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Abstract. It is now about 10 yearssince the evidence,basedon Type Ia supernovae, for the
accelerationof the expansionof the Universewasdiscovered.I will discusssomeaspectsof the
work andeventsin theSupernovaCosmologyProject(SCP),duringtheperiod1988to 1998,which
led to thisdiscovery.

PREAMBLE

In the past I have written papersthat describednew physics results.In this report,
however, on this tenthanniversaryof thediscovery of darkenergy, I presentthehistory
of ourdiscoveryasI sawit.

Whenthebubblechamberwork in Luis Alvarez's groupat LBNL cameto anendin
theearly1970s,therestartedaninterestin astrophysics.Rich Muller becameinterested
in theCosmicMicrowave Background(CMB). He waslater joinedby GeorgeSmoot.
After convincing Luis Alvarezof the feasibility of a CMB measurementandobtaining
his support, Rich Muller andGeorge Smootandtheir collaboratorsstudiedthe CMB
with detectorsplacedon U2 airplane�ights. This led to their discovery of the CMB
dipole asymmetry. Smootthenwent on to work with the COBE satellite,and led the
discoveryof theCMB anisotropy.

Meanwhile,Rich Muller, joined by Carl Pennypacker (a staff memberat the Space
ScienceLaboratory), setup an automatedsearchfor nearbySupernovae (SNe)This
work was primarily under Pennypacker's responsibilityand was helpedby Richard
Treffers of the Berkeley Astronomydepartmentandothers.They werelater joined by
Muller's studentSaulPerlmutterwho carriedout his thesis,a searchfor "Nemesis",the
suspectedcompanionstarto thesun,aswell asworking on theSNesearch.During the
period1980-1988,they demonstratedthat themethod,originally suggestedby Stirling
Colgateet al. [1], worked,andthey wereableto discover about25 nearbySNe.This
work becametheprototypeof laterautomatedSNesearches.

In 1988, a National ScienceFoundation(NSF) Center for Particle Astrophysics
(CfPA) wasbeingformedon the UC Berkeley campus.Pennypacker andMuller pro-
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posedan experimentto discover the “Fateof the Universe”througha studyof distant
TypeIa SNe,claimedto be“standardcandles”[2].

THE SCPGROUP AND THE DISCOVERY OF DISTANT SNE

In 1989,asI wasthinkingaboutmynext experiment,3 I wasinvitedbyCarlPennypacker,
who wasthen leadingthe daily efforts of what was thencalled the "DeepSupernova
Search",to join in thesearchfor thediscoveryof the“Fateof theUniverse”.Thesubject
appealedto me, as did the proposedtechnique,since it involved evaluating images,
somethingI havebeendoingthroughoutmy career. 4

In 1990-91the entiregroupat Berkeley (now known asthe Supernova Cosmology
Project(SCP)),consistedof Carl Pennypacker, SaulPerlmutter, Heidi Marvin, myself,
andRichMuller (shown in Fig. 1, l. to r.) .

FIGURE 1. TheSCPgroupat Berkeley in 1990-91.Carl Pennypacker, SaulPerlmutter, Heidi Marvin,
GersonGoldhaber, andRichMuller l. to r.

3 In 1989my co-groupleaderGeorgeTrilling andI hadcometo anendof a nearlytwenty-yearcollab-
orationwith BurtonRichterandMartin Perlandcoworkersof SLAC andLBL wherewe haddiscovered
thepsionfamily, charmedmesons,andthetauleptonamongmany others.
4 Evaluating imagesis somethingI have beendoing throughoutmy physics career, beginning with
photographicemulsionsin the1950s,to bubblechambersin the1960s,to computer-reconstructedparticle
eventsin the1970s,and1980s.Thus,thesupernova experimentwith it' s computer-reconstructedoptical
images,seemedto beanice�t with my experienceandinclinations.



Soonafter my joining the group,thereweremajor changesin its makeup.In 1991
Rich Muller decidedto spendhis efforts in researchon theice agesandglobalweather
patterns,and Carl Pennypacker foundedthe "Handson Universe"Programfor high
schoolstudentsandbeganto devotemostof his time to educationalactivities.This left
Saulandme to carry on with graduatestudentHeidi Marvin Newberg andlater Alex
Kim. Shortly thereafter, Bob Cahn,at the time the physicsdivision directorat LBNL,
discussedwith methequestionof agroupleader. With my strongsupport,hedecidedto
appointSaulto thatposition.

