does He absorb significant internal energy
in electronic excitations because its band
gap is large compared with the temperature
at relevant densities. Thus, He has a posi-
tive definite rate of increase of temperature
with pressure, which most likely causes a
positive total slope of temperature with
pressure for the hydrogen-He mixture. In
the metallic molecular fluid at 140 GPa and
above, temperature variations have a weak
effect on the electrical conductivity. In the
semiconducting fluid at pressures P of 60.to
140 GPa, only a ~2% increase in temper-
ature is sufficient to increase dT/dP from
slightly negative for hydrogen (Fig. 2) to
slightly positive for the hydrogen-He mix-
ture. The latter is likely the case because
Jupiter contains ~10 atomic % He. Tem-
perature differences of a few percent have a
negligible effect on the calculated conduc-
tivities (Fig. 3). Thus, the conductivities
calculated here are consistent with a posi-
tive slope of dT/dP in Jupiter. To produce
convection, dT/dP must be positive so that
the volume coefficient of thermal expan-
sion is also positive. Jupiter is known to be
convective over most of its volume because
it has a large external magnetic field. In
addition, convective heat transfer to the
surface is substantial and is the reason why
Jupiter radiates more internal energy than it
receives from the sun (I1). It is possible,
however, that Jupiter is convectively quies-
cent over a radially thin region (6).
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Short-Period Comets: Primordial Bodies or
Collisional Fragments?

Paolo Farinella* and Donald R. Davis

Modeling results show that collisions among Edgeworth-Kuiper Belt Objects (EKOs), a
vast swarm of small bodies orbiting beyond Neptune, have been a major process
affecting this population and its progeny, the short-period comets. Most EKOs larger
than about 100 kilometers in diameter survive over the age of the solar system, but at
smaller sizes collisional breakup is frequent, producing a cascade of fragments having
a power law size-frequency distribution. Collisions are also a plausible mechanism for
injecting EKOs 1 to 10 kilometers in diameter into dynamical resonances, where they can
be transported into the inner solar system to become short-period comets. The frag-
mental nature of these comets may explain their physical properties, such as shape,

color, and strength.

Comets were recognized as visitors from
the outer periphery of the solar system al-
most half a century ago. Long-period (P >
200 years) comets come from the nearly
isotropic Oort cloud, tens of thousands of
astronomical units (AU) from the Sun,
whereas short-period comets may be de-
rived from the transneptunian, flattened
Edgeworth-Kuiper (E-K) Belt, at semimajor
axes starting at about 35 AU and extending
to 50 AU or beyond (1). These two differ-
ent sources explain the different dynamical
features of the two types of comets, in par-
ticular the much lower typical inclinations
of the short-period group (2). Also, both
types are plausible remnants of the accumu-
lation of planetesimals in the outer regions
of the primordial solar nebula (3). As a
consequence, comets were considered to be
the most primitive small bodies in the solar
system: planetesimals from the giant planet
zone that have never undergone the ther-
mal and collisional processing that is typical
of planets, satellites, and asteroids. This
paradigm has been the basis for most recent
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studies on the structure of comet nuclei and
their physical properties (4). However, we
believe that the primitiveness paradigm is
unwarranted for short-period comets de-
rived from the transneptunian region, be-
cause significant collisional processing takes
place there. g

The discovery of the transneptunian ob-
ject 1992 QB and its successors (5) has
confirmed the earlier theoretical evidence
for a population of bodies beyond the giant
planets. By early 1996, 32 objects had been
discovered in this zone (besides the Pluto-
Charon system). These objects are between
100 and 350 km in diameter, assuming a
geometric albedo of 0.04. The total popu-
lation of EKOs is estimated at (1 to 3) X
10*, with diameters between ~100 and 400
km at distances of 35 to 50 AU from the
Sun, based on the total area searched to
date. The distribution of eccentricities and
inclinations is poorly known, but average
values are probably low (=0.05 for eccen-
tricities and several degrees for inclina-
tions) if the orbits are to be stable over the
age of the solar system (6). An even more
numerous population (at least ~108 bodies)
at diameters of about 20 km is probably
present in the same zone, on the basis of
results of recent Hubble Space Telescope
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(HST) searches (7). Finally, to provide the
observed flux of short-period comets into
the planet-crossing region, the population
of EKOs about 2 km in diameter must be
~5 % 10° (8).

