Weissman et al.: Structure and Density of Cometary Nuclei

337

Structure and Density of Cometary Nuclei
Paul R. Weissman
Jet Propulsion Laboratory

Erik Asphaug
University of California, Santa Cruz

Stephen C. Lowry
Jet Propulsion Laboratory

We are still at a very primitive stage in our understanding of the structure and density of
cometary nuclei. Much of the evidence at our disposal is fragmentary and often indirect. Nevertheless, a compelling picture is beginning to emerge of cometary nuclei as collisionally processed
fractal aggregates, i.e., rubble piles. The evidence comes from observations of split and disrupted
comets, in particular Shoemaker-Levy 9, from theories of planetesimal formation in the early
solar nebula, from a recognition of the role of collisions in the evolution of cometary nuclei, and
from theoretical and experimental studies of the fragmentation and reassembly of asteroids. This
paradigm-shift away from nuclei as monolithic bodies parallels that which has occurred for asteroids in the past decade. A related factor that strongly suggests that nuclei contain substantial
macroscopic voids is estimates of the nuclear density, which, like asteroids, show comets to be
“under-dense” compared with their constituent materials. We find that the bulk density of cometary nuclei lies in the range 0.5–1.2 g cm–3, with a perhaps “best” current value of 0.6 g cm–3.

1.

INTRODUCTION

Cometary nuclei are primordial bodies, among the first
to accrete in the early solar nebula. As such, it has long been
held (e.g., Delsemme, 1977) that comets preserve a cosmochemical record of the composition of the nebula and the
conditions within it. Additionally, comets may preserve a
physical record of the accretion process itself, how small
grains and particles came together to form macroscopic
bodies with kilometer dimensions. Investigations of cometary nuclei are thus crucial to understanding planet-building processes in our solar system, and probably in planetary
systems around other stars.
It is widely accepted that cometary nuclei formed in the
solar nebula through the slow accretion of silicate, organic,
and icy grains as material settled to the central plane of the
nebula (Weidenschilling, 2004). This slow initial agglomeration and accumulation of material produced bodies up
to several kilometers in size. In the giant planets zone (5 <
r < 35 AU) these “icy planetesimals” were then scattered to
distant orbits in the Oort cloud and to escape to interstellar
space by the growing gas giant planets. Beyond ~35 AU
planetary perturbations were largely incapable of scattering objects to distant orbits so the material there remained
in situ in the region we now call the Kuiper belt. Thus, cometary nuclei were long viewed as having been preserved in
a near-pristine state in these two dynamical reservoirs.
In the last two decades it has increasingly been recognized that the nuclei have been modified over the history
of the solar system by a variety of physical processes. These

include irradiation by solar and galactic cosmic rays, accretion of and erosion by interstellar grains, heating by nearby
supernovae and from stars passing through the Oort cloud,
the crystallization of amorphous water ice as the nucleus
is warmed above 120–150 K for the first time, sublimation
of volatiles as the cometary nuclei approach the Sun, and
collisional processing, either in the Kuiper belt or during the
ejection of protocomets from the giant planets zone to the
Oort cloud (for reviews, see Weissman and Stern, 1998, and
Stern, 2003, and references therein). Another possible modifying mechanism is internal heating by short-lived radionuclides in the early solar system (Prialnik and Podolak,
1999), although we have no evidence as to whether this did
or did not occur.
Most of these processes only affect a relatively thin layer
near the nucleus surface. However, collisions can radically
alter the nucleus structure, ranging from substantial fracturing of the cometary material(s) to total disruption and subsequent reassembly of the nucleus. There is a considerable
body of studies of the collisional evolution of asteroidal bodies, which we suggest is very applicable to the problem of
the structure of cometary nuclei. We believe they show that,
like asteroids, cometary nuclei probably have a rubble-pile
structure, although the comets may have followed a somewhat different path to that final state from that of their asteroidal cousins.
Evidence for the rubble pile nature of cometary nuclei
comes from observations of split and disrupted comets, in
particular comet Shoemaker-Levy 9 (D/1993 F2), which was
tidally disrupted by a close encounter with Jupiter, from
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theoretical studies of the accretion of icy planetesimals in
the early solar system, from the relatively recent recognition that cometary nuclei are collisionally processed objects,
and from studies of the collisional evolution of asteroids, as
noted above. Together, we find that these lines of evidence
create a compelling picture for cometary nuclei as collisionally evolved rubble piles.
A measurable physical parameter that has strong implications for the internal structure of cometary nuclei is the
bulk density. If nuclei are indeed fluffy aggregates or rubble
piles, then they may be “under-dense” relative to their constituent materials and contain substantial macroscopic voids.
Thus, density measurements alone could be used to infer a
fluffy or rubble-pile structure. However, density measurements for cometary nuclei are exceedingly difficult to obtain, and at present can only be accomplished indirectly.
In this chapter we will review our current understanding of cometary nucleus structure and density, and the evidence that is leading us to conclude that cometary nuclei
are collisionally evolved rubble piles. In section 2 we examine the proposed models for cometary nuclei. In section 3
we review the evidence for such models from spacecraft
encounters. In section 4 we discuss evidence for cometary
rubble piles, including the substantial body of research on
the structure and evolution of asteroids that we find is very
applicable to this problem. In section 5 we discuss density
estimates for cometary nuclei and the methods employed.
Section 6 contains a discussion of these topics and our conclusions, and a discussion of expected future spacecraft
measurements.
2.

2.1.

PROPOSED MODELS OF COMET
NUCLEUS STRUCTURE

The Icy-Conglomerate Model

The modern era in understanding cometary nuclei began
with Whipple’s classic series of papers (1950, 1951, 1955)
that first proposed the “icy-conglomerate” model for the
cometary nucleus. Whipple sought to explain the nongravitational motion of periodic comet Encke and others by suggesting a “rocket effect” from sublimating ices on the surface of a rotating nucleus. The earlier sandbank model of
Levin (1943), Lyttleton (1948), and others envisioned the
cometary “nucleus” as a gravitationally bound swarm of dust
particles with adsorbed gases, orbiting the Sun. In contrast,
Whipple envisioned the cometary nucleus as a single macroscopic body composed of a mixture of volatile ices and
“meteoritic material.” Whipple’s papers are impressive in
that he proposed many of the features that have become part
of the standard paradigm for cometary nuclei today. These
include the formation of nuclei at very low temperatures;
the low bulk density of cometary nuclei; porosity within the
nucleus; the low strength, low albedo, and low thermal conductivity of cometary materials; and the formation of nonvolatile lag deposits on nucleus surfaces, slowly cutting off
cometary activity.

Some of these ideas were not entirely new to the scientific literature. For example, Vorontsov-Velyaminov (1946)
notes that Baldet (1927) and Slipher (1927) estimated that
the nucleus of periodic comet Pons-Winnecke was a compact object with dimensions of only 2–3 miles, and that it
might be a monolithic body. Also, the idea of a “rocket
effect” from evolving gases had previously been proposed
for the sandbank model, based on desorption of bound gases
from grains as the comets approached the Sun. Even the idea
of ice in cometary nuclei had been proposed by Vsekhsviatsky in 1948. Whipple’s key contributions were his ability to combine these disparate ideas into a unified model
that explained many aspects of cometary behavior, and his
insistence that the nucleus was a single, small, solid body.
The debate between advocates of the sandbank and icyconglomerate models continued for several decades after
1950. Any questions of nucleus “structure” were only in
terms of the sandbank vs. the icy conglomerate; Whipple’s
papers did not comment on the underlying structure of the
nucleus. However, during this time observational and theoretical evidence in support of the icy-conglomerate model
continued to grow. Among the more notable accomplishments were Delsemme’s (e.g., 1971) work on sublimation
rates of water and other volatile ices and Marsden and colleagues’ (e.g., Marsden et al., 1973) modeling of nongravitational motions in comets using those sublimation models.
Over time, the sandbank model fell into disfavor, finally
being discarded in 1986 when the Giotto and Vega spacecraft returned images of the nucleus of comet 1P/Halley
(Fig. 1).
2.2. The Fluffy-Aggregate, Primordial-Rubble-Pile,
and Icy-Glue Models
The approach of periodic comet Halley in the 1980s
heightened interest in comets and provided the impetus for
new investigations, both observational and theoretical, into
the nature of cometary nuclei. These included hypotheses
with regard to the underlying structure of the nucleus. Two
models, proposed almost simultaneously, were the “fluffy
aggregate” of Donn et al. (1985) and Donn and Hughes
(1986), and the “primordial rubble pile” of Weissman (1986).
The primary concept in both these proposals was that cometary nuclei were aggregates of smaller icy planetesimals,
brought together at low velocity in a random fashion. With
little in the way of modifying processes or energy sources
available to change this initial structure, the cometary nuclei would preserve their highly irregular initial shapes and
very porous, easily fragmented structure over the history
of the solar system.
The arguments of Donn and colleagues came from their
studies of the accretion of small grains in the solar nebula,
realizing that random accretion would lead to self-similar
structures at larger spatial scales. Weissman, on the other
hand, pointed out that the total gravitational potential energy
of a typical cometary nucleus, say 5 km in radius, was not
sufficient to raise the temperature of the cometary material
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Fig. 1. Images of the nucleus of comet 1P/Halley. (a) Vega 2 image taken on March 9, 1986, from a range of 8031 km at a phase
angle of 28.4°. The spatial resolution is ~160 m/pixel. The image shows the “peanut-like” shape of the nucleus and several large dust
jets emanating from its surface. (b) Composite Giotto image taken on March 13–14, 1986 (© Max-Planck Institute for Aeronomy). The
resolution varies from ~50 m/pixel at upper left to ~320 m/pixel at lower right. Phase angles vary from 89° to 107° in a similar fashion.
Both images showed that the Halley nucleus was a dark, irregular object with a bimodal structure.

by even 1°K, and thus there was no energy source to mold
it into a single monolithic body. Both Donn et al. and Weissman suggested that a fragmentary structure for cometary
nuclei could help to explain such observed processes as
outbursts and splitting, and could provide a mechanism for
irregular activity on the surfaces of cometary nuclei.
Weissman drew analogies with previous work on the rubble-pile structure of asteroids (Davis et al., 1979). However,
he appended the term “primordial” to suggest that the nuclei
were original solar nebula material, and not the products of
earlier, disrupted bodies. We now recognize that collisional
evolution likely played a role for cometary nuclei also (see
section 4.2), and so the nuclei may indeed be reassembled
rubble piles from earlier generations of icy planetesimals.
Note that the fluffy-aggregate and primordial-rubble-pile
models are not new versions of the sandbank model, as
incorrectly stated by Sekanina (1996). Sekanina erroneously
equated the newer models with the Vorontsov-Velyaminov
(1946) model, which suggested that cometary nuclei were a
swarm “some 25–60 km in diameter . . . composed of [~107]
blocks some 160 m in diameter, which are nearly in contact.”
In other words, Vorontsov-Velyaminov proposed a swarm of
boulders rather than sand. In contrast, both the fluffy aggregate and primordial rubble pile models require that the subfragments of the nuclei are in contact in a single nucleus structure, and are weakly bonded and/or gravitationally bound.
A third hypothesis, proposed after the Halley spacecraft
flybys, was the “icy-glue” model of Gombosi and Houpis
(1986). They suggested that comets were composed of porous refractory boulders with compositions similar to outer-

main-belt asteroids, cemented together by an icy-conglomerate glue. In the icy-glue model the boulders provided the
irregular topography seen in the Giotto images of the Halley
nucleus (Keller et al., 1986) and also helped to explain the
collimated jets seen emanating from the surface (from active icy-glue regions between pairs of boulders). Although
it contains some interesting features, the icy-glue model has
not received wide support because there is no evidence for
a population of remnant “boulders” from decaying comets,
and it could not explain many of the features of the breakup
of comet Shoemaker-Levy 9 (D/1993 F2).
All these nucleus concepts are illustrated in Fig. 2. The
general consensus today is that the fluffy-aggregate and primordial or collisionally evolved rubble-pile models are the
best description of the underlying structure of the cometary
nucleus. Our discussion in the following sections will focus
on these two models and why we believe they are the best
current description for the structure of cometary nuclei.
Note that whether we use the term “fluffy aggregate” or
“rubble pile,” we are referring to the same basic concept of
a weakly bound agglomeration of smaller icy cometesimals.
3.

3.1.

SPACECRAFT IMAGING OF
COMETARY NUCLEI

Comet 1P/Halley

The first resolved images of a cometary nucleus were
obtained by the Vega 1, Vega 2, and Giotto spacecraft that
flew past comet 1P/Halley in March 1986 (Sagdeev et al.,
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Fig. 2. Artists’ concepts of various models for cometary nuclei: (a) Whipple’s icy conglomerate model as envisioned by Weissman
and Kieffer (1981); (b) the fractal aggregate model of Donn et al. (1985); (c) the primordial rubble pile model of Weissman (1986);
and (d) the icy-glue model of Gombosi and Houpis (1986). All but (d) were proposed prior to the spacecraft flybys of comet 1P/Halley
in 1986.

