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Abstract. Auroras are (generally) high-latitude atmo-
spheric emissions that result from the precipitation of
energetic charged particles from a planet’s magneto-
sphere. Auroral emissions from the giant planets have
been observed from ground-based observatories, Earth-
orbiting satellites (e.g., International Ultraviolet Ex-
plorer (IUE), Hubble Space Telescope (HST), and
Roentgensatellit (ROSAT)), flyby spacecraft (e.g., Voy-
ager 1 and 2), and orbiting spacecraft platforms (e.g.,
Galileo) at X-ray, ultraviolet (UV), visible, infrared
(IR), and radio wavelengths. UV, visible, and IR auroras
are atmospheric emissions, produced or initiated when
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ambient atmospheric species are excited through colli-
sions with the precipitating particles, while radio and
X-ray auroras are beam emissions, produced by the
precipitating species themselves. The emissions at dif-
ferent wavelengths provide unique and complementary
information, accessible to remote sensing, about the key
physical processes operating in the atmospheric and
magnetospheric regions where they originate. This pa-
per reviews the development of our current understand-
ing of auroral emissions from Jupiter, Saturn, Uranus,
and Neptune, as revealed through multispectral obser-
vations and supplemented by plasma measurements.
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1. INTRODUCTION

Electromagnetic radiation emanating from the high
latitudes of a planet (also called auroral or polar lati-
tudes) are generally referred to as “auroral emissions.”
They are generated through the excitation of upper
atmospheric atoms and molecules by energetic electrons
and ions precipitating down from the planet’s magneto-

sphere along high-latitude magnetic field lines. Thus
auroras are the observed signatures of electrodynamical
coupling between a planet’s magnetosphere and iono-
sphere. Auroral emissions can be produced at a wide
range of wavelengths, from X-ray to radio wavelengths.
Auroras play an important role in the energy balance
between incoming solar radiation (both photons and
solar wind particles) and outgoing planetary radiation
and can have important chemical and dynamical conse-
quences for the entire atmosphere-ionosphere-thermo-
sphere system, globally and especially locally. By observ-
ing and modeling a planet’s auroral emissions at
different wavelengths, one can learn about composition,
structure, temperature, energy budget, transport pro-
cesses, and magnetospheric plasma properties all at
once.

Since the discovery of ultraviolet auroral emissions
from Jupiter in 1979 during the flyby of Voyager 1, there
has been a great deal of research on the nature of giant
planet auroras. (The planets Jupiter, Saturn, Uranus,
and Neptune are often referred to as giant or outer
planets.) The Voyager flybys of Jupiter (in March and
July, 1979), Saturn (in November 1980 and August
1981), Uranus (in January 1986), and Neptune (in Au-
gust 1989) provided the in situ measurements of mag-
netic field strength and morphology, magnetospheric
plasma populations, and local remote sensing required
to make an initial characterization of the relevant au-
roral physics at each planet. The Voyager results were
generally supported by Earth-based observations (pri-
marily far ultraviolet (FUV) observations made by the
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International Ultraviolet Explorer (IUE) satellite) until
the Hubble Space Telescope (HST) era began, more
specifically, the post-COSTAR (corrective optics space
telescope axial replacement) (i.e., “repaired”) HST era.
The high spatial resolution of the FUV data from HST,
supported by ground-based observations of H; emis-
sions and Roentgensatellit (ROSAT) observations of
X-ray emissions, has recently led to a significant modi-
fication in our understanding of Jupiter’s aurora in par-
ticular. For example, Plate 1 shows the high spatial
resolution possible with the space telescope imaging
spectrograph (STIS) on HST for observing FUV auroral
emissions from Jupiter and Saturn. The emissions at
these different wavelengths provide unique and comple-
mentary information about the key processes at the
auroral latitudes (and the magnetospheric regions)
where they originate.

Until now, there have been few attempted reviews of
giant planet auroral emissions. Fox [1986] provided an
overview of models of auroras and airglow on all the
planets, Clarke et al. [1989b] reviewed Jupiter’s aurora
and airglow in some detail, and Prangé [1992] reviewed
Jovian ultraviolet (UV) and infrared (IR) auroras. More
recently, Prangé and Livengood [1998] and Ballester
[1998] have reviewed the IUE auroral observations on
Jupiter and on Jupiter, Saturn, and Uranus, respectively.
Very recently, Kim et al. [1998] reviewed the Jovian
aurora, Bhardwaj and Gladstone [2000] summarized
multispectral auroras on Saturn, Uranus, and Neptune,
Herbert and Sandel [1999] reviewed the UV auroral and
airglow observations on Uranus and Neptune, and
Bhardwaj [1997a] reviewed experimental and theoretical
studies of giant planet UV airglow emissions. Although
auroral processes are not covered specifically, the book
by Atreya [1986] provides an excellent source for under-
standing the upper atmospheres and ionospheres of the
giant planets, the “fluorescent screen” of the aurora’s
“cathode ray tube” [Akasofu, 1980].

We recognize that many of the ideas presented here
are rapidly becoming obsolete as more and better ob-
servational data are acquired. The excellent data avail-
able make it challenging for theorists and modelers to
keep up with the often-changing paradigms in this field.
Our review is intended to document a part of the large
body of work that has been done in the last 20 or so years
on giant planet auroras. Hopefully, our ideas on this
subject will eventually stabilize, although there is no
indication that this will happen any time soon.

Jupiter’s aurora is the brightest and the most exten-
sively studied (compared with the other giant planets) by
virtue of its closer proximity to Earth. The Jovian aurora
has been observed in X-ray, UV, visible, near and midin-
frared, and radio wavelength ranges. Because of its
closeness to the Earth, it was the first giant planet from
which any kind of auroral emissions were observed.
Auroras from Saturn and Uranus are observed at UV,
IR, and radio wavelengths, but information about Nep-
tune’s aurora is currently only available at UV and radio
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wavelengths. The auroral emissions from the giant plan-
ets are generally believed to be produced by precipitat-
ing magnetospheric electrons, with some contribution
from protons and/or heavy ions. Jupiter has the most
spectacular auroral display, with an implied power input
of ~10'* W (about 1000 times more than in Earth’s
auroral regions), followed by Saturn and Uranus at
~10"" W. Neptune has a relatively weak aurora, with an
estimated input power of ~10° W.

In the next section we briefly define and review the
primary processes that lead to auroral emissions from
the giant planets and outline our current understanding
of them. In the remaining sections we present an edited
history of the relevant observations and theoretical work
on the auroral emissions from Jupiter, Saturn, Uranus,
and Neptune. Where possible, the emissions will be
roughly grouped by energy, from X rays to thermal IR.
We regret we are unable to review radio observations of
giant planet auroras here. Readers are referred to sev-
eral excellent reviews in this area [e.g., Zarka, 1992,
1998; Carr et al., 1983; Kaiser, 1993; Kaiser et al., 1984;
Desch et al., 1991; Zarka et al., 1995; Kaiser and Desch,
1984]. We close by reviewing the most recent observa-
tions and speculating as to the future directions of the
field.

2.  AURORAL PROCESSES ON THE GIANT
PLANETS

The atmospheric composition of the giant planets is
close to solar, with hydrogen species and helium far
outnumbering any C-, N-, or O-bearing species. In the
upper atmospheres of these planets this dominance is
generally greatly enhanced through the processes of
condensation, photolysis, and diffusive separation. Thus
it is not surprising that almost all auroral emissions
observed on the giant planets result from particle impact
excitation of hydrogen species. Some of the primary
processes that occur during electron impact on molecu-
lar hydrogen are given in Table 1, where ¢, represents a
primary (or precipitating) energetic electron; H,(v) rep-
resents vibrationally excited molecular hydrogen; H3
represents energetic or fast (i.e., nonthermal) molecular
hydrogen; H,(a) represents electronically excited mo-
lecular hydrogen in the a 32; state; H,(b) represents
electronically excited molecular hydrogen in the b 3,
(dissociative) state; H,(B, C) represents electronically
excited molecular hydrogen in the B 'S, state (the
upper level of the Lyman band system) or C 'II,, state
(the upper level of the Werner band system), respec-
tively; H(2p, 2s) represents electronically excited atomic
hydrogen in either of the n = 2 states; H(3/) represents
electronically excited atomic hydrogen in any of the n =
3 states; hv represents an emitted photon; and e, rep-
resents a secondary electron.

All these processes yield atmospheric emissions.
Other precipitating particles (e.g., protons and/or heavy
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Plate 1. Hubble Space Telescope (HST) imaging spectrometer (STIS) false-color images showing the highly
structured morphology of FUV auroral emissions from (top) Jupiter and (bottom) Saturn. The ~0.06" spatial
resolution and high sensitivity of STIS allow the study of auroral features as small as 180 km at Jupiter and
as small as 380 km at Saturn. In the Jupiter image the bluish regions inside the northern auroral oval are
regions in which H I Lyman « emissions are enhanced relative to the H, Lyman and Werner band emissions,
and the “spot” emissions equatorward of the main oval are from the Io flux tube (IFT) footprint in both the
north and south hemispheres. These images are taken from the Space Telescope Science Institute Web site
(http://oposite.stsci.edu/pubinfo/1998.html), courtesy of J. Clarke (University of Michigan) and J. Trauger
(NASA Jet Propulsion Laboratory).



298 e Bhardwaj and Gladstone: GIANT PLANET AURORAS

TABLE 1.
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Primary Processes in the Impact of Electrons on H,

Process

Reaction Sequence

Result

Vibrational excitation e
Electronic excitation e
Electronic excitation e
Dissociative excitation e
Dissociative excitation e
Ionization e

Dissociative ionization e
and excitation

+ H, = H,(v) + e,; Hy(v) + H, = HS + H,

+ H, — Hy(b) + e,; Hy(b) — Hy(a) + hv

+ H, — Hy(B, C) + e,; Hy(B, C) — H, + hv

+ H, = H(2p, 2s) + H + ¢,; H(2p, 2s) > H + hv

+ H, - H(3l) + H + ¢,; H(3]) = H(2l) + hv
+H,—>H; +e +e,,H +H,—>H; + H

+ H, > H(2p, 2s) + H" + e, + ¢e,; H2p, 2s) = H + hv

heat, quadrupole emission (IR)

a — b continuum (MUV)
Lyman and Werner bands (FUV)
Lyman o (FUV)

Balmer series (visible)

H5 emission (IR)

Lyman o (FUV)

ions) would excite somewhat similar emissions, both
directly and through the secondary electrons they pro-
duce. By contrast, X-ray (and radio) auroras are emitted
by the precipitating particles themselves. For example,
precipitating sulfur ions would emit X rays by first
charge stripping to a highly ionized state, followed by
charge exchange and excitation reactions as follows [cf.
Cravens et al., 1995]:

Charge stripping S V" + H, > 87" + H, + ¢,

Charge transfer S + H, — SV + H;

X-ray emission SV — @Dt 4 by

where S97 represents sulfur ions that are g electrons
short of being neutral atoms and S?*" represents such
ions that are in an electronically excited state.

Many bright auroral emission features are expected at
visible wavelengths (e.g., H I Balmer lines, He I 1083
nm), but these are difficult to detect against reflected
sunlight when observing the giant planets from the vi-
cinity of the Earth. For example, assuming a reflectivity
of 30%, the backscattered sunlight at 656.3 nm (Ha)
from Jupiter has a brightness of ~20 MR nm™!' (a
rayleigh (R) is a unit of surface brightness equivalent to
10° photons cm ™% s~ ! 4msr™ '), so that even a 0.01-nm-
wide auroral emission line (e.g., the H I Lyman « line
width is ~0.1 nm in the Jovian aurora, although most
other emissions are expected to be much narrower)
would have to compete with a reflected signal of 200 kR.
Thus most of our remote sensing of giant planet auroral
emissions has been accomplished at other than visible
wavelengths. Important exceptions to this rule are the
Voyager [e.g., Cook et al., 1981] and Galileo [e.g., Inger-
soll et al., 1998] visible imagings of Jupiter’s nightside
aurora, which, because of their high spatial resolution,
are providing strong new constraints on the width and
altitude of the aurora.

3. JUPITER

The probable existence of auroras on Jupiter was
predicted by Schwitters [1968] and Hunter [1969] when

they detected Ha line (656.3 nm) emissions, with inten-
sities of a few kilorayleighs, from ground-based tele-
scopes (although the results were ambiguous). Dulk et al.
[1970], using improved resolution, found no emissions
with intensity greater than 10 kR from Jovian auroras.
Further observations, with inconclusive evidence for au-
roras on Jupiter, were undertaken by Rottman et al.
[1973], Clary and Hunter [1975], Giles et al. [1976], and
Holman and Hunter [1977]. Atreya et al. [1977] presented
evidence for the existence of auroral hot spots at the feet
of the Io flux tube (IFT) using the Copernicus satellite
spectrometer data. (The Io flux tube refers to a few
million ampere current of ions and electrons on mag-
netic field lines that are short-circuited through the
ionospheres of Io and Jupiter.) A Lyman « intensity
exceeding 100 kR, in addition to about 1 kR of Lyman a
airglow, was measured.

Taking analogy from the processes occurring in the
upper atmosphere of the Earth, Heaps et al. [1973, 1975]
suggested that electron and proton auroras should be
present on Jupiter. These authors computed H, He, and
H, emissions resulting from the precipitation of elec-
trons and protons, degraded in energy by applying the
continuous slowing down approximation (CSDA)
method. Their results showed that for an electron aurora
[Heaps et al., 1973], most of the Lyman « emission is due
to dissociative excitation of H, rather than to direct
excitation of H, while in the case of a proton aurora
[Heaps et al., 1975], charge exchange and excitation of
the precipitating H" provides the most important source
of Lyman «. From the ground-based measurements of
the 656.3-nm line of atomic hydrogen, Heaps et al. [1973]
placed an upper limit of 10'! el cm~? s~ ' on an electron
flux peaked in the sub-keV range and 10'° el cm %5~ ' if
the differential electron flux peaked near 10 keV. As-
suming the auroral regions cover 1/50 of Jupiter’s sur-
face, this amounts to an input power of 200 GW, which
is a very good upper limit considering that our current
estimate of auroral input power is ~100 GW on Jupiter.
Heaps [1976] explored the implications of electron pre-
cipitation for heating of the neutral atmosphere. Cravens
[1975] considered the effect of precipitating 20-keV
electrons on the atmosphere and ionosphere of Jupiter
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Figure 1. A comparison of the Einstein detection of Jovian
X-ray emissions with previous upper limits [Metzger et al., 1983,
Figure 3]. Voyager data are from Kirsch et al. [1981a], Coper-
nicus data are from Vesecky et al. [1975], Uhuru data are from
Hurley [1975], and all other data are from Mahoney [1973].

by calculating UV intensities, ionospheric densities, and
neutral, electron, and vibrational temperatures. Hunten
and Dessler [1977] suggested a mechanism for producing
flux of soft electrons (50-300 eV), the precipitation of
which was indicated by the Pioneer-observed high tem-
perature of Jupiter’s topside ionosphere [Nagy et al.,
1976].

3.1.  X-Ray Emissions

Following the discovery of a magnetosphere on Jupi-
ter by the ground-based detection of nonthermal radio
emissions [Burke and Franklin, 1955; Bigg, 1964; Pidding-
ton and Drake, 1968; cf. Berge and Gulkis, 1976], it was
reasonable to expect, based on terrestrial analogy, that
Jupiter should be a source of X-ray emissions produced
via bremsstrahlung by the precipitation of energetic
electrons from the magnetosphere into the upper atmo-
sphere of the planet. In planetary atmospheres, brems-
strahlung X rays are produced when high-energy elec-
trons are scattered by ambient atmospheric nuclei.

This expectation led to a series of searches, starting in
1962, to detect the X-ray emissions from Jupiter by
rocket [Fisher et al., 1964], balloons [Edwards and Mc-
Cracken, 1967; Haymes et al., 1968; Hurley, 1972; Ma-
honey, 1973], and satellites [Vesecky et al., 1975; Hurley,
1975]. In all these instances the results of attempts to
detect X rays from Jupiter, at various energy ranges,
were negative; these studies only provided upper limits
to the X-ray fluxes in the energy range of their instru-
ments (see Figure 1). There was also speculation that
bombardment of the Galilean satellites by energetic
particles within Jupiter’s magnetosphere would produce
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substantial characteristic X-ray line emissions [Mihalov,
1973].

Although the Voyager spacecraft did not carry any
X-ray detectors, the Low Energy Charged Particle
(LECP) Experiment was somewhat sensitive to X rays in
the 14- to 31-keV and 31- to 63-keV ranges. This allowed
Kirsch et al. [1981a] to place an upper limit for Jovian
X-ray emission, based on count rate enhancements ob-
served in the direction of Jupiter when Voyager 1 was
still approaching from 100-230 R, away. Their upper
limit corresponded to <1.3 X 10~* photons cm % s *
keV~! at Earth in the 14- to 31-keV range. Since to
produce this large an X-ray flux would require unrealis-
tically large precipitating electron fluxes at Jupiter, and
given the apparent hardness of the spectrum, Kirsch et
al. concluded that the count rate enhancements were
more likely due to energetic neutrals, possibly originat-
ing from the innermost Galilean satellite, lo, as a result
of charge exchange between energetic ions and ambient
neutrals.

The first positive detection of X-ray emissions from
the polar regions of Jupiter was made by the imaging
proportional counter (IPC) and high-resolution imaging
(HRI) detectors on board the Einstein (High Energy
Astronomical Observatory 2 (HEAO-2)) satellite
[Metzger et al., 1983], finally ending a long frustrating
search for them over a wide energy range. The emissions
were detected in the 0.2- to 3.0-keV energy range (softer
than the Voyager LECP range) from both auroral zones
(north and south) of Jupiter. The observed energy spec-
trum of the X rays was soft and was characterized by a
power law with an exponent of ~2.3 (see Figure 1 for
flux versus energy spectrum). The total flux was found to
be relatively constant in time, in contrast with the ob-
servations in the UV, where substantial long- and short-
term variabilities had been observed. The measured
X-ray flux at Earth of ~6 X 10"*cm™?s™! corresponded
to an X-ray luminosity of ~4 X 10° W in the 0.2- to
3.0-keV energy band. Metzger et al. [1983] were not able
to reconcile their data in terms of bremsstrahlung by
precipitating electrons due to an unreasonably high in-
put power requirement (10'°-10'® W) for this mecha-
nism, about a factor of 100-1000 larger than the input
power derived from Voyager and IUE observations as
required for producing the UV aurora [Broadfoot et al.,
1981a; Durrance et al., 1982; Yung et al., 1982]. Therefore
Metzger et al. argued for K-shell line emissions from
precipitating S and O ions, with energies of 0.3-4.0 MeV
nucleon ', as the most plausible source of the Jovian
auroral X rays. The X-ray line emissions (at ~0.53 nm
for S ions and ~2.36 nm for O ions) arise as the ener-
getic O and S ions are nearly stripped of electrons while
precipitating, and then (through further collisions) are
either directly excited or charge exchanged into an ex-
cited state, which emits an X-ray photon upon decay
back to the ground state. The suggestion of energetic
heavy ions as the source of auroral X-ray emissions from
Jupiter was based in part on evidence from in situ
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Voyager observations of a strong radial gradient in the
energetic heavy ion flux [Gehrels and Stone, 1983], indi-
cating a planetward ion flow from the outer magneto-
sphere [Gehrels et al., 1981]. The contrast between an
approximately constant flux measured between 17 and
12 R; and a sharp decrease between 12 and 6 R, [Gehrels
and Stone, 1983] suggested strong pitch angle scattering
into the loss cone, and subsequent precipitation of these
heavy ions into the auroral atmosphere, at a rate com-
parable to the strong pitch angle diffusion limit. How-
ever, the energy resolution of the IPC detector on the
Einstein observatory was not sufficient to clearly distin-
guish a line spectrum (emissions from excited states of
highly stripped S and O ions) from a continuum (elec-
tron bremsstrahlung).

The precipitating heavy ions should also produce line
emissions at UV wavelengths during collisions with H,.
This was explored by Waite et al. [1988a] by observing
Jovian auroras with IUE and also modeled by Horanyi et
al. [1988]. These studies showed that the theoretically
predicted intensities of ultraviolet O and S emissions
were much larger than the upper limit values of inten-
sities set by IUE. These authors suggested that the bulk
of the auroral UV emissions are due to energetic (10—
100 keV) electron precipitation which is deposited above
the region of substantial methane absorption (i.e., at or
above the homopause), while the X rays are due to line
emissions produced by energetic (>300 keV nucleon™ ")
heavy ion precipitation which is deposited considerably
below the methane homopause level. (The homopause is
the altitude level above which atmospheric gases have
individual scale heights according to their molecular
weights, rather than share a common scale height, as
below this level. Generally, the homopause level occurs
in the lower thermosphere.) As Jupiter’s upper atmo-
sphere is considerably more transparent to X rays than
to FUV emissions, this scenario could satisfy both sets of
observations since UV emissions associated with the
heavy ion precipitation would be extinguished by the
overlying hydrocarbons.

Barbosa [1990a] reexamined the question of electron
bremsstrahlung as the mechanism for producing X-ray
photons on Jupiter. He proposed that soft X rays ob-
served by Metzger et al. [1983] are due to bremsstrahlung
from the secondary electrons generated locally during
ionization of H, by precipitating primary electrons. He
showed that a good agreement with the Einstein X-ray
measurements can be obtained (see Figure 2) with a
beam of primary electrons (electrons assumed to be
accelerated by a field-aligned potential drop and precip-
itated into the atmosphere) having a Maxwellian energy
distribution with a characteristic energy of 30-100 keV,
penetrating below the homopause with an energy flux of
1020 ergs cm ™ * s~ ', and ionization secondaries having
a power law with spectral index ~2.

The model of Barbosa [1990a], however, does not
comply with the theories of electron transport in the
terrestrial auroral atmosphere [e.g., Banks et al., 1974;
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Figure 2. Electron bremsstrahlung photon flux F(g) for
three auroral electron precipitation models [Barbosa, 1990a,
Figure 3b]. In this model the secondary electron spectrum is
unconstrained by the primary electron spectrum.

Evans, 1974; Walt et al., 1979; Haider and Singhal, 1983],
since the secondary electron energy distribution param-
eters were chosen freely, independent of the primary
electron beam parameters, to satisfy the observed X-ray
spectrum of Metzger et al. [1983]. Essentially, in the
model of Barbosa [1990a] the electron distribution used
in the calculations consists of two components: (1) the
primary electron part, which is assumed to have a Max-
wellian distribution with energy flux and characteristic
energy as the free parameters, and (2) the secondary
electron part, which is assumed to have a power law
distribution with spectral index and high-energy cutoff
(together with the energy flux of secondary electrons) as
the free parameters. No comparison between Barbosa’s
model and theoretical Jovian models was possible at that
time since all the models focused on energies =10 keV
[Gérard and Singh, 1982; Waite et al., 1983], whereas the
calculations of Barbosa suggested electron energies in
the range 30-100 keV.

