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ABSTRACT

The SuperNova / AccelerationProbe(SNAP) is an experimentdesignedto addressfundamentalquestionsconcerning
thecosmologicalmodelof our universeandthenatureof its constituents.It is centeredarounda 2-m spacetelescope,a
wide-�eld imagercomprisedof CCD andHgCdTe devices,anda low-resolutionspectrograph.Cross-cuttingandcom-
plementarymeasurementapproacheswill be usedin improve the systematic,aswell asstatistical,uncertainties.The
baselinemissionwill obtainhighsignal-to-noisephotometricandspectroscopicobservationsof roughly2800TypeIa su-
pernovaeout to redshift1.7andusedthosesupernovaeas“calibratedstandardcandles.” A wide-�eld gravitationalweak
lensingsurvey, Type II supernovaeexpandingphotospheredistanceandstronglensingalsowill be major components
of thecosmologyprogram.Themissiondesignis primarily drivenby therequirementsfor thenext generationof these
experiments,after theplannedground-basedwork of thenext � ve yearshasreachedits limits. To advancethesecosmo-
logicalmeasurementsto levelsof precisionequalingthoseof thecomplementarycosmicmicrowavebackgroundsatellite
work of MAP andPLANK, it will benecessaryto controlor eliminatethesourcesof systematicuncertaintymuchmore
completelythanwill bepossiblewith otherplannedfacilities.SNAP is targetedat a level of systematicuncertaintiesthat
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will make it possibleto begin to discriminatebetweentheoriesof the “dark energy” that apparentlyis acceleratingthe
expansionof theuniverse.We will discussthelatestdevelopmentsin this designphaseof theproject.

Keywords: Early universe—instrumentation:detectors—spacevehicles:instruments—supernovae:general—telescopes

1. INTRODUCTION

In thepastdecadethestudyof cosmologyhastakenits �rst majorstepsasapreciseempiricalscience,combiningconcepts
andtools from astrophysicsandparticlephysics.The mostrecentof theseresultshave alreadybroughtsurprises.The
Universe's expansionis apparentlyacceleratingratherthandeceleratingasexpectedsolelydueto gravity. This implies
that the simplestmodel for the Universe– �at anddominatedby matter– appearsnot to be true, andthat our current
fundamentalphysicsunderstandingof particles,forces,and�elds is likely to beincomplete.

Theclearestevidencefor thissurprisingconclusioncomesfrom therecentsupernovameasurementsof changesin the
Universe's expansionratethatdirectly show theacceleration.Figure1 shows theresultsof Ref. 1 (seealsoRef. 2) who
useaHubblediagramfor 42SNewith 57698;:�<>=?<@5A6 :CB to �nd thatfor a�at universeDFEHGI576KJ
:ML+576 5N: ( DPOQGR82S D�E ),
or a decelerationparameterTVUFGWS�576KX
: , andconstrainthecombination576 :YD�EZS[5A6 \]DPO to S�576KJ,L�57698 .

This evidencefor a negative-pressurevacuumenergy densityis in remarkableconcordancewith combinedgalaxy
clustermeasurements,^ whicharesensitive to D

E , andcurrentCMB results,_a`cb whicharesensitive to thecurvatureD�d

(seeFig. 1). Two of thesethreeindependentmeasurementsandstandardin�ation would have to bein error to make the
cosmologicalconstant(or othernegativepressuredarkenergy) unnecessaryin thecosmologicalmodels.

Thesemeasurementsindicatethepresenceof a new, unknown energy componentthatcancauseacceleration,hence
having equationof state egfihkjml><gSn8*j*B . This might be the cosmologicalconstant.Alternatively, it could be that
this darkenergy is dueto someotherprimordial �eld for which lpo GqSrh , leadingto differentdynamicalpropertiesthan
a cosmologicalconstant.The fundamentalimportanceof a universalvacuumenergy hassparkeda �urry of activity in
theoreticalphysicswith several classesof modelsbeingproposed(e.g. “quintessence”,st`vu Pseudo-Nambu-Goldstone
Boson(PNGB)models,wa`yx cosmicdefectsz

U

`{z|z ). Placingsomeconstraintson possibledarkenergy models,Refs.1 and
12�nd thatfor a�at Universe,thedataareconsistentwith acosmological-constantequationof statewith 576KJ

< }

D
E

< }

576 ~

(Fig. 2), or generallyeR<•S�5A6 ~ at95%con�dencelevel. Thecosmicstringdefecttheory( e�GWSn8mj*B ) is alreadystrongly
disfavored.

