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renormalization to thepresent scalewhichisnecessaryowlngtOtheexpansion  

oftheUniverse・Fromeq・（2・12），mOreOVer，（2・39）isrewrittenasfb1lows  

c△電gAβ＝喜（1＋zd）  
βd上）ds  （lα（βA，百。）l2－lα（β訊百βげ）． （2．40）   
かs  

Nextwederivethepotentialterm・Fromeqs・（2・7），（2・8）and（2・35），it払1lows  

that  

f。bs．  f。bs．  

訂彿一訂酢葦恒（卯  
fs  fs  

（諾。－諾′）2＋（y。－y′）2  
（2．41）  

（諾β一正）2＋（yβ一計′）2’  

a．11（1  

f。bs． t。bs．  

／直航イ繍月＝一等♪3榊）（嘲・卯n   
fs  慮s   

（諾。－一語′）2＋（yA一計′）2  

（諾月一諾′）2＋（紬－y′）2’  

（2・42）  

where音＝d言I／dl，is→p∞andi。bs，→∞・Sincex／（y／）＝DdO£（DdOL），the  

potentialtermiswrittenintermsofO，byuseofeqs．（2．41）and（2・42），aSfbllows  

↓
山
U
 
 

」
 
 

明朗ン筈（1＋zd）♪  
）
 
 

∂
U
 
 
 

（
 
 
 
b
 
 
 

／
 
 β
 
 

2
 
 

」
針
 
 

↓
 
 

・誓（抽d）♪2β仰瑚）〈…（瑚））1n  

where  

β（卯3諾′＝β（♂）釦和  

音（♂）＝♂げ，佃  

βll＝訂3／仇・  

→ Ifwechoosethepathffom砧to亀onwhichthedeAectionangle＆（0）isnot  
→  

singular，eq．（2．43）canbeexpressedasanintegralof＆（0）withrespectto亘such  
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tha．t  

C△ま担β＝（1＋zd）β  （2・44）  

（Gorenstein，Falco＆Shapiro1988）．  

Thetotaltraveltimedi鮎rencebetweenimagesAandBisglVenby  

c△fAβ＝喜（1＋zd）晋純一郎一鶴璃2）  
一 βA  

＋（1＋zd）隼㈲  

β月  

（2・45）  

Whichcanfurtherberewrittenbyuseofeq・（2・12）as  

∂A＋毎  
）掘  C△寸劇 ＝（1＋zd）β  （2．46）  

→  

Where＆＾，B＝＆（0＾，B）・Thisk）rmisuseful払rinvestigating propertiesofthe  

traveltimedi鮎rences・Itisclearthatanyconstantpart＆c。nSt．Ofthede且ection  

angledoesnotcontributetothetraveltimedi鮎rences．Thismeansthatevenif  

thesourcepositionisshiftedbysomeangle，thetraveltimedi鮎rencewillremain  

unChanged，thatis，thetraveltimedifF6rencedependsonlyonthestructureof  

thedeflectorandontheimagepositions・Thesymmetriclinearpart＆linearOf  

thede且ectionangledoesnotcontributetothetraveltimedifF6renceeither．This  

factmeansthatthecircularlysymmetricandconstantpartofthesurfacemass  

distributionofthedeflectordoes not con七ributetothetraveltimedi鮎rence．It  

fbllowsfromthisfactthatthedarkmatterwhicharedistributedhomogeneous1y  

doesnotcontributetotraveltimedi鮎rencesatall（Gorenstein，Falco＆Shapiro  

1985，1988，Borgeest1986，andXovner1987b）・  
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Asmentionedabove，Wedescribetherelationbetweenthelensequationand  

Fermat，sprlnCiple．Thelatterstatesthatthelightpropagatesalongthepath  

Whoselengthbecomesstationary，2・e・，  

中＝0・  
（2・47）  

Thisformcanbeextendedtothecaseofgravitationallylensedlights（Schneider  

1985）．ForagivensourcethepropagationtimeTOfthelightisgivenbyeqs・（2・39）  

and（2．44）as  

ー● β  

－■→ ∂（β）・dβ・  （2・48）  

cT＝喜（1＋zd）欝♂一軒＋（1＋zd）刀d／  

Byusingeq．（2．16），WeCanreWriteeq・（2・48）intheform‥  

cT＝（1十Zd）慧新潮2＋叫  
（2・49）  

Thelensequationcanthenbederivedh・OmFermat’sprlnCiple∂T＝0・Thatis，T  

払rmsthepropagationtimesurfaceonthede月・eCtOrPlaneanditsextremepoints  

yieldtheimagepositions・  

Theinvestigation ofthepropagationtimesurfaceleadstosomeimportant  

propertiesofthegravitationallenssystem；i）anynonsingulartransparentdeflec－  

torgeneratesanoddnumberofimages，ii）whenallthetraveltimedifEbrences  

areobserved，theimagewhicharrivesattheearthearliesthasthepositivepartial  

parityandthepositivetotalparity，iii）imageswiththepositivepartialparityare  

brighterthantheoriginalsource，iv）imageswiththenegativepartialparitypass  

througharegionwithq＞c2DdDs／47rGDds．Herethepartialparityisthesigm  

oftr［M］andthetotalparityistheoneofdet［M］（Sclmeider1985，Blandfbrd  

＆Ⅳarayan1986）．  
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Befbrecloslngthissection，Wehavetonoticethatthetraveltimedi鮎rence  

istheonly dimensionfulobservableofsystemssuchasmultiple－imagesystems，  

andthatitenablesustodeterminetheⅡubbleconstantHo，WhenacosmologlCal  

modelandamassdistributionofthedenectorareassurned・Ineq・（2・49），While  

［押－5；I2＋缶（8）］dependsontypesofdenectormodelsadoptedandonthe →  

observationaldataofimages，thefactor（1＋zd）雪祭IIodependsoncosmological  

modelsemployedandontheredshiftsofthede且ectorandthesource，butnoton  

Ho・WecanthusobtaintherelationoftheHubbleconstanttothecosmological  

modelemployed★・  

★ W占wi11a・PPlythisrelationtothemLltiplequasarll15＋080inChapter4．  
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3．ReviewofObservations  

ofMultipleImages，GiantArcsandEinsteinRings  

SincethefirstdiscoveryofthetwinquasarO957＋561）anumberofcandidates  

k）rmultipleimages）glantarCSandEinsteinrlngShavebeendiscoveredduring  

thisdecade．Whileearlycandidatesfbrmultiple－imagesystemswereobservedby  

chance，reCentOneShavebeendiscoveredbyvirtueofsystematicoptical／radio  

observations．Moreovermanyobjectswhichhavedistortedshapesduetothe  

gravitationallenseffecthavebeeninthelastf占wyears・   

Thenecessary conditionsfbridentifyingthedistinctimagesaslights丘om  

one a．nd the same source are：  

i）similarityofspectraofimages，  

ii）coincidenceofredshiftsofimages，  

iii）sma11separationbetweenimages・  

Ontheotherhand，thesufncientconditionsfbraneventbeingduetothegravi－  

tationa11ensefftcthavenotbeenestablishedyet・Howeversomecriteria払rthis  

are stated as払1lows：  

i）abrightgalaxywithalowredshiftexistsclosetothelineofsightofimages，  

ii）emissionlineswithahighredshiftexistinaspectrumofanear－bygalaxy・  

Somemultiplequasarswerediscoveredsystematicallybasedonthefirstcriterion，  

whereasHuchraeiat．（1985）discoveredthemultiplequasar2237＋0305，tObe  

interpretedasamultiple－imagesystem，Withthesecondcriterion・Othercriteria  

wereproposedbyTurnereia［．（seetheirpaper1988）・   

In this chapter we brieAy review observationaldata ofmul七ipleimages  

（§3．1），giantarcsandanEinsteinring（§3・2）・  
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Table3・1Candidates払rmultiple－imagesystems  

systeln ⊥       】’r‾‾．  
1mageS  lensobject  

0957＋561   

1115＋080  

2345＋007  

2016＋112   

1635＋267   

2237＋0305   

1042＋178  

3C324  

0023＋171   
UM673  
（＝0142－100）  

1413＋117   

UM425  

（＝1120＋019）  

1429－008  

0537十441  

3C194   

0414十0534  

1．41   2  6．15／／   

1．722  ≧4   ＜2．4′J  

2．15  ≧3   7．1′J  

3．2733   3  3．4J／   

1．961   2  3．72／／   

1．695   4  1．81／／   

0．921   4  2．J／   

1．206  ≧2  2．／／   

0．9461 20r3  ＜5．9J／   

2．719  2  2．22／／   

2．551   4  1．10／／  

＋cluster  O．36  

galaxy  o．4～0．5   

1．48～1．49   

C：－   

D：1．01  

C＋D  
（galaxies）  

～0．57  

Sb－galaxy  o．0394  

A  

（radio－galaxy）  0．845  

galaxy  O．493  
2．07lorl．660  
0rl．438   

galaxy  ～0．6  1．465  2  6．3ナナ   

l．5  2  5．14J／   

0．849  2   

1．779  3  

1・2（？） 4  

galaxy  O・312  

3．1 MuLTIPLE－IMAGE SYSTEMS   

Sixteenormorecandidates払rmultiple－imagesystemsareknownatpresent，  

aslistedinTable3．1．Hereletusbrienyexplainsomeofthem，Onebyone，1n  

orderoftheirdiscoveries．  

a）0957＋5朗   

Thediscoveryofthetwinq11aSarO957＋561tobeacandidateformultiple－  

imagesystem（Walsh eia［・1979）stimulatedtheoreticalinvestigationofthe  
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gravitationallens efkct as wellasobservationsofquasars．Theoreticalstudies  

made so farた）r this system are as払1lows：analyses ofthis system by uslng  

de鮎ctormodelstoreproducetheimagecon£guration（Chang＆Ref岳dal1979，  

elc・），eStima・tionofthe七raveltimedi鮎rencebetweenimages（Dyer＆Roeder  

1981，eic■），eStimation oftheIIubble constant丘omthe observed traveltime  

di鮎rence betweenimages（Borgeest＆Refgdal1984，eic・），eValuationofthe  

denectormass（Borgeest1986，eic．）andothers・Ontheotherhand，thegeometry  

OfO957＋561wasinvestigatedinrelationtoopticalobservations（Stockton1981，  

eic・）andalsotoradioobservations（PorcaseiaI・1981，eic．）．  

ThedenectorsinthissystemareboththecD－galaxy（hereafterGl）which  

islocatednearesttoimagesAandBandtheclusterofthegalaxiessurrounding  

thiscDqgalaxy（Young eia（．1980）・AnellipticalKingmodelwasappliedto  

bothGlandthecluster（Youngeia（・1981a，eic・）・ThemassesofGlandofthe  

clustera・reObtainedtobe～1012Moand～1015Mo）reSPeCtively・  

TheremainlngPrOblemsaboutthissystemare：howlumino11Sthethirdimage  

isandwhereitislocated．Itmaybeunnaturalifthesystemhasonlytwoimages，  

becausethelenswithanon－Slngularmassdistribu七ionproducesanoddn11mber  

Ofima・geSingeneral（see§2・2）・Thereた〉rethethirdimage（ormoreimages）  

m11SteXistsomewhere・Young eia［・（1980）indicatedtwopossibilitiesfbrthe  

thirdimage（toberefbrredtohereafterasB2）：i）ifB2isclosetoB，theappa，rent  

luminosityofB2WOuldbenearlyequaltothatofB，ii）ifB2islocatedclose  

tothecoreofGl，B2WOuldbemuchfainterthanB．Moreover，Robert＄eia（．  

（1985）showedthethirdpossibility：iii）B2mayCOnSistofthreeormoreimages  

andwouldbeclosetothenucleusofGl．  

Possibilityi）wasdeniedbybo七hVLBIandVLAobservations（Porcaseiat．，  

Gorensteineia（・1984）・Possibilityii）appearsatpresentnottobeinconsistent  

Withopticalobservationsandalsowithradioobservations．Possibilityiii）would  

be acceptableifthetotalluminosityofthecomponentsofB2becomes払inter，  

bypasslngthroughGl，thanStockton，slimitontheluminosityofBbyl．6［mag．］・  
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Table3．2a）GeometryandMagnitudesofO957＋5611）  

1）Y山肌gefαJ・（1981a）・  

恥ble3．2b）CoreqJetgeometryofimagesAandB2）  

2）Gorenstein efαJ・（1988b）・   

Table3．2c）Polarization・・・甘＝＝中0＋RMx入2fit3）  

component  gO［deg・］ RM［rad／m2］  

A  94．0士5．54 －61．8士3．1  

月  93．8士5．5 －161．8士3．1   

di仔erence  O．2士4  ～100  

3）Green且ddef瓜J・（1985a）・  

Narashima eiaI．（1986）supportedthisthirdpossibility，andshowedthatif  

thereisthenucleuswith～1010Mowithin～50bc］inGl，theimagesclosetothe  

n11CleuswouldbefainterthanotherimagesbylO【mag・］・  
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Thefb1lowingpropertiesa・renOteWOrthyofthissystem：i）eachimagehas  

COre－jet structure・This propertyisimportantindeterminlngthecomponents  

Ofthe ampli鮎ation matrixrelatingoneimagetoanother（Gorenstein eial．  

1985，1988）・ii）Thepolarizationplaneofea・Chimagerotates（GreenGeld eiaL  

1985）・iii）Thissystemhasafaint radiosourcewith O．014multipleintensity  

ofthatofB，beinglocatedclosetoB．iv）Thetraveltimedi鮎rencebetween  

imageshasbeen observed（Florentin－Nielson1985，Vanderriest eia［．1989）．  

DyerandRoeder（1981）estimatedthistraveltimediffbrencebetweenimages  

tobel～1・5【years］，thisbeingconsistentwiththeobservedvalue．  

TheobserveddataforthissystemO957＋561arelistedinTable3．2a，bandc．  

りユユユ5＋8鋸   

Themultiplequasarll15＋080，discoveredbyWeymanneiat・（1980），isthe  

firstcandidateformultiple－imagesystemwiththreeormoreimages．Owingto  

poorresolution（…2．5′′）oftheirobservation，theywereabletode七ermineonly  

thespectraofimagesA，BandC，butnotthemorphologyoftheimages・  

Hege eia［・（1980）werethefirsttostudythemorphologyoftheimagesof  

thissystem・Accordingtotheirobservation，1mageAseemstobemoreelongated  

thanotherimagesandtohaveapositionangleofthemqjoraxisis～200．This  

StruCtureOfAwasconfirmedbyYbungeial．，sobservation（1981b）andalsoby  

HegeeiaI・’s（1981）・AtheoreticalanalysisbyYoungCia［・，mOreOVer，Showed  

that，inordertoreproducethegeometryofthissystem，Ashouldbeseparated  

furtherinto twoimagesAlandA2，itsposition anglebeing～200・Laterthe  

duplicityofAwasconfirmedbymoreaccurateobservations（Foy eiaI・1985，  

Shaklan＆Hege1985，IIenry＆Heasley1986andChristian eia［・1987）・The  

fifthimage，A22，WaSSuggeStedtobelocatedclosetoA21（＝A2）withthesame  

magnitudeasA2byFoyeia］．．  

Whilethedi鮎rence，△mAl－A2，betweentheapparentmagnitudeofAland  

thatofA2WaS正）undtobenearlyequal七ozerobyHegeeiaI．eic．，itwasreported  
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Table3・3a）GeometryandMagnitudeofll15＋0801）  

component △α2）△62）magnitude（V）  

Al   －1．27／／－2．08／／   16．99  

A2  －1．44／／－1．62／／   17．27  

月  0．39／／ 一1．95J／   18．74  

C  O．00J／ 0．00／J   18．26  

lensgalaxy O・18J／－1・67／／ 20．96土0．05  

1）仇ristian eまαJ・（1987）  

2）△α，△6＝COOrdirLateSmeaSuredwithrespecttoima．geC  

＋△α＝WeSt，＋△∂＝nOr止．   

Table3・3b）TravelTimeDi鮎rencesbetweenImagesofll15＋0803）  

3）Va・nderriesteia（・（1986）  

tobenearlyequaltounitybyFoyeiaI．・Thelatterregardedthisdi鮎renceas  

Oneduetothevariationofparametersofthelensobjectortothetimeevolution  

inintrinsicluminosityofthesource・VAnderriest eia（・（1986）justifiedFoy ei  

a［．’sinterpretation．Moreoverit wasfoundthat theluminosity oftheorlglnal  

SOurCe may have varied byO・3〔mag・］duringyears1981－1985・Fromthisfact，  

theyobtainedtheconstraintsonthetraveltimedi仔erencesbetweenAlandA2，  

between A and B and betweenA and C．  

In this system separations between theimages are quite small．And the  

lensobjectcannotbeobservedbymeansofradioobservationsbecausethelens  

objectisnotaradio－SOurCe・Therefbrenoinfbrmationhasbeenobtainedonthis  

de且ector．There weresomestlggeStion onthelocation ofthedeAectorbefore  

1987：i）thelensobjectshouldbelocatedbetweenAandB，ClosetoBbecause  
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thecolorofBisredderthanotherimages（Young eia（・，Shaklan＆Hege）；  

ii）thelensgalaxyshouldbelocatedbetweenAlandA2（suggestedbyIIenry  

andHeasley1986）・   

ItisChristian eia］．（1987）whosettledthisproblem・Theysucceededin  

directly detectingthelensobject byobservlngtheimagesthroughsomecolor  

filters・Accordingtotheirobservation）thelensgalaxyisveryredandislocated  

closetoBbetweenAandB．Thelensgalaxy，mOreOVer，iscompletelyseparated  

fromtheimagesintheirobservation・Christian eiat・tlmssuggestedthatitis  

verycompact．Intheirobservationtheredshiftofthelensobject，however，WaS  

notfbund・TheyguesseditsredshifttobeintherangefromO・4toO・5bothfrom  

theseparation－redshiftrelationandfromthemass－brightnessrelation・  

Somemodelshavebeenappliedtothissystem・Adoptingatransparentspiral  

galaxymodel，Ybungeia［・（1981b）locatedthedeAectorinsidethetriangleof  

theimagesっandpredictedthatimageAconsistsoftwoimages・Narasimhaei  

a［．（1982），mOreOVer，analyzedthissystembyadoptingaKingmodel・Their  

analysis，however，WaSincompleteinsomesensesincetheyhadnoinformation  

onthelensobject suchasthelocationandredshiftofthelensobjec七inthat  

time．Ontheotherhand，inviewofthefactthatthelensgalaxyisverycompact  

aspointedoutbyChristianeiaI・，Weanalyzedthissystembyadoptingadark  

lensmodel（Ybshida＆Omote1988）・Wethenestimatedthemassofthelens  

galaxyas～1011Mo・OuranalysiswillbediscussedinChapter4・  

TheobservationaldataarelistedinTable3．3aandb．  

り23舶十00ア   

Thetwinquasar2345＋007wasdiscoveredbyWeedmaneiaI・（1982）asthe  

thirdcandidate払rmultiple－imagesystem・Theseparationbetweenimagesof  

thissys七emisthelargestamorLgthosemultiple－imagesystemknownuptodate  

exceptfortheQSOpairl146＋111・Fortheabovesystem，tWOimagesAandBare  

。bserved，andthemissingimage（s）shouldexistsomewhere・Soleia［・（1984）  
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T嵐ble3．4GeometryandMagnitudeof2345＋007  

data  reftrence  

SoleまαJ・（1984）  

SolelαJ・（1984）  

Nieto e電αJ・（1988）  

Nietod‘止（1988）  

NietoeまαJ・（1988）  

NietoeJαJ・（1988）  

magnification  
m喝ni丘cation  

A
月
 
 

f
 
f
 
 

O
 
O
 
 

18．82士0．03  
20．25士0．04  

separationbetweenAandB 7・03J／士0・08／J   

POSitionangleofA－B  570士10  

separationbetweenBlandB2  0・36／／   

POSitionangleofBl－B2  690j＝10  

suggested thatimage B has adouble－image－StruCture・Tyson eiaI．（1988），  

moreover，Showedthatthemisslnglmagebrighterthan25．Oj＝0．3【mag．］isnotseen  

outsidel／／丘omB，2／／丘omA，andinsideasearchradiusof30）I・Therefore，if  

themisslnglmageeXistsinthisreg10n，itsbrightnessmustbe6［mag・］fainterthan  

thoseoftheotherimages．Nieto eiat・（1988）justifiedSoleiat・’ssuggestion  

by theirown observation with ahighresolution・They，mOreOVer，foundtha七  

imageBhasastructureandcanbeseparatedintotwoimagesBlandB2・The  
separationbetweenBlandB2is～0・36／／andthissatisfiestheconstraintonthe  