PerhapsbecauseRich,Saul,Carl,andI werenotestablishedasastronomers,it wasat
�rst dif�cult for usto gettimeonthelargepremiertelescopes.BeforeI joinedthegroup,
onCarl's initiative, Carl,RichandSaul,togetherwith two colleaguesin Australia,Brian
Boyle and Warrick Couch,did manageto obtain scheduledtime on the 3.9m Anglo
AustralianTelescopeandbuilt a focusreducinglensandCCDcamerafor it. During the
threeyearswe observedat this telescope,while thesystemworkedwell, therewasno
identi�ed SN candidate.Unfortunately, many of our schedulednightswerelost dueto
badweather. The lensandcameraconstructionandinstallationandthe techniqueswe
developed,aswell asan unidenti�ed candidatefound later at the 2.5m IsaacNewton
Telescope,arediscussedin greatdetail in Heidi Marvin Newberg's thesis[3].

While for the�rst threeyearsof oureffortswedid not �nd any identi�ed supernovae,
5 this time wasnot wasted,asit allowedus to develop the techniqueswhich led to the
eventualsuccessof theproject.

In particular, SaulPerlmutterdevelopedthetechniquefor �nding “SNe on demand”
or “batchmode".This involved takinga “reference"imagejust aftera new moon,and
comingbackto take “discovery” imagesbeforethe next new moon(SeeFig. 2.) The
dataweresentbackto Berkeley thesamenight they weretakenat thetelescope.On the
next morningwe rana programthatsubtractedthereferenceimagefrom thediscovery
imageand�agged possiblecandidates.In a few hoursof handscanningwe wereable
to selectthepromisingSN candidates.ThusassoonasSN candidateswerediscovered
onecouldsendobserver(s)to theKeck10mtelescopeto measurespectraand,afterthat,
startto takedatapointsfor thelight curveatgroundbasedtelescopes.(SeeFig. 2 for list
of followup telescopes.)

After we found the �rst few SNe,Saulwasable to convince the varioustelescope
schedulingcommitteesto giveustimeatthematchingepochsto carryoutthisapproach.
By 1996-7we wereallotedtime at the HubbleSpaceTelescope,wherewe measured
lightcurvedatapointsfor someof themostreliably identi�ed SNe.

To eliminatecosmicraysandhot pixels, we took two images,usually � ve minutes
apart,both for referenceimagesanddiscovery images.Early in 1990,while scanning
for SNecandidates(but not �nding any!) I did discover a groupof about20 asteroids.
The asteroidsare distinguishedby the fact that they are seento move betweenthe
two discovery images.However, someof themdo not move signi�cantly, andcanbe
confusedwith SNe.We thereforeintroduceda changein our procedures,interspersing

5 However, our generalapproachreceived importantvalidationwith thediscovery by Norgaard-Nielsen
et al. [4] of a singlehigh z supernova (red shift of 0.31)after a two yeareffort. This SN washowever
discoveredwell aftermaximumlight.
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Supernova Discovery and Measurement Sequence.

FIGURE 2. Thestrategy developedby SaulPerlmutterfor �nding SNeondemand.

a different�eld betweenthetwo discovery images,soasto allow anadditionalinterval
of 5 to 10 minutesbetweenthem. This allowed easyidenti�cation of the asteroids.
Asteroidswere later usedby Carl Pennypacker in his Handson Universeprogramto
allow studentsto discoverandmeasurerealastronomicalobjects.

In 1991 we were joined by visiting scholarsAriel Goobarand Silvia Gabi from
Swedenand CERN and later on by Reynald Pain from Franceand Isobel Hook, an
astronomerwith expertisein spectroscopy, from England.

In 1993we decidedto collaboratewith Alexei Filippenko, of the UC Berkeley As-
tronomyDepartmentfor measurementsof spectraat theKeckTelescopein Hawaii.

In 1994Don Groom,from theParticleDataGroupat LBL, joinedour group,aswell
asSusanaDeustua.Don GroomadaptedtheCERNprogramMINUIT to �t our SNeto
thelight curveandto determinethestretchparameter.

GraduatestudentsAlex Kim, Mathew Kim and programmerIvan Small were also
essentialin thisearlywork.

By 1995,aswebecamesuccessfulin �nding distantsupernovae,wewereableto hire
two postdocs,Rob Knop andPeterNugent,and later a staff member, Greg Aldering.
Thesenew people,aswell asSusana,all hadabackgroundin astronomy.



By 1998our grouphadgrown to an internationalcollaborationwith 32 members6

thatsignedtheDarkEnergy discoverypaper[5]. In 2007Saulandtheother31wereco-
recipientsof theGruberprize in cosmologyfor thediscovery of Dark Energy, together
with BrianSchmidtandtheHi-Z Team[6].

