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1 Introduction

The interaction, or coupling, between a planet’s magnetosphere and ionosphere (the ionised part
of its upper atmosphere) involves the transport of energy and momentum between these two re-
gions. This transport arises due to the fact that the planet’s atmosphere is magnetically connected
to its space environment. Magnetic field lines extend from the atmosphere into the surrounding
magnetospheric volume. Electrical currents flow back and forth along these field lines in the
intervening region, forming field-aligned currents (FACs). The current circuit ‘closes’ via iono-
spheric currents and distant magnetospheric currents which flow perpendicular to the magnetic

field. The Lorentz volume force associated with a quasi-neutral plasma is J x B, where the



respective symbols denote current density and magnetic field. The current flow which underpins
magnetosphere-ionosphere (M-I) coupling thus transmits forces between these two regions.

While the ‘current picture’ is a useful one for exploring the ‘microphysics’ of M-I coupling,
it is important to keep in mind that the M-I current system arises from the types of plasma flow
which arise in the magnetosphere. These flows may be ‘driven’ by different sources of energy
— for example, at the Earth the main driver is the interaction between the magnetosphere and
the solar wind. On the other hand, Jupiter’s dayside magnetosphere is typically two orders of
magnitude larger than that of the Earth, with an interior plasma disc which rotates rapidly. As
a result, the plasma flows in the Jovian system are dominated by internal rotation — specifically,
the transport of the planet’s angular momentum to the disc-like magnetosphere.

Regardless of the nature of the magnetospheric plasma flows (commonly known as the con-
vection of plasma), the most intense field-aligned currents in the coupled M-I system arise at
locations with the sharpest spatial gradients in the plasma flow velocity. Moreover, if these in-
tense FACs are directed outwards from the planet’s atmosphere, they are often supported at the
microscopic level by energetic electrons ‘raining” down along magnetic field lines into the atmo-
sphere. These precipitating particles excite or ionise neutral molecules in the atmosphere, which
radiate photons in characteristic wavebands when they de-excite or recombine. These photons
form the auroral emissions of a magnetised planet, and the spectral characteristics and spatial
morphology of these emissions are respective diagnostics of the precipitating particle energy
distribution and the global pattern of magnetospheric plasma flow in the system.

Keeping these physical aspects of M-I coupling as our guide, we will explore in the following
sections a few examples of this process at three different planets — the Earth, Jupiter and Saturn.
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We choose to focus on these planets, as they provide useful illustrations of systems where M-I
coupling is respectively associated with plasma flows driven by the solar wind interaction, the

internal rotation of the planet, and a probable combination of these two ‘extremes’.

2 The Earth

2.1 The Sun-Earth Connection

The Earth’s aurorae are beautiful, coloured displays of light visible from high-latitude re-
gions near the planet’s magnetic poles (Figure 1). They are also a signature of the important
influence of the Earth’s space environment, or magnetosphere, upon the local structure of
the atmosphere. The auroral emissions are generally produced by the precipitation — or
‘rain’ — of energetic particles, such as electrons and protons, from the Earth’s space envi-
ronment down onto the atmosphere. These particles can collide with neutral (and some-
times ionized) atmospheric species, transferring energy in the process, which is then radi-
ated as photons when the excited atom / molecule relaxes back to a lower energy state. The
wavelength of these auroral photons is an indicator of the radiating species (for example,
the green colour in Figure 1 indicates a transition of atomic oxygen).

Particle precipitation in the auroral regions can also ionize neutral atoms and molecules
in the atmosphere, contributing to the structure of the local ionosphere — the ionized species
which co-exist with the neutral atmosphere. While local particle precipitation makes some

contribution to ionization of the atmosphere in the auroral regions, the global ionosphere



of the Earth mainly arises from photoionization due to different wavebands of electromag-
netic radiation from the Sun.

The lowest layer of the ionosphere is the D layer (altitude ~ 60 — 90 km), arising from
ionization of nitric oxide by ultraviolet (UV) Lyman-alpha (wavelength 1216 A) photons.
During times of high solar activity, ionization of molecular nitrogen and oxygen by hard
X-rays (wavelength < 1 nm) may also occur. Next comes the E layer (90 — 150 km), where
principal ionization is that of O, by soft X-rays (~ 1 — 10nm) and far UV radiation. The
uppermost layer is the F layer (Appleton—Barnett layer, ~ 150 — 500 km). It has the highest
electron density. Electrons here can be produced by extreme UV (10 — 100 nm) ionizing
atomic oxygen. The F layer actually is one layer (F2) by night, but a secondary peak (F1)
often also forms during the day. The comparatively small recombination rate for ions in
F2 means that it is the only ionospheric layer with significant ionization during both day
and night. The peak electron density in the F layer is typically of order ~ 10° cm™3, situ-
ated around 300 km altitude. Hargreaves [1992] and Rishbeth and Garriott [1969] contain
descriptions of the Earth’s ionosphere, upper atmosphere and magnetosphere. Dynam-
ics and structure of the upper atmospheres and ionospheres of the Earth and other solar
system bodies, including auroral physics, are reviewed by, e.g. Galand and Chakrabarti
[2002]; Gladstone et al. [2002]; Waite Jr. and Lummerzheim [2002]; Nagy and Cravens
[2002]; Bougher et al. [2002]; Millward et al. [2002]; Schunk [2002].

As we move higher in altitude, past the F layer’s electron peak, we move into the top-
side ionosphere. From several hundred kilometres altitude upwards, we encounter the
magnetosphere — a region extending over vast distances into space, where the dynamics of
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charged particles in the plasma are strongly controlled by the internal magnetic field of the
Earth and by the external field, generated by various forms of magnetospheric current. In
the next two sections, we look at the types of plasma flows in the Earth’s magnetosphere
which arise from its interaction with the solar wind, and their relation to electric currents
and auroral emissions. The theory of magnetospheric structure and formation by ? is an

important foundation for contemporary magnetospheric physics.

2.2 Magnetic Reconnection: the Dungey Cycle

The terrestrial solar wind-magnetosphere interaction is schematically illustrated in Figure 2a
(from Baker et al. [1987]). The diagram shows a noon-midnight ‘cross section’ of the system;
the entire magnetosphere of the planet presents an obstacle to the solar wind plasma flowing
towards it from the upstream region (left-hand part of the diagram). One of the boundaries
which is naturally produced by this flow-obstacle interaction is the magnetopause, a thin current
layer which generally separates the plasma and magnetic field of the solar wind from those of
the magnetosphere. Outside the magnetopause is the second boundary — the bow shock, which
arises because the upstream solar wind moves at speeds in excess of the local magnetosonic
speed (magnetosonic waves in plasma being a type of analog here of sound waves through
air). Sandwiched between these two boundaries is the plasma of the magnetosheath, which is
produced when solar wind, upon moving through the bow shock, becomes strongly heated and

compressed. The magnetosheath plasma flow is diverted around the magnetopause.



This separation between magnetosphere and solar wind plasma is not always enforced ev-
erywhere on the magnetopause — and it is this fact which is responsible for the magnetospheric
plasma flows associated with M-I coupling. Dungey [1961] proposed that, for a strong southward
orientation of the solar wind magnetic field (Interplanetary Magnetic Field (IMF)), as shown in
Figure 2a, the magnetic fields of the solar wind and magnetosphere would be oppositely directed
along the equatorial dayside magnetopause; and that this would lead to a merging or reconnection

of the fields.

merging is illustrated by the magnetic field lines in 2a. We can picture IMF field lines as be-

ing frozen in to the flowing, collisionless plasma of the solar wind (consequence of Alfvén’s
theorem for perfectly conducting fluids). The leftmost field line has partly entered the sub-
solar magnetosheath - an area of slower plasma flow which thus causes the field line to
bend as shown. As time proceeds, that part of the field line in the subsolar magnetosheath
is carried all the way to the magnetopause where it merges or reconnects with a closed geo-
magnetic field line of opposite direction (labelled 1), so called because it has two footpoints
on the Earth’s surface. This merging forms two field lines, each with only one footpoint
on the planet’s surface. The most distant parts of these open field lines extend out into the
ambient solar wind.