1986; Keller et al., 1986). The Vega images were taken from
a range of 8–50 × 103 km. Unfortunately, the Vega 1 camera was badly out of focus. Still, the images were useful in
determining the overall shape and dimensions of the nucleus, as shown in Fig. 1a, taken during the Vega 2 closest
approach at a range of 8031 km. The “peanut-like” shape of
the nucleus is clearly visible.
The Giotto images were taken at a much closer range
and show considerably more detail. A composite Giotto image of the Halley nucleus is shown in Fig. 1b (Keller et al.,
1986). The Sun is at upper left in the image. The nucleus is
viewed at a phase angle of 89°–107°; lower-phase images
cluster near the upper left. Only about 25% of the nucleus
is illuminated by sunlight. The outline of the unilluminated
nucleus is visible at lower right against the bright cometary
dust coma. Because this is a composite of many images, the
spatial resolution varies from a best value of ~50 m/pixel at
the upper left to ~320 m/pixel at lower right. The last image was taken at a range of 1680 km. Bright dust jets emanate from the sunlit portions of the nucleus and obscure the
underlying topography. The projected nucleus dimensions
in the image are ~14.0 × 7.5 km. A triaxial solution for the
dimensions of the nucleus, combining images from all three
spacecraft, gave axes of 15.3 × 7.2 × 7.2 km [±0.5 km in
each dimension (Merényi et al., 1989)]. The average sur-

face albedo was 0.05 to 0.08, assuming a lunar-like phase
function and extrapolated to zero phase (Keller et al., 1994).
The nucleus is clearly seen as an elongated object with
highly irregular surface topography. The bright spot in the
right center of the image is a “hill” ~500 m in height, sticking up into the sunlight from beyond the terminator. Other
hill-like structures with dimensions of ~500 m are visible
surrounding an apparently flat area at upper left. A feature
near the upper left center of the image was identified early
on as a crater but more careful examination shows it to be a
fortuitous arrangement of two pairs of hills, each forming
V-shaped ridges. The overall nucleus has a binary appearance with a narrow “waist” at the center. Activity appears
to originate from discrete areas on the nucleus surface some
hundreds of meters in size, rather than from the entire sunlit area. The apparently inactive areas may be lag deposits
of nonvolatile materials, too heavy to be lifted off the nucleus surface, or may be part of the original radiation-processed crust of the cometary nucleus.
3.2.

Comet 19P/Borrelly

The nucleus of comet 19P/Borrelly, shown in Fig. 3
(Soderblom et al., 2002), was imaged by the Deep Space 1
(DS1) spacecraft on September 22, 2001, from a distance of
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3560 km at a phase angle of 51.6°. The resolution of the
image is 47 m/pixel and the Sun is to the left. The overall
nucleus dimensions are ~8.0 × 3.2 km (±0.2 km in each dimension), and it is readily seen to have a bimodal structure.
Like Halley, the topography is rough, although there also
appear to be relatively smooth areas. The smooth areas appear to include several “mesas,” large flat regions raised
above the surrounding terrain. Active jets (not visible in this
version of the image) emanate from the smooth regions near
the center of the sunlit limb (at upper left). Several sharp
ridges are visible along the terminator and near the narrow
neck of the nucleus at lower left. No fresh impact craters
down to ~200 m in diameter are visible anywhere on the
illuminated surface.
Like the Halley nucleus, the surface of 19P/Borrelly is
dark, with an average albedo of 0.029 ± 0.006 (Buratti et al.,
2003), although some spots have albedos as low as 0.01. The
derived phase curve (from both spacecraft and groundbased
data) is similar to that for C-type asteroids. Near-infrared
spectra between 1.3 and 2.6 µm show a strongly red slope
and a generally featureless spectrum with the exception of
an unidentified feature at 2.39 µm. This feature appears in
all spectra and may be associated with hydrocarbon compounds such as polyoxymethelene (Soderblom et al., 2002).
Using the DS1 infrared data, the surface temperature was
estimated at between 300 and 345 K, consistent with an
equilibrium black-body surface at its distance from the Sun,
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and no apparent cooling due to sublimation of surface ices.
However, because each infrared spectrum is, in fact, the average of a swath across the nucleus surface from bright limb
to terminator, any small cool regions (such as the sources
of the jets) would be masked by the much stronger signal
from the warmer inactive regions.
3.3.

Analysis

Neither the Halley nor the Borrelly images are at sufficient resolution to understand fully the surface morphology
of these two comets, in particular, the sources of the jets or
the nature of the apparently inactive regions. However, images of both nuclei unequivocally show a bimodal structure. Such structures have not been apparent in spacecraft
flyby images of asteroids, although they are evident in radar images of some near-Earth asteroids (Ostro et al., 2003).
However, a rubble-pile structure may not readily manifest
itself in surface features. The exceedingly large craters on
asteroid 253 Mathilde have been interpreted as evidence of
an underlying rubble-pile structure (Veverka et al., 1997),
as any monolithic asteroid would be destroyed by impacts
large enough to create such craters (see next section). Even
more so than asteroids, cometary nuclei may have the ability to mask their internal structures through mass wasting
processes such as sublimation, sintering, and fallback.
Both the Halley and Borrelly nuclei show considerable
surface roughness, as might be expected from a rubble-pile
structure, where large chunks may easily break off or be
rotationally dislodged (although both of these are slowly
rotating nuclei). Also, it is interesting that both nuclei look
more alike than different, since we suspect that they likely
originated from different dynamical reservoirs, possibly
with different collisional histories. As a typical Jupiter-family
comet, Borrelly likely originated from the collisionally processed Kuiper belt, whereas Halley, with its retrograde orbit,
most likely originated from the Oort cloud and hence the
giant-planets zone (Levison, 1996).
4. EVIDENCE FOR THE RUBBLE-PILE
NATURE OF COMETARY NUCLEI
4.1.

Fig. 3. Deep Space 1 image of the nucleus of 19P/Borrelly, taken
on September 22, 2001 from a range of 3560 km (Soderblom et
al., 2002). The phase angle is 51.6° and the resolution is 47 m/
pixel. Like the nucleus of comet Halley, the Borrelly nucleus is
dark with irregular topography, but also with large, apparently
smooth areas, and with jets emanating from discrete areas on the
surface (not visible in this version of the image). Also, like Halley,
the nucleus is clearly bimodal.

Disrupted Comets

The strongest observational evidence for cometary nuclei as rubble piles comes from observations of disrupted or
split comets. Most splitting events are random and seem to
occur for no obvious reason. The classic example is comet
3D/Biela, a Jupiter-family comet with a period of 6.6 yr that
was observed in 1772, 1805, 1826, and 1832. The comet was
observed to split during its 1846 apparition and returned as
a double comet in 1852. It was never observed again. However, intense showers were observed from the related Andromedid meteor stream in 1872, 1885, and 1892, corresponding to times when 3D/Biela should have returned.
More recently comet LINEAR, D/1999 S4, was observed
to disrupt completely as it passed through perihelion in July
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Fig. 4. Hubble Space Telescope image of comet LINEAR (D/
1999 S4) taken on August 5, 2000, showing fragments of the disintegrating nucleus (Weaver et al., 2001). This long-period comet
disrupted close to perihelion at 0.765 AU from the Sun in July
2000.

2000 (Weaver et al., 2001) (see Fig. 4). Weaver et al. observed at least 16 fragments of D/1999 S4 using the Hubble
Space Telescope (HST) and Very Large Telescope (VLT),
and estimated radii of 25–60 m, assuming an albedo of 0.04.
There was evidence for secondary components near some
fragments, and evidence that the fragments continued to
split over time. The SWAN instrument on the Solar and
Heliospheric Observatory (SOHO) observed water production rates during the breakup (Mäkinen et al., 2001) and
found that the observations could best be explained by a
power-law radius distribution for the fragments, N(>r) ∝
r –a, where N is the number of fragments with radius greater
than r, with a cumulative slope, a, of 1.74. Interestingly, this
is close to the slope of 1.59 ± 0.03 found for Jupiter-family
cometary nuclei by Weissman and Lowry (2003).
Weissman (1980) compiled records of observations of 18
split comets and showed that 10% of dynamically new comets from the Oort cloud split, vs. 4% for returning longperiod comets, and only 1% for short-period comets (per
perihelion passage) (see also Boehnhardt, 2004). The splitting events did not show any correlation with perihelion distance, distance above the ecliptic plane, or time of perihelion passage. The statistics suggest that the tendency of
cometary nuclei to split may reflect some intrinsic nucleus
property, such that comets that are likely to split do so early
on, and those that are unlikely to split are able to survive
for hundreds or even thousands of returns. Note however
that splitting events do not always lead to total disruption
of the nucleus. For example, comet 73P/SchwassmannWachmann 3 has been observed to shed fragments on at least
two perihelion passages, yet it still returns every 5.4 yr. In
fact, the majority of “splitting” events involve one or more
small fragments breaking off the main nucleus, and the
latter surviving the event.

There is at present no known mechanism for explaining
these random splitting events. One proposed mechanism by
Samarasinha (1999), gas pressure release from volatile
pockets, is discussed in section 4.4. Also, Weissman et al.
(2003) have proposed rotational spinup due to asymmetrical outgassing forces as a likely cause. Regardless of the
mechanism, it seems clear that nuclei are fragile objects and
that when they disrupt, they break into subfragments of tens
of meters in dimension.
A second form of disruption event that provides insights
into nucleus structure occurs when a comet passes through
the Roche limit of a planet or the Sun. This has happened
in the case of Jupiter (16P/Brooks 2 in 1886 and D/Shoemaker-Levy 9 in 1992; see section 4.6) and even more spectacularly in the case of the Sun (Marsden, 1989). Prior to
1978, nine “Sun-grazing” comets, those with perihelion distances less than 0.01 AU (~2 solar radii), had been discovered by groundbased observers. Eight of those nine were
in very similar orbits and were known as the Kreutz group.
It was suggested that these were fragments of a larger comet
that had been tidally disrupted on a previous perihelion passage (e.g., Marsden, 1989). Weissman (1979) showed that
nongravitational accelerations are so great for Sun-grazing
comets that they can be perturbed to their current orbits with
semimajor axes of ~100 AU in only two or three perihelion passages. Several of the Kreutz comets split during their
perihelion passages and this was used by Öpik (1966) to
estimate nucleus strengths of 104–106 dynes cm–2. To first
order, this is about the strength of a snowdrift or a pile of
dirt. So cometary nuclei appear to be very weakly bonded.
Michels et al. (1982) and Sheeley et al. (1985) discovered six additional Kreutz members using the SOLWIND
coronagraph on an Earth-orbiting satellite. None of these
comets survived perihelion passage, nor were they detected
from the ground, suggesting that they were relatively small.
An additional 10 Sun-grazers were found by the Solar Max
spacecraft between 1987 and 1989 (MacQueen and St. Cyr,
1991). More recently, the SOHO spacecraft has discovered
~540 Sun-grazing comets between 1996 and the end of 2002
(Biesecker et al., 2002). Most of these are Kreutz group
members, although three other small groups have also been
identified, two of which are possibly identified with comet
96P/Machholz 1. Biesecker et al. (2002) estimated diameters
for SOHO fragments of several to tens of meters. Weissman
(1983) and Iseli et al. (2002) showed that cometesimals
larger than ~40–120 m in diameter might be expected to
survive perihelion passage, as there is insufficient time for
them to sublimate completely.
These continuous streams of cometesimals can be readily
explained if the progenitor nuclei are aggregates or rubble
piles that disrupted on previous perihelion passages. Small
differences in their initial orbits would lead to the large dispersion in arrival times (the typical Sun-grazer orbital period is 500–1000 yr), particularly if the cometesimals were
freed from the nucleus more than one orbit ago. In many
ways the dynamics are very similar to meteoroid streams,
although radiation forces likely do not play a major role.
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Note that if all 540 of the SOHO comets discovered thru
2002 had 10-m diameters, they would add up to a nucleus
less than 100 m in diameter, so although there are many
cometesimals (and many as yet undiscovered), the progenitor comet need not have been very large.
As discussed in section 4.4 below, a monolithic progenitor nucleus cannot easily explain the huge numbers of
SOHO comets, as hierarchal splitting would likely not result
in a very large number of fragments. The entire passage of
the comet within the solar Roche limit takes only ~3–4 h
(depending on the nucleus bulk density assumed) and there
is not sufficient time for the nucleus to repeatedly split
unless it was already an agglomerate of a huge number of
smaller cometesimals, i.e., a rubble pile. Alternatively, Sekanina (2002) has argued that Kreutz-family fragments continue to split randomly around their entire orbits. Since
random disruption is so poorly understood, this possibility
cannot be ruled out. However, could such a random mechanism explain the narrow size distribution of the observed
SOHO comets? Why are larger fragments not observed? Is
it really necessary to invoke additional random disruption
to explain the Sun-grazing comet streams? Clearly, there
are still many open questions with regard to the Sun-grazing
comets.
4.2.

