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Abstract.
The vast majority of presolar grains recovered to date show the signature of an origin in


asymptotic giant branch (AGB) stars. In AGB stars, the abundances of elements lighter than
silicon and heavier than iron are largely affected by proton- and neutron-capture processes,
respectively, while the compositions of the elements in between also carry the signature of the
initial composition of the star. Dust is produced and observed around AGB stars and the strong
mass loss experienced by these stars is believed to be driven by radiation pressure on dust
grains. We briefly review the main developments that have occurred in the past few years in
the study of AGB stars in relation to dust and presolar grains. From the nucleosynthesis point
of view these include: more stringent constraints on the main neutron source nucleus, 13C, for
the slow neutron capture process (the s process); the possibility of presolar grains coming from
massive AGB stars; and the unique opportunity to infer the “isotopic” evolution of the Galaxy by
combining presolar grain data and AGB model predictions. Concerning the formation of grains
in AGB stars, considerable progress has been achieved in modelling. In particular, self-consistent
models for atmospheres and winds of C-stars have reached a level of sophistication which allows
direct quantitative comparison with observations. In the case of stars with C/O < 1, however,
recent work points to serious problems with the dust-driven wind scenario. A current trend in
atmosphere and wind modelling is to investigate the possible effects of inhomogenieties (e.g.,
due to giant convection cells) with 2D/3D models.


Keywords. nuclear reactions, nucleosynthesis, abundances, stars: AGB and post-AGB, stars:
mass loss, stars: winds, outflows


1. Nucleosynthesis in AGB stars and the isotopic compositions of
presolar grains


Toward the end of their lives stars of masses roughly less than 7 M� go through the
asymptotic giant branch (AGB) phase, during which the He- and the H-burning shells
are activated alternately on top of a degenerate C-O core and below a large convective
envelope. Material in the tiny region between the two shells (intershell) is processed by
H-burning and partial He-burning, as well as suffering neutron-capture processes, thus
resulting in peculiar nucleosynthesis including the production of 12C, 19F, 22Ne, 26Al as
well as of elements heavier than iron such as Zr, Ba and Pb by slow neutron captures
(the s process). This material is mixed to the surface of the star by recurrent episodes
of mixing collectively known as the third dredge-up and is thus incorporated into dust
grains forming around the star, which are now recovered from primitive meteorites as
presolar grains.


One of the most important evidences of the origin of presolar mainstream SiC grains
in AGB stars is the signature of s-process nucleosynthesis in all heavy elements analysed
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to date in these grains, both in bulk, i.e. measurements on a large number of grains,
and individually. The main neutron source for the s process in the intershell of AGB
stars is the 13C(α, n)16O reaction. The production of 13C is possible via the 12C+p
reaction, if protons from the envelope diffuse into the 12C-rich intershell. However, it
is still much debated by which mechanism the proton diffusion occurs and, hence, the
amount of 13C nuclei is treated as a free parameter in the models. A detailed analysis
of the composition of Sr, Zr, Mo, and Ba in single SiC grains and in AGB models was
presented by Lugaro et al. (2003). It was shown that a large spread (factor of 24) in the
amount of 13C was needed to cover the SiC data, thus confirming the results obtained
by Busso et al. (2001) by comparing single-star models to spectroscopic observations of
the heavy element distribution in AGB stars at different metallicities.


However, one problem with the SiC data is that it is difficult to exclude or evaluate a
priori the level of contamination of terrestrial material, which would shift isotopic ratios
toward solar composition. This is especially true for elements like Sr and Ba, which are
more volatile than Zr and Mo, and thus are present in the grains in lower amounts. Barzyk
et al. (2006) recently measured the composition of more than one heavy element in single
SiC grains, thus making it possible to identify contaminated grains. The uncontaminated
grain data could be matched by a much smaller spread (a factor of two) than that used
by Lugaro et al. (2003), confirming recent results obtained by Bonačić Marinović et al.
(2006) by comparing stellar population models including the s process to spectroscopic
observations.


From the comparison between grain data for heavy elements and s-process models, it
is derived that most of the presolar grains from AGB stars must have formed around
stars of low mass (M < 3 M�). However, a unique presolar spinel grain, OC2, has been
identified to be the first presolar grain to possibly show the signature of nucleosynthesis in
intermediate-mass (IM) AGB stars (4 M� < M < 7 M�), suffering H-burning at the base
of the convective envlope (hot bottom burning, HBB). The main hint to such an origin
comes from the large observed excesses in the heavy Mg isotopes. Lugaro et al. (2006)
show that models of IM-AGB stars can reproduce the Mg and O composition of grain
OC2 and, within this framework, predictions can be made for the value of the 16O+p
and 17O+p reaction rates. Grain OC2, and similar grains that may be recovered in the
future, has opened the possibility to derive constraints also on massive AGB models from
the study of presolar grains.


The compositions of elements such as Si, Ti, Ca and Fe in presolar grains from AGB
stars are determined by the initial composition of the parent star and by the nucleosyn-
thesis occurring within it. By combining a large amount of Si data from SiC grains of
mainstream, Y and Z populations to a variety of detailed models of the nucleosynthesis
in AGB stars of different masses and metallicities down to '1/10 Z�, Zinner et al. (2006)
were able to infer the Galactic chemical evolution of the Si isotopes. The evolution based
on the grain data predicts much higher 29Si and 30Si abundances at low metallicities
than calculated by the models of Timmes & Clayton (1996). This indicates perhaps a
low-metallicity source for these isotopes not considered so far, or some other problems
with the Galactic chemical evolution model. This kind of work can be extended to other
intermediate-mass elements, making presolar grains an ideal tool to study the evolution
of isotopic abundances in the Galaxy.


2. The role of grains in atmospheres and winds of AGB stars
For a long time, dust has been treated as just another opacity source in models of


atmospheres and winds, in order to provide radiation pressure for driving the wind, or
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fitting observed spectra. Detailed studies of the actual grain formation process in the
atmospheres of AGB stars are a rather recent development, especially in the context of
self-consistent, time-dependent dynamical models. Such models have become more and
more sophisticated during the past decade, and, in some cases, they have reached a level
where a direct quantitative comparison with observations becomes possible (see recent
reviews, e.g., by Woitke 2003 and Höfner 2005, for an overview of historical developments
and a discussion of modelling methods).