Field lines labelled 2 in Figure 2a are examples of open field lines which continue to be
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dragged downstream by the exterior solar wind flow, crossing over a high-latitude polar cap
of open field as they do so. As shown, these open field lines get dragged further downstream
into a region known as the magnetotail, formed by two lobes of sunward and antisunward
field lines separated by a central plasma sheet (shaded region). The other labels in the
diagram show a very disturbed plasma sheet structure on the nightside, which forms part
of a larger cycle known as a substorm.

To put Figure 2a into context, we now refer to Figure 2b, which shows one of the best-
known conceptual models of a magnetospheric substorm (after Hones Jr. [1984]). Panel 1
of this figure shows a quiescent magnetosphere, in which magnetotail lobe field lines (6,7)
sink towards the midplane of the tail at the same time as their exterior portions continue to
be dragged downstream by the solar wind. In this quiescent state, a distant neutral point
(N) is formed in the magnetic field (typically of the order of 100 Earth radii downstream
of the planet). This is shown in the diagram as an ‘X’-shaped line, where a pair of open
field lines flowing towards each other undergo reconnection and form: (i) A newly closed
field line (planetward of the ‘X’) which snaps back towards the planet; and a newly formed
field line which is accelerated away from the planet (downstream of the ‘X’) and rejoins the
ambient solar wind.

In an idealized quiescent or steady state of this Dungey cycle — in which magnetic field
lines (and their concomitant plasma) continuously move between open and closed topolo-
gies — the rate at which dayside merging converts closed magnetic flux to open would be
balanced by the rate at which magnetotail reconnection converts open magnetic flux back
to closed (indeed, a convenient dynamical unit for the system is a flux tube — comprising a
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bundle, or tube, of magnetic field lines, either open or closed, along with the plasma carried
along inside it).

In this relatively simple picture, the substorm sequence commences with a growth phase,
where plasma, energy and magnetic flux are added to the widening magnetotail at a sub-
stantial rate — usually associated with a southward rotation of the IMF leading to enhanced
dayside merging. This growth is also associated with a thinning of the tail plasma sheet and
an enhancement of the current which it carries (e.g. Akasofu and Snyder [1972], Hones Jr.
[1984], Baker et al. [1985], Baker et al. [1987], Rostoker [1999]). After a critical amount of
plasma and energy have been stored in the magnetotail during the growth phase, a near-
Earth magnetic neutral line (NENL) forms, as illustrated in Figure 2a and Figure 2b (pan-
els 2,3,4). At this location, magnetic reconnection takes place until the thin plasma sheet is
severed (panels 7,8). This event marks the substorm onset of the expansion phase, where
a plasmoid - a structure containing plasma and magnetic flux now separated from the rest
of the system - disconnects from the near-Earth plasma sheet and moves downstream at
observed speeds of typically hundreds of km/s. A recovery phase then ensues, allowing the
extended magnetotail plasma sheet to be ‘rebuilt’ as plasma and magnetic field are contin-
ually added to the tail region, and the neutral line moves further downstream once more to
its ‘quiescent’ position (panels 9,10).

Importantly, as shown in Figure 2a, the tail reconnection during substorms can ener-
gize plasma particles, some of which stream along newly closed magnetic field lines into the
Earth’s upper atmosphere, thus causing enhancement of auroral emissions. The auroral
manifestation of substorms was described by early studies such as [Akasofu and Chapman,
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1963; Akasofu, 1964] — indeed, Chapman suggested the ‘substorm’ terminology (a model
of the substorm current sytem associated with magnetotail reconnection was described by
[McPherron, 1972; McPherron et al., 1973]). Substorms are usually several hours in dura-
tion; associated with local auroral enhancement and magnetotail reconnection; and often
initiated by regular southward rotations of the IMF. Chains of substorms can also be el-
ements of longer term events known as storms (e.g. [Akasofu and Chapman, 1963]). The
earliest studies and records of geomagnetic storms include those of Birkeland [1918], Moos
[1910], and Chapman [1918]. Storms are usually several days in duration; associated with
global enhancement of auroral emissions; and commonly triggered by the passage of solar
coronal mass ejections (often with prolonged southward IMF) around the magnetosphere.
Fairfield and Cahill (1966) found that the southward component of the interplanetary mag-
netic field (IMF) played a crucial role in the development of geomagnetic storms.

In Figure 3, we show an example of one of the Earth’s auroral signatures of a magne-
tospheric substorm, taken from Wing et al. [2013]. These maps of the averaged energy flux
carried into the Earth’s atmosphere by monoenergetic auroral electrons were derived by
firstly identifying distinct substorm events using the ultraviolet auroral images from the
Polar UVI and IMAGE satellite databases (these images contain emission bands of N, di-
agnostic of few-hundred-keV electrons, [Liou et al., 1997; Frey et al., 2004]). Subsequently,
coincident precipitating particle data from the DMSP (Defence Meteorological Satellite
Program, SSJ/4/5) satellite database were superposed, according to their epoch relative to
the onset (zero time) of their associated substorm [Newell et al., 2010].

We see that the auroral energy input flux derived from the data, for monoenergetic pre-
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cipitating electron distributions, is concentrated mainly in the form of an arc, or partial
oval, along the dusk-midnight sector (18:00-24:00 in the MLT (Magnetic Local Time) co-
ordinates shown). It appears to reach a maximum at ~ 15 min after substorm onset. The
corresponding auroral electron power slowly increases ~ 1.25 hr before onset, from typical
values of ~ 1GW (integrated over both nightside hemispheres), and then increases quite
dramatically at onset, up to ~ 2GW [Wing et al., 2013]. This type of behaviour is likely as-
sociated with acceleration of electrons to form the monoenergetic distribution by magnetic-
field-aligned electric fields, these being enhanced during substorm growth and onset. The
auroral oval itself is usually near the boundary between open and closed magnetic field
topologies (see section 2.3), and is also observed to expand in area during a well-defined
growth phase (e.g. Weimer et al. [1992]) as the open magnetic flux stored in the system is
increased by enhanced dayside magnetic merging.

However, this is just one example of a type of precipitating particle population which
produces a specific type of aurora. Other morphological types of auroral emission (includ-
ing ion aurora) can be similarly analyzed to yield information about other energy sources.
For example, diffuse aurorae are associated with electron distributions covering a much
broader range of energies. Those electrons with adequately magnetic-field-aligned motions
lie in the loss cone of directions, and precipitate into the atmosphere; these are replen-
ished by other electrons whose directions may be scattered into the loss cone through the
interactions with specific types of electromagnetic wave (e.g. Thorne [2010]).

In the next section, we consider, in some more detail, currents in the Earth’s ionosphere
which arise from M-I coupling and their relationship to auroral emissions. In section 3.2,
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we compare mechanisms of auroral particle acceleration at the Earth and at Jupiter.