Collisional Evolution

It is easy to show that collisions between cometary nuclei are very rare in the classical Oort cloud, the region
beyond ~104 AU from the Sun that supplies the long-period
comet flux through the planetary region (Oort, 1950). Stern
(1988) found that impact rates would be more significant
in the proposed inner Oort cloud (Duncan et al., 1987), and
that all comets there would undergo at least some surface
modification due to impacts of collisional debris.
More recently, studies of the physical and dynamical
evolution of the more tightly packed Kuiper belt (Duncan
et al., 2004) suggested that collisions play a very important
role (Stern, 1995, 1996; Farinella and Davis, 1996). Additionally, Stern and Weissman (2001) showed that collisions
between protocomets in the giant-planets zone, prior to their
ejection to the Oort cloud (or to interstellar space), would
be catastrophic for much of the initial population. Charnoz
and Morbidelli (2003) confirmed that collisions result in
substantial erosion of cometesimals during the ejection process, although not quite as severely as found by Stern and
Weissman. However, the differences in their results are most
likely attributable to differences in the respective models
and in the specific cases run. Regardless, this new view of
the collisional history of cometary nuclei is essentially a
complete reversal of the picture of cometary nuclei as unprocessed aggregates from the primordial solar nebula.
Thus, we must consider what effect collisions might have
on the internal structure of cometary nuclei. Fortunately, this
question has received significant attention in recent years
through studies of the collisional processing of asteroids,
spurred on in large part by the increasing attention given to
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near-Earth objects (NEOs) and the hazard they present to life
on Earth. An important issue, then, is the degree to which
cometary structure can be inferred from what we presently
know concerning asteroids. As noted above, comets and asteroids alike appear to be products of moderate to intense
collisional evolution. They both are of a size that sits on the
fulcrum between gravity-dominated and strength-dominated
bodies (Asphaug et al., 2003). So the forces of evolution,
and the forces of equilibrium response to that evolution,
appear to be at least broadly the same for comets as for
asteroids.
There are, however, obvious differences. Comets and asteroids are each derived from different dynamical reservoirs
at different initial heliocentric distances, and thus different
thermal regimes. Comets undergo intense geologic activity
in the form of mass wasting, i.e., sublimation and disruption. Impact craters are not expected to be long-lived on an
active nucleus (and are not observed; see section 2), whereas
the asteroids are saturated with craters. Another distinction
relates to the nongravitational forces applied to active comets, which can excite their rotational state (Samarasinha and
Belton, 1995), possibly to the point of shape modification
or disruption (Weissman et al., 2003). Though nongravitational forces are now also proposed for asteroids (Rubincam,
2000), including forces that can alter their rotation over
longer timescales [e.g., the Yarkovsky-O’Keefe-RadzievskiiPaddack (YORP) effect, named after the scientists who contributed to development of the idea; YORP results in rotational changes on small bodies due to forces from asymmetric reradiation of absorbed insolation]. A final difference is
the origin of mechanical strength. Comets, possessed of potentially mobile volatiles, have a means of forming cohesive
aggregate structures over time, whereas a dry asteroid may
become truly strengthless if it evolves into a rubble pile.
The interpretation of highly evolved, rocky asteroids,
especially the common S and V types, has made good progress thanks to the notable success of the Near-Earth Asteroid
Rendezvous (NEAR) mission at asteroid 433 Eros (which is
generally agreed to be a highly fragmented, gravitationally
bound rock), together with the Galileo flybys of Gaspra and
Ida and supported by collisional modeling based on terrestrial rock types (e.g., Asphaug et al., 1996). But primitive
asteroids, the type example being 253 Mathilde, represent a
deep perplexity for asteroid science. While evidence of a
highly porous interior for Mathilde is no longer in dispute —
the measured density from the NEAR Shoemaker flyby is
1.3 ± 0.2 g cm–3 (Veverka et al., 1997) — the nature of this
porosity is entirely unclear. Is Mathilde microporous, in the
manner of the cometary dust balls proposed by Greenberg
and Hage (1990), and recently proposed by Housen et al.
(1999) to explain Mathilde’s giant craters? If so, is it cohesive, as one might expect for microscale grain structure?
Or does Mathilde, and the other primitive asteroids with
comparable densities [as determined by analyses of their
satellite orbits (Merline et al., 2003)], possess huge voids
as one would expect from collisional disruption and reassembly of major fragments (Benz and Asphaug, 1999)? In
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studying the structure of cometary nuclei and asteroids, we
learn of their origins and evolution.
4.3.

Monoliths, Rubble Piles, and Porosity

To describe the interiors of small bodies in the solar
system we require a dictionary of well-defined and agreedupon terms. Richardson et al. (2003) recently reviewed this
topic with regard to asteroids; for comets one must add to
this the complexity of mantle development (e.g., Brin and
Mendis, 1979) and melting of the interior due to short-lived
radionuclides (Prialnik and Podolak, 1999), both of which
might significantly alter the internal structure.
Monoliths are objects of low porosity and significant
strength, and are good transmitters of elastic stress. Monoliths in an impact-evolved population must be smaller than
the size that would accumulate its own impact ejecta. Escape velocity for a constant density body is proportional to
its size (approximately 1 m/s per km of diameter for spheres
of ice), so that bodies larger than some transition size evolve
into gravitational aggregates. Monoliths can be fractured by
impact bombardment, in which case their tensile strength
is compromised and may be reduced to zero, i.e., shattered.
A fractured or shattered monolith might transmit a compressive stress wave fairly well, provided pore space has
not been introduced between the major fragments. Tensile
stress, however, is not supported across a fracture.
A rubble pile includes any shattered body whose pieces
are furthermore translated and rotated into a loose packing.
Stress waves of any sort are poorly transmitted across a
rubble pile, although intense shocks may propagate by
crushing and vapor expansion. Primordial rubble piles are
objects that accreted as uncompacted cumulates to begin
with. Collisional rubble piles are primordial rubble piles that
have subsequently undergone collisional evolution.
Because much of our discussion regarding comets relates
to primordial and collisional rubble piles, we must also distinguish between macroscopic (coarse) and microscopic (fine)
porosity. An asteroid or cometary nucleus consisting of quintillions of tiny grains might exhibit considerable cohesion
and perhaps support a fractal-like “fairy-castle” porosity. The
total energy of contact bonds divided by the total mass of a
granular asteroid, its overall cohesional strength, is inversely
proportional to grain diameter, so that a coarse aggregate
is weaker than a fine one, if all else is equal (Greenberg,
1998). On the other hand, a highly porous, finely comminuted body might accommodate significant compaction.
Impact cratering on microporous bodies might provide
counter-intuitive results, involving crushing and capture of
impacting material (e.g., Housen and Holsapple, 1990)
rather than ejection.
A coarse rubble pile by contrast has far fewer contact
surfaces distributed over the same total mass, and would
therefore behave much differently. Asphaug et al. (1998)
used a coarse rubble pile as a starting condition for impact
studies, and found that the impact shock wave gets trapped

in the impacted components, with few pathways of transmission to neighboring components. Moreover, a coarse
rubble pile tends to result in ejection of most impact products (Asphaug et al., 2003) rather than absorption by compaction. Whether a comet is macroporous or microporous,
stress wave transmission is hindered due to the great attenuation of poorly consolidated ice and rock, making the survival of porous comets and asteroids more likely during
impact, as demonstrated by the experiments of Ryan et al.
(1991) and Love et al. (1993) and by numerical (Asphaug
et al., 1998) and scaled simulations (Housen and Holsapple,
2003).
4.4.

Volatiles and Cohesion

A volatile-rich aggregate (such as an icy cometary nucleus) is more cohesive than a dry aggregate (such as an
asteroidal rubble pile) due to the facilitation of mechanical
bonding, either directly (e.g., van der Waals forces) or indirectly during episodes of sublimation and frost deposition (Bridges et al., 1996). For gravity as low as on a typical
cometary nucleus, frost or other fragile bonds can be critical to long-term survival during impact or tidal events.
Comet Shoemaker-Levy 9, for example, could never have
disrupted during its 1992 tidal passage near Jupiter at a
perijove of only 1.3 jovian radii had the tensile strength
across the comet exceeded ~103 dynes cm–2 (Sekanina et al.,
1994), weaker than snow. Asphaug and Benz (1994, 1996)
calculated a maximum tensile strength of only ~30 dynes
cm–2 for Shoemaker-Levy 9 in order for it to fragment from
a hypothetical monolithic body into ~20 pieces (see below),
and therefore proposed a cohesionless rubble-pile structure
for this comet and gravitational clumping (as opposed to
fragmentation) as the cause of its “string of pearls” postperijove structure. It matters greatly whether a comet is truly
strengthless or only extraordinarily weak. Note, however,
that Shoemaker-Levy 9 may have been previously disrupted, although not catastrophically, during its ~60 yr or
more orbiting Jupiter, and thus the tensile strength determined by Asphaug and Benz may not be typical of other
cometary nuclei.
There is a converse effect to the presence of volatiles,
in that their vapor expansion might help fuel a comet’s disassembly during hypervelocity collisions. The energy of
vaporization for ice is approximately 10 times lower than
that for rock, and the impact speed required to establish a
shock wave is also lower (on the other hand, impact speeds
in the outer solar system are also lower). The effect of supervolatiles such as CO, should they exist in sufficient quantities within the nucleus, would have an even more pronounced effect upon the expansion of impact ejecta, in a
manner that has not yet been characterized. And so, while
volatiles may provide some kind of structural integrity to
an aggregate body, they may also reduce the size or speed
of impactor required for catastrophic disruption. Samarasinha (1999) offered expanding volatiles, propagating from
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the Sun-warmed exterior to the interior of a coarsely porous
comet, as an explanation for the disruption of comet LINEAR D/1999 S4 near perihelion. However, Weaver et al.
(2001) and Mumma (2001) found a fairly low CO abundance (<1%) in the disrupted comet. CO is typically the
most abundant volatile ice in cometary nuclei after water.
This brings up the final important effect of porosity,
which is the tremendously efficient insulating property of
granular media in vacuum. Weissman (1987) and Julian et
al. (2000) showed that the surface thermal inertia for comet
Halley was at least an order of magnitude less than that for
solid water ice. If cometary nuclei have low thermal conductivities, then it is extremely difficult to transport energy during a single perihelion passage to volatile reservoirs at depth.
In addition, it is difficult to reconcile the buildup of pressure within the nucleus with an open rubble-pile structure.
4.5.

The Case for Strength

Within the context of collisional evolution, the rubblepile hypothesis was first formalized by Davis et al. (1979)
in their modeling of size distributions among various smallbody populations. They defined a threshold specific energy
Q*D (impact kinetic energy per target mass) required to both
shatter mechanical bonds and accelerate half the mass to
escape trajectories. Shattering requires a lower specific
energy Q*S < Q*D to create fragments, none larger than half
the target mass, not necessarily accelerating those fragments
to dispersal. For small rocks, Q*D → Q*S, whereas for large
bodies, Q*S /Q*D → 0. Whenever Q*S << Q*D, the probability
of a shattering impact (which involves a smaller impactor)
becomes far greater than the probability of dispersal, in
which case a body might be expected to evolve into a pile
of rubble, unless other effects (such as melting and compaction) were to dominate. The steeper the impactor population size distribution, the more likely it is that shattering
will dominate dispersal, i.e., that the population evolves into
rubble piles.
Davis et al. (1979) expressed impact strength as the sum
of the shattering strength plus the gravitational binding
energy of the target
Q*D = Q*S + 4πρGr2/5

(1)

where r is the radius of a spherical target and ρ is its density.
Equation (1) is called energy scaling: On a graph of Q*D vs.
r it plots as a horizontal line (Q*D ~ Q*S = constant), transitioning at some size to a gravity-regime slope of 2 (Q*D ∝
r2). The size corresponding to this break in slope is known
as the strength-gravity transition for catastrophic disruption.
[The strength-gravity transition for catastrophic disruption
must be distinguished from the strength-gravity transition
for planetary cratering. An object in the gravity regime for
disruption (Earth is one) can certainly have strength-controlled craters.] Subsequent analysis has changed the slopes
in both regimes (the predicted transition size varies by or-
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ders of magnitude from model to model), but the concept
was established that beyond some size, rubble piles might
exist.
The quantity ρQ*S has dimensions of strength. It happens
to be close to the corresponding static tensile strength of
ice and rock in laboratory impact experiments (Fujiwara
et al., 1989). Tensile strength was therefore used as an easily
measured proxy for ρQ*S in early disruption theory. Upon
this basis, it was concluded that primitive asteroids, comets,
and early planetesimals (which are presumably of lower tensile strength than laboratory ice and rock) would be easily
disrupted, and that survivors (the objects we see today)
would be strong, intact bodies, and regolith would be thin
or absent (Housen et al., 1979; Veverka et al., 1986). The
transition between strength-dominated, monolithic bodies
and gravity-dominated rubble piles was expected to occur
at ~100 km because (1) the transition should occur when
central pressure ~2πGr2ρ2/3 equals rock strength; this transition occurs at about 100 km diameter for icy or rocky
targets; and (2) it should occur when gravitational binding
energy per volume equals rock strength Y; neglecting constants this yields rρ = (Y/G)½, and r on the order of several
hundreds of kilometers, again whether for ice or rock.
With distinct ways of viewing small-body structure converging upon a transition to the gravity regime at ~100-km
sizes, the idea seemed safe that all but the largest comets
and asteroids were monolithic. Certainly by the time of the
spacecraft encounters with comet Halley in 1986, the idea
of structurally integral comets appeared to be on a solid
foundation.
There were, however, some very serious problems with
this conclusion. For one thing, the same collisional modeling required that bodies smaller than ~100 km would be
unlikely to survive over billions of years, in contrast with
their abundant population (see Chapman et al., 1989). An
even more compelling argument against structural integrity
was the manner in which comets came apart so effortlessly
in tidal and random disruption events (see section 4.1). As
we shall now see, the resolution to this dilemma appears
to be that impact strength and tensile strength are not simply related, and may even be inversely correlated. That is
to say, structurally weak bodies are capable of absorbing
large quantities of impact energy that would disrupt structurally strong bodies.
Experiments (Love et al., 1993) and modeling (Asphaug
et al., 1998, 2003) have shown that loosely bonded aggregates can survive a projectile that would shatter an equalmass monolith into small pieces. It is now believed that
some of the most fragile bodies in the solar system — porous aggregates with little or no cohesion — can be highly
resistant to catastrophic disruption owing to their ability to
dissipate and absorb impact energy. In other words, there
is no longer any rationale for adopting tensile strength as a
measure of an object’s catastrophic disruption threshold, and
with this tenet no longer supportable, the edifice of strength
scaling crumbles. Furthermore, ejection velocities from
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fragile bodies are correspondingly low, enabling them to
hold on to their pieces (in the strength regime, ejecta velocity would scale with the square root of strength). Like palm
trees that bend in a storm, rubble-pile comets may survive
collisions that would shatter and disperse monolithic bodies.
4.6.

