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Abstract. It is nowv about10 yearssince the evidence,basedon Type la superneae, for the
acceleratiorof the expansionof the Universewasdiscovered.| will discusssomeaspectf the
work andeventsin the Supernea CosmologyProject(SCP),duringtheperiod1988to 1998,which
ledto this discovery.

PREAMBLE

In the pastl have written papersthat describednewn physics results.In this report,
however, on this tenthanniersaryof thediscovery of darkenenpy, | presenthe history
of ourdiscovery asl sawit.

Whenthe bubblechambemvork in Luis Alvarezs groupat LBNL cameto anendin
theearly 1970s therestartedaninterestin astroplysics.Rich Muller becamenterested
in the CosmicMicrowave Background CMB). He waslater joined by Geoge Smoot.
After corvincing Luis Alvarezof the feasibility of a CMB measuremerdndobtaining
his support, Rich Muller and Geoge 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,andled the
discovery of the CMB anisotrop.

Meanwhile,Rich Muller, joined by Carl Penrypacler (a staf memberat the Space
SciencelLaboratory), setup an automatedsearchfor nearbySuperneae (SNe) This
work was primarily under Penrypacler's responsibilityand was helpedby Richard
Treffers of the Berkeley Astronomydepartmentaindothers.They werelater joined by
Muller's studentSaulPerlmuttemwho carriedout his thesis,a searchor "Nemesis"the
suspecte@ompaniorstarto the sun,aswell asworking on the SNesearchDuring the
period1980-1988they demonstratethatthe method,originally suggestedby Stirling
Colgateet al. [1], worked, andthey were ableto discover about25 nearbySNe. This
work becamehe prototypeof laterautomatecdSNesearches.

In 1988, a National ScienceFoundation(NSF) Centerfor Particle Astroptysics
(CfPA) wasbeingformedon the UC Berkeley campus.Pentypacler and Muller pro-
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posedan experimentto discover the “Fate of the Universe”througha study of distant
Typela SNe,claimedto be“standardcandles2].

THE SCPGROUP AND THE DISCOVERY OF DISTANT SNE

In 1989,asl wasthinkingaboutmy next experiment? | wasinvited by Carl Penitypacler,
who wasthenleadingthe daily efforts of what wasthen calledthe "Deep Supernea
Search"to join in thesearcHor thediscovery of the“Fateof theUniverse”.Thesubject
appealedo me, as did the proposedtechnique,sinceit involved evaluatingimages,
something have beendoingthroughoutmy career*

In 1990-91the entire group at Berkeley (now known asthe Supernga Cosmology
Project(SCP)),consistedf Carl Pentypacler, SaulPerlmuttey Heidi Marvin, myself,
andRich Muller (shavnin Fig. 1,1. tor.) .
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1991. Early days of the Supernova Search project, later to become the SCP.
L. to ., Carl Pennypacker, Saul Perlmutter, Heidi Marvin, Gerson, Rich Muller, at LBL.

FIGURE 1. TheSCPgroupatBerkeley in 1990-91.Carl Pentypacler, SaulPerlmutterHeidi Marvin,
GersonGoldhaberandRich Muller I. tor.

3 In 1989my co-groupleaderGeoge Trilling andl hadcometo anendof a nearlytwenty-yearcollab-
orationwith Burton RichterandMartin Perlandcoworkersof SLAC andLBL wherewe haddiscorered
the psionfamily, charmednesonsandthetauleptonamongmary others.

4 Evaluating imagesis somethingl have beendoing throughoutmy physics careey beginning with
photographi@mulsionsn the 1950s to bubblechambersn the 1960s to computefreconstructegarticle
eventsin the 1970s,and1980s.Thus,the supernea experimentwith it's computefreconstructeptical
imagesseemedo beanice t with my experienceandinclinations.



Soonafter my joining the group, therewere major changesn its makeup.In 1991
Rich Muller decidedto spendhis efforts in researclon theice agesandglobalweather
patterns,and Carl Pentypacler foundedthe "Hands on Universe" Programfor high
schoolstudentsandbeganto devote mostof his time to educationabctvities. This left
Saulandmeto carry on with graduatestudentHeidi Marvin Newbeig and later Alex
Kim. Shortly thereafterBob Cahn,at the time the physicsdivision directorat LBNL,
discussedvith methe questionof agroupleader With my strongsupporthedecidedo
appointSaulto thatposition.