StruCtureOfBimposedbySoleiaI．．  

TheproblemhereisthatthedeAectorhasnotbeendetected・Somesuspect  

thattheseimagesarenotgravitationallylensed（Canizares1987，Bahcalleia（・  

1986）．ThefailureindetectingthedeAectorgivesaconstraintontheappar－  

entmagnitude‘m，ofthede鮎ctor：mv≧22・2［mag・］，mR≧21・5［mag・】（Solei  

al．）．TysoneiaI．，mOreOVer，SuggeStedthatsomegalaxiesseenonlyinI－band  

（7800－10000Å）mightbeactingaslenses・Thereisspectroscopicevidenceた）rSol  

eia（・〉ssuggestion，SuChthatabsorptionlineswithredshiftsl・483…1・491appear  

inspectraofbothimages，therebyindicatingalargeamountOfthedarkmatter・  

Tyson eia［■fbumdthatthedeAectormassnecessarytoproducetheseparation  

…7′′is～1013M。．TheytlmssuggestedthattheobjectwithahighM／IJValue  

isdominantinthissystem・Welistthedataof2345＋007inTable3・4・  
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Table3．5GeometryandMagnitudeof2016＋1121）  

component   △α   △6 magnitude  

A  O．00ノ／ 0．00ナノ  20．95  

月  －3．02Jノ ー1．49／／   21．48  

C′  －2．03′′ －3．37／／  22．85  

1）Schneidereia（・（1986）・  

dJ201β十ユユ2   

Themultiplequasar2016＋112wa・SdiscoveredbyIJaWrenCeeiaI・（1984）as  

thefburthcandidatebrmultiple－imagesystem・RadiosourcesA，BandCwere  

discoveredbyVLAobservations・SeparationbetweenAandBis3・4J／，andC  

islocatedsouth－WeStOfB．馳omthespectraoftheradiosources，itwasfbund  

that thespectraofA and B aresimilartoeachotherexceptintheredand  

iI血aredreg10n，WhilethespectrumofCisflatterthanthoseofAandB・They  

thusconcludedthatAandBcanberegardedasgravitationallylensedimages  

andthatCisinterpreted asadenector・Wecaninterpretthatthedi鮎rence  

betweenthespeCtraOfA andBintheredandinfraredreglOnSisduetothe  

contaminationinBmadebytheforegroundgalaxy，C・  

Thereare，however，SOmeSeriousproblemsinthegravitationallensinterpre－  

tation：i）theimagecon軸uration∠ACB～60O，fbrwhichitisunnaturalthat  

suchaconfigurationisproducedonlybyC（Lawrenceeia］・，NarasimhaeiaI・  

1984），ii）thelackofthethirdimageandiii）thedi鮎rencebetweentheratio  

IA／L，intheradioAux（～0・93）andthatinintensitiesoftheemissionlinese・g・  

Lyα（～1・64）・   

Problemsi）andii）weresettledbyaseriesofobservationsbySchneidereia］・  

（1986，1987）・TheyfoundthatgalaxyCissecondaryratherthanprimaryand  

thattheprlmarylensobjectisgalaxyDlocatedatl・2′′fromimageB・Bythe  

discoverythatthestmngandnarrowemissionline（Lyα）seeninthespectraof  
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AandBexistalsointhespectrumofthevicinityofgalaxyC，thesourcewith  

thisemissionlinebeingidentifiedwiththethirdimage，CJ・Theydiscovered  

extendedsourcesAlandBIWeStWardofAandB，reSPeCtively・LaterAland  

BIWereCOnfirmedtobetwoseparatecloudsofionizedgaswhichliewithinaf6w  

ki1lopersecoftheprimaryA／BQSO，nOttObetheimagesofthesamesource  

（Narasimhaeia（・1987，Schneidereial．1988）．   

Theconstraintsonconstructionofthemodeltoreproducethislenssystem  

arelisted as k）1lows：  

a）Themodelmustreproducetheimageconfiguration：A，BandC’．  

b）Therea，renOOtherimages．  

C）TheroleofgalaxiesCandDmustbetakenintoaccount．  

d）ThediWerencebetweentheradiofhxratioandtheintensityratio  

Oftheemissionlinesmustbeexplained．  

Moreovertheconstraintonthede且ectormassnecessarytoproducetheimage  

COn重gurationinthissystemisglVenby  

M≧9・25×1012h‾1Mo（Ho＝100h［km／sMpcl）・   

Narasimhaeial．（1987）reproducedthissystembyadoptingtwoKinggalax－  

ieswithnucleiandaKingclusterofgalaxies・AccordingtotheiranalysisCIcon－  

sistsoftwoimagesClandC2，andanotherfaintimageexistsingalaxyD・They，  

moreover，predicted traveltime difrerences such that△iB＿＾卍0・7～0・9［years］，  

△icl－＾；30■6～0・9［years］and△icl－C・2記0・05ryears］・   

WelistthedataofthissysteminTable3．5・  
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恥ble3・6GeometryandMagnitudeof1635＋2671）  

1）TⅦrnereまαJ・（1988）  

2）△α，△6＝COOrdina・teSmeaSuredwithrespec七toimageC  

＋△α＝WeSt，＋△∂＝nOr仙．  

eノユ635＋267   

TheQSOpair1635＋267A，BwasdiscoveredbyWeedmanin1978（Sramek  

Weedman1978）・IIowevertheyregardedthisQSOpalirastwoseparatequasars  

with slightlydi鮎rent redshifts．DjorgovskiandSpinrad（1984）re－eXamined  

thisQSOpair，tOClaimthatthesequasarsaregravitationallylensedimages・  

According to their observation｝SPeCtraOfimages A）B aresimilar七00ne  

another andtheirredshiftsarebothl．961土0．03．They，mOreOVer，fbundthat  

thereisanabsorptionlineatÅ＝5930ÅinimageA，andsuggestedthat，ifthe  

absorptionlineisduetothecontamination血・Omadeflector，theredshiftofthe  

deflectorisl．118．  

Since the de且ector ofthis system has not been detected yet，SOme doubt  

whether1635＋267A／Bareindeedgravitationallylensed（Canizares1987，and  

Blandford＆Kochaneck1987）・  

Incontrasttothepessimisticviewpoint，thereissomeevidencefbrthegrav－  

itationallensinterpretation．Djorgovskiand Spinradpointed out thati）this  

angularseparationisverysmallasiIl七hecasesofknownothermultiple－image  

systems，ii）thespectraofAandBhavethesameemissionline，andiii）the  

didbrencebetweentheredshiftofA andthatofBisverysmall．Turner eiaL  

（1988）furthershowedthativ）theemissionlinesat CIII，MgIIeXistineach  

spectrumoftheimage，andthatv）thereisacertainevidenceforthelensgalaxy，  
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eic‥ Turner eiaI・SuggeSted that theredshiftofthelensgalaxylS～0・570n  

thebasisofthefactthatthespectrumobtainedbysubtractingthespectrumOf  

AhlOm2・82（＝thevalueoftheintensityofthespectrumOfA／thatofB）  

multipleofthespectrumofBissimilartothatofknowngalaxieswithredshift  

～0．57．Theobserved dataarelistedinTable3．6．  

NarasimhaandChitre（1988）analyzedthissystembyassumingthatthe  

lensgalaxyislocatedatO・71／／丘omAandthatitsmassis～1012Mowiththe  

mass－tO－1ightratiobeing16．  

り223ア＋0305   

Thiscandidate払rmultiple－imagesystem，2237＋0305，WaSdiscoveredonthe  

basisofthefactthatemissionlineswithahighredshiftexistinthespectrumat  

thecenterofagalaxywithasma11redshift（Huchraeia［．1985）．Clearlythe  

Objectwhichisemittinglightswithahighredshift（zs＝1・695）isnotagalaxy．  

HuchraeiaI．thenpointedoutthattheselightsaregravitationallylensedbythe  

galaxyclosetous（zd＝0．0394）．Becauseofpoorresolution（～2′′）oftheir  

Observation，however，theycouldnotseparatetheimages五・Omthenucleusofthe  

galaxy．ThusinthosetimesonlyoneQSOimagewas払und・IJaterObservations  

madeit clear that払urimagesA，B，C and D actually existinthissystem  

（Tyson＆・Gorenstein1985，Y占e1988，Schneidereia7．1988）・  

For this system thelens galaxy，ratherthanthelensedimages，has been  

investigatedindetail．AccordingtoHuchraeia（・’sobservation，thislensgalaxy  

isvery bright，POSSibly anearlytypebelonglngtOSaor Sb typeinIIubble’s  

classi丘ca，tion．Itfollows血・Omthegalaxybrightnessdistributionthatanucleus＋  

discmodelisapplicabletothislensgalaxy・Theyalsofoundthat，Whenthedisc  

isfittedbytheexponentiallaw（i．e．Ⅰ＝Ioexp（－X／xo））thescalelength諾Ois  

～5′′（～3．4［kpc］）andthatthee11ipticityeofthediscis～0・47・Theobservations  

withhighresolution，furthermore，ledtotheresultthatthisspiralgalaxyhastwo  

bars，tWOarmSandonebulge・Whilethedisc（bar＋arm）obeystheexponential  
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Table3．7a）Galaxyparametersfor2237＋0305  

1）H五chraefαJ・（1985）・2）Ⅵe（1988）・  

恥ble3．7b）GeometryandMagnitudeof2237＋03051）  

component   △α2）  △∂2）   magnitude（V）（dereddening）  

A  O．08／／土0．01／／－0．94／／土0、01／／   17．25  

β  一0．60J／土0，02／／0．74J／士0．01J／   17．38  

C  O．76／ノ土0．01／／0．26／ノ士0．01／J   17．61  

β  －0．77JJ士0．02J／－0．41／／士0．02／／   17．98  

1ensgalaxy O・00／／土0・02／／0・00／J土0・02／／14・5土0・05  

16．89   

16．95   

16．94   

17．44  

1）Y占e（1988）  

2）△α，△8＝COOrdirta．tesmeasuredwithrespecttoimage  

＋△α＝ea雨，＋△∂＝nOr仙．  

1aw，thebulge払1lowsthedeVaucouleurslaw・Propertiesofthisgalaxyarelisted  

inTable3．7a，．  

The払urQSOimagesarelocatedclosetothenucleusofthegalaxy，払rming  

across（Yさe）・WhilethecolorsofimagesAandBaremuchbluerthanthatof  

thegalaxy，thecolorsofimagesCandDareslightlyredderthanthoseofother  

images・Such aresultisverycritical払rthegravitationallensinterpretation，  

becauseallimagesmusthavethesamecoloraccordingtothegravitationallens  

hypothesis・Yee and Schneider eia（．interpreted that the di鮎rences are due  

tothedi鮎rentialreddenlnge鮎ctoccurrlngWhenthelightspassthroughthe  

di鮎rent reglOnSin then11Cleusofthegalaxy．Takinginto account this efFect  

arlSlng丘omthebulgeofthegalaxy，Y6eestimatedthebrightnessofimagesin  

thecasewhenthereddenlnge鮎ctdoesnotopera七e・Ontheotherhand，Ⅸent  
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andFalco（1988）concludedthatonlywithY占e’sdereddeningitisnotpossible  

toestimatethetruebrightnessoftheimages，becausethediff6rentialreddenlng  

e＃もctexistsnotonlyint士1ebulgebutalsointhedirectionofthebarandbecause  

themicrolenslnge鮎ctduetoindividualstarsinthisgalaxymustbealsotaken  

intoaccount．TheobserveddataofthissystemarelistedinTable3．7b．  

ThemodelsthatreproducethissystemwereinvestigatedbySclmeidereia（．  

andbyⅨentandFalco・SchneiderelaI・aSSumedtheconstantmass－tO－1ightratio  

k）rthisgalaxy andanalyzedthissystembyadopting6724sphericaldenectors  

Whosedistributionisthesameasthebrightnessdistributionofthegalaxy．On  

theotherhand，Ⅸent andFalco assumedthatthemassdistributionisthesame  

asthat ofa King galaxy or obeys the de Vaucouleurslaw．They thenfiⅩed  

ParameterSOfeachmodelbyuslngtheleastsquaremethod・AccordingtoKent  

andFalco）sanalysIS）theirmodelsproducealmostthesameimagecon負guration  

andthegalaxiesfiⅩedbytheleastsquaremethodaresimilartothoseotherspiral  

galaxiesofsimilarmorphologlCaltypewhichexistino11rneighborhood．From  

naiveestimations（Yee，Kent＆Falco）itfo1lowsthatthemassofthegalaxyis  

9・0×109Mo～1・2×1010Mo・  

わJO42十ユ指   

This candida七eた）r multiple－image system，Whichisidentified with system  

lO42＋178，WaSdiscoveredbyHewitt eiat・（1987a）■Thesystemhasfburimages・  

FromtheVLAobservation，they払undthattheimagesfbrmapara11elogram・If  

theseradiosourcesaretakentobelensedimages，thegeometryshowsthatthe  

deAectorisaslngleobjectlocatedclosetothecenteroftheparallelogram・  

Theyobservedonlyoneimageinopticalobservations，butfb－1ndthattheop－  

ticalimagehasastructureandthatitsstrongemissionlineindicateszs＝0・921・  

Since the redshift of the radio sourceis smal1，COSmOlogicaluncertainties  

（e・g・e鈍ctoftheintergalacticmatter）inthissystemwouldbesmallerthan  

thatinothermultiple－imagesystems・Thisisthereた）rethebes七systemforde－  

termlnlngtheHubblecons七ant eic・byuslngthetraveltimedi鮎rencesbetween  
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images・At presentitisprematuretodecidethat theaboveradiosourcesa・re  

gravitationallylensedbecauseHewitt elal．didnotobtainspectraofalltheim－  

agesanddidnotdetect払urimagesseparatelyinopticalobserva七ions・Wemust  

waitfbr moredetailed and accurate observations．  

り3C324   

ThisradiogalaxywasdiscoveredbySpinradandDjorgovski（1984）・They  

払und that this object exhibits magnitude of21…22〔mag．］with a redshift  

Z＝1・206・Hammer，Lef6vreand Nottale（1987）arethe鮎sttoemphasize  

that thisradiogalaxysystemisacandida，teformultiple－ima・geSyStem・They  

fbund thatitsspectrumhastheabsorptionlinewhichindicatesz＝0．845，be－  

Sidestheemissionlinewhichindicatesz＝1・206・Accordingtotheirobservation  

（seeing≦0・7，magnitude－1imit＝25．5【mag，］），atleast，fivecomponentsA，B，C，D  

andEexistwithin15［arcsec2】atthecenterof3C324・Itsgeometryisas払1lows：  

thesepara・tionbetweenAandBisl．1′′；thefaintestcomponentCislocatedat  

O・8／／eastofA；faintcomponentDislocatedatl／／north－WeStOfA；andcom－  

POnentSEandFareat2・2／IwestofBandat3／／south－WeStOfA，reSPeCtively・  

Fromtheir observationuslng SOme別terstheyfbundfurtherthat Ais a払re－  

groundgalaxywithredshiftz＝0・845andthatBandCarebackgroundobjects  

Withredshiftz＝1・206・ThuscomponentsBandCmaybeinterpretedtobe  

de鮎ctedbycomponentA・Withtheabovedataonly，however，itispremature  

atpresenttoconcludethatthesecomponentaregravitationallylensedimages・  

り0023＋ユアユ   

Thiscandidatefbrmultiple－imagesystemwasdiscoveredbyHewitt eia］．）s  

SyStematicVLAsurvey（Hewitt eiaI・1987b）・MakingVLAobservationsthey  

fbund three components A，B and C・The separa，tion between A a，nd Bis  

～3・OJ／｝andtheseparationbetweenAandCis5・9／J・ImagesAandB，mOreOVer，  

ha・VeSOmeStruCtureSandjetsareemittedfrombothimagesbutintheopposite  

directions・ThejetfromAappearstobeemittedwithpositionangle60O．  

Hewitt eial・gueSSedtha七thisjetmightbethe払ur七hcomponent．  
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Inopticalobservations，they払undimagesCipt（brighter）andAB。Pt  

（fainter）as thecounter－COmPOnentSOftheradiosources．Theseparationbe－  

tweenABoptandCoptis4・8II土0・1／／andABpptcouldnotberesoIved・Whilein  

theradioobservationAandBwerefbundtohavesomestruCtureS，intheop七ical  

Observationtherewasanextendedobjectlocatedataboutl・0′′southofC。Pt・It  

isnotclearwhetherthesecomponentsaregravitationallylensedima．gesornot．   

Hewitt eiat・ObtainedthespectraofABoptandCopt，andpointedoutthat  

thesespectraweresimilartoeachotherexceptingsome11nCertainparts．From  

each emissionlineitis deduced that the redshift ofthesourceis z＝0．9641土  

0・0005・Althoughthenecessaryconditionsた）rthissystemtobegravitationally  

lensedimagesaresatisfiedinthiscandidate，WeCannOtStillsupport thisinter－  

PretationbecausethedeAectorof七hissystem，Whichcouldbeagalaxyand／or  

aclusterofgalaxies，hasnotbeendetectedyet．IfthecomponentsofOO27＋171  

areindeedgravitationallylensedimages，highM／Lvalue（≧103）isneeded．  

JJtmオβ73（＝0ユ42－ユ0り   

This candidate k）r m111tipleqimage system wasdiscovered by Surdqj eiaI・  

（1987）・Theyfoundthat UM673isseparatedintotwoimagesAandB．Sub－  

tractionofapicturewiththeGaussianfitsofimagesAandBfrom七heorlglnal  

Pictureshowsthat thereisanotherobject（maybe alensingobject）located  

betweenAandB（Surdqj eiaI・1988）．   

Thespectroscopicobservationleadsustothefbllowingproperties：i）both  

imagesAandBhaveverysimilarspectra，Whichhavebroademissionlinesatthe  

SameWaVelengthindicatingthattheredshiftsfbrAandBarezA＝2・719士0・009  

andzB＝2．719土0・0119，reSPeCtively，ii）eachspectrumhassomeabsorptionlines  

leadingtosomeredshifts：Z＝0・493）Z＝1・898，Z＝2・356andz＝2・736・The  

absorptionlinewithredshift z＝0・493maybeofthelenslngObjectsincethe  

residualspectr11mObtainedbysubtrac七inganumericalmultipleofthespectrum  

OfB丘omtha，tOfAiscomparablewithwhatisexpectedofgalaxiesintheclus七er  

withz＝0．493j＝0．01．Whiletheabsorptionlineswithredshiftsg＝1．898and  
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恥ble3・8GeometryandMagnitudeofUM6731）  

component separation2）  p．A．2）  magnitude（V）［mag・］   

A  2．22／J土0．03／JlO6．30士0．50   17．0土0．2  

月  19．1士0．2  

galaxy3） 0・8／／土0・2／JlO6・30士0・50   ～19・0  

1）SⅦrdd eまαJ・（1988）  

2）Thesepara．tionsandpositiona．rLgles（P・A・）aremeasured   

WithrespecttoB  

3）Thegalaxysizeis3・21’（E－W）arLdl・8′′（N－S）・  

z＝＝2．356may be those due to higherionization，We do not yet knowwhat  

PrOducestheabsorptionlinewithz＝2・736．  

Surd毎elaI．analyzedthissystembyadoptinganaxiallysymmetricde凪ector  

model・TheyfbundthatthemassofthegalaxylS～2・4×1011Mo）andthatthe  

traveltimedi鮎rencebetweenAandBwouldbe～7［weeks］．Theirobserveddata  

arelistedin Table3．8．  

りJ4ユ3＋ヱユア   

Thisisknownasoneofthebrightestmembersamongbroadabsorptionline  

quasars（BALQSOs）・TheBAL－QSOhasaverybroad anddeepabsorption  

lineclosetoanemissionlineintheshorterrange（Weynmann，Carswell＆Smith  

1981）．MagaineiaI．（1988）foundthatQSO1413＋117consistsoffburcompo－  

nentsA，B，CandD．Themeansepara七ionbetweenimagesis…1．0／ノ．Theywere  

abletoobtainthespectroscopicdataofBandConly．Bothspectraarevery  

Similartoeachother，andhaveanemissionlinewhichindicatesz＝2．551．These  

SPeCtra，mOreOVer，havetheabsorptionlinesthatindicatez＝1．6603士0．003and  

Z＝1．4382土0．002・Magaln eiat．claimedtha，ttheabovelinesareduetosome  

isolatedandmut11al1yindependentgasclouds．  
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Table3・9GeometryandMagnitudeof1413＋1171）  

component △α2）△62）magnitude（V）3）  

A  O．00／J o．00J／   

月  0．75／／ 0．17／／   

C  －0．50／／ 0．71／／   

β  0．35／Jl．04J／  

0．00   

0．1こ   

0．30   

0．40  

1）Magain efαJ．（1988）  

2）△α，△6＝COOrdiTLateSmeaSuredwithrespecセセoima・geC  

＋△α＝WeSt，＋△∂＝nOr止．  

3）△m＝magnitudedi∬erenceswithrespect七oimageA，  

themagnit11deofAis18．3【ma＄・］   

Webelievethatthissystemcanbeamultiple－imagesystembecauseboth  

andChavethesamebroadabsorptionlinewithintensitiesbeingnearlyzero・If  

SOmeOfthefourcomponentsaredistinctobjects，thesecomponentscanhardly  

havebroadanddeepabsorptionlinesatthesamewavelength．  

Assumlngthede丑ectortobeanaxial1ysymmetricgalaxywithanasymme七ric  

disturbance，Magaln eiaI・analyzedthissystem，Withthefo1lowlngCOnClusions：  

thedeAectormassisl．0×1011Mo～1．53×1012Mo，although，aSSuggeStedby  

them，thede且ectorisverycompactbecauseofthesmallseparationsbetweenthe  

images・  

りけM425r＝ユユ28十0ユ9ノ   

Thecandidateた）rmultiple－imagesystem，UM425）WaSdiscoveredbyMeylan  

and Djorgovski（1989）．Thegeometryofthissystemandthemagnitudesof  

componentsarelistedinTable3・10underseelngCOnditionFtl・4J／・   

ThissystemhasfburcomponentsA，B，CandD．MeylanandDjorgovski，  

however，repOrtedthatCandDaresomewhatdifFuse（nonstellar）inappear－  
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Table3・10GeometryandMagnitudesofUM4251）  

component separation2）  p・A・2）magnitude（V）【mag．】  

A  16．2士0．1  

月  6．5／／士0．1J／   －290  20．6士0．1  

C  6．8J／土0．1J／  1050  21．8土0．1  

ガ  4／／～5／／   ～1500  

1）Meylam弧dDjorgovski（1989）  

2）ThesepaJationsa・ndthep。Sitiona・ngles（P．A．）a．remea．sured   

withrespect七oA  

ance，inparticular，DistoofaintandtooclosetoAtomakeanyreliablemea－  

SurementS，andthatCisredderincolor（B－V）candbluerin（V－R）cthan  

AandB．TheyconcludedthatCcouldbeconsideredasa，memberofthefbre－  

groundclusterofgalaxies（maybeadeAector）・Ontheotherhand，Bisslightly  

redderthanAin（V－R）B・Thisfactmayindicatetheexistenceofthelensing  

galaxy．  

Thespectroscopyln theirobservation shows that spectraofA and B are  

Similartoeachotherandthattheyhavethesamestrongemissionlineswhich  

glVethesameredshiftz＝1，465．TheratioofthespectrumofBtothatofAis  

fairlyconstantinthebluereg10n）andhasaslightbutsignificantincreaseinthe  

redreglOn，beingequivalenttoaslightdi鮎renceincolor，aSnOtedabove．   

Thequantity（spectrumofB）－（spectrumofA）／100suggeststheearly－tyPe  

galaxyspectrumatredshift2｝～0・6・MeylanandI）jorgovskirough1yestimated  

theRmagnitudeofthiscomponentasmR～23土0．5［mag．］，andconcludedthatthe  

SPeCtrumOfthiscomponentiscomparabletothespectraoflumino11Sellip七ical  

galaxiesatredshiftz～0．6．  

Finallywenotethatthereisevidenceforthesystemtobethegravitationally  

lensedsystem：althoughAis～100timesasbrightasB，theirspectraarevery  
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SimilarandhavethesameStrOngemissionlineswhichgivethesameredshift．  