The latest generation of models for atmospheres and winds of C-rich AGB stars by
Höfner et al. (2003), combining a frequency-dependent treatment of radiative trans-
fer with time-dependent hydrodynamics and a detailed description of dust formation,
compares nicely with various types of observations, such as low-resolution NIR spec-
tra (Gautschy-Loidl et al. 2004) or profiles of CO vibration-rotation lines (Nowotny et
al. 2005ab). The combination of dynamics, taking into account effects of pulsation and
shock waves, and frequency-dependent radiative transfer, accounting for molecules and
dust, turns out to be crucial for a reasonably realistic description of AGB atmospheres,
and thus for modelling the conditions in the zone where the dust grains are formed.
With these non-grey dynamical models it is possible for the first time to simultane-
ously reproduce the time-dependent behavior of fundamental, first and second overtone
vibration-rotation lines of CO, features originating in the outflow, dust formation region,
and pulsating atmosphere, respectively, probing the dynamics from the photosphere out
into the wind.


Such detailed models, however, rely on fundamental physical and chemical data for dust
grain materials measured in the laboratory, and in particular optical properties. Andersen
et al. (2003) studied the effects of microphysical grain properties in the context of detailed
dynamical models for atmospheres and winds of C-stars as described above, using data
obtained by Jäger et al. (1998). It is commonly assumed that grains in C-stars mostly
consists of amorphous carbon, a term that actually covers a variety of materials with
varying ratios of sp2 to sp3 hybridization of the C atoms. The microphysical structure
of the grain material, however, will lead to different optical properties in the near IR,
with sp3-rich material showing a much steeper dependence on wavelength than sp2-rich
material. In non-grey wind models, these differences in the optical properties of the
grains influence both the flux-integrated opacity relevant for driving the wind and the
grain temperature, and therefore the actual dust formation process.


While recent advances in modelling, in particular the inclusion of frequency-dependent
radiative transfer, have lead to a better agreement between models and observations of
C-rich AGB stars, the opposite seems to be true for the O-rich case. Jeong et al. (2003)
presented wind models for M-type stars, combining a detailed description of dust for-
mation with time-dependent dynamics and grey radiative transfer. The combinations of
stellar parameters used in this study may be considered as somewhat on the extreme side
(high luminosities and low effective temperatures), but their models lead to reasonable
wind velocities and mass loss rates. Recent work by Woitke (2006b) and Höfner (2006),
including frequency-dependent radiative transfer for gas and dust, however, points to a
serious problem with the dust-driven wind scenario. The higher the Fe-content of grains,
the steeper the slope of the opacity as a function of wavelength, and thus the higher
the radiative equilibrium temperature of the grains. In practice, this means that the Fe-
content of silicate grains will be very low, in order to allow for condensation reasonably
close to the star. This, in turn, leads to a low flux-integrated opacity of the grains which
is not sufficient to drive a stellar wind for typical stellar parameters. At present it seems
that alternative wind scenarios for M-type stars should possibly be considered.


Another new development is 2D/3D models of atmospheres and circumstellar envelopes
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around AGB stars. The computational effort behind such models is considerable, and a
number of simplifications have to be introduced in the physics, compared to the detailed
spherical models discussed above. In the light of recent interferometric observations which
indicate deviations from spherical symmetry, however, it seems necessary to spend some
effort testing possible causes and consequences for dust formation and winds. Woitke
(2006a) presented 2D (axisymmetric) dust-driven wind models, including time-dependent
dust formation and grey radiative transfer, and studied how instabilities in the dust
formation process (originally found in earlier spherical models) create intricate patterns
in the circumstellar envelope. These models, however, exclude the central star and its
pulsation. Freytag & Höfner (2003, 2006), on the other hand, developed complementary
3D RHD ’star-in-a-box’ models (including time-dependent dust formation) to investigate
the effects of giant convection cells and of the resulting shock waves in the atmosphere
on dust formation. The atmospheric patterns created by convective motions are found to
be reflected in the circumstellar dust distribution, due to the strong sensitivity of grain
formation to temperatures and gas densities.
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Höfner, S., Gautschy-Loidl, R., Aringer, B., Jørgensen, U. G. 2003, A&A, 399, 589
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Abstract.
Presolar grains from supernova ejecta - silicon carbide of type X, Si3N4 and low-density


graphite - are characterized by Si isotopic anomalies (mainly 28Si excesses), low 14N/15N, high
26Al/27Al ratios, and occasionally by excesses in 44Ca (from 44Ti decay). Overall isotopic features
of these SiC and graphite grains can be explained by mixing of inner Si-rich zones and the outer
C-and He-rich zones, but supernova models require fine tuning to account for 14N/15N and
29Si/28Si ratios of the grains. Isotopic ratios of Zr, Mo and Ba in SiC X grains may be explained
by a neutron burst model. Some of the presolar nanodiamonds require a supernova origin to
explain measured xenon isotopic ratios. Only a few nova grain candidates, with low 12C/13C,
14N/15N, and high 26Al/27Al ratios, have been identified.


Keywords. meteors, meteoroids - (stars:) supernovae: general - (stars:) novae, cataclysmic
variables


1. Introduction
Since the recovery of the first presolar grains in 1987 a considerable amount of data


has been accumulated in this new field of astronomy. Presolar minerals currently known
include nanodiamond (Lewis et al. 1987), SiC (Bernatowicz et al. 1987; Tang & Anders
1988), graphite (Amari et al. 1990), Al-bearing oxides (Hutcheon et al. 1994; Nittler
et al. 1994), Si3N4 (Nittler et al. 1995), silicates (Messenger et al. 2003; Nguyen & Zin-
ner 2004; Nagashima, Krot & Yurimoto 2004), and refractory inclusions inside graphite
(Bernatowicz et al. 1991) and SiC grains (Bernatowicz, Amari & Lewis 1992). Isotopic
analyses on individual grains by secondary ion mass spectrometry indicate that a small
fraction of presolar grains originated in supernovae (e.g., Amari & Zinner 1997). There
is a handful of grains that show characteristics of novae (Amari et al. 2001; Nittler &
Hoppe 2005). This paper summarizes information on presolar grains of supernova and of
probable nova origins. More information can be found in several review papers (Zinner
1998; Clayton & Nittler 2004; Lodders & Amari 2005) and references therein.


2. Presolar grains from type II supernovae
2.1. Oxides, SiC type X, Si3N4 and low-density graphite


The major dust forming elements (e.g., Al, Ca, Mg, Si) are mainly produced and ejected
by core-collapse type II supernovae (SNe) and if they condense from supernova (SN)
ejecta, there should be abundant grains from SNe among presolar grains. However, only
a few oxide grains and one olivine aggregate of probable SN origin have been identified
(Choi et al. 1998; Nittler et al. 1998; Messenger, Keller & Lauretta 2005). They show
either 16O or 18O excesses (here and elsewhere, an excess is relative to “normal” isotopic
composition). It is odd that SN oxide grains are so rare because 16O is the third most
abundant isotope ejected from SNe and overall SN ejecta have C/O < 1, so there should
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be many more SN oxide grains. One explanation could be that SN oxide grains are
too small (� 0.1µm) to survive for long in the ISM. Such small oxide grains are also
unrecoverable from meteorites during chemical presolar grain separation procedures.


