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Credit:ESO:VLT/FORS2M1,theCrabNebula,theremnantofasupernovathatexplodedinAD1054.

AustraliaTelescopeOutreachandEducationhttp://outreach.atnf.csiro.au/TheDeathofStarsII:HighMassStarsInFebruary1987anewstarappearedintheLargeMagellanicCloud,aneighbouringgalaxy170,000lightyearsaway.Whatwasremarkablewasthatthiswasthefirstnaked�eyesupernova(SN)visiblesince1604.Theobject,namedSupernova1987A,wasamassivestarrippingitselfapartinaviolenteventthatreleasedasmuchenergyforashortperiodastherestofthegalaxycombined.Sinceobservedextensivelyatallwavebands,SN1987Ahashelpedastronomersbetterunderstandthedeathofmassivestars.SupernovaeHypernovaeNeutronStars&PulsarsBlackHolesSupernovaeSanduleak�69°202wasabluesupergiantwithamassofabout18solarmassesintheLargeMagellanicCloud.WhenitexplodedasSupernova1987Aitcapturedtheattentionofastronomersfromaroundtheworld.SN1987AwasaTypeIIsupernova.Thesearemassivestars,typicallyabout20solarmassesorhigher,thatexplode,reachingluminositiesofabout109×solarluminosityoramagnitudeofabout�17atmaximumbrightnessforafewdaysbeforefadingoverseveralweeks.Identifiedbythepresenceofhydrogenlinesintheirspectra,TypeIIsupernovaearethoughttobeduetothecorecollapseinmassivestarsasexplainedbelow.Massivestarsbasicallylivefast,dieyoungandgooutwithabang...

AfterandbeforeimagesofSN1987AintheLargeMagellanicCloud.Inthelaststagesofasupergiantwhenthecoretemperaturereaches1010K,ironcanphotodisintegrate,releasinggammaphotons,protonsandHenuclei.Asironisenergeticallythemoststablenucleus,suchreactionsabsorbratherthanreleaseenergyandsotheoutwardpressuredrops.Thecorethuscontractsfurtheratspeedsreachingtensofthousandsofkilometrespersecond.Thedegeneratecoreelectronseventuallyhavesufficientenergytoreactwiththeprotonsreleasedbyphotodisintegration.Thereaction:e- + p+ → n0 + νe (Equation 6.3)mopsupalltheelectronsfromthecore.Thereisthereforenomoreelectrondegeneratepressuresothecorecollapsecontinues.Oncethetemperaturereaches1012Ktheneutronsbecomedegenerate.Neutrondegeneracypressureactuallystopstheinwardcollapseofthecore.Thesurroundingmaterialisstillcollapsing,however,andslamsintothenowsolid,rigidcoreandrebounds,formingamassiveshockwave.Thisissimilartowhatwouldhappenifyourunheadlongintoawall�youbounceback.Inthecollapsingmassivestartheenergyinvolvedisvastlygreaterthanyourunningintoawall.Atotalof1046Jisreleasedinamatterofseconds,50×morethantheSunwillreleasein10billionyearsonthemainsequence.Mostoftheenergyreleasedisactuallyintheformofneutrinos,only1%isintheformofvisiblelight.This,though,issufficientforitsluminositytoincreaseby108,outshiningtherestofthestarsinagalaxycombinedforafewdaysorweeks.Althoughneutrinosusuallydonotinteractwithnormalmattertheextremedensityofthecollapsingmaterialandthehighfluxofneutrinosmeansthatthey,togetherwiththeshockwave,exertextremepressureonthematerialcollapsingontothecoreandblowitoffintospaceatspeedsofabout5,000km.sµ1.KamiokandeII,aneutrinoobservatoryburieddeepbelowamountaininJapandetected12neutrinosinFebruary1987fromSN1987A.ThiswasthefirstdefinitivedetectionofneutrinoswithaneventotherthanourSun.



2007�05�14 http://outreach.atnf.csiro.au/educatio...hysics/stellarevolution_deathhigh.html #2TypeIIsupernovaeoccurinthearmsofspiralgalaxies.Typicalratesfortheseexplosionssuggestthatoneshouldbevisibleinagalaxyevery25�50years.NonehasbeenseeninourMilkyWaysinceKepler'ssupernovaof1604.Actuallythereislikelytohavebeenseveralexplodesincethenbuttheyhavebeenobscuredbydustandgasinthegalacticarms.TheothermaintypeofsupernovaearetheTypeI,thoughttobecausedbythermonuclearexplosions.TypeIasupernovaehavenodetectablehydrogenlineandapeakmagnitudeof�19atmaximumbrightness.Theyarethoughttooccurinbinarysystemsandarefoundinbothellipticalandspiralgalaxies.IfanevolvedwhitedwarfcomponentstaraccretesmaterialfromagiantcompanionitcanbepushedovertheChandrasekharLimitofabout1.4solarmasses.Thistriggersamassiveexplosionthatmostlikelydestroysthestar,ejectinglargeamountsofradioactivenickel.Thenickeldecaysintocobaltandiron.