In this paper, we attemptto formulatea de�niti vesupernovastudythatwill determinethevaluesof thecosmological
parametersandmeasurethepropertiesandtestpossiblemodelsfor thedarkenergy. In € 2 we identify anddemonstrate
how to minimizesystematicerrorsthat fundamentallylimit theprecisionwith which this probecanmeasurecosmolog-
ical parameters.A supernova datasetthat maximizesthe resolvingpower of the redshift-luminosityrelationunderthe
constraintof thesesystematicerrorsis constructedin € 3. We presentin € 4 theSupernova / AccelerationProbe(SNAP)
(Fig. 3) whoseobservingstrategy andinstrumentationsuiteis tailoredto provide thedatathatsatisfybothour statistical
andsystematicrequirements.

2. CONTROL OF SYSTEMATIC UNCERTAINTIES

Type Ia supernovaehave alreadyprovento be anexcellentdistanceindicatorfor probingthedynamicsof theuniverse.
However, aswe move towardtheeraof precisioncosmology, we recognizethatusingthesupernovaredshift-luminosity
distancerelationshipfor measuringcosmologicalparametersis fundamentallylimited by potentialsystematicerrors.
Below areidenti�ed possiblesystematicerrorsany experimentthat wishesto make maximaluseof this techniquewill
needto recognizeandlimit.

MalmquistBias: A �ux-limited samplepreferentiallydetectsintrinsically brighterobjects.Attemptsto correctthis bias
rely onknowledgeof theSN Ia luminosityfunctionwhichmaychangewith lookbacktime. A detectionthresholdfainter
thanpeakby at least� ve timesthe intrinsic SN Ia luminosity dispersionwill comfortablyensurea completesampleof
unextinctedsupernovaeatourtargetredshiftsandallow detectionof previouslyunobservedverysubluminoussupernovae.

K-CorrectionandCross-Filter Calibration: Thecurrentdatasetof time andstretchdependentSN spectrais incomplete.
Judiciouschoiceof �lter sets,spectraltime seriesof representative SN Ia, andcross-wavelengthrelative �ux calibration
will provide <@5A6 5A8 errors.
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Figure1.Thereis strongevidencefor theexistenceof acosmologicalvacuumenergy density. Plottedare •P‚ — •rƒ con�denceregions
for currentSN,„ galaxycluster, andCMB results.Theseresultsruleoutasimple�at, [ •Y‚R…@† , •rƒ?…	‡ ] cosmology. Theirconsistent
overlapis astrongindicatorfor darkenergy. Also shown is theexpectedcon�denceregion from theSNAP satellitefor an •

‚
…	‡Nˆ ‰;Š

�at Universe.

Non-SNIa Contamination:Observedsupernovaemustbepositively identi�ed asSN Ia. As someTypeIb andIc super-
novaehavespectrathatotherwisemimic thoseof SNeIa,a spectrumcoveringthede�ning restframeSi II 6250	A feature
for everysupernovaat maximumwill providea puresample.

Milky Way Galaxy Extinction: Supernova �elds can be chosentoward the low extinction Galacticpoles. SDSSand
SIRTF observations,aswell asspectraof Galacticsubdwarfs,will provide preciseGalacticextinction measurementsin
thedirectionof supernova(1%).

GravitationalLensingbyClumpedMassInhomogeneitiesalongthesupernovaline of sightcangravitationallymagnifyor
demagnifythesupernova�ux. Largestatisticsperredshiftbin canaverageouttheincreasedbrightnessdispersioninduced
by this effect. Weakgravitational lensingmeasurementsof target �elds canprovide independentmeasuresof expected
de/magni�cation(2%).

Extinction by Extra-Galactic “normal” Dust: Cross-wavelength�ux calibratedspectrawill measureany wavelength
dependentabsorption(1%).

