
Chapter 1
Introduction

As eternalas they may appearin the nocturnalskies,even starswere born, somedistant
time in thepast,andwill eventuallylosetheir sparkle,passingon their heritageto a future
generation.Evenif the timescalesarebeyondour 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 stellar life is not without a cause.
Besidespleasingthe curiouseyesof humanobserverswith stunningsights(Fig. 1.1), they
alsomake a signi�cant contribution to the wealthof their offspring: they are the primary
sourceof chemicalenrichmentof the interstellarmedium,the next generationof stars,the
galaxy, theuniverse.With agecomescomplexity, andoftenalsothedesireto withdraw from
the limelight. Someold starsevenhidethemselvesentirely in a coatof dustandmolecules,
makingtheminvisible to the naked eye. It is thereforenot surprisingthat we arefar from
understandingtheir innerworkings.

In this thesis,we studystarsin differentstagesof lateevolution. It is instructive to startthis
introductionwith a discussionon stellarevolution, from theMain Sequenceon. Thereafter,
wediscusssomebasiccharacteristicsof evolvedstars,andwedraw theoutlineof this thesis.
For moredetailedinformationon individual (typesof) objects,includingkey references,we
referthereaderto theintroductionof therelevantchapter.

1.1 Stellar evolution after the Main Sequence

Beforewe candiscussthe actualevolution of differentkinds of stars,we shouldintroduce
thebasicpropertiesof starsby which we cantracetheir evolution. Thesearebrightnessand
colour. By brightness,we meanthe total luminosity, not aswe seeit hereon earthfor that
dependson thedistancebetweenthestarandtheobserver, but its true,absolutebrightness.
The colour is mainly a function of the temperatureof the stellar surface,with white and
bluebeinghot, andyellow andredcool. Figure1.2 presentsa diagramin which eachstar's
location is determinedby its temperatureand luminosity, the famousHertzsprung-Russell
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Figure 1.1— HubbleSpaceTelescopeimageof theCat's EyeNebula: thehot centralcoreof anold
starionizesthemantleit sheda few thousandsof yearsearlier, andsobecomesa PlanetaryNebula.

diagram.

Sincethis thesisfocuseson the late stagesof evolution, we will not discussstarformation
andevolution up to theMain Sequence(MS). Let usinsteadstarton this MS, thebroadand
denselypopulatedbandrunningfrom thebottomright to thetopleft cornerof theHR diagram
(left panelof Figure1.2). The MS correspondsto thephaseof stablehydrogenburning in
thestellarcore. In the lower right cornerwe �nd themajority of the low massstars,which
spendalmosttheir entirelife on themainsequencebecauseof their low energy needs.The
more massive stars,in the upper left corner, burn their hydrogensupply much fasterand
will thusspendonly a limited amountof time on the MS. Evolution after the MS depends
stronglyontheinitial stellarmass.Thedifferentstageseachcomewith theirown temperature
andcolor characteristicsandthuspopulatedifferentregionsin theHR diagram.We make a
distinctionbetween3 differentclassesof stars,eachwith its own evolutionarytrackafterthe
MS: (1) the low-massstars,having massesfrom about0:8 � 1:0 M � to 2:0 � 2:3 M � , (2)
theintermediate-massstarswhichcanhavemassesup to 8 � 9 M � and(3) themassivestars
(M> 9 M � ). Theright panelof Figure1.2presentsasyntheticHR diagramfor therelatively
old globular clusterM3. Low massstarscanstill be seenon the MS, up to a certainmass
which correspondsto theTurn-Off point (TO). More massive starshave evolvedoff theMS
andarenow in amoreadvancedstateof evolution,againdependingon their initial mass.

1.1.1 RedGiant Branch

After spendingupto many billionsof yearsontheMain Sequence,thehydrogenin thecoreof
low-massstarseventuallygetsexhausted.Thestaris left withoutanenergy sourceto counter
gravity in thestellarcore,which beginsto contractandheatup. This causesthe ignition of
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Figure1.2— Left panel:anobservationalHertzsprung-Russelldiagram(Figurecourtesyof P. Berlind)
clearlyshowing theMain Sequence(MS) asthedenselypopulatedbandrunningfrom thebottomright
to theupperleft corner. Right panel:syntheticHertzsprung-Russelldiagramof theglobular clusterM3
(basedon a ®gurebyRenzini& FusiPecci1988). Low-massstarsarestill on theMS, up to theTurn-
Off point (TO). More massive starsoccupy (in increasingorderof initial massandthusevolutionary
state)the RedGiant Branch(RGB), HorizontalBranch(HB), Asymptotic Giant Branch(AGB) and
Post-AGB.

hydrogenburningin athin shellaroundtheheliumcore.Thisshellburningis astrongsource
of energy andthestellarmantleexpandsandcoolsdown. Thestarmovesup theRedGiant
Branch(RGB) in theHR diagram.The luminositywill reachup to 2500L � at aneffective
temperatureof just 4000K or evencooler. All this time, thecorehasbeenheatingup under
electrondegenerateconditions,until thetemperatureis high enoughfor heliumburning.But
sincetemperatureis nolongercoupledwith pressure,thereis noef�cient coolingmechanism
andthe coretemperaturerisesfurther, makingthe helium to carbonconversioneven more
ef�cient. Finally, this thermalrunaway process,calleda helium-�ash, removestheelectron-
degeneracy andstablecoreheliumburning is possible.Thestarlosesa largefractionof its
high luminosityandsettleson theHorizontalBranch(HB).