Following this, two independent theoretical models,
one based on the two-stream method [Waite, 1991] and
the other based on the continuous slowing down approx-
imation (CSDA) [Singhal et al., 1992], performed self-
consistent calculations of the electron energy flux distri-
bution of the primary and secondary precipitating
electrons in the atmosphere of Jupiter at energies of
10-100 keV. Both models showed that the expected
X-ray photon flux is an order of magnitude or more
smaller than both the observations and Barbosa’s results
in the spectral region sampled by Einstein (see Figure 3).
This large discrepancy between the results of Barbosa
[1990a] and those of Waite [1991] and Singhal et al.
[1992] is due to the fact that the secondary electron
distribution assumed by Barbosa is over 3 orders of
magnitude larger at the altitude of peak auroral energy
dissipation [cf. Waite, 1991, Figure 1; Singhal et al., 1992,
Figure 4] than that predicted by the models. Thus the
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most recent studies support the original work of Metzger
et al. [1983] in suggesting that electron bremsstrahlung is
unlikely to be the source of Jovian auroral X rays.

Around this time, two papers were also published
[Barbosa, 1990b; Waite et al., 1992] predicting the X-ray
intensity at Jupiter during future planetary missions.
Barbosa [1990b] predicted the X-ray energy spectrum
expected at observational distances of 10 and 100 Rj,
based on his model of electron bremsstrahlung [Barbosa,
1990a], while Waite et al. [1992] predicted the intensity of
electron bremsstrahlung—produced X rays using the two-
stream method [Waite et al., 1983; Waite, 1991]. Calcu-
lations of Waite et al. [1992] predicted that precipitating
auroral electrons consistent with the constraints from
observed UV auroral emissions would produce brems-
strahlung X rays with sufficient energy and intensity to
be detected by the Ulysses spacecraft at 10 R; during its
gravity-assisted flyby of Jupiter in February 1992. The
model calculations [Waite, 1991; Singhal et al., 1992]
predict a change in the slope of the X-ray emission
spectrum at higher energies (=5 keV), and this could
provide an important discriminator between the heavy
ion and bremsstrahlung models, if Jovian X rays could
be measured at these high energies.
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Figure 3. Electron bremsstrahlung photon flux F(g) for
three similar auroral electron precipitation models [Singhal et
al., 1992, Figure 5]. In this model the secondary electron
spectrum is derived from the primary by the continuous slow-
ing down approximation method.
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Figure 4. Jovian X-ray spectrum obtained by the Rdentgen-
satellit (ROSAT) position-sensitive proportional counter
(PSPC) instrument, with the best fitting two-line and brems-
strahlung models overplotted [Waite et al., 1994, Figure 5].

The ambiguity about the source of X-ray radiation
from Jupiter’s auroral latitudes, with arguments and
counterarguments for and against the electron brems-
strahlung and K shell ion emissions, was resolved to a
certain extent by the Ulysses Gamma Ray Burst (GRB)
experiment observations made from a distance of 163—
110 R;, which detected no significant emissions in the
27- to 48-keV energy range [Hurley et al., 1993]. These
observations placed a 3¢ upper limit of 1.1-5.6 X 108 W
for hard X-ray emissions from Jupiter. The precipitating
electron power required to explain the UV aurora leads
to estimates of bremsstrahlung X-ray power which are
an order of magnitude below the Ulysses upper limit
[Hurley et al., 1993], whereas the Barbosa [1990a, b]
model predicts a bremsstrahlung X-ray power between
9 X 10”7 and 2 X 10® W, which should have been detected
by the GRB experiment. The Ulysses observations did
not completely rule out the electron bremsstrahlung
hypothesis but provided more support for the suggestion
that the X-ray radiation from Jupiter is mostly K shell
line emissions of precipitating S and O ions.

The controversy was further resolved by ROSAT
HRI and position-sensitive proportional counter (PSPC)
observations of Jupiter made in April 1991 and May
1992, revealing soft (~80-2000 eV) X-ray emissions
from auroral latitudes [Waite et al., 1994]. Comparison of
the observed X-ray photon flux versus energy spectrum
with the X-ray spectrum produced by electron brems-
strahlung and recombination line emissions from S and
O ions suggested (see Figure 4) that the line spectrum
produces a substantially better fit, both spectrally and
statistically, than does the best bremsstrahlung fit. The
total X-ray power inferred from analysis of the PSPC
(0.1- to 2.1-keV energy passband) data was 1.3-2.1 X 10°
W, which is within a factor of 3 of the 4 X 10° W (0.2-3.0
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keV) emitted X-ray power reported by Metzger et al.
[1983] from the Einstein measurements. The difference
between the auroral X-ray power inferred from ROSAT
and Einstein data may be partly due to differences in the
energy passband of the two experiments and/or temporal
variations in auroral intensity. Waite et al. [1994] used
ROSAT HRI observations to study the variation in
auroral X-ray intensity as a function of Jupiter’s longi-
tude in the northern polar region (see Plate 2); the data
set indicated a peak in the northern auroral zone near
180°-200° system III longitude. This longitudinal vari-
ability observed by ROSAT at X-ray wavelengths is
consistent with the well-known variability in UV emis-
sions in the northern auroral zone [e.g., Livengood et al.,
1992]. Thus the ROSAT observations support the sug-
gestion of Metzger et al. [1983] and model calculations
[Waite et al., 1988a, 1994; Waite, 1991; Singhal et al.,
1992] that precipitating energetic (>700 keV nucleon ')
S and O ions are most probably responsible for the X-ray
emissions from Jupiter. The presence of such energetic
ions in the Jovian magnetosphere, and probably the
region of their precipitation into the atmosphere (L =
8-12), was demonstrated by the Voyager LECP data
[Gehrels and Stone, 1983].

The conclusion of Waite et al. [1994] was further
developed by the detailed modeling of X-ray emission
production, assumed to be recombination line emissions
from heavy ion precipitation, carried out by Cravens et
al. [1995]. The model of Cravens et al. was an extension
of the previous model of energetic oxygen precipitation
at Jupiter developed by Horanyi et al. [1988] to include
all the charge states of the oxygen (instead of only the
lowest four charge states considered by Horanyi et al.),
from neutral oxygen up to fully stripped oxygen. Cravens
et al. demonstrated that X-ray emissions in the energy
region of ROSAT observations occur mainly from highly
charged and excited states of the ions; these are ¢ = 5-7
for oxygen ions (i.e., O VI, O VII, and O VIII) and g =
6-13 for sulfur ions. Their modeled X-ray energy spec-
trum showed a reasonably good resemblance to the
ROSAT observations, except at 250- to 400-eV energies.
This discrepancy could be due to emissions from other
species, such as Na and C, that have not been considered
in the model but are observed by Ulysses to be present
in the Jovian magnetosphere at a few percent of the
oxygen and sulfur fluxes [Lanzerotti et al., 1992]. It is also
a result of their oversimplified consideration of the
PSPC response function. A total auroral X-ray radiated
power of ~2 X 10® W was estimated by these authors, a
few times less than the ROSAT observations. The study
of Cravens et al. [1995] also showed that the X-ray
emissions observed by ROSAT and Einstein could be
explained by heavy ion precipitation without extrapolat-
ing the Voyager energetic ion spectrum [Gehrels and
Stone, 1983] to lower energies. Recently, Kharchenko et
al. [1998] performed Monte Carlo calculations that sim-
ulate the charge state histories of energetic oxygen ions
as they precipitate into Jupiter’s atmosphere. They find
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that the ions are slow to reach the charge state equilib-
rium assumed by Cravens et al. [1995] and previous
studies and that this can significantly alter the X-ray
spectrum.

In summary, the current status of our understanding
of Jovian auroral X rays is that these emissions are
dominantly line emissions resulting from recombination
and charge exchange transitions in highly charged states
of S and O ions which are precipitating into the atmo-
sphere of Jupiter with energies in excess of 300 keV
nucleon ' from the L = 8-12 region of the magneto-
sphere, with at most a minor contribution from electron
bremsstrahlung.

It is worth pointing out here that X-ray emissions
have also recently been observed by ROSAT from the
equatorial latitudes of Jupiter (see Plate 3) which have
been interpreted as line emissions from precipitating
heavy ions [Waite et al., 1997]. The precipitation of these
heavy ions at low latitudes can result from pitch angle
scattering of ions by plasma waves [Thorne and Moses,
1983], whose presence in the inner magnetosphere of
Jupiter, with high intensity at lower latitudes, has been
detected by Ulysses [Rezeau et al., 1997]. These X-ray
emissions seem to be organized in solar local time (oc-
curring predominantly between local noon and dusk)
and in longitude, and are found to emanate largely from
the A\ = 210°-60° region (a broad region of low mag-
netic field strength along the Jovian magnetic dip equa-
tor). Assuming that these equatorial X rays are caused
by the precipitation of energetic (>300 keV nucleon ')
S and O ions out of Jupiter’s inner radiation belt, Waite
et al. [1997] studied the implications of these precipitat-
ing heavy ions for the heating of the atmosphere. Their
model calculations showed that a height-integrated heat-
ing rate of 0.08-3 ergs cm * s~ ', with a preferred value
of 0.2 ergs cm ™ ? s~ ', can result in substantial heating of
the atmosphere that may account for a large fraction of
the upper atmosphere temperature structure observed
by the Galileo probe’s atmospheric structure instrument
[Seiff et al., 1996, 1997].

Most recently, Gladstone et al. [1998a] examined the
spatial and temporal variations of the Jovian X rays
using several years of ROSAT observations. They found
that the emitted X-ray power from Jupiter has decreased
with time by about 50% from 1994 to 1996, roughly in
parallel with solar activity. Also, the distribution of emis-
sions across the disk of Jupiter has an intriguing corre-
lation with the bright limb of the planet (i.e., the X-ray
emissions are found to be brightest on the side of the
sub-Earth location where the subsolar point resides).
This may indicate that reflected or fluoresced solar X
rays may contribute to the disk emissions and that they
are not entirely the result of ion precipitation.

3.2. Ultraviolet Emissions

3.2.1. Early work. The first positive identification

of the aurora on Jupiter was provided by the Voyager
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Plate 2. Individual images of six different Roentgensatellit (ROSAT) high-resolution imaging (HRI)
observations of Jupiter during May 22, 1992. The orientation and size of the disk of Jupiter and the average
central meridian longitude (CML) during the observations are indicated [Waite et al., 1994, Plate 2].
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Plate 3. (a) ROSAT HRI X-ray image of Jupiter, produced with data from July 13-15, 1994. The data have

been smoothed by the HRI point spread function (PSF) and converted to brightness units. (b) Map of the
X-ray emissions, with overlain contours of O6 model surface magnetic field strength (gauss) and a dashed line
showing the magnetic dip equator. The red cross marks the entry site of the Galileo probe [Waite et al., 1997,

Figure 1]. Reprinted with permission from Science.

ultraviolet spectrometer (UVS) [Broadfoot et al., 1979,
1981a; Sandel et al., 1979] (see Figure 5). Assuming the
auroral zone width to be 6000 km, the UVS observations
inferred about 60 kR of Lyman a and about 80 kR of H,
Lyman and Werner band emissions [Broadfoot et al.,
1981a]. These emissions were observed in both hemi-
spheres near 65° magnetic latitudes. The level of emis-

sion corresponded to a continuous power input of 10"~
10'* W into the auroral zone, compared with roughly
10'" W for the Earth’s aurora. For the precipitating
particles to be electrons, an energy flux of about 10 ergs
cm % s~! would be required [Gérard and Singh, 1982;
Waite et al., 1983]. This means that the planet-averaged
ratio of auroral to solar radiation input is 20-50 times
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more at Jupiter than at the Earth. In addition to elec-
trons, the most commonly accepted primary precipitat-
ing species, Goertz [1980] suggested proton precipitation
may be important, while Thorne [1982, 1983] and Thorne
and Moses [1983] considered heavy ion precipitation,
which is supported by observations of 1-20 MeV nucle-
on” ! oxygen, sulfur, and sodium ions in the Jovian inner
magnetosphere [Gehrels and Stone, 1983] (see Mauk et
al. [1996] and Anglin et al. [1997] for recent results on the
analysis of Voyager and Ulysses data). The question of
identity of the precipitating particles, however, is still
very much a debatable issue [e.g., Clarke et al., 1989b;
Waite et al., 1988a, 1994; Barbosa, 1991; Singhal et al.,
1992; Mauk et al., 1996] (see section 3.2.5 for more
details).

Jovian auroras were also observed at FUV wave-
lengths by IUE in the same time period of the Voyager
encounter, which gave an indication of a possible tem-
poral variation in the brightness of the emissions [Clarke
et al., 1980]. Durrance et al. [1982] used IUE to observe
the north pole of Jupiter during an almost complete
rotation of the planet. Skinner et al. [1984] modeled the
brightness distribution as a function of central meridian
longitude corresponding to TUE observations of the
north aurora collected between January 1981 and Janu-
ary 1982. (Central meridian longitude, or CML, refers to
the longitude on Jupiter (generally in the magnetic field
rotational frame known as system III) which is most
directly underneath the Earth at a given time.) Skinner
and Moos [1984] extended this work to south auroral
observations from July 1983 to March 1984. The above
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Figure 5. Voyager ultraviolet spectrometer (UVS) discovery
spectrum of Jovian auroral FUV emissions from H, (Lyman
and Werner bands) and H (Lyman «) [Broadfoot et al., 1979,
Figure 4]. Reprinted with permission from Science.
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Figure 6. Estimates of relative Jovian (a) northern and (b)
southern FUV auroral intensity as a function of system III
longitude, as recorded by the Voyager 1 UVS during preen-
counter observations [Herbert et al., 1987, Figures 6 and 8]. The
hatched areas indicate regions of poor data constraint. Note
the emission maxima near the locations of most negative
dB/d\ .

studies conducted using IUE data and those using Voy-
ager UVS data [Herbert et al., 1987] indicated a longitu-
dinally confined bright region in the northern auroral
zone, centered near Ay ~ 180° and a more uniform
southern aurora with peak emission near Ay;; ~ 50° (see
Figure 6). These longitudinal patterns are consistent
features over timescales of years, although the bright-
ness of the aurora varies over days and months. Herbert
et al. [1987] pointed out that these intensity maxima are
at longitudes where the mirror point altitude is decreas-
ing with time for particles drifting westward (toward
higher longitudes). Such westward drift is expected for
electrons due to ordinary gradient curvature drift but
could possibly also be exhibited by ions whose drift
motion is dominated by corotation lag in the Io plasma
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(a) Intensity (I,557_1619) and (b) color ratio (/1ss57_1619/11230_1300) Variation of Jovian northern

auroral H, emissions as observed by International Ultraviolet Explorer (IUE) during 1979-1989 [Livengood
et al., 1990, Figure 1]. The dashed line in Figure 7b shows the ratio expected for an unattenuated H, spectrum,
and IUE values lower than this have been plotted as asterisks.

torus. (The Io plasma torus is a doughnut of plasma,
mostly electrons plus S and O ions, that encircles Jupiter
at Io’s orbit. It is nearly self-generated, since torus par-
ticles corotating with Jupiter’s magnetic field can impact
Io’s atmosphere and sputter new material into the
torus.) The distribution of UV auroral brightness is
approximately fixed in magnetic longitude rather than
fixed with respect to local time as for the terrestrial
aurora.

Long-term studies of Jovian auroras using IUE have
been reported by Livengood et al. [1988, 1990, 1992] and
Livengood and Moos [1990]. Livengood et al. [1990] an-
alyzed the wavelength-dependent absorption apparent
in IUE spectra of Jovian north polar emissions observed
over the period of 1978-1989. They found that the
hydrocarbon optical depth in front of the auroral emis-
sion has a consistent dependence on magnetic longitude
(see Figure 7). Livengood et al. [1992] used IUE data
from 1981 to 1991 to rule out a correlation between the
auroral brightness and extreme ultraviolet (EUV) solar
cycle variability as predicted by Eviatar and Barbosa
[1984] and also did not detect any long-term variation in
either auroral brightness or morphology. These long-
term studies by IUE also confirmed the modulation of
emission intensity with central meridian longitude. The
UV emission peak at Aj;; ~ 180° CML in the northern
auroral zone coincided well with the “IR hot spot”
[Caldwell et al., 1988], indicating that the processes gen-
erating the UV and IR emissions might be the same and
that the longitudinal brightness variations might reflect
the auroral precipitation pattern [Prangé, 1991, 1992].
Later, high-resolution FUV imaging from the Hubble

Space Telescope (HST) led to questioning of this con-
clusion. Even the early (pre-COSTAR) HST images
clearly showed that the FUV auroral emissions were of
lowest brightness at the location where the IR emission
maximized [Caldwell et al., 1992]. In retrospect, much of
the auroral brightness variation with CML seen by Voy-
ager UVS and TUE was likely due to their large fields of
view.

3.2.2. Modeling. Post-Voyager modeling of Jo-
vian auroral and related process has been carried out by
several researchers [e.g., Yung et al., 1982; Gérard and
Singh, 1982; Waite et al., 1983, 1992; Gladstone, 1982;
Horanyi et al., 1988; Cravens, 1987; Gladstone and Skin-
ner, 1989; Barbosa, 1990a; Singh, 1991; Prangé and
Elkhamsi, 1991; Kim et al., 1992; Singhal et al., 1992;
Cravens and Eisenhower, 1992; Bhardwaj and Singhal,
1993; Livengood et al., 1990; Rego et al., 1994; Prangé et
al., 1995, 1997a, b; Bisikalo et al., 1996; Liu and Dalgarno,
1996; Achilleos et al., 1998; Gladstone et al., 1998b; Rego
et al., 1999]. The study of Yung et al. [1982] concluded
that the precipitating auroral particles must penetrate
the homopause in order to produce the observed ab-
sorption of H, emissions at wavelengths <140 nm and
that electrons in the range of 1-30 keV with an energy
flux of about 10 ergs cm ™2 s~ ' would suffice. Gérard and
Singh [1982] computed the expected altitude profiles of
ionization, excitation, and heating rates in the upper
atmosphere, using the continuous slowing down approx-
imation (CSDA), for 0.1- to 2-keV Maxwellian primary
electron spectra. Waite et al. [1983] and Horanyi et al.
[1988] have further studied the detailed aeronomical
consequences of 1- to 10-keV monoenergetic electron
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precipitation and energetic oxygen and sulfur ion pre-
cipitation, respectively, in the upper atmosphere of Ju-
piter. Their studies showed that atmospheric and iono-
spheric processes are not very sensitive to the identity of
the precipitating particles (effects vary within a factor of
~3) but depend mostly on the total energy input and the
atmospheric level at which the energy is deposited.

The first theoretical model of vibrationally excited H,
in the auroral upper atmosphere of Jupiter was pre-
sented by Cravens [1987]. He calculated the density for
each of the 14 excited vibrational levels of the ground
electronic state of H, as a function of altitude. He
showed that significantly enhanced populations of vibra-
tionally excited H, could exist in the atmosphere and
that these would affect ionospheric densities by provid-
ing an important chemical sink for H" ions in the Jovian
ionosphere through the reaction

H" + Hy(v=4) > H; + H,

as originally suggested by McElroy [1973].

Following the approach of Yung et al. [1982], Glad-
stone and Skinner [1989] and Livengood et al. [1990]
analyzed the effect of the wavelength-dependent atmo-
spheric extinction (due to hydrocarbons near or below
the homopause) on the observed H, FUV emission
spectrum. From a model-dependent analysis of IUE-
observed Jupiter polar emission spectra, Gladstone and
Skinner [1989] inferred equivalent incoming particle en-
ergies of ~95 keV, 3.3 MeV, and 6 MeV nucleon ™' for
electrons, protons, and heavy ions, respectively, while
Livengood et al. [1990] inferred energy from 10 to 17 keV
for electrons and approximately 200-500 keV nucleon !
for ions. Thus these latter studies suggested electrons in
the 10- to 100-keV range, while the earlier theoretical
studies modeled electrons of =10 keV only.

The effect of Jupiter’s strong magnetic field asymme-
try on the precipitation distribution of electrons and ions
was investigated by Prangé and Elkhamsi [1991] for the
case of an isotropic and uniform injection mechanism
along constant L shells and for various pitch angle
distributions. Their model suggested that depending on
the real-time precipitation rates of the species (electrons
and ions), the longitudinal precipitation profile (and
thus the brightness distribution) may have either a single
or double peak and that this could possibly explain the
longitudinal asymmetry observed in the auroral UV
emissions by Voyager and IUE.

Singh [1991] developed a CSDA-based model to cal-
culate the energy degradation of a proton-hydrogen
beam precipitating into a H,-H auroral atmosphere of
Jupiter. He found that the overall efficiencies of most
excitation processes due to proton and electron impact
are fairly similar but that the relative contribution of
secondary electrons to the excitation strongly depends
on the energy of the primary proton. His calculations
suggested that protons carrying an energy flux of 7-10
ergs cm 2 s~ ! with characteristic energy <1 MeV would
be required to account for the observed UV intensities.
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Figure 8. Calculated volume excitation rates of the Lyman
(curve B) and Werner (curve C) states of H, and the Ha, HR,
and Lyman « lines of H in a model Jovian atmosphere, for
input Maxwellian precipitating electron spectra with charac-
teristic energies of 100 keV (dashed lines) and 30 keV (solid
lines) [Singhal et al., 1992, Figure 7].

Extending the work of Horanyi et al. [1988], Cravens
and Eisenhower [1992] studied the chemical effects of
energetic oxygen ion precipitation on the auroral iono-
sphere of Jupiter. They found that an auroral oxygen flux
of about 10" cm™? s~' would be required if all the
observed H, Lyman and Werner band emissions were
due to ion precipitation rather than to energetic electron
precipitation. Their calculations further demonstrated
that the chemistry associated with the odd auroral oxy-
gen species (i.e., O, OH, and H,0O) could result in about
a factor of 4 reduction in the electron density in the
auroral ionosphere. Cravens and Eisenhower also stud-
ied the implications of O precipitation for CO formation
in the atmosphere of Jupiter and noted the possible
buildup of S* ions above the homopause due to their
nonreactivity with hydrogen.

To study the implications of energetic (10-100 keV)
electron precipitation in the high-latitude upper atmo-
sphere of Jupiter, Singhal et al. [1992] developed a model
using the CSDA method. They studied the production of
H, bands, H I Lyman o, Ha, HB emissions (see Figure
8), and X rays via electron bremsstrahlung, as well as
ionization rates and subsequent ionospheric chemistry.
Singhal et al. found that the Voyager-observed Lyman
and Werner band emissions of H, may be reconciled
with precipitating electrons of characteristic energies 10,
30, and 100 keV having energy fluxes of 10, 18, and 45
ergs cm 2 s~ !, respectively. The model of Singhal et al.
suggested that the most consistent picture, satisfying the
Voyager UV observations and the Pioneer and Voyager
electron density profiles, is for precipitating electrons
with an energy flux of 14-18 ergs cm 2 s~ ' having
characteristic energies of 30-50 keV.
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emissions by (a) a 10-keV beam of electrons and (b) a 300-keV beam of protons [Rego et al., 1994, Figure 14].

Rego et al. [1994] also developed a code, based on
CSDA, for energy degradation of protons and electrons
in the Jovian auroral atmosphere. These authors com-
puted altitude profiles of ionization and excitation rates
of the H I Lyman o and H, bands for electron and
proton precipitation in the initial energy ranges of 10-50
keV and 50 keV to 1 MeV, respectively. Rego et al.
found that the 10-keV electrons and 300-keV protons
produce similar energy degradation profiles (see Figure
9). They pointed out that a beam of protons does not
reach equilibrium with H atoms for initial proton ener-
gies of 10 = E = 200 keV. The ionization process was
found to be controlled mainly by the primary precipitat-
ing species, with secondary electrons having a negligible
contribution. However, in the case of excitation, the
contributions of secondary electrons are very important
and amount to ~58% for electron primaries and ~69%
for a proton aurora. Prangé et al. [1995], extending the
work of Rego et al. [1994], showed that the penetration
depth of auroral precipitating particles depends as sig-
nificantly on their pitch angle distribution as on their
initial energy. Therefore primary energies cannot be
accurately derived from the “color ratio” (the ratio of
auroral brightnesses at 156-162 and 123-130 nm) with-
out taking into account the actual angular distribution of
the incoming particles.