Shoemaker-Levy 9

Discovered in March 1993 (Shoemaker et al., 1993),
comet Shoemaker-Levy 9 (D/1993 F2) (SL9) was seen to be
a chain of ~20 discrete nuclei in an eccentric orbit around
Jupiter (Fig. 5). Dynamical integrations of the orbits of the
nuclei backward in time brought them together at a previous perijove passage on July 7.8, 1992, at only 1.31 jovian
radii, inside Jupiter’s Roche limit. Other dynamical integrations suggested that the comet had been in orbit around
Jupiter for ~60 yr, although that figure is somewhat uncertain (Chodas and Yeomans, 1996).
Dobrovolskis (1990) and Asphaug and Benz (1996) provided overviews of tidal disruption theory as it pertains to
small solar system bodies. Dobrovolskis developed his own
theory for the initiation and propagation of cracks inside
tidally strained elastic spheres. This insightful formal treatise on the Jeffreys (1947) regime was published only two
years before the breakup of SL9, and set the stage for interpretation of SL9 as a solid elastic body (that is to say, a monolithic mass of rock and ice). Supported by the strengthregime analyses discussed above, theorists were accustomed
to thinking about small bodies as elastic solids.
For Shoemaker-Levy 9, however, there can be no doubt
that it was a body of extraordinarily low cohesion, less than
that of dry snow. The equilibrium tidal stress at the center
of a homogeneous sphere is approximately GMpρcrc2/R3,
where Mp is the mass of the planet (Jupiter), ρc and rc are
the density and radius of the comet, and R is the distance to
the center of the planet. This is 103 dynes cm–2 for a 1-km
comet of density 0.6 g cm–3 at SL9’s perijove of 1.31 RJ.
(Note also that tidal stress and lithostatic overburden both
scale with r2c, which is the foundation for the scale-similarity
to follow.)

Fig. 5. Hubble Space Telescope image of the tidally disrupted
comet Shoemaker-Levy 9 (D/1993 F2) (SL9) in January 1994
(Weaver et al., 1994). Note that the brightest nuclei are near the
center. These corresponded to the largest nuclei, as determined
from the brightness of the SL9 impact events on Jupiter (Nicholson, 1996; Crawford, 1997), and matched the prediction of
Asphaug and Benz’s (1994, 1996) rubble-pile model.

Shoemaker-Levy 9 sparked new investigations in a number of areas. Melosh and Schenk (1993) were quick to see
the correlation between the SL9 morphology and the morphology of many mysterious crater chains (“catenae”) (Passey and Shoemaker, 1982) on Ganymede and Callisto, and
ascribed a common formation mechanism. The first and
simplest model for the tidal disruption (Scotti and Melosh,
1993) proposed that the ~20 observed fragments were intact “cometesimals” each a few 100 m across, bound together gravitationally as a coarse rubble pile that separated
in Jupiter’s tidal field. Scotti and Melosh ignored bonding
between the cometesimals, and assumed that the comet was
not rotating at the time of perijove passage, and that its
pieces (although gravitationally bound to begin with) did
not interact gravitationally thereafter. The actual analysis
involved two massless test particles representing the inner
and outer points of the comet, launched with identical velocity from two slightly offset perijoves. This offset — the
comet diameter — was then constrained by the measured
length of the fragment chain. Scotti and Melosh derived a
parent comet diameter of ~2 km, considerably smaller than
the prevailing 10-km estimate based on modeling (Sekanina
et al., 1994) and the 7.7-km estimate based on HST images
(Weaver et al., 1994), although Weaver et al. cautioned that
their estimates only provided upper limits to the progenitor nucleus diameter.
Asphaug and Benz (1994) tried a different approach, first
modeling a solid elastic sphere undergoing Jeffreys (1947)
regime disruption. They reproduced the theoretical result of
Dobrovolskis (1990), although the allowed strength had to be
lower than the small tidal stress. While there was no problem breaking the comet in two if a small enough strength
was allowed, splitting it into 4, or 8, or 16 pieces was impossible. Once the nucleus breaks in two, the tidal stress
drops by a factor of four, and must build up to its previous
value for further fragmentation to occur. In order to come
apart into ~20 pieces by the time of perijove passage, fracture would have to begin at a strength lower than ~30 dynes
cm–2, about a million times weaker than cold water ice.
Sensing a dead end, Asphaug and Benz (1994) began to
reproduce the scenario of Scotti and Melosh (1993) explicitly, beginning with ~20 spheres (“grains”) in close contact,
modeled using an N-body code with Jupiter as the central
mass. In these models, self-gravitation was observed to form
clumps or pairs among the grains unless density was decreased to very low values (0.05 g cm–3). For reasonable
densities, the number of observable fragments (clumps) was
always significantly lower than the number of grains. To
form ~20 fragments, ~100 or more grains had to be assumed — no longer really a cometesimal model, but a
rubble-pile model instead. For N > 200 initial grains, selfsimilarity took over, and what was revealed was a process
responding not only to gravity, but to self-gravitational instability (Chandrasekhar, 1961). And so there were serious
problems with the Dobrovolskis and the Scotti and Melosh
models, as applied to SL9.
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Fig. 6. A 500-“grain” simulation of the breakup of comet Shoemaker-Levy 9 by Asphaug and Benz (1996). The initial nucleus is
1.5 km in diameter and the grains have bulk densities of 0.5 g cm–3. (a) The unperturbed nucleus with the grains in close hexagonal
packing and a void space of 27%; (b) the distorted nucleus at perijove, 1.3 RJ: arrows show velocity vectors relative to the center of
mass; (c) perijove + 2 h, 3.5 RJ: the nucleus is a cigar-shaped chain, 10 km in length; (d) perijove + 10 h, 12 RJ: the grains have
already clumped into a chain of subnuclei.

Still, the idea of a solid elastic comet was difficult to
refute, despite its fatal shortcomings. In the first detailed
kinematical model for the breakup, Sekanina et al. (1994)
proposed a large (10-km minimum diameter) nucleus that
underwent sudden brittle fragmentation about 2 h after
perijove with Jupiter, by showing that the orbits of individual SL9 fragments diverge from an ~10-km body at t ≈2 h
[1.5 h in Sekanina et al. (1994); 2.5 h in Sekanina (1996)].
This did not mean, however, that the undistorted parent nucleus was 10 km across, or that it underwent brittle failure.
Rather, Asphaug and Benz (1996) found that these values
were entirely consistent with a 1.5-km-diameter rubble-pile
nucleus undergoing tidal distortion during perijove passage.

This smaller comet would become a 10-km-long “cigar” by
t = 2 h (see Fig. 6), rotating at the same rate as deduced by
Sekanina et al. (1994). This turns out to be the time that
self-gravity among the comet fragments could be ignored,
as was done in Sekanina et al.’s kinematical model. Thus,
all aspects of the rubble-pile description are consistent with
the kinematic requirements.
Asphaug and Benz (1994), and shortly thereafter Solem
(1994, 1995), estimated the size of the parent nucleus by
correlating their models with the length of the fragment
chain as first observed almost nine months after the breakup, yielding a best fit of 1.5 km diameter if the parent nucleus was not rotating, and 1.0 km if it was rotating pro-
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grade with a period of 6 h (a retrograde rotating progenitor
was not possible, as this would have prevented the formation of the highly symmetric chain that was observed). In
addition, the rubble-pile models predicted the appearance of
the reassembled fragment string, with the largest objects near
the center of the “string of pearls” (see Fig. 5). The 1.5-km
diameter for the SL9 progenitor was near the median for all
disrupted comets striking Ganymede and Callisto as found
by Schenk et al. (1996), making the progenitor a typical,
rather than an unusually large, cometary nucleus (see Weissman and Lowry, 2003).
4.7. Catenae
The catenae, i.e., crater chains, on Ganymede and Callisto (see Fig. 7) also provide important clues to the structure of cometary nuclei. Schenk et al. (1996) showed that
there is no correlation between the estimated parent nucleus
size for the catenae (based on well-known crater-scaling
relationships) and the number of craters produced. Catenae
formation is self-similar across all sizes, from approximately
tens to hundreds of kilometers. These data would imply,
within the context of the Melosh and Scotti cometesimal
model, that larger comets are composed on average of proportionately larger cometesimals. But this is at odds with
our understanding of how comets accrete. Weidenschilling’s
(1997) cometesimal model, for example, suggests that the
building-block size for comets should be independent of the
diameter of the final comet. Furthermore, the largest craters are found in the center of the catenae, as predicted by
rubble-pile tidal disruption simulations. The only economical explanation for scale-similarity and for large central
fragments is that the catenae were formed by impacts of

Fig. 7. The Enki catena crater chain on Ganymede as imaged
by the Galileo spacecraft on April 5, 1997. The total chain of 13
craters is ~160 km in length. Note that the largest craters are near
the center of the chain, as predicted by the Asphaug and Benz
(1994, 1996) simulations, and as observed for comet ShoemakerLevy 9.

chains of reassembled, virtually strengthless rubble piles of
small icy planetesimals whose common quality were their
similar bulk densities. While models involving strength
effects can be tuned (Sekanina et al., 1994; Sekanina, 1996)
to satisfy the constraints of Shoemaker-Levy 9, they fail
miserably when applied to the more general problem of
catenae craters.
SL9 provides a statistic of one. Whether all comets are
strengthless is open to debate, because tidal breakup admits
a bias, in that comets passing through the Roche zone that
do not disrupt (strong bodies) bear no record of surviving
this passage, other than being torqued into a new spin state
and losing any loose surface material. For every disruptedcomet crater chain on Ganymede and Callisto, there could
be several impact craters by comets that had equally close
Roche encounters with Jupiter but did not suffer disruption.
However, the number of catenae on the observed surfaces
of Ganymede and Callisto is the same as one would expect
(Schenk et al., 1996) if every Jupiter-grazing comet disrupted in this fashion. While there is no guarantee that every
comet in the Jupiter family is a rubble pile, catenae statistics provide strong evidence that most are. The breakup of
SL9, and by extension the cometary breakups recorded at
Ganymede and Callisto, constitute a direct record of cometary structure. The other direct record, that of cometary spin
state, has further implications that are also consistent with
the rubble-pile structure of comets (see section 5.3).
5. DENSITY OF COMETARY NUCLEI
5.1.

Direct Measurement of Mass and Volume

In discussing the density of cometary nuclei, it is first
necessary to clearly define our terms. Following Britt et al.
(2003) we define the “grain density,” ρg, as the mass of an
object divided by the volume that is occupied by solid
grains. This is an intrinsic property of the material involved.
For example, the grain density of water ice at 0°C is
0.917 g cm–3 (Hodgman, 1962). The “bulk density,” ρb, of
an object is its mass divided by its total volume, including
voids and pore spaces. The porosity of an object is (1 – ρb /
ρg). Generally, in astronomy, we measure the bulk density
of distant objects and, unless otherwise noted, that is the
quantity we will be discussing in what follows.
To estimate the density of a body, we must measure its
mass and its volume. Both of these measurements are very
difficult for cometary nuclei. Volume can be estimated from
direct spacecraft imaging (see section 2) or from telescopic
observations that can yield the approximate radius and axial
ratio of individual nuclei (Lamy et al., 2004). By far the
most common technique is to perform charge-coupled-device (CCD) photometry of nuclei when they are far from
the Sun and (presumably) inactive, and then to assume a
typical cometary albedo of 0.03–0.04 for the nuclei (e.g.,
Licandro et al., 2000; Lowry et al., 2003). If a rotational
lightcurve can be obtained, then it is also possible to derive
a lower limit to the axial ratio of the nucleus (e.g., Lowry
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and Weissman, 2003). If many lightcurves are available
(something we do not have yet for any nucleus), then it is
possible to derive a full three-dimensional shape model
(e.g., Kaasalainen et al., 2003).
Estimating nuclei masses is considerably more difficult.
Cometary nuclei are too small to appreciably perturb other
bodies in the solar system. Even close spacecraft flybys
have been unsuccessful to date because of the low cometary
masses and the high flyby speeds. The gravitational perturbation by a comet or asteroid on a passing spacecraft can
be estimated by the impulse approximation
∆V = 2GMc/DV∞

(2)

where ∆V is the change in velocity of the spacecraft, directed along a line connecting the cometary nucleus and the
point of closest approach of the spacecraft, G is the gravitational constant, Mc is the mass of the nucleus, D is the
closest approach distance, and V∞ is the flyby velocity at
infinity. If we take a typical 5-km-radius nucleus with a density of 1 g cm–3, and a spacecraft flying by at 100 km distance at a velocity of 30 km s–1, the velocity perturbation
is 2.3 × 10 –3 cm s–1, about an order of magnitude less than
the current detection capability of spacecraft radio tracking systems.
5.2.

