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[19, 20, 21, 48, 78, 80, 81, 126]
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¶!· �

130 ¸!¹@ú
û!ü�ý Û&þ�ÿ������ Ø��	� æ�
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�����ü � Þ � Ä � � æ �:Ä�� z�{ ·ú���� z�{ � ��Ã�Ä�� Ñ � Ü Õ Ã&Ý � Ä À ý!ü «	���æ ��� ÿ
Ba û�ü!ý æ � Õ Ã-Ä�� z�{ · ú���� z�{ú! �#"	$ ê&%#' ¾ ÿ � ú���� z�{ � Å)( ú+* � üÑ Å,( ú�-
ü æ ���/.+0 á � Ô Ã3Ä+� Ñ�ê�1�2 ¾ Ó À

[22, 46]
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130 ¸!¹ æ�
 � Ý^�+H�I ��æ�JLK Ó ý!üLMN�O ¬5µ ß Õ ÿ N�O ¬5µ �-Ä�P?Q�Ø �	� úFRTS ËVUã�W Ø êYX[Z ¾ Ó À�\	\ ý8ú!] É�ÊHË@Ì�Í �	� ú ÉÊHË8Ì�Í�Î�Ï �!Ð��!}�~ ê °�±�¾ Ó Ñ ��^ ÿ P?Q�Ø
ú � ��_ Þ �a` Û&þ9b	c Ë SYd Ø ú Á�Â ê �Leè����-Ä�� Ñ�ê&1#2 ¾ Ó À

[47]

f�g î	h#i-÷�ì&í(î@÷!j�k�ô5õ�lnm&o�paq&í�l
ý:ü «�����æ ��� \�\ ý Ö º ý-ú �(�3��ras ê ² �Ó À | ú Á!Â Ö û!ü�ý@ú ¨�ªFt�{ � Ñ 
����!ü � æ��� çté Ä É5Ê:Ë@Ì!Ívu/w�Ë �

E2
}5~ ê �5�-��Ä� Ñ æ Ò � ¾ Ó À [79, 128]
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ï9<�òa©�ª
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[49, 82, 83, 129, 130, 131]
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[84, 85, 132]

� D� @�!#"�$&%�' Gogny (�)�*	7�8�:9;8ï�<�òÕ�Ö	×	Ø 4
+�, Ð � » Ø	Q Ë.- þ û!ü�ý8ú ù�/ À ¹ ¶ æ10"¾Ý1243 Þ ý - ú Ò ³ Û � Ä+� Ñ þ 245 Ô Ã!Ý � Ó Ç ÿ��Ã ô Û úFî�ï#ð	| I � ±@æ þ » Ø	Q Ë.- ú�6 ê87� Ó19�: N	O.; µ-æ Ð Ä %#' þ�<
=�Û ��� Ó À ¯ �Û�>@?+þ�ÿ�A » Ø�B�C Ë ú N 0	Ì�Í ì	í#¹ Ç�DFE ��Y� � Û � Ä

Gogny
- æ ÿ�G Ó æ » Ø�Q Ë�- ê8H KÓ19�: N�O.;�I æ Ð Ä î�ï	ð��
J êLK � Ó À O, Ca,

Ni, Sn, Pb
ÞNMPO 0�Q Û�R ý Þ û!ü�ý À ¯ ú1S�T@úû!ü�ý æ�
�Á Ä ��� Ø x Î	Ï - Ñ » Ø	Q Ë.- ú : Âê�U�V æ ¾+¿ Ó ÀLô Ó å#æ�ç ý�W�X æ Þ Ä Ñ ÿ����Ø x Î	Ï A » Ø�BYC Ë ú ²	Ñ Û	�?� Ø x Î	Ï - Ç�Z

e Þ Ä�� Ñ æ Ð Ä ��� Ø x Î	Ï ³\[ ú�]	_ Ñ µ�^	Âú » Ø	Q Ë.- Ç`_ eF� Ñ æ Ð � ÿ å#æ�ç ý8ú ù�/ Ñ¹�a æ » Ø	Q Ë.- Ç�b 0�edc�e ¾ Ý � Ä�� Ñ�ê&1 ßK Ó À
[50, 72, 86, 87, 88, 89, 90, 133]
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Transition between QGP and color super-

conductor

We study the transition between QGP and color
superconducting phase using Monte Carlo simula-
tions of the Ginzburg-Landau Model. This study
helps us to analyze the color superconducting tran-
sition in the regime where the couplings are not
small and the conventional weak coupling analysis
break down. Though our results more or less agree
with the weak coupling calculations we find some
important difference.[32, 60]
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Pairing with mismatched Fermi surfaces

The system of Cooper pairing with mismatched
Fermi surfaces has stirred a lot of interests recently
in charge neutral cold-dense quark matter. In order
to understand the origin of the chromomagnetic in-
stability driven by mismatch, we probed the gapless
phase by different external sources, and we found
that, except chromomagnetic instabilities, the gap-
less 2SC phase also exhibits color neutral baryon
current instability. This suggest that a color neu-
tral baryon current can be spontaneously generated
by increasing the mismatch between the Fermi sur-
faces of the pairing quarks in 2-flavor color super-
conductor. We described the 2SC phase in the non-
linear realization framework, and showed that each
instability indicates the spontaneous generation of
the corresponding pseudo Nambu-Goldstone cur-
rent. The baryon current generation state resem-
bles the LOFF state. We pointed out that, when
charge neutral condition is required, there exists a
narrow unstable LOFF (Us-LOFF) window, where
all the magnetic instabilities exist. (It is the longi-
tudinal Meissner mass square for the 8-th gluon is
negative in this Us-LOFF window, the transverse
Meissner mass square of 8-th gluon is always zero
in the full LOFF window, which is guaranteed by
the momentum equation.) The Us-LOFF window
brings us a new challenge to solve the instability
problem driven by mismatch. We developed the
Ginzburg-Landau theory of an electronic supercon-
ductor at weak couling when the Fermi momenta of
opposite spins are mismatched. A remarkable fea-
ture we found is that a type I superconductor be-
comes to a type II one at sufficiently large mismatch
near the transition temperature. We estimated the
fluctuation effects and the higher order corrections
to GL and argued that this type transition is likely
to be robust. [33, 34, 61, 62, 120, 121, 122, 144, 145]

f-g�h�i�j
QCD

º�k�½
multi quark lNm�n!op�q�rNs ;�t q�rBs ÞBu .wv�x b�y�z){@| 4�E M9�}\~ r U\�

QCD 4�? b\H < multi quark û (penta
quark Θ+(1540), tetra quark(4Q), Λ(1405))

2�P-Q
4 LNM 9�� Θ+(1540)

;���b\H@� <�ÿ 2�� .������ b� C�2��-�!; ÿ 2%���@��2F�B^
(Γ < 1 MeV) ��� �F���� 4����X8 �-9�:!;)����$	yX�-�!��� ���!�/� �9����-� ü � ÿ 2!��2)�!� < spin=3/2

2��	  � 4 U�
QCD ü�¡�¢ ò 9�� ÿ 2�£�¤ < JP = 3/2± ¥)¦ �;X§�b\H . < 2 GeV �@¨ 2�}!©�;�ªB9\b�W�Y ò x�«� � �)< spin=3/2

2��	  � ��¬�b��!­ �)®�¯ ^F�@9
[35]
��°�2�± <

2008 ²�xT��³�´�8 � J-PARC ( µ�¶· � �-¸-¹�º�»@¼ )
; s�½ H < �¾��$

tetra-quark(4
quark ¿ ) [67, 97] À 5 quark picture ��Á�Â\Ã ^��H�b�Ä

Λ(1405)
;��@b\H . P�Q 4FÅ :XH!b�Ä [146] ÆÇ�9 <

multi quark ¿�È�? b�9@25­�É@Ê!��~I2)t q

Ë�Ì\Í�Î 4�? b!Ä r-Ï È < QGP Ð	È 2 charmonium2)Ñ�ÒN2 Á�Ó ;X�@b�H . P�QÕÔ�H!b	Ä [36] Æ

Twisted-mass Wilson Ö�×aØ\Ö�ÙwÚ	Û�Ü i\j QCD

m�n!o
Wilson

>@Ý�Þ�> 4�? b@9 U�� QCD
2�ß K {�à�|á Þ\{�âFã�� <%ä�åçæ ã�C�D À �\è!é%ê Á�ë e-ì�;%í��Ä�¬�î!ï�êNð-Þ�£�ñ�ò�ßBó�ô�õ�ö ¥ ß K�÷�ø ­-ÔH)í�ù-ì�; Á�ú ö�û-ü 4%ý¾þ ÿ � Ô%H��)9 Æ 9���Ô <