A very interesting result reported by Clarke et al.
[1989a], obtained through high spectral resolution IUE
observations, is a pronounced lack of H I Lyman a line
emission having large (i.e., 1-2 nm) Doppler (red) shifts
in Jupiter’s aurora (see Figure 10). The small observed
shifts of only about 30—60 km s~ ' (mainly toward the
blue, corresponding to 10- to 20-eV protons and/or H
atoms, with higher-velocity wings extending out to a
maximum energy of 200 eV) effectively ruled out a
substantial magnetospheric proton contribution to the

production of Jupiter’s aurora. Clarke et al. [1989b]
suggested that the observed low-Doppler-shift emissions
may result from local acceleration of protons by electric
fields inside the Jovian ionosphere, analogous to plasma
motions observed in Earth’s ionosphere. The blue shift
indicated plasma motion up out of the atmosphere and
raised the possibility that the atmospheric auroral zones
supply substantial amounts of protons and H atoms to
the magnetosphere. This upward movement and conse-
quent escape of the plasma from the atmospheric au-
roral zones was supported by the identification of 10- to
100-eV secondary auroral electrons around L = 7.5-10
by Voyager [McNutt et al., 1990].

Using a modified version of the Singhal and Bhardwaj
[1991] Monte Carlo model, Bhardwaj and Singhal [1993]
examined the production of Doppler-shifted H I Lyman
o emissions in the auroral atmosphere of Jupiter due to
the acceleration of low-energy ionospheric protons in
parallel electric fields. Their simulations indicated that
an electric field of ~0.5-2.0 mV m™' is required to
account for the red-shifted Lyman « emissions and that
~2-5mV m ! is required to account for the blue-shifted
Lyman a emissions of 1-10 kR on Jupiter, when a
constant electric field is applied in the neutral number
density region of 5 X 10" to 2 X 10% cm ™2,

More recently, Jovian spectra obtained with the God-
dard high-resolution spectrograph (GHRS) on board
the HST in the 120.4- to 124.1-nm region with 0.057-nm
spectral resolution [Clarke et al., 1994] showed highly
broadened Lyman a with wings extending symmetrically
to ~100 eV (140 km s~ ') to either side of line center.
The strength of these wings appeared to be correlated
with the brightness of H, band emission lines also
present in the spectra. Consistent with earlier IUE re-
sults, no signature of proton precipitation was seen in
the GHRS data.
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Figure 10.

IUE spectrum (solid line) of Jupiter’s northern auroral zone, with a representative Earth Ha

auroral line profile overplotted as dots with the same velocity scale and normalized to the same peak
brightness [Clarke et al., 1989a, Figure 1]. The dashed lines indicate the IUE response to a monochromatic

emission feature.

Ajello et al. [1995] experimentally measured the ki-
netic energy distribution of H(2p) atoms using the H I
Lyman o emission profile resulting from dissociative
excitation of H, by electron impact at energies <200 eV.
They found that the kinetic energies of fast H(2p) atoms
span the range 1-10 eV (with a peak near 4 eV) for
100-eV electron impact energy. Ajello et al. concluded
that electron impact dissociative excitation of H, alone is
not sufficient to explain the large broadening of Jupiter’s
auroral Lyman o emission observed by Clarke et al.
[1994]. Apparently, a more energetic process is required,
one capable of accelerating or producing nascent H
atoms of =20-eV kinetic energy.

Bisikalo et al. [1996] used a Monte Carlo code to
calculate the energy distribution function and the rela-
tive number density of nonthermal H atoms for various
energies and fluxes of incident electrons and protons in
the Jupiter’s auroral atmosphere. Only protons were
found to yield a nonthermal energy tail extending to
energies >10 eV, though the steady state flux of hot
atoms for proton as well as electron precipitation was
isotropic. They showed that hot H atoms play an impor-
tant role in determining the shape of the auroral H I
Lyman « line profile. Comparison of their modeled
Lyman «a line profiles with the HST observed spectra
[Clarke et al., 1994] showed that the model profile ob-
tained with hot H matches better, as it produces much
more wing emissions compared with the model without
hot H (see Figure 11). However, the modeled line shape
is not consistent with observations. Bisikalo et al. suggest
that a smaller contribution from much hotter H atoms is
required, possibly from accelerated ionospheric protons,
as suggested by Clarke et al. [1989a]. Bhardwaj and

Singhal [1993], in their study of low-energy ionospheric
proton acceleration in parallel electric fields, found that
the energy spectrum of protons runs up to energies of
500 eV or more. Thus it seems plausible that accelerated
ionospheric protons could be responsible for producing
the observed broadening of the auroral Lyman « line
profile; this mechanism should be evaluated in more detail.

A comprehensive analysis of Jovian auroral H I Ly-
man « emission, which separated the emissions from
background sources including Lyman « from the Jovian
dayglow, Earth’s geocorona, the interplanetary medium,
and grating scattered light, has been carried out by
Harris et al. [1996] using TUE spectra covering the period
1981-1991. They compared the auroral H I Lyman «
emission with H, emissions in the 123- to 130-nm and
155- to 162-nm band passes. Harris et al. found that both
the Lyman « and H, emissions show similar long-term
variability in intensity and have no correlation with solar
cycle variability. A clear linear relationship between the
auroral H, and H I Lyman o« emission and similar
distributions with central meridian longitude and CH,
optical depth was demonstrated (see Figure 12). Using
these H, and H I Lyman « emission correlations, Harris
et al. put a conservative upper limit of 37% for the
intensity of Lyman « that can be produced above the
altitude where the bulk of the H, emissions are pro-
duced (say, by electron impact on high-altitude atomic
H). The effect of resonant scattering on the emergent
Lyman « line intensity and shape was also studied, which
indicated that the bulk of the auroral Lyman « emission
is produced near the CH, homopause.

Prangé et al. [1993] presented observations of an ex-
ceptionally bright UV auroral event detected by IUE
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roral Lyman « profiles observed with the HST
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(GHRS) and model calculations that show the
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Figure 12].
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during December 20-21, 1990, whose signatures were
also detected simultaneously in auroral decameter radio
(DAM) emissions. The DAM and UV emissions exhib-
ited well-correlated variations in intensity and longitude,
in particular, with a similar shift of the source region
toward larger longitudes from one day to the next (see
Figure 13), suggesting that a common cause triggered
the variation of the UV and radio emissions during this
event. From analysis of Ulysses measurements in the
upstream solar wind, Prangé et al. [1993] suggested that
a large disturbance reached Jupiter at about the time of
the auroral event. The correlation between Jovian radio
emissions and solar wind activity has already been well
established [e.g., Barrow et al., 1986; Barrow and Desch,
1989; Zarka and Genova, 1989].

The effect of the aurora on global thermospheric

H2 (1550-1620A)  H2 (1230-13004)

1216.5

1217.0

circulation was first considered by Sommeria et al. [1995],
who showed that supersonic winds are a likely outcome
of such a large energy input. Achilleos et al. [1998] have
described an ambitious project to create a time-depen-
dent global three-dimensional model of Jupiter’s ther-
mosphere and ionosphere, called the Jovian ionospheric
model, or JIM. The initial runs suggest that even modest
auroral energy input (8 ergs cm * s~ ') can drive large
outflows (~0.6 km s~ ') by strong chemistry-induced
pressure gradients (these gradients are a simple result of
the substantial local dissociation of H, to 2H in the
auroral atmosphere). While the model is still in a pre-
liminary state, with fairly crude discretization and inputs,
it is an excellent first step toward a better understanding
of how Jupiter’s powerful aurora affects the upper at-
mospheric dynamics and chemistry.
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Figure 12. The integrated brightnesses of Jovian
auroral H, Lyman and Werner band and H Lyman «

Ol emissions observed by IUE are shown as a function of
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Figure 13. Comparison of IUE observations of FUV emissions from the northern auroral oval (crosses)

during three consecutive Jovian days (N1, N2, and N3) and decametric (DAM)-source longitude ranges
derived from ground-based decametric observations (bold bars) [Prangé et al., 1993, Figure 5]. The solid lines
give the best fit to the observed IUE data, while the dashed lines show model FUV sources based on (a) a
Lorentzian distribution and (b) a combination of electron and ion precipitation.

Recently, Perry et al. [1999] have begun the difficult
process of accurately modeling the auroral region chem-
istry on Jupiter. While the chemistry in the region above
the homopause is fairly straightforward, particles which
precipitate below the homopause initiate ion-neutral
reactions which quickly lead to the formation of complex
hydrocarbon ions. This ion-neutral chemistry is expected
to lead to haze formation, as suggested by Pryor and
Hord [1991]. The initial results of Perry et al. [1999]
indicate that the auroral ionosphere extends to higher
pressures (as large as ~3 pbar) than in nonauroral
regions and that the lowest layers are dominated by
higher hydrocarbon ions (e.g., CsH,,). Larger H-atom
column densities in the auroral region were also found,
consistent with the results of the JIM model of Achilleos
et al. [1998].

3.2.3. Imaging. In 1992 a new era opened with
the availability of high-resolution UV imaging using the
faint object camera (FOC) on board the Hubble Space
Telescope (HST). During the Ulysses flyby of Jupiter in
February 1992, images of the northern polar regions of
Jupiter were obtained by Dols et al. [1992] in the FUV
near Lyman « and by Caldwell et al. [1992] in the bright

H, Lyman bands near 158 and 161 nm. Dols et al. [1992]
found that the major part of the observed Lyman «
aurora lay poleward of the footprint of L = 15-30 field
lines calculated according to the O4 model of Connerney
et al. [1981]. They also claimed evidence of a more
localized source at lower latitudes, possibly connected to
the Io plasma torus. The Lyman « images also exhibited
considerable longitudinal inhomogeneity, with a mini-
mum intensity near Ay;; = 180°. Local time—dependent
emissions were also seen, in that the H, emissions in the
few images observed appeared to be enhanced in the
late afternoon [Caldwell et al., 1992]. Caldwell et al.
[1992] determined that the auroral FUV emissions were
distributed along a high-latitude oval (contrary to Voy-
ager results), with a minimum at longitude 180° (con-
trary to IUE results) and with a maximum fixed in local
time near the dark limb, which brightened when the
CML = 180°. They suggested that the apparent 180°
maximum brightness derived from IUE observations was
in fact the result of this “dusk limb spot” being seen at
the edge of the broad IUE aperture. This hypothesis was
recently tested and confirmed by Prangé et al. [1997a]
and Ballester et al. [1996].



312 e Bhardwaj and Gladstone: GIANT PLANET AURORAS

Two images taken 3 days apart in June 1992 provided
a good view of the \j; ~ 180°-200° sector of the auroral
zone in a passband centered at 153 nm [Gérard et al.,
1993]. The brighter portions of the aurora were esti-
mated to comprise ~230-350 kR of H, Lyman band
emissions. These observations basically confirmed the
existence of enhanced regions of UV emissions sur-
rounding the north polar regions. The observations
showed no indication of bright structured emissions
within the polar cap. Their study also suggested that the
main magnetospheric source region of the auroral pri-
maries does not lie directly in the vicinity of the Io
plasma torus, but appears to originate from a more
distant region in the distant magnetosphere, close to the
limit of the corotation or even open field lines. The H,
images exhibited a narrow bright arc in the morning
sector, approximately fitting the L = 30 magnetic field
footprint, and a broader diffuse aurora in the afternoon
sector. The total power radiated in the H, bands was
estimated to be ~2 X 10" W, which is in agreement with
earlier IUE and Voyager estimates. However, the high
emission rates measured locally in the H, arcs imply
large local fluxes (~50 ergs cm 2 s~ ' of electron energy
precipitation).

In February 1993, Gérard et al. [1994a] obtained a
series of six UV images of Jupiter’s north polar region,
covering a complete rotation of the planet, using the
HST FOC centered near 153 nm, a region dominated by
unabsorbed H, Lyman bands and continuum. These
images were of better quality than the early HST FOC
images obtained in 1992 [Dols et al., 1992; Caldwell et al.,
1992; Gérard et al., 1993], owing to the use of a different
filter combination and the largest FOC field of view.
Gérard et al. [1994a] found that the size of the northern
auroral oval and its location agree best with the footprint
of the L = 30 field line in the O6 magnetic field model
of Connerney [1993], if a small shift were made in the
position of the O6 model oval by about 10° parallel to
the N\;; ~ 270° meridian (see Plate 4). Such a conclusion
was also supported by another set of their observations
acquired with the same instrument in July 1993 [Gérard
et al., 1994b]. Gérard et al. [1994a] observed a systematic
variation in emission morphology east and west of the
M ~ 180° meridian; a narrow discrete arc is observed at
N\p > 180° (parallel but close to the L = 30 oval, while
a more structured and diffuse emission zone was seen
inside the L = 30 oval for A\;; < 180°). These morpho-
logical features were also observed by Gérard et al.
[1994b] in their UV images. Emission features similar to
those seen in the FUV have been observed in the Hy
auroras [Satoh et al., 1996], suggesting a common origin.

Gérard et al. [1994b] recorded an exceptionally bright
auroral event in July 1993 using the FOC. A local H,
emission intensity of ~6 MR was observed, which cor-
responds to a local electron precipitation flux of ~1000
ergscm °s ' and a radiated power of ~10'? W, which
is about 3 X 10* times larger than the heating rate due
to solar EUV radiation. A decrease in the brightness of
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the discrete arc by more than an order of magnitude
within 20 hours, and its high-latitude location, led Gér-
ard et al. to suggest field-aligned-current-driven auroral
precipitation at Jupiter as the cause (in analogy to the
Earth’s discrete aurora) rather than the usual particle
precipitation by pitch angle diffusion [cf. Herbert et al.,
1987]. Field-aligned currents were detected in the Jovian
magnetosphere during the Ulysses flyby of Jupiter
[Dougherty et al., 1998].

Since the reflected FUV background is large just
longward of the 153-nm FOC passband, the equator-
ward boundary of the aurora may not be correctly de-
termined from the FOC observations at 153 nm, espe-
cially in the N\y;; ~ 140°-200° region, where the effect of
the center and the shape of the auroral oval shift the
auroral emission to latitudes =50°N. To resolve this,
Grodent et al. [1996] carried out observations of the
Jovian aurora with FOC at 125, 130, and 153 nm. Most
of the emissions were found to be confined inside the
L = 6 oval (as defined by the O6 magnetic field model)
and fill a large fraction of polar cap. However, the
emissions at 125 and 130 nm extended to significantly
lower latitudes, down to ~40°N, between \;; ~ 140° and
200°. Such equatorward extensions of the auroral zones
were also reported in the IR mapping of the H3 aurora
by Kim et al. [1994], who found that the H; emissions
are observed down to ~50°N between about Aj; = 150°
and 180°.

Prangé et al. [1996], using post-COSTAR FOC im-
ages, showed that the lead angle between the emission
features and the foot of the IFT seems to vary with time.
Prangé et al. suggested that this variability may result
from variations in the mass density of the Io plasma
torus. This separation between the magnetic footprint of
Io and its auroral footprint obtained by HST observa-
tions is different from that obtained by IR observations
[Connerney et al., 1993]. Analysis of the HST-obtained
FUV emissions also indicated that the Alfvén waves
carrying the current between lo and Jupiter’s ionosphere
deposit most of their energy rapidly when they first
encounter the ionosphere. This finding was inconsistent
with the hypothesis of multiply reflecting Alfvén waves
[e.g., Neubauer, 1980] that had been invoked successfully
to account for the structure observed in Jupiter’s deci-
metric radio emissions, which are also driven by the
Io-Jupiter interaction.

One of the more important results from the recent
HST images is that the maximum emission along the
northern auroral arc was not found at A;; = 180° [Cald-
well et al., 1992; Dols et al., 1992; Gérard et al., 1993,
1994a, b], as had been inferred from the large aperture
spectroscopic studies by IUE [e.g., Livengood et al., 1990,
1992; Skinner et al., 1984] and from Voyager observa-
tions [Herbert et al., 1987]. As was mentioned above,
recent studies have shown that the modulation of Jupi-
ter’s auroral FUV emissions in longitude, with maximum
near 180° in the north and near 20° in the south observed
by IUE and Voyager, may be explained by viewing
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Plate 4. False-color plots of six consecutive HST faint object camera (FOC) FUV images of the northern
auroral region of Jupiter, obtained in February 1993. The CML of each exposure is indicated, and the elapsed

time between each exposure was about 90 min [Gérard et al., 1994a, Plate 4]. Reprinted with permission from
Elsevier Science.
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Plate 5. Plasma pressure with superimposed flow vectors in the equatorial plane at a model time of t = 225
hours. The dark blue region in the center of the plate is inside the inner magnetosphere boundary of the
simulation and is not included in the calculation [Ogino et al., 1998, Plate 2].

geometry effects near the east and west ansa (observed
extremities) of the auroral oval, combined with IUE
point spread function effects [Ballester et al., 1996;
Prangé et al., 1997a]. These effects also affect the color
ratio asymmetry, which had been found to exhibit a
longitudinal variation very similar to the brightness vari-
ation [Livengood et al., 1990]. However, the color ratio
variation with CML observed with IUE is not solved by
geometry considerations alone. Gérard et al. [1998]
present model results in which a fit to the IUE data
required assuming a methane column abundance above
the aurora which varied strongly (by factors of 10”) with
longitude: A nonvarying atmosphere produces an oppo-
site dependence to the IUE results. Prangé et al. [1997a]
also identified an intrinsic brightness modulation due to
the transit of a bright possibly transpolar emission
aligned along the 160° meridian across the IUE aper-
ture, but with contributions generally smaller than the
geometrical effect (15-30% as much). The FOC images
taken in a typically strong auroral event also showed
similar results.

A comprehensive review of the FOC images was
presented very recently by Prangé et al. [1998]. They
characterize several of the main morphological features
of the Jovian aurora, including the IFT footprint and
“transpolar emission” arc features that are often seen to

stretch from the main oval across the polar cap on its
dusk side, occasionally parallel to the noon-midnight
meridian (see Plate 1). The brightness of the transpolar
feature exhibits considerable variability unrelated to
variations in the brightness of the main oval. Surpris-
ingly, these authors suggested that the width of the main
oval could be very narrow (80 = 50 km) with a very high
but variable brightness (up to ~2 MR), implying local
particle precipitation inputs of 10-200 ergs cm 2 s~ .
Clarke et al. [1996] and Ballester et al. [1996] present
excellent summaries of our current understanding of
Jovian FUV auroral morphology, based on numerous
HST wide-field planetary camera 2 (WFPC2) observa-
tions. From these data it has been determined that (1)
the main north and south auroral ovals are robust fea-
tures that are relatively constant in latitude and system
IIT longitude, although they undergo large brightness
variations (occasionally reaching brightnesses of several
megarayleighs); (2) inside the polar cap there are patchy
regions of emission, primarily on the dusk half of the
oval; (3) there is a spot of emission equatorward of each
of the main ovals associated with the foot of the IFT;
and (4) the north and south auroras exhibit conjugate
emission features. The region 90° < N\ < 150° of the
main FUV oval in the north is observed to undergo a
curious equatorward shift in latitude, as it rotates from
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the morning to the afternoon side of the planet. The
HST images conclusively demonstrate that the main
Jovian aurora is connected, not to the Io plasma torus
region as previously believed, but to the middle magne-
tosphere L > 12. Much of the structure and variability
of the aurora is thus likely to be governed by plasma
circulation in the middle and outer magnetospheres, and
recent modeling [e.g., Ogino et al., 1998] suggests that
common features of the aurora (e.g., single narrow arcs
in the morning, multiple broad arcs in the afternoon)
can be explained as the interaction between the regions
of corotation and solar wind-driven convection (see
Plate 5).

WFPC2 observations in support of Galileo encoun-
ters G1, G2, G7, G8, and C9 were presented recently by
Clarke et al. [1998]. These images confirm the equator-
ward surge of the 140°-180° region of the main oval as it
crosses local noon. Bright “dawn storms” were described
in which the main oval brightened significantly at a fixed
local time near the dawn terminator and did not rotate
with system III. Such features indicate that Jupiter’s
aurora is not entirely driven by corotation in the mag-
netosphere but that solar wind—driven convection likely
plays a part as well. Finally, several sightings were made
of a bright IFT footprint, and a few possible sightings
were made of analogous footprints associated with Eu-
ropa and Ganymede. The imaging database will con-
tinue to improve as more HST/STIS observations are
made (since STIS has much higher FUV sensitivity than
WFPC2), and we can expect that our understanding of
Jupiter’s auroral morphology will continue to advance
for some time to come.

3.2.4. Spectroscopy. The first spectroscopic ob-
servation of a Jovian aurora with GHRS aboard HST
was made by Trafton et al. [1994], at the time of the
Ulysses flyby of Jupiter. The targeted region was Jupi-
ter’s north polar region at A\;; = 180° and latitude 67°N,
the region near the maximum brightness as derived from
the IUE observations. The study concentrated on two
3.5-nm wavelength intervals centered on 127 nm (125.3—-
128.7 nm) and 159 nm (157.3-160.7 nm), near emission
peaks in the H, Werner and Lyman bands, respectively.
The emission spectra were well explained in terms of
excitation of H, by electrons except for features at
158.07 and 158.37 nm, which were anomalously bright,
and two weak features at 158.02 and 158.74 nm, which
were not present in the synthetic spectrum. From the
model-dependent analysis of the data, Trafton et al.
derived an H, rotational-vibrational temperature of
530 = 100 K, showing that the homopause level is hotter
(but not necessarily higher) than observed at nonauroral
latitudes. These results, however, were determined for a
region of the aurora poleward of the L = 30 oval which
was only moderately bright, and results may differ in
regions of stronger or more energetic auroras.

Clarke et al. [1994] also obtained the UV emission
spectrum from Jupiter’s north auroral atmosphere with
GHRS/HST, but over the wavelength range 120.4-124.1
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nm with 0.057-nm spectral resolution. From the fitting of
the observed spectra with the synthetic H, spectra they
derived temperatures from 400-450 to 700-750 K, in-
dicating temporal and/or spatial variability in the tem-
perature of the auroral emission layer. The emissions
were found to be emanating from the 50°-60° latitude
range at locations consistent with L = 6-30 auroral
ovals.

Using the GHRS, Y. Kim et al. [1995] obtained FUV
emission spectra from both polar regions of Jupiter in
the 158.6- to 162-nm wavelength range, which is domi-
nated by H, Lyman band emissions. Two bright spectra
were observed near the western (dusk) limb at latitudes
56°-58°N and CMLs of 190° and 203°. They derived
intensities and best fit temperatures of ~240 kR and
300-400 K, respectively, for the bright regions and
~30-120 kR and 200-700 K, respectively, for the fainter
regions, with a median temperature of 500 K (i.e., con-
sistent with the results of Trafton et al. [1994] and Clarke
et al. [1994] derived using the same type of experiment
but different wavelength ranges). Y. Kim et al. proposed
that the generally lower temperatures in the bright re-
gions might indicate that the precipitating particles there
may be penetrating to lower altitudes (i.e., might be
more energetic), where lower temperatures are expected
due to efficient cooling by hydrocarbons.