Perhapdecaus&ich, Saul,Carl,andl werenotestablishe@dsastronomerdt wasat

rst dif cult for usto gettime onthelargepremiertelescopesBeforel joinedthegroup,
onCarl'sinitiative, Carl, RichandSaul,togethemwith two colleaguesn Australia,Brian
Boyle and Warrick Couch,did manageto obtain scheduledime on the 3.9m Anglo
AustralianTelescopandbuilt afocusreducinglensandCCD camerdor it. Duringthe
threeyearswe obsened at this telescopewhile the systemworked well, therewasno
identi ed SN candidatelUnfortunately mary of our schedulechightswerelost dueto
badweather The lensand cameraconstructionandinstallationandthe techniquesve
developed,aswell asan unidenti ed candidatefound later at the 2.5m IsaacNewton
Telescopearediscussedhn greatdetailin Heidi Marvin Newbeg's thesis[3].

While for the rst threeyearsof our effortswe did not nd ary identi ed superneae,
S this time wasnot wasted asit allowed usto develop the techniquesvhich led to the
eventualsucces®f theproject.

In particular SaulPerImutterdevelopedthe techniquefor nding “SNe on demand”
or “batchmode". This involved taking a “reference"imagejust aftera new moon,and
comingbackto take “discovery” imagesbeforethe next new moon (SeeFig. 2.) The
dataweresentbackto Berkeley the samenightthey weretakenatthetelescopeOnthe
next morningwe ran a programthatsubtractedhe referencamagefrom the discovery
imageand agged possiblecandidatesln a few hoursof handscanningwe wereable
to selectthe promisingSN candidatesThusassoonasSN candidatesverediscovered
onecouldsendobserer(s)to theKeck10mtelescopdo measurespectraand,afterthat,
startto take datapointsfor thelight curve atgroundbasedelescopeqSeeFig. 2 for list
of followup telescopes.)

After we foundthe rst few SNe, Saulwasableto corvince the varioustelescope
schedulingcommitteedo give ustime atthematchingepochgo carryoutthisapproach.
By 1996-7we were allotedtime at the Hubble SpaceTelescopewherewe measured
lightcurve datapointsfor someof themostreliably identi ed SNe.

To eliminatecosmicrays and hot pixels, we took two images,usually ve minutes
apart,both for referencemagesanddiscovery images.Early in 1990, while scanning
for SNecandidategbut not nding ary!) | 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 changen our proceduresinterspersing

5 However, our generalapproachreceied importantvalidationwith the discovery by Norgaard-Nielsen
et al. [4] of a singlehigh z supernwea (red shift of 0.31) after a two yeareffort. This SN was however
discoveredwell aftermaximumlight.
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FIGURE 2. Thestratgy developedby SaulPerimutterfor nding SNeondemand.

adifferent eld betweerthetwo discorery imagessoasto allow anadditionalinterval
of 5 to 10 minutesbetweenthem. This allowed easyidenti cation of the asteroids.
Asteroidswere later usedby Carl Pentypacler in his Handson Universeprogramto
allow studentdo discover andmeasureeal astronomicabbjects.

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
astronomewith expertisein spectroscop from England.

In 1993 we decidedto collaboratewith Alexei Filippenko, of the UC Berkeley As-
tronomyDepartmentor measurementsf spectraatthe Keck Telescopen Hawaii.

In 1994Don Groom,from the Particle DataGroupat LBL, joinedour group,aswell
asSusandeustuaDon Groomadaptedhe CERN programMINUIT to t our SNeto
thelight curve andto determinghe stretchparameter

GraduatestudentsAlex Kim, Mathav Kim and programmervan Small were also
essentialn this earlywork.

By 1995,aswe becamesuccessfuin nding distantsuperneae,we wereableto hire
two postdocsRob Knop and PeterNugent,and later a staf membey Greg Aldering.
Thesenew peopleaswell asSusanaall hada backgroundn astronomy



By 1998 our group had grown to an internationalcollaborationwith 32 member§
thatsignedthe Dark Enegy discovery paperf5]. In 2007Saulandthe other31 wereco-
recipientsof the Gruberprizein cosmologyfor the discovery of Dark Enegy, together
with Brian Schmidtandthe Hi-Z Team[6].