2.3 Ionospheric Flows and Currents

To explore the ionospheric part of the M-I current system produced by Dungey cycle plasma
flow, we commence with Figure 4 which shows schematic streamlines (black arrowed curves)
depicting the typical motion of the northern ionospheric footpoint of flux tubes participating in

this cycle. The central part of the diagram shows flux tube footpoints moving from the dayside
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ionosphere (above the indicated solar terminator) across the polar cap. As flux tubes cross the
polar cap boundary (or OCB, open-closed field line boundary) at the top of the diagram,
they also change their magnetic topology from closed to open (corresponding to the ‘mag-
netospheric end’ of the flux tube undergoing dayside merging, as described in section 2.2).
The open flux tubes then move over the polar cap into the nightside, crossing the OCB again
at lower latitudes — which now corresponds to flux closure in the magnetotail, transforming

open field lines in that region into newly closed field lines (section 2.2). Asfluxtubes-eross

The return flows in Figure 4 which lie outside the OCB, and which are directed from nightside

to dayside, close the cross-polar-cap streamlines to form cycles or vortices. For a system with
perfect magnetic field symmetry about the noon-midnight plane, and with entirely southward
IMF, the Dungey vortices would also show perfect reflective symmetry about this plane. Figure 4
schematically depicts flows in the far more typical situation where there is a non-zero component
of the IMF in the Y direction, perpendicular to the noon-midnight plane. Strong imbalances
between the dayside and nightside reconnection rates also affect the morphology of the plasma
flow vortices (see e.g. Milan et al. [2017] for more detail).

It is clear that the transpolar and return flows shown in Figure 4 show strong gradients in
velocity across the polar cap boundary. This also leads to strong gradients in the convective elec-
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tric field of the plasma (E = —v x B for a perfectly conducting fluid, where v is bulk plasma
velocity in the upper ionosphere). This convective electric field, to a first approximation, can
be considered to be ‘projected’ along magnetic field lines (curves of constant electric potential)
onto the main ionospheric conducting layers embedded in the atmosphere. In this collisional
plasma regime, the electric field acts on charge carriers in the ionosphere and drives a system of
currents, part of which is the Pedersen current that arises from ion-neutral collisions and which
flows perpendicular to the local magnetic field (exact direction of the Pedersen current is influ-
enced by local flows of the neutral atmosphere, which determine the electric field in the plasma
rest frame). The green arrows in Figure 4 indicate the flow of Pedersen current, and illustrate
strong gradients in Pedersen current density across the OCB.

The strong horizontal divergence in the Pedersen current must be closed in a steady state.
Hence sheets of FAC arise in the vicinity of the OCB (blue circular symbols indicating upward
or downward current flow); and equatorward of the OCB (red circular symbols). These are
known respectively as the Region 1 and Region 2 current systems. The upward-directed parts
of each of these systems correspond to downward-moving (precipitating) electrons, and are
thus co-located with the main ring of brightest auroral emission excited by these electrons
as part of the terrestrial solar wind-magnetosphere interaction.

Note that the J x B force exerted on the atmosphere by the Pedersen currents is directed
antisunward across the polar cap, and is strongly aligned with the plasma return flows outside the
polar cap. This is a symptom of the corresponding ion-neutral collisions ‘dragging’ the neutral
atmosphere in the same general direction as the plasma flow in the collisionless upper ionosphere
/ magnetosphere. The Region 1 currents flow along the magnetic field over vast distances, and
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connect the transpolar Pedersen currents to magnetopause currents. At the magnetopause, the
associated J x B acts against the direction of solar wind flow. Hence, this part of the M-I
current circuit ultimately transfers momentum from the ambient solar wind flow to the planet’s
atmosphere. The Region 2 currents flow at lower latitudes, and connect the atmospheric currents
flowing equatorward of the OCB with the partial ring current in the magnetosphere. The Region
1, Region 2 and partial ring currents are sometimes referred to, collectively, as the ‘convection
circuit’ (Milan et al. [2017], section 2.2).

It is important to emphasise that the field-aligned current sheets associated with M-I coupling
arise from plasma flow shears, which are, in turn, responsible for creating the shears in magnetic
field that must be consistent with those currents, according to Ampere’s Law. For example, in
Figure 4 the flux tubes which travel across the polar cap can be pictured as being ‘driven’ by
the solar wind flow outside the magnetopause (the ‘dynamo’) which effectively ‘pulls’ on the
ionosphere-atmosphere medium (the ‘load’) via ion-neutral collisions. Hence, we expect the
magnetic field to be tilted antisunward in this region of open magnetic flux. Similar reasoning
leads us to expect a sunward tilt in the regions of return flow just outside the polar cap. Hence,
a magnetic shear is set up across the OCB which must be consistent with the systems of FAC
flowing between the ionosphere and magnetosphere.

There are additional indicated features in Figure 4 associated with the polar plasma flows
and currents. These include Hall currents (orange arrows), part of which form circumpolar au-
roral electrojet currents; localised Region 0 FACs associated with plasma flow near the magne-
tospheric cusp the high-latitude dayside region magnetically connected to locations where
dayside merging is happening; and the nightside wedge of current associated with magnetic
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reconfiguration in the magnetotail during a substorm (e.g. McPherron [1972]). For present
purposes, we will mainly focus on the larger-scale, steady-state current systems, acknowledging
that additional localised currents and departures from the steady state are also present within

general M-I coupling processes.

3 Jupiter

We now consider a M-I coupling system quite different in nature to that of the Earth. It is as-
sociated with the magnetosphere of the planet Jupiter, the largest and most strongly magnetised
planet in the solar system. Two major differences between the Jovian and Terrestrial magneto-

spheres relevant for our discussion are:

* Jupiter’s internal magnetic moment is approximately 18000 times as strong as the Earth’s,
leading to a much larger magnetosphere, with subsolar magnetopause location of typically

5.6 million km from planet centre, compared to about 640000 km for the terrestrial system.

* The main source of magnetospheric plasma for the Jovian system is an internal one —
ionization of material ejected from the volcanic satellite Io. Io orbits Jupiter at a distance

of ~ 6 Ry (Jupiter radii, 1 Ry ~ 71500 km).

Figure 5 illustrates some aspects of Jupiter’s magnetosphere, with an inset of the terrestrial
magnetosphere shown at the same scale for comparison. The main diagram shows a ‘cut’ through
the Jovian system in the noon-midnight plane, with the yellow region indicating the outward

transport of plasma from the Io plasma torus to form an enormous disc of plasma situated near
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the equatorial plane (for more details about the physics of this radial plasma transport, see the
review by Achilleos et al. [2015]; and references in section 3.1 ). The microscopic drift motions
and collective gyrations of ions and electrons in the disc create a current sheet, whose azimuthal
component carries of the order hundreds of MA, sufficient to distort the background dipole field

of the planet into a more ‘stretched’, disc-like configuration.

3.1 Role of Rotation

One of the main forms of M-I couping in the Jovian system involves the transport of angular
momentum between the planet and the plasma disc. A steady-state model of this process was
described by Hill [1979] and is illustrated in Figure 6 from Cowley and Bunce [2001]. A useful
way to picture the system is to consider the rotating planet as a source of angular momentum,
which is magnetically connected to the magnetospheric plasma disc. Plasma produced near the
Io neutral source forms a co-rotating torus anchored close to the magnetic equator. This plasma
cannot build up indefinitely within the torus, and migrates radially outwards via a process known
as flux tube interchange. Interchange is linked to a Rayleigh-Taylor type plasma instability, and
is driven by the strong centrifugal force experienced by the plasma in a corotating frame of
reference. Flux tubes of relatively cold, dense plasma continually ‘trade places’ with inward-
moving tubes of hot, tenuous plasma from the outer magnetosphere. The tenuous flux tubes can
then eventually ‘refill” with Iogenic plasma, and thus the cycle repeats. The detailed physics of
the process is a very active area of research (see e.g. [Gold, 1959; Melrose, 1967; loannidis and

Brice, 1971; Hill, 1976; Southwood and Kivelson, 1987; Ferriere et al., 1999; Ferriere and
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André, 2003]).

