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PREFACE

This conference publication contains many of the invited and contributed papers presented at the
workshop on Analysis of Returned Comet Nucleus Samples. The workshop was held on January 16—
18, 1989, in Milpitas, California, under the sponsorship of the Lunar and_Planetary Institute and
NASA Ames Research Center. After the fly-by missions to comet Halley in 1986, the prospect of
launching the joint ESA/NASA Rosetta/Comet-Nucleus-Sample-Return (CNSR) mission in 2002 with
a sample return from a comet in 2010 raised considerable scientific interest and provided the
stimulus for the meeting. The papers assembled here provide a partial historical record of the
scientific issues and measurement objectives articulated in 1989 for the analysis of returned comet
nucleus samples. My plan for a timely publication of these papers after the workshop was frustrated
by a lengthy illness, and by the time I returned to active work, the momentum had been lost. To
colleagues whose papers did not get into print until now, I offer my deep apologies.

During the intervening years, comet missions suffered setbacks and advances. In the early 1990's the
Comet Rendezvous Asteroid Fly-by Mission (CRAF, work on which was formally begun in
November, 1989) was canceled by NASA, and the Rosetta/CNSR mission underwent a substantial
transformation, becoming a comet rendezvous mission like CRAF and including an instrumented
soft lander, but no longer a sample return. Rosetta will be launched in 2003 with arrival at comet
Wirtanen in 2011 and landing in 2012. In the mid-1990's interest in samples returned from comets
was stimulated by the success of the Stardust proposal in competing for a place inr the Discovery
Program. Stardust—a mission to fly through a cometary coma and capture dust particles intact in
aerogel, and then return them to Earth—will be launched in 1999 to a fly-by of Comet Wild 2, with
sample return anticipated in 2006. As these missions developed, astronomical detection of Kuiper
Belt comets and the extraordinary apparitions of comets Hyakutake and Hale-Bopp continue to fuel
comet science. In the same timeframe, the technical challenge of a CNSR mission was taken up by
NASA in the form of the Deep Space 4/Champollion mission now taking shape as part of NASA's
New Millennium Program, and including participation by the French space agency; CNES. DS-
4/Champollion will be launched in 2003 to a rendezvous with periodic comet Tempel 1 in late 2005,
with a landing in 2006, and cryogenic, sub-surface sample return to Earth in 2010. Another
anticipated comet mission is Contour which was selected through the Discovery Program and which
will fly by at least 3 short-period comets. After some substantial setbacks, the fortunes of cometary
missions are once again on the upswing, though future implementation is never a sure thing.

Certainly, scientific interest in comets will persist. Astronomical observations alone leave wide gaps in
our knowledge of the nature and origin of cometary volatiles and dust. Continuing studies of
-interplanetary dust particles will reveal more about the connections between their components and"
their possible origins from comets, asteroids or interstellar dust. Instrumental methods of analyses
will continue to advance across a broad front toward applicability to smaller and smaller sample
sizes. Synergies will arise in the advancement of analytical techniques as the prospects for return of
samples from Mars in 2006 develop in parallel with those for comet nucleus sample return. Samples
.of comet dust will be returned from the Stardust mission in 2006, and samples of cometary ices and
dust will be returned by DS-4/Champollion in 2010. Therefore, laboratory studies will be conducted
on samples of known comets. It is only. a matter of time. '

My belated thanks go to workshop organizers and participants and to authors who supplied
manuscripts. I am grateful to Paul Weissman for providing an update on comet missions.

Sherwood Chang
NASA Ames Research Center
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Nucleosynthesis and the Isotopic Composition of Stardust

."

A.G.G.M. Tielens

Space Sciences Division
MS 245-3, Moffett Field
CA 94035

Abstract

Various components have been isolated from carbonaceous meteorites with
an isotopically anomalous elemental composition. Several of these are generally
thought to represent stardust containing a nucleosynthetic record of their
birthsites. This paper discusses the expected isotopic composition of stardust
based upon astronomical observations and theoretical studies of their birthsites:
red giants and supergiants, planetary nebulae, C-rich Wolf-Rayet stars, novae and
supernovae. Analyzing the stardust budget, it is concluded that about 15% of the
elements will be locked up in stardust components in the interstellar medium. This
stardust will be isotopically heterogenous on an individual grain basis by factors
ranging from 2 to several orders of magnitude. Since comets may have preserved a
relatively unprocessed record of the stardust entering the solar nebula, isotopic
studies of returned comet samples may provide valuable information on the
nucleosynthetic processes taking place in the interiors of stars and the elemental
evolution of the Milkky Way.

1 Introduction

One of the most interesting developments within the field of interstellar
dust in recent years is the realization that some interstellar and circumstellar
grains have been incorporated into meteorites and interplanetary dust particles
without totally losing their identity (see the reviews by Kerridge 1986 and by
Anders et al. 1989). Evidence for this rest on the measurement of isotopic
compesition of such materials. Although the meteoritic composition is in gross
sense remarkedly homogeneous, non-mass-dependent isotopic anomalies do exist
in many elements. These include the noble gasses, the light elements (H, C, N, and




0), and the heavy elements (e.g., Ca, Ti, Cr, Ni, Nd, Sm and others). Although some
unusual process in the solar nebula might have produced non-mass-dependent
isotopic fractionation in some elements, it is unlikely that it could account for all
of them. Moreover, the measured isotopic anomalies are very characteristic for a
presolar origin of the material. In particular, some Xe and Kr isotopic anomalies
associated with a carbon phase carry the signature of the nucleosynthetic s-
process in red giants, suggesting the presence of largely unmodified carbon
stardust in meteorites (Kerridge and Chang 1985). Other components isolated from
meteorites seem to carry the nucleosynthetic record of novae and supernovae
(Anders et al. 1989). The best stardust characterizations have been made for C-
dust. To a large extent this reflects merely the importance of vaporization and
recondensation processes in the solar nebula for the mineral component of
meteorites leading to a large degree of dilution of stardust oxides. Since the solar
nebula was O-rich, contamination of the C-stardust record by solar nebula
condensates is probably much less severe.

Comets are among the most pristine objects in the solar system and their
study may reveal much about starformation and solar nebulae processes. One
popular model of comets envisions them as dirty snowbals formed by the
aglomoration of ices and interstellar dust in the outer reaches of the
protoplanetary disk (Greenberg 1989). In that case, processes in the solar nebula
as well as on the parent body are unimportant and a large fraction of refractory
stardust, including the oxides, may be readily identifiable. Thus even more than for
meteorites and interplanetary dust particles, analysis of the isotopic composition
of comet samples may reveal important information on the nuclear processes
taking place in stardust birthsites. Such knowledge is expected to revolutionize
our understanding of the composition and evolution of stars and the Milky Way.

This paper considers the isotopic composition of stardust inferred from
observational and thearetical studies of their birthsites. Section |l discusses the
galactic stardust budget for the three main dust components identified in stellar
ejecta, C-dust, silicates and SiC. The ecological impact of stardust on the total
interstellar dust budget is also briefly discussed. There are several processes that
can lead to the incorporation of (isotopic) trace species in a condensing solid.
These are reviewed in section lll. Section IV summarizes the nuclear processes
taking place in the interiors of stars and their resulting evolution. The emphasis is
on known or suspected sources of stardust: O-rich and C-rich red giants, red
supergiants, planetary nebulae, C-rich Wolf-Rayet stars, novae and supernovae.
Astronomical observations of the isotopic composition of their ejecta is
discussed. Section V briefly discusses the isotopic composition of various
suspected carbon-stardust components isolated from carbonaceous meteorites,
their likely birthsites and the processes by which these anomalies were included




in the condénsing grains. Finally, the implications for the Rosetta mission are
briefly discussed in section VI.

~

i} Stardust Characteristics

Many stars go through a pronounced phase of mass loss at the end of their
life. Upon expansion, the ejected material cools down and conditions often become
_ favorable for dust nucleation and condensation. This socalled stardust manifests
itself then by extincting the stellar light and reradiating the absorbed energy at
infrared wavelengths. Among the stellar objects known to be associated with
newly formed dust are red giants and supergiants, novae, planetary nebulae, and WC
Wolf Rayet stars. Infrared observations show evidence for the presence of
amarphous silicates, hydrogenated amorphous carbon (ie., soot), polycyclic
aromatic hydrocarbon molecules (ie., PAHSs), silicon carbide, and magnesium sulfide
grains around these objects (cf., Tielens and Allamandola 1987a). Until recently
there was no direct astronomical evidence for dust formation in supernova ejecta.
However, various independent lines of evidence have revealed that dust has formed
in the ejecta of SN 1987A in the Large Magelanic Cloud (Wooden 1988). Moreover,
small diamonds have been isolated from carbonaceous meteorites with an isotopic
composition suggesting an origin in SN ejecta (Anders et al. 1989). Thus, it is
likely that all SNe are important sources of stardust as well. The chemical make-
up of these supernova condensates is, however, unknown.

A) The Stardust Budget

Table 1 summarizes the carbon, silicate, and SiC stardust budget of the galaxy (see
Gehrz 1989; Tielens 1989). Carbon stardust predominantly, but not exclusively,
forms in C-rich ejecta (ie., C/O > 1). C-giants dominate the carbon stardust budget,
with a small contribution from WC stars (for detail see Tielens 1989). The novae
contribution is somewhat uncertain since the composition of the ejecta is
sensitive to the specific conditions and is observed to vary (Truran 1985; Wiescher
et al. 1986). The value quoted in table 1 assumes a factor ten enrichment in
elemental C compared to solar, which increases it slightly from the previous study
(Tielens 1989). We have included the contribution from the central stars of
planetary nebulae (PN), based on a typical C-mass loss rate of 10°9 Mg yr'1 and a

surface density of 40 kpc2 PN in the galaxy (Pottasch 1984). Although there is no
direct evidence for dust formation in these high velocity winds (=1000 km/s), the
UV/visual line spectrum of some PN nuclei resemble those of late type WC stars



which are known to condense C-dust. Note that PNe are surrounded by extensive
dust shells resulting from mass loss in the preceding red giant phase, which is
seperately listed and not included in the PN value given in table 1. Since the ashes
from the He-burning zone are C-rich (Woosley and Weaver 1986a), type |l
supernovae might be an important source of C-dust (Clayton 1981). However,
various observations of SN 1987a in the LMC suggest that turbulence is very
important in a supernova explosion (Arnett et al. 1988). This will mix the He ashes
with products of the more fiercely burned core and, for completely mixed ejecta, C
is only a minor elemental component (e.g., C/O=0.1 for a 25Mg progenitor; Woosley
and Weaver 1986a). Little if any C-dust formation is then expected. This also holds
for type la supernovae, but their overall contribution to the C-budget of the galaxy
is never expected to be large (Thielemann et al. 1986; Woosley and Weaver 1986a).
The supernova values given in table 1 correspond to the maximum amount possible
and the actual contribution might be much less. The H-rich conditions in C-giant
ejecta will lead to the formation of highly hydrogenated amorphous carbon dust
(i.e., soot). In contrast, C-dust formed from He-ashes (eg., WC stars, SNe) will not
be hydrogenated and, based on extensive laboratory studies (Curl and Smaliley
1989), might have a disordered, fullerene structure (Tielens 19889)

When the elemental C/O ratio is less than unity, gilicate or metal grains are
expected to condense out (Salpeter 1977). M-giants and supergiants show 10 and
20um emission or absorption features generally ascribed to the SiO stretching and
bending vibrations in amorphous silicates. They are important contributors to the
silicate stardust budget. The estimate for giants in table 1 is based upon solar Si

abundances, an estimated H mass loss rate of 5x10-4 My kpc2 yr-1 for M-giants
(Jura 1987), and assumes that all Si condense out as (Mg,Fe)SiO4. Supergiants

typically have a mass loss rate of 10-S Mg yr1. With a galactic supergiant surface

density of 5 kpc2, this resuits in 2x10-7 Mg kpc-2 yr1. Supernovae (type |l as
well as type la) are the dominant source of newly synthesized silicon and can thus
be important silicate producers as well. The estimates quoted in table 1 are based
on nucleosynthesis SN calculations (0.2 and 1.2 Mg per type la and type Il SN
respectively; Thielemann et al. 1986; Woosley and Weaver 1986a) and a SN rate of
10-5 kpc-2 yr1 for each (Tammann 1982). Since these numbers assume that all
the Si condenses as silicates, they should be considered as upper limits. Some
novae show evidence for silicate dust condensation, besides the more abundant C-
dust (Gehrz 1988). The estimate in tabie 1 is based on a mass ejection of 10-4 Mg,

a nova rate of 40 yr-1, and a solar Si abundance (Truran 1985). Note that the
composition of the condensing silicates is not well known. Observations suggest a
highly disordered structure, probably the result of the low condensation
temperature (Tielens and Allamandola 1987b).




Table 1: The stardust budget of the galaxy

Source contribution (10-¢ Mg k;\)c-2 yri)a
carbon-dust silicates SiC

C-giants 2 - - 0.07

M-giant - - 3 - -

novae 0.3 0.03 [0.007]d

planetary nebulae 0.04b - - - -

Red Supergiants - - 0.2 - -

WC stars 0.06 - - - -

type Il supernovae [2]¢ [12]c -

type la supernovae [0.3]¢ [2]c -

notes: a) Uncertainties are typically a factor 3. b) Mass loss during the red giant phase is not included (see
text for details. ¢) Stardust formation has been observed in supernovae 1987a, but the composition of the

dust is not known. d) No astronomical evidence for SiC formation in novae (see §li).

