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Abstract

TheuseoftheGravitationalMicrolensinge鮎cthasbeenestablishedasanewtooltostudy

GalacticstruCturebydetectingthemassivecompactobjects,e.g.,"AssiveCompactHalo

Object(MACHO)"inthehaloandalsostarsintheGalacticbulgeanddisk.
Wehaveproposedtwonewmethodsinthispapertoconstrainthelocationofgravi-

tationalmicrolensingobjectstowardstheLargeMagellanicCloud(LMC)usingEAGLE

(ExtremelyAmplifiedGravitationalLEnsing)events.ThisEAGLEeventisthemicrolens-

1ngeVentinwhichthesourcestarisfainterthantheobservationallimitingmagnit11de.Wb

haveestimatedtheevent rateofEAGLEsandfoundthatisthesameasorhigherthan
thatofordinarymicrolenslngeVentSWhichhavebeenfounduntilnow.Wehavealsofound

thatthefractionoftransitEAGLEevents,inwhichthepropermotionofthelenscanbe

estimated,issu伍cientlylargetodetect.Itturnsouttobebetween4～80%depending

onthelenslocation.Then wecan discriminatethelensinthe halofromthatinthe LMC

itself.Weshowthatitispossibletodeterminewhetherlensobjects arelocatedinthe

Galactic heavy thick disk orinthe Galactichalo,With ground-based observation.The

possibilitytoobservetheparallaxe鮎ctinEAGLEeventsishigherthannormalevents,
inwhichthe"reduced"transversevelocityofthelenscould beobtained.Thenwecan

distinguishwhetherthelensisinthehaloorthethickdisk.

TbcheckwhetherEAGLEeventscouldactuallybedetectedornot,Weanalyzedthe

dataoftheGalacticBulge(GB)takenbytheMOAgroup･TheanalysisoftheGBdata
isagooddemonstration,becauseourobservationtowardstheGBisaimedtodetectsuch

EAGLEtypeeventsinwhichtheprobabilitytofindtheExtrasolarPlanetsisveryhigh.

WeanalyzedtheMOAGBdataduringthe2000seasonwithuseoftheDi鮎renceImage

Analysis(DIA)methodandfound28candidatesofthemicrolensingeventinthe12GB
fieldscorrespondingto16deg2whichcontain250mi11ionstarsdowntoI～23･TheDIA

improvedthequalityofphotometry,andenableustodetectmoreeventswithfaintsource

StarSSuChasEAGLEeventsespeciallyinourhighfrequentobservations.DIAalsoglVeS

usanon-biasedlightcurve,l.e.eVentparameterS,eVeninthecasethatthesourcestaris
blended.

WehavedoneaMonteCarlosimulationtoestimatethemicrolenslngeVentdetection

e伍cienciesofourobservationandanalysis.WbmadetheI-bandextinctionmapforour14

GBfieldsinordertoknowtherealbaselinemagnitudeineachfield.Ftomthesee伍ciencies

andthetimescalesofobservedevents,anOPticaldepthtowardstheGBwasobtainedfor

eventswiththetimescaleswithinO.3<壬E<150daysas克.㌘=2.62‡3:言書×10~6.with
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considerationofthedisk-diskcomponent,anOpticaldepthforthebulgecomponentwas

estimatedtobe7bul｡e=3･40!8:芋ま×10-6[0･77/(1-hi8k)],aSSuminga23%stellarcontribution
fromdiskstars.Theseobservedopticaldepthsareconsistentwiththepreviousobservations

byMACHOandOGLEgroups･Thesevaluesarehigherthanthosepredictedbyexisting

Galacticmodels.Wepresented thetimescaledistributionoftheobservedevents,and

foundtherearenoslgnificantsmallmasslensessuchasbrowndwarf岳,inspiteofourhigh

detectionefnciencyforshorttimescaleeventsdowntoiE～0･3days･

Fbrthermore,WefoundthatmorethanhalfofalldetectedeventsareEAGLEtype

eventsasexpectedand50%ofalleventshavehighmagnification(A>10)･Soifasimilar
observationcouldbecarriedouttowardstheLMC,WeCanCOnStrainthelocationofthe

lensingobjectstowardstheLMCbyestimatingthelenspropermotionorreducedvelocity･
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Chapterl

Introduction

Ftomancienttimes,ithasbeencarriedouttoobservetheuniversewithvisiblelightwhich

comesfromastar.Observationbyphotonsofvariouswavelengths(e.g.,electricwave,
infraredrays,Visiblelight,ultravioletray,Ⅹ一ray,andgamma-ray)havebeendevelopedto
thepresenttime･Andinrecentyears)aneWmethod)Whichobservesthemassdirectly

bythegravitationallensevenifthecandidateforobservationwasnotgivingoff1ight,has

beenestablished.

Thespacecouldbedistortedbythegravitywhichexistsinthesurroundingsofmass)

thelightwhichhastraveledstraightonthereisrefractedlikeinFigurel･1･Sincethismass

iscarrylngOutarOlejustlikealens,itiscalledagravitationallense鮎ct･

ObselVer

Figurel.1:SchematicviewoftheGravitationallensing･

1.1 History

Atfirst,in1704Isaac Newtonsuggestedthisgravitationa11ens e鮎ct･Acenturylater

Soldner(1805)calculatedthattheclassicaldeflectionofastar'spositionduetode且ection

oflightwas
O.84′′atthe Sun,ssurface.In1914aftertheappearanceoftheTheoryof

GeneralRelativity,EinsteinproposedthevalueofdeflectionwouldbetwicetheNewtonian

one,i.e.,1.75′′(1+7)/2.In1919,Dyson,Eddington,&Davidson(1920)succeededin

makingthefirstobservationofthiseffbctduring年SOlareclipse,thoughthevaluewas20%
di鮎rentfromEinstein,spredictedvalue.Nowithavebeenbelievedthatthismeasurement

didn,thavethestatedaccuracy.Howeverthe hypothesis ofEinsteinhas recentlybeen
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confirmedtobecorrecttoanaccuracyofO.02%(Lebach,Shapiro&Ratner1995)･This
becamethegoodproofthattheGeneralRelativityiscorrect･

In1924ChwoIson(1924)proposedthatifthestarisnearlyalignedtoanother,double
imagesofthebackgroundsourcestarwouldbeformed･Andifstarsareperfbctlyaligned)We

couldseearlngShapedimageofthebackgroundstar･Thisrlngfeaturebecamewellknown

asthe"Einsteinring".Afterthis,Einstein(1936)estimatedthatsucha"Gravitational
Lens"couldhighlymagnifytheligh七色･Omthebackgroundstar･Healsonotedthatitis

di伍culttoobservethisphenomenon,becausetheseparationwereestimatedfartoosmall,

asmicroarcseconds.Thusthise鮎cthasbeenknownas"gravitationalmicrolenslng"･Next

year,Zwicky(1937)pointedoutthatthisfeaturecouldbeseenifthelenswasverymassive,
suchasgalaxies,Whichisrefbrredtoas Hmacrolenslng乃tocomparewiththeabove･But

thisphenomenonwasnotfoundforlongtime･

Thirtyyearslater,Ref岳dal(1964)calculatedthedetailedformulaofthemagnification

duringthegravitationalmicrolensingoccur.Atthesametime,Liebes(1964)suggested
thatstarswithinglobularclusterscouldactasalensforeachother)andstarswithinour

GalaxycouldlensstarswithintheAndromedagalaxy･However)theprobabilitythatthe

lensobjectwouldalignverycloselytothesourcestarsisverysmall･Theverylargenumber

ofstarsshouldbemonitoredtodetecttheseevents.So,atthistime,itwasthoughtthat

observlngthisphenomenonwouldbecompletelyimpractical･

Atlast,in1979,Walsh,Carswell&Wbyman(1979)discoveredthefirstdoublequasars

(QOO957+56/A,B)whichseparatedwithonlyafewarcseconds･Thesewerethoughttobe

thesamequasaraf艶ctedbythee鮎ctofgravitationallenslngbecausetheyhavethesame

color,redshift,andthevariabilityofbrightnessconfirmedbyfollowupobservations･Until

nowmorethan20gravitationa11ylensedquasarshavebeenfound)Whichhavemulti-images

(2,30r4),arChshapeorringshapebyopticalandradioregions･TheQSO2237+0305

whichhas4imagesiswellknownasthe㍑cloverleafMor㍑EinsteinCross"･Thesearegrav-

itationalmacrolenslngSinwhichdistantquasarsorgalaxiesarelensedbytheintervenlng

galaxyortheclusterofgalaxies･TheseareusefultodeterminethecosmologlCalconstant

byobservlngthetimedelaybetweeneachimages･Morediscoveryofsuchkindofeventsis

expectedbythemassive$kysurveyobservationsuchasSloanDigitalSkySurvey(SDSS)･
Further7yearslater,Paczy丘ski(1986)proposedthatitispossibletodetectthepresence

ofthedarkmatterintheGalactichalo,ifthey
are massive compactobjects namedas

"MAssiveCompactHaloObject(MACHO)",bymonitoringthestarsintheMagellanic
Cloudsforthesignatureofgravitationalmicrolenslng･Heestimatedthepossibilitythat

microlensingoccurbyMACHOastobe～10-6･So,forthedetectionoftheseevents)a

monitoringofmillionsstarsisneeded･TherecentadvancesinCCDtechnologymadeit

possibletomakealargeCCDcameratomonitormillionsofstarsinthestellardensfields･

Atthebeginningof1990,s,SeVeralgroups(MACHO,EROS,OGLEandDUO)started

thesurveyOfmicrolenslngeVentStOWardsthestellardensefields)SuChastheLargeMag-

ellanicCloud(LMC)andSmallMagellanicCloud(SMC)andGalacticBulge(GB),With
lmclasstelescopesfollowingthesuggestionbyPaczy丘ski(1986)･Andin1996,OurMOA

(MicrolensingObservationinAstrophysics)group,WhichisthecollaborationofJapanand
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NewZealand,StartedthemicrolensingsurveytowardstheLMC,SMCandGBinNew

Zealand.

In1993,thefirstdetectionofthemicrolensingeventwasannouncedbyMACHOcol-

laborationwhichisthejointresearchoftheUnitedStatesandAustralia(AIcocketal･

1993),andEROScollaborationwhichisfromFrance(Anbourgetal･1993)･Theseevents

werediscoveredtowardstheLMCasthecataclysmicmagnificationofthebrightnessof

thesourcestar.Laterinthesameyear,thefirstmicrolenslngeVentalongtheline-0トsight

oftheGBwasreportedbytheOGLEgroupwhichisacollaborationofPolandandthe

UnitedStates(Udalskietal･1993)･TheeventrateinthedirectionoftheLMCisvery

small(～10.7),andthattowardstheGBistentimeshigher(～10-6)becausethenumber

OfstarsalongthelineofsighttowardstheGBismuchmore･
Untilnow～20eventstowardsthe MagellanicClouds(AIcocket al･1997b,2000b;

Afonsoetal.1998,1999;AIcocketal.1999a)havebeenreported･Theseresultsindicate
thatMACHOsarelikelytobewhitedwarfgiftheselensesareintheGalactichalo･However,

theissuesofwherethelensobjectsareandwhattheyare,areStillunclear,becauseofa
degeneracyofthelensparametersforeachordinarymicrolensingevent･Sonewmethods

toconstrainthelenslocationofthemicrolensingeventsareneeded.Ontheotherhand,

to date,hundreds ofevents have been reportedtowards the GB(Udalskiet al･1994;

AIcocketal.1997a,2000a).Nowitbecametobewellunderstoodthattheobservationsof

microlensingeventsareusefu1forstudyingthedynamicsandkinematicsoftheGalaxyas

theseeventsarerelatedtothemassesandvelocitiesofthesourcesandlensobjects.

TheuseofgravitationalmicrolenslnglSaneWtOOltodetectextrasolarplanets･R且dio

pulsartimlngaChievedthe丘rstdetectionofaplanetarymassbeyondoursolarsystemin

1992(Wblszczan&Ftail1992)･Thediscoveryofthe丘rstextra-SOlarplanetsurroundinga

main-SequenCeStarWaSannOunCedin1995,basedonverypreciseradialvelocity(Doppler)

measurements(Mayor&Queloz1995)･Atotalof34suchplanetswereknownbythe
end ofMarch2000(Perryman 2000),andtheir numbers are grαⅣingsteadily･These

planetsdetectedfromradialvelocitymeasurements,Ofwhich34wereknownbytheendof

March2000,havemassesintherangeO.2-11MJ(Jupitermass),Orbitalperiodsinthe

range3-1700days,Semi-maJOraXeSintherangeO･04-2･8AU･Bythismethod)One

canobserveonlymassiveplanetsorbitingsma11radiiaroundthenearbrightstars(<50

pc).PlanetssignificantlylessmassivethanJupitercannotbedetectedwithcurrentradial
velocitytechniques･Basedonpresentknowledgefromtheradialvelocitysurveys)about

5%ofsolar-typeStarSmayharbormassiveplanets,andanevenhigherpercentagemay

haveplanetSOflowermassorwithlargerorbitalradii･

In1998the MOAandGMAN groupsdetectedanevidenceforalowmass(～Mi
(Earth-maSS))planetorbitingastarnearthecenterofourGalaxy(Rhieetal･2000)･

Fburgroupsarepresentlytryingtodetectplanetsuslngmicrolenslng)MPS)PLANET)

GMANandMOA.OftheseonlyMPSandPLANETaresearchingexclusivelyforplanetS･

These grouptookfrequentfollowup observations ofthe microlenslngeVent alerted by

MACHOandOGLEcollaborations.AndMOAstartedtoissuethealerts血･Om2000(Bond

etal.2001).TheMACHOgrouphaveshutdownattheendof1999,andOGLEisnow
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stoppingthealertsbecauseofupgradingthecamera･Soin2001,theMOAgroupisacting

animportantroleastheonlygroupwhichissuedthealertsofmicrolenslngeVentStOthe

world.

1.2 Thesis Outline

Inthisthesis,atfirst,WepreSentthepropertiesofthegravitationalmicrolenslng,thestatus

OftheexperimentsandproblemsinChapter2.Themainproblemisthatwecouldn'tknow

wherethelensobjectsofmicrolenslngeVentStOWardstheLMCare.
Then,We preSent tWO neW methods toconstrainthelocation ofthelens object of

microlensingeventstowardstheLMCbyusingthefinitesourceefrbct(section3･1)and

thepara11axe鮎ct(section3.2)inEAGLEeventsinChapter3･ThisEAGLE(Extremely

AmplifiedGravitationalLEnsing)eventisthemicrolensingeventinwhichthesourcestar
isfainterthantheobservationallimitingmagnitude.

Next,theresultsoftheanalysisofthedatatowardstheGBtakenby MOAinthe

2000seasonwithDIAarepresentedinthefollowingChapters･Thisanalysisisaimedto

Check howe伍cientlywecan detect the EAGLE typehighmagnificationevents,and to

estimatetheopticaldepthtowardstheGB,Whichgiveustheinformationofthestructure

OftheGalacticBulge.Wemainlydealwiththedatareduction,theeventdetection,the

simulationtoestimatethee伍ciency,andtheopticaldepthestimationwithdataalongthe

lineofsighttotheGB.InChapter4wedescribethedetailsoftheobservationsite,thewide

fieldtelescopeandcamerasystemofMOAwhichisusedtotakethedatausedthroughout

thisthesis.AndourobservationstrategylSalsoglVen.Chapter5isdevotedtotheanalysIS

methodwhichhasrecentlybeenadoptedfrom2000,thedatapreparation,thedetailof

theDIA,theobjectdetection,thephotometry,thenoiseestimationandthecalibration

oftheflux.The development ofuslngthe DIA which overcomes alot ofproblemsin

photometryinthestellardensefieldareshown･InChapter6wedescribethemicrolensing

eventselectionprocessfromthedatabaseandshowthelightcurvesofdetectedevents･In
Chapter7wemadetheIbandextinctionmapofourGBfieldsduetothedust･This

isveryusefu1toestimatetheextinctionfreemagnitudeinthesimulation･InChapter8

wepresentaboutthesimulationtoestimatethedetectione伍ciencyofoursystem･And

theresultantdetectionefRcienciesareshown.Byuslngthedetectione侃ciencyandthe

detectedevents,WeeStimatedthemicrolensingopticaldepthtowardstheGB･Discussions

aboutourresultsandconclusionsareglVeninChapter9･



Chapter2

GravitationalMicrolensing

2.1 Theory

Herewedescribethetheoryofthegravitationallenslngandthegravitationalmicrolenslng･

Thegravitationalmicrolenslnge鮎ctisoneofthegravitationallenseffbcts･Thegravita-

tionallense鮎ctiswellknownasthephenomenonthattheimageofaquasaroragalaxy

wouldbedividedintotwoormoreimagesofarches,OraCircle(%lsh,Carswell&Wbyman
1979)duetothegravityofanotherinterveninggalaxy･

Inthecasethatthelensisonaterrestrialscale,theseparationofimageswouldbemicro

arcseconds.Sowecouldn,tresoIvetheseimages,andwecanonlyobservethemagnification

Ofthesourcebrightness.Therearemanytypesofvariablestarsinourobserveddatabase･
TbdistinguishtheraremicrolenslngeVentSffomthesevariablestarsinourdatabase,the

theoreticalmicrolenslngCurVeWOuldbeveryusefu1.Inthissectionwepresentthecharac-

teristicsofmicrolenslngeVentlightcurveswhichmaketheiridentificationpossible･

2.1.1Refractionoflight

Now,We COnSiderthe trajectoryofalight raylnaSphericallysymmetric gravitational

fieldproducedbythecentralheavyobject.Theappropriatesolutionofthisinthegeneral

relativityistheSchwarzschildsollltion,andthelightraytravelsonanu11geodesic.
Thenweconsideredthenu11geodesicoftheSchwarzschildsolutionfirst.Thesimplest

approachistoemploythevariationalmethod.IntheSchwarzschildsolution,thequantity

2Kforthenullgeodesicisdefinedas

2∬=(1一等)よ2-(ト竿)~1トγ2∂2-r2s瑚2=0,(2･1)
where"･"indicatesthediffbrentiationaboutthea伍neparameters,Mindicatesthemass

Ofthelens,rrepreSentSthedistancebetweenmassandlight･TheEuler-Lagrangeequation

about,thisisaformulaas

芸一芸(芸)=0,
11

(2･2)



12 C打APTER2.GRAVrmTJOⅣAエ几〃CROエEⅣ訂ⅣG

wherexaiseachparameterofpositionr,Oand¢･AndnowOisanglearoundthelineof

sighttothelensobjectffomtheobserver･SoequationaboutOisnotconsideredbecausewe

areconsideringthesymmetricfield.SoIvingthisequationabout¢withtheapproximation

that△¢issmall,OneCanObtainthedeflection60falightraypassingamassM,ata
distancero,WhichisglVenby

∂=筈γ0>>私
whereRsistheSchwarzschildradius(～3kmfortheMb)givenby

andcisthespeedoflight,andGisthegravitationalconstant･

(2.3)

(2･4)

2.1.2 Microlensinglightcurve

Herewepresentthetheoretica11ightcurveofthemicrolenslngeVent･

FirstweconsiderasimplecasethatthelensobjectisapointmassM,andthesource

starcan alsoberegarded as apoint source･This seems tobe agoodapproximation

forstellarsizeobjectsatkpcdistances.Inthiscase,theEinsteinradiusinwhichthe

gravitationalfieldaf艶ctsthelighte鮎ctivelylSintheorderof～AUatthede且ection

plane.Ifthelineofsightseparationbetweenlensandsourceissmallrelativetothesource

size,thepointsourceapproximationisnomorevalidandthefinitesourcesizeeffbctmust

betakenintoaccount(seesection3.1)･Insuchaneventwiththefinitesourcesizee飴ct

thereareadditionalparameters,Whichhelpustoconstrainthecharacterofthelensobject･

WeshowtheschematicviewofthedeAectionofthelightraytraveling丘･OmthesourceS

bythelensobjectMtotheobserverOinFigure2･1･HereDdandDsdenotethedistance

oflensobject(deflector)andsourceDsfromtheobserverrespectively･α=r/(xDs)is
the angularseparationofthelineofsighttothelensobject andthe apparentimage,

β=ro/(xDs)istheangularseparationofthelineofsighttothelensobjectandthereal

sourceposition,Wherero,rarethedistancetotherealandapparentsourcepositionfrom

thelensobjectatthede且ectionplane,andx=Dd/Dsdenotesthenormalizeddistanceto
thelensobject.Fromthegeometry,therelationoftheanglesisglVenby

βββ+かβ(1-∬)∂=ββα･ (2･5)

Thisequationleadstothefo1lowlnglensequationbysubstitutingtheexpressionofα)

βand∂.

r2-rOγ一鶴=0,

whereREisso-Ca11edthe"Einsteinradius"expressedby

(2.6)
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D$

Figure2.1:GravitationaldeflectionofalightrayfromasourcebyalensMasseenby

anobserverO.DdandDsarethedistancestothelensobject(de且ector)andthesource
SfromtheobserverOrespectively.αistheangularseparationofthelineofsighttothe

lensobjectandtheapparentimage,βistheangularseparationofthelineofsighttothe

lensobjectandtherealsourceposition.

月E(〟,∬) 竿瑚1-r) (2.7)

(2.8)

ThisEinsteinradiusistheradiusofthecircleimageformedinthecasethatthelens

andthesourceareperfectlyaligned.Thesolutionofthislensequation(equation(2.6))
rl,2isglVenby

r呂+4鶴γ1,2= (2.9)

Thesearethepositionsoftheresultanttwoseparateimagesofthesourcestaroneither

sideofthelens.Theseimagesareseparatedbytheorderofmicro-arCSeCOnds(pas)when
thelensisofstellarsize.Sothisiscalledas"microlensing".

Thedeflectionofthelightchangesthecrosssectionofthelightbundle･Inthiscasethe

SOlidangleofthebundleisincreased,butthesurfacebrightnessremainsconstan七色･Omthe
Lio11Villestheorem.Thebrightnessoftheseimagesisdeterminedbythesizeofageometric
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areaoftheimage,1.e.,theproductofthesurfacebrightnessandthesolidangleofthe
image･Sotheamplificationpofanimageisestimatedbytheratioofthesolidangleof

therealsourcewhichisnotde且ected,tOthatofthedeflectedimages.ThisisglVenbythe

determinantoftheJacobianmatrixofthelensequation(equation(2･6))asfollows

(2.10)

AndthisforeachimageisglVenby

〃1,2=
γ1,2drl,2

(
l
●
4

ニ

祝

.ぶ巧
市巧■ 祝 土2)･(2･11)

Inthemicrolenslng,WeCanOnlyobservethecombinationoftheseamplificationsglVen

A=拘+〃2=
祝2+2

祝仰
(2.12)

by

whereu=ro/REistheimpactparameternormalizedbyRE･Usuallythesourceandlens
aremovlng,SOthisudependsontimeas払Ilows

坤)=
戒血･(互ま)2,

(2･13)

毎=些, (2.14)
机

whereuministheminimumimpactparameter,1･e･,theclosestapproachofthelenstothe

lineofsighttothesourceatthetimeto･tEistheEinsteinradiuscrosslngtimenamed

as"eventtimescale",andvtistherelativetransversevelocityofthelens-SOurCeSyStem

assumingthe relativeinertialmotion･(Notethisevent
timescaletEisproportionalto

Ml/2).Therefore,bysubstitutingu(i)intoequation(2･12),WeCangetthecharacteristic

amplificationasafunctionoftimeA(i)=A(u(i))･Wbshowthisamplificationcurveas
afunctionoftimetinFigure2.2withthevariousminimumimpactparametersumin=

0･1,0･2,…‥1･0fromtopdown･UsuallythemicrolenslngeVentisdefinedasaneventwith

umin5lwhichcorrespondstoA≧1.34.
Actuallythevaluewecanobserveisthethemicrolensedfluxofsourcestarasfo1low

ダ(り=昂A(り+昂, (2.15)

whereEbistheunamplifiedsourcefhx,andFListhetotalbackground且ux･
Thesetheoreticalamplificationcurvesareusefu1todistinguishmicrolenslngeVentSfrom

anumberofvariousvariablestarsinthedatabase.Byfittingthedatapointstothetheo-

reticalmicrolensingcurve(equation(2･12)),OneCanObtainthevaluesofthemicrolensing
parameterssuchas舌0,tE,uminandEb･HoweverthelensmassM,thedistanceDdandthe
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Figure2.2:TheoreticalamplificationcurveofmicrolenslngaSafunctionoftime壬normal-

izedbytheeventtimescaleiE.Thelinesareforthevariousminimumimpactparameters

umin=0.1,0.2,…‥1.0fromtopdown.

transversevelocityvtaredegeneratein壬E,andhencewecouldn'tgetthesevaluesdirectly

inthelightcurvefitting.

AsshownintheseequationsandthefiguretherearesomeunlqueCharacteristicsinthe

microlenslngeVentSrelativetoknownvariablestarsasfo1lows

●Themicrolensingeventisachromatic,becauseamplitudeinequation(2.12)isinde-

pendentonthewavelengthofthelight.

●AsshowninFigure2.2themicrolenslnglightcurveissymmetricwithtime･

●AndamicrolenslngeVent does not repeat.The probabilityofthemicrolenslnglS

verysmall(～10-7),SOitshouldnotrepeattothesamesourcestarswithinmi11ions
Ofyears.Usuallymostvariablestarschangetheirbrightnessrepeatedly･

Thesearegeneralpropertiesofnormalmicrolenslng･Therearesomeexceptionsforrare

exoticmicrolenslngeVentSSuChasabinaryevent,afinitesourceeventandaparallaxevent･

IntheseexoticeventswecansometimesobtainnotonlyiEbutalsootherinformationabout

thelens.

2.1.3 Microlensingopticaldepth

ThemicrolenslngOpticaldepthestimatedbyobservationisausefu1quantityforprobing

Galacticstructure.Theopticaldepthofmicrolensingisdefinedastheprobabilitythat
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anyglVenSOurCeStarismicrolensedwithanimpactparameteru<1atanyglVentime･

ThisisequaltothefractionofthesurfacecoveredbytheEinsteinrlngSforaglVenline

ofsight.So,theopticaldepthTCOuldbeestimatedbysummingthetheareawherethe

EinsteinrlngCOVerS7TR忘foreachlensalongthelineofsighttothethesource･Thisisalso
thesameasthenumberofthecompactobjectsinthe"microlenslngtube"whichisthe

regionwithintheEinsteinradiusRE(x,M)ffomthelineofsighttowardsthesourcestar
asshowninFigure2.3.

M

Figure2.3:ThemicrolensingtubewhichistheregionwithintheEinsteinradiusRE(x,M)

fromthelineofsighttowardsthesourcestar.Theopticaldepthissameasthenumberof

COmpaCtObjectsinthistube･

So,theopticaldepthTisgivenbyintegratingthenumberdensityn(x)oflensobjects
inthistube asfollow

T=上1陀紳)鳩伸)血
(2･16)

Bysubstitutingequation(2･7),thisisreformedas

4訂Cββ∬(1-∬)
β(∬)血, (2･17)

wherep(x)isthemassdensityoflensesatthelocationx･ThusthetheopticaldepthT
isindependentonthelensmassM,andonlydependsonthemassdensitydistributionof

lensesp(x).Inthiswaytheopticaldepthisameasureofthetotalmassofthecompact

objectwhoseeventtimescaleiswithinthesensitiverangeoftheexperimentalongtheline

ofsight.Sotheopticaldepthisaveryusefu1quantityforcomparingwithpredictionsfor
Galacticdensitymodelswithoutanydetailedknowledgeorassumptionaboutthemass

functionandthevelocitydistributionofthelensobjects･

However,ifaGalacticmodelisconsistentwiththemicrolensingresults)boththeoptical

depthandthetimescaledistributionofobservedeventsshouldbeconsistentwitheach

other.ThesetimescaledistributionsprovideusanOppOrtunitytocheckofthevelocity

distributionofamodel.Ifwecouldgetasu伍cientnumberofevents,WeCanalsoestimate
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theopticaldepthasafunctionofthelocation.Thiswouldprovideuswithgoodinformation

inordertoconstrainthegalacticmodel.

Inpractice,OnlytEistheobservablevalueaboutthelensobject,inwhichthemassM,

thedistancex,andthevelocityvtaredegenerate.Theexperimentalopticaldepthcould

beestimatedwiththisiE.Ftomthedefinition,theobservedopticaldepthistheratioof

thesumoftheeventtimescaletothesumoftheproductofthenumberoftheobserved

StarS凡andobservationtimeT乙asfollow

ちむβ=読写;怒,
(2･18)

WhereE(tE,i)representstheeventdetectione伍ciencyofoursystemasafunctionofthe
eventtimescaletE,iOfithevent･Thesumisovereacheventdetectedwithrespecttoits

e伍ciency.Therefore,determlnlngthedetectione伍ciencylSVerylmpOrtanttOeStimate

theopticaldepth,thoughthisiscomplexsincea11datareductionanddetectionprocesses

shouldbesimulated.Wehave simulateditforourobservationandanalysISinorderto

estimatetheopticaldepthtowardstheGBinChapter8･

2.2 MACHO

ThemainaimofthemicrolensingsearchtowardstheMage11anicCloudsistofindtheMas-

Sivecompacthaloobjects(MACHO)inthehal00ftheGalaxyassuggestedbyPaczy丘ski
(1986)･MACHOisacandidateofthebaryonicdarkmatterlyinginthegalactichalo･
MACHO,WhichistheoneofthemaintargetsfortheobservationofourMOAgroup,is

explainedhere.

2.2.1 Dark matter

The existence ofthe substance which dosenot
emitlight,the so-Ca11eddark matter,1S

knownin various classes ofthe universe.The mass densities which were analyzed by

perpendicularmovementofthestarsaroundthesolarsystem(00rtlimit)isaboutl･5
timeslargerthanthetotalobservedmassofstarsandinterste11argases(00rt1960)･

TherelationbetweenthedistanCefromthecenteroftheGalaxyandtherotationspeed

(rotationcurve)hasbeenobservedinvariousspiralgalaxiesincludingourGalaxy,Which
indicatethemassofthesegalaxiesmusthavelO～20timesbiggermassthanthetotal

massobservedemittinglight鉦omthesegalaxies(Rubinetal.1980,1982,1985)･This
factisconsideredasastrongproofoftheexistenceofdarkmatterinthehaloofgalaxies･

Fhrthermore,theobservationaldistributionofthemovementspeedofgalaxiesinacluster

Ofgalaxiesshowsthateachgalaxymustbeboundtoamassdozensoftimesbiggerthan

thetotalmassofallthegalaxies.Andsuchlargemassesbetweengalaxiesareobserved

throughX-rayS.
Ithasbeenconsideredthattherearetwocomponentsinthedarkmatter,abaryon-dark

matter,andanon-baryon-darkmatter.Anon-baryon-darkmatterisatheoreticalelemen-
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taryparticlecandidate,Whichhasthemass,CalledWIMPs(WbaklyInteractingMassive

Particles).Itistheelementaryparticlewhichcannotbeobservedsincetheinteractionis

veryweak･Asthiscandidate,aneutrinowithheavymass,anaXion,OraSUSYparticleetc･

canbeconsidered.Itisthoughtthatabaryon-darkmatterisanastronomicalcandidate,

whichhasthemassivebodybutemitslittleradiation･Asthiscandidate)abrowndwarf)

reddwarf,aWhitedwarf,aneutrOnStar)andablackholeetc･havebeenconsidered･

SincethecontributionofabaryontothedensityparameterisrestrictedtoO･01<Ob<

0･06,fromthetheoryofthenucleosynthesisinearlystagesoftheuniverse)itisimpossible

toexplainthatthedarkmatterofthewholeuniverseconsist onlyofthebaryon-dark

matter.However,Sincethisrestrictionisnotapplicableonthelevelofthegalaxies)itis

fu11ypossibletothinkthatthesecompactobjectscalledasMACHOsarethedarkmatter

whichaccompaniesthegalaxies･Andinfactitisimportanttoknowthe丘actionofthe

baryon-darkmatterintheGalaxy･

2.2.2 MACHO

Asdescribedintheprevioussection,MACHOisoneofthedarkmattercandidateswhich

accompanytheGalaxy･Theseareconsideredtobebrowndwarfginwhichnuclearfusion

reactionsdonotoccurduetotheirlowmass(M<0･08Mo),reddwarfginwhichnuclear
fusionreactionsarenotsomuch,andstellarremnantssuchaswhitedwarfg,neutrOnStarS,

andblackholes.Primordialblackholesmadeintheearlystagesoftheuniversearealso

candidates(Ioka,%naka&Nakamura2000)･Theseareconsideredtoexistinthehaloof
theGalaxyasinFigure2･4･

TheschematicviewoftheGalaxyshowninFigure2.4,Clearlypresentstheanticipation

thatagreatportionofthemassexistsinthebulgewhichshinesverybrightly･Theevidence

thatdarkmattermustexistintheGalactichaloiscomingfromarelationofML<鳩｡tal,

whereMListhemassestimatedfromtheluminosityofthestarsandgases,and鳩｡talis

themassestimated丘･Omdynamicalmotionofthoseobjects･InthiscasethatMi｡tal=ML

theexpectedrotationspeedshouldbecomesosmallatlargergalacticradiiaccordingto

Keplerianmovement.Howeverthisisfarfromtheobservedrotationcurves(Rubinetal･

1980,1982,1985),Whicharealmost且attotheouterpartofthegalaxies･

Mt｡talCanbefoundbythedynamicalmotionofobjectsasfo1lows･Inthecaseofa

spiralgalaxy,thecentrifugalforcebyrotationvofeachstar(massm)andthegravityby

massM(r)containedinsidetheradiusrshouldbalance･Thisisexplainedbythefo1lowing
formulas,aSSumlngthemassdistributionofthegalaxylSSymmetricforsimplicity･

即2

m-

〟(γ)

Gm〟(γ)
r2

)

γγ2

G'
(2.19)

whereM(r)isthetotalmasscontainedinsidetheradiusr･
TherotationcurveoftheMilkyWayGalaxyalsoseemstobe且at(Fich1989),although

outsideofthesolarsystem(Ro=8.5kpc),ithasverylargeuncertaintyinthecaseofour
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Fig11re2.4:SchematicviewoftheGalaxysurroundedbydarkhal0･Mostofstarscanbe

Seeninthecentralpart(bulge)anddisk.

Galaxy.Fromcomparisonwithothergalaxies,itispresumedthattherotationspeedis

almo$t且at(However,reCently,Honma&Sofue(1996)assertedthattherotationcurveof

theGalaxyisdecliningbeyond>2R｡aCCOrdingtoKeplerianmovement(v∝γ~与)).Inthe
CaSethattherotationc11rVeis且at,i.e.v=COnS舌.,themassdistriblユtionoftheGalactic

haloisgivent野

〟(γ)0〔r･ (2･20)

Ffomthis,the totalmass Mi｡taE m11Stincreaseinproportiontothe radius r･This

di恥renceMt｡taETML repreSentStheexistenceofthedarkmatter,andsome丘actionof

thisisconsideredtoexistasMACHO8.AsshowninFigure2.4iftheMACHOsexistin

thegalactichal0,WeCandeteettheseasthelensobjectsofthemicrolenslngeVentStOWards

the LMCand SMC.