ExtinctionbyGray Dust: As opposedto normaldust,graydustis postulatedto producewavelengthindependentabsorp-
tion in optical bands.However, evengray dustcannotremaincompletelyinvisible, sinceit will re-emitabsorbedlight
from galaxiesandQSO's andcontributeto thefar-infraredbackground.DeeperSCUBA andSIRTF observationsshould
tightentheconstraintson theamountof graydustallowed.
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Figure 2. Best-�t 68%,90%,95%,and99%con�denceregionsin the •Y‹ –Œ planefor anadditionalenergy densitycomponent,•Ž• ,
characterizedby anequation-of-stateŒ•…�•7•a‘ . (For Einstein's cosmologicalconstant,’ , Œ“…•”�† .) The �t is constrainedto a �at
cosmology( •

‹�–
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•
…@† ). Also shown is theexpectedcon�denceregionallowedby SNAP assumingŒp…@”�† and •

‚
…	‡Nˆ ‰;Š .

Althoughphysicalgraydustgrainmodelsdim blueandredoptical light equally, thenear-IR light ( — 1.2 ˜ m) is less
affected.Cross-wavelengthcalibratedspectraextendingto wavelengthregionswhere“gray” dustis no longergraywill
characterizethehypotheticallarge-graindust'sabsorptionproperties.Armedwith theextinction– colorexcessproperties
of the gray dust,broadbandnear-infraredcolorscan provide “gray” dustextinction correctionsfor supernovaeout to

=�GI5A6 X atcontrolledSN-explosionepochs.

It shouldalsobenotedthatreasonabledistributionsof graydustwill notmimic DFEpS™DPO cosmologyHubblediagrams.
For example, šœ›qG•5 , gray dustž modelsand šm›Ÿo G•5 , no gray dustž modelswhich areboth consistentwith current
supernovadataareexpectedto divergeat higherredshifts,to the50 standard-deviation level at redshiftsbeyond = Gi8N6 ~

(2%).

UncorrectedEvolution

Supernovabehavior maydependonpropertiesof its progenitorstaror binary-starsystem.Thedistributionof thesestellar
propertiesis likely to changeover time—“evolve”—in a givengalaxy, andover a setof galaxies.NearbySNeIa drawn
from a wide rangeof galacticenvironmentsprovide anobservedz ^a`vz _ andcorrectableevolutionaryrangeof SNeIa. So
far, it appearsthat thedifferencesthathave beenidenti�ed arewell calibratedby theSN Ia light curve width-luminosity
relation. It is not clearthatany additional,moresubtleeffectsthatmay exist would changethepeakluminosity of the
SNeIa.



Ourphilosophyin boundingpossiblesupernovaevolutionis asfollows.Single-parametercorrectionshavereducedthe
dispersionin peak ¡ supernovabrightnessesdown to 10%in currentdata.Thereis strongevidencethattwo parameters
canfurtherreducethatdispersion.As of yet, thereis noevidencefor systematicresidualsat the2%level aftercorrection,
althoughobservationalerrorswould obscuresuchan effect. We expect that upcominglow-redshiftsupernova surveys
will exposefurther heterogeneityof Type Ia supernovaeandperhapseven improve our calibratedcandle. Theoretical
modelscanidentify observablesthatareexpectedto displayheterogeneity. But thestateof empiricalunderstandingof
theseobservablesat thetimeSNAP �ies will beexplicitly testedby SNAP measurements.

In particular, wedemandsensitivity to theeffectsof evolutiononthepeakbrightnessto 2%,to matchtheuncertainties
dueto theothersystematicerrors.Thesekey features,indicativeof theunderlyingphysicsof thesupernova,are:

Risetimefromexplosionto peak:Therisetimeto peakis anindicatorof opacity, fusedb¢s Ni massandpossibledifferences
in the b¢s Ni distribution. Ref. 15 �nd thata 0.3daysuncertaintycorrespondsto a 3% brightnessconstraintat peak.This
accuracy requiresdiscoverywithin — 2 daysof explosion,onaverage,i.e. — 30 £ fainterthanpeak.

Plateaulevel 45 dayspastpeak: The light curve plateaulevel thatbegins — 45 dayspastpeakis an importantindicator
of theC/O ratio of theprogenitorstar, andfused b¢s Ni. A 10%constrainton this plateaubrightnesscorrespondsto a 2%
constrainton thepeakbrightness.z¤b This accuracy requiresa signal-to-noiseratioof 10 for photometry13 £ fainterthan
peak.