Strangely, most of the known presolar grains from SNe are dominantly carbonaceous:
the type X SiC (Amari et al. 1992; Hoppe et al. 2000) and Si3N4 (Nittler et al. 1995),
and the low-density graphite (Amari, Zinner & Lewis 1995; Travaglio et al. 1999) grains.
However, only about 1% of carbonaceous presolar grains originated from SNe.


The carbonaceous SN grains are characterized by 28Si excesses (but a few graphite
grains show 29Si and/or 30Si excesses), lower 14N/15N ratios than that of air (272),
and typically isotopically light C, although their 12C/13C ratios range from 3.4 to 7200
(solar: 89). Many graphite grains show 18O excesses (18O/16O up to 185×solar). Type
II supernovae are the main producers of 28Si so excesses of this isotope indicate a SN
origin of these grains. Definite proof of their SN origin are excesses in 44Ca from decay
of 44Ti (T1/2 = 60 a) which must have been incorporated when the SiC type X and
low-density graphite grains formed (Hoppe et al. 1996; Nittler et al. 1996). Since 44Ti
is produced only in explosive nucleosynthesis, the initial presence of 44Ti in the grains
proves supernova origin of these grains. Supernova grains also once contained radioactive
26Al and 41Ca, which are traceable by excesses in their decay products 26Mg and 41K.
The initial 26Al/27Al ratios range up to 0.6 in SN grains.


The measured isotopic compositions of the SiC and graphite grains require mixing of
different compositional SN zones. For example, high 26Al/27Al ratios require contribu-
tions from the He-N zone (where the CNO cycle takes place), and high 18O/16O ratios
in low-density graphite grains need contributions from the He-C zone (where the triple
α reaction operates). The He-N and He-C zones have to be mixed to account for the ob-
served range of 12C/13C ratios, and the innermost Si-rich zones must contribute e.g., 28Si,
and 44Ti. Mixing must also achieve C/O > 1 for graphite and SiC condensation. Mix-
ing models by Travaglio et al. (1999), using the SN compositions by Woosley & Weaver
(1995), reproduce the observed 12C/13C, 18O/16O, and 30Si/28Si ratios, and the inferred
26Al/27Al, 41Ca/40Ca, and 44Ti/48Ti ratios if jets of material from the inner Si-rich zone
penetrate the intermediate O-rich zones and mix with matter of the outer C-rich zones.
However, the models give less 15N and 29Si than seen in the grains (Nittler et al. 1995;
Travaglio et al. 1999; Hoppe et al. 2000), and improvements in stellar structure models
and reassessments of reaction rates are necessary. For example, the 15N yield significantly
increases when stellar rotation is taken into account, and the 26Mg(α,n)29Si reaction,
which is highly temperature dependent, is poorly determined for T= (1 − 4) × 109 K
(e.g., Travaglio et al. 1998).


The Zr, Mo, and Ba isotopes in SiC X grains were analyzed with resonant ionization
mass spectrometry (Pellin et al. 1999; 2000; 2001). Four out of 6 grains have relative
95Mo and 97Mo excesses up to 1.8× solar. Such enrichments are not expected from either
the s-process (which would enrich mass 96 and 98) nor the r-process (which would give
the largest excess in mass 100). The excesses in 95Mo and 97Mo can be explained by a
neutron burst - akin to a mini r-process – occurring in the He-rich zone of an exploding
massive star (Meyer, Clayton & The 2000). Excesses in 96Zr and 138Ba in X grains can
also be accounted for by this process.


2.2. Diamond
Diamond is the most abundant carbonaceous presolar mineral, but its origin(s) remain


enigmatic. Diamonds are only measurable as aggregates of many nano-size particles that
probably came from several different types of sources, including supernovae, as seen
from the Xe isotopes. The anomalous Xe (Xe-HL) in diamonds is enriched in both Light
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(124 and 126) and Heavy (134 and 136) isotopes (Lewis et al. 1987). These are p- and
r- process only isotopes, respectively, believed to come from supernovae. It remains a
puzzle why the excesses in the light and the heavy isotopes are always correlated because
the p- and r-process are assumed to occur in different places within supernovae. Other
heavy elements e.g., Te and Pd also point to a supernova origin of diamonds (Richter, Ott
& Begemann 1998; Maas et al. 2001). The SN origin of some of the presolar diamonds
seems to be supported by the mid-IR spectra of SN 1987A, which show a broad feature
at 3.40 and 3.53 µm (Meikle et al. 1989), consistent with the identification of surface
hydrogenated diamond (Guillois, Ledoux & Reynaud 1999).


One the other hand, diamond aggregates have 12C/13C of 92 - 93 (e.g., Russell, Arden
& Pillinger 1996), close to the solar ratio of 89. The 14N/15N ratio of 417-419 (Lewis et al.
1987; Russell, Arden & Pillinger 1996) is similar to 435 measured in Jupiter (Owen et al.
2001). This may suggest that only a portion of presolar diamonds formed in supernovae
and prompted the quest for the diamonds’ other stellar sources.


3. Presolar grains from novae
A handful of presolar SiC and graphite grains have low 12C/13C, low 14N/15N, and high


26Al/27Al ratios (Amari et al. 2001), consistent with theoretical predictions for ejecta
of both CO and ONe novae (Starrfield, Gehrz & Truran 1997; 1998; José & Hernanz
1998; José et al. 2004). All grains have 30Si excesses (30Si/28Si up to 2.1× solar). The
peak temperatures reached in CO novae are not high enough to significantly modify Si
isotopic compositions, hence the Si isotopes of the grains indicate they formed in ONe
novae. However, to reproduce the grain data it is necessary to mix pure nova ejecta
with a huge amount (99%) of close-to-solar material (Amari et al. 2001). The apparent
lack of known graphite and SiC grains from CO novae agrees with expectations from
condensation calculations for nova ejecta (José et al. 2004).


Nittler & Hoppe (2005) argued that grains with low 12C/13C and 14N/15N ratios could
also form in supernovae. Isotopic analysis of Ti in the grains could distinguish the two
stellar sources because Ti isotopes are not modified in novae. Nittler et al. (2006) found
a SiC grain with 12C/13C= 1, which can only be obtained by hot H burning, pointing
clearly toward a nova origin.


4. Conclusions
Presolar grains from SNe and novae exist. Laboratory analysis of such grains gives us,


with unprecedented precision, detailed information about the nucleosynthesis products
and grain formation from these stars.


Acknowledgements


This work is supported by NASA grants NNG04GG13G (SA and KL), NNG05GF81G
(SA).


