arise purely through inter-
action with the solar wind because Earth’s magnetosphere does not manifest such asymme-
try. However, at Jupiter the solar wind confines rapidly rotating plasma within a boundary,
and although that boundary is basically symmetrical about the noon midnight meridian, its
effect on rotating plasma is not. As they rotate through the morning side, flux tubes lag
their ionospheric roots. Near the equator, they move a high speed in a largely azimuthal
sense as they rotate towards noon (Krupp et al. 2001). On the afternoon side, between
noon and dusk the flux tubes must stretch radially to fill the volume within an expanding
magnetopause. However, their flow speeds are far lower post noon than pre noon (Krupp
et al. 2001). Inward and outward motion in a rotating system leads to acceleration and
acceleration followed by pitch angle scattering implies heating and associated reduction
of plasma confinement. It seems that such heating is taking place in the post noon sector
of the magnetodisc. The component of B normal to the current sheet serves as a good
proxy for the thickness of the current sheet at a given radial distance and its asymme-
try about the noon midnight meridian is evident in Fig. 8. On the morning side, parallel
pressure and centrifugal acceleration contribute to stretching flux tubes and thinning the
plasma sheet, which reduces the normal component of B. On the evening side it seems
that the flow slows and there is time for particles accelerated by rotation to scatter and in-
crease the thermal pressure of the plasma. Correspondingly By increases and plasma can
fill flux tubes over a greater north-south distance. It has been suggested that the mechanism
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Fig. 9 Modified from McComas et al. (2007), Dynamic spectra (counts/sample in different energy per unit
charge bands) from data of the New Horizons pass through the magnetotail of Jupiter. The five bottom panels
display consecutive intervals labeled by day of year in 2007. The plasma energy density increases intermit-
tently. The top panel shows the spacecraft trajectory through a schematic magnetotail. The yellow to red
colored regions represent disjoint intervals of relatively high plasma content within which the count rate
increases. On this schematic, we have superimposed an imagined fire-hose unstable flux tube, whose mean-
dering could account for the intermittent appearance of elevated count rates

for heating the plasma is related to non-adiabatic effects of rotational acceleration as flux
tubes rotate while moving outward between noon and dusk (Kivelson and Southwood 2005;
Vogt et al. 2014) but observations are needed to confirm this interpretation.

8 Outflow in the Tail

Noted earlier in this chapter, is the need for outward transport of internally generated plasma
in the magnetospheres of Jupiter and Saturn. Losses must ultimately balance sources and at
the giant planets, transport down the nightside magnetodisc is the dominant loss mecha-
nism. Other chapters discuss how loaded flux tubes rotating through the night side of the
magnetosphere form plasmoids and carry off at least part of the plasma, as first discussed
by Vasylitinas (1983). This mechanism is easily accepted because it has some analogy to
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loss processes observed in the terrestrial magnetosphere. However, at Jupiter and Saturn,
additional processes can enable the plasma to leave the system through the magnetotail.

In the giant planet magnetospheres, the outer portions of flux tubes rotating into the night
side and stretching to large radial distances may not be able to maintain communication
with the ionosphere. This is a matter that was initially discussed by Hill (1979) and later
by Vasylitinas (1994). If the flow in the magnetosphere changes, signals develop to transmit
information to the ionosphere and the ionosphere must then communicate the requirement
for an increased j x B force to restore a self-consistent flow to the equatorial magnetosphere.
The communication requires finite time, and during that time, the plasma is moving outward.
It is possible to imagine that the plasma outflow occurs too rapidly for the signals from the
ionosphere to impose the required changes. In regions close to the planet, the delays are short
and the plasma flow is controlled to a considerable degree by the ionosphere. However, when
the ionosphere can no longer control the plasma, the situation can become exceptionally
complex. This can happen in several ways that are worth thinking about.

Kivelson and Southwood (2005) have suggested that centrifugal force could stretch the
field down the dusk flank of the magnetotail so that ultimately plasma might escape in very
small scale bubbles or might no longer be tied to the field and diffuse off. Bagenal (2007)
refers to the latter phenomenon as a “drizzle” of particles moving down tail. The process is
particularly important when the pressure anisotropy becomes sufficiently large.

If the plasma is rotating, p; continues to increase with r. The increase of anisotropy can,
in principle, lead to two important changes in the dynamics of the magnetodisc. When the
anisotropy becomes significant, the Alfvén speed is no longer defined by v, = B/ (top)"/?
but takes the form

1
Vi = vﬁu[l + E(ﬂi_ - ﬁn)] where B = p./(B*/2u,) (6)

For sufficiently large anisotropy, the familiar MHD wave modes that communicate between
the ionosphere and the magnetosphere cease to propagate. Again the implication is that
the ionosphere no longer can exert an influence on the equatorial magnetosphere and the
flow structure is controlled locally. Plasma loss down the tail would still be possible. How
the lack of connection to the ionosphere would affect solar wind-driven reconnection is a
question that has not been investigated.

Even before the anisotropy becomes large enough to block wave propagation, it may ex-
ceed the critical value 1 + B2 /1op. In this case, the flux tube becomes fire-hose unstable,
causing it to whip back and forth across the distant tail. It is possible that the effects of such
unstable flux tubes have already been observed. The New Horizons spacecraft made a pass
through Jupiter’s magnetotail, exiting tailward of ~1600 R; (McComas et al. 2007). It en-
countered plasma intermittently on its down tail journey. The count rate in energy channels
between 10s of eV and 10 keV increased aperiodically on its downtail journey as shown in
Fig. 8. Various interpretations of the intermittent observation of increased counts have been
proposed. The sporadic increases could arise from plasma sheet flapping or from bubbles of
plasma moving down tail. Here we note the possibility that counts would intermittently in-
crease if a fully developed firehose instability caused a flux tube of elevated plasma density
to flick back and forth across the tail, occasionally passing over the New Horizons space-
craft, as illustrated schematically in the top panel of Fig. 9. Distinguishing the different
interpretations of the pattern of plasma measurements from the data available may not be

IThanks to David Southwood for inspiring this set of comments.
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possible, but the possibility that it links to a fire hose instability seems worth consideration.
The same behavior may appear in Saturn’s magnetotail at large distances, but to this time
the relevant measurements have not been made.

9 Summary

Although the plasma and field structure of the magnetodiscs of Jupiter and Saturn share
elements of structure with the plasma sheet of Earth’s magnetotail, their dynamics differ
markedly, partly as a consequence of the important role of centrifugal acceleration. For these
rapid rotators, the effects of rotation are seen in numerous features, including the develop-
ment of anisotropy in the plasma distribution. Scales are so long that plasma may decouple
from the ionosphere in the outer portions of the magnetodiscs (even without parallel electric
fields). There are still unanswered questions related to what causes many of the dynamical
changes observed in and around the magnetodiscs including plasma sheet flapping and the
unorganized encounters with plasma in the very distant magnetotail of Jupiter. Further data
analysis and additional measurements will be needed to enable us to understand more fully
some of the special aspects of the dynamical processes discussed in this chapter.
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Abstract The morphologies of the ultraviolet auroral emissions on the giant gas planets,
Jupiter and Saturn, have conveniently been described with combinations of a restricted num-
ber of basic components. Although this simplified view is very handy for a gross depiction
of the giant planets’ aurorae, it fails to scrutinize the diversity and the dynamics of the
actual features that are regularly observed with the available ultraviolet imagers and spec-
trographs. In the present review, the typical morphologies of Jupiter and Saturn’s aurorae
are represented with an updated and more accurate set of components. The use of sketches,
rather than images, makes it possible to compile all these components in a single view
and to put aside ultraviolet imaging technical issues that are blurring the emission sources,
thus preventing one from disentangling the different auroral signatures. The ionospheric and
magnetospheric processes to which these auroral features allude can then be more easily ac-
counted. In addition, the use of components of the same kind for both planets may help
to put forward similarities and differences between Jupiter and Saturn. The case of the ice
giants Uranus and Neptune is much less compelling since their weak auroral emissions are
very poorly documented and one can only speculate about their origin. This review presents
a current perspective that will inevitably evolve in the future, especially with upcoming ob-
serving campaigns and forthcoming missions like Juno.

Keywords Jupiter - Saturn - Uranus - Neptune - Giant planets - Aurora - Ultraviolet -
Magnetosphere

1 Introduction

1.1 General Characteristics of the Giant Gas Planets Aurorae

The giant gas planets, Jupiter and Saturn, are sharing several remarkable characteristics
(Table 1). They are big, fast rotators and produce large internal magnetic fields. They are
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Table 1 Principal characteristics of the giant planets relevant to the auroral emissions compared to the Earth.
Rotation periods of the gas giants correspond to the deep interior

Mean solar Equatorial Rotation Surface Emitted UV
irradiance radius period magnetic field auroral power
(Wm~2) (km) () (nT) (TW)

Earth 1366.1 6378 23.9345 30,600 0.01

Jupiter 50.5 71,492 9.9248 430,000 1

Saturn 15.04 60,268 10.6567 21,400 0.1

Uranus 3.7 25,559 17.24 22,800 0.001

Neptune 1.5 24,764 16.11 14,200 0.0001

much farther from the Sun than the Earth and thus receive relatively little energy from it.
Their magnetosphere is tapped with internal plasma sources, and, an issue that is of direct
concern to the present review, their hydrogen rich atmospheres display auroral emissions.
This latter statement is particularly true for the gas giants Jupiter and Saturn, which emit
auroral powers of 10'> W and 10'! W, respectively, compared to 10'© W for the Earth.
The cases of icy giants Uranus and Neptune are less compelling because their much weaker
auroral emissions (10° W and 10® W, respectively) have not been sufficiently observed. As
a result, they will be concisely addressed in Sect. 4.

Another outstanding characteristic of Jupiter and Saturn comes from the fact that plasma
flowing inside their magnetospheres is largely controlled by the corotation electric field.
Contrary to the Earth, the contribution from the solar wind convection field may be disre-
garded, as it is much less important for Jupiter and for Saturn (see Table 1).

One immediate corollary to this domination by the corotation field is the rotating or sub-
corotating nature of the auroral features around the poles. Contrary to the Earth, where the
bulk aurora is fixed with respect to the Sun, the aurora on Jupiter and Saturn is rotating
at a significant fraction of planetary rigid rotation. It is said to corotate with the planetary
magnetic field. Deviation from corotation may then be interpreted as the signature of an
“unusual” magnetospheric process, where “unusual” means a process capable of disrupt-
ing the plasma’s rotation around the planet with the magnetic field and/or generate beams
of electrons at energies sufficiently large to excite atmospheric H, molecules or H atoms
through collisions. As will be seen in the following sections, numerous such processes exist
in Jupiter and Saturn’s magnetospheres and may account for the majority of ultraviolet (UV)
auroral emissions.

1.2 First Detections of Aurora on Giant Gas Planets

The UV aurorae on giant planets were first spotted more than three decades ago by the UVS
spectrograph on board the two Voyager spacecraft. During the two flybys of Jupiter in 1979,
auroral emissions from H, and H were unambiguously revealed (Broadfoot et al. 1979).
A couple of years later, Voyager 2 flew by Saturn and obtained similar evidences of auroral
activity (Broadfoot et al. 1981). The very limited spatial resolution of the UVS spectrograph
did not make it possible to determine the precise spatial distributions of these aurorae. It is
only thanks to the advent of the UV cameras on board the Hubble Space Telescope (FOC,
WFPC1, WFPC2, STIS, ACS) that the accurate determination of the auroral morphology of
Jupiter and Saturn became possible (see reviews of Clarke et al. (2004) for Jupiter and Kurth
et al. (2009) for Saturn).
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1.3 Atmospheric Origins of the Giant Planets UV Aurora

Comparisons between observed auroral spectra and models suggest that, on giant planets,
auroral emissions observed in the UV range are principally the result of inelastic collisions
between atmospheric H, molecules and energetic magnetospheric electrons precipitating
in the atmosphere along magnetic field lines. These primary electrons gradually lose their
energy to the ionosphere through ionization, dissociation and excitation of H, molecules.
Ionization, the most efficient process, produces numerous secondary electrons that in turn
impact H, molecules. The primary and secondary electrons interactions with H, mainly de-
pend on their energy. They are governed by various cross-sections (ionizations, electronic
excitations, vibrational and rotational excitations). In theory, any electron with energy above
the excitation threshold of the B state of the H, molecule (~10 eV) has a chance to produce
a UV photon of interest. The excitation cross section of the various excited states of H,
maximize in the 20-160 eV range, meaning that primary electrons and mostly secondary
electrons colliding with H, contribute to the production of auroral UV photons. Above
~50 eV, ionization and electronic excitation cross-sections follow similar electron energy
dependences, however, ionization is one to two orders of magnitude more probable than
excitation (Gustin et al. 2013).

The bulk of the UV auroral emission in the far ultraviolet (FUV) 70—-180 nm range mainly
results from electron impact excitation of H, to various excited rotational-vibrational—
electronic states (see Gustin et al. (2009, 2012, 2013) for a thorough discussion on the
origins of the auroral H, UV emissions). This process initiates de-excitation of excited H,
through the emission of UV photons forming the Lyman and Werner bands, Lyman-alpha
and continuum emissions. The energy degradation of the primary and secondary electrons
in their course towards deeper atmospheric levels continues until they are thermalized in the
ambient atmosphere. Direct excitation of atomic H produces Lyman-« emission. However,
in the giant planets where H dominates H, at very high altitudes, the dominant source of
H-Lyman-« emission is related to dissociative excitation of H, giving rise to fast-excited
H fragments loosing their excess energy through emission of Ly-« as well as Lyman and
Balmer series photons. In any case, dissociative excitation dominates the production of the
auroral Lyman line and contributes ~99 % of the auroral UV spectrum of Jupiter (Grodent
et al. 2001; Gustin et al. 2012) and Saturn.

1.4 Other Wavelength Ranges

In the following, we focus on ultraviolet emissions that are directly accessible to instru-
ments like the UV cameras onboard the Hubble Space Telescope (the Advanced Camera for
Surveys, ACS; the Space Telescope Imaging Spectrograph, STIS) for Jupiter and Saturn, or
the Cassini Spacecraft (UltraViolet Imaging Spectrograph, UVIS) for Saturn. Nevertheless,
it should be noted that aurorae on the giant planets are also glowing in other wavelengths
including the radio (e.g. Lamy et al. 2009), infrared (e.g. Radioti et al. 2013a), visible (e.g.
Vasavada et al. 1999) and X-Ray (e.g. Branduardi-Raymont et al. 2008) ranges. These ra-
diations are more or less directly related to the UV emissions but they deserve specific
treatments, beyond the scope of the present review paper, and provide complementary infor-
mation. The interested reader will find useful information about auroral emissions in other
wavelengths in the review paper by Badman et al. (2014).
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2 Jupiter
2.1 Current Understanding

It is commonly admitted that the Jovian ultraviolet aurora consists of three main compo-
nents; the main oval, the polar emissions (poleward of the main emission), and the satellites
footprints (equatorward of the main emission).

The simplicity of this first order picture makes it very handy. However, it presents a
skewed view of reality and does not reflect the variety of auroral structures appearing at
Jupiter’s poles. Furthermore, it leaves no room to the important dynamics of these features.
Each auroral feature relates to one or more processes occurring in the magnetosphere. By
oversimplifying the description of these auroral signatures, one might miss an important
mechanism in the Jovian magnetosphere, or worse, improperly interpret it. The growing
performances of the ultraviolet cameras successively installed on board the Hubble Space
Telescope made it possible to go into the details of Jupiter’s aurora. The STIS camera, for
example, is able to reach a spatial resolution on the order of 100 km at the distance of
Jupiter, roughly corresponding to a fraction of a percent of the characteristic size of the
auroral region. STIS is also sensitive enough to the Jovian UV auroral emissions to permit
temporal resolution of a few seconds, giving insight to the fastest processes taking place
inside the magnetosphere and close to its boundary, or in the ionosphere. Its unprecedented
spectral resolution of a fraction of an Angstrom (0.1 nm) makes it possible to probe the
temperature and composition of the polar atmosphere. It also provides information on the
precipitating particles giving rise to the aurora.

The present bottleneck for the interpretation of the auroral emissions resides in the re-
maining uncertainties on the magnetic field models. Although the magnetic field in the inner
magnetosphere (the internal field) is relatively well constrained up to the orbit of Io, beyond
this limit, the external field mainly originating from the current sheet and magnetopause cur-
rents becomes gradually dominant and unpredictable. Beyond the orbit of Ganymede, the
last Galilean moon providing auroral constrains on the field, magnetic mapping of the auro-
ral emissions becomes increasingly uncertain. At larger distances, near the magnetopause,
magnetic models become rather speculative and complicate the deciphering of the poleward
most auroral emissions. In the following sections, we give an overall description of the typi-
cal components of the Jovian UV aurora and try to relate them to most likely magnetospheric
processes. It is probable that this overall picture will progress in the future, especially with
the expected great harvest of the Juno and JUICE missions.

2.2 Main Components of Jupiter’s Aurora
2.2.1 Northern and Southern Polar Regions

Gérard et al. (2013) analyzed quasi-simultaneous HST images of both hemispheres of
Jupiter and found that most morphological auroral features identified in one hemisphere
have a conjugate counterpart in the other hemisphere, with some significant differences in
the power associated with conjugate regions (Fig. 1). Nevertheless, in the following we fo-
cus on the northern hemisphere of Jupiter. The main reason for this approach stems from
the large hemispheric asymmetries in the internal magnetic field of Jupiter. The northern
aurora is more tilted towards the equator than the south and, from Earth orbit, it appears
with a better viewing geometry when the field is inclined towards the Earth. Another reason
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Fig. 1 Polar projections of typical ACS FUV images of Jupiter aurora obtained quasi-simultaneously
(~3 min apart) in both hemispheres on 22 March 2007 (see text for detailed description)

may be linked with the presence of a possible magnetic anomaly in the northern hemi-
sphere (Grodent et al. 2008). The presence of this anomaly locally perturbs the surface mag-
netic field and has the effect of a “magnifying glass” on the auroral emissions. In this iono-
spheric region, magnetic field lines are threading a smaller area in the magnetosphere and
the auroral features appear more detached from each other, allowing easier disentangling.
Figure 1 shows typical polar projections of ACS FUV images of Jupiter aurora obtained
quasi-simultaneously (~3 min apart) in both hemispheres since the field of view (FOV) of
ACS and STIS are too small to accommodate both hemispheres in the same image. The
southern hemisphere is displayed for an observer looking through the planet from above the
north pole. The images were obtained on 22 March 2007 during orbit J§8-K8 (visit I8) of
program GO-10862. Blue arrows point to the auroral footprints of Ganymede and Europa
(Europa’s footprint is barely visible). The blue circle points to a systematic discontinuity
in the main emission. The green ellipse encircles a possible auroral signature of plasma in-
jection. A small portion of the main emission (main emission) appears near 180°, leftward
of the injection. Polar emissions appear in the northern hemisphere near 70° latitude (pur-
ple ellipse), while in this case no conjugate emission is visible in the south. The influence
zone of a likely local magnetic anomaly in the north appears as a white-transparent disc
(Banomaly)- Yellow circles marked 12MLT indicate the direction of magnetic noon at 15 R;
(1 Jovian radius = 1 R; = 71,492 km), which corresponds to the longitude of the footprint
of Ganymede when the moon is at 12LT. All longitudes are in System III (S3). Planetocen-
tric parallels and meridians are drawn every 10°. The black line is the region occulted by the
repeller wire. In this set of images, the Central Meridian Longitude (CML) is optimized for
viewing both hemispheres quasi simultaneously.

The next figure (Fig. 2) sketches the typical FUV auroral components of the northern
hemisphere of Jupiter that are commonly observed from Earth orbit. The various features
are conveniently projected onto an orthographic polar map.

2.2.2 The Main Emission (Oval)

Overall Shape and Origin  The main auroral oval, more correctly named main emission
since it does not form an oval, is structured into a relative stable strip of emission around
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Fig. 2 Sketch of the typical
FUV auroral components of the
northern hemisphere of Jupiter.
Planetocentric parallels and
System III meridians are drawn
every 10°: 1. Main emission
(oval); 2. Kink region;

3. Discontinuity; 4. Secondary
emission; 5. Signatures of
injections; 6. Io footprint
(multiple) and tail; 7. Europa
footprint and tail; 8. Ganymede
footprint (multiple); 9. Polar
active region; 10. Polar dark
region; 11. Polar swirl region;
12. Polar auroral filament (PAF);
13. Dawn spots and arcs;

14. Midnight spot. The upper
gray shaded region is not
accessible to Earth orbit
instruments

the magnetic poles. Grodent et al. (2003a) performed a long-term comparison of HST im-
ages and showed that the bulk of the auroral morphology is fixed in system-III longitude,
meaning that it follows Jupiter’s fast rotation. It forms a complex structure mixing multiple
narrow arc-like structures, discontinuities, and diffuse patches of emission (orange struc-
tures marked “1” in Fig. 2). The global statistical shape of the northern aurora has been
shown to be influenced by a magnetic anomaly, giving rise to a kink in the main emission
(region marked “2” in Fig. 2). Such an anomaly has not been reported for the southern hemi-
sphere. In general, the main auroral emissions vary in width between ~100-500 km, though
it is even broader at dusk. Its global emission is estimated to contribute almost 75 % of the
Jovian auroral brightness integrated over the poles. The typical brightness exceeds ~100 kR
at UV wavelengths, peaking at up to several MR intensities (Gustin et al. 2006). In general,
the dawnside portion (left side of Fig. 2) forms a relatively narrow arc, appearing almost
continuous in UV images, the post-noon portion (upper left part of Fig. 2) consists of auro-
ral patches and the dusk portion (right side of Fig. 2) appears to broaden and break from the
main emission. The nightside sector of Jupiter’s polar regions is not accessible to Earth orbit
observatories like HST. Therefore, current knowledge of the nightside auroral morphology
mainly relies on speculations.

Theoretical modeling suggests that the main Jovian auroral emission results from
the magnetosphere-ionosphere coupling current system associated with the breakdown
of rigid corotation in the middle magnetosphere and maps to the equatorial plane be-
tween 15 R; (the orbit of Ganymede) and 40 R; (Cowley and Bunce 2001; Hill 2001;
Southwood and Kivelson 2001; Nichols and Cowley 2004). As the plasma diffuses out-
wards in the equatorial plane its angular velocity decreases due to conservation of the angu-
lar momentum. At a certain distance, breakdown of corotation occurs and a strong current
system develops. When the plasma angular velocity becomes lower than that of the neutral
atmosphere, ion-neutral collisions occur in the Pedersen layer of the ionosphere and pro-
duce a frictional torque that strives to spin up the plasma back to corotation. The current
circuit is closed by a system of field-aligned currents which flow from the ionosphere to the
equator (upward) in the inner part of the system, and return (downward) in the outer part.
The upward field aligned currents are mainly carried by downward moving electrons. When
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these electrons fill in the loss cone, their velocity component parallel to the magnetic field is
sufficient for the downward electrons to reach the jovian atmosphere where they lose their
energy through collisions with the neutrals. Part of this precipitated energy is radiated away
in the UV domain and produces the main auroral emission.

Recent work has also shown that the main auroral oval and the Ganymede auroral foot-
print move in latitude over periods of a few months (Bonfond et al. 2012a). This intriguing
motion is not yet explained and could be a subtle combination of moon activity, mass loading
rates, magnetodisc configuration, solar wind interaction and ionospheric conductivity.

Discontinuity Radioti et al. (2008) reported the presence of a discontinuity in Jupiter’s
main emission, where the emission almost systematically drops abruptly to less than 10 %
of the maximum value. HST UV images taken at different central meridian longitudes in
both hemispheres show that the discontinuity (empty region marked “3” in Fig. 2) appears
fixed in magnetic local time and map to a region of the equatorial plane between 08:00
and 13:00 LT. According to Galileo data, this sector threads downward field-aligned cur-
rents (Khurana 2001) presumably resulting from solar wind driven magnetospheric convec-
tion. Additionally, plasma flow measurements in the Jovian magnetosphere, inferred from
Galileo (Krupp et al. 2001) show evidence of nearly corotating plasma in the dawn-to-dusk
sector. According to corotation enforcement process described above, this would require
weaker field-aligned currents (or reversed) and consequently fainter aurora emissions in the
prenoon magnetic local time. The discontinuity may then originate from the reduced or/and
downward field-aligned currents in that region.

2.2.3 The Secondary Emissions

Overall Shape and Origin  Secondary auroral emissions are appearing equatorward of the
main emission and poleward of the Io footprint (Radioti et al. 2009a). They consist of emis-
sions extending from the main emission towards lower latitudes, occasionally forming dis-
crete arcs of emissions parallel to the main emission and/or patchy irregular structures (light
blue diffuse arcs marked “4” in Fig. 2). They may also form isolated features that have been
attributed to hot plasma injections in the middle magnetosphere. Together, they form the
equatorward diffuse emissions (EDE).

Grodent et al. (2003a) suggested that theses emissions might account for the same coro-
tation breakdown mechanism as for the main emission. The secondary emission may then
represent a first step, at lower latitudes and lower intensities, of the process of corotation
enforcement. It should be pointed out that the stepwise departure from rigid corotation is
purely empirical, while the existing theoretical calculations, based on uniform magneto-
spheric plasma distribution, predict a smooth monotonic decline in plasma angular velocity
with increasing latitude in the auroral ionosphere (e.g. Cowley et al. 2008a).

At Jupiter, Bhattacharya et al. (2001) suggested that wave particle interactions in a broad
region in the magnetosphere (10 to 25 Ry) could lead to electron scattering and precipitation
into the ionosphere contributing to the EDE. Tomads et al. (2004) related the transition of the
electron pitch angle distribution (PAD) from pancake to bidirectional (observed within 10 to
17 Ry) to a discrete auroral emission equatorward of the main oval, under the assumption of
electron scattering in the loss cone due to whistler mode waves. The brightness of the EDE
usually ranges from 40 to 100 kR in the north and from 10 to 50 kR in the south. Based on
the analysis of a large HST 1997-2007 dataset, it appeared that the EDE are almost always
present, especially in the dusk side. The persistence of the EDE suggests that its origin is as-
sociated with a permanent magnetospheric feature such as the PAD boundary. Radioti et al.
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(2009a) showed that the PAD boundary magnetically maps to the diffuse auroral emission
region in the northern and southern hemisphere. Comparison of the derived precipitation en-
ergy flux with the observed brightness of the EDE further showed that the energy contained
in the PAD boundary could account for the measured auroral emissions in both hemispheres.

Signatures of Injections As stated above, not all components of the EDE may be asso-
ciated with a transition of the electron pitch angle distribution. Transient isolated auroral
patches appearing equatorward of the main emission (purple patches marked “5” in Fig. 2)
could be related to other mechanisms, such as electron scattering by whistler mode waves
associated with anisotropic injection events (Xiao et al. 2003; Mauk et al. 2002) or with field
aligned currents flowing along the boundary of a hot injected plasma cloud. These auroral
signatures of injections may take the form of quasi-corotating shapeless features detaching
from the main emission near the footpaths of Europa and Ganymede. At times, they overlap
these satellites footprints, making their detection ambiguous. In the Jovian magnetosphere,
the processes of plasma injection and interchange motion are thought to be associated with
the radial inward transport of hot tenuous magnetotail plasma, compensating for the contin-
uous opposite outward flow of cold iogenic plasma in such a manner as to conserve magnetic
flux. To date, only one HST observation of an auroral injection signature could be unambigu-
ously associated with an in situ Galileo detection of a cloud of injected energetic particles
(Mauk et al. 2002). The fact that this case is unique does not stem from the rarity of the
phenomenon; it is actually very frequent both in the HST and Galileo datasets, but from the
lack of simultaneous Galileo—HST observations. Bonfond et al. (2012a) reported what ap-
pears to be an exceptional event. While the auroral injection signatures are usually confined
between the main emission and the Io footpath, in June 2007 a large patch of UV emission
was observed with HST in the northern hemisphere as far down as the expected location of
the o footprint. This feature appears to be the remnant of a large injection blob seen in the
same sector in the southern hemisphere 34 hours before. Instead of simply overlapping the
Io footprint (see below), this feature appears to have triggered a momentary substantial de-
crease of the lo footprint brightness. This behavior was suggested to result from the depleted
nature of the flux tubes containing the sparse injected hot plasma that may have disrupted
the To-Jupiter interaction.

2.2.4 The Satellites Footprints

A comprehensive review of the different satellites footprints may be found in Bonfond
(2012b).

The satellite’s Ultraviolet auroral footprint appear in Jupiter’s ionosphere close to the feet
of the field lines passing through the satellites Io, Europa and Ganymede (Clarke et al. 2002)
(yellow spots marked “6”, “7” and “8” in Fig. 2, respectively). The observed morphology
consists of either one, for Europa, or several distinct spots for Io and Ganymede (Bonfond et
al. 2009, 2013) eventually followed by a trailing tail as is the case for Io and Europa (Clarke
et al. 2002; Grodent et al. 2006) (yellow diffuse arc downstream of spots “6” and “7” in
Fig. 2). It is actually anticipated that with a sufficiently sensitive instrument (which is not
yet the case), one should observe the same features for all satellites footprints. Indeed, these
small auroral features most probably stem from a common (universal) process in which the
slow moving satellites pose obstacles to the fast corotating magnetospheric plasma flow.
The magnetic perturbation associated with the continuous collisions of the plasma with the
satellites’ interaction regions propagates along the magnetic field lines as Alfvén waves. The
locus of the perturbed points forms Alfvén wings directed towards both poles. On their way
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to the planet, the waves probably undergo filamentation (Chust et al. 2005; Hess et al. 2010a)
and are partially reflected on plasma density gradients, especially at the plasma torus or the
plasma sheet boundaries. The fraction of the waves escaping the torus or the sheet causes
electron acceleration in both directions. These electrons ultimately precipitate into Jupiter’s
atmosphere where they produce the observed auroral signatures. Io’s footprint brightness
may reach up to 20 MR in the UV, representing a large local input of power to the upper
atmosphere (Bonfond et al. 2013). The emissions from the Ganymede and Europa footprints
are generally on the order of a few hundreds of kR in the UV. Bonfond et al. (2008, 2013),
Jacobsen et al. (2007) and Hess et al. (2010a) proposed that the combination of Alfvén
waves reflection and bidirectional electron acceleration may explain the relative motion of
the different spots of the Io and Ganymede footprints, respectively, as well as the presence
of electron beams affecting the ionization processes near Io (Dols et al. 2012; Saur et al.
2003).

The brightness of the lo and Ganymede footprint spots varies with the System III lon-
gitude of the satellite, i.e. with the location of the moon relative to the plasma torus/sheet
center, with a ~10 h periodicity (Grodent et al. 2009; Bonfond et al. 2013). At Ganymede,
a second time scale for brightness variations ranges from 10 to 40 min and was tentatively
associated with interactions between Ganymede’s mini-magnetosphere and local magneto-
spheric inhomogeneities, such as those produced by localized plasma injections. A similar
process has been suggested to explain an exceptional drop of the To footprint brightness
(Bonfond et al. 2012a; Hess et al. 2013). The shortest time scale observed so far is on the
order of 1 to 2 min. At Ganymede, these variations were suggested to be triggered by bursty
reconnections at the satellite’s magnetopause (Jia et al. 2010). Alternatively, they may be
related to double layer regeneration as suggested for the Io footprint (Hess et al. 2010b;
Bonfond et al. 2013).

The size of the ionospheric footprints appears to map to a region much wider than the
moons. This implies that the satellite-magnetosphere interactions are not restricted to the
satellites themselves, but more likely include either parts of the neutral cloud that surrounds
and follows them in the case of Io and Europa or its mini-magnetosphere as is the case for
Ganymede (Grodent et al. 2006, 2009; Bonfond 2010).

Several authors (Hill and Vasylitinas 2002; Delamere and Bagenal 2003; Ergun et al.
2009) proposed that, contrary to the spots, 1o’s tail emission results from a steady state pro-
cess owing to the progressive reacceleration of the plasma downstream of lo. On the other
hand, MHD simulations indicate that it might actually be the result of multiple reflections of
the Alfvén waves (Jacobsen et al. 2007). Grodent et al. (2006) observed a faint ~7500 km
long tail following the spot when Europa is close to the center of the plasma sheet, suggest-
ing that this auroral feature is the signature of an extended plasma plume downstream of
Europa (Kivelson et al. 1999).

Although it is very much likely that there is an electrodynamic interaction between Cal-
listo and Jupiter’s magnetospheric environment that is similar to those at Io, Europa, and
Ganymede (Menietti et al. 2001), so far, there is no strong evidence for a permanent Cal-
listo footprint (Clarke et al. 2011). One possible reason for this lack of observation stems
from Callisto orbiting at the distance mapping to the main auroral emission. As a result, the
footprint cannot be disentangled from the much brighter main emission.

2.2.5 The Polar Emissions

Jupiter’s polar auroral emissions, which include all auroral emission lying poleward of the
main auroral emission, are directly linked to outer magnetosphere dynamics. Their origin
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continues to be debated. The polar emissions vary independently of the satellite and main
auroral emission, and they appear to be ordered by magnetic local time (Grodent et al.
2003b), indicating potential external control by the solar wind. They are suggested to be
magnetically connected to the outer magnetosphere and possibly related to a sector of the
Dungey and/or Vasylitinas cycle flows (Cowley et al. 2003; Grodent et al. 2003b; Stallard
et al. 2003).

Based on their average brightness and temporal variability, the northern hemisphere UV
polar emissions can be organized into three regions: the active, dark, and swirl regions (Gro-
dent et al. 2003b) (regions marked “9”, “10” and “11” in Fig. 2, respectively). Their shapes
and locations vary with time and as Jupiter rotates.

Active Region The active region is very dynamic and is characterized by the presence of
flares, bright spots, and arc-like features. It is located just poleward of the main emission
and maps roughly to the noon local time sector (green patch marked “9” in Fig. 2). There
have been several interpretations of this region. Pallier and Prangé (2001) suggested that
the bright spots of the active region are the signature of Jupiter’s polar cusp, or possibly
dayside aurora driven by an increase of the solar wind ram pressure. Waite et al. (2001)
used the MHD model of Ogino et al. (1998) to map an observed polar flare to near the
cushion region, ~40-60 Ry in the morning sector, and postulated that the flare could be
produced by a magnetospheric disturbance due to a sharp increase in the solar wind dynamic
pressure. Alternately, Grodent et al. (2003b) interpreted the polar flares as the signature
of “explosive” magnetopause reconnection on the day side, based on their ~minutes-long
characteristic time scale. They also suggest that the arc-like structures could be the signature
of a Dungey cycle dayside x-line, following the arguments of Cowley et al. (2003). Recent
observations showed that the flares could re-occur quasi-periodically every 3—-2 minutes
and this behavior has been tentatively associated with pulsed reconnections on the dayside
magnetopause (Bonfond et al. 2011).

Dark Region The dark region is located just poleward of the main oval in the dawn to
pre-noon local time sector. As its name suggests, the dark region is an area that appears dark
in the UV, displaying only a slight amount of emission (0—10 kR—Rayleighs) above the
background level. The dark region displays a crescent shape that contracts and expands as
Jupiter rotates, but appears fixed in local time (empty region marked “10” in Fig. 2).

Grodent et al. (2003b) associated the UV dark region with the Stallard et al. (2003)
rotating Dark Polar Region (r-DPR), an area of subcorotating ionospheric flows, as measured
by the Doppler shifts of infrared emission spectra. The dawn side r-DPR, and thus the dark
region, is thought to be linked to the Vasylitinas-cycle (Vasylitinas 1983) sunward return flow
of depleted flux tubes (Cowley et al. 2003). In the Vasyliiinas-cycle, mass-loaded flux tubes
are stretched as they rotated into the night side; they eventually pinch off, and reconnection
occurs in the midnight-predawn local time sector, releasing a plasmoid that can escape down
the tail, while empty flux tubes rotate back around to the day side at a velocity close to that of
corotation. Similarly, Southwood and Kivelson (2001) argued that the main oval emissions
map to the plasma disk, which would mean that the dark region, just poleward of the main
oval, maps to the cushion region. The cushion region is an area of southward-oriented and
strongly fluctuating field in the outer magnetosphere in the post-dawn to noon local time
sector where the field becomes more dipole-like than in the inner magnetosphere. It has
been associated with empty flux tubes that were emptied by Vasyliinas-type reconnection
as they rotated through the night side (Kivelson and Southwood 2005).
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Swirl Region The swirl region is an area of patchy, transient emissions that exhibit turbu-
lent, swirling motions. The swirl region is located poleward of the active and dark regions,
and is roughly the center of the polar auroral emissions (red features marked “11” in Fig. 2).
It is generally interpreted as mapping to open field lines. In comparing the UV and IR ob-
servations, Grodent et al. (2003b) associated the UV swirl region with the fixed Dark Polar
region (f-DPR), an area in which the ionospheric flows are nearly stagnant in the magnetic
pole reference frame (Stallard et al. 2003). The stagnant flows in the f-DPR (swirl region)
then suggest that the area maps to open field lines associated with Dungey cycle return flows
(Cowley et al. 2003), which are expected to flow across the ionosphere slowly because the
Jovian magnetotail is ~hundreds or thousands of Ry in length. A long-lived quasi-Sun-
aligned polar auroral filament (PAF) was observed on several occasions in the swirl region
in images sequences obtained with HST (Nichols et al. 2009a) (white arc marked “12” in
Fig. 2). This feature consists of two components: a sunward portion remaining approxi-
mately Sun-aligned and an anti-Sunward portion sub-rotating at a few tens of percent. This
~100 kR auroral feature appears to be independent of the local solar wind conditions. It
was postulated that PAFs might be associated with large plasmoids slowly drifting down the
magnetotail.

The magnetospheric mapping of these polar auroral regions was initially inferred from
model magnetic fields (principally VIP4) that are known to be increasingly inaccurate be-
yond the orbit of Io. Instead of following these model magnetic field lines, Vogt et al. (2011)
mapped equatorial regions to the ionosphere by requiring that the magnetic flux in some
specified region at the equator equals the magnetic flux in the area to which it maps in the
ionosphere. This mapping method directly takes into account the complexity of Jupiter’s sur-
face magnetic field, including the perturbation caused by a magnetic anomaly in the north
and provides a more accurate mapping to the distant magnetosphere. Vogt et al. (2011)
found that the polar auroral active region maps to field lines beyond the dayside magne-
topause that can be interpreted as Jupiter’s polar cusp; the swirl region maps to lobe field
lines on the night side and can be interpreted as Jupiter’s polar cap; the dark region spans
both open and closed field lines and must be explained by multiple processes. Addition-
ally, they concluded that the flux through most of the area inside the main oval matches the
magnetic flux contained in the magnetotail lobes and is probably open to the solar wind.

Nightside and Polar Dawn Spots ~ Several detailed studies based on ultraviolet images taken
with HST revealed transient auroral spots appearing in the dawn and midnight sectors along
the poleward edge of the main emission (Grodent et al. 2004; Radioti et al. 2011a, 2011b).
These polar auroral emissions take the form of multiple dawn arcs, polar dawn spots, or
midnight spots (blue features marked “13” and “14” in Fig. 2, respectively). They were
found to corotate with the planet, and their sizes, durations, locations, and 2 to 3 days re-
occurrence period are consistent with auroral emissions triggered by internally driven tail
reconnection. More specifically, based on a recent reanalysis of near simultaneous HST UV
images and Galileo magnetic field observations, Radioti et al. (2011a, 2011b) proposed that
the nightside spots, like the polar dawn spots, are triggered by the inward moving plasma
flow released during magnetic reconnection at Jupiter’s tail. These aurorae may then be re-
lated to the precipitation of plasma heated in the reconnection region and to the field-aligned
currents that couple the changing angular momentum of the flux tubes between the magne-
tosphere and ionosphere. Radioti et al. (2011a, 2011b) and Kasahara et al. (2013) showed
that the energy released by this process is sufficient to account for the observed spots emitted
power (a fraction to several GW). Results from Ge et al. (2010), assuming an updated mag-
netosphere model, provide further direct evidence of a link between Jovian tail reconnection
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and polar auroral emissions. More precisely, they confirm that the ionospheric footpoints of
tail dipolarization events are close to the polar dawn auroras. Vogt et al. (2014) performed
an analysis of the magnetic signature of 43 tailward moving plasmoids and showed that their
properties are consistent with a typical mass loss rate of ~0.7-120 kg/s, much lower than
the mass input rate from Io (suggesting that additional mass loss mechanisms may be sig-
nificant), and a flux closure rate of ~7-70 GWb/day, confirming that tail reconnection and
plasmoids play an important role in flux transport at Jupiter.

3 Saturn
3.1 Current Understanding

Given the similarities between Jupiter and Saturn (Table 1), it is not surprising that the
overall morphology of Saturn’s UV auroral emissions resembles that of Jupiter. Saturn’s
aurora forms a variable ring of emission quasi-rotating around both magnetic poles and dis-
plays isolated intermittent structures, spots and arcs, on both sides of this principal compo-
nent. However, closer inspection of these auroral features reveals significant differences with
Jupiter, which will be discussed below. Following the marked response of Saturn’s aurora
to the changing solar wind conditions, it is often assumed that Saturn’s auroral morphology
is halfway between that of Jupiter and the Earth’s, combining the usual Earth auroral com-
ponents with Jupiter’s corotating nature. This simplified view is certainly a useful starting
point, but it can also be very misleading. Therefore, it is preferable to assume that Saturn’s
UV aurora is not an intermediate case but a case on its own, sharing some similarities with
the Earth and Jupiter.

Like Jupiter, Saturn’s UV aurora has been studied with the STIS and ACS cameras on
board HST. Since, at opposition, the distance from Earth orbit to Saturn is about twice the
distance to Jupiter, the spatial resolution is degraded by a factor of ~2, roughly correspond-
ing to 300 km per pixel. The auroral brightness on Saturn is usually one order of magnitude
smaller than on Jupiter, with typical values ranging from 10 to 100 kR. The combination
of fainter emissions and lower spatial resolution gives rise to images of lesser quality than
for Jupiter. However, they are still detailed enough to reveal the complex and changing mor-
phology of the aurora (e.g. Clarke et al. 2005). One of the most important lessons that we
have learned from the HST-Cassini campaign that took place preceding the Saturn orbit
insertion of Cassini in Jan. 2004 is the clear influence of the solar wind, most specifically
its ram pressure directly measured by Cassini, on the global auroral morphology. During
this campaign, the brightness of the aurora significantly increased in response to the arrival
of large solar wind pressure pulses (e.g. Crary et al. 2005). On one occasion, the global
morphology itself dramatically changed during the compression event. Within a few hours,
the main emission ring, that was initially surrounding the pole, collapsed to a bright fea-
ture filling in a small region on the dawn side of the polar cap (e.g. Grodent et al. 2005;
Badman et al. 2005).

The orbital insertion of Cassini marked the beginning of a new era in the exploration
of Saturn. In particular, the UV aurora revealed itself to the ultraviolet imaging spectro-
graph (UVIS; Esposito et al. 2004). The high latitude orbits provided stunning views of the
auroral emissions from almost above the poles. The data captured near Cassini’s periapsis
showed unexpected fine details of both poles, inaccessible to HST, of the auroral emissions
that are greatly helping their interpretation. The UVIS instrument is observing the auroral
emissions more frequently than the HST cameras do. Therefore, it is able to sample the au-
roral dynamics at various timescales. The most important advantage of UVIS stems from
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Fig. 3 Typical pseudo-image of
Saturn’s northern FUV aurora
obtained with the UVIS camera
onboard the Cassini spacecraft on
6 Jan 2013 from 08:38 (SCT).
Planetocentric parallels (from
60° to 90°) and local time
meridians are drawn every 10°.
The local time polar map is
showing some of the typical
components of Saturn’s aurora:

a bright dawn section of the main
emission, noon feature detaching
poleward from the main
emission, diffuse dusk side main
emission, and nightside outer
emission. Dawn (O6LT) is to the
left; noon (12LT) is to the bottom
of the figure. See text for a
detailed description of the image

the combined use of the different instruments onboard the spacecraft. For example, it makes
it possible to observe the auroral emissions from a vantage point threading the same mag-
netic flux tube (Bunce et al. 2014). As a result, it is now possible to simultaneously measure
the characteristics of the energetic particles giving rise to the aurora and the aurora itself.
UVIS is primarily a spectrograph. Its FUV and EUV channels are designed to obtain high-
resolution spectra in the 56-191 nm range from which one may derive, for example, color
ratios indicating the penetration depth of the impinging particles and thus estimate their en-
ergy (e.g. Gustin et al. 2012). Since the FUV and EUV channels both consist of a spectral
slit, UVIS is not providing true images of the auroral region. The second spatial dimension
is obtained by slewing the spacecraft in the direction perpendicular to the slit length. This
motion allows one to spatially scan the auroral regions from which pseudo-2D images may
be reconstructed (Grodent et al. 2011). Figure 3 displays a typical pseudo image of Saturn’s
FUYV aurora obtained with the UVIS camera onboard the Cassini spacecraft. This composite
image was reconstructed from a ~1 h observing sequence during which the UVIS spectral
long-slit was scanned twice across the auroral region (the aurora was uninterruptedly accu-
mulated in the spectral slit during 8 sec bins). It was obtained on 6 Jan 2013 from 08:38
(SCT). The sub-spacecraft latitude was close to 48° and the altitude was ~8.6 Rg, which
offered an optimum view point of Saturn’s north pole.

The increasing number of observations with HST and Cassini UVIS is at the basis of the
growing complexity of possible auroral morphologies. These various auroral emission dis-
tributions may be ordered according to their spatial and dynamical characteristics. These in
turn may be related to specific processes in the magnetosphere. Contrary to Jupiter, Saturn’s
UV aurora has been imaged at all local times, primarily thanks to the occasional high lati-
tude vantage point of the Cassini spacecraft providing an optimum view of Saturn’s poles.
It should be mentioned that during April and May 2013, a new campaign took place during
which coordinated observations of Saturn’s aurora were made by the Cassini spacecraft and
several Earth-based telescopes. The results of this campaign will be published in a journal
special issue (2014 Icarus Special Issue: Saturn Auroral Campaign).
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Fig. 4 Sketch of the typical UV
auroral components observed at
Saturn’s poles with both HST
STIS and ACS and the
Cassini-UVIS spectrograph. The
local time polar map displays
parallels and meridians every
10°: 1. Main (ring of) emission;
2. Cusp emission; 3. Small scale
spots and arcs; 4. Poleward
auroral arcs; 5. Bifurcations;

6. Poleward auroral spots;

7. Signatures of injections;

8. Outer emission; 9. Enceladus
footprint

3.2 Main Components of Saturn’s Aurora

Figure 4 shows the typical UV auroral components observed at Saturn’s poles. They are
sketched on a polar map independent from the observatory and apply to the northern and
southern hemispheres. They may be organized as a function of their latitudinal location, lo-
cal time and dynamical behavior. Other classifications are possible, but on the simplest level,
one may divide the emissions in 4 categories; (1) the main ring of emission, (2) emissions
poleward of the main emission, (3) emissions equatorward of the main emission, and (4) the
Enceladus footprint.

3.2.1 The Main (Ring of) Emission

Like Jupiter, Saturn’s aurora is harboring one principal component often referred to as the
main ring of emission or main oval. It should be noted that, like Jupiter this main component,
roughly contributing 2/3 of the total emission, is not forming a circle or an oval, not even a
closed structure. Instead, it appears to consist of multiple structures of various sizes, often
organized in a broken spiral. In the rest of the text we will refer to it as the main emission. It
usually spreads around the poles at northern and southern latitudes larger than 70°, roughly
corresponding to equatorial distances mapping to the ring current between ~10 and ~20 Rg
(1 Saturnian radius = 1 Rg = 60,268 km; Badman et al. 2006). As stated above, its precise
location was shown to respond to the solar wind activity. During quiet periods, the main
emission is expanding to lower latitudes and during (or just after) active solar wind episodes,
it is significantly contracting to larger latitudes. The expansion/contraction motion is not
symmetrically affecting all longitudes simultaneously. As a matter of fact, this dynamical
behavior and the overall spiral shape may be seen as signatures of the processes giving rise to
the main emission. It is generally accepted that the main emission is associated with the flow
shear between open and closed outer magnetosphere magnetic field lines rather than being
directly due to the breakdown of plasma corotation due to mass-loading (Bunce et al. 2008;
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Talboys et al. 2011). The distinction between closed and open magnetic field lines points to
the role of solar-wind, as suggested in the modeling work proposed by Cowley et al. (2004a,
2004b, 2008b). The imbalance between dayside magnetopause reconnection with the solar
wind, opening magnetic field lines, and magnetotail reconnection, closing field lines, would
then explain Saturn’s changing auroral morphology and its relation with solar wind activity.
In addition to these large morphological modifications, HST-ACS observations obtained
near Saturn’s 2009 equinox (Nichols et al. 2010a, 2010b), provided images indicating that
the location of the overall northern auroral region oscillates, with an amplitude of 1-2°
consistent with that of the southern oval observed by Nichols et al. (2008). It was postulated
that the cause of this oscillation is an external magnetospheric current system (Southwood
and Kivelson 2007; Andrews et al. 2010).

The auroral brightness is usually varying from a few kR to several tens of kR and may
occasionally reach values in excess of 100 kR. This is roughly one order of magnitude less
than Jupiter’s aurora. Badman et al. (2005) and Crary et al. (2005) showed that the emitted
auroral power is directly correlated with the solar wind ram pressure and therefore anti-
correlated with the size of the auroral region. During quiet solar wind episodes, the overall
brightness may be so small that the auroral region is almost completely fading away (Gérard
et al. 20006).

The characteristics that makes Saturn’s aurora look like Jupiter’s and different from the
Earth’s is its corotating nature. The bulk of the emission is found to rotate with the planet
at approximately 70 % of rigid rotation (in the S3 longitude system). This velocity may
not be representative of the whole emission, since isolated features are also observed to
be quasi-fixed in local time (i.e. 0 % corotation). Some auroral features were shown to
slow down from 70 % to ~20 % as they were approaching the sub-solar meridian (Grodent
et al. 2005). This deceleration, accompanied with a significant poleward shift of several
degrees of latitude, is still unexplained but might be associated with the process of dayside
magnetopause reconnection.

As stated above, the main emission consists of several substructures that may be asso-
ciated with different mechanisms. They are highlighted in Fig. 4 (orange features marked
“1”). On the dawn side (left side), the emission is usually forming one or more relatively
narrow arcs. These arcs can be very bright, they are actually the brightest observed features,
and are corotating at 70 %. Most of the time, before these arcs rotated past 12LT, new ones
replace them, giving the illusion of a permanent dawn side emission. However, on some
occasions, the dawn side was not immediately replenished.

Owing to the lack of very long observing sequences, it is difficult to ascertain the origin
of these arcs. It is possible that they are already present near midnight and light up as they
are approaching O6LT. According to Cowley et al. (2005), these features may be explained
by magnetotail reconnection near midnight with subsequent corotation of the planetward
side of the reconnection accelerated plasma and field reorganization through dawn, then
noon and dusk. An alternative mechanism was proposed to explain the direct causal link
between ring current enhancements, taking the form of energetic neutral atoms emission
(ENA), and auroral UV emissions (Mitchell et al. 2009). According to this, ring pressure
asymmetry may generate sufficiently high currents that field aligned acceleration is required
to supply the current carriers, resulting in recurrent bright auroral arcs that would favor
the dawn sector. Later on, Nichols et al. (2010b) showed that the northern and southern
dawnside auroral power exhibits a statistically significant variation, by factors of ~3, with
maximum output occurring during peak Saturn kilometric radiation (SKR) power (Kurth et
al. 2007, 2008), while there is evidence for weaker, opposite behavior in the duskside power.
Such behavior may be indicative of modulation by the same external rotating current system
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as that postulated to explain the ~2° oscillation in the auroral oval location observed by
Nichols et al. (2010a).

Once these rotating arcs leave the dawn sector and approach 12LT, they either continue
their revolution around the pole, or give birth to a new kind of sub-structure. In the former
case (orange features “1” at the bottom of Fig. 4), the arcs will preserve their overall shape
but their brightness will continuously decrease. This may explain why the dawnside is usu-
ally found to be brighter than the duskside, although on some occasions the dawnside may
get much dimmer than dusk, especially when features leaving the dawn side are not replaced
with new ones. For the latter case, rotating arcs approaching the noon meridian may evolve
into new types of structures, poleward of the main emission (dark green and light green
features marked ‘“2” and “5” in Fig. 4), and will be described in the next section. It should
be pointed out that this evolution may only be caught during observing sequences spanning
several hours. Since these are not very frequent, the association between dawn arcs and noon
structures should be considered with caution. UVIS observations obtained on August 2008,
when Cassini approached Saturn at an extremely small altitude of ~5 Rg, revealed details
of the main emission in the noon to dusk sector at a spatial resolution close to 200 km (Gro-
dent et al. 2011). These views are showing isolated features as small as 500 km across. They
are taking the form of individual spots arranged in a “bunch of grapes” configuration near
noon, and small narrow arcs near dusk (pale green spots and arcs marked “3” in Fig. 4). The
latter arcs were tentatively associated with patterns of upward field aligned currents result-
ing from non uniform plasma flow in the equatorial plane while the spots were suggested
to be the result of field aligned currents associated with vortices triggered by magnetopause
Kelvin-Helmholtz waves. These close up views are very rare; therefore, it is currently dif-
ficult to ascertain whether the main emission is always formed of small-scale features or
if UVIS captured an uncommon event. Alternatively, Meredith et al. (2013) suggested that
such isolated patches appearing simultaneously in both hemispheres, as observed with HST,
are consistent with field aligned currents associated with a second harmonic ULF FLR wave
propagating eastward through the equatorial plasma.

3.2.2 Emissions Poleward of the Main Emission

Auroral features appearing poleward of the main emission may fit in three arbitrary cat-
egories. The first category comprises auroral features completely detached from the main
emission and therefore presumably attached to open field lines. They are usually forming
sporadic and faint arcs or branches at latitudes close to 80° (red arcs marked “4” in Fig. 4).
Their origin is currently unknown, although analogies with similar features in Earth au-
rora suggest a possible association with Earth’s theta aurora. The second category groups
auroral structures that are still attached to the main emission (dark green region “2”, light
green arcs marked “5” in Fig. 4) and appear almost fixed in local time. The majority of
these features are located near noon, suggesting that they are related to the process of mag-
netic reconnection near the nose of Saturn’s magnetopause and were often termed “cusp
aurora”. At Saturn, auroral brightenings are frequently observed near noon (e.g. Gérard et
al. 2004, 2005) (dark green feature “2” in Fig. 4). Following theoretical considerations, they
were possibly attributed to reconnection with the solar wind magnetic field on the dayside
magnetopause, similarly to the case of lobe cusp spots at Earth (Milan et al. 2000). Bunce
et al. (2005) proposed that pulsed reconnection at the low-latitude dayside magnetopause
for northward directed IMF (corresponding to the southward IMF case at Earth) is giving
rise to pulsed twin-vortical flows in the magnetosphere and ionosphere in the vicinity of the
OCFLB. These vortices build up field-aligned currents sufficient to produce the observed
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auroral enhancements near noon. During southward IMF conditions, reconnection cannot
take place at low latitude, however, high-latitude lobe reconnection pulsed twin-vortical
flows, bi-polar field aligned currents are expected and associated with auroral intensifica-
tions poleward of the OCFLB. During intermediate conditions, with a small northward and
dominating east-west (By) component of the IMF, a mixed situation with reconnection at
the high and the low latitude region may occur simultaneously. In addition, a non negligible
By component may also favor reconnection on the flanks of the magnetopause giving rise to
auroral brightenings appearing near the pre-noon or post-noon sectors.

An extended sequence of observations obtained with UVIS in 2008 revealed the evo-
Iution of an auroral feature starting as an intensification of the main emission near noon,
similar to the cusp aurora described above, gradually detaching from the main emission (the
OCFLB) in the poleward direction (Radioti et al. 2011a, 2011b, 2013b; Badman et al. 2013),
and finally evolving into two arcs (other shorter UVIS sequences show up to 3 arcs) with
one end attached to the main emission and the other end intruding the empty polar region at
a smaller local time (light green arcs marked “5” in Fig. 4). These bifurcations of Saturn’s
main emission were tentatively attributed to consecutive reconnection events at the dayside
magnetopause and were associated with open magnetic flux. Thorough inspection of the se-
quence of UV observations showed a concurrent equatorward motion, or expansion of the
main ring of emission, such that the increase of the area poleward of the main emission (i.e.
the polar cap size) is balanced by the area occupied by the bifurcations, therefore support-
ing the consecutive reconnections scenario and the possibility that dayside reconnection at
Saturn can occur consecutively or simultaneously at several locations on the magnetopause
with the reconnection lines following each other as they sweep along the flank of the mag-
netopause.

The same study from Radioti et al. (2011a, 2011b) pointed out transient spot-like struc-
tures appearing at the dawn and dusk poleward boundary of the main emission ring, estab-
lishing a third category of poleward features (dark blue spots marked “6” in Fig. 4). These
small, isolated features are somewhat detached from the main emission and are therefore
possibly connected to open magnetic field lines. Jackman et al. (2013) demonstrated that
dipolarizations in the magnetotail following reconnection events might result in distinct, ob-
servable auroral signatures. They estimated that reconnection in the magnetotail can lead to
rapid motion of newly closed field lines planetward and the diversion of the cross-tail current
through the ionosphere, resulting in discrete auroral emission through hot plasma injection
into and around the inner magnetosphere. The expected brightness of associated auroral sig-
natures is on the order of 10 kR, somewhat smaller but still in reasonable agreement with
the observed auroral spots of a few tens of kR. Jackman et al. (2013) further pointed out
that the observed auroral spot that they considered in their study is a precursor to a larger
intensification which followed about an hour later in the Cassini UVIS sequence, and which
had previously been reported to be linked with recurrent energization from the tail (Mitchell
et al. 2009).

3.2.3 Emissions Equatorward of the Main Emission
Two types of auroral structures appear equatorward of the main emission; spots and night-
side extended arcs (outer emission). Spot features include the Enceladus footprint that will

be addressed in the next section.

Spots  Isolated transient UV auroral spots are occasionally observed in Saturn’s ionosphere
along the equatorward boundary of the main emission (Radioti et al. 2009b, 2013c¢) (purple

@ Springer 39 Reprinted from the journal



D. Grodent

spots marked “7” in Fig. 4). Their typical lifetime ranges from several minutes to a few
tens of minutes. These relatively faint features—therefore difficult to detect—display typical
brightness <10 kR, corresponding to emitted power on the order of 0.1 GW.

Quasi-simultaneous HST and Cassini observations suggested that these auroral spots are
associated with the dynamics taking place in Saturn’s magnetosphere. Most specifically,
Cassini’s in situ instruments detected signatures of energetic particle injections on magnetic
field lines mapping close to the ionospheric region where, on the same day, HST observed
the transient auroral spots. Radioti et al. (2009a, 2009b) proposed that the injection region
may be directly coupled to Saturn’s ionosphere by pitch angle diffusion and electron scatter-
ing by whistler waves, or by the electric current flowing along the boundary of the injected
hot cloud. A more recent Cassini UVIS dataset made it possible to model the changing
brightness distribution of such UV spot structures (Radioti et al. 2013b). Comparison of the
brightness and size evolution of the simulated ionospheric signature, based on typical in-
jected particles drift and plasma energy dispersion, with observed values demonstrated that
these auroral spots behave as auroral signatures of an injection. Simultaneous Cassini ob-
servations of energetic neutral atoms (ENA) enhancements, indicative of a rotating heated
plasma region, suggest that pitch angle diffusion and electron scattering may not be the
only mechanism responsible for the observed auroral spots. Field aligned currents driven by
pressure gradients along the boundaries of the injected hot plasma may also give rise to such
auroral emissions.

Outer Emission Recent observations of Saturn’s aurora with the UVIS spectrograph on-
board Cassini not only confirm the presence of a quasi-permanent partial ring of emission
equatorward of Saturn’s main auroral emission (Grodent et al., 2005, 2010) (light blue arc
marked “8” in Fig. 4), but they also increase the number of positive cases and allow for a
statistical analysis of the characteristics of this outer emission. This faint but distinct auroral
feature appears at both hemispheres in the nightside sector. It magnetically maps to relatively
large distances in the nightside magnetosphere, on the order of 9 Rg.

This auroral feature consists of one or more narrow arcs (~3° of latitude) of emission
usually extending equatorward of the main emission from 18LT to O6LT through midnight,
although some images show the emission extending down to O9LT. The emission is not uni-
form in longitude, the presence of patches allows one to estimate the level of corotation of
the outer emission to ~70 %, similar to the main emission and compatible with a magneto-
spheric plasma source rotating at 7 to 10 Rg from Saturn.

It was initially thought that pitch angle scattering of electrons into the loss cone by
whistler waves would be responsible for the outer auroral emission. Rough estimates sug-
gested that a suprathermal electron population observed with Cassini (Schippers et al. 2008;
Lewis et al. 2008) in the nightside sector between 7 and 10 Rg might power this process.
However, a new analysis of 7 years of Cassini electron plasma data (Schippers et al. 2012)
indicates the presence of layers of upward and downward field aligned currents. They appear
to be part of a large-scale current system involving dayside-nightside asymmetries as well
as trans-hemispheric variations. This system comprises a net upward current layer, carried
by warm electrons, limited to the nightside sector which may as well generate the outer UV
auroral emission.

3.2.4 The Enceladus Footprint

The detection threshold of the HST UV cameras and the amount of reflected sunlight leak-
ing in these detectors are too large for a possible detection of Enceladus’ footprint with STIS
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or ACS. On the other hand, the UVIS spectrograph is able to detect fainter emissions. On
26 August 2008, UVIS obtained three successive observations of Saturn’s north pole un-
ambiguously revealing the auroral footprint of Enceladus at a location consistent with the
expected one (Pryor et al. 2011) (yellow spot marked “9” in Fig. 4). The spot brightness is
on the order of 1 kR, just above UVIS detection threshold. The predicted southern footprint
has not yet been detected for it is probably fainter than its northern counterpart, as is the case
for the main aurora (Nichols et al. 2009b). The auroral spot size suggests that the emission is
connected to an Enceladus interaction region at the equator extending as far as 20 Enceladus
radii (Rg) downstream with a radial extent between 0 and 20 Rg, consistent with the extent
of the plume resulting from Enceladus’ cryo-volcanic activity. The Enceladus auroral foot-
print was shown to vary in brightness by a factor of about 3. The most likely cause for this
observed large-scale variability is related to the time-variable cryo-volcanism from Ence-
ladus’ south polar vents, suggesting that plume activity was particularly high at the time of
the UVIS observations. Two weeks prior this detection by UVIS, the in situ instruments of
Cassini detected signatures of magnetic-field-aligned ion and electron beams with sufficient
power to produce the observed auroral footprint of Enceladus. Observed changes in the char-
acteristic energy of the field-aligned electron flux were tentatively associated with changes
in the magnetic field perturbation suggesting an actual change in the total field-aligned cur-
rent density. At Jupiter, the multiple components of the ultraviolet footprint of Io have been
interpreted as being due to multiple reflections of a standing Alfvén wave current system
driven by lo. It is possible that the flickering in energy of the beams observed downstream
of Enceladus is the equatorial signature of a standing wave pattern like that observed at the
Io footprint, suggesting a possible universal mechanism magnetically coupling a conducting
moon to its parent planet’s ionosphere.

4 The Ice Giants
4.1 Uranus

Like Jupiter and Saturn, Uranus’ fast rotation provides the planet with a strong dynamo-
magnetic field. Modeling of the interior of Uranus (Stanley and Bloxham 2006) suggests that
the dynamo source region consists in a convecting thin shell surrounding a stably stratified
fluid interior. This configuration is compatible with formation of a highly tilted (58.6°) and
shifted (0.3 uranian radius) magnetic dipole as well as important multipolar components.
This intricate asymmetric magnetic topology combines with the oddly inclined spin axis
(98°) of Uranus to form a highly distorted magnetosphere interacting with the solar wind
in a way that is changing during the course of the uranian day (Arridge et al. 2012). This
complexity complicates the detection of auroral emissions, especially for a distant observer
near Earth orbit.

The first unambiguous detection of aurora on Uranus was made possible by the unique
flyby of the planet by Voyager 2 (V2) Spacecraft. On January 24, 1986, at the time of Uranus
northern summer solstice, V2 was only 81,500 km from the cloud tops. Among the numer-
ous observations performed with V2 instruments during this several-hour encounter, the
extreme ultraviolet spectrometer (UVS) measured emissions in the 95-110 nm range near
the magnetic poles (Broadfoot et al. 1986; Herbert and Sandel 1994). Those were attributed
to auroral H, Lyman and Werner bands because at these wavelengths sunlight reflected by
the uranian atmosphere is relatively weak. On the contrary, the auroral H Lyman o emission
could not be discriminated from the much brighter dayside reflected solar H Lyman « light,
nor from the nightside reflected interstellar medium H Lyman «.
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Reconstruction from individual spatially resolved spectra taken at different times (Her-
bert 2009) provided an average map of the auroral emission, assumed to be time invariant.
The bulk of the emission forms discrete spots around the north and south AHs model mag-
netic poles and map to closed field line regions near L = 5 (see Herbert (2009) for precise
significance of L which slightly differs from the conventional McIlwain parameter). In addi-
tion, a pair of bright spots in the north auroral polar cap appears to map to L > 20, presum-
ably on open field lines. In both cases, the magnetic longitude is such that the majority of the
observed aurora connects to the magnetotail, suggesting substorm-like injection processes,
possibly associated with the arrival of an interplanetary shock (Sittler et al. 1987), and an
Earth-like partial ring current system.

The brightest UV auroral emissions thread field lines along which strong uranian kilo-
metric radio emissions (UKR; e.g. Herbert and Sandel 1994) and whistler mode waves (Gur-
nett et al. 1986; Kurth and Gurnett 1991) were also concurrently observed with V2. This
coincidence suggests that the auroral precipitation associated with the UV emission might
stem from whistler mode plasma waves scattering magnetospheric electrons of several keV
into the loss cone.

Since the rotation period of Uranus is not accurately known, the magnetic configuration
inferred from V2 in 1986 is not sufficient to derive the present location of the magnetic poles.
As a consequence, one does not know exactly where to search for the auroral signal, which
is challenging new observation planning. Nevertheless, there have been several attempts
to observe the uranian UV aurora from Earth orbit with HST, in 1998, 2005 and 2011,
around Uranus equinox. Only the 2011 and 1998 HST datasets reveal unambiguous auroral
emissions (Lamy et al. 2012). The 2011 aurora was shown to be potentially associated with
a series of powerful CMEs emitted by the Sun two months earlier. These features appeared
to form an extremely localized patch of weak emission, only visible in a few HST images.
They were described as variable signatures with brightness comparable to that observed
with V2. They are taking the form of spots or roughly continuous ring-like structures in the
dayside. Lamy et al. (2012) suggested that the spots result from dayside reconnection with
the IMF, while the ring-like structures would involve electron precipitation over a wide range
of longitudes that might be related to a short-lived twisted configuration of the magnetotail.

Similar efforts were made to detect auroral signatures in the near-infrared wavelength
range as part of a long term ground-based monitoring of Uranus’ H} emissions (Melin et al.
2011). Whilst the aurora remains spatially unresolved in the infrared, probably owing to its
small contrast with thermal emissions, observations conducted since 1992 show significant
short-term variability. This variability is presumably caused by changes in particle precipita-
tion flux and energy rather than by the slower variation of solar input energy. More recently,
Melin et al. (2013) presented observations obtained in late 2011, simultaneously with HST
UV observations, showing that Uranus’ upper atmosphere had continued its long-term cool-
ing trend beyond the 2007 equinox. This further suggests that Uranus thermospheric tem-
perature is closely linked to the changing geometry of the solar wind and planetary magnetic
field.

4.2 Neptune

The dynamo source region of Neptune is likely of the same nature as that of Uranus (Stanley
and Bloxham 2006). Therefore, it is not surprising that its magnetic field is also highly asym-
metric, tilted (—47°) and shifted (~0.5 Neptune Radius). Neptune’s obliquity is significantly
smaller than Uranus’ (29.6°), yet it is still large enough to contribute to the complexity and
variability of Neptune’s magnetosphere.
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Voyager 2 UVS detected marginal ultraviolet atmospheric emission from the nightside
of Neptune (Broadfoot et al. 1989). This emission, consistent with H, band spectrum, forms
two distinct features: a broad diffuse region extending from 55°S to 50°N near 60°W and
a brighter, narrower region confined to high southern latitudes near 240°W (Sandel et al.
1990). This latter feature was tentatively attributed to auroral processes involving precip-
itation of energetic electrons trapped at L values >8 Ry (Mauk et al. 1994). It was also
associated with a partial plasma torus formed by ionization of gas escaping from Triton’s at-
mosphere (Hill and Dessler 1990); or, alternatively, with a magnetic anomaly effect (Paran-
icas and Cheng 1994). The latitudinally distributed emission near 60°W was suggested to
result from precipitation of photoelectrons originating in the conjugate sunlit hemisphere. In
any case, these emissions are so faint, a couple of Rayleighs in the H, band region shortward
of Lyman «, that they were never detected from Earth orbit and are not expected to have any
measurable infrared counterpart.

5 Conclusion
5.1 Jupiter and Saturn

Jupiter and Saturn are gas giant planets with strong magnetic fields and fast rotating H,
dominated atmospheres. They both harbor conducting moons, one of which (Io and Ence-
ladus, respectively) is a major internal plasma source taping their giant magnetospheres. All
the ingredients are present on the two planets, in different proportions, to produce strong
UV auroral emissions with, one might think, comparable morphologies. However, Jupiter
and Saturn appear to respond differently to the interplanetary magnetic field and to changing
solar wind conditions. These different responses are thought to impart noticeable dissimi-
larities on the UV auroral morphology and on the origin of some auroral features that, at
first glance, are looking the same. The most striking case is the main emission. It is present
on both planets and is forming a strip of emission around the pole that is partially corotat-
ing with the magnetic field. However, closer inspection of this main auroral feature reveals
strong dissimilarities, such as the bifurcation of a fraction of the Saturnian main emission,
which finds no equivalent in the Jovian aurora. This particular behavior points to the control
of Saturn’s main emission by processes related to the interaction of Saturn’s magnetosphere
with the solar wind. For Jupiter, this interaction appears to be much less important and is
eclipsed by the corotation electric field. Despite these major differences, some auroral fea-
tures appear to be common to gas giants. Among them, satellite magnetic footprints are
easily recognizable since they detach from the rest of the emission. Injection of hot plasma
in the middle magnetosphere is also a process common to both planets. Therefore, it is not
surprising to find similar auroral signatures. The case of dayside and night side reconnection
spot like signatures is less clear-cut since it involves magnetospheric mechanisms that are
driven internally (Vasylitinas-cycle) or externally (Dungey-cycle). The relative importance
of these two cycles depends, again, on the significance of corotation enforcement compared
to solar wind convection, which is different for Jupiter and Saturn.

5.2 Uranus and Neptune
Compared to Jupiter and Saturn, the UV aurorae on Uranus and Neptune are all poorly doc-

umented. The main reason stems from the weakness of the emission, making it extremely
difficult to observe from Earth orbit, and from the complexity of the magnetic field and their
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rapidly changing distorted magnetosphere. Most of the observations were obtained with the
Voyager 2 spacecraft that flew by Uranus in 1986 and by Neptune in 1989. On Uranus, the
aurora forms discrete spots around both magnetic poles and map along closed and open
magnetic field lines possibly connected to the magnetotail, suggesting substorm-like injec-
tion processes. On Neptune, the UV signal was marginally detected on the nightside of the
planet. It consists of a broad diffuse region extending between northern and southern mid-
latitudes and a narrower region confined to high southern latitudes. Only the latter was plau-
sibly associated with auroral processes. Some recent observations with HST also revealed
UV auroral emission on Uranus. This weak emission forms spots, tentatively attributed to
reconnection with the IMF, or ring-like structures in the dayside possibly related to a short-
lived twisted configuration of the magnetotail.

5.3 The Juno mission

Although our understanding of the auroral mechanisms prevailing at the giant planets is im-
proving, thanks to the continuing observing, theoretical and modeling efforts, there are still
numerous fundamental questions which need consideration. For example, the auroral par-
ticle acceleration processes above the atmosphere need to be confirmed; the actual role of
solar wind in driving the magnetospheres is also a crucial point of debate. The NASA New
Frontiers Juno mission will directly address some of these questions (Bolton et al. 2010).
Juno will be the first spacecraft placed into an elliptical polar orbit around Jupiter following
an insertion-orbit manoeuvre in July 2016. Juno’s scientific payload consists of nine instru-
ments, five of which are designed to determine the physical processes occurring in the high
latitude magnetosphere of Jupiter, making it possible to directly relate them to auroral ac-
tivity and to processes taking place in the low-latitude magnetosphere (Bagenal et al. 2014).
Specifically, the magnetometer (MAG) will provide an accurate mapping of the magnetic
field from the top of the ionosphere to the deep magnetosphere; the Jupiter Energetic parti-
cle Detector Instrument (JEDI) will measure the high energy and pitch angle of plasma sheet
ions and electrons while the Jovian Auroral Distributions Experiment (JADE) will make the
first characterization of the particles giving rise to aurora and will complement JEDI by ob-
serving the lower part of the energy spectrum; the plasma Waves (Waves) instrument will
identify the regions of auroral currents and the auroral particles acceleration processes; at
the same time, the Ultraviolet Spectrograph (UVS) will obtain spectral images of the UV au-
rora generated by the particles measured by JADE. In addition, the Jupiter InfraRed Auroral
Mapper (JIRAM) will provide key information on the conditions prevailing in the auroral at-
mosphere and the visible camera (JunoCAM) will also observe the auroral emissions in the
nightside sector. Thanks to its polar orbit and instruments suite Juno will be capable of si-
multaneously measuring key signatures of the efficient magnetosphere-ionosphere coupling
at Jupiter. This knowledge will benefit to the case of Saturn and to some extent to Uranus
and Neptune, as well as any giant magnetized planet surrounded by plasma.
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Abstract The dynamics of the giant planet magnetodiscs are strongly influenced by plane-
tary rotation. Yet the solar wind must ultimately remove plasma from these rapidly rotating
magnetodiscs at the same rate that plasma is transported radially outward from the source
regions: the Io and Enceladus plasma tori. It is not clear how the solar wind influences
magnetospheric dynamics when the dynamics are dominated by rotation. However, auroral
observations provide important clues. We review magnetodisc sources and radial transport
and the solar wind interaction with the giant magnetospheres of Jupiter and Saturn in an
attempt to connect auroral features with specific drivers. We provide a discussion of auroral
signatures that are related to the solar wind interaction and summarize with a discussion
of global magnetospheric dynamics as illustrated by global MHD simulations. Many ques-
tions remain and it is the intent of this review to highlight several of the most compelling
questions for future research.

Keywords Neutral clouds - Plasma torus - Momentum loading - Dynamics - Aurora -
Magnetodiscs - Reconnection - Solar wind

1 Introduction

The dynamics of giant planet magnetospheres are largely dominated by planetary rota-
tion. The centrifugal confinement of plasma originating from Io and Enceladus, located
deep in the inner magnetosphere, is fundamental to the formation of these structures. The
equatorially-confined plasma carries azimuthal currents that distort the magnetic field into
a thin disc-like structure called the magnetodisc (see discussion by M. Kivelson, this is-
sue). The outward plasma transport mechanism in these rapidly-rotating magnetospheres is
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thought to be the centrifugally-driven flux tube interchange instability (akin to the gravita-
tional Rayleigh-Taylor instability). Eventually, the plasma is lost to the magnetotail, mod-
ulated by the variable upstream solar wind environment (Arridge et al. 2011; Jackman and
Arridge 2011). Reconnection likely plays a key role in generating disconnected plasma blobs
(plasmoids) that can be carried away by the solar wind. The Vasyliunas cycle is based on
centrifugal stretching of the magnetodisc in the tail region, allowing the current sheet to thin
and reconnection to operate (Vasyliunas 1983). Dayside reconnection can drive a Dungey
cycle of reconnection that on long time scales requires tail reconnection to conserve flux
(Dungey 1961). This solar wind-driven reconnection could be important for magnetodisc
dynamics. Finally, the tangential stresses generated at the magnetopause boundary by the
solar wind’s viscous interaction can also influence dynamics (Axford and Hines 1961; De-
lamere and Bagenal 2010). All of these processes lead to mass loss from the magnetodisc.

Mass transport is a two-way process in planetary magnetospheres and cannot be con-
sidered independent of magnetic flux or internal energy transport. While net mass flux can
point into or out of the magnetosphere, magnetic flux must be balanced on long time scales.
At Jupiter and Saturn, roughly 500 kg/s and 50 kg/s are lost to the solar wind, respectively
(Delamere and Bagenal 2013). During radial transport, plasma is heating non-adiabatically,
requiring an input energy of 3—16 TW at Jupiter and 75-630 GW at Saturn (Bagenal and
Delamere 2011). The detailed physical transport mechanisms and associated heating are
poorly understood. However, ultimately the transport physics must take into consideration
the interaction of the giant magnetodiscs with the solar wind.

The purpose of this article is to review the internally-driven dynamics and the solar wind
interaction. We review: mass and energy transport in planetary magnetodiscs (Sect. 2), mag-
netopause boundary processes that facilitate the solar wind interaction (Sect. 3), and obser-
vational clues found in the auroral emissions (Sect. 4). Finally, we conclude with a discus-
sion of what global simulations reveal about the solar wind interaction (Sect. 5) and how
magnetodisc plasma is lost to the solar wind.

2 Mass and Energy Flow in Planetary Magnetodiscs
2.1 Sources

Quantifying the transport of mass and energy through planetary magnetodiscs is crucial for
untangling internal and external (i.e. solar wind) drivers of magnetospheric dynamics. For
example, the radial mass transport rate, M, together with ionospheric conductivity character-
izes the magnetosphere-ionosphere coupling that can generate internally-driven aurora (e.g.
Hill 1979; Nichols and Cowley 2004; Ray et al. 2010). Non-adiabatic heating of the plasma
during radial transport affects the plasma-g at the magnetopause boundary that, in part, de-
termines the nature of the solar wind interaction (e.g. Masters et al. 2012a). The equilibrium
scale (i.e. subsolar distance of the magnetopause boundary) of the magnetosphere is depen-
dent on the momentum transfer rate from the solar wind, requiring that plasma mass loss to
the solar wind balances the internal plasma source rate (Delamere and Bagenal 2013). In this
section we discuss the flow of mass and energy in the context of magnetosphere-ionosphere
coupling and the superthermal plasma populations of planetary magnetodiscs.

Located deep in the inner magnetospheres of Jupiter and Saturn, Io and Enceladus are
the respective sources of neutral gas that supply plasma to these planetary magnetodiscs.
The fate of these neutral gases is very different. At Jupiter nearly all of the iogenic neutral
gas is ionized and either removed from the system as fast escaping neutrals as a result of

Reprinted from the journal 52 &\ Springer



Solar Wind Driven Dynamics

charge exchange or transported radially outward as plasma. Of the initial ~ tonne per second
(1000 kg/s) of neutral gas generated by o, only 500 kg/s survives as plasma for the mag-
netodisc. At Saturn, the low thermal electron temperatures near Enceladus result in a neu-
tral dominated gas in Saturn’s inner magnetospheres. The expansion and redistribution of
this neutral torus eventually supplies Saturn’s magnetodisc at larger radial distances, where
the electrons are hot enough to ionize. Ultimately, only ~50 kg/s of the initial ~200 kg/s
of water vapor spewing from the Encledus geysers is transport radially as plasma through
the magnetodisc. A complete discussion of the satellite neutral clouds and evolution of the
plasma tori is given by Achilleos et al. (2014, this issue).

2.2 Plasma Transport and Magnetosphere-Ionosphere Coupling

At both Jupiter and Saturn, radial transport of plasma is driven primarily by centrifugal
forces. In this process, which is similar to the gravitationally driven Rayleigh-Taylor insta-
bility, rapidly rotating cold, dense plasma experiences an outward centrifugal force. As the
flux tubes containing cold, dense plasma move radially outward, flux tubes with hot, ten-
uous plasma are transported towards the planet to conserve magnetic flux, while reducing
the centrifugal potential energy of the system (see review by Thomas et al. 2004). Radial
transport out of the o torus occurs very slowly, with plasma residing inside of 10 R, for
~23-50 days (Delamere and Bagenal 2003).

As plasma is radially transported outwards, conservation of angular momentum dictates
that it slows in its angular motion. However, the planetary magnetic field is frozen-in to the
magnetospheric plasma. Therefore, the slowing magnetospheric plasma exerts a stress on the
magnetic field, bending it backwards. Simultaneously, field-aligned currents develop, sup-
porting the magnetic field geometry and transferring angular momentum from the planetary
atmosphere to the magnetospheric plasma. These currents flow radially through the mag-
netospheric equator, and the ensuing J x B forces accelerates the magnetospheric plasma
towards corotation. The current circuit closes in the planetary ionosphere, with the latitudi-
nal current directed equatorwards, thus imposing a J x B force in the ionosphere opposite
to that in the magnetosphere. At Jupiter, the main auroral emission, observed in both IR and
UV wavelengths, is a signature of this current circuit, as the upward field-aligned currents
that feed the magnetospheric plasma are associated with planetward moving electrons that
excite the planetary atmosphere. Low latitude aurora have also been identified on Saturn
in the infrared and ultraviolet domain, which could correspond to the main emissions on
Jupiter (Stallard et al. 2008; Grodent et al. 2010). While omnipresent, Jupiter’s main auroral
is more dynamic than originally thought; However, the constant production—and subse-
quent transport—of logenic plasma lends itself to an exploration of the steady state system,
which can then be expanded to understand how the solar wind influences the main auroral
emission.

Hill (1979) first explored the above scenario, predicting the radial profile of the magne-
tospheric plasma’s angular velocity through balancing the ionospheric and magnetosphere
torques. His analytic description assumed a dipole planetary magnetic field and constant
ionospheric Pedersen conductance, X'p. He found that the departure from corotation of the
magnetospheric plasma angular velocity could be characterized by a value,

Ty R2 B2 1/4
L= (7[}/ ”) ()

where Rp is the planetary radius, Bp is the magnetic field strength at the ionosphere, and
M is the radial mass transport rate in kg/s. For radial distance larger the L, the lag from coro-
tation of the plasma would be significant. It is clear to see from Eq. (1) that the location of
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the departure from corotation depends on the ratio of the ionospheric Pedersen conductance
to the radial mass transport rate.

Since the seminal analysis of Hill (1979), there have been many studies expanding the
simplifying assumptions of the original analysis (e.g. Huang and Hill 1989; Pontius 1997;
Cowley and Bunce 2001; Nichols and Cowley 2004; Smith and Aylward 2009; Ray et al.
2010; Yates et al. 2012). The giant planet systems are more complicated than a dipole mag-
netic field and a planetary atmosphere with constant Pedersen conductance. In steady state
the main factors that influence the ability of the planetary atmosphere to communicate an-
gular momentum to its surrounding magnetospheric plasma, and hence field-aligned current
strengths and subsequent auroral emission location and brightness, are (1) the rotation rate
of the planetary thermosphere; (2) the modification of the ionospheric Pedersen conduc-
tance with auroral electron precipitation; (3) the magnitude of the north-south component of
the planetary magnetic field; and (4) the latitudinal distribution of current carriers along the
magnetic field and possible accompanying potential drops.

Ultimately, in the case of Jupiter, the angular momentum that is transferred out to the
magnetospheric plasma comes from the planet’s deep interior. Angular momentum is trans-
ported from the deep interior to the thermosphere via advection and eddy diffusion (Smith
and Aylward 2008; Huang and Hill 1989). Thermospheric flows are then coupled to the
ionosphere through ion-neutral collisions. If the neutral thermosphere is significantly sub-
corotating, then that will affect the maximum planetary angular velocity that is communi-
cated to the magnetosphere. The Pedersen conductance, in part, controls the magnitude of
the ionospheric currents, and therefore the field-aligned currents that transport angular mo-
mentum outwards to the magnetospheric plasma. Electron precipitation into the planetary
atmosphere will enhance the Pedersen conductance, acting as a positive feedback mecha-
nism, which encourages the transfer of angular momentum (Nichols and Cowley 2004; Ray
et al. 2010). In both the jovian and saturnian magnetospheres, the planetary magnetic field
is distended by a current sheet that results in a decreased field strength from that of a dipole.
The departure of the field from a dipole configuration depends on the plasma pressure, and
will therefore change with local plasma parameters (Caudal 1986; Achilleos et al. 2010b,
2010a; Nichols 2011). Diminishing magnitude of the north-south component of the plan-
etary magnetic field will hinder the delivery of angular momentum to the magnetospheric
plasma, affecting the J x B force on the plasma (Pontius 1997).

Finally, both Jupiter and Saturn are rapid rotators, therefore their magnetospheric plasma
experiences strong centrifugal forces. Cold, heavy ions will be confined to the equatorial
plane whilst lighter ions, such as protons, and electrons will have more mobility along the
magnetic field. The ensuing charge separation results in an ambipolar electric field that acts
to restrict electrons in their planetward motion and pull positively charge particles up off the
equatorial plane. lonospheric plasma is restricted to high latitudes because of gravitational
forces. Therefore, at high latitudes, there is a minimum in the plasma density along the mag-
netic flux tube (Su et al. 2003; Ray et al. 2009). Should the magnetospheric plasma’s demand
for angular momentum, and hence current, from the planet exceed the thermal electron cur-
rent density, field-aligned potentials will develop at the location of the plasma density mini-
mum. Changes in the magnitude of the field-aligned potentials with latitude, or equivalently
equatorial radius, will modify the electric field mapping between the ionosphere and the
magnetosphere, allowing for rotational decoupling between the two regions. Another effect
of the field-aligned potentials is to spread the transfer of angular momentum over a broader
region in the magnetospheric equator (Ray et al. 2010). Note that this process does not
necessarily broaden the width of the auroral emission at the planet because of the disten-
sion of the planetary magnetic field due to the current sheet. Jupiter’s sulfur dioxide-based
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chemistry, and hence lower abundance of protons relative to the Saturn’s water group-based
system, means that this effect is stronger in the jovian system.

At higher energies (i.e. superthermal particles) the nature of the sources of particles and
their transport can be quite different from the picture we just put forward. For instance,
energetic protons above a certain energy are believed to be created via the Cosmic ray albedo
neutron decay (Crand) mechanism (e.g., Cooper and Simpson 1980). These particles are the
decay products of neutrons created when cosmic rays have access to Saturn and its rings.
Recently, Roussos et al. (2011) linked energetic proton fluxes to the phase of the solar cycle
to provide more evidence for the Crand mechanism.

At higher energies, there is evidence of both the local interchange, described above for
thermal plasma, and the injection of global distributions of hot ions. Mitchell (2015) de-
scribed the latter type as signatures of current sheet collapse. These processes could in fact
be larger scale manifestations of interchange. But at least from the point of view of in situ
data, there are qualitative differences between larger scale injections, that can be imaged in
ENAs, and flux tube interchange, that occurs closer to the planet.

It is also not well understood how flux tube interchange and/or current sheet collapse
relate to transport on smaller spatial scale, e.g., micro-diffusion. Microdiffusion is believed
to be important, for instance, in explaining the rate of fill in of satellite micro signatures.
These depletions created by satellite absorptions fill in even when injections are not present.
It is important to keep in mind that there are multiple modes of transport in these systems.

2.3 Suprathermal Particles in Planetary Magnetodiscs

The solar wind flows approximately radially outward from the Sun. The ion plasma con-
tains light and heavy ions in various charge states, including both pick-up Hydrogen (H')
and Helium (i.e., He') and solar Hydrogen (H") and He'™" (alpha particles). The pickup
ions are derived from interstellar neutrals. Helium ions found in planetary magnetospheres
provide a good tracer of the access of solar wind. For instance, Haggerty et al. (2009) have
examined the relative proportion of the main energetic ions as a function of distance down
Jupiter’s magnetotail. They show that closer to the planet, the charged particles become
more dominated by logenic composition, but also reveal the deep penetration of solar wind
Helium.

The velocity distribution of the quiescent solar wind electrons can be modeled using a
Maxwellian for the cold plasma core, a kappa distribution for the halo (Vasyliunas 1968),
and a power law for the energetic tail (see Fig. 1). The velocity distribution of solar wind H*
measured in the solar wind at 5.2 AU (appropriate for Jupiter) also includes an interstellar
pickup proton population (Fig. 2).

The kappa distribution is used throughout the planetary magnetospheres and the helio-
sphere to describe suprathermal particles (e.g., Dialynas et al. 2009; Decker et al. 2005). It is
like a Maxwellian, but at small kappa parameters, it deviates in important ways (see Fig. 3).
The suprathermals can often play a leading role in the total particle pressure in planetary
magnetospheres (Sergis et al. 2010), and not surprisingly because it is a pressure-driven
current, the planetary ring current (Krimigis et al. 2007). Particles that generate auroral sig-
natures are typically in the suprathermal energy range.

Kappa distributions are observed regularly in magnetospheric contexts but the source
of these distributions is not well understood. In their very useful paper, Pierrard and Lazar
(2010) outline some of the theory behind the distribution and its applications in the solar
system. They point out, for instance, that, “an isotropic kappa distribution (instead of a
Maxwellian) in a planetary (context) leads to a number density n decreasing as a power law
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(instead of exponentially) with the radial distance r and a temperature 7 increasing with
radial distance (instead of being constant). ...”

