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Abstract. The growing body of data on solar system objects and interstellar space provides us with new 
tests of the connection between the two. We emphasize here the role played by the study of comets through 
the properties of the dust, the chemical composition of volatiles and the elemental abundances. These data 
inform us on cometary matter formation, and hence on conditions in the protosolar nebula. Under the 
adopted scenario of formation in a cold environment, with little further processing, cometary abundances 
are even new constraints to interstellar (gas and solid phase) abundances. Several points specific to the 
chemical modelling of the collapsing cloud and of the protosolar nebula are listed. 

1. I n t r o d u c t i o n 

Due to the cons tan t influx of new d a t a from bo th ground-based research and spacecraft , 
one can t race be t t e r and be t t e r the primit ive connection between the Inters te l lar Medium 
( ISM) and the Protosolar Nebula ( P S N ) . We will focus here on t h e implicat ions of recent 
resul ts from cometary studies (see A 'Hearn 1992 ; Snyder 1992), as comets are though t 
t o be among the most prist ine bodies in the solar sys tem. We will further assume as a 
working hypothesis a close connection between interstel lar and cometary m a t t e r , following 
Y a m a m o t o and coworkers (1983,1985). 

Recent reviews address related fields : meteor i te proper t ies (Meteori tes and the Early 
Solar Sys tem, Kerr idge and Mat thews eds. 1988) ; giant planet a tmospheres (T .Owen 1992) ; 
ice / rock ra t io in P lu to and outer p lanets satellites (McKinnon and Mueller 1988). T h e very 
i m p o r t a n t issue of the D / H ra t io and o ther isotopic ra t ios in the Solar System is addressed 
also by T .Owen (1992). Much information on cometary composi t ion and its relation to ISM 
can be found in the recent works of Irvine and Knacke (1989), Y a m a m o t o (1991), Encrenaz 
et al. (1991), M u m m a et al. (1992), and in Comets in the Post-Hal ley E r a (Newburn et al. 
eds . 1991). 

Shu and A d a m s (1987) describe a possible scenario of t he formation of solar- type s ta rs . 
T h e four main steps are : the inside-out collapse of a gas condensat ion ; the formation 
of a central s tar surrounded by an accretion disk ; t he emergence of a bipolar outflow 
perpendicular to t he disk ; the final T Tauri s tage where most of the gas has been blown 
ou t by the stellar wind. T h e history of cometary m a t t e r s t a r t s even earlier. Refractory grains 
form in t he envelopes of evolved s ta rs , and are eventual ly coated by ices, which are later 
processed to organic refractories when the grains are released in to the diffuse interstel lar 
med ium. W h e n the diffuse med ium condenses in to dense clouds, molecules begin t o form 
a new ice man t l e on the grain surface ; these man t l e s are believed to reevapora te part ial ly 
in to t he gas phase due to some cont inuous or occasional phenomena (e.g. Tielens and 
Al lamandola 1987, Will iams 1990, Walmsley 1990). 

In the collapse phase , the med ium gets denser and denser, and condensat ion will probably 
domina t e any reevaporat ion mechanism unti l t he grain reaches t he central regions. There , 
rehea ted in the accretion disk, it loses part ial ly i ts man t l e . T h e gas has now typically a 
densi ty of 1 0 1 3 c m - 3 , and undergoes a qui te specific chemistry. Some au thors (e.g. P r inn 
and Fegley 1989) see in the gas of the protosolar nebula and the p lane ta ry subnebulae major 
con t r ibu tors t o cometary m a t t e r ; we will not discuss these models here (see Y a m a m o t o 
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1991 for a presenta t ion and references) and follow the hypothesis favoured by Y a m a m o t o 
t h a t the condensat ion of interstel lar gas in a cold envi ronment and the subsequent par t ia l 
subl imat ion in the PSN are the main phenomena de termining cometary composi t ion. Grains 
grow also by coagulat ion t o form cometesimals , which will aggregate t o form cometary nuclei 
(e.g. Donn 1991). These nuclei, soon ejected by 3 body in teract ions wi th t he p lanets toward 
the Oort cloud will endure only superficial a l terat ion by UV and energet ic part icles from 
the Sun and the Galaxy dur ing the 4 Gyr before their eventua l r e tu rn close t o the Sun as 
an active comet . 

To test the different models of solar system formation, comets provide us with the 
following tools : s tudy of their orbits (likelihood of the formation of the Oor t cloud and the 
Kuiper be l t ) ; isotopic abundances , especially D / H enr ichment ; e lemental abundances ; 
chemical abundances ; o r t h o / p a r a rat ios ; micros t ruc ture . 

