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J
upiter and its satellites constitute a miniature solar system. 10,
Europa, Ganymede and Callisto, the largest among the Jovian

satellites are called the Galilean satellites after their discovery by
Galileo Galilei in 1610.10 is the innermost Galilean satellite and
according to Greek mythology 10 was the dearest of Zeus
(Jupiter), while the other three were also named after his lovers.

The 10-Jupiter system is unique. While 10 is the most volcani
cally active planetary body, Jupiter is the largest planet, has the
strongest magnetic field, fastest spin, biggest and most powerful
magnetosphere, and has a very dense atmosphere. The study of
this moon-planet system is exciting as 10 is involved in active and
continuous electrodynamic interaction with its parent planet.
Being able to describe this system will advance our understanding
of basic plasma-neutral-surface interac-
tions, and will help us understand the

behavior of interacting pairs existing at The mass a f
other places in our solar system and in
extra solar planetary systems.

Before attempting to analyze the Jupiter is more
Jupiter-Io system, differences from the
Earth-Moonsystemareoutlined.Jupiter than the total
is 5.2 times farther from the Sun than
Earth, and has an equatorial radius of mass afall
71400 km (RJ), which is 11 times that of
Earth, and a volume that is 1400 times h I
that of the Earth. The mass ofJupiter is at er p anets.
more than the total mass of all other
planets. Jupiter, with a 10-hour day, is
the fastest rotator among planets. The Jovian atmosphere is most
1y made of molecular hydrogen and helium with sulfur, oxygen
and nitrogen in small amounts. Jupiter's magnetic moment is
about 20,000 times greater than that ofEarth, with magnetic field
direction opposite to that on Earth and inclination of9.6°, which
is close to 11° tilt on the Earth. The general form ofJupiter's mag
netosphere resembles that of Earth with dimensions about 1200
times greater.

While the magnetic field of Earth is generated by the iron
core, the Jovian magnetosphere is generated by the motion of
magnetic material inside the liquid metallic shell. At about 1000
km belowthe cloud top, the hydrogen atmosphere becomes thick
er and finally changes phase to become liquid hydrogen. Because
of the tremendous pressure, under the liquid hydrogen layer, a
layer of metallic hydrogen layer exists which causes the Jovian
magnetic field. The Earth's field is reasonably well represented by
a dipole but at Jupiter the quadrupole and octupole moments are
significant producing a pointed and bullet shaped magnetos
phere. The power for populating and maintaining the
magnetosphere of Jupiter comes principally from the rotational
energy of the planet and the orbital energy of 10, whereas the
power source for Earth's magnetosphere is principally the solar
wind.
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As stated in the beginning, 10 is the innermost among the
Galilean satellites and is the fourth largest natural satellite in the
solar system with radius of 1815 km, 2% larger than the Moon. 10
orbits Jupiter at a distance of 5.9 RJ from Jupiter, which is well
within Jupiter's intense magnetosphere, while our Moon is at a
distance of 60 RE (RE is the radius of Earth) from Earth, which is
well outside the Earth's magnetosphere. That means while 10
constantly couples with Jupiter'smagnetosphere; the Moon does
not. 10 is volcanically active, while the volcanoes on Moon ceased
between 3-4 billion years ago. The volcanoes on 10 emit an S02
rich material,which is one of the major sources ofits S02 atmos
phere. The Moon has a very thin collisionless atmosphere with
He, Ar, Na, K, Ne etc as the constituents. Table 1 gives the impor
tant physical parameters of Jupiter and 10 and a comparison with
those of Earth and Moon. A detailed review on 10 is presented in
Spencer and Schneider (1996). In the present article a few of the
most important issues of Jupiter-10 are addressed. Why are there
volcanoes on lo? What is the role of Jupiter in producing these
volcanoes? Do these volcanoes help produce an atmosphere at lo?
How does this atmosphere interact with the Jovian magnetos
phere and produce the torus, neutral clouds and aurora? In the
following sections these fascinating questions will be discussed in
order to obtain an insight into this unique planet-moon system.

... Table 1: Important physical parameters of Jupiter and 10.