Overall light curvetimescale:The “stretchfactor” that parameterizesthe linear stretchingor compressionof the light
curve time scaleis affectedby almostall theaforementionedparameterssinceit trackstheSN Ia's evolution from early
to late times. It is closelycorrelatedwith the two previously mentionedobservables,which focuson detailsof the light
curve timescale,andit ties this experiment's controlsfor systematicsto thecontrolsusedin thepreviousground-based
work. A 1.5%uncertaintyin thestretchfactormeasurementcorrespondsto a — 2%uncertaintyatpeak.z

Spectral line velocities: The velocitiesof several spectralfeaturesthroughoutthe UV and optical make an excellent
diagnosticof theoverall kineticenergy of theSNeIa. Thekineticenergy directly in�uencestheoverallshapeof thelight
curve. If thevelocitiesareconstrainedto — 500km s¥

z thenthepeakluminositycanbeconstrainedto — 2% uncertainty
at peak,z b givena typicalSNeIa expansionvelocityof 15,000km s

¥
z .

Spectral FeatureRatios:Theratiosof variousspectralfeaturesin therestframeUV arestrongindicatorsof themetallicity
of theSNeIa. By achieving a reasonablesignal-to-noiseperwavelengthbin we will beableto constrainthemetallicity
of theprogenitorto 0.1dex (cf. Ref.16).

We alsonote that the ratiosof spectralfeaturesin the restframeoptical (Ca II H&K andSi II at 6150 	A) provide
additionalconstraintson theopacityandluminosityof theSNIa.z¤u Thesefeaturesareeasilyobservedgiventhevelocity
measurementsmentionedabove. By measuringall of thesefeaturesfor eachsupernova we can tightly constrainthe
physicalconditionsof theexplosion,makingit possibleto recognizesetsof supernovaewith matchinginitial conditions.
Thecurrenttheoreticalmodelsof SN Ia explosionsarenot suf�ciently completeto predictthepreciseluminosityof each
supernova,but they areableto give theroughrelationshipsbetweenchangesin thephysicalconditionsof thesupernovae
(suchasopacity, metallicity, fusednickel mass,andnickel distribution) andchangesin their peakluminosities.We can
thereforegivetheapproximateaccuracy neededfor themeasurementof eachfeatureto ensurethatthephysicalcondition
of eachsetof supernovaeis well enoughdeterminedsothattherangeof luminositiesfor thosesupernovaeis well below
thesystematicuncertaintybound( — 2%in total).

In additionto thesefeaturesof thesupernovaethemselves,we will alsostudythehostgalaxyof thesupernova. We
canmeasurethehostgalaxyluminosity, colors,morphology, type,andthe locationof thesupernova within thegalaxy,
evenat redshifts=�—W8N6§¦ . Theseobservationsarenotpossiblefrom theground.

3. SUPERNOVAE AS A PROBE OF THE DARK ENERGY

Our primaryscienti�c objective is to usemostef�ciently the leverageavailablein theredshift-luminositydistancerela-
tionshipto measurethematteranddarkenergy densitiesof theuniversewith smallstatisticalandsystematicerrors,and
alsotestthepropertiesandpossiblemodelsfor thedarkenergy. We thusdeterminethenumberof supernovaewe needto
�nd, how they shouldbedistributedin redshift,andhow preciselyweneedto determineeachone'speakbrightness.



Figure 3. A cross-sectionalview of theSNAP satellite. Theprincipalassemblycomponentsarethe telescope,opticalbench,instru-
ments,propulsiondeck,bus,andthermalshielding.

The intrinsic peak-brightnessdispersionof SNe Ia after light-curve shapeand extinction correctionis — 10%. In
practice,theobservedbrightnessdispersioncanincreaseasmuchas — 15% at thehighestredshiftsdueto gravitational
lensing,dependingon the exact natureof the lenses. So statistically, thereis no needto measurethe correctedpeak
brightnessto betterthan — 10%.Giventhelimitationof — 2%systematicerrors,weshouldobserveatleast ¨v5A6©8mXCj
576 5CJNªa«,¬

X
5 supernovaefor eachredshiftbin of interest.We considerthis numberto bea lower bound;dueto thevalueof using
supernova subsetsin performingsystematicchecks(e.g. comparingsetsof like supernovae,bootstrapanalysis,useof
independentcalibrators)anevenlargerdatasamplewouldbeextremelyvaluable.