The 11.3um feature due to SiC grains is observed in circumstellar shells
around C-rich giants (and planetary nebulae) whenever the elemental C/O ratio is
in the range 1 to 1.5 (Roche 1989). Assuming that all the Si condenses out, this
corresponds to a production rate of 7x10-7 Mg kpc'2 yr1. However, analysis of IR
observations suggests that only 10% of the Si has condensed out in SiC in the
"orototypical” C-giant IRC 10216 (Martin and Rogers 1987) and we have adopted
this conservative value in table 1. Isotopic anomaious SiC grains isolated from
carbonaceous meteorites probably result from nova ejection (Anders et al. 1988)
but, since Si is not greatly enhanced in novae explosions, their contribution is
small. Moreover, the astronomical evidence for SiC formation in nova is
controversial. A 10um feature, resembling those observed in O-rich giants and
attributed to silicates, has been observed in nova V1370 Agl. However, the absence
of the corresponding 20um silicate emission feature in this nova has led to the
suggestion that the carrier is a diatomic grain material, presumably SiC, despite
the poor spectral match (Gehrz 1988). But, in contrast to dust shells around O-rich
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giants which have dust at a range of temperatures, nova shells contain dust at a
single (high) temperature and the 20um silicate feature might be much weaker
than normally expected (Roche, private comm.). Thus, the absence of this feature
might not be decisive. Formation of SiC grains is not expected in SN ejecta, since
either the C and Si zone are mutually exciusive or mixing produces O-rich ejecta
and probably leads to oxide dust. .

B) Stardust and Interstellar Dust

Studies of interstellar extinction and polarization have shown that about
haif of the avaiilable, condensible elements (i.e., heavier than He) has to be in the
form of interstellar dust (Tielens and Allamandola 1987b). The ubiquity of the
10um silicate feature, corresponding to =30% of the total dust mass (Cohen et al
1989), attests to the importance of silicates in the intersteilar dust budget. In
general, it is assumed that this refractory grain component is formed in stellar
ejecta. However, recent laboratory studies have shown that under some conditions
silicate formation may also occur in the interstellar medium itself (Nuth and
Moore 1988). Because of abundance constraints, the remainder of the interstellar
dust mass is probably in the form of a carbonaceous dust component. Both modeis
based upon graphite (or perhaps amorphous carbon) formed in C-rich stellar ejecta
(Mathis 1989) as well as on hydrocarbon grains formed by accretion and UV
photolysis in the interstellar medium (Greenberg 1989) have been proposed. Either
of these models can provide excellent fits to the observed intersteilar extinction
and polarization given an appropriate grain size distribution. In fact, the derived
grain size distributions are exceedingly similar and little additional information
can be gleaned from such observations. The total elemental Si injection rate is
about 4x10-6 Mg kpc-2 yr1 and, thus, about 2% of all Si is ejected in the form of
SiC, of which at most =0.1% originates in novae. Thus, SiC stardust seems
unimportant on a galactic scale and models based on it (Gilra 1972) have been
largely abandoned. Observationally, a conservative upper limit on the ratio of the
11.3 um SiC band to the 10 um silicate band of 0.1 in the ISM translates to at
least 10 times more Si in silicates than in SiC.

Studies of elemental depietion patterns in the interstellar medium also
indicate that silicates and carbonaceous grains are important components of the
interstellar dust (Jenkins 1989). The gas phase abundance of Si, as well as the
metals, Fe, Ca, Al, and Ti, is observed to be highly depleted (by a factor 10 or
more) compared to the cosmic abundance value. Presumably, the missing fraction
is locked up in silicate (or metal) grains (Field 1974). Although quite uncertain, C
seems to be quite depleted in the interstellar medium (by about 50%). However,
elements such as O and N, which predominantly form volatile condensates (ie., H20



and NHg), are much less depleted (<20%). Such elemental abundance studies have
also revealed that high velocity clouds have neariy solar abundances of elements
such Fe and Si (Jenkins 1989). These clouds have probably recently been shocked -
hence the high velocity - which has presumably lead to destruction of most of the
dust mass. Based upon expected shock frequencies in the ISM, the dust destruction
rate in the ecology budget of the galaxy is then estimated to be about 1.4x10-4 Mg

kpc-2 yr1, corresponding to a stardust lifetime of about 4x108 yr, a number
uncertain by perhaps a factor two (McKee 1989). A further 5x10-5 My kpc2 yr1 of
dust and its associated gas is lost due to starformation.

These numbers can be directly compared to the stardust injection rates in
table 1. The maximum total dust injection rate, including SN, is 2x10-5 Mg kpc-2
yr-1. For a total ISM gas mass of 5x10° Mg (Scoville and Sanders 1987) and a dust
abundance of 1% by mass, this corresponds to an injection timescale of about
2.5x109 yr. Therefore, in equilibrium only about 15% of the stardust survives in an
average patch of the ISM. If we exclude SN for which the dust fraction is not well
known, the average fraction of the elements locked up in stardust is only 3%. Thus,
interstellar dust models based on stardust alone, which require 70 and 90% of the
C and Si in the form of stardust in the interstellar medium (Mathis 1989), face
serious problems. In fact, it is difficult to explain elemental depletions of more
than 75% by stardust formation alone, since that would correspond to a dust
destruction rate of less than 7x10-6 Mg kpc-2 yr1 - a factor 20 lower than the
theoretical expected value (McKee 1989). This problem is further compounded for
the most heavily depleted elements, Fe (>90%) and Ca (>99%), which require dust
destruction rates of less than 2x10-6 and 2x10-7 Mg kpc-2 yr-1. This is even more
so since mass loss from O and B stars is known to contribute about 10% of the
elements exciusively in gaseous form (Jura 1987). Obviously, accretion processes
in the interstellar medium have to be very important in determining the gas phase
abundance of these heavily depleted metals (Snow 1975). Given this conclusion,
modeis based upon a dust component formed by accretion (and photolysis)
processes in the interstellar medium, containing perhaps 25% of the condensible
elements (Greenberg 1989), have to be taken very serious. Indeed, observations
along three different lines of sight show the presence of hydrocarbon grains
containing between 5 and 25% of the elemental C (Tielens and Allamandola 1987b;
Cohen et al. 1989). Such hydrocarbon grains have not been observed in
circumstellar dust sources and presumably reflect a dust component formed by
local interstellar medium processes.




{11 Impurities in Stardust

Several distinctly different processes can lead to the incorporation of
impurities in stardust. First, during condensation chemical substitution may take
place. This is particularly true for isotopes such as 13C. Second, stardust
formation generally occurs under highly supercooled conditions and, even though
thermochemistry might indicate the condensation of one (or more) well defined
mineral (ie., MgoSiO4; Grossman and Larimer 1974), dust formation may be

expected to be highly heterogeneous leading to a highly mixed elemental
composition. Thus, metal cations such as Ca and Al are expected to be readily
substituted for Mg in circumstellar silicates, despite the difference in
coordination and binding. Likewise, metals such as Fe and Ti can replace Si in SiC
and N can replace C in diamond grains. The presence of such impurities at the few
percent level or higher is well known for terrestrial specimens. Indeed, the colors
produced by dissolved metal ions were aiready well appreciated by glass artisans
in 14th century Venice.

Third, impurities can form chemical bonds with dangling bonds at internal or
external grain surfaces during the grain condensation process. Peripheral groups
such as OH are well known both for silicate as well as for carbonaceous grains.
Highly disordered carbon soot with its many internal "surfaces” and edges contains
in general a large complement of peripheral groups. The planar aromatic structure
of soot also lends itself well to intercalation of impurities. The = electron system
can accept as well as donate electrons with a typical binding energies of 0.5-1 eV
and thus a variety of species can be incorporated, including metals such as Na and
K. In contrast, noble gasses such as Ar and Xe have only a binding energy of 0.1-
0.15 eV on a graphitic (or silicate) surface (Jaycock and Parfitt 1986), which
corresponds to a residence time of =10-11 sec at a dust condensation temperature
of 800 K. Thus, noble gasses are not expected to be easily incorporated into
condensing grains. Nevertheless, experimental studies of Xe adsorption on carbon
black samples have revealed an unexpected, tightly bound Xe component which
remains up to temperatures of 1300 K (Wacker et al. 1985). Note that most of the
Xe was bound on external surfaces and readily evaporated upon warm up. At the low
dust temperatures of the ISM (=15K) evaporation of such a nobie gas component
will be of little importance, but in view of the low binding energy and the
importance of gas-grain interactions in the ISM, it is unlikely that they will be
preserved into the solar nebula. The tightly bound component may represents a long
random walk in the extensive pore network of carbon black with release possibly
inhibited by bottleneck pores. Alternatively, it is known that He implanted into
graphite remains trapped at much higher temperatures (=450K) than expected from
simple physisorption (E=0.02eV; Moller et al. 1982). Presumably, this involves
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Fig. 1: The mean projected range for implantation of ions with an energy of 5 keV/amu, corresponding to a
grain-gas drift velocity- of 1000 km/s.

vacancies, a well known effect for metals where binding energies of a few eV have
been measured (Scherzer 1983). Although the literature is much sparser, heavier
noble gasses seem also to be trapped at such vacancies. Thus, stardust could
contain traces of tightly bound noble gasses.

Fourth, high velocity ion implantation can lead to a large concentration of
impurities, but the high velocities required limit this process to supernova and
nova ejecta and the fast winds of the central stars of planetary nebulae. Figure 1
shows the mean projected range for ion-implantation in various solids (Burenkov
et al. 1986). A gas-grain drift velocity of 1000 km/sec has been assumed,
corresponding to =5 keV/amu. This picture is appropriate for (super)nova ejecta
overtaking previously ejected material (Clayton 1981). In this case, the typical
depth of implantation is about 1500 A fairly independent of grain material. Since
this is a physical process, all elements can be retained and this process may be in
particularly important for the noble gasses which are difficult to adsorb
otherwise. The penetration depth is insensitive to the mass of the impacting ion
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(i.e., energy). For example, from Ar (40 amu) to Xe (130 amu) the penetration depth
in graphite increases only from =1750 to 2200 A. Thus, only minor fractionation
will occur. Larger differences in the retention of ions of different mass may occur
on a timescale associated with the diffusion of the lightest ion, but at ISM dust
temperatures (=15 K) this will be unimportant, except perhaps for H and He. When
the dynamics of the outflow are dominated by radiation pressure on dust balanced
by gas drag (i.e., red giants), the typical gas-grain drift velocities are quite small
(<20 km/sec; Tielens 1983). Since penetration depends strongly on the ion energy,
much smaller implantation depths are obtained. For example, a Kr atom impacting
at 20 km/sec (=0.2 keV) will only penetrate 5 A (< two graphite layers). Such
shallowly implanted ions are probably lost by subsequent interstellar medium
processing (i.e., sputtering in low velocity shocks) and this is unlikely to be
important for the isotopic composition of stardust.

IV  Nucleosynthesis and Stellar Evolution

Following the seminal work by Burbride et al. (1957) and Cameron (1957), it
is now generally accepted that almost all elements heavier than He have been
synthesized in the interiors of stars by nuclear reactions. This transmutation of
the elements plays a key role in the evolution of stars. Also the energy released
stabilizes stars against gravitational collapse and, of course, provide the photons
observed by us. The text books by Clayton (1968) and Rolfs and Rodney (1988)
provide a thorough discussion of stellar nucleosynthesis. A recent review of the
state of the art in nucleosynthesis is provided by the volume edited by Arnett and
Truran (1985).

The key nuclear processes that play a role in the synthesis of the elements
include the major energy burning cycles: H- burning into He; He-burning into C and
O; and C-, O-, and Si-burning producing the intermediate peak (or silicon peak) and
iron peak elements (16<A<60). Since the binding energy per nucleon decreases for
high (A>60) mass number, the elements more massive than Fe have to be produced
by other means than static nuclear burning. Essentially, these elements are thought
to result from the combined effects of capture of neutrons onto Si-peak and Fe-
peak elements and B-decay. Depending on whether neutron capture is slower (s-
process) or more rapid (r-process) than B-decay different elements are
synthesized. The s-process will occur under neutron-rich, "static" conditions and
red giants are considered the likely origin of most of the solar system s-process
elements with some contribution from type il SN. The r-process characteristically
occurs under "explosive” conditions, when a large number of neutrons are rapidly
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Fig. 2: A schematic Hertzsprung-Russell Diagram indicating the location of various types of stars and their
internal nuclear energy source. Theoretical evolutionary tracks for three different mass stars (1, 25, and
120 M,) are indicated by solid and dashed lines. Dust formation has been observed in red giants and

supergiants, planetary nebulae, WC Wolf-Rayet stars, and novae. The recent type I supernova, SN1987A,
also shows evidence for dust formation. See text for details.

in the released. Generally, the solar system r-process elements are attributed to
supernova explosions. The origin of a few heavy elements is not well understood,
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but might involve proton capture (p-process). Their abundance is however low.
Finally, for completeness spallation due to the cosmic ray bombardment in the ISM
should be mentioned. This process is, however, only expected to be of importance
for the synthesis of the lighter elements.

