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ABSTRACT

The Kepler Mission is designedo characterizeéhe frequeng of Earth-sizedplanetsin the habitablezonesof solarlike
starsin thesolargalacticneighborhoody observing 100,000main-sequencstarsina 100squaredegree eld of view
(FOV) andseekingevidenceof transitingplanets As partof the systemengineeringeffort, we have developedan End-To-
EndModel (ETEM) of thephotometeto bettercharacterizéhe expectedperformancef theinstrumeni&andto guideusin
makingdesigntrades.This modelincorporategngineeringnformationsuchasthe point spreadunction,time historiesof
pointingoffsets,operatingemperatureguantizatiomoise theeffectsof shutterlesseadoutandreadnoise.Astrophysical
parameterssuchasarealisticdistribution of starsvs. magnitud€or thechoser-OV, zodiacalight, andcosmicray events
arealsoincluded. For a givensetof designandoperatingparametersETEM generategixel time seriesfor all pixels of
interestfor a single CCD channelof the photometer Thesetime seriesare then processedo form light curvesfor the
targetstarsandtheimpactof variousnoisesourceon the combineddifferentialphotometrigprecisioncanbe determined.
This modelis of particularvalue wheninvestigatingthe effectsof noisesourceghat cannotbe easilysubjectedo direct
analysis suchasresidualpointing offsets,thermaldrift or cosmicray effects. This versionof ETEM featuresextremely
ef cient computatiortimesrelative to the previousversionwhile maintaininga high degreeof delity with respecto the
realismof therelevantphenomena.

Keywords: extrasolarplanets planetdetectiontransitphotometryperformancenodeling,KeplerMission, spaceastron-
omy

1.INTRODUCTION

Scheduledor launchin 2007,the Kepler Mission is the 10th spaceprobén NASA's Discovery Programandthe rst to
seekout extrasolarplanetarysystems. Consistingof a 0.95-m, Schmidt-typetelescopeand a focal planeof 42 CCDs,
Keplerwill obsere 100,000starsin a 100squaredeggree eld of view centerecdbn 70 galacticlongitude,+5 galactic
latitudein the constellatiorof Cygnus.The principalgoal of this missionis to identify the signature®f transitingplanets
in the habitablezonesof their parentstars. The fractionaldrop in stellarbrightnessdueto a transitingplanetis simply
theratio of the disk areaof the planetto the disk areaof its star For an Earth-sizecblanettransitinga Sun-likestar this
ratiois 1 partin 12,000.The probabilitythatthe planetaryorbital planewill permitan arbitrarily placedobsenrerto view
the transitsis the ratio of the stellarradiusto the meanorbital distanceof the planet. For a planetorbiting a Sun-sized
starin a 1-AU orbit, this probabilityis  0.5%. Takentogetherthesetwo factsimply thatKepler mustobsenre thousands
of main-sequencdate-typestarswith 20 ppm precisionon timescalef hoursto catchits quarry The point designfor
Kepleris to achizwe a4  signalto noiseratio (S/N) for a singletransitof an Earth-sizecplanettransitinga mg=12 G2V
star For four transitsthetotal S/Nis 8 , yielding a detectiorrateof 84%for a detectiornthresholdof 7 , which controls
thetotal numberof expectedfalsealarmsto no morethanonefor the entireexperiment. Thelarge numberof targetstars
will ensurethat Kepler returnssigni cant resultseven in the event that no Earth-sized habitableplanetsare detected.
The developmentof the Kepler Mission is well underwaywith the SystemRequirement&Review completedn October
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2003,andthe PreliminaryDesignReview andthe Critical DesignReview scheduledor October2004,and June2005,
respectrely. As partof thedevelopmenteffort, threeanalyticaltoolshave beenconstructedo aid in thedesignprocess.

The rst tool is the CombinedDifferential PhotometridPrecision(CDPP)spreadsheetyhich tracksthe CDPPfor a
6.5-hourtransitfor aG2V starasafunctionof theapparenstellarmagnitudeandthesetof missiondesignparametersThe
guantityCDPPis the effective white noisestandardieviation in a 6.5-hourinterval thatdetermineghe S/N of a 6.5-hour
transitof a givendepth. For example,a CDPPof 20 ppm for a starwith a planetexhibiting 84 ppm transitslasting6.5
hoursleadsto asingletransitS/N of 4.1 . The secondool is theKepler Merit Function,which assessethe valueof the
sciencereturnin termsof the numberof expectedplanetarydetectiondor an assumedglanetarypopulationdistribution
(includingbothhabitableandnon-habitablglanetsiandin termsof thenumberof starsfor which pressurenode(p-mode)
oscillationscan be studied. The third tool is the End-To-End Model, which is a Monte Carlo simulationof the Kepler
Photometeproducingsyntheticdatatime seriesat the pixel level. Thesethreetools aresupportedy a Noiseand Error
List thattracksthe effectsandmagnitudeof 75 separatestochasti@andsystematimoisesourceghat potentiallyaffect
KeplerphotometrigperformanceThe rst two toolsdo not producetime serieshut ratherperformanalysesombiningthe
expectednoiseandsignalpropertiesor predictingthe sciencereturngiventheseproperties.As such,ETEM is extremely
valuablein assessintheeffectsof noisetermswhich arenot subjecto closedform analysissuchastheeffectsof pointing
“jitter” or the effectsof residualcosmicray eventson the CDPP This suiteof complementargnalyticaltoolsallows usto
predictthe performancef Keplerandto measurehe effect of designchoiceson the scienti c return.

