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֓ཁ

ॏྗ೾͸ 1916 ೥ɺ͔ࠓΒ໿ 100 ೥લʹΞΠϯγϡλΠϯ (A. Einstein) ʹΑͬͯͦͷଘࡏΛ༧͞ݴΕ

ͨɺʮۭ࣌ͷ͟͞೾ʯͰ͋Δɻॏྗ೾͸ి࣓೾͕ະͩଘ͍ͯ͠ࡏͳ͍Α͏ͳॳظӉ஦ʵʠӉ஦ͷ੖Ε্͕Γʡ

લʵ͔Βଘ͓ͯ͠ࡏΓɺ͔ͭɺӉ஦ۭؒʹ͓͚Δ༷ʑͳ෺࣭ʹରͯ͠ඇৗʹಁ͍ߴաྗΛ༗͍ͯ͠Δɻͦͷ

ҝɺଞͷ؍ଌखஈͰ͸ಘΒΕͳ͍Α͏ͳॳظӉ஦΍ఱମ಺෦ͷ৘ใΛ஍ٿ·ͰӡͿೳྗ͕͋Δͱ͞Ε͓ͯ

ΓɺӉ஦ʹ͍ͭͯͷ৽͍͠஌ݟΛ΋ͨΒ͢खஈͱͯ͠ඇৗʹظ଴͞Ε͍ͯΔɻ·ͨɺॏྗ೾͸ڧॏྗ৔ͷ৘

ใΛ๛෋ʹؚΉͱ༧૝͞Ε͓ͯΓɺڧॏྗ৔ʹ͓͚ΔҰൠ૬ର࿦ͷ੒ཱͷূ໌ͷͨΊʹ΋ɺͦͷݕग़͕๬·

Ε͍ͯΔɻ

1950೥୅͔Βॏྗ೾ͷݕग़ʹ͚ͨ޲։ൃ͕ڀݚਐΊΒΕ͍ͯΔ͕ɺॏྗ೾ͷ௚઀؍ଌ͸ 2015೥ ɺࡏݱ1݄

ະͩୡ੒͞Ε͍ͯͳ͍ɻ͔͠͠ͳ͕Βɺ1974೥ͷϋϧεͱςʔϥʔͷύϧαʔ୳ࠪʹΑͬͯɺؒ઀తʹͩ

͕ɺॏྗ೾ͷଘ͕֬ࡏೝ͞Ε͍ͯΔɻ·ͨɺۙ೥ͷॏྗ೾ݕग़ثʹ͓͚Δݕग़ٕज़΍ײ౓ͷ্޲͸໨֮·͠

͘ɺ͔ࠓΒ਺೥Ҏ಺ɺૣͯ͘ࠓ೥தʹ௚઀؍ଌ͕Ͱ͖ΔͷͰ͸ͳ͍͔ͱظ଴͞Ε͍ͯΔɻ೔ຊͰ΋ॏྗ೾ݕ

ग़ثͷ։ൃ͸ਐΊΒΕ͓ͯΓɺࡏݱ͸ୈೋੈ୅ܕͱݺ͹ΕΔ೔ຊͷେܕॏྗ೾ݕग़ثʮKAGRAʯΛذෞ

ઃதͰ͋ΔɻKAGRAݐʹ஍ԼࢁͷਆԬ߭ݝ ͷॳظՔಇ͸ࠓ೥ͷ 2015 ೥຤Λ໨ඪͱ͓ͯ͠Γɺଞࠃͷݕ

ग़ثͱಉ༷ʹɺੈքॳͷॏྗ೾ݕग़Λ໨͍ͯ͠ࢦΔɻ

ୈೋੈ୅ܕॏྗ೾ݕग़ثͰ͸༷ʑͳ৽͍ٕ͠ज़͕࠾༻͞Ε͍ͯΔ͕ɺͦͷதͷҰͭͰ͋Γɺଟ͘ͷݕग़ث

Ͱ࠾༻͞Ε͍ͯΔͷ͕ɺDCreadoutͱ͍͏৴߸நग़ٕज़Ͱ͋ΔɻҎલ͸ RF readoutͱݺ͹ΕΔٕज़͕࢖

ΘΕ͍͕ͯͨɺ͍͔ͭ͘ͷཧ༝͔Β DCreadout ΁ͱγϑτͨ͠ɻ·ͨɺDCreadout Λ༻͍ΔࡍʹҰॹ

ʹऔΓೖΕΒΕΔͷ͕ɺOutputmode-cleaner(OMC) ͱݺ͹ΕΔ৽͍͠ޫϑΟϧλʔٕज़Ͱ͋Δɻ͜ͷ

ٕज़͸ KAGRAͰ΋༻͍ΒΕΔ͜ͱ͕ܾఆ͍ͯ͠ΔɻຊڀݚͰ͸ɺׯবܭ༻γϛϡϨʔγϣϯϓϩάϥϜ

ʮFINESSEʯͱ KAGRA Ͱ༻͍Δڸͷද໘Λ 2 ʹࡍ΋ͷΛ༻͍ɺ࣮͏ݴԽͨ͠ʮϛϥʔϚοϓʯͱݩ࣍

KAGRAͰ༻͍Δ OMCͷσβΠϯΛͨͬߦɻ·ͨɺOMCΛ KAGRAʹΠϯετʔϧ͢Δࡍͷલ४උ

ͱͯ͠ɺςετ༻ OMCΛ༻͍ͨ DCreadout࣮ݧΛࢼΈͨͷͰɺͦͷ݁Ռʹ͍ͭͯ΋ड़΂Δɻ
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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 ૬ରੑཧ࿦ͱॏྗ೾

͍͕ͯͬ޿ʹ࣭ۉ͸Ͳͷ৔ॴͰ΋ಉ͡Α͏ʹྲྀΕ͍͖ͯɺۭؒ͸Ͳ͜·Ͱ΋ؒ࣌Βɺ͔ݧܦͷࠒ͸೔ͪͨࢲ

Δ΋ͷͩͱ͍ͯ͡ײΔɻ͔͠͠ɺ͜ͷΑ͏ͳؒ࣌ͱۭؒΛઈରతͳଘࡏͱ͢Δχϡʔτϯྗֶతͳ֓೦͸ɺ͋

Δֵ৽తͳཧ࿦ͷެදΛ͖͔͚ͬʹؒҧͬͨ΋ͷͰ͋Δ͜ͱ͕൑໌ͨ͠ɻͦΕ͸ 1915೥ʹΞΠϯγϡλΠϯ

ʹΑͬͯ׬੒͞Εۭͨ࣌ *1 ͷ෺ཧֶɺʠ૬ରੑཧ࿦ʡͰ͋Δɻ૬ରੑཧ࿦ʹ͓͚ΔΞΠϯγϡλΠϯͷॏྗ৔

ํఔࣜ͸ɺۭ࣌ͷ͕ۂΓ۩߹Λهड़͢Δ΋ͷͰ͋Γɺͭ·Γ͕ۭ࣌ෆมͰ͸ͳ͍͜ͱΛ͍ࣔͯ͠Δɻͦͯ͠

1916೥ʹΞΠϯγϡλΠϯࣗ਎ʹΑͬͯɺ͜ͷํఔࣜͷղͷҰͭͱͯ͠ɺۭ࣌ͷ࿪Έ͕มಈͯ͠ޫ଎Ͱ೾ͷ

Α͏ʹ఻೻͢Δʠॏྗ೾ʡͱ͍͏ݱ৅ͷଘ͕ࡏ༧͞ݴΕͨͷͰ͋Δ [1]ɻ

͜ͷষͰ͸ɺຊ࿦จͷςʔϚͰ͋Δॏྗ೾ΛΞΠϯγϡλΠϯͷॏྗ৔ํఔ͔ࣜΒಋ͖ग़͠ɺͦͷੑ࣭ʹ͍ͭ

ड़͢Δ͜ͱΛ໨ඪͱ͠ɺਐΊ͍ͯ͘͜ͱͱ͢Δɻهͯ

1.1 ॏྗʹΑΔޮՌ

ਤ 1 ைͷຬͪҾ͖

ॏྗ೾ʹ͍ͭͯ͑ߟΔલʹɺ૬ରੑཧ࿦ͷ؊Ͱ΋͋Δॏྗʹ͍ͭͯগ͑͠ߟΔͱ͠Α͏ɻॏྗʹΑΔޮՌ

͸ɺ࣮ࡍʹ஍্ٿͰ໨ʹ͢Δ͜ͱ͕༰қͰ͋Δɻྫ͑͹ɺைͷຬͪҾ͖͕ͦ͏Ͱ͋Δɻ͜Ε͸஍ٿͱ݄ͷؒʹ

ಇ͘ॏྗ͕ைࣚྗΛҾ͖͍ͯ͜͠ىΔ͜ͱʹىҼ͍ͯ͠Δ (ਤ 1)ɻ͜ͷΑ͏ʹɺ ॏྗʹΑΔޮՌ͸ͪͨࢲʹ

ͱͬͯ਎ۙʹ͡ײΔ͜ͱ͕Ͱ͖Δ΋ͷ͕ͩɺ૬ରੑཧ࿦ͷཱ֬લޙʹ͓͍ͯɺͦͷॏྗͷޮՌʹ͓͚Δଊ͑ํ

͸େ͖͘ҟͳͬͯ͘Δɻ݄ͷपճӡಈΛͯ͑ߟΈΑ͏ɻΞΠϯγϡλΠϯͷ૬ରੑཧ࿦͕ఏএ͞ΕΔલɺͭ·

Γχϡʔτϯྗֶʹ͓͍ͯ͸ɺ݄ͱ஍ؒٿʹԕִ࡞༻ͱͯ͠ಇ͘ॏྗͱɺ݄ͷ௚ઢӡಈ͠Α͏ͱ͢Δ͕ྗੑ׳

௼Γ߹͏͜ͱʹΑΓɺ݄ͷपճӡಈ͕͜ىΔͱ͑ߟΒΕ͍ͯͨɻҰํɺ૬ରੑཧ࿦Ͱ͸ɺ஍ٿͷ࣭ྔ͕पลͷ

యݹɻͭ·Γɺͨ͑ߟΛଌ஍ઢʹԊͬͯӡಈͨ݁͠ՌɺपճӡಈͱͳΔͱۭ࣌Λ࿪·ͤɺ݄͕ͦͷ࿪Μۭͩ࣌

*1 ૬ରੑཧ࿦Ͱ͸ؒ࣌ͱۭؒ͸ෆՄ෼ͷͨΊɺ·ͱΊۭͯ࣌ͱݺΜͰ͍Δɻ
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෺ཧֶʹ͓͍ͯ͸ԕִ࡞༻ͱͯ͠ಇ͍͍ͯͨॏྗͷޮՌ͕ɺ૬ରੑཧ࿦ʹ͓͍ͯ͸࣭ྔʹΑΔۭ࣌ͷ࿪Έͱ͠

ͯѻΘΕ͍ͯΔͷͰ͋ΔɻͦΕͰ͸ɺ૬ରੑཧ࿦ͷجຊํఔࣜͰ͋ΔΞΠϯγϡλΠϯͷॏྗ৔ํఔࣜΛͯݟ

ΈΑ͏ɻ͜Ε͸χϡʔτϯͷສ༗Ҿྗͷ๏ଇΛ֦ுͯͭ͘͠ΒΕͨํఔࣜͰ͋Δɻ

Gij =
8πG

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

c͸ޫ଎ɺG͸ສ༗Ҿྗఆ਺ (ॏྗఆ਺)Ͱ͋ΓɺTij ͸ΤωϧΪʔӡಈྔςϯιϧͱݺ͹Ε෺࣭ͷ෼෍۩߹΍

ӡಈঢ়ଶΛද͢ɻ·ͨɺGij ͸ΞΠϯγϡλΠϯςϯιϧͱݺ͹Εۭ࣌ͷੑ࣭ɺ͕ۂΓ۩߹Λද͍ͯ͠Δɻ·

͞ʹɺॏྗ৔ํఔࣜͰ͸ɺ෺࣭ (࣭ྔ)ͷଘࡏʹΑΓ͕ۂ͕ۭ࣌Δ (࿪Ή)ͱ͍͏͜ͱΛ໌֬ʹ͍ࣔͯ͠Δͷ͕

෼͔Δɻ·ͨɺۭؒ࣌ͷ࿪Έ͕෺࣭ͷ෼෍ʹΑܾͬͯఆ͞ΕΔͱ͍͏͜ͱ͸ɺ෺࣭෼෍͕มಈ͢Δͱۭؒ࣌ͷ

࿪Έ΋มಈ͢Δͱ͍͏͜ͱʹͳΔɻ͜ͷʠۭ࣌ͷ࿪Έͷมಈʡ͕࣍અҎ߱ʹٻΊ͍ͯ͘ॏྗ೾Ͱ͋ΔɻҎ্ͷ

Α͏ʹɺ૬ରੑཧ࿦ͷొ৔ʹΑΓɺۭ࣌͸ҰఆෆมͷઈରతͳଘࡏͰ͸ͳ͘ɺݱ৅ͱڞʹมԽ͢Δ෺ཧతͳର

শͷҰ෦ͱͳͬͨɻͦͯ͠ɺॏྗ͸ʠԕִ࡞༻ͱͯ͠ಇ͘ྗʡ͔Βɺ৽ͨʹʠۭ࣌ͷ࿪ΈʹىҼ͢Δ΋ͷʡͱ

ͯ͠ଊ͑ΒΕͨͷͰ͋Δɻ

1.2 ॏྗ৔ํఔࣜͷઢܗԽ

૬ରੑཧ࿦ʹ͸ 1905 ೥ʹൃද͞Εͨಛघ૬ରੑཧ࿦ͱͦͷ 10 ೥ޙʹൃද͞ΕͨҰൠ૬ରੑཧ࿦͕͋Δɻ

·ͣɺಛघ૬ରੑཧ࿦ͷొ৔ʹΑΓɺͦΕ·ͰઈରతͳଘࡏͰ͋ͬͨؒ࣌͸ۭؒͱҰମͱͳΓม׵Ͱ͖Δଘࡏ

ͱͳͬͨɻ͔͠͠ɺѻ͑Δ࠲ඪܥ͸ݶʹܥੑ׳ΒΕɺͦͷؒܥੑ׳ͷ࠲ඪม׵΋ϩʔϨϯπม׵ͱ͏ݴಛघͳ

৔߹ͰͷΈߦΘΕͨɻ·ͨɺॏྗͷѻ͍ʹؔͯ͠΋੍͕ͨͬ͋ݶɻྫ͑͹ɺҰ༷ͳॏྗ͕ଘ͢ࡏΔ৔ͰҰͭͷ

࣭఺ͷӡಈΛѻ͏ͱ͖͸ɺͦͷ࣭఺ʹର͠ܥੑ׳ʹͳΔΑ͏ʹ࠲ඪม׵Λ͢Ε͹ɺہॴతʹॏྗ৔Λফ͢͜ͱ

͕Ͱ͖Δʠ౳Ձݪཧʡͱ͏ݴ΋ͷ͕੒ΓཱͭͨΊɺॏྗ΋ܥੑ׳Ͱѻ͏͜ͱ͕Ͱ͖Δɻ͔͠͠ɺӡಈ͢Δ࣭఺

͕ෳ਺͋ͬͨ৔߹͸શͯͷ࣭఺ʹରͯ͠ܥੑ׳ΛͱΔ͜ͱ͸Ͱ͖ͳ͍ͷͰɺܥੑ׳ΛͱΕͳ͔࣭ͬͨ఺͸ॏྗ

ͷଘ͢ࡏΔՃ଎౓ܥͱͳͬͯ͠·͏ɻ·ͨɺԾఆͨ͠Ұ༷ͳॏྗ৔ͱ͏ݴͷ͸࣮ࡍʹ͸ଘͣͤࡏɺۭ࣌શମͰ

େہతʹಉ࣌ʹॏྗΛଧফ͠߹͍ܥੑ׳Λͭ͘Δ͜ͱ͸Ͱ͖ͳ͍ͨΊɺಛघ૬ରੑཧ࿦Ͱ͸ॏྗΛѻ͏ͷʹݶ

ք͕͋ͬͨɻͦ͜ͰɺҰ༷Ͱͳ͍ॏྗ৔Λѻ͑ΔΑ͏ʹ͠ɺՃ଎౓ܥΛؚΊͨҰൠ࠲ඪܥΛٞ࿦Ͱ͖ΔΑ͏ʹ

ಛघ૬ରੑཧ࿦Λ֦ுͨ͠ͷ͕ɺҰൠ૬ରੑཧ࿦Ͱ͋ΔɻલઅͰ૬ରੑཧ࿦ͷجຊํఔࣜͱͯͬݴ঺հͨ͠ॏ

ྗ৔ͷํఔࣜ͸ɺਖ਼֬ʹ͏ݴͱҰൠ૬ରੑཧ࿦͔Βಋ͔ΕΔجຊํఔࣜͰ͋ΔɻͪͳΈʹɺҰൠ૬ରੑཧ࿦ͷ

ຊํఔࣜ͸ج 2ͭ͋Γɺ΋͏Ұͭ͸ଌ஍ઢͷํఔࣜͱݺ͹ΕΔ΋ͷͰ͋Δɻॏྗ৔ํఔࣜΛղ͘͜ͱʹΑΓɺ

ड़هΛࣔ͢͜ͱ͕Ͱ͖Δɻ͔͠͠ɺͦͷ఻೻Λࡏͷ࿪Έ͕ޫ଎Ͱ఻ൖ͍ͯ͘͜͠ͱɺͭ·Γɺॏྗ೾ͷଘۭ࣌

͢Δॏྗ৔ํఔࣜ͸ඇઢܗͷҝɺৼ෯ͷେ͖ͳ೾ͷ఻೻΍େ͖ۭ͕࣌ͨͬ͘ۂɺ͍ΘΏΔڧॏྗ৔Ͱͷ఻೻Λ

ղੳతʹ͢ࢉܭΔ͜ͱ͸ඇৗʹ೉͍͠ɻͦ͜Ͱɺ͜͜Ͱ͸ॏྗ৔ํఔࣜΛઢܗԽ͠ɺฏୱͳϛϯίϑεΩʔ࣌

ۭΛ఻೻͢Δʠඍখৼ෯ͷॏྗ೾ʡʹݶఆ͍ͯͯ͑͘͜͠ߟͱͱ͢Δɻ

෺ཧݱ৅Λهड़͢Δࡍʹ͸ɺͦͷݱ৅͕͖ؒ࣌ͨىͱ৔ॴΛࣔ͢ඞཁ͕͋Δɻ૬ରੑཧ࿦Ͱ͸ͦͷݱ৅Λࣄ

৅ͱݺͼɺϛϯίϑεΩʔۭ࣌Ͱͷ 1ͭͷ఺ͱͯ͠දͤΔɻϛϯίϑεΩʔۭ࣌͸ॎ࣠Λ࣠ؒ࣌ɺԣ࣠Λۭؒ

࣠ͱͯ͠ɺਤ 2ͷΑ͏ʹඳ͘͜ͱ͕Ͱ͖Δɻ͜ͷ࣌ɺݪ఺Λ௨ա͢Δޫ͸ɺ࣠ؒ࣌ͱۭؒ࣠ͦΕͧΕ͔Β 45

౓͍ͨ܏ʠޫԁਲ਼ʡͱݺ͹ΕΔԁਲ਼໘ͷ্Λ఻೻͠ɺޫԁਲ਼ͷ಺෦Λؒ࣌తྖҬɺ֎෦ΛۭؒతྖҬͱݺͿɻ

·ͨɺϛϯίϑεΩʔ্ۭ࣌Ͱͷ֤఺͸ੈք఺ͱݺ͹Εɺ2ͭͷੈք఺Λͭͳ͙௕͞ͷݩ࣍Λྔͭ࣋ ݩ࣍3)

ۭؒͰ͍͏ͱڑ཭ͱݺ͹ΕΔ΋ͷ)ΛੈքִؒͱݺͿɻ·ͨɺݪ఺ͱੈք఺ͱͷੈքִؒͷ͜ͱΛੈքͷ௕͞
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ਤ 2 ϛϯίϑεΩʔۭ࣌

ͱݺͼɺͦͷ 2৐͸ࣜ࣍Ͱද͢͜ͱ͕Ͱ͖Δɻ

s2 = −(ct)2 + x2 + y2 + z2 (2)

͜ͷ࣌ɺs2 = 0ͷ࣌͸ޫԁਲ਼ͷ໘ɺs2 < 0͸ؒ࣌తྖҬɺs2 > 0͸ۭؒతྖҬΛࣔ͢͜ͱͱͳΔɻ͜͜Ͱɺ

؆୯ͷͨΊʹɺx0 = ct, x1 = x, x2 = y, x3 = z ͱ͠ɺੈքͷ௕͞ͷ 2৐Λॻ͖͑׵Δͱɺ

s2 =
3∑

i=0

3∑

j=0

ηijx
ixj . (3)

ࣈɺҎԼɺ਺ࣜ಺ʹಉ͡ఴ͑ʹߋ (i, j)͕͋Δ৔߹ɺ0͔Β 3·Ͱͷ࿨ΛͱΔͱ͍͏ܾ·ΓΛͭ͘Ε͹ɺ࣍ͷ

Α͏ʹΑΓ؆ܿʹॻ͚Δ͜ͱ͕Ͱ͖Δɻ

s2 = ηijx
ixj (4)

͜ͷΑ͏ͳলུͷํ࢓͸ΞΠϯγϡλΠϯͷলུͱݴΘΕ͍ͯΔɻ͜͜Ͱɺηij ͸ϛϯίϑεΩʔۭ࣌ͷྔܭ

ςϯιϧͱݺͼɺ࣍ͷΑ͏ʹఆٛ͞ΕΔྔͰ͋Δɻ

ηij =

⎛

⎜⎜⎝

−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

⎞

⎟⎟⎠ (5)

ฏୱͰ͋Δ͜ͱɺ͕ۭ࣌ςϯιϧ͸ྔܭͷۭ࣌ͷঢ়ଶΛද͢΋ͷͰ͋ΓɺϛϯίϑεΩʔۭ࣌ςϯιϧ͸ྔܭ

Δͱॏྗ৔ͷͳ͍ঢ়ଶΛ͍ࣔͯ͠Δɻ͜͜Ͱগ͠ɺςϯιϧʹ͍ͭͯड़΂͓ͯ͘͜ͱͱ͢Δɻॏྗ৔͑׵͍ݴ

ͷͳ͍ঢ়ଶͱ͸࠲ඪܥΛܥੑ׳ͰͱΕΔͱ͍͏͜ͱʹͳΔ͕ɺͦͷؒܥੑ׳ͷ࠲ඪม׵͸ϩʔϨϯπม׵ͱ͍

͏΋ͷʹΑͬͯߦΘΕΔɻੈքͷ௕͞ͷ 2৐Λྫʹͯ͠ΈΑ͏ɻੈքͷ௕͕͞ xܥͰ΋ x′ Ͱ΋ෆมͱͳΔܥ

ʹ͸ɺ

ηijx
′ix′j = ηklx

kxl (6)

ͱͳΔɻ͜ΕΛຬͨ͢Α͏ͳҎԼͷ࠲ඪม͕׵ϩʔϨϯπม׵Ͱ͋Δɻ

x′i = Li
kx

k (7)

8



ࣜ (6)ʹࣜ (7)Λ୅ೖ͢ΔͱɺLi
k ͷ৚͕݅ࣜಘΒΕΔɻ

ηijL
i
kL

j
l = ηkl (8)

·ͨɺࣜ (7)Ͱද͞ΕΔϩʔϨϯπม׵͸ ͳͷͰɺ׵ม࣍1

x′i =
∂x′i

∂xj
xj (9)

ΑΓɺ

Li
j =

∂x′i

∂xj
(10)

ͱͳΔɻ·ͨɺ͜ͷϩʔϨϯπม׵ʹΑͬͯม͞׵ΕΔϕΫτϧΛ൓มϕΫτϧͱݺͼɺϩʔϨϯπม׵ͷٯ

ม׵ɺ

L̃i
j =

∂xi

∂x′j (11)

ʹΑͬͯม͞׵ΕΔϕΫτϧΛڞมϕΫτϧͱ͏ݴɻ·ͨɺ2ͭͷ൓มϕΫτϧͷੵ͕ͦͷ 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࠲ඪม׵ʹΑΓ࣍ͷΑ͏ʹม׵Ͱ͖Δɻ

T ′ij(x′) =
∂x′i

∂xk

∂x′j

∂xl
T kl(x) (13)

͜ͷΑ͏ʹม׵Ͱ͖ΔςϯιϧΛ 2 ֊ͷ൓มςϯιϧͱݺͿɻಉ༷ʹͯ͠ɺ2 ͭͷڞมϕΫτϧͷੵɺ

Tij(x) = Ai(x)ɾBj(x)͸࠲ඪม׵ʹΑͬͯࣜ࣍ͷΑ͏ʹม׵Ͱ͖ɺ͜ͷΑ͏ʹม׵Ͱ͖ΔςϯιϧΛɺ2֊

ͷڞมςϯιϧͱݺͿɻ

T ′
ij(x

′) =
∂xk

∂x′i
∂xl

∂x′j Tkl(x) (14)

·ͨɺ1ͭͷ൓มϕΫτϧͱ 1ͭͷڞมϕΫτϧͷੵɺT i
j(x) = Ai(x)ɾBj(x) ͸ɺ

T ′i
j(x

′) =
∂x′i

∂xk

∂xl

∂x′j T
k
l (x) (15)

ͱͳΓɺ͜ͷΑ͏ͳม׵Λ͢ΔςϯιϧΛࠞ߹ςϯιϧͱݺͿɻ͜͜Ͱɺઌ΄ͲϛϯίϑεΩʔۭ࣌ͷ࿩Ͱग़

ςϯιϧྔܭΈΑ͏ɻͯ͑ߟςϯιϧʹదԠͯ͠ྔܭ͖ͨͯ ηij ͸Ͳͷ࠲ඪͰ΋ಉ༷ʹఆٛ͞ΕΔͷͰɺx′ ܥ

ͷྔܭςϯιϧ η′ij ͸ҎԼͷΑ͏ʹͳΔɻ

η′ij = L̃k
i L̃

l
j = ηkl (16)

͜Ε͸ɺࠓ·Ͱͷ࿩͔Βɺྔܭςϯιϧ ηij Λຬ࣍มςϯιϧͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ·ͨɺ͜͜Ͱɺڞ͕

ͨ͢Α͏ͳ ηik Λఆٛ͢Δͱɺ͜Ε͸൓มςϯιϧͱͳΔɻ

ηikηkj = δij (17)

9



δij ͸ΫϩωοΧʔͷσϧλͱݺ͹Εɺi = j ੒෼͸ 1ɺi ̸= j ੒෼͸ 0ͱͳΔ΋ͷͰ͋Γɺ͜Ε͔Β ηik ͷ஋Λ

ΊΔͱɺηijٻ ͱશ͘ಉ͡஋ʹͳΔ͜ͱ͕෼͔ΔɻҎ্ͷ͜ͱ͔Βɺηik ΍ ηij ʹΑͬͯڞมϕΫτϧΛ൓มϕ

Ϋτϧʹɺ·ͨͦͷٯͳͲͷม׵Λ؆୯ʹ͜͏ߦͱ͕Ͱ͖ΔΑ͏ʹͳΔ͜ͱ͕෼͔Δɻྫ͑͹࣍ͷΑ͏ʹม׵

Ͱ͖Δɻ

Ai = ηijA
j (18)

Ai = ηijAj (19)

Ai = ηjiAj (20)

Ai = ηijA
j (21)

ͪͳΈʹɺ্هͷ໾ׂΛ΋ͭྔܭςϯιϧ͸ڞมςϯιϧͳͷͰɺྔܭςϯιϧࣗମͷ࠲ඪม׵͸࣍ͷΑ͏ʹ

ͳΔɻ

η′ab =
∂xi

∂x′a
∂xj

∂x′b ηij (22)

ͦΕͰ͸࿩Λ໭͠ɺϛϯίϑεΩʔྔܭ ηij ͔Β hij ͚ͩඍখʹͣΕۭͨ࣌ɺͭ·Γऑ͍ॏྗ৔Λͯ͑ߟΈ

Α͏ɻ

gij = ηij + hij (23)

|hij(x)| ≪ 1ͱ͠ɺhij ͷ Ͱ͖ΔͱԾఆ͢Δɻ·ͨɺhij(x)͸ରশςϯιϧͰ͋Δͱ͢ΔɻࢹҎ্ͷ߲͸ແ࣍2

͜ͷ࣌ɺ൓มྔܭςϯιϧ gij ʹ͍ͭͯ͸ɺηijηjk = δik ʹΑͬͯఆٛ͞Ε͓ͯΓɺ

gij = ηij − hij (24)

ͱͳΔɻఴ͑ࣈͷ্͛Լ͛ʹؔͯ͠͸ɺgij Ͱ΋͑ߦΔ͕ɺࠓճͷۙࣅͰ͸ ηij Ͱ͜͏ߦͱ͕Ͱ͖Δɻͦ͜Ͱɺ

ͷࣜΛఆٛ͢Δɻ࣍

φij ≡ hij −
1

2
hgij = hij −

1

2
hηij (25)

h ≡ hi
i = gijhij = ηijhij (26)

·ͨɺۭ͕ؒͨͬۂΛѻ͏ࡍʹ͸ϦʔϚϯزԿֶͱ͍͏΋ͷΛಋೖ͢Δͷ͕ͩɺͦͷϦʔϚϯزԿֶͰѻ͏ n

ઢۂ͹ΕΔ্ۭؒʹ͋Δݺଟ༷ମͱݩ࣍ (x(t), t1 ≤ t ≤ t2)ͷ௕͞ I(࡞༻ͱݺͿ)͸ྔܭςϯιϧ gij Λ༻͍

ͯɺ࣍ͷੵ෼Ͱද͞ΕΔɻ

I =

∫ t2

t1

√
Σi,jgij(x)

dxi

dt

dxj

dt
dt (27)

͜Εʹ࠷খ࡞༻ͷݪཧ (δI = 0)Λ༻͍ΔͱΦΠϥʔͷඍ෼ํఔ͕ࣜಘΒΕΔɻ͜͜Ͱɺ࠷খ࡞༻ͷݪཧͱ͸ɺ

ࣗ༝࣭఺ͷӡಈ͕࡞༻ I Λۃখʹ͢ΔΑ͏ͳܦ࿏ΛͱΔͨΊͷ৚݅ͷ͜ͱͰ͋Δɻͦͯ͠ɺಘΒΕͨΦΠϥʔ

ͷඍ෼ํఔࣜʹ͓͍ͯଌ஍ઢʹԊͬͨݽͷ௕͞Λഔհม਺ͱ͢ΔͱɺҰൠ૬ରੑཧ࿦ͷ΋͏Ұͭͷجຊํఔࣜ

Ͱ͋Δɺଌ஍ઢͷඍ෼ํఔ͕ࣜग़ͯ͘Δ (ࣜ (28))ɻ͜Ε͸ॏྗ৔ͷӡಈํఔࣜͰ͋ΓɺޫΛؚΊͨ͋ΒΏΔ

෺ମ͕ Λ·͙ͬ͢ਐΉ͜ͱΛදۭ͕ͯؒͨͬ͠ۂΛࣔ͢͜ͱ͕Ͱ͖ɺ͋ΒΏΔ෺ମ͕ےͰͨͲΔಓۭؒݩ࣍4

͍Δɻ
d2xk

ds2
+ Γm

ij
dxi

ds

dxj

ds
= 0 (28)

͜͜Ͱ࢖ΘΕ͍ͯΔΫϦετϑΣϧه߸ Γm
ij ͸࣍ͷΑ͏ʹදͤΔɻ

Γm
ij =

1

2
gml

(
∂gli
∂xj

+
∂gjl
∂xi

− ∂gij
∂xl

)
(29)
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·ͨɺΫϦετϑΣϧͷه߸Λ༻͍ͯɺϦʔϚϯͷۂ཰ςϯιϧͱ͍͏΋ͷ͕ࣜ࣍ͷΑ͏ʹදͤΔɻϦʔϚϯ

ͷۂ཰ςϯιϧͱ͸ɺϕΫτϧΛඍখ໘ੵཁૉ 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 3ͷఴ͑ࣈΛॖ໿ͭ͘͠ΒΕͨ 2֊ͷςϯι

ϧΛϦονςϯιϧͱ͏ݴɻ͜͜Ͱ͸mͱ j Λॖ໿ͯ࣍͠ͷΑ͏ʹදͤΔɻ

Rik ≡ Rm
ijk

=
∂Γj

ik

∂xj
−

∂Γj
ij

∂xk
+ Γl

ikΓ
j
lj − Γl

ijΓ
j
lk (31)

͸ɺ߸هมςϯιϧͱͯ͠ॻ͖Լ͢ͱɺΫϦετϑΣϧͷڞͯ͠׵มʹࣈΛԼఴࣈɺศ্ٓɺςϯιϧͷఴࠓ

Γijk ≡ ηkmΓm
ij

=
1

2

(
∂hij

∂xk
+

∂hik

∂xj
− ηli

∂hjk

∂xl

)
(32)

Ͱ͋ΓɺϦʔϚϯͷۂ཰ςϯιϧ͸ɺ

Rlijk ≡ ηlmRm
ijk

=
1

2

(
∂2hlk

∂xi∂xj
+

∂2hij

∂xl∂xk
− ∂2hik

∂xl∂xj
− ∂2hlj

∂xi∂xk

)
(33)

ͱͳΓɺϦονςϯιϧ͸ɺҎԼͷΑ͏ʹॻ͖௚ͤΔɻ

Rik =
1

2

(
∂

∂xi
(
∂hj

k

∂xj
− 1

2

∂h

∂xk
) +

∂

∂xk
(
∂hj

i

∂xj
− 1

2

∂

∂xi
)−˘ hik

)
(34)

˘͸ඍ෼ԋࢠࢉμϥϯϕϧγΞϯͰ͋Δɻ

˘ = ηlm
∂

∂xl

∂

∂xm
(35)

