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ABSTRACT

The KeplerMission is designedto characterizethe frequency of Earth-sizedplanetsin the habitablezonesof solar-like
starsin thesolargalacticneighborhoodby observing4 100,000main-sequencestarsin a 4 100squaredegree�eld of view
(FOV) andseekingevidenceof transitingplanets.As partof thesystemengineeringeffort, we have developedanEnd-To-
EndModel (ETEM) of thephotometerto bettercharacterizetheexpectedperformanceof theinstrumentandto guideusin
makingdesigntrades.Thismodelincorporatesengineeringinformationsuchasthepointspreadfunction,timehistoriesof
pointingoffsets,operatingtemperature,quantizationnoise,theeffectsof shutterlessreadout,andreadnoise.Astrophysical
parameters,suchasarealisticdistributionof starsvs. magnitudefor thechosenFOV, zodiacallight, andcosmicrayevents
arealsoincluded.For a givensetof designandoperatingparameters,ETEM generatespixel time seriesfor all pixelsof
interestfor a singleCCD channelof the photometer. Thesetime seriesare thenprocessedto form light curvesfor the
targetstarsandtheimpactof variousnoisesourceson thecombineddifferentialphotometricprecisioncanbedetermined.
This modelis of particularvaluewheninvestigatingthe effectsof noisesourcesthat cannotbe easilysubjectedto direct
analysis,suchasresidualpointingoffsets,thermaldrift or cosmicray effects. This versionof ETEM featuresextremely
ef�cient computationtimesrelative to thepreviousversionwhile maintaininga high degreeof �delity with respectto the
realismof therelevantphenomena.

Keywords: extrasolarplanets,planetdetection,transitphotometry, performancemodeling,KeplerMission,spaceastron-
omy

1. INTR ODUCTION

Scheduledfor launchin 2007,the KeplerMission is the 10thspaceprobein NASA's Discovery Programandthe �rst to
seekout extrasolarplanetarysystems.Consistingof a 0.95-m,Schmidt-typetelescopeanda focal planeof 42 CCDs,
Keplerwill observe 5 100,000starsin a 4 100squaredegree�eld of view centeredon706 galacticlongitude,+56 galactic
latitudein theconstellationof Cygnus.Theprincipalgoalof this missionis to identify thesignaturesof transitingplanets
in the habitablezonesof their parentstars. The fractionaldrop in stellarbrightnessdueto a transitingplanetis simply
theratio of thedisk areaof theplanetto thedisk areaof its star. For an Earth-sizedplanettransitinga Sun-likestar, this
ratio is 1 part in 12,000.Theprobabilitythattheplanetaryorbital planewill permitanarbitrarily placedobserver to 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 7 0.5%.Takentogether, thesetwo factsimply thatKeplermustobserve thousands
of main-sequence,late-typestarswith 20 ppmprecisionon timescalesof hoursto catchits quarry. Thepoint designfor
Kepler is to achieve a 4 8 signalto noiseratio (S/N) for a singletransitof anEarth-sizedplanettransitinga mR=12 G2V
star. For four transitsthetotalS/N is 8 8 , yielding a detectionrateof 84%for a detectionthresholdof 7 8 , whichcontrols
thetotal numberof expectedfalsealarmsto no morethanonefor theentireexperiment.Thelargenumberof targetstars
will ensurethat Kepler returnssigni�cant resultseven in the event that no Earth-sized,habitableplanetsare detected.
Thedevelopmentof the Kepler Mission is well underwaywith the SystemRequirementsReview completedin October
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2003,andthe PreliminaryDesignReview andthe Critical DesignReview scheduledfor October2004,andJune2005,
respectively. As partof thedevelopmenteffort, threeanalyticaltoolshave beenconstructedto aid in thedesignprocess.

The �rst tool is theCombinedDif ferentialPhotometricPrecision(CDPP)spreadsheet,which tracksthe CDPPfor a
6.5-hourtransitfor aG2V starasafunctionof theapparentstellarmagnitudeandthesetof missiondesignparameters.The
quantityCDPPis theeffective white noisestandarddeviation in a 6.5-hourinterval thatdeterminestheS/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 a singletransitS/N of 4.1 8 . Thesecondtool is theKeplerMerit Function,whichassessesthevalueof the
sciencereturnin termsof the numberof expectedplanetarydetectionsfor an assumedplanetarypopulationdistribution
(includingbothhabitableandnon-habitableplanets)andin termsof thenumberof starsfor whichpressuremode(p-mode)
oscillationscanbe studied. The third tool is the End-To-EndModel, which is a Monte Carlo simulationof the Kepler
Photometerproducingsyntheticdatatime seriesat thepixel level. Thesethreetoolsaresupportedby a NoiseandError
List that trackstheeffectsandmagnitudesof 7 75 separatestochasticandsystematicnoisesourcesthatpotentiallyaffect
Keplerphotometricperformance.The�rst two toolsdonotproducetimeseriesbut ratherperformanalysescombiningthe
expectednoiseandsignalpropertiesor predictingthesciencereturngiventheseproperties.As such,ETEM is extremely
valuablein assessingtheeffectsof noisetermswhicharenotsubjectto closedform analysis,suchastheeffectsof pointing
“jitter” or theeffectsof residualcosmicray eventson theCDPP. This suiteof complementaryanalyticaltoolsallowsusto
predicttheperformanceof Keplerandto measuretheeffect of designchoiceson thescienti�c return.