The goal of this paperis to describethe methodologybehindthe currentversionof ETEM andto give examplesof
theinvestigationst hasenabled . ETEM hasbeenunderdevelopmentsince1995asa collaborationbetweerKeplerteam
memberatbothNASA AmesResearciCenterandatBall Aerospace& TechnologieorporationBATC). ETEM began
asa FORTRAN programthatgeneratedyntheticphotometricdatafor a singlestaratthe pixel level givena PointSpread
Function(PSF),characterizationf obsenationalnoisesourcesuchassky backgroundreadnoise,anddark current,and
asamplepointing offsettime series.This simplemodelof anisolatedstarwaslaterincorporatednto alarger programto
simulatel00targetstarstogethemwith the effectsof shutterles®perationaspartof the Kepler TechnologyDemonstration
(KTD) fundedby the NASA Discovery Programt? Generatingsyntheticphotometricdatais a necessargomponenbf
assessinthe expectedphotometrigperformanceThebackendof ETEM consistof analyzingthe outputdatato construct
light curvesandmeasurehe photometrigorecisionachieved for the input design.This analysisusesalgorithmssimilar to
thosebaselinedor the actualdataprocessingandanalysissystem. Thesedifferencesxist becausehe outputof ETEM
hasbeenuntil recentlyrestrictedto producingrathershortdatasetsof up to afew daysfor relatively few starscompared
to theactualmissiondata.Over the pasttwo yearswe have redesignedE TEM in sucha way asto permitthe modelingof
millions of backgroundstarstogethemwith up to 2000tamet starson a single CCD readoutareafor arti cial datarunsof
up to threemonths.In additionto its signi cantly improved ef ciency, the currentETEM incorporates greatdealmore
realismaccumulate@sthe spacecrafandphotometedesignhave matured.

Figurel depictsthelogical o w of ETEM beginning with the stepsrequiredto setup the modelfor the givensystem
designparameterandendingwith the generatiorof syntheticphotometedata. The top line of the logic o w contains
the sequencef stepsnecessaryo prepareETEM for generatingsyntheticphotometedata. Thesestepsincorporateall
thephenomenaelevantto the quanti cation of the photoelectroniémagereadout from a CCD prior to digitizationby the
Analogto Digital Corverter(ADC), andthe additionof stochastimoise.Thesecondow of the o w consistof exercising
the modelto producesyntheticimages,addvariousrandomnoisesourcessuchasshotnoiseandreadnoise,digitize the
result,and nally , write theresultsto disk. This sequencef stepss repeatedintil therequestedlatasetis completed.

The majorimprovementsto ETEM reportedin this paperlie in the numericalapproachtakento modelthe response
of the CCD pixelsto motion of the stellarimages. The perturbationgo theimagepositiondueto trackingerrorsof the
Attitude DeterminatiorandControlSystem(ADCS)andto astrophysicatffectsareeithersmallenougho bewell modeled
by polynomialexpansionsof the pixel valuesin termsof the ( x ) offsets,or occuron timescalesnuchlongerthan
thatof atransitduration,andhence areunimportantwith respecto determiningS/N of atransit. The principalpurposeor
ETEM is to analyzenoisesourcesmpactingthe detectabilityof transits,althoughfutureenhancementsrvisionedinclude
modelingof long term astrophysicagffectssuchasdifferentialvelocity aberratiorto betterunderstandhe complications
thesemight posewith respecto the dataprocessingndtargetmanagement.