References
Amari, S., Anders, E., Virag, A. & Zinner, E. 1990, Nature 345, 238
Amari, S., et al. 2001, ApJ 551, 1065
Amari, S., Hoppe, P., Zinner, E. & Lewis, R. S. 1992, ApJ 394, L43
Amari, S. & Zinner, E. 1997, in: T. J. Bernatowicz & E. Zinner (eds.), Astrophysical Implications


of the Laboratory Study of Presolar Materials, (New York: AIP), 287







12 Amari & Lodders


Amari, S., Zinner, E. & Lewis, R. S. 1995, ApJ 447, L147
Bernatowicz, T., et al. 1987, Nature 330, 728
Bernatowicz, T.J., Amari, S. & Lewis, R. S. 1992, Lunar Planet. Sci., XXIII 91
Bernatowicz, T.J., Amari, S., Zinner, E.K. & Lewis, R.S. 1991, ApJ 373, L73
Choi, B.-G., Huss, G.R., Wasserburg, G.J. & Gallino, R. 1998, Science 282, 1284
Clayton, D.D. & Nittler, L.R. 2004, ARAA 42, 39
Guillois, O., Ledoux, G. & Reynaud, C. 1999, ApJ 521, L133
Hoppe, P., Strebel, R., Eberhardt, P., Amari, S. & Lewis, R.S. 1996, Science 272, 1314
Hoppe, P., Strebel, R., Eberhardt, P., Amari, S. & Lewis, R.S. 2000, Meteorit. Planet. Sci. 35,


1157
Hutcheon, I.D., Huss, G.R., Fahey, A.J. & Wasserburg, G.J. 1994, ApJ 425, L97
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Abstract.
Several types of presolar grains, grains that existed prior to solar system formation, have


been found in the fine-grained components of primitive meteorites, interplanetary dust particles
(IDPs), and comet samples. Known presolar components have isotopic compositions that reflect
formation from the ejecta of evolved stars. Other presolar materials may have isotopic com-
positions very similar to solar system materials, making their identification as presolar grains
problematic. Presolar materials exhibit a range of chemical and thermal resistance, so their rel-
ative abundances can be used to probe the conditions in the solar nebula. Detailed information
on the relative abundances of presolar and solar-system materials can provide information on
the temperatures, radiation environment, and degree of radial mixing in the early solar system.


Keywords. Presolar grains, solar system: formation, ISM: abundances, ISM: dust


1. Introduction
Presolar grains are solid objects that existed in interstellar space prior to the forma-


tion of the solar system and have survived within meteorites and comets until the present
day to be studied in the laboratory. The study of presolar grains has been mainly the
study of isotopic anomalies, which have historically been defined as isotopic composi-
tions that could not have been produced from the solar system composition, as measured
in terrestrial and lunar samples and meteorites, by known processes operating within
the solar system. The first anomalies of this type were found in noble gases from prim-
itive meteorites (e.g., Turner & Reynolds 1964; Black & Pepin 1969), although these
anomalies were not initially thought of as signatures of presolar materials. Additional
discoveries of isotopic anomalies in oxygen (Clayton, Grossman & Mayeda 1973; Clayton
et al. 1976), hydrogen (e.g., Yang & Epstein 1984), carbon (e.g., Swart et al. 1983), tita-
nium (e.g., Niederer, Papanastassiou & Wasserburg 1981), and other elements eventually
led to a consensus that presolar materials were not completely homogenized when the
solar system formed. The first presolar mineral grains to be identified were found after
a decades-long search for the carriers of anomalous noble-gas components. They were
diamond (carrier of Xe- HL; Lewis et al. 1987), silicon carbide (Ne-E(H) and Xe-S; Tang
& Anders 1988) and graphite (Ne-E(L); Amari et al. 1990). Since these initial identifica-
tions, ∼20 presolar compounds have been identified in meteorites and interplanetary dust
particles (Table 1). However, as the abundances clearly show, we have not yet identified
a majority of the material that made up the Sun’s parent molecular cloud.


Presolar materials can be divided into two types, circumstellar condensates, which
formed from the ejecta of dying stars and carry the isotopic signature of nucleosynthesis
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Table 1. Types and properties of presolar materials identified in meteorites and IDPs


Material Source Grain Size Abundance Chemical Thermal
(µm) (ppm)† resistance resistance


Diamond ∼0.002 ∼1400
P3 fraction ? high low
HL fraction circumstellar very high high


Silicon carbide circumstellar 0.1-20 13-14 high high
Graphite circumstellar 0.1-10 7-10 moderate low
D-rich organics interstellar low to mod. low to mod.
P1 noble gas carrier interstellar * * moderate high
Corundum (Al2O3) circumstellar 0.5-3 0.01 high very high
Spinel (MgAl2O4) circumstellar 0.1-3 1.2 high very high
Hibonite (CaAl12O19) circumstellar 1-2 0.02 high very high
Forsterite (Mg2SiO4)
Enstatite (MgSiO3)


} circumstellar 0.2-0.5 10-1800 low to mod. high


Amorphous silicates circumstellar 0.2-0.5 20-3600 low moderate


Other presolar materials include TiC, MoC, ZrC, RuC, FeC, Si3N4, TiO2, and Fe-Ni metal.
†Abundance in fine-grained fraction (= matrix in primitive chondrites).
* 132Xe-P1 content in carbonaceous residue from primitive chondrites is ∼(1.2–1.4)×10−8 cc-
STP/gram, but the carrier itself is still unknown.
Data: Huss & Lewis 1995; Huss, Lewis & Hemkin 1996; Huss et al. 2003; Messenger, Sandford
& Brownlee 2006.


in the parent star, and interstellar material, which grew from the gas phase in inter-
stellar space, primarily in molecular clouds. Most presolar materials identified in the
laboratory are circumstellar condensates, which carry the largest isotopic anomalies rel-
ative to solar system materials. Astronomical observations indicate that AGB stars are
prolific dust producers. Most of the presolar grains studied to date are from AGB stars,
although we note that grains below ∼0.3µm are currently almost impossible to study.
Amorphous silicates, Mg-rich crystalline silicates, Al2O3, and FeMg oxides are observed
in the circumstellar dust shells of O-rich AGB stars (Molster et al. 2002; Tielens, Waters
& Bernatowicz 2005). Silicon carbide is observed in C-rich dust from AGB stars (Speck,
Barlow & Skinner 1997). Amorphous silicates and amorphous C have been reported from
observations of the interstellar medium (see, e.g., review by Draine 2003 and references
therein). In dark molecular clouds, the grains acquire mantles consisting primarily of H2O
ice but often containing appreciable fractions of CO, CO2, CH3OH, and other species.