A theoretical model, developed by Liu and Dalgarno
[1996] to calculate the detailed FUV emission spectra of
H, due to electron impact in Jupiter’s auroral atmo-
sphere, showed that nearly all the GHRS-observed spec-
tral features of the Jovian aurora can be reproduced with
the use of accurate molecular parameters (e.g., the re-
cent laboratory results of Abgrall et al. [1993a, b, 1997])
and the inclusion of the effects of secondary electrons
(see Figure 14). They found that the auroral UV spec-
trum is not a sensitive indicator of auroral electron
energy because of the similar shape of excitation and
ionization cross sections of H, at high energies (=1
keV). Liu and Dalgarno derived a temperature for the
Jovian auroral emission region of 400—600 K and chal-
lenged the suggestion of Y. Kim et al. [1995] that there
was a significant correlation between auroral brightness
and input energy flux.

Kim et al. [1997] presented GHRS observations of the
Jovian aurora in which both short (126-129 nm) and
long (159-162 nm) wavelength H, emission spectra were
obtained in sequence during the same HST orbits. In-
cluding short-wavelength spectra in the observations al-
lowed the methane column abundance above the aurora
to be determined, along with the ambient H, rotational
temperatures. Using updated H, molecular parameters,
Kim et al. confirmed their 1995 result suggesting that the
brightest auroras are indeed the coolest (and thus deep-
est) auroras. This trend was supported by the derived
CH, columns, which were generally larger for the cooler
auroras, in keeping with a deeper source region. The
range of inferred temperatures was 400-850 K, and the

range of methane column densities was 1-7 X 10'® cm ™2
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Morrissey et al. [1997] made measurements of FUV
flux and morphology of the north polar aurora of Jupiter
simultaneously with the shuttle-based Hopkins Ultravi-
olet Telescope (HUT) and WFPC2 on March 9, 1995.
The HUT spectra span the wavelength range 90-165
nm. The H, FUV auroral emissions were found from the
WFPC2 images to extend over (4.5 = 0.5) X 10" sr,
resulting in an average brightness of 106 kR integrated
over the 90- to 165-nm wavelength band (excluding
Lyman a) as measured by HUT. The ratio of the total
mean brightness for Lyman « to the 123- to 165-nm band
and for the 123-130 to 155.7-161.9 nm bands indicated
the energy of (assumed) primary electrons to be 3-30
keV, with higher values preferred. The average energy
deposition rate was estimated to be 13 ergs cm % s ',
based on an energy conversion efficiency of 0.123 ergs
cm ?s ' kR~ for 10-keV electrons [Waite et al., 1983].
Morrissey et al. also provided upper limits for the sulfur
emissions caused by the precipitation of sulfur ions. The
upper limit for S II 125.6-nm brightness (<210 R) was
an order of magnitude lower than that placed by ITUE
[Waite et al., 1988a]. This implied that any heavy ion
precipitation must be deposited well below the hydro-
carbon homopause. Further analysis of the HUT spectra
by Wolven and Feldman [1998] demonstrated the pres-
ence of strong H, self-absorption signatures in the 100-
to 110-nm region. These features, which are also seen in
the Galileo EUV data [A4jello et al., 1998], may be used
to determine the fraction of vibrationally excited H, in
the auroral region.

Recently, observations of the Jovian northern aurora
at a resolution of about 0.007 nm in the wavelength
range 121.4-122 nm obtained by using the Goddard
high-resolution spectrograph (GHRS) aboard the HST
[Prangé et al., 1997b] have revealed, for the first time, a
core reversal of the Lyman « line profile (see Figure 15).
This reversal is a common feature of solar and stellar
Lyman o emission profiles and has been predicted by
models as a consequence of radiative transfer effects on
the photons produced deep in the auroral atmosphere
[e.g., Gladstone, 1982; Prangé et al., 1997b], but was
never previously observed. Preliminary modeling of the
wavelength separation between the line peaks of ~0.01
and 0.015 nm indicated a vertical H column density of
about 1.5 X 10'® cm~2 above the auroral source, which
is much smaller than the low-latitude H column (~10"7
cm ™ ?). This is a surprising result, since it is expected that
auroral particle precipitation yields a much larger H
production rate than in the nonauroral atmosphere.
Another important result from these observations is that
the lines are somewhat asymmetric (i.e., the two peaks
are of different intensity). Either the blue or the red
wing may be favored, with significant variation in the
peak intensity ratio (see Figure 15). The center of the
reversal coincides with the Lyman « rest wavelength in
the planet’s frame, and the auroral Lyman « photons are
shifted by about 0.001-0.002 nm (which corresponds to
a few thermal Doppler widths) to either the blue or red
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by multiple scattering. Similar to the IUE observations
of Clarke et al. [1989a], these Lyman « profiles also
exhibited weak wings, which appear nearly symmetric
and extend over about *0.15 nm, suggesting emission
from an unknown source of very hot H atoms. It seems
likely that the auroral Lyman « line profile asymmetries
are due to vertical gradients in the horizontal velocity
field in the auroral region atmosphere [Gladstone et al.,
1998b].

Very recently, initial results from the Galileo EUVS
and UVS instruments were presented by Ajello et al.
[1998] and Pryor et al. [1998]. The EUVS data, although
of low signal-to-noise ratio due to a low duty cycle,
demonstrate that the precipitating particles must be
exciting H, emissions over a very wide range of altitudes
(from 10" to 10*' cm™? in H, column density), but
primarily in the 700- to 250-km region (10'*-10*' cm ™2
H, column density). These results suggest that high
spectral resolution observations of the aurora at wave-
lengths <110 nm (where the H, can be self-absorbed),
such as will be possible with the Far Ultraviolet Spec-
trographic Explorer (FUSE) mission, will be very fruit-
ful. The Galileo UVS data also clearly show C,H, ab-
sorption of the auroral emissions near 152 nm. At
midultraviolet (MUV) wavelengths the nightside aurora,
while very weak (about 8 times dimmer than the simul-
taneously observed FUV aurora), was clearly detected
from the continuum emission of the H, a-b dissociation
transition. This is the first detection of the H, a-b
continuum emission from any astronomical object. This
continuum peaks in the 200- to 250-nm range, and its
strength relative to the FUV emissions is consistent with
excitation by 27-eV secondary electrons (somewhat
cooler than the 100-eV secondary electrons found to
provide good fits to the FUV auroral emissions).

3.2.5. Identity of precipitating particles. Elec-
trons, protons, and heavy ions (oxygen and sulfur ions)
or some combination of these have been suggested as
possible candidates for the precipitating particles in Ju-
piter’s auroral regions. Electrons are the most com-
monly cited primaries responsible to power the aurora.
The primary mechanism considered for electron precip-
itation is the scattering of electrons into the loss cone by
wave-particle interactions [Thorne and Tsurutani, 1979;
Coroniti et al., 1980], which is supported by the presence
of whistler mode waves in the Jovian magnetosphere
[Gurnett and Scarf, 1983]. Yung et al. [1982] found that

Figure 14. (opposite) Comparisons of HST/GHRS spectra
of the Jovian aurora over different FUV wavelength ranges
with best fit model H, Lyman and Werner band emission
spectra resulting from 1-keV electron impact on H, at varying
temperatures [Liu and Dalgarno, 1996, Figures 4, 5, and 3]. (a)
Clarke et al. [1994] data, H, temperature of 500 K. (b) Trafton
et al. [1994] data, H, temperature of 690 K. (c) Y. Kim et al.
[1995] data, H, temperature of 430 K. Reprinted with permis-
sion from the American Astronomical Society.
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Figure 15. Four HST/GHRS echelle spectra of Jovian au-
roral Lyman « emissions showing self-reversed and asymmetric
line profiles. A laboratory spectrum obtained by 100-eV elec-
tron impact on H, at a spectral resolution of 7.2 pm is shown
for comparison [Prangé et al., 1997b, Figure 3]. Reprinted with
permission from the American Astronomical Society.

synthetic spectra of H, from electron impact closely
mimic the spectra observed by IUE [Durrance et al.,
1982], strengthening the electron’s candidacy (although
protons and heavy ions would be expected to produce
large amounts of secondary electrons while slowing
down in H,).

Owing to a disparity between the estimated power
required by the FUV aurora and the power deliverable
by electrons, Goertz [1980] suggested protons as the
possible source of Jovian aurora. However, proton pre-
cipitation alone is partially ruled out because it will not
generate X rays [Goertz, 1980; Metzger et al., 1983].
Further, protons should produce Doppler-broadened
and red-shifted Lyman o emissions, but no such emis-
sions were observed that would correspond to proton
energies >200 eV, effectively ruling out energetic pro-
ton precipitation at Jupiter [Clarke et al., 1989a; Prangé
et al., 1997b]. Moreover, hydrogen constitutes only a
minor component within the Io plasma torus and inner
magnetosphere of Jupiter [Shemansky, 1980; Bagenal
and Sullivan, 1981; Frank and Paterson, 1999].

Thorne [1981, 1982, 1983] proposed that heavy ions,
which dominate the ion component in the Io torus
[Bagenal and Sullivan, 1981], are the more likely candi-
dates. Support for the heavy ion precipitation scenario
came from the Voyager observations of 1-20 MeV nu-
cleon™! oxygen, sulfur, and sodium ions in the magne-
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tosphere of Jupiter [Gehrels and Stone, 1983]. Gehrels
and Stone found sharp decreases in the flux of inward
diffusing energetic O and S ions at ~6-12 R, which they
concluded indicated the ions were being scattered into
the loss cone and thereby precipitating into Jupiter’s
atmosphere. These ions are thought to have originally
escaped from the Io plasma torus by recombining with
electrons to form a “neutral wind” but were photoion-
ized before they could entirely escape the Jovian mag-
netosphere and gained energy as they diffused in again
toward Jupiter [Eviatar and Barbosa, 1984]. Additional
evidence in favor of a heavy ion aurora was provided by
the soft X-ray emissions (0.2-3.0 keV) observed by the
Einstein observatory [Metzger et al., 1983], which would
require unreasonably large (10"°-10'® W) power input
for production via the electron bremsstrahlung process
compared with the 10"~ to 10"*-W input required for
emissions expected from excited, highly stripped precip-
itating oxygen and sulfur ions. Observations of X-ray
emissions from ROSAT and subsequent modeling stud-
ies support the heavy ion precipitation scenario [Waite et
al., 1994; Hurley et al., 1993; Cravens et al., 1995]. Heavy
ion precipitation can be driven by pitch angle scattering
of ions by plasma waves [Thorne and Moses, 1983]. The
plasma waves likely to be responsible for such scattering
of heavy ions into the loss cone have recently been
observed by Ulysses, demonstrating sufficient intensity
and having a maximum in the high-latitude part of the
torus [Rezeau et al., 1997]. However, FUV emissions
expected from the recombination of O and S ions during
precipitation have not been positively identified in the
UV spectra of the aurora [Waite et al., 1988a; Horanyi et
al., 1988; Morrissey et al., 1997]. Also, a “pure” ion
aurora is unlikely because of very reduced intensities of
H, band emissions generated [Horanyi et al., 1988]. Us-
ing HST/GHRS spectra of a bright H, aurora near the
wavelengths of expected FUV emission features of oxy-
gen and sulfur atoms, Trafton et al. [1998] have recently
obtained strong upper limits on the contribution of
heavy ion precipitation to the main auroral emissions
resulting from electron precipitation. They find that for
this particular aurora, O ions contributed <13% of the
precipitating energy flux and S ions contributed <50%.
In addition, no significant evidence was found for the
expected accumulation of singly charged S ions in the
Jovian auroral ionosphere. While these results are not
quite inconsistent with the ROSAT X-ray data, they
strongly indicate that the bulk of the FUV aurora is
produced by energetic electron impact rather than by
heavy ions.

An idea proposed by Horanyi et al. [1988] is that
electrons as well as heavy ions are precipitating into the
upper atmosphere of Jupiter: A consistent picture is
obtained when the precipitating heavy ions are mainly
responsible for producing X-ray emissions, while most of
the UV emissions are produced by electron precipita-
tion. Mauk et al. [1996] have extracted some hot plasma
parameters for the inner regions of Jupiter’s magneto-
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sphere from the data sampled by the overdriven LECP
experiment on Voyager 1. They concluded that there is
a radial ordering to the different auroral sources at
Jupiter, with regions of L < 12 responsible principally
for ion auroras (including X-ray emissions) and regions
of L > 12 responsible principally for electron auroras.
This ordering translates into a latitudinal separation in
the auroral emission morphology, with the electron-
generated H, emissions generally at higher latitudes and
the ion-generated X-ray emissions at lower latitudes.
Although X-ray observations made until now lack the
spatial resolution to distinguish the different regions, the
Chandra X-ray facility, with 0.5” resolution, should pro-
vide data to test this idea.

3.2.6. Auroral haze. The Voyager 2 photopola-
rimeter subsystem (PPS) obtained photometric data on
Jupiter at 240 nm and found dark hazes in the polar
regions [Hord et al., 1979]. An analysis of the PPS data by
Pryor and Hord [1991] found a good correlation in lati-
tude between regions of strong auroral H, band emis-
sions and the UV-dark polar regions in both the north
and south. It has been suggested by Pryor and Hord that
the dark haze is formed as a result of auroral ionization,
which leads to the breakdown of methane followed by
polymerizing hydrocarbon chemistry, resulting in the
formation of UV-dark haze or soot. The model of Sin-
ghal et al. [1992] suggested that higher-order hydrocar-
bons are formed by homopause-penetrating high-energy
(~50-100 keV) input electrons, which could promote
the formation of more complex hydrocarbons or poly-
mers. The Singhal et al. [1992] study thus supported the
analysis of Pryor and Hord [1991] that auroral ionization
plays an important role in creating the UV-dark polar
haze on Jupiter. S. Kim et al. [1995] found that the
reflected 4-pm continuum, like the reflected UV contin-
uum, was also much darker in the polar regions than at
equatorial latitudes and suggested condensed benzene
(C¢Hy) and diacetylene (C,H,) as possible haze compo-
nents. Gladstone et al. [1996] suggested that polyyne
(polyynes are H-C=C-. . .—-C=C-H polymers) formation
initiated by ion-neutral reactions in the auroral regions
is a likely source for the polar haze observed on Jupiter.

3.3. Visible Emissions

Auroras on Jupiter were also tentatively identified in
the visible region by the imaging experiment on Voyager
[Smith et al., 1979]. Cook et al. [1981] concluded that at
least one of the limb emissions seen on the nightside by
the imaging experiment was most probably auroral emis-
sion caused by particle precipitation from the Io torus.
The total emission rate in the wavelength range 400-600
nm was estimated to be ~5 kR (an estimated factor of 4
limb enhancement combined with an observed slant
intensity of about 20 kR). The double structure observed
in the image was attributed by the authors to several
causes, such as horizontal structure in the auroral emis-
sion or the effects of airglow and twilight processes.

Recently, Ingersoll et al. [1998] have presented an
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analysis of Galileo solid state imaging (SSI) camera
observations of Jupiter’s nightside aurora. The very high
spatial resolution of the SSI (~40 km pixel ') revealed
much new information about the aurora, including (1) a
direct measurement of the altitude of the aurora (~240
km above the 1-bar pressure level), (2) apparent widths
of <200 km in some cases, and (3) an estimated visible
emitted power of 10-100 GW. Most of the visible emis-
sions are thought to be due to the Balmer series of
atomic hydrogen. Ingersoll et al. also report the first
detection of the IFT footprint at visible wavelengths.
They determined a size of about 300 X 500 km for the
IFT footprint, with a total radiated power in the visible
of ~0.3 GW.

3.4. Infrared Emissions

3.4.1. Thermal emissions. At wavelengths in the
range 3-6 pm, Jupiter’s spectrum changes from re-
flected sunlight to thermal emission [Ridgway et al.,
1976]. A strong absorption band of methane occurring
near 7.7 pm (the v, fundamental) was used extensively
in the pre-Voyager era to investigate the thermal struc-
ture of the Jovian stratosphere as a function of latitude,
since the weighting functions for this band peak at pres-
sures of ~10 mbar [e.g., Orton, 1975]. Most work con-
centrated on lower latitudes, where limb-darkening
curves allowed the extraction of vertical information.
However, observing from the NASA 3-m infrared tele-
scope facility (IRTF) at Mauna Kea, Hawaii, in 1980,
Caldwell et al. [1980] noticed strong and variable polar
limb brightening in meridional scans at 7.7 wm which
correlated with CML and suggested that auroral pro-
cesses were the most likely explanation. In the north
polar region the methane emissions were brightest at
CML ~170° and were from a distinctly higher latitude
than the Io plasma torus footprint, which at the time was
the expected location of the UV aurora. Also, no indi-
cation of a dependence on Io’s orbital position or system
III longitude was apparent. In the south the methane
emissions were brightest at CML ~50°-60°. The emitted
flux in the brightened region was estimated to be ~9 ergs
cm 2 s~ ', The authors noted that even very energetic
auroral particle precipitation would be unlikely to reach
as deep as the stratospheric regions where the main CH,
band arises and that the auroral emissions are probably
excited higher in the atmosphere. Further IRTF obser-
vations in 1981 of the 7.7-pm polar brightenings were
reported by Caldwell et al. [1983a]. In addition to con-
firming the earlier results, evidence for rapid time vari-
ability was found with two consecutive meridional scans
that showed a large change in the north polar emission
over a time interval of only 17 min.

Inspired by these results, Kim et al. [1985] investigated
the 1979 Voyager 1 infrared interferometer spectrome-
ter (IRIS) data for evidence of IR polar brightenings. By
binning dozens of individual IRIS 7.1- to 16.7-pm spec-
tra into four latitude/longitude groups, Kim et al. dis-
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Figure 16. Flux ratios of Voyager infrared interferometer spectrometer (IRIS) (top) “hot spot” to southern
(N1/S) auroral spectra and (bottom) hot spot to non-hot-spot (N1/N2) spectra, showing enhanced auroral
emissions from several higher hydrocarbons [Kim et al., 1985, Figure 3]. Reprinted with permission from

Academic Press.

covered that a composite spectrum of the northern au-
roral region (latitude > 48°, 120° < system III
longitude < 240°) contained enhanced 7.7-pm Q-branch
emission from CH,, in agreement with the expectations
based on the discoveries of Caldwell et al. [1980, 1983a].
Remarkably, enhancements were also observed in the
13.6-pm Q-branch emissions of C,H, (the acetylene vs
fundamental) and the broader 12.2-um emissions of
C,H; (the ethane v, fundamental). Even more remark-
ably, the auroral IRIS spectra also contained emissions
from C,H, (the ethylene v, fundamental at 10.5 pm),
CH;C,H (the methylacetylene v, fundamental at 15.8
pm), and possibly CsH, (the benzene v, fundamental at
14.8 pm) (see Figure 16). Upper limits were determined
for emissions of C;Hg (the propane v, fundamental at
13.4 pm) and C,H, (the diacetylene vg fundamental at
15.9 wm). Finally, a very tentative identification of CH;
emission was made (the methyl v, fundamental at 16.5
pm). Kim et al. considered whether the IR emissions
might result directly (e.g., impact excitation by precipi-
tating particles) or indirectly (e.g., through aurora-re-
lated heating of the local ambient atmosphere) from the
aurora. They determined that the observed emissions
could be most easily and consistently explained if the
auroral region stratosphere (P ~ 0.1-3 mbar) were
about 15 K warmer than in the corresponding nonau-
roral regions and the enhanced IR emissions were ther-
mal in nature. The stratospheric temperature profile was
adjusted to provide a good spectral fit to the 7.7-pm
methane band, and using this somewhat warmer profile,
abundance estimates were made for the species detected
in the enhanced auroral spectrum. C,H, and C,H, were
determined to be about 3 times more abundant than in

nonauroral regions, with mixing ratios of 90 £ 20 ppb
and 5 = 1 ppm, respectively. The previously unknown
mixing ratios of C,H,, CH;C,H, and C;H, were esti-
mated at 7 = 3,2.572, and 22 ppb, respectively. Useful
upper limits of <0.6 ppm and <0.3 ppb were set for
C;Hg and C,H,. The observed high ratio of benzene to
diacetylene (>7) was suggested by Kim et al. as a po-
tential diagnostic of the specific polymerization pathway
for polar aerosol (i.e., soot) formation in the Jovian
auroral region.

Enhanced acetylene emissions near 13.3 wm from the
northern auroral region were also studied by Drossart et
al. [1986]. In 1984 at the NASA IRTF they performed
high spectral (resolving power N/AN ~ 25,000) and spa-
tial (3" FWHM) (FWHM is short for “full width at half
maximum,” which provides a robust measure of the
width of a peaked function) resolution observations of
the R(10) line in the vs fundamental of C,H, and
determined the location of a well-defined bright spot at
a latitude of 59° = 10°N and a system III longitude of
178° = 10°. This bright spot position was at a somewhat
higher latitude than the location of the UV aurora (as
known at the time), but considerably closer to the UV
emissions than were the Caldwell et al. [1980, 1983a]
observations. Modeling the observed line emission using
temperature profiles derived from Voyager IRIS data,
Drossart et al. determined that the bright spot could be
explained by an increased abundance of acetylene (to
~100 ppb). Alternatively, they also noted that a strato-
spheric temperature increase of only 10 K could explain
the emission level as well. Both of these conclusions
were in excellent agreement with the results of Kim et al.
[1985].
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Continuing toward higher spectral and spatial resolu-
tion, Kostiuk et al. [1987] presented results of an exten-
sive survey of two individual C,H, emission lines (the
RRs(14) and ®Rg4(11) lines of the v, fundamental) over
the disk of Jupiter. These emissions were observed from
Kitt Peak in 1982 and 1983 using an IR heterodyne
spectrometer with a spectral resolving power of 10° and
a spatial resolution of 2" FWHM. As with the previous
investigators, Kostiuk et al. used Voyager IRIS temper-
ature profiles appropriate for the observed location on
Jupiter in simulating their observed line profiles, with
the derived result being C,H, abundances (assumed to
be constant at P < 100 mbar and zero at higher pres-
sures) of 3-5 ppm. (Previous heterodyne observation on
the south polar region [Kostiuk et al., 1983] had yielded
a lower C,H, mole fraction using older molecular pa-
rameters.) Also in agreement with the previous work was
the fact that the data could be equally well explained by
a slightly warmer temperature profile rather than an
increase in hydrocarbon abundance. To explore the au-
roral IR variability in more detail, several experiments
were also performed in which the instrument field of
view was left on the CML at 60°N while Jupiter rotated
for about one half hour (~18° of longitude). Remark-
ably, in contrast to the results of Caldwell et al. [1980,
1983a] for methane and Drossart et al. [1986] for acety-
lene, Kostiuk et al. found that the ethane emissions in
1983 were observed at all system III longitudes except at
180°. The brightest emission was seen at a CML longi-
tude of 234°. With higher spatial resolution and better
viewing conditions, Kostiuk et al. [1989] also did not
observe any apparent longitudinal dependence in the
1986 C,Hy 12-pm emission data. The lack of C,Hj
emission in a region where both CH, and C,H, excess
emission is observed led these authors to conclude that
ethane must be strongly depleted in the bright spot
region, since any reasonable temperature profile re-
sulted in a model amount of stratospheric emission that
would have been measurable. This also suggested that
temperature increases alone might not be responsible
for the observed enhancements in the CH, and C,H,
emissions. They suggested that chemical pathways in the
auroral stratosphere might lead to the formation of extra
C,H, at the expense of C,Hg, though no specific mech-
anisms were put forward.