In addition to how the distribution may evolve as a function of radial distance from the
planet, it is also worth mentioning the important role of neutrals on suprathermal popula-
tions. Neutrals from Enceladus populate a wide region of the inner and middle magneto-
sphere of Saturn. These neutrals can cause suprathermal singly-charged ions to be lost from
the magnetosphere via charge exchange. In this process, the more energetic ion leaves the
system as an energetic neutral atom, leaving behind a cold ion. In fact, data reveal that in
Saturn’s inner magnetosphere, very low fluxes of trapped ions are present, except right at
the corotation speed (Young et al. 2005, their Fig. 1). Corotation speed ions also undergo
charge-exchange with ambient neutrals but this only replaces one thermal ion with another.
Paranicas et al. (2008) also found that energetic ions can be largely absent in Saturn’s inner
magnetosphere due to charge exchange. They show that often the energetic ions that are
detected are due to fresh injections.
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The situation for suprathermal electrons at Saturn is somewhat different. These particles
can be energized by heating from the cold plasma range (for instance through Coulomb col-
lisions with the corotating ions) and by invariant conservation as part of the inward motion
that takes place during injections/interchange. Suprathermal electrons can lose energy in in-
teractions with the neutral gas. They scatter off of all the charges in the gas/dust medium
and lose energy by, for instance, providing excitations to the atoms and molecules in the
medium. They are also efficient at ionizing and lose energy this way.

To summarize, the role of suprathermals in the inner magnetospheres of Jupiter and Sat-
urn is probably vastly different. At Jupiter, the distribution function of charged particles is
probably very robust between the cold plasma and the energetic particle range outward of
the confined neutral gas distributions. However, at Saturn, there are important losses of ions
in the suprathermal energy range and above to charge exchange with the expanded neu-
tral gas distribution (Cassidy and Johnson 2010; Fleshman et al. 2012). Furthermore, even
suprathermal and higher energy electrons at Saturn can be cooled by the presence of the
neutral gas. Sergis et al. (2010), for instance, showed that the corotating cold plasma is very
critical in the inner magnetosphere of Saturn and more energetic particles start to play a role
in the pressure at larger distances.

3 Magnetopause Boundary Processes

The question of exactly how the solar wind interacts with the giant planet magnetospheres
has been a major subject of debate. Although we have a significant amount still to learn
about this topic, recent studies have caused our understanding to evolve.

At the magnetopause boundary of a planetary magnetosphere there is a direct interac-
tion between the shock-processed solar wind plasma and the planetary magnetized plasma
environment. Understanding the solar wind-magnetosphere interaction at any planet must
be based on a clear understanding of the physical processes operating at the magnetopause.
These processes lead to mass, momentum, and energy transport into the magnetosphere.

In this section we discuss the processes operating at the magnetopause boundary of both
Jupiter’s and Saturn’s magnetosphere. As we will see, current understanding suggests that
the nature of these processes varies between planets, making the assumption of an Earth-like
solar wind interaction very likely invalid.
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3.1 Magnetic Reconnection

One of the major magnetopause processes responsible for energy transport is magnetic re-
connection (Dungey 1961; Vasyliunas 1975; Russell 1975) (see the review by Paschmann
2008 and references therein). This is a fundamental process where plasma and coupled mag-
netic field lines flow toward a reconnection ‘x-line’, where they become decoupled and are
essentially ‘cut’ and ‘reconnected’, before flowing away from the x-line and recoupling with
the plasma. This process changes the topology of the magnetic field and releases magnetic
energy. In the case of Earth’s magnetosphere, reconnection at the magnetopause is the prin-
cipal driver of energy flow through the magnetosphere.

The physics of the reconnection process remains the subject of much research. It is well-
established that the reconnection rate decreases as the ratio of plasma to magnetic pressure
(the plasma B) adjacent to the current sheet increases (e.g. Sonnerup and Ledley 1974;
Anderson et al. 1997); however, recent work suggests that certain plasma conditions can
suppress the onset of reconnection itself. An increasing difference in plasma B across a
current sheet has been shown to suppress reconnection onset for an increasing range of
magnetic shears across the boundary (Phan et al. 2010, 2013). This is due to the potential for
particle drifts within the current sheet to prevent the flow pattern required for reconnection
from being established (Swisdak et al. 2003, 2010). This effect is hereafter referred to as
diamagnetic suppression. In addition, it has been suggested that a super-Alfvénic flow shear
in the direction of the reconnecting field can also suppress reconnection, similarly related
to disruption of reconnection-imposed flows (e.g. Cassak and Otto 2011). This effect is
hereafter referred to as flow shear suppression.

We know the Mach numbers of planetary bow shocks increase with distance from the
Sun (e.g. Russell et al. 1982), which produce different solar wind plasma conditions ad-
jacent to each planetary magnetopause. We also know that there is non-negligible plasma
pressure in the outer magnetospheres of Jupiter and Saturn, combined with significant flows
in the sense of planetary rotation. When considering the nature of magnetic reconnection
at both Jupiter’s and Saturn’s magnetopause, an assessment of the effect of these differing
conditions is essential.

Spacecraft observations at Jupiter’s magnetopause have revealed evidence for the oc-
currence of reconnection (Walker and Russell 1985; Huddleston et al. 1997). Identification
of encounters with the reconnection-related phenomenon of Flux Transfer Events (FTEs)
(Russell and Elphic 1978; Walker and Russell 1985) is a particularly clear indication that
the process does operate. However, spacecraft observations at Jupiter’s magnetopause re-
main limited, meaning that we cannot yet build a statistical picture of where, and under
what conditions, reconnection occurs.

McComas and Bagenal (2007) argued that the long time scale associated with an open
field line being dragged to the magnetotail by the solar wind compared to the time scale
of Interplanetary Magnetic Field (IMF) sector changes means that such open field lines
can be closed through further magnetopause reconnection. The proposed ability of this sce-
nario to keep the amount of open flux in the system small was challenged by Cowley et al.
(2008), primarily on the basis of a comparison of expected rates of magnetic flux opening
and closure due to magnetopause reconnection at different locations. This concept remains
the subject of debate (McComas and Bagenal 2008).

Most recently, Desroche et al. (2012) used idealized models of conditions at Jupiter’s
magnetopause to draw conclusions about the solar wind-magnetosphere interaction. In-
cluded in their investigation was an assessment of how favorable conditions at Jupiter’s
magnetopause are for reconnection onset (see Fig. 4). They found that the large flow shears
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Fig. 4 Assessment of how
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across the dawn flank magnetopause generally prohibit reconnection due to flow shear sup-
pression. Furthermore, by considering different values of the (poorly constrained) plasma
B in Jupiter’s near-magnetopause magnetosphere they showed that diamagnetic suppression
may also be severe.

In the case of Saturn’s magnetosphere, in situ evidence for magnetopause reconnection
has also been reported (Huddleston et al. 1997; McAndrews et al. 2008; Lai et al. 2012;
Fuselier et al. 2014), and it has been suggested that some dayside auroral features are caused
by bursts of magnetopause reconnection (Radioti et al. 2011a; Badman et al. 2012a, 2013).
However, unlike Jupiter, no examples of FTEs have been identified to date (Lai et al. 2012),
and neither Saturn’s auroral power nor the thickness on the magnetospheric boundary layer
adjacent to the magnetopause show a clear response to the orientation of the IMF (unlike
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the case of Earth’s magnetopause reconnection-driven magnetosphere) (Crary et al. 2005;
Clarke et al. 2009; Masters et al. 2011).

Indirect evidence for dayside magnetopause reconnection at Saturn has been provided by
in situ observations by Cassini at high latitudes in the magnetosphere. The in situ data shows
the presence of magnetosheath plasma at the expected location of the cusp deep within the
magnetosphere and with dispersions characteristic of magnetopause reconnection. Jasin-
ski et al. (2014) have used ion energy-pitch angle dispersions to argue for a magnetopause
reconnection interpretation using data from the northern hemisphere. Furthermore, they ob-
served stepped time-energy ion dispersions that argue for pulsed reconnection, as suggested
by the rapid variations in clock angle inside CIRs (Jackman et al. 2005).

The southern polar cusp was studied using in situ data from Cassini in January and Febru-
ary 2007 (Arridge et al. 2014). In these events energy-pitch angle dispersions were also sug-
gested for magnetopause reconnection. These case studies demonstrated injections in the
cusp under a range of solar wind dynamic pressure conditions thus showing that the solar
wind interaction has an important component under more rarefield solar wind conditions.
The in situ data also contains evidence for a boundary layer between the open field lines
in the cusp and the field-aligned currents driving the main auroral emission thus suggesting
that the main auroral emission and the OCB are not exactly co-located. Evidence was also
presented that the cusp oscillated in position in phase with Saturn’s global magnetospheric
periodicities.

Note that although spacecraft observations in the vicinity of Saturn’s magnetopause are
currently more extensive than those made at Jupiter’s magnetopause, the Saturn data sets
also suffer from limited instrument fields-of-view. This almost always prohibits the assess-
ment of whether or not the clearest evidence for magnetopause reconnection in the form
of reconnection outflows (jets) were present at a spacecraft magnetopause encounter. As
a result, a comprehensive statistical picture of where and why magnetopause reconnection
occurs is also not available for Saturn’s magnetopause.

However, Masters et al. (2012a) assessed the diamagnetic suppression condition at Sat-
urn’s magnetopause using spacecraft observations of local plasma 8 conditions at the bound-
ary. They found that diamagnetic suppression is likely to be severe, primarily due to high-8
conditions in the solar wind adjacent to Saturn’s magnetopause (see Fig. 5). This high-8
environment is consistent with the high-Mach number of Saturn’s bow shock. It is thus ex-
pected that reconnection at Saturn’s magnetopause is generally limited to regions of the
magnetopause surface where the fields on either side of the boundary become almost anti-
parallel (note that this is presently consistent with observed reconnection signatures, e.g.
Fuselier et al. 2014). More recently, Masters et al. (2014) reported the results of a study that
was similarly based on measured near-magnetopause conditions. These authors inferred re-
connection electric field strengths (assuming the satisfaction of onset conditions), and sug-
gested that the resulting reconnection voltages applied to Saturn’s magnetosphere are gen-
erally not high enough to represent a major driver of system dynamics.

As we have discussed, near-magnetopause plasma conditions at both Jupiter and Saturn
differ from those at Earth’s magnetopause. Faster flows in the magnetosphere can suppress
reconnection, and higher plasma B on either side of the boundary can also limit the onset of
the reconnection process. Overall, current understanding suggests that the coupling between
the solar wind and both Jupiter’s and Saturn’s magnetospheres via magnetopause reconnec-
tion is weaker than that at Earth. How Jupiter and Saturn compare with each other remains
unclear.
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Fig. 5 Measured plasma $ conditions at Saturn’s magnetopause and an assessment of the importance of
diamagnetic suppression of magnetopause reconnection. Taken from Masters et al. (2012a)

3.2 Shear-Flow Driven Instabilities

Energy transport across the magnetopause can also be achieved through the growth of insta-
bilities that are driven by the flow shears often present at the boundary. The most well studied
of these is the Kelvin-Helmholtz (K-H) instability (e.g. Dungey 1955; Chandrasekhar 1961).
This is a fundamental instability that can grow in a wide range of fluid environments. For
sufficiently high flow shear across a boundary between two fluids, like a planetary magne-
topause, the boundary can become K-H unstable. A seed perturbation of a K-H unstable
interface will grow with time, rather than be suppressed, leading to surface waves in the
linear phase of the instability, and complex boundary vortices in the subsequent nonlinear
phase. There is substantial evidence for the development of K-H-driven waves and vortices
on Earth’s magnetopause (e.g. Hasegawa et al. 2004).

In this planetary magnetopause context, the role of K-H instability in promoting the
growth of other instabilities has received much research attention, in particular magnetic
reconnection (Nykyri and Otto 2001; Nakamura and Fujimoto 2005; Nakamura et al. 2006).
Reconnection within rolled-up K-H vortices has been observed at Earth’s magnetopause
(Nykyri et al. 2006; Hasegawa et al. 2009), and conditions in these complex structures is
expected to enhance plasma diffusion across the interface (e.g. Cowee et al. 2010). In case
of the terrestrial magnetosphere, solar wind energy transport into the magnetosphere under
northward IMF conditions is thought to occur primarily through the flanks of the magne-
topause as a result of the growth of the K-H instability (e.g. Hasegawa et al. 2004).

The different plasma conditions at the magnetopause of both Jupiter and Saturn com-
pared to at Earth’s magnetopause are expected to also affect shear flow-driven instabilities
like the K-H instability. Although the magnetosheath flow is similar, magnetospheric flows
just inside each giant planet magnetopause are appreciable, and directed from dawn to dusk,
having a strong effect on the flow shear. In addition, different plasma densities and magnetic
field strengths and orientations can affect the K-H stability of these boundaries (e.g. Chan-
drasekhar 1961; Southwood 1968). It is reasonable to expect that the dawn flank of both
Jupiter’s and Saturn’s magnetopause is K-H unstable, due to the larger flow shear, and thus
that more K-H-related perturbations should be present in this region (Galopeau et al. 1995).

Wave activity on Jupiter’s magnetopause has been identified based on multiple spacecraft
crossings of the boundary (Huddleston et al. 1997); however, as for investigation of other
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processes operating at Jupiter’s magnetopause, limited spacecraft data sets prevent large
statistical analyses. Note that separating wave-driving mechanisms is difficult, i.e. solar wind
pressure fluctuations can cause waves as well as K-H instability growth.

In their assessment of what conditions at Jupiter’s magnetopause mean for how the solar
wind interacts with the magnetosphere, Desroche et al. (2012) consider the K-H stability of
the boundary. They found that polar flattening of the magnetosphere (caused by centrifugal
confinement of magnetospheric plasma in roughly the plane of the planetary equator) can
have a significant effect on the flow in the magnetosheath, and that, as expected, the dawn
flank of the magnetopause should be far more K-H unstable than the dusk flank, due to the
difference in flow shears (see Fig. 6).

Delamere and Bagenal (2010) suggested that solar wind driving of Jupiter’s magneto-
sphere is predominantly due to viscous processes, like growth of the K-H instability, operat-
ing at the magnetopause. This model is akin to that of Axford and Hines (1961). Delamere
and Bagenal (2010) suggested that rather than a global cycle of reconnection where flux is
opened at the dayside magnetopause and closed in the magnetotail, flux is predominantly
opened and closed intermittently in small-scale structures in turbulent interaction regions on
the flanks of the magnetosphere. K-H vortices and associated reconnection is a key element
of this understanding of Jupiter’s magnetospheric dynamics.

Statistical studies of perturbations of Saturn’s magnetopause have provided a clearer pic-
ture of K-H instability growth at this magnetospheric boundary. Case studies initially re-
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vealed evidence for waves on both the dawn and dusk sides of the magnetopause (Huddle-
ston et al. 1997; Masters et al. 2009; Cutler et al. 2011), before a recent statistical study by
Masters et al. (2012b) showed that waves are a common feature of Saturn’s magnetopause
dynamics. Contrary to our expectation of a dawn-dusk asymmetry, roughly equal wave oc-
currence was found at dawn and dusk. The tailward propagation of the identified waves,
generally perpendicular to the local magnetospheric magnetic field, suggests that the K-H
instability is a dominant wave driving mechanism. Most recently, Mistry et al. (2014) used
simple modeling to propose that the amplitude of K-H waves is generally comparable to
the amplitude of global boundary oscillations at a period close to that of planetary rotation.
A case study of a spacecraft encounter with a K-H vortex near the boundary of Saturn’s
magnetosphere was presented by Masters et al. (2010), and analysed in further detail by
Delamere et al. (2011) and Wilson et al. (2012). Masters et al. (2010) suggested that such
structures can generate spots of auroral emission, which are similar to observed auroral
features (Grodent et al. 2011). A more comprehensive study of K-H vortices was recently
reported by Delamere et al. (2013). These authors identified the distinctive magnetic field
signatures of K-H vortices to identify many possible vortex events, which mostly occurred
on the dusk flank, also contrary to expectations (see Fig. 7). Delamere et al. (2013) suggested
that this is because K-H perturbations grow in the prenoon to dusk region, before moving to
dusk with the local centre of mass where they are encountered as vortices.

Numerical models have also been used to address the Saturn magnetopause K-H in-
stability problem. Magnetohydrodynamic simulations of Saturn’s magnetosphere suggest
K-H vortex formation at both dawn and dusk (Fukazawa et al. 2007a, 2007b; Walker et al.
2011), although the reason for this may differ from the reason for the observed absence
of the expected local time asymmetry. In addition, hybrid simulations suggest apprecia-
ble vortex-induced diffusion and energy transport across Saturn’s magnetopause (Delamere
et al. 2011), which could drive magnetospheric dynamics.

These studies of shear-flow-driven instabilities at the magnetopauses of Jupiter and Sat-
urn suggest some differences with the terrestrial case, which remain to be comprehensively
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explained. However, it is very likely that the growth of these instabilities is widespread, par-
ticularly in the case of Saturn where statistical observation based on spacecraft observations
have been carried out.

4 Auroral Signatures
4.1 Dynamics of Internally-Driven Aurora

Auroral emissions at Jupiter and Saturn originate from the impact of charged particles in
their hydrogen-dominated atmosphere (see review of the atmospheric response to these
charged particles in Badman et al. 2014a). The aurora at Jupiter is generally described as
formed of three components, the satellite footprints, the main oval and the polar emissions.
A fourth component should however be added to this trio: the outer emissions, i.e. the emis-
sions located equatorward from the main oval, but not directly related with the satellite
footprints. All these components vary with time, often independently. But sometimes the
combination of the observed changes proves to be a valuable tool to unveil the large scale
magnetospheric processes at play. The auroral processes that dominate at Jupiter are also
present at Saturn. For example, Enceladus also creates an auroral footprint on Saturn (Pryor
et al. 2011). Additionally, low latitude aurora have also been identified on Saturn in the
infrared and ultraviolet domain, which could correspond to the main emissions and to the
outer emission on Jupiter, respectively (Stallard et al. 2008; Grodent et al. 2010).

4.1.1 The Satellite Footprints

At Jupiter, satellite footprints are the auroral signature of the electro-magnetic interaction
between the Galilean moons lo, Europa and Ganymede on the one hand and the Jovian mag-
netosphere on the other hand. They appear as individual or a series of auroral spots located
close to the field lines connected to moons, sometimes accompanied with arcs mapping to
the moons’ orbit (see review by Bonfond 2012). While the location of the Io footprint ap-
pears to remain constant with time for a given System III longitude, the Ganymede footprint
may shift from one epoch to another (see Fig. 8). This shift is the consequence of changes in
the magnetic field mapping and an equatorward motion corresponds to variations of either
the current sheet density or thickness (Grodent et al. 2008). Ganymede and its footprint thus
constitute precious landmarks to disentangle motions of auroral features owing to the mag-
netic field topology from those owing to motion of the source region in the magnetosphere.

Based on ultraviolet observations from the UVIS instrument on board Cassini, Pryor
et al. (2011) identified the presence of the Enceladus footprint on three pseudo-images of
the northern polar region. However, this footprint is particularly weak and cases of non-
detection far outnumber the positive detections.

4.1.2 Outer Emissions

The outer emissions generally designate the auroral emissions located equator-ward from
the main oval, but excluding the satellite footprints. They appear in three form: arcs, patches
and diffuse emissions. It is thought that these outer emissions are caused by two different
mechanisms: pitch angle diffusion and inward injections of hot plasma.

Based on simultaneous in-situ and auroral observations by Galileo and HST, Radioti et al.
(2009a) attributed the faint arcs and elongated diffuse emissions to electrons being diffused
in the loss cone at the pitch angle diffusion boundary.
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Fig. 8 Polar projection of the northern Jovian hemisphere aurora on February 27th (left panel) and on May
21st 2007 (right panel). The observing geometry was very similar, with CMLs of 155.3° and 159.7° re-
spectively and a Ganymede S3 longitude of 246.6° and 247.0° respectively. Nevertheless, the Ganymede
footprint is outside the main emission in the first image and inside it in the second case, suggesting that the
source region has moved inside the Ganymede orbit (15 R ;). Additionally, the Ganymede footprint location
moved 0.5° equatorwards implying an increased stretching of the magnetic field lines. The white line is the
reference oval from February 2007

The patchy blobs, appearing either individually or in groups, have been attributed by
Mauk et al. (2002) to injections of hot plasma coming from the outer magnetosphere and
moving rapidly radially inward as a counterpart to the cold plasma moving out of the inner
magnetosphere. Cassini energetic electron measurements (Radioti et al. 2009b) and numer-
ical simulations together with simultaneous UV and ENA emissions (Radioti et al. 2013b)
also indicate that injected plasma populations can create auroral emissions at Saturn. These
studies suggest that, in the Kronian system, pitch angle diffusion associated with electron
scattering by whistler-mode waves is the main driver of the UV auroral emissions associ-
ated with injections, while field aligned currents driven by the pressure gradient along the
boundaries of the cloud might have a smaller contribution.

The morphological differences between these features is not always clear and some stud-
ies have mixed these two types of emissions under the generic terms of low-latitude or outer
emissions. The brightness of the outer emissions does not seem to be correlated with the
solar wind input, but appears to have considerably increased as the main oval expanded in
spring 2007 (Nichols et al. 2009a; Bonfond et al. 2012). At Saturn, Grodent et al. (2010)
reported the presence of a diffuse outer auroral oval, based on ultraviolet images from HST.
Such an oval would map between 4 and 11 Rg and could be related to the precipitation of
hot electrons diffusing in the loss cone.

4.1.3 Main Emissions/Main Oval

The brightest feature of the jovian aurora is a ring of emission centered on each magnetic
pole, which is usually called the main oval or main emissions. Indeed, the oval usually ap-
pears broken and sometimes shows forks and parallel arcs. Moreover, the part of the main
emissions corresponding to the pre-noon sector is generally 5 to 10 times weaker than the
remaining of the aurora in the UV domain (Radioti et al. 2008a). While the UV and infrared
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main emissions are colocated, the brightness variations along the oval do not appear corre-
lated (Radioti et al. 2013a). In the X-rays, the signature of the main emission differs from
those of the polar emissions. The photons originating from the main oval are more energetic
(>2 keV) and caused by electron bremsstrahlung while the softer photons (<2 keV) from
the polar regions are related to the precipitation of highly stripped heavy ions (Branduardi-
Raymont et al. 2008). The origin of the main emissions is related to the corotation break-
down, the large scale magnetosphere-ionosphere coupling and the associated field-aligned
currents (e.g. Nichols 2011; Ray et al. 2012 and reference therein).

Gaustin et al. (2004) analysed far UV spectra from the STIS instrument on-board HST and
studied the relationship between the brightness of the emissions and the methane absorption
(through color ratios). They showed that the energy flux of the precipitating electrons was
usually (but not always) correlated to the energy of these electrons, as expected from an
acceleration caused by field aligned currents. They also showed that this correlation was
much less clear for the polar emissions. They did not show any systematic dependence
of the electron energy with local time, but the orientation of the observations was always
similar (i.e. Central Meridian Longitude around 160° for the north and around 80° for the
south).

Observed in the early FUV images of the jovian aurora (Ballester et al. 1996; Clarke et al.
1998) and then regularly afterwards, these dramatic enhancements of the dawn arc of the
main emissions are still poorly understood. Gustin et al. (2006) found that while exclusively
found at dawn, the brightness enhancements appeared to rotate with the magnetic field.
They also showed that the brightness and the color ratio of these storms are correlated on
timescales of tens of minutes. Moreover, during the large HST campaign in spring 2007,
Nichols et al. (2009a) did not notice any relationship between the occurrence of dawn storms
and the solar wind, contrary to other features (see below).

A correlation of the auroral emitted power with the solar wind pressure has been reported
by Nichols et al. (2007), Clarke et al. (2009), Nichols et al. (2009a) (see Fig. 9), even if it is
lower than at Saturn. This difference between the two planets was expected since the main
emissions at Jupiter result from currents related to the corotation lag of outward drifting
plasma. Actually, first order models predicted that solar wind compression regions would
induce an increase in the angular velocity of the equatorial plasma and decrease the currents
related to the lag from corotation, thus resulting in a dimmer aurora (e.g. Southwood and
Kivelson 2001). Contrary to these expectations, Nichols et al. (2007) reported a brighten-
ing of the main emission corresponding to a period when the magnetosphere first modestly
shrunk and then expanded, based on images acquired in 2000 while Cassini was upstream of
Jupiter. Clarke et al. (2009) compared the brightness of the whole jovian aurora with solar
wind conditions during the large 2007 HST campaign and came to a similar conclusion, i.e.
a correlation of the auroral brightness with the solar wind pressure. Using the same 2007
data set, Nichols et al. (2009a) separated the aurora into distinct regions: the low latitude
emissions, the main emissions, and the high latitude emissions, in order to identify the com-
ponent of the aurora which responded the most to solar wind input. The outer region does
not appear to be correlated with the solar wind, but enhancements of the main emissions and,
to a lesser extent, of parts of the polar emissions are associated with solar wind compression
regions, as in Nichols et al. (2007).

The solution of this issue may lie in the detailed timing of the response to the arrival of a
compression region, as more detailed models suggest that it may result in successive phases
of auroral dimming and brightening (Cowley et al. 2007). Indeed, estimates of the solar wind
condition at Jupiter based on Earth-based measurements has always been challenging; the
most tricky part being the prediction of the arrival time of the shocks. The delay between
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Fig. 9 HST images obtained during the Cassini Jupiter fly-by epoch and corresponding to a solar wind
rarefaction region (/eft) and compression region (right) (adapted from Nichols et al. 2007)

the arrival of a compression region at the dayside front of the magnetopause and the auroral
response is thus unclear with the current dataset.

The radial distance where the main emissions are mapping appears to vary with both
local time and time. Grodent et al. (2003a) studied the location of the main oval on five sets
of images from the northern hemisphere and reported a shift in its location as a function
of CML. Since System III-fixed features appear to migrate poleward as the planet rotates,
these images suggest that the L-shells related to the main emissions are closer at dusk then
at dawn. The authors explained this difference with a different mass outflow rate as a func-
tion of the local time. Vogt et al. (2011) built a local time dependent magnetic field mapping
model to map and interpret the auroral emissions located poleward of the Ganymede foot-
print. One of their main results was that the main emissions mapped closer to Jupiter at dawn
rather than at dusk, contrary to the previous conclusion.

Additionally, Grodent et al. (2008) has shown that the location of the main emissions,
even when observed in very similar configurations, could significantly (equivalent of 3° of
latitude) change from one observation to another. On the same pair of images, the location
of the Ganymede footprint had also shifted in the same direction. Based on images from
the large HST campaign from spring 2007, Bonfond et al. (2012) also studied the location
of the main emissions and showed that the main oval location continuously expended from
February to June. On top of this long-term trend, the location of the main emissions showed
day-by-day variations. Both studies showed that the Ganymede footprint had also moved
in the same direction as the main oval, indicating that the apparent motion of the main
oval was at least partially due to a stretching of the magnetic field lines. At the same time,
these authors noticed that the occurrence of very bright outer emissions also increased from
February to June. They interpreted these events as the outcome of an increased Io torus and
plasma sheet density caused by an increased volcanism on Io, supporting the conclusions
of Nichols (2011). This enhanced loading of the system would lead to both an increase of
the plasma sheet density, explaining the shift of the Ganymede footprint, and an increase of
the plasma outflow rate, explaining the expansion of the main oval. Moreover, an increased
injection occurrence rate, in order to conserve the magnetic flux in the inner magnetosphere,
would explain the increased occurrence of large injection blobs.
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Fig. 10 Polar projection of the northern auroral region obtained from the Hubble Space Telescope on De-
cember 16, 2000, at CML = 220 deg. The main emission is indicated by the arrow. The shape and position of
the three main polar regions are shown: the dark region (yellow contour), the swirl region (red contour), and
the active region (green contour). The polar dawn arcs/spots and the nightside spot are indicated. Parallels
and meridians are drawn every 10 deg. The CML is marked with a vertical green dashed line and longi-
tude 180 deg is highlighted with a red dashed line. The red dot locates the magnetic footprint of Ganymede
(VIP4 model) as the orbital longitude of the satellite matches the CML and therefore indicates the direction
of magnetic noon at 15 R ;. Adapted from Grodent et al. (2003b)

At Saturn, observations of H] emissions in the infrared domain demonstrated the pres-
ence of an auroral oval mapping to a radial distance of 4 Rg (Stallard et al. 2008). This
infrared secondary oval is thus located at lower latitude than the ultraviolet oval described
above. The location and the faint emissions are consistant with models of a current sys-
tem associated with the corotation breakdown of the magnetospheric plasma, similar to the
Jupiter case (see also Ray et al. 2013).

4.2 Dynamics of the Polar Aurora
4.2.1 Jupiter

The emissions located poleward of the main emission at Jupiter, the polar emissions, are
suggested to be magnetically connected to the middle and outer magnetosphere and possibly
related to a sector of Dungey and/or Vasyliunas cycle flows (Cowley et al. 2003; Grodent
et al. 2003b; Stallard et al. 2003). They are classified into three main regions: the swirl, the
dark and the active region (Fig. 10).

The swirl region is the polar-most region of the polar emissions. It usually displays weak
and very dynamic patches of emission that sometimes give the impression of a rotating
crown on animations made of successive images. Its IR counterpart is the fixed- Dark Polar
region (Stallard et al. 2003). According to the magnetic field mapping model by Vogt et al.
(2011), this area is a region of open flux, which is consistent with the fact that the ionospheric
flow are fixed relative to the sun, though Delamere and Bagenal (2010) argued that this
region may be tied to intermittently open flux stemming from a viscous interaction along
the dawn flank.

Polar auroral filaments have been observed in the same region. Nichols et al. (2009b)
reported the finding of thin rectilinear and quasi-sun aligned features in the swirl region.
The sunward head of the filaments remains fixed in local time while the anti-sun-ward part
sub-corotates. These filaments were seen in 7 % of the 2007 HST observations and their
occurrence appears to be independent from the solar wind conditions. Nichols et al. (2009b)
suggested that these emissions could be related to magnetotail dynamics.
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The dark region is usually devoid of significant UV emissions. It appears to correspond
to a region that is also relatively dark in the IR: the rotating Polar Dark Region (r-DPR). This
region has been associated with downward going field aligned currents, which would explain
why the region is dark (Grodent et al. 2003b). However, the brightness of the IR emissions
in the r-DPR still represent 30 to 40 % of those of the main emissions relative brighter in
IR compared to the low emission in UV (Stallard et al. 2003). Recent studies suggested that
this difference is explained in terms of soft precipitation and most probable Joule heating
(Radioti et al. 2013a). Moreover, the mapping model from Vogt et al. (2011) suggests that
half of the dark region corresponds to closed field lines while the other half corresponds to
opened field lines, in contradiction with the apparent uniformity of this region. Delamere
and Bagenal (2013) suggested that this region contains closed flux with much of the missing
flux from Vogt et al. (2011) stored in a wing along the dawn flank. The FUV-dark region
also appears dark in the X-rays (Branduardi-Raymont et al. 2008).

At the equatorward edge of the dark region, at the dawn and midnight flank of the main
emission auroral observations have shown the occasional appearance of spotty transient
emissions (Fig. 10). In particular, parallel arc structures are observed to be located in the
dawn sector (Grodent et al. 2003a) and isolated spots to appear in the dusk-midnight sector,
poleward of the main emission (Grodent et al. 2004). The dawn arcs and the nightside spots
were proposed to be triggered by reconnection processes in the jovian magnetotail, given
their observed location and properties. An analysis based on daily UV auroral observations
(Radioti et al. 2008b) revealed the presence of periodic auroral features (“polar dawn spots”,
similar to the dawn arcs (Grodent et al. 2003a). They consist of transient auroral emissions in
the polar dawn region, with a characteristic recurrence period of 2-3 days. Because of their
periodic recurrence and observed location, the polar dawn spots were interpreted as auroral
signatures of internally driven magnetic reconnection in the jovian magnetotail (Vasyliunas
cycle). Particularly, they were associated with the inward moving flow bursts released during
magnetotail reconnection in Jupiter’s tail (Radioti et al. 2010). The association of the polar
dawn auroral spots with tail reconnection was further confirmed by Ge et al. (2010). The
authors magnetically mapped tail reconnection events into Jupiter’s ionosphere, by tracing
field lines using a jovian magnetosphere model (Khurana 1997).

More recently, Radioti et al. (2011b) reported observations of a dusk side spot occurring
at nearly the same time as a reconnection signature was observed in the Galileo magnetome-
ter data (Vogt et al. 2010). This spot was mapped using an updated mapping model to an
equatorial position close to the Galileo spacecraft and inside of a statistical X-line, further
confirming the association of the auroral spots with inward flow from tail reconnection. Not
only UV but also IR emissions bear the signature of tail reconnection. Comparison of near-
simultaneous UV and IR observations on 26 July 1998 has revealed a bright IR polar spot,
which could be a possible signature of tail reconnection (Radioti et al. 2011b). The IR spot
appears within an interval of 30 minutes from the ultraviolet, poleward of the main emis-
sion in the ionosphere and in the post-dusk sector planetward of the tail reconnection X-line
in the equatorial plane. Finally, auroral observations can provide a hint as to the extent of
the tail X-line. Near-simultaneous HST auroral and Galileo observations demonstrated that
ionospheric signatures of inward moving flows released during tail reconnection are instan-
taneously detected over a wide local time range (Radioti et al. 2011b). However, whether
reconnection at Jupiter’s tail can result in a simultaneous release of flow bursts over a large
local time sector is a question still to be resolved by future missions to Jupiter and/or remote
observations.

The brightest polar region is called the active region and is located inside the dusk flank
of the main emission. It usually displays a mix of quiet and dynamic auroral spots, blobs
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Fig. 11 Polar projection of
Saturn’s northern aurora obtained
with the FUV channel of UVIS
onboard Cassini on January 21,
2009. Noon is to the bottom and
dusk to the right. The grid shows
latitudes at intervals of 10° and
meridians of 40°. Arrows
indicate the main emission and
bifurcations of the main

bifurcations
emission. Adapted from Radioti ; N

etal. (2011a)

i

emission 12 LT

and arcs (Grodent et al. 2003b). It’s IR counterpart appears to be the Bright Polar Region
(Stallard et al. 2003).

In the active region, extremely bright flares are observed. These are localized transient
features, which exhibit intense brightenings. Waite et al. (2001) reported an extreme case
where the brightness reached 40 MR. Elsner et al. (2005) compared the timing and the lo-
cation of the UV and the Xray flares and found that flare brightenings in both wavelengths
were quasi-simultaneous, but not exactly co-located. Simultaneous UV and X-Ray observa-
tions demonstrated that the <2 keV photons appear co-located in the “active region”, while
there is absence of high energy X-ray photons in this area (Branduardi-Raymont et al. 2008).
Finally, Bonfond et al. (2011) reported two cases of quasiperiodic variations of these flare
emissions, with a re-occurrence time of 2-3 minutes. They also noted a rapid dawnward
propagation of the flares in one of the cases. They tentatively attributed these periodic flares
to a signature of pulsed component reconnection on the dayside magnetosphere. However,
the recent finding of similar periodicities in high-energy electron data in the outer and mid-
dle magnetosphere put this interpretation into question. Moreover, Pallier and Prange (2001)
suggested that some of the emissions in the active region could be associated with the cusp.

4.2.2 Saturn

Hubble Space Telescope (HST) observations demonstrated that Saturn’s aurora responds to
solar wind changes (Grodent et al. 2005; Clarke et al. 2009) and its brightness and shape
varies with time. The main auroral emission at Saturn (Fig. 11) is suggested to be produced
by the magnetosphere-solar wind interaction, through the shear in rotational flow across the
open closed field line boundary (OCFLB) (e.g. Cowley and Bunce 2003; Bunce et al. 2008).
Saturn’s auroral morphology is, to a large extent, controlled by the balance between the mag-
netic field reconnection rate at the dayside magnetopause and the reconnection rate in the
nightside tail (Cowley et al. 2004; Badman et al. 2005, 2014b). Recently, Ultraviolet Imag-
ing Spectrograph (UVIS) observations revealed the presence of small-scale structures in the
dayside main auroral emissions indicative of magnetopause Kelvin-Helmholtz instabilities
(Grodent et al. 2011).

Observations (Gérard et al. 2004, 2005) and theoretical studies (Bunce et al. 2005a)
showed that bright FUV emissions at Saturn observed occasionally near noon are probably
associated with reconnection occurring at the dayside magnetopause, similar to the “lobe
cusp spot” at Earth (i.e. emissions located at the cusp magnetic foot point, Fuselier et al.
2002). Specifically, it was proposed by Bunce et al. (2005a) that pulsed reconnection at the
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low-latitude dayside magnetopause for northward directed Interplanetary Magnetic Field
(IMF) is giving rise to pulsed twin-vortical flows in the magnetosphere and ionosphere in
the vicinity of the OCFLB. For the case of southward IMF and high-latitude lobe reconnec-
tion pulsed twin-vortical flows, bi-polar field-aligned currents are expected and associated
with auroral intensifications poleward of the OCFLB. Recently, Cassini UVIS revealed the
presence of bifurcations of the main dayside auroral emission, which are interpreted as sig-
natures of consecutive reconnection events at Saturn’s magnetopause (Radioti et al. 2011a).
The authors suggested that magnetopause reconnection can lead to a significant increase of
the open flux within a couple of days. In particular, it was estimated that each reconnec-
tion event opens ~10 % of the flux contained within the polar cap. Further studies based
on Cassini multi-instrument observations, including auroral UV and IR data, confirmed that
the auroral arcs are related to bursty reconnection at Saturn involving upward field aligned
currents (Badman et al. 2012b) and suggested that bursty reconnection at Saturn is efficient
at transporting flux (Badman et al. 2013). Additionally, auroral observations have shown
evidence of magnetopause reconnection at multiple sites along the same magnetic flux tube
similar to the terrestrial case (Fasel et al. 1993), which give rise to successive rebrightenings
of auroral structures (Radioti et al. 2013c¢).

In addition to dayside reconnection, tail reconnection leaves its signature in the aurora at
Saturn. Changes in open flux obtained from the auroral images and comparison with open
flux estimated from the upstream interplanetary data allowed the estimation of the average
tail reconnection rates at Saturn (Badman et al. 2005). Also, small spots of auroral emission
lying near the main emission, observed by the UVIS instrument onboard Cassini, are sug-
gested to be associated with dipolarizations in the tail (Jackman et al. 2013). These auroral
features are suggested to be the precursor to a more intense activity associated with recur-
rent energization via particle injections from the tail following reconnection and plasmoid
formation (Mitchell et al. 2009).

Auroral dawn enhancements expanding in the polar auroral region have been recently
reported in different studies and related to tail reconnection. Nichols et al. (2014) pre-
sented HST auroral intensifications in the dawn auroral sector, propagating at 330 % rigid
corotation from near 01 h LT toward 08 h LT. They suggested that these emissions are in-
dicative of ongoing, bursty reconnection of lobe flux in the magnetotail, with flux closure
rates of 280 kV. Similar events of intense dawn auroral activity were recently observed
by the UVIS instrument on board Cassini (Radioti et al. 2014a) and was characterized
by significant flux closure with a rate ranging from 200 to 1000 kV. Additionally, Radi-
oti et al. (2014b) revealed multiple intensifications within an enhanced auroral dawn region
suggesting an x-line in the tail, which extends from 02 to 05 LT. The localized enhance-
ments evolved in arc and spot-like small scale features, which were suggested to be related
to plasma flows enhanced from reconnection which diverge into multiple narrow channels
then spread azimuthally and radially. They proposed that the evolution of tail reconnection
at Saturn may be pictured by an ensemble of numerous narrow current wedges or that in-
ward transport initiated in the reconnection region could be explained by multiple localized
flow burst events. Badman (2014) reported on Saturn’s auroral morphology during a solar
wind compression event. The authors suggested that their observations were evidence of tail
reconnection events, initially involving Vasyliunas-type reconnection of closed mass loaded
magnetotail field lines and then proceeding onto open field lines, causing contraction of the
polar cap region.

Enhancements in energetic neutral atom (ENA) emission and Saturn kilometric radiation
(SKR) data, together with auroral observations from HST and UVIS reported the initiation
of several acceleration events in the midnight to dawn quadrant at radial distances of 15 to
20 Rg, related to tail reconnection (Mitchell et al. 2009).
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Fig. 12 Polar projection of 5 :
Saturn’s aurora as captured from v . . . 02 :40 UT
UVIS onboard Cassini on DOY 7 e 5

224, 2008. The arrow indicates ; ) =

the first observation of Saturn’s
transpolar arc. Its formation is
possibly related to tail
reconnection (adapted from
Radioti et al. 2014a)

Finally, UVIS auroral observations revealed the first and only observation of an Earth-like
transpolar arc at Saturn (Fig. 12) (Radioti et al. 2014a). Transpolar arcs are features which
extend from the nightside auroral oval into the open magnetic field line region (polar cap)
and they represent the optical signatures of magnetotail dynamics (e.g. Frank et al. 1982;
Kullen 2000; Milan et al. 2005). The authors suggested that the formation of the transpolar
arc at Saturn is possibly related to tail reconnection similarly to the terrestrial case (Milan
et al. 2005). However, the rarity of the occurrence of the transpolar arc at Saturn indicates
that the conditions for its formation are rarely met at the giant planet, contrary to the Earth.

4.3 Solar Wind Influence
4.3.1 Jupiter

It has long been known that Jupiter’s radio emissions associated with auroral processes are
controlled by conditions in the interplanetary medium incident on Jupiter’s magnetosphere
(Terasawa et al. 1978; Barrow et al. 1986; Zarka and Genova 1983; Genova et al. 1987; Bose
and Bhattacharya 2003; Echer et al. 2010; Hess et al. 2012). The first evidence that Jupiter’s
auroras themselves are modulated by conditions in the interplanetary medium was reported
by Baron et al. (1996), who analysed NASA IRTF observations of the planet’s H3+ emis-
sions in conjunction with Ulysses solar wind data over a ~100 day interval near the Jupiter
encounter in 1992. They showed that the change in solar wind dynamic pressure between
their auroral observations was reasonably well correlated with the observed total intensity
of the H; auroral emission. More detailed understanding was obtained during the Cassini
Jupiter flyby in late 2000—early 2001. A combination of Cassini and Galileo spacecraft in
situ measurements and remote sensing, along with a program of Hubble Space Telescope
(HST) Space Telescope Imaging Spectrograph (STIS) observations near to closest approach
revealed in detail the response of the auroral emissions to changing conditions in the inter-
planetary medium (Gurnett et al. 2002; Pryor et al. 2005; Nichols et al. 2007). The solar wind
during the interval of the encounter, which occurred at solar maximum, was dominated by
coronal mass ejections (CMEs), corotating interaction regions (CIRs) and large amplitude
stream interactions resulting in deep several-day solar wind rarefaction regions punctuated
by strong compressions as highlighted by the interplanetary magnetic field (IMF) magni-
tude shown in Fig. 13(a), taken from Gurnett et al. (2002). These authors showed that, when
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Fig. 13 Plot showing
interplanetary medium, radio and
EUYV data from (a) the Cassini
MAG instrument, (b) the solar
wind ion densities from the
Cassini CAPS instrument, (c) the
integrated (0.5 &+ 5.6 MHz)
hectometric radiation intensities
(1-h averages) from the Galileo T
PWS instrument, and (d) the b [
disk-integrated extreme 4r |
|
|
|
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ultraviolet auroral Hy band
(110.8 £ 113.1 nm) intensities
for the Cassini ultraviolet
imaging spectrograph (UVIS)
instrument for event A. The 11
arrows show the times at which 0
the interplanetary shock was
detected by Cassini and Galileo.
Reproduced from Gurnett et al.
(2002)
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corrected for solar wind travel time, the jovian extreme ultraviolet (EUV) emission and hec-
tometric radiation exhibited peaks in intensity of factors of 2—4 above the background near
to the time of maximum solar wind density as shown in Figs. 13(b—c).

While the global response of the auroral intensity to the interplanetary conditions was
thus revealed by the Cassini EUV data, the detailed morphological variation was elucidated
by the contemporaneous HST Space Telescope Imaging Spectrometer (STIS) images of the
far ultraviolet (FUV) aurora discussed by Grodent et al. (2003a,b) and Nichols et al. (2007).
The conditions in the interplanetary medium observed at the time of HST observations, suit-
ably propagated from the Cassini spacecraft to the planet’s ionosphere, are shown in Fig. 14,
adapted from Nichols et al. (2007). The plot is colour-coded such that red data points indi-
cate solar wind, blue represents magnetosheath, and green signifies magnetosphere. The
vertical grey lines indicate the times of the HST images. It is apparent that most of the HST
images were obtained during solar wind rarefaction regions with dynamic pressure of or-
der ~0.01 nPa, corresponding to an expanded magnetosphere with a sub-solar distance of
~70-100 R;. Only one visit on 13 January corresponds to a compression event with dy-
namic pressure >0.1 nPa and a correspondingly compressed magnetosphere of sub-solar
extent ~50-60 R;. In Fig. 14 we then also show two representative images of the north-
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Cassini MAG and CAPS data
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Fig. 14 Plot showing the conditions in the interplanetary medium as measured by Cassini over days
343/2000 to 025/2001, along with representative HST images of Jupiter’s auroras obtained during the in-
terval. From top to bottom the panels show: (a) the perpendicular IMF magnitude B in nT, (b) the IMF
clock angle relative to Jupiterds spin axis 6 in degrees, (¢) the dynamic pressure of the solar wind pgyn in
nPa on a log scale, (d) and the estimated dayside reconnection voltage ¢ in kV calculated using the algorithm
of Nichols et al. (2006). Data are plotted versus estimated time of impact on Jupiterds ionosphere, along with
the local time and range of Cassini relative to Jupiter. In the plots for 6 and ¢ each ‘data point’ is stretched
into a vertical line representing the effect produced by the ~ £9.5 deg diurnal variation of Jupiterds dipole
axis offset. The vertical grey lines indicate the times of emission of the auroral photons observed by HST.
Panels (e) and (f) show representative images of Jupiterds northern UV aurora with CML obtained by the
HST during the millennium campaign, projected onto a latitude-longitude grid viewed from above the north
pole. The CML of each image, i.e., approximately the sunward direction, is aligned toward the bottom of
each image, such that dawn is to the left, dusk to the right, and midnight to the top. The intensity scale is
logarithmic and saturated at 250 kR. The Grodent et al. (2003a) reference main oval is shown by the dashed
red line. A 10° x 10° jovigraphic grid is overlaid. The images were obtained on 351/2000 and 013/2001.
Adapted from Nichols et al. (2007)
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ern auroras (the hemisphere most visible from Earth due to the non-dipolar nature of the
jovian internal magnetic field), corresponding to rarefaction and compression solar wind
conditions.

The basic morphology of Jupiter’s auroras has been discussed in Sects. 4.1 and 4.2, such
that here we concentrate only on the differences between the two solar wind states. The
auroras associated with the rarefaction region shown in Fig. 14(e) exhibit the ‘classic’ mor-
phology, i.e. the main oval is narrow and well-defined between System III (SIII) longitudes
~160-240°, typically lying in the dawn to noon sector at the central meridian longitudes
for which the northern auroras are observed, while it is broad and diffuse in the ‘kink’ sec-
tor at smaller SIII longitudes. Poleward of the main oval lies a relatively dark region, more
typically existing on the dawn side but occasionally extending around to the dusk side, and
poleward still lies a region of patchy, variable emission which is particularly bright in an
active region near noon. The images obtained during the compression region on 13 January,
shown in Fig. 14(f), were in comparison obtained at high CML value, such that the viewing
angle is less optimal than for the rarefaction regions, allowing good views only of the nar-
row main oval region. However, it is obvious that the main oval is significantly brighter and
expanded poleward along its entire length, merging with bright auroral forms in the active
region, and the polar patchy emission is also extended equatorward down to the main oval.
The enhanced auroral power associated with the compression was thus a result of bright-
ened and/or expanded main oval and polar emissions. It should be noted that, although these
enhanced auroras were overall associated with a compression region, Nichols et al. (2007)
noted that there was significant variation in the interplanetary conditions during this interval,
such that it remains ambiguous as to whether the brightening was associated with a transient
compression or expansion of the magnetosphere.

Further understanding of the response of Jupiter’s auroras was obtained in 2007, when
Jupiter’s auroras were observed once per day using the Advanced Camera for Surveys (ACS)
onboard HST for two month-long programs, the first in February/March during the New
Horizons flyby and the second in May/June near opposition (Clarke et al. 2009; Nichols
et al. 2009a). Using these data Clarke et al. (2009) considered the variation in total emit-
ted FUV power in comparison to changes in the solar wind conditions as propagated from
Earth using the 1-D MHD model of Zieger and Hansen (2008). In total, the two intervals
included six solar wind forward shocks and three reverse shocks, the former associated with
sharp increases in dynamic pressure occurring at compression region onset but which may
also occur within larger merged compression regions, while the latter corresponds to sharp
decreases in dynamic pressure at the tail end of compressions. With some uncertainty in
the timing of the modelled propagation, Clarke et al. (2009) showed that forward shocks
were typically associated with increases in total auroral power, while reverse shocks did
not induce any significant change in auroral output. The variation of the individual com-
ponents of auroral emission over these intervals was considered by Nichols et al. (2009a),
from whose study some representative results are displayed in Figs. 15 and 16. Specifi-
cally, Figs. 15(a—c) show the power variation from the 3 different regions of the auroras
delimited by the solid yellow lines in Fig. 16, i.e. the high latitude region, the main oval,
and the low latitude region, and panels (d) and (e) show the solar wind dynamic pressure
and IMF magnitude estimated using the model of Zieger and Hansen (2008). In the bottom
two panels the solid lines show the model result with the original timings, while the dotted
lines show the results shifted by +2.1 days, calibrated to an interplanetary forward shock
observed by the New Horizons spacecraft on day 53 (Clarke et al. 2009). The dark grey
regions show the estimated arrival time of the forward shocks within 1 — o uncertainty of
the MHD model timings, and the light grey regions are similar but for the shifted timings.
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Fig. 15 Plots showing the power emitted from the different auroral regions, along with the modelled solar
wind conditions for the first HST campaign in February/March 2007. Specifically, we show (a) the power
emitted from the high latitude region Pgy, in GW, (b) the power emitted from the main oval region Pyso
in GW, (¢) the power emitted from the low latitude region Pr; in GW, (d) the solar wind dynamic pressure
in nPa, and (e) the IMF magnitude |B| in nT. The individual points in panels (a)—(c) represent the powers
obtained for each image. The solid lines in the MHD model panels show the original model timings, while
the dotted line show the timings shifted by +2.1 days. The dark grey regions shows the estimated arrival
time of the forward shocks within 1 standard deviation uncertainty of the MHD model timings, and the light
grey regions are similar but for the shifted timings. Also shown in panel (e) are the estimated locations of the
heliospheric sector boundaries, along with the sign of By either side. The original timing is on top, while the
shifted timing is below. Reproduced from Nichols et al. (2009a)

As discussed by Clarke et al. (2009), three overall brightness enhancements were observed,
two corresponding forward shocks (the first using the shifted model timings, the second us-
ing the original timing), while the third, a dawn storm, does not correspond obviously to
any solar wind event. The auroral emissions corresponding to the data points labelled at the
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(a) 053 11:14:46 CML=142.4 (b) 054 08:55:53 CML=209.0 (c) 055 13:51:47 CML=178.4

(e) 063 10:23:41 CML=176.6

18

(i) 069 04:38:37 CML=151.2

Fig. 16 Representative HST images of Jupiter’s northern auroras corresponding to the visits labeled at the
top of Fig. 15. The projection view is from above the north pole, and the image is displayed with a log color
scale saturated at 500 kR. The red line shows the reference main oval as given by Table 1 in Nichols et al.
(2009a). The solid yellow lines show the boundaries between the high latitude region, the main oval and the
low latitude emission. The dashed yellow line indicates the boundary between the polar inner and polar outer
regions. The yellow points indicate a 10° x 10° planetocentric latitude—SIII longitude grid. The image is
oriented such that SIII longitude 180° is directed toward the bottom. Reproduced from Nichols et al. (2009a)

top of Fig. 15(a) are shown in Fig. 16. Using these data, Nichols et al. (2009a) showed that
Jupiter’s auroras respond to solar wind compression region onset in a broadly repeatable
manner, which can be summarised as follows:

— The total emitted power from the main oval increases by factors of ~2-3.

— The main oval is brightened along longitudes >165°, and is shifted poleward by ~ 1° and
expanded, as evidenced in Figs. 16(b) and (c), and (e—g).

— In contrast, there is little emission at longitudes < 165°, and any auroras are patchy and
disordered.

— Under-sampling notwithstanding, the main oval apparently persists in this disturbed state
for 2-3 days following compression region onset.
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— The poleward emission varies broadly with the main oval, but with significant variation
superposed thereon.

— The noon active region is brightened for ~1 day and merges with the poleward-shifted
main oval, as shown in Figs. 16(b) and (e)

— Bright poleward dusk arcs, sometimes multiple in nature, are apparent for ~2 days fol-
lowing compression region onset, as evidenced in Figs. 16(c) and (f).

— The high latitude patchy auroras vary independently from the lower latitude polar auroras
and the main oval, causing the superposed variation mentioned above.

— Dawn storms, for which the main characteristic is exceptionally bright dawn-side main
oval auroras, but in which all auroral components brighten simultaneously as shown in
Fig. 16(i), occur sporadically with no apparent solar wind trigger.

As well as these changes in the morphology of Jupiter’s auroras in response to varying
conditions in the interplanetary medium, there are a number of auroral forms which exhibit
local time alignment or are thought to be associated with the solar wind interaction. The
active region located near noon has been observed to ‘flare’ from a few kR to ~10 MR over
a few minutes (Waite et al. 2001), and transient ‘inner ovals’ a few degrees poleward of the
main oval have also been reported (Ballester et al. 1996; Pallier and Prange 2001; Nichols
et al. 2007), similar to those thought to exist at the open-closed field line boundary (Cowley
et al. 2005a, 2007). It has been suggested that at least some of the polar auroras may be
related to the solar wind interaction at the dayside (Clarke et al. 1998; Pallier and Prange
2001; Waite et al. 2001; Grodent et al. 2003b). This idea was explored theoretically by Bunce
et al. (2004), who showed that pulsed dayside reconnection with a ~45 min period during
intervals of strong solar wind interaction could excite adjacent high latitude regions of UV
and X-ray emission, as observed by Gladstone et al. (2002) and Elsner et al. (2005). Pulsed
reconnection is also postulated to be responsible for periodic polar flares observed in the
southern auroras, which exhibit a 2—-3 minute periodicity and propagate swiftly from dusk to
dawn (Bonfond et al. 2011). Radioti et al. (2008b) presented observations of periodic polar
dawn spots of auroral emission just poleward of the main oval, which exhibit a 2-3 day pe-
riodicity, and were attributed to nightside reconnection, while Radioti et al. (2008a) showed
that the main oval exhibits a persistent dim region (‘discontinuity’) in the pre-noon sector
thought to represent a decrease in field-aligned current intensity owing to increased equa-
torial plasma angular velocity due to confinement by the magnetopause. Quasi-sun-aligned
polar auroral filaments were also reported by Nichols et al. (2009b), which are superficially
similar to terrestrial trans-polar arcs but probably not generated in the same manner. They
were observed over an interval of 6 days in 2007 and appear independent of incident solar
wind conditions, and were thus postulated to map significantly down the tail. The origin of
this feature is unknown and it is hoped that the Juno and JUICE spacecraft will shed light
on Jupiter’s enigmatic polar auroras.

4.3.2 Saturn

As for Jupiter, the modulation of Saturn’s auroral current system by the incident solar wind
was first recognized through observations of the associated radio emissions; Voyager obser-
vations showed that the intensity of the Saturn Kilometric Radiation (SKR) was correlated
with solar wind dynamic pressure (Desch and Kaiser 1981). The UV spectrometer onboard
Voyager also revealed auroral emissions at a latitude consistent with the open-closed field-
line boundary (Sandel and Broadfoot 1981). The detailed morphology of Saturn’s auroras
was revealed by later HST images, with Badman et al. (2006) and Bunce et al. (2008) con-
firming the co-location with the open-closed field-line boundary and Gérard et al. (2005)
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Fig. 17 Comparison between
HST images and solar wind
conditions propagated to Saturn
for the period 2530 January
2004. Reproduced from Crary

et al. (2005)
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identifying a transient noon auroral feature on the poleward edge of the main oval with the
cusp. Transient duskside poleward forms observed in the south were associated by Radioti
et al. (2009b) with energetic particle injections, although later analysis of similar features
by Meredith et al. (2013), who examined equinoctial HST images of Saturn’s simultaneous
conjugate auroras, showed them to be hemispherically asymmetric and thus ascribed them
to dayside reconnection of the rotating planetary field with B,-dominated IMF.

The breakthrough in understanding the major effect of the solar wind on Saturn’s auroras
occurred as the Cassini spacecraft was approaching the planet in January 2004, and a large
CIR passed over the spacecraft, corresponding to significantly increased solar wind velocity,
dynamic pressure and IMF magnitude as shown in Fig. 17. As also shown in the figure, con-
temporaneous HST/STIS images of Saturn’s southern auroras revealed that in response to
these enhancements the dawnside auroras brightened significantly and expanded poleward,
filling the dawnside polar cap with emission, while the radius of the oval shrank in propor-
tion to the brightness (Crary et al. 2005; Clarke et al. 2005). Using the large HST/ACS pro-
gram in 2007/2008, this was shown by Clarke et al. (2009) to be a repeatable morphological
response to solar wind compression region onset, with the total power typically increasing
by factors of ~2-3, as shown in Figs. 18 and 19. Further analysis of the SKR intensity
over an extended interval has also revealed a positive correlation with solar wind pressure
(Rucker et al. 2008). This morphology has been interpreted theoretically as a manifestation
of compression-induced tail reconnection (Cowley et al. 2005b), while the effect of IMF di-
rection has also been shown to be a significant factor in controlling the radius of the auroral
oval (Belenkaya et al. 2010, 2011).

Since orbit insertion, the Cassini spacecraft has yielded significant information regard-
ing the solar wind effect on Saturn’s auroras. The UV Imaging Spectrometer (UVIS) and
Visible and Infrared Mapping Spectrometer (VIMS) onboard Cassini have also revealed
details of small-scale features in Saturn’s auroras, some of which are associated with the
solar wind interaction. Grodent et al. (2011) showed that Saturn’s main oval comprises in-
dividual auroral patches, which they associated with the Kelvin-Helmholtz instability, al-
though Meredith et al. (2013) later showed that, rather than being conjugate, patches in
the two hemispheres are magnetically interlaced, and therefore identified them instead with
the field-aligned currents of eastward-propagating ULF waves. Radioti et al. (2011b) anal-
ysed bifurcations in the main oval, and associated these with pulsed dayside reconnection,
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Fig. 18 Sample UV images of Saturnds south pole in February 2008 with quiet and disturbed conditions.
The left-hand number is day of year in 2008, and the part label letters correspond to the lettering at the top
of Fig. 19. All frames were obtained with ACS, with a limiting sensitivity of 1 to 2 kR after modelling and
subtraction of reflected solar emissions. Reproduced from Clarke et al. (2009)

while Badman et al. (2012b) identified small-scale equatorward moving H7 auroral forms,
as shown in Fig. 20, with dayside reconnection although it was unclear as to whether the
reconnection was at high- or low-latitudes. Recently, Badman et al. (2013) have presented
observations of poleward features near noon, in conjunction with in situ evidence of recent
dayside reconnection with the B,-dominated IMF. Overall, therefore a considerable body
of evidence has now been built up suggesting the solar wind plays important roles, both
directly and indirectly, in modulating the auroral morphology at the solar system’s two giant
planets.

5 Global Modeling of the Giant Planet Magnetospheres
5.1 Global Modeling Techniques and Limitations

The most commonly used models in simulating planetary magnetospheres are magnetohy-
drodynamic (MHD) models in which the plasma is treated as a magnetized fluid. While an
MHD model does not treat plasma kinetic effects (e.g. gradient/curvature drift and micro-
scale wave-particle interactions) and the small-scale processes (e.g. reconnection) are facil-
itated by numerical resistivity, it has been shown to be capable of providing a reasonably
good description of the large-scale structure and dynamics of planetary magnetospheres.
Moreover, because MHD models can usually cover a large-size simulation domain and, at
the same time, achieve reasonably high spatial resolution at relatively low computational
costs (compared to kinetic/particle codes), it remains, at present, the most feasible tool for
global simulations of planetary magnetospheres. This is especially the case for the gas gi-
ants, Jupiter and Saturn, because of the vast spatial and long temporal scales involved in the
two magnetospheric systems.

There have been a number of global MHD models applied to modeling the magneto-
spheres of Jupiter (e.g. Ogino et al. 1998; Walker and Ogino 2003; Moriguchi et al. 2008;
Fukazawa et al. 2005, 2006, 2010) and Saturn (e.g., Hansen et al. 2005; Fukazawa et al.
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2007a,b; Kidder et al. 2012; Zieger et al. 2010; Walker et al. 2011; Jia and Kivelson 2012;
Jia et al. 2012a,b; Winglee et al. 2013). In developing a global magnetosphere model for the
giant planets, two aspects that are of particular importance are the rapid planetary rotation
and strong internal plasma sources associated with the moons (in particular, Io in the case
of Jupiter, and, Enceladus in the case of Saturn). All the global MHD models applied to
the gas giants are designed to include these important factors to some extent, although they
differ in many aspects, such as the assumption about the internal plasma sources, simulation
boundary conditions, and the way of modeling the coupling between the magnetosphere and
ionosphere. In the following, we provide an overview of the various global MHD simula-
tions of the giant planet magnetospheres and highlight some important findings from global
MHD models regarding the magnetospheric configuration and responses to solar wind driv-
ing.

5.2 Global Modeling Results
5.2.1 Global Configuration

Because of the rapid planetary rotation and strong internal plasma sources, the configura-
tions of Jupiter’s and Saturn’s magnetospheres differ from that of a solar wind driven mag-
netosphere, such as the Earth’s magnetosphere, where such effects do not play a significant
role in shaping the magnetosphere under normal circumstances. There have been consid-
erable efforts devoted to constructing empirical models of the magnetospheric boundaries

@ Springer 81 Reprinted from the journal



P.A. Delamere et al.

(o)

i L B e e

126 _

N~ @ o =
[=T N N
s wr L wom oL %/ Kpsusju

o
o

4.2

I
[s]

»

0.0

Fig. 20 (a) A mosaic of six Cassini VIMS images of Saturn’s infrared aurora taken on 2008-320. The
start time of each image is marked at its edge: (i) 19:46 UT, (ii) 20:18 UT, (iii) 21:58 UT, (iv) 22:31 UT,
(v) 23:05 UT and (vi) 23:38 UT. The white grid marks latitudes at intervals of 10° and the noon-midnight
and dawn-dusk meridians. The white line delimited by dots shows Cassinids ionospheric footprint during
12:0024:00 UT on 2008-320. The white asterisk marks Cassinids footprint at 22:00 UT on DOY 320. (b) Im-
age i taken by Cassini VIMS showing the area overlapped by the following image ii whose outline is marked
by the white dashed line. Cassinios ionospheric footprint is shown here for clarity. Reproduced from Badman
et al. (2012b)

based on in-situ observations. Complementary to those data-based empirical models, global
MHD models of the giant planets that incorporate the aforementioned important effects may
provide useful, quantitative information about the global shape of the magnetosphere as well
as how it varies with both the external and internal conditions.

In a series of global simulation studies of Jupiter’s magnetosphere (Ogino et al. 1998;
Walker et al. 2005; Fukazawa et al. 2006), the authors have examined the modeled loca-
tions of Jupiter’s magnetopause and bow shock for cases with and without the planetary
rotation included, and also compared model results for low and high solar wind dynamic
pressure conditions. By comparing the magnetopause locations from simulation runs with
and without rotation included, their model results clearly demonstrate the effect of centrifu-
gal inflation of Jupiter’s magnetosphere (e.g., Hill et al. 1974). They also find that for the
range of dynamic pressures used in their simulations, the modeled magnetopause locations,
in general, fall within the range inferred from spacecraft observations.

Similar modeling studies on magnetospheric boundaries have been carried out for Saturn.
For example, Jia et al. (2012b) have compared the standoff distances of Saturn’s bow shock
and magnetopause between their global MHD model and data-based empirical model. The
non-steady solar wind input used in the Jia et al. MHD simulation allows for comparison for
a wide range of solar wind dynamic pressures as well as for a variety of IMF conditions. As
shown in Fig. 21, the sub-solar magnetopause location predicted by the MHD model agrees
well with the prediction by the empirical model of Kanani et al. (2010) developed using
Cassini data. For various external conditions considered, not only the mean location but also
the variation of the magnetopause location show good agreement between the two models.
The MHD model result also confirms the finding obtained from earlier analysis using Cassini
data (e.g., Arridge et al. 2006; Kanani et al. 2010) that Saturn’s magnetopause is neither as
rigid as the Earth’s nor as compressible as Jupiter’s. An interesting feature predicted by both
the MHD and empirical models is that as the dynamic pressure becomes weaker, Saturn’s
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Fig. 21 Comparison of the magnetopause standoff distance between the global MHD simulation of Jia et al.
(2012a) and the data-based empirical model of Kanani et al. (2010) constructed based on Cassini observations.
(top) The solar wind conditions used as model input, including the IMF orientation (indicated by the red
arrows) and the dynamic pressure. The orange lines mark the times when the discontinuities of IMF rotation
arrive at the nose of the magnetopause. (bottom) The red dots show the standoff distance extracted from the
MHD simulation and the blue trace along with the green shaded area indicate the standoff distance predicted
by the magnetopause model of Kanani et al. (2010)

magnetopause boundary location tends to exhibit larger variations. The global MHD simu-
lation also suggests that the location of Saturn’s magnetopause is less sensitive to changes in
the IMF orientation than to the dynamic pressure, a result also obtained from another global
simulation study by Fukazawa et al. (2007b).

In addition to the sub-solar locations of the magnetopause and bow shock, another impor-
tant aspect concerning the shape of the magnetosphere is its dimensions in the dawn-dusk
direction and in the north-south direction. Because of the presence of a disk-like current
sheet at Jupiter, Jupiter’s magnetospheric boundaries are expected to exhibit strong polar
flattening (e.g., Slavin et al. 1985; Huddleston et al. 1998; Pilkington et al. 2014), mean-
ing that the magnetosphere extends further from the planet in the dawn-dusk direction than
in the north-south direction. Walker et al. (2005) have specifically discussed the issue of
polar flattening by use of their Jupiter simulations considering a variety of external con-
ditions. They find that, while polar flattening is present in their simulations, the level of
flattening appears to depend on various factors including both the strength and orienta-
tion of the IMF and the upstream solar wind dynamic pressure. Their model results sug-
gest that polar flattening is more prominent for lower solar wind dynamic pressure. While
more observational data along with modeling efforts are clearly needed to better charac-
terize the polar flattening effect at Jupiter, comparatively little is known about this effect
at Saturn. Future studies combining analysis of Cassini measurements with global magne-
tosphere models certainly need to be undertaken to assess the effect of polar flattening at
Saturn.
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5.2.2 Global Dynamics (Magnetospheric Responses to Solar Wind Driving)

Global MHD models have also been used extensively to study the dynamics of the giant
planet magnetospheres. For rapidly rotating magnetospheres like those of Jupiter and Saturn,
the interplay between rotationally driven processes and solar wind driven processes is an
important aspect in considering global magnetospheric dynamics. Towards this end, global
MHD models have been used to investigate the relative importance of various internal and
external processes in driving global magnetospheric dynamics, though the detailed internal
magnetodisc force balance involving both thermal and superthermal plasma populations
described by Achilleos et al. (2010a,b) cannot be self-consistently modeled in MHD.

For Jupiter, while it is generally thought that the magnetosphere is driven largely by
internal processes, the extent to which the solar wind affects the global dynamics of the
magnetosphere remains uncertain. Fukazawa et al. (2006) performed a set of global MHD
simulations to systematically examine the effect of the IMF and solar wind dynamic pressure
on Jupiter’s magnetospheric structure and dynamics. They find that the dynamic pressure
controls the overall size of the magnetosphere and can sometimes influence the properties
of Jupiter’s plasma sheet through altering the size of the cushion region, an intermediate
region of enhanced magnetic field strength between the dayside magnetopause and the dense
plasma sheet (see discussion by Went et al. 2011 and Kivelson and Southwood 2005). As the
dynamic pressure becomes larger, the cushion region becomes narrower such that changes
in the external solar wind can have more direct and stronger effects on the plasma sheet. The
external solar wind conditions are also found in their global simulation to be able to impose
strong influences on the global plasma convection and the magnetospheric dynamics.

Among other things, a manifestation of the external influence is the control on the way
magnetic reconnection occurs in Jupiter’s magnetotail. Their model results show that both
the IMF and dynamic pressure play an important role in determining the location of the
tail neutral line, with the neutral line being closer to the planet for higher dynamic pressure
and stronger IMF cases. The external conditions also affect how frequently tail reconnection
takes place. Under low solar wind pressure and weak IMF conditions, tail reconnection tends
to occur in a periodic manner with periods of the order of tens of hours. The Galileo En-
ergetic Particle Detectors occasionally observed periodic flow bursts (likely associated with
reconnection) in the jovian magnetotail with a periodicity of 2 to 3 days (e.g., Krupp et al.
1998; Woch et al. 2002; Kronberg et al. 2005), however, the origin of these periodic flow
bursts is not well understood. The New Horizons spacecraft traversed Jupiter’s magnetotail
and the Solar Wind Around Pluto (SWAP) instrument showed diverse plasma populations
and structures. The quasi-periodic fluctuations seen by SWAP at a 3- to 4-day period were
thought to be caused by plasmoids moving down the tail (McComas et al. 2007). Given that
the repetitive tail reconnection events seen in the global simulations have periods compara-
ble to that associated with the observed flow bursts, Fukazawa et al. (2006) have argued that
it is possible that the observed periodic flow bursts were produced by periodic formation of
tail X-line driven by the solar wind under certain external conditions.

While it is still debated whether or not the solar wind significantly impacts Jupiter’s mag-
netosphere, it is clear that Saturn’s magnetosphere responds strongly to solar wind forcing
(Sect. 4.3.2). The effect of the solar wind forcing on Saturn’s magnetosphere has also been
studied using global MHD simulations including both single-fluid (Fukazawa et al. 2007a,
2007b; Walker et al. 2011; Zieger et al. 2010; Jia et al. 2012b) and multi-fluid MHD models
(Kidder et al. 2012). Some of the modeling studies have focused on the large-scale behav-
ior of the magnetosphere under steady solar wind conditions, while others have considered
relatively realistic external conditions by using time-varying solar wind input. For instance,
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Kidder et al. (2012) examined the response of Saturn’s magnetosphere to IMF rotation and
solar wind pressure enhancement while including the affect of a warped magnetodisc gen-
erated by mechanical stresses delivered from the solar wind due to the angle between the
solar wind flow and Saturn’s spin axis (Arridge et al. 2008; Carbary et al. 2010). They found
that both types of external forcing can trigger tail reconnection forming plasmoids in their
simulation. Motivated by various observational studies (e.g., Clarke et al. 2005; Crary et al.
2005; Cowley et al. 2005b; Bunce et al. 2005b), Jia et al. (2012b) conducted a global sim-
ulation study using a solar wind input that contains features, such as compression and rar-
efaction, typical of the Corotating Interaction Regions (CIRs) formed in the solar wind near
Saturn (Jackman et al. 2008) in order to characterize the dynamical response of the mag-
netosphere to different types of solar wind disturbances. Among other things, the Jia et al.
study specifically investigated the role of tail reconnection in driving dynamics in Saturn’s
magnetosphere and how tail reconnection takes place under different external conditions.

There are two types of magnetic reconnection identified in the Jia et al. global simu-
lation. The first corresponds to the so-called “Vasyliunas-cycle” reconnection, which is an
internal process intrinsic to a rotationally driven magnetosphere (Vasyliunas 1983) where
the centrifugal acceleration of mass-loaded flux tubes forced by the planetary rotation gives
rise to reconnection on closed magnetic field lines. An important product of this process is
the formation of plasmoids, which provide a means for removing plasma from the magneto-
sphere. The second type identified in the simulation refers to the so-called “Dungey-cycle”
reconnection that involves open field lines previously stored in the tail lobes. The two types
of reconnection appear to have different field and plasma characteristics in the reconnection
products. In particular, the case involving Dungey-cycle reconnection, where reconnection
proceeds to the lobe field lines above the plasma sheet, typically results in hotter and more
depleted flux tubes with faster bulk flows in the outflows from the reconnection site com-
pared to those produced directly by the Vasyliunas-cycle reconnection. On their return from
the tail reconnection site to the dayside, the hot, tenuous, and rapidly moving flux tubes
associated with lobe field reconnection may generate significant disturbances in the magne-
tosphere and the polar ionosphere, particularly on the dawn side, such as generating strong
field-aligned currents that would be expected to cause auroral brightening (Badman and
Cowley 2007; Mitchell 2015).

The interplay between the Vasyliunas cycle and the Dungey cycle leads to a complex
picture of global magnetospheric convection at Saturn. Figure 22 shows an equatorial view
of the plasma convection pattern seen in the global simulation of Jia et al. (2012b) under
conditions of strong solar wind driving. Although this figure shows only a snapshot from the
simulation that should not be viewed as representing a steady state (especially in the case of
varying solar wind conditions), it does reveal notable features typically seen when both the
Vasyliunas and the Dungey cycles are at work. The pure Vasyliunas-cycle X-line (see the
closed magnetic loops shown by the orange lines) is confined to a limited region in the pre-
midnight sector while the Dungey-cycle X-line (across which tailward and planetward fast
flows are present), albeit variable both in space and time, is seen mainly in the post-midnight
region, adjacent to the Vasyliunas-cycle X-line. In addition to the X-line geometries, another
important feature of the resulting convection pattern is that the magnetotail on both the
dawnside and duskside flanks contains regions of mass-loaded flux tubes streaming down
the tail. These regions appear to be rather important for the loss of magnetospheric plasma,
which will be further discussed below.
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Fig. 22 An equatorial view of the global convection pattern and distribution of plasma content in Saturn’s
magnetosphere under strong solar driving conditions (from Jia et al. 2012b). The background colors represent
contours of the horizontal flow velocity (Vy) and the color contours on a circular disk surrounding Saturn
show field-aligned currents intensity in the northern ionosphere (mapped to radial distance of 4 Rg for illus-
tration purposes). The intersections of sampled closed field lines with the equatorial plane are plotted as balls
color-coded with their corresponding flux tube content. Also plotted are unit flow vectors of the closed field
lines depicting the direction of their motion. The orange traces show some representative field lines that form
closed loops. Grey squares mark off every 10 Rg along the axes

5.2.3 Plasma Loss from the Magnetosphere

For both Jupiter and Saturn, where their moons are continuously adding a significant amount
of plasma into the magnetosphere, a fundamental problem is how the magnetospheric
plasma is lost from the system. Quantifying such a process through analysis of in-situ mea-
surements turns out to be rather difficult given the highly limited data coverage. Simple
order-of-magnitude estimates based on the characteristics of observed tail reconnection and
plasmoid events (Bagenal 2007; Bagenal and Delamere 2011) imply that at both planets,
plasma loss through large-scale plasmoid release appears insufficient to account for the total
loss of plasma required to balance the mass input by internal plasma sources. Global magne-
tosphere simulations may provide useful insight into how the plasma loss process(es) occur
in a rapidly rotating magnetosphere. Kidder et al. (2012) showed that plasmoid formation
can be triggered by external forcing (e.g. flipping the IMF direction or a pulse in dynamic
pressure). Zieger et al. (2010) and Jia et al. (2012b) have attempted to quantify the mass
release processes identified in their global MHD model of Saturn’s magnetosphere. Their
calculation indicates that on average large-scale plasmoid releases only account for a small
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fraction (~10 %) of the total loss of plasma added to the magnetosphere by the moon Ence-
ladus and its extended neutral cloud. However, they find that a significant fraction of the
planetary plasma appears to be lost through processes (e.g., small-scale plasmoids) near the
flanks of the magnetotail that contain flux tubes filled with magnetospheric plasma stream-
ing down the tail (see Fig. 22). The breaking-off of those flux tubes (likely through small-
scale plasmoid release) at large distances suggest these regions are crucially important for
releasing plasma from the magnetosphere, a situation similar to that proposed by Kivelson
and Southwood (2005) in a jovian context. Selective escape of hot plasma due to its kinetic
properties was discussed by Sergis et al. (2013). Islands of heavy water groups ions were
found in the magnetosheath and upstream on the bow shock, indicating that some plasma can
escape at the dayside magnetopause. In addition, Krupp et al. (2002) discusses leakage of
energetic particles on Jupiter’s dusk flank and Thomsen et al. (2007) assesses superthermal
ions in Saturn’s foreshock region.

6 Summary

The interaction of giant planet magnetodiscs with the solar wind is tied to the momentum
transfer rate from the solar wind to the magnetodisc. In steady state, the scale of the inter-
action must be sufficient to remove plasma supplied by Io (~100 s kg/s) and by Enceladus
(~10 skg/s) for Jupiter and Saturn respectively (Delamere and Bagenal 2013). Yet, the
details of how plasma is transported from the inner to the outer magnetosphere is poorly
understood and remains a fundamental and unsolved problem in magnetodisc physics. Ul-
timately, magnetic reconnection on both large-scale (Dungey/Vasyliunas cycle) and small-
scale (along the flanks of the magnetosphere) together with diffusive processes at the mag-
netopause boundary facilitate the loss of plasma from the magnetodisc to the solar wind.
Auroral signatures provide key diagnostics of this interaction and auroral evidence suggests
that large-scale plasmoid formation in the tail is not the primary loss mechanism. Instead,
small-scale drizzle along the dusk flank akin to a planetary wind may be the primary path-
way (Bagenal 2007; Thomsen et al. 2014). Global-scale MHD simulations produce drizzle
along the dusk flank, but we note that this process is a numerical artifact on the grid scale
and cannot provide insight into scale-scale physics of the problem. We summarize with the
following questions for future research efforts:

— What are the properties of radial plasma transport and magnetic flux circulation in the
giant planet magnetodiscs?

— How are thin current sheets generated in the magnetodiscs, allowing reconnection to op-
erate (Vasyliunas 1983; Zimbardo 1991)? What is the relative importance of centrifugal
stresses (internal) vs. solar wind-induced stresses (external)?

— How is plasma heated during radial transport?

— What is the prevailing mechanism for mass loss on the dusk flank (i.e. diffusive or small-
scale reconnection)?

These are some of the issues that will hopefully be addressed during the end-of-mission
polar orbit of the Cassini spacecraft and the arrival of the polar-orbiting Juno spacecraft at
Jupiter.

Acknowledgements Peter Delamere acknowledges support by NASA grant NNX13AH309G. Xianzhe Jia
is supported by the NASA Cassini Data Analysis Program through grant NNX12AK34G and the NASA Outer
Planets Research Program through grant NNX12AM74G, and by the NASA Cassini mission under contract
1409449 with JPL. Licia Ray acknowledges supported by NSF Grant 1064635. Chris Arridge is supported
by the “Royal Society University Research Fellowship”.

@ Springer 87 Reprinted from the journal



P.A. Delamere et al.

References

N. Achilleos, P. Guio, C.S. Arridge, A model of force balance in Saturn’s magnetodisc. Mon. Not. R. Astron.
Soc. 401, 2349-2371 (2010a). doi:10.1111/j.1365-2966.2009.15865.x

N. Achilleos, P. Guio, C.S. Arridge, N. Sergis, R.J. Wilson, M.FE. Thomsen, A.J. Coates, Influence of hot
plasma pressure on the global structure of Saturn’s magnetodisk. Geophys. Res. Lett. 37, L20201
(2010b). doi: 10.1029/2010GL045159

N. Achilleos et al., Space Sci. Rev. (2014, this issue)

B.J. Anderson, T.-D. Phan, S.A. Fuselier, Relationships between plasma depletion and subsolar reconnection.
J. Geophys. Res. 102, 9531-9542 (1997). doi:10.1029/97JA00173

C.S. Arridge, N. Achilleos, M.K. Dougherty, K.K. Khurana, C.T. Russell, Modeling the size and shape of
Saturn’s magnetopause with variable dynamic pressure. J. Geophys. Res. (Space Phys.) 111, A11227
(2006). doi:10.1029/2005JA011574

C.S. Arridge, K.K. Khurana, C.T. Russell, D.J. Southwood, N. Achilleos, M.K. Dougherty, A.J. Coates,
H.K. Leinweber, Warping of Saturn’s magnetospheric and magnetotail current sheets. J. Geophys. Res.
(Space Phys.) 113, A08217 (2008). doi:10.1029/2007JA012963

C.S. Arridge, N. André, C.L. Bertucci, P. Garnier, C.M. Jackman, Z. Németh, A.M. Rymer, N. Sergis, K.
Szego, AJ. Coates, FJ. Crary, Upstream of Saturn and Titan. Space Sci. Rev. 162, 25-83 (2011).
doi:10.1007/s11214-011-9849-x

C. Arridge, N. Achilleos, Y. Bogdanova, E.J. Bunce, S. Cowley, M. Dougherty, A. Fazakerley, G. Jones,
J. Jasinski, K. Khuana, S. Krimigis, N. Krupp, L. Lamy, J. Leisner, E. Roussos, C. Russell, P. Zarka,
Cassini observations of Saturn’s southern polar cusp. J. Geophys. Res. (2014, submitted)

W.I. Axford, C.O. Hines, A unifying theory of high latitude geophysical phenomena and geomagnetic storms.
Can. J. Phys. 39, 1433 (1961)

S.V. Badman, E.J. Bunce, J.T. Clarke, S.W.H. Cowley, J.-C. Gérard, D. Grodent, S.E. Milan, Open flux
estimates in Saturn’s magnetosphere during the January 2004 Cassini-HST campaign, and implications
for reconnection rates. J. Geophys. Res. (Space Phys.) 110, A11216 (2005). doi: 10.1029/2005JA011240

S.V. Badman, S.W.H. Cowley, J.-C. Gérard, D. Grodent, A statistical analysis of the location and width of
Saturn’s southern auroras. Ann. Geophys. 24(12), 3533-3545 (2006)

S.V. Badman, S.W.H. Cowley, Significance of Dungey-cycle flows in Jupiter’s and Saturn’s magneto-
spheres, and their identification on closed equatorial field lines. Ann. Geophys. 25, 941-951 (2007).
doi:10.5194/angeo-25-941-2007

S.V. Badman, D.J. Andrews, S.W.H. Cowley, L. Lamy, G. Provan, C. Tao, S. Kasahara, T. Kimura, M. Fu-
jimoto, H. Melin, T. Stallard, R.H. Brown, K.H. Baines, Rotational modulation and local time depen-
dence of Saturn’s infrared H;’ auroral intensity. J. Geophys. Res. (Space Phys.) 117, A09228 (2012a).
doi:10.1029/2012JA017990

S.V. Badman, N. Achilleos, C.S. Arridge, K.H. Baines, R.H. Brown, E.J. Bunce, A.J. Coates, S.W.H. Cowley,
M.K. Dougherty, M. Fujimoto, G. Hospodarsky, S. Kasahara, T. Kimura, H. Melin, D.G. Mitchell, T.
Stallard, C. Tao, Cassini observations of ion and electron beams at Saturn and their relationship to
infrared auroral arcs. J. Geophys. Res. 117(A1), A01211 (2012b). doi:10.1029/2011JA017222

S.V. Badman, A. Masters, H. Hasegawa, M. Fujimoto, A. Radioti, D. Grodent, N. Sergis, M.K. Dougherty,
AJ. Coates, Bursty magnetic reconnection at Saturn’s magnetopause. Geophys. Res. Lett. 40, 1027—
1031 (2013)

S.V. Badman, Saturn’s auroral morphology and field-aligned currents during a solar wind compression. Icarus
(2014, submitted)

S.V. Badman, G. Branduardi-Raymont, M. Galand, S.L.G. Hess, N. Krupp, L. Lamy, H. Melin, C. Tao, Au-
roral processes at the giant planets: energy deposition, emission mechanisms, morphology and spectra.
Space Sci. Rev. (2014a). doi:10.1007/s11214-014-0042-x

S.V. Badman, C.M. Jackman, J.D. Nichols, J.T. Clarke, J.-C. Gérard, Open flux in Saturn’s magnetosphere.
Icarus 231, 137-145 (2014b). doi:10.1016/j.icarus.2013.12.004

F. Bagenal, The magnetosphere of Jupiter: coupling the equator to the poles. J. Atmos. Sol.-Terr. Phys. 69,
387-402 (2007). doi:10.1016/j.jastp.2006.08.012

F. Bagenal, P.A. Delamere, Flow of mass and energy in the magnetospheres of Jupiter and Saturn. J. Geophys.
Res. (Space Phys.) 116, A05209 (2011). doi:10.1029/2010JA016294

G.E. Ballester, J.T. Clarke, J.T. Trauger, W.M. Harris, K.R. Stapelfeldt, D. Crisp, R.W. Evans, E.B. Burgh,
C.J. Burrows, S. Casertano, J.S. Gallagher III, R.E. Griffiths, J.J. Hester, J.G. Hoessel, J.A. Holtzman,
J.E. Krist, V. Meadows, J.R. Mould, R. Sahai, P.A. Scowen, A.M. Watson, J.A. Westphal, Time-resolved
observations of Jupiter’s far-ultraviolet aurora. Science 274, 409-412 (1996)

R.L. Baron, T. Owen, J.E.P. Connerney, T. Satoh, J. Harrington, Solar wind control of Jupiter’s H; auroras.
Icarus 120, 437-442 (1996). doi:10.1006/icar.1996.0063

Reprinted from the journal 88 &\ Springer


http://dx.doi.org/10.1111/j.1365-2966.2009.15865.x
http://dx.doi.org/10.1029/2010GL045159
http://dx.doi.org/10.1029/97JA00173
http://dx.doi.org/10.1029/2005JA011574
http://dx.doi.org/10.1029/2007JA012963
http://dx.doi.org/10.1007/s11214-011-9849-x
http://dx.doi.org/10.1029/2005JA011240
http://dx.doi.org/10.5194/angeo-25-941-2007
http://dx.doi.org/10.1029/2012JA017990
http://dx.doi.org/10.1029/2011JA017222
http://dx.doi.org/10.1007/s11214-014-0042-x
http://dx.doi.org/10.1016/j.icarus.2013.12.004
http://dx.doi.org/10.1016/j.jastp.2006.08.012
http://dx.doi.org/10.1029/2010JA016294
http://dx.doi.org/10.1006/icar.1996.0063

Solar Wind Driven Dynamics

C. Barrow, M. Desch, F. Genova, Solar-wind control of Jupiter decametric radio-emission. Astron. Astrophys.
165(1-2), 244-250 (1986)

E.S. Belenkaya, I.I. Alexeev, M.S. Blokhina, E.J. Bunce, S.W.H. Cowley, J.D. Nichols, V.V. Kalegaev, V.G.
Petrov, G. Provan, IMF dependence of Saturn’s auroras: modelling study of HST and Cassini data from
12—15 February 2008. Ann. Geophys. 28, 1559-1570 (2010). doi:10.5194/angeo-28-1559-2010

E.S. Belenkaya, S.W.H. Cowley, J.D. Nichols, M.S. Blokhina, V.V. Kalegaev, Magnetospheric mapping of
the dayside UV auroral oval at Saturn using simultaneous HST images, Cassini IMF data, and a global
magnetic field model. Ann. Geophys. 29, 1233-1246 (2011). doi:10.5194/angeo-29-1233-2011

B. Bonfond, When moons create aurora: the satellite footprints on giant planets, in Auroral Phenomenology
and Magnetospheric Processes: Earth and Other Planets. Geophysical Monograph Series, vol. 197
(Am. Geophys. Union, Washington, 2012), pp. 133-140

B. Bonfond, M.E. Vogt, J.-C. Gérard, D. Grodent, A. Radioti, V. Coumans, Quasi-periodic polar flares
at Jupiter: a signature of pulsed dayside reconnections? Geophys. Res. Lett. 38(2), L02104 (2011).
doi:10.1029/2010GL045981

B. Bonfond, D. Grodent, J.-C. Gérard, T. Stallard, J.T. Clarke, M. Yoneda, A. Radioti, J. Gustin, Auroral
evidence of Io’s control over the magnetosphere of Jupiter. Geophys. Res. Lett. 39, LO1105 (2012).
doi:10.1029/2011GL050253

S. Bose, A. Bhattacharya, Solar plasma activated decametric radio emission of non-Io origin from Jupiter
magnetosphere. Indian J. Radio Space Phys. 32(1), 43-51 (2003)

G. Branduardi-Raymont, R.F. Elsner, M. Galand, D. Grodent, T.E. Cravens, P. Ford, G.R. Gladstone, J.H.
Waite, Spectral morphology of the X-ray emission from Jupiter’s aurorae. J. Geophys. Res. (Space
Phys.) 113, A02202 (2008). doi:10.1029/2007JA012600

E.J. Bunce, S.W.H. Cowley, T.K. Yeoman, Jovian cusp processes: implications for the polar aurora. J. Geo-
phys. Res. 109(A18), A09S13 (2004). doi:10.1029/2003JA010280

E.J. Bunce, S.W.H. Cowley, S.E. Milan, Interplanetary magnetic field control of Saturn’s polar cusp aurora.
Ann. Geophys. 23, 1405-1431 (2005a). doi:10.5194/angeo-23-1405-2005

E.J. Bunce, S.W.H. Cowley, D.M. Wright, A.J. Coates, M.K. Dougherty, N. Krupp, W.S. Kurth, A.M. Rymer,
In situ observations of a solar wind compression-induced hot plasma injection in Saturn’s tail. Geophys.
Res. Lett. 32, L20S04 (2005b). doi:10.1029/2005GL022888

E.J. Bunce, C.S. Arridge, J.T. Clarke, A.J. Coates, S.W.H. Cowley, M.K. Dougherty, J.-C. Gérard, D. Gro-
dent, K.C. Hansen, J.D. Nichols, D.J. Southwood, D.L. Talboys, Origin of Saturn’s aurora: simultaneous
observations by Cassini and the Hubble Space Telescope. J. Geophys. Res. 113(A12), A09209 (2008).
doi:10.1029/2008JA013257

J.E. Carbary, N. Achilleos, C.S. Arridge, K.K. Khurana, M.K. Dougherty, Global configuration of Sat-
urn’s magnetic field derived from observations. Geophys. Res. Lett. 37, L21806 (2010). doi:10.1029/
2010GL044622

P.A. Cassak, A. Otto, Scaling of the magnetic reconnection rate with symmetric shear flow. Phys. Plasmas
18(7), 074,501 (2011). doi:10.1063/1.3609771

T.A. Cassidy, R.E. Johnson, Collisional spreading of Enceladus’s neutral cloud. Icarus 209, 696-703 (2010).
doi:10.1016/j.icarus.2010.04.010

G. Caudal, A self-consistent model of Jupiter’s magnetodisc including the effects of centrifugal force and
pressure. J. Geophys. Res. 91, 4201-4221 (1986). doi:10.1029/JA0911A04p04201

S. Chandrasekhar, Hydrodynamic and Hydromagnetic Stability (1961)

J.T. Clarke, L. Ben Jaffel, J.-C. Gérard, Hubble Space Telescope imaging of Jupiter’s UV aurora during the
Galileo orbiter mission. J. Geophys. Res. 103, 20,217-20,236 (1998). doi:10.1029/98JE01130

J.T. Clarke, J.-C. Gérard, D. Grodent, S. Wannawichian, J. Gustin, J. Connerney, F.J. Crary, M.K. Dougherty,
W.S. Kurth, SSW.H. Cowley, E.J. Bunce, T.W. Hill, J. Kim, Morphological differences between
Saturn’s ultraviolet aurorae and those of Earth and Jupiter. Nature 433(7027), 717-719 (2005).
doi:10.1038/nature03331

J.T. Clarke, J.D. Nichols, J.-C. Gérard, D. Grodent, K.C. Hansen, W.S. Kurth, G.R. Gladstone, J. Du-
val, S. Wannawichian, E.J. Bunce, SW.H. Cowley, FJ. Crary, M.K. Dougherty, L. Lamy, D.
Mitchell, W.R. Pryor, K. Retherford, T.S. Stallard, B. Zieger, P. Zarka, B. Cecconi, The response
of Jupiter’s and Saturn’s auroral activity to the solar wind. J. Geophys. Res. 114, A05210 (2009).
doi:10.1029/2008JA013694

J.E. Cooper, J.A. Simpson, Sources of high-energy protons in Saturn’s magnetosphere. J. Geophys. Res. 85,
5793-5802 (1980). doi:10.1029/JA085iA11p05793

M.M. Cowee, D. Winske, S.P. Gary, Hybrid simulations of plasma transport by Kelvin-Helmholtz instability
at the magnetopause: density variations and magnetic shear. J. Geophys. Res. (Space Phys.) 115, A06214
(2010). doi:10.1029/2009JA015011

S. Cowley, E. Bunce, R. Prangé, Saturn’s polar ionospheric flows and their relation to the main auroral oval.
Ann. Geophys. 22, 1379-1394 (2004). doi:10.5194/angeo-22-1379-2004

@ Springer 89 Reprinted from the journal


http://dx.doi.org/10.5194/angeo-28-1559-2010
http://dx.doi.org/10.5194/angeo-29-1233-2011
http://dx.doi.org/10.1029/2010GL045981
http://dx.doi.org/10.1029/2011GL050253
http://dx.doi.org/10.1029/2007JA012600
http://dx.doi.org/10.1029/2003JA010280
http://dx.doi.org/10.5194/angeo-23-1405-2005
http://dx.doi.org/10.1029/2005GL022888
http://dx.doi.org/10.1029/2008JA013257
http://dx.doi.org/10.1029/2010GL044622
http://dx.doi.org/10.1029/2010GL044622
http://dx.doi.org/10.1063/1.3609771
http://dx.doi.org/10.1016/j.icarus.2010.04.010
http://dx.doi.org/10.1029/JA091iA04p04201
http://dx.doi.org/10.1029/98JE01130
http://dx.doi.org/10.1038/nature03331
http://dx.doi.org/10.1029/2008JA013694
http://dx.doi.org/10.1029/JA085iA11p05793
http://dx.doi.org/10.1029/2009JA015011
http://dx.doi.org/10.5194/angeo-22-1379-2004

P.A. Delamere et al.