The importanceof using supernovaeover the full redshift rangeout to =•—­8C6K¦ for measuringthe cosmological
parametersis demonstratedin Fig. 4 which shows the statisticaluncertaintyin the cosmologicalparametersD

E , D
O ,

D�d , andtheequationof stateratio of thedarkenergy, e , asa functionof maximumredshiftprobed.We assumed2366
supernovaein therange 5¯®•=$®•=m°r±|² with a distribution scaledfrom the =*°r±¤²³G´8C6K¦ distribution. Eachsupernova is
givenanindividual statisticaluncertaintyof 15%arisingfrom anintrinsic dispersionof 57698 andanobservedstretchand
color correctedpeakbrightnessuncertaintyof 10%. From this �gure we concludethe following: 1) usingSNeIa that
extendto redshiftsof =�GW8 andhigherhelpsin obtaininghigheraccuracy becauseonecoversa largerinterval of “action”
of thedarkenergy, and2) goingto redshiftsmuchhigherthan ="¬•J is not usefulbecausedarkenergy'scontribution to
theenergy-densityis negligible for =Qµ

}

J . However, theSNebeyond =

µ

8 areextremelyvaluablefor testingmodelsof
SN evolutionandgrey dust,especiallywith simultaneousNIR measurements.

Although currentdataindicatethat an acceleratingdark energy density—perhapsthe cosmologicalconstant—has
overtakenthedeceleratingmassdensity, they do not tell ustheactualmagnitudeof eitherone.Thesetwo densityvalues



Figure 4. Accuracy in parameterestimationasa function of maximumredshift probedin SN Ia surveys. Shown is the statistical
uncertaintyin thedeterminationof thecosmologicalparameters•]‚ , •rƒ , and •Y¶ (upperpanel;knowledgeof Œ assumed)andequation
of stateratio Œ (lower panel; �at Universeassumed)eachasa function of maximumredshift probed ·œ¸k¹»º . Approximately2400
supernovaedistributedfrom ·F…�‡ to ·

¸k¹»º areassumedin eachcasewith statisticaluncertaintiesonly. Exploringredshiftsbetween‡

and †;ˆ ¼ is optimal,sincethis is wheremostof thedarkenergy actionoccurs.Goingto redshiftsbeyond ·�½@†œˆ Š wouldbringvery little
improvementin parameter-determinationaccuracy, asthedarkenergy is expectedto bedynamicallyunimportantatsuchhighredshifts.



Table 1. SNAP 1-¾ statisticalandsystematicuncertaintiesin parameterdetermination
¿ÁÀÁÂ ¿AÀÁÃ (or ¿ÁÀ7ÄAÅ Æ
Å

ª

¿ÁÇ ¿AÇkÈ

stat sys stat sys stat sys stat sys
e•GWSn8 576 5CJ 5A6 5ÉJ 5A6 5ÉX <>576 578 — — — —

e•GÊSn8 , �at — — 576 578 5A6 5ÉJ — — — —
e�G�ËÍÌCÎAÏ Ð , �at — — 576 5CJ 5A6 5ÉJ 576 5CX <>576 578 — —

D�E , D d known; e�G�ËÍÌNÎÁÏ Ð — — — — 0.02 <>576 578 — —
D�E , D d known; e�¨Ñ=ÉªYGÒe@Ópe�ÔÁ= — — — — 576 5N: <>576 578 5A6©8mJ 57698œX

are two of the fundamentalparametersthat describethe constituentsof our Universe,anddetermineits geometryand
destiny. Theproposedsatelliteprojectis designedto obtainsuf�cient brightness-redshiftdatafor a largeenoughrange
of redshifts( 5A6©8n<Ò=Õ<R8C6K¦ ) thattheseabsolutedensitiescaneachbedeterminedto unprecedentedaccuracy (seeFig. 1).
Takentogether, thesumof theseenergydensitiesthenprovidesameasurementof thecurvatureof theUniverse.Assuming
that the dark energy is the cosmologicalconstant,this experimentcansimultaneouslydeterminemassdensity D E to
accuracy of 576 5CJ , cosmologicalconstantenergy density D

O to 576 5CX andcurvature D�d[GŸ8nSID
E

SÒD
O to 576 5N\ . The

expectedparametermeasurementprecisionsfor thisandothercosmologicalscenariosaresummarizedin Table1.