Wilson
>�Ý)Þ�>Xó�ß K {�à�| á Þ�{Iâ�ã)���	��

�� x � ÷�� ó�>	Ý�Þ@>�C�D�� u �@Ä x ;�ª�b���� ÈL�� �!H���9 Æ °�� È�� ��� < twisted-mass Wilson>�Ý�Þ	> 4)? b < � u�� b���� È ó�{�à�| á Þ@{5âã 4�_a` Ô�°�ó)��  � 4F® Ô)9 Æ Ç-9 < e!ì�
�;! � �@H!b@9 U��	"$#	% ;�� u í	��Ä�&	' Ð)(
* ó��+ Ð�,�--Ð ó)Ñ�Ò 4/.�0 Ô�9 Æ [37]

i�j)1!j	243$5�6�7�8:9
J/ψ- ;=<?>4@BA4C�D�ÚBm

n!o ä åaæ ã q Ð�E	F�?�G D ��H Â�IKJ QCD L�M�N)Oþ ß K {	à�| á Þ�{	âFã GQP b�H�PXQ ÔSR Æ&¿
T 
Xöe�UNó	R�V M ä å&æ ã q Ð�E�F$P��XWZY ê�ÞX[5ã ÐE�F$P ­�ö�Ä]\-ª_^�Ý�Þ�`��ba��/­ �@ä å�æ ã?c	dMSeÕ_ Ô�R Æ ªf`-Ý�Þ	`���a��hgji)Þ���� ÷�ø 
Xö!kl �	m]n�È@� Ä � \�°-ó)�@� È@� Ä J/ψ
� q � ó �o ��\-ªNè
[5ãBp�q M �XÄ/r�s�t	u o � È ó)^	Ý�Þ^vg Y ê�ÞX[5ãwgyx!é��	z�{�| G�¡!¢)} Ä/~��Nó��­w� È�� u��h�X� �$���	Ä Æ

� � �/\ J/ψ-π
\

J/ψ-ρ �)� J/ψ-N ¿ ó�î\ï�ê�ð�Þ{)�h� G \�a���ê��@ãwg��	��êÕà/[�ã G]P �)R�^��ã��X�$��� �
QCD

ß�� ÷	ø J β = 6.2
\
L3 × T =

243×48
\

323×48
\

483×48 L�x5��� ò Ô/R Æ °\ó�£¤$\�����óX���	ã)ï�ê M §������ Â 
 Ð	E�F$P�È��Ä$��­ GX�5��x�M Ô]R Æ Ç
R]\ J/ψ-ρ �4� J/ψ-N ¿È � L = 24 È �!\/� ��� èX� ���X����È!� Ä%�@  �� �B�ax�M ö��!R Æ¡ �M \�êIz%{X�)Þ\ó/¢
£ G/P ��cd	¤ G�¥�¦ Ô�R)£�¤$\ J/ψ-π È ����è	é)ê�§	¨ � G©�ª Ô!R!« � ö]� ­Fö$��R Æ � r \�¬ M J/ψ-N ¿	Èó�� Â � ¶Õþ \ J/ψ
� q � ­­« � ö!® � t J A = 3, 4¯ · L ­�ó!°�±	²	³ ��´ | � ��Ä���  � ��� Ä��	­����x ��R [71, 74, 98] Æ

µ$¶ Ø!·�¸$¹ 6�º�»�¼]½ ·�¾$¿�À
^\Ý%Þ�^Bu o ó�¬Xs�r�Á · ��� J ��é�ÞQÂ�Ã�Ä L�M§
���!{�Å�ÄBÆ
Ç I 
 M�È ò�ö/É�óFÑ\Ò GB.@x V!\�°ó � o GQÊ�Ë R Æ °Xó�£�¤�\?Ì�Í
ÎXß�ó�Ï@Ä%t q óQÆÇ I 
�ö�¬	Ð xT� \���ó]ÉN������Ç È�Ñ ©� � �$���R�É ­%�/Ò�ö�Ä � o GBÓ ���!­ �!�B�&x$M ö��]R ÆÔ ¦ \��	é\Þ
Õ�Þ�ÖS× x � ö�Ä Abrikosov

Õ@Þ�Ö�°
GSÓ ¦ ö � � \�î�ïXêNð-Þ	
 M �!Â�Ø ´ É ­/Ù��NóÚ ÄQÛ)� �!Ü � ��Ä	�@­ �]�@x ��R Æ Ç�R!\ ÷)� ó/Ý



8 1.1.
® � t�Þ!ì	ß	à�á J µ�â · ãfä!L

� ­%ó�å¡æ xI� \�� � ��çbèêé M § ½ Ä¡ÉX{
|�ó\{!ëì [/­í\�°-ó Å % M ����� �¡î ì Ô!R [38, 75, 137] Æ
µ$¶ Ø!·	¸�¹ 6�º�»�¼
ï Ø$ð]ñ4ò]ó$ôöõ�÷�ò!ø�ù
��é)ÞQÂ
Ã�Ä�ó Á)ú s · ÐX,X-�û � M § ½ Ä�Õ�ÞXÖ×NóSü�ý �]þ ó ë ¤ M �	����\ 3

� á Þ]ÿ�Þ
(u,d,s)

\^�Ý&Þ�^ o���� æ ó�� ú�ÈX��� ÔQR Æ ��é)Þ¡Â
Ã�Ä	�S\Õ!Þ�ÖQ×�ó/ý �!þ�G%ÓXÃ$} Ä�­­\ CFL(Color-Flavor-
Locking)

­���	���ÄS§�¨ � � � � r�� Ð	� í	��Ä$�­ �  � ���	�@Ä Æ Ô�
NÔê\ CJT(Cornwall, Jackiw,
Tomboulis)

ó���
�� È ü�ý �]þ ó ë ¤ G������ ��Ä­�\ ÐX,X-���� 2
� M/��� Ô­\ ÐX,
-��
û � M 2SC(2-

flavor superconductor)
­���	)��Ä Ð@��� í } Ä$�@­��� 
$�]R Æ ��ó�£\¤��!\%�
��ó�� ��� à�� á Þ � âã M �XÄ »! 
 ��� � �4R Ð#"�$ ­ � §#%ÕÔ/���	Ä�	­ ��.�0 � �4R [75, 99] Æ

& Ø!')(+*-,�.0/�1�2�3bò54�ø$ñ�ò�687:9<;�=8>!?
@BA�ã?Â�Ø ´#C ­<D!ENö��	��ê àGF�HBó5I�ñ M §} Ä�¬�î!ï�êNð�Þ Á�ë Þ!ì G�J ì á è � Î#K G ~��­-Ô/� "�L Ô¡\N°�M G Â�Ø ´#C �-ó � H�É M °�± �M�R��	��êÕà�F�H G�Ê�Ë Ä�ó MXP ��R Æ °@ó�£@¤�\°)±$²$³ON\�� 	ö�����ê à�F#HIó�P#Q ´ � (l) G5RV�ÄTS�U	ö�¢	£ G Ä þ �	­�N È ��R Æ ��ó]¢�£ G5Vì a�W

3– V ì aXW 4 Y�Z ó]×!ñ M5[)P�} Ä���­ È \
l = −2,−1, 0

ó5P�Q ´ � GSÓ]\�V ì a�W 3
F�HON�ÂØ ´�V ì aXW 4 ^ ó]É M °�± � M!_IÄ4�	­�N � 
��R Æ �O` M \���ó Á�ë Þ!ì G F�H�ß M5a 
@ö5b�§	¨KNó#c@Ä�����ê à?®#H�d C ó!×!ñ M � [)P Ô]R Æ °ó�e!f	\�Â	Ø ´ ²�³Nó BEC J @@Þ�g gih�èNã � �!jè�ãlk#m L � ú\È#n PoQ!p � l = −1, 0, 1 M Ô�
�°�±²	³ n Ñ�ÒÕÔ�_�ö���NX\-q#rBj ì ÞX� ú�M � O þ¡Ms ����t È�u ��ö�P�Q�p � GSÓO\ �	��ê à?®�H � ÂØ!p C�^ ó!É M °�±ov8w M ö�Ä$��x G ô!õ�Ô�R Æ [39]

y .8z	Ö�×�Ø@ÖT{|9]}G~$ò!���5��@�ð�(��o�o���l�
@<����� ¶ �o���l�Z@]ò����

2004 �fM KEK-PS M!� �	���#�-� ` MB�o�T�]����#� N��#� � M]�o  �X¡�¢�Ö g]�G£�¤�ÿ ì<¥ ¢B²³
S0(3115)

x
2005 �O¦ FINUDA Collaboration ¦������� ����� N��#� � M]�!  �X¡�¢�Ö g¨§�¤�ÿ ì¥ ¢B²	³

F+(2255) ¦ åO©/�Oª�«�¬�ª®­8¯�°�±	×O
` Þ#²O³�´#µ0¶®·�¸��X¹�º®M ` °!²�³ n KNNN »
KNN