S.W.H. Cowley, E.J. Bunce, Origin of the main auroral oval in Jupiter’s coupled magnetosphere-ionosphere
system. Planet. Space Sci. 49, 1067-1088 (2001). doi:10.1016/S0032-0633(00)00167-7

S.W.H. Cowley, E.J. Bunce, Corotation-driven magnetosphere-ionosphere coupling currents in Sat-
urn’s magnetosphere and their relation to the auroras. Ann. Geophys. 21, 1691-1707 (2003).
doi:10.5194/angeo-21-1691-2003

S.W.H. Cowley, E.J. Bunce, T.S. Stallard, S. Miller, Jupiter’s polar ionospheric flows: theoretical interpreta-
tion. Geophys. Res. Lett. 30, 1220 (2003). doi:10.1029/2002GL016030

S.W.H. Cowley, L.I. Alexeev, E.S. Belenkaya, E.J. Bunce, C.E. Cottis, V.V. Kalegaev, J.D. Nichols, R. Prangé,
FJ. Wilson, A simple axisymmetric model of magnetosphere-ionosphere coupling currents in Jupiter’s
polar ionosphere. J. Geophys. Res. 110(A9), A11209 (2005a). doi:10.1029/2005JA011237

S.W.H. Cowley, S.V. Badman, E.J. Bunce, J.T. Clarke, J.-C. Gérard, D. Grodent, C.M. Jackman, S.E. Milan,
T.K. Yeoman, Reconnection in a rotation-dominated magnetosphere and its relation to Saturn’s auroral
dynamics. J. Geophys. Res. 110(A9), A02201 (2005b). doi:10.1029/2004JA010796

S.W.H. Cowley, J.D. Nichols, D.J. Andrews, Modulation of Jupiter’s plasma flow, polar currents, and auro-
ral precipitation by solar wind-induced compressions and expansions of the magnetosphere: a simple
theoretical model. Ann. Geophys. 25, 1433-1463 (2007)

S.W.H. Cowley, S.V. Badman, S.M. Imber, S.E. Milan, Comment on “Jupiter: a fundamentally different
magnetospheric interaction with the solar wind” by D.J. McComas and F. Bagenal. Geophys. Res. Lett.
35,L10101 (2008). doi:10.1029/2007GL032645

FJ. Crary, J.T. Clarke, M.K. Dougherty, P.G. Hanlon, K.C. Hansen, J.T. Steinberg, B.L. Barraclough, A.J.
Coates, J.-C. Gérard, D. Grodent, W.S. Kurth, D.G. Mitchell, A.M. Rymer, D.T. Young, Solar wind
dynamic pressure and electric field as the main factors controlling Saturn’s aurorae. Nature 433, 720-
722 (2005). doi:10.1038/nature03333

J.C. Cutler, M.K. Dougherty, E. Lucek, A. Masters, Evidence of surface wave on the dusk flank of Saturn’s
magnetopause possibly caused by the Kelvin-Helmholtz instability. J. Geophys. Res. (Space Phys.) 116,
A10220 (2011). doi:10.1029/2011JA016643

R.B. Decker, S.M. Krimigis, E.C. Roelof, M.E. Hill, T.P. Armstrong, G. Gloeckler, D.C. Hamilton, L.J.
Lanzerotti, Voyager 1 in the foreshock, termination shock, and heliosheath. Science 309, 2020-2024
(2005). doi:10.1126/science.1117569

P.A. Delamere, F. Bagenal, Modeling variability of plasma conditions in the Io torus. J. Geophys. Res. 108,
5-1(2003) doi:10.1029/2002JA009706

P.A. Delamere, F. Bagenal, Solar wind interaction with Jupiter’s magnetosphere. J. Geophys. Res. 115,
A10201 (2010). doi:10.1029/2010JA015347

P.A. Delamere, F. Bagenal, Magnetotail structure of the giant magnetospheres: implications of the vis-
cous interaction with the solar wind. J. Geophys. Res. (Space Phys.) 118, 7045-7053 (2013).
doi:10.1002/2013JA019179

P.A. Delamere, R.J. Wilson, A. Masters, Kelvin-Helmholtz instability at Saturn’s magnetopause: hybrid sim-
ulations. J. Geophys. Res. (Space Phys.) 116, A10222 (2011). doi:10.1029/2011JA016724

P.A. Delamere, R.J. Wilson, S. Eriksson, F. Bagenal, Magnetic signatures of Kelvin-Helmholtz vortices
on Saturn’s magnetopause: global survey. J. Geophys. Res. (Space Phys.) 118, 393—404 (2013).
doi:10.1029/2012JA018197

M.D. Desch, M.L. Kaiser, Voyager measurements of the rotation period of Saturn’s magnetic field. Geophys.
Res. Lett. 8(3), 253-256 (1981)

M. Desroche, F. Bagenal, P.A. Delamere, N. Erkaev, Conditions at the expanded Jovian magnetopause
and implications for the solar wind interaction. J. Geophys. Res. (Space Phys.) 117, A07202 (2012).
doi:10.1029/2012JA017621

K. Dialynas, S.M. Krimigis, D.G. Mitchell, D.C. Hamilton, N. Krupp, P.C. Brandt, Energetic ion spectral
characteristics in the Saturnian magnetosphere using Cassini/MIMI measurements. J. Geophys. Res.
(Space Phys.) 114, A01212 (2009). doi:10.1029/2008JA013761

J.W. Dungey, Electrodynamics of the outer atmosphere, in Proceedings of the Ionosphere Conference (The
Physical Society of London, 1955), p. 225

J.W. Dungey, Interplanetary magnetic field and the auroral zones. Phys. Rev. Lett. 6(2), 47-48 (1961). doi:10.
1103/PhysRevLett.6.47

E. Echer, P. Zarka, W.D. Gonzalez, A. Morioka, L. Denis, Solar wind effects on Jupiter non-lo DAM
emissions during Ulysses distant encounter (2003-2004). Astron. Astrophys. 519, A84 (2010).
doi:10.1051/0004-6361/200913305

R.F. Elsner, N. Lugaz, J.H. Waite, T.E. Cravens, G.R. Gladstone, P. Ford, D. Grodent, A. Bhardwaj, R.J.
MacDowall, M.D. Desch, T. Majeed, Simultaneous Chandra X ray, Hubble Space Telescope ultravi-
olet, and Ulysses radio observations of Jupiter’s aurora. J. Geophys. Res. 110(A9), A01207 (2005).
doi:10.1029/2004JA010717

Reprinted from the journal 90 @ Springer


http://dx.doi.org/10.1016/S0032-0633(00)00167-7
http://dx.doi.org/10.5194/angeo-21-1691-2003
http://dx.doi.org/10.1029/2002GL016030
http://dx.doi.org/10.1029/2005JA011237
http://dx.doi.org/10.1029/2004JA010796
http://dx.doi.org/10.1029/2007GL032645
http://dx.doi.org/10.1038/nature03333
http://dx.doi.org/10.1029/2011JA016643
http://dx.doi.org/10.1126/science.1117569
http://dx.doi.org/10.1029/2002JA009706
http://dx.doi.org/10.1029/2010JA015347
http://dx.doi.org/10.1002/2013JA019179
http://dx.doi.org/10.1029/2011JA016724
http://dx.doi.org/10.1029/2012JA018197
http://dx.doi.org/10.1029/2012JA017621
http://dx.doi.org/10.1029/2008JA013761
http://dx.doi.org/10.1103/PhysRevLett.6.47
http://dx.doi.org/10.1103/PhysRevLett.6.47
http://dx.doi.org/10.1051/0004-6361/200913305
http://dx.doi.org/10.1029/2004JA010717

Solar Wind Driven Dynamics

G.J. Fasel, L.C. Lee, R.-W. Smith, A mechanism for the multiple brightenings of dayside poleward-moving
auroral forms. Geophys. Res. Lett. 20, 2247-2250 (1993). doi:10.1029/93GL02487

B.L. Fleshman, P.A. Delamere, F. Bagenal, T. Cassidy, The roles of charge exchange and disso-
ciation in spreading Saturn’s neutral clouds. J. Geophys. Res., Planets 117, E05007 (2012).
doi:10.1029/201 1JE003996

L.A. Frank, J.D. Craven, J.L. Burch, J.D. Winningham, Polar views of the earth’s aurora with Dynamics
Explorer. Geophys. Res. Lett. 9, 1001-1004 (1982). doi:10.1029/GL009i009p01001

K. Fukazawa, T. Ogino, R.J. Walker, Dynamics of the Jovian magnetosphere for northward interplanetary
magnetic field (IMF). Geophys. Res. Lett. 32, .03202 (2005). doi:10.1029/2004GL021392

K. Fukazawa, T. Ogino, R.J. Walker, Configuration and dynamics of the Jovian magnetosphere. J. Geophys.
Res. (Space Phys.) 111, A10207 (2006). doi:10.1029/2006JA011874

K. Fukazawa, T. Ogino, R.J. Walker, Vortex-associated reconnection for northward IMF in the Kronian mag-
netosphere. Geophys. Res. Lett. 34, L23201 (2007a). doi:10.1029/2007GL031784

K. Fukazawa, S.-i. Ogi, T. Ogino, R.J. Walker, Magnetospheric convection at Saturn as a function of IMF BZ.
Geophys. Res. Lett. 34, 1105 (2007b). doi:10.1029/2006GL028373

K. Fukazawa, T. Ogino, R.J. Walker, A simulation study of dynamics in the distant Jovian magnetotail. J.
Geophys. Res. (Space Phys.) 115, A09219 (2010). doi:10.1029/2009JA015228

S.A. Fuselier, H.U. Frey, K.J. Trattner, S.B. Mende, J.L. Burch, Cusp aurora dependence on interplanetary
magnetic field B;. J. Geophys. Res. (Space Phys.) 107, 1111 (2002). doi:10.1029/2001JA900165

S.A. Fuselier, R. Frahm, W.S. Lewis, A. Masters, J. Mukherjee, S.M. Petrinec, 1.J. Sillanpaa, The location
of magnetic reconnection at Saturn’s magnetopause: a comparison with Earth. J. Geophys. Res. (Space
Phys.) 119, 2563-2578 (2014). doi:10.1002/2013JA019684

PH.M. Galopeau, P. Zarka, D.L. Quéau, Source location of Saturn’s kilometric radiation: the Kelvin-
Helmholtz instability hypothesis. J. Geophys. Res. 100, 26,397-26,410 (1995). doi: 10.1029/95JE02132

Y.S. Ge, C.T. Russell, K.K. Khurana, Reconnection sites in Jupiter’s magnetotail and relation to Jovian auro-
ras. Planet. Space Sci. 58, 1455-1469 (2010). doi:10.1016/j.pss.2010.06.013

F. Genova, P. Zarka, C. Barrow, Voyager and Nancay observations of the Jovian radio-emission at different
frequencies—solar-wind effect and source extent. Astron. Astrophys. 182, 159-162 (1987)

J.-C. Gérard, D. Grodent, J. Gustin, A. Saglam, J.T. Clarke, J.T. Trauger, Characteristics of Saturn’s FUV
aurora observed with the Space Telescope Imaging Spectrograph. J. Geophys. Res. (Space Phys.) 109,
A09207 (2004). doi:10.1029/2004JA010513

J.-C. Gérard, E.J. Bunce, D. Grodent, S.W.H. Cowley, J.T. Clarke, S.V. Badman, Signature of Saturn’s auroral
cusp: simultaneous Hubble Space Telescope FUV observations and upstream solar wind monitoring.
J. Geophys. Res. 110(A9), A11201 (2005). doi:10.1029/2005JA011094

G.R. Gladstone, J.H. Waite, D. Grodent, W. Lewis, F.J. Crary, R.F. Elsner, M. Weisskopf, T. Majeed, J.
Jahn, A. Bhardwaj, J.T. Clarke, D.T. Young, M.K. Dougherty, S.A. Espinosa, T.E. Cravens, A pulsating
auroral X-ray hot spot on Jupiter. Nature 415(6875), 1000-1003 (2002)

D. Grodent, J.T. Clarke, J. Kim, J.H. Waite, S.W.H. Cowley, Jupiter’s main auroral oval observed with HST-
STIS. J. Geophys. Res. 108, 1389 (2003a). doi:10.1029/2003JA009921

D. Grodent, J.T. Clarke, J.H. Waite, S.W.H. Cowley, J.-C. Gérard, J. Kim, Jupiter’s polar auroral emissions.
J. Geophys. Res. 108, 1366 (2003b). doi:10.1029/2003JA010017

D. Grodent, J.-C. Gérard, J.T. Clarke, G.R. Gladstone, J.H. Waite, A possible auroral signature of a
magnetotail reconnection process on Jupiter. J. Geophys. Res. (Space Phys.) 109, A05201 (2004).
doi:10.1029/2003JA010341

D. Grodent, J.-C. Gérard, S.W.H. Cowley, E.J. Bunce, J.T. Clarke, Variable morphology of Saturn’s southern
ultraviolet aurora. J. Geophys. Res. (Space Phys.) 110, A07215 (2005). doi:10.1029/2004JA010983

D. Grodent, J.-C. Gérard, A. Radioti, B. Bonfond, A. Saglam, Jupiter’s changing auroral location. J. Geophys.
Res. 113, 1206 (2008). doi:10.1029/2007JA012601

D. Grodent, A. Radioti, B. Bonfond, J.-C. Gérard, On the origin of Saturn’s outer auroral emission. J. Geo-
phys. Res. (Space Phys.) 115, A08219 (2010). doi:10.1029/2009JA014901

D. Grodent, J. Gustin, J.C. Gérard, A. Radioti, B. Bonfond, W.R. Pryor, Small-scale structures in Saturn’s
ultraviolet aurora. J. Geophys. Res. 116(A9), A09225 (2011). doi:10.1029/2011JA016818

D.A. Gurnett, W.S. Kurth, G.B. Hospodarsky, A.M. Persoon, P. Zarka, A. Lecacheux, S.J. Bolton, M.D.
Desch, W.M. Farrell, M.L. Kaiser, H.-P. Ladreiter, H.O. Rucker, P. Galopeau, P. Louarn, D.T. Young,
W.R. Pryor, M.K. Dougherty, Control of Jupiter’s radio emission and aurorae by the solar wind. Nature
415, 985-987 (2002)

J. Gustin, J.-C. Gérard, D. Grodent, S.W.H. Cowley, J.T. Clarke, A. Grard, Energy-flux relationship in the
FUV Jovian aurora deduced from HST-STIS spectral observations. J. Geophys. Res. 109, 10,205 (2004).
doi:10.1029/2003JA010365

J. Gustin, S.W.H. Cowley, J.-C. Gérard, G.R. Gladstone, D. Grodent, J.T. Clarke, Characteristics of Jo-
vian morning bright FUV aurora from Hubble Space Telescope/Space Telescope Imaging Spec-

@ Springer 91 Reprinted from the journal


http://dx.doi.org/10.1029/93GL02487
http://dx.doi.org/10.1029/2011JE003996
http://dx.doi.org/10.1029/GL009i009p01001
http://dx.doi.org/10.1029/2004GL021392
http://dx.doi.org/10.1029/2006JA011874
http://dx.doi.org/10.1029/2007GL031784
http://dx.doi.org/10.1029/2006GL028373
http://dx.doi.org/10.1029/2009JA015228
http://dx.doi.org/10.1029/2001JA900165
http://dx.doi.org/10.1002/2013JA019684
http://dx.doi.org/10.1029/95JE02132
http://dx.doi.org/10.1016/j.pss.2010.06.013
http://dx.doi.org/10.1029/2004JA010513
http://dx.doi.org/10.1029/2005JA011094
http://dx.doi.org/10.1029/2003JA009921
http://dx.doi.org/10.1029/2003JA010017
http://dx.doi.org/10.1029/2003JA010341
http://dx.doi.org/10.1029/2004JA010983
http://dx.doi.org/10.1029/2007JA012601
http://dx.doi.org/10.1029/2009JA014901
http://dx.doi.org/10.1029/2011JA016818
http://dx.doi.org/10.1029/2003JA010365

P.A. Delamere et al.

trograph imaging and spectral observations. J. Geophys. Res. (Space Phys.) 111, A09220 (2006).
doi:10.1029/2006JA011730

D.K. Haggerty, M.E. Hill, R.L. McNutt, C. Paranicas, Composition of energetic particles in the Jovian mag-
netotail. J. Geophys. Res. (Space Phys.) 114, A02208 (2009). doi:10.1029/2008JA013659

K.C. Hansen, A.J. Ridley, G.B. Hospodarsky, N. Achilleos, M.K. Dougherty, T.I. Gombosi, G. Té6th, Global
MHD simulations of Saturn’s magnetosphere at the time of Cassini approach. Geophys. Res. Lett. 32,
L20S06 (2005). doi:10.1029/2005GL022835

H. Hasegawa, M. Fujimoto, T.-D. Phan, H. Réme, A. Balogh, M.W. Dunlop, C. Hashimoto, R. TanDokoro,
Transport of solar wind into Earth’s magnetosphere through rolled-up Kelvin-Helmholtz vortices. Na-
ture 430, 755-758 (2004). doi:10.1038/nature02799

H. Hasegawa, A. Retino, A. Vaivads, Y. Khotyaintsev, M. André, T.K.M. Nakamura, W.-L. Teh, B.U.O.
Sonnerup, S.J. Schwartz, Y. Seki, M. Fujimoto, Y. Saito, H. Réme, P. Canu, Kelvin-Helmholtz waves
at the Earth’s magnetopause: multiscale development and associated reconnection. J. Geophys. Res.
(Space Phys.) 114, A12207 (2009). doi:10.1029/2009JA014042

S.L.G. Hess, E. Echer, P. Zarka, Solar wind pressure effects on Jupiter decametric radio emissions indepen-
dent of Io. Planet. Space Sci. 70, 114-125 (2012). doi:10.1016/j.pss.2012.05.011

T.W. Hill, Inertial limit on corotation. J. Geophys. Res. 84, 6554-6558 (1979). doi:10.1029/
JA084iA11p06554

T.W. Hill, A.J. Dessler, F.C. Michel, Configuration of the Jovian magnetosphere. Geophys. Res. Lett. 1, 3-6
(1974). doi:10.1029/GL001i001p00003

T.S. Huang, T.W. Hill, Corotation lag of the Jovian atmosphere, ionosphere, and magnetosphere. J. Geophys.
Res. 94, 3761-3765 (1989). doi:10.1029/JA094iA04p03761

D.E. Huddleston, C.T. Russell, G. Le, A. Szabo, Magnetopause structure and the role of reconnection at the
outer planets. J. Geophys. Res. 102, 24,289-24,004 (1997). doi:10.1029/97JA02416

D.E. Huddleston, C.T. Russell, M.G. Kivelson, K.K. Khurana, L. Bennett, Location and shape of the Jovian
magnetopause and bow shock. J. Geophys. Res. 103, 20,075-20,082 (1998). doi:10.1029/98JE00394

C.M. Jackman, N. Achilleos, E.J. Bunce, B. Cecconi, J.T. Clarke, S.W.H. Cowley, W.S. Kurth, P. Zarka, Inter-
planetary conditions and magnetospheric dynamics during the Cassini orbit insertion fly-through of Sat-
urn’s magnetosphere. J. Geophys. Res. (Space Phys.) 110, A10212 (2005). doi:10.1029/2005JA011054

C.M. Jackman, R.J. Forsyth, M.K. Dougherty, The overall configuration of the interplanetary magnetic field
upstream of Saturn as revealed by Cassini observations. J. Geophys. Res. (Space Phys.) 113, A08114
(2008). doi:10.1029/2008JA013083

C.M. Jackman, C.S. Arridge, Solar cycle effects on the dynamics of Jupiter’s and Saturn’s magnetospheres.
Solar Phys. 274(1-2), 481-502 (2011). doi:10.1007/s11207-011-9748-z

C.M. Jackman, N. Achilleos, S.W.H. Cowley, E.J. Bunce, A. Radioti, D. Grodent, S.V. Badman, M.K.
Dougherty, W. Pryor, Auroral counterpart of magnetic field dipolarizations in Saturn’s tail. Planet. Space
Sci. 82, 34-42 (2013). doi:10.1016/j.pss.2013.03.010

J. Jasinski, C. Arridge, L. Lamy, J. Leisner, M. Thomsen, D. Mitchell, A. Coates, A. Radioti, G. Jones, E.
Roussos, N. Krupp, D. Grodent, M. Dougherty, J. Waite, Cusp observation at Saturn’s high latitude
magnetosphere by the Cassini spacecraft. Geophys. Res. Lett. (2014). doi:10.1002/2014GL059319

X. Jia, M.G. Kivelson, Driving Saturn’s magnetospheric periodicities from the upper atmosphere/ionosphere:
magnetotail response to dual sources. J. Geophys. Res. (Space Phys.) 117, A11219 (2012).
doi:10.1029/2012JA018183

X. Jia, M.G. Kivelson, T.I. Gombosi, Driving Saturn’s magnetospheric periodicities from the upper atmo-
sphere/ionosphere. J. Geophys. Res. (Space Phys.) 117, A04215 (2012a). doi:10.1029/2011JA017367

X. Jia, K.C. Hansen, T.I. Gombosi, M.G. Kivelson, G. T6th, D.L. DeZeeuw, A.J. Ridley, Magnetospheric
configuration and dynamics of Saturn’s magnetosphere: a global MHD simulation. J. Geophys. Res.
(Space Phys.) 117, A05225 (2012b). doi:10.1029/2012JA017575

S.J. Kanani, C.S. Arridge, G.H. Jones, A.N. Fazakerley, H.J. McAndrews, N. Sergis, S.M. Krimigis, M.K.
Dougherty, A.J. Coates, D.T. Young, K.C. Hansen, N. Krupp, A new form of Saturn’s magnetopause
using a dynamic pressure balance model, based on in situ, multi-instrument Cassini measurements. J.
Geophys. Res. (Space Phys.) 115, 6207 (2010). doi:10.1029/2009JA014262

K.K. Khurana, Euler potential models of Jupiter’s magnetospheric field. J. Geophys. Res. 102, 11,295-11,306
(1997). doi:10.1029/97JA00563

A. Kidder, C.S. Paty, R.M. Winglee, E.M. Harnett, External triggering of plasmoid development at Saturn.
J. Geophys. Res. (Space Phys.) 117, A07206 (2012). doi:10.1029/2012JA017625

M.G. Kivelson, D.J. Southwood, Dynamical consequences of two modes of centrifugal instability in Jupiter’s
outer magnetosphere. J. Geophys. Res. (Space Phys.) 110, A12209 (2005). doi:10.1029/2005JA011176

S.M. Krimigis, N. Sergis, D.G. Mitchell, D.C. Hamilton, N. Krupp, A dynamic, rotating ring current around
Saturn. Nature 450, 1050-1053 (2007). doi:10.1038/nature06425

Reprinted from the journal 92 @ Springer


http://dx.doi.org/10.1029/2006JA011730
http://dx.doi.org/10.1029/2008JA013659
http://dx.doi.org/10.1029/2005GL022835
http://dx.doi.org/10.1038/nature02799
http://dx.doi.org/10.1029/2009JA014042
http://dx.doi.org/10.1016/j.pss.2012.05.011
http://dx.doi.org/10.1029/JA084iA11p06554
http://dx.doi.org/10.1029/JA084iA11p06554
http://dx.doi.org/10.1029/GL001i001p00003
http://dx.doi.org/10.1029/JA094iA04p03761
http://dx.doi.org/10.1029/97JA02416
http://dx.doi.org/10.1029/98JE00394
http://dx.doi.org/10.1029/2005JA011054
http://dx.doi.org/10.1029/2008JA013083
http://dx.doi.org/10.1007/s11207-011-9748-z
http://dx.doi.org/10.1016/j.pss.2013.03.010
http://dx.doi.org/10.1002/2014GL059319
http://dx.doi.org/10.1029/2012JA018183
http://dx.doi.org/10.1029/2011JA017367
http://dx.doi.org/10.1029/2012JA017575
http://dx.doi.org/10.1029/2009JA014262
http://dx.doi.org/10.1029/97JA00563
http://dx.doi.org/10.1029/2012JA017625
http://dx.doi.org/10.1029/2005JA011176
http://dx.doi.org/10.1038/nature06425

Solar Wind Driven Dynamics

E.A. Kronberg, J. Woch, N. Krupp, A. Lagg, K.K. Khurana, K.-H. Glassmeier, Mass release at Jupiter:
substorm-like processes in the Jovian magnetotail. J. Geophys. Res. (Space Phys.) 110, A03211 (2005).
doi:10.1029/2004JA010777

N. Krupp, J. Woch, A. Lagg, B. Wilken, S. Livi, D.J. Williams, Energetic particle bursts in the predawn Jovian
magnetotail. Geophys. Res. Lett. 25, 1249-1252 (1998). doi:10.1029/98GL00863

N. Krupp, J. Woch, A. Lagg, S.A. Espinosa, S. Livi, S.M. Krimigis, D.G. Mitchell, D.J. Williams, A.F. Cheng,
B.H. Mauk, R.W. McEntire, T.P. Armstrong, D.C. Hamilton, G. Gloeckler, J. Dandouras, L.J. Lanze-
rotti, Leakage of energetic particles from Jupiter’s dusk magnetosphere: dual spacecraft observations.
Geophys. Res. Lett. 29, 1736 (2002). doi:10.1029/2001GL014290

A. Kullen, The connection between transpolar arcs and magnetotail rotation. Geophys. Res. Lett. 27, 73-76
(2000). doi:10.1029/1999GL010675

H.R. Lai, HYW.C.T. Russell, C.S. Arridge, M.K.M.K. Dougherty, Reconnection at the magnetopause of
Saturn: perspective from fte occurrence and magnetosphere size. J. Geophys. Res. 117(A5), A05222
(2012)

G.M. Mason, G. Gloeckler, Power law distributions of suprathermal ions in the quiet solar wind.
Space Sci. Rev. 172, 241-251 (2012). doi:10.1007/s11214-010-9741-0. http://adsabs.harvard.edu/abs/
2012SSRv..172..241M

A. Masters, N. Achilleos, C. Bertucci, M.K. Dougherty, S.J. Kanani, C.S. Arridge, H.J. McAndrews, A.J.
Coates, Surface waves on Saturn’s dawn flank magnetopause driven by the Kelvin-Helmholtz instability.
Planet. Space Sci. 57, 1769-1778 (2009). doi:10.1016/j.pss.2009.02.010

A. Masters, N.A. Achilleos, N. Sergis, M.K. Dougherty, M.G. Kivelson, C.S. Arridge, S.M. Krim-
igis, H.J. McAndrews, M.F. Thomsen, S.J. Kanani, N. Krupp, A.J. Coates, Cassini observa-
tions of a Kelvin-Helmholtz vortex in Saturn’s outer magnetosphere. J. Geophys. Res. (2010).
doi:10.1029/2010JA015351

A. Masters, D.G. Mitchell, A.J. Coates, M.K. Dougherty, Saturn’s low-latitude boundary layer: 1. Properties
and variability. J. Geophys. Res. (Space Phys.) 116, A06210 (2011). doi:10.1029/2010JA016421

A. Masters, J.P. Eastwood, M. Swisdak, M.F. Thomsen, C.T. Russell, N. Sergis, F.J. Crary, M.K. Dougherty,
A.J. Coates, S.M. Krimigis, The importance of plasma f conditions for magnetic reconnection at Sat-
urn’s magnetopause. Geophys. Res. Lett. 39, L08103 (2012a). doi:10.1029/2012GL051372

A. Masters, N. Achilleos, J.C. Cutler, A.J. Coates, M.K. Dougherty, G.H. Jones, Surface waves on Saturn’s
magnetopause. Planet. Space Sci. 65, 109-121 (2012b). doi:10.1016/j.pss.2012.02.007

A. Masters, M. Fujimoto, H. Hasegawa, C.T. Russell, A.J. Coates, M.K. Dougherty, Can magne-
topause reconnection drive Saturn’s magnetosphere? Geophys. Res. Lett. 41, 1862-1868 (2014).
doi:10.1002/2014GL059288

B.H. Mauk, J.T. Clarke, D. Grodent, J.H. Waite, C.P. Paranicas, D.J. Williams, Transient aurora on Jupiter
from injections of magnetospheric electrons. Nature 415, 1003—1005 (2002)

H.J. McAndrews, C.J. Owen, M.F. Thomsen, B. Lavraud, A.J. Coates, M.K. Dougherty, D.T. Young, Evi-
dence for reconnection at Saturn’s magnetopause. J. Geophys. Res. (Space Phys.) 113, A04210 (2008).
doi:10.1029/2007JA012581

D.J. McComas, F. Bagenal, Jupiter: a fundamentally different magnetospheric interaction with the solar wind.
Geophys. Res. Lett. 34, 20,106 (2007). doi:10.1029/2007GL031078

D.J. McComas, F. Allegrini, F. Bagenal, F. Crary, R-W. Ebert, H. Elliott, A. Stern, P. Valek, Di-
verse plasma populations and structures in Jupiter’s magnetotail. Science 318, 217 (2007).
doi:10.1126/science.1147393

D.J. McComas, F. Bagenal, Reply to comment by S.W.H. Cowley et al. on “Jupiter: a fundamentally
different magnetospheric interaction with the solar wind”. Geophys. Res. Lett. 35, L10103 (2008).
doi:10.1029/2008GL034351

C.J. Meredith, S.W.H. Cowley, K.C. Hansen, J.D. Nichols, T.K. Yeoman, Simultaneous conjugate observa-
tions of small-scale structures in Saturn’s dayside ultraviolet auroras—implications for physical origins.
J. Geophys. Res. (2013). doi: 10.1002/jgra.50270

S.E. Milan, B. Hubert, A. Grocott, Formation and motion of a transpolar arc in response to dayside and night-
side reconnection. J. Geophys. Res. (Space Phys.) 110, A01212 (2005). doi:10.1029/2004JA010835

R. Mistry, M.K. Dougherty, A. Masters, A.H. Sulaiman, E.J. Allen, Separating drivers of Saturnian magne-
topause motion. J. Geophys. Res. (Space Phys.) 119, 1514-1522 (2014). doi:10.1002/2013JA019489

D.G. Mitchell, Injection, interchange and reconnection: energetic particle observations in Saturn’s magneto-
tail, in Magnetotails in the Solar System, ed. by A. Keiling, C. Jackman, P.A. Delamere. AGU Mono-
graphs (American Geophysical Union, Washington, 2015). ISBN 978-1-118-84234-8

D.G. Mitchell, S.M. Krimigis, C. Paranicas, P.C. Brandt, J.F. Carbary, E.C. Roelof, W.S. Kurth, D.A. Gurnett,
J.T. Clarke, J.D. Nichols, J.-C. Gérard, D.C. Grodent, M.K. Dougherty, W.R. Pryor, Recurrent energiza-
tion of plasma in the midnight-to-dawn quadrant of Saturn’s magnetosphere, and its relationship to au-
roral UV and radio emissions. Planet. Space Sci. 57, 1732—1742 (2009). doi:10.1016/j.pss.2009.04.002

@ Springer 93 Reprinted from the journal


http://dx.doi.org/10.1029/2004JA010777
http://dx.doi.org/10.1029/98GL00863
http://dx.doi.org/10.1029/2001GL014290
http://dx.doi.org/10.1029/1999GL010675
http://dx.doi.org/10.1007/s11214-010-9741-0
http://adsabs.harvard.edu/abs/2012SSRv..172..241M
http://adsabs.harvard.edu/abs/2012SSRv..172..241M
http://dx.doi.org/10.1016/j.pss.2009.02.010
http://dx.doi.org/10.1029/2010JA015351
http://dx.doi.org/10.1029/2010JA016421
http://dx.doi.org/10.1029/2012GL051372
http://dx.doi.org/10.1016/j.pss.2012.02.007
http://dx.doi.org/10.1002/2014GL059288
http://dx.doi.org/10.1029/2007JA012581
http://dx.doi.org/10.1029/2007GL031078
http://dx.doi.org/10.1126/science.1147393
http://dx.doi.org/10.1029/2008GL034351
http://dx.doi.org/10.1002/jgra.50270
http://dx.doi.org/10.1029/2004JA010835
http://dx.doi.org/10.1002/2013JA019489
http://dx.doi.org/10.1016/j.pss.2009.04.002

P.A. Delamere et al.

T. Moriguchi, A. Nakamizo, T. Tanaka, T. Obara, H. Shimazu, Current systems in the Jovian magnetosphere.
J. Geophys. Res. (Space Phys.) 113, A05204 (2008). doi:10.1029/2007JA012751

T.K.M. Nakamura, M. Fujimoto, Magnetic reconnection within rolled-up MHD-scale Kelvin-Helmholtz vor-
tices: two-fluid simulations including finite electron inertial effects. Geophys. Res. Lett. 32, L21102
(2005). doi:10.1029/2005GL023362

T.K.M. Nakamura, M. Fujimoto, A. Otto, Magnetic reconnection induced by weak Kelvin-Helmholtz insta-
bility and the formation of the low-latitude boundary layer. Geophys. Res. Lett. 33, L14106 (2006).
doi:10.1029/2006GL026318

J. Nichols, S. Cowley, Magnetosphere-ionosphere coupling currents in Jupiter’s middle magnetosphere: ef-
fect of precipitation-induced enhancement of the ionospheric Pedersen conductivity. Ann. Geophys. 22,
1799-1827 (2004). doi:10.5194/angeo-22-1799-2004

J.D. Nichols, Magnetosphere-ionosphere coupling in Jupiter’s middle magnetosphere: computations includ-
ing a self-consistent current sheet magnetic field model. J. Geophys. Res. (Space Phys.) 116, A10232
(2011). doi:10.1029/2011JA016922

J.D. Nichols, S.W.H. Cowley, D.J. McComas, Magnetopause reconnection rate estimates for Jupiter’s mag-
netosphere based on interplanetary measurements at ~5SAU. Ann. Geophys. 24, 393—406 (2006)

J.D. Nichols, E.J. Bunce, J.T. Clarke, S.W.H. Cowley, J.-C. Gérard, D. Grodent, W.R. Pryor, Response of
Jupiter’s UV auroras to interplanetary conditions as observed by the Hubble Space Telescope during the
Cassini flyby campaign. J. Geophys. Res. 112(A11), A02203 (2007). doi:10.1029/2006JA012005

J.D. Nichols, J.T. Clarke, J.-C. Gérard, D. Grodent, K.C. Hansen, Variation of different components of
Jupiter’s auroral emission. J. Geophys. Res. 114, A06210 (2009a). doi:10.1029/2009JA014051

J.D. Nichols, J.T. Clarke, J.C. Gérard, D. Grodent, Observations of Jovian polar auroral filaments. Geophys.
Res. Lett. 36, L08101 (2009b). doi:10.1029/2009GL037578

J.D. Nichols, S. Badman, K. Baines, R. Brown, E. Bunce, J. Clarke, S. Cowley, F. Crary, M. Dougherty,
J. Grard, A. Grocott, D. Grodent, W. Kurth, H. Melin, D. Mitchell, W. Pryor, T. Stallard, Dynamic
auroral storms on Saturn as observed by the Hubble Space Telescope. Geophys. Res. Lett. (2014).
doi:10.1002/2014GL060186

K. Nykyri, A. Otto, Plasma transport at the magnetospheric boundary due to reconnection in Kelvin-
Helmholtz vortices. Geophys. Res. Lett. 28, 3565-3568 (2001). doi:10.1029/2001GL013239

K. Nykyri, A. Otto, B. Lavraud, C. Mouikis, L.M. Kistler, A. Balogh, H. Reme, Cluster observations of recon-
nection due to the Kelvin-Helmholtz instability at the dawnside magnetospheric flank. Ann. Geophys.
24, 2619-2643 (2006)

T. Ogino, R.J. Walker, M.G. Kivelson, A global magnetohydrodynamic simulation of the Jovian magneto-
sphere. J. Geophys. Res. 103, 225 (1998). doi:10.1029/97JA02247

L. Pallier, R. Prange, More about the structure of the high latitude Jovian aurorae. Planet. Space Sci. 49(10-
11), 1159-1173 (2001)

C. Paranicas, D.G. Mitchell, S.M. Krimigis, D.C. Hamilton, E. Roussos, N. Krupp, G.H. Jones, R.E. Johnson,
J.E. Cooper, T.P. Armstrong, Sources and losses of energetic protons in Saturn’s magnetosphere. Icarus
197, 519-525 (2008). doi:10.1016/j.icarus.2008.05.011

G. Paschmann, Recent in-situ observations of magnetic reconnection in near-Earth space. Geophys. Res. Lett.
35, L19109 (2008). doi:10.1029/2008 GL035297

T.D. Phan, J.T. Gosling, G. Paschmann, C. Pasma, J.F. Drake, M. @ieroset, D. Larson, R.P. Lin, M.S. Davis,
The dependence of magnetic reconnection on plasma 8 and magnetic shear: evidence from solar wind
observations. Astrophys. J. Lett. 719, L199-1.203 (2010). doi:10.1088/2041-8205/719/2/L.199

T.D. Phan, G. Paschmann, J.T. Gosling, M. Oieroset, M. Fujimoto, J.F. Drake, V. Angelopoulos, The de-
pendence of magnetic reconnection on plasma B and magnetic shear: evidence from magnetopause
observations. Geophys. Res. Lett. 40, 11-16 (2013). doi:10.1029/2012GL054528

V. Pierrard, M. Lazar, Kappa distributions: theory and applications in space plasmas. Sol. Phys. 267, 153174
(2010). doi:10.1007/s11207-010-9640-2

N.M. Pilkington, N. Achilleos, C.S. Arridge, A. Masters, N. Sergis, A.J. Coates, M.K. Dougherty, Polar con-
finement of Saturn’s magnetosphere revealed by in situ Cassini observations. J. Geophys. Res. (Space
Phys.) 119, 2858-2875 (2014). doi:10.1002/2014JA019774

D.H. Pontius, Radial mass transport and rotational dynamics. J. Geophys. Res. 102, 7137-7150 (1997).
doi:10.1029/97JA00289

W.R. Pryor, A.LE. Stewart, L.W. Esposito, W.E. McClintock, J.E. Colwell, A.J. Jouchoux, A.J. Steffl, D.E.
Shemansky, J.M. Ajello, R.A. West, C.J. Hansen, B.T. Tsurutani, W.S. Kurth, G.B. Hospodarsky, D.A.
Gurnett, K.C. Hansen, J.H. Waite, F.J. Crary, D.T. Young, N. Krupp, J.T. Clarke, D. Grodent, M.K.
Dougherty, Cassini UVIS observations of Jupiter’s auroral variability. Icarus 178, 312-326 (2005).
doi:10.1016/j.icarus.2005.05.021

W.R. Pryor, AM. Rymer, D.G. Mitchell, T.W. Hill, D.T. Young, J. Saur, G.H. Jones, S. Jacobsen, S.W.H.
Cowley, B.H. Mauk, A.J. Coates, J. Gustin, D. Grodent, J.-C. Gérard, L. Lamy, J.D. Nichols, S.M. Krim-

Reprinted from the journal 94 @ Springer


http://dx.doi.org/10.1029/2007JA012751
http://dx.doi.org/10.1029/2005GL023362
http://dx.doi.org/10.1029/2006GL026318
http://dx.doi.org/10.5194/angeo-22-1799-2004
http://dx.doi.org/10.1029/2011JA016922
http://dx.doi.org/10.1029/2006JA012005
http://dx.doi.org/10.1029/2009JA014051
http://dx.doi.org/10.1029/2009GL037578
http://dx.doi.org/10.1002/2014GL060186
http://dx.doi.org/10.1029/2001GL013239
http://dx.doi.org/10.1029/97JA02247
http://dx.doi.org/10.1016/j.icarus.2008.05.011
http://dx.doi.org/10.1029/2008GL035297
http://dx.doi.org/10.1088/2041-8205/719/2/L199
http://dx.doi.org/10.1029/2012GL054528
http://dx.doi.org/10.1007/s11207-010-9640-2
http://dx.doi.org/10.1002/2014JA019774
http://dx.doi.org/10.1029/97JA00289
http://dx.doi.org/10.1016/j.icarus.2005.05.021

Solar Wind Driven Dynamics

igis, L.W. Esposito, M.K. Dougherty, A.J. Jouchoux, A.LF. Stewart, W.E. McClintock, G.M. Holsclaw,
J.M. Ajello, J.E. Colwell, A.R. Hendrix, FJ. Crary, J.T. Clarke, X. Zhou, The auroral footprint of Ence-
ladus on Saturn. Nature 472, 331-333 (2011). doi:10.1038/nature09928

A. Radioti, J.-C. Gérard, D. Grodent, B. Bonfond, N. Krupp, J. Woch, Discontinuity in Jupiter’s main auroral
oval. J. Geophys. Res. 113, 1215 (2008a). doi:10.1029/2007JA012610

A. Radioti, D. Grodent, J.C. Gérard, B. Bonfond, J.T. Clarke, Auroral polar dawn spots: Signatures of inter-
nally driven reconnection processes at Jupiter’s magnetotail. Geophys. Res. Lett. 35(3) (2008b)

A. Radioti, A.T. Tomads, D. Grondent, J.C. Gérard, J. Gustin, B. Bonfond, N. Krupp, J. Woch, J.D. Menietti,
Equatorward diffuse auroral emissions at Jupiter: simultaneous HST and Galileo observations. Geophys.
Res. Lett. 36, 7101 (2009a)

A. Radioti, J.-C. Gérard, E. Roussos, C.P. Paranicas, B. Bonfond, D.G. Mitchell, N. Krupp, S.M. Krimigis,
J.T. Clarke, Transient auroral features at Saturn: signatures of energetic particle injections in the mag-
netosphere. J. Geophys. Res. 114, A03210 (2009b). doi:10.1029/2008JA013632

A. Radioti, D. Grodent, J.-C. Gérard, B. Bonfond, Auroral signatures of flow bursts released dur-
ing magnetotail reconnection at Jupiter. J. Geophys. Res. (Space Phys.) 115, A07214 (2010).
doi:10.1029/2009JA014844

A. Radioti, D. Grodent, J.-C. Gérard, S.E. Milan, B. Bonfond, J. Gustin, W. Pryor, Bifurcations of the main
auroral ring at Saturn: ionospheric signatures of consecutive reconnection events at the magnetopause.
J. Geophys. Res. (Space Phys.) 116, A11209 (2011a). doi:10.1029/2011JA016661

A. Radioti, D. Grodent, J.C. Gerard, M.F. Vogt, M. Lystrup, B. Bonfond, Nightside reconnection at Jupiter:
auroral and magnetic field observations from 26 July 1998. J. Geophys. Res. 116, A03221 (2011b).
doi:10.1029/2010JA016200

A. Radioti, M. Lystrup, B. Bonfond, D. Grodent, J.-C. Gérard, Jupiter’s aurora in ultraviolet and infrared:
simultaneous observations with the Hubble Space Telescope and the NASA infrared telescope facility.
J. Geophys. Res. (Space Phys.) 118, 22862295 (2013a). doi:10.1002/jgra.50245

A. Radioti, E. Roussos, D. Grodent, J.-C. Gérard, N. Krupp, D.G. Mitchell, J. Gustin, B. Bonfond, W. Pryor,
Signatures of magnetospheric injections in Saturn’s aurora. J. Geophys. Res. (Space Phys.) 118, 1922—
1933 (2013b). doi:10.1002/jgra.50161

A. Radioti, D. Grodent, J.-C. Gérard, B. Bonfond, J. Gustin, W. Pryor, J.M. Jasinski, C.S. Arridge, Auro-
ral signatures of multiple magnetopause reconnection at Saturn. Geophys. Res. Lett. 40, 44984502
(2013c). doi:10.1002/grl.50889

A. Radioti, D. Grodent, J. Gérard, S. Milan, R. Fear, C. Jackman, B. Bonfond, W. Pryor, Saturn’s elusive
transpolar arc. Geophys. Res. Lett. (2014a, submitted)

A.D. Radioti, Grodent, X. Jia, J.-C. Gérard, B. Bonfond, W. Pryor, J. Gustin, D. Mitchell, C. Jackman,
A remarkable magnetotail reconnection event at Saturn, as observed by UVIS/Cassini. Icarus (2014b,
submitted)

L.C.Ray, Y.-J. Su, R.E. Ergun, P.A. Delamere, F. Bagenal, Current-voltage relation of a centrifugally confined
plasma. J. Geophys. Res. (Space Phys.) 114, A04214 (2009). doi:10.1029/2008JA013969

L.C. Ray, R.E. Ergun, P.A. Delamere, F. Bagenal, Magnetosphere-ionosphere coupling at Jupiter: effect of
field-aligned potentials on angular momentum transport. J. Geophys. Res. (Space Phys.) 115, A09211
(2010). doi:10.1029/2010JA015423

L.C. Ray, M. Galand, L.E. Moore, B.L. Fleshman, Characterizing the limitations to the coupling between
Saturn’s ionosphere and middle magnetosphere. J. Geophys. Res. (Space Phys.) 117, A07210 (2012).
doi:10.1029/2012JA017735

L.C. Ray, M. Galand, P.A. Delamere, B.L. Fleshman, Current-voltage relation for the Saturnian system. J.
Geophys. Res. (Space Phys.) 118, 3214-3222 (2013). doi:10.1002/jgra.50330

E. Roussos, N. Krupp, C.P. Paranicas, P. Kollmann, D.G. Mitchell, S.M. Krimigis, T.P. Armstrong, D.R.
Went, M.K. Dougherty, G.H. Jones, Long- and short-term variability of Saturn’s ionic radiation belts. J.
Geophys. Res. (Space Phys.) 116, A02217 (2011). doi:10.1029/2010JA015954

H.O. Rucker, M. Panchenko, K.C. Hansen, U. Taubenschuss, M.Y. Boudjada, W.S. Kurth, M.K. Dougherty,
J.T. Steinberg, P. Zarka, PH.M. Galopeau, D.J. McComas, C.H. Barrow, Saturn kilometric radiation as
a monitor for the solar wind? Adv. Space Res. 42, 40-47 (2008). doi:10.1016/j.asr.2008.02.008

C.T. Russell, Reconnection, in Physics of Solar Planetary Environments (Am. Geophys. Union, Washington,
1975), pp. 526-540

C.T. Russell, R.C. Elphic, Initial ISEE magnetometer results—magnetopause observations. Space Sci. Rev.
22, 681-715 (1978). doi:10.1007/BF00212619

C.T. Russell, M.M. Hoppe, W.A. Livesey, Overshoots in planetary bow shocks. Nature 296, 45-48 (1982).
doi:10.1038/296045a0

B. Sandel, A. Broadfoot, Morphology of Saturn’s aurora. Nature 292, 679-682 (1981)

N. Sergis, S.M. Krimigis, E.C. Roelof, C.S. Arridge, A.M. Rymer, D.G. Mitchell, D.C. Hamilton, N. Krupp,
M.E. Thomsen, M.K. Dougherty, A.J. Coates, D.T. Young, Particle pressure, inertial force, and ring

@ Springer 95 Reprinted from the journal


http://dx.doi.org/10.1038/nature09928
http://dx.doi.org/10.1029/2007JA012610
http://dx.doi.org/10.1029/2008JA013632
http://dx.doi.org/10.1029/2009JA014844
http://dx.doi.org/10.1029/2011JA016661
http://dx.doi.org/10.1029/2010JA016200
http://dx.doi.org/10.1002/jgra.50245
http://dx.doi.org/10.1002/jgra.50161
http://dx.doi.org/10.1002/grl.50889
http://dx.doi.org/10.1029/2008JA013969
http://dx.doi.org/10.1029/2010JA015423
http://dx.doi.org/10.1029/2012JA017735
http://dx.doi.org/10.1002/jgra.50330
http://dx.doi.org/10.1029/2010JA015954
http://dx.doi.org/10.1016/j.asr.2008.02.008
http://dx.doi.org/10.1007/BF00212619
http://dx.doi.org/10.1038/296045a0

P.A. Delamere et al.

current density profiles in the magnetosphere of Saturn, based on Cassini measurements. Geophys. Res.
Lett. 37, L02102 (2010). doi:10.1029/2009GL041920

N. Sergis, C.M. Jackman, A. Masters, S.M. Krimigis, M.F. Thomsen, D.C. Hamilton, D.G. Mitchell, M.K.
Dougherty, A.J. Coates, Particle and magnetic field properties of the Saturnian magnetosheath: presence
and upstream escape of hot magnetospheric plasma. J. Geophys. Res. (Space Phys.) 118, 1620-1634
(2013). doi:10.1002/jgra.50164

J.A. Slavin, EJ. Smith, J.R. Spreiter, S.S. Stahara, Solar wind flow about the outer planets—gas dy-
namic modeling of the Jupiter and Saturn bow shocks. J. Geophys. Res. 90, 6275-6286 (1985).
doi:10.1029/JA090iA07p06275

C.G.A. Smith, A.D. Aylward, Coupled rotational dynamics of Saturn’s thermosphere and magnetosphere:
a thermospheric modelling study. Ann. Geophys. 26, 1007-1027 (2008). doi:10.5194/angeo-26-1007-
2008

C.G.A. Smith, A.D. Aylward, Coupled rotational dynamics of Jupiter’s thermosphere and magnetosphere.
Ann. Geophys. 27, 199-230 (2009). doi:10.5194/angeo-27-199-2009

B.U.O. Sonnerup, B.G. Ledley, Magnetopause rotational forms. J. Geophys. Res. 79, 4309-4314 (1974).
doi:10.1029/JA079i028p04309

D.J. Southwood, The hydromagnetic stability of the magnetospheric boundary. Planet. Space Sci. 16, 587—
605 (1968). doi:10.1016/0032-0633(68)90100-1

D.J. Southwood, M.G. Kivelson, A new perspective concerning the influence of the solar wind on the Jovian
magnetosphere. J. Geophys. Res. 106, 6123-6130 (2001). doi:10.1029/2000JA000236

T.S. Stallard, S. Miller, S.W.H. Cowley, E.J. Bunce, Jupiter’s polar ionospheric flows: measured inten-
sity and velocity variations poleward of the main auroral oval. Geophys. Res. Lett. 30, 1221 (2003).
doi:10.1029/2002GL016031

T. Stallard, S. Miller, H. Melin, M. Lystrup, S.W.H. Cowley, E.J. Bunce, N. Achilleos, M. Dougherty, Jovian-
like aurorae on Saturn. Nature 453, 1083-1085 (2008). doi:10.1038/nature07077

Y.-J. Su, R.E. Ergun, F. Bagenal, P.A. Delamere, Io-related Jovian auroral arcs: modeling parallel electric
fields. J. Geophys. Res. (Space Phys.) 108, 1094 (2003). doi:10.1029/2002JA009247

M. Swisdak, B.N. Rogers, J.E. Drake, M.A. Shay, Diamagnetic suppression of component magnetic reconnec-
tion at the magnetopause. J. Geophys. Res. (Space Phys.) 108, 1218 (2003). doi: 10.1029/2002JA009726

M. Swisdak, M. Opher, J.F. Drake, F. Alouani Bibi, The vector direction of the interstellar magnetic field
outside the heliosphere. Astrophys. J. 710, 1769-1775 (2010). doi:10.1088/0004-637X/710/2/1769

T. Terasawa, K. Maezawa, S. Machida, Solar-wind effect on Jupiter non-Io-related radio-emission. Nature
273(5658), 131-132 (1978)

N. Thomas, F. Bagenal, T.W. Hill, J.K. Wilson, The lo Neutral Clouds and Plasma Torus (2004), pp. 561-591

M.F. Thomsen, J.P. Dilorenzo, D.J. McComas, D.T. Young, E.J. Crary, D. Delapp, D.B. Reisenfeld, N. Andre,
Assessment of the magnetospheric contribution to the suprathermal ions in Saturn’s foreshock region.
J. Geophys. Res. (Space Phys.) 112, A05220 (2007). doi:10.1029/2006JA012084

M.F. Thomsen, C.M. Jackman, R.L. Tokar, R.J. Wilson, Plasma flows in Saturn’s nightside magnetosphere.
J. Geophys. Res. (2014). doi:10.1002/2014JA019912

V.M. Vasyliunas, A survey of low-energy electrons in the evening sector of the magnetosphere with OGO 1
and OGO 3. J. Geophys. Res. 73, 2839-2885 (1968)

V.M. Vasyliunas, Theoretical models of magnetic field line merging. I. Rev. Geophys. Space Phys. 13, 303—
336 (1975). doi:10.1029/RG013i001p00303

V.M. Vasyliunas, Physics of the Jovian magnetosphere, in Plasma Distribution and Flow (1983), pp. 395453

M.F. Vogt, M.G. Kivelson, K.K. Khurana, S.P. Joy, R.J. Walker, Reconnection and flows in the Jovian magne-
totail as inferred from magnetometer observations. J. Geophys. Res. (Space Phys.) 115, A06219 (2010).
doi:10.1029/2009JA015098

M.E. Vogt, M.G. Kivelson, K.K. Khurana, R.J. Walker, B. Bonfond, D. Grodent, A. Radioti, Improved
mapping of Jupiter’s auroral features to magnetospheric sources. J. Geophys. Res. (Space Phys.) 116,
A03220 (2011). doi:10.1029/2010JA016148

J.H. Waite, G.R. Gladstone, W.S. Lewis, R. Goldstein, D.J. McComas, P. Riley, R.J. Walker, P. Robertson, S.
Desai, J.T. Clarke, D.T. Young, An auroral flare at Jupiter. Nature 410, 787-789 (2001)

R.J. Walker, T. Ogino, A simulation study of currents in the Jovian magnetosphere. Planet. Space Sci. 51,
295-307 (2003). doi:10.1016/S0032-0633(03)00018-7

R.J. Walker, C.T. Russell, Flux transfer events at the Jovian magnetopause. J. Geophys. Res. 90, 7397-7404
(1985). doi:10.1029/JA090iA08p07397

R.J. Walker, S.P. Joy, M.G. Kivelson, K. Khurana, T. Ogino, K. Fukazawa, The locations and shapes of
Jupiter’s bow shock and magnetopause, in AIP Conf. Proc., vol. 781 (2005)

R.J. Walker, K. Fukazawa, T. Ogino, D. Morozoff, A simulation study of Kelvin-Helmholtz waves at Saturn’s
magnetopause. J. Geophys. Res. (Space Phys.) 116, A03203 (2011). doi:10.1029/2010JA015905

Reprinted from the journal 96 @ Springer


http://dx.doi.org/10.1029/2009GL041920
http://dx.doi.org/10.1002/jgra.50164
http://dx.doi.org/10.1029/JA090iA07p06275
http://dx.doi.org/10.5194/angeo-26-1007-2008
http://dx.doi.org/10.5194/angeo-26-1007-2008
http://dx.doi.org/10.5194/angeo-27-199-2009
http://dx.doi.org/10.1029/JA079i028p04309
http://dx.doi.org/10.1016/0032-0633(68)90100-1
http://dx.doi.org/10.1029/2000JA000236
http://dx.doi.org/10.1029/2002GL016031
http://dx.doi.org/10.1038/nature07077
http://dx.doi.org/10.1029/2002JA009247
http://dx.doi.org/10.1029/2002JA009726
http://dx.doi.org/10.1088/0004-637X/710/2/1769
http://dx.doi.org/10.1029/2006JA012084
http://dx.doi.org/10.1002/2014JA019912
http://dx.doi.org/10.1029/RG013i001p00303
http://dx.doi.org/10.1029/2009JA015098
http://dx.doi.org/10.1029/2010JA016148
http://dx.doi.org/10.1016/S0032-0633(03)00018-7
http://dx.doi.org/10.1029/JA090iA08p07397
http://dx.doi.org/10.1029/2010JA015905

Solar Wind Driven Dynamics

L. Wang, R.P. Lin, C. Salem, M. Pulupa, D.E. Larson, P.H. Yoon, J.G. Luhmann, Quiet-time inter-
planetary ~2-20 keV superhalo electrons at solar minimum. Astrophys. J. Lett. 753, L23 (2012).
doi:10.1088/2041-8205/753/1/L.23

D.R. Went, M.G. Kivelson, N. Achilleos, C.S. Arridge, M.K. Dougherty, Outer magnetospheric
structure: Jupiter and Saturn compared. J. Geophys. Res. (Space Phys.) 116, A04224 (2011).
doi:10.1029/2010JA016045

R.M. Winglee, A. Kidder, E. Harnett, N. Ifland, C. Paty, D. Snowden, Generation of periodic signatures at
Saturn through Titan’s interaction with the centrifugal interchange instability. J. Geophys. Res. (Space
Phys.) 118, 4253-4269 (2013). doi:10.1002/jgra.50397

R.J. Wilson, P.A. Delamere, F. Bagenal, A. Masters, Kelvin-Helmholtz instability at Saturn’s magne-
topause: Cassini ion data analysis. J. Geophys. Res. (Space Phys.) 117, A03212 (2012). doi:10.1029/
2011JA016723

J. Woch, N. Krupp, A. Lagg, Particle bursts in the Jovian magnetosphere: evidence for a near-Jupiter neutral
line. Geophys. Res. Lett. 29, 1138 (2002). doi:10.1029/2001GL014080

J.N. Yates, N. Achilleos, P. Guio, Influence of upstream solar wind on thermospheric flows at Jupiter. Planet.
Space Sci. 61, 15-31 (2012). doi:10.1016/j.pss.2011.08.007

D.T. Young, J.-J. Berthelier, M. Blanc, J.L. Burch, S. Bolton, A.J. Coates, FJ. Crary, R. Goldstein, M.
Grande, T.W. Hill, R.E. Johnson, R.A. Baragiola, V. Kelha, D.J. McComas, K. Mursula, E.C. Sittler,
K.R. Svenes, K. Szego, P. Tanskanen, M.F. Thomsen, S. Bakshi, B.L. Barraclough, Z. Bebesi, D. De-
lapp, M.W. Dunlop, J.T. Gosling, J.D. Furman, L.K. Gilbert, D. Glenn, C. Holmlund, J.-M. Illiano,
G.R. Lewis, D.R. Linder, S. Maurice, H.J. McAndrews, B.T. Narheim, E. Pallier, D. Reisenfeld, A.M.
Rymer, H.T. Smith, R.L. Tokar, J. Vilppola, C. Zinsmeyer, Composition and dynamics of plasma in
Saturn’s magnetosphere. Science 307, 1262—1266 (2005). doi:10.1126/science.1106151

P. Zarka, F. Genova, Low-frequency jovian emission and solar-wind magnetic-sector structure. Nature 306,
767-768 (1983)

B. Zieger, K.C. Hansen, Statistical validation of a solar wind propagation model from 1 to 10 AU. J. Geophys.
Res. 113(A12), A08107 (2008). doi:10.1029/2008JA013046

B. Zieger, K.C. Hansen, T.I. Gombosi, D.L. De Zeeuw, Periodic plasma escape from the mass-loaded Kronian
magnetosphere. J. Geophys. Res. (Space Phys.) 115, A08208 (2010). doi:10.1029/2009JA014951

G. Zimbardo, Collisionless reconnection in Jupiter’s magnetotail. Geophys. Res. Lett. 18, 741-744 (1991).
doi:10.1029/91GL00472

@ Springer 97 Reprinted from the journal


http://dx.doi.org/10.1088/2041-8205/753/1/L23
http://dx.doi.org/10.1029/2010JA016045
http://dx.doi.org/10.1002/jgra.50397
http://dx.doi.org/10.1029/2011JA016723
http://dx.doi.org/10.1029/2011JA016723
http://dx.doi.org/10.1029/2001GL014080
http://dx.doi.org/10.1016/j.pss.2011.08.007
http://dx.doi.org/10.1126/science.1106151
http://dx.doi.org/10.1029/2008JA013046
http://dx.doi.org/10.1029/2009JA014951
http://dx.doi.org/10.1029/91GL00472

DOI 10.1007/978-1-4939-3395-2_5
Reprinted from Space Science Reviews Journal, DOI 10.1007/s11214-014-0042-x

Auroral Processes at the Giant Planets: Energy
Deposition, Emission Mechanisms, Morphology
and Spectra

Sarah V. Badman - Graziella Branduardi-Raymont -
Marina Galand - Sébastien L.G. Hess - Norbert Krupp -
Laurent Lamy - Henrik Melin - Chihiro Tao

Received: 21 November 2013 / Accepted: 17 March 2014 / Published online: 2 April 2014
© Springer Science+Business Media Dordrecht 2014

Abstract The ionospheric response to auroral precipitation at the giant planets is reviewed,
using models and observations. The emission processes for aurorae at radio, infrared, vis-
ible, ultraviolet, and X-ray wavelengths are described, and exemplified using ground- and
space-based observations. Comparisons between the emissions at different wavelengths are
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made, where possible, and interpreted in terms of precipitating particle characteristics or
atmospheric conditions. Finally, the spatial distributions and dynamics of the various com-
ponents of the aurorae (moon footprints, low-latitude, main oval, polar) are related to mag-
netospheric processes and boundaries, using theory, in situ, and remote observations, with
the aim of distinguishing between those related to internally-driven dynamics, and those
related to the solar wind interaction.

Keywords Giant planet - Aurora - Magnetodisk

1 Introduction: Key Magnetospheric Regions and Interactions

The magnetospheres of the outer planets are huge plasma laboratories in space. They are
driven by the fast rotation of the planet with its strong internal magnetic field, combined
with powerful internal plasma sources (the satellites Io and Europa in the case of Jupiter,
and Enceladus at Saturn). Several comprehensive reviews of outer planet magnetospheres
and their dynamics have been published (e.g. Dessler 1983; Bagenal et al. 2004; Dougherty
etal. 2009) and in this introductory section we only briefly overview the key magnetospheric
regions and their dynamics, before describing in detail in the subsequent sections the auroral
emissions generated at different wavelengths, and how they are utilised to diagnose the
magnetospheric dynamics.

1.1 Jupiter

Our knowledge of the global configuration and dynamics of the Jovian magnetosphere is
based on measurements taken onboard spacecraft flying through the Jovian system (Pioneer
10 and 11, Voyager 1 and 2, Ulysses, Cassini, New Horizons) and especially from results of
the orbiting spacecraft Galileo.

Figure 1 shows a sketch of the key regions and magnetospheric interactions of the Jovian
magnetosphere. Traditionally the magnetosphere is subdivided into the inner, middle and
outer magnetosphere. In the inner magnetosphere orbits the volcanic moon Io (at 6 R; radial
distance), which is the main source of oxygen and sulphur neutrals in the magnetosphere,
and the moon Europa (at 9R, radial distance) where hydrogen and possibly oxygen orig-
inate. Both moons create a torus along their orbit around the planet in which neutrals are
ionized to form plasma tori. While the mass added to the magnetosphere from the moons
plays an important role in driving dynamics and auroral emissions throughout the magneto-
sphere (described below), the moons also have a local interaction with the Jovian magnetic
field, resulting in auroral footprints at the ionospheric end of the connecting flux tubes. The
interaction occurs because the satellites form obstacles to the corotating plasma flow, which
is moving faster than their Keplerian orbital velocities. The perturbation of the plasma and
field around the moon propagates along the magnetic field as Alfvén waves, interacting with
electrons, which finally precipitate into the ionosphere and generate aurora (e.g. Kivelson
2004). At Jupiter the footprints of Io, Europa, and Ganymede have been identified, while
the footprint of Callisto is mostly hidden underneath the main oval (Connerney et al. 1993;
Clarke et al. 2002). The observed footprints take the form of spots (multiple spots in the
cases of Io and Ganymede) and also have trails of enhanced emissions, or ‘wakes’, behind
the footprint itself (e.g. Bonfond et al. 2008, 2013).

Due to the centrifugal force of the fast rotating planet, plasma moves radially outward
from the tori in the inner magnetosphere. The magnetic field lines frozen in to the plasma
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Fig. 1 Sketch of the key magnetospheric regions in the Jovian magnetosphere. Credit: max planck institute
for solar system research

in the middle magnetosphere are therefore continuously stretched outward near the equator
and deviate significantly from a dipole configuration. Oppositely-directed field lines come
close together, and a stable configuration can only be reached through formation of a current
sheet between the oppositely-directed fields, and an associated plasmasheet. An equatorially
confined magnetodisc is formed, which wobbles up and down with respect to the equator
due to the 9.6° tilt between Jupiter’s magnetic dipole axis and the planetary rotation axis.
The magnetodisc is relatively thin in the dawn sector (2R half thickness) and thicker on the
dusk side (7.6 R; half thickness) (Khurana et al. 2004).

As the plasma moves outward through the magnetosphere, it also slows. This means that
the magnetic field frozen in to the plasma in the magnetodisk is sub-corotating, yet these
field lines have their ends fixed in the ionosphere, where collisions between atmospheric
neutrals rotating with the planet and ions can occur. The planet therefore supplies angular
momentum to the magnetosphere, attempting to spin the field and plasma back up to coro-
tation. The angular momentum is transferred by a field aligned current system, which is
directed upward from the ionosphere, radially outward in the equatorial middle magneto-
sphere (such that the j x B force acts in the direction of planetary rotation), returning down-
ward to the ionosphere at higher latitudes, and closing through an equatorward ionospheric
current. The portion of the current directed upward from the ionosphere, carried by down-
going electrons, is responsible for Jupiter’s main auroral oval (Cowley and Bunce 2001;
Hill 2001).

The radial distance where the plasma begins to depart from rigid corotation, i.e. where
the ionosphere can no longer impart sufficient angular momentum, seems to be dependent
on local time. It is further out in the pre-dawn sector, at 40R;, compared to 20-25R; in the
dusk sector, which may be related to the distribution of mass-loading and loss in the magne-
tosphere (Vasyliunas 1983; Krupp et al. 2001; Woch et al. 2004). Therefore, while Jupiter’s
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main emission is relatively stable over time, its intensity and location can be affected by the
location and magnitude of corotation breakdown in the magnetosphere, which in turn can
be affected by, e.g. volcanic activity at Io or solar wind compression of the magnetosphere.
These processes are discussed in more detail in Sect. 3.1.

In the outer magnetosphere the field lines are stretched and sub-corotating. When the
current sheet becomes particularly thin, reconnection can occur between oppositely-directed
field lines. This ultimately results in the release of a plasmoid downtail and the contraction
of the newly-reconnected field line back toward the planet. Reconnection in the magneto-
tail could occur only on closed, stretched field lines, or continue onto open, lobe field lines
(Vasyliunas 1983; Cowley et al. 2003). In situ measurements show that reconnection pref-
erentially occurs at radial distances of 60-80R; and its signatures are sometimes observed
with a periodicity of 2-3 days (Krupp et al. 1998; Woch et al. 1998; Louarn et al. 1998;
McComas and Bagenal 2007; Hill et al. 2009; Vogt et al. 2010). One possible scenario to
explain the periodicity, involving a cycle of mass loading and unloading, was first pointed
out by Krupp et al. (1998) and Woch et al. (1998). They suggested that, after reconnec-
tion, the emptied field lines take approximately a day to snap back radially inwards to-
wards the planet, and azimuthally in the direction of planetary rotation, before the mass-
loading cycle starts again. The field lines moving radially inward after reconnection can
have auroral signatures in the ionosphere, poleward of the main oval, related to field-
aligned currents linking the dipolarised field line to the ionosphere (Grodent et al. 2004;
Kasahara et al. 2011).

Even though the solar wind interaction at Jupiter does not play the most important role
in terms of dynamics, compared to rotationally-driven dynamics, evidence of solar wind
driving and auroral signatures have been identified in the high latitude and outermost regions
(see Sect. 6.1). Currently two basic scenarios are discussed: (i) an open magnetosphere
where magnetic flux opened during reconnection at the dayside magnetopause is transported
across the polar region into the magnetotail with a return planetward flow on the dawnside
of the tail (Cowley et al. 2003; Badman and Cowley 2007), and (ii) a magnetosphere where
magnetic flux is opened and closed intermittently in small-scale structures on the flanks
of the magnetosphere, via a viscous interaction between heavy, dense plasma inside the
magnetosphere and light, tenuous plasma in the solar wind, with a velocity shear between
them (Delamere and Bagenal 2010). Support for a solar wind interaction at Jupiter is also
reported in MHD simulations by Fukazawa et al. (2010), where periodic plasmoid releases
are present in the simulation only occur if the solar wind dynamic pressure is low enough.
Corresponding auroral signatures of magnetopause reconnection and an open field region
have been identified at Jupiter (e.g. Pallier and Prangé 2001; Cowley et al. 2003), but some
mysteries remain, including the origin of dynamic, transient emissions seen in both the UV
and IR ‘bright polar region’, which is thought to map to open, and thus plasma-depleted,
field lines.

1.2 Saturn

Saturn’s magnetosphere has been visited by the flyby missions Pioneer 11, Voyager 1 and 2,
and by Cassini as the first orbiting spacecraft around the ringed planet. Figure 2 shows a
sketch of Saturn’s magnetosphere, indicating the key magnetospheric regions and plasma
populations.

Saturn also has major sources of neutrals inside the magnetosphere, primarily the moon
Enceladus, which releases water ice and dust grains into the Kronian magnetosphere through
active geysers in the southern polar region, at a rate of up to a few hundred kgs™' (e.g.
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Fig. 2 Sketch of the key magnetospheric regions and plasma populations in the Kronian magnetosphere
(from Gombosi et al. 2009)

Hansen et al. 2006). Like the Io-Jupiter interaction, Dougherty et al. (2006) showed that
when some of this water is ionised near Enceladus, it perturbs the magnetic field, resulting
in a field-aligned current linking the near-moon environment to Saturn’s ionosphere. The as-
sociated auroral spot has been identified in a few UV images of Saturn’s northern ionosphere
(Pryor et al. 2011). Titan, orbiting at ~20Rs, was previously thought to be a significant par-
ticle source, especially for nitrogen, but has been revealed to be only a minor plasma source
for the magnetosphere by Cassini measurements (Smith et al. 2007b).

Saturn’s magnetosphere is also rotation-dominated and forms an equatorially-stretched
asymmetric magnetodisc. Plasma is observed to sub-corotate throughout Saturn’s mag-
netosphere (Wilson et al. 2009; Thomsen et al. 2010), and a relatively faint auroral arc
has been identified in the infrared observations of the conjugate latitudes in the iono-
sphere as the signature of corotation-enforcement currents (Stallard et al. 2010). The
main auroral emission lies at higher latitudes, and is driven by field-aligned currents
associated with the flow shear between anti-sunward, open and outer magnetospheric
field lines, and sub-corotating middle magnetosphere field lines (Cowley et al. 2005;
Bunce et al. 2008). Transport processes like interchange motion and injection events are
continuously present in the Kronian magnetosphere, showing the highly dynamic nature of
Saturn’s magnetosphere (Mitchell et al. 2009a). Observational studies have linked diffuse
auroral enhancements, equatorward of the main oval, with injection or particle scattering
events in the magnetodisc (Radioti et al. 2009, 2013b; Grodent et al. 2010).

The Kronian magnetosphere is overall rotationally-dominated, however, solar wind pa-
rameters do play a role in its dynamics (Mauk et al. 2009). One example is the fact that
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solar wind compression regions can trigger injection events in the nightside of the Kro-
nian magnetosphere, which are observed in particle and auroral data (Clarke et al. 2005;
Bunce et al. 2005b; Mitchell et al. 2009b). Reconnection events, dipolarisations, and ejected
plasmoids have also been identified in Saturn’s magnetosphere (Jackman et al. 2011, 2013),
but were not found to occur quasi-periodically as in the case of Jupiter. Again, the most
poleward auroral emissions seem to reflect these events, indicating their occurrence in the
outer magnetosphere (Clarke et al. 2005; Grodent et al. 2005; Jackman et al. 2013).

In the sections below we describe in detail how particles originating in the magneto-
sphere and solar wind impact on the atmosphere and cause auroral emissions at different
wavelengths, and how these emissions can reveal the magnetospheric dynamics, including
differences between magnetodisk- and solar wind-driven events.

2 Response of the Ionosphere to Auroral Forcing at the Giant Planets

Particles, momentum and energy are exchanged between the planetary upper atmosphere
and magnetosphere via the ionosphere in the high latitude regions. There is a net momen-
tum transferred from the atmosphere to the magnetosphere, while energy through, for in-
stance particle precipitation, is deposited from the magnetosphere to the atmosphere (e.g.
Hill 1979, 2001; Cowley and Bunce 2001). These particles primarily originate from moons
(e.g., Io and Europa at Jupiter, and Enceladus at Saturn), and to a lesser extent from the
planetary atmosphere and the solar wind (e.g., polar regions at Jupiter). Some of the ions
resulting from ionization of the moon’s gas torus are neutralized through charge exchange
and leave the system; the others are picked up by the planetary magnetic field closely ro-
tating at the planet’s rotation rate and flow outward through the planetary magnetosphere
(Bagenal and Delamere 2011). The resulting upward currents, flowing from the atmosphere
to the magnetosphere, that supply the required angular momentum accelerate the particles,
increasing their energy and energy flux (e.g. Ray et al. 2010, 2012a). Particles can also
precipitate as a result of wave-particle interactions (e.g. Radioti et al. 2009).

When the energized particles reach the high latitude upper atmosphere, they collide
with the atmospheric species, depositing energy through ionization, excitation and disso-
ciation of the neutral gas. This yields the so-called ‘auroral emissions’ defined as the photo-
manifestation of the interaction of energetic, extra-atmospheric particles with an atmo-
sphere (e.g. Bhardwaj and Gladstone 2000; Galand and Chakrabarti 2002; Fox et al. 2008;
Slanger et al. 2008). Auroral particle degradation results in an increase in ionospheric
densities and electrical conductances (e.g. Millward et al. 2002; Hiraki and Tao 2008;
Galand et al. 2011). Ionospheric currents, which allow closure of the magnetospheric cur-
rent system, are enhanced and induce strong Joule heating of the high-latitude thermosphere
(e.g. Miller et al. 2005; Smith et al. 2005; Miiller-Wodarg et al. 2012). This high-latitude
atmospheric heating is a key player in the energy crisis at the giant planets (e.g. Yelle and
Miller 2004). In other words, particle precipitation, which can be traced via auroral emis-
sions, plays a critical role in the thermosphere-ionosphere system and its coupling to the
magnetosphere.

2.1 Energy Deposition of Precipitating Auroral Particles
2.1.1 Energetic Electrons

The incident auroral electron characteristics derived from the spectroscopic analysis of the
ultraviolet auroral emissions (see Sect. 3.1.1) are summarized in Table 1 for the main auroral
ovals of Jupiter and Saturn.
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Table 1 Characteristics of the mean energy and energy flux of the auroral electrons incident at the top of the
atmosphere over the main auroral ovals of Jupiter and Saturn. These characteristics have been derived from
recent analyses of ultraviolet auroral emissions

Mean electron energy Electron energy flux Reference

Eprec (keV) QOprec (mW m_z)

Jupiter

30-200 2-30 Gustin et al. (2004b)
Typically 75

0.01-3 (soft) - Ajello et al. (2005)
15-22 (hard)

460 (dawn storm) 90 (dawn storm) Gustin et al. (2006)
Saturn

- 1.9-3.2 (dawn), Cowley et al. (2004b)

4.2-7.7 (pre-noon),
0.3-1.5 (afternoon),

<0.4 (dusk),
0.3-0.8 (pre-midnight)
12+£3 7.5 (pre-noon max), Gérard et al. (2004)
5 (midnight)
1-5, 5-302 - Gérard et al. (2009)
13-18 (STIS); 0.3-1.4 (STIS)® Gustin et al. (2009)
10 (Cassini/UVIS/FUV); Typically 1
<15 (FUSE)
Typically 10
- 0.9 Gustin et al. (2012)
<21 - Gérard et al. (2013)
10-20 (Cassini/UVIS) <1-17 Lamy et al. (2013)

4The two sets of values correspond to two different atmospheric models used for the analysis. The energy
values quoted correspond to the characteristics energy, which is equal to half the mean energy if the energy
distribution is assumed to be Maxwellian. An energy range of 0.3-2 is quoted in Table 1 of Gérard et al.
(2013) for the analysis of Gérard et al. (2009), which most likely is a typo error.

bApplying a 10 kR—1 mW m~2 conversion factor to the total auroral brightness in the Hy Lyman and Werner
bands (e.g., Gustin et al. 2012).

Models of Suprathermal Electron Transport Auroral, energetic electrons interact with the
atmospheric neutrals through elastic scattering and inelastic collisions, the latter includ-
ing ionization, excitation, dissociation or a combination of them. Ionization yields the pro-
duction of secondary electrons, which can in their turn interact with the atmosphere. Fur-
thermore, suprathermal electrons interact with the thermal, ionospheric electrons through
Coulomb collisions. This yields an increase in the ionospheric electron temperature (e.g.
Grodent et al. 2001; Galand et al. 2011).

As aresult of the interaction with the atmospheric species, the suprathermal electrons un-
dergo degradation in energy and redistribution in pitch angle, defined as the angle between
the electron velocity and the local magnetic field. As the energy loss is a function of the elec-
tron energy, and secondary electrons are added towards lower energies, the initial electron
energy distribution at the top of the atmosphere changes, as the electrons penetrate deeper
in the atmosphere. The calculation of the distribution of electrons in both position and ve-
locity space is required. Three approaches have been applied to auroral electrons at Jupiter
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and Saturn, all assuming steady-state conditions and the guiding center approximation (Rees
1989):

— The ‘Continuous Slowing Down Approximation’ (CSDA) method assumes that the
energy loss is a continuous rather than a discrete process (Gérard and Singh 1982;
Singhal et al. 1992; Rego et al. 1994; Prangé et al. 1995; Dalgarno et al. 1999). The
variation d E in electron energy per path length ds in an atmosphere composed of species
k with neutral density n; and energy loss Ly is given by:

dE

— = =2 (s) Ly (E) ey

ds
The method, simple to implement, requires—in order to be able to integrate Eq. (1)—that
either the atmospheric composition is independent of altitude (e.g., Dalgarno et al. 1999)
or that atmospheric species have energy losses proportional to each other (e.g., Rego et al.
1994). The method is limited to high energies where the assumption of a continuous loss
is justified and scattering is neglected. The CSDA method allows the calculation of the
profiles in altitude of ionization and excitation rates.

— An alternative method is to utilise transport models based on the explicit, direct solution
of the Boltzmann equation, which can use a two-stream approach (up/down) (Waite 1981;
Waite et al. 1983; Achilleos et al. 1998; Grodent et al. 2001; Gustin et al. 2009) or multi-
stream approach (more than two pitch angles considered) (Kim et al. 1992; Perry et al.
1999; Menager et al. 2010; Galand et al. 2011). The Boltzmann equation expresses the
conservation of the number of particles in the phase space, as given by:

df F (8f
E + fvg - <_> + sexi (2)

m

where f(r,v,t) is the suprathermal electron distribution at position r, velocity v and
time 7. The second term on the LHS takes into account the effect of any dissipative
forces F. The first term on the RHS represents variation due to collisions and the sec-
ond term is associated with external sources (e.g., photoelectrons, secondary electrons
from an ion beam).

The Boltzmann equation is solved in terms of the suprathermal electron intensity
I, = % f), which is a measurable quantity. The phase space is usually reduced to three
dimensions, path length s along the magnetic field line, kinetic energy E, and cosine p
of the pitch angle 8. Scattering is included. Beside ionization, excitation, and dissociation
rates this method allows the calculation of thermal electron heating rates.

— Monte Carlo simulations refer to a stochastic method based on the collision-by-collision
algorithm (Hiraki and Tao 2008; Gérard et al. 2009; Tao et al. 2011). A large number of
particles is considered and followed in the simulated atmosphere. The Monte Carlo ap-
proach avoids the use of an energy grid, which can be of great interest for problems with
electron energies ranging over five orders of magnitude. Its drawback is that it is compu-
tationally expensive, since it requires a large number of particles to reduce the statistical
noise. At Jupiter and Saturn, only excitation, ionization and dissociation processes have
been included; thermal electron heating, which is efficient at low energies (<1 eV), has
not been considered.

Suprathermal electron transport models are driven by the electron intensity at the top of
the atmosphere, which is a function of energy and pitch angle. The energy distribution is
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usually assumed to be Maxwellian (or a combination of several), Gaussian or monoener-
getic, though any distribution can be considered. The initial pitch angle distribution is often
assumed to be isotropic over the downward hemisphere or field-aligned. Prangé et al. (1995)
showed that anisotropy affects the excitation rates and color ratios. Nevertheless, the effect
is attenuated when elastic scattering is included (Hiraki and Tao 2008). Anisotropy does not
affect significantly the H Ly o spectral profile (Menager et al. 2010). When defining the in-
cident distribution, the energy flux O, should be defined over the downward hemisphere,
as follows:

Emax 1
me:27r/ dE.E/ dp. . I7(E, n) 3)
E 0

min

where I7"°“(E, ) is the intensity of the incident electrons. Depending on the magnetic field

orientation, the integration over angle can be from 0 to 1, or from 0 to —1 (0 and (—1)
wrongly switched in Eq. (1) of Galand et al. 2011). For an isotropic beam, Eq. (3) is reduced
10: Qprec =T f;:{’:‘dE E.I?"(E), while for a field-aligned beam, Eq. (3) is two times
larger.

Validation of these models at Jupiter and Saturn is performed by ensuring particle and
energy conservation. Models have been compared in terms of atmospheric column above
the maximum energy deposition altitude (Galand et al. 2011) and of electron production
rate (see section ‘Electron Production Rate’). The former shows a 20 % agreement between
the results of Gustin et al. (2009) and those of Galand et al. (2011) for a pure H, atmosphere
except around 20 keV. This anomaly has not yet been explained. There is no apparent reason
for a sharp change around 20 keV, as seen in the work by Gustin et al. (2009).

Most of the auroral electron energy is lost through collisions with neutrals and about 50 %
of the total energy input is used to heat the atmosphere (Grodent et al. 2001). The percentage
of energy lost through collisions with neutrals increases with the electron energy (Menager
et al. 2010; Galand et al. 2011). At Saturn, for 10 keV electrons, 89 % of the energy is lost
that way with the remaining transferred to thermal electrons (7 %) or escaping as a result
of collisional scattering (4 %). Among the energy lost with neutrals, more than 90 % is lost
through collisions with H, including 50 % used for ionizing H, and producing H;’ (Galand
et al. 2011). In addition to auroral emissions produced by the excitation of atmospheric
species from the UV to the IR (see Sect. 3), suprathermal electrons produce Bremstrahlung
emissions themselves in the hard X-ray range, as detected in the auroral zones of Jupiter
(see Sect. 4).

Electron Production Rate The electron production rate P,(z) induced by auroral electrons
is derived from the suprathermal electron intensity /,(z, E, i) calculated as a function of al-
titude z, energy E, and pitch angle u (see section ‘Models of Suprathermal Electron Trans-
port’), as follows:

Emax

1
Po(@) =27 ) mi(2) / dp / dE 6" (E)I.(z, E., ) “
k -1 E,

th

where n,(z) is the number density of the neutral species k at altitude z and a,ﬁo”"(E ) is the
total ionization cross section of the neutral species k by electrons of energy E. E, represents
the ionization threshold of a single, non-dissociative ionization. Double ionization is not
considered here. Volume excitation rates can be calculated in a way similar to Eq. (4) except
that the ionization cross section is replaced by the excitation cross section. Under solar
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Fig. 3 Comparison of the profile in altitude of the electron production rate at Jupiter between the models
of Grodent et al. (2001) [Gr01], Hiraki and Tao (2008) [HT08], Menager et al. (2010) [Me10] and Galand
et al. (2011) [Gall]. The incident electron energy distribution is a triple Maxwellian applied to discrete
aurora as defined by Grodent et al. (2001). The thin line annotated “GrO1(HTO08)” corresponds to the electron
production rate profile for Grodent et al. (2001) shown in Hiraki and Tao (2008). The 100 km altitude level is
assumed to correspond to a pressure of 1 mbar

illumination, photo-ionisation by EUV solar radiation (0.1-100 nm) and electron-impact
ionization by photoelectrons and their secondaries (e.g. Kim and Fox 1991; Galand et al.
2009; Menager et al. 2010) occurs.

The electron production rate is proportional to the energy flux Q. of the incident elec-
trons. The altitude of the peak production decreases with the initial energy of the energetic
electrons. The more energetic an electron is, the more collisions are required to have it ther-
malized. A comparison between electron production rates derived from different models
using a triple Maxwellian energy distribution for the incident electrons is shown in Fig. 3.
There is a very good agreement between the profiles obtained by Grodent et al. (2001) (thick,
solid line) and Galand et al. (2011) (dashed line) with less than 7 % difference at the peak.
There are large differences above the peak altitude between these two profiles and the one by
Hiraki and Tao (2008) (dash-dotted line). The reason is most likely due to different altitude
profiles used for the thermospheric densities. In Grodent et al. (2001) the neutral density
profiles are given as a function of pressure. A pressure-altitude conversion is required in or-
der to calculate the auroral electron transport on an altitude grid. Galand et al. (2011) derived
a conversion between these two quantities assuming hydrostatic equilibrium, ideal gas law,
and using the pressure-density profiles given in Grodent et al. (2001). The 100 km altitude
level is also assumed to correspond to a pressure of 1 mbar. Hiraki and Tao (2008) used a
different altitude-pressure conversion and derived the profile in altitude for Grodent et al.
(2001) shown as the thin, solid line in Fig. 3. The profile derived by Menager et al. (2010)
(dotted line in Fig. 3) agrees overall with the profile by Grodent et al. (2001) (thick, solid
line) except around 1000 km, and near the peak by a factor larger than 2. It is not clear what
the source of discrepancy is.