3．2 GIANrr ARCS AND EINSTEIN RING  

Lyndsa・ndPetrosian（1987）andSoucaileia（・（1987）reportedthatthere  

WerearC－1ikeobjectsclosetothecenterofclustersCL2244－02andA370．Al－  

thoughthesearcswerediscoveredtenyearsago，nOde丘nitecommentsaboutthem  

hadbeenmadesincethenfbrlackofsu侃cientdata（I，ynds＆・Petrosian1989）．  

Itisonly tenyears afterthe丘rstdiscoveriesofthesearcsthatsufficientdata  

WereCOllected．Moreoverotherobjectswhichhavesimilarstructurestothose  

OfCL2244－02andofA370werediscoveredinotherclustersA963，A2218and  

CLO500－24（I，aVery＆Henry1988，Pello－Descayre eia（．1988andGiraud  

1988）・Thesearcshavecommonf6aturessuchthati）theyarebluerthanany  

Ot・hermembersoftheirclusters，ii）theyhavelongandnarrowstruCtureSandiii）  

thesearcspointtowardsthedirectionofthecenterofeachcluster．Thesearcs  

eachshouldbeconsideredtobeassociatedwithclustersinsomeway．  

ManyastronomersandphysicistshaveglVenVariousinterpretationsforthe  

Originofthesearcs（Miller＆Goodrich1988andBraun＆Dekel1988）・These  

COuld be classiGed rough1yinto two types‥ the丘rstis that the arci七selfbe－  

longs七o a cluster，and the secondis七hat the source of the arcis a back－  

groundobject，Whichappearstobearc－1ikeduetothegravitationallenseffect  

（Paczy航ski1987）．Therearemorethank）urtheoriesintheた）rmertypeWhich  

arebasedon：i）thegravitationalinteractionforagalaxy，ii）thelightecho  

（Katz1987），iii）theopticaljetduetothesynchrotronradiation，iv）theshock  

waNefromthecenterofthecluster．  

TheRrsttypeofinterpretations，however，hassomedi伍culties・Theoryi）  

cannotexpla，inwhysimilaractionsdonotappearinotherobjectsnearthearc・  

Intheoryii）theupperlimitofthepolarizationinducedbythelight echois  

inconsistentwiththeobservationaldata，anditisunnaturalthattheyarearc－  

1ike．Intheoryiii）thecounterCOmPOnentOfthearc－1ikeimage，Whichisnatural1y  
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expected，arenOtSeenintheradioobservation・Thearcitselfisnotsobrightas  

expectedinthistheory．Intheoryiv）gassurroundingthearcshouldbecooled  

Su捕ciently，but negativeevidenceon thispoint wasglVenbyBraunandI）ekel  

andLyndsandPetrosian（1989）intheX－rayObservations．  

Ontheotherhand，Sincethegravita七ionallense鮎ctinthesecond typeof  

interpretationsisnotdirectlyassociatedwiththecluster，thisefkctwhichmay  

be responsiblefor the arc do not suff6rfromthe difRculties mentioned above．  

Kovner（1987）showedthattheprobabilityforoccurrenceofanarc－1ikeimage  

duetothegravitationa11ense鮎ctis～0．01．  

Itisthearcredshiftthatdecideswhetherthe丘rsttypeofinterpretationsis  

right ornot，because，ifthe arcredshift zA．。is assmallastheclusterredshift  

ZcL，thenthearcshouldbedirectlyassociatedwiththeclⅥSter．  

aノA3アO   

ThisarcwasclaimedbySoucaileia［・（1987a）asagravitationallenssystem．  

TheredshiftofclusterA370surroundingthearciszcL＝0．373（Ⅸristianeia［．  

1978），andthisclusterisoneofthebrightest，ha・VingacD－galaxyinitscenter．  

Propertiesofthearcinthisclusterarethati）thearcisbluerthananyother  

memberofthecluster，ii）thecentralintensitypeakofthearc，Whichcharacterizes  

brightgalaxies，doesnotappear，iii）thebrightnessdistributionofthearcisvery  

nat（Soucaileial・1987b），andthativ）thearcisreasonablycircular（Lynds  

＆Petrosian1989）．  

Moreover anobject at theeasternendofthearc（＃62in Soucaileia（・’s  

identification）hasalsoablueandfeaturelessstruCture・SoucaileiaI・（1987b）  

SuggeStedthat♯62is associatedwi七hthearcinsomeway．Thespectroscopic  

observationofSoucaileiat・（1988）showsthatthespectrumOf♯62hascontin－  

uum and emissionlines similar to those ofthe arc．The emissionlineindicates  

redshiftzArc＝0．724（SoucaileiaL1988，Miller＆Goodrich1988andLynds＆  

Petrosian1989）・  
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Arcl）inA370  Table3．11．a   

curvature radi11S  

（【kpc］）  （［kpc］）   substanding angle arcredshift  

0．7243）  ～800   
（103咄） （143h謡）  

～48／／  

（Al－A2）  
～37／／  

ノ
 
 
 
 
／
 
 
 
 
／
 
 

／
 
 
 
 
／
 
 
 
 
／
 
 

3
 
4
 
3
 
 

0．6～1．2  

（A3－A4）   2．5′′  

9．3／／  

1）Thiscluster（z。L＝0・373）hasacD－galaxynearitsce孔ter（Kris七ian etal・1978）・  

2）Lyndsa・ndPetrosiarL（1989）．Nopolariza七iorLisdetec七ed正omthisArc・  

3）SoncialefαJ・（1988）・  

4）Therea］reOtherimafgeSA6，Bl，B2aJndB3・A5andA61ieonthesamecircle（Fbrtetat・1988）・   

Ⅰ七isquestionable，however，Whether＃62isindeedapartofthearc，because  

itbreaksaway丘omtheprlmaryarCWithasharpangleinthepolarcoordinate  

SyStem（Lynds＆Petrosian）・  

IntheobservationbyLyndsandPetrosian，thespectrumofthearcseemsto  

haveBALs．SincenoBALappearsinthespectraoftheothermembersofcluster  

A370，thearcisconfirmedtobeagravitationallylensedimage・  

Inexplainlngthearcbythegravitationa11ensefkct，themainproblemisto  

explainwhythosecounterPartSOfthearcdonotappearwhichareexpectedina  

simplegravitationa11ensmodel・ForteiaI．（1988）surveyedinordertodiscover  

thenecessarycounterparts，butinvain．Ontheotherhand，itwaspointedout  

thataslnglearccouldbewellproducediftheextendedsourcewaslocatednear  

oneofthecallSticsonthesourceplane（Grossman＆：Narayan1988，Narasimha  
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＆Chitre1988andBlandford＆Ⅸovner1988）．Thereforetheproblemofno  

COunterpartisnotsevere．  

Asaby－PrOductinForteiat．）sobservation，they払undotherarc－1ikesystems・  

ThesearcsystemshavethesamepropertiesastheprlmaryarC，andtheirredshifts  

arenearlyequaltol．TheyarebelievednottobeaphysicallylSOlatedobject・  

Herewemustnoticeotherftatures：i）thewidthoftheprimaryarcvariesin  

COlor（IJynds＆‥Petrosian），ii）thereisnopolarization  

（Miller＆Goodrich，Lynds＆Petrosian），andiii）bymeansoftheVI，Aobser－  

VationsomeradiosourceswerehundneartheprlmaryarC，but notinthearc  

itself．  

りC工′2244－02   

ThisarcwasdiscoveredbyLyndsandPetrosian，butwasnotanalyzedjust  

as the arcin A370discovered at that time was not・The cluster ofgalaxies  

（CL2244－02）hastheredshiftzcL＝0．327．Itsbrightnessdistributioniswell  

inaccordwithdeVaucouleurs）1aw・TheclusterhasaglantarCneartWOlarge  

Clul－1pS（HammereJαJ・1989）．  

WbshowthemorphologyofthearcinT嵐ble3．12．Thespecialf6ature七obe  

noticedisthat thearciscompletelycircular．Aremarkabledi鮎rencebetween  

thisarcandtheoneinA370isthatthe払rmerhasapatchybrightnessdistribu－  

t・ion・Itisknownthatthisarcha・S，atleast，Sixbrightnesspeaks，anditscolor  

ismuch bluerthan othermembers ofCL2244－02asinthe case ofA370．The  

SpeCtrOSCOPicobservationshowsnoemissionandabsorptionlines，andthespec－  

trumisratherfbatureless・Thearcredshifthasnotbeende七erminedyetunlike  

the arcin A370．  

DespitetheabsenceofknowledgeontheredshiftofthearcinCL2244－02，  

importantevidencefbrthearctobegravitationallydistortedimageswasglVen  

byI‡ammereia（・：they払undadditionalimagesnearthecenterofthecurvature  

Ofthearc，Whichhavep士10tOmetricpropertiessimilartothatofthearc．  
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1）Therearetwoclumpsnearthecenterofthisclnster2；cL＝0．329（Kristia・m ela［・1978）・   

Therea．resecolldaryarcsTarLdS．Theirphotome七ricpropertiesa．resimi1ar   

七otheprimaryarc（Ha・mmer etaL1989）・  

2）Lyndsa皿dPetrosian（1989）・  

3）Hammere才αJ・（1989）・  

AsinA370，thearcinCL2244－02revealsnopolarization：theupperlimit  

ofthepolarizationis4％土2％，aSisgivenby MillerandGoodrich（1988）・It  

wasalsoshownby LyndsandPetrosian（1989）thattherearetworadiosources  

near the arc．  

CJA22ユβ   

ThisarcwasdiscoveredbyPello－Descayreeiat．（1988）・Theredshiftofclus－  

terA2218is zcL＝0．171．A2218hasalargecI）－galaxynearitscenter，andis  

We11－knownasoneofthelargestclustersintheAbellcatalogue．   

Pello－Descayre eiaI．foundthat thisclusterhasthree arcs：A－A／，H and  

L－LI，buttheredshiftsofthesearcshavenotbeendeterminedbecauseoftheir  

complexity and their faintness. 

ThecolorofA－A／isbluerthananyothermembersofA2218，Whereasthe  

colorsofHandL－Llareredder・There払reHandL－LImayprobablybelong  
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1）AcDrgalaxyliesonthecenterofthisclus七erヱcL＝0．171（Kris七iametat・1978）・  

ItLasanex七endedenvelope～46′′（…180h謡kpc）arLditisaxi訂1ysymmctric2）・  

2）Pello－Desca・yreetat・（1988）・  

1）Thiscluster（zcL＝0・206）hasacD～ga．1axywithellip七ici七y～0．5  

arLdmajoraxis～51’l（LaveryarLdHenry1988）．  

tothiscluster・Ontheotherhand，A－Afcouldbeanima酢PrOduce（lbythe  

gravitationallenseff6ct）Sincethisarchasthesamepho七omctricpropcrtiesas  

thoseinA370，CL2244－02・Wtfeel｝however，thatitistooearlytoregardthis  

SyStemaSagraVitationallylensedsys七em．  

dJA9β3   

ThisarcsystemwasfoundbyLaveryandHenry（1988）．Clus七erA963has  

theredshiftzcL＝0・206andhas，nearitscenter，alargecD－galaxywithellipticity  

eR50．5andm叫OraXisた～50／′．  
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Itisaremarkabledi鮎rencefromotherarcsystemsthatthissystemhastwo  

arcsoneachsideofthecD－galaxy・Botharcsareextendedinthedirectionor－  

thogonaltothem叫OraXisofthecD－galaxy・Thesearcs，eVidently，areCOnSistent  

with thoseimages that are produced by the gravitationallens e鮎ct・Lavery  

andHenryanalyzedthissystembyadoptingtheconstantsurfacedensitymodel  

（cluster）withapointmass（cD－galaxy）・ThephotometricI）rOpertiesofthis  

arcsystemaresimilartothoseofotherarcsystems・Inparticular，thebrightness  

distributionisaspatchyasthatin CL2244－02・Thelensedobject（source）  

maythere丘）rebeconsideredtobeaLMCtypegalaxy・We，however，hesitateto  

saythatthesearcsaregravitationallylensedimagesbecauseofinsufRcientdata  

Onthisarcsystem．  

e）C上ノ0500－24   

This arc was discovered by Giraud（1988）．The cluster of galaxies  

CL O500－24in which this arcisobservedisknowntohaveredshif七zcL宍ゴ0．32  

andtoconsistofmanygalaxies，thatistosay，thisclusterisknowntobearich  

Clusterofgalaxies（Wambsgansseia］．1989）．   

Theremarkabledi鮎renceofthisarcsystemたomotherarCSyStemS，1nPar－  

tic111arh・OmA370，isthattheshapeofthisarcisratherstraightthancircular．  

Itisnotclearevenwhethertheconcaveofthearcpointstowardsthedirection  

Ofthecenterofthecluster・Sincethearcappearstobesuperposedongalaxies  

Ofthemembersofthecluster，theproblemremainstobe astosettlewhether  

theelongated f占atureis adisrupted tailoftheinteracting palr Or dueto the  

gravitationallensefrect．  

Wambsgansseia（・COnStruCtedagravitationallensmodelfbrthisarcbyuslng  

theirdataandshowedthatthismodelisaverynaturaloneinexplainlngthis  

arc－1ikestructure．  

For this arc also，We believe that detailed spectroscopIC Observations  

（su伍cienttodetermineits redshift）areneededforclarifyingthenatureof  

the arc．  
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1）Gir弧d（1988）・  

り財Gユユ3け8456“節点βねi封Ri皿g”   

BesidesglantarCS，arlng－1ikeobjectwasalsodiscoveredinVLAobservation  

（Hewittelal・1988）・Thisringisellipticalandhastwocompactsourcesonthe  

oppositesidesoftherlng・FromtheVLAmapplng）Hewitt eia］・foundaclear  

differencebetweentherlngitselfanditsinteriorpart・Unliketherlngitself，its  

interiorpartshowsnoemission．  

Thecompactsourcesexistinthenorthandsouthoftherlng・Thenorthern  

componentisseparatedintotwosourcesAlandA・2・Thesoutherncomponent，  

B，isaccompaniedbycomponentC，Whichislocatedsouth－WeStOfB・  

It wasshownbyobservlngPOlarization alongtherlngtha七thepolarization  

isin nortトsouth direction at the positions ofthe compact sources，and that  

theallotherpartsoftherlngaPPeartObepolarizedat anglesthatvaryquite  

SmOOthly aroundtherlng．Itisverylikelythat thiskindofpolarizationisdue  

totheFaradayefrect．Itisnotpossible，however，tOmakeanyde航nitecomment  

Onthe polarization，Sincedataonpolarizationhavebeenobtained onlyforone  

丘equency．  

A veryfaintobject，On theotherhand，WaSOpticallyobservednearthe ra－  

diosource，but therlngredshift hasnot beendeterminedyet becauseofpoor  

COnditionoftheirspectroscopICObservation．  

Twointerpretationsarepossiblek）rthisring：i）theremnantofanexplosion  

inasupernova，ii）theEinsteinringduetothegravitationa11ense∬ect．Wefeel  

thatthelatterinterpretation（i）ismoredesirablethanthefbrmer（ii）because  

theopticalandinfraredpropertiesofthisrlng aPpeartO beinconsistentwith  
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1）Thissys七emislocatedatα＝11h31m56S・44，6＝04055’49′′・4・  

Compactcomponentswerediscoveredbytheradioobservation，・  

NortherncomponerLtS：doubletAl＆A2，So11themcompoments：B＆C・   

thoseofthesupernovaremnant（IIewitteia（・）・Howeverthereasonswhywe  

caInnOtdefinitelysaythatthisrlngisduetothegravitationallenseff6ctarethat  

therehavebeennospectroscopICObservationsofthisrlngSufRcienttodetermine  

itsredshift，andthedeflectorhasnotbeendetected・Moreaccurateobservations  

onthisrlngarethusrequired・  
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4・AnalysisofMultipleQuasar“1115＋080”   

Sincethediscoveryofthemultiplequasarll15＋080（Weymanneiat．1980），  

manydeflector modelshavebeen adoptedk）reXPlainlngtheimageconfigura－  

tionofthissystembyregardingthisasthemultiple－imagesystem・YoungeiaI・  

（1980）adoptedatransparentspiralgalaxymodelinordertoreproducetheir  

ObservationalfactthatimageAhasaslightlyelongatedstructure．Intheiranal－  

ysistheysuggestedthatimageAshouldbeseparaもedintodoubleimagesAland  

A2・Narasimhaeia（・（1982）adoptedatransparentKingmodel．Assumingthe  

apparentmagnitudeofthede允ectortobelessthan21［mag、］anditsredshift七o  

begreaterthanO・8）theyestimateditsmasstobe～6×1011Mo・Theabove  

analyses，however，COntainedanumberofunknownparametersandmanyambi－  

guitiesbecausethedeAectorhadnotbeendetectedat thattime・Ybung eiat・  

andNarasimhaeia［・aSSumedthede月・eCtOrtObelocatedinsidethetriangleof  

imagesA，BandC．  

Table4・10bserveddataofll15＋080（Christianela［・1987）  

component △αa）△6a）magnitude（V）  

－1．27JJ －2．08〟  

－1．44′ノ ー1．62J′  

0．39ナナ －1．95′′  

0．00JJ o．00JJ  

O．18JJ  －1．67〃   

16．99  

17．27  

18．74  

18．26   

20．96土0．05  

a・）△α，△6＝COOrdi孔a七esmeasuredwithrespec七toimageC  

＋△α＝WeSt，＋△∂＝mOrtll．  

Apart丘omthesetheoreticalapproaches，SearChfbrthede且ectorwasmade  

bymanyauthors（Shaklan＆Hege1985，lIenry＆Heasley1986，elc．），butthe  

lensgalaxywasnotdirectlydetectedunti11987whenChristianeia［．（1987）  

S11CCeededindirectlydetectingthede鮎ctor・Theirobservationaldataarelisted  

inTable4・1・BeforeChristian eia［・）sobservation，imageBhadbeenbelieved  
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tobecontaminatedbyaputativelensgalaxy・Accordingto Christian elaI・）s  

observation，however，1mageBandthedenectorarecompletelyseparated丘om  

eachother．Itrevealsthatweneednotadoptatransparentlensmodeltothis  

SyStem・   

Inwhatfbllowsweadopt adarklensmodeltothede且ectorofthis system  

（in§4．1）・Wbwillestimatetraveltimedi鮎rencesbetweentheimagesandgive  

the relation between thesedi鮎rences and relativeluminositiesin§4．2．Inthe  

nextsection§4．3thee鮎ctofinhomogeneitiesintheUniverseonestimationof  

cosmologicaldistancesisdiscussed・In§4・4themassofthede刑ectorisestimated  

byBorgeest）smethod（Borgeest1986）・Wewillfurtherproposeanothermethod  

toestimatethemassofthede且ectoronlyfromtheparameterfiⅩingofthelens  

model．Itisshownhow the constraint on the Hubbleconstant Hoisimposed  

bycombiningourmassestimationswiththetwomethods．Finally，§4・5willbe  

devoted to discussion ofour results．   

4．1 GRAVITATIONAL LENS MoDE  

We apply a darklens modelwith dipole and quadrupole moments to the  

multiple－imagesysteminquestion・Thede且ectionangleαisglVenbythefollow－  

ingfbrminthecomplexrepresentation（Bourassa，KantowskiandNorton1973）  

＋∞  

α＝－…／（鞍緑（棚C伸∂yI仙恥Cり）叫  （4・1）  

－∞   

Where4Nisthe Newtonianpotentialexpanded uptothequadruPOlemoment  

term，and（xI，yI）isanimagepositiononthedeflectorplane．Eq．（4＝．1）can  

betransfbrmedtothefollowlngfbrm；  

毎e盲（xd十XG）．貼e2如  
筈（警＋  

），  （4・2）  
α＊＝－ニ㌻   

gぞ   

■  

gぎ  

WhereMGisthede且ectormass，dGandxdarethedipolemomentofthede月．ector  

anditsprojecteddirectionontothede且ectorplane，reSPeCtively；qGandxGare  
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thequadrupolemoment ofthede且ectorand thedirectionoftheprlnCIPalaxis  