The goal of this paperis to describethe methodologybehindthe currentversionof ETEM andto give examplesof
theinvestigationsit hasenabled.ETEM hasbeenunderdevelopmentsince1995asa collaborationbetweenKepler team
membersatbothNASA AmesResearchCenterandatBall Aerospace& TechnologiesCorporation(BATC).ETEM began
asa FORTRAN programthatgeneratedsyntheticphotometricdatafor a singlestarat thepixel level givena PointSpread
Function(PSF),characterizationof observationalnoisesourcessuchassky background,readnoise,anddarkcurrent,and
a samplepointingoffsettime series.This simplemodelof anisolatedstarwaslater incorporatedinto a largerprogramto
simulate100targetstarstogetherwith theeffectsof shutterlessoperationaspartof theKeplerTechnologyDemonstration
(KTD) fundedby theNASA Discovery Program.1,2 Generatingsyntheticphotometricdatais a necessarycomponentof
assessingtheexpectedphotometricperformance.Thebackendof ETEM consistsof analyzingtheoutputdatato construct
light curvesandmeasurethephotometricprecisionachievedfor theinput design.Thisanalysisusesalgorithmssimilar to
thosebaselinedfor theactualdataprocessingandanalysissystem.Thesedifferencesexist becausethe outputof ETEM
hasbeenuntil recentlyrestrictedto producingrathershortdatasetsof up to a few daysfor relatively few starscompared
to theactualmissiondata.Over thepasttwo yearswe have redesignedETEM in sucha way asto permit themodelingof
millions of backgroundstarstogetherwith up to 2000targetstarson a singleCCD readoutareafor arti�cial datarunsof
up to threemonths.In additionto its signi�cantly improvedef�ciency, thecurrentETEM incorporatesa greatdealmore
realismaccumulatedasthespacecraftandphotometerdesignhave matured.

Figure1 depictsthelogical �o w of ETEM beginningwith thestepsrequiredto setup themodelfor thegivensystem
designparametersandendingwith the generationof syntheticphotometerdata. The top line of the logic �o w contains
thesequenceof stepsnecessaryto prepareETEM for generatingsyntheticphotometerdata. Thesestepsincorporateall
thephenomenarelevantto thequanti�cationof thephotoelectronicimagereadout from aCCD prior to digitizationby the
Analogto Digital Converter(ADC), andtheadditionof stochasticnoise.Thesecondrow of the�o w consistsof exercising
themodelto producesyntheticimages,addvariousrandomnoisesourcessuchasshotnoiseandreadnoise,digitize the
result,and�nally , write theresultsto disk. Thissequenceof stepsis repeateduntil therequesteddatasetis completed.

Themajor improvementsto ETEM reportedin this paperlie in thenumericalapproachtakento modelthe response
of the CCD pixels to motionof thestellar images.The perturbationsto the imagepositiondueto trackingerrorsof the
AttitudeDeterminationandControlSystem(ADCS)andto astrophysicaleffectsareeithersmallenoughto bewell modeled
by polynomialexpansionsof the pixel valuesin termsof the ( � x ��� y) offsets,or occuron timescalesmuchlongerthan
thatof atransitduration,andhence,areunimportantwith respectto determiningS/Nof atransit.Theprincipalpurposefor
ETEM is to analyzenoisesourcesimpactingthedetectabilityof transits,althoughfutureenhancementsenvisionedinclude
modelingof long termastrophysicaleffectssuchasdifferentialvelocity aberrationto betterunderstandthecomplications
thesemightposewith respectto thedataprocessingandtargetmanagement.

In orderto achieve this ef�ciency, somesimplifying assumptionsweremade.Thestarsareassumedto move together,
thatis, noprovision is madefor parallax,propermotion,or secondordereffectsof differentialvelocity aberration.As ar-
guedabove, theseeffectsdonotsigni�cantly affecttheS/Nof atransit,but wedoneedto understandhow they mighteffect



Figure 1. Logical ¯ow chartfor ETEM. Thetop ¯ow consistsof thesequenceof stepsnecessaryto setup ETEM to generatesynthetic
images,incorporatingthe relevant designparameterssuchasPSF, CCD dimensions,pixel-to-pixel sensitivity, intrapixel sensitivity,
integrationtime,readouttime,etc.Thebottom¯ow consistsof generatingsyntheticnoise-freeimages,addingstochasticnoise,digitizing
theresultandwriting thedatato disk. This is repeateduntil therequesteddatasetis completed.