Hiraki and Tao (2008) successfully compared their electron production profile with the
one derived by Rego et al. (1994) for 10 keV electrons. Menager et al. (2010) compared
their ion production rates at the peak against those presented by Perry et al. (1999). They
found 10 % difference for electrons, but larger differences for H* (produced from H,) and
hydrocarbon ions.
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2.1.2 Energetic lons

Models of Suprathermal Ion Transport Beside protons of planetary or solar origin (e.g.
Patterson et al. 2001), sulfur ions from Io’s torus and/or oxygen ions from the icy moons
(e.g., Europa, Enceladus) are also present in Jupiter’s and Saturn’s magnetospheres (Lanze-
rotti et al. 1992; Bagenal and Delamere 2011). Like for electrons, suprathermal ions collide
with atmospheric neutrals yielding scattering, ionization, excitation, and dissociation (or a
combination of them). The secondary electrons produced through particle-impact ioniza-
tion can have enough energy to interact in their turn with atmospheric species. Each type of
ion species interacts differently with the atmosphere. For instance, an incident proton beam
loses most of its energy through ionization, while an incident oxygen beam does not lose
more than 50 % in ionization (Ishimoto and Torr 1987).

The energy degradation of ions is complicated by charge-changing reactions. For exam-
ple, an energetic proton can capture an electron and become an energetic H atom. In its turn,
this H atom can interact with the atmospheric species and/or get stripped of its electron and
become a proton again:

H* +H, > H+HJ Capture

H+H, > Ht +H; + e~ Stripping S

Therefore, unlike the case of electrons, more than one charge state needs to be consid-
ered: 2 in the case of an incident proton beam (e.g., 0 for H, 1 for H"); many more in the
case of oxygen with stripping collisions potentially producing high charge state ions (e.g.,
O’* and 0O%F) (Cravens and Ozak 2012). Furthermore, another complication occurs when a
significant part of the incident ion beam is neutralized. As neutral species are not affected
by the magnetic field, the neutral beam spreads spatially (in particular latitudinally), which
may result in an attenuation of the ion intensity at the centre of the beam (e.g. Lorentzen
2000).

Beside exciting atmospheric neutrals resulting in auroral emissions similar to those
produced by electron-induced aurora, ion precipitations have unique signatures distinct
from electron precipitations, when the excited species is the energetic ion (or neutral)
species itself. For instance, soft X-ray, K-shell emission provides the main evidence
that acceleration and precipitation of energetic heavy ions—with energies larger than
MeVs—are taking place on Jupiter (Cravens and Ozak 2012); see also Sect. 4. Doppler-
shifted H emissions produced by energetic H atoms are a signature of proton precipi-
tation. While in the N,-dominated terrestrial atmosphere, such a signature is easily de-
tectable (e.g. Galand and Chakrabarti 2006), it is not the case in an H,-dominated atmo-
sphere. Suprathermal particles induce strong H emissions with photons undergoing fre-
quency shift. This results in a wide spectral profile around H lines (Prangé et al. 1995;
Rego et al. 1999). So far no unambiguous detection of a Doppler-shifted component emit-
ted by the energetic H atoms has been made in the H Ly « spectral profile, though it has
been speculated (Prangé et al. 1995). Model predictions have shown that the contribution
of the Doppler-shifted wing is decreasing with increasing energies and is expected to be
small for incident MeV protons. Therefore, its non-detection thus far does not mean that
auroral protons do not contribute to the UV emissions at Jupiter and Saturn (Rego et al.
1999).

Two of the three types of approaches used for modeling suprathermal electron transport
and energy degradation (see section ‘Models of Suprathermal Electron Transport’) have
been applied to suprathermal ions at Jupiter and Saturn (e.g. Ozak et al. 2010):
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Fig. 4 Profiles in altitude (left axis) and pressure (right axis) of the volume ionization rate—that is, electron
production rate profiles, as double ionization is negligible—due to primary particles (solid line) and secondary
electrons (dotted line) in the case of 10 keV electron incident beam (left) and 300 keV proton incident beam.
The energy flux of the incident particles is assumed to be the same (from Rego et al. 1994)

— CSDA (e.g. Rego et al. 1994; Cravens et al. 1995; Horanyi et al. 1988). The beam is
assumed to be in charge equilibrium, which is not always valid (Rego et al. 1994). For a
pure H, atmosphere, the equilibrium fractions of H and H™ at energy E are given by:

Fia(B) = oy (E)
T G(E) + ogl(E) "

01 E

Fy+ (E) = o, (E)

o (E) + oy (E)

where oy) (E) and oy, (E) are the electron capture cross section and the electron stripping
cross section for Hy, respectively. As the former becomes increasingly dominant towards
lower energies, the fraction Fy of H atoms—given by Eq. (6)—increases as well. In a gas
mixture, the effective equilibrium fraction F is derived from the sum of the equilibrium
fraction of each neutral species weighted by its volume mixing ratio.

— Monte Carlo simulations (e.g. Kharchenko et al. 1998, 2006, 2008; Hui et al. 2009,
2010b). Unlike for CSDA, no assumption is made on the charge state fraction, the particle
charge state being recorded after each collision. In addition, the spreading of the beam is
computed explicitly (when 3D simulations are carried out), although it is computationally
demanding. In additions it requires as input the latitudinal width of the incident ion beam,
which is poorly constrained at the Earth and is not known at the giant planets.

Comparison Between Electron and Ion Energy Deposition Comparisons between auro-
ral electrons and protons have been carried out in terms of electron production rates and
excitation rates (Rego et al. 1994) and of color ratio and H Ly « spectral profiles (Rego
et al. 1999). The probability of collisions with neutral species differs between electrons and
protons. As a result, for a given mean energy auroral electrons penetrate deeper in the atmo-
sphere compared with protons. Nevertheless electrons and protons are not expected to have
similar energies at the top of the atmosphere. Protons are anticipated to be more energetic,
which may compensate for this difference in collision probability.

For a given energy flux, incident 10 keV electrons and 300 keV protons produce very
similar volume ionization rate profiles in altitude, as illustrated in Fig. 4. They deposit energy

Reprinted from the journal 110 Q) Springer



Giant Planet Auroral Processes

at a similar altitude and the ionization rate is the same at the peak. Only at high altitudes
do auroral electrons have a higher ionization rate than protons, up to 40 % at 2000 km.
In addition, for both populations the contribution to ionization from secondary electrons is
negligible, representing only 1 % of the total ionization. By contrast, the excitation rates
depend upon the nature of the precipitating particles. For instance, in a proton beam the
secondary electrons are the main contributor to the total excitation of H Ly «, while in
an electron beam the contributions from primary and secondary electrons are similar (Rego
etal. 1994). The dependence in energy of the color ratio between two H, emission bands also
varies with the nature of the particles. For a given mean energy, electrons penetrate deeper
in the atmosphere, which means that the spectral band around 160 nm, which suffers from
hydrocarbon absorption, undergoes stronger attenuation than in the case of protons (Rego
et al. 1999). Color ratios inform on the altitude of deposition with similar values found for
particles depositing their energy at the same altitude. Caution needs to be applied when
deriving the initial energy of the particles (see Sect. 3.1.1). As soft electrons have similar
color ratios as hard protons, the presence of protons, even modest, may yield a significant
underestimation of the electron mean energy if the incident beam is assumed to be pure
electrons. A similar effect has been observed in the auroral regions at Earth (Galand and
Lummerzheim 2004).

2.2 Tonospheric Response to Auroral Forcing
2.2.1 Electron Densities

Observations of Electron Density Profiles in altitude of the electron density are obtained
by radio occultations. In this technique the spacecraft is emitting a radio signal which tra-
verses the planetary atmosphere before being received by large radio telescopes on the
ground at Earth. As the spacecraft is passing behind the planet as seen from Earth, the
signal is refracted by free electrons in the ionosphere. For the outer planets, only mea-
surements at dawn and dusk are possible. The number density of ionospheric electrons is
derived from the dimming of the signal. The latest update of the electron density profiles
obtained at Jupiter, as measured by Voyager and Galileo and analyzed through a detailed,
multi-path technique, is presented by Yelle and Miller (2004) (see Figs. S(a) and 5(b)). Most
profiles have a peak around 0.5-2 x 10! m~* (or 0.5-2 x 105 cm™) at an altitude be-
tween 1500 and 2000 km. The Voyager (panel (b)) and Galileo/0 ingress (GON) (panel (a))
profiles with large peak electron densities located at low altitudes occurred at dusk, while
Galileo/0 egress (GOX) with a low peak electron density at higher altitudes occurred at
dawn. The local-time dependence could be explained by the difference in magnitude and
location of the peak (see section ‘Diurnal Variation’ below). However, the Galileo/3 and 4
do not exhibit such a behaviour (Yelle and Miller 2004). The characteristics of the elec-
tron density profiles at Jupiter measured mostly at mid-latitudes in the southern hemisphere
do not seem to correlate with any obvious geophysical parameters (McConnell et al. 1982;
Yelle and Miller 2004).

At Saturn, radio occultations of the ionosphere have provided electron density profiles
from Pioneer 11 (Kliore et al. 1980) and the two Voyagers (Lindal et al. 1985), as well as
from the Radio Science Sub-System (RSS) onboard Cassini in the near-equatorial regions
and at mid- and high latitudes (Nagy et al. 2006; Kliore et al. 2009) (see also Matcheva
and Barrow 2012). Figure 5(c) shows average profiles for each of these three regions. Most
profiles have peaks between 3 x 10? and 3 x 10* cm=3. These values are lower than those at
Jupiter, which is located closer to the Sun. The peak electron density increases with latitude
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Fig. 5 Left: electron density profiles in the Jovian ionosphere as measured by Galileo (panel (a), fop) over
the 23-43°S range and Voyager (panel (b), bottom) over the 50-67°S range (Yelle and Miller 2004). Right
(panel (c)): Electron density profiles in the Saturn ionosphere, averaged over low- (red), mid- (green) and
high- (orange) latitudes from all Cassini occultations (Kliore et al. 2009)

(see section ‘Latitudinal Distribution’ below). At low latitudes, the peak is found to have
higher electron density values at dusk than dawn (see section ‘Diurnal Variation’). No clear
dawn-dusk asymmetry is however seen at mid-latitudes (Nagy et al. 2009).

While the overall magnitude of the density profiles is captured by ionospheric models
(e.g. Moore et al. 2004, 2006; Galand et al. 2009), gravity waves need to be invoked to
explain the highly-structure vertical profiles at Jupiter and Saturn (Barrow and Matcheva
2011, 2013; Matcheva and Barrow 2012). At low latitudes above the homopause, a surge
in water inflow may also contribute to the presence of ‘bite-outs’ in the profiles observed at
Saturn (Moore and Mendillo 2007).

Impulsive radio bursts at Saturn, referred as Saturn Electrostatic Discharges (SEDs), have
been detected by the two Voyagers (Warwick et al. 1981, 1982) and the Cassini/Radio and
Plasma Wave Science (RPWS) instrument (Gurnett et al. 2005; Fischer et al. 2006, 2007).
These discharges are produced by lightning occurring in convective-looking clouds at mid-
latitudes (e.g. Dyudina et al. 2010). Peak electron densities are derived from the measure-
ment of the low-frequency cutoff below which the radio waves, which traverse Saturn’s
ionosphere on their way to the spacecraft, are not detected (Fischer et al. 2011). The diurnal
variation of the peak electron density derived from SEDs analysis is discussed in section
‘Diurnal Variation’.

At Jupiter, no high frequency radio component—similar to SEDs—above the cutoff fre-
quency of the ionosphere has been detected (e.g. Fischer et al. 2008). This non-detection has
been explained as the result of the strong absorption of the radio waves in Jupiter’s lower
ionospheric layers (Zarka 1985) and of the decrease of the spectral power of Jovian spherics
with increasing frequency (Farrell et al. 1999).
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lonospheric Models The continuity equation, which expresses the conservation of the
number of particles, allows the calculation of the number density of species i:

on

LV .(u)=P —L; 7
8t+ (niu;) @)

where u; is the bulk velocity, and P; and L; are the production and loss rates, respectively,
of species i. XUV solar radiation is the main source of electrons at low and mid latitudes
and particle precipitation dominates in the auroral regions. Ions are also produced through
chemical reactions, such as charge exchange. Loss rates include ion-neutral reactions and,
for molecular ions, ion-electron dissociative recombination (e.g. Kim and Fox 1991; Moses
and Bass 2000). Ionospheric models have been developed for the outer planets, as reviewed
by Waite et al. (1997) with more recent models proposed for Jupiter (Achilleos et al. 1998;
Perry et al. 1999; Grodent et al. 2001; Millward et al. 2002; Tao et al. 2010; Barrow and
Matcheva 2011) and Saturn (Moses and Bass 2000; Moore et al. 2004, 2006, 2008, 2010,
2012; Galand et al. 2009, 2011; Tao et al. 2011; Barrow and Matcheva 2013).

The second term in Eq. (7) represents transport processes, such as plasma diffusion. It
becomes increasingly important with altitude, controlling the upper part of the ionosphere
(>2300 km above the 1 bar level at Saturn (Moore et al. 2004). Neutral winds can also have
a significant effect by redistributing the plasma from one region to another. Horizontal winds
will move the plasma vertically along the magnetic field lines. Galand et al. (2011) showed
that in the auroral regions where the dip angle is large, the main contributor is the vertical
component of the thermospheric wind, which decreases the electron density peak magnitude
by as much as 75 %.

In the lower ionosphere, transport timescales are significantly larger than chemical loss
timescales and the photochemical regime dominates. Assuming also steady-state conditions,
the continuity equation (7) is thus reduced to:

P=L; ®)

Under photochemical equilibrium, the HT to H number density ratio is proportional to
the electron density (e.g. Moore et al. 2004). This means that molecular ions will be more
abundant at low latitudes where the electron density is reduced compared with high latitudes
where it has significantly larger values (see section ‘Latitudinal Distribution’).

Introducing an effective recombination coefficient & defined as the recombination coef-
ficient of individual ion species weighted by their number density, Eq. (8) applied to iono-

spheric electrons becomes:
— 5 . P,
P, =an;, thatis,n,=,/— (C))
o

In the absence of (or under limited) solar illumination, P, is proportional to the energy
flux Q. of the precipitating particles (see Sect. 2.1.1). Therefore, Eq. (9) means that:
Ny X (Q,,,ec)'/ 2 (for constant precipitation over time). This assumes that the photochemical
regime dominates, which is fulfilled in the lower ionosphere.

As H and H, are the dominant neutral species in this region, H2+ and HT are the main
ions produced through photo-ionization and electron-impact ionization. Hy is very reactive
and quickly interacts with H; to become H3+ H; is lost through electron dissociative recom-
bination, which significantly depletes in density during the night (e.g. Kim and Fox 1994,
see section ‘Diurnal Variation’).
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Early ionospheric models at the giant planets predicted that the long-lived H" would
be the dominant species and overestimated the peak electron density (McElroy 1973). Loss
mechanisms have been introduced in order to match the observed peak electron densities: (1)
charge-exchange of H™ with vibrationally-excited H, (e.g. McConnell et al. 1982; Moses
and Bass 2000; Moore et al. 2010); (2) forced vertical motion of the plasma (e.g. McConnell
et al. 1982; Majeed and McConnell 1991); (3) water inflow especially at Saturn (Connerney
and Waite 1984; Majeed and McConnell 1991; Moses and Bass 2000; Moore et al. 2006,
see section ‘Latitudinal Distribution’).

H™ is efficiently lost when H, is in vibrationally-excited levels as follows:

H" +Hy(v>4) > Hf +H (10)

The reaction rate, k1, for reaction (10) is now well established with a value of
107 cm®s~! (Krsti¢ 2002; Huestis 2008). In photochemical models usually an effective
reaction rate kj is used which is defined as:

v>4
nHz

K=k, (1)

I’ZH2

where ny, is the total H, number density and nlfl is the H, number density in a
vibrationally-excited level v > 4.

Assessing the relative amount of H, in vibrational levels of non-LTE origin carries out
large uncertainties, which limit the estimate of the electron density (Nagy et al. 2009 and
references therein). Estimations have been proposed by Moses and Bass (2000), and more
recent updates have been presented by Moore et al. (2010, 2012) in order to best match the
Cassini/RSS observations. k7 is expected to increase in the auroral regions (e.g. Cravens
1987).

Below the homopause, H* efficiently reacts with hydrocarbons (Kim and Fox 1994;
Moses and Bass 2000). This loss is twice as fast as that of H7 resulting in the dominance of
molecular ions, in particular hydrocarbon and metallic ions, in this region (Moses and Bass
2000; Kim et al. 2001).

Diurnal Variation Based on radio occultation observations, low-latitude profiles obtained
at Saturn exhibit a strong dawn/dusk asymmetry with lower peak electron density ob-
served at dawn, as illustrated in Fig. 6(a). The presence of water at low latitudes yields
a depletion in H* and molecular ions become dominant, at least in the late morning
up to early afternoon sector (Moore et al. 2006, see also section ‘Latitudinal Distribu-
tion’). At sunrise, the molecular ion density builds up quickly, faster than H* density. The
loss of H producing HJ is faster than that producing H* (e.g. Moses and Bass 2000;
Galand et al. 2009). At sunset, the molecular ion density decays quickly as a result of elec-
tron dissociative recombination.

At mid-latitudes, on the one hand, electron density profiles obtained from radio occul-
tations at Jupiter and at Saturn do not exhibit any clear local-time dependence (see section
‘Observations of Electron Density’). This may be due to additional processes (Nagy et al.
2009), such as dynamic effects combined with the less efficient electron-ion recombination
in the absence of water (Moore and Mendillo 2007). On the other hand, diurnal variations
in the mid-latitude electron density have been obtained at Saturn from the analysis of SEDs
(see section ‘Observations of Electron Density’). Very large reductions in the peak electron
density from mid-day to mid-night have been inferred, as illustrated in Fig. 6(b). They ex-
tend over more than 2 orders of magnitude for the Voyager era (dotted and dashed lines) and
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Fig. 6 Left (a): average electron density profiles obtained by Cassini/RSS at low latitudes at dawn (pink)
and dusk (blue) (Kliore et al. 2009); right (b): diurnal trend in the peak electron density from Cassini/RPWS
SED analysis (Fischer et al. 2011) (dots linked by a thick, solid line). The dash-dotted line represents a fit to
the Cassini dataset. The dotted and dashed lines are fits for the Kaiser et al. (1984a) and Zarka (1985) diurnal
maximum electron density trends from the Voyager era (Moore et al. 2012)

to one order of magnitude for Cassini (dots and dash-dotted line). The peak electron densi-
ties are found to exhibit a solar-zenith-angle dependency most pronounced at dawn (Fischer
etal. 2011). Even when considering the more moderate Cassini results, photochemical mod-
els cannot reproduce the observed diurnal variations using the current best estimates for the
production and loss sources (Moore et al. 2012). Most likely the large diurnal variations
observed from SEDs are related to the sharp peaks frequently seen in the Cassini/RSS radio
occultation measurements and located below the main ionospheric peak (Kliore et al. 2009).

Latitudinal Distribution While at Jupiter most electron density profiles analyzed in detail
have been measured at mid-latitudes (see section ‘Observations of Electron Density’), the
wealth of radio occultations obtained by Cassini/RSS allows the derivation of the latitudinal
behavior in ionospheric properties. With the decrease in solar illumination with latitude,
the peak electron density and total electron content (TEC) are expected to decrease with
increasing latitude. Kliore et al. (2009) and Moore et al. (2010) showed that the reverse
trend is observed, as illustrated in Fig. 7. The decrease in TEC from mid latitudes towards
the equator is likely due to the inflow of water from the rings and icy moons (Connerney
and Waite 1984; Moore et al. 2006, 2010). The solar-driven model (solid lines) reproduces
well the Cassini/RSS values (symbols) at low-latitudes when this additional loss process
is included (Moore et al. 2006). The addition of water converts H to H;O™ via the very
short-lived H,O%:

H™ +H,0 — H,0" +H

(12)
H,0" + H,0/H, — H;0" + OH/H

As a result in the shift from atomic, long-lived H" to molecular, shorter-lived H;O™,
the electron density is reduced (Connerney and Waite 1984; Moore et al. 2006; Moore and
Mendillo 2007; Miiller-Wodarg et al. 2012). Moore et al. (2010) obtained a best agreement
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Fig. 7 Latitudinal variation of
the total electron content (TEC)
from the Cassini/RSS radio
occultation observations (Kliore
et al. 2009) and from solar-driven
model simulations (Moore et al.
2010)

30 60 90

-90 -60 -30

0
Latitude (°)

in latitudinal profiles of TEC between model and observations when imposing for the water
flux a Gaussian profile centered on the equator with a peak value of 0.5 x 107 cm~2s~! and
a full width half maximum (FWHM) of 23.5° latitude. The bulk of the gaseous water in the
Saturnian system is expected to come as a neutral species from the icy moons, especially
Enceladus—which replenishes the E ring (e.g. Jurac and Richardson 2005). Some of the
water produced at Enceladus is lost to Saturn, mostly in the equatorial region (Fleshman
et al. 2012). Though part of the water influx is neutral, there is recent evidence for water ion
precipitation at low- and mid-latitudes (O’Donoghue et al. 2013).

At high latitudes, the increase in H, (v > 4) (Cravens 1987) results in a more effi-
cient removal of H" through charge-exchange with H, (see section ‘lonospheric Mod-
els’). Nevertheless this increased loss does not compensate for the additional source in
ionization induced by particle precipitation (e.g. Millward et al. 2002; Galand et al. 2011;
Tao et al. 2011). As a result large values for the electron densities and TEC are observed
(symbols in Fig. 7). The main peak in the electron density profile at high latitudes is
associated with H*, replacing HY lost by electron recombination due to the large elec-
tron density. H;“ drives the ionospheric peak—at least in the late morning and early af-
ternoon sector—in the absence of particle precipitation (e.g. Galand et al. 2011) and at
lower latitudes at solar minimum or in the presence of ring shadowing (Moore et al. 2004;
Miiller-Wodarg et al. 2012).

2.2.2 Ionospheric Electrical Conductances

Electrical, ionospheric conductivities are associated with particle mobility in the direction
perpendicular to the planetary magnetic field and parallel (Pedersen) or perpendicular (Hall)
to the ionospheric electric field. They have been calculated using ionospheric models ap-
plied to Jupiter (e.g. Millward et al. 2002; Hiraki and Tao 2008; Smith and Aylward 2009;
Tao et al. 2010) and to Saturn (e.g. Moore et al. 2010; Galand et al. 2011; Ray et al. 2012b;
Miiller-Wodarg et al. 2012) or derived using Cassini/RSS electron density (Moore et al.
2010). The Pedersen conductivity profiles are strongly peaked in altitude, as illustrated in
Fig. 8. The Pedersen conducting layer associated with a current carried by ions is located in
the region where the ion gyrofrequency is similar to the ion-neutral collision frequency. It
corresponds to a region in the lower ionosphere dominated by molecular ions, close to the
homopause. The production and mobility of these ion species therefore control the conduc-
tances (Millward et al. 2002; Moore et al. 2010; Galand et al. 2011). The Hall conductivity
layer, associated with a current carried by electrons, is broader than the Pedersen layer.
It is located at lower altitudes below the homopause (e.g. Galand et al. 2011) where the
chemistry with hydrocarbons becomes important and complex (e.g. Kim and Fox 1994;
Moses and Bass 2000). Despite an auroral forcing at Jupiter stronger than at Saturn, the
Jovian conductivities have peak magnitudes smaller than the Kronian ones (see Fig. 8). This
is due to the differences in the magnetic field strength between both planets.
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Fig. 8 Ionospheric Pedersen (solid line) and Hall (dashed lines) conductivities profiles as a function of

pressure: (left) at Jupiter (Millward et al. 2002) for 10 keV electrons (Qprec = 10 mW m*2); (right) at
Saturn for solar illumination only (78°S, equinox, solar minimum) (thin lines) and for solar and auroral

10 keV electrons (Qprec = 0.2 mW m*2) (thick lines) (adapted from Galand et al. 2011)

Ionospheric conductances—or height-integrated conductivities—are most intense at low
and mid-latitudes on the dayside due to solar-induced ionization and in the auroral regions
over all local times due to particle precipitation (Moore et al. 2010; Galand et al. 2011;
Miiller-Wodarg et al. 2012). Outside these regions, the lower ionosphere, where the con-
ductivities peak, is strongly depleted due to the absence of ionisation, though not totally,
providing a low-level background conductance.

Table 2 summarizes the different values published in the literature for ionospheric, Ped-
ersen conductances calculated using ionospheric models applied to the auroral oval regions.
For a given auroral forcing (10 keV electrons with an energy flux of 1 mW m~2), Peder-
sen conductances at Jupiter are two orders of magnitude smaller than the values at Saturn.
Ionospheric composition and integration altitude regions for the conductivities are similar at
both planets. The difference in conductances comes primarily from the difference in mag-
netic field strength. Jupiter’s magnetic field, the strongest planetary field encountered in the
Solar System, is 20 times as strong as Saturn’s. The conductances are dependent on the
magnetic field strength through the angular gyrofrequency. If the magnetic field of Saturn
is multiplied by a factor 20, the conductances are found to decrease by a factor 150 to 200
(Galand et al. 2011).

Nevertheless auroral forcing is not the same at Jupiter and at Saturn. The initial en-
ergy and energy flux of the auroral electrons is higher at Jupiter, as illustrated in Ta-
ble 1. Typical values for the auroral electron characteristics are highlighted in bold in
Table 2 and yield Pedersen conductance values in the 1.5-2 mho range at Jupiter and in
the 10-15 mho range at Saturn (see Table 2). These Jovian values are supported by esti-
mations from field-aligned potential models—using parameterized Pedersen conductance
relations: they spread from 0.7 to 1.5 mho (Smith and Aylward 2009; Tao et al. 2009;
Ray et al. 2010). Therefore, difference in auroral forcing reduces the difference in con-
ductances between Jupiter and Saturn down to one order of magnitude. At Jupiter, for
10 keV electrons with an energy flux of 10 mW m~2, Millward et al. (2002) found a value
for the Pedersen conductance of 0.12 mho, while Hiraki and Tao (2008) derived a value
of 0.5 mho (see Table 2). Differences may be associated with differences in the induced
location of the Pedersen conductive layer, in the set of ion species considered ([H;, H3+]
versus [H;r s Hfr, H*]) and assumptions made (photochemical equilibrium versus transport
included). Bougher et al. (2005) derived conductance values more than an order magnitude
larger than those obtained by Millward et al. (2002) for 10 keV and 100 keV (see Table 2).
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Table 2 Pedersen conductance X'p calculated using energy deposition and ionospheric models and pre-
sented as a function of the ionization source (Sun, auroral electrons) over the main auroral oval. The charac-
teristics of the auroral electrons are given in terms of the initial mean energy and energy flux. Typical values
for the auroral characteristics (see Table 1) and the associated conductance are shown in bold

Energy source Eprec (keV), Pedersen conductance Xp Reference

Oprec (mW m~2) (mho) [atmospheric model]
Jupiter

Electrons [10, 1] 0.04 Millward et al. (2002)
Electrons [10, 10] 0.12 [3D GCM]

Electrons [10, 100] 0.62

Electrons [60, 10] 1.75

Electrons [22, 100]+[3,10]+ 9 (NH)? Bougher et al. (2005)
Electrons [0.1, 0.5] 12.5 (SH) (3D GEM]

Electrons [1, 1] 0.008 Hiraki and Tao (2008)
Electrons [10, 10] 0.5 [1D ionospheric model]
Saturn

Solar only (Main oval: noon, 0.7 Galand et al. (2011)
78°, equinox, solar minimum) [1D ionospheric model
Solar + Electrons [10, 1] 11.5 using 3D neutral output]
Solar + Electrons [10, 0.2] 5

Solar + Electrons [2, 0.2] 10

4NH and SH stands for northern hemisphere and southern hemisphere, respectively.

Though the mean energy of the particle is 22 keV (for the bulk population) this does not
explain the large difference. Differences in magnetic field models may be the reason.

As for background, solar-driven Pedersen conductance values, Tao et al. (2009) com-
puted values of the order of 0.01 mho in the auroral regions of Jupiter, reaching 0.11 mho
on the dayside at low Jovian latitudes. At Saturn, they are of the order of 0.5 mho over
the auroral main oval (Galand et al. 2011) increasing to a few mho at 60° latitude (Ray
et al. 2012b). Over the whole range of latitudes (which does not include the main ovals)
Moore et al. (2010) assessed Pedersen conductances from Cassini/RSS observations and
obtained values as high as 8 mho when the full altitude profiles with sharp, narrow peaks
in the low ionosphere are included. However, when considering only the topside ionosphere
above 1200 km, solely driven by solar illumination, the Pedersen conductances are reduced
to values below 1.5 mho.

Ionospheric conductances vary with the initial energy of the particles. Auroral electrons
with low (high) energies penetrate above (below) the conductivity layer and are therefore not
as effective to increase conductances. At Jupiter, Millward et al. (2002) found that 60 keV
electrons, which deposit their energy near the homopause, are the most effective at enhanc-
ing electrical conductances. For larger energies, the induced electron density derived by
Millward et al. (2002) decreases: as hydrocarbons are neglected in the model, the major
ion is H{, which is quickly destroyed through dissociative recombination. Hiraki and Tao
(2008) also found that for a given energy flux Pedersen conductance increases with the ini-
tial electron energy. They derived a (E,..)""* dependence with saturation around 300 keV,
which corresponds to the upper limit of their model validity range. Furthermore, the Ped-
ersen conductance depends on the pitch angle 6 of the incident electrons. Hiraki and Tao
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(2008) found that the conductance decreases by as much as 40 % with increasing 6, as
electrons with larger pitch angles do not penetrate as deep, further away from the conduc-
tance layer. At Saturn, Galand et al. (2011) found that auroral electrons with mean energy of
2-3 keV are the most effective at maximizing the Pedersen conductance, while the electron
mean energy needs to be increased by more than 20 keV to maximize the Hall conductance.
At very low energies (less than a few 100 eV) the contribution by auroral particles was found
to be so low—as they only reach very high altitudes—that conductances are driven by solar
illumination (Galand et al. 2011).

In presence of intense, hard aurora (energy flux Q.. > 0.04 mW m~?2 (at Saturn) and
mean energy E,.. > 10 keV), the electron density closely follows the energy flux Q.
of the auroral electrons (Millward et al. 2002; Moore et al. 2010; Galand et al. 2011;
Miiller-Wodarg et al. 2012): ¥ « (Q,,m)l/ 2. It is not surprising as the conductances are
roughly proportional to the main ion density, that is, approximatively to .. In addition,
Ny X (me)l/ 2, at least in the region where conductivities peak (see section ‘Tonospheric
Models’). Millward et al. (2002) found the following dependence for the Pedersen and Hall
conductances (in mho) induced by 10 keV electrons at Jupiter:

lOgIO Yp=oap 10g|0 Qprec + ﬂP[lOgm Qprec]]/2 + vp (13)

10g10 EH =0y lOgl() Qprec + lgH[log]O Qprec]]/2 + YH

where Q. is given in mW m~2, ap = 0.437, Bp = 0.089, and yp = —1.438 and oy =
0.244, By =0.121, and yg = —3.118.

When the energy Q.. varies with local time (Lamy et al. 2009; Badman et al. 2012b)
the response of the ionosphere needs to be taken into account through a time shift. Galand
et al. (2011) found the following dependence for the Pedersen and Hall conductances (in
mho) induced by 10 keV electrons at Saturn:

Sp(t) = 11.5[ Qprect — Atp)]'"?

(14)
Ti(6) = 24.7[ Qprect — At)]'"

where Q. is given in mW m~2, and Atp and Aty are 10 min 12 s and 4 min 26 s (Earth
minutes), respectively. The shift is a function of the energy of the incident particles, in-
creasing significantly for smaller energies, which correspond to auroral electrons reaching
higher altitudes where the ionospheric response is slower (e.g. Millward et al. 2002). Fi-
nally, the dependence of the ionospheric conductances has also been proposed in terms of
field-aligned current (FAC) by Nichols and Cowley (2004) and Ray et al. (2010) (based on
the ionospheric modeling by Millward et al. 2002) and by Hiraki and Tao (2008), Tao et al.

(2010). Such models allow feedback of the ionospheric conductance on the FAC.
Ionospheric conductances depend indirectly on the ionospheric electric field present in
the auroral regions. When the latter is increased, Joule heating is enhanced resulting in an
increase in temperatures in the upper atmosphere. The enhancement in thermospheric tem-
perature with electric field depends on the ionospheric conductivities, that is, on the auroral
electron energy flux. The heating of the upper atmosphere yields its expansion. This means
that conductances are calculated over a larger vertical integral, resulting in an enhancement
of their values (Miiller-Wodarg et al. 2012). For instance, for 10 keV electrons with an en-
ergy flux Qe of 1.2 mW m~2, when the electric field strength is increased from 80 mV m™!
to 100 mV m™!, the thermospheric temperatures increase from 450 K to 850 K (by a factor
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of ~1.9) and the Pedersen conductance is enhanced by 50 %. This increase in conductance
with the electric field depends on the electron energy flux, increasing with Q..

Effective ionospheric conductances have been introduced in order to take into account,
in current models (e.g. Nichols and Cowley 2004), the rotational slippage of the neutral
atmosphere from rigid corotation due to ion-neutral frictional drag (Huang and Hill 1989;
Bunce et al. 2003). The effective Pedersen conductance is defined as (Cowley et al. 2004a):

2=01-k2Xp (15)
with the parameter k defined as:
k=2 (16)
- 2 — (O]

where §2 is the planetary angular velocity, w, is the angular velocity of the neutral atmo-
sphere, and w; is the angular velocity of the plasma. General Circulation Models (GCMs)
calculate the ‘true’ ionospheric conductances (e.g. Millward et al. 2002; Galand et al. 2011;
Miiller-Wodarg et al. 2012). They include ion-neutral drag and associated neutral dynamics
and can therefore be used for assessing the parameter k. At Jupiter, the derived values of
k are around 0.5 (Cowley et al. 2004a) ranging from 0.3 to 0.8 throughout the whole outer
regions (Millward et al. 2005; Smith et al. 2005). Millward et al. (2005) showed that the
parameter k increases when the incident electron energy increases, while it decreases when
the equatorward auroral voltage is enhanced. Tao et al. (2009) found regions where the slip-
page can yield a height-dependent k, parameter larger than 1: this corresponds to a region
where the neutral wind velocity is larger than the ion drift velocity in the planetary rotation
frame caused by Coriolis forces and viscosity. For regions where k. < 1, they derived values
for k between 0.25 and 0.35 over the 63—73° latitude region. Finally, Smith and Aylward
(2009) found negative values of k in the ionospheric regions mapping to magnetospheric
radii inside of 20R as a result of super-rotation of the neutrals.

At Saturn, Smith and Aylward (2008) derived values between 0 and 0.6 at high latitudes
with a mean value of 0.4 over the auroral oval, very close to the value of 0.5 derived by
Galand et al. (2011). Smith and Aylward (2008) also found that the k-parameter becomes
negative at 25° co-latitude at a result of super-rotation of the neutrals in this region.

2.3 Auroral Emission Processes

Figure 9 outlines the sequence of processes which occur after auroral particles precipitate
into the H,-dominant atmosphere leading to the radiation of UV, VIS and IR emissions.

2.3.1 UV Emission Processes: Production and Radiation Transfer

UV photons are emitted from electron-excited molecules and/or atoms when they de-excite
to their ground states. Jupiter and Saturn’s UV emissions mainly consist of H Lyman o and
H, Lyman and Werner bands excited by precipitating electron impacts. The excitation rates
to the B and C states are directly related to the strength of the H, Lyman and Werner bands,
respectively. The effect of the quenching of B and C states is small (Gérard and Singh 1982).
The emission intensity of the transition band from the upper v’ to the lower v” state, Ivv,‘fv,,,
in the Werner system is given by

1y

v,

y = IL.quCAUC,;;X/EvuAv/v// (17)
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the excitation rate of the C state into the v’ level; Af,;,’,x is the Einstein coefficient for the
transition from v’ to v”. The fraction AS ;¥ /X, A,» corresponds to the branching ratio
for the line. The emission intensity of a v/ — v” transition band in the Lyman system is
also given by the total intensity of the B state with a contribution from the E and F states
of 25 % (Gérard and Singh 1982). Transitions from other excited states of H, (B’, B”, D, D’)
also contribute to EUV emission in the wavelength range 80—-120 nm (Gustin et al. 2004a).
Lyman « is also estimated to contribute <10 % of the total UV emissions (Perry et al. 1999).

UV auroral emissions at wavelengths <130 nm and <120 nm are absorbed and modified
by hydrocarbon molecules and H,, respectively. The spectrum after absorption depends on
the optical depth and is a function of the absorption cross section and the column density of
the absorber above the emission region as follows:

where [. is the total intensity of the C state; ¢

Iafler.k = Ibefore,k exp(_fx), T, = / O')LdeS» (18)

where lvefore.s 1S the spectrum before absorption, 7, is the optical depth, o; and N, are the
absorption cross section and density of absorber, respectively, and ds is taken along the path
of the emitted photon. Synthetic H, spectra before and after H, self-absorption are shown in
Figs. 10(a) and 10(b), respectively. The absorption cross section of hydrocarbons depends
on wavelength as shown for methane by the black line in Fig. 10(c). The blue and green
lines in Fig. 10(c) show combined H Lyman « and H, spectra before and after absorption
by methane.

2.3.2 Infrared Emission Processes: Production and Non-LTE Effects

Auroral electron precipitation is the dominant ionization source in the high latitudes in ad-
dition to the solar EUV in the dayside. These ionization processes stimulate ion chemistry
in the ionosphere. The major chemical reactions are depicted in Fig. 11.

H7 is one of the important species for IR emission from Jupiter and Saturn. Emission
from HJ is not a direct result of particle precipitation, but is a chemical product formed via
the ionisation of molecular hydrogen as shown in Fig. 11. It is formed via this very efficient
and exothermic process:

H, +Hf — Hf +H (19)
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Fig. 10 Estimated spectrum (a) before and (b) after the Hy self-absorption due to a Hy column density
of 5x 1020 cm=2, and (¢) H Lyman-« and Hy spectrum before (blue) and after (green) absorption by
hydrocarbons for the case when the intensity ratio 7 (1550-1620 A)/I(1230-1300 A) = 2.5. The absorption
cross section of the main absorber, methane, is shown by the black line. The blue line is a laboratory spectrum
obtained from impact of 100 eV electrons on Hy gas at 300 K, simulating an intrinsic non-absorbed auroral
emission spectrum (from Gustin et al. 2004a, 2013.)

Fig. 11 Ion chemistry in the
ionospheres of Jupiter and Saturn
showing the main reactions
described in the text

which means that in an environment rich in molecular hydrogen, such as the upper atmo-
sphere of a gas giant, the production of HJ is a tracer of energy injected into the system.
Molecular hydrogen can also be produced via more novel paths:

H" +Hy(v>4) > Hf +H (20)

followed by reaction (19) that forms HJ . The life-time of HT is longer than that of Hi by a
factor of 10-100 (Kim and Fox 1994). Unfortunately, the mixing ratio of Hy/H,(v > 4) is
unconstrained by three orders of magnitude (Majeed and McConnell 1991) so how effective
reaction (20) is to shorten the life-time of H' is unclear.

Generally, H7 is lost by these reactions:

Hf +¢” — H,+H 1)
Hf + ¢~ > H+H+H 22)
HY + X — HX + +H, (23)

where reaction (23) is extremely efficient if X is a species with more protons than H, (Flower
1990). Since the thermosphere of Jupiter is mostly H and H,, reaction (23) is only important
at very low altitudes, where hydrocarbons very efficiently quench any population of H3+
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Fig. 12 Contour maps of LTE LTE fraction
fraction as a function of
temperature and Hy density.
Parameters for Jupiter’s and
Saturn’s atmosphere are shown
by diamonds and pluses,
respectively

\ \ \
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Above the homopause, the loss of Hi is mainly governed by reactions (21) and (22), and
the H; life-time becomes a function of electron density. At the auroral latitudes, the life-
time of H; is about 10 s, whereas it is about 10° s at lower latitudes (Achilleos et al. 1998).
At Saturn, auroral life-times are about 500 s (Melin et al. 2011).

HY is excited vibrationally following collisions with background H, under high thermo-
spheric temperature. The population of these vibrationally excited states is determined by
the balance between collisional excitation/de-excitation and radiation transitions, i.e., IR ra-
diation. This IR radiation effect, combined with a decrease of the H, density, i.e., a decrease
in collisional excitation, at high altitudes produces a deviation in the excited population from
the local thermal equilibrium (LTE) or Boltzmann distribution. This reduces the IR emission
intensity, an effect which is estimated to be significant for Jupiter (Melin et al. 2005). The
reduction ratio of the H3 density, 1(2) = nyt onr7z/ Nyt L7E> is a function of H, density
and the temperature as shown in Fig. 12 (after Tao et al. 2011). As the temperature, i.e., the
efficiency of the IR emission, increases and/or as the H, density decreases, this reduction
(the non-LTE effect) becomes large. The non-LTE effect must therefore be considered when
analysing IR spectra, and can be exploited to determine the incident electron energy, by
considering the relationship between electron penetration depth and H, density (Tao et al.
2012).

Using the H7 ion density, NH; , the LTE fraction 5, and the atmospheric temperature 7',
the IR emission strength is estimated as follows,

Iir(wir, 2) = NH;n(Z)g(ZJ + DhcwygAypexp(—E;/kgT)/Q(T) (24)

where, e.g., for the fundamental line, Ij; is the emission intensity; w;y = 2529.5 cm~! is
the wavenumber; g =4 is the nuclear spin weight; J = 1 is the rotational quantum number
of the upper level of transition; £ is the Planck constant; c is the velocity of light; Ay =
129 s~ ! is the Einstein coefficient; E; = 2616.5 cm™! is the energy of the upper level of the
transition; k is the Boltzmann constant; Q = X, (2J + 1)g; exp(—E;/kpT) is the partition
function.

2.3.3 Jupiter-Saturn and IR-UV Comparison

Tao et al. (2011) have developed a model of how the above UV and IR emissions respond
to different auroral electron energy and flux, and the background atmospheric temperature.
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Fig. 13 Altitude profiles of ionization and excitation rates caused by auroral electrons (black lines) and solar
EUV (grey lines) at (a) Jupiter and (b) Saturn. Ionization rates caused by auroral electrons increase with
increasing electron initial energy, where energies of 0.1, 1, 10, and 100 keV with a flux of 0.15 uA m~2 have
been shown. Excitation rates for B and C states caused by 10 keV electrons are shown by the doz-dashed and
dotted lines, respectively. The dashed grey lines show the sum of production rates (HS;H', and hydrocarbon
ions) due to solar EUV
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Fig. 14 Jupiter UV (blue line with crosses) and IR (red line with diamonds) dependences on (a) electron
energy, (b) electron flux, and (c¢) temperature, after Tao et al. (2011)

This model accounts for UV absorption by hydrocarbons, ion chemistry, and H non-LTE
effects. Ionization and excitation profiles for auroral electrons at Jupiter and Saturn derived
from the model are shown in Figs. 13(a) and 13(b), respectively. These can be compared
with profiles given in Figs. 3 and 4. As remarked in section ‘Electron Production Rate’,
higher energy electrons reach lower altitudes in the atmosphere before depositing their full
energy.

The modelled dependences of altitude-integrated values of UV and IR emissions on
electron energy €, flux fy, and exospheric temperature 7,, for Jupiter are shown by the
diamonds and crosses in Fig. 14. The same is shown for Saturn in Fig. 15. The emission in-
tensities are normalized to the conditions ) = 10 keV, fo = 0.15 pA m~2, and T,, = 1200 K
for Jupiter and the same ¢y and fy with 7, = 420 K for Saturn. The normalized emis-
sion intensities of UV (lines in 117-174 nm range) and IR (Q(0,1-) line) are 38 kR, and
33 uW m~2str~! for Jupiter, and 37 kR and 0.80 pW m~2 str! for Saturn. Note that H,O
was included in the model by Tao et al. (2011) but not here for Saturn’s high latitude regions.

The different dependence of emission rates on electron energy and temperature between
the Jupiter and Saturn models can be summarized as two main points: (1) the temperature-
dependence of IR emissions for Saturn covers three orders of magnitude (Fig. 15(c)), which
is much larger than that for Jupiter (one order of magnitude, Fig. 14(c)), and (2) the electron
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energy dependence of IR emission for Saturn (Fig. 15(a)) has a shallower slope in the energy
range of 0.5-5 keV than that for Jupiter (Fig. 14(a)).

To explain the first of these differences, Fig. 16 shows the dependence of Jovian emission
intensities across the same temperature range as initially considered for Saturn in Fig. 15(c),
i.e. 300-820 K. The Jovian Hf emission intensity now shows a large IR variation com-
parable to that of Saturn (Fig. 15(c)). To address the second difference, the electron en-
ergy dependence, Fig. 16(b) shows the dependence of Saturn’s emission intensities on elec-
tron energy for a high temperature case. This profile now has a steeper slope in the range
0.5-5 keV. Therefore the differences between Saturn and Jupiter in both the rate of variation
with temperature and the electron energy dependence of the IR emission are due to the lower
prevailing temperature at Saturn.

2.3.4 Time Variation

Fig. 17 shows the processes from auroral electron precipitation to UV and IR emissions with
their characteristic time scales, estimated by the above model. The UV aurora at Jupiter and
Saturn is directly related to excitation by auroral electrons that impact molecular H,, oc-
curring over a time scale of 1072 s. The IR auroral emission involves several time scales:
while the auroral ionization process and IR transitions occur over < 1072 s, the time scale
for ion chemistry is much longer at 10>°~10* s. Associated atmospheric phenomena such as
temperature variations and circulation are effective over time scales of >10* s. Tao et al.
(2013) demonstrated the implications of these different timescales on the UV and IR emis-
sions. They found that for events with a timescale of ~100 s, ion chemistry, which is present
in the IR emission process but not the UV, could result in the production of different fea-
tures between the two wavelength ranges. They also applied these results to observations
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Fig. 17 Flowchart of UV and IR electron precipitation model
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of the Jovian polar UV flashes identified by Bonfond et al. (2011) and the Io footprint au-
rora (Clarke et al. 2004) and showed that whether the IR intensity varies in correlation with
the UV or not depends on the number flux of the auroral electrons and their characteristic
energy. Section 3.4 summarises the comparison between observed UV and IR emissions.

2.4 Future Developments

Auroral particle energy deposition and transport models are critical for the assessment of
the ionospheric state and the derivation of the auroral electron initial energy (and energy
flux in the presence of ions) from UV analysis. A careful comparison between such models
using clear and detailed information for input parameters, such as neutral profiles in altitude
and incident electron intensity in energy and angle, should be carried out. Different meth-
ods adopted, such as Monte Carlo versus multi-stream, have been validated at Earth (e.g.
Solomon 1993, 2001). There is therefore no reason, intrinsic to the methods adopted, to jus-
tify differences sometimes found between electron production rates induced by a given ini-
tial electron distribution in a given atmospheric model. Beside a careful comparison between
suprathermal electron models, the contribution of energetic ions should be re-assessed, es-
pecially in the return current regions, and compared to the contribution from energetic elec-
trons using realistic values for incident particle populations.

The estimate of the electron density by ionospheric models, critical for calculating iono-
spheric conductances, is limited by the large uncertainties in the k| effective reaction rate.
Detailed calculations of the amount of H, vibrational (v > 4), especially in the auroral re-
gions, are required using the latest thermospheric density estimates and reaction rates. The
ki effective reaction rate is expected to change with (at least) season, latitude, and local
time. Other limiting factors of the electron density assessment include: (1) the exact amount
of water influx, which has significant effect at Saturn at low latitudes (Kliore et al. 2009;
Moore et al. 2010), but whose contribution is not well known at Jupiter; and (2) the effect
of dynamics, which could be large in the auroral regions (e.g. Smith and Aylward 2009;
Tao et al. 2009; Galand et al. 2011; Miiller-Wodarg et al. 2012). In addition, it seems highly
relevant to try to characterize the properties and identify the origin of the sharp, narrow elec-
tron density peaks seen in Cassini/RSS profiles and most likely responsible for the diurnal
distribution derived from SED analysis.

It is critical to improve the assessment of the ionospheric conductances, as they con-
trol the current density that flows through the ionosphere closing the global magnetospheric
current system and strongly influence the Joule heating of the thermosphere in the auroral
regions. To this aim we need to improve the estimate of input parameters (e.g., kj, water
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influx, ionospheric electric field), which drive the ionospheric models and influence the as-
sessment of the conductances. This requires detailed modeling efforts (e.g., of H, (v > 4))
combined with the analysis of a multi-instrumental dataset, including estimates from elec-
tron density (through radio occultations and SEDs (see section ‘Observations of Electron
Density’), H;’ density and temperature (from IR spectroscopic observations (see Sect. 3.3)),
thermospheric densities and temperature (from UV occultations, Yelle and Miller 2004;
Nagy et al. 2009), particle characteristics (from UV and X-ray spectroscopic observations
(see Sects. 3.1.1 and 4)) and, in the near future through Juno at Jupiter, in situ particle
and field measurements). As illustrated in Moore et al. (2010) and Miiller-Wodarg et al.
(2012), such information combined with self-consistent upper atmospheric models can be
used to reduce the parameter space and improve our assessment of the ionospheric state, bet-
ter constrain its drivers, and improve our understanding of the magnetosphere-ionosphere-
thermosphere coupled system.

Such studies need to be carried out not only under steady-state auroral forcing but also
for time variable auroral forcing, and considering the different timescales for different pro-
cesses. While energy seems to be trapped at high latitudes for an imposed day-to-day vari-
ability (I. Miiller-Wodarg, personal communication, 2012), higher frequency forcing as at-
tested by auroral observations, from the X-rays and UV to the IR, may alter this picture and
the system response at a global scale. Auroral emission models like that described above
typically deal with a localised region including detailed collision processes. Therefore, the
horizontal distributions (in longitude and latitude) of UV emission and IR spectra, which
are affected by magnetospheric and thermospheric dynamics, are beyond the auroral emis-
sion model alone. In order to understand the relation between these auroral characteristics
and their energy source using a modeling approach, coupling multiple models is essential,
e.g., combining an auroral emission model with an atmospheric model to know the tempera-
ture variation and energy budget, and/or with a magnetosphere-ionosphere coupling model,
a magnetosphere global model, or a magnetosphere chemical model to know where and
when auroral electrons are energized and where H,O precipitates. Finally, the use of low
latitude observation- or model-based atmospheres results in discrepancies with auroral ob-
servations at high latitudes. Observation-model comparisons based on recent observations
are also required to improve the atmosphere model at high altitudes as proposed by Gérard
et al. (2009).

3 Ground- and Space-Based Observations of UV and IR Aurora

The largest outstanding gap in our understanding of the upper atmosphere of the gas giants
is that they are all much hotter than solar input alone can produce. This ‘missing’ energy is
very large: the temperatures observed in the thermosphere are several hundreds of Kelvin
hotter than models can produce. The auroral process, whereby energetic particles impact the
upper atmosphere at the intersection of magnetic field lines and the planetary atmosphere,
is capable of injecting much energy, mainly in the form of Joule heating, into very localized
regions on the planet. Therefore, the auroral process becomes a powerful source of energy
for the upper atmosphere, heating it several hundreds of Kelvin above the temperature that
solar heating alone can provide. It is not currently understood how the energy injected into
the auroral regions could be redistributed—there is even evidence that injecting energy at
the poles has the effect of cooling the equator (Smith et al. 2007a). In this section we discuss
how remote sensing of the ultraviolet and infrared aurora can help us understand this energy
transfer.
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3.1 UV Observations

The UV aurorae can be divided into three regions by their characteristics: moon footprint
aurora, main auroral emission, and high latitude (‘polar’) aurora.

Auroral footprints of the satellites Io, Europa, and Ganymede on Jupiter, and Enceladus
on Saturn have been detected. The variation in the separation distance of the multiple o
footprint emissions (Bonfond et al. 2008), their intensity (Bonfond et al. 2012), tail length
(Hill and Vasyliiinas 2002), and appearance and disappearance of the Enceladus footprint
aurora (Pryor et al. 2011) have been attributed to variations in the plasma environments.

The main auroral emission is rather stable and encircles the magnetic poles. For Jupiter,
the main emission surrounds a dark polar dawn region, while several features broaden in the
dusk region (Grodent et al. 2003b). The main emission intensity decreases in the noon sector
(Radioti et al. 2008a). Intense ‘storms’ of emission have been reported along the dawn main
oval (Gustin et al. 2006).

An enhancement in the emission intensity of the Io plasma torus, observed in May 2007
(Yoneda et al. 2009), has been correlated with the following auroral behaviour: (i) a shift to
lower latitude of the main auroral oval and a lesser shift of the Ganymede footprint, (ii) an
increase in the main oval intensity, (iii) a decrease in the Io footprint auroral intensity (Bon-
fond et al. 2012), and (iv) a decrease in the (HOM) radio emission (Yoneda et al. 2013). An
enhancement in the outward transport of heavy flux tubes, possibly caused by an increase
in Io’s volcanic activity, and their replacement by inward-moving hot, rare flux tubes (in-
terchange) is suggested to decrease the plasma density around Io and the footprint aurora
intensity (Bonfond et al. 2012; Hess et al. 2013). It is also proposed that movement of the
main oval to lower latitude, also identified by comparing images from 2000 and 2005, could
be caused by shrinking of the plasma corotation region in the middle magnetosphere, or
enhancement of the azimuthal current which modifies the magnetic field mapping region,
which could be caused by an increase in the mass outflow rate, or solar wind compression, as
predicted by models (e.g. Hill 2001; Nichols and Cowley 2003, 2004; Grodent et al. 2008;
Tao et al. 2010; Nichols 2011; Ray et al. 2012a). An external solar wind effect is also sug-
gested for UV intensity variations (e.g. Clarke et al. 2009; Nichols et al. 2009b, see also
Delamere et al. in this volume).

At Saturn, the observed shape of the main oval varies dynamically from a circle to a
spiral shape (Clarke et al. 2005). The position of the centre of the auroral oval oscillates
at a period close to that of planetary rotation (Nichols et al. 2010b), while the intensity
of radio, infrared (H;“) and UV (H, H,) emissions are modulated by the magnetospheric
rotation periods separately in the northern and southern hemispheres (Sandel et al. 1982;
Nichols et al. 2010a; Badman et al. 2012b; Carbary 2013). Saturn’s main auroral emission
also demonstrates a significant local time asymmetry, being generally more intense in the
dawn-to-noon sector (Trauger et al. 1998; Lamy et al. 2009; Badman et al. 2012b; Carbary
2012). This asymmetry is related to the solar wind interaction with the outer magnetosphere,
via a stronger flow shear between the solar wind flow and rotating magnetospheric plasma
(anti-sunward v. sunward) on the dawnside than on the duskside (both anti-sunward).

At high latitudes, more local and shorter-time variations are often observed both for
Jupiter and Saturn. At Jupiter the high latitude auroral emissions vary on timescales from
several seconds (Waite et al. 2001; Bonfond et al. 2011) to a few days (Radioti et al.
2008b) in addition to persistent distributions characterized by dark or variably-bright re-
gions (Grodent et al. 2003b) and sun-aligned arcs (Nichols et al. 2009a). At Saturn, the
main emission sometimes intensifies and broadens toward high latitudes associated with so-
lar wind compressions (Clarke et al. 2005) and small bifurcations have been reported close
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to the main aurora, and associated with the solar wind interaction (Radioti et al. 2011a;
Badman et al. 2013).

3.1.1 UV Color Ratio Studies

Absorption of UV emission by hydrocarbons depends on wavelength with a large effect
on short wavelengths <130 nm, as shown in Fig. 10. The UV color ratio, defined as the
ratio of the intensity of a waveband unabsorbed by hydrocarbons (e.g. 155-162 nm) to that
of an absorbed waveband (e.g. 123—-130 nm), informs us how much hydrocarbon exists
above the emission altitudes. Since the hydrocarbons exist at low altitudes, increases in
the hydrocarbon column are an indicator of either enhanced penetration depth, and thus
energy of the auroral primary particles, or of increases in the high-altitude hydrocarbon
content caused by modification of the local atmosphere (e.g. Livengood and Moos 1990;
Harris et al. 1996; Gérard et al. 2002, 2003; Gustin et al. 2004b).

The northern and southern aurora observed by the International Ultraviolet Explore
(IUE) spacecraft showed that the attenuation by hydrocarbons varies in phase with inten-
sity (Livengood and Moos 1990). Hubble Space Telescope (HST) observations also show
a positive correlation between the energy flux deduced from the auroral brightness and the
mean electron energy from the color ratio (Gustin et al. 2004b). Compared with their emis-
sion model, the electron energy producing the main emission lies between ~30-200 keV,
with a large enhancement around 08 LT possibly due to the occurrence of dawn storms. The
energy flux varies between 2-30 mW m~2. The observed relationship between the auroral
electron energy fluxes and the electron energies in the main oval is compatible with that ex-
pected from Knight’s theory of field-aligned currents (Knight 1973), taking source plasma
parameters at the magnetospheric equator well within the observed range.

In addition, fitting of UV spectra can be used to determine the absorption by H,, where
the H, column density is also related to the auroral electron energy (e.g. Wolven and Feld-
man 1998; Gustin et al. 2009).

Colour ratio studies have also been performed for Saturn’s H, aurora and reveal primary
electron energies of 10-20 keV (Gustin et al. 2009; Lamy et al. 2013).

3.2 Visible Emission

Although intense reflection of solar radiation has so far prevented the detection of visible
(VIS) emission on the dayside, nightside visible aurorae have been detected by Galileo at
Jupiter (Vasavada et al. 1999; Ingersoll et al. 1998) and Cassini at Saturn (Kurth et al. 2009).
At Jupiter, observations of the northern, nightside main emission and Io footprint made at
visible wavelengths by Galileo showed they lined up well with their locations observed in
the UV by HST on the dayside (Grodent et al. 2008). The visible aurora morphology changes
with local time: from a multiple branch, latitudinally distributed pattern post-dusk to a single
narrow arc before dawn. The power emitted at VIS wavelengths is 2-3 orders less than those
at the UV/IR wavelengths. Detailed analysis of Saturn’s visible auroral emissions has yet to
be published.

3.3 Infrared Emission from Hf
We focus here on auroral IR emission, generated by transitions between rotational and/or

vibrational states of H, and H molecules. Some of the emission lines are at wavelengths
that can be observed through the Earth’s atmospheric window, i.e., around 2.1, 3.4 and 3.9
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micron, by ground-based telescope facilities. Recently the Visual and Infrared Mapping
Spectrometer (VIMS, Brown et al. 2004) instrument on Cassini has provided high spatial
resolution observations of Saturn’s IR aurora.

The observed IR emissions show both similarities and differences with the UV emissions
in their spatial distribution. The IR emissions are also divided into the three characteristic
regions: the moon footprint aurora, the main auroral emission, and high latitude aurorae. The
Jovian IR main aurora and high latitude emission have both longitudinal and local time (LT)
fixed features (Satoh and Connerney 1999). Baron et al. (1996) identified a positive correla-
tion between Jupiter’s spatially-unresolved IR auroral intensity and the solar wind dynamic
pressure. Large-scale polar brightenings and multiple arc bifurcations have also been ob-
served in Saturn’s polar infrared emission, reflecting the solar wind interaction (Stallard
et al. 2008a; Badman et al. 2011b, 2012a). Interestingly, the Io footprint was first observed
in the infrared by Connerney et al. (1993) and remains the only moon footprint to have been
observed at wavelengths outside the ultraviolet.

Observations of emissions from H have probed the ionospheres of Jupiter, Saturn, and
Uranus for over two decades. The parameters that can be derived from either imaging or
spectral observations depend on the spectral resolution, wavelength coverage, and the signal-
to-noise ratio (SNR). The parameters that can be derived are as follows:

1. The intensity of the observed H3+ emission reveals the morphology of the auroral de-
position, which directly relates to where particle precipitation is sourced from in the
magnetosphere (e.g. Connerney et al. 1998; Bunce et al. 2008; Badman et al. 2011a;
O’Donoghue et al. 2013).

2. The H3+ temperature, which, when observed from environments in Local Thermal Equi-
librium (LTE), is equal to the temperature of the surrounding neutrals (e.g. Stallard et al.
2002; Melin et al. 2007; O’Donoghue et al. 2014). The observed temperature stems from
the energy that is injected into the upper atmosphere mainly via Joule heating (Achilleos
et al. 1998; Bougher et al. 2005; Tao et al. 2009; Miiller-Wodarg et al. 2006). Whilst
the gas giants are generally thought to be in a state of quasi-LTE (Miller et al. 1990),
this assumptions breaks down in the upper thermosphere of Jupiter (Melin et al. 2005),
where higher ro-vibrational states are populated below the expected Boltzmann distri-
butions, relative to lower states. Without accounting for this underpopulation, one may
derive temperatures that are an under-estimation of the actual thermosphere temperature,
weighted towards lower altitudes.

3. The ionospheric column integrated HY density, which is directly related to the conductiv-
ity, or the ability to drive currents through the upper atmosphere. As Hy is formed via the
ionization of molecular hydrogen, the number of ions present in the auroral ionosphere
is a function of the particle precipitation energy and flux (Tao et al. 2011).

4. The total energy emitted by Hi over all wavelengths (Lam et al. 1997; Stallard et al.
1999; Lamy et al. 2013). This is energy lost to the atmosphere via radiation to space,
which has an overall cooling effect (Miller et al. 2010). This process becomes more
effective as the temperature increases; at Jupiter, H; is said to behave as an effective
thermostat, removing the atmosphere’s ability to absorb any short-term injections of en-
ergy.

5. The line-of-sight ionospheric velocities derived from high resolution observations with
R =Xx/AXl > 25000 (e.g. Stallard et al. 2001, 2007a, 2007b). The ionosphere is the con-
duit for vast magnetosphere-ionosphere coupling currents at Jupiter and Saturn, and is
subjected to j x B forces to which the neutral atmosphere is oblivious. By measuring
these ion winds, we are indirectly measuring the angular velocity of the regions in the
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Fig. 18 A flowchart of the
parameters that can be derived
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magnetosphere to and from which the ionospheric currents flow, assuming perfect cou-
pling.

The flow-chart in Fig. 18 summarizes the spectral requirements needed to obtain these
parameters. More recently, Tao et al. (2012) suggested that by comparing the intensity of
different H;r spectral lines, the flux and energy of the particle precipitation could be derived.
Whilst this requires large SNRs, these developments have the potential to enable observa-
tions of H;r to provide a near complete view of the energy terms of the upper atmosphere,
without the need for simultaneous ultraviolet and infrared observations. As noted below,
however, infrared observations are not sensitive to short term auroral variability, due to the
relatively long life-time of the H7 ion.

Jupiter is the giant planet closest to us and it has the strongest planetary magnetic field
in our solar system. Consequently, it is the brightest source of Hy in the night sky. Since
the molecular ion was detected for the first time outside the laboratory by Drossart et al.
(1989), there has been a plethora of both imaging and spectral studies, addressing a range
of magnetospheric, ionospheric, and thermospheric questions. Here, we highlight a handful
of studies that showcase the versatility of H7 as a tool to study giant planets in general, and
Jupiter in particular.

The ratio of emission line intensities reflects the temperature, which has been measured
as high as ~1000 K at high latitudes (e.g., Stallard et al. 2001) and up to several hundred K at
low-to-middle latitudes (Lam et al. 1997). Lam et al. (1997) analyzed medium resolution H3+
spectra obtained with CGS4 on the United Kingdom Infrared Telescope (UKIRT), covering
a full rotation of the planet, thus deriving the H;r temperature and density as a function of
longitude. This provided a map of the noon ionosphere for all longitudes, showing that the
temperature difference between the equator (which is cooler) and the auroral region is only
a couple of hundreds of Kelvin. This highlights the complexity of the ‘energy crisis’—in
order to heat the entire atmosphere, this heating needs to be present at all latitudes.

The observed Doppler shift of the emission lines reveals the line-of-sight velocity of
ion and neutral winds in the upper atmospheres of the giant planets. At Jupiter, the ion
velocity reaches up to 3 kms~! in the direction opposite to planetary rotation (Rego et al.
1999; Stallard et al. 2001), with spatial distributions associated with the emission intensity
(Stallard et al. 2003). Raynaud et al. (2004) observed a H;“ ‘hot-spot’ on Jupiter’s northern
aurora using the Fourier Transform Spectrometer (FTS) mounted on the Canada France
Hawaii Telescope (CFHT) in the 2 um region. This region had a temperature 250 K higher
than the rest of the auroral region, which had an average temperature of ~1150 K. Using the
same data, Chaufray et al. (2011) were able to simultaneously derive, for the first time, the
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Fig. 19 (a) Simultaneous ultraviolet H and Hp and infrared H%" images of Jupiter’s northern aurora from
Radioti et al. (2013b) obtained in 2004. There are many similarities, but also significant differences, mainly
in the polar emissions. (b) An example of the intensity (light) and velocity (bold) profiles of Hg’ from 1998
observations of Jupiter’s northern auroral oval from Stallard et al. (2001). This represents a cut through the
oval, approximately connecting f and a in (a). The ionospheric plasma exhibits a strong lag from co-rotation

H; ion velocity and the neutral H; velocity, showing that the ‘hot-spot” had an ion velocity
of 3.1 4 0.4 kms~!, whereas the neutral atmosphere rotated with an upper limit velocity of
1 kms~!. The intensity (thin) and velocity (bold) profiles can be seen in Fig. 19(b), showing
regions of corotation (steep gradients), sub-corotation (shallow gradients), and stagnation
(flat). These latter regions are regions connecting directly to the solar-wind, whereas the
former two connect to regions within the magnetosphere.

Using narrowband IRTF NSFCAM images of H7 emission, including emission from the
Io footprint aurora, Connerney et al. (1998) constrained the existing magnetic field models
of Jupiter, adding important constraints to the morphology of the magnetic field at magnetic
latitudes equatorward of the main auroral oval. This kind of imaging requires filters that are
very narrow, and there are only three tuned to Hi emission in existence today, all at the
NASA IRTE.

Whilst limited by SNR and low spatial resolution, the techniques employed here high-
light the versatility of the 2 um region, observing through the telluric K window. In general,
the telluric L and L’ water absorption window between 3.4 and 4.1 um offers brighter H;r
Q-branch transition (higher SNR), and less absorption.

Analysis of Cassini VIMS observations that were obtained during the Jupiter flyby at
the end of 2000 by Stallard et al., (manuscript in preparation), revealed that the nightside
(dusk to midnight) ionosphere was severely depleted in HY , showing none of the mid- to low
latitude emission observed by Rego et al. (2000) on the dayside at local noon. This absence
indicates that there may not be a soft low-latitude component of particle precipitation away
from the aurora.

At Saturn, IR spectral observations reveal anti-corotational convection (Stallard et al.
2007a) and a change in ionospheric velocities related to solar wind compression of the mag-
netosphere (Stallard et al. 2012a). Measurements of the temperature of the thermosphere
vary significantly over time between ~400-600 K (Melin et al. 2007, 2011; Stallard et al.
2012b; O’Donoghue et al. 2014).

3.4 Simultaneous Infrared and Ultraviolet Auroral Observations

By analyzing observations obtained in two or more wavelength bands that are both spatially
overlapping and temporally simultaneous, it is possible to get a more complete view of
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the auroral processes. Because it has been very difficult to coordinate these multi-spectral
campaigns of ground- and space-based observations, there are currently very few examples
and many studies rely on statistical or average comparisons.

3.4.1 UV and IR Altitude Profiles

Grodent et al. (2001) developed a one dimensional model which couples a two-stream elec-
tron transport of electron energy deposition with a thermal conduction of Jupiter’s atmo-
sphere. The electron spectrum required is constrained by comparing the temperature pre-
dicted by the model with the observations. The characteristic energy varies from 100 eV
for high altitude heating to 22 keV, while other non-particle heat sources are also required
to balance the hydrocarbon cooling. This auroral electron spectrum produces UV emission
with its peak at ~200 km above the one bar pressure level, which is lower than the IR
emission peak altitude ~350 km (Clarke et al. 2004).

Limb imaging observations and comparison with spectroscopy of UV auroral emission
provides a unique restriction for the high latitude atmosphere and auroral electron energy
(Gérard et al. 2009). This study showed that the emission peak of Saturn’s nightside is
located 900-1300 km above the 1-bar level. In order to be coincident with the results given
by the FUV and EUV spectra, a temperature enhancement is indicated compared to the low-
latitudes. Comparing observations with the auroral profiles estimated by an auroral electron
precipitation model that assumes a modified atmosphere profile, the characteristic energy of
the precipitated electrons is found to be 5-30 keV.

The altitude profile of IR emission observed by Cassini shows the peak altitude lies
at ~1155 £ 25 km, almost the same as that of the UV, while the emission profile seems
narrower in height than the UV profiles (Stallard et al. 2012c¢). This is explained by the large
contribution to UV emission at higher altitude by Lyman «. Ambiguity in the H, profile
assumed in the model study leads to a broader estimate of IR emission across altitudes.

3.4.2 Morphology and Time Variability

Clarke et al. (2004) presented the first study of simultaneous infrared and ultraviolet obser-
vations of Jupiter, comparing HST and ground based images. Having applied a ‘best guess’
de-convolution to the ground-based observations to remove the blurring effect of the Earth’s
atmosphere, they were able to compare images of auroral emissions in the two wavelength
bands. They showed that on global scales, the morphology of the emission of H, and Hy
from the main oval is remarkably similar. There were, however, differences in the emission
pole-ward of the main oval, regions connected to the solar wind (Vogt et al. 2011). Addition-
ally the H limb emission was brighter than predicted by a simple cosine function, likely to
be the result of the bulk of the emission in the two wavelengths being produced at different
altitudes.

Radioti et al. (2013a) analyzed the simultaneous Clarke et al. (2004) observations in
greater detail and found that most of the main emission features (main oval, dark polar re-
gion, equator-ward emission, and the Io footprint), where all co-located in the infrared and
the ultraviolet. However, polar emissions were not co-located in the two wavelengths. These
emissions can be variable in the ultraviolet on time-scales of 2-3 minutes (Bonfond et al.
2011), which is much too short to be observed in the H;r emission as discussed in Sect. 2.3.4.
The excitation of H and H, by electron precipitation produces an almost instantaneous emis-
sion response, and the UV emission traces the instantaneous injection of energy into the
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Fig. 20 The simultaneous H, Hy (both in the ultraviolet), and H3+ (infrared) observations of Saturn’s south-
ern aurora of Melin et al. (2011), obtained with Cassini VIMS and UVIS. Whilst only a subset of these
field-of-views are temporally simultaneous, there are significant differences between all three species

thermosphere. The IR picture is somewhat different. Because H;r is formed via chemical
reactions via the ionization of molecular hydrogen, and subsequently thermalizes to the sur-
rounding neutral atmosphere, there is both a lag in response to precipitation and a life-time
associated with the ion. The life-time is governed by the electron density, and is therefore a
strong function of altitude. This means that H; does not respond to particle precipitation in
the same manner as H and H, does in the ultraviolet. Given that HY life-times at Jupiter are
4 to 40 seconds (Radioti et al. 2013a) and up to 10 minutes at Saturn (Melin et al. 2011),
the emitting ions can be subjected to significant horizontal transport within the thermo-
sphere, and thus create a more diffuse view of the precipitation morphology (Tao et al. 2013;
Radioti et al. 2013a). More relevant, however, is the fact that H3+ emissions will map the ion
life-time average of the particle precipitation morphology. This stands in stark contrast to
the ultraviolet, which represents an instantaneous view of the magnetospheric injection of
energy.

Additionally, without a knowledge of the temperature variability of the thermosphere
across the polar cap, it is difficult to disentangle the relationship between H;r temperature
and density, both of which drive intensity. Whilst hydrocarbons can feasibly be upwelled by
energetic particle precipitation—destroying Hf —such an event could also act to increase
the temperature, thus offsetting the decrease in intensity produced by the lost of ionospheric
ions.

Using Cassini VIMS and UVIS data, Melin et al. (2011) analyzed simultaneous observa-
tions of Saturn’s southern aurora, showing that over very small spatial scales, there can be
significant differences between H, H,, and H;’ emissions outside the main oval. This can be
seen in Fig. 20. The broadness of H Lyman « is the result of multiple scattering within the
thermosphere, whilst H;r displays the same morphology as H; in the main oval.

Lamy et al. (2013) combined Cassini observations of Saturn’s southern aurorae at ra-
dio, infrared, and ultraviolet wavelengths, while simultaneously monitoring the energetic
neutral atom (ENA) intensification, which represents ion injections in the middle magneto-
sphere. These observations revealed three atmospheric auroral source regions: a main oval
co-located with the bulk of the Saturn Kilometric Radiation (SKR) emission and lower in-
tensity emissions poleward and equatorward of this. Sub-corotating features exist along the
main oval, while overall the intensity is modulated in local time at the southern magneto-
spheric rotation period. The polar emissions from H; were more intense relative to the main
oval than either of the UV emissions from H or H,, but as the temperature was found to be
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Fig. 21 Einstein Observatory
HRI (0.15-3 keV) image of
Jupiter, clearly displaying the
well separated emissions of the
aurorae. The circle outlines the
planet’s disk, and the equatorial
plane is indicated by the two
linear segments (from Metzger
et al. 1983)

approximately constant across the whole auroral region, this is likely attributed to different
electron energies or fluxes rather than a hot polar spot.

These studies, which combine observations from multiple instruments, have shown that
orbiting space-based platforms provide excellent platforms from which to perform multi-
spectral studies, revealing the conditions in both the magnetosphere (dynamics and electron
energies and fluxes) and the atmosphere (temperatures and densities).

4 X-Ray Views of the Outer Planets

X-rays have become very relevant in the context of solar system observations more recently
than other spectral bands, and mostly since the turn of the millennium, thanks to the high
spatial resolution and the large collecting area of the Chandra and XMM-Newton observa-
tories respectively. Planets, moons and comets have been detected and in some cases have
been studied in detail. The significance of the Charge eXchange (CX) process has been
realised (e.g. Dennerl 2010; Dennerl et al. 2012), with Solar Wind CX (SWCX) being re-
sponsible for the soft X-ray emission in many cases (Mars, Venus, Earth). Below is a review
of what we have learnt so far about the X-ray emissions of Jupiter and Saturn, focusing on
their aurorae, as well as a look at the many issues opened up by the discoveries, at the many
questions still awaiting answers, ending up with some considerations about the other gas
giants and future directions.

4.1 Jupiter
4.1.1 First Detection and Early Observations

The first X-ray detection of Jupiter takes us back to the Einstein Observatory: the planet was
detected by the Imaging Proportional Counter (IPC) in 1979 and the High Resolution Im-
ager (HRI) in 1981 (Metzger et al. 1983), and already then it was proposed that the emission
may be related to energetic ion precipitation. Similarly good fits to the IPC spectra were ob-
tained by a combination of line emission (oxygen, O, and in lower measure sulphur, S) and
by electron bremsstrahlung. The luminosity of both aurorae combined (clearly distinguished
in the HRI image, see Fig. 21) was estimated to be 4 GW (in the energy band 0.15-3 keV).
The conclusion was that the electron input power would be too low and the spectral shape
too soft for the X-ray emission to be explained by electron bremsstrahlung, and that it was
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Fig. 22 ROSAT HRI images of Jupiter taken before, during and after the impacts of fragments K (top)
and P2 (bottom) of comet Shoemaker-Levy 9 in July 1994. Brightenings of the Northern aurora are clearly
seen during the impacts. The latitude-longitude grids show the planet’s orientation at the mid-point of each
exposure (from Waite et al. 1995)

more likely that heavy ion precipitation be the cause of the X-ray aurora (with the X-ray
power being produced mostly in the O lines and 40 times less in S). Gehrels and Stone
(1983) envisaged a scenario where O and S ions diffuse outward from the Io plasma torus
to the middle magnetosphere, where they are accelerated, and then diffuse inward towards
the planet. The ions are then scattered into the loss cone and ultimately precipitate into the
upper atmosphere, where they slow and undergo radiative transitions—although the tran-
sitions were not yet attributed to CX. Waite et al. (1988) expanded this picture to include
the results of IUE observations and suggested that, while ions are at the origin of the soft
X-ray emission, 10-30 keV electrons are responsible for most of the UV emission, by the
excitation of atmospheric hydrogen molecules.

ROSAT observations in the early 1990s confirmed this general picture (Waite et al. 1994).
Of particular interest is the brightening of the X-ray aurora observed in the event of comet
Shoemaker-Levy 9’s plunge into Jupiter (see Fig. 22, Waite et al. 1995) possibly triggered
by the impact itself or by comet fragments and dust transiting in the inner magnetosphere.
Attention was also paid to the equatorial emission apparent in the ROSAT observations
(Waite et al. 1997), which was then attributed to ion precipitation as well.
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Fig. 23 Cartoon illustrating the
CX process in the case of an o7+ Chargg EXChange
ion from the solar wind
encountering a water molecule of
a cometary coma, acquiring an
electron, being left in an excited
state and emitting an X-ray line
(from Dennerl 2009)

4.1.2 X-Ray Emission Processes

Cravens et al. (1995) were first to explain Jupiter’s auroral soft X-ray emissions by Charge
Transfer (or CX) of highly charged O ions, while Horanyi et al. (1988) had initially ex-
plained the auroral UV emissions by CX of lower charge states of O. A thorough review of
the CX process is presented in Dennerl (2010). The process had been studied since the dawn
of atomic physics, but was recognized as a very efficient mechanism of X-ray production
only when invoked by Cravens (1997) to explain cometary X-ray emission. Basically, en-
ergetic highly charged ions (such as O”* or O®*) acquire an electron in the encounter with
a neutral atom or a molecule, are left in an excited state and subsequently decay with the
emission of characteristic soft X-ray lines (see the cartoon in Fig. 23, from Dennerl 2009).
This process is now known to be ubiquitous in the universe, and is observed in our solar sys-
tem, the local interstellar medium, supernova remnants, star forming regions, and starburst
galaxies (see the review by Raymond 2012). Within the confines of the solar system SWCX
is known to be responsible for the exospheric X-ray emissions of Venus and Mars (Dennerl
2008; Dennerl et al. 2006), and of our own Earth (e.g. Carter et al. 2010). In the case of the
soft X-ray emission from Jupiter’s aurorae, the origin of the ions has been matter of debate
for some time, and currently a magnetospheric origin (i.e. from Io’s volcanoes) is preferred,
on spectroscopic grounds, over one from the solar wind (see Sect. 4.1.3).

In addition to CX, a variety of other processes are known to produce X-ray emission
from planets and their moons. Recently electron bremsstrahlung has indeed been discovered
in the spectra of Jupiter’s aurorae, at energies (>2 keV) where CX is no longer the domi-
nant emission mechanism (see Sect. 4.1.3). Line emission, following electron collisions, is
observed, e.g. in the Earth’s atmosphere. Elastic and fluorescent scattering of solar X-rays
takes place in planetary atmospheres (and on moon surfaces), in such a way that the plan-
etary disks are seen to mirror the solar X-ray variability, on short timescales and over the
solar cycle (e.g. Bhardwaj et al. 2005a; Branduardi-Raymont et al. 2010).

4.1.3 Chandra and XMM-Newton Reveal Spatial, Spectral and Temporal Details
The first observations of Jupiter by Chandra in 2000 (Gladstone et al. 2002) returned very
surprising results. While the ions producing X-rays by CX were originally thought to origi-

nate in the inner magnetosphere (i.e. Io), polar projections of the Chandra High Resolution
Camera (HRC) X-ray photons indicate that the bright spot of auroral emission magnetically
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Fig. 24 Polar projections of the X-ray events (light blue dots) observed by the Chandra High Resolution
Camera, superposed on the simultaneous UV images (orange) from HST STIS. The green ovals show the
footprints of the magnetic lines that map out to 6 and 30 RJ. Clearly most of the Northern aurora X-rays are
located well inside the UV oval (from Gladstone et al. 2002)

maps out to some 30R; (Fig. 24). This ignited the debate about where the ions are really
coming from: inner or outer magnetosphere, lo (thus O and S ions) or solar wind (rich in
carbon, C, ions)? Detailed modeling of the two options has been carried out by Cravens et al.
(2003). For both scenarios, solar wind and magnetospheric origins, the ions need to undergo
acceleration by electric potentials of at least 200 kV for the former, and 8 MV for the latter,
in order to be stripped to high charge states, so as to produce sufficient X-ray flux to match
the observations.

Even more surprisingly, Gladstone et al. (2002) reported that the flux in the bright spot
was pulsating at a period of ~45 min (Fig. 25), with no correlations to e.g. Cassini upstream
solar wind and energetic particle data at the time, although radio bursts, and associated elec-
tron bursts, of similar periodicity had been detected in 1992 during the Ulysses fly-by (Mac-
Dowall et al. 1993). Such strict periodicity has never again been observed in Jupiter’s X-ray
aurorae, although chaotic variability, with power peaks in the 20—70 min range, was detected
by Chandra in 2003 (Elsner et al. 2005). This change in the character of the variability, from
organised to chaotic, may be explained by particle acceleration driven by pulsed reconnec-
tion at the dayside magnetopause between magnetospheric and magnetosheath field lines,
as suggested by Bunce et al. (2004). The average potentials predicted in their case of solar
wind ‘fast flow’, with high density, high field conditions, are of the order of 100 kV and
5 MV for electrons and ions, respectively.

Further simultaneous Chandra and HST STIS observations in 2003 revealed the interest-
ing occurrence of a strong FUV flare in the north auroral region, temporally coincident with
(and spatially adjacent to) a highly significant X-ray brightening (Elsner et al. 2005). This
was taken to support the scenario where electrons and ions are simultaneously accelerated
in the magnetosphere by strong field-aligned electric fields.

The large collecting area of the XMM-Newton telescopes allows the construction of
spectral maps of Jupiter’s X-ray emission in narrow energy bands and data obtained in 2003
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brought about more surprises (Branduardi-Raymont et al. 2007a). First, the spectral maps
clearly display the planet’s different X-ray morphology, dependent on the emission process
involved. Those at the top of Fig. 26 show (left) CX emission concentrated in the aurorae
(using the OVII band centred at 0.57 keV), and (right) scattered solar X-rays (bands cen-
tred on the Fe lines around 0.73 and 0.83 keV, typical of solar flares). Unexpected was the
detection of auroral emission at higher energies (bottom panels) because CX lines are not
present above ~2 keV, and at these energies the scattered disk emission has also died off.
The spectra extracted for the two auroral regions and the low latitude disk are shown in
Fig. 27. Below 2 keV the aurorae display the presence of the strong OVII line and evidence
for other CX line emission at lower energies, while above ~2 keV the spectrum is a feature-
less continuum, consistent with electron bremsstrahlung. Interestingly, the bremsstrahlung
component varied significantly in both flux and spectral shape between the two halves of
the XMM-Newton observation, made in late November 2003. This coincided with a period
of enhanced solar activity (the ‘Halloween storm’) when changes in solar wind dynamic
pressure may have affected plasma acceleration in the Jovian magnetosphere. The ion CX
line emission did not change at the time, possibly because of the much higher level of ac-
celerating potentials required (Bunce et al. 2004).

The soft X-ray spectrum is well modeled by a combination of oxygen emission lines
(OVII being the strongest) superposed on a bremsstrahlung continuum which is likely to
represent the contribution of more CX line transitions below ~0.5 keV. One such line is re-
solved at ~0.32 keV, however, its attribution to C or S is uncertain because of the relatively
large error on the fitted energy, although analysis of all the 2003 XMM-Newton datasets
combined suggests a more likely interpretation as SXI (0.32 keV) or SXII (0.34 keV) rather
than CVI (0.37 keV) (Branduardi-Raymont et al. 2007a). A preference for S over C line
emission (and thus for a magnetospheric origin of the CX ions) is also indicated by Chan-
dra Advanced CCD Imaging Spectrometer (ACIS) data (Hui et al. 2009, 2010b). However,
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Fig. 26 Jupiter’s differing morphology in narrow band X-ray spectral maps centred on the auroral CX OVII
line (top left), on the Fe lines characteristic of solar flares (top right), and in higher energy bands where
only the auroral emission is visible (XMM-Newton European Photon Imaging Camera data, from Brand-
uardi-Raymont et al. 2007a)

a definitive conclusion on the origin of the ions has not been made. The Reflection Grating
Spectrometer, which could easily resolve the S and C lines, does not have enough sensitiv-
ity at these energies to detect the lines above the noise. Through its high spectral resolving
power, however, it is possible to measure the Doppler broadening of the CX OVII line, which
gives an indication of the velocities and energies of the O ions. These are found to be of the
order of 5000 kms~', or a few MeV, close to the levels predicted by Cravens et al. (2003)
and Bunce et al. (2004). During the 2003 Chandra and XMM-Newton observations Jupiter’s
auroral power was measured to range between 0.4-0.7 GW (in the energy band 0.2-2 keV)
and 40-90 MW (2-7 keV) (Branduardi-Raymont et al. 2007a).

The shape and flux level of the bremsstrahlung spectrum, dominating above 2 keV, in
the XMM-Newton spectra from the ‘quiet’ part of the 2003 observation are in remarkable
agreement with predictions by Singhal et al. (1992) for electron energies of few tens of
keV (Branduardi-Raymont et al. 2007a). For completeness it is worth mentioning that the
spectrum from the low latitude disk (see Fig. 27) is well represented by an optically thin
coronal model with a temperature of ~0.4 keV, which confirms the idea that the X-rays
originate from scattered solar emission (see also Branduardi-Raymont et al. 2007b).
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Fig. 28 Superposition of
Chandra ACIS X-ray events
(large green dots: >2 keV; small
green dots: <2 keV) on the FUV
emission (orange) observed with
HST STIS. The footprints of the
hard X-rays, expected to be of
electron bremsstrahlung origin,
coincide with the auroral oval
and bright FUV features,
indicating that the same electrons
are most likely to produce both,
X-ray and FUV emissions (from
Branduardi-Raymont et al. 2008)

4.1.4 Auroral Morphology in Simultaneous Chandra and HST STIS Observations

The great value of truly simultaneous observations in different energy bands was demon-
strated by a study of the different morphology of the Jovian X-ray and FUV auroral emis-
sions (Branduardi-Raymont et al. 2008). Figure 28 shows the superposition of X-ray events
detected by Chandra ACIS (each small green dot corresponds to a <2 keV photon, and each
big dot to a photon of >2 keV energy) over the FUV emission (in orange) detected in si-
multaneous HST STIS observations. Note that the exposure time for the FUV image shown
was 100 s while the X-ray photons shown were accumulated over approximately one Jovian
rotation. Clearly the >2 keV X-rays (from electron bremsstrahlung) fall coincident with the
bright auroral oval and regions of enhanced FUV emission, while those of <2 keV energy
(ionic CX) fall inside the oval (as we knew already from the HRC, which maps them out to
>30R; away from the planet). Given that the FUV emission is expected to originate from
excitation of atmospheric H, molecules and H atoms by 10-100 keV electrons, it is natural
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to make the connection that the same electron population is responsible for both the hard
X-ray and FUV emissions. Also, the fluxes in the two bands are in line with this picture,
being within a factor of 10 of the ratio of 107> predicted by Singhal et al. (1992).

4.1.5 The Galilean Satellites, the lo Plasma Torus and Jupiter’s Radiation Belts

The detection by Chandra of Jupiter’s Galilean satellites Io, Europa and possibly Ganymede
(Elsner et al. 2002) has been interpreted, on flux grounds, as evidence for fluorescence scat-
tering on their surfaces of energetic H, O and S ions, probably originating from the Io Plasma
Torus (IPT). The X-ray emission of the IPT itself, also clearly detected by Chandra, is made
up of a very soft continuum, a large fraction of which could be due to non-thermal elec-
tron bremsstrahlung, and a single spectral feature, a line at ~0.57 keV; the origin of this is
unclear because neither fluorescence of solar X-rays nor CX can produce the observed flux.

Finally, diffuse hard (1-5 keV) X-ray emission from around Jupiter, reported recently on
the basis of a deep Suzaku observation (Ezoe et al. 2010), has been attributed to non-thermal
electrons in the radiation belts and the IPT. However, synchrotron and bremsstrahlung pro-
cesses cannot explain it on energetic and spectral grounds, and the energetic electron density
required to produce the X-rays by inverse Compton scattering of solar photons is an order of
magnitude larger than that estimated from an empirical model of the charge particle distri-
bution around Jupiter (assuming the emission is truly diffuse and not the integrated emission
of background sources).

4.1.6 Open Questions

While in the last decade of Chandra and XMM-Newton observations we have learnt a great
amount about the X-ray properties of the Jovian system, many questions have also been
raised, as it always happens when we open a new exploration window on the Universe.
Despite the spectral evidence in favour of a magnetospheric origin of the ions undergoing
CX and producing the soft X-rays in Jupiter’s aurorae, it is worth considering whether there
is still a role for SWCX, and if so, what fraction of the emission may be due to it. On the
one hand, while mentioning that SWCX may contribute, Cravens et al. (2003) point out
that, in this case, bright UV proton auroral emission would also be expected, but is not seen,
thus excluding a pure SWCX scenario. On the other hand, since the ion fluxes in the outer
magnetosphere are insufficient to explain the observed auroral X-ray emission, another ion
source (possibly the solar wind) may be contributing. If the ~45 min periodicity observed
by Chandra is an analogue of the quasi-periodic radio bursts reported by MacDowall et al.
(1993), the phenomenon may be under solar wind control, as the bursts were reported to
be. Bunce et al. (2004) suggest that pulsed reconnection phenomena should be more intense
under high density solar wind conditions, when the magnetosphere is compressed, so this
could be used as evidence for the ions origin. Alternatively, Cravens et al. (2003) note that if
the pulsations have a ‘particle bounce’ origin this would imply a magnetospheric scenario,
unrelated to the solar wind. The rare occurrence of the pulsations may hold a clue and if a
new detection were to be made, correlation with the solar wind conditions at the time would
add decisive information. Could the ions be precipitating directly from the solar wind? The
X-ray hot spot location (Gladstone et al. 2002) lying in the vicinity of the Jovian cusps
would support this possibility, although acceleration is still required to explain the X-ray
fluxes observed. How do the timescales of ion and electron precipitation compare? Only
further simultaneous studies of the UV and X-ray emissions can help to take this further.
An opportunity to advance this quest is offered by the JAXA Sprint-A mission, launched
in September 2013 with the Hisaki EUV spectrograph on-board, and dedicated to the study
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Fig. 29 Chandra images of Saturn taken one week apart in Jan 2004, showing how the disk X-ray emission
was brighter in the first observation, at the time when X-rays from a strong solar flare reached the planet. The
enhancement at the south pole shows the same spectral character of the rest of the planet’s disk and is not
evidence of an X-ray aurora (from Bhardwaj et al. 2005c)

of the tenuous plasma surrounding planets in our solar system. The primary target is Jupiter,
and the emission from the IPT in particular. The aim is to explore the possible links between
the IPT emission distribution, the strength and character of Jupiter’s auroral emissions and
the conditions of the solar wind. Concurrently with the Hisaki observations, a large multi-
wavelength campaign, including X-ray observations, has been organised to gather important
diagnostic data on the complex array of physical processes that operate in Jupiter’s environ-
ment. Some answers may well come from this endeavour, for example, examination of the
energetics of the particles in the IPT should help establish what mechanism leads to its OVII
line emission.

