An auroral flare at Jupiter
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Jupiter’s aurora is the most powerful in the Solar System'. It is
powered largely by energy extracted from planetary rotation?,
although there seems also to be a contribution from the solar
wind>*. This contrasts with Earth’s aurora, which is generated
through the interaction of the solar wind with the magnetosphere.
The major features of Jupiter’s aurora (based on far-ultraviolet>”,
near-infrared®® and visible-wavelength'® observations) include a
main oval that generally corotates with the planet and a region of
patchy, diffuse emission inside the oval on Jupiter’s dusk side.
Here we report the discovery of a rapidly evolving, very bright and
localized emission poleward of the northern main oval, in a region
connected magnetically to Jupiter’s outer magnetosphere. The
intensity of the emission increased by a factor of 30 within 70s,
and then decreased on a similar timescale, all captured during a

Figure 1 Hubble Space Telescope images of Jupiter’s northern aurora on 21 September
1999. False-colour brightnesses are indicated in megarayleighs (MR). We have clipped
the brightnesses above 1 MR to highlight fainter emissions. The exposures were made at
a,20:27:30-20:31:30; b, 21:04:50-21:08:50; ¢, 22:01:54-22:06:54; and d, 22:38:52-
22:45:32 ut, with effective exposure times of 224.5s, 210.5s, 238.4 s, and 319.55,
respectively. A jovicentric graticule with 10° intervals is overplotted (with the 180°
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single four-minute exposure. This type of flaring emission has
not previously been reported for Jupiter (similar, but smaller,
transient events have been observed at Earth), and it may be
related directly to changes in the solar wind.

Four imaging observations of Jupiter’s northern far-ultraviolet
aurora were performed with the Hubble Space Telescope Imaging
Spectrograph (STIS) in time-tagged mode during a roughly two-
hour period on 21 September 1999 (Fig. 1). Time-tagged images
obtained during the second observation, between 21:04:50 and
21:08:50 ut, reveal a dramatic, rapidly intensifying, flare-like auroral
emission at jovicentric latitudes between 60° and 70° (Fig. 2). These
latitudes lie poleward of the main oval, which generally coincides
with the ionospheric footprint of magnetic field lines that map to
corotating regions in the magnetic equatorial plane; the outer
boundary of these regions is though to lie near 30 R; where R; is
the radius of Jupiter’”. The event begins as a small, ‘pinpoint’
emission near 167° System III longitude and 63°N (frames 1-3),
which rises rapidly in intensity and becomes a structure several
thousand kilometres across (frames 5—12). The event reaches its
maximum intensity at ~70s (frame 8), after which it starts to
decrease in both intensity and size (frames 9-14 and 19-24). (STIS
stopped counting temporarily during frames 15—18 owing to a full
buffer. The light curve of the flare is well represented by an
exponential rise (with an e-folding time of 15 s) to a peak brightness
of 37 MR (1 MR = 10" photonscm ~*s~ ' 4msr ') followed by an
exponential decline (with a (1/e)-folding time of 63s). Other
auroral emissions remain virtually unchanged in intensity and
morphology during the flare event. The summed image of this
event (Fig. 1b) shows that the flare occurs within a region of fainter,
more diffuse emissions inside the main oval.
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meridian in solid colour), along with L = 30 footprint and the L = 5.9 mapping of the
lo torus. These observations were made using the F25SRF2 filter, which transmits
primarily auroral emissions of the H, Lyman bands. The sensitivity of STIS with this
filter is calculated to be 0.22 countss™ pixel™ MR™ of H, and H auroral photons
emitted.
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A similar event, though shorter-lived and less intense than the
flare, occurs in the first time-tagged observation as well (Fig. 1a),
which was conducted half an hour earlier, from 20:27:30 to
20:31:30 ut. The most intense phase of this event lasts only about
10s and reaches a maximum brightness of 17 MR. No transient
brightenings are seen in the third and fourth observations (from
22:01:54 to 22:06:54 ut and from 22:38:52 to 22:45:32 UT, respec-
tively). However, in the summed images (Fig. 1c and d), the data
show fainter but distinct localized emission features near a System
III longitude of 180°. The relation of these features to the localized
brightenings observed earlier is unknown; however, both these
fainter features and the transient brightenings occur near the
noon magnetic meridian, which suggests that it may be more
appropriate to consider them as being organized in magnetic
local time rather than System III longitude.