Theproposedexperimentis oneof very few thatcanstudythedarkenergy directly, andtesta cosmologicalconstant
againstalternativedarkenergy candidates.Assuminga�at Universewith massdensityD

E andadarkenergy component
with a non-evolving equationof state,theproposedexperimentwill beableto measuretheequationof stateratio e with
accuracy of 576 5CX (for constante ), at leasta factorof � ve betterthanthe bestplannedcosmologicalprobes,including
systematicerrors.z wa`cz x With suchastrongconstrainton e wewill beableto differentiatebetweenthecosmologicalcon-
stantandsuchtheoreticalalternativesastopologicaldefectmodelsandarangeof dynamicalscalar-�eld (“quintessence”)
particle-physicsmodels(seeFig.2). Moreover, with dataof suchhighqualityonecanrelaxtheassumptionof theconstant
equationof state,andtestits variationwith redshift,aspredictedby many theoriesincludingsupergravity andM-theory
inspiredmodels. Thesedeterminationswould directly shedlight on high energy �eld theoryandphysicsof the early
Universe.

It is importantto notethatothercosmologicalmeasurementsareandwill beavailable,providing complementarityand
crosscomparison.Thesimultaneous�t canimprove constraintsby asmuchasanorderof magnitude– or they maynot
agreeandupsetour cosmologicalunderstanding.

To accomplisha rigoroustestdiscovery andstudyof moresupernovaeandmoredistantsupernovae(or any probe)
is insuf�cient. We mustaddresseachof the systematicconcerns,requiringa major leapforward in the measurement
techniques.Thesciencegoalshavethusdrivenusto thesatelliteexperimentthatwe describein thenext section.

4. PROPOSEDEXPERIMENT

4.1. Instrumentation

Thebaselineproposedsatelliteexperimentis composedof asimple,dedicatedcombinationof a2.0-metertelescopethree-
mirror-anastigmat,a 1-square-degreeoptical – NIR imageranda low resolution(R— 75) spectrographsensitive in the
wavelengthrange3500– 17000 	A. Themirror apertureis aboutassmallasit canbebeforephotometryandspectroscopy
at the requisiteresolutionis no longerzodiacal-light-noiselimited. A smallermirror designwould quickly degradethe
achievablesignal-to-noiseof thespectroscopy measurements,anddrasticallyreducethenumberof supernovaefollowed.
The1-square-degreewide �eld is obtainedwith a three-mirrortelescopeanda feedbackloop basedon fast-readoutchips
on the focal planeto stabilizethe image. The �eld of view for the imagerhasbeenoptimizedto obtainthe follow-up
photometryof multiple supernovaesimultaneously;a smaller�eld would requiremultiple pointingsof thetelescopeand
againwould greatlyreducethenumberof supernovaethat couldbe followed. Thespectrographcoversthewavelength
rangenecessaryto capture,over theentiretarget redshiftrange,theSi II 6150 	A featurethatboth identi�es SNeIa and
providesa key measurementof theexplosionphysicsto probetheprogenitorstate.

Ourbaselinecon�guration(Fig. 5) is a three-mirroranastigmatin which thetertiarymirror re-imagesanintermediate
Cassegrain focusonto the detectorplane. This con�guration hasbeenanalyzedby Ref. 20,21, andis the �fth design



presentedby Ref. 22. This optical train achievesa large�at focal surfacewith acceptableimagequality without theuse
of refractive correctors.As with otheranastigmats,it is free from sphericalaberration,comaandastigmatism.There
arefurther practicaladvantagesto this con�guration: baf�ing againststraylight is simplerandthe focal planeis more
accessible.It possessestwo beamwaists: oneat the Cassegrain focusnearthe primary mirror, anda secondmidway
betweenthe tertiarymirror andthedetectorplane.This secondwaist is small,andis aneffective locationfor our CCD
shutter. This optic deliversa root-mean-squareimageblur of 3 microns(0.03”) over a working �eld of view extending
out to 42Ô off thegeometricalaxis.