Abo11tthenatureoftheMACHO,itisstillnotclear.ForwhitedwarfMACHOs,the

consistencywiththeGalacticchemicalevolutionisthemostseriousproblem(Charlot&
Silk1995;Gibson&Mould1997),althoughitwasreportedrecentlythatoldwhitedwarf

Candidateswerediscoveredin apropermotionsurveywith the Hubble勧ace7セIescope

(都T)(Ibataetal.2000).01dbrowndwarfbandprimordialblackholesdonotsu鮎r

fromthisproblem(Fujitaetal.1998),SOtheyareattractive丘･Omthispointofview,but
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clearformationprocessesareunknown,althoughthereareseveralsuggestions(Uehara&
Inutsuka2000;Jedamzik1997;Ybkoyama1997;Kawasaki&Yanagida1999)･Inshort,
thereareonlymarglnallypossiblehalocandidatesforthelenses･

2.3 0bservationsofMicrolensing

Severalgroupshavecarriedoutgravitationalmicrolensingobservationsbymonitoringmil-

1ionsofstarstowardsthefo1lowlngStellardensefields,SincethemicrolenslngeVentisvery

･TheMagellanicclouds(LMCandSMC)(AIcocketal･1997b,2000b;Afonsoetal･
1998,1999)

●TheGalacticbulge(AIcocketal.1997a,2000a;Udalskietal･1994)

･Thespiralarms(Uerueetal･1999)

･M31(Andromeda)(Crotts1992;Crotts&Tbmaney1996;Ansarietal･1997;Gyuk
&Crotts1999)･

2.3.1TbwardstheMagellanicClouds

TheaimofthemicrolensingsearchtowardstheMagellanicCloudsistofindtheMassive

compacthaloobjects(MACHO)inthehalooftheGalaxyasdescribedinthesection2･2･2･
Severalgroupshave carriedout gravitationalmicrolensingobservationstowardsthe

LargeMage11anicCloud(LMC)andtheSmallMage11anicCloud(SMC)inordertosearch

forMAssiveCompactHaloObjects(MACHOs)intheGalactichalo･Untilnow,13-17

candidateshavebeenfoundtowardstheLMC(AIcocketal･2000b),and2candidateshave
beenfoundtowardstheSMC(Afonsoetal･1998,1999;Albrowetal･1999;AIcocketal･

1999a).Theestimatedmassofatypicallensobjectdependssomewhatontheadopted

Galactickinematicmodel.ThepossiblerangeisaboutO.01-1Mo(AIcocketal･1997b,

2000b;Honma&Kan-ya1998)･
Accordingtotherecentresults)theobservedopticaldepthformtheeventswithl<

tE<200daystowardstheLMCisTfOO=1.2‡3:ま×10-7,themostlikelyMACHOmass
isbetweenO.15M&andO.9Mbdependingonthehalomodel,andthefractionofthetotal

massofMACHOtothatofthedarkGalactichalois20!…3%in95%confidencelevel.And
thetotalmassofMACHOoutto50kpcis9!ま×1010M&independentofthehalomodel
(AIcocketal.2000b)･Wehavelearnedthattherearesubstantia11ensobjectsalongthe

lineofsighttowardstheLMC,mOrethanonewouldexpectfromlensingbytheknown

populationsofstars(T～0.5×10-7)･
However,theissueswherethelensobjectsareandwhattheyare,areStillunclear,

becauseofadegeneracythatoccursinordinarymicrolenslngeVentS･Thelightcurveofa

microlensingeventisdeterminedbytheamplificationfactorA)Whichdependsonlyonthe
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relativelens-SOurCedisplacementuprojectedontothelensplaneinunitsoftheEinstein

radiusRE(seeequations(2.7),(2.12)and(2･14))(Paczy丘ski1986)･Thelightcurveof

microlensingisgivenbyA(u(i))inequation(2.12).Ftomalightcurveonecandetermine
thevalueofumin,壬oandtE.Unfortunately,however,OneCannOtuniquelydeterminethe

valueofM,XOrVtffomthesequantities,OnlytheratioiE=RE(M,X)/vtisdetermined･
Thisthree-folddegeneracyistheessentialdi侃cultyindetermlnlngthenatureofthelens

Objects.
FtomthestatisticsoftheeventstheMACHOco11aborationreportedthatthemicrolens-

1ngOpticaldepthTfOO=1.2‡3:ま×10-7asmentionedabove.Thisimpliesthecolumndensity
oflensesalongthelineofsighttotheLMCisroughly15Mbpc~2ifthelensesareinthe

Galactichalo(Nakamura,Kan-ya&Nishi1996)･Thenatureofsuchlensobjectsis,
however,Stillunclearbecausethereareonlymarglnallypossiblecandidates,Viz･Oldwhite

dwarfg(e.g.AIcocketal.1997b,2000b;Hansen1998),Oldbrowndwarfb(e･g･Honma&

Kan-ya1998)andprimordialblackholes(e･g･Ioka,Tbnaka&Nakamura2000)･There

are,however,Stillnocoherentpicturesforthesecandidates.

Possibilitiesfornon-halolenslngObjectshavealsobeendiscussed.Fbrexample,dark

ObjectsintheLMCitself(e.g.,Aubourgetal.1999;Gyuk,Dalal&Griest2000).Andone
CannOtruleoutthepossibilitiesthatthemicrolensingeventsarenotcausedbyMACHOs
inthehalooftheGalaxybutbyunknownpopulationslyingbetweentheGalaxyandthe

Clouds(e.g.,Zaritsky&Lin1997;Zhao1998)･Evansetal･(1998)suggestthatthelenses

arediskstarsintheMilkyWay'swarped且areddisk.Thereisalsoapossibilitythatthe

lensesaredarkobjectsintheGalacticthickdisk.WhilethemicrolenslngOpticaldepth

TbyknownpopulationsofstarsintheGalacticthindiskandthickdiskisintheorder

oflO-9(e.g.AIcocketal.2000b),amaXimalheavythickdisk,Whichmaybesurrounded
byan extendeddark halocomposed ofparticles,isalsoapossible Galacticcomponent

forthereservOiroflenses(Gatesetal.1996;Gates,etal.1998)･Suchathickdiskcan

have7-=±7×10~8(Gould1994b;Gould,Miralda-Escude&Bahcal11994),SOthesummed

opticaldepthincludingthecontributionfromtheGalacticthindisk(～2×10-8)andthe
LMCitself(～1×10-8,Sahu1994)canbeclosetotheobservedvalue.

The discussion on the nature ofthelensesis nowin acomplicated situation ca11ed

("theMACHOMystery").NewkindsofobservationaltestswhichcanresoIvethethree-
folddegeneracyofM,Ddandvtareneeded.

Ithasalreadybeennotedthatthethree-folddegeneracycanberesoIvedinsomekinds

OfexoticmicrolenslngeVentS.Forexample,binaryeventsinwhichthelensdistanceand

thetransversevelocityareconstrained(Albrowetal.1999;AIcocketal.1999a;Honma

1999;Afonsoetal･2000)･Anotherexampleisthefinitesourcetransiteventinwhich

OneCanObtainthepropermotionofthelensp=Vt/Dd(Gould1992,1994a;Nemiroff
&Wickramasinghe1994;Witt&Mao1994;Peng1997).Sumi&Honma(2000)pointed

Outthatanextensivesearchforthistypeofeventwouldmakeitpossibletodiscriminate

betweenthelensesintheGalactichaloandintheLMC(seesection3.1).
Athirdexampleisaneventwithaparallaxe鮎ct.Thespatialshiftofanobserverdue

totheEarth,smotionaroundtheSunduringtheeventleadstoanasymmetryofthelight



22 C毘AP了甘R2.GRAVrmTJOⅣA⊥几〃CRO上EⅣS上ⅣG

curve(e.g.Miyamoto&Ybshii1995;AIcocketal･1995;Bondetal･2001;Soszy丘skietal･
2001).However,SuCheventsarerare･Thisparallaxe飴ctgenerallyrequiresiE>100～200
days,WhileiE～40daysfortyplCalevents･ByobservlnganeVentfrombothasolar-Orbit

satelliteandtheEarth,WeCOuldutilizetheparallaxe鮎ctinalmosteveryevent)Whileit

isdi侃cult丘omtwodistantobservatoriesontheEarth(Ref岳da11966;Gould1992,1994b】

1995b;HoIz&Wald1996).Inthiscase,WeCOuldmeasuretherelativedi鮎renceofthe

peakamplificationsandthetimeatthepeakamplificationsbetweenboth･Thenwecould

determine,the"reducedtransversevelocity"i)=Vt/(1-X)･Ifboththefinitesourcesize

e鮎ctandtheparallaxeffbctcouldbemeasuredatthesametime)three-folddegeneracy

CanberesoIvedcompletely.

Gould(1997)showedthattowardstheGalacticbulgethefinitesourcesizeeffbctandthe

parallaxeffbctcouldbemeasuredinEME,s(ExtremeMicrolensingEvents,A>200)ffom
theground･InthiscasethemicrolenslngdegeneracylSCOmpletelybrokenandweareable

toobtainthemass,thedistanceandthetransverse-SpeedofthelenslngObjectseparately･

HoweverhejustmadeacrudeestimationabouttheobservationofEMEtowardstheLMC,

andconcludedthatitisnotfbasible.Afterthat,Nakamura&Nishi(1998)showedthatit
isfbasibletodetectEAGLE(ExtremelyAmplifiedGravitationalLEnsing)eventstowards
theLMCaftermorecarefu1estimationthantheformerone.EAGLEissimilartotheso-

called"Pixellensing"events(Gould1996)butmoresimplydefinedastheeventsinwhich
thesourcestarisdimmerthantheobservationallimitingmagnitude(ex.tLbs=21～22),
butisnotconcernedwithwhetherthesourcestarisresoIvedornot.SomeoftheEAGLEs

wouldbeEME,s.So,WerefertothetermEAGLEinthispaper･HoweverNakamura

&Nishi(1998)didnotconsiderthepossibilitytodetectthefinitesourceeffbctandthe

parallaxe鮎ctinEAGLEevents･Thiskindofeventcouldbee伍cientlydetectedwiththe

newccDphotometrymethodDIA(seesection2･4andChapter5)･

Insection3.1wehavemadetheestimationoftherateof丘nitesourceeffbctmeasurable

EAGLEeventstowardstheLMC.Anditwasfoundthatitisfeasibletodistinguishwhether

thelensisinthehaloortheLMCbyusingDIA(Sumi&Honma2000)･Andinsection
3･2,Wehavemadeamoreaccurateestimationoftherateofparallax-meaSurableEAGLE

eventstowardstheLMCfromtwoground-basedobservationalsitesthanformerstudies

did.WehavefoundthatthisisusefultodistinguishwhetherthelenslngObjectsareinthe

hal00rthethickdiskwithDIA.Combiningtheseresultwithsection3･1(Sumi&Honma

2000),Weareabletodiscriminatewherethelocationoflensesare,intheLMC,inthehalo,
orinthethickdisk.

TbtestthatsuchEAGLEeventscouldactuallybedetected,itisusefultoanalyzeour

dataoffrequentobservationstowardstheGalacticbulgebyuslngDIA･Asaresultwe

foundthatsuchEAGLEeventscouldactuallybedetectedinourobservationandanalysIS

inthis thesis.
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2.3.2 TbwardstheGalacticBulge

AtthebeginnlngOf1990'sseveralgroupsstartedmicrolenslngeVentSurVeyeXPeriments

towards the Magellanic Cloudsfo1lowingthesuggestion
ofPaczy丘ski(1986).However

it was thought that thistaskis certainly difRcult,aS there was no guarantee that the

darkhaloismadeofMACHOs
ratherthanWIMPs.Paczy丘ski(1991)noted,tOhave

anyconfidencethatanegativeresultiscorrect,OneShouldhavetheconfidencethatthe

experiment(hardwareandsoftware)wouldinfactbeabletoidentifytheraremicrolensing
events.

And then he and Griest et al･(1991)proposed agravitationalmicrolensingsurvey

towardstheGalacticBulge(GB),aSSeeninBaade'swindow,WOuldprovideapromising
targettodothistest,Wheretheprobabilityofthemicrolenslng,1･e･theopticaldepthT,

towardstheGBisveryhigh(4～8×10.7)incomparisonwiththeLMC,andthenumber

ofstarsismuchmorethanthatoftheLMC.

TheyalsoproposedthatthistestwouldalsobesensitivetothepresenceoftheGalactic

diskbrowndwarfgandtheverylowmassendofthestellarmassfunction,Whichisdi侃cult

tomeasuredirectly.Iftheymakealargecontributiontothediskmassdensity,thesewould

bedetectedasshort timescaleevents,becausethedurationofthemicrolenslngeVentis

relatedtothemassofthelenslngObject.Andthisobservationcanalsotestforcontroversial

"diskdarkmatter"(Bahcal11986;Ku埴en&Gilmore1989)inadditiontoapossiblesignal
fromhalodarkmatter,WheretheopticaldepthinthedirectionofBaade'swindowdue

tohal00bjectsofanykindisonly～0.13×10-6(Griestetal.1991).Thesecontribution

maypotentiallybeseparatedbyobservationsoffieldsatdi鮎rentGalacticlatitudeand

longitude,andalsobycomparlngthemeantimescaleofevents.

Nowitbecametobewe11understoodthattheobservationsofmicrolenslngeVentSare

usefulforstudyingthedynamicsandkinematicsoftheGalaxyastheseeventsarerelated

tothemassesandvelocitiesofthesourcesandlensobjects.Unlikemosttypesofobser-

Vation,thepresenceoflenslngObjectscanbedetectedindependentlyoftheirluminosity.
MicrolenslnglSSenSitivetothemassdistributionratherthanthelight,andthismakes

microlensingapowerfulwayofinvestigatingthethemassdensitywithinourGalaxy.

SurveyingtheentireGalaxyisneededtodeterminetheglobalparametersoftheGalaxy.

However,itisdi伍cultbecausethemicrolenslngphenomenonisveryrare.Therefore,the

microlensingsearches have beenfocussed onevents towardsthe GB andspiralarmsin

additiontotheMage11anicClouds･Bygoodfortune,theGBislocated～12hawayfrom

theLMCinrightascension,andhenceitiswellplacedforobservingwhentheLMCisat
lowaltitude.ThenMACHO,EROSandOGLEgroupsstartedtoobservetheGBoncea

day.MeanwhileMOAstartedtheobservationtowardstheGBseveraltimesadayfrom

1999.

TheGalaxyisthoughttobeaSAB(rs)bcorSAB(r)bctypespiralgalaxywithfour

Spiralarms(Vallee1995;Fhx1997)･Butthemassdistributionofvariouscomponentsof

OurGalaxy(Bulge,Spheroid,DiskandHalo)isnotwe11known･Thedeterminationofthe

StruCtureSuChasmass,SCalelength,SCalehightandrotationcurvearesti11complicatedby
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thedustlyingwithintheGalacticdisk･Thisdustcausesthedegreeofextinctiontovary

alongdi鮎rentlinesofsightthroughtheGalaxyandheavilyobscuresmuchoftheGalaxy
atopticalwavelengths･

Microlenslnga1lowustoprobethedistributionforcompactobjectsintherangeM～

10-6Mb to M～102M&.Ftomthe distributionofthe timescaleofthese events,We

canobtaininformationaboutthemassfunctionoftheGalaxyfromveryluminousstars

(102Mb)toveryfaintonesbelowthehydrogenburninglimit(<0･08Mo)withoutbeing

meta11icitydependent･Fromtheseeventrates)WeCanalsogetaninformationaboutthe

massdensitydistributionoftheseobjects･

Tbconstrainthesedistributionssu缶ciently,alargenumberofeventsisrequired(Han

&Gould1995b;Mao&Paczy丘ski1996).Andasmallnumberofexoticevents(<10%),

inwhichthemasses,Velocities,andlocationsofthelenslngObjectscanbedetermined,

arealsoveryusefulindi鮎rentiatingbetweenvariouspossibilitiesoftheassumptions･The

microlensingobservationstowardstheGBarealsousefu1toknowwhatisthemassand

theinclinationofthebar.

Untilnow,hundreds ofmicrolensingevents
have beendetected towardsthe GBby

OGLE(Udalskietal.1994)andMACHOcollaborations(AIcocketal･1997a,2000a)･And
theyestimatedthemicrolensingopticaldepthtowardstheGalacticbulgetobe3･3j=1･2×

10-6from9eventsbyDoPHOTanalysis,3.9!壬:…×10-6from13eventsinaclumpgiant

subsampleftomDoPHOTand3.23i3:喜星×10~6h･Om99eventsfromDIArespectively･These
valuesweregreaterthantwicethatexpectedn･OmmOdelsbasedontheobservedstellar

densityandgaskinematics,WhichissomewherearoundO･5～1･0×10~6(Paczy丘ski1991;

Griestetal.1991;Kiraga&Paczy丘ski1994).Thissuggestedthatthestandardmodels

oftheGalaxyneededtoberevised･Infact)OnepOSSibleexplanationofthelargeoptical

depthtowardsthebulgeisthatthemassoftheGalacticdiskandbulgeinordinarystars

islargeenoughtoaccountforalmosta1lofthemassinteriortotheSun･Ifitistrue,

thiswouldimplythattheGalactichalomusthavealargecoreradiusorperhapsarather

smalltotalmass.Thus,microlensingtowardstheGBseemslikelytorevealinformation

aboutthepropertiesoftheGalaxythatareimportantfordeterminingthepropertiesof

theGalacticdarkhalo.

Ftomthese results,ithas alsobeen suggested that this could be explained by the

presenceofabarorientedalongourlineofsighttotheGB(Paczy丘skietal･1994;Zhao,
Spergel&Rich1995).Thedensityprofi1eoftheproposedbarasafunctionofdistanceD

fromtheSunisgivenby(AIcocketal･2000a)

伽(w)=

〟

20.65αむc

印し誓),

ぴ4=[書2+誓2]2･…4

where wis defined as

(2.21)

(2･22)

Herethecoordinates(xl,y,)aremeasuredalongthelongestaxisandanotheraxisofthe
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barintheGalacticplane.ThexI-aXisisalignedatanangleOfromthelineofsighttothe

GalacticcenterfromtheSun,Withthenearsideofthebarinthepositive-1quadrant･The

z-aXisisasusualtheheightabovetheGalacticplane.TheseGalactocentriccoordinates

(xl,yl,Z)aregivenby

xl= RocosO-Dcosbcos(l+0),

yl= RosinO-Dcosbsin(l+0),

Z = βsinみ,

whereRoisthedistancetotheGalacticcentertakento8.5kpcfromtheSun.Theterms

a,bandcdefinethebarscalelengths,andM=1･8×1010Moisthetotalbarmass･

TheideathatourGalaxyhasabaratthecenterisnotanewone,firsthavingbeen

SuggeStedbydeVaucouleurs(1964)becauseofthesimilarityofthegasdynamicsobserved
inourGalaxy tootherbarred galaxies.Roughly halfofa11disk galaxies contain bars

(Binney&Tremaine1987)･Binney,Gerhard&Spergel(1991)providedfurtherevidence

forabarfromstarcounts.TheDIRBEresultsofDweketal.(1995)werealsofoundtobe

COnSistentwiththisprediction.

Toexplainthehighopticaldepth,anumberofauthorshaveadoptedabarintheir

Galacticmodels,andhaveadoptedvariousvaluesofthebarorientationandmass(Paczy丘ski

etal.1994;Peale1998;Zhao&Mao1996).AndEvansetal･(1998)proposedthatthe
largeopticaldepthcontributionscouldcomefromthediskcomponent.Meraetal･(1998),

Hansen(1998)andZhao&Mao(1996)usedtheGalacticste11armassfunctiontoexplain
this.

WbwillcomparethesevaluestoourresultsinChapter9･

2.3.3 Tbwards the M31

ThemicrolenslngSurVeytOWardstheM31isusefu1forconstrainingtheshapeofthedark

halooftheGalaxybecauseofitsdifrbrentlineofsight.TheAGAPEgroup(Ansarietal･

1997)andtheColumbiagroup(Crotts1992;Crotts&Tbmaney1996)havebeencarrying

OutmicrolenslngSurVeyStOWardsM31･

The observationtowards M31isvery di伍cult becausein M31the stellardensityis

muchhigherthantheLMCandthePointSpreadFunction(PSF)photometrycouldnot
beappliedanymore.SotheAGAPEgroupusethepixelanalysis(Ansarietal･1997)in

whichtheybinnedeachimageinto7×7pixelbinscalledsuper-pixelsandmeasurethe且ux

ineachsuper-pixel.TheColumbiagroupappliedtheDIAwhichissometimesreferredto

as"imagesubtraction",WhichistheorlglnOfthemethodweappliedinthispaper･The

Seelngandskyvariationarematchedtotherefbrenceimageandsubtracted･Thenonly

Variableobjectscouldbedetected･
Untilnow,nOdefinitemicrolensingevents weredetected bythesegroups(Gould&

Depoy1998;Gyuk&Crotts1999)thoughhundredsofevents peryearwereexpected
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(Crotts1992).Threemicrolensingcandidateswerereportedin1996(Crotts&Tbmaney

1996),buttheyhavebeenidentifiedaslongperiodvariables(Uglesichetal･1999)･

2.3.4 TbwardstheSpiralArms

TheobservationtowardsthespiralarmsisusefultoknowthestructureoftheGalactic

diskandmassfunctionofthethediskstars.Anditisusefu1toknowthediskcontribution

totheopticaldepthtowardstheGB･Manyauthorsestimatedtheopticaldepthduetothe

diskstars.Fux(1997)estimatedthespiralarmsmaycontributeO･5×10~6･Atruncated

diskwouldcontributedO.37-0.47×10-6(Paczy丘ski1991)･Afulldiskwouldcontribute

O.63-0.87×10~6(Zhao,Spergel&Rich1995)･
TheobservationtowardsthespiralarmshasbeencarriedoutonlybytheEROSgroup

(Derueetal.1999)･TheresultsofEROSIIpresentedtheopticaldepthtowardsthegalactic

spiralarmsofO.38!8:号喜×10~6(Derueetal･1999),Whichisconsistentwiththepredictions,
thoughthisisbasedonjustthreemicrolenslngeVentS･

2.3.5 Tbwards the Globular Clusters

GlobularclustersareplacedtowardsmanylinesofsightthroughtheGalactichal0,and

thereforetheseshouldbeusefultodeterminethestructureoftheGalactichalo.However

the event rate ofsuch observationsis sma11because globular clusters usually have O･1

millionsofstarswhichismuchfbwerthantheLMC.nlrthermorethephotometryisvery

di凪cultbecausemostofthestarsareconcentratedinthecorewithhighdensity.Sothere

isnomicrolenslngprOgramtOObservetheglobularclusters･

Recently,anOthernewapproachofthemicrolenslngSurVeytOWardstheglobularclusters

hasbeendonebyusingtheHST(Sahual.2001)･InthiscasetheyobservedtheGBstars

assourcethroughthecoreoftheglobularclusterM22aslensobjects,Wherethedistance

tothelensandthesourcearewe11known.TheyobservedthecenterofM22every3nights
for4monthswithHST,andfound7microlenslngeVentS･Ifthesearereallymicrolenslng

events,theylmplythatanon-negligiblen･aCtionoftheclustermassresidesintheformof
free-floatingplanetarymassobjects･

2.4 Basic Fbrmulaefor EAGLE events

AnEAGLE(ExtremelyAmplifiedGravitationalLEnsing)eventisamicrolensingeventin

whichasourcestarisfainterthantheobservationa11imitingmagnitude.Thisfaintsource

wouldbehigh1yamplified(u≪1)andthendetectedasanewstar･Nakamura&Nishi
(1998)showedthattheEAGLEeventrateisexpectedtobefairlyhightowardstheLMC･
HoweveranEAGLEsearchhasnotbeeninvoIvedinmostofthemicrolensingobservation

programsbasedonaDoPHOT-typePSF丘ttingphotometricanalysiswhichmeasureonly

StarSalreadydetectedinthecatalogue･
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AnewCCDphotometrymethodcalled"theimagesubtractionmethod"or"theDif-

fbrenceImageAnalysis(DIA)",inwhichanexposureframeisdirectlycomparedwith

refbrenceh･ame,hasbeendeveloped(Alard&Lupton1998;Alard
2000;AIcocketal･

1999b,2000a;Wb去niak2000;Bondetal.2001).Thismethodenablesmuchmoreaccurate

photometryatanyplacewhereanystarisn)tidentifiedontherefbrenceandhenceismore

powerfu1fordetectingEAGLEeventsthanthecurrentmonitoringofvisiblestars･Itis

expectedthatplentyofEAGLEeventswillbedetectedwiththismethodinthenearfuture･

Fbrexample,theMOAcollaborationhasalreadystartedthiskindofanalysistofindout

EAGLEevents.

2.4.1 Detection threshold

InanEAGLEevent,aninvisiblestarwithmagnitudeVisamplifiedbeyondtheobserva-

tionallimitingmagnitudelちbs.Moreprecisely,tOidentifyanEAGLEevent,thesource

mustbecomebrighterthantheEAGLEdetectionthresholdtih,Whichisslightlybrighter
thantheobservationaldetectionlimitt乞bs.Thus,foranEAGLEevent,theamplification

AmustbelargerthanthethresholdamplitudeAth,Whichiswrittenas

Ath=100･4(Ⅴ~Ⅵh) (2.26)

WbdefinethethresholdimpactparameteruTaSthelargestimpactparameterforan

EAGLEeventforthesourcestarwithmagnitudeV.ThevalueofuTisdeterminedso

thatA(uT)=Ath(ⅤⅥh)･Incaseofapointsourceandsma11impactparameter,OneCan
approximatethatA 宍ゴ1/u,andthenthethresholdimpactparametercanbewrittenas
(Nakamura&Nishi1998),

町=10●0･4(V~Ⅵb) (2.27)

IftheimpactparameterwouldbesmallerthanuT)SuCheventscouldbeidenti丘edasan

EAGLEevent.AllEAGLEeventsshouldhavehighmagnificationbecauseofit'snature･

Thesehighmagnificationeventshaveverygoodopportunitytodetectexoticevents,SuCh

asafinitesourceevent,aparallaxeventandanextrasolarplanet･

2.5 Extrasolar Planet

GravitationalmicrolenslnglSaneWtOOltodetecttheExtraSolarPlanets･

Fromthefirstdetectionoftheplanetarymassin1992(WoIszczan&Fhi11992)andfirst

detectionofanextrasolarplanetsurroundingamain-SequenCeStar(Mayor&Queloz1995),

atotalof34planetsweredetectedbyverypreciseradialvelocity(Doppler)measurements

untiltheendofMarch2000(Perryman(2000))･Theserecentdiscoverieshaveledtoa
boostinthesearchforplanetsbyanumberoftechniquesincludingmicrolen$lng,aSfollows

●Pulsartimlngmethods:Thefirstdetectionin1992wasbasedonpulsartimlngmeth-

Ods;thismethodmeasuredthedeviationofthepulsartimlngduetothecompanion

planet.
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･Radialvelocitymeasurement:Themotionofaplanetinacircularorbitaroundastar

causesthestartoundergoareflexcircularmotionaboutthestar-planetgravitational

center.Thisresultsintheperiodicperturbationinradialvelocity.Thisradialvelocity

COuldbeestimatedbymeasurlngtheDopplershiftinthespectrumofthehoststar･

･Photometryofeclipslng:AnothermethodismeasurlngthephotometricslgnatureOf

theeclipseofthestarbyaplanet.Thefirstdetectionofaplanetbythismethod

wasmadebyCharbonneauetal.(2000).Theprincipaldisadvantageofthemethod
isthatitrequiresconfigurationsinwhichtheviewingdirection(totheEarth)1iesin
theorbitalplaneoftheplanet.

●Imaglng:ImaglngOfthe brown dwarfis now possible by uslnglatest generation

Oflarge(8-10m)telescopeswithadaptiveoptics･However,theimaginglowmass

extrasolarplanetshouldwaitforthefutureNextGenerationSpaceTblescope(NGST,
Matheretal.1997)andinfraredspaceinterfbrometeretc･

●Astrometricposition:Detectionoftheastrometricmovementofstarsduetoaplanet

isinFLarCSeC.Sothiswouldalsobepossibleinthenearfuturewithspaceastrometric

satellitessuchasSIM(Bodenetal.1997)andGAIA(Gilmoreetal･2000)･

●Gravitationalmicrolensing:Thesmallperturbationinthephotometriclightcurve

couldbeobservedduetothegravityofasmallcompanionplanet･Thesedeviations

typlCallylastonlyforafbwhours)andhencetodetectthemwell-Sampledfo1lowup

observation ofthe events are needed.This methodis sensitive tolower mass than

theEarthmasswithrelativelylargeorbitradiiaroundthedistantstar(～kpc).

Themostsuccessfulandwidelyusedmethodtodatehasbeenradialvelocitymeasure-

ment.However,itisverydi伍culttodetectplanetswithEarth-1ikemassesorlargeorbital

radiiwithradialvelocitymeasurementssincetheycouldn,tperturbthemotionofahost

starenoughtomeasure.TbknowthenatureofEarth-1ikeplanetsisinteresting,andthis

couldbedoneonlywiththemicrolenslngteChniqueatthepresenttime･

Rhieetal.(2000)andBondetal･(2002)detectedthefirstsignalofplanetinthehigh

magnificationmicrolensingeventMACHO98-BLG-35shownintheupperpanelofFigure

2.5withthebestsinglelensfit curve.Theresidualh)mthebestsinglelensfitisalso

showninthelowerpanel.Thedeviationfromthebestsinglelensfitduetotheplanetin

thelightcurvenearthepeakcanclearlybeseen･Theplanetmodelfitlightcurvesare

showninFigure2･6,andthepositionoftheplanetandthecaustic)Whichisthelocusof

pointswhereapointsourcewouldbeinfinitelymagnifiedbythelenssystemofthisplanet

model,isshowninFigure2･7･Thebestplanetarymodelforthiseventhasaplanetof

mass～(0.4-1･5)鳩ataprojectedradiusofeither～1･50r～2･3AU･
Mao&Paczy丘ski(1991)andGould&Loeb(1992)investigatedthatinmicrolensing

eventsinwhichoneormoreplanetsorbittheprlmarylens,thedetectablefinestructurein

thephotometricsignatureoccursrelativelyfrequently,eVenforlow-maSSplanets･Gould

&Loeb(1992)foundthattheprobabilityofdetectingsuchfinestructureisabout17%for
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Figure2.5:ThelightcurveforeventMACHO98-GLG-350btainedbytheMOAgroupin

theredpassbandusingsubtractionphotometry(Bondetal.2002)intheupperpanel･The
bestsinglelensfittothedataisalsoshown･Thedeviationfromthebestsinglelensfitin

thelightcurvenearthepeakcanclearlybeseeninresidualplotsinthelowerpanel･

aJupiter-1ikeplanet(i.e.atabout5AUfromthecentralstar),and3%foraSaturn-1ike

SyStem.Theserelativelyhighprobabilitiesoccurspecificallywhentheplanetliesinthe

"1ensingzone"betweenaboutO.6-1.6AU(WAmbsganss1997).ThecalculationsofBennet

&Rhie(1996)indicatethat2%ofthe鳩(Earthmass)planetsandlO%ofthelOMi

planetsinthelensingzone(1-4AU)canbedetectedviamicrolensing･Bolatto&Ⅰね1co
(1994)notedthat40%ofeventscouldyieldJupiter-maSSplanets･

Griest&Safizadeh(1998)presentedthatforhighmagnificationevents(umin<0･1),

thedetectionprobabilitycouldbeclosetolOO%.Ftomthissuggestion,thePLANET

andGMANgroupsareperformingfrequentfo1low-upObservationsforhighmagnification

microlensingeventswhicharealertedbyMACHO,OGLEandMOA(in2001,OnlyMOA

WaSissuingalerts)･
So,eSpeCially,MOAisaimingtodetectEAGLE-typeeVentSWhichmustbehighmag-

nificationeventstowardstheGB.HenceweareobservingtheGBveryfrequently(5～6
timesanight)andanalyzingwithDIAinreal-time･Itisimportanttoknowhowe凪ciently

OurObservationcoulddetect EAGLE-type highmagnificationevents･We estimate our

detectione伍ciencyforsucheventsinChapter8･
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Figure2･6:Theresidual1ightcurveOfeventMACHO98-GLG-35withthedataofMOA,

MPSandPLANETgroups(Bondetal･2002)withtheplanetmOdel丘tlightcurve.The

topfigureshowsal1thedatawhilethelowerfigureshowsthedatabinnedandweight

averagedonaO.02-dayinterval.
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Figure2L7:Theschematicviewofthepositionofthehostlensstarandpla･net(1eftpanel).
Rightpanelshowthecausticwhichis theloc11SOfpointswhere apointsourcewould
beinfinitelymagnifiedbythelenssystemofthisplanetmodel.Thesourcestarmoves

horizontallyleft-tO-rightthroughtheorlgin.
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Chapter3

NewMethodsforConstrainingthe

Lens Location

3.1 Constraining the Location ofMicrolensing Ob-

JeCtSbyuslngtheFiniteSourceE鮎ctinEAGLE

events

WbproposeanewmethodtoconstrainthelocationofmicrolensingobjectsusingEAGLE

events.WbhaveestimatedtherateofEAGLEevents bytakingthefinitesourcee飴ct

into account.Wbfound that the EAGLE event rate when uslngal-m Class telescope

whoselimitingmagnitudeisV～21isthesameasorhigherthanthatoftheordinary

microlenslngeVentSWhichhavebeenfoundtodate･Wbhavealsofoundthatthefraction

oftransitEAGLEeventsislargeenoughtodetect:between4～80%dependingonthe
lenslocation.Sincethelenspropermotioncanbemeasuredforatransitevent,OneCan

distinguishwhetherthelensisaMACHOinourhalooroneoftheknownstarsintheLarge

MagellanicCloud(LMC)丘omthepropermotionmeasurementforeachtransitEAGLE
event.Moreover,We Show that thefraction oftransit EAGLEsin a11EAGLE events

Significantlydependsonthelensinglocations:thetransitEAGLEfractionfortheself-

lensingcaseis2～15timeslargerthanthatforhaloMACHOs･Thus,OneCanCOn$train

thelocationoflensobjectsbythestatisticsofthetransiteventsfraction･Wbshowthatwe

canreasonablyexpectO～6transiteventsoutof21EAGLEeventsin3years･Wecanalso

constrainthelenspopulationpropertiesatagreaterthan99%confidencelevel,depending

onthenumberoftransiteventsdetected.WealsopresentthedurationofEAGLEevents,

andshowhowanhourlyobservationalmodeismoresuitableforanEAGLEeventsearch

prOgram･

3.1.1 Finite Source EfIもct

ThemicrolenslnglightcurveinformsusonlyoftheeventtimescaletE,lnWhichthemass,

velocityanddistanceofthelenslngObjectaredegenerate,andthusitisdi氏culttodeter-
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minethemassorthedistanceofthelenslngObjectforeachmicrolenslngeVent･Therefore,
thenatureofMACHOsintheGalactichalostillremainsunclear,andonecannotruleout

thepossibilitythatthemicrolensingeventsarenotcausedbyMACHOsintheGalaxy,s

halobutbyunknownpopulationslyingbetweentheGalaxyandtheClouds(e･g･,Zaritsky

&Lin1997;Zhao1998),OrbynormalstarsintheCloudsthemselves(e･g･,Sahu1994)･

InordertounderstandthenatureoflenslngObjects,SOmeadditionalinformationthat

partiallyorfu11ybreaksthethree-folddegeneracylSrequired･Overthepastyearsseveral

investigationshavebeenmadetoextractadditionalinformation丘omspecialtypesofmi-

crolenslngeVentS,eXamplesofwhicharebinaryeventsandparallaxevents)forwhichthe

lenspropermotionandlensdistancecanbeconstrained(e･g･,Schneider&Weiss1986;

AIcocketal.1995;Miyamoto&Ybshii1995)･Atransitevent,inwhichthelenstranSitsthe

extendedsurfaceofthesourcestar,lSanOtherexampleofsuchtypesofmicrolenslngeVentS

(Gould1992,1994a;Nemiroff&Wickramasinghe1994;Witt&Mao1994;Peng1997)･
Whenthelenspassesoverthesurfaceofthesourcestar)thepointsourceapproximation

failsandthepeakofthelightcurvedeviatesfromthatforapointsource･Ftomsucha

lightcurve,OneCanderivetheradiusofthesourcestarscaledbytheEinsteinrlngradius

projectedontothesourceplane･Sincetheradiusofthesourcestarcanbeestimatedfrom
itsspectrum,OneCanObtainthepropermotionofthelensfortranSitevents･Theproper

motionofthelenswillbeofgreatuseininvestigatingthelenslocation)aStheexpected

propermotiondistributionofobjectsintheGalaxy'shalodiffbrssignificantly色-Omthat
intheClouds.Unfortunatelyhowever,theprobabilityfortransiteventsisexpectedtobe

extremelysma11(～0.1%)fornormalmicrolensingevents(Gould1994a)･
TheprobabilityoftransiteventsisrelativelyhighforEAGLEevents,inwhichan

invisiblestarisamplifiedabovethedetectionlimit)becauseEAGLEeventsareguaranteed

tohaveasmallimpactparameter(Ⅵねng&∵nlrner1996;Gould1997;Nakamura&Nishi

1998).SincetherearemanymOrefaintstarsbelowthedetectionlimitthanvisiblestars
thatareusua11yusedforamicrolensingsearch)theEAGLEevent rateisexpectedto

befairlyhigh(Nakamura&Nishi1998)･HoweverEAGLEeventshaverarelybeenseen

inthecurrentobservationprogramsinwhichthebrightnessofvisiblestarsismeasured

basedonaDoPHOT-typeanalysis･However,DIAismuchmorepowerfulfordetecting

EAGLE events than DoPHOT,andone can expect that plenty ofEAGLE eventswill

bedetectedwiththismethodinthenearfuture.IfmanyEAGLEeventsaredetected,

onemaybeabletofindseveraltransiteventsbecauseEAGLEeventshaNeSmallimpact

parameters･Therefore)aSearChforEAGLEeventswillpossiblyprovideanewopportunity

tomeasurethelenspropermotionintransitevents)andtherebytoconstrainstronglythe

lenslocation.Fhrthermore,StatisticsoftransitEAGLEeventsalonemaybeusefu1for

studyingthenatureoflenslngObjects･Thefractionoftransiteventsdependsontheratio
ofthephysicalradiusofthesourcestarR*tOtheEinsteinradiusrEinthesourceplane,

i.e.R./rE.InthecasewherethelensesarethestarsintheLMCitself(self-lensing),the
EinsteinradiusrEinthesourceplaneismuchsmallerthaninthecasewherethelenses

areMACHOsintheGalactichalo.ThusthefractionoftransitEAGLEeventsoutofall

EAGLEeventsforself-lensingintheLMCwillbemuchlargerthanthatforlensingdue
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toMACHOsinthehalo.ThereforethefractionoftransitEAGLEeventsmaybeusedto

constrainthelocationandthe nature ofthelens.

