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Abstract
Meteoritesandinterplanetarydustparticlescontainpresolarstardusigrains: solid samples
of starsthat canbe studiedin the laboratory We review the role of thesegrainsfor the
sciencef nucleosynthesisstellar evolution, grain condensationand chemicaland dy-
namic evolution of the Galaxy We explain what stardustis, predisceery ideasaboutit,
how it is collectedandrecognizedandhow evidenceof thermalcondensatioandmeasured
isotopicabundanceratios placesindividual grainsinto relatedfamilies. Unique scientific
informationderives primarily from the high precision( in somecases<1%) of the mea-
suredisotopicratios of large numbersof elementsn single stardusfgrains. To clarify the
new scientificscopewe focusonthreeof the stardustamilies: mainstreansiC grainsfrom
asymptotigyiantbranchcarbonstars,oxide grainsfrom oxygen-richredgiants,andcarbide
grainscondensedvithin interiorsof youngexpandingsupernoae. Stardustsciences just
now reachingmaturityandwill remainanincreasinglysignificantaspecbf nucleosynthesis
applications.

1.1 Intr oduction

Presolasstardusgrainsaresolid sampleof starsthatcanbe studiedin thelabora-
tory. They condenseduringcoolingof gasesn stellaroutflows andexplosionsandbecame
a part of the interstellarmedium (ISM) from which our Solar Systemultimately formed.
Theword “stardust”distinguishesuchinterstellardustfrom the larger massof interstellar
dustthatformedin otherways. The word “presolar” indicatesthat thesegrainsformedin
starsthatevolvedprior to thebirth of the Sun.Presolagrainsareoverwhelminglyextracted
from the mostprimitive meteoritessmall asteroidfragmentsvhoseorbits have intersected
theEarth,andfrom interplanetandustparticles cometaryandasteroidaparticlescollected
at high altitudesin the atmosphere Asteroidsand cometsboth formedduring the earliest
stagesf solarsystemformation. The stardustgrainsthey containmustnecessariljhave
formedfrom pre-e&isting stars,andeachstardusgrainis henceolderthanthe Sun. Stardust
grainsthat condensedn starsyoungerthanthe Suncertainly exist in the ISM today but
samplef themhave not yet beencollected.The currentNASA STARDUST missionmay
returnthefirst sampleof youngerstardust.

Presolamgrainsarerecognizedassuchby their highly unusualisotopiccompositionsin
essentiallyevery elementhatthey contain,relative to all othermaterialsavailablefor labo-
ratorystudy Theirisotopicvariationsaretoo large (>4 ordersof magnituddén somecases)
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Tablel.1. Typesof presolar grainsin meteorites and interplanetary dust particles (IDPs).

Phase Abundance Size References
(ppm)

Diamond 1400 2nm [1]
SiC 14 0.1-20pm [1]
Graphite 10 1-20pm [1]
TiC, ZrC,MoC, RuC,FeC,Fe-Ni (sub-grainsn graphite) 5-220nm [2,3]
Silicon Nitride (SizNg) >0.002 ~1pm 4]
Spinel(MgAl,0y) 1 0.1-3um [4]
Corundum(Al,03) <0.1 0.1-3um [5]
Hibonite (CaAl;201) 0.002 ~2 pm [6]
Silicates 500(in IDPs) 0.3-1um [7]

Key to referencesfl] Huss,Hutcheon& Wasserhrg 1997,[2] Bernatavicz etal. 1996,
[3] Croatetal. 2003,[4] Nittler etal. 1995,[5] Zinneretal. 2003,[6] Choi, Wasserhrg, &
Huss1999,[7] Messengeetal. 2003.

to be explainedby chemicalor physicalfractionations. Rather mary of thesevariations
clearlypointto nuclearreactionoccurringin individual stars.Quite a large literatureexists
documentinghe discovery of thesegrainsandtheir astrophysicatonsequencesiVe cite
several key papersaswe proceed but our goalis moreto indicatethe typesof arguments
andconclusionghatthey have uniquelybroughtto astrophysicsThe state-of-the-arin the
field hasbeenreviewed recentlyby Zinner (1998)andNittler (2003). Many detailsof the
astrophysicaimplicationsof stardusmaybefoundin thevolumeeditedby Bernatavicz &
Zinner(1997).

The known typesof presolarstardustrelisted alongwith their sizesandabundancesn
Tablel.1. Figurel1.1 showvs scanningelectronmicroscopdmagesof two presolarstardust
grains.Both examplesaresinglecrystalsof silicon carbide(SiC), but theirisotopiccompo-
sitions(indicatedin the caption)revealthatthey formedin quitedifferentstars.Figurel.1a
shavsaso-calledmainstreangrain,andFigurel.1b shovsaso-calledX grain.Bothgrains
areafew pmin diameterlargerthanis typical for bothinterstellardustandmeteoriticstar
dust,butamenabléo isotopicanalysisNew technologiegarenow allowing isotopicanalysis
of presolarstardusigrainswith moretypical sizes(<500nm). A 1ym SiC grain contains
> 10'* atoms sufficientfor statisticallyprecisemeasurementsf isotopicratiosnotonly for
C andSi but evenfor minor andtraceelementswithin the SiC (suchasN, Mg, Ca,Ti, and
othersin somecases) Suchgrainsarealsolarge enoughfor experimentaldeterminatiorof
theirmineralogyandmicrostructure For example mostSiC stardusgrainshave beenfound
to besinglecrystalswith the cubicstructureg(3-SiC), ratherthanoneof the hexagonalpoly-
morphs(a-SiC) commonin industrially producedSiC (Daultonet al. 2002). Crystalline
SiC is expectedto condensén a carbon-richgasasit coolsfrom high temperatureslue
to expansion,and 3-SiC has,in fact, beenidentifiedin circumstellarenvelopesof carbon
stars(Speck,Hofmeister & Barlow 1999). The extremelynonsolarisotopiccompositions
of the grainsindicatethatthey completelycondense@ndcooledprior to any mixing with
interstellamatter
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Fig. 1.1. Scanningelectronmicroscopemagesof two presolarstardustgrainsof silicon
carbide(SiC). (a) “Mainstream” grain with: 2C/A3C = 60 (solarratio is 89), **N/*°N =
1,000(solarratio is 272),2%30Sj/28Sj = 1.05 x solar inferred?6Al/2’Al~1072. This grain
formedin a presolarC-rich AGB star (b) “X” grainwith: 2C/*3C = 300, *N/**N = 60,
295i/28Si = 0.7 x solar®°Si?8Si= 0.5 x solat inferred?%Al/27Al~0.3. This grainformedin
theejectaof a presolarsupernea.