operationsandanalysisof thedata. Intrinsic stellarvariability is alsonot currentlymodeledfor thetargetor background
stars.Stellarvariability for old, main-sequencestarslike theSunoccurson timescalesmuchlongerthanthedurationof a
transitof a terrestrialplanet.Theresultsfrom ETEM andtheCDPPspreadsheethavebeenincorporatedinto detailedstud-
iesof theeffectsof solar-like variability onthedetectabilityof transitingEarth-likeplanets.3 Provisionshavebeenmadein
ETEMto allow for theinclusionof stellarvariability into thesimulations.Doingsowouldnecessarilyreducetheef�ciency
of ETEM. It is unclearwhetherthis is necessary. To date,ETEM is usedmainly to determinethe contribution of noise
sourcesnot amenableto analysis.As such,oncea noisetermis characterizedby ETEM, its effectsarethenincorporated
into theCDPPspreadsheetandinto theMerit Function. Althoughwe planto evolve ETEM to incorporatemorerealism
over time, it is likely thatKeplerwill continueto requireandexerciseseveralnumericalmodelsduringdevelopment.

This paperis organizedasfollows. Section2 describesthe stepstakento develop polynomial representationsfor a
CCDreadoutarea.Section3 detailsthegenerationof syntheticCCD dataincludingtheadditionof stochasticnoiseto the
frames.Section4 summarizestheresultsanddiscussesfuturework.

2. A POLYNOMIAL REPRESENTATION FOR THE KEPLER PHOTOMETER

This sectiondetailsthephenomenaincorporatedinto the�rst two boxeslabeled“GeneratecCCD” and“Generatec�CCD” in
Fig. 1. With theexceptionof theeffectof spilling of saturatedcharge,all thephenomenamodeledin ETEM for generating
syntheticCCDimagesarelinear, sothatthey canbedirectly incorporatedinto apolynomialrepresentationfor theresponse
of aCCDto imagemotion.Nevertheless,mostpixels' behavior is well modeledby a polynomialrepresentation,andthose
few pixelsthatarenot,canbehandledseparately.

2.1.Responseof Pixelsto ImageMotion

As in previous versionsof ETEM, the �rst stepis to determinehow the pixels undera stellar imagerespondto image
motion.For a starof brightnessI0 locatedat (x0 � y0), thechargethatis developedon theCCD is

I � = [I0PSF� (x- x0 � y- y0) S� (x � y)] � D � (x � y) � (1)



where
�

is thewavelength,PSF� (x � y) is thePSF, S� (x � y) is thesensitivity functionof theCCD, D � (x � y) is thediffusion
kernel,and` � ' denotesthe convolution operator. The optical PSFis derived from the optical designof the photometer
usinga raytracingalgorithm(ASAP) for eachof 21wavelengthsacrosstheKeplerbandpass(420–860nm).4

For S� (x � y), we takethe resultsreportedby Ref. 5, which areonly reportedat two wavelengths,600 and850 nm.
Below 600nm, thevariationof S� is quitesmall,while at 850nm,thepeak-peakvariationis 7 10%. Fortunately, models
for D � (x � y), developedat BATC for the Kepler �ight CCDs indicate that diffusion is importantonly for wavelengths
shortwardof 600nm,andis not apparentat longerwavelengths.6 This is dueto thefact that thelongerwavelengthlight
travelsthroughtheentireCCDthicknessandis absorbedin or veryneartheactiveregion,sothatthereis little opportunity
for diffusionfrom theabsorptionsitebeforereadout.At thesewavelengths,S� exhibits variationsthatareconsistentwith
the physicalgatestructureof the CCD. Conversely, this alsoexplainsthe relative unimportanceof intrapixel sensitivity
variationsfor short-wavelengthlight, which is absorbedabove the active region andmustdiffusedown into it prior to
readout.The“blue” light never seesthegatestructure,whichhastheopportunityto scatterthe“red” light.

Note that the apparentcomplementarityof D � andS� implies that I � canbe expressedasa cascadeof convolutions
involving PSF� , S� restrictedto a singlepixel, andeitherD � or S� . OnceI � is determinedat all 21 wavelengths,it can
beweightedby thestellarspectrumandphotometerbandpassresponseandsummedover

�

to determinethetotal charge
intensityfor eachpixel asa function of position. In the currentversionof ETEM, we have modeledthe processusing
a total optical PSFover the solarspectrumandphotometerbandpass,andan effective charge diffusion kernelprior to
considerationof theCCDpixel sensitivity. Wehave performedanalysesto show thatthisapproachis conservative,but are
workingto improve the�delity of thisstepasperthediscussionabove.

