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Abstract. After a brief summary of current concepts on cometary nuclei, resulting
from recent advances in observational techniques and laboratory experiments on cometary
analogue materials, some of the outstanding problems facing theoretical modelling and
interpretations of the new data is described. Emphasis is placed on the outgassing of
species more volatile than water over the history of cometary nuclei, the structure of the
nuclei in terms of porosity and tensile strength on a variety of different scales, and the
volumetric importance and distribution of the refractory “dust” component. Near-surface
interactions of dust grains and outflowing gas may be associated with the formation of
large dust aggregates and mantling of the nuclei.

1. Introduction

Our picture of cometary nuclei has changed a great deal in recent years, in response
to the stimulus of new, partially space-borne observations and laboratory experi-
ments on simulated cometary materials. Nevertheless, the picture appears far from
complete. While some aspects have become relatively well-established, others re-
main uncertain or controversial. This paper will discuss some of the issues which, in
spite of recent progress, remain to be clarified. As a background to this discussion,
let us summarize some current concepts about cometary nuclei, on which most
authors agree.

e Cometary nuclei are icy bodies. The composition of the ice is dominated by
H, 0, but other volatiles are retained as well even in comets that have come of age,
like P /Halley. Examples are CO2 and CO.

e The H,O ice is initially amorphous and thus able to trap the other volatiles at
temperatures far above their standard sublimation levels. This, however, implies
that the nuclei were formed and have been preserved at very low temperatures.

e As solar heating drives a crystallization front inward with release of trapped
gases, considerable vapour pressures may build up, leading to fracture or splitting
of the nuclei and/or to irregular bursts of outgassing.

e Compared with the ice and vapours, the “dust” component of the nuclear mate-
rial is of equal or even greater importance by mass. It is composed of silicates and
organic compounds in an apparently intricate mixture that may reflect presolar
core-mantle grains.

e The structure of the nuclei is fluffy, implying bulk densities well below 1 g/cm?®
and a volumetrically important network of pores, perhaps from micron-scale up to
macroscopic voids.

e The gas-dust interactions next to the surface involve a complicated scenario
that leads to the entailment of grains with a wide size spectrum in the outflowing
gas but also to the formation of “dust mantles” that reduce or quench the gas flow.
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e Due to the common occurrence of dust mantles, the outgassing from cometary
nuclei is concentrated to “active regions” often referred to as local spots or vents.
The nuclei evolve by opening up or closure of active spots, and a common end state
may be complete mantling.

o The nuclear surface layers of new Oort cloud comets, or comets that have never
before been close to the Sun, should bear witness of Gyrs of cosmic-ray exposure
and so might have special optical and chemical properties.

o The size spectrum of cometary nuclei is very wide, extending upward to Chiron-
size objects or larger and downward to sub-km radii. Their spins are relatively slow
and the shapes are irregular, often elongated.

These concepts, all consistent with Whipple’s (1950) basic model, will be su-
bject to critical scrutiny in the following sections, attempting to identify the weak
points of our understanding and the pieces of information - both observational,
experimental and theoretical - that are yet to be sought.

2. Volatile outgassing

Let us start by a statement that is hard to challenge : H;O is the dominant driver
of cometary activity close to the Sun (heliocentric distance r < 2 — 3 AU). This is
most clearly borne out by the fact that nuclear production rates of other gases are
always found to be at levels of several percent or less with respect to H,O (Mumma
et al. 1993; Crovisier 1993). We can safely conclude that the volatile composition of
cometary nuclei is HyO-dominated. However, depending on the thermal properties
and the detailed energetics of the surface layers, the H,O sublimation rate is bound
to fall off rapidly with r, starting from within 5 AU, if solar heating is the only
source of energy (Rickman 1992a). And yet, one often observes grain comae or
tails at » > 5 AU despite the fact that H,O sublimation cannot be expected to
lift the grains off the nuclei. Reasons to conclude on other outgassing mechanisms
in distant comets have been reviewed by Meech (1993), the basic argument being
that large quantities of grains are driven out from the nuclei at distances (r 2 10
AU) where water ice has to remain inert. Fig. 1, from Meech (1993), shows several
examples of long-period (LP) comets exhibiting a continuous decline of the activity
level with increasing r, and comet P /Halley is seen to have returned, temporarily,
to the typical LP comet activity level during its recent outburst.