°�¼�½ ���¿¾BÀ#Á�Â�Ã�Ä ¬�¶ Ó]\-¦OÅ 
#
!Æ`�Ç�È:ÉXÊXËoÌ]Í ¶®Î \ º-x�
 `ÐÏ K ^oÑ H ¦O�B�ÒÔÓ�Õ�Ö ©5�X×#Ø�H�Ù#Ú Ï Å © Ó n b�Û ¦-Ü ¢�Ý0ªÞ Ê ×:ª�«�¬Oª�Ù8Ú � n Ê À�ß x�à-á ` M]â ÀB� ¹
[40]ã8ä�å � nXæ�ç ¶�è�é É�ê#Ï F+(2255) n 6 ë °ª8«X¬�ª

(3u)(2d)(1s) ß `Ðì�í:É�î ��VOï5ð ª8«X¬ª®Ù�Ú Ï
S0(3115) n 9 ë °8ª#«T¬�ª (3u)(5d)(1s) ß`lì#í:ÉTî �8ñ5ò ª�«�¬�ª�Ù#Ú � c � x�à�á8��¹ É

` ¦oó £�¬õô÷öO¡�¬5ø-¬õôù Bú!¢�°Tûoü!ý ¦�����þ ²³5ÿ�� ¶�· À Ï ø���ª���� ¦	��
 Ó  
��ª Þ Ã ¶�à� ©T����� Ï
F+ n öB¡�¬�ø-¬ 8 ��� Ï
� ¤��® Oú�¢

1/2
Ï  �ú#¢

1
Ï
S0 n ö�¡�¬5øB¬ 27 �
� Ï�� ¤��� ú!¢

1
Ï  Oú�¢

1/2 ¦����-� º�x�¶����-©��5¹ É�� ¦ª�«�¬�ª Ñ! �"�#%$�& ©�â ó £o¬	'�(  �"�#%$ °�)ß�¦ Ï ö�¡®¬XøB¬ Ï�� ¤��T �ú�¢ ¦	* � ©5�  �"�#
$ ¶�+�, © Ï  �"�#-$ °XÝ0£�.o¬�/�0�1 & Õ�Ö Ù#Ú°�2-3�ý�¶Xà � ©��X¹�4o°5��� Ï   Þ ¡X¢	6 Â   −2¶®Î�7�Ù#Ú ¦ 7 À â-8 ����&:9�;�< Ê Ý0£�.o¬�/�01�=�> � º & =Xÿ ß ¸5�X¹�?o� Ï   Þ ¡5¢!6 Â   −3¶®Î�7�Ù#Ú ¦ 7 À â-8 Ë�Ì °�¼�½ �A@CB
D Ê Õ�Ö ÙÚ�°52�3�ý ¶�E�F ©5��¹

[100, 138, 139, 140]

GL G�H�I�J�K%L�M!��N!OQP�RTSVU�W�X�Y!Z-X[P�R\	]�^

QCD
°`_ba�cO¢  d&5ó £!¬Ve%f�+  °-g Ñ øih¥ ¢kj�l�0�1 ¦!��m��[ ì�n ¦%o ©�â-8 Ï 4�°  �pq 8sr�t Ê ¸Xâ À-� ° ß Ï
u �  = �#� ©�â À-� °ßVv Ï × Ó °�w!xy=Qz ¦	{ ? î â À-� ¹�|~}�8Oº�°w[x ¦ û:©�â Ï QCD

°�û�üoýB°Q� ¦5�%
�� Ï ó ¤�£Ã����T& §�¤-ª-«�¬8ª ��� °���7-°	������� ¶ &�Å¦����!�V� ³ Ê Ginzburg-Landau � ²�¶ $�À âX´oµ© Ï ö�¡®¬Xø]¬5�y=
2 ��� 3

°5��� ¦ 4 îy��î 2�3Ê	� â�°  ì�n ¶�ÿ�� ©5��¹�4�°!��� Ï
� ý � ñ!�h�¬ ¦-�����O� �k7-°	��������°  �"�#%$Q� = ã��³ ¦	� Ó º &�¦O� ¸Xâ Ï _�a�c]¢  ]ß � ó £o¬5e�f+  -� °�ª�c�  ¥ ¬XøB¬ Ï
� ¦ 8�4�°-g Ñ 0�1 ¦5 © À
¡ q�¢ = �#� ©�â À-� 2�3�ý�=�> � º & ¶�£ �ß�¦ ©5�5¹ [41]
¤[¥�¦Q§
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O. Kaczmarek, F. Karsch, E. Laermann,
K. Redlich : “The QCD equation of state for two
flavours at non-zero chemical potential”, Proceed-
ings of Quark Matter 2005, hep-ph/0509361.

[54] F. Karsch, S. Ejiri and K. Redlich : “Hadronic
fluctuations in the QGP”, Proceedings of Quark
Matter 2005, hep-ph/0510126.

[55] Shinji Ejiri and Tetsuo Hatsuda : “QCD Level
Density from Maximum Entropy Method”, Pro-
ceedings of Lattice 2005, PoS LAT2005, 183
(2005).

[56] K. Sasaki and S. Sasaki : “Finite size effect in ex-
cited baryon spectroscopy” , PoS LAT2005 (2005)
060.

[57] S. Sasaki and T. Yamazaki : “Bound states spec-
trum in the finite volume” , PoS LAT2005 (2005)
061.

[58] C. Dawson, T. Izubuchi, T. Kaneko, S. Sasaki
and A. Soni : “K(l3) form-factor with two-flavors
of dynamical domain-wall quarks”, PoS LAT2005
(2005) 337.

[59] S. Sasaki : “Highlights of pentaquark spec-
troscopy from lattice calculations”, Nucl. Phys.
A725 (2005) 165-174.

[60] S. Digal, T. Hatsuda and M. Ohtani : “Study
of color superconductivity with Ginzburg-Landau
effective action on the lattice” , Proceedings of
Workshop on Extreme QCD, Swansea, Wales, 2-
5 Aug 2005.

[61] Mei Huang : “Understanding magnetic instabil-
ity in color superconductors”, Int. J. Mod. Phys.
A21:910-913, 2006, proceedings of ”International
Conference on QCD and Hadronic Physics”, Jun.
16-20, Beijing, China.

[62] Mei Huang : “Spontaneous Nambu-Goldstone
currents generation driven by mismatch”, hep-
ph/0602092, invited review article, to appear as a
Chapter in the book ”PAIRING IN FERMIONIC
SYSTEMS: BASIC CONCEPTS AND MODERN
APPLICATIONS”, Series on Advances in Quan-
tum Many-Body Theory, Vol. 8, World Scientific
Publishing, Singapore.

[63] N. Ishii, H. Iida, M. Oka, F. Okiharu, H. Suganuma
: “Penta-Quark Anti-Decuplet in Anisotropic Lat-
tice QCD”, Nucl. Phys. B(Proc. Suppl.)140, 269
(2005).

[64] T. Doi, N. Ishii, M. Oka, H. Suganuma : “The
lattice QCD simulation of the quark-gluon mixed
condensate g〈q̄σµνGµνq〉 at finite temperature and
the phase transition of QCD”, Nucl. Phys. B(Proc.
Suppl.)140, 559 (2005).

[65] N. Ishii, T. Doi, H. Iida, M. Oka, F. Okiharu,
H. Suganuma : “Penta-quark in Anisotropic Lat-
tice QCD”, Nucl. Phys. A755, 467c (2005).

[66] N. Ishii, T. Doi, H. Iida, M. Oka, F. Okiharu,
H. Suganuma : “Anisotropic lattice QCD stud-
ies of penta-quark anti-decuplet”, Proceedings of
the International Workshop “PENTAQUARK04”,
(World Scientific, 2005) 316.

[67] H. Suganuma, K. Tsumura, N. Ishii, F. Ok-
iharu : “Lattice QCD evidence for exotic
tetraquark resonance”, PROCEEDINGS of SCI-
ENCE (LAT2005), 070 (2005).

[68] H. Iida, T. Doi, N. Ishii, H. Suganuma : “J/ψ
at high temperature in anisotropic lattice QCD”,
PROCEEDINGS of SCIENCE (LAT2005), 184
(2005).

[69] T. Doi, N. Ishii, Y. Nemoto, M. Oka, H. Suganuma
: “Anisotropic lattice QCD study of pentaquark
baryons in spin 3/2 channel”, PROCEEDINGS of
SCIENCE (LAT2005), 064 (2005).

[70] N. Ishii, T. Doi, H. Iida, M. Oka, H. Suganuma :
“Anisotropic lattice QCD studies of penta-quarks
and tetra-quarks”, hep-lat/0601003, to be pub-
lished from American Institute of Physics.

[71] K.Yokokawa, S.Sasaki, A.Hayashigaki, T.Hatsuda
: “Low-energy J/psi-Hadron Interactions from
Quenched Lattice QCD”, PoS LAT2005, 215
(2005).