In previousversionsof ETEM, theimportanceof chargediffusionwasnot recongnizedandhence,wasignored.This is
actuallya conservative assumptionin thatthechargediffusionblurstheopticalPSFandreducessomewhatthesensitivity
of the pixel valuesto motion. The valuesof eachpixel asa functionof ( � x � � y) offsetsfrom a nominalpositionwere
determinedby scalinga tabular representationof the optical PSF(on a 5 by 5 pixel region) with 13 by 13 subpixel
resolution,scalingit by theintrapixel sensitivity andthenintegratingover eachpixel region. This responsewasevaluated
ata particularimageoffsetfor a givenjitter time seriesby bilinear interpolationover thetabulatedvalues.Theprocessof
interpolationis numericallyquiteintensive especiallywhenusingcubicor splineinterpolation.We notethatthis process
yieldedsmall but not insigni�cant modelingerrorsas the bilinear interpolationactually useddid not preserve �ux for
a perfectly uniform CCD response.The most signi�cant improvementin computationalef�ciency for ETEM lies in
recognizingthat for Kepler, the expectedperturbationsto the CCD imagesdue to pointing “jitter”, thermaldrifts and
astrophysicaleffectssuchasdifferentialvelocity aberrationarequitesmallover timescalesof secondsto severaldays.For
example,thepointingoffset“jitter ball” is requiredto benolargerthan0.1arcsec(or 2.5mpix), 3 8 , andis expectedto be
muchsmallerin practice.For suchsmallpointingoffsets,theresponseof thepixels to imagemotion is smoothandwell
representedby low-order, two-dimensionalpolynomials.

Thecurrentversionof ETEM takesadvantageof this factandincorporatesapolynomial�t to theresponseof eachpixel
to motionof a stellarimageover a �ne grid containingthe“jitter ball”, resultingin pixel polynomialcoef�cients, cpix. For
any givenpointingoffsetwithin thedesignregion,eachpixel valuecanthenbedeterminedby evaluatingthecorresponding
polynomialfor a givenpointingoffsetpair ( � x, � y) andsimply scalingtheresultto an intensityappropriatefor a given
magnitudestar. Figure2 showsthe�tting errorbetweenthepolynomialrepresentationandthecubic-splineinterpolationof
thepixel responsefor therequiredjitter PowerSpectralDensity(PSD).For therequiredAttitudeDeterminationandControl
System(ADCS) performance,we �nd that3rd orderpolynomialsadequatelyrepresentthepixel responseto motion. The
polynomialis of thefollowing form

p( � x � � y) = c00 +c10 � x+c01 � y+c20 � x2 +c11 � x � y+c10 � y2 +c30 � x3 +c21 � x2
� y+c12 � x � y2 +c03 � y3 � (2)

Higher orderpolynomialscanbe appliedto provide better�ts or to allow for a larger designrangeof jitter. Oncethe
polynomialsaredetermined,anentireCCD framecanbepopulatedwith starsusinga realisticstellardistribution.

2.2.Stellar Population of a CCD Frame

A syntheticstarcatalogis usedto populatea singleCCDreadoutchannelconsistingof 1100columnsby 1024rows.� The
polynomialsfor eachpixel in a CCD canbedeterminedby simply addingtogetherthepixel polynomialsfor all thestars

�

Theactual¯ight CCDshave 2200columnsand1044rows with dual readoutampli®ers.Thebottom20 rows aremaskedto allow
for estimationof andcorrectionfor theeffectsof shutterlessreadout.



Pixels

P
ix

el
s

-5 -4 -3 -2 -1 0 1 2 3 4 5

-5

-4

-3

-2

-1

0

1

2

3

4

5

F
itt

in
g 

E
rr

or
, p

pm

1

2

3

4

5

6

Figure2. Therms®tting errorbetweenacubicsplineinterpolatedrepresentationof responseof a pixel to imagemotionof astellarPSF,
anda 3rdorderpolynomialrepresentation.ThegreatesterrorsoccurnearthePSFcorebut at the10- 5 level arenotsigni®cant.

whoseimagesfall ona givenpixel.

Following Ref. 7, we makeuseof galacticmodelsmadepublicly availableby the Observatoirede Besançon� (see,
e.g., Refs. 8, 9, and10) to obtainexpectedstarcountsasa functionof apparentmagnitude,spectraltypeandage. The
USNO-A2.0databaseyields 223,000starsto mR=14.0 in the 106 squaredegreesof Kepler's FOV.11 This establishes
an appropriatemeanextinction of 7 1.0 mag kpc- 1 for the Besançonmodel. We note, however, that the bandpassfor
Keplerextendsfrom 7 0.45to 7 0.85 � m, which is far wider thanthebandpassesavailablefor theBesançonmodels.For
the purposeof countingstars,usingthe R bandshouldre�ect the numberof starsof greatestinterest,but may tend to
undercountthenumberof latemainsequencestars.Figure3 shows thedistributionof starsof all luminosityclassesand
spectraltypespredictedby theBesançonmodelfor Kepler'sFOV.