EAGLEeventswillthusbecomeoneofthemostpowerfultooIsforinvestigatingthe

natureoflenslngObjects.

3.1.2 BasicequationsforEAGLEwiththefinitesourcee鮎ct

BasicequationsforEAGLEeventsaregiveninsection2.4.1usingthepointsourceapprox-

imation.However,inmostofthecasesweareinterestedin,thee鮎ctofafinitesourceis

notnegligible,andthisapproximationisnotapplicable.W6thuscalculatethethreshold
impactparameteruTbytakingthefinite-SOurCee鮎ctintoaccount.

Whenthesourcesizeisfinite,theamplificationAcannotbegivenbyequation(2.12),

butapproximatedbythefollowingexpression(Gould1994a),

A餌(叫祝*)=A(刷z),Z≡芸,祝*≡詑一語
(3.1)

Hereu.isthesourceradiusscaledbyrE(R.isthephysicalradiusofthesource),andzis

theimpactparameterinthesourceplanescaledbytheradiusofthesourcestarlL.The

functionB(z)describestheratiooftheamplificationofafinitesourcetotheamplification

Ofapointsource,Whichiswrittenas

β(z)=雲上2汀dβ上1′zd刷+ヴ2+2叩Sβ)-1′2(3･2)

WbshowtherelationoftheamplificationandotherparametersinFigure3.1.

Tbcomputetheamplificationusingequations(3･1)and(3･2),Onehastoknowthe

physicalsizeofthesourcestarthathasamagnitudeofV.Inthissection,WeapprOXimate

therelationbetweenR.andVforamainsequencestar(Allen1973;Blaauw1963)as
払1lows,

凡(り =10~0･053V+t22∋ (21≦Ⅴ≦31) (3.3)

=10~0･125V+2･78,(15≦Ⅴ≦21). (3.4)

Usingequations(3.1),(3.2),(3･3)and(3.4),OneCanderivethethresholdimpactparameter

uTfromtheconditionthatAth=Afin(uT,u*).
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Figure3･1:AschematicviewoftheparametersforanEAGLEeventwithandwithoutthe

finitesourceef托ct.Thethinanddot-dashedlinesarethevisibleandinvisiblelightcurves

forapointsourde.Thethickcurveisthevisiblelightcurvefromafinitesource･Theouter

thincircleistheEinsteinradius,andtheotherimpactparametersdefinedinsection2･4･1

and3.1.2arealsoshown.Whenubecomessmallerthanu｡bs,thestarbecomesvisible,and

whenubecomessmallerthatuT,theeventisidentifiedasanEAGLEevent･
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3.1.3 Massandluminosityfunctionofsourcestars

TheEAGLEeventratedependsheavilyonthemassfunctionandtheluminosityfunction

OfsourcestarsintheLMCandtheSMC.Fo1lowingNakamura&Nishi(1998),WeaSSume
thataste11arinitialmassfunctionisinthepowerlawformwithindexα,thatthestar

formationratesintheLMChavebeenconstantfor5Gyrandwaszerobefore5Gyrago.

AssumingthatthelifetimeoftheSunislOGyr,WeObtainthepresentdaymassfunction

¢(〟)= C凡才~α, (几弟<〟<1･4鳩) (3･5)

=2(計伽-α,(1･4鳩<〟<嘲
(3･6)

WhereMiandMuarethelowerandtheuppermasslimitofthestars,reSpeCtively.The

initialmassfunctionofthestarsinthe LMCis not sodi鮎rent丘omthe SalpeterIMF

withα=2.35(HoIz&Wald1996).Howeverfor丘eldstarstheslopemaybeassteepas

α～5.0(Westerlund1997)･Inthefo1lowinganalysisweusethetwoextremevaluesofα,
2.35and5.0.WenotethattheresultsinthefollowlngSeCtionsdonotdependstronglyon

theshapeofthemassfunctionbeyondM=1.4Mobecausethecontributionoflowmass

StarSismuchmoreslgnificantthanthatofmassivestars･

Themass-luminosityrelationofthemainsequencestarsisexpressedby(Kippenhahn

&Wbigert1990)

坤)=エ0(芸)3
(3･7)

TheBolometricCorrection(B.C.)canbeapproximatedas(Schildetal･1971;Davis

Wbbb1970;Jobnson1964)

β.C. 0.6V-11.6,(13≦Ⅴ≦19) (3･8)

0, (19≦Ⅴ≦24) (3.9)

-0.37V+8.9.(24≦Ⅴ≦31)
(3･10)

ThenwecandrivetheVbandluminosityfunctionofstarsintheLMCusingequations

(3.5)to(3.10).

¢ェ(Ⅴ)=の0~(叶2)(Ⅴ+且C･)/(~7･5),(15<Ⅴ<21)
= C′′10~α(V+且C･)/(~7･5) (21<Ⅴ<31)

Inthissectionwewillusethesemassandluminosityfunctions.

3.1.4 EAGLE Event Rate

InthissectionweestimatetheEAGLEeventrate.Insteadoftheabsoluteeventrate,We

estimatetherelativeevent ratenormalizedwiththeratefornormalmicrolenslngeVentS.

Whenalensobjectpassesthelineofsightwithanormalizedimpactparameteru=d/RE,
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thesourcestarisamplifiedaccordingtoequation(2.12),Wheredisthedistance丘omthe
lenstothesourceinthelensplane.AmicrolenslngeVentisdefinedasaphenomenon

wherethesourcestarisamplifiedmorethantheglVenthresholdamplificationAth･This

occurswheneveralensentersthemicrolenslng"tube"whoseradiusisuthRE,Whereuth

isthedetectionthresholdimpactparameterc?rreSpOndingtoA(u=uth)=Ath(Griest
1991).ThismeansthatalldetectedmicrolenslngeVentShavetosatisfyd≦uthRE･The

probabilitythatalenspassesthisreglOnisproportionaltothelengthofthisradiusuthRE･

FbranormalmicrolensingeventuthissettobeunitycorrespondingtoAth=1･34)and

foranEAGLE event weuse uT definedinsection3.1.2asuth.Hencetheevent rateis

proportionaltouthRE=REforanormalmicrolenslngeVentanduthRE=uTREforan

EAGLEevent,i.e.,theseeventratesareproportionaltotheradiusofeachappropriate

CircleinFigure3.1andEinsteinradiusRE･

Theeventrateisproportionaltothedensitydistributionofthelensns(M,Dd)(Griest

1991).Theeventrateisalsoproportionaltothenumberofsourcestarswhichisexpressed

astheluminosityfunctionofsourcestars¢L(V)intheLMC･Moreover,theevent rate

shouldbeaveragedovertheprobabilitydistributionofthemassofthelensesuslngthe

massfunction¢(M).Thus,thediffbrentialformoftheeventrateaⅦragedoverthesource
StarSfornormalmicrolenslngeVentSiswrittenas

drⅣ∝月旦如(Ⅴ)¢(〟)れβ(叫βd)dβddββdVd〟･ (3･13)

NotethattheintegrationwithrespecttoVmeanSaVeraglngOVerthesourcestars･Simi-

1arly,thedi鮎rentialformoftherateforEAGLEeventscanbeexpressedas

drβ∝祝r粘如(り¢(〟)れβ(〟,βd)dβddβ｡dVd凡才･ (3･14)

NotethatthethresholdimpactparameteruTappearSinthecaseofEAGLEevents,Since

theeventrateforEAGLEeventsisproportionaltouTREinsteadofRE･Tbcalculatethe

normalandtheEAGLEeventrates,WemuStintegratethemoverthepossiblerangesof

theparameters.

ThenormaleventraterNCanbeestimatedas

rⅣ=C比最｡恥
wheretheintegrationisperformedoverthefo1lowlngrangeS･

れ
.亀

m功

血
弼
Ⅵ

玖

功
玖
〃
Ⅴ

<
一
<
一
<
一
<
一

≦ββ,

≦β叩α｡,

≦吼,

≦lちむβ.

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

HereMiand吼denotethelowerandtheuppermasslimitforthemassfunction,andtう

denotestheluminousendoftheluminosityfunction◎L(V)･Similarly,the･EAGLEevent

raterECanbeestimatedas

rg=C比最｡恥
(3･20)
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NotethattheintegralrangesforDd,DsandMarethesameasforrN,butVisinthe

range:

叱むβ≦Ⅴ≦t㌦. (3.21)

Notethatt乞denotesthefaintendoftheluminosityfunction.

SincetheconstantCisequalinbothequations,OneCaneaSilyobtaintheratiorE/rN
byintegratingtheaboveequationsnumerica11y.Asfortheintegralrangesfortheluminosity

intheLMCstars,WeaSSumethatlう=15andlん=31.Wbnotethattheresultsarenot

a鮎ctedstronglybystarsoutsidethismagnituderange.WealsoassumetLbs=21,Whichis

atyplCalobservationallimitforcurrentmicrolenslngprOgramS.Weconsidertwodi鮎rent

Valuesforthethresholdmagnitude;V;h=19and20.
WbcalculatetheseintegralsinthecasewherethelensesarestarsintheLMCitself

(self-lensing)andinthecasewherethelensesareMACHOsinthehalo･Fbrthesetwo

cases,therearethefollowingdi飴renceswhichariseintheintegralrangesof(M,Dsand
Dd)andthefunctionsof(ns(M,Dd)and¢(M))･

i)InthecasewherethelensesareknownstarsintheLMCitself,forsimplicity,We
assume a constant spatialdensity distribution ofthelens ns(M,Dd)with

depth

dma3=Ds,maX-Ds,min･恥rthedepthoftheLMCdma3)Onefindsthatthebar

Canbeasthinasthediskitself(Binney&Tremaine1987),andthethicknessofthe
LMCdiskisabout300pc(Wbsterlund1991).Sincethereisnotanymoreaccurate
information,Weadopttwovalues,300pcandlkpc.Wbalsoassumethatthedis-

tancetotheLMCis50kpc,andalsoassumeMl=0.1Mb,爪先=50M&forthelens

massdistributionexpressedbyequations(3.5)and(3.6)inthecaseofselLlensing･

ii)Inthe casewhere thelenses are MACHOsinthe halo,WefiⅩDs=50kpc and

integratewithDdfromDs"in=OtoDs=50kpc･Wbalsoadoptthestandardhalo

modelforthespatialdistributionofthelensns(M,Dd)asfollows(Griest1991):

β 伽α2+γ岩
れβ(〟,βd)=た〟 〟α2+γ2

(3･22)

wherepo=0.0079Mbpc~3isthelocalmassdensity,ristheGalactocentricradius,
ro=8.5kpcisthe Galactocentricdistanceofthe Sun,anda=5kpcisthecore

radius.WbalsoassumeadeltafunctionmassdistributionforMACHOs,andwetake

two■valuesofM;M=0.1M;andl.OM&.

Theresultsfortてh=19and20arelistedinlもble3.1,andtheprobabilitydistribution

OfEAGLEeventsasafunctionofthesourcemagnitudeVisshowninFigure3.2.Ftom

theseresultsweconcludethefollowlng:

1)FtomtheresultsinTable3･1wecaneXpeCttheEAGLEeventrateisofthesame

Order(～7events/yr)astheratefornormaleventswhenα=2･35,andmuchlarger
(70～170events/yr)whenα=5･0･HereweassumethenormaleventraterN=4

events/yr(AIcocketal･1997b)･Thus,theeventrateforEAGLEsishighenoughto
a1lowtheevents tobe detected.
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2)TheeventrateforEAGLEsforα=5･Ois8～25timeshigherthanthatforα=2･35･
ThisstrongdependenceoftheEAGLEeventrateonαindicatesthatwecanobtain

someinformationonthepowerindexαOfthemassfunctionofstarsintheLMC

fromthe EAGLE event rate.

3)Whenα=5.0,theEAGLEeventrateforhaloMACHOsis3timeshigherthanthat
fortheself-lensingcase･Soifα=5･0)itispossibletodeterminewhetherthelens

masses are MACHOsinthehaloorknown starsinthe LMCitselffromtheevent

rateofEAGLEs.

4)InFigure3.2,WeCanSeetheEAGLEeventprobabilitydecreasesforlargeV,though
thenumberofstarsincreaseswithincreaslngV･ThereasonsarethatuTissmall

forlargeVandthesourcecannotbeamplifiedenoughtobeobservedduetothe

finite-SOurCeeffbct.AIso,ifα=5･0,thedistributionofthesourcestarmagnitudes

maybeusefu1fordeterminingwhetherthelensmassesareMACHOsinthehaloor

arestarsintheLMC,becausethisdistributionissignificantlydiffbrentineachcase

(seeFigure3･2)･

Table3.1:TheratioofeventrateofEAGLEstonormalevents

t;h α halo halo self self

(mag) (〟=0･川屯) (〟=川屯)(dmα∬=300pc)(dmα∬=1毎c)

19 2.35 0.72

19 5.0 15.7

20 2.35 1.83

20 5.0 44.5
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Figure3.2:TheprobabilityofanEAGLEeventasafunctionofthesourcemagnitudeVfor

Ⅵh=19.Theupperandlowerpanelsareforα=2.35and5.Orespectively.Theboldsolid

anddashedlinescorrespondtoself-lenslngfordmaa,=300pcandlkpcrespectively.The

thinsolidanddashedlinescorrespondtohaloMACHOswithmassesofM=0.1M&,1.OMb

respectively.AlthoughthenumberofthestarswithmagnitudeVincreasesasVincreases,
the EAGLEevent probabilitydecreasesforlarge V because ofsma11uT Valuesandthe

finitesourceefhct.Whenα=5.0,thedistributionofVisslgnificantlydi鮎rentforthe

CaSeOfself-lenslngandthehaloMACHOs.
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3.1.5 馳actionofFinite SourceTransit events

Inthissection,Weinvestigatethe丘actionoftransitEAGLEeventsinallEAGLEevents･

Thefinite-SOurCee鮎ctappearswhenzbecomessmallerthanabout2(Gould1994a),Where

z≡u/u*istheimpactparameter(inthesourceplane)$Caledbytheradiusofthesource

starR.(seesection3･1･2)andu*isdefinedinequation(3･1)asthesourcestarradius
normalizedbytheEinsteinradiusinthesourceplane･However)Whenl<z<2)theef艶ct

isnotstronganditisquitedi伍culttodeterminewhethertheeventisatransiteventora

non-tranSitevent(Peng1997).Therefore,herewedefineatransiteventasaneventwith
z<1.

TheeventrateofEAGLEsisproportionaltouTRE(seesection3･1･4),andsimilarly,
theprobabilitythatthelenstransitsthesurfaceofthesourcestarisproportionaltou*RE･

Inshort,theseratesareproportionaltotheradiusofthecorrespondingcircleinFigure

3.1.

Thus,theratioofthetransitEAGLEevent ratetothetotalEAGLEeventrateis

proportionaltou*/uT.Inordertoestimatethemeanvalueofthen■aCtionoftransit
EAGLEevents,OnemuStintegratethisratiooverallpossibleparameterrangesasabove)

in section3.1.4.The mean value ofthis丘･aCtion can be estimated by evaluating the

〈芝〉=去c⊥比上｡芝drか
(3･23)

Theresultsforlてh=19and20areshowninlもble3･2･Fromtheseresultsweconclude

thefo1lowing:

1)TheffactionoftranSiteventsinallEAGLEeventsismuchhigherthanthatfor

normalevents(～0.1%)(Gould1994)･SowecanexpectafbwtransitEAGLEevents
peryearuslngal-mClasstelescopedependingonthelenslocation･Ifweobtainan

accuratelightcurveandagoodestimateoftheradiusofthesourcestarbyfollow-up

observations,WeCangetthepropermotionofthelensforeachevent(Gould1994a)･
Sincethelenspropermotionisusefulforconstrainingthelensinglocation(andso

thelenspopulation),WeCandeterminethelocationofthelensforeachevent･

2)Moreover,thefractionoftransiteventsstronglydependsonwhetherthelensisin
thehaloorintheLMC.Thetransitfractionfortheself-lenslngCaSeforα=2.35is

4～15timeslargerthanthatforthehaloMACHOlensingcase(forα=5･0,2～5

timeslarger).WbcanconstrainthepowerindexαuSingtheeventrate(see恥ble

3.1)andthedistributionofthesourcestarmagnitude(seeFigure3･2)･Hence,ifwe

canmeasuretheffactionoftranSiteventsina11EAGLEevents,WeWillbeableto

constrainthelenslocation(andsothelenspopulation)statistically･

SotheEAGLEeventsearchwillbeofgreatimportanceininvestigatingthelocation

andthenatureofthelenslngObjects.Wediscusssomequantitativeexamplesaboutthese
insection3.1.7.
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Tもble3.2:Thefractionoftransit eventsinallEAGLEs

Ⅵ九 α halo halo self self

(mag) (M=0.1Mo)(M=1Mo)(dmax=300pc)(dmax=1kpc)
19 2.35 0.09

19 5.0 0.40

20 2.35 0.05

20 5.0 0.29

0.04

0.25

0.02

0.12

0.45

0.82

0.29

0.67

0.34

0.72

0.22

0.59
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3.1.6 Event Duration

In this section,We eStimate the duration,tEAGLE Ofan EAGLE event.Wb define the

durationofanEAGLEeventiEAGLEaSthetimewhenthesourcestarbecomesbrighter

thantheobservationapparentmagnitudethresholdVLbs.ThecriticalamplificationA｡bsis

writtenasA｡bs=100･4(V+Vobs).IfA｡bs>2.5,WeuSeequation(3.1)toderiveu｡bs.Onthe

Otherhand,WhenA｡bs≦2･5,WeuSethestandardequation(2･12),becauseequation(3･1)
isinvalidandthefinite-SOurCee鮎ctisnegligibleinthiscase.ThemeanvalueoftEA
fortheeventwithsourcemagnitudeVcanbewrittenas

毎肌g(Ⅴ)〉=粘⊥
祝r 上

祝γ

砿β一視‰玩血m毎

巴1･94玩叫加(Ⅴ),(Ⅵh=20)

竺1.98玩叫加(り,(Ⅵb=19)

月旦
転=一

明

Where tEis the true eVent timescaleofthe microlenslngeVent and vtis the transverse

Velocityofthelensobjectrelativetotheobserver-SOurCelineofsight.Wbassumevt=220

km/sfortheMACHOsinthehaloandvt=30km/sforthestarsintheLMC.

ThemeanValueof〈iEAGLE(V)〉averagedoverallpossiblevaluesofdistance,lensmass

andsourcemagnitudeis:

〈転居〉=吉c⊥比上｡毎AG柑(Ⅴ脚か
(3･27)

Theresultsforlih=19and20areshowninTable3.3,andtheprobabilitydistribution

Of壬EAGLEforEAGLEeventsisshowninFigure3.3.InFigure3.3,thedistributionsare

Shiftedtoshorterdurationsforα=5.Owithrespecttothoseforα=2.35becausethe

numberofdimsourcesforEAGLEsincreases.Wecanalsoseeacut-0ffintheprobabil-

itycurvesatsmalleriEAGLEforself-lensing.Thisisbecausetheevent rateofEAGLEs

Whoseimpactparameterissma11er■thanSOmethresholdvaluedecreasesaccordingtothe

finite-SOurCeeffbct.Ft･OmFigure3.3,WeCanSeethatthedurationoftheEAGLEisusually

Short(1day～40days),eSpeCial1ywhenα=5.0.Hence,thenightlyobservationalmode
CurrentlyundertakenisnotadequatefordetectingEAGLEevents,butanhourlyobserva-

tionalmodeismoresuitablefordetectingEAGLEevents.Ifobservationsaremadeseveral

timespernight,therewi11besufRcienttimeresolutiontodetecttheEAGLEeventsandto
issueanalertforanoccurringEAGLEevent.



42 C打APTER3.ⅣEWMETガ0上)5FORCO八苫丁月AⅣGT仔E⊥且ⅣSエOCATJOⅣ

Table3.3:ThemeanEAGLEeventduration〈tEAGLE〉

Ⅵ九 α halo halo self s甜

(mag) (〟=0･1〟○) (〟=1几屯)(dγ几α｡=300pc) (dmα∬=1kpc)

19 2.35 21.2

19 5.0 3.6

20 2.35 20.6

20 5.0 3.1

Note:Thevalueof〈tEAGLE〉isgiveninday･
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Figure3.3:TheprobabilitydistributionoftheEAGLEeventdurationiEAGL,EforⅥh=19･

Theupperandlowerpanelsareforα=2.35and5･Orespectively･Theboldsolidanddashed

curvescorrespondtoLMCselトIensingwithdmax=30Qpcandlkpcrespectively･Thethin

solidanddashedcurvescorrespondtohaloMACHOswithMACHOmassesofM=0･

andl.OMbrespectively.ThedistributionsareshiftedtosmalleriEAGLEValuesforα=5･O
thanthatforα=2.35becausethenumberofdimsource$forEAGLEsincreases.Wbcan

seeacut-0ffinthelowiEAGLESideofthecurvesintheself-1enslngCaSe.Thisisbecause

theeventrateofEAGLEswhoseimpactparameterissmallerthansomethresholdvalue

decreases duetothefinite-SOurCee鮎ct.
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3.1.7 DiscussionontheObservationStrategy

WbhaveseenthattheEAGLEeventrateisashighasthatfornormalevents.Sincethe

durationofanEAGLEeventisusua11yshort(1day～40days),thenightlyobservation

programcurrently undertaken by most groupsis not adequate･Hourly observationis

necessaryforfindingEAGLEevents.Moreover,mOnitoringwithal-mClasstelescopeis

su伍cient tosearchforEAGLEs andtomakefo1lowupobservationsnearthepeak,but

notenoughtofo1lowupthewlngOfthelightcurve･Thisisbecausethesourceisvisible

Onlyatthepeakofthelightcurvebutinvisibleduringmostoftheremainderoftheevent･
Tbgettheoverallstructureofthelightcurve,Onehastoobservetheeventwithalarger

telescopeforalongerperiod(butwedonotneedtoobservesofrequently)･
CurrentmicrolenslngeXperimentsarebeingcarriedouttowardverydenseste11arfields･

So,thedeterminationoftheabsolutefluxofthesourcehasbeenanissueinmicrolenslng

becauseofsourcestarblending.InthecaseofEAGLEevents,thesourcestarsarefainter

thanthedetectionlimitandthustheblendingofbrighterstarsisslgnificant,makingthe

problemworse.Attemptshavebeenmadetocorrectthe blendingeffbctsforindividual

eventsbyintroducinganadditionalparameter,theblendedfhx,butthismethodsuf艶rs

fromverylargeuncertaintiesinthederivedlenslngparameterSduetodegeneraciesamong

theparameters(Alard1997;Han1997)･Onesolutiontocorrectforblendingproblemis

tousetheHubbleSpaceTblescope(HST)･ThehighresoIvingpoweroftheHSTandthe

colorinformationfromground-basedobservationsenableusunlquelytoseparatethelensed

sourcestarfromblendedstars(Han1997)･TheDIAshouldbeusedtolocatethecentroid
ofthelensedAuxintheground-basedeventimageaccuratelytofindthelensedstarinthe

HSTimage.OtherhighresolutiontelescopesliketheVLTarealsogoodcandidatesfor

performlngfollow-upObservations･UsingalargetelescopeisalsorequiredforspectroscoplC

observationsofthesourcestar,fromwhichonecanestimatethesourceradius･Wbcando

thiseven aftertheevent hasfinished.

UsingtheDIAhasanotheradvantageinmicrolenslngeXperiments･Thecolorchange

inducedbythelimb-darkenedextendedsourcehelpsthemeasurementofthepropermotion

ofthelensandincreasesthepossiblenumberofpropermotionmeasurementevents(Witt
1995;Gould1996).Han(2000)foundthecolorchangemeasurementbyusingtheDIA

enablesonetoobtainthesameinformationaboutthelensandthesourcestar,butwith

significantlyreduceduncertaintiesduetotheabsenceoftheblendinge鮎ct･Someasuring

thecolorchangewithdi鮎rentialphotometryhelpstoderivethepropermotionofthelens

alongwiththeothermicrolenslngparameterS)andatleast)tOinformuswhetheralens

transitedthesurfaceofthesourceornotwithoutrequlrlngtheabsolutebaselineflux.This

informationisusefulin understandingthelocationofthelens object whichwe discuss

below.

Inordertoperformfollow-upmOnitoringandspectroscoplCObservations,Onehasto

detect an EAGLE eventin real-time andissueanalert.Fbr the real-time detection of

EAGLEevents,theDIAismoresuitablethantheDoPHOTanalysisorthepixelanalysis,

sincetheDIAcandetecttheluminosityvariationatanypositionofthefields,eVenWhere
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nostarwasidentifiedpreviously.Thus,the most reasonable and practicalobservation

strategyistoobservehourly(withal-mtelescope)andtoperformthereal-timeanalysis
withtheDIA.Analertcanthenbeissuedtoobserversaroundtheworld,enablingfrequent

observationsaroundtheeventpeak.Afterthat,highresolutionobservationswithlarger
telescopesshouldbecarriedouttodeterminethebaseline且uxofthesource･

Asseeninsection3.1.5,alargefractionofEAGLEeventsislikelytobetransitEAGLE

events.Ifwecanissue analertforsuchanEAGLEevent,Observationswiththeglobal
network wi11allowus toobtain apreciselight curve nearthe maximumamplification･

Becausethetransittimeis宍ゴ13hoursforselト1ensingand穴ゴ2hoursforhaloMACHOs,itis

possibletomeasurepreciselythelightcurveinthetransitregion･Sincetheovera11structure

Ofthelightcurvecanbedeterminedbyfo1low-upObservationswithlargertelescopes,One

canObtainthesourceradiusscaledbyEinsteinradiusu*fromthefu111ightcurveandfrom

thecolorchangemeasurementsduetoalimb-darkenedextendedsource(Han2000)･If

onecanobtainu*andalsotheradiusofthesourcestarlL丘omthecolorofthesource

star,OneCanObtaintheEinsteinradiusrE prOjectedontothesourceplane･Sincethe

eventdurationtECanalsobedeterminedfromtheful11ightcurve,OneCanmeaSurethe

propermotionofthelensobjectforatransitEAGLEevent(Gould1994a)･Theproper

motionofthelensobjectisofgreat11Seindeterminingthelenslocation･Sincetheproper

motionofobjectsinthehalois30～40timeslargerthanthatofstarsintheLMC,One

canknowwhetherthelenslngObjectexistsinthehaloornotfromthepropermotionof
transitEAGLEevents.Evenifwecannotderiveanaccuratepropermotionoflens,the

fractionoftransiteventscanbeusedtoconstrainthelenslocation,becausethatratiofor

theselトIensingcaseis2～15timeslargerthanthatforthehaloMACHOscase･

Tb demonstrate how we can constrain the nature ofmicrolenslngObjects,We Show

inFigure3.4theprobabilitydistributionofthetransiteventsforboththehalolenslng

CaSe and the LMC selトIensing case.Fbr the typicalparametersα=2･35,Ⅵh=20

andadetectionefRciencyof50%,OneCaneXPeCttOfind～21EAGLEeventsaftera3

yearobservationperiodofllsquaredegreesoftheLMCcentralregion(astheMACHO

collaborationdoes).Inthese21EAGLEevents,WeCaneXpeCtl･1(0･4)and6･1(4･6)
transiteventsforhaloMACHOswhosemassisO.1Mb(1.OMb)andforselトIensingwith

dm｡X=300pc(1kpc),reSpeCtively･Soifwedonotdetectanytransiteventsin3years,We

canrqiectthepossibilityofself-1ensingatmorethanthe99%confidencelevel,aCCOrding
toPoissonstatistics.InTable3.4,We Showsomeotherresultsonhowstronglywecan

discriminatebetweenthetwopossiblelocationsofthelenslngObjects basedonPoisson

statistics.Itispossiblethatwemaybeabletoconstrainstronglythelenslocationbased

Onthe3-yearStatisticsoftransitEAGLEevents･

Inconclusion,thestudyofEAGLEeventsisverye鮎ctiveforconstrainingthenature

Oflensobjects.IfanEAGLEsearchismadeforafewyears,WeCanformstrongconstraints

OnlensobjectsinmicrolenslngeVentS.
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Figure3.4:TheprobabilitydistributionofthenumberoftransitEAGLEeventsoutof

21EAGLEeventsin3yearsaccordingtoPoissonstatisticsfbrα=2･35,tih=20anda

detectione侃ciencyof50%.Theboldsolidanddashedcurvescorrespondtoself-lensingfor

dmax=300pcandlkpcrespectively.Thethinsolidanddashedcurvescorrespondtohalo

MACHOswithMACHOmassesM=0.1Mbandl.OMorespectively･Onecandistinguish

thelenspopulationuslngthenumberoftransitevents･

Table3.4:Confidencelevelsofrqjectingeachcase

transitevent halo halo self self

(number)(M=0.1M;)(M=1Mb)(dmax=300pc)(dm｡X=1kpc)

97.4 99.92

99.5 99.994

99.92 99.9996

Note:Thevaluesofconfidencelevelofrqjectionarein%foreachnumberoftransitevents

detectedin3yearsincaseofα=2.35,V;h=20andadetectione伍ciencyof50%･
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3.2 ConstrainingtheLocationofMicrolensing

ObjectstowardstheLMCthroughParallax

Measurementin EAGLE Observations

WbshowthatitispossibletodeterminewhethermicrolenslngObjectstowardstheLarge

MagellanicCloud(LMC)areinadarkGalacticheavythickdiskasseveralauthorshaNe

suggested,OrintheGalactichalo)Withground-basedobservations･Ourmethodmakes

useofEAGLEeventswithparallaxeffbctinwhichweareabletoobtaintheprojected
("reduced")transversevelocityofthelens･IflensobjectsareinadarkGalacticheavy

thickdisk,itiseasiertomeasuretheparallaxthaninthehalobecauseoftheirgeometry･

Fhrthermore,inEAGLEevents,itiseasiertoobservethepara11axthaninnormalmi-

crolensingeventsbecauseofthehighmagnification･ⅥねfirstestimatetherateofEAGLE

events.Wbfindthattherateiscomparablewithorhigherthanthatofnormalmicrolenslng

events,eVenifeventsarecausedbydarkstarsintheGalacticthickdisk･Weexplorethe

possibilityofmeasuringthepara11axeffbctinEAGLEeventstowardstheLMCbyusing

two2.5-mtelescopesintwodifhrentcontinents･Wbshowthattheparallaxef托ctcanbe

measuredin40%～45%ofallEAGLEeventsifmostlensesarestarsintheGalal:ticthick

disk,While7%～9%canbemeasuredifmostlensesarehaloMACHOs･Wbconcludethat

thefractionofparallax-meaSurableEAGLEeventsamongstallEAGLEeventsisuseful

todiscriminatebetweenthesetwopossibilities.Anobservationalstrategyforachievlng

thisisdiscussed.IncombinationwiththemethodsuggestedbySumi&Honma(2000)to

distinguishwhetherlensesarehaloobjects(MACHOs)orstarsintheLMC,Weareableto

imposestrongconstraintsonthelocationoflensobjectsandonthenatureofthelenses･

3.2.1AdoptedGalacticModelandRelativeEventR且te

InthissectionweglVetheadoptedmodeloftheGalaxyandthesourcestars)anddiscuss

therelativeeventrateortheratiooftheEAGLEeventratetothenormaleventrate.Since

onlytherelativeeventrateisdiscussed,COmmOnCOnStantfactorssuchasC,f,andthe

normalizationoftheluminosityfunctionarenotessential･

Whenweconsidermicrolensingbylensobjectsinthemaximaldisk(thesewecall'disk

events,),WeadoptanexponentialdiskasthemassdensitydistributionfortheGalacticthin

andthickdisk.SincethelineofsighttotheLMCisalmosttangentialtotheazimuthal
directioninthe Galaxy,the massdensity at the regione侃cient to microlensingis not

stronglydependentontheGalactocentricradiusrbutonlyontheheightfromthedisk

planez,aSlongasthediskscaleheightismuchsmallerthanr=ヒ8･5kpc･Soweassume
thediskdensitydistributiononlydepend$OnZaS

β(z)=芸exp(一言),
(3･28)

where∑isthelocaldiskcolumndensityandhisthescaleheightofthedisk･Fbrthe
thinandthickdiskweset hthin=350pc and hthick=1400pc respectively.A certain
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acceptablevalueis∑thin O±50M｡pC-2(cf.Kuijken&Gilmore1989)･Ifweadoptthis

value,duetothemaximaldisklimitof～100Mbpc~2estimatedfromtherotationspeedof

theGalaxy(Binney&Tremaine1987)∑thick⊂ご50M&pc~2(Gilmore&Reid1983;Gould

1994a;Gould,Miralda-Escude&Bahcal11994).However,thevalueofthelocalcolumn

densityforeachdiskisstillcontroversial(cf･K両ken&Gilmore1989;Bahca11,Flynn&

Gould1992).Sowetake∑asamodelparameterassumingthatthecombinedmassof
thethinandthickdisksdoesnotexceedthemaximaldisklimit.Wbchangethefraction

ofeachcomponentwithinthislimit,i.e.,∑thin(∑thick)=30(70),50(50)and70(30)Mbpc-2･
Fbrthediskeventsweassumethepower-lawmassfunction¢(M)oflensobjectsdefined

byequation(3.5)and(3･6)insection3･1･Andweusethenumberdensityoflensobjects

withthemassbetweenMandM+dMasns(M,X)dM=fp(r(x))¢(M)dM/M,Wheref
isthemassfractionofthelensobjectstothetotalmassandisassumedtobeconstant･Wb

taketheupperlimitofmassM｡=50M&andtreatthelowerlimit瑚andthepower-1aw

indexαdaSmOdelparametersas瑚=0.lorO.01Mbandαd=2･350r5,i･e･WeaSSume

boththeordinarypopulationofstars(SalpeterIMF)anddarkerpopulationofstarsasa

constituentofthemaximaldisk.Thisαd=5istheextremecasetobecompared.As

aresult,Ourmainresultsdon,tdependonthisindexmuch(seesection3･2･3)･恥rthe
luminosityfunctionofthesourcestarsintheLMC¢L(V),Wefo1lowequations(3･12)and

(3.12)insection3･1withtheIMFindexα=αs=2･35,Whichisconsistentwiththe

luminosityfunctionoftheLMCrecentlyobservedbyusingHST(Holtzman1997)･

WhenwediscussthelensFSaShaloMACHOs(`haloevents'),Weadoptthespherical
`standard,halomodelfo1lowlngAIcocketal.(2000b)asgivenbyequation(3･22)･Wb

alsoadoptthedelta-functionmassfunctionswithM=0･1M&andO･5Mb
becauseour

knowledgeaboutthelensmassfunctionisverypoor･

FbrtheobservationalparametersweassumeVLb8=21,WhichisatyplCalobservational

limitforcurrentmicrolenslngprOgramS.Weconsidertwodi鮎rentvaluesforthethreshold

magnitude;Ⅵh=19and20,Wherelih=20ismorereasonablethantheother･

HereweestimatetheeventrateofEAGLEsfordiskevents.Wbappliedtheformulafor

theeventratefornormalmicrolenslngeVentSIもandforEAGLEeventsrbofequations

(3.15)and(3.20)insection3･1respectivelyafterfiⅩingDs=50kpc･Wbcalculatedthe

relativeEAGLEeventrateIも/rkfordiskevents･Inthiscalculationthefinitesourcee鮎ct
isalsoincludedfo1lowingSumi&Honma(2000).Theresultsfor11b=19and20are

listedinTable3.5.Onecanseethatrb/rkdoesnotstronglydependonthediskstructure

parameters(∑,h)andthemassfunctionαd,Mi･Thisratiodependsontheluminosity
functionofsource stars.Wbchecked this ratiointheconservative case ofgentler-Slope

αs=2.Oandlてb=20,andfoundthisdecreasedtheratiotol･35･Thisisstillsu侃ciently
high.

AsaresultthedecreaseoftheEAGLEeventrateduetofinitesourceeffbctsisnegligible.

OnlyinthemostextremecasethatⅥh=19andαd=5･0,thisratioisslightlydecreased

duetofinitesourceef艶cts.InthemorereasonablecasethatⅥh=20andαd=2.35,We

foundthatthefinitesourceeffbctisnotnegligibleonlywhen弧<10-4.Fbrhaloevents,

theeventsa鮎ctedbyfinitesourceef托ctsisonlyseveralpercentoutofal1EAGLEevents
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(Sumi&Honma2000)･Sohereafterweneglectthefinitesourcee鮎ct･

1もble3.5:TheratioofEAGLEeventratetonormaleventratefordiskevents.

