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֓ཁ

ॏྗ 1916 ɺ͔ࠓΒ 100 લʹΞΠϯγϡλΠϯ (A. Einstein) ʹΑͬͯͦͷଘࡏΛ༧͞ݴΕ

ͨɺʮۭ࣌ͷ͟͞ʯͰ͋Δɻॏྗి࣓͕ະͩଘ͍ͯ͠ࡏͳ͍Α͏ͳॳظӉʵʠӉͷΕ্͕Γʡ

લʵ͔Βଘ͓ͯ͠ࡏΓɺ͔ͭɺӉۭؒʹ͓͚Δ༷ʑͳ࣭ʹରͯ͠ඇৗʹಁ͍ߴաྗΛ༗͍ͯ͠Δɻͦͷ

ҝɺଞͷ؍ଌखஈͰಘΒΕͳ͍Α͏ͳॳظӉఱମ෦ͷใΛٿ·ͰӡͿྗ͕͋Δͱ͞Ε͓ͯ

ΓɺӉʹ͍ͭͯͷ৽͍͠ݟΛͨΒ͢खஈͱͯ͠ඇৗʹظ͞Ε͍ͯΔɻ·ͨɺॏྗڧॏྗͷ

ใΛ๛ʹؚΉͱ༧͞Ε͓ͯΓɺڧॏྗʹ͓͚ΔҰൠ૬ରͷཱͷূ໌ͷͨΊʹɺͦͷݕग़͕·

Ε͍ͯΔɻ

1950͔Βॏྗͷݕग़ʹ͚ͨ։ൃ͕ڀݚਐΊΒΕ͍ͯΔ͕ɺॏྗͷ؍ଌ 2015 ɺࡏݱ1݄

ະͩୡ͞Ε͍ͯͳ͍ɻ͔͠͠ͳ͕Βɺ1974ͷϋϧεͱςʔϥʔͷύϧαʔ୳ࠪʹΑͬͯɺؒతʹͩ

͕ɺॏྗͷଘ͕֬ࡏೝ͞Ε͍ͯΔɻ·ͨɺۙͷॏྗݕग़ثʹ͓͚Δݕग़ٕज़ײͷ্֮·͠

͘ɺ͔ࠓΒҎɺૣͯ͘ࠓதʹ؍ଌ͕Ͱ͖ΔͷͰͳ͍͔ͱظ͞Ε͍ͯΔɻຊͰॏྗݕ

ग़ثͷ։ൃਐΊΒΕ͓ͯΓɺࡏݱୈೋੈܕͱݺΕΔຊͷେܕॏྗݕग़ثʮKAGRAʯΛذෞ

ઃதͰ͋ΔɻKAGRAݐʹԼࢁͷਆԬ߭ݝ ͷॳظՔಇࠓͷ 2015 Λඪͱ͓ͯ͠Γɺଞࠃͷݕ

ग़ثͱಉ༷ʹɺੈքॳͷॏྗݕग़Λ͍ͯ͠ࢦΔɻ

ୈೋੈܕॏྗݕग़ثͰ༷ʑͳ৽͍ٕ͠ज़͕࠾༻͞Ε͍ͯΔ͕ɺͦͷதͷҰͭͰ͋Γɺଟ͘ͷݕग़ث

Ͱ࠾༻͞Ε͍ͯΔͷ͕ɺDCreadoutͱ͍͏৴߸நग़ٕज़Ͱ͋ΔɻҎલ RF readoutͱݺΕΔٕज़͕

ΘΕ͍͕ͯͨɺ͍͔ͭ͘ͷཧ༝͔Β DCreadout ͱγϑτͨ͠ɻ·ͨɺDCreadout Λ༻͍ΔࡍʹҰॹ

ʹऔΓೖΕΒΕΔͷ͕ɺOutputmode-cleaner(OMC) ͱݺΕΔ৽͍͠ޫϑΟϧλʔٕज़Ͱ͋Δɻ͜ͷ

ٕज़ KAGRAͰ༻͍ΒΕΔ͜ͱ͕ܾఆ͍ͯ͠ΔɻຊڀݚͰɺׯবܭ༻γϛϡϨʔγϣϯϓϩάϥϜ

ʮFINESSEʯͱ KAGRA Ͱ༻͍Δڸͷද໘Λ 2 ʹࡍͷΛ༻͍ɺ࣮͏ݴԽͨ͠ʮϛϥʔϚοϓʯͱݩ࣍

KAGRAͰ༻͍Δ OMCͷσβΠϯΛͨͬߦɻ·ͨɺOMCΛ KAGRAʹΠϯετʔϧ͢Δࡍͷલ४උ

ͱͯ͠ɺςετ༻ OMCΛ༻͍ͨ DCreadout࣮ݧΛࢼΈͨͷͰɺͦͷ݁Ռʹ͍ͭͯड़Δɻ
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֓ཁ

Gravitational Waves (GWs) are ripples of space-time predicted by A. Einstein about 100 years

ago. GWs can be a new method to obtain new information about the early universe. GWs are

also expected to provide us with some information for the strong gravitational field that is strongly

related to the proof of the Theory of Relativity. The development of the device to search GWs was

started about 50 years ago, but human beings cannot yet observe GWs up to now. In Kamioka

mine of Gifu prefecture, the construction of KAGRA, the Japanese gravitational wave detector,

started in 2011. The initial operation of KAGRA is planned at the end of 2015. The most second-

generation detectors use a homodyne readout scheme using carrier light leaked into the dark port

as a reference that beats with GW signals. This scheme in particular is called DC readout [7], while

a radio frequency heterodyne readout scheme used in the first-generation detectors is called RF

readout [6]. For the DC readout scheme, we use an optical resonator called output mode-cleaner

(OMC) that is located at the asymmetric port of the interferometer. OMC filters out junk light

away from the signal and the reference light, before the light field reaches the detection photodiode.

The optical parameters of the OMC should be carefully chosen to satisfy requirements, which are

actually more challenging for KAGRA than for other advanced detectors because KAGRA plans

to use a very small amount of reference light to minimize the influence of quantum noise. This

thesis shows a result of numerical simulation by a simulation code FINESSE with mirror maps

created with a random function and a measured spectrum. According to the simulation result,

we determined a new KAGRA OMC design that satisfies the requirement. This thesis also shows

the result of the prototype experiment of the DC readout with an OMC, which we can test the

performance of the OMC.
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1 ૬ରੑཧͱॏྗ

͍͕ͯͬʹ࣭ۉͲͷॴͰಉ͡Α͏ʹྲྀΕ͍͖ͯɺۭؒͲ͜·Ͱؒ࣌Βɺ͔ݧܦͷࠒͪͨࢲ

Δͷͩͱ͍ͯ͡ײΔɻ͔͠͠ɺ͜ͷΑ͏ͳؒ࣌ͱۭؒΛઈରతͳଘࡏͱ͢Δχϡʔτϯྗֶతͳ֓೦ɺ͋

Δֵ৽తͳཧͷެදΛ͖͔͚ͬʹؒҧͬͨͷͰ͋Δ͜ͱ͕໌ͨ͠ɻͦΕ 1915ʹΞΠϯγϡλΠϯ

ʹΑͬͯ͞Εۭͨ࣌ *1 ͷཧֶɺʠ૬ରੑཧʡͰ͋Δɻ૬ରੑཧʹ͓͚ΔΞΠϯγϡλΠϯͷॏྗ

ํఔࣜɺۭ࣌ͷ͕ۂΓ۩߹Λهड़͢ΔͷͰ͋Γɺͭ·Γ͕ۭ࣌ෆมͰͳ͍͜ͱΛ͍ࣔͯ͠Δɻͦͯ͠

1916ʹΞΠϯγϡλΠϯࣗʹΑͬͯɺ͜ͷํఔࣜͷղͷҰͭͱͯ͠ɺۭ࣌ͷΈ͕มಈͯ͠ޫͰͷ

Α͏ʹ͢Δʠॏྗʡͱ͍͏ݱͷଘ͕ࡏ༧͞ݴΕͨͷͰ͋Δ [1]ɻ

͜ͷষͰɺຊจͷςʔϚͰ͋ΔॏྗΛΞΠϯγϡλΠϯͷॏྗํఔ͔ࣜΒಋ͖ग़͠ɺͦͷੑ࣭ʹ͍ͭ

ड़͢Δ͜ͱΛඪͱ͠ɺਐΊ͍ͯ͘͜ͱͱ͢Δɻهͯ

1.1 ॏྗʹΑΔޮՌ

ਤ 1 ைͷຬͪҾ͖

ॏྗʹ͍ͭͯ͑ߟΔલʹɺ૬ରੑཧͷ؊Ͱ͋Δॏྗʹ͍ͭͯগ͑͠ߟΔͱ͠Α͏ɻॏྗʹΑΔޮՌ

ɺ࣮ࡍʹ্ٿͰʹ͢Δ͜ͱ͕༰қͰ͋Δɻྫ͑ɺைͷຬͪҾ͖͕ͦ͏Ͱ͋Δɻ͜Εٿͱ݄ͷؒʹ

ಇ͘ॏྗ͕ைࣚྗΛҾ͖͍ͯ͜͠ىΔ͜ͱʹىҼ͍ͯ͠Δ (ਤ 1)ɻ͜ͷΑ͏ʹɺ ॏྗʹΑΔޮՌͪͨࢲʹ

ͱͬͯۙʹ͡ײΔ͜ͱ͕Ͱ͖Δͷ͕ͩɺ૬ରੑཧͷཱ֬લޙʹ͓͍ͯɺͦͷॏྗͷޮՌʹ͓͚Δଊ͑ํ

େ͖͘ҟͳͬͯ͘Δɻ݄ͷपճӡಈΛͯ͑ߟΈΑ͏ɻΞΠϯγϡλΠϯͷ૬ରੑཧ͕ఏএ͞ΕΔલɺͭ·

Γχϡʔτϯྗֶʹ͓͍ͯɺ݄ͱؒٿʹԕִ࡞༻ͱͯ͠ಇ͘ॏྗͱɺ݄ͷઢӡಈ͠Α͏ͱ͢Δ͕ྗੑ׳

Γ߹͏͜ͱʹΑΓɺ݄ͷपճӡಈ͕͜ىΔͱ͑ߟΒΕ͍ͯͨɻҰํɺ૬ରੑཧͰɺٿͷ࣭ྔ͕पลͷ

యݹɻͭ·Γɺͨ͑ߟΛଌઢʹԊͬͯӡಈͨ݁͠ՌɺपճӡಈͱͳΔͱۭ࣌Λ·ͤɺ݄͕ͦͷΜۭͩ࣌

*1 ૬ରੑཧͰؒ࣌ͱۭؒෆՄͷͨΊɺ·ͱΊۭͯ࣌ͱݺΜͰ͍Δɻ
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ཧֶʹ͓͍ͯԕִ࡞༻ͱͯ͠ಇ͍͍ͯͨॏྗͷޮՌ͕ɺ૬ରੑཧʹ͓͍࣭ͯྔʹΑΔۭ࣌ͷΈͱ͠

ͯѻΘΕ͍ͯΔͷͰ͋ΔɻͦΕͰɺ૬ରੑཧͷجຊํఔࣜͰ͋ΔΞΠϯγϡλΠϯͷॏྗํఔࣜΛͯݟ

ΈΑ͏ɻ͜Εχϡʔτϯͷສ༗Ҿྗͷ๏ଇΛ֦ுͯͭ͘͠ΒΕͨํఔࣜͰ͋Δɻ

Gij =
8πG

c2
Tij (i, j = 0, 1, 2, 3) (1)

cޫɺGສ༗Ҿྗఆ (ॏྗఆ)Ͱ͋ΓɺTij ΤωϧΪʔӡಈྔςϯιϧͱݺΕ࣭ͷ۩߹

ӡಈঢ়ଶΛද͢ɻ·ͨɺGij ΞΠϯγϡλΠϯςϯιϧͱݺΕۭ࣌ͷੑ࣭ɺ͕ۂΓ۩߹Λද͍ͯ͠Δɻ·

͞ʹɺॏྗํఔࣜͰɺ࣭ (࣭ྔ)ͷଘࡏʹΑΓ͕ۂ͕ۭ࣌Δ (Ή)ͱ͍͏͜ͱΛ໌֬ʹ͍ࣔͯ͠Δͷ͕

͔Δɻ·ͨɺۭؒ࣌ͷΈ͕࣭ͷʹΑܾͬͯఆ͞ΕΔͱ͍͏͜ͱɺ࣭͕มಈ͢Δͱۭؒ࣌ͷ

Έมಈ͢Δͱ͍͏͜ͱʹͳΔɻ͜ͷʠۭ࣌ͷΈͷมಈʡ͕࣍અҎ߱ʹٻΊ͍ͯ͘ॏྗͰ͋ΔɻҎ্ͷ

Α͏ʹɺ૬ରੑཧͷొʹΑΓɺۭ࣌ҰఆෆมͷઈରతͳଘࡏͰͳ͘ɺݱͱڞʹมԽ͢Δཧతͳର

শͷҰ෦ͱͳͬͨɻͦͯ͠ɺॏྗʠԕִ࡞༻ͱͯ͠ಇ͘ྗʡ͔Βɺ৽ͨʹʠۭ࣌ͷΈʹىҼ͢Δͷʡͱ

ͯ͠ଊ͑ΒΕͨͷͰ͋Δɻ

1.2 ॏྗํఔࣜͷઢܗԽ

૬ରੑཧʹ 1905 ʹൃද͞Εͨಛघ૬ରੑཧͱͦͷ 10 ޙʹൃද͞ΕͨҰൠ૬ରੑཧ͕͋Δɻ

·ͣɺಛघ૬ରੑཧͷొʹΑΓɺͦΕ·ͰઈରతͳଘࡏͰۭ͋ͬͨؒ࣌ؒͱҰମͱͳΓมͰ͖Δଘࡏ

ͱͳͬͨɻ͔͠͠ɺѻ͑Δ࠲ඪܥݶʹܥੑ׳ΒΕɺͦͷؒܥੑ׳ͷ࠲ඪมϩʔϨϯπมͱ͏ݴಛघͳ

߹ͰͷΈߦΘΕͨɻ·ͨɺॏྗͷѻ͍ʹ੍͕ؔͯͨͬ͋͠ݶɻྫ͑ɺҰ༷ͳॏྗ͕ଘ͢ࡏΔͰҰͭͷ

࣭ͷӡಈΛѻ͏ͱ͖ɺͦͷ࣭ʹର͠ܥੑ׳ʹͳΔΑ͏ʹ࠲ඪมΛ͢ΕɺہॴతʹॏྗΛফ͢͜ͱ

͕Ͱ͖ΔʠՁݪཧʡͱ͏ݴͷ͕ΓཱͭͨΊɺॏྗܥੑ׳Ͱѻ͏͜ͱ͕Ͱ͖Δɻ͔͠͠ɺӡಈ͢Δ࣭

͕ෳ͋ͬͨ߹શͯͷ࣭ʹରͯ͠ܥੑ׳ΛͱΔ͜ͱͰ͖ͳ͍ͷͰɺܥੑ׳ΛͱΕͳ͔࣭ͬͨॏྗ

ͷଘ͢ࡏΔՃܥͱͳͬͯ͠·͏ɻ·ͨɺԾఆͨ͠Ұ༷ͳॏྗͱ͏ݴͷ࣮ࡍʹଘͣͤࡏɺۭ࣌શମͰ

େہతʹಉ࣌ʹॏྗΛଧফ͠߹͍ܥੑ׳Λͭ͘Δ͜ͱͰ͖ͳ͍ͨΊɺಛघ૬ରੑཧͰॏྗΛѻ͏ͷʹݶ

ք͕͋ͬͨɻͦ͜ͰɺҰ༷Ͱͳ͍ॏྗΛѻ͑ΔΑ͏ʹ͠ɺՃܥΛؚΊͨҰൠ࠲ඪܥΛٞͰ͖ΔΑ͏ʹ

ಛघ૬ରੑཧΛ֦ுͨ͠ͷ͕ɺҰൠ૬ରੑཧͰ͋ΔɻલઅͰ૬ରੑཧͷجຊํఔࣜͱͯͬݴհͨ͠ॏ

ྗͷํఔࣜɺਖ਼֬ʹ͏ݴͱҰൠ૬ରੑཧ͔Βಋ͔ΕΔجຊํఔࣜͰ͋ΔɻͪͳΈʹɺҰൠ૬ରੑཧͷ

ຊํఔࣜج 2ͭ͋Γɺ͏ҰͭଌઢͷํఔࣜͱݺΕΔͷͰ͋ΔɻॏྗํఔࣜΛղ͘͜ͱʹΑΓɺ

ड़هΛࣔ͢͜ͱ͕Ͱ͖Δɻ͔͠͠ɺͦͷΛࡏͷΈ͕ޫͰൖ͍ͯ͘͜͠ͱɺͭ·Γɺॏྗͷଘۭ࣌

͢Δॏྗํఔࣜඇઢܗͷҝɺৼ෯ͷେ͖ͳͷେ͖ۭ͕࣌ͨͬ͘ۂɺ͍ΘΏΔڧॏྗͰͷΛ

ղੳతʹ͢ࢉܭΔ͜ͱඇৗʹ͍͠ɻͦ͜Ͱɺ͜͜ͰॏྗํఔࣜΛઢܗԽ͠ɺฏୱͳϛϯίϑεΩʔ࣌

ۭΛ͢Δʠඍখৼ෯ͷॏྗʡʹݶఆ͍ͯͯ͑͘͜͠ߟͱͱ͢Δɻ

ཧݱΛهड़͢Δࡍʹɺͦͷݱ͕͖ؒ࣌ͨىͱॴΛࣔ͢ඞཁ͕͋Δɻ૬ରੑཧͰͦͷݱΛࣄ

ͱݺͼɺϛϯίϑεΩʔۭ࣌Ͱͷ 1ͭͷͱͯ͠දͤΔɻϛϯίϑεΩʔۭ࣌ॎ࣠Λ࣠ؒ࣌ɺԣ࣠Λۭؒ

࣠ͱͯ͠ɺਤ 2ͷΑ͏ʹඳ͘͜ͱ͕Ͱ͖Δɻ͜ͷ࣌ɺݪΛ௨ա͢Δޫɺ࣠ؒ࣌ͱۭؒ࣠ͦΕͧΕ͔Β 45

͍ͨʠޫԁਲ਼ʡͱݺΕΔԁਲ਼໘ͷ্Λ͠ɺޫԁਲ਼ͷ෦Λؒ࣌తྖҬɺ֎෦ΛۭؒతྖҬͱݺͿɻ

·ͨɺϛϯίϑεΩʔ্ۭ࣌Ͱͷ֤ੈքͱݺΕɺ2ͭͷੈքΛͭͳ͙͞ͷݩ࣍Λྔͭ࣋ ݩ࣍3)

ۭؒͰ͍͏ͱڑͱݺΕΔͷ)ΛੈքִؒͱݺͿɻ·ͨɺݪͱੈքͱͷੈքִؒͷ͜ͱΛੈքͷ͞
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ਤ 2 ϛϯίϑεΩʔۭ࣌

ͱݺͼɺͦͷ 2ࣜ࣍Ͱද͢͜ͱ͕Ͱ͖Δɻ

s2 = −(ct)2 + x2 + y2 + z2 (2)

͜ͷ࣌ɺs2 = 0ͷ࣌ޫԁਲ਼ͷ໘ɺs2 < 0ؒ࣌తྖҬɺs2 > 0ۭؒతྖҬΛࣔ͢͜ͱͱͳΔɻ͜͜Ͱɺ

؆୯ͷͨΊʹɺx0 = ct, x1 = x, x2 = y, x3 = z ͱ͠ɺੈքͷ͞ͷ 2Λॻ͖͑Δͱɺ

s2 =
3∑

i=0

3∑

j=0

ηijx
ixj . (3)

ࣈɺҎԼɺࣜʹಉ͡ఴ͑ʹߋ (i, j)͕͋Δ߹ɺ0͔Β 3·ͰͷΛͱΔͱ͍͏ܾ·ΓΛͭ͘Εɺ࣍ͷ

Α͏ʹΑΓ؆ܿʹॻ͚Δ͜ͱ͕Ͱ͖Δɻ

s2 = ηijx
ixj (4)

͜ͷΑ͏ͳলུͷํΞΠϯγϡλΠϯͷলུͱݴΘΕ͍ͯΔɻ͜͜Ͱɺηij ϛϯίϑεΩʔۭ࣌ͷྔܭ

ςϯιϧͱݺͼɺ࣍ͷΑ͏ʹఆٛ͞ΕΔྔͰ͋Δɻ

ηij =

⎛

⎜⎜⎝

−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

⎞

⎟⎟⎠ (5)

ฏୱͰ͋Δ͜ͱɺ͕ۭ࣌ςϯιϧྔܭͷۭ࣌ͷঢ়ଶΛද͢ͷͰ͋ΓɺϛϯίϑεΩʔۭ࣌ςϯιϧྔܭ

Δͱॏྗͷͳ͍ঢ়ଶΛ͍ࣔͯ͠Δɻ͜͜Ͱগ͠ɺςϯιϧʹ͍ͭͯड़͓ͯ͘͜ͱͱ͢Δɻॏྗ͍͑ݴ

ͷͳ͍ঢ়ଶͱ࠲ඪܥΛܥੑ׳ͰͱΕΔͱ͍͏͜ͱʹͳΔ͕ɺͦͷؒܥੑ׳ͷ࠲ඪมϩʔϨϯπมͱ͍

͏ͷʹΑͬͯߦΘΕΔɻੈքͷ͞ͷ 2Λྫʹͯ͠ΈΑ͏ɻੈքͷ͕͞ xܥͰ x′ ͰෆมͱͳΔܥ

ʹɺ

ηijx
′ix′j = ηklx

kxl (6)

ͱͳΔɻ͜ΕΛຬͨ͢Α͏ͳҎԼͷ࠲ඪม͕ϩʔϨϯπมͰ͋Δɻ

x′i = Li
kx

k (7)
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ࣜ (6)ʹࣜ (7)Λೖ͢ΔͱɺLi
k ͷ͕݅ࣜಘΒΕΔɻ

ηijL
i
kL

j
l = ηkl (8)

·ͨɺࣜ (7)Ͱද͞ΕΔϩʔϨϯπม ͳͷͰɺม࣍1

x′i =
∂x′i

∂xj
xj (9)

ΑΓɺ

Li
j =

∂x′i

∂xj
(10)

ͱͳΔɻ·ͨɺ͜ͷϩʔϨϯπมʹΑͬͯม͞ΕΔϕΫτϧΛมϕΫτϧͱݺͼɺϩʔϨϯπมͷٯ

มɺ

L̃i
j =

∂xi

∂x′j (11)

ʹΑͬͯม͞ΕΔϕΫτϧΛڞมϕΫτϧͱ͏ݴɻ·ͨɺ2ͭͷมϕΫτϧͷੵ͕ͦͷ i, j ͱͳΔ࣍

ͷΑ͏ͳςϯιϧͷ͜ͱΛ 2֊ͷςϯιϧͱ͏ݴɻ

T ij(x) = Ai(x)ɾBj(x) =

⎛

⎜⎜⎝

A0B0 A0B1 A0B2 A0B3

A1B0 A1B1 A1B2 A1B3

A2B0 A2B1 A2B2 A2B3

A3B0 A3B1 A3B2 A3B3

⎞

⎟⎟⎠ (12)

T ij(x)มϕΫτϧͷੵͰ͋Δ͜ͱ͔Βɺ࠲ඪมʹΑΓ࣍ͷΑ͏ʹมͰ͖Δɻ

T ′ij(x′) =
∂x′i

∂xk

∂x′j

∂xl
T kl(x) (13)

͜ͷΑ͏ʹมͰ͖ΔςϯιϧΛ 2 ֊ͷมςϯιϧͱݺͿɻಉ༷ʹͯ͠ɺ2 ͭͷڞมϕΫτϧͷੵɺ

Tij(x) = Ai(x)ɾBj(x)࠲ඪมʹΑͬͯࣜ࣍ͷΑ͏ʹมͰ͖ɺ͜ͷΑ͏ʹมͰ͖ΔςϯιϧΛɺ2֊

ͷڞมςϯιϧͱݺͿɻ

T ′
ij(x

′) =
∂xk

∂x′i
∂xl

∂x′j Tkl(x) (14)

·ͨɺ1ͭͷมϕΫτϧͱ 1ͭͷڞมϕΫτϧͷੵɺT i
j(x) = Ai(x)ɾBj(x) ɺ

T ′i
j(x

′) =
∂x′i

∂xk

∂xl

∂x′j T
k
l (x) (15)

ͱͳΓɺ͜ͷΑ͏ͳมΛ͢ΔςϯιϧΛࠞ߹ςϯιϧͱݺͿɻ͜͜Ͱɺઌ΄ͲϛϯίϑεΩʔۭ࣌ͷͰग़

ςϯιϧྔܭΈΑ͏ɻͯ͑ߟςϯιϧʹదԠͯ͠ྔܭ͖ͨͯ ηij Ͳͷ࠲ඪͰಉ༷ʹఆٛ͞ΕΔͷͰɺx′ ܥ

ͷྔܭςϯιϧ η′ij ҎԼͷΑ͏ʹͳΔɻ

η′ij = L̃k
i L̃

l
j = ηkl (16)

͜Εɺࠓ·Ͱͷ͔Βɺྔܭςϯιϧ ηij Λຬ࣍มςϯιϧͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ·ͨɺ͜͜Ͱɺڞ͕

ͨ͢Α͏ͳ ηik Λఆٛ͢Δͱɺ͜ΕมςϯιϧͱͳΔɻ

ηikηkj = δij (17)
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δij ΫϩωοΧʔͷσϧλͱݺΕɺi = j  1ɺi ̸= j  0ͱͳΔͷͰ͋Γɺ͜Ε͔Β ηik ͷΛ

ΊΔͱɺηijٻ ͱશ͘ಉ͡ʹͳΔ͜ͱ͕͔ΔɻҎ্ͷ͜ͱ͔Βɺηik  ηij ʹΑͬͯڞมϕΫτϧΛมϕ

Ϋτϧʹɺ·ͨͦͷٯͳͲͷมΛ؆୯ʹ͜͏ߦͱ͕Ͱ͖ΔΑ͏ʹͳΔ͜ͱ͕͔Δɻྫ͑࣍ͷΑ͏ʹม

Ͱ͖Δɻ

Ai = ηijA
j (18)

Ai = ηijAj (19)

Ai = ηjiAj (20)

Ai = ηijA
j (21)

ͪͳΈʹɺ্هͷׂΛͭྔܭςϯιϧڞมςϯιϧͳͷͰɺྔܭςϯιϧࣗମͷ࠲ඪม࣍ͷΑ͏ʹ

ͳΔɻ

η′ab =
∂xi

∂x′a
∂xj

∂x′b ηij (22)

ͦΕͰΛ͠ɺϛϯίϑεΩʔྔܭ ηij ͔Β hij ͚ͩඍখʹͣΕۭͨ࣌ɺͭ·Γऑ͍ॏྗΛͯ͑ߟΈ

Α͏ɻ

gij = ηij + hij (23)

|hij(x)| ≪ 1ͱ͠ɺhij ͷ Ͱ͖ΔͱԾఆ͢Δɻ·ͨɺhij(x)ରশςϯιϧͰ͋Δͱ͢ΔɻࢹҎ্ͷ߲ແ࣍2

͜ͷ࣌ɺมྔܭςϯιϧ gij ʹ͍ͭͯɺηijηjk = δik ʹΑͬͯఆٛ͞Ε͓ͯΓɺ

gij = ηij − hij (24)

ͱͳΔɻఴ͑ࣈͷ্͛Լ͛ʹؔͯ͠ɺgij Ͱ͑ߦΔ͕ɺࠓճͷۙࣅͰ ηij Ͱ͜͏ߦͱ͕Ͱ͖Δɻͦ͜Ͱɺ

ͷࣜΛఆٛ͢Δɻ࣍

φij ≡ hij −
1

2
hgij = hij −

1

2
hηij (25)

h ≡ hi
i = gijhij = ηijhij (26)

·ͨɺۭ͕ؒͨͬۂΛѻ͏ࡍʹϦʔϚϯزԿֶͱ͍͏ͷΛಋೖ͢Δͷ͕ͩɺͦͷϦʔϚϯزԿֶͰѻ͏ n

ઢۂΕΔ্ۭؒʹ͋Δݺଟ༷ମͱݩ࣍ (x(t), t1 ≤ t ≤ t2)ͷ͞ I(࡞༻ͱݺͿ)ྔܭςϯιϧ gij Λ༻͍

ͯɺ࣍ͷੵͰද͞ΕΔɻ

I =

∫ t2

t1

√
Σi,jgij(x)

dxi

dt

dxj

dt
dt (27)

͜Εʹ࠷খ࡞༻ͷݪཧ (δI = 0)Λ༻͍ΔͱΦΠϥʔͷඍํఔ͕ࣜಘΒΕΔɻ͜͜Ͱɺ࠷খ࡞༻ͷݪཧͱɺ

ࣗ༝࣭ͷӡಈ͕࡞༻ I Λۃখʹ͢ΔΑ͏ͳܦ࿏ΛͱΔͨΊͷ݅ͷ͜ͱͰ͋Δɻͦͯ͠ɺಘΒΕͨΦΠϥʔ

ͷඍํఔࣜʹ͓͍ͯଌઢʹԊͬͨݽͷ͞Λഔհมͱ͢ΔͱɺҰൠ૬ରੑཧͷ͏Ұͭͷجຊํఔࣜ

Ͱ͋Δɺଌઢͷඍํఔ͕ࣜग़ͯ͘Δ (ࣜ (28))ɻ͜ΕॏྗͷӡಈํఔࣜͰ͋ΓɺޫΛؚΊͨ͋ΒΏΔ

ମ͕ Λ·͙ͬ͢ਐΉ͜ͱΛදۭ͕ͯؒͨͬ͠ۂΛࣔ͢͜ͱ͕Ͱ͖ɺ͋ΒΏΔମ͕ےͰͨͲΔಓۭؒݩ࣍4

͍Δɻ
d2xk

ds2
+ Γm

ij
dxi

ds

dxj

ds
= 0 (28)

͜͜ͰΘΕ͍ͯΔΫϦετϑΣϧه߸ Γm
ij ࣍ͷΑ͏ʹදͤΔɻ

Γm
ij =

1

2
gml

(
∂gli
∂xj

+
∂gjl
∂xi

− ∂gij
∂xl

)
(29)
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·ͨɺΫϦετϑΣϧͷه߸Λ༻͍ͯɺϦʔϚϯͷۂςϯιϧͱ͍͏ͷ͕ࣜ࣍ͷΑ͏ʹදͤΔɻϦʔϚϯ

ͷۂςϯιϧͱɺϕΫτϧΛඍখ໘ੵཁૉ dxkdxl ͷपΓΛҰपͤͨ͞ͱ͖ɺग़ൃલͷϕΫτϧͱͯͬؼ

͖ͨϕΫτϧͷͣΕΛද͢ྔɺ؆୯ʹ͏ݴͱۭ࣌ͷ͕ۂΓ۩߹Λࣔ͢ྔͰ͋Δɻ

Rm
ijk =

∂Γm
ik

∂xj
−

∂Γm
ij

∂xk
+ Γl

ikΓ
m
lj − Γl

ijΓ
m
lk (30)

ςϯιϧͷୈۂɺ4֊ͷςϯιϧͰ͋ΔϦʔϚϯͷʹߋ 1ͱୈ 3ͷఴ͑ࣈΛॖͭ͘͠ΒΕͨ 2֊ͷςϯι

ϧΛϦονςϯιϧͱ͏ݴɻ͜͜Ͱmͱ j Λॖͯ࣍͠ͷΑ͏ʹදͤΔɻ

Rik ≡ Rm
ijk

=
∂Γj

ik

∂xj
−

∂Γj
ij

∂xk
+ Γl

ikΓ
j
lj − Γl

ijΓ
j
lk (31)

ɺ߸هมςϯιϧͱͯ͠ॻ͖Լ͢ͱɺΫϦετϑΣϧͷڞͯ͠มʹࣈΛԼఴࣈɺศ্ٓɺςϯιϧͷఴࠓ

Γijk ≡ ηkmΓm
ij

=
1

2

(
∂hij

∂xk
+

∂hik

∂xj
− ηli

∂hjk

∂xl

)
(32)

Ͱ͋ΓɺϦʔϚϯͷۂςϯιϧɺ

Rlijk ≡ ηlmRm
ijk

=
1

2

(
∂2hlk

∂xi∂xj
+

∂2hij

∂xl∂xk
− ∂2hik

∂xl∂xj
− ∂2hlj

∂xi∂xk

)
(33)

ͱͳΓɺϦονςϯιϧɺҎԼͷΑ͏ʹॻ͖ͤΔɻ

Rik =
1

2

(
∂

∂xi
(
∂hj

k

∂xj
− 1

2

∂h

∂xk
) +

∂

∂xk
(
∂hj

i

∂xj
− 1

2

∂

∂xi
)−˘ hik

)
(34)

˘ඍԋࢠࢉμϥϯϕϧγΞϯͰ͋Δɻ

˘ = ηlm
∂

∂xl

∂

∂xm
(35)

͞ΒʹϦονςϯιϧΛॖ͢ΔͱɺεΧϥʔۂͱ͍͏εΧϥʔྔ͕ग़ͯ͘Δɻ

R =
∂2φij

∂xi∂xj
− 1

2
˘ h (36)

͜͜ͰɺॏྗํఔࣜΛ͏ҰͯݟΈΑ͏ɻ͜ͷϦονςϯιϧͱεΧϥʔۂΛ༻͍ΔͱɺΞΠϯγϡλ

Πϯςϯιϧ Gij ɺ

Gij ≡ Rij − 1

2
gijR (37)

ͱॻ͚ΔͷͰɺࣜ (1)Ͱද͞Ε͍ͯͨॏྗํఔࣜ࣍ͷΑ͏ʹॻ͖͑ΒΕΔɻ

Rij −
1

2
Rgij =

8πG

c4
Tij (38)

Αͬͯɺࣜ (38)ʹ͜Ε·ͰͷࣜΛద༻͍ͯ͘͠ͱɺॏྗํఔࣜɺ

˘φij −
∂

∂xi

∂φk
j

∂xk
− ∂

∂xj

∂φk
i

∂xk
+

∂

∂xk

∂φl
m

∂xl
ηkmηij = −16πG

c4
Tij (39)
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ͱॻ͖͑Δ͜ͱ͕Ͱ͖ͨɻ͔͠͠ɺ͜ΕͰ͕ࣜݟʹ͍͘ͷͰɺ͏গ͠ཧ͢Δɻ͜͜Ͱɺඍখྔ ξ(x)

