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--	2015�žő=ß6Î2ſ	

ő=ßÎ2Y	-->	�âĭƉ
à	
	

	

--ūĞƤ+ªYƼ¬÷ſ		

		-->	(Ʀ��	=	~	100	kW	–	1	MW	

		-->	��������)ƉēƼ³ŐƕƸſ	
	

	

	

--	(ƦŒo°ƶƋƦ�Ŧ	

=>	
�� ��(�)!��� �%��
ƉóƹƟƌƸſ	

�ƩƸ�

Ěư�

ő=ßƦ@Ê�



Ű�

--	(q×ÍĀ
�÷ƳŒo°ƶƋƤĺ[ƕƸóĶƉÆĹýǯőĥſ	

			1.	ŒoŠť:	ƬƭƕƫƟƦĩäVß¶�Ơ£�Ƽ9ř	
			2.	(ƨƥ@Ê	

			3.	Ŀ�^ƤƵƸIƨƥǖǪǆ	

			4.	ǛǨǥǖǩǓǆ�sv�	

	
	

--	ő=ßÎ2YƠƦ(q×ÍĀ
�÷Ʀõī	
	 ő=ßÎ2YƦ	

£�ǯsv�ƦT		
	
ƇƵƩ	
	

�Ĩýí�ƦŒo�Ʀī½	
=>	�Ĩýí�(œ)ƉŒo=qƠ	
ƢƅªƸĠƅƈ?ƢƅŒo�Ƽmƅƈ?	

œƦ×Í�ďƉhƻƸ	
=>	ŊAƉ�svƤ	
=>	ŪǛǭǰCƦŞy�

ő=ßÎ2Yơ(q×ÍĀ
�÷�
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--	(q×ÍĀ
�÷ƳŒo°ƶƋƤĺ[ƕƸóĶƉÆĹýǯőĥſ	

			1.	ŒoŠť:	ƬƭƕƫƟƦĩäVß¶�Ơ£�Ƽ9ř	
			2.	(ƨƥ@Ê	

			3.	Ŀ�^ƤƵƸIƨƥǖǪǆ	

			4.	ǛǨǥǖǩǓǆ�sv�	

	

--	.z1:	ƏƹƶƦ(q×ÍĀ
�÷ƤƵƸóĶƼ6ƱƟė�ýƤ¨Ɲƚſ	
	

	

--	.z2:	ė�ý¨ƄƈƶžœƦZĽŊAävƦŒoŠťƼ�Ƅƚſ	
	

	
	

	
	

--	.z3:	ė�ý¨Ƅƈƶž�ĨýƣªAoƦŒoï¤Ʀ(ƪƦĽ0Ƽ�Ƅƚſ	

	

ő=ßÎ2YƪƦĸñ�

�ĨýŒo=qƪƦĸñ�

�ĨýŒo=qƪƦĸñ�

-	Y.	Enomoto	et	al.,	Phys.	Rev.	A,	94	(2016)	012115		
-	Y.	Enomoto	et	al.,	Class.	Quant.	Grav.,	33	(2016)	145002	
-	K.	Nagano,	Y.	Enomoto,	et	al.,	Phys.	Le7.	A,	380	(2016)	983-988	
-	K.	Nagano,	Y.	Enomoto,	et	al.,	Phys.	Le7.	A,	380	(2016)	3871-3875	

ØƦĳ·ƤƮơƱƶƹƚ:	
ŖŇĂĈƲØƦĳ·Ƥ:	

œƦ×Í�ďƉhƻƸ	
=>	ŊAƉ�svƤ	
=>	ŪǛǭǰCƦŞy�
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--	(q×ÍĀ
�÷ƳŒo°ƶƋƤĺ[ƕƸóĶƉÆĹýƣ�<ƼÊƚƕſ	

			-	ŒoŠť:	ƬƭƕƫƟƦĩäVß¶�Ơ£�Ƽ9ř	
			-	(ƨƥ@Ê	

			-	Ŀ�^ƤƵƸIƨƥǖǪǆ	

			-	ǛǨǥǖǩǓǆ�sv�	

	

--	.z1:	ƏƹƶƦ(q×ÍĀ
�÷ƤƵƸóĶƼ6ƱƟė�ýƤ¨Ɲƚſ	
	

	

--	.z2:	ė�ý¨ƄƈƶžœƦZĽŊAävƦŒoŠťƼ�Ƅƚſ	
	

	
	

	
	

--	.z3:	ė�ý¨Ƅƈƶž�ĨýƣªAoƦŒoï¤Ʀ(ƪƦĽ0Ƽ�Ƅƚſ	

	

ő=ßÎ2YƪƦĸñ�

�ĨýŒo=qƪƦĸñ�

�ĨýŒo=qƪƦĸñ�

œƦ×Í�ďƉhƻƸ	
=>	ǛǭǰƼ	ƎƸơŊAƉ�svƤ	
=>	ŪǛǭǰCƦŞyƤ�

-	Y.	Enomoto	et	al.,	Phys.	Rev.	A,	94	(2016)	012115		
-	Y.	Enomoto	et	al.,	Class.	Quant.	Grav.,	33	(2016)	145002	
-	K.	Nagano,	Y.	Enomoto,	et	al.,	Phys.	Le7.	A,	380	(2016)	983-988	
-	K.	Nagano,	Y.	Enomoto,	et	al.,	Phys.	Le7.	A,	380	(2016)	3871-3875	

ØƦĳ·ƤƮơƱƶƹƚ:	
ŖŇĂĈƲØƦĳ·Ƥ:	

Ɓ�ĨýƣªAoƦŒoï¤Ʀ(ƪƦĽ0Ƃ	
ƤƞƄƟüģƕƸſ�



�ĨýªAoƦï¤ƦĽ0:ūÐĥ�
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)�(Ʀ°ƶƋ�

2�(Ʀ°ƶƋ�

ĲXªAo(œ)Ʀ	
Œo°ƶƋǯëŊAƦï¤�

2�(Ʀ°ƶƋū=ūœƦï¤ū+ū)�(°ƶƋ	+	)�(°ƶƋƉœƼ°ƶƕ@Ê�

ävƕƸ						=>			�ƚƄ d						+												ŒoŠť�

ÆĂĈƦ¸ħ¦Þ:	�
2�(Ʀ°ƶƋū=ūœƦï¤ū+ū)�(°ƶƋ	+	)�(°ƶƋƉœƼ°ƶƕ@Ê�

--	�ĨýªAoƦï¤Ɖ(ƤƘƦƮƮĽ0ƑƹƟŁƝƟƌƸſ	

ƏƦ.zƤƞƄƟžó_ĳ·bč	:	Y.	Enomoto	et	al.,	in	preparaYon	(2017).	
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ǞǬǓǆ]�

œƦh��

(Ʀ°ƶƋ�
Ŀ�^�

�ĨýªAoƦï¤ƦĽ0�

)�(Ʀ°ƶƋ�

2�(	
Ʀ°ƶƋ�

œƦï¤�

-->ū¦:ƦœƠƦÿ­I�	
Ŭ	

+ªYƦ	ƈƶ2ƟƌƸ�

--ūØƦƵƅƣeQ:	

			Ţe																																																														-->				Ʀ°ƶƋƤƧūūūūūūūūūūūūƦ(Ɖ��	
	

																	Ʀ(Ƨ+ªYƠ+ªſūūūūūūūūūūūūƦ(Ƨ+ªƓƟƄƣƄeQſ	
--ūœƦŊAƦ+ªVß¶ūūūūū�ŀƼĜƆƸſ	

L-ýƣª�� (Œo)°ƶƋ¥3�
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�÷ƦĮł�
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ǞǬǓǆ]�

œƦh��

(Ʀ°ƶƋ�
Ŀ�^�

�ĨýªAoƦï¤ƦĽ0�

)�(Ʀ°ƶƋ�

2�(	
Ʀ°ƶƋ�

œƦï¤�

-->ū¦:ƦœƠƦÿ­I�	
Ŭ	

+ªYƦ	ƈƶ2ƟƌƸ�

--ū2�(Ʀ°ƶƋƤƇƍƸž)�(Ʀ°ƶƋƦ{�ū	

																																																					ÿ­I�	+		+ªYƦ	ƈƶūūūūūūūūūū§ƜáƗƸ					
	

--ū2�(Ʀ°ƶƋƤƇƍƸžœƦŊAƦï¤Ʀ{�ū	

																																																																												+ªYƦ	ƈƶūūūūūūūūƘƦƮƮ2ƟƌƸ	
	

	 ƘƹƙƹƦ{�ƼĭĐ�



ĖÊ�
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Ŷ�

�ĨýªAo(œ)ƦŒoï¤	

			Ľ0ūūūū2�(Ʀ°ƶƋƦŒoï¤	
	

	

	

				

=>	2�(Ʀï¤	=	ªAoƦï¤	

)�(Ʀ	
°ƶƋƦ{��

ªAoƦ	
°ƶƋƦ{�� )�(Ʀ{�� ªAoƦ{��

ƠǏǬƤ�

2�(ƦūūūūūūūūūūūūƦ(Ʀ°ƶƋƼģƕ]	

--	ªAoƦh�ƼŠťƣƓƠävū=>	ë°ƶƋƼJƷŚƌƏơƠ	
ŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽŽūūŽ�Ĩýí�ƦŒo=qýƣï¤Ʀwó	

--	ÆĂĈ:	ªAoƦï¤	-->	(ƤĽ0ūƼ®Ì	

																			(Ʀï¤ū-->	ªAoƤĽ0ūƲƠƊƸƧƖſŽŽŽŽØǡǰǌŽ	

2�(	
°ƶƋ�

(Advanced	LIGOƦǛǨǥǰǐƠĭĐ)�

�ĨýªAoƦï¤ƦĽ0�
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�ĨýªAoƦï¤ƦĽ0�

)�(Ʀ°ƶƋ�

2�(Ʀ°ƶƋ	
ŷū'ƦœƦï¤�

ĲXªAo(œ)Ʀ	
Œo°ƶƋǯëŊAƦï¤�

)�(Ʀ°ƶƋ	
=	'ƦœƦï¤�

'Ʀœ�

7Ʀœ�

Ľ0�

--	ÆĂĈ:	ªAoƦï¤ū-->	(ƤĽ0	
	
--	ŃƤž(Ʀï¤	-->	ªAoƤĽ0	
ƉSÓƤwóƠƊƹƨ	(ĭĐ	)ž	
	
														ªAoƦï¤		
														-->	(ƤĽ0	
														-->	7ƦªAoƤĽ0	
	
	

�ĨýªAoƦǔǫǣǰǖƉwóM!!	
(�ù6Ʀ®Ì)	
�ĨýŒo=qƦ¸ƚƣMĝ�	
	
�
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--ū�âĭaő=ßÎ2YƦ£�ǯsv�
ƤÆĹýƈƞiŤýƤŖƻƝƟƄƸ(q
×ÍĀ
�÷ƤƞƄƟƦõĳýƣĂĈƼ
ĢƝƚſƘƓƟž+ªYƤƇƍƸ(q×Í
Ā
�÷ƼǞǬǓǆ]Ƽ÷ƄƟ�ġýƤ
ĮłƓƚſ	

--ū�ġĳƈƶžƏƹƮƠĂĈƑƹƟƄƚºāƦóĶƼ6ƱƟė�ýƤ�Ƅƚſ
ƏƹƮƠƦ"7ƦĂĈƼĀ
�÷ƕƸƏơƤƵƸő=ßÎ2YƦ£�ǯsv
�T	ƪƦĸñƓƚſ	
	

--ūƑƶƤžZĽŊAävƦŒoŠťƳ�ĨýªAoƦŒoï¤ƦĽ0ơ
ƄƝƚ¸ħƣ�ĶƼĦƞƍíõý¢WƼĜ~Ɠž�ĨýƣŒo=qēƦw
óǯ�Ĩýí�ƦŒo�Ʀī½Ƥ¸ƚƣ{�Ɠƚſ	

	 -->ūŒoŠťǏǬƦäv	
-->	ªAoƦǔǫǣǰǖƦwóMĝ��



�	�



�%�



--ūő=ß:	¿ĉƦÚƯƉĉŕƼ�²ƕƸß	

		-	�ġĀ��õĳƠ�ĬƑƹƚ	
		-	2015�ž�Ũ6Ʀÿ­Î2Ǳ	

lśƦ30#Ć�ƦĹŒƦǞǨǓǆǢǰǪ2ƞƦQ�	

ƦơƊƦő=ßƼ«Ɔƚſ	

--	ő=ßƦHƭƕ�ŦƧţ�Ƥ�ƑƄ		

		=>	ǞǨǓǆǢǰǪŇ¾Q�ƳĻ¸¾ìüƣƢƦ	
Ïřýƣk�óĶƪƦő=ßðğƦĩäƉMĝǱ	

		=>	�ő=ƠƦ�ġĀ��õĳƦÎįƉMĝ	
	

--	`ôƤ8ÈƕƸő=ßƦª�																									-->	ţ�Ƥ�ƑƄ	

		=>		1	kmšƹƚí�ƦļšƉ	~10-18	mƛƍhCƕƸſ	

--	ƏƦƵƅƤ�ƑƣļšƦhCƼ«ƆƸƚƱƤƧ	

		=>	ǫǰǊǰ�âĭƉŌƓƟƄƸ!!	
	