MILEST ONESLEADING TO THE DISCOVERY OF DARK
ENERGY

Hereis alist of someof theimportantcommentsandpapersvhich allowedusto make
ourdiscovery.

+ Suggestionto useTypela SNeasstandaractandlesFrom1930sonZwicky, Baade,
SandageKowal, Tammanretc.

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

« 1988Leibundgut[13]: Typela Lightcurve Template.

+ 1989 Norgaard-Nielseret al. [4]: First distantSN, z = 0.31 however discovered
well pastmaximumlight (maximumbrightness).

+ 1992 After threeyearsof searchingnve obserned our rst distantSN (z = 0.458)
beforemaximumlight [14].

« 1993Hamuyetal. [15]: Single Iter K-corrections.To corverta lter region of the
redshiftedspectrunto thesamelter atzeroredshift.

+ 1993-6Hamuy Phillips, Suntzef, Mazaetal.[16,17]: CALAN/TOLOLO z< 0:1
referencesampleof 29 Type la SNe.Of thesewe used18 they discoreredbefore
10 dayspastmaximumlight.

+ 1995Kim, Goobarand Perlmutter{18], 2002 Nugentet al. [19] : Cross lter K-
corrections.

+ 1995 Goobarand Perlmutter[20]: Measuremenbf W, andW_ from a best t
con dencelevel distribution on the Wi, WL planefor a variety of z values.This
paperalsogivestheformulaefor the Hubbleplot calculations.

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

What has becomethe corventional way to determineW,,, and W_ is the Goobar
Perlmuttef20] bestt con denceleveldistributionontheWy,, W_ plane.Thisapproach,

6 Gregory Aldering, Brian Boyle, Patricia Castro,Warrick Couch, SusanaDeustua,RichardEllis, Se-
bastienFabbro,Alexei Filippenko, Andren Fruchter GersonGoldhaberAriel Goobay Donald Groom,
Isobel Hook, Mike Irwin, Alex Kim, Matthev Kim, RobertKnop, Julia Lee, Chris Lidman, Thomas
MathesonRichardMcMahon, Heidi Newberg, PeterNugent,NelsonNunes,Reynald Pain, Nino Pana-
gia, Carl Penrypacler, Saul Perlmuttey RobertQuimby, Pilar Ruiz-LapuenteBrad SchaeferNicholas
Walton. (Alexei Filippenko movedto the Hi-Z Teamwhenit wasformedin 1995.)



favoredby astronomergsequiresaccurataleterminationsf theerrorsandcorrelateder-
rors.Whenthe SNelight curvesare rst tted to atemplatethis informationis notyet
available.

The alternatve approachsimilar to the techniqueusedto nd resonances particle
physics,is to look for peaksin the distributions (on histograms)f the variablebeing
studied,namelymassin particle physicsandW, in our casehere.In this approacithe
measuremergrrorsarere ectedin thewidth of theresultingpeak.

In Septembel997we hadcompletedh rst passof thelight curve datapointanalysis
on 38 SNe,but thedetailederroranalysesverenotyetavailable.It took severalmonths
from thetime a SN wasdiscovereduntil the light curve pointscould be evaluated We
alsotooksome nal referencepointsayearafterdiscosery. RobKnop,whowasworking
onthis,wasabletypically to completeoneto two SNepermonth.

On the basisof these38 Type la SNe we obtainedan indication that the universe
is acceleratingratherthan deceleratingas we had originally expected.This was the
culmination of nine yearsof work learninghow to nd high redshift SNe, how to
measurghem,how to t them,how to K-correctthem,how to stretchcorrectthemand
then nally t themto a lightcurve template.This wasall achiesed by a collaboratve
effort of the entiregroup.| studiedthe SNeafterthe datapointson the lightcurve had
beenmeasured,tted themto the lightcurve templatewhich gave us the stretchvalue,
andmadeatablewith some20 attributesfor eachSN. The effective B-magnitudegafter
K-correctionsandstretchcorrections)werethendisplayedon a Hubbleplot.