( Ã5Ä5ª�« )



12 1.1. ¬�­ Ø � ² ä#å�± ²´³�µ
· ¶s·5¸

[72] D. Abe : “Tensor-force effects on mean-field prop-
erties of nuclei”, Å�Æ5ª[«

[73] S. Honda : “Vlow−k interaction and structure of
light nuclei”, Å�Æ5ª[«

[74] K.Yokokawa : “Study of J/ψ-Hadron Interaction
from Lattice QCD”, Ç[Æ5ª[«

[75] È!É!Ê[Ë : “Ginzburg-Landau approach to Color
Superconductivity”, Ç[Æ5ª�«

( Ì[Í�¿5À )

Î�Ï5Ð5Ñ
[76] N. Shimizu, T. Otsuka, T. Mizusaki, and M.

Honma : “Monte-Carlo Shell Model calculations of
triaxially deformed states around A = 134”, 2005
Yale Nuclear Structure Workshop “Nuclear Struc-
ture Physics near the Coulomb Barrier”: June
2005 : Yale Univ., New Haven, Connecticut, USA

[77] N. Shimizu, T. Otsuka, T. Mizusaki, and M.
Honma : “Monte-Carlo Shell Model calculations of
triaxially deformed states around 134Ba”: RIKEN
RIBF interational workshop “Collective motions in
unstable nuclei -experiments vs. theories-”, May,
2005: RIKEN Wako-shi, Saitama, Japan

[78] Kouji Higashiyama : “New band mechanism of
doubly-odd nuclei around mass 130”, Int. Conf. on
Capture Gamma-Ray Spectroscopy and Related
Topics, September 4-9, 2005, University of Notre
Dame, Indiana, USA.

[79] Naotaka Yoshinaga and Koji Higashiyama : “Pair-
truncated shell-model approach to the mass A ∼
130 region” , Second Joint Meeting of the Nuclear
Physics Divisions of the American Physical Soci-
ety and the Physical Society of Japan, September
18-22, 2005, Ritz-Carlton, Kapalua, Maui, Hawaii,
USA.

[80] Koji Higashiyama and Naotaka Yoshinaga : “New
band mechanism of doubly-odd nuclei in the
medium-heavy mass region”, Second Joint Meet-
ing of the Nuclear Physics Divisions of the Amer-
ican Physical Society and the Physical Society of
Japan, September 18-22, 2005, Ritz-Carlton, Ka-
palua, Maui, Hawaii, USA.

[81] Koji Higashiyama : “Band structure in doubly-odd
nuclei with mass around 130, Int. Symp. on Struc-
ture of Exotic Nuclei and Nuclear Forces” , March
9-12, 2006, University of Tokyo, Tokyo, Japan.

[82] Ò�Ó�Ô�Õ5Ö�×�Ø!Ù
Õ[Ú�Û�Ü�Ý : “ Þ correlation
and single-particle picture. 4th CNS International
Summer School”, 2005 ß 8 àâá�ã

[83] Ò�ÓCÔ[Õ�Ö[×�Ø�Ù5Õ�Ú[Û5Ü[Ý : “staying probability
of valence neutron around each cluster second joint
meeting of the nuclear physics divisions of the APS
and JPS”, 2005 ß 9 à Maui Hawaii

[84] Yoritaka Iwata : “Reaction Mechanisms in
neutron-rich nuclei”, International Workshop
ESNT ä Mean field and beyond for nuclear reac-
tions å , CEA-Saclay (France), Jan. 2006.

[85] Yoritaka Iwata : “Reaction mechanism in neutron-
rich nuclei by TDHF3D calculation”, RIBF 2006,
Riken, Mar. 2006.

[86] D. Abe, T. Matsuo and T. Otsuka : “Ground
and single-particle properties from Gogny+Tensor
mean-field calculations”, YITP Workshop on New
Developments in Nuclear Self-Consistent Mean-
Field Theories. (May 2005, Kyoto, Japan)

[87] D. Abe, T. Matsuo, and T. Otsuka : “Results
of mean-field calculations with the tensor interac-
tion”, Recent developments in mean-field methods
and the treatment of pairing. (June 2005, Saclay,
France)

[88] D. Abe, T. Matsuo, and T. Otsuka : “Results
of mean-field calculations with the tensor interac-
tion”, 4th CNS International Summer School. (Au-
gust 2005, Wako, Japan)

[89] D. Abe and T. Otsuka : “Ground and single-
particle properties in Gogny+Tensor mean-field
calculations”, 2005 2nd Joint Meeting of the Nu-
clear Physics Divisions of the APS and The Phys-
ical Society of Japan. (September 2005, Maui,
Hawaii)

[90] D. Abe and T. Otsuka : “Tensor-force effects on
nuclei by the mean-field calculation”, International
Symposium on Structure of Exotic Nuclei and Nu-
clear Force. (March 2005, Hongo, Japan)

[91] Shinji Ejiri and Tetsuo Hatsuda : “QCD level
density from maximum entropy method”, “Lattice
2005” International Symposium on Lattice Field
Theory, Jul. 25-30, 2005, Dublin, Ireland.

[92] S. Ejiri, C.R. Allton, S.J. Hands, M. Dëring,
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68789�:<;<=8>@?BADC8E<FHG�I8J�K<L8MN6PO�Q8GR�S�TVUXW8Y�ZB[ G�\H]B^@_�`Pa	bc;<=d^fehgib�jk�l I<mHn8oqpBrqs<?Bt kfu@vxw :By u�z<{<| ^�}~x� G w :�Gf�P��o w :�n�o	�B� | G	�q��O��i� S C�����c�H�qr�E w y������<E w SB�x� kf�B� n8oD�� t k jNA	����E w n8oD� [B� ;<���	�Nb�j k�l

1.2.1 �¡ £¢
2 ¤�¥q¦�§�¨<©Nªv G ZN[ A�Q8G�«�¬8­�®NG�¯<° � G w :±Oqafbi²³´�	� k�l�vDw :HG��V�µoD¶<·¸?BG�¹ k	º j¸^�]d»¼ Si� kq½8¾ S A

2 ¿NÀ ¯<° � w :HG | Fd^fÁNÂ kÃ O �cÄ8Å Ofo k�lÆPÇ OÉÈ�ÊHË
Taormina Ì ( Í8ÎxÏcÐ )

O�¯ S�Ñ �G�Ò¸Óh�	� ½�u ¯<°�Ô8ÕNC
large N = 4

Ô8ÕNC
small

N = 4
ÔqÕ�C

N = 3
ÔqÕ<C�^fÁ<Â ½xl¡Ö ~ G

SU(2)×PØ�Ù�Ú Ô�Õ�^�ÛÝÜ
large N = 4

ÔNÕ�^�ÞN° � kO�C<ß Î<à r�á γ G�â8ãhG�ä γ = 0, 1
?cC@ådO ~ G

SU(2)
^�Û¸Ü

small N = 4
ÔqÕ �Dæ »���C

D5-D1 çØ r Ù�è GNéir<ê Ù W
(γ = 0)

Ocë<ì�í�î W
(γ = 1)^f²�³ � k�lxï�ð C�ñ R G�ä

γ = 1/2
?NË

N = 3
ÔÕ ��æ »�� kfl Æ�Ç C	È<Ê8C

Taormina
Ë Ã ��»�G	ÔÕhG�ò<óô^	ÁBÂi`�õ<ö8÷hG�ø¸ùNú Î r�Þ8û | ^fü<ýa ½xlHþq½ CÝé�rBê Ù W OiëBìxíxî W G�ÿ±_x^	²q³� k O����ô»�� k

N = 3
ÔqÕHG è G�E w n | FÝ^fÁÂ ½

[46, 66]
lv�w :�G���� Ú�Ù ?Nt k

D ç Ø r Ù ^ ¯8° � w :^ [ j�b	��
 S ²c³ � kfð
� O�a�b�ÿ<¬q¶�� � t k	lÃ � þ ?�ÿ�¬i¶���Ë�� v�� é�áDrD?�ý��Ý���xC ç Ø rÙ S�� k � v G��������	�Ý^	²q³ � k ¶��±Oqafbcý�´�	�Nb � ½ � C�!�"�C�#�$�C�%�&hË Ã �H^(' v��é�áir S Ò¸Ó�a ½xl Ã G�¶��HË ç Ø r Ù �	)�* afbj k ¶<·¸? ïqð G ç Ø r Ù ¼ »�+�, ï ~ G ç Ø r Ù®¸^.-�/ � k ' v � �	�0�1���B�	� k.243 ^	²q³ �k +�Gi?�t kfl Ã G	¶
��Ë v G � G w :�G65�7B?NË	C� v G �48 G�¶4� ��9 ½ afb�j ½;:�<�ð�3 ÷ô^ 9 ½� ¶��POia�b��(=ô��� ½
[24][39]

l ��» S Ã Gf¶��@G>¡a	jx;<�NC�? S�@(AHS;BDC ½�E S�F g k ¯<°HGJIsK� r�G�K
L<y Wh�8� ÕHG;M�N@oHO � o��f� ½
[13]
l

P�QJR�S�T;UWV4XZY6[�S]\_^
u@vxw :HG;`
a�b�cD?