In Hill’s axisymmetric steady-state model, the plasma motion is modelled as a uniform radial
outflow through a thin, planar disc. The total mass passing a given radial distance in the disc
per unit time is denoted M and is equal to the plasma mass loading rate associated with the
Io source. As plasma moves radially outwards, its tendency is to try and conserve its angular
momentum, and thus rotate more slowly. Because it is magnetically connected to the planet, this
‘slowing down’ of the plasma produces azimuthal bendback in the magnetic field, which itself
must be supported by radial currents in the disc plasma. These radial currents vary with distance,
and thus must close via a system of field-aligned currents connecting them with the ionosphere.
Equatorward ionospheric currents ‘complete the circuit’. The net result is a transfer of angular
momentum from planet to plasma, which maintains the plasma angular velocity at values above
those which would otherwise prevail in the absence of this coupling.

This aspect is illustrated in Fig 7, which presents theoretical profiles of equatorial plasma
azimuthal velocity according to Hill’s theory for a pure dipole magnetic field. All of these profiles
are determined by the co-rotational boundary condition at the inner radius (usually taken to
be Io’s orbit), and gradually become sub-corotational in the outer magnetosphere, where the
finite ionospheric conductance and finite magnetic field strength can no longer supply adequate
magnetic force to maintain corotation with the planet (or more correctly the planetary magnetic
field). Note that the departure from corotation also occurs closer to the planet as the logenic
mass loading rate M increases. Note also that profiles have considerably larger velocity than the
corresponding Keplerian rotation curve, emphasising the dominance of M-I coupling over gravity
in maintaining plasma rotation. Hill’s theory provides an analytical estimate of the equatorial
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distance Lg (in planetary radii) at which the subcorotation starts to become significant (= 30%

departure from corotation):

(WZPBJR?,) 14
Lo= =212
M

This expression illustrates that L, decreases (i.e. coupling is less efficient) for decreasing iono-
spheric conductance >.p (which limits current density) and / or increasing plasma mass loading
rate M (which produces a larger radial mass flux in the disc). An example of observations of
the near-equatorial plasma velocity at Jupiter is shown in Figure 8. These velocities were deter-
mined from plasma observations by the Galileo spacecraft’s Plasma Science instrument (PLS),

and confirm the general tendency towards persistent sub-corotation with increasing distance.

3.2 Auroral Particle Acceleration

While this theoretical picture of coupling in a rotation-dominated system allows one to calculate
the required FAC densities in the system, knowledge of the ‘microphysics’ of how those currents
are carried relies on appeal to additional theoretical concepts. For example, earlier studies such
as Cowley and Bunce [2001] employed the relation of Knight [1973] between the current density
carried by precipitating electrons above the ionosphere and the field-aligned voltage @ typically
required to accelerate those electrons, in order to allow a FAC density above the maximum value
that can be carried in the absence of such acceleration. This type of process at the Earth is
associated with auroral field-aligned current associated with @ of order a few kV. At Jupiter,
application of this theory indicates that the auroral electrons must be accelerated to energies

two orders of magnitude higher than typical magnetospheric energies. Since the typical thermal
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electron energies are of order ~ 1keV, the implied voltages are ~ 100kV, thus accelerating
auroral electrons to energies ~ 100 keV.

Subsequent analysis by Ray et al. [2009] showed that the linear approximation to Knight’s
relation, which had been used in previous studies of the coupled Jovian system, is not applicable
in such rapidly rotating magnetospheres with an internal plasma source. Rapid rotation cen-
trifugally confines heavy ions to near the equatorial plane, producing an ambipolar electric field
that, in turn, restricts the mobility of the magnetospheric electrons. This effect, along with the
gravitational confinement of the ionospheric plasma population, leads to a low plasma density
at high latitudes. The local plasma population and magnetic field strength at high latitude deter-
mine the ensuing current-voltage relation. In Jupiter’s middle magnetosphere, the hot electron
population has an energy of ~ 2.5keV [Scudder et al., 1981], and the mirror ratio in magnetic
field strength between the top of the acceleration region (located at ~ 2-3 R; Jovicentric) and
the planetary ionosphere (principal Pedersen conducting layer) has a value R, ~ 16. Assuming
the field-aligned potentials inferred from auroral observations of 30-200kV, Ray et al. [2009]
demonstrated that linear approximation of the Knight relation was not valid for such conditions.
These authors thus used the full functional form of the Knight current-voltage relation [Knight,
1973], applied at the top of the acceleration region, rather than the magnetospheric equatorial
plane. At ~ 6 R (near lo orbit), this analysis indicated that applying the current—voltage rela-
tion at the magnetosphere, rather than high latitudes, could over-estimate the field-aligned current
densities by about two orders of magnitude.

These types of studies thus illustrate the importance of accurately capturing the nature of
particle acceleration mechanisms in order to infer the flux of energy delivered to the auroral
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regions via particle precipitation. There is an abundant related literature based on combining
Hill [1979]’s formalism with Jovian models of particle acceleration, non-dipolar magnetic fields,
variable ionospheric conductance, and incorporating realistic hydrodynamic models of the neu-
tral thermosphere and time-dependent flow models of the plasmasheet — (e.g. Achilleos et al.
[2001]; Nichols and Cowley [2004]; Cowley et al. [2007]; Smith and Aylward [2009]; Yates et al.
[2012]; Ray et al. [2010]; Ray et al. [2015]; Yates et al. [2018]).

More recently, plasma observations by the Juno spacecraft, currently orbiting Jupiter, have
raised further questions about whether the ‘field-aligned potential’ acceleration mechanism is
even the correct explanation for all instances of auroral emission excited in the neutral ther-
mosphere / ionosphere by energetic particle precipitation from the magnetosphere. Mauk et al.
[2018] examined electron energy distributions from the JADE (Jovian Auroral Distributions Ex-
periment) acquired during low-altitude passes (~ 0.6 — 0.7R; above the clouds), very likely
when the spacecraft was magnetically conjugate to the main auroral emissions. Many of these
data indicated apparent transitions between electron energy spectra (< 1MeV) with very dif-
ferent time-dependent characters. The first type of event was the usual ‘inverted V’ signature
— electron energy constrained to a relatively small range, which shifts upwards with time to a
maximum mean energy of typically hundreds of keV (the ‘peak’ of the inverted V) followed by
a decline to lower energies once more. Mauk et al. [2018] noticed that near the peak energy of
some of these events, the character of the spectrum changed to a population covering a much
wider ‘broadband’ energy range, including a high-energy ‘tail’ indicating particle acceleration to
much higher energies. Apart from this distinctive ‘high-energy tail” for these Jovian events, this
type of behaviour is similar to what is seen in the Earth’s magnetosphere if observing spacecraft
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move from a location inside the field-aligned potential drop (coherent acceleration mechanism)
to a position below it in altitude. Mauk et al. [2018] interpreted such behaviour in Jupiter’s elec-
tron energy distribution as a transition between the coherent acceleration, and a stochastic type
of acceleration which produces significant particle flux over a wider range of energies.