We concent ra te below on the dust and volatile composit ion of comets . T h e dynamical 
aspects are presented by Weissman (1991) and isotopic ra t ios by T .Owen (1992). Species 
like H2O, H2CO, H 2 S ... have two difFerent hydrogen nuclear spin s ta tes (o r tho and p a r a ) 
which are not easily converted one in to the other and differ in energy ; t h e ra t io of their 
abundances should thus inform us on the formation or last equil ibrat ion t e m p e r a t u r e of the 
molecule. T h e de terminat ion of this ra t io has been a t t e m p t e d on H2O in Halley ( M u m m a et 
al. 1988), bu t , according to the reanalysis made by Bockelee-Morvan and Crovisier (1990), 
there is no clear evidence of any depar tu re from the value expected in the high t e m p e r a t u r e 
l imit . Recent works on meteori tes (see e.g. Kerridge and M a t t h e w s , eds. 1988) show t h a t 
their micros t ruc ture is extremely rich in information, and a similar weal th is t o be expected 
from the s tudy of cometary samples. 

2 . Refractories : Interstellar versus cometary dust 

Greenberg and Hage (1990) have proposed a detailed model of coma dus t based on the 
interstel lar dust model of Greenberg (1985). T h e larger interstel lar gra ins , m a d e of silicate 
cores sur rounded by organic refractories, accrete molecules in a very cold region to form 
precometary grains. Many smaller grains , some made of carbon , o thers of silicates or PAHs 
get included in the molecular man t l e . P recometa ry grains stick together t o form a very 
porous s t ruc tu re ("bird 's nes t " ) . W h e n the cometary m a t t e r is exposed to the sun in t he 
act ive comet phase , volatiles and par t of the organic refractories are released in the coma, 
where they can be observed ; the remaining solid part icles form the cometary dus t . 

This model explains the low albedo observed in Halley's nucleus, the presence of m a n y 
low-mass part ic les , the large organic component ( C H O N part ic les , e.g. Jenniskens et al. 
1991), and the IR proper t ies of coma dus t . It leads to a porosi ty ( empty s p a c e / t o t a l volume) 
of a t least 0.6 for the nucleus. 

Recently, Clairemidi et al. (1991) have proposed a t en t a t i ve identification of PAHs in 
Halleys's coma from UV spect ra ; the PAHs have been proposed as a ma jo r component 
of t he ISM (15% of to ta l carbon) by Leger and Puge t (1984). S t rong isotopic anomalies 
have been found by in situ analysis in individual dust grains ( 1 2 C / 1 3 C from 1 to 5000 ; 
Jessberger and Kissel 1991) suggesting t he aggregation of unmodified solid mater ia l formed 
in a variety of places in the galaxy. 

All these features give suppor t to the idea of the formation of cometary m a t t e r from 
li t t le processed IS mater ia l in a cold envi ronment . 
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H 2 0 152 S 0 2 
83 CH3C2H 65 C H 4 31 

HCOOH 112 NH 3 
78 H 2 CO 64 CO 25 

CH3OH 99 CS 2 78 C 2 H 2 
57 0 2 24 

HCN 95 HC 3 N 74 H 2 S 57 N 2 
22 

CH 3 CN 91 C 0 2 
72 C2H4 42 H 2 5 

TABLE I 
Sublimation temperatures in Kelvin for major molecular species under PSN conditions (gas density 
1 0 1 3 c m " 3 ) . After Yamamoto 1985. 

3 . V o l a t i l e s 

In a series of paper Y a m a m o t o and coworkers (1983, 1985, 1991) have s tudied a two stages 
model to explain the molecular abundances encountered in comets . F i rs t , interstel lar gas 
freezes on grains to form ice mant les in the early stages of Solar sys tem formation. Second, 
t he t e m p e r a t u r e rise toward the center of the pr~+osolar nebula evapora tes part ia l ly or 
tota l ly the most volatile species. In this view, cometary ices should have the same relative 
abundances as in the interstellar medium, with the major exception of CO and N2 , which 
have especially low sublimation t empera tu re s . T h e abundances of C O , CO2, N2 a re used 
to constrain the t empera tu re at the final steps of cometary nuclei formation t o 20-70K 
(for pressures corresponding to the expected typical density, 1 0 1 3 c m - 3 ) . Table 1 gives the 
subl imat ion t empera tu re for impor t an t molecules under PSN condit ions ( Y a m a m o t o 1985). 