Although these data constrain the EKO
size distribution in an approximate way,
they are enough to conclude that collision
rates in the E-K Belt are not negligible, and
we will argue as a consequence most kilo-
meter-sized EKOs are probably collisional
products. Collisions among EKOs have
been shown (9) to occur frequently over the
age of the solar system, a finding that is
based on teasonable assumptions about the
size and otbital distributions of EKOs and
calculations of collisional probabilities. We
have confirmed this result by another meth-
od. The collision rate within a population
of orbiting objects depends on two factors:
(i) the orbital distribution of the bodies and
(ii) their number as a function of size. We
applied a method for studying asteroid col-
lisional rates and impact velocities devel-
oped by Wetherill (10). In this method, the
orbital parameters allow one to derive for
any pair of overlapping Keplerian orbits the
so-called intrinsit collision probability P,
(which is zero for noninteracting orbits).
For a population of orbiting bodies, the
average intrinsic collision probability <P,>
and impact velocity <V> can be computed
and used to estimate the prevailing collision
rates (11). Our results for different sets of
EKO orbits show that <P,> in the E-K Belt
near 42 AU is ~1.5 X 1072! km™? year™!
(12), which is about 2000 times lower than
the corresponding value for the asteroid belt
(11). The asteroid belt contains only a few
tens of bodies more than 200 km in diameter
and probably a few million bodies more than
1 km, so the ~1000 times larger EKO pop-
ulation approximately compensates for the
lower <P,>. Hence the frequency of impacts
onto a target of any given size is roughly the
same in the two populations. However,
<V> for the E-K Belt near 42 AU is ~ 0.5
km s™! (12), which is about a factor of 10
lower than for the asteroids (11).

We applied a numerical code developed
to study the asteroid belt (13) to model the
collisional evolution of EKOs. This code
uses a series of diameter bins to represent
populations of arbitrary size distributions
and calculates the collisional interactions of
each bin with every other one during a
sequence of small time steps. These inter-
actions are summed up at the end of each
time step to give the net change in the
population as a function of size; the updated
population is used for the next time step. In
this way, the time evolution of the popula-
tion can be calculated. The orbital element
distribution of the population was assumed
to be unaltered by the collisions—a good

approximation when the orbital energy due
to random motions (that is, eccentricities
and mutual inclinations) is large as com-
pared with the collisional energy needed to
significantly alter the population. The nu-
merical code was modified to use values of
<P,> and <V> that were consistent with
the results for EKO orbits.

Our current understanding of how com-
etary bodies would respond to collisions at
speeds of hundreds of meters per second is
limited. A critical parameter for our model
was how much collisional energy is needed
to fracture a body of a given size (dynamical
strength). We assume that EKOs are rather
weak bodies (as compared with most aster-
oids) in terms of their dynamic impact
strength. It is important to note that dy-
namic impact strength provides a different
measure of strength than tensile strength,
which is believed to be small in comets
because of observations of splitting events
and the breakup of comet Shoemaker-Levy
9 from low tidal stresses during a jovian
encounter. Impact experiments showed that
specific energies on the order of a few times
10% erg g~ ! were needed to shatter weakly
bound aggregate bodies (14) or icy targets
(15). We assumed an impact strength of
3 X 10° erg cm ™3, which is 10 times lower
than the value adopted for asteroids and is
appropriate for silicate targets.

Another assumption was that EKOs
break up into a power-law size distribution
of fragments moving relative to one anoth-
er. The speed of the fragments is critical
when the target has a gravity field—frag-
ments moving slower than the local escape
speed reaccumulate to form rubble pile
structures. In our model, fragment speeds
were controlled by the parameter fi,, which
specifies the fraction of collisional kinetic
energy that goes into fragment kinetic en-
ergy and is estimated to be ~0.1 from the
properties of asteroid families (13).