ඪม࠲ΛҠಈͤ͞Δඍখܥඪ࠲͚ͩ (ήʔδมͱ͏ݴ)Λ͑ߟΔɻ

x′i = xi + ξi (40)

͜ͷ࣌ɺhij ͱ φij ςϯιϧͷ࠲ඪมΛ͏ߦͱɺ

h′
ij = hij − ηik

∂ξk

∂xj
− ηjk

∂ξk

∂xi
(41)

φ′
ij = φij − ηik

∂ξk

∂xj
− ηjk

∂ξk

∂xi
+ ηij

∂ξk

∂xk
(42)

ͱͳΔɻ·ͨɺφj
i ͷඍɺ

∂φ′j
i

∂x′j =
∂φj

i

∂xj
− ηik˘ξk (43)

ͱมͰ͖Δɻ͜͜Ͱɺ؆୯ͷҝɺϩʔϨϯπήʔδ݅ɺͭ·Γ φj
i ͷඍ͕θϩΛຬͨ͢Α͏ʹ ξk(x)Λ

ͱΔ͜ͱʹ͢Δɻ

∂φ′j
i

∂x′j = 0 (44)

∂φj
i

∂xj
= ηik˘ξk (45)

Ҏ্ͷ࠲ඪมΛ༻͍Δ͜ͱͰɺࣜ (38)ͷॏྗํఔ͔ࣜΒୈ 2߲Ҏ߱Λফ͢͜ͱ͕Ͱ͖ɺ

˘φij = −16πG

c4
Tij (46)

ͱ؆ܿͳઢܗͷಈํఔࣜΛࣔ͢͜ͱ͕Ͱ͖ͨɻ͜Ε͕ɺॏྗͷํఔࣜͰ͋Δɻ

1.3 ॏྗͷํఔࣜͱͦͷղ

લઅͰɺऑ͍ॏྗΛԾఆ͢Δ͜ͱͰɺॏྗͷํఔ͔ࣜΒઢܗͷॏྗͷํఔࣜΛಋग़͢Δ͜ͱ͕Ͱ͖

ͨɻͦΕͰ࣍ʹɺ͜ͷಈํఔࣜΛղ͍ͯɺ࣮ࡍʹॏྗΛٻΊͯΈΑ͏ɻॏྗͷํఔࣜϚΫεΣϧ

ղ͘͜ͱ͕Ͱ͖Δɻ·ͣਅۭதͷํఔࣜɺͯ͑ߟʹΔͷͰɺಉ༷͍ͯࣅ͕ܗͷి࣓ͷํఔࣜͱֶؾ࣓ి

˘φij = 0 (47)

ͷฏ໘ͷղɺి࣓ͷղͱಉ༷Ͱɺ࣌Δɻ͜ͷ͑ߟ͍ͯͭʹ

φij = Aij exp(iklx
l) (48)

ͱͳΔɻAij ରশͳఆςϯιϧͰৼ෯Λද͓ͯ͠Γɺexp(iklxl)ৼಈ෦Λࣔ͢ɻkl ॏྗͷ 4

ϕΫτϧͰɺklklݩ = 0Ͱ͋Δɻઌ΄Ͳ༻͍ͨήʔδ݅ɿ

∂φ
j
i

∂xj
= 0 (49)

Λ༻͍Δͱɺ

Aijk
j = 0 (50)
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ͱͳΔɻ͜͜Ͱɺॏྗ͕ x3 දͤΔɻ͕͍࣍ͯ͠ΔͱԾఆ͢Δͱɺʹํ

kl = (−k, 0, 0, k), kl = (k, 0, 0, k) (51)

͜͜Ͱɺྫ͑֯ৼಈΛ ω = kc ͱఆٛ͠ɺx0 = ct,x3 = z ͱ͢Δͱɺexp(iklxl) ͕ exp(i(−ω + kz)) ͱ

͍ͬͨɺ׳ݟΕͨܗʹ͢Δ͜ͱ͕Ͱ͖Δɻ·ͨɺήʔδมɿ

x′i = xi + ξi(x) (52)

ξi(x) = ϵi exp(iklx
l) = ϵi exp(−ikx0 + ikx3) (53)

Λ͍ߦɺ·ͨɺxj , xi, xk ʹ͍ͭͯͷඍΛͦΕͧΕೖ͢Δͱɺৼ෯ςϯιϧ͕࣍ͷΑ͏ʹॻ͖͑ΒΕΔɻ

a′ij = aij + ϵikj − ϵjki − ηijϵ
lkl (54)

͜ͷ࣌ɺϵi ΛҎԼͷΑ͏ʹ্ख͘બͿͱɺ

ϵ0 = −2a00 + a11 + a22
4k

(55)

ϵ1 =
a01
−k

(56)

ϵ2 =
a02
−k

(57)

ϵ3 =
2a00 − a11 − a22

4k
(58)

ৼ෯ςϯιϧɺa′11, a
′
12, a

′
21, a

′
22 Ҏ֎ͷશͯͷΛθϩʹ͢Δ͜ͱ͕Ͱ͖Δɻ

a′00 = a′01 = a′02 = 0 (59)

a′11 = −a′22 = 0 (60)

·ͨɺa′12 = a′21, a
′
11 = −a′22 Ͱ͋ΔͷͰɺ࠷ऴతʹಠཱͳ 2ͭͷΈͱͳΔɻҎ্ΑΓɺॏྗͷղ

ҎԼͷΑ͏ʹٻΊΒΕΔɻ

φij = A+e+ij exp(−ikx0 + ikx3) +A×e×ij exp(−ikx0 + ikx3) (61)

e+ij =

⎛

⎜⎜⎝

0 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 0

⎞

⎟⎟⎠ , e×ij =

⎛

⎜⎜⎝

0 0 0 0
0 0 1 0
0 1 0 0
0 0 0 0

⎞

⎟⎟⎠ (62)

A+ ͱ A× ͦΕͧΕͷৼಈϞʔυ (e+ij ,e
×
ij)ʹରԠ͢Δৼ෯Λද͍ͯ͠ΔɻͪͳΈʹɺφ ≡ φi

i = 0ͳͷͰɺ

hij = φij = A+e+ij exp(−ikx0 + ikx3) +A×e×ij exp(−ikx0 + ikx3) (63)

= Bij exp(−ikx0 + ikx3) (64)

ͱͳΔɻ·ͨɺ্ࣜͷΑ͏ʹৼ෯ AͱৼಈϞʔυ eij ·ͱΊͯ Bij ͱ͠ɺҎԼͷΑ͏ʹॻ͘͜ͱͰ͖Δɻ

Bij =

⎛

⎜⎜⎝

0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0

⎞

⎟⎟⎠ (65)

2ͭͷৼಈϞʔυͦΕͧΕɺ+(ϓϥε)Ϟʔυɺ×(Ϋϩε)ϞʔυͱݺΕ͍ͯΔɻਤ 3͔Β͔ΔΑ͏

ʹɺx3 ,͍ͯ͠ΔॏྗͷৼಈϞʔυɺx1ʹํ x2 ͷฏ໘ʹ͋ΔͷͰɺॏྗԣͰ͋Δͱ͑ݴ

Δɻ͜ͷΑ͏ͳॏྗͷදݱͷํΛ transverse-traceless(TT)දݱͱݺͼɺࠓճ༻͍ͨήʔδͷ͜ͱΛ TT

ήʔδͱ͏ݴɻ
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ਤ 3 x3(z)ํʹॏྗ͕དྷͨ࣌ͷɺ2ͭͷৼಈϞʔυ

1.4 ॏྗͷࣗ༝࣭ؒڑͷӨڹ

TTήʔδʹ͓͚Δॏྗͷੈքִؒʹ༩͑ΔӨڹɺͭ·Γࣗ༝࣭ؒͷӨͯ͑ߟ͍ͯͭʹڹΈΑ͏ɻॏ

ྗ͕࣭ʹ༩͑ΔӨڹΛݟΔʹɺॏྗͷӡಈํఔࣜɺͭ·ΓଌઢͷํఔࣜΛղ͚ྑ͍ɻࣜ (28)Α

ΓɺଌઢͷํఔࣜҎԼͰද͞ΕΔɻ

d2xk

ds2
+ Γm

ij
dxi

ds

dxj

ds
= 0 (66)

Δͱ͠Α͏ɻsݟΔࣗ༝࣭ʹಇ͘ॏྗͷޮՌΛ͍ͯ͠ࢭͰ੩্ۭ࣌ճɺϛϯίϑεΩʔࠓ = 0Ͱ࣭͕

੩͍ͯ͠ࢭΔͱ͖ɺ

dxi

ds
= (1, 0, 0, 0) (67)

ͱͳΔͷͰɺଌઢͷํఔࣜ࣍ͷΑ͏ʹͳΔɻ

d2xk

ds2
= −Γm

ij
dxi

ds

dxj

ds

ɹɹɹɹɹɹ = −Γm
00(

dx0

ds
)2

ɹɹ = −Γm
00

ɹɹɹɹɹɹ ∼ 1

2
(2∂0h0i − ∂ih00) (68)

͜͜Ͱɺࣜ (65)ΑΓɺh00, h0i  0Ͱ͋Δ͜ͱΛೖ͢Δͱɺ

d2xk

ds2
= 0 (69)

ͱͳΔɻ͜ΕʹΑΓɺॏྗ࣭ʹର͠ՃΛ༩͑ͳ͍ɺͭ·Γ࣭ʹྗΛಇ͔ͳ͍͜ͱ͕͔ͬͨɻ͜

ΕɺTTήʔδͷݩͰɺॏྗʹΑΔ࣭ͷۭ࣌ͷ৳ॖͷޮՌΛଧͪফ͢Α͏ʹ࠲ඪ͕৳ॖ͍ͯ͠Δͱ

࠲Α͏ɻ͜͜Ͱɺยํͷ࣭ͷݟΛڹɺੈքִؒʹ༩͑ΔӨڑɺ࣭ؒͷʹ࣍ͱͰ͖ΔɻͦΕͰ͜͏ݴ

ඪΛݪ (0,0,0,0)ɺ͏Ұํͷ࣭ͷ࠲ඪΛݪ͔Βগ͠Εͨॴ (0,ϵx,0,0)ʹͱΓɺ2ͭͷ࣭͕ͦͷ
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Ͱ੩͍ͯ͠ࢭΔͱ͢Δɻ͜ͷ࣌ͷ 2࣭ؒͷڑɺࣜ (4)Λ༻͍ͯ࣍ͷΑ͏ʹදͤΔɻ

L =

∫ ϵx

0
|ds|

=

∫ ϵx

0
|ηijdxidxj | 12

=

∫ ϵx

0
|g11|

1
2 dx

∼
∫ ϵx

0
(1 +

1

2
h11)dx

= (1 +
1

2
h11)ϵ

x (70)

Ҏ্ΑΓɺॏྗʹΑͬͯ 2ͭͷ࣭ؒͷڑ 1
2h11ϵx ͚ͩมԽ͢Δ͜ͱ͕͔ͬͨɻ͜͜Ͱɺྫ͑ɺલ

અͷΑ͏ͳ zํʹਐΉॏྗʹΑΔ x,yͷڑͷมԽ (dLx, dLy)Λͯ͑ߟΈΔͱɺ
(

dLx

dLy

)
=

1

2

(
h+ h×
−h× h+

)(
ϵx

ϵy

)
eik(ct−z)

=
1

2
h+

(
ϵx

−ϵy

)
eik(ct−z) +

1

2
h×

(
ϵy

ϵx

)
eik(ct−z) (71)

ͱͳΔɻ͜ͷୈ 1߲ͱୈ 2߲ॏྗͷภޫΛ͓ࣔͯ͠Γɺ͜ΕલઅͰग़͖ͯͨ +Ϟʔυɺ×Ϟʔυͷ͜
ͱͰ͋Δɻ+Ϟʔυ xํͷ࣭ؒڑ͕৳ͼΕ yํͷڑ͕ॖΉͱ͍͏Α͏ͳைࣚతͳ࡞༻Λͭ࣋

ϞʔυͰ͋Γɺ×Ϟʔυ +ϞʔυΛ 45͚ͨͷͱͳΔɻҎ্ΑΓɺॏྗ͕͘Δ͜ͱʹΑΓɺ্ࣜͷ

Α͏ʹࣗ༝࣭ؒͷڑʹைࣚతͳมԽΛͨΒ͢͜ͱ͕͔ͬͨɻ

1.5 ॏྗͷ์ग़

͜͜Ͱɺॏྗ͕์ग़͢Δࡍͷɺͦͷৼ෯ͱΤωϧΪʔʹ͍ͭͯͯݟΈΑ͏ɻࠓɺॏྗΛൃੜ͢Δӡಈ

ମͷॏ৺Λݪʹɺ؍ଌ x·ͰͷڑΛ r ͱ͢Δͱɺॏྗͷৼ෯ɺ

hi,j(t, r) =
4G

c4

∫
Tij(t− |r⃗′−r⃗|

c , r⃗)

|r⃗′ − r⃗| d3r⃗′ (72)

ͱදͤΔɻ͜ͷࣜɺॏྗํఔࣜ (ࣜ (46)) ʹάϦʔϯؔͱ͍͏ͷΛ༻͍Δ͜ͱͰಘΒΕΔɻ͜͜Ͱɺ

ԕํͷेখ͍͞ॏྗ͔ݯΒॏྗ͕ൃੜ͢Δ߹Λ͑ߟΔͱɺॏྗͷৼ෯͕࣍ͷΑ͏ʹٻΊΒΕΔɻ

hi,j = −2G

c4
1

R

d2Qij(t′)

dt2
(73)

͜͜Ͱɺt′ = t− r
c , r = |r⃗|ͱͨ͠ɻ·ͨɺQij(t)࣍Ͱද͞ΕΔΑ͏ͳ࢛ॏۃϞʔϝϯτͰ͋Δɻ

Qij(t) =

∫
(xixj −

1

3
δijr

2)ρm(r⃗, t)d3r⃗ (74)

ρm(r⃗, t)࣭ྔΛද͍ͯ͠Δɻྫ͑ɺి࣓ͷ์ग़Λ͑ߟΔͱ͖ɺࢠۃϞʔϝϯτͷؒ࣌มԽʹΑ

Δ͕ࣹ์ࢠۃओͱͳΔɻ͔͠͠ɺॏྗͷݯͰ͋Δ࣭ྔৗʹਖ਼ͰిՙͷΑ͏ʹਖ਼ෛ྆ํͷऔΒͣۃ

Γʹൃੜͨ͋ؒ࣌͢ͱͳΔɻ·ͨɺ୯Ґࣹ์ۃॏ࢛͍ͨ༺ϞʔϝϯτΛۃॏ࢛ͳ͍ͨΊɺ͜͜Ͱ͠ࡏଘ͕ࢠ

ΔॏྗͷΤωϧΪʔɺ

Wgw =
G

5c5
Σi,j

d3Qij

dt3
d3Qij

dt3
(75)
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ͱͳΔɻ͜͜Ͱɺྫͱͯ͠ɺ࿈ܥͷ୯Ґؒ࣌ͨΓͷॏྗΤωϧΪʔWgw ΛͯݟΈΑ͏ɻࠓɺ͍࣭͠

ྔ mΛͭ 2ͭͷ͕ԁӡಈ͍ͯ͠ΔΑ͏ͳ࿈ܥΛ͑ߟΔ. 2ͭͷॏ৺ͷपΓͰܘ aɺ֯ ω ͷ

ԁӡಈΛ͍ͯ͠Δͱ͢Δͱɺ

Wgw =
128G

5c3
m2a4ω6. (76)

͜͜Ͱɺԕ৺ྗͱॏྗͷͭΓ߹͍͔Βɺ͕֯ٻ·Δɻ

maω2 = G
m2

(2a)2
(77)

ω2 =
Gm

4a3
. (78)

͜ͷ֯Λࣜ (76)ʹೖ͢Δ͜ͱͰɺ

Wgw =
2G4m5

5c5
1

a2
(79)

ͱ͍͏Α͏ʹɺ࿈ܥͷॏྗͷ୯ҐͨΓͷΤωϧΪʔ͕ٻΊΒΕͨɻ͜ͷࣜΛݟΔͱɺճసܘ (ͷେ

͖͞)͕খ͍͞΄Ͳɺ·ͨɺ࣭ྔ͕େ͖͍ͷ΄Ͳɺେ͖ͳॏྗΤωϧΪʔΛ์ग़͢Δ͜ͱ͕ಡΈऔΕΔɻ

1.6 ॏྗͱి࣓

͜Ε·Ͱॏྗͷੑ࣭ʹ͍͕͖ͭͯͨͯ͑ߟɺॏྗͦͷํఔ͔ࣜΒ͔ΔΑ͏ʹɺి࣓ͱ͍͔ͭ͘

ΈΔɻ͜Ε·Ͱͷͯ͑ߟ͍ͯͭʹ͕͋Δɻͦ͜Ͱɺ͜͜Ͱి࣓ͱൺֱ͠ͳ͕Βॏྗͷੑ࣭ͨ͠ࣅྨ

͔ΒɺҰൠ૬ରੑཧͰ༧͞ݴΕΔॏྗɺޫͰൖ͢ΔԣͰ 2ͭͷภ (+Ϟʔυɺ×Ϟʔυ)

Λͭ࣋͜ͱ͕͔ͬͨɻ͜Εి࣓ͱಉ༷ͷੑ࣭Ͱ͋Δɻ·ͨɺྫ͑ɺి࣓ͷ์ग़Λ͑ߟΔͱ͖ɺ

Ϟʔϝϯτࢠۃ (ి࣓)͕มಈ͢Δ͜ͱͰిՙͷՃӡಈ͕͖ىɺి࣓͕ൃੜ͢Δͱ͑ߟΔ͕ɺॏྗ

ಉ༷ʹɺ࢛ॏۃϞʔϝϯτ (ॏྗ)ͷؒ࣌มԽʹΑΓ࣭ྔͷՃӡಈ͕͖ىΔ͜ͱͰൃੜ͢Δͱ͍͏

͍ͯࣅΔɻ͔͠͠ɺ྆ऀʹຊ࣭తʹେ͖ͳҧ͍͕͋ΔɻͦΕɺ૬࡞ޓ༻ͷ͞ڧͰ͋Δɻॏྗ૬࡞ޓ༻

ి࣓૬࡞ޓ༻ʹൺɺѹతʹऑ͍ɻྫ͑ɺਫૉࢠݪΛߏ͢ΔཅࢠͱిؒࢠͰͷΫʔϩϯྗͱॏྗͷ͞ڧ

 37ܻҟͳΔɻॏྗͷ૬࡞ޓ༻͕ѹతʹऑ͍ͱ͍͏͜ͱɺ࣭ʹٵऩ͞ΕͨΓࢄཚͨ͠Γͱ͍͏͜ͱ

͕΄ͱΜͲͳ͍ͱ͍͏͜ͱͰ͋Γɺ͢ͳΘͪɺॏྗۃΊͯಁ͍ߴաྗΛͭ࣋ͱ͍͏͜ͱΛҙຯ͍ͯ͠Δɻ

ͦͷಁ͍ߴաྗɺఱମ؍ଌखஈͱͯ͠ͷྗڧͳثͱͳΔɻ͔͠͠ɺͦͷҰํͰɺ͜ͷॏྗͷ࡞༻ͷऑ͞

ݕग़͞ΕΔ৴߸ඇৗʹऑ͍ͱ͍͏͜ͱͱಉҙͰ͋Γɺະͩʹॏྗ͕ݕग़ࠔͱͳ͍ͬͯΔݪҼͰ͋

Δɻ·ͨɺిՙʹਖ਼ෛ͕͋ΓɺΫʔϩϯྗʹҾྗͱੱྗ͕͋Δͷʹର͠ɺ࣭ྔਖ਼ͷͷΈͰॏྗৗʹ

ҾྗͱͳΔɻ͜ΕɺલઅͰड़ͨΑ͏ʹɺి࣓Ͱ͕ࣹ์ࢠۃओͰ͋Δ͕ɺॏྗͰ͕ࢠۃଘࡏ

ҼͰ͋Δɻ·ͨɺਖ਼ͷͷΈͭͱ͍͏͜ͱɺେྔͷ࣭͕ू·ͬͨఱମӉݪͱͳΔࣹ์ۃॏ࢛ʹͣͤ

ɺѻ͏ϑΟʔϧυΛେ͖͘͢Δ΄Ͳɺͦͷྦྷੵతʹେ͖͘ͳΔɻͭ·Γɺେ͖ͳϑΟʔϧυʹ͓͍ͯ

ɺి࣓ྗؾͷΑ͏ʹਖ਼ෛͷΛͭྗଧͪফ͠߹ͬͯத͍͖ͯ͠ɺݩඇৗʹऑ͍૬࡞ޓ༻Ͱ͋ͬͨॏ

ྗ͕େ͖͘ͳΓࢧతͱͳΔͱ͍͏͜ͱͰ͋Δɻ͑ߟΔྖҬ͕େ͖͘ͳΔ΄Ͳॏྗେ͖ͳӨڹΛٴ΅͢Α͏

ʹͳΔͷͰ͋ΔɻͦΕނʹɺݕग़͞ΕΔࡍͷॏྗେྔͷ࣭͕ܹ͘͠ӡಈ͢Δڧॏྗͷఱମݱ͔Βൃ

ੜ͢ΔՄੑ͕͍ߴͱ͞Ε͍ͯΔɻݕग़ରͷॏྗʹ͍ͭͯ࣍અͰड़Δɻ
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1.7 ॏྗͷൃੜݯ

લड़ͨ͠Α͏ʹɺॏྗڧॏྗʹ͓͚Δఱମݱɺͭ·ΓɺҰൠ૬ରతఱମ͔Βͷݕग़͕ظ͞Εͯ

͍ΔɻͦΕͰɺҰൠ૬ରతఱମͷఆٛʹ͍ͭͯ͏͍ͯ͜ݟɻҰൠ૬ରతఱମ͔Ͳ͏͔ɺॏྗͷڧऑΛ

அͰ͖Εྑ͍ɻҎԼɺॏྗͷڧऑͷஅج४๏ʹ͍ͭͯઆ໌͢Δɻ

ܘɺ࣭ྔMɺࠓ Rͷٿঢ়ͷఱମΛԾఆ͢Δɻͦͷఱମʹର͠ɺ࣭ྔmͷମ͕ఱମද໘͔Βਅ্ʹඈͼ

্͕ΓɺͦͷఱମͷॏྗΛৼΓͬͯແݶԕํ·ͰඈΜͰ͍͘ͷʹඞཁͳΛ͑ߟΔɻ͜Εɺఱମͷॏྗ

ʹΑΓੜ͡ΔҐஔΤωϧΪʔ (ఱମ͕ମΛҾ͖͚ΔΤωϧΪʔ)ͱͦͷఱମ͔Βग़͢ΔମͷӡಈΤω

ϧΪʔ͕͘͠ͳΔ͜ͱͰٻ·ΔɻҎԼʹࣜΛࣔ͢ɻG(= 6.673ʷ 1011m3/s2/kg) ສ༗ҾྗఆͰ͋Δɻ

ఱମͷॏྗʹΑΓੜ͡ΔҐஔΤωϧΪʔɿ

U = −
∫ R

∞
−GMm

r2
dr = −GMm

R
(80)

ମͷӡಈΤωϧΪʔɿ

K =
1

2
mv2. (81)

ग़͢Δͷʹඞཁͳɿ
1

2
mv2 − GMm

R
= 0 (82)

v =

√
2GM

R
(83)

͜ͷఱମ͕ٿͷ߹ɺ͜ͷग़ ( 11 km/s) ͱݺΕ͍ͯΔɻ͜ͷ͕͍͔͍͔ͷ

அʹɺଞͷͱൺͯΈΕ͔ΔɻཧͰجຊఆͱൺΔͷ͕ఆੴͳͷͰɺ͜͜Ͱޫ

c(= 2.998ʷ 105 km/s)Λ༻͍ͯɺҎԼͷΑ͏ͳແྔݩ࣍ θ Λఆٛ͢Δɻ

θ ≡ v2

c2
=

2GM

Rc2
. (84)

v ͕ cΑΓେ͖͍߹ɺޫ͢Βͦͷఱମ͔ΒಀΕΒΕͳ͍΄Ͳॏྗ͕͍ڧͱ͍͏͜ͱΛ͍ࣔͯ͠Δɻ͜ͷΑ

͏ͳఱମϒϥοΫϗʔϧͱݺΕ͍ͯΔɻΑͬͯɺθ ͕ 1ʹ͔ۙͮ͘Ͳ͏͔ͰఱମͷॏྗͷڧऑΛఆͰ͖

Δɺͭ·Γɺθ ΛଌΔ͜ͱͰͦͷఱମ͕Ұൠ૬ରత͔Ͳ͏͔Λ؍ଌతʹஅͰ͖Δ͜ͱ͕͔ͬͨɻͰɺ

͞Εظ͍͓ͯʹثग़ݕॏྗܕՔಇதͷ্ࡏݱͷྫΛ্͍͛ͯ͘ɻݱଌରͱͳ͍ͬͯΔఱମ؍ʹࡍ࣮

͍ͯΔॏྗݯҎԼͷͱ͓ΓͰ͋Δɻ

ਤ 4 ͞·͟·ͳॏྗݯ (KAGRAͷ HPΑΓ)
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(1) ࿈தੑࢠͷ߹ମ

(2) ࿈ϒϥοΫϗʔϧͷ߹ମ

(3) தੑࢠͱϒϥοΫϗʔϧͷ߹ମ

(4) ॏྗ่յܕ৽രൃ

(5) ࢠճస͢Δதੑߴ

͜ΕΒͷݱόʔετతʹॏྗΛ์ग़͢Δͱ͑ߟΒΕ͍ͯΔɻதੑࢠϒϥοΫϗʔϧ͔ΒͳΔɺ͍Θ

ΏΔίϯύΫτ࿈ͷ߹ମʹ͍ൃੜ͢Δॏྗൃੜ͢Δظ࣌ʹΑΓɺެసӡಈظ (inspiral)ɺিಥ߹ମظ

(merger)ɺͦͯ͠ݮਰৼಈظ (ringdown) ͱ͍͏ 3ͭʹྨ͞ΕΔɻͪͳΈʹɺެసӡಈظͷܗߏ͞Ε

ΔίϯύΫτ͕ԿͰ͋Δ͔ʹ΄ͱΜͲΑΒͳ͍ɻ

༷ʑͳॏྗݯΛ্͕͛ͨɺ࣮ࡍͷݕग़ʹʮेͳස (ʹճఔ)ͷݕग़͕Մʯɺʮൃੜ͢Δॏྗ

ͷ͕ܗཧతʹ͋Δఔ༧Ͱ͖Δʯɺ͜ͷ 2ͭͷ݅Λຬͨ͢͜ͱ͕ඞཁͰ͋ΔɻಛʹऀޙॏྗΛ

σʔλ͔Βநग़͢Δࡍʹඞཁͳ݅ͱͳΔɻͪͳΈʹɺ์ग़͞ΕΔॏྗͷܗ૬ର (తʹۙࣅ

ͳ͠ʹΞΠϯγϡλΠϯํఔࣜΛղ͘͜ͱ) Ͱཧతʹ༧ଌ͢Δ͜ͱ͕Ͱ͖Δɻ͜ͷ݅Λຬͨ͢ྑ࣭ͳॏྗ

ݯʹίϯύΫτ࿈ͷ߹ମ͕͛ڍΒΕΔɻಛʹ࿈தੑࢠͷ߹ମेͳͷ߹ମ͕ݕग़ՄͰ͋Γɺ

ଞͷॏྗݯʹൺܗΛ༧͘͢͠ൃݟͷূݕʹ༗རͰ͋Δ͜ͱ͔Βɺ؍ଌऀʹͱͬͯ࠷ྑ࣭ͳॏྗ

ઃதͷݐΘΕ͍ͯΔɻຊͰݴͱݯ KAGRA࿈தੑࢠ͔Βͷॏྗͷ؍ଌΛ͍ͯ͠ࢦΔɻͪͳΈʹɺ

࿈தੑࢠͷ߹ମɺ1ͭͷۜՏͰ͓Αͦ 1ສ͔Β 10ສʹ 1ճ͜ىΔͱ༧͞Ε͍ͯΔɻKAGRA

ΛؚΜͩୈೋੈܕॏྗݕग़ثͷ࠷ऴඪײ͕ୡ͞ΕΔ͜ͱʹΑΓɺ͔ٿΒ 300MpcҎͷڑ

·Ͱͷ࿈தੑࢠͷ߹ମ͕ݕग़ՄͱͳΔͱ͢Δͱɺͦͷܘʹ͋ΔۜՏͷΛྀͯ͠ߟɺؒ 10ʙ100

ճఔͷ؍ଌ͕ࠐݟΉ͜ͱ͕Ͱ͖ΔͷͰ͋Δɻ·ͨɺيಓॖ͕ܘ·Δʹ࿈Εͯৼ෯ͱप͕ঃʑʹେ͖͘

ͳΔͷ͕ಛͰ͋Δܗͷ͜ͱΛνϟʔϓܗͱ͕͏ݴɺ࿈ͷ߹ମલޙͰɺॏྗͷܗͦͷνϟʔϓ

ͷܘͷࢠதੑ͕ܘಓيͷ߹ମͷ߹ͰɺࢠͱมԽ͢Δɻྫ͑ɺ࿈தੑܗ༗ͷݻΒ߹ମ͔ܗ

ਤ 5 ࿈தੑࢠͷ߹ମલޙʹ͓͍ͯൃੜ͢Δॏྗͷ༧ܗ,ɹҪ্Ұ΄͔ʮӉͷ؍ଌ� Τߴ−
ωϧΪʔఱจֶγϦʔζݱͷఱจֶୈ ʯ(2008)ר17 p233ΑΓ

2ഒ (20-25 km)ఔʹ·ͰॖΜͩ࣌ͱ͖ʹνϟʔϓ͕ܗऴΘΓɺͦͷ͔ޙΒ߹ମݻ༗ͷॏྗ͕์ग़͞Ε࢝

ΊΔͱ͑ߟΒΕΔ (ਤ 5)ɻ·ͨɺԁيಓʹ͋Δ࿈தੑࢠ͔Β์ࣹ͞ΕΔॏྗͷप࣍ͷΑ͏ʹॻ͚

18



Δ͕ࣄ͔͍ͬͯΔɻM  2ͭͷதੑࢠͷ߹ྔܭɺM⊙ ଠཅ࣭ྔɺr يಓܘΛද͍ͯ͠Δɻ

f =
1

π

√
GM

r3
= 10.5(

M

2.8M⊙
)

1
2 (

r

700 km
)−

3
2 (85)

ैͬͯɺνϟʔϓܗͷߴ࠷प͔Βதੑࢠͷܾ͕ܘఆͰ͖ΔɻҎ্ʹड़͖ͯͨͷ্ͷॏྗݕग़

ݯىͰ͋ΔɻӉݯͷॏྗݯى͞Ε͍ͯΔఱମظଌ͕؍Ͱث (ϏοάόϯɺΠϯϑϨʔγϣϯɺ૬సҠɺ

Ӊͻ)ͷपଳ (10HzҎԼ)ͷॏྗʹ্͍ͭͯͷॏྗݕग़ثͰ؍ଌ͢ΔͷඇৗʹࠔͰ͋

ΔɻͦͷݪҼͷҰͭͱͯ͠ɺपଳͰࢧతͳ໘ৼಈ͕ɺಉ͘͡पଳͷӉݯىͷॏྗͷ؍

ଌΛ͛ͯ͠·͏͜ͱ͕͛ڍΒΕΔɻͦ͜ͰɺຊจͰৄ͘͠ड़ͳ͍͕ɺिଳͷॏྗʹ͍ͭͯ

໘ৼಈͷͳ͍ӉۭؒͰ؍ଌΛܭ͏ߦը (Ϥʔϩούͷ LISAɺຊͷ DECIGO)͕ਐΊΒΕ͍ͯΔɻ
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2 ॏྗݕग़ث

