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TypeIISupernovaeasDistanceIndicators
�Massivestarshavewiderangeofluminositiesandsizes

�Probablybadasstandardcandlesfordistance
measurements

�Fairlysimpleintermsofradiativetransportthough

�SNeIIcanbemodeledwellenoughtomeasure
distances

����accuracywithexpandingphotospheremethod

�However,SNeIaaremorepreciseandeasiertomeasure

�SNeIIwillneverreplaceSNeIaforcosmological
measurements

�GoodindependentmethodofconfirmingSNIaresults
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TypeIaSupernovaeasStandardCandles
�SNeIahavebeenusedasextragalacticdistance

indicatorssince1968

�Wasn’trecognizedthatSNeIareactuallytwodifferent
phenomena

�SNeIb/caremassivestars�corecollapseafterlosing
Hatmosphere

�SNeIaarethemonuclearexplosionsonwhitedwarfs

�Late1980’s–early1990’s:recognizeddistinctionsofSNe

�MostSNeIahaveextremelysimilarlightcurveshapes,
spectraltimeseries,andabsolutemagnitudes

�Thosethatdifferareeasilyidentifiedandremoved
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TypeIaSupernovaeasStandardCandles
�Branch&Tammann(1992)

�Intrinsicdispersonin�and�maximawere�����mag
(thoughprobablyevensmaller)

�“Thebeststandardcandlesknownsofar”

�Calan/TololoSupernovaSearchbeganin1990(���	years
long)

�ObtainedhighqualitySNlightcurvesandspectrafor

�����
����

�Comparedpeakmagnitudestorelativedistances
(deducedfromHubblevelocities)

�Contributed30newSNIalightcurvestocatalogwith
unprecedentedcontrolofmeasurementuncertainties
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TypeIaSupernovaeasStandardCandles

�CTSSdataanalysisbyPhillips(1993)

�Foundtightcorrelationbetweenrateofluminosity
declineandabsolutemagnitude

�Foundstrongcorrelationbetween�and�������

(amount�decreasesover15days):furtherimproved
distanceaccuracy

�Othermethodstocorrectextinction,intrinsicluminosity
differences,etc.alsoimprovedprecision
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CosmologicalParameters
�AssumingUniverseishomogeneousandisotropic,line

elementgivenbyRobertson-Walkermetric

���	����	��	� ����	�

��
	�
��	��	�(���)

����������open,flat,closedUniverse

�dynamicalevolutioncontainedinscalefactor�� ��

�DescriptionofdynamicsoftheUniversegivenby
Friedmannequation

��	��
����	����� ��
 � 
(�=Hubbleparameter)

�ThedensitythatresultsinflatUniverseis� � ����!
"$#% ���

�Densityofeachspeciesusuallygivenintermsof
densityparameter�&� �� ��'"$#% �("$#%
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CosmologicalParameters
�Equationofstateparametergivenby�& ��' �'

�Usually�&���formatterandscalarfields

��&��fornormalmatterandCDM,��forphotons,and

��forcosmologicalconstant

�Luminositydistance��isthedistanceactuallymeasured

�Definedsuchthatflux���
��� 
�

���� �
!�����	���	
�
�����,wherethedeceleration

parameter	
��	& �&�����&�

�Notethat��dependson	
andhenceon
mass/energycomposition

�FordeceleratingUniverse(	
��),��issmallerthanfor
acceleratingUniverse(	
��)foragiven
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CosmologicalParameters
�Ifonlyformsofmass/energyare��and��,then

	 
��� 	���

�Todiscerndarkenergycomponent,measurementsof

���precisionneeded(seefigure)

�Discriminatingbetweendifferentdarkenergymodels
withtimevaryingEOS’srequireevenbetteraccuracy

�Recentresults�������and������

�ConsistentwithWMAPresults
(�#�#���� ��� �������� �������)

�Implymatterissecondarytodarkenergyinthe
(accelerating)expansionoftheUniverse(seefigure)
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MeasuringtheHubbleConstant

�Schmidtetal.(1994),using16SNeII,estimated

�
����� ��usingEPM

�Independentofotherrungsofextragalacticdistance
latter,likeCepheids(whichcalibrateSNeIa)

�2methods(SNeIIandCepheids)agreetowithin��

fordistancemeasurements

�Provideconfidenceinbothmethods



22October,200310

MeasuringtheHubbleConstant
�Currentsampleof����nearbySNeIadefineHubble

diagramslopeto��for��
����(seefigure)

�CepheidscalibrateSNeIa�majorlimitationfor
measuring�


��
�������fromJha(2003)

��
�������fromFreedmanetal.(2001)

�Differencesduetodifferentmethods,noterrorsinSNe
IadatafromHSTCepheiddistancemeasurements

�Bestcurrentestimate:�
������

�FutureworkslieswithCepheidcalibratorsorother
distanceindicators,notwithSNe
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MeasurementofAcceleration

�SinceSNeIaaresointrinsicallyluminous,cancurrentlybe
detectedto
�� ��

�SNeIIcanbedetectedonlyto
����

�However,SNeIaarerelativelyrare

�HappeningalaxieslikeMWonlyafewtimesper1000
years

�Methodusedrequireslargeblockofobservingtime

�Obtainingobservingtimenotusuallyfeasibleuntil
recently
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MeasurementofAcceleration:ResearchTeams
�SupernovaCosmologyProject(SCP)