͞ΒʹϦονςϯιϧΛॖ໿͢ΔͱɺεΧϥʔۂ཰ͱ͍͏εΧϥʔྔ͕ग़ͯ͘Δɻ

R =
∂2φij

∂xi∂xj
− 1

2
˘ h (36)

͜͜Ͱɺॏྗ৔ํఔࣜΛ΋͏Ұ౓ͯݟΈΑ͏ɻ͜ͷϦονςϯιϧͱεΧϥʔۂ཰Λ༻͍ΔͱɺΞΠϯγϡλ

Πϯςϯιϧ Gij ͸ɺ

Gij ≡ Rij − 1

2
gijR (37)

ͱॻ͚ΔͷͰɺࣜ (1)Ͱද͞Ε͍ͯͨॏྗ৔ํఔࣜ͸࣍ͷΑ͏ʹॻ͖͑׵ΒΕΔɻ

Rij −
1

2
Rgij =

8πG

c4
Tij (38)

Αͬͯɺࣜ (38)ʹ͜Ε·ͰͷࣜΛద༻͍ͯ͘͠ͱɺॏྗ৔ํఔࣜ͸ɺ

˘φij −
∂

∂xi

∂φk
j

∂xk
− ∂

∂xj

∂φk
i

∂xk
+

∂

∂xk

∂φl
m

∂xl
ηkmηij = −16πG

c4
Tij (39)
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ͱॻ͖͑׵Δ͜ͱ͕Ͱ͖ͨɻ͔͠͠ɺ͜ΕͰ͸͕ࣜݟʹ͍͘ͷͰɺ΋͏গ͠੔ཧ͢Δɻ͜͜Ͱɺඍখྔ ξ(x)

׵ඪม࠲ΛҠಈͤ͞Δඍখܥඪ࠲͚ͩ (ήʔδม׵ͱ΋͏ݴ)Λ͑ߟΔɻ

x′i = xi + ξi (40)

͜ͷ࣌ɺhij ͱ φij ͸ςϯιϧͷ࠲ඪม׵Λ͏ߦͱɺ

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 ͷඍ෼͸ɺ

∂φ′j
i

∂x′j =
∂φj

i

∂xj
− ηik˘ξk (43)

ͱม׵Ͱ͖Δɻ͜͜Ͱɺ؆୯ͷҝɺϩʔϨϯπήʔδ৚݅ɺͭ·Γ φj
i ͷඍ෼͕θϩΛຬͨ͢Α͏ʹ ξk(x)Λ

ͱΔ͜ͱʹ͢Δɻ

∂φ′j
i

∂x′j = 0 (44)

∂φj
i

∂xj
= ηik˘ξk (45)

Ҏ্ͷ࠲ඪม׵Λ༻͍Δ͜ͱͰɺࣜ (38)ͷॏྗ৔ํఔ͔ࣜΒୈ 2߲Ҏ߱Λফ͢͜ͱ͕Ͱ͖ɺ

˘φij = −16πG

c4
Tij (46)

ͱ؆ܿͳઢܗͷ೾ಈํఔࣜΛࣔ͢͜ͱ͕Ͱ͖ͨɻ͜Ε͕ɺॏྗ೾ͷํఔࣜͰ͋Δɻ

1.3 ॏྗ೾ͷํఔࣜͱͦͷղ

લઅͰ͸ɺऑ͍ॏྗ৔ΛԾఆ͢Δ͜ͱͰɺॏྗ৔ͷํఔ͔ࣜΒઢܗͷॏྗ೾ͷํఔࣜΛಋग़͢Δ͜ͱ͕Ͱ͖

ͨɻͦΕͰ͸࣍ʹɺ͜ͷ೾ಈํఔࣜΛղ͍ͯɺ࣮ࡍʹॏྗ೾ΛٻΊͯΈΑ͏ɻॏྗ೾ͷํఔࣜ͸ϚΫε΢Σϧ

ղ͘͜ͱ͕Ͱ͖Δɻ·ͣ͸ਅۭதͷํఔࣜɺͯ͑ߟʹΔͷͰɺಉ༷͍ͯࣅ͕ܗͷి࣓೾ͷํఔࣜͱֶؾ࣓ి

˘φij = 0 (47)

ͷฏ໘೾ͷղ͸ɺి࣓೾ͷղͱಉ༷Ͱɺ࣌Δɻ͜ͷ͑ߟ͍ͯͭʹ

φij = Aij exp(iklx
l) (48)

ͱͳΔɻAij ͸ରশͳఆ਺ςϯιϧͰৼ෯Λද͓ͯ͠Γɺexp(iklxl)͸ৼಈ෦෼Λࣔ͢ɻkl ͸ॏྗ೾ͷ఻೻ 4

೾਺ϕΫτϧͰɺklklݩ = 0Ͱ͋Δɻઌ΄Ͳ΋༻͍ͨήʔδ৚݅ɿ

∂φ
j
i

∂xj
= 0 (49)

Λ༻͍Δͱɺ

Aijk
j = 0 (50)
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ͱͳΔɻ͜͜Ͱɺॏྗ೾͕ x3 දͤΔɻ͕࣍఻೻͍ͯ͠ΔͱԾఆ͢Δͱɺʹ޲ํ

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

͜͜Ͱɺྫ͑͹֯ৼಈ਺Λ ω = kc ͱఆٛ͠ɺx0 = ct,x3 = z ͱ͢Δͱɺexp(iklxl) ͕ exp(i(−ω + kz)) ͱ

͍ͬͨɺ׳ݟΕͨܗʹ͢Δ͜ͱ͕Ͱ͖Δɻ·ͨɺήʔδม׵ɿ

x′i = xi + ξi(x) (52)

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

Λ͍ߦɺ·ͨɺxj , xi, xk ʹ͍ͭͯͷඍ෼ΛͦΕͧΕ୅ೖ͢Δͱɺৼ෯ςϯιϧ͕࣍ͷΑ͏ʹॻ͖͑׵ΒΕΔɻ

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)

ৼ෯ςϯιϧ͸ɺa′11, a
′
12, a

′
21, a

′
22 Ҏ֎ͷશͯͷ੒෼Λθϩʹ͢Δ͜ͱ͕Ͱ͖Δɻ

a′00 = a′01 = a′02 = 0 (59)

a′11 = −a′22 = 0 (60)

·ͨɺa′12 = a′21, a
′
11 = −a′22 Ͱ͋ΔͷͰɺ࠷ऴతʹಠཱͳ੒෼͸ 2ͭͷΈͱͳΔɻҎ্ΑΓɺॏྗ೾ͷղ͸

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 ͱ͠ɺҎԼͷΑ͏ʹॻ͘͜ͱ΋Ͱ͖Δɻ

Bij =

⎛

⎜⎜⎝

0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0

⎞

⎟⎟⎠ (65)

2ͭͷৼಈϞʔυ͸ͦΕͧΕɺ+(ϓϥε)Ϟʔυɺ×(Ϋϩε)Ϟʔυͱݺ͹Ε͍ͯΔɻਤ 3͔Β΋෼͔ΔΑ͏

ʹɺx3 ,఻೻͍ͯ͠Δॏྗ೾ͷৼಈϞʔυ͸ɺx1ʹ޲ํ x2 ͷฏ໘಺ʹ͋ΔͷͰɺॏྗ೾͸ԣ೾Ͱ͋Δͱ͑ݴ

Δɻ͜ͷΑ͏ͳॏྗ೾ͷදݱͷํ࢓Λ transverse-traceless(TT)දݱͱݺͼɺࠓճ༻͍ͨήʔδͷ͜ͱΛ TT

ήʔδͱ͏ݴɻ
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ਤ 3 x3(z)ํ޲ʹॏྗ೾͕དྷͨ࣌ͷɺ2ͭͷৼಈϞʔυ

1.4 ॏྗ೾ͷࣗ༝࣭఺ؒڑ཭΁ͷӨڹ

TTήʔδʹ͓͚Δॏྗ೾ͷੈքִؒʹ༩͑ΔӨڹɺͭ·Γࣗ༝࣭఺ؒ΁ͷӨͯ͑ߟ͍ͯͭʹڹΈΑ͏ɻॏ

ྗ৔͕࣭఺ʹ༩͑ΔӨڹΛݟΔʹ͸ɺॏྗ৔ͷӡಈํఔࣜɺͭ·Γଌ஍ઢͷํఔࣜΛղ͚͹ྑ͍ɻࣜ (28)Α

Γɺଌ஍ઢͷํఔࣜ͸ҎԼͰද͞ΕΔɻ

d2xk

ds2
+ Γm

ij
dxi

ds

dxj

ds
= 0 (66)

Δͱ͠Α͏ɻsݟΔࣗ༝࣭఺ʹಇ͘ॏྗ೾ͷޮՌΛ͍ͯ͠ࢭͰ੩্ۭ࣌ճ͸ɺϛϯίϑεΩʔࠓ = 0Ͱ࣭఺͕

੩͍ͯ͠ࢭΔͱ͖͸ɺ

dxi

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

ͱͳΔͷͰɺଌ஍ઢͷํఔࣜ͸࣍ͷΑ͏ʹͳΔɻ

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 ͸ 0Ͱ͋Δ͜ͱΛ୅ೖ͢Δͱɺ

d2xk

ds2
= 0 (69)

ͱͳΔɻ͜ΕʹΑΓɺॏྗ೾͸࣭఺ʹର͠Ճ଎౓Λ༩͑ͳ͍ɺͭ·Γ࣭఺ʹྗΛಇ͔ͳ͍͜ͱ͕෼͔ͬͨɻ͜

Ε͸ɺTTήʔδͷݩͰ͸ɺॏྗ೾ʹΑΔ࣭఺΁ͷۭ࣌ͷ৳ॖͷޮՌΛଧͪফ͢Α͏ʹ࠲ඪ͕৳ॖ͍ͯ͠Δͱ

࠲Α͏ɻ͜͜Ͱɺยํͷ࣭఺ͷݟΛڹ཭ɺੈքִؒʹ༩͑ΔӨڑɺ࣭఺ؒͷʹ࣍ͱ΋Ͱ͖ΔɻͦΕͰ͸͜͏ݴ

ඪΛݪ఺ (0,0,0,0)ɺ΋͏Ұํͷ࣭఺ͷ࠲ඪΛݪ఺͔Βগ͠཭Εͨ৔ॴ (0,ϵx,0,0)ʹͱΓɺ2ͭͷ࣭఺͕ͦͷ৔
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Ͱ੩͍ͯ͠ࢭΔͱ͢Δɻ͜ͷ࣌ͷ 2࣭఺ؒͷڑ཭͸ɺࣜ (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)

Ҏ্ΑΓɺॏྗ೾ʹΑͬͯ 2ͭͷ࣭఺ؒͷڑ཭͸ 1
2h11ϵx ͚ͩมԽ͢Δ͜ͱ͕෼͔ͬͨɻ͜͜Ͱɺྫ͑͹ɺલ

અͷΑ͏ͳ zํ޲ʹਐΉॏྗ೾ʹΑΔ x,y੒෼ͷڑ཭ͷมԽ (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 2߲͸ॏྗ೾ͷภޫΛ͓ࣔͯ͠Γɺ͜Ε͸લઅͰग़͖ͯͨ +Ϟʔυɺ×Ϟʔυͷ͜
ͱͰ͋Δɻ+Ϟʔυ͸ xํ޲ͷ࣭఺ؒڑ཭͕৳ͼΕ͹ yํ޲ͷڑ཭͕ॖΉͱ͍͏Α͏ͳைࣚతͳ࡞༻Λͭ࣋

ϞʔυͰ͋Γɺ×Ϟʔυ͸ +ϞʔυΛ 45౓͚ͨ܏΋ͷͱͳΔɻҎ্ΑΓɺॏྗ೾͕͘Δ͜ͱʹΑΓɺ্ࣜͷ

Α͏ʹࣗ༝࣭఺ؒͷڑ཭ʹைࣚతͳมԽΛ΋ͨΒ͢͜ͱ͕෼͔ͬͨɻ

1.5 ॏྗ೾ͷ์ग़

͜͜Ͱ͸ɺॏྗ೾͕์ग़͢Δࡍͷɺͦͷৼ෯ͱΤωϧΪʔʹ͍ͭͯͯݟΈΑ͏ɻࠓɺॏྗ೾Λൃੜ͢Δӡಈ

෺ମͷॏ৺Λݪ఺ʹɺ؍ଌ఺ x·Ͱͷڑ཭Λ r ͱ͢Δͱɺॏྗ೾ͷৼ෯͸ɺ

hi,j(t, r) =
4G

c4

∫
Tij(t− |r⃗′−r⃗|

c , r⃗)

|r⃗′ − r⃗| d3r⃗′ (72)

ͱදͤΔɻ͜ͷࣜ͸ɺॏྗ৔ํఔࣜ (ࣜ (46)) ʹάϦʔϯؔ਺ͱ͍͏΋ͷΛ༻͍Δ͜ͱͰಘΒΕΔɻ͜͜Ͱɺ

ԕํͷे෼খ͍͞ॏྗ೾͔ݯΒॏྗ೾͕ൃੜ͢Δ৔߹Λ͑ߟΔͱɺॏྗ೾ͷৼ෯͕࣍ͷΑ͏ʹٻΊΒΕΔɻ

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)͸࣭ྔ෼෍Λද͍ͯ͠Δɻྫ͑͹ɺి࣓೾ͷ์ग़Λ͑ߟΔͱ͖͸ɺ૒ࢠۃϞʔϝϯτͷؒ࣌มԽʹΑ

Δ૒͕ࣹ์ࢠۃओͱͳΔɻ͔͠͠ɺॏྗ೾ͷݯͰ͋Δ࣭ྔ͸ৗʹਖ਼ͰిՙͷΑ͏ʹਖ਼ෛ྆ํͷ஋͸औΒͣ૒ۃ

Γʹൃੜͨ͋ؒ࣌͢ͱͳΔɻ·ͨɺ୯Ґࣹ์ۃॏ࢛͍ͨ༺ϞʔϝϯτΛۃॏ࢛ͳ͍ͨΊɺ͜͜Ͱ͸͠ࡏଘ͕ࢠ

Δॏྗ೾ͷΤωϧΪʔ͸ɺ

Wgw =
G

5c5
Σi,j

d3Qij

dt3
d3Qij

dt3
(75)
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ͱͳΔɻ͜͜Ͱɺྫͱͯ͠ɺ࿈੕ܥͷ୯Ґؒ࣌౰ͨΓͷॏྗ೾ΤωϧΪʔWgw ΛͯݟΈΑ͏ɻࠓɺ౳͍࣭͠

ྔ mΛ΋ͭ 2ͭͷ੕͕ԁӡಈ͍ͯ͠ΔΑ͏ͳ࿈੕ܥΛ͑ߟΔ. 2ͭͷ੕͸ॏ৺ͷपΓͰ൒ܘ aɺ֯଎౓ ω ͷ

ԁӡಈΛ͍ͯ͠Δͱ͢Δͱɺ

Wgw =
128G

5c3
m2a4ω6. (76)

͜͜Ͱɺԕ৺ྗͱॏྗͷͭΓ߹͍͔Βɺ֯଎౓͕ٻ·Δɻ

maω2 = G
m2

(2a)2
(77)

ω2 =
Gm

4a3
. (78)

͜ͷ֯଎౓Λࣜ (76)ʹ୅ೖ͢Δ͜ͱͰɺ

Wgw =
2G4m5

5c5
1

a2
(79)

ͱ͍͏Α͏ʹɺ࿈੕ܥͷॏྗ೾ͷ୯Ґ౰ͨΓͷΤωϧΪʔ͕ٻΊΒΕͨɻ͜ͷࣜΛݟΔͱɺճస൒ܘ (੕ͷେ

͖͞)͕খ͍͞΄Ͳɺ·ͨɺ࣭ྔ͕େ͖͍΋ͷ΄Ͳɺେ͖ͳॏྗ೾ΤωϧΪʔΛ์ग़͢Δ͜ͱ͕ಡΈऔΕΔɻ

1.6 ॏྗ೾ͱి࣓೾

͜Ε·Ͱॏྗ೾ͷੑ࣭ʹ͍͕͖ͭͯͨͯ͑ߟɺॏྗ೾͸ͦͷํఔ͔ࣜΒ΋෼͔ΔΑ͏ʹɺి࣓೾ͱ͍͔ͭ͘

ΈΔɻ͜Ε·Ͱͷ࿩ͯ͑ߟ͍ͯͭʹ఺͕͋Δɻͦ͜Ͱɺ͜͜Ͱ͸ి࣓೾ͱൺֱ͠ͳ͕Βॏྗ೾ͷੑ࣭ͨ͠ࣅྨ

͔ΒɺҰൠ૬ରੑཧ࿦Ͱ༧͞ݴΕΔॏྗ೾͸ɺޫ଎Ͱ఻ൖ͢Δԣ೾Ͱ 2ͭͷภ೾੒෼ (+Ϟʔυɺ×Ϟʔυ)

Λͭ࣋͜ͱ͕෼͔ͬͨɻ͜Ε͸ి࣓೾ͱಉ༷ͷੑ࣭Ͱ͋Δɻ·ͨɺྫ͑͹ɺి࣓೾ͷ์ग़Λ͑ߟΔͱ͖͸ɺ૒

Ϟʔϝϯτࢠۃ (ి࣓৔)͕มಈ͢Δ͜ͱͰిՙͷՃ଎౓ӡಈ͕͖ىɺి࣓೾͕ൃੜ͢Δͱ͑ߟΔ͕ɺॏྗ೾

΋ಉ༷ʹɺ࢛ॏۃϞʔϝϯτ (ॏྗ৔)ͷؒ࣌มԽʹΑΓ࣭ྔͷՃ଎౓ӡಈ͕͖ىΔ͜ͱͰൃੜ͢Δͱ͍͏఺

΋͍ͯࣅΔɻ͔͠͠ɺ྆ऀʹ͸ຊ࣭తʹେ͖ͳҧ͍͕͋ΔɻͦΕ͸ɺ૬࡞ޓ༻ͷ͞ڧͰ͋Δɻॏྗ૬࡞ޓ༻͸

ి࣓૬࡞ޓ༻ʹൺ΂ɺѹ౗తʹऑ͍ɻྫ͑͹ɺਫૉࢠݪΛߏ੒͢ΔཅࢠͱిؒࢠͰͷΫʔϩϯྗͱॏྗͷ͞ڧ

͸ 37ܻ΋ҟͳΔɻॏྗͷ૬࡞ޓ༻͕ѹ౗తʹऑ͍ͱ͍͏͜ͱ͸ɺ෺࣭ʹٵऩ͞ΕͨΓࢄཚͨ͠Γͱ͍͏͜ͱ

͕΄ͱΜͲͳ͍ͱ͍͏͜ͱͰ͋Γɺ͢ͳΘͪɺॏྗ೾͸ۃΊͯಁ͍ߴաྗΛͭ࣋ͱ͍͏͜ͱΛҙຯ͍ͯ͠Δɻ

ͦͷಁ͍ߴաྗ͸ɺఱମ؍ଌखஈͱͯ͠ͷྗڧͳ෢ثͱͳΔɻ͔͠͠ɺͦͷҰํͰɺ͜ͷॏྗ೾ͷ࡞༻ͷऑ͞

͸ݕग़͞ΕΔ৴߸΋ඇৗʹऑ͍ͱ͍͏͜ͱͱಉҙͰ͋Γɺະͩʹॏྗ೾͕ݕग़ࠔ೉ͱͳ͍ͬͯΔݪҼͰ΋͋

Δɻ·ͨɺిՙʹ͸ਖ਼ෛ͕͋ΓɺΫʔϩϯྗʹ΋Ҿྗͱੱྗ͕͋Δͷʹର͠ɺ࣭ྔ͸ਖ਼ͷ஋ͷΈͰॏྗ͸ৗʹ

ҾྗͱͳΔɻ͜Ε͸ɺલઅͰ΋ड़΂ͨΑ͏ʹɺి࣓೾Ͱ͸૒͕ࣹ์ࢠۃओͰ͋Δ͕ɺॏྗ೾Ͱ͸૒͕ࢠۃଘࡏ

ҼͰ΋͋Δɻ·ͨɺਖ਼ͷ஋ͷΈ΋ͭͱ͍͏͜ͱ͸ɺେྔͷ෺࣭͕ू·ͬͨఱମ΍ӉݪͱͳΔࣹ์ۃॏ࢛ʹͣͤ

஦౳ɺѻ͏ϑΟʔϧυΛେ͖͘͢Δ΄Ͳɺͦͷ஋͸ྦྷੵతʹେ͖͘ͳΔɻͭ·Γɺେ͖ͳϑΟʔϧυʹ͓͍ͯ

͸ɺి࣓ྗؾͷΑ͏ʹਖ਼ෛͷ஋Λ΋ͭྗ͸ଧͪফ͠߹ͬͯத࿨͍͖ͯ͠ɺݩ͸ඇৗʹऑ͍૬࡞ޓ༻Ͱ͋ͬͨॏ

ྗ͕େ͖͘ͳΓࢧ഑తͱͳΔͱ͍͏͜ͱͰ͋Δɻ͑ߟΔྖҬ͕େ͖͘ͳΔ΄Ͳॏྗ͸େ͖ͳӨڹΛٴ΅͢Α͏

ʹͳΔͷͰ͋ΔɻͦΕނʹɺݕग़͞ΕΔࡍͷॏྗ೾΋େྔͷ෺࣭͕ܹ͘͠ӡಈ͢Δڧॏྗ৔ͷఱମݱ৅͔Βൃ

ੜ͢ΔՄೳੑ͕͍ߴͱ͞Ε͍ͯΔɻݕग़ର৅ͷॏྗ೾ʹ͍ͭͯ͸࣍અͰड़΂Δɻ
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1.7 ॏྗ೾ͷൃੜݯ

લड़ͨ͠Α͏ʹɺॏྗ೾͸ڧॏྗ৔ʹ͓͚Δఱମݱ৅ɺͭ·ΓɺҰൠ૬ର࿦తఱମ͔Βͷݕग़͕ظ଴͞Εͯ

͍ΔɻͦΕͰ͸ɺҰൠ૬ର࿦తఱମͷఆٛʹ͍ͭͯ͏͍ͯ͜ݟɻҰൠ૬ର࿦తఱମ͔Ͳ͏͔͸ɺॏྗͷڧऑΛ

൑அͰ͖Ε͹ྑ͍ɻҎԼɺॏྗͷڧऑͷ൑அج४๏ʹ͍ͭͯઆ໌͢Δɻ

ܘɺ࣭ྔMɺ൒ࠓ Rͷٿঢ়ͷఱମΛԾఆ͢Δɻͦͷఱମʹର͠ɺ࣭ྔmͷ෺ମ͕ఱମද໘͔Βਅ্ʹඈͼ

্͕ΓɺͦͷఱମͷॏྗΛৼΓ੾ͬͯແݶԕํ·ͰඈΜͰ͍͘ͷʹඞཁͳ଎౓Λ͑ߟΔɻ͜Ε͸ɺఱମͷॏྗ

ʹΑΓੜ͡ΔҐஔΤωϧΪʔ (ఱମ͕෺ମΛҾ͖෇͚ΔΤωϧΪʔ)ͱͦͷఱମ͔Β୤ग़͢Δ෺ମͷӡಈΤω

ϧΪʔ͕౳͘͠ͳΔ͜ͱͰٻ·ΔɻҎԼʹࣜΛࣔ͢ɻG(= 6.673ʷ 1011m3/s2/kg) ͸ສ༗Ҿྗఆ਺Ͱ͋Δɻ

ఱମͷॏྗʹΑΓੜ͡ΔҐஔΤωϧΪʔɿ

U = −
∫ R

∞
−GMm

r2
dr = −GMm

R
(80)

෺ମͷӡಈΤωϧΪʔɿ

K =
1

2
mv2. (81)

୤ग़͢Δͷʹඞཁͳ଎౓ɿ
1

2
mv2 − GMm

R
= 0 (82)

v =

√
2GM

R
(83)

͜ͷఱମ͕஍ٿͷ৔߹ɺ͜ͷ଎౓͸୤ग़଎౓ (໿ 11 km/s) ͱݺ͹Ε͍ͯΔɻ͜ͷ଎౓͕଎͍͔஗͍͔ͷ

൑அʹ͸ɺଞͷ଎౓ͱൺ΂ͯΈΕ͹෼͔Δɻ෺ཧͰ͸جຊఆ਺ͱൺ΂Δͷ͕ఆੴͳͷͰɺ͜͜Ͱ͸ޫ଎౓

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

θ ≡ v2

c2
=

2GM

Rc2
. (84)

v ͕ cΑΓ΋େ͖͍৔߹ɺޫ͢Βͦͷఱମ͔ΒಀΕΒΕͳ͍΄Ͳॏྗ͕͍ڧͱ͍͏͜ͱΛ͍ࣔͯ͠Δɻ͜ͷΑ

͏ͳఱମ͸ϒϥοΫϗʔϧͱݺ͹Ε͍ͯΔɻΑͬͯɺθ ͕ 1ʹ͔ۙͮ͘Ͳ͏͔ͰఱମͷॏྗͷڧऑΛ൑ఆͰ͖

Δɺͭ·Γɺθ ΛଌΔ͜ͱͰͦͷఱମ͕Ұൠ૬ର࿦త͔Ͳ͏͔Λ؍ଌతʹ൑அͰ͖Δ͜ͱ͕෼͔ͬͨɻͰ͸ɺ

଴͞Εظ͍͓ͯʹثग़ݕॏྗ೾ܕՔಇதͷ஍্ࡏݱ৅ͷྫΛ্͍͛ͯ͘ɻݱଌର৅ͱͳ͍ͬͯΔఱମ؍ʹࡍ࣮

͍ͯΔॏྗ೾ݯ͸ҎԼͷͱ͓ΓͰ͋Δɻ

ਤ 4 ͞·͟·ͳॏྗ೾ݯ (KAGRAͷ HPΑΓ)
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(1) ࿈੕தੑࢠ੕ͷ߹ମ

(2) ࿈੕ϒϥοΫϗʔϧͷ߹ମ

(3) தੑࢠ੕ͱϒϥοΫϗʔϧͷ߹ମ

(4) ॏྗ่յܕ௒৽੕രൃ

(5) ੕ࢠ଎ճస͢Δதੑߴ

͜ΕΒͷݱ৅͸όʔετతʹॏྗ೾Λ์ग़͢Δͱ͑ߟΒΕ͍ͯΔɻதੑࢠ੕΍ϒϥοΫϗʔϧ͔ΒͳΔɺ͍Θ

ΏΔίϯύΫτ࿈੕ͷ߹ମʹ൐͍ൃੜ͢Δॏྗ೾͸ൃੜ͢Δظ࣌ʹΑΓɺެసӡಈظ (inspiral)ɺিಥ߹ମظ

(merger)ɺͦͯ͠ݮਰৼಈظ (ringdown) ͱ͍͏ 3ͭʹ෼ྨ͞ΕΔɻͪͳΈʹɺެసӡಈظͷ೾ܗ͸ߏ੒͞Ε

ΔίϯύΫτ੕͕ԿͰ͋Δ͔ʹ͸΄ͱΜͲΑΒͳ͍ɻ

༷ʑͳॏྗ೾ݯΛ্͕͛ͨɺ࣮ࡍͷݕग़ʹ͸ʮे෼ͳස౓ (೥ʹ਺ճఔ౓)ͷݕग़͕Մೳʯɺʮൃੜ͢Δॏྗ

೾ͷ೾͕ܗཧ࿦తʹ͋Δఔ౓༧૝Ͱ͖Δʯɺ͜ͷ 2ͭͷ৚݅Λຬͨ͢͜ͱ͕ඞཁͰ͋Δɻಛʹऀޙ͸ॏྗ೾Λ

σʔλ͔Βநग़͢Δࡍʹඞཁͳ৚݅ͱͳΔɻͪͳΈʹɺ์ग़͞ΕΔॏྗ೾ͷ೾ܗ͸਺஋૬ର࿦ (਺஋తʹۙࣅ

ͳ͠ʹΞΠϯγϡλΠϯํఔࣜΛղ͘͜ͱ) Ͱཧ࿦తʹ༧ଌ͢Δ͜ͱ͕Ͱ͖Δɻ͜ͷ৚݅Λຬͨ͢ྑ࣭ͳॏྗ

೾ݯʹ͸ίϯύΫτ࿈੕ͷ߹ମ͕͛ڍΒΕΔɻಛʹ࿈੕தੑࢠ੕ͷ߹ମ͸े෼ͳ਺ͷ߹ମ͕ݕग़ՄೳͰ͋Γɺ

ଞͷॏྗ೾ݯʹൺ΂೾ܗΛ༧૝͠΍͘͢ൃݟͷূݕʹ༗རͰ͋Δ͜ͱ͔Βɺ؍ଌऀʹͱͬͯ࠷΋ྑ࣭ͳॏྗ೾

ઃதͷݐΘΕ͍ͯΔɻ೔ຊͰݴͱݯ KAGRA΋࿈੕தੑࢠ੕͔Βͷॏྗ೾ͷ؍ଌΛ໨͍ͯ͠ࢦΔɻͪͳΈʹɺ

࿈੕தੑࢠ੕ͷ߹ମ͸ɺ1ͭͷۜՏ಺Ͱ͓Αͦ 1ສ೥͔Β 10ສ೥ʹ 1ճ͜ىΔͱ༧૝͞Ε͍ͯΔɻKAGRA

ΛؚΜͩୈೋੈ୅ܕॏྗ೾ݕग़ثͷ࠷ऴ໨ඪײ౓͕ୡ੒͞ΕΔ͜ͱʹΑΓɺ஍͔ٿΒ໿ 300MpcҎ಺ͷڑ཭

·Ͱͷ࿈੕தੑࢠ੕ͷ߹ମ͕ݕग़ՄೳͱͳΔͱ͢Δͱɺͦͷ൒ܘ಺ʹ͋ΔۜՏͷ਺Λྀͯ͠ߟɺ೥ؒ 10ʙ100

ճఔ౓ͷ؍ଌ͕ࠐݟΉ͜ͱ͕Ͱ͖ΔͷͰ͋Δɻ·ͨɺيಓ൒ॖ͕ܘ·Δʹ࿈Εͯৼ෯ͱप೾਺͕ঃʑʹେ͖͘

ͳΔͷ͕ಛ௃Ͱ͋Δ೾ܗͷ͜ͱΛνϟʔϓ೾ܗͱ͕͏ݴɺ࿈੕ͷ߹ମલޙͰɺॏྗ೾ͷ೾ܗ͸ͦͷνϟʔϓ೾

ͷܘ੕ͷ൒ࢠதੑ͕ܘಓ൒ي੕ͷ߹ମͷ৔߹Ͱ͸ɺࢠ΁ͱมԽ͢Δɻྫ͑͹ɺ࿈੕தੑܗ༗ͷ೾ݻΒ߹ମ͔ܗ

ਤ 5 ࿈੕தੑࢠ੕ͷ߹ମલޙʹ͓͍ͯൃੜ͢Δॏྗ೾ͷ༧૝೾ܗ,ɹҪ্Ұ΄͔ʮӉ஦ͷ؍ଌ� Τߴ−
ωϧΪʔఱจֶγϦʔζݱ୅ͷఱจֶୈ ʯ(2008)ר17 p233ΑΓ

2ഒ (20-25 km)ఔ౓ʹ·ͰॖΜͩ࣌ͱ͖ʹνϟʔϓ೾͕ܗऴΘΓɺͦͷ͔ޙΒ߹ମݻ༗ͷॏྗ͕์ग़͞Ε࢝

ΊΔͱ͑ߟΒΕΔ (ਤ 5)ɻ·ͨɺԁيಓʹ͋Δ࿈੕தੑࢠ੕͔Β์ࣹ͞ΕΔॏྗ೾ͷप೾਺͸࣍ͷΑ͏ʹॻ͚
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Δ͕ࣄ෼͔͍ͬͯΔɻM ͸ 2ͭͷதੑࢠ੕ͷ߹ྔܭɺM⊙ ͸ଠཅ࣭ྔɺr ͸يಓ൒ܘΛද͍ͯ͠Δɻ

f =
1

π

√
GM

r3
= 10.5(

M

2.8M⊙
)

1
2 (

r

700 km
)−

3
2 (85)

ैͬͯɺνϟʔϓ೾ܗͷߴ࠷प೾਺͔Βதੑࢠͷ൒ܾ͕ܘఆͰ͖ΔɻҎ্ʹड़΂͖ͯͨͷ͸஍্ͷॏྗ೾ݕग़

ݯىͰ͋ΔɻӉ஦࿦ݯͷॏྗ೾ݯى଴͞Ε͍ͯΔఱମظଌ͕؍Ͱث (ϏοάόϯɺΠϯϑϨʔγϣϯɺ૬సҠɺ

Ӊ஦ͻ΋౳)ͷ௿प೾ଳ (10HzҎԼ)ͷॏྗ೾ʹ͍ͭͯ͸஍্ͷॏྗ೾ݕग़ثͰ؍ଌ͢Δͷ͸ඇৗʹࠔ೉Ͱ͋

ΔɻͦͷݪҼͷҰͭͱͯ͠ɺ௿प೾਺ଳͰࢧ഑తͳ஍໘ৼಈ͕ɺಉ͘͡௿प೾਺ଳͷӉ஦࿦ݯىͷॏྗ೾ͷ؍

ଌΛ๦͛ͯ͠·͏͜ͱ͕͛ڍΒΕΔɻͦ͜Ͱɺຊ࿦จͰ͸ৄ͘͠ड़΂ͳ͍͕ɺ௿ि਺ଳͷॏྗ೾ʹ͍ͭͯ͸஍

໘ৼಈͷͳ͍Ӊ஦ۭؒͰ؍ଌΛܭ͏ߦը (Ϥʔϩούͷ LISAɺ೔ຊͷ DECIGO)͕ਐΊΒΕ͍ͯΔɻ
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2 ॏྗ೾ݕग़ث