PrOJeCtedontothesame plane；ZIistheimage positionon the deflectorplane  

inthecomplexcoordinate，£・e・ZI＝XI＋iyI・Thecomplexangularcoordinate  

O（＝売）isoftenmoreconvenientthanthecomplexcoordinatez（see§2・1）・We  

thenexpresseq・（4・2）inthefbllowingfbrm  

∂e盲（xG＋xd）  

＊  刀s〃・ α ＝ －＋－一  

刀dsβⅠ  

（4・3）  

where  

4G〟G βds   

c2 エ）d上）s’  
（4・如）  〃＝  

JG  
爪先刀d’   

ヴG  

A・Jロガ昌－  

∂＝  （4．4占）  

ど＝  （4．4c）   

ThelensequationisglVenby  

∂e一瓶G＋xd）．どe－2厄  
/-I 

β∫＝β－－      ＊   

β   
（4・5）  

β＊  一  ♂2＊   

Sincethenumberofparametersinthismodelissevenandthenumberofimages  

isた〉ur，WeCanfixtheseparameterssothattheimagepositionsO＾1）β＾2】8Band  

Ocarethesolutionsofeq・（4・5）・Theconditionsた）rfiⅩingtheseparametersare：  

i）FLisrealandpositive，ii）theaboveparametersareconstantwithrespectto  

OI（0Ⅰ＝OAl，0＾2，OB and＠c）・Wecanfixtheseparametersbymeansofthe  

numericalmethod・FixedparametersarelistedinTable4・2・Subs七itutingthem  

intothelensequation（4・5）andsolvingitagain，WeObtaintheresultslistedin  

Table4・3・Inordertoreproducetheobservedimagepositionswithourmodel，  

JJ weshiftedthelocationofthelensgalaxytoO・01southandO・05IIwestof七he  

observeddeAectorposi七ion・BecauseofO・6′JseelnglnChristianeial・，sobserva－  

tion，Webelievethatwecanregardtheaboveshiftasinslgnificantone・Sofar  
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Table4．2Fixedvaluesoftheparameter  

Table4，3Numericalresultsa）  

component △αb） △6b） relativeintensity C）  
COmPOnentS≫   

Al   －1．27′′ －2．08′J   

A2   －1．46′J－1．61／′  

月  JJ JJ  

C  O．00′′ 0．00′′  
≪additionalcomponents≫  

4．23   

3．53   

0．87   

1．0  

刀  0．18′′  －1．67′′  0．08  

月  －0．80JJ －1．21′J  o．008  

a）Numericalorobservationalerroris士0．05′′  

b）△α，△6＝COOrdinatesmeasuredwithrespecモモoimageC  

＋△α＝WeSt，＋△∂＝nOr柏．  

C）Rela七iveluminositiesoftheimages七oimageC   

as observed posi七ionsofimagesAl，A2，B andC areconcerned，thenumerical  

results are consistent withobservedones．  

Nextweestimateratiosofapparentluminositiesbetweenimages・Theratio  

ofapparentluminosityIofanimagetothatoforlglnalsourceJsis）aSmentioned  

in§2．2，givenby  

（4・6）  

Sinceweareadoptingthedarklensmodel，Wehave  

g＝1，  

2∂e軌G＋xd）3とe2如  

（4．7）   ア＝一左   
βⅠ  

－  

βぞ  
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HavingfiⅩedtheparameters，WeCan CalculatetheratiosI／Is．However，Since  

Isisnotobservable，WeWritedowntherelativeluminositiesofalltheimagesto  

thatofimageCinTable4．3．Itistobenotedthattheserelativeluminosities  

di抒erfrom Christian eia［．，sdata．Ⅵ毎willdiscuss these difFbrencesin thenext  

section．  

FromtheparametersinTable4．2thepositionoftheorlglnalsourceisfiⅩed  

tobe  

鉱一免。＝（－0．011′′，－0．018′′）．  （4．8）   

Wethen負ndthattheorlglnalsourceislocatedveryclosetothelensgalaxy・  

Besides these observedimages，Our numericalanalysISSuggeStS that there  

aretwomoreimagesDandE（seeTable4．3）．ImageDislocatedatO．3511  

north－WeStOfimageB，andisfainterthanBby2・6［mag・】・Wedonotthinkthat  

itisea・SytOdistinguishimageD丘omimageB．Moreover，imageEisfainter  

thanthelensgalaxyby2▲5［mag．］・Itisverydifncult，therefore，tOdetectimage  

E．WemightthinkofapossibilitythatthisimageisA22（seein§3・1－（b））・The  

f6atureofE，however，lSnOt COnSistent withconstraintsimposedonA22SuCh  

that：i）△0＾。1＿＾22F30・03′′，ii）mA21宍ゴmA22・Theabovepossibilityistherefore  

consideredtobeverysmal1．Furthermore，SinceIeVIOEl2≧1ineq．（4・5）払r  

imageE，thissolutionisbeyondthecapacityofourapproximation・   

Weplotthepositionsofthereproducedimages】neWadditionalimages）Orlgl－  

nalsourceandthelensgalaxyinFig・4・1・Thex－marksinthis航gurearepositions  

ofimalgeSrePrOducedbyassumlngthesourcetobepoint－1ike・Ratiosoftheim－  

ageareasshowtllOSeOftheapparentluminositiesoftheimagestothatofthe  

orlglnalsource・Fig・4・1isobtainedbyassumlngthatthesourceisextended・  
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4．2 TRAVEL TIME DIFFERENCES AND RELATIVE LUMINOSITIES   

Asseenin§2．3，thetraveltimedi鮎rencebetweenanytwoimagesisexpressed  

asthesumofthegeometricalterm△i9andthepotentialterm△ip・According  

to Cookea・ndKantowski（1975），thetraveltimedi∬6rencebetweenima・geSl  

and2isglVenaS：   

β1  

△ま1－2＝土票箸［喜（lβぶ轟瑚2－－…12）＋箸叫α＊・叫（4・9）  
β2   

IJetuSnOWde且nethequantitiesTandfl＿2aSfbllows：  

辻堂 
T＝ 

C  

恥  （4・10）  

β1  

（4・11）  

h2＝抽一町2一岬β－β2－2）＋勤e（／α＊・叫・  
β2  

ThenTisindependentofthetypeoflensmodelsemployedandoftheHubble  

constantHo・Itdepends，however，Ontheredshiftsofthesourceandthede鮎ctor）  

thedecelerationparameterqoandthedensityparameterno・Ontheotherhand，  

fl＿2isdependentonthetypeofde且ectormodelsemployedandonthepositionsof  

observedimages，andisindependentofbothredshiftsandtheabovecosmologlCal  

parameters．Originally，Tandfl＿2WereintroducedbyRef岳dal（1966），andthe  

formeriscal1edthe“cosmologicalfactor”（Ybshida＆Omote1988）・The正）rm  

offト2COntainsafactorDds／Ds．Substitutingtheexplicitfbrmofα（eq・［4・3］）  

intoeq．（4．11），however，WeCanWritefl＿2aSfb1lows：  

れ2＝喜（佃1l2一匪－β距〃叫n賢一錘＋xd）（吉一志卜喜e2厄（－  
毒か  

There払refl＿2doesnotdependonthecosmologicalparametersatal1・Thepa－  

rameters〃，6，E，XGandxdfiⅩednumericallyaregiveninTable4・2・Substituting  
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thesevaluesintofl＿2，Wethenfind  

ん－Al＝7・97×10‾11，  

ん－A2＝5・97×10‾11，  

ん＿月＝9．83×10‾11  

（4．12）  

Usingeqs・（4・10）and（4．11），WeCanWritedownthetraveltimedifF6rence  

△il－2inthefollowlngfbrm：  

Ho△まト2＝TJl＿2．  （4・13）  

Thus，ifthetraveltimedifFerencesareobserved，WeCanrelatetheHubblecon－  

StantHotoT，namely，tOqo（assumingthecosmologicalconstantAotovanish）．  

IfotherobservationsofHodetermineitsvalue，thentherelation（4．13）丘ⅩeS  

thevalueofqo（Kayser＆Refbdal1983）．   

InthehomogeneousFriedmann－Robertson－Walkeruniverse（toberef占rred  

tohereafterasFRW），theangulardistancesDd，DsandDdsaregivenbythe  

fb1lowing（Weinberg1972）：  

c  l l  
1＋2恥Zd－1）］，  （4・14α）  βd  2

0
 
 
 

〃
コ
 
 

2
 
 

）
 
 
 

d
 
 
 

Z
 
 

＋
 
 

l
 
 

（
 
 
 

O
 
H
 
 
C  l l  

封怖＋（恥－1）（㍉了両誌－1）］，  （4．14占）  
Ho（1＋zs）2曾∂  

C  l  l  

1＋2恥Zs）  1十2恥Zd－Zd  
Ho（1＋zs）2（1十Zd）   

1＋2恥Zd）］・（4・14c）  

Thecosmologicalfactorisgivenbyeqs・（4・14a－C）as：  

［恥ヱd＋（恥－1）（佃－1）］［恥Zs＋（恥→1）（Jl＋2扁s－1）］  
T＝  
曾拍0（zsノ1＋2紘一Zd偏）＋（恥－1）（Jl瓶一価）］－  

（4・15）  

The relation between T and qo払r various values ofredshifts zdlS Shownin  

Fig．4．2．Ascanbeseenthere，theqo－dependenceofTseemstobemuchweaker  
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thanthezd－dependence・GivenHoandobservedtraveltimedi鮎rences△iob，We  

finditdifBculttofiⅩqobyuseofT＝ 辿血  

J   

Althoughthe redshift ofthelens galaxylSnOt knownup to thepresent，  

christian eial．estimatedit as O．4≦zd≦0．45both from the separation－  

redshift relation and from theluminosity－maSS relation．Then，aSSumlng that  

Ho＝100［km／sMpc］，qO＝0・5andO・4≦zd≦0・45，WeObtainthefbllowingresults  

for thetraveltimedi仔erences：  

4・8≦△tc項1≦5・6［months】）  

3・6≦△まc－A2≦4・2［months］，  

6．0≦△まc＿β ≦6．9［m。nths】．  

（4．16）  

ItisthusfbundthattheimagesaretobeobservedintheorderofB）Al）A2and  

C．  

Ashasbeenseenintheprevioussection，itisclearthatthecalculatedrelative  

luminosities diff6r丘omobserved ones，andthey arelistedin Table4．4，Where  

thecalculatedvaluesarenormalizedtotheluminosityofC．  

Iftheintensity ofthephoton fhxfrom the orlglnalsource varies，theob－  

served relativeluminosityofanylmagemuSt alsovary，butdi鮎rently・Inesti－  

matingtherelativeluminosities，WemuSt，therefbre）takeintoaccounttheevo－  

lutionarye仔ect aswellasthegravitationalamplificatione∬ect・Letusregard  

i。b＝19／Feb／1986asthestandardtime，andsupposethatimageCisobserved  

Withanapparentluminosityh ati。b．Thepuregravitationalamplificationfac－  

torsoftheluminositiesofotherimages，e．g．，Al，are：  

∫（Al；ま。ゐ－△まc－Al）  
（4・17）  

∫（C；ま。あ）   

Comparisonoftheabovevalueswiththecalculatedrelativeluminositiesprovides  

acriterion払rwhetherthelensmodelemployedisvalidornot．  
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Table4．40bserved andcalc111a，ted  

relativeluminosities  

孔）仇ristian efαJ・（1987）・  

Assumlngthatthedi鮎rencesbetweentheobservedandcalculatedrela七ive  

luminositieslistedinTable4．4aredueonlytothetimeevolu七ionoftheintrinsic  

★ luminosityofthesource，WeCanidentifythecalculatedvalueswiththoseglVen  

ineq（4．17）．Thevariation△mofthemagnitudeoftheoriginalsourceduring  

△iisglVenby：  

△m片＝m（ま。占）－m（ま。ムー△毎一∬）  

∫（ズ；上。ムー△fc＿ズ）  
＝2．5loglO   

J（∬；f。ム）  

J（∬；f。ムー△毎－∬）J（C；f。ム）  （4．18）  
＝2．5loglO［  

J（C；慮。占）  J（ズ；f。占）  
∫。。J．（∬）  

＝2・5loglO  
∫。ゐβ．（ズ）●  

Thus，△mvariesduring△lasfb1lows：  

△mAl＝0・296土0・05［mag，］）  

△mA2＝0・378士0・05［mag・］，  

△mB ＝0．343士0．05【mag．］．   

（4・19）  

These errors are estimated on the basis ofChristian eia［．，s observation．The  

above△m，sseemtobeconsistent witheach otherwithin theerror．Sincethere  

are f占w published dataofthe traveltimedi仔erences7We CannOt PrOCeed any  

further・Itishopedthatmoredetailedobservationwillbemadeofthissystem  

over long duration. 

★ ThisisaverycrudeasstLmP七ionbecausethedis七ribtLtionofmatter，SⅦChasirL七ergalactic   
maセセers，alongea．chhghtpa・thisrLOtneCeSSarilythesame・  
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4．3 GEOMETRICAL OpTICSINll15＋080   

In theabovediscussionwehaveassumedthat theUniverseisdescribed by  

the FRW universe．Itis not clear，however，Whether we can assume that the  

Universeishomogeneousinascalesuchthatthegravitationa11ense鮎cta鮎cts  

light－PrOPagation・Infact，thematterdensityinalensobjectsuchasagalaxyora  

ClusterofgalaxiesismorecondensedthanthemeandensityofthewholeUniverse．  

Ⅵ毎should，therefbre，takeintoaccountinhomogeneitiesinthetlniverse．Inthis  

SeCtion we discussthee鮎ctsonestimation ofcosmologicaldistances（Dd，Ds  

andDds）duetoinhomogeneitiesintheUniverse．  

Thegeometricalterm△i90fthetraveltimedi鮎renceglVenbyCookeand  

Kantowski（1975）isthedifFbrencebetweenthepath－lengthsofimages．Fig．2in  

CookeandI（antowski’spapershowsthatthewavefrontemanated丘omthesource  

（払rwardwave正ont）andthewavefrontconvergingintotheobserver（backward  

WaVeffont）aretangentialatthepoint羞，OntOthede且ectorplane・Then△i9is  

expressedintermsofthedistances丘omthesewave丘ontstotheimagepositions  

ちand苑onthedeAectorplane・Thatistosay，ifbothwave丘ontsarelocally  

SPherical（shearffeelqI＝0），thepathlength△Lalongthelightpath丘omもhe  

払rwardtothebackwardwaveh：OntSisglVenby  

△エA＝△エノA＋△エぁA  

＝帰一gAI2十軸一之。l2，  

WhereHfa・ndKbaretheprlnCIPalctlrVa，tureSOfthefbrwardwavefrontandof  

thebackwardwavefront，reSpeCtively・Thusthecontributionofthegeometrical  

termtothetraveltime difFerencebecomes  

△七夕＝砦（勘＋瑚Igβ一方。t2－lgβ一相性  （4．20）  

Ourproblemnowishow（Kf＋Kb）canbeexpressedintermsofcosmological  
quanti七ies．  
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Accordingtothegeometricaloptics（Sachs1961，Pirani1964），theoptical  

scalars（theexpansionOandtheshearlcrl）aregivenby  

∨牙  

β≡頂＝  （4．21）  

1長（′1か－♂   （4・22）  

whereAisthecross－SeCtionalareaofthelightbundle，kPisatangentvectorto  

thenullgeodesic（lightray）andtheprimedenotesthederivativewithrespectto  

anafRnepa・rameterl，Whichcharacterizesthenullgeodesic・Kantowski（1968）  

Showed thefo1lowlng relation between the above two opticalscalars and two  

PrlnCIPalcurvaturesK士：  

β土回＋（た・む）∬士＝0，  （4．23）  

WherevPistheobserverた）urVelocity・Theopticalscalarequations（identities）  

areglVenby  

♂′＋が＋けl2＝一言点〝〃押≡況，  （4・24）  

（庸¢）′＋2佃e五¢＝C岬β…〝㌘が≡ダe五β，   （4．25）  

Where㍗isthecomplexspace－1ikevectorwhichcon＄truCtSatetradtogether  

WithkP（seein§5・1）・RJWandCLα〃βaretheRiccitensorandtheWeyltensor，  

respectively｝and況and F arecal1edthe“Ricciterm乃andthe㍑Weylterm”，  

respectively・WhiletheRiccitermdependsonthedistributionofmatterinside  

thelightbundle，theWeyl七ermdependsonthedistributionofmatter，SuChas  

Clumps，OutSidethelightbundle．  
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Asalreadymentionedabove，if（q（＝0，OnePrincipalcurvatureofthewave－  

frontisequaltoanother．Thereforesothat  

β  J才  
∬士≡∬＝  （4．26）  

（た・U）（鳥・む）ノオ  

SinceJ才isproportionaltoangulardiameterdistances，Wehave  

βs  

βd上）ds●   

∬パ入d）＋∬ム（入d）＝  

Thegeometricalterm△i9isthengivenbyeq・（2・40）・  

TheRiccitermineq・（4．24）isgivenbyvirtueof七heEinsteinfieldequations  

aS  

況＝一咄  （4・27）  

Whereu≡1＋z（zisthesourceredshift），nisthedensityparameter．Sincenis  

thedensityparameterinthelightbundleratherthanthatinthewholeUniverse  

（i・e・，nO），itisdoubtfulwhetherwecanidenti＆nwithno．Takingintoaccount  

thecosmologlCalnuctuationonthedensityparameter，Weintroduceaparameter  

つ厄SuCIlaS：  

（0≦髄≦1），  n＝7月nO，   （4・28）  

（Dyer＆Roeder1973）・IftheUniverseishomogeneous，i．e．，7R＝1inthe  

SCalewherethegravitationallense仔ectbecomesimportant，theangulardiameter  

distancesineqs・（4・14a－C）satisfytheopticalscalarequations，Ontheotherhand，  

assumlngthatthelightraypassesthroughanemptyspace，i．e．，7R＝0，Dyer  

andRoeder（1972）obtainedsuchangulardistances．Forthegeneralvalueof  

7R，thesolutionsofeq・（4・24）areexpressedintermsofthehypergeometrical  

SerleS．  
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Ingeneral，theshearfqlofthewavefrontdoesnotvanish．Inthecalculation  

Ofangulardiameterdistances，thecontributionoftheWeyltermisimportant・  

Thistermdependingconsiderablyonthedistributionofclumpsinthevicinityof  

thelight bundle，CannOtbedeterminedunlesstheabovedistrib11tionisknown．  

W占tlmsassumethattheWeyltermcanbeexpressedas：  

ダ＝吾が0祝5，  （4・29）  

1iketheRicciterm（AIcock＆Anderson1985，1986）・Wenowdefinetheeff6ctive  

distanceL土by  

Ⅰノ；  ＝β士困  
缶  

Theopticalscalarequationscanthenbeseparatedintothreeequations‥  

（4．30）  

JJ 旨＝一言［7抑ダCOS（β一瑚恥5，  （4・31）  

Sin（β－¢）  
¢′＝3γダL＋L＿nO鋸5   （4．32）  

叫L－－L＋LL  

Therelationofthea用．neparameter入tou＝1＋zisglVenby  

妄no一軒（言no一軒申2＋no祝3・  
J 

ll＝l▲ （4・33）  

TheinitialconditionsofL土areSetfbrinitialredshiftuiaS：  

L土（規定）＝0， 二転（祝言）＝町  （4．34）  

ThesecondconditionindicatesthatL士becomestheproperdistanceinthevicin－  

ityof祝＝垢・  
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Assumingthatβ＝COnSt．，We丘ndthatthesolutionofeq．（4・32）isgivenby  