The appearance of these stochastic or ‘broadband’ features could be associated with, for
example, a kind of plasma instability which could arise when the FAC being ‘drawn’ by the
magnetosphere-ionosphere coupling exceeds a certain limiting value. It also follows that for
times / regions where currents are carried by stochastically accelerated electrons, the relation-
ship between current density and downward-precipitating particle flux, as predicted by the re-
lation of Knight [1973] is no longer valid. In fact, JADE observed one event with a downward
accelerated proton inverted V, with inferred potentials of 300 — 400 kV, occurring simultane-
ously with downward-accelerated broadband electrons with downward energy fluxes as high as
3000 mW - m~2. This feature has no known counterpart from Earth auroral observations.

The theoretical analysis of Saur et al. [2018] demonstrated that, within a dipole shell of
roughly L ~ 30 at Jupiter, the electron inertial length scale in the auroral region is the domi-
nant scale in the plasma, suggesting that electron Landau damping of kinetic Alfvén waves can
play an important role in converting field energy into auroral particle acceleration. This mecha-
nism would be consistent with the broadband bidirectional electron distributions frequently ob-
served by Juno. Saur et al. [2018] also hypothesised that, outside this region, ion cyclotron wave
damping by heavy ions could play a role in heating magnetodisc plasma — whose monotonically
increasing temperature with distance in the magnetosphere lacks a definitive explanation (e.g.
Bagenal and Delamere [2011]). What remains clear is that there are many details of the physics
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of M-I coupling and associated auroral acceleration at Jupiter that are yet to be definitively de-
scribed.

In the related context of auroral particle acceleration at the Earth, the much earlier theoretical
work of Lysak and Song [2003] demonstrated that the broadband type of acceleration was not
consistent with a purely electrostatic potential drop and suggested a wave heating of auroral
electrons. These authors pointed out that Alfvén waves had been observed on Earth auroral field
lines carrying sufficient Poynting flux for this mechanism. Their calculations, based on the linear
kinetic theory of Alfvén waves, indicated that Landau damping of these waves can efficiently
convert this Poynting flux into field-aligned kinetic energy of electrons. At comparatively low
altitudes along auroral field lines, the gradient in the Alfvén speed becomes significant, thus
requiring a nonlocal description. Lysak and Song [2003] described a nonlocal theory based on
a simplified model of the ionospheric Alfvén resonator (IAR). For a given density of FAC, they
demonstrated that the efficiency of the wave—particle interaction increases with the ratio of the
thermal electron velocity to the Alfvén speed at high altitudes. Their calculations indicated
that wave acceleration of electrons should occur at and above the altitude where the quasi-static
potential drops (associated with coherent acceleration) form.

We have mainly focused in this section on the M-I coupling in ‘middle magnetosphere’ of
Jupiter, since it is associated with the brightest auroral emissions, also known as the ‘main emis-
sion’ - oval-shaped loci of persistent emission which surround the planet’s magnetic poles and
seem to be carried around by the rotation of the planet itself, strong evidence for an internally
generated auroral current system. There also exist rapidly-varying auroral features poleward of
the main emission whose physical origin remains undefined. Future analyses of auroral and in

23



situ observations by Juno should help elucidate these features. Other types of transient aurorae
arise due to, for example, flux tube interchange events in the middle magnetosphere, which mag-
netically map to the ionospheric region between the locus of the lo ‘spot’ aurora and the main
emission (see Figure 9 for examples of different auroral features at Jupiter). The lo spot-like
aurora is an important signature of M-I coupling, and is thus briefly described in the following

subsection.

3.3 Io-Jupiter Interaction

The To-Jupiter interaction has no analog at the Earth. Io has an electrically conducting iono-
sphere, which is exposed to the ambient Jovian magnetic field and corotating plasma torus that

sweep past it at a speed ~ 56km - s7L.

Early observations of the decametric radio emission
(DAM) inspired models involving a continuous electric current linking the Jovian ionosphere
with o acting as a unipolar inductor with potential difference ~ 400 kV induced across its diam-
eter (e.g. Piddington and Drake [1968]; Goldreich and Lynden-Bell [1969]).

Near-lo observations by Voyager I detected a magnetic perturbation associated with a ~
3 MA current along the Io flux tube (IFT) [Acuria et al., 1981]. This FAC would be carried by
Alfvén waves continually launching and propagating at a speed determined by the local plasma
density [Belcher, 1987]. Since the torus is anchored close to Jupiter’s rotating, tilted dipole
equator, it moves north and south of Io as rotation proceeds, causing a ~ 20% modulation in

local magnetic field strength, and a variation in the current path.

In this picture, the motion of Io, a conducting body, through Jovian magnetic field is anal-
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ogous to an electrodynamic generator, and produces electron energisation and precipitation to-
wards the planet. This, in turn, excites ultraviolet and infrared auroral emissions at or near [o’s
magnetic flux tube footprint. At radio frequencies, the emission from the lo-induced source
(the ‘To-DAM’) spans the range ~ 1-40 MHz. Electrons accelerated by the interaction can pro-
duce strongly-beamed radiation as they move within the magnetic field of Jupiter (e.g. Le Quéau
[1988]; Queinnec and Zarka [1998]).

The anti-correlation between lo-DAM occurrence and the brightness of near-IFT IR and UV
auroral emission is an important diagnostic of electron dynamics in the system. Zarka et al.
[1996]’s interpretation involved near-lo Alfvén waves accelerating electrons which then precipi-
tate towards the planet. A variable fraction of these mirror before they reach Jupiter’s ionosphere,
due to the continual change in magnetic field strength near the IFT footprint. This reflected com-
ponent exhibits a loss-cone distribution and can thus produce radio emission via the cyclotron
maser instability. Similarly, an anti-correlated fraction of the precipitating electrons reach the
ionosphere and excite UV / IR auroral emissions. The Io-DAM power radiated is typically 10°—
10 W. The IR and UV spots near the IFT magnetic footprints on Jupiter’s ionosphere corre-
spond to radiated powers of ~ 3 — 10 x 101 W and ~ 2 — 10 x 10 W [Prangé et al., 1996;
Satoh and Connerney, 1999; Clarke et al., 2002].

High-resolution images of the Io-related auroral UV emissions often reveal a main spot ap-
proximately magnetically conjugate with the Io body, accompanied by local emission ‘upstream’
of this location, and one or more spots ‘downstream’. The interpretation of such patterns can re-
veal much about the complex paths of Alfvénic disturbances propagating between lo and Jupiter,
including ‘multiple wave bounces’ arising from partial reflection and transmission at the bound-
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aries of the plasma torus (e.g. Bonfond [2013]).

3.4 Role of Magnetic Reconnection

Finally, we note some relevant aspects concerning the role of magnetic reconnection for M-I
coupling at Jupiter. Vasyliiinas [1983] described ‘reconnection’ on a single, closed field line
which becomes strongly radially distended as it rotates into the dusk-midnight local time sectors.
If the flux tube is adequately mass-loaded with plasma, the thin current sheet which separates
its northern (radially outward) and southern (radially inward) field line segments will become
disrupted. This type of field topology, as discussed in Section 2, promotes reconnection which, in
this case, leads to the detachment of the ‘tip’ of the flux tube, which forms an individual plasmoid
that continues moving downstream, eventually becoming incorporated with ambient solar wind
plasma. This process is quite different to the nightside reconnection of the Dungey cycle (Section
2), which forms a closed flux tube from two previously open ones. The relative importance of
the Vasylitinas and Dungey cycles in Jupiter’s magnetospheric dynamics is a subject of debate
(e.g. Cowley et al. [2003], Kivelson and Southwood [2005], McComas and Bagenal [2007],
Southwood and Chané [2016]).