͜ͷষͰ͸ɺલষͰड़΂ͨॏྗ೾Λ࣮؍ʹࡍଌ͢Δํ๏ɺॏྗ೾ݕग़ثʹ͍ͭͯड़΂Δɻ࠷ॳʹؒ઀తͳॏ

ྗ೾؍ଌͷྫʹ͍ͭͯهड़ͨ͠ͷͪɺࡏݱࠓɺ௚઀؍ଌʹݐʹࡍ࣮͚ͯ޲ઃ͞Ε͍ͯΔॏྗ೾ݕग़ثʹ͍ͭͯ

঺հ͍ͯ͘͠ɻ

2.1 ॏྗ೾ͷؒ઀త؍ଌ

ॏྗ೾ͷ௚઀ݕग़͸ະͩୡ੒͞Εͯ͸͍ͳ͍͕ɺؒ઀తʹ͸طʹͦͷଘࡏ͸ূ໌͞Ε͍ͯΔɻͦΕ͸ɺ1974

೥ɺΞϝϦΧͷఱจֶऀϥοηϧɾϋϧεͱδϣθϑɾςʔϥʔʹΑΓൃ͞ݟΕͨ࿈੕ύϧαʔʹΑΔ΋ͷͰ

͋Δɻ࠷ॳʹൃ͞ݟΕͨ࿈੕ύϧαʔ͸ PSRB1913+16ͰɺΞϨγϘʹ͋Δ 305mͷి೾๬ԕڸʹΑΔύϧ

αʔ୳ࠪͰ͚ͭݟΒΕͨɻύϧαʔͱ͍͏ͷ͸ߴ଎౓Ͱճస͍ͯ͠Δதੑࢠ੕ͷ͜ͱͰ͋Δ (ਤ 6)ɻதੑࢠ੕

ਤ 6 ύϧαʔ

͸࣓͍ڧ৔Λ΋͓ͬͯΓɺͦͷ࣓͔ۃΒి೾ͷϏʔϜ͕ग़͍ͯΔɻ࣓ۃ͸ճస͔࣠ΒͣΕ͓ͯΓɺճసͷͨͼ

ʹϏʔϜ͕Ӊ஦ۭؒΛ౮୆ͷΑ͏ʹরΒ͢ɻ͜ͷͱ͖ɺϏʔϜͷํ͕޲஍ٿʹ͋ͨΔ৔߹ɺपظతʹి೾ͷύ

ϧεΛड͚औΔΑ͏ʹ͑ݟΔ͜ͱ͔Βɺύϧαʔͱݺ͹Ε͍ͯΔɻύϧεͷपظ͸ͱͯ΋҆ఆ͍ͯ͠ΔͨΊɺ

ύϧͨ͠ݟͱͯ͠΋༻͍Δ͜ͱ͕Ͱ͖Δɻ͔͠͠ɺϋϧεͱςʔϥʔ͕ൃܭ࣌ͱಉ౳ͷਫ਼౓ͷྑ͍ܭ࣌ࢠݪ

αʔʹ͸ɺΘ͔ͣʹ (4ϛϦඵఔ)ɺͦͷप͕ظ௕͘ͳͬͨΓ୹͘ͳͬͨΓͱ͍ͬͨύϧεִؒͷมಈ͕֬ೝͰ

͖ͨɻ͜Ε͸ɺ؍ଌ͞Εͨύϧαʔʹ͸൐੕͕͋Δͱ͍͏͜ͱΛ͍ࣔͯ͠Δɻͭ·Γɺ؍ଌ͞Εͨύϧαʔ͕

ൃࣹ͢Δنଇਖ਼͍͠ύϧεͷ͕ྻܥ࣌ɺيಓӡಈ΍൐੕ͷॏྗ৔ͷӨڹΛड͚͍ͯΔͷͰ͋Δɻ͜ͷޮՌʹ͸

൐੕ͷ࣭ྔ͕ओʹ͍ؔͯ͠܎Δ͕ɺ߹ྔ࣭ܭ΋ΏΔ΍͔ʹޮ͍ͯ͘Δɻͦ͜Ͱɺۙ੕఺Ҡಈͷؔࣜ܎ͱ࿈ཱ͠

ͯղ͘͜ͱʹΑΓɺύϧαʔͱ൐੕͕ͲͪΒ΋ଠཅ࣭ྔͷ໿ 1.4ഒͷ࣭ྔΛ΋ͭͱܾఆ͞Εͨ (ਤ 7)ɻ͜ͷͱ

ͷޙଌΛଓ͚ͨ݁Ռɺ5೥؍ʹɺ͞Βޙ੕ͱਪఆ͞Ε͍ͯΔɻͦͷࢠଌ͞Εͨ࿈੕ύϧαʔ͸ɺ࿈੕தੑ؍͖

1979೥ɺ࿈੕தੑࢠ੕ͷيಓप͕ͩظΜͩΜ୹͘ͳ͍ͬͯΔ͜ͱΛςʔϥʔ͸ൃͨ͠ݟɻ͜Ε͸ɺॏྗ೾์

ग़ʹΑΔ൓࡞༻Ͱيಓ͕ऩॖ͠ɺެసप͕ظ୹͘ͳͬͨ͜ͱʹىҼ͍ͯ͠ΔͷͰ͸ͳ͍͔ͱ༧૝͞Εͨɻͦ͠
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ਤ 7 ૬ର࿦తޮՌͱύϧαʔٴͼ൐੕ͷ࣭ྔͷؔ܎ɺɹҪ্Ұ΄͔ʮӉ஦ͷ؍ଌ�−ߴΤωϧΪʔఱจ
ֶγϦʔζݱ୅ͷఱจֶୈ ʯ(2008)ר17 p230ΑΓ

ͯ, ެసपظͷݮগ཰Λ؍ଌͨ݁͠ՌɺҰൠ૬ରੑཧ࿦ͷެ͔ࣜΒ͞ࢉܭΕͨཧ࿦஋ͱҰக͢Δ͜ͱ͕ࣔ͞Ε

ͨɻ͜ΕʹΑΓɺؒ઀తʹ͕ͩɺॏྗ೾ͷଘ͞໌ূ͕ࡏΕͨͷͰ͋Δɻ1993೥ʹ͸ɺ͜ͷۀ੷͕ೝΊΒΕɺϋ

ϧεͱςʔϥʔ͸ϊʔϕϧ৆Λड৆ͨ͠ɻ

·ͨɺۙ೥Ͱ΋ؒ઀తʹॏྗ೾ͷଘ͕ࣔ͞ࡏΕͨͷͰ͸ͳ͍͔ͱݴΘΕͨ؍ଌྫ͕͋ͬͨɻࡢ೥ͷ 2014೥

3݄ 17೔ɺΞϝϦΧͷϋʔόʔυେֶ΍ΧϦϑΥϧχΞ޻ՊେֶΛத৺ͱͨ͠ BICEP2ͷڀݚάϧʔϓ͕ೆ

ݪͷݯىΛ༻͍ɺϏοΫόϯӉ஦஀ੜલ͔Β΍͖ͬͯͨॏྗ೾ɺӉ஦࿦ڸઃஔ͞ΕͨϚΠΫϩ೾ి೾๬ԕʹۃ

ଌͨ͠ͱൃදͨ͠؍ॏྗ೾Λ࢝ [2]ɻ͜ͷൃݟ͸ϏοΫόϯӉ஦ͷૅجͱͳΔΠϯϑϨʔγϣϯཧ࿦Λཪ෇͚

Δ΋ͷͰ͋Δͱ͞Εɺ೔ຊΛؚΊͨੈքதͰใಓ͞Εͨ͜ͱ͸ࣗ਎ͷهԱʹ΋৽͍͠ɻઌ΄Ͳͷϋϧεͱςʔ

ϥʔͷ؍ଌྫͰ͸࿈੕தੑࢠ੕ͷيಓप͔ظΒؒ઀తʹॏྗ೾Λൃ͕ͨ͠ݟɺBICEP2Ͱ͸ɺ࢝ݪॏྗ೾͕Ӊ

஦ͷ੖Ε্͕Γ࣌ʹ஀ੜͨ͠ޫ (Ӊ஦ϚΠΫϩ೾എࣹ์ܠ)ʹରͯͨ͠͠࢒ʠBϞʔυʡͱ͍͏ภޫύλʔϯ

Λൃ͠ݟɺؒ઀తʹॏྗ೾͕؍ଌ͢ΔखஈΛͱͬͨɻBϞʔυʹ͍ͭͯ΋͏গͯ͠ݟΈΑ͏ɻ

ΠϯϑϨʔγϣϯཧ࿦ʹΑΔͱɺϏοάόϯҎલʹӉ஦͕ܹٸʹ๲ு͢ΔΠϯϑϨʔγϣϯͱ͍͏ݱ৅͕ى

͜ΔͱͦͷӨڹʹΑΓॏྗ೾͕ੜ੒͞ΕΔɻͦΕ͸എܠॏྗ೾ͱݺ͹Εͯࡏݱࠓ΋Ӊ஦ʹଘ͠ࡏଓ͚͓ͯΓɺ

Ӊ஦஀ੜ͔Β໿ 38ສ೥ޙʹੜ·ΕͨӉ஦ϚΠΫϩ೾എࣹ์ܠʹ΋ӨڹΛٴ΅͢ɻӉ஦ϚΠΫϩ೾എࣹ์ܠ͸

ޫͰ͋ΔͨΊɺਐ޲ํߦͱ௚֯ํ޲ʹৼಈ໘Λ΋ͭԣ೾ͱͳΔɻ͜͜ʹɺॏྗ೾͕ՃΘΔͱɺBϞʔυͱݺ͹

ΕΔৼಈ໘͕Ӕ͖רঢ়ʹͳΔύλʔϯ͕ݱΕΔɻ͜ͷΠϯϑϨʔγϣϯͷࠟ੻Ͱ΋͋Γॏྗ೾ͷࠟ੻Ͱ͋Δͱ

͞ΕΔ BϞʔυΛ BICEP2͸؍ଌͨ͠ (ਤ 8)ɻBICEP2ͷൃදͨ͠ਤ͔Β͸ɺӔ͖רঢ়ͷύλʔϯ͕ݟड͚

ΒΕΔͷ͕෼͔Δɻൃݟ౰ॳɺ͜ͷ؍ଌ݁Ռ͸࢝ݪॏྗ೾ͷূڌͰ͋Δͱ͞Ε͍ͯͨͷ͕ͩɺͦͷ͔͍ͭ͘ޙ

ͷٙ໰఺্͕͕Γɺ2015೥ 1݄ 30೔ɺԤभӉ஦ؔػ (ESA)ͳͲͷڀݚࡍࠃνʔϜ͕͜ΕΒͷൃද͸ޡΓͰ

͋ͬͨͱൃදͨ͠ɻBICEP2ʹΑΔ BϞʔυͷ؍ଌ͸ਤ 8͔Β΋෼͔ΔΑ͏ʹ͔֬ͳ࣮ࣄͰ͋ΔɻͰ͸ɺͳ

ͥɺࠓճͷ݁Ռ͕ॏྗ೾ͷࠟ੻Ͱ͸ͳ͔ͬͨͷ͔ͱ͏ݴͱɺͦΕ͸ BϞʔυͷൃੜݪҼʹؔ͢܎Δɻ࣮͸ B

ϞʔυͷൃੜݪҼ͸࢝ݪॏྗ೾͚ͩͰ͸ͳ͘ɺগͳ͘ͱ΋ଞʹ 2ͭީิ͕͋ΓɺҰͭ͸ఱମͷ͍ڧॏྗͰޫ͕
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ਤ 8 BICEP2 ʹΑΔӉ஦ϚΠΫϩ೾എࣹ์ܠͷภޫ B Ϟʔυͷ؍ଌ, ɹ P. A. R. AdeK ΄

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

͍༺ΒΕΔʠॏྗϨϯζޮՌʡɺ΋͏Ұͭ͸ʠۜՏͷਖͷޮՌʡͱͳΔɻ͜ͷ݅ʹؔͯ͠ɺPlanckӴ੕Λ͛ۂ

ճͷࠓՌɺ݁ͨ͠౼ݕͱͰਅِͷ΄ͲΛ͜͏ߦಉղੳΛڞνʔϜͱͷڀݚଌ͢Δ؍ॏྗ೾Λࢠݪͯ BϞʔυ

͸࢝ݪॏྗ೾ͷӨڹͰ͸ͳ͘ɺۜՏͷਖͷޮՌʹΑΔ΋ͷͰ͋Δͱ͍͏݁࿦ͱͳͬͨɻۜՏͷਖ͸࣓৔ͷӨڹ

Ͱ͕͖ͦ޲Ζ͏ͨΊɺͦͷਖͰ൓ࣹ͢Δޫͷ೾ͷৼಈํ޲΋ͦΖͬͯภޫ͠ BϞʔυ͕ݱΕΔɻ͜ͷۜՏͷ

ਖʹΑΔӨڹ͸஍্ٿͷͲͷ৔ॴͰ΋͜ىΔ΋ͷͰআ͢ڈΔ͜ͱ͸͍ͨ͠ݫΊɺޙࠓ͸Ӊ஦ۭؒͳͲɺΑΓਖ

͕গͳ͍ۭؒͰͷ؍ଌ͕ظ଴͞Ε͍ͯΔɻࠓճൃ͞ݟΕͨ BϞʔυ͸ࢠݪॏྗ೾ͷࠟ੻Ͱ͸ͳ͍ͱ͍͏݁࿦

ʹͳ͕ͬͨɺࢠݪޙࠓॏྗ೾ʹΑΔ BϞʔυ͕ൃ͞ݟΕΕ͹ɺॳظӉ஦ͷཧ࿦ʹର͠େ͖ͳӨڹΛ༩͑Δ͜

ͱʹͳΔͩΖ͏ɻ

2.2 ثग़ݕܕܭবׯΞϯςφͱܕ໐ڞ

ॏྗ೾Λݕग़͢Δʹ͸ɺ2ͭͷ࣭఺ͱͦͷ૬ରతͳڑ཭ (·ͨ͸଎౓)Λଌఆ͢Δ૷ஔ͕͋Ε͹ྑ͍ɻࡏݱ·

ͰͰ૷ஔ͸େ͖͘෼͚ͯ 2छྨ͋ΓɺҰͭ͸࣭఺͕ݻఆ͞Εͨڞ໐ܕΞϯςφɺ΋͏Ұͭ͸࣭఺͕ϑϦʔͷঢ়

ଶ (ϑϦʔϚεͱ͏ݴ)ͷׯবݕܕܭग़ثͰ͋Δɻ

ɾڞ໐ܕΞϯςφ

ۚଐͰͰ͖ͨେ͖ͳڞৼମ Λثग़ݕΕΔɻͦͷ͞ىৼৼಈΛྭڞ͸ॏྗ೾ʹΑͬͯͦͷ(ثग़ݕ) 2ͭ༻ҙ͠ɺ

ॏྗ೾Ҏ֎ͷݪҼͰ྆ݕग़͔ثΒಉ͡৴߸͕ग़ͯ͜ͳ͍Α͏ʹ 2ͭΛ཭Εͨ৔ॴʹઃஔ͢Δɻͦͷࡍɺ2఺Ͱ

ಉڞʹ࣌ৼৼಈɺ৴߸͕؍ଌ͞ΕͨΒɺॏྗ೾Λ؍ଌͰ͖ͨͱ͍͏͜ͱʹͳΔɻ͜ͷݕग़ํ๏Ͱ͸ɺ໨తͷॏ

ྗ೾ͷप೾਺ʹ߹Θͤͯڞৼମͷڞৼप೾਺Λௐ੔͍ͯ͘͜͠ͱͰݕग़ײ౓Λ্͛Δ͜ͱ͕Ͱ͖Δɻڞ໐ܕΞ

ϯςφΛ༻͍ͨ࠷΋୅දతͳ؍ଌ͸ɺ1960೥୅ʹ΢Σʔόʔ (J. Weber)ʹΑͬͯߦΘΕͨ (ਤ (9))ɻ͜ͷ࣌

༻͍ΒΕͨۚଐ͸ɺॏ͞ 1.4 tɺڞৼप೾਺ 1.66 kHzΛ΋ͭΞϧϛͷԁபͰ͋ΔɻΞϧϛͷதԝʹ͸ѹిૉࢠ

(ϐΤκૉࢠ)͕औΓ෇͚ΒΕ͓ͯΓɺॏྗ೾ʹΑͬͯΞϧϛͷ৳ॖ͕͖ىΔͱɺͦͷ࿪Έ͕ϐΤκʹΑͬͯి

ԻͰ͋ΓɺࡶΔͷ͸ओʹ೤͍ͯ͠ݶ౓Λ੍ײΞϯςφͷܕ໐ڞ૊Έͱͳ͍ͬͯΔɻ͜ͷ࢓৴߸ʹม͑ΒΕΔؾ

਺܎౓ͷվળʹ͸ɺ௿Թʹ͢Δ͜ͱ΍ۚଐͷ೤ଛࣦײ Q஋ (೤ͷಀ͛΍͢͞Λࣔ͢܎਺)Λ͘͢ߴΔͱ͍͏ํ

๏͕͋Δɻ΢Σʔόʔͷ࣮ݧͰ͸ॏྗ೾͕؍ଌ͞Εͨͱ͞Ε͍ͯΔ͕ɺະͩূݕ͸Ͱ͖͍ͯͳ͍ɻ͜ͷ࣌༻͍

ΒΕͨڞ໐ܕΞϯςφ͸ࡏݱɺΞϝϦΧͷεϛιχΞϯത෺ؗʹͯలࣔ͞Ε͍ͯΔɻ
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ਤ 9 ΢Σʔόʔઌੜͱਅۭ૧ʹೖͬͨڞ໐ܕΞϯςφ (तڭఱจ୆໊༪ཱࠃࠀӨɿ౻ຊᚸࡱ)

ɾׯবݕܕܭग़ث

ϨʔβʔׯবܭΛ༻͍ͯ 2ͭͷ࣭఺ (ϑϦʔϚε)ؒͷ૬ରతͳڑ཭Λଌఆ͠ɺॏྗ೾Λݕग़͢Δํ๏Ͱ͋Δɻ

ثग़ݕͷଟ͘͸͜ͷํ๏Λ༻͍͓ͯΓɺ೔ຊͷॏྗ೾ثग़ݕͷॏྗ೾ࡏݱ KAGRA΋ׯবܕܭͰ͋Δɻׯব

ܭবׯཧΛؚΊɺݪͷܭবׯͱ͍͏΋ͷΛ༻͍͍ͯΔɻMichelsonܭবׯ͸ɺMichelsonʹૅجͷثग़ݕܕܭ

અҎ߱Ͱৄ͘͠આ໌͍ͯ͘͠ɻ࣍͸͍ͯͭʹثग़ݕܕ

ཧΛ༻͍ͯి೾Ͱଌఆ͢ΔʠDopplerݪҎ֎ʹ΋ɺ2ͭͷϑϦʔϚεؒͷ૬ରతͳ଎౓ΛυοϓϥʔޮՌͷه্

trackingʡͱ͍͏ํ๏͕͋Δɻ͜ͷํ๏Ͱ͸ɺยํͷ࣭఺ʹ͸஍ٿΛɺ΋͏ยํʹ͸Ӵ੕΍Ӊ஦ધͳͲΛ༻͍

Δɻ͜Ε͸ಛʹӉ஦࿦ݯىͷ௿प೾ଳͷॏྗ೾ݕग़ʹྑ͍ͱ͞Ε͍ͯΔɻ

2.3 ثग़ݕܕܭবׯ

2.3.1 Michelsonׯবܭ

ॏྗ೾ͷ؍ଌ૷ஔͱͯ͠ࡏݱଟ͘ͷؔػͰ༻͍ΒΕ͍ͯΔͷ͸ׯবܕܭॏྗ೾ݕग़ثͰ͋Γɺͦͷૅجͱͳ

Δͷ͕MichelsonׯবܭͰ͋Δ (ਤ 10)ɻ͜ͷ࣮ݧ૷ஔ͸ΞϝϦΧͷϚΠέϧιϯͱϞʔϨΠͱ͍͏̎ਓͷए

͍ՊֶऀʹΑΓͭ͘ΒΕͨɻ౰ॳ͸ॏྗ೾Λଊ͑ΔͨΊͷ΋ͷͰ͸ͳ͘ɺ೾Λ఻͑Δഔ࣭ʮΤʔςϧʯͱ͍͏

ଘࡏΛ؍ଌ͢ΔͨΊʹ༻͍ΒΕ͍ͯͨɻϚΫε΢Σϧͷిֶ࣓ؾͷొ৔ʹΑΓޫͷෆมੑ͕ࣔ͞Ε͕ͨɺͦΕ

͸ɺ౰࣌ओྲྀͩͬͨχϡʔτϯྗֶͷ͑ߟʹ൓͢Δ΋ͷͩͬͨɻΤʔςϧ͸ɺχϡʔτϯྗֶͱϚΫε΢Σϧ

ͷిֶ࣓ؾͷؒͰ͖ͦͨىͷໃ६Λղܾ͢ΔͨΊʹ͑ߟग़͞ΕͨɺԾ૝తͳഔ࣭ͷ͜ͱͰ͋Δɻͦͯ͠ɺ൴Β

͸͜ͷ૷ஔΛ༻͍ʮ஍ٿͷӡಈ͕ޫ଎ʹӨڹΛ༩͑Δ͔ʯͱ͍͏ૅجత໰୊ʹऔΓ૊Έɺ1887೥ʹʮ੩ࢭΤʔ

ςϧʹର͢Δ஍ٿͷӡಈͷޮՌ͸ͳ͍ʯͱ͍͏ΤʔςϧͷଘࡏΛ൱ఆ͢Δ݁ՌΛ࣮ূͨ͠ɻ͜Ε͸ɺϚΫε

΢Σϧͷޫ଎ͷෆมੑ͕ਖ਼͍͜͠ͱΛ͓ࣔͯ͠Γɺͭ·Γχϡʔτϯྗֶʹमਖ਼͕ඞཁͰ͋Δ͜ͱΛࣔͨ͠ɻ

͜Ε͸ޙͷΞΠϯγϡλΠϯͷ૬ରੑཧ࿦Λޙԡ͢͠Δ࣮ݧͱͳͬͨɻ

Michelson ͸ਤܭবׯ 10 ͷΑ͏ʹɺ1 ͭͷϨʔβʔݯͱ 3 ͭͷϛϥʔɺͦͯ͠ 1 ͭͷޫݕ೾ث (ϑΥτ

σΟςΫλʔ)͔ΒͳΔɻϨʔβʔ͔ݯΒग़ͨϨʔβʔޫ͸ 45౓ͷ͖܏ʹஔ͔Εͨ൒ಁ໌ڸ (ϏʔϜεϓϦο
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ਤ 10 Michelsonׯবܭ

λʔ) ʹΑ͍ͬͯޓʹਨ௚ͳ 2 ͭͷޫઢʹ෼͚ΒΕΔɻ͜ͷͱ͖ɺϨʔβʔޫͷޫྔ͸൒ʑʹ౳͘͠෼͚Β

Ε͍ͯΔͱ͢Δɻ෼͚ΒΕͨ 2 ͭͷޫ͸ߦઌʹ͋Δ֤ϛϥʔͰͦΕͧΕ൓ࣹ͞ΕϏʔϜεϓϦολʔ·Ͱ໭

Γɺ࠶ͼ 1ͭͷޫʹͳΔɻͦͯ͠ɺ݁࠶߹͞Εͨޫ͸ϑΥτσΟςΫλʔʹΑΓݕ೾͞ΕΔ͜ͱͱͳΔɻ͜ͷ

ɺ෼͚ΒΕͨ࣌ 2ͭͷޫͷԟ෮࿏ͷ௕͞ʹ͕ࠩ͋Δ৔߹ (l1 ̸= l2)ɺͭ·Γɺޫ࿏͕ࠩ͋Δ৔߹ɺׯবࣶ (৴߸)

߹Δͱɺޫ࿏͕ࠩͳ͍৔͑׵͍ݴଌ͞ΕΔɻ؍͕ (l1 = l2)͸৴߸͕ݟΒΕͳ͍ͱ͍͏͜ͱͰ͋ΔɻͪͳΈʹ

ϏʔϜεϓϦολʔ͔Βϛϥʔ 1(·ͨ͸ϛϥʔ 2)·Ͱͷ෦ҐΛׯবܭͷ࿹ͱ͍ݴɺͦͷ௕͞ͷ͜ͱΛׯবܭ

ͷʠجઢ௕ʡ·ͨ͸ʠ࿹ͷ௕͞ʡͱݺͿɻ

ਤ 11 MichelsonׯবܭʹΑΔ৴߸ݕग़
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͜͜Ͱɺ࣮ ΈΑ͏ɻ·ͣɺ྆ͯݟͷ࿹Λಈ͔ͯͦ͠ͷԠ౴ΛܭবׯMichelsonʹࡍ ࿹ͷ௕͕͞౳͍͠Michelson

཭ڑΛ༻ҙ͠ɺਤͷΑ͏ʹย࿹͚ͩܭবׯ xมԽͤ͞Δͱ͢Δɻ͜ͷׯবܭʹҎԼͷి৔Λͭ࣋ϨʔβʔޫΛ

ೖࣹͤ͞Δɻ

Ein = E0e
iΩt (86)

͜ͷϨʔβʔޫΛϏʔϜεϓϦολʔͰ 2෼ׂ͠ɺͦΕͧΕϛϥʔ 1,2ʹরࣹ͢Δͱɺͦͷ൓ࣹޫ͸ͦΕͧΕ

ҎԼͷࣜͷΑ͏ʹप೾਺ (Ґ૬)γϑτΛड͚Δɻ͜͜Ͱɺφ = 2LΩ
c ͸ޫ͕௕͞ Lͷڞৼث಺Λԟ෮͢Δ͜ͱ

ʹΑΓ͜ىΔҐ૬มԽͰ͋Γɺx࣠ํ޲͸௕͕͞ L+ xͳͷͰ͞Βʹ௕͞ x෼ͷҐ૬มԽ͕͖ىΔɻ

E1 =
E0√
2
ei(Ωt−φ− 2xΩ

c ) (87)

E2 =
E0√
2
ei(Ωt−φ) (88)

͜ͷΑ͏ʹϨʔβʔޫ͸෺ମʹরࣹ͢Δ͜ͱͰҐ૬γϑτΛड͚Δɻͦͯ͠ɺ͜ΕΒͷҟͳΔి৔Λ΋ͭͦΕ

ͧΕͷϛϥʔ͔Βͷ൓ࣹޫΛϏʔϜεϓϦολʔ্Ͱ࠶ͼׯবͤ͞Δ͜ͱͰɺ྆ऀͷࠩͷप೾਺ͱ࿨ͷप೾਺

Λ΋ͭޫ͕ൃੜ͢Δɻ͜ͷൃੜͨ͠ޫ͸ʮޫϏʔτʯͱݺ͹ΕɺࠓճͷΑ͏ʹप೾਺ͷҟͳΔޫಉ࢜ΛॏͶ߹

ΘͤΔͱͦͷप೾਺ࠩʹԠͯ͡ੜ͡ΔޫͷᄬΓͷ͜ͱͰ͋Δɻ͜ͷޫϏʔτ͸ϑΥτσΟςΫλʔͰޫڧ౓

ͷมԽ (ޫͷ໌҉)ͱͯ͠ݕग़͞ΕΔɻ͔͠͠ɺޫͷप೾਺͸਺ඦTHzͱඇৗʹߴप೾ (KAGRA౳Ͱ༻͍Δ

1064 nmͷ YAGϨʔβͩͱ 300THz)Ͱ͋ΓɺϑΥτσΟςΫλʔ౳ͷ O/E มث׵ (ޫ৴߸Λిؾ৴߸ʹ

ม͢׵Δ૷ஔ)Ͱ͸਺ 100THzʹͳΔ࿨ͷप೾਺ͷ৴߸Λ௚઀ిؾ৴߸ʹมؾి͠׵ճ࿏Ͱ৴߸ॲཧ͢Δ͜ͱ

͸Ͱ͖ͳ͍ɻͦͷͨΊɺ࣮ࡍ͸ޫͷࠩͷप೾਺ͷΈΛޫͷڧ౓৴߸ͱͯ͠ݕग़͢Δ͜ͱʹͳΔɻࠓɺग़ྗ͞Ε

ΔϨʔβʔޫͷి৔͕ɺ

Eout =
E0√
2

(
ei(Ωt−φ) − ei(Ωt−φ− 2xΩ

c )
)

(89)

Ͱ͋Δͱ͢ΔͱɺϑΥτσΟςΫλʔͰݕग़͞ΕΔޫͷڧ౓͸ҎԼͷΑ͏ʹͳΔɻ

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)

্͔ࣜΒɺޫͷڧ౓ʹ͸ׯবͤͨ͞ 2ͭͷޫͷप೾਺ࠩͷ৴߸੒෼ؚ͕·Εɺׯবࣶ͕ݱΕΔ͜ͱ͕໌֬ͱͳ

ΔɻͪͳΈʹׯবࣶ͸ɺҐ૬γϑτ 2xΩ
c Λ φ− ͱ͠ɺׯবࣶͷ໌ࣶΛ Pmaxɺ҉ࣶΛ Pmin ͱ͢Δͱɺ

Pout =
Pmax + Pmin

2
− Pmax − Pmin

2
cos(φ−) (91)

ͱද͢͜ͱ͕Ͱ͖Δɻ·ͨɺׯবࣶͷίϯτϥετ͸ɺ

C ≡ Pmax − Pmin

Pmax + Pmin
(92)
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ͱͳΔɻͪͳΈʹ͜ͷΑ͏ʹࠩಈ৴߸Λநग़͢ΔϙʔτΛ ASϙʔτɺϨʔβଆΛϒϥΠτϙʔτͱݺͿɻׯ

বܭͷ྆࿹ͷ௕͕͞શ͘౳͍͠ͱ͖͸ɺޫ͸ϒϥΠτϙʔτଆʹ໭Γ AS ϙʔτଆʹ͸ޫ͕ग़ͯ͜ͳ͍ͷͩ

͕ɺ͜ͷঢ়ଶΛϚΠέϧιϯׯব͕ܭμʔΫϑϦϯδʹ͋Δͱ͍͏ɻٯʹ΄ͱΜͲͷޫ͕ AS ϙʔτଆʹग़

ͯ͘Δঢ়ଶ͸ϒϥΠτϑϦϯδͱݺͼɺϒϥΠτϑϦϯδͱμʔΫϑϦϯδͷதؒঢ়ଶΛϛουϑϦϯδͱ

ɻ͏ݴ

ʹڸͷܭবׯ৔߹͸ɺ͏ߦΛݧͷ࣮͜ʹࡍ࣮ PZT ౳ͷΞΫνϡΤʔλثػΛ͚ͭͯ࿹ͷ௕͞Λม͑Δ͜

ͱͰҐ૬γϑτΛ͢͜ى౳͕͑ߟΒΕΔɻॏྗ೾ʹΑͬͯ෺ମ (ࣗ༝࣭఺)ؒͷڑ཭͕มΘΔ৔߹΋ɺಉ༷ʹ

ϨʔβʔޫͷҐ૬γϑτ͕͜ىΔͷͰɺॏྗ೾ͷ৴߸ΛಘΔ৔߹΋Ҏ্ͷΑ͏ʹͯ͠ޫͷڧ౓৴߸Λݕग़͢Ε

͹ྑ͍͜ͱ͕෼͔Δɻ

2.3.2 ॏྗ೾ͷ৴߸ͱ࠷దͳجઢ௕

ͦΕͰ͸ɺ࣮ࡍʹMichelsonׯবܭʹॏྗ೾͕΍͖ͬͯͨͱ͠Α͏ɻৼ෯ hͷॏྗ೾͸ׯবܭͷ௕͞ Lͷ

࿹Λ Lh͚ͩมԽͤ͞Δɻ͜ͷجઢ௕ͷ௕͞ͷมԽ͕ॏྗ೾ͷ৴߸ͱͯ͠ݕग़͞ΕΔͷͰ͋Δɻͭ·Γɺׯব

ͷ࿹ܭ ௕͍΄Ͳॏྗ೾ͷ৴߸͕େ͖͘ͳΔͱ͏͜ͱͰ͋Δɻ͔͠͠ɺ࿹͕௕͗͢ΔͱҰԟ෮ͷ͕ؒ(ઢ௕ج)

ʹॏྗ೾ͷӨ͕ڹ૬ͯ͠͠ࡴ·͍৴߸͕ͯͬ͠ݮ·͏ɻ·ͨɺ஍ٿ͸ؙ͍ͷͰɺ෺ཧతʹ௚ઢڑ཭ʹ͸ݶք͕

͋ΔɻҎԼɺप೾਺ͷԠ౴ؔ਺͔Βɺॏྗ೾ͷ೾௕ͱ࠷దͳجઢ௕ͷؔ܎Λಋ͍ͯΈΑ͏ɻ·ͣɺॏྗ೾ʹΑ

ΔҐ૬มԽΛٻΊΔɻx্࣠Λԟ෮͢Δޫ (֯प೾਺ Ω)Λ͑ߟΔɻ͜͜Ͱɺॏྗ೾ͷҐ૬Λ h(t)ɺׯবܭͷ

ઢ௕͸ج Lͱ͢Δɻ4ݩ࣍ઢૉͷࣜΑΓɺ

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

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

͜͜Ͱɺ྆ลΛͦΕͧΕੵ෼͠ h(t)ͷ Δͱɺྀ͢ߟͷޮՌ·Ͱ࣍1

δt =
2L

c
+

1

2

∫ t

t− 2L
c

h(t)dt (95)

͞Βʹɺ֯प೾਺ ΩͷޫΛྀ͢ߟΔͱɺҐ૬มԽ͸ҎԼͷΑ͏ʹͳΔɻ

∆Φ =
2LΩ

c
+

Ω

2

∫ t

t− 2L
c

h(t)dt (96)