Other questions, still wide open, concern the comparison between north and south X-ray
aurorae in flux, temporal variability and spectrum, and also Io and its footprint: is there an
X-ray equivalent, which has not yet been detected? Finally, given the known presence of
a magnetosphere and auroral emissions associated with Ganymede, one can also speculate
whether there may be a magnetospheric component in the X-ray emissions of the Galilean
moons. Only more sensitive and higher duty cycle observations will be able to shed light
on this. However, the difficulty of realizing them with an Earth orbiting X-ray observatory
leads to the conclusion that a much more effective option is to have X-ray observations in
situ at the planets, incorporating X-ray instrumentation in future planetary missions.

4.2 Saturn
4.2.1 Disk X-Ray Emission Under Solar Control: No X-Ray Aurorae?

By analogy with Jupiter, X-ray aurorae powered by CX could also be expected on Saturn,
yet none have been observed so far. The disk and polar cap have similar coronal-type spectra
(kT ~ 0.5 keV averaged over the years) and the disk flux variability strictly correlates with
that of solar X-rays, demonstrating that the planet’s X-ray emission is controlled by the
Sun (Bhardwaj et al. 2005¢c; Branduardi-Raymont et al. 2010). This is clearly illustrated by
Fig. 29, which compares the view of Saturn in two Chandra observations separated by about
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a week; the planet was brighter by a factor of 3 during the first observation, coincident (after
correction for light travel times) with a strong flare going off on the Sun (Bhardwaj et al.
2005c).

UV and radio brightenings of Saturn’s aurora have been found to correlate with the arrival
of solar wind shocks at the planet (Clarke et al. 2009), suggesting that solar wind ions may
also have a role in producing X-ray aurorae by CX. In this case, as shown by Cravens (2000),
the emitted power is proportional to both the density and speed of the solar wind, thus the
passage of a solar wind shock at the planet may produce an X-ray auroral brightening.
Theoretical estimates of Saturn’s auroral fluxes (Hui et al. 2010a) for un-accelerated solar
wind ions are within a factor of a few of the sensitivity of current instrumentation, although
acceleration of the ions in the planet’s magnetic field would raise these estimates. Chandra
observations were obtained in 2011 (Branduardi-Raymont et al. 2013), triggered by the
expected arrival of solar wind shocks that had been propagated from measurements at 1 AU
using the 1-D MHD code mSWiM (Zieger and Hansen 2008). Variability in Saturn’s X-ray
emission was observed, but once again it was due to a flare in the solar X-rays scattered by
the planet’s atmosphere. Stringent upper limits of 2 MW (photon energies of 0.3-2 keV)
and 17 MW (2-8 keV) were derived on Saturn’s auroral emissions, excluding the presence
of accelerating potentials down to ~10 kV. Upper limits of 4 MW were also set on X-rays
from each of Titan and Enceladus.

A by-product of these triggered Chandra observations was also a validation of the solar
wind propagation technique. At the time, Cassini was crossing Saturn’s magnetopause and
bow shock as identified in the Cassini magnetometer and electron data. The standoff dis-
tances of the boundaries inferred from the in situ measurements were compared with those
derived from the propagations. Measurements and propagations were matched by shifting
the propagations by +1.9 days, which is consistent in magnitude and direction with the
shifts established by Clarke et al. (2009). During the period covered by the 2011 Chandra
observations Cassini radio data (RPWS) also showed a strong enhancement, indicating a
compression of the magnetosphere (Branduardi-Raymont et al. 2013).

4.2.2 X-Rays from Saturn’s Rings

Chandra has also revealed X-ray emission from Saturn’s rings. The spectrum is dominated
by a single line centred at 0.53 keV, indicative of atomic O K« fluorescence, most likely
the result of excitation of the oxygen trapped in the icy water particles making up the rings.
Bhardwaj et al. (2005b) suggested that this may be due to solar X-ray illumination, however,
the apparent lack of correlation with solar activity over the years may point to an alternative
explanation, such as electron injections linked to the planet’s thunderstorms (Branduardi-
Raymont et al. 2010). More observations at high angular resolution (only Chandra can spa-
tially separate ring from disk emission) are needed to search systematically for correlations
with solar activity and/or planetary seasons.

4.2.3 Open Questions

The X-ray exploration of Saturn, and thus our understanding of its workings, is clearly less
advanced than that of Jupiter. Is there really no X-ray aurora on Saturn? The conclusion
from the searches made so far is that much more dramatic solar wind enhancements than
those used to trigger the Chandra observations in 2011 may be needed if we are to make
a detection, and/or much more sensitive instrumentation. Could an alternative ion source,
internal to the Kronian system, e.g. Enceladus, contribute an element of CX? Are Titan, as
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it moves in and out of the solar wind, and Enceladus, with its active cryo-volcanoes, X-ray
sources, and by which mechanism? Their environment and physical conditions would be
favourable to ionic CX, particle precipitation and fluorescence. Is there a link between the
emissions from Saturn and its rings? These are all fascinating issues, which unfortunately
are most likely to remain unsolved until we take a major step up in our experimental capa-
bility.

4.3 Uranus and Neptune

Detection of X-ray aurorae at Uranus and Neptune is hampered by their vast distances and
by the conditions of their environments. By making a comparison with Jupiter and assuming
a simple scaling law for the planetary parameters most relevant to X-ray auroral production,
such as dipole magnetic moment and magnetospheric particle density, it is clear that any
emissions would be well below detectability with current instrumentation, unless some other
physical factor were to provide an unexpected contribution. For example, the very large tilt
angle (59°) between the magnetic dipole and rotation axes of Uranus, and the 30 % offset of
the dipole from the centre of the planet, with the consequent order of magnitude difference
in surface magnetic field between day- and night-side, might have the effect of enhancing
the auroral power above that expected from the simple extrapolation (Branduardi-Raymont
et al. 2010).

4.4 Conclusions

With XMM-Newton and Chandra, planetary science has acquired a new observing regime
which has revealed many unexpected sides of our solar system, and has led to many new
questions. Planetary X-ray astronomy has come of age, and now unexpected discoveries
must be turned into fully understood physics. Real progress can only be made by recogniz-
ing the high potential of X-ray observing, and by offering X-ray instrumentation the same
platform as more traditional wavebands have enjoyed for decades, that which allows in situ
measurements. This will bring about higher sensitivity and spatial resolution, together with
the improved spectral resolving power of the most modern imaging devices. Recent devel-
opments in lightweight optics show that a low-requirement (mass, power, data rates) X-ray
telescope for planetary exploration is a feasible proposition. It would also work in great
synergy with in situ UV and particle instrumentation, contributing to establish the dynamics
and energetics of the particles populating planetary environments, and would validate and
test the consistency of models developed from more ‘traditional’ measurement techniques.
On the other hand, remote global X-ray observations at much higher sensitivity and spectral
resolving power than afforded by XMM-Newton and Chandra are now forthcoming follow-
ing ESA’s recent selection of the science theme ‘The Hot and Energetic Universe’ for its
next large mission, which would be addressed by the proposed Athena mission. The non-
dispersive character of the planned cryogenic spectrometer will enable Jupiter’s auroral and
scattered solar emissions, as well as the Io Plasma Torus, to be individually mapped spa-
tially and spectrally at high resolution. The search for auroral X-ray emissions on Saturn, as
well as attempts to detect Uranus and Neptune, will be pushed to much fainter flux limits
than currently possible. X-ray spectra of the Galilean satellites, and (speculatively) Saturn’s
moons, will enable the search for magnetospheric emission components, as well as allowing
surface composition analysis by fluorescence.
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Fig. 30 (a) Average spectra of known planetary radio emissions, adapted from Cecconi (2010). (b) Expected
locus of Jovian radio sources, adapted from Cecconi et al. (2012)

5 Jupiter and Saturn Magnetospheric Dynamics: A Diagnosis from Radio Emissions

In this section, we will characterise the spectral and spatial properties of Jovian and Kro-
nian auroral radio emissions and detail the rich diagnosis they bring on internally-driven
(magnetodisc, planet-satellite interactions) compared to externally-driven (solar wind) mag-
netospheric dynamics.

5.1 Spectral and Spatial Properties of Auroral Radio Emissions
5.1.1 Historical Context

All the explored magnetized planets are powerful radio sources at frequencies ranging
from a few kHz to a few tens of MHz (Fig. 30). Among these, only the decametric emis-
sion (DAM) of Jupiter, the frequency of which exceeds the terrestrial ionospheric cutoff
(~10 MHz), can be observed from the ground. Jovian DAM emissions were first detected
in 1955 (Burke and Franklin 1955), while the terrestrial kilometric radiation (TKR) was
later discovered by observations from space in the 1960s, and investigated in detail by nu-
merous in situ auroral orbiters in the following decades (such as Freja, Viking, FAST). The
exploration of the solar system by the Voyager (1980s) and Ulysses (1990s) spacecraft, com-
pleted by that of the Jovian magnetosphere with Galileo (2000s), later revealed hectometric
(HOM) and kilometric (KOM) components of emissions at Jupiter, and kilometric emissions
at Saturn (SKR), Uranus (UKR) and Neptune (NKR). The reader is referred to post-Galileo
comparative reviews for more information (Zarka 1998, 2004, and references therein).
Hereafter, we focus on radio emissions radiated by the auroral regions and planet-moon
flux tubes of Jupiter and Saturn’s magnetospheres, which are the brightest radio emitters of
the solar system. These emissions reduce to free-space electromagnetic waves propagating
on extraordinary (X) and ordinary (O) modes. We therefore exclude other types of emissions
such as low frequency continuum, trapped Z-mode or whistler-mode radiation (narrowband
emissions, auroral hiss), electrostatic waves or atmospheric emissions (lightning).

5.1.2 Properties of Radiated Waves

Jupiter and Saturn display characteristic remote properties, more generally common to all
auroral planetary radio emissions, which can be summarised as:
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— very intense non-thermal radiation (~10'! W radiated by Jupiter, ~10° W by Saturn),
predominantly in the X mode;

— instantaneous emission at f ~ f.. (fe. is the electron gyrofrequency);

— sources along high latitude magnetic field lines, hosting energetic (keV) electrons, and
co-located with atmospheric aurorae, where f,. < feo (fpe is the electron plasma fre-
quency);

— 100 % circular or elliptical polarization (the sign of which indicates the magnetic hemi-
sphere of origin);

— very anisotropic beaming (thin conical sheet) leading to strong visibility effects;

— sensitivity to magnetospheric dynamics at relevant timescales (e.g. planetary rotation,
orbit of moons, solar wind activity).

In situ measurements within the terrestrial auroral regions led to the identification of the
Cyclotron Maser Instability (CMI) as the driver of the TKR emission (Wu and Lee 1979; Wu
1985; Treumann 2000, 2006, and references therein). This mechanism operates in regions
where f,. < fc. as a resonant wave-particle interaction between non-maxwellian electrons
gyrating around magnetic field lines and a background of radio waves. These are amplified
close to f,. at the expense of the electron (perpendicular) energy. This free energy may
come from loss-cone, ring or shell electron distributions, which all yield positive growth
rates (Roux et al. 1993; Louarn and Le Quéau 1996; Delory et al. 1998; Ergun et al. 2000),
with slightly different wave properties in terms of emission frequency (above/below f.) or
emission angle relative to the magnetic field (i.e. the wave beaming). Efficient amplification
additionally requires the size of the source region to exceed several times the wavelength.
The local conversion efficiency from the total (perpendicular) electron free energy to X
mode wave energy can reach ~1 % (Benson and Calvert 1979).

As Jupiter and Saturn auroral radio waves display remote properties consistent with
CMLI, this mechanism was postulated to be a universal generation process common to all
magnetized planets (Zarka 1992). This hypothesis could recently be validated for Sat-
urn with Cassini in situ measurements within the SKR source region (Lamy et al. 2010;
Mutel et al. 2010; Schippers et al. 2011; Menietti et al. 2011), yielding a 1 % (2 % peak)
electron-to-wave energy conversion efficiency (Lamy et al. 2011). The JUNO mission will
specifically investigate this and other properties of the Jovian auroral regions in the coming
decade.

5.1.3 Diagnosis

The understanding of the generation mechanism and the subsequent remote properties of ra-
diated waves provide a powerful diagnosis of the nature and the dynamics of the underlying
coupling between the solar wind, the magnetosphere, the moons, and the ionosphere at the
origin of these emissions.

Spectral and spatial properties are intrinsically related because the emission frequency
f is limited by the electron gyrofrequency f.., itself linearly proportional to the magnetic
field. The emission frequency f therefore directly indicates the altitude of the source above
the ionosphere. This allows one to instantaneously locate the radio sources and to track pos-
sible motions throughout the auroral regions. The detected emission also indicates a source
region fulfilling CMI requirements with f,, < f.. and energetic electrons whose distri-
bution is unstable (shell, ring, loss cone). The main advantage of radio observations relies
on the capability for long-term, quasi-continuous, remote measurements at high spectral and
temporal resolution. The Poynting flux, organized in time-frequency (dynamic) spectra, pro-
vides essential information on the auroral activity. Beyond pioneering analysis of the most
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obvious variations (rotational or moon-induced modulation, solar wind forcing), a refined
interpretation of dynamic spectra, focused on shorter sub-structures, has been the subject of
recent modeling studies.

In parallel, higher level observables, such as the wave polarization (Stokes parameters),
and/or the position of radio sources, can be retrieved with sophisticated instrumentation and
data processing techniques, either space-based (goniopolarimetry, Cecconi 2010) or ground-
based (LOFAR phased array). The wave polarization reveals several important parameters:
the sense of circular polarization depends on the hemisphere of origin, while the quantita-
tive degree of polarization depends on the magneto-ionic propagation mode and the degree
of wave-plasma coupling along the ray path. The position of radio sources enables one to
perform radio imaging and to map active field lines in real time.

The use of such observables to investigate the Jovian and Kronian magnetospheric dy-
namics are illustrated through several examples below.

5.2 Jupiter

Jupiter’s auroral radio emissions are divided between Io (the most intense) and non-lo
emissions, regularly observed from the ground above 10 MHz since the 1950s, and at
low frequencies from space with Voyager/Ulysses/Galileo, or more recently with Cassini
and STEREO. All these emissions are strongly modulated at the planet rotation period
(9 h 55 min), as a result of the magnetic dipole tilt.

5.2.1 lo-Jupiter: The Case for Moon-Planet Interactions

The ITo-Jupiter interaction is due to the motion of Io relative to the Jovian magnetic field,
which generates an electric current closing in the Jovian ionosphere (Neubauer 1980). This
electrodynamic coupling was the first discovered and is the most powerful case of satellite-
magnetosphere interactions. It thus stands as the archetype of such interactions (4 cases
confirmed so far: Io, Europa, Ganymede and Enceladus), and, by a small extension, rapidly
moving interacting regions (Hess et al. 2011b). The most prominent feature of the lo-related
radio emissions is their well-defined arc shape observed in the time-frequency plane at
timescales of hours. Sub-structures include the well known Jovian S-bursts at timescales
of milliseconds.

Radio Arcs  Arc-shaped emissions are primarily due to the small spatial size of the interac-
tion region (i.e. Io). A more extended interaction region would generate a continuous suite of
arcs and form a continuum of radio emission. The arc shape is then a direct consequence of
the anisotropy of the emission pattern of individual radio sources, which is a thin (~1° wide)
conical sheet with a wide opening angle relative to the magnetic field vector. The source is
detected only when the observer crosses the cone sheet, so it can be seen at most twice by a
fixed observer as the source rotates with the planet, even though it emits continuously. The
time delay between these two observations depends on the cone opening angle and on the
observer’s motion relative to the source.

Although the arc shape was explained a long time ago, its use as a diagnostic of the inter-
action parameters is quite recent. Hess et al. (2008) computed the theoretical opening of the
emission cone and showed that, apart from the altitude, it mostly depended on (1) the elec-
tron distribution function, (2) the emitting electron energy and (3) the plasma parameters
determining the refraction index (Ray and Hess 2008; Mottez et al. 2010). The morphology
of radio arcs permits the diagnosis of the current system powering the emission, as differ-
ent current systems lead to different beamings. Shell driven emission with nearly constant
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emission angles are obtained in auroral cavities for steady-state systems, whereas loss-cone
driven CMI with an emission angle rapidly decreasing close to the planet are obtained for
transient currents (Mottez et al. 2010).

The Io-related current system is Alfvénic (Crary 1997; Hess et al. 2008, 2010), in ac-
cordance with our knowledge of the Io-Jupiter interaction (Neubauer 1980). A numerical
model called ExPRES (Hess et al. 2008) has been developed for extended simulation stud-
ies. It takes into account both the physical parameters of the interaction, to compute the
beaming angle, and the geometry of an observation, to ultimately compute simulated dy-
namic spectra of the emissions. The fit of the simulated dynamic spectra to observational
data allowed Hess et al. (2010) to measure the variation of the electron energy with Io’s
System III longitude.

Fine Structures  Fine structures, called millisecond or short (S-)bursts, are very common.
They have a short duration (~10 ms at a given frequency) and drift in frequency with time.
The emission frequency is close to f.., and thus relates to the source altitude, therefore this
drift is the result of the source motion along magnetic field lines.

Zarka et al. (1996) and Hess et al. (2007b) measured the drift rate versus frequency
and showed that the source motion was generally consistent with the adiabatic motion of
electrons moving away from Jupiter, which allows one to measure the emitting electron
energy from the measurements of the drift rate. These authors showed that the electrons
have an energy between 2 and 5 keV which appears to vary as a function of Io’s system III
longitude.

Hess et al. (2007b) also detected localized jumps of the electron kinetic energy, inter-
preted as a localized electron acceleration due to localized electric potential drops. Hess
et al. (2009b) showed that these potential drops are actually moving away at the local ion
acoustic velocity, and thus are probably solitary ion acoustic waves.

Finally, Hess et al. (2007a) simulated dynamic spectra of the radio emissions induced
by electrons accelerated by periodic Alfvén waves (see Fig. 31(b)). These are similar to the
observed dynamic spectra of the S-bursts, validating Alfvén waves as the primary source of
electron acceleration in the lo-Jupiter interaction.

5.2.2 Non-lo Emissions and Rotational Dynamics

The origin of most of the non-Io emissions often remains a mystery as only the narrowband
kilometric (nKOM) emission sources have been clearly identified as being plasma wave
generated on the borders of the Io plasma torus (Reiner et al. 1993b).

Direction-finding studies using Ulysses observations (Reiner et al. 1993a; Ladreiter et al.
1994) concluded that part of the hectometric (HOM) emissions occurs along field lines map-
ping to regions between 4 and 10R;, i.e. in the extended o torus. In the decameter range,
Panchenko et al. (2013) observed radio arcs resembling [o’s in sub-corotation with the same
period as that observed by Steffl et al. (2006) in the torus, and interpreted as the beating of
the System III (internal) and IV (torus perturbations) periods. The beating originates from a
peak of the hot electron population density near 290° of longitude (Steffl et al. 2008) caused
by an Io-like interaction powered by empty flux tubes moving inward in the torus (Hess
et al. 2011b). The Io-like decameter arcs observed by Panchenko et al. (2013) could be re-
lated to an Io-like interaction powered by the interchange instability in the torus and the
HOM emissions located by Ulysses may be their lower frequency counterpart.

The dynamic spectra of the Jovian emissions often exhibit slowly drifting bands in which
the background emissions are alternately enhanced and dimmed. These bands (so-called
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Fig. 31 Observed and modelled radio emissions of (left) Jupiter and (right) Saturn. (a) Voyager 2/PRA
observations of the Jovian auroral radio emissions on 16 July 1979 (top) and simulations of Io and non-Io
DAM arcs (bottom), adapted from (Cecconi et al. 2012). (b) Nangay/NDA observations of Jovian S-bursts
over a few seconds of April 1995 (fop) and associated simulations (bottom), adapted from Hess et al.
(2009a). (c¢) Cassini/RPWS observations of SKR from 2003 to 2012, adapted from Kimura et al. (2013).
(d) Cassini/RPWS observations of SKR from 27 to 28 January (fop panel) and simulations of the rotational
modulation (middle panel) and of a sub-corotating arc (bottom panel), adapted from Lamy et al. (2013)

modulation lanes) are due to flux tubes with densities differing from their environment and
acting as a diffracting grating (Imai et al. 1997). lo-related (localized) background emis-
sions permit one to locate the position of these flux tubes in a region between the or-
bits of Amalthea and Europa (Arkhypov and Rucker 2007). Refraction undergone in the
equatorial torus is responsible for attenuated lanes in the HOM range (Gurnett et al. 1998;
Menietti et al. 2003).

Intense non-lo arcs have also been observed in the Jovian magnetosphere by STEREO
(Lamy et al. 2012) and simultaneously by the Nancay decametric array, Cassini, and Galileo
(Hess et al. 2014). Their corotation rate, close to ~100 %, indicates that their source is in
the inner or middle magnetosphere, although their intensity seems to be modulated by the
solar wind conditions.

Less structured emissions exist for which the decametric emissions mostly originate from
the dusk side (from the Voyager 1 flyby Barrow 1981; Hess et al. 2012), and extend deeply
into the hectometric and kilometric ranges (e.g. Cassini observations in Hess et al. 2014).
The low sub-corotation rates of these radio sources (down to 50 %) indicates that the inter-
action powering these emissions occurs in the outer magnetosphere. UV and infrared obser-
vations show that the poleward (probably solar wind related) aurorae are also mostly emitted
on the dusk side, thus the latter radio emissions may also be caused by the magnetosphere-
solar wind interaction (Grodent et al. 2003b). Quasi-periodic kilometric bursts are also ob-
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served pulsating with a quasi-period of about 40 minutes. Their origin seems to be among
the most poleward of all radio emissions (Kimura et al. 2011).

5.2.3 Solar Wind Control

Jupiter’s outer magnetosphere is sensitive to variations of the solar wind dynamic pressure
(e.g. Smith et al. 1978), but the relation between Jupiter auroral emissions and the solar
wind pressure is complex and only some of the radio components are sensitive to it. Several
observations have shown that auroral emissions are enhanced during times of higher solar
wind pressure (Barrow 1978; Zarka and Genova 1983; Genova et al. 1987) or are triggered
by interplanetary shocks (Barrow 1979; Terasawa et al. 1978; Prangé et al. 1996, 2004;
Gurnett et al. 2002; Clarke et al. 2009).

Hess et al. (2013) compared Nangay observations of non-lo emissions to solar wind
parameters (magnetic field, velocity and density) propagated from Earth to Jupiter. They
found that fast reverse shocks generated dawn and dusk radio emissions, whereas forward
shocks generate emissions from dusk only which may later move toward the dawn side.
A multi-spacecraft study of the Jovian radio emissions during Cassini’s approach to the
planet (Hess et al. 2014) confirmed those results and additionally showed that the corotation
rate of these radio source (usually about 50 %) increased to more than 80 % for strong
magnetospheric compressions.

5.3 Saturn

Saturn’s kilometric radiation, discovered during the Voyager flyby of Saturn in 1980 (Kaiser
et al. 1980, 1984b), has been observed by only two spacecraft since then, Ulysses in the
1990s and Cassini, in orbit since mid-2004. Further details on SKR average properties can
be found in Kaiser et al. (1984b), Lamy et al. (2008b) and references therein. These obser-
vations revealed that SKR is subject to significant variations at various timescales.

5.3.1 Rotational Dynamics

Rotational Modulation The most obvious SKR temporal variation is its strong, regular,
rotational modulation at ~11h, which reveals the prominent role of the fast planetary rota-
tion on magnetospheric dynamics. The modulation of northern SKR discovered by Voyager
was interpreted as the result of strobe-like intense flashes emitted by radio sources fixed in
local time (Desch and Kaiser 1981; Kaiser et al. 1981). The dawnside location of the latter
was indirectly inferred from visibility considerations (Galopeau et al. 1995, and references
therein). Similarly to other planets, this radio period was taken as a direct measurement
of the inner rotation period. However, in the absence of any measurable tilt between the
magnetic and rotation axis, the origin of the modulation itself remained unexplained.

Further distant observations by Ulysses surprisingly revealed that the SKR period, mea-
sured alternately from the southern and northern hemispheres, varies with time, at a level of
~1 % over several years (Galopeau and Lecacheux 2000). This result definitely precluded
the observed radio period from providing the internal rotation rate, and raised the additional
question of the origin of a period varying over long timescales.

The quasi-continuous observations by Cassini since 2004, equipped with a sophisticated
radio experiment, brought a set of important results to light. Thanks to long-term time se-
ries, Zarka et al. (2007) identified weekly modulations of the southern SKR period during
the pre-orbit insertion interval (subject to little visibility effect). A positive correlation with
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variations of the solar wind speed suggested an external control of the period’s variation.
Investigating yearly variations, (Gurnett et al. 2009, 2010a, and references therein) showed
that SKR is modulated at (slightly) different periods in southern and northern hemispheres,
both varying by ~1 % over years and reaching each other after the equinox of 2009. The
existence and the variation of SKR periods was proposed to result from a seasonal forcing
of the magnetosphere-ionosphere coupling at the origin of these radio emissions. Further in-
sights were provided by higher level observables. Statistical studies of the position of SKR
sources (Cecconi et al. 2009; Lamy et al. 2009) showed (i) that they lie on magnetic field
lines colocated with the atmospheric auroral oval, with a strong local time variation of their
intensity maximising at dawn (Lamy et al. 2009), and (ii) that the southern modulation is
produced by an active region, extended in longitude, and rotating at the southern SKR pe-
riod (Lamy 2011). The latter result, supported by an independent analysis of phases built
from radio and magnetic field data (Andrews et al. 2011) and validated by another inde-
pendent modeling study (Lamy et al. 2013), changed the simple strobe-like picture derived
from Voyager to an intrinsic search-light phenomenon, which displays strobe-like charac-
teristics when the observer is in view of the most intense, dawnside sources. This feature
is consistent with the ubiquitous search-light modulation of various other magnetospheric
observables at both SKR periods (modulation of particles and magnetic field, oscillations of
magnetospheric boundaries and the auroral oval). The sum of these observations is proposed
to result from two co-existing field-aligned current (FAC) systems, rotating at southern and
northern radio periods (see e.g. Andrews et al. 2010). The ultimate driver of these FAC
systems, though, is still unknown.

Source Regions in Sub-corotation At timescales shorter than the ~11h periods (referred
to as the ‘rigid’ corotation period), SKR dynamic spectra often display arcs lasting for a
few minutes to a few hours, either vertex-early and/or vertex-late shaped, similar to Jovian
DAM arcs (Boischot et al. 1981; Thieman and Goldstein 1981). These structures, together
with signal disappearance close to the planet, were quantitatively modeled as the result of
visibility effects owing to the relative motion of radio sources with respect to the observer
(Lamy et al. 2008a). More precisely, the correct modeling required oblique beaming angles
with a steep decrease at high frequency, and active field lines moving in sub-corotation (here
90 %).

Oblique beaming angles were theoretically obtained by assuming loss cone-driven CMI
with 20 keV electrons. However, while the observed SKR beaming is indeed oblique with
a decrease at high frequency, it is significantly variable (Cecconi et al. 2009; Lamy et al.
2009), although whether it varies with time, source position, and/or with wave direction is an
open question. In addition, in situ measurements revealed shell distributions with 6-9 keV
electrons within the SKR source region (Lamy et al. 2010; Schippers et al. 2011), shown
to be an efficient CMI-driver able to produce the observed SKR intensities (Mutel et al.
2010). A possible way to account for oblique and variable beaming from shell-driven (quasi-
perpendicular) emission relies on refraction close and far from the source.

Atmospheric auroral sources in sub-corotation have long been observed along the main
auroral oval. Therefore, as the bulk of SKR is emitted on field lines co-located with the main
oval, it is not surprising to observe sub-corotating sources at radio and optical wavelengths,
as illustrated with recent simultaneous observations of a single auroral hot spot moving at
65 % of corotation (Lamy et al. 2013). The range of sub-corotating velocities additionally
matches the velocity of the ambient cold plasma populating auroral field lines (Thomsen
et al. 2010). The co-existence of rotational and sub-corotational dynamics on adjacent field
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lines, likely relating to the intrinsic nature of the rotating FAC systems, remains to be further
investigated.

5.3.2 Longer-Term Variations

SKR also exhibits variations on timescales longer than a planetary rotation, ranging from
days to years.

Since Voyager, the solar wind has been known to be a key ingredient for driving SKR
emissions, the most striking evidence of which was revealed by the sudden drop off of SKR
intensity when Saturn was immersed in Jupiter’s magnetotail for several intervals in 1981
(Desch 1983). Precisely, the level of SKR emission was found to be highly correlated with
the solar wind dynamic (ram) pressure (Desch and Rucker 1983, 1985), later confirmed by
Cassini (Rucker et al. 2008), rather than with the geometry of the magnetic field, which
controls Earth substorms. Such a correspondence was tracked with long-term time series
from approximately fixed spacecraft locations, which limits the visibility effects discussed
in section ‘Rotational Dynamics’ above. This property was related to acceleration processes
specific to Saturn, most efficient on the dawn sector, such as the Kelvin-Helmholtz instability
on the flank of the magnetopause (Galopeau et al. 1995), field-aligned currents initiated by
the shear between open and closed field lines (Cowley et al. 2004b), or the shear of swept
back closed field lines (Southwood and Kivelson 2009).

The effect of interplanetary shocks on auroral emissions was recently investigated
in more detail with coordinated observations (Kurth et al. 2005; Badman et al. 2008;
Clarke et al. 2009). These authors showed an overall brightening of the SKR spectrum last-
ing for several planetary rotations, matching a dawnside intensification of the auroral oval,
and with a characteristic extension toward low frequencies. Importantly, the southern SKR
phase was shown to be unaltered by solar wind compressions. Investigating such auroral
intensifications from the magnetotail, Jackman et al. (2009, 2010) showed that SKR low
frequency extensions coincide with plasmoid ejections.

Most recently, Kimura et al. (2013) investigated very long-term variations of northern
and southern SKR spectra, separated by polarization, spanning six years of measurements.
This study confirms the prominent role of solar wind pressure over one solar cycle, and
additionally identifies a seasonal dependence of the SKR activity, maximising in summer.

5.4 Summary

Observations at radio wavelengths, either acquired from the ground (high temporal and spec-
tral sampling, interferometry) or from space-based probes (observations below 10 MHz, go-
niopolarimetry), have provided a wealth of information on the auroral processes at work in
the magnetospheres of Jupiter and Saturn. Following the first analyses of radio emission flux,
spectra, and time-variability, recent developments include accurate modeling of CMI-driven
radiation, and the study of higher level observables (wave polarization, the source location).
Such analyses have been illustrated with a few examples of internally-driven processes at
Jupiter (Io and non-lo DAM visibility, millisecond S-bursts) and Saturn (rotational and sub-
corotational modulation, seasonal effects) and compared to externally-driven processes (so-
lar wind influences). The diagnosis provided by low frequency radio observations is not only
of interest for the further study of giant planet magnetospheres (with JUNO and JUICE), but
also more generally for all planetary and possible exoplanetary radio sources (Zarka 2007),
with LOFAR, Bepi-Colombo and future missions toward the outer heliosphere.
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6 Auroral Signatures of Magnetospheric Dynamics and Boundaries at Jupiter and
Saturn

In this section the interpretation of auroral emissions in terms of magnetospheric dynamics
is described, focussing in particular on the signatures of open-closed field line boundaries
as evidence of the solar wind interaction, and their differences from magnetodisk-related
processes and emissions.

The concept of an ‘open’ magnetosphere was first described for the terrestrial magneto-
sphere by Dungey (1963). He described how dayside planetary magnetic field lines can
become open to the solar wind via magnetic reconnection with the interplanetary field
at the magnetopause. The open field lines are then dragged anti-sunward by the mag-
netosheath flow to form the magnetotail lobes. The lobe field lines drift to the tail cur-
rent sheet where reconnection occurs again to close the field lines. The newly-closed
field lines are accelerated back toward the planet and circulate around to the dayside to
complete the ‘Dungey cycle’ of flux circulation. The disconnected portion of open flux
is lost downtail. Cowley et al. (2003, 2004b) have applied this concept to the rapidly-
rotating magnetospheres of Jupiter and Saturn to illustrate the nature of plasma flow in
different regions of the magnetospheres (see also Delamere et al., this issue). In addi-
tion to the Dungey-cycle model of flux circulation, it has been proposed that the open
field regions in the magnetospheres of Jupiter and Saturn could be maintained by vis-
cous processes at the boundaries allowing for flux and plasma exchange, such as recon-
nection within Kelvin-Helmbholtz vortices on the dusk flank (Delamere and Bagenal 2010;
Desroche et al. 2013).

The characteristics of the open field region are mainly defined by the change in plasma
population, i.e., the loss of previously-trapped magnetospheric plasma and entry of mag-
netosheath plasma, and the anti-sunward convection of the open field lines. In contrast, as
explained in Sect. 1, the magnetodisk regions of the giant planet magnetospheres are char-
acterised by a trapped, warm plasma population, including heavy ions originating from the
moons, sub- or co-rotating with the planet. In this section we focus on the auroral signatures
of open and closed field regions, and their boundaries, as these can be remotely monitored
and provide a more global picture than the restricted spatial sampling of an in situ spacecraft.

6.1 Open-Closed Boundaries in Jupiter’s Magnetosphere

The extent of an open field region and the existence of a Dungey-cycle in Jupiter’s mag-
netosphere have been debated because of the large size of the magnetosphere, and hence
long transport times (Cowley et al. 2003, 2008; Badman and Cowley 2007; McComas and
Bagenal 2007; Delamere and Bagenal 2010). Although, as mentioned above, the processes
leading to the replenishment of open flux have not been conclusively identified (i.e. large-
scale Dungey-cycle circulation versus localised viscous interactions), in situ plasma mea-
surements and remote sensing of ionospheric flows have indicated the presence of a persis-
tent open field region, as discussed below.

6.1.1 Evidence for an Open Field Region
In situ Measurements Ulysses was, so far, the only spacecraft to sample Jupiter’s high
latitude region. It reached latitudes of ~45° during its encounter in Feb 1992. Simpson

et al. (1992) identified a region of Jupiter’s magnetosphere analogous to the Earth’s polar
cap, where the fluxes of MeV particles decreased, indicating their loss to the interplanetary
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Fig. 32 (Left) polar projection of the northern UV auroral region showing the shape and position of the dark
region (yellow contour), the swirl region (red contour), and the active region (green contour) as they appear
at CML = 160° (marked with a vertical green dashed line). Longitude 180° is highlighted with a red dashed
line. The red dot locates the magnetic footprint of Ganymede (VIP4 model) as the orbital longitude of the
satellite matches the CML and therefore indicates the direction of magnetic noon at 15R; (Grodent et al.
2003b). The purple circle is latitude 74°, the projected location of the slit field of view of the data on the
right. (Top right) viewing geometry and (bottom right) Doppler shifted Hg’ IR emission profile from Stallard
et al. (2003), showing the stagnated flows in the dark polar region (DPR). This DPR corresponds to the swirl
region on the UV image on the left. Both images illustrate the dawn-dusk asymmetry of the polar auroral
emission intensity (from Delamere and Bagenal 2010)

medium. Supporting evidence was provided by a decrease of the proton/helium abundance
ratio to values typical of interplanetary space, disappearance of the anisotropy in the corota-
tional direction for ~MeV protons, disappearance of the hot magnetospheric electrons, the
detection of auroral hiss, and anti-sunward ion flow (Bame et al. 1992; Simpson et al. 1992;
Stone et al. 1992; Cowley et al. 1993). The field-aligned current detected at the boundary
as a perturbation in the magnetic field had only a weak signature (~1 nT) implying that the
ionospheric conductivity at the magnetic footprint of the spacecraft was low (Cowley et al.
1993). However, the size and dynamics of this polar cap region could not be determined by
the single spacecraft encounter.

Measurements of the magnetic field in the dawnside magnetotail lobes by Voyager
showed they exhibit very low fluctuations compared to the plasma sheet, consistent
with the extremely low electron densities detected (<107 cm™>) (Gurnett et al. 1980;
Acuiia et al. 1983).

Auroral Observations Jupiter’s main auroral ovals have been shown to be generated by
currents associated with the breakdown of corotation at 20-30R; at the inner edge of the
equatorial middle magnetosphere (Cowley and Bunce 2001; Hill 2001). However, it is not
yet certain which of the various auroral features seen at higher latitudes maps to the open
lobes or their boundary in the ionosphere. Figure 32 illustrates the dark (yellow contour),
swirl (red contour), and active (green contour) regions of the Jovian northern UV polar
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Fig. 33 Two consecutive color-coded polar projected maps of Jupiter’s aurora on 15 August 1999 using
HST-STIS (1180-1530 A FWHM). Dark blue: the faint solar reflected flux, light blue-green: moderate emis-
sions including (2) the ‘low-latitude belt’, and red: brightest auroral features, (1) Io footprint, (3) main oval,
(4) conjugate polar cusps. The dotted curve on top of (3) is the Pallier-Prangé (PP) reference main oval. (7, 8)
are the PP derived inner reference ovals, and (5) is the VIP4 model Io footprint (from Pallier and Prangé
2004)

aurora (Grodent et al. 2003b). The light purple circle indicates the projected location of the
slit used to obtain the data shown in the right hand panel. This is the slit used at NASA IRTF
to observe the infrared H;rintensity and line-of-sight velocities (as described in Sect. 3.3),
shown in the lower right panel. Stallard et al. (2003) and Cowley et al. (2003) suggested that
the dark polar region (DPR), which was held fixed relative to the planetary rotation, could
be the footprint of the open field lines. However, as shown in Fig. 32 there is significant
UV ‘swirl’ emission at 0-200 kR above background in this region, which requires collisions
with electrons with energies greater than the H, ionization energy, 15.4 eV. It is not clear
how the required fluxes and energies of electrons would be present on supposedly open,
plasma-depleted field lines, particularly as Cowley et al. (2003) suggested this would be a
region of downward current, i.e. upward-moving electrons.

Vogt et al. (2011) attempted to address this issue by applying a flux equivalency map-
ping between Jupiter’s equatorial magnetosphere and the ionosphere. They considered any
region mapping beyond the magnetopause or beyond 150R; downtail to be open flux, and
found that corresponded to a region of approximately 40° longitude by 20° latitude in the
ionosphere. The amount of open flux was estimated to be ~700 GWb in each hemisphere,
in agreement with estimates based on the size of the magnetotail lobes and the average field
strength (Acuiia et al. 1983; Joy et al. 2002). In terms of the observed auroral features, Vogt
et al. (2011) estimated that the active, swirl, and part of the dark regions all mapped to open
field lines (see Fig. 32), but the question remains as to what could produce the swirl emission
on open field lines.

Pallier and Prangé (2001) and Pallier and Prangé (2004) determined a reference main
oval from UV observations and scaled it to higher latitudes in a search for a persistent
open-closed field line boundary aurora. They identified an arc of aurora in the northern
hemisphere, surrounding a dark area of radius ~10°, as a possible signature of the open-
closed boundary. They also identified diffuse spots near local noon as signatures of the
magnetospheric cusps in both the northern and southern hemispheres (labelled 4 in Fig. 33).
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The color ratio (see section ‘Comparison Between Electron and Ion Energy Deposition” and
Sect. 3.1.1) of these spots was particularly large, leading to an estimate of the characteristic
electron energy (assuming a pure electron beam) of ~200 keV, at the upper end of the range
of values usually measured for different components of the aurora (Gustin et al. 2004b).

6.1.2 Auroral Signatures of Reconnection at the Open-Closed Boundary

In addition to the search for a persistent auroral signature of the open-closed boundary and
cusps, other more transient features, possibly associated with reconnection events, have been
identified. Waite et al. (2001) showed a localised flare in the UV aurora reaching 37 MR
(total H, and H emission) on a timescale of ~70 s. Bonfond et al. (2011) identified inten-
sifications in the UV polar emission with a 2 min periodicity. They magnetically mapped
the location of these flares to the vicinity of the dayside magnetopause, and pointed out
that their periodicity is similar to that identified for flux transfer events, which are bursts of
reconnection with the interplanetary magnetic field (Walker and Russell 1985).

Signatures of Dungey-cycle tail reconnection, i.e. the closure of open magnetic field
lines, have not been identified in Jupiter’s aurora. Small spots have been observed inside
the dawn arc of the main aurora in both UV and IR images, and related to Vasyliunas-cycle
tail reconnection, which involves reconfiguration of closed field lines (Grodent et al. 2004;
Radioti et al. 2008b, 201 1b).

6.1.3 Comparison to Magnetodisk-Related Emissions

In addition to the polar aurorae described above, at least some of which are related to the
solar wind interaction, features have been identified at latitudes lower than Jupiter’s main
oval. The most obvious of these are the spots and downstream tails associated with the
moons lo, Europa, and Ganymede (Connerney et al. 1993; Clarke et al. 2002). The moons
orbit at radial distances of 5.9, 9.4, and 15.1 R, and their auroral footprints provide valuable
constraints for magnetic field models which seek to map magnetic field lines between the
magnetosphere and the ionosphere (e.g. Connerney et al. 1998; Grodent et al. 2008; Hess
et al. 2011a). The variability of the main oval and moon footprints attributed to increased
mass-loading and hot plasma injection was described in Sect. 3.1.

One further auroral feature related to magnetodisk processes is the variable emission
located equatorward of the main oval. Tomds et al. (2004) investigated electron pitch angle
distributions measured by Galileo and identified a persistent, sharp transition between inner,
trapped (maximum fluxes field-perpendicular) and outer, bidirectional populations at 10—
17R; in the equatorial plane. They suggest that this transition could be caused by whistler
waves scattering the electrons into a more field-aligned distribution, which then precipitate
into the ionosphere to produce a relatively discrete auroral arc observed equatorward of
the main oval (Grodent et al. 2003a). Transient, diffuse equatorward emissions of varying
spatial extent have also been identified and related to injections of hotter plasma from larger
radial distances, either via wave scattering, or field-aligned currents at the edges of the high
pressure injected cloud (e.g. Mauk et al. 2002).

In conclusion, some high latitude auroral features have been suggested to be signatures of
an open field region or its boundary, including magnetopause reconnection events. A polar
cap-like region has been detected in situ at high latitudes and in the magnetotail, but its
extent is not well constrained. The extent and replenishment of Jupiter’s open field lines,
which represent the transfer of plasma and momentum with the solar wind, are not well
understood.
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6.2 Open-Closed Boundaries in Saturn’s Magnetosphere

The efficiency of reconnection between Saturn’s planetary field and the interplanetary mag-
netic field, which creates the open field region, has been questioned because of the sup-
posed low efficiency of reconnection at the magnetopause in the high plasma beta regime
(Scurry and Russell 1991; Masters et al. 2012), although this has been contradicted by
observations at the Earth (Grocott et al. 2009). However, in situ measurements of the
magnetopause have shown evidence for reconnection, from changes in the component of
the magnetic field normal to the magnetopause, and/or the detection of heated or mixed
plasma populations (Huddleston et al. 1997; McAndrews et al. 2008; Lai et al. 2012;
Badman et al. 2013). These latter studies have concluded that reconnection is able to pro-
ceed at a sufficient rate at different locations across the magnetopause to produce a persistent
open flux region at Saturn.

6.2.1 Characteristics of the Open Field Region

In situ Measurements  As at Jupiter, the observations made by in situ spacecraft have pro-
vided evidence of an open field region in Saturn’s magnetosphere. Ness et al. (1981) iden-
tified a tail lobe from Voyager-1 magnetic field data with a diameter of 80Rg and likened it
to the terrestrial magnetotail. The high latitude orbits made by Cassini have since provided
a wealth of in situ measurements of the lobe and polar cap structure. For example, a de-
crease in electron flux by several orders of magnitude was observed by Cassini as it passed
from the dayside magnetosphere to the higher latitudes over the southern polar cap (Bunce
et al. 2008). This was interpreted as a crossing from closed to open field lines. Gurnett et al.
(2010b) identified a plasma density boundary at high latitudes in Saturn’s magnetosphere
using Langmuir Probe measurements of electron density. They also related the decrease in
density to the appearance of auroral hiss (broadband whistler mode waves observed at fre-
quencies below the plasma frequency). Examination of the high energy (~200 keV) electron
data indicated an upward electron anisotropy, suggesting that no electrons were returning
from magnetic mirror points in the opposite hemisphere and hence that the high latitude
field lines were open. An example of these measurements is shown in Fig. 34.

Auroral Observations The auroral field-aligned currents in Saturn’s high latitude magne-
tosphere are also identified in Fig. 34 as perturbations in the azimuthal (B4) component.
These field aligned currents are responsible for Saturn’s main auroral emission and lie close
to the boundary between open and closed field lines, driven by the flow shear between anti-
sunward open and outer magnetosphere flux tubes, and the sub-corotating middle and inner
magnetospheric flux tubes (Cowley et al. 2004b, 2004a; Bunce et al. 2008). The auroral oval
maps to the outer magnetosphere, beyond the ring current, with the poleward boundary of
the aurora mapping to the vicinity of the magnetopause on the dayside (Carbary et al. 2008;
Belenkaya et al. 2011).

The auroral oval is therefore observed to change its size and power in response to solar
wind conditions as open flux is created and destroyed (Clarke et al. 2005, 2009; Crary et al.
2005; Bunce et al. 2005a; Badman et al. 2005). A selection of images acquired by HST
demonstrating the variability of the southern UV aurorae is shown in Fig. 35. Badman et al.
(2006) showed from these images that the southern auroral oval varies in position from
2-20° co-latitude. If the poleward boundary of the auroral oval is used as a proxy for the
open-closed boundary (this is likely to be an upper limit following the discussion above),
the amount of open flux threading the high latitude polar cap is estimated to be 15-50 GWb
(Badman et al. 2005, 2014).
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Fig. 34 A multi-plot comparison Spectral Density (V2 m™2Hz!)
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6.2.2 Auroral Signatures of Reconnection at the OCB

Several localised auroral features have been identified and related to reconnection pro-
cesses close to the open-closed field line boundary. Gérard et al. (2004) identified an au-
roral spot poleward of the noon main auroral arc and suggested it was the signature of
precipitation in the magnetospheric cusps. Bunce et al. (2005a) modelled the ionospheric
response to flow vortices produced by magnetopause reconnection events under differ-
ent IMF conditions including auroral field aligned currents and related emission intensi-
ties. If plasma conditions are favourable then under northward IMF, reconnection is ex-
pected to proceed at the sub-solar magnetopause, resulting in anti-sunward ionospheric
flows and currents close to the open-closed boundary (main oval), the opening of day-
side magnetic field lines and subsequent expansion of the dayside auroral oval to lower
latitudes. Conversely, high-latitude lobe reconnection would occur under prolonged south-
ward IMF and result in reversed vortical flows and currents poleward of the open-closed
boundary in the ionosphere. Sub-solar reconnection is therefore related to the intensifi-
cation of the main auroral arc in the noon region, while high-latitude reconnection is
related to localised auroral emission poleward of the main oval (Bunce et al. 2005a;
Gérard et al. 2005).
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Fig. 35 Selection of six UV images of Saturn’s southern aurora obtained during the interval 11 October 1997
to 30 January 2004, with the date and start time of each image shown at the fop of each plot. The images are
projected onto a polar grid from the pole to 30° co-latitude, viewed as though looking through the planet
onto the southern pole. Noon is at the bottom of each plot, and dawn to the left, as indicated. The UV auroral
intensity is plotted according to the colour scale shown on the right-hand side of the figure. The white crosses
mark the poleward and equatorward boundaries of the auroral emissions (from Badman et al. 2006)

Using high-sensitivity Cassini instruments, the signatures of transient magnetopause re-
connection events have been identified in the noon and post-noon sectors. These appear as
bifurcations of the main auroral arc that have been observed to travel poleward while the end
connected to the main oval sub-corotates (Radioti et al. 2011a; Badman et al. 2012a, 2013).
Similar dusk sector features have been shown to be non-conjugate with their appearance in
each hemisphere related to the direction of the IMF; specifically, they will be favoured in
the northern hemisphere for By < 0 and in the southern hemisphere for By > 0 because
of the different sense of the associated field aligned current patterns and the source plasma
populations (Meredith et al. 2013).

The signatures of nightside reconnection events have also been identified. Broad in-
filling of the polar cap region has been interpreted as a large tail reconnection event
in response to a solar wind compression of the magnetosphere (Cowley et al. 2005;
Badman et al. 2005; Stallard et al. 2012a). Smaller-scale UV spots and blobs have been
attributed to tail energisation events, likely driven by reconnection (Mitchell et al. 2009b;
Jackman et al. 2013), but it has not yet been possible to conclude whether they are associated
with reconfiguration of stretched, closed field lines (the Vasyliunas cycle) or the closure of
open lobe field lines.

6.2.3 Interpretation and Differences from Magnetodisk Processes

While the above discussion has concentrated on the solar wind-related emissions in the
vicinity of the open-closed field line boundary, the auroral signatures of internally-driven
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processes have also been detected at Saturn. A relatively broad mid-latitude auroral oval
has been observed in ground-based measurements of Hf emission, with the peak emis-
sion at 62°N and 58°S (Stallard et al. 2008b, 2010). Stallard et al. (2010) suggest that this
corresponds to the location where plasma flow initially departs from rigid corotation at ra-
dial distances of 3—4 Ry in the magnetosphere (Wilson et al. 2009), and invoke a system of
corotation-enforcement currents flowing between the ionosphere and inner magnetosphere.
The small radial distance of this corotation-breakdown region is somewhat unexpected,
given that the region of maximum ion formation is further out, closer to ~6 Ry (Sittler et al.
2008).

A similar feature was observed in HST UV images but the emission is very faint com-
pared to the main oval (1.7 kR) such that it can only be observed on the nightside when the
tilt angle is large so that the emission is limb-brightened (Grodent et al. 2005). Grodent et al.
(2010) suggested that this emission could be driven by precipitation of keV electrons iden-
tified in the magnetosphere at 4-11Rg. They demonstrated that these electrons, scattered
by whistler waves into the loss cone, would have sufficient energy flux to produce the level
of UV emission observed, such that the field-aligned currents suggested by Stallard et al.
(2010) are not required. One further possible generation mechanism is the precipitation of
hot protons from the ring current (e.g. Mitchell et al. 2009b). Interestingly, simultaneous
observations of the UV and IR emissions have revealed instances of an equatorward arc at
70°S present at all wavelengths (Lamy et al. 2013), and present only in H and H;, but not
H7 (Melin et al. 2011) (see also Sect. 3.4.2).

More localised diffuse emission features have been identified in the dayside UV aurora
by Radioti et al. (2013b), who related them to ENA emissions in the same local time sectors
of the magnetosphere. They suggested that both the auroral and ENA emissions are the sig-
natures of injections of hot plasma in the magnetosphere although the origin of the injections
is unclear.

In addition to these diffuse auroral features, the auroral footprint of Enceladus has been
observed in a small number of the UVIS images (Pryor et al. 2011). The reason for its
variable intensity is most likely to be the time-variability of the cryogenic plume activity on
the moon affecting the local plasma conditions. So far the Enceladus auroral footprint has
only been identified in the UV.

In conclusion, while Saturn’s auroral emissions vary strongly with the solar wind inter-
action, their precise relationship to the open-closed boundary, as revealed by different in-
strumentation, is not yet determined. Monitoring the size and shape of the auroral emissions
provides a valuable tool for describing the extent to which the solar wind and interplanetary
magnetic field are controlling Saturn’s magnetosphere, relative to magnetospheric dynam-
ics.

7 Future Observations and Outstanding Issues

Much of our understanding of auroral processes at the giant planets has come from ded-
icated ground- and space-based telescope observing campaigns. Long-term sequences of
observations are also provided by high inclination views of the polar regions by orbiters. In
2016 there will be the opportunity for simultaneous polar observations of two different envi-
ronments with the NASA polar orbiter Juno at Jupiter, and Cassini’s high inclination orbits
at Saturn. These types of observation are valuable for imaging both hemispheres indepen-
dent of the planet’s season (when one hemisphere is preferentially observed from the Earth),
and for obtaining a good view of the nightside aurora, which is difficult to observe from the
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Earth. These orbits also provide invaluable simultaneous in situ detections of auroral plasma
and currents with imaging or spectra of the conjugate aurora.

Unfortunately, beyond late 2017 there will be no orbital spacecraft at any of the giant
planets until 2030 when the European Space Agency (ESA) Juice mission arrives at Jupiter.
Secondly, with the ageing HST facing retirement within the not too distant future, there
will be no facilities capable of observing in the ultraviolet, with no replacement yet in the
pipeline. These facts mean, by necessity, that we are entering an era where ground-based
infrared observations of H;L will be the main tool with which to study the magnetosphere-
ionosphere-thermosphere interaction at the gas giants. This is not to say, of course, that
this upcoming era is entirely bleak—ground-based telescopes are getting larger, with much
improved instrumentation, with many facilities developing the capability of removing the
influence of the Earth’s atmosphere via adaptive optics (AO). The planetary observing capa-
bilities of the James Webb Space Telescope, scheduled for launch in 2018, are under inves-
tigation. The limitation of infrared observations, however, remains the long lifetime of Hf’,
which precludes the study of short term auroral variability observed in the UV. Ongoing
and future observations of Jupiter’s radio emissions will be provided by the Low Frequency
Array (LOFAR), Nancay Decametric Array (NDA) and Stereo spacecraft.

The outstanding questions for different scientific targets are given at the end of each
section above. A common idea is for coordinated observations at different wavelengths,
and with in situ measurements of solar wind or magnetospheric field and plasma condi-
tions. Coordinated observations are required to study the full thermosphere-ionosphere-
magnetosphere coupled system, including Io (or Enceladus at Saturn) activity and solar
wind conditions. Observations on different timescales are also required. For Io-related vari-
ations at Jupiter, the observing interval should cover several months. To study the solar
wind variation, the observing interval should be at least one week to resolve the time scale
for magnetospheric compression and the following expansion phase. The observable pa-
rameters required are lo’s volcano activity, the lo torus, the IR and UV aurora, radio and
X-ray emissions, and the solar wind (ideally in-situ near the planet or at least propagated
from near-Earth measurements). Since solar wind-driven variation causes compression of
the magnetosphere followed by expansion, and different response processes should occur in
each phase, the temporal variation is important. At Saturn, combined studies using Cassini
remote-multi-wavelength and in-situ observations are an ongoing approach (see Sect. 3.4).
A coordinated observation campaign at Jupiter was carried out in early 2014 when EUV
spectral observations of the Io torus and Jupiter’s polar region were taken by the JAXA
Sprint-A/Hisaki mission. The results of such campaigns will provide significant advances
in our understanding of the relative contributions of solar wind and magnetodisk driving
processes at the giant planets.
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Abstract We review in situ observations made in Jupiter and Saturn’s magnetosphere that
illustrate the possible roles of magnetic reconnection in rapidly-rotating magnetospheres.
In the Earth’s solar wind-driven magnetosphere, the magnetospheric convection is classi-
cally described as a cycle of dayside opening and tail closing reconnection (the Dungey
cycle). For the rapidly-rotating Jovian and Kronian magnetospheres, heavily populated by
internal plasma sources, the classical concept (the Vasyliunas cycle) is that the magnetic
reconnection plays a key role in the final stage of the radial plasma transport across the disk.
By cutting and closing flux tubes that have been elongated by the rotational stress, the re-
connection process would lead to the formation of plasmoids that propagate down the tail,
contributing to the final evacuation of the internally produced plasma and allowing the return
of the magnetic flux toward the planet. This process has been studied by inspecting possible
‘local’ signatures of the reconnection, as magnetic field reversals, plasma flow anisotropies,
energetic particle bursts, and more global consequences on the magnetospheric activity.
The investigations made at Jupiter support the concept of an ‘average’ X-line, extended
in the dawn/dusk direction and located at 90—120 Jovian radius (Rj) on the night side. The
existence of a similar average X-line has not yet been established at Saturn, perhaps by
lack of statistics. Both at Jupiter and Saturn, the reconfiguration signatures are consistent
with magnetospheric dipolarizations and formation of plasmoids and flux ropes. In several
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cases, the reconfigurations also appear to be closely associated with large scale activations
of the magnetosphere, seen from the radio and auroral emissions. Nevertheless, the statis-
tical study also suggests that the reconnection events and the associated plasmoids are not
frequent enough to explain a plasma evacuation that matches the mass input rate from the
satellites and the rings. Different forms of transport should thus act together to evacuate the
plasma, which still needs to be established. Investigations of reconnection signatures at the
magnetopause and other processes as the Kelvin-Helmholtz instability are also reviewed.
A provisional conclusion would be that the dayside reconnection is unlikely a crucial pro-
cess in the overall dynamics. On the small scales, the detailed analysis of one reconnection
event at Jupiter shows that the local plasma signatures (field-aligned flows, energetic parti-
cle bursts. ..) are very similar to those observed at Earth, with likely a similar scaling with
respect to characteristic kinetic lengths (Larmor radius and inertial scales).

Keywords Magnetosphere - Giant planet

1 Introduction

In plasma physics, magnetic reconnection designates the process by which magnetic field
lines are broken and merged to form new field lines. It is often considered as a key driver
of the dynamics of magnetic structures and the most likely explanation of their explosive
energy releases, by a chain of phenomena occurring at many different spatial and temporal
scales.

Magnetic reconnection is a subject of active researches (see books by Biskamp 2005;
Priest and Forbes 2007; Birn and Priest 2007) addressing a large range of topics, from the
analysis of global consequences of magnetic topology evolutions to the detailed investiga-
tion of the kinetic mechanisms that may provide dissipation in collisionless plasmas. The
reconnection can be interpreted as a process that allows a magnetic system to reach a new
equilibrium at smaller potential energy, with the released magnetic energy being converted
into mechanical energy or radiated away. It can also break existing plasma confinements so
that more efficient plasma transport can occur over large distances. Important open ques-
tions concern the identification of the triggers and drivers of reconnection, the effects of the
pre-existing geometry, its temporal behavior (is it more a continuous or a sporadic process?)
and the associated acceleration and transport mechanisms. Furthermore, as the reconnection
requires non-ideal effects to relax the magnetic ‘frozen-in’ constraint, another mystery is to
identify the mechanisms that provide a form of dissipation in the plasma and control the
reconnection rate. Works in this domain include the detailed exploration of the basic kinetic
processes using spacecraft data (see Vaivads et al. 2004, 2006; Phan et al. 2007; Mozer
et al. 2011, and references therein), simulations studies, including extended 3-D particle-in-
cell simulations (Drake and Shay 2007; Pritchett and Mozer 2009; Karimabadi et al. 2005;
Daughton et al. 2011; Olshevsky et al. 2013) and analytical models (Boozer 2013).

Reconnection in natural plasmas has been mostly studied in the context of Earth’s mag-
netosphere and solar corona. The magnetospheres of giant planets, especially Jupiter and
Saturn which combine a fast rotation and prolific internal plasma sources, offer a different
and complementary perspective. They are indeed characterized by the presence of plasma
tori and magneto-disks that can be considered as examples of magnetic structures having
some kind of cylindrical symmetry (especially in the inner magnetosphere), organized by
the rotational stress, with a dynamics largely controlled by the radial plasma and flux trans-
port. How important is the reconnection in driving their dynamics? Are there specific char-
acteristics of reconnection processes in rotating systems that inherently control the overall
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dynamics? What are the transient mechanisms associated to reconnection events occurring
in disks? Are there specificities in the microscopic dissipation processes due to the complex
plasma composition? These are questions of potential wide astrophysical interest that can
be addressed by in-situ investigations in the Jovian and Kronian disks.

It should be stressed that answering these questions is not easy and requires sophis-
ticated instrumentation. Other mechanisms than the reconnection may indeed explain or
play a role in transient magnetospheric phenomena. For example, even in the well-studied
Earth case, the debate is vivid between the supporters of the reconnection model of sub-
storms and authors proposing alternatives as medium scale current-driven and pressure-
driven (ballooning) instabilities (Roux et al. 1991; Lui et al. 1991; Liu et al. 2012, see also
the general review by Kennel 1995 and the scientific presentation of the THEMIS mis-
sion Angelopoulos 2008). At Jupiter and Saturn, important roles are attributed to mecha-
nisms such as ionosphere-magnetosphere coupling to drive the plasma rotation, diffusion
processes, interchange, ballooning instabilities, not excluding solar wind interactions and
Kelvin-Helmbholtz instabilities, in explaining the plasma transport and the magnetospheric
dynamics. The undisputable characterization of these different processes, including the re-
connection, requires a full characterization of the electric and magnetic fields, as well as
measurements of the ion and electron distribution functions. Ideally, multi-spacecraft mea-
surements would be also needed to investigate the magnetic topology evolutions. This is
beyond the capabilities of the instruments that have yet explored Jupiter and Saturn and one
should consider that there are still ambiguities in the identification of the key magnetospheric
processes that operate at Jupiter and Saturn.

This being stated, we review Galileo and Cassini observations of phenomena that may be
related to reconnection. More generally, these observations document how fast rotating and
heavily populated magnetospheres behave. Some emphasis will be put on the Jovian case
simply because the Jupiter’s magnetodisk is often considered as archetypical with, perhaps,
more studies of the disk dynamics than for the Kronian case. With Cassini observations at
Saturn, the tail and the magnetopause reconnection will also be reviewed. In Sect. 2, we
discuss what could be the specificities of the reconnection in magnetodisks. We sketch the
classical Dungey and Vasyliunas models of magnetospheric convection; they indeed serve
as the conceptual frameworks in which many investigations of reconnection and related phe-
nomena are performed. We also list reasons for which the reconnection might proceed dif-
ferently in rotating plasma than at Earth. The topic of the dayside reconnection is reviewed
in Sect. 2.3. In Sects. 3 and 4, the emphasis is put on observations made in the disks and
the tails. We treat the cases of Jupiter and Saturn separately, starting from the description of
local signatures then discussing global aspects of the dynamics. A general discussion with
prospective directions of future investigations is proposed in Sect. 5.

2 Possible Specificities of Reconnection at Jupiter and Saturn
2.1 Reconnection in Solar-Driven System

To introduce the role that the reconnection may play in magnetospheric dynamics, it is useful
to consider the classical picture proposed by Dungey (1961) that describes the dynamics
of a solar-driven magnetosphere, as is the case at the Earth (Fig. 1). This seminal model
attributes a central role to the reconnection, first to ‘open’ the magnetosphere and allow
its energy coupling with the solar wind, second to ‘close’ the tail magnetic field, relax the
accumulated magnetic energy and allow a return of the magnetic flux towards Earth, then to
the dayside, which ultimately closes the cycle.
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Fig. 1 Dynamics of a Solar Wind driven system (Earth)
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The intuitive idea that underlies the use of magnetic reconnection in space physics is
that the current density and, thus, the magnetic reversal across a current sheet (AB, /L, for
a model sheet of thickness L, lying in the X/Y plane with current flowing in Y) cannot
indefinitely increase without triggering magnetic merging. As the sheet thickness becomes
comparable to kinetic length scales such as the Larmor radius or the skin depth, magnetic
field lines initially located on both sides of the sheet may merge. This changes the magnetic
topology, relaxes the magnetic constraint and may contribute to the transport of magnetic
flux, heats and accelerates particles.

In Dungey cycle, this principle is first applied to explain how the interplanetary magnetic
field (IMF), when turned southward, merges with the Earth’s northward-directed dipole field
at the dayside magnetopause. The newly opened flux tubes are then dragged in the anti-
sunward direction by their ‘root’ in the solar wind. This contributes to add open magnetic
flux in the magnetotail. The reconnection is again invoked for the second stage of the cy-
cle. The accumulated magnetic flux progressively stretches the tail current sheet and finally,
when its thickness becomes comparable to kinetic scales, triggers the merging across the
sheet. The closed flux tubes return back to the inner magnetosphere and a plasmoid is evac-
uated in the antisolar direction. This picture is also closely related to the near-Earth X-line
model of substorms (see review by Kennel 1995). In situations of strong inputs of the solar
wind energy, the tail reconnection would take place close to the Earth (15-25 Rg) and trigger
major energy releases in the magnetosphere. Overall, the dissipated power in a solar-driven
system would then appear sporadic, with phases of slow energy accumulations (few hour
time scales at Earth) and intense much shorter energy releases (over a few ten minute scales
at Earth), largely controlled by the variations of the solar wind dynamic pressure and IMF
direction.

This picture largely relies on the standard 2D model sketched in Fig. 2. The reconnection
is supposed to occur in thin planar structures, organized in a quasi-1D equilibrium by the
magnetic and plasma pressures. The relaxation of the magnetic stress leads to particle accel-
erations and the formation of plasma jets that propagate symmetrically on both sides of the
reconnection points. Figure 2 is adapted to the tail reconnection with, thus, a high symmetry
in Z (the normal to the sheet) but different boundary conditions in +/—X. The picture for
the reconnection at the magnetopause would be different, with a strong asymmetry along the
normal to the sheet (magnetosheath/magnetosphere) and a leading role played by external
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driving processes, linked to the continuous incident flux of energy and momentum from the
solar wind.

The reconnection does not necessarily require an anti-parallel configuration. Reconnec-
tion in sheared configurations can also be considered (the ‘component’ reconnection cor-
responding to a non-null By in our model); this notion is important at the magnetopause.
In general, the plasma conditions are expected to influence the occurrence of reconnection
(Quest and Coroniti 1981). In particular, a high value of the plasma beta parameter (the ratio
of plasma to magnetic pressure) in the magnetosheath could inhibit component reconnection
(Swisdak et al. 2003; Phan et al. 2010; Masters et al. 2012). As discussed in Sect. 2.3, this
may have an impact on the role of the dayside reconnection at Jupiter and Saturn.

This 2D model is almost systematically used to predict the magnetotail signatures of re-
connection. They are sketched in Fig. 2 as a function of the spacecraft position with respect
to the reconnection site. On the planet side of the event (case 1), the magnetic relaxation
leads to a more dipolar configuration with a larger vertical magnetic component (dipolariza-
tion); often accompanied by a planetward flow. On the anti-planet side (case 3), a magnetic
structure of closed field lines—a plasmoid—is formed and evacuated. The signature is a
reversal of the normal field direction (southward turn at Earth, northward at Jupiter and Sat-
urn) and an anti-planetward flow. A related signature is the flux rope, a helical structure
characterized by a strong guide field (typically in the east-west, or GSM y component at
the Earth). Finally, if the spacecraft crosses the reconnection point (case 2), a combination
of both signatures—the bipolar pulse (double South-North peak) accompanied by a flow
reversal—is observed.

As mentioned in the introduction, these signatures are not without ambiguities. Recog-
nizing the precise role played by the reconnection or another process in a transient magne-
tospheric phenomenon is difficult. The typical example is that a ballooning instability or a
current-driven instability may also lead to a dipolarization. To try to avoid too hasty interpre-
tation, we will thus often prefer the terms ‘dipolarization’ or ‘reconfiguration’ to the more
specific, process-oriented, ‘reconnection’, except for bipolar pulses accompanied with flow
reversals that can be considered as more reliable signatures of reconnection. As shown later,
the statistical survey of the signatures may also help to settle a coherent view and define
‘average’ locations where reconnection events occur.
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Rotation-driven system (Jupiter)
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Fig. 3 Dynamics of a rotation-driven magnetosphere. The sketch illustrates the possible location of the
reconnection X-line from which plasmoids are formed and evacuated. The continuous green line sketches
the external edge the disk, with its ‘detached’ part resulting from the reconnection. Other forms of transport
processes are indicated: as the radial plasma diffusion in the inner disk and the plasma ‘drizzle’, related to
viscous interaction of the flank of the magnetosphere. The typical time profile of the dissipated power is
shown. It emphasizes the importance of the continuous dissipation linked to the M-I coupling. The part of
energy dissipation due to sporadic reconnections is not expected to dominate the overall energy release

2.2 Reconnection in Rotation-Driven System

Compared to the Earth, Jupiter and Saturn have a stronger magnetic dipole, a faster rotation
and magnetospheres which are populated by abundant internal sources of particles. The par-
ticles expelled by Io and Enceladus lead to the formation of relatively dense plasma torus at
typical distances of 6 R; and 4 Rg, respectively. Locally, the plasma density peak to values of
~100 cm ™3 (Saturn) and ~ a few 1000 cm~2 (Jupiter), thus, factors 100 to 1000 larger than
at Earth. Both magnetospheres are then largely organized by the way the plasma, produced
at a rate of ~1000 kg/s by Io (Bagenal and Sullivan 1981) and ~8-250 kg/s by Enceladus
and the rings (Gombosi et al. 2009; Bagenal and Delamere 2011), is driven in rotation by
its magnetic connection to the ionosphere, confined towards equatorial/centrifugal plane,
transported radially, heated and accelerated, to finally be expelled down tail (Belcher 1983;
Krimigis and Roelof 1983; Vasyliunas 1983). The plasma convection in these rotation-driven
magnetosphere is classically sketched by the Vasyliunas cycle (Vasyliunas 1983), an analog
of the Dungey cycle, adapted to rotating and internally populated system.

In short, Vasyliunas’s model assumes that the reconnection is the process that underlies
the last stage of radial plasma transport in the disk. The reconnection allows the transfer of
the internally produced plasma to the tail and the return of the emptied flux tubes to inner
regions (Fig. 3). In the night side and at large distances from Jupiter (more than 60-80 R;),
the low pressure in the tail cannot compete with the rotational stress, the flux tubes then
progressively stretch out and thin, leading ultimately to a reconnection and the formation
of an X line. Plasmoids are then formed and expelled out. The emptied flux tubes, con-
nected to Jupiter, then return back for a new rotation. In this model, the reconnection is
not the primary mechanism that drives the magnetospheric activity. According to the most
accepted conception (Hill 1979), the Jovian magnetospheric dynamics and the related en-
ergy release are indeed dominated by the magnetic coupling that enforces the rotation of the
newly created plasma populations. This coupling is the result of a current system that links
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Fig. 4 Sketch illustrating Rotation-driven system (Jupiter)
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the disk to the ionosphere. Via j x B forces, it continuously extracts rotation energy from
the ionosphere to the disk, at a rate that is mostly controlled by the mass input and the radial
transport. Overall, this internal coupling leads to much more regular power dissipation than
the external solar wind coupling.

There are many open questions concerning the specificities of reconnection in rotation-
driven system. For example, the way the reconnection helps the radial plasma transport is
not elucidated (see Fig. 4). By analogy with terrestrial substorms, a possibility is that the re-
connection occurs sporadically, with formation of plasma jets and plasmoids, the difference
being that the dissipated energy is the rotational energy progressively accumulated in the
disk. However, as presented later, estimates of the mass and the frequency of the plasmoids
suggest that the sporadic reconnection is not sufficient to explain an evacuation equivalent
to the internal production rate, both at Jupiter and Saturn (Sects. 3.2, 3.3, 4.2, 4.3). Other
mechanism need to be considered as, for example, forms of continuous cross-field transport
across the X-line and possible viscous-like interactions resulting from the interaction with
the solar wind.

About the details of the plasma processes involved in the reconnection, it would also not
be surprising that reconnection in disks differs from the standard 2D model. In disks, the
main stress is linked to the rotation and, thus, oriented radially (X direction, in the plane
of the current sheet), which is different from the magnetic compression, exerted vertically
(Z direction, perpendicular to the plane of the current sheet) in standard plasmasheet (see
Fig. 2). A significant vertical magnetic field and a planetward oriented pressure gradient
are also needed to construct the equilibrium solution. The disk reconnection should thus
operate on closed field lines, in the presence of a non-negligible vertical field, when at Earth
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the merging occurs on open and almost antiparallel field lines. At small scales, the rotational
stress and the presence of multiple charged heavy ions likely make the disk situation more
complex. For example, since heavy ions are concentrated in the vicinity of the central plane
by the centrifugal force, an ambipolar electric field has to be taken into account to restore
the quasi-neutrality.

This discussion shows that reconnection in disks may differ from what is sketched in the
classical 2D model for many reasons. There are surprisingly very few theoretical/simulation
studies of disk situations, at the exception (at the author’s knowledge) of the analysis pro-
posed by Yin et al. (2000) which remains limited to a rather simple 2D model. This can
be stressed already: the conceptual tools that would permit the detailed study of plasma
reconnection processes in rotating plasma are still lacking.

2.3 Interplay Between Internally and Externally Driven Processes

Obviously, as the Jovian and Kronian magnetospheres interact with the solar wind, they
are not immune to external drivers. The role of the solar wind as a trigger of Jupiter and
Saturn’s magnetospheric processes has been demonstrated a long time ago from the radio
emissions (Barrow et al. 1986; Ladreiter and Leblanc 1989; Kaiser 1993; Prangé et al. 1993;
Zarka 1998; Rucker et al. 2008). There are also many evidences that the solar wind effects
may drive a spectacular auroral activity (Gurnett et al. 2002; Prangé et al. 2004; Tao et al.
2005) with, for example, clear indications that the Jovian’s auroral emissions may brighten
at times of solar wind disturbances (Pryor et al. 2005; Nichols et al. 2007; see also the review
in Clarke et al. 2009). The physical nature of these correlations is still not firmly established.
They can indeed be direct consequences of an enhanced reconnection at the magnetopause,
leading possibly to a more active Dungey cycle. On the other hand, the variations of the solar
wind pressure may also directly impact the activity of the internal magnetospheric engine.

A first way to envisage these topics is to investigate how the Dungey and the Va-
syliunas cycles may interact and, thus, to analyze how the dynamics of the rotationally
ejected plasma can be combined with cycles of dayside opening and tail closing recon-
nection (Cowley and Bunce 2001, 2003; Cowley et al. 2003, 2005; Badman et al. 2005;
Badman and Cowley 2007; Cowley et al. 2007). Regarding the role of external drivers
in regulating the internal, rotationally-dominated, dynamics, it has been proposed that an
increased solar wind pressure could oppose to the outflow rate of magnetospheric plasma
and, thus, weakens the intensity of the rotationally-enforced current system (Southwood and
Kivelson 2001). Combining MHD and kinetic concepts, the same authors have discussed the
role of the forces externally imposed at the magnetopause on the dynamics and the energet-
ics of rotating flux tubes (Kivelson and Southwood 2005, see also Vogt et al. 2014). The
existence of an operant Dungey cycle at Jupiter has even been challenged. McComas and
Bagenal (2007) have suggested that it might be incomplete; raising the question of the ef-
fectiveness of the return flow resulting from the tail field closure given the huge scale of
the Jovian magnetosphere, this statement being nevertheless later criticized by Cowley et al.
(2008). Other forms of interactions have also been investigated. A quite radically differ-
ent conception is that Kelvin-Helmholtz (KH) instability developing at the magnetopause
transfers an anti-solar stress to the rotationally driven plasma (Delamere and Bagenal 2010,
2013; Delamere et al. 2011, 2013, note also the early work by Galopeau et al. 1995, about
the KH instability at Saturn). This would imply small-scale, intermittent reconnections on
the flanks of the magnetopause, resulting in a viscous-like interaction that ultimately leads
to a diffusive ‘drizzle’ of the plasma across the magnetic field.

The interaction between internally and externally driven processes is likely of particular
importance at Saturn. The rings and Enceladus are prolific internal sources of particles and
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may even lead to larger supply rate than Io at Jupiter when normalized to intrinsic planetary
properties (Vasyliunas 2008). However, the smaller magnetic dipole less efficiently couples
the new plasma populations to the ionosphere so that the rate of rotational energy that can
be transferred to the Kronian torus/disk is reduced compared to Jupiter: ~50-200 GW in-
stead of 5-10 TW (Bagenal and Delamere 2011). The part of the magnetosphere internally
driven by the rotation is also reduced compared to Jupiter with, comparatively, a larger role
that may be attributed to external processes, in the form of more effective Dungey cycle
(Badman et al. 2005; Badman and Cowley 2007) or viscous-like interactions linked to the
development of KH instabilities (Desroche et al. 2012, 2013; Delamere et al. 2013).

What do we know about solar wind interactions at Jupiter and Saturn and, more specifi-
cally, about reconnection at the magnetopause from the observation?

At Jupiter, possible signatures of dayside reconnection have been observed with Pio-
neer and Voyager data (Walker and Russell 1985); these signatures seem less frequent and
weaker than observed at Earth, possibly indicating a lower overall reconnection rate. Other
evidences for dayside reconnections come from the observations of the highest latitude auro-
rae (the polar aurorae). The intensity of these transient and localized emissions, magnetically
connected to the dayside magnetosphere (Pallier and Prangé 2001, 2004), can increase by
factors of a few tens on minute time scales (Waite et al. 2001). More recent HST observations
have revealed polar flares that are pulsed on timescales of 2-3 minutes. A refined magnetic
mapping (Vogt et al. 2011) shows that they most probably originate from the dayside mag-
netopause, at 50-100 Ry, and then likely constitutes evidences of pulsed reconnection at the
magnetopause (Bonfond et al. 2011).

At Saturn, several auroral signatures of dayside reconnection have also been reported.
Their location may give indications on the position of the reconnection events. A low-
latitude reconnection would lead to an intensification of the near-noon auroral arc, while
lobe reconnection could be manifest as a distinct spot poleward of the noon auroral arc
(Bunce et al. 2005; Gérard et al. 2005). Analysis of Cassini auroral images has also revealed
poleward arc bifurcations in the high-latitude noon sector, which were interpreted as the
signatures of bursty reconnection events (Milan 2009; Radioti et al. 2011, 2013). It has also
been suggested that similar forms of auroral spots could be linked to Kelvin-Helmholtz vor-
tices (Grodent et al. 2011). Recently, Badman et al. (2013) have tracked the evolution of
auroral signatures. For the studied event, the reconnection activity was first manifest as a
cusp spot, explained by high-latitude lobe reconnection, which then evolve toward auroral
bifurcations at the noon oval. This was interpreted as bursty reconnection under conditions
of strong solar wind compression of the magnetosphere. Direct field and particle signatures
of reconnection at Saturn’s magnetopause were first reported by Huddleston et al. (1997),
showing evidence for rotational discontinuity from Voyager 1 data. With Cassini magnetic
and field measurements, it has been even possible to distinguish different form of reconnec-
tion with evidences for low-latitude anti-parallel reconnection and more distant high-latitude
events, presenting features similar to those observed at Earth (McAndrews et al. 2008).

Interestingly, the extent to which dayside reconnection operates is a topic of intense de-
bate (Masters et al. 2014 and references therein). The reconnection rate is modulated in
some manner by the orientation and magnitude of the IMF, as well as the value of the
plasma B. Conflicting early studies have indicated that reconnection is (i) feasible and can
be important (e.g. Huddleston et al. 1997; Grocott et al. 2009), or (ii) that reconnection can
be suppressed by the high Mach number regime at Saturn (e.g. Scurry and Russell 1991).
While evidences of dayside reconnection have been presented (see above), recent studies
claim its role is rather limited (Lai et al. 2012). More recently, work has focused on the
factors that may govern the reconnection rate, such as the plasma g (Masters et al. 2012;
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Desroche et al. 2013). Fuselier et al. (2014) have analyzed an extended set of reconnection
events, suggesting that there is an effect of high Mach number regime in inhibiting com-
ponent reconnection at Saturn. Using also an extended set of reconnection events, Masters
et al. (2014), have estimated the reconnection electric field and shown that it is generally
small (0.01 mV/m). They thus concluded that magnetopause reconnection is likely not a
major driver of the dynamics at Saturn.

The review of the literature thus provides several examples of bursts in Jupiter and Sat-
urn’s activity that are likely triggered by solar wind perturbations. In addition, there is in
overall a clear correlation between solar wind effects and various proxies of the magne-
tospheric activity. That this operates mainly through reconnection at the magnetopause is
challenged. There are possibilities of direct actions of the solar wind pressure on the internal
magnetospheric engine, powered by the rotation; KH instability and forms of viscous-like
interactions may also play a significant role.

3 Observations in Jupiter’s Disk
3.1 Local Reconnection Signatures

Most of the in situ measurements from Jupiter’s magnetosphere were made by the Galileo
spacecraft, which orbited Jupiter from late 1995 to 2003, though data are also available
from seven spacecraft flybys. The Galileo spacecraft included a magnetometer (Kivelson
et al. 1992), which measured the direction and magnitude of the magnetic field, and an
energetic particle detector (EPD), which measured the temporal and spatial distribution of
ions (20 keV-55 MeV) and electrons (15 keV-11 MeV) (Williams et al. 1992). The EPD
measurements provide particle anisotropies which can be used to infer flow. Generally, it
can be noted that the Galileo coverage (up to 150 Ry), when scaled to dipole strength and
standoff distance, is analogous to ~30 Rg at Earth (Jackman and Arridge 2011) so that,
generally speaking, very little is known about distant magnetospheric processes. The same
remark applies to Cassini and Saturn.

The analysis of the magnetic field and energetic particle data has established the typical
quiet-time field configuration and global flow patterns. In the inner magnetosphere, inside
of 20 R; (Jovian radii), the magnetic field is primarily dipolar and the plasma in the Jovian
magnetodisk rotates with the same angular velocity as the planet. Beyond this distance,
the flow of the plasma lags behind the rotation of the planet but remains predominantly in
corotational direction (Krupp et al. 2001). In the middle (~20-40 R;j) and outer (>40 Ry)
magnetosphere the magnetic field is stretched in the radial direction by the current sheet,
and is swept back azimuthally as the magnetodisk plasma is no longer corotating with the
planet (Smith et al. 1974; Khurana and Kivelson 1993). The equatorial field is southward.
Both the plasma flow pattern and the magnetic field configuration display strong local time
asymmetries (Krupp et al. 2001; Kivelson and Khurana 2002; Khurana et al. 2004). In the
post-midnight to dawn local time sector the azimuthal plasma flows are stronger, the field
lines are most radially stretched and are most bent back due to interaction with the solar
wind. By comparison, near dusk the plasma flows are slowest and the magnetic field is more
dipolar and may be swept forward.

As presented in Sect. 2, possible signatures of reconnection events are identified in
magnetic field data by transient reconfigurations to a more dipolar field geometry, and in
particle data by deviations in the typical corotational flow pattern in favor of increased
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flow in the radial direction. The assumption is that the magnetic relaxation transfers ra-
dial momentum to the plasma, which is added to the rotation flow. The first observa-
tional evidence of a signature of reconnection at Jupiter was found in Voyager particle
and magnetometer data by Nishida (1983). They reported strong outward radial flows as-
sociated with a reversal of the magnetic field to a northward direction, and attributed
these changes to magnetic reconnection. More recently, case studies (Krupp et al. 1998;
Russell et al. 1998) and surveys of the Galileo EPD data and magnetometer data have iden-
tified hundreds of disturbed intervals that have been interpreted as possible reconnection
signatures.

Kronberg et al. (2005) used Galileo EPD data to identify 34 reconfiguration events that
were characterized by strong radial flows occurring at the same time as increases to the
north-south component of the magnetic field (By component). Vogt et al. (2010) surveyed
magnetometer data from Galileo and several other spacecraft and found 249 reconfigura-
tion events in which By, the north-south component of the magnetic field, was significantly
enhanced over background levels, indicating reconfiguration to a more dipolar field geome-
try. Depending on the nature of the observed By signature, the change of the magnetic field
configuration may be associated with: plasmoids (regions defined by closed field lines and
associated with quasi-bipolar fluctuations in By), traveling compression regions (TCRs, the
regions where the field strength is increased above and below the plasmoids), post-plasmoid
plasma sheet formations, dipolarization and flux ropes (Kasahara et al. 2011, 2013; Kron-
berg et al. 2012). The disparity between the number of events identified from the particle
data and the number of events identified in the magnetometer data can partially be explained
by the fact that the magnetometer data have a higher time resolution (typically 24 seconds
per vector) than the EPD data (typically 3—11 minutes), making it easier to identify transient
features. Additionally, the intervals studied by Kronberg et al. are generally long in duration
(~10-20 hours) and include more than one of the Vogt et al. events.

In general, there is good agreement between the particle and magnetometer data,
as most of the intervals of high radial anisotropy identified in the particle data were
accompanied by field dipolarizations or reversals (Kronberg et al. 2005). Additionally,
there is a good correlation between the direction of radial flow and the direction of By,
the meridional or north-south component of the magnetic field (Kronberg et al. 2008a;
Vogt et al. 2010), as was seen in the Nishida (1983) events. Though the magnetometer does
not directly measure flow, the radial flow direction can be inferred through the sign of By,
the north-south component of the magnetic field, and the flow direction inferred from the
anisotropies is frequently consistent with the changes seen in the magnetic field. Planetward
(tailward) of the x-line, it is most likely that flow will be radially inward (outward) and
By will be positive (negative), so outward (inward) radial anisotropies are expected to be
associated with a negative (positive) By.

Magnetic field and particle data from a reconfiguration event studied by Kronberg et al.
(2005) are shown in Fig. 5. During the quiet period before and after the disturbed interval,
the flow in the corotational direction (azimuthal component of the ion anisotropy, denoted by
a green line) dominates the flow in the radial direction (red line). Despite the large distance
from Jupiter (100 Ry), this suggests that Galileo is still located in a plasma that flows in the
azimuthal direction, as expected if rotational effects dominate. The particle intensity, shown
in the top panel, smoothly changes on periodic, 10-hour time intervals. These changes are
associated with the spacecraft crossing periodically through the current sheet center due to
the 10° tilt of the magnetic field axis with respect to the rotational axis. During the quiet
time, Galileo has not encountered the distinct plasma sheet/lobe boundaries. The magnetic
field during the quiet time is largely in the radial direction, with a small (~1-2 nT) positive
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Fig. 5 Energetic particle (EPD)
and magnetic field (MAG)
observations on Galileo orbit G2
from DOY 269, 05:00 to DOY
272, 05:00 in 1996. From top to
bottom are displayed:
omnidirectional ion intensities
(0.042-3.2 MeV) (first panel);
first order ion anisotropies in the
radial (positive is outward) and
corotational direction (second
panel); the magnetic field
components (third to fifth panels)
in SIII coordinates (the radial
component is positive in the
outward direction, the azimuthal
component positive in the
direction of Jupiter’s rotation, the
south-north component positive
southward) and its magnitude
(sixth panel); continuous
horizontal lines outline “quiet”
and disturbed periods, dashed
lines labeled (Q and D) to
specific times referred to some
representative current sheet
crossings; in the text and a sketch
below. Sketch: Meridional cut
through the magnetodisk
configuration. Jupiter is from the
left. At the right side the profiles
of ion pressure P; and of the
magnetic pressure Pj, are shown.
From Kronberg et al. (2005)
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By component, compared to the radial component (4-5 nT). The disturbed interval begins
roughly at 08:00 on day 270 of 1996, lasts until roughly 17:00 on day 271, and includes two
of the reconnection signatures identified by Vogt et al. (2010) from the magnetometer data.
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The start of the disturbed interval is marked by changes in the flow pattern and magnetic field
configuration. Most noticeably, the flow in the radial direction dominates over the azimuthal
component, while the azimuthal component points predominantly in the anticorotational di-
rection. During the disturbed interval the strong plasma flows are initially in the outward
radial direction, then after ~10 hours we observe strong negative radial anisotropies cou-
pled with the super-corotational flow, which indicates sunward-moving plasma. Such clear
flow reversals are observed in 53 % of the Jovian reconfiguration events. They indicate that
the X-line propagates tailward (Kronberg et al. 2005). The ion intensity, measured by the
particle flux in the top panel, changes rapidly during the disturbed interval. This indicates
that Galileo intermittently entered the lobes where the plasma density is low. The magnetic
field data from the disturbed interval show at least two periods of relatively brief (~tens of
minutes) field reversals (By < 0) in which | By| is larger than background values, indicating
reconfiguration to a more dipolar field.

This observation, made at ~100 R; in the post midnight sector ~2:30 MLT, combined
both magnetic and particle signatures of the reconnection. It can be considered as a clear
indication of reconnection events occurring sporadically at the edge of the disk.

3.2 Event Properties

Statistics studies of the signatures found in energetic particle and magnetic field data have
established their average properties such as spatial distribution, scale size, recurrence period,
and mass lost, and have also identified the location of a statistical separatrix separating
inward and outward flow. In this section we review these properties and discuss what the
results suggest for Jupiter’s magnetospheric dynamics.

