Chapter

Introduction

As eternalasthey may appearin the nocturnalskies, even starswere born, somedistant
time in the past,andwill eventuallylosetheir sparkle,passingon their heritageto a future

generation.Evenif the timescalesare beyond our imagination,every starhasan inevitable

fate, from the fresh cloud in which it cameto life, to the dark and cold clump of burnt-

out matterit will become. Fortunately the autumnof a stellarlife is not without a cause.
Besidespleasingthe curiouseyesof humanobsenerswith stunningsights(Fig. 1.1), they

also make a signi cant contribution to the wealth of their offspring: they arethe primary
sourceof chemicalenrichmentof the interstellarmedium,the next generatiorof stars,the

galaxy theuniverse.With agecomescompleity, andoftenalsothe desireto withdraw from

thelimelight. Someold starsevenhide themselesentirelyin a coatof dustandmolecules,
makingtheminvisible to the naked eye. It is thereforenot surprisingthat we arefar from

understandingheirinnerworkings.

In this thesis,we studystarsin differentstagef late evolution. It is instructive to startthis
introductionwith a discussioron stellarevolution, from the Main Sequencen. Thereafter
we discusssomebasiccharacteristicef evolvedstars,andwe draw theoutline of thisthesis.
For moredetailedinformationon individual (typesof) objects,including key referencesywe
referthereadetto theintroductionof therelevantchapter

1.1 Stellar evolution after the Main Sequence

Beforewe candiscussthe actualevolution of differentkinds of stars,we shouldintroduce
the basicpropertiesof starsby which we cantracetheir evolution. Thesearebrightnessand
colour. By brightnesswe meanthe total luminosity, not aswe seeit hereon earthfor that
dependn the distancebetweerthe starandthe obsener, but its true, absolutebrightness.
The colour is mainly a function of the temperatureof the stellar surface,with white and
bluebeinghot, andyellow andred cool. Figure 1.2 presentsa diagramin which eachstar's
locationis determinedby its temperatureand luminosity, the famousHertzsprung-Russell
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Figure 1.1— HubbleSpaceTelescopamageof the Cat's Eye Nehula: the hot centralcoreof anold
starionizesthemantleit shedafew thousandsf yearsearlier andsobecomes PlanetaryNetula.

diagram.

Sincethis thesisfocuseson the late stagef evolution, we will not discussstarformation
andevolution up to the Main SequencéMS). Let usinsteadstarton this MS, the broadand
denselypopulatedandrunningfrom thebottomright to thetopleft cornerof theHR diagram
(left panelof Figure1.2). The MS correspondso the phaseof stablehydrogenburningin
the stellarcore. In the lower right cornerwe nd the majority of the low massstars,which
spendalmosttheir entirelife on the main sequencéecausof their low enegy needs.The
more massve stars,in the upperleft corner burn their hydrogensupply much fasterand
will thusspendonly a limited amountof time on the MS. Evolution afterthe MS depends
stronglyontheinitial stellarmass.Thedifferentstagegachcomewith theirown temperature
andcolor characteristicendthuspopulatedifferentregionsin the HR diagram.We make a
distinctionbetweer differentclasse®f stars,eachwith its own evolutionarytrack afterthe
MS: (1) the low-massstars,having massedrom about0:8 1.0M to20 23M ,(2)
theintermediate-masstarswhich canhave massesipto8 9M and(3) themassie stars
(M> 9M ). Theright panelof Figurel1.2 presents syntheticHR diagramfor therelatively
old globular clusterM3. Low massstarscanstill be seenon the MS, up to a certainmass
which correspondso the Turn-Off point (TO). More massve starshave evolved off the MS
andarenow in amoreadwancedstateof evolution, againdependingon their initial mass.

1.1.1 RedGiant Branch

After spendingipto mary billions of yearsontheMain Sequencehehydrogerin thecoreof
low-massstarseventuallygetsexhaustedThestaris left withoutanenegy sourceto counter
gravity in the stellarcore,which beginsto contractandheatup. This causeghe ignition of
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Figurel.2— Left panel:anobsenrationalHertzsprung-Russetliagram(Figurecourtesyof P. Berlind)
clearlyshaving the Main SequencéMS) asthe denselypopulatedbandrunningfrom the bottomright
to theupperleft corner Right panel:syntheticHertzsprung-Russetliagramof the globular clusterM3
(basedn a®gurebyRenzini& FusiPeccil988. Low-massstarsarestill onthe MS, upto the Turn-
Off point (TO). More massie starsoccupy (in increasingorderof initial massandthus evolutionary
state)the Red Giant Branch (RGB), Horizontal Branch(HB), Asymptotic Giant Branch(AGB) and
Post-AGB.

