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Abstract. Wepresentthedata,andmodelingandanalysisresultsfrom thephotometricmonitoring
of � veplanetarytransitsof HD 209458usingtheFineGuidanceSensors(FGS)onboardtheHubble
SpaceTelescope(HST). We have now includedthe outputfrom all four FGSphotometersin our
datareductionandanalysisincreasingour S/N over our previous results.We have modeledthe
transitsasan opaquesphericalplanetin a circular orbit abouta limb darkenedsphericalstarand
simultaneously�t themodelto theFGSdataandpublishedSTIStransitdata(Brown et al., 2001).
The measuredlight curvesshow small features,a fractionof the transitdepth.Someof thesefaint
bumpsandripplesappearto bereal.Wepresentananalysisof theFGStransitlight curves,showing
theresultsof themodel�tting, asearchfor apossibleplanetarysatellite,andanindicationof which
small featuresin thelight curve wefeel arenot instrumentalnoise.

INTRODUCTION

Radial velocity observationsof nearbysolar-like starshave beenusedto detect117
Jupiter-sizedplanetsorbiting102stars.Of theseDoppler-detectedextra-solargiantplan-
ets(EGPs),sixteencouldbeclassi�edas“51 Peg-like” or “roasters.” Roasterplanetsare
characterizedby smallorbital distances(� 0.1AU), high effective temperatures(900K
� T � 1500K), andexpandedatmospheres.TheDopplertechniqueusedto detectextra-
solarplanetsprovides only the minimum mass(Mpsin(i)). The minimum massesfor
theseplanetsarebetween� 0.44and� 1.3MJ up . Knowledgeof thestellarmasscom-
binedwith modelingthe precisephotometrictransitmeasurementsprovidesestimates
of thebasicsystemparameterssuchastheorbital inclinationandplanetaryradius.De-
terminingthe orbital inclination removesthe sin(i) dependency in the planetarymass
estimate.To date,only two planets(OGLE-TR-56b,HD 209458b)have beenobserved
to transittheirhoststars.

Henry et al. (1999) reportedthe �rst detectionof a transit for HD 209458b. The
minimum massfor HD 209458basdeterminedby the Doppler techniqueis Mpsin(i)
� 0.62MJ up (Henryet al. 2000,Charbonneauet al. 2000).The transit�x estheorbital
inclinationat i = 86:6o � 0:14 (Brown et al. 2001),which leavesHD 209458bwith a
truemassof � 0.63MJ up : quitecomfortablya planet-sizedbody.
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FIGURE 1. Five planetarytransitsof HD 209458.The in-transitdatawerenormalizedto the out-of-
transitdata.An arbitaryoff-setwasaddedto individualtransitsfor displaypurposes.

OBSERVATIONS AND DATA REDUCTION

HD 209458bis the only transitingextra-solarplanetthat is observablewith the FGS.
Five transitswereobserved:June11, 2001,September11, 2001,November10, 2001,
January16, 2002,andSeptember30, 2002.FGS1rwith its F550W�lter (� = 5500Å,
� � = 5100� 5875Å) wasusedto obtainthedata.An FGScontainsfour standardphoto-
multiplier tubes(PMTs)usedashigh-speedphotometersoperatingin a countingmode
at 40 Hz (0.025sec)(NelanandMakidon2002).Theexpectationfor eachobservation
wasto begin beforethepredictedtimeof ingress(andegress),andto capturetheingress
andegressturnover points.Total integrationtimeswould dependon the availableon-
target time perHST orbit minusthetime for FGSsetupandacquisitionof guidestars.
EachPMT yielded� 6,500countsper0.025secsampleperPMT (S/N� 80).

This wasthe�rst useof theFGSto observe a bright source(HD 209458,mV=7.64)
for morethanafew minutes.Theuncalibrateddatadisplayatimedependency in theFGS
response.In addition,HSTorbitphasedependentlowerlevel variationswerecapturedin
thedata,probablycausedby HSTbreathing.TheFGSdeadtimecorrectionwasapplied
to thedata,dropoutswereremoved,andthedatawereplacedinto onesecondbins.To
remove the time variabletelescope/PMTresponse,a 5th orderChebyshev polynomial
was�t to theout-of-transitdatafor eachtransit,andeachPMT. Theresultingcurvewas
divided into eachvisit's data.For eachtime point, the 4 channeldatawerecombined
usinga weightedaverage,wheretheweight is thesquareof theRMS from theout-of-
transitdataChebyshev �t. Finally, the datawereplacedinto 80 secondbins prior to
model�tting to matchtheSTISsamplingtime. The normalizeddatafor the5 transits
arepresentedin Figure1.