Ⅵh αd thethindisk thethickdisk

閲=0.1鳩 楓=0.01朗ふ｣晒=0･1〟あ｣晒=0･01鳩

19 2.35 0.73

19 5.0 0.73

20 2.35 1.83

20 5.0 1.83
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3.2.2 MicrolensingeventswithParallaxEf艶ct

Thefractionofpara11ax-meaSurablemicrolenslngeVentSdependsonthepositionofthe

lens.Iflensobjectsareinthethinorthickdisk,theEinsteinradiusprojectedontothe

observerplanefromthesourcestar)Or㍑thereducedEinsteinradiusH)

島(叫∬)≡
月E(叫∬)

1-∬
(3･29)

is much smallerthan thatfor halo events.Hence thelight curveis more sensitive to

thesma11displacementoftheobserver positionindisk events･Thereforethefraction

ofparallax-meaSurableEAGLEeventsoutofallEAGLEeventsforthediskeventswill

bemuchlargerthanforhaloevents･Thisfractionisusefultodiscriminatestatistically

whetherthelensobjectsaremainlyinthethickdiskornot･
Weconsiderpara11axmeasurementswithtwoseparatetelescopesontheEarth･Tb

beconcretewe supposethesituationthatthereal-timedetectionandthealertforan

microlensingevent(bothnormaland EAGLE)isissued byalm-Classalerttelescope

andfo1low-upObservationsareperformedbytwo2･5m-Classtelescopes)Whicharelocated

ondiffbrent continents.Wecanget twodiffbrentlightcurves duetothedisplacement

betweenthefo1low-uptelescopes･InFigure3･5weshowaschematicviewofthegeometry

ontheobserverplaneandthedi鮎renceinthelightcurve･Fromthemeasurementsof

parallaxbetweenthemwecanextractadditionalinformationonthelensobject,namely

the"reducedtransversevelocity"givenasfollows(Ref岳dal1966;Gould1992,1994b,1995b;

Hol針&Ⅴぬ1d1996)
重≡

1-∬
(3.30)

Thereducedtransversevelocityrepresentstheprojectedrelativetransversevelocitybe-

tweenthesourcestarandthelenslngObjectandwillbeofgreatuseininvestigatingthe

lenslocationbecausethisvalueforeachcomponent(halo,thickdisk,andthindisk)isdif-

fbrent(about240kms-1,50kms~1and30kms-1,reSpeCtively)andhencefordiskevents
重is～8timessmallerthanthatforhaloevents.
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Figure3.5:Tbppanel:Aschematicviewofthetrajectoryofasourcestarrelativetothe

lensobjectoftwomicrolenslngeVentSSeenintwodistantsitesAandB･Thesourcestaris

dimandinvisiblewithoutmagnificationbymicrolenslng.Theouterthincircleandinner

thickcirclearetheEinsteinradiusandthecirclewithu=uT=0.25,reSpeCtively.An

eventisidentifiedasanEAGLEevent whenthetrajectoryofthesourcegoesalongthe

thinstraightlinessuchthatubecomessmallerthanuT,1iketheeventrepresentedbythin

lines.Thesolidanddashedthinlinescorrespondtoβ=0.05andO.1,reSpeCtively.Ifthe

trajectoriesarealongboldlines,Wherethesolidandthedashedlinesarewithβ=0･4

andO.45,reSpeCtively,theeventisnotobservedasanEAGLEevent･Bottompanel:The

COrreSpOndinglightcurvesofEAGLEeventsseeninbothsites･tOisobservedas50and55
daysforsitesAandB,reSpeCtively.Thehorizonta11inedenotesanexampleoftheEAGLE

detectionthreshold Vih.Inthisexampletheevent represented by thethinlines,Which

haveβ<uT,ismagnifiedoverV;handisidentifiedasanEAGLEevent･Thedi鮎renceof

peakmagnificationbetweentwositesismuchlargerwhenthemagnificationishigh(the
thinlines)comparedwiththeeventwithlowmagnification(thethicklines)･
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Welistsomebasicformulaeonparal1axmeasurementfollowingHoIz&Ⅵね1d(1996)･In

thissection,βindicatestheminimumimpactparameteruminforaconvenience･Wbdenote

thedif托renceofioandβas6toand6β,reSpeCtively,Whichareobtainedbycomparinglight

curvesobservedatbothsites.Thesequantitiesareexpressedbythetransversedistanceof

twotelescopesDandtheangleObetweenthedirectionofi)andthelineJOlnlngthetwo

telescopesonthelensplaneaS

βcosβ

EliminatingOfromequations(3.31)and(3･32),WeObtainthereducedvelocityofthelens

Objectasfo1lows

重2=
β2

塙∂β2+(昭'
(3.33)

whereweused島/重=RE/vt=iE.Sincethequantitiesintheright-handsideofequation
(3.33)areallobservable,WeCaninprincipledeterminei)ofeacheventfromobservations･
Tobeexact,thefour-folddegeneracyinthedeterminationofi)remainsinparallaxmea-

surementswithonlytwotelescopes(Gould1994b),althoughthedegeneracydoesnotafrbct
themainconclusionofthisChapterdiscussedinsection3.2.3and3.2.4,becauseofthe

short baseline D.

3.2.3 maction ofParallax-meaSurable events

Inthissectionwecalculatethefractionofparallax-meaSurableeventsinalleventsincluding

normaland EAGLE events.It willbe shown that the contribution tothefractionfrom

EAGLE eventsisimportant to detect the parallaxef艶ct and to discriminate whether

thelocationofthelensobjectsisintheGalacticdiskornot.Asthedensitymodelof

theGalaxyweadoptthesamemodelasintroducedinsection3･2･1･Thenumberofthe

paral1ax-meaSurableeventsdependsonthephotometricerrorasshowninAppendixA･

nlrthermoretheestimationoftheeventraterequiresthekinematicsoflensobjects.The

typical(transverse)velocityofthelensobjectsisgiveninAppendixB

Firstweestimatetheaverageoftheratio&rit/uTforgivenVanddiscussforwhich
kindofsourcestarsdoesthepara11axeffbcttendtoplayaroleinmicrolenslngeVentS･Wb

definethedi鮎rentialratioaveragedoverMandxasfo1lows:

d〈鮎tルT〉
dV (り=左上1励だd〟

鮎･it(り〟,∬,γt(z(∬))

祝T(l′)
月E(叫∬)れ8(〟,∬),(3･34)

wheredristheintegraloftheweightingfunction;

∬=上1帥だud楓(勘)刷∬)･
(3･35)
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InFigure3.6weshowd〈A,it/uT〉/WasafunctionofVfordiskeventsofthelensmass

functionwith堀=0.1M占andαd=2.350r5.0,andforhaloeventsofthedelta-function

massfunctionwithM=0.1M&andO.5Mo.Fordiskeventstheratioforthethindiskand

forthethickdiskisseparatelyshown.Theleftsideoftheverticaldashedline(V=tLbs=

21)correspondstonormaleventsandtherightsiderepresentsEAGLEevents･
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Figure3.6:d〈P&it/uT〉/Wdefinedinequation(3･34)asafunctionofV,undertheas-

sumptiondescribedinthetext.Fbrdiskevents(thicklines)theslopeofthelensmass
functionαd=2.35and5.OwithMi=0.1Mb,andforhaloevents(thinlines)thelensmass

functionisthedelta-functionwithM=0.1MbandO.5Mo.Thethicksolidanddashed

linescorrespondtothethindiskwithαd=2･35)5･0)reSpeCtively･Thebolddot-dashed

anddotlinescorrespondtothethickdiskwithαd=2･35)5･0)reSpeCtively･Thethin

solidanddashedlinescorrespondtohaloeventswithmassofM=0･1MoandO･5Mb,

respectively,andwith明=190kms-1･Theleftsiderelativetotheverticaldashedline

representsnormalmicrolensingeventsandtherightsideisforEAGLEevents･Fbrnormal

events,arit/uTishighforabrightsourcestarsbecauseofthelargeflux･FbrEAGLE

events,arit/uTislargeforfaintsourcestarsbecauseofthehighmagnification･Thegapat
V=21isduetothedi鮎renceinthedetectioncriterionwhichrequiresA≧1.34(u=1)

fornormaleventsandA≧AT(V=21)=2･5forEAGLEevents･

FtomFigure3.6weseethatfornormalevents&rit/uTislargeforbrightsourcestars
becauseofthelarge且ux,andgetssma11erasthesourcestarsgetdimmer･FbrEAGLE

eventsarit/uTislargeforfaintsourcestarsbecausethemagnificationshouldbelargefor
darksourcestars.NotethatthegapatV=21isduetothedif艶renceofthedetection

criterion,WhichrequiresA≧1.34(u=1)fornormaleventsandA≧Ath(V=21)=2･5
forEAGLEevents.

Sincethenumberoffaintsourcestarsislarge,EAGLEobservationshaNeanadvantage

overnormalmicrolenslngObservationsfordetectingtheparallaxe鮎ct･Tbmakethedis-
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cussionmoreaccurate,WemuStSeetherelativepara11ax-meaSurableeventrateweighted

withthesourceluminosityfunction.The rateofmicrolenslngeVentSWiththeparallax

持=C上1抽だ¢s(岬拾賄t(川∬,Ut(z(棚E(嘲れ抑)･(3･36)
whereCisthedimensionalconstantcommontotheexpressionofrk andrb(Sumi&
Honma2000).AritforEAGLEevents(equation(A･15))isappliedforV>鴨b8=21and

OnefornormaleventsforV<鴨b8=21.
In Figure3･7we show the relative di鮎rentialevent rate distribution ofparallax-

measurableevents dIb/dVnormalizedbyrk(forV<tLb8)orIも(forV>鴨bs)for
diskandhaloevents,aSafunctionofsourcemagnitudeVandforvariouscombinationsof

弧andαd.Thecontributionsfromthethinandthethickdiskaredrawnseparatelyfordisk

events.Wbalsonotethattheabsolutevalueoftheverticalaxisisnotimportantbecause

theeventratedistributionsshownarerelativeones.Thesedistributionsaretobecompared

withtherelativeeventratedistributionforallevents(thebolddottedline).Theleftside

relativetotheverticaldashedlinecorrespondstonormalmicrolenslngeVentSandtheright

sideisforEAGLEevents.FbrdiskeventsthegreaterαdOrthesmaller叫,thehigheris

dIb/dV.FtomFigure3.7weseethatfordiskeventstheeventrateofpara11ax-meaSurable

EAGLEevents(V>21)ismuchhigherthanthatofnormalmicrolensingevents(V<21)･
Wbalsoseethatforhaloeventsthefractionofpara11ax-meaSurableeventsisquitelowfor

bothEAGLEand normalevents.

Wbevaluatedtheratiooftheparallax-meaSurableEAGLEeventratetothepara11ax-

measurablenormalevent rateIt･(V>VLbs)/Ib(V<tLbs)inThble3･6fordiskevents
andinTable3.7forhaloevents.FtomTable3.6and3.7,itisclearthatEAGLEevents

enlargetheopportunityofparallaxmeasurements･The numberofparallax-meaSurable

EAGLEeventsis7～9timeslargerthanthatofnormaleventsfordiskevents･Fbrhalo

eventsitis13～14timeslargerthanthatinnormalevents,althoughtherateofparallax-

measurablenormaleventsisextremelylow.Ftomthesetablesweconcludethatmostof

theparallax-meaSurableeventsareEAGLEevents･Wehereafterapproximatetherateof

parallax-meaSurableeventsasIt･.

Tもble3.6:Theratioofpara11ax-meaSurableEAGLEeventstothatinparallax-meaSurable

normaleventsfordiskevents.

αd thethindisk thethickdisk

ノ切=0.1〟ム｣晒=0.01几屯 ノ埼=0･1〟ふ｣晒=0･01几屯

2.35 8.46 6.85 9.40 7.73

5.0 8.05 6.38 8.98 7.25

InTable3.8weshowthefractionsofparallax-meaSurableEAGLEeventsoutofallEA-

GLEeventsI盲/rb,andcorrespondingtypicaltEValuesfordiskevents･Fbr∑thick(∑thin)=
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Figure3･7:Therelativediffbrentialeventratedistributionofparallax-meaSurableevents

dIb/dV,nOrmalizedbyn(forV<鴨bs)orrk(forV>叱bs),aSafunctionofsource

magnitudeVandforvariouscombinationsof瑚andαd･Themodelparametersarethe

SameaSFigure3･6･Wenotethattheabsolutevalueoftheverticalaxisisnotimportant

because the event rate distributions shown are relative ones.Wb also show the relative

drN/WanddrE/dVbythebolddottedline･Theleftsideofverticaldashedlineisfor

normalmicrolensingeventsandtherightsideisforEAGLEevents･

30(70),50(50)and70(30),theopticaldepthsare3･84(2･43),6･41(1･74)and8･97(1･04)in

lO-8,reSpeCtively,iff=1,althoughthecommonfactorfisnotessentialsolongasrela-

tivetheeventrateisdiscussed,aSnOtedinsection3.2.1.Ftomlもble3.8,WeSee〈tE〉be

stronglyaffbctedby叫.叫=0･01M&lookslikebeingconsistentwiththeobservedvalue

tE～40days(AIcocketal.2000b)forthethickdiskwithαd=2･35･Ib/rbonlyweakly
dependson∑thinlthickandαd･Wbalsoshowthefractionsintheconservativecasethatthe

sourcestarisV<25inparenthesesinTable3.8,becauseitmightbedifnculttodetect

theeventswiththedimmer(V>25)sourcestarasdiscussedinthefo1lowingsection･

concludethatparallaxe鮎ctcanbemeasuredinmorethan40%ofEAGLEeventsifthe
lensesarestarsinthethick disk.

Theh･aCtionsforthethindiskarelO%largerthanthatforthethickdisk.Butthe

Table3.7:The ratioofparallax-meaSurableeventin EAGLE events tothatinnormal

events fbrhaloevents.

vt=190kms-1 vt=220kms-1

凡才=0.1几屯 〟=0.5几屯 〟=0･1几屯 〟=0･5几屯

12.6 13.7 12.8 13.9
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Table3.8:Theffactionofparallax-meaSurableeventsinallEAGLEeventsfordiskevents･

αd ∑thick thethindisk thethickdisk

(几屯pc~2)叫=0･1〃①
■晒=0･Ou毎,｣晒=0･1鳩

叫=0･01几屯

侮〉(d)持/托L 〈玩〉(d)持/指毎〉(d)持/拉L 〈玩〉(d)拉/指
2.35 30

2.35 50

62.9 0.492 23.9 0.641

(0.379) (0･552)
56.5 0.478 21.4 0.626

(0.365) (0･534)
2.35 70 50.7 0.464 19.2 0.611

(0.350) (0･515)

0

0

0

5

5

5

0

0

0

3

5

7

42.2 0.537 13.4 0.701

37.9 0.521 12.0 0.686

34.0 0.506 10.8 0.670

135.4 0.411 51.4 0.551

(0.297) (0･447)
127.10.401

(0.287)
120.10.392

(0.278)

90.8 0.451

85.3 0.440

80.6 0.430

48.2 0.540

(0.434)
45.6 0.530

(0.422)

28.7 0.609

27.0 0.598

25.5 0.587

Note:Thefractionsinthecasethatthesourcestaris V<25areinparentheses.The

eventtimescales〈tE〉aregiveninday･

contributionofthesecomponentsissma11becausetheopticaldepthisabout25%relative

tothatofthethickdi$k,beingconsistentwithpreviousestimations(Gould1994a;Gould,

Miralda-Escude&Bahcall1994).瑚mightbebetweenO･1andO･01fromcomparingthe

eventdurationswiththeobservedvaluetE～40days.Anyway,theparallaxeffbctcanbe

measuredinmorethan40%ofEAGLEeventsforthethindiskevents.

Fbr haloevents,here we adopt the massfunction as adeltafunction,aGaussian

distributionandalog-nOrmalGaussiandistributionbecauseourknowledgeaboutthelens

massfunctionisverypoor･Fbrthedeltafunctionweadopt
M=0･1Mo andO･5Mo･

FbrtheGaussianandlog-nOrmalGaussiandistributionswetakethemeanOfthemass

肱nean=0.1M;andO.5M占.ThevarianceisO･4M&fortheGaussiandistributionand

log(0.4M①/肱｡ean)forthelog-nOrmaldistribution･Ofcoursethemassfunctioniszerofor

negativeMintheGaussiandistribution･Thetypicaltransversevelocityvt=190kms-1

and220kms-l.weestimatedthefractioninthesamewayasaboveandtheresultsare

showninTable3.9.Wealsoshowthefractionsinthecasethat thesourcestarisV<25

inparenthesesinThble3.9.Theopticaldepthis4.8×10,7iff=1･FtomTable3･9,We

seethatthen･aCtionofparallax-meaSurableeventsoutofallEAGLEeventsis7～9%･

Weconcludethatparallaxefrbct canbemeasuredbyaccuratephotometricobserva-

tionsofEAGLEeventsandthatwecanstatisticallydiscriminatethelocationofthelens

objects,Whethertheyareinthethickdiskorthehalo,byestimatingtherelativeparallax-

measurableEAGLEevent rate.
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1臨ble3.9:The血･aCtionofparallax-meaSurableeventsinallEAGLEeventsforhaloevents

Withvarioustypesoflensmassfunction.

Mor叫｡ean Vt=190kms.1 vt=220kms~1

(几屯) 毎〉(d)持/指 〈玩〉(d) 持/托

thedelta-functionmassfunctionwitbmass M

0.1 22.4 0.190 19.4

(0.111)
0.5 50.1 0.140 43.3

(0.077)

0.180

(0.104)
0.133

(0.072)

theGaussianmassfunctionwithmeanmass叫｡ean

0.1 44.6 0.152 38.6

(0.085)
0.5 52.5 0.141 45.3

(0.078)

0.143

(0.079)
0.133

(0.072)

thelog-nOrmalmassfunctionwithmeanmass吼｡an

0.1 46.5 0.162 40.1

(0･093)
0.5 51.1 0.140 44.1

(0.077)

0.153

(0.087)
0.132

(0.072)

Note:ThefractionsinthecasethatthesourcestarisV<25areinparentheses.The

eventtimescales(iE〉aregiveninday･

3.2.4 DiscussionontheObservationStrategy

WbhaveseenthattheEAGLEeventrateisashighasthatfornormaleventsevenfor

diskeventstowardstheLMC.SincetheperiodinwhichanEAGLEeventisvisible(V<

21)isusuallyshort(1day～40days),thedetectione氏ciencyheavilydependsonthe

Observationalfrequency.Theobservationalprogramscurrentlyundertakenbymostgroups

arenotadequate.Hourlymonitoringwithal-mClassdedicatedtelescopeandthereal-

timedetectionofEAGLEeventsarerequiredtoissuealertswithahighdetectione伍ciency.
However,fortheeventsinwhichtheso11rCeStarisV>25thisperiodislessthan2days,SO

somepeoplemightnotbelievethedetectionofthiskindofevents･Soweestimatedrh/rb

andIも/rbinthecasethatthesourcestarisV<25･Thenwefoundrb/rh=1･48with
Ⅵh=20.AndweshowedIt>/rbforthediskandhaloeventsinparenthesesinlもble3･8

and3.9respectively.Thesearedecreasedbutsti11su侃cientlyhigh･Ofcourse,thelarger

alerttelescopesmakeiteasierandfastertoissuethealerts･

Althoughmonitoringwithal-mClasstelescopeiss11凪cienttoissuealertsforEAGLE

events,itdoesnothaveenoughpowertomakeaccurateobservationsnearthepeakandthe
decliningstageofthelightcurvebelowlてh･Hencefollow-upObservationswithatleasttwo

2.5-mClasstelescopesmusttakeovertheobservationoftheevent･Inparticular,arOundthe



3.2.PARA上⊥Aズ几生EA5UR且MEⅣTJⅣ且AG⊥且 57

peakofthelightcurvehighlyfrequentobservationsarenecessarybecause∂to～D/i)～50
minutesfordiskevents.Sinceforhaloevents6toismuchshorterthanfordiskevents,∂io

isquitehardtodetectforhaloeventsinactualobservations･Inversely)thetestforthe

existenceoftheshiftofthepeakamplificationtimeduetotheparallaxeffbctmaybejust

e鮎ctiveinconstrainingthelocationofthelensobjects･Clearly,fo1low-upObservationwith

a2.5-mClasstelescopeontheEarthandtheNextGenerationSpaceTblescope(NGST)
wouldbeamoreattractiveplanforthefuturetoincreasethebaselineDandtoimprove

theobservationbelowⅥhaSdiscussedinAppendixA.

Asshowninsection3.2.3,WeCanmeaSuretheparallaxeffbctinalargefractionof

EAGLEevents.IfalertswereissuedforsuchEAGLEevents,Observationswithaglobal

networkwouldallowtheprecisemeasurementofthelightcurvenearthemaximumam-

plification.Sincei)forobjectsinthehalois5～8timeslargerthanthatforstarsinthe
disks,WeCandeterminewhetherthelenslngObjectsresideinthehaloordisks･

Thetruesourcefluxfbisneededtomeasuretheprecisevalueofβinthelightcurve

fittingwhentheonlylightcurveisonlyobservedaroundthepeak･However,ふcan'tbe

measuredthroughDIA.Thenfo1low-upObservationsbyahighresolutiontelescopesuchas
HSTorVI∬sareneededtogetanaccuratehaftertheevent･

Inshort,areaSOnableandpracticalobservationalstrategywouldbetoobservehourly

withal-mtelescopeandperformreal-timeanalysISWiththeDIAtoissuealertstoworld

observatOriesforfollow-upObservationwith2.5-mClasstelescopesontwodiffbrentconti-

nents.Thenaftertheeventsfo1low-upObservationsshouldbemadebyHSTorVUrs･

Weestimatedthe血･aCtionofparallax-meaSurableEAGLEeventsamongstallEAGLE

eventsusingtwo2･5-mfo1low-uptelescopesindi鮎rentcontinents･WbfoundthatEAGLE

eventsenlargetheopportunityofpara11axmeasurementsby7～9timesfordiskevents)

andby13～14timesforhaloeventsrelativetothatinnormalmicrolenslngeVentS･Wb

alsofoundwecanmeasurethepara11axe鮎ctin40～45%ofEAGLEeventsifthelenses

areinthickdisk,andin7～9%ifthelensesareinthehalo･Thefractionofpara11axevents

whosei),saremeasuredwithmorethan50%accuracy depends onthelenslocationas

discussedin section3.2.3.

Tbdemonstratethismorespecificallyweestimatethenumberofexpectedparallax-

measurableeventsfortwocasesthatthesearemainlyhaloeventsordiskevents･Inboth

cases,thethindisk,Whichisnotessentialduetoitssmallcontribution)lSincluded･Fbr

thetypicalparametersαs=αd=2.35,∑thin=∑thick=50M;pc~2,Ⅵh=20,thedetection

e伍ciencyof50%andthesourcestarsshouldbeV<25,OneCaneXpeCttOfind〇ゴ13
EAGLEeventsaftera3-yearObservationperiodofllsquaredegreesoftheLMCcentral

region(astheMACHOcollaborationdoes)･Inthese13EAGLEevents,2events(15%)
are due tothe starsinthe thindisk andafurtherllevents ared11etO MACHOs orthe

darkstarsinthethickdisk.Inconsideringthesellevents,thereasonableparametersare

M=0.lorO.5M&exceptM=0.1Mointhecaseofthe6-functionforhaloevents,and

閲=0.01M&fordiskevents,tObeconsistentwith(tE〉竺40days(AIcocketal･2000b)･
Inthiscase,WeWillbeabletomeasurei)inrespectively6and2eventsfordiskeventsand

forhaloevents,Whichincludelthindiskevent･Weconcludethatwewouldbeableto
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constrainthelenslocationstronglybasedonthe3-yearStatisticsofEAGLEeventswith

theparallaxe鮎ct.

Inconclusion,anaCCuratephotometricstudyofEAGLEeventswouldbeef托ctivein

elucidatingthelocationoflensobjects･Onecouldstatisticallydiscriminatewhetherthe
typlCallenslocationsisinathickdiskornot)eVenWithaneffbctivebaseline～6000kmas

showninthissection.AdditionallyonecoulddistinguishwhetherthelensesareMACHOs

orstarsintheLMCitselfthroughmeasurementsoffinite-SOurCee鮎ctsinEAGLEevents

(Sumi&Honma2000)･Thereforeonecouldidentify1ensobjectsashaloMACHOs,dark

starsintheGalacticthickdisk,OrStarSintheLMCthroughtheseobservations･
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Chapter4

Experiment

FtomthisChapterinthisthesiswedescribetheanalysisofMOAGalacticBulgedatain

2000.Thisanalysisisaimedtocheckhowe伍cientlywecandetecttheEAGLE-typehigh

magnificationevents,andtoestimatetheopticaldepthtowardstheGB,Whichgiveus
informationofthestructureoftheGalacticBulge.

InthisChapterwediscusstheobservinginstruments,Siteandstrategy･

4.1 Site

WbareobservingatMt.JohnUniversityObservatory(MJUO)inNewZealandat170027･91E,
43059.21S,1030maltitude.TyplCalskybackgroundvaluesare21･9,22･6,21･5,20･9and19･1

magnitudespersquarearcsecondintheU)B)V)RcandIcpassbands)reSpeCtivelyatan

airmassofl.0,and21.7,22.1,20.8,20.3and18.6atananairmassof2･7(Gilmore,private

communication,1994).Spectroscopichoursareapproximately45%･Theseeingistypi-
callyintheragel･0-2･5arcseconds)andtheglobalseelngOftheentireset-upistypically

l.9-3.5arcseconds.

ThetelescopeisastandardBollerandChivens61-CmapertureRichey-ChretienCassegrain

re且ector.ThefocalratiowaspreviouslyF/13.5andchangedtoF/6･25withanewspherical
secondarymirrorandathree-lensfieldcorrectoraddedtotheorlglnalhyperboloidprlmary

mirrortoprovideaflatdi緻actionlimitedfieldof85mmdiameter(Pennycook1996)･All
thedatausedinthisthesiswereobtainedbytheF/6･25system･Thistelescopeisbeing

operatedsemi-autOmaticallyundertheprogram"TELJOY"(Williams1996)･

4.2 Camera

ThecameraequippedonthistelescopeisthelargemosaicCCDcameraMOA-Cam2(Y瓦nag-

isawa2000).Thiscamerahasthree2048×4096pixelsSI恥thinnedback-illuminatedCCD

chips(ST-002A)whichhaveaveryhighquantume凪ciency(QE)(nearly80%intheregion

ofthewavelength500to800nmasshowninFigure4･1)andthreebuttablesides･The
sizeofeachchipis3×6cmandeachpixelsizeis15FLm･Thecombinedfieldofviewofthis
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cameraandtelescopeisO.920×1.390(0.81arcsec/pixel).Thiscamerahasaliquidnitrogen
tank(ND5)withl.2Lcapacity,manufacturedbyInfraredLaboratoriesandisoperatedat

acoldtemperature(～-1000C).

WeareusingMn･Ont(MosaicCCDFtont-endElectronics)fortheelectronicswhich

wasdevelopedbySubaruCCDdevelopmentgroup.WbalsouseMessia3(Modularized

expandablesystemforimageacquisition(Sekiguchi1998))astheCCDcontroller,data

acquisitionandshuttercontroIsystem,Whichiscontro11edbytheworkstation(SPARC2)･
WbshowthecharacteristicsofthetransparencyofthefiltersinFigure4.2.Weuse2non-

standardwidepassbandfilters(RedandBlue)whichare13cmx13cmareaandlOmm
thick.The shutterislocatedbetween thefi1ters.Thewholesystemslidessidewaysfor

observationineachcolorviaastepplngmOtOrWhichiscontrolledbytheMessia3･The

SpeCificationsofthetelescopeandcameraaresummarizedinTable4･1･

○¢

【
盟
h
0
日
の
竃
≡
む
已
n
召
d
∋
b ON

200 400 800 800 1000

va▼elengtb【nm]

Figure4.1:Thequantume氏ciencyofSITbCCD

′♪

.4

0

0

日UZく巨SZ遥】ト

300 400 500 600 700 800 9(氾 10(氾1100

Waveleng血(nm)

Figure4.2:Thepassbandsofthefi1ters



4.3.0β£ERⅥ4TJOⅣSTRA了甘Gy

1もble4.1:Thespecificationofthesite,telescopeandcamera･

Mt.JohnUniversityObservatory

place

altitude

Seelng

170027.9′E,43059.2′S

lO30m

l.9-3.5arcsec

B&Ctelescope

aperture 61cm

focalratio F/6･25
MOA-Cam2

arr町Size

plXelsize

effbctive area

fieldofview

plXelscale

LN2tank

LN2holdingtime

Operatingtemp

Weight
丘1ter

1×3CCDs(2048×4096pixels)
15′Jm X15′↓m

61.44mm x92.16mm

O.920×1.390withB&Ctelescope

O.81arcsec/pixel

InfraredLaboratoriesND5(1.21)
12.5hours

～-1000C
40kg

Red(630-1100nm),Blue(400-630nm)
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4.3 0bservationStrategy

Wbareobserving16fields(20deg2)intheLMCafewtimesperdaythroughoutthefu11

yeartosearchforMACHOsandtostudyvariablestarswith2colorfi1ters,Whereeach

fieldconsistsofthreesubfieldscorrespondingtoeachCCDchip.

Ontheotherhand,WeObserve14fields(18deg2)intheGB5…6timesperdayonly

duringthesouthernwinterseason(theGBisvisiblefromApriltoNovemberatMJUO)

withtheRedfilteronly.ThemainaimofthesurveytowardstheGBisdetectingthe

highmagnificationevents(A>10)inordertofindextrasolarplanets･Thedetection

probabilityofextrasolarplanetsinthemicrolensingeventisverylow(afew%),butin
highmagnificationevents,thisprobabilityturnsouttobeveryhigh(seesection2･5)･

EAGLEeventsare11Suallyhighmagnification.HoweverthedurationofEAGLEsis

veryshortbecausetheseeventsarevisibleonlyduringthepeakofthemagnification･Tb

detectthiskindofeventswearesamplingeachfield5～6timesadaywithonlytheRed

filterinsteadofbothcolors.Duetothishighsamplingrate,thedetectionefRciencyfor

shorttimescaleeventsbecomeshigherthantheformerstudymadebyothermicrolenslng

surveygroups.AnditisaunlquepOintofourobservationstodetectthesmal11ensobjects
towardstheGB.Weshowour14GBfieldsinFigure4.3andTもble4･2･
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Figure4.3:MOAGalacticBulge丘elds.

T乱ble4.2:MOAGalacticBlllge丘elds.PositionsarethecenterofthemiddleCCD(chip2).

丘eld RA(J2000)Dec(J2000) l(O) b(○)

ngbl175624.4

ngb2 180103.9

ngb3 180535.5

ngb4 175624.4

ngb5 180103･9

ngb6 180535.5

ngb7 181023▲7

ngb8 180530.2

ngb9 181054･8

ngblO 180810･0

1唱bll181234･3

ngb12 181648.9

ngb13 181800.O

ngb14 181900･0

-291848
1.225443

-2.820797

-294848
1.294419

-3.948334

-303000
1.171821

-5.137455

-275000
2.507324

-2.079037

-282048
2.573193

-3.225651

-285932
2.495693

-4.407446

-292510
2.625283

-5.531947

-273418
3.731051

-3.700416

-280035
3.924187

-4.959934

-255000
5.543167

-3.377416

_262306
5.533736

-4.509716

-254059
(i.606907

-5.017195

-232027
8.807236

-4.152192

-215008
10.247009

-3.646437
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Chapter5

DATAAnalysIS

Herewepresentthemethodsofdataanalysiswhichareusedinthispaper･Wbapplied

Di鮎renceImageAnalysis(DIA)toGalacticbulgeimagestakenbyMOAduring2000

season(fromApriltoNovember)insteadofDoPHOT(Schechter,Mateo&Saha1993)

analysis.Untilnowanumberofgroupsfo1loweduptheproposalofPaczy丘ski(1986)･
Overthepastyearsmorethanonehundredmicrolensingeventshavebeendiscoveredby

theMACHO(AIcocketal.2000b),EROS(Afonsoetal･1998,1999),DUO(Alard&

Guibert1997)andOGLE(Udalskietal･1994)collaborations･Thestandardwayusedin
theiranalysisofCCDimageswasDoPHOTanalysis,WhichperformsthePSFfittingfor

eachstarontheimage･Inthisanalysis,thephotometriesareperformedatthepositionsof

starsinthecataloguewhichhavebeenregisteredusinggoodimages･So,theevents,Whose
baselineofsourcestarsaredimmerthantheobservationalthresholdmagnitudeandnot

resoIvedonthecatalogueimage,COuldnotbedetectedinthisanalysis･Fbrthermorethis

typeofanalysISSuffbrsfromthecontaminationofthefluxmeasurementsby"blending"of

neighboringstarsbecausetheobservationalfieldsareusuallyverystellardensefieldsto
increasethenumberofsourcestarsinmicrolenslngeXperiments.Thisblendingeffbctmakes

photometryworseanditimpossibletoknowtherealfluxofthesourcestarasdiscussedin

section2.3.1.TheaimofchangingtoDIAfromDoPHOTistoincreasethesensitivityto
thedetectionofgravitationalmicrolenslngeVentS･WbdiscusshowtheDIAsimplifiesthe

processofdetectingtheeventsbydetectingonlyobjectswhose且uxwaschanged･

5.1DataPreparation

Allthedatawhichareusedinthispaperare273sequences(numberedB273～B545)of
14fieldsoftheGalacticb111ge,Whichcontain～7,000images･Inadditiontothiswetook

darkimageseverynightand且at-fieldimageseveryweek･ThesedataweresavedtoDI∬

tapesandbroughtbacktoJapan.Atfirst,thecosmicrayandhotpixelinthedarkand

flatimagesarerQjectedbytakingthemedianof3imagesofeachnight･Andthenthis

mediandarkimageissubtractedfromtherawstarimageofeachfield･Thescienceimages

aremadebydividingthedarksubtractedstarimagebyanormalized且atfieldinglmagetO
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COrreCtfortheresponseofeachCCDpixel･

C仔APT且R5.かATAAⅣAエyS路

5.2 Di鮎renceImageAnalysis

Crotts(1992)andPhillips&Davis(1995)developedthe"DiffbrenceImageAnalysis(DIA)",

or㍑Imagesubtractionmethod乃,andtherehavebeenanumberofapplicationsofDIAtype

techniques(Tbmany&Crotts1996;Reissetal･1998;Alard&Lupton1998;Alard2000;

AIcocketal.1999b,2000a;Wo去niak2000;Bondetal.2001).Inbrief,atfirst,Onereg-
istersthestarposition,andgeometricallyalignseach"current"observationimagetoa

preselected"reference"imagewhichisrecordedingoodseelng,highsignal-tO-nOiseratio
(S/N)andlowairmass･Next,theconvolutionkernelwhichisrequiredtomaptherefbrence
imagetothecurrentimage,1SCalculatedbyuslngthesecurrentandreferenceimages･The

refbrenceimagesareconvoIvedtomatchtheseelngandscaletoalignedcurrentimages･

Theresultant,COnVOIvedimagesarethendif艶rentiatedandvariableobjectsaredetected･

TherearetwodiffbrentapproachesinmodelingandsoIvingfortheconvolutionkernel･

Onematches PSF modelsonthetwoimagesby soIvingforthe kernelinFburierspace

(Phi11ips&Davis1995;Tbmany&Crotts1996)･ThisapproachwasadoptedbyAIcocket

al.(1999b,2000a)intheirreanalysisofasubsetoftheMACHOdata･
Theotheristodirectlymodelthekernelinrealspace(Alard&Lupton1998)･This

methodissuitableevenforcrowdedandpoorS/Nimages･Sowe
developedourown

implementationofthis method.Thisincludesthe modificationofAlard(2000)that
modelsspatialvariationsofthekernelacrosstheCCD･

Ourimplementationofthekernelsolutionmethodalongwiththesubsequentimage

subtractionismostlycodedinC++.AndweusesometasksofIRAF(ImageReduction

andAnalysisFhcility)inthisanalysis･

5.2.1 Referenceimage

Weselectedthebestseeing,higherS/Nandlowairmassimagesfromfu11imagestakenin
the2000seasonasthereferenceimageforeachfield.Thelowairmassisrequiredbecause

theseimagesmustnotbea鮎ctedbydi鮎rentialrefraction･Theangleofrefractionoflight
bytheatmospheredependonitswavelength･Thefirstmentionofthedeleteriouse鮎cts

ofatmosphericrefractiononsubtractedimageswasmadebyTbmany&Crotts(1996)･
Theynotethat,forbroad-bandfi1ters)thecentroidpositionofastarisdependentupon

theairmassoftheobservation.Thephenomenoniswellknowninastrometryandgivesan

e鮎ctofincreasinglyelongatingthePSFwithairmass･Fbrobservationstakenatdiffbrent

airmassesthisleadstopoorsubtraction,glVlngaCOmbinedpositiveandnegativeprofile,

andsystematicspuriousdetection･Thepresenceofthiseffbctisrevealedbyaslgnificant

residual且uxremaininginthesubtractedimage.AIcocketal.(1999b)correctedthise蝕ct
intheiranalysis.Wbfoundthise鮎ctisgreaterinourimageswiththeBluefilter(see

SeCtion5.3).However,inourimageswiththeRedfi1ter,thisef艶ctisnegligiblewhenthe
airmassislower than2.0.Sowe didn,t correct this e鮎ct because ourdataare mainly
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takenthroughtheRedfi1ter,although,Werequiredlowairmassforrefbrenceimages･The

typlCalseelngOftheselectedrefbrenceimagesis～2･0//)andtheairmassislowerthanl･1･

InsoIvingthekernel,We11Seanumberofsub-reglOnS)refbrredtoas化stamp乃)Centered

onbrightbutnotsaturatedstars,throughouttheimage･Wbchoseabout450stampsfor

eachchipinthereferenceimage.Anadvantageofthismethodofsolutionisthatthese

stampsneednotbecenteredonisolatedstarswithclearPSF(PSFstars)･PSFstarsare

requiredintheanothermethoduslngtheFouriertransform･It'snoteasytofindenough
PSFstarsinourimages,Whichareinverycrowdedregionsandhavepoorseeing･Soour

methodissuitableforourdatabecausetherecanbeanynumberofstarstoanydegreeof

crowdingwithinastamp.HoweverwerequlrethatreglOnSenClosedbythestamps,plusan

additionalmarglnglVenbyhalfthekernelsize)areCOmpletelyfreeofbadpixelsincluding

deadcolumnsandbleedingcolumnsduetonearbysaturatedstars･Imposlngthiscondition

greatlyimprovestherobustnessinobtaininggoodqualitysubtractedimages･Thereference

imagesarefiⅩedovertheentiretimeseriesobservationsofaglVenfield)andstampsused

forthekernelsolutionarealsofiⅩedoverthetimeseries.