The spatial distribution of 249 reconfiguration events identified from magnetometer data
(Vogt et al. 2010) is shown in Fig. 6. The solid black lines in the figure show the space-
craft orbits for times when there were few data gaps and when the spacecraft was within
15° latitude of the equatorial plane. The color of each event symbol indicates the dominant
sign of By—positive, negative, or bipolar—during the event, as this signature can be used
to infer flow direction. Events are indicated in the figure by a triangle symbol if they in-
duced an acceleration of energetic ions and electrons as inferred from the flow-anisotropy
of energetic ions in the Galileo EPD data at energies between 65 and 120 keV (Kronberg
et al. 2005). While many more events are found at post-midnight local times, more data are
available post-midnight than pre-midnight, and when this is taken into account one finds
that events are roughly evenly distributed on either side of midnight. However, it is worth
noting that the Kronberg et al. flow anisotropy events are much more spatially restricted,
being located mainly post-midnight and at distances larger than ~60 R;. The most distant
of the flow anisotropy events were observed at ~2500 Ry by New Horizons (e.g. McCo-
mas et al. 2007). Recently, Kasahara et al. (2013) analyzed particle data from all of the 249
events found in the magnetometer data, and showed that the nature of the particle signature
during the event depends on local time. They found that large density changes, indicating
lobe reconnection, and large radial flows were observed during the dawn sector events only,
whereas the flow direction remained corotational, and little or no density changes were ob-
served for the dusk sector events. Therefore Kasahara et al. (2013) proposed that a process
other than tail reconnection may be responsible for the duskside field dipolarization events.

Also shown by the purple lines in Fig. 6 are the locations of two statistical x-lines sepa-
rating inward and outward flow. The dashed purple line indicates the x-line drawn by Woch
et al. (2002) using energetic particle observations, which indicate the flow direction, and the
solid purple line indicates the x-line derived by Vogt et al. (2010), who inferred the flow
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Fig. 6 The location of reconnection signatures observed in magnetometer data (circles) and in both magne-
tometer and Galileo EPD data (triangles). This is an equatorial plane view, and the Sun is to the left. Events
are colored red, blue, or green according to the sign of By, the north-south component of the magnetic field,
which provides a good proxy for the radial flow direction. The purple lines show the location of the statisti-
cal x-line separating inward and outward flow according to Woch et al. (2002) (dashed line) and Vogt et al.
(2010) (solid line). Black solid lines indicate spacecraft orbits. Modified from Vogt et al. (2010), Fig. 8

direction from magnetic field data using the sign of By. The two x-lines show mutual agree-
ment and confirm that the magnetodisk at certain distance becomes unstable and that this
distance depends on the local time, being ~90 R; near dawn and farther out at earlier local
times.

Many of the observed reconnection events are indicative of plasmoids, which are charac-
terized by a quasi-symmetric bipolar By signatures. Roughly 17 percent of the reconnection
signatures observed in the magnetometer data can be identified as tailward-moving plas-
moids based on the nature of the By signature (Vogt et al. 2014). An example of such a
plasmoid event is given in Fig. 5 at about 11:00 on day 270. Such plasmoid-induced events
last on average between 10 and 20 min, not considering the duration of the transition of
Galileo through the post-plasmoid plasma sheet, which usually is substantially longer. The
average speed of the plasmoid is about 460 kms~'. This implies that the radial length of
the plasmoids range from 5 to 10 R;, with the mean value being 9 &= 2.6 R;. Their speed
is Alfvénic (Kronberg et al. 2008b). The mass loss through one plasmoid is estimated by
Kronberg et al. (2008a) to be about 8 x 10° kg (the particle number density is 0.025 cm™,
the average ion mass is assumed to be 16 proton mass, the length of the plasmoid is 9 Ry, its
thickness is 2 Ry and the azimuthal scale is 200 R;), which is consistent with the estimates
of Vogt et al. (2014) with masses from 2.8 x 10* kg to ~2 x 10° kg. It is interesting to
estimate the role of these different signatures in the mass transport. Given a recurrence rate
of 2-3 events per day (which can be considered as a higher value), the estimates mass loss
rate is ~1-125 kg/s, much smaller than the 500-1000 kg/s of Iogenic plasma (Vogt et al.
2014), especially considering that an azimuth extension of 200 R; for the plasmoids is likely
an upper value.

Another transient feature frequently associated with a reconfiguration event is the pres-
ence of field-aligned energetic particle beams, observed in the lobes. An example is given by
the reconfiguration event shown in Fig. 7, where two field-aligned beams (1) and (3) precede
bursty bulk flows (2) and (4). Field-aligned beam (3) is associated with a TCR signature and
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a flux rope. Most of these beams are ion streams associated with field-aligned electron flows,
in support of the X-line formation scenario by Grigorenko et al. (2009). The field-aligned
ion beams show a time dispersion which implies that its origin is at one point or line. The
dispersion is seen also for energetic ions of different species by New Horizons by Hill et al.
(2009). The total mass loss during these events is estimated to be about 10° kg, which is less
than the loss through plasmoids (Kronberg et al. 2012). The rate of kinetic energy release
during field-aligned beams is on the order of 9 TW, which is enough to supply, e.g., the
Jovian polar auroral emissions observed by Radioti et al. (2010) (see Sect. 3.4).

Interestingly, the measurements shown in Fig. 5 suggest that a part of the mass is released
not through plasmoids themselves but at the plasma sheet boundary layers. It is striking that
the strongest increases of the ion intensity are observed at the plasma sheet boundary layers
(see sketch in Fig. 5), namely when the modulus of the radial magnetic field component
starts to decrease from the lobe values (see panel 3 from the top). It is consistent with the
fact that the ion intensity (pressure) is lower at the plasma sheet center and higher in the
transition region between the plasma sheet and the lobe (in contrast with the quiet time,
which is characterized by a peak at the current sheet center), see sketch in Fig. 5. If it is
confirmed by additional cases, this observation would suggest that a continuous form of
reconnection might exist with the formation of a continuous X-line that would ease the
radial plasma evacuation (see Fig. 4).

3.3 The Large Scale Perspective

It is also interesting to look at the preconditions and the occurrence frequency of large recon-
figuration events. When Galileo was located Jupiterward of the X-line, the magnetic field
data showed a recurrent stretching of the plasma sheet (Kronberg et al. 2007). Before the
onset of the reconfiguration event, the radial magnetic field component in the lobe grows
gradually together with a decrease of the polar magnetic field in the current sheet center
(Fig. 8). This is interpreted as a signature of the current sheet stretching. At the same time,
an increase of the spectral energy index y, I ~ E~7, is observed (spectral softening). The
change is associated with the fact that ions at higher energies (larger gyroradii) are no longer
trapped in the current sheet and therefore not seen by the detector. Similar events of plasma
sheet thinning were observed by Louarn et al. (2000). Eventually, the thin current sheet
is disrupted by explosive reconfiguration events characterized by a bipolar magnetic field
signature (dipolarization). The dipolarization is associated with a hardening of the spectral
energy index gamma (see Fig. 8). Reconnection can be triggered by micro instabilities in
the thin current sheets when its thickness is comparable to the gyroradius of the ion and
the magnetic field is so distended that |By/B,| < 0.025 (Zimbardo 1993). This condition is
satisfied just before the reconfiguration event has happened, see Fig. 8.

Based on EPD data, the reconfiguration of the Jovian magnetosphere appears to be peri-
odic, at least for certain time intervals as during the G2 and G7 orbits, with 2—4 day cadence
(Fig. 9). The signature of periodic stretching/thinning of the current sheet and the follow-
ing dipolarization is well seen in the spectral index gamma (Woch et al. 1998; Kronberg
et al. 2007, 2008a, 2009), especially planetward of the X-line. Tailward of the X-line, the
periodic signatures of the mass-release on several days scale are rather seen in the first order
anisotropy (Krupp et al. 1998; Kronberg et al. 2005, 2007, 2009) and associated with bipolar
magnetic field fluctuations. A periodic plasma sheet thinning and thickening were discussed
by Vasyliunas et al. (1997). Also observations of ion velocity dispersions, anisotropies and
compositional variations by New Horizons show typical repetition time scale of several days
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Fig. 9 (a) First order anisotropies in the radial and corotational direction; (b) the south-north magnetic field
component; (¢) a time frequency spectrogram from PWS data: The observations have been taken in the time
interval DOY 265, 1200 to DOY 280, 0000 in 1996 (Galileo orbit G2). Details on the origin of the various
radio emissions seen by PWS are described in Fig. 10

(McComas et al. 2007; McNutt et al. 2007). Note, however, that the periodicity is not sys-
tematic. There are also time periods of several months during which the magnetosphere does
not present signs of periodic activity (Louarn et al. 2000).

A large scale perspective of these reconfigurations can be given by investigating how they
are related to intensifications of the radio emissions. In Fig. 10, we present observations of
radio emissions made with the Galileo PWS instrument (Gurnett et al. 1992), during the G2
orbit. This figure details the radio data that are shown in Fig. 9. The data are organized in
three frequency ranges (respectively: (1) a high frequency band, from 50 kHz to 5.2 MHz,
(2) a medium one, from 50 kHz to 250 kHz, and (3) a low one, below 20 kHz), each of
them corresponding to emissions coming from different magnetospheric regions: (1) the
auroral region (the so-called HOM and b-KOM), (2) the Io torus (n-KOM) and, (3) the
continuum emission that filled the whole magnetosphere. The low frequency cut-off of this
last emission gives the local upper-hybrid frequency which is, in practice, very close to the
plasma frequency.

As described in Louarn et al. (1998, 2000), these dynamic spectra show the occurrence of
repetitive radio events, indicated by red ticks in Fig. 10. They are called ‘energetic events’ in
Louarn et al. (1998, 2000, 2001). They are characterized by sudden increases of the intensity
of the auroral emissions, a change in the morphology of the n-KOM and strong perturbations
in the low frequency cut-off of the continuum. This is indicative of the occurrence of global
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Fig. 10 Details of the radio emissions observed by PWS during the time interval DOY245-1996 to
DOY295-1996 (G2 orbit). The upper panel shows the dynamical spectra of the 3 main types of Jovian radio
emissions. The middle panel indicates the location of their respective sources. The red ticks mark the occur-
rence of the ‘energetic events’. They coincide with magnetic perturbations and flow anisotropies (see Fig. 9).
The lower panel is a plot of the nKOM intensity as a function of Galileo system III longitude. Each event
corresponds to a shift in longitude of the source (yellow arrow). This observation illustrates the global aspect
of the ‘energetic events’ and the related reconnection signatures (from Louarn et al. 2000)

dynamical processes that affect, simultaneously, the auroral zone (2—4 R; on high latitude
field lines), the external part of the Io torus (~8-10 R; in the equatorial plane) and the local
plasma density, at about 100 R;. A fascinating feature is also that each new ‘event’ is linked
to the formation of a new source in the torus, located at a different system III longitude than
the previous one. They are also related to variations of the density and, most likely, of the
total mass content of the disc (Louarn et al. 2000), which may indicate a link with variations
in the radial mass transport. Finally, one case studied in Louarn et al. (2001) suggests that
these intensifications are linked to injections of energetic particles at 10—15 Ry. The analysis
of the whole Galileo data set shows that this is general: all ‘energetic events’ that have been
observed when Galileo is close to Jupiter were correlated with injections of particles (Louarn
et al. 2013). This constitutes a further evidence of the global aspect of these phenomena.

These radio events were discovered independently of the quasi-periodic bursts and
anisotropies in the energetic particles reported by Woch et al. (1998) and Krupp et al. (1998).
It is now clear that all these signatures are various aspects of the same global magnetospheric
phenomena.

3.4 Possible Model of the Periodicity

One of possible scenarios in order to explain the periodicity is that the magnetosphere is
internally driven. Starting from an initial mass-loaded state further mass-loading of rapidly-
rotating flux tubes will lead to the increase of the inertial moment of the tail plasma and
the centrifugal force. The magnetotail will continuously stretch and at a certain moment the
reconnection conditions will be satisfied, upon which the x-line/point will be formed and the
explosive plasma release occurs. As mass-loading is continuous this process will be repeated
again and again. The feasibility of this scenario is estimated in the model by Kronberg et al.
(2007):
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Fig. 11 The intrinsic time constant (in days) of the Jovian magnetosphere needed for mass-loading of the
magnetodisc until it becomes unstable and reconnection starts versus the mass-loading rate of the magne-
todisc. Tivo lines correspond to the initial thickness of the magnetodisc. The shaded area shows the observed
periodicities of the plasma sheet topology change from e.g. Woch et al. (1998), Kronberg et al. (2009) and
shown in Figs. 4, 5. The vertical dashed line show the most probable mass-loading rate

The additional forces will change the stress balance in the Jovian magnetotail. The local
stress balance in the co-rotating system, following (Vasyliunas 1983), can be written as:

P2 Xr+202 xr+p2x(R2xr)+V-P=jxB, (1)

where r is the radial distance, P the plasma pressure tensor, j the electric current density,

B the magnetic field strength. The mass-loading is allowed in Eq. (1) by including the

local time derivative of the mass density. The centrifugal force and mass-loading lead to

the change of the magnetic field configuration. The azimuthal component of the local stress

balance in the equatorial plane responsible for thinning of the current sheet is
0P _ BBy

Q- —= .
per ar Wod

(@)

We can define the ratio «, which is related to the current sheet topology, by assumption

% = — p£2”r based on observations (Kronberg et al. 2007), and its corresponding temporal

variation which depends on the mass-loading rate and the centrifugal force
‘ By B,

o=
Hod

From this formula the estimation of the intrinsic magnetospheric time constant for the
stretching process is derived:

d
~2p0%, d_(: =2p82%r. (3)

Brre(‘Bgfc B B?Bg

ec
S = 4)
082°r 201082%r
where the terms with “0” correspond to the initial state of the magnetotail configuration (see
Fig. 9) and the terms with “rec” related to values taken just before the disturbed period starts.
The results are seen in the Fig. 11, which is in reasonable agreement with observations.
The formula (3) can be explained more qualitatively. Apparently the result of this sim-
ple conceptual model is basically the same as the result of the “minimal substorm model”
for explaining the waiting time between two successive substorms by Freeman and Morley
(2004). The difference is only in the energy sources. The parameter ¢ characterizes the
initial state of magnetospheric configuration and can be influenced by the solar wind condi-
tions. The parameter «,.. is a critical energy threshold determined by the conditions for the
current sheet configuration favoring reconnection (i.e., the conditions at which the current
sheet thickness is of the order of the ion gyroradius). This parameter can be also influenced
by the solar wind environment. The parameter da/dt = 2652%r (see also Eq. (2)) is the en-
ergy power: The energy power in the terrestrial case comes from the solar wind, and in the

r 0
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T
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Jovian case it depends on the mass-loading power and the centrifugal force, thus it describes
an internal energy source. As periodicities are frequently observed in the Jovian magneto-
sphere (Kronberg et al. 2009) and confirmed by modeling to be feasible, we suggest that the
main driving mechanism of the Jovian reconfiguration events is internal. A similar model
was developed for Saturn by Rymer et al. (2013).

The models which describe the circulation in the Jovian magnetosphere, e.g. the Vasyli-
unas cycle that was already presented, the model by Cowley et al. (2003) who combined
Vasyliunas cycle with the solar wind interaction Dungey-cycle, the model by Kivelson and
Southwood (2005) which outlined the dynamics of the plasma sheet as a function of local
time, do not include the transient nature of the magnetotail dynamics described above. It
would be an important task for the future to incorporate these transient features discussed
above in a more complex model.

It is also natural to compare the reconfiguration events with the terrestrial substorm
processes, as suggested by Russell et al. (2000). A phenomenology of individual Jovian
substorm-like events was also considered by Woch et al. (1999) and Kronberg et al. (2005).
More specifically, the main phenomena of a magnetospheric substorm at Earth can be clas-
sified in three groups (see Vasyliunas, abstract for ICS-9): (1) enhanced energy dissipation
(auroral emissions) accompanied by (2) changes of the magnetic field configuration from
stretched to nearly dipolar, (3) fast (order of Alfven speed or more) plasma bulk flows in the
magnetotail. This phenomenological grouping appears to be applicable to Jupiter. The phe-
nomena of group (1) were observed by the Hubble Space Telescope (HST) and related to
ground observations, see e.g. Radioti et al. (2010, 2011), Ge et al. (2010). Louarn et al.
(1998) reported on periodic intensifications of the auroral emissions using in situ PWS
data. These intensifications were associated with the change of the magnetic field topol-
ogy and with particle bursty bulk flows by Woch et al. (1999). Signatures from group (2)
are seen as a change of the magnetic field configuration from a tail-like to a more dipo-
lar configuration (Russell et al. 1998, 2000; Kronberg et al. 2007, 2008a; Vogt et al. 2010;
Kasahara et al. 2011; Ge et al. 2007). Eventually the fast plasma bulk flows associated with
phenomena of two previous groups were reported by Krupp et al. (2001), McComas et al.
(2007), Kronberg et al. (2008b). Transient dispersive ion events were observed by New Hori-
zons at distance from about 880 to 2200 R; in the Jovian magnetotail by Hill et al. (2009).
The source of these events was estimated to be at 150 R; in the magnetotail, where the Jo-
vian near X-line is located. Therefore, the signatures from all 3 groups are observed in the
magnetosphere and are consistent with each other. If one replaces the solar wind stress as in
terrestrial case by stress from mass loading and rotationally driven iogenic ion outflow, then
the substorm concept might well be adapted to the Jovian magnetosphere.

3.5 Auroral Signatures of Tail Reconnection

Remote observations of Jupiter’s ultraviolet and infrared aurora show polar spots which are
thought to be associated with inward moving flow from tail reconnection (Grodent et al.
2004), based on their emitted power, mapped location, and typical recurrence time. These
spots are located ~1° poleward of the main auroral emission, which is associated with a
corotation enforcement current system that maps to a radial distance of 20-30 R; in the
magnetosphere (Hill 1979, 2001; Cowley and Bunce 2001). Most of the spots are observed
near dawn, and hence are commonly termed “polar dawn spots”, though spots have also
been reported pre-midnight (Radioti et al. 2011). Figure 12 shows one such nightside spot,
which maps to ~50-90 Ry and ~2100-2400 LT, and a polar dawn spot that maps to ~50—
80 Ry and ~0200-0400 LT (Vogt et al. 2011). The figure also shows the mapping of the
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Fig. 12 Polar view of Jupiter’s

UV aurora as imaged by HST. Polar
dawn spot

A polar dawn spot and nightside
spot, both thought to be
associated with inward flow from
tail reconnection, are circled in
pink. The white line shows the
location of the statistical x-line
(Woch et al. 2002;

Vogt et al. 2010) mapped into the
ionosphere using the method of
Vogt et al. (2011). The colored
lines delineate three different
regions of the polar aurora. e : o
Modified from Grodent et al. - = : footprint
(2003)

statistical x-line from Woch et al. (2002) and Vogt et al. (2010); most spots lie equatorward
of the mapped x-line position in the ionosphere, meaning they map to distances inside of
the statistical x-line, which is consistent with their association with inward moving flow
released during tail reconnection (Radioti et al. 2010).

In a recent study, Radioti et al. (2011) presented observations of a nightside spot in the
UV auroral data taken at nearly the same time that the Galileo magnetometer recorded a re-
configuration signature in the pre-midnight magnetotail (Vogt et al. 2010). The spot mapped
close to the position of Galileo and the emitted power derived from the flow bubble in the
magnetic field measurements closely matched the emitted power of the nightside spot seen
with HST. In general, the emitted power of the polar spots is consistent with the field-aligned
currents estimated from typical tail flow bursts (Radioti et al. 2010). It can also be mentioned
that HST images collected intermittently from February to June 1997 showed that the polar
spots are quite common, appearing on nearly half of the days with observations, and have a
typical recurrence period of ~2-3 days (Radioti et al. 2008). This recurrence time is similar
to the ~2-3 day periodicity that has been observed in flow bursts (see above).

The auroral observations also nicely complement the available in situ magnetic field
and particle data by providing a way to study magnetospheric dynamics on a global scale.
Without multi-point spacecraft measurements it is difficult to distinguish between spatially
and temporally varying features, but the auroral observations enable remote sensing of the
magnetosphere over a large range of radial distances and local times. For example, the fact
that the polar spots are relatively limited in azimuthal extent suggests that reconnection at
Jupiter occurs in relatively narrow channels, consistent with calculations of the flow channel
width based on the in situ magnetic field data, which estimated a ~15-20 R; azimuthal
extent, or a few percent of the magnetotail width (Vogt et al. 2010).

The auroral observations also show that reconnection at Jupiter may occur simultane-
ously, in narrow channels, at multiple points across the magnetotail, with spots mapping to
both the dawn and pre-midnight local time sectors. Radioti et al. (2011) reported several
other cases of simultaneous dawn and nightside spots, though they concluded the total num-
ber of observations was too small to conclusively determine whether nightside and dawn
spots are typically observed together. Future observational campaigns may help resolve this
issue.
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3.6 Fine Scale Structures in Relation with Jovian Tail Transient Reconnection Events

So far we have reviewed the large-scale (a few to hundreds of Rj) perspectives of Jovian
tail reconnection. They may be compared to the single-fluid global MHD simulations as
has been done previously (e.g., Krupp et al. 2001). On the other hand, a speculation from
the observations in the Earth’s magnetosphere suggests that finer scale structures, in which
ions and electrons decouple and/or multi-ion species separate, are embedded in the large
scale structures. Resolving such structures would help understanding of key physical pro-
cesses (e.g., force balance/imbalance and energy dissipation). Unfortunately, however, the
large distance between Jupiter and Earth limits the mission data rate, resulting in poor time
resolution (and thus coarse spatial resolution). In the case of Galileo, which is a unique
Jovian orbiter at the time of this review paper, the failure of the high-gain antenna fur-
ther hampered transmission of high-resolution data. Nonetheless, the Jovian magnetosphere
contains significant amount of heavy ions, and it results in the larger ion scale compared to
proton-electron plasma in the Earth’s case (note that ion inertial length and gyro radius are
larger for heavier ions). Relatively lower plasma sheet density in the tail (>50 Ry) also leads
to the larger ion inertial length than the commonly observed values in the near-Earth tail.
These facts allow us (at least in some cases) to get a brief glimpse of ion-scale structures
of the plasma sheet during reconnection events. Below we review some observations which
exhibit reconnection-related fine structures in/around the Jovian nightside plasma sheet, de-
spite moderate time resolution of charged particle data (~ten minutes) and magnetic field
data (a few tens of seconds) of the Galileo spacecraft.

Recent multi-spacecraft missions in the Earth’s magnetosphere have revealed earthward
propagation of magnetic pulses, which are considered to be a jet front of transient recon-
nection. They are characterized by a sharp rise followed by a gradual decay of By, and the
front (vertical current sheet) thickness is typically of the order of ion gyro-radius and iner-
tial length (Sergeev et al. 2009; Runov et al. 2011; Fu et al. 2012). The propagation speed
is close to the local Alfven velocity, and particle energisation and significant density deple-
tion often follow that. Several numerical studies have also reproduced such structures and
motions in reconnection simulations.

Similar anomalous magnetic field pulse in the Jovian tail was reported by Russell et al.
(1998), and they argued that it is generated by transient reconnection as well. More recently,
by using multiple instruments, Kasahara et al. (2011) showed that the magnetic structure
was coincident with Alfvénic ion flow as well as an appreciable density decrease, which are
similar to the Earth’s case. Figure 13 compares the Jovian event to the Earth’s one (likely
spacecraft path of Galileo is schematically drawn in Fig. 14). In both cases, significant plan-
etward/sunward velocity increase, density depletion, and plasma heating (energetic particle
flux enhancement) were similarly observed. The estimated Alfvén speed in this Jovian event
was ~650 km/s (derived from the observed magnetic field, electron density, and assumed
mass-per-charge of 10m, /e, where m , and e are the proton mass and charge, respectively).
Hence the observed flow of 450 km/s is sub-Alfvénic, in conformity with the Earth’s case.

In the Jovian case, the duration of the steep increase of By, was 36 £ 12 s (the
large uncertainty is due to the sampling time of 24 s), and then the front thickness
is estimated to be ~10000-20000 km (a few tenth of Rj), assuming the front struc-
ture moved with the ion flow velocity (ion velocity was calculated from energetic parti-
cle anisotropy). This is apparently much thicker than the Earth’s case (300-1000 km or
0.05-0.16 Rg, where Rg is the Earth’s radius (Sergeev et al. 2009; Runov et al. 2011;
Fu et al. 2012); see also Table 1). Despite such an apparently-large thickness compared
to Earth case scales, however, the observed jet front still holds the ion-scale structure. For
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Fig. 14 Jet front and Galileo’s Jupiterward ~tm— - Tailward
relative motion during the

observation. Arrows indicate
flows of electrons and ions. From
Kasahara et al. (2011)
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Table 1 Comparison of scale

length between Jupiter and Earth ~ Parameters Jupiter Earth
Jet front thickness 10000-20000 km 300-1000 km
Ion inertial length 13000-20000 km 300-500 km
ITon gyro radius 6000-8000 km 500-600 km

instance, the ion inertial length ¢/w,; is ~13000 km behind the front for O** or S**
(~20000 km for O"), which is comparable to the front thickness (c is the light speed,
wpi = (dmneq/m;)"?, m;/q ~ 10m, /e, n ~0.003 cc™"). Such a large inertial length com-
pared to the Earth’s case is due to the larger ion mass and lower electron density.

Additionally, the front thickness is not much larger than the gyroradii of streaming ions
ahead of the front. The gyroradii of thermal ions can also be compared with the front thick-
ness (for a temperature Ti of 20 keV/q and adopting B ~ 10 nT, the thermal gyroradii are
~6000 km for O?>* and S*t, and ~8000 km for OF, which are not much smaller than the
front thickness.

Based on the list of magnetic field disturbance events by Vogt et al. (2010), a survey
of reconnection jet front events was conducted (Kasahara et al. 2013). Figure 15a shows
all the events with circle sizes indicating the magnitude of the peak magnetic field during
events and colors illustrating the signs of the peak value (red and blue represent south-
ward and northward peaks, respectively). The authors found prominent jet fronts mainly
on the dawnside. Figure 15b shows only high-peak events (the peak magnitude is >8 nT)
with vectors exhibiting ion flows. In addition to the sunward/Jupiterward propagating events
as shown in Fig. 13, similar but tailward propagating events were also found, in confor-
mity with previous anisotropy analyses (Woch et al. 2002). As can be seen in the super-
posed epoch plots in Fig. 16, prominent events exhibit significant density depletion down
to <0.01 cc™'. Such a low density is suggestive of low-density plasma intrusion due to
the initiation of lobe reconnection, although it is not easy to unambiguously identify lobe
reconnection.

Not all but in several moderate events on the dawnside, similar velocity deflec-
tion/enhancement and density depletion were also identified (Figs. 15c and 15d). On the
other hand, on the duskside, no appreciable density decrease was found although some flow
deflection events are identified. This fact indicates lobe reconnection can rarely be seen
inside 150 R; on the duskside, in sharp contrast with the situation on the dawnside.

Reconnection jet front structures described above can be detected when a spacecraft is
close to the plasma sheet center. On the other hand, when a spacecraft pass by the sep-
aratrixes, which locate on both sides of the plasma sheet center, field-aligned energetic
particle beams are frequently observed (e.g., Kronberg et al. 2012). The energetic parti-
cles are launched from the reconnection diffusion region and stream away along the mag-
netic field. Since the magnetic field lines convect inward (equatorward and away from
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Fig. 15 (a) Distribution of By events. The size of circle indicates the peak strength of By (reference size is in-
dicated at the top right). Red and blue indicate those events with By > 0 (southward) and Bg < 0 (northward),
respectively. (b) Same as Panel (a) but only for prominent By events (By > 8 nT). Ion flows perpendicular to
the magnetic field are also plotted when they are available. The length of arrow displays the flow speed and
reference length is indicated at the fop right. (c) Ion flows perpendicular to the magnetic field for all events.
(d) Density ratio between 10 min after the By peak and 30 min before that. The value below unity indicates
the density decrease after the By peak, and vice versa. In Panels (a)—(c), the Galileo trajectory is shown in
grey only for the period in which magnetic field data with sufficient time resolution (60 s/sample or better)
are available

the X-line), the energetic particles are also transported inward. The inward convection
of the energetic particles proceeds with a common speed, whilst the energetic particles
stream along the field line with the speed which is dependent on the energy, mass, and
the pitch angle. As a result, layering structures of energetic particles in which higher
(lower)-velocity particles stream in the outer (inner) layer are formed, and in fact have
been observed in the Earth’s magnetosphere (Scholer et al. 1986; Onsager et al. 1991;
Sarafopoulos et al. 1997).

Figure 17 displays the velocity layer structure associated with Jovian tail reconnection.
The energetic particle species were electrons, protons, oxygen ions, and sulphur ions. These
observations are similar to those reported by Sarafopoulos et al. (1997) for the terrestrial
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Fig. 16 Superposed epoch plots of plasma and field parameters for each category. By and the electron density
n are shown. The average values and standard deviations are shown by thick black lines and grey shades,
respectively. Each coloured line corresponds to a particular event throughout a column
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Fig. 17 Omni-directional particle fluxes (a) for 0200—0330 UT and (b) for 0330-0415 UT and (c) the mag-
netic field data on 17/06/1998. Channels f2 and el are of electrons (fop and second panels), and others are
of ions. Galileo’s location inferred from the magnetic field is illustrated by purple and green bars. The inner
plasma sheet (inner PS), the outer plasma sheet (outer PS) in the northern hemisphere (N’hem), and the outer
plasma sheet in the southern hemisphere (S’hem) are shown

distant tail. Interestingly, they also noted that in some cases in the Earth’s magnetosphere
the electron flux peaked at the central plasma sheet rather than at the separatrix, and argued
that such a signature would be detected when the field line is closed and the electrons are
trapped in a loop or flux-rope structure. According to this interpretation, the present Jovian
observations which represent the highest electron flux in the outer plasma sheet/separatrix
(and thus the lesser flux in the inner plasma sheet) are consistent with an open field line
topology (i.e., lobe reconnection).
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Fig. 18 Global simulations to explore the effect of IMF. For Southward IMF, X-line is formed on the dawn-
side in the simulation by Miyoshi and Kusano (2001) (right top, illustrated by the black line indicating the
place where the meridional magnetic field is zero), whilst no X-line is formed in the simulation by Walker
et al. (2001). For northward IMF, the X-line extends over the midnight in both simulations

3.7 Simulation and Theory on the Jovian Disc/Tail Dynamics

We now review the existing theoretical works including simulations/modelling which treat
Jovian disk/tail reconnection. Of remarkable interest is the comparison of the importance of
solar wind effects and internal processes on the transient events, including periodic phenom-
ena. Microscopic view of tail reconnection in the multiple/heavy ion environment is another
important problem which is worth studying with numerical simulations.

It is well known that the solar wind dynamic pressure significantly affects auroral mor-
phologies and hence magnetospheric dynamics. However, a link between the solar wind
pressure and nightside reconnection has not been well established observationally. Based on
the model calculation of solar wind propagation and Galileo observations, Tao et al. (2005)
argued that the plasma sheet thinning by the vertical compression are caused by enhanced
dynamic pressure.

For southward IMF, no tail X-line is formed in the simulation by Walker et al. (2001),
whilst plasma sheet reconnection operates on the dawnside in the case of Miyoshi and Ku-
sano (2001). For null IMF, plasma sheet/lobe reconnection is identified by Ogino et al.
(1998). For typical solar wind dynamic pressure (>0.02 nPa) under null IMF, X-line does
not appreciably extend to the dusk sector (Fukazawa et al. 2006). For northward IMF, lobe
reconnection occurs and an X-line can extend well to the dusk sector. There is a general
trend that stronger northward IMF leads to an X-line closer to Jupiter (Fukazawa et al.
2006).

Figure 18 shows the results of southward (top panels) and northward (bottom panels)
IMF taken from Walker et al. (2001) (left panels) and Miyoshi and Kusano (2001) (right
panels). It should be noted that these results are not necessarily identical. For instance, no
X-line is formed in the top left panel, whilst plasma sheet reconnection occurs in the top
right panel. It is not clear if this difference is due to the different solar wind parameters or
due to the different boundary conditions and numerical methods. If simulation results from
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several different groups (for which boundary conditions are different) are compared with
the same solar wind parameters, they may provide some clue to understand what controls
magnetospheric responses.

Present global simulations, however, mainly focuses on the interaction with the solar
wind, and have not addressed the internal driving of disturbance events such as transient
tail reconnection and associated (or independent) hot-plasma injection back into the inner
magnetosphere. The tail disturbance of 2-3 days period is one of the issues which await
theoretical approach. There is no consensus on if the observed periodic bursts are explained
purely by the internal process or it requires specific solar wind conditions (cf. Kronberg et al.
2007; Fukazawa et al. 2010). Further studies are needed to reveal if transient events occur
only under some specific solar wind condition or not.

Another interesting aspect is the effect of multiple ions on the reconnection. For in-
stance, multiple scale structure is expected around the center of reconnection sites (i.e.,
diffusion region and separatrixes), as illustrated by Shay and Swisdak (2004) and Markidis
et al. (2011). However, we already mentioned in Sect. 2 that detailed simulations of re-
connection processes in plasma conditions that are relevant for the study of plasma disks,
as proposed by Yin et al. (2000), are very rare. This is a largely open field and, clearly,
new calculations would greatly help the interpretation of future observations in the Jovian
magnetosphere.

4 Observations in Saturn’s Disk and Tail
4.1 Local Reconnection Signatures

The first spacecraft to sample Saturn’s magnetosphere were Pioneer 11 and Voyager 1 and 2.
However they merely glimpsed the nightside of the planet and revealed little about dynamics
of the magnetotail. With the arrival of the Cassini spacecraft in 2004, we had a chance to ex-
plore Saturn’s magnetotail in detail for the first time. Indeed the first hint at the existence of
the reconnection process in Saturn’s tail came during the Saturn Orbit Insertion manoeuvre.
Bunce et al. (2005) reported a field disturbance which they attributed to a dipolarization,
accompanied by hot plasma injection. They interpreted this as solar wind compression-
induced reconnection in the tail followed by injection of hot plasma into and around the
inner magnetosphere.

Since orbit insertion the Cassini spacecraft subsequently explored many regions of Sat-
urn’s magnetosphere. The best nightside coverage came during 2006 when the space-
craft executed its deepest tail orbits, reaching maximum downtail distances of ~68 Rg
(1 Rg = 60268 km), albeit with a strong dawn-dusk asymmetry, with little exploration be-
yond ~25 Rg on the dusk-side. Figure 19 shows a trajectory plot of the coverage of the
first few years of the Cassini mission, including the location of 5 possible signatures of re-
connection from 2006 discussed in Jackman et al. (2008). Since this study, a resurvey of
the Cassini magnetometer data from 2006 uncovered many more events, and Jackman et al.
(2011) reported 50 possible signatures, 34 plasmoids and 16 travelling compression regions
(TCRs). At the time of writing, significant work is ongoing to categorize a number of new
candidate plasmoid and TCRs at Saturn, to decipher their average properties, to probe their
interior structure, and to calculate their likely recurrence rate (Jackman et al. 2014).

How are these structures identified in the data? The principles are basically the same as
those used with Galileo data. Reconfigurations and possible signatures of reconnection are
identified in magnetometer data through looking for a change from a radially stretched field
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line to a dipolarized field line, or a plasmoid signature. These are manifested as changes in
the north-south component of the field. Figure 20 from Zong et al. (2004) illustrates the var-
ious configurations of the tail field that lead to various signatures. It completes the sketches
shown in Fig. 2. This figure is for the case of the Earth, but it is applicable at Jupiter and
Saturn also. Specifically plasmoids may be characterized in terms of their interior structure,
yielding either loop-like or flux rope-like signatures at the centre of the structures. Mean-
while travelling compression regions (TCRs) manifest themselves as a localized compres-
sion in the field, signifying the warping of lobe field lines around plasmoids as they move
downtail.

Figure 21 shows an example of a tailward-moving plasmoid as observed by the Cassini
magnetometer on August 4th 2006. The data are in Kronocentric Radial Theta Phi (KRTP)
co-ordinates, where the radial component is positive outward from Saturn, the theta com-
ponent is positive southward, and the azimuthal component is positive in the direction of
corotation (in a prograde direction). This spherical polar system referenced to the northern
spin and magnetic axis of the planet has been showed to be the best system for unambigu-
ously detecting reconnection events in Saturn’s tail. Changes in the north-south component
indicate plasmoids/TCR and/or dipolarizations, while the radial and azimuthal components
can also be used to elucidate the degree of corotation of the plasma. A thorough discussion
of the unambiguous detection of reconnection in Saturn’s tail was presented by Jackman
et al. (2009a). The main signature of interest in Fig. 21 is clear to see in the second panel;
a strong northward turning of the field followed by a slow recovery of the field back to
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Fig. 21 One second resolution magnetic field measurements from Cassini in Saturn’s magnetotail for an
interval from August 4, 2006. The panels show radial, theta, and azimuthal components in KRTP co-ordinates,
and the total magnetic field strength. In the second panel, the magnitude of the field is superimposed in red
(plus and minus) on the theta component, to illustrate when the values become comparable. Information
detailing the radial distance, latitude, and local time of the spacecraft with respect to Saturn is given. From
Jackman et al. (2007)

pre-event values. This event was observed while the spacecraft was near the centre of the
current sheet (as indicated by the near-zero radial field component). It is also worth noting
that for several minutes after the main plasmoid passage, the radial and azimuthal com-
ponents have the same sign, which may be interpreted as the plasma being sped up from
corotation.

Of course this is just one example of a plasmoid at Saturn and it is of interest to explore
not just case studies but also to understand the average properties of reconnection products.
Thus in Fig. 22 we show a superposed epoch analysis of 34 plasmoids at Saturn. This plot
shows that the average tailward-moving plasmoid at Saturn is represented by a ~1 nT field
deflection, although the signature itself is highly asymmetric, with a ~0.3 nT southward
deflection and a ~0.7 nT northward turning. The duration of this central field change, as
defined by the local south/north extrema in the field, is ~8 minutes. However, there is a
long (~58 min) interval after plasmoid release where the field remains northward. This
interval is analogous to the post-plasmoid-plasma-sheet (PPPS), originally proposed for the
Earth (Richardson et al. 1987). It corresponds to an interval post-plasmoid release where
previously open flux is being closed through ongoing lobe reconnection. In the next section
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Fig. 22 The radial, north-south
and azimuthal components of the
magnetic field together with the
magnetic field strength for a
superposed epoch analysis of

34 plasmoids at Saturn. The zero
epoch is the central event time
(marked by the vertical dashed
line) and the plot range spans

65 min either side of the events.
Vertical dotted and dot-dashed
lines mark the start/end times of
the average plasmoid and the end
of the PPPS. From Jackman et al.
(2011)
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we discuss the PPPS and the role of reconnection in flux closure in more detail. We also note
that the total field strength dips slightly coincident with the passage of a plasmoid. This lack
of a “core field” signature hints that the interior structure of plasmoids at Saturn is loop-like
as opposed to flux rope-like, although this is currently being intensively studied (Jackman
et al. 2014), and has been shown to be highly trajectory-dependent (e.g. Borg et al. 2012).

While signatures of plasmoids and TCRs can be most easily observed using magnetome-
ter data in the first instance, multiple other data sets have been used to provide a complete
picture of the effects of reconnection on magnetospheric dynamics.

Figure 23 shows data from the Cassini magnetometer (MAG) and Cassini Plasma Spec-
trometer (CAPS) instruments during a reconnection event on March 4th 2006. The largest
plasmoid is visible at ~2300 UT in the form of a large (~3 nT) northward turning of the
field. This is accompanied by a strong change in the plasma flows in Saturn’s tail. The
flows prior to the plasmoid release were primarily in the azimuthal direction, whereas af-
ter plasmoid release there is a strong spike in the radial component of the velocity. The
ion composition was generally (but not always) dominated by W™, which raises interest-
ing questions about the initiation process for reconnection and its location, topics which we
tackle in Sect. 4.2.

A further example of using plasma data to study the effects of reconnection on the mag-
netotail is shown in Fig. 24. McAndrews et al. (2008) employed data from the CAPS ion
mass spectrometer (IMS) to extract flow velocities. In this flow map the effect of plasmoid
release is clear to see, in particular for the March 4th event shown in Fig. 23. During “steady
state”, plasma flow in the tail tends to be predominantly in the azimuthal direction, whereas
plasmoid release can result in dramatic change of plasma flow direction to nearly radial.

Reconfiguration also results in changes in energetic neutral atom (ENA) fluxes. The rela-
tionship between substorm-like events at Saturn and ENA was first shown by Mitchell et al.
(2005) and has subsequently been discussed in a number of papers (e.g. Hill et al. 2008;
Mitchell et al. 2009). Figure 25 shows an example of an ENA intensification from day 129
of 2008. Dynamic ENA emissions have been found to peak in the 20-30 Rg region, lead-
ing to the suggestion that this is the region where Saturn’s reconnection X-line may lie. We
discuss reconnection onset in more detail in Sect. 4.2.
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Fig. 23 MAG and CAPS data 4 Mar 2006
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4.2 Event Properties

The question of where reconnection begins is an important one. As mentioned above for
Jupiter, the statistical analysis of the change of the north-south component of the field,
combined with signatures of flow moving tailward and planetward, can be used to derive
a statistical separatrix. However, we have not been able to do this at Saturn yet due to the
comparatively smaller number of events observed (total of 50 reported by Jackman et al.
2011) and due to the fact that the small number of planetward-moving events observed are
spread over a relatively wide range of radial distances in an unsystematic way.

Thus, in the absence of a statistical x-line based on observation, we look to modeling
to provide a sense of where reconnection may be likely to begin in Saturn’s tail. Figure 26
shows the output of a MHD model illustrating how the position of Saturn’s reconnection
x-line can change depending on solar wind conditions. The radial range of x-line positions
in their model is from ~25-40 Rg, with the x-line moving closer to the planet and narrowing
following solar wind compression of the magnetosphere.

What is the recurrence rate of reconnection at Saturn? Despite the almost perfect align-
ment of Saturn’s magnetic and spin axes, many phenomena in Saturn’s magnetosphere dis-
play distinctly periodic behavior at or near the expected planetary period. Thus it is natural
that the question has been raised as to whether tail reconnection (and plasmoid release) also
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Fig. 24 Equatorial flow pattern
of ions in Saturn’s
magnetosphere. The velocity
vector of each position was
determined using the spacecraft
position as the arrow’s origin.
Arrow length represents velocity
and colour the total ion density.
Scale arrows for strict corotation
at radial distances of 5, 15, 25, 35
and 45 Rg have been indicated
along with the magnitude of the
corotation speed at that distance.
The velocities are in a
Saturn-centered equatorial
system with the Sun toward the
right of the figure. A sample
magnetopause surface from
Arridge et al. (2006) has been
included for context. The flows
detected during two plasmoid
events on March 4, 2006 and
August 4, 2006 have been
included. Note that the flow
speed observed on March 4, 2006
has been scaled down by ~50 %
relative to the rest of the flows for
clarity. From McAndrews et al.
(2008)
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occurs with regularity. Several model outputs hint at quasi-periodic plasmoid release (e.g.
Zieger et al. 2010; Jia et al. 2012) with a higher recurrence rate with higher solar wind
dynamic pressure. However, despite extensive sampling of the magnetotail by the Cassini
spacecraft in 2006, no evidence has been found for plasmoid release every planetary rotation
from in situ field and plasma data sets. Note, however, that the interpretation of an absence
of observational evidence could be ambiguous: it cannot be excluded that Cassini misses
plasmoid signatures in case they do not span the entire tail. Jackman et al. (2009a) caution
that the use of appropriate co-ordinate systems is crucial when analyzing magnetometer data
to differentiate between observations of plasmoids and observations of Saturn’s wavy cur-
rent sheet. However, while it does not appear from rigorous data surveys that plasmoids are
present every ~10.8 hours, there is a curious relationship between the occurrence times of
plasmoid release and the phase of the planetary rotation. Jackman et al. (2009b) studied nine
reconnection events and found that 8 out of 9 occurred during a particular sector of Saturn
Kilometric Radiation phase, a sector where the SKR power would be expected to be rising
with time. This implied that there may be a preferred longitude for plasmoid release. Since
the discovery of many more plasmoid and TCR examples in Saturn’s tail since then, work is
underway to explore this relationship (and its physical interpretation) in much more detail
(Jackman et al. 2014).

4.3 The Large Scale Perspective
‘We now consider the larger role that tail reconnection can play in magnetospheric dynamics.

Figure 27 shows the large-scale cycles of plasma flow at work in Saturn’s magnetosphere,
showing the principle of a co-existence between the Dungey’s and the Vasyliunas’s cycle
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Day 129,2008 (First Intensification at 0945 UT)
Hydrogen 20-50 keV Hydrogen 50-80 keV Oxygen 64-144 keV

BRI

Fig. 25 ENA emission from Saturn’s magnetosphere on Day 129, 2008. Heavy white line indicates direction
toward sun in every image. The light white arrow points to dusk, and the pink coordinate axes rotate with
the planet, indicating the SLS3 system. Light white circles are orbits of Dione (6.5 Rg), Rhea (8.5 Rg), and
Titan (20 Rg). Each column contains data for the species and energy indicated, and each row is from the time
labeled in white in the center column. The images are 1 hour integrations centered at the time indicated. The
black diagonal line in the images in the second row is drawn from the center of Saturn to the peak emission
in the image. This line is repeated each column, showing the initial enhancement in emission at the same
location for each species and energy. The same line is drawn in the third row, to illustrate the rotation of the
peak emission over the intervening 1.25 hours. In the bottom row, the line is repeated for reference, and a
new line is drawn from the center of Saturn to the peak 20-50 keV H emission (left column). The same line is
repeated in the center and right columns, illustrating the additional rotation experienced by the higher energy
source ions responsible for the ENA emission in those images. From Mitchell et al. (2009)

(see Sect. 2.3). One of the key differences between the Dungey and Vasyliunas cycles is
that the former is driven by the solar wind and involves the closing of previously open
flux, whereas the latter is internally driven and involves closed field lines only. Hence, as
discussed in Sect. 2, we might expect the signatures of reconnection associated with these
cycles to have characteristic differences.

An interesting question concerns the location of the reconnection X-line (Dungey’s or
Vasyliunas’s cycle X-line) as a function of local time across the magnetotail. The theoreti-
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Fig. 26 Magnetospheric configuration prior to and after the shock compression around 7 = 442 h. Color
contours of Vx (km/s) and magnetic field lines in the X Z plane at ¥ = 0 (the noon-midnight meridian) are
shown in each panel. (a) Model results at 7 = 442 h, prior to the shock arrival; (b)—(d) model results from
subsequent times after the shock arrival. From Jia et al. (2012)

cal picture put forward by Cowley et al. (2004) suggested that reconnection on closed field
lines occurs predominantly in the dusk sector, with Dungey-cycle open field line reconnec-
tion dominating towards dawn. Thomsen et al. (2013) surveyed the dusk orbits of Cassini in
2010, and found no evidence for outward flow in this region. They interpreted this to mean
that Vasyliunas-style reconnection may have occurred on the dusk flank but that these plas-
moids are still trapped within outer closed field lines and thus not free to escape downtail
until they reach the post-midnight sector.

Figure 28 is a schematic picture of the expected field signatures associated with Dungey-
and Vasyliunas-cycle plasmoid release. A key difference is the presence (or absence) of a
PPPS. As discussed in Sect. 4.1 above, the superposed epoch analysis of plasmoids at Saturn
indicates the presence of a significant PPPS, indicating that reconnection in Saturn’s tail may
result in the closure of significant flux. This does not preclude Vasyliunas cycle activity, as
it is entirely possible that closed field line reconnection is ongoing prior to the involvement
of open field lines. Jackman et al. (2011) estimated that the average flux closed during a
reconnection event in Saturn’s tail is ~3 GWb. Although this involves making assumptions
about the azimuthal extent of the reconnection region (with an upper limit of ~90 Rg as
the full tail width), and the length of region (obtained from the duration of observation
multiplied by the plasma velocity), this agrees with the model predictions of Jia et al. (2012)
who estimated ~3.5 GWb. In the next section we will discuss how this correlates with
auroral images.
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Fig. 27 Sketch of the plasma flow in the equatorial plane of Saturn’s magnetosphere, where the direction to
the Sun is at the bottom of the diagram, dusk is to the right, and dawn is to the left. Solid curves with arrows
show plasma streamlines, short-dashed curves with arrows show the boundaries between flow regimes (also
streamlines), the solid curves joined by crosses show the reconnection lines associated with the Dungey
cycle, and the dashed curves with crosses show the tail reconnection line associated with the Vasyliunas
cycle. The curve indicated by the O marks the path of the plasmoid O line in the Vasyliunas cycle flow (also
a streamline), while P marks the outer limit of the plasmoid field lines, which eventually asymptotes to the
dusk tail magnetopause. From Cowley et al. (2004)

Fig. 28 Schematic of three Initial State Initial State
possible states of the magnetotail e — — t

and the associated By signatures 5 = Bor .
as measured by a spacecraft G I"r;\;;o

situated down the tail. From
Jackman et al. (2011)

Vasyliunas Cycle only
& Plasmoid
/\1
B | ./ §
\/

W
lime —»

Vasyliunas & Dungey Cycles
4 Plasmcid PPPS

'._;/0

me—=  ppps « post Plasmoid

Plasma Sheet

As already mentioned, a potential important role of the plasmoid ejection is to contribute
to the final evacuation of the plasma of internal origin (mostly rings and Enceladus at Sat-
urn).
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4.4 Auroral Signatures

While in situ measurements in the tail undoubtedly provide excellent information of recon-
nection products, auroral imaging is a fantastic complementary tool to help us understand
the global effects of magnetic reconnection.

Figure 29 shows how regions of open and closed magnetic flux map into the auroral zone.
At Saturn, the main auroral oval has been shown to be formed at the boundary between
open and closed magnetic field lines (e.g. Bunce et al. 2008). Badman et al. (2005) studied
a sequence of Hubble Space Telescope (HST) images which showed the expansion and
contraction of the main auroral oval at Saturn. They measured the size of the polar cap and
calculated the flux content of the magnetotail from this, showing that it varied from ~15—
50 GWb, changing constantly in response to addition of flux at the dayside and removal of
flux at the nightside via reconnection. Thus sharp changes in the size of the main auroral oval
at Saturn can be used as a remote proxy for understanding changing flux content globally.

There are also smaller-scale changes in Saturn’s auroral emission which can be linked
to tail reconnection. Figure 30 from Jackman et al. (2013) shows examples of small spots
post-midnight, just poleward of Saturn’s main auroral oval. These are suggested to be linked
to reconnection and dipolarization of the field in Saturn’s tail, resulting in a diversion of
the cross-tail current, and the production of field-aligned currents which in turn yield this
distinct ionospheric counterpart.

5 Concluding Remarks

There are many challenges to studying reconnection processes at the outer planets, including
the lack of available upstream solar wind measurements, the difficulty in separating temporal
and spatial effects with single spacecraft measurements, and incomplete field/particle mea-
surements. These difficulties should always be considered when interpreting Galileo and
Cassini observations. This caution being expressed, the set of work presented in this review
illustrates that possible signatures of reconnection are relatively commonly observed in the
Jovian and the Kronian disks and tails. At Jupiter, reconnection signatures in the magnetic
field data (nearly 250 events) and energetic particle measurements (34 events) have been
recorded in the nightside middle and outer magnetosphere. They are detected at typical dis-
tances of ~70-100 R;. Statistically, these signatures define an average ‘X-line’ region near
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brightness (kR)

Fig. 30 UVIS pseudo-images of Saturn’s northern polar region for 2008 day 129. All images are aligned with
noon to the bottom, dawn to the left and dusk to the right. The start time of each 12-minute slew is marked
on each image. The spot suggested to be linked to a dipolarization of the tail is circled in yellow. The color
bar gives a correspondence between the color table and the emission brightness in kiloRayleighs (kR) of H»,
where 1 kR = 10° photons em~2s~! emitted in 47 sr by Hy molecules in the EUV + FUV range (excluding
Ly-o) and assuming no absorption by methane (Gustin et al. 2009). The polar projection procedure does
not preserve photometry; therefore, the color table may only be used as a proxy for the projected emission
brightness. From Jackman et al. (2013)

90 Ry, with evidence of (i) inward flows and dipolarizations on its planet side and (ii) out-
ward flows and plasmoids on its anti-planet side. At Saturn, the number of reported events is
about 50, seen at distances larger than 25 Rg. At both Jupiter and Saturn, the magnetic sig-
natures of tail reconnection are similar to those observed at Earth, however with a dominant
proportion of loop-like plasmoids rather than flux ropes.

In general, the reconfiguration events are sporadic, both at Jupiter and Saturn. They are
associated with relaxation of magnetic stress (dipolarization), they are accompanied by fast
flow bursts and, in several cases, their radio and auroral signatures have been detected, show-
ing that they may be associated to large scale magnetospheric disturbances. However, an
important distinction concerns the origin of the relaxed energy. At Earth, the relaxation is a
response to the transfer of magnetic flux from the dayside to the nightside resulting from the
‘opening’ of the magnetosphere due to reconnection triggered by solar wind interactions.
At Jupiter, the relaxed energy is likely of internal origin. It is linked to the internal plasma
supply, the mass loading of the disk and the resulting progressive accumulation of rotational
stress. The case of Saturn is still not clarified. The most recent studies nevertheless suggest
that reconnection at the magnetopause is unlikely to be a major process, so that Saturn could
be more Jupiter-like than thought some years ago.

Many new questions and directions of investigations have also been opened by Galileo
and Cassini observations. They concern, for example, (1) the role of the reconnection in
the radial plasma transport and (2) in the final evacuation from the disk, (3) the dawn/dusk
asymmetry and the interaction between Dungey and Vasyliunas cycles, (4) the global pic-
ture of the reconfigurations, (5) their possible periodicity, and (6) the details of the plasma
processes that are able to trigger reconnection in a disk, with questions on their spatial and
temporal scales. What is the place of reconnection in the general pictures of the Jovian
and Kronian magnetospheric dynamics is a largely open question. Equally important is the
following problem: are there fundamental characteristics of magnetic reconnection that in-
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herently determine the main dynamical modes of the giant magnetospheres? What are they
and how do they regulate the dynamics?

Point 1: Reconnection and radial transport. The role played by reconnection in the mech-
anism of radial plasma transport across the disk would need clarification. On the one hand,
evidences of dipolarization have been seen in the inner/middle magnetosphere, as close as
30 R; in the Jovian case, as well as reversals in By at distance of 44 R; (Vogt et al. 2010),
which indicates that reconnection may act in the middle part of the disc. On the other hand,
although the statistical analysis is perhaps still incomplete, these signatures seem rare. The
total time spent by Galileo and Cassini at distances within 60 Ry and 25 Rg is at least sev-
eral hundreds of hours, so that the small number of reported cases of reconnection in the
inner/middle disc is likely meaningful. If this is confirmed, this would mean that the recon-
nection is not the prime mechanism that contributes to the radial plasma transport in the
major portion of the disk (from typically the Io torus to 60-80 Ry, at Jupiter). The reconnec-
tion would be rather the mechanism that allows the final plasma evacuation at the edge of
the disk and its transition to the tail. However, it is also not excluded that the reconnection
in a disk might take a different form than the classic tail signatures and hence has not yet
been identified from the available observations.

Point 2: Reconnection and plasma evacuation. The key question concerns the effective
role of plasmoid formation in the final plasma evacuation. At Jupiter, the current estimates
of the mass of a single plasmoid (~3 x 10*-2 x 10° kg) and their recurrence rate (~hours
to days) suggest that they would not play a major role in the plasma evacuation. The spo-
radic reconnection is estimated to result in a mass loss rate of ~1-125 kg/s, which would
thus only explain a minor fraction of the iogenic plasma input to the magnetosphere (~500—
1000 kg/s). A similar conclusion was obtained by Bagenal and Delamere (2011), in the case
of Saturn. Even with generous number, as plasmoids with a volume of (10 Rj)? and den-
sity of 0.01 cm™, an ejection rate of 200 per day would be needed to evacuate 100 kg/s.
Given that the production rate is 8-250 kg/s, tens of plasmoids should be evacuated per
day, which has not been observed. The observation of a continuous flow at the boundary
of the plasmasheet, with flux that could reach ~103 kg/s, at Alfvenic speed, could offer a
solution. If this is confirmed by further observations, one interesting question would be to
investigate whether this flow is related to a continuous form of reconnection, leading to a
permanent cross-field plasma transport. This flow may be completed by the transport result-
ing from viscous interaction with the solar wind on the flanks of the magnetosphere and,
possibly, microscopic processes as the loss by charge exchange (see estimates in Bagenal
and Delamere 2011).

Point 3: Dawn/dusk asymmetry. Is the reconnection seen in the dawn sector simi-
lar to the one occurring in the pre-midnight and midnight sectors? This question is ad-
dresses the relative importance of internal/external effects and their organization in local
time. At Jupiter, it seems clear that more signatures of reconnection seen closer to the
planet on the dawn sector (50 R;) than on the midnight sector (100 R;) (Vogt et al. 2010;
Kasahara et al. 2013). At Saturn, a recent work by Thomsen et al. (2013) raises the hypoth-
esis of plasmoid production at dusk and their trapping until they reach the post-midnight
sector. The origin of these asymmetries is not elucidated. This thematic is also related to the
interaction between Dungey and Vasyliunas cycles, which is a particular important question
at Saturn. The statistical distribution of reconnection at Saturn does not show a specific or-
ganization, with for example an ‘average’ X-line that would mark a transition from the disk
to the tail as at Jupiter. This opens the question on how the Kronian disk is connected to the
tail, and on how variable is this transition region.
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Point 4: Global picture of reconfiguration events. At Jupiter, the radio observations reveal
that the sporadic reconnection events, identified from magnetic field dipolarizations and re-
versals and flow anisotropies are related to intensifications of the radio emissions coming
from the auroral regions and the Io torus. The radio emission intensifications are also asso-
ciated with significant changes in the vertical density profile of the disk (Louarn et al. 2000)
and, thus, most likely, changes in its mass content. Furthermore, in one case occurring when
Galileo is in the inner magnetosphere, it can be shown that the radio event correlates with an
injection of energetic particles in the Io plasma torus. In overall, this leads to a large scale
picture of the dynamics of the disk, in which the sporadic reconnections are one element
among others. More investigations would be needed to characterize these global phenom-
ena, including their auroral signatures. A similar picture should well apply at Saturn, with
low frequency extension in the SKR linked to reconnections events (Jackman et al. 2009b),
and radio intensifications observed at the time of recurrent plasma energizations (Mitchell
et al. 2009). The possible link between these energization and changes in the disk plasma
contents is an important topic that would deserve future analysis

Point 5: Periodicity. The periodicity is another topic of great interest. There are time in-
tervals of several weeks during which the Jovian magnetosphere presents a quasi-periodic
activity, with typical period of 2-3 days. This quasi-periodic behavior, however, is not sys-
tematic and there are also long intervals during which no periodicity can be reported. These
apparently different states in the dynamics of the Jovian magnetosphere are unexplained.

Point 6: Reconnection process in rotating plasma. We have listed many reasons for which
reconnection in a disk may differ from the standard 2D model. To date, the most detailed
investigation of a reconnection event occurring in the Jovian disk suggests that the processes
scale as the typical ion Larmor radius, meaning scales about a factor 10-20 larger at Jupiter
than at Earth (Kasahara et al. 2011). This is a first attempt to analyze the meso and small
scale processes that may trigger reconnection in a rotating multi-species plasma. This topic
is largely unexplored, even by numerical means. Performing theoretical analysis and sim-
ulations of reconnection in plasma configurations that are relevant for the analysis of the
dynamics of magneto-disk should be a priority for the interpretation of future observations.
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Abstract The rapid rotation of the gas giant planets, Jupiter and Saturn, leads to the for-
mation of magnetodisc regions in their magnetospheric environments. In these regions, rel-
atively cold plasma is confined towards the equatorial regions, and the magnetic field gener-
ated by the azimuthal (ring) current adds to the planetary dipole, forming radially distended
field lines near the equatorial plane. The ensuing force balance in the equatorial magnetodisc
is strongly influenced by centrifugal stress and by the thermal pressure of hot ion popula-
tions, whose thermal energy is large compared to the magnitude of their centrifugal potential
energy. The sources of plasma for the Jovian and Kronian magnetospheres are the respective
satellites Io (a volcanic moon) and Enceladus (an icy moon). The plasma produced by these

N. Achilleos (<)

Department of Physics and Astronomy, Centre for Planetary Sciences, University College London,
London, UK

e-mail: nicholas.achilleos @ucl.ac.uk

N. André

Institut de Recherche en Astrophysique et Planétologie (IRAP)/Centre National de la Recherche
Scientifique (CNRS), Université de Toulouse, Toulouse, France

e-mail: nicolas.andre @irap.omp.eu

X. Blanco-Cano

Instituto de Geofisica, Universidad Nacional Auténoma de México, Ciudad Universitaria, Mexico City,
Mexico

e-mail: xbc@geofisica.unam.mx

P.C. Brandt
Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA
e-mail: pontus.brandt@jhuapl.edu

P.A. Delamere
Geophysical Institute, University of Alaska Fairbanks, Fairbanks, AK, USA
e-mail: Peter.Delamere @gi.alaska.edu

R. Winglee

Department of Earth and Space Sciences, University of Washington, Seattle, WA, USA
e-mail: winglee @ess.washington.edu

@ Springer 229 Reprinted from the journal


mailto:nicholas.achilleos@ucl.ac.uk
mailto:nicolas.andre@irap.omp.eu
mailto:xbc@geofisica.unam.mx
mailto:pontus.brandt@jhuapl.edu
mailto:Peter.Delamere@gi.alaska.edu
mailto:winglee@ess.washington.edu

N. Achilleos et al.

sources is globally transported outwards through the respective magnetosphere, and ulti-
mately lost from the system. One of the most studied mechanisms for this transport is flux
tube interchange, a plasma instability which displaces mass but does not displace magnetic
flux—an important observational constraint for any transport process. Pressure anisotropy
is likely to play a role in the loss of plasma from these magnetospheres. This is especially
the case for the Jovian system, which can harbour strong parallel pressures at the equato-
rial segments of rotating, expanding flux tubes, leading to these regions becoming unstable,
blowing open and releasing their plasma. Plasma mass loss is also associated with magnetic
reconnection events in the magnetotail regions. In this overview, we summarise some im-
portant observational and theoretical concepts associated with the production and transport
of plasma in giant planet magnetodiscs. We begin by considering aspects of force balance in
these systems, and their coupling with the ionospheres of their parent planets. We then de-
scribe the role of the interaction between neutral and ionized species, and how it determines
the rate at which plasma mass and momentum are added to the magnetodisc. Following this,
we describe the observational properties of plasma injections, and the consequent impli-
cations for the nature of global plasma transport and magnetodisc stability. The theory of
the flux tube interchange instability is reviewed, and the influences of gravity and magnetic
curvature on the instability are described. The interaction between simulated interchange
plasma structures and Saturn’s moon Titan is discussed, and its relationship to observed pe-
riodic phenomena at Saturn is described. Finally, the observation, generation and evolution
of plasma waves associated with mass loading in the magnetodisc regions is reviewed.

Keywords Magnetodiscs - Magnetospheres - Plasma - lon-cyclotron waves - Magnetic
reconnection

1 Overview

The rapidly rotating magnetospheres of the ‘gas giant’ planets, Jupiter and Saturn, combined
with the relatively small angles between the magnetic and rotational axes of those worlds,
are the principal features which lead to the formation of so-called ‘magnetodisc’ regions.
As the name suggests, the magnetic field in these regions of the magnetosphere may be
visualised with dipolar lines of force which have been ‘stretched’ radially outwards near the
equatorial plane. Gledhill (1967) was among the first to show that centrifugal force would
confine plasma into a ‘disc-like’ configuration in a system with a dipole-like, rigidly rotating
field.

The most general representation of force balance in a rotating plasma takes into account
plasma pressure gradient (including anisotropy), centrifugal force and magnetic (‘J x B’)
force. In this general case, we may write the following equations for balance both parallel
and perpendicular to the magnetic field B. These forms of the equations, as we shall see,
more intuitively illustrate the role of the magnetic field geometry. The field-aligned equation
of balance, firstly, may be written:

ds| B ds, + Nimiro~p -b=0. (1)

The symbols have the following meanings: field-parallel pressure P, field-perpendicular
pressure P, magnetic field strength B, arc length along magnetic field line sy, ion num-
ber density N;, ion mass m;, cylindrical radial distance r (measured perpendicular to
the axis of rotation), plasma angular velocity w, unit vectors along the cylindrical ra-
dial direction, p, and magnetic field direction b. Reading from left to right, the terms
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in (1) represent the parallel pressure gradient, the mirror force (arising from pressure
anisotropy) and the centrifugal volume force (we have neglected the contribution of the
electron mass in this term). An isotropic, non-rotating plasma would simply be described
P
by —ZT““ =
pose structure on the plasma pressure distribution, and the centrifugal term in particular
is effective at confining cold plasma towards the rotational equator (e.g. Caudal 1986;
Kivelson and Southwood 2005). Equation (1) is a fluid equation applicable to a quasi-neutral
plasma. Equations which separately describe the field-parallel force balance for ions and
electrons may also be derived. These would contain terms corresponding to ambipolar elec-
tric fields (see, for example, Appendix C in Achilleos et al. 2010; Maurice et al. 1997).
If we now consider force balance in a direction orthogonal to B, we may write:

(78 (3) (oo o i
——— R =V, (P) -V, — R, + Njmjrwp, =0, 2)

0, i.e. uniform pressure all along any field line. The additional forces im-

Rc 2/1*0 Mo Rc

where the additional symbols have the following meanings: field line radius of curvature R,,
unit vector along this radius of curvature IA{L,, component of gradient operator perpendicular
to the field V, , magnetic vacuum permeability u,, component p, of vector p in the direc-
tion perpendicular to B. Reading from left to right, the terms in (2) represent the anisotropy
force, perpendicular pressure gradient, magnetic pressure gradient, magnetic curvature force
and the centrifugal force component perpendicular to the field. Kivelson and Southwood
(2005) pointed out the importance of the pressure anisotropy in the Jovian system, where
rotating magnetic flux tubes may become significantly radially distended on the time scale
required by ions to travel along them, from polar to equatorial regions. This process may
cause the anisotropy term in (2) to grow and violate the force balance conditions (we will
return to this aspect in more detail below). When this happens, the corresponding flux tube
loses its integrity and ‘blows open’, thus forming an important channel of mass loss from the
magnetosphere. In a broader context, this type of mass loss process, driven by rotation and
pressure anisotropy, may also be operating in other astrophysical bodies, such as magnetised
accretion discs or proto-stellar discs.

A useful, albeit greatly simplified, representation of force balance in the magnetodisc is
obtained if we commence with (2), assume isotropic pressure (P, = P; = P) and apply it
at the rotational equator of a system whose magnetic and rotational axes of symmetry are
coincident. That is, where the vectors R, and p are equal, and both perpendicular to B.
Under these simplifying assumptions, we may represent the balance between centrifugal
force, plasma pressure gradient, and magnetic force along the equatorial, radial direction (r)

as follows:
dP d ( B? B?
Nimira® — — — —< > 0. 3)

dr  dr\2uo)  moR.

This equation is appropriate for a simple, rigid plasmadisc which lies entirely in the
equatorial plane (e.g. Caudal 1986; Kivelson and Southwood 2005). Achilleos et al. (2010)
constructed such isotropic-pressure models for the Jovian and Kronian discs, and noted the
following general trends for the various force terms. For average conditions in Saturn’s
magnetodisc, the total plasma pressure gradient exceeds the centrifugal volume force in
the equatorial distance range ~ 812 Rg, outside of which centrifugal force is dominant
(Rs = 60268 km denotes Saturn’s 1-bar equatorial radius). They noted, however, that the
strong variability in hot plasma pressure at Saturn could easily change this picture. For
the average conditions at Saturn, the total plasma beta falls below unity at distances in-
side ~ 8 Rg. The Jovian disc models (incorporating Voyager observations) in this study
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Fig. 1 Structure of Jovian Model Magnetodisc Structure
magnetodisc model. Upper
panel: Magnetic field lines (dark
curves) lying in the magnetic
meridian plane, with p and Z
denoting cylindrical radial and
vertical distance, respectively.
The superposed grey curves are
contours of the ratio & of the
energy density of magnetic field
to that of the plasma rotation (see
text). Lower panel: As for the
upper panel, but now with
contours of the decimal logarithm
of the magnetic field magnitude
in nano-Tesla. Spacing between
adjacent contours is 0.2 units. For
clarity, some labels are omitted

showed comparable plasma pressure gradient and centrifugal forces in the distance range
~20-30 Ry (Ry = 71492 km denotes Jupiter’s 1-bar equatorial radius), with plasma pres-
sure gradient dominating outside this interval. Total plasma beta falls below unity at dis-
tances inside ~ 12 R;.

If we wish to approximate the region where centrifugal stress alone is large enough to
radially displace the planetary dipolar field lines, a simple first approach is to require that the
energy density of the field be less than the kinetic energy density of plasma rotation. Using
the same symbols as above, we may write:

2
5 < Nimr*w?, @
Ho
which is equivalent to requiring that the rotational velocity of the plasma, V4 = rw, be trans-
Alfvénic.

In Fig. 1, we show in the top panel the magnetic field lines for a cylindrically symmetric
model of Jupiter’s magnetosphere, based on the force-balance formalism of Caudal (1986).
Superposed on the field lines are contours of the quantity & = (B?/uq)/(N;ym;r’w?). The
region where this ratio £ is smaller than unity encloses a disc-like body of centrifugally
confined cold plasma, extending between ~ 10-60 R; (in the present context, ‘cold’ plasma
may be defined as a medium in which the thermal energy of particle motions is small com-
pared to their kinetic energy of bulk rotation). The lower panel, extracted from the same
model, shows that the cold plasmadisc has a weaker field strength at its centre than in the
neighbouring ‘lobe’ regions which are relatively devoid of plasma. This property reflects the
balance between thermal plasma pressure inside the disc and magnetic pressure outside. Re-
peating this exercise for the model of Saturn’s magnetodisc by Achilleos et al. (2010) reveals
a similar structure, with the ratio & having a maximum value about half that of the Jovian
model, with equatorial value below unity from ~ 8 Rg nearly out to the magnetopause.

This disc-like field structure is supported by a distributed azimuthal current or ring cur-
rent. On a microscopic scale, the ring current is produced by different ion and electron drift
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motions, which are associated with the macroscopic forces summarised in (3) (e.g. Caudal
1986; Achilleos et al. 2010; Bunce et al. 2007). One of these drift motions is the inertial drift
due to the centrifugal force which arises in a frame of reference that corotates with the cold
plasma. The intensity of the corresponding contribution to the ring current will depend on
the local angular velocity of the plasma, which is represented as the quantity w in (3). In situ
observations of the plasma angular velocity, w, were first reported for Jupiter by McNutt
et al. (1981) (Voyager observations), and for Saturn by Lazarus and McNutt (1983), later
augmented by Wilson et al. (2008); Kane et al. (2008). Studies by Kellett et al. (2010, 2011)
are among the most detailed analyses of the morphology of Saturn’s ring current and the
contributions to this current associated with bulk rotation and thermal pressure of the mag-
netospheric plasma.

For both Jupiter and Saturn, the fact that the plasma rotation rate generally decreases
with radial distance is an important observational signature of the interaction, or coupling,
between the magnetospheric disc and the planet’s ionosphere. Hill (1979) developed a theory
for this coupling process in the Jovian system. He described the link between the intensity
of field-aligned currents flowing between the ionosphere and the magnetosphere, and the
radial profile of plasma angular velocity. In this picture, there are two major factors which
determine the dependence of @ on radial distance. The first is related to the radial trans-
port of angular momentum in the plasmadisc. The original source of this momentum is the
plasma originating from the o torus, which, in Hill’s theory, is assumed to form a corotating
(with the planet) ‘inner boundary’ for the disc. As the plasma diffuses radially outwards, via
processes to be later described, its tendency is to conserve angular momentum, and hence
for w to decrease with increasing radial distance r. In the absence of other forces, the disc
plasma would thus exhibit an angular velocity profile w o< r~2.

In reality, there is an additional force on the plasma, which arises from the tendency of the
most radially distant (equatorial) segments of outward-moving flux tubes to be ‘bent back’
against the direction of plasma rotation as @ decreases. This action produces a significant,
non-zero azimuthal component By in the magnetic field (B < 0 north of the magnetodisc
current sheet in the equatorial plane, and By > 0 in the south). The corresponding curl of
the field is equivalent to a radial current density J, flowing outwards through the middle
magnetosphere. The magnetic force per unit volume exerted on the disc plasma is the sec-
ond factor which determines the angular velocity profile, and may be written as —J, B ey,
where the z direction is orthogonal to the current sheet, B, < 0 (southward-pointing) for
both Jupiter and Saturn, and e is a unit vector pointing in the local direction of planetary
corotation. It follows that the magnetic force acts to accelerate the plasma back towards
corotation with the planet. The origin of this force is the angular momentum of the planet
itself. This is because the radial current which flows in the magnetospheric current sheet is
part of a larger current system which closes through the planet’s ionosphere, by means of
field-aligned currents that flow between these two regions (Fig. 2). The ionospheric current
is driven by ion-neutral collisions. Hence, the angular momentum of the planet’s rotating
thermosphere is transferred to the magnetospheric plasma by a field-aligned current system.

Taking into account these two mechanisms for angular momentum transport in the Jo-
vian magnetosphere, and assuming a pure dipolar magnetic field with an axis of symmetry
aligned with the planet’s rotational axis, Hill’s (1979) steady-state equation for the change
in plasma specific angular momentum ¢ with radial distance is:

dat ,d [ ,(1-6bw
_=Cl)jR_] —| L
dL dL [OF)

> 1—1/0)'2
—an(Z ) swrsB2 /BT
i L3

(&)
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Fig.2 Figure and caption reprinted from Cowley and Bunce (2001), Copyright (2001), with permission from
Elsevier: Sketch of a meridian cross-section through the Jovian magnetosphere, showing the principal features
of the inner and middle magnetosphere regions. The arrowed solid lines indicate magnetic field lines, which
are distended outwards in the middle magnetosphere region by azimuthal currents in the plasma sheet. The
plasma sheet plasma originates mainly at Io, which orbits in the inner magnetosphere at ~ 6 Ry, liberating
~ 103 kg s~Lof sulphur and oxygen plasma. This plasma is shown by the dotted region, which rotates rapidly
with the planetary field due to magnetosphere-ionosphere coupling while more slowly diffusing outwards.
Three separate angular velocities associated with this coupling are indicated. These are the angular velocity
of the planet §2, the angular velocity of a particular shell of field lines w, and the angular velocity of the
neutral upper atmosphere in the Pedersen layer of the ionosphere, Qj The latter is expected to lie between
w and £2; because of the frictional torque on the atmosphere due to ion-neutral collisions. The oppositely
directed frictional torque on the magnetospheric flux tubes is communicated by the current system indicated
by the arrowed dashed lines, shown here for the case of sub-corotation of the plasma (i.e. w < £2). This
current system bends the field lines out of meridian planes, associated with azimuthal field components By
as shown

where the symbols have the following meanings: L denotes the equatorial crossing distance
of the flux tube in units of R;, the planetary radius; w; is Jupiter’s angular velocity of rota-
tion; disc plasma along the flux tube extending to L rotates with angular velocity w; — §w;
X is the height-integrated ionospheric Pedersen conductivity; M is the rate at which new
plasma mass is added to the disc at its inner boundary, the lo torus; and By is the equatorial
field strength at the planet’s surface.

This equation clearly indicates the important role played by the ionospheric conductance
and the mass loading rate of Iogenic plasma. For increasing ¥ and decreasing M, Hill
(1979) showed that the ‘critical’ value of L, beyond which the plasma subcorotates to a
significant degree (§w/w; = 0.3), would increase. This tells us that the plasma is more
efficiently accelerated towards corotation in systems with highly conducting ionospheres
and/or low plasma mass loading rates. Mathematically, the value of L at which this level of
breakdown in corotation arises is given by:

7 XB,2R,2\ /4
Lo= (#) (©)

When we substitute appropriate values of ¥ = 0.2 mho (e.g. Cowley and Bunce
2001), M = 1000 kgs~! (Bagenal and Delamere 2011), and By = 428000 nT, we ob-
tain a value L, ~ 28 R;. Additional variants of Hill’s theory have included the effects
of non-dipolar fields, global changes in magnetospheric configuration and precipitation-
induced enhancement of the ionospheric conductance. (e.g. Cowley and Bunce 2001;
Nichols and Cowley 2004; Cowley et al. 2007). Other theoretical studies of the mag-
netosphere-ionosphere coupling have included more realistic, global-circulation models
for the thermosphere-ionosphere (e.g. Achilleos et al. 2001; Smith and Aylward 2009;
Yates et al. 2012). The most recent study of this kind (Yates et al. 2012) found that the
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total energy transferred from the planet’s rotation to the atmosphere and magnetosphere
varies with magnetodisc size. The total power dissipated in the coupled system changes
from ~ 400 TW to ~ 700 TW as the plasmadisc radius expands from 45 R; to 85 R;. This
prediction is consistent with the theoretical work of Southwood and Kivelson (2001), who
demonstrated that the steady-state intensity of the auroral currents should be higher for a
more expanded magnetosphere, characterised by a plasmadisc which rotates more slowly.

The addition of newly ionised plasma in the vicinity of the Io torus represents a momen-
tum ‘loading’ for the system. Freshly created ions initially move at the Keplerian velocity
of the neutral molecules from which they formed, and must then be picked up or incor-
porated into the ambient, corotating plasma flow—this requires an increase in the angular
momentum of the newly ionised plasma, which is ultimately provided by the deep layers of
the rotating planet. The processes of ion pickup and radial plasma transport both slow the
magnetospheric plasma below rigid corotation, extract angular momentum from the planet,
and produce magnetosphere-ionosphere coupling currents. However, there is also a process
which can change the local angular momentum of the disc plasma, without adding addi-
tional plasma mass. This is the phenomenon of charge exchange which may occur between
rapidly rotating ions and slower, cold neutrals (e.g. on Keplerian orbits) in a magnetosphere
where the neutral-to-ion ratio is considerably high, such as that of Saturn. The transfer of
electrons from the cold neutral to the hot ion results in the formation of a cold ion and a
hot neutral, the latter now free from the influence of the magnetic field and thus capable of
carrying energy away and escaping from the magnetosphere entirely.

Delamere et al. (2007) modelled the energy and particle flows for the Io and Enceladus
tori, incorporating the effects of ion pickup and charge exchange (see Sect. 2 for more de-
tails). They concluded that the relative importance of charge exchange and radial transport
of plasma was sensitive to the ratio of neutral to ion number density in the torus. At Sat-
urn/Enceladus, where this ratio is about ~ 12, the net effect of charge exchange is to carry
away ~ 95 % of the mass which is added to the torus per unit time (principally in the form
of water group molecules, which may then become ionised). The remaining ~ 5 % of this
material is transported radially outwards as plasma. At Jupiter/Io, on the other hand, neutral
species in the torus model (mainly sulphur and oxygen) have number densities about ~ 1 %
of their corresponding ion products. Under these conditions in the Jovian system, charge
exchange is predicted to remove about half of the mass added to the o torus per unit time.
This result demonstrates the more dominant role played by radial plasma transport in the
overall mass flow of the Jovian system.

In a related study, Pontius and Hill (2009) developed an equation of motion for the disc
plasma at Saturn which included the effects of ion-neutral charge exchange. They then used
this theory to ‘invert’ observations of plasma angular velocity by Cassini , and demonstrated
that the charge exchange process was the major contributor to decreasing the angular mo-
mentum of the plasma within regions L < 5. At L = 3.4-3.8 in Pontius and Hill’s (2009)
modelling study, for example, they show that the charge exchange process, in terms of mo-
mentum loading, is equivalent to adding ~ 350 kgs™' of plasma to the disc. In this same
interval of distance, the mass loading rate due to actual, newly ionised plasma (i.e. a genuine
increase in plasma mass) is ~ 8 kgs~!. The same authors estimate a total outward mass flux
of ~ 100 kgs™! near L = 7.5, for an ionospheric height-integrated conductivity of 0.1 mho.

The aforementioned studies suggest, then, that radial transport of plasma plays a major
role in the evolution of the Jovian magnetodisc, at least. The question then arises as to
the nature of this transport process: How do we move disc plasma in the radial direction
without eventually ‘breaking’ the magnetic flux tubes to which this material is ‘frozen in’?
An important clue arises from in situ observations of the magnetic field in the vicinity of the
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plasma tori themselves. On spatial scales which are large compared with Io and Enceladus,
the magnetic field near the corresponding tori is always well approximated by arigid, dipolar
configuration, arising mainly from the planet’s internal dynamo. Indeed, the model results
from Fig. 1 reveal that the L < 10 region of Jupiter’s magnetosphere is characterised by a
magnetic energy density more than ten times the bulk kinetic energy of the rotating plasma.
Hence, the Io torus is clearly inside a region where we expect the magnetic field to strongly
resist any large-scale ‘deformation’ due to plasma flow. The radial transport mode required
should thus be able to displace plasma mass outwards from its torus of origin, without any
attendant displacement of magnetic flux. The most widely proposed transport mechanism
which satisfies these requirements is that of flux tube interchange, a process which, in some
sense, relies on the development of a small-scale ‘texture’ in the disc plasma.

In this chapter, we limit our discussion of plasma transport to the interchange process
within the magnetodisc region, which arises from a fluid instability. In a more general con-
text, other forms of radial plasma transport may arise when fluctuations of magnetic or
electric fields occur. If the fluctuation time scale is larger than a particle bounce period, but
small compared to the time scale of azimuthal drift, the first two adiabatic invariants may
be conserved, but not the third. Hence particles will radially ‘diffuse’ (e.g. Brice and Mc-
Donough 1973; Walt 1994; Schulz 1979). If field fluctuations occur on adequately small
time scales compared to that of bounce motion, the first two adiabatic invariants will not
be conserved and particle energy and equatorial pitch angle will also be subject to dif-
fusion. Such rapid fluctuations may be associated with plasma waves, and the interaction
of these waves with particles can be the basis for this type of diffusion (e.g. Walt 1994;
Thorne 2010).

Sections 4 and 5 discuss more recent, advanced models for the interchange process at
both Jupiter and Saturn which incorporate additional effects such as pressure anisotropy and
multi-fluid magnetohydrodynamics. However, we may start to introduce the concept here,
in a simple way, by appealing to the early description of Gold (1959). He compared the
nature of a putative flux-tube-interchange process in the Earth’s magnetosphere with that of
convection in a gravitating, compressible fluid. In the latter case, consider the temperature
gradient —VT in the fluid, whose direction (from higher to lower temperature) opposes
gravity. If the magnitude of this gradient is above a critical value, known as the adiabatic
temperature gradient, the gas becomes unstable to convection. The critical driver for the
process is the fact that, for adequately steep gradient in temperature, the convective mixing
of parcels of gas will lead to a lower total energy for the new fluid configuration.

Applying this reasoning to a simple model of interchange, Gold (1959) considered the
outward displacement of a single plasma flux tube in a rigid, dipole magnetic field (a com-
pensating inward displacement of a plasma tube at larger radial distance maintains the large-
scale, dipole configuration of the field). As the flux tube moves outward, its equatorial cross
section intercepts a constant increment in magnetic flux, and its volume V changes in pro-
portion to the quantity L*. In the limiting case of adiabatic transport, the pressure P of
the plasma in the tube would thus change according to P oc L™, where y is the ratio of
specific heats for the plasma (e.g. y = % for an ideal, monatomic gas). This ‘adiabatic gra-
dient’ for pressure thus plays an analogous role to the adiabatic temperature gradient for the
gravitating fluid.

Hill (1976) extended this idea to a rapidly rotating model magnetosphere, specifically in
order to analyse the properties of the Jovian system. He considered the change in centrifugal
potential energy of plasma which would result from the exchange in location of two flux
tubes embedded in a pure dipole field. For a system where the flux tube content Mg (mass
of plasma contained in a tube whose cross section encloses unit magnetic flux) decreases

Reprinted from the journal 236 Q) Springer



Transport of Mass, Momentum and Energy in Planetary Magnetodisc

monotonically with distance, Hill (1976) supposed that the system would be unstable to
such interchange motions when they led to a decrease in the total centrifugal potential, and
he showed that this would happen when the following condition was satisfied:

oMp
ar,

In other words, a monotonic decrease in flux tube content My with equatorial crossing
distance r, encourages interchange motions in a system whose dominant energy arises from
bulk rotation. This description is appropriate for the cold, rapidly rotating plasma within the
Jovian magnetodisc. It is also important to note that the result of interchange motions is to
reduce the spatial gradient in flux tube content, and hence drive the system towards a lower-
energy, more stable state. The continual addition of Iogenic plasma to the disc ensures that
this stable state is never reached and that interchange continually acts to move newly created
plasma radially outwards.

Southwood and Kivelson (1989) further extended the theoretical treatment of interchange
motion, and quantified the effects of the interaction between the moving flux tubes and the
planetary ionosphere. Specifically, they showed that the timescale for growth of interchange
motions increases linearly with ionospheric Pedersen conductance X'p. This result reflects
the ‘damping’ effect which arises when a highly conducting ionosphere transmits a retard-
ing force to flux tubes participating in interchange motion. As with the large-scale rotational
motions of the disc plasma described above, this conveyance of momentum is achieved by
field-aligned currents, which travel along the flanks of the moving tubes and close in the
ionosphere. The ionospheric currents are associated with ion-neutral collisions between the
ionospheric plasma and the planet’s thermosphere. The transfer of momentum due to these
collisions is the ultimate source of the retarding force on the moving flux tubes. Southwood
and Kivelson (1989) favoured a diffusion-like mechanism to maintain the strong inward gra-
dient of the cold plasma’s flux tube content at the outer edge of the Io torus (i.e. tube content
strongly decreases with increasing radial distance). Beyond this region, their depiction of
the most likely nature of the plasma flow involved interchange motions whose combined
effect, over long time scales, was to migrate regions of high flux tube content outwards, and
depressed flux tube content inwards. For a temporally variable lo plasma source, the associ-
ated flow streamlines would be continually changing in a random manner. The local motion
of a flux tube (inward or outward) in this picture is determined according to whether it has an
elevated or depressed plasma content compared to the average content of its surroundings.

More than three decades after Gold’s analysis (Gold 1959) of the interchange process,
the Galileo orbiter at Jupiter gave scientists the opportunity to search for observational sig-
natures of this mode of plasma transport. Kivelson et al. (1997b) reported short-duration
increases in the magnetic field strength, of typical amplitude 1-2 % of the background field
and average duration ~ 26 s. These events were observed over an equatorial distance range
~ 6-7.7 R;. Although the change in field strength was typically small, the corresponding
change in magnetic pressure was often comparable to the background plasma pressure. One
particular event at 6.03 R; was analysed in detail by Kivelson et al. (1997b), and was con-
sistent with an inward-travelling flux tube of depleted plasma density, equal to < 50 % of
the background (outside the tube) value. The distance of origin for this depleted tube was
estimated to be 7.2 Ry, the location where the flux tube content of the background plasma
would be equal to that inside the inward-travelling tube.

The absence of ion-cyclotron wave signatures inside the depleted tube was interpreted
as evidence that it had not existed for a long enough period in the near-Io plasma environ-
ment for these waves (themselves signatures of ion pickup) to appreciably grow. Indeed,
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Fig. 3 Schematic of the plasma transport near the Io torus from Kivelson et al. (1997b). Dashed arcs denote
the orbit of Io, and 7 Ry. Other meandering curves represent averaged, rather than instantaneous, flows. Solid
(dashed) curves of this type indicate outward (inward) moving flux tubes. Well away from Io, inward and
outward flows balance. The vicinity of Io itself (filled circle) is a region dominated by mass loading, and thus
predominantly outward flow. Inward flow dominates elsewhere, presumably. The inbound Galileo trajectory
is shown as a solid, curved arrow. The spacecraft crosses both inward- and outward-moving plasma near
7 Ry, but mainly outward-moving material nearer to Io

Huddleston et al. (1997) applied this argument to estimate a radial velocity of travel for
the depleted tube around 100 kms™'. A more advanced description of the wave signatures
associated with mass loading in the magnetodisc will be given in Sect. 6. Analysis of the
same field enhancement event by Thorne et al. (1997), incorporating plasma wave data, in-
dicated that the depleted plasma density could have been as low as ~ 3 % of the background
value, thus suggestive of a strong contribution by energetic particles to the plasma pressure.
These Galileo studies were consistent with a scenario in which heavier flux tubes (i.e. higher
plasma content than background) are outward-moving, and outward motions are dominant
close to Io itself. They are presumably balanced by inward motions at other longitudes. At
larger distances, inward-moving, depleted tubes are observed, as described above. In Fig. 3,
we show the schematic diagram from Kivelson et al. (1997b) which illustrates these aspects.

Similar observational signatures of the centrifugally driven interchange process have
been observed by Cassini at Saturn. Rymer et al. (2009) reported a short-duration field
strength enhancement of amplitude ~ 6 % of the background field, corresponding to an
electron density about one third of the background value. The particle energy spectrogram
acquired by the Cassini plasma spectrometer (Young et al. 2004) exhibited the characteristic
dispersions associated with the energy-dependent particle drifts that would presumably oc-
cur during the inward motion of the depleted tube. The data were consistent with a tube that
had moved inward from ~ 10 Rg to 7 Ry at a radial speed of 150-300 kms™!, of the same
order as the Jovian observations. Earlier observational studies at Saturn (e.g. Hill et al. 2005;
Chen and Hill 2008) analysed what they referred to as plasma injection signatures over an
equatorial distance range ~ 6—11 Rg. The azimuthal extent of injection events with electron
energies 1-30 keV were estimated to be of the order < 1 Rg, and to survive less than one
planetary rotation.

Moving now into the outer reaches of the ‘magnetodisc’ region and beyond, the nature
of plasma transport is observed to change. Generally speaking, the relatively small perturba-
tions to the background plasma which describe the interchange process are replaced in the
outer magnetosphere by much larger-scale injections of plasma which is usually more ener-
getic and tenuous than the disc plasma. Mauk et al. (1999, 2002) quantified this transition
in the Jovian system through analysis of Galileo particle data. They described a change in
the ‘character’ of injections beyond distances of ~ 9 R;. Specifically, the injections in the
more distant magnetosphere are associated with increased fluxes of energetic particles, and
more pronounced energy dispersion signatures, even evident in electrons. Mauk et al. (1999)
analysed more than 100 events over the distance range 9-27 R}, which occurred over a wide
range in longitude and local time. This property of the Jovian plasma injections highlights
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the contrast with similar events in the Earth’s magnetosphere, whose local time distribu-
tion suggests a clustering around the dawn sector, consistent with a physical origin in the
terrestrial magnetotail.