Nongravitational Force Estimates

At present the only means for estimating nucleus mass is
by modeling the expected acceleration of comets due to the
“rocket effect” from sublimation of water ice on a rotating
nucleus, and comparing that with the observed nongravitational motion of the comet. This method was pioneered
by Rickman (1986, 1989), who showed that the change in
the orbital period, ∆P, caused by the nongravitational forces
(neglecting accelerations normal to the orbital plane) is related to the acceleration j by
1
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where P is the orbital period; t is time; e, n, and p are the
orbital eccentricity, mean motion, and semilatus rectum
respectively; θ is the true anomaly; and jr and jt are the radial
and transverse components of the nongravitational acceleration. The force from the outflow of gas and dust in the
orbital plane is given by
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where Qi are the production rates of the different volatile
species that have masses mi and emission velocities vi. This
rocket force is related to the nucleus mass M by F = Mj.
Equation (4) can be evaluated from the observed heliocen-
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tric lightcurve via empirical relationships such as that of
Festou (1986), and then combined with equation (3) to solve
for the mass. Unfortunately, this method is highly model
dependent and the assumptions applied are numerous. For
example, it is not possible to constrain the directionality of
the rocket forces without knowledge of the location of the
active areas and the rotational state of the nucleus. Thermal
lag effects, which are due to unknown values of the surface thermal inertia, must also be factored in. A more detailed discussion of the theory of cometary nongravitational
forces and outgassing physics can be found in Yeomans et
al. (2004).
In situ observations from the Vega and Giotto spacecraft
encounters with comet 1P/Halley provided, for the first
time, accurate measurements of the dimensions and hence
volume of a comet’s nucleus (Wilhelm et al., 1986). This
allowed Rickman (1986) to estimate a bulk density of 0.1–
0.2 g cm–3 for the Halley nucleus. This early paper was
widely accepted as indicative of extremely low bulk densities for cometary nuclei. This view was further strengthened
by Rickman et al. (1987), who studied 29 short-period comets and found that their bulk densities were all below 0.5 g
cm–3, indicating a highly porous internal structure.
However, others found higher values for the nucleus density. An independent estimate for 1P/Halley by Sagdeev et
al. (1988) found a value of 0.6 (+0.9, –0.4) g cm–3. A detailed analysis of the many factors and uncertainties involved in these calculations led Peale (1989) to conclude
that the density of Halley could be anywhere from 0.03 to
4.9 g cm–3, with a preferred value near 1.0 g cm–3. Even
Rickman (1989) revised his earlier value for Halley and
increased the estimated density to 0.28–0.65 g cm–3.
More recently, Skorov and Rickman (1999) used a more
refined method and indicated that the earlier method of
Rickman (1989) underestimated the momentum transfer that
produces the nongravitational acceleration. They determined
that the earlier density estimates should be increased by a
factor of ~1.8. Thus, their new Halley density estimates
were 0.5–1.2 g cm–3.
Combining spacecraft and groundbased imaging of 19P/
Borrelly during the DS1 flyby in 2001, Farnham and Cochran (2002) calculated the orientation of the rotation pole and
compared this with published nongravitational terms to compute a nucleus mass of 3.9 × 1016 g and a density of 0.49
(+0.34, –0.20) g cm–3. For Borrelly, the primary jet structure
appears to be fortuitously aligned with the rotation axis. Such
an alignment means that nucleus rotation and thermal lag
effects will not significantly influence the resulting nongravitational motion of the body. Indeed, Yeomans (1971)
pointed out that although significant nongravitational accelerations are present for this comet, they have remained essentially constant since its discovery in 1904. However, Davidsson and Gutiérrez (2003) have estimated a lower bulk density of 0.18 to 0.30 g cm–3 for Borrelly, barely in agreement
with the Farnham and Cochran (2002) value. As was the
case for 1P/Halley, density estimates derived from nongravitational force estimates appear to still be fairly uncertain.
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Comets II

Shoemaker-Levy 9

As discussed previously, the appearance of comet Shoemaker-Levy 9 provided unique insights into the nature of
cometary nuclei. Asphaug and Benz (1994, 1996) and Solem
(1994, 1995) were able to explain many of the observed
characteristics of SL9’s “string of pearls” appearance by assuming that the pre-breakup nucleus was a strengthless rubble pile of hundreds of smaller icy planetesimals. Asphaug
and Benz and Solem found that density played a key role
in determining the final, post-breakup configuration of this
swarm of planetesimals. For densities less than ~0.3 g cm–3,
the resulting chain of clumps was highly diffuse. For densities greater than 1.0 g cm–3, the planetesimals formed a
single, major central clump, unless the progenitor nucleus
happened to have significant prograde rotation.
These outcomes were found, as expected from dimensional analysis, to be self-similar for any density, when the
perijove distance was normalized to the density-dependent
Roche limit. For SL9, where the perijove was known, the
morphology of the chain thus narrowly constrained the nucleus density. The result was that the SL9 progenitor nucleus
needed to have a bulk density of about 0.6 ± 0.1 g cm–3
(Asphaug and Benz, 1996) or ~0.5 g cm–3 (Solem, 1995).
Asphaug and Benz also found that a fast, prograde rotation
led to somewhat higher density estimates, on the order of
1.0 g cm–3.
Note again that the values above are the effective bulk density of the progenitor nucleus, not the individual cometesimals. Assuming random reassembly with similar macroporosity, the bulk density of the final SL9 nuclei post-breakup
would be similar, or perhaps somewhat lower than the values above, given the low relative velocity of the reaccretion
and the lack of time for compaction processes to work (i.e.,
sintering, inward coma diffusion, etc). Crawford (1997)
used a hydrocode with advanced thermodynamics to obtain
best matches to the Galileo NIMS observations of the SL9
impacts (Carlson et al., 1997). Crawford’s best fit was for
impactor densities of 0.25 g cm–3, and for a parent comet
with the same mass as derived by Asphaug and Benz (1994).
These density values are somewhat lower than what we expect from a reassembled rubble pile. However, the effective bulk density of the impactors may have been reduced
as the rubble piles again began to gravitationally distort and
extend in Jupiter’s gravitational field just prior to impact.
Also, the accompanying debris cloud (see Fig. 6) around
each impactor may have worked to increase the effective
cross-section in Crawford’s calculations, even though most
of the mass was concentrated in the central object.
5.4.

Rotation Period: Shape Relationship

Knowledge of the shape and rotation period of the nucleus allows a lower limit to be calculated for the nuclear
density, i.e., the minimum density required in order to withstand centripetal disruption under the assumption of negligible cohesive strength. The density is derived by setting the
gravitational acceleration, g, equal to the centripetal accel-

eration at the apex of a rotating prolate spheroid: 2a(2π/
Prot), where a is the semimajor axis of the spheroid and Prot is
the nucleus rotation period. To evaluate g we solve the following integral (Luu and Jewitt, 1992)
g = −2πGρba

∫

2
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where f is the ratio of the semiminor to semimajor axes,
b/a; G is the gravitational constant; ρb is the spheroid bulk
density lower limit; and s is the distance along the semimajor axis in units of a. By setting the integral of equation (5) equal to the expression for the centripetal acceleration given above we obtain
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We can infer shape information from the rotational lightcurve of the nucleus via time-series photometric measurements. If we assume that the brightness variation is purely
shape induced and not caused by a variation in albedo
across the nucleus surface, then the nucleus can be modeled
as a triaxial ellipsoid with semiaxes a, b, and c, where a >
b and b = c. A lower limit to the axial ratio can be estimated
using f –1 = a/b = 100.4∆m, where ∆m is the range of observed
magnitudes. As an example we consider the lightcurve of
Comet 22P/Kopff (Lowry and Weissman, 2003). If we substitute f = 0.6 and Prot = 12.3 h into equation (4), we get ρb ≥
0.11 g cm–3 for the Kopff nucleus. The density measurement
is a lower limit because we use the projected axial ratio, a/b,
which is a lower limit to the true axial ratio, since the orientation of the rotation axis is unknown. Also, the nucleus does
not necessarily need to be spinning at its rotational disruption limit.
Lightcurves for a number of cometary nuclei have been
published to date. The corresponding values for the lightcurve-derived rotation periods and projected axial ratios are
shown in Fig. 8. The derived rotation periods range from
5.2 to 29.8 h, while the projected axial ratios, a/b, range
from 1.02 to 2.48. The inferred, lower-limit nucleus bulk
densities are given by the position of each comet in the figure and range from 0.02 to 0.56 g cm–3, consistent with density values determined through other methods.
Figure 8 is reminiscent of one found for asteroid rotation periods and shapes by Pravec et al. (2003, see their
Fig. 5) where there is a sharp edge in the distribution of
asteroids (with diameters >0.15 km) at a rotation period of
about 2.2 h, corresponding to a density of ~2.5 g cm–3.
Pravec et al. interpret this result as evidence for small asteroids being “loosely bound, gravity-dominated aggregates
with negligible tensile strength.” Although the statistics for
the comets are relatively poor so far, we are perhaps see-
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ing a similar “edge” at a density of ~0.6 g cm–3. Note also
in Fig. 8 that there is a trend for the fastest-rotating nuclei
to have lower values of a/b, which may reflect the inability
of the rubble-pile nuclei to maintain extended shapes near
the rotational disruption limit.
The database of rotational lightcurves for transneptunian
objects (TNOs) continues to grow (Sheppard and Jewitt,
2002), and the inferred lightcurve-derived density lower
limits are typically in the range 0.1–0.4 g cm–3. These values are consistent with those for cometary nuclei, which is
reassuring given that the TNOs are believed to be the likely
source for most of the Jupiter-family comets in Fig. 8 (Levison, 1996).
Recently Holsapple (2003) has suggested that modest
cohesive strengths, on the order of a few times 104 dynes
cm–2, could allow even fast-rotating, elongated asteroids to
survive as rubble piles. This value is similar to the tensile
strengths inferred for cometary nuclei (see section 4.1). We