Figure 5. Sideview of our baselineoptical con�guration, with a 2.0 meterprimarymirror, a 0.45metersecondarymirror, a folding
�at, anda 0.7metertertiarymirror.

Thewide �elds of view of theimagersallow simultaneousbatchdiscoveryandphotometryof —�JCX
5C5 SNe/yearwith
theproposedaccuracy. (The �eld of view is slightly overscopeddueto the largeuncertaintyin high-redshiftsupernova
rates.)Evenhighernumbersof moredistant,lesspreciselymeasuredsupernovaewill beavailablein our dataset. The
wide-�eld imagercoversthree-quartersof anannular1 squaredegreepatchof sky with a mosaicof new technologyn-
typehigh-resistivity CCD's«|^ ÖÍ«|b thathave high quantumef�ciency for wavelengthsbetween0.3 and1.0microns.Each
of the 3k £ 3k CCD's have 10.5 ˜ m pixels which give 0.1Ô Ô per pixel with readoutnoiseof 4e

¥
and dark currentof

576 5N:�×
¥ÙØ+Ú»ÛÜ¥

z»h
Ú»Ý

×œÞ
¥

z . Theremainingquarterof theannulusis coveredby anarrayof 25HgCdTedetectors;wewill use
commerciallyavailable2k £ 2k, 8N6§¦P˜ m cutoff deviceswith 18 ˜ m pixels,high( —Ò:C5 %) quantumef�ciency, low ( —•J�×

¥

min
¥

z pixel
¥

z ) darkcurrent,and4 e
¥

readoutnoise.«¢s

Fixed �lters areplacedon eachdetector, arrangedin the focal planesuchthat eachpieceof sky will be observed
in each�lter with a shift andstaremodeof operation(Figure6). The relative areasof each�lter areproportionalto
the exposuretimesneededfor the supernova observations. The imagerwill run a concurrentsearchand follow-up of



supernovaeover theentireredshiftrange5A6©8™®>=?®•8C6K¦ in wavelengthsbetween0.35and1.7microns.

Figure 6. TheCCD mosaiccamerais tiled with 1323k ß 3k high-resistivity CCD's and25 HgCdTe detectorsandcoversonesquare
degree.Theannularshapeis necessaryin a simplethree-mirroranastigmattelescopedesign.

The spectrographrelieson an “integral �eld unit” (IFU) to obtain an effective imageof a 2 Ô Ô¤£YJNÔ Ô �eld, split into
approximately0.1Ô Ô by 2Ô Ô regionsthat areeachindividually dispersedto obtaina �ux at eachpositionandwavelength
(sometimescalleda three-dimensional“datacube”). A prismprovidesa high-throughputdispersive elementthatmakes
possibleobservationsof =�GÊ8N6§¦ supernovaewith brightness23.86magnitudesat à³GR8N6 \�˜ m (on theVegasystem),with
a 2-m aperturetelescope.Thebroadsupernova featuresaccommodatethe low dispersionandthedecreasingresolution
for increasingwavelengthsnaturallyfollows the featurebroadeningat higherredshifts.Thedetectoris a singlethinned
HgCdTe chip (whosetechnologyis in developmentfor theNGST)thatwill providehigh quantumef�ciency from 576 ~nS

8N6§¦m˜ m. In operation,theintegral �eld unit will allow simultaneousspectroscopy of asupernovatargetandits surrounding
galacticenvironment;the2Ô Ô by 2Ô Ô �eld of view alsoremovesany requirementfor precisepositioningof asupernovatarget
in a traditionalspectrographslit andsimpli�es eventualreferencegalaxysubtraction.This point is particularlyimportant
for absolute�ux calibration,becauseall of thesupernovalight is collectedwith theintegral �eld units.Thespectrograph
is thusdesignedto allow useof thespectrato obtainphotometryin any “synthetic” �lter bandthatonechooses.