The questionwasnext how to obtainthe Wy, distribution from this plot. What! tried
wasto plot Hubblecurves,for a at universewith W, in ne intervalsat0.0,0.2,0.4,
0.6,0.8,1.0. SeeFig. 3. A distribution in Wy, is thenobtainedby counting(by hand!)
all the SNethatfell into eachDW, interval giving the histogramshavn in Fig. 4. A few
dayslater Saulwrote a program,SNLOOK, to have the computercountthe numberof
SNein eachDW, interval.

Hereit shouldbenotedthata at universewasnotcompletelyestablishe@tthatpoint
in time (1997).0Our assumptiowasbasedn partonin ation theory[21, 22,23] andin
parton very earlyrumorsfrom CMB uctuation data[24]. The detailedmeasurements
of the uctuationsin the CMB, demonstratin@ at universe camelater[25, 26, 27].

In Fig. 4 the peakin Wy, = 0:2 to 03 for a at universeindicatesthatW_ is 0:8 to
0:7. This givesa deceleratiorparametenjy = j 0:7 to j 0:55. A negative valuefor o
implies accelerationThis resultwasobtainedwithout correctiongor intrinsic color or
extinction dueto dustin the hostgalaxyin boththe Cerro/Tlolo referencesampleand
the38distantSNe.Thenarravnessof theobseredpeakdemonstratethatthisomission
wasnotimportantfor this preliminaryresult.

Excerptsfrom the SCPmeetingnotes taken by Rob Knop, for our SCPgroupmeet-
ingsof Sept,24 1997andOctobey 8 1997arereproducedn Figs.11and12.

This startlingresultwas naturallytreatedwith someskepticism.This resultdiffered
from our rst seven SNe[9, 10, 11] which hadindicateda high valuefor Wi,.” These

7 In retrospeciit is instructive to revisit the questionof whathappeneavith those rst sevensuperneae.
As shaovn shadedn Fig. 4 they areall athigh W, values.Two turnedoutto be outlierswith oneprobably
nota Type la. The other5 moved slightly towardslower massdensitieswith remeasuremenbut for the
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FIGURE 3. Ourpreliminarydataof 38 SNe,asof Sep.24,1997.Theeffective B-magnitudess.log(cz).
Herethe effective B-magnitudes the K-correctedandstretch-correctedhagnitudeandz is the redshift.
Thecunesfor aseriesof W, valuesjn a at universe areshavn. Thesumof thedatapointsin eachDW,
interval, ascountedby hand,is alsoshavn attheright handupperedgeof the gure.

sevenSNeareshowvn ascrosshatchedn Fig. 4. andindeedoccurattheupperendof the
distribution.

Again thefactthatthe deceleratiorcoefcient wasnegative, indicatingacceleration,
was hardto swallow at rst. |1 had been“bump hunting" for the past30 years,and
foundthe obsened peakcompletelycorvincing. | believe that Saulcorvincedhimself
afterhewrotethe program,SNLOOK andby independentlystudyingour data.He later
in Decembelpresentedsucha histogramin colloquiagiving W, andW . SeeFig. 8.
Someother colleaguesRob Knop and Carl Penrypacler, appearedorvinced, while
Greg Aldering wasnot fully corvinced, he statedhowever that this histogram“helped
to galvanizetheeffort within our group”.Indeed astheresultof amajoreffort, the SCP
groupwasableto calculatethe best t con dencelevelsin time for the Jan.8, 1998
AAS meeting.

For con rmation, | asked my colleaguedo checktheseresults,in casetherecould
have beenamistale. However, all the20 entriesin thesocalled“Gerson-table‘for each
of the 38 SNewerecon rmed ascorrect.Later Greg Aldering addedmore columnsto
this table,giving the correlatederrors,andRichardEllis addeda columnwith the best

mostpartthey simply happenedo lie on thetail of thedistribution. Thelessonis: bewvareof statisticsof
smallnumbers!
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FIGURE 4. TheW, distributionfor thedatapointsin Fig. 3, aspresenteét our SCPgroupmeetingon
Sep.24,1997, is showvn. Thevaluesfor the rst 7 SNe,which gave a considerablyjargervaluefor Wi,
areshavn cross-hatcheddereW, is givenby 1§ Wi,

estimateof the natureof eachhostgalaxy.

