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(1. Gxx  �{�fÆ��� AZ85721 � 2. Rx�U��x5{�f / X℄{�oU)J\kbÆX℄ 210042))#�;d�f,qt5,<Q5i�y#B�<�o<,,y#BVHlQ�Xdrt�(V�\��h�+�Q�,Y 50 _�w0�,y#BVHlQ�_d�"�m#�w(Ys�}<J�y#B��d^d�V,�� � ��yv%�S�y#B�oL�y#B��d-�����P142.8+4 � P111.4 ��� � |���A
1 �z$C�=NMW"A (gravitational wave) �_x"A�=�vTi"ps4+;PC-sk��"�vTi^P�pÆ#y�	℄P�18��8l��fDDm;�Ggfb���dHv"f �T&!P�N)�2T&!P�[)1�3?N)�[)l�5pJX�18��82)u��18��8W�u�l�V)x"�u�=X=1��V)��ga*ZD}C8��Æ�x"/v"��!0;�3U�!0;�l�_�"R�N?�u��x1�Aa0kfU=Xx�=3IF7�31�8�UfHu��l��8�l'u�V)�/FL

�J6�N)�2[)v"��#l=3U=3IF7�W
;0Cf�u18��8WG&�|��#a"��9=18��8WP�fXr� (singularity)��N)xs��8�18W��:9�f /?�=�Fo/kP���="qF{	,��fXW��:WY9�1�el=S�xs18��8u��!P�N)�2[)��KF*2)9�1�3U1�u�0;l�lmYWY:VY
+��gmPRA�o�97/?�W�3UA!%�x"A [1∼3] �"l�OP��rA=	HG)�fUA!F7��lS��rA����6Y�!V)��W��x"A)�N)�6Y�!V)���rAfb�x"A�blmY"�8o���rA�INx �!k���z=��!6Y&��rA�ZUF��18k:�vsv"ZUF��;0F7�x"A�INe=�V)d�N)z=��!6Y&4h�x"A�bv"ZUF��18k:�"MK�rAo�1��l�f?4}�!k�2�mk�� �����2004-09-14 � "
���2005-04-14



� 196 �������y���S�V�,������� 23 v���!�|w�rA (mA) �o��"MKx"A1�e�l��W�x"a+}�)k"R��!k�x"k (graviton) �MKpo��Fz�3U�!k�MKx"A��;>D�
�p8���pPfXW
!t=3U!k"4�Pji�D�[)�2N)�"�rAP��rA��d�F9�W6!9:�F�/v"F�� �9:�x"Aev"F�� �9:��2HF;�I
�S�mi�18��8W=fXZ:�I�w:*�3Xw:*�l�fX
�+_��}L�;9�"E�x"A~7�{	,��8�18WlF!=
�+_��31�W"UfX9:��F*�V)X_�
0�/"�pqD�9:�)�F*�V)
0�X_�18��8W�Ff��fXFfF*9��}u�ufX
}�6��
�+_�}u�!9`Y\"pqD9:��3fX
}��sF*�:��8o��f �C�x"AvU�9:��818W�9F9:e=}�4qD�Vv��4���x"A��rA�W�ev"(X �9:��A!�pPfX=d5�8V)�X_�
09:�w:\9:4mG�A!��y"�8w:*P�x"A" Z \�o��WC31�8�X_�
0�9:=� X � Y \9:4��-�x"A�/mF?) h+(t) �/3fX �?)aV)�
0�X_)� X � Y w:\9:` 45◦ G�-�x"A�FSF?) h×(t) �
�x"A$=3(X?)�|O��% h(t) = F+h+(t) + F×h×(t) [1] �7P�(X*Ox �x"A�o�9:�w:*�3G�Fz�x"A4=�o�AFIS��D�
�� �	H+x"A��.0;��"kn[jCP�Zkx"A��rA/?4W��dH� =(U
�F��A!F7�C-ps4+;MK�x"AaAq�9
==3I9
�/�rAaAq�9
=3I9
�=3I9
Fv"3I�6�IN�~N1
�Y
.�"���x"A{	,��l�XW�3I9
�|w3U=3I9
�x"A�[)e
2�rA�[)��
.�pe+�dH�4}��rA[)� 10−38 �vs�H�x�)&�N)�6Y�!L[dV)�[P)��x"A��rA�l�l�OP��.$N2)v��/dHC8m+4O�0;��f ��2)4�v��x"A)F��dH'�F�
�p
$N2)v���lS�x"A#(#(�~z�}/F�	HawT��=x"A�x"AC8)�2)4�v�����rA�$NC8v"f �4�v��	H�l2+ZU��
�D�F�k:��rA�AdH"�z�8P�[)!Ps��l��+f?/?��C(�P) (h�F�k:�rAx���
����$+�|N�N}�1 [4]) ��/���x"A�$N
�F2)v��vs	�.F[A���x"A!Ps��eF[DI+x"AUGP)�/H[��8I94�kPx"A�v"�
2 �z$C
w#$qr:8EN)�v"�xs�8W����al�m3_zga8�1�ga�l5m32)���3U0;k_
�x�jP�?2�N)�6Y�!�V)x"A��=[p`-�� 9�%!)D� 9�fXN)"fX9:��6Y&4��"℄h3fXN)"3fX9:��6Y&�/dH�!)�%Y&�N)�b�}K"(X9:�
�4Æ�u3Xqs�C�3(XN)aV)�x"Ae�[�
��<�Fz�y(XN)��!>F="�



� 3 o da���y#B�y#B��d�3, 197�f9:��WC3U4���<lF=
���31l�x"AV)k��fUV)x"A��E�!F7=N)u�P
�!�3UP
�N)u�l=fX~f�N)�e�l=f+4h�N)�/x"A�?<��!h�N)�V n (quadropole

moment) 4h�V n�z�a?<�x"Al�.�}F�N)�V n�0�/
�i�}F�N)�V nyF�0�u3X�;k2�QD*��q=="/X�>1�QD*��=x"A�fXW
���[p[j�PkQD��>J)�V)�lkP�Hx�x"A�"�#JX"pZI�N)��!}KaP"f�>y�!Y&=XT�al"�#A/XD}'�z
P�}K�4��x"A2�k��3��[AD)2�Q�#�>z

(blackhole binary coalescence) �	℄/ (cosmic strings) �	℄j5 (domain wall) Æ$�V)x"A�
��`��[jP��x"A��	H+F�xu2k�F��rA�jTk_��+/?(u�x�R�$�RB4�/+x"A�jP�l�}�$ax�R4+N3?0;+
a+}�xu�!�z
��M��lS�x"A��
=	�+	℄UGjP�t
fH^[�s����	H+x"A0'�IN�q����.F��|4�al+x"A�jPl�h\6qF�qs�

Hulse � Taylor [12] � Taylor � Weisberg [5] 412;+���hQD�jP�_?x"Av"��/�
H[pq ��hQDYn℄18��=9��Fk3UQD�!Y&�9�a+}�[)^-=}Æ�3X*�a?<�x"A�[)� 1993 ^ Taylor� Hulse v� 1975 ^�hD�20�4hx"A[)+[�`l/Æ�K^&�d,1B�us�x�R4l{6++�y�}�x"AUGjP�b"�+x"A�jP2/�l=+d�q96DEUGe+�a�x"Aq96Dl=da+}�18�8W�4+}9)�3X}9)E/?�=�o��S�fXN)� 500 t �}%>YP
V)�x"Aaxs�q96DETT� 10−40 �3b�=�t�9�=#4P)��/+��
xP�fXPkQD"�>1aV)�x"A�S�d"�}�aV)�q96DE�� 10−21 )&�3X)&�0|P)B)�=��[P)k���pe+��y�}�x"A�tzq96D" 10−20 u��pP�#�F+_[ADa2k�x"Ar�4+Hz�q96D�/PkQDa2k�x"A)r��=�q96D�x"A�q96D�1��x"A���}�t�a52�+�t��}=� 1000 Mpc �x"��pq96D}K" 10−20 � 10−22 C8�QDEx"A��x"Ak:�dH�P
Yn%dHC8�t�4h�+�t�4t 100 km �QD�pYnz�"'Nu��x"A�k:�� 100 Hz �+�t�\= (2� 20 km) �Yne\=�QD�paV)�x"A�k:�� 1000 Hz �
3 �z$C��e
3.1 �!,�%�}�'
x"A�kP=u�;2 60 ^|{6���1Fv?��zR� Joseph Weber ��"�8Ogh�qz2B7�`"f*.X�\uoRt��P)x"A~7,aV)�}9{	�3?7�`r��T�lNvk (lNvk"!h*�PÆ�r℄*O��O�pOET;9*�"6!P�[)^-�=)�pl6k:" 1 kHz l��3l=t%�x"A��



� 198 �������y���S�V�,������� 23 v�
���3U��
=��N)"x"A~7,V)�6����'��al�_��67�x"A��
�3U��
�^
!t=dE��.=x"A�~7�&��5A! (seismic wave)�O��(wxs��u6!��&��&9�xs�6!�l"�uP?k�G��!xs�6!Æ��+fm3?O�� Weber "(X4t 1000 km ��9?=$K+(X�b�7�`�x"A�27�`�6!� Weber �fX�W�5-6i�it��1-67�`�7}�H��(X7�`�1�7}1�L[-6,dH4}�7}E�3blfm+N.p
vX~7�Kit�1O&�_y� 10−18 u��t^� Weber ��3?Op2;+�fhh�x"AjP�;��xs+�z	!��=
�20�
a-6�7})&��[z+2/�x"Aa}KV)�7}���.UvX~7� Weber �ita-6�&(��z�x"Aaxs�7}E�s
�qz���z�Y�FvR2e�'+�W�\�^��7�`kPt�A�x"A��
xU+\�I ��5A!V�x.��1�+fm(w��&xs�6!����M�+���4�x.l<�p
&(�~7�pPt�Q�=�qz�>?JX�fXWy 2300 kg ��&� 0.1 K ��`7x"AkPt��/�a�3?it���gz�&U���[d
�4	CF�Op�FzZk�s�f?/?1O�^���67x"A��
��=,La
P���mO!i7x"A��
�fXW
Ga_?B)�
3.2 �����$�%�}�'

3.2.1 �1/63[pvL�n;��x"A_zUfX�81��8WA�1x"A�k:2)YnI9F�u/�JK�8P�(X4Vf t��l�N)C8�t�2)9����3U9�/?�=��y"qD�x"Ao�9:�fXmL��(X�4qD9:�?=�(sN)��WC�x"Ao�1�"Uf1�pPfsN)�C8�t��*z��13fsN)�C8�t��_=�℄
vfsN)�C8�t��_=�/
fsN)�C8�t��*z��sV�5I��=�x"A�o�9:�3(sN)�aL1�>y�fsN)��9:4�1�WC"K9:��N)�C8�t�lF�9��/"�pqD9:��N)�C8�t��2)Fw9���yx"A�9:P�3(X9:C8�WCt�9��{	e="3(2C8��mO!i7x"A��
℄v��0��l=��3U/?�=�t�9�C���mO!i7x"A��
�_��mO!ix"AkPi (Laser interferometer gravi-

tational wave detector) �3=fU��4G� – G� (Fabry–Perot)O!i���P)�84�qD9:��(sN)�C8��=t�9�)�it (=� 1) �p�0Lba�F�&��(X�4qD�Y&�04Æ (L1 ≈ L2 = L) �O!Y6�3(XY6�('?=�(X4��l�N)��5�
L�5�
L��I��  �0{U{O�"�P�3UOg��7Lbr�����!Yn�k:�� 1 Hz u���yx"A�k:z�3Xk:�
Ll�l��"Rm9:�!��r�>�� �9:�x"AuqD�itmL9:_zit1�l�5
L%N)���v
�!�3b�(6�Y&AV)9��pPfX�t�A�*6�3fX�t�)�_(�u/V)Y&U ∆L = L1 −L2 �3X4+�Y&9�lÆ



� 3 o da���y#B�y#B��d�3, 199��x"Aq96D�z=�% h(t) = ∆L/L �

� 1 ��nP"j8y#B��d [1]�mO!i7x"A��
l=���mO!���~zP)O!i(6Y&��=9��kPx"Az=�����mm
�9��"IAt���mx�P�9���+sTit�1O&��l"~X?mj��K�Z6fX#�P�
L�5
m3"(X
LC8��5��4��4G� –G�O!i�Lb�3b�p�m
UA*zO-�m
U� m∆L�alO!i��2/4�U ∆φ = m∆L/λ = mhL/λ�K4�U�l�m�kPt�:P��yfma��[fm�P)&U���m�94UG:Pa�
�^&�t� 2�x �m�IAtaIA�mk℄�9)a*)�℄�&U�*)&UE ∆φ = 1/
√

N �7P N ="x"AfXYnCZU�IAtZ�mkpO�al3bfX�6��ita[dkP��x"Aq96D�t=E hmin ≈ λ/(mL
√

N) �o��S��yEX6Y L = 4 km �m3��o��tO m = 400 �x"A�k:= 100 Hz ��O!iP�
L5�:�T�";X�mo�z
PH� 1% �mk/���'A��1"��P R n=fXT5�:�
L�3bU�O!iZ�mkOzM=�m_:� 100-�+ 60 W _:��m�" 10 ms �?18ZU�IAt�mkO N ≈ 2× 1020 �) hmin ≈ 0.5 µm/(400× 4 km×
√