In orderto achiee this ef ciency, somesimplifying assumptionsveremade.The starsareassumedo maove together
thatis, no provision is madefor parallax,propermotion,or seconcrdereffectsof differentialvelocity aberration As ar-
guedaborve, theseeffectsdonotsigni cantly affectthe S/N of atransit,but we do needto understandhow they might effect



Figure 1. Logical ow chartfor ETEM. Thetop ow consistf the sequencef stepsnecessaryo setup ETEM to generatesynthetic
images,incorporatingthe relevant designparametersuchas PSE CCD dimensions pixel-to-pixel sensitvity, intrapixel sensitvity,
integrationtime, readoutime, etc. Thebottom ow consistof generatingyntheticnoise-freémagesaddingstochastimoise digitizing
theresultandwriting thedatato disk. Thisis repeatedintil therequestediatasetis completed.

operationsandanalysisof the data. Intrinsic stellarvariability is alsonot currentlymodeledfor the target or background
stars.Stellarvariability for old, main-sequencstarslike the Sunoccurson timescalesnuchlongerthanthedurationof a
transitof aterrestrialplanet. Theresultsfrom ETEM andthe CDPPspreadshedtave beenincorporatednto detailedstud-
iesof theeffectsof solarlike variability onthedetectabilityof transitingEarth-likeplanets® Provisionshave beenmadein
ETEMto allow for theinclusionof stellarvariability into thesimulations.Doing sowould necessarilyeducetheef ciency
of ETEM. It is unclearwhetherthis is necessaryTo date,ETEM is usedmainly to determinethe contribution of noise
sourcesnot amenableo analysis.As such,oncea noisetermis characterizedby ETEM, its effectsarethenincorporated
into the CDPPspreadsheeatndinto the Merit Function. Althoughwe planto evolve ETEM to incorporatemorerealism
overtime, it is likely thatKeplerwill continueto requireandexerciseseveralnumericalmodelsduringdevelopment.

This paperis organizedasfollows. Section2 describeghe stepstakento develop polynomialrepresentationfor a
CCDreadoutarea.Section3 detailsthe generatiorof syntheticCCD dataincludingthe additionof stochastimoiseto the
frames.Sectiord summarizesheresultsanddiscussefuture work.

2. APOLYNOMIAL REPRESENTATION FOR THE KEPLER PHOTOMETER

This sectiondetailsthe phenomenéancorporatednto the rst two boxeslabeled‘Generatecccp” and“Generateceqp” in
Fig. 1. With the exceptionof the effect of spilling of saturateathage, all the phenomenanodeledn ETEM for generating
syntheticCCD imagesarelinear, sothatthey canbedirectlyincorporatednto a polynomialrepresentatiofor theresponse
of aCCDtoimagemotion. Neverthelessmostpixels' behaior is well modeledby a polynomialrepresentatiorgndthose
few pixelsthatarenot,canbehandledseparately

2.1.Responsef Pixelsto Image Motion

As in previous versionsof ETEM, the rst stepis to determinehow the pixels undera stellarimagerespondio image
motion. For a starof brightnesd, locatedat (xy Yo), thechagethatis developedonthe CCDis

I =[loPSF (x- X0 y- Y0) S (x )] D (xy) 1)



where is the wavelength,PSF (x y) is the PSE S (x y) is the sensitvity functionof the CCD, D (x y) is the diffusion
kernel,and™ ' denoteshe convolution operator The optical PSFis derived from the optical designof the photometer
usingaraytracingalgorithm(ASAP) for eachof 21 wavelengthsacrosshe Keplerbandpas$420-860nm).*

For S (x y), we takethe resultsreportedby Ref. 5, which are only reportedat two wavelengths,600 and 850 nm.
Below 600nm, thevariationof S is quite small, while at 850 nm, the peak-peakariationis 10%. Fortunately models
for D (x y), developedat BATC for the Kepler ight CCDs indicate that diffusion is importantonly for wavelengths
shortwardof 600 nm, andis not apparenttlongerwavelengths® This is dueto the factthatthe longerwavelengthlight
travelsthroughthe entire CCD thicknessandis absorbedn or very nearthe active region, sothatthereis little opportunity
for diffusionfrom the absorptiorsite beforereadout.At thesewavelengthsS exhibits variationsthatare consistentvith
the physicalgatestructureof the CCD. Corversely this alsoexplainsthe relative unimportanceof intrapixel sensitvity
variationsfor short-waelengthlight, which is absorbedabore the active region and mustdiffusedown into it prior to
readout.The“blue” light never seeghe gatestructure which hasthe opportunityto scattetthe “red” light.

Note thatthe apparentomplementarityof D andS impliesthatl canbe expressedasa cascadeof corvolutions
involving PSF, S restrictedto a singlepixel, andeitherD or S . Oncel is determinedatall 21 wavelengthsjt can
beweightedby the stellarspectrumandphotometebandpassesponseandsummedover to determinethetotal chage
intensityfor eachpixel asa function of position. In the currentversionof ETEM, we have modeledthe processusing
a total optical PSFover the solar spectrumand photometebandpassand an effective chage diffusion kernelprior to
consideratiorof the CCD pixel sensitvity. We have performedanalyseso shov thatthis approachs conserative, but are
workingto improve the delity of this stepasperthediscussiorabore.