We alsoobtainedstrongcorroboratingevidencethatwe neededhnon-zero\ value.
In Fig. 5. the Hubblecurvesfor botha at universeandanW_ = 0 universeareshovn
superimposedFor an W = 0 universewe obtain a correspondingpeak on the W,
histogram.However now it occursfor negative Wi, values.In Fig. 6. is shavn the Wy,
histogram this time calculatedwvith Saul's SNLOOK program for this case As canbe
noted,25 out of the 38 SNegive a negative andhenceun-physical valuefor Wiy,. This
clearly demonstratesndependentlyof the at universecondition,thatW_ cannotbe
zerobut mustbe greaterthanzero.

Onecanturn this agumentaroundand calculatethe location of the peakin an W,
histogramfor a seriesof differentW_ valuesand nd for which W_ value the peak
beginsto lie at positive (hencephysical) values.This approachesandgoesbeyond, Wi,
W valuesconsistentvith theabove valuesfor a at universe.This methodis equivalent
to traveling alongthe centralline for thecon dencelevel “ellipses”, startingat negative
W, values,shavn in Fig. 9.

In Table 1 is shavn the SN discoveriesover the years1989to 1997.Saul's SNeon
demandmethodreally cameinto its own whenwe obtainedtime on the Cerro/Tololo
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FIGURE 6. The Wy, distribution for aW_ = 0 universe.Note that 25 of the SNe have a negative W,
andhenceanun-plysicalvalue. This shavs clearly andindependenthyof the at universeconditionthat
W mustbegreaterthanzero.



TABLE 1. SCPSNela Discoveries

Epoch  Number Total Telescope
1989-91 0 0 Anglo Australian3.9m
1992 1 1 LaPalma2.5m
1993 6 7 Kit Peak4m
1995 9 16 CerroTololo 4m
1996 7 23 CerroTololo 4m
1997 19 42 CerroTololo 4m

4m telescopeombinedwith the“largethruput” CTIO cameraof Bernsteinand Tyson.
Tablel shavs thatover a nine-yeamperiodwe discorered42 SNe.

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

While our rst 7 SNegave a high W, value[9, 10, 11], Wy = 0:94° 332 for a at
universewe laterobtainedcsomehintsof lower W, values:Oneof thetypela superneae
thatwe found, SN 1997ap,was at that time again the mostdistantthat had ever been
obsened,z= 0:83.We werealsoableto obtainHubbleSpaceTelescopgHST) images
for this supernea. The additionof this single SN allowed usto recalculatéNy, for 5+1
supernwae,giving Wy = 0:68 0:2for a at universe. SeeFig. 7. Heretwo outlierswere
eliminated We submittedthis paperto Nature on Oct. 6, 1997[28].

Garnaich et al. [29] submitteda paperby the Hi-Z Teamon Oct. 13, 1997,based
onthreecon rmed high red shift SNemeasuredvith the HST, andonemeasuredrom
the ground.They concludedthat, for a at universe, W, waslessthan1 with > 95%
con denceandthatanestimatdor Wy, isj 0:18 0:5for anW_ = 0 universe.

A joint paperby somemembersof the two groupsRiesset al. [30] submittedNov.
21,1997andacceptedpr. 17, 1998,shaved thatthe “snapshot"methodworks. That
involvestaking a singlephotometrypoint anda singlespectrumon the samenight and
deducinghemagnitudeatmaximumlight from thislimited information.Onthe basisof
four SNehandledin this fashion,aswell asthreeSNefrom the above two papersihey
deducedhatfor a at universeWn = 0:19" 535 andWh = j 0:317 952 for anW. = 0
universe.

While theseSCPandHi-Z paperspublishedin 1998, gave hints of a non-zeroWw
they reliedon avery smallnumberof SNe,namelyl and4 respectrely. The hintsfrom
thesnapshopaperreliedonfour SNeusingthis lessprecisemethod.

All this work was going on more or lesscontemporaneouslwith my study of the
38 SNe. My colleaguePeterNugent,who did someof the ts of thesecon dence
level distributions, felt thatthese3 “hints" werea morecorvincing andpossiblyearlier
evidencefor a non-zeroW_ thanthe peakin the Wy, histogram My feeling is thatwe
neededthe larger statisticssince we had amply demonstratedhat with a very small
numberof SNe(7 SNe)onecanbeway off!
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FIGURE 7. TheW. vs W, bestt con dencelevel distribution for 5 of the 7 SNeaswell asfor the
5+1 SNe.Theadditionof theoneSN 1997apgivesa non-zerovaluefor W for a at universe.