2 × 1020) ≈ 10−23 �u3X`7�l|k�m
Y��[kP��x"A�q96Dl��Fzp�m
eF[gY�gY�m
�~7it+HTk:�x"A�kP�3��~z*x�m�[)e�l<�mx:P�&U�
3.2.2 �1/20��67x"A��
4W��mO!i7x"A��
�^
&(��e��5AO��Og�N)��&(~7�l"�mmNaE��uu?k+d�4�~7�alitPZX^
I?$L
UG=XZU�6!�M��p=v�l�N)��5�
L��1�L
�M
La"���&��uPuu?k�~7�
i�m5Pa�uu�����?&(���Y����+=�4=x"AC��=�I�4M"4t����9�'(X�b�it�H��(Xit�1
�4�C(1�aP)�x"Aq96DL2H�C�/�+



� 200 �������y���S�V�,������� 23 v�� x"A�=����)L
I�� 3 X3b�it�a�UGjT�"�mO!i7x"A��
P�5�
L�6!V�*�t�h> [10] �3U6!V�Lb~X&�6!'A��6!V��7�QS��6!'A��^
���X��mRme:6�����04��d=fXr�r℄���N)*��p^
V�=V�~z�Lo��a�T�f k:�6!�:6� (stack) ~X� 3 X�dH  ��℄hOg�5�
L�QS���7�:6�Z�^
I?=fX�'XN)��r�r℄v��s9EK-�[p6!o��;��+20H}�6!V��:6�P�s9EK-}K�2H=��I*O�f �s9EK-r℄H=�31�l"s9E`FCv6�f?�`j��T�sTd�r℄*O��y6�pW) 6% �j��d�r℄*O�lu 0.05 sT�
0.08�~%�:6�*�=fXN)�~f����r℄*� (=� 2)�p6!o��o�{O T = (As + B)/(Cs2 + As + B) �7P s �I9)� A = 1/K � B = 1/c � C = M/(cK) �
M =N)�K =�I*O� c =r℄*O�3U<6Lb�6!P<"�6k:l��k:��O`=2���";X�℄LbP (=� 3) ���v"�Cp%���Lb (=� 2) �aln�Lb�6!V��\}�31po�{O T = (As + B)/(Ds3 + Es2 + As + B) �7P
D = M/(KKd) �E = M(K +Kd)/(cKKd) �Kd =�Cp%�����I*O�3b�6!P<"�6k:l�l�k:m9��O`=2�6!V��>yAz�L���+>}T4�&�
~�:6�XX�RHA��JAs��3UA��r��z�a
x&��lo�"3X9:��6!�al":6���I�
�fX�la
�Lb�l7K6!o��

� 2 �;7���1M
�+���#<YA^+���� [10]�+�
*�Pp%���Lb�f?x"A��
�
L�℄*��xU+O6'7���Lb�"4��PRH��5�&I� 3 X:6�� 3 X:6���I&IhfX  ��u�� 3 X��!&k 3 X�W��Qfb�O6'7���Lb*��>� 3[RHU��℄Og�QS�Lb�N)me�O6'7���Lb���6Ek: f =

(1/2π)
√

Eah3/(4Ml3) �7P E ��IS)� a �'��&� h �'�T&� M �Og�N)� l �'�Y&�3�k:�Q(�)=�"itaL
�℄vk:�5�5A!�~7



� 3 o da���y#B�y#B��d�3, 201�<��t=��1"$+P�
bqK-�;Ltz}"�F
5K-2)
�ZI9F�O6'f 5�Tx&�SK�pr℄*O=X=�m+3f&�O6'�℄���$."QS��℄Pe�M�+O6'�℄Lb�

� 3 GEO600 (	w – |wy#B��d) 3`O*�7"W�eL [10]QS�Lb=+�5A!��fRV��uN)me~zSUOghfXP8N)��"P8N)��,L!Oghh>�2_N)�3l=itP�5�
��+<m�&(~7�q==�&(xs�^~�2_N)f ���sK-��1Og�U{e��M�s.��\^��it�5��(0 (sapphire) K-�v�dr�=XT�lNvk�"x 3f&K-1�K-�^~vk (lNvk��O) =�E
}8�vX�fX�*��^~vk
φpend(ω)�K-�^~vk φmat(ω)DI4h��`7 φpend(ω) = φmat(ω) ·4

√
TEI/(Mgl)�7P T �Og.��0"�E ��IS)� I �.��ln�M ���N)� l ���Y&�sK-�^~vk� 10−6 ��(0K-�^~vk�� 10−8 ��+20+2_N)�5
�M�"QS�LbfO�
OgfX4}�d�R}3��P85v�N)� (intermediate

reaction mass) �l"�2_N)4mG�5v�N)� (reaction mass) (=� 3) ���;X*��q==2_N)���T�lNvk�al�5A!��["U?k:��xsit��6��s��
+;XdK�p
I?UG5
�M�l<m3?6!�~7��1�O!i�|�` l
�
M�0�EZ94^���
x"A�q96DE�



� 202 �������y���S�V�,������� 23 v�f �C�"it$+P�}K52_N)���6k:Z�[T�l<��&(~7��&(�h�y9[E��& T ��6k: ω0 "Kk:4}�ShN) meq 4h���h`7 √

〈z2〉 =
√

kBT/(meqω2
0) �pP KB �?0iBXO�ShN)�"Kk:6!1��Iuu� V Z�}" σ �}9 ε 4h��7 ∫

V σ · εdV = meqω
2
0z

2/2 �s�hE_zS�Og�b�nM�AUfHD��"itP;X�m~z��9
'f[T�4�&�:Gv��u?k�v�"mk~z1V)F4
�4�U�;X5�
L
:G
��\�~7�y�tT�zK*�:g�l<�m����5�
L
��T�5�:�3��"�MP
7K
�"�FS~7 (crosstalk)��m0'e
� kdK��1�mmNaV)�C�mX�9�e�+
L��KV)~7�
3.2.3 �754.�;2 70 ^|l
�Fv�{v�f?x�R4{6+�mO!i7x"A��
��$�K℄
_��mO!ix"Ax�e (Laser Interferomater Gravitational-wave Observatory,

LIGO) �� 1991 ^�
Fv>H��j�>� 1999 ^ 11 ��`�~j 3.65 pFÆ�℄
"Fv,5oT�WZ�
+-Z?=�'fX6Y`�F�Y&� 4 km ��mO!i�(2t� 3000 km �y~z#�P�
LZI5�5EfX6Y�*6X 50 -�m5�k�M�FKSSk�SkDg� 1.2 m �ZI4�&� 10−12 zuX�Zk℄
��j=Xqz��=3Xit[B"(1nZkP�x"A�=fX!t��sitA� 2005 ^UGL'�A�it_�-U�x"Ax�e (Advanced LIGO) �^
L'℄v&�UfH<��5A&(�M�T_:��mt�
�203��M�M�~\u��(05�
L�_z3b�b"�;Xit�1O&AsT 15 -l����p
f?�mO!i7x"A��
�4v�qz��v� VIRGO ��
 (l4�q(v"x�2��v�fX	uQmRQ) �dEX6Y= 3 km �4�k�Dg 1.2 m �K8Vk� 2003 ^z℄ [11] ��v�{v� GEO600��
�dEX6YT 600 m �M� 60

cm Dg� 0.8 mm �A�E4�k��K℄
ek� 2001 ^z℄ [10] �
0� TAMA300 x"A��
 [13] �p6Y 300 m �P)^&� 8× 10−19 m/Hz
1/2 ��bk� 2001 ^z℄�Vv�
0="+Æ�'fXA�zrS��x"A��
�_� LCGT (Large-scale Cryogenic

Gravitational wave Telescope) �dA=fX6Y 3 km �zEit [6] �s���z�Ye��'x"A��
�+Æ�_� AIGO (Australia Interferometr Gravitational Observatory) ��/���"�L��x"A��
F�[
�<m�5A!�~7��1��N)C8�t�2M�"x"AkP���.�m2I�pP)k:7�f T" 10∼1000 HzC8�3?k:=[) z�=X($�<?axs��kP������+kPk:\��x"A�4M5��8x"A��
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Progress in Gravitational Wave Detection

CHENG Jing-quan1,2, YANG De-hua2

(1. National Radio Astronomy Observatory, Tucson AZ 85721, USA; 2. National Astronomical Observato-

ries/Nanjing Institute of Astronomical Optical Technology, Chinese Academy of Sciences, Nanjing 210042, China)

Abstract: General theory of Einstein’s relativity predicts the existence of gravitational wave

when mass is accelerated. However, no material has direct effect when the gravitational wave

passes. Therefore, gravitational wave can only be detected indirectly. The effort in gravitational

wave detection was started in the 60s of last century by using a huge cylinder of aluminum. This

paper introduced all the relevant projects in the gravitational wave detection. These projects in-

clude Weber’s bar, Laser interferometer Gravitational wave Detector (LGD), Laser Interferometer

Gravitational wave Observatory (LIGO), GEO600, VIRGO, TAMA300, Advanced LIGO, Large

scale Cryogenic Gravitational wave Telescope (LCGO), and Laser Interferometer Space Antenna

(LISA).
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