4.2.Observation Strategyand BaselineData Package

This instrumentationwill beusedwith a simple,predeterminedobservingstrategy designedto repeatedlymonitora 20-
square-degreeregionof sky nearthenorthandsoutheclipticpoles,discoveringandfollowing supernovaethatexplodein
thatregion. Every �eld will bevisitedfrequentlyenoughwith suf�ciently long exposuresthatat any givenredshiftup to

=³GH8N6KX every supernova will bediscoveredwithin, on average,two restframedaysof explosion. (Supernovaeat much



higherredshiftswill befoundslightly laterin their light curverisetimes.)Theperiodicobservationof �x ed�elds ensures
thateverysupernovaat = <�8C6K¦ will befollowedasit brightensandfades.

Thewide-�eld imagermakesit possibleto �nd andfollow with precisionphotometryandspectroscopy approximately
2500SNeIa in ayear. The2.0-meterapertureof themirror, alongwith highthroughputNIR instruments,allow thisdataset
to extendto redshift =�GÊ8C6K¦ .

This prearrangedobservingprogramwill provide a uniform, standardized,calibrateddatasetfor eachsupernova,
allowing for the�rst time comprehensivecomparisonsacrosscompletesetsof supernovae.Thestandardizeddatasetwill
comprisethefollowing strategiesandmeasurementsthatwill address,andofteneliminate,thestatisticalandsystematic
uncertaintiesdescribedin € 2.

á Blind searching.

á Batchprocessing(unbiasedsearching).

á SNeIa at 57698â®>=?®“8N6§¦ .

á

—•¦
X SNeIa per0.03redshiftbin.

á Spectrumfor everysupernovaatmaximumcoveringtherestframeSi II 6250	A feature.

á Spectraltime seriesof representativeSNIa with cross-wavelengthrelative �ux calibration.

á A light curvesampledat frequent,standardizedintervalsthatextendsfrom — 2-80restframedaysafterexplosionto
obtaina stretchandextinction-correctedpeakrest-frame¡ brightnessto 10%(sameorderastheTypeIa intrinsic
dispersion).

á Multiple color measurementsin up to 12 bands,including rest-frame¡ and ã bands,at key epochson the light
curve.

á Final referenceimagesandspectrato enablecleansubtractionof hostgalaxylight.

Thequality of thesemeasurementsis asimportantasthetimeandwavelengthcoverage,sowerequire:

á Controloversignal-to-noiseratio for thesephotometryandspectroscopy measurements,to permitcomparablyhigh
statisticalsigni�cancefor supernovaeovera wide rangeof redshifts.

á Controlover calibrationfor thesephotometryandspectroscopy measurements,with constantmonitoringdatacol-
lectedto ensurethatcross-instrumentandcross-wavelengthcalibrationremainstableover time.

Note that to dateno singleSN Ia hasever beenobserved with this completesetof measurements,either from the
groundor in space,andonly a handfulhavea datasetthatis comparablythorough.With theobservingstrategy proposed
here,everyoneof — 2000followedSN Ia will have this completesetof measurements.

The satelliteinstrumentationand observation strategy is designedto provide the precisioncosmologicalmeasure-
mentssummarizedin Table1 with comprehensive controlof statisticalandpreviously identi�ed or proposedsourcesof
systematicuncertainty. Simulationsshow thatsystematicerrorsmustbelower than — 2%in orderto achievethesescience
goals.In turn,photometricmeasurementsof eachpointon thelight curvearetunedsothatshapeandextinctioncorrected
peakbrightnessesof individualsupernovaeareknown to — 10%,thesameorderof magnitudeastheir intrinsicdispersion.
Large numbers( —ä¦
X ) of supernova in eachredshiftbin thenreducethe statisticaluncertaintiestoward the systematic
limit.

Eachsystematicwill eitherbemeasured,sothatit canbecomepartof thestatisticalerrorbudget,or bounded.In addi-
tion thecompletenessof thedatasetwill make it possibleto monitorthephysicalpropertiesof eachsupernovaexplosion,
allowing studiesof effectsthathavenotbeenpreviously identi�ed or proposed.



5. CONCLUSION

Thesurprisingdiscoveriesof recentyearsmakethisafascinatingnew eraof empiricalcosmology, addressingfundamental
questions.This proposedsatelliteprojectpresentsa uniqueopportunityto extendthis exciting work andadvanceour
understandingof theUniverse.Theorigin anddestiny of theUniverseareextraordinary, intriguing questions;we live at
a timewhenwecanbegin to �nd answers.
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