In our baseline case (16), the initial
EKO population was assumed to have a
power-law distribution at diameters smaller
than 300 km and included no object larger
than 500 km. The orbital distribution cor-
responds to impact speeds between 350 and
550 m s~ . After 4.5 X 10° years of colli-
sional evolution, the population at diame-
ters larger than 100 km was essentially un-
changed (Fig. 1) because at the relatively
low impact speeds found in this population,
even a collision between equal-sized objects
cannot break up bodies larger than about
100 to 150 km. However, at diameters
smaller than 100 km, there was increasing
collisional depletion with decreasing size;
for diameters ~20 km, the population was
reduced from the initial one by a factor of
10. The slope of the small-sized population
was close to —3.5, the equilibrium value for
16 AUGUST 1996
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a collisionally relaxed population with size-
independent collisional physics (17).

The —3.5 exponent provides only a mat-
ginal match to the few observational con-
straints on the abundance of EKOs. With
such a power law, the abundance ratio be-
tween kilometer-sized comets and HST-dis-
covered bodies with a radius of 10 km
should be ~300 (assuming equal logarith-
mic bins) instead of =30, as suggested from
the available data. However, the HST data
are consistent with a power-law exponent
in the range —3 to —5 (18), which includes
the equilibrium value. The available obser-
vations only provide an order-of-magnitude
estimate of the real populations of EKOs, so
it is premature to draw any conclusion
about the collisional physics (for example, a
possible size dependence of the impact
strength or fig) from a comparison of the
model results to observations.

The bodies surviving from the original
population at diameters D =~ 20 km rep-
resented about 50% of the current popu-
lation (Fig. 1). The survivor fraction in-
creased with size, and for D > 80 km,
essentially all of the bodies were survivors.
Below D =~ 20 km, though, survivors were
rare and at diameters of a few kilometers,
virtually all bodies were collisionally de-
rived fragments.

We varied the starting population to see
how sensitive the results were to the initial
conditions (12). A steeper initial popula-
tion at small sizes (power-law exponent of
—4) again showed depletion due to colli-
sions starting at diameters of about 100 km,
with a much stronger reduction in the num-

ber of bodies (by about a factor of 70) for

1013 T T T T
1012 T

bin

Number per diameter
o
R Y=
222222322333

100

100 2 10°

101 10
Diameter (km)
Fig. 1. The collisionally evolved population of EKOs
after 4.5 billion years (dashed line), starting from a
hypothetical initial population having a power-law
size distribution for diameters <300 km (76) (solid
line). The number of survivors from the original pop-
ulation is also shown (shaded) as a function of di-
ameter. The error bars give our estimates of the
uncertainties in the observational constraints dis-
cussed in the text and span a factor of 100 in the
number of bodies and a factor of 4 in their sizes.
The observational point for the large EKOs has
smaller uncertainty in the population, reflecting a
more reliable estimate of their numbers.
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D =~ | km. Again, though, the slope of the
small-sized end of the distribution was
—3.5. On the other hand, a shallower start-
ing slope (—3) yielded a lower depletion,
only-about 50% at D'~ 30 km, and actually
gave a final population two times as large as
the starting one at D ~ | km. Using starting
populations close to the current one at D >
300 km and assuming power laws with dif-
ferent exponents for smaller sizes, we esti-
mate that the initial small-size exponent had
to be <—2, otherwise the current reservoir
of short-period comets would be too small.
Hence, at the end of the accretionary phase,
there must have been a sizeable population
of bodies down to at least a few tens of
kilometers in diameter. However, all the
smaller (kilometer-sized) bodies may well
have been generated as fragments. In a sim-
ulation in which all the primordial bodies
were larger than about 20 km in diameter, at
the end all the bodies larger than about 70
km were survivors, but the disruption of
smaller ones yielded a tail of fragments suf-
ficient to supply the current comet reservoir.