4 ¿�À G�óZd8:d^ � ó � kS t ½ C b<Ë�C
6 ¿8À G6e R ^
f Ù ßHé Úhg a�o<g��i jBgqo8j � C4j @�S;k ,8O	cml�e R G�Þ8° S;n ,o¸ê	F�phG�789 ��q�r td»ts<�ió � O þ<k ? 8�u ao�j l Q��@^�vxw � k S ËfC
f Ù ß@é Ú_g � k ctl�eR�S u@vxw : S�F g k Ò¸Óh��� ½;y�z � GJ{ Î ìxéî@^.|B�<� i;} j Ã O �	~ » �Nb�j k � CH{ Î ìxéîNG6��|@G ð�� S��(C bxC

10200
+DG uqz8{
� e �;�

�xk ?BtZ��,8O��Js<�Nb�j k�l Q8G � ,�o(�8ÕhG �e S�F j8b�cml�e Rq� O	G � ,�o�°�?Bt k ¼ ^6� ïÁ<Â k G8Ë ��� ni?<o�j l Q Ã ?
Ashok

O
DouglasË(�4MHn8o(��j@^ ÃNÃ ��bcC

conifold
O � i � k ?� | � cml�e R�S;� �xk �48 G;��� � ��jôO�j�, ÃO�^m�Pa�b<j ½Dl ��bcC
? � | Ë

conifold ��� S +j��ij��qo Ñ�� G�+cG � tK� C�? � | ��� �xk O���;�@j���� �	� �xk Ã O�+ ~ » �Bb�j k�l Q Ã ? ÆÇ O��4�HËDC Ñ � G;? � | �	� �xk �48 S ~ j8bBG���ô^	ÁNÂ ½xl� �¡ C�? � | G Ñ��hS�� »�¢�£
¤hno(���hG�¥ Ð � t k Ã O�C þq½ ���4
4¦HË;? � | �§�¨¸� kx©�ª ? §�¨¸� k ��«�¬ �¸� S�­ þ<k Ã OD^�Pa ½
[8]
l

®�¯�°4±0²´³�µ�¶Z·
k�¸ p�¹Z�	�

(Matrix Quantum Mechanics)
Ëxº

¿NÀ G�»��H^.�4
 S ²q³ � k ý8÷ g ?Bt k � C Ã �þ ?¸Ë @	¼ v�½4¾ S z � � k
singlet

� é�áqrBG�b��¿ ���	�Nb � ½xl !�"HË
Kostov Ì ( À é Ø r )

O¯@�i?
non-singlet

� é8ácr�G ¿ �h^6Á ¾<½�l
singlet� é�áir �DÂ	Ã {�Ä��WÅ6Æ Ù ?i²q³´��� k Â ]8o��� è ?<t k G S z a

non-singlet
� é<áxr�Ëqt k Ñ G

Calogero
?�²8³P��� k C Â ]8?Bo<jc�B\ è O	o kxl? S �q���¸�ir	Ç;Èiä@G6�

i\@G «�¬ ò��<y

large N© ª S
F g k ¹ k�º j
(
º ¿�À »�� è G���� Ú�Ù ?t k6É j v ^f²i³�a�b<j k

)
�xæ » � ½

[34, 35]
l ?ÊHn8o�óZdPOqafb4Ë�Ì�á���r k�¸ ½�¾ G WÝ�<� Õ �«�¬�Í Oiafbxó�� k�l

Î ÏcË k�¸ ½�¾ S�F g k
non-singlet sector

G T �O�Q8G
2 ¿NÀ p�¹�»�� w4ÐJÑ G�� [@S ~ j8b�Ò
Ó�ÔG §�Õ ^mÖ�× Ð 5 S þ O ¾<½

[31]
l

Ø�Ù4Ú�Ù;Û�Ü�Ý�Þ�ß
à ©NªDá D- âHãåä Y� � o.æ
ç��;e¸®�è�G v y
D- ç Ø r Ù Gf¹ k�º j^	ÁNÂ k Ã O	Ë	Ò vxw4Ð Q8G�+xG<G | Fd^f\H] � k®�è�éq��êJèBt k i ¼ ��èBo U Ò�ëBr�ù w4Ð O�G;ìz<| G ¿ �Ny�Ò8ó � n8o�óZd Ð n�ø�íq�h^ Z k ,m�è�+�» Å èBt k�lÈ<Ê�O	ñ r Ë;Ò

Rey Ìïî ��ð��Jñ�� Ð�ò O8O	+ S Ò
(Lorentzian)2 ¿<À�ç<Î ì�é;óNr�� S �;�Ý�f� k D0-ç Ø r Ù G Í�ô
õ Åcéxî SN� a�Ò8ÿ<¬<¯<° � w4Ð G� � ¼ »É\�öH^ k�C ½�l æ
ç ��÷x�4C b8j ki½�¾ Òmøù � ÕÝG�ÿB¬�úZû�ü(ý4þ | S;ÿ�� a	bHð��µìcé�v��Ë � ��� Â ]���oW� Ò
	 w n S ������jD� W ^m� � l� v ü���
�� S<� a b8Ë�Ò çqÎ ì�é�ó8r�� S ���h� �k ø�r���Ë

rolling tachyon
�f��� ü

Hagedorn
n�¹k�º j@^.� �N� Ò�� ª���Ñ ü

‘out-going’
ø�r���Ë	Ò

Hawking � ¦�èZü��Hn���
���\���è�� k Ã ��^6��a½xl�� S ��
�� �
affine SL(2)

ü Ø�� �
k
SN� afb���x�Nj W �� �^å�¡a�ÒåÓ
Ô�!�=d���<bqj k#" ç8Î ìé;ó�rD�

/
î Ú � Ù í W �� �$��.ü ��%�S ~ j�b Ð��½

[2, 22, 37, 50]
lþq½ Ò�È�Ê&��ñ r Ë�Ò

Rey Ì î �
ð���ñ�� Ð4ò �ü�¯@� ¿ �
[45]
S�F jqb

time-like sine-Liouville
½
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¾ ^ [ j8bx����ü;Î�-�? �/. ^f\/0 � k�1�2 ü
3�
o w4Ð n���4Ý^ kDC ½xlñ r Ë�Ò

Giribet Ì î ç �JI�î * G ô Ø î Ð � ò �ü�¯¸� ¿ �
[38, 54]

è
Stoyanovski-Ribault-Teschner

map
�qa�b ~ »�� k Ò

SL(2, R) WZNW
½�¾ �

Li-
ouville

½�¾ ^  65 ~ g k �87 ÷d^.Ò ï:9 g a�Ò<;�ü	 w n�þ��>=	ÁNÂ ½xl
#4$hË

IIA
¾Nu�viwZÐ@? F j<b

4
~ ü uBz�{�|=8A �H� ,�o ç Ø r ÙCB/D = ç Ø r Ù�E êqr ç ®Züp�¹����Hü
F . ¼ »�Á�Â
Ò

Denef
» ? �
C�G 2�H �� ½�u »�� w4Ð ü�I�J�K ü8® ? F ¼ � ½

D0- ç Ø�LÙ ü
MON/P�Q/R Ù�S>T �����c�H� L �VU Px?<ý üDß
Îqà L á L8W�X è<Ë
Y�Z ?8[ ó����<P Ã ��=å�]\ ½
^þ8½ Ò

SU(2)R

×´ØcÙ�Ú Ñ ü(p�¹>_�`a��\ G�b�c \½
D0- ç Ø�L�Ù ��dfe�A�g ù p � ó��hP Ã ��=6��\½
[14]
^

Raeymaekers
Ë

Gaiotto, Strominger
F�� 5

Yin? ��C
G !�=´��� ½ Ò
D- ç Ø�L�Ù�E ê L ç ®Zü�i/j¶���üDî�k�é Úml = Á8ÂVP ð�� =�n�o G ç�Î ì éxó Ll�p

D- ç ØqL¸Ù�è ü:r ÙÝÚ ê>s L ? e o G;¿ �t\ ½
[23, 47, 58]

^
Raeymaekers

ÒCu@Ë
Trivedi Ì F�� 5 Nampuri Ì

(Tata Institute, Mumbai)
���x+ ?