͜ͷষͰɺલষͰड़ͨॏྗΛ࣮؍ʹࡍଌ͢Δํ๏ɺॏྗݕग़ثʹ͍ͭͯड़Δɻ࠷ॳʹؒతͳॏ

ྗ؍ଌͷྫʹ͍ͭͯهड़ͨ͠ͷͪɺࡏݱࠓɺ؍ଌʹݐʹࡍ࣮͚ͯઃ͞Ε͍ͯΔॏྗݕग़ثʹ͍ͭͯ

հ͍ͯ͘͠ɻ

2.1 ॏྗͷؒత؍ଌ

ॏྗͷݕग़ະͩୡ͞Ε͍ͯͳ͍͕ɺؒతʹطʹͦͷଘࡏূ໌͞Ε͍ͯΔɻͦΕɺ1974

ɺΞϝϦΧͷఱจֶऀϥοηϧɾϋϧεͱδϣθϑɾςʔϥʔʹΑΓൃ͞ݟΕͨ࿈ύϧαʔʹΑΔͷͰ

͋Δɻ࠷ॳʹൃ͞ݟΕͨ࿈ύϧαʔ PSRB1913+16ͰɺΞϨγϘʹ͋Δ 305mͷిԕڸʹΑΔύϧ

αʔ୳ࠪͰ͚ͭݟΒΕͨɻύϧαʔͱ͍͏ͷߴͰճస͍ͯ͠Δதੑࢠͷ͜ͱͰ͋Δ (ਤ 6)ɻதੑࢠ

ਤ 6 ύϧαʔ

࣓͍ڧΛ͓ͬͯΓɺͦͷ࣓͔ۃΒిͷϏʔϜ͕ग़͍ͯΔɻ࣓ۃճస͔࣠ΒͣΕ͓ͯΓɺճసͷͨͼ

ʹϏʔϜ͕ӉۭؒΛ౮ͷΑ͏ʹরΒ͢ɻ͜ͷͱ͖ɺϏʔϜͷํ͕ٿʹ͋ͨΔ߹ɺपظతʹిͷύ

ϧεΛड͚औΔΑ͏ʹ͑ݟΔ͜ͱ͔ΒɺύϧαʔͱݺΕ͍ͯΔɻύϧεͷपظͱͯ҆ఆ͍ͯ͠ΔͨΊɺ

ύϧͨ͠ݟͱͯ͠༻͍Δ͜ͱ͕Ͱ͖Δɻ͔͠͠ɺϋϧεͱςʔϥʔ͕ൃܭ࣌ͱಉͷਫ਼ͷྑ͍ܭ࣌ࢠݪ

αʔʹɺΘ͔ͣʹ (4ϛϦඵఔ)ɺͦͷप͕ظ͘ͳͬͨΓ͘ͳͬͨΓͱ͍ͬͨύϧεִؒͷมಈ͕֬ೝͰ

͖ͨɻ͜Εɺ؍ଌ͞Εͨύϧαʔʹ͕͋Δͱ͍͏͜ͱΛ͍ࣔͯ͠Δɻͭ·Γɺ؍ଌ͞Εͨύϧαʔ͕

ൃࣹ͢Δنଇਖ਼͍͠ύϧεͷ͕ྻܥ࣌ɺيಓӡಈͷॏྗͷӨڹΛड͚͍ͯΔͷͰ͋Δɻ͜ͷޮՌʹ

ͷ࣭ྔ͕ओʹ͍ؔͯ͠Δ͕ɺ߹ྔ࣭ܭΏΔ͔ʹޮ͍ͯ͘Δɻͦ͜ͰɺۙҠಈͷؔࣜͱ࿈ཱ͠

ͯղ͘͜ͱʹΑΓɺύϧαʔͱ͕ͲͪΒଠཅ࣭ྔͷ 1.4ഒͷ࣭ྔΛͭͱܾఆ͞Εͨ (ਤ 7)ɻ͜ͷͱ

ͷޙଌΛଓ͚ͨ݁Ռɺ5؍ʹɺ͞Βޙͱਪఆ͞Ε͍ͯΔɻͦͷࢠଌ͞Εͨ࿈ύϧαʔɺ࿈தੑ؍͖

1979ɺ࿈தੑࢠͷيಓप͕ͩظΜͩΜ͘ͳ͍ͬͯΔ͜ͱΛςʔϥʔൃͨ͠ݟɻ͜Εɺॏྗ์

ग़ʹΑΔ࡞༻Ͱيಓ͕ऩॖ͠ɺެసप͕ظ͘ͳͬͨ͜ͱʹىҼ͍ͯ͠ΔͷͰͳ͍͔ͱ༧͞Εͨɻͦ͠
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ਤ 7 ૬ରతޮՌͱύϧαʔٴͼͷ࣭ྔͷؔɺɹҪ্Ұ΄͔ʮӉͷ؍ଌ�−ߴΤωϧΪʔఱจ
ֶγϦʔζݱͷఱจֶୈ ʯ(2008)ר17 p230ΑΓ

ͯ, ެసपظͷݮগΛ؍ଌͨ݁͠ՌɺҰൠ૬ରੑཧͷެ͔ࣜΒ͞ࢉܭΕͨཧͱҰக͢Δ͜ͱ͕ࣔ͞Ε

ͨɻ͜ΕʹΑΓɺؒతʹ͕ͩɺॏྗͷଘ͞໌ূ͕ࡏΕͨͷͰ͋Δɻ1993ʹɺ͜ͷۀ͕ೝΊΒΕɺϋ

ϧεͱςʔϥʔϊʔϕϧΛडͨ͠ɻ

·ͨɺۙͰؒతʹॏྗͷଘ͕ࣔ͞ࡏΕͨͷͰͳ͍͔ͱݴΘΕͨ؍ଌྫ͕͋ͬͨɻࡢͷ 2014

3݄ 17ɺΞϝϦΧͷϋʔόʔυେֶΧϦϑΥϧχΞՊେֶΛத৺ͱͨ͠ BICEP2ͷڀݚάϧʔϓ͕ೆ

ݪͷݯىΛ༻͍ɺϏοΫόϯӉੜલ͔Β͖ͬͯͨॏྗɺӉڸઃஔ͞ΕͨϚΠΫϩిԕʹۃ

ଌͨ͠ͱൃදͨ͠؍ॏྗΛ࢝ [2]ɻ͜ͷൃݟϏοΫόϯӉͷૅجͱͳΔΠϯϑϨʔγϣϯཧΛཪ͚

ΔͷͰ͋Δͱ͞ΕɺຊΛؚΊͨੈքதͰใಓ͞Εͨ͜ͱࣗͷهԱʹ৽͍͠ɻઌ΄Ͳͷϋϧεͱςʔ

ϥʔͷ؍ଌྫͰ࿈தੑࢠͷيಓप͔ظΒؒతʹॏྗΛൃ͕ͨ͠ݟɺBICEP2Ͱɺ࢝ݪॏྗ͕Ӊ

ͷΕ্͕Γ࣌ʹੜͨ͠ޫ (ӉϚΠΫϩഎࣹ์ܠ)ʹରͯͨ͠͠ʠBϞʔυʡͱ͍͏ภޫύλʔϯ

Λൃ͠ݟɺؒతʹॏྗ͕؍ଌ͢ΔखஈΛͱͬͨɻBϞʔυʹ͍ͭͯ͏গͯ͠ݟΈΑ͏ɻ

ΠϯϑϨʔγϣϯཧʹΑΔͱɺϏοάόϯҎલʹӉ͕ܹٸʹு͢ΔΠϯϑϨʔγϣϯͱ͍͏ݱ͕ى

͜ΔͱͦͷӨڹʹΑΓॏྗ͕ੜ͞ΕΔɻͦΕഎܠॏྗͱݺΕͯࡏݱࠓӉʹଘ͠ࡏଓ͚͓ͯΓɺ

Ӊੜ͔Β 38ສޙʹੜ·ΕͨӉϚΠΫϩഎࣹ์ܠʹӨڹΛٴ΅͢ɻӉϚΠΫϩഎࣹ์ܠ

ޫͰ͋ΔͨΊɺਐํߦͱ֯ํʹৼಈ໘ΛͭԣͱͳΔɻ͜͜ʹɺॏྗ͕ՃΘΔͱɺBϞʔυͱݺ

ΕΔৼಈ໘͕Ӕ͖רঢ়ʹͳΔύλʔϯ͕ݱΕΔɻ͜ͷΠϯϑϨʔγϣϯͷࠟͰ͋ΓॏྗͷࠟͰ͋Δͱ

͞ΕΔ BϞʔυΛ BICEP2؍ଌͨ͠ (ਤ 8)ɻBICEP2ͷൃදͨ͠ਤ͔ΒɺӔ͖רঢ়ͷύλʔϯ͕ݟड͚

ΒΕΔͷ͕͔Δɻൃݟॳɺ͜ͷ؍ଌ݁Ռ࢝ݪॏྗͷূڌͰ͋Δͱ͞Ε͍ͯͨͷ͕ͩɺͦͷ͔͍ͭ͘ޙ

ͷ্͕͕ٙΓɺ2015 1݄ 30ɺԤभӉؔػ (ESA)ͳͲͷڀݚࡍࠃνʔϜ͕͜ΕΒͷൃදޡΓͰ

͋ͬͨͱൃදͨ͠ɻBICEP2ʹΑΔ BϞʔυͷ؍ଌਤ 8͔Β͔ΔΑ͏ʹ͔֬ͳ࣮ࣄͰ͋ΔɻͰɺͳ

ͥɺࠓճͷ݁Ռ͕ॏྗͷࠟͰͳ͔ͬͨͷ͔ͱ͏ݴͱɺͦΕ BϞʔυͷൃੜݪҼʹؔ͢Δɻ࣮ B

ϞʔυͷൃੜݪҼ࢝ݪॏྗ͚ͩͰͳ͘ɺগͳ͘ͱଞʹ 2ͭީิ͕͋ΓɺҰͭఱମͷ͍ڧॏྗͰޫ͕
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ਤ 8 BICEP2 ʹΑΔӉϚΠΫϩഎࣹ์ܠͷภޫ B Ϟʔυͷ؍ଌ, ɹ P. A. R. AdeK ΄

͔Phys. Rev. Lett,112, 241101(2014) p11ΑΓ

͍༺ΒΕΔʠॏྗϨϯζޮՌʡɺ͏ҰͭʠۜՏͷਖͷޮՌʡͱͳΔɻ͜ͷ݅ʹؔͯ͠ɺPlanckӴΛ͛ۂ

ճͷࠓՌɺ݁ͨ͠౼ݕͱͰਅِͷ΄ͲΛ͜͏ߦಉղੳΛڞνʔϜͱͷڀݚଌ͢Δ؍ॏྗΛࢠݪͯ BϞʔυ

࢝ݪॏྗͷӨڹͰͳ͘ɺۜՏͷਖͷޮՌʹΑΔͷͰ͋Δͱ͍͏݁ͱͳͬͨɻۜՏͷਖ࣓ͷӨڹ

Ͱ͕͖ͦΖ͏ͨΊɺͦͷਖͰࣹ͢ΔޫͷͷৼಈํͦΖͬͯภޫ͠ BϞʔυ͕ݱΕΔɻ͜ͷۜՏͷ

ਖʹΑΔӨڹ্ٿͷͲͷॴͰ͜ىΔͷͰআ͢ڈΔ͜ͱ͍ͨ͠ݫΊɺޙࠓӉۭؒͳͲɺΑΓਖ

͕গͳ͍ۭؒͰͷ؍ଌ͕ظ͞Ε͍ͯΔɻࠓճൃ͞ݟΕͨ BϞʔυࢠݪॏྗͷࠟͰͳ͍ͱ͍͏݁

ʹͳ͕ͬͨɺࢠݪޙࠓॏྗʹΑΔ BϞʔυ͕ൃ͞ݟΕΕɺॳظӉͷཧʹର͠େ͖ͳӨڹΛ༩͑Δ͜

ͱʹͳΔͩΖ͏ɻ

2.2 ثग़ݕܕܭবׯΞϯςφͱܕ໐ڞ

ॏྗΛݕग़͢Δʹɺ2ͭͷ࣭ͱͦͷ૬ରతͳڑ (·ͨ)Λଌఆ͢Δஔ͕͋Εྑ͍ɻࡏݱ·

ͰͰஔେ͖͚ͯ͘ 2छྨ͋ΓɺҰ࣭͕ͭݻఆ͞Εͨڞ໐ܕΞϯςφɺ͏Ұ࣭͕ͭϑϦʔͷঢ়

ଶ (ϑϦʔϚεͱ͏ݴ)ͷׯবݕܕܭग़ثͰ͋Δɻ

ɾڞ໐ܕΞϯςφ

ۚଐͰͰ͖ͨେ͖ͳڞৼମ Λثग़ݕΕΔɻͦͷ͞ىৼৼಈΛྭڞॏྗʹΑͬͯͦͷ(ثग़ݕ) 2ͭ༻ҙ͠ɺ

ॏྗҎ֎ͷݪҼͰ྆ݕग़͔ثΒಉ͡৴߸͕ग़ͯ͜ͳ͍Α͏ʹ 2ͭΛΕͨॴʹઃஔ͢Δɻͦͷࡍɺ2Ͱ

ಉڞʹ࣌ৼৼಈɺ৴߸͕؍ଌ͞ΕͨΒɺॏྗΛ؍ଌͰ͖ͨͱ͍͏͜ͱʹͳΔɻ͜ͷݕग़ํ๏Ͱɺతͷॏ

ྗͷपʹ߹ΘͤͯڞৼମͷڞৼपΛௐ͍ͯ͘͜͠ͱͰݕग़ײΛ্͛Δ͜ͱ͕Ͱ͖Δɻڞ໐ܕΞ

ϯςφΛ༻͍ͨ࠷දతͳ؍ଌɺ1960ʹΣʔόʔ (J. Weber)ʹΑͬͯߦΘΕͨ (ਤ (9))ɻ͜ͷ࣌

༻͍ΒΕͨۚଐɺॏ͞ 1.4 tɺڞৼप 1.66 kHzΛͭΞϧϛͷԁபͰ͋ΔɻΞϧϛͷதԝʹѹిૉࢠ

(ϐΤκૉࢠ)͕औΓ͚ΒΕ͓ͯΓɺॏྗʹΑͬͯΞϧϛͷ৳ॖ͕͖ىΔͱɺͦͷΈ͕ϐΤκʹΑͬͯి

ԻͰ͋ΓɺࡶΔͷओʹ͍ͯ͠ݶΛ੍ײΞϯςφͷܕ໐ڞΈͱͳ͍ͬͯΔɻ͜ͷ৴߸ʹม͑ΒΕΔؾ

ͷվળʹɺԹʹ͢Δ͜ͱۚଐͷଛࣦײ Q (ͷಀ͛͢͞Λࣔ͢)Λ͘͢ߴΔͱ͍͏ํ

๏͕͋ΔɻΣʔόʔͷ࣮ݧͰॏྗ͕؍ଌ͞Εͨͱ͞Ε͍ͯΔ͕ɺະͩূݕͰ͖͍ͯͳ͍ɻ͜ͷ࣌༻͍

ΒΕͨڞ໐ܕΞϯςφࡏݱɺΞϝϦΧͷεϛιχΞϯതؗʹͯలࣔ͞Ε͍ͯΔɻ
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ਤ 9 Σʔόʔઌੜͱਅۭ૧ʹೖͬͨڞ໐ܕΞϯςφ (तڭఱจ໊༪ཱࠃࠀӨɿ౻ຊᚸࡱ)

ɾׯবݕܕܭग़ث

ϨʔβʔׯবܭΛ༻͍ͯ 2ͭͷ࣭ (ϑϦʔϚε)ؒͷ૬ରతͳڑΛଌఆ͠ɺॏྗΛݕग़͢Δํ๏Ͱ͋Δɻ

ثग़ݕͷଟ͘͜ͷํ๏Λ༻͍͓ͯΓɺຊͷॏྗثग़ݕͷॏྗࡏݱ KAGRAׯবܕܭͰ͋Δɻׯব

ܭবׯཧΛؚΊɺݪͷܭবׯͱ͍͏ͷΛ༻͍͍ͯΔɻMichelsonܭবׯɺMichelsonʹૅجͷثग़ݕܕܭ

અҎ߱Ͱৄ͘͠આ໌͍ͯ͘͠ɻ͍࣍ͯͭʹثग़ݕܕ

ཧΛ༻͍ͯిͰଌఆ͢ΔʠDopplerݪҎ֎ʹɺ2ͭͷϑϦʔϚεؒͷ૬ରతͳΛυοϓϥʔޮՌͷه্

trackingʡͱ͍͏ํ๏͕͋Δɻ͜ͷํ๏Ͱɺยํͷ࣭ʹٿΛɺ͏ยํʹӴӉધͳͲΛ༻͍

Δɻ͜ΕಛʹӉݯىͷपଳͷॏྗݕग़ʹྑ͍ͱ͞Ε͍ͯΔɻ

2.3 ثग़ݕܕܭবׯ

2.3.1 Michelsonׯবܭ

ॏྗͷ؍ଌஔͱͯ͠ࡏݱଟ͘ͷؔػͰ༻͍ΒΕ͍ͯΔͷׯবܕܭॏྗݕग़ثͰ͋Γɺͦͷૅجͱͳ

Δͷ͕MichelsonׯবܭͰ͋Δ (ਤ 10)ɻ͜ͷ࣮ݧஔΞϝϦΧͷϚΠέϧιϯͱϞʔϨΠͱ͍͏̎ਓͷए

͍ՊֶऀʹΑΓͭ͘ΒΕͨɻॳॏྗΛଊ͑ΔͨΊͷͷͰͳ͘ɺΛ͑Δഔ࣭ʮΤʔςϧʯͱ͍͏

ଘࡏΛ؍ଌ͢ΔͨΊʹ༻͍ΒΕ͍ͯͨɻϚΫεΣϧͷిֶ࣓ؾͷొʹΑΓޫͷෆมੑ͕ࣔ͞Ε͕ͨɺͦΕ

ɺ࣌ओྲྀͩͬͨχϡʔτϯྗֶͷ͑ߟʹ͢ΔͷͩͬͨɻΤʔςϧɺχϡʔτϯྗֶͱϚΫεΣϧ

ͷిֶ࣓ؾͷؒͰ͖ͦͨىͷໃ६Λղܾ͢ΔͨΊʹ͑ߟग़͞ΕͨɺԾతͳഔ࣭ͷ͜ͱͰ͋Δɻͦͯ͠ɺ൴Β

͜ͷஔΛ༻͍ʮٿͷӡಈ͕ޫʹӨڹΛ༩͑Δ͔ʯͱ͍͏ૅجతʹऔΓΈɺ1887ʹʮ੩ࢭΤʔ

ςϧʹର͢ΔٿͷӡಈͷޮՌͳ͍ʯͱ͍͏ΤʔςϧͷଘࡏΛ൱ఆ͢Δ݁ՌΛ࣮ূͨ͠ɻ͜ΕɺϚΫε

Σϧͷޫͷෆมੑ͕ਖ਼͍͜͠ͱΛ͓ࣔͯ͠Γɺͭ·Γχϡʔτϯྗֶʹमਖ਼͕ඞཁͰ͋Δ͜ͱΛࣔͨ͠ɻ

͜ΕޙͷΞΠϯγϡλΠϯͷ૬ରੑཧΛޙԡ͢͠Δ࣮ݧͱͳͬͨɻ

Michelson ਤܭবׯ 10 ͷΑ͏ʹɺ1 ͭͷϨʔβʔݯͱ 3 ͭͷϛϥʔɺͦͯ͠ 1 ͭͷޫݕث (ϑΥτ

σΟςΫλʔ)͔ΒͳΔɻϨʔβʔ͔ݯΒग़ͨϨʔβʔޫ 45ͷ͖ʹஔ͔Εͨಁ໌ڸ (ϏʔϜεϓϦο
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ਤ 10 Michelsonׯবܭ

λʔ) ʹΑ͍ͬͯޓʹਨͳ 2 ͭͷޫઢʹ͚ΒΕΔɻ͜ͷͱ͖ɺϨʔβʔޫͷޫྔʑʹ͚͘͠Β

Ε͍ͯΔͱ͢Δɻ͚ΒΕͨ 2 ͭͷޫߦઌʹ͋Δ֤ϛϥʔͰͦΕͧΕࣹ͞ΕϏʔϜεϓϦολʔ·Ͱ

Γɺ࠶ͼ 1ͭͷޫʹͳΔɻͦͯ͠ɺ݁࠶߹͞ΕͨޫϑΥτσΟςΫλʔʹΑΓݕ͞ΕΔ͜ͱͱͳΔɻ͜ͷ

ɺ͚ΒΕͨ࣌ 2ͭͷޫͷԟ෮࿏ͷ͞ʹ͕ࠩ͋Δ߹ (l1 ̸= l2)ɺͭ·Γɺޫ࿏͕ࠩ͋Δ߹ɺׯবࣶ (৴߸)

߹Δͱɺޫ࿏͕ࠩͳ͍͍͑ݴଌ͞ΕΔɻ؍͕ (l1 = l2)৴߸͕ݟΒΕͳ͍ͱ͍͏͜ͱͰ͋ΔɻͪͳΈʹ

ϏʔϜεϓϦολʔ͔Βϛϥʔ 1(·ͨϛϥʔ 2)·Ͱͷ෦ҐΛׯবܭͷͱ͍ݴɺͦͷ͞ͷ͜ͱΛׯবܭ

ͷʠجઢʡ·ͨʠͷ͞ʡͱݺͿɻ

ਤ 11 MichelsonׯবܭʹΑΔ৴߸ݕग़
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͜͜Ͱɺ࣮ ΈΑ͏ɻ·ͣɺ྆ͯݟͷΛಈ͔ͯͦ͠ͷԠΛܭবׯMichelsonʹࡍ ͷ͕͍͞͠Michelson

ڑΛ༻ҙ͠ɺਤͷΑ͏ʹย͚ͩܭবׯ xมԽͤ͞Δͱ͢Δɻ͜ͷׯবܭʹҎԼͷిΛͭ࣋ϨʔβʔޫΛ

ೖࣹͤ͞Δɻ

Ein = E0e
iΩt (86)

͜ͷϨʔβʔޫΛϏʔϜεϓϦολʔͰ 2ׂ͠ɺͦΕͧΕϛϥʔ 1,2ʹরࣹ͢ΔͱɺͦͷࣹޫͦΕͧΕ

ҎԼͷࣜͷΑ͏ʹप (Ґ૬)γϑτΛड͚Δɻ͜͜Ͱɺφ = 2LΩ
c ޫ͕͞ LͷڞৼثΛԟ෮͢Δ͜ͱ

ʹΑΓ͜ىΔҐ૬มԽͰ͋Γɺx࣠ํ͕͞ L+ xͳͷͰ͞Βʹ͞ xͷҐ૬มԽ͕͖ىΔɻ

E1 =
E0√
2
ei(Ωt−φ− 2xΩ

c ) (87)

E2 =
E0√
2
ei(Ωt−φ) (88)

͜ͷΑ͏ʹϨʔβʔޫମʹরࣹ͢Δ͜ͱͰҐ૬γϑτΛड͚Δɻͦͯ͠ɺ͜ΕΒͷҟͳΔిΛͭͦΕ

ͧΕͷϛϥʔ͔ΒͷࣹޫΛϏʔϜεϓϦολʔ্Ͱ࠶ͼׯবͤ͞Δ͜ͱͰɺ྆ऀͷࠩͷपͱͷप

Λͭޫ͕ൃੜ͢Δɻ͜ͷൃੜͨ͠ޫʮޫϏʔτʯͱݺΕɺࠓճͷΑ͏ʹपͷҟͳΔޫಉ࢜ΛॏͶ߹

ΘͤΔͱͦͷपࠩʹԠͯ͡ੜ͡ΔޫͷᄬΓͷ͜ͱͰ͋Δɻ͜ͷޫϏʔτϑΥτσΟςΫλʔͰޫڧ

ͷมԽ (ޫͷ໌҉)ͱͯ͠ݕग़͞ΕΔɻ͔͠͠ɺޫͷपඦTHzͱඇৗʹߴप (KAGRAͰ༻͍Δ

1064 nmͷ YAGϨʔβͩͱ 300THz)Ͱ͋ΓɺϑΥτσΟςΫλʔͷ O/E มث (ޫ৴߸Λిؾ৴߸ʹ

ม͢Δஔ)Ͱ 100THzʹͳΔͷपͷ৴߸Λిؾ৴߸ʹมؾి͠ճ࿏Ͱ৴߸ॲཧ͢Δ͜ͱ

Ͱ͖ͳ͍ɻͦͷͨΊɺ࣮ࡍޫͷࠩͷपͷΈΛޫͷڧ৴߸ͱͯ͠ݕग़͢Δ͜ͱʹͳΔɻࠓɺग़ྗ͞Ε

ΔϨʔβʔޫͷి͕ɺ

Eout =
E0√
2

(
ei(Ωt−φ) − ei(Ωt−φ− 2xΩ

c )
)

(89)

Ͱ͋Δͱ͢ΔͱɺϑΥτσΟςΫλʔͰݕग़͞ΕΔޫͷڧҎԼͷΑ͏ʹͳΔɻ

Pout = |Eout|2

=

(
1√
2

)2

|E0|2
(
ei(Ωt−φ) − ei(Ωt−φ− 2xΩ

c )
)(

e−i(Ωt−φ) − e−i(Ωt−φ− 2xΩ
c )
)

=
1

2
|E0|2

(
1− ei

2xΩ
c + e−i 2xΩ

c

2

)

=
1

2
Pin

(
1− cos(

2xΩ

c
)

)
(90)

্͔ࣜΒɺޫͷڧʹׯবͤͨ͞ 2ͭͷޫͷपࠩͷ৴߸ؚ͕·Εɺׯবࣶ͕ݱΕΔ͜ͱ͕໌֬ͱͳ

ΔɻͪͳΈʹׯবࣶɺҐ૬γϑτ 2xΩ
c Λ φ− ͱ͠ɺׯবࣶͷ໌ࣶΛ Pmaxɺ҉ࣶΛ Pmin ͱ͢Δͱɺ

Pout =
Pmax + Pmin

2
− Pmax − Pmin

2
cos(φ−) (91)

ͱද͢͜ͱ͕Ͱ͖Δɻ·ͨɺׯবࣶͷίϯτϥετɺ

C ≡ Pmax − Pmin

Pmax + Pmin
(92)
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ͱͳΔɻͪͳΈʹ͜ͷΑ͏ʹࠩಈ৴߸Λநग़͢ΔϙʔτΛ ASϙʔτɺϨʔβଆΛϒϥΠτϙʔτͱݺͿɻׯ

বܭͷ྆ͷ͕͞શ͍͘͠ͱ͖ɺޫϒϥΠτϙʔτଆʹΓ AS ϙʔτଆʹޫ͕ग़ͯ͜ͳ͍ͷͩ

͕ɺ͜ͷঢ়ଶΛϚΠέϧιϯׯব͕ܭμʔΫϑϦϯδʹ͋Δͱ͍͏ɻٯʹ΄ͱΜͲͷޫ͕ AS ϙʔτଆʹग़

ͯ͘Δঢ়ଶϒϥΠτϑϦϯδͱݺͼɺϒϥΠτϑϦϯδͱμʔΫϑϦϯδͷதؒঢ়ଶΛϛουϑϦϯδͱ

ɻ͏ݴ

ʹڸͷܭবׯ߹ɺ͏ߦΛݧͷ࣮͜ʹࡍ࣮ PZT ͷΞΫνϡΤʔλثػΛ͚ͭͯͷ͞Λม͑Δ͜

ͱͰҐ૬γϑτΛ͢͜ى͕͑ߟΒΕΔɻॏྗʹΑͬͯମ (ࣗ༝࣭)ؒͷڑ͕มΘΔ߹ɺಉ༷ʹ

ϨʔβʔޫͷҐ૬γϑτ͕͜ىΔͷͰɺॏྗͷ৴߸ΛಘΔ߹Ҏ্ͷΑ͏ʹͯ͠ޫͷڧ৴߸Λݕग़͢Ε

ྑ͍͜ͱ͕͔Δɻ

2.3.2 ॏྗͷ৴߸ͱ࠷దͳجઢ

ͦΕͰɺ࣮ࡍʹMichelsonׯবܭʹॏྗ͕͖ͬͯͨͱ͠Α͏ɻৼ෯ hͷॏྗׯবܭͷ͞ Lͷ

Λ Lh͚ͩมԽͤ͞Δɻ͜ͷجઢͷ͞ͷมԽ͕ॏྗͷ৴߸ͱͯ͠ݕग़͞ΕΔͷͰ͋Δɻͭ·Γɺׯব

ͷܭ ͍΄Ͳॏྗͷ৴߸͕େ͖͘ͳΔͱ͏͜ͱͰ͋Δɻ͔͠͠ɺ͕͗͢ΔͱҰԟ෮ͷ͕ؒ(ઢج)

ʹॏྗͷӨ͕ڹ૬ͯ͠͠ࡴ·͍৴߸͕ͯͬ͠ݮ·͏ɻ·ͨɺٿؙ͍ͷͰɺཧతʹઢڑʹݶք͕

͋ΔɻҎԼɺपͷԠ͔ؔΒɺॏྗͷͱ࠷దͳجઢͷؔΛಋ͍ͯΈΑ͏ɻ·ͣɺॏྗʹΑ

ΔҐ૬มԽΛٻΊΔɻx্࣠Λԟ෮͢Δޫ (֯प Ω)Λ͑ߟΔɻ͜͜ͰɺॏྗͷҐ૬Λ h(t)ɺׯবܭͷ

ઢج Lͱ͢Δɻ4ݩ࣍ઢૉͷࣜΑΓɺ

ds2 = −(cdt)2 + [1 + h(t)]dx2 = 0 (93)

(cdt)2 = [1 + h(t)]dx2 (94)

͜͜Ͱɺ྆ลΛͦΕͧΕੵ͠ h(t)ͷ Δͱɺྀ͢ߟͷޮՌ·Ͱ࣍1

δt =
2L

c
+

1

2

∫ t

t− 2L
c

h(t)dt (95)

͞Βʹɺ֯प ΩͷޫΛྀ͢ߟΔͱɺҐ૬มԽҎԼͷΑ͏ʹͳΔɻ

∆Φ =
2LΩ

c
+

Ω

2

∫ t

t− 2L
c

h(t)dt (96)

͜ͷ࣌ɺΩ
2

∫ t
t− 2L

c
͕ॏྗʹΑΔҐ૬มԽΛද͍ͯ͠Δɻ͜͜ͰɺҎԼͷΑ͏ʹϑʔϦΤมΛ͏ߦͱɺ

h(t) = −
∫ ∞

∞
h(ω)eiωtdω : ϑʔϦΤม (97)

δΦ(ω) =
Ω

ω
sinLωce

−iLω
c h(t) (98)

ͱͳΔɻ্ࣜͷ Ω
ω sin Lω

c e
−iLω

c ͷ෦͕ॏྗͷԠؔʹ͋ͨΔɻԠؔΑΓɺॏྗͷͱ࠷దͳج

ઢͷ͞ͷؔɺ

L =
λGW

4
(99)

ͱͳΔɻ͜ΕɺϨʔβʔޫ͕ׯবܭͷΛԟ෮͢Δؒʹॏྗ͕௨ա͢Δͱ͍͏͜ͱͰ͋ΔɻҎ

্ΑΓɺ࠷࠷దͳجઢɺॏྗͷͰ͋Δ͜ͱ͕ಋ͖ग़͞Εͨɻ Е (m) = ޫ c(=
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3.0ʷ 108 m/s)ʸप f ͷ͔ؔΒɺྫ ͑ɺ1 kHz(Е(m) = 3.0ʷ 105 m)ͷॏྗͰɺجઢ 75 km

ͱͳΔɻ

λ =
3.0× 108 (m/s)

1000 (Hz)
= 3.0× 105 m (100)

L =
λ

4
=

3.0× 105 (m)

4
= 7.5× 104 m = 75 km (101)

͔͠͠ɺ͜ͷΑ͏ͳେ͖͞ͷׯবܭΛ্ٿͰͭ͘Δࣄ࣮ݱతͰͳ͘ɺ࣮ࡍʹผͷํ๏Ͱॏྗ৴߸Λ

େ͖͘͠Α͏ͱࢼΈ͍ͯΔɻ1͕ͭ Delay-LineڞৼثΛMichelsonׯবܭʹΈࠐΉ͜ͱͰ͋Γɺ2ͭ

͕ Fabry-PerotڞৼثΛMichelsonׯবܭʹΈࠐΉ͜ͱͰ͋Δɻ྆ํࣜͱׯবܭͷͰͷϨʔβʔޫͷ

ؒ࣌ࡏΛ৳͠ɺ࣮ޮతʹجઢΛ૿͢͜ͱ͕Ͱ͖Δɻ͜ͷ 2ͭͷํࣜʹ͍ͭͯ࣍ͷઅͰઆ໌͢Δɻ

2.3.3 Delay-Lineڞৼثͱ Fabry-Perotڞৼث

ਤ 12 ઢΛ࣮ޮతʹ৳͢جͷܭবׯ 2ͭͷํ๏

ɾDelay-Lineڞৼث

Delay-Lineڞৼث 2ຕͷϛϥʔΛ͍͔߹ΘͤͨߏͰɺڸͷ 1ϲॴʹϨʔβʔޫΛ௨ͨ͢Ίͷ͕݀։͍

͍ͯΔ (ਤ 12ͷࠨ)ɻ2ຕͷϛϥʔͷִؒΛٿ໘ڸͷۂܘͱ΄΅͘͠ͳΔΑ͏ʹஔ͘ͱɺ͔݀Βೖࣹ͠

ͨϨʔβʔޫϛϥʔؒ ͼ݀ͷҐஔʹͬͯग़ͯ͘Δɻ͜ͷͱ͖ͷϨʔ࠶ɺޙΛԿճ͔ԟ෮ͨ͠(ثৼڞ)

βʔޫͷڞৼثͰͷؒ࣌ࡏંΓฦ͠ճΛ N ͱ͢Δͱɺ୯७ʹ࣍ͷΑ͏ʹͳΔɻ

tDL = N
L

c
(102)

ɾFabry-Perotڞৼث

Fabry-Perotڞৼث 2ຕͷڸΛ͍͔߹Θͤͨߏ͕ͩɺޫͷೖग़ྗ༗ݶͷಁաΛͭڸΛϨʔβʔޫ

͕ಁա͢Δ͜ͱͰߦΘΕΔ (ਤ 12ͷӈ)ɻϛϥʔΛಁաͯ͠ڞৼث෦ʹೖͬͨϨʔβʔޫɺ2ຕͷڸͷ

ࣹ໘ͷؒΛಉҰͷܦ࿏ͰԿճԟ෮͠ׯব͠߹͏ɻׯবͱͷॏͶ߹Θͤͷ͜ͱͰ͋ΓɺҐ૬͕ͦΖͬͨ

ৼ෯͕͠ࢉͰେ͖͘ͳΓ, ෦ͷޫύϫʔΛ૿Ճͤ͞Δɻ͜ΕΛʠޫڞৼʡͱ͍͍ɺ͜ͷͱ͖ͷڞৼ݅

(Ґ૬͕ͦΖ͏݅)ɺޫͷԟ෮ܦ࿏͕ͷഒͷͱ͖Ͱ͋Δ͜ͱ͕͔͍ͬͯΔɻڞৼ࣮ޮతͳ

ԟ෮ճ͕ଟ͍΄ͲӶ͘ͳΔɻͪͳΈʹɺFabry-Perotڞৼثʹ͓͚Δ࣮ޮతͳંΓฦ͠ճ finesseͱݴ
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͍ɺࣜ࣍Ͱද͞ΕΔɻ

F =
π
√
r1r2

1− r1r2
(103)

ྫ͑ɺॏྗͷपΛ 500Hz ͱͨ͠ͱ͖ɺ͞ 3 km ͷڞৼثʹ͓͚Δ࠷దͳ finesse  40 Ͱ͋Δɻ

·ͨɺFabry-Perotڞৼثͷ߹͜ͷ finesseΛ༻͍ɺڞৼثͷޫઢͷؒ࣌ࡏΛද͢͜ͱ͕Ͱ͖Δɻ

tFP =
2F

π

2L

c
(104)

