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1. Introduction

One of the approaches to the origin of comets is to obtain the physical
clues revealing the formation history and environment of comets from the
study of cometary matter. The theory based on this approach may be called
a chemical theory. The first step in the chemical theory was made by Urey
(1952) in his book “The Planets”. Now, the investigation of comet Halley
has provided a wealth of data on cometary matter, and has led the theory
to a new stage of its development. It is hoped that the study of cometary
matter will provide clues that will reveal not only the origin of comets,
but also the physical conditions of the low-temperature region in the solar
nebula and the evolution of matter at stages from interstellar clouds to
planetary systems.

In this paper, we present a brief critical review of theories on the origin
of comets based on the composition of volatiles in a cometary nucleus. The
volatiles are an excellent probe for the study of the chemical theory, since
volatile materials are a sensitive indicator of the temperatures and radiation
fields in the environment where they formed and have suffered alteration.
Other physical clues to the origin of comets available at present or in the near
future are the isotopic composition, and the ortho/para abundance ratios
of HoO and possibly other molecules composed of more than two identical
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atoms. A more detailed review including discussions on these clues has been
published elsewhere (Yamamoto, 1990). Other recent reviews are given by
Donn (1990) from a different viewpoint of the accumulation of a cometary
nucleus, and by a comprehensive book “The origin of Comets” written by
Bailey et al. (1990), who described various theories on the cometary origin
up to the recent theories.

2. The abundances of gaseous molecules

The composition of a cometary nucleus is the basic datum for the chem-
ical theories on the origin of comets. The matter composing the nucleus is
classified into (a) volatile component, i.e., ice composed mainly of simple
compounds of H, C, N, O, and S, and (b) refractory component, i.e., dust
including silicate and organic refractories so called ‘CHON particles’. See
Mukai (1991) in this chapter for the dust component.

The volatile component of a cometary nucleus is observed as gaseous
molecules in the coma. Table I lists the molecular species observed in comets
prior to Halley as well as in Halley’s comet. Spectroscopic observations were
the only method of observing gaseous molecules in the coma for comets in
the pre-Halley era. The molecular species detected in UV, visual, and radio

Table I. Molecular species observed in pre-Halley comets and comet Halley.

comets prior to Halley
UV : H, O, OH, C, Cf, CO, S, Sy, CS, C*t, CO*, CO;5, CN*
visible : CN, Cq, C3, CH, NH, NH,, O, HCO, Na, Ca, Cr, Mn, Fe, Ni,
Cu, K, Co, V,CO*, CN*, CH, CO7, NJ, OH*, HyO", HyS™,
Cat
radio : OH, CH, HCN, CH3CN(?), HC3N(?7), NH3(?), HoO(?)

Halley’s comet
neutrals : HoO, CO, CO,, CHy, HCN, NH3, H,CO(?), OH, H, C, Cs, Cs3,
CH, CN, NH, NH;, NO(?), S, S2(?), CS, SH(?), SO(?)
ions : H,O%, H30F, OHT, O*, H*, Hf, CO*, COJ, C*, CJ, CH*,
NF, S*, CS+(?), HCS*(?), CH,SH*(?), Na*, Fe™
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wavelengths are shown in the upper part of Table I. For comet Halley, in
situ mass spectroscopy by the spacecraft and IR spectroscopy were carried
out in addition to spectroscopic observations ranging from UV to radio
wavelengths. Molecular species detected in comet Halley are listed in the
lower part of Table I. As seen from Table I, most of the molecular species
observed in the coma are radicals and ions, which are daughter species
produced from parent molecules via photolysis and other chemical reactions.