MILEST ONESLEADING TO THE DISCOVERY OF DARK
ENERGY

Hereis a list of someof theimportantcommentsandpaperswhich allowedusto make
ourdiscovery.

• SuggestionstouseTypeIaSNeasstandardcandles:From1930sonZwicky, Baade,
Sandage,Kowal, Tammannetc.

• 1984 Pskovskii [7], 1993 Phillips [8], 1995,1997Perlmutteret al. [9, 10, 11],
1995,2001Goldhaberet al. [9, 10, 12] : light curve shaperelatedto brightness
andintroductionof “stretch".

• 1988Leibundgut[13]: TypeIa LightcurveTemplate.
• 1989Norgaard-Nielsenet al. [4]: First distantSN, z = 0.31 however discovered

well pastmaximumlight (maximumbrightness).
• 1992After threeyearsof searchingwe observed our �rst distantSN (z = 0.458)

beforemaximumlight [14].
• 1993Hamuyetal. [15]: Single�lter K-corrections.To converta �lter regionof the

redshiftedspectrumto thesame�lter at zeroredshift.
• 1993-6Hamuy, Phillips,Suntzeff, Mazaetal. [16, 17]: CALAN/TOLOLO z< 0:1

referencesampleof 29 Type Ia SNe.Of thesewe used18 they discoveredbefore
10dayspastmaximumlight.

• 1995Kim, GoobarandPerlmutter[18], 2002Nugentet al. [19] : Cross�lter K-
corrections.

• 1995 Goobarand Perlmutter[20]: Measurementof Wm and WL from a best �t
con�dencelevel distribution on the Wm, WL planefor a variety of z values.This
paperalsogivestheformulaefor theHubbleplot calculations.

SEPT. 24,1997:A PEAK IN THE Wm HISTOGRAM

What has becomethe conventional way to determineWm and WL is the Goobar-
Perlmutter[20] best�t con�dencelevel distributionontheWm, WL plane.Thisapproach,

6 Gregory Aldering, Brian Boyle, Patricia Castro,Warrick Couch,SusanaDeustua,RichardEllis, Se-
bastienFabbro,Alexei Filippenko, Andrew Fruchter, GersonGoldhaber, Ariel Goobar, DonaldGroom,
Isobel Hook, Mike Irwin, Alex Kim, Matthew Kim, RobertKnop, Julia Lee, Chris Lidman, Thomas
Matheson,RichardMcMahon,Heidi Newberg, PeterNugent,NelsonNunes,ReynaldPain, Nino Pana-
gia, Carl Pennypacker, SaulPerlmutter, RobertQuimby, Pilar Ruiz-Lapuente,Brad Schaefer, Nicholas
Walton.(Alexei Filippenko movedto theHi-Z Teamwhenit wasformedin 1995.)



favoredby astronomers,requiresaccuratedeterminationsof theerrorsandcorrelateder-
rors.WhentheSNelight curvesare�rst �tted to a templatethis informationis not yet
available.

Thealternative approach,similar to thetechniqueusedto �nd resonancesin particle
physics,is to look for peaksin the distributions(on histograms)of the variablebeing
studied,namelymassin particlephysicsandWm in our casehere.In this approachthe
measurementerrorsarere�ectedin thewidth of theresultingpeak.

In September1997wehadcompleteda�rst passof thelight curvedatapointanalysis
on38SNe,but thedetailederroranalyseswerenotyetavailable.It tookseveralmonths
from the time a SN wasdiscovereduntil the light curve pointscouldbeevaluated.We
alsotooksome�nal referencepointsayearafterdiscovery. RobKnop,whowasworking
on this,wasabletypically to completeoneto two SNepermonth.

On the basisof these38 Type Ia SNe we obtainedan indication that the universe
is accelerating,ratherthan deceleratingas we had originally expected.This was the
culmination of nine yearsof work learning how to �nd high redshift SNe, how to
measurethem,how to �t them,how to K-correctthem,how to stretchcorrectthemand
then�nally �t themto a lightcurve template.This wasall achieved by a collaborative
effort of theentiregroup.I studiedtheSNeafter thedatapointson the lightcurve had
beenmeasured,�tted themto the lightcurve templatewhich gave us the stretchvalue,
andmadeatablewith some20attributesfor eachSN.TheeffectiveB-magnitudes(after
K-correctionsandstretchcorrections)werethendisplayedonaHubbleplot.