In previousversionsof ETEM, theimportanceof chagediffusionwasnotrecongnize@ndhencewasignored.Thisis
actuallya conserative assumptionn thatthe chage diffusionblursthe optical PSFandreducesomeavhatthe sensitvity
of the pixel valuesto motion. The valuesof eachpixel asa functionof ( x y) offsetsfrom a nominal positionwere
determinedby scalinga takular representatiorof the optical PSF(on a 5 by 5 pixel region) with 13 by 13 subpbel
resolution scalingit by the intrapixel sensitvity andthenintegratingover eachpixel region. This responsevasevaluated
ata particularimageoffsetfor a givenjitter time seriesby bilinearinterpolationover the tabulatedvalues.The procesof
interpolationis numericallyquite intensive especiallywhenusing cubicor splineinterpolation.We notethatthis process
yielded small but not insigni cant modelingerrorsas the bilinear interpolationactually useddid not presere ux for
a perfectly uniform CCD response. The most signi cant improvementin computationalefciency for ETEM lies in
recognizingthat for Kepler, the expectedperturbationgdo the CCD imagesdueto pointing “jitter”, thermaldrifts and
astrophysicagffectssuchasdifferentialvelocity aberratiorarequite smallover timescale®f secondgo severaldays.For
example,the pointingoffsetjitter ball” is requiredto be nolargerthan0.1arcseqor 2.5mpix), 3 , andis expectedto be
muchsmallerin practice.For suchsmall pointing offsets,the responsef the pixelsto imagemotionis smoothandwell
representedly low-order two-dimensionapolynomials.

Thecurrentversionof ETEM takesadvantageof this factandincorporatespolynomial t to theresponsef eachpixel
to motionof a stellarimageover a ne grid containingthe“jitter ball”, resultingin pixel polynomialcoefcients, cpix. For
ary givenpointingoffsetwithin thedesigrregion, eachpixel valuecanthenbedeterminedy evaluatingthecorresponding
polynomialfor a givenpointingoffsetpair (%, Yy) andsimply scalingtheresultto anintensityappropriateor a given
magnitudestar Figure2 shavsthe tting errorbetweerthepolynomialrepresentatioandthe cubic-splinenterpolationof
thepixel responséor therequireditter Ponver SpectraDensity(PSD).For therequiredAttitude DeterminatiorandControl
System(ADCS) performancewe nd that3rd orderpolynomialsadequatelyepresenthe pixel response&o motion. The
polynomialis of thefollowing form

P( X Yy)=Coo*tCio X+Cox Y+Co X°+Cu X y+Cio Y+Cp X+Ca X y+Cz X Y+cs Y (2
Higher order polynomialscan be appliedto provide better ts or to allow for a larger designrangeof jitter. Oncethe
polynomialsaredeterminedanentireCCD framecanbe populatedwith starsusingarealisticstellardistribution.

2.2. Stellar Population of a CCD Frame

A syntheticstarcatalogis usedto populatea singleCCD readoutthannekonsistingof 1100columnsby 1024rows. The
polynomialsfor eachpixel in a CCD canbe determinedy simply addingtogetherthe pixel polynomialsfor all the stars

Theactual ight CCDshave 2200columnsand1044rows with dualreadoutampli®ers. The bottom 20 rows aremaskedo allow
for estimationof andcorrectionfor the effectsof shutterlesseadout.
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Figure 2. Therms®tting errorbetweeracubicsplineinterpolatedepresentationf responsef a pixel to imagemotionof astellarPSK
anda 3rd orderpolynomialrepresentatioriThe greateserrorsoccurnearthe PSFcorebut atthe 10°° level arenot signi®cant.

whoseimagedfall on agivenpixel.

Following Ref. 7, we makeuseof galacticmodelsmadepublicly available by the Obsenatoire de Besancgon (see,
e.g., Refs. 8, 9, and10) to obtain expectedstarcountsasa function of apparenimagnitude spectraltype andage. The
USNO-A2.0databaseyields 223,000starsto mg=14.0in the 106 squaredegreesof Kepler's FOV.'! This establishes
an appropriatemeanextinction of 1.0 magkpc ! for the Besancormodel. We note, however, that the bandpasgor
Keplerextendsfrom 0.45to 0.85 m, whichis far wider thanthe bandpasseavailablefor the Besangormodels.For
the purposeof countingstars,usingthe R bandshouldre ect the numberof starsof greatesinterest,but maytendto
undercounthe numberof late main sequencatars. Figure3 shows the distribution of starsof all luminosity classesand
spectratypespredictedby the Besancomodelfor Kepler's FOV.