The driver of the distant activity, unless an extremely strong internal heat source
is invoked, has to be the outgassing of species more volatile than H,O. Moreover,
since these are just minor constituents, we are led to the concepts of subsurface
production and diffusion of vapours to the surface through the porous icy matrix
of the nuclei. A priori, one may then consider two different alternatives :

e individual ices sublimating independently at different depths; or
o release of gases, trapped in amorphous H50 ice (Bar-Nun et al. 1987), as the
ice crystallizes.

The first of these scenarios requires us to explain how volatile ices, e.g. CO,
can be retained in the P/Halley nucleus, and the second raises the question of
survival of amorphous ice. The problem of retention of CO ice involves two main
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Fig. 1. Left : Light curves of comets 1982 I Bowell (upper curve), 1987 V Torres
(lower curve) and 1986 III P/Halley (crosses); the curve to the lower right is P/Halley’s
theoretical bare nucleus light curve. Right : Light curve comparison for P/Halley

(filled circles and lower-right curve) and five LP comets (solid curves). j;From Meech
(1993).

issues. First, the radiogenic heating due to the decay of *°K, 232Th, 2**U and
2387 included into the silicate fraction of the dust component causes a rise of the
central temperature (T.) which, depending on the size and thermal diffusivity of
the nucleus, may reach the level (T. ~ 30 K) where CO ice sublimates rapidly. This
would lead to an outward flow of CO vapour and recondensation of the ice closer
to the surface (Whipple and Stefanik 1966), and consequently, upon capture into
a short-period (SP) orbit, the CO ice might be concentrated in the outer layers of
the nucleus which are the first to be eroded away. Thus the second issue is whether
any CO ice remains after a decrease to, say, half the initial radius following surface
insolation and H, O ice sublimation. Model calculations are needed in order to solve
this problem.

It seems fair to say that the choice between the two above scenarios, and the
preference for the second one among most authors, is largely governed by conside-
rations of how and where cometary nuclei were formed. The ice in molecular clouds
is known to be amorphous (see Greenberg 1989a) and extrapolation of laboratory
data (Schmitt et al. 1989) indicates that the crystallization time scale exceeds the
age of the Solar System at T < 75 K. Thus the assumption that cometary nuclei
formed out of primordial grains of the presolar cloud leads directly to the concept
of amorphous ice. Even if the grains were thermally processed, e.g. upon entry into
the solar nebula (Lunine et al. 1991), recondensation of ice at T < 50 K would still
form the amorphous phase (see, however, Shul’'man 1992 for a different point of
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view). The problem then reduces to that of the thermal history of the nucleus and
the survival of amorphous ice in the presence of radiogenic and solar-induced hea-
ting. One important difference between this problem and that of CO ice retention
is that crystallization, in contrast to CO ice sublimation, is an exothermic process.

Recently models were computed by Haruyama et al. (1993) for the thermal evo-
lution of cometary nuclei over the age of the Solar System in response to radiogenic
heating by the above-mentioned isotopes. The nuclei were assumed to consist of a
mixture of amorphous ice and dust in the form of core-mantle grains (Greenberg
1989b). For the thermal conductivity of amorphous ice, the experimentally deter-
mined value by Kouchi et al. (1992) was used, which is roughly a factor 10 lower
than earlier, theoretical estimates (e.g. Klinger 1980). This has an important con-
sequence in facilitating runaway crystallization, caused by the latent heat release of
90 J/g, since the heat becomes essentially locked up in sizeable nuclei for the age of
the Solar System. Indeed, as an example, it was found that for an optimal (though
realistic) dust/ice ratio of unity and an ad hoc (though realistic) assumption that
the porous grain matrix has a bulk conductivity 100 times less than the individual
grains, all nuclei larger than 2 km radius would undergo runaway crystallization.

This is an interesting indication, highlighting a potential problem in explaining
the preservation of amorphous ice over the age of the Solar System. More realistic
models should now be devised, incorporating gas release and recondensation and
exploring a range of values for the amorphous ice conductivity as well as for the
silicates/organics ratio of the dust component, assuming chondritic abundances of
radioisotopes only for the silicate fraction.