ő=ßơƘƦÎ2�
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LIGO	lab	web	page	
h7ps://www.ligo.caltech.edu/image/ligo20160211d	ƵƷ�



¥Ê2.ū¸ƓƄ�ĶƦüĦƘƦ1�

2017�2Ã24»ū!gFgĂĈüģ��

Ůų�

--	ė�ýƣĮłƼ÷ƄƸƏơƠžƏƹƮƠĦŋƐƑƹƟƊƚ�ĶƼ2ƞĦƞƍƚſ	

ƘƦ1ƞþƧžœƦZĽŊAƦävƦŒoŠťƠƃƸſ	
	 --ū�ňŊAƤƞƄƟƧƵƌĂĈƑƹ

ƟƊƚƉžZĽŊAƤƞƄƟƧĂĈ
ƑƹƟƄƣƈƝƚſ	

--	ZĽŊAävƦŒoŠťƦģ�
Ƽ6ƱƟ�2Ɠž�ňŊAơƦ��
Ŗ�Ƽ½ƶƈƤƓƚſ	

�Ĩýí�ƦŒoï¤ƦwóƧ�ňŊAƠƃƸ�ĥƧƣƄſZĽŊAƠƲƵƄſ	
										�ĨýŒoēƦwóƤ¸ƚƣMĝ�Ƽ�Ɔƚſ�

ƏƦĖÊƧžY.	Enomoto	et	al.,	Phys.	Rev.	A,	94	(2016)	012115	ƤƮơƱƶƹƚſ		

--	ŖŇĂĈơƓƟžwũýĂĈ:	Ŀ�^Ƽ÷ƄƚœƦnB9�ÞƦwį	
(q×ÍĀ
�÷ƠœƦnBƉ�svƤ	-->	Ŀ�^ğ�Ƽ÷ƄƟ9�(�ù6)�

ƏƦĖÊƧ��ƤƮơƱƶƹƚ:	Y.	Enomoto	et	al.,	Class.	Quant.	Grav.,	33	(2016)	145002	
K.	Nagano,	Y.	Enomoto,	et	al.,	Phys.	Le7.	A,	380	(2016)	983-988	

K.	Nagano,	Y.	Enomoto,	et	al.,	Phys.	Le7.	A,	380	(2016)	3871-3875	
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--	*ƌ"7ƤĂĈƑƹƟƊƚóĶƼ6ƱƟė�ýƤĮłƓƚſ	
	

(ƦĉŕǦǰǗ(�¢)	

	
	

œƦŊA(�¢;	;�ǯ��ŊA)	
	

ǞǬǓǆ]�

œƦh��

(Ʀ°ƶƋ�
Ŀ�^�

�ĨýªAoƦï¤ƦĽ0�

(ƦĉŕǦǰǗ�

(q×ÍĀ
�÷�

-->ūǞǬǓǆ]ƠĮł�

--	"ƀƦóĶƤŌ÷	
--	�2Ƥ¥>�

)�(Ʀ°ƶƋ�

2�(Ʀ°ƶƋ�

œƦï¤�



ė�ýĮłƦŌ÷�

2017�2Ã24»ū!gFgĂĈüģ��

Ůŵ�

--	œƦŊAƦ+ªVß¶ūūūūū�ŀƤŌ÷ſ	

--ūƑƶƤØƦƵƅƣeQƤřv:	
			Ţe																																																														-->				Ʀ°ƶƋƤƧūūūūūūūūūūūūƦ(Ɖ��	
	

																	Ʀ(Ƨ+ªYƠ+ªſūūūūūūūūūūūūƦ(Ƨ+ªƓƟƄƣƄeQſ	

--ū+ªYƈƶŁƝƟƌƸ(Ʀ°ƶƋƤƇƍƸž)�(Ʀ°ƶƋơªAoƦŊAƦ
{�ƼĲƫƸſū	

œƦh��

(Ʀ°ƶƋ�
Ŀ�^�

L-ýƣª�� (Œo)°ƶƋ¥3�

�ĨýªAoƦï¤ƦĽ0�

)�(Ʀ°ƶƋ�

2�(Ʀ°ƶƋ�

œƦï¤�
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1.	ő=ßơƘƦÎ2	

2.	ő=ßÎ2Yơ(q×ÍĀ
�÷	

3.	(ƦĉŕǦǰǗ	

4.ū�ġƦǦǰǗƦĀ
�÷	

5.	ºāƦóĶƦ/�2	

6.	ÅāƦóĶƦĴĳ	
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--ūƞƄƤő=ßƦ6Ʀÿ­Î2ƉÊƚƑƹƚ�žƑƶƤĵ}ƣk·qýǯru
ĳýƣ dƼƲƚƶƕƚƱƤžő=ßÎ2YƦ£�ǯsv�ƼT	ƑƗƸĂĈ
ƉÜƱƶƹƟƄƸſƘƏƠž�âĭaő=ßÎ2YƦ£�ǯsv�Ƥ|­ƈƞ
iŤýƤŖƻƝƟƄƸ(q×ÍĀ
�÷ƤƞƄƟõĳýƣĂĈƼĢƝƚſ	

	
--	(q×ÍĀ
�÷Ƽž(Ʀ�ġƦĉŕǦǰǗơœƦ�ġƦŊAǦǰǗƤ�Ɠ
ƟǞǬǓǆ]Ƽ÷ƄƟĮłƓƚſő=ßÎ2YƦŒoŠťž(ƨƥ@Êž+ª
YƦœƦĪ��sv�žǛǨǥǖǩǓǆ�sv�ơƄƝƚ(q×ÍĀ
�÷Ƥ
ƵƸóĶƧƏƹƮƠ*ƌ"7ƤĂĈƑƹƟƊƚƉžÆĂĈƦ�ġýƣĮłƤ
ƵƝƟƏƹƶƼ6ƱƟė�ýƤ¨Ɲƚſ	

	

--	ƑƶƤžƏƦė�ýƣĦ¹ƤƵƷžœƦZĽŊAƳ��ǦǰǗƦävƦŒo
ŠťơƄƝƚƏƹƮƠĦŋƐƑƹƟƄƚóĶƼĦƞƍž�ňŊAƦeQơƦ�
��ƍƣƢƦíõýƣĜ~ƼĢƝƚſ	