Tripathy
�

Trivedi? ��C�G(§�v �f� ½
IIA
¾�wfx�y�Ðh? F N�P w�z�{| ü�}�o�I�J�K~=�n<o G E ê L ç ®Zü�i/j<¶��&� çÎ ìxé	ó L�l ü
���O�
���&�xü z��6��w/z�{ | ü�}o�� 8 ? +����<�6P
ü����/�q�Zü ¿�� = k~�:� ^� � Ò

Raeymaekers � Yogendran � (KIAS, Seoul)�/��� ?
2
e ü�� T�LV� = d6e

D1-D5 � ü��/�O���� ? e o G ����� ü
K�ö~=8� �:� ^ ;�ü ��� ? ��
D1-D5 � =q�>� ÷ � �
� æ
çV��  ?�¡ N�P w�z�{|O=q¢&£q}:oh¤V��}

D- ¥�¦ Lf§ ü E�¨:L ¥ ü�©�ªO=�6o�«~¬6£ ? ;�­�®�¯~=�n<o G r §�°�¨ s L ? e oG ­
K�±²=�� �:� ^
u ��³O´��¶µ KEK ·²¸�¸ � ? «/¹�º:» °C¼�½�¾O§­8¿�À6ÁV¤�P

Misner
 fÂ�­�Ã:Ä�Åf­�K�ÆfÁ e o G�Ç� \ �

[9]
^

D
º § » ¼>§²°È§�É�Ê�¨�L ¥6¸ \�Ë:nVoP ¸ «�Ì�­�Í<­
Î�Ï y>Ð ­ Higgs ¥>Ñ § �<­�Ò �>ÓÑ º/­
Ô�Õf�t£Ö«6¹�º�» °�¼�½�¾²§ � ¿/À<�6P�×VÁ

Misner
 hÂ ��ØfÙhÚ/Û�Ü8Ý § Ã�Ä�Å�Þ�ß6­
à�á�­�Ôâ�ãåä�æ É�ç/è�éhê>ë ¸ ��ìfí « ¼�½
¾h§ ¿�À6Á>¤ �Ë ÚVÛ�Ü�Ý § Þ/ß ��î £q�VÁ�} ê<ë ¸ � ©f� �:�
ï

ð/ñ>ò�ó�ô�õ:ö�÷
øVù � y/Ð ¸Èú y/Ð ­>û�ü É�ý>þhê<ë ¸�� «�ÿ��� Ð Á ¡�� ê����
	 Ç�� ©��O­
��� ì�� ê ï Ã�Á�Þ�>«�� � �:�  �Â�Í>­ ú
� Ð ¸���������� É�� ���­ � Ð ­�Â>­ � �h� �"! ¬$#<Ë�% ê ï ë # � d + 1&�'

Anti de Sitter (AdS)
�� hÍ>­ ú(� Ð ¸ « d &'/�� fÍ�­ �)� � � Ð (CFT)
­�Â�­ � �Vì�� ã «�*+ * +

AdS/CFT � � ¸�, + # ê ï¬6£8Á ë ­ � � �$��������� É � � 	 %�¤f� 	 �æ Á � ì�-�. ¬�#:«/¤ ã0/ %$132 ì ø�ù �546��7 � �¸ � , + #>Ë�% ê ï ë ­ � � É$8 %9# + «�:<;�=�>Ð É$8 %�Ë ? Ð � ê<ë ¸ �(@ *$%�«�A�%(B�C�D 8OÉ*8Ë�% ê � ­ ��E É « ��7�F ¥@¦ ù §:É$8 % ê<ë ¸

ì ý�þhê<ë ¸ ��ì�í ê ï9G�H � [17]
Á ¡ %�Ë(I ���� ­ 	 % øVù � � Ð Á ¡�� ê ÝKJ ¾²§ML Å/«V� 	 âN

QCD ú ­8©�O�Åf­ � ��P�QSR3T ù É « AdS/CFT� � É�8 %�Ë�à9UV* �
ï ÝWJ ¾O§XL Å � AdS ¥�Ñ ÛY<Z ù RVÍ�­ î £�� 	
D- ¥O¦ ù §\[�] Á � � � êVë¸ �(^ £M#>Ë�% ê � «�Ì�­)P�Q
R
T ù ��_ ¸a` ��bÁ 	Vê<ë ¸ É�c�d
e�	 à)U�Á6¤ � Ë(fg* ��ï

AdS/CFT � � � AdS
 OÂ�ÍV­(hji)k e�	 ú ¸

CFT
Á ¡�� êml í 	 �9� &�' Én� �So9U � É � �)p� ê ï ë ­6¤f� 	 o�U � � »rq §ts�u�v~É$8 %�Ë wxf� ê ­ �
y�z6ì�� ê<ë ¸ �(^ £t#>Ë�% ê ï ë �9*� ú ­$h�i9k�{�� ¸ »rq §ts�u�v ¸ ­ � � É�ý>þhêë ¸�� « | BPS }�~ Á ¡j� ê AdS/CFT

­
��� ¸*qË �9��	 1)� Én� � ï(�<H � Chen � (Cambridge
U., DAMTP) ¸V¸ �:Á)� Lunin-Maldacena ��� Í­

spinning string � É���� *È« ë # É β-deformed
N = 4 super Yang-Mills �<� ­�»�q §�s�u�v ¸n��g* ��ï Ì�­
®�¯V« ë �9* � ���j� I ����� ­<��%� ù »

(N = 1)
Á
��%�Ë�� � ã�� � ë ¸ Éa��� * �

[18, 59, 61]
ï

� �)� H �<����� µ�� l · «�� ´�� µ KEK ·t¸/¸��Á:« ë ��* � »5q §as ¸ h�i�k ú ­ ��� É open
string � Y ¼ ù Á -�. * �)� ¸ *�Ë/« D3-D5 � ­
open string ¸ defect CFT

o�U � ¸ ­ ��� É�ýfþ�
[10, 52, 57, 21, 68]

ï���V  ��¡ ] Ð9¢ [27]
Á ¡ %:Ë�«

AdS
 6Â�­

orb-
ifold

Í�­�h�i(k e 	 ú²¸ quiver
ø/ù � � Ð Á ¡�� ê¾�£ ¦ ù ¼ ­�Â/­ ��� Á ��%�Ë�¤(¥g* ��ï� ¦ � « Benvenuti � µ Pisa

l · « Mahato � « Pando
Zayas � µ Michigan

l ·�¸<¸ ��Á�« 5
&�'�§©¨�ª

-
Einstein « ��¬�­ 4

&�'
­/© « ��¬ É�® £ �S¯ ê Ô� ­$°O­ � Ð Á ¡�� ê ����± É�ýVþ «�² � ­ ��� °� Ð &�' 6
­<o�U � � ³)´ e Á<µ�¶�· ê<ë ¸X¸ %�¹*<º ï
» º�«)I � v � Ð ­$¼�½�á � Ä�¾ É ^ ê<ë ¸� a-maximization

É�¿ ��· ê º � 	ÁÀ Á��mÂ�Ã eì�� ê � « ��¦ � « Benvenuti � µ Pisa
l · « Pando

Zayas � µ Michigan
l ·�¸>¸ �:Á�« ë # � §©¨�ª -

Einstein « ��¬�­$Ä�ÅjÆ £ À ­6¤jÇ8Á<È�£M# ê Æ Éý>þ º ï
» º�«�Ì�­
®�¯ � °O­ � Ð ­<É�Ê ¸ �9Ëj·ê>ë ¸ É fV*$º ï ë # � AdS/CFT �)� ­mÌ 	Vêm��hÁ 	jÍ Ë�% ê
[64, 72]

ïª H � §g¨Îª -Einstein « �)¬VÍ�­ ú<� Ð ¸ N = 1I �)� øVù � � Ð ­ AdS/CFT ��� Á>û�*8Ë(Ï�ÞO­Ð�Ñ ÉmÒ9Ó Ð�¢ Á » ¸ � º [28]
ï

Ô�Õ�Ö9×(Ø�Ù
Ú9� � Beilinson-Drinfeld

­
chiral algebra

Éa8 %ºqá �
Û Z Ò ¨�� ù Á � · ê ®�¯ � « 2
&9'/­

Hitchin� ­�Ô � á � ÕjÆ~£ÜÈ&£M# êVë ¸ «@¬f£�Á heterotic
model

Æ�£
A-model

Á(Ä�Å ¡ eSÝjÞtÉ � â 	"ß Ë��« Z Ò ¨>��à RVá Ñ ù ����� Émâ�8 *�Ë open
Á-3.>ì²í êfë ¸ É�ã5ä *(º [33]

ï
» ºSÚ�� � chiral
algebra

Á ¡�� ê
geometric Langlands duality

É á� Ô � *Sº D- å�æ ­ Fourier-Mukai
Ô�çOÁ9��%/Ë�«è<Ò ��Ó ù Ñ ù ��é ­�© [ û c@É Â6Á�*ÈË del Pezzo