Thelistofthepositionsofstarsonthereferenceimagearemade,Whichisusedin

alignlngthecurrentimagestothereferenceimage･Amaskimagemapplngthedistribution

ofsaturatedstarswasalsoformedfromtherefbrenceimage.Ifaparticularstarcontained

saturatedpixels,theentirestarprofile(around5pixelscenteredonthesaturatedstar)wa5
maskedout.Themaskwasappliedtoa11subtractedimagestoobtainfinalimages･

We madethecatalogueofallstarsinthe referenceimagesby usingthe DoPHOT

program･Wherea11saturatedstarsonthereferenceimagesweremaskedwiththecorre-

spondingmaskimage,andtheedgesoftheCCD(x<35,X>2042,y<4,andy>4090

pixel)werecutinfu1loffthisanalysisbecauseofbadquality･Thesestarcataloguesare
usefultoselectconstantstarsinsection5.4.1andtocalibratethe且uxofourdatatostan-

dardIandVbandmagnitudesinsection5･5･Thesearealsousedtomaketheextinction

mapofourobservationfieldsfromtheColorMagnitudeDiagram(CMD)inChapter7and
theluminosityfunctionofMOAfieldsinsection8.1･Fbrthermore,thenumberofstarsin

eachfieldiscountedinthiscataloguewhenweestimatetheopticaldepthinsection8･4･

5.2.2Imageregistrationandalignment

AccurateregistrationofstarpositionisimportantinDIA･Theshiftofstarpositionmakes

slgnificantresidualsinthesubtractedimages･Thelistofthepositionsof8800brightstars

oneachcurrentimageismadebyourorlglnalroutinewhichisbasedontheIRAFtask
㍑dao丘ndH.

Thisroutinefindsthepeakoftheexcessintheimage.Thesmallimagearoundthis

peakisintegratedtoldimension(xory)andldimensionalGaussianfittingwouldbe

performedforeachxandydirectionseparately･Ftomthisfittingthecenterandheightof

theGaussianareobtained.Tbbeidentifiedasastar,theroundness2(hx-hy)/((hx+hy)
isrequiredtobebetween-1andl,WherehxandhyaretheheightsoftheGaussianfor

eachdirection.Wbfoundtheaccuracyofthiscenterpositionisenoughforouranalysisin
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al1cases.

Thisstarlistofcurrentimagesiscross-referencedtothatofthereferenceimage,andthe

matchedstarlistismade.Tbdothiswedividedonechiplmageinto8sub丘amesandlOO

brightstarsineachsubframewerematchedatfirst,andfinallyal18800starsarematched

byuslngSmartalgorithm.Aslowerbutveryrobustalternativealgorithmwasusedasa

backupifnecessary.Thiscombinationofalgorithmsmakethematchingprocessrobustfor

imagestakeninvariousconditions.Usingthismatchedstarlist,atranSformationmatrix

ismadeandthecurrentimageisalignedtotherefbrenceimagebyIRAFtasks"geomap"

and"geotran".Inthistransformationthedistortionsoftheimagearenottreated,because

wefoundthiseffbctisnegligibleinourimages.Theuseofalargenumberofstarsallowed

ustodetermineanaccuratemapplngbetweenthetwoimages.

5.2.3ImageSubtractionmethod

TheshapeofthePSFoftwoimagestakenatdiffbrenttimesisneverexactlythesame･The

di鮎rencesareduetothedi鮎renceoftheseelng,theskylevel,andtheextinctionbythe

atmosphere.TbmatchthePSFwedegradetherefbrenceimage'sseeingtomatchthatof

thecurrentimage.ThePSFmatchingprocessisbasedonthefactthatitistheoretically

possibletomatchtheprofilesofstarsobservedundertwodi蝕rentconditions,Withasimple

COnVOlutionoftheformglVenbythefollowlngequation･

盲(∬,y)=γせ,y)*た(∬,y)+あ(∬,y), (5･1)

whererandicharacterizethefluxdistributionofstarsinthegoodseelnglmageandin

thepoorseelngCurrentimagerespectively.Theconvolutionkernelkencodestheseelng

di鮎rencesandbrepresentstheskybackgrounddi鮎rencesbetweenthetwoimages･Here

theimportantpointisthatmostofthestarsonaglVenframedonothavelargeamplitude

variations.SoIvingfortheconvolutionkernelisthecrucialstepintheimagesubtraction･

WbfollowthemethodofAlard(2000)asdescribedpreviously･
Herewesummarizeourimplementation.InprlnCiple,SOIvingthisequationisanonlin-

earproblem.Animportantconsiderationisthatifwedecomposeourkernelfunctionuslng

SOmebasisoffunctions,theproblembecomesastandardlinearleast-SquareSPrOblem･The

convolutionkernelfunctionatagivenlocation(xo,yO)isexpressedasalinearcombination
Ofanalytical"basis"functions

〃占…｡〃示｡`(m)

た(∬0,yO,∬,y)=α0ふ(∬,y)+∑∑ αmれ(∬0,yO)んれ(∬,y)･
m れ

(5.2)

Thecoe且cientsainthelinearcombinationarespatia11ydependent exceptao.They

are also modeled as alinear combination of basisfunctions which takes theform of a

two-dimensionalpolynomialwrittenas

αmれ(∬0,yO)=∑αmれβ媚さ腑,
β

(5.3)
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wherethepolynomialindicespsandqsdependonthefunctionindexs,Whichsatisfy
0≦ps≦DspandO≦ps+qs≦D8P･Dspisthedegreeofthepolynomialcorresponding

tothespatialvariationcoencients.ThereareatotalofNip=(Dsp+1)(Dsp+2)/2terms
foreachvalueofmn.Thebasisfunctionsusedtomodelthekerneltaketheformofa

combinationoftwo-dimensionalGaussianfunctionsandpolynomialswrittenas

ん乃(∬,y)=e-(㌔+㌔)/2J‰∬pmy恥, (5･4)

whereO≦pn≦DmandO≦pn+qn≦Dm･Dmisthedegreeofthepolynomial

correspondingtotheGaussianCOmpOnentWithanindexofmwhichisassociatedwithJm･

ThereareatotalofN;｡,(m)=(Dm+1)(Dm+2)/2termsforeachvalueofmandatotal

of耽se=∑慧M8N;｡l(m)termsaltogether･
Thefunctionんn(x,y)(equation(5･4))canbeexpressedinsuchawayastomakethe

integralofeachzeroexceptforthefirstbasisfunction･Consequentlytheintegralofthe

kernelitselfisconstantacrossthechipregardlessofthespatialvariationsofthekernel･

Thecoe伍cientofthefirstbasisfunctionaowillbethescalefactorofthisconvolution

kernelfunction.

Thedifrbrentialbackgroundb(x,y)isalsomodeledasalinearcombinationofatwo-
dimensionalpolynomialwrittenas

わ(∬,y)=∑如p`y耶,
亀

(5.5)

wherethepolynomialindicespiandqiWhichsatisfy0≦pi≦Dbk｡andO≦pi+qi5Dbk9･
Dbk9isthedegreeofthepolynomialcorrespondingtothedi鮎rentialbackground･There

areatotalofNik｡=(Dbk｡+1)(Dbk｡+2)/2functions･
Thesizeofthekernelisselectedas17×17pixels･WbsetthenumberofGaussians

N;auss=3･AndwealsosetDsp=2andDbk9=2･AndwechooseJo･1,2=0･7,1･0,1･3and

thedegreesofthepolynomialareDp｡l(0,1,2)=6,0,4respectivelyduringthe2000season･

Thenat｡talnumberofcoe伍cientsofthekernelfunctionisNkernel=1+(NL｡Se-1)Nip+
nk9=265･From2001,WeChangedthesevaluestoql･2,3=0･7,1･3,2･1andthedegreesare

Dl,2,3=6,4,2respectively,WhichcorrespondstoNkernel=295･Theseparameterswere

ChosenemplrlCally･

Thesolutionforthecoe伍cientsamnsandbiCOuldbefounduslngStandardlineartech-

niques.Wbdividedthereferenceandcurrentimageintoeightlkxlkpixelssub-frames

whichweresma11enoughtoallowthespatialvariationsinthekernelanddiffbrentialback-

groundtobesatisfactorilymodeledusingsmoothfunctions･WbsoIveequation(5･1)by
using～50stampswhichareenclosedby23×23pixelsforeachofthesub-frames･The

correspondingsubtractedimagewasthenformeduslngfo1lowlngrelation

△豆(∬,y)=申,y卜申,y)*た(∬,y)-ゐ(∬,y)･ (5･6)

Inthesesubtractedimages,therearedi鮎rencesinthetransmissioncomlng血･Omair-

mass,Cloudcoverageanddustextinction･Thissubtractedimage△i(x,y)wasrescaled
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tomatchtothescaleinthereferenceimagebydividingwithfirstcoefRcientao･Bythis

process,al1thetimeseriesofsllbtractedimagesarephotometricalycalibratedwithoutpho-

tometeringtheisolatedhighS/Nstars.Inthiswaynoothercorrectionwasrequiredfor
di蝕rencesofthetranSmissionwithairmass.Weshowtherealimagesbeforethes11btrac-

tion(1eft)andafterthesubtraction(right)inFigure5･1･Wecanseevariablestarsasthe

positive(white)andnegative(black)residualsinthesubtractedimage･Andthesaturated
starwhichcanbeseenatthetop-leftiIlimageswouldbemaskedattheprocesstodetect

Variableobjects.

Figure5.1:Theimagebeforethesubtraction(1eft)andafterthesubtraction(right)･The

positive(white)andnegative(black)pointsarevariablestarsinthesubtractedimage･The
saturatedstarwhichcanbeseenatthetop-1eftinimageswouldbemaskedinthevariable

Objectdetectionprocess.Theseimagesare512×512pixels･

ItisknownthatthePSFpro丘1esvaryacrossthe丘eldforlargeCCDimagess11Chas

OurS.Consequently,thepossiblespatialvariationoftheconvollltionkernelisanimpor-

tantCOnSideration,TheapproachadoptedbytheMACHO collaborationwastodivide

theirimagesintosmal1subL丘ames(500×500pixels)andsoIvefortheconvolutionkernel
separatelyoneachofthesesub一正ame$aSSumingnosignificantvariationsinthekerneloc-

cllrredontheirlengthscales(AIcocketal.1999b).However,foro11rimages,We丘ndsmal1
butsigni丘cantspatialvariationsofthekernelevenoversmal1500×500pixelssub一打ames･

Thispromptedustoselectthedirectkernelmodelingmethodwhichcaneasilymodelthese

Spatialvariations･

FurthermorewechosethedirectkernelmodelingmethodbecausethePSFmatching

methodrequireshighS/NempiricalPSFmodelsonboththerefbrenceandcurrentobser-
vationimagesbyusinganumberofisolatedPSFstars.Thisisdi組culttoachievebyusing

asmalltelescopes11Chasoursatasitewithonlymoderatelygoodseelng･Meanwhile,the

directkernelmodelingmethodonlyrequiresthereferenceimagestobehighS/N･



5.乱 丁D且ⅣmTfOⅣ0ダl仏兄上Aβ⊥EO月JECT苫 69

5.3IdentificationofVAriableobjects

Thefu11ymatchedimageswere diffbrentiated torevealvariableobjects whose且uxhas

variedinsomewaybetweenob5erVations.AtthepositionofvariableobjectsonaglVen

Subtractedimage,pOSitiveornegativeprofi1escanbeseendependingonwhetherthe且ux

hadincreaBedordecreasedrelativetothereferenceimage(seeFigure5･1)･Tbdetect

theseobjects,WeuSethemodi丘edversionofthestar払dingalgorithmusedinthestar

registrationprocess(seesection5.2.2).Withthisalgorithm,bothpositiveandnegative
profi1esco111dbedetectedsim111taneously.Therearealsospuriousprofi1esnotassociated

withstellarvariability,fbrexample,COSmicray,Satellitetrackand theleakedelectron

鉦omatoobrightsaturatedstar.Anothertypeofspuriousprofilearosefromthee鮎cts

Ofa dilTerentialrefraction as describedin section5.2.1.The shift ofthe star position

CauSedbydi蝕rentairmassgiveacombinedpo5itiveandnegativepfO丘1e,anda$yStematic

$Purio11$detection.ThisefrbctdependsonthecolorofeachstarandairmaSS,andbecomes

especial1yseriousinourBlueimages.WeshowaBluesubtractedimagewhichhassuffbred

丘omthise蝕ctinFigure5.2.ThisefFbctisnotsoseriousforourRedimagesbutcanStill

besubstantialoccasionally.

Figure5.2:Thesubtractedimagewiththeeffectofdi蝕rentialrefraction･Boththepositive

(white)andnegative(black)residualsineachstararecausedbytheshi氏ofthecentroid

Ofthestarsduetodifferentialre丘･aCtion.Thisimageis256×256pixels･

Tbavoiddetectingthesespuriousobjects,WeappliedsomecriteriatotheAnalogDigital

Unit(ADU)val11eOfpixelswithin4pixelsaroundthepeak.Thenumberofbadpixels

whoseADUvalueiszerowithin4pixelsfromthepeakshouldbelesstham3.And96%

Ofthepixel$Withina5×5pixelsboxcenteredonthepeaksho111dhavethe$ameSlgn

aBtheADUval11eOfthepeakpixel.Finallythestatisticalsigni丘canceoftheAuxwithin

a5pixelsboxcenteredonthepeakcomparedwiththenoisearoundthisbox,Shouldbe
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1argerthan3.0.Thisnoiseinthesubtractedimagecomesftomthevariouscomponents,

i.e.,photonnoise,readoutnoiseandsystematicnoise.Thephotonnoiseiscomefromthe

SOurCeStarS,theblendedstarsandtheskybackground.Thesystematicnoisecomesfrom

poorsubtractionduetothelowS/N･Thephotonnoiseofthecurrentimagedominatesfor
faintobjectswhereasforbrighterobjectsthesystematicnoisefromtheimagesubtraction
becomesimportant.

Thisroutinewasappliedtothesubtractedimagestoproduceaninitia11istofvariable

Objectpdsitions.Candidateobjectswhichpassthisselectionwerethenchecked against

thoseobtainedinpreviousreductionsofthefield.Ifnoobjectiscross-refbrenced,these

newobjectswereaddedtothedatabaseofobjectpositions.Ifanobjecthaspreviously

beendetected,thiswasidentifiedasthesameobjectandthenumberofdetectionsforthis

Objectwasincremented.Thenumberofdetectionsforeachobjectwereusedintheevent

Selectioncut"cutl"(seesection6.1.1).Thepositionwasrevisedifthesignificanceofthe
newdetectionwouldbegreaterthanpreviousone.Thenthelistofpositionsofvariable

Objectswasmade.

5.4 Photometry

Beforeperformlngthephotometryfortheobjectsinthelistofvariableobjectsmadein

theprevioussection,Weappliedthefirstsimpleeventselection"cutl"(seesection6.1.1)
becausethereareanumberofspuriousdetectionsinthislist.

Fbrtheobjectswhichpassedthe"cutl",WeperformbothapertureandPSFprofile
fittingphotometry.Thesepositionsareindependentonwhetherthesourcestarisisolated

atthispositioninthereferenceimageornot.Thisdiffbrsfromthetraditionalapproach

whichhasbeentofollowubonlystarsdetectedinthetemplate(reference)imagebythe
DoPHOTtypealgorithm.ThischangeglVeSuSgreaterSenSitivitytodetectmicrolenslng

events whose source staris eithertoofaint ortooblendedto be resoIvedinthe reference

image.Thise鮎ctivelyenlargesthesearchareaandthenumberofmonitoredsourcestars･

AperturephotometryanditsnoiseareglVenby

α叩=∑△ん

鳴=∑Jデ,

丁字=芋

(5.7)

(5･8)

(5･9)

where△Listhediffbrentialfluxinpixeli,histheactualfluxofthepixelincludingthe
backgroundskyandstarsinthecurrentimagebeforesubtractionofthereferenceimage･

ThesumisoverplXelswithinthe6-pixelradiusffomthecentroid.

InestimatingthenoiseofeachpixelqiOfthesubtractedimageinequation(5.9),We

ShouldtakecareofthegainGinADU/e,andthescalefactorao ofeachframe･The
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scale factoraoisthefirst coefRcient ofthe kernelfunctionoftheframe･The且uxin

a11subtractedimagesarescaledtomatchtherefbrenceimageinADUvalue(seesection
5.2.3).Thenumberofphoto-electronsinthecurrentimageisgivenbyhao/G･Sothe

?Oiseassociatedwiththispixelis師,andthiswasrescaledbacktotherehrence
lmageinADUbymultiplyingbyG/ao･

FbrthePSFprofi1efitting,thehighS/NempiricalPSFimages(23×23pixels)were

madeforeachofthe32(500×500pixels)sub-regionsinthereferenceimagebyusing
brightandisolatedstarsineachsub-reglOn･ThenthesePSFimagesareconvoIvedbythe

samekernelfunctionthatisusedintheimagesubtractionprocess,tOmatChthisPSFto

thatineachlocalpositionofeachtimeseriesofframes･AndthetotalfluxofthisPSFis

normalizedtol.

ThePSFprofilephotometrycomesdowntoatwo-parameterfitfortheamplitudeapsf

andbaselinebwith

伽J昂+あー△ム

｢ ゼ
'x2=∑

(5.10)

whereflisthevalueofempiricalPSFimageinpixelicenteredonthevariableobject･
Thesumismadeoverthe23×23pixelsboxaroundthecentroid･ThebestfitisglVenby

αpβJ= ∑牒=慮守ー∑埼∑虚王幣
de壬

∑点者裾βJ=-deま,

が一鋸
∑･亀

孝有
∑･亀

1一ポ
∑･亀ニ

⊥Tレ

e
Tα

where detis

(5･11)

(5.12)

(5･13)

ObviouslythePSFphotometrygivesoptimalnoiseanda1lowsthemeaningfulrenormal-

izationfortherqiectedsaturatedanddeadpixels･Thisphotometricprocessisperformed

onallobjectsinthevariablelistina11thetimeseriesofimagesandthediffbrential且ux
△F=apsflightcurvesarestoredinthedatabasewiththeircorrespondingerrorandthe

rootofx2perplXelforthePSFfitting･

WefoundthePSFphotometryisbetterthanaperturephotometry･Sperturephotome-

trysu鮎rsffomtheresidualsarlSlngfromthewidewlngSOfverybrightvariablestarsand

theresidualoftheskybackground.SoweusedthelightcurvetakenbyPSFphotometry
inthisanalysis.

5.4.1Noiseproperties

TheerrorinthePSFphotometrygpsfObtainedbyequation(5･12)wouldbeoptimistic,aS
itincludesonlythephotonnoisecomponent･Sowetestedthepropertiesofthephotometry
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uslngaSampleofconstantstars.Wbmadeacatalogueofallstarsintherefbrenceframes

byuslngtheDoPHOTprogramtoselectconstantStarS･Wbrandomlysampled～1000

COnStantStarSforeachimage,1nWhichwerqjectedthevariableobjectsdetectedinsection
5.3.

Noise properties were derivedfromthe residualsofindividualmeasurements around

themeanfluxofeachobject.Soweused～100,000measurementsforeachchip.Each

residualwasnormalizedbytheerrorfromthephotonnoisegbsf(equation(5･12))forthe

COrreSpOndingphotometricpoint.Thenstarsweregroupedaccordingtotheirbrightnesson
thereferenceimage,thestandarddeviationnormalizedby%sfinthePSFfitting,i･e･,the

rootofx2perpixel(werefbrtothisasSdevpsf),andeachofthedividedlO24×1024pixels
Sub-frames.Howeverwecouldnotfindanydi鮎renceinthesub-frames,SOWeCOmbined

allsub一打amesintothesamegroup･WbthoughtthattheSdevpsfOfeachmeasurement

Should be agoodindicatorforthe systematic noise which comes血･Om the non-photon

noise.Allresidualscomlng丘omthelightcurvesofstarsinaglVengrOupWeremergedinto
one distribution.

Fbreachgroupwecalculatedthehalfwidthoftheregioncontaining68.3%ofresiduals

q,eSid,arObustestimatorofthewidthgoftheGaussiandistribution.InFigure5.3,We

plotthe estimatedJresid aS afunctionofSdevpsf andthese arefittedwitha3-degree

polynomial.Wherebrightstarsareconcerned(R<-11inDoPHOToutputmagnitudeof
Red,WhichcorrespondstoI～15)thesewererqjectedbecausesuchbrightstarshaNeOther

SyStematicdeviationsasdiscussedbelow.Thee鮎ctofsuchbrightstarsissmallbecause

thenumberofbrightstarsislessthanO.4%outofallpossiblesourcestars(I<23),and
thepixelswheresuchstarsdominateontheCCDchipislessthanl%.Andwedidn,tuse

themeasurementswithSdevpsj>10becausethesehavelittlereliability･Thenumberof

thiskindofmeasurementsare～7%outofallmeasurements.Inthisfigure,aCleartrend

forthesevaluescanbeseen.ThefittedcurveshowninFigure5.3canbeusedtorescale

theerrorbarsinordertoimprovetheconsistencyofthelightcurves.Wealsoshowthe

SameplotwithnormalizedresidualswiththisfittedfunctioninFigure5･3･

Tocheck whetherthisnormalizationisappropriateornot,WeShowthedistribution

histogramsoftheseresiduals(upperpanel)andnormalizedresiduals(lowerpanel)inFigure
5.4.AsshowninFigure5.3,thedistributionofnormalizedresidualsisconsistentwiththe

normaldistribution.So ournormalizationseemsto bereasonable.Thistrend ofchip2

and3areverysimilarbutslightlydif艶rent丘･OmChipl･Soweestimatedthisfunctionfor
eachofthechips.ThistrendisverysimilarovertheallfieldsofthesameCCDchip･Wb

appliedthisnormalizationtoallourmeasurements.

WealsoshowtheotesidOfresiduals(filledcircle)andnormalizedresiduals(cross)asa

functionofbrightnessofconstantstarsinDoPHOTmagnitudeinFigure5.5.Asshownin

Figure5.5,aSWemOVetOWardsbrighterstarstheJresidincreasesduetosystematiceffbcts

relatedtotheuncertaintyoftheseeingandthePSF,firstslowlyandthenfaster.Alard

&Lupton(1998)provideapossibleexplanationintermsoftheatmosphericturbulence･
Anotherpossiblesourceofthisexcessistheexistenceofsomesma11amplitudevariable

StarSinthesebrightstars.So,Wedidn'tbothertocorrectthise鮎ctinthisanalysis･In
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Fig11re5.3:Thehalfwidthoftheregioncontaining68%ofre$idualswhich arearatio

Oftheactualscattertothephotonnoiseestimateasafunctiomofstandarddeviationin

PSFfitting(fi1ledcircle)andthesameplotwithrenormalization(cros$)･Thedatainthis

plotcome丘om90,000individualmea5urement$Ofl,000constantstars.Thedashedline

indicatest.hebest丘tfortheresidualplotwith3-degreepolynomial.andthisfunctionis

used astherenormalizationfunction.

Figure5.5,We払undthatthenoise(standarddeviation)inthisanalysisisabout40%above
thephotonnoiselimit.

5.5 Calibration ofFluxes

TheinformationderivedtwDIAisslightlydiffbrentthanthat丘･OmCOnVentionalphotom-

etrysuchasDoPHOT.Di晩renceimagingret11rnSrelativephotometry△Finlinear且ux

units,thatisthelightcurvefromwhidlSOmeCOnStantfhxhasbeen$ubtracted.Thisvalue
depend$Onthebrightnessoftheobjectinquestionontherefbrenceimage吊ef･Tbconvert

△Fmeasurementsontoamagnitudescale,itisnecessary todetermineacorresponding

"total且ux"凡血I由venby

凡血=吊｡J+△且 (5･14)

Ifthesourcestarisbightenoughandisolatedonthereferenceimage,then凡efCanbe

measuredbyapplyingapro丘1e丘ttingprograms11ChasIDoPHOTtothereferenceimage･

However,therearesomesituationswhereitmaynotbepossibletomeasuretherefbrence
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Figure5.4=Thedistrib11tionofresiduals(upper)andrenormali2;ed(lower)residualsfor
90,000individualmeasurementsofconstantstars.Thedataarerepresentedbythehis-

togramsandthedottedlinesindicatethebestfitGa11SSiandistrib11tionscenteredonO･The

halfwidthsoftheregionscontaining68%oftheresidualso･arel･369andl･005respectively･

fhx,hence thetotalAux,forapartic11larevent.Ifthesource starisstronglyblended

withaclosebrightstarorisfainterthantheobservationlimit,thenmeasurementsofa
refbrenceAuxareimpossible.Insuchasituation,ClaBSicalpro丘1efittingphotometrywill

notbeabletoyieldareliablelightcurve.HoweverphotometrywithDIAwillatleastyield

areliabledi飴rentialflux△Flightcurve.IftheS/Nofthelightcurveishigh,OneCan
derivetherefbrenceAuxandunampli負edso11rCeAuxJhbyfittingatheoreticalstandard

microlensingprofi1etotheobserved△Flightc11rve(Han1999)･IftheS/Nisnothigh

eIlOllgh,thenfoandtheeventtimescalelEdegenerate,anditisdi伍culttodeterminethe

correctampli負cationandtE.Fbrsucheventstherearesimilaritiesbetwcenthelightcurve

Ofeventswithdi鮎renttimescalesandampli丘cations(Woiniak&Paczy丘ski1997;Bond

etal.2001).
Toobtainthesourcemagnitudefromtheふgivenbylightcurvefitting,Weneedthe

transhrmationrelationbetweenthefluxintherefbrenceimageandtheapparentmagnitude

instandard passbands.We11Sed the UBVIphotometry catalogueofselected starsin

Baade,swindowprovidedbyOGLE(Pac2;y丘skie七al.1999)thatarecontainedinsomeof
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Figure5.5:Thehalfwidthoftheregioncontaining68%oftheresidualswhicharearatio

Oftheactualscattertotheerrorfromthephotonnoise(fi1ledcircle)asafunctionofRed

magnitudeinDoPHOTphotometryandthesameplotwithrenormalization(cross).The
datainthisplotcome缶om90,000hdividualmeasllrementSOfl,000constantstars.

theMOAGalacticBulge丘elds(ngh2-1,ngh2-2,ngb3-3,Wherengb2-1meanschiplin且eld

ngh2).Intheseregions,theextinctionisrelativelylowanduniform.Ourreferenceimages
areselectedfromvarious丘･ameStakenatdifrbrenttimes.So,thetransfbrmationfunctions

drivenbyusingthese3MOA-OGLEoverlapfieldsarenotapplicableforotherfieldsand

Chips.

Therefore,at丘rst,WeappliedDoPHOTtohalfofalltheframesforeachfieldwhich

COntain～20Blueimagestakendmingthe2000season.ThenwemadetheR(MOA)

andB(MOA)catalogueofallstarsinourGalacticBulgefieldsbytakingthe median

foreachstarso as toincreasetheaccuracy ofthe photometry and toaNOid the daily

differenceofextinctionbytheatmosphere･AndthenthcDoPHOTphotometryRrefOn

thereferenceimageswa5COmparedwiththecataloguevalue凡几ed.Thedifrbrencesare

凡e/-‰ed=-0･1～+0･03magandspatialvariationsinonechipareabollt～0･02

mag･Soweneglectedlocaldi飴rencesinthechipandstoredoneoffsetvalueR)reaChchip･

Theseofrbetswereusedimthefo1lowlngCalibrations.

Next,the月andBmeasurementsinourcatalogueof3MOA-OGLEoverlapfieldswere

COmparedwiththeVandIphotometryofthecorrespondingstarintheOGLEcatalogue.

FundamentallythetranSformationtothestandardl′andI丘omMOAnon-StandardR

aIldBdependsonthecolorindexB-R.Thetran$formationsobtainedtothestandardI

andVforeachchipareshowninFigure5.6aJld5.7,amdaregivenbyfo1lowlngeqllations･

J=月-0.0969(β一月)十26･2840､(cbipl),

J=月-0.0969(β一月)+26.3331(cbip2),
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Figure5･6:CalibrationofMOARedmea$urementStOthestandardIbandmagnittldefor

thethreeCCDs(chipl,2and3fromtoptobottom)withthecolorterm.

J=属-0･0969(β一月)+26･5937(cbip3),

V=β-0･160(β一月)+26.350(cbipl),

Ⅴ=β-0･160(β一月)+26.帥0(ebip2),

V=β-0･160(β一月)+26･192(chip3).

(5.17)

Heretheslope$WereeStimatedbytheusingfu11dataofal13chips,andtheofrbetswere

estimatediIldividual1yforeachdlip.

WeappliedthistranSformationtoourstarcataloguemadeintheprevioussection5.4.1.

Asshow皿inFigure5.6,thecolordependenceintransformationtoI丘omRisweak,and

Wefoundthatthetran5fomationwithoutacolortermSeemStOWOrkproperly,aSShown

inFigure5.8.Thetransformationfunctionscanbewrittenasfo1lows

J=月+26.0923(chipl),

J=月+26▲2210(cbip2),

J=月+26.4963(chip3).

Theseequation$areVeryuSefu1becauseourdatawereus11al1ytakenonlyimRed.
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Figure5.7:CalibrationofMOABluemeasurementstothestandardVbandmagnitude

scaleoft,hethreeCCDsofthecameraMOATCam2withthecolorterm.
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Figure5.8:CalibrationofMOA Red measurementstothestandardIbandmagnitude

scaleofthethreeCCDsofthecameraMOA-Cam2withoutacolorterm.
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Chapter6

Results

TheDIAanalysiswascarriedoutonthedataof14fieldstowardsGalacticBulgetaken

inthe2000season(fromApriltoNovember)･Thesedataconsistof7,200imageswhich

correspondtol18～224frameSforeachfielddependingontheirprlOrity)andintotalthey

amountto～100GByte･Oftheseimages)6】600imagesweresuccessfu11yreduced･This

constitutes～92%oftheoriginaldatasetofobservationsforthe$efields･Thereduction
failuresintheanalysISOCCurredasaresultofpoordataconditions)i･e･)badpointing)pOOr

seelngandverylowtransmissionrelativetothereferenceimageduetoclouds･

恥rthesesubtractedimageswefound2,000～10,000variableobjectsineachfield･

And200～1,0000bjectsofthesevariableobjectspassedthe"cutl",forwhichthePSF

photometrywasperformedtomakethelightcurveS･Fbrthesevariablelightcurves,We

appliedanadditionalselection,i.e.,"Cut2"whichsearchthebumpinthelightcurveand
"cut3"inwhichthemicrolenslngfittingwasperformed･Asaresult)Wefound28microlens-

ingeventcandidatesfromtheselightcurves･

6.1 Event Selection

Tbperformeventselectiononemustrealizethatspuriousdetectionsofobjectscanoccurfor

anumberofreasons.Oneisoutbreakobject,e.g.,aSterOids,Satellitetracks,COSmicrays,
hotpixels,leakedelectron血･OmSaturatedstars)andbadsubtractionduetodiffbrential

reh･aCtion.Tbruleoutthesespuriousdetectionswerequiredatleasttwo(cutl)orthree
(cut2)consecutivesignificantdatapoints･Iftherearemanyconsecutiveexcursionsin

thelightcurve,Weidentifiedtheseasvariablestars･WhilestandardmicrolenslngeVentS

haveaslnglepeak,Wedon,trequlrethatthemicrolenslnglightcurvehasaslnglepeak

throughoutthefollowlngmanySelectioncuts･Notapplyingthistypeofcutallowsusto
detectbinarylenslngeVentSWhichhavemultiplepeaks)butmakestheremovalofvariable

starsmoredincult.Wbappliedacombinationofmanyloosecutstorqjectvariablestars･
ThesecriteriaarechosenemplrlCally.
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6.1.1 cutl

Thefirstcutisveryloosebuteffbctivecutnamedas"pointcut".Wbappliedthiscutfor

theinitialvariableobjectsdetectedinsection5.3byuslngthenumberofdetectionsofeach

Objectinatimeseriesofframes.

Thereare3typeofeventsinourdataset.Thefirstoneistheeventinwhichthesource

Starisnotmagnifiedintherefbrenceframe.Thesecondoneisthatinwhichthesource

Starismagnifiedmaximumlyintherefbrenceimage.Thethirdoneisin-between,l.e.,the

SOurCeStarismagnifiedbutnotatthepeakmagnificationinthereferenceimage.

Fbrtypel,theobjects aredetected onlywhenthesourceismagnifiedas apositive

excess･Fbrtype2,theobjectsaredetectedinalmostall丘amesexceptaroundthepeakas

anegativeexcess･Andfortype3,thesameexcessasfortypesland2,Orthecombination

Ofaclusterofpositiveexcessesatthepeakandanegativebaselinearedetecteddepending

Onthephaseofmagnificationintherefbrenceimage.Byconsideringthesecharacteristics

Ofeachtypeofevents,Werequiredthefo1lowlngCriteriaforeachtype.

Firstwecountthenumberofclustersofpositiveandnegativedetectionsnlus,Pand

Ntlus,n Whichisthe consecutive detectionswhose separationarelessthan40bservation

framesaregroupedasonecluster.

Fbrtypelwhich has the no negative detections Ndet,n=0)the positive detection

Shouldbelargerthan2,i･e･,職et,P≧2,Whichrqjectsmanyspuriousdetectionsandlow

S/Nevents･Ntlus,PShouldbelessthan4torqjectshortperiodpulsatingvariablestars,

and職et,P Should not beequaltonlus,PtOrqject objectswith noISySparSe detections.

Wbdividedall丘･ameSintothreereglOnSOfobservationtime,andcalculatedthedetection

ratioRatiol,2,3WhichisthenumberofdetectionsNiet,1,2,30utOfa1lobservationframes

Nj,｡me,1,2,3･WbrequiredthattheRatiol≦0･lorlhiio3≦0･1torqiectsomeofthelong

Ormiddleperiodvariables.

Fortype2,WhichhasthenopositivedetectionNムet,P=0,thenegativedetectionshould

belargerthanaquarterofallobservationframes,i･e･,職et,n≧Njr｡me/4becausethese

negativedetections represent thebaseline.Thiscut rqjectedmanyspuriousdetections.

Ntlus,nShouldbelessthan5torqjectshortperiodpulsatingvariablestarsbecausethebase
lineshould be stable.

Fbrtype3whichhasbothpositiveandnegativedetections,凡Ius,PShouldbelessthan

4,andNtlus,PShouldbelessthan5torqjectshortperiodpulsatingvariablestars,thesame

asfortypesland2･EitherofthecriteriafortypelNdet,P≧2andN云et,P≠凡Ius,P,Orfor

type2職et,n≧Nj,ame/4shouldbesatisfied･Welistedallthesecriteriaofcutlinlもble
6.1.