Mauk et al. (1999) also found that a typical large-scale plasma injection in their sample
moved a few R; before it became significantly dispersed through differential drift motions.
About five injections per day were observed by Galileo under quiescent magnetospheric
conditions. This rate rose to approximately 30 events per day, following global magneto-
spheric disturbances or reconfigurations. The typical azimuthal extent of an injection was
~ 30-40°, in contrast with the few degrees for the interchange-related events described
above. In a related study, Louarn et al. (2001) examined the correlation between Galileo
plasma data, and radio data relating to regions in the outer Io torus. Their results suggested
that relatively young, ‘dispersion-free’ injections were signatures of an ‘unloading’ process,
which acted quasi-periodically to remove plasma from an active region in the torus. This
phenomenon may be related to the ‘energetic events’ described by Louarn et al. (1998) that
trigger sequences of plasma loading and unloading in the magnetodisc (Louarn et al. 2000).
The existence of these large-scale, energetic plasma injections in the Jovian system naturally
raises the question of whether they and the narrower ‘interchange tubes’ are in fact different
signatures of a unified, global process of plasma transport. At present, we do not have a
definitive answer.

The large-scale variety of plasma injections have also been observed in Saturn’s mag-
netosphere. Injections with particle energies in excess of ~ 100 keV have been observed,
and inferred to have survived up to several Saturn rotations from their time of formation
(Mauk et al. 2005; Paranicas et al. 2007). Plasma injections extending to tens of degrees
in azimuth have been remotely observed through energetic neutral atom (ENA) imaging
(Krimigis et al. 2005; Carbary et al. 2007). It has been suggested that these may originate
in the planet’s magnetotail, and rotate more quickly as they move inwards. ENA injections
have also been convincingly linked to rotating, arc-like auroral emissions at Saturn, to which
they are likely to be magnetically conjugate (Mitchell et al. 2009). Section 3 describes these
injections and their analysis in more detail.

After its creation and radial migration through a disc-like region, the final stage of the
transport of magnetospheric plasma is, of course, its final release from its parent planetary
system. One of the key phenomena which underpins this process is the fact that outward-
moving flux tubes cannot maintain their integrity indefinitely. The continual process of in-
ternal mass loading (associated with satellite tori) leads to the plasma sheet thickening in
the dusk sector, and the strong radial expansion of flux tubes as they rotate into the magne-
totail region, now unencumbered by the proximity of the magnetopause (e.g. Kivelson and
Southwood 2005).

A well-known scenario for mass loss in this context is the intermittent release of plasma
from these highly distended and mass-loaded flux tubes, a process which was first discussed
by Vasylitinas (1983). In this model, the corresponding part of the plasma sheet becomes
unstable once these outer flux tubes carry a critical amount of plasma and rotate past the
dusk sector into the magnetotail. Without the ‘bracing’ of a nearby magnetopause boundary
to stabilise it, the plasma sheet becomes disrupted and sheds individual parcels of plasma,
or plasmoids. A more detailed discussion of this process and magnetic reconnection in the
magnetotail region is given in other chapters of this volume. For present purposes, we note
that planetary rotation at the gas giant systems is also thought to influence the stability of
these heavily loaded flux tubes. Kivelson and Southwood (2005) pointed out that combining
concepts from magnetohydrodynamic and kinetic theories were important for understand-
ing the dynamics of plasma embedded in these structures. Specifically, they considered the
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motion of a heavy (20 proton masses), corotating ion with thermal energy small compared
to its rotational energy. Such an ion would gain ~ 20 keV in energy parallel to the field as
it moves from 45 to 50 Ry in cylindrical radial distance. If such ions acquire an adequate
amount of energy parallel to the field direction, then the plasma at the equatorial portion of
the flux tube will become subject to a firehose-type instability, and the magnetic field will
not be adequately strong to constrain the rapid, field-aligned motion of the plasma. Con-
sequently, the plasma sheet becomes unstable, distending and thinning, which leads to the
loss of plasma from the outer edge of the disc and the return of depleted, closed flux tubes
towards the planet.

In summary, then, we have found that the rapid planetary rotation associated with the gas
giant systems has a fundamental influence on the transport of magnetospheric plasma, and
the communication of energy and momentum between the magnetodiscs and the ionospheres
of these worlds. To improve our understanding of both processes, several advancements are
required, from both observational and theoretical points of view. We list some of these here:

e Additional surveys of the plasma angular velocity, over comprehensive ranges in distance
and in local time.

e More theoretical work coupling global-circulation models of planetary thermospheres
with plasma flow models for magnetospheres. Particularly relevant in this context would
be the further exploration of time-dependent effects of magnetospheric reconfigurations
on the auroral currents, and further work with three-dimensional models, in order to ex-
plore local time effects.

e The further development of an observational ‘interchange budget’, based on the statis-
tics of plasma injection events, as well as the comparison of different injections’ spatial
scales, dispersion characteristics, and correlations with near-coincident magnetospheric
reconfigurations.

e Further refinement of the theory of flux tube interchange, considering, for example, the
shapes and scales of the underlying, small ‘overturn motions’ which drive the global
plasma migration. Another major topic to address is the possibly inter-related influence
on interchange of: (i) dramatic changes in the rate of internal mass-loading; and (ii) the
external driving of the magnetospheric field structure by transient changes in the solar
wind dynamic pressure and/or the interplanetary magnetic field.

Finally, we conclude this section with a summary of some of the outstanding questions
relating to magnetodisc structure and dynamics (some of the following sections also have
summaries related to their relevant topics):

e What is the range of timescales for the localised motions, or ‘interchange overturns’,
which support the global radial transport of plasma?

e Do we actually detect interchange signatures with adequate spatial coverage and fre-
quency in order to explain the global rates of plasma transport which are required, on
average, at both the Jovian and Kronian magnetospheres?

e How do the larger-scale injection events contribute to global radial transport, and how do
they relate to the smaller-scale, centrifugally driven interchange events?

e Does the outward-moving, colder plasma actually extend to very large azimuthal dis-
tances between the hotter, more tenuous flux tubes, and is this why its observational sig-
natures are lacking by comparison?

e How do anisotropy forces, for both hot and cold plasma, affect the global structure of the
disc and the higher-latitude plasma?

e What are the acceleration mechanisms responsible for establishing the anisotropy in the
hot plasma pressure?

Reprinted from the journal 240 ) Springer



Transport of Mass, Momentum and Energy in Planetary Magnetodisc

Fig. 4 Saturn’s E-ring of neutral
gas formed near the orbit of
Enceladus from water vapor
vented from its south pole
plumes. (Image credit:
NASA/JPL/Space Science
Institute)

2 The Neutral-Plasma Interaction
2.1 Introduction

The giant planet magnetodiscs are supplied by mass from satellites orbiting deep within
the magnetosphere. At Jupiter, lo revolves around the gas giant with an orbital distance
of 6 Ry and supplies the inner magnetosphere with roughly 1 ton per second of neutral
sulfur and oxygen from its prodigious volcanic activity (Thomas et al. 2004). At Saturn,
Enceladus orbits at a distance of 4 Rg and vents roughly 200 kgs™! of water molecules
from geysers at its south pole to form Saturn’s E-ring (Mauk et al. 2009). The distances
to the respective magnetopause boundaries are roughly 75 Ry (Joy et al. 2002) and 24 Rg
(Kanani et al. 2010), placing these satellites deep within the inner magnetosphere. The fate
of these neutral gases are very different when comparing Jupiter with Saturn. Jupiter’s in-
ner magnetosphere is dominated by plasma as most of the neutral gas from Io is ionized
(Delamere et al. 2007). Saturn’s inner magnetosphere remains neutral dominated due to
very low ionization rates (Delamere and Bagenal 2008). This section will compare and con-
trast the evolution of neutral gas and transport of plasma through the giant planet magne-
todiscs.

Escaping neutral gases typically have speeds that are not significantly different from the
Keplerian velocity of the parent satellite. For example, the escape velocity from lo is roughly
2.5 kms~!, while Io’s Keplerian velocity is roughly 17 kms~!. As a result the neutral gases
will tend to form a torus of gas about the orbit of the satellite (Fig. 4). However, if ionization
occurs then the evolution of the gas clouds is altered significantly.

There are essentially three neutral gas loss mechanisms to consider: 1) photo ioniza-
tion, 2) electron impact ionization by a thermal background plasma, and 3) charge ex-
change (Delamere and Bagenal 2003; Fleshman et al. 2010a). Other processes such as
electron impact dissociation and photodissociation of molecular species and neutral-neutral
collisions can scatter neutral particles resulting in loss to the planet or rings; however,
as loss mechanism, these scattering processes are relatively minor (Fleshman et al. 2012;
Cassidy and Johnson 2010; Farmer 2009; Johnson et al. 2006). Photoionization timescales
at 5 and 9 AU are typically of order of months to years. Compared to the orbital period
for Keplerian motion (days) and the spreading of the neutral gas due to small difference in
Keplerian speeds (tens of days), a complete neutral torus would be expected to form in the
absence of electron impact ionization mechanisms. If, however, electron impact ionization
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Fig.5 An example of Io’s Oxygen Cloud
partial neutral oxygen torus from
Burger (2003)
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is faster than ~ tens of days, then a partial neutral torus will form due to relatively prompt
losses of the neutral gas cloud.

The ionization energy for most neutral species ranges between 10 and 15 eV. For a
Maxwellian distribution, significant ionization can still be achieved at lower temperatures
via the high energy tail of the distribution. The ionization rates for sulfur (i.e. S to S*) are
sufficient to erode the sulfur neutral clouds extending from lo such that only a partial neu-
tral torus forms. While no global observation of Io’s neutral torus has been made (see Brown
1981; Skinner and Durrance 1986 for examples of measurements far from Io inferred from
line-of-sight UV observations), model results show that the torus is indeed partial (Smyth
and Marconi 2003; Burger 2003) as shown in Fig. 5.

The thermal electron population in the Io plasma torus is observed to be roughly 5 eV
(Sittler et al. 2007), while the electron temperature in the Enceladus E-ring region is less
then 2 eV (Young et al. 2004; Schippers et al. 2008). The electron impact ionization rates
increase by roughly two orders of magnitude between 2 eV and 5 eV. This accounts, in
part, for Jupiter’s plasma-dominated inner magnetosphere and Saturn’s neutral-dominated
inner magnetosphere (Delamere et al. 2007). The ubiquitous hot electrons, observed in both
systems, can also provide ionization, but as we will discuss below, the hot electrons at Jupiter
serve to heat the thermal electrons and increase the ionization state (i.e. average charge of
the ions) of the plasma torus. At Saturn, the hot electrons provide ionization at a level that
is comparable to photoionization but due to the tenuous plasma, cannot provide significant
energy via Coulomb interactions to the thermal electrons.

Additional chemistry must be considered to fully understand the evolution of the neutral
clouds and ultimate fate of these gas particles. Charge exchange between ions and neutrals
results in high-speed neutrals that can potentially escape from the system completely, or
force collisions with the planet or ring systems. This mechanism leads to the permanent loss
of neutral material from the system and cannot further participate in the plasma mass loading
of the magnetosphere (Cassidy and Johnson 2010; Fleshman et al. 2012). Other reactions
involve molecular species that can dissociate via electron impact into smaller molecules or
atomic species. Molecular ions likewise can suffer electron impact dissociation, yielding
smaller neutral fragments that can likewise escape from the system. Photodissociation for
molecular species can also be important (Fleshman et al. 2010a).

In this section we will discuss the mass loading of the inner magnetosphere and the flow
of energy and mass through the system.
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2.2 Momentum Loading and Neutral Cloud Evolution

Ionization and charge exchange both involve momentum loading of the magnetosphere.
The Keplerian speed of neutral particles is significantly less than the local plasma flows
that are typically a significant fraction of the corotation speed of the planet. At Jupiter and
at Io’s orbit, the corotation speed is roughly 74 kms™', and the difference between the
Keplerian speed and the corotation speed is 57 kms™!. This means that new ions will be
picked up (from Keplerian speed) to the local flow speed (corotation speed), requiring a
transfer of momentum from the planet to the new ions. Mass loading the plasma flow results
in a slowing (subcorotation) of the flow and the related magnetic field perturbations will
couple (via an Alfvénic perturbation/field-aligned currents) the mass-loaded plasma to the
planetary ionosphere. In steady state, the “pickup current” results from the J x B force that
balances the momentum loading, specifically when M Vplasma = f J x BdV, integrated over
the mass loaded volume (see Vasylitinas 2006 for a detailed discussion on the physical origin
of the “pickup current”).

Alternatively, mass loading and ion pickup can be understood by considering the rest
frame of the neutrals. In this frame, the plasma is flowing past the stationary neutrals and
has an associated convection electric field, E = —V,4n X B. In this case, the new ion is
accelerated by the convection electric field and acquires an average drift velocity equal to
the local flow speed and in the flow direction together with a gyromotion with a speed that
is also equal to the local flow speed. The combination gives a cycloid motion as illustrated
in Fig. 6. The resulting velocity distribution is a two-dimensional ring beam (perpendicular
to the local magnetic field) with temperature, 7, = %mvzlmma. Typically, this temperature is
tens to hundreds eV. This unstable distribution can generate electromagnetic ion cyclotron
(EMIC) waves which scatter the ring beam toward an equilibrium Maxwellian distribution
(Blanco-Cano et al. 2001c; Russell and Huddleston 2000). However, the scattering time
scales and the mass loading time scales can be comparable leading to the observed tem-
perature anisotropies (7 /T > 1) in both Io (Crary et al. 1996) and Enceladus plasma tori
(Sittler et al. 2008). Figure 7 illustrates the combined velocity distribution of a ring beam
(blue) embedded in a cooler Maxwellian distribution (red).

A critical issue, however, is that the electrons produced during ionization are picked
up with an energy that is much less than the ionization potential of the neutral gas (i.e.
<« 10 eV). Only through Coulomb coupling to the ions and superthermal electrons will the
thermal electrons attain a sufficient energy to ionize. But the effectiveness of the Coulomb
coupling is dependent on the plasma density and this energy source can also compete with
radiative cooling losses. For a complete discussion of this energy flow, see discussions by
Shemansky (1988) and Delamere et al. (2007).

Both ionization and charge exchange momentum load the local plasma flow, but gen-
erally only ionization adds mass to the system. Charge exchange reactions can liberate a
fast neutral with speeds ~ vpsma, in principle, at any point of the cycloid trajectory. These
fast neutrals will generally leave the system (i.e. escape from the magnetosphere). However,
Fleshman et al. (2012) note that charge exchange cross sections are generally velocity de-
pendent and in the case of symmetric reactions, the cross sections are a strong function of
velocity with large increases at low velocity. If the ions move in perfect cycloids, then the re-
action rates increase significantly near the cycloid cusps where the relative velocity between
the ion and neutral is minimized. The slow moving neutral products will thus linger in the
inner magnetosphere and the slow velocity charge exchange reaction can be considered as an
important mechanism for spreading the neutral clouds. Other mechanisms for spreading the
neutral clouds include dissociation of molecular species due to the residual kinetic energy
distribution of the dissociated products (typically 1 kms™') (Fleshman et al. 2012).
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Fig. 6 An illustration of the (b)
neutral-plasma interactions near ® B
Io. Incident plasma interacting

with Io’s atmosphere lead to

ionization, charge exchange and

induced dipole interactions that

collectively lead to an o - g
atmospheric sputtering process at Sputtering L. =~
or near the exobase. (Image S
credit: F. Bagenal/S. Bartlett)
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Fig. 7 An illustration of a ring
beam distribution (blue)
combined with a cooler
Maxwellian distribution (red)
near lo

2.3 Satellite-Magnetosphere Interactions

At the root of neutral-plasma interactions at Jupiter is the source of neutral material from
Io’s atmosphere. Io’s atmosphere is created through the direct injection of gases from vol-
canic vents and through sublimation of the surface frosts originating from volcanic plume
fallout. The relative contribution from these processes has generated significant debate (see
reviews by McGrath et al. 2004; Lellouch et al. 2007). The atmosphere exhibits day/night
asymmetries, supporting the sublimation source, yet the persistence of atmospheric emis-
sions during eclipse supports a direct volcanic source. Io’s atmosphere is confined to its
equatorial regions and appears to contain multiple components that include a tightly bound
SO, and SO atmosphere, together with an extended corona of atomic S and O species. The
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corona is also an expected result of an escaping atmosphere, namely the 1 ton per second of
material that escapes from lo to populate the extended neutral clouds.

Various approaches have been adopted to model Io’s interaction with Jupiter’s magneto-
sphere. Early models adopted a fully three-dimensional, MHD approach where Io’s surface
used prescribed boundary conditions (e.g. finite conductivity) and a distributed mass load-
ing rate to represent ionization and charge exchange (Combi et al. 1998; Linker et al. 1998;
Kabin et al. 2001; Khurana et al. 2011). Saur et al. (1999) used a two-fluid model to model
the flow around a conducting atmosphere, solving for the electric fields and currents asso-
ciated with the interaction. However, these authors did not self-consistently solve for the
magnetic field perturbation, but rather determined the perturbation based on the modeled
currents. A hybrid simulation was also attempted by Lipatov and Combi (2006) to improve
the treatment of mass loading and the related generation of non-Maxwellian pickup dis-
tributions. More recently, Dols et al. (2012) used a MHD approach, coupled with mass
loading rates determined from a physical chemistry model of the local Io interaction (Dols
et al. 2008). The coupled approach, combined with comparisons with data from the various
Galileo flybys, led Dols et al. (2012) to suggest that Io’s outer atmosphere/corona is not
distributed uniformly in longitude. Instead, it is extended in the wake direction and perhaps
even more extended in the anti-Jupiter direction.

There is one possible explanation worth mentioning for a possible asymmetric atmo-
sphere. Using magnetic field perturbations seen in the Galileo magnetometer data, Russell
et al. (2003b) concluded that an asymmetric distribution of ion cyclotron wave power could
be generated if charge exchange preferentially redistributes the neutral atmosphere to the
wakeward and anti-Jupiter directions because ion pickup motion from charge exchange re-
actions is initially in this direction. Subsequent ionization of these scattered neutrals will
lead to the generation of EMIC waves. Crary and Bagenal (2000) used the ion cyclotron
waves as a constraint on density and escape rate of the neutral atmosphere. These initial
assessments of Io’s atmosphere are consistent with the subsequent analysis of Dols et al.
(2012).

Roughly 10'2 W of power is generated by Io’s interaction with the plasma torus (Saur
et al. 2004; Hess et al. 2010). The escape velocity, v, from Io’s surface is ~ 2.5 kms~!. If
1 ton of neutral material escapes per second from the atmosphere, then the power associated
with neutral escape (%M v; A3 10° W) is only a small fraction (< 1 %) of the interaction
power. While most of the power is radiated in Alfvén waves, it is plausible that harnessing
just a small fraction of this power can support [o’s atmospheric escape. The escape process
could involve a variety of different physical mechanisms, all of which might be considered
as atmospheric sputtering. These include direct collisional heating of the neutral atmosphere
via induced dipole interactions, charge exchange scattering, or even electron impact disso-
ciation of molecular species. The latter mechanism was discussed by Dols et al. (2008) as
being potentially a major contributor to the formation of Io’s corona and extended neutral
clouds because of substantial reaction rates (~ tons per second) combined with a charac-
teristic kinetic energy distribution of the dissociated products that is comparable with the
escape velocity.

Finally, a potentially important aspect of the satellite-magnetosphere interaction is the
feedback of field-aligned electrons. Electron beams have been observed near lo by Williams
et al. (1996). Dols et al. (2008) and Saur et al. (2002) noted that these beams can interact
with Io’s atmosphere, providing additional ionization and heating of the atmosphere. The
total power attributed to these beams from Frank and Paterson (1999) is roughly 10° W,
indicating that the beams might contribute to the modification of the atmosphere via the
plasma interaction.
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A study, similar to that of Dols et al. (2008) for Io, of the Enceladus plume-plasma
interaction was conducted by Fleshman et al. (2010b) using a water group physical chem-
istry model. The tenuous plasma conditions near Enceladus do not result in a strong inter-
action. Typical mass loading rates, consistent with magnetic field perturbations measured
near Enceladus, are small (e.g. Khurana et al. 2007 estimate a plasma mass loading rate
of <3 kgs~! within five Enceladus radii). Field-aligned electron beams are also present
and are thought to play a more significant role in the overall chemistry associated with the
Enceladus plume (Fleshman et al. 2010b). Simulation studies have investigated the role of
charged dust particles in the plasma interaction and Kriegel et al. (2011) concluded that
heavy negatively charged dust grains can in fact generate Hall currents in the opposite sense
of currents generated by ions and electrons (with the mass of the positive and negative charge
carriers reversing roles).

In summary, Io’s interaction with its plasma environment results in a fascinating feedback
process, modifying the atmosphere that ultimately supplies the plasma torus. Bagenal (1997)
showed that most of the mass added to the torus occurs in the escaping neutral cloud rather
than through local ionization of the atmosphere. Enceladus, on the other hand, already has
an escaping plume of neutral gas and does not require energy input from the magnetosphere
to liberate neutral gas from the gravitational well of the satellite.

2.4 Plasma Tori

The neutral-plasma interaction is fundamental for formation of giant planet magnetodiscs.
The ultimate fate of escaping neutral gases from satellite sources is a basic problem that af-
fects the flow of mass and energy through magnetodisc systems. Neutral gas can be absorbed
by the planet, its rings, or escape from the system at high speed (i.e. greater than the escape
velocity for the planet) due to charge exchange reactions. The final mass loss mechanism
is via radial plasma transport and eventual loss to the solar wind (primarily down the mag-
netotail). In other words, the neutral source is either absorbed within the system, scattered
outside the system, or lost as plasma to the solar wind. The latter mechanism has significant
consequences for magnetospheric dynamics.

Bagenal and Delamere (2011) provided a comprehensive comparative study of mass
and energy flow at Jupiter and Saturn. In both cases the transport time scales from satel-
lite to solar wind is roughly tens of days. At Jupiter, roughly half of the neutral source is
lost to fast neutral escape, leaving roughly 500 kgs~' of the original 1 ton per second of
gas available for plasma transport. At Saturn, Fleshman (2011) showed that only a quar-
ter of the neutral gas survives to the plasma state. The typical neutral source from Ence-
ladus is 200 kgs~!, indicating that only 50 kgs~' is transported as plasma. This order of
magnitude difference between Jupiter and Saturn has enormous consequences in terms of
magnetosphere-ionosphere (MI) coupling. At Jupiter, the breakdown in corotation of the
magnetodisc is dramatically highlighted by the main auroral oval. Saturn’s auroral emis-
sions, on the other hand, appear to map to a terrestrial-like boundary to an open polar cap
with the internal plasma source not presenting the same level of mass loading to the coro-
tating magnetosphere (Bunce et al. 2008). There has been some debate regarding the rel-
ative mass loading of these two systems, with Vasylitinas (2008) arguing that Saturn is in
fact more heavily mass loaded with Saturn’s weaker magnetic field playing an important
role.

Fundamentally, the plasma mass must be eventually lost to the solar wind flow. De-
lamere and Bagenal (2013) argued that the scale of the magnetosphere (i.e. distance to
the sub-solar magnetopause) must be related to the plasma mass loss rate. At Earth the
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Fig. 8 An illustration of the
scaling of Jupiter’s and Saturn’s
magnetospheres. The vertical
pink line approximates the
location of the subsolar
magnetopause boundary in the
absence of an internal plasma
source. Jupiter’s magnetosphere
is substantially more inflated
compared with Saturn. (Image
credit: F. Bagenal/S. Bartlett)

scale of the magnetosphere is determined by balancing the solar wind dynamic pressure
with the planetary magnetic field pressure. This is not the case for Jupiter and Saturn
where plasma pressure is an essential ingredient in the pressure balance condition. As an
alternative, the momentum transfer rates from the solar wind must be able to accommo-
date this effective mass loading from the magnetosphere. In other words, the amount of
solar wind mass per second that can be coupled via an Alfvénic interaction must bal-
ance the magnetodisc plasma loss rate. If these effective M quantities are not balanced,
then the magnetodisc will grow/shrink until momentum balance is once again achieved.
In this sense, the neutral-plasma interaction is fundamental to understanding the MI cou-
pling within the magnetosphere, as well as the coupling of the magnetosphere with the solar
wind.

2.5 Summary

The interaction between satellite-generated neutral gases and the magnetospheric plasma
environment is critical for the formation of giant planet magnetodiscs. In the absence of
a source of energy to heat the electrons, ionization of the neutral clouds would not occur.
Yet the ionization of the neutral gas leads to a flow of momentum and energy from the
planet that in turn heats the plasma. This feedback process can reach a non-linear tipping
point where the plasma environment can rapidly erode the neutral clouds. At Saturn, the
inner magnetosphere is dominated by neutral gas as electron temperatures near Enceladus
are not sufficient to tip the balance in favour of plasma. But at Jupiter, the electron tem-
peratures are sufficient to yield a plasma-dominated inner magnetosphere. The net result
is that Saturn’s magnetosphere is only slightly inflated by the internal plasma source when
compared to Jupiter’s highly inflated magnetosphere (Fig. 8). It follows then that Jupiter’s
magnetodisc is dominated by plasma pressure (8 > 1) while the plasma pressure in Sat-
urn’s magnetodisc is comparable to the magnetic field pressure (i.e. 8 ~ 1). These very
different conditions can significantly affect the solar wind interaction with these magneto-
spheres.
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Fig. 9 In-situ observations of small- (lefr) and large-scale (right) injections at Saturn obtained by
Cassini/MIMI (magnetospheric imaging instrument). The upper panel shows protons measured by LEMMS
(low energy magnetospheric measurement system) and the lower panel shows electrons measured by CAPS
(Cassini plasma spectrometer). The small-scale injections are observed predominantly inside 9 Rg and have
a very narrow spatial extent (< 1 Rg). The large-scale injections are observed predominantly beyond 9 Rg
and have a relatively broad spatial extent (several Rg). See Fig. 10 for an example of the instantaneous global
distribution of large-scale injections

3 Injections and Their Role in Magnetodisc Formation and Stability
3.1 In-Situ Picture

The occurrence of energetic particles, up to several hundreds of keV, is a particularly appar-
ent feature of the Saturnian magnetosphere. In the Jovian magnetosphere, such intensifica-
tions of energetic particles are less apparent and occur on top of a “sea” of already enhanced
ion intensities, which is most likely due to the lack of a significant radial gradient in phase-
space density (Mauk et al. 1999). In Saturn’s magnetosphere, the injection of energetic par-
ticles seems to stem from two main fundamental mechanisms: (1) small-scale injections
observed roughly inside of 9 Rg associated with centrifugally driven interchange (Kennelly
et al. 2013; Rymer et al. 2009), and (2) large-scale injections observed roughly beyond 9 Rg,
likely associated with planetward propagation due to magnetic field line tension (or buoy-
ancy) set up by reconnection processes in the magnetotail region (Pontius and Hill 1989;
Bunce et al. 2005; Mitchell et al. 2009, 2015). Both of these mechanisms are fundamental
to the energization and transport of plasma and therefore comprise an important aspect of
magnetodisc formation and stability.

Figure 9 illustrates both types of injection. The left-hand column shows the small-scale
injections that are associated with << 1 Rg particle intensifications. These have been asso-
ciated with centrifugally driven interchange-type instabilities. The right-hand column pro-
vides an example of a large-scale injection observed post-midnight, around about 17 Rg. Its
lack of energy dispersion indicates that this is a rather young injection. The injected parti-
cle distributions will disperse as they drift due to the sub-corotational electric field (i.e. the
convective electric field due to bulk rotation), and magnetic gradient/curvature forces. Such
particle dispersions have been observed both in situ (Mauk et al. 2005) and in Energetic
Neutral Atom (ENA) images (Brandt et al. 2008) obtained by Cassini INCA (Ion Neutral
Camera). An initial ion population, evenly distributed (spatially) over finite intervals in ra-
dial distance and azimuth, will therefore disperse and form a spiral pattern, with the higher
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Fig. 10 Hydrogen ENA image sequence obtained from the southern hemisphere by Cassini/INCA in the
24-55 keV range. The sequence shows the first type of large-scale injection with an inward radial propagation
from the tail. The injected population then drifts around Saturn due to the sub-corotational electric field,
gradient and curvature forces. The drift trajectory is slightly radially inward. As the population reaches the
pre-midnight sector it re-intensifies due to yet unknown processes. Position information for the spacecraft
is reported in each panel. The axes shown correspond to the SZS coordinate system, in which the Z axis is
parallel to the planet’s rotational axis and the planet-Sun direction lies in the XZ plane

energy ions drifting faster than those of lower energy. Although this behaviour has been
observed several times, there are other behaviours that remain unexplained.

It is important to remember that the term ‘interchange instability’ represents a broad
range of magnetospheric phenomena and is not exclusively reserved for the small-scale
injections, that are most likely centrifugally driven. Large-scale injections can plausibly also
be the signature of an interchange-type instability, but they are more likely to be driven by
the relatively strong buoyancy (with respect to the ambient plasma) of hot, low-density flux
tubes which are generated through magnetic reconnection processes in the magnetotail.

3.2 Global Picture

The relation between the small- and large-scale injections is best observed in remote global
images of the energetic ion distributions obtained by INCA. This instrument uses a technique
called Energetic Neutral Atom (ENA) imaging, which is based on detecting the direction,
energy and species of ENAs produced through charge exchange between singly charged
energetic ions and neutral species.

As illustrated in Figs. 10 and 11, there are two main categories of ENA intensifications
observed by INCA. The first type (‘Type 1’) occurs as an inward and slightly azimuthally
propagating intensification, and is visible from about 20 Rg in the midnight/post-midnight
sector. The second type (‘“Type 2’) is re-brightening of an already existing emission region
in the pre-midnight/midnight region. We describe the observations in more detail below.

The hydrogen ENA image sequence shown in Fig. 10 was obtained from the Southern
hemisphere on DOY 24-25 2009 in the 24-55 keV energy range. The apparent hard edges
of the image are the limitations of the FOV (field of view) of INCA. Figures 10a—10d show
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Fig. 11 Hydrogen ENA image sequence obtained from the northern hemisphere by Cassini/INCA in the
24-55 keV range. The sequence displays the occurrence of a Type-2 intensification together with a Type-1.
Although tempting to suggest, it is not yet clear if Type-2 intensifications trigger Type-1

a Type 1 intensification becoming first visible around 20 Rg at the upper edge of the FOV,
and then propagating inward to the post-midnight sector and intensifying. The intensifica-
tion could be due to two things: (1) energization of the ions leading to higher ion differential
intensities, and/or (2) propagation in to regions of higher neutral densities leading to higher
ENA differential intensities. Although this Type 1 intensification shows intriguing fine struc-
ture, it is not clear if it is real or is an effect of counting errors and running averages used
for the images. Neither can be excluded at this stage.

Figure 10e shows how the Type 1 injection has now drifted around to the dusk sec-
tor. There is a decrease of ENA intensities from Figs. 10d to 10e, which is attributed to
charge-exchange loss. However, in subsequent images of Figs. 10f to 10h, the intensities are
increasing. This kind of (re)intensification is referred to as Type 2. Fine structure is coherent
through the observations of the Type 2 intensification and is arguably real, since the image
averages are well separated in time, but still display the same general fine structures.

Figure 11 illustrates how a Type 1 intensification can sometimes be preceded by a Type 2
intensification. The sequence shows ENA images in the 24-55 keV range, obtained from
the northern hemisphere. Again, a Type 2 intensification of a previous, dimmer population
occurs in the pre-midnight sector as shown in Figs. 11a—11c. However, as the Type 2 intensi-
fication reaches midnight in Fig. 11d, a Type 1 event is visible at the upper right edge of the
FOV of INCA, and propagates rapidly in azimuth (at radial distance about 20 Rg), at about
twice the rate of rigid planetary corotation—which is consistent with the modeling results
by Jia et al. (2012). The reader should be cautioned here that the fine structure of the Type 1
intensification seen in Figs. 11e—11h is likely to be an artefact of the collimator blades of
the INCA camera or counting noise.

The Type 1 intensification is most likely the global manifestation of the large-scale in-
jections presented in Fig. 9. This statement is supported by the location and size of the
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non-dispersive, large-scale injection in Fig. 9. Perhaps, more importantly, both Type 1 in-
tensifications observed by INCA and the large-scale injections observed in-situ appear to be
associated with low-frequency extensions (LFE) of the Saturn Kilometric Radiation (Lamy
et al. 2013; Mitchell et al. 2015). In addition, modelling by Jia et al. (2012) shows fast
plasma flows returning to the inner, post-midnight magnetosphere following reconnection
processes in the tail. Therefore, the preliminary conclusion that we draw is that reconnec-
tion in the magnetotail creates planetward, fast flows that are driven by the buoyancy of the
associated low-density plasma (Pontius and Hill 1989). As the fast plasma flow reaches the
inner magnetosphere it leads to plasma energization, either through inward radial transport
to regions of higher magnetic field strength, and/or through particle interaction with the thin
dipolarization fronts of the plasma flow burst. This type of process is very similar to that
believed to be causing the main ion energization in the terrestrial magnetosphere (Runov
etal. 2011).

The cause of the Type 2 intensifications is still under investigation, but possible expla-
nations include small-scale plasma injections, based on the radial range where these are
observed in-situ. The fact that the Type 1 intensification drifts radially inward to then trans-
form into a Type 2 intensification also supports the idea that small-scale injections are play-
ing a role in transporting plasma radially inward—thus leading to enhanced ENA intensity
due to ion energization and the higher neutral densities encountered. Although radial, in-
ward motion is not apparent in the INCA images presented here, Carbary et al. (2008b)
demonstrated that a slight tendency for inward propagation in the INCA image sequences
was statistically significant. Thomsen et al. (2012) provides further evidence from a range
of in-situ measurements that this is indeed a feature of the drifting ion populations. A poten-
tially important clue may also come from the fact that Type-2 intensifications occur more
frequently at periods close to that of Saturn’s rotation than do the Type-1 intensifications.
Brandt et al. (2012) reported four consecutive occurrences of Type-2 ENA intensifications
close to the orbit of Dione with a Type-1 intensification only after the fourth Type-2 intensi-
fication. As an independent confirmation of the regular nature of the Type-2, Mitchell et al.
(2015) reported a close relation between the Type-2 ENA intensifications and narrow-band
emissions, although the exact relation between the two remains unclear.

4 The Interchange Instability
4.1 The Interchange Instability Criterion

The structure and dynamics of giant planet magnetospheres are dominated by the pres-
ence, within the magnetospheric cavity, of several plasma sources and by the fast plane-
tary rotation. The various plasma populations are trapped by the planetary magnetic field
and the relatively cold plasma is confined near the equatorial plane by the action of cen-
trifugal force, thereby giving rise to a thin disk of (sub)corotating plasma. The redistri-
bution of the locally created plasma throughout the magnetospheric system is one of the
fundamental dynamical processes occurring in giant planet magnetospheres. This redis-
tribution is achieved through plasma transport perpendicular to magnetic field lines (see
Sect. 1). The exact mechanisms responsible for this transport are not yet completely under-
stood, with the transport probably operating through different modes and on different scales,
both spatial and temporal. It is, however, widely believed that the outward plasma trans-
port is triggered by the centrifugal instability, a Rayleigh-Taylor type instability in which
the centrifugal force plays the role of the gravitational force, and that it proceeds through
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the interchange of magnetic flux tubes (e.g., Melrose 1967; Ioaniddis and Brice 1971;
Hill 1976). Physically, under the action of the centrifugal and magnetic buoyancy forces,
mass-loaded flux tubes tend to exchange positions with relatively empty flux tubes, located
further out in the magnetosphere.

In terms of in situ observations, there is no direct evidence of outward-moving flux tubes
laden with cold plasma. However, the outflow velocity in Jupiter’s magnetodisc has been
inferred by Russell et al. (2000) through the use of various techniques. One of these in-
volved the use of magnetodisc field measurements and stress-balance arguments to estimate
a plasma mass density, and then equating the total rate of radial mass outflow to the rate
at which plasma mass is added by the o source. At a distance of 25 R;, for example, the
estimated velocity is 29 kms~!. Considering the density profile of plasma nearer the Io torus
(6-9 R)), Russell et al. (2000) estimated smaller outward radial velocities ~ 9-68 ms~! in
this region. These authors also pointed out that magnetic signatures of empty flux tubes in
the Io torus region comprised a small fraction, (~ 0.4 %), of the total time covered by the
relevant data. This aspect supports the picture of empty flux tubes which carry magnetic flux
inwards at relatively high speeds, in order to compensate for the outward transport of flux
via the motion of a body of cold plasma which occupies the majority of the magnetodisc
volume (Russell et al. 2000 estimate that the inward-moving tubes have speeds ~ 250 times
greater than the outward-moving ones; see also Sect. 1). In this picture, the net radial flux of
plasma mass would be outward-directed.

Interchange motions have been extensively discussed in the literature under a variety of
simplifying assumptions, sometimes unrealistic and unproven. A review of this abundant
literature can be found in the introductory section of Ferriere et al. (1999). Gold (1959) was
the first to introduce the concept of interchange of magnetic flux tubes in the magnetospheric
context (see also Sect. 1). His so-called strict interchange model assumes a one-to-one in-
terchange between magnetic flux tubes enclosing the same amount of magnetic flux and
thus leaving the shape of the field lines unchanged, and the total magnetic energy of the
system unperturbed. Cheng (1985) pointed out much later that this model is at odds with
the requirement of total pressure balance, and that a realistic flux tube interchange must
be accompanied by a corresponding change in field magnitude. The so-called generalized
interchange model of Southwood and Kivelson (1987) still assumes that the interchanging
flux tubes preserve everywhere the direction of the local magnetic field, but they relax the
condition that the energy density of the magnetic field is unperturbed by the interchange.
Both models involve approximations for actual interchange motions of plasma elements,
which generally entail distortions of the direction of magnetic field lines, preserving the
equilibrium of total pressure (plasma plus magnetic pressure).

Newcomb (1961) studied the influence of the gravitational field and of stratification
on the three modes of ideal magnetohydrodynamics (the Alfvén mode, the fast and slow
modes). He considered a plasma confined in a horizontal magnetic field distribution by a
uniform, vertical gravitational field. Newcomb (1961) identified two convective wave modes
for this system, whose dispersion relation is influenced by the stratification of the plasma
in the vertical direction (for the case of a wave vector nearly perpendicular to the mag-
netic field). These two modes can be distinguished by their behaviour in the limit of zero
parallel wave vector (with respect to the magnetic field). In this limit, the convective wave
modes occur as two types, and were given the name of quasi-interchange modes: one of
these modes gives rise to plasma motions mainly across the magnetic field lines (hereafter
denoted the interchange or type 1 mode), while the other two modes give rise to plasma
motions mainly along the magnetic field lines (hereinafter denoted as translation or type 2
modes). These quasi-interchange modes have been studied more comprehensively than in
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previous attempts by Ferriere et al. (1999) for the case of collisional plasmas, and by Fer-
riere and André (2003) for the case of collisionless proton-electron plasmas. These studies
take into account the effect of both gravitation and magnetic field line curvature. André
and Ferriere (2004) derived the local stability criterion of small-scale, low-frequency modes
in stratified, rotating plasmas, consisting of multiple ion species and characterised by gy-
rotropic, bi-Maxwellian distribution functions. They obtained a criterion that consists of the
simple superposition of two distinct criteria; the first being related to instabilities triggered
by thermal pressure anisotropies, and the second corresponding to instabilities triggered by
stratification. All low-frequency modes (Alfvén, fast, slow and mirror modes) were found to
be stable over all wave vectors, if and only if:
2

F>0 and M>0 and wz—i/t—'zo. ®)
The restricted number of parameters appearing in the stability condition (8) are defined as
follows. Firstly, the parameter F is given by

F=Vi+C:-Cj. )

and thus involves the Alfvén speed, V4 and the sound speeds in directions perpendicular and
parallel to the magnetic field (respectively C; and Cj). The parameter M is defined as:

vi, Ci

7
Yy CH

M=Vi+y,Cl- (10)
where the y coefficients, due to limitations of space, are not given here in their full forms, but
may be found in equations (B9)—(B12) of André and Ferriere (2004). These coefficients are
complicated functions that contain the relevant information on the composition and velocity
distribution of the collisionless plasmas considered. 7 and M have physical meaning, and
are respectively linked to the firehose and mirror instability criteria.

The definition of the final parameter in (8) is
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This is a threshold parameter with the dimension of frequency squared. In these defini-
tions, p denotes the plasma mass density, g the effective gravity (including a centrifugal
component) with unit vector ¢, = g/g, ¢ the magnetic curvature vector, Cf_ = (P./p),
C ﬁ = (P/p) where the corresponding plasma pressures are P, (perpendicular to the mag-
netic field) and Py (parallel to the magnetic field). Py denotes magnetic pressure. All the
physical quantities and parameters appearing in these expressions pertain to the equilibrium
state, where they are all considered to be invariant along magnetic field lines, with the addi-
tional assumption that the effective gravity and magnetic curvature vectors are parallel.
The first two inequalities in (8) are required to guarantee stability against the anisotropy-
driven firehose and mirror instabilities, respectively. Together, they constitute the necessary
and sufficient condition for the stability of low-frequency modes in a uniform medium.
The last inequality represents the effect of stratification in the plasma, and is required to
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prevent the growth of stratification-driven instabilities. Stratification and rotation alter the
physical characteristics of the Alfvén, slow and mirror modes in the limit of nearly field-
perpendicular wave vectors, as discussed previously. The types of unstable modes in the
different domains of parameter space depend on the four parameters appearing in (8) and on
the sign of the generalized Rayleigh-Taylor frequency wy, given by:

\Y
wé:(—p—2c>-g
P

+ [V(ZPM +pPl i o 3cﬁ)c} e
e+ (R=CheP .
vitac?

Interestingly, @} depends only on fluid parameters and not on the exact composition of the
multispecies plasma, whereas the details of the plasma composition enter the overall stability
criteria equation (8), such that composition plays a role in determining the plasma’s stability
against all quasi-interchange modes.

The rest of this section is devoted to a discussion of the stability criterion of the inter-
change mode of type 1 (quasi-interchange mode) in giant planet magnetospheres. In these
environments F > 0, which implies that the condition a)(z) > 0 is necessary and sufficient
for the stability of the interchange mode.

4.1.1 Case Including Effective Gravity (Centrifugal Force) Only

If the equilibrium magnetic field is assumed to be straight (i.e. no field line curvature), then
the interchange instability criterion reduces to the following:

Vo g
g'<—_ﬁ >0. (13)
00 VA +2C i
Although the plasma pressure gradient does not influence the interchange instability crite-
rion, the thermal pressure itself has a stabilizing effect, since it enters the stability criterion

through the perpendicular sound speed. In the cold plasma approximation, C? = 0 and the
stability criterion reads (after integration along magnetic field lines):

g-Vn=0, (14)

where n = [ (p/B)ds is the mass per unit magnetic flux, and one recovers the classical
result of the strict interchange model of Gold (1959). This criterion is frequently used in
situations where the plasma beta is less than unity. This is typically the case in the innermost
magnetospheres of Jupiter and Saturn.

4.1.2 Case Including Curvature Force Only

In the magnetospheric context for rapidly rotating systems, the magnetic curvature force
often dominates over that of gravitation (Southwood and Kivelson 1987). In the case of
isotropic collisional plasmas, the stability criterion for the interchange mode can be rewrit-
ten in terms of the volume of a magnetic flux tube V; and the radial gradient of the thermo-
dynamic adiabatic invariant Py Voy, and reads:

—c-V(PV)) =0, 5)
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in which the vector c¢ is directed planetward. This expression thus coincides with the in-
terchange stability condition obtained by Southwood and Kivelson (1987). A collisional
plasma would therefore be stable against interchange motions provided its thermal pressure
decreases outward less rapidly than for the case of adiabatic transport. For completeness,
André and Ferriere (2004) have shown that a gyrotropic, collisionless plasma with isotropic
thermal pressure at equilibrium is always more stable than the corresponding isotropic, col-
lisional plasma.

4.1.3 Competing Effects of Cold and Hot Plasma Populations

We now turn our attention to the question of whether the local stability criterion against
the interchange mode is fulfilled in the Io torus at Jupiter, and in the inner magnetosphere
of Saturn. Following the Voyager encounters of Jupiter (specifically observations of the Io
torus), it has been proposed that the hot/energetic plasma population plays a critical role in
controlling radial plasma transport. For example, Siscoe et al. (1981) suggested that the ther-
mal pressure gradient of the hot plasma in the Io torus could reduce or enhance transport via
interchange, depending on whether it is directed in the same or opposite sense to the effec-
tive gravity (impoundment mechanism). Mauk et al. (1996, 1998) tested this suggestion by
calculating the radial gradient of PyV based on the hot/energetic plasma pressures inferred
from the Voyager and Galileo observations. They concluded that the hot plasma distribution
indeed impeded radial transport in both cases, and that this impoundment by the hot plasma
had probably been more efficient during the Voyager era than during the Galileo era, when
the hot plasma appeared significantly depleted (Fig. 12a).

Chen (2003) numerically studied the motion of a mass-loaded magnetic flux tube within
empirical models of the o torus at equilibrium, using a MHD approach. André and Ferriere
(2004) also used different equilibrium models of the Io torus in which low- and high-energy
plasma components have a specified radial distribution at the Jovian centrifugal equator,
similar to the approach of Chen (2003), in order to test the interchange stability criterion.
Both studies showed that the relative flux tube content of cold to hot plasma plays an im-
portant role in plasma transport for the Jovian system. These studies also showed that most
of the torus is close to marginal stability against interchange. This is expected, since the in-
jection of plasma at Io’s orbit initially gives rise to unstable density gradients, which trigger
plasma transport, which in turn acts to reduce the unstable gradients and restore a con-
figuration closer to marginal stability. In both studies, the Io torus appeared stable against
interchange at the time of Voyager when both the contributions of cold and hot plasma
were taken into account, in agreement with the conclusions of Mauk et al. (1998). Un-
stable regions were identified for the Galileo period, in close correlation with the regions
where clear observational signatures of the instability were reported (e.g., Kivelson et al.
1997a).

Whereas similar detailed studies of interchange stability remain to be done in the case
of Saturn (although see Sect. 5), a few preliminary conclusions may be drawn. Similar
to the proposed impoundment mechanism at Jupiter, a large fraction of the inner mag-
netosphere of Saturn is a ‘battleground’ between the competing influences of the inter-
change instability of the cold, internally generated plasma, and the interchange stability
of the hotter, energized plasma (Mauk et al. 2009). At Saturn, Sittler et al. (2008) have
shown that the main plasma source is at L = 6 because that is where the ambient elec-
trons become hot enough to produce fast collisional ionization (Fig. 12b). Outside of the
radial location of this peak plasma source at L = 6, Saturn’s magnetosphere should there-
fore be unstable to centrifugal interchange in the cold plasma limit—and this picture is
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Fig. 12 (a) Radial profile of the thermodynamic invariant for combined Voyager PLS, Voyager LECP and
Galileo EPD data obtained at Jupiter. Figure taken from Mauk et al. (1998); (b) total flux tube content for
water-group ions (in blue), protons (in red) and total ions (in black) versus dipole L, from Cassini CAPS
observations at Saturn. Figure reprinted from Sittler et al. (2008), Copyright (2007), with permission from
Elsevier

indeed in close agreement with Cassini observations of plasma injection events beyond that
distance. This simple picture should, however, be contrasted with the analysis of Sergis
et al. (2007), which showed that most of the plasma pressure is carried by ions in the
energy range 10-150 keV, and that the hot plasma pressure increases radially outward
to acquire peak values around L = 10. The observational signatures of centrifugal inter-
change are found to be clustered between 5-6 Rg and 10-11 Rg, exactly where one ob-
serves the respective peak values in both cold plasma flux tube content and hot plasma
pressure.

4.1.4 Coriolis Influence on the Interchange Instability

The influence of planetary rotation is felt through the centrifugal and Coriolis forces in
a rotating frame of reference. Whereas the centrifugal force is included in most studies
of the interchange instability, the Coriolis force and its impact are generally not taken into
account. Vasyliiinas and Pontius (2007) have recently shown that the presence of the Coriolis
force renders the growth rate of the instability complex, adding an imaginary component to
this rate. This is equivalent to a real oscillation frequency, with the consequence of making
the pattern of fluctuations rotate azimuthally, relative to the corotating frame of reference.
The Coriolis force also acts to reduce the magnitude of the real growth rate. The growth
rate depends on the ratio of azimuthal to radial wavelength and acquires maximal values
for structures elongated in the radial direction. All the Coriolis effects become, however,
negligible in the limit of very short azimuthal wavelengths, in agreement with the results of
André and Ferriere (2007) that are restricted to that specific case. Although not a generally
valid result, neglect of the Coriolis force effects is a reasonable approximation, as long as
the fastest-growing instabilities are those with very short azimuthal wavelengths. This result
may therefore hold quite well, in general, for practical applications to the magnetospheres
of Jupiter and Saturn, although a few additional caveats were mentioned by Vasyliinas and
Pontius (2007).
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Fig. 13 Energy-time spectrogram of electrons at Saturn (top, Cassini CAPS; figure made with the AMDA
tool available at CDPP, http://cdpp.cesr.fr) and Jupiter (bottom, Galileo PLS; figure taken from Frank and
Paterson 2000)

4.2 In Situ Signatures of the Interchange Process

The recent Galileo and Cassini space missions have amply documented the Jovian and Sat-
urnian magnetospheric systems. In particular, these missions have provided us with new ob-
servations and new insights into the mechanisms responsible for the outward plasma trans-
port. There is now considerable observational evidence that centrifugally driven flux tube in-
terchange is at play in the corotation-dominated regions of the Jovian and Saturnian magne-
tospheres, and that this process contributes to the redistribution of plasma throughout these
systems. Signatures of intermittent, short-lived, mass-loaded and relatively empty flux tubes
in the Io torus have been detected by the Galileo spacecraft, in orbit around Jupiter from De-
cember of 1995 to September of 2003 (e.g. Kivelson et al. 1997a; Thorne et al. 1997). Sim-
ilar signatures have been observed in the E-ring of Saturn by the Cassini spacecraft, in orbit
around Saturn since July 2004 (André et al. 2005; Burch et al. 2005, 2007; Hill et al. 2005;
Leisner et al. 2005; Mauk et al. 2005; Rymer et al. 2008) and have lent further support to
the notion that the centrifugal instability lies at the root of the outward transport.

In both magnetospheres, the reported plasma signatures consisted of discrete hot plasma
injection events accompanied by longitudinal dispersion arising from magnetic gradient and
curvature drift (Figs. 13, 14). The magnetic signatures of the injections consist of short-
duration, sharp-bounded intervals of either enhanced or depressed magnetic pressure, and
whose plasma content differs significantly from that of the surrounding medium (Fig. 14).
These signatures were consistent with expectations for the interchange of magnetic flux
tubes containing dense and cold plasma with those containing tenuous and hot plasma that
originate farther out in the magnetosphere. Compared to Jupiter, Saturn’s magnetosphere
provides a somewhat better ‘laboratory’ for understanding the observational properties of
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Fig. 14 Multi-instrument analysis of a series of injection events on October 28, 2004, showing correlations
between (from fop to bottom panels) enhancements in the magnetic field, the disappearance of the upper
hybrid emission band, the depletion of the low-energy plasma population, the coincident appearance of a hot
plasma component, and significant density drop-outs. These events occur inside the well-defined boundaries
of the interchanging magnetic flux tubes. Figure adapted from André et al. (2007)
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Fig. 15 Cassini multi-instrument observations of injection events showing the broad diversity of signatures
encountered. From fop to bottom: MIMI LEMMS electron energy-time spectrogram, CAPS ELS electron
energy-time spectrogram, MAG magnetic field magnitude, Radial Distance and Local Time (in red). Figure
made with the AMDA tool available at CDPP, http://cdpp.cesr.fr

the centrifugal interchange instability. This is because, for a given particle energy per unit
charge, and a given L value, the gradient/curvature drift is about 25 times faster at Saturn
than at Jupiter (Hill et al. 2005), which thus makes Kronian injection events easier to detect.

Due to adiabatic gradient and curvature drifts, the injected plasma indeed exhibits
significant longitudinal drift dispersion. On a linear energy-time spectrogram, an injec-
tion/dispersion event is revealed as a V-shaped structure, with hot ions (electrons) forming
the left (right) legs of the V. The apex of the V marks the original injection longitude, while
the width of each leg indicates the width of the injection channel. The slope of the legs of
the V is inversely proportional to the elapsed time since the original injection. Hence, by
combining the original injection longitude and the elapsed time, the local time of the orig-
inal injection can also be determined (Hill et al. 2005). Fewer, but spatially larger, events
are observed at higher energies by the Cassini MIMI instrument (Mauk et al. 2005). These
features are long-lived and dominate the appearance of the inner magnetosphere at medium
and high energies (Fig. 15); they show a broad diversity of time-dispersed features produced
by the combined effects of prograde (ions) and retrograde (electrons) magnetic drifts and
the prograde ‘ExB’ drift (Paranicas et al. 2007). Over 100 injection/dispersion signatures
have also been observed at Jupiter by the Galileo spacecraft. As at Saturn, the behaviour of
the higher-energy particles at Jupiter showed much larger scale injections that are relatively
long-lived (Mauk et al. 1999). These injections extended over ~ 9-27 R; and occurred at all
longitudes and local times.

At Saturn, Chen and Hill (2008) and Chen et al. (2010) used Cassini plasma spectrome-
ter observations and included 622 events in a statistical study of the smaller-scale injections.
Their analysis revealed that the injections are spatially clustered within ~ 5 Rg, and also
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nels within 1 Rg bins, averaged over SLS3 longitudes; (b) fraction of observation time occupied by plasma
inflow channels within 10° SLS3 longitude bins averaged over the radial range 5-10 Rg. The dashed hori-
zontal line is the longitudinal average. Figures taken from Chen et al. (2010)

between ~ 10-11 Rg (Fig. 16); their longitudinal widths seldom exceed ~ 1 Rg; their ages
since formation seldom exceed the Saturn rotation period; and their spatial distributions in
both longitude and local time are essentially random. The combined widths of all injection
channels at any given time occupy only a small fraction (about 7 %) of the entire longitude
space (Fig. 16). The inflow channels are thus evidently much narrower than the intervening
outflow channels. If the total mass fluxes of the incoming hot plasma and outgoing cold
plasmas are in balance (on average), then we would expect the ratio of inflow to outflow ve-
locity to be approximately given by V;/V, ~ (M./M})(E/(1 —&)), where M denotes typical
flux tube content of the plasma, subscripts indicate cold, outflowing (c) or hot, inflowing (h)
populations, and the quantity £ ~ 7 % is the fraction of the longitude space occupied in
total by the inflowing events. The outflow event speeds are typically < 1-2 kms~' (Wilson
et al. 2008), and so we expect the inflow speed to be at least ~ 13 times greater than this
figure. Both inflow and outflow velocities appear to be smaller than the observed azimuthal
velocity of the plasma, which is, in turn, lower than the velocity of planetary corotation.
This ordering is consistent with theoretical considerations (Hill 2006). This observational
finding is not generally predicted by theoretical models of the interchange process, in which
the inflow and outflow channels are usually of roughly equal width. This discrepancy will
be addressed in the next section.

Many injection events have relatively young ages, as discussed by Burch et al. (2005).
The very young events were not included in the analysis of Chen et al. (2010), but a few
of them have been studied in detail by Burch et al. (2005) and Rymer et al. (2007). Burch
et al. (2005) used low-energy plasma measurements to estimate, for one particular event, an
inward injection velocity of 25 kms~! between 10 Rg and 5 Rg, whereas Rymer et al. (2007)
derived a radial injection speed of 71 kms~' between 11 Rg and 7 Rg for another event.
Whereas the latter estimate is outside the range of velocities inferred by Chen et al. (2010),
the former is roughly consistent with their statistical results. More recently, Kennelly et al.
(2013) conducted a statistical analysis of very young injection events, using observations
from the Cassini Radio and Plasma Wave Science instrument. Whereas their occurrence
rate with respect to L shell largely agrees with the distribution published by Chen et al.
(2010), they do identify the post-noon (11-17 SLT) and near-midnight (19-3 SLT) regions as
preferred sectors for the origin of injection events. At Jupiter, Russell et al. (2005) performed
a statistical survey of the plasma-depleted flux tubes observed by Galileo in the Io torus (29
events). These flux tubes occupy 0.32 % of the torus volume outside the orbit of Io. They
proposed that the amount of magnetic flux transported by these thin flux tubes could supply
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the requisite amount of magnetic flux (mass-loaded) transported to the magnetotail provided
the inward velocity is ~ 300 times that of the outward plasma motion. This represents a
radial velocity of the order of 10 kms™! in the torus.

4.3 Comparing Simulations and Observations of Interchange

Several numerical models have addressed the large-scale configuration and dynamics of gi-
ant plant magnetospheres, including those developed at the University of Michigan (e.g.
Hansen et al. 2005; Jia et al. 2012) and at Nagoya/UCLA (e.g. Fukazawa et al. 2007, 2010).
However, only a limited number of such codes have focused on the development of the
interchange instability itself and how it is influenced by varying internal and external con-
ditions. The rest of this section is devoted to those models which have been specifically
used to investigate the interchange process. The main differences between models in this
class are related to assumptions concerning rotational/interchange effects, plasma sources,
current drivers, solar wind influence, and spatial regions of model validity.

4.3.1 The Rice Convection Model for Jupiter and Saturn

The Rice Convection Model is a multi-fluid physical model which was initially developed
at Rice University in order to study solar wind-driven convection in the Earth’s magneto-
sphere and the electromagnetic coupling to the ionosphere (e.g. Wolf 1983). This model
was then adapted to simulate the rotation-dominated magnetosphere of Jupiter (Yang et
al. 1992, 1994), and recently further extended to investigate the magnetosphere of Saturn
(Liu et al. 2010).

The Rice model treats the three-dimensional problem of MHD flow in a planetary magne-
tosphere as a pair of two-dimensional problems: one in the equatorial plane of the magneto-
sphere, and the other in the planetary ionosphere. In this approach, the horizontal divergence
of the magnetospheric current is balanced in the ionosphere by the analogous divergence of
the Pedersen current, the two regions being connected by Birkeland currents flowing along
magnetic field lines (Vasylitinas 1970). In rapidly rotating magnetospheres, the centrifugal
drift (or inertial) current is usually one of the major contributions to the total magnetospheric
current, whereas, at the Earth, the major currents usually arise from a combination of mag-
netic gradient drift, magnetic curvature drift and the magnetization current associated with
the magnetic moment of the gyrating plasma particles.

Early simulations from the Rice Convection Model applied to the Io torus at Jupiter fo-
cused on the influence of the radial width of the initial plasma distribution on the subsequent
scale size of the dominant convection cells which emerge in the simulated flow. These sim-
ulations produced regularly spaced, long, thin ‘fingers’ of plasma outflow from the outer
edge of the Io torus, interspersed with fingers of inflow from the surrounding magneto-
sphere (Yang et al. 1994). The plasma outflow in the fingers was suggested to be the main
mechanism of plasma transport from the o torus to the outer magnetosphere through the
centrifugal interchange instability. The exponential growth rate of the instability was found
to be proportional to the azimuthal wave number of the disturbance, and hence inversely
proportional to the azimuthal scale size of the disturbance, in agreement with the analytical
linear analysis of Huang and Hill (1991). The instability growth rate for a given wave num-
ber scales with the ratio of the total flux tube content divided by the ionospheric Pedersen
conductivity.

A narrow, ribbon-like structure near Io’s orbit is observed to be embedded within the
larger torus. This ‘ribbon’ is a very dense, narrow annulus of plasma, situated around
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5.6-5.8 R;. In order to understand the stability properties of this ribbon structure, Wu et al.
(2007) decreased the size of the simulation region and increased the numerical grid resolu-
tion in order to resolve the smallest convection cells. They found that the dominant azimuthal
scale of the interchange cells was about half of the radial width of the initial distribution that
produced them. The small ribbon-scale structures thus grow faster than the larger torus-scale
structures for given values of the flux tube content and ionosphere conductance. This obser-
vation emphasizes the importance of stabilizing mechanisms for maintaining the persistent
torus structure, and calls for the inclusion in future simulations of ring current impoundment
(e.g. Siscoe et al. 1981) and velocity shear (departure from planetary corotation, Pontius
et al. 1998).

The relatively large growth rate for the ribbon in the Io torus also calls for the inclusion
of the Coriolis and acceleration currents in the Rice Convection Model. This has been re-
cently achieved for Saturn. Liu et al. (2010) have included the effects of the Coriolis force
and the pickup current in order to study the plasma convection pattern in the inner magneto-
sphere of Saturn. To that purpose, a continuously active, distributed inner plasma source has
also been added to the simulation. The plasma source model used in that initial simulation
had a total mass-loading rate of only 24 kgs~! and an ionospheric Pedersen conductance
of 0.3 mho. The simulation confirmed that fast and narrow plasma inflow channels alter-
nate with slower and wider outflow channels, in agreement with the Cassini observations
of injection events described above. The Coriolis force was found to be responsible for:
(i) the bending of the convection cells in the retrograde direction; (ii) the slowing of their
growth; and (iii) the broadening of the outward-moving fingers. In addition, the inclusion of
an active plasma source made the inflow sectors much narrower in longitude than the inter-
spersed outflow sectors (Fig. 17). The simulation was then extended to include the effects
of finite plasma pressure (i.e. cold plasma with finite temperature). The associated J x B
force at Saturn was found to augment the driving provided by the centrifugal force and
enhance by 50 % the centrifugal instability growth rate (Liu and Hill 2012). The plasma
source model used in the most recent simulation had a total mass-loading rate of 240 kgs™!
and the ionospheric Pedersen conductance was increased to 3—6 mho (simulation results
not shown here). These incremental adaptations of the Rice Convection Model for Jupiter
and Saturn have so far been generally successful in reproducing spacecraft observations of
the centrifugal instability in giant planet magnetospheres. A multi-fluid model for Saturn’s
rapidly rotating magnetosphere is described in Sect. 5.

4.4 Interchange in the Laboratory

Interchange instabilities occur in a variety of natural plasma environments, not only the fast
rotating magnetospheres of Jupiter and Saturn just described, but also at the plasmapause
and in the F-layer of the ionosphere at Earth. They also arise in laboratory plasmas where
magnetic confinement configurations can lead to pressure-driven interchange instability. Al-
though the plasma beta in laboratory experiments is much lower than inside the Jovian or
Kronian magnetospheres, observations of the structures resulting from the development of
the artificial interchange instability may be relevant to the dynamical processes within giant
planet magnetospheres. We briefly illustrate here the potential for such a comparison in the
case of Saturn.

Evidence from multiple Cassini instruments exists for some sort of azimuthal asym-
metry, moving in the corotational sense, thus causing asymmetric mass and energy flow
around the planet (see a review by Carbary and Mitchell 2013). Such an asymme-
try has been notably reported in the electron density determined by the Cassini Ra-
dio and Plasma Wave Science instrument in the inner magnetosphere (Gurnett et al.
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Fig. 17 Simulation results for the evolution of plasma convection in Saturn’s inner magnetosphere, with the
inclusion of the Coriolis force and an active plasma source. Top left: Colour indicates flux tube ion content
(ions/Weber) projected on the equatorial plane, in the corotating frame of reference, with equipotential lines
(flow streamlines) added at 15 kV intervals. Top right: Fraction of the available longitude space occupied by
inflow channels, compared with the observations from Chen et al. (2010). Bottom: Longitudinally averaged
inflow and outflow velocities, compared with observations from Chen et al. (2010). Figures taken from Liu
et al. (2010)

2007). One proposed explanation is a corotating convection pattern (Gurnett et al. 2007;
Goldreich and Farmer 2007), initially proposed for the Jovian system (Vasylitinas 1983;
Hill et al. 1981). The proposed systematic pattern consists of outflow in an active sector and
inflow in the complementary longitude sector (Fig. 18), and the pattern corotates with the
planet, although the plasma may not. The resulting two-cell pattern may be generated spon-
taneously and maintained indefinitely via the centrifugal instability. As originally pointed
out by Hill et al. (1981), the flux-tube interchange instability may initiate the plasma out-
flow, and the proposed corotating convection pattern may represent the steady state toward
which the system evolves, i.e. the saturation state of the centrifugal interchange instability.
The two-cell convection pattern has also been observed to extend along a spiral path
in the outer magnetosphere of Saturn (Burch et al. 2009). Most previous models of cen-
trifugally driven convection, however, suggest that the convective motions should be dom-
inated by high-order (m > 1) azimuthal modes that evolve into azimuthally confined fin-
gers, as discussed in the previous section. Gurnett et al. (2007) nevertheless suggested
that the lowest-order, m = 1 (two-cell) mode should dominate in the Enceladus neu-
tral torus, since this mode produces the longest path length through the source region—
thereby giving the largest density increase and the largest growth rate for the instabil-
ity. How the centrifugal instability maintains a single longitudinal asymmetry (m = 1
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Fig. 18 Top left: Proposed two-cell corotating convection pattern in Saturn’s inner magnetosphere. Figure
from Gurnett et al. (2007), reprinted with permission from AAAS; Top right: Average ion counts organized
against SLS3 longitudes. Figure from Burch et al. (2009); Bottom: Computed variation of the interchange
mode structure as the fraction of energetic electrons and the plasma rotation rate (£2) change. Only the
regimes dominated by m = 1 and m = 2 are observed experimentally. Reprinted with permission from Levitt
et al. (2005b). Copyright Physics of Plasmas 2005, AIP Publishing LLC

mode) rather than multiple asymmetries, or how the dominant m = 1 mode can persist
on decadal time scales are questions which remain unanswered. Additional challenges for
such models are presented by the observation of two distinct oscillation periods in Sat-
urn’s magnetospheric field and kilometric radiation (e.g. Andrews et al. 2012; Lamy 2011;
Gurnett et al. 2009).

Whereas the interchange driven by energetic electron pressure has been studied in detail
in artificial plasmas, the excitation of the centrifugal interchange instability in a laboratory
plasma confined by a magnetic dipole has been reported by Levitt et al. (2005a). These
first experimental observations of the centrifugally driven interchange mode were made in
the Collisionless Terrella eXperiment (CTX) (dipole-confined plasma) by inducement of
E x B rotation, through application of a radial electric field. Both centrifugally driven in-
terchanges, and interchanges driven by hot electron pressure, were simultaneously observed
in the same discharge experiment. The observed mode structures for these instabilities are
quasi-coherent in the laboratory frame of reference and are dominated by low azimuthal m
numbers and broad radial structures. The dispersive properties of the global, coherent modes
are modified by the presence of the hot electron population, which causes long wavelength
modes to be more unstable: drift resonant particles induce polarization currents which pref-
erentially stabilize higher m modes (Levitt et al. 2005b). For a relatively low fraction of
hot electrons and rapid plasma rotation, the most unstable interchange mode has a shorter
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wavelength, m = 4, and grows with nearly zero real frequency in the rotating frame. As the
rotational driver is reduced or as the energetic electron population increases, the azimuthal
mode number m decreases and the interchange mode acquires a real frequency in the di-
rection of the electron magnetic drift. The radial phase has a significant shift of 7 /2 for the
dominant m = 1 mode. The corresponding fluctuations presented a broad azimuthal spiral
structure, which appeared to rotate rigidly in time. Figure 18 displays the interchange mode
structure as a function of the plasma rotation rate and the fraction of energetic electrons.

In this context, energetic electrons also constitute an important population of particles in
the magnetospheres of Jupiter and Saturn. For a given ion mass M; and energetic electron
energy Ej, the ratio of the gyrofrequency and drift frequency, denoted w,/wy, is propor-
tional to (1/2M;$2%L?)/3E,, where L is the equatorial radius of the field line and £ is
the angular velocity of the plasma. For the experiments described in Levitt et al. (2005a),
wg/wy ~ 1/100, whereas the same ratio is 1/55 at Saturn (and 1/45 at Jupiter). The mode
structure that results from the interaction of the centrifugal instability with energetic parti-
cles, and which is observed in these laboratory experiments, bears a striking similarity with
some of the Cassini observations reported in Saturn’s magnetosphere. The detailed compar-
ison of these two systems, however, requires further studies to be initiated.

5 Magnetodisc-Plasma Interactions
5.1 General Properties

As noted in Sect. 1, the overall position of the plasmadisc and magnetodisc are determined
by the plasma velocity, mass density, and the magnetic field. In the outer planets, especially
Jupiter and Saturn, the energy and momentum transport is controlled by three influences:
(a) solar wind and interplanetary magnetic field (IMF), (b) the planet’s rotation and plasma
sources, and (c) interactions with the planet’s satellites. The influence of these processes is
shown in Fig. 19. The interaction of the solar wind with the magnetic field of the planet
produces a bow shock and magnetopause that define the outer boundary of the magneto-
sphere. Along the flanks and in the deep (several tens of planetary radii) tail, solar wind
drives plasma flows that are predominantly down-tail. In the middle magnetosphere a two-
cell convection pattern, particularly for antiparallel interplanetary magnetic field (IMF), can
develop where there are induced sunward plasma flows, some of which are associated with
reconnection events. Imposed on these flows is the rotation field set up by the planet and its
magnetic field. For the inner planets the rotational effects tend to be small and most dom-
inate out to a few planetary radii, at most. At the outer planets the rotational effects can
be much stronger, dominating out to several tens of planetary radii. This effect is strongest
within the Jovian magnetosphere, though it is also a strong aspect of the dynamics of the
Kronian magnetosphere.

In the presence of a two-cell convection pattern, the convection velocity in the inner to
middle magnetosphere tends to be enhanced on the dawn side and reduced on the dusk side.
This modulation of the convection speed, as discussed later, has an important effect on the
transport of energy and mass within the magnetosphere.

The addition of the solar wind and rotational influences to create the overall, average
plasma convection flows is shown in Fig. 20 and illustrates some aspects of the Vasylilinas
convection pattern (Vasyliiinas 1983). Co-rotational flows exist in the inner magnetosphere,
while beyond the Alfvén radius in the outer magnetosphere, tailward flows prevail. In be-
tween these regimes, there exists a region of transition in the middle magnetosphere with
the direction of flow strongly dependent on the prevailing solar wind conditions.
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Fig. 19 Schematic of the
equatorial velocity fields within
the magnetospheres of the outer
planets

_— =
_— Magnetopause
cmmm——— I
. SolarWind ~~._
*~_ Induced )
¥ Convection n
A - —_—
k\- s
) )
| Rotational Velocity Field
- —e .
———

Fig. 20 Schematic of general Dawn
plasma convection with the
magnetospheres of the outer
planets (Bagenal and Delamere
2011)

—_—
p—-—x____Interaction Region

e —

Cross-magnetopause ‘rrané';'.:oort

i Mass & Momentum
Dusk

The overall convection pattern in Fig. 20 is not stable, and is subject to an interchange
instability where there are alternating longitudinal regions of outward moving cold dense
plasma and inward moving hot tenuous plasma (Pontius et al. 1986; Hill et al. 2005, Sects. 3
and 4). Injections of energetic particles into the inner magnetosphere are seen in both the
Jovian (Mauk et al. 1997) and Kronian (Mauk et al. 2005) magnetospheres.

Transport of energy and mass is also modified by the presence of moons in the inner
magnetosphere. At Jupiter, the strongest interaction is produced by lo, but both Europa and
Ganymede have sufficient influence that aurorae can be seen at their magnetic footpoints in
the Jovian ionosphere (e.g. Clarke et al. 1998). At Saturn, analogous footpoint emissions
from Enceladus have been observed (Pryor et al. 2011). Footpoint emissions associated
with Titan have yet to be identified, however the motion of Titan itself has the potential for
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modulating Saturn’s kilometric radiation (SKR)—a phenomenon which is associated with
the auroral process (Menietti et al. 2007).

The moons associated with footprint aurorae can generally produce plasma densities that,
at least locally, can exceed the density of the ambient plasma in the magnetodisc. Moreover,
the plasma tied to these moons initially moves at Keplerian orbits when it is first created
through ionisation of neutral species. Since the Keplerian speed tends to be much slower
than the convection of the ambient plasma, the moon-magnetosphere interaction produces
a ‘drag’ effect on the ambient plasma. As discussed in Sect. 2 and in the following subsec-
tions, there is also potential for global effects developing from these moon-magnetosphere
interactions. It is also interesting to note that these interactions can occur in sub-Alfvénic
and/or subsonic flows, such that the presence of the moon in question can be ‘felt’ by the
plasma in the region upstream of the moon itself. In the following subsections we provide
additional details on these processes as applied to Saturn where there is a wealth of data
from the Cassini mission (e.g. Blanc et al. 2002).

5.2 Plasmoid Formation at Saturn

Prior to 2011, only a handful of definitive plasmoids had been detected at Saturn by Cass-
ini (Jackman et al. 2009; Hill et al. 2008). These reconnection-related events are seen at
distances 40-50 Rg from the planet’s centre, with a recurrence rate of ~ 5-7 days. During
two of these events, Cassini was near the centre of Saturn’s current sheet and observed a
plasmoidal composition dominated by water group ions, strongly suggesting that plasmoid
formation is often linked to processes occurring in the inner magnetosphere. A more de-
tailed analysis of the Cassini deep tail orbits in 2006 showed the presence of a total of 34
plasmoids, with an observed occurrence rate of one plasmoid every 2.4 days (Jackman and
Arridge 2011).

Another sign that the magnetotail is unstable is the appearance of quasi-periodic flapping
of the plasma sheet in this region. This flapping was originally interpreted as the periodic
passage of plasmoids by Burch et al. (2009). A far more likely interpretation attributes the
flapping to the global magnetospheric oscillations observed in the Saturn system (Jackman
et al. 2009; Arridge et al. 2011).

Global MHD modeling has been used to examine the overall shape of the Kronian mag-
netosphere (Fukazawa et al. 2007) and showed the development of the Kelvin-Helmholtz
instability on the flanks during periods where the IMF and planetary equatorial fields are
parallel, and the development of magnetic reconnection during periods where these fields are
antiparallel. Zieger et al. (2010), using their MHD model, demonstrated that quasi-periodic
reconnection, between closed field lines in the tail, could be driven with periods between
20-70 hours, depending on the value of the upstream solar wind’s dynamic pressure. Global
multi-fluid simulations have been also been performed by Kidder et al. (2012) in order to
investigate plasmoid formation. There is scope for improving the inner boundary conditions
related to ion density in these multi-fluid calculations, in light of additional plasma mo-
ment determinations from the Cassini plasma spectrometer experiment (e.g. Thomsen et al.
2010). The multi-fluid approach has the advantage over single-fluid MHD of being able
to separately track the dynamics of the different ion species and sources, instead of sim-
ply calculating their average properties. The different components in the multi-fluid model
include (a) solar wind protons, (b) ionospheric protons, (c) water group ions from Ence-
ladus and (d) heavy ion group that can originate from either Enceladus or Titan. Due to
the difference in mass and source, these different ion species can have different trajectories
through the magnetosphere, and thereby have very different transport properties to those
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Fig. 21 Development of a plasmoid which includes loop-like structure as seen from a top view (from Kidder
etal. 2012)

which would be evident in a one-fluid simulation. The development of a plasmoid in the
multi-fluid model, which includes loop-like structures, is shown in Fig. 21. The skewing of
the plasmoid towards the dawn sector arises from the relatively fast rotation of Saturn. While
external triggering from IMF conditions is possible, the long time scale probably means that
this type of triggering is probably not very common. Solar wind pressure pulses, however,
can more efficiently produce reconnection and plasmoid formation. The composition of the
plasmoid from the model was demonstrated to be primarily water group ions, consistent
with the Cassini observations, and thus suggests that there is strong coupling between the
inner and middle magnetospheres.

5.3 Interchange Instability

The dynamics of the inner magnetosphere, as noted above and in Sect. 4, are complicated
by the potential growth of the interchange instability. The presence of this instability was
detected very early in the data from Cassini (Burch et al. 2005; André et al. 2005). The
first simulations of the interchange instability within a global Saturnian model were devel-
oped by Kidder et al. (2009) using the multi-fluid approach. An example of the simulated
development of the interchange instability is illustrated in Fig. 22 which shows the evo-
Iution of equatorial plasma density. The growth and development of a single, outwelling
interchange ‘finger’ is labeled with an asterisk. The development of the interchange insta-
bility is similar to that of the Raleigh-Taylor instability, in which a relatively dense fluid
(in this case water group ions) sits over a less dense fluid (in this case solar wind protons),
with the free energy being provided by the centrifugal force associated with the rotation
of the plasma. The interchange instability starts as small ripples along the plasma density
in the inner magnetosphere, where the density of the water group ions (designated CNO™
here) is relatively high. The ripples start to grow on the dawnside, reaching almost to the
magnetopause as they pass through the midday sector. As they move into the dusk sector,
components of the interchange structures can break off and move down the tail while, in
the inner magnetosphere, they can become truncated, with the potential for regrowth dur-
ing the next rotation about the planet. As a result, there is much more substantial outward
transport of mass from the inner magnetosphere than suggested by the simple picture of
Fig. 20.

The corresponding temperature profile is shown in Fig. 23. The plasma in the outer re-
gions is hottest at several tens of keV, while the plasma about the Enceladus torus is only
at a few eV. As the water group ions move out, they experience some heating and approach
temperatures similar to that of the original magnetospheric plasma. Conversely, between the
interchange fingers, hot tenuous magnetospheric plasma is seen to penetrate inwards. Thus
the interchange instability is also important for energy transport within the magnetosphere
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Fig. 22 Equatorial profile of the relative density of the CNO™ ions originating from Saturn. The growth
of the interchange instability is illustrated by the asterisk which marks the growth of one individual ‘finger’
(from Kidder et al. 2009)

and the spacecraft cutting through these fingers will see alternative regions of hot, tenuous
and cold, dense plasma regions.

A particularly interesting feature seen in Figs. 22 and 23 is that the tip of the interchange
fingers lead the finger itself. This effect arises from three-dimensional features of the insta-
bility. While much of the forcing is in the equatorial plane, the field lines themselves are
tied to the planet at higher latitudes. In the original simulations by Kidder et al. (2009),
the plasma density near Enceladus was not fully established by observations and a density
nearly an order of magnitude too small was assumed. In this case, the high-latitude compo-
nents also contributed to the interchange motion and, because of the additional centrifugal
acceleration, the tip of the interchange finger leads the motion of the rest of the structure. The
relevant point from these initial simulations is that the Kronian magnetosphere is unstable
to the interchange instability over quite a wide range of the parameter space.

Subsequent simulations by Snowden et al. (2011a, 2011b) and Winglee et al. (2013)
have utilized higher densities for the near-Enceladus plasma. As a result, the previous, for-
ward curvature of the interchange figures is replaced with fingers that tend to have back-
ward curvature (i.e. they lag the bulk finger motion). However, the difference in the veloc-
ity field between the dawn and dusk sides (c.f. Fig. 22) still causes the fingers to partially
accelerate on the dawn flank and decelerate on the dusk flank, indicative of strong trans-
port occurring where there is strong coupling between rotational and solar wind-related ef-
fects. Kidder et al. (2009) also demonstrated that the simulated growth rate of the instability
could be enhanced by increases in the solar wind dynamic pressure and/or antiparallel IMF.
In both cases, the convective electric field enhances the plasma velocity on the dawnside
and thereby brings the plasma closer to the required velocity threshold associated with the
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Fig. 23 The temperature profile corresponding to Fig. 22. Threading between the outward moving cold
fingers is hot tenuous plasma from the middle magnetosphere (from Kidder et al. 2009)

growth of the instability. These results further emphasize the coupled nature of the prob-
lem, and that schematics such as Fig. 20, while providing a useful global picture, may be
an oversimplification of the very important processes occurring deeper within the magneto-
sphere.

5.4 Moon-Magnetosphere Interactions

The simulated interchange fingers described above are sufficiently large that they are able
to move beyond the orbit of Titan. The interaction of the Kronian plasma with Titan is
known to produce an induced magnetosphere about Titan itself. The characteristics of the
induced magnetosphere have been examined using local models, including MHD codes
(Nagy et al. 2001; Kopp and Ip 2001; Ma et al. 2004), hybrid codes (Brecht et al. 2000;
Ledvina et al. 2004; Simon et al. 2007) and multi-fluid simulations (Snowden et al. 2007).
In the latter, the ion tail at Titan was demonstrated to be several Saturn radii in length,
which demonstrates that Titan’s induced magnetosphere is not an insignificant contributor
of plasma to the Kronian magnetosphere in which it is embedded.

Given the potential for feedback between Titan’s ion tail and the Kronian magnetosphere,
multiscale/multi-fluid simulations that resolve the induced magnetosphere around Titan, as
well as the main features of the Kronian magnetosphere, were developed by Winglee et al.
(2009). In these initial simulations, time scales of a few tens of hours were considered and,
due to the limited time scale, the refinement grid around Titan was held in a fixed position.
An example of the results is shown in Fig. 24, where isosurfaces of the plasma density are
shown over a region of about 15 Rg square. Prior to the arrival of an interchange finger,
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Fig. 24 Titan interacting with an interchange finger, derived from a multiscale global simulation that includes
the Kronian magnetosphere and a refinement grid that includes the induced magnetosphere about Titan, with
resolution of a few hundred kilometres. Interaction with the ambient plasma causes the flapping of Titan’s
ion tail and disruption of the near-Titan interchange finger (from Winglee et al. 2009)

Titan’s ion tail is seen to lie along the average flow direction expected from the flow patterns
in Fig. 20. However, as an interchange finger approaches and passes by Titan, the ion tail
direction is substantially altered and moves to point more closely towards the planet. This
interaction was also shown to substantially increase the outflow of plasma from Titan by
nearly a factor of four. At the same time, there is the back reaction on the properties of the
interchange finger, which is seen in the second and third rows of Fig. 24. In particular, the
fingers in the vicinity of Titan can be disrupted or broken apart and this effect can occur
upstream of the moon. This type of interaction can thus produce modulation of the physical
properties of these fingers, as well as of the corresponding plasma mass transport in the
Saturn system. In the example in Fig. 24, Titan was in the pre-midnight sector. Simulations
that include Titan at pre-noon and post-noon sectors show that this effect of finger disruption
is still very strong (Snowden et al. 2011a, 2011b). In the pre-noon sector, Titan’s ion tail was
sufficiently dense that it could prevent the movement of the magnetopause past Titan during
IMF reversals. In the post-noon sector, slow convection of plasma past Titan can lead to the
magnetic field being frozen in for periods as long as 15 minutes after IMF field reversals
occur. These results again support the fact that a moon with an induced magnetosphere
can have important impact on global mass and energy transport within its parent planetary
magnetosphere.

5.5 Interaction Between Global and Induced Magnetospheres

The above interaction between the interchange fingers and the induced magnetosphere about
Titan has typically been considered only a local interaction, with little consequences for the
global dynamics of the Kronian magnetosphere. This paradigm has recently been brought
into question by Winglee et al. (2013), who undertook simulations of the interaction for a
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full rotation of Titan about Saturn. This interaction was shown to have global consequences
for the magnetosphere and could make a significant contribution to establishing the periodic
signatures seen in many of the observable features of the Kronian magnetosphere (Carbary
and Mitchell 2013).

Periodic modulation of Saturn’s auroral kilometric radiation (SKR) was observed dur-
ing the passage of Voyager I and used to determine the rotation period of the planet at
10 h 39 min 24 s + 7 s (Desch and Kaiser 1981). With the arrival of Cassini 24 years later,
a slightly shifted period of 10 h 45 min 45 s 4= 36 s was determined (Gurnett et al. 2005;
Kurth et al. 2008). In addition to a variability of the underlying period, there also appears to
be a difference in the periods between the northern hemisphere (~ 10.6 hrs) and the southern
hemisphere at (~ 10.8 hrs) (Gurnett et al. 2009). The difference in these two rates appeared
to converge about seven months after Saturn’s equinox in 2009.

The presence of this type of periodicity was a surprise, since the planet’s internal mag-
netic field is highly aligned with its rotational axis. The fact that the period drifts with
time suggests that its origin cannot be due to planetary rotation alone. The different periods
between the northern and southern hemispheres further complicate any potential explana-
tion of their physical origin. The same quasi-periodic modulation is observed in many of
the properties of the Kronian magnetosphere, including the magnetic field (Espinosa and
Dougherty 2000; Giampieri et al. 2006), low-energy plasma (Gurnett et al. 2007), ener-
getic charged particles (Carbary et al. 2007), energetic neutral atoms (Paranicas et al. 2005;
Carbary et al. 2008a), and the position of the magnetopause (Clarke et al. 2010). Whatever
the source of the periodicity may be, it has global consequences for the energy and mass
transport within the Kronian system.

The results from the previous section have already demonstrated that the interaction of
Titan with an interchange finger causes the flapping of Titan’s ion tail and that the inter-
change finger itself is also modified by the interaction. An important part of this interaction
is that Titan’s ion tail is seen to be pulled inwards by the interaction with the interchange
finger. This means that there is partial reflection of energy and mass that would have other-
wise propagated beyond Titan. In so doing, the system has the potential to set up a kind of
resonance that favours the growth of modes of the interchange instability that have an appar-
ent frequency near that of the planetary rotation, though the individual fingers themselves
rotate with a period much longer than the planetary period. The buildup of this resonance
was demonstrated in the long duration simulations of Winglee et al. (2013) and is illustrated
in Fig. 25. In this simulation, an equilibrium for the global Kronian magnetosphere is es-
tablished by running the code for 40 hours in the absence of a simulated Titan. After this
period, Titan is then inserted with an initial position at the dusk terminator. The equatorial
velocity in the top panels of Fig. 25a—c show that, within about 7 Rg, the flows are approx-
imately rotational. At larger distances the flow pattern is modified by the superposition of
a two-cell convection pattern which enhances the plasma velocities on the dawnside and
reduces them on the duskside. The Titan obstacle produces a slowdown in the plasma veloc-
ities for a few hours in local time about its simulated orbital position. Because conservation
of magnetic flux is required there is enhancement of the azimuthal velocity at smaller radial
distances. This effect demonstrates that Titan’s induced magnetosphere has both local and
global consequences for the Kronian system’s dynamics.

The simulated interchange instability at earlier times has five to seven large interchange
fingers of plasma, similar to the result of Kidder et al. (2009), except that, with higher
equatorial plasma density, the interchange fingers are curved in the backward direction (e.g.
Fig. 25d). However, at later simulated times in Fig. 25e, f, the number of large interchange
fingers is reduced to only three or four. Thus we have a configuration in which a rotationally
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Fig. 25 Top panels show the azimuthal velocity in the equatorial plane while the lower panel shows the
Hvyt ion density to indicate the positions of the interchange fingers, the position of Titan, and Titan’s ion
tail. Corotation dominates out to a distance ~ 7Rg. This region is then followed by a sector where a two-cell
convection pattern is imposed on the rotation field (see text). Titan suppresses the convection velocities over
a few hours of local time in its vicinity (from Winglee et al. 2013)
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Fig. 26 The equatorial O1 temperature during an energetic particle injection event that is tracked over
approximately two Saturn rotations. The panels are arranged so that approximately a full period is shown
in each row. Moving down the columns one can see the profiles separated by about eight planetary periods.
Similar features in the energetic particles separated by a planetary period are apparent, although the particles
themselves are actually different (from Winglee et al. 2013)

driven instability is being modified by an external influence that damps out the higher fre-
quency components. For an observer at a fixed position, this has an interesting consequence
which is illustrated in Fig. 26. This figure shows a simulated injection event tracked over
two rotation periods. Titan is seen to provide herding of these energetic particles into the
inner magnetosphere (top row) and produces some additional heating as they pass by Titan
in their second passage around Saturn (bottom row). A second group of energetic particles
is launched into the system in near-antiphase with the initial injected population; this effect
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Fig. 27 Left panels show calculated fluxes of OF and H ions integrated over a 0.4 Rg cube about Titan and
the corresponding total flux from Titan. Right panels show the calculated power spectrum derived from the
full period (solid line) and between 60-240 hrs (dashed line). Initially the spectrum is dominated by processes
at twice the planetary period but, over long timescales, near-planetary periods dominate the fluctuations (from
Winglee et al. 2013)

is related to the development of large interchange fingers. As a result, an observer at any
fixed azimuthal position will see two distinct spikes in energetic particles moving past them,
separated by approximately a planetary period.

Winglee et al. (2013) evaluated Fourier spectra of a variety of physical parameters to
determine whether the effects described above could solely produce the observed periods.
Figure 27 shows the time history and spectra of the particle fluxes about Titan. The O™
and H* ions originate from the Enceladus torus, while the ions that originate from Titan
are designated as Hvy™ (heavy ions). It is seen that all three ion species are significantly
modulated. For the first 40 hours or so the spectrum is dominated by processes at about
twice the planetary period. However after this time the spectrum becomes dominated by
processes near the planetary period. This change in characteristic period is consistent with
the transient buildup of this resonance process and was missing from the early simulations
which considered relatively short periods for the interaction. This evolution towards near-
planetary periods would also be missing from all global simulations which do not include
the Titan-related interaction.
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Fig. 28 Comparison of the simulated magnetic perturbations in the northern and southern hemispheres of
the Kronian system. The configuration is for southern summer solstice, with Titan being below the center of
the magnetodisc. Hence the profiles are not identical, with the northern hemisphere having a slightly shorter
period than the southern (from Winglee et al. 2013)

The results in Fig. 27 also show that the particle fluxes moving through the magneto-
sphere can have substantial temporal variations. Modulations of nearly an order of magni-
tude can occur and need to be taken into account when trying to fully describe the mass
and energy transport in the Kronian magnetosphere. The above model for the periodicities
within the Kronian magnetosphere also sheds light on why there are differences between
the northern and southern hemisphere periods. This is illustrated in Fig. 28 which shows the
time history and Fourier spectra of representative points in the northern and southern hemi-
spheres. The magnetic profiles, while similar, are not identical, and the southern hemisphere
generally harbours larger modulations than the northern. This difference occurs because,
for the simulated configuration of southern summer solstice, Titan lies below the center of
the magnetodisc current sheet. As a result of this difference in proximity, the southern side
of the magnetodisc experiences stronger drag and forcing from Titan’s induced magneto-
sphere. This effect produces a slightly longer period for the southern hemisphere relative to
that of the northern hemisphere, qualitatively consistent with the Cassini observations cited
above. These perturbations are expected to propagate into the magnetosphere where they
should be observed simultaneously. However, the simulations have insufficient duration and
signal-to-noise ratio to resolve this mixing of the two very close frequencies in the equatorial
magnetosphere.