Delay-Lineڞৼث݀ͷԑͰͷࢄཚޫʹΑΔඇઢܗͷࡶԻ͕ࠞೖͯ͠ॴʑͷपͰԠ͕ؔখ͘͞ͳͬ

ͨΓɺڸ໘্ͷεϙοτ͕ॏͳΒͳ͍ͨΊʹେ͖ͳܘޱͷ͕ڸඞཁʹͳΔͳͲͷ͕ܽ͋ΔͨΊɺۙͷॏྗ

ݕग़Ͱ Fabry-Perot Ε͍ͯΔɻFabry-Perot͞༺࠾͕ثৼڞ અͰ͏গ͠ৄ͘͠ड़͍࣍ͯͭʹثৼڞ

Δɻ

2.3.4 Fabry-Perot Michelsonׯবܭ

ޫ࿏Λ͔͙ͤͨΊʹ Fabry-PerotڞৼثΛಋೖͨ͠Michelsonׯবܭͷ͜ͱΛɺFabry-Perot Michelson

Λಋೖ͢Δ͜ͱʹΑͬͯೖࣹޫ͕ͲͷΑ͏ʹมԽ͠৴߸͕ͲͷثৼڞͿɻ͜͜ͰɺFbary-Perotݺͱܭবׯ

Α͏ʹ૿෯͢Δͷ͔Λ֬ೝ͢Δɻ

2.3.4.1 Fabry-Perotڞৼث

Fabry-Perot ɺਤࠓΈΑ͏ɻͯݟΔޫͷมԽΛ͚͓ʹثৼڞ 13 ͷΑ͏ʹɺڞৼث͕ LɺڞৼثΛͭ

͍ͬͯ͘ΔڸΛޫݯʹ͍ۙํ͔ΒϑϩϯτϛϥʔɺΤϯυϛϥʔͱ͍ݴɺࣹΛͦΕͧΕ rF , rE ͱͨ͠

Fabry-PerotڞৼثΛ༻ҙ͢Δɻͦ͜ʹి Ein Λͭޫ͕ೖࣹͯ͠෦ͰԿճ͔ંΓฦͨ͠ޙɺి Er ͱ

ͳΓϑϩϯτϛϥʔ͔Βࣹޫɺ·ͨి Et ͱͳΓΤϯυϛϥʔ͔Βಁաޫͱͯ͠ग़͍ͯ͘߹Λ͑ߟΔɻ

ਤ 13 Fabry-Perotڞৼث

ɺೖࣹిΛɺࠓ

Ein = E0e
iΩt (105)

ͱ͢Δɻڞৼثपลͷ֤ిɺ

Ea = tFEin + rFEb (106)
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Eb = rEe
−i 2LΩ

c Ea (107)

Er = tFEb − rFEin (108)

Et = tEe
−iLΩ

c Ea (109)

ͷΑ͏ʹදͤΔͷͰɺ͜ΕΛ࿈ཱํఔࣜͱͯ͠ղ͘ͱɺ

Ea =
tF

1− rF rEe−iφ
Ein (110)

Eb =
tF rEe−iφ

1− rF rEe−iφ
Ein (111)

Er = (rF − t2F rEe−iφ

1− rF rEe−iφ
)Ein (112)

Et =
tF tEe−iφ

2

1− rF rEe−iφ
Ein (113)

ͱͳΔɻ͜͜Ͱɺφޫ͕ڞৼثΛԟ෮ͨ࣌͠ͷҐ૬มԽ (φ = 2LΩ
c )Ͱ͋Δɻ͜ͷ࣌ɺࣹޫͷڧ Pr ͱ

ಁաޫͷڧ Pt ҎԼͷΑ͏ʹͳΔɻ

Pr = |Er|2 =
(rE − rF )2 + 4rF rE sin2(φ2 )

(1− rF rE)2[1 + ( 2π )
2F 2 sin2(φ2 )]

|Ein|2 (114)

Pt = |Et|2 =
(tF tE)2

(1− rF rE)2[1 + ( 2π )
2F 2 sin2(φ2 )]

|Ein|2 (115)

͜͜ͰɺF લઅͰͰ͖ͯͨ finesseͰ͋Δɻ

F =
π
√
rF rE

1− rF rE
(116)

·ͨɺEr ͱ Et ΛͦΕͧΕ Ein ͱൺֱ͢Δ͜ͱͰɺڞৼثͷࣹ rcav(φ)ͱಁա tcav(φ)ΛදͤΔɻ

rFP (φ) =
Er

Ein
= rF − t2F rEe−iφ

1− rF rEe−iφ
(117)

tFP (φ) =
Et

Ein
=

tF tEe−iφ
2

1− rF rEe−iφ
(118)

͜ͷ࣌ɺڸͷޫֶଛࣦΛແ͢ࢹΔͱɺ|rFP |2 + |tFP |2 = R + T = 1Ͱ͋ΔɻͪͳΈʹɺ࣮ݧ࣮ʹࡍͰ༻͍

ΔڸͷεϖοΫγʔτʹॻ͔Ε͍ͯΔࣹɺr Ͱͳ͘ r2 = R ͷͰ͋Δɻ͜͜ͰɺFPڞৼثͷޫ

ྔΛදͨ͠ਤΛͯݟΈΑ͏ɻਤ 14ԣ͕࣠पɺॎ͕࣠ Fabry-PerotڞৼثͷޫྔͰ͋Γɺपظతʹڞ

ৼثͷޫྔ͕มΘΔ͜ͱ͕ͯݟͱΕΔɻਤதͷ P ͷΑ͏ʹڞৼثʹͨ·Δޫྔ͕࠷ଟ͍࣌ΛڞৼɺQ

ͷΑ͏ʹڞৼثʹͨ·Δޫྔ͕࠷গͳ͍ঢ়ଶΛڞৼͱ͏ݴɻڞৼʹͳΔ݅ɺ

φ = 2nπ (n = ࣗવ) (119)

Ͱ͋ΓɺڞৼʹͳΔ݅ɺ

φ = (2n+ 1)π (n = ࣗવ) (120)

ͱͳΔɻ͜ͷ࣌ɺਤ 14 ͔Β͔ΔΑ͏ʹڞৼͱڞৼपظతʹදΕΔͷ͕ͩɺͦͷपظͷ͜ͱΛ

Free Spectral Range(FSR)ͱ͍ݴɺ࣍ͷΑ͏ʹදͤΔɻ

2LΩFSR

c
= 2π (121)

fFSR =
c

2L
(122)
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ਤ 14 Fabry-Perotڞৼثͷޫྔ

·ͨɺڞৼͷϐʔΫͷͷ෯Λશ෯ (FullWidth atHalf Maximum)ͱ͍ݴɺfFWHM Ͱද͢ͱҎԼ

ͷࣜΛຬͨ͢ɻ

1

1 + 4
π2F 2 sin2(πLfFWHM

c )
=

1

2
(123)

͜͜ͰɺfFWHM ≫ fFSR ͱ͢Δͱɺ

fFWHM =
c

π
√
FL

=
1

2π

1− rF rE√
rF rE

c

L
(124)

ͱͳΔɻͦͯ͠ɺfFSR ͱ fFWHM ͷൺΛͱΔͱɺڞৼͷϐʔΫͷӶ͞Λද͢͜ͱ͕Ͱ͖Δɻ

F =
fFSR

fFWHM

=
π
√
rF rE

1− rF rE
(125)

͜ͷ͔ࣜΒ͔ΔΑ͏ʹɺ͜ͷڞৼͷӶ͞Λද͢ઌ΄Ͳ͔Βొ͍ͯ͠Δ finesseͷ͜ͱͰ͋Γɺڸͷ

ࣹͷΈͰܾఆ͞ΕΔ͜ͱ͕͔Δɻྫ͑ɺfinesseͷڞ͍ߴৼثΛͭ͘Δ࣌ʹΤϯυϛϥʔͷࣹ

΄΅ 1ɺͭ·ΓɺrF ≪ rE ≃ 1Ͱͳ͚ΕͳΒͳ͍ͷͰɺͦͷ࣌ϑϩϯτϛϥʔͷಁաͰ finesse͕ܾఆ

͞ΕΔɻ

F ≃ 2π

TF
(126)

2.3.4.2 ৼڞৼͱڞ

ৼͨ͠Γɺͦͷঢ়ଶ͕มԽ͢Δ͜ͱ͕͔ͬͨɻ͜͜Ͱɺڞৼͨ͠ΓڞͰपʹΑΓޫثৼڞ

ɺೖࣹͨ͠ϨʔβʔޫࠓΈΑ͏ɻͯ͑ߟ͍ͯͭʹৼʹ͓͚Δ৴߸ͷมԽڞৼͱڞ (ҎԼɺΩϟϦΞͱ͏ݴ)

͕ Fabry-PerotڞৼثͰڞৼঢ়ଶʹ͋Δͱ͢Δ (ਤ 15ͷࠨ)ɻͦͯ͠ɺͦͷঢ়ଶ͔ΒڞৼثͷΤϯυϛϥʔ͕

֯प ω Ͱৼಈͨ͠ͱ͢Δɻৼಈ͢ΔΤϯυϛϥʔʹΩϟϦΞ͕౸ୡ͢ΔͱυοϓϥʔޮՌʹΑΓɺΩϟ

ϦΞ (प)͔Βʶ iLω
c ͚ͩҐ૬γϑτͨ͠αΠυόϯυͱݺΕΔߴप͕ੜ͞ΕΔɻ͜ͷα

ΠυόϯυɺMichelsonׯবܭͷઅͰग़͖ͯͨ৴߸ʹ૬͢Δɻͭ·ΓɺͷมಈʹΑΔ৴߸ͷใ
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ਤ 15 ΩϟϦΞͷڞৼ (ਤͷࠨ)ɺΩϟϦΞͷڞৼ (ਤͷӈ)

αΠυόϯυ͕͍ͯͬ࣋Δͱ͍͏͜ͱͰ͋ΔɻΩϟϦΞͱੜ͞ΕͨαΠυόϯυ͕ڞৼثΛԟ෮͍ͯ͘͠

ͱɺΤϯυϛϥʔʹ౸ୡ͢Δ͝ͱʹҐ૬γϑτ͕͖ى৽ͨʹαΠυόϯυΛੜ͢ΔͷͰɺ৴߸͕૿͑ͯ

͍͘͜ͱͱͳΔɻ

Ͱɺ࣮ ܭবׯΛಋೖͨ͠MichelsonثৼڞɺFabry-PerotࠓΈΑ͏ɻͯݟͰࣜʹࡍ (Fabry-Perot Michelson

Λ༻ҙ͢ΔɻΩϟϦΞͷిΛ(ܭবׯ
Ein = E0e

iΩt (127)

ͱ͠ɺϏʔϜεϓϦολʔͰ͚ͨޙɺ͞ LͷΛͭ࣋ Fabry-Perotڞৼثʹೖࣹͤ͞Δɻ͜ͷ࣌ɺڞৼ

ʹڞͷΤϯυϛϥʔ྆ث δL cos(ωt)Ͱৼಈ͍ͯ͠Δͱ͢ΔͱɺΩϟϦΞ͕ 1ճʹΤϯυϛϥʔʹ౸ୡ

ͨ͠ͱ͖ͷిɺϚΠέϧιϯׯবܭͷ࣌ͱಉ༷ʹͯ͑ߟɺ

Ex =
1√
2
E0e

i(Ωt− 2Ω(L+δL cos(ωt))
c ) (128)

Ey =
1√
2
E0e

i(Ωt− 2Ω(L−δL cos(ωt))
c ) (129)

ͱॻ͚Δɻ͜͜ͰɺδL ≪ 1ͱ͢Δͱɺ

ei
2ΩδL cos(ωt)

c ≃ 1 + i
2ΩδL

c
cos(ωt) (130)

= 1 + i
2ΩδL

c
(
eiωt + e−iωt

2
) (131)

= 1 +
iΩδL

c
eiωt +

iΩδL

c
e−iωt (132)

ͱͳΔͷͰɺͦΕͧΕిҎԼͷΑ͏ʹॻ͖͑ΒΕΔɻ

Ex =
1√
2
E0e

iΩ(t− 2L
c )(1 + i

ΩδL

c
eiωt + i

ΩδL

c
e−iωt) (133)

Ey =
1√
2
E0e

iΩ(t− 2L
c )(1− i

ΩδL

c
eiωt − i

ΩδL

c
e−iωt) (134)

ͱͳΔɻͦΕͧΕࣜ (133)ͱࣜ (134)ͷ 1߲͕৽͍͠ΩϟϦΞͱͳΓɺ2߲ͱ 3߲͕ΩϟϦΞपΓ

ʹੜ͞ΕͨαΠυόϯυͰ͋ΓɺͦΕͧΕ UpperαΠυόϯυɺLowerαΠυόϯυͱݺͿɻ͜ΕΒ
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ͷ͔ࣜΒαΠυόϯυʹ৴߸͕͍ͬͯΔͷ͕͔Δɻ·ͨɺਤ 16͔ΒαΠυόϯυΩϟϦΞ͔Β 90

ͣΕͯɺUpperαΠυόϯυܭ࣌ճΓɺLowerαΠυόϯυܭ࣌ճΓʹΩϟϦΞͷपΓΛճ͍ͬͯΔ

͜ͱ͕͔Δɻ

ਤ 16 ΩϟϦΞपΓʹੜ͞ΕͨαΠυόϯυ

͜͜ͰɺڞৼثΛ nճંΓฦͨ͠ిΛ͑ߟΔɻࠓɺΩϟϦΞͷిΛ Ec(Ω)ɺUpperαΠυόϯυͷి

Λ EU (Ω+ ω)ɺLowerαΠυόϯυͷిΛ EL(Ω− ω)ͱ͢Δͱɺ(n-1)ճԟ෮ͨ࣌͠ͷిΛ༻͍ͯɺ

⎛

⎝
Ec(Ω)

EU (Ω+ ω)
EL(Ω− ω)

⎞

⎠

n

= rF rE

⎛

⎝
1 0 0

iϵei
Lω
c ei2

Lω
c 0

iϵe−iLω
c 0 e−i2Lω

c

⎞

⎠

⎛

⎝
Ec(Ω)

EU (Ω+ ω)
EL(Ω− ω)

⎞

⎠

n−1

(135)

ͱॻ͚Δɻ͜͜Ͱɺϵ = ΩδL
c Ͱ͋ΓɺαΠυόϯυͷৼ෯Ͱ͋ΔɻҎ্ΑΓɺ

EU (Ω+ ω)|n = tF tE(rF rE)
n−1iϵei

ωL
c
1− e2in

ωL
c

1− e2i
ωL
c

E0 (136)

EL(Ω− ω)|n = tF tE(rF rE)
n−1iϵe−iωL

c
1− e−2inωL

c

1− e−2iωL
c

E0 (137)

Αͬͯɺ࠷ऴతʹ Fabry-Perotڞৼ͔ثΒग़ͯ͘ΔޫɺҎԼͷΑ͏ͳిΛͭɻ

Eout = rFP (φ = 2nπ)E0 + tF

∞∑

n=1

(EU (n) + EL(n))

=
−rF + rE
1− rF rE

E0 +
(1− r2F )rEϵei

ωL
c

(1− rF rE)(1− rF rEe2i
ωL
c )

E0 +
(1− r2F )rEϵe−iωL

c

(1− rF rE)(1− rF rEe−2iωL
c )

E0 (138)

͜͜ͰɺrF = 0ͷ࣌ɺڞৼثͷͳ͍߹ (Michelsonׯবܭ)ͱͳΔɻFabry-PerotMichelsonׯবܭͷ࣌ͷ

αΠυόϯυͷৼ෯ΛMichelsonׯবܭͷ߹ͱൺֱͯ͠ΈΔͱɺ
∣∣∣∣∣

(1− r2F )rEϵeʶ iωL
c

(1− rF rE)(1− rF rEeʶ 2iωL
c )

E0

∣∣∣∣∣ /
∣∣∣rEϵeʶ iωL

c E0

∣∣∣ =
4

TF

√
1 + (ωγ )

(139)
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ͱͳΔɻ͜͜ͰɺrF ≡ rE = 1ͱ͍͏ۙࣅΛ༻͍ͨɻ͔ࣜΒɺFabry-PerotڞৼثʹΑΓɺ৴߸͕ 4
TF

√
1+(ω

γ )

͚ͩ૿෯͞ΕΔͱ͍͏͜ͱ͕͔ͬͨɻ·ͨɺγ ≡ cTF
4L ͱͨ͠ɻ͜ΕΩϟϏςΟϙʔϧͱݺΕΔͰ͋

Γɺ૿෯͕ 50%ͱͳΔ֯पͰ͋ΔɻΩϟϏςΟϙʔϧҎԼͷपͰ 4
TF
ഒɺΩϟϏςΟϙʔϧҎ

্Ͱ૿෯͕ܹٸʹམͪΔ͜ͱ͕͔Δɻ·ͨɺΩϟϦΞ͕ڞৼͷͱ͖Λ͑ߟΔͱ (ਤ 15ͷӈ)ɺΩϟϦ

Ξ΄ͱΜͲϑϩϯτϛϥʔͰࣹͯ͠͠·͍ͬͯΔͷͰ Fabry-PerotڞৼثʹΑΔҐ૬γϑτΛ΄ͱΜͲ

ड͚ͣɺͦΕʹ͏αΠυόϯυ͕ੜ͞Εͳ͘ͳΔɻͭ·ΓɺΩϟϦΞ͕ڞৼͷ߹ɺڞৼͷ࣌ͷΑ͏

ʹ Fabry-PerotڞৼثͰ৴߸ͷ૿෯͕ߦΘΕͳ͍ͱ͍͏͜ͱ͕͔Δɻ

2.3.5 Power-Recycled Fabry-Perot Michelsonׯবܭ

Fabry-perot Michelsonׯবܭ (FPMI)ʹ PowerRecyclingMirror(PRM)ΛΈࠐΜͩׯবܭͰ͋Δ (ਤ

17ͷࠨ)ɻਤͷΑ͏ʹ PRMΛϏʔϜεϓϦολʔͷखલʹऔΓೖΕΔͱ PRMͱ FPMIͷϑϩϯτϛϥʔͷ

ؒͰϨʔβʔޫͷΩϟϦΞ͕Կճԟ෮͠ɺϨʔβʔύϫʔΛ૿Ճ͢Δ͜ͱ͕Ͱ͖Δɻ͜ͷΑ͏ʹ PRM

ͱ FPMIͷϑϩϯτϛϥʔͰͭ͘ΒΕ͍ͯΔΩϟϏςΟͷ͜ͱΛ PowerRecyclingCavity(PRC)ͱݺͿɻ

2.3.6 Dual-Recycled Fabry-Perot Michelsonׯবܭ

FPMI ʹ PRM ͱ SignalRecyclingMirror(SRM) ΛΈࠐΜͩׯবܭͰ͋Δ (ਤ 17 ͷӈ)ɻSRM ೖ

ࣹϨʔβʹର͠ਨํͷͷઢ্Ͱɺ͔ͭϏʔϜεϓϦολʔͱϑΥτσΟςΫλʔͷؒʹઃஔ

͞ΕΔɻPRC ͱಉ༷ʹɺSRM ͱ FPMI ͷϑϩϯτϛϥʔͰͭ͘ΒΕ͍ͯΔΩϟϏςΟͷ͜ͱΛ Sig-

nalRecyclingCavity(SRC)ͱݺͼɺ৴߸Λ૿෯͢Δͷʹ༻͍Δɻྫ͑ɺMichelsonׯব͕ܭμʔΫϑ

ϦϯδʹอͨΕ͍ͯΔͱϑΥτσΟςΫλͷ͋Δ AS ϙʔτଆʹΩϟϦΞଘͣͤࡏɺࠩಈ৴߸ͷΈ

SRC ͰϦαΠΫϦϯάͰ͖ΔɻͦͷͨΊɺSRC ॏྗʹΑͬͯੜͨࠩ͡ಈ৴߸ͷΈΛ૿෯ͤ͞ΔׂΛ

ͭɻ

ਤ 17 ਤɿPower-Recycledࠨ Fabry-Perot Michelson ɺӈਤɿDual-Recycledܭবׯ Fabry-Perot

Michelsonׯবܭ (ਤͷӈ)
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ਤ 18 ਤɿRSEɺӈਤɿDRSEࠨ

2.3.7 Resonant Signal Extraction

ڞৼثͰͷޫͷ࣮ޮతͳ͕ؒ࣌ࡏ͘ͳΔͱɺͦΕΑΓपظͷ͍ॏྗʹΑΔҐ૬มௐଧͪফ͠

߹ͬͯ৴߸͕ফ͑ͯ͠·͏ɻDetunedResonant Signal Extraction(RSE) ͱ৴߸͕૬͢ࡴΔલʹநग़͢

Δํ๏Ͱ͋ΓɺͦΕʹΑΓߴपͷ৴߸૿෯Λ࣮ݱͰ͖Δɻ·ͨɺRSEڞৼثͰύϫʔΛ૿෯͢Δͨ

ΊɺϨʔβʔޫͷೖࣹύϫʔΛ͘ઃఆͰ͖Δ. ͜ΕϏʔϜεϓϦολʔΠϯϓοτϛϥʔͷ (

ϨϯζޮՌ)Λղܾ͢Δ͜ͱ͕Ͱ͖Δɻ

2.3.8 Detuned Resonant Signal Extraction

͜Ε·ͰɺSRC ৼͷڞৼ͘͠ڞ͍ͯͭʹ 2 ௨ΓͷΈΛ͖͕ٞͯͨ͠ɺͦΕΒͷதؒతͳঢ়ଶͰ

Δ͜ͱՄͰ͋Δɻਤͤ͞࡞Λಈܭবׯ 18ͷӈਤͷΑ͏ʹ৴߸Λڞৼঢ়ଶ͔Β͋͑ͯͣΒ͢͜ͱΛ detune

ͱ͍ݴɺͦͷঢ়ଶͰ৴߸ͷݕग़Λํ͏ߦ๏Λ DetunedResonant Signal Extraction(DRSE) ͱ͏ݴɻ৴߸

Λ detune͢Δͱ৴߸αΠυόϯυͷ͏ͪยํ͕पͱڞʹڞৼʹ͖ۙͮɺ͏ยํԕ͔͟Δɻͦ͠

ͯɺ͋ΔपͰͲͪΒ͔ͷ৴߸αΠυόϯυ͕ڞৼ͢ΔɻͦͷͨΊɺڱଳҬͰׯবײܭΛվળ͢Δ͜ͱ͕

Ͱ͖Δɻ

2.4 Իࡶͱײͷܭবׯ

ਤ 19 Δੈք͑ݟͱײͷܭবׯ (KAGRAͷ HPΑΓ)
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2.4.1 Δੈք͑ݟͱײͷܭবׯ

ॏྗಁ͍ߴաྗΛͨͭ࣋ΊɺকདྷతʹɺॏྗʹΑͬͯӉͷ࢝·ΓΛ؍ଌ͢Δ͜ͱظ͞Ε͍ͯ

Δɻ͔͠͠ɺΑΓԕํ͔ΒͷॏྗΛଊ͑ݕग़ͷසΛ্͛ΔͨΊʹͦΕʹԠͨ͡ײͷ༏Εͨݕग़͕ثඞ

ཁͱͳΔɻͦͷͨΊɺॏྗͷݕग़ʹɺ؍ଌஔͰ͋ΔׯবܭͷײΛߴΊΔඞཁੑ͕͋Δɻ͜ͷষͰɺ

ज़ʹ͍ͭͯհ͢ΔɻٕڈԻͷআࡶԻʹ͍ͭͯɺͦͯͦ͠ͷࡶͷ͛ͱͳΔ্ײͷܭবׯ

2.4.2 ༷ʑͳࡶԻͱײݶք

2.4.2.1 Ϩʔβʔׯবܭʹ͓͚Δ༷ʑͳࡶԻ

ॏྗେมখ͞ͳ৴߸ͱͯ͠ݕग़͞ΕΔҝɺॏྗͷݕग़ࡶԻͱͷઓ͍ʹͳΔɻͭ·Γɺׯবܭͷײ

Λ্͛ΔͨΊʹࡶԻͷ͕ݮඞਢͱͳΔɻࡶԻʹٕज़తͳࡶԻͱݪཧతͳࡶԻ͕͋Δ (ਤ 20)ɻٕज़తͳ

ԻࡶͷܥޚԻɺ੍ࡶͷثग़ݕԻɺࡶڧԻɺϨʔβʔࡶԻʹɺϨʔβʔपࡶ ཚޫʹΑΔࢄɺ(Իࡶؾి)

ඇఆৗࡶԻ͕͛ڍΒΕΔɻ͜ΕΒͷࡶԻٕज़తͳࡶԻͷͨΊɺثػͷௐઅʹΑΓݮগͤ͞Δ͜ͱ͕ՄͰ

͋ΔɻҰํͰɺݪཧతࡶԻثػͷௐઅͰԼ͛Δ͜ͱ͕Ͱ͖ͳ͍ɻͦͷͨΊɺׯবܭΛॏྗݕग़ثͱͯ͠

༻͍ΔࡍʹɺݪཧతͳࡶԻ͕ಛʹͱͳΔɻͳͥͳΒɺݪཧతͳࡶԻ͕ׯবܭͷײݶքΛܾΊΔ͔Β

Ͱ͋Δɻ͜͜ʹओͳݪཧతࡶԻΛ্͛Δɻ

ਤ 20 ༷ʑͳࡶԻ

(1) ໘ৼಈࡶԻ

(2) ࡶԻ

(3) Իࡶࢠྔ (γϣοτϊΠζ)

(4) ࣹѹࡶԻ

ਤ 21֤पʹ͓͚ΔݪཧతࡶԻͷϊΠζϨϕϧΛ͍ࣔͯ͠ΔɻपʹΑΓࢧతͳࡶԻ͕มΘΓɺ

पྖҬ (10HzҎԼ)ʹ͓͍ͯ໘ࡶԻ͕ࢧతͱͳΓɺࡶԻࣹѹࡶԻ͕தؒଳҬ (10ʙ100Hz)

ͷײΛ੍͠ݶɺߴपଳ (100HzҎ্)γϣοτϊΠζ͕ࢧ͍ͯ͠Δ͜ͱ͕͔Δɻ

KAGRAؚΊׯবݕܭग़ثͰಛʹγϣοτϊΠζ͕ͱͳΔɻγϣοτϊΠζͱɺϨʔβʔޫ͕ޫ
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ਤ 21 KAGRAͷϊΠζϨϕϧΛද͢ײۂઢɻશମͷײ֤ϊΠζϨϕϧͷۂઢΛ߹͢ܭΔ͜ͱͰද͞Ε͍ͯΔɻ

Իͷ͜ͱͰ͋ࡶ༳Β͗ʹΑΔڧͷΒ͖ͭʹΑͬͯੜ͡ΔϨʔβʔޫͷࢠͷू·ΓͰ͋ΔͨΊɺͦͷޫࢠ

Δɻྫ͑୯Ґؒ࣌ͨΓฏۉͰ 100 ຖճʹ࣌ೖࣹ͍ͯ͠Δ͕ࢠͷޫݸ 10 ఔͷ༳Β͕͗͋Δͱ͍͏Α͏ݸ

ʹɺγϣοτϊΠζޫࢠͷฏํࠜʹൺྫ͢Δ͜ͱ͕͔͍ͬͯΔɻ͜ͷ࣌ɺޫͷ৴߸ຊདྷͷ ͷޫݸ100

Իͷൺࡶൺྫ͢ΔͣͳͷͰɺ৴߸ͱʹࢠ (S/N)Λ͑ߟΔͱɺޫࢠͷฏํࠜʹൺྫͯ͠৴߸͕͑ݟΔΑ͏ʹ

ͳΔɻޫࢠϨʔβʔύϫʔʹൺྫ͢ΔͷͰɺೖࣹύϫʔ͕େ͖͍΄Ͳৄࡉͳޫࢠ༳Β͗ΛಡΈऔΕΔΑ͏

ʹͳΔɻS/Nׯবܭͷײͷࢦඪʹ༻͍ΒΕΔɻप fGW ͷॏྗʹରͯ͠ݕग़ثͷײ͕࠷దͱͳͬ

͍ͯΔ࣌ɺγϣοτϊΠζͷݕग़ݶքɺҎԼͷࣜͰද͞ΕΔ͜ͱ͕͔͍ͬͯΔɻ

hshot = 10−21

(
fGW

1 kHz

)√(
λ

1 um

)(
1 kW

P

)(
∆fGW

1 kHz

)
(140)

∆fGW ଌఆͷόϯυ෯ɺλ ͱ P ͦΕͧΕ༻͍ΔϨʔβʔͷͱύϫʔΛࣔ͢ɻ͜ͷ͔ࣜΒ 1 kW ͷ

Ϩʔβʔޫ͕ඞཁͱͳΔ͕ɺPRCΛ༻͍Δ͜ͱͰWͷϨʔβʔݯͰՄͱͳΔɻ

2.4.2.2 ݮԻͷࡶ

ୈೋੈݕग़ثͰઌٕज़ʹΑΓɺݪཧతࡶԻΛݮগ͞ΕΔ͜ͱ͕ࠐݟ·Ε͍ͯΔɻ໘Ҏ֎Ͱ

ৗʹඍখʹৼಈ͓ͯ͠ΓɺαεϖϯγϣϯͳͲͷৼஔΛ༻͍ͨΓݩʑ໘ৼಈͷগͳ͍ॴΛબ͢Δ͜

ͱͰͤ͞ݮΔ͜ͱ͕Ͱ͖Δɻ·ͨɺेʹ֎ཚ͕ݮΔͱڸද໘Δ͍ͯ͠ΔৼΓࢠͷ౷ֶྗܭతͳৼ

ಈ (ࡶԻ)͕͑ݟΔΑ͏ʹͳΔ͕ɺ͜ΕʹԹΛԼ͛Δͱ͜ɺߴ७ͷ߹ੴӳαϑΝΠϠͳͲͷ୯

݁থͳͲػցతͳଛࣦͷগͳ͍࣭ࡐͷڸΛ༻͍Δ͜ͱ͕ޮՌతͰ͋ΔɻKAGRAͰ͜ΕΒͷٕज़Λ༻͍ͯ

͏ߦΛݮԻͷࡶཧతݪ ͷ࣍ࡉৄ) KAGRAͷ߲Λࢀর)ɻ·ͨɺओʹׯবܭͷײΛ੍͍ͯ͠ݶΔγϣο

τϊΠζʹؔͯ͠ PRCͰϨʔβʔύϫʔΛ্͛ͯ৴߸Λ૿͢͜ͱͰվળ͢Δ͜ͱ͕Ͱ͖Δɻ࣮ࡍʹୈ

ೋੈݕग़ث (Ad-LIGOɺKAGRAɺAd-VIRGO)Ͱ PRC,RSEΛ࠾༻༧ఆͰ͋ΓɺσβΠϯײ͓Α

ͦ h = 10−24(1/
√
Hz)ͱͳ͍ͬͯΔɻͪͳΈʹϨʔβʔύϫʔɺҎલ 10WΫϥεͷ Nd : Y AGޫݯ

Λ༻͍͍͕ͯͨɺୈೋੈܕͰ 100WΫϥεͷϨʔβʔ͕༻͍ΒΕΔ༧ఆͰ͋Δɻ
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ਤ 22 ੈքͷॏྗݕग़ث (KAGRAͷ HPΑΓ)

2.5 ੈքͷॏྗݕग़ث

͜͜ͰੈքͷׯবܕܭॏྗϓϩδΣΫτΛհ͢Δɻॏྗݕग़ثͷ։ൃڀݚओʹɺΞϝϦΧɺϤʔ

ϩού (υΠπ, ΠΪϦε, ΠλϦΞ, ϑϥϯε, Φϥϯμ)ɺຊʹͯߦΘΕ͍ͯΔɻ·ͨɺΦʔετϥϦΞ

ΠϯυͰॏྗݕग़ثͷ͕ڀݚਐΊΒΕ͍ͯΔɻ·ͣࡏݱՔಇத·ͨݐઃதͷ্ܕॏྗݕग़ثʹண

͍ͯड़ɺͦͷޙʹӉۭؒͰ༻͍Δॏྗݕग़ث (Ӊܕॏྗݕग़ث)ɺ࠷ʹޙ࠷৽ͷ EinsteinTelescope

ʹ͍ͭͯड़Δɻ

ʻ LIGOʼʻ aLIGOʼ

LIGO ਖ਼໊ࣜশΛʠ TheLaser InterferometerGravitational-waveObservatory ʡͱ͍͍ɺࡏݱɺΞϝϦΧ

(Hanford,WA, and Livingston,LA) ͰՔಇதͷॏྗݕग़ثͰ͋Δɻ ઢجͷܭবׯ 4 km Ͱ,PRFPMI

ͷํࣜͰӡస͍ͯ͠Δɻ2002 Նʹॳ؍ଌΛ࣮ͦ͠ͷޙͷײ্Ͱઃ࣌ܭͷཁײٻΛ΄΅࣮͠ݱɺ2

ͷ 4 kmׯবܭ 15Mpc ͷڑʹ͋Δ࿈தੑࢠͷ߹ମΛ S/N͕ 8Ͱݕग़͢Δײʹ౸ୡͨ͠ɻInitial

ʖ LIGO,Enhanced ʖ LIGO ͱ։ൃ͕ਐΊΒΕɺࡏݱײΛ͞Βʹ 1 ্ܻ͛ͨ aLIGO ըܭ (2010 ʙ)

͕ਐߦதͰ͋Δɻ

ʻ GEO600ʼʻ GEO-HFʼ

υΠπͷϋϊʔόʔۙ߫ʹઃஔ͞Εͨ 1200mͷΛંΓฦ͠ 600mͷਅۭύΠϓʹऩΊͨܗͷ DRMIํ

ࣜͷׯবܭͰ͋Δɻ1995ʹݐઃ͕։࢝͞Ε 2002ʹ LIGOͱͷಉ؍࣌ଌΛͨͬߦɻ

ʻ Virgoʼʻ AdVirgoʼ

ΠλϦΞͷϐα߫֎ʹઃஔ͞Εͨجઢ͕ 3 km ͷ PRFPMI ํࣜͷׯবܭͰ͋Δɻ2007 ͔Β؍ଌΛ։࢝

͠ɺࡏݱͰ aLIGOͱಉ༷ͷײΛ͠ࢦΞοϓάϨʔυΛ͍ͯͬߦΔɻपଳͰײߴΛಘΔͨΊʹ༻

͍ΔɺཱৼΓࢠͱزԿֶతͳόωͱϑΟϧλʔΛ߹ମͤͨ͞͞ߴ 10mҎ্ͷपৼஔ͕ಛతͰ

͋Δɻ͜ͷஔΛվྑ͠খܕԽͨ͠ͷΛຊͷ TAMAͰΘΕͨɻ

ʻ TAMA300ʼ

౦ژࡾୋࢢͷཱࠃఱจʹઃஔ͞Εͨɺجઢ͕ 300mͷ PRFPMIׯবܭͰ͋ΔɻTAMA300 1999
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ɺੈքͷઌਞΛͬͯॏྗͷ؍ଌΛ։ͨ࢝͠ɺຊͷॳظͷେܕॏྗݕग़ثͰ͋Δɻ͜ͷׯবܭຊ֨