In an effort to learn the morphology of the IR auroral
“hot spots” (as they came to be known), Caldwell et al.
[1988] performed raster scans of Jupiter in the 7.7-pm
methane emission during 1984-1986. The instantaneous
field of view of the instrument was 2” FWHM, and 55 X
55 pixel images were obtained over a 42-min period. The
location of the northern auroral hot spot was found to be
extremely stable, appearing consistently brightest at a
latitude of 59°N and a system III longitude of 179°,
though at many different local times. A single nondetec-
tion out of 19 observations occurred on September 5,
1985, for unknown reasons. The northern hot spot di-
mensions were about ~40° (25,000 km) in longitude and
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Figure 17. Voyager IRIS measurements (circles) of auroral
emissions of CH,, (top curve), C,H, (middle curve), and C,Hg
(bottom curve), compared with best fit models based on a
two-parameter fit using a combination of zonal wind speed,
radiative time constant, and auroral/nonauroral emission
strength [Halthore et al., 1988, Figure 3]. Reprinted with per-
mission from Academic Press.

~8° (9100 km) in latitude. The extended range in lon-
gitude suggested that the hot spot was being smeared out
by zonal winds. In marked contrast to the stable north-
ern hot spot, the location of the brightest 7.7-um emis-
sion in the southern aurora constantly changed its loca-
tion. In one pair of images taken 90 min apart the
southern hot spot changed location by 27° in longitude.
During three different observation epochs the southern
hot spot was found to drift at various rates relative to
system III, sometimes moving at the drift rate of the
subsolar point and other times drifting more slowly, at
about half the apparent solar rate. The southern polar
hot spot was found at all possible locations of Io around
Jupiter, and its position was not directly correlated with
Io’s position.

Halthore et al. [1988] used the Voyager 1 IRIS data to
study longitudinal asymmetry in the emissions of the
three major hydrocarbons, CH, (7.8 um), C,H, (13.6
pm), and C,Hy (12.6 pm), near 60° north latitude.
Considerably increased emission was observed for CH,
and C,H, around the hot spot (A;; ~ 180°), but no
significant increase was observed in ethane emission (see
Figure 17). They interpreted the longitudinal asymmetry
of the emissions as a result of the relative motion be-
tween the stratosphere and the location of energy dep-
osition due to precipitating auroral particles. Using a
thermal equilibrium model, Halthore et al. estimated an
auroral stratospheric zonal wind velocity of 0.6 km h™".
An increase in the temperature of the auroral hot spot
region by 50 K was required to explain the intensity of
CH, emission. However, this temperature enhancement
could not satisfy the measured C,H, and C,H, emis-
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sions; they required an increase in C,H, abundance by a
factor 3.4 and a decrease in C,H, abundance by about
80%.

Kim [1988] developed a theoretical model of vibra-
tional excitation and deexcitation processes of CH, and
H, resulting from the precipitation of monoenergetic
electrons of 30 and 100 keV, with input energy fluxes of
10 and 100 ergs cm * s~ '. The calculated intensity of
nonthermal CH, v, emission was found to be 107°-10~°
times smaller than the Voyager IRIS-observed intensity
of ~10 ergs cm ? s~ ' sr™!, indicating that thermal
emission of CH, dominates over nonthermal emissions
produced by the precipitating particles.

Changes in the average thermal structure of the 10- to
20-mbar pressure level for over a decade were derived by
Orton et al. [1991] by observing the thermal emission of
CH, at 7.8 pm with the NASA IRTF during 1980-1990.
Since methane is a long-lived species, its abundance is
not expected to vary widely with location. Thus the
observed changes in the CH, emission can be attributed
to variations in the temperatures of the emitting regions.
The stratospheric temperature was found to have sub-
stantial spatial and temporal variability. High-latitude
(~60°) temperatures are generally higher, but surpris-
ingly, a peak in the equatorial region is also observed
with a periodicity of ~4-5 years (peaks appear in 1980,
1984, and 1989).

The location of the IR methane hot spot in latitude
and longitude was found to coincide with the location of
the “UVS auroral oval” (as known at that time), sug-
gesting that the processes responsible for the excitation
of both of the emissions could be the same, at least in the
peak region of the northern aurora [Prangé, 1991].
Prangé argued that longitudinal emission profiles in the
IR and UV are consistent with those of precipitating
electrons in the diffuse aurora. However, more recent
findings from the HST are contrary to this conclusion: It
is now observed that the UV emission is a minimum at
the place where the IR emission is a maximum [Caldwell
et al., 1992].

Livengood et al. [1993] performed observations of
C,H, emissions at 11.9 wm from the northern Jovian
auroral region, using the IR heterodyne spectrometer
(MAXN ~ 10°) at the IRTF, in order to differentiate the
effects of temperature and abundance variations by us-
ing line profiles and to identify the pressure level of the
source region. In remarkable contrast to the earlier
reported observations of C,H, emission [e.g., Kostiuk et
al., 1987, 1989; Halthore et al., 1988], Livengood et al.
observed longitudinal asymmetry in the C,H, emission,
with maxima in the longitude range 150°-180° near 60°
latitude, the traditional IR hot spot location. These
observations showed that C,H, emissions in the hot spot
can vary by a factor of 5 in 20 hours. They derived a
C,H, mole fraction of ~6.5 ppm at the auroral hot spot
location, with a temperature of ~183 K, compared with
an abundance of 3.8 = 1.4 ppm outside the hot spot
region, where the temperature was ~172 K, at about 1
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mbar. The retrieved temperature within the hot spot
could be 10-30 K higher than outside the hot spot
depending on the C,H, abundance.

The first reliable measurement of C,H, 10.5-pm
emission from the auroral regions of Jupiter was made
by Kostiuk et al. [1993] using IR heterodyne spectros-
copy. This emission was earlier detected in the equato-
rial region using the same instrument [Kostiuk et al.,
1989]. These measurements provided the first direct
probe of the ~10-pbar region of Jupiter’s auroral atmo-
sphere. Ethylene is a photochemically active species, so
its abundance is sensitive to local changes in chemistry.
Significantly enhanced C,H, emissions were observed at
~180° longitude and ~60°N latitude (consistent with the
location of the CH, hot spot) and were confined to <10°
in longitude. Kostiuk et al. [1993] found that the C,H,
abundance had to be increased by a factor of 18 over the
Voyager-derived values to explain the observed en-
hancement at the auroral hot spot. Alternatively, a tem-
perature increase of 67-137 K would be required if the
C,H, mole fraction were fixed to the quiescent value.
The advantage in studying the C,H, emissions is that the
emission region extends from a few millibar to the ~1-
wbar pressure level (i.e., the upper stratospheric region,
just below the methane homopause), overlapping the
formation region of H, UV emissions. Thus it can be an
effective probe of the energy deposition and coupling of
the thermal IR and UV auroral phenomena. Together,
the C,Hy and C,H, IR emissions, the H, UV emissions,
and the H; near-IR emissions can be used to diagnose
the Jovian atmosphere from <1 mbar to approximately
nanobar pressure levels (see Figure 18).

Reanalyzing the Voyager IRIS data, Drossart et al.
[1993a] found that a good match between modeled and
observed auroral hydrocarbon spectra can be obtained
by properly adjusting the temperature profile in the
upper stratosphere, requiring relatively minor modifica-
tions in hydrocarbon abundances compared with previ-
ous models. In particular, they showed that large in-
creases in the temperature of the upper stratospheric
and lower thermospheric region (~10-50 pbar) can
provide the excess hydrocarbon emission bands ob-
served by Voyager and that no modification to the ther-
mal profile deeper in the atmosphere (up to ~1 mbar) is
required. The total IR energy flux emitted from the hot
spot region, in the 7- to 13-pm band, was found to be
208 + 15 ergs cm * s~ ', which corresponds to an emit-
ted power of ~4 X 10" W over the IRIS field of view
(~2 X 10" cm?). This energy is much larger than that
thought to be available from auroral particle precipita-
tion alone, implying the need for an additional heat
source. Drossart et al. suggested that Joule heating may
be one such possible source; however, detailed calcula-
tions have to be made to quantify the suggestion.

3.4.2. H, emissions. To begin the investigation of
Jupiter’s near-infrared spectrum, Kim and Maguire
[1986] modeled the vibrational-rotational excitation of
H, using an electron precipitation code. They calculated
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the line intensities of 2-pm quadrupole emissions from
H, and suggested that they were strong enough to be
observed with ground-based telescopes. Following the
success of the thermal IR auroral observations of Jupi-
ter, Trafton et al. [1988] followed the suggestion of Kim
and Maguire [1986] and searched for H, quadrupole
emission at 2.1 wm. They were only able to establish a
marginal detection of the S, (1) line of H, near the north
pole around 180° longitude. Further observations at
twice the spectral resolution were obtained by Trafton et
al. [1989b], which confirmed their earlier results, and
also showed the presence of H, S;(1) emission at the
southern pole, with intensities only ~3-12% of Kim and
Maguire’s predicted value.

Observing at higher spectral resolution, Kim et al.
[1990] detected the S,(0), S,(1), and S,(2) emission
lines of H,, the three quadrupole lines of the 1-0 vibra-
tional-rotational band, from Jupiter’s southern auroral
zone using the Canada-France-Hawaii Telescope
(CFHT) Fourier transform spectrometer (FTS). Kim et
al. derived a rotational temperature of 730*50) K in the
pressure range 1-0.01 pbar, using the observed 2-pm
quadrupole line brightnesses, which were found to be
mostly nonthermal in nature. Thus the detection of the
2-pm quadrupole lines provided a new method of deriv-
ing the temperature of the high stratosphere (=1 mbar)
of the Jovian auroral zones. Kim et al. [1990] also used
the 2-pm line emissions of H, to study the distribution of
polar haze on Jupiter. Using a model spectrum, they
found the haze to be widely distributed in both the polar
regions, with no particular association with auroral ac-
tivity, and located mainly in the pressure range of 5-70
mbar for optically thin haze models.

3.4.3. Hj emissions. While observing the 2.1-wm
H, quadrupole emissions at very high spectral resolution
on September 24, 1988, Drossart et al. [1989] made the
serendipitous discovery of Hy 2v, band emission from
Jupiter’s aurora. The same emissions had also been
observed at lower resolution, although they had not been
identified, somewhat earlier by Trafton et al. [1989a]. By
fitting the intensities of the ~25 individual lines detected
within the 2.08- to 2.17-pm band pass of the Fourier
transform spectrometer (FTS) at the CFHT from the
Jovian southern auroral region, Drossart et al. [1989]
determined a rotational temperature of 1100 = 100 K
for the H3 emissions. It was not possible to determine
whether the emission process was thermal or nonther-
mal (possibly due to either nascent (i.e., prompt) emis-
sions during the formation of H; or preferential excita-
tion of the 2v, level through a resonant exchange with
Hy(v = 1)).

H; emissions had been searched for in astronomical
sources for nearly 10 years prior to their discovery on
Jupiter, and interesting recountings of the Jovian iden-
tification and early observations are given by Oka [1992]
and Miller et al. [1994]. The H; ion as an important
component of the Jovian ionosphere has long been pre-
dicted by models [e.g., Atreya and Donahue, 1976; Strobel
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Figure 18. The pressure regions of origin for several impor-
tant Jovian IR and UV auroral emissions [Kostiuk et al., 1993,
Figure 11]. The dashed, dash-dotted, and solid lines show the
derived temperature profiles for nonauroral emissions, C,Hg
auroral emissions, and C,H, emissions, respectively.

and Atreya, 1983; McConnell and Majeed, 1987], and its
presence in the Jovian magnetosphere was inferred by
Voyager observations [Hamilton et al., 1980]. More re-
cent observations (by the heliosphere instrument for
spectra, composition, and anisotropy and low energies
(HI-SCALE) and energetic particles composition
(EPAC) instruments) from the Ulysses spacecraft have
confirmed the presence of Hi ions in the magneto-
sphere of Jupiter, especially at high magnetic latitudes,
where they are being accelerated out of the topside
ionosphere [Lanzerotti et al., 1993; Seidel et al., 1997].
After the 2v, overtone band was discovered, it was
natural to look for the fundamental v, band emission at
~4 pm, and it was very quickly discovered by Oka and
Geballe [1990] and Miller et al. [1990]. The 4-pm emis-
sions were observed to be much brighter than the
2.1-pm emissions, and Miller et al. [1990] further deter-
mined that the vibrational and rotational temperatures
were equal, making it seem that the H5 emissions were
primarily thermal in origin. It was also clear from these
initial studies that the H; emissions were highly time
variable in brightness and derived temperature (Oka and
Geballe [1990] derived a rotational temperature of 670
K, while the Miller et al. [1990] result was identical to the
Drossart et al. [1989] value of 1100 K). Maillard et al.
[1990] presented FTS observations of both the north and
south auroral regions and found the southern 4-pm
aurora to be about twice as bright as in the north, with
rotational temperatures of 1000 = 40 and 830 = 50 K,
respectively. Their high-resolution spectrum showed
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Figure 19. High-resolution Fourier transform spectrometer (FTS) spectrum of Jovian auroral H3 emissions
obtained in November 1989 from the Canada-France-Hawaii Telescope (CFHT) [Maillard et al., 1990, Figure
1]. A 5-inch-diameter aperture was used, centered on 60°S and 40° CML. Reprinted with permission from the

American Astronomical Society.

that the 3.45- to 4.17-um region was totally dominated
by H emission, with almost no background, which is
due to the fortuitous placement of a CH, absorption
band in the colder stratosphere underneath the iono-
sphere (see Figure 19). This study also, like that of Miller
et al. [1990], suggested that the H; emissions are ther-
mally produced.

Not long after the spectrometer results were ob-
tained, the infrared camera ProtoCAM was used at
IRTF in early 1991 to produce the first images of the H5
4-pm emissions [Kim et al., 1991; Baron et al., 1991].
Both studies found strong spatial and temporal variabil-
ity, as expected for auroral emissions, but found no
northern bright spot at the expected location (near 180°)
expected from the previous ~10 years of 7.8-pm obser-

vations. This suggested that the precipitating particles
responsible for the hot spot were depositing most of
their energy below the homopause around the 180°
longitude. These observations also showed that there are
other background emissions at these wavelengths, par-
ticularly the CH, emissions, whose contributions may be
substantial. However, the effect of CH, emission was
later estimated to be less than 10% [Kim et al., 1993].
The reason is that at the temperatures normally prevail-
ing in the Jovian stratosphere, the predicted intensity of
the v; band of CH, is 1-3 orders of magnitude smaller
than could be detected by the IR spectrometers
[Halthore et al., 1994].

A different followup study of the data reported by
Kim et al. [1991] was performed by Drossart et al. [1992].
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Plate 6. Mosaic of nine ProtoCAM images of H3 emissions from Jupiter at 304° CML, obtained on January
12, 1992. A meridian plane projection of O6 L = 5.9 and L > 30 magnetic field lines is superimposed on the
mosaic, and the leftmost field line is traced from the instantaneous position of Io at a phase of 79°. The main
auroral oval emissions are seen to arise near the last open field line, while the faint spots of emission near the
dawn limb in each hemisphere at slightly lower latitude are due to the interaction of the IFT with Jupiter’s
atmosphere [Connerney et al., 1993, Figure 1]. Reprinted with permission from Science.

After careful subtraction of the background continuum,
it was found that the Hy emission in both hemispheres
peaked in two spots, separated by about 60° and cen-
tered on the CML, with the duskside spots being about
twice as bright as the dawnside spots. In the north the
spots were found to be relatively fixed in longitude, at
about \j; ~ 210° (morning) and \;; ~ 150° (afternoon).
In the south the spots were much more variable in
longitude but remained nearly fixed in local time, as if
their brightness was modulated by the interaction of
both a fixed variation with longitude and a fixed varia-
tion with local time.

A theoretical investigation of the H; emissions by
Kim et al. [1992], which explicitly considered how the
vibrational levels of H, and H are populated in an
aurora, found that radiative decay (leading to the ob-
served emissions) dominates over collisional deexcita-
tion as the major loss rate of vibrationally excited H3, so
that the emissions are not in local thermodynamic equi-
librium (LTE). However, collisional excitation is a more
important source for producing vibrationally excited Hy
than is the nascent vibrational excitation following Hy
formation, so that the steady state vibrational distribu-
tion at the altitude of peak H3 density is close to a
Boltzmann (i.e., thermal) distribution. The model calcu-

lations of Kim et al. showed that the resulting vibrational
distribution and altitude profile of H; emission pro-
duced by precipitating 10-keV electrons having an input
flux of 1 ergs cm 2 s~' are consistent with the IR
observations in the 2- to 4-pm region. This slightly
non-LTE result explains why the earlier observations of
Drossart et al. [1989] and Miller et al. [1990] were found
to be well fit assuming LTE.

Observations made with the CFHT FTS in March
1992 provided the first very high-resolution H3 spectra
of Jupiter’s auroral regions [Drossart et al., 1993b]. A
resolving power of 115,000 allowed the line profiles for
18 individual H5 R-branch lines of the v, fundamental
to be determined. From the widths of the lines a trans-
lational (i.e., Doppler-broadening) temperature of
1150 = 60 K was derived, as compared with a rotational
temperature (i.e., based on the relative line intensities)
of 1250 = 70 K.

Ongoing near-IR imaging of Jupiter’s H; emissions
using the IRTF ProtoCAM in January 1992 led to the
discovery of emission from the Io flux tube footprint
[Connerney et al., 1993] (see Plate 6). The IFT contains
a large current (~5 X 10° A) due to the differential
motion of Io in Jupiter’s magnetic field. When the par-
ticles carrying this current impact the atmosphere of



326 e Bhardwaj and Gladstone: GIANT PLANET AURORAS

a)

Latitude

350 300 250 200 150

System IIl Longitude

Latitude

200 150

350

250

System Il Longitude

38, 3 / REVIEWS OF GEOPHYSICS

Above 950.0
9222 - 950.0
894.4 - 9222
866.7 - 894.4
838.9 - 866.7
811.1 - 838.9
783.3 - 811.1
756.6 - 783.3
727.8 - 755.6
7000 - 7278
Below 700.0

([ [ 8 [

100 50 0

Above 1.8
14 - 186
12-14
11-12
09 - 1.1
07 - 09
08 - 0.7
04 - 06
02 - 04
0.1-02

Below 0.1

AERENCREC

100

Plate 7. Map of (a) fitted temperature (kelvins) and (b) column density (10'* cm ™~ ?) as a function of Jovian
latitude and longitude, based on CML scans of H3 emissions [Lam et al., 1997a, Figures 4 and 5]. Reprinted

with permission from Icarus.

Jupiter, an auroral-like spot of emission is produced.
Connerney et al. found that the total H; flux associated
with the IFT footprint was about 4.3 X 107! W cm ™2
pm L, or about 0.3-1% of the total auroral flux. The
emissions from the IFT footprint provide a very useful
“fiducial mark” for magnetosphere models, since al-

though the longitude of the emission may vary according
to the dynamics of the IFT, the latitude of the spot maps
out the L shell of Io at 5.9 R;.

Kim et al. [1994] analyzed ProtoCAM observations of
the Jovian aurora from March 1992 and determined that
the emissions formed a continuous auroral oval near the
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L = 30 oval in the O6 magnetosphere model (consistent
with HST observations of the FUV aurora [e.g., Gérard
et al., 1993]). Using a revised limb location, Kim et al.
also found that the H; emissions are dominated by limb
brightening (resulting in bright spots at either limb) and
extend well off the disk of the planet, with scale heights
of 500-1000 km. This result supersedes the earlier char-
acterization of the bright spots as lower-latitude disk
features at CML = 60° [e.g., Drossart et al., 1992].

A comprehensive study of the H; emission morphol-
ogy was undertaken by Satoh et al. [1996] and Connerney
et al. [1996], using ProtoCAM data obtained at NASA/
IRTF during February and March, 1992. Simulating a
uniform Jovian auroral oval using a nine-parameter
model (width, diameter, height, thickness, center loca-
tion in latitude and longitude, and three additional pa-
rameters describing the strength and extent of diffuse
emissions inside and outside the main oval), Satoh et al.
were able to obtain reasonable least squares fits to the
northern auroral oval observations, while the southern
auroral oval observations were not fit as well. They
found that by adding two nonuniform components, one
varying with local time and the other with system III
longitude, the fit to the southern oval data was greatly
improved (with the local time variation providing most
of the improvement). Their fits to the data at both poles
show that the auroral ovals are best fit with an O6 model
L = 30 size oval centered on latitudes and system III
longitudes of 78.8° and 201.3° in the north (shifted by
2.3° along the 280° meridian, relative to the O6 model,
consistent with the results from UV observations with
HST [Gérard et al., 1994a, b; Clarke et al., 1996; Grodent
et al., 1997]) and —84.2° and 57.8° in the south [Conner-
ney et al., 1996]. A faint polar collar extends equatorward
to L = 6 and a brighter diffuse emission fills the polar
caps, with an even brighter region on the afternoonside
of the cap that is fixed in local time. Broad system III
anomalies were found, peaking at ~230° in the north
and ~40° in the south, consistent with excitation by
westward drifting electrons [e.g., Herbert et al., 1987]. It
was also found that the brightnesses of the northern and
southern auroras are well correlated.

Using the same data set, Baron et al. [1996] noticed
that the daily variations in H3 auroral brightness were
well correlated (R = 0.65) with variations in solar wind
ram pressure at Jupiter (as determined by instruments
on the Ulysses spacecraft, which was near Jupiter at the
time). The authors suggested that the correlation was a
natural result of “magnetic pumping” [Goertz, 1978], in
which some of the increase in perpendicular energy of
trapped particles (received when the increased solar
wind ram pressure compresses the Jovian magneto-
sphere and thus increases the local magnetic field
strength) is converted to parallel energy by pitch angle
scattering before the magnetosphere relaxes back to its
original state. Some of the particles would have their
parallel velocities increased enough to precipitate out
into the atmosphere. This result is the first linking the
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Figure 20. Change (relative to the previous observation) in
the integrated Hy auroral brightness of Jupiter as a function of
the change in solar wind ram pressure, as measured near
Jupiter by instruments on the Ulysses spacecraft. Open sym-
bols are for the northern aurora, and solid symbols are for the
southern aurora [Baron et al., 1996, Figure 3]. Reprinted with
permission from Academic Press.

Jovian aurora, previously believed to be entirely domi-
nated by internal processes in the inner magnetosphere
(e.g., plasma outflow from the Io plasma torus), to the
solar wind (see Figure 20).