For dynamically old comets, especially short-period ones, an additional problem
arises in clarifying what happens in response to solar heating, assuming the amor-
phous ice indeed survives until the entry into SP orbits. Early models adapted
to the case of P/Halley (Prialnik and Bar-Nun 1987) indicated a series of major
crystallization bursts that in due time would reach the central region of the nu-
cleus. The amplitude of the events proved to be a function of the model parameters
chosen (Prialnik and Bar-Nun 1988), but a progressive crystallization of the whole
nucleus remains a likely outcome. Furthermore, it has been suggested (e.g. Klinger
1983) that, for typical Jupiter family comets (perihelion distance ¢ ~ 1.5 AU; or-
bital period P ~ 7 yr), orbital mean temperatures in excess of the critical range
where fast crystallization ensues should imply a rapid phase transition of the whole
nucleus into the crystalline state. The models by Espinasse et al. (1989; 1991), tai-
lored to the case of P/Churyumov-Gerasimenko and utilizing a complete set of
equations for the coupled gas and heat diffusions in a porous nucleus with a propa-
gating crystallization front associated with gas release, indeed indicated runaway
behaviour by extrapolation beyond the 35 years spanned by the calculations.

However, similar models were recently developed by Tancredi et al. (1993), using
a different numerical approach and exploring more realistic values of physical and
chemical parameters over a longer time span. As a result, treating a nucleus with
equal amounts of dust and ice and with 10% trapped CO in the amorphous H2 O ice,
the crystallization was found to start out very rapidly in agreement with Espinasse
et al., but it gradually slows down so that the speed of the front approaches that of
surface erosion. Consequently, in this case extrapolation beyond 500 years indicates
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a time scale of ~ 10* years for complete erystallization (Fig. 2). This is of the same
order as the dynamical lifetime of observable Jupiter family comets. Instrumental
for the reduction of the erystallization rate is the absorption of part of the latent
heat of erystallization by the inert dust component as well as the additional expense
of heat for sublimating the CO ice that condenses below the front.
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Fig. 2. Left : H30 and CO production rates for a model nucleus with 10% trapped CO
moving in a Jupiter family orbit; thin curves indicate the maximum rates (at perihelion
for H20) and thick curves indicate the mean values over one orbital revolution.  Right :
Surface erosional velocity (dashed curve), velocity of the crystallization front (solid curve),
and velocity of the recondensed CO ice zone (dotted curve) for the same model. From
Tancredi et al. (1993).

A common feature of most models so far computed is that erystallization pro-
ceeds in bursts. Such bursts may apparently oceur over a wide range of heliocen-
tric distance, and they have thus been invoked as a tentative explanation for the
P/Halley outburst at r ~ 14 AU (Prialnik and Bar-Nun 1993; Schmitt et al. 1993).
Moreover, for the case of trapped CO, they cause large variations of the CO pro-
duction rate between successive apparitions. For ¢ ~ 1.5 AU this is always several
orders of magnitude below the peak H,O production rate of an unmantled, icy
nucleus. Interestingly, though, the situation appears quite different for comets such
as P/Gehrels 3 or P/Smirnova-Chernykh with ¢ ~ 3.5 AU. Even for this kind of
orbit erystallization is quite fast, at least initially (Taneredi et al. 1993), and one
would expect that the activity of large-¢ Jupiter family comets might be largely
CO-driven - an indication that remains to verify observationally.

3. Structural properties

An important observational constraint on the porosity of cometary nuclei comes
from mass determination via the nongravitational effects in the orbital motions.
However, some of the relevant parameters cannot be observed and must hence be
estimated on the basis of physical modelling. The determination and analytical
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representation of nongravitational effects in orbital solutions is reviewed by Yeo-
mans (this volume). For the purpose of mass determination, use is made only of the
principal effect, i.e., the perturbation of the mean motion (n = 27/P) or orbital
period (P). Integrated over one orbital revolution this amounts to :

a5/?

AP = aayr

- 6mm(uy) - QV'"{(C,)E +(CT) (1)

where a is the orbital semimajor axis, G is the gravitational constant, My and M
are the masses of the Sun and the comet, respectively, m is the mean mass of the
gas molecules flowing out from the nucleus, (u4) is an orbital average of the mean
outflow velocity, and @, is the maximum gas production rate from the cometary
nucleus. The curly bracket features the orbital averages of the direction cosines (C\
and C}) of the force vector along the radial and transverse directions in the orbital
plane, and E and T are parameters characterizing the gas production curve Q(t)
(Rickman 1992b). E measures the perihelion asymmetry of the gas production
curve and T measures its peakedness; it should be noted that (C,) may not be
meaningful unless C, is nearly constant.