�LedbySaulPerlmutteroftheLBNL

�Formedin1988tousehigh
SNeIatodetermine	


�Largeinternationalteamofphysicistsandsome
astronomers

�High–
SupernovaSearchTeam(HZSNS)

�Formedin1994byBrianP.SchmidtandNickSuntzeff

�MotivatedbyPhillips’SNeIacalibrationrelation,
successofSCP,andimportanceofmeasuring	


�Internationalteamofmostlyastronomers
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MeasurementofAcceleration
�BothSCPandHZSNSdata�SNearefainterthan

expected

�Agreementof2teams’resultsisextremelygood

�At
����,SNeare�����magdimmer(����farther)
thanif������,����

�ImpliesUniverseisaccelerating

�Simplestexplanationisthatadditionalcomponentof
matterwith�&����exists(recall	
��	& �&�����&�)

���� ��works(�����)

������confidencethatUniversehasanonzero�or
otherformofdarkenergy
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MeasurementofAcceleration:SystematicErrors
�Kcorrection

�SNeIaobservedathigh
�largewavelengthshifts

�Obervationsmadewithfixedbandpasses,so
correctionsmustbemade

�Ifobervationsdonewell,errorcanbeminimal

�Selectioneffects

�Malmquistbias:volumeofobservedbrightobjects�

volumeofobserveddimobjects

�SinceSNeIaaresuchaccuratedistanceindicators,
effectissmall(�����mag)
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MeasurementofAcceleration:SystematicErrors
�Extinction

����#ordereffectsfromchangingaverageextinction
canbecorrectedbyobservingmultiplewavelengths

����ordereffects,suchasevolutionofinterveningdust,
moredifficulttohandle

�Also,thindustveilaroundMW:absoluteamountof
extinctionuncertain�systematicerror�����mag

�EvolutionofSNeIa

�SNeIainearly–typegalaxiesshowlightcurveswith
fasterriseandfalltimesthaninlate–typehosts

�Afterdataarecorrectedforlightcurveshape,
luminosityshowsnohostgalaxytypebias
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MeasurementofAcceleration:SystematicErrors

�Gravitationallensing

�Lighttravelsthroughlowerdensityregion:
demagnification

�Lighttravelsthroughhigherdensityregion:
magnification(uncommon)

�Processusuallymakesmostobjectsfainter

�Distortionsinmeasurementsquitedifficulttodetermine

�Maybetheeffectthatmostseverlylimitsaccuracyof
distancemeasurements
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WhyistheUniverseAccelerating?
�Areastronomersmisinterpretingthedata?

�Precisionofobservationsandsuchcloseagreement
betweenSCPandHZSNSmakethisunlikely

�Needtomakedrasticandimprobableassumptionsto
makeotherplausibleinterpretationofdata

�Isgeneralrelativityincorrect?

�Forassumptionofhomogeneous,isotropic,
acceleratingUniverse,GRrequiresdarkenergysource

�GRextremelysucessfulinclassicalexperimentaltests
andpredictionofgravitationalwaves

�AlternativestoGRconstrainedbyobservations

�PossiblebutunlikelythatGRiswrong
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WhyistheUniverseAccelerating?

�Isdarkenergydynamical?

�IfGRiscorrect,darkenergydensitymustdiminish
slowlywithexpansion

�Friedmannequation�� �	��	����������,so���

mustfalloffslowerthan��	

�������and�	������,sotheywon’twork

���isconstant(vacuumenergy)

�Butdata�smoothlydistributedsourcesofdark
energythatvaryslowlywithtime
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WhyistheUniverseAccelerating?
�IstheUniverse’scurrentstatejustacoincidence?

�EasiestexplanationofacceleratingUniverseisa
constantvacuumenergy

��� �����andtheUniversehasexpandedbyafactorof

����	sincePlancktime,but� ���
����

��!

�Forcomparison,��
������and����
������

�����

�Areweataveryspecialtimeintheevolutionofthe
Universe?(seefigure)

�Haveweexperiencedenvironmentalselection?

�Maybevacuumenergyisdifferentinotherregionsof
Universe

�Maybeourregionis“justright”forlife
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FuturePlans
�MoreSNIameasurements

�Willreducestatisticalerrors,butsystematicerrorswill
remain

�Atbest,systematicerrorscanbereducedto�����

mag

�Supernova/AccelerationProbe(SNAP)collaboration
proposedtolaunchcosmologysatellite

�Willscan�����SNeIaperyearoutto
�� ��

�Space–basedobservations�bettercontrolofmany
systematiceffects

�FirststudiesoftimedependenceofEOS�&
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SummaryandConclusions

�SNeIaarereliablecosmologicaldistanceindicators

�However,systematicerrorslimitaccuracy

�SNedata�expansionofUniverseisaccelerating

�AcceleratingUniversecreatesunresolvedissuesfor
theoreticalphysicsandcosmology

�Nextstep:SNAP