Notethatthe grainsdiscussedherearenot typical of the main massof dustin the ISM.
Mostdustmasss believedto consistof atomsandmoleculesaccretedntorefractorygrain
coreswhenthe diffuselSM joins clouds(Draine2003). Becauseéhe atomsandmolecules
thatmake up thegrainmantlesoriginatedin diversenucleosynthetisites,mostof theinter-
stellardustmassis probablyisotopicallyhomogeneoué~solarin the Sun’s parentmolec-
ular cloud). It is evident that the stardustgrainscould not have formed by a processof
heatingof interstellamantlesaccretedn molecularclouds,bothbecause¢hey areminerals
(not amorphoussolids)and becauseheir isotopicratiosaretoo extremeandindicative of
individual stars. For example,the highly nonsolarisotopicratios of the SiC grainsshavn
in Figurel.larenot expectedn interstellargrainmantles but, basedon both obsenations
andtheoreticaimodels theseratiosspeakstronglyin favor of thermalcondensatiomvithin
asymptotiayiantbranch(AGB) C-starwinds(mainstreangrain)andsuperneainteriors(X
grain).

1.1.1 Isolation and Analysis of Presolar Stardust

Presolarstardustcomprisesa small fraction of interstellardustand of meteorites
(Table1.1). Meteoritic evidenceis that stardustaccountdor muchlessthan1% of refrac-
tory atomsin solarsystemsolids,thoughhow muchpreeisting dustwasdestreyed during
solarsystemformationis unknown. lIdentifying this smallfraction of stardustithin a me-
teoriterockis notaneasymatter Most presolamgrainshave beenidentifiedin acid-resistant
residuedeft over aftermostof the massof the meteoritehasbeendissohedin strongacids.
The chemicaldissolutionproceduresvere developedexperimentallyas a meansof con-
centratingthe unknaown carriersof isotopically anomalousoble gaseqLewis & Anders
1983).0Oncethesecarrierconcentrationsvereachieved, theresiduesvereshovn to contain

3



D. D. Clayton and L. R. Nittler

mary of themineralphasedistedin Tablel1.1(Amari, Lewis, & Anders1994). Thesethen
wereanalyzedyrainby grainfor mineralstructure primarily by electrondiffraction,andfor

isotopicratiosby secondary-iormassspectrometry(SIMS). Suchstudies which required
breathtakingechniquedor handlingandanalysisof microparticlesconfirmedthatindivid-

ual stardusgrainswerethe carriersof the noblegasanomaliesandhadisotopicvariations
in their major elementsaswell (Bernatavicz et al. 1987; Zinner, Tang, & Anders1987).
Identificationof evenrarerpresolamphasege.g.,oxide minerals,SizN4, andTiC) required
developmenbf automategbarticleanalysigechniquegNittler etal. 1995,1997;Choietal.

1998)andultramicrotomyandtransmissiorelectronmicroscopy techniquegBernatavicz

etal. 1996).Recentlythedevelopmenbf new SIMSinstrumentatiomasresultedn thedis-

covery of presolarsilicatestardusin interplanetarydustparticles(Messengeet al. 2003).
Suchgrainswould have beendestrgedin the prior acidtreatments.

112  Astronomical Context

To glimpsethe astrophysicapotentialof presolarstardusbnecanimaginea tele-
scopecapableof measuringsotoperatiosto betterthan1% precisionin stars.Imaginewhat
scienceonecould do with sucha telescopenucleosynthesim stars,stellarstructure,and
chemicalevolution of the Galaxy Theseareexactly the topicsthatthe measuregresolar
grainsclarify. But becausehe isotopicratiosare measuredvith considerablygreatemre-
cisionthanis possiblefor astronomersthe questionghat canbe pursuedare more precise
andnovel. The problemwith this rosy pictureis thateachgrain bearsno labelidentifying
its parentstar! The parentstarhaslong beengone,so at bestone canidentify the type of
starandits evolutionarystatus.Knowledgeof starsandtheir nucleosynthesis requiredto
identify the donorstars.Knowledgeof condensatiorchemistryis alsorequired. However,
oncethetype of donorstaris identified,the graindatacanprovide nenv knowledgeaboutit.
New sciencealwaysfollows from precisenew information,andstardusis no exceptionto
thatrule.

1.1.3 Theoretical Precursors

The 1987 discovery of presolargrainsfrom starsdid not occurin a vacuum. In
additionto a hugeliteratureon interstellardust there existed the following specificidea:
dustcondensedvithin starsandstellaroutflows will recordthe isotopicsignaturef that
starand,asa naturalcomponenbf the ISM, may befoundin meteorites Much of the ob-
senable expectationat the time lay in possiblecosmicchemicalmemory(Clayton1982)
of anomaloudSM dustwithin solidsthatwere grown from that dustin the solar system.
Early suggestionsverethatthe 180-richnessof millimeter-sizedsolarsystemrockscalled
calcium-aluminum-richinclusionsresultedfrom their containingin their precursorsdust
thatcondenseih someundefinedmannemearsuperneae(Clayton,Grossman& Mayeda
1973)andthata ?°Ne-rich gascomponentvithin meteoritesarosefrom the meteoriteson-
tainingpresoladustrich in ?’Ne (Black 1972). Theseworksdid notsuggesanorigin for the
isotopicanomaliedn thermalcondensatioin stars,but they contritutedto the emegence
of theideathatisotopeamightidentify presolamaterialor rocksgrown fromit. Whatcame
asasurprisewasthelaterisolationandcharacterizatioof severallISM stardustomponents
themseles,apparentlyunchangedwithin the meteorites.

In thatearlyandfragmentarysetting,thefollowing ideasweresetforth.
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(1) Dustshouldcondens¢hermallybothin theinteriorof expandingsuperngaeandin redgiant
windsandbe evidencedby hugeandpredictablésotopicanomaliegClayton1975,1978).

(2) Supernwa dustshouldhave excessdaughtermbtundancesrom extinct radioactvities (Na,
B[, K, “Ca,*Ti, and®3Mn) thatwerestill alive whenthe grainscondensed@ndstable
isotopeanomalieseflectingthe compositionf thedistinctsupernga condensatiozones.

(3) Differing grain phasesvould reflectdiffering supernga zonechemicalcompositionssuch
as sulfidesreplacingoxidesin O-depletednner supernga shells(Clayton & Ramadurai
1977).

(4) Stardusfrom redgiantstarsshouldcontains-processsotopegClayton& Ward1978;Srini-
vasan& Anders1978),with carbonaceousprocessarriersoriginatingin AGB carbonstars
(Clayton1982,1983;Swartetal. 1983).

(5) Dustshouldalsocondensén novaeandbeevidencedby extinct 2°Al and??Na, *°Si-rich Si,
1C-rich C, and*®*N-rich N (Clayton& Hoyle 1976).

(6) Finally, **C-rich carbonresiduescorrelatedwith s-processXe were attributedto stardust
from alate-typeredgianthaving C/O > 0.9in orderto condensearbon(Swartetal. 1983).