Credit:CXC/M.WeissArtist'simpressionofaccretionfromagiantontoawhitedwarf.SuchaprocessisthoughttoberesponsibleforTypeIasupernovae.ThematerialfallingontothewhitedwarfpushesitovertheChandrasekharLimit,triggeringathermonuclearexplosionthatdestroystheoriginalwhitedwarfstar.Theextremeluminosityofsupernovaemeansthattheycanbedetectedatlargedistances.TypeIaSNshavecharacteristically�shapedlightcurvesthatallowthemtobeusedasprobesoftheUniverseanditsexpansionrate.Tworecentprojects,theHigh�ZSupernovaeSearchandtheSupernovaCosmologyProjectdetectedandobservedsupernovaeinmanydistantgalaxies.BothprojectsindependentlyarrivedattheconclusionthattheUniverseisactuallyaccelerating.SynthesisofHeavyNucleiWehavealreadyseenhowelementsuptotheirongrouparesynthesisedbyfusionwithinsomegiantstars.Recalltoohowneutroncaptureviathes�processcanbuildheaviernucleiinmassivestars.Howaretheheaviestnucleisuchasthoseoflead,goldanduraniumproduced?Fortunatelytheverylaststagesofamassivestarprovideananswertothisproblem.Duringthefinaldestructionofthestarinasupernovaexplosion,ahighfluxofneutronsisreleasedasironnucleiarerippedapart.Theseneutronscanbecapturedbymanyoftheheavynucleitoproduceothernucleiinamethodknownasther�process(rforrapid).Thehighnumberofneutronsavailableinthesefewsecondscanbecapturedbyunstablenucleibeforethenucleihavehadachancetodecay.Inthiswaynucleiofelementssuchaslead,goldandallthewayuptouraniumcanbesynthesised.ThegoldinjewelleryhereonEarthwasinfactformedduringthefierylastsecondsofamassivestar.Thedestructiveeventnotonlycreatesnewelementsbutprovidesthemechanismbywhichtheyaredispersedintospace.SupernovaRemnants(SNRs)