తͳॏྗݕग़Λܭظ࣍͢ࢦըͷͨΊͷׯবٕܭज़ͷ։ൃͱͦͷ༗༻ੑͷ࣮ূ͕తͰ͋Δɻ·ͨɺۜՏۙ

ʹ͓͚Δॏྗͷ୳͕ࠪՄͱͳΔੑͷϨϕϧΛௐࠪ͢Δ͜ͱඪͰ͋ͬͨɻୡͨ͠ײ 70 kpc

Εͨ࿈தੑࢠͷ߹ମ͕ S/NΛ 10Ͱݕग़Ͱ͖ΔϨϕϧͰ͋ͬͨɻ͜ͷ TAMA300ͷ࣮ʹݱ͍ͯͮج

ʮKAGRAʯͱͳΔɻثग़ݕઃ͕ਐΊΒΕ͍ͯΔͷ͕ɺୈೋੈॏྗݐࡏ

ʻ KAGRAʼ

KAGRAʹ͍߲ͭͯʹ͚ͯհ͢Δɻ

ɾKAGRAͱ

KAGRA  LCGT(Large-scaleCryogenicGravitational waveTelescope) ͷѪশͰ͋Γɺຊͷذෞݝͷਆ

Ԭ߭ࢁʹݐઃதͷ 3 kmͷׯবܭͷΛͭେܕԹॏྗݕग़ثͰ͋ΔɻԹ؍ଌ 2017ʹ։࢝͞Ε

Δ༧ఆͰ͋Γɺॏྗͷ؍ଌ͕ظ͞Ε͍ͯΔɻ

ɾKAGRAͷత

KAGRAͷతॏྗఱจֶͱ͍͏৽͍͠ఱจֶͷΛཱ֬͢Δ͜ͱͰ͋ΔɻࡏݱɺੈքͰ࠷ײͷ

ྑ͍ LIGOͰɺ 100ʹ 1ͷॏྗΠϕϯτΛଊ͑Δྗͱͳ͍ͬͯΔɻͦ͜ͰɺKAGRAΛؚΊͨ

ੈքͷୈೋੈܕॏྗ؍ଌάϧʔϓɺײΛ͞Βʹ 10ഒʹվળ͢Δ͜ͱͰ 1ʹճͷॏྗΠϕϯτ

ͷ؍ଌྗΛ͍ͯ͠ࢦΔɻ·ͨɺKAGRAͰಛʹଠཅ࣭ྔͷ 1.4ഒͷ࣭ྔΛͭ࿈தੑࢠ߹ମ͔

Β์ग़͞ΕΔॏྗͷݕग़Λ͍ͯ͠ࢦΔɻ

ɾKAGRA ͷඪײ

ଠཅ࣭ྔͷ 1.4ഒͷ࣭ྔΛͭ࿈தੑࢠͷ߹ମɺ͔ٿΒ 200MpcҎͷྖҬʹ͓͍ͯʹ 1ճ

ੜ͡Δͱ͑ߟΒΕ͍ͯΔɻͦ͜Ͱ KAGRAͷ۩ମతͳඪͱͯ͠ɺ240MpcΕͨ 1.4M⊙ ͷ࿈தੑࢠ

߹ମ͔Βൃੜͨ͠ॏྗΛ S/N Λ 10ͰัΒ͑Δ͜ͱΛ͍ͯ͛ܝΔɻ͜ΕΛୡ͢ΔͨΊʹ 100Hzۙ

Ͱ h = 3 × 10−24 m/
√
HzఔͷײΛͭׯবܭΛݐઃ͢Δඞཁੑ͕͋Δɻ͜Ε TAMA300ͷඪײ

ΑΓ 2ܻྑ͍ͷͱͳ͍ͬͯΔɻ͜ͷඪײΛୡ͢ΔҝɺҎԼͷ͜ͱΛ͍ߦɺ໘ࡶԻ (seismic noise) 

ࡶԻ (thermal noise)Λେ෯ʹݮΒ͠ɺײͷ্Λ͍ͯ͠ࢦΔɻ

(1) ઢΛج 3kmʹ͢Δ (TAMA300ΑΓ 1ܻେ͖͍)

(2) ໘ৼಈ͕੩͔ͳਆԬ߭ׯʹࢁবܭΛઃஔ

(3) ༏ΕͨৼܥΛಋೖ

(4) ͷྫྷ٫ܥՍݒͦͷڸ

(2)ͱ (4)ʹؔͯ͠ଞͷݕग़ثʹͳ͍ɺຊ͕ॳΊͯࢼ͏ߦΈͰ͋Δɻ

(2) ਆԬ߭ࢁ (Լ)ʹઃஔ͢Δ

໘෩ଧͪͤدΔɺࣗٿͷݻ༗ৼಈͰৗʹৼಈ͍ͯ͠Δɻͦ͜ͰɺԼʹઃஔ͢Δ͜ͱͰ໘ৼ

ಈΛ͠ݮɺ͔ͭԹ࣪ͷ҆ఆͨ͠ڥΛಘΑ͏ͱ͍͏͜ͱͰ͋Δɻ࣮ࡍʹਆԬ߭ࢁͷৼಈ্ͷ

1/100·Ͱখ͘͞ͳΔɻ͜Εॏྗݕग़ஔΛؒ࣌ӡస͢Δͷʹ༗རͳ݅Ͱ͋Δɻಉ༷ʹਆԬ߭ࢁʹ

ثग़ݕઃ͞ΕͨϓϩτλΠϓݐ LISMͰɺ؆ૉͳ੍ޚͰ 1िؒҎ্ͷ࿈ଓӡస͕ՄͰ͋Δ͜ͱΛࣔͨ͠ɻ

(4) Λ༻͍ɺϚΠφεࢠαϑΝΠϠͷޫֶૉʹثग़ݕ 253ˆʹྫྷ٫͢Δ
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ਤ 23 ਆԬ߭ࢁτϯωϧ (2014 (Өࡱ10݄

ਤ 24 ೖࣹޫֶܥͷΈཱͯ (2014 (Өࡱ10݄

ޫֶૉࢠΛྫྷ٫͢Δ͜ͱͰݕग़ثͷײΛ੍͍ͨͯ͠ݶࡶԻΛ͞Βʹ͢ݮΔ͜ͱΛඪͱ͍ͯ͠Δɻϓϩ

τλΠϓͷ CLIOʹͯԻڸΛӫཆͨ͠ݕग़ثͷ࣮ূ࣮ߦ͕ݧΘΕ͍ͯΔɻ

ʻӉܕॏྗݕग़ثʼ

ॏྗʹΑͬͯҾ͖͜͞ىΕΔӴؒͷڑͷ͘͝ඍখͳมԽΛɺϨʔβʔׯবܭΛ༻͍ͯܭଌ͢ΔɻϤʔ

ϩούͷӉܕॏྗݕग़ثʮLaser Inferometer SpaceAntena(LISA)ʯɺຊͷӉܕॏྗݕग़ثʮDeci-

hertz InterferometerGravitational waveObservatory(DECIGO)ʯ͕ ͋ΔɻLISA 3ͭͷϑϦʔϚε (Ӵ)

͔ΒΔجઢ 500ສ kmͷܕܗ֯ࡾͷׯবݕܕܭग़ثͰɺ2030ʹӴيಓ্ʹଧ্ͪ͛ΒΕɺ؍ଌ

͕։࢝͞ΕΔ༧ఆͰ͋ΔɻLISA ͷϓϩτλΠϓͱͯ͠ LISA ύεϑΝΠϯμʔͷଧ্͕ͪ͛ຊʹ༧ఆ

͞Ε͍ͯΔɻҰํɺDECIGO ͦΕͧΕ 1,000 km Εͨ 3 ͭͷӴ͔Βߏ͞Ε͓ͯΓɺLISA ͱಉ༷ʹ

DECIGO ύεϑΝΠϯμʔͷܭը͕ਐΊΒΕ͍ͯΔɻKAGRA Ͱ 3 ͭͷӴʹͨ͠ࡌϛϥʔΛϚΠέ

ϧιϯׯবܭͷΑ͏ʹѻ͓ͬͯΓɺ1, 000 kmΕͨϨʔβʔ͔ݯΒདྷͨޫΛผͷӴʹ͞ࡌΕͨΤϯυϛ

ϥʔͰଧͪฦ͢ɻLISAͰ 1ͭͷӴ͔Β์ͬͨϨʔβޫΛ͏ҰํͷӴͰड͚ͱΓɺͦͷใΛಡΈऔ

Γ৽ͨͳϨʔβʔͱͯ͠ଧͪฦ͢ܗΛͱ͍ͬͯΔɻ͜ΕΒͷӉܕॏྗݕग़ثͦͷجઢͷ͔͞Βɺ

ઢ͚ͩͰͳ͘ɺӉۭؒͰجग़͕ՄͱͳΔɻ·ͨɺݕͰͰ͖ͳ͍mHzଳͷॏྗͷثग़ݕॏྗܕ্
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໘ৼಈʹΑΔपͰͷײͷ੍ݶͳ͍ͷͰपଳͷॏྗݕग़ʹ༗རͰ͋Δɻ͞Βʹɺܕٿॏ

ྗݕग़ثͰਅۭ૧Λ༻͍ͯײͷ্Λ͍ͯͬߦΔ͕ɺӉۭؒݩʑਅۭʹ͍ۙͱ͍͏ར͕͋Δɻ͠

͔͠ɺ͍جઢؒΛϨʔβʔΛԟ෮ͤ͞Δʹඇৗʹٕ͍ߴज़͕ඞཁͰ͋Γɺ·ͨݕग़ثػͷઃஔʹӴ

Ͱଧ্ͪ͛ͳ͚ΕͳΒͳ͍ͳͲɺେ͖ͳ՝͋Δɻ

ʻ EinsteinTelescope(ETܭը)ʼ

֤ล (֤)Λ 10 kmͱͨ͠ਖ਼ܕܗ֯ࡾॏྗݕग़ثͰ͋ΓɺԼʹઃஔ͞ΕΔɻԹͱߴԹʹରԠ͢Δ 2ͭ

ͷׯবܭͷΈ߹ΘͤΛ 1ϖΞͱͯ͠ɺͦΕΛ 3ϖΞ༻ҙ͠ਖ਼ܗ֯ࡾΛͭ͘Δ͜ͱͰɺ͍ଳҬͰײߴΛ

ɻ·ͨɺETͱ͢ࢦ KAGRAͷؒͰϫʔΫγϣοϓͳͲΛ௨͠ɺΑΓײͷྑ͍ੈ࣍ͷॏྗݕग़ثͷ

࡞Λڞ͠ࢦಉڀݚΛ͍ͯͬߦΔɻ

ਤ 25 ਤɿDECIGOͷུ֓ਤࠨ (DECIGOͷ HPΑΓ)ɺӈਤ:Einstein Telescope(ETͷ HPΑΓ)
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3 ޚग़ͱ੍ݕ߸Δ৴͚͓ʹܭবׯ

࣋ʹอ࡞దͳಈ࠷ʹΛอͭͨΊײ͍ߴܭবׯ ʹΕ͍ͯΔඞཁ͕͋Δɻ͜͜Ͱɺ·ͣॳΊ͞(ޚ੍)

ग़͢ΔͨΊͷ༷ʑͳํ๏ΛհݕඞཁͱͳΔ৴߸Λʹޚɺͦͷ੍ޙ͍ͨࣔͯͭ͠ʹ๏ํޚͷࣗ༝ͱ੍ܭবׯ

͢Δɻ

3.1 ͷࣗ༝ܭবׯ

ਤ 26 KAGRAͷࣗ༝

Δඞཁ͕͋ΔɻKAGRAʹɺ྆͢ޚ੍ʹదͳ͞࠷͞ͱ͍͏ࣗ༝͕͋ΓɺͦΕͧΕΛʹܭবׯ

(x, y ΞʔϜͱݺͿ)ͷڞৼثͷجઢɺMichelsonׯবܭɺPRCͷ͞ɺSRCͷ͞ɺͷ 5ͭͷࣗ༝͕͋

Γɺ࣮ࡍʹҎԼͷࣗ༝ (৴߸)Ͱ੍͢ޚΔ͜ͱͱͳΔɻ

CARMʜ (Lx + Ly)/2ɿx, y ΞʔϜͷڞৼثͷಉ૬৴߸

DARMʜ Lx − Lyɿx, y ΞʔϜͷڞৼثͷࠩಈ৴߸

MICHʜ lx − lyɿϏʔϜεϓϦολʔͱ ITMͰߏ͞ΕΔMichelsonׯবܭͷ৴߸

PRCLʜ lp + (lx + ly)/2ɿPRMͱ ITMͷڑ

SRCLʜ ls + (lx + ly)/2ɿSRMͱ ITMͷڑ

3.2 Feedback੍ޚ

ͷํ๏ͱͯ͠ɺ(1)༧Ίඪ͔ΒͷͣΕΛਪఆ͠ɺલͬͯͦͷͣΕΛଧͪফ͢Α͏ͳ৴߸Λଌఆޚ੍

ରʹೖΕ੍ͯ͢ޚΔํ๏ɺ(2)ଌఆର ͷଌఆ݁Ռ͔ΒͣΕΛநग़͠ɺͦͷͣΕΛଧͪফ͢Α͏ͳ(ܭবׯ)

৴߸Λ͢ޚ੍ͯͤؐ͞ؼΔํ๏ͷ 2௨Γ͕͋Δɻલऀ Feed forward੍ޚɺऀޙ Feed back੍ޚͱݺΕ
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͍ͯΔɻલऀؐؼϧʔϓ͕ͳ͍ͷͰԠͷΕͳͲͷෆ҆ఆੑ͕ͳ͍ͱ͍͏ར͕͋Δ͕ɺऀޙଌఆର

ʹ֎ཚ (Թ෩ͳͲڥʹΑΔมԽ)͕ੜͯͦ͡ͷमਖ਼͕ߦΘΕΔͱ͍͏ར͕͋ΔɻͦͷͨΊɺଌ

ఆରͷͣΕ͕༧Ί༧ଌͰ͖ͳ͍߹ɺଌఆ͕͢ڥ͘มԽ͢Δ߹ Feed back੍͕ޚ·ΕΔɻ·

ͨɺFeed forward ͱޚ੍ Feed back੍ޚΛΈ߹ΘͤͦΕͧΕͷརΛੜ੍͔͢ํޚ๏͋Δɻׯবݧ࣮ܭ

ʹ͓͍ͯ Feed back੍͕ޚଟ͘༻͍ΒΕ͓ͯΓɺ࣮ࡍͷྲྀΕͱͯ͠ɺׯবܭͷଌఆ͔ΒಘͨΤϥʔ৴߸Λ

ϩʔύεϑΟϧλʔͳͲͷαʔϘʹ௨੍ͯ͠ޚ৴߸ (Feed back৴߸)Λͭ͘ΓɺͦΕΛׯবܭͷڸʹ͍͍ͭͯ

ΔϐΤκૉࢠ࣓ੴͳͲͷΞΫνϡΤʔλʹฦͯ͠ઢޚ੍ܗΛ͏ߦɻҎԼɺࣜࢉܭͰ Feed back੍ޚΛ͍ͯݟ

͘͜ͱʹ͢Δɻ

ਤ 27 ਤɿFeedࠨ forward੍ޚɺӈਤɿFeed back੍ޚ

͕ڸͷܭবׯɺࠓ ∆x Ͱ༳Β͍Ͱ͍Δͱ͠ɺ͜ͷ༳Β͕͗ৼΓࢠΛؚΜͩୡؔ (ήΠϯ)G ͷޫֶܥΛ

௨ΓΤϥʔ৴߸ y ͱͳΔɻ͜ͷΤϥʔ৴߸͕ϩʔύεϑΟϧλʔͷαʔϘ (ήΠϯ H) Λܦ༝ͯ͠ δx ͷ

Feedback৴߸ͱͯ͠ׯবܭͱΓɺ࠷ऴతʹ৽ͨʹग़ྗ y ͷ৴߸ͱͯ͠ׯব͔ܭΒग़ͯ͘Δͱ͢Δ (ਤ 27

ͷӈ)ɻ͜ΕΒͷ͜ͱ͔Βɺࣜ (142)ͷΑ͏ͳ࿈ཱํఔࣜΛͭ͘ΕΔɻ͜͜ͰɺήΠϯͱ૿෯Λද͢ࢦඪ

Ͱ͋ΓɺήΠϯΛ্͛Εग़ྗ৴߸Λ૿͢͜ͱ͕Ͱ͖Δɻ·ͨɺαʔϘͱɺ͍Βͳ͍पଳΛΧοτ͠

ཉ͍͠पଳΛ௨ͯ͠૿෯ͤ͞ΔϩʔύεϑΟϧλʔͳͲͷثػͷ͜ͱͰɺΞΫνϡΤʔλඪʹର͠

ͯै͢Δಇ͖Λ͢Δஔͷ͜ͱͰ͋Δɻ

{
(∆x− δx)G = y (141)

δx = Hy (142)

͜ͷ࿈ཱํఔࣜͷୈҰࣜͷ྆ลʹ H Λ͔͚ɺୈೋࣜΛೖ͢Δͱɺ

GH∆x−GHδx = δx (143)

ͱͳΓɺ͞Βʹม͢ܗΔͱɺδxΛ∆xͰද͢͜ͱ͕Ͱ͖Δɻ

δx =
GH

1 +GH
∆x (144)

ͷΏΒ͔͗ΒڸͰ͖͍ͯΔ͔ɺޚΛͲͷ͘Β੍͍ڸʹऴత࠷ ∆x͔Β Feedback৴߸ΛҾ͚͔ΔͷͰɺ

∆x− δx =
∆x

1 +GH
(145)

ͱͳΔɻ্ࣜΑΓɺڸͷ༳Β͗ (1 +GH)ഒͰ੍͞Ε͓ͯΓɺ·ͨɺڸͷಈ͖ʹର͢Δઢܗ৴߸͕ಘΒΕ

Ε Feedback੍ޚʹΑΓׯবܭΛ࠷దͳҐஔʹอͭ͜ͱ͕Ͱ͖Δͷ͕͔ͬͨɻઢܗ৴߸ΛಘΔʹɺมௐ
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Λ͔͚ͯ෮ௐΛํ͏ߦ๏Λ༻͍Δɻ࣍અͰͦͷ༷ʑͳ৴߸நग़ํ๏ʹ͍ͭͯड़Δͱ͢ΔɻͪͳΈʹɺ࣮ࡍ

Ͱݧ࣮ʹ Feedback੍ޚΛ͏ߦͱਤ 28ͷΑ͏ʹॻ͚Δɻ

ਤ 28 ஔͱݧ࣮ Feedback੍ޚ

3.3 ৴߸ͷੜ

͜͜Ͱׯবܭʹ͓͚Δ৴߸ͷੜํ๏ʹ͍ͭͯհΛ͢Δɻ৴߸Λੜ͢Δͱ͍͏͜ͱޫͷৼ෯Ґ૬

ʹมԽΛ༩͑ɺͦͷมԽͷใΛؚΜͩαΠυόϯυΛੜ͢Δͱ͍͏͜ͱͰ͋Δɻৼ෯ʹมԽΛ༩͑Δํ๏

 AOMͷڧมௐثΛׯবܭʹՃ͑Δ͜ͱͰߦΘΕΔ͕ɺओʹ৴߸ੜʹ༻͍ΒΕ͍ͯΔͷҐ૬ΛมԽ

ͤ͞Δํ๏Ͱ͋ΔͨΊɺҎԼɺҐ૬มௐํ๏ʹযΛͯͯड़͍ͯ͘͜ͱͱ͢ΔɻҐ૬Λมௐͤ͞Δํ๏

ओʹ 2ͭ͋Γɺ1ͭڸͷҐஔΛಈ͔ͯ͠ (ΦϑηοτΛՃ͑ͯ)Ґ૬γϑτΛํ͢͜ى๏Ͱ͋Γɺ2ͭ

EOMͳͲͷҐ૬มௐثΛ༻͍ͯҐ૬γϑτͤ͞Δํ๏Ͱ͋ΔɻલऀͷڸʹΦϑηοτΛՃ͑Δ৴߸ੜ๏ʹ

͍ͭͯ 2ষͷMichelsonׯবܭͷ߲Ͱطʹड़͍ͯΔͷͰɺ͜͜ͰऀޙͷҐ૬มௐثΛ༻͍ͨํ๏Λ

આ໌͢Δɻ

EOMͦͷ෦ʹڧ༠ిମ݁থ͕ೖ͓ͬͯΓɺ֎෦͔ΒՃ͑Δిѹʹൺྫͯͦ͠ͷ۶ં͕มΘΓҐ૬͕

ͣΕΔΈͱͳ͍ͬͯΔɻप ΩͷϨʔβʔޫΛมௐप ωm ͷ EOMʹ௨͢ͱɺm sinωmtͷҐ૬ม

ௐ͕͖ىɺαΠυόϯυΛੜ͢Δɻ͜ͷมௐߴप (RadioFrequency)ͷͨΊ RFมௐͱ͍ݴɺ͜ͷα

Πυόϯυ RFαΠυόϯυͱݺͿɻmมௐͷ͞ڧ (มௐࢦ)Λද͓ͯ͠ΓɺEOMʹՃ͑Δిѹʹൺ

ྫͯ͠มԽͤ͞Δ͜ͱ͕Ͱ͖Δɻ

E = E0e
i(Ω+m sinωm)t (146)

m ≪ 1ͱԾఆ͢Δͱɺ

E = E0e
iΩeim sinωmt

≃ E0e
iΩt(1 + im sinωmt)

= E0e
iΩt(1 + im

eiωmt − e−iωmt

2i
)

= E0e
iΩt(1 +

m

2
eiωmt − m

2
e−iωmt) (147)
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ਤ 29 EOMΛ༻͍ͨ৴߸ੜ

ͱͳΔɻୈ 1 ߲͕ΩϟϦΞɺୈ 2,3 ߲͕αΠυόϯυͰ͋Δɻࠓɺ͜ͷΑ͏ͳ࡞༻Λͭ EOM Λ

ͷ͞ͷ͍͠ϚΠέϧιϯׯবܭͷยʹಋೖ͢Δ (ਤ 29)ɻ͜ͷηοτΞοϓͰɺϛϥʔ ͏͔ʹ1

Ϩʔβޫͱϛϥʔ 2ʹরࣹ͢ΔϨʔβޫͱͷؒʹ EOMʹΑͬͯ༧ΊपࠩΛͨ࣋͞Ε͍ͯΔͷͰɺׯবܭ

ͷ͕ಈ͍͍ͯͳ͍࣌ɺׯব͕ܭ੩͍ͯ͠ࢭΔ߹ͰͦͷҰఆͷप͕ࠩݕग़͞ΕΔΑ͏ʹߏ͞Ε͍ͯ

ΔɻͪͳΈʹɺਤͰϨʔβʔޫ 2 EOMΛ௨͍ͬͯΔҝɺ2ഒͷҐ૬γϑτ͕͜ىΔͷͰɺग़ྗ͞ΕΔ

ϨʔβʔޫͷిҎԼͷΑ͏ʹͳΔɻ

Eout =
E0√
2
(ei(Ωt−φ) − ei(Ω+2m sinωm)t−φ)

=
E0√
2
ei(Ωt−φ)(1− e2im sinωmt)

≃ E0√
2
ei(Ωt−φ)(−2im sinωmt)

=
E0√
2
ei(Ωt−φ)m(e−iωmt − eiωmt) (148)

ΑͬͯɺϑΥτσΟςΫλʔͰݕग़͞ΕΔޫͷڧɺ

Pout = |Eout|2

=
1

2
|E0|2m2(2− e2iωmt − e−2iωmt)

=
m2

2
Pin(1− 2 cosωmt) (149)

ͱͳΓɺࠩಈ৴߸͕ݱΕΔɻߋʹɺ͜͜Ͱยํͷϛϥʔɺྫ͑ϛϥʔ 2͕ϏʔϜεϓϦολʔ͔Βۙͮ͘Α

͏ʹಈ͍ͯߋʹҐ૬γϑτ +ω′t͕͖ىΔͱɺͦͷ্͕ࣜʹ͞ΕΔɻ·ͣɺిɺ

Eout =
E0√
2
ei(Ωt−φ)(1− e2im sinωmt+iω′t)

≃ E0√
2
ei(Ωt−φ)(−2im sinωmt− iω′t)

=
E0√
2
ei(Ωt−φ)(m(e−iωmt − eiωmt)− iω′t) (150)
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ͱॻ͖͑ΒΕΔͷͰɺޫڧɺ

Pout =
1

2
Pin(m

2(1− 2 cosωmt) + ω′2t2 + 4mω′ sinωt) (151)

ͱͳΔɻϛϥʔ 2ͷಈ͍ͨํ͕ઌ΄Ͳͱํٯ −ω′tͷ߹ಉ༷ʹͯ͑ߟɺ

Eout ≃
E0√
2
ei(Ωt−φ)(m(e−iωmt − eiωmt) + iω′t) (152)

ΑΓɺ

Pout =
1

2
Pin(m

2(1− 2 cosωmt) + ω′2t2 − 4mω′ sinωt) (153)

ͱͳΔɻ(151)ࣜͱ (153)ࣜͷޙ࠷ͷ߲͔Β͔ΔΑ͏ʹɺ͜ͷΑ͏ʹ EOMͰࣄલʹ RFมௐΛֻ͚͓ͯ͘

ͱɺϛϥʔͷಈ͍ͨํ۠ผ͢Δ͜ͱ͕Ͱ͖ΔɻपγϑτͰ͍͑ݴΔͱɺϛϥʔ 2͕ϏʔϜεϓϦο

λʔํ໘ʹۙ͘ͱϓϥεʹपγϑτ +f ′ ͖ى͕ (fm + f ′)ͷ৴߸͕ɺԕ͔͟Δ߹ϚΠφεʹप

γϑτ −f ′ ͖ى͕ (fm − f ′)ͷ৴߸͕ಘΒΕΔɻ

3.4 ৴߸ͷऔΓग़͠

৴߸ͷݕग़ɺ৴߸ใΛޫ͖ͨͯͬ࣋ (৴߸ޫ)ʹผͷޫ (ϩʔΧϧΦγϨʔλ)ΛॏͶ߹ΘͤΔ (෮ௐ͢

Δ)͜ͱͰߦΘΕΔɻࠓɺҎԼͷΑ͏ʹ EOMͰมௐ͞ΕͨϨʔβʔޫΛ͑ߟΔɻ

Em = E0e
iΩt(1 + im sinωmt) (154)

͜ͷޫΛϏʔϜεϓϦολʔͰ͚ɺ྆ʹͦΕͧΕํٯʹϚΫϩͳࠩ ∆L͕͍ͭͨͷ͞ LͷϚΠέ

ϧιϯׯবܭʹೖࣹ͢Δɻ͜ͷ࣌ɺϚΫϩͷࠩΛΩϟϦΞͷഒʹอͨΕΕɺμʔΫϑϦϯδͷ··ʹ͢

Δ͜ͱ͕Ͱ͖Δɻ͜ͷΑ͏ͳׯব͕ܭॏྗͷӨڹͳͲʹΑΓͦͷ͕ࠩಈͰ β ༳Β͍Ͱ͍Δͱ͢Δͱɺ͜

ͷ࣌ ASϙʔτʹग़ͯ͘ΔޫͷڧҎԼͷΑ͏ʹॻ͚Δɻ

Pout =

∣∣∣∣
1√
2
E0e

i(Ωt−φ+β)

(
1 + im sinωm(t+

∆L

c
)

)
− 1√

2
E0e

i(Ωt−φ−β)

(
1 + im sinωm(t− ∆L

c
)

)∣∣∣∣
2

≃ E2
0| sinβ2 +

m2

2

(
sin

∆Lωm

c

2

+ sinβ2 cos
∆Lωm

c

2)
ʜ < ΩϟϦΞ >

+ 2m sinβ sin
∆Lωm

c
cosωmtʜ < ωm >

+
m2

2

(
sin

∆Lωm

c

2

− sinβ2 cos
∆Lωm

c

2)
cos 2ωmt|ʜ < 2ωm > (155)

͠ RF αΠυόϯυͷ ωm ͚ͩऔΓग़ͤɺsinβ ͷઢܗ৴߸ΛಘΔ͜ͱ͕Ͱ͖ΔͷͰɺ͜͜Ͱ

cosωmt+ δ ͷΛϩʔΧϧΦγϨʔλͱ্ͯ͠هͷग़ྗʹֻ͚߹ΘͤΕྑ͍ɻ͜ͷ࣌ɺδ = 0ͷΑ͏ʹ

ಉҐ૬ͷΛֻ͚߹ΘͤͯऔΓग़ͨ͠৴߸ I-phaseͱ͍ݴɺྫ͑ δ = 2
π ͷ ճͷ߹ࠓ) sin)Ͱ෮

ௐΛࡍͨͬߦͷ৴߸Λ Q-phaseͱ͏ݴɻ͜ͷ৴߸शಘํ๏ schnuppมௐ๏ͱݺͿɻ

3.5 ͞·͟·ͳ৴߸ݕग़ํ๏

3.5.1 Homodyneݕग़ͱ Heterodyneݕग़

ʹग़ํ๏ओݕ߸ͷ৴ܭবׯ Homodyneݕग़ͱ Heterodyneݕग़ʹ͚ΒΕΔɻHomodyneݕग़৴߸ޫ

ͱಉ͡पͷϩʔΧϧΦγϨʔλͰ෮ௐɺHeterodyne ग़৴߸ޫͱҟͳΔपΛͭϩʔΧϧΦγݕ
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ϨʔλͰ෮ௐ͢Δํ๏Ͱ͋Δɻྫ͑ɺ2ষͷʮMichelsonׯবܭʯͷઅͰ༻͍ͨΛಈ͔ͯࠩ͠ಈ৴߸Λந

ग़͢Δ߹ɺ৴߸ޫϩʔΧϧΦγϨʔλಉ͘͡ΩϟϦΞޫΛ༻͍ΔͷͰɺHomodyneݕग़Ͱ͋Δɻલ

અͷʮ৴߸ͷੜʯͷΑ͏ʹ EOM Ͱ༧Ί RF มௐΛ͔͚ͨޙɺͷࠩಈ৴߸Λநग़͢Δํ๏ɺ৴߸ޫ

ΩϟϦΞޫͰϩʔΧϧΦγϨʔλ RFαΠυόϯυͳͷͰɺHeterodyneݕग़ͱͳΔɻ͜ΕΒͷྫͦΕͧ

Ε࠷γϯϓϧͳ Homodyneݕग़ɺHeterodyneݕग़Ͱ͋Δɻ2ͭͷݕग़๏ΛൺΔͱɺHomodyneݕग़

Heterodyneݕग़ʹൺͯड৴ײ S/Nൺ͕վળ͞ΕΔϝϦοτ͕͋Δ͕ɺ৴߸ޫͱہ෦ൃৼޫΛपͷ

ΈͳΒͣҐ૬·Ͱશʹಉ͠ظͳ͚ΕͳΒͳ͍ͨΊɺٕज़తʹඇৗʹ͍͠ɻ·ͨɺHomodyneݕग़

Ͱ͕৳ͼͨ߹ॖΜͩ߹ಉ͡৴߸͕Ͱ͖ͯͯ͠·͍ɺํΛผ͢Δ͜ͱ͕Ͱ͖ͳ͍ɺͭ·ΓҐ૬

ͷใ͕ফ͑ͯ͠·͍ͬͯΔɻͦΕΒͷΛղܾ͢Δखஈ͕ɺҰఆपʹม͢Δ Heterodyneݕग़Ͱ

͋ΔɻલઅͰड़͕ͨɺEOMͰมௐΛ্ֻ͚ͨͰΛಈ͔͢ͱɺҐ૬ͷใΛ෮͢׆Δ͜ͱ͕Ͱ͖ΔͷͰ

͋Δɻ͜ͷΑ͏ͳ͔ΒҎલͷॏྗݕग़ثʹ Heterodyneݕग़͕༻͍ΒΕ͍͕ͯͨɺ༷ʑͳԠ༻͕͑ߟΒ

ΕɺୈೋੈܕͰ Homodyneݕग़Λݕͨ͠ʹجग़๏͕ΘΕΔ͜ͱͱͳ͍ͬͯΔɻ

3.5.2 Pound Drever Hall (PDH) ๏

Heterodyneݕग़ͷԠ༻ͨ͠ͷͰ͋ΔɻPoundDreverHall๏ɺུͯ͠ PDH๏ɺEOMʹΑͬͯมௐΛ

͔͚ RFαΠυόϯυΛൃੜͤͨ͞ϨʔβʔޫΛڞৼثʹೖΕɺͦͷڞৼثͷ͔ڸΒࣹ͞Εͨޫͷ RFαΠ

υόϯυΛͯͬ෮ௐ͢Δํ๏Ͱ͋Δɻ2ষͰհͨ͠ Fabry-PerotڞৼثɺຊจͷϝΠϯςʔϚͰ͋Δ

Outputmode-cleaner͜ͷํ๏Ͱ੍ޚΛ͏ߦɻ

3.5.3 Schnuppมௐ๏ͱ DC readout

ʮ৴߸ͷऔΓग़͠ʯͷઅͰհͨ͠Α͏ʹɺEOMͳͲͰ RFมௐΛ্͔͚ͨͰׯবܭͷ྆ͷ͞ʹϚΫϩ

ͳࠩΛ͚ͭɺͦΕʹΑΓ ASϙʔτʹग़͖ͯͨ RFαΠυόϯυͰ෮ௐΛํ͏ߦ๏Λ Schnuppมௐ๏ͱݺΜ

ͩɻDC readout Homodyneݕग़ΛԠ༻ͨ͠ͷͰɺSchnuppมௐ๏ʹ͓͍ͯϩʔΧϧΦγϨʔλΛ RF

αΠυόϯυ͔ΒΩϟϦΞޫʹม͑ͨݕग़๏Ͱ͋Δɻࣜ (154)Ͱ͏ݴͱɺωm ͷΩϟϦΞޫɺsinωmtͷ

ΛϩʔΧϧΦγϨʔλʹ͢Δͱ͜͏ݴͱʹͳΔɻKAGRA Ͱ༻͍Δ৴߸शಘ๏͜ͷ DCreaout Ͱ͋Δɻ

KAGRAʹ͓͚Δ DCreadoutʹ͍ͭͯ࣍ষͰઆ໌͢Δɻ
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4 Output mode-cleaner(OMC)ͷ։ൃ