Oncepresolamgrainswereisolatedin 1987 theirisotopiccompositionsvereinvestigated
for every elementmeasurablat the time. Many of the isotopic signaturesvere found to
agreewith the prior predictions.Moreover, thesetheoreticalprecursorsandeventhe con-
troversythatthey generatedprovidedfertile soil for quickinterpretatiorof thefirst measure-
mentsof extremeisotopicanomaliesn presolamgrainsafterthey werefoundin meteorites.
Theissueghenbecameadentificationof the parentstarsfrom theisotopicsignaturesf the
presolamgrainsandthewaysin which the preciseisotopicratiosconfrontedstellarmodels.

1.1.4 A Watershed of s/r Decomposition

Many papersat this conferencevaluateimplicationsof astronomicabbsenations
of s-procesandr-processelementsrequiringthateachheary elementedecomposetto
contritutions from thosenucleosynthesisomponents. Basedon sucha decomposition,
presolarstardustprovidedthe first unambiguousiemonstrationhat the s-procesdsotopes
were synthesizedn a specialtype of starand admixed into the ISM, including our solar
systemd.6 Gyr ago. Quantitatve decompositiorof Solarheary-elementabundanceinto s-
processandr-processontritutionswasfirst performedby Claytonetal. (1961),following
their mathematicasolutionandevaluationof the s-processabundancesTheir Table4 listed
N./Ns for eachheavry element,and Clayton& Fowler (1961) provided the samefor each
of theirisotopes.Theséefirst estimatesverenumericallyroughbecausdor N, they utilized
coarse steady-state-processcalculationsby B2FH (Burbidgeetal. 1957). An improved
ideawasintroducedby Seger, Fowler, & Clayton(1965),who introducedthe exponential
distributionof neutronfluencego calculateNs anddeterminedN, by subtractind\s fromthe
total isotopicabundance.This improved proceduréhasbecomethe methodof choice,and
wasadoptedy the Karlsruheprogramof s-processstudieswhich hascontinuedo present
improved numericalevaluationsof that sameprocedurg(Képpeleret al. 1982; Kappeler
1999).

Nonethelesshe decompositiorof solaralundancesemainedanactof theoreticaffaith
until apparentlypures-procesxenongaswasdiscoveredin anacid-resistantesidueof the
Murchisoncarbonaceoumeteorite(Srinivasan& Anders1978). Their Figure2 compared
theisotopiccompositiorof theXe gasdrivenfrom thatcarbonaceou®sidueby highheating
with the s-procesglecompositiorof Xe calculatedearlierby Clayton& Ward (1978). The
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Fig. 1.2. Mo isotopicratiosmeasuredh two presolaiSiC grains.Ratiosareexpressedsd-
values permil deviationsfrom aterrestrialisotopestandarddR = (Rmeas Rstandara— 1) % 10°.
All isotopesn the mainstreangrainaredepletedelative to the s-processnly °*Mo. Thus,
this grain clearly revealsan s-processsignature confirmingan origin in a low-massAGB
staratmosphereln contrastthe X grain(knownto haveformedin asupernea)is unusually
enrichedin ®*Mo and®'Mo, indicating“neutronburst” nucleosynthesi€§1.5). Datafrom
Nicolussietal. (1998)andPellinetal. (2000).

stunningagreemenshawn in that figure was the first occasionon which essentiallypure
s-procesgsotopescould be measuredxperimentally It advancednaturalphilosophyby
demonstratinghatthe s-processdeais correct,thatit occurredn individual stars,andthat
the theoreticaldecompositiorof the Solar mixture into s andr wasjustified. Clayton &
Ward (1978) also arguedthat purely s-processsotopescould be sequesteredh the ISM
within red giantstardustandthey hademphasizee becausetherisotopicvariationsof
Xe isotopeswerealreadyknown; but, curiously their predictionin 1975wasnot accepted
for publicationuntil 1978 when the detection(Srinivasan& Anders1978) supportedits
ideas. Building on this finding, Swart et al. (1983)shaved thatthe s-process-rictresidue
wasalsovery *C-rich, abouttwice the Solarcomplementcomparedo 2C, andsuggested
thatdustfrom carbonstarscarriedbothsignaturesnto the meteoriticacid-resistantesidue.
An engaginghistorical accountof this developmentcan be found in Scientific American
(Lewis & Anders1983).

The demonstratiorthatsomeunknowvn 13C-rich chemicalform of red giantstarduswas
presentithin the meteoritegprovidedoneof severalmotivationsfor further purificationof
thatresidueuntil the s-processarrierswereidentifiedasmicron-sizedgyrainsof crystalline
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SiC (Bernatavicz et al. 1987),which werethenshown to collectively carry s-processxe
(Lewis, Amari, & Anders1994)and*3C-rich carbon(Zinneretal. 1987). In this way the
s-procesattern,and also?’Ne-rich gas, contributedto the discovery of stardustandthe
isotopic astronomythat hasbeenmadepossibleby it. Newer high-sensitrity techniques
in M. Pellin’s laboratoryat Argonnehave beenableto measures-procesdsotopicpatterns
in individual presolarstardusgrains(ratherthancollectionsof grains)for somerefractory
elementgNicolussietal. 1997,1998;Pellin etal. 2000). Figurel.2shows their measure-
mentof molybdenumisotopesn two SiC grains(Nicolussietal. 1998). The“mainstream”
grain containsessentiallypure s-processMo. As discussedn greaterdetail below, other
isotopicdatafor the mainstrean®iC stardusigrainsindicatean origin in AGB carbon-star
atmospheresThus,the grainsprovide anunprecedentedpportunityfor confrontingAGB
stars-processiucleosynthesimodelswith high-precisiorobsenationaldata(Lugaroetal.
2003).

1.2 Classificationof Isotopic Families of Stardust

For sale of illustration, supposdour elementanbe measuredsotopically (fre-
quentlytrue)in asinglestardusgrain. Thisprovidesatleastone,andprobablymore,isotope
ratio for eachelement.For example,in the most-studiedtardusgraintype, SiC (Fig. 1.1),
elementgoutinely measuredre Si, C, andN. The independenisotopicratiosthatcanbe
formedare Si (2), C (1), andN (1). Thosemeasuredatiosform the basisof a multidi-
mensionakpace4-dimensionain this example,within which eachgrainassumes unique
position(a point). Thatspaceis mostly empty; but filled volumesenableidentificationof
clusteredgroupsandtrends. Isotopically relatedgrainsform the basisof a classification
systemandenablescienceto be constructedThe significanceof this classificatiorsystem
for stardustgrainscan be likenedto the significancefor starsof spectraltypes,the main
sequenceandthe Hertzsprung-Russetliagram.