Recently, Lam et al. [1997a] have presented a spec-
troscopic study of Jupiter’s auroral H; emissions, based
on United Kingdom infrared telescope (UKIRT) obser-
vations from Mauna Kea, Hawaii, in May 1993. They
derived temperatures (typically 700-1000 K) and Hji
column densities (~10'* cm™?) in the auroral regions
and found that these two quantities are generally in-
versely related (see Plate 7). Lam et al. introduced a
parameter E(H3 ), which allows for the strong coupling
between fitted temperature and column densities. This
parameter is defined by calculating the total emission
per molecule at the appropriate fitted temperature, as-
suming LTE, and multiplying it by the corresponding
fitted column density. Maps of E(H3 ) show peak values
from Aj;; ~ 300°-60° in the south and A ~ 150° in the
north. Lam et al. also defined another parameter
E(CML), which is the integral of E(H3) along a 1-cm-
wide arc following the CML from the lowest-latitude
point of the auroral oval to the limb. Together, these
parameters can be effectively used to study the temporal
and spatial variations and in deriving the total power
emitted by Hy emissions. In this way they found the
integrated H3 auroral output from each hemisphere to
be ~3 X 10'* W. This is roughly equal to the output
from the auroral UV emission [e.g., Livengood et al.,
1992] and is about 10% of the auroral IR output due to
hydrocarbon emissions [e.g., Drossart et al., 1993a].
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Most recently, Rego et al. [1999] presented excellent
high spectral resolution (14.4 km s~ ') observations of
Hj lines at 3.95251 and 3.95416 pm along the central
meridian of Jupiter (at ~0.8" spatial resolution), taken
with the IRTF CSHELL instrument (an Echelle spec-
trograph). The signal-to-noise ratio of the data was large
enough for the emission lines to be centroided to an
accuracy of +0.3 km s~', and Doppler shifts of up to
~=+3 km s~ ! were discovered. These Doppler shifts are
best explained as due to the line-of-sight projection of
large auroral region ion winds in the upper atmosphere,
known (as on Earth) as the auroral electrojet. These
winds must have true velocities approaching or exceed-
ing the speed of sound (~3 km s~ ') and are probably
also responsible for driving the neutral winds that are
thought to result in the asymmetric Lyman « auroral line
profiles described earlier. Thus there are now two inde-
pendent means for remote study of the dynamics of the
violent upper atmosphere of Jupiter; hopefully, these
methods will also prove fruitful for the other giant planets.

The Jovian H; emissions are not confined to the
auroral zones alone; they have been detected from the
entire disk of the planet [Ballester et al., 1994; Lam et al.,
1997a; Miller et al., 1994, 1997a]. These emissions are
typically only about 10% as bright as those observed in
the polar regions. These nonauroral emissions occur in
two midlatitude bands (one in each hemisphere), where
the temperatures are relatively lower (~100-300 K less
than in the polar regions), and in the equatorial region,
where the temperatures are high. The Hy column den-
sities are also lower in the subauroral latitudes (~10"!
cm ). The study by Miller et al. [1997a] demonstrated
that the emission level of H; in the middle- to low-
latitude region is ~0.1 ergs cm 2 s~ !, indicating the
strong cooling effect due to the H3 ions. This high level
of H; emission and its latitudinal profile cannot be
explained by solar EUV input alone. The authors sug-
gested the possible causes could be transport of auroral
H; to lower latitudes by atmospheric winds and/or the
precipitation of particles at low latitudes (as also indi-
cated by recent X-ray observations [Waite et al., 1997]
and supported by Galileo probe data from the energetic
particles instrument (EPI) experiment [Fischer et al.,
1996] and Ulysses observations [Rezeau et al., 1997]).
The observations of HJ at low latitudes are also shown
to have links to other low-latitude phenomena, such as
the Lyman « bulge [Ballester et al., 1994; Miller et al.,
1997a].

The H; emissions were also used to monitor the
comet Shoemaker-Levy 9 (SL-9) collision with Jupiter
[e.g., Orton et al., 1995; Encrenaz et al., 1995; Kim et al.,
1996; Dinelli et al., 1997; Miller et al., 1997b]. During a
week in July 1994, twenty-one fragments of comet SL-9
plunged into Jupiter around 44°S latitude. Observations
of the auroral regions both during and after the impacts
gave a number of interesting and unexpected results.
Readers are referred to special issues of Science (267,
1277-1323, March 1995), Geophysical Research Letters
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(22(12), 1555-1636, 1995; 22(13), 1761-1840, 1995; and
22(17), 2413-2440, 1995), Icarus (121, 207-510, 1996),
and to West and Bohnhardt [1995] and Noll et al. [1996],
where various aspects of the observations of the SL-9/
Jupiter collision and results are presented and discussed.
A chronological history of the effects of the SL-9/Jupiter
collision on the Jovian auroral emissions, starting from 5
hours before the impact to about 10 days after the
impact week, is given by Miller et al. [1997b]. One of the
most interesting results was that the images taken at 3.5
pm during the week of collision showed the north and
south polar intensities at about the same level, while
about a week after the last impact, the southern aurora
had significantly dimmed and the northern aurora be-
came ~5 times brighter than normal. This effect lasted
for about a week before returning to normal.

4. SATURN

4.1. X-Ray Emissions

Since the Saturnian magnetosphere possesses sub-
stantial fluxes of energetic electrons and ions, it was
expected that Saturn might be a source of X-ray emis-
sions. However, probably due to the nondetection of X
rays from Jupiter in early attempts, no attempt was made
to observe X-ray photons from Saturn.

During the Voyager 1 flyby of Saturn the LECP
experiment detected emission in excess of the back-
ground radiation emanating from the vicinity of Saturn,
upstream from the bow shock [Kirsch et al., 1981b],
similar to the detections at Jupiter [Kirsch et al., 1981a].
Although the LECP was not equipped for the detection
of X rays, the possibility that these excess counts may be
due to X-ray radiation produced by the precipitating
magnetospheric energetic electrons in the auroral region
or through interaction with rings and satellites was con-
sidered. The requirement of very large fluxes of precip-
itating electrons, by a factor of 10°-10* compared with
the maximum flux measured by the same LECP instru-
ment in the Saturnian magnetosphere, led Kirsch et al.
[1981b] to conclude that the observed excess emissions
are probably not due to X rays from Saturn but to
energetic neutrals (as at Jupiter). Such neutrals are
expected to be emitted from Saturn’s inner magneto-
sphere, being produced by charge exchange reactions
between radiation belt ions and the neutral corona
[Kirsch et al., 1981a, b; Cheng, 1986].

Prompted by the first detection of X rays from Jupiter
[Metzger et al., 1983], Gilman et al. [1986] made the first
systematic attempt to measure X-ray emissions from
Saturn using the Einstein observatory. No X-ray emis-
sions from Saturn were detected. The 3o upper limit of
the flux at Earth was found to be ~2-5 X 10~ ergs
cm %5~ !, depending on whether ion precipitation (high-
er value) or electron bremsstrahlung (lower limit) is the
source. For bremsstrahlung from keV electrons precip-
itating into Saturn’s atmosphere and satisfying observed
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UV aurora constraints, the expected energy flux at Earth
in the 0.2- to 3-keV energy range is ~8 X 107 '® ergs
cm ? s~!, requiring about a 2-order-of-magnitude in-
crease in sensitivity for the detection of Saturn’s X-ray
emissions [Gilman et al., 1986].

Barbosa [1990b] predicted X-ray intensities at Saturn
at 10 and 50 R using his electron bremsstrahlung model
[Barbosa, 1990a], constraining the primary electron
beam parameters by UV aurora observations [Sandel et
al., 1982; Atreya et al., 1984]. Although the X-ray flux
calculated by him for Saturn was ~10* times less than for
Jupiter, he considered that it should be still measurable
by an orbiting spacecraft (e.g., Cassini). However, in
view of the apparent inadequacies in Barbosa’s brems-
strahlung model, as discussed in detail in the section on
Jovian X-ray emissions, the X-ray photon fluxes pre-
dicted by Barbosa should probably be scaled down by a
few orders of magnitude in the low-energy region (=2
keV). The precipitation of nitrogen ions from Titan
torus [Barbosa, 1987] may also produce significant fluxes
of emission line X rays on Saturn; this possibility has not
been explored so far.

4.2. Ultraviolet Emissions

The presence of an aurora on Saturn was suspected
from observations made by the UV photometer aboard
the Pioneer 11 [Judge et al., 1980] and IUE [Clarke et al.,
1981], which found enhancements in the Lyman «
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Figure 21. Voyager UVS auroral spectra of Saturn at a local

zenith angle of 60° (curve a), Saturn at a local zenith angle of
76° (curve b), and Jupiter (curve c), showing relative differ-
ences in H, Lyman and Werner band emissions in the 90- to
113-nm range [Sandel and Broadfoot, 1981, Figure 4]. The
spectra have been normalized at 110.5 nm (note that the strong
Lyman o emissions have been clipped in these plots). Re-
printed with permission from Nature.
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Figure 22. Geometry of Voyager UVS polar auroral scans at
Saturn. The range of the spacecraft is 3.6 R, and its latitude is
36.6°S. The dashes show the position of the 0.1° X 0.86° UVS
slit at 90-s intervals. Auroral emissions were detected at 78°—
81.5°S, and relative H, band brightnesses are shown as a
function of position in the inset [Sandel and Broadfoot, 1981,
Figure 1]. Reprinted with permission from Nature.

brightness near the polar regions. However, it was the
UYVS instrument on Voyager 1 which provided the first
unassailable evidence for the existence of a Saturnian
aurora [Broadfoot et al., 1981b]. Aurorally excited emis-
sions were found at H I Lyman « and in the H, Lyman
and Werner bands (see Figure 21 for the auroral spec-
trum) around both poles of Saturn, with emission rates
varying between 1 and 20 kR. In the south the emissions
are confined to an axisymmetric oval between 78° and
81.5°S (see Figure 22), with no emission detected from
inside the polar cap region. For the northern aurora the
position of the oval is not accurately known, but it is at
least poleward of 76°N and may not extend below 78°N
[Sandel and Broadfoot, 1981]. Brightness variations by
factors of ~2-5 times were observed on timescales of a
few hours for the auroral emissions. Sandel and Broad-
foot [1981] noted that the Lyman o component of the
Voyager 1 auroral emission was ~5 times fainter than
the H, band emission, and the lowest burst detected by
Clarke et al. [1981] compared roughly in intensity with
the brightest Lyman « measured by Voyager 1.

The small size of the auroral oval and its location at
high magnetic latitudes (~75°-80°) suggested that the
auroral regions map back magnetically to the magneto-
tail and that the solar wind provides the energy source
through an Earth-like interaction with the planet mag-
netosphere [Sandel and Broadfoot, 1981]. The situation
at Saturn thus seemed to be quite different than at
Jupiter, where the electrodynamical interaction of Io
with the Jovian magnetosphere supplies a large part of
the auroral power. The power required by precipitating
electrons to drive Saturn’s aurora is estimated to be
about 2 X 10" W, with an uncertainty of a factor of ~4
[Sandel and Broadfoot, 1981], based on an average
brightness of 5 kR in the H, bands extending over an
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Figure 23. Brightness of Saturn’s H, 110.5-nm auroral emis-
sions measured by the Voyager UVS plotted versus longitude
at 80°N [Sandel et al., 1982, Figure 3]. Both Voyager 1 and
Voyager 2 observations show brightening near \g; ¢ ~ 135° and
when the Sun was near Ag; g ~ 100°. The tick mark labeled ML
indicates the brightness level measured at midlatitudes for this
spectral feature. The shaded longitudes were measured by
Voyager 2 one planet rotation prior to the main map; the
Voyager 1 measurements were contiguous. Reprinted with
permission from Science.

area of 4.6 X 10° km* (the surface area of Saturn
between 78° and 81.5° latitude) [Sandel et al., 1982]. The
aurora is found to be continuous at both poles with
longitudinal asymmetry in the emissions, the brightest
intensity appearing at 50° < g < 180° (SLS is short
for Saturn longitude system) (see Figure 23).

There is an apparent correlation between the location
of the peak brightness in UV auroral emissions and the

SKR SOURCE LOCATION

MAGNETIC
FIELD
POLAR CAP

UV AURORA

KILOMETRIC
RAD1O SOURCE

NOON
MERIDIAN

Figure 24. Comparative longitudinal structure of the UV
and radio auroras at Saturn. The source regions for right-
handed Saturn kilometric radiation (SKR) aurora radio emis-
sions map to a very small region near \g; g ~ 115° [Kaiser et al.,
1984, Figure 17].
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location of the source of Saturn kilometric radiation
(SKR) [Kaiser et al., 1981, 1984], suggesting a close link
between the two (see Figure 24). This correlation, dis-
covered by Sandel and Broadfoot [1981] from Voyager 1
observations, was reaffirmed by Sandel et al. [1982] from
Voyager 2 observations that the UV aurora is brightest
when the subsolar longitude is ~100° (see Figure 23),
similar to the effect seen in SKR. Also, there is some
indication that the solar wind dynamic pressure is cor-
related with SKR intensity (see Figure 25) [Desch, 1982;
Desch and Rucker, 1983; Kaiser et al., 1984], which sug-
gests a solar wind power source or at least that the solar
wind controls the radiation pattern. However, Curtis et
al. [1986] have noted that according to the magnetic field
model of Connerney et al. [1984], the polar source loca-
tion for SKR could be on closed field lines, which would
suggest that an internal, rotationally driven process is
responsible for the radio emissions.

The longitudinal asymmetry in the auroral UV and
SKR emissions is quite surprising given the perfectly
axisymmetric magnetic field of Saturn [Connerney et al.,
1984]. The magnetic and rotational axes of Saturn are
perfectly aligned with each other, to within 0.1°. This has
been a puzzling situation for scientists trying to explain
magnetospheric/atmospheric phenomena [e.g., Hubbard
and Stevenson, 1984]. Galopeau et al. [1991] have pro-
posed nonaxisymmetric Saturn magnetic field models
based upon observations of SKR emissions, but their
conclusions have been contested by Connerney and
Desch [1992] and Ness [1993]. Recent reanalysis of the
Voyager-PRA (Planetary Radio Astronomy subsystem)
data [Galopeau et al., 1995] shows that the sources of
SKR are located at latitudes =80° and 1200-1300 LT,
with extensions to lower latitudes of ~60° near dawn
(0800-0900 LT) and ~75° near dusk (~1900 LT). These
locations are consistent with the locations of the bright
UV aurora observed by HST [e.g., Trauger et al., 1998;
Zarka, 1998]. However, owing to their limited data set,
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Figure 25. Voyager 2 data showing the close correlation
between SKR activity and the solar wind pressure at Saturn

[Kaiser et al., 1984, Figure 7].
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Trauger et al. were unable to infer anything about the
Voyager-observed longitudinal correlation between UV
emissions and SKR.

Pre-Voyager calculations of Waite [1981] showed that
the Lyman « brightness of about 2 kR and the H, band
brightness of 6-9 kR could be produced by precipitating
monoenergetic electrons in the energy range 1-10 keV
with an energy flux of 0.75 ergs cm ™2 s~ '. Gérard and
Singh [1982] modeled the Saturn aurora using the CSDA
method for a primary electron flux having a Maxwellian
energy distribution with characteristic energies ranging
from 0.1 to 2 keV. From comparison with the observed
H, band intensities, they computed a total energy dep-
osition rate into the auroral zone of 0.2-1.5 ergs cm 2
s~! and a globally averaged H atom column production
rate of 0.9-7 X 10" cm ™2 s~ '. In contrast, Shemansky
and Ajello [1983] constructed a synthetic spectral model
of the aurora which treats electron-excited H and H,
emissions at electron energies =100 eV with an electron
differential flux distribution of the form E~!# They
found that H, emissions require a foreground H, verti-
cal column of only ~10'® cm ™2, which corresponds to a
pressure level of ~4 X 10~ bar (well above the homo-
pause), indicating low-energy (<100 eV) exciting elec-
trons. Atreya et al. [1984] suggested that electrons in the
energy range 1-10 keV are responsible for exciting the
aurora. Saturn’s UV auroral spectrum shows less atmo-
spheric absorption than Jupiter’s (compare curve ¢ with
curves a and b in Figure 21), suggesting a relatively
higher altitude auroral region corresponding to less en-
ergetic primary particles. Modeling the precipitation of
protons in Saturn’s atmosphere using CSDA [Singh,
1991] yielded an excitation efficiency of about 10 kR (erg
ecm 2 s~ 1)~ ! for the H, bands, thus requiring a flux of
about 1 erg cm™ % s~ ! to explain the 10 kR of H, band
emissions observed by Voyager.

Barbosa [1987] proposed that Titanogenic nitrogen
ions are a key component of Saturn’s magnetospheric
particle population and can account for the energetics of
the Saturn UV aurora in a corotation-dominated mag-
netosphere. The nitrogen atoms which are escaping
from the sunlit hemisphere of Titan at a rate of ~3 X
10?° s~ due to dissociative excitation of N, [Strobel and
Shemansky, 1982] form a torus around Saturn. (A recent
estimate of nonthermal photochemical loss of nitrogen
from Titan in any chemical form is 1.2 X 10’ cm™?s™},
corresponding to a global loss rate of 2.5 X 10* s~ !, of
which 70% is atomic nitrogen [Cravens et al., 1997]. The
same study estimates a sputtering loss of ~1.5 X 10%°
s~!, while the loss due to polar wind processes is ~2 X
10* s~ ). Tonization of the nitrogen torus by both solar
EUV and magnetospheric electrons and subsequent
pickup of ions produces a population of ~keV N ions
which can supply the bulk of mass and energy input to
the magnetosphere at a power level of 2 X 10" W. Thus
Barbosa [1987] suggests that the aurora on Saturn can be
accounted for solely by an internal (Titan) plasma supply
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in a corotation-dominated magnetosphere, deemphasiz-
ing the importance of the solar wind.

In a subsequent paper, Barbosa [1990c] estimated the
power delivered to the aurora by protons and N ions to
be 5 X 10 and 2 X 10" W, respectively. Taking the flux
of superthermal electrons (1-10 keV) from Sittler et al.
[1983], he estimated =5 X 10'® W of power for the
electron aurora and concluded that electrons are most
likely the primary precipitation energy source for the
aurora as a result of energy transfer from Titanogenic
N* pickup ions in a corotation-dominated magneto-
sphere. A suggested mechanism for this energy transfer
was ion-generated lower hybrid waves, which could ac-
celerate electrons to keV energies. Recently, combining
the electron observations from three Voyager experi-
ments (plasma instrument, LECP, and cosmic ray sub-
system), Maurice et al. [1996] have generated a compos-
ite flux spectrum of electrons in Saturn’s magnetosphere
which extends over nearly 12 orders of magnitude in
intensity (from ~10~2 to 10° particles (cm” s st keV) ™)
and more than 4 orders of magnitude in energy (from 10
eV to ~2 MeV) (see Figure 26). Such a comprehensive
electron spectrum can be employed to better constrain
the role of magnetospheric electrons in powering the
Saturn aurora.

The IUE observations of auroral H I Lyman « emis-
sions from Saturn over a period of a decade (1980-1990)
showed intermittent outbursts of up to 1 kR above the
disk brightness (see Figure 27) [McGrath and Clarke,
1992]. Voyager observations indicated continuous emis-
sions around the auroral ovals that are apparently not
detectable with TUE probably due to the observing ge-
ometry and larger slit aperture for IUE (which averages
out the intensity). Attempts were made to correlate the
auroral activity on Saturn seen with IUE with major
solar flares that produced strong geomagnetic activity,
but the results were negative [McGrath and Clarke,
1992].

Most recently, WFPC2 images of Saturn’s FUV au-
rora were presented by Trauger et al. [1998]. They show
that the aurora is brightest (~100 kR) near the dawn
limb and appears to be fixed in local time (similar to the
dawn storms observed at Jupiter). A total radiated FUV
power of 40 GW was determined. These results for 1995
were for the northern auroral oval but are consistent
with the STIS image highlighting the southern auroral
oval shown in Plate 1.

The atmosphere of Saturn contains a variety of par-
ticulate material (e.g., aerosols, clouds, haze) which
plays an important role in various physical, chemical,
and dynamical processes (e.g., radiation and heat bud-
get, chemistry, transport) in the atmosphere [Tomasko
and Doose, 1984]. The ability of these particles to absorb
and scatter sunlight enables us to study their spatial
distribution and physical properties through remote
sensing at various wavelengths. Voyager photopolarim-
eter subsystem (PPS) observations at 264 nm have re-
vealed the existence of a layer of small aerosols (radii
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Figure 26. Composite electron flux spectrum for Saturn’s magnetosphere at L =

11.21, s = 25.1,

utilizing data from the plasma (PLS) (10 eV to 2.5 keV), Low Energy Charged Particle (LECP) experiment
(22 keV to 1 MeV), and cosmic ray subsystem (CRS) (>600 keV) instruments [Maurice et al., 1996, Figure 7).
The density (n,), return current density (F,), pressure (P,), and ratio of electron to magnetic pressure (3,)
are listed with =10 uncertainties, and the energies at which these quantities reach various percentages
(integrating up from 10 eV) are indicated above with tick marks.

~0.1 pm) in the atmosphere of Saturn which absorbs
strongly in the UV region and is located at a pressure
level of 30-70 mbar at low to middle latitudes and at
pressures <20 mbar at higher latitudes (>60°) [West et
al., 1983; Tomasko and Doose, 1984].

The observed UV-darkening of the polar regions of
Saturn has been interpreted as the sign of the presence
of UV-dark material (auroral haze) in the stratosphere
[West et al., 1983; Karkoschka and Tomasko, 1993]. Pryor
and Hord [1991] have found that a spatial correlation
exists between the regions of strong auroral H, band
emissions and UV-dark polar haze at Saturn. The ob-
served northern haze region appears to enclose the
auroral zone as defined from the Voyager UVS morpho-
logical observations. Pryor and Hord have proposed that
the source of this haze is auroral ionization and subse-
quent hydrocarbon chemistry leading to the polymeriza-
tion of hydrocarbons. The suggestion that auroras may
be important in haze formation was made earlier by
Lane et al. [1982] and is supported by the recent model
calculations of Singhal et al. [1992] on Jupiter. However,
for the auroral mechanism to be an important source of
haze production, it is necessary that the precipitating
particles be energetic enough to cause substantial ion-
ization at altitudes of appreciable methane abundance
(i.e., below the methane homopause) and thus initiate
hydrocarbon-ion-polymerization chemistry.

Observations made near 220 nm by the FOC aboard
HST (pre-COSTAR) have revealed a dark UV oval
enclosing the north pole of Saturn having an equivalent
width of ~11° in latitude and centered around 79°N [Ben
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Figure 27. A sequence of IUE observations of Saturn show-
ing the onset of a bright (~1 kR) Lyman « aurora during May
17, 1990 [McGrath and Clarke, 1992, Figure 10]. The solid line
represents a uniformly emitting disk, smoothed by a 6" full
width at half maximum Gaussian approximation to the IUE
point-spread function. Saturn’s diameter as seen from Earth at
the time of the observations was 17.5”, and the sub-Earth
latitude was 22.3°N.
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Jaffel et al., 1995]. The oval shape of the dark structure
and its correlation with the Voyager UVS location of the
aurora suggest that the hydrocarbon aerosol-haze pro-
duction is indeed linked to the aurora, supporting earlier
suggestions [Pryor and Hord, 1991; Singhal et al., 1992;
Lane et al., 1982].

Recently, using post-COSTAR FOC observations,
Gérard et al. [1995] observed Saturn’s north polar region
at 153 and 210 nm, thus making near-simultaneous mea-
surements of H, emissions and the polar haze. The H,
emissions were found to peak near 80°N, with a total H,
band brightness of about 180 kR. The maxima of the
absorption at 210 nm was found to lie at ~75°N (with
optical depth ~0.3), i.e., ~5° equatorward of the UV
auroral emission peak. This shift of ~5° was attributed
to the equatorward transport of the precursors of the
haze particles (during the process of their formation) by
meridional winds, which would be generated by the large
heat input into the auroral region from the precipitating
energetic particles. Preliminary estimates of Gérard et al.
[1995] suggest that for a 3 X 10'© W H, aurora, an
aerosol formation efficiency of ~7% is required to ex-
plain the observed haze level. Their study also supported
the notion of polar haze formation by aurorally pro-
duced hydrocarbon aerosols.

