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1. INTRODUCTION

The subsequent chapters in this book provide a compre-
hensive study of our present knowledge of comets, from
the interstellar medium, through formation of the solar sys-
tem and the present day, to the death of comets. This chapter
will make no attempt to summarize these chapters. Rather,
based on the material in the following chapters, this chap-
ter will ask about the high-level state of our knowledge in
major areas. Is our knowledge mostly speculation based on
fragmentary data? Is our knowledge mature in terms of data
but immature in interpretation? Is the entire area mature
with a full understanding of the implications for the larger
fields of science? A natural outgrowth of this approach is
to ask where we might be a decade into the future. What
would we like to know? What are we likely to know? Where
might the big surprises lie?

No references (except one noncometary reference) are
given in this chapter because the topics are all covered in
more detail elsewhere in this book and those chapters con-
tain a far more appropriate set of primary references than
could be provided here. Some of the areas, notably dynam-
ics, are also surveyed at a higher level later in this book.
Other scientists will likely disagree with some of the con-
clusions and speculations presented here, but the main pur-
pose of the chapter is not to be definitive but to stimulate
the reader to think about future directions. As such, it is
more important to be provocative than to be definitive.

2. BASIC PHYSICAL PROPERTIES

One of the fundamental anomalies of cometary studies
is how far we have come without knowing basic physical
parameters like the sizes of the nuclei. The true shapes,
sizes, and albedos of nuclei come only from in situ imaging
and this is necessarily limited to a small number of comets.
Because of the small size and infrequent close approaches
to Earth, the radar studies that have contributed so much to
asteroid sizes and shapes have been comparatively ineffec-
tive in elucidating the same parameters for comets. Fortu-
nately, we are now beginning to get reasonable estimates of
the size distribution, albeit mostly from optical data, which
require an assumed albedo to yield a size. Many of the data,
furthermore, consist of only single observations rather than
complete rotational lightcurves, which adds scatter to the
distribution. Because of the limited size of the dataset avail-
able now, the slope of the distribution is not accurately
known but we are beginning to get reasonable estimates. In

fact, binning the data in uniform size ranges rather than
using each individual object implies a steeper slope (–2.5)
for the cumulative size distribution than is generally ac-
cepted (–1.5 to –2.0), suggesting that our sample size is
limiting our precision. What we do not know yet is whether
the flattening of the cumulative distribution at sizes below
2 km is due mostly to selection effects or mostly to a real
dearth of small comets. Physical arguments suggest that
most small “comets” (much less than a kilometer) must be
either dormant or extinct and thus not recognizable as com-
ets, and this means that we should expect a turnover at some
point not too far from where it is observed. Provided suffi-
cient telescope time can be made available, this is an area
in which we can expect a final answer within the decade,
although statistics may still not be good enough to deter-
mine the differences in size distribution for certain dynami-
cal classes even though differences are expected, e.g.,
between comets from the Oort cloud and comets from the
Kuiper belt.

Separating the size from the albedo is still a major chal-
lenge with fewer than two dozen comets having both pa-
rameters well known. The availability of the Spitzer Space
Telescope (SST, née SIRTF) can lead to a large sample of
comets for which the size and albedo are independently
determined. The only question is whether enough observ-
ing time will be made available in the 5- to 7-year expected
lifetime of the SST. Rotational lightcurves, if done in suf-
ficient detail and from different aspects, can provide the
convex hull of the body and the rotational state. However,
the necessity to carry out these observations either at very
high spatial resolution or when the comets are far from the
Sun and thus possibly inactive makes it likely that, unlike
the case for asteroids, it will not be practical to get com-
plete rotational lightcurves for more comets than the ones
of special interest, such as spacecraft targets.