The above results have concentrated mainly on the Kronian magnetosphere due to the
wealth of data provided by Cassini. The Jovian magnetosphere, with its stronger magnetic
field and stronger influences by the Galilean satellites, is expected to produce an equally rich
environment in terms of dynamics and characteristic periods, that has yet to be explored in
detail. Because of the stronger magnetic field and the high plasma output from Io (Sect. 1),
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influence from solar wind forcing on the mass and energy transport within the inner and
middle magnetosphere is expected to be less important than for the Kronian system. On
the other hand, influences from the Galilean satellites have the potential for being much
stronger in terms of moon-magnetosphere interactions. These effects have yet to be explored
in detail but, given the physical impact of the effects described above, our understanding of
mass and energy transport will change as more data are acquired and improved models
developed.

6 Wave Phenomena in Magnetodisc Regions
6.1 Waves in Jupiter’s Magnetodisc

The regions of planetary magnetodiscs where mass loading occurs are rich environments
for the generation of low-frequency waves. Ion cyclotron and mirror mode waves have been
observed in the magnetospheres of both Jupiter and Saturn. In this section, we will discuss
the characteristics of these waves. The waves are similar in character to fluctuations found in
other mass loading regions, such as those at Venus, Mars, and comets. Waves are important
in this context because they can be used as a diagnostic of the local plasma composition,
and they tell us where ion pickup takes place. They also participate in wave-particle en-
ergy exchange and play an active role in the interaction between some moons and the giant
planetary magnetospheres in which these moons are embedded.

In the Jovian system, ion pick up rates are largest near Io (Sects. 1, 2). It is estimated that
of the order ~ 500-1000 kg s~! of neutral gas associated with the Io source becomes ionized
through photoionization, electron impact by a thermal background plasma, electron impact
by a superthermal electron population (Delamere and Bagenal 2003), and charge exchange.
Once ionized, the material is picked up into the plasma torus—that is, incorporated into the
ambient flow of the torus plasma (Hill et al. 1983; Frank and Paterson 1999). Figure 29
shows that Jupiter’s magnetic field is approximately perpendicular to the corotational flow
of the Io torus plasma, and hence ions are injected into the torus with ring-like velocity
distributions which, in turn, are able to provide free energy for wave generation. At the
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orbit of To, the magnetospheric plasma is rotating around Jupiter with an azimuthal speed of
roughly ~ 74 kms~!. To orbits at ~ 17 kms~!, so the ambient plasma moves at ~ 57 kms~!
relative to lo and its ionosphere. Thus, any newborn ion feels an outward electric field (in
the reference frame of Io) corresponding to the product of this ~ 57 kms~! relative velocity
and the ~ 2000 nT (southward-directed) magnetic field. The newborn ion begins to drift and
gyrate about the magnetic field direction, following a cycloidal trajectory in space. In the
corotating plasma frame, this motion is circular with a fixed centre and speed of gyration,
and the ions thus form a ring-like distribution in velocity space. These ring distributions
introduce an effective temperature anisotropy 7', /T > 1 into the plasma and can therefore
lead to the growth of ion cyclotron waves and mirror modes.

Galileo observations showed the existence of ion cyclotron waves in the Io torus during
most of the spacecraft’s encounters with this moon. The corresponding waves have frequen-
cies near the gyrofrequencies of the ion species SOI, SO* and S*. Mirror mode waves
were observed only when Galileo crossed Io’s wake region. At Europa the mass loading
rate representing the pick up of new plasma into the magnetosphere is significantly less
than the rate for lo. Galileo observed waves in the Europan wake, with frequencies near the
gyrofrequencies of OF and CIT ions.

By contrast, Cassini data have revealed the existence of ion cyclotron and mirror mode
waves in very extended regions of Saturn’s magnetodisc. Thus, at Saturn’s magnetosphere,
pickup processes occur not only near the moons, but over wider regions in which water
group ions are produced at all local times over distance intervals covering several Rg.

6.1.1 Ion Cyclotron Waves

Figure 30 shows one example of ion cyclotron waves observed near Io and mirror mode
waves observed in the moon’s wake. Ion cyclotron waves were observed in the torus during
six flybys near Io. The waves had large amplitudes of < 100 nT, or up to ~ 5 % of the
background field (§B/B < 0.05). These waves also exhibited a left-handed, near-circular
polarization, with wave power primarily near the cyclotron frequencies of SO;r and SOt
(Russell and Kivelson 2000; Blanco-Cano et al. 2001a, 2001b; Russell et al. 2003a, 2003b).
Wave power became stronger closer to the moon, and the intensity ratio of the SO to
SO* waves also varied with distance from To. In some regions, additional cyclotron waves
associated with the S* ion were observed.

Figure 31 shows Galileo trajectories for five crossings of the lo wake region. On the first
orbit, on December 7, 1995 (flyby 10), Galileo flew 900 km downstream of Io at closest
approach, revealing strong magnetic fluctuations with periods ~ 2-3 s, corresponding to the
gyrofrequencies of SO; and SO (Kivelson et al. 1996). The waves were observed inbound
and outbound (sinusoidal signatures), extending over distances of ~ 20 R; (o radii) and
~ 7 Ry, respectively. Inbound, the 502+ -related waves had larger amplitudes than those as-
sociated with SO*. In contrast, the outbound portion showed intervals with stronger waves
near the SOt gyrofrequency, and a region with a burst near the S* gyrofrequency. SO;
waves reached amplitudes of around 100 nT peak-to-peak, which is consistent with a mass
loading rate near Io of about 300 kgs™' (Huddleston et al. 1998). On this orbit, Galileo
crossed lo’s wake and mirror mode waves were observed at the wake edges (square signa-
tures in Fig. 31; see also Fig. 30, and section below).

On October 11, 1999 (flyby 124) Galileo crossed the upstream nose of the interaction
region (Fig. 31a (left panel)), where a weak, short burst of SO* ion cyclotron waves was
observed. Later, on Io’s downstream side, stronger waves were detected. Power spectra for
this flyby (Fig. 32) show two major differences with respect to the waves of orbit I0. Firstly,
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Fig. 30 Galileo measurements
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instead of a broad peak, there are two separate narrow peaks at the SO; and SO* gyrofre-
quencies (hereafter referred to as .Q(SO;) and £2(SO™)). Secondly, the waves at frequen-
cies near §2(SO™) were stronger and more persistent than those with frequencies closer to
Q(SO;r ). In some intervals, a third peak in the spectra appeared near the S* gyrofrequency,
denoted £2(S™T). Because there is a background, thermalized component of S* ions in the
torus, the presence of waves with frequencies near £2(S*) indicates that there is a strong
ST ring distribution which is able to generate the relevant instability for wave growth, and
presumably overcome the wave damping due to the thermalized S* population.

On November 26, 1999 (125), there was only a short interval of Galileo magnetometer
data after closest approach to Io. Figure 32c shows two peaks in power, with similar am-
plitudes at frequencies near .Q(SO;) and £2(SO™). On February 22, 2000 (127), Galileo
again moved from upstream to downstream (Fig. 31a), and ion cyclotron waves appeared
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Fig. 32 Transverse and compressional wave power for three intervals with ion cyclotron waves in the Io
torus

as Galileo entered the downstream side. Power spectra show peaks near all of the above
frequencies (£2(SO5), 2(SOT) and §2(S*)). In contrast to 124, in some intervals, the am-
plitude of the peak near £2(S™) is comparable to the £2(SO™) peak.

The last two Io orbits with magnetic field data took place on August 6, 2001 (I31), and
October 16, 2001 (I32) (Fig. 31b (right panel)). Both flybys crossed the polar region above
or below the moon, so that field lines connected Io and the spacecraft during the relevant
time intervals. The I31 orbit was almost parallel to Io’s wake, and almost parallel to the
corotating flow of the ambient plasma. The field lines through Galileo connected it to the
centre of the wake, a region of local minimum in field strength. Wave properties along 131
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are quite different to other passes (Russell et al. 2003a). Power spectra show broad peaks
at frequencies below all of the gyrofrequencies .Q(SO;r ), £2(SO™) and £2(S). The waves
exhibit the properties of the ion cyclotron mode in the frequency range 0.3—1.1 Hz. It follows
that the waves are generated along field lines where the strength of the magnetic field varies,
such that the waves resonate with ions over a broad range of frequencies as they propagate
to the higher latitudes where they are observed. For SO} waves with frequency 0.3 Hz, a
local field of 1259 nT would be required. Fields this low were indeed encountered on the 10
flyby through the wake.

Finally, orbit 132 had a geometry intermediate between 124 and 127, and wave power
peaked near the £2(SOJ), comparable to the spectra of flyby I0. During orbits 10, 124, 125,
127, and 132, the waves observed were transverse, left-handed, and elliptically polarized.
Their angle of propagation was variable. In some intervals the waves were almost parallel-
propagating (i.e. along the field direction), and almost circularly polarized, while in others
they propagate at angles << 40° with respect to the ambient magnetic field (Russell et al.
2001). In contrast, during orbit 131, compressive waves, propagating at large angles to the
magnetic field, were also present (Russell et al. 2003a).

Dynamic spectra summarizing wave properties for all flybys are given in Blanco-Cano
et al. (2001a) and Russell et al. (2003b). In summary, ion cyclotron waves have generally
been observed only downstream from lo, except on the 124 pass when there was a short
burst of wave activity upstream of the moon. Their characteristics change along each flyby,
and from one orbit to the next. Figure 31 shows that the 10 trajectory crosses both the 124
and 127 trajectories. However, where they cross, the spectra are quite different on the differ-
ent passes, suggesting that the physical conditions in the Io atmosphere are quite variable
in time. Another interesting point is that ion cyclotron waves can arise far beyond the re-
gion in which the flow and the atmosphere should be interacting. The waves are generated
by ion ring distributions via the cyclotron instability. They are observed with frequencies
mostly close to £2(SOJ) and £2(SO"). This is because, for other ionic species (O*, S*,
S;’ *) there is a thermalized distribution in the background torus whose presence acts to
damp the waves and suppress the instability. On the other hand, because SOF and SO*
dissociate within tens of minutes, they only exist as ring distributions with no thermalized
component.

The existence of ST waves was unexpected because we expect ST background ions to
damp any waves generated by S* pickup. Thus, a dense S* ring distribution is indicated
to exist in some regions, with a sufficient population for overcoming wave damping. The
observed wave variability shows that the o torus is not uniform, and that ion pickup com-
position changes with time and spatial location. Since pickup ions originate from Io’s atmo-
sphere, observed wave variations suggest that this atmosphere is changing spatially as well
as temporally (Russell and Kivelson 2000; Russell et al. 2003b).

6.1.2 Origin of lon Cyclotron Waves: Dispersion Analysis and Hybrid Simulations

It is well known that SO, and SO are the main constituents of Io’s atmosphere (e.g., Wong
and Smyth 2000). The waves associated with the ions of these molecules are generated
by ion ring distributions via the cyclotron resonant instability, due to the aforementioned
temperature anisotropy in the source plasma. The detection of waves with frequencies near
the gyro frequency values SZ(SO;) and £2(SO") indicates ongoing ionisation and pickup
of ions from the atmosphere. However, SOZ+ and SO* are minor components of the torus
plasma (e.g. Frank et al. 1996; Frank and Paterson 2001), since they dissociate within tens
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Fig. 33 Wave frequency and growth as a function of wave number for ion cyclotron waves in a multispecies
plasma with O, ST and SO;' ring distributions, along with Ot and ST thermalized background components
(after Huddleston et al. 1997). Dispersion curves are for parallel propagating waves

of minutes. The primary constituents of the background plasma torus are O* and S*. How-
ever, only weak waves near the £2(S™) were observed. The immediate question that arises is:
Why would these minority constituents generate waves while the majority plasma species
did not? In a multi-species plasma, multiple ion cyclotron modes are possible, each with
a growth rate dependent upon the anisotropy and free energy provided by the specific ion
species. To understand the generation of the observed waves, kinetic dispersion analyses for
a plasma that resembles the Io torus have been performed. Warnecke et al. (1997) and Hud-
dleston et al. (1997) showed that the presence of the dense O1/S* thermalized background
population damps the waves generated by picked-up OT and S ions, while, on the other
hand, SOJ and SO* waves can grow easily because these ions exist only as ring distribu-
tions, without a damping, thermal component.

Figure 33 shows frequency and growth rate for waves propagating parallel to the mag-
netic field in a plasma which harbours SOF, OF and S* ring distributions, along with O+ and
S* thermalized populations. It is possible to see that the O* and ST wave modes are damped,
with negative values of the growth rate parameter y, while the SO waves remain un-
damped, and have positive y value for a range of k values. Blanco-Cano et al. (2001a, 2001b)
demonstrated that ion cyclotron waves associated with the species SOF, SOT and S* can
grow simultaneously under certain conditions, and that S* pickup ions can generate waves,
provided the density of this component is adequate (= 10 % of total density) to overcome
damping by the thermal background of S* ions. Linear kinetic analysis also shows that,
while wave growth at parallel propagation is the most rapid, growth at oblique angles can
also be significant (Blanco-Cano et al. 2001b), in agreement with the observations described
herein.

More recently, hybrid simulations have been used to study wave generation and non-
linear evolution near Io (Cowee et al. 2006, 2008; Cowee and Gary 2012). These studies
have considered continuous ion injection, and are useful for investigating wave-ion energy
exchange and the scattering of ion velocity distributions. These works have been successful
in reproducing wave spectra observed near lo, and have yielded important insight regarding
wave interaction with the various pickup ion populations.
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Fig. 34 Mechanism for forming a thin, mass-loading disc that enables the production of pickup ions far to
the side of the moon, but not in the upstream direction. Ions are first formed near Io in its moderately dense
atmosphere, where charge exchange occurs frequently enough that freshly accelerated ions can be converted
to fast neutrals. The fast neutrals then travel for significant distances across the magnetic field before they

again become ionized and thus release their free energy in the form of ion cyclotron waves (after Wang et al.
2001)

6.1.3 Morphology of the Mass Loading Region in the Magnetodisc

The regions of ion cyclotron wave generation seen by Galileo, and the established absence
of this phenomenon in the Voyager data from 1979, 10 R; beneath Io, constrain the dimen-
sions of the mass loading region where ions are injected into the torus. This region covers
a plane extending ~ 20 Ry in the anti-Jupiter direction, and only ~ 7 R; toward Jupiter (see
Fig. 31). In the flow direction the region extends downstream at least ~ 10 Ry, but it does
not extend upstream of Io. This ‘fan-shaped disc’ downstream from Io can be produced by
the multi-step mechanism proposed by Wang et al. (2001), in which ions are accelerated in
the exosphere of Io by the ambient corotational electric field, followed by neutralization and
transport across field lines to regions much further from Io, where they can be reionized and
picked up into ring distributions, thus generating waves (see Fig. 34). This mechanism limits
wave growth to the downstream region, as opposed to growth in a more isotropic source re-
gion that would be expected if sputtering were the main mechanism producing Io’s neutral
torus. Pickup ions produced in this way have their highest fluxes near the wake axis and
extend downstream of Io. Observed wave amplitudes are consistent with this distribution of
pickup ions, decreasing with distance from the wake axis (Russell et al. 2001).

The fact that ion cyclotron waves appear downstream from Io is also in agreement with
recent findings by Dols et al. (2012), who found that Io’s atmosphere has longitudinal asym-
metries, with a limited radial extension upstream, and a significantly larger scale on the
anti-Jovian downstream side. Using a MHD model of the flow and magnetic perturbations
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around the moon in conjunction with a multi-species chemistry model, they predicted the
formation of a very extended corona of SO, and SO, mainly downstream from lo.

6.1.4 Mirror Mode Waves in lo’s Wake Region

As mentioned earlier, during flyby 10, Galileo also observed mirror mode waves on the
edges of Io’s wake region (see Fig. 30) in addition to the ion cyclotron fluctuations. The
waves were highly compressional, with wave normals at large angles (~ 54°-85°) to the lo-
cal magnetic field. Their properties are discussed in Russell et al. (1999). The mirror mode
is typically excited in high-beta plasmas when there is a significant pressure anisotropy (and
the condition P, /P, > 1 4 1/, is satisfied), such as that created by pickup ion ring distri-
butions. Maximum growth for the mirror mode occurs at oblique angles, in contrast to the ion
cyclotron instability, with maximum growth corresponding to parallel (field-aligned) prop-
agation. The near-stagnant wake region of Io contains a multi-species, anisotropic plasma,
a reduced magnetic field, and thus a relatively high plasma 8. Plasma data showed that, at
the wake edges, pickup ion densities increased rapidly (Frank et al. 1996), hence provid-
ing a large pressure anisotropy. Using kinetic dispersion analysis, Huddleston et al. (1999)
showed that in these regions the mirror mode can become dominant.

Figure 35 shows the growth rate of the mirror mode and of O, S;, ST and 502+ ion
cyclotron waves for a plasma which is physically similar to that at the wake edges. While
ion cyclotron waves grow due to the anisotropy in the distributions of each species, the
mirror mode is fed by the combined anisotropy of all ions present in the plasma and can
thus be the dominant plasma perturbation.

6.1.5 Waves Near Europa

At Europa, the plasma mass loaded into the magnetosphere per unit time is less than
that from the Io source. Interaction of the exosphere with the Jovian magnetosphere pro-
duces pickup ion rates of the order of a few kgs~' (Saur et al. 1998; Khurana et al.
2002) in contrast to ~ 1000 kgs~' at Io. Evidence for ion pickup and wave signa-
tures was found on three of eleven passes of Galileo near Europa (Volwerk et al. 2001;
Volwerk and Khurana 2010). In contrast to o, most of the waves were observed in Europa’s
wake and have been identified as ion cyclotron fluctuations with frequencies near the val-
ues £2(03), £2(CIM), 2(Na't), £2(Ca™), 2(K*) and £2(H,0") (using the gyrofrequency
nomenclature of previous sections). The waves have both right- and left-hand polarizations.
Wave power distributions suggest that the ion pickup rate is larger when Europa is near the
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center of the Jovian current sheet than when the moon is outside it. In a recent work, Vol-
werk and Khurana (2010) found evidence of H,O" cyclotron waves upstream of Europa,
observed during the Galileo E26 pass.

6.2 Waves at Saturn

At Saturn, magnetosphere neutral sources, whether from moons or rings, are weaker than at
Jupiter. Nonetheless, Saturn has abundant ion-cyclotron waves, and mirror mode waves have
also been observed. In contrast to Jupiter, waves at Saturn appear not only near the moons,
but also exist in a extended region covering distances ~ 4-8 Rg, at all local times, regardless
of whether or not the spacecraft was near a moon (Leisner et al. 2005, 2006; Russell et al.
2006).

Ion cyclotron waves were observed at Saturn during the Pioneer 11 and Voyager I passes
through the system (Smith and Tsurutani 1983; Barbosa 1993). Due to the limited spatial
coverage of those flybys, the full radial extent of these waves was not seen until the Cass-
ini spacecraft arrived at Saturn on July 1, 2004 (GMT). In addition to the ion cyclotron
waves observed near the fundamental gyrofrequency of pickup ions, there were regions
where harmonic ion cyclotron modes were found. Beyond ~ 6 Rg, mirror mode waves and
interchanging flux tubes are present and replace the ion cyclotron waves up to regions ~ 8 Rg
distant from the planet (Russell et al. 2006).

6.2.1 Ion Cyclotron Wave Properties

Ton cyclotron waves in Saturn’s magnetosphere are generated by water-group ions (O7,
OHT, H,O"). The source of these ions has been identified as Saturn’s ‘extended neutral
cloud’, which is primarily sourced by the moon, Enceladus. Enceladus ejects an estimated
10%” H,0 molecules/s into the surrounding space through fissures in its surface (e.g., Waite
et al. 2006; Tokar et al. 2006). Modelling of these ejected neutrals has shown that they do,
indeed, form a neutral cloud which extends over the radial range where the ion cyclotron
waves are seen (Johnson et al. 2006). Thus, the source of waves at Saturn is more extended
and not strictly limited to the vicinity of a moon (or that moon’s torus), as it is at Jupiter.

As in the case of the Jovian magnetosphere, ions in the Kronian system are picked up into
ring distributions able to generate waves via the ion cyclotron instability. Such anisotropic
(T, > T)) ring-type distributions have been observed near Enceladus (Tokar et al. 2006)
and out to radial distance 5 Rg (Tokar et al. 2008). Unsurprisingly, wave properties varied
between the Cassini passes, but in general the waves displayed left-handed, near-circular to
elliptical polarizations, propagating at angles within ~ 20° of the background magnetic field.
The wave amplitudes varied, but were typically in the range 0.5-2 nT, with peak amplitudes
occurring beyond the orbit of Enceladus at around 4-5 Rg.

Figure 36a shows power spectra of Cassini observations made at different dates, but at a
similar location. It is clear that the largest peak occurred near the gyrofrequencies of water
group ions (£2(0%), 2(0OH™), £2(H,0")), and that the amplitude of this peak varied for
the two dates. A secondary peak appears near the cyclotron frequency of ions with mass
~ 35 amu, which are thought to be O;. This peak is more prominent on the observation
of December 15, 2004. As shown in Fig. 36b, a clear beating structure was seen in the
wave time series, indicative of wave generation by these multiple ion species with markedly
different masses.

Using many Cassini orbits, Martens et al. (2008) showed that molecular oxygen is a
minor constituent of the magnetospheric plasma. Due to the low observed densities of this
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molecule, it is difficult to determine the source, or sources, of the corresponding ions. The
two most probable sources are fast neutrals escaping Saturn’s main rings and Saturn’s dusty
E ring. The work by Leisner et al. (2006) supports the conclusion that these ions are a
consistent, but minor, plasma species in the magnetosphere. There were a few intervals
where the dominant waves had a frequency near the value .9(02+ ) (Rodriguez-Martinez
et al. 2010). The variation of peak amplitudes indicates that the pickup ion composition
changes across the extent of the neutral cloud.

The ion cyclotron waves were observed over a large region of space so the assumption of
ahomogeneous plasma may not be appropriate. The pickup geometry in the extended neutral
cloud region is roughly perpendicular (o ~ 90°, with « the angle between Saturn’s magnetic
field and v, the velocity of injection of the ions), but the pickup injection velocity also
changes with radial distance. Figure 37 shows how the Keplerian and corotational velocities
vary with distance from the planet. The pickup velocity may be represented as Vickup =
Vi — V., where Vk is the Keplerian velocity with which the neutral cloud is orbiting Saturn,
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Fig. 37 Pickup velocities as a
function of radial distance. (From
Russell et al. 2006)
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and V., is the local corotation velocity of the ambient plasma (which, of course, changes with
radial distance). At a radial distance of ~ 4 Rg, the nominal pickup velocity is ~ 25 kms™!,
while at ~ 8 Rg, it is ~ 70 kms~!. Therefore, we may expect that a fixed density of pickup
ions at ~ 4 Rg will be less energetic than those at ~ 8 Rg, and will thus generate lower-
amplitude waves. There are no ion-cyclotron waves inside ~ 3.8 Rg; ions picked up at these
small radial distances will have such small Vcp values that they will not become unstable
to wave generation.

In this context, kinetic dispersion analysis has been very useful to determine how wave
growth varies with ring properties. Figure 38 shows the values of wave frequency and growth
rate as function of pickup ion injection velocity and density. Ring distributions have more
energy to give to the waves as these two values increase, and this is reflected in enhanced
values of growth rate y. Cassini data also has revealed the presence of weak waves at twice
the cyclotron frequency of the water group ions (Rodriguez-Martinez et al. 2008). These
waves propagate at angles 2> 20° to the background field, and are mainly compressional.
Their power is around half that of the fundamental mode. They have been observed on
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multiple Cassini passes and are present only when the background field strength B, exceeds
~ 150 nT.

High-inclination passes by Cassini allowed the study of the vertical structure of the ion
cyclotron wave ‘belt’. Both the water group and O;r cyclotron waves were found to propa-
gate from the equator up to a vertical distance of ~ 0.4 Rg, and wave amplitude was found to
increase off the equator, peaking at a distance of ~ 0.2 Rg and then rapidly falling off above
this limit (Leisner et al. 2011). Why the production region is limited to within ~ 0.04 Rg
of the magnetic equator, and why the waves rapidly damp out beyond ~ 0.2 Rg are aspects
which have not been explained.

6.2.2 Mirror Modes

The ion ring distributions produced by pickup in the E-ring torus are unstable to both ion-
cyclotron waves and mirror-mode waves. For low plasma beta and moderate temperature
anisotropy, the growth rate of the ion-cyclotron waves generally exceeds the growth rate
of mirror-mode waves. As described above, ion cyclotron waves have been observed in
Saturn’s magnetosphere out to ~ 5 Rg. Beyond ~ 7 Rg, mirror mode waves dominate the
spectra. As shown in Fig. 39, there is an intermediate region where ion cyclotron waves
are dominant, but weaker peaks in the spectra suggest the existence of compressive, mirror-
mode waves. The simultaneous detection of ion cyclotron and mirror modes is an interest-
ing effect, since linear theory predicts only the mode with the highest growth rate should
be observed. At larger distances from Saturn, the mirror mode becomes dominant (see
Fig. 39), with strong depths in magnetic field amplitude, and the ion cyclotron waves disap-
pear.

While both instabilities grow from the same pressure anisotropy, the mirror mode dom-
inance at large distances may be due to the fact that the ion cyclotron waves can propagate
along the background field out of the wave growth region, while the mirror mode waves
remain within it and convect with the bulk motion of the plasma. It is also possible that
larger values of plasma beta occur in regions where the mirror mode waves are observed,
enhancing the growth of this instability. More work is needed to solve this puzzle.

6.2.3 The Region Near Titan

Titan’s dense atmosphere is a strong mass-loading source and plasma observations have
clearly identified pickup ion populations near this moon (e.g. Hartle et al. 2006; Szego et al.
2005). However, no significant wave power has been identified close to the moon, counter
to intuition. In the few examples were some wave growth has been observed near Titan, the
waves are mostly left-hand, elliptically polarized (ellipticity ~ 0.6) and propagate at a large
angle (~ 60°) to the background field. However, the observed wave power is only slightly
above the noise level and wave characteristics do not coincide with those of ion cyclotron
waves (i.e. near-circular polarization and almost field-aligned propagation).

Linear theory and hybrid simulation results predict that the ion cyclotron ring instability
may be unstable at Titan for ideal conditions (i.e. & = 90°) but that waves driven by heavy
pickup ions (e.g. those with mass-to-charge values m /g = 16) may simply take too long to
grow to observable amplitudes before they are convected by the flowing background plasma
into the Titan wake (Cowee et al. 2010). Appreciable growth of waves by the lighter ion
species (e.g. m/q < 2) could be possible on the timescale of plasma convection, however
these waves are expected to be strongly damped by the thermalized background plasma.
Because Titan is in the outer magnetosphere, the pickup angle and pickup velocity can vary
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Fig. 39 (a) Ion cyclotron waves and mirror modes: time series and power spectrum in a region where ion
cyclotron waves dominate. (b) Time series and power spectrum in a region where the mirror mode is dominant
(from Russell et al. 2006)

considerably, especially since the moon may quasi-periodically encounter the centre of the
plasma sheet, and it may also, infrequently, emerge into the solar wind. Thus, the pickup
velocity may vary between sub-Alfvénic and super-Alfvénic values. Further analysis of the
observations is needed, in order to determine under what specific physical conditions ion
cyclotron waves can exist near Titan.

6.3 Conclusions and Future Directions

ITon cyclotron waves can be generated by pickup ions in Jupiter’s and Saturn’s magnetodiscs.
At Jupiter, the waves appear in a localized region near Io and have frequencies near the
gyrofrequencies of the ions SO, SO* and S*. Wave properties are not uniform which in-
dicates that ion composition is not homogeneous and varies due to volcanic activity at lo.
Mirror mode waves have been observed only in lo’s wake region. Observations made by
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Galileo showed the existence of ion cyclotron waves in Europa’s wake. In contrast to the
Jovian observations, ion cyclotron waves in the Saturnian magnetodisc appear in larger ex-
tensions within the extended neutral cloud. Waves are generated by water group ions picked
up from Enceladus and the E ring. In some regions, O;’ cyclotron waves are dominant, indi-
cating variations in pickup ion composition. Ion cyclotron waves extend £0.3 Rg out of the
equator. Mirror mode waves have also been observed in extended regions of the Saturnian
magnetodisc. Pickup ions have been observed near Titan, but no well-defined ion cyclotron
waves have been identified there. Future studies concentrating on ion distributions, when
available, are needed to understand wave evolution and particle distribution thermalization.
Additional simulation studies are also needed to understand the dynamics of waves prop-
agating far from the equatorial disc, the variations in wave propagation properties, and the
conditions that favour the mirror mode to be dominant in extended regions of the magne-
todisc. Galileo and Cassini data have been very valuable in showing the complexity of these
two magnetodiscs. More observations are needed to gain insight regarding the extension of
the waves in the region between lo and Jupiter and, in the case of Saturn, to have a better
understanding of the wave belt which lies out of the equator.
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Abstract The rapidly rotating magnetospheres at Jupiter and Saturn contain a near-
equatorial thin current sheet over most local times known as the magnetodisc, resembling
a wrapped-up magnetotail. The Pioneer, Voyager, Ulysses, Galileo, Cassini and New Hori-
zons spacecraft at Jupiter and Saturn have provided extensive datasets from which to obser-
vationally identify local time asymmetries in these magnetodiscs. Imaging in the infrared
and ultraviolet from ground- and space-based instruments have also revealed the presence
of local time asymmetries in the aurora which therefore must map to local time asymme-
tries in the magnetosphere. Asymmetries are found in (i) the configuration of the magnetic
field and magnetospheric currents, where a thicker disc is found in the noon and dusk sec-
tors; (ii) plasma flows where the plasma flow has local time-dependent radial components;
(iii) a thicker plasma sheet in the dusk sector. Many of these features are also reproduced
in global MHD simulations. Several models have been developed to interpret these various
observations and typically fall into two groups: ones which invoke coupling with the solar
wind (via reconnection or viscous processes) and ones which invoke internal rotational pro-
cesses operating inside an asymmetrical external boundary. In this paper we review these
observational in situ findings, review the models which seek to explain them, and highlight
open questions and directions for future work.
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1 Introduction

The terrestrial magnetotail contains a thin current sheet separating the tail into two lobes
with the current running from dawn to dusk, closing on the magnetopause. The solar wind
provides the confining stress which produces a noon-midnight asymmetry in the terrestrial
magnetosphere. One of the most remarkable magnetospheric findings made at Jupiter by
Pioneer 10/11 and Voyager 1/2 in the 1970s was of a disc-like configuration of the mag-
netic field and plasma, now known as the magnetodisc (e.g., Goertz 1979, and references
therein). This resembled Earth’s magnetotail current sheet except it was found at all local
times (midnight-to-noon sector) sampled by these spacecraft. Subsequent missions, such as
Ulysses and Galileo, have studied this magnetodisc in more detail and at a wider range of
local times. Further analysis of these data has also revealed the presence of local-time asym-
metries. The disc is not an azimuthally uniform current sheet, but is stronger and weaker in
different local time sectors. At Saturn, such a structure was not detected on the dayside at
Saturn in Pioneer 11 and Voyager 1/2 data, but some evidence of such a thin current sheet
was found on the dawn flank (Smith et al. 1980). Observations made by Cassini at Saturn
have subsequently found evidence for this disc-like configuration in the noon, dawn and
midnight sectors (Arridge et al. 2008b).

The magnetic field in the magnetodiscs of Jupiter and Saturn has both poloidal (B,, By
in spherical polar coordinates) and toroidal (B,) components associated with azimuthal and
radial currents through the current sheet. The azimuthal currents are associated with radial
stress balance in the magnetodisc, between magnetic tension and centrifugal, thermal and
magnetic pressure gradient and pressure anisotropy forces. The radial currents are associ-
ated with azimuthal stress balance where ion-neutral collisions in the planet’s atmosphere
exert an azimuthal torque which is transmitted via field-aligned currents to the equatorial
plasma, and attempts to maintain the outflowing equatorial plasma in corotation with the
planet. Hence, the toroidal component of the field is implicated in the outward transport of
plasma and angular momentum conservation, although the toroidal component can weaken
in response to solar wind compression (e.g., Hanlon et al. 2004). The presence of a toroidal
component, which reverses in direction about the centre of the current sheet and hence does
not take the form of a guide field as in the case of the Earth’s magnetotail, produces a swept-
back or bent-back configuration in the magnetic field, similar to an Archimedean spiral, but
where the degree of bend-back is a function of local-time (e.g., Bunce et al. 2003). The ge-
ometry of the current sheet at both Jupiter and Saturn is not simply planar and collocated
with the dipole magnetic equators of these planets. The location of the surface is deformed
by the solar wind, internal disturbances and other periodic mechanisms. As such, the current
sheet is time-dependent and three-dimensional.

The observed diamagnetic depression in the current sheet is evidence of the presence of
significant particle pressure at both Jupiter and Saturn. Due to rapid azimuthal motion of the
magnetodisc, centrifugal forces affect the meridional distribution of the particles. The cen-
trifugal scale height for particles of mass, m, and thermal energy, kT, rotating at an angular
velocity, w, in a dipole field is proportional to v/kz T /mw? (Hill and Michel 1976). Hence,
heavy cold magnetospheric ions are centrifugally confined to the centre of the plasma sheet,
although this picture is modified in the presence of multiple ion and electron populations and
ambipolar electric fields (e.g., Maurice et al. 1997). Since the thermal energy of energetic
particles is much larger than “thermal” populations they have much larger scale heights and
are effectively free to fill the field lines. However, due to the disc-like geometry, the sheet
has a finite width normal to the current sheet, even for the energetic particles. The sheet
thickness has an observed local-time asymmetry at both Jupiter and Saturn. Particle flows
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have significant local-time asymmetries at Jupiter (Krupp et al. 2001) and Saturn (Kane et al.
2014).

In a steady state, the magnetic stress associated with the stretched-out field lines in the
magnetodisc is balanced by mechanical stresses in the plasma and energetic particles in the
disc. The tension force associated with stretched magnetodisc field lines points inwards and
mechanical stresses include centrifugal stress (outwards), pressure gradient forces (typically
outwards), and pressure anisotropy (inward or outward). The principal mechanical stress
at Jupiter appears to be the anisotropy force of the energetic heavy ions where P, > P,
by a factor of 1.1-1.2, at least on the nightside (Paranicas et al. 1991) although there is
some evidence of increasing importance of centrifugal forces at larger distances (Arridge
2011). At Saturn, pressure gradient forces are important in the middle magnetosphere in the
region where the field makes the transition to a disc-like configuration, while anisotropy and
centrifugal forces are seen to be important in the inner magnetosphere (Sergis et al. 2010;
Kellett et al. 2010). In the magnetodisc there is evidence that the centrifugal force may be
the dominant mechanical stress (Arridge et al. 2007), but a full particle analysis similar to
Sergis et al. (2010) has not yet been carried out.

In this review we consider these aspects of the magnetodisc and examine the evidence
for local-time asymmetries. Specifically, we look at local-time asymmetries in the geometry
of the magnetic field, currents, and how divergences in radial and azimuthal currents are
closed; the geometry of the current sheet with local-time; and plasma flows and particle
populations. Comparisons with the results from global MHD simulations will be mentioned
where appropriate. We close this review by considering the physical mechanisms underlying
these asymmetries and posing outstanding questions.

2 Field Geometry, Current Sheets and Current Closure
2.1 Magnetic Field Geometry at Jupiter

Figure 1 shows magnetometer data from four different local time sectors in the Jovian
magnetosphere as measured by the Galileo spacecraft. The data are presented in a spher-
ical polar coordinate system where the radial direction (e,) points away from the planet
along a line connecting the spacecraft and the planet, the polar direction (ey) points in
the direction of increasing colatitude with respect to the north rotational pole, and the az-
imuthal direction (e,) is in a prograde direction around the planet (i.e. points in the local
direction of planetary corotation). In the dawn sector the B, and B, components regu-
larly change sign as the magnetodisc current sheet moves up and down over the space-
craft with each rotation of Jupiter. The centre of the current sheet is located close to
the region where B, and B, change sign but is not exactly located at that point due to
the difference between the coordinate frame in which the magnetic field is measured and
the local coordinate frame of the current sheet (e.g., Vasyliinas 1983; Khurana 2001;
Jackman et al. 2009). Regions where B, and B, approach asymptotic values and fluctua-
tions in the field reach a minimum are the lobe-type regions adjacent to the current sheet.
Such a morphology is also seen in the midnight sector. On the dawn sector B, is large
(~50 % of the B, component) and out of phase with B, such that B, and B, have opposite
signs producing a “swept-back” configuration to the magnetic field. In the midnight sector
there is still an anti-phase relationship, but B, is somewhat smaller in magnitude. The By
component of the field is approximately normal to the current sheet and is small but pos-
itive, indicating closed field lines in a thin current sheet geometry. By varies very little as
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Fig. 1 Magnetic field configuration in four different local time sectors in the Jovian magnetosphere, as
measured by the Galileo spacecraft. The data are presented in spherical polar (radial-theta-phi) coordinates,
plus the field magnitude, as a function of radial distance. Vertical grey lines indicate current sheet crossings
or contact with the current sheet

the spacecraft moves relative to the current sheet. From the divergenceless of B, the polar
gradient of By is related to the radial and azimuthal gradients of B, and B, respectively.
Hence, the fact that By is effectively constant with the motion of the current sheet indicates
fairly weak radial and azimuthal gradients in the disc. Small oscillations in the magnitude
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Fig. 2 Equatorial projection of Equatorial Projection of Field (Unit Vectors)
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of By are associated with motions of the current sheet and are also seen in data from Saturn
(e.g., Jackman et al. 2009). The field magnitude is seen to dip at current sheet crossings and
is associated with the diamagnetic effect of the plasma in the magnetodisc.

In the dusk sector By is larger in magnitude (but generally still positive) and the noise in
the B, component indicates that the spacecraft never entirely leaves the plasma sheet. This is
indicative of the presence of a thicker plasma/current sheet in the dusk sector. We also notice
additional oscillations in the B, component showing that the current sheet is somewhat
“sloppy” and is being deformed by additional processes. B, has a structure that includes both
swept-back and swept-forward (B, and B, have the same sign) configurations. In the noon
sector the field shows similar evidence of a thick current/plasma sheet but which, for this
pass, terminates around 32 R from Jupiter. After the end of the current sheet the spacecraft is
in a region of fluctuating magnetic fields and very little evidence of the periodicity imposed
by the rotation of the Jovian dipole. This region is known as the “cushion” region and is
a persistent feature of the noon magnetosphere at Jupiter (Went et al. 2011). Hence, the
magnetic field data demonstrate a considerable local-time asymmetry in the magnetodisc
field.

Figure 2 presents the tangential (B, and B,) component of the field as unit vectors pro-
jected onto the equatorial plane as a function of local time. One can clearly see the strongly
swept-back configuration on the dawn flank and in the post-midnight sector. But in the
pre-noon through to pre-midnight sectors the field often points away from the planet or is
weakly swept-forward/swept-back, and hence the sign of B, has a distinct local time asym-
metry. The source of this asymmetry has been the source of controversy and research for
more than 30 years (Vasylitinas 1983). The presence of B, and its role in azimuthal stress
balance in accelerating plasma back up to corotation is one interpretation. Another inter-
pretation (see Vasylitinas 1983, and references therein) is that B, is associated with the
solar wind via either normal or tangential stress. These two interpretations predict opposite
sweep-back configurations on the dusk and dawn sectors—with B, reversing sign across the
noon-midnight meridian. One can see from Fig. 2 that this is not observed and the field still
has a swept-back configuration in the pre-midnight sector.

@ Springer 305 Reprinted from the journal



C.S. Arridge et al.

Fig. 3 The observed ratio By/(B,p) [1/R]
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field configuration for an -
outflow-type interaction (left),
solar wind interaction (middle),
and a combined interaction
(right) as inferred from the data
and Figs. 2, 3. From Khurana
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View from Above

The quantity B,/pB, or B,/r B,, in cylindrical polar or spherical polar coordinates re-
spectively, is often used to quantify the sweep-back in the field and this is plotted for Jupiter
in Fig. 3, from Khurana and Schwarzl (2005). Within 10 R; of Jupiter this ratio is close to
zero, but becomes increasingly negative at larger distances over most local time sectors of
the magnetosphere. On the dawn flank the ratio reaches a plateau whereas on the dusk sector
beyond ~60 R; the sign reverses indicating a swept-forward configuration, as could be seen
in Fig. 2. Therefore, the simple picture of outflow, angular momentum conservation and
magnetosphere-ionosphere coupling to enforce corotation is not valid for the whole of the
Jovian magnetosphere. Figure 4 illustrates the spiral configuration of the field lines for the
outflow picture, with swept-back configuration at all local times, the solar wind influence
with sweep-back at dawn and sweep-forward at dusk, and the combination of the two (Khu-
rana 2001). This latter configuration best matches the observational data in Figs. 2 and 3 and
suggests a role for the solar wind in modifying the outflow picture to introduce local time
asymmetries (see Sect. 5 for further discussion).

2.2 Jovian Radial and Azimuthal Currents
Bunce and Cowley (2001a) presented the first extensive study of local-time asymmetries

in the radial fields at Jupiter using data from Voyager, Pioneer and Ulysses, leading to a
description of the divergence of the azimuthal currents. Within a radial distance of ~20 R;
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Fig. 5 Jovian azimuthal currents J's (MA/R)) Log scale
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the radial field, and hence the azimuthal currents, were approximately symmetrical in local
time. However, beyond that distance the current sheet field fell with radial distance more
rapidly on the dayside compared to the nightside. This leads to current sheet fields that are
systematically weaker on the dayside compared to the nightside at the same radial distance.
However, because they only analysed the radial field and hence calculated the azimuthal
component of the divergence of j they could not determine if the azimuthal currents were
diverted into radial or field-aligned currents. Bunce and Cowley (2001b) took the next step
and analysed the azimuthal field, and hence the radial currents, and therefore calculated
both the radial and azimuthal terms in V - j and could estimate the field-aligned current.
They found significant field-aligned currents were required and that these currents flowed
into the ionosphere in the pre-noon sector, and out of the ionosphere into the magnetodisc
in the post-noon sector.

Khurana (2001) also analysed similar data, but also included data from Galileo to com-
prehensively survey the radial and azimuthal currents as a function of local time and radial
distance. Figures 5 and 6 from Khurana (2001) show the calculated azimuthal and radial
currents. Between 10 and 50 Ry the azimuthal currents were much stronger on the night-
side at 144 MA compared with 88 MA on the dayside. Stronger radial currents were found
on the dawn flank and weaker currents at dusk and noon. These asymmetries in the cur-
rent sheet can be matched with the strong current sheets found at dawn and midnight in the
magnetometer data in Fig. 1, and the strong sweep-back found on the dawn flank in Fig. 2.

Khurana (2001) also calculated the divergence and Fig. 7 shows the divergence of the
perpendicular current (azimuthal and radial terms), where negative (blue) indicates current
is drawn out of the magnetodisc into field-aligned currents, while positive (red) indicates
that current is fed into the magnetodisc via field-aligned currents. Except in the dusk sector,
V -j. is positive between 10 and 30 Ry, indicating current is being fed into the magnetodisc
from the ionosphere. These currents are associated with the radial current system associated
with corotation enforcement. Torque exerted on the plasma by ion-neutral collisions in the
ionosphere is transmitted to the equatorial plasma via field-aligned currents which feed a
radial current system flowing outwards from Jupiter through the magnetodisc. These cur-
rents exert an azimuthal j x B force to enforce (partial) corotation. The upward field-aligned
currents at the inner edge of the magnetodisc (positive divergence inside 340 R;) naturally
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Fig. 6 Jovian radial currents
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require downward electron precipitation into the ionosphere and this is associated with the
Jovian main auroral oval. Beyond 30 R; no current was added to the magnetodisc. In the
noon sector of the magnetosphere, the divergence was negative or close to zero indicat-
ing current is drawn out of the magnetodisc. From the divergence of the azimuthal current,
there is a strong noon-midnight asymmetry in the azimuthal current associated with a more
dipolar dayside and more stretched current sheet at midnight and dawn. This is similar to
a partial ring current at Earth, except that it is opposite in sense due to the fact that Earth’s
ring current flows in the opposite direction. Therefore, this noon-midnight asymmetry in the
magnetodisc is fed and emptied by region-2-like field-aligned currents, although how this
asymmetry is maintained in the presence of nearly corotational flow is unknown. Khurana
(2001) concluded that this revealed the presence of a solar wind influence, since the region
1 and region 2 currents at Earth are associated with solar wind convection. This analysis did
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not identify where the radial currents close in the outer magnetosphere—so did not find the
return field-aligned currents matching the positive divergence inside 30 R;. It may be that
part of this current system closes on the magnetopause, at least over some local time sec-
tors. However, some evidence for closure currents was found in the dusk sector by Kivelson
et al. (2002) where a field-aligned current sheet carrying 6 MA was found 2° poleward of
the main auroral oval.

2.3 Saturn’s Magnetodisc

At Saturn, a magnetodisc was not found in the Pioneer or Voyager datasets but thin current
sheets were found on the dawn flank (Smith et al. 1980) suggesting either a disc with a sig-
nificant local time asymmetry (a spatial asymmetry) or time-dependence driven by the solar
wind. Evidence for a magnetodisc configuration in the midnight, dawn and noon local time
sectors was identified in Cassini magnetometer data (Arridge et al. 2008b). Figure 8 shows
Cassini magnetometer data from the noon, dawn and midnight sectors of the magnetosphere.
Because of Saturn’s extremely small dipole tilt (e.g., Cao et al. 2011) the magnetic equa-
tor and current sheet does not move over the spacecraft in a periodic manner as at Jupiter.
However, current sheet oscillations (e.g., Arridge et al. 2011) can be seen, particularly in the
midnight sector. These are thought to be produced by magnetic perturbations introduced by a
rotating system of field-aligned currents (e.g., Southwood and Cowley 2014). In each sector
of the magnetosphere B, and B, have opposite signs indicating a swept-back configuration.
In the noon sector the By component is larger and so indicates a more dipolar configuration
however the field strength is higher than that of a dipole indicating the importance of mag-
netodisc currents. Two passes of Cassini are shown for the noon sector: the red trace is for a
compressed magnetosphere with a magnetopause subsolar distance of 16.8 Rg and the black
trace for a more expanded magnetosphere with a subsolar position of 24.8 Rg (Arridge et al.
2008b). In the compressed case the B, component is stronger and the B, component weaker
indicating a weaker current sheet and a quasi-dipolar (non-magnetodisc) configuration. In
the expanded case the current sheet is more pronounced and the field thus takes the form
of a magnetodisc. The transition to the magnetodisc at Jupiter is near a radial distance of
20 Ry compared to a magnetopause distance of Z45 R;, however at Saturn the transition
region is at 216 Rg compared to a magnetopause distance of 215 Rs. Hence, Arridge et al.
(2008b) argued that the formation of Saturn’s magnetodisc at noon was highly sensitive to
the confining effect of the solar wind. The suppression of the dayside magnetodisc under
compressed magnetospheric conditions must require similar divergences in the azimuthal
current, similar to that found by Khurana (2001) for the Jovian magnetosphere, but further
work is required in this area.

Giampieri and Dougherty (2004) quantitatively studied the magnetic field of Saturn’s
magnetodisc using a simple axisymmetric current sheet model to fit the magnetic field data
from Pioneer 11 and Voyagers 1 and 2. They found that a single current sheet model did not
fit both the inbound and outbound segments of each flyby but could not distinguish between
a local time asymmetry or a temporal effect associated with variable solar wind conditions.
The inbound trajectories were all near the noon sector, whereas the outbound trajectories
were near dawn or in the post-midnight sector. They found systematic differences in the
total current between the inbound and outbound segments of each flyby, typically 10 MA
for the outbound (near dawn/post-midnight) leg and 5-8 MA for the inbound (near noon)
leg. However, they did not have sufficient data to claim a local time asymmetry.
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Fig. 8 Magnetic field configuration in three different local time sectors in the Saturnian magnetosphere, as
measured by the Cassini spacecraft. The data are presented in spherical polar (radial-theta-phi) coordinates,
plus the field magnitude, as a function of radial distance. Vertical grey lines indicate current sheet crossings
or contact with the current sheet. Two profiles are shown in the noon sector to match two different upstream
solar wind pressures corresponding to an expanded system (rev. 13, black trace) and compressed system
(rev. 14, red trace). Gaps in the time series indicate data gaps or calibration periods. One calibration period
(identified by sharp increases in the field strength) has been included in the rev. 14 (red) trace to show the
overall behaviour of the time series
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2.4 Stress Balance and Local Time Asymmetries in Saturn’s Magnetodisc

Recently, Kellett et al. (2011) have investigated local time asymmetries in the ring current
region inside the inner edge of the Saturnian magnetodisc. This work extended the results
of Kellett et al. (2010) who computed mechanical stresses associated with the ring current:
computing pressure gradient forces of energetic particles and plasma, the centrifugal force,
and pressure anisotropy in the plasma. From these stresses and the By component of the
magnetic field they were able to calculate the azimuthal component of the volume current
density. Figure 9 shows these results for four different local time sectors (only to 10 Rg
for the noon-to-dusk sector due to the trajectory of the spacecraft). These currents were
found to not vary greatly with local time, but were generally larger in the dusk to midnight
sector (green and blue traces), and fell gradually from midnight through to noon, with a
factor of 1.5 difference between the nightside and dayside. From Fig. 9c we can see that
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Fig. 10 Sketch of the cross-tail
configuration at Jupiter drawn
from the perspective of an
observer in the tail looking
towards Jupiter
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these changes are mainly driven by changes in the perpendicular pressure gradients. In the
magnetodisc proper—beyond about 15 Rg—only a preliminary analysis of stress balance
has been carried out. Arridge et al. (2007) demonstrated the importance of centrifugal stress,
but such a detailed analysis as that carried out by Kellett et al. (2010, 2011) has not been
carried out in the magnetodisc at Jupiter or Saturn.

Local time asymmetries have also been detected across the tail on the nightside at Jupiter
(Kivelson et al. 2002). The magnetic pressure in the tail lobes was found to be smaller by
20-40 % near dusk compared to midnight between 25 and at least 60 R;. This implies that
the field lines are much less stretched in the dusk sector compared to the dawn sector, in
accordance with the Khurana (2001) results, and therefore that the magnetotail does not
have cross-tail symmetry. A proposed cross-tail geometry is sketched in Fig. 10 showing
a thicker current sheet on the dusk flank and is also consistent with an observed thicker
plasma sheet on the dusk flank (Krupp et al. 1999, 2001). No local time dependences in
the magnetotail field at Saturn have yet been reported, but at the time of writing the Cassini
trajectory does not provide good coverage of the magnetotail in the dusk-midnight sector.

3 Plasma and Current Sheet Geometry

The magnetodisc and its associated plasma sheet are not simply planar structures rotating
in the dipole equator of their parent planet. Similar to the terrestrial tail current sheet (e.g.,
Tsyganenko and Fairfield 2004) the sheet adopts a complex three-dimensional and time-
dependant shape due to the influences of the rotation of the dipole axis around the planet,
magnetospheric oscillations, and solar wind forcing. Local time dependences manifest them-
selves due to solar wind distortions in the location of the magnetodisc, pushing the current
sheet out of the equatorial plane, and in the timing of current sheet crossings seen by an
observer near the equatorial plane due to local time asymmetries in the configuration of the
magnetic field, the plasma distribution, and plasma flows.

The prime meridian of these current sheet oscillations is the longitude at which the cur-
rent sheet elevation is a maximum. Figure 11 shows the inferred prime meridian of Jovian
current sheet crossings projected onto the X-Y plane of JSO coordinate system, as calcu-
lated from all available current sheet crossing pairs (north to south and south to north). The
prime meridian was averaged into 10 x 10 R? bins to smooth natural variation in the data.
Near Jupiter, the prime meridian lies close to that expected from rigid rotation of the mag-
netodisc lying in the dipole equator. At larger radial distances the current sheet is delayed
from that expected of rigid rotation. The delay is also a function of local time with a larger
delay on the flanks compared to the noon-midnight meridian.
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Fig. 11 Prime meridian of the &' [degree] Data
Jovian current sheet (in degrees) 150 AR T ; 160
in the X-Y plane in Jovicentric
Solar Orbital (JSO) coordinates 350
where X points to the Sun, Y is 100f
opposite the direction of Jupiter’s 340
orbital motion around the Sun, .
and Z completes the 50t 330
right-handed set. From Khurana ; 320
and Schwarzl (2005) —_
x of 310
>
3 300
505
N o 2590
280
-100p
270
-150 — T L 260
-200 -150 -100 -50 50 100

X (Ry)

This delay in the arrival of current sheet crossings is interpreted in terms of a combina-
tion of delays introduced by MHD outflow, wave travel time and the geometry of the field
(Northrop et al. 1974). Equation (1) describes the longitudinal delay, §, in the arrival of cur-
rent sheet crossings with cylindrical radial distance, p, expressed as an incremental delay
d§/dp, where §2; is the angular velocity of Jupiter, £2; is the angular velocity of Jupiter’s
ionosphere, V, is the Alfvén speed, and u,, is the mass outflow rate.

ds B, Q27—
dp pB, u,+ViB,/B

The first term on the right hand side is related to the geometry of swept-back field lines,
and the second term is associated with wave delay in subcorotating and partially outflowing
plasma. As shown in Fig. 3, B,/p B, can be calculated from data (Khurana 2001; Khurana
and Schwarzl 2005) and has a significant local time dependency. Using the data in Fig. 11
with the bend-back data in Fig. 3 the second term on the right-hand side can be calculated.
The delay from both terms are of a similar order of magnitude but where the bend-back
term has a smaller local time dependence than the second term. The local time dependence
is particularly strong between the noon-midnight meridian and the dawn/dusk flanks.

It is also found that the north to south crossings are delayed more than the south to north
crossings, and this is interpreted in terms of the solar wind flow distorting the current sheet
such that it asymptotically becomes parallel to the solar wind flow (Khurana and Givel-
son 1989; Steffl et al. 2012). Such hinging is also clearly seen in Earth’s magnetotail (e.g.,
Tsyganenko and Fairfield 2004). The evidence for such hinging is clear on the nightside of
Jupiter. Evidence for such a global hinging of the current sheet is also found in the Saturnian
current sheet (Arridge et al. 2008a, 2011) but where evidence for solar wind warping was
also found at noon and dawn local times. Thus the current sheet takes on a bowl-shaped
profile, distorted above the rotational equator at all measured local times during southern
hemisphere summer. Evidence for dayside warping has also subsequently been found in
the terrestrial magnetosphere (Tsyganenko and Andreeva 2014) and may also be present at
Jupiter. Even though there is no measurable dipole tilt at Saturn, current sheet crossings are
still observed as part of a system of global magnetospheric oscillations (see, e.g., Carbary

ey
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and Mitchell (2013) for a recent review). The current sheet is delayed as a function of radial
distance but no evidence for a local time asymmetry in the delay (e.g., the wave speed does
not appear to vary with local time) has been found. However, the prime meridian of the cur-
rent sheet oscillations does appear to have a variation in local time which is connected to a
local time asymmetry in the oscillations of magnetosphere (Arridge et al. 2011).

A variety of plasma sheet crossing signatures are observed in particles and fields data at
both Jupiter and Saturn. Waldrop et al. (2005) studied Jovian magnetodisc crossing signa-
tures in Galileo magnetometer and energetic particle data. Figure 12 shows a summary of
their findings where different plasma sheet crossing morphologies are represented by differ-
ent colour codes. Depending on the location of the spacecraft relative to the mean location
of the magnetodisc either 10 h, 5 h or some intermediate periodicity is recorded. When the
spacecraft is displaced from the magnetodisc’s mean location by an amount similar to the
oscillation amplitude 10 h period signatures are observed as the magnetodisc moves to meet
the spacecraft and then moves back away again. If the spacecraft is located exactly at the
mean location of the magnetodisc then two crossings (north to south, followed by south to
north) will be recorded during each rotation of Jupiter, producing a 5 h periodicity. Between
these two extremes an intermediate periodicity will be produced. Most of these clear current
sheet crossing morphologies are found in the midnight to pre-noon sector of the magneto-
sphere. In the dusk sector many anomalous crossings are observed, some of which show
no periodicity over many Jupiter rotations. Waldrop et al. (2005) identified three types of
anomalous encounter, as labelled in Fig. 12. Type A was associated with a depressed field
strength and high particle fluxes, Type B events had little or no field periodicity but intense
particle fluxes, and Type C was associated with disruption of the periodic motion of the
sheet, after which the magnetodisc’s mean location was found to be shifted to a new loca-
tion. Hence, Type C events are indicative of the result of a solar wind compression reaching
the magnetosphere. Only a single anomalous encounter was found on the dawn flank, and
was found to be Type B, but this may have been an example of an encounter with the cush-
ion region. Waldrop et al. (2005) noted that the erratic nature of plasma sheet encounters in
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Fig. 13 Energetic particle pressure at Saturn, projected into the noon-midnight meridional plane and showing
a thicker plasma sheet on the dayside compared to the nightside. From Krimigis et al. (2007)

the dusk sector perhaps indicated that the dusk sector was particularly sensitive to changes
in global magnetospheric configuration, perhaps induced by solar wind activity. However,
Galileo explored the dusk sector as solar activity was rising during solar cycle 23, so the
predominance of anomalous activity in the dusk sector may be the result of biases in the
trajectory and so this requires further work to confirm. Similar disruptions to the current
sheet have also been noted at Saturn (André et al., private communication) but insufficient
statistics are available to determine a dawn-dusk local time asymmetry.

The plasma sheet at Saturn is noted to be asymmetrical in local time. Figure 13 shows
particle pressures as a function of distance from Saturn in the equatorial plane, and distance
above/below the equatorial plane on the dayside and nightside (collapsed onto the noon-
midnight meridian) (Krimigis et al. 2007). From this it can be seen that the plasma sheet
appears thinner on the nightside compared to the dayside, where it is observed up to +45°
latitude. Krimigis et al. (2007) noted that the plasma sheet appeared to thin gradually towards
the nightside from noon. The data were not sorted according to the subsolar distance to the
magnetopause, so it is not known if the energetic particle pressure follows the magnetodisc
geometry on the dayside during an expanded magnetosphere, as identified in magnetometer
data by Arridge et al. (2008b). The highly inclined orbits of Cassini during 2007 and 2009
provided an opportunity to study the plasma sheet thickness during north-south transects
of the magnetodisc in the nightside (2007) and dusk (2009) sectors (Sergis et al. 2011).
The plasma sheet was found to exhibit an energy-dependant vertical structure with a thicker
plasma sheet in energetic particles, and a current sheet that was thinner than the thermal
electrons. Intense dynamical behaviour was found in the 2009 passes in the dusk sector,
therefore perhaps similar to the dusk-side magnetodisc encounters reported for the Jovian
system by Waldrop et al. (2005), but this observation may be influenced by trajectory biases
since the 2009 examples were close to equinox.

4 Plasma Flows and Particle Populations
4.1 Energetic Particles and Plasma

As highlighted in Fig. 13, evidence for local time asymmetries in energetic particles at Sat-
urn were found by Krimigis et al. (2007). Even though their study did not focus on the
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Fig. 14 (a) Local time
distribution of the suprathermal
(E > 3 keV) pressure measured
by Cassini/MIMI near the
magnetic equatorial plane of the
Saturnian magnetosphere for
radial distances between 6 Rg
and 15 Rg, in the period between
July 2004 and July 2012.

(b) Same as panel (a) but focused
between 8 Rg and 11 Rg, where
the radial dependence of the
suprathermal pressure is
moderate. A simple sinusoidal
function is over-plotted to 107" | i i i i i i
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detailed local time distribution of the energetic particle pressure, a clear day-night asymme-
try was revealed when the pressure data were projected in the cylindrical p—z plane. The
dayside structure of the energetic ion plasma sheet is characterized by flux tubes filled with
energetic ions to latitudes as high as 45°, extending in range to the dayside magnetopause.
In contrast, the night side plasma sheet is much narrower as the field lines become strongly
stretched there. Nevertheless, the energetic particles still extend to higher latitudes com-
pared to the thermal plasma, as later shown by Sergis et al. (2009) using more extended
sets of thermal plasma and energetic particle data. As shown in Fig. 9, Kellett et al. (2011)
provided radial profiles of the thermal and suprathermal ion pressure components and the
azimuthal ring current density, separately for 4 h local time sectors, supplying a slightly
more detailed binning in local time. Their results indicated modest local time variation of
the current density, with the pressure gradient current being stronger in the dusk-to-midnight
sector, declining modestly by factors of ~2 or less in the midnight to dawn and dawn-to-
noon sectors. Pass-to-pass temporal variability by factors of ~2-3 is also present in the
outer region, particularly in the dawn to noon sector, probably reflecting both hot plasma
injection events as well as solar wind-induced variations. Figure 14 depicts the local time
distribution of the energetic ion pressure (E > 3 keV) as measured by Cassini during the first
seven years of the mission (July 2004—July 2011) near the equatorial plane of the Saturnian
magnetosphere (|z| < 1 Rg). Panel (a) includes radial distances between 6 and 15 Rg, while
panel (b) focuses on ranges between 8—11 Rg, where the radial dependence of the suprather-
mal pressure is moderate. With a local time binning of 2 h, a clear day-night asymmetry is
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revealed with maximum pressure peaking near midnight and a minimum at noon. Although
some local time sectors are not sufficiently covered, the pressure distribution appears nearly
sinusoidal in local time, with a maximum-to-minimum pressure ratio of around five. This
can be described by a simple function of the form:

P(p) = [4.5+2.7cos<%>] x 10710 )

where P is the suprathermal (E > 3 keV) particle pressure in dyne cm~2 and ¢ is the
Saturnian local time measured in hours from local midnight (LT = 0) to noon (LT = 12). We
should mention, however, that the distribution we described and approximated here concerns
the average hot plasma conditions and is the statistical outcome of long term measurements,
the cumulative result of the short scale dynamic activity seen systematically during each
Cassini pass.

A similar behaviour was also revealed by the analysis of long term ENA emission mea-
surements, obtained by MIMI/INCA (Carbary et al. 2008a). Contrary to the rest of the par-
ticle sensors onboard Cassini, data obtained by INCA are not spatially limited along the
spacecraft trajectory. INCA is a wide field-of-view camera that can capture the activity of
energetic ions through their charge exchange interaction. During Cassini’s high latitude or-
bits, INCA was capable of viewing a large part of the equatorial magnetosphere. Figure 15
summarises the morphology of the energetic hydrogen (panel a) and oxygen (panel b) atoms
during the 120-day period when Cassini was above 40° north latitude. The colour-coded map
shows that the ENA emissions originate in a quasi-toroidal region between ~5 and ~20 Rs.
The ENA emissions are not azimuthally uniform around this torus but exhibit a peak near
midnight (23.6 h) for hydrogen and at 21.6 h for oxygen, more easily observed in the in-
tensity line plots of Fig. 14c. The maximum to minimum intensity ratio is ~2.3 for the
hydrogen and ~3.5 for the more variable oxygen. Energetic particle injection events, mea-
sured in-situ by MIMI/LEMMS, also follow a similar distribution in local time, as shown
by Miiller et al. (2010) where a clear day-night asymmetry is observed, with a factor of 2.5
more injections on the nightside compared to the dayside.

These independent long term statistical analyses summarise the local time asymmetries
in the energetic particle activity at Saturn as measured by Cassini. In Fig. 16 we compare
the discussed local time distributions and we attempt to fit each of them with the same type
of sinusoidal function we used to describe the local time dependence of the suprathermal
pressure in Fig. 14. The comparison reveals a remarkable similarity to the average long term
behaviour of the hot plasma, in terms of its local time distribution. Suprathermal pressure,
ENA emission and hot plasma injections, measured independently, in-situ or remotely, with
different sensors, seem to follow the same simple pattern in their local time distribution. In
particular, the remote ENA imaging of the Saturnian magnetosphere from high/low latitudes
during off-equatorial orbits of Cassini has illustrated the systematic plasma energisation that
takes place in the night side (midnight to dawn local time sector), often in the form of hot
plasma injections, possibly a result of dipolarisation, where the changing magnetic field
accelerates plasma over a wide region (e.g., Mitchell et al. 2009). In the presence of sufficient
neutral gas densities, these energetic particles appear as a discrete corotating population in
ENA imaging. The large amplitude in the variations of the hot particle pressure also reflects
its sensitivity to the heavy ion (W) distribution, which is linked to the presence of rotating
blobs of hot plasma.

As discussed in Sect. 2, the Saturnian plasma sheet is displaced above the rotational
equator, during southern hemisphere summer (Krimigis et al. 2007; Arridge et al. 2008a;
Carbary et al. 2008b; Sergis et al. 2011), essentially over all local times until equinox in
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Fig. 16 Summary of the local
time dependence of the energetic
particle population in the
Saturnian magnetosphere, as
revealed by (a) long term
measurements of suprathermal
pressure; (b) ENA intensities;
(c) weighted local time
distribution of injection sites
observed by Cassini between

3 Rg and 13 Rg (from Miiller

et al. 2010). In all distributions
we have included the same type
of sinusoidal function that was
used to fit the pressure (red
lines). Notice that the particle
injection distribution in panel (c)
is shifted in local time by 3 h
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August 2009. On top of its seasonal displacement, the Saturnian plasma sheet is also pe-
riodically oscillating (flapping) vertically to the equatorial plane with a period close to the
planetary rotation (e.g., Arridge et al. 2011). The question that naturally emerges is in what
degree the results we reach from long term measurements obtained near the equatorial plane
of the magnetosphere are affected by the warping and flapping of the plasma sheet. Ac-
cording to Arridge et al. (2011), the center of the plasma sheet is expected to be displaced
from the equatorial plane by less than 2 Rg for radial distances below 15 Rg (their Fig. 6),
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which is the region of maximum particle pressure and plasma energisation. The expected
vertical displacement computed in this study can be directly compared to the plasma sheet
scale heights for different particle populations. A typical suprathermal pressure scale height
of 2.5 Rg (Sergis et al. 2011), indicates that studying the plasma sheet at the rotational (and
magnetic) equatorial plane would impose an error not exceeding a factor of 2 (which natu-
rally becomes less for the dayside and near-equinox conditions). This uncertainty is in part
reflected in the pressure error bars in Fig. 14 and does not affect considerably our conclu-
sions regarding the local time dependence of the energetic particle properties, as it is usually
overwhelmed by the intense dynamics of the system, manifested particularly in the keV en-
ergy range. At greater distances the selection of data from the plasma sheet should be based
on the orientation of the magnetic field and not be purely geometrical.

4.2 Plasma Flows and Convection

Excluding the magnetotail, the motion of plasma within the magnetospheres of Jupiter and
Saturn is very different from that of the surrounding solar wind stream. At Jupiter and Saturn
there is essentially a quasi-stationary boundary structure encapsulating a rapidly rotating
magnetodisc that interacts with the solar wind at the boundaries between the two regimes.
The magnetodiscs also respond to the internal forces that maintain their rotation around their
planets and the addition of plasma mass from inner sources. Details of these interactions
and forces affect the local time asymmetries observed in the flows and convection patterns
in these magnetodiscs.

To understand the local time differences in plasma flows in the magnetodisc, knowledge
of the local time coverage provided by the Galileo and Cassini missions is essential and
thus the focus of our discussion. These missions provide more information in the nightside
region, where local time asymmetries manifest themselves. Figure 17 shows plasma flow
observations (Krupp et al. 2001) derived from energetic ion anisotropies measured by the
Galileo Energetic Particles Detector (EPD, Williams et al. 1992). To generate the first-order
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anisotropies, which usually arise from bulk flow of the plasma, a spherical harmonic ex-
pansion was fitted to the data. Two adjacent time of flight channels that discriminate mass
were used to generate the spectral slope for sulphur, oxygen, and hydrogen. The harmonic
analysis was then performed for each species, and when combined with the spectral slope
the first order anisotropy may yield a bulk velocity. The observations show a clear asym-
metry with near corotation on the dawn flank, and subcorotation in the dusk/pre-midnight
sector. There are occasional radial components to the flow but the dominant flow direction
is azimuthal. The data from the Galileo Plasma (PLS) instrument have also recently been re-
analysed (Bagenal et al. 2011) and flow profiles have been generated. In their results, which
are generally accurate in the inner (<10 Ry) to middle (~10-40 R;) magnetosphere, show
that no significant dawn-dusk asymmetry in the azimuthal speed is observed. Examination
of the asymmetry from Krupp et al. (2001) does show a decrease in the inner regions, so
that the two results may be consistent. In any case, one may expect flow asymmetries to be-
come more important at greater distances from Jupiter since the internal forces weaken with
distance and external influences increase with distance. Accordingly, anti-corotational, anti-
sunward flows were found on the inbound leg of the Ulysses flyby in the pre-noon sector of
the magnetosphere (Cowley et al. 1996).

There are both significant similarities and differences between the convection pattern at
Jupiter and Saturn. Both systems have rapidly rotating magnetodiscs that, when scaled to
the planetary radius and the standoff distance, are similarly sized (Kane et al. 2014). Both
have similar interaction regions in the outermost regions of their magnetodiscs (Went et al.
2011), and are subject to the same internal stresses. Thus, one might expect the local time
asymmetries to be similar. But, in fact, there are significant differences. Figure 18 shows a
plot of plasma flow at Saturn derived from thermal plasma ion moments by Thomsen et al.
(2010). Inside of 20 Rg at all local times plasma flows are dominantly in the corotational
direction, although significantly subcorotating. Beyond 20 Rg there are departures from local
time symmetry. In the dusk sector the plasma flows were aligned with the magnetopause,
while in the pre-midnight to dawn sector the flows typically had a tailward and dawnward
component (also reported by McAndrews et al. (2009) using a forward modelling technique,
instead of numerical integration, to derive ion moments). No evidence was found for return
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flow from more distant reconnection sites. These data were restricted to moments where the
density was above average and hence Thomsen et al. (2010) interpreted these observations
as indicative of heavily loaded flux tubes containing dense water group plasma (hence of
internal magnetospheric origin) which were unable to return to the dayside (since the flows
were dawnward and tailward).

In order to remove the limitations on density and to consider both inflow and out-
flow equally, Thomsen et al. (2014) have used CAPS moments analysis, selecting for
data where the detector field of view spans the corotation direction and inflow/outflow
sectors approximately equally, so there is no sampling bias for inflow/outflow. Their re-
sults confirm minimal local time dependence for the azimuthal speed. The radial com-
ponent, however, does exhibit a local time anomaly at larger (>25 Rg) radial distances.
For data analysed in the pre-dawn sector, there is evidence for significant inflows in ad-
dition to the usual outflows at larger distances. Local time coverage is somewhat lim-
ited at larger distances in this study but some evidence was also seen for radial outflow
in the dusk-pre-midnight sector. In the inner magnetosphere a number of studies have
suggested the presence of a circulation pattern, fixed in local time but superimposed on
corotation, where plasma flows outward at dawn and inward at dusk such that plasma
drift paths were offset towards noon (Andriopoulou et al. 2012; Thomsen et al. 2012;
Wilson et al. 2013). Although originally envisaged as the result of a noon-to-midnight elec-
tric field, Wilson et al. (2013) have shown evidence that the electric field is offset towards the
post-midnight sector field oriented towards 0100-0200 local time. However, further work is
required to confirm the presence of this convection pattern. The origin of this circulation
pattern and its connection with the rest of the magnetosphere is unknown.

Kane et al. (2014) have used the intensity spectrum and anisotropies in hot hydrogen
ions from the Cassini INCA instrument to determine azimuthal and radial flow speeds at
Saturn. In their analysis, data from five time-of-flight channels were used, and data were re-
stricted to those times when the Cassini spacecraft was spinning to increase the field of view
to nearly the full-sky. The data in each channel are binned into a 16 x 16 pixel array; thus
there is a wealth of information available from which convection speeds are determined.
Their analysis allowed a radial and azimuthal speed to be determined in ~26 minute inter-
vals. Their resulting azimuthal speeds were generally consistent with those calculated by
Thomsen et al. (2010), with minimal local time asymmetry (in apparent contrast with the
case at Jupiter between the Galileo EPD and PLS results). Good local time coverage in the
outer (>20 Rg) regions allowed a pattern in the radial flow speed to be detected. Figure 19
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shows radial speeds as a function of local time with net radial outward flows before midnight
(consistent with Thomsen et al. 2014) and inward or near zero in the post-midnight sector
beyond 0200 LT.

One possible conclusion based on the radial speed local time dependence determined
by Kane et al. (2014) is that this is an artifact generated by external forcing and possibly
internal mass unloading. Their interpretation of the artifact is that plasma on approach to the
dawn magnetopause is constrained by that boundary and possibly affected by unloading of
mass in the pre-dawn sector near the magnetopause boundary. Their findings would imply
that plasma they are measuring is being funnelled back into the return flow to continue
around the dayside. One might expect the azimuthal speed to be affected as in the Krupp
et al. (2001) analysis, though measurements indicate otherwise. At greater distance in the
pre-dawn tail region, they propose that plasma cannot make the turn and is entrained into
the magnetosheath flow and exhausted down the tail. Some events, although limited, show
anti-sunward flow in this distant region near but within the dawn magnetopause.

5 Discussion
5.1 Observations Showing Local Time Asymmetries

In Sects. 2—4 we have presented and discussed the observational evidence for local time
asymmetries in the magnetodisc. At both Jupiter and Saturn the magnetodisc magnetic field
was more highly stretched in the midnight and dawn sectors but less so in the noon sector.
At Jupiter the field is also much less stretched in the dusk sector, with some evidence for this
at Saturn. In addition, the Saturnian magnetodisc can be prevented from forming in the noon
sector if the solar wind dynamic pressure is sufficiently high. At Jupiter the magnetic field
forms a spiral shape such that it is swept back over much of the magnetosphere but with a
region near dusk where the field is almost entirely meridional, or weakly swept-forward or
swept-back.

In energetic particles the plasma sheet is much thicker on the dusk flank at both Jupiter
and Saturn. The magnetospheric plasma flows in the magnetodisc display local time asym-
metries at Saturn, where plasma flows out at dusk and in at dawn, except for a layer
adjacent to the magnetopause where the plasma flows anti-sunward (opposite to corota-
tion). At Jupiter there is some discrepancy between energetic particle and plasma data
on the presence of local time asymmetries in plasma flows, where EPD observations
show a local time asymmetry, but PLS observations do not appear to show such a fea-
ture. Evidence for anti-sunward flows in the pre-noon sector at Jupiter has also been pre-
sented. Local-time asymmetries in the inner/middle magnetosphere at both planets has
also been presented in the form of Io torus brightness variations (Barbosa and Kivelson
1983) and flows, plasma temperature and microsignature shifts (Andriopoulou et al. 2012;
Thomsen et al. 2012; Wilson et al. 2013). The current sheet and plasma sheet itself does not
rotate as a rigid structure, but experiences warping due to forces applied by the solar wind
and delays introduced due to a combination of outflows, magnetic field structure and plasma
distribution.

Finally, evidence for local time asymmetries can be found in the aurorae at both Jupiter
and Saturn—see for example, Badman et al. (this volume) and Delamere et al. (this volume).

Many of these observational asymmetries are also found in MHD simulations, for exam-
ple weaker azimuthal currents on the dayside and flow stagnation in the dusk sector (Walker
and Ogino 2003), flows reaching the dawn sector and outflowing anti-sunward along the
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Fig. 20 (Left) Superposition of potentials associated with corotation and solar wind-driven convection. The
bold curve shows the Alfvén layer separating the corotation-dominated region from the solar wind-dominated
region. (Middle) Superposition of flows associated with corotation and outflow. (Right) Superposition of flows
associated with corotation, outflow and anti-sunward solar wind flow tailward of a hypothetical X-line. From
Delamere and Bagenal (2010)

dawn flank of the magnetotail (Fukazawa et al. 2006), asymmetries in B, /p B, (Fukazawa
et al. 2010), and magnetotail flapping at Saturn (Jia and Kivelson 2012).

5.2 Models of Local Time Asymmetries

Theoretical models to understand local time asymmetries in the magnetospheres of Jupiter
and Saturn either invoke (a) solar wind-driving via either reconnection (Cowley et al. 2005;
Dungey 1961) or viscous (Delamere and Bagenal 2010, 2013; Axford and Hines 1961)
interactions; or (b) rotational effects within a rotating disc confined inside an asymmetri-
cal obstacle (e.g., Kivelson and Southwood 2005). The flow structure within the magne-
tosphere can be represented by the superposition of a corotational flow with solar wind-
driven flows, equivalently by the superposition of electric fields associated with corotation
and a solar wind convection electric field. The potential associated with corotation is pro-
portional to the field strength leading Brice and Ioannidis (1970) to point out that the Jo-
vian field should push the region of corotation out beyond the magnetopause producing a
rotation-dominated magnetosphere. Delamere and Bagenal (2010) reproduced this calcu-
lation using observed azimuthal flow speeds and realistic field strengths and this can be
seen in Fig. 20. Even for realistic azimuthal flow speeds (i.e., not full corotation) the re-
gion where rotation dominates extends over a large fraction of the magnetosphere, with a
region near dusk that is dominated by solar wind-driven convection. As an alternative to
flows driven by a solar wind convection electric field, Delamere and Bagenal (2010) consid-
ered the superposition of corotational flow and slow MHD outflow (centre panel, Fig. 20)
producing flow streamlines that take circular paths around the planet before a final “lap
of honour” where plasma elements beyond 60 Ry impact the dawn-to-noon magnetopause.
Delamere and Bagenal found that they could replicate the canonical corotation plus solar
wind convection flow pattern by adding flows due to a tail X-line (right panel, Fig. 20).
Because these patterns do not show the inflowing flux tubes, which conserve magnetic flux,
these patterns are strictly speaking not flow streamlines but are streamlines of momentum
flux. Empty flux tubes that return via the dayside are thought to form the “cushion region”
which is seen as a turbulent region of dipolar field at Jupiter (Kivelson and Southwood 2005;
Went et al. 2011). Little evidence for this cushion region is found at Saturn, suggesting that
the region is much thinner and perhaps a result of the lack of asymmetry in the magnetodisc
during expanded magnetospheric conditions (Went et al. 2011).
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5.2.1 Solar Wind Driving as a Generator of Local Time Asymmetries

Figure 21 illustrates two conceptual pictures of flow patterns at Saturn, but which are also
be applicable to Jupiter. Both show rotational flow in the inner and middle magnetosphere
but local time asymmetries and X-lines at larger distances. The left-hand sketch in Fig. 21
is based on a similar diagram from Vasylitinas (1983). Mass is continually added in the
inner magnetosphere via ionisation of neutrals which originate in natural satellites and rings.
Centrifugal forces drive centrifugal interchange motions producing outward transport. At
large distances centrifugal forces must be balanced by magnetic stress and at some distance
the required force cannot be supplied by the magnetic field and the field will stretch and
eventually reconnect in the manner described by Vasylitinas (1983), and shown in Fig. 21,
now known as the “Vasylilinas cycle”.

Cowley et al. (2003, 2005) added a Dungey cycle tail X-line to this picture to close
magnetic flux opened at the dayside. Thus, Fig. 21 shows three regions: (i) a sub-corotating
region extending out to 10 s of Ry where the plasma flows around the planet, (ii) a sub-
corotating region beyond this where the planet’s ionosphere is still in control of the equa-
torial plasma, but where plasma is lost along the dusk flank as the field lines stretch into
the tail and reconnect on the dusk flank. The return flow from this Vasylitinas cycle through
down and the morning sector is adjacent to the inner sub-corotating “core” region. Finally,
the Dungey-cycle return flow in the outer magnetosphere originates in an X -line that is con-
fined to the dawn flank of the magnetotail, because plasma on the dusk flank is dominated
by outflowing, internally produced heavy ion plasma. This produces a sunward return flow
channel adjacent to the dawn magnetopause (e.g., Badman and Cowley 2007). Of course,
anti-sunward flow will be found tailward of the Dungey-cycle X-line.
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This model is in agreement with a number of observational facts, such as the diver-
gence of the magnetodisc currents in the dawn-noon sector (Bunce and Cowley 2001b;
Khurana 2001), and the flow pattern presented by Krupp et al. (2001). Although Krupp
et al. (2001) did not find evidence for the X-lines in Fig. 21, it is entirely possible that the
spacecraft coverage was sunward of the X-line. However, Vogt et al. (2010) studied Galileo
magnetometer data and found evidence for a statistical X-line in the tail which was a strong
function of local time, from a radial distance of 90 R; near 0500, to 100 Ry near midnight,
and 140 R; near 2200 pre-midnight. This is somewhat opposite to the orientation sketched
in Fig. 21 but agrees in local-time extent. This is also compatible with the X-line derived by
Woch et al. (2002) using Galileo energetic particle data.

Khurana (2001) also reached similar conclusions based on the analysis of the config-
uration of the field, magnetospheric currents, and plasma flows, but this has recently been
extended by adding a distant tail neutral line to Vasylitinas’ original sketch, shown in Fig. 21
as modified by Cowley et al. (2003, 2005) (Khurana, private communication). In this model,
dawn-dusk asymmetries in the plasma flows are produced by the return flow from the dis-
tant neutral line slowing the flow at dusk and the return flow from the near-tail neutral line
accelerating it in the dawn sector. Bursty plasma flows observed in the dawn sector (Krupp
et al. 2001) are the result of outflows from the near-Jupiter neutral line. Asymmetries in the
equatorial field strength are associated with stagnation of the plasma flow in the dusk sector
and asymmetries in the current sheet and magnetodisc field are produced by differences in
plasma flow speed and cross-tail asymmetries in open flux. Finally, the partial ring current
centred at midnight is a manifestation of solar wind-driven convection.

These works rely on magnetopause reconnection to drive flows via the Dungey cycle.
However, the presence of a significant Dungey cycle has been challenged by some, based on
the low efficiency of magnetic reconnection at giant planets (e.g., Desroche et al. 2012, 2013;
Masters et al. 2012; and references therein) and also the size of the magnetosphere compared
with typical flow speeds (McComas and Bagenal 2007, 2008; Cowley et al. 2008). Although
there is evidence for reconnection at the magnetopauses of both Jupiter and Saturn, direct
observations of dayside reconnection are relatively rare. It is not clear if this is the result of
inadequate coverage of the magnetopause surface combined with only periodic driving of
the system during the passage of corotating interaction regions, or if this reflects generally
low reconnection rates.

The right-hand sketch in Fig. 21 from Kane et al. (2014) shows a model which does not
require large-scale convection cycles as a result of dayside reconnection, and which was in-
spired by flow observations. In common with the Vasylitinas (1983) and Cowley et al. (2003,
2005) models, the inner and middle magnetosphere contains plasma which flows around the
planet. When it approaches the dawn magnetopause it must “squeeze” through along the
dawn flank. In the more distant nightside the plasma is entrained in a viscous interaction at
the dawn magnetopause and flows down tail forming a low latitude boundary layer. Spo-
radic reconnection in the tail will pinch off blobs of plasma that move tailward or dawnward
across the tail. Hence, in this model the viscous solar wind interaction is a crucial element.

Another such model is also presented in Fig. 22 from Delamere and Bagenal (2010)
where the viscous solar wind interaction plays a critical role. Within 60 R; the magneto-
sphere is sub-corotating and outflowing forming spiral plasma streamlines. Beyond 60 R;
the streamlines can reach sink regions at the dawn-to-noon magnetopause and plasma can
also be lost via plasmoids in the tail. Kelvin—Helmholtz vortices along the magnetopause
provides a viscous interaction between the magnetosphere and the solar wind where mass
and momentum can be intermittently interchanged. In this model this viscous interaction
region forms the cushion region. An extended version of this model draws a comparison be-
tween the magnetospheres of Jupiter and Saturn and comets, where the viscous interaction
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Fig. 22 Sketch of the dynamics of the Jovian magnetosphere from Delamere and Bagenal (2010)

provides a mechanism for draping of the interplanetary magnetic field (IMF) around the
magnetosphere, becoming entrained in the magnetosphere (Delamere and Bagenal 2013).
This model also draws on the findings of MHD simulations (Jia et al. 2012) that show re-
gions of closed flux along the dawn and dusk flanks of Saturn’s magnetopause where the
viscous interaction is operating.

5.2.2 Rotational Dynamics Inside an Asymmetrical Boundary as a Generator of Local
Time Asymmetries

Kivelson and Southwood (2005) examined the behaviour of the magnetodisc as a function
of local time by considering the disc to be confined in an asymmetrical boundary. Figure 23
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Fig. 23 Sketch showing the consequences of thickening and destabilisation of the plasma sheet in the dusk
sector. Kivelson and Southwood (2005)

shows a schematic of the disc as a function of time as the disc rotates through different
sectors. In the dawn sector the disc is thin and highly stretched out but as it feels the influence
of the magnetopause the disc starts to thicken and hence the currents weaken. However,
the outer edge of the plasma sheet becomes marginally unstable to the firehose instability
and the outer edge starts to shed material. This process continues through the noon sector.
Once in the post-noon sector one might expect the plasma sheet to thin again as it expands
with the magnetopause. However, from observations the opposite is observed, with a thick
current and plasma sheet in the dusk sector. In the Kivelson and Southwood (2005) picture
this is due to the plasma sheet becoming explosively firehose unstable and the sheet breaks
up in the dusk-to-pre-midnight sector. In the post-midnight sector the plasma sheet once
again has a thin configuration and reconnection can occur in the stretched current sheet,
producing plasmoids with the return flow populating the cushion region. In support of this
mechanism, Vogt et al. (2014) have simulated the development of large P, > P, pressure
anisotropies as the magnetodisc rotates through various local time sectors, where the field
geometry periodically changes producing a non-adiabatic heating of the plasma sheet ions.

5.3 Open Questions
A wide range of observational data demonstrates the clear presence of local time asym-
metries in the magnetodiscs of both Jupiter and Saturn. These asymmetries are found in

magnetic fields, particle distributions, plasma flows and auroral data. A key physical ques-
tion that remains to be solved is whether local time asymmetries require solar wind-driven
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convection (via viscous interaction or reconnection) or if we can explain these asymmetries
in terms of internal/rotational processes operating in an asymmetrical cavity formed by the
normal stress of the solar wind. Some models call for an entirely different approach to the
solar wind-magnetosphere interaction at giant planets (e.g., Delamere and Bagenal 2010;
McComas and Bagenal 2007) whilst others interpret this in terms of reconnection and solar
wind-driven convection (e.g., Khurana 2001; Cowley et al. 2003, 2005). In reality, multiple
elements of these models might be operating at Jupiter and Saturn and so further work is
required to understand in what limit these different models are applicable.

Additional data in appropriate local time sectors and at large distances with new data and
sufficient data return, are required to solve this important problem in giant planet magneto-
spheres. Future key observations to test these ideas more fully, include searching for more
detailed evidence of anti-sunward Dungey cycle flow and Dungey cycle and Vasyliiinas cy-
cle return flows on the dawn flank via the measurement of plasma distributions, flows and
composition (including mass resolution to separate H2+ and Het™ at Saturn for example).
A point of potential disagreement between some of these models and data is the degree to
which plasma escapes the dusk region. Some data suggest radial plasma outflow at dusk
(Thomsen et al. 2014) and some data are not consistent with strong radial outflow (Kane
et al. 2014). More complete coverage of the dusk magnetotail sector should clarify the exis-
tence or otherwise of radial outflow, and may also produce evidence, or otherwise, for more
distant X-lines.

There are also other outstanding questions that are important to clarify in order to under-
stand local time asymmetries in magnetodiscs:

e Are there local time asymmetries in the plasma flow at Jupiter? If not how do we reconcile
the results from Galileo PLS (Bagenal et al. 2011) and EPD (Krupp et al. 2001)?

e How asymmetrical is the Jovian magnetodisc when the solar wind pressure is very low?

o Is there solar wind hinging in the dayside magnetodisc at Jupiter?

e What are the physical contributions to wave delays in current sheet motion and why are
these asymmetrical in local time?

e The magnetodisc can be thought of as wrapped-around magnetotail (Piddington 1969)
so have spacecraft at the giant planets ever entered the magnetotail proper—i.e., enter a
region not controlled by the ionosphere (e.g., Vasylitinas 1994)?

e Might we expect to see auroral spots, equatorward of the dusk main emission at Saturn,
associated with the dipolarisation of the dayside during magnetospheric compression?

e What is the pressure anisotropy in the magnetodisc at large distances, to test the stability
of the plasma sheet (e.g., Kivelson and Southwood 2005)?

Further progress can also be made in the development of new analysis techniques, for
understanding spatial and temporal variability with a single spacecraft and no upstream
monitor; for example: how can we separate local time asymmetries from temporal variabil-
ity? Can we practically sort particle data using the magnetic field to order the particles by
distance from the centre of the current sheet rather than simply geometrically sorting by
distance from the centre of a model current sheet? Missions such as Juno and JUICE, and
the ongoing Cassini mission will enhance our understanding of the Jovian and Saturnian
magnetospheres.
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