The SiC classificatioris illustratedby Figure 1.3, which shavs the 1*N/*°N vs. 12C/A3C
isotopic subspace.Differing symbolsshavn in theseplots and associatedabels (main-
streamA+B, X, Y, Z) have arisenhistorically(Hoppeetal. 1994)to labelclustersor trends
of individual SiC grainsthatarebelievedto berelated.Thatthe groupingsarenot arbitrary
is indicatedalsoby consideringhe Si-isotopespace(Fig. 1.4). For example,the Y grains
aredefinedon the basisof having 2C/A3C > 100, but plot largely to the right of the slope
4/3 line formed by the mainstrearrgrainson the Si 3-isotopeplot. The Z grains,on the
otherhandhave similar C isotopego the mainstreambut quite differentSi isotopes.Such
considerationshav the alphabefamiliesto belessarbitrarythanthey might at first seem.
In mary SiC grains,it is alsopossibleto measuranoreisotopicratiosthanthoseof Si, C,
andN (Hoppeetal. 1994,1996; Hoppe& Ott 1997; Nittler & Alexander2003). These
include: 46474950Ti/48Tj: initial 26Al/27Al ratiosinferredfrom excessradiogenic®®Mg; Ca
isotoperatios,enablingalsothedeterminatiorof initial 44Ti/*8Ti ratiosfrom radiogeni¢“Ca
excesseandTi/Caratios(Nittler etal., 1996);and,with speciallasertechniquesisotopic
ratiosof noblegasedHe andNe (Nicholsetal. 2003)andthe heary traceelementsa, Fe,
Sr, Mo, andZr (Nicolussietal. 1997;Pellinetal. 2000;Savina etal. 2003). Any of these
helpfurtherconstrairnthe donorstartypesfor individual SiC grains.

Similarisotopicclusteringhasallowedsubclassificationf otherstardusmineralsaswell,
includinggraphiteandoxides.In this papemwe will discussbut afew presolamgrainclasses
to illustrate main arenasof scientificimpact, beginning with the mainstreantSiC grains,
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Fig.1.3. CandN isotopicratiosmeasureéh individual presolaiSiC andSizN4 grains(Data

from: Hoppeetal. 1994,2000; Nittler etal. 1995; Hoppe& Ott 1997;Hussetal. 1997).
Dottedlinesindicatethe Solarisotoperatioshereandin subsequerfigures.

whichsenetoillustratehow distinctive grainfamiliesarerecognizedndattributedto stellar
sources.Spacewill preventdetaileddiscussiorof the SiC grainsof type Y (Amari et al.
2001a),A+B (Amari et al. 2001b),and of nova grains(Amari et al. 2001c). Type X
SiC will be discussedn 81.5. Also it mustbe said that the numbersof isotopic ratios
that can be measuredn stardustgrainsdependson the type of grain (Table 1.1), whose
mineralstructureandpropertiedeterminghe abundancesf traceelementghatcondensed
sufficiently abundantlyto yield isotopic measurementand grain size, which determines
the total numberof atomsavailable for measurementMoreover, the SIMS techniqueis
destructve, sothatsomegrainscanbe consumedeforeall elementsanbe measured.

1.3 MainstreamSiC

The mainstreamgrains, which comprise~90% of the presolarSiC population
(Figs.1.3and1.4) wereformedduring masslossfrom AGB carbonstars. This is attested
to by: (1) their Y2C/*3C ratios distributed aboutthe value 60, just as are the carbonstars
(Smith & Lambert1990); (2) large 1*N/**N ratios owing to the dredge-upeventsthat en-
rich theatmospherén CN-burningproductsg(Boothroyd & Sackmanri999)alongwith the
He-shell-lurning products(Busso,Gallino, & Wasserhrg 1999);(3) nearlypures-process
compositionof heary elementgSrinivasan& Anders1978;Promboetal. 1993;Nicolussi
etal. 1997),but including evidenceof s-processranchinguniqueto AGB stars(Gallino,

8



D. D. Clayton and L. R. Nittler

300 ——— I AARAARARS AARRARARS ARARARRI N ARARN ]

C Mainstream : ]

- o X ]

200F | wY . E

o | oZ ]
§§ F 3
— 100F E
D) : =
o0 L ]
o F 3
(/) O:_ ................................................................... _:
Q : :
o F 3
-100F :

-300 -200 -100 0 100 200 30C
5°°Si*Si (%o)

Fig. 1.4. Si isotopic ratios, expressedas §-values,for presolarSiC grainsof type main-
stream X, Y andZ (Datafrom: Hoppeetal. 1994,2000;Hoppe& Ott 1997;Husset al.
1997; Nittler & Alexander2003). A+B grainshave similar isotopic ratios to the main-
streamwhile the X grainsextendto muchmore?8Si-rich compositionghanshown (lower
left quadrant).Mainstreamgrainsform an arraywith slopel.3 (solid line). Long-dashed
line indicatestrajectoryexpectedfor dredge-upf He-shellmaterialin anindividual AGB
star(seetext).

Busso& Lugaro1997;Lugaroetal. 2003);(4) 26Al/2”Al initial ratiosupto ~ 107 (Hoppe
& Ott 1997)asexpectedfor AGB stars(Forestini, Paulus,& Arnould 1991); and (5) no-
ble gasisotopegeflectinga mixture betweerHe-shells-processandinitial atmospherigas
(Lewis, Amari, & Anders1990; Nicholsetal. 2003),justasAGB modelsyield. Further
more, an infrared featureassociatedvith SiC hasbeenobsened aroundC stars(Speck,
Barlow, & Skinner1997), confirmingthe thermodynamiexpectationthat C-basedsolids
(e.g.,SiC) condensenly in gashaving C abhundancecomparabléo or greatetthanO abun-
dancegle.g.,Lodders& Fegley 1995). Todayit seem$eyonddoubtthatAGB C starsarethe
birthplacesof mainstreansiC.

The goodlinear correlationof mainstreangrain Si isotopesn Figure 1.4 surely attests
to the mainstreanmbeing a physicalfamily ratherthan an arbitrarily definedsubgroupof
stardust. However, a key obsenationis thatthe mainstreanti array hasa much steeper
slopeon the Si 3-isotopeplot and a larger rangethan expectedfrom AGB stardredge-up
processe$Gallino etal. 1994;Lugaroetal. 1999). Almost certainly this arrayreflectsa
rangeof initial compositionsn the Si isotopesof the stardusiparentAGB stars. A related
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Fig. 1.5. Correlationof Si andTi isotopicratiosin mainstreanpresolarSiC grains. The
slopeof the correlationis distinctfrom thatexpectedfor AGB stardredge-upbut compat-
ible with modelsof Galacticchemicalevolution. Dataarefrom Hoppeetal. (1994)and
Alexander& Nittler (1999).

propertyof the mainstreangrainsis a strongcorrelationbetweenSi and Ti isotopicratios
(Hoppeet al. 1994; Alexander& Nittler 1999),illustratedin Figure 1.5 for 2°Si/?8Si and
46Ti/48Ti. Again, the obsened correlationis primarily one of initial compositionsfor the
AGB starsbhecauséhe slopeandextentof theline differ stronglyfrom the expectedshifts
of theseisotopesowing to s-procesgredge-upn individual AGB stars.