͜ͷ࣌ɺΩ
2

∫ t
t− 2L

c
͕ॏྗ೾ʹΑΔҐ૬มԽΛද͍ͯ͠Δɻ͜͜ͰɺҎԼͷΑ͏ʹϑʔϦΤม׵Λ͏ߦͱɺ

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 ͷ෦෼͕ॏྗ೾ͷԠ౴ؔ਺ʹ͋ͨΔɻԠ౴ؔ਺ΑΓɺॏྗ೾ͷ೾௕ͱ࠷దͳج

ઢ௕ͷ௕͞ͷؔ܎͸ɺ

L =
λGW

4
(99)

ͱͳΔɻ͜Ε͸ɺϨʔβʔޫ͕ׯবܭͷ࿹Λԟ෮͢Δؒʹॏྗ೾͕൒೾௕௨ա͢Δͱ͍͏͜ͱͰ͋ΔɻҎ

্ΑΓɺ࠷΋࠷దͳجઢ௕͸ɺॏྗ೾ͷ൒೾௕Ͱ͋Δ͜ͱ͕ಋ͖ग़͞Εͨɻ೾௕ Е (m) = ޫ଎౓ c(=
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3.0ʷ 108 m/s)ʸप೾਺ f ͷ͔ؔ܎Βɺྫ ͑͹ɺ1 kHz(Е(m) = 3.0ʷ 105 m)ͷॏྗ೾Ͱ͸ɺجઢ௕͸ 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)

͔͠͠ɺ͜ͷΑ͏ͳେ͖͞ͷׯবܭΛ஍্ٿͰͭ͘Δࣄ͸࣮ݱతͰ͸ͳ͘ɺ࣮ࡍʹ͸ผͷํ๏Ͱॏྗ೾৴߸Λ

େ͖͘͠Α͏ͱࢼΈ͍ͯΔɻ1ͭ໨͕ Delay-LineڞৼثΛMichelsonׯবܭʹ૊ΈࠐΉ͜ͱͰ͋Γɺ2ͭ໨

͕ Fabry-PerotڞৼثΛMichelsonׯবܭʹ૊ΈࠐΉ͜ͱͰ͋Δɻ྆ํࣜͱ΋ׯবܭͷ࿹ͰͷϨʔβʔޫͷ

଺ؒ࣌ࡏΛ৳͹͠ɺ࣮ޮతʹجઢ௕Λ૿΍͢͜ͱ͕Ͱ͖Δɻ͜ͷ 2ͭͷํࣜʹ͍ͭͯ͸࣍ͷઅͰઆ໌͢Δɻ

2.3.3 Delay-Lineڞৼثͱ Fabry-Perotڞৼث

ਤ 12 ઢ௕Λ࣮ޮతʹ৳͹͢جͷܭবׯ 2ͭͷํ๏

ɾDelay-Lineڞৼث

Delay-Lineڞৼث͸ 2ຕͷϛϥʔΛ͍͔޲߹Θͤͨߏ੒Ͱɺڸͷ 1ϲॴʹϨʔβʔޫΛ௨ͨ͢Ίͷ͕݀։͍

͍ͯΔ (ਤ 12ͷࠨ)ɻ2ຕͷϛϥʔͷִؒΛٿ໘ڸͷۂ཰൒ܘͱ΄΅౳͘͠ͳΔΑ͏ʹஔ͘ͱɺ͔݀Βೖࣹ͠

ͨϨʔβʔޫ͸ϛϥʔؒ ͼ݀ͷҐஔʹ໭ͬͯग़ͯ͘Δɻ͜ͷͱ͖ͷϨʔ࠶ɺޙΛԿճ͔ԟ෮ͨ͠(಺ثৼڞ)

βʔޫͷڞৼث಺Ͱͷ଺ؒ࣌ࡏ͸ંΓฦ͠ճ਺Λ N ͱ͢Δͱɺ୯७ʹ࣍ͷΑ͏ʹͳΔɻ

tDL = N
L

c
(102)

ɾFabry-Perotڞৼث

Fabry-Perotڞৼث΋ 2ຕͷڸΛ͍͔޲߹Θͤͨߏ੒͕ͩɺޫͷೖग़ྗ͸༗ݶͷಁա཰Λ΋ͭڸΛϨʔβʔޫ

͕ಁա͢Δ͜ͱͰߦΘΕΔ (ਤ 12ͷӈ)ɻϛϥʔΛಁաͯ͠ڞৼث಺෦ʹೖͬͨϨʔβʔޫ͸ɺ2ຕͷڸͷ൓

ࣹ໘ͷؒΛಉҰͷܦ࿏ͰԿճ΋ԟ෮͠ׯব͠߹͏ɻׯবͱ͸೾ͷॏͶ߹Θͤͷ͜ͱͰ͋ΓɺҐ૬͕ͦΖͬͨ೾

͸ৼ෯͕଍͠ࢉͰେ͖͘ͳΓ, ಺෦ͷޫύϫʔΛ૿Ճͤ͞Δɻ͜ΕΛʠޫڞৼʡͱ͍͍ɺ͜ͷͱ͖ͷڞৼ৚݅

(Ґ૬͕ͦΖ͏৚݅)͸ɺޫͷԟ෮ܦ࿏௕͕೾௕ͷ൒੔਺ഒͷͱ͖Ͱ͋Δ͜ͱ͕෼͔͍ͬͯΔɻڞৼ͸࣮ޮతͳ

ԟ෮ճ਺͕ଟ͍΄ͲӶ͘ͳΔɻͪͳΈʹɺFabry-Perotڞৼثʹ͓͚Δ࣮ޮతͳંΓฦ͠ճ਺͸ finesseͱݴ
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͍ɺࣜ࣍Ͱද͞ΕΔɻ

F =
π
√
r1r2

1− r1r2
(103)

ྫ͑͹ɺॏྗ೾ͷप೾਺Λ 500Hz ͱͨ͠ͱ͖ɺ௕͞ 3 km ͷڞৼثʹ͓͚Δ࠷దͳ finesse ͸໿ 40 Ͱ͋Δɻ

·ͨɺFabry-Perotڞৼثͷ৔߹͸͜ͷ finesseΛ༻͍ɺڞৼثͷޫઢͷ଺ؒ࣌ࡏΛද͢͜ͱ͕Ͱ͖Δɻ

tFP =
2F

π

2L

c
(104)

Delay-Lineڞৼث͸݀ͷԑͰͷࢄཚޫʹΑΔඇઢܗͷࡶԻ͕ࠞೖͯ͠ॴʑͷप೾਺ͰԠ౴ؔ਺͕খ͘͞ͳͬ

ͨΓɺڸ໘্ͷεϙοτ͕ॏͳΒͳ͍ͨΊʹେ͖ͳܘޱͷ͕ڸඞཁʹͳΔͳͲͷܽ఺͕͋ΔͨΊɺۙ೥ͷॏྗ

೾ݕग़Ͱ͸ Fabry-Perot Ε͍ͯΔɻFabry-Perot͞༺࠾͕ثৼڞ અͰ΋͏গ͠ৄ͘͠ड़࣍͸͍ͯͭʹثৼڞ

΂Δɻ

2.3.4 Fabry-Perot Michelsonׯবܭ

ޫ࿏௕Λ͔͙ͤͨΊʹ Fabry-PerotڞৼثΛಋೖͨ͠Michelsonׯবܭͷ͜ͱΛɺFabry-Perot Michelson

Λಋೖ͢Δ͜ͱʹΑͬͯೖࣹޫ͕ͲͷΑ͏ʹมԽ͠৴߸͕ͲͷثৼڞͿɻ͜͜Ͱ͸ɺFbary-Perotݺͱܭবׯ

Α͏ʹ૿෯͢Δͷ͔Λ֬ೝ͢Δɻ

2.3.4.1 Fabry-Perotڞৼث

Fabry-Perot ɺਤࠓΈΑ͏ɻͯݟΔޫͷมԽΛ͚͓ʹثৼڞ 13 ͷΑ͏ʹɺڞৼث௕͕ LɺڞৼثΛͭ

͍ͬͯ͘ΔڸΛޫݯʹ͍ۙํ͔ΒϑϩϯτϛϥʔɺΤϯυϛϥʔͱ͍ݴɺ൓ࣹ཰ΛͦΕͧΕ rF , rE ͱͨ͠

Fabry-PerotڞৼثΛ༻ҙ͢Δɻͦ͜ʹి৔ Ein Λ΋ͭޫ͕ೖࣹͯ͠಺෦ͰԿճ͔ંΓฦͨ͠ޙɺి৔ Er ͱ

ͳΓϑϩϯτϛϥʔ͔Β൓ࣹޫɺ·ͨ͸ి৔ Et ͱͳΓΤϯυϛϥʔ͔Βಁաޫͱͯ͠ग़͍ͯ͘৔߹Λ͑ߟΔɻ

ਤ 13 Fabry-Perotڞৼث

ɺೖࣹి৔Λɺࠓ

Ein = E0e
iΩt (105)

ͱ͢Δɻڞৼثपลͷ֤ి৔͸ɺ

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)

ͱͳΔɻ͜͜Ͱɺφ͸ޫ͕ڞৼث಺Λԟ෮ͨ࣌͠ͷҐ૬มԽ (φ = 2LΩ
c )Ͱ͋Δɻ͜ͷ࣌ɺ൓ࣹޫͷڧ౓ 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 ͱൺֱ͢Δ͜ͱͰɺڞৼثͷ൓ࣹ཰ 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 = 1Ͱ͋ΔɻͪͳΈʹɺ࣮ݧ࣮ʹࡍ౳Ͱ༻͍

ΔڸͷεϖοΫγʔτʹॻ͔Ε͍ͯΔ൓ࣹ཰͸ɺr Ͱ͸ͳ͘ r2 = R ͷ஋Ͱ͋Δɻ͜͜ͰɺFPڞৼث಺ͷޫ

ྔΛදͨ͠ਤΛͯݟΈΑ͏ɻਤ 14͸ԣ͕࣠प೾਺ɺॎ͕࣠ Fabry-Perotڞৼث಺ͷޫྔͰ͋Γɺपظతʹڞ

ৼث಺ͷޫྔ͕มΘΔ͜ͱ͕ͯݟͱΕΔɻਤதͷ P ͷΑ͏ʹڞৼث಺ʹͨ·Δޫྔ͕࠷΋ଟ͍࣌ΛڞৼɺQ

ͷΑ͏ʹڞৼث಺ʹͨ·Δޫྔ͕࠷΋গͳ͍ঢ়ଶΛ൓ڞৼͱ͏ݴɻڞৼʹͳΔ৚݅͸ɺ

φ = 2nπ (n = ࣗવ਺) (119)

Ͱ͋Γɺ൓ڞৼʹͳΔ৚݅͸ɺ

φ = (2n+ 1)π (n = ࣗવ਺) (120)

ͱͳΔɻ͜ͷ࣌ɺਤ 14 ͔Β෼͔ΔΑ͏ʹڞৼͱ൓ڞৼ͸पظతʹදΕΔͷ͕ͩɺͦͷपظͷ͜ͱΛ

Free Spectral Range(FSR)ͱ͍ݴɺ࣍ͷΑ͏ʹදͤΔɻ

2LΩFSR

c
= 2π (121)

fFSR =
c

2L
(122)
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ਤ 14 Fabry-Perotڞৼث಺ͷޫྔ

·ͨɺڞৼͷϐʔΫͷ൒෼ͷ෯Λ൒஋શ෯ (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)

͜ͷ͔ࣜΒ෼͔ΔΑ͏ʹɺ͜ͷڞৼͷӶ͞Λද͢஋͸ઌ΄Ͳ͔Βొ৔͍ͯ͠Δ finesseͷ͜ͱͰ͋Γɺڸͷ൓

ࣹ཰ͷΈͰܾఆ͞ΕΔ͜ͱ͕෼͔Δɻྫ͑͹ɺfinesseͷڞ͍ߴৼثΛͭ͘Δ࣌ʹ͸Τϯυϛϥʔͷ൓ࣹ཰͸

΄΅ 1ɺͭ·ΓɺrF ≪ rE ≃ 1Ͱͳ͚Ε͹ͳΒͳ͍ͷͰɺͦͷ࣌͸ϑϩϯτϛϥʔͷಁա཰Ͱ finesse͕ܾఆ

͞ΕΔɻ

F ≃ 2π

TF
(126)

2.3.4.2 ৼڞৼͱ൓ڞ

ৼͨ͠Γɺͦͷঢ়ଶ͕มԽ͢Δ͜ͱ͕෼͔ͬͨɻ͜͜Ͱ͸ɺڞৼͨ͠Γ൓ڞ಺Ͱ͸प೾਺ʹΑΓޫ͸ثৼڞ

ɺೖࣹͨ͠ϨʔβʔޫࠓΈΑ͏ɻͯ͑ߟ͍ͯͭʹৼʹ͓͚Δ৴߸ͷมԽڞৼͱ൓ڞ (ҎԼɺΩϟϦΞͱ͏ݴ)

͕ Fabry-PerotڞৼثͰڞৼঢ়ଶʹ͋Δͱ͢Δ (ਤ 15ͷࠨ)ɻͦͯ͠ɺͦͷঢ়ଶ͔ΒڞৼثͷΤϯυϛϥʔ͕

֯प೾਺ ω Ͱৼಈͨ͠ͱ͢Δɻৼಈ͢ΔΤϯυϛϥʔʹΩϟϦΞ͕౸ୡ͢ΔͱυοϓϥʔޮՌʹΑΓɺΩϟ

ϦΞ (௿प೾੒෼)͔Βʶ iLω
c ͚ͩҐ૬γϑτͨ͠αΠυόϯυͱݺ͹ΕΔߴप೾੒෼͕ੜ੒͞ΕΔɻ͜ͷα

Πυόϯυ͸ɺMichelsonׯবܭͷઅͰग़͖ͯͨ৴߸੒෼ʹ૬౰͢Δɻͭ·Γɺ࿹ͷมಈʹΑΔ৴߸ͷ৘ใ͸
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ਤ 15 ΩϟϦΞͷڞৼ (ਤͷࠨ)ɺΩϟϦΞͷ൓ڞৼ (ਤͷӈ)

αΠυόϯυ͕͍ͯͬ࣋Δͱ͍͏͜ͱͰ͋ΔɻΩϟϦΞͱੜ੒͞ΕͨαΠυόϯυ͕ڞৼث಺Λԟ෮͍ͯ͘͠

ͱɺΤϯυϛϥʔʹ౸ୡ͢Δ͝ͱʹҐ૬γϑτ͕͖ى৽ͨʹαΠυόϯυΛੜ੒͢ΔͷͰɺ৴߸੒෼͕૿͑ͯ

͍͘͜ͱͱͳΔɻ

Ͱ͸ɺ࣮ ܭবׯΛಋೖͨ͠MichelsonثৼڞɺFabry-PerotࠓΈΑ͏ɻͯݟͰࣜʹࡍ (Fabry-Perot Michelson

Λ༻ҙ͢ΔɻΩϟϦΞͷి৔Λ(ܭবׯ
Ein = E0e

iΩt (127)

ͱ͠ɺϏʔϜεϓϦολʔͰ෼͚ͨޙɺ௕͞ Lͷ࿹Λͭ࣋ Fabry-Perotڞৼثʹೖࣹͤ͞Δɻ͜ͷ࣌ɺڞৼ

ʹڞͷΤϯυϛϥʔ͸྆࿹ث δL cos(ωt)Ͱৼಈ͍ͯ͠Δͱ͢ΔͱɺΩϟϦΞ͕ 1ճ໨ʹΤϯυϛϥʔʹ౸ୡ

ͨ͠ͱ͖ͷి৔͸ɺϚΠέϧιϯׯবܭͷ࣌ͱಉ༷ʹͯ͑ߟɺ

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)

ͱͳΔͷͰɺͦΕͧΕి৔͸ҎԼͷΑ͏ʹॻ͖͑׵ΒΕΔɻ

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 1߲໨͕৽͍͠ΩϟϦΞ੒෼ͱͳΓɺ2߲໨ͱ 3߲໨͕ΩϟϦΞपΓ

ʹੜ੒͞ΕͨαΠυόϯυ੒෼Ͱ͋ΓɺͦΕͧΕ UpperαΠυόϯυɺLowerαΠυόϯυͱݺͿɻ͜ΕΒ

31



ͷ͔ࣜΒαΠυόϯυʹ৴߸͕৐͍ͬͯΔͷ͕෼͔Δɻ·ͨɺਤ 16͔ΒαΠυόϯυ͸ΩϟϦΞ͔Β 90౓

ͣΕͯɺUpperαΠυόϯυ͸൓ܭ࣌ճΓɺLowerαΠυόϯυ͸ܭ࣌ճΓʹΩϟϦΞͷपΓΛճ͍ͬͯΔ

͜ͱ͕෼͔Δɻ

ਤ 16 ΩϟϦΞपΓʹੜ੒͞ΕͨαΠυόϯυ

͜͜ͰɺڞৼثΛ nճંΓฦͨ͠ి৔Λ͑ߟΔɻࠓɺΩϟϦΞͷి৔Λ Ec(Ω)ɺUpperαΠυόϯυͷి

৔Λ EU (Ω+ ω)ɺLowerαΠυόϯυͷి৔Λ EL(Ω− ω)ͱ͢Δͱɺ(n-1)ճԟ෮ͨ࣌͠ͷి৔Λ༻͍ͯ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 Ͱ͋ΓɺαΠυόϯυͷৼ෯੒෼Ͱ͋ΔɻҎ্ΑΓɺ

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-Perotڞৼ͔ثΒग़ͯ͘Δޫ͸ɺҎԼͷΑ͏ͳి৔Λ΋ͭɻ

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 )

͚ͩ૿෯͞ΕΔͱ͍͏͜ͱ͕෼͔ͬͨɻ·ͨɺγ ≡ cTF
4L ͱͨ͠ɻ͜Ε͸ΩϟϏςΟϙʔϧͱݺ͹ΕΔ஋Ͱ͋

Γɺ૿෯཰͕ 50%ͱͳΔ֯प೾਺Ͱ͋ΔɻΩϟϏςΟϙʔϧҎԼͷप೾਺Ͱ͸ 4
TF
ഒɺΩϟϏςΟϙʔϧҎ

্Ͱ͸૿෯཰͕ܹٸʹམͪΔ͜ͱ͕෼͔Δɻ·ͨɺΩϟϦΞ͕൓ڞৼͷͱ͖Λ͑ߟΔͱ (ਤ 15ͷӈ)ɺΩϟϦ

Ξ͸΄ͱΜͲϑϩϯτϛϥʔͰ൓ࣹͯ͠͠·͍ͬͯΔͷͰ Fabry-PerotڞৼثʹΑΔҐ૬γϑτΛ΄ͱΜͲ

ड͚ͣɺͦΕʹ൐͏αΠυόϯυ͕ੜ੒͞Εͳ͘ͳΔɻͭ·ΓɺΩϟϦΞ͕൓ڞৼͷ৔߹͸ɺڞৼͷ࣌ͷΑ͏

ʹ Fabry-PerotڞৼثͰ৴߸ͷ૿෯͕ߦΘΕͳ͍ͱ͍͏͜ͱ͕෼͔Δɻ

2.3.5 Power-Recycled Fabry-Perot Michelsonׯবܭ

Fabry-perot Michelsonׯবܭ (FPMI)ʹ PowerRecyclingMirror(PRM)Λ૊ΈࠐΜͩׯবܭͰ͋Δ (ਤ

17ͷࠨ)ɻਤͷΑ͏ʹ PRMΛϏʔϜεϓϦολʔͷखલʹऔΓೖΕΔͱ PRMͱ FPMIͷϑϩϯτϛϥʔͷ

ؒͰϨʔβʔޫͷΩϟϦΞ੒෼͕Կճ΋ԟ෮͠ɺϨʔβʔύϫʔΛ૿Ճ͢Δ͜ͱ͕Ͱ͖Δɻ͜ͷΑ͏ʹ PRM

ͱ FPMIͷϑϩϯτϛϥʔͰͭ͘ΒΕ͍ͯΔΩϟϏςΟͷ͜ͱΛ PowerRecyclingCavity(PRC)ͱݺͿɻ

2.3.6 Dual-Recycled Fabry-Perot Michelsonׯবܭ

FPMI ʹ PRM ͱ SignalRecyclingMirror(SRM) Λ૊ΈࠐΜͩׯবܭͰ͋Δ (ਤ 17 ͷӈ)ɻSRM ͸ೖ

ࣹϨʔβʹର͠ਨ௚ํ޲ͷ࿹ͷ௚ઢ্Ͱɺ͔ͭϏʔϜεϓϦολʔͱϑΥτσΟςΫλʔͷؒʹઃஔ

͞ΕΔɻPRC ͱಉ༷ʹɺSRM ͱ FPMI ͷϑϩϯτϛϥʔͰͭ͘ΒΕ͍ͯΔΩϟϏςΟͷ͜ͱΛ Sig-

nalRecyclingCavity(SRC)ͱݺͼɺ৴߸੒෼Λ૿෯͢Δͷʹ༻͍Δɻྫ͑͹ɺMichelsonׯব͕ܭμʔΫϑ

ϦϯδʹอͨΕ͍ͯΔͱϑΥτσΟςΫλͷ͋Δ AS ϙʔτଆʹ͸ΩϟϦΞ੒෼͸ଘͣͤࡏɺࠩಈ৴߸ͷΈ

SRC ͰϦαΠΫϦϯάͰ͖ΔɻͦͷͨΊɺSRC ͸ॏྗ೾ʹΑͬͯੜͨࠩ͡ಈ৴߸ͷΈΛ૿෯ͤ͞Δ໾ׂΛ

΋ͭ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

࿹ڞৼث಺Ͱͷޫͷ࣮ޮతͳ଺͕ؒ࣌ࡏ௕͘ͳΔͱɺͦΕΑΓपظͷ୹͍ॏྗ೾ʹΑΔҐ૬มௐ͸ଧͪফ͠

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

Δํ๏Ͱ͋ΓɺͦΕʹΑΓߴप೾ͷ৴߸૿෯Λ࣮ݱͰ͖Δɻ·ͨɺRSE͸࿹ڞৼث಺ͰύϫʔΛ૿෯͢Δͨ

ΊɺϨʔβʔޫͷೖࣹύϫʔΛ௿͘ઃఆͰ͖Δ. ͜Ε͸ϏʔϜεϓϦολʔ΍Πϯϓοτϛϥʔͷ೤໰୊ (೤

ϨϯζޮՌ౳)Λղܾ͢Δ͜ͱ͕Ͱ͖Δɻ

2.3.8 Detuned Resonant Signal Extraction

͜Ε·Ͱ͸ɺSRC ৼͷڞৼ΋͘͠͸൓ڞ͍ͯͭʹ 2 ௨ΓͷΈΛٞ࿦͖͕ͯͨ͠ɺͦΕΒͷதؒతͳঢ়ଶͰ

Δ͜ͱ΋ՄೳͰ͋Δɻਤͤ͞࡞Λಈܭবׯ 18ͷӈਤͷΑ͏ʹ৴߸Λڞৼঢ়ଶ͔Β͋͑ͯͣΒ͢͜ͱΛ detune

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

੒෼Λ detune͢Δͱ৴߸αΠυόϯυͷ͏ͪยํ͕प೾਺ͱڞʹڞৼʹ͖ۙͮɺ΋͏ยํ͸ԕ͔͟Δɻͦ͠

ͯɺ͋Δप೾਺ͰͲͪΒ͔ͷ৴߸αΠυόϯυ͕ڞৼ͢ΔɻͦͷͨΊɺڱଳҬͰׯবײܭ౓Λվળ͢Δ͜ͱ͕

Ͱ͖Δɻ

2.4 Իࡶ౓ͱײͷܭবׯ

ਤ 19 Δੈք͑ݟ౓ͱײͷܭবׯ (KAGRAͷ HPΑΓ)
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2.4.1 Δੈք͑ݟ౓ͱײͷܭবׯ

ॏྗ೾͸ಁ͍ߴաྗΛͨͭ࣋Ίɺকདྷతʹ͸ɺॏྗ೾ʹΑͬͯӉ஦ͷ࢝·ΓΛ؍ଌ͢Δ͜ͱ΋ظ଴͞Ε͍ͯ

Δɻ͔͠͠ɺΑΓԕํ͔Βͷॏྗ೾Λଊ͑ݕग़ͷස౓Λ্͛ΔͨΊʹ͸ͦΕʹԠͨ͡ײ౓ͷ༏Εͨݕग़͕ثඞ

ཁͱͳΔɻͦͷͨΊɺॏྗ೾ͷݕग़ʹ͸ɺ؍ଌ૷ஔͰ͋Δׯবܭͷײ౓ΛߴΊΔඞཁੑ͕͋Δɻ͜ͷষͰ͸ɺ

ज़ʹ͍ͭͯ঺հ͢ΔɻٕڈԻͷআࡶԻʹ͍ͭͯɺͦͯͦ͠ͷࡶͷ๦͛ͱͳΔ্޲౓ײͷܭবׯ

2.4.2 ༷ʑͳࡶԻͱײ౓ݶք

2.4.2.1 Ϩʔβʔׯবܭʹ͓͚Δ༷ʑͳࡶԻ

ॏྗ೾͸େมখ͞ͳ৴߸ͱͯ͠ݕग़͞ΕΔҝɺॏྗ೾ͷݕग़͸ࡶԻͱͷઓ͍ʹͳΔɻͭ·Γɺׯবܭͷײ౓

Λ্͛ΔͨΊʹ͸ࡶԻͷ௿͕ݮඞਢͱͳΔɻࡶԻʹ͸ٕज़తͳࡶԻͱݪཧతͳࡶԻ͕͋Δ (ਤ 20)ɻٕज़తͳ

ԻࡶͷܥޚԻɺ੍ࡶͷثग़ݕԻɺࡶ౓ڧԻɺϨʔβʔࡶԻʹ͸ɺϨʔβʔप೾਺ࡶ ཚޫʹΑΔࢄɺ(Իࡶؾి)

ඇఆৗࡶԻ౳͕͛ڍΒΕΔɻ͜ΕΒͷࡶԻ͸ٕज़తͳࡶԻͷͨΊɺثػͷௐઅʹΑΓݮগͤ͞Δ͜ͱ͕ՄೳͰ

͋ΔɻҰํͰɺݪཧతࡶԻ͸ثػͷௐઅͰ͸Լ͛Δ͜ͱ͕Ͱ͖ͳ͍ɻͦͷͨΊɺׯবܭΛॏྗ೾ݕग़ثͱͯ͠

༻͍Δࡍʹ͸ɺݪཧతͳࡶԻ͕ಛʹ໰୊ͱͳΔɻͳͥͳΒ͹ɺݪཧతͳࡶԻ͕ׯবܭͷײ౓ݶքΛܾΊΔ͔Β

Ͱ͋Δɻ͜͜ʹओͳݪཧతࡶԻΛ্͛Δɻ

ਤ 20 ༷ʑͳࡶԻ

(1) ஍໘ৼಈࡶԻ

(2) ೤ࡶԻ

(3) Իࡶࢠྔ (γϣοτϊΠζ)

(4) ᫔ࣹѹࡶԻ

ਤ 21͸֤प೾਺ʹ͓͚ΔݪཧతࡶԻͷϊΠζϨϕϧΛ͍ࣔͯ͠Δɻप೾਺ʹΑΓࢧ഑తͳࡶԻ͕มΘΓɺ௿

प೾਺ྖҬ (10HzҎԼ)ʹ͓͍ͯ͸஍໘ࡶԻ͕ࢧ഑తͱͳΓɺ೤ࡶԻ΍᫔ࣹѹࡶԻ͕தؒଳҬ (10ʙ100Hz)

ͷײ౓Λ੍͠ݶɺߴप೾ଳ (100HzҎ্)͸γϣοτϊΠζ͕ࢧ഑͍ͯ͠Δ͜ͱ͕෼͔Δɻ

KAGRA΋ؚΊׯবݕܭग़ثͰ͸ಛʹγϣοτϊΠζ͕໰୊ͱͳΔɻγϣοτϊΠζͱ͸ɺϨʔβʔޫ͕ޫ
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ਤ 21 KAGRAͷϊΠζϨϕϧΛද͢ײ౓ۂઢɻશମͷײ౓͸֤ϊΠζϨϕϧͷۂઢΛ߹͢ܭΔ͜ͱͰද͞Ε͍ͯΔɻ

Իͷ͜ͱͰ͋ࡶ౓༳Β͗ʹΑΔڧͷ͹Β͖ͭʹΑͬͯੜ͡ΔϨʔβʔޫͷࢠͷू·ΓͰ͋ΔͨΊɺͦͷޫࢠ

Δɻྫ͑͹୯Ґؒ࣌౰ͨΓฏۉͰ 100 ຖճʹ࣌ೖࣹ͍ͯ͠Δ͕ࢠͷޫݸ 10 ఔͷ༳Β͕͗͋Δͱ͍͏Α͏ݸ

ʹɺγϣοτϊΠζ͸ޫࢠ਺ͷฏํࠜʹൺྫ͢Δ͜ͱ͕෼͔͍ͬͯΔɻ͜ͷ࣌ɺޫͷ৴߸͸ຊདྷͷ ͷޫݸ100

Իͷൺࡶൺྫ͢Δ͸ͣͳͷͰɺ৴߸ͱʹࢠ (S/N)Λ͑ߟΔͱɺޫࢠ਺ͷฏํࠜʹൺྫͯ͠৴߸͕͑ݟΔΑ͏ʹ

ͳΔɻޫࢠ਺͸Ϩʔβʔύϫʔʹൺྫ͢ΔͷͰɺೖࣹύϫʔ͕େ͖͍΄Ͳৄࡉͳޫࢠ༳Β͗ΛಡΈऔΕΔΑ͏

ʹͳΔɻS/N͸ׯবܭͷײ౓ͷࢦඪʹ༻͍ΒΕΔɻप೾਺ fGW ͷॏྗ೾ʹରͯ͠ݕग़ثͷײ౓͕࠷దͱͳͬ

͍ͯΔ࣌ɺγϣοτϊΠζͷݕग़ݶք͸ɺҎԼͷࣜͰද͞ΕΔ͜ͱ͕෼͔͍ͬͯΔɻ

hshot = 10−21

(
fGW

1 kHz

)√(
λ

1 um

)(
1 kW

P

)(
∆fGW

1 kHz

)
(140)

∆fGW ͸ଌఆͷόϯυ෯ɺλ ͱ P ͸ͦΕͧΕ༻͍ΔϨʔβʔͷ೾௕ͱύϫʔΛࣔ͢ɻ͜ͷ͔ࣜΒ 1 kW ͷ

Ϩʔβʔޫ͕ඞཁͱͳΔ͕ɺPRCΛ༻͍Δ͜ͱͰ਺WͷϨʔβʔݯͰ΋ՄೳͱͳΔɻ

2.4.2.2 ݮԻͷ௿ࡶ

ୈೋੈ୅ݕग़ثͰ͸ઌ୺ٕज़ʹΑΓɺݪཧతࡶԻΛݮগ͞ΕΔ͜ͱ͕ࠐݟ·Ε͍ͯΔɻ஍໘͸஍਒Ҏ֎Ͱ΋

ৗʹඍখʹৼಈ͓ͯ͠ΓɺαεϖϯγϣϯͳͲͷ๷ৼ૷ஔΛ༻͍ͨΓݩʑ஍໘ৼಈͷগͳ͍৔ॴΛબ୒͢Δ͜

ͱͰ௿ͤ͞ݮΔ͜ͱ͕Ͱ͖Δɻ·ͨɺे෼ʹ֎ཚ͕ݮΔͱڸද໘΍௻Δ͍ͯ͠ΔৼΓࢠͷ೤౷ֶྗܭతͳ೤ৼ

ಈ (೤ࡶԻ)͕͑ݟΔΑ͏ʹͳΔ͕ɺ͜Εʹ͸Թ౓ΛԼ͛Δͱ͜΍ɺߴ७౓ͷ߹੒ੴӳ΍αϑΝΠϠͳͲͷ୯

݁থͳͲػցతͳଛࣦͷগͳ͍࣭ࡐͷڸΛ༻͍Δ͜ͱ͕ޮՌతͰ͋ΔɻKAGRAͰ΋͜ΕΒͷٕज़Λ༻͍ͯ

͏ߦΛݮԻͷ௿ࡶཧతݪ ͷ࣍͸ࡉৄ) KAGRAͷ߲Λࢀর)ɻ·ͨɺओʹׯবܭͷײ౓Λ੍͍ͯ͠ݶΔγϣο

τϊΠζʹؔͯ͠͸ PRC಺ͰϨʔβʔύϫʔΛ্͛ͯ৴߸Λ૿΍͢͜ͱͰվળ͢Δ͜ͱ͕Ͱ͖Δɻ࣮ࡍʹୈ

ೋੈ୅ݕग़ث (Ad-LIGOɺKAGRAɺAd-VIRGO)Ͱ͸ PRC,RSEΛ࠾༻༧ఆͰ͋ΓɺσβΠϯײ౓͸͓Α

ͦ h = 10−24(1/
√
Hz)ͱͳ͍ͬͯΔɻͪͳΈʹϨʔβʔύϫʔ͸ɺҎલ͸໿ 10WΫϥεͷ Nd : Y AGޫݯ

Λ༻͍͍͕ͯͨɺୈೋੈ୅ܕͰ͸ 100WΫϥεͷϨʔβʔ͕༻͍ΒΕΔ༧ఆͰ͋Δɻ

36



ਤ 22 ੈքͷॏྗ೾ݕग़ث (KAGRAͷ HPΑΓ)