Solving for M from Eq. (1) requires knowledge of the gas production curve and
the velocity vector of the average gaseous outflow. The incompleteness of such
knowledge translates into error bars on the derived value of M. Considering the
velocity modulus factor, (u,), its value depends on the geometry of the outflow
from the nucleus, and modelling of this involves 2-D hydrodynamical simulations
for an expanding gas-dust mixture (Kitamura 1986). Special issues that have been
discussed include the averaging of the vertical velocity component in the Knudsen
layer next to the nucleus (Bisikalo et al. 1989), the return flux due to molecular col-
lisions and partial thermalization of the velocity distribution (Crifo 1987), and the
additional recoil momentum of gas molecules returning to the surface after accele-
rating the dust grains (Peale 1990). The result is a velocity vector perpendicular to
the local nuclear surface, whose magnitude can be written : u¢ = (o vip(Ts) where
vih = /8kTs/mm is the thermal speed of the gas molecules and (; is a local mo-
mentum transfer coeflicient. Until now the values used for (¢ by different authors
(Sagdeev et al. 1988; Rickman 1989; Peale 1990) have been crude estimates based
on simplified arguments, and realistic model calculations remain to be done.

The mean outflow velocity u, is a global average of the local velocity vector u,
over the whole gas-producing area during the complete spin of the nucleus, weighted
by the local gas flux. Its modulus is u4 and its direction cosines are —C and —C,.
The vectorial averaging implies that u, should be smaller than the global average of
ug, so we can formally write : uy = (yug, introducing ¢, < 1 as a global momentum
transfer coefficient. We are currently faced with different models for the nuclear
spin of comets as well as the activity distribution around their nuclear surfaces,
influencing the estimates of (yj, C, and C; (see Fig. 3). On the one hand, the
spin is sometimes modelled as pure rotation around a fixed axis or one precessing
due to the torque exerted by asymmetric outgassing from a non-spherical nucleus
(e.g. Whipple and Sekanina 1979; Sekanina 1984; Sekanina 1992) and sometimes

as a complex motion involving rotation, precession and nutation excited by the
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jet torque (Sekanina 1987; Rickman 1989; Banaszkiewicz and Szutowicz 1990). On
the other hand, there is also an unsettled issue about the relative contributions
to cometary outgassing from isolated jets emerging from local active spots and
from broad background fans with roots seated all around the nuclei. In P/Halley
the jets appear to dominate (Keller 1990), but it appears premature to extrapolate
this result to all comets. Concerning the spin model, we also have good evidence for
a complex state of rotation for P/Halley (Belton 1991), and it would seem natural
to apply such models in general.
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Fig. 3. Left: Map of a cometary nucleus with a fixed spin axis; an active spot

describes the horizontal trajectory with arrows indicating the direction of rotation, and
a thermal lag causes the point of maximum outgassing to be displaced from the subsolar
meridian. Right : Corresponding trajectory during one month for an active spot on a
spheroidal nucleus rotating around the long body axis, which in turn precesses around a
fixed angular momentum axis. The maximum outgassing in this case tends to occur closer
to the subsolar latitude. From Rickman (1989).