1.3.1 New Astrophysicswith Mainstream Grains
Severalastrophysicailssuesareraisedby the mainstreangrains. Thesehave led to
new astrophysicaknowledge.We illustrateonly afew majorissueshere.

1.3.1.1 AGB Neutron Sources

Solaralundanceslreadyofferedevidenceof competitionat branchpointsin the
s-procesgpath betweenneutroncaptureand temperature-dependefitdecayrates(Ward,
Newman,& Clayton1976). The mainstreangrainsintensifiedthis greatlysincethey areso
closeto pures-processn their heary elements.Their datarevealedthat no singletemper
atureandneutronflux could simultaneouslymatchthe mary branchings.A new physical
modelof the AGB s-processvasdevelopedin partbecausef this data-inducedrisis. In
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thatmodel,the 13C(a,n)*®0O neutronsourceis the major sourceof the neutronfluence.The
13C is producedby a pocket of mixing betweenervelopeH andnew ?C after eachther
mal shellflash. The3C soproducedurns,releasingts neutronsn hydrostaticequilibrium
(nn=10" cmi 3, KT =8 keV) duringtheinterpulsephaseof the AGB (Gallinoetal. 1998;Ar-
landini etal. 1999). Subsequentlguringthe He-shellflash,the >’Ne sourceis activatedto
provide differing branchconditions(n, = 10*° cm™, kT = 23keV) for asmallemeutronflu-
enceandthishigherT, higherneutron-fluxcapturepartially resetghebranchegstablished
duringthe *C-burninginterpulse.Theresultingagreementsot only broughtmary branch
pointsinto closerconcordancéut clearly establishedhe *3C neutronsourceasprovider of
themajorfluencefor the s-process.The new AGB modelevenprovidesan explanationfor
the bizarreobsenationthat larger SiC grainshave a greaters-processproductionratio for
86K r/82Kr thando smallergrains(Lewis etal. 1994),if highermassAGB stars(which have
hotter?’Ne flashes|argern,, andthusmore®Kr) alsoproducethe larger SiC grains. This
two-neutron-sourcAGB modelhasnot only beenestablishedby the SiC dataandby mod-
elsof AGB stars,it hasalsorejuvenatedhe scienceof accuratel 0—-30keV neutroncapture
measurement®r thes-procesgArlandini etal. 1999;Képpelerl999).

1.3.1.2 Presolar Metallicity Greater than Solar with Sope = 4/3

Figuresl.4and1.5 shav thatmostof the AGB starsdonatingmainstreangrains
had?°Si/8si and®°Si/?8Si ratiosgreaterthansolar(lying betweerabout95% and120%of
solar). This raisesthe questionof how starsthat were born and evolved prior to the birth
of the Sunacquiredsuchcompositions. Clayton (1988) had suggestedhat the chemical
evolution of the Galaxywould correlate?®Si/28Si and3°Si/?8Si initial ratioswithin stars;but
in a mixed-ISM, one-zonemodelthat produceghe Sun, presolarratios shouldall be less
thansolar(Timmes& Clayton1996). FurthermoreTimmes& Clayton(1996)shovedthat
theirdeviationsfrom solarshouldbeequalwhennormalizedo solarabundancegcorrelated
alongaline of slopel), ratherthandistributedalongaline of slope4/3,asobsened.Because
thes-processn AGB starsenrichegheseratiosby only aboutl0and30 permil, respectiely
(Lugaroet al. 1999), muchlessthantheir obsered spreadalong the mainstreaniine in
Figure 1.4, the mainstreancorrelationis indeeda correlationin initial stellarabundances,
aschemicalevolution anticipates But why the differentslopeandwhy arethe mainstream
grainsisotopicallyheavier in Si thanthe Sun?This is a greatandunexpectedinding about
the presolarMilky Way and/orthe Sun. Attemptsto resole this crisis have taken four
directions.

First, if the Sun (ratherthanthe mainstreangrains)is taken to be abnormal,thenthe
heary-isotoperichnessof presolarAGB starscanberegardedasa heavy-isotopedeficieny
of the Sun. Clayton& Timmes(1997)shovedthatit is hardto understandow the slope
4/3, which requiresvery differentsolar?°Si/”2Si and 3°Si/?8Si isotoperatiosthanthoseof
theevolving ISM, can,miraculouslyalsoproducea Sunthatlies almoston the mainstream
line. Clayton& Timmes'Figure4 shavsthatto do sorequiresavery large (about30%)en-
richmentof 3°Si within eachAGB star muchin excessof AGB modelexpectationsindalso
apparentlyruled out by C-isotopicratiosof AGB starsand mainstreangrains(Alexander
& Nittler 1999). Alternatively, it cannotberuled out thatthetrue ISM Si isotopeevolution
occursalongaslope4/3line. However, thiswould lik ely requirethat®°Siis greatlyoverpro-
ducedrelative to 2°Si in low-metallicity supern@ae,andthereis no hint of suchbehaior in
currentsuperneacalculationor reasorto expectit from astrophysicatonsiderations.
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Second,Clayton (1997) proposedthat nev AGB starsborn centralto the solar orbit,
wherethe Galacticmetallicity gradientcouldresultin starshaving higherinitial 2%30Si/28S;
ratios,scatteroutward from molecularcloudsor otherGalacticfeaturego donatetheir SiC
grainsat the larger solar birth radius. Selwood & Binney (2002) have given supportto
the generalastronomicaldeaby calculatingradial migrationof low-massstarsasresultof
their “surfing” spiral densitywaves (ratherthan scatteringfrom clouds). A semi-analytic
modelby Nittler & Alexander(1999)indicatesthat suchoutward orbital diffusion of stars
would notnecessarilyesultin theobsenedSiisotopicdistribution of the SiC, but additional
researclhis clearlyneeded.

Third, Lugaroetal. (1999)utilized thedistinction(Timmes& Clayton1996,Fig. 2) be-
tweenlow-massandhigh-massuperneaeSi ejectato constructaninhomogeneoushem-
ical evolution modelthat producedstochasticallya slope4/3 in the Si three-isotopeplot.
Theirmodelis certainlyoversimplifiedandcontainssomearbitraryaspectshatcouldinval-
idateit. Moreover, Nittler (2002)hasshawvn thatit doesnot reproducehe strongobsered
correlationbetweerf®Ti/*®Ti and?°Si/28Si ratios. The Si-Ti correlationdoesallow someof
the spreadn the datato be explainedby sucha model,but it seemsunlikely thatheteroge-
neousevolution canaccountor theentiremainstreansi distribution.