2.5 ੈքͷॏྗ೾ݕग़ث

͜͜Ͱ͸ੈքͷׯবܕܭॏྗ೾ϓϩδΣΫτΛ঺հ͢Δɻॏྗ೾ݕग़ثͷ։ൃڀݚ͸ओʹɺΞϝϦΧɺϤʔ

ϩού (υΠπ, ΠΪϦε, ΠλϦΞ, ϑϥϯε, Φϥϯμ)ɺ೔ຊʹͯߦΘΕ͍ͯΔɻ·ͨɺΦʔετϥϦΞ΍

ΠϯυͰ΋ॏྗ೾ݕग़ثͷ͕ڀݚਐΊΒΕ͍ͯΔɻ·ͣ͸ࡏݱՔಇத·ͨ͸ݐઃதͷ஍্ܕॏྗ೾ݕग़ثʹண

͍ͯड़΂ɺͦͷޙʹӉ஦ۭؒͰ༻͍Δॏྗ೾ݕग़ث (Ӊ஦ܕॏྗ೾ݕग़ث)ɺ࠷ʹޙ࠷৽ͷ EinsteinTelescope

ʹ͍ͭͯड़΂Δɻ

ʻ LIGOʼʻ aLIGOʼ

LIGO ͸ਖ਼໊ࣜশΛʠ TheLaser InterferometerGravitational-waveObservatory ʡͱ͍͍ɺࡏݱɺΞϝϦΧ

(Hanford,WA, and Livingston,LA) ͰՔಇதͷॏྗ೾ݕग़ثͰ͋Δɻ ઢ௕͸جͷܭবׯ 4 km Ͱ,PRFPMI

ͷํࣜͰӡస͍ͯ͠Δɻ2002 ೥Նʹॳ؍ଌΛ࣮஍ͦ͠ͷޙͷײ౓্޲Ͱઃ࣌ܭͷཁײٻ౓Λ΄΅࣮͠ݱɺ2

୆ͷ 4 kmׯবܭ͸ 15Mpc ͷڑ཭ʹ͋Δ࿈੕தੑࢠ੕ͷ߹ମΛ S/N͕ 8Ͱݕग़͢Δײ౓ʹ౸ୡͨ͠ɻInitial

ʖ LIGO,Enhanced ʖ LIGO ͱ։ൃ͕ਐΊΒΕɺࡏݱ͸ײ౓Λ͞Βʹ 1 ্ܻ͛ͨ aLIGO ըܭ (2010 ೥ʙ)

͕ਐߦதͰ͋Δɻ

ʻ GEO600ʼʻ GEO-HFʼ

υΠπͷϋϊʔόʔۙ߫ʹઃஔ͞Εͨ 1200mͷ࿹ΛંΓฦ͠ 600mͷਅۭύΠϓ಺ʹऩΊͨܗͷ DRMIํ

ࣜͷׯবܭͰ͋Δɻ1995೥ʹݐઃ͕։࢝͞Ε 2002೥ʹ LIGOͱͷಉ؍࣌ଌΛͨͬߦɻ

ʻ Virgoʼʻ AdVirgoʼ

ΠλϦΞͷϐα߫֎ʹઃஔ͞Εͨجઢ௕͕ 3 km ͷ PRFPMI ํࣜͷׯবܭͰ͋Δɻ2007 ೥͔Β؍ଌΛ։࢝

͠ɺࡏݱͰ͸ aLIGOͱಉ༷ͷײ౓Λ໨͠ࢦΞοϓάϨʔυΛ͍ͯͬߦΔɻ௿प೾ଳͰײߴ౓ΛಘΔͨΊʹ༻

͍Δɺ౗ཱৼΓࢠͱزԿֶతͳ൓όωͱϑΟϧλʔΛ߹ମͤͨ͞͞ߴ 10mҎ্ͷ௿प೾๷ৼ૷ஔ͕ಛ௃తͰ

͋Δɻ͜ͷ૷ஔΛվྑ͠খܕԽͨ͠΋ͷΛ೔ຊͷ TAMAͰ΋࢖ΘΕͨɻ

ʻ TAMA300ʼ

౦ژ౎ࡾୋࢢͷཱࠃఱจ୆಺ʹઃஔ͞Εͨɺجઢ௕͕ 300mͷ PRFPMIׯবܭͰ͋ΔɻTAMA300͸ 1999
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೥ɺੈքͷઌਞΛ੾ͬͯॏྗ೾ͷ؍ଌΛ։ͨ࢝͠ɺ೔ຊͷॳظͷେܕॏྗ೾ݕग़ثͰ͋Δɻ͜ͷׯবܭ͸ຊ֨

తͳॏྗ೾ݕग़Λ໨ܭظ࣍͢ࢦըͷͨΊͷׯবٕܭज़ͷ։ൃͱͦͷ༗༻ੑͷ࣮ূ͕໨తͰ͋Δɻ·ͨɺۜՏۙ

๣ʹ͓͚Δॏྗ೾ͷ୳͕ࠪՄೳͱͳΔੑೳͷϨϕϧΛௐࠪ͢Δ͜ͱ΋໨ඪͰ͋ͬͨɻୡ੒ͨ͠ײ౓͸ 70 kpc

཭Εͨ࿈੕தੑࢠ੕ͷ߹ମ͕ S/NΛ 10Ͱݕग़Ͱ͖ΔϨϕϧͰ͋ͬͨɻ͜ͷ TAMA300ͷ࣮੷ʹݱ͍ͯͮج

ʮKAGRAʯͱͳΔɻثग़ݕઃ͕ਐΊΒΕ͍ͯΔͷ͕ɺୈೋੈ୅ॏྗ೾ݐࡏ

ʻ KAGRAʼ

KAGRAʹ͍ͭͯ͸߲໨ʹ෼͚ͯ঺հ͢Δɻ

ɾKAGRAͱ͸

KAGRA ͸ LCGT(Large-scaleCryogenicGravitational waveTelescope) ͷѪশͰ͋Γɺ೔ຊͷذෞݝͷਆ

Ԭ߭ࢁ಺ʹݐઃதͷ 3 kmͷׯবܭͷ࿹Λ΋ͭେܕ௿Թॏྗ೾ݕग़ثͰ͋Δɻ௿Թ؍ଌ͸ 2017೥ʹ։࢝͞Ε

Δ༧ఆͰ͋Γɺॏྗ೾ͷ௚઀؍ଌ͕ظ଴͞Ε͍ͯΔɻ

ɾKAGRAͷ໨త

KAGRAͷ໨త͸ॏྗ೾ఱจֶͱ͍͏৽͍͠ఱจֶͷ෼໺Λཱ֬͢Δ͜ͱͰ͋ΔɻࡏݱɺੈքͰ࠷΋ײ౓ͷ

ྑ͍ LIGOͰ΋ɺ਺ 100೥ʹ 1౓ͷॏྗ೾ΠϕϯτΛଊ͑Δೳྗͱͳ͍ͬͯΔɻͦ͜ͰɺKAGRAΛؚΊͨ

ੈքͷୈೋੈ୅ܕॏྗ೾؍ଌάϧʔϓ͸ɺײ౓Λ͞Βʹ 10ഒʹվળ͢Δ͜ͱͰ 1೥ʹ਺ճͷॏྗ೾Πϕϯτ

ͷ؍ଌೳྗΛ໨͍ͯ͠ࢦΔɻ·ͨɺKAGRAͰ͸ಛʹଠཅ࣭ྔͷ໿ 1.4ഒͷ࣭ྔΛ΋ͭ࿈੕தੑࢠ੕߹ମ͔

Β์ग़͞ΕΔॏྗ೾ͷݕग़Λ໨͍ͯ͠ࢦΔɻ

ɾKAGRA ͷ໨ඪײ౓

ଠཅ࣭ྔͷ໿ 1.4ഒͷ࣭ྔΛ΋ͭ࿈੕தੑࢠ੕ͷ߹ମ͸ɺ஍͔ٿΒ໿ 200MpcҎ಺ͷྖҬʹ͓͍ͯ೥ʹ 1ճ

ੜ͡Δͱ͑ߟΒΕ͍ͯΔɻͦ͜Ͱ KAGRAͷ۩ମతͳ໨ඪͱͯ͠͸ɺ240Mpc཭Εͨ 1.4M⊙ ͷ࿈੕தੑࢠ

੕߹ମ͔Βൃੜͨ͠ॏྗ೾Λ S/N Λ 10ͰัΒ͑Δ͜ͱΛ͍ͯ͛ܝΔɻ͜ΕΛୡ੒͢ΔͨΊʹ͸ 100Hz෇ۙ

Ͱ h = 3 × 10−24 m/
√
Hzఔ౓ͷײ౓Λ΋ͭׯবܭΛݐઃ͢Δඞཁੑ͕͋Δɻ͜Ε͸ TAMA300ͷ໨ඪײ౓

ΑΓ 2ܻྑ͍΋ͷͱͳ͍ͬͯΔɻ͜ͷ໨ඪײ౓Λୡ੒͢ΔҝɺҎԼͷ͜ͱΛ͍ߦɺ஍໘ࡶԻ (seismic noise) ΍

೤ࡶԻ (thermal noise)Λେ෯ʹݮΒ͠ɺײ౓ͷ্޲Λ໨͍ͯ͠ࢦΔɻ

(1) ઢ௕Λج 3kmʹ͢Δ (TAMA300ΑΓ 1ܻେ͖͍)

(2) ஍໘ৼಈ͕੩͔ͳਆԬ߭ׯʹࢁবܭΛઃஔ

(3) ༏Εͨ๷ৼܥΛಋೖ

(4) ͷྫྷ٫ܥՍݒ΍ͦͷڸ

(2)ͱ (4)ʹؔͯ͠͸ଞͷݕग़ثʹ͸ͳ͍ɺ೔ຊ͕ॳΊͯࢼ͏ߦΈͰ͋Δɻ

(2) ਆԬ߭ࢁ಺ (஍Լ)ʹઃஔ͢Δ

஍໘͸෩΍ଧͪͤدΔ೾ɺ஍ࣗٿ਎ͷݻ༗ৼಈͰৗʹৼಈ͍ͯ͠Δɻͦ͜Ͱɺ஍Լʹઃஔ͢Δ͜ͱͰ஍໘ৼ

ಈΛ௿͠ݮɺ͔ͭԹ౓΍࣪౓ͷ҆ఆͨ͠ڥ؀ΛಘΑ͏ͱ͍͏͜ͱͰ͋Δɻ࣮ࡍʹਆԬ߭ࢁ಺ͷৼಈ͸஍্ͷ

1/100·Ͱখ͘͞ͳΔɻ͜Ε͸ॏྗ೾ݕग़૷ஔΛ௕ؒ࣌ӡస͢Δͷʹ༗རͳ৚݅Ͱ͋Δɻಉ༷ʹਆԬ߭ࢁ಺ʹ

ثग़ݕઃ͞ΕͨϓϩτλΠϓݐ LISMͰ͸ɺ؆ૉͳ੍ޚͰ 1िؒҎ্ͷ࿈ଓӡస͕ՄೳͰ͋Δ͜ͱΛࣔͨ͠ɻ

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

ਤ 24 ೖࣹޫֶܥͷ૊Έཱͯ (2014೥ (Өࡱ10݄

ޫֶૉࢠΛྫྷ٫͢Δ͜ͱͰݕग़ثͷײ౓Λ੍͍ͨͯ͠ݶ೤ࡶԻΛ͞Βʹ௿͢ݮΔ͜ͱΛ໨ඪͱ͍ͯ͠Δɻϓϩ

τλΠϓͷ CLIOʹͯ௿ԻڸΛӫཆͨ͠ݕग़ثͷ࣮ূ࣮ߦ͕ݧΘΕ͍ͯΔɻ

ʻӉ஦ܕॏྗ೾ݕग़ثʼ

ॏྗ೾ʹΑͬͯҾ͖͜͞ىΕΔӴ੕ؒͷڑ཭ͷ͘͝ඍখͳมԽΛɺϨʔβʔׯবܭΛ༻͍ͯܭଌ͢ΔɻϤʔ

ϩούͷӉ஦ܕॏྗ೾ݕग़ثʮLaser Inferometer SpaceAntena(LISA)ʯɺ೔ຊͷӉ஦ܕॏྗ೾ݕग़ثʮDeci-

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

͔Β੒Δجઢ௕ 500ສ kmͷܕܗ֯ࡾͷׯবݕܕܭग़ثͰɺ2030೥൒͹ʹӴ੕يಓ্ʹଧ্ͪ͛ΒΕɺ؍ଌ

͕։࢝͞ΕΔ༧ఆͰ͋ΔɻLISA ͷϓϩτλΠϓͱͯ͠ LISA ύεϑΝΠϯμʔͷଧ্͕ͪ͛ຊ೥౓ʹ༧ఆ

͞Ε͍ͯΔɻҰํɺDECIGO ΋ͦΕͧΕ 1,000 km ཭Εͨ 3 ͭͷӴ੕͔Βߏ੒͞Ε͓ͯΓɺLISA ͱಉ༷ʹ

DECIGO ύεϑΝΠϯμʔͷܭը͕ਐΊΒΕ͍ͯΔɻKAGRA Ͱ͸ 3 ͭͷӴ੕ʹ౥ͨ͠ࡌϛϥʔΛϚΠέ

ϧιϯׯবܭͷΑ͏ʹѻ͓ͬͯΓɺ1, 000 km཭ΕͨϨʔβʔ͔ݯΒདྷͨޫΛผͷӴ੕ʹ౥͞ࡌΕͨΤϯυϛ

ϥʔͰଧͪฦ͢ɻLISAͰ͸ 1ͭͷӴ੕͔Β์ͬͨϨʔβޫΛ΋͏ҰํͷӴ੕Ͱड͚ͱΓɺͦͷ৘ใΛಡΈऔ

Γ৽ͨͳϨʔβʔͱͯ͠ଧͪฦ͢ܗΛͱ͍ͬͯΔɻ͜ΕΒͷӉ஦ܕॏྗ೾ݕग़ث͸ͦͷجઢ௕ͷ௕͔͞Βɺ஍

ઢ௕͚ͩͰͳ͘ɺӉ஦ۭؒͰجग़͕ՄೳͱͳΔɻ·ͨɺݕͰ͸Ͱ͖ͳ͍mHzଳͷॏྗ೾ͷثग़ݕॏྗ೾ܕ্
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͸஍໘ৼಈʹΑΔ௿प೾Ͱͷײ౓ͷ੍ݶ΋ͳ͍ͷͰ௿प೾ଳͷॏྗ೾ݕग़ʹ΋༗རͰ͋Δɻ͞Βʹɺ஍ܕٿॏ

ྗ೾ݕग़ثͰ͸ਅۭ૧Λ༻͍ͯײ౓ͷ্޲Λ͍ͯͬߦΔ͕ɺӉ஦ۭؒ͸ݩʑਅۭʹ͍ۙͱ͍͏ར఺͕͋Δɻ͠

͔͠ɺ௕͍جઢ௕ؒΛϨʔβʔΛԟ෮ͤ͞Δʹ͸ඇৗʹٕ͍ߴज़͕ඞཁͰ͋Γɺ·ͨݕग़ثػͷઃஔʹ͸Ӵ੕

Ͱଧ্ͪ͛ͳ͚Ε͹ͳΒͳ͍ͳͲɺେ͖ͳ՝୊΋͋Δɻ

ʻ EinsteinTelescope(ETܭը)ʼ

֤ล (֤࿹)Λ 10 kmͱͨ͠ਖ਼ܕܗ֯ࡾॏྗ೾ݕग़ثͰ͋Γɺ஍Լʹઃஔ͞ΕΔɻ௿ԹͱߴԹʹରԠ͢Δ 2ͭ

ͷׯবܭͷ૊Έ߹ΘͤΛ 1ϖΞͱͯ͠ɺͦΕΛ 3ϖΞ༻ҙ͠ਖ਼ܗ֯ࡾΛͭ͘Δ͜ͱͰɺ͍޿ଳҬͰײߴ౓Λ໨

ɻ·ͨɺETͱ͢ࢦ KAGRAͷؒͰ͸ϫʔΫγϣοϓͳͲΛ௨͠ɺΑΓײ౓ͷྑ͍ੈ࣍୅ͷॏྗ೾ݕग़ثͷ

੡࡞Λ໨ڞ͠ࢦಉڀݚΛ͍ͯͬߦΔɻ

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

࣋఺ʹอ࡞దͳಈ࠷ʹ౓ΛอͭͨΊײ͍ߴ͸ܭবׯ ʹΕ͍ͯΔඞཁ͕͋Δɻ͜͜Ͱ͸ɺ·ͣॳΊ͞(ޚ੍)

ग़͢ΔͨΊͷ༷ʑͳํ๏Λ঺հݕඞཁͱͳΔ৴߸Λʹޚɺͦͷ੍ޙ͍ͨࣔͯͭ͠ʹ๏ํޚͷࣗ༝౓ͱ੍ܭবׯ

͢Δɻ

3.1 ͷࣗ༝౓ܭবׯ

ਤ 26 KAGRAͷࣗ༝౓

Δඞཁ͕͋ΔɻKAGRAʹ͸ɺ྆࿹͢ޚ੍ʹదͳ௕͞࠷͸௕͞ͱ͍͏ࣗ༝౓͕͋ΓɺͦΕͧΕΛʹܭবׯ

(x, y ΞʔϜͱݺͿ)ͷڞৼثͷجઢ௕ɺMichelsonׯবܭɺPRCͷ௕͞ɺSRCͷ௕͞ɺͷ 5ͭͷࣗ༝౓͕͋

Γɺ࣮ࡍʹ͸ҎԼͷࣗ༝౓ (৴߸)Ͱ੍͢ޚΔ͜ͱͱͳΔɻ

CARMʜ (Lx + Ly)/2ɿx, y ΞʔϜͷڞৼثͷಉ૬৴߸

DARMʜ Lx − Lyɿx, y ΞʔϜͷڞৼثͷࠩಈ৴߸

MICHʜ lx − lyɿϏʔϜεϓϦολʔͱ ITMͰߏ੒͞ΕΔMichelsonׯবܭͷ৴߸

PRCLʜ lp + (lx + ly)/2ɿPRMͱ ITMͷڑ཭

SRCLʜ ls + (lx + ly)/2ɿSRMͱ ITMͷڑ཭

3.2 Feedback੍ޚ

ͷํ๏ͱͯ͠͸ɺ(1)༧Ί໨ඪ஋͔ΒͷͣΕΛਪఆ͠ɺલ΋ͬͯͦͷͣΕΛଧͪফ͢Α͏ͳ৴߸Λଌఆޚ੍

ର৅ʹೖΕ੍ͯ͢ޚΔํ๏ɺ(2)ଌఆର৅ ͷଌఆ݁Ռ͔ΒͣΕΛநग़͠ɺͦͷͣΕΛଧͪফ͢Α͏ͳ(ܭবׯ)

৴߸Λ͢ޚ੍ͯͤؐ͞ؼΔํ๏ͷ 2௨Γ͕͋Δɻલऀ͸ Feed forward੍ޚɺऀޙ͸ Feed back੍ޚͱݺ͹Ε
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͍ͯΔɻલऀ͸ؐؼϧʔϓ͕ͳ͍ͷͰԠ౴ͷ஗ΕͳͲͷෆ҆ఆੑ͕ͳ͍ͱ͍͏ར఺͕͋Δ͕ɺऀޙ͸ଌఆର৅

ʹ֎ཚ (Թ౓΍෩ͳͲڥ؀ʹΑΔมԽ)͕ੜͯ͡΋ͦͷ౎౓मਖ਼͕ߦΘΕΔͱ͍͏ར఺͕͋ΔɻͦͷͨΊɺଌ

ఆର৅ͷͣΕ͕༧Ί༧ଌͰ͖ͳ͍৔߹΍ɺଌఆ͕͢ڥ؀͹΍͘มԽ͢Δ৔߹͸ Feed back੍޷͕ޚ·ΕΔɻ·

ͨɺFeed forward ͱޚ੍ Feed back੍ޚΛ૊Έ߹ΘͤͦΕͧΕͷར఺Λੜ੍͔͢ํޚ๏΋͋Δɻׯবݧ࣮ܭ

ʹ͓͍ͯ΋ Feed back੍͕ޚଟ͘༻͍ΒΕ͓ͯΓɺ࣮ࡍͷྲྀΕͱͯ͠͸ɺׯবܭͷଌఆ͔ΒಘͨΤϥʔ৴߸Λ

ϩʔύεϑΟϧλʔͳͲͷαʔϘʹ௨੍ͯ͠ޚ৴߸ (Feed back৴߸)Λͭ͘ΓɺͦΕΛׯবܭͷڸʹ͍͍ͭͯ

ΔϐΤκૉࢠ΍࣓ੴͳͲͷΞΫνϡΤʔλʹฦͯ͠ઢޚ੍ܗΛ͏ߦɻҎԼɺࣜࢉܭͰ Feed back੍ޚΛ͍ͯݟ

͘͜ͱʹ͢Δɻ

ਤ 27 ਤɿFeedࠨ forward੍ޚɺӈਤɿFeed back੍ޚ

͕ڸͷܭবׯɺࠓ ∆x Ͱ༳Β͍Ͱ͍Δͱ͠ɺ͜ͷ༳Β͕͗ৼΓࢠΛؚΜͩ఻ୡؔ਺ (ήΠϯ)G ͷޫֶܥΛ

௨ΓΤϥʔ৴߸ y ͱͳΔɻ͜ͷΤϥʔ৴߸͕ϩʔύεϑΟϧλʔ౳ͷαʔϘ (ήΠϯ H) Λܦ༝ͯ͠ δx ͷ

Feedback৴߸ͱͯ͠ׯবܭ΁ͱ໭Γɺ࠷ऴతʹ৽ͨʹग़ྗ y ͷ৴߸ͱͯ͠ׯব͔ܭΒग़ͯ͘Δͱ͢Δ (ਤ 27

ͷӈ)ɻ͜ΕΒͷ͜ͱ͔Βɺࣜ (142)ͷΑ͏ͳ࿈ཱํఔࣜΛͭ͘ΕΔɻ͜͜ͰɺήΠϯͱ͸૿෯౓Λද͢ࢦඪ

Ͱ͋ΓɺήΠϯΛ্͛Ε͹ग़ྗ৴߸Λ૿΍͢͜ͱ͕Ͱ͖Δɻ·ͨɺαʔϘͱ͸ɺ͍Βͳ͍प೾਺ଳΛΧοτ͠

ཉ͍͠प೾਺ଳΛ௨ͯ͠૿෯ͤ͞ΔϩʔύεϑΟϧλʔͳͲͷثػͷ͜ͱͰɺΞΫνϡΤʔλ͸໨ඪ஋ʹର͠

ͯ௥ै͢Δಇ͖Λ͢Δ૷ஔͷ͜ͱͰ͋Δɻ

{
(∆x− δx)G = y (141)

δx = Hy (142)

͜ͷ࿈ཱํఔࣜͷୈҰࣜͷ྆ลʹ H Λ͔͚ɺୈೋࣜΛ୅ೖ͢Δͱɺ

GH∆x−GHδx = δx (143)

ͱͳΓɺ͞Βʹม͢ܗΔͱɺδxΛ∆xͰද͢͜ͱ͕Ͱ͖Δɻ

δx =
GH

1 +GH
∆x (144)

ͷΏΒ͔͗ΒڸͰ͖͍ͯΔ͔͸ɺޚΛͲͷ͘Β੍͍ڸʹऴత࠷ ∆x͔Β Feedback৴߸ΛҾ͚͹෼͔ΔͷͰɺ

∆x− δx =
∆x

1 +GH
(145)

ͱͳΔɻ্ࣜΑΓɺڸͷ༳Β͗͸ (1 +GH)ഒͰ཈੍͞Ε͓ͯΓɺ·ͨɺڸͷಈ͖ʹର͢Δઢܗ৴߸͕ಘΒΕ

Ε͹ Feedback੍ޚʹΑΓׯবܭΛ࠷దͳҐஔʹอͭ͜ͱ͕Ͱ͖Δͷ͕෼͔ͬͨɻઢܗ৴߸ΛಘΔʹ͸ɺมௐ
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Λ͔͚ͯ෮ௐΛํ͏ߦ๏Λ༻͍Δɻ࣍અͰ͸ͦͷ༷ʑͳ৴߸நग़ํ๏ʹ͍ͭͯड़΂Δͱ͢ΔɻͪͳΈʹɺ࣮ࡍ

Ͱݧ࣮ʹ Feedback੍ޚΛ͏ߦͱਤ 28ͷΑ͏ʹॻ͚Δɻ

ਤ 28 ૷ஔͱݧ࣮ Feedback੍ޚ

3.3 ৴߸ͷੜ੒

͜͜Ͱ͸ׯবܭʹ͓͚Δ৴߸ͷੜ੒ํ๏ʹ͍ͭͯ঺հΛ͢Δɻ৴߸Λੜ੒͢Δͱ͍͏͜ͱ͸ޫͷৼ෯΍Ґ૬

ʹมԽΛ༩͑ɺͦͷมԽͷ৘ใΛؚΜͩαΠυόϯυΛੜ੒͢Δͱ͍͏͜ͱͰ͋Δɻৼ෯ʹมԽΛ༩͑Δํ๏

͸ AOM౳ͷڧ౓มௐثΛׯবܭʹՃ͑Δ͜ͱͰߦΘΕΔ͕ɺओʹ৴߸ੜ੒ʹ༻͍ΒΕ͍ͯΔͷ͸Ґ૬ΛมԽ

ͤ͞Δํ๏Ͱ͋ΔͨΊɺҎԼɺҐ૬มௐํ๏ʹয఺Λ౰ͯͯड़΂͍ͯ͘͜ͱͱ͢ΔɻҐ૬Λมௐͤ͞Δํ๏͸

ओʹ 2ͭ͋Γɺ1ͭ໨͸ڸͷҐஔΛಈ͔ͯ͠ (ΦϑηοτΛՃ͑ͯ)Ґ૬γϑτΛํ͢͜ى๏Ͱ͋Γɺ2ͭ໨͸

EOMͳͲͷҐ૬มௐثΛ༻͍ͯҐ૬γϑτͤ͞Δํ๏Ͱ͋ΔɻલऀͷڸʹΦϑηοτΛՃ͑Δ৴߸ੜ੒๏ʹ

͍ͭͯ͸ 2ষͷMichelsonׯবܭͷ߲໨Ͱطʹड़΂͍ͯΔͷͰɺ͜͜Ͱ͸ऀޙͷҐ૬มௐثΛ༻͍ͨํ๏Λ

આ໌͢Δɻ

EOM͸ͦͷ಺෦ʹڧ༠ిମ݁থ͕ೖ͓ͬͯΓɺ֎෦͔ΒՃ͑Δిѹʹൺྫͯͦ͠ͷ۶ં཰͕มΘΓҐ૬͕

ͣΕΔ࢓૊Έͱͳ͍ͬͯΔɻप೾਺ ΩͷϨʔβʔޫΛมௐप೾਺ ωm ͷ EOMʹ௨͢ͱɺm sinωmtͷҐ૬ม

ௐ͕͖ىɺαΠυόϯυΛੜ੒͢Δɻ͜ͷมௐ͸ߴप೾ (RadioFrequency)ͷͨΊ RFมௐͱ͍ݴɺ͜ͷα

Πυόϯυ΋ RFαΠυόϯυͱݺͿɻm͸มௐͷ͞ڧ (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 ߲͕ΩϟϦΞ੒෼ɺୈ 2,3 ߲͕αΠυόϯυ੒෼Ͱ͋Δɻࠓɺ͜ͷΑ͏ͳ࡞༻Λ΋ͭ EOM Λ

࿹ͷ௕͞ͷ౳͍͠ϚΠέϧιϯׯবܭͷย࿹ʹಋೖ͢Δ (ਤ 29)ɻ͜ͷηοτΞοϓͰ͸ɺϛϥʔ ͏͔޲ʹ1

Ϩʔβޫͱϛϥʔ 2ʹরࣹ͢ΔϨʔβޫͱͷؒʹ EOMʹΑͬͯ༧Ίप೾਺ࠩΛͨ࣋͞Ε͍ͯΔͷͰɺׯবܭ

ͷ࿹͕ಈ͍͍ͯͳ͍࣌ɺׯব͕ܭ੩͍ͯ͠ࢭΔ৔߹Ͱ΋ͦͷҰఆͷप೾਺͕ࠩݕग़͞ΕΔΑ͏ʹߏ੒͞Ε͍ͯ

ΔɻͪͳΈʹɺਤͰ͸Ϩʔβʔޫ͸ 2౓ EOMΛ௨͍ͬͯΔҝɺ2ഒͷҐ૬γϑτ͕͜ىΔͷͰɺग़ྗ͞ΕΔ

Ϩʔβʔޫͷి৔͸ҎԼͷΑ͏ʹͳΔɻ

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)

ΑͬͯɺϑΥτσΟςΫλʔͰݕग़͞ΕΔޫͷڧ౓͸ɺ

Pout = |Eout|2

=
1

2
|E0|2m2(2− e2iωmt − e−2iωmt)

=
m2

2
Pin(1− 2 cosωmt) (149)

ͱͳΓɺࠩಈ৴߸͕ݱΕΔɻߋʹɺ͜͜Ͱยํͷϛϥʔɺྫ͑͹ϛϥʔ 2͕ϏʔϜεϓϦολʔ͔Βۙͮ͘Α

͏ʹಈ͍ͯߋʹҐ૬γϑτ +ω′t͕͖ىΔͱɺͦͷ෼্͕ࣜʹ଍͞ΕΔɻ·ͣɺి৔͸ɺ

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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ͱॻ͖͑׵ΒΕΔͷͰɺޫڧ౓͸ɺ

Pout =
1

2
Pin(m

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

ͱͳΔɻϛϥʔ 2ͷಈ͍ͨํ͕޲ઌ΄Ͳͱ޲ํٯ −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࠷ͷ߲͔Β෼͔ΔΑ͏ʹɺ͜ͷΑ͏ʹ EOMͰࣄલʹ RFมௐΛֻ͚͓ͯ͘

ͱɺϛϥʔͷಈ͍ͨํ޲΋۠ผ͢Δ͜ͱ͕Ͱ͖Δɻप೾਺γϑτͰ͑׵͍ݴΔͱɺϛϥʔ 2͕ϏʔϜεϓϦο

λʔํ໘ʹۙ෇͘ͱϓϥεʹप೾਺γϑτ +f ′ ͖ى͕ (fm + f ′)ͷ৴߸͕ɺԕ͔͟Δ৔߹͸ϚΠφεʹप೾

਺γϑτ −f ′ ͖ى͕ (fm − f ′)ͷ৴߸͕ಘΒΕΔɻ

3.4 ৴߸ͷऔΓग़͠

৴߸ͷݕग़͸ɺ৴߸৘ใΛޫ͖ͨͯͬ࣋ (৴߸ޫ)ʹผͷޫ (ϩʔΧϧΦγϨʔλ)ΛॏͶ߹ΘͤΔ (෮ௐ͢

Δ)͜ͱͰߦΘΕΔɻࠓɺҎԼͷΑ͏ʹ EOMͰมௐ͞ΕͨϨʔβʔޫΛ͑ߟΔɻ

Em = E0e
iΩt(1 + im sinωmt) (154)

͜ͷޫΛϏʔϜεϓϦολʔͰ෼͚ɺ྆࿹ʹͦΕͧΕ޲ํٯʹϚΫϩͳࠩ ∆L͕͍ͭͨ࿹ͷ௕͞ LͷϚΠέ

ϧιϯׯবܭʹೖࣹ͢Δɻ͜ͷ࣌ɺϚΫϩͷࠩΛΩϟϦΞͷ੔਺ഒʹอͨΕΕ͹ɺμʔΫϑϦϯδͷ··ʹ͢

Δ͜ͱ͕Ͱ͖Δɻ͜ͷΑ͏ͳׯব͕ܭॏྗ೾ͷӨڹͳͲʹΑΓͦͷ࿹͕ࠩಈͰ β ༳Β͍Ͱ͍Δͱ͢Δͱɺ͜

ͷ࣌ ASϙʔτʹग़ͯ͘Δޫͷڧ౓͸ҎԼͷΑ͏ʹॻ͚Δɻ

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 ੒෼͚ͩऔΓग़ͤ͹ɺsinβ ͷઢܗ৴߸ΛಘΔ͜ͱ͕Ͱ͖ΔͷͰɺ͜͜Ͱ͸

cosωmt+ δ ͷ೾ΛϩʔΧϧΦγϨʔλͱ্ͯ͠هͷग़ྗ೾ʹֻ͚߹ΘͤΕ͹ྑ͍ɻ͜ͷ࣌ɺδ = 0ͷΑ͏ʹ

ಉҐ૬ͷ೾Λֻ͚߹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 Heterodyneݕग़ʹ෼͚ΒΕΔɻHomodyneݕग़͸৴߸ޫ

ͱಉ͡प೾਺ͷϩʔΧϧΦγϨʔλͰ෮ௐɺHeterodyne ग़͸৴߸ޫͱҟͳΔप೾਺Λ΋ͭϩʔΧϧΦγݕ
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ϨʔλͰ෮ௐ͢Δํ๏Ͱ͋Δɻྫ͑͹ɺ2ষͷʮMichelsonׯবܭʯͷઅͰ༻͍ͨ࿹Λಈ͔ͯࠩ͠ಈ৴߸Λந