ůŭ�

0.ūÆĂĈƦÐĥ�
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1.	ő=ßơƘƦÎ2	

2.	ő=ßÎ2Yơ(q×ÍĀ
�÷	

3.	(ƦĉŕǦǰǗ	

4.ū�ġƦǦǰǗƦĀ
�÷	

5.	ºāƦóĶƦ/�2	
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--ūő=ßơƧž¿ĉƦÚƯƉĉŕƼ�²ƕƸßƠƃƸſ	

2015�ž�Ũ6Ʀÿ­Î2Ǳ	
2ƞƦū~30	MżƦǞǨǓǆǢǰǪƈƶƣƸŇ¾ƦQ�Ʀ	

ơƊƦő=ßƼ«Ɔƚſ	

--	ő=ßƦHƭƕ�ŦƧţ�Ƥ�ƑƄƦƠžjĹŒ	

ƉņƌAƌeQƤƓƈĩäMĝƣƲƦƧ´�ƑƹƣƄſ	

	-->	ǞǨǓǆǢǰǪƳ	�o¾ƦŇ¾Q�ž	
Ļ¸¾ìüžǛǪǉǰƣƢ	

	=>	ƏƹƶƦk�óĶƤ�ƓƟžő=ßƧðğƦĩäƼMĝƤƕƸſ	
	

--	`ôƤ8ÈƕƸő=ßƦª�	

	=>	1	kmšƹƚǔǍǖǤǍƦļšƉ	~10-18	mƛƍhCƕƸſ	

--	ƏƦƵƅƤ�ƑƣļšƦhCƼ«ƆƸƚƱƤƧ	

	=>	ǫǰǊǰ�âĭƉŌƓƟƄƸ!!	
	

1.ūő=ßơƘƦÎ2�

2017�2Ã24»ū!gFgĂĈüģ��

ůů�

LIGO	lab	web	page	
h7ps://www.ligo.caltech.edu/image/ligo20160211d	ƵƷ�
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ůŰ�

1.ūő=ßơƘƦÎ2�

�âĭaő=ßÎ2Y�

mirror�

photodetector	

mirror�

mirror� mirror�

¶	km�

¶	km�

--	jaő=ßÎ2YƦ
à	

�âƦ½ÀƦhCƠĞƦŔƑƦhCƼ
ıƯJƸſ	

	-->	ĞƦŔƑƤÛ�ƓƟžő=ßƤƵƸ
h�ƉjƊƌƣƸſ	

	

--ūǅǬǥǰǖǪǆǨǍƦÎ2YƠƧž
Michelson�âĭơFabry–Perot+ªYƼ
ĕƯQƻƗƚÒ¥Ƽ÷ƄƟƄƸſ	

	-->	Michelson�âĭƠ2ƞƦĞƦŔƑƦ
�ƼäƸſ(Ɖ+ªY.Ƽ��Ʋ��
ƕƸƏơƠžw@ýƣĞƦŔƑƼŔƌƕƸſ	

	



light	
source�

beam	
spli7er	
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ůű�

1.ūő=ßơƘƦÎ2�

�âĭaő=ßÎ2Y�

mirror�

photodetector	

mirror�

mirror� mirror�

¶	km�

¶	km�

--	PœƧžªƷoơƓƟRƶƹƟƄƸſ	

	(+ªVß¶Ƨ~1	Hz)	
	=>	ő=ßƤ�ƓƟğøĹéƦƵƅƤ�ď
ƕƸƚƱǯŗªƕƸƚƱ	

	

--	œƼRƸªƷožœğ�Ƨžţ�Ƥ×Í
ý±mƉ�ƑƄſ	

	=>	ëŊAƤƵƸŠťƼ�ãƕƸƚƱ	

	=>	×ÍýǦǰǗƦǑǮǜǮǇƉ�ƑƄſ	
	

--	ţ�ƤŪǛǭǰƦǫǰǊǰ(Ƽ÷ƄƸſ	

	(Ğ+ªYƦ	Ơ	100	kW	–	1	MW	Ć�)	

	=>	(Î2¿ƦǋǧǓǖǙǁǎ�ãƦƚƱ	
	

	

	

ő=ß O�

��°ƶƋ�

=>	S/N	Û�
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1.	ő=ßơƘƦÎ2	

2.	ő=ßÎ2Yơ(q×ÍĀ
�÷	

3.	(ƦĉŕǦǰǗ	

4.ū�ġƦǦǰǗƦĀ
�÷	

5.	ºāƦóĶƦ/�2	

6.	ÅāƦóĶƦĴĳ	

7.	ƮơƱǯ�Ä�
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ůŲ�

þØ�



2.ūő=ßÎ2Yơ(q×ÍĀ
�÷�

2017�2Ã24»ū!gFgĂĈüģ��

ůų�

--ū�âĭaő=ßÎ2YƠƧž(q×ÍĀ
�÷Ɖőĥƣ�<ƼÊƚƕſ	

			ź	非常に高い共振器内パワー 
--	,�ýƤƧ	

		-	ŒoŠť:	((Ʀ)Œo°ƶƋƉŠťƤƣƸſ-->	"�'�!���
�&��	
		
		-	(ƨƥ@Ê:	(ƦĿ�^Ɖ”ƨƥ”ơƓƟœƤƧƚƶƌſ	

						
		-	Ī��sv�:	(ƦĿ�^ƠœƦnBƉ�svƤƣƸſ	

						

		-	ǛǨǥǖǩǓǆ�sv�:	œƦ��ǦǰǗƉ(ƤƵƝƟ?ĺǯf�ƑƹƟƓƮƅſ	

						

								=>	Øǡǰǌ�Řž�	ƦºāƦóĶƼİ½ƕƸſ	

œ
Ɖ
K
ƍ
Ƹ
@
Ê
�

=>	ÙƓƄŒoŠť�



(ƨƥ@Ê�
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--ū+ªYŔƦhCƤƵƝƟž+ªY.Ʀ(ƦǛǭǰƉhC	

		=>	Ŀ�^ƤƵƸ=ƉhC	
	

--	+ªéƈƶƦǎǫƤ�ƔƟžƨƥ+IãĤ	or	Iƨƥ+ãĤ	

2.ūő=ßÎ2Yơ(q×ÍĀ
�÷�

ůŴ�

+ªYŔhCƉŉƄeQ� +ªYŔhCƉņƄeQ�

Iƨƥ� ãĤ� IãĤ�

+ªé� +ªé�

ƨƥ�



Ī��sv��
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ůŵ�

--ū+ªYƼÒ¥ƕƸœƉZĽ
ƕƸơž+ªƓƟƄƸ(ƦľƉ
hCƕƸſ	

	=>ūœƠI�ƕƸ�ěƉhC	
	=>	Ŀ�^ƤƵƸǖǪǆƉhC	

	