Starswith aninitial massabove2 M � endtheMS with a corewhich is hot enoughto avoid
electron-degeneracy andthey starthelium-burningin a non-explosiveway, similar to thaton
theHB.
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1.1.2 Early Asymptotic Giant Branch

Eventually, all helium in the stellar corewill be convertedto carbonand/oroxygen. The
coreagaincontractsandheatsupunderelectrondegenerateconditions.Thetemperaturewill
never remove theelectrondegeneracy but, if thecoremassdoesnot exceed1.4M � , no full
gravitational collapsewill take place(contraryto what happensin moremassive stars,cfr.
Sect.1.1.5). It is believedthatnoteventhemostmassive AGB starshavecoremassesabove
that limit, which is con�rmed by the observed massdistribution of White Dwarfs (WDs),
thedescendantsof AGB stars.Thesubsequentevolution is very similar to thaton theRGB:
shell burning(both hydrogenandhelium)providesfor the luminosity andthemantleagain
expands.Thiscausesthestarto moveupandto theright againin theHR diagram,eventually
approachingtheRGBfromtheblueside,hencethenameof AsymptoticGiantBranch(AGB).

1.1.3 Thermally PulsingAsymptotic Giant Branch

At �rst, He shell-burningdominatesover H shell-burning,but later on the latter takesover
andtheHe shell-burningbecomesunstable:slowly, theH burningincreasesthemassof the
thin helium layerseparatingcorefrom hydrogenmantle. At a certainpoint, thepressureat
thebaseof thisheliumlayeris sohigh thatHeburninghappensin adegenerateenvironment.
A thermo-nuclearrunaway resultsand the star experiencesa (mild) kind of helium �ash.
This is calleda ThermalPulse(TP) andintroducesthe starto the TP-AGB. At the time of
thepulse,theluminosity increasesdramaticallyandthesubsequentexpansionof themantle
bringsthe temperaturedown to below the level requiredfor hydrogenburning. The outer
convective partsof the H-mantlemay now extendinto the inter shell region, resultingin a
dredge-upof materialwhichis enrichedin Carbon.Eventually, severaldredge-upsmaymake
Carbondominantover Oxygenin theupperatmosphere,turning thestarinto a so-calledC-
star. After thepulse,astheheliumshelldropsin luminosity, thehydrogenburningrecovers
andquiescentH-shellburningcanbuild up theHe-shellmassrequiredfor thenext Thermal
Pulse.This eventis repeatedsemi-periodicallyon time scalesof 104–105 years.

It is at thisstagethatmasslossbecomessigni�cant, andplaysacrucialrole in thesubsequent
evolution of thestar. This masslosscannot be calculatedfrom �rst principlesbecausethe
exactmechanismis notyetknown. Quiteprobably, it is relatedto anothercomplicatingfactor
of AGB evolution: atsomepoint, theH-mantlebecomesunstable,andit will startto pulsate.
Thedebateon thepulsationmodehasonly recentlybeensettledwith near-IR interferometry,
whichprovidedthe�rst reliablediameterdeterminations.Theconsensusnow is thatpulsating
AGB stars,or Mira (-like)stars,pulsatein thefundamentalmode.A schematicrepresentation
of apulsatingmass-losingAGB staris shown in Figure1.3.

1.1.4 Post-AGB

TheAGB endswhentheenvelopemass,Me, decreasesbelow about0.001M � andthestrong
masslossends. The centralstar retainsits luminosity but shrinks,andthereforeincreases
in temperature.After beingtotally obscuredby thedustshell in theOH/IR phase(theAGB
phaseendswith a superwind, totally obscuringthestar),thecentralstar, i.e. thecarbonand
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Figure 1.3— Schematicrepresentationof a pulsating,mass-losingAGB star. Four major partscan
be identi®ed: thedegenerateC/O core,a convective mantle,thedynamicalatmosphereandthedusty
stellarwind. (Figurecourtesyof J.Hron,afteranoriginal ideaby Th. Le Bertre.)

oxygenrich core, is now visible again. This moves it horizontally to the blue in the HR
diagram,andis calledthePost-AGB phase.The radiation�eld hardensandthe remainsof
theAGB out�ow maybeionised,turningtheminto aPlanetaryNebula. Thecore,aso-called
White Dwarf, will slowly coolat a constantradius,anddescendtheWD coolingtrackin the
HR diagram.