To constructthe CCD polynomialcecq, We rst generateeyx for 25 differentnominal centeringsof starswithin their
centralpixel, on a5 by 5 subpixel grid. A syntheticstarcatalogis compiledby samplingthe distribution provided by the
Besancomodel,draving randomcoordinategor eachstarin the CCD'sFOV, andpartitioningthe starsnto 25 polynomial
classesFor eachpolynomialclass,eachCCD coefcient frameis determinedy addingthe stellarintensityto the center
pixel on ablank1100by 1024 pixel array andthencorvolving this “impulse frame” with eachl11 by 11 coefcient array
for eachof the 10 polynomial coefcient planes(assuming3rd order polynomials). In this way, efcient FastFourier
Transform(FFT) methodscanbe usedto assembleeachcoefcient framefor eachof the 25 stellarpolynomial classes.
Theresultingpolynomialframesareaddedogethersequentiallyfor eachpolynomialclassasthey arecomputed.

Givena pointingoffsetmatrix A;i; andthe CCD coefcients, cccp , thechage depositedn agiveninterval of time is
CCD = Ajit ccep. In ETEM, ceep is scaledsothatevaluationof the polynomialyields ux in € s'. Figure4 shavsa2-D
histogramof arealizationof ajitter time seriedfor theexpectedADCS performancéinnedto 2 Hz sampling.We arenow
in apositionto generatesyntheticCCD imagesfor a pointing offsettime series.

http://wwwobs.-besancon.fr/modele/modele.ang.html

Notethatthepolynomialcoef®cientsaredenotedy boldface.Thisis to indicatethatthegcp is amatrix whosecolumnscorrespond
to the polynomialcoef®cients,andwhoserows correspondo eachof the pixelsunderanalysis.The evaluationof the CCD polynomial
canthenbe expressedisingmatrix algebraalthoughtheresultsmustbereshapedo recover the original dimensionsof the CCD.
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2.3.Additional Imaging Phenomena

The polynomial representatiotccp developedin the previous sectionallows us to evaluatethe chage developedon a
CCDfor agivenattitude,but it doesnotfactorin all therelevanteffects. In particular we needto accommodateadditive
noisesourcesuchasdarkcurrent,zodiacalight andtheeffect of the shutterles@peration.Saturatioreffectsmustalsobe
consideredalongwith Chage TransferEf ciency (CTE), but thesearethe subjectof Sect.2.4.

Therearetwo purelyadditive ux esthatdonotrespondsigni cantly to imagemotion: darkcurrentandzodiacallight.
Darkcurrentaccumulateduringexposureandreadoubf the CCDsandis a strongfunctionof theoperatingemperaturef



theCCD. Althoughtheoperatingemperaturef Kepler'sfocal planeis socold( - 90 C)thatthedarkcurrentis expected
to bengligible, it is still accommodateth ETEM. The zodiacallight is solar ux thatis scatteredrom dustgrainsin and

above the ecliptic planeinto the Photometes aperture.Characterizatioof zodiacallight by the Hubble SpaceTelescope
impliesthatthe zodiacalbackgroundvill injecttheequivalentof anmg=19 starin every CCD pixel (4 arcsedy 4 arcsec).
This is muchhigherthanthe expecteddark current. Neitherdark currentnor zodiacallight will vary with the expected
pointingerrors,althoughzodiacallight will vary smoothlyover large spatialscalesandon time scalesof months.For the

time scalef mostinterestto ETEM, these ux sourcesanbesimply addedo theconstantermin cecp.

At thispoint ETEM incorporatepixel to pixel sensitvity variations.Thisis particularlysimpleasit amountdo scaling
eachpixel polynomialby therelative sensitvity of the pixel. Most ETEM runsusea highly conserative value of 5% for
theinterpixel sensitvity variationsanddraw eachpixel'srelative sensitvity from a Gaussiardistribution.

ThefactthatKeplerlacksa shuttethassigni cant but mostlybenignimplicationsfor the CCDimages.Duringreadout,
eachrow is clockeddown the CCD, passingunderary starsfalling onthe CCD below their positionduringthe exposure.
At the sametime, new rows are beingreadin from the top of the CCD and clockeddown to their nominallocationsfor
the next exposure passingunderneatistarsabove their exposurepositions. The resultingimagescontainvertical streaks
dueto starlight accumulatingn the pixels alongeachcolumnduring readout. The smearcomponentan be calculated
by summingeachframe of coefcients alongthe columns,scalingfor the exposuretime spentin eachrow. The smear
polynomialonly respondgo imagemotionalongthe rows, exceptat the very edgesof the CCD. Accountingfor smeatin
Cccp amountgo replicatingthe row polynomialfor smearandaddingit to eachof therowsin cccp. Thereis a provision
for overclockingthe CCDs by 20 rows for testing purposeshut alsoto allow for a separateestimateof smear Such
overclockedrows do not exist duringthe exposure sowhile they pick up smearasthey areclockedthroughthe eld, they
doaccumulatesomedark currentduringreadout.