To obtain a clue to the origin of comets, we have to know the composi-
tion of the parent molecules. Table II shows candidate parent molecules and
their abundances (in number), observed in the comae of comets (Weaver,
1989). It should be mentioned that the abundance values are heavily
weighted towards the results from comet Halley, since a substantial frac-
tion of the candidate parent species was firstly confirmed in Halley, and in
view that the best data were obtained from this comet. The abundances in
comet Halley are summarized by Yamamoto (1990). The following comment
is given to the CO abundance listed in Table II. In only three comets, CO
has been detected definitely, i.e., West (1976VI), Bradfield (1979X), and
Halley. It is remarkable that the CO abundance varies significantly among
these three comets: CO/H;0~ 0.3 for comet West according to theUV
observation by the sounding rocket (Feldman and Brune, 1977), ~ 0.02
(A’Hearn and Feldman, 1980) for comet Bradfield according to the UV

Table II. Abundances of molecules in the coma of comets (from Weaver (1989)).

species X/H20

5010) 1

CO 0.02-0.07
CH,4 0.01-0.05
COq ~ 0.03
H,CO <0.05
NHj; 0.003-0.02
HCN ~ 0.001
No < 0.001
CS, < 0.001

So < 0.001
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observation by the IUE (International Ultraviolet Explorer) satellite (Feld-
man et al., 1981), and ~ 0.15 — 0.2 for comet Halley according to UV
observations by IUE (Festou et al., 1986) and a sounding rocket (Woods
et al., 1986). For comet Halley, the neutral mass spectrometer (NMS) on
board the Giotto spacecraft obtained similar values at distances larger than
15,000 km from the nucleus (Eberhardt et al., 1987). At the distances less
than 10,000 km, on the other hand, NMS yielded CO/H,0S 0.07. The spa-
tial variation in the CO abundance in the coma of comet Halley indicates a
distributed source possibly due to organic mantles on the CHON particles,
in addition to a point source due to sublimation from the nucleus. It is
pointed out (Weaver, 1989) that the variation in the CO abundance among
the three comets may be due to the difference in the field-of-views (FOVs)
used and of the dust production rates; whenever the FOV is small and/or
the dust production rate is low, the observed CO abundance should be
low and close to the CO abundance of the nucleus excluding more complex
molecules containing C-O bonds.

Although the observed abundance values have uncertainties, they ex-
hibit a remarkable characteristic, that is, coexistence of both oxidized (CO,
CO3) and reduced (CH4, NHj) species, indicating that the volatiles in a
cometary nucleus are a mixture of oxidized and reduced compounds. It
should be noted that the chemical equilibrium condensation theory of a
gas of solar abundance (e.g., Lewis, 1974) predicts the reduced compounds.
The observed abundances indicate that cometary ice was formed under non-
equilibrium conditions.

3. Chemical theories for the formation environment

What are the implications of the volatile abundances for the origin of
comets? Two types of theories have been proposed within a framework
of formation of cometary nuclei in the early solar system: (a) Cometary
volatiles condensed in the solar nebula and the Jovian subnebulae from a gas
whose composition was quenched at a high temperature (Prinn and Fegley,
1989; Fegley and Prinn, 1989). Another theory of this type is that cometary
volatiles are clathrate hydrates formed in the solar nebula (Lunine, 1989;
Engel et al., 1990). (b) Cometary volatiles had originally condensed in the
parent interstellar cloud, and lost very volatile species by sublimation in
the solar nebula (Yamamoto et al., 1983; Yamamoto, 1985a: 1985b; 1987).
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The difference between the two types of the theories is summarized as:
are cometary volatiles (a) solar nebula condensates, or (b) interstellar ice
residues?

The Nebular condensate models

Prinn and Fegley (1989) and Fegley and Prinn (1989) proposed a two-
component model for the origin of cometary volatiles. Their model is based
on chemical equilibrium calculations of the molecular composition in a gas
of solar elemental composition, taking account of quenching as explained
below. In this model, the gas is supposed to be initially hot (> 1000K).
The composition of the gas at high temperatures is mainly Hy, He, H,O, CO,
and Ny at low pressures such as those expected in the solar nebula. Note
that the composition of the gas relevant to condensation (i.e., HoO, CO, and
N,) is of an oxidized composition. As the gas cools down, the composition
is fixed at a certain temperature called a quenching temperature T, since
the time scale for achieving chemical equilibrium increases very rapidly as
the temperature gets lower and becomes longer than the nebular dynamical
time scale. As a result, the gaseous composition at T is maintained at
temperatures lower than T,;. Figuer 1 shows this situation for the CO
to CH4 conversion. In chemical equilibrium, CO is the dominant carbon
species of the gas at high temperatures and low pressures, whereas CHy is
the dominant species at low temperatures and high pressures. In the cooling,
however, the gaseous composition is fixed at the quenching temperature
indicated by the curve labeled by T, (;“i“. In consequence, CO dominates CHy
even at low temperatures under the solar nebula conditions that Fegley and
Prinn supposed, as is seen from Fig. 1. On the other hand, CH4 dominates
CO under the conditions of their Jovian subnebula, since the total pressure
of their hypothetical Jovian subnebula is much higher than that of the solar
nebula. A similar situation holds for the N> to NH3 conversion: N, > NHj
in the solar nebula, whereas NH3 ~Ny in theJovian subnebula.

