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Credit:NASA,andTheHubbleHeritageTeam(STScI/AURA)IC418,theSpirographNebula

AustraliaTelescopeOutreachandEducationhttp://outreach.atnf.csiro.au/TheDeathofStarsI:Solar{MassStarsOurSunwilleventuallyexhaustitscorehydrogenandevolveoffthemainsequenceintoaredgiant.Aftertheheliumflashinitiateshelium�burningitwillmoveontothehorizontalbranchthenexpandtobecomeanAGBstar.Thispagenowexploresthefateofstarsof8solarmassesorless.Thesestarsaredestinedtoejectplanetarynebulaeandendupaswhitedwarfs.PlanetaryNebulaeWhiteDwarfsChandrasekharLimitPlanetaryNebulaeInanAGBstar,iftheheliumfuelintheHe�burningshellrunslow,theoutwardradiationpressuredropsoff.Asthiswaspreviouslyholdingouttheshellofhydrogengasthisshellnowcontracts,heatsupandignites,convertinghydrogentohelium.Thishelium"ash"inturnfallsontotheheliumshell,heatingituptillitishotenoughtore�igniteinahelium�shellflash,producingathermalpulse.Increasedradiationpressurenowcausesthehydrogenshelltoexpandandcool,shuttingdownH�shellburning.TheintervalbetweensuccessivethermalpulsesdecreasesastheAGBstarages.Forsolar�massstarssuchpulsesdramaticallyincreasetheluminosityforseveraldecades.OvertimetheouterlayersoftheAGBstararealmosttotallyejectedandmayinitiallyappearasacircumstellarshell.Theejectedcloudcontainsdustgrainsofsilicatesandgraphiteinadditiontohydrogenandelementsproducedvianucleosynthesisreactionswithintheparentstar.Thecloudhastypicalexpansionvelocitiesoftensofkilometrespersecond.OurSunwillshedabout40%ofitsmassduringthisphase.Moremassivestarsloseagreaterpercentageoftheirinitialmass.Withtheejectionoftheouterlayersofthestar,itshot,densecoreisleftexposed.Itisinitiallysohotthattheintenseultravioletradiationitemitsionisestheexpanding,ejectedshell.Thisresultsinthecloudglowing,similartoanemissionnebula.SuchobjectsarecalledplanetarynebulaeaftertheirinitialdescriptionbyHerschelinthe18thcentury.Throughsmalltelescopestheyappearasfaintdiscs,likeadimplanetthoughtheyarenotrelated.Planetarynebulaetypicallycontain0.1�0.2solarmassesatdensitiesequivalenttoavacuumonEarth.SpectacularimagesbymoderntelescopesincludingtheHSTrevealawiderangeofshapesthatposeinterestingproblemsfortheoriststoexplain.

AgalleryofplanetarynebulaetakenbytheHST.Thebipolarnatureofmanyplanetarynebulaemaybeduetotheparentstarbeinginabinarysystem.Strongmagneticfieldsofremnantcoresmayalsoinfluencetheshapeofthenebulae.Colourofthenebulaerevealsinformationabouttheircomposition.Thecharacteristicblue�greencolourisfromthedoubly�ionisedoxygenemissions,OIII.Oxygen,carbonandsomes�processelementsejectedbyAGBsandfoundinplanetarynebulaemayeventuallyseedtheISMforthenextgenerationofstarformation.Someofthecarbonandoxygeninourbodiesmayhavecomefromsuchnebulae,therestprobablycamefromsupernovaeexplosions.Planetarynebulaedonotexistforlong.Anexpandingshellofdustandgasmayonlybevisibleforafew20,000yearsorsobeforedispersingintotheISM.Thereare,however,over1,500knowninourgalaxyandothersarevisibleinnearbygalaxies.Theyareusefulasonemethodfordeterminingdistancestothesegalaxies.
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Credit:Left:NASA,ESA,HEIC,andTheHubbleHeritageTeam(STScI/AURA),Right:NASA,NOAO,ESA,theHubbleHelixNebulaTeam,M.Meixner(STScI),andT.A.Rector(NRAO).Althoughaplanetarynebulaisonlyshort�lived,theexposedcoreremains.Weshallnowseewhathappenstoit.WhiteDwarfsTheexposed,remnantcorethationisedtheplanetarynebulamaterialisbasicallyanextremelyhot,densesphereofcarbonandoxygen.Anyhydrogennotejectedquicklyfusesviashell�burning.Wheninitiallyexposed,thecentralstar,withatemperaturegreaterthan30,000Kmayhavealuminosity100,000×thatofourSunbutitquicklyfadesbyupto90%withinacentury.Thestellarremnantbecomesawhitedwarforwdwithasurfacetemperatureofabout104K.