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

The r st threepublic presentation®f the SCPevidencefor W > 0 and acceleation,
basedonthe peakin the Wy, histagramfor 40 SNe

FromOctoberto Novemberwe re-measuredndre- tted all of the38 SNeandadded
two more, giving 40 (while threewere identi ed as outliers). We also changedirom
the BursteinandHiles [31] versionof dustextinction in our galaxy to the morerecent
Schlegyel, FinkbeinerandDavis [32] version.l thenrevisedthetablesto re ect all these
changesBoth Saulandl| plottedthe Hubbleplots,basedntherevisedtablesandused
SNLOOK o obtainthe latestversionof the histogram.

The rst public presentatiorof our resultswas a colloquium by Saul on Dec. 1,
1997atthe PhysicsDepartmentUC Berkeley (SeeFig. 8.) Thiswasfollowedby Saul's
colloquiumatthe PhysicsDepartmentJC SantaCruzonDec.11,1997.



FIGURE 8. (left) The gure of theW, distribution shavn at Colloquiaat UC Berkeley andSantaCruz
in earlyDecembed997by SaulPerimutter The x-axisgivesWy, for a at universe All the SNegivenin
Fig. 4. have beenre- tted. TheGaussiant to this preliminarydatagave Wy, = 0:298 0:06 withas = 0:3
(right) A reproductiorof theactual gure of the W, distribution shavn atthe ITP SantaBarbaraon Dec.
14,1997by GersonGoldhaberThelower scalegivesWy, for a at universe.TheupperscalegivesW, for
anW_ = 0 universe.Note thatthis assumptiorgives nggative (andthusunplysical) valuesfor Wy,. This
demonstratethatW mustbegreatethanzero.

Next, | gave a seminarat the Institute for TheoreticalPhysics (ITP) at UC Santa
Barbaraon Dec. 14, 1997 (SeeFig. 8.) In all threeof thesetalks, as statedabove, the
conventionaldescriptionof the con dencelevel distribution onthe Wy, , W planewas
notyetavailablefor the40 SNe.Soin all threetalksthe W, histogramye-evaluatedwith
more carefulre-measurementgjasshavn. We consideredur resultaspreliminaryas
we hadnotyet completelyexploredall the effectsof systematierrors.

It was not easyto corvince the astroplysics community of this result, as it was
contraryto all ingrainedbeliefs® Acceleratiorratherthendeceleratiorasexpected!

The questionhasbeenposedwho remembershe detailsof thesetalks?l know that
JoelPrimackandMichael RiordanremembeiSauls talk at SantaCruz. As formerand

8 Examplesf exceptionsto theW = 0 assumptiorare: Steve Weinbeg [33] madeanamgument,on the

basisof theanthropicprinciple,thatW_ couldbecomperabldo the currentlyobseredvalue.Kraussand

Turner[34] arguedprimarily on the basisof the ageof theuniverseandotherthenavailablecosmological
measurementhat\W shouldlie betweerD.6and0.7.Ostriker andSteinhard{35] deriveda concordance
modelbasedn all thethenavailablecosmologicablataandconcluded\ = 0:658 0:1.



currentparticle physiciststhey understoodhe signi cance of a peakon a histogram.
JoelPrimackwasparticularlyenthusiasti@andstressedheimportanceof this discovery
after Saul's colloquium.Dave Branchremembersny talk and subsequendiscussions
andunderstoodts signi cance.David Grossasked me after my talk how | couldcome
to suchamomentougonclusionon the basisof just40 SNe.

As is usual,Saul's Colloquiumat UC Berkeley was video taped(DVD available).
Saul rst talked aboutthe “hint" from our 5+1 SNe t | mentionedabove. Thenbased
onagaussiant to theobsenredpeakon the histogram SaulquotedWy, = 0:298 0:06
for a at universeandthusW_ = 0:71.In my presentatiorat the ITP | did not try for
anaccuratevalueof Wy, but rathershaved Fig. 8. andindicatedthat W, = 0:3 agrees
with our data.In additionl demonstratedvhat happensvhenwe assumeM_ = 0. As
seerfrom theupperscalein Fig. 8. thisassumptiomgivesnegative andhenceunplysical
valuesfor W,,. As statedearlierthis demonstratethat\W mustbe greaterthenzero.