Thequestionwasnext how to obtaintheWm distribution from this plot. What I tried
wasto plot Hubblecurves,for a �at universe,with Wm in �ne intervalsat 0.0,0.2,0.4,
0.6, 0.8, 1.0. SeeFig. 3. A distribution in Wm is thenobtainedby counting(by hand!)
all theSNethatfell into eachDWm interval giving thehistogramshown in Fig. 4. A few
dayslaterSaulwrotea program,SNLOOK, to have thecomputercountthenumberof
SNein eachDWm interval.

Hereit shouldbenotedthata�at universewasnotcompletelyestablishedatthatpoint
in time (1997).Ourassumptionwasbasedin parton in�ation theory[21, 22,23] andin
parton very earlyrumorsfrom CMB �uctuation data[24]. Thedetailedmeasurements
of the�uctuationsin theCMB, demonstratinga �at universe,camelater[25, 26, 27].

In Fig. 4 the peakin Wm = 0:2 to 03 for a �at universeindicatesthat WL is 0:8 to
0:7. This givesa decelerationparameterq0 = ¡ 0:7 to ¡ 0:55. A negative valuefor q0
impliesacceleration.This resultwasobtainedwithout correctionsfor intrinsic color or
extinction dueto dustin thehostgalaxyin boththeCerro/Tololo referencesampleand
the38distantSNe.Thenarrownessof theobservedpeakdemonstratesthatthisomission
wasnot importantfor thispreliminaryresult.

Excerptsfrom theSCPmeetingnotes,takenby RobKnop, for our SCPgroupmeet-
ingsof Sept,241997andOctober, 8 1997arereproducedin Figs.11and12.

This startlingresultwasnaturallytreatedwith someskepticism.This resultdiffered
from our �rst seven SNe[9, 10, 11] which hadindicateda high valuefor Wm.7 These

7 In retrospect,it is instructive to revisit thequestionof whathappenedwith those�rst sevensupernovae.
As shown shadedin Fig. 4 they areall athighWm values.Two turnedout to beoutlierswith oneprobably
not a TypeIa. Theother5 movedslightly towardslower massdensitieswith remeasurement,but for the



FIGURE 3. Ourpreliminarydataof 38SNe,asof Sep.,24,1997.TheeffectiveB-magnitudevs.log(cz).
Heretheeffective B-magnitudeis theK-correctedandstretch-correctedmagnitudeandz is theredshift.
Thecurvesfor aseriesof Wm values,in a�at universe,areshown.Thesumof thedatapointsin eachDWm
interval, ascountedby hand,is alsoshown at theright handupperedgeof the�gure.

sevenSNeareshown ascrosshatchedin Fig. 4. andindeedoccurat theupperendof the
distribution.

Again thefact that thedecelerationcoef�cient wasnegative, indicatingacceleration,
was hard to swallow at �rst. I had been“bump hunting " for the past30 years,and
found theobservedpeakcompletelyconvincing. I believe thatSaulconvincedhimself
afterhewrotetheprogram,SNLOOKandby independentlystudyingourdata.He later
in Decemberpresentedsucha histogramin colloquiagiving Wm andWL . SeeFig. 8.
Someothercolleagues,Rob Knop andCarl Pennypacker, appearedconvinced,while
Greg Aldering wasnot fully convinced,he statedhowever that this histogram“helped
to galvanizetheeffort within ourgroup".Indeed,astheresultof amajoreffort, theSCP
groupwasable to calculatethe best�t con�dencelevels in time for the Jan.8, 1998
AAS meeting.

For con�rmation, I asked my colleaguesto checktheseresults,in casetherecould
havebeenamistake.However, all the20entriesin thesocalled“Gerson-table"for each
of the38 SNewerecon�rmed ascorrect.LaterGreg Aldering addedmorecolumnsto
this table,giving thecorrelatederrors,andRichardEllis addeda columnwith thebest

mostpart they simply happenedto lie on thetail of thedistribution.Thelessonis: bewareof statisticsof
smallnumbers!



FIGURE 4. TheWm distribution for thedatapointsin Fig. 3, aspresentedatourSCPgroupmeetingon
Sep.24, 1997, is shown. Thevaluesfor the �rst 7 SNe,which gave a considerablylargervaluefor Wm,
areshown cross-hatched.HereWL is givenby 1¡ Wm.

estimateof thenatureof eachhostgalaxy.
Wealsoobtainedstrongcorroboratingevidencethatweneededanon-zeroWL value.