ग़͢Δ৔߹͸ɺ৴߸ޫ΋ϩʔΧϧΦγϨʔλ΋ಉ͘͡ΩϟϦΞޫΛ༻͍ΔͷͰɺHomodyneݕग़Ͱ͋Δɻલ

અͷʮ৴߸ͷੜ੒ʯͷΑ͏ʹ EOM Ͱ༧Ί RF มௐΛ͔͚ͨޙɺ࿹ͷࠩಈ৴߸Λநग़͢Δํ๏͸ɺ৴߸ޫ͸

ΩϟϦΞޫͰϩʔΧϧΦγϨʔλ͸ RFαΠυόϯυͳͷͰɺHeterodyneݕग़ͱͳΔɻ͜ΕΒͷྫ͸ͦΕͧ

Ε࠷΋γϯϓϧͳ Homodyneݕग़ɺHeterodyneݕग़Ͱ͋Δɻ2ͭͷݕग़๏Λൺ΂ΔͱɺHomodyneݕग़͸

Heterodyneݕग़ʹൺ΂ͯड৴ײ౓΍ S/Nൺ͕վળ͞ΕΔϝϦοτ͕͋Δ͕ɺ৴߸ޫͱہ෦ൃৼޫΛप೾਺ͷ

ΈͳΒͣҐ૬·Ͱ΋׬શʹಉ͠ظͳ͚Ε͹ͳΒͳ͍ͨΊɺٕज़తʹ͸ඇৗʹ೉͍͠ɻ·ͨɺHomodyneݕग़

Ͱ͸࿹͕৳ͼͨ৔߹΋ॖΜͩ৔߹΋ಉ͡৴߸͕Ͱ͖ͯͯ͠·͍ɺํ޲Λ൑ผ͢Δ͜ͱ͕Ͱ͖ͳ͍ɺͭ·ΓҐ૬

ͷ৘ใ͕ফ͑ͯ͠·͍ͬͯΔɻͦΕΒͷ໰୊఺Λղܾ͢Δखஈ͕ɺҰఆप೾਺ʹม͢׵Δ Heterodyneݕग़Ͱ

͋ΔɻલઅͰ΋ड़΂͕ͨɺEOMͰมௐΛ্ֻ͚ͨͰ࿹Λಈ͔͢ͱɺҐ૬ͷ৘ใΛ෮͢׆Δ͜ͱ͕Ͱ͖ΔͷͰ

͋Δɻ͜ͷΑ͏ͳ఺͔ΒҎલͷॏྗ೾ݕग़ثʹ͸ Heterodyneݕग़͕༻͍ΒΕ͍͕ͯͨɺ༷ʑͳԠ༻͕͑ߟΒ

Εɺୈೋੈ୅ܕͰ͸ Homodyneݕग़Λݕͨ͠ʹجग़๏͕࢖ΘΕΔ͜ͱͱͳ͍ͬͯΔɻ

3.5.2 Pound Drever Hall (PDH) ๏

Heterodyneݕग़ͷԠ༻ͨ͠΋ͷͰ͋ΔɻPoundDreverHall๏ɺུͯ͠ PDH๏͸ɺEOMʹΑͬͯมௐΛ

͔͚ RFαΠυόϯυΛൃੜͤͨ͞ϨʔβʔޫΛڞৼثʹೖΕɺͦͷڞৼثͷ͔ڸΒ൓ࣹ͞Εͨޫͷ RFαΠ

υόϯυΛͯͬ࢖෮ௐ͢Δํ๏Ͱ͋Δɻ2ষͰ঺հͨ͠ Fabry-Perotڞৼث΍ɺຊ࿦จͷϝΠϯςʔϚͰ͋Δ

Outputmode-cleaner͸͜ͷํ๏Ͱ੍ޚΛ͏ߦɻ

3.5.3 Schnuppมௐ๏ͱ DC readout

ʮ৴߸ͷऔΓग़͠ʯͷઅͰ঺հͨ͠Α͏ʹɺEOMͳͲͰ RFมௐΛ্͔͚ͨͰׯবܭͷ྆࿹ͷ௕͞ʹϚΫϩ

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 DCreadoutʹ͍ͭͯ͸࣍ষͰઆ໌͢Δɻ
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4 Output mode-cleaner(OMC)ͷ։ൃ

4.1 KAGRA༻ OMCͷσβΠϯڀݚ

4.1.1 ຊڀݚͷ໨త

KAGRAͰ͸ॏྗ೾ͷ৴߸Λݕग़͢ΔࡍɺOutputmode-cleaner(OMC)ͱ͏ݴ૷ஔΛಋೖ͠ DCreadout

Λ͏ߦɻOMC͸৴߸शಘͷࡶʹࡍԻͱͳΔ੒෼Λআ͢ڈΔޫڞৼثͰɺඇৗʹॏཁͳ໾ׂΛͭ࣋ɻຊڀݚͰ

͸ׯবܭ༻γϛϡϨʔγϣϯιϑτ FINESSEΛ༻͍ɺKAGRAͰ࣮࢖ʹࡍ༻͢Δ OMCͷσβΠϯڀݚΛ

ɻͨͬߦ

4.1.2 Output mode-cleaner(OMC)ͷ໾ׂ

ਤ 30 KAGRA ͷ֓೦ਤɻॏྗ೾ͷ৴߸͕ग़ͯ͘Δ AS ϙʔτʹ͸ɺSRM ͷޙʹ Output mode-

cleaner(OMC) ͕ઃஔ͞Ε͍ͯΔɻKAGRA ͸৴߸ݕग़ʹ DC readout Λ༻͍ΔͷͰɺׯবܭͷ࿹ڞৼ

ͷΤϯυϛϥʔث (ETM) ʹΦϑηοτΛՃ͑ɺͦΕʹΑͬͯ࿙Εग़ͨΩϟϦΞޫΛϩʔΧϧΦγϨʔλ

ͱͯ͠༻͍Δɻ͜ͷਤͰ͸੺ઢ͕ΩϟϦΞޫɺ੨ઢ͕ RFαΠυόϯυΛද͓ͯ͠ΓɺOMCʹΑΓɺͦͷ

RFαΠυόϯυ͕ΩϟϦΞޫͷ࣍ߴϞʔυͱڞʹআ͞ڈΕͯΩϟϦΞޫͷΨ΢εϞʔυ (00Ϟʔυ)ͷΈ

ಁա͞ΕΔ͜ͱʹͳΔɻॏྗ೾͕ KAGRA ʹ΍͖ͬͯͨ৔߹͸͜ͷΨ΢εϞʔυʹॏྗ೾ͷ৴߸੒෼͕

ՃΘΔɻ

OMC͸ RF readoutɺಛʹ DCreadoutΛࡍ͏ߦʹඞཁͱͳΔޫڞৼثͰ͋Δ (ਤ 30)ɻׯবܭͷ ASϙʔ

τʹઃஔ͞Εɺ৴߸ݕग़ͷࡶʹࡍԻͱͳΔ੒෼Λআ͢ڈΔ໾ׂΛͭ࣋ɻKAGRA ͸৴߸ݕग़ʹ DC readout

Λ༻͍ΔͷͰɺׯবܭͷ࿹ʹΦϑηοτΛՃ͑ɺͦΕʹΑͬͯ΋Εग़ͨΩϟϦΞޫΛϩʔΧϧΦγϨʔλͱ͠
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ਤ 31 :ਤࠨ σνϡʔϯΛ͠ͳ͍৔߹ͷ AS ϙʔτʹ͓͚Δ Phasor diagramɻӈਤ:྆࿹ͷҟͳΔΦϑ

ηοτʹΑΓओׯব͔ܭΒ΋ΕͰΔΩϟϦΞޫ

ͯ༻͍ΔɻKAGRAͰ͸໿ 1mWͷΩϟϦΞޫΛϩʔΧϧΦγϨʔλͱͯ͠༻͍ΔɻΩϟϦΞޫΛ ASϙʔ

τʹ΋Εग़͢ํ๏͸ 2ͭ͋Γɺ1ͭ͸྆࿹ڞৼثͷؒͰ۶ં཰ͷΞϯόϥϯεΛͭ͘Δ͜ͱɺ΋͏ 1ͭ͸྆࿹

ग़ݕ߸ɺRFαΠυόϯυ͸৴ࡍಈϙΠϯτΛͣΒ͢͜ͱͰ͋Δɻͦͷ࡞ҟͳΔΦϑηοτΛՃ͑ͯʹثৼڞ

ͷࡶʹࡍԻͱͳΔͷͰɺڸͷมܗͳͲʹΑΓੜ͡ΔΩϟϦΞͷۭؒ࣍ߴϞʔυͱڞʹআ͢ڈΔඞཁ͕͋Δɻਤ

30Ͱ͸੺ઢ͕ΩϟϦΞޫɺ੨ઢ͕ RFαΠυόϯυΛද͍͓ͯ͠ΓɺOMCʹΑΓɺͦͷ RFαΠυόϯυ

͕ΩϟϦΞޫͷ࣍ߴϞʔυͱڞʹআ͞ڈΕͯΩϟϦΞޫͷΨ΢εϞʔυ (00Ϟʔυ)ͷΈಁա͞ΕΔ͜ͱʹͳ

Δɻॏྗ೾͕ KAGRAʹ΍͖ͬͯͨ৔߹͸͜ͷΨ΢εϞʔυʹॏྗ೾ͷ৴߸੒෼͕৐ΔɻOMCͷܗঢ়ͱ͠

ͯ͸࣍ߴϞʔυΛআ͢ڈΔͷʹڞৼث௕Λ͔͙ͤͨΊɺ3 ຕڸ·ͨ͸ 4 ຕڸͰߏ੒͞ΕΔ͜ͱʹͳ͍ͬͯΔ

͕ɺح਺ࣈ (3ຕ)ͷڸΛ༻͍ͨڞৼث಺ͰϏʔϜ͕ԟ෮͢ΔͱɺҰԟ෮͝ͱʹڸʹର͢ΔϏʔϜͷೖࣹ໘ͷࠨ

ӈ͕ٯʹͳΓɺͦΕʹΑͬͯ࣍ߴϞʔυ͕ੜ·ΕΔ͜ͱ΋͋ΔɻKAGRAͷ OMC͸ 4ຕڸΛ༻͍Δ༧ఆͰ

͋ΔɻDCreadout͸ୈೋੈ୅ܕॏྗ೾ݕग़ثͰ࠾༻͞Εͨํ๏ͰɺTAMAͳͲͷୈҰੈ୅ܕͷॏྗ೾ݕग़ث

Ͱ͸ RF readout(Heterodyneݕग़)ͷํ͕ࣜͱΒΕ͍ͯͨɻRF readoutͰ͸৴߸ޫͱϩʔΧϧΦγϨʔλۭ

ؒతͳΦʔόʔϥοϓ͕͋Γɺ·ͨɺLIGOͷΑ͏ʹ Power-Recycled Fabry-Perot MichelsonׯবܭͰ͸ɺ

ΩϟϦΞͷप೾਺΍ڧ౓ࡶԻ͸ΩϟϦΞ͕ڞৼ͍ͯ͠Δ PRCͱׯবܭͷ࿹ʹ͋Δ Fabry-Perotڞৼثʹ͓͍

ͯ൓ࣹ͞ΕΔ͕ɺRFsideband͸࿹ڞৼثͰڞৼ͠ͳ͍ͨΊಉ༷ʹͯ͠আ͢ڈΔ͜ͱ͕ग़དྷͳ͍ͱ͍͏໰୊͕

͋ͬͨɻҰํ DCreadoutํࣜͰ͸ OMCΛ༻͍Δ͜ͱͰۭؒతΦʔόʔϥοϓ΋ͳ͘ͳΓ RF sideband౳

Λબ୒తʹআ͢ڈΔ͜ͱ͕ग़དྷΔͨΊɺ࠾༻͞ΕΔ͜ͱͱͳͬͨɻ

4.1.3 KAGRAʹ͓͚Δ DCreadout

ॏྗ೾͕ׯবܭʹ΍ͬͯ͘Δͱࣗ༝࣭఺ؒڑ཭͕มԽ͠࿹ڞৼث಺ͷΩϟϦΞͷҐ૬γϑτ͕͓͖ɺΩϟ

ϦΞ·ΘΓʹ UpperαΠυόϯυͱ LowerαΠυόϯυ͕ੜ੒͞ΕΔ (2ষͷڞৼͱ൓ڞৼͷ߲Λࢀর)ɻਤ

31ͷࠨਤ͸ ASϙʔτʹ͓͚Δ Phasor diagramͰ͋ΓɺΩϟϦΞͱαΠυόϯυͷҐ૬ؔ܎Λ͓ࣔͯ͠Γɺ

͜ΕΒ 2ͭͷαΠυόϯυ͸ͭͶʹ Q-phaseʹ͋Δɻޫͷྔࢠతͳ༳Β͗͸γϣοτϊΠζ ౓ɺৼ෯༳Βڧ)

͗)ͱ᫔ࣹѹࡶԻ (Ґ૬༳Β͗)ʹΑΓ͜ىΓɺલऀ͸௚઀ϑΥτσΟςΫλʔͰݕग़͞Εɺऀޙ͸ڸͷมҐͱ

Ґʹࡍग़ͷݕ߸Ε͍ͯΔɻ͜Ε͸৴͞ݶ౓͸ओʹγϣοτϊΠζʹΑ੍ͬͯײΕΔͨΊɺKAGRAͷݱͯ͠

૬ํ޲Ͱ͍ͯͬߦΔ͔ΒͰ͋Γɺͦͷํ޲Λৼ෯ํ޲ʹগͣ͠Β͢͜ͱͰҐ૬ࡶԻΛݮΒͦ͠ͷ෼Λৼ෯ࡶԻ
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ਤ 32 OMCʹ͓͚Δϩεͱ KAGRAͷ؍ଌൣғͷؔ܎

ʹγϑτ͢Δ͜ͱ͕Ͱ͖Δɻ͜Ε͸ΩϟϦΞΛσνϡʔϯ͢Δ͜ͱͰγϑτ͢Δ͜ͱ͕Ͱ͖ɺ͜ͷγϑτΛ

͏·͘ௐ੔͢Δͱ௚઀ϑΥτσΟςΫλʔͰݕग़͞ΕΔݪཧతͳৼ෯ࡶԻ͕ڸͷมҐʹΑΔৼ෯ࡶԻΛ૬ࡴ

͢Δ͜ͱ΋ՄೳͱͳΔɻҐ૬ࡶԻͱৼ෯ࡶԻͷόϥϯεʹΑΓΩϟϦΞͷҐ૬͸ܾఆ͞Ε (ਤ 31ͷӈ)ɺಡΈ

ग़͢ࡍͷ෮ௐҐ૬ ζ ͸ૂ͏ॏྗ೾৴߸ͷप೾਺ʹ͓͍ͯ S/N͕࠷΋ྑ͘ͳΔΑ͏ʹબ୒͢ΔɻσνϡʔϯΛ

ԻࡶΘͳ͚Ε͹ɺͦͷαΠυόϯυ৴߸͸όϥϯε͕ͱΕͨঢ়ଶͱͳΔ͕ɺͦͷ··ͩͱਤͷΑ͏ʹҐ૬ߦ

͕େ͖͘ӨڹΛ༩͑ͯ͠·͏ɻͦ͜Ͱɺ͜ͷҐ૬Λਖ਼ܾ͘͠ఆ͢Δʹ͸ద੾ͳσνϡʔϯΛ͏ߦඞཁ͕͋Γɺ

KAGRA Ͱ͸ DCreadout ͷҐ૬Λ 132 deg ʹ͢ΔͨΊʹඇৗʹඍখͳௐ੔Λ͜͏ߦͱͱͳͬͨɻ͜ͷΑ͏

ͳۀ࡞͸ Back ActionEvation (BAE)ͱݺͼɺຊγϛϡϨʔγϣϯͰ͸͜ͷ݁Ռʹߦ͖ͮجΘΕ͓ͯΓɺຊ

ՄೳੑΛௐࠪ͢Δ໾ׂΛ΋ͭɻݱͷ࣮هՌ͸্݁ڀݚ

4.1.4 KAGRAͷ OMCʹ͓͚Δཁٻ஋

KAGRAͷ໨ඪ͸೥ʹ਺ճͷ࿈੕தੑࢠ੕͔Βͷॏྗ೾Λ؍ଌ͢Δ͜ͱͰɺͦ Εʹ͸ॏྗ೾Λׯবܭʹਨ௚

ೖࣹͰ໿ 240Mpc·Ͱ͑ݟΔײ౓Λ໨͢ࢦɻKAGRA͸༷ʑͳ૷ஔʹΑͬͯ੒Γཱ͓ͬͯΓɺKAGRAͷ໨

ඪײ౓Λຬͨ͢Α͏ʹ֤૷ஔͷཁٻ஋ɺͭ·ΓԿύʔηϯτͷϩε ΕΔ͔͕ܾΊΒΕͯ͞ڐ͕(౓ͷѱԽײ)

͍Δɻྫ͑͹ɺKAGRAͷׯবܭͷ࿹ʹ࢖ΘΕ͍ͯΔ࠷΋ॏཁͳڸͷ HR໘ͷۂ཰ࠩޡͷཁٻ஋͸ 0.5%ͱ

ͳ͍ͬͯΔͷʹର͠ɺPRM΍ SRMͷڸͷ HR໘ͷۂ཰ࠩޡ͸ 5%͘Β͍͞ڐΕΔͱ͍͏Α͏ʹɺͦΕΒͷ

ཁٻ஋͸ͦͷ૷ஔͷॏཁ౓ʹൺྫ͍ͯ͠͠ݫ΋ͷͱͳΔɻͦͷࡍͷOMCͷཁٻ஋͸ 5%Ҏ্γϣοτϊΠζ

ϨϕϧΛѱԽͤ͞ͳ͍͜ͱͰ͋Δɻ΋͠ɺOMCͷϩε͕ 5%Ҏ্ʹ૿͍͑ͯ͘ͱɺਤ 32ͷΑ͏ʹ KAGRA

શମͷ؍ଌՄೳൣғ͕ڱ·͍ͬͯ͘ɻͦͷ৔߹͸ޫݕग़ثͰ͋ΔϑΥτσΟςΫλʔͷྔޮࢠ཰Λ্͛Δ౳ɺ

༨෼ʹϩεͯ͠͠·ͬͨ෼Λͦͷଞͷ૷ஔͷཁٻ஋Λ͘͢͠ݫΔ͜ͱͰิ͏Α͏ͳܗͱͳΔɻOMC ͸ RF

sidebandͱ࣍ߴϞʔυΛআ͠ڈॏྗ೾৴߸ͷΈΛ௨͢໾ׂΛͨͭ࣋ΊɺຊڀݚͰ͸ɺΩϟϦΞޫ (৴߸)ͷଛ

ࣦΛ 2 %Ҏ಺ɺ࣍ߴϞʔυͱ RF sideband͸ͦΕͧΕΩϟϦΞޫͷ 1 % (10 µW)ҎԼɺ2 % (20 µW)Ҏ

Լͱઃఆͨ͠ɻ͜ΕΒͷཁٻ஋Λຬͨ͢ʹ͸ɺOMCͷ finesseɺGouyphaseɺڞৼث௕ͷ 3ͭͷύϥϝʔλ

Λద੾ʹબͿඞཁੑ͕͋Δɻࠓճ͸γϛϡϨʔγϣϯίʔυ FINESSEͷ݁ՌΛ༻͍ͳ͕ΒɺKAGRAʹ͓

͚Δ࠷৽ͷ OMCͷσβΠϯΛܾఆͨ͠ɻ
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4.1.5 OMCͷύϥϝʔλͷઃఆ

4.1.5.1 finesse

finesse͸ڞৼثͷதΛޫ͕Ͳͷ͘Β͍ԟ෮͢Δ͔Λද͢਺஋Ͱ͋Γɺڸͷ൓ࣹ཰ʹΑܾͬͯఆ͞ΕΔɻྫ

͑͹ OMCͷΑ͏ͳ 4ຕڸͷڞৼثͷ࣌ɺ֤ʑͷڸͷ൓ࣹ཰Λ r1, r2, r3, r4 ͱ͢Δͱɺfinesse͸ҎԼͷࣜͰ

ࣔ͢͜ͱ͕Ͱ͖Δɻ

F =
π
√
r1r2r3r4

1− r1r2r3r4
. (156)

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

OM2ͱ OM4͸΄΅׬શʹޫΛ൓ࣹ͢Δڸ (r2 = r4 ≃ 1)ͱ͢Δɻ·ͨɺ֤ʑͷ OMCͷڸͷޫֶతϩε͸

40 ppm ͱ͢Δɻ΋͠ finesse ಺Ͱͷޫͷ॥؀ͷճ਺͕૿͑͗ͯ͢৴߸ͷޫֶతϩε͕ଟثৼڞΔͱ͗͢ߴ͕

͘ͳΔɻࠓճͷཁٻ஋Ͱ͋Δ৴߸ϩε 2 % ҎԼΛୡ੒͢ΔͨΊʹ͸ɺfinesse ͸ 800 ·Ͱʹ཈͑ͳ͚Ε͹ͳ

Β͍ɻ

4.1.5.2 GouyҐ૬

ͷثৼڞΔͨΊʹ͸ɺҎԼͰࣔ͞ΕΔΑ͏ͳ͢ڈϞʔυΛޮ཰తʹআ࣍ߴ GouyҐ૬ (η)ɺۂ཰൒ܘͷબ୒

͕ॏཁͱͳͬͯ͘Δɻ

η = arccos
√
g

(
g = 1− L

R

)
(157)

͜͜Ͱɺg ͸ڞৼثͷ g-factorɺL͸ڞৼثͷ௕͞ɺR͸ۂ཰ڸͷۂ཰൒ܘͰ͋Δɻࠓճͷ OMCͰ͸ OM1

ͷΈۂ཰ڸɺଞ͸ϑϥοτͷڸͱͳΔͨΊɺg ͸୯७ʹ্ࣜͷΑ͏ʹ 1ͭͷۂ཰ڸͷۂ཰൒ܘͱڞৼثͷ௕͞

Ͱܾ·Δ͕ɺۂ཰͕ڸ 2ຕͷ࣌͸ڞৼث௕ͱ֤ʑͷۂ཰൒͔ܘΒ g ཁҼΛٻΊɺͦΕΛֻ͚߹Θͤͨ΋ͷɺͭ

·Γ g = g1g2 Λͦͷڞৼثͷ g ཁҼͱ͢Δɻ·ͨɺm࣍ͷ࣍ߴϞʔυ͕ OMCΛಁա͢Δޫྔ͸͔ࣜ࣍Βಘ

ΒΕΔɻ

Tomc =
(1− r21 − L)(1− r23 − L)r22r24

|1− r1r2r3r4e−imη|2
. (158)

ਤ 33 ͔Β෼͔ΔΑ͏ʹɺGouy Ґ૬͸ڞৼ͔Βͦͷ࣍ߴϞʔυ͕Ͳͷ͘Β͍ͣΕ͍ͯΔ͔Λද͢ࢦඪͰ͋

Δɻྫ͑͹ɺ͋Δ࣍਺ͷ࣍ߴϞʔυͷ GouyҐ૬γϑτ͕ 2π ͷ੔਺ഒʹۙͮ͘ͱɺͦͷ࣍਺ͷ࣍ߴϞʔυ͸

OMC಺Ͱڞৼͯ͠͠·͍ɺऔΓআ͘͜ͱ͕Ͱ͖ͳ͍ɻٯʹɺ࣍ߴϞʔυͷ GouyҐ૬γϑτ͕ڞৼ͔ΒͣΕ

͍ͯΔɺͭ·Γɺڞৼ·Ͱͷڑ཭͕όϯυ෯ΑΓେ͖͚Ε͹େ͖͍΄ͲɺOMCͰͷͦͷϞʔυͷআ͕ڈՄೳ

ͱͳΔɻͪͳΈʹɺ͜͜Ͱͷ GouyҐ૬γϑτ͸Ұԟ෮ͷ΋ͷ͚ͩͰͳ͘ɺڞৼث಺Ͱ஝ੵ͞Εͨ GouyҐ૬

γϑτͷ͜ͱΛ͍ͯ͑ߟΔɻద੾ͳ GouyҐ૬Λબ୒͢Δʹ͸ɺOMCલͷ֤ϞʔυͷޫྔΛ༧͢ظΔ͜ͱ͕

ॏཁͰ͋Δɻࠓճ͸ɺγϛϡϨʔγϣϯπʔϧΛ༻͍ͨ਺஋ࢉܭʹΑΓɺͦͷޫྔΛ༧૝ͨ͠ɻ

4.1.5.3 ௕ثৼڞ

ͯ͠ʹϞʔυͱಉ༷࣍ߴ RF sidebandͷಁաޫྔ͸͔ࣜ࣍ΒಘΒΕΔɻ

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

∣∣2
. (159)
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ਤ 33 Ϟʔυ͸࣍ߴৼʹɺڞৼ৚݅ɻΩϟϦΞޫ͸ڞ಺ͷ֤Ϟʔυͷثৼڞ GuoyҐ૬γϑτͰڞৼ͔Β

ͣΒ͢ɻڞৼͷϐʔΫͷӶ͞͸ finesseͷ͞ߴʹൺྫ͠ɺϐʔΫͷִؒ͸ڞৼث௕ʹ൓ൺྫ͢Δɻ

ωRF ͸มௐप೾਺Λද͓ͯ͠ΓɺKAGRA ͷ৔߹͸ׯবܭͷࠩಈϙʔτʹग़ͯ͘Δ ±16.875MHz ͱͳΔɻ

RF sideband Λ 20µW ҎԼʹ͢Δͱ͍͏ཁٻ஋Λຬͨ͢ʹ͸ɺڞৼث௕ L ͸ 75 cm ΑΓ௕͘͢Δඞཁ͕

͋Δɻ

4.1.6 FINESSEγϛϡϨʔγϣϯ

4.1.6.1 FINESSE

FINESSE ͸ϞʔμϧϞσϧʹׯ͍ͯͮجবܭΛߏ੒ɺղੳ͢ΔγϛϡϨʔγϣϯπʔϧͰ͋Δ [10][11]ɻ

௨ৗͷ༗ݶཁૉϞσϧͰϞʔυղੳΛ͏ߦͱɺཁૉͷ߶ੑ΍࣭ྔͳͲͷϚτϦΫεߏஙΛޙͨͬߦʹɺϞʔυ

ಛੑ͕ࢉग़͞ΕΔɻ͔͠͠ɺࠓճͷϞʔμϧϞσϧ͸ɺߏ଄ͷϞʔυ৘ใͷΈΛࢉܭͪ࣋Մೳʹͨ͠σʔλͳ

ͷͰɺϚτϦΫεߏஙϓϩηεͰඅ΍͢ଟ͘ͷؒ࣌Λ୹ॖͰ͖Δར఺͕͋Δɻ·ͨɺFINESSE͸Ϣʔβʔ͕

ఆٛͨ͠ׯবܭ಺Λ఻೻͢Δ೾Λฏ໘೾͚ͩͰͳ͘ɺHermite-GaussϞσϧΛ༻͍ͯɺͦͷܗ΍ۭؒಛੑΛղ

ੳ͢Δ͜ͱ͕Ͱ͖Δɻ·ͨɺHermite-GaussϞσϧΛ૊Έ߹ΘͤΔ͜ͱͰ Lagurre-GaussϞσϧΛͭ͘Δ͜

ͱ΋ՄೳͰ͋Δɻ࣮ࡍͷ࣮ݧͰ༻͍Δϛϥʔ͸ͲͷΑ͏ʹਫ਼౓ͷΑ͍΋ͷͰ΋ͦͷද໘͸࿪ΜͰ͓Γɺද໘ޡ

ࠩ͸ϏʔϜʹ࿪ΈͷӨڹΛ༩͑ΔɻຊγϛϡϨʔγϣϯͰ͸ɺFINESSE্Ͱߏ੒ͨ͠ׯবܭͷϛϥʔʹɺද

໘ʹφϊϝʔλεέʔϧͷΤϥʔ͕͋ΔҐ૬Λͭ࣋ཧ૝తͳςετϚε (ϛϥʔ)ʠmirror mapʡΛಋೖ͢Δ

͜ͱͰɺͦΕʹΑͬͯੜͨ͡ϏʔϜͷ࿪ΈΛղੳ͢Δ͜ͱͱ͢ΔɻׯবܭΛߏ੒͢Δࡍʹ͸ࣗ༝౓Λద੾ʹௐ

੔͢Δ͜ͱ͕ඞཁͱͳΔ͕ɺࠓճͷ FINESSEͷγϛϡϨʔγϣϯͰ΋ KAGRAͷ 5ͭͷࣗ༝౓͕࠷దͳ৔

ॴʹͳΔΑ͏ʹௐ੔্ͨ͠ͰɺࠓճσβΠϯͨ͠৽͍͠ OMCΛ༻͍ͯ KAGRAͷओׯবܭͷੑೳΛςετ

͠ɺ৽͍͠ OMC͕ KAGRAͷཁٻ஋Λຬ͔ͨ͢Ͳ͏͔Λ֬ೝͨ͠ɻ

4.1.6.2 mirror maps

ਤ 34͸ࠓճ༻͍ͨϛϥʔϚοϓͷ಺ͷ 1ͭͰ͋Δɻmirror map͸ϛϥʔද໘্ͷσίϘίͨ͠͞ߴΛද

ͨ͢Ίͷɺଟ਺ͷ഑ྻͷσʔλͰͰ͖͍ͯΔɻࠓճͷϛϥʔͷҐ૬Ϛοϓ͸ɺKAGRAͷϛϥʔͷ PSD(power

spectral density)ʹΑͬͯੜ੒͞Εͨɻ༻͍Δ PSD͸ loss requirement [12]ʹΑܾͬͯ·ΔɻຊγϛϡϨʔ

γϣϯͰ͸ಉ͡ PSDΛ༻͍ͯ 4ͭͷಠཱͳ mirror mapΛͭ͘Γɺׯবܭͷ 4ͭͷςετϚεʹͦΕΛద༻

ͨ͠ɻ4ͭͷmirror mapΛ 4ͭͷςετϚεʹ༻͍Δʹ͸ɺ24ͷ૊Έ߹Θ͕ͤ͋Δ͕ɺͦͷશͯͷ૊Έ߹Θ
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ͤΛ༻͍ͯ͢ࢉܭΔͱɺׯব͔ܭΒग़ͯ͘Δ࣍ߴϞʔυͷ౷ܭ෼෍Λͭ͘Δ͜ͱ͕Ͱ͖Δɻ

ਤ 34 mirror mapɻࠓճ༻͍ͨ 4 ͭͷ mirror map ͷ಺ͷ 1 ͭɻ4 ͭͷϛϥʔ͸શͯɺͦͷ௚͕ܘ

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

4.1.7 ຊڀݚͷϙΠϯτ

աڈͷ OMC ͷڀݚͷதͰɺWaldman ͸ɺOMC ಺ʹ͓͚Δ 8 ·ৼڞΓͷد࠷Ϟʔυͱ࣍ߴͰͷ֤·࣍

Ͱͷڑ཭Λͨ͠ࢉܭɻLIGOͰ͸ओׯব͔ܭΒ ͷҝɺ͜͜Ͱ͸ܭͷϞʔυ͕ଟ͘ग़ͯ͘Δઃ࣍8 Ͱͷ·࣍8

ӨڹΛ͠ࢉܭɺద੾ͳ OMCͷσβΠϯΛͨ͑ߟ [14]ɻWaldmanํࣜͰ͸ɺOMC಺ͷޫͷԟ෮ଛࣦΛྀߟ

͍ͯ͠ͳ͍͕ɺeLIGOͰ͸ 60 ppm/roundtripͰ͋ͬͨ͜ͱ͔Β aLIGOͰ͸΋͏গ͠ແ͢ࢹΔ͜ͱ͕Ͱ͖

Δɻ·ͨɺWaldmanํࣜͰ͸શͯͷ࣍ߴϞʔυΛಉ౳ʹѻ͍͕ͬͯͨɺ࣍ߴʹͳΔ΄ͲɺͦͷӨڹ͸ࢄཚ͢

ΔͳͲͯ͠ඞવతʹখ͘͞ͳΔɻͦ͜ͰɺeLIGOͷׯবܭͰಘͨϏʔϜͷ࿪Έͷσʔλ͔Β֤ϞʔυͷॏΈ

(weighting factor)Λಋೖ͠ɺaLIGOͷOMCͷσβΠϯܾఆʹ༻͍ΔAraiํ͕ࣜ͑ߟΒΕͨ [15]ɻ͔͠͠ɺ

KAGRAͷׯবܭ͸ະͩ׬੒͓ͯ͠Βͣɺ࣮ σʔλ͔Β֤Ϟʔυͷݧͷ࣮ࡍ weighting factorΛಘΔ͜ͱ͸Ͱ

͖ͳ͍ɻͦ͜Ͱɺࠓճ͸ FINESSEͱmirrormapΛ༻͍ɺγϛϡϨʔγϣϯ্Ͱ֤Ϟʔυͷ weghting factor

Λಘͯɺ͔ͦ͜Βద੾ͳσβΠϯΛબ୒͢Δͱ͍͏৽͍͠ख๏ΛࢼΈͨɻ

4.1.8 ݁Ռ

mirror mapΛ༻͍ͨ FINESSEγϛϡϨʔγϣϯʹΑΓɺద੾ͳ waighting factorΛಘΔ͜ͱ͕Ͱ͖ͨɻ

ਤ 35 ͷࠨਤ͸ɺOMC લͷׯবܭͷ AS ϙʔτʹग़͖ͯͨ m ͷϞʔυͷτʔλϧύϫʔΛࣔ͢ɻ֤Ϟʔ࣍

υͷύϫʔ͸ɺ24௨ΓͷҟͳΔ mirror mapͷ૊Έ߹ΘͤΛฏͯ͠ۉಘΒΕͨجຊϞʔυͷύϫʔʹΑΓن

֨Խ͞Ε͍ͯΔɻKAGRAͰ͸ ʹ཭ڑৼ·ͰͷڞͷܭবׯͷϞʔυ͕ओ࣍Ϟʔυͷ಺ɺ10࣍ߴͰͷ·࣍20

6 degͱ࠷΋ۙ͘ͳΔɻͦ͜ͰɺຊγϛϡϨʔγϣϯͰ͸ 24௨Γͷ mirror mapΛ༻͍ͯ Ϟʔυ࣍ߴͷ࣍10

·ͰࢉܭΛ͍ߦɺ֤Ϟʔυͷ 24ͷ݁ՌΛฏ͠ۉɺweighting factorΛಘΔ͜ͱ͕Ͱ͖ͨɻ

ͦͯ͠ɺ֤Ϟʔυʹ͓͚Δ weighting factorʹ OMCͷ֤Ϟʔυͷಁա཰ Tomc Λֻ͚ɺ֤Ϟʔυ͕࣮ࡍʹͲ

ͷ͘Β͍ͷޫྔͰͯ͘Δͷ͔Λੵݟ΋Γɺద੾ͩͱࢥΘΕΔ OMCͷ GouyҐ૬Λ͍͔ͭ͘બ୒ͨ͠ (ਤ 36)ɻ

ઌ΄ͲͷࢉܭͰީิʹͳ͍͔ͬͨͭ͘ͷ OMCͷσβΠϯΛ FINESSE্ʹ࠶౓ೖΕͯɺͦͷ݁ՌΛൺ΂ͨ

݁Ռɺη = 55.4 deg,L = 75 cm͕ద੾ͳσβΠϯͰ͋Δ͜ͱ͕෼͔ͬͨɻ࣍ͷද (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 ʹΑͬͯཁٻ஋Λຬͨ͢Α͏ʹݮগ͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠Δɻ ɺʹޙ࠷

finesseͷ͔ͳΓ͍ߴཧ૝తͳ OMCΛೖΕͨ৔߹ͱࠓճσβΠϯͨ͠ OMCΛೖΕͨ৔߹ͰγϣοτϊΠζ

ͷࢉܭΛ͍ߦɺൺֱΛͨͬߦɻ͜ͷࢉܭʹ͸ɺ5 ൪໨ʹѱ͍ mirror map ͷ૊Έ߹ΘͤΛ༻͍ͨɻͦͷ࣌ͷ

γϣοτϊΠζϨϕϧͷѱԽ͸ 100HzͰ 3.28%Ͱ͋Γɺ͜Ε͸ KAGRAͷ OMCͷཁٻ஋Ͱ͋Δ 5%ະຬ

Λຬͨ͢ɻΑͬͯɺ24௨Γͷ಺ 20௨Γɺͭ·Γ 81%ͷ֬཰Ͱ BAE͕ՄೳͰ͋Δ͜ͱ͕ࣔ͞Εͨɻ΋͠ɺ࣮

Γͷ࢒ͷ૷ஔͷ૊ΈཱͯͰɺࡍ 20%ऑͷ֬཰Ͱཁٻ஋Λຬͨ͞ͳ͍Α͏ͳѱ͍ϛϥʔͷ૊Έ߹ΘͤͰͯͬ࡞

͠·ͬͨ৔߹͸ɺ֤ ࿹ͷΠϯϓοτϛϥʔΛೖΕସ͑Δ౳ɺ૊Έ߹ΘͤΛม͑Δඞཁ͕ग़ͯ͘Δͱ༧૝͞ΕΔɻ
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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 OMCલޙͷϏʔϜܗঢ়ͷ༧૝ਤɻRFαΠυόϯυΛೖΕΔͱ֮ࢹతʹ࣍ߴϞʔυ͕ӅΕͯ͠·