In his talk Saulwent on to point out that while on the one hand0.7 for W_ corre-
spondedo a large fraction of the universebut on the otherhandit wasa very small
value, by a factor10'?2, comparedo the value expectedfrom virtual particle vacuum
uctuations.

It is remakabldhatin Saulstalk onDec.1, 1997we hadalreadypresentedn public,
evidencefor the whole story of whatwaslater called Dark Enegy by Michael Turner
At DMO08 | presentedh four-minutevideo excerptof Saul's talk, shaving him making
thesepointsbasedon the histogram(This videois givenin the conferencgroceedings
[36].)

Not muchhaschangedjualitatvely in the 10 yearssincethen.With mary moreSNe
studies[37] aswell asconcordancevith CMB andevidencefrom clusterstudies[38]
and later Baryon Acoustic Oscillation (BAO) [39] studies,we now knov W, to more
signi cant gures, but qualitatvely thereis 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,we still donot
understandhe natureof Dark Enegy [40].

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

Thefourth public presentationef the SCPevidencefor W > 0 andacceleation,based
onthe t tothecon denceleveldistribution onthe W, , W planefor 40 SNe

FromOctoberto latein Decembel997,the SCPgroupat Berkeley re-measurednd
re-checled and completedall error and correlatederror calculationson what had by
thenbecome40 SNe. This effort was primarily dueto Saul, Greg Aldering and Peter
Nugent.Eachgroupmemberaswell asthe groupmemberdan Baltimore, Stockholm,
Paris,England AustraliaandChile corvincedhimself/herselby directstudyof thedata
thatindeedW_ > 0 andthatcontraryto all preconceied notionswe weredealingwith
acceleratiorof the universe hamelya negative deceleratiorcoefcient.



The following month,on Jan.8, 1998[41, 42], Saul PerImutterpresentedur data
atthe AAS meetingin WashingtorDC. By this time we hadthe muchmoreelaborate
analysispasedn detailederrorcalculationshy the entire SCPgroup.We had40 fully
analyzedSNe andthe con dencelevel calculationwas alreadyavailable on the W, ,
W plane(Fig. 9). Hereit shouldbe notedthat the con dencelevel distribution does

FIGURE 9. TheW. vsWy, bestt con dencelevel distribution shovn at the Washingtonmeetingof
the AAS onJan,8 1998by SaulPerimutterThedashedurvesrepresenavery generougstimateof what
possiblesystematierrorscoulddo.

not requirethe at universeconditionto give W greaterthanzero. This wasthe rst
presentatiomtanof cial conferencef arny evidencefor W_ > 0, andhenceacceleration
of the expansionof the universe.To take possiblesystematiaincertaintiesnto account,
we allowedfor avery generousystematierror. Thisis shavn by thedottedcon dence
level curnesin Fig. 9. This gure was reproducedoy JamesGlanzin his reporton
our presentationn Scienceg43]. Furthermorepusingthe sameW, histogramfor a at
universeasin Fig. 8. Saulalsoshavedthatwe hadalreadystartedo studythe effectsof
systematicsMalmquistbias,stretchdependencandcolor dependence.



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

The fth andsixthpublic presentationefthe SCPevidencefor W > 0 andacceleation
basedon 42 SNewas presented.The r st public presentationby the Hi-Z Team of
evidencefor W > 0 andacceleation basedon 16 SNewasalso presentedBothteams
guotedresultsbasedon ts to thecon dencelevel distribution onthe W, , W plane

Thefollowing month,onFeh 18,1998,both| andSaulPerimuttergave talks,in that
order[44], shaving ourresultsatthe meetingorganizedoy Dave Clinejust 10 yearsago
(Dark Matter 1998)at Marinadel Rey. By this time our numberof fully analyzedSNe
hadgrown to 42.( SeeTablel.)

| spentpartof my talk on somework | haddoneon time dilationin SNeexplosions,
proving thattheredshiftis dueto the expansionof the universe ratherthento the“tired
light" hypothesiq9, 10, 12]. | thenshavedthebestt con dencelevel distribution on
the Wr, WL plane,which for a at universeimplied W, = 0:28" 332 (statistical)” §:02
(systematicandhenceacceleratiorof the universeat the presenepoch.