To constructtheCCD polynomialcccd, we �rst generatecpix for 25 differentnominalcenteringsof starswithin their
centralpixel, on a 5 by 5 subpixel grid. A syntheticstarcatalogis compiledby samplingthedistributionprovidedby the
Besançonmodel,drawing randomcoordinatesfor eachstarin theCCD'sFOV, andpartitioningthestarsinto 25polynomial
classes.For eachpolynomialclass,eachCCD coef�cient frameis determinedby addingthestellarintensityto thecenter
pixel on a blank1100by 1024pixel array, andthenconvolving this “impulseframe” with each11 by 11 coef�cient array
for eachof the 10 polynomialcoef�cient planes(assuming3rd orderpolynomials). In this way, ef�cient Fast Fourier
Transform(FFT) methodscanbe usedto assembleeachcoef�cient framefor eachof the 25 stellarpolynomialclasses.
Theresultingpolynomialframesareaddedtogethersequentiallyfor eachpolynomialclassasthey arecomputed.

Givena pointingoffsetmatrix Aj it andtheCCD coef�cients, cCCD
�

, thechargedepositedin a giveninterval of time is
CCD = Aj it cCCD. In ETEM, cCCD is scaledsothatevaluationof thepolynomialyields�ux in e- s- 1. Figure4 showsa 2-D
histogramof arealizationof a jitter timeseriesfor theexpectedADCSperformancebinnedto 2 Hz sampling.Wearenow
in a positionto generatesyntheticCCD imagesfor apointingoffsettimeseries.

�

http://www.obs.-besancon.fr/modele/modele.ang.html
�

Notethatthepolynomialcoef®cientsaredenotedby boldface.Thisis to indicatethatthecCCD is amatrixwhosecolumnscorrespond
to thepolynomialcoef®cients,andwhoserows correspondto eachof thepixelsunderanalysis.Theevaluationof theCCDpolynomial
canthenbeexpressedusingmatrix algebra,althoughtheresultsmustbereshapedto recover theoriginal dimensionsof theCCD.
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2.3.Additional Imaging Phenomena

The polynomial representationcCCD developedin the previous sectionallows us to evaluatethe charge developedon a
CCD for a givenattitude,but it doesnot factor in all therelevanteffects. In particular, we needto accommodateadditive
noisesourcessuchasdarkcurrent,zodiacallight andtheeffectof theshutterlessoperation.Saturationeffectsmustalsobe
considered,alongwith ChargeTransferEf�ciency (CTE),but thesearethesubjectsof Sect.2.4.

Therearetwo purelyadditive�ux esthatdonot respondsigni�cantly to imagemotion:darkcurrentandzodiacallight.
Darkcurrentaccumulatesduringexposureandreadoutof theCCDsandis astrongfunctionof theoperatingtemperatureof



theCCD.Althoughtheoperatingtemperatureof Kepler's focalplaneis socold( � - 906 C) thatthedarkcurrentis expected
to benegligible, it is still accommodatedin ETEM. Thezodiacallight is solar�ux thatis scatteredfrom dustgrainsin and
above theecliptic planeinto thePhotometer'saperture.Characterizationof zodiacallight by theHubbleSpaceTelescope
impliesthatthezodiacalbackgroundwill inject theequivalentof anmR=19starin everyCCD pixel (4 arcsecby 4 arcsec).
This is muchhigherthanthe expecteddark current. Neitherdark currentnor zodiacallight will vary with the expected
pointingerrors,althoughzodiacallight will varysmoothlyover largespatialscalesandon time scalesof months.For the
timescalesof mostinterestto ETEM, these�ux sourcescanbesimply addedto theconstanttermin cCCD.

At thispointETEM incorporatespixel to pixel sensitivity variations.This is particularlysimpleasit amountsto scaling
eachpixel polynomialby therelative sensitivity of thepixel. Most ETEM runsusea highly conservative valueof 5% for
theinterpixel sensitivity variationsanddraw eachpixel'srelative sensitivity from a Gaussiandistribution.

ThefactthatKeplerlacksashutterhassigni�cant but mostlybenignimplicationsfor theCCDimages.Duringreadout,
eachrow is clockeddown theCCD,passingunderany starsfalling on theCCD below their positionduringtheexposure.
At thesametime, new rows arebeingreadin from the top of the CCD andclockeddown to their nominallocationsfor
thenext exposure,passingunderneathstarsabove their exposurepositions.Theresultingimagescontainverticalstreaks
dueto starlight accumulatingin the pixelsalongeachcolumnduring readout.The smearcomponentcanbe calculated
by summingeachframeof coef�cients alongthe columns,scalingfor the exposuretime spentin eachrow. The smear
polynomialonly respondsto imagemotionalongtherows,exceptat thevery edgesof theCCD.Accountingfor smearin
cCCD amountsto replicatingtherow polynomialfor smearandaddingit to eachof the rows in cCCD. Thereis a provision
for overclockingthe CCDs by 20 rows for testingpurposes,but also to allow for a separateestimateof smear. Such
overclockedrowsdonot exist duringtheexposure,sowhile they pick upsmearasthey areclockedthroughthe�eld, they
doaccumulatesomedarkcurrentduringreadout.