Fourth,theinitial compositionf the AGB starswould have correlatedsotopiccompo-
sitionsif they werevaryingmixturesof two distinctisotopicreserwirs. Clayton(2003)has
advancedhis ashaving beencausedy agalacticmergerabout6.5Gyr agobetweerthegas
of theMilk y Way diskandthatof alower-metallicity satellitegalaxythatthereforehaslower
295i/28si and3Sif*8Si isotoperatios. The AGB starsappearedn a burstof starformation
stimulatedby the memger The Sun,which formedabout2 Gyr later, hadbeenenrichedby
supern@alessmassie than25 Mg, whoseejectado notincreaseandmay even lower the
Sun’s 2%30Si/28S;j ratios,allowing the Sunto remainat the lower extremeof the mainstream
three-isotopé&i plot (Fig. 1.4). This suggestiorstill needgo berigorouslyinvestigatedbut
it appearpromisingto explainarangeof obsenations.

14 PresolarOxide Grains

Presolaroxide minerals(spinel,corundumhibonite, TiO,, andsilicates)aremore
difficult to locatein meteoriteghanis C-rich dustdueto alarge backgroundf isotopically
solardustformedin the solarsystem.Nonethelesssereral hundredgrainshave now been
found, mostly throughautomatedechniquege.g., Nittler etal. 1997; Choi etal. 1998).
O isotopedataareshowvn in Figurel.6; theisotoperatiosspanseveral ordersof magnitude
and,aswasseenabove for SiC, tendto definedistincttrendsallowing for a classification
system. Additional isotopic datafor somegrains,including inferred 26Al/27Al ratiosand
Ti andMg isotopicratios, have helpedfurther constrainstellarorigins of the grains. The
majority of the grains(Groups1 and 3, accordingto Nittler et al. 1997) have isotopic
compositionsn goodagreementvith obsenationsof O-rich redgiantandAGB stars(e.g.,
Harris& Lambert1984)andwith theoreticalexpectationgor 1’O dredge-ugdn suchstars
(Boothroyd & Sackmanri999). Comparisorwith thestellarmodelsndicateghatthegrains
formedfrom starswith a rangeof masseg~ 1.2—-5Mg) andwith initial *20/*®0 ratios
probablyreflecting Galacticchemicalevolution. A supernea origin hasbeensuggested
for two grains,andthe origin of the Group4 grainsremainsenigmatic(Galacticchemical
evolutionandsuperneamixing have beensuggested)The¥O-depletedsroup?2 grainsare
discussedbelow.

12



D. D. Clayton and L. R. Nittler

1072 _
Red Giant

Dredge-up
L & HBB (7Mp) T

10°F oo L

Y00

- Solar 1
L y -
o) .
S :
104 3 ) Qﬁo\\) E
Corundum &0\\0
- | A Spinel G : ]
[ B Hibonite supernova c_(% ]
10° R U S S
105 0'3 10—2

10* 1
Relate

Fig. 1.6. O isotopic ratios measuredn presolaroxide stardust. Grey ellipsesindicate
Groupdefinitionsof Nittler etal. (1997). Theoreticalexpectationdor Galacticevolution
(Timmes,Woosleg/, & Weaver 1995),red giantdredge-ugBoothroyd & Sackmanri999),
cool-bottomprocessingCBP; Nollett, Busso& Wasserhrg 2003)andhot-bottomburning
(HBB; Boothroyd, Sackmann& Wasserhrg 1995) are schematicallyshovn. Datafrom
Nittler (1997,andreferencesherein),Choietal. (1998,1999), Nittler etal. (2003),and
Zinneretal. (2003).

141 New Astrophysicswith Presolar Oxide Grains

1.4.1.1 ExtraMixingin Red Giant and AGB Sars

Somel0%of presolaoxidegrains(Group2) have lower 180/°0 ratiosandhigher
26A1/27Al ratiosthan can be explainedby standardstellar evolutionary models,indicating
partial H-burning of the parentstars’ervelopes. Two proposedmechanismsor this pro-
cessingare hot-bottomburning (HBB) in intermediate-mas8GB stars(Boothroyd et al.
1995)andcool-bottomprocessindCBP)in low-massAGB stars(Wasserhrg etal. 1995).
CBR alsocalled“extra” or “deep” mixing, haspreviously beeninvokedto explain anoma-
lously low 12C/*3C ratiosin low-massred giants(Charbonnell994)aswell ashighNa and
Al abundancesn globular clustergiants(Shetronel996). Recentcalculationsby Nollett
etal. (2003)stronglyfavor a CBP explanationfor mostof the Group2 oxidesandindicate
thatthe graincompaositionganconstrairmixing ratesandtemperaturesThus,the stardust
grainsrevealthat CBP occursin AGB starsaswell asred giants,andit is hopedthatthe
graindatawill helpidentify thestill unknavn physicalmechanism(sjiriving the extra mix-
ing. HBB is ruled out for mostof the Group?2 oxide grains,becausét canexplain neither
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grainswith intermediate'®0/*°0 ratiosnor grainswith 1’O/*°0 ratios <0.001(Boothroyd
etal. 1995).However, Nittler etal. (2003)foundanextremeGroup?2 spinelgrainwith very
high 2°Mg/?*Mg and?®Mg/?*Mg ratios. The compositionof this grain is mostconsistent
with anoriginin a~ 4-5Mg HBB AGB star This resultindicatesthatintermediate-mass
starsweredustcontributorsto the protosolarcloud. Moreover, it emphasizetheimportance
of usingmultiple elementsn individual grainsto betterconstrainstellarorigins.

1.4.1.2 Galactic Chemical Evolution and the Age of the Galaxy

Thedistribution of 180/%°0 ratiosobseredin Groupl and3 oxidegrainsis in good
agreementvith expectationdor Galacticchemicalevolution, which predictsthat *’O/A%0
and 80/*%0 ratios shouldincreasewith metallicity (Clayton 1988; Nittler et al. 1997).
This agreemenindicatesthat the Galacticchemicalevolution of O isotopesis reasonably
well understoodandthusmetallicitiesof parentstarscanbe inferredfrom grain O-isotope
ratiosandtheoreticalmodels. The grainscanthenbe usedto traceevolutionary histories
of otherisotopesystems.For example,?®Mg/?*Mg ratios measuredn presolarspineland
corundumgrains(Nittler et al. 2003)indicatethat this ratio evolves much more slowly
nearsolarmetallicity thanis predictedby numericalevolution models(e.g., Timmeset al.
1995). This resultis in agreementvith astronomicabbsenrations(Gay & Lambert2000)
andmightindicateanimportantAGB starcontritutionto theMg isotopebudgetatrelatively
low metallicity. Ti isotopesn afew corundumgrainsalsoseento reflectGalacticchemical
evolution (Choietal. 1998;Hoppeetal. 2003). Finally, Nittler & Cowsik (1997)usedthe
inferredmasseandmetallicitiesof the parentstarsof Group3 grainsto put boundson the
ageof the Milky Way. Theagethey derived (14 Gyr) haslarge systematiaincertaintiesbut
is reasonablyonsistentvith otherestimatesandwasderivedin afundamentallynew way.