¢＝β＝COnSt・．Eq・（4・31）isthenrewrittenas：   

メナ      旨＝一言（7月珊陶5，   （4・35）  

The relation ofthe effective distance to the prlnCIPalcurvature at入＝入dis  

ObtainedbythemethodofCookeandRantowskias：  

Ho I」土β  
∬士ノ（入d）＋∬士占（入d）＝  （4・35）  

C L土dL土dβ   

WeshowinFig・4．3numericalsolutionsofeq．（4・35），aSSumingthatno＝2qo＝1  

and－3≦γ≡7R土7F≦3・ThecosmologlCalfactor，  

T＝（1＋zd），  

dependsconsiderablyonourchoiceoftheparameter7，．T誌kingintoaccountthe  

in且uenceofinhomogeneities，Weha・VeOnlytoinvestigatethe7udependenceof  

inthecaseofll15＋080・InFig■4・4，WeShowthe7－dependenceofLd，Ls，Ldsand  

LdLs／Ldsintherange－3≦7≦3，Whereno＝2qo＝1isassumed・Wefind  

thatLdLs／I，ds Varieswithinafactor～2comparedtothecaseof7＝1．  

4．4 MASS OF THE LENS GALAXYINll15十080   

Borgeest（1986）estimated the massofthelens object ofO957＋56lon  

thebasisoftheobserved traveltimedi鮎rences・Heexpressed thetraveltime  

di鮎renceasaproductoftwoterms：the鮎sttermisthedenectormass，andthe  

SeCOnddependsonlyonthetypeofthelensmodelsemployed．Inhismethodthe  

de且ectormassiscalculatedbyuseoftheobservedtraveltimediffbrencesandby  

theparameterfiⅩingofthelensmodel・Hismethod）however）hasadisadvantage  

SuChthattraveltimedif臨rencescannotbetheoreticallyestimated．Thusother  

61   



methods arepreftrablewithwhichtodeterminethedeflectormassonlybythe  

ParameterfiⅩingofthelensmodel・Inthissectionwepresent such amethod．  

Furthermore，WeWillfindthatacertainconstraintontheIIubbleconstantHocan  

beimposedbycombiningourmassestimationswiththetwomethods（Borgeest）s  

methodando11rS）・   

Thedeflectionangleαdepends，1ngeneral，OnmanyParameterSbesidesthe  

deflectormassMi．Ifthede丑ectorisaslnglethinobject，MGCanbefactorized  

intheexpression払rthedeflectionangleα・Thelensequationisthenwrittenas  

（4．37）  ββ＝β＋〃α，   

where  

4G〟云β  

／｛＝   「   ‾＝了               C2 上）孟’  

βdsα  

α ＝ －「＝■■■                    βs〃  

Foragivenmultiple－imagesystem，WeCaneXPreSSFLineq・（4・38）as  

β2－β1  

（4・38）  

（4．39）  

（4．40）  〃＝  ）    ）  

′｝      α1－α2  

byusingthelensequation（4・37），andcancalculate〃nume，i。aZnumericallyso  

thatthede鮎ctormodelemployedreproducestheobservedimageconfiguration・  

UsingthevalueofFLnume，ic。tthusobtainedandeq・（4・38），WeCanrelatepnumericat  

totheHubbleconstantandtothecosmologlCalfactorT，tOfind  

4G怖Ho（1＋zd）  
〃肌mer壱cαJ＝  c3  T  

Thede且ectormassisthenglVenaS  

A毎 〃れumer去。。JCT  
（4・41）  

‾ ■  崎 2（1＋zd）Homo’   

whereMoandmoarethesolarmassandtheSchwarzschildradiusoftheSun，  

respectively．Fromeq．（4．41）wecanestimatethedeAectormassintheFRW  
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unlVerSe  

2・6×1…－1≦≦2・9×1011打  
whereno＝2qo＝1andIIo＝100h［km／sMpc］．  

（4・42）   

Asmentioned above，however，Sincethespaceinwhichthelightraypasses  

throughisnothomogeneous，WemuSttakeintoaccountthecosmologlCalfhctu－  

ationinthemeandensity，therebyfinding，  

1・8×1…－1≦≦5・3×1011打  （4．43）  

Where－3≦7≦3．  

Moreover，glVenanObservedtraveltimedi鮎rence△l，WeCanCalculate，by  

uslngtherelation：患＝争thedenectormassquiteindependentlybothofT  
andoflIo（Borgeest1986）・  

怖 仇“m。r五。。JC△ま  

鳩 2（1＋zd）Jmo  

Vanderriest eial．（1986）obtained，forthepresentsystem，thelowerlirnitof  

△iAl＿A2andtheupperlimitof△電A＿B・Usingtheirdataandeq・（4・12），Wefind  

thatthede且ectormassistobeinthefo1lowlngrange：  

6・1×1010≦≦2・5×1011・  （4・45）  

Inthecaseofh＝1，（4A3）isconsistentwith（4．45）．Theconditionthatthese  

tworanges（4・43）and（4・45）shouldoverlapimposesaconstraintonhsuchas  

O．74＜九＜8．7．  

Tlms，therangea1lowedfortheHubbleconstantis‥  

74［km／sMpcユ≦Ho≦870［km／sMpc］．  （4．46）  

TheupperlimitofHoin（4・46）istoolargetoputrestraintsonthevalueoflIo．  

itself．HoweveritistobenotedthatourmethodputsalowerlimitontheHubble  
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constant．ItisexpectedthatmoredetaileddataofthetraveltimedifFerenceswill  

providemoredefinitelowerlimitontheHubbleconstant・Itisinterestingthat  

theaboverangeofHoisconsistentwiththevalueobtainedfromtheobservation  

ofthetraveltimedi鮎rencein O957＋561（Florentin－Nielsen1985，Vanderriest  

eまαJ．1989）・   

4．5 DISCUSSION  

Inthischapterwehave触edtheparametersofthelensmodelinwhichthe  

deAectorpotentialisexpandeduptoquadrupolemoment・Wefbundthateven  

suchasimplemodelcouldwellreproducethegeometryofll15＋080・However，  

theapproximationofthemultipoleexpansionuptothequadrupolemomentterm  

maynotbevalidk）rSOmeneWimagestobeexpectedinthismodel・Atanyrate  

carefu1attentionmustbepaidtotheproblemofwhethersuch anewimageis  

reallyaphysicalimageoraghostimage・  

Bearlnglnmindtheabovesituation，WeeXPeCtthatthenumberofimages  

we can observein this systemisfive：Al，A2，B，C and D．Wefind that the  

magnitudeofimageDismv：＝20・98士0・05［mag・］andisnearlyequaltothatof  

thelensgalaxy・Unbrtunately，however）itisverydi侃culttoobserveimageDbr  

thefbllowingreasons‥i）Itisdi糀culttodeterminethesubarcsecondstructureof  

theimagessincell15＋080isnotaradio－SOurCe，ii）imageDwillnotbeseenin  

theresidualpictureobtainedbysubtractinglmageB丘omtheorlglnalpicture，  

Sincea11imageshavethesamecolor，iii）imageDislocatedclosetoimageB・   

Assumlng thatIIo＝75［km／sMpc】，M云obtained with our modelisin the  

fbllowingrange：（2．5～7．1）×1011Mo．Ourresult showsthat thede鮎ctor  

ShouldbeasweightyasanytypICalgalaxy・Thisfactseemstobeinconsistent  

WiththeobservationbyChristian ela（．（1986）・Wecansay，however，thatthe  

existenceofmuchfainterordarkmattersmayberesponsibleforthisapparent  

inconsistency．Furthermore，bycombiningourmassestimationswiththeabove  

twomethods，theconstraintisfoundtobeimposedontheI‡ubbleconstantIIo．  
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Inordertoobtainde丘niteres111ts，WeCertainlyneedmorede七ailedobserva－  

tionsoftraveltimedifFerencesoverlongd11rationaswe11asobservationswith  

accurateresolutions11ChasinthecaseoftheHubbleTelescope．  
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5．ApparentSuperluminalMotions  

OfImagesbyaGravitationalLens  

ThroughanalysesofrelativepositionsofsomepalrSOfradiosourcesforsev－  

eralyears，ithasbeenfbundthatthesesourcesappeartohavebeenmovlngaWay  

fromeachotherwithvelocitiesseveraltimesgreaterthanthatoflight．These  

SOurCeS are Cal1ed the“superluminalsources”・Manysourcesofthiskindhave  

beendiscovered，e．9．，theradiosource3C120，SOmeBI」Lacobjects，eic．．  

Since，Ofcourse，mOtionswithvelocitiesgreaterthanthelightvelocityare  

PrOhibited，these phenomena must be explained asillusionary motions．Most  

POPular models払rthese are：the relativisticjet modeland thescreenmodel．  

Intheformer，Plasmajetswitharelativisticvelocityareemitted丘omthecore  

Ofaquasar・IfthisjetisemittedwithaverysmallangleαWithrespecttothe  

line－Of－Sight，itsapparentvelocitywis  

ひSlnα  
l〃 ＝  

（1一号COSα）’  

Wherevisthephysicalvelocityoftheje七relativetothecore・Ifα＝COS‾1（号），  

thenwhasamaximumvalue，glVenby  

U  

眈Jmα∬＝  

Forarelativisticspeedv，WCanthenbegreaterthanthelightvelocity・Inthe  

lattermodel，Ontheotherhand，relativisticslgnalsareemittedfromthecoreof  

aquasar，andtheybrightenthek）regrOundgas－SCreen．Thisbrightenedscreen  

maybeobservedassuperlllminalemission．  

Inthissectionweproposethatsuchamotionmayalsoappearinagravita－  

tionallylensedsystem・Theapparentvelocityoftheimageduetothegravita－  

tionallense鮎ctisequaltothephysicalvelocityoftIleSOurCem111tipliedbythe  

amplificationfactoroftheimage（Omote＆Yt＞Shida1989）．  
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5．1 AppARENT SupERLUMINAL MoTIONIN GRAVITATIONALLY LENSED  

SYSTEM  

Thelensequationisgivenbyeq・（2・12），i・e・，  

βs＝♂＋（β））                                                         ・・・■                            →  

（5・1）  

where D＝DdDds／Ds；Dd，Ds and Dds are the angulardiameter distances  

between the observer and the de且ector，the observer and thesource，andthe  

de且ectora．ndthesource，reSPeCtively．AsmentionedinChapter2，SOlutionsof  

thelens equationprovideuswith thepositions ofimageswhich aremultiply  

producedbythegravitationallensefFect・Nowletussupposethattherelative  

positionofthesourcetothedeAectorva｝riesintimeowlngtOatranSVerSemOtion  

ofeitherthesourceorthedeAector・ThentheimaJgePOSitionsalsomovetothe  

deflector．ThevelocityらofanimageisglVenby  

（5・2）  【M］屯  
→  
UI＝  

（1＋zs）   

Or   

［叫屯  （5・3）  

→  
UI＝  
（1＋zd）βs  

where童（ih）andzs（zd）arethesource（denector）velocityandtheredshift  

。fthesource（de且ector），reSPeCtively（Bourassa＆Ⅸantowski1975），and［M］  

isthemagniBcationmatrixgivenineq・（2・20），i・e・，  

）， 
（5・4）  

g＋点eデ ーJmア  

一丁mア ダー兄eア   

whereQandFaredefinedineqs・（2・21），（2・22）・   

Near。ne。fthecriticallinesinwhichg2－IFl2＝0，thevelocityofthe  

imageisexpectedtobeinfinitelylargealthoughthevelocityofthesourceorof  
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thedenectorisfinite（smaller，Ofcourse，thanthelightvelocity）・Inorderto  

discussthiscaseindetail，WeCOnSiderbelowthegravitationallenseff6ctinduced  

byanobjectwithsphericalsymmetry・  

→  Inthiscase，thedeAectionangle∂withrespecttotheimagepositionOis  

given by 

→  

珊＝一 的，  

wher。fisthefunctionof16l2givenby  

βm  

（5．5）  

…
r
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相即）＝ト0（βm－  （5．6）  

lβl   

Intheaboveequation，M，P（r）andOmarethetotalmass，maSSdistributionand  

maximum radius ofthe de刊ector underconsideration．In this casethesource，  

multipleimagesand thedenector arealignedin alineonthedenectorplane  

→－● becauseofOsdO．Thusthelensequationisnowreducedtothefo1lowing払rm：  

βs＝［叫－㈲㈱）］，   （5・7）  

whereOsandOarepositiveandp＝4GMD／c2Da・Thecriticallinesaregiven  

by  

lJ㈲－2〃J他）＝0）   （5・8）  

wheretheprimedenotesthederivativewithrespecttoO2andOs≠Oisassumed・   

Thelocus of七hesourcewhensomeimagesareononeofthecriticallines  

isca11edthe“caustic”（Kovner1987a）・Supposethatthesourcemoveswith  

velocity屯anditcrossesoveroneofthecaustics・Thenitsohappensthattwo  

ormoreimagesnearacriticallineapproacheachotherandareannihilatedon  

thecriticalline・Similarly，aPalrOfimagesmaybecreatedonacriticallineand  

beseparated血・OmeaChother．  
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Fr。meq．（5．2）thevelocityofanimagelocatedat♂＝（Ocos4・，Osin4）isgiven  

by  

し1＋zs （法〉霹－， （5・9）  

→  
UI＝   

（ト酎）   （1＋鼻ト2〃′′）  

where  

完＋＝（；：甘露－＝（霊）， （5・10）  

areeigen－directionsof［M］・Tlmsthevelocityoftheimagenearoneofthe  

critical1inesisglVenby  

（屯・霹＋）  

園～   （5・11）  

（1＋zs）（1＋即－2〃ハ   

Where Eis nearly equaltozero・Thenit becomespossible that閲becomes  

greater thanthelight velocity，thatistosay，herethe apparent superluminal  

motionisgeneratedasaresultofthegravitational1ense鮎ct．  

Images withsuperluminalmotion arebrighterthan anyotherimagespro－  

duced by the gravitationa11ens efrect because the amplification factor ofthe  

払rmerbecomesinfinitelylargeastheyapproachthecritica11ine．Wecanthus  

expectthattheapparentsuperluminalmotionappearsin averybright palrOf  

imageswithsmallseparation・Amongmanycandidatesformultiple－imagesys－  

tem）We know that thesecondcandidate）i・e・，themultiplequasarll15＋080】  

hassuchapair：AlandA2（seeChapter4）．1115＋080isthereforetllemOSt  

PrOmislngCandidateforapparentsuperluminalmotion．  

69   



6．RotationofPolarizationPlaneduring  

PropagationinaWeakGravitationalField  

Byadoptingtheharmoniccoordinategaugeconditionandmakingthepost－  

Newtonianapproximation，Plebanski（1960）pointedoutthepossibilitythatthe  

polarizationplaneisrotatedbythegravitationalfieldwithmetric動ル＝17py＋hp〝  

（thegravitationalFaradaye鮎ct）・Plebanski払undthat，Whenasphericalde－  

flectorrotatesrigidly，thepolarizationplanedoesnotrotatefbrthelightpasslng  

outsidethedeAector（dark］ens），butdoessobrthelightpassingthroughthe  

denector（transparentlens）・In the caseofKerrmetric，it hasbeen known  

thattherotationofthepolarizationplaneisabsentintheapproximationupto  

O（m9／ro，a／ro）（Lawrence1973，Su＆Malott1980andFayos＆Llosa1982）・  

Herem9，aandroaretheSchwarzschildradius，angularmomentumoftheKerr  

blackholeandtheimpactparameter，reSPeCtively．Ontheotherhand，Ishihara，  

TakahashiandTbmimatsu（1988）showedtha，ttherotationappearsinthecase  

OfⅨerrmetricintheapproximationuptothethirdorderinm9／roorina／ro・   

InthischapterwediscussthegravitationalFaradaye仔ectinaweakgravita－  

tionalBeld・Firstweconstructthepara11elpropaga，tOrfbrthepolarizationvector  

（Synge1960）intermsofanulltetradandinvestigatethepath－dependenceof  

thepara11elpropagatorin§6・1・Inthenextsection（§6．2）a払rmulation，without  

gauge航Ⅹing，fbrtherotationofthepolarizationplameuptoO（h）arepresented．  

Ourevaluationiscarriedoutunderthepost－Newtonianapproximationwiththe  

harmoniccoordinategaugecondition・Inthelastsection（§6．3），Wethenshow  

thattherotationdoesnottakeplaceinthedarklenscase，anddiscussthereason  

払r this．  
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6．1 PARALLEL PROPAGATOR FOR POLARIZATION VECTOR   

WedeAnethenu11tetrad（e（i）〃：i＝0，・・・つ3，P＝0，・‥，3）onanullgeodesic  

（C）by  

り（り（J）e 
（り〃eu）〝＝動勅  

g〃〃e（り〃e（J）〃＝恥（ノ））  

＼
、
．
1
 
 

0
 
 
0
 
 
1
 
 
0
 
 

ハ
U
 
O
 
O
 
l
 
 

0 1   

1 0  

ト（。（ノ，］＝［り…］＝  （6・3）  0
 
 
0
 
 

Wherei’s and p’s areindices払r the nulltetrad and fbr the coordinates，re－  

SPeCtively・Herewedefinethecomponentsofthetetradas払1lows：e（0）P≡kp  

ande（1）P≡mp，bothbeingrealnu11vectors：kpistangentialto（C）；e（2）Pand  

e（3）PareSPaCe－1ikecomplexvectors，ande（3）PisthecomplexconJugateOfe（2）P‥  

e（2）〝≡e〟＝e（3）〃・   

FollowlngthegeometricalopticswetakethepOtentialvectorApasfollows：  

五β 
A〝＝α〃e・  （6．4）  

Maxwe11’sequationsthenleadtothek）1lowlngequations：   

鳥2＝0）  ゐ人員〝；入＝0）  

ん鳥〃＝0， ふ入ん入＝0，  

（∂入α）れαた㌔＝0，  

ん≡ap／aandんアP＝1．Eqs．（6．5），（6．6）and（6．7）  Whereた〃≡∂〝β，α≡  叫計，  

are払rthenu11geodesic，fbrtheparalleldisplacementofthepolarizationvector，  
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andfbrtheamplitudeoflight・Byuslngana用．neparameter入，WeCanreWrite  

eqs・（6・5）and（6・6）inthefbllowingfbrms：  

ゐ〝＝ 0，ん＝0・   （6・8）   

Sincethenulltetradspansthek）ur－dimensionalspace－time，WeCaneXPreSS  

んas  

ん＝C（0）た〃＋c（1）m〃＋c（2）e〝＋c（3）言〝．  （6．9）  

Fromeq・（6・6）itimmediatelyk）1lowsthatc（1）＝0・Byrotating（e（i）p）around  

kp，WeCanalwayschoosethecoe侃cientsin（6・9）sothatc（0）vanishes（Sachs  

1961andPira・ni1965）・Thusんisreducedtotheform：  

ん＝αe〝＋βち・  （6・10）  

Thenormalizationcondition払rthepolarizationvectorrequireslαl2＋JPJ2＝1，  

andeq．（6・8）becomes  

α＝ β＝0・  （6・11）  

Hencethecoe用．cientsαandβareconstantalong（C）：thisisnaturallyunder－  

StOOd正omthefactthate（i）p’sareparallel－tranSPOrtedalong（C）・   

Whenavector％isparallel－tranSPOrtedalo叫ganullgeodesiccurve，WeCan  

alwaysde重neatwo－POinttensorforanytwopointsSandOonthiscurve（Synge  

1960）：  

％′（0）＝G〆”（0，S）佑（S）・  （6．12）  

SuchGpI〝（0，S）isca11edthe“parallelpropagator”andsatisfiestheconditions，  

（6．13）   恕もG〆〝（0，S）＝鞄〝（S）＝㌔〝  
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and  

J G〃〝（0，S）＝〆J‘（0）GJ′〝（0，S），  

G恒（0，S）＝G〆γ（0，S）仇（S）・  
（6．14）  

Gpl〟（0，S）canbeexpressedintermsofthetetrad（e（i）p）・Since（e（i）p）generates  

arbitraryvectors，theparallel－tranSPOrtedvectorlんalsoisexpressedas  

％＝C（よ）e伽・  （6・15）  

Herethecoe用－Cientc（i）isconstantalongthegeodesicbecauseof㌫・tL＝Oand  

＆e（i）p＝0，andisgivenbyvirtueofeq．（6．2）  

c（壱）＝坊（入）e伽（入），  （6．16）  

fbranypointonthegeodesic．Wethusobtain  

G〆〝（0，S）＝＃（0）e符）（S）   （6．17）  

Itisclearthateq・（6・17）satisfieseq．（6．13）．   

ForglVentWOPOints S and O thenullgeodesicisnot unlquelydefined so  

farasthegravitationa11ense鮎ctisconcerned．Thecoe侃cientc（i）ineq．（6．15）  

On ea・Chgeodesiccurveisdiff6rentfromeachother，andsoisGpIy（0，S）・In  

dealingwithGpl〝（0，S）a仔ectedbythegravitationallense∬ect，WemuStdiscuss  

itspath－dependence．  

In thefo1lowlngWereStrictourselvestothecaseofthepolarizationvector  

fp，Wherethefullformulationleadingtoeq・（6・17）isnotneeded・Insteadof  

Gpl〃（0，S）weintroducethe“partialparallelpropagator”as  

即（0，S）＝e〆（0）冨”（S）＋㌔′（0）e”（S），  （6・18）  

becausefpmP＝fpkP＝Oholdsinourcases・Letusthusdiscussthepropagations  

O用〃）e〃and冨〃・  
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Weassumethatthemetricofspace－timeisglVenby  

（6．19）  動ル＝恥〝＋ん〃〝）   

WhereT7puistheMinkowskianflatmetric，anddealwiththemetricuptoO（h）  

Only・Then9P〝isglVenby  

g〝〝＝り〝〝－ん〃〝，  （6．20）  

where  

ん〝〝＝り岬り〝βん 
αβ・  

Sincekpisatangentvectorto（C），WeCaneXPreSSthevectoras  

ふ－－＝∴  

DefininguP as uP＝kP／kO＝dxP／dxO，WeObtaintheequationfbruPinour  

approximaJtionasfo1lows：  

d  云〆＝一視悠ん㌦典0）卜妄接ん。。（捏（諾0））  

＋拘瑞佃0坤0））  
＋喜（紳一叫祝α祝β年毎（拙（拙  

（6．21）  

W占definefurtheraunitvectorがinthe3－dimensionalEuclideanspacef3such  

that  

言 

f£＝（ト喜ん00）祝一言ん研プ－ゐ紬   
（6・22）  

WhichsatisResthedi鮎rentialequation  

㌫ま電＝一言（れ呵忠相一明んαβ］， （6・23）  

whereiP＝（1，ii）・W占assumethatthesourceoflightsisfarenough丘omthe  

deAectorandset，atthesourceoflights，ii＝fiastheinitialcondition（xO＝魂）．  
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Solvingeq．（6．23）underthisinitialconditionandinourapproximation，WeObtain  