--	ƏƦ@Ê	(Sidles–Sigg@Ê)Ƥ
ƵƷžIƨƥǖǪǆƉöƔžœ
ƦZĽŊAƉ�svƤƣƸe
QƉƃƸſ	

	

--ūĪ�9�ƧwŝƤÎ2YƼ
Ŋ÷ƕƸƚƱƤƧţ�Ƥőĥ
ƠƃƸſ	

2.ūő=ßÎ2Yơ(q×ÍĀ
�÷�

center	of		
curvature�

RoC	=	R2�

ŹoC	=	Rǲ�

center	of		
curvature� θŸ�

cavity	length	=	L�

displacement		
of	beam	spot	

ǖǪǆ� Ŀ�^Ʀ=	
2P/c�



ǛǨǥǖǩǓǆ�sv�
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ůŶ�

--	œƦ��ǦǰǗƉž+ªY.Ʀ(
Ƽµ�Ɠžµ�Ƒƹƚ(Ɖ+ªY.Ơ
+ªƓžĿ�^ơƓƟ��ǦǰǗƪ
ǝǀǰǗǚǓǆƑƹƸſ	

	
--ūƏƦǝǀǰǗǚǓǆƤƵƸIãĤƉ
×ÍýƣãĤƼĻƆƸơžǛǨǥǖǩǓ
ǆ�sv�ƼöƔƸſ	

		-->	Advanced	LIGOƠwŝƤĩä	

	

--	+ªY.Ʀ(ƦǛǭǰ	¼	

		-->	IãĤ=Ʀfj	
		-->	�sv�ƼöƔƸǦǰǗ¶Ʀfj	

		=>	ŪǛǭǰCƦŞy	

2.ūő=ßÎ2Yơ(q×ÍĀ
�÷�

Phys.	Rev.	Le7.,	114	(2015)	161102	ƵƷūū�

ǛǨǥǖǩǓǆ	
ǈǁǮ�

Ǜǭǰ	 ×ÍýQ$	

(1ƼĻƆƸơ�sv)	



ŒoŠť�
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ū	

2.ūő=ßÎ2Yơ(q×ÍĀ
�÷�

Űŭ�

ǣǮǕǬǦǰǔǀǞ	
ǍǆǁǰǌǮǇ�

--	ő=ßÎ2Y:	�âĭƈƶ2ƟƌƸ(Ʀ
°ƶƋƼävū=>ū'ƀƦŒo°ƶƋƉŠť	

--	a1ơa2ƧţM¯	

	=>	ƢƜƶƈ�¹Ƽävſ	
Ņ�Ʀ¹ÞƠƧž OƼU
ƽƠƄƸ�Ā¹TƼävſ	

	

	

--	ǢǦǑǁǮäv:	a1ơa2Ʀ
ęaXƦäv	

ÔæŒořù�

ǢǦǑǁǮäv:	
local	oscillatorơ�âƑƗƸ�

§ƜáƓ�

ÔæŒořùƦĊăƉMĝ�

ŠťƦǍǡǆǖǪ�

ŠťƦǍǡǆǖǪ�
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ŰŮ�

þØ�



3.ū(ƦĉŕǦǰǗ�
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Űů�

--	ŢĄßƦĮł	-->	�ŤßƉ�ƌ÷ƄƶƹƸſ	

ƓƈƓž�ŤßƧĉŕý�ƉƷƉêřſ	
	

--		ǫǰǊǰ(ƣƢwŝƦ(ƼĮłƕƸƚƱ
ƤƧžŌ4ƣĉŕǦǰǗƼĜƆƸ�ĥƉƃƸſ	

		-->	�ƆƨūHermite–GaussianǦǰǗ	

	

	
	

	-	ŢeƉGaussianơÿ�iŧ�Ʀć	

	-	ğø�:	�Ťß	

				=>	ŀľŀ�Ʀđ\.Ơt*ēƼƣƕſ	
	-	Gouy�Ā								:	Ø¶(l+m)ƦûƣƸǦǰǗƧ	

				Gouy�Ā3ƛƍ�ĀƉƖƹƸſ	

HGǦǰǗ�

cÆǦǰǗ�

ÖƧÙžĔƧķƼģƕſ�



ǫǰǊǰ(Ʀģó�
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--	ǫǰǊǰ(ƦŢeƧžª�ƉjƊƣ(L-ýƣ)cÆǦǰǗƦŢeơž°ƶƋ
ƼģƕŢeƦőƥQƻƗƠģƑƹƸſ	

		-->	*ƟƦǦǰǗƦ°ƶƋƼĜƆƸ�ĥƉƃƸſ	
	

--ū�ŤßƦŒoCƈƶžĉŕǦǰǗƠģƑƹƸŢeƦŒoCƼ�ƍƸſ	

	ū=>ūõ¡ýƣ(åƠƃƝƟƲž*ƟƦǦǰǗƤŒo°ƶƋƉp_ƕƸſ	

3.ū(ƦĉŕǦǰǗ�

ŰŰ�

L-ýƣª��
lmǦǰǗƦ	
”ª�”°ƶƋ	
(L-Ţeơ	
S�Ā)�

lmǦǰǗƦ	
”�Ā”°ƶƋ	
(L-Ţeơ	
90�Ɩƹ)�

lmǦǰǗƦ�Ā�
lmǦǰǗƦŢe3��

°ƶƋ¥3Ʀǝǰǩǂh¯	

L-(ƦVß¶ūūūƤ�ƓƟ	
												Ʀ(Ʀáç/ö¥èĐoƦX�

upper� lower�
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2.	ő=ßÎ2Yơ(q×ÍĀ
�÷	

3.	(ƦĉŕǦǰǗ	
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�÷	

5.	ºāƦóĶƦ/�2	
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Űű�

þØ�



--	(Ʀ�ġƦĉŕǦǰǗơœƦ�ġƦŊAǦǰǗƦĀ
�÷ƼĮłƓƵƅſ	

			��Ʀ3ƞƦŋĆƈƶ¥ƝƟƄƸ:	
			1.	œŤƦh�Ơ(ƦĉŕǦǰǗƦ°ƶƋƉ?ĺƑƹƸſ	

						=>	�Ā°ƶƋ¥3ƼöƯ2ƕſ	

			2.	(ƦĉŕǦǰǗƦ°ƶƋƤƵƸĿ�^°ƶƋƉœƦŊAƼ?ĺƕƸſ	

						=>	ª�°ƶƋ¥3ƉĿ�^°ƶƋƤ{�ſ	

			3.	((ƦĉŕǦǰǗƦ°ƶƋƉ+ªYƠf�ƑƹƸſ)	
	