1.1.5 Massivestars

We denoteas massive starsthosethat are born with an initial massof more than 8 M � ,
theminimummassfor singlestarsto explodeassupernova. Becauseof theenormousneed
for energy to countergravity, thehydrogencoreis burnedinto heliumwithin a few million
years.This is followedby heliumburning(aboutonemillion years),carbonburning(a few
hundredyears)up to silicon-to-ironburningwhich takesonly a fractionof a year. Eachfuel
burnsin thecenter�rst, thenin a shell. Whenthestarhasbuilt up a largeenoughiron core,
exceedingtheChandrasekharmassof 1.4M � , it collapsesto form a neutronstaror a black
hole (expelling the mantlethrougha supernova explosion). A massive starappears�rst as
a blue(super)giantwith a radiative envelope.Whenhydrogenshellburningstarts(together
with helium coreburning), the envelopeexpands,becomesconvective andred. The staris
now a redsupergiant,with severemassloss.Oncethehydrogenenvelopeis lost, it becomes
aWolf-Rayet(WR) star. TheseWR starssometimesalreadyexpelproductsof centralhelium
burning,turningtheminto WC andWO stars.

Evenmoresothanfor starsof low andintermediatemass,masslossdeterminestheevolution
of massive starsandtheir �nal fate: neutronstaror black hole, Type II supernova or Type
Ib/c supernova.
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1.2 Characteristicsof RGB, AGB and RSGstars

Classi�cationsof (super-) giantstarsarebasedon eitherthephotosphericchemistry(O or C
rich), theirpulsationalbehaviour (irregular, semi-regularor Mira-like)or onpropertiesof the
circumstellarenvironment(e.g.OH/IR starsshowing OH maseringanda largeIR excess).

Becauseof their low surfacegravity and temperature,chemicalenrichment,pulsationand
massloss,evolvedstarsdonothaveaclearboundary, suchasthestellarsurfaceof aMS star.
By contrast,theatmosphereis extended,inhomogeneousandeventuallybecomesanout�ow
of gasanddust: thestellarwind.

1.2.1 The photosphere

The photosphereof giant starsis cool enoughfor moleculesto form (saybelow 4500K),
whichdetermineto agreatextentthespectralappearancefrom theopticalto thefar-IR. Sev-
eralmoleculespresentsucha wealthof spectrallinesthatthey becomea pseudo-continuous
opacitysource.This line-blanketinghassigni�cant implicationson themodelstructure.It is
thereforecrucial thatnot only thecontinuumopacitysources,suchasH� opacity, but also
thoseof amolecularorigin, aretakeninto accountwhenmodellingthesephotospheres.

In the optical wavelengthregime, oxygen-richAGB stars,or M stars,show strongbands
of TiO and VO. For S stars,which have aboutequalamountsof oxygenandcarbon,the
most characteristicbandis that by ZrO. In C stars,all molecularbandsare from carbon
compounds.In theinfrared,M starshave strongabsorptionby water, CO,SiO andOH. The
spectraof carbon-richAGB starsaredominatedby C2H2, HCN, SiC,etc.SeeFigure1.4 for
sometypical IR spectraof AGB stars.

Although major progresshasbeenmadein modellinggiant-starphotospheres,with a de-
tailed treatmentof molecularopacities,sphericityeffects,etc., it is becomingclearthat the
atmosphereis quiteoftenmoreextendedthanpreviously thought,with non-hydrostaticand
non-LTEeffects.Alsoconvectionremainsareasonfor concern:most1-Dmodellingattempts
have to make do with a very roughmixing lengthapproximation.Full-scale3D modelsin-
cludingconvectionarestill very rare(Figure1.5). Furthermore,thermalinstabilities,dueto
moleculeandgrainformation,mayleadto inhomogeneities.Evidencefor asymmetryin AGB
starsis growing, but it is not yet clearwhethertheasymmetriesoriginatein thephotosphere
(spots,non-radialpulsations)or in cloudsin theupperatmosphere.