However, Eq. (1) shows that the interpretation of the nongravitational effect
goes hand in hand with that of the perihelion asymmetry of the gas production
curve, i.e., the light curve asymmetry. Recent work (Yeomans and Chodas 1989;
Festou et al. 1990; Sekanina 1992) has convincingly demonstrated the validity of
Bessel’s (1836) conjecture about the importance of the ‘radial’ term in this equa-
tion. As yet, the jet outflow model with pure rotation offers the only straightforward
explanation to the frequent occurrence of strong light curve asymmetries with both
preperihelion and postperihelion peaks among short-period comets by means of the
seasonal variation of insolation onto the dominant active spot. For comet P/Halley
the coexistence of an important postperihelion outgassing excess and a rotational
motion involving significant wobbling remains unexplained, and the constancy of
the nongravitational effect over 30 orbital revolutions appears enigmatic.
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The lack of knowledge about the distribution of outgassing activity around the
nuclear surface and the rotational state for any given comet naturally transforms
into an error bar on (g4, but unless extreme cases are considered, this one is unim-
portant compared to that on (p. Of much greater consequence is the fact that
one-spot models with pure rotation (Sekanina 1992) imply a general correlation
between E and (C;) so that the radial and transverse terms in Eq. (1) tend to act
in concert and to contribute comparably to the total effect. More complex models
would generally attach less significance to the transverse term (Rickman 1989); and
even a small, though unknown, thermal lag may upset the above result for comets
with nearly symmetric gas production curves. To summarize the current situation,
nuclear masses may be estimated for comets with large values of |E| from Eq. (1)
using a model calculation of (u,) and observational data on @y, and E, taking as an
ad hoc estimate : (C,)E + (Cy)T = E. As a consequence, we are limited to comets
with well-observed, asymmetric gas production curves for which @, and E are
known with decent accuracy. Even so, an unavoidable error of a factor 2 — 3 comes
from the uncertainties of the above-described estimates of (u4) and (C,)E + (C)T.
Only in exceptional cases, such as that of P/Halley, can this modelling uncertainty
be reduced. However, better knowledge of the gas production curves would lead to
some improvement, e.g. when considering the typical mean density of a statistical
sample of cometary nuclei. From the cases analyzed as yet (Rickman 1989; Rickman
et al. 1992), it appears that cometary nuclei are very porous (mean density p < 0.5
g/cm?).

Porosity means a fluffy structure, but do we know over which scales the fluffiness
extends? Donn (1990) advocates a fractal build-up of cometary nuclei resulting from
formation by low-velocity random accretion. Numerical simulations (Daniels and
Hughes 1981) yield open structures with a fractal dimension D = 2, as illustrated
by Fig. 4a from Hughes (1988), i.e., a density decreasing with linear size (R) as
p < R™!. This obviously cannot hold over many orders of magnitude in real nuclei,
whose bulk packing factors appear to be ~ 0.1 judging from the above density
estimate. Hence a great deal of compaction must have occurred during the accretion
process (Donn 1990). Information on the formation conditions is hence stored in the
inhomogeneity of the nuclei, in particular the average variation of the packing factor
with the volume of the sample considered. Related to this is the tensile strength
spectrum, i.e. the variation of the typical tensile strength of the material with the
sample area considered, since this may be affected by the collisional merging of
particles and dependent on the velocities involved.

In addition to the apparently fluffy structure, some evidence for the random
low-velocity accretion scenario is present in the nuclear photometric observations
indicating generally elongated shapes (Jewitt and Meech 1988), as expected from
numerical simulations (Fig. 4b), and perhaps also in the waist-like feature on the
P/Halley nucleus (Keller 1990) that appears to mark the intersection of two large
cometesimals. But affirmative evidence for a fractal-like build-up, and characteri-
zation of the associated porosity and tensile strength spectra, are very difficult to
realize and offer a great challenge for future cometary exploration. Near-surface in
situ studies by landers and penetrators may be insufficient as long as they sample
only the transformed, crystalline crust (Sect. 2) where sintering may have modi-
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Fig. 4. Left: Fractal model of a newly accreted cometary nucleus, self-similar from
micrometric to kilometric scales; the thick contour indicates the shape after considerable
surface erosion has occurred. After Hughes (1988).  Right : Simulated cometary nucleus
formed by 1000 randomly accreted spheres of equal size. From Jewitt and Meech (1988).

fied the microstructure (Kochan et al. 1989). Recently modifications of the pore
structure by the pressure of released gases at the crystallization front were given
a preliminary treatment (Prialnik et al. 1993), indicating the possibility of cata-
strophic tensile failure that would probably cause fragments to be split off the
nucleus.

Analysis of cometary splittings (Sekanina 1982) offers an interesting possibility
to probe the tensile strength spectrum over a wide range, if supplemented by further
data on cometary dust trails or meteor streams and radar or microwave observations
of the near-nucleus regions of comets of different degrees of activity. Comet 1993e
P/Shoemaker-Levy 9 is a particularly fascinating case, having split up as it passed
within Jupiter's Roche limit in July 1992 to an as yet unknown miss distance
(Carusi et al. 1993). On this occasion tensile failure occurred at least on a large
scale, yielding the ~ 20 large fragments now seen as separate comets. If some
pieces should just barely escape collision with Jupiter in July 1994, their splitting
behaviour should be monitored as closely as possible.