2. Differential processing of presolar materials in the solar nebula
Presolar materials exhibit a wide range of resistance to heating and chemical process-


ing (Table 1). This opens the possibility that their relative abundances can be used as
probes of conditions in the solar nebula. For example, if a portion of a molecular cloud
containing all of the materials in Table 1 (plus many others) is heated to 1000 K, we
would expect that the P3 fraction of diamond, graphite, D-rich organics, and some of the
poorly crystalline silicates would be destroyed, either through vaporization or through
chemical reaction. At higher temperatures, other components would also be destroyed.
Heating in a highly oxidizing environment would affect carbonaceous and organic com-
ponents more than oxides, while reducing environments would increase the survival of
carbonaceous and organic components. An initial study of unmetamorphosed chondrites
comparing abundances of diamond, silicon-carbide, and graphite in the matrices with
the bulk compositions of the meteorites shows a correlation between depletions of fragile
presolar components and depletions of volatile and moderately volatile elements (Huss et
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al. 2003). This correlation suggests that the presolar grains track the thermal processing
in the solar nebula that produced the bulk compositions of different classes of meteorites
from molecular-cloud material.


3. Formation of Organic Compounds
Isotopic and chemical compositions of organic materials in meteorites, IDPs, and comet


samples may also provide information about conditions in the solar nebula. For example,
dense molecular clouds contain a wide variety of relatively complex organic molecules
synthesized by radiation-driven chemistry in the gas phase and in icy grain mantles (e.g.,
Allamandola, Sandford & Valero 1988). Some of these molecules, such as those contain-
ing the OCN− ion, are more abundant in the spectra of protostars than in the spectra of
background stars (Pendleton et al. 1999), suggesting that radiation-driven chemistry may
be enhanced in the immediate vicinity of star-formation. Many molecules synthesized in
laboratory experiments simulating conditions in molecular clouds are similar or identi-
cal to compounds found in primitive meteorites (Bernstein et al. 2001). There are clear
isotopic signatures (e.g., high D/H) associated with organic molecules produced by radi-
ation chemistry in cold molecular clouds and in dense, cold regions of an accretion disk
(e.g., Sandford, Bernstein & Dworkin 2001). Interstellar grains may be heavily deuter-
ated in diffuse regions (Linsky et al. 2006), with D presumably present in hydrocarbons,
possibly including PAHs (Draine 2006). Detailed work on organics in meteorites and in-
terplanetary dust particles is just beginning, as new tools become available. Identifying
specific molecules that carry extreme isotope anomalies will help identify the chemical
pathways of their creation, which in turn will constrain the environment of formation,
either in the molecular cloud or in the early solar nebula.


4. Circulation and mixing in the solar nebula
An a priori knowledge of the types of materials in the Sun’s parent molecular cloud


provides the basis for which to track circulation and mixing in the solar nebula. Late-stage
stars produce both amorphous and crystalline silicates in their outflows. The proportion
of crystalline silicates may be anywhere from 5-10% up to as much as 40%, but detection
is difficult (e.g., Molster et al. 2002; Kemper et al. 1999). However, crystalline silicates
comprise < 2% of the silicate material in interstellar space (Kemper, Vriend & Tielens
2005). Crystalline silicates can be destroyed by interstellar shocks and amorphized by
cosmic rays, thus reducing their abundance. On the other hand, observations of young
stellar systems show that the abundance of crystalline silicates is much higher in the
inner disk than in the outer disk, but that even the outer disks show more crystalline
silicates than the interstellar medium (Tielens et al. 2005). These observations indicate
that crystalline silicates are produced in the inner disk and are mixed outward.


Chemical thermodynamics predicts that pure Mg-end-member olivine (forsterite) and
pyroxene (enstatite) grains will be the first major silicate phases to condense from a cool-
ing gas of stellar or solar composition (Grossman 1972; Lattimer, Schramm & Grossman
1978). In contrast, olivine and pyroxene that crystallize from a melt typically contain Fe
and other elements. Nearly pure Mg-end-member forsterite and enstatite are observed
along with amorphous silicates and Fe-bearing olivine in the matrices of the most prim-
itive chondrites (e.g., Brearley 1993). Observations of dust released by comets and of
porous chondritic IDPs thought to have come from comets also show both crystalline
and amorphous silicates (e.g., Wooden, Woodward & Harker 2004; Keller & Messen-
ger 2005). These data sets suggest that mixing of high-temperature nebular components
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from the inner to the outer solar system was significant. Transport of high-temperature
material to the outer solar system may have occurred via turbulent mixing (Cuzzi, Davis
& Dobrovolskis 2003), by X-winds (Shu, Shang & Lee 1996), or by other unknown pro-
cesses. Detailed studies of presolar and high-temperature nebula components in primitive
meteorites, IDPs, and comet samples will be critical in interpreting the astronomical ob-
servations and in understanding mixing processes in the early solar nebula.
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Abstract.


As pristine condensates from a large number of stars, presolar grains provide unique informa-
tion on the sources, types, compositions and processing histories of dust in the Galaxy. However,
their promise remains largely unfulfilled. Here we discuss some of the astrophysical problems for
which presolar grains might provide important insights and constraints in coming years.


Keywords. dust, extinction, circumstellar matter, stars: AGB and post-AGB, supernovae, nu-
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1. Introduction
Presolar grains in meteorites and interplanetary dust particles (IDPs) are relatively


pristine samples of circumstellar dust that can be studied in remarkable detail by ad-
vanced microanalytical tools in the laboratory (e.g., Nittler 2003). The types of grains
that have been found include silicates, oxides, graphite, diamond, SiC and Si3N4. They
appear to come from red giant branch (RGB) and asymptotic giant branch (AGB) stars,
from supernovae and possibly novae. Their analysis can provide elemental and isotopic
compositions that are far more precise than is possible astronomically, as well as powerful
new information that cannot be obtained astronomically but which complements that
obtained from traditional astronomical observations. Many examples are discussed in
the other papers from this Joint Discussion. However, the promise of presolar grains for
astronomy and astrophysics has not been fulfilled to the extent it could be. With several
notable exceptions, relatively few studies by traditional astronomers and astrophysicists
have taken into account the growing observational data set on presolar grains. This is in
part due to the fact that for much of the nearly twenty years since presolar grains were
discovered, most of the studied grains have been atypical, from the astronomical point
of view, for circumstellar and interstellar dust. For example, until recently, only grains
larger than about ∼1µm in diameter were amenable to isotopic analysis as single grains,
while typical circumstellar and interstellar dust sizes are ∼100 nm. Similarly, silicates are
the dominant type of dust in the Galaxy, but these have been identified in the presolar
grain population only quite recently (Messenger et al. 2003). The situation has greatly
improved with recent technological advances. For example, isotopic measurements can
now be made on individual grains down to 100 nm in size, and identification of presolar
silicate grains for detailed study has become fairly routine. Here we discuss some of the
astrophysical problems for which presolar grains might provide important insights and
constraints in coming years.
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2. Opportunities for Astrophysics
2.1. Galactic Chemical Evolution (GCE)


It is now well-established that the isotopic compositions of some elements, notably Si,
Ti, and O, in many presolar grains reflect GCE processes (Clayton & Timmes 1997;
Alexander & Nittler 1999), but a unified quantitative explanation of the data in terms
of GCE is lacking. Unfortunately, at present the limitations of both the grain data set
and GCE models make it difficult to judge the relative merits of the disparate ideas put
forward to explain the grain data. Perhaps the best hope for progress from the grain
front is the acquisition of multi-element data for a large number of grains of different
types, for example Si, Ti and O isotopic data for presolar silicates, SiC and oxide phases
from AGB stars. Such a multi-dimensional dataset would allow the disentanglement of
GCE processes from nuclear processes in the parent stars of the grains and could serve
as high-precision constraints on future GCE models.