Parameter Jupiter (Earth) 10 (Moon)

Radius 71400 (6400) km 1815 (1736) km

Volume l.4XI0 B (l.1XI0 U
) km' 25xl0 1O (2.2xI0'O) km'

Mass 1.9XI0" (6XI0") kg 8.9xI0" (7.3xI0") kg

Density 1326 (5515) kg m" 3539 (3340) kg m"

Gravitational acceleration 23.1 (9.8) m s" 1.8 (1.6)ms·'

Escape velocity 59.5 (11.2) km s" 2.5 (2.4) kms·1

Orbital period 4330 (365) days 1.7 (27) days

The Jovian system has been visited by a number of spacecrafts:
Pioneer 11 and 12,Voyager 1 and 2, Ulysses, Galileo and most
recently by Cassini. Pioneer 11 and 12 arrived at the Jovian system
in 1973 and 1974, respectively, while Voyager 1 and 2 have visited
Jupiter and its satellites in 1979. The Ulysses is the first spacecraft
to explore interplanetary space at high solar latitudes whose
encounter with Jupiter occurred in 1992. The Galileo spacecraft
has been orbiting around Jupiter since 1995 and in December
2000 the Cassini spacecraft passed through the edge of the Jovian
magnetosphere.

Volcanism and internal structure of 10
Volcanic activity: 10 is the only body outside the Earth, to exhibit
active voIcanism on a massive scale. It can provide a picture of
active volcanic processes that ceased elsewhere in the solar sys
tem. The volcanism on 10 was discovered by the Voyager
spacecraft in 1979. The recent observations ofthis amazing body
by the Hubble Space Telescope (HST) and the Galileo spacecraft
have shown that 10 is dotted by hundreds ofvolcanic centers.Vol
canic activity on 10 is so relentless that there are no signs of
impact craters on its surface, as they are rapidly filled in with vol
canic material soon after they are formed. The extensive volcanic
activity on 10 generates dramatic changes to it's surface over very
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A Fig.2:The enhanced color image oflo
taken by Galileo spacecraft in 1996
(http://galileo.jpl.nasa.gov).

volcanic activity

on 10 generates

dramatic changes

to it's surface

A Fig. 1: (a). Jupiter is on one side of to while Europa and
Ganymede are on the other side and 10 is pulled from both sides.
1(b).Jupiter,Europa and Ganymede are on the same side of 10 and
is pulled to the same side.

a

Atmosphere of 10
The nature of an atmosphere on 10 has
been of interest ever since the discovery of
an ionosphere by the Pioneer spacecraft in
1973. S02 is the major constituent in the
atmosphere of 10, and was observed in
infrared byVoyager, in ultraviolet by HST
and Galileo, and in millimeter wave by
ground-based observations. SO has been
observed in the millimeter wave by its
rotation lines and S2 in ultraviolet. The
photochemical products of S02, Na, K, Cl,
and NaCl are also present in Io's atmos
phere. The sources of S02 in the
atmosphere ofIo are volcanic activity, sun

lit sublimation of surface S02 frost, and sputtering. The major
sources are the first two, but the relative importance is poorly
understood.

Io's atmosphere is observed to be patchy and time variable.
This property ofthe atruosphere supports the concept ofvolcanic
origin. Volcanoes produce localized atruospheres with pressures
that decrease rapidly with distance from the source. Sublimation

atoms rearrange themselves into larger molecules ofthree or four
atoms (S3 and S4), which give the surface a red color. Eventually
the sulfur atoms rearrange themselves into their most stable con
figuration (Sa), which is yellowish in color. S02 frost explains the
presence of the white patches. The recent observations of high
temperature lava suggest the presence of silicates, which are con
firmed by the presence of Mountains.

Internal structure: The gravity-field measurements taken by
the Galileo spacecraft have shown that the interior of10 is gravi
tationally separated. That is, dense materials while in the molten
state sink to the center of the satellite to form the core and less
dense elements rise toward the surface. 10 is believed to have a
dense core composed of iron and iron sulfide with a radius of
approximately 900 km, which extends about halfway to the sur
face.It is likely that the core is formed either from internal heating
processes during the early stages of the moon's formation, or as a
result of the ongoing tidal heating that drives the volcanic activi~

ty at the surface. Surrounding the core is a mantle ofpartially
molten rock, which is overlain by a relatively thin, rock crust. The

Journal ofGeophysical Research, volume
106, issue El2, December 25, 200I has pro
vided a special section on the geology and
geophysics ofIo including the latest obser
vations.

short timescales. Volcanic material is ejected with speeds of I
km S·l, which is nearly half the required escape velocity on 10,
compared to the l()Q ms·1 ejecta speed for volcanoes on Earth. The
higher ejection speed combined with the lower gravity gives vol
canic plumes up to 300 kilometers above the surface of10. These
eruptions closely resemble geysers on Earth. The recent observa
tions showed that the temperature ofthe hot spots on 10 ranges up
to 2000 K. Such lavas were common in the early history of the
Earth (-2.0 to 4.5 billion years ago) when the Earth's internal heat
content was much greater.

The heat source that produces volcanic activity on Earth is the
energy released from the decay ofradioactive materials within the
interior, as well as from heat left over from Earth's formation. But

tidal heating produced by Jupiter
and the other Galilean satellites is
responsible for the massive volcan-

... exten sive ism on 10. Being an enormous
planet, Jupiter exerts a tremendous
gravitational force on 10, which
orbits relatively close to the giant
planet. The relative closeness is seen
by comparing the orbital distances
of moon and 10 from their respec
tive parent planets. As stated in the
beginning, 10 orbits Jupiter at a dis
tance of 5.9 RJ while Moon's orbit is
60 RE from Earth. Any object placed
in the gravitational field of another

will experience forces that tend to distort it, because the attraction
is stronger on one side than on the other side. If the bodyis liquid,
it will assume a somewhat elongated shape with the long axis
pointed toward the gravity's source. If the body is rigid, it will
gradually assume a stable elongated shape and becomes phase
locked to the parent planet. However, if the gravitational field
changes the bodywill flex in response. This flexing produces fric
tion and heat inside the body. This is what is
happening at 10. Although 10 is phase locked
to Jupiter, it is in orbital resonance with
Europa and Ganymede (for every orbit of
Ganymede, Europa makes two and 10 makes
four orbits). Jupiter pulls 10 inward toward
itself, while the gravity of the outer moons
pull it in the opposite direction. A cartoon
explaining this pull by Jupiter and the other
satellites is shown in Figure 1.At one point of
time Jupiter is at one side of10 and the other
satellites are on the other side as in Figure la.
Later Jupiter and the other satellites are on
the same side ofIo as in Figure lb.As a result,
10 is subjected to varying tidal forces that
cause Io's solid surface to bulge up and down
as much as lOOm, while the ocean tides on
Earth have average excursions of the order
of 10m. This friction generates enormous
amounts ofheat and pressure within 10, caus
ing molten material and gases to rise through
fractures in the crust and to erupt onto the surface.

Figure 2 is a pictrne of 10 in enhanced color taken by Galileo.
The surface colors are due to the volcanic activity and the subse
quent lava flow. Sulfur gas (S2) was recently detected above one of
the Io's volcanoes by the Hubble Space Telescope (HST). This
compound is stable at the very high temperatures inside the vol
cano,but once it is ejected and lands on the cold surface, the sulfur
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.to Fig. 3:Schematic of 10 Jupiter system.The magnetic field tine
of Jupiter, which passes through 10, is the 10 flux tube (IFT).The
escaping particles which are ionized travel with the magnetic
field lines around Jupiter and forms the 10 plasma torus as in
figure 4 and those which are not yet ionized form a neutral cloud
as shown in figure 5.

of S02 frost is responsible for the existence of a more distributed
atmosphere. Although the sublimation atmosphere can reach
the nightside, volcanoes are a direct source of the atmosphere on
the night side where the temperatures are very low. Surface sput
tering is considered the least important source of atmosphere.
Energetic ions which reach Io's surface can cause the ejection
(sputtering) of molecules from the surface. Though sputtering is
not very efficient in producing an S02 atmosphere, it might be
important for ejecting more refractory species such as Na to be
discussed below. A detailed review about the atmosphere of10 is
given in Lellouch (1996) and the latest atmospheric model is dis
cussed in Moses et al. (2002).

Jovian magnetosphere, 10 torus and neutral clouds
Since 10 resides in the magnetosphere ofJupiter, ions of sufficient
energy on colliding with Io's atmospheric species transfer their
energy to the atmospheric particles. These particles can then
escape from the atmosphere of 10 if they get energy greater than
the escape velocity. A schematic plan of the escape of particles
from the atmosphere ofIo is shown in Figure 3. Particles escape at
a rate of 1000 kg S-I from the atmosphere ofIo. Some of these
escaping atoms and molecules become ionized and are therefore
trapped by the Jovian magnetic field lines,which drag them along.
These ions form a doughnut-shaped region along the orbit of 10
around Jupiter known as the 10 plasma torus, which is shown in
red color in Figure 4.

The torus is populated with sulfur and oxygen ions, which are
the photochemical products of S02 with sodium, potassium and
cWorine ions in trace amounts. As the orbital velocity of 10 is less
than the rotational velocity of the Jovian magnetospheric plasma
the Jovian field lines and the associated plasma stream past 10 at
a relative speed of 57 km S-I. This flow sets up a potential differ
ence of -400 kV across 10 resulting in a current of _106 A that
closes through the Jovian and Ionian ionospheres. The magnetic
field lines which connect 10 to Jupiter define the 10 Flux Tube
(1FT) which is the yellow line connecting Jupiter and 10 in figure
3. The ejected gas from 10, which has not yet been ionized, forms
a huge atmosphere near 10 known as the neutral cloud. Figure 5
shows an image of the Na component of the cloud,which is con
nected with 10 as it orbits Jupiter. In this figure 10 is represented by
the small dot inside the crossbars. Clouds of neutral oxygen, sul
fur and cWorine also are present.Although the density ofsodium
is very small, it is easy to detect (Figure 5) due to the strong reso
nant scattering, when illuminated by sunlight, of the yellow
sodium D lines.

Auroral emissions from Jupiter and 10
Electromagnetic radiation emanating from the polar regions of a
planet is known as aurora. These auroral emissions are generally
produced by the excitation of the upper atmospheric atoms and
molecules by energetic electrons and ions precipitating down
from the planet's magnetosphere. The occurrence of aurora is a
topic of its own and a meticulous review on the aurora of the
outer planets is given in Bhardwaj and Gladstone (2000).

The aurora at Jupiter is very interesting as it hosts a variety of
different kinds of auroral processes from that on Earth. Here we
restrict our discussion to the auroral processes at Jupiter, which
are associated with 10. Aurora spot like emissions were observed
at Jupiter where the Jovian magnetic field lines that pass through
10 touch Jupiter's atmosphere. These spot like emissions are called
10 flux tube footprints and is a direct signature of the complex
electrodynamical interaction between 10 and Jupiter. The first
direct evidence of the 10 Flux Tube (1FT) footprint was obtained
in a near infrared (H3+) image of Jupiter's emission at 3.41JIIl in
1992 by ground base4 observation. The H 3+ ion is formed in
Jupiter's auroral ionosphere by the ionization of H2by an elec
tron or an ion followed by conversion to H 3+. This H3+ ion is
vibrationally excited and returns to the ground state by emitting
the near infrared radiation of 3.41lJll. The ultraviolet !FT foot
prints were first detected by HST in 1994 in the H2Lyman and
Werner hands. These emissions are produced by the coillsional
excitation of the atmospheric H 2 molecules by precipitating
charged particles. The 1FT footprint in the visible region was
observed for the first time by Galileo spacecraft in 1998. Figure 3
shows the auroral radiation from Jupiter where the 10 flux tube
touches Jupiter.

The Jovian magnetospheric plasma also produces emissions
from 10. Spectacular emissions were observed from 10 in visible,
ultraviolet and x-ray wavelengths. Emissions in the visible were
observed byVoyager, ground-based telescopes, Galileo, HST, and
Cassini. The first observations by the Voyager 1 spacecraft
occurred in 1979.The groundbasedtelescopes have been observing

[
-~-Fi9~4~'j~~~;;, lo,-E~;~~a,Ganymede and Callisto.The satellite on
the right side ofJupiter is 10.The doughnut-shaped red structure
along the orbit of 10 around Jupiter is the 10 plasma torus.The blue I

I lines are the magnetic field tines ofJupiter.This cartoon was
i prepared by John Spencer of Lowell Observatory.
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late 1980's.
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the neutral oxygen emission at 630 run from 10 since 1990. Galileo
spacecraft detected visible emissions in the blue (380-440 run),
green (510-605 run) and red (615-710 run) band,which appeared
to be correlated with Jovian magnetic field orientation at 10. The
blue emissions were observed close to the equator, the red emis
sion along the limb and the green emissions were concentrated on
the night side. The probable sources of these emissions are S02
bands in the blue region, oxygen lines of 630 and 634 run in the
red region and oxygen line of 557.7 nm and sodium lines of 589
and 589.6 run in the green region. Cassini has observed visible
emissions from 10 in late 2000 and early 2001 on its way to Saturn.
The wavelength filters used in the Cassini spacecraft range from
235 to 730 nm.