Traditionally, a discussion of stellar evolution starts with the Hertzsprung-
Russell diagram (HR diagram), in which a star's luminosity, L, is plotted versus its
effective ( ie., surface) temperature, Teff, or equivalently its color (Fig 2). The
overwhelming majority of the stars fall into a few well defined regions (ie., main
sequence, giants, supergiants) in such a diagram. To a large extent the position of a
star in this diagram is determined by its internal nuclear energy source and its
mass. Due to the nucleosynthesis in their interiors, stars will (slowly) evolve. In
particular, when a particular energy source is exhausted and a new one is turned
on, completely different internal conditions (ie., higher density and temperature)
are required. Often, the photosphere will "rapidly” adjust itself to these changed
conditions and move to a new location in the HR diagram. Figure 2 shows
schematically where H-, He-core burning and H/He shell burning is of importance
in the HR diagram. Thus, stars on the main sequence burn H into He in their core,
while red supergiants burn He into C. Giants on the other hand have exhausted their
central energy supply and burn H and/or He in a shell surrounding the core.

The evolution of stars is different for different stellar masses. Stellar
evolution can also be influenced by the mass loss associated with a strong stellar
wind (i.e., Wolf Rayet stars). Several theoretical evolution tracks are superimposed
upon the Hertzsprung-Russell diagram in figure 2 (lben and Renzini 1983; Maeder
and Meynet 1987). During several distinct evolutionary phases material can be
ejected by the star either in the form of a steady wind (ie., giants, supergiants,
Wolf Rayet stars) or explosively (ie., novae, supernovae). Dust nucleation and
condensation has been observed to take place in the outflows from red giants,
supergiants and C-rich Wolf Rayet stars (WC stars). Boundaries for dust formation
in these phases are schematically indicated in fig. 2. Dust formation is also
observed in some novae and, recently, in supernova 1987a.

Mixing of freshly synthesized material from the core or regions surrounding
it to the surface is a common phenomena in late stages of stellar evolution. This is
in particular true for the stardust forming objects: giants, supergiants and WC
stars. As a result the surface composition of such objects can change drastically.
Indeed, such systematic variations have been observed and form one of the -most
important tests of stellar evolution theory (Lambert 1988; Willis 1982; Maeder
1987). Likewise, material ejected by novae and supernovae has a distinctly non-
solar composition (Truran 1985; Woosley and Weaver 1986a). Table 2 summarizes
some of these variations for phases of stellar evolution associated with stardust
formation. The emphasis is on the isotopes of C and O, which because of their
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Table 2: Isotopic Anomalies _

Object Abundance ratios2 ~ dustb
12C/13C  18Q/17Q  18Q/18Q s-process other

M-giants 0.1 0.25 1 - - - - silicates

S-giants 0.3 0.2 1.4 =10 12C silicates

C-giants 0.3-1 - - - - =20 12C SiC, C-dust

Novae 10-3  10-3 - - - - 26A] (26Mg) silicates
22Na (22Ne) C-dust, PAHs

red- 0.1 0.2 1 - - - - silicates

supergiants

WC stars [e]c [eo]C [eo]C [51¢ 12C, 22Ne C-dust
23Ng

notes: a) Observed abundance ratios relative to solar ratios in varicus stardust forming objects. b) Observed

dust materials (see section Hl for details). c¢) Predicted theoretical values.

abundance have been the easiest to measure in astronomical spectra. Observed
enhancements in the abundance of s-process elements, as well as some other
relevant elements, are also indicated. The type of solid materials observed to
condens out around these objects are also summarized in table 2. These have been
discussed in more detail in §ll and in Tielens and Allamandola (1987a). In the
remainder of this section, these isotopic abundances and their nucleosynthetic
origin will be discussed.

A) Evolution of low mass stars

Low mass stars (M < 8 Mg) like the Sun spend most of their lifetime (=6x109
yr for the Sun) on the main sequence burning H into He (fig. 2). After H in the core
is exhausted, H-burning in a shell surrounding the He core takes over as the energy
source and the star moves over onto the giant branch. The star moves slowly up on
the giant branch (ie., higher L) until the core is massive enough to ignite He burning
into C and O. At this point the star will rapidly move down the giant branch to the
core-He burning region of the HR diagram (fig. 2). For stars somewhat more
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massive than the sun (i.e., >2.3 Mg) core He-burning occurs in a region distinct from
the giant branch (at higher Tgt#f). When the He fuel is exhausted in the core, the C-O
core will contract until it is supported by electron degeneracy against further
gravitational collapse. In these low mass stars, central pressures and
temperatures never get high enough to iginite further stable burning. The star is
now in essence a C-O white dwarf surrounded by an extensive envelope in which
alternating H- and He-shell burning occurs. This adds mass to the core and again
the star moves up in iuminosity on the (asymptotic) giant branch. When the
enveiope mass becomes very small mainly due to the strong stellar wind, the white
dwarf core becomes visible and ionizes the previously ejected material forming a
planetary nebula. At this point, nuclear energy generation has ceased and the white
dwarf will slowly darken into oblivion. For the most massive stars in this regime
(=8 Mg) static nuclear burning may proceed slightly further producing an O-Ne-Mg
white dwarf (Nomoto 1984).

M-. S-. and C-Giants: During its evolution on the giant branch, the chemical
composition of a low mass star will change. First, starting out as an O-rich M-
giant, material is dredged up from the H-burning shell surrounding the He-core,
resulting in an enrichment of 13C, 14N and 170 and a small depletion in 12C and
possibly 180 (ie., CNO cycle). Once He burning is ignited, convective instabilities
may mix He ashes to the surface. As a result the star may change from an O-rich
M-giant to a C-rich C-giant, possibly passing through the S-giant phase in which
C/O=1. Due to the pronounced effect of the C/O ratio on the molecular composition
of these cool stars, this enrichment in C can readily be observed in the molecular
composition of the stellar photosphere. During the He shell burning phases
(socalled thermal pulses) conditions are favorable for the formation of s-process
elements. Thus, simultaneously with the increase in 12C, the abundance of s-
process elements in the photosphere will increase relative to that of Fe.
Observations are in good agreement with these expectations (Lambert 1988; Smith
1989). Note that this change in photospheric composition also has a pronounced
influence on the chemical make up of the stardust: silicates in M-giants versus
hydrogenated amorphous carbon and SiC in C-giants. This merely reflects the high
stability of the CO molecule, which locks up either all of the C or all of the O,
depending on which has the lesser abundance. The excess O or C is then available
for oxide or carbonaceous dust formation (Salpeter 1977).

B) Low mass binaries
For members of close binary system, the last stages of evolution can be

slightly different due to accretion of material from a companion on to the white
dwarf surface. Slow accretion of H-rich material may reignite nuclear burning at
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the white dwarfs surface in a thermal nuclear runaway, leading to a nova explosion
and the ejection of about 10-4 Mg (cf., Truran 1985). Such a system may experience
many nova "puffs”. In contrast, when accretion is rapid, the white dwarf is
compressed and heats up. When enough material has accreted, nuclear burning is
ignited again. A subsonic C-deflagration wave propagates outwards and the
released nuclear energy completely disrupts the white dwarf in a type la supernova
explosion (Nomoto 1985).

Novae outburst are thought to result from a thermonuclear runaway on the
surface of an accreting white dwarf in a close binary system. Nuclear burning
probably proceeds through the CNO cycle and enhancements in 14N, 15N, 13C and
170 and depletion of H are expected. Indeed, significant enhancements in 13C and N
have been observed for many novae ejecta (Truran 1985; Wiescher et al. 1986).
However, enhancements in the total C, N, and O abundances as well as unexpected
enhancements of Ne, Na, Mg, and Al have also been observed. It seems that hot
explosive H-burning and/or mixing of white dwarf material into the ejecta can be
very important. Finally, explosive H burning in novae may aiso lead to the
formation of the radioactive elements 22Na and 26Al, which decay to 22Ne and
26Mg respectively.

The white dwarf material in type la supernova explosions undergoes
explosive C, Ne, O and Si burning at the passage of the C deflagration wave,
ultimately resulting in the production of iron peak elements (Nomoto 1985). The
outer layers burn only partially or not at all and significant amounts of
intermediate mass elements such as 12C, 160, 24Mg, 28s;, 32s, 36Ar, 40Ca are
ejected as well. The presence of such elements in the ejecta has been well
established observationally (Branch et al. 1982; Branch 1984) and forms one of the
major points in favor of C deflagration explosions over the C detonation models for
type la SN explosions. If such a SN result from the accretion of material on to a
white dwarf surface, rather than from the merging of two white dwarfs, than He
flashes may produce some s-process elements. The conditions during the SN
explosion (ie., in the precursor shock wave) may then favorable for the production
of r-process elements through neutron capture on these s-process elements
(Nomoto 1985).

C) Evolution _of massive stars

After H is exhausted in their cores, a massive star will evolve to the right in
the HR diagram and will burn He in its core as a red supergiant (Fig. 2). In contrast
to low mass stars, the resulting C, O core of massive stars never becomes
degenerate and, after He is exhausted, further "quiet” nuclear burning can occur,
transforming C and O through a number of intermediate steps into the Fe peak
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elements. Since the Fe peak elements are the most tightly bound nuclei, further
burning will not release energy and the iron core will rapidly contract to nuclear
densities. This core may bounce like a rubber ball driving an outward propagating
shockwave. This, coupled with energy transfer between the core and the envelope
through neutrinos, may lead to violent ejection of most of the star - a socalled
type lI supernova explosion - leaving a compact remnant behind (ie., neutron star or
black hole; Woosley and Weaver 1986a). Initially, the temperature behind the
outward propagating shock is high enough for further (explosive) nucleosynthesis,
but a large fraction of the ejecta contains the ashes of previous burning cycles
(ie., the elements C through Al). For example, detailed numerical caiculations show
that a 25 Mg star leaves a 2 Mg compact remnant behind and ejects about 4.3 My of

freshly synthesized heavy elements, resulting in a typical elemental enrichment of
a factor 10 over solar (Woosley and Weaver 1986a). Since the later stages of
evolution are very rapid, the stellar photosphere does not have time to readjust
itself and they will all occur in the same part of the HR diagram, the red
supergiant regime (Fig. 2).

The detailed evolution of very massive stars is heavily influenced by their
mass loss rate and these stars spend only a small fraction of their (He-core
burning) life as red supergiants. Instead, they mainly burn He in their core as blue
or yellow supergiants (Chiosi and Maeder 1986). As a result of the mass loss, the H
envelope is progressively lost. Moreover, convection will carry freshly synthesized
material to the surface and the surface composition will evolve, showing
progressively the H-burning (CNO cycle) and He-burning products. Thus these
massive stars will evoive through the WN (N-rich) and WC (C-rich) Wolf Rayet
phases. Finally, these stars will explode as supernovae, but because by that time
they are H-poor, their spectrum differs from that of typical type Il supernovae.
Presumably, this is the origin of the type Ib supernovae (Woosiey and Weaver
1986D).

Red Supergiants: Mixing during this phase will bring the products of H-
burning via the CNO cycle to the photosphere. Enhancements in the 14N and 13C
abundance are expected and have been observed (Maeder 1987). Changes in the O
isotope ratios are also expected, but a detailed comparison is somewhat hampered
by uncertainties in the relevant reaction rates. Such (anomalous) O isotope ratios
have been observed for the M supergiants a Sco and a Ori (Lambert et al 1984,
Harris and Lambert 1984) and these are summarized in table 2. These anomalous
isotopic ratios will be preserved in the silicate dust observed to condens around
these objects.

C-rich _Wolf-Rayet stars: Due to extensive mass loss, very massive stars go

through a Wolf Rayet phase in which the photospheric composition has changed
drastically. In the C-rich phases (ie., WC stars), the photosphere consist of He
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burning products (ie., 12C, 22Ne) and H, 13C, 170 and 180 essentially disappear. WC
stars will also show overabundances of 23Na, 25,26Mg and 29.30Sj (Prantzos et al.
1986). The overabundance of 26Al, produced during the preceding N-rich Woli-
Rayet phase, will however disappear on a short timescale (=1 05 yr). The dust
observed to condense out around WC stars has an amorphous carbon character, but
will obviously not contain H.

Type I SN explosions will eject C-, O-, Si-burning products into the ISM.
This includes the iron peak elements, as well as intermediate mass elements
associated with the Si peak (Woosley and Weaver 1986a). Supernovae are praobably
the origin of the r- and p-process elements and may also contribute to the solar
abundance of some s-process elements (Woosiley and Weaver 1986a). An
enhancement of 26Al is produced and may be incorporated into any condensing dust
grains.

Only a very limited study of supernova explosions of Wolf Rayet stars (fype
b SN) have been performed, mainly concentrating on the explosion mechanism and
the (possibie) black hole remnant (Woosley and Weaver 1986b). It is likely that
some of the iron core and the surrounding partially burned envelope will be
ejected. If, as is likely, the Filipenko-Sargent object represents a type lb SN, then
O, Na and Mg are ejected by the SN explosion of such a massive star (Filipenko and
Sargent 1985).