The four time-tagged imaging observations were performed in
short segments half an hour to an hour apart and do not present a
continuous picture of the evolution of polar cap auroral activity
during the two-hour observation period. However, it is clear
from the first time-tagged observation that polar cap activity had
begun some time before 20:27:30 uT and that similar localized
brightenings had occurred at the same region as the flare. In the
following discussion we focus on the flare as the most dramatic of
these events.

The location of the flare at latitudes poleward of the main oval
indicates that it is linked by magnetic field lines to a region of the
magnetosphere that lies at radial distances beyond 30 R; on Jupiter’s
day side. This region is not described by any of the existing jovian
magnetic field models'"'">. We therefore used a recently developed
magnetohydrodynamic (MHD) model of the solar wind inter-
action with the jovian magnetosphere to identify the possible
source region of the charged particles responsible for the flare and
thus to locate the site of the magnetospheric disturbance that
triggered it.

According to the model, the flare maps to a longitudinally
extended region located at jovicentric distances between 40 and
60 Ry in the morning sector. (Because of the corotation lag of plasma
flows in the outer magnetosphere, the source region is at a some-
what earlier local time than is the flare on the planet.) It can be
assumed the flare was triggered by a disturbance in this region of
the magnetosphere. However, the nature and cause of such a
disturbance is not known.
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Figure 2 The rapidly evolving auroral flare observed poleward of Jupiter’s auroral oval.
The time series shows the evolution of the flare beginning at 21:04:50 ur on 21 September.
Ten-second frames are used, and the brightness scale is as indicated (with brightnesses
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Unfortunately, no in situ data on conditions in the day side
magnetosphere are available for the times of our observations,
which were performed while the Galileo spacecraft was located in
Jupiter’s dusk magnetosphere following its fly-by of Callisto five
days earlier, on 16 September. The Galileo magnetometer data
show no unusual conditions at the time of the Hubble Space
Telescope (HST) observations (K. Khurana, personal communica-
tion). Other Galileo particles and fields data are not available for
this day.

Likewise, there are no near-Jupiter solar-wind data available for
this time period. However, using a one-dimensional, time-depen-
dent eulerian finite-difference fluid code'*'®, we propagated the
one-hour averaged solar-wind data from the Solar Wind Electron
Proton Alpha Monitor (SWEPAM)'¢ on the Advanced Composition
Explorer (ACE) spacecraft at L1—proton speed, density, and
dynamic pressure—from 1 au to the location of Jupiter at 4.9 Au.
The results (Fig. 3) show a series of sharp rises in the solar-wind
dynamic pressure at the orbit of Jupiter near the time that the flare