4.1 KAGRA༻ OMCͷσβΠϯڀݚ

4.1.1 ຊڀݚͷత

KAGRAͰॏྗͷ৴߸Λݕग़͢ΔࡍɺOutputmode-cleaner(OMC)ͱ͏ݴஔΛಋೖ͠ DCreadout

Λ͏ߦɻOMC৴߸शಘͷࡶʹࡍԻͱͳΔΛআ͢ڈΔޫڞৼثͰɺඇৗʹॏཁͳׂΛͭ࣋ɻຊڀݚͰ

ׯবܭ༻γϛϡϨʔγϣϯιϑτ FINESSEΛ༻͍ɺKAGRAͰ࣮ʹࡍ༻͢Δ OMCͷσβΠϯڀݚΛ

ɻͨͬߦ

4.1.2 Output mode-cleaner(OMC)ͷׂ

ਤ 30 KAGRA ͷ֓೦ਤɻॏྗͷ৴߸͕ग़ͯ͘Δ AS ϙʔτʹɺSRM ͷޙʹ Output mode-

cleaner(OMC) ͕ઃஔ͞Ε͍ͯΔɻKAGRA ৴߸ݕग़ʹ DC readout Λ༻͍ΔͷͰɺׯবܭͷڞৼ

ͷΤϯυϛϥʔث (ETM) ʹΦϑηοτΛՃ͑ɺͦΕʹΑͬͯ࿙Εग़ͨΩϟϦΞޫΛϩʔΧϧΦγϨʔλ

ͱͯ͠༻͍Δɻ͜ͷਤͰઢ͕ΩϟϦΞޫɺ੨ઢ͕ RFαΠυόϯυΛද͓ͯ͠ΓɺOMCʹΑΓɺͦͷ

RFαΠυόϯυ͕ΩϟϦΞޫͷ࣍ߴϞʔυͱڞʹআ͞ڈΕͯΩϟϦΞޫͷΨεϞʔυ (00Ϟʔυ)ͷΈ

ಁա͞ΕΔ͜ͱʹͳΔɻॏྗ͕ KAGRA ʹ͖ͬͯͨ߹͜ͷΨεϞʔυʹॏྗͷ৴߸͕

ՃΘΔɻ

OMC RF readoutɺಛʹ DCreadoutΛࡍ͏ߦʹඞཁͱͳΔޫڞৼثͰ͋Δ (ਤ 30)ɻׯবܭͷ ASϙʔ

τʹઃஔ͞Εɺ৴߸ݕग़ͷࡶʹࡍԻͱͳΔΛআ͢ڈΔׂΛͭ࣋ɻKAGRA ৴߸ݕग़ʹ DC readout

Λ༻͍ΔͷͰɺׯবܭͷʹΦϑηοτΛՃ͑ɺͦΕʹΑͬͯΕग़ͨΩϟϦΞޫΛϩʔΧϧΦγϨʔλͱ͠
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ਤ 31 :ਤࠨ σνϡʔϯΛ͠ͳ͍߹ͷ AS ϙʔτʹ͓͚Δ Phasor diagramɻӈਤ:྆ͷҟͳΔΦϑ

ηοτʹΑΓओׯব͔ܭΒΕͰΔΩϟϦΞޫ

ͯ༻͍ΔɻKAGRAͰ 1mWͷΩϟϦΞޫΛϩʔΧϧΦγϨʔλͱͯ͠༻͍ΔɻΩϟϦΞޫΛ ASϙʔ

τʹΕग़͢ํ๏ 2ͭ͋Γɺ1ͭ྆ڞৼثͷؒͰ۶ંͷΞϯόϥϯεΛͭ͘Δ͜ͱɺ͏ 1ͭ྆

ग़ݕ߸ɺRFαΠυόϯυ৴ࡍಈϙΠϯτΛͣΒ͢͜ͱͰ͋Δɻͦͷ࡞ҟͳΔΦϑηοτΛՃ͑ͯʹثৼڞ

ͷࡶʹࡍԻͱͳΔͷͰɺڸͷมܗͳͲʹΑΓੜ͡ΔΩϟϦΞͷۭؒ࣍ߴϞʔυͱڞʹআ͢ڈΔඞཁ͕͋Δɻਤ

30Ͱઢ͕ΩϟϦΞޫɺ੨ઢ͕ RFαΠυόϯυΛද͍͓ͯ͠ΓɺOMCʹΑΓɺͦͷ RFαΠυόϯυ

͕ΩϟϦΞޫͷ࣍ߴϞʔυͱڞʹআ͞ڈΕͯΩϟϦΞޫͷΨεϞʔυ (00Ϟʔυ)ͷΈಁա͞ΕΔ͜ͱʹͳ

Δɻॏྗ͕ KAGRAʹ͖ͬͯͨ߹͜ͷΨεϞʔυʹॏྗͷ৴߸͕ΔɻOMCͷܗঢ়ͱ͠

ͯ࣍ߴϞʔυΛআ͢ڈΔͷʹڞৼثΛ͔͙ͤͨΊɺ3 ຕڸ·ͨ 4 ຕڸͰߏ͞ΕΔ͜ͱʹͳ͍ͬͯΔ

͕ɺحࣈ (3ຕ)ͷڸΛ༻͍ͨڞৼثͰϏʔϜ͕ԟ෮͢ΔͱɺҰԟ෮͝ͱʹڸʹର͢ΔϏʔϜͷೖࣹ໘ͷࠨ

ӈ͕ٯʹͳΓɺͦΕʹΑͬͯ࣍ߴϞʔυ͕ੜ·ΕΔ͜ͱ͋ΔɻKAGRAͷ OMC 4ຕڸΛ༻͍Δ༧ఆͰ

͋ΔɻDCreadoutୈೋੈܕॏྗݕग़ثͰ࠾༻͞Εͨํ๏ͰɺTAMAͳͲͷୈҰੈܕͷॏྗݕग़ث

Ͱ RF readout(Heterodyneݕग़)ͷํ͕ࣜͱΒΕ͍ͯͨɻRF readoutͰ৴߸ޫͱϩʔΧϧΦγϨʔλۭ

ؒతͳΦʔόʔϥοϓ͕͋Γɺ·ͨɺLIGOͷΑ͏ʹ Power-Recycled Fabry-Perot MichelsonׯবܭͰɺ

ΩϟϦΞͷपڧࡶԻΩϟϦΞ͕ڞৼ͍ͯ͠Δ PRCͱׯবܭͷʹ͋Δ Fabry-Perotڞৼثʹ͓͍

ࣹͯ͞ΕΔ͕ɺRFsidebandڞৼثͰڞৼ͠ͳ͍ͨΊಉ༷ʹͯ͠আ͢ڈΔ͜ͱ͕ग़དྷͳ͍ͱ͍͏͕

͋ͬͨɻҰํ DCreadoutํࣜͰ OMCΛ༻͍Δ͜ͱͰۭؒతΦʔόʔϥοϓͳ͘ͳΓ RF sideband

Λબతʹআ͢ڈΔ͜ͱ͕ग़དྷΔͨΊɺ࠾༻͞ΕΔ͜ͱͱͳͬͨɻ

4.1.3 KAGRAʹ͓͚Δ DCreadout

ॏྗ͕ׯবܭʹͬͯ͘Δͱࣗ༝࣭ؒڑ͕มԽ͠ڞৼثͷΩϟϦΞͷҐ૬γϑτ͕͓͖ɺΩϟ

ϦΞ·ΘΓʹ UpperαΠυόϯυͱ LowerαΠυόϯυ͕ੜ͞ΕΔ (2ষͷڞৼͱڞৼͷ߲Λࢀর)ɻਤ

31ͷࠨਤ ASϙʔτʹ͓͚Δ Phasor diagramͰ͋ΓɺΩϟϦΞͱαΠυόϯυͷҐ૬ؔΛ͓ࣔͯ͠Γɺ

͜ΕΒ 2ͭͷαΠυόϯυͭͶʹ Q-phaseʹ͋Δɻޫͷྔࢠతͳ༳Β͗γϣοτϊΠζ ɺৼ෯༳Βڧ)

͗)ͱࣹѹࡶԻ (Ґ૬༳Β͗)ʹΑΓ͜ىΓɺલऀϑΥτσΟςΫλʔͰݕग़͞ΕɺऀޙڸͷมҐͱ

Ґʹࡍग़ͷݕ߸Ε͍ͯΔɻ͜Ε৴͞ݶओʹγϣοτϊΠζʹΑ੍ͬͯײΕΔͨΊɺKAGRAͷݱͯ͠

૬ํͰ͍ͯͬߦΔ͔ΒͰ͋ΓɺͦͷํΛৼ෯ํʹগͣ͠Β͢͜ͱͰҐ૬ࡶԻΛݮΒͦ͠ͷΛৼ෯ࡶԻ

48



ਤ 32 OMCʹ͓͚Δϩεͱ KAGRAͷ؍ଌൣғͷؔ

ʹγϑτ͢Δ͜ͱ͕Ͱ͖Δɻ͜ΕΩϟϦΞΛσνϡʔϯ͢Δ͜ͱͰγϑτ͢Δ͜ͱ͕Ͱ͖ɺ͜ͷγϑτΛ

͏·͘ௐ͢ΔͱϑΥτσΟςΫλʔͰݕग़͞ΕΔݪཧతͳৼ෯ࡶԻ͕ڸͷมҐʹΑΔৼ෯ࡶԻΛ૬ࡴ

͢Δ͜ͱՄͱͳΔɻҐ૬ࡶԻͱৼ෯ࡶԻͷόϥϯεʹΑΓΩϟϦΞͷҐ૬ܾఆ͞Ε (ਤ 31ͷӈ)ɺಡΈ

ग़͢ࡍͷ෮ௐҐ૬ ζ ૂ͏ॏྗ৴߸ͷपʹ͓͍ͯ S/N͕࠷ྑ͘ͳΔΑ͏ʹબ͢ΔɻσνϡʔϯΛ

ԻࡶΘͳ͚ΕɺͦͷαΠυόϯυ৴߸όϥϯε͕ͱΕͨঢ়ଶͱͳΔ͕ɺͦͷ··ͩͱਤͷΑ͏ʹҐ૬ߦ

͕େ͖͘ӨڹΛ༩͑ͯ͠·͏ɻͦ͜Ͱɺ͜ͷҐ૬Λਖ਼ܾ͘͠ఆ͢ΔʹదͳσνϡʔϯΛ͏ߦඞཁ͕͋Γɺ

KAGRA Ͱ DCreadout ͷҐ૬Λ 132 deg ʹ͢ΔͨΊʹඇৗʹඍখͳௐΛ͜͏ߦͱͱͳͬͨɻ͜ͷΑ͏

ͳۀ࡞ Back ActionEvation (BAE)ͱݺͼɺຊγϛϡϨʔγϣϯͰ͜ͷ݁Ռʹߦ͖ͮجΘΕ͓ͯΓɺຊ

ՄੑΛௐࠪ͢ΔׂΛͭɻݱͷ࣮هՌ্݁ڀݚ

4.1.4 KAGRAͷ OMCʹ͓͚Δཁٻ

KAGRAͷඪʹճͷ࿈தੑࢠ͔ΒͷॏྗΛ؍ଌ͢Δ͜ͱͰɺͦ ΕʹॏྗΛׯবܭʹਨ

ೖࣹͰ 240Mpc·Ͱ͑ݟΔײΛ͢ࢦɻKAGRA༷ʑͳஔʹΑͬͯΓཱ͓ͬͯΓɺKAGRAͷ

ඪײΛຬͨ͢Α͏ʹ֤ஔͷཁٻɺͭ·ΓԿύʔηϯτͷϩε ΕΔ͔͕ܾΊΒΕͯ͞ڐ͕(ͷѱԽײ)

͍Δɻྫ͑ɺKAGRAͷׯবܭͷʹΘΕ͍ͯΔ࠷ॏཁͳڸͷ HR໘ͷۂࠩޡͷཁٻ 0.5%ͱ

ͳ͍ͬͯΔͷʹର͠ɺPRM SRMͷڸͷ HR໘ͷۂࠩޡ 5%͘Β͍͞ڐΕΔͱ͍͏Α͏ʹɺͦΕΒͷ

ཁٻͦͷஔͷॏཁʹൺྫ͍ͯ͠͠ݫͷͱͳΔɻͦͷࡍͷOMCͷཁٻ 5%Ҏ্γϣοτϊΠζ

ϨϕϧΛѱԽͤ͞ͳ͍͜ͱͰ͋Δɻ͠ɺOMCͷϩε͕ 5%Ҏ্ʹ૿͍͑ͯ͘ͱɺਤ 32ͷΑ͏ʹ KAGRA

શମͷ؍ଌՄൣғ͕ڱ·͍ͬͯ͘ɻͦͷ߹ޫݕग़ثͰ͋ΔϑΥτσΟςΫλʔͷྔޮࢠΛ্͛Δɺ

༨ʹϩεͯ͠͠·ͬͨΛͦͷଞͷஔͷཁٻΛ͘͢͠ݫΔ͜ͱͰิ͏Α͏ͳܗͱͳΔɻOMC  RF

sidebandͱ࣍ߴϞʔυΛআ͠ڈॏྗ৴߸ͷΈΛ௨ׂ͢Λͨͭ࣋ΊɺຊڀݚͰɺΩϟϦΞޫ (৴߸)ͷଛ

ࣦΛ 2 %Ҏɺ࣍ߴϞʔυͱ RF sidebandͦΕͧΕΩϟϦΞޫͷ 1 % (10 µW)ҎԼɺ2 % (20 µW)Ҏ

Լͱઃఆͨ͠ɻ͜ΕΒͷཁٻΛຬͨ͢ʹɺOMCͷ finesseɺGouyphaseɺڞৼثͷ 3ͭͷύϥϝʔλ

ΛదʹબͿඞཁੑ͕͋ΔɻࠓճγϛϡϨʔγϣϯίʔυ FINESSEͷ݁ՌΛ༻͍ͳ͕ΒɺKAGRAʹ͓

͚Δ࠷৽ͷ OMCͷσβΠϯΛܾఆͨ͠ɻ
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4.1.5 OMCͷύϥϝʔλͷઃఆ

4.1.5.1 finesse

finesseڞৼثͷதΛޫ͕Ͳͷ͘Β͍ԟ෮͢Δ͔Λද͢Ͱ͋ΓɺڸͷࣹʹΑܾͬͯఆ͞ΕΔɻྫ

͑ OMCͷΑ͏ͳ 4ຕڸͷڞৼثͷ࣌ɺ֤ʑͷڸͷࣹΛ r1, r2, r3, r4 ͱ͢ΔͱɺfinesseҎԼͷࣜͰ

ࣔ͢͜ͱ͕Ͱ͖Δɻ

F =
π
√
r1r2r3r4

1− r1r2r3r4
. (156)

OMC Ͱ৴߸Λ࠷େʹಁաͤ͞ΔͨΊʹɺOM1 ͱ OM3 ͘͠গྔͷޫΛಁաͤ͞Δڸ (r1 = r3 < 1)ɺ

OM2ͱ OM4΄΅શʹޫΛࣹ͢Δڸ (r2 = r4 ≃ 1)ͱ͢Δɻ·ͨɺ֤ʑͷ OMCͷڸͷޫֶతϩε

40 ppm ͱ͢Δɻ͠ finesse Ͱͷޫͷ॥ͷճ͕૿͑͗ͯ͢৴߸ͷޫֶతϩε͕ଟثৼڞΔͱ͗͢ߴ͕

͘ͳΔɻࠓճͷཁٻͰ͋Δ৴߸ϩε 2 % ҎԼΛୡ͢ΔͨΊʹɺfinesse  800 ·Ͱʹ͑ͳ͚Εͳ

Β͍ɻ

4.1.5.2 GouyҐ૬

ͷثৼڞΔͨΊʹɺҎԼͰࣔ͞ΕΔΑ͏ͳ͢ڈϞʔυΛޮతʹআ࣍ߴ GouyҐ૬ (η)ɺۂܘͷબ

͕ॏཁͱͳͬͯ͘Δɻ

η = arccos
√
g

(
g = 1− L

R

)
(157)

͜͜Ͱɺg ڞৼثͷ g-factorɺLڞৼثͷ͞ɺRۂڸͷۂܘͰ͋Δɻࠓճͷ OMCͰ OM1

ͷΈۂڸɺଞϑϥοτͷڸͱͳΔͨΊɺg ୯७ʹ্ࣜͷΑ͏ʹ 1ͭͷۂڸͷۂܘͱڞৼثͷ͞

Ͱܾ·Δ͕ɺۂ͕ڸ 2ຕͷ࣌ڞৼثͱ֤ʑͷۂ͔ܘΒ g ཁҼΛٻΊɺͦΕΛֻ͚߹Θͤͨͷɺͭ

·Γ g = g1g2 Λͦͷڞৼثͷ g ཁҼͱ͢Δɻ·ͨɺm࣍ͷ࣍ߴϞʔυ͕ OMCΛಁա͢Δޫྔ͔ࣜ࣍Βಘ

ΒΕΔɻ

Tomc =
(1− r21 − L)(1− r23 − L)r22r24

|1− r1r2r3r4e−imη|2
. (158)

ਤ 33 ͔Β͔ΔΑ͏ʹɺGouy Ґ૬ڞৼ͔Βͦͷ࣍ߴϞʔυ͕Ͳͷ͘Β͍ͣΕ͍ͯΔ͔Λද͢ࢦඪͰ͋

Δɻྫ͑ɺ͋Δ࣍ͷ࣍ߴϞʔυͷ GouyҐ૬γϑτ͕ 2π ͷഒʹۙͮ͘ͱɺͦͷ࣍ͷ࣍ߴϞʔυ

OMCͰڞৼͯ͠͠·͍ɺऔΓআ͘͜ͱ͕Ͱ͖ͳ͍ɻٯʹɺ࣍ߴϞʔυͷ GouyҐ૬γϑτ͕ڞৼ͔ΒͣΕ

͍ͯΔɺͭ·Γɺڞৼ·Ͱͷڑ͕όϯυ෯ΑΓେ͖͚Εେ͖͍΄ͲɺOMCͰͷͦͷϞʔυͷআ͕ڈՄ

ͱͳΔɻͪͳΈʹɺ͜͜Ͱͷ GouyҐ૬γϑτҰԟ෮ͷͷ͚ͩͰͳ͘ɺڞৼثͰੵ͞Εͨ GouyҐ૬

γϑτͷ͜ͱΛ͍ͯ͑ߟΔɻదͳ GouyҐ૬Λબ͢ΔʹɺOMCલͷ֤ϞʔυͷޫྔΛ༧͢ظΔ͜ͱ͕

ॏཁͰ͋ΔɻࠓճɺγϛϡϨʔγϣϯπʔϧΛ༻͍ͨࢉܭʹΑΓɺͦͷޫྔΛ༧ͨ͠ɻ

4.1.5.3 ثৼڞ

ͯ͠ʹϞʔυͱಉ༷࣍ߴ RF sidebandͷಁաޫྔ͔ࣜ࣍ΒಘΒΕΔɻ

TRF =
(1− r21 − L)(1− r23 − L)r22r24∣∣1− r1r2r3r4e−imη+2iLωRF/c

∣∣2
. (159)
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ਤ 33 Ϟʔυ࣍ߴৼʹɺڞৼ݅ɻΩϟϦΞޫڞͷ֤Ϟʔυͷثৼڞ GuoyҐ૬γϑτͰڞৼ͔Β

ͣΒ͢ɻڞৼͷϐʔΫͷӶ͞ finesseͷ͞ߴʹൺྫ͠ɺϐʔΫͷִؒڞৼثʹൺྫ͢Δɻ

ωRF มௐपΛද͓ͯ͠ΓɺKAGRA ͷ߹ׯবܭͷࠩಈϙʔτʹग़ͯ͘Δ ±16.875MHz ͱͳΔɻ

RF sideband Λ 20µW ҎԼʹ͢Δͱ͍͏ཁٻΛຬͨ͢ʹɺڞৼث L  75 cm ΑΓ͘͢Δඞཁ͕

͋Δɻ

4.1.6 FINESSEγϛϡϨʔγϣϯ

4.1.6.1 FINESSE

FINESSE ϞʔμϧϞσϧʹׯ͍ͯͮجবܭΛߏɺղੳ͢ΔγϛϡϨʔγϣϯπʔϧͰ͋Δ [10][11]ɻ

௨ৗͷ༗ݶཁૉϞσϧͰϞʔυղੳΛ͏ߦͱɺཁૉͷ߶ੑ࣭ྔͳͲͷϚτϦΫεߏஙΛޙͨͬߦʹɺϞʔυ

ಛੑ͕ࢉग़͞ΕΔɻ͔͠͠ɺࠓճͷϞʔμϧϞσϧɺߏͷϞʔυใͷΈΛࢉܭͪ࣋Մʹͨ͠σʔλͳ

ͷͰɺϚτϦΫεߏஙϓϩηεͰඅ͢ଟ͘ͷؒ࣌ΛॖͰ͖Δར͕͋Δɻ·ͨɺFINESSEϢʔβʔ͕

ఆٛͨ͠ׯবܭΛ͢ΔΛฏ໘͚ͩͰͳ͘ɺHermite-GaussϞσϧΛ༻͍ͯɺͦͷܗۭؒಛੑΛղ

ੳ͢Δ͜ͱ͕Ͱ͖Δɻ·ͨɺHermite-GaussϞσϧΛΈ߹ΘͤΔ͜ͱͰ Lagurre-GaussϞσϧΛͭ͘Δ͜

ͱՄͰ͋Δɻ࣮ࡍͷ࣮ݧͰ༻͍ΔϛϥʔͲͷΑ͏ʹਫ਼ͷΑ͍ͷͰͦͷද໘ΜͰ͓Γɺද໘ޡ

ࠩϏʔϜʹΈͷӨڹΛ༩͑ΔɻຊγϛϡϨʔγϣϯͰɺFINESSE্Ͱߏͨ͠ׯবܭͷϛϥʔʹɺද

໘ʹφϊϝʔλεέʔϧͷΤϥʔ͕͋ΔҐ૬Λͭ࣋ཧతͳςετϚε (ϛϥʔ)ʠmirror mapʡΛಋೖ͢Δ

͜ͱͰɺͦΕʹΑͬͯੜͨ͡ϏʔϜͷΈΛղੳ͢Δ͜ͱͱ͢ΔɻׯবܭΛߏ͢Δࡍʹࣗ༝Λదʹௐ

͢Δ͜ͱ͕ඞཁͱͳΔ͕ɺࠓճͷ FINESSEͷγϛϡϨʔγϣϯͰ KAGRAͷ 5ͭͷࣗ༝͕࠷దͳ

ॴʹͳΔΑ͏ʹௐ্ͨ͠ͰɺࠓճσβΠϯͨ͠৽͍͠ OMCΛ༻͍ͯ KAGRAͷओׯবܭͷੑΛςετ

͠ɺ৽͍͠ OMC͕ KAGRAͷཁٻΛຬ͔ͨ͢Ͳ͏͔Λ֬ೝͨ͠ɻ

4.1.6.2 mirror maps

ਤ 34ࠓճ༻͍ͨϛϥʔϚοϓͷͷ 1ͭͰ͋Δɻmirror mapϛϥʔද໘্ͷσίϘίͨ͠͞ߴΛද

ͨ͢ΊͷɺଟͷྻͷσʔλͰͰ͖͍ͯΔɻࠓճͷϛϥʔͷҐ૬ϚοϓɺKAGRAͷϛϥʔͷ PSD(power

spectral density)ʹΑͬͯੜ͞Εͨɻ༻͍Δ PSD loss requirement [12]ʹΑܾͬͯ·ΔɻຊγϛϡϨʔ

γϣϯͰಉ͡ PSDΛ༻͍ͯ 4ͭͷಠཱͳ mirror mapΛͭ͘Γɺׯবܭͷ 4ͭͷςετϚεʹͦΕΛద༻

ͨ͠ɻ4ͭͷmirror mapΛ 4ͭͷςετϚεʹ༻͍Δʹɺ24ͷΈ߹Θ͕ͤ͋Δ͕ɺͦͷશͯͷΈ߹Θ
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ͤΛ༻͍ͯ͢ࢉܭΔͱɺׯব͔ܭΒग़ͯ͘Δ࣍ߴϞʔυͷ౷ܭΛͭ͘Δ͜ͱ͕Ͱ͖Δɻ

ਤ 34 mirror mapɻࠓճ༻͍ͨ 4 ͭͷ mirror map ͷͷ 1 ͭɻ4 ͭͷϛϥʔશͯɺͦͷ͕ܘ

220mmɺ RMS (root-mean-square) ͷද໘Τϥʔ 0.5 nmͱͳ͍ͬͯΔɻ

4.1.7 ຊڀݚͷϙΠϯτ

աڈͷ OMC ͷڀݚͷதͰɺWaldman ɺOMC ʹ͓͚Δ 8 ·ৼڞΓͷد࠷Ϟʔυͱ࣍ߴͰͷ֤·࣍

ͰͷڑΛͨ͠ࢉܭɻLIGOͰओׯব͔ܭΒ ͷҝɺ͜͜ͰܭͷϞʔυ͕ଟ͘ग़ͯ͘Δઃ࣍8 Ͱͷ·࣍8

ӨڹΛ͠ࢉܭɺదͳ OMCͷσβΠϯΛͨ͑ߟ [14]ɻWaldmanํࣜͰɺOMCͷޫͷԟ෮ଛࣦΛྀߟ

͍ͯ͠ͳ͍͕ɺeLIGOͰ 60 ppm/roundtripͰ͋ͬͨ͜ͱ͔Β aLIGOͰ͏গ͠ແ͢ࢹΔ͜ͱ͕Ͱ͖

Δɻ·ͨɺWaldmanํࣜͰશͯͷ࣍ߴϞʔυΛಉʹѻ͍͕ͬͯͨɺ࣍ߴʹͳΔ΄ͲɺͦͷӨڹࢄཚ͢

ΔͳͲͯ͠ඞવతʹখ͘͞ͳΔɻͦ͜ͰɺeLIGOͷׯবܭͰಘͨϏʔϜͷΈͷσʔλ͔Β֤ϞʔυͷॏΈ

(weighting factor)Λಋೖ͠ɺaLIGOͷOMCͷσβΠϯܾఆʹ༻͍ΔAraiํ͕ࣜ͑ߟΒΕͨ [15]ɻ͔͠͠ɺ

KAGRAͷׯবܭະ͓ͩͯ͠Βͣɺ࣮ σʔλ͔Β֤Ϟʔυͷݧͷ࣮ࡍ weighting factorΛಘΔ͜ͱͰ

͖ͳ͍ɻͦ͜Ͱɺࠓճ FINESSEͱmirrormapΛ༻͍ɺγϛϡϨʔγϣϯ্Ͱ֤Ϟʔυͷ weghting factor

Λಘͯɺ͔ͦ͜ΒదͳσβΠϯΛબ͢Δͱ͍͏৽͍͠ख๏ΛࢼΈͨɻ

4.1.8 ݁Ռ

mirror mapΛ༻͍ͨ FINESSEγϛϡϨʔγϣϯʹΑΓɺదͳ waighting factorΛಘΔ͜ͱ͕Ͱ͖ͨɻ

ਤ 35 ͷࠨਤɺOMC લͷׯবܭͷ AS ϙʔτʹग़͖ͯͨ m ͷϞʔυͷτʔλϧύϫʔΛࣔ͢ɻ֤Ϟʔ࣍

υͷύϫʔɺ24௨ΓͷҟͳΔ mirror mapͷΈ߹ΘͤΛฏͯ͠ۉಘΒΕͨجຊϞʔυͷύϫʔʹΑΓن

֨Խ͞Ε͍ͯΔɻKAGRAͰ ʹڑৼ·ͰͷڞͷܭবׯͷϞʔυ͕ओ࣍Ϟʔυͷɺ10࣍ߴͰͷ·࣍20

6 degͱ࠷ۙ͘ͳΔɻͦ͜ͰɺຊγϛϡϨʔγϣϯͰ 24௨Γͷ mirror mapΛ༻͍ͯ Ϟʔυ࣍ߴͷ࣍10

·ͰࢉܭΛ͍ߦɺ֤Ϟʔυͷ 24ͷ݁ՌΛฏ͠ۉɺweighting factorΛಘΔ͜ͱ͕Ͱ͖ͨɻ

ͦͯ͠ɺ֤Ϟʔυʹ͓͚Δ weighting factorʹ OMCͷ֤Ϟʔυͷಁա Tomc Λֻ͚ɺ֤Ϟʔυ͕࣮ࡍʹͲ

ͷ͘Β͍ͷޫྔͰͯ͘Δͷ͔ΛੵݟΓɺదͩͱࢥΘΕΔ OMCͷ GouyҐ૬Λ͍͔ͭ͘બͨ͠ (ਤ 36)ɻ

ઌ΄ͲͷࢉܭͰީิʹͳ͍͔ͬͨͭ͘ͷ OMCͷσβΠϯΛ FINESSE্ʹ࠶ೖΕͯɺͦͷ݁ՌΛൺͨ

݁Ռɺη = 55.4 deg,L = 75 cm͕దͳσβΠϯͰ͋Δ͜ͱ͕͔ͬͨɻ࣍ͷද (ද 1)࣍ߴϞʔυ RF
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ਤ 35 m࣍ (m ≥ 1)ͷϞʔυͷಁաޫྔͷ weighting factor

ਤ 36 ओׯব͔ܭΒ ASϙʔτʹಁաͯ͘͠Δ֤࣍ߴϞʔυΛ߹ྔޫͨ͠ܭɻFINESSEγϛϡϨʔγϣ

ϯͰಘ֤ͨϞʔυͷ weighting factorΛ༻

sidebands ͕σβΠϯͨ͠ OMC ʹΑͬͯཁٻΛຬͨ͢Α͏ʹݮগ͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠Δɻ ɺʹޙ࠷

finesseͷ͔ͳΓ͍ߴཧతͳ OMCΛೖΕͨ߹ͱࠓճσβΠϯͨ͠ OMCΛೖΕͨ߹ͰγϣοτϊΠζ

ͷࢉܭΛ͍ߦɺൺֱΛͨͬߦɻ͜ͷࢉܭʹɺ5 ൪ʹѱ͍ mirror map ͷΈ߹ΘͤΛ༻͍ͨɻͦͷ࣌ͷ

γϣοτϊΠζϨϕϧͷѱԽ 100HzͰ 3.28%Ͱ͋Γɺ͜Ε KAGRAͷ OMCͷཁٻͰ͋Δ 5%ະຬ

Λຬͨ͢ɻΑͬͯɺ24௨Γͷ 20௨Γɺͭ·Γ 81%ͷ֬Ͱ BAE͕ՄͰ͋Δ͜ͱ͕ࣔ͞Εͨɻ͠ɺ࣮

ΓͷͷஔͷΈཱͯͰɺࡍ 20%ऑͷ֬ͰཁٻΛຬͨ͞ͳ͍Α͏ͳѱ͍ϛϥʔͷΈ߹ΘͤͰͯͬ࡞

͠·ͬͨ߹ɺ֤ ͷΠϯϓοτϛϥʔΛೖΕସ͑ΔɺΈ߹ΘͤΛม͑Δඞཁ͕ग़ͯ͘Δͱ༧͞ΕΔɻ
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0th 1st 2nd 3rd 10th RF

Before OMC 873µW 432µW 8.69mW 48.8µW 61.5mW 357mW

After OMC 838µW 2.51 nW 39.3 nW 3.26 nW 3.73µW 20.4µW

ද 1 OMCલޙͷΩϟϦΞ (৴߸)ޫͱ࣍ߴϞʔυɺRFαΠυόϯυͷޫྔͷൺֱ

ਤ 37 OMCલޙͷϏʔϜܗঢ়ͷ༧ਤɻRFαΠυόϯυΛೖΕΔͱ֮ࢹతʹ࣍ߴϞʔυ͕ӅΕͯ͠·

͏ҝɺ͜͜Ͱ RFαΠυόϯυআ֎͍ͯ͠Δɻ

4.2 OMCΛ༻͍ͨ DC readout࣮ݧ

4.2.1 ຊ࣮ݧͷతͱ࣮ݧखॱ

KAGRAͰ DCreadoutͰ৴߸शಘΛ͢ΔࡍɺࡶԻͱͳΔߴपͷޫΛ OMCΛ༻͍ͯআ͢ڈΔɻຊ࣮

ʹࡍͰ࣮ݧ OMCΛ༻͍Δ͜ͱͰ DCreadoutʹ͓͚ΔͦΕΒͷࡶԻΛͤ͞ݮΔ͜ͱ͕Ͱ͖Δ͔Λ֬ೝ͢

Δ͜ͱٴͼͦͷ੍ํޚ๏Λཱ֬͢Δ͜ͱΛతͱ͠ɺҎԼͷΑ͏ͳηοτΞοϓΛΈɺϓϩτλΠϓ࣮ݧΛ

ɻͨͬߦ

OMCΛ༻͍ͨ DCreadout·Ͱͷεςοϓ࣍ͷΑ͏ʹͨͬߦɻ

(1) ͷ४උݧ࣮ܭবׯ

Ϩʔβޫ (ύϫʔ 50mWɺ 1064 nm)Λ͍ɺ·ͣ൛ͱ Faraday-IsolatorΛઃஔ͠ɺׯবܭΛ

ΈཱͯͨࡍͷϨʔβʔݯͷΓޫΛ͛Δঢ়ଶʹͨ͠ɻ࣍ʹɺࠓճ༻ͨ͠Ϩʔβʔޫ͕ପԁܗͰɺ͜ͷ

ग़Δ͜ͱ͕͋ͬͨͨΊɺ͕ڹҟͳΔӨ͍͓ͯʹͷ࣠ͱ࣠ํܘϏʔϜʹࡍΛஔ͘ثػΔͱޫֶ͢༺··

γϦϯυϦΧϧϨϯζͳͲΛ༻͍ͯϏʔϜܗΛ͑ͨɻͦͷޙɺมௐث (12MHzͷ EOM)Λಋೖͯ͠ɺͦΕ

ʹൃৼثͰ 12MHzͷ sinΛೖΕΔ͜ͱͰ RF sidebandΛੜͨ͠ɻ͜͜·ͰɺͲͷׯবܭΛΈཱͯ

Δࡍʹ͏ߦηοτΞοϓͰ͋Δɻ

(2) Michelsonׯবܭ (MI)ͷΈཱͯ

12MHzͷมௐΛ͔͚ͨϨʔβʔޫΛ༻͍ͯɺϑϥοτϛϥʔٴͼϏʔϜεϓϦολʔͰ֤ͷ͞ 10cm

ͷMIΛΈཱͯͨɻMIΛΈཱͯΔࡍɺϨʔβʔޫͷϏʔϜΤετ͕MIͷϑϥοτϛϥʔͷҐஔʹདྷ

ΔΑ͏ʹ͠ɺϏʔϜͱڸͷۂΛ߹Θͤͨ (ϞʔυϚον)ɻ·ͨɺΞϥΠϝϯτͳͲ͍͔ࡉҐஔͷௐɺϐ

Τκૉࢠʹ৴߸ΛೖΕͯڸΛৼΓɺͦΕʹΑΔ MI ͷಁաޫ (AS ϙʔτʹདྷΔޫ) ͷԠΛϑΥτσΟςΫ
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ਤ 38 ຊ࣮ݧͷηοτΞοϓɻओʹMichelsonׯবܭ (MI)ͱ OMCڞৼثʹΑΓߏ͞Ε͍ͯΔɻMI