15 Presolar Supemova Grains

Figuresl.3and1.4shav thatSiC“X” grainsform anisotopicallydistinctclass,n
mary wayscomplementaryo the mainstreamlt is now well establishedhatthesegrains,
aswell asa majorfractionof presolamgraphitegrainsandall known presolarSisN4 grains,
all condenseavithin the expandingejectaof supernea explosions(seereview by Amari
& Zinner 1997). Although a specialType la supern@a model was proposedto explain
mary of the obsenedisotopicsignaturegClaytonetal. 1997),it now appearsnostlikely
thatthe grainsformedin Typell events(SN II). Many of the obsered isotopesignatures
(e.g.,%®Si and 15N excessesa wide rangeof 12C/A3C ratios, and extremely high inferred
26A1/27Al ratios(upto 0.6)arequalitatively consistentvith modelsof SN1I nucleosynthesis.
The smokinggun for a supernea origin (Clayton 1975) is the inferred presenceof the
extinct nuclides**Ti (Fig. 1.7) and*®V, seenin the grainsas**Caand“°Ti (Nittler et al.
1996;Hoppeé& Besmehr2002),sincetheseshort-lived nucleiareonly synthesizedvithin
superneae. Excessein 2°Ne canin somecasesalsobe attributedto supernea production
of ?°Na (Nichols et al. 2003). The inferred *Ti/*8Ti ratiosin 4Ca-enrichedgrainsare
consistentith theoreticakexpectationdor SN II. Moreover, they correlatewith 2%30Sj/28S;
ratios(Fig. 1.7), consistentvith the grainscontainingmaterialfrom theinnermos#Si-rich
zones,where**Ti is synthesizedluring an a-rich freeze-out. Detaileddiscussionf the
isotopicsignature®f supernea grainscanbe foundin Amari & Zinner (1997), Travaglio
etal. (1999),andHoppeetal. (2000). Of key importanceds the obsenationthatthe grains
carrytheisotopicsignature®f differentmasszonesof theparentsuperneae.Thisindicates
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Fig. 1.7. 6->%Si ratiosplottedversusinferred**Ti/*®Ti ratiosfor presolarSiC X grains(Nit-
tler etal. 1996;Hoppeetal. 2000;Besmehr& Hoppe2003). The presencef extinct *4Ti
in thegrainsprovesa superneaorigin.

the needfor selectve mixing of materialfrom differentlayers,with profoundimplications
for processesf gastransporanddustnucleatiorandgrowth in SN I ejecta(see§ 1.5.2).

151 New Nucleosynthesis | nformation from Supernova Grains

As we have alreadydiscussedor mainstreansiC grainsandpresolaroxides,the
supern@agrainsprovide new informationaboutnucleosynthesiwithin their formationen-
vironments We discusgwo illustrative examples.

15.1.1 Nitrogen-15

Nitrogen-15is producedn SN 1l modelsprimarily by neutrinospallationfrom 60
in innershells(Woosley & Weaver 1995).Superneapresolagrainshavelarge'>N excesses
coupledwith isotopicsignaturesof H burning (very high 28Al/%7Al ratios,low 2C/3C ra-
tios in somegrains). This hasposeda significantproblemfor quantitatvely explainingthe
graindata,sinceH-burningproducesitundant*N-rich N. Themeasured®N/**N ratiosare
higherthancanbe readily explainedby SN Il mixing models,if it is assumedhatC > O
for SiC or graphitecondensatioriTravaglio et al. 1999;Hoppeet al. 2000). Relaxingthe
C > O restrictionmight allow for SiC formationin the *>N- and O-rich inner zones(see
§ 1.5.2),possiblyremaoving the problem.Alternatively, recentobsenationalevidence(Chin
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etal. 1999)supportsnuchhigherbulk >N productionby SN 11 thanis predictedby current
models. Moreover, massie star modelsincorporatingrotationindicatethat abundant'>N

could be madehydrostaticallywhen protonsfrom the H shell get mixed into the He shell
(Langeretal. 1998). Theserecenttheoreticabndobsenationresultscould helpreducethe
difficulty in explainingthe graindata,if the **C and*°N in the grainsin factoriginatedin

theHeshell.

1.5.1.2 Neutron-Burst Nucleosynthesis

Pellinetal. (2000)andDavis etal. (2002)reportedSr, Zr, Mo, Ba, andFeisotopic
compositiondor several SiC X grains. Figure1.2 showvs the Mo isotopepatternfor one X
grain. This °®*Mo- and®/Mo-enrichedpatternis clearly distinct,not only from the s-process
signatureof the plotted mainstreangrain, but alsofrom the compositionexpectedfor the
r-processassociateavith SN Il. Similar resultsare found for the other studiedelements.
Meyer, Clayton,& The (2000)shavedthatthe X grainZr andMo isotopesignaturegould
be explainedby a new kind of “neutronburst” nucleosynthesigccurringwhenalarge flux
of neutronsarerelease@stheshockwave passeghroughtheHe shellof theSNII. Although
this procesds but a minor contrikutor to bulk Mo isotopesn comparisorwith the s andr
processesjnknonvn reason@pparenthyexist for its preferentiaenrichmenbf SiC X grains.
This resultclearly shavs the power of presolamgrainsfor probingconditionsandprocesses
in local regionsof SN I ejecta.