Simulation of solar wind evolution at 4.9 AU
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Figure 3 Modelled solar wind dynamic pressure at Jupiter. The calculated solar wind
plasma pressure during days 245-270, 1999, is based on spacecraft measurements at
Earth’s L1 point (Earth was less than 45° from Jupiter as seen from the Sun at the time of
the observations). The vertical line marks the flare event time at Jupiter.
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clipped at 6 MR). The peak brightness of the flare at the 70-s frame is 37 MR (total H, + H
emissions). An animated version of these observations can be viewed as Supplementary
Information, and at http://pluto.space.swri.edu/yosemite/jupiter/flare.html.
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was observed. Jupiter’s magnetosphere has been known since the
Pioneer encounters to be highly compressible and to vary rapidly
and dramatically in size with changes in solar wind dynamic
pressure'’. Moreover, previous studies have demonstrated a correla-
tion between changes in solar-wind pressure and changes in the
intensity of auroral emissions at both infrared and radio
wavelengths™. Although uncertainties in the simulation, and the
fact that Jupiter and ACE were offset from each other by about 43° in
ecliptic longitude, prevent us from identifying an exact solar-wind
feature to match the flare observation, it is not unreasonable to
speculate that a sharp jump in dynamic pressure at Jupiter’s day side
magnetopause produced the disturbance that manifested itself in
the polar-cap flare. The solar-wind conditions at this time were not
unusual, which suggests that such flares, if indeed triggered by
changes in solar-wind pressure, may not be uncommon. We note
that responses of Earth’s aurora to solar-wind dynamic pressure
pulses are well known, both as rapid global brightenings associated
with the passage of interplanetary shocks'™' and as smaller-scale
transient auroral events observed in the day side cusp/cleft region®.
Thus similar physical processes may occasionally be at work in both
the terrestrial and the jovian auroras, although the transient
intensification observed at Jupiter is much more powerful than
similar events observed at Earth.

A unique opportunity to test the possible role of solar-wind
pressure pulses in triggering polar-cap transients was presented
by the Cassini fly-by of Jupiter in December 2000. Coordinated
Cassini, HST and Galileo observations were planned to provide
near-simultaneous monitoring of solar-wind conditions (Cas-
sini), auroral activity (HST), and magnetospheric conditions
(Galileo). The results of these coordinated observations are
expected to provide additional new examples of the puzzling
new auroral feature reported here and to yield new insights into
jovian auroral phenomena and the underlying magnetospheric
processes.
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Quantum computing
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Shor and Grover demonstrated that a quantum computer can
outperform any classical computer in factoring numbers' and in
searching a database’ by exploiting the parallelism of quantum
mechanics. Whereas Shor’s algorithm requires both superposi-
tion and entanglement of a many-particle system’, the super-
position of single-particle quantum states is sufficient for Grover’s
algorithm®. Recently, the latter has been successfully
implemented® using Rydberg atoms. Here we propose an imple-
mentation of Grover’s algorithm that uses molecular magnets®°,
which are solid-state systems with a large spin; their spin eigen-
states make them natural candidates for single-particle systems.
We show theoretically that molecular magnets can be used to
build dense and efficient memory devices based on the Grover
algorithm. In particular, one single crystal can serve as a storage
unit of a dynamic random access memory device. Fast electron
spin resonance pulses can be used to decode and read out stored
numbers of up to 10, with access times as short as 10™'° seconds.
We show that our proposal should be feasible using the molecular
magnets Feg and Mn,,.

Suppose we want to find a phone number in a phone book
consisting of N =2""" entries. Usually it takes N/2 queries on
average to be successful. Even if the N entries were encoded in
binary, a classical computer would need approximately log,N
queries to find the desired phone number?. But the computational
parallelism provided by the superposition and interference of
quantum states enables the Grover algorithm to reduce the search
to one single query’. Here we will show that this query can be
implemented in terms of a unitary transformation applied to the
single spin of a molecular magnet. Such molecular magnets, form-
ing identical and largely independent units, are embedded in a
single crystal so that the ensemble nature of such a crystal provides a
natural amplification of the magnetic moment of a single spin.
However, for the Grover algorithm to succeed, it is necessary to find
ways to generate arbitrary superpositions of spin eigenstates. For
spins larger than 1/2 this turns out to be a highly non-trivial task as
spin excitations induced by magnetic dipole transitions in conven-
tional electron spin resonance (ESR) can occur only in discrete steps
of one % (Planck’s constant divided by 21r), that is, single steps by
two or more / values are excluded by selection rules. To circumvent
such physical limitations we propose an unusual scenario which, in
principle, allows the controlled generation of arbitrary spin super-
positions through the use of multifrequency coherent magnetic
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