--	�ġƦǦǰǗƦ(q×ÍĀ
�÷Ƽ	

ǞǬǓǆ]ƤƮơƱƸƏơƼĜƆƸſ	

ŰŲ�

4.ū�ġƦǦǰǗƦĀ
�÷�

2017�2Ã24»ū!gFgĂĈüģ��

L-ýƣª��

lmǦǰǗƦ	
”ª�”°ƶƋ�

lmǦǰǗƦ	
”�Ā”°ƶƋ�



ǞǬǓǆ]�
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--	?ĺƑƹƚ�Ā°ƶƋƧž+ªYƤ)�ƓƟƌƸ°ƶƋơőƥQƻƑƸſ	

--	Ŀ�^ƤƵƸŊAƦ?ĺƧëŊAĎơőƥQƻƑƸſ	
--	ǪǰǟǈǁǮƧūūūūūūūūūūūūƤÛ�ſūūūūūūūƦ12¥3ƤƲÛ�ſ	

4.ū�ġƦǦǰǗƦĀ
�÷�

Űų�

1.	�Ā°ƶƋ¥3	
Ʀ?ĺ�

2.	Ŀ�^°ƶƋƤƵƸ	
œƦŊAƦ?ĺ	

3.	+ªYƤƵƸf�	
:	ŊAƦǦǰǗƦ£Kò�

:	œƦǦǰǗơ	
	(ƦǦǰǗƦ	
	overlap[o�
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1.	ő=ßơƘƦÎ2	

2.	ő=ßÎ2Yơ(q×ÍĀ
�÷	

3.	(ƦĉŕǦǰǗ	

4.ū�ġƦǦǰǗƦĀ
�÷	

5.	ºāƦóĶƦ/�2	

6.	ÅāƦóĶƦĴĳ	

7.	ƮơƱǯ�Ä�
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ŰŴ�

þØ�



Űŵ�

5.	ºāƦóĶƦ/�2�
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1.	�Ā°ƶƋ¥3	
Ʀ?ĺ�

2.	Ŀ�^°ƶƋƤƵƸ	
œƦŊAƦ?ĺ	

3.	+ªYƤƵƸf�	
:	ŊAƦǦǰǗƦ£Kò�

:	œƦǦǰǗơ	
	(ƦǦǰǗƦ	
	overlap[o�

--ūƏƦǞǬǓǆ]Ƽž�ňŊAǯZĽŊAǯ��ŊAƤŌ÷ſ<--ūœƦŊAƦċe	
--	Ƙƹƙƹ(ƦĉŕǦǰǗƠƧžcÆǦǰǗǯ10/01ǦǰǗǯŪØǦǰǗƉ��ſ	
--	ƘƓƟž(ƨƥ@ÊǯSidles–Sigg@ÊǯǛǨǥǖǩǓǆ�sv�ƉąƑƹƸſ	
	

--	ƑƶƤž+ªYƈƶ2ƟƌƸcÆǦǰǗƦ°ƶƋƦävƼĜƆƸƏơƠ	

ő=ßÎ2YƦ(ƵƷ�ġƤœƦ�ňŊAävƦ)ŒoŠťƉÜƱƶƹƸſ	



(ƨƥ@Ê�
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5.ūºāƦóĶƦ/�2�

ŰŶ�

--	ƨƥ+IãĤ	or	Iƨƥ+ãĤūƦĕƯQƻƗƠóƹƸƏơƉƻƈƸſ	

	

h�ƤÛ�Ɠƚ=	

�ňŊAơcÆǦǰǗ	
ƦĀ
�÷�

12¥3Ƨ+ªƈƶƦǎǫƤƵƝƟ	
ČOƉhƻƸ�

=>�
+ªYƦœƦńŋòƦX�

ƨƥv¶�



Ī��sv��
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5.ūºāƦóĶƦ/�2�

űŭ�

--	ǖǪǆƤƞƄƟƲžƨƥ+IãĤ	or	Iƨƥ+ãĤūƦĕƯQƻƗ	

	

h�ƤÛ�ƓƚǖǪǆ	

ZĽŊAơ10ǦǰǗ	
ƦĀ
�÷�

10ǦǰǗƧţ+ª	
=>	12¥3Ƨgǝƾǆǐǰ(ÁòƳ+ªYŔ)ƠÝƮƸ	

=>�ƨƥv¶�



ǛǨǥǖǩǓǆ�sv��
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5.ūºāƦóĶƦ/�2�

--	�ġĳƼ��ǦǰǗƦ+ªVß¶ūūūūūƤƇƄƟŌ÷ƕƸƏơƠ�ƍƸſ	

--	upper/lowerƦƢƜƶƦǉǁǗǚǮǗƉ+ªƓƟƄƸƈƠĢ5Ʀ12¥3ƦČ
OƉhƻƸſū=>	ãĤ	or	IãĤ	

	

��ŊAơŪØǦǰǗ	
ƦĀ
�÷�

Advanced	LIGOƠĩäƑƹƚ�svǦǰǗſ	
�Ɖ��ǦǰǗžNƉ(ƦĉŕǦǰǗſ	

Phys.	Rev.	Le7.,	114	(2015)	161102	ƵƷſū�

upperƦƯ+ª	-->	ãĤ	
lowerƦƯ+ª	-->ūIãĤ�

ǛǨǥǖǩǓǆ	
ǈǁǮ�

Ǜǭǰ	 ×ÍýQ$	

(1ƼĻƆƸơ�sv)	 űŮ�
Ģ5Ʀ12¥3	

űŮ�



ŒoŠť�
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5.ūºāƦóĶƦ/�2�

űů�

--	(ƨƥơ*ƌSƔǞǬǓǆ]ſ
I�((ĘƦŏ3)ƼśƤÂƄƚſ	

--ūI�(Ʀ°ƶƋƼÜƱƸƏơ
ƉƠƊƟž	

�ňŊAơcÆǦǰǗ	
ƦĀ
�÷�

h:	ő=ßƦª��
interference	with	LO�

signal	+	noise�
=>	�¢ƦǢǦǑǁǮ�ĀƠƦŒoŠťƉÜƮƸſ�

ǢǦǑǁǮ�Ā�
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1.	ő=ßơƘƦÎ2	

2.	ő=ßÎ2Yơ(q×ÍĀ
�÷	

3.	(ƦĉŕǦǰǗ	

4.ū�ġƦǦǰǗƦĀ
�÷	

5.	ºāƦóĶƦ/�2	
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űŰ�

þØ�



œƦŊAƦċe� (Ʀ°ƶƋƦċe�

�ňŊAū-->	
�

(ƨƥ@Ê� ő=ßÎ2Y(œƦ�ň
ŊAäv)ƦŒoŠť�

ZĽŊAū-->�
�

Ī��sv�	
(Sidles–Sigg	@Ê)�

��ŊAū-->�
�

ǛǨǥǖǩǓǆ�sv�

űű�

6.ūÅāƦóĶƦĴĳ�
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--ūƏƏƮƠ�ġĳƼ"7ƤŌ÷ƓƟž(ƨƥ@ÊžĪ��sv�žǛǨǥǖǩǓ
ǆ�sv�žő=ßÎ2YƦŒoŠťƼ�Ƅƚſ	