Recent advances in ground-based comet observations (cf A 'Hearn 1992 ; Snyder 1992 ; 
Crovisier 1991a ; Weaver et al. 1991), together with Halley's results have enabled an in-
creasing number of tests of this scenario. We assume here t h a t gas product ion ra tes from 
the nucleus give a good pic ture of i ts in ternal composit ion (a noticeable depa r tu re from this 
is however predicted in some models , due for example to differential subl imat ion , Espinasse 
et al. 1991). 

T h e abundance of sulfur species is a new tool m a d e available by recent radio and visible 
observat ions (Crovisier et al. 1991, Kim and A 'Hearn 1991). We summar ize briefly the 
results of the comparison with ISM (see Despois et al. 1992). T h e present inventory of the 
sulfur volatile compounds in comets seems essentially complete (in t e rms of fraction of to ta l 
S) ; H 2 S and the paren t of CS (proposed to be CS2 ) domina te , with comparable amoun t s 
( 0.1-0.2 % of H2O ). S is thus depleted in the volatiles, compared to solar S /O value, 2% , 
b u t not in the comet as a whole (i.e. including the dus t ) . Unlike what is presently observed 
in m a n y places in IS gas, where these species are of comparable abundances ( ra t io 0.1-10), 
H2S s t rongly dominates sulfur oxides (SO and SO2) by 2 to 3 orders of magn i tude . To 
in terpre t this in the frame of the above model seems to require the conversion in to H2S of 
a large fraction of a tomic sulfur (predicted to be the dominan t S species in ISM) through 
grain surface reaction during the formation of cometary m a t t e r . 

A summary of o ther cometary volatiles is given in Table 2 ; this list is r a the r conservative, 
and the species quoted are fairly securely identified. T h e derived abundances are however 
sensitive to some extent to model pa ramete r s concerning the exci tat ion of the molecule 
and its spat ia l dis t r ibut ion (some species like H2CO seem to or iginate a t least in pa r t 
from an extended source, grains or heavier paren t molecule ; regarding exci ta t ion, a tomic 
sulfur — a decay produc t — is one of the difficult cases) (Bockelee-Morvan and Crovisier 
1992 ; Roe t tge r 1991). On the other hand , new molecules help constra ining the models ; for 
example , the numerous m m lines of methanol will permi t to constrain ro ta t ional and kinetic 
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CO 40-200 (a) NH 3 
2 H 2 S 2 

c o 2 
35 HCN 1 ( a ) CS(CS 2 ) 1 ( a ) 

C H 3 0 H 10-40 (c) N 2 0.2 OCS <2 
H 2 c o 0.4-40 (b) CH 3 CN <0.1 H 2 CS < 1 
C H 4 <3 HC 3 N <0.05 s 2 0.2/<0.05 (b) 
C 2 H 2 ? so <0.005-0.005 

S 0 2 
<0.001-0.01 

TABLE II 
Production rates of major known or expected constituents of the nucleus, normalized to the produc-
tion rate of H 2 0 . Unit : H 2 0 = 1000. See Crovisier 1991b and Mumma et al. 1992 for references. 
Notes: a) variable from comet to comet b) may be variable ; spatial distribution not completely 
understood c) still under interpretation 

t e m p e r a t u r e in t he coma, which previously relied mainly on hydrodynamica l modell ing 
(Bockelee-Morvan et al. 1990). 

Note in par t icular the high CH3OH/H2CO ra t io (with the above caveat!) , t he low 
CO /H2O, t he very low abundances of N2 and N H 3 , as well as of C H 4 . I m p o r t a n t to 
ment ion also is the apparen t variability from comet t o comet of some of the species : CO 
(seen in m a n y comets with different relative abundances t o H2O ) ; S2 seen in only one 
comet (bu t with high S /N) and absent t o very good l imits in o thers . 

4 . E l e m e n t a l a b u n d a n c e s 

If comets are a real pris t ine sample of PSN mater ia l , their elemental composi t ion should be 
close t o solar. Recent summaries (Encrenaz et al. 1991; Wyckoff et al. , 1991) using Vega and 
Gio t to dust analyser results together with careful (but in some cases indi rec t ) measurements 
of coma gas composit ion from ground-based observat ions have bo th concluded t h a t ni t rogen 
is depleted globally (by a factor ~ 6 ) ; this is mainly due t o t he N depletion in t he volatiles ( ~ 
75). Al though not directly observable, the abundances of t he two main N bear ing species, N2 
and N H 3 have been carefully derived from their daughte r species N j , NH2 and NH, and the 
reali ty of these depletions seems certain. Note however t h a t some componen ts like N H j , X ~ 
and ( H C N ) n have not been measured, and t h a t ano ther abundance s u m m a r y (Delsemme 
1987) is consistent with a solar value for ni trogen (most ly because of t he adopt ion of a high 
N2 abundance ) . 