Anothersourceof ux exists: scatteredight in the photometerStudieshave beenperformedo estimatehefractionof
thefocal planethatwill be adwerselyaffectedby ghostimagesfrom the handfulof mg 6 starsin the FOV. At this point,
however, the designis not matureenoughto quantify andmodelthe effectin ETEM. The methodologysedto modelthe
star eld appliesto theghostsandwill beusedto modelthe effect oncesufcient datais collectedduringtesting.

2.4.Saturation and CTE

All thepreviousphenomengepresentetineartransformationsf thepolynomialsrepresentingheresponsef the CCDsto
imagemotion. At this pointit is necessaryo includethe nonlineareffect of chage saturatiorandCTE in the simulation.
We model saturationof a pixel as a processthat conseres chage, but distributesit along the column containingthe
saturategixel evenly in bothdirections. The former effect is supportedoy experimentsperformedwith the KeplerTech
Demoandwith HST1? For the presenfpurposesit is notimportantto have amodelfor saturatiorthatis realisticin all
details.It is sufcient to have a modelthatis indicative of the dif culties pixel saturatiormay pose.Saturatiorwill only
affecta smallhandfulof tametstarsin ary event.

In ETEM, after the effectsdescribedn Sect.2 areaccountedor, a setof imagesis generateaver a grid of offsets,
muchasfor the calculationof the original pixel polynomials.For theseimages pixelsthatexceedthe speci ed CCD well
depthareiteratively spilledup anddown their columnsuntil no pixelsaresaturatedTheimperfectCTE is modeledat this
point by notingthatit canbe expressedasa linearin nite impulseresponsé€lIR) digital Iter. Let b, bethe pixel value

readoutfrom the CDD includingthe effectsof CTE,andlet by bpsi bpeo bethepixel valuesin sequencef readout
startingwith pixel n beforeincludingthe effectsof CTE. We canexpressb, in termsof the bn bnir bnso as
b= bnt(l- )b+ (l- ) bpu+ (3)

where s thefractionof chagein apixel thatis successfullyclockedto the next row for asingleclock cycle. Although
theeffective CTE lter is lIR, atypicalvaluefor is0.9996,sothat(1- )™ becomesnsigni cantform 8. TheCTE
Iter is corvolvedwith eachcolumnof theimagesfor the parallelreadoutandwith eachrow for theserialreadout.

New CCD pixel polynomialsare tted to the setof imagesandthe tting residualsareexaminedfor poorly behaed
residuals Saturategixelsandneighboringpixelsthatacceptpilledchage aretypically agged, andthespill of saturated
chage and CTE aremodeleddirectly for thesepixelsandtheir neighbors.All otherpixels' behaior is well represented
by thenew polynomials,c-p, Sinceall thetransformationsincludingthe effect of CTE, arelinear transformation®f the
original polynomials.At this point, ETEM is readyto generatesyntheticphotometricdatafor a speci edrun.



3. RUNNING ETEM

This sectiondescribeshe stepsperformedo generatesyntheticCCD dataoncethe developmentof the polynomialrepre-
sentatiorfor the CCD response&o motionis complete.To generatesyntheticCCD data,ETEM evaluateghe polynomial
Cecp» Simulatingspill of saturatecchage andCTE for agged pixels. Shotnoiseandreadnoiseareaddedto the pixels,
alongwith chage from cosmicray events,if desired.The resultsaredigitized, andarethenwritten to disk andthe pro-
cessis repeatedintil therun is complete.Therearetwo modesof operationfor ETEM with respecto the generatiorof
syntheticdata,andtheserelateto operationatonstraintgor Kepler.

To prevent saturationof target stars,the exposuretime for the photometeiis 3 s, so that eachday approximately
29,000imagesareacquired.Thereis not enoughmemoryon the Solid StateRecorde(SSR)onboardKepler to keepall
this data,sotwo lossycompressiotechniquesareusedto reducethe size of the dataset. The rst techniques to co-add
theimagedfor 15 minutes reducingthe total numberof imagesstoredon the SSRperdayto 96. For the secondechnique
only the pixels of interestare stored:thosecontainingtarget starsandcollateralpixels usedto correctfor CCD artifacts
andothersystematierrors,suchassky backgrounddarkcurrentandsmeairfrom shutterleseperation.So,too, for ETEM
thereis noreasorto generatelatafor pixelsthatwon't be analyzedater. An analysismoduleexaminesthe pixel content
for eachtargetstaranddetermineshe optimalphotometricaperturein a similar mannetto thatdescribedn Ref. 1.