Fig. 8. Lightcurve-derived rotation periods and projected axial
ratios, a/b, for 13 Jupiter-family comets and 1 Halley-type comet.
Their inferred density lower limits are given by their position on
this plot. Constant-density curves for values of 0.02, 0.06, 0.2,
0.6, and 2.0 g cm–3 have been overplotted for comparison. The
inferred bulk density lower limits range from 0.02 to 0.56 g cm–3,
consistent with density values determined through other methods
(see text). Lightcurve data references: [1] Meech et al. (2001),
[2] Fernández et al. (2002), [3] Lamy et al. (2001), [4] Meech et
al. (2000), [5] A’Hearn et al. (1989), [6] Lamy et al. (1998),
[7] Delahodde et al. (2001), [8] Meech et al. (1993), [9] Boehnhardt et al. (2002), [10] Millis et al. (1988), [11] Osip et al. (1995),
[12] Fitzsimmons and Williams (1994), [13] Luu and Jewitt (1992),
[14] Lowry and Weissman (2003), [15] Jewitt et al. (2003).
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note, however, that Holsapple’s calculations do not explain
the sharp edge seen for the vast majority of small asteroids
in the rotation rate vs. elongation plot of Pravec et al.
(2003). The existence of that edge strongly implies that
many of these bodies are indeed acting as if they were
strengthless (or, to be more exact, have cohesive strengths
≤102 dynes cm–2). Thus we believe that the density lower
limits shown in Fig. 8 are indeed likely to be meaningful.
5.5. Additional Methods for Inferring
Nucleus Densities
An alternative method for estimating nucleus densities
relies on measurements of the density of dust particles originating from comets. Anhydrous interplanetary dust particles
(IDPs), widely believed to be derived from comets, have
typical bulk density values of 0.7–1.2 g cm–3 (Fraundorf et
al., 1982), including voids that were likely once filled with
ices. Although these densities are indeed consistent with bulk
densities obtained from other methods, they are still somewhat uncertain, since the nucleus porosity, the degree of
volatile loss from the particles, and the degree of compaction during atmospheric entry are largely unknown. Also,
Maas et al. (1990) found mean densities ranging from 0.2–
6.0 g cm–3 for individual dust particles detected during the
Halley spacecraft encounters consistent, although not particularly constraining.
By combining models of interstellar dust accretion with
observational constraints provided by the Halley encounters,
Greenberg and Hage (1990) found porosities of 0.6–0.83 for
dust in the cometary coma, which in turn led to estimated
comet nucleus densities of 0.26–0.60 g cm–3. Additionally,
Greenberg (1998) combined results of his core-mantle interstellar dust model, the solar system abundances of the elements, the composition of dust from comet Halley, and data
on the volatile molecules in cometary comae to set an upper
limit to the density of fully packed cometary material of
~1.65 g cm–3. This would be what we referred to earlier as
the “grain density” [see Weidenschilling (2004) and Sykes
et al. (2004) for discussions of accretion mechanisms and
IDPs].
If the bulk density of cometary nuclei are on the order
of 0.6 g cm–3 as suggested above, then the nuclei have a
porosity of 0.64, assuming Greenberg’s (1998) grain density for cometary materials. Is such a value reasonable? Britt
and Consolmagno (2001, see also Britt et al., 2003) showed
that several C-type asteroids (plus Deimos) have macroporosities of ~40%, although the average C-type porosity is
~27%. Macroporosities of 60% or more are seen for two
M-type (metallic) asteroids. The C-type asteroids are likely
to be a reasonable analog for cometary nuclei, given the
similarity between carbonaceous materials and the nonvolatile component of cometary materials. So a cometary nucleus porosity value of 0.64 seems somewhat high, although
not necessarily unreasonable. Note that all the 40% porosity asteroids involved in these measurements are considerably larger than typical cometary nuclei (d = 53–214 km),
except for Deimos (d = 12 km). The porosity of Deimos is
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actually very poorly determined and could be anywhere
from 15% to 62%. If we perform the reverse calculation
and assume a porosity of 40% for cometary nuclei, then we
obtain a density of 1.0 g cm–3 using Greenberg’s value.
6. DISCUSSION AND SUMMARY
The nature of cometary nuclei has been, and continues
to be, among the more elusive questions of solar system
science. The icy-conglomerate model was a major paradigm
shift in our understanding of comets when it was first proposed by Whipple in 1950. Fifty years of evidence has
proved the basic correctness of that model. But as with any
problem in science, we always want to look at the question
in more detail.
In this chapter we have presented a long list of evidence
that suggests that the underlying structure of icy-conglomerate cometary nuclei is a collisionally processed rubble pile of
smaller icy planetesimals. That evidence includes (1) spacecraft imaging of comets Halley and Borrelly that show a
bimodal structure and rough, chaotic topography for both
nuclei; (2) observations of randomly disrupted comets, suggesting that they are extremely fragile objects; (3) observations of Sun-grazing comets including the more than 540
objects discovered by the SOHO spacecraft, which have
estimated diameters of ~10 m; (4) recent theoretical studies
that show that cometary nuclei have been subjected to moderate to intense collisional processing; (5) recent theoretical studies of the collisional evolution of asteroids that show
that small bodies in the solar system need not be monolithic; (6) comet Shoemaker-Levy 9, which can best be explained by the tidal disruption and reassembly of a rubble
pile nucleus; (7) the catenae on Ganymede and Callisto that
show that Shoemaker-Levy 9 is not unique, but rather is representative of a common solar system process; (8) the low
density estimates for cometary nuclei, suggesting that they
are under-dense relative to their constituent materials; and
(9) the rotation-shape relationship for observed cometary
nuclei that shows a possible cutoff in the distribution similar to that seen for rubble-pile asteroids, albeit at a different density value.
Together, we believe that this evidence makes a compelling case for cometary nuclei as collisionally processed
rubble piles. Although this may seem to be a leap of faith
to some readers, we feel that it is one made on firm grounds.
This paradigm shift has already occurred for asteroids and
we believe that the time is now right for a similar paradigm
shift for cometary nuclei.
The final resolution of this question requires the detailed
study of a cometary nucleus (or many nuclei) at close range,
something that can only be accomplished using a nucleusorbiting spacecraft, and perhaps may even require a nucleus
lander. The Rosetta mission of the European Space Agency
(Schwehm, 2002) includes experiments designed to investigate the internal structure of the nucleus of periodic comet
67P/Churyumov-Gerasimenko (hereafter, 67P/CG). Rosetta,
to be launched in February 2004, is expected to rendezvous

with 67P/CG in August 2014. A key experiment is the Comet
Nucleus Sounding Experiment by Radiowave Transmission
(CONSERT) (Barbin et al., 1999). CONSERT is a radar
tomography experiment consisting of a transponder on the
Rosetta lander and a radar transmitter/receiver on the Rosetta orbiter. If the lander is able to survive several weeks
or months on the nucleus surface, it will allow the orbiter
sufficient time to orbit the nucleus many times, obtaining
numerous ray paths through the nucleus. The experiment
is somewhat hampered by the fact that there is only one
lander (two were originally planned). However, CONSERT
should yield considerable insight into the interior of the
67P/CG nucleus, including the location and dimensions of
any substantial voids.
The gravity mapping experiment onboard Rosetta will
provide additional evidence on the internal structure of the
nucleus (Pätzold et al., 2001). Mapping of higher harmonics in the 67P/CG gravity field, coupled with a detailed
shape model obtained from the Rosetta imaging experiment,
OSIRIS (Thomas et al., 1998), will provide evidence of density inhomogeneities within the nucleus, as well as an overall
measure of the bulk density of the nucleus. The Rosetta spacecraft may orbit as close as 1 km to the surface of 67P/CG.
A third source of information is the imaging experiment
itself, which will provide submeter-resolution images of the
entire nucleus surface. These images should provide sufficient resolution to understand the mechanisms creating the
nucleus morphology, and may provide evidence of faults,
substructure, or other landforms that help to reveal the internal structure of the nucleus.
Besides Rosetta, there are two comet flyby missions that
may yield improved imaging of nuclei, and certainly will
be able to address the question of diversity between different comets. The first is the Stardust mission, which was
launched in February 1999 and flew by comet 81P/Wild 2
in January 2004 (Brownlee et al., 2000). Stardust is designed to capture cometary dust particles in the coma and
return them to Earth for analysis in terrestrial laboratories
in 2006. However, it also includes an imaging system that
can be expected to produce nucleus images comparable to,
or perhaps somewhat better than, those from DS1.
The second mission is Deep Impact, which will be
launched in December 2004 and will fly by comet 9P/
Tempel 1 in July 2005, deploying a ~370-kg impactor that
will strike the nucleus and (perhaps) create a significant
crater (Meech et al., 2000). Deep Impact carries an advanced imaging system on both the flyby spacecraft and
the impactor that should provide us with the best nucleus
images of any mission to date, with a resolution of only a
few meters per pixel. In addition, the impact experiment
itself may yield insights into the strength of cometary materials and the structure of the nucleus. However, because
both Stardust and Deep Impact are fast flybys, neither is
capable of making a mass determination for their respective nuclei.
Sadly, the Comet Nucleus Tour (CONTOUR) mission was
lost in August 2002 due to a spacecraft failure. CONTOUR
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would have flown by two cometary nuclei, 2P/Encke in 2003
and 31P/Schwassmann-Wachmann 3 in 2006, and made
measurements similar to those made during the Vega and
Giotto flybys of 1P/Halley in 1986. Although the cause for
the loss is not clear, a NASA investigation board suggested
that the spacecraft’s structure failed due to overheating from
CONTOUR’s solid rocket motor, destroying the spacecraft
as it was leaving Earth orbit.
While waiting for these spacecraft results, we can expect that observational and theoretical studies of comets will
continue in the coming decade, providing further insights
into the nature of cometary nuclei and processes such as
disruption and splitting. For example, additional nucleus
lightcurves will help to fill in the relatively small sample
of 14 comets shown in Fig. 8 and allow us to map the limits of nucleus density. Also, detailed observations of random disruption events have the potential to provide insights
as to how cometary nuclei come apart, and perhaps why.
And we can never tell when fate might provide us with
another opportunity for a giant leap forward, as was provided by comet Shoemaker-Levy 9 in 1993–1994, or more
recently by the SOHO comets. It will be most interesting
then to see where the questions of nucleus structure and
density stand when the Comets III book is written.
Acknowledgments. We thank D. Durda, A. Stern, H. Weaver,
and an anonymous referee for useful comments on earlier drafts
of this manuscript. This work was supported by the NASA Planetary Geology & Geophysics and Planetary Astronomy Programs,
and was performed in part at the Jet Propulsion Laboratory under
contract with NASA. Support from the National Research Council is also gratefully acknowledged.

353

REFERENCES
A’Hearn M. F., Campins H., Schleicher D. G., and Millis R. L.
(1989) The nucleus of comet P/Tempel 2. Astrophys. J., 347,
1155–1166.
Asphaug E. and Benz W. (1994) Density of comet ShoemakerLevy-9 deduced by modelling breakup of the parent rubble
pile. Nature, 370, 120–124.
Asphaug E. and Benz W. (1996) Size, density, and structure of
comet Shoemaker-Levy 9 inferred from the physics of tidal
breakup. Icarus, 121, 225–248.
Asphaug E., Moore J. M., Morrison D., Benz W., Nolan M. C.,
and Sullivan R. J. (1996) Mechanical and geological effects of
impact cratering on Ida. Icarus, 120, 158–184.
Asphaug E., Ostro S. J., Hudson R. S., Scheeres D. J., and Benz
W. (1998) Disruption of kilometre-sized asteroids by energetic
collisions. Nature, 393, 437–440.
Asphaug E., Ryan E. V., and Zuber M. T. (2003) Asteroid interiors. In Asteroids III (W. F. Bottke Jr. et al., eds.), pp. 463–484.
Univ. of Arizona, Tucson.
Baldet F. (1927) Sur le noyau de la comète Pons-Winnecke
(1927c). C. R. Acad. Sci. Paris, 185, 39–41.
Barbin Y., Kofman W., Nielsen E., Hagfors T., Seu R., Picardi G.,
and Svedhem H. (1999) The Consert instrument for the Rosetta
mission. Adv. Space Res., 24, 1115–1126.
Benz W. and Asphaug E. (1999) Catastrophic disruptions revisited. Icarus, 142, 5–20.
Biesecker D. A., Lamy P., St. Cyr O. C., Llebaria A., and Howard
R. A. (2002) Sungrazing comets discovered with the SOHO/
LASCO coronagraphs 1996–1998. Icarus, 157, 323–348.
Boehnhardt H. (2004) Split comets. In Comets II (M. C. Festou
et al., eds.), this volume. Univ. of Arizona, Tucson.
Boehnhardt H., Delahodde C., Sekiguchi T., Tozzi G. P., Amestica
R., Hainaut O., Spyromilio J., Tarenghi M., West R. M., Schulz
R., and Schwehm D. (2002) VLT observations of comet 46P/

Note added in proof: Fig. 9. Images of periodic comet Wild 2 taken January 2, 2004, by the Stardust spacecraft. These are the
highest-resolution images of a cometary nucleus yet obtained. Left: Image #2075 was taken at a range of 257 km and a phase angle of
39.7° and has a spatial resolution of ~22 m/pixel. Right: Image #2077 was taken at 325 km and a phase angle of 59.9° and is ~27 m/
pixel. The approximately 5-km-diameter nucleus shows a complex surface morphology, dominated by large, flat-floored depressions
and pits. These are likely to be sublimation features, although they may be ancient impact craters that have been subsequently modified
by sublimation. The topography also includes large irregular blocks that may be indicative of a rubble-pile structure. There appears to
be an absence of very small pits or craters, possibly a result of sublimation.