2.2. Stellar Evolution and Nucleosynthesis
Observational data from both stars and presolar grains clearly demonstrate the existence
of an “extra mixing” process (often called “cool bottom processing” or CBP, Wasserburg,
Boothroyd, & Sackmann 1995) occurring in low-mass RGB and AGB stars. What is still
unknown is the physical-dynamical cause of CBP. In addition to indicating the existence
of CBP, presolar grains may also shed light on the origin and nature of the mixing. First,
comparison of grain data with parameterized models (e.g., Nollett, Busso, & Wasserburg
2003) provides constraints on the physical conditions of the mixing (e.g., mixing rate,
temperature). Second, the distribution of mixing parameters indicated by the isotopic
data, including the lack of mixing in many parent stars, must be reproduced by any
reasonable model of CBP.


One of the biggest mysteries of presolar grain studies is the origin of the highly 13C-
enriched SiC grains, known as Types A and B (Amari et al. 2001). J-type and CH-type
C-stars are known to be 13C-rich C stars, although their origins are also mysterious. The
ratio of A+B grains to normal AGB grains is very similar to the ratio of J-type and
N-type C-stars. Thus, it seems likely that most of the A+B grains come from J-type
stars. Whether from J-type or CH-type stars, the detailed information that will come
from the A+B grains should greatly enhance our knowledge of how these stars form and
evolve.


A fraction of presolar grains originated in supernova explosions and their composi-
tions provide detailed information about nucleosynthesis and mixing processes in such
environments (see e.g., Amari & Lodders, this volume). This topic is likely to expand
in coming years with more detailed grain data, with detailed observations of supernova
remnants using the Chandra and Spitzer telescopes, and with multi-dimensional modeling
of supernovae, now becoming possible with modern computers.


2.3. Dust Formation around Stars
How dust grains nucleate and grow in stellar environments is not well understood, despite
being central to models of dust production in the Galaxy, the evolution of dust in the
ISM, and mass loss from stars. Presolar grains hold great promise for improving under-
standing in this field, since formation processes are recorded in the detailed structures and
compositions of the grains that can be characterized in minute detail. Thermodynamic
equilibrium calculations have been very useful for determining the types of grains that
should form and the order in which they condense (Lodders & Fegley 1995). However,
astronomical and astrophysical evidence shows that thermodynamic equilibrium is not
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maintained in stellar outflows. A realistic picture of grain formation will require kinetic
models of grain nucleation and growth, coupled to physical models of the conditions that
exist in stellar outflows of different kinds (e.g., Gail & Sedlmayr 1999)


Presolar grains will provide a wealth of constraints for these models. The size dis-
tribution of grains reflects their growth conditions, but there seems to be only modest
variations in the range of presolar grain compositions with size. So, for instance, different
types (masses/metallicities) of AGB stars produce SiC grains with similar size distribu-
tions, as do supernovae. Perhaps the similarities in the size distributions of grains from
these different objects reflects some common underlying mechanism.


Formation of grains that range in size from 100 nm or less to several microns seems to
require a range of gas densities in outflows. In particular, formation of large (>1 µm) AGB
grains on reasonable timescales requires much higher densities than estimated average
densities in a uniform radially symmetric outflow (e.g., Bernatowicz et al. 2005). The
density variations recorded by the grains are probably caused by shocks in the outflows
that are observed astronomically, and highlight the need for two- and three-dimensional
models of grain growth in outflows.


The microstructures of grains also provide clues to the mechanisms of nucleation and
growth. Heterogeneous nucleation on pre-existing grains is often invoked to overcome
the kinetic barriers to spontaneous nucleation in the gas phase. However, of the grain
types that have been examined, only certain types of graphite grain show clear evidence
for heterogeneous nucleation (Bernatowicz et al. 1996). For thermodynamic and/or ki-
netic reasons, minerals with the same compositions can have different crystal structure
(polytype), depending on the conditions under which they form. Whether AGB Al2O3


grains are crystalline or amorphous may depend on the availability of Ti when they grow
(Stroud, Nittler, & Alexander 2004). SiC has many polytypes whose stability and preser-
vation depends on the temperature of formation and the rate at which the system cools
(Daulton et al. 2002).


Dust formation in supernovae (SNe) is of great current interest in astrophysics, both
because of observations of copious dust at high redshifts (Bertoldi et al. 2003) and be-
cause of observations of dust in Galactic SN remnants (Sugerman et al. 2006). However,
the processes of dust formation in SNe and the types of dust produced are poorly un-
derstood. Grains from supernovae have been found in almost every presolar grain type
and again they provide an opportunity for making progress in this field. For example,
in contrast to presolar grains from AGB stars, which are typically single euhedral crys-
tals, the SNe-derived SiC, silicates and Si3N4 grains studied to date by transmission
electron microscopy are polycrystalline aggregates of smaller 10–100 nm sized sub-grains
(Stroud, Nittler & Hoppe 2004; Messenger, Keller & Lauretta 2005; Stroud, Nittler &
Alexander 2006), indicating different conditions during grain formation in the differ-
ent environments. Micron- to ten micron-sized graphitic grains from supernovae contain
sub-crystals of Fe-Ni metal and TiC, providing tight constraints on the conditions where
the grains formed (Lodders 2006). Isotopic evidence from SiC and diamond grains also
provide clues to the timing of grain condensation in supernovae ejecta.


2.4. Sources and Processing of Interstellar Dust


Presolar grains come from at least tens and, perhaps, hundreds of stars (Alexander
1997) with a considerable range in masses and metallicities. To date, there has been no
quantitative explanation for how grains from so many stars became part of the presolar
molecular cloud. Based on observed encounter rates, direct injection of dust from stars
passing through a cloud cannot be the explanation. Presumably, the grains are accumu-
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lated by a molecular cloud as it forms, and the number of stellar sources for grains must
in some way reflect the volume of the Galaxy sampled by the forming cloud.