The amazing aspect of the basic properties of comets,
and surprisingly little realized outside the community of
cometary specialists, is that we still do not have a single,
measured mass for a cometary nucleus, and thus not a
single, measured density. Clever use of the nongravitational
acceleration of comets has led to a series of estimates that
appear to be converging on densities around 0.5 g cm–3, but
this is still an extremely model-dependent result and thus
uncertain by as much as half an order of magnitude. We will
not have a directly measured mass for a typical cometary
nucleus until there is a rendezvous mission, although one
could in principle measure a mass for an unusually large
comet, such as Chiron or even Hale-Bopp, with a slow flyby
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provided drag by the coma can be separated out. The first
rendezvous mission currently underway is Rosetta, which
will not measure the mass of P/Churyumov-Gerasimenko
until 2014. There is some hope that one or another of the
smaller missions being proposed might be selected and
arrive at its target earlier.

Determining interior structure, which would be invalu-
able for our understanding of formation and evolution, will
be limited to what can be learned from the Deep Impact
mission until there is a rendezvous mission and/or a soft
lander, again something that is not currently scheduled to
occur for another decade. Deep Impact will excavate a large
crater with an artificial meteorite impact in order to study
the outermost tens of meters. Suggestions of chemical het-
erogeneity come from remote sensing. We know from D/
Shoemaker-Levy 9 (SL9) that, at least for scales comparable
to a kilometer, the strength is <103 dyn/cm2 and rubble-pile
models with similarly low strength at smaller scales suc-
cessfully describe various phenomena, but we do not have
any model-independent, direct constraints on the strength
other than SL9.

Although our knowledge of basic physical properties is
sparse now, we expect to have a mature understanding of
the properties not related to the mass well within the next
decade. Our knowledge of mass and density will still be
immature, although we should have good numbers for one
or two bodies.

3. CHEMICAL COMPOSITION

Although the separation between volatiles and refracto-
ries is not rigid, it is convenient to think of the composi-
tion in these terms, the volatiles being those species seen
in the gas phase and the refractories being those seen in the
solid phase, for which mineralogy and crystal structure are
also important. Clearly some species can be considered in
both ways and, in the future, we can expect that many more
species will be studied both as solids and as gases. Our
knowledge of composition is limited almost entirely to the
coma, the spectra of nuclei being almost featureless, a no-
table exception being two very weak features seen in the
Deep Space 1 spectra of P/Borrelly. Other than that, the sur-
faces of comets are known only to be very dark, presumably
from a combination of particle shadowing due to porosity
and the inclusion of very dark, carbonaceous material as
one of the abundant components at the surface. We are thus
faced with the problem of deciding the extent to which the
composition in the coma is representative of the composi-
tion in the nucleus.

3.1. Volatiles

Our knowledge of the composition of the gaseous coma
is quite extensive, coming from remote sensing at wave-
lengths from the X-ray to the radio and from in situ mea-
surements with a mass spectrometer primarily at P/Halley
and to a minor extent in the tail of P/Giacobini-Zinner. In
the data available to date, the in situ measurements provide

coverage of all species up to a given mass, but with insuf-
ficient mass resolution to uniquely separate, e.g., N2 from
CO. On the other hand, remote sensing at the highest spec-
tral resolution can easily separate all species but suffers from
incompleteness of coverage, depending on dipole moments
of the molecules, on lifetimes, and on excitation conditions.
There are roughly 80 species firmly identified in comets,
but this is almost certainly a very incomplete list. All but
one of these (S2) are also seen in the interstellar medium,
but the converse is not true and the abundance ratios, in
general, are not similar. The in situ measurements with mass
spectrometers show a continuum of all masses at higher
masses and these have generally not been deconvolved to
individual species. Although the majority of new species
recently have been found at infrared and millimeter wave-
lengths, new species continue to be found at shorter wave-
lengths as well.

Unfortunately, many of the identified species have had
abundances measured only in one or a few comets, so that
one has no sense of whether or not there is wide variation
from comet to comet that might be correlated with origin
or evolution. At optical wavelengths there does appear to
be a correlation of abundances of C2 and C3 (relative to
H2O) with place of origin but these are the only species,
other than CN and possibly NH and NH2, for which there
are data on a sufficiently large number of comets to study
such correlations reliably. Even where we have a correla-
tion, the mechanism for producing the correlation is not
understood beyond speculation. While the field of gaseous
abundances is mature in many ways, there are still many
discoveries and measurements to be made, particularly in
expanding the infrared and millimeter-wave measurements
to a large ensemble of comets but also in identifying new
species since the list of unidentified lines seen in comets is
extremely long.