354

Comets II

Wirtanen. Astron. Astrophys., 387, 1107–1113.
Bridges F. G., Supulver K. D., Lin D. N. C., Knight R., and Zafra
M. (1996) Energy loss and sticking mechanisms in particle
aggregation in planetesimal formation. Icarus, 123, 422–435.
Brin G. D. and Mendis D. A. (1979) Dust release and mantle
development in comets. Astrophys. J., 229, 402–408.
Britt D. T. and Consolmagno G. J. (2001) Asteroid bulk density:
Implications for the structure of asteroids (abstract). In Lunar
and Planetary Science XXXII, Abstract #1611. Lunar and Planetary Institute, Houston (CD-ROM).
Britt D. T., Yeomans D., Housen K., and Consolmagno G. (2003)
Asteroid density, porosity and structure. In Asteroids III (W. F.
Bottke Jr. et al., eds.), pp. 485–500. Univ. of Arizona, Tucson.
Brownlee D. E., Tsou P., Clark B., Hanner M. S., Hörz F., Kissel
J., McDonnell J. A. M., Newburn R. L., Sandford S., Sekanina
Z., Tuzzolino A. J., and Zolensky M. (2000) Stardust: A comet
sample return mission. Meteoritics & Planet. Sci., 35, A35.
Buratti B. J., Hicks M. D., Soderblom L. A., Britt D., Oberst J.,
and Hillier J. K. (2003) Deep Space 1 photometry of the nucleus of comet 19P/Borrelly. Icarus, 167, 16–29.
Carlson R. W., Drossart P., Encrenaz Th., Weissman P. R., Hui
J., and Segura M. (1997) Temperature, size and energy of the
Shoemaker-Levy 9 G-impact fireball. Icarus, 128, 251–274.
Chandrasekhar S. (1961) Hydrodynamic and Hydromagnetic Stability. Oxford, London. 652 pp.
Chapman C. R., Paolicchi P., Zappala V., Binzel R. P., and Bell
J. F. (1989) Asteroid families: Physical properties and evolution. In Asteroids II (R. P. Binzel et al., eds.), pp. 386–415.
Univ. of Arizona, Tucson.
Charnoz S. and Morbidelli A. (2003) Coupling dynamical and collisional evolution of small bodies: An application to the early
ejection of planetesimals from the Jupiter-Saturn region. Icarus,
166, 141–156.
Chodas P. W. and Yeomans D. K. (1996) The orbital motion and
impact circumstances of comet Shoemaker-Levy 9. In The
Collision of Comet Shoemaker-Levy 9 and Jupiter (K. S. Noll
et al., eds.), pp. 1–30. Cambridge Univ., Cambridge.
Crawford D. (1997) Comet Shoemaker-Levy 9 fragment size and
mass estimates from light flux observations (abstract). In Lunar and Planetary Science XXVIII, p. 267. Lunar and Planetary Institute, Houston.
Davidsson B. J. R. and Gutiérrez P. J. (2003) An estimate of the
nucleus density of comet 19P/Borrelly (abstract). Bull. Am.
Astron. Soc., 35, 969.
Davis D. R., Chapman C. R., Greenberg R., Weidenschilling S. J.,
and Harris A. W. (1979) Collisional evolution of asteroids:
Populations, rotations and velocities. In Asteroids (T. Gehrels,
ed.), pp. 528–557. Univ. of Arizona, Tucson.
Delahodde C. E., Meech K. J., Hainaut O. R., and Dotto E. (2001)
Detailed phase function of comet 28P/Neujmin 1. Astron.
Astrophys., 376, 672–685.
Delsemme A. H. (1971) Comets: Production mechanisms of hydroxyl and hydrogen halos. Science, 172, 1126–1127.
Delsemme A. H. (1977) The pristine nature of comets. In Comets,
Asteroids, Meteorites: Interrelations, Evolution and Origins
(A. H. Delsemme, ed.), pp. 3–12. Univ. of Toledo, Toledo.
Dobrovolskis A. R. (1990) Tidal disruption of solid bodies. Icarus,
88, 24–38.
Donn B. and Hughes D. (1986) A fractal model of a cometary
nucleus formed by random accretion. In 20th ESLAB Symposium on the Exploration of Halley’s Comet, Vol. 1 (B. Battrick

et al., eds.), pp. 523–524. ESA SP-250, Noordwijk, The Netherlands.
Donn B., Daniels P. A., and Hughes D. W. (1985) On the structure
of the cometary nucleus (abstract). Bull. Am. Astron. Soc., 17,
520.
Duncan M., Quinn T., and Tremaine S. (1987) The formation and
extent of the solar system comet cloud. Astron. J., 94, 1330–
1338.
Duncan M., Levison H., and Dones L. (2004) Dynamical evolution
of ecliptic comets. In Comets II (M. C. Festou et al., eds.), this
volume. Univ. of Arizona, Tucson.
Farinella P. and Davis D. R. (1996) Short-period comets: Primordial bodies or collisional fragments? Science, 273, 938–941.
Farnham T. L. and Cochran A. L. (2002) A McDonald Observatory study of comet 19P/Borrelly: Placing the Deep Space 1
observations into a broader context. Icarus, 160, 398–418.
Fernández Y. R., Lowry S. C., Weissman P. R., and Meech K. J.
(2002) New dominant periodicity in photometry of comet
Encke (abstract). Bull. Am. Astron. Soc., 34, 887.
Festou M. C. (1986) The derivation of OH gas production rates
from visual magnitudes of comets. In Asteroids, Comets,
Meteors II (C. I. Lagerkvist and H. Rickman, eds.), pp. 299–
303. Uppsala Univ., Sweden.
Fitzsimmons A. and Williams I. P. (1994) The nucleus of comet
P/Levy 1991XI. Astron. Astrophys., 289, 304–310.
Fraundorf P., Hintz C., Lowry O., McKeegan K. D., and Sandford
S. A. (1982) Determination of the mass, surface density, and
volume density of individual interplanetary dust particles (abstract). In Lunar and Planetary Science XIII, pp. 225–226.
Lunar and Planetary Institute, Houston.
Fujiwara A., Cerroni P., Davis D. R., Ryan E. V., Di Martino M.,
Holsapple K., and Housen K. (1989) Experiments and scaling
laws for catastrophic collisions. In Asteroids II (R. P. Binzel
et al., eds.), pp. 240–265. Univ. of Arizona, Tucson.
Gombosi T. I. and Houpis H. L. F. (1986) An icy-glue model of
cometary nuclei. Nature, 324, 43–44.
Greenberg J. M. (1998) Making a comet nucleus. Astron. Astrophys., 330, 375–380.
Greenberg J. M. and Hage J. I. (1990) From interstellar dust to
comets — A unification of observational constraints. Astrophys.
J., 361, 260–274.
Hodgman C. D. (1962) Handbook of Chemistry and Physics.
Chemical Rubber Publ., Cleveland. 2189 pp.
Holsapple K. A. (2003) Could fast rotator asteroids be rubble piles?
(abstract). In Lunar and Planetary Science XXXIV, Abstract
#1792. Lunar and Planetary Institute, Houston (CD-ROM).
Housen K. R. and Holsapple K. A. (1990) On the fragmentation
of asteroids and planetary satellites. Icarus, 84, 226–253.
Housen K. R. and Holsapple K. A. (2003) Impact cratering on
porous asteroids. Icarus, 163, 102–119.
Housen K. R., Wilkening L. L., Chapman C. R., and Greenberg R.
(1979) Asteroidal regoliths. Icarus, 39, 317–351.
Housen K. R., Holsapple K., and Voss M. E. (1999) Compaction
as the origin of the unusual craters on the asteroid Mathilde.
Nature, 402, 155–157.
Iseli M., Kuppers M., Benz W., and Bochsler P. (2002) Sungrazing
comets: Properties of nuclei and in situ detectability of cometary ions at 1 AU. Icarus, 155, 350–364.
Jeffreys H. (1947) The relation of cohesion to Roche’s limit. Mon.
Not. R. Astron. Soc., 107, 260–262.
Jewitt D., Sheppard S., and Fernández Y. (2003) 143P/Kowal-

Weissman et al.: Structure and Density of Cometary Nuclei

Mrkos and the shapes of cometary nuclei. Astron. J., 125,
3366–3377.
Julian W. H., Samarasinha N. H., and Belton M. J. S. (2000) Thermal structure of cometary active regions: Comet 1P/Halley.
Icarus, 144, 160–171.
Kaasalainen M., Kwiatkowski T., Abe M., Piironen J., Nakamura
T., Ohba Y., Dermanwan B., Farnham T., Colas F., Lowry S.,
Weissman P., Whiteley R., Tholen D., Larson S., Yoshikawa M.,
Toth I., and Velichko F. (2003) CCD photometry and model of
MUSES-C target (25143) 1998 SF36. Astron. Astrophys., 405,
L29–L32.
Keller H. U., Arpigny C., Barbieri C., Bonnet R. M., Cazes S.,
Coradini M., Cosmovici C. B., Delamere W. A., Huebner W. F.,
Hughes D. W., Jamar C., Malaise D., Reitsema H. J., Schmidt
H., Schmidt W. K. H., Seige P., Whipple F. L., and Wilhelm K.
(1986) First Halley multicolour camera imaging results from
Giotto. Nature, 321, 320–326.
Keller H. U., Curdt W., Kramm J.-R., and Thomas N. (1994)
Images of the Nucleus of Comet Halley, Vol. 1. ESA SP-1127,
Noordwijk, The Netherlands. 252 pp.
Lamy P. L., Toth I., and Weaver H. A. (1998) Hubble Space Telescope observations of the nucleus and inner coma of comet
19P/1904 Y2 (Borrelly). Astron. Astrophys., 337, 945–954.
Lamy P. L., Toth I., A’Hearn M. F., Weaver H. A., and Weissman
P. R. (2001) Hubble Space Telescope observations of the
nucleus of comet 9P/Tempel 1. Icarus, 154, 337–344.
Lamy P. L., Toth I., Fernández Y., and Weaver H. A. (2004) The
sizes, shapes, albedos, and colors of cometary nuclei. In Comets II (M. C. Festou et al., eds.), this volume. Univ. of Arizona,
Tucson.
Levin B. Y. (1943) The emission of gases by the nucleus of a
comet and the variation of its absolute brightness. Soviet
Astron. J., 20, 37–48.
Levison H. F. (1996) Comet taxonomy. In Completing the Inventory of the Solar System (T. W. Rettig and J. M. Hahn, eds.),
pp. 173–191. ASP Conference Series 107, Astronomical Society of the Pacific, San Francisco.
Licandro J., Tancredi G., Lindgren M., Rickman H., and Hutton
R. G. (2000) CCD photometry of cometary nuclei, I: Observations from 1990–1995. Icarus, 147, 161–179.
Love S. G., Hörz F., and Brownlee D. E. (1993) Target porosity
effects in impact cratering and collisional disruption. Icarus,
105, 216–224.
Lowry S. C. and Weissman P. R. (2003) CCD observations of distant comets from Palomar and Steward Observatories. Icarus,
164, 492–503.
Lowry S. C., Fitzsimmons A., and Collander-Brown S. (2003)
CCD photometry of distant comets. III. Ensemble properties
of Jupiter-family comets. Astron. Astrophys., 397, 329–343.
Lyttleton R. A. (1948) On the origin of comets. Mon. Not. R.
Astron. Soc., 108, 465–475.
Luu J. X. and Jewitt D. C. (1992) Near-aphelion CCD photometry of comet P/Schwassmann-Wachmann 2. Astron. J., 104,
2243–2249.
Maas D., Krueger F. R., and Kissel J. (1990) Mass and density
of silicate- and CHON-type dust particles released by comet
P/Halley. In Asteroids, Comets, Meteors III (C. I. Lagerkvist
et al., eds.), pp. 389–392. Uppsala Univ., Uppsala.
MacQueen R. M. and St. Cyr O. C. (1991) Sungrazing comets
observed by the Solar Maximum Mission coronagraph. Icarus,
90, 96–106.

355

Mäkinen J. T. T., Bertaux J.-L., Combi M. R., and Quémerais E.
(2001) Water production of comet C/1999 S4 (LINEAR) observed with the SWAN instrument. Science, 292, 1326–1329.
Marsden B. G. (1989) The sungrazing comet group. II. Astron.
J., 98, 2306–2321.
Marsden B. G., Sekanina Z., and Yeomans D. K. (1973) Comets
and nongravitational forces. V. Astron. J., 78, 211–225.
Meech K. J., Belton M. J., Mueller B. E. A., Dicksion M. W., and
Li H. R. (1993) Nucleus properties of P/Schwassmann-Wachmann 1. Astron. J., 106, 1222–1236.
Meech K. J., A’Hearn M. F., McFadden L., Belton M. J. S.,
Delamere A., Kissel J., Klassen K., Yeomans D., Melosh J.,
Schultz P., Sunshine J.,and Veverka J. (2000) Deep Impact —
Exploring the interior of a comet. In A New Era in Bioastronomy (G. Lemarchand and K. Meech, eds.), pp. 235–242. Astronomical Society of the Pacific, San Francisco.
Meech K. J., Fernández Y., and Pittichová J. (2001) Aphelion activity of 2P/Encke (abstract). Bull. Am. Astron. Soc., 33, 1075.
Melosh H. J. and Schenk P. (1993) Split comets and the origin of
crater chains on Ganymede and Callisto. Nature, 365, 731–
733.
Merényi E., Földy L., Szegö K., Toth I., and Kondor A. (1989)
The landscape of comet Halley. Icarus, 86, 9–20.
Merline W. J., Weidenschilling S. J., Durda D. D., Margot J. L.,
Pravec P., and Storrs A. D. (2003) Asteroids do have satellites.
In Asteroids III (W. F. Bottke Jr. et al., eds.), pp. 289–312.
Univ. of Arizona, Tucson.
Michels D. J., Sheeley N. R. Jr., Howard R. A., and Koomen M. J.
(1982) Observations of a comet on a collision course with the
sun. Science, 215, 1097–1102.
Millis R. L., A’Hearn M. F., and Campins H. (1988) An investigation of the nucleus and coma of comet P/Arend-Rigaux. Astrophys. J., 324, 1194–1209.
Mumma M. J., Dello Russo N., DiSanti M. A., Magee-Sauer K.,
Novak R. E., Brittain S., Rettig T., McLean I. S., Reuter D. C.,
and Xu L.-H. (2001) Organic composition of C/1999 S4 (LINEAR): A comet formed near Jupiter? Science, 292, 1334–
1339.
Nicholson P. D. (1996) Earth-based observations of impact phenomena. In The Collision of Comet Shoemaker-Levy 9 and
Jupiter (K. S. Noll et al., eds.), pp. 81–109. Cambridge Univ.,
New York.
Oort J. H. (1950) The structure of the cloud of comets surrounding
the solar system and a hypothesis concerning its origin. Bull.
Astron. Inst. Neth., 11, 91–110.
Öpik E. J. (1966) Sun-grazing comets and tidal disruption. Irish
Astron. J., 7, 141–161.
Osip D., Campins H., and Schleicher D. G. (1995) The rotation
state of 4015 Wilson-Harrington: Revisiting origins for the
near-Earth asteroids. Icarus, 114, 423–426.
Ostro S. J., Hudson R. S., Benner L. A. M., Giorgini J. D., Magri
C., Margot J. L., and Nolan M. C. (2003) Asteroid radar astronomy. In Asteroids III (W. F. Bottke Jr. et al., eds.), pp. 151–
168. Univ. of Arizona, Tucson.
Passey Q. R. and Shoemaker E. M. (1982) Craters and basins on
Ganymede and Callisto: Morphological indicators of crustal
evolution. In Satellites of Jupiter (D. Morrison, ed.), pp. 379–
434. Univ. of Arizona, Tucson.
Pätzold M., Häusler B., Wennmacher A., Aksnes K., Anderson
J. D., Asmar S. W., Barriot J.-P., Boehnhardt H., Eidel W.,
Neubauer F. M., Olsen O., Schmitt J., Schwinger J., and Tho-