Credit:NASA/ChandraThematerialejectedfromasupernovacompriseshydrogen,heliumandotherelementssynthesisedinthestar.Massivestarsejectmuchoftheirmaterialpriortothefinalexplosion.ThispreviouslyejectedmaterialtogetherwiththeISMisthenhitbyashockwavefromthefinalexplosionandthematerialejectedduringit,formingasupernovaremnant(SNR).Thefinalexplosionmaypropelmatteratspeedsofmillionsofkilometresperhour.Whenthismaterialhitstheearlierclouditcompressesitandheatsupto106Kduetotheconversionofkineticenergy.AtthistemperaturetheSNRemitsradiationatmanywavebands.
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Credit:R.McCray(UniversityofColorado),D.BurrowsandS.Park(PennsylvaniaStateUniversity),andR.Manchester(AustraliaTelescopeNationalFacility)TheexpansionoftheSNRfromSN1987Aatvisible(HST),X�ray(Chandra)andradio(ATCA)wavebands.(Thereisno1996Chandraimageasithadnotbeenlaunchedthen).SNRsexpandintospaceandmayextendovertensofparsecsbeforetheydisperseintotheISM,normallywithin100,000yearsorless.WhilstthetotalamountofmassreleasedintotheISMbyasupernovamayonlybeseveralsolarmassestheejectedmatterisrichinheavyelements.ThismaterialcanthusseedtheISMsothatsubsequentgenerationsofstarswillhavehighermetallicitiesthantheoriginalstarthatwentsupernova.Theshockfrontfromasupernovamayprovidethetriggerforsubsequentstarformationinamolecularcloud.Optically,SNRsoftenhaveagreenishcolourindicatingthepresenceofoxygenions.
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Credit:JeffHester(ArizonaStateUniversity)andNASAPartoftheCygnusLoop,a15,000year�oldsupernovaremnant.Thesupernovashockwave,movingfromlefttorightacrossthepicture,hasrecentlyhitacloudofdenser�than�averageinterstellargas.Thiscollisiondrivesshockwavesintothecloudthatheatsinterstellargas,causingittoglow.SomeSNRs,suchasM1,theCrabNebula,(imageattopofpage)arepoweredbyradiationemittedduetoapulsarembeddedwithinit.Theyarethuscontinuallyre�energisedbythesynchrotronradiationemittedbyhigh�energyelectronsastheyspiralaroundwithintheintensemagneticfieldofthepulsar.SuchSNRsglow.HypernovaeWithinthelastfewyearsastronomershavediscussedanother,evenmorepowerfultypeofexplodingstar.Calledhypernovaethesearethoughttooccurwhenverymassivestarsundergocorecollapse.Theyreleasevastnumbersofgammaphotonsintheprocesswithatotalenergyreleaseof10�30×thatofsupernovae.Thefinalproductofsuchaneventislikelytobeablackholewithamassgreaterthanabout3solarmasses.HypernovaearethoughttobeonesourceofGammaRayBursts,GRBs.GRBsareenigmaticobjectsthatproduceextremelyintensebutshort�livedburstsofgammaradiation.Astronomershavepuzzledoverthemsincetheearly1970swhentheirexistencewasrevealedfollowingthedeclassificationofUSAirForcedata.TheywereinitiallydetectedbysatelliteswatchingfornuclearexplosionsonEarth.Thespectraofthefewhypernovaethathavebeenopticallydetectedrevealanabsenceofhydrogenandhelium.ThissuggeststhatthestarissomassivethatithasfusedalltheavailableHandHeintocarbonandoxygen.SN1998bwwasthefirstexamplethatmatchedthelocationofaGRBobservedbytheItalianBeppoSAXsatellite.Onemodeltoaccountfortheobservationssuggestthattheexplosionisconstrainedbyintensemagneticfieldsintotwobeamsratherthemorecommonroughlyuniformexplosioninsupernovae.NeutronStars&PulsarsAmassivestarundergoingcorecollapseproducesaTypeIIsupernova.Whathappenstothecorematerialthatisnotejecteddependsonitsmass.Thephotodisintegrationofironinthelaststagesofthemassivestar'slifereleasesprotonsthatinturnreactwithelectronstoformneutrons(equation6.3).Theseneutronscombinewithexistingcorematerialtoformneutrondegeneratematter.Corecollapseishaltedbythedegeneracypressureoftheneutronsifthemassislessthanabout3solarmasses.TheresultisoneofthemostintriguingtypesofobjectsintheUniverse,aneutronstar.Neutronstarsarecomposedofdegenerateneutronmatterwithadensityaboutthatofatomicnuclei,�1017kg.mµ3.Athimble�fullofthismaterialhasamassofalmost109tonnes.TheyrangeinmassfromalowervalueequaltotheChandrasekharLimitof1.4solarmassesuptoabout3solarmasses.Thisupperlimitisnotwell�definedandmaybeupto5solarmassesinsomemodels.Aneutronstaristypicallyabout10kmacross.WethushaveaveryexoticobjectwithtwicethemassoftheSunpackedintoaspherethesizeofasmallcity!Duetotheconservationofangularmomentum,aneutronstarspinsatahighrate.WhereasastarsuchastheSunrotatesonitsaxisroughlyonceamonth,aneutronstarcanrotatedozensofhundredsoftimesasecond.Thisisanalogoustoaniceskaterspinningfasterastheydrawtheirarmsinclosetotheirbody.Thehighrotationalspeedmeansthatthesurfaceofneutronstarsaretravellingatrelativisticspeeds.Thegravitationalpullonthematerialmustbeenormoustopreventthelayerbeingrippedoff.Theaccelerationduetogravityatthesurfaceofaneutronstarisoftheorderof1012m.sµ2comparedwith10m.sµ2atthesurfaceoftheEarth.Anymaterialthatfallsontoitssurfacewouldthusberippedapartandsmearedoneatomthickonthesurface.
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Credit:MichaelKramer(UniversityofManchester)Animationofapulsar.

Beingsosmall,neutronstarswouldalsobeverydim.Thereisnomorefusiontakingplacesotheycanonlyradiateawaystoredheatslowlyduetotheirsmallsurfacearea.Onlyafewisolatedneutronstarshavebeendirectlyobserved.Thereis,however,onetypeofneutronstarthathasbeenextensivelyobserved.Thesearepulsars.Pulsarstandsforpulsatingradiosource.Apulsarproducestwopowerfulbeamsofradiation.Thesebeamsariseduetotheintensemagneticfieldpossessedbyneutronstars,�108T.Theaxisofrotationofthepulsarisnotalignedwiththemagneticpoles,justasourgeographicalandmagneticnorthpolesaredifferentonEarth.Asitrapidlyspins,oneoftheradiationbeamsmaycutacrosstheEarth'sline�of�sight.Afewpulsarshavebeenobservedatvisible,gammaandX�raywavebandsbutthevastmajorityofover1,700currentlyknownhavebeendiscoveredbyradiotelescopes,mostbythe64�mParkesdish.Pulsarshaveverypreciserotationrateswhichcanbeaccuratelymeasured.TheyareinfactmoreprecisethanthebesthydrogenmaserclocksonEarth.GiventheirextremegravitationalfieldsandhighratesofspintheyprovideausefultestofofGeneralRelativity.Somepulsarshavebeenfoundinbinarysystemswithothertypesofstars.Thefirst�knowndoublepulsarsystem,twopulsarsorbitingeachother,wasdiscoveredinlate2003atParkesandisprovingofimmenseinteresttoobserversandtheorists.