In Fig. 5. theHubblecurvesfor botha �at universeandanWL = 0 universeareshown
superimposed.For an WL = 0 universewe obtain a correspondingpeakon the Wm
histogram.However now it occursfor negative Wm values.In Fig. 6. is shown the Wm
histogram,this time calculatedwith Saul's SNLOOK program,for this case.As canbe
noted,25 out of the38 SNegive a negative andhenceun-physical valuefor Wm. This
clearly demonstrates,independentlyof the �at universecondition,that WL cannotbe
zerobut mustbegreaterthanzero.

Onecanturn this argumentaroundandcalculatethe locationof the peakin an Wm
histogramfor a seriesof different WL valuesand �nd for which WL value the peak
beginsto lie atpositive (hencephysical)values.Thisapproaches,andgoesbeyond,Wm,
WL valuesconsistentwith theabovevaluesfor a �at universe.Thismethodis equivalent
to travelingalongthecentralline for thecon�dencelevel “ellipses”,startingatnegative
Wm values,shown in Fig. 9.

In Table1 is shown the SN discoveriesover the years1989to 1997.Saul's SNeon
demandmethodreally cameinto its own whenwe obtainedtime on the Cerro/Tololo



FIGURE 5. TheHubblecurvesfor botha �at universe(solidcurves)andanWL = 0 universe(dotted).

FIGURE 6. The Wm distribution for a WL = 0 universe.Note that 25 of the SNehave a negative Wm
andhenceanun-physicalvalue.This shows clearlyandindependentlyof the�at universeconditionthat
WL mustbegreaterthanzero.



TABLE 1. SCPSNeIa Discoveries

Epoch Number Total Telescope

1989-91 0 0 Anglo Australian3.9m
1992 1 1 La Palma2.5m
1993 6 7 Kit Peak4m
1995 9 16 CerroTololo 4m
1996 7 23 CerroTololo 4m
1997 19 42 CerroTololo 4m

4m telescopecombinedwith the“largethruput” CTIO cameraof BernsteinandTyson.
Table1 shows thatoveranine-yearperiodwediscovered42SNe.

Oct. 1997.Two papersby the SCPand Hi-Z Teamaswell asa joint
paper submitted with hints, fr om very small samplesof SNe,for a

non-zero WL

While our �rst 7 SNegave a high Wm value [9, 10, 11], Wm = 0:94+ 0:34
¡ 0:28 for a �at

universe,welaterobtainedsomehintsof lowerWm values:Oneof thetypeIa supernovae
that we found,SN 1997ap,wasat that time again the mostdistantthat hadever been
observed,z= 0:83.Wewerealsoableto obtainHubbleSpaceTelescope(HST) images
for this supernova.Theadditionof this singleSN allowedusto recalculateWm for 5+1
supernovae,giving Wm = 0:6§ 0:2 for a�at universe. SeeFig.7.Heretwo outlierswere
eliminated.Wesubmittedthispaperto NatureonOct.6, 1997[28].

Garnavich et al. [29] submitteda paperby the Hi-Z Teamon Oct. 13, 1997,based
on threecon�rmed high redshift SNemeasuredwith theHST, andonemeasuredfrom
the ground.They concludedthat, for a �at universe,Wm waslessthan1 with > 95%
con�denceandthatanestimatefor Wm is ¡ 0:1§ 0:5 for anWL = 0 universe.

A joint paperby somemembersof the two groupsRiesset al. [30] submittedNov.
21, 1997andacceptedApr. 17, 1998,showed that the “snapshot"methodworks.That
involvestakinga singlephotometrypoint anda singlespectrumon thesamenight and
deducingthemagnitudeatmaximumlight from this limited information.Onthebasisof
four SNehandledin this fashion,aswell asthreeSNefrom theabove two papers,they
deducedthat for a �at universeWm = 0:19+ 0:32

¡ 0:19 andWm = ¡ 0:31+ 0:62
¡ 0:36 for an WL = 0

universe.
While theseSCPandHi-Z papers,publishedin 1998,gave hints of a non-zeroWL

they reliedonaverysmallnumberof SNe,namely1 and4 respectively. Thehintsfrom
thesnapshotpaperreliedon four SNeusingthis lessprecisemethod.

All this work wasgoing on moreor lesscontemporaneouslywith my studyof the
38 SNe. My colleaguePeterNugent,who did someof the �ts of thesecon�dence
level distributions,felt thatthese3 “hints" werea moreconvincing andpossiblyearlier
evidencefor a non-zeroWL thanthe peakin the Wm histogram.My feeling is that we
neededthe larger statisticssincewe had amply demonstratedthat with a very small
numberof SNe(7 SNe)onecanbewayoff!