V  The measured isotopic composition of stardust

In recent years various components have been isolated from carbonaceous
meteorites which because of their anomalous isotopic composition are generally
identified with stardust which has been incorporated into the meteorite parent
body without major modification in the ISM or solar nebula (ie., melting,
vaporization). Since these studies provide some ciues to the stardust components
that may expected in cometary bodies, it is of some relevance to briefly
summarize the results on these components and their origin. Excelent reviews of
this field can be found elsewhere (Anders 1988; Anders et al. 1989). We will
concentrate on some of the carbonaceous components, Ca, B, §, and &, which
correspond to amorphous carbon, diamond, and two types of SiC grains.

CB: This component consist of SiC grains with Xe isotopic abundances

characteristic for the s-process. This anomaly is accompagnied by a similar
enrichment in s-process Kr isotopes as well as by the presence of a substantial
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enrichment in 13C (12C/13C=40; Anders 1988). These isotopic anomalies point
towards C-rich red giants as the birth site of this stardust component (see table
2). The low 12C/13C reflects the interplay of first dredge up during the O-rich red
giant phase, leading to 12C/13C=10, and the dredge up of pure 12C during He
flashes in the asymptotic red giant phase which transform the O-rich giant into a
C-rich one. Further astronomical support for this identification results from the
presence of the 11.3um SiC stretching vibration in the IR spectra of many C-rich
giants. Since such stars aiso produce copious amounts of amorphous carbon, a
similar isotopic anomaly in the amorphous carbon phase of carbonaceous
meteorites might also be expected. lts isolation might, however, be more difficult.

The nature of the process that lead to the trapping of the noble gas
impurities is unclear. lon-implantation is, a priori, the most likely origin for
trapped noble gasses. However, the gas-grain drift velocities expected in the
outflows from red giants are less than 20 km/sec (Tielens 1983), resulting in an
implantation depth of less than 5A. It is unlikely that this outermost layer would
survive the frequent shocks in the ISM. The central stars of planetary nebulae, the
descendant of red giants, do have high velocity winds (=1000 km/sec) which could
lead to deeper implantation, but they will interact with only a small fraction of
the dust ejected in the red-giant phase. This holds even more for a possible type la
supernova explosion, which can occur in the white dwarf descendant if it is part of
a double system. Furthermore whether these ejecta would contain s-process
elements remains to be seen.

The alternative explanation for the origin of the trapped noble gasses,
adsorption during condensation, has its share of problems. The high release
temperatures (>1400K) and high noble gas content (Xe=10-7 cm-3 STP /g) are hard
to reconcile with adsorption. Although amorphous carbon when exposed to Xe at a
partial pressure of =10-7 atm, does lead to "tightly bound" Xe (=10-% cm~3 STP /g)
which is released only at high temperatures (=1000K), this probably is a particular
property of the disordered structure of amorphous carbon with its large porous
network (Wacker et al. 1985) and may not apply to SiC grains. Moreover, although
the Xe partial pressure in these experiments was 10 orders of magnitude larger
than expected for C-rich giants, the tightly bound Xe content was two orders of
magnitude less than in CB. Further experimental studies particularly on highly
disordered samples are required to address this quantitative aspect.

Surprisingly, only 4x10-5 of the Si in carbonaceous meteorites is contained
within SiC (Anders et al. 1988). The SiC stardust budget analysis in section 1A
concluded that about 2% of all the silicon is injected in into the ISM in the form of
SiC. Taking into account destruction of stardust by strong SN shocks, the average
volume of the ISM should contain about 0.3% of all the Si in the form of SiC
stardust - about two orders of magnitude more than measured. Tang and Anders
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(1988) have measured the 21Ne content of SiC grains, presumably a cosmic ray
spaliation product, and concluded that their average ISM lifetime was only 50 Myr.
This is decidedly less than the theoretical estimate (4x108 yr; McKee 1989) and
may imply that the sun formed in an non-average region of the galaxy (i.e., OB
“association) which has been heavily affected by SN shocks. Assuming this lifetime,
results in an average fraction of Si contained in SiC of 4x10-4, still an order of
magnitude more than measured. Of course, such an average will not mean much if
the local ISM was not in a steady state situation. An alternative explanation for
the low abundance of SiC grains may be that most of the stardust (=99%) was
destroyed upon entering the solar nebula. Recent theoretical studies of the early
solar nebula predict mid-plane temperatures of 1500K at the asteroid belt (Boss
1988), close to the evaporation temperature of SiC grains (=1600K; Larimer and
Bartholomay 1979). Chrondules and Ca-Al rich inclusions show abundant evidence
for such high temperatures in the asteroid belt, although this might be related to
transient heating events (i.e., lightning; see, Grossman et al. 1988; Hewins 1988;
MacPherson et al. 1988). Likewise, the coarser matrix material, which is abundant
in carbonaceous meteorites, may result from nebular and/or parent body processes
(Scott et al. 1988). The stardust components identified in carbonaceous meteorites
may then refer to a relatively late addition just prior to the formation of the
meteoritic parent body, possibly when most of the dust has settled and
temperatures are lower (i.e., reduced opacity).

Ce: This is another SiC dust component, often associated with spinel and thus

separable from CB. It is highly enriched in 22Ne and 13C (12¢/13C < 10) and shows
small enrichments in the heavy isotopes of Si (Anders et al. 1989). Although most
of the 22Ne in the galaxy may result from He burning (in WC stars; Maeder 1983),
the high isotopic fractionation suggests an origin in 22Na which decays to 22Ne
with a half time of 2.5 yr (Clayton and Hoyle 1976). Since, in contrast to Ne, Na
binds strongly, large fractionations are possible for this radioactive daugther
product. The high 13C enrichments are also characteristic for novae (Truran 1985).
Finally, the variable enrichment in the Si isotopes may also be consistent with a
novae origin, particufarly if the progenitor is an Ne-O-Mg white dwarf (Wiescher et
al. 1986).

Surprisingly, there is no evidence for SiC grains in the IR spectra of novae
(see section Il). This is somewhat discomforting since it should be detectable if
all the available Si condenses out as SiC. This might imply that most of the Si
forms silicates and only a minute fraction SiC. However, this poses a second
problem with the nova interpretation. The meteoritic abundance of SiC containing

22Ne relative to that containing s-process is about unity (Anders et al. 1989). This
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should refiect the relative importance of these two sources of SiC dust. However,
assuming very conservatively that all the Si in nova ejecta and only 10% in C-giant
ejecta forms SiC we estimate that C-rich giants produce ten times more SiC (table
1). Of course, as for CB, the measured absolute amount of Si in SiC from novae is
lower than predicted (see above). Another puzziing aspect is the close association
of Ce, but not CB, with spinel. It suggests perhaps an interrelationship dating back
to the nova ejecta. Now, novae are the only stardust source suspected to condens
oxides (silicates) as well as C-dust (see section i), so a mixed bag of dust is
perhaps feasible. It would suggest, though, that this spinel phase has to be heavily
enriched in 170 as well as in the daugther product of 26Al, 26Mg (table 2).

Here it is worth noting that another carbonaceous component (Ca) with a high
22Ne content has been isolated from carbonaceous meteorites. Its structure is
poorly defined but is probably some form of amorphous carbon (Anders 1988). The
22Ne and 15N again point towards an origin in novae. Since amorphous carbon is a
suspected nova condensate, this seems entirely reasonable. The 22Ne was probably
trapped as intercalated 22Na, while N substituted for C. The measured C and N
~ isotopes are somewhat different from those of CB and might suggest a slightly
different set of novae contributed to these two carbonaceous components in
meteorites or_a slight contamination by stardust with a different origin (i.e., C-
giants 7).

C3: This is the most abundant form of elemental C in carbonaceous
meteorites (=0.1% of elemental C). It consists of small (25A) diamond
microcrystals containing a Xe anomaly known as Xe H-L, which is enriched in the
light as well as the heavy Xe isotopes (Anders et al. 1989). Curiously, the C
isotopes are solar but 15N is anomalous (depleted). The measured Xe anomalies
resemble the results of the p- and r-process in various zones of type |l SNe
(Anders 1988). The r-process might actually be driven by neutrons generated by the
interaction of neutrinos (released by the central neutron star) with He atoms in
the He/12C-rich zone in the ejecta (Epstein et al. 1988).

The carbonaceous carrier of the Xe anomaly may have condensed in this C-
rich zone of the supernova ejecta, or may represent grains formed during an earlier
mass-loss phase of the SN progenitor (Clayton 1981). In either case, the trapping
of the noble gasses is probably due to ion implantation. The ejected material,
coasting at 1000-5000 km/sec, will drive a strong shock wave into the
surrounding gas, sweeping it up, while a reverse shock will propagate backwards
(in mass coordinates) slowing the ejecta down. Initially, the ejecta and swept up
circumstellar material will interact only over a thickness comparabie to the

22



stopping length (=105 cm). Thus, only a very minor fraction of the previously
ejected dust would be bombarded by the ejecta. However, the contact discontinuity
"separating” the ejecta and swept up matter will be Rayleigh-Taylor unstable,
driving global mixing at a (subsonic) velocity of =1000 km/sec. Because of their
inertia, large grains in this turbulent velocity field will develop drift velocities of
this same order. Thus, both dust formed in the ejecta as well as "old" dust will be
bombarded by ions with energies of =5keV/amu and implantation to a depth of
=1500A will occur. Note that very small grains {<100A) will not stop very many
impacting ions (<0.1%). Moreover, they would show very large fractionation effects
between for example Kr and Xe. Thus, in such a model the small microcrystals
observed in carbonaceous meteorites initially had to be part of a much larger
polycrystalline grain (=1500A; Blake et al. 1988).

Some impiantation of isotopically anomalous species can also result from
the thermal bombardment in the non-radiative (post) shocked gas. A shock velocity
of 1000 km/sec corresponds to a thermal energy of =5 keV/ion and will lead to
implantation at a depth of about 75 A. Again the smallest grains (now < 25 A) will
stop only few (< 1%) impacting ions. Of course, this bombarment will also lead to
sputtering from the surface and irrespective of size the outer =300 A of a grain
will be removed over the expansion timescale of the shock (Seab 1987). Thus,
again, an initial grain size much larger (>300A) than measured for the carrier of
the Xe anomaly is implied.

Clayton (1981) has suggested that implantation occurred when the fast SN
ejecta swept up C-dust ejected in a previous evolutionary phase. Since C-dust is
required, a C-giant progenitor is implicated but such stars will not explode as type
Il SN. They can explode as a type la SN, if a member of a binary system, and a
variant based on this premisses has been developed by Jorgensen (1988). However,
it is unclear whether such SN will indeed lead to a large enrichment in r-process
elements (Nomoto 1985). Moreover, the SN explosion may occur much later than the
red-giant phase and little of the latters grains may be affected by the high
velocity SN ejecta. Thus, it would be difficult to explain the large trapping
efficiency and the large fraction of elemental C in C3 in carbonaceous meteorites.
Finally, the C isotope ratio measured in the diamonds is unlike that for C-giants
and in fact, unlike any single source of C-dust (table 2). The almost solar C isotope
ratio is indeed very curious, since 12C and 13C are made by quite different
nucleosynthetic reactions (He burning versus CNO cycle) and their galactic budget
is dominated by different types objects (C-giants and WC stars versus novae, and
C- and O-giants). It seems unavoidable that muitiple birth sites for the C8 phase
are involved, which represent an average cross section of the injection of all
elemental C. Since the dominant elemental carbon sources show C-stardust

formation, such a model is perhaps possible. The decreased 15N/14N ratio in C§
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may then just reflect the imortance of C-giants in the C-stardust budget, since
such stars will have been enriched in 14N via the CNO cycle. -

Two distinct models for the formation of interstellar diamond dust have been
advocated, metastable chemical vapor deposition in stellar ejecta (Anders et al.
1989), and high pressure transformation of amorphous carbon dust due to grain-
grain collisions in interstellar shocks (Tielens et al. 1987). Some laboratory
techniques have been very succesful in depositing C-films with properties very
similar to diamond. In general, however, amorphous carbon with a predominantly
aromatic bonding character is formed. For example, burning a hydrocarbon flame
will result in copious amounts of soot and (unfortunately) not diamonds. This
merely refiects the thermodynamic preference for graphite at low temperatures
and pressures. Although soot contains tetrahedrally bonded C, its structure -
aromatic platelets connected by diamond like hydrocarbon chains - is quite uniike
that of the C3 phase (Blake et al. 1988). The conditions in the outflow from C-
giants is quite similar to those in hydrocarbon flames and soot formation is
expected (Tielens 1989). Indeed, C-rich PN - the descendants of C-rich giants -
show abundant evidence for aromatic hydrocarbon molecules, the building blocks of
soot. Likewise, red fluorescence observed in the ISM indicates a considerable
amount of hydrogenated amorphous carbon (x:C-H) grains which has a structure
similar to soot (Duley 1985). The IR spectra of WC stars also show evidence for
aromatic rather than diamond binding of the condensing grains (Cohen et al. 1989).
Nevertheless, it is perhaps possible that the very specific conditions required for
diamond formation by CVD techniques are satisfied in some celestial objects.
However, in the eyes of this (perhaps biased) reviewer, whether such an object can
actually provide sufficient amounts of diamond and particularly a solar C isotope
ratio is doubtful.