Credit:ImaginetheUniverse!atNASA/GSFCSchematicdiagramofapulsar.PerhapsthebestknownpulsarisliesattheheartoftheCrabNebula.ItistheremnantofastarthatwentsupernovainAD1054.TheCrabPulsarisoneofthefewtobeobservedatvisiblewavelengths.High�speedshuttersattachedtoaCCDallowastronomerstoimagethechangeinopticalbrightnessasitspins.
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Credit:EuropeanSouthernObservatoryRapidphotometricobservationsandresultantvisiblelightcurvefortheCrabPulsar.Tofindoutmoreaboutpulsars,learnabouttheirdiscoveryandtheongoingresearchbeingcarriedoutinAustraliaandoverseas,visitourIntroductiontoPulsarspageonthissite.BlackHolesSofarwehaveseenwhathappenstostellarremnantsofabout3solarmassesorless.Remnantslessthan1.4solarmassesbecomewhitedwarfsandwilleventuallycooldowntoblackspheresofelectrondegeneratematter.Coresof1.4�3solarmassesbecomeneutronstars,10kmspheresofrapidlyspinningneutrondegeneratematter.YoungneutronstarsmayalsobedetectedaspulsarsifoneoftheirbeamscrossesEarth.Sometimesthoughastarissomassivethatthemassofthematerialleftafterallothermass�lossprocessesexceedsthelimitthatevenneutrondegeneracypressurecanwithstand.Atthisstagethenthematerialkeepscollapsinginwardsuntilallthemassbecomesconcentratedatasinglepoint,asingularity.Itisnowablackhole.Blackholesareevenmoreexoticobjectsthanneutronstars.Withallthemassconcentratedatapointtheyhaveextremelyhighgravitationalfields.Theyarereferredtoasblackbecausenotevenlightcanescapefromthemonceithascrossedaregionknownastheeventhorizon.Attheeventhorizon,theescapevelocityequalsthespeedoflight,c.Blackholesarethereforehardtoobservebecausetheydonotemitlightatanywaveband.Ratherthanlookforablackholeitself,astronomersinfertheirpresenceduetotheireffectonsurroundingmatter.Ablackholethatisonecomponentofabinarysystemmaydrawmaterialoffitsnearbygiantcompanion.Asthisfallstowardstheblackholeitformsanaccretiondisk.Thematerialintheaccretiondiskgetsheatedandsobecomesionised.Chargedobjectsthatgetacceleratedduetocentripetalforceemithighfrequencysynchrotronradiation.ThisisobservedatUV,X�rayandGamma�raywavebands.

Credit:ESA,NASA,andFelixMirabel(FrenchAtomicEnergyCommissionandInstituteforAstronomyandSpacePhysics/ConicetofArgentina)Artist'simpressionoftheblackholeinabinarysystemaccretingmaterialfromitsgiantcompanionstar.Ablackholethatisonecomponentofabinarysystemmaydrawmaterialoffitsnearbygiantcompanion.Asthisfallstowardstheblackholeitformsanaccretiondisk.Thematerialintheaccretiondiskgetsheatedandsobecomesionised.Chargedobjectsthatgetacceleratedduetocentripetalforceemithighfrequencysynchrotronradiation.ThisisobservedatUV,X�rayandGamma�raywavebands.



2007�05�14 http://outreach.atnf.csiro.au/educatio...hysics/stellarevolution_deathhigh.html #7Blackholesformedfromcorecollapseofmassivestarsinhypernovaearethoughttorangeinmassfromabout3to15solarmasses.Theyarecommonlyreferredtoasstellarblackholessoastodistinguishthemfromthesupermassiveblackholesthatarethoughttolieatthecentreofgalaxiessuchasourown.Thesemayrangeinmassfromabout106to109solarmasses.Suchsupermassiveblackholesarelikelytoberesponsibleforphenomenasuchasactivegalacticnuclei(AGNs),Seyfertgalaxies,BLLacerateObjectsandquasarsorQSOs.SometheoriesalsopredicttheexistenceofprimordialblackholesformedduringtheBigBang.Whilststillonlytheoreticalinthatnonehaveeverbeenobservedtheywouldbeverysmall�aboutthesizeofanatombutwithamassof1011kg.Lastmodified:October122006.©CopyrightCSIROAustralia2004.http://outreach.atnf.csiro.au/education/senior/astrophysics/stellarevolution_deathhigh.html