青石＝言古＋△七£＋0（ん2），  （6・24）  

α  △f壱ン喜（紳一両）［九諦0，γエ＋言押  
（6・25）  

ゐ0′句んαβ（諾0′，γエバα諾叩α巧，  

0  

－・■ where軋istheimpact vector andiand戸」must bedeterminedoneachnull  

geodesiccurve．Thequantity△i3withxO＝，諾呂→∞glVeSthedenectionangle・   

Nextletusdiscussthepropagationofepandip・AsepISOrthogonaltouP）  

wehaveonlytodiscussthepropagationofei（i＝1，2，3）・Theequationfbreiis  

given by 

．L  

dl′d、．∩【．∩、、、 評＝妄〈か潮岬）））叫＋言e〝〟（∂頼0）諾嘲））  
1  

＋吉∈揮⊥胸（∂′んmα（諾0，諾α（拙），  

where  

e〟＝e盲電3）  e⊥よ＝e盲－ e〟電3・   

W占obtain，uPtOO（h），  

0  0 
e五＝eよ・煩，γユ＋柑）ら  

（6．26）  

＋書冊  ゐ0′蝕んαβ（諾0′，γヱ＋言α諾0′）  
（6．27）   

1 。  

＋言∈揮たJme力  
ゐ0′∂∫んmα（諾0′，γヱ＋言α諾叩α  
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Fromeqs・（6・23）and（6・27），theexplicitfbrmofeoisgivenby  

eoン言〝＋妄［ん㌦，中神）＋納00（諾0，小判言∫言古  
0     ＋e舟。（諾0，アユパα諾0）  

＝ 

一 

・ 

主  

ゐ0′銑んαβ（諾0′，γユ＋fα諾0′）  
（6．28）  

一∈湖m ゐ0′∂Jんm。（諾0′，γエ＋言α諾叩α  

Forthesakeofnotationalsimplicity）WeintroduceAiandBijdefinedby  

′
ノ
咤
 
 

α
 
 
 

O
J
盲
 
 

l
一
2
 
 
 

ニ
 
 

裁
 
 

ゐ0′銑んαβ（諾0′，γユ十fα諾0′），  

（6．29）  

勒＝喜胸  
ぬ0′∂Jんmα（諾0′，γユ＋言α諾叩α  

Itthenfbllows丘omeq・（6・23）thatAiisrelatedtothedenectionangle．Onthe  

Otherhand）BijlSrelatedtotherotationofthepolarizationplane）aSWillbe  

seenlater．  

Finally，1etusexpressGp／y（0，S）intermsofeiandeo：   

00  ∂0′0（0，S）＝eo′（0）鞄（S）＋和′（0）eo（S），  

＝21言〝ト（言㌦言古＋崩）［ん拍（∬0，γユ＋捏）一端＋礪（6．30）  

0 ・妄頼む（諾0，γい裾）＋紳毎（諾，γヱ＋裾）汁  
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∂。′古（0，S）＝e。′（0）ち（S）＋和′（0）言古（S），  

＝－（去ら＋瑚［言ゴー毎直0，γユ・捏）叫一拍‰  

0 ＋主軸た（拙＋捏）＋鍋00（諾，小柑））］， （6・31）  

∂掴（0，S）＝e盲′（0）ち（S）＋筏′（0）言。（S），  

＝－（言′言烏＋拘［∂よ鳥言′・A押＋月抽言′  

・喜ん古J（軌＋柑）叫，  （6・32）  

and  

Gり（0，S）＝e右′（0）ち（S）＋ち′（0）ら（S），  

＝－（ち言た十ち言た）［∂盲た＋A£fた・月誹鳥＋   毎（諾0，γい裾）］，（6・33）  

O whereRj＝6り－iiijistheproJeCtion血・Omf30ntOtheplaneorthogonaltoi． －■   

Theaboveexpressionssatisfy  

G〆〝（0，S）言〝（S）＝e〝′（0），  

G〝′〃（0，S）言〝（S）＝冨〆（0），  

一｝J         伊㌦（0，S）e〆（0）＝言〝（S），  

”Jo           α㌦（0，S）ち′（0）＝冨〝（S）・   

Clearly6p’y（0，S）dependsonthelightpathcharacterizedbyiiandrl・  

（6・34）  

6．2 RorrATION OF THE PoLARIZATION PLANEINDUCED BY A RIGIDLY  

RoTATING BoDY   

Inthissectionwederiveaformula払rtheobservablerotationangleofthe  

POlarizationplanewhichisgooduptoO（h）．Nextweestimatetheangle五）r  

SimplecasesofasphericalorspheroidaldeAectorwhichisrotatingrigidly・  
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Asinthecasesofepandgp，theequationforthepolarizationvectorんis  

givenbyeq・（6・8）  

㌫烏＝妄（㌫んれ汗喜研β∂よんαβ  

1       ＋言∈五井九揮m（∂∫んmα）まα・  

（6．35）  

Onthebasisoftherelationsfpr＝1andfpuP＝Owenowdefineaunitve。t。r  

ぶ山inど3by  

筑＝い柚  
ぶ山＝筍ち・  

TheequationforSJ＿iisglVenby  

m 
㌫ぶ山＝脚mm（主項∂mんmαト∂むf嘉すまっざ⊥ん・  

（6・38）  

Introducingmoreovertworealunitvectors（viandwi）whichareindependent  

ofeachotherandwhichareorthogonaltoi名inE3，WeCaneXPreSSS⊥iandSii  

as払1lows：  

g⊥五＝去（e盲¢℃盲一言e一輝  

宮山＝去（e 一隼い“押領））  

（6・39）  

where¢and¢arerealconstantsandviWi＝0．ItisclearthatSii亨山＝1and  

SiiSli，言ii百ii＝COnSt．Equationsfbrvi，Wiaregivenbyeq．（6．38），  

㌫u盲＝榊mm（主項∂mん氾α）一軒㌫サゐ，  
m 

w古＝ 榊mm（主項∂mん氾αト∂むf㌫fづ恥  
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Since（ii，Vi，Wi）constitutesatriadinf3，i・e・，  

ま名書3＝町パ現＝Ⅷが現＝1，  

ま亀＝亡抑彿，U£＝榊叫㌔ 明＝句た仇た，  

dvi／dxOisexpressedas  

d  

押＝孔明＋a釆  
詔  

Where7LandQvaregivenby  

d     ァり＝び妄評U壱ン軋みc（∂ぁんcα）言α， 2  
Qり＝u言＝－むαまα・  

Byvirtueofeq．（6．41），dvi／dxOiswrittenas  

神 

㌫膵むたけα∈α摘んcα）＋扉意中  
≡亡ゎたn招・  

Asinthecaseofvi，theequation払rwilSglVenby  

d  
W古＝ e盲∫たn彿・  

百折  

Wbthusobtainequations払rS⊥iandSii  

㌫ぶ山＝亡榊甲⊥た，㌫丸去＝∈むゐ甲⊥鳥，  

Which，Whenintegrated，1eadusto   

o000      g烏＝∫⊥よ＋亡盲J叫ぶ⊥かぶ⊥£＝g⊥よ＋∈榊叫ぶ⊥か   

wbere  

（6．41）  

（6．42）  

（6・43）  

（6・44）  

（6．45）  

（6・46）  

（6・47）  

ゐ0′n去（諾0′バナ損0′）  

（6・48）  

○＿10・          ≡e五αみまα△まゐ＋Pま亀．   

Thefirsttermofeq・（6・48）correspondstotherotationofthepolarization  
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planeinducedbythedeAectionof（C）・Itisnotanobservablequantity，however，  
O  

because√×△√isarotationaroundtheaxisorthogonaltotheline－0トsight．   

Ontheotherhand，thesecondtermisanobservablequantity＊，becauseit  

O istherotationaround√．Thus，WehaveonlytodiscussP，regardingitasthe  
Observablerotationangleofthepolarizationplane・TheexplicitformofPis  

∬0  

ゐ0′∂みん。α（諾0′ぺ十巌0′）fα，  
ア＝一言言α亡α占c  

（6．49）  

Whichisgauge－invariant（Plebanski1961）・  

Byusingeq・（6・49）wecannowestimatetherotationanglesofthepolarization  

Plane正）r SOme Simple cases・In so doing we choose the harmonic coordinate  

gaugeandusethepost－Newtonianapproximation（Weinberg1972）．Themetric  

isglVenby  

β（言′）  ん刷＝一軍桓  
l言－ダl’  

∈右脚ゴ諾加β（言′）  （6．50）  

雛）＝却3諾′  l言一言′一  
っ  

毎（g）＝∂ゎん00（g），   

Where w8is the rotationalangular velocity ofthe deAector．In thelimit  

xO≡鴫＝－X呂→∞，therotationanglePisglVenby  

∞ P＝一言言α∈α小袖cα（軌＋叫fα・ 
（6・51）  

－（：X）  

Firstletusconsidertheca・SeWhenasphericaldeflectorisrotatingrigidly．If，  

★ Stric七1yspeaking，thesecond七ermis rLOtObserva．ble，llnlessweknowtheinitialdirectioIt   

Ofthepolarizatiomvec七or・However）ifwehavetwoormoregraNitational1ylerLSedimages†   
thistermbecomesobservable（see§6．3）．  
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inparticular，LJisconstant，We航nd  

‘  

かβ（γ汗  P＝芋・f二  r2－γlO（ゼーγ⊥），  （6・52）  

whereLJH＝iiwiandO（e－γ⊥）isthestepfunctionsatisfyingO（x）＝1k）r諾≧O  

andO（x）＝0払rx＜0・Eq・（6・52）thusshowsthatPalwaysvanishesinthecase  

ofasphericaldarklens（Plebanski）・  

Asaconcreteexample，Wefirstestimateeq・（6・52）k）rthecaseofadeAector  

withconstantmassdensity，andfindthat  

4（封ば  
P＝ 

丁 山〟   

Next we consider the case ofadenectorwith spheroidalsymmetry．Itis  

interestingtoseewhethertherotation angleofthepolarizationplanevanishes  

or notin the darklens case．  

First，integratingeq．（6．51）withrespecttoxO，WeObtainthefo1lowingた）rm  

む・（軋一丸）   
P＝ 山〟一等山㌦3yβ（の  

＋新訂肋〟  

軋一丸Ⅰ2  

ぷ⊥・（む－む）  

（6・53）  

Ⅰ互一丸l2’   

0・0・ WhereyH＝i3yi，yl＝y3－yuiも・Thefirsttermisrelatedtothetotalmass  

Ofthede鮎ctor，andthesecondtermisgivenbyLJpFi・＆0／c，Where＆oisthe  

deAectionanglek）rthecasewhenthedeflectorisnotrotating・Thethirdterm  

COrreSPOndstowhatvanishesowlngtOSymmetryinthespherical1enscase・In  

Our CaSe WeeXPeCt thistermtogive anon－ZerO COntrib11tionto P（because  

P（丸，yH）≠p（丸，－yn）ingeneral）・  
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Letusdenotethethirdtermby  

－－●  

むガ，  （6．54）  

whereweassumethatt；isaconstantvectorandthatthedirectionofぷcoincides  

withthen。rmalofthespheroid．Ineq．（6．54），点isgivenby  

（軋一丸）  卓＝．トニ∴′，了   
lむ一丸12－   

The center ofthe spheroidis assumed to belocated at the orlgln Ofthe  

coordinatesystem（yl，y2，y3），Wherethedenectorhasthemassdistributionof  

spheroidalsymmetryglVenby  

β（α），α≦αmα∬，  

0，  α＞αm膵，  〈  

（6・55）  β（の＝  

（y3）2  

1－e2●   
α2＝（封1）2＋（y2）2＋  （6．56）  

Herewedenotethemaximumm鋸Or aXisofthedeflectorbyama3：andtheec－  

centricitybye・Furtheritisconvenienttointroduceanothercoordinatesystem  

†x⊥，y⊥，ZH），Whichisrelatedto‡yl，y2，y3）through  

yl＝諾⊥）  

y2＝ y⊥COS7－瑚Sln7，  

y3＝y⊥Sin7巾〟COS7・  

（6．57）  

Theserelationsindicatethattheyl－aXiscoincideswiththex⊥－aXisonthede－  

nectorplanedefinedinChapter2）andthatγistheanglebetweenthey3－aXis  

andthe抑aXis・tJsingeq・（6・57）wecanexpTeSSeq・（6・56）intermsofx⊥，y⊥and  
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Z〟aSた〉1lows  

2 
Z嘉  

e2sin7COS7  1－e2cos27  
α2＝諾1十  

2 
＝址！＋   

1－e2cos27  1－e2cos27  1－e2  

；ふ  

（6．58）   

1－e2cos27  

W。n。WeStimate点byusingeqs．（6．55）and（6．58）．SinceGisavectoron  

thedeAectorplane，WeCanintroducecomplexparametersナt，r⊥and77SuChthat  

γ＝∬∬一元ガy，γ⊥＝γガ⊥＋宜γy⊥， り＝諾⊥＋柑⊥■  

Then，71isexpressedasfbllows  

叙＝ル凍摘⊥豊，  （6．59）  

evaluationofwhichca．nbecarriedout bythemethod ofBourassa，Kantowski  

andNorton（1973）・   

Thespheroidisdividedintoashellwiththemajoraxisa（≦amw），andthe  

Shellisfurtherdividedintoanellipticalringwithzufixed・First，WeeValuate  

thecontributionナt，fromtheellipticalring，andnextintegrate7i，Withrespect  

tozHtOObtainthecontribution7isfromtheshell・Finallyweevaluate7iby  

integrating7tswithrespecttoa・  

aJrムeco雨ribution允・Om相月e勒珂caヱri苅g¶r   

TheellipticalringlSSpeCifiedby  

諾⊥＝WCOS¢，  

e2sin7COS7  
y⊥＝仁WSin¢－   Z〝，  1－e2cos27   

wherewisgivenineq．（6．58）andeisthee11ipticityofthering  

1－e2  
（6．60）   e ＝  

1－e2cos27■  
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Thus7i，isexpressedas   

2町  

筋＝叩（α）αdαdz〝Z〟 

／浩）  
O   

where  

（6．61）  

e2sin7COS7  
り＝ひCOS¢＋盲亡Sin¢一夏   

Theintegralineq・（6．61）isrewrittenas  

1－e2cos27  

2盲  

一1  

（6．62）  
γ⊥－り W（1＋e）  ほ－∈＋）（卜∈＿）’  

where  

（6・63）   

W（1＋e）  

Ⅵ毎separatetheintegrationineq．（6．62）intotwocases：thedarklenscase  

andthetransparentlenscase．Inthedarklenscase，71£dark）isexp，。SSedas  

2打叩（α）α血g〟dg〟  
扉（ft叫＝   

，  （6・64）  
り  

りつつ   ・・● 一   ・●●  ・●      1－e－COS－T  

becausefE－J≦1≦ほ＋l（AppendixA－（a））．Ontheotherhand，inthetranspar－  

entlenscase，Since匡士1≦1払rsomezH（AppendixA－（b）），71ranS・） is given 

aS  

舟肌） ，（g－＞g㌦Org㌦＜叫），  

0，  （g－≦z〟≦叫），  
光£frα肌）－  （6・65）   

where  

（1－e）（α一朝  eSln7  
ecos7（γy⊥）土  g土＝  

1－e2sin27  
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月i＝γ孟⊥＋  
γ⊥  

l－e2sin27  

b）rムeco再訂ibu七i皿舟omt最5ムeJJ裾タ  

（6・67）  

1－e2sin27tO  Nextweintegrateナ（rwithrespecttozp丘om－a  

1－e2sin27・Inthedarklenscase）WeObtain  

γ⊥ し′γ⊥＋αSinβ  

症嗣）＝2甘言√二言cot7β（α）α可2α－  ）］，（6・68）  1n（  
Sinβ【‾‾＼γ⊥－αSinβ  

where  

Sinβ≡；eSin7．  

Inthetransparentlens。aSe，71皇trans・） isglVenby  

叙皇血β・） ＝症嗣）一価e。OS7∽二手β（α）αdα  α2一月iO（α一月⊥）  

A⊥＋tanβ  
＋2町立∈COt7γ⊥β（α）α山n 

（  
）0（α－舶  

α2一β1  A⊥－t孔nβ  

（6．69）  

where  

A⊥≡COt紳小為）・  

C）rムeわね用  

Finallyweintegrate71swithrespecttoa，therebyobtainlng71forthetwo  

Ca5eS：  

inthedarklenscase，  

γ⊥ αmα∬ ／dα勅1n（  

β⊥  

2打：t－e2  γ⊥＋αSinβ  
冗（摘）＝五cot7［〟－   

γ⊥－αSinβ   Sinβ  

c2 盲cot7［〟＋諮r⊥軒た）］  
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inthetransparentlenscaseweobtain7t   

αmα∬  

冗（血）＝酔たL加古ecos7市／β（叫α  

月⊥  

α2一月iO（αmα£一月⊥）  

αmα∬  

＋2打五∈叫γ⊥／β（α匝1n（  

β⊥   

A⊥＋tanβ  

）叫mα∬－鋸・  
α2一月ま  A⊥－tanβ  

（6・71）   

Thecontributionfrom7tto therotationangleofthepolarizationplaneis  

thusgivenbyeq．（6・54）inourcomplexrepresentationas：  

筈む巌筈［山⊥∬叫叫刊⊥y叫叫  

叫⊥叫，  
Wheret；⊥inourcoordinatesystem（x⊥，y⊥，Zn）isexpressedby  

ぷ⊥＝（0，山Sinっ′，0），山⊥＝古山Sin7．   

Inthedarklenscaseeq・（6・72）isreducedtotheform  

（6て2）  

→  

ニーj＝－  ［竿  
山COS7   

＋叫⊥軒判   （6．73）  

Ⅵ毎thusfind thatin thedarklenscase P vanishes．  

Inthetransparentlenscase，Ontheotherhand，WeObtainthefo1lowlngP：  

1   ＿ ′A⊥＋tanβ  

）（6・74）  
トe2cos27＼A⊥－tanβ  

1＿ ′A⊥＋   
）〉川0（αmα∬一鋸・   

Itisclear，Ofcourse，thateq・（6・74）coincideswitheq．（6．52）inthelimite→0．  
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InAppendixB，WeglVetheresultsfbrtwosimplecasesofmassdistributionwith  

spheroidalsymmetry・  

Asmentionedabove，therotationangleofthepolarizationplanevanishesin  

the darklens case not only with sphericalsymmetry but alsowithspheroidal  

symmetry．Wehavepresentedtheextendedformulaeq．（6・74）fbrthecaseofa  

transparent lens with spheroidal symmetry. 