͏ҝɺ͜͜Ͱ͸ RFαΠυόϯυ͸আ֎͍ͯ͠Δɻ

4.2 OMCΛ༻͍ͨ DC readout࣮ݧ

4.2.1 ຊ࣮ݧͷ໨తͱ࣮ݧखॱ

KAGRAͰ͸ DCreadoutͰ৴߸शಘΛ͢ΔࡍɺࡶԻͱͳΔߴप೾ͷޫΛ OMCΛ༻͍ͯআ͢ڈΔɻຊ࣮

ʹࡍͰ͸࣮ݧ OMCΛ༻͍Δ͜ͱͰ DCreadoutʹ͓͚ΔͦΕΒͷࡶԻΛ௿ͤ͞ݮΔ͜ͱ͕Ͱ͖Δ͔Λ֬ೝ͢

Δ͜ͱٴͼͦͷ੍ํޚ๏Λཱ֬͢Δ͜ͱΛ໨తͱ͠ɺҎԼͷΑ͏ͳηοτΞοϓΛ૊ΈɺϓϩτλΠϓ࣮ݧΛ

ɻͨͬߦ

OMCΛ༻͍ͨ DCreadout·Ͱͷεςοϓ͸࣍ͷΑ͏ʹͨͬߦɻ

(1) ͷ४උݧ࣮ܭবׯ

Ϩʔβޫ (ύϫʔ͸ 50mWɺ೾௕͸ 1064 nm)Λ͍࢖ɺ·ͣ͸೾௕൛ͱ Faraday-IsolatorΛઃஔ͠ɺׯবܭΛ

૊ΈཱͯͨࡍͷϨʔβʔݯ΁ͷ໭ΓޫΛ๷͛Δঢ়ଶʹͨ͠ɻ࣍ʹɺࠓճ࢖༻ͨ͠Ϩʔβʔޫ͕ପԁܗͰɺ͜ͷ

ग़Δ͜ͱ͕͋ͬͨͨΊɺ͕ڹҟͳΔӨ͍͓ͯʹ޲ͷ୹࣠ͱ௕࣠ํܘϏʔϜʹࡍΛஔ͘ثػΔͱޫֶ͢༺࢖··

γϦϯυϦΧϧϨϯζͳͲΛ༻͍ͯϏʔϜܗΛ੔͑ͨɻͦͷޙɺมௐث (12MHzͷ EOM)Λಋೖͯ͠ɺͦΕ

ʹൃৼثͰ 12MHzͷ sin೾ΛೖΕΔ͜ͱͰ RF sidebandΛੜ੒ͨ͠ɻ͜͜·Ͱ͸ɺͲͷׯবܭΛ૊Έཱͯ

Δࡍʹ΋͏ߦηοτΞοϓͰ͋Δɻ

(2) Michelsonׯবܭ (MI)ͷ૊Έཱͯ

12MHzͷมௐΛ͔͚ͨϨʔβʔޫΛ༻͍ͯɺϑϥοτϛϥʔٴͼϏʔϜεϓϦολʔͰ֤࿹ͷ௕͞໿ 10cm

ͷMIΛ૊ΈཱͯͨɻMIΛ૊ΈཱͯΔࡍɺϨʔβʔޫͷϏʔϜ΢Τετ͕MIͷϑϥοτϛϥʔͷҐஔʹདྷ

ΔΑ͏ʹ͠ɺϏʔϜͱڸͷۂ཰Λ߹Θͤͨ (ϞʔυϚον)ɻ·ͨɺΞϥΠϝϯτͳͲ͍͔ࡉҐஔͷௐ੔͸ɺϐ

Τκૉࢠʹ৴߸ΛೖΕͯڸΛৼΓɺͦΕʹΑΔ MI ͷಁաޫ (AS ϙʔτʹདྷΔޫ) ͷԠ౴ΛϑΥτσΟςΫ
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ਤ 38 ຊ࣮ݧͷηοτΞοϓɻओʹMichelsonׯবܭ (MI)ͱ OMCڞৼثʹΑΓߏ੒͞Ε͍ͯΔɻMI

͸ EOMͰൃੜͤͨ͞ RFαΠυόϯυΛ Faraday-Isolatorͷ൓ࣹޫ͔ΒϐοΫΦϑ͠ɺHeterodyne੍

ͨ·ɻͨͬߦΛޚ OMC ͸ MI ͷڸʹΦϑηοτΛՃ͑ͨࡍʹ࿙Εग़ͨΩϟϦΞޫΛ OMC ͷೖࣹڸͷ

൓ࣹޫ͔ΒϐοΫΦϑͯ͠ PDH ๏Ͱ੍ͨ͠ޚɻMI ͱ OMC Λ੍͍ͯ͠ޚΔঢ়ଶͰ OMC લޙͰ DC

readoutΛ͍ߦɺOMCͷߴप೾ͷࡶԻʹ͓͚ΔӨڹΛௐࠪͨ͠ɻ

λʔͰडޫͯ͠Φγϩείʔϓ౳ͰޫྔΛ֬ೝ͠ͳ͕ΒɺڸΛೖΕ͍ͯΔϛϥʔϗϧμʔʹ෇͍ͨௐઅͭ·Έ

Λճͯ͠͏ߦɻMIͰ͸ίϯτϥετ͕ྑ͘ͳΔ͜ͱΛ໨ඪͱͯ͠ௐ੔Λ͏ߦɻ͜ͷ࣌ɺϨʔβʔޫͷϏʔϜ

΢ΤετͳͲϏʔϜܘͷܭଌʹ͸ϏʔϜϓϩϑΝΠϥ౳Λ༻͍ͯ֬ೝΛͨͬߦɻ࣍ʹMIͷ ASϙʔτʹΩϟ

ϦΞޫΛ΋Εग़ͤ͞ΔͨΊɺMIʹ࿹ʹ໿ 4cmͷΞγϯϝτϦΛ͚ͭͨɻ͜ͷ࣌ɺMIʹϨʔβʔޫΛೖࣹ͞

ͤΔલʹϨϯζͰϨʔβʔޫ͸ίϦϝΠτ͞Ε͍ͯΔͷͰɺΞγϯϝτϦΛ෇͚ͨ͜ͱʹΑΔϞʔυϚονͷ

ͣΕ͸΄ͱΜͲ͜ىΒͳ͍ɻ·ͨɺMIͷย࿹ͷڸͷཪଆʹ͸௕੍͞ޚ༻ʹϐΤκૉࢠΛऔΓ෇͚ͨɻ

(3) MIͷ੍ޚ

Βͷ໭Γޫ͔ܭবׯ (൓ࣹޫ)͸Ϩʔβʔݯʹ໭Δલʹ Faraday-IsolatorͰϐοΫΦϑ͞ΕΔɻͦͷ൓ࣹޫΛ

2खʹ෼͚ɺͦΕͧΕϑΥτσΟςΫλʔͰडޫ͠ɺҰͭ͸੍ޚͰ༻͍Δ৴߸ޫͱͯ͠༻͍ΒΕɺ΋͏Ұͭ͸

ΦγϩείʔϓͰׯব͔ܭΒདྷΔޫྔΛ֬ೝ͢Δ༻ͱͯ͠༻͍ͨɻ͜ͷঢ়ଶͰɺMIͷڸʹ͍ͭͨϐΤκૉࢠ
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ʹిѹΛՃ͑ͯMIͷ࿹ͷΦϑηοτΛௐઅ͠ɺΦγϩείʔϓͰ൓ࣹޫ͕࠷େʹͳΔΑ͏ʹͯ͠MIΛ AS

ϙʔτͰμʔΫϑϦϯδʹͳΔΑ͏ʹͨ͠ɻ͜ͷΑ͏ͳ΄ͱΜͲͷ৴߸ޫ͕ϒϥΠτϙʔτଆʹདྷ͍ͯΔঢ়ଶ

ͰɺϑΥτσΟςΫλʔͰडޫͨ͠৴߸ޫ (ΩϟϦΞޫʴ 12MHzͷ RFαΠυόϯυ)ʹɺEOMʹ৴߸Λ

͍Εͨͷͱಉ͡ൃৼثͰੜ੒ͨ͠ 12MHzͷ sin೾ (ϩʔΧϧΦγϨʔλ)ΛϛΩαʔͱࢉֻ͚͏ݴ૷ஔͰ෮

ௐ͢Δ͜ͱͰɺHeterodyne੍ޚΛͨͬߦ (Q-phase)ɻ

(4) OMCͷ૊Έཱͯ

MI ͷޙʹϏʔϜϓϩϑΝΠϥΛ͍ߦϨʔβʔޫͷ৘ใΛ֬ೝͨ͠ޙɺͦͷ݁ՌΛ౿·͑Ϩϯζ౳Λ༻͍ͯ

Ϩʔβʔޫͱ OMCͷڸͷۂ཰ͷϞʔυϚονΛ͍ߦɺOMCΛઃஔͨ͠ɻOMCΛߏ੒͢Δ 4ຕͷڸͷ಺ͷ

1ຕ (ϑϥοτϛϥʔ)ʹ͸ɺ௕੍͞ޚ༻ʹϐΤκૉࢠΛऔΓ෇͚ͨɻOMCͷ 4ຕͰߏ੒͞Ε͍ͯΔڞৼث௕

ͷΞϥΠϝϯτ͸ɺϐΤκૉࢠͰڸΛৼΓͳ͕ΒɺOMCͷಁաޫΛΦγϩείʔϓͰ֬ೝ͠ɺOMCલʹ͋

Δ 2ຕͷڸ (OMC΁ͷೖࣹޫͷ֯౓Λௐ੔͢ΔεςΞϦϯάϛϥʔ)ͱ OMCΛߏ੒͢Δ 4ຕͷڸͷϛϥʔ

Ϛ΢ϯτͷͭ·ΈͰௐ੔ͨ͠ɻOMC͸ࡶԻΛݮΒ͠৴߸ޫΛ௨͢ڞৼثͷҝɺΩϟϦΞޫͷΨ΢εϞʔυ͕

ଟ࣍͘ߴϞʔυ͕Ͱ͖Δ͚ͩݮগ͢Δ͜ͱΛ໨ඪʹௐ੔Λͨͬߦɻ࣍ߴϞʔυͷྔͳͲ͸ΦγϩείʔϓͰࢹ

֮తʹ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

(5) OMCͷ੍ޚ

MI ͷย࿹ΛμϯύʔͰϒϩοΫ͠ OMC ʹೖΕΔޫྔΛ MI ͷ AS ͕ϒϥΠτϑϦϯδͷͱ͖ͷ 1/4(໿

10mW)ʹ͠ɺMIͱಉ༷ʹͯ͠ 12MHzͰ෮ௐ͠ OMCΛΩϟϦΞͷجຊΨ΢ε ʹϞʔυ(࣍0) PDH๏Ͱ

ͨ͠ޚ੍ (I-phase)ɻ৴߸ޫʹ͸ OMCͷೖࣹڸͷ൓ࣹޫΛ༻͍ͨɻ

(6) MIͱ OMCͷಉޚ੍࣌

MIΛμʔΫϑϦϯδ͔Βগ͠ΦϑηοτΛՃ͑ͨঢ়ଶͰ Heterodyne੍͠ޚɺMI͔Β΋Εग़ͨޫΛͯͬ࢖

OMCΛΩϟϦΞޫͷجຊΨ΢εϞʔυʹ PDH๏Ͱ੍ͨ͠ޚɻࠓճ͸MIΛ׬શʹμʔΫϑϦϯδʹͨ͠ঢ়

ଶͰ΋ɺΞϥΠϝϯτ΍ϞʔυϚον͕׬શͳঢ়ଶ͡Όͳ͍͜ͱ͔Βɺ໿ 1.3mW ͷಁաޫྔ͕ग़ͯ͘Δͨ

Ίɺࠓճ͸৽ͨͳΦϑηοτ͸Ճ͑ͣʹ໿ 1.3mWͷΩϟϦΞޫΛ༻͍ͯ OMCͷ੍ޚΛͨͬߦɻ৴߸ޫ͸ͦ

ΕͧΕઌ΄Ͳͱಉ͡ϑΥτσΟςΫλʔͰडޫͨ͠΋ͷΛ༻͍͍ͯΔɻ

(7) DC readout

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

(DC readout) ͠ɺOMC ʹΑΔ৴߸ٴͼࡶԻʹ͓͚ΔӨڹΛ֬ೝͨ͠ɻٙࣅ৴߸ΛೖΕΔํ๏ͱͯ͠͸ɺ

ܭবׯʹ࣌Ͱ଍ͯ͠ಉثࢉ৴߸ΛՃࣅ৴߸ͱٙޚ੍ (ਖ਼֬ʹ͸ϐΤκૉࢠ) ʹ Feedback ͢Δͱ͍͏ख๏Λ

औͬͨɻ

4.2.2 ثػͰ༻͍Δݧ࣮ܭবׯ

ΛҎԼʹ঺հ͢Δɻثػݧ࣮͍ͨ༺ճࠓ

ɾϨʔβʔʜ Ͱ͸ݧճͷ࣮ࠓ 50mWग़ྗͷ YAGϨʔβʔ (1064 nm)Λ༻͍ͨɻ

ɾڸʜ ճ͸ࠓ཰෇͖ϛϥʔ͕͋Δɻۂେͷϑϥοτϛϥʔͱݶ཰ແۂ MI͸ 2ຕͷϑϥοτϛϥʔͱ 1ຕͷ

ϏʔϜεϓϦολʔɺOMC͸ۂ཰ϛϥʔΛ 1ຕͱ 3ຕͷϑϥοτϛϥʔͰߏ੒ͨ͠ɻMIͷڸͷ൓ࣹ཰͸ͦ

ΕͧΕશ൓ࣹͷ΋ͷΛɺOMCͷڞৼثͷೖޱͱग़ޱ෦෼Λ୲͏ 2ຕͷڸͷ൓ࣹ཰͸໿ 98%ɺۂ཰෇͖ϛϥʔ

ͱ࢒Γ 1ຕͷϑϥοτϛϥʔ͸શ൓ࣹͷڸΛ༻͍ͨɻ·ͨɺޫ࿏ͷਐ޲ํߦΛม͑ΔࡍͷંΓฦ͠ϛϥʔͱ͠
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ਤ 39 OMCڞৼثɻg-factor͸ 0.78ɺڞৼث௕͸ 0.44mɺfinesse͸ 150ͷઃܭͰ͋Δɻ

ͱ͕Ͱ͖͜͏࢖ΘΕͨΓɺޫ࣠΍ΞϥΠϝϯτΛௐ੔͢ΔͨΊͷ͢ΔͨΊͷεςΞϦϯάϛϥʔͱͯ͠࢖ͯ

Δɻ

ɾϨϯζʜɹϨʔβʔޫͷϏʔϜ΢Τετ (Ұ൪͍ࡉ෦෼)ΛΑΓ͘͠ࡉίϯηϯτϦοΫͳޫΛͭͬͨ͘Γɺ

Δ͜ͱ͕Ͱ͖Δɻ·ͨɺϞʔυϚον࡞཭ʹΘͨΓฏୱʹͯ͠ίϦϝΠτͳޫΛڑϨʔβʔޫͷଠ͞Λ௕ʹٯ

ϯάʹ΋༻͍ΒΕɺϑΥτσΟςΫλʔ΍ CCDͰޫΛडޫ͢Δࡍʹਖ਼͘͠ೖΔΑ͏ʹϏʔϜܦΛখ͘͢͞Δ

͜ͱʹ΋༻͍ΒΕΔɻ

ɾ೾௕൘ʜɹࠓճ͸ 1/4೾௕൛ͱ 1/2೾௕൘Λ༻͍ͨɻ1/4೾௕൘͸ೖࣹͨ͠ޫͷภޫ໘Λ 1/4λ(π/2)ճ͠ɺ

1/2೾௕൛͸ೖࣹͨ͠ޫͷภޫ໘Λ 1/2λ(π)ճ͢ɻϨʔβʔ͔ݯΒग़ͯ͘Δޫ͸ԁภޫʹͳ͍ͬͯΔͷͰɺѻ

͍΍͘͢͢ΔͨΊʹ 1/4೾௕൛Ͱ௚ઢภޫʹ͢Δɻ·ͨɺEOMͳͲͷޫֶثػʹ͸ಛੑภޫ͕͋ΔͷͰɺͦ

ͷલʹ 1/2೾௕൘Λஔ͍ͯௐઅΛ͜͏ߦͱ͕͋Δɻ

ɾFaraday-Isolatorʜɹதʹ೾௕൘ (1/4)͕ 2ຕͱ݁থ͕ೖ͓ͬͯΓɺFaraday-Isolator಺෦Λ௨Δ͜ͱͰޫ

ͷภޫΛճ͢ɻׯব͔ܭΒ໭͖ͬͯͨޫ͕Ϩʔβʔݯʹ໭Βͳ͍Α͏ʹϨʔβʔ௚ͨ͋ޙΓʹஔ͘ɻ

ɾEOMʜɹ RF sideband(৴߸੒෼) Λੜ੒͢ΔҐ૬มௐثɻEOM ͷதʹ͸ڞৼ͕ثೖ͓ͬͯΓɺͦͷثػ

͝ͱʹ͔͚ΒΕΔมௐप೾਺͕มΘΔɻมௐप೾਺͸ൃৼثͰੜ੒ͨͨ͠΋ͷΛׯবܭͷޫ্࣠ʹ͋Δ EOM

ʹ௨͢͜ͱͰɺϨʔβʔޫʹมௐΛ༩͑Δ͜ͱ͕Ͱ͖ΔɻຊڀݚͰ͸ 12MHzͷҐ૬มௐثΛ༻͍ͨɻ

ɾϑΥτσΟςΫλʔʜɹडޫͨ͠ޫྔΛύϫʔ (ిѹ)ʹมͯ͘͠׵ΕΔɻϑΥτσΟςΫλʔͰಘͨύϫʔ

Λ Feedback੍ޚʹ༻͍ͨΓΦγϩείʔϓʹͭͳ͍ͰͦͷిѹΛޚ੍ͯݟঢ়ଶΛ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

ɾCCDΧϝϥʜɹׯবܭͷ ASϙʔτʹͳͲʹஔ͖ɺޫͷঢ়ଶΛ֮ࢹతʹ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

ɾNDϑΟϧλʔʜɹޫྔΛݮΒͨ͢ΊͷثػͰ͋ΔɻϑΥτσΟςΫλʔ΍ CCDΧϝϥʹ͓͍ͯडޫྔ͕

ͦͷڐ༰ൣғΛ௒͑ͯ͠·͏৔߹ɺਖ਼֬ͳޫྔΛܭଌͰ͖ͳ͘ͳͬͯ͠·ͬͨΓը૾ΛදࣔͰ͖ͳ͘ͳͬͯ͠

·͏ɻNDϑΟϧλʔΛडޫ໘ͷલʹઃஔ͢Δ͜ͱͰɺडޫՄೳൣғ·ͰޫྔΛݮΒ͢͜ͱ͕Ͱ͖Δɻୠ͠ɺ

NDϑΟϧλʔΛೖΕͰܭଌͨ͠ޫྔ͸࣮ࡍͷޫྔͱ͸ҟͳΔ͜ͱʹ஫ҙ͢Δɻ

ɾμϯύʔʜɹׯব͔ܭΒग़͖ͯͨޫͷ͏ͪ࢖༻͠ͳ͍ޫʹ͸μϯύʔΛஔ͍ͯɺଞͷޫֶثػʹ౰ͨͬͯࢄ

ཚͨ͠Γɺਓʹ౰ͨΔͷΛ๷͙໾ׂ͕͋Δɻ
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ɾΞΠϦεʜɹϨϯζ౳ɺ৽ͨʹޫֶثػΛஔ͕͘ثػֶޫʹࡍਖ਼֬ʹஔ͚͍ͯͳ͍ͱϏʔϜͷ͕͞ߴมΘͬ

ͨΓϏʔϜ͕ܘมͯ͠͠ܗ·͏͜ͱ͕͋ΔɻΞΠϦε͸ΧϝϥͷγϟολʔͷߜΓͷΑ͏ͳܗঢ়Λ͓ͯ͠Γɺ

Λ͞ߴϨʔβʔͷʹࡍΛஔ͍ͨثػઃఆ͓ͯ͘͜͠ͱͰɺ৽ͨͳޫֶʹ͞ߴϨʔβʔ͕௨ΔΑ͏ͳʹ݀ͨͬߜ

߹ΘͤΔࢦඪͱ͢Δ͜ͱ͕ग़དྷΔɻ

ɾϏʔϜϓϩϑΝΠϥʜɹϏʔϜܘΛଌΔ૷ஔͷ͜ͱͰɺಘͨ݁Ռ͸ϞʔυϚονʹ༻͍Δ͜ͱ͕Ͱ͖Δɻ·

ͨɺ৽͍͠ޫֶثػΛஔ͘ࡍʹϏʔϜ͕ܘม͠ܗͳ͍Α͏ʹϞχλʔ͢Δ͜ͱ΋ग़དྷΔɻ

ɾύϫʔϝʔλʜɹϏʔϜޫྔͷܭଌ૷ஔͰ͋Δɻܭଌڥ؀ʹΑͬͯޫྔ͕มԽ͢Δ͜ͱ΋͋ΔͷͰɺܭଌ͢

ΔϏʔϜҎ֎ͷޫ (র໌΍ࢄཚޫ)͕Ͱ͖Δ͚ͩೖΒͳ͍Α͏ʹ஫ҙ͢Δඞཁ͕͋Δɻ

ɾΞΫνϡΤʔλʜɹׯবܭͰ͸ڸʹऔΓ෇͚ͨϐΤκ (PZT) ૉࢠ΍࣓ੴͳͲΛ௨ͯ͠ Feedback ߦΛޚ੍

͏ɻͦͷΑ͏ͳɺ੍ޚͰ࣮ڸʹࡍΛಈ͔͢૷ஔΛΞΫνϡΤʔλͱݺͿɻຊڀݚͰ͸MIͱ OMCͷڸʹ͸ϐ

ΤκૉࢠΛ༻੍͍ͯޚΛͨͬߦɻࠓճ༻͍ͨϐΤκυϥΠόʔ͸ 1VͷిѹͰ 5 nmಈ༷͘࢓ͱͳ͍ͬͯΔɻ

ɾϛΩαʔʜɹೖ͕ޱ 2ϙʔτɺग़͕ޱ 1ϙʔτͰߏ੒͞Ε͓ͯΓɺ2ͭͷೖޱʹͦΕͧΕޫΛೖΕΔͱͦΕ

Βͷޫֻ͕͚͞ࢉΕͨ΋ͷ͕ग़ޱϙʔτ͔Βग़ͯ͘Δֻ͚ثࢉͰ͋Δɻ৴߸ޫͱϩʔΧϧΦγϨʔλΛ෮ௐ͢

Δࡍʹ༻͍Δɻ

ɾΦγϩείʔϓʜɹϑΥτσΟςΫλʔ͕डޫͨ͠ޫྔΛೖྗ͢Δ͜ͱͰɺׯবܭͷಁաޫ΍൓ࣹޫɺΤ

ϥʔ৴߸ͷঢ়ଶͳͲΛిѹʹม֬ͯ͠׵ೝ͢Δ͜ͱ͕Ͱ͖Δɻ

ɾαʔϘʜɹ੍͍ͨ͠ޚप೾਺ଳҬʹ߹Θͤɺߴप೾੒෼ΛΧοτͨ͠Γ૿෯ͤͨ͞Γ͢Δ૷ஔɻຊڀݚͰ͸

SR560ͱՃثࢉɺࣗ࡞ͷΠϯςάϨʔλ෇͖ͷϩʔύεϑΟϧλʔΛ༻͍ͨɻ

ɾൃৼثʜɹ༷ʑͳप೾਺΍ৼ෯ͷ৴߸Λੜ੒͢Δ૷ஔͰɺEOMͷൃৼݯͱͯ͠࢖ΘΕΔɻ·ͨɺ࿈ଓతͳ

৴߸ΛೖΕΒΕΔͷͰɺׯবܭͷΞϥΠϝϯτΛͱΔࡍʹಁաޫͷԠ౴ΛͨݟΓɺ఻ୡؔ਺ΛऔΔͷʹ࢖ΘΕ

Δɻ

ɾFFTΞφϥΠβʜɹׯবܭ΍αʔϘͷ఻ୡؔ਺ΛऔΔͷʹ࢖ΘΕͨΓɺFFTΛ͜͏ߦͱ͕Ͱ͖Δଌఆ૷ஔ

Ͱ͋Δɻܭଌͷࡍʹ༻͍Δ৴߸͸ൃৼث·ͨ͸ FFTΞφϥΠβຊମ͔Β৴߸ΛೖΕΔ͜ͱ͕Ͱ͖Δɻ

4.2.3 ͷ૊ཱͯܭবׯ

ঢ়ͷมԽͰ͋ܗΛஔ͘͜ͱʹΑΔϏʔϜͷثػ΍ϨϯζͳͲͷޫֶڸॏཁͳͷ͸ɺʹࡍΛ૊ΈཱͯΔܭবׯ

ΔɻϨʔβʔͷޫ࣠ɺಛʹ͕޲ํ͞ߴมԽͯ͠ޫֶثػʹඇਨ௚ (ࣼΊ)ʹೖࣹ͢ΔͱΨ΢εϏʔϜͰ͋ΔϨʔ

βޫͷܗঢ়͕࿪ΜͰ͠·ͬͯϏʔϜܘͷ୹࣠ํ޲ͱ௕࣠ํ޲Ͱۂ཰͕มΘͬͯ͠·ͬͨΓɺϏʔϜϓϩϑΝΠ

ϥͰϏʔϜܘΛଌΔ࣌ʹਖ਼֬ʹଌΕͳ͍ͳͲͷ໰୊͕͜ىΔɻͦͷͨΊɺΞΠϦεͳͲΛ࣠ޫͯͬ࢖ͷ͞ߴΛ

ଗ͑Δඞཁ͕͋Δɻ༧ΊପԁͷϏʔϜʹͳ͍ͬͯΔ࣌͸ɺγϦϯυϦΧϧϨϯζ (x੒෼·ͨ͸ y ੒෼ͷΈʹ

Δ͜ͱ͕Ͱ͖Δɻ·ͨɺΞϥΠϝϯτͱϞʔυϚονʹ΋஫ҙ͕ඞཁ͢ʹܗΔϨϯζ)ͳͲΛ༻͍ͯԁ͢༺࡞

ͱͳΔɻޫ͕ڸʹରͯ͠ਨ௚ʹೖࣹ͠ͳ͍ͱح਺ࣈͷ࣍ߴϞʔυ͕ੜ੒͞ΕɺϛεΞϥΠϝϯτͱݺ͹ΕΔɻ

·ͨɺ࢖༻͍ͯ͠ΔϏʔϜͷۂ཰ͱ૊Έཱͯͨׯবܭͷڸͷۂ཰͕߹Θͳ͍͜ͱͰۮ਺ࣈͷ࣍ߴϞʔυ͕ੜ੒

͞ΕΔ͜ͱΛϞʔυϛεϚονͱݺͿɻ࣮ࡍͷ࣮ݧͰ͸ਤ 40ͷΑ͏ʹ͑ݟΔɻ͜Ε͸ CCDΧϝϥͰڞৼث

ͷಁաޫΛͨݟը૾Ͱ͋ΓɺΞϥΠϝϯτͱϞʔυ͕྆ํͱ΋߹͍ͬͯΔͱ͖͸Ψ΢εϞʔυͱͳΔɻΞϥΠ

ϝϯτͷௐ੔͸ڞৼثͷಁաޫΛΦγϩείʔϓͳͲͰ֬ೝ͠ͳ͕ΒϛϥʔϚ΢ϯτͰڸͷ֯౓Λௐઅ͢Δ͜

ͱͰൺֱత؆୯ʹ͑ߦΔ͕ɺϞʔυϚονΛ͏ߦʹ͸͍͔ͭ͘ͷߦఔ͕ඞཁͱͳΔɻϞʔυϚονʹ͸·ͣɺ

ϏʔϜͷಛੑ (ϏʔϜ΢Τετ΍ϨΠϦʔϨϯδ)Λ஌Δඞཁ͕͋ΔɻͦͷͨΊɺϏʔϜϓϩϑΝΠϧͰϏʔ
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ਤ 40 ΒΨ΢εϞʔυ͔ࠨϞʔυͷੜ੒ɻ࣍ߴ (00Ϟʔυ)ɺ1࣍ͷ࣍ߴϞʔυ (01Ϟʔυ)ɺ2࣍ͷ࣍ߴ

Ϟʔυ (11Ϟʔυ)ɻح਺ࣈͷ࣍ߴϞʔυ͸ڸͷ͖܏ɺۮ਺ࣈͷ࣍ߴϞʔυ͸ۂ཰ࠩޡͳͲʹΑΓൃੜ͢Δɻ

ϜܘΛଌͬͨͷͪɺIgor౳Λ༻͍ͯσʔλͷϑΟοςΟϯάΛ͍ߦɺݱঢ়ͷϨʔβʔޫͷϏʔϜ΢Τετͷ൒

ܘ (a)ͱҐஔ (ω0)ͷ৘ใΛಘΔ͜ͱ͕Ͱ͖ΔɻϏʔϜͷϑΟοςΟϯάͰ༻͍Δؔ਺͸ҎԼͷ௨ΓͱͳΔɻ

f(x) = a

√

1 +

(
z − b

a2
× λ

π

)2

(160)

ਤ 41 ϨʔβʔͷϏʔϜ΢ΤετͱҐஔ

·ͨɺϞʔυϚονͤ͞Δڸͷۂ཰ɺͦͷڸͱϏʔϜ΢Τετ·Ͱͷڑ཭ͷ৘ใΛҎԼͷࣜࢉܭʹೖΕΔ͜ͱ

ͰɺϏʔϜ΢Τετͷ൒ܘΛಘΔ͜ͱ͕Ͱ͖Δɻ

R(z) =
z2 + zR2

zR
(161)

ω0 =
λ

2π
× z2 + zR2

zR
(162)
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ਤ 42 ϏʔϜϓϩϑΝΠϥͷଌఆ਺஋ΛϑΟοςΟϯάͨ݁͠Ռɻ͜͜Ͱ͸ϏʔϜܘͷԣ࣠ͱॎ࣠੒෼Λ

ͦΕͧΕϑΟοςϯά͍ͯ͠Δɻ྆ऀͷؒʹ͸ϏʔϜܘͷ͕޿Γʹҧ͍͕ݟΒΕΔͨΊɺ͜ͷ৔߹ʹ͸γ

ϦϯυϦΧϧϨϯζ౳Λ༻͍ͯϏʔϜܘͷ྆࣠੒෼͕౳͘͠ͳΔΑ͏ʹௐ੔͢Δɻ

͜͜Ͱɺλ͸Ϩʔβʔͷ೾௕ɺR(z)͸ϞʔυϚον͍ͤͨ͞ڸͷۂ཰ɺz ͸ϏʔϜ΢Τετ͔Βͦͷڸ·Ͱͷ

཭ɺzRڑ ͸ϨΠϦʔϨϯδͰ͋Δɻ͜ͷ݁ࢉܭՌͷϏʔϜ΢Τετͷ൒ܘͷ஋ΛಘΔͨΊʹݱঢ়ͷϏʔϜ৘

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

ใΛ JamMT౳ͷޫֶׯবܭιϑτʹೖΕγϛϡϨʔγϣϯΛ͜͏ߦͱͰɺ༧ఆ͍ͯͨ͠ϞʔυϚονͷڸ

ͷҐஔͱϏʔϜͷۂ཰Λຬͨ͢Α͏ͳϨϯζΛܾΊΔ͜ͱ͕Ͱ͖Δɻ

ਤ 44 ϏʔϜϓϩϑΝΠϥͱϞʔυϚονͷࢉܭΛ౿·͑ͯͷ JamMTγϛϡϨʔγϣϯ
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ਤ 45 ܥޚ੍