Varying the collisional parameters that
are uncertain for comets (impact strength,
strength scaling with size, and fi) resulted
in changes similar to those described above.
Weaker bodies showed a greater degree of
collisional processing, whereas stronger
bodies had less such processing. All cases,
though, led to an equilibrium size distribu-
tion with the —3.5 power-law exponent at
diameters smaller than about 25 km.

In general, our simulations indicate
that the population of EKOs larger than
about 100 km in diameter is not signifi-
cantly altered by collisions over the age of
the solar system. The size distribution in
this range must represent the original ac-
cretional population (9). Many of these
bodies, however, have probably been con-

AR e

verted into rubble piles because there is a
significant energy gap between the projec-
tile energy needed to shatter the target
and that required to disrupt it, that is, to
disperse most of the target mass to infinity
(13, 19). On the other hand, smaller ob-
jects in the EKO population are mostly
fragments undergoing a collisional cas-
cade, with a size distribution index close
to the —3.5 equilibrium value, provided
our assumption of size-independent colli-
sional response parameters is correct. If
short-period comets come from the E-K
Belt, then 90% of them may not be prim-
itive volatile-rich planetesimals but frag-
ments from larger parent bodies.

As a result of the collisional process,
about 10 fragments 1 to 10 km in diameter
are currently produced per year in the inner
E-K Belt. This estimate refers to the base-
line case shown in Fig. 1, with a variability
of about a factor of 4, depending on the
assumed collisional response parameters.
With ejection speeds of 10 to 100 m s™!,
which are similar to those inferred for as-
teroids, these fragments have semimajor
axes that differ by about 0.1 to 1.0 AU from
those of their parent bodies (Fig. 2). This is
sufficient to cause at least a few percent of
them (say, 20 such fragments per century)
to fall into the resonant escape routes from
the E-K Belt (20) and to chaotically evolve
into the planetary region of the solar sys-
tem. This is roughly in agreement with the
flux required to replenish the short-period
comets, which have an estimated popula-
tion (including inactive nuclei) of 2 X 10*
bodies and a mean dynamical lifetime of
about 3 X 10° years (21). Thus about 0.06
comets per year are needed to maintain this
population. If 30% of the E-K Belt frag-
ments that fall into the resonant escape
hatches become comets, this is adequate to
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Fig. 2. The distribution of orbital elements for a simulated E-K Belt “family”; that is, for the fragments
resulting in our model from a collisional breakup event involving two bodies of 100 and 55 kmin diameter,
initially orbiting at a = 42.5 AU, e = 0.1, and/ = 0. We assumed that a fraction 0.2 of the initial kinetic
energy in the center-of-mass reference frame is partitioned into the kinetic energy of the ejected
fragments. The larger open circles represent fragments 15 to 40 km in diameter, and the intermediate
and smaller ones represent fragments 8 to 15 and 3 to 8 km in diameter, respectively. Note the relatively
large spread along the a axis, which may result in a significant fraction of the fragments “falling” into

chaotic zones associated with resonances.
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maintain the population. Therefore, EKO
collisions are a sufficient mechanism to sup-
ply the short-period comets, just as colli-
sions in the main asteroid belt can supply
near-Earth asteroids and meteorites.

The result that most short-period comets
are collisional fragments means that these
bodies may have experienced some type of
structural alteration in the interior of their
parent bodies. At a minimum, there would
be a modest compacting effect, due to the
gravitational self-compression within a par-
ent body’s interior. This could explain why
not all comets split when they experience
thermal or tidal stresses close to the sun or
Jupiter. Additional observations that could
be explained by a collisional processing of
short-period comets are that (i) their irreg-
ular triaxial shapes resemble those of frag-
ments produced in breakup events (22) and
(ii) the variety of colors observed among
Centaur and E-K Belt objects can be inter-
preted as a result of a varying degree of
collisional alteration or resurfacing (or
both) (23). Thus, modeling results and as-
tronomical observations point to collisions
as a major process affecting the physical
nature of E-K Belt objects and their proge-
ny, the short-period comets.
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Penetrative Convection and Zonal
Flow on Jupiter