4. The dust component

How much refractories do cometary nuclei contain in relation to the volatiles? We
are interested in finding the value, or the range of values, of the dust/ice ratio. This
is not amenable to direct observations, but one often considers dust/gas ratios in
cometary comae based on ratios of continuum brightness to band emissions as
indicators. However, it is important to note that there is a long way to go from
this indicator to the desired quantity. The scattered light from the dust coma is
dominated by a relatively narrow range of grain sizes, which apparently does not
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contribute a great deal to the total mass. It is well known that comets vary a lot in
appearance and that some appear dusty, while others appear gassy, but one cannot
infer with certainty a difference in nuclear composition from this.

In situ measurements of the grain size distribution are available for the P/Halley
coma from the S/C encounters in March 1986. Fig. 5, from Curdt and Keller (1989),
summarizes these data. The grains with radii a ~ 1 pm that dominate the visual
scattered light show a relatively rapid fall-off (cumulative power-law mass index
a ~ 0.9) toward larger sizes, as measured by the PIA and DID dust detectors, and
by simple extrapolation one would find a rather small dust/gas production ratio
~ 0.2, close to the pre-encounter expectation from analyses of dust comae and tails
in other comets (Divine et al. 1986). But accounting for the large particles that
shook the Giotto spacecraft (Curdt and Keller 1989) and the total dust fluence that
decelerated it (Edenhofer et al. 1987), one finds a much flatter distribution (o ~ 0.2)
at a £ 0.1 mm, and as a result the dust/gas ratio is considerably increased. In fact
the result is strongly dependent on the maximum grain size involved. This general
property seems confirmed by the GEM-DIDSY detections at P/Grigg-Skjellerup
(McDonnell et al. 1993) and the radio science indication of an even larger impacting
particle (Patzold et al. 1993).

Cumglauve dust in the Halley coma
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Fig. 5. Cumulative flux of dust grains of mass > m registered in the P/Halley coma by
PIA and DID during the last two minutes before closest approach, depicted by the solid
curve. The two data points to the right are derived from S/( attitude changes measured
by the HMC camera. The dotted line shows the pre-encounter model distribution. From
Curdt and Keller (1989).

A total dust/gas production ratio of order umnity is indicated, but the exact
value cannot yet be inferred. Nonetheless, this is an important matter, since on
cosmochemical grounds the presolar grains should have a dust/ice ratio close to 1
(Greenberg 1989b), and the finding of a value far from this would indicate a severe
problem for the current understanding of comet formation. Values of 2 — 3 for the
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dust/gas production ratio correspond to a cutoff at the “maximum liftable size”
(mass ~ 1 kg; Keller 1989), but even though the existence of such large particles
in the P/Halley coma is indicated by radar observations (Campbell et al. 1989),
the inference is still risky since the meaning of the concept is not clear (see below).
Furthermore, there may be large variations of the amount of dust produced as large
grains during the course of the apparition, as temporary dust mantles are formed
and blown away, so it appears premature to conclude that cometary nuclei contain
substantially more dust than ice. Nevertheless, the issue is of great importance
for several reasons. Not only would a dust/ice ratio of 2 — 3 cast doubt on the
reference picture of comet formation, but it would call upon a new picture of
cometary material as a refractory matrix with icy inclusions - an “icy dirt ball”
(Keller 1989). This might have important consequences for the understanding of
dust mantle development (Kihrt and Keller 1993).

Of considerable interest is also the ratio of organics to silicates in the dust
component. The total production rate of complex, carbon-bearing molecules cannot
yet be determined by remote-sensing techniques, even though it is probably related
to the strength of the emission near 3.4 um (e.g. Baas et al. 1986), and though such
molecules may provide a source for the most conspicuous radicals observed in visual
spectra as indicated by the CN jets (A’Hearn et al. 1986) or C; jets (Cosmovici
et al. 1988) in P/Halley. We are thus limited to the snapshot picture of relative
CHON grain abundance offered by the PIA instrument during the Giotto flyby
(Langevin et al. 1987), indicating a production rate of organics comparable to that
of silicates.

