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Abstract. We presenthedata,andmodelingandanalysisresultsfrom the photometrianonitoring
of veplanetantransitsof HD 209458usingthe Fine GuidancesensorgFGS)onboardheHubble
SpaceTelescopgHST). We have now includedthe outputfrom all four FGS photometersn our
datareductionand analysisincreasingour S/N over our previous results.We have modeledthe
transitsas an opaquesphericalplanetin a circular orbit abouta limb darkenedsphericalstarand
simultaneouslyt themodelto the FGSdataandpublishedSTIS transitdata(Brown etal., 2001).
The measuredight cunesshav smallfeaturesa fraction of the transitdepth.Someof thesefaint
bumpsandripplesappeato bereal.We presenainanalysisof the FGStransitlight curves,shaving
theresultsof themodel tting, asearchHor apossibleplanetarysatellite,andanindicationof which
smallfeaturedn thelight curve we feel arenotinstrumentahoise.

INTRODUCTION

Radial velocity obserationsof nearbysolarlike starshave beenusedto detect117
Jupitersizedplanetsorbiting 102stars Of theseDopplerdetecteaxtra-solamgiantplan-
ets(EGPs) sixteencouldbeclassi edas“51 Pay-like” or “roasters. Roasteiplanetsare
characterizetby smallorbital distanceg 0.1 AU), high effective temperature$900K

T 1500K), andexpandedatmospheresihe Dopplertechniqueusedto detectextra-
solar planetsprovides only the minimum mass(Mpsin()). The minimum massedor
theseplanetsarebetween 0.44and 1.3M;, . Knowledgeof the stellarmasscom-
binedwith modelingthe precisephotometrictransitmeasurementgrovides estimates
of the basicsystemparametersuchasthe orbital inclinationandplanetaryradius.De-
terminingthe orbital inclination removesthe sin() dependengin the planetarymass
estimate.To date,only two planets(OGLE-TR-56b,HD 209458b)have beenobsenred
to transittheir hoststars.

Henry et al. (1999) reportedthe rst detectionof a transitfor HD 209458b The
minimum massfor HD 209458bas determinedby the Dopplertechniqueis Msin()

0.62M;p (Henryetal. 2000,Charbonneaet al. 2000). The transit x esthe orbital
inclinationati = 86:6° 0:14 (Brown et al. 2001),which leavesHD 209458bwith a
truemassof 0.63M;p: quitecomfortablya planet-sizedody.
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FIGURE 1. Five planetarytransitsof HD 209458.The in-transitdatawere normalizedto the out-of-
transitdata.An arbitaryoff-setwasaddedto individualtransitsfor displaypurposes.

OBSERVATIONS AND DATA REDUCTION

HD 209458his the only transitingextra-solarplanetthatis obsenablewith the FGS.
Five transitswere obsered: Junell, 2001, Septembef1, 2001, Novemberl0, 2001,
Januaryl6, 2002,and SeptembeB0, 2002.FGS1rwith its F550W lter ( = 55004,
= 5100 5875A) wasusedto obtainthedata.An FGScontainsfour standarghoto-
multiplier tubes(PMTs) usedashigh-speeghotometer®peratingn a countingmode
at40 Hz (0.025sec)(NelanandMakidon 2002). The expectationfor eachobsenation
wasto bagin beforethe predictedime of ingresgandegress) andto capturetheingress
andegressturnover points. Total integrationtimeswould dependon the available on-
targettime per HST orbit minusthetime for FGSsetupandacquisitionof guidestars.
EachPMT yielded 6,500countsper0.025secsampleperPMT (S/N  80).

This wasthe rst useof the FGSto obsenre a bright source(HD 209458 mVV=7.64)
for morethanafew minutes.Theuncalibratedlatadisplayatime dependengin theFGS
responseln addition,HST orbit phasedependenibwerlevel variationswverecapturedn
thedata,probablycausedy HST breathing.The FGSdeadtime correctionwasapplied
to thedata,drop outswereremoved, andthe datawereplacedinto onesecondins. To
remove the time variabletelescope/PMTresponsea 5th order Chebyshe polynomial
was t to theout-of-transitdatafor eachtransit,andeachPMT. Theresultingcurve was
dividedinto eachuvisit's data.For eachtime point, the 4 channeldatawere combined
usinga weightedaverage wherethe weightis the squareof the RMS from the out-of-
transitdataChebyshe t. Finally, the datawere placedinto 80 secondbins prior to
model tting to matchthe STIS samplingtime. The normalizeddatafor the 5 transits
arepresentedh Figurel.