On the basis of these calculations and on the CO/CH4 and Ny/NHj
abundance ratios observed in comet Halley, Prinn and Fegley (1989) and
Fegley and Prinn (1989) proposed that cometary volatiles are a mixture of
materials originated from the solar nebula (and/or the interstellar medium)
and the materials condensed in the giant-planet subnebulae. They deduced
the mixing ratio of 90% solar nebula or interstellar materials and 10 %
subnebula materials, though these materials are not specified. This model
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Fig. 1. CO/CH4 abundance ratio in thermal equilibrium of a gas of solar composition. The
dashed lines indicate contours of constant log CO/CH4 =9, 7, 5, ..., =5, =7, —=9;
CO/CHy4 = 1 along the solid line labeled CO-CHy4. The minimum quenching tem-
perature for CO to CHy4 conversion is shown by the line labeled by Tc’f‘i“. The
dash-dotted curves indicate the pressure-temperature profiles of the solar nebula and
of the Jovian subnebula supposed by Fegley and Prinn (1989). The solidus or liquidus
of Fe is given by the line labeled by Fe(s, liq) (taken from Fegley and Prinn (1989)).

does not discuss the formation of other molecules observed in comets, in
particular the formation of HCN and COs, both of which were detected in
comet Halley.

The mixing mechanisms that Prinn and Fegley (1989) suggested are (i)
sweep-up of the gas of reduced composition in the Jovian subnebulae by the
objects of oxidized composition formed in the solar nebula, or vice versa,
and (ii) partial mixing of the subnebula gas with the solar nebula gas. A
study is needed to examine whether or not these mechanisms are efficient
enough to be able to produce the estimated total mass of comets, as the
authors admit.

Lunine (1989) and Engel et al. (1990) discussed the formation envi-
ronment of comets on the basis of clathrate hydrate formation in the solar
nebula. The basic idea is that fractionation occurs in the incorporation
process of volatile molecules into the pre-existing HoO ice grains in the so-
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lar nebula. For example, the ratio g of the amount of CO to that of CHy
incorporated into HyO ice is expressed by

pco Cco
= : C ) (1)
DPcH, CH,4

where px is the partial pressure of the species X in the solar nebula and Cx
is the probability of occupancy of the clathrate cage by X, which is called
the Langmuir constant. The fractionation factor, Cx, expresses the ability
of incorporation of the volatile species X into H2O ice in thermal equilib-
rium. Since Cx depends on the species, the composition of volatile species
incorporated into the clathrate hydrate differs from that in the nebular gas.

In a recent model along this line, Engel et al. (1990) took account of
the radial transport of materials in the inner solar nebula, into the outer
region (~ 20 AU from the sun), where they presumed the nucleus of comet
Halley formed. In the inner region, it was assumed that the conversion
of CO to CH4 and CO., and of Ny to NHj actively occurred by catalytic
reactions on grain surface. The radial transport brings about two effects:
(a) mixing of reduced composition produced in the inner region with the
oxidized composition in the outer region, and (b) depletion of HoO vapor
due to the radial transport associated with the condensation of H,O around
3 to 5 AU (i.e., “a cold trap in the solar nebula”), which results in the
decrease in elemental O/C ratio in the gas of the inner solar nebula. They
obtained that the observed CH4/CO and CO5/CO ratios of comet Halley
can be reproduced, but on the contraly, the observed NH3/Ns ratio is too
high to be reproduced by the clathration of the solar nebula gas. NHz was
assumed to originate in the parent interstellar cloud.