4.2.4 ͷηοτΞοϓܥޚ੍

ͰඞཁͱͳΔΤϥʔ৴߸ͷ֬ೝޚ͸ɺ੍ޙͨͬߦͷΞϥΠϝϯτ΍ϞʔυϚονΛௐ੔͠૊ΈཱͯΛܭবׯ

ͳͲɺ੍ܥޚͷηοτΞοϓΛͨͬߦɻࠓճ͸ EOM Λ༻͍ͯੜ੒͞Εͨ RF αΠυόϯυʹΑͬͯׯবܭ

ͷ৴߸ͷݕग़Λ͏ߦɻੜ੒͞ΕΔ RF αΠυόϯυͷྔ͸ EOM ʹՃ͑ΔిѹΛ૿΍͢͜ͱͰ૿෯͞Ε͍ͯ

͘ (ਤ 46)ɻࠓճ͸ DC reaoutΛͨ͏ߦΊɺΨ΢εϞʔυͷΩϟϦΞޫ͸͸Ͱ͖Δ͚͕͍͖͓ͩͨͯ͠࢒ɺಉ

ʹ࣌ RFαΠυόϯυͰMIͱ OMCΛ Heterodyne੍͢ޚΔͨΊɺRFαΠυόϯυ΋͋ΔҰఆྔඞཁͱͳ

Δɻຊ࣮ݧͰ͸ɺ෮ௐͨ͠Τϥʔ৴߸ΛΦγϩείʔϓͰ֬ೝ͢Δ͜ͱʹΑΓɺ3VҎ্ͷిѹΛֻ͚Δ͜ͱ

Ͱ Heterodyne Ͱ͸ݧՄೳͰ͋Δ͜ͱ͕෼͔ͬͨɻͦͷͨΊɺҎԼͷ࣮͕ޚ੍ 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

ૉࢠ΁ͱ Feedback ͞ΕΔɻαʔϘΛ༻͍Δͷ͸ɺඞཁͳप೾਺ͰήΠϯΛௐઅ͢Δ͜ͱͰڸͷมҐΛ੍ޚ

Ͱ͖Δ໾ׂΛͨͭ࣋ΊͰ͋Δɻྫ͑͹ CCDΧϝϥ౳Ͱ໨ʹ͑ݟΔΑ͏ͳޫͷ௿प೾ͷ༳Ε͕֬ೝ͞ΕͨΒɺ

௿प೾ͷήΠϯΛ্͛ΔΑ͏ͳσβΠϯͷαʔϘ (ϩʔύεϑΟϧλʔ)Λ༻͍Δඞཁ͕͋Δɻࠓճͷ࣮ݧͷ

Ͱ͸αʔϘ͸ɺMI͸ޚ੍ SR560ͱࣗ࡞ͷϩʔύεϑΟϧλʔΛɺOMCʹ͸ SR560Λ༻͍ͨɻࠓճ༻͍ͨ

ϐΤκ͸ 250Hz Ͱڞৼ͢ΔͨΊɺMI ͼٴ OMC ͷ੍ޚଳҬ (UGF) ͸ͦͷڞৼ஍఺͔ΒͰ͖Δ͚ͩ཭Εͨ

250Hz ҎԼ·ͨ͸ 250Hz Ҏ্ʹ͠ͳ͚Ε͹ͳΒͳ͍ɻࠓճ͸ MI ͸ SR560 Ͱ 100Hz ͷ 1 ࣍ (f−1) ͷϩʔ

ύεϑΟϧλʔ (ήΠϯ͸ 5)ͱ 160HzͷΠϯςάϨʔλ෇͖ͷ f−1 ͷϩʔύεϑΟϧλʔ (GAIN͸ 1)Λ

Ұॹʹ༻͍Δ͜ͱͰɺUGF͸ 100HzҎԼʹ͠ɺ250HzͷڞৼΛ f−2 ͷޮՌͰ཈͑Δ͜ͱʹͨ͠ɻOMC͸

SR560Ͱ 0.3HzͷϩʔύεϑΟϧλʔ (ήΠϯ͸ 2)Λ༻੍͍ͯޚΛͨͬߦɻ

61



ਤ 46 EOMͷిѹͱ RFαΠυόϯυͷੜ੒ͷؔ܎ɻ্͔ࠨΒܭ࣌ճΓʹɺEOMʹ͔͚ΔిѹΛ 0 V,

1 V, 3V, 5Vͱͨ͠ɻిѹ͕૿͑Δ͝ͱʹΨ΢εϞʔυͷޫ͕ݮΓɺͦͷ෼ RFαΠυόϯυ͕ੜ੒͞Ε

͍ͯΔͷ͕෼͔Δɻ

ਤ 47 ෮ௐҐ૬ͱΤϥʔ৴߸ͷԠ౴ɻࠨਤɿ෮ௐҐ૬͕࠷దͳ࣌ɺӈਤɿ෮ௐ͕࠷దԽ͞Ε͍ͯͳ͍࣌

4.2.5 ຊ࣮ݧͷϙΠϯτ

͸೉͘͠ͳΔɻΞϝϦΧͷޚΔޫྔ͕গͳ͘ͳΔ΄Ͳ੍͍༺ʹޚͰ͸ɺ੍ݧ࣮ޚͷ੍ܭবׯ Ad-LIGO

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

KAGRAͰ͸ BAEΛ͜͏ߦͱ͔Βɺ໿ 1mWͱ͍͏ඇৗʹগͳ͍ޫྔͰ੍ޚΛ͢Δ͜ͱ͕ٻΊΒΕ͍ͯΔɻ

ճ͸ࠓ KAGRAͰ͏ߦ DCreadoutΛ૝ఆ࣮ͨ͠ݧͷҝɺ໿ 1.3mWͷϩʔΧϧΦγϨʔλΛ༻͍ͯ OMC

Λ֬ೝͨ͠ɻ·ͨɺͦڹԻ΁ͷӨࡶɺOMCͷ͍ߦग़Λݕ߸ͼ৴ٴޚͷ੍ثৼڞ ͷࡍͷOMCͷ੍ޚʹ͸ PDH

๏Λ༻͍ͨɻ
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ਤ 48 ੒ͨ͠࡞ 160HzͷϩʔύεϑΟϧλʔɻΠϯςάϨʔλ͕͍͓ͭͯΓɺΠϯςάϨʔλΛ ONʹ

͢Δ͜ͱͰ 160HzҎԼͷήΠϯΛ Ͱ૿෯ͤ͞Δ͜ͱ͕Ͱ͖Δɻ͖܏ͷ࣍1

4.2.6 ݁Ռ

MIٴͼ OMCڞৼثͷ੍ޚΛ֬ೝͨ͠ޙɺ੍ޚΛ͍ͯ͠Δঢ়ଶͰMIʹٙࣅ৴߸ΛೖΕɺDCreadoutʹΑ

Δ৴߸ͷಡΈग़͠ʹΑͬͯ OMCʹΑΔ৴߸ͱࡶԻͷมԽΛ FFTΞφϥΠβͰܭଌͨ͠ɻͦͷ݁ՌɺOMC

ʹΑΓߴप೾ଳҬͷࡶԻͷ௿͞ݮΕ͍ͯΔ͜ͱΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɻ

4.2.6.1 MIͷ੍ޚ

·ͣ͸MIͷ੍ޚΛͨͬߦɻMIΛ૊ΈཱͯΔࡍɺMI͕Ͳͷ͘Β͍ͷਫ਼౓ͰͰ͖͍ͯΔ͔Λද͢ͷ͸ίϯτ

ϥετͰ֬ೝͰ͖Δɻਤ 49͸ MIΛ PZTͰڸΛ༳Βͨ࣌͠ʹ ASϙʔτʹग़ͯ͘ΔಁաޫΛ࣮ࡍʹΦγϩ

είʔϓͰܭଌͨ݁͠ՌͰ͋Γɺࠓճ͸࠷େޫྔ͸ 5.33Vɺ࠷গޫྔ͸ 0.1VΑΓɺ2ষͷMichelsonׯবܭ

ͷઅͷࣜ (92)Λ༻͍Δͱɺ96.3%ͷίϯτϥετͱͳΔ͜ͱ͕෼͔Δɻୠ͠ɺ͜ͷޫྔ͸ NDϑΟϧλʔΛ

ೖΕɺϑΥτσΟςΫλʔͷडޫՄೳൣғ಺ʹͨ͠਺஋Ͱ͋ΔͨΊɺ࣮ࡍʹ͸ͦΕҎ্ʹྑ͍ίϯτϥετͱ

ͳΔͱ͑ߟΒΕΔɻ

ਤ 49 MIͷίϯτϥετ
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ਤ 50 MI੍࣌ޚͷ఻ୡؔ਺

4.2.6.2 ثৼڞ (OMC)ͷ੍ޚ

ɺPZT͕͍ͭ࣌ɻ͜ͷͨͬߦΛޚͷ੍ثৼڞɺͭ·ΓޚɺMIͷย࿹ΛϒϩοΫͯ͠ɺOMC͚ͩͷ੍ʹ࣍

͍ͯͳ͍ํͷڸΛϦϑΝϨϯεͱ͍ͯ͠ΔͷͰɺϒϩοΫ͢Δํ͸ PZT ͕෇͍͍ͯΔ͕͋ڸΔํͷ࿹ͱͳ

Δɻࠓɺ໿ 50mWͷϨʔβʔݯΛ༻͍͍ͯΔͷͰɺຊདྷͳΒ͹MIͷย࿹ΛϒϩοΫͨ͠ͱ͖͸ 1/4ͷޫྔ

ͷ 12.5mW ͷΩϟϦΞΛ༻੍͍ͯޚΛ͕͏ߦɺઃஔ֤ͨ͠ޫֶثػʹ͓͚ΔϩεʹΑΓɺ࣮ࡍʹ͸ 10mW

ͷΩϟϦΞΛ༻੍͍ͯޚΛͨͬߦɻ

ਤ 51͸ OMCڞৼثͷ੍࣌ޚͷ఻ୡؔ਺Ͱ͋ΔɻUGF͕ 70HzఔͰ੍ޚଳҬ͕͍ͨڱΊߴप೾Ͱ͸੍͕ޚ

Ͱ͖͍ͯͳ͍͕ɺ௿प೾ଳҬɺಛʹΩϟϦΞޫۙลͷप೾਺Ͱ͸੍ޚͷήΠϯ΋ 10ഒۙ͋͘Γɺྑ੍͘ޚͰ

͖͍ͯΔ͜ͱ͕෼͔Δɻ͜ͷ࣌ɺαʔϘͷήΠϯ͸ 2Λ༻͍͍ͯΔͷͰɺ͜ͷ݁Ռ͔Β GH=20ΑΓׯবܭͷ

ޫֶήΠϯ͸ 10ͱͳΔɻ

ਤ 51 OMC੍࣌ޚͷ఻ୡؔ਺
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4.2.6.3 MIͱ OMCͷಉޚ੍࣌

MI ͱ OMC ͦΕͧΕͷ୯ಠ੍͕ޚͰ͖ͨͱ͜ΖͰɺMI ͷϒϩοΫΛऔΓ֎͠ɺMI ͷ੍ޚΛͨ͠ঢ়ଶͰ

OMC ͷ੍ޚ΋ͨͬߦɻຊདྷͳΒ͹ MI ͷ੍ޚ͸μʔΫϑϦϯδͷঢ়ଶ͔ΒΦϑηοτΛՃ͑Δ͕ɺࠓճͷ

ઃܭͰ͸ϞʔυϛεϚονͳͲʹΑΓ׬શͳμʔΫͳঢ়ଶʹ͸ͳΒͣɺҰ൪μʔΫϑϦϯδʹ͍ۙঢ়گͰ΋

ʹط 1.3mW ͋ͬͨɻͦ͜Ͱɺࠓճ͸ MI ʹ͸μʔΫϑϦϯδͷঢ়ଶ͔Β৽ͨʹΦϑηοτ͸Ճ͑ͣɺͦͷ

1.3mWͷޫΛϩʔΧϧΦγϨʔλͱͯ͠ OMCͷ੍ޚɺٴͼ DCreadoutʹ༻͍Δ͜ͱʹͨ͠ɻਤ 53͸MI

͕μʔΫϑϦϯδʹ੍ͨ͠ޚঢ়ଶͰ OMCΛ੍͠ޚɺOMCͷ఻ୡؔ਺Λଌͬͨ΋ͷͰ͋Δɻ2500HzҎ߱Ͱ

͍͖ͳΓήΠϯͱҐ૬͕มԽ͍ͯ͠Δͷ͸ɺOMC੍͕͍ͯ͠ޚͳ͍ঢ়ଶ͔Β੍ͨ͠ޚঢ়ଶʹ੾Γସ͑ͨࡍʹ

৅Ͱ͋Δɻݱ͖ͨى

ਤ 52 MIͱOMCͷಉޚ੍࣌ɻ྘͸MIͷΤϥʔ৴߸ɺԫ͸ Farday-Isolator͔Βͷ൓ࣹޫɺ੺͸OMC

ͷΤϥʔ৴߸ɺ੨͸ OMCͷಁաޫɻ

ਤ 53 MIΛμʔΫϑϦϯδʹ੍ͨ͠ޚঢ়ଶͰ OMCΛ੍࣌ͨ͠ޚͷ఻ୡؔ਺
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4.2.6.4 DC readoutͱ OMCͷੑೳςετ

DCreadoutΛͨͬߦɻMIͱOMCͷؒʹ͸࣓ੴͰऔΓ֎͠ՄೳͳڸΛઃஔ͠ɺͦ ΕʹΑΓ୹ؒ࣌ͰOMC

લޙͷ FFT(ߴ଎ϑʔϦΤม׵)͕Ͱ͖ΔΑ͏ʹͨ͠ɻOMCͷੑೳςετʹؔͯ͠ɺҎԼͷखॱͰͨͬߦɻ

(1)औΓ֎͠ՄೳϛϥʔΛऔΓ෇͚ɺMIΛ੍ͨ͠ޚঢ়ଶͰMIͷڸʹൃ৴ثͰ৴߸ΛೖΕΔɻMIͷ ASϙʔ

τ͔ΒϐοΫΦϑͨ͠ޫΛϑΥτσΟςΫλʔͰड͚ɺͦͷޫΛ FFTͯ͠ OMCલͷϊΠζϨϕϧΛݟΔɻ

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

ઌ΄Ͳͱಉ͡৴߸ΛMIͷڸʹೖΕͯ OMCͷ ASϙʔτ͔Βग़ͯ͘ΔޫΛϑΥτσΟςΫλʔͰडޫ͢Δɻ

ͦͷޫΛ FFTͯ͠ OMCޙͷϊΠζϨϕϧΛݟΔɻ

(3) (1)ͱ (2)ͷ݁ՌΛൺֱ͠ɺOMCલޙͷϊΠζϨϕϧͷมԽΛݟΔɻࠓճ͸MIͱ OMCͷ఻ୡؔ਺͔Β

ʹڞ UGF(੍ޚଳҬ͕)70Hz෇ۙͰ͋Γɺߴप೾ʹ͘ߦ΄Ͳ੍͕ޚऑ͘ͳΔɻ੍ޚଳҬ಺ʹ৴߸ΛೖΕΔͱͦ

ͷ৴߸͕཈͑ΒΕͯ৴߸ࡶԻൺΛൺֱ͠ਏ͘ͳΔҝɺࠓճ͸༷ʑͳप೾਺Λ͍Εͯ৴߸ࡶԻൺͷେ͖͍प೾਺

Λ͔֬Ίͨ݁Ռɺ2 kHz(5V)ͷ৴߸Λ࠾༻͢Δ͜ͱͱͨ͠ɻ ਤ 54Ͱ͸ɺOMCલޙͰ DCreadoutͨ࣌͠ͷ

ਤ 54 DCreadoutͨ͠ࡍͷ OMCલޙͷ৴߸ͱࡶԻϨϕϧ

ԻϨϕϧΛࣔ͢ɻ2ࡶ kHzͷϐʔΫ͸ࠓճ༻͍ͨ৴߸੒෼Ͱ͋Δɻ྆ऀΛݟൺ΂Δͱ OMCޙͰ͸ߴप೾ͷࡶ

Ի͕௿͞ݮΕ͍ͯΔ͕ݟड͚ΒΕΔɻ͔͠͠ɺಉ࣌ʹ৴߸ྔ΋ OMCલͷ໿ গͯ͠͠·͍ͬͯΔɻݮʹ13%

ΊɺϑΥτσΟςΫλʔࣗମͷԠ౴ͷҧ͍ʹΑΔ΋ͷͨͨͬߦճ͸ಉ͡ϑΥτσΟςΫλʔΛ༻͍ͯଌఆΛࠓ

Ͱ͸ͳ͍ɻ৴߸ྔ͕ݮগͨ͠ݪҼͱͯ͠͸࣍ͷΑ͏ͳ͜ͱ͕͑ߟΒΕΔɻ1ͭ໨͸ OMCޙʹͷΈݟड͚ΒΕ

Δ 2 kHzͷ৴߸ͷपΓʹੜ੒͞Ε͍ͯΔαΠυόϯυͷΑ͏ͳϐʔΫͰ͋Δɻ͜ͷϐʔΫ͸ 300Hz෇ۙͷݟ

ΒΕΔϐʔΫͱܗͨࣅঢ়Λ͓ͯ͠Γɺ300HzͷϐʔΫΛ 2 kHzपΓͷϐʔΫʹॏͶͯΈΔͱͦͷܗঢ়͸Ұக

͢Δ (ਤ 55)ɻ300HzͷϐʔΫ͸ϐΤκͷڞৼप೾਺Ͱ͋Γɺ͜ͷϐʔΫ͕େ͖͍ͨΊʹ 2 kHzͷ৴߸ͷपΓ

ʹαΠυόϯυͱͯ͠ݱΕͨͱ͑ߟΒΕΔɻ͜Ε͸ࡏݱ༻͍͍ͯΔ OMCͷϐΤκΛऔΓ෇͚͍ͯΔڸͷϚ΢

ϯτͷ Q஋͕͍ͨߴΊੜͨ͡΋ͷͩͱ͑ߟΒΕΔɻQ஋ͱ͸೤ଛࣦ܎਺ͱ͍ݴɺഔ࣭͕ٵऩͨ͠ΤωϧΪʔ

͕Ͳͷ͘Β͍଎͘ݮগ͢Δͷ͔Λද͢ࢦඪͰ͋Δɻࠓճͷ৔߹͸ڸͷϚ΢ϯτΛ Q஋͕௿͍࣭ࡐ (ਅ᭦ͳͲ)
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ਤ 55 OMCޙͷ FFTͰݱΕͨ 2 kHzपΓͷαΠυόϯυ

ʹม͑Δ͜ͱͰϐΤκͷڞৼʹΑΔৼಈΛ͙͢ʹݮগ͠ϐʔΫ͕খ͘͞ͳΔͱ༧૝͞ΕΔɻ࣮ࡍʹ 300Hzͷ

ৼʹΑΔαΠυόϯυͷޫྔ͸ڞ 2 kHzͷ৴߸ͷޫྔͷ 78%ఔͰ͋ΓɺϐΤκͷڞৼ໰୊͕ղফ͞ΕͨͱԾ

ఆͯͦ͠ͷޫྔΛ৴߸ͷϐʔΫʹ໭͢ͱɺOMCޙͷ৴߸ྔ͸ OMCલͷ໿ 23%ʹ·ͰվળͰ͖Δɻ࢒Γͷ

77%ͷϩεʹؔͯ͠͸ɺOMCͷϞʔυϚονϯά͕ѱ͘ಁա཰͕໿ 23%ͷͨΊʹ৴߸ྔ΋ޫྔʹൺྫͯ͠

ྔ߸ͷ৴ޙͷଌఆͰೖΕ͍ͯΔ৴߸ྔ͸ಉ͜͡ͱ͔ΒɺOMCޙɺOMCલʹ࣍ΘΕΔɻࢥগͨ͠΋ͷͩͱݮ

ਤ 56 OMCલޙͷࡶԻϨϕϧͷൺֱɻ੺͍ϚʔΫ͸MIʹٖࣅతʹೖΕͨ 2kHzͷ৴߸Λ͍ࣔͯ͠Δɻ

Λ OMCલͱಉ͡ʹͳΔΑ͏ʹϊΠζϑϩΞΛௐઅ͠ɺOMCʹΑΔࡶԻ΁ͷӨڹΛൺֱͨ͠ɻ͜ΕʹΑΓɺ

OMCޙͰ͸ߴप೾ྖҬʹ͘ߦʹͭΕͯࡶԻ͕ঃʑʹݮগ͞Ε͍ͯ͘ͷΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɻ2500Hz͋

ͨΓ͔Β͸໿ 3෼ͷҰҎ্ͷࡶԻ੒෼ͷ௿ߦ͕ݮΘΕ͍ͯΔ͜ͱ͕ݟड͚ΒΕΔɻOMCͷϞʔυϚονΛվ

ળͤ͞Δ͜ͱͰɺΩϟϦΞޫͷΨ΢εϞʔυͷޫྔʹൺྫͯ͠ɺΑΓࡶԻͷ௿ݟ͕ݮΒΕΔͱ͑ߟΒΕΔɻ
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5 ·ͱΊ

ຊڀݚͰ͸ׯবܭ༻γϛϡϨʔγϣϯίʔυ FINESSE ʹ mirrormap Λಋೖ͠ɺϛϥʔϚοϓΛ༻͍

ͨ৽͍͠ख๏Ͱ KAGRA ͷ OMC ͷσβΠϯͷܾఆΛͨͬߦɻ͜ͷख๏ʹΑΓɺ࣮ࡍͷ࣮ݧσʔλΛ༻

ͱಉ༷ʹγϛϡϨʔγϣϯ͢Δ͜ͱ͕ग़དྷΔΑ͏ʹͳͬͨɻͦͷ݁ՌɺKAGRA͍࣌ͨ Ͱ༻͍Δ OMC ͸

η = 55.4 deg,L = 75 cmͷσβΠϯ͕ཁٻ஋ຬͨ͢ͷʹྑ͍͜ͱ͕෼͔ͬͨɻ·ͨɺࠓճͷγϛϡϨʔγϣϯ

݁Ռ͸ KAGRAͰ༻͍Δݕग़ख๏ͷ࣮ݱՄೳੑͷࢦඪͱ͢Δ͜ͱ΋Ͱ͖ɺຊڀݚͷ݁Ռ͔Β 81%ͷ֬཰Ͱ

BAEͷ࣮͕ݱՄೳͰ͋Δͱ͍͏݁ՌΛࣔ͢͜ͱ͕Ͱ͖ͨɻ·ͨɺKAGRAͰ࣮ࡍʹ༻͍Δ΋ͷͱಉఔ౓ͷޫ

ྔ (໿ 1.3mW)Λ༻͍ͯ DCreaoutͷϓϩτλΠϓ࣮ݧΛ͍ߦɺOMCʹΑΔࡶԻޫͷ௿ݮʹ͓͚ΔӨڹΛ

ௐࠪͨ͠ɻͦͷ݁Ռɺࠓճͷ OMCࣗମ͸ಁա཰͕௿͘ྑ͍ڞৼثΛ࡞Εͨͱ͸͑ݴͳ͍͕ɺྫ͑͹ 2500Hz

෇ۙͰ͸ 3෼ͷҰʹݮগ͢ΔͳͲɺߴप೾ͷࡶԻͷ௿ݮͷ޲܏Λ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɻ͜Ε͸ DCreadout

ʹ͓͚Δ OMCͷඞཁੑΛࣔ݁͢Ռͱ͑ݴΔɻ
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෇࿥ A FINESSEͷํ͍࢖

ʻॳΊʹʼ

·ͣ͸ FINESSEΛμ΢ϯϩʔυͯ͠ɺ͑࢖Δͮ͘ڥ؀ΓΛ͏ߦɻ

1FINESSE͸ϑϦʔͷιϑτ΢ΣΞͰɺҎԼͷ URL͔Βμ΢ϯϩʔυͰ͖Δɻ

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

2FINESSEͷग़ྗʹ͸ओʹ gnuplotΛ͏࢖ͷͰɺFINESSEͷߏ੒ઃఆΛ͏ߦʮkat.iniʯϑΝΠϧΛॻ͖׵

͑ͯ gnuplotʹύεΛ௨͢ඞཁ͕͋Δ (ਤ 57)ɻ·ͨɺ3DϓϩοτΛ͏ߦͱ͖ʹ͸MATLABΛ༻͍Δ͜ͱ

͕͋ΔͷͰɺඞཁʹԠͯ͡༻ҙ͢Δɻ

ਤ 57 kat.iniϑΝΠϧ

ʻ֤ίϚϯυʼ

ҎԼʹɺFINESSEͷγϛϡϨʔγϣϯͰओʹ͏࢖ͱࢥΘΕΔίϚϯυͷઆ໌Λ͓ͯͤ͘ࡌɻFINESSEͰ͸

໊લ΍Ґஔ৘ใΛ֤ޫֶثػͰࢦఆ͠ɺͦΕΛεϖʔεͰͭͳ͙͜ͱͰׯবܭΛ૊ΈཱͯΔɻ·ͨɺ֤ޫֶͷ

ಛੑ (Ґ૬৘ใ౳)Λࢦఆ͢Δ͜ͱ͕Ͱ͖Δɻ

s name L [n] node1 node2 ɿޫֶؒثػͷڑ཭Λࢦఆ͢Δɻ \\

l name P f [phase] node ɿ Ϩʔβʔɻύϫʔ΍Ґ૬ΛࢦఆͰ͖Δɻ\\

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

Ϛϯυ͸ਤ 58ͷΑ͏ʹͳΔɻ࣍ʹίϚϯυϓϩϯϓτΛ։͖ɺʠkat ϑΝΠϧ໊ʡͱ͏ͭɻ͢ΔͱɺΤϥʔ৴

ਤ 58 katϑΝΠϧ

ਤ 59 ίϚϯυϓϩϯϓτ

߸ ճ͸ࠓ) 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
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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

*/
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##### 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

#*/

͜͜Ͱ͸ɺadίϚϯυ͸ ͸ʹࡍͰ͔͠ॻ͍͍ͯͳ͍͕ɺ࣮·࣍5 ɻͨ͠༺࢖Ͱॻ͍ͯ·࣍10
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ँࣙ

ຊڀݚͰ͸େֶߏ಺֎ɺଟ͘ͷօ༷ํʹଟେͳΔ͝ྗڠΛ௖͖·ͨ͠ɻ͜ͷ৔ΛआΓͯྱޚΛਃ্͛ͤ͠͞

ͯ௖͖·͢ɻ

ಋΛࢦॴଐ౰ॳ͔Β௕͖ʹ౉ΓஸೡͰ೤৺ͳࣨ͝ڀݚतʹ͸ɺڭଠ࿠।݈ٶΛͯ͠Լͬͨ͞फ׭ڭಋࢦͷࢲ

௖͖·ͨ͜͠ͱʹɺେมँײΛ͓ͯ͠Γ·͢ɻम࢜՝ఔ͔Βॏྗ೾͓ڀݚΑͼ࣮ݧΛ࢝Ίͨࢲʹɺॏྗ೾ͷج

ૅ͔ΒγϛϡϨʔγϣϯɺ࣮ݧͷૅجͱԠ༻ͳͲɺ෯͘޿ଟ͘ͷ͜ͱΛ͝ࢦಋ͍ͯͩ͘͠͞·ͨ͠ɻ·ͨɺࠃ

಺֎໰Θֶͣձ΍ϫʔΫγϣοϓͳͲʹࢀՃͤͯ͞Լ͞Γɺଟ͘ͷڀݚͷػձΛ༩͑ͯͩͬͨ͘͜͞ͱ͸ࢲʹ

ͱͬͯɺେมوॏͰࣗ਎ʹଟେͳӨڹΛ༩͑Δେ͖ͳ࢈ࡒͰ͋Γɺਂ͘ँײΛਃ্͛͠·͢ɻ

ΠϯάϥϯυͷόʔϛϯΨϜେֶʹॴଐ͞Ε͍ͯΔ CharlotteBond͞Μ͸ຊڀݚͰ༻͍ͨγϛϡϨʔγϣ

ϯίʔυ FINESSEͷ։ൃάϧʔϓͷํͰɺࣨڀݚॴଐॳ͔ظΒɺFINESSEͷํ͍࢖Λେมஸೡʹͯ͑͘ڭ

͍ͩ͞·ͨ͠ɻࣗ਎ͷڀݚͰγϛϡϨʔγϣϯ্͕ख͍͔͘ͳ͍࣌ʹ΋ɺز౓΋େมଟ͘ͷΞυόΠεΛԼ͞

Γɺँײͷͪ࣋ؾͰҰഋͰ͢ɻ

ΞϝϦΧͷΧϦϑΥϧχΞ޻Պେֶʹॴଐ͞Ε͍ͯΔࢁຊതষ͞Μʹ͸ɺFINESSEͷγϛϡϨʔγϣϯͰ

༻͍ΔϛϥʔϚοϓΛ͖͍ͩͨͯͬ࡞·ͨ͠ɻग़ுͳͲͰେม͓๩͍͠࠷த΋͓ؒ࣌Λ௖͖ɺϛϥʔϚοϓҎ

֎ʹ΋γϛϡϨʔγϣϯશൠʹΘͨΓͱͯ΋਌਎ʹଟ͘ͷॿݴΛԼ͍͞·ͨ͠ɻ

·ͨɺDCreadout࣮ݧͰ༻͍ͨ OMCΛ࡞੒͍͍ͯͨͩͨ͠υΠπͷ StefanGossler͞Μͱɺ࣮ݧΛ࢝Ί

ͨ౰ॳʹ OMCͷ੍ݧ࣮ޚΛͯݟԼ͍͞·ͨ͠ Daniel Friedrich͞Μʹ΋ɺଟ͘ͷΞυόΠεΛ௖͖·ͨ͠ɻ

ͷεʔύʔόΠβʔΛ͞ΕࣨڀݚΛେมαϙʔτ͍͖ͯͨͩ͠·ͨ͠ɻ·ͣɺຊ׆ੜڀݚͷօ༷ʹ΋ࣨڀݚ

͍ͯΔཱࠃఱจ୆ॴଐͷ౻ຊᚸࠀઌੜʹྱޚΛਃ্͛ͤͯ͠͞௖͖·͢ɻ౻ຊઌੜ͸೔ຊͷॳ୅ॏྗ೾ݕग़ث

ͷ։ൃΛ୲ΘΕͨํͰɺॏྗ೾ʹؔ͢Δଟ͘ͷڵຯਂ͍͓࿩΍θϛͷࡍͳͲʹେมڵຯਂ͍͓࿩Λͨ͘͞Μ࢕

Θͤͯ௖͖ɺଟ͘ͷΞυόΠεΛԼ͍͞·ͨ͠ɻത࢜՝ఔͷਢࠤ༑لઌഐʹ͸ύιίϯͷηοτΞοϓ͔ΒϦ

Ϟʔτձٞͷํ๏ͳͲɺύιίϯͷૅجతͳ͜ͱ͔Βஸೡʹ͍ͩͯ͑͘͞ڭ·ͨ͠ɻࡢ೥ຊࣨڀݚΛଔ͞ۀΕ

্ͨా৻Ұ࿠ઌഐ͸ɺॏྗ೾ڀݚͷཧ࿦΍࣮ݧσʔλ΍γϛϡϨʔγϣϯσʔλͷѻ͍ํͳͲɺ෼͔Γ΍͘͢

ҎݧΓɺ࣮ͩͯ͑͘͞ڭʹΒஸೡ͔ૅجͷݧઌഐ͸ޫֶ࣮ࡊಹ౻ࡈͷظɻ্ాઌഐͱಉͨ͠·͍ͩͯ͑͘͞ڭ

֎ʹ΋ଟ͘ͷ૬ஊʹ৐ͬͯͩ͘͞Γਫ਼ਆ໘Ͱ΋େมαϙʔτ͍ͯͩ͘͠͞·ͨ͠ɻಉظͷՃ౻४ฏ͞Μ͸ڀݚ

ࣨॴଐ౰ॳ͔Β࣮ݧͷΞυόΠεΛͯͩ͘͠͞Γɺ·ͨɺ͕ࢲେֶӃ΍׳ʹࣨڀݚΕΔΑ͏ʹଟ͘ͷαϙʔτ

Λ͍ͯͩ͘͠͞·ͨ͠ɻ࡚ᖛ޾ल͞Μʹ͸θϛൃදͳͲͰଟ͘ͷΞυόΠεΛ௖͖ɺ·݈ͨ߁໘ͳͲΛͬݣؾ

ͯͩ͘͞Γɺਫ਼ਆ໘Ͱ΋αϙʔτ͍ͯͩ͘͠͞·ͨ͠ɻम࢜ 1೥ͷ໼໺࿨৓͞Μ͸࣮ݧΛख఻ͬͯԼ͞Γɺ·

ͨɺ࣮ثݧ۩ͷҠಈ͕େมͳྗࣄ࢓ͷ࣌ͳͲɺշ͘ख఻͍ͬͯͩ͘͞·ͨ͠ɻ4೥ੜͷ೤ాক͞ΜͱยԬ༏͞

Μ΋ɺϚΠέϧιϯׯবܭ΍ճ࿏࡞੒ͷࡍͳͲɺ͍Ζ͍Ζͳ͜ͱʹշ͍ͩͯ͘͘͞͠ྗڠ·ͨ͠ɻ

͠·Ҏ֎ͷ৔໘Ͱɺ਺͑੾Εͳ͍΄ͲͷαϙʔτΛͯ͠௖͖ڀݚͷେ੾ͳՈ଒ͱֶ಺֎ʹ͓͚Δ༑ਓʹ͸ࢲ

ͨɻͦͯ͠ɺ͓ੈ࿩ʹͳͬͨଟ͘ͷॏྗ೾ؔऀ܎ͷօ༷ํʹਂ͘ँײΛਃ্͛͠Δͱͱ΋ʹɺँࣙͷݴ༿ͱ͞

ͤͯ௖͖·͢ɻ
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