Interpretation of the chemistry of the coma is further
limited by the fact that most of the species observed, in-
cluding virtually all the easily observed species at optical
and ultraviolet wavelengths, are clearly fragments of larger
molecules that existed in the nucleus. Extensive chemical
models of the coma, including many hundreds of reactions,
have been constructed by several authors. To the extent that
processes other than photodissociation and photoionization
matter, these models are sensitive to the physical conditions
in the coma, primarily the density and kinetic temperature
as a function of distance from the surface. Furthermore,
processes such as photodissociation are sources of heating
in the coma and even the shape of the nucleus may play a
major role in the spatial profile of density and temperature.
The feedback between photochemistry and physical con-
ditions has been calculated only for water, but other spe-
cies could also affect the physical conditions. Furthermore,
there is some likelihood that reactions involving excited
states (electronically excited molecules and/or molecules
with excess kinetic energy) may be important in produc-
ing some species and these reactions have generally not
been included in the calculations with large chemical net-
works. The net result is that in only a very few cases have
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the chemical pathways been reliably traced from observed
species to parent molecules. Several species thought on
chemical grounds to be parent molecules directly from the
nucleus have even been shown to have spatial profiles,
implying that they are produced from other species, prob-
ably by thermal or photodesorption from grains, at some
distance from the nucleus. Furthermore, as was made es-
pecially clear with the advent of C/Hale-Bopp, the relative
abundances of species vary dramatically with heliocentric
distance even in a single comet. Again, a few cases of varia-
tion can be explained in terms of processes in the coma,
but most are not explained at all and in virtually no case is
there consensus that we can correct for the variation with
heliocentric distance adequately to say something defini-
tive about nuclear abundances.

In the area of evolution of nuclear ices, the theoreticians
have far outstripped the observers and there are extensive
models of the depletion and migration of nuclear ices due
to successive perihelion passages. These models have been
used to explain the asymmetries in visual lightcurves, but
there are insufficient observational data on the predominant
ices to properly test any of the models. The predictions of
the models cover a wide range so detailed measurements of
ice with depth in a cometary nucleus would easily discrimi-
nate among the models.

In the next decade we can anticipate numerous discov-
eries of previously unknown species. A few will come with
traditional telescopes and instruments when there is a suit-
ably bright comet. More will come from new facilities like
the Atacama Large Millimeter Array (ALMA) and SST.
Observations with the spectrometer on the Deep Impact
flyby spacecraft may provide new species seen only very
close to the nucleus, but the limited sensitivity is not ex-
pected to show new molecules with typical spatial profiles.

Our knowledge of volatile abundances in the coma is
reasonably mature, but, despite considerable important
work, our interpretation of these abundances in terms of the
nuclear abundances is primitive.

3.2. Refractories

The refractory species are much less well known. Re-
mote sensing has brought us primarily the silicate feature,
including identification of crystalline olivine, and specifi-
cally Mg-rich crystalline olivine in addition to amorphous
olivine and pyroxene. In situ measurements of grains at P/
Halley brought us CHON particles, but the specific chemi-
cal composition of the particles can not readily be inferred
from those measurements. The presence of CHON particles
filled a major gap in our understanding of the overall abun-
dances, since combining these particles with the volatiles
leads to more or less solar abundances for all but the light-
est elements and the most volatile species, such as N2 and
the noble gases. Remote sensing has also brought us the
CH-stretch feature in the near-infrared. Much of this is from
formaldehyde and methanol, but there may be a more re-
fractory component as well. We probably have a large num-
ber of refractory cometary particles in our collection of

micrometeorites, but the evidence that they are cometary is
mostly circumstantial, including, e.g., stratospheric particles
collected during the Leonid meteor storm. At least in part
because of difficulty in associating micrometeorites with
specific comets, the micrometeorites have not yet led to any
significant constraints on comets. Rather, the particles have
been associated with comets at least in part because they
resemble what we think ought to come from comets.