hydrogerburningin athin shellaroundtheheliumcore. This shellburningis a strongsource
of enegy andthe stellarmantleexpandsandcoolsdown. The starmovesup the RedGiant
Branch(RGB) in the HR diagram. The luminosity will reachupto 2500L at aneffective
temperaturef just4000K or evencooler All this time, the corehasbeenheatingup under
electrondegenerateonditionsuntil thetemperaturés high enoughfor heliumburning. But
sincetemperaturés nolongercoupledwith pressurethereis no ef cient coolingmechanism
andthe coretemperaturgisesfurther, makingthe helium to carboncorversioneven more
efcient. Finally, this thermalrunavay processcalleda helium- ash, removesthe electron-
degenerayg andstablecorehelium burning is possible. The starlosesa large fraction of its
high luminosity andsettleson the HorizontalBranch(HB).

Starswith aninitial massabore2 M endthe MS with a corewhichis hot enoughto avoid
electron-dgeneray andthey starthelium-burningin a non-explosive way, similarto thaton
theHB.



4 Chapterl. Introduction

1.1.2 Early Asymptotic Giant Branch

Eventually all heliumin the stellarcorewill be corvertedto carbonand/oroxygen. The
coreagaincontractsaandheatsup underelectrondegenerateonditions. Thetemperaturevill

never remove the electrondegenerag but, if the coremassdoesnot exceed1.4M , nofull

gravitational collapsewill take place(contraryto what happensn more massie stars,cfr.

Sect.1.1.9. It is believedthatnot eventhe mostmassive AGB starshave coremassesbove
thatlimit, which is con rmed by the obsened massdistribution of White Dwarfs (WDs),
the descendantsf AGB stars.The subsequengvolutionis very similar to thaton the RGB:
shellburning (both hydrogenandhelium) providesfor the luminosity andthe mantleagain
expands.This causeghestarto move up andto theright againin the HR diagram eventually
approachingheRGBfromtheblueside,henceghenameof AsymptoticGiantBranch(AGB).

1.1.3 Thermally Pulsing Asymptotic Giant Branch

At rst, He shell-turningdominatesover H shell-burning, but later on the latter takes over
andthe He shell-hurningbecomesinstable:slowly, the H burningincreaseshe massof the
thin helium layer separatingorefrom hydrogenmantle. At a certainpoint, the pressureat
thebaseof this heliumlayeris sohigh thatHe burninghappensn a degenerateervironment.
A thermo-nuclearunaway resultsand the star experiencesa (mild) kind of helium ash.

This is calleda ThermalPulse(TP) andintroduceshe starto the TP-AGB. At the time of

the pulse,theluminosity increasesiramaticallyandthe subsequengxpansionof the mantle
bringsthe temperaturelown to below the level requiredfor hydrogenburning. The outer
corvective partsof the H-mantlemay now extendinto the inter shellregion, resultingin a
dredge-umf materialwhichis enrichedn Carbon.Eventually severaldredge-upsnaymake
Carbondominantover Oxygenin the upperatmosphereturning the starinto a so-calledC-

star After the pulse,asthe heliumshelldropsin luminosity, the hydrogenburning recovers
andquiescent-shellburning canbuild up the He-shellmassrequiredfor the next Thermal
Pulse.This eventis repeategemi-periodicallyon time scalesof 10°*-1 years.

It is atthis stagethatmasdossbecomesigni cant, andplaysa crucialrole in thesubsequent
evolution of the star This masslosscannot be calculatedrom rst principlesbecausehe
exactmechanisnis notyetknown. Quiteprobablyit is relatedto anotheicomplicatingfactor
of AGB evolution: at somepoint, the H-mantlebecomesinstableandit will startto pulsate.
Thedebateon the pulsationmodehasonly recentlybeensettledwith nearIR interferometry
whichprovidedthe rst reliablediameteideterminationsTheconsensusow is thatpulsating
AGB starsor Mira (-like) stars pulsatan thefundamentainode.A schematicepresentation
of apulsatingmass-losindAGB staris shovn in Figure1.3

1.1.4 Post-AGB

The AGB endswhentheernvelopemassMe, decreaselkelon about0.001M andthestrong
massloss ends. The centralstarretainsits luminosity but shrinks,andthereforeincreases
in temperatureAfter beingtotally obscureddy the dustshellin the OH/IR phase(the AGB
phaseendswith a superwindtotally obscuringthe star),the centralstar, i.e. the carbonand
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Figure 1.3— Schematiaepresentatioof a pulsating,mass-losingAGB star Four major partscan
be identi®ed: the degenerateC/O core,a convective mantle,the dynamicalatmospherandthe dusty
stellarwind. (Figurecourtesyof J. Hron, afteranoriginal ideaby Th. Le Bertre.)

oxygenrich core,is now visible again. This movesit horizontallyto the blue in the HR
diagram,andis calledthe Post-AGB phase.Theradiation eld hardensandthe remainsof
the AGB out ow maybeionised turningtheminto a PlanetaryNehula. Thecore,aso-called
White Dwarf, will slowly cool ataconstantadius,anddescendhe WD coolingtrackin the
HR diagram.