Grain-grain coliisions (v= 10 km/sec) behind strong shocks can provide the
high pressures (2400 kbar) required to convert graphitic C into diamond (Tielens et -
al. 1987). Numerous laboratory studies have shown that this process is very
efficient (Bundy et al. 1973). Several of the measured properties of the meteoritic
diamond phase are readily explained by this high pressure process. These include
the microcrystalline grain size (very similar to those measured in laboratory
experiments), the structure (small crystals surrounded by an amorphous rim), and
the quite normal 12C/13C ratio (many C-stardust birthsites of which only one
contributed Xe H-L; Tielens 1989; Blake et al. 1988). The high pressure method has
one major drawback: the expected leftover amorphous carbon stardust component
with a similar isotopic composition has not been detected in carbonaceous
meteorites to an upper limit of perhaps 10% of that of C8 (Anders et al. 1989).
Theoretical models of shock processing of interstellar dust imply that about 15%
of the C-stardust survives into the solar nebula (§ Il}), about 10% is transformed
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into diamond (Tielens et al. 1987), and the remainder is destroyed. If, however, the
stardust lifetime of 50 Myr derived from SiC measurements is adopted (Tang and
Anders 1988; see above), then only 3% of the C-stardust survived into the solar
nebula. The fraction converted into diamonds (10%) is, however, not very affected
by the absolute shock frequency since they are formed as well as destroyed by
shocks (Tielens et al. 1987). Nevertheless, the predicted surviving stardust
component is still somewat uncormfortabiy large. Of course, if dust sources and
sinks in the local neighbourhood from which the sun formed were not in
equilibrium (ie., nearby SNe destroyed most of the local dust; Anders et al. 1988),
then essentially all of the surviving C-stardust could have been transformed into
diamonds. Thus, at this point, it seems that this is not lethal argument against a
shock origin for these diamonds.

Summary

As table 2 demonstrates the isotopic composition of the major elements, C
and O, varies by factors two to several orders of magnitude from one class of
sources to another and even within classes. Similar variations have been observed
for s-process elements such as Yttrium, Zirconium, and Neodymium. The stardust
condensates are expected to preserve this nucleosynthetic record on an individual
grain basis. Conversely, this implies that any bulk! sample will contain a mixture
of stardust from many different birthsites and with a very heterogeneous isotopic
composition. Since the stardust birthsites also dominate the return of all elements
to the ISM, the average of such a bulk sampie might not differ much from solar.
Indeed, the almost solar 12C/13C ratio of C3, despite the Xe signature indicating a
SN origin, may be a good example of such a mixture. For a proper assesment of the
nucleosynthetic record contained within comets, analysis on an (interstellar) grain
by grain basis is therefore almost imperative.

Theoretical studies indicate that about 15% of the stardust originally
ejected will survive the rigors of the ISM. Yet, meteorites seem to contain only
about 0.1% of the cosmic elemental C in the form of stardust components. In fact,
while about 50% of the interstellar dust must be made up of carbonaceous
material. the abundance of carbonaceous solids in meteorites is much more limited
(=2% by mass). Likewise SiC stardust is much less abundant in meteorites than
expected from stardust budget considerations (§V). There are two possible
explanations for this discrepancy (Anders et al. 1989): 1) Solar nebula processes

1 pylk relative to stardust masses (=10-14 g)
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have lead to the vaporization of most of the interstellar dust mass in the asteroid
belt. 2) The sun formed out of an anomalous region of interstellar space (e.g., an OB
association) where most of the preexisting dust was destroyed by nearby SNe.
Since the refractory component of cometary materials is expected to be much less
affected by solar nebula and parent body processes, a comet sample return mission
is expected to be very valuabie for the study of particularly the more fragile
stardust components. In particularly, since the oxide stardust preserved by
meteorites has been heavily diluted by solar nebula condensates - probably only
0.1% of the Si is in surviving stardust and 99.9% in solar nebula condensates - such
a mission is indispensable for an analysis of silicate stardust.

Since present day techniques require sample sizes farger than a micron, new
powerful analytical techniques have to be developed to investigate sampies on an
individual interstellar/circumstellar grain basis. Given that a typical stardust
grain contains only 109 atoms and that the accurate determination of, for example,

the C isotope ratio requires "counting" to an accuracy of 10 atoms, the challenge
is clear. In meteoritic studies this challenge has been circumvented by sorting on
chemical and physical properties. This has resulted in larger samples, but some
information may be lost by this averaging process. This can be particularly
misieading if different birthsites lead to stardust with similar properties (ie., M-
giants and supergiants) or if an isotopic ratio varies from source to source (ie., O-
isotopes in M giants). Moreover, presently such sorting is primarily based on
chemical properties (i.e., resistance against acid treatment, pyrolysis,
combustion) and other sorting techniques - perhaps based on structural or
mineralogical characteristics, may lead to hitherto unsuspected (fragile) stardust
components. Now, some data can only be obtained on "bulk" samples. The anomalous
isotopic composition of the noble gasses is a case in point. With a Xe abundance of
=10-8 per C atom in C3, an individual 1000 A grain would contain only 10 136Xe

atoms and only about one in every 105 individual 25A diamond microcrystallites
would contain such an atom. Clearly "bulk” analysis has proven its value already. Of
course, both approaches will be valuable and to some extent complimentary.

Despite these difficulties associated with the analysis of returned samples,
it is expected that the Rosetta mission will provide an important testing ground
for theories of nucleosynthetic origin of the elements, as well as the formation
and evolution of interstellar dust, and the formation of solid bodies in the solar
nebula.
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INTERSTELLAR AND COMETARY DUST

John S. Mathis
‘Washburn Observatory, University of Wisconsin-Madison

ABSTRACT

“Interstellar dust” forms a continuum of materials with differing properties which I divide into
three classes on the basis of observations: (a) Diffuse dust, in the low-density interstellar
medium; (b) outer-cloud dust, observed in stars close enough to the outer edges of molecular
clouds to be observed in the optical and ultraviolet regions of the spectrum, and (c) inner-cloud
dust, deep within the cores of molecular clouds, and observed only in the infrared by means of
absorption bands of C-H, C=0, O-H, C=N, etc.

There is a surprising regularity of the extinction laws between diffuse- and outer-cloud dust.
The entire mean extinction law from infrared through the observable ultraviolet spectrum can be
characterized by a single parameter. There are real deviations from this mean law, larger than
observational uncertainties, but they are much smaller than differences of the mean laws in diffuse-
and outer-cloud dust. This fact shows that there are processes which operate over the entire
distribution of grain sizes, and which change size distributions extremely efficiently.

There is no evidence for mantles on grains in local diffuse and outer-cloud dust. The only
published spectra of the star VI Cyg 12, the best candidate for showing mantles, does not show
the 3.4 pm band which appreciable mantles would produce. Grains are larger in outer-cloud dust
than diffuse dust because of coagulation, not accretion of extensive mantles.

Various theories of grains are included in Table 1. Core-mantle grains favored by J. M.
Greenberg and collaborators, and composite grains of Mathis and Whiffen (1989), are discussed
more ektensively (naturally, I prefer the latter). The composite grains are fluffy and consist of
silicates, amorphous carbon, ans some graphite in the same grain.

Grains deep within molecular clouds but before any processing within the solar system are
presumably formed from the accretion of icy mantles on and within the coagulated outer-cloud
grains. They should contain a mineral/carbonaceous matrix, without organic refractory mantles, in
between the ices. Unfortunately, they may be significantly processed by chemical processes
accompanying the warming (over the 10 K of the dark cloud cores) which occurs in the outer solar
system. Evidence of this processing is the chemical anomalies present in interplanetary dust
particles collected in the stratosphere, which may be the most primitive materials we have obtained
to date. The comet return mission would greatly clarify the situation, and probably provide
samples of genuine interstellar grains.
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L INTRODUCTION AND OVERVIEW

One of the most interesting results of a comet-return mission will be the recovery of relatively
pristine grains which will, hopefully, tell us a great deal about the nature of interstellar dust. The
main problems in interpreting the results will be in determining the amount of processing which
has taken place at two separate stages in the evolution of the returned grains: (a) since the grains
left the low-density ("diffuse”) interstellar medium (ISM) entered the inner regions of a relatively
dense, cold, and dark molecular cloud, and formed the protocometary grains which later clumped
together to become the comet's nucleus, and (b) modifications in the nature of the originally
interstellar grains after they were clumped together into the comet nucleus. The chemical species
present in the returned material will provide information about the reactions which took place as
the nucleus was accreting.

In this paper I will try to explain what we know about interstellar grains from observations,
what theories have been suggested to explain these observations, and speculate upon the evolution

of the grains throughout their histories. The very term "interstellar grain" encompasses a variety
of materials.

A. VARIOUS TYPES OF INTERSTELLAR DUST

It is misleading for us to refer to the solid materials seen along various lines of sight as
"interstellar dust,” unless we keep clearly in mind that these materials vary considerably from place
to place within interstellar space. We are not dealing with any homogeneous, well-defined
substance, but rather a collection of particles whose composition and size distribution surely
changes considerably from the diffuse ISM to deep within the cold, dark, dense clouds in which
comets are formed. The physical conditions from these two regions of space are vastly different.
In parts of the diffuse ISM, the density of atomic H is about 0.1 cm3 and the temperature about
104 K, while in the diffuse "clouds," the density is about 30 cmr3 and the temperature 100 K. The
radiation density from starlight is about 0.5 eV cm3. In contrast, within the deepest parts of
molecular clouds the density is 105 cm3 and the temperature about 10 K, with a sky which shows
no visible stars. Itis small wonder that the grains are also very different in the two regions. We
shall have to keep the various regions firmly in mind as we discuss the dust.

As the Galaxy rotates, its interstellar matter passes through the spiral arms, through shocks

from supernovae or the violent winds of OB stars, and changes its form back-and-forth from the
diffuse ISM to molecular clouds. Roughly half of the mass of the gas is in clouds or in the diffuse

ISM at any given time, but the volume of the diffuse ISM is vastly larger because of its very low
density.
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Our knowledge of grains comes from observations, and we can conveniently divide the whole
continuum of possible sites into just three different principal regions on the basis of these
observations. These three kinds of dust will be called (a) the "diffuse” dust, meaning the grains in
the low-density ISM which occupies most of the volume near the plane in our Galaxy; (b) the
"outer-cloud dust,” close enough of the edge of the cloud for us to observe the dust in the optical
and even ultraviolet parts of the spectrum; and (c) the "inner-cloud dust," which is located within
the inner regions of very cold, dark, and dense molecular clouds. All of these observations are
made by comparing a star of a known spectral type seen through the dust to one of the same
spectral type which is relatively unobscured. In practice, hot stars are far better than cool because
their intrinsic spectrum in not so sensitive to their precise temperature (or, equivalently, spectral
type).

Observationally, inner-cloud dust is distinguished by showing absorption bands of molecular
ice (starting with water and ammonia, but in some cases including CO, methanol, and many
others). The column density of dust is so large that at present observations can only be made in
the near-infrared (NIR) region of the spectrum, and we have no information regarding the
extinction law for wavelengths shorter than 1 pm or so. Outer-cloud and diffuse dust are studied
down to wavelengths as short as 0.10 pm (with the Copernicus satellite) and commonly to 0.12
pum (with the International Ultraviolet Explorer).

It is convenient, although not ideal, to describe the wavelength dependence of the extinction
by the ratio relative to the visual extinction, AQA)/A(V). The extinction laws of diffuse and outer-
cloud dust form a continuous progression which can be characterized by a single parameter.
Because of tradition, this parameter is taken to be the so-called "total-to-selective extinction ratio,"
Ry [= A(V)/E(B-V)]. The average value of Ry in the diffuse ISM is 3.1. The largest values of
Ry are about 5.5, found in the outer parts of the Orion and Ophiucus molecular clouds. I will
rather arbitrarily define diffuse dust as having Ry < 3.4, and outer-cloud dust as Ry >3.4.

B. Summary of Observations of Interstellar Dust

The observational properties of interstellar dust are well summarized by papers at the IAU
Symposium 135, "Interstellar Dust,” held at Santa Clara University in August, 1988 (Allamandola
and Tielens, 1989). There are many papers discussing various aspects of the ISM in general in the
volume Inzerstellar Processes (Hollenbach and Thronson 1987). In particular, there is an
excellent summary of the composition and forms of interstellar dust by Tielens and Allamandola
(1987). '

Continuous extinction. The continuous extinction, observed from about 5 um to 0.1 pm, is the
most valuable information available regarding the properties of interstellar dust. The extinction is
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remarkably free from spectral features, which is one of the largest problems in determining the
nature of the constituents and size distributions. As we will see, the extinction laws for outer-
cloud and diffuse dust form a regular progression, and those of inner-cloud dust are presently
unknown because of the large extinction of the starlight in those clouds.

Spectral features in extinction: There are spectral absorption features which provide insight to the
nature of grains. For outer-cloud and diffuse dust, the strongest feature in the entire spectrum (in
the sense of requiring the largest oscillator strength for a given column density of carriers) is the
22175 A “bump,” which reaches an equivalent width of 50 times Lyman-c.