Anothersourceof �ux exists: scatteredlight in thephotometer. Studieshavebeenperformedto estimatethefractionof
thefocal planethatwill beadverselyaffectedby ghostimagesfrom thehandfulof mR

�

6 starsin theFOV. At this point,
however, thedesignis not matureenoughto quantifyandmodeltheeffect in ETEM. Themethodologyusedto modelthe
star�eld appliesto theghostsandwill beusedto modeltheeffect oncesuf�cient datais collectedduringtesting.

2.4.Saturation and CTE

All thepreviousphenomenarepresentedlineartransformationsof thepolynomialsrepresentingtheresponseof theCCDsto
imagemotion. At this point it is necessaryto includethenonlineareffect of chargesaturationandCTE in thesimulation.
We model saturationof a pixel as a processthat conserves charge, but distributesit along the column containingthe
saturatedpixel evenly in bothdirections.Theformereffect is supportedby experimentsperformedwith theKeplerTech
Demoandwith HST.12 For thepresentpurposes,it is not importantto have a modelfor saturationthat is realisticin all
details.It is suf�cient to have a modelthat is indicativeof thedif�culties pixel saturationmaypose.Saturationwill only
affecta smallhandfulof targetstarsin any event.

In ETEM, after theeffectsdescribedin Sect.2 areaccountedfor, a setof imagesis generatedover a grid of offsets,
muchasfor thecalculationof theoriginal pixel polynomials.For theseimages,pixelsthatexceedthespeci�edCCD well
depthareiteratively spilledupanddown their columnsuntil nopixelsaresaturated.TheimperfectCTEis modeledat this
point by notingthat it canbeexpressedasa linear in�nite impulseresponse(IIR) digital �lter . Let b �n bethepixel value
readout from theCDD includingtheeffectsof CTE,andlet � bn � bn+1 � bn+2 �

� � � � bethepixel valuesin sequenceof readout
startingwith pixel n beforeincludingtheeffectsof CTE.We canexpressb �n in termsof the � bn � bn+1 � bn+2 �

� � � � as

b�n = � bn +(1- � ) bn+1+(1- � )2 bn+1 + � � �

� (3)

where � is thefractionof charge in a pixel that is successfullyclockedto thenext row for a singleclock cycle. Although
theeffective CTE �lter is IIR, a typical valuefor � is 0.9996,so that (1- � )m becomesinsigni�cant for m 4 8. TheCTE
�lter is convolvedwith eachcolumnof theimagesfor theparallelreadoutandwith eachrow for theserialreadout.

New CCD pixel polynomialsare�tted to thesetof imagesandthe �tting residualsareexaminedfor poorly behaved
residuals.Saturatedpixelsandneighboringpixelsthatacceptspilledchargearetypically �agged,andthespill of saturated
charge andCTE aremodeleddirectly for thesepixelsandtheir neighbors.All otherpixels' behavior is well represented
by thenew polynomials,c�CCD, sinceall thetransformations,includingtheeffect of CTE,arelinear transformationsof the
originalpolynomials.At this point,ETEM is readyto generatesyntheticphotometricdatafor a speci�edrun.



3. RUNNING ETEM

Thissectiondescribesthestepsperformedto generatesyntheticCCD dataoncethedevelopmentof thepolynomialrepre-
sentationfor theCCD responseto motionis complete.To generatesyntheticCCD data,ETEM evaluatesthepolynomial
c�CCD, simulatingspill of saturatedcharge andCTE for �agged pixels. Shotnoiseandreadnoiseareaddedto thepixels,
alongwith charge from cosmicray events,if desired.Theresultsaredigitized,andarethenwritten to disk andthepro-
cessis repeateduntil therun is complete.Therearetwo modesof operationfor ETEM with respectto thegenerationof
syntheticdata,andtheserelateto operationalconstraintsfor Kepler.

To prevent saturationof target stars,the exposuretime for the photometeris 7 3 s, so that eachday approximately
29,000imagesareacquired.Thereis not enoughmemoryon theSolid StateRecorder(SSR)onboardKepler to keepall
this data,sotwo lossycompressiontechniquesareusedto reducethesizeof thedataset.The�rst techniqueis to co-add
theimagesfor 15minutes,reducingthetotalnumberof imagesstoredon theSSRperdayto 96. For thesecondtechnique
only thepixels of interestarestored:thosecontainingtargetstarsandcollateralpixels usedto correctfor CCD artifacts
andothersystematicerrors,suchassky background,darkcurrentandsmearfrom shutterlessoperation.So,too,for ETEM
thereis no reasonto generatedatafor pixelsthatwon't beanalyzedlater. An analysismoduleexaminesthepixel content
for eachtargetstaranddeterminestheoptimalphotometricaperturein a similar mannerto thatdescribedin Ref. 1.