1.2.2 The extendedatmosphere

Whenthe expandedmantlebecomesunstable,pulsationwill inject mechanicalenergy into
theouterpartsof theatmospherethatareonly weaklygravitationally bound.This resultsin
a muchlargerpressurescaleheightthanin thehydrostaticcase,andshocks.Theseshocks,
and the low temperaturein the post-shockgas,allow for the condensationof dust grains.
The combinationof the momentumgainedfrom the pulsationswith radiationpressureon
thesegrains,andpossiblyalsoon molecules,is suf�cient to bring thegasanddustup to the
escapevelocity, andmasslossresults.While theabove scenariois generallyaccepted,our
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Figure 1.4— ISO-SWSspectraof the prototypicaloxygen-richAGB starMira (o Ceti), a carbon-
rich star (RY Dra) and a star with mixed chemistry(V778 Cyg): oxygen-richdust but carbon-rich
photosphere.Themostprominentspectralfeaturesareindicated.Figuretaken from Yamamuraetal.
(2000).

physicalunderstandingof this region is still very limited, with themain problembeingthe
unknowncondensationsequenceof (especiallytheoxygen-rich)dust.Progressondynamical
modelatmospheresis beingmade,in particularfor C-stars,for which thegraincondensation
is betterunderstood.Both syntheticIR light curvesandspectraareslowly reachinga fair
agreementwith theobservations.

1.2.3 The circumstellar envelope

With the circumstellarenvelope(CSE)we denoteusuallythe dustywind but not the static
molecularlayerscloserto thephotosphere.TheCSEgenerallyconsistsof about99 percent
gasandonly 1 percentdust. Nevertheless,it is theradiationpressureon thedustgrainsthat
bringsthewind up to theescapevelocity (typically between� 5 and� 15km s� 1). Thedust
alsoprovidesspectralevidencefor theCSEin theshapeof thermalemissionin the IR, and
resonantbandsat a multitudeof wavelengths.The moleculargasis visible throughseveral
emissionlineswhichcanbeusedto probethewind velocity, masslossandturbulence.Stars
with heavy masslosscanbe totally obscuredby the dustwhich absorbsef�ciently in the
visible. Thesestarsoftenshow masersof SiO,OH andH2O farout in thestellarwind. Both
molecularemissionlines andmaserscanbe imaged,giving detailedinformationaboutthe
geometryof theouterwind (Figure1.6).
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Figure 1.5— Snapshotof a movie which presentsa numericalsimulationof convectionin theman-
tle of the red supergiant Betelgeuse(Freytaget al. 2002). Observationalevidencefor the presenceof
hot spotson thestellarsurfacehasbeenobtainedwith optical interferometryon theCambridgeOpti-
cal ApertureSynthesisTelescope(COAST) interferometer, andwith aperturemaskingon theWilliam
HerschelTelescope(e.g.Youngetal. 2000).

1.3 This thesis

As discussedabove,theexactmechanismdriving themasslossin coolgiantsandsupergiants
is still not well known. Also theorigin of theasymmetryseenin many Post-AGB starsand
PlanetaryNebulaeis a topic of heavy debate.Theseareat presentthe two majorquestions
regardingtheextendedatmospheres/dustshellsof (super)giantstars.With thecoming-of-age
of optical andIR interferometry, it is now possibleto spatiallyresolve the region between
photosphereanddustshell. To fully exploit this new technique,it shouldbe usednot asa
stand-alonetool, but in combinationwith moreclassicalobservingtechniques:photometry,
spectroscopy, etc.

In this thesis,we combineIR spectroscopy andinterferometryto studythepuzzlingregion
betweenphotosphereanddust-drivenout�ow for starsat differentstagesafter they turn off
themainsequence,but beforetheheliumcorebecomesexposed(thePost-AGB phase).It is
organisedsoasto follow thestellarevolution: from RGB starsto theOH/IR phase.

Beforepresentingtheactualresearch,we offer thereadera basictutorial onoptical/IRinter-
ferometrysohe/shecanbecomefamiliar with the terminologyandtechnologyusedfurther
on in this thesis(Chapter2).

In the3rd chapter, we addresstheneedfor a new network of mid-IR interferometriccalibra-
tors,aprerequisitefor themid-IR interferometricobservationsusedfurtheron in this thesis.
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Figure 1.6— Imagingof the circumstellarenvironmentof the carbonstar IRC+10216in different
molecularlineswith theIRAM PdBradiointerferometer. Thescaleis in arcseconds.Figuretakenfrom
Guélin et al. (1996).

Thereafter, in Chapter4, we study a well-known regular K giant: Arcturus. This star is
probablystill on theRGB (thoughit couldalsobeanearlyAGB), andshows neitherdusty
mass-lossnor signsof additionalmoleculesabovethestellarphotosphere.It will allow usto
studyapurephotosphere,without theaddedcomplexity of anextendedatmosphere.

In Chapter5, we move to redsupergiantstars:� Orionisand� Cephei.Thesestarshave an
extendedmolecularatmosphereanddustshell,but thesmallamplitudepulsationsmakethem
lesscomplex thanMira stars.

We endthis thesiswith a starin the �nal stagesof AGB evolution: anOH/IR star. This star
is on thevergeof becominga Post-AGB object,andshouldprovide someanswersasto the
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origin of theasymmetryseenin mostPost-AGB objects.

Theconclusionsandprospectsarediscussedin Chapter6.