Circumstellar grains are thought to be rapidly processed in the ISM by supernova-
driven shock waves (Slavin, Jones, & Tielens 2004). This processing results in the rapid
amorphisation of crystalline silicates, sputtering and cratering/shattering in grain-grain
collisions. The presolar grains appear to be relatively unprocessed, which is surprising
given the rapidity of the ISM processing and the number of stars represented. Obviously,
a small fraction of circumstellar grains are able to survive in the ISM and those that do
survive appear to be largely unscathed. How this might happen in the context of current
models of dust evolution in the ISM has yet to be explored.


Given that presolar grains come from so many sources and seem to be relatively unpro-
cessed, they also provide constraints on circumstellar dust production rates in the Galaxy.
Astronomical estimates of Galactic dust production rates vary widely, particularly in the
amount of dust produced by supernovae. The relative abundances of different types of
presolar grain from various stellar sources are generally roughly what is expected from
astronomical estimates of stellar dust production rates that only require a few percent
of the dust coming from supernovae (Alexander 1997). The two glaring differences are
the low abundances of graphite grains and high abundance of nanodiamonds amongst
circumstellar grains in meteorites.
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Preface


With the first discovery of surviving presolar minerals in primitive meteorites in 1987
a new kind of astronomy emerged, based on the study of stellar condensates with all the
detailed methods available to modern analytical laboratories. The presolar origin of the
grains is indicated by considerable isotopic ratio variations compared with Solar System
materials, characteristic of nuclear processes in different types of stars.


The astrophysical implication comes from the laboratory studies of such presolar grains
from meteorites. The studies have provided new and often unique information on galactic
chemical evolution, on nucleosynthesis in a variety of stellar objects, on grain formation
in stellar outflows, and on the survival of grains in the instellar medium, in the solar
nebular, and in meteorite parent bodies.


The full scientific exploitation of presolar grains is only made possible by the develop-
ment of advanced instrumentation for chemical, isotopic, and mineralogical microanalysis
of very small samples. Unique scientific information derives primarily from the high pre-
cision (in some cases < 1%) of the measured isotopic ratios of various elements in single
stardust grains. Known presolar phases include diamond, SiC, graphite, Si3N4, Al2O3,
MgAl2O4, CaAl12O19, TiO2, Mg(Cr,Al)2O4, and most recently, silicates. Subgrains of
refractory carbides (e.g., TiC), and Fe-Ni metal have also been observed within individ-
ual presolar graphite grains. These grain types represent a wide range of thermal and
chemical resistance. Many new breakthroughs are expected in the near future as it is now
technically possible to extend isotopic laboratory studies to individual particles down to
scales of < 100 nm.


The papers presented here illustrate that the laboratory studies of presolar grains
provide crucial contributions to several important areas of astrophysics. For example,
studying isotopic compositions of grains that condensed from the ejecta of dying stars
provide essential boundary conditions for numerical models of stellar nucleosynthesis.
The grains disclose information about nucleosynthesis sites of different elements and the
relative abundances of different stellar inputs to the Galaxy (e.g. the supernova II/Ia
ratio), as well as constraining the degree of mixing of material from diverse stars in the
interstellar medium and the types of minerals produced by stars of different metallicity.
The grains also probe the conditions of the solar nebula accretion disk during the earliest
stages of Solar System formation.


The results from isotopic studies are currently those that bear strongest on other
fields of astrophysics. For one, they allow us to pinpoint the grains’ stellar sources among
which Red Giants stars play a prominent role. In addition, given the precision of the
laboratory isotopic analyses, which far exceeds whatever can be hoped to be achieved
in remote analyses, they have strong implications for, e.g. the need for an extra mixing
process (cool bottom processing) in Red Giants and provide detailed constraints on the
operation of the s-process in Asymptotic Giant Branch (AGB) stars. Indeed, they are the
only way to provide isotopic abundances for many species, especially for trace elements. A
non-standard neutron capture process (neutron burst) may be implied by the small part
of the silicon carbide grains which originate from supernovae. The progress in analytical
techniques promises more important and exiting results in the near future.


May the next pages be a compass to guide your journey into the facinating discoveries
that have come from the studies of presolar grains up to now.


Anja C.Andersen and John Lattancio, co-chairs SOC,
Copenhagen and Monash, November 1, 2006
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Abstract. Small amounts of pre-solar grains have survived in the matrices of primitive me-
teorites and interplanetary dust particles. Their detailed study in the laboratory with modern
analytical tools provides highly accurate and detailed information with regard to stellar nucle-
osynthesis and evolution, grain formation in stellar atmospheres, and Galactic Chemical Evo-
lution. Their survival puts constraints on conditions they were exposed to in the interstellar
medium and in the Early Solar System.
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1. Introduction
Almost twenty years have passed since, as a result of the search for host phases of


isotopically unusual noble gases, the first discovery in 1987 of surviving pre-solar miner-
als (diamond and silicon carbide) in primitive meteorites. These were followed by oth-
ers (graphite, refractory oxides, silicon nitride, and finally silicates) in the years since.
Presolar grains occur in even higher abundance than in meteorites in interplanetary dust
particles (IDPs). The result is a kind of “new astronomy” based on the study of pre-solar
condensates with all the methods available in modern analytical laboratories.


In the “classical” approach, pioneered in the search for the noble gas carriers diamond,
SiC and graphite, pre-solar grains are isolated by dissolving most of the meteorites (con-
sisting mostly of silicate minerals) using strong acids, followed by further chemical and
physical separation methods. For overviews at the early stage when only these types were
known see reviews by Anders & Zinner (1993) and Ott (1993).


More up-to-date reviews (although only barely including the only recently found pre-
solar silicates) are by Zinner (1998), Hoppe & Zinner (2000), Nittler (2003), and Zinner
(2004). Refractory oxides and silicon nitride were found in conjunction with the noble
gas carrying minerals because of their similar chemical inertness which allowed them
to survive the extraction procedure of the noble gas carriers. Identification of pre-solar
silicates among the sea of “normal silicates”, however, became possible only with the
advent of a new generation of analytical instrumentation, the NanoSIMS (e.g., Hoppe
et al. 2004) that allowed the imaging search for isotopically anomalous phases in situ,
i.e. without the need for chemical / physical extraction.


Central to the identification of pre-solar minerals is the determination of isotopic com-
positions, which as a rule strongly deviate from the normal (Solar System) composition.
Isotopic composition is, as a matter of fact, the main (and only safe) criterion by which
they can be identified; hence all our known “pre-solar grains” are “circum-stellar con-
densates” that carry the isotopic signatures of nucleosynthesis processes going on in their
parent stars (Fig. 1).