The two modesrelateto the generatiorof 15-minuteframes,or long cadencespnboardKepler. In the rst mode,
individual readoutsare generateaxplicitly by evaluatingc.-p, addingstochastimoiseanddigitizing the results. These
areco-addeduntil the appropriatenumberhave beensummedo form along cadencethenthe resultsarewrittento disk.
This modeis usefulin examining phenomendhat operateon timescaleshorterthan 15 minutes,suchasanalyzingthe
ability of Kepler to identify and dealwith cosmicrays. The othermodeof operationis to evaluatec.- for an entire
15-minuteinterval, calledthelong cadencenode,addall the stochastimoisecorrespondingo thatinterval, andto model
the effects of quantizationby addingadditionalrandomdeviateswhich are dravn from an appropriatedistribution. For
long runsof ETEM, thelong cadencemodeis preferredasit is  300timeslesscomputationallyintensive thanthe rst.

Thelong cadencanodeis enabledby the polynomialrepresentatioiitself andthe fact thatthe noiseon a 15-minute
frame canbe analytically relatedto that at the single exposurelevel. Considerthe processof co-addinga sequencef
noise-freeCCD imagesgeneratedy evaluatingc.-. Let b, be a sequencef noise-freeCCD framesconstructedy
evaluatingpolynomialc.-. For example,supposeve wishto bin theresultsby afactorof three,yielding b,. Thisprocess
canbewrittenas N

b= BAjit Cecp (4)

whereB implementghebinningoperationandis givenby

111000 0 0O
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Notethatthe associatie propertyof matrix multiplicationimpliesthatAji canbe pre-multipliedby the binning matrix B
beforeit is multiplied by c5. A signi cant reductionin processindime for the 15-minutemodeis achie/edrelative to
the singleexposuremodeby forming A;it = BA;;t, andhence pinningthejitter matrix prior to evaluatingCqqp.

Whetheror not ETEM is operatingn the singleexposuremode,oncec, is evaluatedit is time to addshotnoiseand
readnoise.Thisis accomplishedby addingGaussiamoiseof appropriatevarianceto the noise-fregpolynomialvalues.In
thelong cadencanode thespeci ed single-eposurereadnoiseis scaledby thesquareroot of the numberof exposuresn
a15-minuteintegration. At this point, syntheticcosmicrayscanbe addedo theimagesijf desired.

3.1.CosmicRay Events

Thecosmicray ux ervironmenthasbeenof greatconcerrto almostall spacemissionswith CCDssincethey aresensitve
to cosmicrays. The actual ux experiencedy a device depends greatdealon the exact orbit, thatis, is the spacecraft
in low Earthorbit (LEO), or is it in deepspace?The ux alsodepend®nthe shieldingandcon guration of the detectors
within thespacecraftwhich canaffect thegeneratiorof secondariefrom primaryevents.In ary casethe KeplerMission
hasadopteda ux rateof 5cnr? s* basedn previously o wn missionsn similar orbits, suchasSOHQ
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Figure 5. The distribution of the total chage depositedinto a Kepler CCD per cosmicray event. This distribution resultedfrom
modelingtakinginto accounthe expectedcosmicray ervironmentfor Kepler'sorbit, anda detailedstructuralmodelfor the spacecraft,
theinstrumentandary plannedradiationshielding®®

A studywasconductedy BATC for Keplerto derive the distribution of total chage depositednto a CCD for each
cosmicray hit.'® Theresultsaredisplayedn Fig. 5, which shovs amodeof 2500¢ , little or no chagebelov 2000
€, andalong uppertail trailing outto atleast100,000e . We notethat 90% of eventsdepositlessthan6,200e" into a
CCD.To putthisinto perspectie, notethatanmg=12 staroccupiesabout25 pixels,andthatover 6.5 hours,about4  10°
€ accumulaten its aperture.The shotnoisefor sucha starwill be 63,245e . Now, 25 pixelsreceve a cosmicray ux
rateof 21.3per6.5hr interval. To comparehisto the effect of uncorrecteadosmicrays,we needto modelthe distribution
of chage from cosmicraysat the pixel level.