On the other hand, in January 2006 the Stardust mission
will return a large number of refractory particles that are
unambiguously from P/Wild 2, as well as others that are
almost certainly interstellar. This should enable us to de-
termine which of the micrometeorites are truly from com-
ets and it should give us the first true measurements of the
actual distribution of particle composition, size, and min-
eralogy. There may be some selection effects in which par-
ticles can be lifted from the surface to be collected by the
Stardust spacecraft, e.g., due to chemical differences cor-
related with size and/or with stickiness, but these selection
effects are small compared to the advance that will be
achieved from analyzing these particles in the laboratory.
Particles on the surface of a nucleus will be analyzed in situ
by Rosetta a decade hence, while contextual information
is simultaneously gathered and this will provide even greater
advances. In particular, we can hope to understand what
fraction of the solid grains were brought directly from the
interstellar medium and perhaps the conditions under which
other grains condensed in the protoplanetary disk.

Our knowledge of the refractory composition is far more
primitive than our knowledge of the volatiles, but already
we are unable to explain the variation from comet to comet
of crystalline olivine vs. disordered silicates.

4. EVOLUTIONARY EFFECTS

4.1. Dynamical

Our understanding of the orbital evolution of comets
seems clear at some high level — formation from Jupiter
outward, followed by ejection to the Oort cloud or capture
into the giant planets for comets formed inside Neptune or
by successive gravitational captures leading ultimately to
Jupiter’s family of comets for comets formed beyond Nep-
tune, possibly involving some time in the scattered disk
population. The details, however, are not well understood.
For example, the relative proportions of Oort cloud comets
formed at different distances from the Sun, while calculable
with current models of planetary evolution, are sensitive to
the models for the formation of the solar system as a whole
and these are not well constrained. The injection of comets
from the Oort cloud to the inner solar system is also under-
stood in general but not in quantitative detail.

Our simulations of the orbits for comets with small
(<3 AU) perihelia are quite good and we have detailed, but
model-dependent, simulations of the nongravitational forces
acting on comets that appear quite reliable. The results of
the nongravitational forces are also reasonably well under-
stood. The models of the nongravitational forces for com-
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ets seem somewhat ad hoc in the cases of comets for which
the nongravitational parameters change significantly from
one apparition to the next. While this can probably be traced
to changes in the angular momentum vector induced by the
torques of the jets themselves, the simulations do not ap-
pear to provide unique solutions to the problem.

Closely related to the precession-induced changes in
nongravitational accelerations is the effect of torques on
total angular momentum. Rotational periods are generally
longer than for comparably sized asteroids and this may be
due to the influence of outgassing torques. However, there
is only one well-determined case of excited state rotation,
namely P/Halley, although torques from outgassing jets
should be quite capable of producing excited-state rotation
in many cases. Is the lack of other comets in excited-state
rotation due to the fact that the phenomenon is rare or due
to the limited nature of the data on rotational state for most
comets? This author thinks that it is mostly the latter — the
data needed to show excited state rotation are very exten-
sive unless the data include in situ images that show the
rotational orientation accurately over many rotations.

4.2. Physical

The physical evolution of comets is not well understood
at all, even though everyone agrees that some comets, such
as P/Encke, are very evolved. There is surprisingly little
systematic, observable difference between comets that ap-
pear to have had very different evolutionary histories. The
chemistry is similar, there is a wide range of gas/dust ratios
for various evolutionary states, and there are insufficient
data on the nuclei of any but Jupiter-family comets to make
any sensible comparison.

Statistical arguments show that short-period comets must
somehow become inactive on a timescale comparable to or
less than their dynamical lifetime. Similar statistical argu-
ments suggest that a large fraction of dynamically new com-
ets from the Oort cloud must break up or disperse by other
means on their first approach to the Sun. Direct photomet-
ric evidence shows that the surviving dynamically new com-
ets from the Oort cloud behave differently on approach to
the Sun than do any other comets, including these very same
comets on their first departure from the inner solar system.
This last effect is generally understood to be due to the loss
of the outer layer of the comet, which had been so irradiated
by cosmic rays over 4.5 G.y. that it was chemically unstable,
by explosive release at some large heliocentric distance as
the comet first enters the planetary region. Is this photomet-
ric difference related to the inferred breakup of dynamically
new comets? All other aspects of evolution are even less
well understood.