 EOMͰൃੜͤͨ͞ RFαΠυόϯυΛ Faraday-Isolatorͷࣹޫ͔ΒϐοΫΦϑ͠ɺHeterodyne੍

ͨ·ɻͨͬߦΛޚ OMC  MI ͷڸʹΦϑηοτΛՃ͑ͨࡍʹ࿙Εग़ͨΩϟϦΞޫΛ OMC ͷೖࣹڸͷ

ࣹޫ͔ΒϐοΫΦϑͯ͠ PDH ๏Ͱ੍ͨ͠ޚɻMI ͱ OMC Λ੍͍ͯ͠ޚΔঢ়ଶͰ OMC લޙͰ DC

readoutΛ͍ߦɺOMCͷߴपͷࡶԻʹ͓͚ΔӨڹΛௐࠪͨ͠ɻ

λʔͰडޫͯ͠ΦγϩείʔϓͰޫྔΛ֬ೝ͠ͳ͕ΒɺڸΛೖΕ͍ͯΔϛϥʔϗϧμʔʹ͍ͨௐઅͭ·Έ

Λճͯ͠͏ߦɻMIͰίϯτϥετ͕ྑ͘ͳΔ͜ͱΛඪͱͯ͠ௐΛ͏ߦɻ͜ͷ࣌ɺϨʔβʔޫͷϏʔϜ

ΤετͳͲϏʔϜܘͷܭଌʹϏʔϜϓϩϑΝΠϥΛ༻͍ͯ֬ೝΛͨͬߦɻ࣍ʹMIͷ ASϙʔτʹΩϟ

ϦΞޫΛΕग़ͤ͞ΔͨΊɺMIʹʹ 4cmͷΞγϯϝτϦΛ͚ͭͨɻ͜ͷ࣌ɺMIʹϨʔβʔޫΛೖࣹ͞

ͤΔલʹϨϯζͰϨʔβʔޫίϦϝΠτ͞Ε͍ͯΔͷͰɺΞγϯϝτϦΛ͚ͨ͜ͱʹΑΔϞʔυϚονͷ

ͣΕ΄ͱΜͲ͜ىΒͳ͍ɻ·ͨɺMIͷยͷڸͷཪଆʹ੍͞ޚ༻ʹϐΤκૉࢠΛऔΓ͚ͨɻ

(3) MIͷ੍ޚ

ΒͷΓޫ͔ܭবׯ (ࣹޫ)ϨʔβʔݯʹΔલʹ Faraday-IsolatorͰϐοΫΦϑ͞ΕΔɻͦͷࣹޫΛ

2खʹ͚ɺͦΕͧΕϑΥτσΟςΫλʔͰडޫ͠ɺҰ੍ͭޚͰ༻͍Δ৴߸ޫͱͯ͠༻͍ΒΕɺ͏Ұͭ

ΦγϩείʔϓͰׯব͔ܭΒདྷΔޫྔΛ֬ೝ͢Δ༻ͱͯ͠༻͍ͨɻ͜ͷঢ়ଶͰɺMIͷڸʹ͍ͭͨϐΤκૉࢠ
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ʹిѹΛՃ͑ͯMIͷͷΦϑηοτΛௐઅ͠ɺΦγϩείʔϓͰࣹޫ͕࠷େʹͳΔΑ͏ʹͯ͠MIΛ AS

ϙʔτͰμʔΫϑϦϯδʹͳΔΑ͏ʹͨ͠ɻ͜ͷΑ͏ͳ΄ͱΜͲͷ৴߸ޫ͕ϒϥΠτϙʔτଆʹདྷ͍ͯΔঢ়ଶ

ͰɺϑΥτσΟςΫλʔͰडޫͨ͠৴߸ޫ (ΩϟϦΞޫʴ 12MHzͷ RFαΠυόϯυ)ʹɺEOMʹ৴߸Λ

͍Εͨͷͱಉ͡ൃৼثͰੜͨ͠ 12MHzͷ sin (ϩʔΧϧΦγϨʔλ)ΛϛΩαʔͱࢉֻ͚͏ݴஔͰ෮

ௐ͢Δ͜ͱͰɺHeterodyne੍ޚΛͨͬߦ (Q-phase)ɻ

(4) OMCͷΈཱͯ

MI ͷޙʹϏʔϜϓϩϑΝΠϥΛ͍ߦϨʔβʔޫͷใΛ֬ೝͨ͠ޙɺͦͷ݁ՌΛ౿·͑ϨϯζΛ༻͍ͯ

Ϩʔβʔޫͱ OMCͷڸͷۂͷϞʔυϚονΛ͍ߦɺOMCΛઃஔͨ͠ɻOMCΛߏ͢Δ 4ຕͷڸͷͷ

1ຕ (ϑϥοτϛϥʔ)ʹɺ੍͞ޚ༻ʹϐΤκૉࢠΛऔΓ͚ͨɻOMCͷ 4ຕͰߏ͞Ε͍ͯΔڞৼث

ͷΞϥΠϝϯτɺϐΤκૉࢠͰڸΛৼΓͳ͕ΒɺOMCͷಁաޫΛΦγϩείʔϓͰ֬ೝ͠ɺOMCલʹ͋

Δ 2ຕͷڸ (OMCͷೖࣹޫͷ֯Λௐ͢ΔεςΞϦϯάϛϥʔ)ͱ OMCΛߏ͢Δ 4ຕͷڸͷϛϥʔ

Ϛϯτͷͭ·ΈͰௐͨ͠ɻOMCࡶԻΛݮΒ͠৴߸ޫΛ௨͢ڞৼثͷҝɺΩϟϦΞޫͷΨεϞʔυ͕

ଟ࣍͘ߴϞʔυ͕Ͱ͖Δ͚ͩݮগ͢Δ͜ͱΛඪʹௐΛͨͬߦɻ࣍ߴϞʔυͷྔͳͲΦγϩείʔϓͰࢹ

֮తʹ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

(5) OMCͷ੍ޚ

MI ͷยΛμϯύʔͰϒϩοΫ͠ OMC ʹೖΕΔޫྔΛ MI ͷ AS ͕ϒϥΠτϑϦϯδͷͱ͖ͷ 1/4(

10mW)ʹ͠ɺMIͱಉ༷ʹͯ͠ 12MHzͰ෮ௐ͠ OMCΛΩϟϦΞͷجຊΨε ʹϞʔυ(࣍0) PDH๏Ͱ

ͨ͠ޚ੍ (I-phase)ɻ৴߸ޫʹ OMCͷೖࣹڸͷࣹޫΛ༻͍ͨɻ

(6) MIͱ OMCͷಉޚ੍࣌

MIΛμʔΫϑϦϯδ͔Βগ͠ΦϑηοτΛՃ͑ͨঢ়ଶͰ Heterodyne੍͠ޚɺMI͔ΒΕग़ͨޫΛͯͬ

OMCΛΩϟϦΞޫͷجຊΨεϞʔυʹ PDH๏Ͱ੍ͨ͠ޚɻࠓճMIΛશʹμʔΫϑϦϯδʹͨ͠ঢ়

ଶͰɺΞϥΠϝϯτϞʔυϚον͕શͳঢ়ଶ͡Όͳ͍͜ͱ͔Βɺ 1.3mW ͷಁաޫྔ͕ग़ͯ͘Δͨ

Ίɺࠓճ৽ͨͳΦϑηοτՃ͑ͣʹ 1.3mWͷΩϟϦΞޫΛ༻͍ͯ OMCͷ੍ޚΛͨͬߦɻ৴߸ޫͦ

ΕͧΕઌ΄Ͳͱಉ͡ϑΥτσΟςΫλʔͰडޫͨ͠ͷΛ༻͍͍ͯΔɻ

(7) DC readout

MI ͱ OMC Λ (6) ͷΑ͏ʹ੍ͨ͠ޚঢ়ଶͰ MI ৴߸ΛೖΕɺOMCࣅٙʹ લޙͷΩϟϦΞޫΛݕग़

(DC readout) ͠ɺOMC ʹΑΔ৴߸ٴͼࡶԻʹ͓͚ΔӨڹΛ֬ೝͨ͠ɻٙࣅ৴߸ΛೖΕΔํ๏ͱͯ͠ɺ

ܭবׯʹ࣌Ͱͯ͠ಉثࢉ৴߸ΛՃࣅ৴߸ͱٙޚ੍ (ਖ਼֬ʹϐΤκૉࢠ) ʹ Feedback ͢Δͱ͍͏ख๏Λ

औͬͨɻ

4.2.2 ثػͰ༻͍Δݧ࣮ܭবׯ

ΛҎԼʹհ͢Δɻثػݧ࣮͍ͨ༺ճࠓ

ɾϨʔβʔʜ Ͱݧճͷ࣮ࠓ 50mWग़ྗͷ YAGϨʔβʔ (1064 nm)Λ༻͍ͨɻ

ɾڸʜ ճࠓ͖ϛϥʔ͕͋Δɻۂେͷϑϥοτϛϥʔͱݶແۂ MI 2ຕͷϑϥοτϛϥʔͱ 1ຕͷ

ϏʔϜεϓϦολʔɺOMCۂϛϥʔΛ 1ຕͱ 3ຕͷϑϥοτϛϥʔͰߏͨ͠ɻMIͷڸͷࣹͦ

ΕͧΕશࣹͷͷΛɺOMCͷڞৼثͷೖޱͱग़ޱ෦Λ୲͏ 2ຕͷڸͷࣹ 98%ɺۂ͖ϛϥʔ

ͱΓ 1ຕͷϑϥοτϛϥʔશࣹͷڸΛ༻͍ͨɻ·ͨɺޫ࿏ͷਐํߦΛม͑ΔࡍͷંΓฦ͠ϛϥʔͱ͠
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ਤ 39 OMCڞৼثɻg-factor 0.78ɺڞৼث 0.44mɺfinesse 150ͷઃܭͰ͋Δɻ

ͱ͕Ͱ͖͜͏ΘΕͨΓɺޫ࣠ΞϥΠϝϯτΛௐ͢ΔͨΊͷ͢ΔͨΊͷεςΞϦϯάϛϥʔͱͯͯ͠

Δɻ

ɾϨϯζʜɹϨʔβʔޫͷϏʔϜΤετ (Ұ൪͍ࡉ෦)ΛΑΓ͘͠ࡉίϯηϯτϦοΫͳޫΛͭͬͨ͘Γɺ

Δ͜ͱ͕Ͱ͖Δɻ·ͨɺϞʔυϚον࡞ʹΘͨΓฏୱʹͯ͠ίϦϝΠτͳޫΛڑϨʔβʔޫͷଠ͞Λʹٯ

ϯάʹ༻͍ΒΕɺϑΥτσΟςΫλʔ CCDͰޫΛडޫ͢Δࡍʹਖ਼͘͠ೖΔΑ͏ʹϏʔϜܦΛখ͘͢͞Δ

͜ͱʹ༻͍ΒΕΔɻ

ɾ൘ʜɹࠓճ 1/4൛ͱ 1/2൘Λ༻͍ͨɻ1/4൘ೖࣹͨ͠ޫͷภޫ໘Λ 1/4λ(π/2)ճ͠ɺ

1/2൛ೖࣹͨ͠ޫͷภޫ໘Λ 1/2λ(π)ճ͢ɻϨʔβʔ͔ݯΒग़ͯ͘Δޫԁภޫʹͳ͍ͬͯΔͷͰɺѻ

͍͘͢͢ΔͨΊʹ 1/4൛Ͱઢภޫʹ͢Δɻ·ͨɺEOMͳͲͷޫֶثػʹಛੑภޫ͕͋ΔͷͰɺͦ

ͷલʹ 1/2൘Λஔ͍ͯௐઅΛ͜͏ߦͱ͕͋Δɻ

ɾFaraday-Isolatorʜɹதʹ൘ (1/4)͕ 2ຕͱ݁থ͕ೖ͓ͬͯΓɺFaraday-Isolator෦Λ௨Δ͜ͱͰޫ

ͷภޫΛճ͢ɻׯব͔ܭΒ͖ͬͯͨޫ͕ϨʔβʔݯʹΒͳ͍Α͏ʹϨʔβʔͨ͋ޙΓʹஔ͘ɻ

ɾEOMʜɹ RF sideband(৴߸) Λੜ͢ΔҐ૬มௐثɻEOM ͷதʹڞৼ͕ثೖ͓ͬͯΓɺͦͷثػ

͝ͱʹ͔͚ΒΕΔมௐप͕มΘΔɻมௐपൃৼثͰੜͨͨ͠ͷΛׯবܭͷޫ্࣠ʹ͋Δ EOM

ʹ௨͢͜ͱͰɺϨʔβʔޫʹมௐΛ༩͑Δ͜ͱ͕Ͱ͖ΔɻຊڀݚͰ 12MHzͷҐ૬มௐثΛ༻͍ͨɻ

ɾϑΥτσΟςΫλʔʜɹडޫͨ͠ޫྔΛύϫʔ (ిѹ)ʹมͯ͘͠ΕΔɻϑΥτσΟςΫλʔͰಘͨύϫʔ

Λ Feedback੍ޚʹ༻͍ͨΓΦγϩείʔϓʹͭͳ͍ͰͦͷిѹΛޚ੍ͯݟঢ়ଶΛ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

ɾCCDΧϝϥʜɹׯবܭͷ ASϙʔτʹͳͲʹஔ͖ɺޫͷঢ়ଶΛ֮ࢹతʹ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

ɾNDϑΟϧλʔʜɹޫྔΛݮΒͨ͢ΊͷثػͰ͋ΔɻϑΥτσΟςΫλʔ CCDΧϝϥʹ͓͍ͯडޫྔ͕

ͦͷڐ༰ൣғΛ͑ͯ͠·͏߹ɺਖ਼֬ͳޫྔΛܭଌͰ͖ͳ͘ͳͬͯ͠·ͬͨΓը૾ΛදࣔͰ͖ͳ͘ͳͬͯ͠

·͏ɻNDϑΟϧλʔΛडޫ໘ͷલʹઃஔ͢Δ͜ͱͰɺडޫՄൣғ·ͰޫྔΛݮΒ͢͜ͱ͕Ͱ͖Δɻୠ͠ɺ

NDϑΟϧλʔΛೖΕͰܭଌͨ͠ޫྔ࣮ࡍͷޫྔͱҟͳΔ͜ͱʹҙ͢Δɻ

ɾμϯύʔʜɹׯব͔ܭΒग़͖ͯͨޫͷ͏ͪ༻͠ͳ͍ޫʹμϯύʔΛஔ͍ͯɺଞͷޫֶثػʹͨͬͯࢄ

ཚͨ͠ΓɺਓʹͨΔͷΛׂ͙͕͋Δɻ
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ɾΞΠϦεʜɹϨϯζɺ৽ͨʹޫֶثػΛஔ͕͘ثػֶޫʹࡍਖ਼֬ʹஔ͚͍ͯͳ͍ͱϏʔϜͷ͕͞ߴมΘͬ

ͨΓϏʔϜ͕ܘมͯ͠͠ܗ·͏͜ͱ͕͋ΔɻΞΠϦεΧϝϥͷγϟολʔͷߜΓͷΑ͏ͳܗঢ়Λ͓ͯ͠Γɺ

Λ͞ߴϨʔβʔͷʹࡍΛஔ͍ͨثػઃఆ͓ͯ͘͜͠ͱͰɺ৽ͨͳޫֶʹ͞ߴϨʔβʔ͕௨ΔΑ͏ͳʹ݀ͨͬߜ

߹ΘͤΔࢦඪͱ͢Δ͜ͱ͕ग़དྷΔɻ

ɾϏʔϜϓϩϑΝΠϥʜɹϏʔϜܘΛଌΔஔͷ͜ͱͰɺಘͨ݁ՌϞʔυϚονʹ༻͍Δ͜ͱ͕Ͱ͖Δɻ·

ͨɺ৽͍͠ޫֶثػΛஔ͘ࡍʹϏʔϜ͕ܘม͠ܗͳ͍Α͏ʹϞχλʔ͢Δ͜ͱग़དྷΔɻ

ɾύϫʔϝʔλʜɹϏʔϜޫྔͷܭଌஔͰ͋ΔɻܭଌڥʹΑͬͯޫྔ͕มԽ͢Δ͜ͱ͋ΔͷͰɺܭଌ͢

ΔϏʔϜҎ֎ͷޫ (র໌ࢄཚޫ)͕Ͱ͖Δ͚ͩೖΒͳ͍Α͏ʹҙ͢Δඞཁ͕͋Δɻ

ɾΞΫνϡΤʔλʜɹׯবܭͰڸʹऔΓ͚ͨϐΤκ (PZT) ૉࢠ࣓ੴͳͲΛ௨ͯ͠ Feedback ߦΛޚ੍

͏ɻͦͷΑ͏ͳɺ੍ޚͰ࣮ڸʹࡍΛಈ͔͢ஔΛΞΫνϡΤʔλͱݺͿɻຊڀݚͰMIͱ OMCͷڸʹϐ

ΤκૉࢠΛ༻੍͍ͯޚΛͨͬߦɻࠓճ༻͍ͨϐΤκυϥΠόʔ 1VͷిѹͰ 5 nmಈ༷͘ͱͳ͍ͬͯΔɻ

ɾϛΩαʔʜɹೖ͕ޱ 2ϙʔτɺग़͕ޱ 1ϙʔτͰߏ͞Ε͓ͯΓɺ2ͭͷೖޱʹͦΕͧΕޫΛೖΕΔͱͦΕ

Βͷޫֻ͕͚͞ࢉΕͨͷ͕ग़ޱϙʔτ͔Βग़ͯ͘Δֻ͚ثࢉͰ͋Δɻ৴߸ޫͱϩʔΧϧΦγϨʔλΛ෮ௐ͢

Δࡍʹ༻͍Δɻ

ɾΦγϩείʔϓʜɹϑΥτσΟςΫλʔ͕डޫͨ͠ޫྔΛೖྗ͢Δ͜ͱͰɺׯবܭͷಁաޫࣹޫɺΤ

ϥʔ৴߸ͷঢ়ଶͳͲΛిѹʹม֬ͯ͠ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

ɾαʔϘʜɹ੍͍ͨ͠ޚपଳҬʹ߹ΘͤɺߴपΛΧοτͨ͠Γ૿෯ͤͨ͞Γ͢ΔஔɻຊڀݚͰ

SR560ͱՃثࢉɺࣗ࡞ͷΠϯςάϨʔλ͖ͷϩʔύεϑΟϧλʔΛ༻͍ͨɻ

ɾൃৼثʜɹ༷ʑͳपৼ෯ͷ৴߸Λੜ͢ΔஔͰɺEOMͷൃৼݯͱͯ͠ΘΕΔɻ·ͨɺ࿈ଓతͳ

৴߸ΛೖΕΒΕΔͷͰɺׯবܭͷΞϥΠϝϯτΛͱΔࡍʹಁաޫͷԠΛͨݟΓɺୡؔΛऔΔͷʹΘΕ

Δɻ

ɾFFTΞφϥΠβʜɹׯবܭαʔϘͷୡؔΛऔΔͷʹΘΕͨΓɺFFTΛ͜͏ߦͱ͕Ͱ͖Δଌఆஔ

Ͱ͋Δɻܭଌͷࡍʹ༻͍Δ৴߸ൃৼث·ͨ FFTΞφϥΠβຊମ͔Β৴߸ΛೖΕΔ͜ͱ͕Ͱ͖Δɻ

4.2.3 ͷཱͯܭবׯ

ঢ়ͷมԽͰ͋ܗΛஔ͘͜ͱʹΑΔϏʔϜͷثػϨϯζͳͲͷޫֶڸॏཁͳͷɺʹࡍΛΈཱͯΔܭবׯ

ΔɻϨʔβʔͷޫ࣠ɺಛʹ͕ํ͞ߴมԽͯ͠ޫֶثػʹඇਨ (ࣼΊ)ʹೖࣹ͢ΔͱΨεϏʔϜͰ͋ΔϨʔ

βޫͷܗঢ়͕ΜͰ͠·ͬͯϏʔϜܘͷ࣠ํͱ࣠ํͰۂ͕มΘͬͯ͠·ͬͨΓɺϏʔϜϓϩϑΝΠ

ϥͰϏʔϜܘΛଌΔ࣌ʹਖ਼֬ʹଌΕͳ͍ͳͲͷ͕͜ىΔɻͦͷͨΊɺΞΠϦεͳͲΛ࣠ޫͯͬͷ͞ߴΛ

ଗ͑Δඞཁ͕͋Δɻ༧ΊପԁͷϏʔϜʹͳ͍ͬͯΔ࣌ɺγϦϯυϦΧϧϨϯζ (x·ͨ y ͷΈʹ

Δ͜ͱ͕Ͱ͖Δɻ·ͨɺΞϥΠϝϯτͱϞʔυϚονʹҙ͕ඞཁ͢ʹܗΔϨϯζ)ͳͲΛ༻͍ͯԁ͢༺࡞

ͱͳΔɻޫ͕ڸʹରͯ͠ਨʹೖࣹ͠ͳ͍ͱحࣈͷ࣍ߴϞʔυ͕ੜ͞ΕɺϛεΞϥΠϝϯτͱݺΕΔɻ

·ͨɺ༻͍ͯ͠ΔϏʔϜͷۂͱΈཱͯͨׯবܭͷڸͷۂ͕߹Θͳ͍͜ͱͰۮࣈͷ࣍ߴϞʔυ͕ੜ

͞ΕΔ͜ͱΛϞʔυϛεϚονͱݺͿɻ࣮ࡍͷ࣮ݧͰਤ 40ͷΑ͏ʹ͑ݟΔɻ͜Ε CCDΧϝϥͰڞৼث

ͷಁաޫΛͨݟը૾Ͱ͋ΓɺΞϥΠϝϯτͱϞʔυ͕྆ํͱ߹͍ͬͯΔͱ͖ΨεϞʔυͱͳΔɻΞϥΠ

ϝϯτͷௐڞৼثͷಁաޫΛΦγϩείʔϓͳͲͰ֬ೝ͠ͳ͕ΒϛϥʔϚϯτͰڸͷ֯Λௐઅ͢Δ͜

ͱͰൺֱత؆୯ʹ͑ߦΔ͕ɺϞʔυϚονΛ͏ߦʹ͍͔ͭ͘ͷߦఔ͕ඞཁͱͳΔɻϞʔυϚονʹ·ͣɺ

ϏʔϜͷಛੑ (ϏʔϜΤετϨΠϦʔϨϯδ)ΛΔඞཁ͕͋ΔɻͦͷͨΊɺϏʔϜϓϩϑΝΠϧͰϏʔ

58



ਤ 40 ΒΨεϞʔυ͔ࠨϞʔυͷੜɻ࣍ߴ (00Ϟʔυ)ɺ1࣍ͷ࣍ߴϞʔυ (01Ϟʔυ)ɺ2࣍ͷ࣍ߴ

Ϟʔυ (11Ϟʔυ)ɻحࣈͷ࣍ߴϞʔυڸͷ͖ɺۮࣈͷ࣍ߴϞʔυۂࠩޡͳͲʹΑΓൃੜ͢Δɻ

ϜܘΛଌͬͨͷͪɺIgorΛ༻͍ͯσʔλͷϑΟοςΟϯάΛ͍ߦɺݱঢ়ͷϨʔβʔޫͷϏʔϜΤετͷ

ܘ (a)ͱҐஔ (ω0)ͷใΛಘΔ͜ͱ͕Ͱ͖ΔɻϏʔϜͷϑΟοςΟϯάͰ༻͍ΔؔҎԼͷ௨ΓͱͳΔɻ

f(x) = a

√

1 +

(
z − b

a2
× λ

π

)2

(160)

ਤ 41 ϨʔβʔͷϏʔϜΤετͱҐஔ

·ͨɺϞʔυϚονͤ͞ΔڸͷۂɺͦͷڸͱϏʔϜΤετ·ͰͷڑͷใΛҎԼͷࣜࢉܭʹೖΕΔ͜ͱ

ͰɺϏʔϜΤετͷܘΛಘΔ͜ͱ͕Ͱ͖Δɻ

R(z) =
z2 + zR2

zR
(161)

ω0 =
λ

2π
× z2 + zR2

zR
(162)
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ਤ 42 ϏʔϜϓϩϑΝΠϥͷଌఆΛϑΟοςΟϯάͨ݁͠Ռɻ͜͜ͰϏʔϜܘͷԣ࣠ͱॎ࣠Λ

ͦΕͧΕϑΟοςϯά͍ͯ͠Δɻ྆ऀͷؒʹϏʔϜܘͷ͕Γʹҧ͍͕ݟΒΕΔͨΊɺ͜ͷ߹ʹγ

ϦϯυϦΧϧϨϯζΛ༻͍ͯϏʔϜܘͷ͕྆࣠͘͠ͳΔΑ͏ʹௐ͢Δɻ

͜͜ͰɺλϨʔβʔͷɺR(z)ϞʔυϚον͍ͤͨ͞ڸͷۂɺz ϏʔϜΤετ͔Βͦͷڸ·Ͱͷ

ɺzRڑ ϨΠϦʔϨϯδͰ͋Δɻ͜ͷ݁ࢉܭՌͷϏʔϜΤετͷܘͷΛಘΔͨΊʹݱঢ়ͷϏʔϜ

ਤ 43 OMCͷϞʔυϚονɻ͜ͷ߹ z=44cm,R(z)=2mͱͯ͠ࢉܭΛ͏ߦɻ

ใΛ JamMTͷޫֶׯবܭιϑτʹೖΕγϛϡϨʔγϣϯΛ͜͏ߦͱͰɺ༧ఆ͍ͯͨ͠ϞʔυϚονͷڸ

ͷҐஔͱϏʔϜͷۂΛຬͨ͢Α͏ͳϨϯζΛܾΊΔ͜ͱ͕Ͱ͖Δɻ

ਤ 44 ϏʔϜϓϩϑΝΠϥͱϞʔυϚονͷࢉܭΛ౿·͑ͯͷ JamMTγϛϡϨʔγϣϯ
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ਤ 45 ܥޚ੍

4.2.4 ͷηοτΞοϓܥޚ੍

ͰඞཁͱͳΔΤϥʔ৴߸ͷ֬ೝޚɺ੍ޙͨͬߦͷΞϥΠϝϯτϞʔυϚονΛௐ͠ΈཱͯΛܭবׯ

ͳͲɺ੍ܥޚͷηοτΞοϓΛͨͬߦɻࠓճ EOM Λ༻͍ͯੜ͞Εͨ RF αΠυόϯυʹΑͬͯׯবܭ

ͷ৴߸ͷݕग़Λ͏ߦɻੜ͞ΕΔ RF αΠυόϯυͷྔ EOM ʹՃ͑ΔిѹΛ૿͢͜ͱͰ૿෯͞Ε͍ͯ

͘ (ਤ 46)ɻࠓճ DC reaoutΛͨ͏ߦΊɺΨεϞʔυͷΩϟϦΞޫͰ͖Δ͚͕͍͖͓ͩͨͯ͠ɺಉ

ʹ࣌ RFαΠυόϯυͰMIͱ OMCΛ Heterodyne੍͢ޚΔͨΊɺRFαΠυόϯυ͋ΔҰఆྔඞཁͱͳ

Δɻຊ࣮ݧͰɺ෮ௐͨ͠Τϥʔ৴߸ΛΦγϩείʔϓͰ֬ೝ͢Δ͜ͱʹΑΓɺ3VҎ্ͷిѹΛֻ͚Δ͜ͱ

Ͱ Heterodyne ͰݧՄͰ͋Δ͜ͱ͕͔ͬͨɻͦͷͨΊɺҎԼͷ࣮͕ޚ੍ EOM ʹֻ͚Δిѹ 3V ͱ

ͨ͠ɻ࣍ʹ෮ௐҐ૬Λม͑ͳ͕ΒΤϥʔ৴߸ ɻΤͨͬߦదԽΛ࠷େʹͳΔΑ͏ʹ෮ௐҐ૬ͷ࠷͕(߸৴ޚ੍)

ϥʔ৴߸Λ࠷దԽ͢Δ͜ͱͰΑΓޚ੍͍ݻΛ͜͏ߦͱ͕Ͱ͖Δ (ਤ 47)ɻຊ࣮ݧʹ͓͍ͯ MI Λ Q-phaseɺ

OMC Λ I-phase Ͱ෮ௐ੍͠ޚΛͨͬߦɻҎ্ͷΑ͏ʹ࠷దԽ͞ΕͨΤϥʔ৴߸αʔϘΛܦ༝͠ɺϐΤκ

ૉࢠͱ Feedback ͞ΕΔɻαʔϘΛ༻͍ΔͷɺඞཁͳपͰήΠϯΛௐઅ͢Δ͜ͱͰڸͷมҐΛ੍ޚ

Ͱ͖ΔׂΛͨͭ࣋ΊͰ͋Δɻྫ͑ CCDΧϝϥͰʹ͑ݟΔΑ͏ͳޫͷपͷ༳Ε͕֬ೝ͞ΕͨΒɺ

पͷήΠϯΛ্͛ΔΑ͏ͳσβΠϯͷαʔϘ (ϩʔύεϑΟϧλʔ)Λ༻͍Δඞཁ͕͋Δɻࠓճͷ࣮ݧͷ

ͰαʔϘɺMIޚ੍ SR560ͱࣗ࡞ͷϩʔύεϑΟϧλʔΛɺOMCʹ SR560Λ༻͍ͨɻࠓճ༻͍ͨ

ϐΤκ 250Hz Ͱڞৼ͢ΔͨΊɺMI ͼٴ OMC ͷ੍ޚଳҬ (UGF) ͦͷڞৼ͔ΒͰ͖Δ͚ͩΕͨ

250Hz ҎԼ·ͨ 250Hz Ҏ্ʹ͠ͳ͚ΕͳΒͳ͍ɻࠓճ MI  SR560 Ͱ 100Hz ͷ 1 ࣍ (f−1) ͷϩʔ

ύεϑΟϧλʔ (ήΠϯ 5)ͱ 160HzͷΠϯςάϨʔλ͖ͷ f−1 ͷϩʔύεϑΟϧλʔ (GAIN 1)Λ

Ұॹʹ༻͍Δ͜ͱͰɺUGF 100HzҎԼʹ͠ɺ250HzͷڞৼΛ f−2 ͷޮՌͰ͑Δ͜ͱʹͨ͠ɻOMC

SR560Ͱ 0.3HzͷϩʔύεϑΟϧλʔ (ήΠϯ 2)Λ༻੍͍ͯޚΛͨͬߦɻ
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ਤ 46 EOMͷిѹͱ RFαΠυόϯυͷੜͷؔɻ্͔ࠨΒܭ࣌ճΓʹɺEOMʹ͔͚ΔిѹΛ 0 V,

1 V, 3V, 5Vͱͨ͠ɻిѹ͕૿͑Δ͝ͱʹΨεϞʔυͷޫ͕ݮΓɺͦͷ RFαΠυόϯυ͕ੜ͞Ε

͍ͯΔͷ͕͔Δɻ

ਤ 47 ෮ௐҐ૬ͱΤϥʔ৴߸ͷԠɻࠨਤɿ෮ௐҐ૬͕࠷దͳ࣌ɺӈਤɿ෮ௐ͕࠷దԽ͞Ε͍ͯͳ͍࣌

4.2.5 ຊ࣮ݧͷϙΠϯτ

͘͠ͳΔɻΞϝϦΧͷޚΔޫྔ͕গͳ͘ͳΔ΄Ͳ੍͍༺ʹޚͰɺ੍ݧ࣮ޚͷ੍ܭবׯ Ad-LIGO

Ϥʔϩούͷ Ad-Virgo Ͱ DCreadout Λࡍ͏ߦʹ 75ʙ80mW ͷϩʔΧϧΦγϨʔλΛ༻͍Δ͕ɺ

KAGRAͰ BAEΛ͜͏ߦͱ͔Βɺ 1mWͱ͍͏ඇৗʹগͳ͍ޫྔͰ੍ޚΛ͢Δ͜ͱ͕ٻΊΒΕ͍ͯΔɻ

ճࠓ KAGRAͰ͏ߦ DCreadoutΛఆ࣮ͨ͠ݧͷҝɺ 1.3mWͷϩʔΧϧΦγϨʔλΛ༻͍ͯ OMC

Λ֬ೝͨ͠ɻ·ͨɺͦڹԻͷӨࡶɺOMCͷ͍ߦग़Λݕ߸ͼ৴ٴޚͷ੍ثৼڞ ͷࡍͷOMCͷ੍ޚʹ PDH

๏Λ༻͍ͨɻ
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ਤ 48 ͨ͠࡞ 160HzͷϩʔύεϑΟϧλʔɻΠϯςάϨʔλ͕͍͓ͭͯΓɺΠϯςάϨʔλΛ ONʹ