űŲ�

6.ūÅāƦóĶƦĴĳ�
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--ūƏƏƮƠ�ġĳƼ"7ƤŌ÷ƓƟž(ƨƥ@ÊžĪ��sv�žǛǨǥǖǩǓ
ǆ�sv�žő=ßÎ2YƦŒoŠťƼ�Ƅƚſ	

--	ģƦƵƅƤž�ƄƚºāƦóĶƼƮơƱƸơž???	Ʀŏ3Ƥ��ƕƸ�ĶƉ
ĜƆƶƹƸƏơƉƻƈƸſ	

					=>	ZĽŊAävƦŒoŠťơ10/01ǦǰǗƦ°ƶƋ	
					=>	��ǦǰǗävƦŒoŠťơŪØǦǰǗƦ°ƶƋ	

œƦŊAƦċe� (Ʀ°ƶƋƦċe�

�ňŊA	
/cÆǦǰǗ�

(ƨƥ@Ê� ő=ßÎ2Y(œƦ�ň
ŊAäv)ƦŒoŠť�

ZĽŊA	
/10	or	01ǦǰǗ�

Ī��sv�	
(Sidles–Sigg	@Ê)�

???�

��ŊA	
/ŪØǦǰǗ�

ǛǨǥǖǩǓǆ�sv� ???�



ZĽŊAävƦŒoŠť�
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6.ūÅāƦóĶƦĴĳ�

űų�

--	œƦZĽƼžI�(ƦävƼŅƔƟäƸƏơƼĜƆƸſƏƏƠƧĒEƦƚƱž
+ªYƠƧƣƌœ1ÉƦI�ƤƵƸZĽƦävƼĜƆƸ	((ƟƏ)ſ	

--ūœƈƶ�vƦļšƦơƏƺZmeasƠI�(ƦƁÕ¹TƂƦ�ěxmeasƼävſ	
	

--	œƈƶZmeasƮƠƦğø�²ƠžcÆǦǰǗơ10ǦǰǗƦ�Ā�ƉGouy�Ā
Ʀ3ƛƍhCƕƸƚƱžª�°ƶƋơ�Ā°ƶƋƧZĽƕƸſ	
	

							ūūūūū=>ūǞǬǓǆ]Ʀ�ġĳƼ÷ƄƟŒoŠťƼÜƱƸſ	

=>	10ǦǰǗƦª�°ƶƋ�
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űŴ�

	

--	�ňŊAävƦŒoŠťơ*ƌ
SÓƤ�2ƕƸƏơƉƠƊƸ:	

	
	

	

=>	�ňŊAơ*ƌSÓƦģ�	

=>	ZĽŊAävƦÔæŒořù
ơƘƦĊă	

=>	Gouy�ĀǋǝǖūūƉǢǦǑǁǮ
�ĀƦ�<	

ZĽŊAơ10ǦǰǗ	
ƦĀ
�÷�

--	ƏƦĖÊƧžY.	Enomoto	et	al.,	Phys.	Rev.	A,	94	(2016)	012115	ƤƮơƱƶƹƚſ		

measurement	
@	Zmeas�

Gouy�Āǋǝǖ�

signal	+	noise�

§ƜáƓ�
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6.ūÅāƦóĶƦĴĳ�

--	œƦ��ǦǰǗƦh�ƼžƘƹơ”�
ƚ”(ƦĉŕǦǰǗƦ°ƶƋƦävƼŅƔ
ƟäƸƏơƼĜƆƸſ	

--	I�(Ʀ°ƶƋƦģ�:	

��ǦǰǗơŪØǦǰǗ	
ƦĀ
�÷�

--	�	Ʀģ�ƈƶŒoŠťƼĭĐƠƊƸſ	

--	ǛǨǥǖǩǓǆ�sv�ƦơƊơSÓƤž	
��ǦǰǗƦ+ªVß¶�ŀžƈƞupper/lowerƦƢƜƶƈƦ
ǉǁǗǚǮǗƦƯƉ+ªƦeQƼĜƆƵƅſ	

signal	+	noise�

interference	with	LO	
of							mode�

űŵ�
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űŶ�

--	Advanced	LIGOƦĞ+ªYƤ�ƓƟĭĐƓƚſ	

23	kHzƦ��ǦǰǗž3ØƦĉŕǦǰǗžupperƦƯƉ+ªYƠ+ªſ	
ǛǨǥǖǩǓǆǈǁǮ(	Ż							)Ɖū-1ūƤƣƸƵƅƤǛǨǥǰǐƼōƽƛſ	

--	�:	��ǦǰǗƦh�ƠħËCƓƚŒoŠťƦǍǡǆǖǪ	

--	N:	I�(Ʀ°ƶƋƦǍǡǆǖǪ	

--	ǏǬéªAƼĩäƕƸƦƤD3ƣ£�Ƽ�ƶƹƸƏơžI�(Ʀ°ƶƋƧ
ǏǬéªAƼUƱƣƄơǋǧǓǖǙǁǎǫǠǪƤƣƶƣƄƏơƉƻƈƸſ	

upperƦäv	
()�(Ʀ{�)�upperƦäv�

ǢǦǑǁǮ�

ǏǬéªA�

ǢǦǑǁǮ	
()�(Ʀ{�)�

SQL�

ǏǬéªAƦ
{�ƼUư�
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Ųŭ�

--	+ªVß¶ƠƦŒoŠťƦîû
ƣªƸĠƄƧØƦƵƅƤõīƠƊƸ:	

+ªYƦǝǀǘǍƉD3ŪƄeQž	
+ªYƦ	ƤlowerǉǁǗǚǮǗƉp
_ƓƣƄơƯƣƗƸƈƶžǞǬǓǆ]
ƼĒúCƠƊƸſ	

=>	I�(ƦupperǉǁǗǚǮǗƧ	

	