A very important but still elusive property of cometary material is the size di-
stribution of dust grains residing inside the nuclei. There is an apparent conflict
between the presence of coma grains with a very wide size spectrum and the refe-
rence picture of cometary formation, where the starting point is a unimodal distri-
bution of presolar grains of submicron size with refractory cores and icy mantles.
The most natural solution may be the agglomeration of these submicron refractory
cores into larger structures in the near-surface layers as a consequence of the out-
gassing process. Laboratory sublimation experiments, like KOSI (Griin et al. 1991),
have provided a wealth of useful information relevant to the understanding of such
processes, but theoretical modelling is lagging behind and thus it remains difficult
to predict the outcome in real comets exposed to varying insolation conditions as
they move around their orbits.

In previous modelling work it has generally been assumed that the whole obser-
ved size spectrum of dust grains resides “ready-made” in the nuclear ice, whereupon
one applies concepts like the critical radius a, of the maximum liftable grains for
the outgassing flux Z, initially introduced by Whipple (1950) :

CpugmZ

(2)
%p,R(%erp — 02 cos? /3)

aer =

where Cp is the drag coefficient, p, is the density of the grain, R is the radius of
the nucleus,  is its spin angular velocity and § is the latitude (Rickman et al.
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1990). Using this, one models the accumulation of grains with a > a. on a freely
outgassing surface until a critical level of coverage is reached (e.g. Shul’man 1972)
such that a dust mantle is formed. A physical theory for this dust mantle (e.g.
Shul’man 1981; Hordnyi et al. 1984; Rickman and Ferndndez 1986) is then used to
follow its evolution and to check whether it remains stable against the gas pressure
building up by ice sublimation underneath, or whether mantle blowoff occurs.

There are several problems plaguing this kind of models. First, their predictive
power is weak since many parameters are badly constrained and a wide range of
outcomes remains possible. For instance, the build-up of a dust mantle appears
very slow according to the results of Fanale and Salvail (1984), whereas Rickman
et al. (1990) found mantles to be formed and destroyed on very short time scales.
Secondly, as noted above, there is an inconsistency in the scenario used, since the
problem of forming the large dust aggregates with a > a. is shortcut. A step toward
a treatment of this problem was taken in the framework of the “friable sponge”
model (see Horanyi and Kecskeméty 1983) using percolation theory to predict the
grain size distribution. A further-reaching idea that remains to be explored is to
model the gas-grain interactions in the boundary layer where the H;O vapour
feeding the outflow is produced (Rickman 1992a). In this layer there should be a
gradual stripping of the icy mantles off the grains and a vigorous gas flow causing
the grains to move relative to each other and accrete into larger structures but also
tending to tear these structures apart.

It seems unlikely to have mm- or cm-sized aggregates formed in this way though
their existence is indisputable based on observations of cometary fireballs or dust
trails. An attractive picture is that these form as a result of mantle blowoff, thus
requiring to have unstable mantles of rather frequent occurrence. Thus the large
grains involved in the above estimate of the total dust/gas production ratio may
be expelled from the nucleus in a peculiar manner, which casts doubt on the appli-
cation of the critical radius as given in Eq. (2). To improve our understanding of
the evolution of cometary nuclei as well as their composition and the origin of the
meteoroidal and zodiacal dust complex, it is an urgent task to develop models for
the physics of the near-surface layers of the nuclei, and to present a self-consistent
picture of the formation of large dust aggregates and mantles. To this end the expe-
rience recently gained through laboratory experiments should be exploited, but we
may need even more input from such work, e.g. concerning the cohesive strength
of dust aggregates.

5. Conclusion

The reference picture of cometary nuclei sketched in the introduction represents a
real achievement, when compared with what was usually thought before the age
of space exploration of comets, but it is not at all finished - in fact, the picture
is just beginning to emerge. There are still many tasks that have to be better
fulfilled and matters that one should learn much more about. Needless to say,
nothing appears basically wrong about the reference picture, but most aspects
remain quite uncertain. Thus our knowledge of the true nature of cometary nuclei
is still very limited, and the picture can only be accepted or discarded in favour
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of something better after further advances have been made. This is a matter of
both observations, experiments and theoretical models, and it may be a necessary
step to have future cometary space missions such as those now under study, e.g.
Rosetta.
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