Keke Zhang and Gerald Schubert*

Measurements by the Galileo probe support the possibility that the zonal winds in
Jupiter’s atmosphere originate from convection that takes place in the deep hydrogen-
helium interior. However, according to models based on recent opacity data and the
probe’s temperature measurements, there may be radiative and nonconvective layers in
the outer part of the jovian interior, raising the question of how deep convection could
extend to the surface. A theoretical model is presented to demonstrate that, because of
predominant rotational effects and spherical geometry, thermal convection in the deep
jovian interior can penetrate into any outer nonconvective layer. These penetrative
convection rolls interact nonlinearly and efficiently in the model to generate and sustain
a mean zonal wind with a larger amplitude than that of the nonaxisymmetric penetrative
convective motions, a characteristic of the wind field observed at the cloud level on

Jupiter.

During its 57 min of descent into Jupiter’s
atmosphere, the Galileo probe found that
the speed of the zonal flow down to about
the 20-bar level was nearly constant with
depth (1). These results suggest that the
zonal jet flows in the atmosphere of Jupiter
originate from convection that takes place
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in the deep H-He interior of the planet (1).
The alternative view that the zonal winds
are driven by the latitudinal gradient of
solar heating directly in the atmosphere
(thermal winds) and thus do not reflect
conditions in the deep interior (2) seems
less likely because the measured winds do
not decay with depth.

One model of the internal structure of
Jupiter postulates three major layers: an ice-
silicate inner core, a metallic fluid H-He
layer, and an outer H,-He envelope (3, 4).
In the metallic fluid layer, conduction is
considered to be insufficient to carry out all
the internal energy because thermal photons
SCIENCE
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are unable to propagate in metallic hydrogen
(5). Thermal convection probably occurs in
this region and generates the magnetic field
of Jupiter by dynamo processes (6). The H,-
He region is also assumed to be convective
(7), but the outermost zone, at temperatures
around 2000 K or less, may contain radiative
and stably stratified layers on the basis of
interior models incorporating opacity data
on H, He, water, ammonia, and methane (3,
4). The temperature lapse rate measured by
the Galileo probe suggests that the atmo-
sphere between levels of about 5 and 16 bars
may be gravitationally stably stratified (8),
although this hypothesis cannot exclude the
possibility that moist convection may take
place in this region (9). An essential ques-
tion relating to the deep origin of Jupiter’s
zonal flow is then whether the deep thermal
convection can penetrate through any out-
ermost nonconvective layer of Jupiter.

Penetrative convection occurs in many
situations (10) and has been studied in
nonrotating plane fluid layers (10-12).
However, for application to Jupiter, rapid
rotation and spherical geometry are neces-
sary, and these have not received much
attention in the context of penetrative con-
vection. Nonpenetrative convection with
rapid rotation and spherical geometry oc-
curs in columnar structures oriented parallel
to the rotation axis (13, 14).

Busse (15, 16) suggested that a multilay-
ered structure of columnar convection rolls
might produce the zonal jets in the jovian
atmosphere through nonlinear interactions
among the rolls. The viability of this hypoth-
esis has been demonstrated in three-dimen-
sional numerical models (17, 18) and labo-
ratory simulations (19) of high-Rayleigh
number convection in a rapidly rotating
Boussinesq fluid shell (20). Here we demon-
strate that similar processes occur even in
the presence of a stably stratified layer, so
that Jupiter’s zonal jets could have a deep
convective origin despite the possible exis-
tence of radiative, nonconvective outer lay-
ers. We also show how penetrative convec-
tion rolls interact nonlinearly and effectively
to generate and sustain the zonal flows.

The equation of fluid motion for Jupi-
ter’'s H-He envelope that rotates with con-
stant angular velocity €} relative to an in-
ertial frame is

av 1 )
G T2k XV = = Vp B £ VY
(1)

where k is a unit vector parallel to Jupiter’s
rotation axis, r is the position vector, rB
denotes the small buoyancy force, v is the
kinematic viscosity, p is density, V is the
velocity field, and p represents the depar-
ture of the pressure from an adiabat. Com-
pressibility and the possible effects of the
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