Some 29 other "diffuse interstellar bands," all in the optical part of the spectrum (Herbig
1988), are quite variable in strength relative to A(V). They can be placed in at least three groups,
among which there is a good correlation (Krelowski and Walker 1987, Chlewicki et al. 1987,
Josafatsson and Snow 1987). Apparently the bands at 4430, 5780, and 6284 A are not produced
by coatings on the surface of aligned grains, since there is no polarization in these bands in the
spectra of two polarized stars (Martin and Angel 1975). They fall in two of the three groups into
which the bands have been placed. This exclusion is important, since the strength of the
polarization is so great in some cases that most or all large grains must be aligned.

There are strong bands at 9.7 pm and 20 pm, both ascribed to the Si=O stretch in silicates.
This feature is found in comets as well, with a somewhat different profile which indicates that
cometary silicates have been partially annealed. There is a weak feature at 3.4 um ascribed to
aliphatic hydrocarbons in the spectrum of the supergiant IRS 7 near the galactic center (Butchart et
al. 1986). It might arise from mantles on grains, as we shall discuss at some length later.

For inner-cloud dust, there are many spectral features of molecular ices. These have been
recently reviewed by Teilens and Allamandola (1989). The lack of these features in diffuse and
outer-cloud dust suggests that there is a fundamental difference in the properties we expect of the
grains for the respective regions.

Emission spectral features: Much of research on dust in the past few years has been concerned
with the "Unidentified Infrared Bands" (UIBs) which occur at 3.3, 3.4, 6.2, 7.7, and 11.4 pm,
with weaker ones at several other wavelengths. In the diffuse ISM they account for 10 - 20% of
the energy radiated by warm dust. They are found in a wide variety of objects, with the common
feature that all such objects have carbon-rich or ordinary interstellar dust present, as opposed to the
circumstellar dust surrounding oxygen-rich stars. Their origin is not completely clear, but both
their spectra, relative strengths, and to some extent their variations from place to place are well
explained by the hypothesis that they are produced by polycyclic aromatic hydrocarbons (PAHS)
(Léger and Puget 1984, Allamandola, Tielens, and Barker 1985), probably ionized in the diffuse
ISM.
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Polarization: Interstellar polarization provides another integral of cross-sections of grains over the
size distribution (see Hildebrand 1988). Unfortunately, the integral also involves the degree of
alignment of grains of various sizes as well as their cross-sections, and there is no very definitive
theory of alignment (Hildebrand 1987). The principal features pertaining to interstellar
polarization are: (a) Only the larger grains are aligned. Ground-based observations of interstellar
polarization reach a maximum at a mean wavelength of 0.55 pm, while the extinction law is much
larger in the ultraviolet (especially at 0.22 pum and for A < 0.17 pm). (b) All present theories of
interstellar grains can explain the observed polarization law, if large grains are aligned but small
ones are not, because the polarization cross-sections for cylinders, believed to pertain to elongated
grains, mimic the observed polarization law (Mathis 1986). (c) The polarization of the 9.7 and 19
pm silicate bands in the heavily obscured object "BN" in the Orion molecular cloud might provide
a powerful diagnostic for grains (Hildebrand 1988); see below in § IV. (d) Grains are aligned
quite efficiently, even within dense molecular clouds. The polarization of the emitted radiation
from deep within the Orion molecular cloud or near the galactic center (Dragovan 1986; Werner et
al. 1988; Hildebrand 1989, Hildebrand et al. 1989) shows that the grains are very well aligned,
but the physical conditions in these regions should strongly militate against alignment.

Depletions of the elements in the ISM: Observations show that several elements (Fe, Mg, Si, Al,
and others) are heavily depleted in the gas phase of the ISM (see Jenkins 1987, 1988 for reviews).
Roughly 90% of these elements are depleted in the diffuse ISM and 99% in the very dense regions
(see Joseph 1988 for a discussion of correlations). Unfortunately, the depletions of the abundant
elements C, N, and O are especially difficult to determine because their abundant ions do not
happen to have resonance lines with oscillator strengths suitable for abundance analyses, and are
consistent with the mean depletion of these elements ranging all of the way from almost none up to
90%. Carbon is an especially important element for interstellar dust, and there is only one
determination of the column densiiy of C+, its most important ion within regions where hydrogen
is mainly atomic. Towards the star & Sco, Hobbs, York, and Oegerle (1982) found that about
30% of the cosmic carbon is in the gas phase. This number is probably consistent with the
uncertain abundance of gaseous CO/H2 in molecular clouds (Watson et al. 1985). Models of
grains are, therefore, constrained to use no more than about 70% of the cosmic C.

Other diagnostics: The far-infrared emission from warm grains serves as some diagnostic of
grains, but not as a very direct one because it also involves the heating of the grains and
temperature excursions of small grains heated by a single photon. The recent theory of Chlewicki
and Laureijs (1988) has used the IRAS measurements of clouds to make the very interesting
suggestion that metallic Fe might be present in grains. There are also measurements of the X-ray
haloes around grains (Mauche and Gorenstein 1986, and ref. therein) which provide some
information regarding the spatial distribution of heavy elements in the grains.
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‘We next consider at some length the information provided by the best-determined of these

diagnostics, the interstellar extinction law.
1. Interstellar Extinction and Its Relevance to Cometary Dust

We must recall that, by definition, we can only observe the interstellar extinction law for
diffuse and outer-cloud dust, while comets are undoubtedly formed deep within molecular clouds.
However, the observed extinction laws have direct relevance to the processes by which dust is
modified within dense regions.

A. Systematics of Observed Extinction Laws

Very recently, it has recently become clear that there is a very surprising degree of regularity
among the extinction laws in various lines of sight [Cardelli, Clayton, and Mathis 1988, 1989
(CCM)]. Figure 1 shows the observed extinction laws of many lines of sight, expressed as
AQ)/A(V), plotted against 1/Rv, for several values of A ranging from the red to almost the limit of
the JUE spacecraft (1200 A). There are good linear relationships in each case, so that clearly there
is an excellent relation between the optical extinction law (as expressed by Ry) and the other
wavelengths (including ultraviolet). The "mean" interstellar extinction laws of Savage and Mathis
(1979) or of Seaton (1979) refer to the diffuse ISM, where Ry = 3.1, but Fig. 1 shows that they
are not very appropriate for values of Ry which differ greatly from that value.

CCM has fitted the slopes of the various AQL)/A(V) - Ry~ relations, examples of which are
shown in Figure 1, by an analytic formula which represents the mean extinction law as a function

- . - — Fig. 1. — The observations of A(A)IA(V),
L B tworm i plotted against 1/Ry, where Ry =
g ::::::: . RZe2 A(V)/E(B-V) (from Cardelli, Clayton, and
Sr 4+ suw . g o § Mathis 1989). Aj> refers to 1200 A, A2z
I . .g',-g"‘ N 02175 A, A28 10 2800 4, and Azp to
c\? oL ° o: e o KT’“"’_ 7000 A (the standard R filter). The
T | S ;..949 observational values of black dots are from
Ty e O o] Fitzpatrick and Massa (1988). The
2l e e® s regularity of the observations, and the
Ao *”° scatter about the mean relationship, is
| W= Cems o0 om0 o 4r shown. The scatter is greater than the
— observational errors, and is therefore real.
R/*
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of Ry. Fig. 2, from CCM, shows the results for three values of Ry: (2) from using the formula,
and (b) observations of actual stars with those values. The central panel is about as discrepant as
actual observations are from the mean relationship. The dispersion of individual extinction laws
around that mean law is shown in Fig. 1 (from the spread in the individual observed points) and in
Fig. 2 (as error bars). The lowest set of curves plotted in Fig. 2 are for Herschel 36, an exciting
star of M8 and considered to have very “"peculiar” extinction. ‘Rather, it has a rather peculiar value
of Ry (= 5.3), but a "normal"” extinction law for that value of Ry. Note, however, that there are
real deviations from the mean extinction law for any particular values of Ry. These deviations are
especially large at 1200 A, where the mean deviation of A(A)/A(V) from the mean extinction law is
-about 0.3.

. ' ;MG e Fig.2.— Three cases of a mean
S g‘;’s“;‘:?: R-275 extinction law, obtained by fitting the
‘r ; 1 slopes of the A(A)IA(V) - Ry!
Mo 48053 relationship (see Fig. 1) by an analytic
3T _ yy . formula, and actual extinction laws of
§ A S y Stars with the appropriate values of Ry.
“el Merschi! 36 The middle panel shows about as large of
;/\_,; >3 a discrepancy as exists in the data of
i L . J Fitzpatrick and Massa (1988).
Is.

VA (uri')

The implications of the information contained in Figures 1 and 2, as regards the nature and
evolution of grains, are considerable. It seems that the processes which modify the size
distributions and possibly the compositions of interstellar grains operate on all sizes
simultaneously. It is very conceivable that some lines of sight the small grains would be heévily
modified, while the larger grains, and therefore the optical extinction, were relatively untouched.
However, in practice such is not the case (at least among the lines of sight we have investigated);
if the short-wavelength extinction law is rising relatively steeply with A-1, the value of Ry is
always relatively small, and so on. How can this fact be understood? Apparently the processes
which modify the grains act over the entire size range. These processes must be quite efficient as
well in order to produce such regular extinction laws for diverse regions and conditions (the stars
plotted in Figures 1 and 2 are found in various directions all over the Galaxy). The overall
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regularity of the extinction laws is that correlations of one extinction or color ratio with another are
probably not indicative of any causal relation between the quantities; they are probably both
responding to general processes. -

The most efficient ways of changing grain distributions are by grain-grain collisions
(shattering and coagulation) or by shocks (which can destroy grains in a variety of ways: see Seab
1987 for areview). Itis "easy” to show that such processes as grain-grain interactions are quite
inefficient in the rather low densities (ng = 103 cm-3?) in these outer regions of clouds, but the
regularity of extinction laws suggests otherwise. The implications for cometary grains are that
these interactions will probably continue to be efficient at even higher densities than can be
observed directly, so that there might well be an unexpected uniformity of conditions of cometary
grains. The grains seem to be modified quite efficiently as they progress from the outer to the
inner parts of the clouds.

B. The A2175 Bump

One of the most mysterious features of interstellar dust is the bump (see Draine 1989 for a
review). It has recently been discussed in some detail (Fitzpatrick and Massa 1986; Cardelli and
Savage 1988, and refs. therein). Its puzzling properties are that its central wavelength, Ap, is
almost the same for various lines of sight, but there definitely is some variation (see especially
Cardelli and Savage 1988). Its width varies considerably, in a seemingly random pattern. Its
strength is rather well correlated with Ry~ (CCM). Itis so strong that its carrier must be very
abundant, almost surely C, N, or O (in my opinion, but see Duley and Williams 1988). Itis one
feature that most theories of grains do not try to model in great detail, although Hecht (1987) has a
rather plausible explanation for many of the observed phenomena.

_ II. Present Theories of Grains

There are at present several theories of dust which attempt to explain the observational facts
outlined above (plus a great deal which are not mention there). Several which have been recently
discussed are: (a) the silicate-core/organic refractory mantle theory of Greenberg (Hong and
Greenberg 1980; Greenberg 1989); (b) the bare (no mantles) silicate/graphite theory of Mathis,
Rumpl, and Nordsieck (1977), often called "MRN," but considerably improved by Draine and Lee
(1984; DL); (c) a recent theory of Mathis and Whiffen (1989; MW) of composite grains, in which
bare grains containing silicates, amorphous carbon, and graphite are proposed; (d) silicate core
grains, with hydrogenated amorphous carbon clusters upon their surfaces (Duley and Williams
1988, Duley, Williams, and Jones 1989); and (e) a mixture of silicate-core/organic- refractory-
mantle particles, similar to Greenberg/Hong, but with metallic iron to provide the observed IRAS
intensities (Chlewicki and Laureijs 1988). In addition, there are other theories similar to the
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above, but not derived from them. A theory quite different from the others is that of biota (Hoyle
and Wickramasinghe 1984; see Jabbir et al 1986 for refs. and a late version of the theory).

Table 1 summarizes some of the salient features of most of the "complete” models of grains,
meaning that the entire spectral range is addressed by the model. There are models specific for the
bump which I have not included. I note that the most popular explanation of the bump, graphite
(shown by Table 1 to be almost unanimous), was originated by dele and Wickramasinghe
(1962) in the form of a prediction.

Common features of grain theories: All of the theories listed in Table 1 claim to be able to fit the
observed extinction and polarization laws for the diffuse ISM. This fact illustrates the fundamental
problem of understanding grains: a lack of uniqueness, imposed by the fact that only integral
properties of the size distributions are observed. At some level we have to be content to judge
theories on the basis of their plausibilities rather than from completely objective criteria, such as
predictions which are absolutely incompatible with the observations. However, detailed
predictions of the extinction law, ranging from 1000 pm to 0.1 pm, might also be good
discriminants of grain theories, but have only been applied to DL, MW, and Duley/Williams. -
While the theories in general can explain the mean extinction law for the diffuse ISM, some of
them might have difficulty making the differences in the extinction laws between diffuse- and
outer-cloud dust plausible. There are rather powerful constraints imposed upon the models if one
requires both extinction laws to be fitted by similar amounts of materials, including carbon in the
various specific forms (graphitic and amorphous). There are possibly other tests (see § IV C
below) which will discriminate among the various models, or even eliminate all of them.