The June2001observation consistedof threecontiguousHST orbits, to verify the
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observingstrategy andto capturethemid-transitpoint for �tting purposes.TheSeptem-
ber2001,November2001,January2002,andSeptember2002observationsconsistedof
two non-contiguousHST orbits,eachwith onenon-HD209458orbit betweenthe two
orbitson HD 209458.TheSeptember2001andJanuary2002observationscaughtthe
ingressandegressturnover points.

LIGHTCUR VE MODELING

We have simultaneously�t the FGS and STIS transit data (Brown et al. 2001), via
� 2 minimization,to a modelconsistingof anopaquesphericalplanetin circularorbit,
transitinga limb darkenedstar. Thereareseven freeparameters:time of transitcenter
T0, stellarradiusR� , planetaryradiusRp, orbital inclination(i), period(P),andthestellar
limb darkeningparametersu1 andu2. Thestarwasassumedto have a massof 1:1� 0:1
M� (Mazehetal. 2000)andquadraticlimb darkeningof theform:

I (� )=I (1) = 1� u1(1 � � ) � u2(1 � � )2

where� is thecosineof theanglebetweenthelineof sightandthestellarsurfacenormal.
Theparameterswere�t to thetimeof transitcenterT0 onNovember10,2001.

The uncertaintyin eachmodel parametervaluewas estimatedusing the technique
given in Presset al. (2002).Using the parametervaluesobtainedfrom the �t to the
FGSandSTISdata,100simulateddatasetsweregenerated.Eachsimulateddatumwas
variedfrom thepredictednormalized�ux valueby theadditionof randomnoisewhose
magnitudewasbasedupontheRMS of the�t to thedata.Eachsimulateddatasetwas
then�t using the samemodelandfree parametersasbefore.In addition,for each�t,
theassumedmassof the starwasvariedbaseduponits uncertainty(� 0:1M � , Mazeh
et al. 2000).Thestandarddeviationof eachparameterobtainedfrom the�ts to the100
simulateddatasetsis usedastheuncertaintyfor that parameter. The resultsof this �t
are listed in Table1. The limb darkeningcoef�cients for the STIS andFGSdataare
differentdueto thedifferentbandpassesused.

ANALYSIS AND CONCLUSIONS

The�t resultsareconsistentwith previousobservations(Henryetal.2000,Charbonneau
et al. 2000,Castellanoet al. 2000,Robichon& Arenou2000,Brown et al. 2001).The
inclusionof the datafrom all four FGSPMTs allowed for a moreconsistentdataset
whichis better�t by themodelascomparedto previouslyreportedresults(Schultzetal.
2002).In addition,they decreasedtheparameteruncertaintiesin somecasesby a factor
of 10.

The STIS data for eachtransit was obtainedusing 5 contiguousHST orbits. The
continuouspointingallowedHST to equilibrate.All but the �rst transitobservedwith
the FGSonly used2 non-contiguousHST orbits.For eachof thesetransits,HST was
pointedat targetsunrelatedto this programduringthemid-transittimes.Thechanging
HST attitudedid not allow the temperaturesof the telescopeto stabilizeandmadeit
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TABLE 1. Fit to theHST FGS& STISObserva-
tionsof HD 209458.

DataFit
value uncertainty

T0 2452223.895819 0.000031

R� (R� ) 1.154 0.036

Rp (RJ ) 1.367 0.043

inclinationi 86.o525 0.o054

Period(days) 3.52474408 0.00000029

u1(FGS) 0.549 0.054

u2(FGS) � 0.043 0.081

u1(STIS) 0.347 0.040

u2(STIS) 0.228 0.066

� 2 2.7

dif�cult to calibratethePMT gainchanges.Thus,someof theindividual featuresin the
FGSdataator below about0.1%maybecalibrationartifacts.

To date,noneof theanalysishasindicatedthepresenceof amoon.A moonof 2-Earth
radii in sizewith a1.5dayperiod,resultingin a� 0.1%dip in light intensity, wouldhave
beeneasilydetectedin thedata.Tideswouldcauseamoonof thissizeto decayinto the
planetin a time scaleof order105 years.Oneof theremainingtasksis to determinethe
upperlimits for theradiusandmassof anundetectedhypotheticalmoon.
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