Thesecutsreducethevariableobjectsinorder,丘omthousands(2,000～10,000)to

hundreds(200～10,00),dependingoneachfield,Withoutrqjectingthemicrolensing-1ike

lightcurves.Fbrtheobjectswhichpassedthiscut,PSFphotometrywasperformedand

lightcurveofeachobjectwasmadeasmentionedinsection5.4.Theselightcurveswould

betestedbyfo1lowlngtheselection"cut2".
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Table6.1:Selectioncriteriaincutl.

type criteria

typel 職e頼=0

職ef,p≧2

ぺ血相<4

職軸≠凡血,p

月α舌わ1≦0.lor月α壬わ3≦0.1

type2 〃云｡ちp=0

職…≧呵γ肌e/4
凡如,れ<5

type3 職…≠Oand〃d｡f,p≠0

凡加,p<4

州毎,れ<5

(職軸≧2and職軸≠〃血相)or胸中≧叫γαm｡/4
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6.1.2 cut2

Thesecondeventselection"cut2"named"Bumpfilter"wasappliedtothelightcurvesof

Variableobjectswhichpassed"cutl".Thiscutsearchedforamicrolenslng-1ike"Bump"
inthelightcurveOnthestablebaseline.Thiscutrqjectedmanyvariablestarsfromthe

database which had passed thelooser cutl.This cutis very quick.So reducing the

numberofcandidatesbythiscutisverye鮎ctivebecausethefollowlng"Cut3",1nWhich

themicrolenslngmOdelfittinglSapplied,isrelativelyslow.

Atfirst,Wereq11iredtheminimumnumberofphotometricdatapointstobe70points･

Next we set the timeintervalof120days as a"window"in thelight curve,Where the

numberofdatapointsinthewindowNinandoutsidethewindow〃ふtarerequiredtobe

morethan3and9pointsrespectively.Inthiswindow,WeCOuntedthenumberofpeaks

N;eak,Whichisdefinedtobethatconsecutiveexcesswhoseslgnificanceislargerthan2･5q

andatleasttheslgnificanceof2pointsoftheseshouldlargerthan4q.Heretheslgnificance

Ofeachphotometricpointiscalculatedasfollows

J壷=
ムーん｡d,仙f

(6.1)

WherehandJf,iarethefluxanderroroftheithdatapoint,andLned,｡utandg｡utarethe

medianvalueandvarianceofdatapointsuslngOutSidethewindow.

Tbpassthiscut,N;e｡kisrequiredtosatisfy1≦N;e｡k≦3,andthemaximumofthe

SumOfthesignificanceofthepointsineachpeak∑i,PeakJiShouldbelargerthan20･Wb

definedahighexcessasoneormoreconsecutivedatapointswhoseslgnificanceislarger

than2.5J,1.e.,allexcessesincluding"peak"definedaboveandonewhichisnotsignificant

tocategorizeasa"peak".Thenumberofthehighexcesses賄iinthewindowshouldbe

lessthan6,WhichrqjectsshortperiodvariablesandnoISylightcurves.
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Werequiredthatthereducedchi-SquareOfdataoutsidethewindowx喜utshouldbeless

than4.Butiftheratioofchi-Squareinsideandoutsidethewindowx㌫/x喜utislargerthan
15,thecutwithxZutisnotrequired,SOaStOallowthehighS/Nlongdurationeventsto
pass･Welistedallthesecriteriaofcut2inTable6･2･

Table6.2:Selectioncriteriaincut2.

弼｡ねi≦70

〃れ>3

〃仙t>9

1≦埠紬た≦3
∑慮,peαたJ虚≧20

凡慮<6

x‰f<40rX㌫/x‰f≧15

Inthis"cut2",24,543candidatelightcurveswerereducedtol,014inallourGalactic

bulgefields.TheresultantlightcurvesaremicrolenslngCandidates,dwarfnovaeandsome

longperiodvariables(LPV)･

6.1.3 cut3

Fbrthelightcurveswhichpassedcut2,themicrolensingmodelfittingwithequations(2･12)

～(2.15)areappliedincut3･Actually,inDIA,WeObserveonlythevariationoftheflux
払)mthatinthereferenceimageasfollows

△印)=昂A(り一馬A(ま吋), (6･2)

whereEbindicatesabaselinesourcefluxwhichisnotamplified･Andtand壬refarethetime

whenthecurrentandtherefbrenceimagearetakenrespectively･Thebackgroundblending

fluxfLinequation(2.15)iscanceledoutinthisformula･Ingeneralthereferenceimage
doescontainsomelensedfluxandisnotequaltothebaseline且ux･Evenifthesourceis

notvisibleatbaseline,thebestseelnglmageSuSedtoformtherefbrenceimagemayoccur

whenthesourceislensed.Thisistr11eforsomeofthemicrolenslngeVentSpreSentedhere･

Theequation(6.2)withfourparameters'(Fb,壬0,umin,iE)isappliedtodi鮎rential且ux△F

lightcurvesinthiscut3･

TbchecktheshapeofthelightcurveWeuSedstandardx2statistics･Thereduced

chi-SquareX2inamicrolenslngfitarerequiredtobelessthan3･5torqjectmostofLPVs

andnoisylightcurves,althoughveryhighS/Neventsaresometimesnotwellfittedbythe
standardmicrolensingmodelbecauseofexoticeffbctssuchasparallax･So)fortheevents

whosepeak且uxislargerthan450)000ADU)Werequiredx2<100insteadofx2<3･5,

whichstilldoesn,tpasstheverybrightLPVs･Theeventngbl-2-2717fa11sintothiscategory
becauseoftheparallaxe鮎ct.Afterthesecuts,751ightcurvesstillremaln,mOStOfwhich
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haveaclearslnglepeakandstablebaseline･ThesearemicrolenslngCandidates)dwarf

novaeandlowS/NfaintLPVs･
ThemainbackgroundinthismicrolenslngeVentSelectionaredwarfnovaewhichcan

bequitewe11fittedbymicrolenslnginthecaseofpoorsampling･InourlightcurveSWhich

passedthecutl,201ightcurvesareclearlyidentifiedasnovae･Thesehaveusuallyslngle

andsometimesmultipleasymmetricflaresinthelightcurve,Whichusua11yrisequicklyand
払deslowly.

Tbcheckwhethereachobjectisnovaornot,WeuSedtheexistinglightcurvesmeasured

bytheMACHOgroup(http://wwwmacho･mCmaSter･Ca/)becausesomefractionofourGB
fieldsareoverlappingwiththoseoftheMACHOgroup.Wbcross-referencedeachposition

oftheobjectstotheexistingobjectsintheMACHOgroup'sdatabaseandfoundother
且aresinthelightcurvesof50bjects,i.e.,theseareclearlynovae･Thenovaearemuchbluer

duringtheoutburst･Howeverweusua11yobservedonlywiththeRedfiltertoincreasethe

samplingrate,andonlysometimestookBlueexposures(onlyabout30framesforeach
field).Fbr231ightcurvesinthese75candidates,WeCOuldmeasurethecolorduringthe

flare.Fiveofthese231ightcurves arecategorizedasdwarfnovaebecausetheyahave

verybluecolor(V-I≦1･0).In151ightcurves,including50ftheabovelOnovae,an
asymmetricflareisclearlyshown.Intota1200bjectsarecategorizedasdwarfnovae･

Twoofthesenovaewererqjectedatcut2.Andonenovawasremovedatx2cutincut3.

Tbrqiectothernovae,Wedidn,timposethecolorcutbecausewehavenocolorinformation

inmostofthelightcurves.Ontheotherhandwehavefrequentsamplingdatapointsfor

theseobjects,Whichmakesiteasiertoidentifyanovafromtheshape･Andwefoundthe

fo1lowlngCutSCOuldrqjectalmostalldwarfnovaeinadditiontoLPVs･

TheminimumimpactparameteruminShouldbelessthanl.The15novaewerefitted

withalargeumin aSareSultofthetheircharacteristicshapeofthelightcurve･Some

ofLPV$arealsocutwiththiscriterion.Fhrthermoreweimposedtheconditionthatthe

timescaleshould betE<200days.Twofurthernovaewere r匂ected
here,Whichwere

fittedtoverylargeeventtimescales(tE>1000days)･Inconsequence,allnovaewhich

wereclearlyidentifiedwererqjectedbythesecuts･Especially50fthesewereidentified

asnovaenotbyaclearshapeoftheflarebutbytheircolororbytheexistenceofother

且aresinpastdata.Thoughtheprobabilitytogetthecolorortobecross-referencedtothe

objectsintheMACHOgroup,sdatabaseisatrandom,a11novaearerqjectedbyourcuts･

TheseresultsglVeuStheconfidencethata11novaewererqjectedbythesecuts･Evenifa

fbwnovaearenotrqjected,itshouldnotbeaslgni丘cantfhctioninourresults･

Atthesametime9microlenslng-1ikelightcurves,Whichcouldnotbeclearlydistin-

guishedwhetherthey are novaeormicrolenslng,Were rqjectedwiththiscut･In
some

microlenslngeVentSWhicharemeasuredonlyaroundthepeak)thetimescaletEandthe

impactparameteruminWOuldbedegenerate･Duetothisdegeneracythelightcurvewith

largetEandsmalluminrepreSentSimilarlightcurvestothosewithsmalliEandlargeumin･

FbrsomeoftheseeventsthebestfitiEWOuldbeverylargewithverysmallumin･Such

eventsareuselessfortheopticaldepthestimation.IftheS/Nofthelightcurveishigh,
onecanderivetheunamplifiedsourcefluxEbbyfittingatheoreticalstandardmicrolenslng
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profi1etotheobserveddi鮎rential且ux△Flightcurveevenfortheeventswithafaint

SOurCeStar(Han2000)･Sosomerealmicrolensingeventsmightfailatthiscut･These

e鮎ctsarealsoseen払rtheartificialeventswithfaintsourcestarsinoursimulation(see

section8.3).Ifboththecolorsaretakensimultaneouslyorthecatalogueofnovaeismade,
wecaneasilydistinguishrealmicrolensingeventsfromnovaeandissuethealerts･Such

kindsofeventsareusuallyhighmagnificationevents,becausetheirso11rCeStarisfainter

thantheobservationallimitingmagnitude.Ifthebaselinefluxismeasuredbyfo1lowup

observationswithlargerhighresolutiontelescopesuchasHSTorVUr,thetimescaleis

Asar?Sult,3lobjectspassedallthesecriteria･Intheselightcurves3lowS/NLPVs
Stillremaln.Wbrqjectedthesevariablesdirectlyasweweredoinglnreal-timeanalysis
(Bondetal.2001)insteadofimposingmorecomplicatedcriteria･Inreal-timeanalysis

wemadethelistofvariablestarsandtheobjectswhosepositionsarematchedtothese

variablestarswererqjected.Thistreatmentdoesn'taffbcttheopticaldepthestimation
because thisis position-dependent andthese positionsare rqjectedinfo1lowlngallour

Opticaldepthanalysl$inthesimulation･

Asaresult,Wefound28microlenslngeVentCandidatesinourGBdatabaseduring2000･

Threeoutof20candidateswhicharereportedinreal-timeanalysis(Bondetal.2001)failed

inthiso掛IineanalysisbecauseiEWerenOtWellconstrainedintheselowS/Nevents･And
llnew candidateswerefoundinthisofFlineanalysis.Thisis because we changed the

detectionthresholdwhenwefoundvariableobjectsinthesubtractedimages(seesection

5.3).Inthereal-timeanalysistheeventswereselectedbyeyeinmanylightcurves･Sothe
detectionrateswereheavilydependentonthedegreeoftrainlngOftheperson,andthis

wasnothighatthebeginnlngOfthereal-timeanalysisin2000･Wbsummarizetheseevent
SelectionprocessesinFigure6.1.

Weshowalllightcurvesofthese28candidatesinFigure6･2～6･7,Wherethe△Fdata

pointshavebeenconvertedtoamplificationsuslngthefittedparametersforEb･Thegap

aroundJD=2451750inthelightcurvesisduetoourcamerasystemnotfunctionlngfor

～40d町S.

AndwesummarizethepositionofeachofthecandidateswithanIDnumberinthis

analysISinTable6･3･TheIDinreal-timeanalysisandalertIDreportedinBondetal･

(2001)arealsowritten･Wblistedthebestfitparametersinthestandardsingle-lensmi-

CrOlenslngfitandlJlowerandupperlimitsinTable6･4foral128microlenslngCandidates･

TheIband baseline magnitudeofthesourcestarIoisde-reddened tomatchthe HST

fieldbyusingtheIbandextinctionAImapOfeachofthefields(seeChapter7)･These
fittedparametersarenotbiasedbytheblendinge鮎ctsduetonearbystarswhichappear

inDoPHOT-typeanalyses(Udalskietal･1994;AIcocketal･1997a,b)･InDIAallother
blendingcomponentscouldbesubtracted･
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Table6.3:The Positionof28microlenslngeVent CandidateswithIDinthis

Ofnineanalysis.TheIDinreal-timeanalysisandalertIDinBondetal.(2001)
arealsopresented.

fieldchipID ID(real-time)ID(alert) RA(J2000)Dec(J2000)

ngblngblngblngblngblngblngblngbl柳柳柳柳朝憲馴馴馴馴柳朝憲柳柳抑則桝
2 2745

2 4925 2717

2 5076

2 5157

3

3

3

3

2

3

3

2

3

1

3

1

1

1

3

3

3

3

3

1

3

2

3

2

2567

6328

6344

7416

3867

1932

3807

3465

1041

6678

1293

4316

4317

4318

1392

2746

3954

2192

2336

1837

2112

1594

1063

■2667芸2548

-28｡61591673慧=諾841=1142

3187 1052

2000-BLG-11

2000-BLG-7

2000-BLG-3

2000-BLG-9

2000-BLG-13

2000-BLG-12

2000-BLG-8

2000-BLG-10

17:58:13.136

17:57:07.907

17:56:33.952

17:54:56.681

17:54:29.770

17:58:20.936

17:55:05.425

17:57:54.728

18:00:12.361

17:59:00.087

18:00:07.092

18:05:09.533

18:06:47.640

17:55:33.202

17:57:47.197

18:01:06.711

18:01:26.814

18:01:44.791

18:01:21.393

18:04:46.138

18:03:54.776

18:10:55.621

18:10:17.990

18:08:32.453

18:08:51.926

18:11:28.310

18:11:57.020

18:14:47.421

ー29:09:14.23

-29:09:59.28

-29:27:16.08

-29:31:47.50

-28:55:59.31

-28:47:48.76

-28:50:34.60

-28:54:32.66

-29:37:23.93

-29:33:01.11

-29:23:27.47

-30:36:06.77

-29:50:09.57

-28:10:17.09

-27:33:52.80

-28:52:22.28

-28:52:34.66

-28:58:03.53

-28:02:51.70

-28:31:31.54

-28:34:58.62

-29:03:54.20

-27:31:19.31

-26:09:29.66

-25:24:40.46

-26:15:05.81

-25:54:57.32

-25:32:53.64
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Thble6.4:Theparametersinmicrolenslnglightcurvefittingfor28candidates･

IbandbaselinemagnitudeofsourcestarIoisde-reddenedtomatchtheHST

fieldbyusingtheIbandextinctionAImapOfeachofthefields(seeChapter

7).Thesymbol"ノ'meansthatavaluecouldnotbeconstrained･

MOAID 壬o Am｡X iE/days Ib

fieldchipIDJD-245000lower best upper lower best upper mag

ngb12 27451680･16

ngb12 49251799･38

ngb12 50761725.17

ngb12 51571725･79

ngb13 25671691･82

ngb1363281795･55

ngb13 63441792･80

ngb13 74161829･40

ngb2 2 38671801･09

ngb2 319321707･91

ngb2 3 38071857.06

ngb3 2 34651740･18

ngb3 310411700.57

ngb4166781809･17

ngb4 312931693･95

ngb5143161783･60

ngb5143171797･46

ngb5143181778･51

ngb5 313921672･15

ngb6 3 27461714･69

ngb6 339541796･00

ngb7 321921732･84

ngb9 323361792･14

ngblOl18371663･93

ngblO 3 21121700･85

ngbl1215941730･46

ngbl1310631685･29

ngb122 31871789･45

200.0 2.6×106 8.8×108 26.9 41.3

8.5 8.6

56.1 91.7

4.1 5.1

2.9 9.4

9.4 12.5

14.9 28.4

10.6 11.9

4.6 6.1

76.5 140.6

7.2 11.1

979.3 47328.3

1.2 1.4

16.4 17.5

3.0 4.8

33.5 49.8

3.8 6.7

3.3 5.0

2.4 4.1

11.5 16.5

6.5 7.5

1.5 1.7

1.2 1.4

38.2 51.8

15.0 28.8

9.0 9.6

16.5 27.2

3.7 4.6

8.7 56.9 57.2

234.4 33.2 51.8

6.2 2.9 3.4

293.9 6.9 16.0

16.8 30.6 37.2

60.3 10.0 15.4

13.2 10.6 11.4

9.1 92.0 116.2

361.4 21.1 36.3

17.6 18.1 25.6

47375.7 46.0 57.5

1.9 0.3 7.0

18.6 73.4 77.8

12.8 4.8 5.5

89.0 35.2 45.6

16.9 55.2 85.2

6.8 22.0 28.2

5.8 1.6 2.1

24.6 16.3 21.8

8.8 12.4 13.4

1.8 12.7 13.5

1.9 0.8 7.5

71.5 12.7 15.4

4

.4

6

■

1
0
8
2
5

2.9 5.8

45.7 48.8

25.6 38.4

6.7 7.5

19.7

57.5 13.6

106.4 20.8

4.0 17.1

17.5

45.9 17.6

27.3 18.3

12.2 16.2

163.6 17.4

181.2 19.9

37.9 17.8

220.6 18.5

9.6 15.1

82.4 16.2

6.2 14.5

62.8 18.1

188.2 17.9

34.2 16.0

3.0 16.5

30.9 19.7

14.5 16.5

14.4 14.6

10.3 14.1

19.0 19.0

99.4 18.3

52.3 16.6

107.119.7

8.2 15.8

93



94

6.2 Parallax event

C仔APTER6.R且5L凪T5

Thelightcurveoftheeventngbl-2-4925wasnotwellfittedbythestandardmicrolenslng

profilegivenbyequations(2.12)～(2.15).Thelightcurveexhibitsanasymmetricprofi1e
whichischaracteristicofparallaxmicrolenslng.Iftheeventtimescaleislongthecircularly

acceleratingmotionoftheEartharoundtheSunisnotnegligible･Inthiscasevtisnot

COnStantanymOre,butdependsontheorbitalphaseoftheEarth,i･e･,atimeま･Tbtake

thise鮎ctintoaccount,WemuStreplacetheexpressionofu(t)inequation(2.13)with

l上2(り
祝㌫玩+(慧)2+α2si輌-り]
+2αSin[0(i-tc)][憲sinO･uminCOSO]
+α2sin2βcos2[n(f-f｡)】

+2αSinβ坤(ト叫慧cosβ一視m玩可,(6･3)
WhereOistheanglebetweenvt andthenortheclipticaxIS,andま｡isthetimeatwhich

theEarthisclosesttotheSun-SOurCeline(AIcocketal.1995)･Noteuminisnolongerthe

minimumimpactparameterbutistheminimumdistancebetweenthelensandSun-SOurCe

line.Theparametersαandf7areglVenby

α=芸{1一叫瑚一帖
(6･4)

and

n(ま-り=no(舌-り+2亡Sin[no(ま-ち)], (6･5)

Wheretpisthetimeofperihelion,i)=Vt/(1-X)isthetransversevelocityofthelensobject
projectedtothesolarposition,00=27Tyr-1istheEarth,sradialvelocity,e=0.017isthe
Earth,sorbitaleccentricityandβistheanglebetweentheSun-SOurCelineandtheecliptic

plane.

Bondetal.(2001)performedthelightcurvefittingwiththebestfitstandardconstant

velocityandparallaxmicrolensingmodelsfortheeventngbl-2-4925(MOA-2000-BLG-11)
includingthedatatakenbyMOAin1999.Wbshowthislightcurvealongwiththebest
fitstandardandparallaxmicrolenslngmOdelsinFigure6.8.Thebestfitparametersare

alsoglVeninThble6.5.Wbwillusethevalues凸･OmtheparallaxfitinTbble6･5forthe

fo1lowlngOpticaldepthestimation.

Inaparallaxeventthedegeneracyinthemass,lensdistance,andtransversevelocity

couldbepartia11yresoIved,i.e.,石canbeobtained.FollowingAIcocketal.(1995),aSSuming
thatthevelocitydispersioninthediskandthebulgeisnegligible,thetransversespeed

projectedontothesolarpositioncanbewrittenasi)=200x/(1-X)kms.1,andthemass
OfthelensM,CanWrittenas

〟(∬)=
1-∬招もc2

∬ 4(プββ
(6･6)
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S11bstit11ting the parameters obtained丘･Om parallaxfitand assuming Ds=8kpc we

ObtainedDl～1･4kpcandM～0･3鳩･
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Figure6.8:△Auxlightc11rVeOfngbl-2-4925(MOA-2000-BLG-11)withstamdardand
paral1axmicrolensingfits.
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1もble6.5:Standardandparallaxmicrolensingfitparametersofngbl-2-4925(MOA-2000-

BLG-11).

Parameter Standard Para11ax

14.44 14.69(13.60)
JD2451799.39 JD2451834.18

53.11days 75.07d町S

祝mれ 0.124 0.188

γ 46.83kms~1

β
-77.020

x2/dof 12023･6/399 592･2/309

Note:Thede-reddenedIbandmagnitudeiswritteninbrackets.Thedatatakenin1999

areincludedinthisfitting(Bondetal.2001)･
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Chapter7

ExtinctionMap

Asiswe11known,theextinctionduetodustisveryslgnificanttowardsthegalacticbulge･

Thise鮎ctcanbeseenintheColorMagnitudeDiagram(CMD)ofourGalacticBulge

fields.WeshowourCMDofthefieldnearBaade,sWindow(leftpanel)andanotherhigh

extinctionfield(middlepanel)inFigure7･1･WecanseethattheCMDismorescattered
inthehighextinctionfieldthanintheBaade'sWindowfield,aSareSultoftheextinction

andthereddening.InformationontheextinctionineachreglOnisneededtoestimatethe

numberofstarsinthisreg10nbyuslngtheluminosityfunction.Hereweshowhowwe

estimatedextinctionvaluesforourgalacticbulgefieldsandshowtheresultantextinction

mapintheIband.

ManydeterminationsoftheextinctiontowardsBaade'sWindowhavebeenperformed

inrecentyears,Withanumberofdi鮎renttechniques,lnCludingthoseofstellarsimulation

(Ngetal.1996),meanmagnitudesofred-Clumpstars(Kiragaetal･1997),theabsolute

magnitudeofRRLyraestars(AIcocketal.1998)andmagnitudeoftheK-giants(Gould

etal.1998).

Wo去niak&Stanek(1996)proposedanewmethodtoinvestigatethecoe伍cientofthe

Selectiveextinction,basedontwo-bandphotometry,Whichusesredclumpstarsasameans

toconstructthereddeningcurve.TheCMDisusedtoobtainthequantitativevaluesofthe

O鮎etontheCMDbetweenthedi鮎rentsubfields,CauSedbydi鮎rentialextinction･They

usedredclump-dominatedpartsoftheCMDsfordetermlnlngtheo鮎ets,theclumpbeing

Seen at faintermagnitudesand redder colorsinsubfields withhigherextinction･They

appliedthismethodtotheOGLEdataandthenfoundtheselectiveextinctioncoe侃cient

Av/Ev_I=2.44.Thisisconsistent with Nget
al･(1996)･And Stanek(1996)also

appliedthismethodtotheOGLEdatatoobtaindi鮎rentialextinctionAvandreddening

Ev-Iina401×40/reg10nOfBaade)swindow,Withresolutionof～30//･Theyestimated

Av/Ev-I=2.49j=0･02･Paczy丘skietal･(1999)appliedthismethodtoOGLE-ⅠIdata･

Theymadeareddeningmapfortheirfields(14l.2×14l.2withresolutionof20′′×20′′)

becausedeterminingthereddeningEv-I(horizontalshiftinCMD)iseasierthanAvand

AI(verticalshiftin CMD).Then the extinction map､WaS Calculated accordingto the

fo1lowlngformulae:
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AJ=1.5×βⅤ_J, (7.1)

Av=2.5×βⅤ_ト (7.2)

Weappliedthismethod toourbulge丘elds.Wedividedo11rOneimageinto8×16

Su旭･ameSWhicheachcover3.45′×3.45′region.WemadeCMDsinIand Vforeach

Subframeby11Singthecataloguemadeinsection5･4･land5･5･AsampleoftheseCMDsof

di蝕rentsubregionsintheimagenearBaade7swindowisshownintherightpanelofFig11re

7.1.Asshowninthi$figure,dif艶rentialreddeninglSClearlyseen,eVenforthe丘eldnear

Baade'swindow.Weselectedthered-Clump-giantregionintheCMDfo1lowingPaczy由ki

etal.(1999)asindicatedFigure7.1.Theseparal1ellinesaredescribedbytheequations

J-1.5(V一丁)=1.2,13.25, (7･3)

Wheretheslopeoftheselineswaschosensothattheyareparal1eltothereddeningvector

(Stanek199町

1 之 a

V-1

1 2 3

V-Ⅰ

1 2 3 ヰ

Ⅴ-Ⅰ

Figure7.1:ColorMagnitudeDiagram(CMD)oftheBaade'swindow丘eld(1eftpanel),

ahigherextinctionfield(middlepanel)andthreesubregionsintheBaade'swindowfield
(rightpanel).The extinction Atin each ofthesubregions(in right panel)areO･761
(blackpoints),0.984(red points)andlA70(green points).The shiftofeach plotis

Clearlyseen.Theboxintherightpanelenclosestheredclumpgiantregiondefinedby

J-1･5(Ⅴ一丁)=1･2,13･25･

Weestimatedthemeanvaluesof(V-I)andIforredclumpgiantsineachofthe

Subregions,Whichcorrespondtothecorrelationbetweendifrbre皿tialreddeningE(V-I)
anddi蝕rentialextinctionAt.Thesevaluesina丘eldaI℃plottedinFigure7･2,Wherethe

bestRttedlinewasgivenby
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J=(1.45士0.12)(Ⅴ一丁)+12.7. (7･4)

ThisslopeisconsistentwithStanek(1996).Theerrorindeterminingthisslopemainly

COmeSfromtheuncertaintyinI.Themeancolor(V-I)me｡naremOrereliablethanthat

OfI.SoweestimatedEv-I丘om(V-I)byusingthefo1lowingrelationandtransforming
toAtwithequation(7.2)･

Tbgettherelationof(V-I)meanandEv_I,WeCOmparedthemeancolor(V-I)mean

fromourdataandthereddeningEv_Imap(centeredon(18:03:20･9,-30:02‥06))calculated

With Stanek(1996)inthe overlap regions(ngb2-1,ngb2-2and ngb3-3),Where
Stanek

(1996),sandourmethodprovideonlyadiffbrentialreddeningmap･Thezeropointadopted

byStanek(1996),andthereforealsobyus,isbasedonthedeterminationbyGouldetal･

(1998)andAIcocketal.(1998).Acorrelationbetween(V-I)meanandthereddening

Ev_IisshowninFigure7.3.Theagreementisgood,andtherelationbetween(V-I)me｡n

andEv_Iisasfo1lows:

βⅤ_J=(Ⅴ一丁)me肌-1.18土0.05. (7･5)

Usingtheserelations,WemadeanI-bandextinctionAImapfromthe(V-I)meanmap
inourdata.ThismaplSShowninFigure7.4.TheerrorinAIisaboutO.07mag･This

mapwasusedtomakealuminosityfunctionforeachreg10n.Inthismapwecanseethe

galacticdisk,1nWhichtheextinctionis high,inthediagonal1ineffomthe top-leftto

bottom-right.



100

爪
.
寸
l

のt

爪
.
の
一

己
=
里
U
【
巳
Ⅰ

∽t

CだAPT且Rγ 且XmCTTOⅣMAP

(Ⅴ-Ⅰ)m｡an

Figure7.2:Correlationbetween
meanvaluesof(V-I)andIforredclumpgiantsin

eachofthes11bregions.Thiscorrespondstothecorrelationbetweendi蝕rentialreddening
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101

Ⅳ-り】.仙叫叫

富
者
貞
二
王
出

電○

Figure7･3:Correlationbetween(V-I)meanfromMOAandEv一丁丘omStanek(1996)in

theoverlapregion･ThefittedlineisEv_t=(V-I)mean-1.18士0.05.
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Chapter8

OpticalDepth

TbdeterminethemicrolenslngOPticaldepthfromdetectedeventsitisnecessarytoknow

thedetectione伍ciencyofourobservationsystemandanalysistechnique･InthisChapter

WeShowhowweestimatedourdetectione伍ciencyuslngtheMonteCarlosimulation.

ThereareanumberofwaystodeterminethemicrolenslngeVent detectionefnciency.

Oneisbyaddingthemicrolensedfluxintoactualphotometriclightcurvesofconstantstars,

WhichareusedhrDoPHOTtypeanalysis(AIcocketal.2000b).Howeverthemethodof
addingthe microlensedstarimagesintoactualimages ora11simulated artificialimages

SeemStObebetter払rDIAanalysIS,becausethedetectionprocessofvariableobjectsin

thesubtractedimage(seesection5･3)isveryimportant･

Afu11MonteCarloapproachrequiresustoknowabouttheexistenceanddistribution

OfallobservationalparametersintheanalysIS.Inmanyrealsituationstherecanbehidden

parameterswhichwouldnotbetakenintoaccountinthisapproach.

InthisanalysISWeaddedartificialmicrolensedstarimagestotherealsubtractedimages･

HereuminandioofmicrolenslngeVentS,Whichb1lowthewellknownsimpledistribution,are

Simulatedasrandomparameters.Ontheotherhand,Otherparameterswhosedistribution

arenotsimple(e.g,,Seeing,eXtinction,Samplerateetc･)aresimulatedbyusingrealimages･

FirstwederivedtheluminosityfunctionofthesourcestarsintheGalacticBulgeby

COmbiningtheexistingMOAandHSTdata.InthepreviousChapterwemadetheextinc-

tionmap払rourobservationfieldstoknowtheoffgetofthecombinedluminosityfunction

breachofthefields.Usingthiso鮎etluminosityfunctionandthestellardensityofbright

StarSinourfield,WeeStimatedthenumberofallstarsinourobservationfieldsdownto

I<23,WhichistheeventdetectionlimitforouranalysISeStimatedinthisChapter･Next

Wegenerated artificialevents andcounted the number ofevents whichpassed the same

eventselectioncutsasappliedtotherealeventselectiondescribedinChapter6.

Thenwe estimatedthe opticaldepthtowards the Galacticbulge by uslngtheevents

detectedinthisanalysISandourdetectione伍ciencies.Wediscussthetimescaledistribution

andopticaldepthdistributionasafunctionoftimescale.
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C打APTERβ.Of)TTCA上か且PT打

ToaddtheartiAcialmicrolensingeveJltS,Wehavetoknowthedistrib11tionoftheluminosity

Ofsourcestars,i.e.,the LuminosityFunctions(LF)ofGalacticbulge丘elds･Recently
therehave beenanumberofobservationsoftheLFfortheGalacticbulge(Holtzman

1998;Ruelas-Mayorga&Noriega-Mendoza1995).We11Sedthedeepestobservationswith

WFPC2cameraofHST丘omHoltzman(1998),WhichmeasuredstarsinBaade'swindow

downtOl′(F555W)～28andI(F814W)～24･Acompletenesscorrectionhasbeenapplied

fortheHSTLFforfainterstars.ThebrightendoftheHSTLFispoorlydefiIled,because

thefieldofviewoftheHSTWFPC2issmall(～5arcmiI12).Ontheotherhand,theMOA

datahavealargenumberofbrightstarsbecauseofthewide丘eldofview(～1.2deg2),but

arepoorforfainterstars.SowecombinedtheHSTLFandMOALFatI=15～16as

showninFigure8.1.HeretheMOALFismadefromstarsinfieldngb2-2(0.4deg2)which
includestheHST丘eld.Thephotometryofstarsinlocalsllbregionsoverthis丘eldhavea

differento飴etd11etOdi飴rentialextinction(seeChapter7).Theseoffgetsarecorrectedto

matchthatoftheHSTBeld(A[=0･742mag)･WeusedtheMOALFforZ<16andthe
HSTLFforI≧16inthisanaly$is.WeusedthiscompositeLFforallo11rGalacticb111ge

丘eldsasstlmingthatthemorphologyoftheLFdoesn'tvarybetweenthesmallHSTfield

andthelargeMOA丘elds.
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Figure8.1:Cornbinedl11minosityfunctionofBaade'swindow丘･OmMOA(fi11edcircle)and

HST(fi1ledtriangle).ThecompletenesscorrectedHSTdataare丘omHoltzman(1998)･
MOAdataarefromngb2-2whichhaveanOVerlapregionwiththeHST丘eld･Fbrthese

MOA data the o飴et val11e due to diffbrentialextinction was corrected to match that of

theHST丘eld.WeuscdMOAdataforI<16andHSTdata払rI≧16astheluminosity

functionofstarsinthisanalysis.
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8.2 Simulation
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Toestimatethe event detectione伍.ciency ofthisanalysIS,We have done a Monte Carlo

Simulationbreachfield.Wegenerated160,000artificialmicrolenslngeVentSineachsub

field,i.e.eachCCDchip.ThoseparameterswhichIbllowthewe11knownsimpledistribution

SuChastheposition(x,y),thepeaktimetoandtheimpactparameteruminWereSelected

atrandom.AndthemagnitudeofthesourcestarwasweightedwiththeLFoftheGalactic
bulgemadeinprevioussection.Andmanyothercomponentswhichareexpectedtoafn3Ct

theeventdetectionwereautomaticallysimulatedbecauseweusedrealsubtractedimages

inthissimulation.Andwecountedthenumberofartificialeventswhichpasseda11criteria

払rtherealeventselection.Andwemadeourdetectione侃ciencyasafunctionoftheevent

timescaletE.

8.2.1 Artificialevent generation

Togenerate artificialmicrolenslngeVentS,We added theartificialdi鮎rentialstarimages

Onatimeseriesofrealsubtractedimageswhicharecurrentimagesaftersubtractingthe

refbrenceimageinsection5.2.3.Thedi鮎rentialstarsweremade丘･OmthesamePSFas

thatofeachframeandscaledbythedif托rentialfluxexpressedinequation(6.2).Each

PSFwashrmedbythesameprocedureasinsection5･4.ThelocalhighS/NPSFinthe

refbrenceimagewasconvoIvedbythekernelwhichwasactuallyusedintheanalysISOfthe

COrreSpOndingframeandnormalized.

Tomakeartificialimagesmorerealistic,1ngeneratingtheartificialimage,thephoton

noise was takeninto accountfollowlng Poisson statistics with an additionalfluxin the

Currentimage.Thefluxinallsubtractedimageswasscaledtomatchthere鮎renceimage

initsADUvalue(seesection5.2.3).TheADUfluxoftheartificialstarinthecurrentimage

FbA(t)inequation(6･2)wascalculatedinthescaleontherefbrenceimage.So,tOeStimate
the photonnoisefrom the additional且ux,this additionalfluxshould be transbrmed to

the number ofelectronsin the currentimage.The number ofelectronsin the current

imageisgivenby fbao/G,Where Gandao arethegainin ADU/e~andascalefactor
in the kernelrespectively.Then the electron slgnals were simulated randomlyfollowlng

aPoissondistributionwiththemeanvalueofFbao/G.Theresultantsimulatedrandom

electronsignalswererescaledbacktotheren?renCeimageinADUbymultiplyingbyG/ao-
Actuallythedi鮎rentialflux△fi(t)oftheithpixelisgivenby

△ム(壬)=
Po豆β50γも(

P.写Fi几
盲A(f)α0

α0 -P∫昂九豆A(壬γ｡J), (8･1)

WherePoisson(んean)meanstherandomvaluefo1lowingaPoissondistributionwiththe

meanvalueofんean･PSEtandfo,iareADUfluxintheithpixelofthenormalizedPSF
andunamplifiedsource.

The photon noise丘･Om the sky background,the blending ofstars and the wlngS Of

nearby starsin the currentimage and refbrenceimage are alreadyincludedin the real
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Subtractedimages･Furthermorethesystematicnoisefromthepoorsubtractionduetothe

lowS/Nisalsoincluded･Thesenoisesourcesheavilydependontheskycondition,Seeing,

trackingofthetelescopeandstardensityofeach丘ame.Soitisdi伍culttosimulatewith

fu11arti丘cialimages･

Wecutoffthe23×23pixelsofsmal1sllbimagefromthesubtractedimageatarandomly

selectedposition,andputthecorresponding△ム(ま)ontoeachpixelofthissmal1subimage･
Sampleofthecutrawsubtractedimage(1eftpanel)andthegeneratedarti丘cialdi蝕rential

image(rightpanel)areshowninFigure8.2.

Figure8.2:Asampleofacutrawsubtractedsubimage(left)andanimagewithartificial

event(right).Theyhave23×23pixels･

Fbraseriesofgeneratedartificialimages,Weappliedthesamevariableobjectdetection

processasinsection5.3tocheckwhethertheseobjectscouldbedetectedornotineach
frame.And the PSF photometry was applied11Singthe same procedure asin$eCtion

5.4.WherethepixcIshadADUvalueswhichweretoohigh(>30,000ADU)thesewere

rqjectedintheanalysis,aStherealanalysISalsodid.Theresultsofthedetectionprocess

andphotometryineach丘･ameWereStOredinthedatabaseofarti丘cialevents･

SampleofthelightcurvesoftheseartificialeventsareshowninFigure8･3･
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Figure8･3:Samplesofthelightcurvesofarti丘cialmicrolensingeventswithtE=20days

andJo～17.
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8.2.2 Event Parameters

Herewesummarizespecificdetailsoftheparametersusedinthissimulation.

Theparameterswhich払1lowthewe11knownsimpledistributionwereselectedatran-

dom.Thctimesofpeakmagnification壬o weretakentoliebetween thefirst observation

date(JD2451645.1)andthelastobservationdate(JD2451863･9)at randombllowinga

flat distribution.The minimumimpact parameterumin Came丘･Om the simple geometry

betweenthelenstrajectoryandsourceposition,SO,uminmuStfbllowauniformdistribution

too.Weselectedtheumin ValuesatrandombetwcenOandl.

Thepossibilityoftheeventsoccurrlngdependsonthestardensltyandtheextinction

duetodust,aSWellasthesamplingrateandsoon.Soweestimatedthedetectione伍ciency

breachofthesubfields(14fieldsx3chips)･Weproducedtheeventposition(x,y)inthe
CCDatrandomintherange36≦x≦2042pixelsand5≦x≦4090pixelsbecausethe

thestardensityandextinctionarerelativelyunihrmineach subfield･Theedgesofthe

CCD(x<35,X>2042,y<4,andy>4090pixels)werecutinthisanalysisbecause

Ofbadquality.The probabilityofaglVenSOurCebrightnessmust
beproportionaltothe

luminosityfunction.Wetookvarioussourcemagnitudesinauni払rmdistribution,andwe

estimatedthedetectione伍ciencyforeachsourcebrightness,thenthesewereweightedby
theluminosityfunctionmadeinsection8.1.

Thedetectione伍ciencywascalculatedwiththeaboveparametersasafunctionofevent

timescaletEbetweenO.3～150days.

8.2.3 0bservationalParameters and Realism ofthis Simulation

Theobservationalparametersaremoreimportanttoestimatethedetectione伍ciencythan

theeventparameters.AIcocketal.(2000a)havefu11ysimulatedmanyobservationalpa-
rameters,e.g.,Seelng,eXtinction,Samplerate,Stardensity,badpixelsandsoon,byuslng

estimated values durlngthe analysis.Howeveritisvery complicated and there can be

hiddenparametersinrealimages.Ontheotherhand,WeuSedrealsubtractedimagesin

thissimulationandestimatedthePSFoneachframe.Alltheseobservationalparameters

arealreadyincludedinrealsubtractedimages･

Thedetectione伍ciencywasdeterminedbytwoprocess,l.e.,theobjectdetectlngprOCeSS

andtheeventselectionprocess丘･Omthephotometriclightcurves.Thecomponentswhich
Obstructthedetectionofeventsaretimeandpositiondependent.

Obviouslythebadpixelsa鮎cttheeventdetections･Thebadpixelsintherefもrence

imagewerereglSteredandmaskedatthebeginnlngOfthisanalysIS,andthestars under

thesepixelsarenotcountedinthestarcatalogueofourfields(seesection5･2･1)･However
the pointingofthetelescopeslightlyvaries払reveryframe.Theo鮎etsareaboutsome
tensofpixels.Becauseofthisshift,Otherstarswerea鮎ctedbybadpixels,andsomestars

neartheedgeofCCDchipwerenotobserved.Theefn3CtSOfbadpixelsandoftheedge

OfCCD chip caused by thevariationofthe pointingofthe telescopein each丘･ameare

includedintherealimages.Thesaturatedstarsweremaskedaftertheimagesubtraction

bymaskimageswhichweremadeinsection5.2.1.Butstarswhicharetoobrightarenot
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maskedcompletelyandtheirwidetailandtheleaklinesofphoto-electronsvarydepending

onvariousconditions,e.g.,thebrightness,Seelngandskybackground･InthesereglOnSthe
detectionoftheeventsbecomesverydi伍cult･Thise鮎ctisalsoincludedinthisanalysIS･

We alsotookintoaccount thecasethat theartificialevent saturatesbecause ofitshigh

amplification.

Thereare(500～2,000)variablestarsineachourGB subfields･Obviouslyatthe

positionnearthevariablestarsthedetectione伍ciencydeteriorated,andonlyhighS/N
eventscouldbedetected.Thiseffbctissmall<2%,butwasincludedinthisanalysis･We
didn,ttakeintoaccountthecasethatthesourcestarisvariable,becausethispossibility

isverysmall(<0.01%).
Thedetectione伍cienciesalsodependonthesamplingrateofeachfield,Whichchanges

duetotheweather,thedurationofthenight,theinstrumentalcondition,thepositionofthe

targetandtheobservationprlOrity･Byuslngrealimages,thesamplingrateiscompletely

the same as壬brrealobservations.

Thephotometricuncertaintycanbeastrongdeterminantofwhetheraneventisde-

tectedornot.Thephotometricuncertaintyisaf托ctedbyphotonnoiseinthereg10nWhere

thePSFfittinglSperformed･Thephotonsfromtheblendingandnearbystarsdependon

thestellardensityatthispositionandthedistributionofthephotonsofeachstar(i･e･

thePSF).Thevariationoftheseeing,thefocusing,andthetrackingaccuracyofthetele-
scopeineachframeafn3Ctthedistributionofphotonsfromthesebackgroundstars･These

variationsofthe PSFand the stellardensity are reflectedin the realimages･And the

contributionsfromtheskybackgroundareslgnificanttothephotonnoisewhichchanges

from2,000～10,000ADUdependingonthetimeduringthenight,therelativeposition

andthephaseoftheMoon,theauroraandotherunknowncomponents･Thephotonnoise

fromtheskybackgroundlevelwasincludedinthesubtractedimages･

Thevariationofdegreeoftransparencyduetothe atmospherealsoa鮎ctsthepho-

tometricuncertainty･Thishas awellknown relationwithairmass,butisalsoa鮎ctcd

bytheamountofatmosphericdustandthepresenceofthinpatchyclouds･Thesee鮎cts

arecalibratedbythescale払ノCtOraointhekernelfunctionofeachsubframe(seesection

5.2.3),andthevariationofnoiseisscaledbythisfactor(seesection5･4and8･2･1)inthe
subtractedimages･Weobservedthetargetsevenunderrelativelybadconditionsifthestar

canbeseen.Iftheconditionofeachframewastoobadduetothickcloud,tOOhighasky
backgroundortoobadseelng,thentheDIAanalysisfailed･Inthiscasetheseframeswere

rQjectedintheanalysIS,andthisa鮎ctsthesamplingrateinsteadofthephotometry･

Itiswe11knownthatthePSFshapecanvaryacrossthe払calplaneofatelescopebecause

ofirregularitiesintheopticsandpoorfocus(Tomany&Crotts1996)･Thise鮎ctisstronger
neartheedgesofanimage･Herethesubtractionispoorestandthesystematicresiduals

canbeseeninthesubtractedimages(AIcocketal･2000a)･Ourspatialvariationalkernel
cancorrectthise鮎ct.Howeverifthise鮎ctistoomuch,thesmallsystematicresiduals

canbeseeninthesubtractedimages.Ifthise鮎ctexists,itmustbeincludedinthereal

subtractedimages･The qualityofourDIAisvery good)however there aresystematic

residuals some ofwhich can be seenin the subtractedimages.These residuals appear
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dependingontheS/Nofthecurrentimages.Thesystematicresidualsofsubtractionalso

COmefromthedi鮎rentialreh･aCtion,Whichismainlydependentonthecolorofthestars

andtheairmass.Thesesystematicresidualsarecontainedinthesubtractedimages.

Theothersourcesofnoisewhichreducetheaccuracyofphotometryorleadtospurious

detections,SuCh as cosmic rays,Satellite tracks and asteroids are alsoincludedin these

images.Andanyotherunknown systematicnoisesources arealsocompletelysimulated.

ThoughthepossibilitythattherealmicrolenslngeVentSintherealsubtractedimagesa鮎ct

theartificialeventsisverysmall,thisisofcoursealsoincluded.ⅥわIista11theproperties

ofoursimulations as払Ilows.

Eventparameterswhichwegeneratedasartificialevents:

･Timeofpeakmagnification壬0(randombetweenJD2451645･1～JD2451863･9)

･Theminimumimpactparameterumin(randombetweenO～1)

･Position(x,y)inthefield･(randombetween36≦x≦2042pixeland5≦x≦4090

pixel)

･Baselinesourcefluxfo(fo1lowingtheluminosityfunction)

･EventtimescaleiE(Variableofthee伍ciencyfunction,takenbetweenl～150days)

･Photonnoisefromadditionalflux(random払1lowingthePoissonstatistics).

Observationalparameterswhich were automaticallysimulatedinthe realsubtractedim-

ageS:

･Positionofbadpixels(dependingonpointing)

･PositionofedgeofCCD(dependingonpointing)

● Efn?Ct Ofvariable stars

● Effect ofsaturated stars

●Eff6ctofrealmicrolenslngeVentS

●Samplingrate

●Backgroundstardensityatthepositionofevent

●Seeing

●Focuslng

●Trackingofthetelescope

●Skybackground
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･Transparencyduetotheatmosphere(includedinkernelcoe伍cientao)

● Clouds

●PSFvariationduetothepositioninthe払calplane

･Di鮎rentialre丘･aCtion(dependingonthecolorofstarandtheairmass)

●SystematicresidualsinDIA

●Cosmicrays

● Satellitetracks

● Asteroids.

AnalyticparameterswhichweresimulatedinanalysIS:

･Luminosityfunction(estimatedbyMOA+HST)

･ReddeningduetodustintheGalacticbulge(estimatedh･OmCMD)

･Di鮎rentialflux(calculated)

●Qualityofre缶renceimage

●Uncertaintyindi鮎rentialflux

･Detectionthreshold(sameasinrealanalysis)･

111

8.3 Detection E侃ciencies

Ineachofour42(14fields x3chps)subfields,thedensityofstars,Samplingrate,and
Observationalconditionaredi鮎rent.So,tOdeterminethetotalopticaldepthtowardsthe

14Galacticbulgefields,We eStimated the detection e伍cienciesindividually払r each of

the42subfields.We show the resultant detection e伍ciencies as afunction ofthe event

timescale,thesourcemagnitudeandtheminimumimpactparameter･

8.3.1DetectionEfnciencyasafunctionofEvent Timescale

Weshowoneoftheresultantdetectione伍cienciesasafunctionoftheevent timescaleiE

inFigure8.4.Herethedashedlineindicatestheeventdetectione伍cienciesforbrightstars

(Io～14)asasourceoftheevent,andthesolidlinerepresentsthetotaleventdetection

e伍ciencieshrallpossiblesources(Io<23).Thedi鮎rentialflux△Fduetomicrolensing
isproportionaltothe baselinefluxofthesourcestarEb.So,fortheeventswithbright

SOurCeStarS,alargevariationofflux△Fisgeneratedevenwithasmallamplificationdue

tomicrolenslng.Theseeventsareonlyslightlyinfluencedbythebackgroundnoise丘･Om



112

ー
.
〇

l
〇
.
〇

?
b
一

h
O
d
ひ
で
一
己
由
一
天
童
芯
缶
霊
ス

C打APTERβ.OPTrCA上.か且PT打

10

tE(days)

Fig11re8.4:MOAdetectione用.ciencyasafunctionofeventtimescale払rthengbl-2sub鮎Id･

Thesolidlineindicatesthetotaldetectione侃cicncyforallso11rCeStarSdowntoIo=23,

andthedashedlineindicatestheefBciencyforbrightsourcesID=14･Thee組ciemies

SlightlydifEbr払reachsllbfieldbecauseofdi鮎rencesinthesamplingrate,thestardensity

andthereddening.

blendingstarsandsky.AsclearlyseeninFig11re8･4,mOSteVentSWithbrightsourcestars

whosetimescaleislongerthanldayscanuSuallybedetected･

Ontheotherhand,thetotaleventdetectione伍ciencies(solidline,I<23)arevery
low.ThisisbecausemostsourcestarsarefainterthanOurObservationallimitingmagnitude

(I～17)asshowninFigllre8･1･Thesefaintsourcestarsareusuallynotvisibleatthe

baseline.Onlywhentheseso11rCeSarehigh1ymagnifiedoverthebackgroundnoiselevel,

CanthisbedetectedasamicrolensIngeVent･Thepossibilitythatsuchahighmagni丘cation
(i.e.smal1impactparameterumin)eventoccursissmal1becausethedistributionofimpact

parametersis鮎t.Fbrexample,tOmagnifythesourcestarwithI～20to17,uminShould
besmal1erthanO.06(seeequation(2.27))･Theprobabilityofthisisonly6%ofthatwith

thenormaleventdetectioncriteriade丘nedasu,nin<1.Sotheresultantdistributionofthe

minimumimpactparameterumininthedetectedeventsisnolongeruniform･Ofcourse,

therealdetection e伍ciency heavilydependsontheevent timescale･Such faintsource

eventscan110tbedetectedanymoreforshortertimescaleevents･
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8.3.2 DetectionE伍ciencyasafunctionofSourceMagnitude

Wepresentthedetectione組cienciesasafunctionoftheI-bandmagnitudeofsotlrCeStarS

forvariouseventtimescalesinFigure8.5,WhereI-bandmagnitudesareextinctioncorrected

tomatchthoseoftheHSTfield(At=0.742).Thee氏cienciesareveryhighforbrighter
so11rCe eVentS,aSeXpeCted.One canSee thefa1loffatthebrightendofthisefhciency

Curve.Thisisduetothesattlrationoftheso11rCeStarS.Suchbrightsourcestarsareea$ily

SaturatedwithrelativelyLowampIificationduetomicrolensing.Inthiscasethephotometry

becomesunreliableandnotwell丘ttedbyamicrolenslnglightc11rVe･Thefactthatthis

effect appearsin oursimulationisone ofthepieces ofevidence that thissimulationis

proper.Ontheotherhande伍cienciesfallofrtofhinterstars,becausethesereq11ireahigh

amplificationinordertobedetected.Themaxim11mOfourdetectionefnciencylSnOtSO

high,eVenforbrightso11rCeeVentS,beca11SeOurdatahaveagapfor～40daysduetoour

CameraSyStemnOt丘1nCtioning.
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Figure8.5:MOAeventdetectione伍cienciesasafunctionofsourceIbandmagnit11defor

thengbl-2s11bfield.Thevariouslinesindicatethee組ciencyfortheevent timescale$Of

l,5,10,40,80,100daysasindicatedinthe丘gure･

Comparingeach ofthe timescales,fbrthelongtimescale events,the e伍ciency falls

O丘■moresigni丘cantlythanthatoftheshortertimescaleeventsatthebrightendofthese

CurVeS.Thisisbecausethenumberofsaturatedpointsislargeandwerequiredastable

Aatbaselinetoidentifytheevent.Inthelongtimescaleevents(tE>50day$),thestable
且atbaselineinthelightcurveisveryshort.Theseefrbctsaresignificant払rbrightersollrCe
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andlongertimescaleevents.Ontheotherhand,thisef托ctissmallfbrthe払intersource

andtheshortertimescaleevents,becausetheyhaveenoughbaselineandalowpossibility

Ofbeingsaturated.Meanwhile,atthefaintend,thee伍cienciesareinvertedcomparedto

thoseatthebrightend.Forlongtimescaleeventsthedurationwithaslgnificantexcess

inthelightcurveislongerthanthatofshortertimescaleevents.So,theshorttimescale

events can not be detected any more,because we required morethan three consecutive

excesspointstotheevents(seesection6･1)･
These e伍ciencies払IIsofftowards fainter end】aS We eXplained above.However this

falloffisfainterthantheluminosityfunctionfromMOAdatashowninFigure8.1.We

notethereisasmallbutstilladequatee伍ciencydowntoI～22.Forotherfields,these

e伍cienciesaresimilar,butsomeofthemgoslightlyfainterthanI>22forlowextinction
fields.Thisis the mainimprovementin the analysis by

changing丘･Om DoPHOT-type

analysis to DIA.In DoPHOT analysis,thereis no detection e伍ciency払r those source

StarSnOtreSOIvedinthereferenceimage.

Tbemphasizethisef艶ct,WeShowtherelativeexpectedeventrateasafunctionofI-band

magnitudeofsourcestarsforvariouseventtimescalesinthetop-leftpanelofFigure8.6.

TheseareestimatedbymultiplyingtheluminosityfunctionoftheGalacticbulge(Figure

8･1)withthedetectione伍ciencyforeachIbandmagnitude(Figure8･5)･Asshowninthis
figure,manyeVentSWithfaintersourcesareexpected.Theexpectedsourcedistributions

are peaked aroundI～19and go down toI～22,althoughthe observationallimiting

magnitudeofourtelescopeandcameraisI～17.Thisdoesshowadramaticcapabilityof

DIA.Especia11y,nOte,thise鮎ctwasincreasedbyourhigh1yh･equent Samplingstrategy.

ThoughthesensitivityoftheMACHOgroup(AIcocketal.2000a)became2magnitudes
deeperthantheirobservationlimitingmagnitudeofV～21byDIA,thatofMOAis～5

magnitudedeeperthanourobservationlimitingmagnitudeofI…17.(Ofcourse,this
e鮎ctalsodependsontheshapeoftheluminosityfunctionaroundtheobservationlimiting

magnitude払reachexperiment.)
Forthelongertimescaleevents,theevent rateforbrightstarsdecreases,becausethe

SOurCeStarSmightbesaturated払rhighmagnificationandwe requiredastablebaseline

fbrthe event to be det,eCted.However this distributioncould reach to much faintersource

StarS.Thelongerthe timescaleis,the fainterthe source events that could be detected.

AndthesecondpeakseenaroundI～15isduetoredclumpglantSWhichcanalsobeseen

intheluminosityfunction(seeFigure8.1).

Inthetop-rightpanelinFigure8.6,theobservedI-bandbaselinemagnitudeIodistri-
butionisshownasthehistogramwithcorrespondingexpectedeventratesscaledtomatch

thehistogram.HeretheobservedI-bandbaselinemagnitudeIoisde-reddenedtomatch

thatintheHSTfield.Theexpectedandobserveddistributionsareingoodagreement払r

theobservedtErange(5<iE<100days).
Asmentionedinsection6.1.3,manyPOSSiblemicrolenslngeVentSfailedtoberecorded

bythecriterionofiE<200daysincut3.Theseeventshaveaslgnificantincreaseinthe

△flux,but theirparameterscould not bewellconstrained,because thelightcurve was

measuredonlyaroundthepeak.InsucheventsuminandiEWOuldbedegenerate.Ifthe



8.3.か且7甘CT了0Ⅳ且FダJC躇フⅣC工E5 115

baselinefluxismeasuredbythebllow-upObservations,thisdegeneracycouldbebroken･

Ifwehavemadethecatalogueofallvariablestarsandnovaefromsomeyearsobservations,

asnowwearedoing,OrifwetakethedatawithbothRedandBluecolors,WeCOuldeasily

identifytherealmicrolenslngeVentSandissuealertsbrthesefaintsourceevents,Without

thecriterionoftE<200days.

WeshowtheexpectedeventrateswithoutthecutofLE<200daysinthebottom-1eft

panelofFigure8.6.Inthisfigurewecanseeaslgnificantincreaseoftheexpectedevent

rateforthelongertimescaleeventswiththedimmersourcestars.Thesedimsourcestar

eventsintrinsicallyshouldhavehighamplification.Wecanseethise鮎ctintheminimum
impactparameterdistribution払reachofthecasesinthefo1lowingsection8.3.3.Onthe

Otherhand,nOSlgnificantchangecanbeseenfortheshorttimescaleevents,thoughthe
durationoftheexcessinthelightcurveoftheseeventsareasshortasthatoftheevents

Ofalongertimescalebutwithfaintsourcestars.So,thee伍ciencybrtheshorttimescale

eventsisnota鮎ctedbythiscriterion.

To compare these results with the traditionalDoPHOT-type analysIS,We Show the

SamedistributionsbyusingonlytheMOAluminosityfunction(filledcirclepointsinFigure
8.1)asthesourceluminositydistributioninthebottom-rightpanelofFigure8･6･This

reflectsthesamesituationaswiththeDoPHOTanalysis,inwhichthesourcestarshouldbe

resoIvedinthere丘汀enCeimage.Thisisnottherealsourcemagnitudedistributionobtained

by DoPHOTanalysis,becausetheDIA canimprovethephotometricaccuracy,eVen払r

StarSreSOIvedintherefbrenceimage.Furthermoretherearemanyfaintsourceeventswhich

areblendedbybrightresoIvedstars.Thesee能ctswillcanceleachother.Anyway,these
are relativelysmallereffbctsthan the dif托rencein DIAandDoPHOTanalysIS.Sothis

distribution,Showninthebottom-rightofFigure8.6,Shouldnotbesomuchdi鮎rentfrom

theactualoneandgoodtobecompared.

Inthisfigure,thedi鮎rencefromDoPHOT(bottom-right)toDIA(top-1eft)isclear･
ThepeakofthisdistributionisatI～15,Whichcorrespondstothesecondpeakinthetop-

1eftpanelofFigure8.6duetoredclumpglantStarSaSthesourcestars.TheDIAmethod

increases the numberofevents by more than a払ctorof2.In particularwecan detect

manyeventsinwhichthesourcestarsarefainterthantheobservationlimitingmagnitude

byuslngDIA.
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Figure8.6:ExpectedrelativeeventratesasafunctionofsourceIbandmagnit11de.Tbp-1eft:

Expectedeventratesinthisanalysis.Tbp-right:HistogramoftheobservedI-bandbaseline

magnitudeIowithcorrespondingexpectedeventratesscaledtomatchthehistogram･The

expectedandobserveddistributionsareingoodagreementsfortheobservedrangeoflE

(5<iE<100days)-Bottom-left:ExpectedeventrateswithoutthecutofiE<200days
incut3.Asigni丘cantincreasecanbeseenforthelongertimescaleeventswiththedimmer

SOurCeStarS.Bottom-right:Expectedevent ratesforthecasethatthesourcesareonly

resoIvedstarsintherefbrenceimage.ThiscorrespondstotheeventratebyDoPHOT-type

analysis.Ofco11r$ethisisnotreal,butnotissodifferent.Thisisshownincomparisonwith

thatbyDIA.Thevario11Slinesindicatetherelativeeventratesfortheeventtimescalesof

l,5,10,40,80,100daysasindicatediIlthefigure.
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8.3.3 TheMinimumImpactParameterDistribution.

Becauseofthesimplegeometryofmicrolenslng,theprobabilitydistributionofthemin-

imumimpactparameteruminis11nibrm.However,inactualexperiments,thedetection

efRciencyheavi1ydependsonu,,.in.Thesma11ertheimpactparameter,thehigherthesource

willbeamplified.Thehighamplificationmakesiteasiertodetecttheeventsbecauseof

theirhighS/N,eSpeCiallythoseeventswithfaintsourcesrequireahighampli丘cationto
bedetected.Hencethedistributionoftheminimumimpactparameterwouldbebiased

towardssmal1erimpactparameters.

Thise晩ctcanbeseeninourobservedminimumimpactparameterdistribution(his-

togram)andtheestimateddetectione蝕:ienciesinthesimulation(lines)asafunctionof

u,,u,tforvarioustimescaleswhicharescaledtomatchtothehistogramasshowninFigure

8.7.Herethelinesarethemeane伍ciencieshrallour丘elds.Thesedetectione組ciency

distribution$fromthesimulationareequivaleJlttOtheexpectedeventdistributionbecause

therealumindistributionis且at.Theseobservedandestimateddistributionsareingood

agreementfortherangewheretheobservedtimescalesarefounded(betweenlO～100

days,SeeSeCtion8.5)･

:石

0.4 0.8

umin

Figure8.7:Observed minimumimpact parameter umin distribution(histogram)and
the MOA event detectione伍ciency distributionsasafunction ofumin SCaledtomatch

the histogram.The variouslines represent the efRciency hr the event timescale of

lO,20,40,50,100daysasindicatedinthefig11re･

Inthisdistributionwe can see that halfofthe detected events haNe aSmallminimum
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impactparameter(umin<0.1),thoughthe丘･aCtionofeventswithu<0･1isonlylO%in

theDoPHOTana･lysisoftheMACHOgroup(AIcocketal.1997a)and30%intherecent

DIAanalysisoftheMACHOgroup(AIcocketal.2000a)･Thisisbecauseoursampling

rateishigher(5～6times/day)thanthatoftheMACHOgroup(onceperday)･
Asmentionedinsection6.1.3,manypOSSiblemicrolenslngeVentSfailedtobedetected

bythecriterionoftE<200daysinc11t3.Theseeventshaveasignificantincreaseofthe△

flux,b11tparameterSCOuldnotbewellconstrainedbecausethelightcurvesaremeasured

onlyaroundthepeak.InsucheventsuminandlEWOuldbedegenerate-Iftheseevents

areincludedasmentionedintheprevioussection,then5～15%morehighmagnification

eventswouldbeexpected,becausethesourcestarsofsucheventsareveryfaint(seesection
8･3･2)･Weshowthedistributionoftherneandetectione侃ciencyinumin,i･e･theexpected
event rate distribution,forthetyplCaltime$CaleofiE=40dayswithoutthisIE<200

dayscutinFigure8.8.Tocompare,WealsoshowtheumindistributionwiththelECut

(theactualcutinthisanalysisasshowninFigure8･7)andthesamedi$tributionfbrthe

eventswithbrightersourcestars(I<17),WhichcorrespondtotheDoPHOTanalysis･

:石

0.4 0.6

umin

Figure8.8:Eventdetectione侃cienciesasafunctionofuminforthetypicaltimescaleof

lE=40dayswiththetE<200dayscut(solidline),andwithouttE<200dayscut

(dashedline).TheefBciencyc11rVeWiththetE<200dayscutforthebrightso11rCeStar

(I<17)events(dot-dashedline),Whichisscaledtomatchtheothersatu=1,isalso

Shown払rcomparison.

Fromthisfigure,itisclearthatouranalysiswithDIA(solidline)eandetectthehigh

magnificationeventsmoreefEcientlythanaDoPHOT,typeanaly$is,Whichcorrespondto
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thatforbrightsourceevents(dot-dashedline).Inthecurveforbrightsourceevents,the

e伍ciencydecreasesforthehighestamplificationevents.Thisisbecauseofthesaturationof

SOurCeStarS.Whilethisefrbctisnegligibleinothertwolineswhichincludeallfaintsource

StarSbecausethefractionofveryfaintsourceeventsislargerinthesecases.Furthermore

itwillbepossibletodetectmore(～10%)highmagnificationeventswithoutthetE<200

dayscut(dashedline)inthenearfuture.

8.4 0pticalDepth

HereweestimatetheopticaldepthtowardstheGalacticbulgebyusingtheeventsdetected

inthisanalysISandourdetectione侃ciencies.WbhavemadeaMonteCarlosimulationto

estimatetheuncertaintiesintheobservedopticaldepth.

8.4.1 0pticaldepthEstimation

The opticaldepthis defined as the probabilitythat any glVen Staris microlensed with

impactparameterumin51atanyglVentime.Theopticaldepthisindependentofthe

mass ofthelens object.So anyinformation about the velocity distribution and mass

functionofthelensobjectsisnotrequired.Theopticaldepthfromtheeventtimescales

Oftheobservedeventscanbeestimatedbyfo1lowlngequation:

丁=志写怒
(8･2)

WhereNsisthetotalnumberofsourcestarsintheobservationfieldsand77)istheduration

Ofobservationofthisanalysisindays.tEistheeventtimescale(Einsteinradiuscrossing
time)fortheitheventandE(壬E,i)isthedetectione伍ciencyforagiventimescale･Tb

estimateN;,WeCOuntedthenumberofbrightstars(I<15whichisde-reddenedtomatch
theHSTfield)whoseobservatione伍ciencyisnearlylOO%,andscaledbytheratioN23/N15
WhereN15andN23arethenumberofstarsintherangeI<15andI<23respectively

inourcombinedLF.Thisisbecauseourdetectione伍ciencieswereestimatedbytakingall

starswithI<23intoaccount.

Wbestimatedtheopticaldepthbyuslngtheestimatedtimescalesofdetectedevents

inChapter6withN云～250millisonstars(I<23),7L=219daysforngbl～12･Wb
didn'tincludethengb13and14fieldsinthisanalysisbecausethesetwofieldsarefar丘om

Baade'sWindowinwhichitisdi伍culttocomparewithotherobservationsormodels.Our

estimatedtimescalesinChapter6arenotbiasedasaresultoftheblending,becausewe

usedtheDIAandnottheDoPHOT,aSmentionedinAIcocketal.(2000a).Fbrevents
WithtimescaleswithinO.3<tE<150days,WeeStimatedtheopticaldepthas

克晋=2.62!3:三言×10~6, (8･3)

WherethelowerandupperlimitofthisvaluewereestimatedbyaMonteCarlosimulation

asdiscussedinthefo1lowlngSeCtion.



120 C打APT且Rβ.OP了7CAムjlEPT打

Thisopticaldepthismostlyduetodiskandbulge(bar)stars.Theopticaldepthin

thedirectionoftheGalacticbulgeduetohaloobjectsofanykindisonly～0.13×10,6

(Griestetal･1991),Whichinanycaseismuchlessthanthecontributionduetoanydisk

Orbulgemodels.

8.4.2 UncertaintiesintheOpticalDepth

The statisticaluncertaintiesintheobservedopticaldepth7bbs Weredeterminedwiththe

followingprocedure,WhichissameasusedbytheMACHOgroup(seeAIcocketal.1997a,b,

2000a)･TheuncertaintyintheopticaldepthdoesnotfollowPoissonstatistics･However,

Sincethenumberofeventssti1lobeysPoissonstatistics,itisstraightforwardtoevaluate

COnfidencelevellimitsbyusingMonteCarlosimulations.Wbhavesimulated"experiments"

inwhichthenumberofdetectedeventsNisselectedaccordingtoPoissonstatisticswith

themeanofthenumberofexpectedeventsNexp･Inordertocalculatetheopticaldepthfor

aglVenSimulation,eaChsimulatedeventmustalsobeasslgnedatimescaleiE,iaCCOrding

totheassumedevent timescaledistribution.Wbrandomlyselectedoneofourmeasured

event timescalesfor each simulated event.Wb simulated50,000experiments to make

the distributionforeach N&･Fbrexample,the simulatedopticaldepth distributions

With爪印=20and32areshowninFigure8･9･Herethemeanopticaldepthofeach

distribution<T(N&)>(dashedline)andtheobservedopticaldepth7bbs(solidline)are

alsopresented.

We estimated the
probabilityP(T(N)>7bbs)that

the opticaldepth T(N)in each

Simulatedexperimentislargerthantheobservedopticaldepth7bbs(i.e.,theffactionofthe

rightsiderelativetothesolidline(1bbs)inFigure8･9)foreachNexp･Thisprobabilityasa
functionofthemeanopticaldepth<T(凡xp)>oftheexperiments,inwhichtheexpected

numberofeventsis凡xp,allowsustoestimatethestatisticaldistributionoftheoptical
depth.Weestimatedthelgconfidencelimitoftheopticaldepthasthemeanopticaldepth

<T(凡xp)>inwhichthisprobabilityis15･85%(lower)and84･15%(upper)･Wbshow

thisdistributionwiththeobservedopticaldepth7bbs(solidline)andlJCOnfidencelimits
(dashedlines)inFigure8･10･

Thisprocedurewillunderestimatethevarianceofthetimescaledistributionbyafactor

Of(N-1)/NbecauseboththemeanandvarianCearemeaSuredfromthesamedataset
(AIcocketal.1997b).Howeverwethinkthisproceduregivesarelativelyreasonableerror
bar,becausethisislessdependentontheoreticalmodels.

Thisopticaldepthisalmostcertainlyunderestimatedbecause ofthe factthat some

fraction ofthe source stars areforeground starsin theforeground disk,for which the

Opticaldepthisconsiderablylower.
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Figure8･9:ThesimulatedopticaldepthdistributionwithNe叩=20(leftpanel)and32

(rightpanel)･Themeanopticaldepthofeachdistribution<T(‰p)>(dashedline)and

theobservedopticaldepthr｡bs(solidline)arealsopresented.50,000experimentswere

simulatedforeachdistriblltion.

2×10-8 3×10-8 4×10一○

撼eanOptiealDeptb<丁(N叩)>

Figure8･10:TheprobabilityP(T(N)>7bbs)thattheopticaldepthT(N)ineachsimulated

experimentislargerthantheobservedopticaldepthちbsaSafunctionofthemeanoptical

depth<T(鶴p)>ofexperimentsinwhichanexpectednumberofeventsisNe=P･This

representsthedistributionofstatisticaltlnCertaintyintheopticaldepthfromtheMonte

Carlosimulation･Thelo'COnfidencelimits(dashedline)andtheobservedopticaldepth

7bbs(solidIine)arealsopresented.50,000experimentsweresimulatedforeachdistribution.
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8.4.3 Disk Contribution

The opticaldepth estimatedin the previous sectionis underestimated･In the number

Ofstars monitoredin ourfields Ni,SOmefraction ofthe stars are probablyforeground

Galacticdiskstars.Thecontributiontotheopticaldepthduetothediskstarsasalens

isnotassmallasdescribedinsection2.3.4.Howevertheopticaldepthforthedisksource

StarS(so-Calleddisk-diskevents)isquitesmall･Sothetotalopticaldepthwouldbelower･
Therearealsobackgrounddiskstarswhichwouldhaveahigheropticaldepth,butourline

OfsighttowardsthebulgeisseveralhundredpersecsoutoftheGalacticplaneonthefar

Sideofthebulge.Somostofthediskcontaminationwi11befromforegrounddiskstars･

Thefractionofdisk starsin ourfieldsisratheruncertain.

VVe have estimated thefraction ofdisk stars out ofa11starsin our observedfields as

hisk～23%byusingthestandarddouble-eXpOnentialdisk,thenon-rOtatingtriaxialbar

?OdelsandKiraga&Paczy丘ski(1994)'sluminosityfunction(seesection8･5)･Thisvalue
lSCOnSistentwiththevalueusedbytheMACHOgroupofhisk～20%(AIcocketal･1997a)

andhisk～25%(AIcocketal.2000a),WheremostofourGBfieldsareoverlappingwith
theMACHOgroup'sfields.ThisglVeS

箱崎｡=3･40!3:芋芸×10-6[0･77/(1一九由た)]･ (8･4)

Thisopticaldepthvalueisconsistentwiththepreviousobservationsof3.3i壬:…×10~6h･Om

9eventsbyDoPHOTanalysis(Udalskietal.1994),3.9諾…×10-6from13eventsinthe

clumpgiantsubsamplebyDoPHOT(AIcocketal.1997a)and3.23認喜星×10-6from99
eventsbyDIA(AIcocketal･2000a)･

Thismeasuredopticaldepthmustberegardedasalowerlimitofthetruevaluebecause

OurObservationsareonlysensitivetotheeventswithO.3<tE<150days･Nevertheless

thisvalueisstillhigherthanthose predictedby most Galacticmodelswhosemassand

inclinationofthe bar are consistent with other observations.VVe note that our observed

opticaldepthvaluesareaveragedover16deg2(12fields)aroundBaade,sWindow(l,b)=
(lO.0,-30･9),Whileinmostcalculationstheopticaldepthisestimatedexactlytowards

Baade,sWindow.Inmostmodels,theopticaldepthaveragedoverourBulgefieldsisvery

Close to that at Baade,s Window,SO WelgnOre this diffbrencein this paper･Even the

Sma11estinclinationangleand alargebarmasshave been reportedtobeinsu伍cient to

produceanopticaldepthgreaterthan～2.5×10~6(Peale1998).
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8.5 Timescale Distribution
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TheobservedtimescaledistributiondependsonthemassfunctioJlandthevelocitydisper-

Sionofthelensandsource.rIbmakethemodelsofGalacticstruCture,boththeoptical

depth and the timescaledistributionshould be consistentwith the observations.Peale

(1998)andMeraetal.(1998)showthatitisdi伍culttoreproducetheobservedtimescale

distribtltionofAIcocketal.(1997a)withtheexistingGalacticmodels.
Weshowo11rObservedtimescaledistributioninFigure8.11.Ourobservedtimescales

arenotbiasedbytheblending,becallSeWeuSedtheDIAnotDoPHOT,aSmentionedin

Aleocketal.(2000a).

tE(days)

Figure8･11:Histogramsoftheeventtimescale転distributionfor280bservedeventswith

expectedtimescaledistributions,nOrmalizedtotheobservedn11mberofevents,fora丘Ⅹed

baranddiskdensitymodelandforvariousmassfunctions.Thesolidlineindicates(i)Scal0

(1986)'sPDMF;thedashedanddot-dashedlinesindicates8function(ii)atM=0.1Mo

and(iii)atM=1.OM｡reSpeCtively;thedotted andthreedot-dashedlinesshowthe

power-1aw(iv)withα=2･3,Ml=0･1and(v)withα=2･0,Ml=0･01,Wherethelater
OnerepreSentthebrowndwarfrichmassfunction.

Tc.becompared,Wealsoplottedtheexpected timescaledistributionforafixed bar

anddiskdensitymodelwithvariousma5SfunctionsinFigure8･1l･Thesedistributionsare

COrreCtedbyourdetectione組cienciesandnormalizedtl)thenumberofobservedevents･

We11SedtheHan&Gould(1995a)'smodels,i.e.,atriaxalbarmodelgivenbyequation
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(2･21)withthebarinclinationangleofe=200,andadouble-eXpOnentialdiskmodelwith

adensitypro丘1egivenby

伽=伽Oe二巧フ -lzl月-
月0

/･･ J--.こ), (8･5)

whereR=R8+D2cos2b-2RoDcosbcoslandz=DsinbarethediskcylindricalGalac-
tocentriccoordinates,Disthedistance丘omtheS11nand(l,b)aretheGalacticlatitude

andlongitude･hz=325kpcandRd=3･5kpcarethediskscaleheightandlength,

PdO=0･06Moisthedensityconstantchosentomatchthedensityinthesolarneighbor-
hood･Wcshowthedensitypro丘IeofthesebaranddiskmodelstowardsBaade,swindow

at(l,b)=(lO,-30･9)inFigure8.12.ThesemodeIsgiveopticaldepthstowardsBaade,s
windowofl.2×10~6丘･Omthebar,andO.6×10~6丘･Omthedisk.

ー
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Figure8･12‥Thedensityprofi1eofthebar(solidline)andthedisk(dashedline)models

usedinthisanalysIS.

FbllowingKiraga&Paczy由ki(1994)andHan&Gould(1995a),theeventrateinthe

CaSethatboththesourceandlensarebarstars,rba,,isgivenby

rbαγ = 4 品[上∞勒(瑚｢1上∞伽(ββ)

ょか8d伽(βd) /叫(u), (8.6)
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Wheren(Ds)isthenumberdensityofsourcestars.Asthedistance丘omtheobserverin-
CreaSeS)thevolumeelementandthetotalnumberofstarsintheelementincrease･However,

theactualnumberofstarsonecandetectdecreaseswithincreaslngdistancebecauseofthe

detectionlimits･Inourcomputation,WeaSSumedthatthesetwofactorscancelout(Han

&Gould1995a)･Thisisequivalenttotheβ=-1modelofKiraga&Paczy丘ski(1994),

andthenn(Ds)∝Pb(Ds)･Andvisthetransversevelocityandf(v)isitsdistribution.
Ontheotherhand,fortheeventslensed by thediskstars,thesource barstars are

locatedwithinanarrowreg10nCOmParedtothetyplCalvaluesofDdandDs-DdOfdisk

lenses･TherebrDscouldbeapproximatedasafiⅩeddistanceofDs=Ro=8･5kpc･Then

theeventrateisglVenby

rゐた=4 /叫(け (8･7)

Theeventsinwhichthediskstarsarelensedbydiskstars,SO-Calleddisk-disklenslng,1S

negligible.

Thetransversevelocityて)isdefinedas

てノ=lノd~ 帽巾ノ0
〃.､-/.)-J

βざ ]･ (8･8)

Wherevd,Vsandvoarethetransversevelocitiesofthelens,SOurCCandobserver,reSpeC-

tively･Weassumethatthevclocitydistribution払reachcomponentoflensandsourceare

representedbyaGaussianasf(t])=f(vd,y)f(1)d,Z)f(vs,y)f(vs,Z),Where

J(明)=
2JZ ]･ (8･9)

Herci)iisthemeanvelocityoftheithcomponent･Weadopt(歪ba,,y,ijbar,Z)=(0,0)and

(cTbar,y,CTb｡r,Z)=(110,110)払rthe barlens and source,(釘disk,y,否disk,Z)=(220,0)and
(cTdisk,y,CTdisk,Z)=(30,30)hrthedisklens,(否｡,y,釘｡,Z)=(220,0),(J｡,y,CT｡,Z)=(0,0)払r

theobserverinkm/s(Han&Gould1995a;AIcocketal.2000a).
Forthese barand diskmodels,WeeValuatcdtimescaledistributionstowards Baadc7s

Windowwiththehllowingfivemassfunctions:(i)Scalo(1986)'sPresentDayMassFunc-
tion(PDMF),a6-function(ii)atM=0.1几転and(iii)atM=1.0几掲,andthepower-law
¢(Mいx M-α(iv)withα=2･3andthelowmasscndMl=0.1A43,(v)withα=2.O

andMl=0･01Mo,Wherethefunction(v)representsthebrowndwarfrichmassfunction
(AIcocketal.1997a).ResultsareshowninFigure8.11.

The timescaleofdetected eventsis distributedin the rangc5<tE<100days and

Centered aroundiE～30davs.This fbatureis consistent with the timescale distribution

fromtheMACHOgroup(AIcocketal･2000a)thoughtheirdistributionisslightlysharper

aroundthemeanthanours･ThedistributionofAIcocketal･(2000a)iswellfittedbythe
timescaledistributionexpectedfromthe Scalo(1986)'sPDMFexcepthrsomefraction

Oflongtimescaleevents,thoughthose modelsdo not explainthelargeobserved optical

depth･ForourdistributioninFigurc8･11,Scalo(1986)'sPDMFalsoseemstobemore
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rcasonablet.hanthcothers.AltJ10ughourdetectione伍cicncylSSufncientlyhighfbrthe

shorttimcscaleevents(tE～0.3days)becauseofour丘cquentsampling(5～6times/day),

thereareonlytwoshorttimescalecvents(tE<4days)･Theshorttimcscalcevcntscould
bcpro(luccdwhenthclensesareeithcrnearthe〔■bservcrorthesourcc･However,this

effcctisrelativelysmalluIllessthedistancc丘･Omthclenstothesourceortotheobserver

isvcrysmall･Sothetimescalcdistributiontracesthemassdistribution･ThetimescaletE

払rthemostcommonevcntsis～7(M/0.1几掲)1/2daysbrbothbulgeanddisklenses(Ha

&Gould1995a).Thenumbcrofobservcdshorteve11tSismuchsmallerthanthatexpected

fromthebrowndwarfrichmassfunction(v).Thisirnpliesthatthereisnolargepopulation

ofsmalllenscssuchasbrowndwarfgalongthelineofsighttowardstheGalacticbulgc,aS

describedinAIcocketal.(2000a)･

Wccanalsoscesomc丘actionoflongtimescaleevents(玩>70days)asreportedin

AIcocketal.(2000a),WhichcannotbcrcproducedwithScalo(1986)'smassfunction(i)

an(lthccontemporaryGalacticmodels(Han&Goul(11996)･Suchlongtimescaleevents
coul(lbeproducc(lwhcnthclensesarehcavyフmOVlngatlowtransverscvclocity,Orinthe

middlcoftheline丘･OmObserver tosource.Ifboththelens andsource areinthe
disk･

socallc(1(lisk-disklenslng,thenthetimescalcwouldbeloIlg･Thcprobabilityofthisis

constrainc(lbystarcounts,aIlditisverysmall･Thec鮎ctofgeometrylSrelativclysma11

(factor～2).Thcremightbesomcunknownpopulationofdynamicallycoldormassive

(larkobjccts,SuChaswhitedwarf白orneutronstarsinthcGalacticdiskorbulge･More

(liscussiononthiscanbcseeninAIcocketal.(200()a)･
Wcshowourobscrvedtimescale(listribution,COrreCtCdbythedetectione伍cicncy,l･e･)

thccxI)eCtCdtrueiEdistribution,aSisalsoglVeninFigure8･13･Thisdistributionissimilar

tothat丘omt.heMACHOgroup,sobservations(A二しcocketal･2000a)exceptthepartR)r
thcshorttimcscaleevcIltS.Thoughtheirdistributionissharplytruncatedat玩～4days

cxccpt壬broneshorteventwith玩=1･4days,Ourdistributionisflatto2days･However

thisdi鮎rcnceisnotslgnificantbecausethcseshorte】1tWObinsarebasedononlytwocvents,

and thc amountissti11small.

Thecontributiontothe totalopticaldepth ofthe observcdtimcscaledistributionis

glVCninFigure8･14･ThecontributioIISOfthcshorttimcscaleeventstothctotaloptlCal

dcptharequltSmall･

IIlanyCaSe,WCneedmorcstatisticstoinvcstigatcinmorcdetailaboutthemassfunction

and the Galactic structure.
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Figure8･13‥HistogramsoftheobservedtE distribution,COrreCted払rthedetectionem-

Cicncy,1.e.,theexpectedtrueiEdistribution.

もlX寸

もーXm

もlXN

もー

(
同
一
)
U
＼
同
一

tE(days)

Figure8･14:Thecontributiontothetotaloptical(lepth(tE/E(iE))oftheeventtimescale
iEdistribution払robserved microIcnslngeVentS.Thecontributionoftheshorttimescale

CVentStOtheopticaldepthisquitesmall.





129

Chapter9

Discussion and Conclusion

Ⅵねproposedtwonewmethodstoconstrainthelocationofthelensobjectsofmicrolenslng

eventstowardstheLMC･Firstweshowedthatonecandistinguishwhetherthelensobjects

areinthehaloortheLMCbyusingtheFinitcSourcee鮎ctinEAGLEevents(section3.1).
Nextweshowedthatitispossibletodistinguishwhetherlensobjectsareinthehaloor

theGalacticthickdiskbyusingtheParallaxe鮎ctinEAGLEevents(section3.2).These

methodswouldbeveryusefu1todeterminethenatureoftheMACHOs,i.e.,theGalactic

dark halo.

TotestthepossibilitythatsuchEAGLEcventscouldactuallvbedetected,andtostudy

thestructureoftheGalacticbulge)WehaveanalyzedtheMOAGBdataduringthe2000

SeaSOnWiththeDIAinoff-1ineanalysis(abouton-1ineanalysis,SeeBondetal.(2001)).In
thisanalysiswebund28microlensingeventcandidatesin120fourGBfields.TheDIAis

moresuitablethanDoPHOTanalysisbrourpurpose,Sincethe払rmermethodcandetect

theluminosityvariationatanyposition,eVenWherenostarwaspreviouslyidentified･

WehavedoneaMonteCarlosimulationtoestimatethemicrolenslngeVentdetectionef-

ficienciesofourobservationsandanalysisbrvarioustimescales･Byuslngthesee伍ciencies

andunbiasedtimescalesofour28detectedevents,WeeStimatedtheopticaldepthtowards

theGalacticbulge払reventswithtimescaleswithintherangeO.3<tE<150daysas

克.㌢=2.62!3:三言×10-6,

WherethestatisticaluncertaintyoftheopticaldepthwasestimatedbyMonteCarlosimu-
1ation,1nWhichthenumberofeventsfo1lowedPoissonstatistics.Thetimescalesobtained

byfittingofourdetected events are not biased by blendinge丘もcts due tonearbystars

WhichappearinDoPHOT-typeanalysis(Udalskietal･1994;AIcocketal･1997a)･These
blendinge鮎ctswouldmakeiEShorter･InDIAallotherblendingcomponentscouldbc

Subtracted･TheGalacticbulgemicrolenslngOPticaldepth,inwhichthedisksourcestars

COmpOnent(fdisk=23%)istakenintoaccount,isgivenby

乃祝gタ｡=3.40Ⅰ3二芋三×10~6[0.77/(1-ん融)].

Thisvalueisconsistentwiththepreviousobservationsof3･3‡壬:…×10岬6from9eventsby
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DoPHOTaIlalysis(Udalskietal.1994),3･9;?:ヨ×10-6from13evcntsiIlaClumpgiaIlt

subsamplebyDoPHOT(AIcocketal･1997a)and3･23認喜2×10～6from99cventsbyDIA
(AIcocketal･2000a)･

Thisobservcdopticaldcpthmustberegardedasalowcrlimitofthetruevalue,Since

ourobservationisonlysensitivctothecventswithO･3<玩<150days･Ncvertheless

thisvalueisstillhigherthanthoscpredictedbymostGalacticmodcIswhosemassand
inclinationofthebararcconsistcIltWithotherobservations.Evcnthesmallestinclination

angleandalargebarmasscouldnotreproduceanoptlCaldepthgrcaterthan～2･5×10M6

(Pealc1998)･
Thcsma11estinclinationproducesthelargestoptjcaldepth･Howevcrthcbarinclination

hasbecnreportedtobcinawidcrangebctwecnlOO--450withvarioustypesofobservations

assummarizedinTablc7inAIcocketal.(2000a)･
TheoptlCaldepthdependsonthemassofthebulgc･Howevcrvariousobservations

providcconflictingvalues.Zhao&Mao(1996)bundA4bul｡e=(2･2土0･2)×1010Mobasedon
COBEmapdata.HowcverDwcketal.(1995)払undamassofonlyMbul｡e=1･3×1010Mo･

Holtzman(1998)fbundMbul｡C=0･74-1･5×10川昭)･

Thcbarmasshasbecnalsopre(lictedbymaIlyauthors･Han&Gould(1995b)predicted

MbtLr=1.6×1010M｡basedonthevirialtheorem･HoweverBlum(1995)predicted
Mbαr=2.8×1010A/L｡WhcnthepatternrotationoftheGalacticbarisiIICluded･Zhao

&Ma｡(1996)saidt云atthebarmassofatleast軋r=2･0×1010爪木.)isrcquiredhrthe
COBEGlmodcIwithO=1lOtoaccountfbrtheobservcdaInOuntOflenslngOfAIcocketal･

(1997a).Ifabarmassis2･8×1010Mo,themodclorZhao&Mao(1996)iscoIISistentwith

AIcocketal.(1997a)atthc20･level･Gyuk&Crotts(1999)foundAhar=2･5×1010Mo
basedonamaximum-1ikelihoodcstimateoftheCOBEG2modelwithasmallinclination

ofO=120byusingtheresultsofAIcocketal･(1997a)･Howcver,ifO=200istaken
instead,Whichisconsistentwithmostofthcvaluesobscrved(seeTable7inAIcocketal･

(2000a)),thebarmassrisesto～3･6×1010Mc･tOeXplaintheresultsofmicrolensing･Such

ahighmasswouldimplylowhaloMACHO丘･aCtions(Gatesetal･1996)･Amassivebulge

putstightconstraintsonthecontributionofthedisktotherotationcurvcatsrna11radii･
Asmalldisk,howevcr,1eavcsmorcroomfbrthehalo･SiIICCmicrolenslngrCSultstowards

thcLMCfixtheMACHOcontcntinthchalo,amaSSivehaloimpliesasmallerMACHO

丘action.

Suchaheavybarisrequiredtoexplainourob:SCrVe(lopticaldepth,howeverthereis

nocvidenccthatthcbarismassivcenoughtoproducethcobscrvedopticaldepth･The

uncertaintiesinthcGalacticbarorientation,thebarmassan(lthestellarmassfunctionarc

stilllargc.Thentheremightbescopetoexplainthi･SObservationbyothermodelswithout
addingothcrdarkcomponents･Ⅵ七necdmoreaccuratemcasurementstoconstrainthe

barmassusedinthcmo〔1els.WelistedthevariousGalacticmodelsandtheopticaldepth

cxpectcdfromeachmodelin恥ble9･1fbrthccoml)arisonwithourresults(c･f･,AIcocket

al.2000a)･

WcshowcdourobservcdtimcscaledistributionwhichisnotbiasedbybleIlding･Though

ourstatisticsarcsma11er,thisscemstobeconsisten七Withthatprcviouslypresentedbvthe t
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Table9.1:Opticaldepth丘･OmVariousGalacticmodels.

Ref6rence Model MLLl｡e,b｡r 7-

Characteristics (1010几掲)(10~6)

Paczy丘ski(1991)

Gricst(1991)

Evans(1994)

Zhao,Spergel&Rich(1995)

AIcocketal･(1997a)

Fux(1997)

Nikolaev&Weinberg(1997)

Peale(1998)

Sevensteretal･(1999)

Gyuk&Crotts(1999)

Grenacheretal･(1999)

Haheretal･(2000)

Double-eXpOnentialdisk

Double-eXpOnentialdisk+halo

Symmetricbulgc+massivedisk

Bar+truncated disk

Bar+double-eXpOnentialdisk

N-bodymodel

Non-bisymmctricdisk

Bisymmetricdisk

Bar+nucleus+double-eXpdisk

Bar+nucleus+double-eXpdisk

FuxN-bodyandOH/IRstars
Maximumlikelihood

Thick+thin disk

Schwarzschild orbits

0.4-0.8

0.5-1.1

1.9 1.9

2.0 2.2士0.45

1,8 1.9

3.0-5.0 1.8-2.0

1.65 1.1-1,8

1.65 1.1-1.6

2.2 1.54

3.3 2.14

2.0 2.2

1.93士0.39

1.8 1.9

1.8 1.9

MACHO
group(AIcocketal･2000a),Whichsupportstheconclusionthat microlensing

towardstheGalacticcentercanbeexplainedbytheobserve(lnormalstars,aSSumlngthey

払IlowtheScalo(1986)massmodel,Withoutrequiringalargepopulationofbrowndwarf岳.

Thenumberofshorteventswasquitesmall,inspiteofourhighdetectione伍ciency払r

Short timescale events down to tE～0.3davs.So we have confirmed that thereis no

Slgnificantamountofsmallmasslensessuchasbrowndwarf白towardstheGalacticcenter.

Asignificantamountoflongtimescale(tE>70days)eventsaredetected,aSrepOrted

previouslybytheMACHOgroup(AIcocketal･2000a)･Thesecouldnotbeexplainedbyany

CurrentGalacticmodel(Han&Gould1996)･Thesemightbeaheavierremnantcomponent,

SuChaswhitedwarfg･So,thelensobjectsofmicrolenslngtOWardstheGalacticbulgemight
beamixtureoflow-maSSmain-SequenCeStarSandheavierremnantcomponents･Anyway,

WeneedmorestatisticstoinvestigateinmoredetailaboutthemassfunctionandGalactic

StruCture.

AnotherpurposetoobservetheGalacticbulgeissearchingforcxtrasolarplanets･As

describedinsection2･5,theprobabilitytodetectextrasolarplaIletSinthehighmagnifica-

tionmicrolenslngeVentSishigherthaninmoderatemagnificationevents.Weshowedhow
MOAcandetect thehighmagnificationevents cfncientlyandfbnd50～60%outofall

detectedeventshavchighmagnification(umin<0･1)･Thisfractionismuchhigherthan

lO%inDoPHOTanalysis(AIcocketal･1997a)and30%inrecentDIAanalysis(AIcock

etal･2000a)bytheMACHOgroup･Thisisbecauscoursamplingrateishigher(5～6

times/day)thanthatoftheMACHOgroup.Thisresultmakesusbelicvethathigh丘･C-
quencyobservationsandtheanalysiswithDIA,thatMOAisnowcarrylngOut,Candetect
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highmagnificationmicroleIISlngCVCntSVCryCmCiently･An〔lthisisvcryusefultosearch
壬brcxtrasolarplancts,eVenWithasmalltelcscope･

Ifthesameobservationswouldbetakcntoward一∃theLMC,WeCaneXpeCtmanySuCh

highmagnificationeventsasEAGLEevcnts(scescctions3･1and3･2･2)･IntheseEAGLE

cventsthepossibilitytomcasurethepropcrmotionlUt/1:(bythefinitesourcec&ct)orthe

rc〔1ucedvelocity′Ut/(l-X)(bythcparallaxe丘もct)oFlensobjcctsishigherifthcIcnsesare
intheLMCorGalacticthick(1iskrcspcctively･Andthenwecanconstrainthelocationof

thcleIISObjectstowardstheLMC,i･e･つWeCOul(ldcte】rmincwhetherthelensesarcMACHOs

orIlOrmalstarsintheLMCorthethickdisk.
Accurateandfrequent払1low-upObservatioIISnearthcpeakwithlargertelescopcsarc

ncc(lcdtomcasurethefinitcsourcee鮎ctandparallaxe駄ct･Andfollow-upObscrvations

withvcryhighresolutiontelcscopessuchasHSTorVLTarcneededaftcrtheeventto

mcasurethcaccuratcbaselineofthcsourcestar,Whichisneededtogctaccuratcparameters

inlightcurvcfitting.Inshort,areaSOnableandpracticalobscrvationalstrategywouldbe

toobscrvehourlywithal-mClasstelcscopeand二Per払rmarcal-timeanalvsiswiththe

DIAtoissucalcrtstoobservatoriesiIltheworldbrhllow-upObservations･Andafterthe

cvcnts,thcbaselineshouldbemeasurc(lbyHSTorVLTs･TheanalysISinthispaperwas

agooddemonstrationtoshowthatitispossiblet()findthcEAGLEcventswithsimilar

observationstowardstheLMC.
Arcaトtimcalcrtsystemwith丘equeIltSamplingandthcanalysisbyDIA,SuChasthat

rcccntlyintroduccdbythcMOAcollaborationlwouldbeapowerfultooltostudyMACHOs

an(lextrasolarplanets･

1sechttp://www･Phys･Canterbury･aC･nZ/~physib/al<汀t/alert･html
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AppendixA

Photon-Statistic error estimatesin

microlensinglightcurvefittingand

the criterionfor the detection ofthe

Parallaxe鮎ct

Thedetectablenumberofparallax-meaSurablemicrolenslngeVentS dependsonthepho-

tometricerrorwhicha鮎ctsthemeasurementofto andβ.Ifweusedthereal-timealert
SyStemWithDIAwhichhasbeenadopted,hrexample,bytheMOAcollaboration,the

photometricaccuracywouldbeabletoreachveryclosetothephotonshotnoiseexpecta-

tion(Alard&Lupton1998;Alard2000;AIcocketal.1999b,2000a;Ⅵb去niak2000;Bond

etal･2001)･Hereweshowthecriterionnecessarytodeterminci)withinassumedrelative

errortolerancee石打omthemeasurementofioandβ払ramicrolensingeventwithgiven

magnitudeofasourcestar,V,aglVenSetOftheparametersofthelensobject,tHandi)
(RE=毎),andassumedobservationalparameters,D,lih,andl七bs.Hereweassumethat
thcphotometricerrorsatbothobservationalsitesareequal･

Wecalculatetheexpecteduncertainty△歪inthemcasuremcntofi)byestimating△to

and△βwhicharetheerrorsinioandβ,reSpeCtively.Thegcneraldiscussiontoestimatethe

errororthevarianceofasetofparametersaiinfittingadistributionF(t,ai)ispresented
by,e･g･,Gould(1995a)andGould(1998)usingtheminimumvarianceboundgivenhlOma

Well-knowntheoreminstatistics･ThecovariancematrixcijWithrespecttoaihraserics

OfmeasurementsF(tk)attimeikWitherrorgkisgivenby

c豆j輔フ∂豆j=写△粕｢2驚と空欝
(A･1)

Thcvarianceofaiisjustthcdiagonalelementscii.

WctakeF(i)asthenumberofthedetectedphoto-electronsattimei,Whichisthesignal

fromthesourcestar･DuringashorttimcintervalT,WegetF(t)=(jb(V)A(i;β∋io)+h)T

photo-electrons,Where h denotes the average photo-electronfluxnlOmthe unamplified

SOurCeStarandh=hlend+fskydenotesthebackgrouIldfluxinthePSFaperturewhich
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c｡nSist′S｡ftJICflux丘omtheuIlleIISedblendingstars(hlcrLd)andthcnightsky(fsky)･Most
ofmicrolenscd source stars are blottc(lout by the unlcnscd

backgroun(lstars,because

microIcnsingsurvcysshouldbecarriedouttowardsvery(1eIISeStarfields･A(t;P,tO)is

theamplificationproducedbymicrolensinggivcnbycquations(2･12)aIld(2･13)･Because

△F(t)=㍉両,uSingequatioIl(チ･1)andtakiIlgthclimitT→0,thcuncertaintyinto
andβis,tOOrderofmagnitu(le,glVCIlby

(△け2 =± ∑△印た)~2
人･

--･._-ミ~-す二~

∂ダ･こまた)
∂1仁0

乙e｡｡1 1

b｡gil､ふ(lノノ/r)A+Jゎ

(△β)爪2ニヒ ∑△印た)~2
た

→ふ昭2J

£｡.､d l

begi｡ノも(t′)A+九

(A･2)

(A.3)

whcrcweassumc(lthattheobscrvationofthelightcurvcbeginsatthctime壬b｡gin
and

cndsati｡rl(1.Actuallytheparamcterβcorrelatcswithjb･Assumingthejbcouldbc
mcasure〔1accuratelybyfbllow-uPObservations,thisbrmulaisvalid･Fromthescwcobtain

thcfbrmula払rtheexpectedcrror△歪as払Ilows:

△′わ竺〈臨可2+臨△朝喜フ
(A･4)

whcrc△(∂t｡)=V5△t｡and△(∂β)=V5△βaretheexpectederrorsof6toand6β･We
applythis壬brmulatoanormalan(lanEAGLEeve11t･

ForthcbeginningofanEAGLEcvcIlt,WeaSSumethatwestartobservingthecveIltat

timctbcgirl=to一子t-1?Wherc壬tllisthetimeintervalt)etWeenthctimewhenthesourcewith

magnltudeVisJuStmagnifiedtotheEAGLEdetectionthresholdtてh･tthisexpressedas

まtl.=fT-,ag(tlfg,β;lノ1tl)
(t′)月山2-(β粘)2

(A.5)

whercuT(V)isgiveniIlequation(2･27)･
WeshouldtakciendatthetimcwhenthemagnitudeoftheamplifiedsourcestardecliIled

tothcobscrvatioIllimitingmagnitudeofthealerttelescopct七bsan(lset壬end=壬0+tobs,

wherci｡bsisthetimcintervalbetween壬oandthetimcwhenthesourcemagnitudcreached

lノ/乙bs.Usingtmag(lefinedinequation(A･6),i｡bs=tmag(tl壬E,β;tもbs)･

Transbrmingtheargumentito4>aStan¢=(壬-tO)/(tEβ),equatioIIS(A･2)and(A･3)
can bc rewritten as

(△け2=′0岬仁
巨;in2¢cos2¢

まgβ3(脚′)三ヂ+ふ)
d¢ (A.6)
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豊紬¢obs),
(△β)~2

飢(¢th,¢｡bs)

g2(¢仙¢｡b8)

tan¢tb(Ⅴβ)

tan¢｡bs(Ⅴβ)

where

抑)2J=
ふ(りfβ

玩COS4¢

β3(ふ(咋ヂ+ム)

タ2(¢th,¢｡bs),

だ

だ
壬th

壬gβ'
舌｡bs

転β●

sin2¢cos2¢

COS¢+頁転読市
cos4¢

COS¢+扇転読市

d¢,

d¢,

(A･7)

(A･8)

Fromequations(3･31)-(3･33)and(A･4)-(A･11)weobtainthetherelativeerrorofi)as

些～玩T(り
u 上)

WhereSb(¢th,¢｡bs)iswrittenas

範(¢th,¢血)=
cos2β sin2β

飢(¢tb,¢｡bs)■タ2(¢仙dO
･dT

1
-
2

}]

(A･12)

(A･13)

Ocanbeconsideredtobearandomvariablesowetakethemeanvalue;Sb(¢th,¢｡bs)in

equation(A･12)istobereplacedbyS(¢th,¢｡bB).Fbrtunately,S(¢th,¢｡b8)isindependent

ofsourcebrightness,uSingtherelationβ=uT/(tan2¢th+1)1/2andふ(V)/uT=ふ(V=
20)=COnSi.andonlydependson¢thand¢｡bs.Thisisveryconvenientforthefollowing
Calculation.Weobtainthenecessary criteriontodetectanEAGLEeventwithparallax

e鮎ctas△i)/重<E壱,i.e.,丘omequations(2.8),(3.29),and(A.12)

呵(Ⅴ)ぶ(¢仙¢｡bs)

祝T(Ⅴ)ぶ(¢th,¢｡bs)

1
●
4

)

(A･14)

<恥(孟)主=COnSt･
Ftomequation(A･14)weseethatanEAGLEeventtendstobedetectedwithparallax

ef艶ctwhenthesourcestarisbright(largeふ),Whenthesourcestarislargelyamplified
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(sma11uT),Whenthetangentialvelocityisslow(smallvt),OrWhenthelensobjectisnear

andlight(sma11xandM),althoghthedependenceonxandMisnotsostrong･Fbrthe
functionS,WeShowS(¢th,¢｡b8(¢th))asafunctionof¢thinFigureA･1(solidline),under

theassumptionthatVLbs=Ⅵh+1i.e.therelationshiptan¢｡bs= 2.52(tan2仇b+1)-1

holds.InthisfigurewealsoplotthecurveforS(¢th,¢th)andS(¢｡bs(¢th),4･｡bs(¢th))for

COmparison.FtomFigureA.1we seethat S doesnot changeitsorderofmagnitudeso

StrOnglyaslongastheobservationiscontinuedtoV>Vihinthedecliningphaseofthe

amplification.However,iftheobservationendstooearly(V竺Ⅵh),Showninthebroken
lineofFigureA.1,Sdivergesandtheparallaxeffbctishardtodetectfortheeventswith

¢th≪1･That¢th≪1meansthatuT巴β(equations(A･6)and(A･10))i･e･thepeak

magnitudeoftheeventisclosetotheEAGLEdetectionthresholdtih.Sincewhetherwe

Candetectaparallaxe鮎ctinthistypeofeventsa鮎ctstherelativeparallax-meaSurable

eventratediscussedinthesection3.2.3,thefo1low-upChasingoftheeventdimmlngbelow

ⅥhWithlargertelescopesthanthealerttelescopeisofgreatimportance.

¢仏

FigureA.1:ThefunctionS,WhichisSbinequation(A.13)averagedoverO,underthe

assumptionl七bs=Ⅵh+1.Thesolid,dot-dashedanddashedlinesindicateS(¢th,4･｡bs(¢th)),
S(¢th,¢th)andS(¢｡bs(¢th),¢｡b8(¢th)),reSpeCtively･

FbrEAGLEeventswecanrewritethecriterion(A･14)moreconveniently･Ifwespec-

ifythe magnitudeofthesource star,V(>叱bs),lens geometry,M andx,1enstrans-

VerSeVelocity,Vt,andobservationalparameterswiththeassumptionVLbs=Ⅵb+1,then

iE=RE(M,X)/vt(z(x))isdeterminedandwecansoIvethedetection.criterion(A･14)with

respectto¢th･Ifthesolution¢th,C,it(VM,X,Vt)exists,itistheunlqueSOlutionbecause
OfthemonotonityofSseeninFigureA.1.Theexistenceofthesolutionimpliesthatwe

CanObservemicrolensingeventswithaparallaxeffbctwhentheimpactparameterβisless
thanthecriticalimpactparameter.Thatis,

β<鮎t(Ⅴ叫∬,Ut)≡ uT(l')

tan2¢th,Crit(tlM,X,Vt)+1
(A.15)
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fromequations(A.6)and(A.10)･Thisisanotherexpressionforthedetectioncritcrion

(A･14)･

Foranormaleventonecantaketb｡gi｡=t｡rld→∞(i･e･4)th=¢｡bs→7T/2),Sincewecan

observetheeventcontinuallydurlngtheperiodinwhichthesourceisInagnified･Soifwe

specifylensingparameters(tlM,X,Vt),WeCanderivePcrit丘･OmanequationcorrespoIlding
toequation(A.15)with¢th=¢｡bs→7T/2･Howcverweappliedequation(A･14)withthe

relationofequation(A.15)fornormaleventstoeasethebllowingcalculation,because
S(¢th,¢｡bs(4>th))isindependentofotherparametcrsexcept4)th･Usingthisbrmula,thc

durationoftheobservationisrelatedtoequation(A.6)insteadofinfinity･Howcver,this

observingperiodislongenough,becausethewidthoftheintegrandofequations(A･2)and
(A.3)isoforderi/A(io),andβcritissu伍cientlysma11brnormalevents･

Actually,WeCOnfirmedthatdifn,rCnCeOfβcritfromthesebrmulasislessthanO･2%

hrV<21.Theequations(A.6)and(A･7)whicharevalidonly払rhighmagnification

eventsareapplicablebecauseweareconcernedwithonlyhighmagnificationevents,CVen
for normalevents.
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AppendixB

Modeland AssumptionsforParallax

B.1 ModelKinematics

FordiskeventsthetyplCaltransversevelocityofalensobjectt)tisestimatedasbllows･

First we assume that the thin and thick disks have the same rotation velocity and the

relativevelocitybetweenthemeanflowofthelcnsobjectsandthelocalstandardofrest

(LSR)iszero･In払ctthee鮎ctofthedriftvelocityofthethickdiskrelativetothethin
diskduetothelargevelocitydispersionofthethickdiskisnegligiblecomparedtoother

e鮎cts.vtisthecompositionofthetangentialcomponentofthemeanvelocityoftheEarth

relativetotheLSRv⑳andthevelocitydispersionofthcdiskJ,Whichisassumedtobe

isotropicわrbothdisks,aS

↑ノぎ(z)=2J2(z)+てノ孟･ (B･1)

Wetake vo=30kms--1,Whichincludes thc orbitalvelocityofEartharound thc Sun

of30kms▼1andavelocityofthe SunrelativctoLSRof20kms-1(Miyamoto&Zhu

1998)･CT2(z)andl)fare assumed to be afunction ofz only(see
the discussion on

equation(3.28)).The
density profile ofthe diskis same asin section3･2･1,i･e･,the

exponentialdisk density distributionsin
equation(3.28)brthin(hthi,.=350pc)and

thick(hthick=1400pc)disks with variablc values ofthelocaldisk column density as

∑thin(∑thick)=30(70),50(50),70(30)几転pc.2.soIvingthePoissonequationhrthedensity

profilecomposedofthethinandthethickdisksthecT2(z)isobtained丘･0Ⅱ1thez-COmpOnent

OftheJeansequation(e･g･Binney&Tremaine1987)as

J2(z)= 打｡[∑thineXP(-た)+∑thickeXP(-た)]22
pthin(z)+pthi｡k(z)

(B･2)

For halo events we adopt the same modelas section3.2.1and we assume･Ut=190

kms¶10r220kmsAJ.vt=190kmsLlismoreplausiblebecauseoftheslightcontribution
丘om thediskgravitvtothcrotationcurve,Whichisa白sumed to be且at and tobewith

叛｡t=220kms-1
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B.2 Assumptionsabout ObservationalParameters

Weassumethattwo2.5-mClassfbllow-uptelescopesareusedondi騰rcntcontincnts･So

D=6000kmisarcasonable value.We also assume tlIl=20andl/乙bs=21,Which are

realistic払ral-mClassalerttelescope.Asnotedinscction2.4,theevcntswiththcsource

StarhavlngV<21arcnormalmicrolenslngCVentS,WhileoneswithV>21arcEAGLE

events.Thephoto-electronfluxjb(V=20)竺500electronss~1whenweusetwothinCCD

CameraSWithadichroicmirrortosplitthelighttotwobandfiltersncartheVbandwithnot

SObroadabandwidth(～100nm)･Theverybroad-bandfi1terisnotadvisablebecausethat

mightnotbeabletoeliminatethee鮎ctofdi鮎rentialre丘･aCtionordi鮎rentialextinction

oftheatmosphere(Gould1998).Weadoptedthebackgroundfluxjb=600electronssTI
COrreSpOndingtoV=19.8mag,Whichisestimatedas払Ilows:ThcmeanV-bandsurface

brightnessoftheinnerlOdeg20ftheLMCisV=22.01mag/arcsec2,andtheskyvalue

isV=21.6mag/arcsec2(deVaucouleurs1957).WeassumetheapertureofthePSFis

7TarCSeC2atagoodsite,Whichcorrespondsto～1′′seeing.ThetotalbrightnessiIlthe

apertureis19.8mag.We adopted this value hr fb.The rclative error tolerance E歪is

assumedtobe50%.Fbrthesourcestars,We aSSumethesameluminosityfunctionasin

SeCtion3.2.1.

To make the estimation rcalistic,We reduced the accuracy ofthe measurements dis-

cussedinAppendixA.Assumingthatweobserve8hoursaday,Wereducedfo(V)bya
factorof3.Wcappliedthephotometricerroras17%largerthanthephotonnoise,Which

isestimatedfbrtheDIAmethod(Woiniak2000).TocheckthevalidityofequatioIl(A･12),

HoIz&Ⅵね1d(1996)havedoneaMontcCarlosimulationandbundthat theagreement

betweentheIlumericalandanalyticestimateswasfairlygoodwithiIla払ctoroftwoiIlall

cases.Sowcdoubledtherelativeerrorintheright-han(lsideofcquation(A.12)･