One reason I am not emphasizing the biological theory of grains is that it requires more
phosphorus than the solar abundance (Whittet 1984, Duley 1984), although Hoyle and
Wickramasinghe (1984) claim that their theory can accommodate the P abundance within a factor
of 1.5 if favorable assumptions are made. Observations of depletions show that phosphorus is
about half in the gas phase in the diffuse ISM (Jenkins, Savage, and Spitzer 1986), making the
problem even more acute.

Fitting the entire range of interstellar extinction requires a very broad distribution of sizes,
which is one property shared by all theories. The observations of the silicate bands at both 9.7 um
and 20 um almost require the presence of silicates. The breadth and lack of structure in these
bands in both the Orion Nebula emission and the absorption in various objects, as well as
emission from cool, oxygen-rich stars producing and ejecting circumstellar dust, indicate that the
silicates are amorphous in nature. It is widely assumed that amorphous silicates present in grains
contain essentially all of the silicon. Tielens and Allamandola (1987) have pointed out that
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TABLE 1.

FEATURES OF SOME CURRENT GRAIN THEORIES

Brief title of theory
(and authors)

Core/mantle
(Greenberg)

Core-mantle + iron
(Chlewicki, Laureijs)

Draine-Lee (or MRN)

Duley/Williams/Jones

Composite grains
(Mathis, Whiffen)

Fractals (Wright)
IRAS-compatible dust

(Rowan-Robinson)

Biota

(Hoyle, Wickramasinghe)

Composition
of Grains

Silicate cores/organic

refractory mantles; also
small silicates, graphite

Similar as Greenberg, with
small metallic iron particles,

PAHs

Bare silicate, graphite

Silicate cores, hydrogenated
amor. C clusters, small silicates

Silicates, amor. C, small graphite
in the same grains (with free
small graphite, possibly silicates)

Grains with fractional

dimensions (from growth)

Silicates, amorphous C

Graphite, bacteria, diatoms

Size distr. Carrier
of Grains of Bump

"Flat™®  Small
graphite®

"Flat"®  Small
graphite®

a35 Graphite

a3.5 OH- ions
near Si
a-35 Small
graphite®
Discrete  Small
sizes graphite®
Discrete  Small

sizes graphite®

Refs.2

1,2

...............................................................................................................

a References: 1, Hong and Greenberg (1980); 2, Chlewicki and Greénberg (1989); 3, Chlewicki
and Laureijs (1988); 4, Mathis, Rumpl, and Nordsieck (1977; MRN); 5, Draine and Lee (1984;
DL); 6, Duley and Williams (1988), Duley, Williams, and Jones (1989); 7, Mathis and Whiffen
(1989); 8, Wright (1987); 9, Rowan-Robinson (1986); 10, Hoyle and Wickramasinghe (1984),

Jabbir et al. (1986).

b "Flat" is really an exponential-type distribution which is plotted in Fig. 3 of this paper.

¢ "Small" graphite means that the radii of all graphite particles are < 0.22/(2x) pm, or < 0.005
um. Below this size, the extinction properties do not change with size.
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the strength of the 9.7 um feature is such that 1.5 times the solar silicon abundance is required to
produce the 9.7 pum feature from amorphous silicates alone. However, crystalline silicates have
band strengths over twice as large, and it is perhaps plausible that the silicates in grains are
somewhat ordered. Theories assume that all of the silicon is contained in the silicates.

Another feature which all present grain theories share is leaving at least some observations
unexplained, partly because the authors feel that our present knowledge of optical constants or
other physical properties does now warrant detailed modelling. These observations include the
bump, which is likely to be produced by a material something like graphite or hydrogenated
amorphous carbon (Hecht 1987), but which has not been positively identified. The origin of the
UlBs is by no means settled; although PAHs seem to be very plausible candidates, the bands have
other possible origins, and have been referred to as the "overidentified infrared bands.” Except for
Chlewicki/Laureijs, the theories in Table 1 do not try to make detailed predictions of the origins of
the carrier(s) of these emission bands. '

There are also surely small amounts of other minerals, such as silicon carbide, present in
grains, since carbon stars show an emission feature which arises from this material and it is quite
refractory. Other unexplained observations include the origin of the "diffuse interstellar bands,"
which may (or may not) have interesting implications as to the nature of grains.

Differences among the grain models: Obviously, there are differences among each of the models.
Possibly the broadest difference, as regards the prediction of the nature of cometary grains, is
whether or not the silicates in diffuse and outer-cloud dust are coated with tough organic refractory
mantles, as envisioned in theories of Greenberg and Chlewicki/Laureijs, but not the others. The
size distributions are also quite different, as shown by Figure 3. I shall discuss these differences

in § IV below.
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Another apparent difference between the core/mantle theory and bare-grain theories might be
the presence of elemental carbon in forms other than the small graphite needed for providing the
bump, which is only about 25% of the solar abundance. There have been small diamonds found
in meteorites (Lewis et al. 1987), but theories do not include them explicitly because their
abundance is too low. Besides the graphite needed to produce the bump, the MW theory has most
of the carbon in amorphous solid phase and Greenberg's theory has it is the organic refractory
mantles. However, the situation is not so clear, since there may have been enough processing of

the organic refractory mantles by cosmic rays and ultraviolet radiation to convert them essentially
to amorphous carbon.

IV. MANTLES AND SIZE DISTRIBUTIONS
A. Are there mantles on diffuse- and outer-cloud dust grains?

Should we expect interstellar silicate grains in a cometary nucleus to have mantles of organic
refractory materials? In this section I examine the evidence for those mantles on grains outside of
the dense cores of molecular clouds. It is clear that the cometary grains will acquire mantles of
molecular ices deep within the molecular cloud, and it is not those mantles we are debating.

The extinction law for the outer-cloud dust strongly indicates that the grains there are larger
than the average for the diffuse ISM. There are two aspects of the mantle question I would like to
address in turn: (a) Do the grains in outer-cloud dust have their increased sizes because of having
acquired mantles? (b) Is there spectroscopic evidence for mantles in the diffuse ISM?

Do the grains in outer-cloud dust have their increased sizes because of having acquired
mantles? If grains in the diffuse ISM have mantles, one might expect any increases in the mean
grain sizes to come from accretion of more mantles. However, there is good evidence (it seems to
me) that grains are larger in the outer-cloud regions mainly because of coagulation rather than
accretion of mantles. The extra depletion of the refractory elements which is observed in dense
regions (the gas-phase Fe going from 90% depleted to 99% in comparing diffuse ISM dust with
outer-cloud dust) will increase the grain volume by only about 5%. Any substantial increase in
grain volume must come from accretion of the abundant and relatively undepleted elements N or
O, in combination with others, since C is already mostly depleted in the diffuse ISM.

The answer to the question comes from considering the absolute amount of extinction,
A(A)/N(H), rather than the extinction law. If the grains in the outer regions of dense clouds are
large, relative 1o those in the diffuse ISM, because they accrete materials, the extinction per H
nucleus [i.e., N(H I)+2N(H2)] must increase. If the grains grbw by coagulation, A(A)/N(H) car
either increase (because there is an increase of extinction efficiency by increasing the sizes of
certain grains because of collective effects, mainly with the increase of scattering) or decrease
(because the material in the center of the grain is somewhat shielded from absorbing the radiation).
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The results of observations are discussed briefly in CCM. There are two steps in the
reasoning:

(a) Lines of sight with a large value of Ry have a smaller total value of the extinction,
integrated over the wavenumber x (= 1/A). One can see from Figure 2 that there will be a
considerably smaller value forf A\)/A(V) dx for large Ry (the lower curves) than for small Ry.
In CCM we found that

[ AQYAV) dx = (43 +79.1 Ry-1) um? | (1)

where the integral extends from the infrared (0.3 pm-1) out to the largest wavenumbers observable
with the Copernicus satellite, x = 10 pm-1. The second term is dominant, and the total integral is
roughly inversely proportional to Ry-1.

(b) To determine the total integrated extinction, we must relate the visual extinction in
equation (1), to the total H column density, which is not easily determined observationally. The
problem is that the N(H I) must be found from the highly saturated Ly-c. profile, and the N(H>)
from the Copernicus observations of the Lyman and Werner bands. However, for two well-
observed lines of sight (towards NU Ori and p Oph) in the outer regions of dense clouds, the
results are unambiguous: the quantity A(V)/N(H) is smaller than in the diffuse ISM. There is no
measurement of the Hy column density towards NU Ori, so its value of A(V)/N(H) is an upper
limit. These stars have large values of Ry. The total integrated extinction values of p Oph and
NU Ori are 0.73 and < 0.43 of the value in the diffuse ISM (Bohlin, Savage, and Drake 1978),
respectively.

There are other stars for which estimates of N(H I) and N(Hp) are available, but not so
accurately determined as for p Oph (de Boer et al. 1986), or so extreme an A(V)/N(H I) value as
for NU Ori (Shull and van Steenberg 1985). We reserve judgement on the other stars.

From this data on extinction per H nucleus one concludes that grains are larger in outer-cloud
dust because of coagulation rather than accretion. Similar results were derived by Jura (1980) and
Mathis and Wallenhorst (1981) on the basis of A(V)/N(H) alone. The integrated value of the
extinction makes the case stronger. It is difficult to have even coagulation produce enough
decrease in extinction cross-section per H (see MW), and any accretion of mantles makes this task
even worse. It is very difficult to imagine that there is extensive accretion onto grains until they
are deeper in clouds than can be observed at present in the ultraviolet part of the spectrum.

Is there spectroscopic evidence for mantles in the diffuse ISM? If there are mantles on grains
in the diffuse ISM, one would expect to find some spectroscopic evidence for them. In fact, there
is such evidence: the 3.4 pm absorption feature about 30% deep seen in the spectrum of IRS 7, a
supergiant seen near the galactic center (Butchart et al. 1986) with an extinction, A(V), of = 25
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mag. The presence of that feature has been used as a justification for the existence of organic
refractory mantles, since the 3.4 pum feature is an indication of an aliphatic C-H stretch absorption
and the 3.4 um feature is found in the spectrum of organic refractory mantles (Schutte 1988).
Figure 4 (from Schutte 1988) shows the 2.8 - 3.8 pm spectrum of IRS 7 from Butchart et al.
(1986). It also shows a spectrum of photolyzed ice, which fits the 3.1 pm portion of the IRS 7
spectrum well, and some "char," or a mixed mixture of paraffins, olefins, and other carbonaceous
materials, which fit the 3.4 pim spectrum well. These might be present as mantles on grains,
although their presence along the line of sight is no indication that they are coated onto grains, and
the 3.0 um “ice” band found in the spectrum is surely not present in even outer-cloud dust. Let us
examine the evidence for materials of this type, mantles or not, in Jocal dust.

——— . Fig.4.—The spectrum of IRS 7 near the
galactic center (spectrum from Butchart et

T al. 1986; figure reproduced from Schutte
‘;‘E 1988). The 3 um band is compared to the
N | _ ] wltraviolet-irradiated ice sample '
; I | H20ICOINH3/02 = 0.3210.23/0.13/0.32.
- sl oseoesoinass] The solid line is the spectrum of "charred”
- mw.andw | carbonaceous residue. Compare with the
s Py spectrum of absorptions through "local”
A (um) dust, towards Vi Cyg 12 (Fig. 5, below).

The most likely local candidate for having the 3.4 um feature is VI Cyg 12, a B5 Ia+ star with
E(B-V) = 3.31 (Humphreys 1978; Serkowski 1965). It is the best object for studying local
extinction because it is relatively nearby, is about as luminous as any other star in the Galaxy (My
= -10!), and is very heavily reddened. Its spectrum in the 3-um region (Gillett et al. 1975) is
shown in Figure 5. The A(V) of VI Cyg 12 is 10 mag; that of IRS 7 is 25 mag. Figure 5
indicates the strengths of the absorptions at 3.1 and 3.4 pm which one would expect in VI Cyg
12, if the dust were of the same nature as towards IRS 7. To the resolution of the Gillett et al.
spectrum, there is no trace of the 3.4 pum absorption feature in VI Cyg 12. However, at the
discussion following a presentation at the IAU Symposium 135, Interstellar Dust, Dr.D. C. M.
Whittet stated that VI Cyg 12 has ©(3.4 um)/A(V) of about 1/4 that of IRS 7. Thus, it seems that
the absorption by any organic refractory mantles are locally considerably less, per A(V), than
towards the galactic center.
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Fig.5.—The observed spectrum of
- T the local star VI Cyg No. 12 (Gillert et
al. 1975). This is a blow-up of the
portion 2.9 - 3.5 pum, with the
s wavelength and intensity scales
e superimposed. The slanted, irregular
solid line shows the observations. The

expected depth of the absorption is
Shown as the dashed line, on the
assumption that the absorption per

fog A (um) A(V) is the same as towards IRS 7 near
the galactic center (Fig.4).
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But, how typical is the line of sight towards VI Cyg 12 as regards the diffuse ISM?
According to one criterion, that of Ry, the answer is "very typical”; Ry =2.99 £0.15 (Rieke
1974), as compared to the mean of 3.1 for the diffuse ISM. But according to another criterion,
that of A(V) per kpc, the answer is "very atypical." The distance of the VI Cyg association is 1.5
kpc (Schulte 1958), and the other stars in the association are reddened considerably less than No.
12. Stars No. 5 and 12 have E(B-V) = 2.00 and 3.31, respectively, which represents a difference
of A(V) of 4 mag. The two stars are separated by an angle of 4.5'. This corresponds to a
projected linear distance of 2 pcif d = 1.5 kpc, or an actual separation of perhaps 4 pc. The
excess extinction of No. 12, relative to the other stars in the same association, is presumably
caused by dust in the vicinity of the cluster, so A(V)/d = 1 mag pc1 (). Thus, the local density of
the dust seen to No. 12 must be = 500 times the typical value for the diffuse ISM (about 2 visual
mag per kpc). It would seem reasonable that such an extreme value of density would promote
mantle growth, so I would suspect that the mean absorption strength of the 3.4 pm band in the
diffuse ISM is considerably below even the low value found in VI Cyg 12. Such a low value
makes the volume of the organic refractory mantles rather unimportant as regards the extinction
properties of the grains. There might be enough mantle on grains to influence their surface
properties considerably, in particular how well they stick together during collisions or how well
they form molecules on their surface.