356

Comets II

mas N. (2001) Gravity field determination of a comet nucleus:
Rosetta at P/Wirtanen. Astron. Astrophys., 375, 651–660.
Peale S. J. (1989) On the density of Halley’s comet. Icarus, 82,
36–49.
Pravec P., Harris A. W., and Michalowski T. (2003) Asteroid rotations. In Asteroids III (W. F. Bottke Jr. et al., eds.), pp. 113–
122. Univ. of Arizona, Tucson.
Prialnik D. and Podolak M. (1999) Changes in the structure of
comet nuclei due to radioactive heating. Space Sci. Rev., 90,
169–178.
Richardson D. C., Leinhardt Z. M., Melosh H. J., Bottke W. F. Jr.,
and Asphaug E. (2003) Gravitational aggregates: Evidence and
evolution. In Asteroids III (W. F. Bottke Jr. et al., eds.),
pp. 501–515. Univ. of Arizona, Tucson.
Rickman H. (1986) Masses and densities of comets Halley and
Kopff. In Proceedings of the Workshop on the Comet Nucleus
Sample Return Mission (O. Melita, ed.), pp. 195–205. ESA SP249, Noordwijk, The Netherlands.
Rickman H. (1989) The nucleus of comet Halley — Surface structure, mean density, gas and dust production. Adv. Space Res., 9,
59–71.
Rickman H., Kamel L., Festou M. C., and Froeschlé Cl. (1987)
Estimates of masses, volumes and densities of short-period
comet nuclei. In Symposium on the Diversity and Similarity of
Comets (E. J. Rolfe and B. Battrick, eds.), pp. 471–481. ESA
SP-278, Noordwijk, The Netherlands.
Rubincam D. P. (2000) Radiative spin-up and spin-down of small
asteroids. Icarus, 148, 2–11.
Ryan E. V., Hartmann W. K., and Davis D. R. (1991) Impact
experiments III — Catastrophic fragmentation of aggregate
targets and relation to asteroids. Icarus, 94, 283–298.
Sagdeev R. Z., Szabo F., Avanesov G. A., Cruvellier P., Szabo L.,
Szegö K., Abergel A., Balazs A., Barinov I. V., Bertaux J.-L.,
Blamount J., Detaille M., Demarelis E., Dul’Nev G. N.,
Endroczy G., Gardos M., Kanyo M., Kostenko V. I., Krasikov
V. A., Nguyen-Trong T., Nyitrai Z., Reny I., Rusznyak P.,
Shamis V. A., Smith B., Sukhanov K. G., Szabo F., Szalai S.,
Tarnopolsky V. I., Toth I., Tsukanova G., Valnicek B. I.,
Varhalmi L., Zaiko Yu. K., Zatsepin S. I., Ziman Ya. L., Zsenei
M., and Zhukov B. S. (1986) Television observations of comet
Halley from VEGA spacecraft. Nature, 321, 262–266.
Sagdeev R. Z., Elyasberg P. E., and Moroz V. I. (1988) Is the nucleus of Comet Halley a low density body? Nature, 331, 240–
242.
Samarasinha N. H. (1999) A model for the breakup of comet
LINEAR (C/1999 S4). Icarus, 154, 540–544.
Samarasinha N. H. and Belton M. J. S. (1995) Long-term evolution of rotational stress and nongravitational effects for Halleylike cometary nuclei. Icarus, 116, 340–358.
Schenk P., Asphaug E., McKinnon W. B., Melosh H. J., and
Weissman P. (1996) Cometary nuclei and tidal disruption: The
geologic record of crater chains on Callisto and Ganymede.
Icarus, 121, 249–274.
Schwehm G. (2002) The international Rosetta mission (abstract).
In Asteroids, Comets, Meteors 2002, Abstract #02-05. Technical Univ. Berlin, Berlin.
Scotti J. V. and Melosh H. J. (1993) Estimate of the size of comet
Shoemaker-Levy 9 from a tidal breakup model. Nature, 365,
733–735.
Sekanina Z. (1996) Tidal breakup of the nucleus of comet Shoemaker-Levy 9. In The Collision of Comet Shoemaker-Levy 9
and Jupiter (K. S. Noll et al., eds.), pp. 55–80. Cambridge
Univ., Cambridge.

Sekanina Z. (2002) Runaway fragmentation of sungrazing comets
observed with the Solar and Heliospheric Observatory. Astrophys. J., 576, 1085–1089.
Sekanina Z., Chodas P. W., and Yeomans D. K. (1994) Tidal disruption and the appearance of periodic comet ShoemakerLevy 9. Astron. Astrophys., 289, 607–636.
Sheeley N. R. Jr., Howard R., Koomen M., Michaels D., and
Marsden B. G. (1985) Probable Sungrazing Comets. IAU Circular No. 4129.
Sheppard S. S. and Jewitt D. C. (2002) Time-resolved photometry
of Kuiper belt objects: Rotations, shapes, and phase functions.
Astron. J., 124, 1757–1775.
Shoemaker C. S., Shoemaker E. M., Levy D. H., Scotti J. V.,
Bendjoya P., and Mueller J. (1993) Comet Shoemaker-Levy
(1993e). IAU Circular No. 5725.
Skorov Y. V. and Rickman H., (1999) Gas flow and dust acceleration in a cometary Knudsen layer. Planet. Space Sci., 47, 935–
949.
Slipher V. M. (1927) The spectrum of the Pons-Winnecke comet
and the size of the cometary nucleus. Lowell Obs. Bull., 3 (86),
135–137.
Soderblom L. A., Becker T. L., Bennett G., Boice D. C., Britt
D. T., Brown R. H., Buratti B. J., Isbell C., Giese B., Hare T.,
Hicks M. D., Howington-Kraus E., Kirk R. L., Lee M., Nelson
R. M., Oberst J., Owen T. C., Rayman M. D., Sandel B. R.,
Stern S. A., Thomas N., and Yelle R. V. (2002) Observations
of comet 19P/Borrelly by the Miniature Integrated Camera and
Spectrometer aboard Deep Space 1. Science, 296, 1087–1091.
Solem J. C. (1994) Density and size of comet Shoemaker-Levy 9
deduced from a tidal breakup model. Nature, 370, 349–351.
Solem J. C. (1995) Cometary breakup calculations based on a
gravitationally-bound agglomeration model: The density and
size of Shoemaker-Levy 9. Astron. Astrophys., 302, 596–608.
Stern S. A. (1988) Collisions in the Oort cloud. Icarus, 73, 499–
507.
Stern S. A. (1995) Collisional time scales in the Kuiper disk and
their implications. Astron. J., 110, 856–868.
Stern S. A. (1996) On the collisional environment, accretion time
scales, and architecture of the massive, primordial Kuiper belt.
Astron. J., 112, 1203–1211.
Stern S. A. (2003) The evolution of comets in the Oort cloud and
Kuiper belt. Nature, 424, 639–642.
Stern S. A. and Weissman P. R. (2001) Rapid collisional evolution
of comets during the formation of the Oort cloud. Nature, 409,
589–591.
Sykes M. V., Grün E., Reach W. T., and Jenniskens P. (2004) The
interplanetary dust complex and and comets. In Comets II
(M. C. Festou et al., eds.), this volume. Univ. of Arizona,
Tucson.
Thomas N. and 41 colleagues (1998) OSIRIS — The optical,
spectroscopic and infrared remote imaging system for the
Rosetta orbiter. Adv. Space Res., 21, 1505–1515.
Veverka J., Thomas P., Johnson T. V., Matson D., and Housen K.
(1986) The physical characteristics of satellite surfaces. In
Satellites (J. A. Burns and M. S. Matthews, eds.), pp. 342–402.
Univ. of Arizona, Tucson.
Veverka J., Thomas P., Harch A., Clark B., Bell J. F. III, Carcich
B., Joseph J., Chapman C., Merline W., Robinson M., Malin
M., McFadden L. A., Murchie S., Hawkins S. E. III, Farquhar
R., Izenberg N., and Cheng A. (1997) NEAR’s flyby of 253
Mathilde: Images of a C asteroid. Science, 278, 2109–2112.
Vorontsov-Velyaminov B. (1946) Structure and mass of cometary
nuclei. Astrophys. J., 104, 226–233.

Weissman et al.: Structure and Density of Cometary Nuclei

Vsekhsviatsky S. K. (1948) On the question of cometary origin.
Soviet Astron. J., 25, 256–266.
Weaver H. A., Feldman P. D., A’Hearn M. F., Arpigny C., Brown
R. A, Helin E. F., Levy D. H., Marsden B. G., Meech K. J.,
Larson S. M., Noll K. S., Scotti J. V., Sekanina Z., Shoemaker
C. S., Shoemaker E. M., Smith T. E., Storrs A. D., Yeomans
D. K., and Zellner B. (1994) Hubble Space Telescope observations of comet P/Shoemaker-Levy 9 (1993e). Science, 263,
787–791.
Weaver H. A., Sekanina Z., Toth I., Delahodde C. E., Hainaut
O. R., Lamy P. L., Bauer J. M., A’Hearn M. F., Arpigny C.,
Combi M. R., Davies J. K., Feldman P. D., Festou M. C., Hook
R., Jorda L., Keesey M. S. W., Lisse C. M., Marsden B. G.,
Meech K. J., Tozzi G. P., and West R. (2001) HST and VLT
investigations of the fragments of comet C/1999 S4 (LINEAR).
Science, 292, 1329–1334.
Weidenschilling S. J. (1997) The origin of comets in the solar
nebula: A unified model. Icarus, 127, 290–306.
Weidenschilling S. J. (2004) From icy grains to comets. In Comets II (M. C. Festou et al., eds.), this volume. Univ. of Arizona,
Tucson.
Weissman P. R. (1979) Nongravitational perturbations of longperiod comets. Astron. J., 84, 580–584.
Weissman P. R. (1980) Physical loss of long-period comets.
Astron. Astrophys., 85, 191–196.
Weissman P. R. (1983) Cometary impacts with the Sun: Physical
and dynamical considerations. Icarus, 55, 448–454.
Weissman P. R. (1986) Are cometary nuclei primordial rubble
piles? Nature, 320, 242–244.
Weissman P. R. (1987) Post-perihelion brightening of Halley’s
comet: Spring time for Halley. Astron. Astrophys., 187, 873–
878.

357

Weissman P. R. and Kieffer H. H. (1981) Thermal modeling of
cometary nuclei. Icarus, 47, 302–311.
Weissman P. R. and Lowry S. C. (2003) The size distribution of
Jupiter-family cometary nuclei (abstract). In Lunar and Planetary Science XXXIV, Abstract #2003. Lunar and Planetary
Institute, Houston (CD-ROM).
Weissman P. R. and Stern S. A. (1998) Physical processing of
cometary nuclei. In Workshop on Analysis of Returned Comet
Nucleus Samples (S. Chang, ed.), pp. 119–166. NASA CP10152, Washington, DC.
Weissman P. R., Richardson D. C., and Bottke W. F. (2003) Random disruption of cometary nuclei by rotational spin-up. Bull.
Am. Astron. Soc., 35, 1012.
Whipple F. L. (1950) A comet model. I. The acceleration of comet
Encke. Astrophys. J., 111, 375–394.
Whipple F. L. (1951) A comet model. II. Physical relations for
comets and meteors. Astrophys. J., 113, 464–474.
Whipple F. L. (1955) A comet model. III. The zodiacal light.
Astrophys. J., 121, 750–770.
Wilhelm K., Cosmovici C. B., Delamere W. A., Huebner W. F.,
Keller H. U., Reitsema H., Schmidt H. U., and Whipple F. L.
(1986) A three-dimensional model of the nucleus of Comet
Halley. In 20th ESLAB Symposium on the Exploration of
Halley’s Comet (B. Battrick et al., eds.), pp. 367–369. ESA
SP-250, Noordwijk, The Netherlands.
Yeomans D. K. (1971) Nongravitational forces affecting the motions of periodic comets Giacobini-Zinner and Borrelly.
Astrophys. J., 76, 83–87.
Yeomans D. K., Chodas P. W., Sitarski G., Szutowicz S., and
Krolikowska M. (2004) Cometary orbit determination and nongravitational forces. In Comets II (M. C. Festou et al., eds.), this
volume. Univ. of Arizona, Tucson.

358

Comets II