In his talk Saul Perlmuttergave more detailson our resultsand on the error calcu-
lations,andstressedhatwe werestill investigating how systematierrorsmight affect
theseresults.

Following our talks, Alexei Filippenko presentedhe results[45] of the Hi-Z Team,
who claimedthey had establishedhe accelerationof the universeon the basisof a
con dencelevel analysisof 16 SNe.Theseconsistedf 10 well measured&Ne,plus 4
from the“snapshot’method[30] plus2 which camefrom our setof 42 [5].

Later the refereedpublicationsof the two groupscappedthesemomentougesults.
The Hi-Z Team paperwas submittedon Mar. 13, 1998 [6] and the SCP paperwas
submittedon Sept.8, 1998]5].

HOW DOES AN Wy, HISTOGRAM LOOK TODAY?

To seehow the method patternecon particle physicsandusedto indicateacceleration
onSept.24,1997 workswith largerstatisticd have analyzedthistime with acomputer
program)a sampleof 257 SNewith z> 0:2 [28] in thesamefashionasin Figs.3 and4.
Fig. 10 shaws the resultingdistribution in Wi,. The enormougeakis clearly obsened,
which completelycon rms thevalidity of the peakfor the 38 SNein Fig. 4.

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

By now, 10yearslater, therearemary experimentswvhich have con rmed Dark Enegy.
We canhowever still ask:whatis the"Fateof the Universe"?

Thequestionis now in theform:isW_ constanbr doest varywith z? Or alternatvely:
Isw=j 1, namelyarewe dealingwith Einsteins cosmologicakonstant? Or canone
measuraleviationsfrom j 1 wherew is theequationof state?
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FIGURE 10. TheW, distributionfor asampleof 257 SNewith z> 0:2 outof atotal of 307whichwere
collectedandre-analyzedby MarekKowalski, David Rubinetal. [29] in connectiorwith acurrent(2008)

papergiving a Union of all publishedSNe.The SN magnitudesat maximumlight were K-correctedas
well asstretchandcolor correctedHereasabore W is givenby 1§ W,.

We hopethe JointDark Enegy Mission (JDEM) - possiblySNAP - will answetthis

guestionbeforethe next decadas up at DM2018.

SUMMARY OF THE STEPSIN THE SCPDISCOVERY OF
EVIDENCE FOR DARK ENERGY

L]

meetingbasedn 38 SNe.

+ Oct. 1997hintsfor nonzeroW from SCPandHi-Z Team.

1988proposako NSFcenterat UCB for “Fateof Universe'study
1992discovery of SN1992biz = 0.486.

1995 rst 7 SNeyieldedlarge W, value.
Sept.24,1997W,, = 0.2t0 0.3for at universefrom peakin histogram SCPgroup

» Dec.1to0 14,1997publictalksby SaulPerlmutterand GersonGoldhabeishaving
evidencethatfor a at UniverseW, = 0.3andhenceM_ = 0.7 basednthepeakin
the W, histogramFigs.8, andby thanon 40 SNe.

+ Jan.8, 1998 SCPpresentatiorby Saul Perlmutterat the AAS meetingin Wash-

ington DC shaving the Wy, , W planewith bestt con dencelevel distributions
yielding at universevaluesof Wy, = 0:3andW_ = 0:7.



+ Feb 18, 1998Both groupstalk at Marinadel Rey DM98. Gersonand Saulshowv
evidencefor anon-zeroM. andacceleratiorbasedon 42 SNe.Followed by Filip-
penlo who shaved evidencefor anon-zero\M andacceleratiobasecon 10+ 4 +
2 SNefor theHi-Z Team.
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FIGURE 11. Excerptsrom theminutesby RobKnop of the SCPgroupmeetingon Sep.24,1997.



FIGURE 12. Excerptsfrom theminutesby RobKnop of the SCPgroupmeetingon Oct. 8, 1997.
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