9
­m° æ Á(��%�ËS? Ð *mº ï �:��Á�«�ê�¾ 8 %²£�# ê
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Cech cohomology
ì�í 	Áß «�R ù Ê  hÂ ¸�î���ï É8 %�º�ð é Õ � chiral de Rham complex

Á ímñ � ì� ê ¸ ã�ò *Sº [51]
ï ¬h£�Á(Ú�� í «�· þ Ë<­ µ |° ù J:Û Y É Ø6Ù · del Pezzo

�<ó É�ý>þhê<ë ¸ ì «
ADE

v ­�q à ù R æ ­ affine Hecke ô É È�º ï�» º|rõ�ö�÷ §$	
chiral algebra

­
gerbe � well-definedì�� ê<ë ¸ Ém� Æ�ø ê ñ � � É ÐVù º [67]

ïú í Ò�Ó Ð)¢
[29]
Á ¡ %�Ë�« ° ù J�Û Y

-
à Ñ Ú 4û�ü «�ý ¬6ÍV­ ] B e ú(� Ð ­<Ï�ÞO­ Ð�Ñ ¸ «���PQ
R
T ù Î�Ï � Ð�þ ­ � 8 Á ��%�Ë » ¸ ø�º ï

1.2.2 ÿ������
� ö��
	
�fð/ñ>ò Ø�Ù
I ����� É�� � øVù
� � Ð
í�
 � � Ð ¸ *8Ë�Î��ì�� ê ¸�� �/Á
«�Ì�­ c ¡ e)	���� ­9º)ø�Á ý ¨ 	 «�VÁ í���� 	 � ± ����� ì�� ã «����O­<°O­ � Ð ­Ã E e�	 ��E É ¸�� ø ê º�ø/­ ���
	�� � Æ ã ¸ *Ë� Ð Á Ç�! �#" â #�Ë9% ê ï ¸ ß Á�« �9�)�9�9� É� �
I ��� øVù
� � Ð (SCFT)

í ú(� Ð ¸ ­�Â/Á �; 	 û8ü µ AdS/CFT ����· � � ã �V! ¬�#�Ë�% ê ï
4
&�'

N = 1
I �)� ø>ù�� � Ð ­%$�&('<ð�Å ¸ *Ë�)�# ê

SCFT
­ Ç�! í «�A�® æ ­ ±)� É ��� · êÍ ì+*

AdS/CFT
­S��� É · ê Í ì�* ��� ìj� ê ïÞ��

Intriligator ¸ Wecht
Á6¤ Í Ë

a-maximization¸ %�Ç0��, ��- Ð ¬a#�« SCFT
Á ¸ Í Ë �)��	 á ì��ê

R .�/ ù�� � à
U ì<í ê ¤�Ç�Á 	)Í º ï ¦ ��« l�01È« �)¦ «32 ª í « ë ­54�, É z 8 *ÈË
Pouliot-type

duality
Éa� �

Spin(10) � Ðfì »�q�6�R�7
)O­ ±�E° � ���<­�Ò
89R6­#$
&9'(ð�Å É�ý>þ «;: Y ° R�7)O­ ±�E °O­ c Á6¤ Í Ë í=<(> § o�U � �(� Ð Æ £8 à Û Ê R�· ê<ë ¸ É f"*<º [7, 20, 48, 56]
ï ¦ �>«l�0 18«�2�ª í Ì@Á�»rq�6�R�7�)O­ ±�E ° �
« c �ê ° æ É%?�@ Á ý>þ º

[62]
ïl�0 1 í�A ´#B µ à J ö=C�R=D�õ%E
F l ·�¸�¸ *Á�«HGM�<­�IKJ�7
) ¸ % ß ��ÆV­<Â�Ã�7�)OÁ�L�· ê±�E ° ��M Í º SU(N)

I ��� ø<ù;� � Ð ­�$;&N'ð�Å É ? Ð *<º ï <(> § � ­�» ù�Ohù�P�Q §�R / RÉ ¤
S ê<ë ¸ ì « ë # » ì(^ £t#>Ë�% 	 Æ Í º#$
&'
ð�Å � È�£t#�«�Ì
# ��TVU ìj� ê Æ<­S? Ð É " Íº
[5]
ï

d
&9'/­nI � v � Ð�í AdS/CFT �
� Á/¤ Í Ë d+1&�'6­�W�X � Û ¼ ù�Y Â�Í>­ ��7 � Ð Æ[Z ý>þhê<ë¸ *�ìfí ê ­ ì « a-maximization � ��7 � Ð ­%\�ÅÆ]Z À Ç ¸ S ê Æ É
ýfþ�ê#^ í+_a` 	cbed ìj� ê ï��¦ í

[4, 75]
Á�f�%�Ë�g

a-maximization � 5
&�'­

AdS
I ��7 � Ð Á�f)%�ËKgmI P�QVh R / R;i�Ï�jÕ�Á ��� · ê<ë ¸ É ¸ %�¹
*<º ï

SCFT
Éak�l · ê/ë ¸ í gt°9i � Ð 4 ú�� Ð i�m�nèfÉ ð3ø ê i�Á ��� ì�� ê ï

SCFT
i#o c í I ������ ° É Ã�p pr� ê#q *$%�á ì�� ã gVr � í g�Ì�i��E É�? * ß ý�þ º [15, 73]

ï ä ¬ e Á�g ¾ ù Ú ö�CRsX øVù
� � Ð F g Û D�ö=C ù RsX ø<ù
� � Ðfì oc~É à)U"*tg
AdS/CFT ��� ÆuZÜÉ�Ê+v�# ê ®�¯ Éw )j· ê<ë ¸ É fg*<º ï

� ô/õ Ø�Ù(xKy�z�{�|
I ��7 � Ð
í g ��7 � Ð É I ����� É�� �e}jÇ8Á-j. *<º * i ì�� ã g ú(� Ð i<�
P�Q
RrT ù ì i#~ê%� % É w)xj· ê i�Á�� �=� ì�� ê ï
» º�g�);� Ðe�	Su�v~É D ê ×VÁ * ��� ì�� ê ï I ��7 � Ð Á PQeh R / R�� É I �����&¸��
� ¯
� p�� å S ê 4�,� *�Ë í g l ~ R �)��� É ø/ù�� Õ�· ê 4�,9i è �^ ZM#>Ë�% ê ï *mÆ5*tg øVù
� ����� í * + * + á� Ä�¾ É5� ã g � Ð i���D ¼ J Q ÷ É%�5Í Ë�* » Çë � � ^ ZM#>Ë�% ê ï�� ª � ��¦ í g�� &�'9i$I �7 � Ð � g���� e f9}#� l ~ e 	 �c������Ô9ç 4 ø�ù� Ô�çVi�� ì á �
� ¾ É5� � 	 %�º�ø
i#�
�+�$���e��
ý/þ6ê�^N� } Í#� g��0&�'�i ø>ù��%� v�#�º�I��7 �
� � f�% � g�á ��� ¾+��� N%  · ë � i ì�íê�u�v � g�¡ � ¤
S[ZM# � %�º9} ã *a¢ l3	<c µ�¶· ê<ë � ��fg*<º

[12, 60, 65]
ï

1.2.3 TeV £¥¤¥¦�§¨�+©¨ª�«s¬®­+¯H°¨±
�s²+³¥´µ�)�¶
g���¶ �
� ��INS(· �
� i�¸ 7�	�¹�º i(���� * � g)I ����� � � �e}jÇ � -j. v$#jº���¶ �
�

(
I ��� �
¶ �;� ) � ¤;SuZa# � %N·�»�¼�i �;� í g½c¾�¿ d�À �
�   v%ÁN· ��� ¿ �(Â ·(¼ � g���¶�Ã� i$¼�Ä(i�Å=Æ � Ã � i�Ç�È�ð�É9ÊKËNÌ�Í
ÎKÏÑÐ�ÆÒ�Ó ÆcÏ=ÔV} ßÖÕ Ë�×9·(¼ �5Ø+Ù3Ú ZÖÛ�Ü[v%Á � Ì·�»[Ý Ú Ý Ø Ê[ZÞg�ß
à�á�¿Ñi � Á�i�)(Á�4 � Ä;Ì�=â;ã�ä�åçæ i bNd ÊKèév%Á � Ì(·�»�ê � gHë%ì�íh3îVï=ð Æ ï i#ß
à�á
à � Ý �Kñ�ò ×N· �3ó
ôéõ Á� Ì(· Ò ë%ìµí h g Ò ï=ð Æ ï i#ö�÷
ø�ù
ú�û â ßà�á�¿Ñü � ÁÑ�5ý�×Kþ�ÿ Ø������ Æ���Ô Â ·KÊ	��
ë�Æ
�NÆ�à�á�¿+���e·��%¿��éë���í��������=Ê����� �"! Ì$#�Ì"%'&�(�Ç�) Ú[õ �+*�ü ,.- ! î0/ Ê�1Ý æ32545! Á�6�Ì;·