	

															ƦơƊž)�(Ʀ°ƶƋƦ{
�Ɖ0ƤƣƸſ	
--	��ǦǰǗƉc�ï¤(=	ǏǬéª
A)ƤƃƸơƊžupperǉǁǗǚǮǗƦ
ǛǭǰǍǡǆǖǪƧ1(=	ǋǧǓǖǙǁǎ
ǫǠǪ)ƤƣƸſ	

(ª�°ƶƋž�Ā°ƶƋ)Ʀc�ƠƧƣƌž	
(upper,	lower)Ʀc�ƠģƓƟƄƸſ�



0.	ÆĂĈƦÐĥ	

1.	ő=ßơƘƦÎ2	

2.	ő=ßÎ2Yơ(q×ÍĀ
�÷	

3.	(ƦĉŕǦǰǗ	

4.ū�ġƦǦǰǗƦĀ
�÷	

5.	ºāƦóĶƦ/�2	

6.	ÅāƦóĶƦĴĳ	

7.	ƮơƱǯ�Ä�
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ŲŮ�

þØ�



Ųů�

7.ūƮơƱǯ�Ä�
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=�#�$�=	
--ū�âĭaő=ßÎ2YƦ£�ǯsv�Ƥ|­ƈƞiŤýƤŖƻƝƟƄƸ
(q×ÍĀ
�÷ƤƞƄƟƦõĳýƣĂĈƼĢƝƚſƘƓƟž+ªYƤƇƍ
Ƹ(q×ÍĀ
�÷Ƽ(Ʀ�ġƦĉŕǦǰǗơœƦ�ġƦŊAǦǰǗƤ�Ɠ
ƟǞǬǓǆ]Ƽ÷ƄƟĮłƓƚſ	

	

--ū�ġĳƈƶžő=ßÎ2YƦŒoŠťž(ƨƥ@Êž+ªYƦœƦĪ�
�sv�žǛǨǥǖǩǓǆ�sv�ơƄƝƚºāƦóĶƼ�Ɗžė�ýƣĦ¹
Ƽ�ƆƚſƑƶƤžœƦZĽŊAävƳ��ǦǰǗävƦŒoŠťơƄƝƚ
¸ħƣ�ĶƼĦƞƍžíõý¢WƼĜ~Ɠƚſ	

	
--ūơƌƤZĽŊAävƦŒoŠťƤƇƄƟž�ňŊAƦeQơƦ��Ŗ�Ƴ
ŒoŠťƦ�ã¹ÞƼ�ƄƚſƮƚ��ǦǰǗävƦŒoŠťƤƇƄƟžŒ
oŠťƉǏǬǯ+ªYƦI�(Ʀ°ƶƋƤ��ǦǰǗƦh�ƉĽ0žơƄƅ
îûƣªƸĠƄƼ�Ƅƚſ	
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=�	��=	
--	ė�ýƣĨéƼ�ƆƚƏơƠž�âĭaő=ßÎ2YƤƇƍƸŠťƦĦć
ƲƷƳ�sv�9�Ʀ¹ÞƤ�÷ƠƊƸſ	

		-	ŪØǦǰǗƦ(ƿǮǒ)ǍǆǁǰǎƤƵƸ£�Ʀ�CƦĭĐ	

		-	ǛǨǥǖǩǓǆ�sv�Ʀ9�ƪƦž�Ʀ�sv�9�Ʀ¹ÞƦ�÷	

	
--	��ǦǰǗävƦŒoŠťƠĦƶƹƚªƸĠƄ	

			(ŒoŠťƉǏǬƤƣƸžI�(Ʀ°ƶƋƤªAoƦh�ƉĽ0ƑƹƸ)	

	ūūƧž�ġýƠž��ǦǰǗƤřƝƚƲƦƠƧƣƄſ	

			ŠťƣƓƠh�Ƽäv	

			=>	(q×ÍĀ
�÷Ƽ÷Ƅƚ�ĨýŒoēƦwũƪƦ�÷		
								(ªAoƦ1GƣƢ)	

	
�	ƠƕſƃƷƉơƅƐƒƄƮƓƚſ�



�%ǍǨǁǗ�



Stokes/anY-StokesŋĆ�
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--	upperƦƯ+ª	=>	anY-Stokes	&B	=>	damping	

--	lowerƦƯ+ª	=>	Stokes	&B	=>	anY-damping	
	

	

Y.	Ma,	Ph.D.	thesis,	Univ.	of	Western	Australia	(2015)ƵƷū�

anY-Stokes� Stokes�



+ªYƤƵƸf��
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LOơƦ�â�
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ŲŴ�

--	LOơ2�(ƦŕƦ�Ā�ƉǢǦǑǁǮ�ĀơƣƸſ	

--	ǢǦǑǁǮävƠƧžLOƧūūūūƦǫǰǊǰ(ſ	
--														ƦLOƼ÷ƄƸƏơƠƦžūūūūūūūūūūūūūūūūūūūūūūūūūūūūūūūūƤ��ƕƸŒƦäv
Ɖ®ÌƑƹƟƄƸ	(synodyneäv)ſ	

--	wŝžūūūūūūūūūūūūūūūūūūūūūūūūūūƦLOƼ÷ƄƸơžūūūūūūūūūūūūūūūūūūūūūūūūūơƄƅŒƉäv
ƠƊžupperǉǁǗǚǮǗƦävƼwóƕƸſ	

�âĭƈƶƦ2�(	
(ävƓƚƄ°ƶƋ)�

ǬǰǄǪǃǋǫǰǐǰ(LO)	
L-ýƣª�Ƽ©ƞſ	

BS�

signal	+	noise�

SƔĉŕǦǰǗ�

balanced	homodyne	detecYon�



��ǦǰǗƦäv:	ǛǨǥǰǐ�
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--	Advanced	LIGO	ƦĞ+ªYſ	

--	ŪØǦǰǗŕŜƧūūūūūūūūūūūūūūūūūūūūūūžFSRƧ	
--	ŪØǦǰǗŕŜƉūūūūūūūūūūūūūūūƦơƊžƜƴƅƢ3ØǦǰǗƦupperƉ+ªſ	

	

	



Hamiltonian	approach�
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--	�ňŊAơcÆǦǰǗƦĀ
�÷ƦeQſ	

	
	

ª�°ƶƋ�

�Ā°ƶƋ�



“áƆƚ”)�(Ʀ°ƶƋ�
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--	

	

§ƜáƓ�

§ƜáƓ�


