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An understanding of the structure and composition of the giant planets is
rapidly evolving because of (i) high-pressure experiments with the ability
to study metallic hydrogen and define the properties of its equation of
state and (ii) spectroscopic and in situ measurements made by telescopes
and satellites that allow an accurate determination of the chemical
composition of the deep atmospheres of the giant planets. However, the
total amount of heavy elements that Jupiter, Saturn, Uranus, and Neptune
contain remains poorly constrained. The discovery of extrasolar giant
planets with masses ranging from that of Saturn to a few times the mass
of Jupiter opens up new possibilities for understanding planet composition
and formation. Evolutionary models predict that gaseous extrasolar giant
planets should have a variety of atmospheric temperatures and chemical
compositions, but the radii are estimated to be close to that of jupiter
(between 0.9 and 1.7 Jupiter radii), provided that they contain mostly

hydrogen and helium.

Constraints on the interior structure of the
giant planets of our solar system—Jupiter,
Saturn, Uranus, and Neptune—are derived
from knowledge of their mass M, equatorial
radius a, and gravitational moments J,, J,,
and J,. Measurements of these quantities go
back to the Pioneer and Voyager spacecraft
missions (/). Improvements in measurements
of the graviiational moments of Saturn must
await the arrival of the Cassini-Huygens mis-
sion in the saturnian system in 2004, and
measurements for the other planets must
await future space missions. The past years
have nevertheless been rich in advances in
giant planet research: Galileo measured the
composition and structure of Jupiter’s atmo-
sphere with unprecedented accuracy (2),
compression experiments succeeded in pres-
surizing hydrogen above a pressure of 10'!
Pa (100 GPa, or 1 Mbar) (3, 4), and giant
planets were discovered orbiting other stars
(5). This review describes our present under-
standing of the internal structure of giant
planets both inside and outside of our solar
system.

At the foundation of any understanding of
the interiors of the giant planets and brown
dwarfs (6) lies knowledge about the behavior
of chemical species at high pressures, and of
hydrogen in particular, it being the most
abundant element. At low pressures and tem-
peratures, hydrogen is an insulator in the
form of a strongly bound diatomic molecule.
At high pressures (~100 GPa) and moderate
temperatures (<10° K), it dissociates and
eventually ionizes to transform into an alkali
metal. This form of hydrogen, called metallic
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hydrogen, escaped detection for many years
but has now been observed. Shock wave ex-
periments with two-stage gas guns succeeded
in measuring electrical conductivities of fluid
hydrogen up to 180 GPa and 3000 K (3). In
these experiments, an increase in the mea-
sured conductivity by four orders of magni-
tude was observed when pressure increased
from 90 to 140 GPa. The conductivity then
became constant, which was initially inter-
preted as a sign that metallic hydrogen had
been formed. However, the conductivity was
still smaller than theoretical estimates for a
fully ionized hydrogen metal (7). In fact, the
fluid still retained a strong pairing character
at these pressures. Other experiments (4)
used a high-intensity laser to compress deu-
terium to even greater pressures (300 GPa),
but at higher temperatures (up to ~70000 K).
The liquid was found to be more compress-
ible than expected, and for the first time the
hydrogen isotope was compressed to a fully
dissociated, partially ionized, metallic fluid
state. In both sets of experiments, no discon-
tinuous behavior revealing a first-order insu-
lator-metal transition was observed.

These results cannot yet be included in
actual interior models of the giant planets
without an appropriate equation of state,
which still needs to be calculated. The last
theoretical effort to model the behavior of
hydrogen at high pressures in this astrophys-
ical context, the widely used Saumon-
Chabrier equation of state (&), agrees with the
experiments at low and high pressures but
needs to be improved in the 50 to 300 GPa
(0.5 to 3 Mbar) region. Furthermore, it pre-
dicts the presence of a first-order (discontin-
uous) phase transition for temperatures up to
15300 K (the critical point), which is ques-
tioned by the experiments. Recent calcula-

tions (9) using softer interaction potentials, as
indicated by the laser experiments, predict a
lower critical temperature (by ~700 K). This
would imply that the laser experiments are
supercritical, whereas the gas-gun experi-
ments have not attained a high enough pres-
sure to reach the metallic phase. Laboratory
results thus reveal that the hydrogen phase
transition is even much more complex than
previously thought, as molecules, atoms, pro-
tons, itinerant electrons, and even clusters
(10) can coexist over an extended pressure
range (100 to 300 GPa). The corresponding
uncertainties on the predicted density profiles”
have to be included within interior model
calculations (/1).

Jupiter and Saturn

The interiors of Jupiter and Saturn have tra-
ditionally been divided into three distinct,
quasi-homogeneous regions (/2): a central
dense ice and rock core, a fluid metallic
hydrogen region, and (at pressures lower than
about 100 GPa) a fluid molecular hydrogen
shell. Spectroscopic and in situ measure-
ments can only probe the upper levels of the
planets’ atmospheres, but the inferred chem-
ical composition is generally thought to apply
to the entire molecular region (after allowing
for changes due to chemical reactions and
condensation processes). In particular, Jupi-
ter’s and Saturn’s atmospheres, and therefore
their molecular regions, are believed to lack
some of the helium that was present at their
formation. Indeed, the helium mass mixing
ratio Y, accurately measured in the jovian
atmosphere by the Galileo probe, is such that
YI(X + Y)=0.238 £ 0.007 (/3), X being the
hydrogen mass mixing ratio. This value is
lower than that in the protosolar nebula, for
which it is inferred from solar models that
YI(X + Y) = 0.280 = 0.005 (/4). Saturn’s
atmosphere probably has even less helium
than Jupiter, as indicated by Voyager 2 data
(15). Because there is no known physical
process that can decrease the He/H ratio to
this extent, the missing helium is believed to
be hidden deeper inside the planets.

The removal of the atmospheric helium is
explained by a H-He phase separation (/6),
by a first-order transition from molecular to
metallic hydrogen (/7), or by both. From the
point of view of interior models, the presence
of a helium-poor and a helium-rich region is
at least as important as the molecular-to-
metallic transition itself. This distinction be-
tween the two regions is needed to determine
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the amount of heavy elements (that is, any
species other than hydrogen and helium) that
the planets hold and has direct consequences
for their evolution, as gravitational energy is
transformed into heat during helium sedimen-
tation (/8). However, because any H-He
phase separation is expected near the molec-
ular-to-metallic transition of hydrogen (79), it
is convenient to equate the helium-poor and
helium-rich regions with the molecular and
metallic regions, respectively.

Another important feature of present-day
models of Jupiter and Saturn is the assump-
tion that the molecular and metallic regions
are quasi-homogeneous. This is because the
planets emit significant intrinsic heat fluxes,
and are therefore hot, fluid, and mainly con-
vective (I8, 20). The assumption probably
breaks down at several locations (21), as
follows: (i) Where a minimum in the mean
radiative opacities of the fluid at temperatures
of 1300 to 1800 K (22) probably yields the
presence of a radiative region in Jupiter and
possibly Saturn (23). In such a radiative zone,
a variation of chemical abundance is in prin-
ciple possible, either through gravitational
settling or through the slow mixing of mate-
rial that struck the planet after its formation.
Gravitational settling is expected to be small
because it is inhibited by turbulent diffusion
(24). Helium (and tentatively any late supply
of heavy elements to the outermost layers)
should be able to sink through the radiative
zone thanks to a salt-finger type of instability
(25), thus ensuring an almost uniform chem-
ical composition of the radiative zone. (ii) In
the region of varying helium concentration,
in which convection may be suppressed. The
extent of this inhomogeneous region (Fig. 1)
is estimated from fully ionized phase separa-
tion models (/9). In reality, the inhomoge-
neous region could be narrower or wider. It is
not included in any interior models so far, but
this seems justified because the gravitational
moments only provide constraints on quanti-
ties that are averaged over relatively extended
regions. More important, this region could be
a relatively efficient barrier to the mixing of
minor species, because they would have to be
transported by slow diffusion processes. The
same would occur at the boundary of a first-
order transition from the molecular to the
metallic phase (18).

Interior models of Jupiter and Saturn are

calculated by solving the standard quasi-hy-

drostatic differential equations, including the
rotational potential calculated within the the-
ory of figures (26). In recent calculations,
only models that match all observational con-
straints are considered. Uncertainties in the
equation of state, surface temperature, opac-
ities, internal rotation, and observational error
bars on the gravitational moments are taken
into account to determine the allowed range
of internal compositions of these planets. The
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space of parameters is then extensively stud-
ied within the three-layer assumption. Addi-
tional constraints are provided by planetary
evolution calculations, because they should
yield model ages that are in agreement with
that of the solar system (23). A critical im-
provement of the evolutionary models lies in
the ability to account for helium differentia-
tion, because it can considerably slow down
the contraction and cooling of a given planet
(27). In fact, helium sedimentation is re-
quired to explain Saturn’s intrinsic heat flux
and may be significant in Jupiter as well. The
characteristics of typical Jupiter and Saturn
models are shown in Fig. 1, including corre-
sponding uncertainties in the temperature
profiles.

The resulting constraints on the enrich-
ment in heavy elements of Jupiter and Sat-
urn’s metallic regions relative to solar com-
position (Fig. 2) are weak. However, the en-
richments of the molecular regions can be
usefully compared to other observations. Ga-
lileo probe measurements are compatible
with an enrichment of Jupiter’s deep atmo-
sphere [pressure (P) = 15 bar] of two to four
times the solar values in C, N, and S (28). The
Galileo probe results are thus consistent with
an abundance of major gases [except helium,
neon (/6), and water] that is two to four times
larger than in the sun, which is in agreement
with interior models using the new helium
mixing ratio but not the one derived from
Voyager data (Fig. 2). The lack of abundant
water in the Galileo measurements is thought
to be due to jovian meteorology, and its bulk

Fig. 1. Schematic rep-
resentation of the in-
teriors of Jupiter, Sat-
urn, Uranus, and Nep-
tune. The hashed re-
gion indicates a possi-
ble radiative zone [in
Jupiter, it corresponds
to P ~ 0.15 to 0.6
GPa, T ~ 1450 to
1900 K, and R ~ 0.990
to 0.984 RJ; in Saturn,
it is located around P
~ 0.5 GPa, T ~ 1700
K, and R ~ 0.965 R,
but it is probably very
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abundance is therefore still unknown (28,
29). On the basis of the Galileo measure-
ments, interior models also rule out water
abundances larger than 10 times solar in Ju-
piter’s deep atmosphere. In Saturn, spectro-
scopic measurements indicate enrichments of
CH, on the order of three to five times solar
(30). The lower measured abundance of NH,
(Fig. 2) is certainly due to condensation, be-
cause the planet is cooler than Jupiter. The
global enrichments calculated with the Voy-
ager helium mass mixing ratio (/5) are in-
compatible with the observed CH,, abundance
(Fig. 2). Instead, static and evolutionary mod-
els favor a higher value of Y/(X + Y) =
0.11 — 0.25 (23, 27).

Table 1 gives the total mass of heavy
elements in Jupiter and Saturn and shows
how they are distributed as core mass in the
metallic and molecular envelopes. It is not
required that Jupiter have a central core in
order to fit the gravitational moments, but
that solution is not the preferred one because
it implies a rather extreme equation of state
and also yields high heavy-element enrich-
ments (in the upper range of Fig. 2). In any
case, Jupiter’s core must be smaller than 10
Earth masses (M,). Furthermore, it is gener-
ally found that Saturn has a bigger core than
Jupiter, but the constraints are relatively

weak because some of the material in the .

deep metallic envelope could be accounted
for as core mass, and vice versa. It is impor-
tant to note that heavy elements in Jupiter’s
and Saturn’s molecular regions, and some of
those in their metallic regions, were probably
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marginal (23)]. The
range of temperatures
for Jupiter and Saturn
is for models neglect-
ing the presence of
the inhomogeneous re-
gion. Helium mass mix-
ing ratios Y are indi-
cated. In the case of
Saturn, it is assumed
that Y/(X + Y) =.0.16
in the molecular re-
gion. The size of the
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central rock and ice cores of Jupiter and Saturn is very uncertain (see text). Two representative
models of Uranus and Neptune are shown, but their actual interior structure may be significantly
different (34). The figure is adapted and updated from (79).
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brought in after their formation (after they
had captured most of their hydrogen and
helium). It is as yet unclear whether material
was exchanged between the molecular and
metallic regions. Models of giant planet for-
mation should account for the planetesimals
captured during and after formation (3/).

Uranus and Neptune

The structure of the “ice giants” Uranus and
Neptune is more difficult to grasp, notably
because they contain a relatively smaller frac-
tion of hydrogen and helium, and because
their gravitational moments are known with a
lower accuracy. Spectroscopic measurements
indicate that their hydrogen-helium atmo-
spheres contain a large proportion of heavy
elements, mainly CH,, which is enriched by a
factor of ~30 as compared to solar composi-
tion (32). The two planets have similar masses
(1453 Mg for Uranus and 17.14 Mg for
Neptune) and radii. Neptune’s larger mean
density is partly due to greater compression
but could also be the result of a slightly
different composition. The gravitational mo-
ments require that the density profiles lie
close to that of “ice” (a mixture initially

composed of H,0, CH,, and NH; but whose

composition most probably does not consist
of intact molecules in the planetary interior),
except in the outermost layers, which have a
density closer to that of hydrogen and helium
(33). Three-layer models of Uranus and Nep-
tune consisting of a central “rock” core (mag-
nesium-silicate and iron material), an ice lay-
er, and a hydrogen-helium gas envelope have
been calculated (Fig. 1) (34).
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Fig. 2. Constraints on the mass mixing ratio of
heavy elements, in solar units [assuming the
mass mixing ratio of heavy elements in the sun
(Z,) = 0.0192 (58)] of the molecular (red rect-
angles) and metallic (purple rectangles) regions
of Jupiter and Saturn. The helium mixing ratios
used for the calculation-are the Galileo value
for Jupiter (73) and Y/(Y + X) = 0.16 = 0.05
for Saturn (see text). The enrichments in the
molecular regions that would have been found
with the old Voyager values (73, 15) are indi-
cated by blue areas. When available, the ob-
served abundances of C, N, O, and S are indi-
cated. The maximum value for the heavy ele-
ment enrichment of Saturn’s metallic region is
20 Z,,.
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The fact that models of Uranus assuming
homogeneity of each layer and adiabatic tem-
perature profiles fail to reproduce its gravita-
tional moments seems to imply that substan-
tial parts of the planetary interior are not
homogeneously mixed (35). This could ex-
plain the fact that Uranus’ heat flux is so
small: Its heat would not be allowed to escape
to space by convection but through a much
slower diffusive process in the regions with a
high molecular weight gradient. Such regions
would also be present in Neptune but much
deeper, thus allowing more heat to be trans-

~ ported outward. The existence of these non-

homogeneous partially mixed regions is fur-
ther confirmed by the fact that if hydrogen is
supposed to be confined solely to the hydro-
gen-helium envelope, models predict icé/rock
ratios on the order of 10 or more, which is
much larger than the protosolar value of
~2.5. On the other hand, if we impose the
constraint that the ice/rock ratio be protoso-
lar, the overall composition of both Uranus
and Neptune is, by mass, about 25% rock, 60

- to 70% ice, and 5 to 15% hydrogen and

helium (34, 35).

The Radii of Extrasolar Giant Planets

The discovery of planets outside our solar
system represents an opportunity to learn
even more about the formation of planets in
general and to determine how unique our
solar system may be. Although the present
constraints on the interior structures of Jupi-
ter, Saturn, Uranus, and Neptune are weak,
obtaining the characteristics of extrasolar gi-
ant planets with different masses and orbital
parameters will enlighten us about their com-
position. Measurements of radii are within
reach, most notably with programs designed
to detect planetary transits by photometry
(through the slight dimming of a star when an
orbiting planet happens to cross the line of
sight) (36). The radius of a planet is a func-
tion of its mass, age, degree of insolation by
the parent star, and composition (37). Let us
suppose that the mass is accurately known
(for example, by the combination of transit
detection and radial velocity measurements)
and that the age and albedo can be indepen-
dently estimated. For a given helium/hydro-
gen ratio, the amount of heavy elements in
the planet can then be determined.

The radii of extrasolar giant planets can be

Table 1. Amount of heavy elements (in Mg) in
Jupiter and Saturn.

Region Jupiter Saturn
Core 0-10 6-17
Molecular region 1.6-6.1 2.8-88
Metallic region 0.7-34 0-17
Total 11-42 19-31

(core + envelope)

predicted with the same equations that govern
the evolution of stars. The evolution of giant
planets in isolation or relatively far from their
parent star has been studied extensively and
now includes detailed treatments of the atmo-
sphere (38). These calculations can be ex-
tended to planets orbiting close to their stars
(39), with a lesser precision because of un-
certainties about how much of the incoming
stellar light is absorbed by the planetary at-
mosphere. Figure 3 gives examples of effec-
tive temperatures and radii predicted for
some of the recently found extrasolar giant
planets and brown dwarfs, assuming solar
composition and a factor of 2 uncertainty on
the mass (due to the fact that radial velocity
measurements only yield M sin i, where i is
the inclination of the orbital plane), and in-
cluding uncertainties on the age (40) and
albedo (between 0.1 and 0.5). It illustrates the
diversity of planets detected so far. Because
of the range of temperatures, many different
condensates (from ammonia to silicates) are
expected in planetary atmospheres (41, 42).
However, the calculated radii are always
close to that of Jupiter, until the mass is large
enough to sustain hydrogen fusion, at about
75 Jupiter masses (M;) (38, 43). A local
maximum of the radius at a mass of ~4 M,
for isolated planets is due to the competition
between additional volume and increased
gravity. (This is because, when considering
planets of larger masses, the degenerate me-
tallic hydrogen region grows at the expense
of the molecular region.) Planets that are
significantly heated by their star have larger
radii for smaller masses because the outer-
most layers are substantially puffed up when
gravity is small.

An important feature of giant planets at
close orbital distances, or “hot Jupiters,” is
that they have already entered an evolution-
ary stage in which they become progressively
more radiative (that is, less convective), as
they strive to attain complete equilibrium
with the star (ideally, they will eventually
become isothermal). This will also happen
for planets that are further away, such as
Jupiter and Saturn, but at later times (44).
This radiative zone is expected to appear in
the outer layers of the planet and to progres-
sively spread over its inner regions (39). In
that phase, the evolution of the planet is
essentially governed by the ability of the
radiative region to transport the still-signifi-
cant intrinsic heat (the intrinsic luminosity is
generally, after a few gigayears, of the same
order of magnitude as that of Jupiter: 102* erg
s~! to 10%° erg s™!). Depending on whether
one uses opacities including the presence of
grains (45) or opacities that assume that
grains are removed by gravitational settling
(46), cooling and contraction time scales can
differ by factors 2 to 3.

Figure 4 shows typical estimates of model
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uncertainties in radii, depending on physical
parameters (age and albedo) and input phys-
ics (equation of state and opacities). The age
of the planetary system (inferred from that of
the star) will remain fraught with uncertainty.
However, planetary albedos will be deter-
mined by either accurate photometry of the
eclipsing system or by future direct observa-
tions capable of resolving the star-planet sys-
tem. Theoretical models are also expected to

provide better constraints on the albedo (47), '

but the presence of clouds and grains makes
this a complex problem. Hopefully, uncer-
tainties associated with the input physics will
be reduced by the calculation of new equa-
tions of state that include the latest deuterium
compression experiments and by improved
opacity calculations. At present, the expected
theoretical uncertainty in model radii is about
15% for a I-M;, planet, translating into an
accuracy of ~43 Mg, regarding the mass of
heavy elements present in the planet. Inter-
estingly enough, this is about the minimal
quantity of heavy elements necessary to form
such a planet in situ (48). In the case of a
10-M; planet, the fractional uncertainty is
smaller, but the absolute precision regarding
the mass of heavy elements is ~170 Mg,
Systems of planets with small masses at short
orbital distances are interesting because they
should experience significant mass loss and
therefore contain a large proportion of heavy

elements. Radii measurements and corre-
sponding theoretical models would therefore
go beyond a simple answer to the question of
whether extrasolar giant planets are mainly

" formed with hydrogen and helium or are

mainly rocks and ices [the limiting radius
then being on the order of 1/3 Jupiter radius
®)) (39)].

Quantity of Heavy Elements and the

Formation of Giant Planets

The planets in our solar system formed in the
so-called protosolar nebula, a flattened disk of

hydrogen, helium, and solid planetesimals (49). .

Jupiter, Saturn, Uranus, and Neptune are be-
lieved to have formed through accretion of a
solid core followed by the capture of surround-
ing gaseous hydrogen and helium (50), but
direct gravitational instability of the gas in the
disk has been proposed as a mechanism for
forming Jupiter and Saturn (57). Saturn’s rela-
tively high core mass seems to rule out the latter
hypothesis. The extrasolar giant planets discov-
ered so far could have formed by any of these
processes. It has been proposed that those at
small orbital distances either formed at further
distances and then migrated inward (52) or
formed in situ within a massive protoplanetary
disk (48). An important test of these theories
can be provided by a calculation of the quantity
of heavy elements captured after the first for-
mation stages.

Fig. 3. Predicted effec-
tive temperatures and
radii (in R, ~70,000
km) of some extraso-
lar planets and brown
dwarfs, including rea-
sonable uncertainties
for their mass, albedo,
and age (see text) and
assuming solar com-
position. Actual radii
could be significantly
smaller if the planets
contain large propor-
tions of heavy ele-
ments. The dashed line 0 b=
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In our solar system, the first 10 million
years after the giant planets reached an
appreciable fraction of their current masses
were crucial for planetesimal delivery. Be-
tween 80 and 90% of the planetesimals that
remained in the outer solar system at that
time were acquired by the planets or were
ejected from the solar system during that
period. Dynamic calculations using present-
day radii and an initial 50-M,, disk of plane-
tesimals suggest that less than 2% of the mass
of giant planets (6 Mg, for Jupiter and 2 Mg,
for Saturn) is due to late-arriving planetesi-
mals (53). However, at these early epochs,
the growing planets possessed effective cap-
ture radii that were larger than their present
radii (54) and were thus able to capture in-
coming planetesimals more efficiently while
ejecting fewer of them out of the solar
system. It is estimated that Jupiter, Saturn,
Uranus, and Neptune could have captured
by that process up to ~17, 10, 2, and 2 Mg
of heavy elements, respectively (55). Mas-
sive extrasolar planets (=5 M,) are able to
efficiently eject material out of the system
and are therefore expected to acquire a frac-
tionally smaller inventory of “late heavy
elements”.

Prospects for improving our knowledge of
the composition of giant planets and their
formation will depend on the following future
developments. The calculation of a new hy-
drogen and helium equation of state consis-
tent with the recent compression experiments
is essential. The Cassini orbiter will accurate-
ly measure the chemical composition and
temperature structure of Saturn’s atmosphere
(and hopefully of Jupiter as well, although
with a lesser accuracy), but it would be cru-

15F
f0.3m,

1M, am, 10 M,

Opacities

Uncertainties (%)

15t
Fig. 4. Fractional uncertainty in radii of extra-
solar giant planets (at 0.05 astronomical units
from solar-type stars) due to uncertainties in
physical parameters (top) and input physics
(bottom), as a function of mass. The corre-
sponding absolute uncertainty about the frac-
tion of the planetary mass that is due to heavy
elements is directly proportional to the radii
uncertainty [a 10% uncertainty in model radii
corresponds to a ~9% uncertainty about the
mass of heavy elements; that is, in that case
and for a 1-M, (318 Mg) planet, the mass of
heavy elements would be known with an accu-
racy of ~30 Mg). The albedo was assumed to
lie between 0.1 and 0.5; the age between 3 and
7 gigayears.
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cial for interior models that the final stages of
its orbital tour allow for a better determina-
tion of the gravitational moments J, and J.
Such a measurement could yield constraints
on the core mass and abundance of heavy
elements in the metallic region that are two to
three times stronger (23). A polar Jupiter
orbiter would yield an accurate determina-
tion of the gravitational field of the planet,
including high-order gravitational moments,
hence constraining its global composition and
dynamic structure (56). Finally, important
steps in understanding planet formation will
come from spectroscopic measurements of
the atmospheres of extrasolar giant planets,
and from transit detections that would allow
the determination of their radii (57) and
hence of the global composition of extrasolar
planets.
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REVIEW

NASA’s Galileo mission to Jupiter and improved Earth-based observing
capabilities have allowed major advances in our understanding of Jupiter’s
moons lo, Europa, Ganymede, and Callisto over the past few years.
Particularly exciting findings include the evidence for internal liquid water
oceans in Callisto and Europa, detection of a strong intrinsic magnetic field
within Ganymede, discovery of high-temperature silicate volcanism on lo,
discovery of tenuous oxygen atmospheres at Europa and Ganymede and a
tenuous carbon dioxide atmosphere at Callisto, and detection of con-
densed oxygen on Ganymede. Modeling of landforms seen at resolutions
up to 100 times as high as those of Voyager supports the suggestion that
tidal heating has played an important role for lo and Europa.

Jupiter’s four large moons, lo, Europa,
Ganymede, and Callisto, are collectively
known as the Galilean satellites after Galileo
Galilei, who discovered them in 1610. Their
discovery overturned the Western worldview
of an Earth-centered universe. The first quan-
titative physical studies of these worlds be-
came possible during the 19th century when
Simon de Laplace derived the satellite masses
from their mutual gravitational perturbations
and, subsequently, other workers used a new
generation of telescopes (at Yerkes and Lick
observatories in the United States) to measure
the sizes of these moons. These data yielded
estimates of bulk density good to a few tens
of percent and revealed the trend of decreas-
ing density from the inner to the outer satel-
lites (Table 1). More recent observations of
water ice on the surfaces of the outer three
moons led to the inference that the satellite
compositions range from mostly silicate rock
at Io to 60% silicate rock and 40% volatile
ices (by mass) at Ganymede and Callisto (/).
This trend probably reflects conditions within
the protojovian nebula at the time the satel-
lites formed (2). The Voyager flybys of Ju-
piter in 1979 revealed evidence of substantial
geological activity on these distant worlds
(3-6). The observed activity on Io is pow-
ered by the tidal distortions of Io’s figure
caused by the strong gravity of Jupiter, and
Europa’s fractured terrains also probably re-
sult from tidal heating and flexing. Because
the rotation rates are synchronized with the
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orbital motions, the tides oscillate in ampli-
tude and orientation only because of the sat-
ellites’ eccentric orbits. The orbital eccentric-
ities of lo, Europa, and Ganymede are excited
to nonzero values by resonant gravitational
forces between the three satellites (7). In
turn, the stability of the resonant orbital con-
figuration (called the Laplace resonance) is
controlled by the rate of dissipation of tidal
energy within the satellites. Thus, the geolog-
ic evolution of these satellites is intimately
coupled to their orbital configuration. Em-
bedded within Jupiter’s radiation belts, all
four satellites are also bombarded by ener-
getic particles that cause chemical reactions
and physical erosion that are alien from a
terrestrial perspective. These satellites rival
the terrestrial planets in complexity but
embody processes foreign to our Earth-
based experience.

The Galileo spacecraft is performing a
4-year orbital tour scheduled to end in late
1999. By the end of the tour, the spacecraft
will have completed over 20 orbits of Jupiter,
most arranged to make a close flyby past one
of the four Galilean moons. Flyby distances
of as little as 200 km have allowed new
images with resolution of up to 10 m/pixel to
be acquired. (In contrast, Voyager’s best res-
olution was 500 m/pixel.) Qualitatively new
constraints have been obtained by a suite of
additional experiments: Doppler tracking of
the spacecraft’s radio signal allowed gravita-
tional moments (hence moments of inertia) to
be calculated, a magnetometer provided mea-
surements of the moons’ magnetic fields,
plasma and energetic particle detectors con-
strained the electrical and magnetic proper-
ties of the moons and their environs, and
three spectrometers obtained spatially re-
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solved spectra of the moons’ surfaces from the
ultraviolet to the far infrared (IR) (8). Although
the data stream was limited by failure of the
high-gain antenna (which, for example, al-
lowed just a few percent of each satellite’s
surface to be imaged at resolutions exceed-
ing 200 m/pixel), the nature of the data sets
is so unique that the measurements have
boosted our understanding and raised nu-
merous new questions. Concurrently, ob-
servations from ground-based facilities and
the Earth-orbiting Hubble Space Telescope
(HST) have yielded important discoveries.

Callisto

Unlike o, Europa, and Ganymede, Voyager
showed Callisto to be a heavily cratered body
apparently devoid of endogenic volcanic or
tectonic landforms (6). Primary interest in
Callisto has centered on comparison with
Ganymede, which has similar bulk properties
but a highly tectonized surface. Callisto’s
mean density suggests roughly equal masses
of rock and ice, but early opinions differed
about whether the interior contained a pri-
mordial, undifferentiated mixture of the two
components or a differentiated ice mantle
overlying a silicate rock and iron core (1, 5).
Callistan craters are flatter (and often display
a distinctive morphology) compared with
their terrestrial counterparts, indicating that
the uppermost 10 km is mechanically domi-
nated by ice rather than rock (9, 10), support-
ing the idea of at least partial differentiation
of Callisto’s interior. IR spectra of the surface
contain numerous water ice absorption fea-
tures, but the low albedo and existence of
other nonice features (//) imply contamina-
tion by darker material. Radiative transfer
retrievals of the spectra have yielded mean
ice mass fractions of the uppermost ~1 mm
ranging from 10 to ~50%, with some regions
recognized as essentially ice free (5, 12, 13).

Interior structure and magnetic field.
From Galileo tracking data, Callisto’s mo-
ment of inertia has been determined to be
C/MR? = 0.359 * 0.005, which is 4 standard
deviations less than 0.38, the value expected
for a homogeneous rock and ice body of
Callisto’s mass and radius (/4). Three-layer
interior models suggest the existence of a
central silicate core up to 50% of Callisto’s

1 OCTOBER 1999 77