Ultraviolet emissions from 10 were observed for the first time
in the late 1980's. In the early 1990's HST observed neutral oxygen
and sulfur emissions in the ultraviolet region. The important line
emissions among them are oxygen lines at 130.4nm and 135.6 run
and sulfur lines at 147.9 nm and 190 run. The spatial structure of
these emissions were studied in detail by the Space Telescope

Imaging spectrograph
onboard HST in 1997. These
observations have shown

Ultraviolet emiSSions that Io's UV emissions are
correlated with the orienta

from 10 were observed tion of the Jovianmagnetic
field near 10 suggesting the

for the first time in the role of magnetospheric pias
ma in producing these
emissions. A detailed study
of the interaction of Jovian
magnetic field-aligned elec
trons with the atmosphere of
10 producing these emissions

is given in Michael and Bhardwaj (2000) and Saur et al. (2000).
X-rays from 10 were observed by the Chandra x-ray observato

ry in 1999 and 2000. These emissions are suggested to be
produced due to the bombardment of Io's surface by hydrogen,
oxygen and sulfur ions ofenergies greater than 10 leeV. Aurora on
planets like Jupiter and Earth are produc.ed due to the precipita
tion of charged particles from the planet's magnetosphere to the
upper atmosphere and are mostly confined to the high latitudes

r-:.-Fig. ~:Th;ima~~ of lo's neutrat sodium cloud seen from Ea;~-·-l
I shown together with Jupiter and a schematic drawing of lo's orbit I
! to scale.The location and size of 10 is indicated by the orange dot
i within the cross bars (Goldberg, BA et aLScience, vo1.226, p.512, i
11984) i

!
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(polar regions), as the magnetic field lines are concentrated at
these regions. Unlike this scenario, the aurora on 10 is due to the
precipitation of Jupiter's magnetospheric particles, and since 10
does not possess any significant intrinsic magnetic field, the Ion
ian aurora can occur even at the equatorial latitudes. The aurora
on 10 is a hot topic among planetary scientists and more obser
vations and explanations are expected in the near future.

Outlook
The research on 10 and Jupiter reached a newlevelwith the arrival
of the Galileo spacecraft at Jupiter in 1995. The particles and field
instruments detected strongly perturbed fields, beams of ener
getic electrons and ions, and a dense, cold decelerated plasma flow
in Io's wake. The asymmetries observed by the Galileo plasma
wave instrument during the various flybys suggest that the Io's
ionospheric plasma density is being strongly influenced by the
magnetospheric plasma flow around 10. Detection ofemissions at
the 10 footprint in Jupiter's auroral atmosphere in the infrared,
ultraviolet, and visible wavelengths revealed that the particles
associated with 10 reach Jupiter. The Journal of Geophysical
Research, volume 106, issue All, November 1,2001 has given a
special section on the studies of10 including the latest results from
the Galileo spacecraft. Two spacecrafts, Cassini and Galileo were
in the vicinity of Jupiter in the early 2001, which is the first ever
conjunction oftwo spacecrafts at an outer planet. Observations of
these two spacecrafts were complementedbynearlysimultaneous
images from the Earth orbiting Hubble Space Telescope and
Chandra X-ray observatory. The results of all these observations
are reported in various papers in the issue ofNature, volume 415,
February 28, 2002.

An analogy of the 10-Jupiter system is now being applied to
extra-solar planets and binary stars consisting of magnetic and
non-magnetic white dwarfs. More importantly the vibrant vol
canism and extreme heat flow of 10 may help us understand the
early stages of Earth. The study of this exciting system is attract
ing young scientists from a broad range of disciplines and our
understanding is advancing swiftly.
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