To transformthe distributionin Figure5 to the desiredone,we appliedthe following assumptionsl) Thetotal chage
depositeds uniformly distributedover the pathtraveled by the cosmicray asit traversesthe CCD slab 2) The chage
despositedby the cosmicray diffusesthe sameway asdoeschage from actualphotons Giventhe geometryof the CCDs
(27 m 27 m 16 m),wetracedrandomraysthrougha 13 by 13 pixel region of a CCD, distributing the chagein
eachpixel encounteredby aray accordingto theassumptionabove. The CCD pixelsweredividedinto 13 13 sub-pixels
for the purposef the numericalcalculations.We amasse@ catalogof 6,097 cosmicray trails, normalizedsothat the
sumof eachtrail wasunity. Eachtrail, then,canbe scaledby arandomdeviate dravn from thetotal chage distributionto
modelthe effect of a singlecosmicray. A Monte Carloexperimentusingthis modelshavedthatthermsnoiseinjectedby
cosmicraysin a 25-pixel aperturein a 6.5-hrinterval is 21,171e", or about5 ppmrelative to the stellar ux. Thisis not
signi cant comparedo the shotnoise.

3.2. Digitization of the Synthetic, Noisy CCD Frames

After thestochastimoisehasbeenaddedo thesyntheticCCD frame,it canbedigitizedandeitherco-addedo therunning
sum,or written to disk, in the long cadencanode. For this lattermode,the effect of quantizationat the singleexposure
level canbe modeledby addingzero-meanWhite GaussiarNoise (WGN) with a standardieviationequalto MG 12
whereG is thegainin & ADU"*, andM is the numberof co-adds.This doesnot accuratelynodelextremely dim pixels
whoseexposure-to-gposurevariationsarelessthan1 ADU, but thesedo not occurin tamgetstarpixels. In this mode,the
nal stepis to normalizethe pixel valuesby the gainto corvert the scaleto ADU from e . In thesingle exposuremode,
thedigitizationcanbe performedexplicitly . Notethatfor the singleexposuremode thereis the opportunityto includethe
effectsof nonlinearitiesn the analogsignalprocessinghainbeforethe quantization.



Figure 6. SyntheticaccumulatedCCD framefor Kepler. The imageis the mean15-minuteframefor a syntheticstellar population
generatedby ETEM, clippedto 1% of thefull range.Approximatelyl 10° starsaresimulated.

Figure6 displaysthe averagel5-minuteframefor onerun of ETEM, while Fig. 7 displaysa single,2.88s exposure
whereonly the pixelsof interesthave beencalculated The effectsof the shutterlesseadoutareevidentasvertical streaks.
In ETEM, thelong cadenceixelsof interestarewritten to disk andthensubjectedo analysiso determinghe CDPP By
comparingthe resultsof separateunswith individual noisesourcegoggledon andthenoff, it is possibleto assessheir
contributionto thetotal CDPPbudget.

4. CONCLUSIONS

We have presentedhe mathematicahpproachakenfor the currentversionof ETEM. The useof a polynomialrepresen-
tation for the responsef the CCD pixels to imagemotion allows for almostall the salientoperationalandastronomical
effectsto beincorporatedirectly into the polynomialrepresentationThis is duein partto the precisepointing stability
afforded by the benign, Earth-trailing, heliocentricorbit, andthe simple, x ed attitude. This polynomialrepresentation
leadsto an ef cient simulatorwith the ability to includethe effectsof millions of backgroundstarson the chosertarget
stars. The efciency of ETEM hasbeenimproved by a factor of greaterthan 100, allowing for muchlongerrunsto be
computedor mary moretargetstarswith signi cantly improvedrealism. This versionof ETEM hasbeenusedto study
anumberof importantissuesaffectingthe designof the Kepler Photometerincludingthe effect of the PSFon the CDPR
the effect of cosmicrayson CDPR the ability of the baselinecosmicray detectionand correctionalgorithmto dealwith
cosmicraysat the singleexposurelevel, andthe sensitvity of the CDPPto nonlinearitiesn the analogprocessinghain
andin the Analogto Digital Corverters(ADC's). Futureefforts includethe generatiorof sampledatafor testingthe o w
of dataanddataprocessingn thephotometeandthroughthescienceprocessingipelineof thegroundsegment,including
the DataManagemenCenterat the SpaceTelescopeSciencanstituteandthe ScienceOperation<enterat NASA Ames
ResearcltCenter While we planto furtherimprove ETEM to incorporateeffectssuchasdifferentialvelocity aberrationit
is of sufcient delity to addressmportantsystemsengineeringjuestionsarisingat this stageof thedevelopmentycle.
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Figure 7. An imagerepresenting single 2.88-sexposuregeneratediuring onerun of ETEM, clippedto 0.5% of the full range. For
ef®ciengy, only pixelsfor thosestarsselectedor studyarecalculatedduringtherun, alongwith collateralpixelsallowing for estimation
andremoval of darkcurrentandshutterlessmear
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