1.1.5 Massivestars

We denoteas massve starsthosethat are born with an initial massof morethan8 M
the minimum massfor singlestarsto explodeassupernea. Becauseof the enormouseed
for enegy to countergravity, the hydrogencoreis burnedinto heliumwithin a few million
years.This s followed by helium burning (aboutonemillion years),carbonburning (a few
hundredyears)up to silicon-to-ironburningwhich takesonly a fractionof ayear Eachfuel
burnsin the center rst, thenin a shell. Whenthe starhasbuilt up alarge enoughiron core,
exceedingthe Chandrasekhanassof 1.4 M , it collapsego form a neutronstaror a black
hole (expelling the mantlethrougha supernea explosion). A massve starappearsrst as
a blue (super)giantith a radiatve envelope. Whenhydrogenshell burning starts(together
with helium core burning), the ervelopeexpands,becomesonvective andred. The staris
now aredsupegiant,with sevzeremasdoss. Oncethe hydrogenenvelopeis lost, it becomes
aWolf-Rayet(WR) star TheseWR starssometimeslreadyexpel productsof centralhelium
burning,turningtheminto WC andwWO stars.

Evenmoresothanfor starsof low andintermediatenassmasdossdeterminesheevolution
of massve starsandtheir nal fate: neutronstaror black hole, Type Il superneaor Type
Ib/c supernea.
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1.2 Characteristicsof RGB, AGB and RSG stars

Classi cationsof (supef) giantstarsarebasedn eitherthe photospherichemistry(O or C
rich), their pulsationabehaiour (irregular, semi-rgularor Mira-like) or on propertiesf the
circumstellarervironment(e.g. OH/IR starsshaving OH maseringandalarge IR excess).

Becauseof their low surfacegravity andtemperaturechemicalenrichmentpulsationand
masdoss,evolvedstarsdo nothave a clearboundarysuchasthestellarsurfaceof aMS star
By contrasttheatmospherés extendedjnhomogeneouandeventuallybecomes&nout ow
of gasanddust: the stellarwind.

1.2.1 The photosphere

The photospheref giant starsis cool enoughfor moleculesto form (say belov 4500K),
which determineto a greatextentthe spectrabppearancéom the opticalto thefarIR. Sev-
eralmoleculespresensucha wealthof spectralinesthatthey becomea pseudo-continuous
opacitysource.This line-blanketinghassigni cant implicationson the modelstructure It is
thereforecrucial that not only the continuumopacity sourcessuchasH opacity but also
thoseof a molecularorigin, aretakeninto accounwhenmodellingthesephotospheres.

In the optical wavelengthregime, oxygen-richAGB stars,or M stars,shav strongbands
of TiO and VO. For S stars,which have aboutequalamountsof oxygenand carbon,the
most characteristidandis that by ZrO. In C stars,all molecularbandsare from carbon
compoundsin theinfrared,M starshave strongabsorptiorby water CO, SiO andOH. The
spectraof carbon-richAGB starsaredominatedby C,H,, HCN, SiC, etc. SeeFigure 1.4 for
sometypical IR spectraof AGB stars.

Although major progresshasbeenmadein modelling giant-starphotosphereswith a de-
tailed treatmentof molecularopacities sphericityeffects, etc.,it is becomingclearthatthe
atmospherés quite often more extendedthan previously thought,with non-hydrostati@and
non-LTE effects.Also corvectionremainsareasorfor concern:mostl-D modellingattempts
have to make do with a very rough mixing lengthapproximation.Full-scale3D modelsin-
cluding corvectionarestill very rare(Figurel.5). Furthermorethermalinstabilities,dueto
moleculeandgrainformation,mayleadto inhomogeneitiesEvidencefor asymmetryin AGB
starsis growing, but it is not yet clearwhetherthe asymmetrie®riginatein the photosphere
(spots,non-radialpulsations)r in cloudsin the upperatmosphere.