FIGURE 7. The WL vs Wm best�t con�dencelevel distribution for 5 of the 7 SNeaswell asfor the
5+1SNe.Theadditionof theoneSN1997apgivesanon-zerovaluefor WL for a �at universe.

DEC 1 TO 14,1997:TWO COLLOQ UIA AND A SEMINAR

The�r st threepublic presentationsof the SCPevidencefor WL > 0 and acceleration,
basedon thepeakin theWm histogramfor 40SNe.

FromOctoberto November, were-measuredandre-�tted all of the38SNeandadded
two more,giving 40 (while threewere identi�ed as outliers).We also changedfrom
theBursteinandHiles [31] versionof dustextinction in our galaxy to themorerecent
Schlegel,FinkbeinerandDavis [32] version.I thenrevisedthetablesto re�ect all these
changes.BothSaulandI plottedtheHubbleplots,basedon therevisedtables,andused
SNLOOKto obtainthelatestversionof thehistogram.

The �rst public presentationof our resultswas a colloquium by Saul on Dec. 1,
1997at thePhysicsDepartmentUC Berkeley (SeeFig. 8.) This wasfollowedby Saul's
colloquiumat thePhysicsDepartmentUC SantaCruzonDec.11,1997.



FIGURE 8. (left) The�gure of theWm distributionshown atColloquiaatUC Berkeley andSantaCruz
in earlyDecember1997by SaulPerlmutter. Thex-axisgivesWm for a �at universe.All theSNegivenin
Fig. 4. havebeenre-�tted. TheGaussian�t to thispreliminarydatagaveWm = 0:29§ 0:06with as = 0:3
(right) A reproductionof theactual�gure of theWm distributionshown at theITP SantaBarbaraonDec.
14,1997by GersonGoldhaber. ThelowerscalegivesWm for a �at universe.TheupperscalegivesWm for
anWL = 0 universe.Note that this assumptiongivesnegative (andthusunphysical)valuesfor Wm. This
demonstratesthatWL mustbegreaterthanzero.

Next, I gave a seminarat the Institute for TheoreticalPhysics (ITP) at UC Santa
Barbaraon Dec.14, 1997(SeeFig. 8.) In all threeof thesetalks,asstatedabove, the
conventionaldescriptionof thecon�dencelevel distribution on theWm , WL planewas
notyetavailablefor the40SNe.Soin all threetalkstheWm histogram,re-evaluatedwith
morecarefulre-measurements,wasshown. We consideredour resultaspreliminaryas
wehadnotyet completelyexploredall theeffectsof systematicerrors.

It was not easyto convince the astrophysics community of this result, as it was
contraryto all ingrainedbeliefs.8 Accelerationratherthendecelerationasexpected!

Thequestionhasbeenposed:who remembersthedetailsof thesetalks?I know that
JoelPrimackandMichaelRiordanrememberSaul's talk at SantaCruz.As formerand

8 Examplesof exceptionsto theWL = 0 assumptionare:Steve Weinberg [33] madeanargument,on the
basisof theanthropicprinciple,thatWL couldbecomperableto thecurrentlyobservedvalue.Kraussand
Turner[34] arguedprimarily on thebasisof theageof theuniverseandotherthenavailablecosmological
measurementsthatWL shouldlie between0.6and0.7.OstrikerandSteinhardt[35] derivedaconcordance
modelbasedonall thethenavailablecosmologicaldataandconcludedWL = 0:65§ 0:1.



currentparticlephysiciststhey understoodthe signi�cance of a peakon a histogram.
JoelPrimackwasparticularlyenthusiasticandstressedtheimportanceof thisdiscovery
after Saul's colloquium.Dave Branchremembersmy talk andsubsequentdiscussions
andunderstoodits signi�cance.David Grossaskedmeaftermy talk how I couldcome
to suchamomentousconclusionon thebasisof just40SNe.

As is usual,Saul's Colloquiumat UC Berkeley was video taped(DVD available).
Saul�rst talkedaboutthe “hint" from our 5+1 SNe�t I mentionedabove. Thenbased
on a gaussian�t to theobservedpeakon thehistogram,SaulquotedWm = 0:29§ 0:06
for a �at universeandthusWL = 0:71. In my presentationat the ITP I did not try for
anaccuratevalueof Wm, but rathershowedFig. 8. andindicatedthatWm = 0:3 agrees
with our data.In additionI demonstratedwhat happenswhenwe assumeWL = 0. As
seenfrom theupperscalein Fig. 8. thisassumptiongivesnegativeandhenceunphysical
valuesfor Wm. As statedearlierthisdemonstratesthatWL mustbegreaterthenzero.