A simple explanat ion of this depletion is obta ined in Yamamoto ' s m o d e l : above ~ 20 K, 
pure N2 would begin to subl imate in the P S N , and N2 is considered t o be a ( the ?) major 
ni t rogen depository in the gas phase. Note however t h a t O2 has also a low subl imat ion 
t e m p e r a t u r e . T h e fact t h a t 0 is not unde rabundan t would imply t h a t comets formed from 
a gas where O2 was not a major species. This is i m p o r t a n t , as the oxygen budge t of t he ISM 
is not yet unders tood ; it would favor a tomic 0 , or H2O (gas or solid), b u t not O2 , as main 
oxygen reservoir in molecular clouds. Another possibility is t h a t of react ions des t roying O2 
in the PSN ( to form H2O ?) ; in t h a t case, cometary abundances are expected t o depar t 
not iceably from interstel lar ones. 

Other noticeable features regarding elemental abundances can be seen in Fig. 1. In 
P /Hal ley , there are , beside the expected H deficiency, a slight deficiency of C and a larger 
deficiency of S in the gas phase , which are roughly compensa ted by higher dust abundances , 
and a margina l indicat ion of non solar S i /Fe . T h e la t t e r , if confirmed by future spacecraft 
measuremen t s with higher S /N, would be difficult to explain in the frame of a formation 
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Fig. 1. Elemental abundances in the gas and the combined gas+dust components of P/Halley 
relative to solar photospheric abundances and normalized to Mg. After Wyckoff et al. 1991. 

a t cold t e m p e r a t u r e from homogeneous IS m a t t e r . 

5 . S o m e r e m a r k s o n t h e m o d e l l i n g o f t h e t r a n s i t i o n f r o m I S M t o P S N 

To unde r s t and the chemical composit ion of solar sy tem objects , especially l i t t le evolved 
objec ts like comets , one needs to model the evolution of the collapsing gas and its subsequent 
evolut ion in the outer fringes of the nebula. This is a qui te complex task, as m a n y compet ing 
p h e n o m e n a are involved. However the rapid increase in t h e a m o u n t of d a t a calls for such 
work, and makes it a very excit ing subject . We comment here briefly on some aspects of 
th is new field. 

T h e density and t empe ra tu r e evolution could be taken from the numerical models of solar 
sys tem formation (see Boss et al. 1989 for a s u m m a r y ) . T h e results are however rarely given 
in Lagrangian (comoving) coordinates which are more convenient for t he s tudy of most ly 
local processes like chemical evolution. Such a comoving evolut ion of physical pa ramete r s 
can be more easily retrieved from approx imate analyt ical models . T h e inside-out model of 
collapse (Shu 1977 ; Adams et al. 1987) a l though qui te simplified, seems to include much of 
t h e relevant physics, according to its success ( IR spec t ra of YSOs and spat ia l d is t r ibut ion 
of t h e m a t t e r a round them : Adams et al. 1987 ; B u t n e r et al. 1991). Regarding the PSN 
accret ion disk, a qui te manageable model is given by Wood and Morfill (1988). 

Ano the r quest ion is t h a t of the chemistry in t he gas. Ion-molecule chemistry, dominant 
in t he IS med ium, will remain l imited by its energy inpu t , ionisation th rough cosmic rays , 
which has no reason to grow and will eventual ly decline in the innermost pa r t of t h e proto-
stellar core due t o opaci ty effects (e.g. Ginzburg 1978). T h e increase in densi ty will favor the 
recombina t ion of preexist ing ions and radical species, and , even with a modes t increase in 
t e m p e r a t u r e , neu t ra l -neu t ra l reactions will t ake place preferentially. Shock chemist ry may 
t a k e place a t t he bounda ry of the disk, if there is an accretion shock as in the model of Hol-
lenbach and Neufeld (1990) ; shocked gas will also be present a round the bipolar flow which 
-in t h e present view -should accompany the early solar evolution. Other h igh-T chemistry 
is expected in the inner solar nebula (cf. P r inn and Fegley 1989), b u t the species produced 
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there should not con tamina te much the outer nebula th rough diffusion (Stevenson 1990). 

Flares have even been proposed as the origin of t he rapidly hea ted and cooled inclusions 

found in meteor i tes (chondrules)(Levy and Araki 1990). Other effects m a y be produced by 

the early sun. 