1.2.2 The extendedatmosphere

Whenthe expandedmantlebecomesinstable pulsationwill inject mechanicaknepy into
the outerpartsof the atmospher¢hat are only weakly gravitationally bound. This resultsin
amuchlargerpressurescaleheightthanin the hydrostaticcase,andshocks.Theseshocks,
andthe low temperaturen the post-shockgas,allow for the condensatiorof dustgrains.
The combinationof the momentumgainedfrom the pulsationswith radiationpressureon
thesegrains,andpossiblyalsoon moleculesjs sufcient to bring the gasanddustup to the
escapevelocity, andmasslossresults. While the above scenarids generallyacceptedpur
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Figure 1.4— ISO-SWSspectraof the prototypicaloxygen-richAGB star Mira (o Ceti), a carbon-
rich star (RY Dra) and a star with mixed chemistry (V778 Cyg): oxygen-richdust but carbon-rich
photosphereThe mostprominentspectralfeaturesareindicated. Figuretaken from Yamamuraetal.
(2000.

physicalunderstandingf this region is still very limited, with the main problembeingthe
unknowvn condensatiosequencef (especiallythe oxygen-rich)dust. Progres®ndynamical
modelatmosphereis beingmade,in particularfor C-starsfor which thegraincondensation
is betterunderstood.Both syntheticIR light curvesand spectraare slowly reachinga fair
agreementvith theobsenations.

1.2.3 The circumstellar ervelope

With the circumstellarenvelope(CSE)we denoteusually the dustywind but not the static
molecularlayerscloserto the photosphereThe CSE generallyconsistsof about99 percent
gasandonly 1 percentdust. Neverthelessit is the radiationpressureon the dustgrainsthat

bringsthewind up to the escaperelocity (typically between 5and 15kms !). Thedust
alsoprovidesspectralevidencefor the CSEin the shapeof thermalemissionin the IR, and

resonanbandsat a multitude of wavelengths.The moleculargasis visible throughseveral

emissionlineswhich canbe usedto probethewind velocity, massossandturbulence.Stars
with heary massloss can be totally obscuredby the dustwhich absorbsef ciently in the

visible. Thesestarsoften shov maserf SiO, OH andH, O far outin the stellarwind. Both

molecularemissionlines and maserscanbe imaged,giving detailedinformationaboutthe

geometryof theouterwind (Figure1.6).
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Figure 1.5— Snapshobf a maovie which presentsa numericalsimulationof corvectionin the man-
tle of the red supegiant BetelgeusdFreytagetal. 2009. Obsenational evidencefor the presencef
hot spotson the stellarsurfacehasbeenobtainedwith optical interferometryon the CambridgeOpti-
cal ApertureSynthesisTelescopgCOAST) interferometerandwith aperturemaskingon the William
HerschelTelescopde.g.Youngetal. 2000.

1.3 This thesis

As discusse@bove, theexactmechanisndriving themasdossin cool giantsandsupegiants
is still notwell known. Also the origin of the asymmetryseenin mary Post-AGB starsand
PlanetaryNetulaeis a topic of heary debate.Theseareat presenthe two major questions
regardingthe extendedatmospheres/dushellsof (super)gianstars.With thecoming-of-age
of opticaland IR interferometryit is now possibleto spatiallyresole the region between
photospheranddustshell. To fully exploit this new techniquejt shouldbe usednot asa
stand-aloneool, but in combinationwith moreclassicalobservingtechniquesphotometry
spectroscoy etc.

In this thesis,we combinelR spectroscop andinterferometryto studythe puzzlingregion
betweerphotospheranddust-drivenout ow for starsat differentstagesafterthey turn off
themainsequencehut beforethe heliumcorebecomesxposed(the Post-AGB phase) It is
organisedsoasto follow the stellarevolution: from RGB starsto the OH/IR phase.

Beforepresentinghe actualresearchyve offer the readera basictutorial on optical/IRinter-
ferometryso he/shecanbecomefamiliar with the terminologyandtechnologyusedfurther
onin thisthesis(Chapter2).

In the 3rd chapterwe addresghe needfor a new network of mid-IR interferometriccalibra-
tors,aprerequisitdor themid-IR interferometricobsenationsusedfurtheronin this thesis.
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Figure 1.6— Imagingof the circumstellarervironmentof the carbonstar IRC+10216in different
moleculadineswith theIRAM PdBradiointerferometerThescaleis in arcsecondsriguretakenfrom
Guélin etal. (1996.

Thereafterin Chapter4, we study a well-known regular K giant: Arcturus. This staris
probablystill onthe RGB (thoughit could alsobe an early AGB), andshaws neitherdusty
mass-lossor signsof additionalmoleculesabove the stellarphotospherelt will allow usto
studya purephotosphereyithoutthe addedcomplexity of anextendedatmosphere.

In Chapter5, we moveto redsupegiantstars: Orionisand Cephei.Thesestarshave an
extendedmolecularatmospheranddustshell,but thesmallamplitudepulsationsnake them
lesscomplex thanMira stars.

We endthis thesiswith a starin the nal stagesof AGB evolution: an OH/IR star This star
is on the verge of becominga Post-AGB object,andshouldprovide someanswersasto the
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origin of theasymmetryseenn mostPost-AGB objects.

The conclusionsandprospectarediscussedn Chapterb.