4.3. H3 Emissions

The first attempts by T. Geballe and coworkers to
detect Hy emissions from Saturn in July 1991 were
unsuccessful. A year later, and 3 months after their
detection on Uranus [Trafton et al., 1993], the Saturnian
H; emissions were eventually detected by Geballe et al.
[1993] using the cooled grating spectrograph 4 (CGS4)
instrument at UKIRT. The intensities of the lines de-
tected were about 1% of those on Jupiter and were even
weaker than those detected from Uranus. Geballe et al.
derived a temperature of ~800 K and a total Hy column
density of ~1.0 X 10'' cm ™2 The relative weakness of
the H; emissions from Saturn is puzzling: The surface
brightness of H; emissions is similar on Jupiter and
Uranus but is about 2 orders of magnitude lower on
Saturn. The reason for the apparently intrinsically weak
H; emission on Saturn is still not understood. One
suggestion is that H; is rapidly destroyed by hydrocar-
bons (particularly methane) in the upper atmosphere of
Saturn because of a large eddy diffusion coefficient and
thus a high homopause [Trafton et al., 1993]. The other
suggestion is that transport of water from Saturn’s rings
into the ionosphere leads to depletion of H; due to
reaction with H,O (producing H;0™). Another possibil-
ity is the interference of ring particles in the normal flow
of charged particles along magnetic field lines and hence
reduced low-latitude auroral activity on Saturn [Tenny-
son, 1995; Miller et al., 1994]. Geballe et al. [1993] found
that their spectra were brightest at the north and south
poles but concluded that they had too few data to say if
this was due to limb brightening or auroral effects.
However, recent observations of the latitudinal profile of

Bhardwaj and Gladstone: GIANT PLANET AURORAS e 333

H; emission on Saturn [Stallard et al., 1999] show that
they are mostly from auroral latitudes, with only a small
middle- to low-latitude component, thus making them
similar to the morphology of Jovian H5 emissions. More
recently, some efforts have been made to observe IR
emissions from ions other than H3 (e.g., H;O", CHY) in
Saturn’s auroral ionosphere, but these have been unsuc-
cessful to date (S. Miller, private communication, 1999).

The questions of (1) whether Saturnian auroras are
powered by the solar wind or by particles internal to the
magnetosphere, (2) whether an internal source is elec-
tron, proton, or heavy ion dominated, and (3) whether
auroral particles are energetic enough to initiate hydro-
carbon polymerization and haze formation remain open.
Understanding the cause of the longitudinal asymmetry
in the UV and SKR emissions and the spatial correlation
between the UV, SKR, and H; IR auroral emissions
requires further observations at higher spatial and tem-
poral resolution. The data from the Cassini mission will
be useful for resolving many of these issues when Cassini
reaches Saturn in 2004.

5. URANUS

5.1. Ultraviolet Emissions

Relatively little was known of the planet Uranus prior
to the Voyager 2 encounter of January 24, 1986. The
planet’s 51,200-km diameter at a mean orbital radius of
19.2 AU (AU stands for astronomical unit, the average
Earth-Sun distance of 150 X 10° km) subtends less than
4", making it a very difficult object to observe. The
presence of a planetary magnetic field and thus an active
magnetosphere and aurora was speculated but was con-
troversial and clearly unknown [e.g., Desch and Kaiser,
1984; Hill and Dessler, 1985; Curtis and Ness, 1985; Ip
and Voigt, 1985; Clarke et al., 1986; Shemansky and
Smith, 1986]. Experience with auroras on Jupiter and
Saturn led to the expectation of similar H Lyman « and
H, band emissions from Uranus, which would be
searched for with IUE and Voyager but would not be
well understood until the novel magnetic field geometry
of Uranus was discovered.

Preliminary indications of the presence of auroral
activity on Uranus were obtained through IUE observa-
tions of unexpectedly bright and variable H Lyman «
emission from Uranus [Fricke and Darius, 1982; Clarke,
1982; Durrance and Moos, 1982]. Fricke and Darius
[1982] suggested that the observed high H Lyman «
albedo could be due to a large column abundance of H
above the absorbing methane layer. However, Clarke
[1982] and Durrance and Moos [1982] argued, based on
unreasonably large H column abundance requirements
and a rapid factor of ~2 variation in emission brightness,
that the resonant scattering of solar Lyman « could not
account for the IUE-observed intensity of Lyman o and
therefore attributed most of the ~1.5-kR disk-averaged
brightness to auroral emissions excited by the precipita-
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Figure 28. Diagram of the offset tilted dipole (OTD) model
of the magnetic field lines of Uranus, in the meridian plane
containing the OTD axis and the planetary rotation axis, show-
ing the large spatial and angular offsets from the center and
axis of Uranus [Ness et al., 1986, Figure 4]. Reprinted with
permission from Science.

tion of charged particles. This gave the first indirect
evidence that Uranus possessed a planetary magnetic
field and an active magnetosphere. Subsequently, a mar-
ginal detection of the H, band emission feature near 160
nm in IUE spectra [Caldwell et al., 1983b] further sup-
ported the auroral interpretation of the TUE-observed
Lyman a emissions. Prompted by these studies, Hill et al.
[1983] proposed a Faraday disc dynamo model for a
Uranian aurora driven by a combination of solar wind
and planetary spin, with a magnetic pole pointed toward
the Sun.

Four years of observations of the disk-averaged H I
Lyman « emissions from Uranus performed with the
IUE observatory also supported the view of auroral
activity on Uranus [Clarke et al., 1986]. The extreme
brightness values of 800 R minimum and 2.6 kR maxi-
mum indicated a factor of 4 variability in Lyman «
emission, if 200 R were assumed to be due to resonant
scattering of solar Lyman «. The lack of any correlation
of Lyman « variation with solar H I Lyman « flux, or
with solar wind density and velocity, together with large
variability, was interpreted by Clarke et al. [1986] as
evidence of the presence of a charged particle excitation
process: an aurora on Uranus. They estimated an aver-
age power in precipitating particles of 5-10 X 10'* W,
suggesting that the Uranus aurora may be comparable,
in terms of the total power dissipated, to the Saturnian
aurora. In a pre-Voyager paper, Shemansky and Smith
[1986], citing the nondetection of radio emissions, sug-
gested that the TUE-observed emissions might not be
auroral in nature but might be produced by a mechanism
(which is now often called “electroglow”) similar to that
which was thought to be operating in the sunlit atmo-
spheres of Jupiter and Saturn. Yelle and Sandel [1986]
pointed out that resonant scattering of H I Lyman «
emissions from the interstellar wind could be a more
potent source for the Uranian Lyman « than the solar
scattered component, since the direct sunlight decreases
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as 1/R* while the flux from the extended interstellar
medium decreases more slowly (approximately as 1/R).

Prior to the Voyager 2 encounter the postulation of
IUE-observed strong and apparently variable H I Lyman
a emissions being polar auroral emissions was partly
based on the fact that the rotation axis of Uranus was
known to lie nearly in its orbital plane, and assuming the
magnetic axis (granting the existence of a magnetic field)
to roughly coincide with the rotation axis, the magnetic
pole of Uranus would be expected to more or less face
the Earth and Sun. (The inclination of the Uranian
orbital plane is <1°, while the obliquity of Uranus is 82°.
Therefore, twice during its 84-year orbit around the Sun,
the rotation axis will be oriented very nearly along the
planet-Sun line, so that from Earth one or the other of
the planetographic poles of Uranus is viewed. The 1986
encounter of Voyager occurred at such a time.)

Before discussing the Voyager UVS observations, it is
worth describing the unusual magnetic field geometry on
Uranus. Since a planet’s magnetic field strength and
orientation control its aurora, information regarding the
location of an aurora (in magnetic coordinates) is of
great importance, as it indicates from which region of
the magnetosphere the aurora-exciting particles origi-
nate. The magnetometer on Voyager 2 provided the first
measurements of the Uranian magnetic field. The most
surprising and highly interesting finding was the large
angle (58.6°) between the magnetic and rotation axes
and the large offset of the dipole (30% from the planet
center). Thus, at the time of the Voyager 2 flyby, Uranus
was the first planet known to have the magnetic config-
uration of an “oblique rotator,” a dipole with extended
magnetotail rotating about an axis oriented toward the
Sun. The preliminary magnetic field representation, the
offset and tilted dipole (OTD) model [Ness et al., 1986],
was characterized by a dipole of moment 0.23 G R},
displaced along the rotation axis by —0.3 R, (away from
the Sun in 1986), and inclined by 60° from the rotation
axis (see Figure 28). However, because of the large
dipole offset, there is a strong quadrupole contribution
[Connerney et al., 1993; Ness et al., 1991], causing an
order of magnitude variation in the magnetic field
strength on the surface, with a minimum of ~0.1 G on
the dayside at middle to high northern latitudes and a
maximum of ~1 G on the nightside at southern midlati-
tudes (see Figure 29).

The Voyager 2 UVS observations at the time of
closest approach clearly showed emissions associated
with the nightside southern magnetic pole [Broadfoot et
al., 1986]. In the initial UVS data analysis reports the
dayside (northern) aurora was ambiguously evident; a
more careful analysis later revealed the clear presence of
a dayside aurora [Herbert and Sandel, 1994]. Higher
spatial resolution maps obtained during the Voyager
encounter reveal circumpolar UV auroral ovals closer to
the planetographic equator than to the pole due to the
offset and titled magnetic field [Herbert and Sandel,
1994]. The weaker-field (dayside) northern auroral oval
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has a considerably larger radius (roughly 35°-40°) than
the stronger-field (nightside) southern auroral oval
(roughly 7°-10°). The auroral zone covers an area of
about 2-4% of the planet’s total surface area depending
on the width of the dayside ring, which is not well
determined. Nightside emission coming from a circular
region at the magnetic polar cap with ~20° diameter
leads to an auroral brightness of 9.0 kR in H, bands and
1.5 kR in H I Lyman «. The ratio of Lyman « to H,
emissions is consistent with an electron precipitation
scenario. Further, the spectra suggest that the UV emis-
sions arise at H, column densities of ~10* cm~ 2 and
that the energy of the precipitating electrons must be
about 10 keV to penetrate to this altitude. The disk-
averaged auroral brightnesses are ~250 R for the H,
bands and ~45 R for Lyman «, which may be compared
with the corresponding dayglow brightnesses of 1.8 and
1.5 kR, respectively (see Bhardwaj [1997a] for a review
of outer planet airglow). Broadfoot et al. [1986] esti-
mated the total input power to the Uranian aurora to be
~2 x 10" W.

Waite et al. [1988b] have modeled the fate of 1- and
10-keV monoenergetic electron beams precipitating in
the atmosphere of Uranus. They found that an input
energy flux of about 0.9 ergs cm ™% s~ ! will produce 9 kR
of H, bands. Their calculations showed that the ratio of
Lyman « to H, bands for 10-keV precipitating electrons
is consistent with the observations of Broadfoot et al. [1986].

Whistler-mode emissions from magnetospheric elec-
trons with energies of 10—100 keV were observed by the
plasma wave spectrometer (PWS) from the L < 10
region during the Voyager flyby [Gurnett et al., 1986].
Coroniti et al. [1987] have concluded that resonant pitch
angle scattering of moderate-energy (5-40 keV) elec-
trons by these waves leads to the precipitation of enough
electrons to excite the aurora. Further, examination of
the ion and electron phase space densities [Cheng et al.,
1987; see also Cheng et al., 1991] shows (1) injection
events which could be associated with substorm activity
and (2) evidence for particle precipitation at the strong
diffusion rate which may power the observed auroral
emissions [Coroniti et al., 1987] (see Kurth et al. [1991]
for review).

Herbert and Sandel [1994] have performed a detailed
analysis of the 32 hours of preencounter (sunlit side) and
postencounter (dark side) Voyager UVS observations of
a Uranus aurora using a singular value decomposition
approach to inversion in the two spectral regions: the
strong H, band region of 87.5-111.5 nm and H Lyman a.
Their analysis clearly showed the H, aurora to be asso-
ciated with both magnetic poles (see Figure 30), but the
presence of a Lyman o aurora on the dayside (north
pole) was not especially convincing because of the strong
Lyman « dayglow background emissions. The auroral
emissions are found to be somewhat localized in mag-
netic longitude and thus do not form complete auroral
ovals, with peak brightnesses at ~180°, which nearly
coincides with the magnetic auroral geographic (MAG)
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Figure 29. Contours of constant magnetic field magnitude at
about 200 mbar on Uranus, calculated using the Q; spherical
harmonic model [Connerney et al., 1987, Figure 5]. The pole
tips of the OTD model are shown for comparison, and an
estimated auroral oval and Miranda orbit footprint are also
indicated.

(see Herbert and Sandel [1994] for details) longitude of
the highest field strength (see Figure 31). The magnetic
field at this longitude is permanently connected with the
magnetotail, and therefore it is likely that the aurora is
influenced by the magnetospheric convection system, as
opposed to the case of an oval-like Earth-type aurora
arising at the feet of the last closed field lines. The
situation at Uranus is thus dramatically different from
that of Jupiter, where the “windshield wiper” effect is
important in auroral particle precipitation [Herbert et al.,
1987; Prangé and Elkhamsi, 1991], because the electron
mirror points for any given pitch angle are at their
highest altitudes at the maximum of magnetic field
strength.

The Uranian northern aurora is much brighter (by a
factor of 2-4) in H, emissions and is centered around a
magnetic latitude of 60° compared with the southern
aurora, which peaks at about 65° magnetic latitude (see
Figure 31). The larger H, emission from the northern
(dayside) aurora compared with the southern (nightside)
aurora is due presumably to the lower magnetic field
strength in the north (see Figure 29). According to
Herbert and Sandel [1994], the precipitating particles lie
at relatively low L shell values (L = 5-10), indicating
that their energies may be =10 keV. The lower energies
of precipitating electrons estimated from the UVS data
are consistent with the Voyager photopolarimeter sub-
system (PPS) observations, which found that Uranus is
bright in the auroral regions and reveals no sign of the
presence of UV-dark auroral haze common to the other
giant planets [Pryor and Hord, 1991]. This supports the
idea that the precipitating electrons are not energetic
enough to penetrate the methane homopause and initi-
ate haze formation.

It is interesting to note a close correlation between
the location of UV auroral intensity maxima with the
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Figure 30. Voyager UVS H, emission map for Uranus, with the bold lines and shaded contours indicating
relative H, brightness (only brightness values exceeding the measured variance, shown by dotted contours, are
shown) and with the dashed lines indicating L values of 2, 3, 4, 5, 10, 20, and 30 (outermost to innermost)

[Herbert and Sandel, 1994, Figure 2].

locations of the source of Uranian kilometric radiation
(UKR) [Desch et al., 1991], the strongest whistler-mode
emissions [Gurnett et al., 1986; Coroniti et al., 1987], and
the most intense 22- to 35-keV electron fluxes [Krimigis
et al., 1986]. The location of the brightest southern UV
aurora coincides with the location of the source of the
broadband bursty and broadband smooth UKR, while
the northern polar UV auroral intensity maxima seem to
lie near the source region of dayside O-mode UKR
emissions (see Figure 32). The intensity maxima of both
north and south UV auroras lie at the feet of the flux
tubes in which maximum whistler-mode plasma wave

emission and 22- to 35-keV electrons were observed by
Voyager (see Kurth et al. [1991] and Cheng et al. [1991]
for detailed discussions). Recent observations in IR of
H ion from Uranus [Lam et al., 1997b] have revealed
spatial variations in the emissions that indicate an asso-
ciation with the aurora; the evidence, however, is not as
conclusive as for the case of Jupiter [Ballester et al.,
1994].

The Voyager UVS data show [Broadfoot et al., 1986;
Herbert and Sandel, 1994] that the aurora at H I Lyman
a is considerably weaker than in the H, bands, a situa-
tion opposite to that found at Jupiter [Herbert et al.,
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Figure 31. Voyager UVS H, emission map for Uranus in magnetic field coordinates, with brightnesses

plotted as in the previous figure and with contours of surface magnetic field magnitude at 0.1-G intervals (with
the northern maximum near 0.4 G and the southern maximum near 0.9 G) [Herbert and Sandel, 1994, Figure 10].
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Figure 32. Meridian plane diagram indicating the source lo-
cations for Uranian kilometric radiation (UKR), which agree
well with the locations of H, FUV emission [Desch et al., 1991,
Figure 10]. Reprinted with permission from University of Ar-
izona Press.

1987; Broadfoot et al., 1981a]. Because the north pole
was in the sunlit hemisphere at the Voyager encounter,
and the Lyman « dayglow is several times brighter than
the H, band emissions in 87.5-111.5 nm [cf. Bhardwaj,
1997a], the Lyman « emissions from the northern aurora
are obscured by resonantly scattered solar Lyman «. The
reason that the auroral Lyman o/H, band intensity ratio
is diminished at Uranus relative to Jupiter may be that
the atomic H column abundance in the Uranian aurora
is smaller than at Jupiter. Herbert and Sandel [1994] have
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estimated the total auroral power output of the H, bands
and H I Lyman « at 3-7 X 10° W. For a presumed 10%
UV excitation efficiency, the particle input power is
likely around 3-7 X 10'® W, corresponding to a disk-
averaged deposition rate of about 0.003-0.008 ergs cm >
s .
Recently, Herbert and Hall [1996] have examined the
spatial distribution of hot (<2 eV) H atoms (at the
exosphere temperature of 800 K the thermal energy is
0.07 eV) [Herbert, 1988; Stevens et al., 1993] detected by
the Voyager UVS in the extended Uranian H corona
[Broadfoot et al., 1986]. The extended H corona has
significant consequences for the magnetospheric plasma,
which can charge exchange with coronal H, resulting in
the production of fast neutrals that can escape from the
magnetosphere [Cheng, 1986; Krimigis et al., 1988] or
precipitate into the upper atmosphere [Ip, 1987; Bhard-
waj and Singhal, 1993; Bhardwaj, 1997b]. The H corona
density distribution has a radial profile o« 1/r?, which is
characteristic of an escaping population with high tem-
perature T onihermal = ihermal- 1h€ nonthermal H
coronal density is higher on the sunlit side (typically
400-500 cm > at 2 R;;) than on the nightside (200-300
cm > at 2 Ry)) [Herbert, 1988; Herbert and Hall, 1996)].
The hot H density distribution is found to maximize near
the dayside (north) magnetic pole, with the minima near
the darkside (south) magnetic pole (see Figure 33). The
ratio of about 5:2 of the H densities between the two
poles is approximately the same (~2:1) as obtained for
the ratio of the total brightness of the two UV auroras
[Herbert and Sandel, 1994] and is also consistent with the
1:2 ratio of the magnetic field strengths of the north and
south magnetic poles. The coincidence between the UV
auroral intensity ratio and hot H coronal density ratio at
the two poles probably indicates a common source of the
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Figure 33. Density map of the H corona of Uranus at 2 R, derived from Voyager UVS observations of
Lyman o emissions, with solid contours labeled in per cubic centimeters, and with L values of 10, 5, 4, and 3
indicated (proceeding outward from each magnetic pole) [Herbert and Hall, 1996, Figure 3]. The uncertainty
in density is estimated to vary from *50 cm ™2 near the equator to =90 cm ™2 near the poles. At the time of
the Voyager 2 flyby the northern hemisphere was sunlit.
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Figure 34. Spectrum of Uranus from 3.89 to 4.09 um observed on April 1, 1992 (dots), compared with best
fit H5 spectrum (solid line), with parameters listed [Trafton et al., 1993, Figure 1]. Reprinted with permission

from the American Astronomical Society.

production of these two. However, such a conclusion is
hampered by the statistical constraints of the data. Other
possible sources of the nonthermal H corona investi-
gated by Herbert and Hall [1996] are Jeans escape, solar
EUV dissociation of H,, electroglow, auroral plasma
sheet H" cascade [Herbert, 1993], satellite tori, charge
exchange of polar wind H" with thermospheric H, and
exothermic ionospheric reactions. On the basis of geo-
metric, energy, and power constraints they suggested
that the most plausible sources are aurora and electro-
glow, in order of preference. Another possible source of
the nonthermal H atoms could be ionospheric protons
accelerated in the auroral region by wave-particle inter-
actions and electric fields [Bhardwaj and Singhal, 1993],
which should also be explored. Recently, Gao et al.
[1998] presented results showing how the octupole com-
ponent terms (OCT) magnetic field model (which com-
bines the Q3 magnetic field model with an octopole
component) provides a much better correspondence
with the FUV auroral emissions observed by the Voy-
ager UVS.

5.2. H3 Emissions

Uranus was the second of the giant planets (after
Jupiter) from which Hi emissions were detected. On
April 1, 1992, Trafton et al. [1993] detected 11 emission
features of the H; fundamental vibrational-rotational
band at 3.89-4.09 wm, using the CGS4 spectrometer on
the UKIRT telescope, in perhaps one of the purest H
spectra ever recorded (see Figure 34). Peak intensities
were a few percent of those normally measured in the
Jovian auroral spectrum. Fitting of the spectrum using
the parameters of Kao et al. [1991] implied a rotational

temperature of 740 + 25 K, a vertical column density of
6.5 X 10'° cm 2 (+10%), and an ortho-HJ fraction of
0.51 = 0.03. Trafton et al. estimated a planet-wide total
Hj emitted power of 5 X 10'° W, which is considerably
larger than the UV emitted auroral power of ~3-7 X
10" W.

Attempts to look at the distribution of H3 emissions
on Uranus are very difficult because of the small angular
size of the planet. Lam et al. [1997b] recorded a series of
images in the 3- to 4-pm region in April 1993. These
images show H3 emissions over the entire disk but also
pronounced structure suggestive of enhanced auroral
activity in the region about the magnetic pole. However,
the spatial variation on Uranus is more limited than in
the case of Jupiter. Because of the uncertainty in the
period of rotation of Uranus, the positions of the mag-
netic poles are not known with sufficient accuracy to
allow unambiguous correlation of the region of strongest
emission with the north magnetic pole. It seems that
auroral activity on Uranus plays a far less significant role
in the production of H; compared with the situation at
Jupiter. The overall brightness of Hy emissions of Ura-
nus is found to vary by a factor of 2 on a timescale of
years [Lam et al., 1997b]. Lam et al. [1997b] have sug-
gested that the HS emissions are dominated on Uranus
by a planet-wide dayglow rather than are associated with
the polar regions. This suggestion has been supported in
recent observations by Trafton et al. [1999], which indi-
cate that the typical auroral contribution is no more than
20% of the total Hy emission from Uranus. Trafton et
al. also measured H, quadrupole emissions from Uranus
and showed that both Hy and H, emissions display a
significant dependence on solar flux variations.
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6. NEPTUNE

6.1. Early Work

Since polar auroras had been observed on the other
three outer planets, it was logical in the pre-Voyager
period to expect that an aurora should be present on
Neptune too. This expectation seemed quite reasonable
because Neptune was anticipated to have a substantial
magnetic field [Curtis and Ness, 1986; de Pater and
Goertz, 1989], along with the well-known fact that Nep-
tune possesses a dense atmosphere [Clarke, 1988; Cheng,
1989; Shingawa and Waite, 1989; Bhardwaj and Singhal,
1990]. Curtis and Ness [1986] predicted an equatorial
cloud-top field for Neptune of 0.4-0.5 G using a plan-
etary dynamo model. From simulation studies of Nep-
tune’s synchrotron radiation, which were observed from
Earth at 20 cm, together with energy budget consider-
ations, de Pater and Goertz [1989] estimated a magnetic
field strength of 1-2 G.