The two modesrelateto the generationof 15-minuteframes,or long cadences,onboardKepler. In the �rst mode,
individual readoutsaregeneratedexplicitly by evaluatingc�CCD, addingstochasticnoiseanddigitizing theresults.These
areco-addeduntil theappropriatenumberhave beensummedto form a long cadence,thentheresultsarewritten to disk.
This modeis useful in examiningphenomenathatoperateon timescalesshorterthan15 minutes,suchasanalyzingthe
ability of Kepler to identify anddealwith cosmicrays. The othermodeof operationis to evaluatec�CCD for an entire
15-minuteinterval, calledthelongcadencemode,addall thestochasticnoisecorrespondingto thatinterval,andto model
theeffectsof quantizationby addingadditionalrandomdeviateswhich aredrawn from an appropriatedistribution. For
long runsof ETEM, thelong cadencemodeis preferredasit is 7 300timeslesscomputationallyintensive thanthe�rst.

The long cadencemodeis enabledby thepolynomialrepresentationitself andthe fact that the noiseon a 15-minute
framecanbe analytically relatedto that at the singleexposurelevel. Considerthe processof co-addinga sequenceof
noise-freeCCD imagesgeneratedby evaluatingc�CCD. Let bn be a sequenceof noise-freeCCD framesconstructedby
evaluatingpolynomialc�CCD. For example,supposewewishto bin theresultsby afactorof three,yielding b̃n. Thisprocess
canbewrittenas

b̃ = BAj it c�CCD � (4)

whereB implementsthebinningoperationandis givenby

B =

��

�

�

�

1 1 1 0 0 0 � � � 0 0 0
0 0 0 1 1 1 � � � 0 0 0

...
...

...
0 0 0 0 0 0 � � � 1 1 1

���

�

�

�

� (5)

Notethattheassociative propertyof matrix multiplicationimplies thatA j it canbepre-multipliedby thebinningmatrix B
beforeit is multiplied by c�CCD. A signi�cant reductionin processingtime for the15-minutemodeis achievedrelative to
thesingleexposuremodeby forming �Aj it = BAj it , andhence,binningthejitter matrix prior to evaluatingc�CCD.

Whetheror notETEM is operatingin thesingleexposuremode,oncec�CCD is evaluated,it is timeto addshotnoiseand
readnoise.This is accomplishedby addingGaussiannoiseof appropriatevarianceto thenoise-freepolynomialvalues.In
thelongcadencemode,thespeci�edsingle-exposurereadnoiseis scaledby thesquarerootof thenumberof exposuresin
a15-minuteintegration.At thispoint,syntheticcosmicrayscanbeaddedto theimages,if desired.

3.1.CosmicRay Events

Thecosmicray �ux environmenthasbeenof greatconcernto almostall spacemissionswith CCDssincethey aresensitive
to cosmicrays. Theactual�ux experiencedby a device dependsa greatdealon theexact orbit, that is, is thespacecraft
in low Earthorbit (LEO), or is it in deepspace?The�ux alsodependson theshieldingandcon�gurationof thedetectors
within thespacecraft,whichcanaffect thegenerationof secondariesfrom primaryevents.In any case,theKeplerMission
hasadopteda �ux rateof 5 cm- 2 s- 1 basedonpreviously �o wn missionsin similar orbits,suchasSOHO.
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Figure 5. The distribution of the total charge depositedinto a Kepler CCD per cosmicray event. This distribution resultedfrom
modelingtakinginto accounttheexpectedcosmicrayenvironmentfor Kepler'sorbit, anda detailedstructuralmodelfor thespacecraft,
theinstrument,andany plannedradiationshielding.13

A studywasconductedby BATC for Kepler to derive the distribution of total charge depositedinto a CCD for each
cosmicray hit.13 Theresultsaredisplayedin Fig. 5, which shows a modeof 7 2500e- , little or no chargebelow 7 2000
e- , anda long uppertail trailing out to at least100,000e- . We notethat90%of eventsdepositlessthan6,200e- into a
CCD.To put this into perspective,notethatanmR=12staroccupiesabout25pixels,andthatover6.5hours,about4 � 109

e- accumulatesin its aperture.Theshotnoisefor sucha starwill be63,245e- . Now, 25 pixelsreceive a cosmicray �ux
rateof 21.3per6.5hr interval. To comparethis to theeffectof uncorrectedcosmicrays,weneedto modelthedistribution
of chargefrom cosmicraysat thepixel level.