It is perhaps not too surprising that dust along the entire path length to the galactic center
would be somewhat different, perhaps very different, from local dust. There is a definite
composition gradient in the Galaxy (Shaver et al. 1983) which indicates an increase in N(O)/NH)
of about a factor of two. Probably the abundance of other elements is higher by similar factors.
Furthermore, the mean density of the ISM also increases by about a factor of four (Giisten and
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Mezger 1982). Both factors favor the growth of mantles. The peculiarity of the dust towards IRC
7 is emphasized by the 3.1 pm absorption, which is not of the same shape as the usual 3.07 um
ice band, but is somewhat stronger than the 3.4 um band which might show the existence of
mantles.

Perhaps it is merely semantics to discuss whether or not there are "organic refractory” mantles
in space, meaning materials similar to those which have been produced in the laboratory. As
organic refractory material is processed by radiation in the laboratory (Schutte 1988), it steadily
loses O and N relative to C. If the processing by the cosmic rays and ultraviolet radiation is severe
enough, the mantles might become amorphous carbon for all practical purposes, and just about all
of the authors listed in Table 1 can declare a victory to their respective funding agencies.

The size distribution of grains: Another major difference in the present core/mantle theories
and most bare-grain theories is the size distribution, at least the grains responsible for the visual
extinction. This distribution is almost a truncated step-function for the core/mantie theory, with a
rather indefinite number of very small grains to provide the ultraviolet extinction, and a power-law
for most others. It seems to me that the power-law size distribution is the most plausible part of
the MRN theory, for both theoretical and observational reasons. Biermann and Harwit (1979)
showed that collisional processes should establish a power law with the exponent in the range
considered by MRN and DL (n(a) proportional to a'3-5). Radar studies of particles in Saturn's
rings (Cuzzi et al. 1984), shattered terrestrial rocks and gravel beds (Hartmann 1969), and of
cometary dust (MacDonnell et al., this volume) are all heavily peaked in numbers towards small
sizes, but with much or most of the mass in the larger grains. These distributions are all produced
by collisional processes among the particles. Thus, if there are collisional processes among the
grains, it would seem difficult to avoid an approximate power-law distribution.

The fact that grains in outer-cloud dust have apparently grown from those in the diffuse ISM
by coagulation rather than by accretion implies to me that they have, in fact, grown by collisional
processes. While I doubt that it is precisely a power-law size distribution which is established, I
would find it difficult to believe that the size distribution is very flat.

The coagulation of grains in outer-cloud dust is a strong motivation for the composite-grain
theory of MW. Grains are originally ejected from stellar atmospheres, novae, or supernovae with
a certain specific composition which small particles can retain (and do, as shown by isotopic
anomalies in meteorites). However, there are "large” (a = 0.1 pm) grains which provide the
extinction in the optical part of the spectrum, and which observations suggest are rather heavily
modified by shattering and coagulation as they go into and out of dense clouds. Itis difficult to
imagine that the component small particles fit together without voids or holes within them. The
interplanetary dust particles (IDPs) collected by Brownlee and his coworkers (see Brownlec 1987
for a review of the solar system-interstellar dust connection) show the kind of open structure
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which partially suggested these ideas. However, there has also been chemical processing of the
IDPs, as shown by their occasionally homogeneous chemical compositions within grains, but
varying compositions from grain to grain (Brownlee, this workshop; Mackinnon and Reitmeijer
1987).

In fact, I strongly suspect that the composite theory is too simple. There is a constant transfer
of refractory elements back-and-forth from grains to the gas phase. Grains are destroyed in
shocks, as shown by the low depletions in high-velocity gas (see Jenkins 1987 for several
references) relative to the diffuse ISM, and there is a more severe depletion of refractory elements
in dense clouds. For computational purposes, it was assumed in the composite model that the
individual particles in a grain are either silicates or elemental carbon. Although this assumption is
necessary to compute indices of refraction, it really seems dubious: the refractory elements,
carbon as well as silicon, etc., are deposited onto grains together. The individual particles in the
composite model should probably consist of a core of perhaps pure material, produced in a star,
and a mantle of refractory elements (not organic refractories) surrounding the core. There might
well be a coating of organic refractory on the surfaces of grains, but (it seems to me) much less
than envisioned by Greenberg. The existence of the "stardust” core to grains— very refractory
minerals which have survived from their formation in stellar atmospheres or supernova explosions
throughout their entire lifetime in the ISM- is heavily supported by the isotopic anomalies which
are found in meteorites (e.g., Clayton 1988, Tang and Anders 1988). However, I believe that
most of the grain volume must have been heavily processed by ‘processes in the diffuse ISM.

If there are few grain-grain collisions within space, after the grains are formed in cool stellar
atmospheres, then the Greenberg core/mantle theory size distribution becomes much more
plausible, although Biermann and Harwit (1979) considered collisions within a stellar atmosphere
to be the dominant mechanism for grain evolution. If grain-grain collisions are negligible,
chemically homogeneous grains are plausible if the organic refractory mantles produced in dense
clouds are cleaned off by shocks, as theory (e.g., Draine and Salpeter 1979a,b) suggests. Bare
grains of homogeneous compositions, as DL (or a similar silicate/amorphous-carbon theory, to
avoid the problem of making large graphite grains) become plausible as well.

A good test of the various theories: While there is too much ambiguity in explaining the
observations of extinction and polarization alone to discriminate among the various theories, there
is an excellent test which has not yet been applied to the extent that it should be: explaining the
observations of the 3.1 pm ice band, the 9.7 pm and 19 um silicate features in the Becklin-
Neugebauer (BN) object in the Orion molecular cloud (Lee and Draine 1985; Hildebrand 1988),
not only as regards the relative extinctions and polarizations, but also the contrast in the
polarization within and between the bands. Weak absorption features show polarization with the
same wa'velength dependence as extinction. As a resonance becomes stronger, the polarization
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reaches 2 maximum at longer wavelengths than extinction, with a shift which is dependent upon
grain shapes and coatings. The silicates features are strong enough to provide such a diagnostic
for the environment of the silicates, and such the shift is actually observed in BN. Predictions are
quite different on the various theories (coated on the core/mantle theory; juxtaposed with carbon on
the MW theory; bare and alone on the DL theory). Lee and Draine (1985) found a fair fit of MRN
with the observations, provided that oblate (pancake) grains of about 2:1 size ratio were assumed.
Martin (1989) showed that his calculations with core/mantle grains produced a negative
polarization which is not observed. I doubt that the composite grains of MW will be able to pass
this test either, but one must be confident of the indices of refraction, which are more difficult to
estimate in the case of composite grains than for homogeneous materials. It has a poorer chance
than DL, in which case the silicates are bare, but probably a better chance than any theory in which
the silicates are coated with mantles. There is one potential problem with this test: there is
evidence for scattering in the surrounding K-L nebula (Werner, Dinerstein, and Capps 1983, and
refs therein) in the 2 - 5 um spectral region, with the scattered light being reflected from both BN
and from IRc 2 nearby. However, the polarization of BN itself is dominated by the aligned grains
rather than scattering; the total polarized intensity of the 2 - 5 um radiation on BN itself is very
much larger than that from the polarization from scattering of the surrounding K1. nebula.

V. The Evolution and the Nature of Interstellar Dust

In this section I shall summatiz:; my views regarding the evolution of interstellar dust, starting
with its formation and ending with it being incorporated into a cometary nucleus.

The formation of grains, and the fact that stellar ejecta are not much like interstellar grains:
There are many sources of grains: planetary nebulae, novae, supernovae, and, especially, cool
giant and supergiant stars (see Gehrz 1989 for a review). Just which of these processes are the
dominant ones need not concern us here— we just need to recognize that in each particular
source, the grains are formed with a composition which reflects the local gaseous chemical
composition, and, especially, whether C > O, or the reverse. The reason, of course, is that the
element which has the lesser abundance by number is almost completely converted into the very
stable molecule CO, which cannot participate in grain formation. Observations (Merrill 1977)
show that O-rich stars form grains of a silicate nature, as shown by the spectra in the 10 and 20
pmregion. Grains formed in a carbon-rich environment show a rather featureless optical
spectrum, except for a band at 11.2 pm which is attributed to SiC. Most carbon stars are too cool
and dusty to be observed in the ultraviolet part of the spectrum, but a feature resembling the bump,
but displaced to 2300 A, has been found in very carbon-rich, H-poor objects (Greenstein 1981;
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Hecht et al. 1984). This bump is similar to that expected from amorphous carbon, so it is widely
assumed that carbon stars produce grains of this form (see also Martin and Rogers 1987).

Roughly half of the grains come from each type of source (C- or O-rich). The materials that
are injected into the diffuse ISM from the primary sources of grains, then, are not mostly grains
themselves. Rather, all of the lesser of the elements carbon and oxygen is tied up in gaseous CO,
which in turn is photodissociated and then photoionized into C* and O in most of the ISM (and in
more highly ionized forms in the H* regions found in some 10% of the mass of the diffuse ISM).
Some or most of the remaining C or O is in the form of amorphous C or silicates, respectively.
Some of the silicon, but apparently not a large fraction (Martin and Rogers 1987), is tied up in the
refractory SiC from the carbon-star ejecta. .

Processing of the materials within the ISM: Within the ISM, grains must be processed
extensively by grain-grain collisions, shocks from supernovae and stellar winds, sputtering by the
hot phase of the ISM, and accretion of atoms and molecules from the gas phase. The lifetime of a
particular parcel of gas in the Galaxy, as regards being incorporated into a star, is Mgas/Mgas =
5E9 Mg /(3 Mp yr'1) > 1 Gyr. The mass contained in the very hot ISM, or in H I regions, is
quite small as compared to the atomic or molecular phases, each of which contains about half of
the mass. Since molecular clouds are preferentially found in the spiral arms encountered twice
each galactic rotation period, or about every 108 yr, a typical parcel of gas should have been and
out of a molecular cloud several times during its lifetime.

Present theories of the effectiveness of various processes, especially of grain destruction
rates, seem to me to be in conflict with observations (see also Seab 1987). According to theory
(Draine and Salpeter 1979a,b; Snow and Seab 1983), shocks from supernovae are quite
destructive of grains, and it is not easy to understand why grains have not been rather completely
destroyed by these shocks in times of the order of 108 yr. Observations provide a rather different
view: except for high-velocity gas (See refs. in Jenkins 1987, p. 550), presumably being affected
by one or more shocks at the present time, the refractory elements are always highly depleted.
Near the galactic plane, the mass of the high-velocity gas at any instant is very small in comparison
to the bulk of the ISM. The almost ubiquitous depletion of refractory elements is especially
significant in view of the fact that there is a continuous return of gaseous refractory elements into
the diffuse ISM from stars, especially those of early type and planetary nebulae. Grains are so far
apart in the diffuse ISM that it is difficult to have the gaseous refractory elements condensed onto
grains efficiently. One finds by integrating the theoretical size distributions, or just by the fact that
the mean free path of radiation is about 1 kpc, that the area of grains is roughly 1021 cm?2
(H atom)"1. For the diffuse ISM clouds (n(H) = 30 cm3) and relative speeds of refractory atoms
and grains of 100 m/sec (which represents a nonthermal grain-gas relative speed), the time for a
grain to collide with a grain is > 108 yr. Within this time, current theories of grain destruction
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suggest that the grains should be destroyed, and their refractory elements returned to the gas
phase. Unless we imagine that each individual parcel of gas becomes part of a dense molecular
cloud several times within this 108 yr, a significant portion of the refractory elements should be in
the gas phase. There is an apparent conflict between theory and observation.

The easiest way for me to understand the observed high depletions is by assuming that grains
survive the rigors of the ISM far better than the theory would suggest, so they do not readily lose
the Fe, Al, and other refractor