2007�05�14 http://outreach.atnf.csiro.au/educatio...physics/stellarevolution_deathlow.html #3Whitedwarfshaveunusualproperties.Firstly,theyareverysmallbutthemoremassivewhitedwarfsareactuallysmallerthanlessmassiveones.Withtheirfuelusedupnofusiontakesplacesothereisnooutwardradiationpressuretowithstandgravitationalcollapse.Moremassivestellarcoresexperiencestrongergravitationalforcesoactuallycompressmore.A0.5solar�masswhitedwarfhasaradius1.9×thatofEarth,a1.0solar�massoneisonly1.5earthradiiwhilsta1.3solar�masswhitedwarf1.4earthradii.Awhitedwarfiscomposedofcarbonandoxygenionsmixedinwithaseaofdegenerateelectrons.Itisthedegeneracypressureprovidedbytheelectronsthatpreventsfurthercollapse.Awhitedwarf,withamassroughlythatoftheSunpackedintoavolumenotmuchgreaterthantheEarthmusthaveanextremelyhighdensity.At109kgmÐ3itsdensityisonemilliontimesgreaterthanthatofwater.Althoughitssurfacetemperatureisabout10,000K,thecoretemperaturemaybeashighas107K.Theheattrappedwithinawhitedwarfwillgraduallyberadiatedawaybyitbutwithitssmallradius,awhitedwarfhasonlyasmallsurfacearea.Heatthereforecannotescapequickly.Infactitwilltaketenstohundredsofbillionsofyearsforawhitedwarftoradiateawayitsheatandcooldowntoablack,inertclumpofcarbonanddegenerateelectrons.AstheUniverseisnotyetoldenoughforthistohavehappened,allthewhitedwarfsthathaveeverformedinsingle�starsystemsarestillwhitedwarfs.Interestingly,notonlyarethemoremassivedwarfssmallerthanlessmassiveones,theyarealsolessluminousforthereasonexplainedabove.Typicalluminositiesarelessthan10Ð3thatofourSun.Moremassivewhitedwarfs,havingsmallersurfaceareasbutmoretrappedheat,takelongertocooldownthanlower�massones.Aswhitedwarfsaresofainttheyarealsohardtodetect.Weareonlyabletoobserverelativelycloseones.Nonethelesswhitedwarfsarethoughttocompriseabout10%ofthestarsinourgalaxy.NearbyexamplesareSiriusBandProcyonB,bothofwhicharefoundinbinarysystems.

Credit:HSTimages;NASAandH.Richer(UniversityofBritishColumbia),NOAOimage;NOAO/AURA/NSFWhitedwarfsintheglobularclusterM4.Thewhitedwarfs(circled)areabout12billionyearsold,theoldestyetobservedandat30thmagnitude,alsothefaintest.Formoredetailsreadthepressrelease.TheChandrasekharLimitWhatistheupperímasslimitforawhitedwarf?Wemayimaginethatifweincreasethemassofadegeneratecoreitsimplybecomessmaller.Whilstthisistruethereisalimit.Ifthemassofthestellarremnantexceeds1.4solarmassesthentheelectrondegeneratepressureisinsufficienttowithstandtheforceofgravity.Thecorewillthuscontinuetocollapseandformeitheraneutronstarorablackhole.Bothofthesearediscussedinmoredetailonthenextpage.Thevalueof1.4solarmassesiscalledtheChandrasekharlimitaftertheIndianastrophysicist,SubrahmanyanChandrasekhar(1910�1995).Hewonthe1993NobelPrizeinPhysicsforthisdiscoveryandnowhasNASA'sX�rayobservatory,Chandra,namedinhishonour.Histheoreticalcalculationshavesofarheldtheobservationaltest�nowhitedwarfshavebeenfoundwithamassgreaterthan1.4solarmasses.OnepointtorememberaboutthisChandrasekharlimitisthatitreferstothemassofthematerialintheremnantcoreafterallothermassloss.StarsloosealotoftheirmassastheyevolveoffthemainsequenceandbecomeanAGB.Theuppermass�limitforamainsequencestarthatwillgoontoformawhitedwarfratherthananeutronstarisnotpreciselyknownbutisthoughttobeabout8solarmasses.A2solar�massstarwillprobablyendupasa0.7solar�masswhitedwarf.Atpresentthelower�masslimitforanywhitedwarfisabout0.6solarmasses.Thesedwarfsform
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