152 Condensation Problemswithin Supernovae
Thesuperneainterior offersauniquelaboratoryfor condensatiophysics.It guar

anteeghat chemistrymustbegin with gaseoustoms,with no traceof previous molecules
or grains. The nucleosynthesiproblemsposedby isotopicratiosin supern@a grainscan
notbedecoupledrom physicalquestionsbouttheircondensationit is not physicallyclear
whetherthe mixing apparentlyrequiredby theisotopedatarepresentsnolecularmixing in
theyoungremnantor transportof a growing grainfrom onecompositiorzoneinto another
Intimately relatedis an elementatompositionquestionhamely whetherthe bulk C abun-
dancemustexceedthe O ahundanceo condenseé-rich dustwithin superneae.If the C/O
ratio is lessthanunity, equilibrium condensatioictatesthatall carbonis lockedupin the
stableCO molecule,precludingcondensatiomf SiC andgraphite. Travaglio etal. (1999)
performedSN Il mixing models,assuminghat the mixing is molecular prior to conden-
sation,andthat only materialwith C > O could supportgraphiteformation. In contrast,
Clayton,Liu, & Dalgarno(1999)andClayton,Deneault& Meyer (2001)arguedthatra-
dioactve destructionof CO moleculessemovesthe C > O requirement.They advanceda
kinetic theoryof graphitegrowth andcalculatedts consequences detail afteradvocating
a specificnucleationmodel. They further arguedthat small graphiteparticlesin a hot gas
of C andO will associatavith C fasterthanthey will be oxidizedby the moreabundantO.
Thus,eventhoughoxidationwould bethe ultimateend,givenadequatéime, the expansion
will terminatethe chemistryafter abouttwo years,with large graphitegrainsremaining.
This theorybuilt onthefinding thatalarge massof CO wasindeeddestrgyedin supernea
1987A(Liu & Dalgarnol994,1995).However, thistheoryis farfrom complete For exam-
ple,it is notknown whethergrainsof TiC andFe-Nimetalwould condenseavith thegraphite
in this scenarioasrequiredby obsenationsof supernwagraphiteqCroatetal. 2003).

Similar but differentquestionsurroundthe condensationf supern@a SiC, the X grains
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of Figuresl.3and1.4. It seemslausiblethatradioactve liberationof free C atomsfrom
COmoleculesouldalsofacilitatethecondensationf SiCin O-richgas.Althoughakinetic
routeto SiC condensatiomasnot beenlaid out, Deneault,Clayton,& Heger (2003)have
formulateda physicaldescriptionof the ejecta,which appeargpromisingto explain mary
propertiesf SiC X grains.In theirmodel,areverseshockfromincreasingr? in theH erve-
lopebuilds, afterabouta month,a denseshellin aninnerlayerof the supernea. Silicon-28
rich SiC condensefn this layer, allowed by the enhancediensityandthe radioactve dis-
sociationof CO and SiO molecules.Mixing of a new type during condensatiomccursif
thereverseshockfrom the presuperneawind arrivesat the condensatiozonebetweersix
monthsto a year, becausehat shockslows the gasandforcesthe partially condense&iC
grainsto propelforward throughthe deceleratinggasinto regionswith differentisotopic
compositions.After ~10° yr, a third strongreverseshockfrom the ambientISM propels
SiC grainsforward throughoverlying ejectaat high speedtypically 500 km s™) suchthat
otheratomsare implantedinto the grains,perhapsaccountingfor sometraceisotopesas
suggestedor Mo andFe (Claytonet al. 2002). Velocity-mixinginstabilitiesprior to these
reverseshockswill resultin a spectrumof overlying columncompositionsso that grains
from differentsupernoae(or differentregionsof a givensupernea) could have a diversity
of compositions.

Suchphysicalmodelingsuggestshat X grainsprovide newv samplingtechniqueof the
detailedphysicalstructureof supernea ejecta,but it remainsto be seenif the ideaswill
withstandthe scrutiry of moredetailedmodels.Especiallythreatenings the possibility of
SiCdestructiorby sputteringpxidation,or ashockthatis too strongfrom the presupernea
wind (Deneaulietal. 2003).A key pointbecomeshe spectrunof wind masseshataccom-
pary Typell supernoae,for thosemasseprovide the massof the shock-generatingbsta-
cle. Especiallyneededire2-D and3-D hydrodynamicalculationf thereverseshocksand
of instability-inducedvelocity mixing by the primary outgoingshockanda detailedstudy
of molecularmixing to ascertainthe degreeto which microscopicmixing can be called
uponduringthefirstyear Additionally, detailedmicrostructuralnvestigationsf supernea
grainsby analyticalelectronmicroscopy arelikely to provide a greatdeal of information
abouttheir formationprocessege.g.,Croatetal. 2003).

What now appearsertain,despitethesemary openquestionsjs that supernea grains
studiedby isotopicanalysiswill provide, throughdetailsof condensatiochemistry a new
samplingspectrumof young supernea interiors, just as have gamma-raylines and hard
X rays. Theradioactvity that causesachtype of samplingraisesfundamentathemical
questionaswell.

1.6 Conclusions

Presolastardusgrainshave beenidentifiableby cosmochemistsecauséheir sev-
eralisotopicratiosaretoo unusuatto be explainedby ary origin otherthanwithin ejected
stellar matter prior to its mixing with the ISM. The high precisionof this isotopic data,
higherthantraditionally obtainableby astronomicakpectroscop supportsdetailedques-
tioning aboutthe starsthat producedthe grains. Stellar evolution theory nucleosynthesis
theory andchemicalevolution theoryfor the Galaxymusteachbe calleduponto interpret
the solid samplef the exploding or mass-losingstars. New insightsinto eachhave been
demandear suggestedby the preciseisotopicratios of not only individual grainsbut of
familiesof grainswhoserelatednesss establishedby iterative proceduresGrainsgrouped
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initially by purely isotopiccriteria are examinedwith standardechniquesf science:hy-
pothesesboutstarsof origin areiteratedwith computedstellarmodels;hypothesesibout
trendswithin relatedgrainsareiteratedwith astrophysicamnodelsof trend-determiningvo-
lution; hypothesesaboutnuclearreactiondn starsareiteratedwith thenucleadaboratories.
By theseprocessesf classificationposednhypothesesandchallengeby astrophysicathe-
ory, anincreasinglyrefinedscientificcorpushasbeenestablished This may be likenedto
thehistoricchallengeof the spectraltypesof starsandof their positionsandpopulationsn
theHertzsprung-Russedliagram.

Stardusgrainshave alsoopenedourely chemicalfrontiersof stellarphysics.It is neces-
saryto cometo gripswith detailsof the condensatioprocesseandof physicalaspectof
starsthathadnotbeenpreviously demandedHow well mixedis the AGB dredge-upmatter
in the ervelope?How is its wind initiated anddoesits stardusselectoverdenseepochsof
massloss? How doesthe radioactve dissociationof the CO moleculealter chemicalcon-
sequencesf the C/O ratio? How do reverseshocksin superneaeenablesuperneagrains
to grow andsurvive with theisotopeswve find within them?How andwhendoessupernea
mattermix? Thesequestionsarebut examplesof mary newv cosmochemicdrontiersthat
automaticallyopenby the ability to studygrainsof stardusin detailin thelaboratory

Eachpresolarstardustgrain is a measuremendf someunknowvn star a measurement
undevelopeduntil cosmochemistisolatethatgrainandinvestigatet in thelaboratory Per
hapstheir laboratorytechniquesnayjustifiably be callednew telescopesThey aretheonly
telescopesapableof observingGalacticstarsthatdied morethan5 Gyr ago. Understand-
ing the early structureandchemicalevolution of our Galaxywill increasinglyrely ontheir
high-precisiormessage.
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