One of the assumptions made in this model is that cometary ice is a
clathrate hydrate. The maximum abundance of guest molecules is limited
by the number of vacancies in the H5O ice, about 18% of the HoO molecular
abundance. On the other hand, the observed abundances of the molecules
other than H2O are nearly the upper limit, or may exceed the limit in
view of the uncertainties of the observed abundances (Combes et al., 1988).
Furthermore, it is claimed (Fegley and Prinn, 1989) that the conversion
of the oxidized composition to the reduced one via catalytic reactions is
problematic, since it requires of a ‘clean’ solid surface, and that clathrate
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formation in the solar nebula is improbable because of the high activation
energy for clathrate formation compared to the thermal energy of the solar
nebula.

The interstellar ice-residue model

Yamamoto et al. (1983) and Yamamoto (1985a) proposed, from a
comparison of the abundances of cometary and interstellar molecules, that
cometary ice is a sublimation residue of the interstellar ice. In this model,
the formation process was divided roughly into two stages (see Fig. 2) (Ya-
mamoto, 1985b).

The first stage is the interstellar cloud stage. with the cloud being the
parent cloud of the solar nebula. At this stage, gaseous molecules in the
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Fig. 2. A scheme for the formation and processing of cometary volatiles (Yamamoto,
1985b).
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cloud condensed onto grain surfaces to form icy mantles on them. The grain
temperature in the dense regions of the cloud is as low as ~ 10 K| so even
very volatile gaseous species such as Ny and CO could condense onto the
grain surfaces. The mantle composition reflects the interstellar molecule
composition, apart from positive ions. These grains in dense molecular
clouds were characterized by Greenberg (1982); the volatile mantle is com-
posed of a mixture of oxidized and reduced species. Note that the chemical
composition of the gas and mantles are far from the composition expected
under chemical equilibrium. The chemistry prevailing in interstellar clouds
is not a thermal chemistry, but is rather based on ion-molecule reactions in
the gas phase because of the low density and temperature of the cloud, as
well as because of the irradiation by UV and cosmic rays penetrating into
the cloud.

The second stage occurs when the solar nebula has formed from the
interstellar cloud. The important physical quantities are the temperature
distribution of the solar nebula and its time variation, which are however,
not completely clarified in the present. In the inner region, most of the
grains would have sublimed, and as the gas cooled down, grains would have
recondensed subsequently. In the outer solar nebula, on the other hand,
there must have been a region where the the grains coated with ice mantles
survived. Since the solar nebula was warmer than the interstellar cloud,
however, very volatile species in the ice mantles will have been lost by
sublimation. The degree of sublimation would depend upon the distance
from the Sun. The formation region of comets is the region where the
observed volatile abundances are realized.

On the basis of the above scenario, Yamamoto et al. (1983) and Ya-
mamoto (1985a) deduced the following results: (a) The observed molecular
abundances in comets are roughly reproduced from the interstellar abun-
dances except for Np and CO. (b) N3 and CO in comets are depleted by more
than one order of magnitude compared with the interstellar abundances of
N, and CO. Note that both species are very volatile species, which are ex-
pected to be the species lost from the grains by sublimation. (c¢) From (a)
and (b), the formation temperature is estimated to be between the subli-
mation temperatures of No &~ 20K and CO; ~ 70K (Fig. 3). It should be
pointed out that the spin temperature of 25 K derived from the observations
of the ortho/para abundance ratio of HoO vapor in comet Halley (Mumma
et al., 1987) is within this temperature range and close to the lower limit.
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Fig. 3. Sublimation temperatures Ty,p) of the candidate parent molecules of cometary
ice as a function of the gas density. Tyup) is the temperature of the nebular gas
at which each of the molecular species sublimes, and Ty,st the corresponding grain
temperature. It is assumed that the grains are heated by collisions of gas molecules,
and are cooled via thermal emission. At low gas densities, grain heating by collisions
of gas molecules is less efficient, and thus the grain temperature can be appreciably
higher than a given gas temperature. Two temperature distributions of the solar
nebula are shown together with the formation regions of the planets indicated by M,
V, E, ...: (A) the radiative equilibrium distribution (Hayashi, 1981), and (B) the
adiabatic distribution (Cameron, 1978).