To transformthedistributionin Figure5 to thedesiredone,we appliedthefollowing assumptions:1) Thetotal charge
depositedis uniformly distributedover the pathtraveledby the cosmicray asit traversesthe CCD slab. 2) The charge
despositedby thecosmicray diffusesthesamewayasdoeschargefrom actualphotons.Giventhegeometryof theCCDs
(27 � m � 27 � m � 16 � m), we tracedrandomraysthrougha 13 by 13 pixel region of a CCD,distributing thecharge in
eachpixel encounteredby aray accordingto theassumptionsabove. TheCCDpixelsweredividedinto 13 � 13sub-pixels
for the purposesof the numericalcalculations.We amasseda catalogof 6,097cosmicray trails, normalizedso that the
sumof eachtrail wasunity. Eachtrail, then,canbescaledby arandomdeviatedrawn from thetotal chargedistributionto
modeltheeffect of a singlecosmicray. A MonteCarloexperimentusingthis modelshowedthatthermsnoiseinjectedby
cosmicraysin a 25-pixel aperturein a 6.5-hrinterval is 21,171e- , or about5 ppmrelative to thestellar�ux. This is not
signi�cant comparedto theshotnoise.

3.2.Digitization of the Synthetic,Noisy CCD Frames

After thestochasticnoisehasbeenaddedto thesyntheticCCDframe,it canbedigitizedandeitherco-addedto therunning
sum,or written to disk, in the long cadencemode. For this lattermode,theeffect of quantizationat the singleexposure
level canbemodeledby addingzero-mean,White GaussianNoise(WGN) with a standarddeviation equalto

�

M G�

�

12
whereG is thegain in e- ADU - 1, andM is thenumberof co-adds.This doesnot accuratelymodelextremelydim pixels
whoseexposure-to-exposurevariationsarelessthan1 ADU, but thesedo not occurin targetstarpixels. In this mode,the
�nal stepis to normalizethepixel valuesby thegainto convert thescaleto ADU from e- . In thesingleexposuremode,
thedigitizationcanbeperformedexplicitly . Notethatfor thesingleexposuremode,thereis theopportunityto includethe
effectsof nonlinearitiesin theanalogsignalprocessingchainbeforethequantization.



Figure 6. SyntheticaccumulatedCCD framefor Kepler. The imageis the mean15-minuteframefor a syntheticstellar population
generatedby ETEM, clippedto 1%of thefull range.Approximately1 � 106 starsaresimulated.

Figure6 displaystheaverage15-minuteframefor onerun of ETEM, while Fig. 7 displaysa single,2.88s exposure
whereonly thepixelsof interesthave beencalculated.Theeffectsof theshutterlessreadoutareevidentasverticalstreaks.
In ETEM, thelongcadencepixelsof interestarewritten to disk andthensubjectedto analysisto determinetheCDPP. By
comparingtheresultsof separaterunswith individual noisesourcestoggledon andthenoff, it is possibleto assesstheir
contributionto thetotalCDPPbudget.

4. CONCLUSIONS

We have presentedthemathematicalapproachtakenfor thecurrentversionof ETEM. Theuseof a polynomialrepresen-
tation for the responseof the CCD pixels to imagemotionallows for almostall the salientoperationalandastronomical
effectsto be incorporateddirectly into thepolynomialrepresentation.This is duein part to theprecisepointingstability
affordedby the benign,Earth-trailing,heliocentricorbit, andthe simple,�x ed attitude. This polynomialrepresentation
leadsto an ef�cient simulatorwith theability to includethe effectsof millions of backgroundstarson the chosentarget
stars. Theef�ciency of ETEM hasbeenimproved by a factor of greaterthan100, allowing for muchlongerrunsto be
computedfor many moretargetstarswith signi�cantly improvedrealism.This versionof ETEM hasbeenusedto study
a numberof importantissuesaffectingthedesignof theKeplerPhotometer, includingtheeffect of thePSFon theCDPP,
theeffect of cosmicrayson CDPP, theability of thebaselinecosmicray detectionandcorrectionalgorithmto dealwith
cosmicraysat thesingleexposurelevel, andthesensitivity of theCDPPto nonlinearitiesin theanalogprocessingchain
andin theAnalogto Digital Converters(ADC's). Futureefforts includethegenerationof sampledatafor testingthe�o w
of dataanddataprocessingin thephotometerandthroughthescienceprocessingpipelineof thegroundsegment,including
theDataManagementCenterat theSpaceTelescopeScienceInstituteandtheScienceOperationsCenterat NASA Ames
ResearchCenter. While we planto furtherimproveETEM to incorporateeffectssuchasdifferentialvelocityaberration,it
is of suf�cient �delity to addressimportantsystemsengineeringquestionsarisingat thisstageof thedevelopmentcycle.
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Figure 7. An imagerepresentinga single2.88-sexposuregeneratedduringonerun of ETEM, clippedto 0.5%of the full range.For
ef®ciency, only pixelsfor thosestarsselectedfor studyarecalculatedduringtherun,alongwith collateralpixelsallowing for estimation
andremoval of darkcurrentandshutterlesssmear.
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