͢Δ͜ͱͰ 160HzҎԼͷήΠϯΛ Ͱ૿෯ͤ͞Δ͜ͱ͕Ͱ͖Δɻ͖ͷ࣍1

4.2.6 ݁Ռ

MIٴͼ OMCڞৼثͷ੍ޚΛ֬ೝͨ͠ޙɺ੍ޚΛ͍ͯ͠Δঢ়ଶͰMIʹٙࣅ৴߸ΛೖΕɺDCreadoutʹΑ

Δ৴߸ͷಡΈग़͠ʹΑͬͯ OMCʹΑΔ৴߸ͱࡶԻͷมԽΛ FFTΞφϥΠβͰܭଌͨ͠ɻͦͷ݁ՌɺOMC

ʹΑΓߴपଳҬͷࡶԻͷ͞ݮΕ͍ͯΔ͜ͱΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɻ

4.2.6.1 MIͷ੍ޚ

·ͣMIͷ੍ޚΛͨͬߦɻMIΛΈཱͯΔࡍɺMI͕Ͳͷ͘Β͍ͷਫ਼ͰͰ͖͍ͯΔ͔Λද͢ͷίϯτ

ϥετͰ֬ೝͰ͖Δɻਤ 49 MIΛ PZTͰڸΛ༳Βͨ࣌͠ʹ ASϙʔτʹग़ͯ͘ΔಁաޫΛ࣮ࡍʹΦγϩ

είʔϓͰܭଌͨ݁͠ՌͰ͋Γɺࠓճ࠷େޫྔ 5.33Vɺ࠷গޫྔ 0.1VΑΓɺ2ষͷMichelsonׯবܭ

ͷઅͷࣜ (92)Λ༻͍Δͱɺ96.3%ͷίϯτϥετͱͳΔ͜ͱ͕͔Δɻୠ͠ɺ͜ͷޫྔ NDϑΟϧλʔΛ

ೖΕɺϑΥτσΟςΫλʔͷडޫՄൣғʹͨ͠Ͱ͋ΔͨΊɺ࣮ࡍʹͦΕҎ্ʹྑ͍ίϯτϥετͱ

ͳΔͱ͑ߟΒΕΔɻ

ਤ 49 MIͷίϯτϥετ
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ਤ 50 MI੍࣌ޚͷୡؔ

4.2.6.2 ثৼڞ (OMC)ͷ੍ޚ

ɺPZT͕͍ͭ࣌ɻ͜ͷͨͬߦΛޚͷ੍ثৼڞɺͭ·ΓޚɺMIͷยΛϒϩοΫͯ͠ɺOMC͚ͩͷ੍ʹ࣍

͍ͯͳ͍ํͷڸΛϦϑΝϨϯεͱ͍ͯ͠ΔͷͰɺϒϩοΫ͢Δํ PZT ͕͍͍ͯΔ͕͋ڸΔํͷͱͳ

Δɻࠓɺ 50mWͷϨʔβʔݯΛ༻͍͍ͯΔͷͰɺຊདྷͳΒMIͷยΛϒϩοΫͨ͠ͱ͖ 1/4ͷޫྔ

ͷ 12.5mW ͷΩϟϦΞΛ༻੍͍ͯޚΛ͕͏ߦɺઃஔ֤ͨ͠ޫֶثػʹ͓͚ΔϩεʹΑΓɺ࣮ࡍʹ 10mW

ͷΩϟϦΞΛ༻੍͍ͯޚΛͨͬߦɻ

ਤ 51 OMCڞৼثͷ੍࣌ޚͷୡؔͰ͋ΔɻUGF͕ 70HzఔͰ੍ޚଳҬ͕͍ͨڱΊߴपͰ੍͕ޚ

Ͱ͖͍ͯͳ͍͕ɺपଳҬɺಛʹΩϟϦΞޫۙลͷपͰ੍ޚͷήΠϯ 10ഒۙ͋͘Γɺྑ੍͘ޚͰ

͖͍ͯΔ͜ͱ͕͔Δɻ͜ͷ࣌ɺαʔϘͷήΠϯ 2Λ༻͍͍ͯΔͷͰɺ͜ͷ݁Ռ͔Β GH=20ΑΓׯবܭͷ

ޫֶήΠϯ 10ͱͳΔɻ

ਤ 51 OMC੍࣌ޚͷୡؔ
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4.2.6.3 MIͱ OMCͷಉޚ੍࣌

MI ͱ OMC ͦΕͧΕͷ୯ಠ੍͕ޚͰ͖ͨͱ͜ΖͰɺMI ͷϒϩοΫΛऔΓ֎͠ɺMI ͷ੍ޚΛͨ͠ঢ়ଶͰ

OMC ͷ੍ޚͨͬߦɻຊདྷͳΒ MI ͷ੍ޚμʔΫϑϦϯδͷঢ়ଶ͔ΒΦϑηοτΛՃ͑Δ͕ɺࠓճͷ

ઃܭͰϞʔυϛεϚονͳͲʹΑΓશͳμʔΫͳঢ়ଶʹͳΒͣɺҰ൪μʔΫϑϦϯδʹ͍ۙঢ়گͰ

ʹط 1.3mW ͋ͬͨɻͦ͜Ͱɺࠓճ MI ʹμʔΫϑϦϯδͷঢ়ଶ͔Β৽ͨʹΦϑηοτՃ͑ͣɺͦͷ

1.3mWͷޫΛϩʔΧϧΦγϨʔλͱͯ͠ OMCͷ੍ޚɺٴͼ DCreadoutʹ༻͍Δ͜ͱʹͨ͠ɻਤ 53MI

͕μʔΫϑϦϯδʹ੍ͨ͠ޚঢ়ଶͰ OMCΛ੍͠ޚɺOMCͷୡؔΛଌͬͨͷͰ͋Δɻ2500HzҎ߱Ͱ

͍͖ͳΓήΠϯͱҐ૬͕มԽ͍ͯ͠ΔͷɺOMC੍͕͍ͯ͠ޚͳ͍ঢ়ଶ͔Β੍ͨ͠ޚঢ়ଶʹΓସ͑ͨࡍʹ

Ͱ͋Δɻݱ͖ͨى

ਤ 52 MIͱOMCͷಉޚ੍࣌ɻMIͷΤϥʔ৴߸ɺԫ Farday-Isolator͔ΒͷࣹޫɺOMC

ͷΤϥʔ৴߸ɺ੨ OMCͷಁաޫɻ

ਤ 53 MIΛμʔΫϑϦϯδʹ੍ͨ͠ޚঢ়ଶͰ OMCΛ੍࣌ͨ͠ޚͷୡؔ
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4.2.6.4 DC readoutͱ OMCͷੑςετ

DCreadoutΛͨͬߦɻMIͱOMCͷؒʹ࣓ੴͰऔΓ֎͠ՄͳڸΛઃஔ͠ɺͦ ΕʹΑΓؒ࣌ͰOMC

લޙͷ FFT(ߴϑʔϦΤม)͕Ͱ͖ΔΑ͏ʹͨ͠ɻOMCͷੑςετʹؔͯ͠ɺҎԼͷखॱͰͨͬߦɻ

(1)औΓ֎͠ՄϛϥʔΛऔΓ͚ɺMIΛ੍ͨ͠ޚঢ়ଶͰMIͷڸʹൃ৴ثͰ৴߸ΛೖΕΔɻMIͷ ASϙʔ

τ͔ΒϐοΫΦϑͨ͠ޫΛϑΥτσΟςΫλʔͰड͚ɺͦͷޫΛ FFTͯ͠ OMCલͷϊΠζϨϕϧΛݟΔɻ

(2)औΓ֎͠ՄϛϥʔΛऔΓ֎͠ OMC ·Ͱޫ͕͘ߦΑ͏ʹ͢ΔɻMI Λ੍ͨ͠ޚঢ়ଶͰ OMC Λ੍͠ޚɺ

ઌ΄Ͳͱಉ͡৴߸ΛMIͷڸʹೖΕͯ OMCͷ ASϙʔτ͔Βग़ͯ͘ΔޫΛϑΥτσΟςΫλʔͰडޫ͢Δɻ

ͦͷޫΛ FFTͯ͠ OMCޙͷϊΠζϨϕϧΛݟΔɻ

(3) (1)ͱ (2)ͷ݁ՌΛൺֱ͠ɺOMCલޙͷϊΠζϨϕϧͷมԽΛݟΔɻࠓճMIͱ OMCͷୡ͔ؔΒ

ʹڞ UGF(੍ޚଳҬ͕)70HzۙͰ͋Γɺߴपʹ͘ߦ΄Ͳ੍͕ޚऑ͘ͳΔɻ੍ޚଳҬʹ৴߸ΛೖΕΔͱͦ

ͷ৴߸͕͑ΒΕͯ৴߸ࡶԻൺΛൺֱ͠ਏ͘ͳΔҝɺࠓճ༷ʑͳपΛ͍Εͯ৴߸ࡶԻൺͷେ͖͍प

Λ͔֬Ίͨ݁Ռɺ2 kHz(5V)ͷ৴߸Λ࠾༻͢Δ͜ͱͱͨ͠ɻ ਤ 54ͰɺOMCલޙͰ DCreadoutͨ࣌͠ͷ

ਤ 54 DCreadoutͨ͠ࡍͷ OMCલޙͷ৴߸ͱࡶԻϨϕϧ

ԻϨϕϧΛࣔ͢ɻ2ࡶ kHzͷϐʔΫࠓճ༻͍ͨ৴߸Ͱ͋Δɻ྆ऀΛݟൺΔͱ OMCޙͰߴपͷࡶ

Ի͕͞ݮΕ͍ͯΔ͕ݟड͚ΒΕΔɻ͔͠͠ɺಉ࣌ʹ৴߸ྔ OMCલͷ গͯ͠͠·͍ͬͯΔɻݮʹ13%

ΊɺϑΥτσΟςΫλʔࣗମͷԠͷҧ͍ʹΑΔͷͨͨͬߦճಉ͡ϑΥτσΟςΫλʔΛ༻͍ͯଌఆΛࠓ

Ͱͳ͍ɻ৴߸ྔ͕ݮগͨ͠ݪҼͱͯ࣍͠ͷΑ͏ͳ͜ͱ͕͑ߟΒΕΔɻ1ͭ OMCޙʹͷΈݟड͚ΒΕ

Δ 2 kHzͷ৴߸ͷपΓʹੜ͞Ε͍ͯΔαΠυόϯυͷΑ͏ͳϐʔΫͰ͋Δɻ͜ͷϐʔΫ 300Hzۙͷݟ

ΒΕΔϐʔΫͱܗͨࣅঢ়Λ͓ͯ͠Γɺ300HzͷϐʔΫΛ 2 kHzपΓͷϐʔΫʹॏͶͯΈΔͱͦͷܗঢ়Ұக

͢Δ (ਤ 55)ɻ300HzͷϐʔΫϐΤκͷڞৼपͰ͋Γɺ͜ͷϐʔΫ͕େ͖͍ͨΊʹ 2 kHzͷ৴߸ͷपΓ

ʹαΠυόϯυͱͯ͠ݱΕͨͱ͑ߟΒΕΔɻ͜Εࡏݱ༻͍͍ͯΔ OMCͷϐΤκΛऔΓ͚͍ͯΔڸͷϚ

ϯτͷ Q͕͍ͨߴΊੜͨ͡ͷͩͱ͑ߟΒΕΔɻQͱଛࣦͱ͍ݴɺഔ࣭͕ٵऩͨ͠ΤωϧΪʔ

͕Ͳͷ͘Β͍͘ݮগ͢Δͷ͔Λද͢ࢦඪͰ͋Δɻࠓճͷ߹ڸͷϚϯτΛ Q͕͍࣭ࡐ (ਅ᭦ͳͲ)
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ਤ 55 OMCޙͷ FFTͰݱΕͨ 2 kHzपΓͷαΠυόϯυ

ʹม͑Δ͜ͱͰϐΤκͷڞৼʹΑΔৼಈΛ͙͢ʹݮগ͠ϐʔΫ͕খ͘͞ͳΔͱ༧͞ΕΔɻ࣮ࡍʹ 300Hzͷ

ৼʹΑΔαΠυόϯυͷޫྔڞ 2 kHzͷ৴߸ͷޫྔͷ 78%ఔͰ͋ΓɺϐΤκͷڞৼ͕ղফ͞ΕͨͱԾ

ఆͯͦ͠ͷޫྔΛ৴߸ͷϐʔΫʹ͢ͱɺOMCޙͷ৴߸ྔ OMCલͷ 23%ʹ·ͰվળͰ͖ΔɻΓͷ

77%ͷϩεʹؔͯ͠ɺOMCͷϞʔυϚονϯά͕ѱ͘ಁա͕ 23%ͷͨΊʹ৴߸ྔޫྔʹൺྫͯ͠

ྔ߸ͷ৴ޙͷଌఆͰೖΕ͍ͯΔ৴߸ྔಉ͜͡ͱ͔ΒɺOMCޙɺOMCલʹ࣍ΘΕΔɻࢥগͨ͠ͷͩͱݮ

ਤ 56 OMCલޙͷࡶԻϨϕϧͷൺֱɻ͍ϚʔΫMIʹٖࣅతʹೖΕͨ 2kHzͷ৴߸Λ͍ࣔͯ͠Δɻ

Λ OMCલͱಉ͡ʹͳΔΑ͏ʹϊΠζϑϩΞΛௐઅ͠ɺOMCʹΑΔࡶԻͷӨڹΛൺֱͨ͠ɻ͜ΕʹΑΓɺ

OMCޙͰߴपྖҬʹ͘ߦʹͭΕͯࡶԻ͕ঃʑʹݮগ͞Ε͍ͯ͘ͷΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɻ2500Hz͋

ͨΓ͔Β 3ͷҰҎ্ͷࡶԻͷߦ͕ݮΘΕ͍ͯΔ͜ͱ͕ݟड͚ΒΕΔɻOMCͷϞʔυϚονΛվ

ળͤ͞Δ͜ͱͰɺΩϟϦΞޫͷΨεϞʔυͷޫྔʹൺྫͯ͠ɺΑΓࡶԻͷݟ͕ݮΒΕΔͱ͑ߟΒΕΔɻ
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5 ·ͱΊ

ຊڀݚͰׯবܭ༻γϛϡϨʔγϣϯίʔυ FINESSE ʹ mirrormap Λಋೖ͠ɺϛϥʔϚοϓΛ༻͍

ͨ৽͍͠ख๏Ͱ KAGRA ͷ OMC ͷσβΠϯͷܾఆΛͨͬߦɻ͜ͷख๏ʹΑΓɺ࣮ࡍͷ࣮ݧσʔλΛ༻

ͱಉ༷ʹγϛϡϨʔγϣϯ͢Δ͜ͱ͕ग़དྷΔΑ͏ʹͳͬͨɻͦͷ݁ՌɺKAGRA͍࣌ͨ Ͱ༻͍Δ OMC 

η = 55.4 deg,L = 75 cmͷσβΠϯ͕ཁٻຬͨ͢ͷʹྑ͍͜ͱ͕͔ͬͨɻ·ͨɺࠓճͷγϛϡϨʔγϣϯ

݁Ռ KAGRAͰ༻͍Δݕग़ख๏ͷ࣮ݱՄੑͷࢦඪͱ͢Δ͜ͱͰ͖ɺຊڀݚͷ݁Ռ͔Β 81%ͷ֬Ͱ

BAEͷ࣮͕ݱՄͰ͋Δͱ͍͏݁ՌΛࣔ͢͜ͱ͕Ͱ͖ͨɻ·ͨɺKAGRAͰ࣮ࡍʹ༻͍Δͷͱಉఔͷޫ

ྔ ( 1.3mW)Λ༻͍ͯ DCreaoutͷϓϩτλΠϓ࣮ݧΛ͍ߦɺOMCʹΑΔࡶԻޫͷݮʹ͓͚ΔӨڹΛ

ௐࠪͨ͠ɻͦͷ݁Ռɺࠓճͷ OMCࣗମಁա͕͘ྑ͍ڞৼثΛ࡞Εͨͱ͑ݴͳ͍͕ɺྫ͑ 2500Hz

ۙͰ 3ͷҰʹݮগ͢ΔͳͲɺߴपͷࡶԻͷݮͷΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɻ͜Ε DCreadout

ʹ͓͚Δ OMCͷඞཁੑΛࣔ݁͢Ռͱ͑ݴΔɻ
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 A FINESSEͷํ͍

ʻॳΊʹʼ

·ͣ FINESSEΛμϯϩʔυͯ͠ɺ͑Δͮ͘ڥΓΛ͏ߦɻ

1FINESSEϑϦʔͷιϑτΣΞͰɺҎԼͷ URL͔ΒμϯϩʔυͰ͖Δɻ

http://www.gwoptics.org/finesse/

2FINESSEͷग़ྗʹओʹ gnuplotΛ͏ͷͰɺFINESSEͷߏઃఆΛ͏ߦʮkat.iniʯϑΝΠϧΛॻ͖

͑ͯ gnuplotʹύεΛ௨͢ඞཁ͕͋Δ (ਤ 57)ɻ·ͨɺ3DϓϩοτΛ͏ߦͱ͖ʹMATLABΛ༻͍Δ͜ͱ

͕͋ΔͷͰɺඞཁʹԠͯ͡༻ҙ͢Δɻ

ਤ 57 kat.iniϑΝΠϧ

ʻ֤ίϚϯυʼ

ҎԼʹɺFINESSEͷγϛϡϨʔγϣϯͰओʹ͏ͱࢥΘΕΔίϚϯυͷઆ໌Λ͓ͯͤ͘ࡌɻFINESSEͰ

໊લҐஔใΛ֤ޫֶثػͰࢦఆ͠ɺͦΕΛεϖʔεͰͭͳ͙͜ͱͰׯবܭΛΈཱͯΔɻ·ͨɺ֤ޫֶͷ

ಛੑ (Ґ૬ใ)Λࢦఆ͢Δ͜ͱ͕Ͱ͖Δɻ

s name L [n] node1 node2 ɿޫֶؒثػͷڑΛࢦఆ͢Δɻ \\

l name P f [phase] node ɿ ϨʔβʔɻύϫʔҐ૬ΛࢦఆͰ͖Δɻ\\

mod name f midx order am/pm [phase] node1 node2 ɿҐ૬มௐث (AOM/EOM)

m name R T phi node1 node2 ɿϛϥʔ\\

bs name R T phi alpha node1 node2 node3 node4 ɿϏʔϜεϓϦολʔ\\

lens f node1 node2 - thin lens ɿϨϯζ\\

cav name component1 node component2 node \\ثৼڞ:
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ʻγϛϡϨʔγϣϯྫʼ

͜͜Ͱ؆୯ͳγϛϡϨʔγϣϯྫΛҎԼʹࣔ͢ɻ

Ex1) Fabry-Perotڞৼث

ɺγϯϓϧͳࠓ Fabry-PerotڞৼثΛͭ͘ΓɺPDH๏ͰΤϥʔ৴߸ΛͯݟΈΔɻ͜ͷ࣌ɺFINESSE্ͷί

Ϛϯυਤ 58ͷΑ͏ʹͳΔɻ࣍ʹίϚϯυϓϩϯϓτΛ։͖ɺʠkat ϑΝΠϧ໊ʡͱ͏ͭɻ͢ΔͱɺΤϥʔ৴

ਤ 58 katϑΝΠϧ

ਤ 59 ίϚϯυϓϩϯϓτ

߸ ճࠓ) I-phase,Q-phase)͕ग़ྗ͞ΕΔɻ
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ਤ 60 Τϥʔ৴߸ͷάϥϑ

Ex2) KAGRA

͜͜ʹɺࠓճͷγϛϡϨʔγϣϯͰ༻͍ͨίʔυΛͤࡌΔɻ

#####

# KAGRA file

# computer mirror_map by ymamoto_san

# mirror 1234 this is worst 5 combination.

# max order is up to 10th

# changed >> OMMT&OMCRoC OMClength SRM-MMT1&MMT2-OMC2distance

# final

#####

# clight 299792458.0

l i1 55.375 0 nL #fixed with ad at n1; I0=515.8W

s subx 0.0 1.754 n6ar n6hr # ITM thickness is ignored

s suby 0.0 1.754 n5ar n5hr # ITM thickness is ignored

bs ARx 200e-6 0.9998 0 0.025 n6 nPOX n6ar dump

bs ARy 200e-6 0.9998 0 0.025 n5 ncav n5ar dump

## R=200e-6 T=0.9998 Phi=0 initial_angle=0.025
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s Lmx 26.6649 n3 n6 ## Lmx+Lmy=50m

s Lmy 23.3351 n2 n5

s Lx 3000 n11 n12

s Ly 3000 n9 n10

bs bs1 0.5 0.5 1.4798 45 n1 n2 n3hr n4hr #1.5304+0.0416848

s sdummy1 0.0 n3hr n3hr2

m bsAR1 0 1 0 n3hr2 n3ar

s subBS1 0.0 1.45 n3ar n3ar2 # BS thickness is ignored

m bsAR3 0 1 0 n3ar2 n3

s sdummy2 0.0 n4hr n4hr2

m bsAR2 0 1 0 n4hr2 n4ar

s subBS2 0.0 1.45 n4ar n4ar2 # BS thickness is ignored

m bsAR4 0 1 0 n4ar2 n4

const fmod 16.880962M #f1

s sPREF 0 npr npr2

bs refl 0.0001 0.9999 0 45 neo3 dump npr2 nREFL #REFL

s sREOM 0 neo2 neo3

s Lp1 14.7615 nf0 nf1 # used to be 14.7606

bs PR2 1 0 0 -0.686 nf1 nf2 dump dump # not tilted #degree for kagra

s Lp2 11.0661 nf2 nf3 #used to be 11.0669

bs PR3 1 0 0 0.583 nf3 nf4 dump dump # not tilted #degree for kagra

s Lp3 15.7638 nf4 n1 #same

attr PR2 Rc -3.0764

attr PR3 Rc 24.9165

s Ls1 14.7412 nf1s n7 # used to be 14.75637

bs SR2 1 0 0 -0.686 nf2s nf1s dump dump # not tilted

s Ls2 11.1115 nf3s nf2s # used to be 11.07113

bs SR3 1 0 0 0.583 nf4s nf3s dump dump # not tilted

s Ls3 15.7386 n4 nf4s # used to be 15.7638

attr SR2 Rc -2.9872

attr SR3 Rc 24.9165

attr ETMx Rc 1919 % 1% error
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attr ETMy Rc 1881 % 1% error

attr ITMx Rc -1919 % 1% error

attr ITMy Rc -1881 % 1% error

attr ARx Rc 0

attr ARy Rc 0

attr prm Rc -458.1285

attr srm Rc 458.1285

%%% real MMT and OMC %%%

#/*

s ssrcmmt 2.9 n8 nmmt1

bs mmt1 0.99997 0 0 1.907 nmmt1 nmmt2 dump dump

bs mmt2 0.99997 0 0 -1.907 nmmt3 nmmt4 dump dump

#bs mmt1 0 1 0 1.907 nmmt1 nmmt2 dump dump

#bs mmt2 0 1 0 -1.907 nmmt3 nmmt4 dump dump

s smmtomc 2.86126 nmmt4 nomci # old > 4.75 from KAGRA wiki

const omcangle 6.7

#*/

/*

### ideal ###

bs omc1 0.999 0.001 0 -$omcangle nomci dump nomc1 nomc8 # ideal OMC

s somc1 $Lomc nomc1 nomc2 # R=1.17567

bs omc2 1 0 0 $omcangle nomc2 nomc3 dump dump

s somc2 $Lomc nomc3 nomc4 # R=1.17567

bs omc3 0.999 0.001 0 -$omcangle nomc4 nomc5 nomco dump # ideal OMC

s somc3 $Lomc nomc5 nomc6

bs omc4 1 0 0 -$omcangle nomc6 nomc7 dump dump

s somc4 $Lomc nomc7 nomc8

*/

#/*

### real OMC ### (40ppm_loss)

bs omc1 0.996 0.00396 0 -$omcangle nomci dump nomc1 nomc8 # ideal OMC

s somc1 $Lomc nomc1 nomc2 # R=1.17567

bs omc2 0.99996 0 0 $omcangle nomc2 nomc3 dump dump

s somc2 $Lomc nomc3 nomc4 # R=1.17567
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bs omc3 0.996 0.00396 0 -$omcangle nomc4 nomc5 nomco dump # ideal OMC

s somc3 $Lomc nomc5 nomc6

bs omc4 0.99996 0 0 -$omcangle nomc6 nomc7 dump dump

s somc4 $Lomc nomc7 nomc8

#*/

/*

### no OMC ###

bs omc1 0 1 0 0 nomci dump nomc1 nomc8 # ideal OMC

s somc1 $Lomc nomc1 nomc2 # R=1.17567

bs omc2 1 0 0 0 nomc2 nomc3 dump dump

s somc2 $Lomc nomc3 nomc4 # R=1.17567

bs omc3 0 1 0 0 nomc4 nomc5 nomco dump # ideal OMC

s somc3 $Lomc nomc5 nomc6

bs omc4 1 0 0 0 nomc6 nomc7 dump dump

s somc4 $Lomc nomc7 nomc8

*/

#/*

s sPD2 0 nomco nomco2

bs pdloss 0.05 0.95 0 45 nomco2 dump nPD dump #PD loss

s sPD 2 nPD nPD2

attr mmt1 Rc 17.8 # from mathmatica test3_new.nb

attr mmt2 Rc 17.8

attr omc2 Rc 0

attr omc3 Rc 0

attr omc4 Rc 0

#*/

attr bs1 Rc 0

attr bsAR3 Rc 0

attr bsAR4 Rc 0

#data from kato_kun_file 1234.kat

m ETMx 0.999941 10e-6 89.9833 n12 n14 #89.9833 -5.6e-05

m ETMy 0.999949 10e-6 0.00828 n10 n13 #0.00792 +0.000235-2e-6

m ITMx 0.99602 3931e-6 90 n6hr n11

m ITMy 0.99598 3979e-6 0 n5hr n9

m prm 0.90 0.10 -0.03308 npr nf0 #-0.06116 +0.129081

m srm 0.85 0.15 4.0873 n7 n8 #4.1236-3.4704424+3.5
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#m prm 0 1 0 npr nf0

#m srm 0 1 0 n7 n8

##############################

#/*

map ITMx ITMMap1_N512_W240.txt

knm ITMx ITMx_map_1234_10

conf ITMx save_knm_binary 1

conf ITMx interpolation_method 2

conf ITMx integration_method 3

map ETMx ITMMap2_N512_W240.txt

knm ETMx ETMx_map_1234_10

conf ETMx save_knm_binary 1

conf ETMx interpolation_method 2

conf ETMx integration_method 3

map ITMy ITMMap3_N512_W240.txt

knm ITMy ITMy_map_1234_10

conf ITMy save_knm_binary 1

conf ITMy interpolation_method 2

conf ITMy integration_method 3

map ETMy ITMMap4_N512_W240.txt

knm ETMy ETMy_map_1234_10

conf ETMy save_knm_binary 1

conf ETMy interpolation_method 2

conf ETMy integration_method 3

phase 2 % phase 0 is realistic (3km will be divided by 1064nm, not resonant)

% phase 1 takes off the phase shift due to the distortion on TEM00

% phase 2 makes 3km an integer multiple of 1064nm and put distortions

% phase 3 makes 3km the integer multiple and remove the distortions

#*/

cav srcN srm n7 ITMy n5hr

cav prcN prm nf0 ITMx n6hr

cav omc omc1 nomc1 omc1 nomc8

cav xarm ITMx n11 ETMx n12

75



cav yarm ITMy n9 ETMy n10

gauss* input i1 nL -7.4869035 57.716669

maxtem 10

#trace 8

#/*

### OMMT/OMC length ##################### # new : 45deg, 80cm

s smmt 2.9 nmmt2 nmmt3 ## 4.012 from kato_kun file

const Lomc 0.375

#########################################

### OMC1 RoC ##################### # from mathmatica Rc_mmt=22.7

attr omc1 Rc -1.1057

##################################

#*/

### Before/After OMC ##################### #for beam profile

#beam B1 n8 #before

#beam B1 0 nPD #after OMC

#beam B1 10k nPD #fsig after OMC

######################################

### RF SB on/off #####################

mod eo1 $fmod 0.15 2 pm 0 nL neo2 # RF on

#mod eo1 $fmod 0.0 2 pm 0 nL neo2 # RF off

######################################

### Beam profile in 2D ###

/*

fsig sigLm1 ETMx 10k 0 #make 10kHz signal

fsig sigLm2 ETMy 10k 180 #"SADOU"

*/

/*

xaxis B1 x lin -5 5 200

x2axis B1 y lin -5 5 200

yaxis abs

pause

*/

76



##### tuning (x-arm) #####

/*

pd pETMx n14

#ad ad00 0 0 0 n14

yaxis log abs

xaxis* ETMx phi lin -0.0001 0.0001 100

pause

*/

##### tuning (y-arm) #####

/*

pd pETMy n13

#ad ad00 0 0 0 n13

yaxis log abs

xaxis* ETMy phi lin -0.0001 0.0001 100

pause

*/

##### tuning (BS) #####

/*

pd pBS n8

#ad ad00 0 0 0 n8

yaxis log abs

xaxis* bs1 phi lin -0.0001 0.0001 100

pause

*/

##### tuning (PRM) #####

/*

pd pPRM n14

#ad ad00 0 0 0 n14

yaxis log abs

xaxis* prm phi lin -0.0001 0.0001 100

pause

*/

##### tuning (SRM) #####

/*

fsig sig1 ETMx 10k 0

fsig sig2 ETMy 10k 180
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ad ad00 0 0 10k n8

yaxis log abs

xaxis* srm phi lin -3.6 -3.4 10

pause

*/

#### MMT tuning ####

##Lomc=0.4

/*

fsig sigLm1 ETMx 10k 0 #make 10kHz signal

fsig sigLm2 ETMy 10k 180 #"SADOU"

xaxis smmt L lin 4.011 4.012 100

ad ad00 0 0 10k nPD

yaxis log abs

pause

*/

### offset

/*

ad ad00 0 0 0 nPD

#pd pAS n8

variable offset 0 #started at 0

xaxis offset phi lin -0.001 0.001 30 #for DC=1mw=1.0e-003w

put* ETMx phi $x1

put* ETMy phi $mx1

pause

*/

#### spectrum ####

#/*

fsig sigLm1 ETMx 1000 0

fsig sigLm2 ETMy 1000 180

pdS2 GW 0 0 1000 max nPD

#ad adGW 0 0 1000 nPD

#xaxis ETMx phi lin 89.999 90.001 200

#xaxis sigLm1 f log 1 10k 100

xaxis sigLm1 f log 10 1k 2
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put GW f2 $x1

#put adGW f $x1

#func y=90-$x1

#put ETMy phi $y

#noplot y

scale meter

#yaxis lin abs

yaxis log abs

pause

#*/

#/*

ad ad00 0 0 0 nPD

ad ad10 1 0 0 nPD

ad ad01 0 1 0 nPD

ad ad20 2 0 0 nPD

ad ad02 0 2 0 nPD

ad ad11 1 1 0 nPD

ad ad30 3 0 0 nPD

ad ad03 0 3 0 nPD

ad ad21 2 1 0 nPD

ad ad12 1 2 0 nPD

ad ad40 4 0 0 nPD

ad ad04 0 4 0 nPD

ad ad31 3 1 0 nPD

ad ad13 1 3 0 nPD

ad ad22 2 2 0 nPD

ad ad50 5 0 0 nPD

ad ad05 0 5 0 nPD

ad ad41 4 1 0 nPD

ad ad14 1 4 0 nPD

ad ad32 3 2 0 nPD

ad ad23 2 3 0 nPD

#*/

͜͜ͰɺadίϚϯυ ʹࡍͰ͔͠ॻ͍͍ͯͳ͍͕ɺ࣮·࣍5 ɻͨ͠༺Ͱॻ͍ͯ·࣍10
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ͷ։ൃΛ୲ΘΕͨํͰɺॏྗʹؔ͢Δଟ͘ͷڵຯਂ͍͓θϛͷࡍͳͲʹେมڵຯਂ͍͓Λͨ͘͞Μ

Θ͖ͤͯɺଟ͘ͷΞυόΠεΛԼ͍͞·ͨ͠ɻത࢜՝ఔͷਢࠤ༑لઌഐʹύιίϯͷηοτΞοϓ͔ΒϦ

Ϟʔτձٞͷํ๏ͳͲɺύιίϯͷૅجతͳ͜ͱ͔Βஸೡʹ͍ͩͯ͑͘͞ڭ·ͨ͠ɻࡢຊࣨڀݚΛଔ͞ۀΕ

্ͨా৻Ұઌഐɺॏྗڀݚͷཧ࣮ݧσʔλγϛϡϨʔγϣϯσʔλͷѻ͍ํͳͲɺ͔Γ͘͢

ҎݧΓɺ࣮ͩͯ͑͘͞ڭʹΒஸೡ͔ૅجͷݧઌഐޫֶ࣮ࡊಹ౻ࡈͷظɻ্ాઌഐͱಉͨ͠·͍ͩͯ͑͘͞ڭ

֎ʹଟ͘ͷ૬ஊʹͬͯͩ͘͞Γਫ਼ਆ໘Ͱେมαϙʔτ͍ͯͩ͘͠͞·ͨ͠ɻಉظͷՃ౻४ฏ͞Μڀݚ

ࣨॴଐॳ͔Β࣮ݧͷΞυόΠεΛͯͩ͘͠͞Γɺ·ͨɺ͕ࢲେֶӃ׳ʹࣨڀݚΕΔΑ͏ʹଟ͘ͷαϙʔτ

Λ͍ͯͩ͘͠͞·ͨ͠ɻ࡚ᖛल͞ΜʹθϛൃදͳͲͰଟ͘ͷΞυόΠεΛ͖ɺ·݈ͨ߁໘ͳͲΛͬݣؾ

ͯͩ͘͞Γɺਫ਼ਆ໘Ͱαϙʔτ͍ͯͩ͘͠͞·ͨ͠ɻम࢜ 1ͷ͞Μ࣮ݧΛखͬͯԼ͞Γɺ·

ͨɺ࣮ثݧ۩ͷҠಈ͕େมͳྗࣄͷ࣌ͳͲɺշ͘ख͍ͬͯͩ͘͞·ͨ͠ɻ4ੜͷాক͞ΜͱยԬ༏͞

ΜɺϚΠέϧιϯׯবܭճ࿏࡞ͷࡍͳͲɺ͍Ζ͍Ζͳ͜ͱʹշ͍ͩͯ͘͘͞͠ྗڠ·ͨ͠ɻ

͠·Ҏ֎ͷ໘Ͱɺ͑Εͳ͍΄ͲͷαϙʔτΛ͖ͯ͠ڀݚͷେͳՈͱֶ֎ʹ͓͚Δ༑ਓʹࢲ

ͨɻͦͯ͠ɺ͓ੈʹͳͬͨଟ͘ͷॏྗؔऀͷօ༷ํʹਂ͘ँײΛਃ্͛͠Δͱͱʹɺँࣙͷݴ༿ͱ͞

͖ͤͯ·͢ɻ
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