The formation distance of cometary nuclei corresponding to this tempera-
ture interval is estimated to be 14 to 15 < r < 80 to 110 AU, depending
upon the temperature distribution of the solar nebula (these values assume a
radiative equilibrium (Hayashi, 1981), or adiabatic distribution, (Cameron,
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1978)). This may be compared with the distance of 150 to 290 AU esti-
mated from the spatial distribution of the aggregates of planetesimals in
the solar nebula, derived from the kinetics of planetesimals formed by the
gravitational fragmentation of the dust layer in the solar nebula (Yamamoto
and Kozasa, 1988). It must be mentioned that there remain ambiguities in
translating the formation temperature into the formation distance in the
present, since the latter depends upon the actual temperature distribution
in the solar nebula together with its time variation, and upon the radial
transport of the nebular materials.

One of the assumptions made in this model is the simplification of the
sublimation process for ice mixtures. Namely, it is assumed that each of
the molecular species composing the ice sublimes independently. However,
recent laboratory experiments (see Section 4) revealed that the sublimation
of ice mixtures is a complex process, and claimed that the assumption of
independent sublimation is invalid in the temperature range higher than the
sublimation temperatures of pure ices. The second assumption concerns the
composition of interstellar ice. This model adopts the interstellar molecule
(i.e., gaseous) abundances. The composition of the ice mantle (e.g., solid
composition) is not necessarily the same as the gaseous composition (e.g.,
D’Hendecourt et al., 1985). The study of the ice in interstellar molecu-
lar clouds is an important subject for revealing the initial composition of
cometary volatiles; much progress has now been made in infrared observa-
tions of interstellar ice, as well as in related laboratory experiments (see the
first paper in this chapter).

4. Concluding remarks

What are the key observations that distinguish between the two types
of the theories? One of the differences between the results the two theories
predict is that concerning with the condensation temperature of HoO ice.
The theory of the nebular condensates predicts the condensation tempera-
ture of about 150 K for the assumed nebular pressure of 1072 to 10~° bar.
On the other hand, the theory of interstellar-ice residue predicts that the
condensation occurs at a temperature of grains (~ 10 K) in the interstellar
cloud, and that the ice has not experienced temperatures higher than the
sublimation temperature of CO, say 70 K. It is known from laboratory
experiments (see Klinger (1990) for a review) that the crystalline structure
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of ices depends upon the temperature at which they condensed. At the low
pressures relevant to cometary ice, the structure of ice is amorphous when it
is condensed at low temperatures, whereas it is crystalline when condensed
at high temperatures. For HoO ice, the transition temperature is 130 to
140 K; the H,O ice condensed at temperatures higher than the transition
temperature is cubic (I.) or hexagonal (Iy) ices, again depending upon the
condensation temperature. Thus, the crystalline structure of the fresh ice of
a cometary nucleus is a key to testing the theories: the nebular condensate
model predicts a crystalline ice, and the sublimation residue model predicts
an amorphous ice. The observations to clarify the crystalline structure of
fresh nuclear ice provide a key for determining which theory is plausible.
Although some cometary phenomena such as sudden brightening suggest
that fresh cometary ice has an amorphous structure, whether the fresh ice
of the inner nucleus is amorphous or not is still an open question.

Finally, the importance of the study of thermal properties in ice mix-
tures is pointed out. Recent sublimation experiments of ice mixtures such
as HyO-CO ice have revealed a complex behavior of the sublimation process
(see Klinger’s (1990) review). In a sublimation experiment of HoO-CO ice,
for example, a distinct sublimation of HoO and CO is observed in seven
temperature intervals as summarized in Table III with identifications of
the processes (Kouchi, 1989). Although it must be kept in mind that the
applications of the laboratory results should be done carefully because of

Table III. Sublimation Behavior of HoO-CO Ice (HoO/CO = 0.5) (based on Kouchi
(1989)).

Starting at 14 K Sublimation of COgus

Starting at 23 K Sublimation of a-CO

Starting at 34 K Sublimation of CO adsorbed on H2Oys
Starting at 80 K Sublimation of HaOa (1)

143 < T < 146 K Transformation of HzOus(I1I)to ¢

~ 157 K Transformation from I. to Iy

> 160 K Sublimation of Iy,

The suffices indicate crystalline structure of HoO ices; ‘as’ stands for amorphous. ‘¢’ for
cubic, and ‘h’ for hexagonal.