Because presolar grains come from different stellar sources, information on individ-
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ual stars can only be obtained by the study of single grains. This is possible by SIMS
(Secondary Ion Mass Spectrometry) for the light to intermediate-mass elements, RIMS
(Resonance Ionization Mass Spectrometry) for the heavy elements, and laser heating and
gas mass spectrometry for He and Ne.


2. Overview
An overview of the currently known inventory of circumstellar grains in meteorites is


presented in Table 1. Abundances of silicates are definitely, those of the other pre-solar
grains most likely, higher in IDPs. Some comments follow below, while several specific
cases are discussed in detail in other contributions to this volume.


Silicon carbide. All SiC grains in primitive meteorites are of pre-solar origin, and they
are the best characterized. This has been helped by their comparably high contents of
minor and trace elements. Characteristic for most grains are enhanced 13C, 14N, former
presence of 26Al as indicated by overabundances of its daughter 26Mg, neon that is almost
pure 22Ne [Ne-E(H)] and heavy elements showing the characteristic isotopic signatures
of the s-process. These “mainstream grains” quite obviously are condensates out of the
winds of AGB stars (see contribution by Lugaro & Höfner). Only a percent or so have
a clearly different origin tied to supernovae (the“ X-grains”). They are characterized
by high 12C, 28Si, very high former abundances of 26Al as well as 44Ti and not fully
understood signature in the heavy trace elements (see contribution by Amari & Lodders).


Oxides and silicates. Besides diamonds (see below) silicates - not unexpectedly - are
the most abundant of the pre-solar grains that have been found. The most characteristic
features of oxides and silicates are contained in the oxygen isotopic composition that
can be used for assigning each grain to one of four groups (Nittler et al. 1997). Grains
without evidence for the former presence of 26Al are assumed to originate from RGB
stars, those with 26Al from AGB stars.
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Figure 1. Path of presolar grains from their stellar sources to the laboratory.
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Table 1. Overview of current knowledge on circum-stellar condensate grains in meteorites.


Mineral Size [µm] Isotopic Signatures Stellar Contri-
abund. [ppm]1 Sources bution2


diamond 0.0026 Kr-H, Xe-HL, Te-H supernovae ?
1500


silicon 0.1− 10 enhanced 13C, 14N, 22Ne, s-process elem. AGB stars > 90 %
carbide 30 low 12C/13C, often enh. 15N J-type C-stars (?) < 5 %


enhanced 12C, 15N, 28Si; extinct 26Al, 44Ti Supernovae 1 %
low 12C/13C, low 14N/15N novae 0.1 %


graphite 0.1− 10 enh. 12C, 15N, 28Si; extinct 26Al, 41Ca, 44Ti SN (WR?) < 80 %
10 s-process elements AGB stars > 10 %


low 12C/13C J-type C-stars (?) < 10 %
low 12C/13C; Ne-E(L) novae 2 %


corundum/ 0.1− 5 enhanced 17O, moderately depl. 18O RGB / AGB > 70 %
spinel/ 50 enhanced 17O, strongly depl. 18O AGB stars 20 %
hibonite enhanced 16O supernovae 1 %


silicates 0.1− 1 similar to oxides above
140


silicon 1 enhanced 12C, 15N, 28Si; extinct 26Al supernovae 100 %
nitride 0.002


1For the abund. (in wt. ppm) the reported maximum values from different meteorites are given.
2Note uncertainty about actual fraction of diamonds that are pre-solar and for fraction of
graphite attributed to SN and AGB stars (see discussion in text).


Graphite and silicon nitride. The characteristics of most grains (see Tab. 1) have tradi-
tionally led to assume a SN origin (e.g., Zinner 1998; Hoppe & Zinner 2000). However, this
percentage may have been overestimated as most high-density graphite grains, although
showing enhanced 12C abundances, contain s-process signatures and so are more likely
to originate from AGB stars (Croat et al. 2005). The rare Si3N4 grains show isotopic
signatures similar to SiC-X and SN graphite grains and derive probably from supernovae
as well.


Nanodiamonds. In several ways these are the most enigmatic. Although discovered
first, their pre-solar credentials are based solely on trace elements Te and noble gases
that they carry. They are too small for individual analysis each consisting of some 1000
carbon atoms only on average and the carbon isotopic composition of “bulk samples”
(i.e. many diamond grains) is within the range of Solar System materials. What fraction
of the diamonds is truly pre-solar is an as yet open question.


3. Implications
Isotopic structures and nucleosynthesis. As isotopic structures are the key for estab-


lishing the grains as pre-solar, isotope studies are at the core of investigations that have
been performed. Results from isotopic studies in turn are also those that bear strongest
on astrophysics. For one, they allow us to pinpoint the grains’ stellar sources. In addi-
tion, given the precision of the laboratory isotopic analyses, which far exceed whatever
can be hoped for in remote analyses, they allow conclusions with regard to details of
nucleosynthesis and mixing in the parent stars as well as Galactic Chemical Evolution.
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They have borne strong on, e.g. the need for an extra mixing process (cool bottom pro-
cessing) in Red Giants and provide detailed constraints on the operation of the s-process
in AGB stars (e.g., Busso et al. 1999). A non- standard neutron capture process (“neu-
tron burst”) may be implied by the SiC-X grains from supernovae (Meyer et al. 2000)
and possibly the trace Xe in the diamonds (e.g., Ott 2002). The progress in analytical
techniques promises more important results in the near future.


Grain formation. Chemical composition, sizes, and microstructures of grains constrain
conditions during condensation in stellar winds and supernova ejecta. Condensation of
SiC apparently occurred under close to the equilibrium conditions (e.g., Lodders & Fegley
1998). Additional constraints are imposed by trace element contents both on average (Yin
et al. 2006) as well as in individual grains (Amari et al. 1995). An important relevant
observation is the occurrence of subgrains of primarily TiC within graphite (Croat et al.
2005).


The lifecycle of pre-solar grains (and maybe interstellar grains in general). Interstellar
grains are expected to be processed and eventually destroyed by sputtering or astration
(e.g., Draine 2003), with an as yet unidentified process needed to account for the bal-
ance between formation and destruction. Presolar grains preserved in meteorites carry,
in principle, a record of conditions they have been exposed to, which, however, is difficult
to read. Determining an absolute age using long-lived radioisotopes is virtually ruled
out by the fact that these systems use decay of rare constituents (e.g., K, Sr, Re, U)
decaying into other rare elements with uncertain non-radiogenic composition. However,
appearance and microstructures of pristine (i.e. not chemically processed) SiC show little
evidence for being processed, indicating either that they were surprisingly young when
entering the forming Solar System or that they were protected (Bernatowicz et al. 2003);
a similar situation is indicated by the lack of detectable spallation Xe produced by ex-
posure to cosmic rays during residence in the ISM (Ott et al. 2005). The distribution,
finally, among various types of meteorites, provides a measure of processing in the early
Solar System.
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