Desroche et al. [2012] analysed expected field and plasma conditions at the Jovian magne-
topause for a relatively expanded system. They concluded that reconnection would be inhibited
on the dawn flank due to the large-shear flows in this region, regardless of magnetopause shape
or IMF orientation. The presence of a hot magnetospheric plasma population in the magneto-

sphere could inhibit reconnection over much of the magnetopause area (influence of diamagnetic
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drift), except when the neighbouring magnetic fields were antiparallel. Most of the dawn flank of
the magnetopause was demonstrated to be Kelvin-Helmholtz (KH) unstable, regardless of mag-
netopause asymmetry; this was consistent with a result of the related study by Masters [2017],
which also showed that the structure of the KH-unstable dawn region was less sensitive to chang-
ing conditions than were the predicted locations of reconnection across the magnetopause.

In this context, is also important to note that the term ‘lobe’, as commonly used for the Jovian
magnetosphere, does not necessarily refer to regions of open magnetic flux, as it usually does
for the terrestrial magnetotail (Section 2.2). The relatively cool plasma population at Jupiter is
centrifugally confined and exists in the form of a vast, near-equatorial plasma sheet at all local
times (as described earlier in this Section) which co-exists with the magnetotail plasma / current
sheet. The regions outside several plasma scale heights from the local plane of these confined
plasma sheets are comparatively lacking in plasma and can be considered lobe regions from that

point of view — even when situated on closed magnetic field lines.

4 Saturn

A large body of observational evidence supports the notion that M-I coupling at Saturn is ‘Earth-
like’, from the point of view of explaining auroral morphology, and ‘Jupiter-like’, in terms of
describing rotationally-dominant plasma flows. The Cassini mission also uncovered evidence
for a localised, rotating system of currents in Saturn’s magnetosphere which imposes ubiquitous
quasi-periodic oscillations in the observed magnetic field and plasma parameters. This peri-

odicity can plausibly be connected to an atmospheric source, whose ultimate source of energy
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remains, as yet, unclear. We explore these aspects further in the following subsections.

4.1 Aurora

The obervations of Saturn’s southern aurora presented and analysed by Badman et al. [2005]
were particularly important in elucidating auroral physics. The relevant sequence of ultraviolet
auroral images, presented in Figure 10, encompassed the time when a solar wind compression re-
gion observed in situ, upstream of Saturn, by the Cassini spacecraft, had been predicted to reach
the planet’s magnetosphere. More specifically, the images from HST Visits 10, 11 and 12 show
the most strongly disturbed auroral emissions compared to the first two images in the sequence,
which are more typical of the quiescent auroral state at Saturn. The nature of the auroral distur-
bance involves a clear brightening of the emissions, combined with the retreat of their poleward
boundary to higher latitudes, thus transforming the quiescent ‘oval’ or ‘ring’ of emission into an
aurora which ‘fills in’ much of the dawn local time sector of the polar atmosphere.

The origin of this auroral event was indicated by in situ observations acquired by Cassini in
the solar wind upstream of Saturn - particularly those acquired ~ 18 hours earlier than the Visits
10-12 observations. This time difference was a good estimate of the time required for solar wind
plasma to propagate from Cassini’s location to Saturn’s magnetosphere, plus the time required
for photons from any auroral events triggered to reach the HST. The relevant in situ magnetic field
and plasma data indicated a compression region in which the dynamic pressure of the solar wind
plasma and the magnitude of the IMF increased by about an order of magnitude, and in which the

orientation of the IMF underwent a significant rotation indicating a traversal of the heliospheric
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current sheet. By using an empirical formula (adapted from terrestrial studies) for estimating the
corresponding voltage associated with magnetic reconnection, Badman et al. [2005] illustrated
that this compression event would likely drive a strong episode of magnetospheric compression
and dayside reconnection, once it reached Saturn’s magnetosphere. The disturbed auroral obser-
vations showed responses qualitatively similar to those of the terrestrial magnetosphere to such
a solar wind compression. For example, the Visit 11 image shows the ‘dawn auroral filling’ that
would be expected to follow a compression-induced episode of magnetotail reconnection, with
the auroral emissions excited by energetic electrons streaming from active reconnection sites
in the nightside magnetosphere, along newly-closed magnetic field lines now connecting to the
dawnside ionosphere (in situ field and particle signatures confirming reconnection in Sat-
urn’s magnetotail were analysed in early Cassini studies such as Jackman et al. [2007],Hill
et al. [2008]). The Visit 12 image shows a subsequent equatorward expansion of the auroral
emissions, consistent with ongoing dayside reconnection expanding the area of open magnetic
flux in the system — assuming that the brightest persistent emissions, as for the case of the Earth,
demarcate a boundary at or near the OCB.

Analysis of magnetospheric data acquired by Cassini, combined with remote observations
and conceptual models of ionospheric plasma flow, supported the hypothesis that Saturn’s main
auroral emissions were magnetically conjugate to a layer of closed field lines in the outer magne-
tosphere, close to the actual OCB. In this picture, the OCB, located typically near 15° colatitude,
is also the location of a strong plasma flow shear, mainly due to a change in the inferred rota-
tional velocity of the plasma between the closed and open regions of magnetic flux (e.g. Stallard
et al. [2004]; Cowley et al. [2008]; Bunce [2013] and references therein). While such studies
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have indicated an ‘Earth-like’ origin for the main auroral emissions at Saturn, there has also
been evidence for the presence of fainter, equatorward auroral emissions (infrared radiation from
ionospheric H; molecular ions) which have been interpreted as the Kronian analog of Jupiter’s
corotation-related aurora [Stallard et al., 2008].

A more recent study of auroral images of Saturn, using a comprehensive database, has been
conducted by Bader et al. [2019]. This study has revised the interpretation of the main ring of
steady auroral emission as arising from subcorotation — specifically flow shear between middle
and outer magnetospheric plasma layers — upon which are superposed two rotating current sys-
tems associated with near-planetary period oscillations in the magnetosphere (see Section 4.2).
Important revelations arising from this work were: (i) The main emission arising from subcoro-
tation has no significant asymmetry in local time, and is thus not affected by any putative Dungey
cycle activity; (ii) The main emission is typically overpowered by large, bright auroral ‘patches’
which are a likely consequence of magnetotail reconnection processes. Bader et al. [2020] ex-
amined unique high-resolution auroral data from Cassini during the final ‘Grand Finale’ orbits,
which brought the spacecraft closer to the planet than previous mission segments. This analysis
revealed the main arc of auroral emission to be variable between smooth and rippled appearance,
suggestive of a transition between a quiet and disturbed magnetosphere. A fainter, more diffuse
emission also typically exists equatorward of the main emission. This fainter component is con-
sistent with generation by a population of hot electrons, residing in the inner ring current region,
being wave-scattered into their loss cone — as concluded by Grodent et al. [2010] from a much
earlier study which employed UV auroral images acquired by the HST Imaging Spectrograph
(STIS).
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4.2 Periodic Phenomena

Periodic modulation of Saturn’s auroral kilometric radiation (SKR) was observed during the
Voyager 1 mission and used to infer a planetary rotation period of 10h 39m 24s 4 7s [De-
sch and Kaiser, 1981]. With the arrival of Cassini 24 years later, a slightly different period of
10h 45min 45s + 36s was determined [Gurnett et al., 2005; Kurth et al., 2008]. As well as this
‘drift’ 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 rotation rates appeared to converge about seven months after
Saturn’s equinox in 2009.