In his talk Saulwent on to point out that while on the onehand0.7 for WL corre-
spondedto a large fraction of the universebut on the otherhandit wasa very small
value,by a factor10122, comparedto the valueexpectedfrom virtual particlevacuum
�uctuations.

It is remakablethatin Saul's talk onDec.1,1997wehadalreadypresented,in public,
evidencefor thewholestoryof whatwaslatercalledDark Energy by MichaelTurner.
At DM08 I presenteda four-minutevideoexcerptof Saul's talk, showing him making
thesepointsbasedon thehistogram.(This videois givenin theconferenceproceedings
[36].)

Not muchhaschangedqualitatively in the10 yearssincethen.With many moreSNe
studies[37] aswell asconcordancewith CMB andevidencefrom clusterstudies[38]
andlater BaryonAcousticOscillation(BAO) [39] studies,we now know Wm to more
signi�cant �gures, but qualitatively there is no changefrom the value we quotedin
1997.We have learnedthat the equationof statew is very closeto -1 andhave some
limits on thevariationof w with z. But afterall that,justas10yearsago,westill donot
understandthenatureof DarkEnergy [40].

JAN. 8, 1998:FIRST PUBLIC PRESENTATION OF THE SCP
RESULTS AT AN AMERICAN ASTRONOMICAL SOCIETY

MEETING

Thefourthpublicpresentationsof theSCPevidencefor WL > 0 andacceleration,based
on the�t to thecon�denceleveldistributionon theWm , WL planefor 40SNe.

FromOctoberto latein December1997,theSCPgroupatBerkeley re-measuredand
re-checked and completedall error and correlatederror calculationson what had by
thenbecome40 SNe.This effort wasprimarily dueto Saul,Greg Aldering andPeter
Nugent.Eachgroupmemberaswell asthe groupmembersin Baltimore,Stockholm,
Paris,England,AustraliaandChileconvincedhimself/herselfby directstudyof thedata
that indeedWL > 0 andthatcontraryto all preconceivednotionswe weredealingwith
accelerationof theuniverse,namelyanegativedecelerationcoef�cient.



The following month,on Jan.8, 1998[41, 42], SaulPerlmutterpresentedour data
at theAAS meetingin WashingtonDC. By this time we hadthemuchmoreelaborate
analysis,basedon detailederrorcalculations,by theentireSCPgroup.We had40 fully
analyzedSNeandthe con�dencelevel calculationwasalreadyavailableon the Wm ,
WL plane(Fig. 9). Here it shouldbe notedthat the con�dencelevel distribution does

FIGURE 9. TheWL vs Wm best�t con�dencelevel distribution shown at theWashingtonmeetingof
theAAS onJan,8 1998by SaulPerlmutter. Thedashedcurvesrepresentaverygenerousestimateof what
possiblesystematicerrorscoulddo.

not requirethe �at universeconditionto give WL greaterthanzero.This wasthe �rst
presentationatanof�cial conferenceof any evidencefor WL > 0,andhenceacceleration
of theexpansionof theuniverse.To take possiblesystematicuncertaintiesinto account,
weallowedfor averygeneroussystematicerror. This is shown by thedottedcon�dence
level curves in Fig. 9. This �gure was reproducedby JamesGlanz in his report on
our presentationin Science[43]. Furthermore,usingthe sameWm histogramfor a �at
universeasin Fig. 8. Saulalsoshowedthatwehadalreadystartedto studytheeffectsof
systematics:Malmquistbias,stretchdependenceandcolordependence.



FEB. 18,1998:PUBLIC PRESENTATIONS AT THE DARK
MATTER 1998(DM98) CONFERENCE.

The�fth andsixthpublicpresentationsof theSCPevidencefor WL > 0 andacceleration
basedon 42 SNewas presented.The �r st public presentationby the Hi-Z Team of
evidencefor WL > 0 andaccelerationbasedon 16 SNewasalsopresented.Bothteams
quotedresultsbasedon �ts to thecon�denceleveldistributionon theWm , WL plane.

Thefollowing month,onFeb. 18,1998,bothI andSaulPerlmuttergave talks,in that
order[44], showing ourresultsat themeetingorganizedby DaveClinejust10yearsago
(Dark Matter1998)at Marinadel Rey. By this time our numberof fully analyzedSNe
hadgrown to 42.( SeeTable1.)