It seems to us to be miraculous that P vanishesforthe case ofspheroidal  

darklens，and makes uswonder whetherthisisindeed amiracle・In thenext  

section，WediscusstheproblemofwhetherPfbrthecasesofthegeneraldark  

lens vanishes or not．  

6．3 DISCUSSION   

Therotationangle ofthepolarizationplaneduringlightpropagationwith  

respecttoanimage（e・g・A）isgivenbyeq・（6・51），i・e・，  

00 ア＝一言航c／ゐ0∂抽0，γユA＋醐芸・  
－Cく）  

wheref左andriAareCharacteristicparametersofanullgeodesic（Ci‡・Inpar－  

ticularむAisthepositionofimageAonthedenectorplane・Sincethedirection  

oftheinitialpolarizationisnotobservable，PAisnotobservableeithersofaras  

weareobservlngOnlyoneimageA・However）thediqtrencesareobservablebe－  

tweentherotationanglesofthepolarizationplanesofmultipleimagesproduced  

bythegravitationallensefFect・Inthissectionwediscussthisdi鮎rencebetween  

therotationangleofthepolarizationplaneofimageAandthecorresponding  

angleofimageB・  
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Tothisendletusdenotethisdi鮎renceby△P，i．e．，   

△P＝j㌔一指  
∞   

一言亡瓜イ呵鼠触cα（鵜A＋舶）一言拗んcα（軌β＋叫・  
一0〇  

（6・75）  

Here the gravitational航elds are assumed tobe static orstationary．Oncewe  

Choosetheharmoniccoordinategaugeandusethepost－Newtonianapproxima－  

tion，WeCanreduceeq・（6・75）tothe払1lowingform：  

△P＝一言eαイd棚d（岬））・喜eαイぬ肋0（岬））  
CA  Cβ  

（6・76）  

妄∈αゐダ  dが∂ムんd（が（諾0）），   ∈αゐ  

C   

Where（C）isaclosedloopsuchthat（C）＝（Ci）－（Cb）．Fromeq．（6．76）and  

Stokes’theorem，eq・（6・76）canberewrittenas  

△P＝一拍瑚∂占ん的－△んα0）  

空Jα0，  
（6・77）  

WhereSisthesurfacewithboundary（C）andR。OtheRiccitensor（W占inberg  

1972）・ThenEinstein，s鮎1dequationyields，  

△P＝ 顎瑞0  

巴顎榊）・  

（6・78）  

Hereafterletusrestrictourselvestothedarklenscase．Ifwecanchoosethe  

SurfaceSsothatpvanisheseverywhereonS，△Pwi11alwaysvanish・Nowwe  
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showthatScaninfactbechosenquite血・eely．ConsidertwosurfacesSlandS2  

sharingthesameboundary（C）・Thedifferencebetween△P’sestimatedonSl  

andonS2isglVenby  

△脅1－△苺2＝撃と榊），  （6・79）  

wIlere∂V＝gl－ぶ2．   

摘1一鍋2＝筈ケ∂刷，  （6・80）  

witllVbeingthevolumesurroundedbytwosurfacesSlandS2・Fromthemass  

conservationlaw，Wefind  

∂。（βUα）＝－∂岬＝0，   

whence△苺1＝△Ps2・Thiscompletestheproofthat，inthedarklenscase  

with staticorstationaryweakgravitationalfields，thedi鮎rencebetween the  

rotationanglesofthepolarizationplanesoftherespectiveimagesvanishesinour  

approximation．  

Inthisconnection，WemuStnOtice，however，thatineq．（6．75）iadxOcannot  

bereducedtodxawhenthegravitationalReldsdependonxOexplicitlyasinthe  

caseofthegravitationalAeldsinducedbybinarystars・Insuchcasesweexpect  

△P tobenon－ZerOeVen fbrthedarklenscase．  

FinallyletusevaluatethetyplCaldimensionofP．Firstweconsiderthecase  

ofatypICalgalaxywithrotationalvelocityv9aE～102［km／s］）radiusa9aE～1017〔km］，  

andmassMi。L～1012Mb・Fromeq・（6・52），Wefind  

吊。J～H「3［arcsec】・   

Nextweevaluatethesamequantitybut正〉ratyPicalclusterofgalaxieswith  

rotationalvelocityv。Z～103［km／s］，radiusacz～1019［km］，andmass脇～1015Mo，  
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tofindthattherotationangleis  

島J～0．1［arcsec］．   

Besidestherotationofthepolarizationplaneduetothegravitational1ens  

e鮎ct，therotationinquestioniscausedalsobymagnetic鮎1dsingalaxiesorin  

intergalacticmatters（Faradayrotation）・However，itispossibletodistinguish  

thecontribution丘omthetwoe∬ectsinviewofthefactthatthelatterispropor－  

tionalto入2thesquareofthewavelength・Thusintherotationangle一入2diagram  

therotationdueonlytothegravitationallense鮎ctisexhibitedat入＝0．  

Therotationat入＝OwasinfactmeasuredforthetwinquasarO957＋561  

byVLAobservation（Greenfield eL a］・1985）．Inthisobservation，△Pwas  

estimated as  

△P＝0．20土1．40．  

This value coincides，Within error，With the aboveestimationforthetypICal  

Clusterofgalaxies・Ontheotherhand，inGreenfield eiaI・，sobservation，their  

erroristoolargetodecidewhether△PisindeedduetothegravitationalFaraday  

e鮎ct．WeexpectthatmoreaccurateobservationsofO957＋561willindicate a  

non－ZerO Value of△P．  
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7．GravitationalLensE鮎ct  

ontheRedshift－VolumeMeasurement   

Oneofthelong－Standingproblemsinwhichmanyastronomerandphysicists  

havebeeninterestediswhethertheUniverseisopen，Aatorclosed，namely，What  

valuethedensityparameter（00）takes？Thisproblemisassociatedwithmostof  

astrophysicalorcosmophysicalproblemssuchasgalaxyformation）nOn－uni払rm  

motionsofgalaxieseic・・ManypeoplewhoaccepttheinAationaryuniverseseem  

topreferno＝1toothervalues，Whilemostobservationsofr之oshowlowervalues・   

RecentlyLohandSpillar（1986），however，Obtainedtheredshiftsofathou－  

sandofgalaxiesnotbythespectroscopICmethodbutbythephotometricmethod）  

theirobservedfhxebeinggreaterthansomethresholdvalueeo・Theythenes－  

timatedthedensityparameterasnoた；1・Intheiranalysistheyassumedthat  

thenumberofgalaxiesareconservedandthatallgalaxiesevoIvebythesame  

amountinluminosity  

Ontheotherhand，Bahcallandnemaine（1988），Caditz andPetrosian  

（1989），and YoshiiandTakahara（1989）reanalyzedLohandSpillar’sda七a  

withoutmakingLohandSpillar’ssecondassumption・Theyfbundthattheevo－  

1utionofgalaxies a鮎ctsthevalue ofthedensityparameterandshowed that  

no；t30．2，Whichiscomparablewiththevaluedeterminedbyotherobservations・  

Intheirarguments，theaboveauthorsassumedimplicitlythattheUniverse  

inthescaleofz～1isdescribedbytheFtiedmann－Robertson－Walkeruniverse  

（hereaftertobeabbreviatedasFRWuniverse）inwhichtheUniverseisfi11ed  

withisotropICandhomogeneousperfbct且uid，andadoptedMattig’sformulafbr  

theredshifトangulardiameterdistancerelation・  

Recentlyithasbeenfound，however，thattheUniversehaslargeinhomo－  

geneitiesinthescale30～50［Mpc］concernlnggalaxy－distribution，andmoreover  

hasvoidsextendingover50［Mpc］．Obviously，SuChanewsituationdoesnotpermit  

ustoadoptMattig’sformulaeanylonger・  
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Thatis to say，We have now to takeinto accountinhomogeneities，Which  

maycause thegravitationallense鮎ct fbrpropagatinglight beams．Hammer  

andNotta・1e（1986）investigatedthegravitationalamplificationeff6ct，dueto  

hregroundgalaxies，OntheHubblediagram，Withtheconclusionthatthiseqect  

decreasesthevalueofthedecelerationparameterqo．  

Inourpaperweadopttheclumpyuniversemodel，PrOPOSedbyDyerand  

Roeder（1972），aS a POSSibly more realistic universe modelthan the FRW  

universe・Thusin our case，allmatters aresupposed to be concentratedinto  

Clumpssuchasgalaxies，WhiletheglobalstructureoftheUniverseisassumedto  

bedescribedbytheFRWuniverse・Thelightemitted丘omasourcepropagates  

intheemptyspacetobereceivedbytheobserver・Inthewayofthepropagation  

thelightbeamsmaysu鮎rthegravitationalampli丘catione∬ect血・Omtheclumps．  

Sincealltheclumpsareassumedtobeunibrmlydistributed，WehaNetOtreat  

theirgravitationalampliRcatione鮎ctstatistically・  

Inthischapter）WeWilldiscussthegravitationalampliRcatione鮎ctonthe  

redshift－VOlumemeasurement，Whichisoneofthegeometricaltestsofrlo．First  

in§7・1wepresent afbrmulationofstatisticalgraJVitationallense鮎ct on且ux  

moments・Inthenextsection（§7・2），Onthebasisofourfbrmulation，WeWill  

investigate howdeeply thegravitationalamPliRcation e鮎ctinnuencesonthe  

measurementofOo．Ourresultsaresummarizedinthelastsection．  

7．1 GENERAL FoRMUI，ATION OF THE FI，UX MoMENTS  

UNDER THE GRAVITATIONAI，LENS EFFECT  

Inthissectionwefirstintroduce，fo1lowingCaditzandPetrosian（1989），the  

kthfhxmomentintheFRⅣuniverse．Nextweextendthefhxmomentsthus  

ObtainedtothoseinouruniverSemOdelmentionedabove．  

ThekthAuxmomentobtainablef上omthoseobservationsofgalaxiesinwhich  

theobserved且uxise＞eoandtheredshiftiswithintheinterval  
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［zo－△z／2，Zo＋△z／2】isdefinedas：  

M刷＝偏（た＝0，1，2…）・ （7・1）  

ItdependsonthecosmologlCalparametersandontheluminosityfunctionwhich  

glVeSinfbrmationaboutthebrightnessdistributionofgalaxies．Ifthekthfhx  

moment has n unknown parameterssuch asthedensityparameterorthecos－  

mologlCalconstant，WeCandeterminetheaboveparameters丘omtheGrstnnux  

moments．Forexample，Whenwehavetwounknownparametersinthefluxmo－  

ment，WehaveonlytoconsidertheOthmoment（thenumbercountsofgalaxies‥  

N）andthelstmoment（thetotalfhx丘omobservedgalaxiesbrighterthanthe  

minimum且ux現‥ダ／ゼ0）・   

Bebrederivingthefluxmomentsinouruniversemodelwe鮎streviewthose  

inthe FRWuniverse．Themetricand thevolumeelement ofthe FRWuniverse  

areglVenby  

dβ2＝C2蛮2一坤）［  ＋γ2（舶2＋sin2β叫， （7・2）  

and  

兄3γ2か  
dV＝   Sinβdβd¢  

：Ⅰ－ムー・2  

（7・3）  
3   c、3上）2（z）dzsin鋸肌柑  

（÷）                 ＼H 

o′ （1＋z）x（z） 
’  

WhereD（z）istheangulardiameterdistance（seeAppendixC－（a））whichis  

measuredinunitsof（一缶）・Thex（z）in（7・3）isgivenby  

Ⅹ（z）＝  no（1＋z）3＋lo－∬（1＋z）2，  

WheretheHubbleconstantisexpressedasⅡ0＝（1UR）0，thecosmologicalcon－  

StantaS入0＝Aoc2／31Io2，thedensityparameterasno＝8打Gpo／3Ho2，thee鮎c－  

tivecurvatureasK＝no＋入0－1andthedecelerationparameteras  

恥＝－（月月／属2）0．  
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In（7－1）thenumberofgalaxieswiththeobservedfhx［e，e＋de］atredshift  

［z，Z＋dz］isexpressed，intermsoftheintrinsicluminosityLofthesource，aS  

c、3◎（z，エ）が（z）  
氾（z，ゼ）dzdゼ＝（÷）3 H （7．4）  dzんd上，   

o′（1＋z）x（z）  

where◎（z，L）iscalledthe“1uminosityfunction”whichmustbedeterminedby  

Observations andrepresentsthenumberdensityofgalaxieswithredshift zand  

L．TheluminosityrelationbetweentheobservedfhxandLisglVenby  

（7．5）  ゼ＝  

如（竜）2β2（z）（1＋z）3  

Witheqs・（7・3）－（7・5）wecanexpressthekthAuxmoment（7・1）as  

′2 

晰）＝ 
E 

∞ ／（孟）烏略糊（7・6）  

エ0  

が（z、）  
（1＋z）x（z）  

where上0＝如（競）2（1＋z）3坤）恥   

Theluminosityfunction缶（z，L）ofgalaxiescanbedeterminedfromsurveys  

払rredshifts，luminositiesandthenumberofgalaxieswithlowredshiftsz≪1，  

andisshowntobeRttedwellwiththeSchechterfbrm（Schechter1976，Felten  

1985，E臨tathioueia［・1988andLapparenteial．1989）givenby  

缶（z）堰＝（1・押（嘉）αexpト去］碩）， （7・7）  

Where¢＊，αandL＊aretobeobservationallydetermined．Nowletusassume，  

払1lowingLohandSpillar（1986），that¢＊，αandL＊havenegligibledependences  

bothonredshiftsandongalaxy－tyPeS・  
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Thenthekth且uxmomentwiththeSchechterform（7・7）isgivenby  

Mん（zo，gO）＝（忘）3舶z血折狛0）帥0柘た，  

where  

（7．8）  

が（z）（1十Z）2  

と（z）＝  

z2x（z） 
’  

Eo＋△ヱ／2  

が（z）（1十Z）3  

（呈慧）3た‾2（豊）2た‾も 
（α＋…；  

dzx（zo）  

△zx（z）  ／   
G以諾0）  諾0），  

刀2（zo）（1＋zo）3  

Zo－△z／2  

如（竜）2が（zo）（1＋zo）3ゼ0  
諾0＝  

エ＊  

IntheaboveequationsE（z）representsthedeviationofthevolumeelementhlOm  

（競）3z2△z，andr（a；X）istheincompletegammafunctiondefinedby  

00  

dfexp（一押付  r（α；諾）＝  
（7・9）  

BydeterminingthedependenceofEonthecosmologicalparameters血・OmObser－  

Vations，WeCandeterminethegeometryoftheUniverse．   

Nextweestimatethekthfhxmomentintheclumpyuniversemodel（Dyer＆  

Roeder1972）whichispossiblyarealisticmodeloftheinhomogeneousuniverse．  

InsodoingweassumethattheUniverseisdescribedgloballybytheFRWuni－  

VerSe，andlocallybytheclumpyuniverseinwhichallmattersareconcentrated  

intoclumps・Thelightwhichpassesnearaclumpmaysufferthegravitational  

ampliRcatione鮎ctfromtheclump・W占canthere丘）reregardsuchaclumpasa  

gravitationallensobject・MostoftheequationsderivedfortheFRWuniverse，  

excepttheluminosityrelation，Canbeusedinouruniverseherewellas．  

Intheclumpyuniversetheluminosityrelationmustbemodifiedasfbllows：  

Sincethelightmostlypropagatesnotthroughthespacewiththemeandensity  
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oftheUniversebutinalmostemptyspace，theangulardiameterdistanceinthe  

clumpyuniversedi鮎rs丘omthatinthehomogeneousuniverse・DyerandRoeder  

showedthattheangulardiameterdistanceb（z）inunitsof（＃）isgivenby  

dz  
（7．10）  β（z）＝   

（1＋z）2x（z）’   

（seeAppendixC－（b））・   

Itis to be noticed here that we are concernedwith two kinds ofangular  

diameterdista，nCe～D（z）andjう（z）．The払rmerappearsinthevolumeelement  

oftheUniverse，becausetheUniverseis assumedtobegloba11yhomogeneous・  

Ontheotherhand，thelatterhastobeusedintheluminosityfunctionbecause  

thelightpropagatesthroughthespacewithsparsematters・   

Supposethatthelightpassesnearaclump，andisbrightenedbyafactorFL  

owlngtOthegravitationalamplificatione鮎ct・Theluminosityrelationisthen  

given by 

／上エ  

（7．11）  ゼ＝   

如（競）2カ2（z）（1＋z）3’   

whereListheintrinsicluminosityofthesourcecorrespondingtotheobserved  

fluxeintheinhomogeneousuniverse．   

Withtheluminosityrelation（7．11），thenumberofgalaxieswithobserved  

Aux［e，e＋de］withintheredshiftinterval［z，Z＋dz］isgivenby  

3上）2（z）血dzdヱ  

如（z，〃）缶（z，£），  （7．12）  苑（z，ゼ）dzdゼ＝   
（1＋z）x（z）  

wherep（z，FL）istheprobabilitydistributionforthecasewhenlightsarebrightened  

byafactorpowingtothegravitationalamplificationef艶ct．Ineq．（7．12）pois  

theminimumamplificationfactor，tObedefinedlater．  
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Thenthekthfluxmomentintheinhomogeneousuniverseisexpressedas  

和＋△z／2  

）  

c、3 上）2（z）  
転帰＝／dz（・  

ヱ0－△E／2  

Ho′（1＋z）x（z）  

（7．13）  

｛
 
 

∞
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玩
 
 

〉た姉丘），   ～
刀
 
 

2
 
 汀

 
 
 

4
 
 

2（z）（1＋z）3ゼ0  

whereFLLo＝血（1＋z）3jう2（z）eo．WeadopttheSchechterform（7．7）asthe  

luminosityfunction，therebyobtainlngMkaSfo1lows，  

舶zo，瑚＝（）3舶z血相0）締0柘た， （7・14）  

where  

Zo＋△z／2   

；票）3た‾2籍（  
（  

史て（zo）  

△zx（z）  
姑義0）イ  

Zo－△z／2   
（7・15）  

∞  

イ如妬）r（α＋帰吉（‡藷3   
〝0  

が（z）  

頼0）），   

and  

如（竜）2が（zo）（1＋zo）3ゼ0  
義0（zo）＝  （7・16）   

上＊  

Finallywehavetodefinetheprobabilitydistributionp（z，〃），Whichdepends  

Onthedistributionofgalaxiesintheinhomogeneousuniverseandalsoonthetype  

Ofclumpmodelsemployedasgravitationallenses・Theformofp（z，FL）hasbeen  

discussedbyma，nyauthors（Press＆Gunn1973，W占inberg1976，Canizares1981，  

Vietri＆＝Ostriker1983，Peacock1986，Ehlers＆：Schneider1986，andIssacson＆  

Canizares1989）．  
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WereviewthederivationoftheprobabilitydistributioninAppendixD．Let  

usassumethattheclumpswhich act asgravitationallensesareuniformlydis－  

tributedintheinhomogeneousumiverse，andthatalltheclumpshavepoint－1ike  

StruCtureS・TheprobabilitydistributionisthenglVenby  

3no jう（zs）  （1＋zL）2が（礼）∂sL  
p（zs，〃）＝  （7．17）  

x（zL）カ（zL） 

’   

（〃2－1）3  

（Ehlers＆Schneider1986），WherezLandzsaretheredshiftsoftheclumpacting  

asagravitationa11ensandofthegalaxy（source）ofthelight，reSPeCtively．In  

（7．17）bLSistheangulardiameterdistancek）rmthesourcetoaclumpandis  

given，inunitsof（一缶），by  

dz  
カsL（zL，Zs）＝（1＋zL）  （7．18）  

（1＋z）2x（z）－  

From（7・15）and（7・18），Wehave  

紘義0）＝3no 

Zo－△z／2  

Zo＋△E／2 ／蓋豊（豊）3ん‾2芸掛  

＋zL）2上）2（zL）カsL（zL，Zs）  ■
 
 
 
 
一
■
、
 
 
 
 
O
 
J
「
ノ
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イ
ノ
〝
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み
 
 
 

（7．19）   

x（zL）カ（軋）  

（zs）  

β2（zo）  r（α＋叫吉（話芸）3  （〃2－1）3   

SincetheUniverseisassumedtobedescribedgloba11ybytheFRWuniverse，  

itisrequiredthattheluminosityrelationofthepresentcase）OnaVerage）muSt  

bethesameasthatinthecaseoftheFRWuniverse・Thisimposesthefo1lowlng  
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constraint：  
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2・e・】   

Cく）     志／押（zs湖＝読訂，  
〃o  

h・OmWhichpo（zs）isfoundtobe  

（7・20）  

Es  

舶＝1＋［忍（dzL  
（1＋zL）2上）2（zL）カsL（zいZs）  

］2・ 

（7・21）  

x（礼）カ（zL）  

ItisreasonablethatthelowerlimitFLoOftheamplificationfactorFLislargerthan  

unitybecausepisthetotalamplificationfactorofthosetwoimagesproducedby  

POint－1ikelenseswhichareassumedtobetooclosetobeseparated．   

Now，from（7．14），（7．19）and（7．21）wehavethefu11f血mulationof由鳥．In  

thenextsectionwereanalyzeLoh－Spillar，sdatabyuslngMk  

7．2 REANALYSIS OF LoH－SpILLAR）s OBSER〃ATIONAL DATA  

AccordingtoLohandSpillar（1986），andCaditzandPetrosi乱n（1989），  

theratiosCk（zo，eO）intheinhomogeneousuniversecanbede魚nedas  

軋（恥ゼ0）  
Cた（zo，gO）＝   （7・22）  

軋＿1（恥ゼ。）   

The abovedimensionless quantities can beobtainedfrom observations．From  

（7・14），Ckisrewrittenas  

Gた（恥翫，舅）  
Cた（恥go）＝   （五＝1，2，…），   （7．23）  

毎∂鳥＿1（恥義0，G）  

Whereq’s（i＝1，2，・・・）arethecosmologicalparameters andthe parame七ers  
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Whichappearintheexpressionfortheluminosityfunction．Ifwehaveasu餓cient  

numberofobservedCk，s，WeCandeterminetheseparametersfrom（7・23）・   

LohandSpillar（1986）measuredthefirsttwofluxmomentswithinthree  

redshiftbinshavingwidth△zcenteredatzo（＝0．25，0．50andO．75）．Theyfbund  

r20～1assumlngthatthelightpropagatesintheFRWuniversewithout入oand  

thatthepower－1awindexαintheluminosityfunction缶（z，L）isindependentof  

redshiftsandgalaxy－tyPeS・Thefirsttwo且uxmomentsdeterminetheBrstratio  

CIWhichtheycalledthe“completeness”：Thequantityrepresentsthemeasure  

Ofhowdeeplyobservationswerecarriedout．  

Nowwe willreanalyzeLoh－Spillar’s observationaldata by uslng Mk．Al－  

thoughLohandSpillardidnotgivethevaluesofCleXPlicitlyintheirpaper，We  

Candeterminethesevalueswiththeirdataonxo（zo）asCl＝2．94，2．87and2．10  

atzo＝0．25，0．50andO．75，reSPeCtively．  

Nextwehavetodeterminethevalueofαin申（z，L）．FollowingEfbtathiou  

eia［・（1988），Weadopttheirvalueα＝－1．07insteadofα＝－1．25used by  

LohandSpillar．Thedependenceofthefinalresultsonthechoiceofαwi11be  

discussedbelow．  

Inordertocomparethe且uxmomentsinwhichthegravitationalamplification  

istakenintoaccoumtWiththoseintheFRWuniverse，WeCalculate7fbrthesame  

valuesofCl，theratioeo／Go，Whichisindependento岬andL＊．Fig．7．1is払r  

thedependenceof60／Goonthevalueofno，andshowsthatthegravitational  

amplificatione鮎ctonthenumbercountsNofgalaxiescannotbeignored・The  

deviationof60／Gofromunityincreasesasredshiftofthesourceoflightbecomes  

large，Sincetheprobabilityfunctionshowsthesamebehavior，thatis，thechances  

that thelightisgravitational1y amplifiedincreaseasthedistancebetweenthe  

SOurCeOflightsandourselvesbecomeslarge．   

IJetuSnOWeValuatenoand¢＊，aSSumingthat入0＝0（i・e・，nO＝2qo），inthe  

CaSeSOftheFRWuniverseandoftheclumpyuniversemodel：thisisnecessary  

becauseourchoiceofαisdi鮎rent丘omLohandSpillar）s・Weassumemoreover  
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Table7・1noand¢＊：theFRWuniversevs・theinhomogeneousuniverse  

1）Ho＝100ん匹mノsMpc】・  

thattheparametersintheluminosityfunctionareindependentofredshift and  

galaxy－typeS．TheresultsareglVeninTable7．1．  

ItshouldbenoticedthatourvalueofOointheFRWuniverseislargerth  

the corresponding value ofLoh and Spillar．This shows that the value ofOo  

dependsonthechoiceofα  

Wefindthattheval11eOfnointheinhomogeneousuniverseissma11erthan  

thatintheFⅣⅣuniverse・Itshouldbeemphasizedthatwhenthegravitational  

lenseffectistakenintoaccountfbrtheredshift－VOlumemeasurementthevalueof  

Ooisdecreased，aSIIammerandNottale（1986）showedontheHubblediagram．  

7．3 DISCUSSION AND SuMMARY   

Wehavediscussedthein且uenceofthegravitationalampliAcatione仔占ct on  

LohandSpillar’sredshift－VOlumemeasurement andhaveshownthatthise仔ect  

decreasesthevalueofno・Thisresultclearlyindicatesthatwemustnotignore  

thegravitationallense鮎ctwhendeterminlngthecosmologlCalparameters・  

ByusingLohandSpillar’sunpublisheddata，CaditzandPetrosian（1989）  

estimatedthefirstthreefluxmomentsintheFRWuniverseandsuggestedthat  

thepower－1awindexαintheluminosityfunctiondependsonredshiftzo．Onthe  

Otherha叫Bahcal1andTtemaine（1988），andYbshiiandTakahara（1989）  

Showedthatthevalueofnoisdependentontypesofgalaxiesconsideredin◎．  
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In theprevioussections，Wehavenottakeninto account the evolutionary  

e鮎ctsandhaverestrictedourselvestodiscussionofthein鮎enceofthegrav－  

itationalamplification e鮎ct on the redshift－VOlume measurement．01ユr reSult  

Shows thatin ordertoobtain areliable valueofno血・Om Observation wehave  

to takeinto account not only theevolutionaryeffectsofgalaxiesbut alsothe  

gravitationalampli航catione翫ct・  

As discussedby Press and Gunn（1973）and others，the approximation  

ofpoint－1ikelensesisverygood払rclumpswithmass≦106M。．Ifclumps  

aregalaxies，OurapprOXimation）however，isnotalwaysgood｝andsomebetter  

approximations払rlensesareneeded・Atanyrateitisimportan七toinvestigate  

thedependenceofno ontypesoflensmodelsemployed，andthisisoneofour  

futureproblems．  

102   



8．Summary  

Inthisthesiswehavediscussedvariousproblemsconcernlngthegravitational  

1enseffects・InthischapterwewillsummarizeourresultsofChapter4－  

Chapter7．  

InChapter4wehavediscussedthemultiplequasarll15＋080regardingasa  

multiple－imagesystem・Tbspecifythedeflectorofthesystem，Wehaveadopted  

thedarklensmodelwithdipoleandquadrupolemoments・Theparameterscon－  

tainedinourmodelhavebeenfixedbysubstitutingobserveddata（i．e．positions  

Ofthede鮎ctorandimagesAl，BandC）intothelensequation．In丘Ⅹingthese  

ParameterSWedidnotuseobservednuxratiosbetweentheimages・Thecalcu－  

1atedluminosityratiosneednotnecessarilycoincidewithobserveddata，because  

theintrinsicluminosityofthesourcemayevoIvewithtime・FromthesefiⅩedpa－  

rameterswecanfurtherpredicttheexistenceofanewimage（thefifthimage）  

althoughitmaybedi用・CulttoobservetheimagebecauseOfitsfaintness．   

Wehaveevaluatedthetraveltimedi触encesbetweentheimages，andk）und  

tha七ourestimationiscompatiblewithVanderriesteiaI．，svalues（1986）．From  

OureStimationwecanconcludethattheintrinsicluminosityofthelightsource  

hastimeevolution．  

Further｝WehaveevaluatedthemassofthedenectoruslngtWOmethods：the  

methodproposedbyBorgeest（1986）andtheoneproposedbyourselves．In  

Ourmethod，itispossibletojudgewhetherthedenectormodelemployedisvalid  

OrnOt bycomparlngtheobservedtraveltimedi鮎renceswithcalculatedones，  

WhereasthisisnotthecasewithBorgeest，smethod・Ftomestimationswithboth  

methodswehavefoundthatthedenectorhasthemassofatypICalgalaxy・This  

fact may appear not to beconsistent with Christian ela［．，s observation．We  

Shouldsay，however，thatrichnessofmuchfaintordarkmattersinthedeflector  

isresponsiblefortheaboveapparentdiscrepancy・Furthermore，COmbiningour  

massestimationsbythetwomethods，Wek）undthataconstraintisimposedon  

theHubbleconstantHo．  
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InChapter5，Wehavepointedoutthatapparentsuperluminalmotionsare  

POSSibleinagravitationa11ylensedsystem・Ourconclusionisthat，ifthesource  

PaSSeSnearOneOfthecausticsonthesourceplane，howevernormallythesource  

maymove，SOmeimagesappeartoustobemovlngaWayfromeachotherwith  

apparentsuperluminalvelocities．Wetlmsexpectthatthereisapossibilityofob－  

SerVlngaPParentSuPerluminalmotionsinthegravitational1enssysteminwhich  

thebrightimageshavesmal1separations丘omeachother，aSinthecaseofimages  

AlandA20fsystem1115＋080．  

InChapter6therotationofthepolarizationplanebyaweakgravitational  

fieldis discussed・First we have constructed the parallelpropagator fbr the  

POlarizationvectorintermsofanulltetradinthepost－Newtonianapproximation．  

NextwehaveextendedtheformulagivenbyPlebanski（1961）払raspherical  

de月．ectortothecaseofaspheroidalde且ector．Itisthenfoundthatnorotationof  

thepolarizationplaneoccursinthecaseofanyspheroidaldarklens，aSPlebanski  

SuggeSted払rthecaseofasphericaldeflector．Itcanbeprovedthatthedi鮎rence  

betweentherotation anglesofthepolarizationplanesisabsentin thegeneral  

CaSeOfdarklensifthegravitationalfieldisweakandstationary．  

InChapter7wehaveinvestigatedtheinfluenceofthegravitationallense仔ect  

Ontheredshift－VOlumemeasurementofthedensityparameterno，andgiven a  

generalた）rmulaforthekth且uxmomentintheclumpyuniversemodelrepresenト  

1ngtheinhomogeneousuniverse・Inthiscaseinhomogeneitiesareregardedas  

gravitationallensobjectswhichamplibTthenuxoflights，andtheyaretreated  

Statistica11y・InsodoingwehaveadoptedtheprobabilityfunctionglVenbyEhlers  

andSchneider（1986）・Itistherebyた〉undthatthegravitationalampli五cation  

e鮎ctontheredshifトvolumemeasurementisnotnegligible，andthattheeffect  

infactdecreasesr】0，aSHammerandNottale（1986）pointedoutinconnection  

WiththeHubblediagram．  

Fina11ywewishtoemphasizethatthegravitationallense鮎ctdoesinfact  

PrOVideuswithagoodtool払rinvestigatingdarkmatters】intergalacticmatters，  
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Ly－αfbrests and others．At any rate，itis trueindeed that no astronomical  

observations can be丘ee丘om thise∬らct．  
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APPENDIXA  

Estimationof匡土l   

In this appendix we willestimatelE士Iwhichisgiven by eq・（5・66）andto  

Satisfytheequation  

盲e2sin7COS7  
可1＋e）ど2－2（γ⊥＋   z11）ど＋w（トe）＝0・  （Al）  

1－e2cos2γ  

Then［ど＋しIissmallerthanunitybecauseof  

l刷＝l㌫卜  

Itた）1lows血・OmtheaboverelationthateitherE＋OrE－isintheunitcircleEEI＝1．  

InintroducingtworealparametersXandYandonecomplexぐsuchthat  

e2sin7COS7  
珊，ぐ＝ズ＋吏㌢   （A2）  ズ＝γ∬⊥） y＝γy⊥＋  

1－e2cos27  

WeCaneXPreSSどj＝aS  

ぐ2－ひ2（1－e2）  
∈士＝  

ひ（1＋亡）  

ぐ＋A士＋去月士  
（A3）  

W（1＋亡）’   

where  

A士＝  

土sgn（X）  （ズ2－y2t Ⅷ2（ト亡2））2＋4ガ2y2＋ズ2－y2－ひ2（1一亡2）］，  

（A4）  

月土＝  

士sgn（y）  （芳2－y2 －Ⅷ2（トe2））2＋4ズ2y2一方2＋y2＋ひ2（ト∈2）］・  

（A5）  

107   



a）hlthedarklellSCaSe   

Inthedarklenscasearbitrarywsatisfies  

ひ2＜糾，  
（A6）  

Whichistheconditionforthedarklens・Fromrelation（A6），Wefindthat  

A主≧亡2ズ2，  

夷≧Ⅷ2一方2，  

（A＋ズ＋月＋y）≧∈W2・   

ThiscompletestheproofofIE＋l2≧1．   

（A7）  

り血t最f∫a封印are扇J餌5Caβe   

Inthetransparentlenscasetheconditiontobesatisfiedis：forsomew，  

w2＞糾・  

Wecanthusshowthatlf土Ⅰ≦1forsomew，because  

A主≦e2ズ2，  

β呈≦Ⅷ2一方2，  

（A＋ズ＋β＋y）≦fひ2，   

andほ＋l≧は＿ト  

（A8）  

（A9）   
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APPENDIXB  

EvaluationsofRotationAngles払rSimpleDe且ectormodels  

Inthisappendixwegive可〕andP，de£nedineqs・（5・56）and（5・77），reSPeC－  

tively，払rtwosimpleexamplesofmassdensitiesdistributionofade且ectorwith  

spheroidalsymmetry・Weintroducetheた）llowlngparameterS‥  

ト 
， 

（Bl）  

A⊥  
り＝－  aIld ∂＝  

αm  

αmSinβ  

ど＝   

γ⊥  

where amisthe maJOr radius ofthe deflector beyond which the massdensity  

Vanishes，and  

sinβ＝eSin7，A⊥＝COtβ（rci・封andBi＝r孟⊥＋嘉  
Ausefu1relationamongtheaboveparametersis  

ぞ‾2＋り2－∂2＝1，  （B2）  

（Bourassa＆Kantowski1975）．  

a）β＝Co陀βね和才  

（α≦αm），  

（α＞αm），   
（B3）  

whereMandvmarethetotalmassandtheaxialratioofthedeAector，  

respectively．  

Thedeflectionangle司〕ObtainedbyignorlngthedeAectorrotationwasglVen  
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byBⅨas：  

α0＝＝－  
い
 n

 

l
 
 
r
 
 

l
 
 

（
 
 
 

＋
 
 

2
一
亡
ゝ
 
 
 

卜
 
 

3G〟  

c2αmSinβ  
（B4）  

ー（2り叫1－き叫号等〉0（αm一叫  

andtherotationanglePofthepolarizationplaneisexpressedas  

岬号s岬3  
P＝ヨ筈［  

sinβ  ∂2一刀2cot2β  叩＋∂七anβ  2ポcotβ   

叩－∂t乱nβ  

＋鮎〈（生半）1n（誓）＋苧）］叫m－恥  

（B5）  

b）β∝1／α  

〟  1  

（α≦αm），  
2町√＝ぎ。監α，   

β（α）＝  （B6）  

0，  （α＞αm），  

whereMandvmhavethesamemeaningsasina）．   

Thedeflectionangle屯is  

4G凡才  

［1n（H）＋喜1n（1－ど2）  
α0＝  

c2αmSinβ   

崇）・喜In（慧雲  ）・叫㌫）〉0（αm凋⊥）］，  
（B7）  

＋〈1n（   

（BK），andPisexpressedas   

P＝空筈…↑［sin坤 一書（ト∂2）哨）  

Sillβ  叩＋∂七anβ  

叩－∂七anβ  

1－（1－CO七2β）叩2ど21n  

＋瑚1n…雲 ■ （ 

涙－∂  

扉＋∂  
㊤（αm－β⊥）・  ＋  

（B8）   
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APPENDIX C  

AngularDiameterDistance  

Inthisappendixwereviewthederivationoftheangulardiameterdistance  

bothintheFriedmann－Robertson－Walkeruniverse（hereafterabbreviatedFRW  

universe）whichis別Iedwithisotropicandhomogeneousperftct且uidandinthe  

locallyinhomogeneousuniverse・  

a）ダRⅣu油槽躇e  

ThemetricoftheFRWuniverseisglVenby  

＋γ2（dが＋sin2β呵・ （Cl）  dβ2＝C2dま2一点2   

Theenergy－mOmentumtenSOrた〉rthiscaseisexpressedas  

r㌦＝di瑠（βC2，0，0，0）．  （C2）  

Thefundamentalequationsincosmologyarederived血・OmtheEinstein航eldequa－  

tions：  

8打Gβ 鳥c2  
－一 

3  宮・  （芸）2  

（C3）  
2烏  ＋（芸）2＋宗一A。C2＝0，   

Wherethedotdenotesthederivativewithrespecttothecomovlngtime‘i，．Let  

usintroducefourcosmologlCalparameters；Ho，00，qOand入0：  

theHubbleconstant  H。＝（妻）三，  
thedensityparameter  no＝ 

，  

thedecelerationparameterqo＝－（欝）。，  
血旦  

thecosmologlCalconstant 入0＝                            3Ho2）  

Where‘0’denotesthepresentval11e．  
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IntermsofthesecosmologicalparameterS，theLrstequationin（C3）isgiven  

aS】  

＝Ho  （1＋z） 3r）0＋入0－（1＋z）2∬  
（C4）  

≡Hox（z），   

where zis the source redshift，and use has been made of the relations：  

∬＝no＋入0－1，β∝が）餌（1＋z）‾1and∬＝端・   
TheangulardiameterdistanceD（z）intheFRWuniverseisdefinedasfb1lows：  

（Weinberg1972）・SupposethatweobservethedistanceLbetweentwopoints  

with redshift zexpressed byaseparation angle6（≪1）・Thereholdsthenthe  

relation：  

上＝児（z）γ（z）∂．  （C5）  

Thus the distance D（z）between the two points and ourselvesisgiven by  

刀（z）＝エ／∂，盲．e．  

β（z）＝月（z）γ（z）．  
（C6）】   

Letsusnowexpressr asafunctionoftheredshift z，Which丘om（Cl），is  

given by 

耳     γ（z）＝去sin匝ノ卦  

O   

WehavethusobtainedD（z）inunitsof（一缶）asfbllows：   

Z    坤＝定義sin［可卦  
0  

（C7）  

（C8）  

b）αm明′u最ver5e  

Inordertodescribetheinhomogeneousuniverseweadopttheclumpyuniverse  

modelproposedbyDyerandRoeder（1972）・Inthismodel，itisassumedthat  
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allmattersareconcentratedintoclumpssuchasgalaxies，Whilethelargescale  

structureoftheUniverseisglVenbytheFRWuniverse・Moreoverclumps are  

assumedtobedistributeduniformly．Therek）realllightswhicharetobereceived  

bytheobserverpropagateinanalmostemptyspace・  

Now we consider alight bundle far丘om any clump．The opticalscalar  

equation（Sachs1961）fbrthisbundleisgivenby  

（」1′2）′′＋t榊1′2＋如肌1′2＝0，  （C9）  

WhereAdenotesthecrosssectionalareaofthislightbundleandtheshearJis  

expressedas  

IJl2＝はた（押）ゐ押－；（烏〃叫  
（ClO）  

andtheprlmedenotesthederivativewithrespecttoana用．neparameterTalong  

thelightbundle．  

Becausethelightpropagatesintheemptyspaceandthelargescalestructure  

oftheUniverseishomogeneous，WeCanreduce（C9）tothefollowingequation’：  

（dl／2）‘′＝0，  
（Cll）   

Let usnowconsider，in particular，aCOnicalbundlewith the vertex at the  

observerandwiththebaseatthesourceoflights．Thenb（z）isproportionalto  

thesquarerootofthecrosssectionalareaAatthesource・From（Cll），itthen  

払1lows that  

カ（z）＝丁（z），  
（C12）  

wheretheinitialconditionsfbrb（z）are：bI，＝0＝OandbIl，＝。＝1inunitsof  

（一缶）・  

★ Wehavetakenintoaccountthefac七sthatTPy＝OarLdthattheshearaveragedalorLgthe  
light七rajectorydoesno七corLtrib11tetOthisequatiorL．  
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TherelationbetweenzandTisglVenaS  

＝（1十Z）2x（写）・  

ThusD（z）intheclumpyuniverseisgivenby  

Z  

（C13）  

dz  
（C14）   β（z）＝   

（1＋z）2x（z）●  

114  



APPENDIXD  

ProbabilityFunction  

Inthisappendixwereviewthederivationoftheprobabilityfunctionproposed  

byEhlerandSchneider（1986）・FirstwedeRnethecrosssectionAL（S）（〃；Zs，ZL）・  

Foradeflector，AL（p）isanareaofthatregiononthedenectorplanethrough  

whichthelightraywhosethegravitationalamplificationfactorisgreaterthanp  

passes．Fbrinstance，ifthedeAectorisregardedasapointmass，thecrosssection  

AL（FL；Zs，ZL）onthedellectorplaneatredshiftzLisgivenby  

紬G〟′C、刀（zL）仇s（zs，ZL）  －1〉，（Dl）  AL（〃；Zs，ZL）＝   
C2＼Ho′   カ（zs）   

（Canizares1981），WhereasthecrosssectionAs（p；Zs，ZL）onthesourceplaneat  

redshiftzsISglVenby  

As（榊L）＝AL（豊）2  

8打G〟′C、カ（zs）カLS（独ZL）  
（D2）   

C2＼Ho′   カ（zL）  

NowletusevaluatethetotalcrosssectionAt。t（〃；Zs）onthesourceplanefbr  

alllensgalaxieswithinthesourcesphereatz＝Zs．W占obtainthequantityby  

integratingAs（FL；Zs，ZL）overalllensgalaxies：  

Zs  

As（〃；Zs，ZL）m（zL）〔Ⅳ（zL）  ＝ ．／   
0  

At。t（〃；Zs）  

（．D3）  

（節（芸L  
（1＋zL）2上）2（zL）  

As（〃；Zs，ZL），   
x（zL）  

Where n（zL），the number density oflens galaxies at z＝ZL， is given by 

n（zL）＝（1＋zL）3no・Sinceweareconsideringtheclumpyuniverse（seeAp－  

PendixC），thepresentnumberdensityoflensgalaxiesisgivenbyno＝Po／M．  
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Iftheselensgalaxiesareregardedaspointmasses，thetotalcrosssectionisthen  

given by 

（1＋zL）．2D2（zL）i）（zs）bLS（zs，ZL）  
Atot（〃）＝12打（意）2no〈   X（zL）  月（zL）  

Ontheotherhand，theareaofthesourcesphereatz＝ZsisglVenby  

g＝4汀（）2が（zs）・  （D5）  

ThustheprobabilityfunctionP（zs；＞FL）withthe ampli且cationfactorgreater  

thanFLISeXPreSSedastheratioofthetotalcrosssectionAt。t tOtheareaofthe  

Wholesphereatzs，2．e．：  

（1＋zL）2が（zL）力もS（zs，ZL）  
P（zs；＞〃）＝3no（  

カ（zs）カ（zL）  

（D6）   

躍て   x（zL）  

Furtherthe probability distributionp（zs；FL）with amplificationfactor FLis  

definedas  

p如）＝一鞠＞〃），   （D7）  

WhichisadoptedinChapter7・TheconditionthatpISmeanlngfu1astheproba－  

bilityisthatAtot≪S・Thismeansthattherearenoslgnificantoverlapsofthe  

CrOSSSeCtionsonthesourcesphere．  
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FIGURE CAPTIONS  

Fig・2・1Agravitationallylensedsystem・Aphotonemittedfromasourceisdenected  

withanangle∂，Where∂isassumedtobesu侃cientlysmall，I＆I≪1・  

Fig・4・1Positionsandshapesoftheimagesofll15＋080h・OmOurCalculation・  

Fig・4・2ThedependenceofthecosmologlCalfactorTonthedecelerationparameterqo  

WithO．3≦zd≦0．5．  

Fig・4・3Thedependenceoftheeffective distanceonredshift：a）7＝－3；b）7＝p2；  

c）7＝ －1；d）7＝0；e）7＝ 1；f）7＝2；andg）7＝3・  

Fig．4．4ThedependenceofthecosmologlCalfactorTon7With－3≦7≦3・  

Fig．7．1Theratio∂0仲oasahnctionofno．  
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