This periodicity is a surprise, since the planet’s internal magnetic field is highly aligned with
its rotational axis (e.g. Cao et al. [2011]). The period drift suggests that it is not due to planetary
rotation alone. The different northern and southern periods further complicate any potential
explanation of their physical origin. The same quasi-periodic modulation has been observed in
many of the properties of the Kronian magnetosphere, including the magnetic field [Espinosa
and Dougherty, 2000; Giampieri et al., 2006; Cowley and Provan, 2017], low-energy plasma
[Gurnett et al., 2007], energetic charged particles [Carbary et al., 2007], energetic neutral atoms
[Paranicas et al., 2005; Carbary et al., 2008], and the position of the magnetopause [Clarke
et al., 2010]; see also the review by Carbary and Mitchell [2013]. Substantial work has also
been done on characterising the global near-planetary-period oscillations (PPOs) in the magnetic
field and using them to infer the behaviour of the amplitude and phase with position and time

(e.g. Andrews et al. [2012]; Cowley and Provan [2017] and references therein). An interesting
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consequence of this characterisation, which is consistent with observations by Cassini, is that the
phase difference between the northern and southern oscillations determines the detailed nature
of the periodic modulation in the altitude (with respect to the rotational equator) and thickness
of the plasma sheet (e.g. Thomsen et al. [2017]; Sorba et al. [2018]; Ramer et al. [2017]). The
two ‘extremes’ of this modulation are the ‘flapping” mode involving only a modulation in plasma
sheet altitude; and the ‘breathing mode’ involving only a modulation in sheet thickness.

An important strand of modelling work interprets the PPOs as the consequence of a form of
M-I coupling which involves two distinct rotating current systems (‘northern’ and ‘southern’)
driven by localised vortical flows in the planet’s high-latitude ionosphere. Smith and Achilleos
[2012] used a global circulation model of Saturn’s thermosphere to demonstrate that the nec-
essary vortical flows would arise from a source of longitude-dependent heating near auroral
latitudes, which didn’t necessarily have to be continually active. Their results were in quali-
tative agreement with the phase relations of the observed PPO magnetic oscillations, although
quantitative agreement was lacking. The related study by Jia et al. [2012] acquired quantita-
tive agreement with plasma and magnetic oscillations by employing a sophisticated model of the
Kronian magnetosphere, driven by a prescribed ionospheric flow as an interior ‘boundary con-
dition’. Such studies have provided insight into this additional manifestation of M-I coupling,
although they do not provide a first-principles explanation for the ultimate source of energy for
the required atmospheric vortical flows. Additional models, based on atmospheric wave modes
and magnetospheric plasma instability associated with Saturn’s polar cap region, have been re-
spectively described by Smith et al. [2016] and Southwood and Cowley [2014].

The observed influence of this PPO-related coupling on auroral emissions has been described
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by Nichols et al. [2008], who analysed auroral images of Saturn to reveal a systematic periodic
‘wobbling’ of the planet’s main auroral oval. The related perturbations introduced by the PPO-
related current systems onto the subcorotation-related auroral currents in Saturn’s magnetosphere

(flow shear at or near the OCB) were analysed by Hunt et al. [2018, 2020].

5 Radio Emissions

We have discussed radio emissions as a signature of M-I coupling processes in the context of
the Io-Jupiter interaction (Section 3.3) and the periodic phenomena of Saturn’s magnetosphere
(Section 4.2). In a broader context, radio emissions are produced by a variety of M-I coupling
mechanisms. In auroral acceleration regions at the Earth, for example, the electron cyclotron
maser instability generates radio emission when the local plasma frequency approaches the gy-
rofrequency (e.g. Ergun et al. [2000]; Melrose and Dulk [1982]; Wu and Lee [1979]).

The Saturn kilometric radiation (SKR) exhibits similar periodic behaviour to the magnetic
field perturbations, which can be disrupted during strong episodes of magnetospheric compres-
sion [Badman et al., 2008]. SKR can also provide information on plasma injections, possibly as-
sociated with magnetotail reconnection [Lamy et al., 2013]. At Jupiter, apart from the lo-Jupiter
interaction, the coupling between the planet and the middle magnetosphere is associated with
radio emissions spanning the decametre-to-kilometre range (e.g. Zarka [1998]). Observations
from Juno suggest that the sources of these emissions are likely to be widespread throughout the

Jovian system [Kurth et al., 2017].
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Planet / Approx. Relative Magnetic Moment / Solar Wind Travel Timet Ts  Average Auroral Global Joule  Ratio

Rotation Period 7 (h)  Approx. Equatorial Field (nT) (Bow to Planet, min) Brightness / Input Power” Heating T/Ts
Earth / 24 1 /30000 2 1-100 kR (1-100 GW) 10-100 GW?! 720
Jupiter / 10 20000 / 400000 200 10-1000 kR (few x 10 TW)  ~ 200 TW? 3

Saturn/ 11 580 /20000 40 1-100 kR (0.1-1 TW) ~ 10 TW3 16.5

Table 1: Comparison of planetary and magnetospheric parameters for the three planets considered herein. Data
were obtained / derived from the table of Clarke [2013], except for: LOlsson et al. [2004]; %Yates et al. [2020];

1

3Cowley et al. [2004]. + Calculation assumes a solar wind speed 500 km - s~1. * Conversion of 10% of input

energy into auroral emission has been assumed.

6 Summary and Conclusions

We commence this summary with reference to Table 1, which compares fundamental magne-
tospheric, ionospheric and auroral parameters — which all play a role in M-I coupling and its
consequences — at the three different planetary environments we have considered. We note that
Jupiter, the most strongly magnetised planet with the largest magnetosphere, also has the bright-
est polar auroral emissions, and the largest integrated energy input to the atmosphere (carried
by precipitating particles) required to produce those emissions. The typical auroral brightness
(photon flux per unit area per unit time from the emitting layer) for the Earth and Saturn are
similar, although Saturn, being the larger planet, has an associated energy input which is an or-
der of magnitude (or more) greater. For all three planets, the global power dissipated by the
atmospheric Joule heating (from ionospheric currents) is comparable in magnitude, or greater
than, the auroral energy input (although for the gas giants, the Joule heating estimates rely on

model-dependent assumptions regarding ionospheric conductance).
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The column indicating the ratio of the planetary rotation period to the solar wind travel time
(time required for ambient solar wind to travel from bow shock position to planetary terminator
plane) shows that this quantity spans almost three orders of magnitude between the three planets.
At one extreme, the Earth has a very slow rotation compared to the solar wind flow time, consis-
tent with the solar wind interaction being the principal determinant of plasma flows in the outer
magnetosphere. At the other extreme, Jupiter’s rotation period is comparable to the solar wind
flow time, consistent with rotation-dominated flows in the Jovian system, as we have described
in this overview.

The discussions related to M-I coupling in the previous sections have considered this process
within the space environments of three different planets. Despite the vast differences in the
magnetic field strengths and plasma flow patterns in the magnetospheres we have considered, the

following common themes related to M-I coupling can be discerned.

* M-I coupling, by definition, involves the transfer of energy and momentum between the
planet and the plasma in its magnetosphere. This process may involve the communication
of the momentum in the solar wind to the planet’s polar ionosphere, and / or the transport of
angular momentum between the planet and a rapidly-rotating magnetosphere. The trans-
port of momentum must occur over vast distances within the magnetosphere (typically tens

of planetary radii or greater).

* The transport of momentum and energy is mediated by systems of magnetic field-aligned
currents which flow between the planet and the relevant magnetospheric regions, which

in the steady state are closed by ionospheric currents and ‘cross-field’ magnetospheric
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currents.

The most intense field-aligned currents are usually conjugate to regions of strong plasma
flow shear, and are usually associated with the brightest auroral emissions excited in the

planetary atmosphere by the precipitation of energetic particles from the magnetosphere.