Grain surface chemistry, as was suggested in the s tudy of sulfur species, m a y become the 

dominan t chemistry. Condensat ion of molecules on grains is an increasingly efficient process 

as collapse proceeds. Molecule encounters with grains grow linearly with densi ty ; in a cold 

med ium with H2 density higher t h a n 1 0 9 c m - 3 , molecules will condense on grains in less 

t h a n a year in the absence of any reevaporat ion process. It appears clearly compulsory 

now to t ake in to account ice mix ture proper t ies in order t o discuss t he condensat ion and 

evapora t ion of the ices (Schmit t et al. 1989, Sandford and Al lamandola 1990, Y a m a m o t o 

1991). Some CO for example may be re ta ined a t t empera tu re s as high as 50 K on an H2O 
ice surface, cont ras t ing with the 10-20K for a pure CO layer ; a comparison of solid versus 

gas phase CO abundances in dark clouds is given in W h i t t e t and Duley (1991). 

T h e surface available for molecule condensat ion and react ion is however decreased to an 

unknown extent by grain coagulation (e.g. Cassen and Boss 1988). This phenomenon , first 

and essential s tep in the formation of larger bodies , is ext remely difficult t o model . Grain-

grain velocities depend on the (unknown) turbulen t proper t ies of t he gas , and aggregated 

grains are likely to have a fractal s t ruc tu re as is common in such processes. Such s t ruc tures 

have already been considered in the ISM ( to explain dust emission proper t ies , Wright 1987) 

and in a PSN context (e.g. Wei den schilling et al. 1989). I m p o r t a n t also are : t he t e m p e r a t u r e 

of the grains , which is expected to be different from the gas, the eventual ejection processes 

releasing molecular mant les in to the gas phase , and the surface react ion ra tes . 

In the recent years , some models have already taken in to account pa r t of the above com-

plexity : Tielens and Hagen (1982), d 'Hendecour t et al. (1985) (grain surface chemis t ry) ; 

Boland (1982), Tarafdar et al. (1985), Brown et al (1988), Rawlings et al. (1992) (chemistry 

in a collapsing cloud). 

6. C o n c l u s i o n s 

Our knowledge of cometary abundances has considerably grown recently. We now have good 

es t imates or significant upper limits on critical molecular abundance ra t ios like CO/H2O, 
C O / C H 4 , N H 3 / N 2 , H 2 S / ( S O + S 0 2 ) , H 2 S / H 2 0 , ... We have also th rough the combinat ion 

of ground based and space results indications for a significant depa r tu re from solar elemen-

tal abundances in the case of ni trogen. W i t h all these new d a t a , we begin t o be able t o 

constrain models of solar system formation. If one admi t s further , as was done above, t he 

scenario in which cometary m a t t e r results from condensat ion of interstel lar m a t t e r wi th 

l i t t le processing, these abundances even give new cons t ra in ts t o ISM chemical models . It is 

t hus desirable t h a t IS chemical models including grains provide man t l e composi t ion for com-

parison. Due to the large range of phenomena occuring, m a n y molecular abundance ra t ios 

should be considered together to test the various theories ; among t h e m , minor species such 

as S-bearing species are extremely useful diagnostic tools . Processes l inking IS abundances 

and cometa ry / so la r sys tem abundances need to be invest igated, like gas phase chemist ry 

a t densities higher t h a n 1 0 7 - 1 0 8 cm-3, and non-LTE condensat ion of ice mix tures . Gra in 

surface chemist ry plays probably a dominan t role, b u t o ther possiblities (accret ion shock 

chemistry, . . . ) have also t o be invest igated. To go further , more d a t a is needed. This is for-

tuna te ly wha t the next years should br ing, th rough high spat ia l and spectra l resolution 
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m m and IR invest igat ion of low-mass s tar forming region by means of mil l imetric interfer-

ometers and infrared satelli tes, th rough on-going ground based observat ion of comets , and 

u l t imate ly r e tu rn to E a r t h of a comet sample by the Rose t t a spacecraft . 
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Q U E S T I O N S A N D A N S W E R S 

B . F o i n g i l n its early evolution in the T-Tauri and past T-Tauri phase, the Sun has an 

enhanced activity in terms of UV flux ( ~ 1 0 0 times higher than now), intense flaring and 

strong winds, as well as energetic particles. How do you expect this active early Sun to 

affect and alter grains before them being integrated into cometesimals? 

D . D e s p o i s : We don't know yet. Several groups are investigating the effects of UV and 

energetic particles on ices. It is precisely the study of the chemical composition of comet 

nuclei which will inform us on the importance of these effects, and hence on the duration 

and relative starting time of the various phases of cometary matter formation, cometesimal 

accretion, clearing of the nebula and exposure to early Sun radiations. 
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