There are many models for the evolution of the outer
layers of cometary nuclei, but they consider different pro-
cesses and lead to a wide variety of possible scenarios for
the evolution, depending not only on the orbital properties
and the initial mix of ices and dust but also on the actual
processes assumed to dominate in the models. As noted
above, the theoretical modelers have far outstripped the ob-

servational data in the evolution of the nucleus. The cohe-
siveness of the refractory material, the porosity at various
stages of the evolution, the effective thermal conductivity,
the choice of the initial abundances of the ices, and even the
tortuosity of the pores are all critical parameters in under-
standing the evolution. Relatively little work has been done
on the evolution of the refractory components, other than
calculations of the parameters that affect the amount of dust
lifted off the surface. There should be, for example, differ-
ences between the surface refractory solids and those in the
interior due to different densities and the consequent differ-
ence in the effect of drag forces. Similarly, there should be
differences in composition due to different types of cohe-
siveness or ability to stick together in larger aggregates.
However, we have no data on such selection effects and will
not have it until we have measurements on the surface of a
nucleus.

Perhaps the most dramatic form of physical evolution
is the breakup of comets. Breakups range from releasing
one or more discrete fragments, which usually disappear on
timescales of an orbital period or even much less, through
repeated release of small fragments (C/Hyakutake 1996
B2), to complete dispersal of the entire comet (C/LINEAR
1999 S4). Statistically there appears to be a few percent
chance of any given comet breaking up on its passage
through the inner solar system. The statistics of observed
breakups are not yet good enough to know whether there
are differences among dynamical groups of comets or to
verify the suggestion above that very many dynamically
new comets might break up on their first approach to the
planetary region. Except in a few cases where the disrup-
tion can be reliably explained by tidal forces, e.g., D/Shoe-
maker-Levy 9, the mechanism for breakups is not at all
understood, several alternative scenarios having been pro-
posed.

The fundamental dichotomy in our work with comets is
that we claim to use them to study the conditions in the
early solar system but we do not know how to separate out
the evolutionary effects to reveal the primordial conditions.

5. ORIGIN AND THE EARLY
SOLAR SYSTEM

The key questions in this area are (1) whether interstel-
lar ices survived the accretion shock and were incorporated
directly into comets, (2) whether any chemical reactions
(either in the gas phase or on grain surfaces) were important
in that part of the accretion disk in which comets formed,
and therefore, (3) whether or not the details of the abun-
dances of ices in comets are good constraints on the condi-
tions in the early solar system. Laboratory experiments have
shown, for example, that if condensation is the only impor-
tant process, the relative abundances of common ices (H2O,
CO2, CO) are very sensitive to the temperature. But this
assumes that the material is initially in the gas phase, a
condition that is not satisfied if any interstellar ices survive
until they are incorporated in comets. This condition, of
course, may vary with distance from the Sun. In particular,
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comets formed in the vicinity of Jupiter are much more
likely to have formed from locally condensed ices, particu-
larly if they form in the outer parts of the protojovian disk.

Models of the early solar system predict varying amounts
of radial mixing of material. This probably implies mixing
at a macroscopic scale of cometesimals that accreted at
different locations in the protoplanetary disk. Studying the
heterogeneity of cometary nuclei at scales of tens to hun-
dreds of meters can thus provide key information on the
degree of radial mixing in the early solar system. The data
from remote sensing are only suggestive of heterogeneity
and insufficient thus far to provide useful constraints.

6. COMETS AND TERRESTRIAL PLANETS

The role of comets at the terrestrial planets is still un-
clear, both in the early solar system and today. Did comets
deliver most of Earth’s water and organics? The difference
in D/H ratios between comets and terrestrial ocean water
(SMOW) strongly argues at first glance against comets
being the primary source. There are ways around this since
comets that formed near Jupiter and were scattered into the
inner solar system at a very early stage might well have had
different D/H ratios than do today’s Oort cloud comets (the
only ones for which D/H has been measured). Other au-
thors have argued that the water could have been delivered
by asteroids containing hydrated minerals. This appears to
be a question that is wide open today, although a cometary
origin for both water and organics appears more likely to
this author.

The role of comets today is also unclear. It has been
argued that the Chicxulub crater was formed by a comet,
although others have argued that it was formed by a car-
bonaceous chondrite. This specific example aside, there is
no doubt that comets impact Earth and the other terrestrial
planets today. Recent estimates suggest that they are a rela-
tively small contributor to the flux of impactors, and it ap-
pears to this author that future estimates will continue to
show them as a rather small fraction of the impact flux,
except insofar as the near-Earth-object (NEO) population
includes a large subpopulation of dormant or extinct comets.

7. BREAKTHROUGH GOALS

In the next one or two decades, we can anticipate nu-
merous breakthroughs in cometary science. It is instructive,
however, to divide these breakthroughs into two different
types:  the predictable, paradigm-settling measurements and
the serendipitous, paradigm-changing measurements. In the
former category we can put the definitive questions that we
ask when proposing a major investigation, while in the latter
we can only speculate.

Among the predictable breakthroughs, we can expect
Stardust to enable us to relate cometary dust to the dust
captured in the stratosphere and to the zodiacal dust. We
can realistically expect that it will even tell us a lot about
the formation of comets and the preservation of interstellar
refractory grains. We can expect SST to pin down the al-

bedos of many cometary nuclei and also of many TNOs and
thus to dramatically improve our knowledge of the size
distribution of both types of objects. There may be surprises
in the values of the albedos, just as many people were sur-
prised when Comets P/Arend-Rigaux, P/Neujmin 1, and
P/Halley all turned out to be very dark, but this kind of surprise
can be anticipated and used to argue for observing time.

The conceptually utterly simple experiment of Deep
Impact will dramatically narrow the uncertainty in our un-
derstanding of the structure of cometary nuclei. This is a
case in which we can scope the range of plausible outcomes
and eliminate all but one or two immediately after the ex-
periment, thus constraining the properties of the nucleus.
The Rosetta mission, unless beaten by a shorter-lifetime
mission selected in the near future, will provide us with the
first direct measurement of the mass (and low-order mo-
ments) of a cometary nucleus and thus of its density. Rosetta
will also provide breakthrough tomographic measurements
of a nucleus to understand for the first time the large-scale
heterogeneity. It will also provide unprecedented informa-
tion on “how a comet works.” We can anticipate that there
will likely be one or more small cometary missions selected
for flight in the next half decade so that there would be
major results well within the next decade and a half.

Proposals have already been solicited for a mission to
return a cold sample from the surface layers of a cometary
nucleus. Such a mission would provide even more tremen-
dous advances than those from Stardust. Being able to
measure the details of icy grains, the intimacy of mixing
between ices and refractories, and the relative abundances
of different volatiles will be a tremendous advance. Such a
mission will be a great complement to Rosetta. The next
logical step after return of a surface sample is to return a
cold sample from deep (tens of meters) inside a nucleus that
preserves the chemical and crystalline form of the ices
sampled, thus providing details on what will be hinted at
by Deep Impact. Such a mission would provide crucial in-
formation on the scale at which different ices are mixed in
whatever layers can be probed, from the evolved layers near
the surface where we can understand the transport of vola-
tiles as the comet evolves to the more nearly primordial
layers below the thermal wave where we might understand
the condensation process. All these space missions will be
invaluable in helping us interpret the remote sensing data
from far more comets than we can ever visit with spacecraft.

We can also expect major advances from a large-aperture,
dedicated, survey telescope, whether it be an expanded ver-
sion of the Pan Stars array of telescopes being built by the
University of Hawai‘i or the Large Synoptic Survey Tele-
scope (LSST) being designed by the U.S. National Optical
Astronomy Observatory and several partners. Depending on
how the survey is implemented, particularly depending on
how strongly the search strategy emphasizes NEOs, we
could expect major advances in our understanding of the size
distribution and the orbital distribution of comets and in the
size distribution of transneptunian objects (TNOs). If some
survey goes faint enough, we might even be able to pro-
vide a good estimate of what fraction of Jupiter-family com-
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ets are primordial bodies from the Kuiper belt as opposed
to being fragments of larger bodies in the Kuiper belt.

We will certainly have many discoveries of newly iden-
tified chemical species from ALMA, because of both its
superb sensitivity and its superb spatial resolution. Similar
discoveries should come from the tremendously increased
sensitivity and reduced beam dilution of the Large Milli-
meter Telescope being built in Mexico by the University
of Massachusetts and the Mexican Instituto Nacional de
Astrofísica, Optica, y Electrónica.

Even dramatic increases in computational power and/or
algorithm design could lead to breakthroughs. One such
advance might be the ability to integrate a very large num-
ber of orbits in order to assess with proper statistics, based
on the uncertainty in the observed orbit, the probability that
any given Jupiter-family comet had, at an earlier time in
its orbital evolution, been for some time in an orbit with
smaller perihelion distance. Such a calculation has been
done, for example, for Chiron but with only a small set of
possible, current orbital elements, and the recent discovery
of “keyholes” in the uncertainty space of the orbits of NEOs
suggests that our understanding of cometary orbital evolu-
tion will require far more computation than has been done
for any comet thus far. In another computational arena, one
can certainly expect major advances in our ability to com-
bine many physical processes into a single simulation in
order to better understand the origin of the comets and the
outer planets. Calculations that incorporate, simultaneously
and with all feedback loops, the complete gravitational field,
the network of gas phase, and surficial chemistry includ-
ing kinetic inhibition, radiative processes, and magnetohy-
drodynamics are tremendously difficult. Carrying out such
calculations would be a major step forward in understand-
ing the formation of comets and the solar system.

While some cometary scientists might think it heresy, it
seems likely that we might learn more about comets from
certain missions to other bodies than from many types of
missions to comets. In particular, detailed, in situ studies
of or return of samples from a jovian Trojan might tell us
directly about the primordial comets that formed near
Jupiter’s orbit. A similar mission to a classical Kuiper belt
object might tell us about the primordial state (except for
collisions) of cometary material now in Jupiter-family com-
ets. This is not to say that they would be more revealing
than any mission to a comet, since missions that explore
new parameter space at a comet will be extremely valuable.

8. SERENDIPITY

Turning to the truly serendipitous, paradigm-altering dis-
coveries, Harwit (1984) has written eloquently about the
nature of dramatic new discoveries in astronomy and shown
very well that nearly all the dramatic, new discoveries have
come from making measurements in new domains. These
are entirely different from the breakthroughs described
immediately above in that there is no way to predict the
area in which these surprises might occur. In astronomy

these new domains have been either previously unobserved
spectral ranges or order-of-magnitude improvements in sen-
sitivity or in spectral or spatial resolution. Astronomy as a
whole has the entire universe to study so there is more scope
for serendipitous discovery than in the relatively narrow
domain of cometary science, but the principle is still the
same and still important.

Cometary science has gained from serendipitous discov-
eries in the past. The use of new wavelength domains led,
at the shortest wavelengths, to the discovery of high fluxes
of X-rays from comets and thus to new emission mecha-
nisms and, at the longest wavelengths, to the discovery of
the ultraviolet-pumped maser of OH at 21 cm in comets.
The application of radar led to the discovery of clouds of
large particles (more than a centimeter) in surprising dy-
namical situations in more than one comet. None of these
would be considered paradigm-altering, i.e., none of these
changed our picture of the role of comets in the solar sys-
tem, but they were surprising, serendipitous results. There
are more new domains of measurement to be applied to
comets than there are for most of astronomy and this com-
pensates in part for the fact that we are considering a much
smaller piece of the universe. In addition to the new domains
of measurement available to traditional astronomy, the new
domains of measurement for cometary science certainly in-
clude all the new types of experiments and measurements,
both microscopic and macroscopic, that can be carried out
in situ, as well as new domains of computational space.

Thus we can expect serendipitous discoveries, whether
new populations of comets, new physical processes, or a
new picture of how comets work, as long as we continue
to apply dramatically new techniques to studying comets.
There is no way to predict the areas in which area the most
exciting such discoveries will occur.
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