The microscopic nature of auroral currents and the required acceleration of current-carrying
particles remains to be fully quantified and described, particularly for the giant planets. Re-
cent observations from spacecraft such as Juno indicate that at least two different modes
of particle acceleration prevail — respectively associated with the formation of magnetic
field-aligned electric potentials, and the stochastic acceleration of particles via some kind

of plasma instability or wave-particle interaction.

Many types of auroral emission still lack a definitive explanation, and some of these may
require a better understanding of the complex coupling ‘feedback’ between the planet’s

atmosphere and magnetosphere, in the context of departures from the steady-state picture.
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Figure 1: Image of aurora borealis (northern lights) in the night sky. The mainly green emission
is from excited atomic oxygen, while the blue emission is from nitrogen. The rapid decrease of
atomic oxygen below ~ 100 km is responsible for the fading of the lower edges of the ‘curtains’.
(Image Credit: Jerry Magnum Porsbjer, Wikimedia Commons under the Creative Commons

license https://creativecommons.org/licenses/by-sa/3.0/deed.en)
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Figure 2: (a) Schematic of the noon-midnight terrestrial magnetosphere, where the nightside
magnetotail illustrates expansion onset during a substorm (from Baker et al. [1987]); (b) Phases
of a substorm (see text) after Hones Jr. [1984]. Individual field lines are labelled in all the
diagrams of the magnetotail region, which shows the development of a near-Earth neutral line

during the growth phase (panels 1-6). Thick white arrows indicate plasma flow.
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Figure 3: From Wing et al. [2013] (only part of the original figure is shown here, for clarity):
Hemispherical maps of auroral input energy flux at the Earth for monoenergetic auroral electrons,
derived from satellite-based ultraviolet imaging of auroral emissions and in situ particle data.
The colour scale shows averaged energy flux inferred from the data over the combined northern
and southern polar regions, organized according to epoch relative to substorm onset (time zero).
The maps are produced by epoch superposition of individual image sequences coincident with

substorm events.
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Figure 4: (Reproduced from Milan et al. [2017] under the Creative Commons Attribution 4.0 Inter-
national License (http://creativecommons.org/licenses/by/4.0/)): A schematic of the ionospheric current
systems in the northern polar region. The purple circle indicates the open/closed field line boundary
(OCB). Black arrows denote streamlines of the typical ionospheric plasma flow. Region 1 FACs (blue)
are coincident with the OCB at the poleward edge of the auroral zone, while the Region 2 FACs (red)
are near the equatorward edge of the auroral zone. Region 0 FACs (magenta) flow in the cusp throat of
the convection pattern (see Milan et al. [2017] for further details). Pedersen currents (green) flow hori-
zontally between upwards and downwards FACs where the conductance is high (grey shading), and to a
lesser degree across the polar cap where the conductance is low (no shading / white). The ionospheric
electric field points in the same, or similar, direction as the Pedersen currents. Hall currents in the high
conductance auroral zones form the eastward and westward auroral electrojets; weaker Hall currents flow
sunwards across the polar cap. Substorm current wedge FACs (cyan) and the interconnecting substorm
electrojet are present during substorm intervals, producing DP1 pattern magnetic perturbations. DPY per-
turbations are associated with closure of the region 0 FACs. DP2 perturbations are produced by the auroral
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Figure 5: (Image Credit: Bagenal/Bartlett) Schematic diagram of Jupiter’s magnetosphere in
noon-midnight plane. Black arrowed curves indicate magnetic field lines. Yellow shaded region
is the plasma sheet / current sheet. The inset shows Earth’s dayside magnetosphere on a similar

scale for comparison.
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Figure 6: (From Cowley and Bunce [2001], reproduced by permission from Elsevier): Merid-
ian cross-section through the Jovian magnetosphere. Arrowed solid lines indicate magnetic field
lines, which are distended outwards in the middle magnetosphere by azimuthal currents in the
plasma sheet. The plasma sheet plasma originates mainly at lo, which orbits at ~ 6R; and re-
leases of the order ~ 10%kg s~ of sulphur / oxygen plasma (dotted region). Angular velocities
are indicated by respective symbols €2, {2 and €2 for the planet, a particular shell of field lines,
and the neutral upper atmosphere (coexisting with the Pedersen conducting layer of the iono-
sphere). The coupling current system is schematically indicated by the arrowed dashed lines,
shown here for the case of steady-state subcorotation of the plasma (i.e. 2 < (2, as in the
model of Hill [1979]). This current system bends field lines out of meridian planes, producing

azimuthal field components B,,.

42



500¢

400} — M=500 kg/s
T 300} M=1000 kg/s
£ M=2000 kg/s
~ 200}
= — COROTN
100} — GRAVITY

10 15 20 25 30 35 40
REQ/ RJ

Figure 7: Solutions for azimuthal plasma velocity in the equatorial plane, calculated using the
theory of Hill [1979] for an axisymmetric rotating magnetosphere with a pure dipole field of
magnetic moment appropriate for Jupiter. Solutions are shown in units of km - s~*, as a function
of equatorial radial distance in units of Jupiter radii. Curves are colour-coded according to the
Iogenic plasma mass loading rate M , and corotation and Keplerian rotation curves are also shown

for comparison.
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Figure 8: Observations of azimuthal plasma velocity near the Jovian equatorial plane, obtained
through analysis of Galileo PLS (Plasma Science instrument) data by Bagenal et al. [2016]. Data
are grouped according to local time sector indicated in the panel titles. PLS data were analyzed
using the method of numerical moments (dark-coloured data points and dashed lines) to derive
magnitude of the flow in spacecraft coordinates, and forward modelling (light-coloured data
points and solid lines) for azimuthal components of flow in planet-centred spherical coordinates,
referenced to Jupiter’s rotation axis. The dot/dashed black lines show 100%, 80% and 60% of
corotation. This figure was derived by extracting only the panels pertaining to plasma azimuthal

velocity from the original figure in Bagenal et al. [2016].
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Figure 9: (Figure from Grodent et al. [2018], to which the reader is referred for further detail):
Ultraviolet auroral images of Jupiter’s northern hemisphere acquired with the Hubble Space Tele-
scope Imaging Spectrograph (STIS) UV camera, and projected on a polar map with 10° spacing
in latitude and longitude. The logarithmic blue shades colour bar in the upper left panel indicates
the intensity of emission. Each auroral family (Q, U, N, J, I, i and X) displayed in the cor-
responding panel is potentially representative of a certain state of the magnetosphere. Auroral
features characterising different morphologies are highlighted with red dashed lines, and ellipses
and red numbers from ‘1’ through ‘9’. For example, the parallel loci labelled ‘1’ and ‘2’ are the
boundaries of the main emission (main oval, linked to corotation breakdown of the magnetodisc
plasma) in its quiescent and narrowed states; the corner-shaped feature marked ‘3’ in the lower
left panel is typical of the strong injections (I) family. We have additionally highlighted the Io

auroral footprint in the panel labelled *U: unseé?ed’.
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Figure 10: (From Badman et al. [2005], to which the reader is referred for further detail): Selec-
tion of UV images of Saturn’s southern aurora taken during January 2004, with the visit number,
date, and start time of each image shown at the top 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. The UV auroral
intensity is plotted according to the colour scale shown on the right-hand side. White crosses
mark the poleward edge of the observed auroral features. Dashed white line in the pre-midnight
sector marks a region of nightside emission attributed to solar UV photons scattered from Sat-

urn’s rings. The intensities shown are the average of two unfiltered images obtained over each

HST orbit.
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