I spentpartof my talk on somework I haddoneon time dilation in SNeexplosions,
proving thattheredshiftis dueto theexpansionof theuniverse,ratherthento the“tired
light" hypothesis[9, 10, 12]. I thenshowedthebest�t con�dencelevel distribution on
the Wm, WL plane,which for a �at universeimplied Wm = 0:28+ 0:09

¡ 0:08 (statistical)+ 0:05
¡ 0:04

(systematic)andhenceaccelerationof theuniverseat thepresentepoch.
In his talk SaulPerlmuttergave moredetailson our resultsandon the error calcu-

lations,andstressedthatwe werestill investigatinghow systematicerrorsmight affect
theseresults.

Following our talks,Alexei Filippenko presentedthe results[45] of the Hi-Z Team,
who claimedthey had establishedthe accelerationof the universeon the basisof a
con�dencelevel analysisof 16 SNe.Theseconsistedof 10 well measuredSNe,plus4
from the“snapshot”method[30] plus2 whichcamefrom oursetof 42 [5].

Later the refereedpublicationsof the two groupscappedthesemomentousresults.
The Hi-Z Teampaperwas submittedon Mar. 13, 1998 [6] and the SCPpaperwas
submittedonSept.8, 1998[5].

HOW DOESAN Wm HISTOGRAM LOOK TODAY?

To seehow themethod,patternedon particlephysicsandusedto indicateacceleration
onSept.24,1997,workswith largerstatisticsI haveanalyzed(thistimewith acomputer
program)asampleof 257SNewith z> 0:2 [28] in thesamefashionasin Figs.3 and4.
Fig. 10 shows theresultingdistribution in Wm. Theenormouspeakis clearlyobserved,
whichcompletelycon�rms thevalidity of thepeakfor the38SNein Fig. 4.

FEB. 20,2008:SOWHAT IS THE “FATE OF THE UNIVERSE” ?

By now, 10yearslater, therearemany experimentswhichhavecon�rmed DarkEnergy.
Wecanhoweverstill ask:whatis the"Fateof theUniverse"?

Thequestionisnow in theform: isWL constantordoesit varywith z?Oralternatively:
is w = ¡ 1, namelyarewe dealingwith Einstein's cosmologicalconstant? Or canone
measuredeviationsfrom ¡ 1 wherew is theequationof state?



FIGURE 10. TheWm distributionfor asampleof 257SNewith z> 0:2 outof atotalof 307whichwere
collectedandre-analyzedby MarekKowalski,David Rubinetal. [29] in connectionwith acurrent(2008)
papergiving a Union of all publishedSNe.The SN magnitudesat maximumlight wereK-correctedas
well asstretchandcolor corrected.Hereasabove WL is givenby 1¡ Wm.

We hopetheJointDark Energy Mission(JDEM) - possiblySNAP - will answerthis
questionbeforethenext decadeis upatDM2018.

SUMMARY OF THE STEPSIN THE SCPDISCOVERY OF
EVIDENCE FOR DARK ENERGY

• 1988proposalto NSFcenteratUCB for “Fateof Universe"study.
• 1992discoveryof SN1992bi,z = 0.486.
• 1995�rst 7 SNeyieldedlargeWm value.
• Sept.24,1997Wm = 0.2to 0.3for �at universefrom peakin histogram,SCPgroup

meetingbasedon38SNe.
• Oct.1997hintsfor nonzeroWL from SCPandHi-Z Team.
• Dec.1 to 14,1997public talksby SaulPerlmutterandGersonGoldhabershowing

evidencethatfor a �at UniverseWm = 0.3andhenceWL = 0.7basedonthepeakin
theWm histogram,Figs.8, andby thanon40SNe.

• Jan.8, 1998SCPpresentationby SaulPerlmutterat the AAS meetingin Wash-
ingtonDC showing theWm , WL planewith best�t con�dencelevel distributions
yielding �at universevaluesof Wm = 0:3 andWL = 0:7 .



• Feb. 18, 1998Both groupstalk at Marina del Rey DM98. GersonandSaulshow
evidencefor a non-zeroWL andaccelerationbasedon 42 SNe.Followedby Filip-
penko whoshowedevidencefor anon-zeroWL andaccelerationbasedon10+ 4 +
2 SNefor theHi-Z Team.
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FIGURE 11. Excerptsfrom theminutesby RobKnopof theSCPgroupmeetingonSep.24,1997.



FIGURE 12. Excerptsfrom theminutesby RobKnopof theSCPgroupmeetingonOct.8, 1997.
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