However, prior to the closest approach of Voyager,
the lack of detectable radio and UV emissions at 0.4 AU
from Neptune by Voyager, and the absence of significant
UV emissions in the IUE data [Clarke, 1988], caused
some doubts [Dessler and Sandel, 1989]. This prompted
Dessler and Sandel [1989] to propose a “quiescent” mag-
netosphere for Neptune. Other alternatives suggested at
that time for the absence of auroral-magnetospheric
activity included (1) the presence of a large methane
abundance in Neptune’s upper atmosphere to cloak the
auroral UV emissions, (2) a weak or negligible magnetic
moment, or (3) the orbit of Neptune lying beyond the
heliospheric shock front [Suess and Dessler, 1985],
thereby excluding the presence of an Earth-like aurora
driven by solar wind—driven convection. Cheng [1989]
speculated that inverted-V events might be observed by
Voyager over Neptune’s auroral zones at energies of
several tens of keV.

Since Uranus and Neptune orbit around the Sun at
large distances and are more similar in size and compo-
sition, Bhardwaj and Singhal [1990] assumed that the
energy flux of precipitating electrons on Neptune might
be of the same order as that on Uranus. Taking the
energy flux as 0.9 ergs cm > s~ ! on Neptune (the same
as on Uranus), they predicted the auroral H, band
intensity on Neptune to be about 900 R (see Figure 35
for excitation rates of H, bands). On the basis of rela-
tively much lower strength of H I Lyman o emission
observed by IUE from Neptune, Clarke [1988] suggested
that polar auroras might be weak on Neptune, although
he did not rule out an active Neptunian magnetosphere.
Curtis [1988] argued that if the magnetic field of Nep-
tune was not tilted and offset similar to the Uranian
magnetic field, then Neptune would lack a major source
of auroral precipitation, which in turn would imply a
much colder exospheric temperature of ~200 K at Nep-
tune.

6.2. Ultraviolet Emissions

During the Voyager 2 flyby of Neptune the UVS
detected extremely weak emissions from the nightside of
the planet at longitudes of ~30° and 200°W (see Figure
36) classified as “auroral emissions” by Broadfoot et al.
[1989]. The integrated intensity in the 96.7- to 111.5-nm
wavelength band was ~10 R. No H I Lyman « emissions
were detected from the nightside because the expected
brightness was below the detection limit of the instru-
ment. The presence of an aurora on Neptune was also
supported by Voyager measurements of plasma wave
[Gurnett et al., 1989] and radio [Warwick et al., 1989]
emissions as well as by the charged particle population
experiments [Krimigis et al., 1989]. The UV aurora radi-
ates ~5 X 107 W, implying an input power of precipi-
tating particles ~10° W (i.e., 2-3 orders of magnitude
less than at Uranus). Broadfoot et al. [1989] proposed a
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Figure 36. Voyager UVS observations of H, (96.7-111.5
nm) emissions from the nightside of Neptune, shown as a
function of central meridian longitude [Broadfoot et al., 1989,
Figure 5]. The observations consisted of north-south scans, as
indicated in the top diagram, with the data selected to avoid
the sunlit crescent. The solid circles are from the beginning of
a second 16.06-hour rotation of Neptune. Reprinted with per-
mission from Science.

centrifugally driven torus model in which the energy
source for Neptune’s aurora is plasma mass loading
and/or outward transport in the Triton torus (see Figure
37), requiring a plasma source of around 1 kg s~ ' if

Triton's

Plasma equato7

Interaction
region

Rotation of plasma
arcs and equator

Figure 37. Diagram showing the possible formation of
plasma arcs at 140°-210°W and 310°-25°W, due to the ioniza-
tion of gases escaped from Triton (tilted 21° with respect to
Neptune’s equator) as they encounter the plasma equatorial
plane (which rotates with the planet but is canted at a large
angle (here shown as 40°) to the equator) [Broadfoot et al.,
1989, Figure 6]. Reprinted with permission from Science.
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corotation is maintained out to 20 R,. However, the
model of Cheng [1990a] showed that the Triton torus
plasma source is much smaller and hence the centrifu-
gally driven torus model is unable to power Neptune’s
aurora. Cheng proposed that Neptune’s aurora may be
driven by a solar wind-Neptune interaction generating
field-aligned currents and producing field-aligned poten-
tial drops above the polar caps. He showed that solar
wind interactions could, in principle, provide a power of
3.2 X 10" W incident on a circle of 26 R, radius, for
n,, = 0.0045 cm ? and v, = 403 km s, given an
efficiency for converting solar wind power to emissions
of about 0.3% (about one third the value at Earth).
Sandel et al. [1990] investigated the latitudinal and
longitudinal distribution of the nightside H, emissions
(96.7-111.5 nm) of Neptune. Two distinct types of Nep-
tunian auroral emissions were found (see Figure 38).
The first, a spatially distributed emission with almost
uniform brightness, extends from 55°S to 50°N latitude
and longitudes of 0°-60°W. These emissions are weak,
with integrated intensity over the wavelength range and
field of view of ~2.5 R, corresponding to an emitted
power of 6 X 107 W for the areal coverage of 13% of the
planet’s surface. The second, a more localized emission
in both longitude and latitude, was confined mainly in
the southernmost latitudes at ~240°W, with an inte-
grated intensity of about 5 R over the same band pass.
Although the brightness of this region was larger, the
UVS spectrum is of poorer quality because of a smaller
integration time. The spectrum is consistent with H,
band emissions, but the level of confidence is lower than
for the diffuse type emissions. Assuming an emitting area
of 2.5% of the surface, the emitted power is 2 X 10’ W.
The more localized and brighter auroral emissions
from the southern magnetic latitudes may be a classical
aurora. This interpretation is supported by the observa-
tions of the characteristics of the magnetospheric plasma
population [Krimigis et al., 1989] and nonthermal radio

Figure 38. Voyager UVS map of H, 96.7- to 111.5-nm emis-
sions from the dark side of Neptune [Sandel et al., 1990, Figure
1]. The large peak near 240° CML is thought to be a southern
hemisphere aurora; the latitudinally broad region of emission
near 0°-60° CML may be due to precipitation of conjugate
photoelectrons from the daylit side of the planet.
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emissions [Gurnett et al., 1989; Warwick et al., 1989] of
the type normally associated with auroral particle accel-
eration. This interpretation implies a brighter aurora at
the northern pole, owing to weaker field strength there,
which escaped detection because the 51°N latitude of
that pole places it mostly outside the viewing area of
UVS. Thus we lack a reliable measurement of auroral
emission from the northern pole.

Sandel et al. [1990] proposed, following the suggestion
of Broadfoot et al. [1989], that the brighter and spatially
confined component of the aurora could be powered by
Neptune’s rotational energy extracted from Neptune’s
ionosphere through its electrodynamical coupling with
Triton’s plasma arcs [cf. Hill and Dessler, 1990]. The
implied upper limit for mass loading of the magneto-
sphere by Triton is estimated to be ~1 kg s~ '. The
consequences of such a mass loading rate for convection
in Neptune’s magnetosphere are discussed by Hill and
Dessler [1990], who concluded that a mass loading rate of
this magnitude is consistent with results from the Voy-
ager PLS and LECP [Belcher et al., 1989; Krimigis et al.,
1989].

However, Cheng [1990a] estimated a net injection
rate of only ~45 g s~ ! for H" (taking charge exchange
and gravity into account) and ~6 g s~ ' for N* (scaling
from the inferred injection rate in the Saturn system
from Titan) and therefore argued that the injection rates
are too low (compared with ~1 kg s™') to drive the
aurora. He suggested that Neptune’s aurora is driven
mainly by the solar wind via a low-latitude boundary
layer (LLBL) interaction [Cheng, 1989].

Mauk et al. [1991] have conjectured that the more
localized and brighter auroral emissions from the south-
ern magnetic latitudes are caused by the diffuse precip-
itation of energetic electrons trapped at L values =8 R .
The observed electrons in the L > 8 R, region have
broad pitch angle distribution, and the analysis of Mauk
et al. [1994] suggested that pitch angle scattering can fill
up the pitch angle distribution in about 2 hours. The
emission energy flux observed by the Voyager UVS is
~10"* ergs cm ™~ ? s~ ', which requires (according to the
conversion efficiencies of Sandel et al. [1990]) an elec-
tron input power of greater than 10> ergs cm % s .
The required auroral power could be obtained from a
trapped electron population with ~0.03% of the trapped
radiation belt intensities, since the hot electrons ob-
served by the LECP experiment [Krimigis et al., 1989;
Cheng et al., 1991], if isotropic, could deliver up to ~3
ergs cm 2s ! of power to the atmosphere [Mauk et al.,
1991]. Also, the L. > 8 R, regions map onto Neptune’s
surface with a size of ~3.2% of the planets surface for
each hemisphere with central dipole. This value agrees
well with the size of the auroral emission region of
~2.5% seen by the UVS [Sandel et al., 1990]. The study
of Mauk et al. [1994] indicated that the pitch angle
scattering rate of energetic electrons near L = 8 Ry, is
large enough to cause electrons to precipitate in suffi-
cient quantities to power the aurora. These authors
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Figure 39. (a) Diagram showing how the Voyager UVS ob-
servations near 60° CML would tend to see emissions from
conjugate photoelectrons produced on the daylit side of Nep-
tune, while (b) those taken near 240° CML see more of an
open-field-line configuration with few emissions [Sandel et al.,
1990, Figure 2].

proposed that this brighter component of Neptune’s
aurora is analogous to the diffuse aurora at Earth.

For the latitudinally diffuse nightside emissions,
which are not consistent with usual auroral morphology,
two alternative models have been proposed. Sandel et al.
[1990] suggested that the diffuse emissions are excited by
photoelectrons precipitating from the magnetically con-
jugate sunlit hemisphere. The order of magnitude esti-
mates made by Sandel et al. showed that this mechanism
requires an overall solar flux to emission conversion
efficiency of ~0.5% (scaling the solar photon flux with
energies >30 eV at 1 AU to the heliocentric distance of
Neptune), which seemed not unreasonable, but no de-
tailed model calculations have been performed to assess
quantitatively the effectiveness of the proposed photo-
electron excitation mechanism. This mechanism will oc-
cur only in the nearly pole-on configuration (see Figure
39) that occurs once each Neptune rotation. (The ori-
entation of Neptune’s spin axis (28.8° obliquity) coupled
with the large magnetic tilt angle (46.8°) allows Nep-
tune’s magnetosphere to change every 8 hours (a half
rotation) from an “Earth-like” magnetosphere with two
polar cusps to a “pole-on” magnetosphere with only one
polar cusp. One consequence of such a magnetospheric
geometry is that every half rotation Neptune’s magneto-
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TABLE 2. Comparative Emitted Power at Different Wavelengths in Giant Planet Auroras

Emission Jupiter Saturn Uranus Neptune
X rays (0.1-3 keV) ~1-4 GW* <5-15 GW NIA NIA
FUV" (80-180 nm) 2-10 TW =50 GW =40 GW =100 MW
Visible (385-1000 nm) ~10-100 GW NIA NIA NIA
IR (H3) (3-4 pm) 4-8 TW ~150-300 GW ~250 GW <12 GW
IR (hydrocarbons) (7-14 pm) ~40 TW NIA NIA NIA
Radio (10 kHz to a few megahertz) ~10 GW* ~1 GW ~30 MW ~20 MW

NIA, no information available.

*A 30 upper limit for X-ray emissions at 27-48 keV is 0.11-0.56 GW [Hurley et al., 1993].
"Galileo UVS data indicate that MUV (162-320 nm) auroral emissions from Jupiter contain about 8 times less flux than FUV auroral

emissions [Pryor et al., 1998].
“Jupiter’s decametric emission power is ~100 GW [Zarka, 1998].

tail changes between a planar plasma sheet (where the
plasma currents close over the tail magnetopause) as at
Earth, and a cylindrical one (where the plasma currents
close entirely within the magnetospheric cavity) [Ness et
al., 1989; Voigt and Ness, 1990]). Recently, the use of a
more accurate magnetic field model has confirmed the
suggestion of Sandel et al. [1990] and also showed that a
region near the southern bright aurora is also magneti-
cally conjugate to the dayside hemisphere [Bishop et al.,
1995].

Cheng [1990b] proposed an alternative model to ac-
count for the diffuse emissions. According to this model,
the emissions are generated due to the excitation caused
by the precipitation of energetic charged particles (elec-
trons and protons) in the magnetic anomaly region (a
region of anomalously low surface magnetic field), which
arises from the large offset and tilt of Neptune’s dipole
magnetic field [Ness et al., 1989]. On Neptune’s surface
this anomaly region extends from 51°N, 48°W (the north
magnetic pole) to 38°S, 167°W (on the magnetic equa-
tor). The energetic trapped particles drifting along the
magnetic field lines precipitate into Neptune’s atmo-
sphere after being transported radially into the atmo-
spheric drift-shadow region, where they encounter the
weak-field region (i.e., the “windshield wiper” effect). In
the model of Cheng [1990b] the latitudinally diffuse
emissions peaking around 0°-60°W longitude are ex-
cited by westward drifting electrons precipitating at the
eastern edge of the magnetic anomaly region. The pro-
tons drift to the east, and they precipitate on the other
side of the western longitude, possibly accounting for the
enhanced UV emission near 240°W. This scenario of an
atmospheric drift-shadow precipitation pattern is sup-
ported by the observations of energetic particle dropouts
seen in the Voyager LECP experiment data [Krimigis et
al., 1989; Mauk et al., 1990] and the agreement between
the required precipitating power and what can be ex-
plained by anomaly precipitation [Cheng, 1990b].

Paranicas and Cheng [1994] followed up on the work
of Cheng [1990b] using the O8 model of Neptune’s
magnetic field. With the new model, drift L shell foot-
prints are found to have unusual morphologies, with
cusps, thin necks, and double loops forming over the

planet at 1 R,. Using test particles launched uniformly
from near Neptune, the precipitation pattern at the
planet matched the UVS observations of Sandel et al.
[1990] quite well, with normal auroral precipitation oc-
curring near the 30°S pole and magnetic-anomaly pre-
cipitation (low surface magnetic field, as in Earth’s
South Atlantic anomaly region) in the 0°-90° longitude
region. This model predicts precipitation in regions not
measured by the Voyager UVS: near 90°W and south of
55°S, near 45°W and northward of 55°N, and weak
precipitation above 60°N over a range of longitudes near
200°W.

Recently, Huang et al. [1998] modeled the drift of
particles in Neptune’s plasmasphere and showed that
even with pitch angles of near 90°, low-energy (tens of
eV) particles will precipitate into the atmosphere as they
drift around the magnetic equator. These particles could
also contribute to the observed UV emissions.

In summary, there are several models proposed for
each of the two types of auroral emissions, but it remains
to be established which of these mechanisms actually
dominates the aurora on Neptune. The resolution would
appear to require more refined knowledge of the mag-
netic field geometry close to Neptune, in terms of both
locating the magnetic poles and improving the surface-
to-surface mappings (see Connerney et al. [1993] for a
review). At present, the low signal-to-noise ratio of the
available UVS data makes it difficult to choose among
the various suggested mechanisms. Since no space mis-
sion is planned for Neptune in the near future, we will
have to concentrate our efforts on making remote sens-
ing observations from ground- and satellite-based instru-
ments to further our understanding of auroral processes
on Neptune.

6.3. Hj Emissions

Trafton et al. [1993] attempted to detect H; emissions
from Neptune a night after their successful detection of
Uranus. No lines were detected in the 3.9- to 4.1-pm
spectrum despite integrating for nearly an hour. Trafton
et al. [1993] placed upper limits of 5 X 10~ '® W m ™2 for
H line fluxes from Neptune, which are several times
greater than the typical HS line strengths detected from
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TABLE 4. Summary of Characteristics of H; Auroras on the Giant Planets

Property Jupiter Saturn Uranus
Wavelength 2 pm, 3-4 pm 3-4 pm 34 pm
Emitted power 4-8 TW ~150-300 GW ~250 GW

Morphology and related  highly localized near auroral ovals highly localized near auroral widely distributed over disk

information (typically 80% of emissions from
aurora, 20% from disk);
continuous oval near L = 30 at
each pole; derived T ~ 650-1100
K, N(Hf) ~ 10" cm™?; emitting
region about 500-1000 km above
the P = 1-bar level, with an
emission scale height of about
200-1000 km; similar brightnesses
are observed at each pole;
brightness variations seem to
correlate with solar wind ram
pressure

Generation mechanism  particle precipitation from L = 6-30
region, resulting in H
production, followed by chemical

reaction to form excited Hy

ovals (few percent disk
emissions); derived T ~
800 K, N(Hy) ~ 10"
cm™%; emissions are ~100
times less intense than at
Jupiter (even weaker than
from Uranus); emissions
comparable in strength to

(only ~20% auroral
emissions); derived 7' ~
670-740 K, N(H3) ~
10" ecm~?; variable by
factor of 2 over timescale
of years, similar to solar
cycle; brightness ~5-10%
of Jupiter

the brightest observed UV
emissions

solar EUV photoionization
of H,, followed by
chemical reaction to
form excited H3 ; minor
contribution from
particle precipitation

particle precipitation at high
latitudes, producing H5,
followed by chemical
reaction to form excited
Hy

Saturn. A subsequent, longer observation of Neptune by
T. Geballe and coworkers also failed to detect any Hy
emissions [Tennyson, 1995]. Given the unusually weak
auroral activity on Neptune as observed by the Voyager
UVS (i.e., 2-3 orders of magnitude less than at Uranus),
it is perhaps unsurprising that no H; emissions on
Neptune have been detected so far. Note that the mag-
netic field strength at Neptune is about half that at
Uranus, and being 10 AU farther from the Sun than
Uranus, Neptune receives only about 35% of the solar
wind flux at Uranus. Compounding the detection diffi-
culty is the fact that Neptune is only one third the solid
angle of Uranus when viewed from Earth.

7.  SUMMARY

We have reviewed some of the history of auroral
observations of the giant planets, with the intent of
summarizing the last 2 decades or so of work in this area
of planetary science. As was mentioned in the introduc-
tion, owing to the impressive advances being made in
observing technology (primarily the instrumentation of
HST but also many other spacecraft and ground-based
facilities), the discipline of planetary auroral research
has a wealth of excellent data, which are resulting in a
rapid evolution of our understanding. With the recent
launch of the Chandra X-ray and FUSE EUYV satellites,
this trend is very likely to continue for years to come.
The future version of HST, the next generation space
telescope, when realized sometime in the first or second
decades of the new millennium, will also enhance our

aurora-studying capability by providing even higher spa-
tial resolution data from the giant planets.

After providing the history of auroral observations at
each of the giant planets, we close this review by briefly
outlining our current understanding of the subject,
through the use of some comparative tables. Table 2
compares estimates of the total emitted power from
each planet as a function of spectral region. It is clear
that Jupiter is the auroral powerhouse among the giant
planets, especially at IR and FUV wavelengths (for
comparison, the current world energy consumption is
about 13 TW [Doman et al., 1999)). It is likely that much
of the huge 7- to 14-pm IR output of Jupiter not only
results from energetic particle impact, but is also sup-
plemented by Joule heating. Saturn and Uranus are of
comparable strength, each emitting a few percent of
what Jupiter puts out. Neptune appears to have an
intrinsically weak aurora, although its radio output is
comparable to that of Uranus.

The major characteristics of the giant-planet UV au-
roras are compared in Table 3. The descriptions of
morphology for Jupiter and Saturn may be compared
with Plate 1. It is currently believed that most of the UV
emissions on each of the giant planets are the result of
energetic electron precipitation, with perhaps a small
contribution from energetic heavy ion precipitation (S
and O from lo at Jupiter; perhaps N at Saturn and
Neptune from Titan and Triton, respectively). Bright-
ness estimates for FUV auroral emissions from Jupiter
have been generally increasing over the years, from tens
to hundreds or even thousands of kilorayleighs, as ob-
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TABLE 5. Characteristics of the Io Flux Tube Footprint at UV, Visible, Near IR, and Radio Wavelengths

Ultraviolet™><4 Visible® Infrared" Radio®
Property (H,) (385-935 nm) (H3) (Decametric S-Bursts)
Size 4001300 km® 300 X 500 km N/A 1000-2000 km
1000-2000 km®
Brightness 50-300 kR4 250460 kR N/A 10710 Wm 2Hz 'at1 AU
Lag angle with respect to 0°-10°< N/A 15°-20° 10°-20°
instantaneous Io flux tube <15°*" (variable) (variable)
footprint (variable)
Energy of precipitating e, 1-200 keV* N/A N/A e, ~5keV
particles
H", 25-500 keV
Emitted power 5 X 100 w=P 3X 108 W 3-10 X 10" W 10%-10° W
Incident power 0.8-5 X 10" WP N/A 24 x 10" W =10"'W

factor of ~6 variation in
brightness with time,
north footprint slightly
brighter than south

Remarks

duration, 50-100 ms

bandwidth, ~10 kHz

Tz, =10" K

emitted flux, 10% of Io decametric
frequencies, ~0.5 to —40 MHz

N/A, not available.
“Prangé et al. [1996].
“Prangé et al. [1998].
“Clarke et al. [1996].
IClarke et al. [1998].
Ingersoll et al. [1998].
{Connerney et al. [1993].
¢Zarka [1998].

servations at higher spatial resolution reveal narrower
arcs than previously assumed.

A summary of the H; auroral characteristics ob-
served for Jupiter, Saturn, and Uranus (Neptune is cur-
rently undetected, in keeping with its intrinsic auroral
weakness) is provided in Table 4. On Jupiter and Saturn
the emissions are highly localized in the auroral regions,
so that they are believed to result when HJ ions are
created by auroral ion chemistry. On Uranus, however,
the emissions are widespread and may be due to solar
EUV production of Hj .

Finally, we present in Table 5 a list of multispectral
characteristics of the Io flux tube footprint emissions,
which may be considered an aurora of sorts. The IFT
footprint is apparent as a spot of emission equatorward
of the main auroral oval (in both the north and south) in
H, FUV emissions in Plate 1 (the nature of the UV
emission composing the extended tail stretching “down-
stream” from the IFT footprint is currently a mystery),
in Hy IR emissions in Plate 6, and in visible emissions
[Ingersoll et al., 1998]. Since the position of Io is well
known, the IFT footprint location provides a useful
fiducial mark for evaluating models of Jupiter’s inner
magnetic field [e.g., Connerney et al., 1998].

Tables 2-5 show that while not much is known yet
about the auroras of Uranus and Neptune, and not much
more is known about Saturn (although the Cassini mis-
sion will soon change this), for Jupiter there is an im-
pressive number of data, much of which are waiting to be
analyzed in detail. A comprehensive understanding of
auroral physics on the giant planets is still a long way off.
However, we hope that by presenting the key results

from X-ray, UV, and IR observations in summary form,
we will facilitate the eventual development of such an
understanding.
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