The June2001 obsenation consistedof three contiguousHST orbits, to verify the
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observingstratgy andto capturehemid-transitpointfor tting purposesThe Septem-
ber2001,November2001,January2002,andSeptembeR002obsenationsconsistef

two non-contiguousdST orbits, eachwith onenon-HD 209458orbit betweerthe two

orbitson HD 209458.The Septembef001andJanuary2002 obsenationscaughtthe

ingressandegressturn over points.

LIGHTCUR VE MODELING

We have simultaneouslyt the FGS and STIS transit data (Brown et al. 2001), via
2 minimization,to a modelconsistingof an opaquesphericalplanetin circularorbit,
transitinga limb darkenedstar Thereare seven free parameterstime of transitcenter
To, stellarradiusR , planetaryradiusRy, orbitalinclination(i), period(P),andthestellar
limb darkeningparametersi; andu,. The starwasassumedo haveamassof 1.1 0:1

M (Mazehetal. 2000)andquadratidimb darkeningof theform:

()= =1 w@ ) u(l )

where isthecosineof theanglebetweertheline of sightandthestellarsurfacenormal.
Theparametersvere t to thetime of transitcenterT, on Novemberl0, 2001.

The uncertaintyin eachmodel parametenvalue was estimatedusing the technique
givenin Presset al. (2002). Using the parametewvaluesobtainedfrom the t to the
FGSandSTISdata,100simulateddatasetsweregeneratedEachsimulateddatumwas
variedfrom thepredictednormalizedux valueby the additionof randomnoisewhose
magnitudewasbaseduponthe RMS of the t to the data.Eachsimulateddatasetwas
then t usingthe samemodelandfree parameterssbefore.In addition,for each t,
the assumednassof the starwasvariedbaseduponits uncertainty( 0:1M , Mazeh
etal. 2000).The standardleviation of eachparametepbtainedfrom the ts to the 100
simulateddatasetsis usedasthe uncertaintyfor that parameterThe resultsof this t
arelisted in Table 1. The limb darkeningcoefcients for the STIS and FGS dataare
differentdueto thedifferentbandpassessed.

ANALYSIS AND CONCLUSIONS

The t resultsareconsistentwith previousobsenations(Henryetal. 2000,Charbonneau
etal. 2000, Castellancet al. 2000,Robichon& Arenou2000,Brown et al. 2001).The
inclusionof the datafrom all four FGSPMTs allowed for a more consistentdataset
whichis bettert by themodelascomparedo previouslyreportedesults(Schultzetal.
2002).In addition,they decreasethe parameteuncertaintiesn somecasedy afactor
of 10.

The STIS datafor eachtransit was obtainedusing 5 contiguousHST orbits. The
continuouspointing allowed HST to equilibrate.All but the rst transitobsened with
the FGSonly used2 non-contiguousdST orbits. For eachof thesetransits,HST was
pointedat targetsunrelatedo this programduring the mid-transittimes. The changing
HST attitudedid not allow the temperaturesf the telescopeo stabilizeand madeit
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TABLE 1. FittotheHSTFGS& STISObsera-

tionsof HD 209458.
DataFit

value uncertainty
To 2452223.895819 0.000031
R (R) 1.154 0.036
Ry (Ry) 1.367 0.043
inclinationi 86°525 0.°054
Period(days) 3.52474408 0.00000029
u (FGS) 0.549 0.054
ux(FGS) 0.043 0.081
u (STIS) 0.347 0.040
U (STIS) 0.228 0.066

2 2.7

dif cult to calibratethe PMT gainchangesThus,someof theindividual featuresn the
FGSdataat or belov about0.1%may be calibrationartifacts.

To date ,noneof theanalysishasindicatedthe presencef amoon.A moonof 2-Earth
radiiin sizewith al.5dayperiod,resultingina 0.1%dip in light intensity would have
beeneasilydetectedn thedata.Tideswould causea moonof this sizeto decayinto the
planetin atime scaleof order1(® years.Oneof theremainingtasksis to determinethe
upperlimits for theradiusandmassof anundetectedhypotheticaimoon.
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