(SUSY-FCNC 7 À )
» ã	8 � Õ9�: ;�<�=Vü5> ��?A@
B�@ Æ�C â ��D�EVü�F�:�G�H>��.�JI�K�È�LÑü MONQPSR ô 6+Ý ã %K¼�#3Ê�T õ Á6
Ì(·�»Q> � G B+@ ÆOC�ü#ù âVU�W0X�Y ü Z�[+:�\](×9· 8�^ �é¼cüV_�` Ú[õ U�W ü X�Y Z�[�Ê�1]Ý æ2�4a! Á�6
Ì(·

(
> �O?A@
B�@ Æ�C 7 À )

»¼5Á õ ü 7 À PSb�c(×9· Õ Ä(ü b�c�de#�ÝS6 4 fI�ß�g /�h ÃOi$P�jO�uÝ 8�k ü�Ê Â�l
m 4 f I�ß�g/0h ÃAiQPS�
Ì l�n #tÔ SUSY-FCNC 7 À PJb0c;×l ÒAo ï í ��p Pq`�r�Ýs� ãA8 þNÌcø�ùQ:at+u3v�wx æ > � G B�@ Æ�C�P�D�E !�y l�n #�Ê�z�Ã�{
|5}Ô Â�l�n # â T õ Á�6
Ì 8 Ê	��~��+��Ô���� ØA���Ï â#ñ�ò Ýq6�Ì Ø�Ú�� 8 m
�Q� �
�A�����A�������q�� z�� â ��ß
à�á���Pa���+��: � l���� P 4 f I�ßg /�h Ã�i+:V� ^
��� n #3Ô�~��+��:�*�üat5% ØA�� ÏQPS�0��× l�n #�: L��]Ý 8 [3, 6] mãA8ak %q��#aÄ(ü b�c�de#�ÝS6	���q����Ï Ø ß�þ��Ã�i�Ê ó
ôéõ Á�6
Ì l m �S����Ï Ø ß�þ���Ã�i�Ôâ � Ò ë%ì�íq� î Ò ï=ð Æ ï ÊcËNÍ
ÎKÏVÐ�Æ�Ô	 A¡� Ø ø;ù.P%ÜNÄ 8�^
SUSY-FCNC 7�¢ PS£ n ! ØÌ m ãA8 �S����Ï Ø ß�þ���Ã�i�Ô â �a¤ ¥�¦�øÑü#ùÚuõ \A§��#þÑÌ��=× Ø	¨+© \0§��Vª�<�=eü�> ��?0@B�@ Æ�C�Ê�MON ! Á l ü�Ô	� X�Y Z�[Ñü 2�4 Ê0\0§
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K�«�¬�i�­A®�¯ °²±´³¶µ ��� µ¸·�¹�º

� » æ Ø l�n #3Ê�w Ú l m *�ü�Ç�)�� U�W ü
�½¼�¾� É$PS¿�À�-
�aÁ�ÆHí�¼VC�Ô	Â�Ã�× l ü�: Ä�ÿ Ø Z[
(T >∼ 106−7 GeV)

ã Ô�{OÅ	6 k
gravitino 7 ¢ ÊÆ´Ç Ø Ì n #�Ê�T õ Á�6
Ì l m"n ü�t5% Ø �S����ÏØ ß�þ��KÃ�i â ,"- Ø

cutoff
Ò�Ó ÆcÏ+PqÈ�É(× l�n#3Ô�`�r�× l�n #3Ê�Ô+- l (LCSUGRA) mÝ Ú Ý Ø Ê õ �

LCSUGRA
Ô âVÊ u �5Ë
Ì |O} ØÍ�Î�¬Vü Ï�É â 2�4a! ÁA� Ê u ��Ë	Ì |5} Ø Í�Î�¬PSÐ��[Ý 8�Ñ �	
Vë�Æ�Ò$Ó�� ��� Ô	&�(�P�Â�Ã�Ô+-% l Ú Ì Ã0Ô�Ô Â � 8 m * n Ô�� �Q� �
�������0���� z â

new inflation �O� P LCSUGRA
ü k ##ÔóAÕ Ý 8

[19] m$n ücÃ�iÑÔ â+! õ : inflation Ö ï��Æ�ü ����� Æ���Æ Ú[õ > � G B�@ Æ�C�ü�ø�ù9Ê+-ã u×�"GOH�>V�.�SI�K�È�LÑü MON�� U5W	Ø�Ù�Ú�Û üÜ õ�Ý ü &�(�� U�W : ñ�ò × l �½¼Þ¾���üV�
à�á��P
LCSUGRA

ü k #tÔ
Â5ÃKÔ5- l Ú �ß�qÃcÔ�à � 8Ê����'á Ø
������â � â ÔV`�r !qã l�n #�P3ýuÝ 8 mãA8 ��ä�å ��� P�ß ô 8Væ iÑü çÑü è�é¶#�ÝS6cËf I�êVëQPìÐ���Ý 8 Randall-Sundrum �	� Ê ó�ô+õã 6
Ì l m$n ü ��� Ô âAí�î � 7 ¢ Ê�ê�ëVü
ï�ù Úõ Â�Ã !Jã � ã	8�ðAñ �0�A���=ü�,�- ! P
O(1)

üq������=Ô	Â�Ã�× l�n #3Ê�|5}.# Ø l 8�^ ���+:
ò����ÔOà l # ó
ôéõ ã 6
Ì l mÝ Ú Ý Ø Ê õ ��ó0ô Ø ��� Ô â0õ ¬VüV<�=�Ê�ªNÌ#öN.%3÷ î �V�AÁ â í�¼SC�ü��aø �Sù ø�ù=ÊV&A(.#ö\ú 6�,"-#× Ý l #�Ì � 8 ÷�ÊOà l�n #3Ê�T õ ã 6
ÌlVm * n Ô��0û â ��üAý�iAþ [30]
:	ÿ��A6

Randall-
Sundrum �0� :�ÿ�� l r��	i9ü��	�+� Ø ��ø+P ã #^ � õ ¬�D�E î �aÁ â í�¼VC�ø�ùQ:�
���Ý 8 7 ¢ üz�
$# Ø l Ê u ��Ë�Ì |5} Ø Í�Î�¬$P�� � 8 Ø à�á��PqÈ�É(× l5n #�:at � 6�����× l���� :�����6 óÕ Ý 8 m
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2.1 a: Simplified level scheme of A = 116 isobar

members involved in the 116Cd double beta decay.
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2.1 b: Excitation energy spectrum of

116Cd(p, n)116In(0◦) measurement at 300 MeV.
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Í Ýf� = � � a å ¸ Ì%ö�^ë Ì,� Ê Ø�� À�ú�� / À�ø a å ¸ c�d�M,� SMART-

NPOL
Í ÝP� ÓWÔ À(ø�Ü�� V�� ~ î Ø 

� a » Ð � =� ð�M O = pn

Î Ì
1S0   M Í
3 Â�Á 5�¡ Ø ; è ø	Ü

[32, 59]

¢!£�¤
¥,¦.§m¨N©,ª%«
] ¸ -

a å ¸ I Ì�öN^ ë ¼P� ÓRÔ Ì ø	ÿ = K:¬:­ = K®�¯ &f°'~�± 
�²;Ì a å ¸ c�d,M.� SMART-NPOLØB� ø ÍE³ {¤À = � Ì å ²'´�µ Ø ; è ø	Ü
NPOL

Ì�¶.· Ø�¸
2.1 c

Í ( Ï Ü NPOL
O�¹ �

3 cmÌ.º�»�ö,¼�óHõ ì�ë ¼�½ ~ î � 12 ¾�D ïaÃ � = � È¿ È Å%À � ± 
�² ±5 cm
Ø��SÁ =�Â � a å ¸ Ì 2 ÃÄ�Å�Æ

(θ, φ)
ØEÇ ÿ!É ÛNW�Å�» ÊWÉ�Ü Û Ì Ä.Å�Æ ±È Å a å ¸ Ì c�d,M Ø�ÉNÊ ÉHÜ Û Ì NPOL

Ø � R ÌË%Ì
18 m

Ì�Í�� Í {P��À�ø	ÜÎ ¬.c
d ± 
�²;ÌBÏ�Ð3Ì øWÿ Í = 270 MeV
Ì c�dX ] ¸Ñ|�~)�!Ø 6Li

� RWÍ Â � À
Á = 6Li(~d, ~n)X �
�Í Ý è Á�Ò Ý � 135 MeV
Ì c,d a å ¸Ó|�~'��Ø �.�À = NPOL

Í���� À�ø�Ü Û Ì C � =
Î ¬�c,d ± 
N²
Aeff

y = 0.28±0.01
=

2 Ã Ä
Å ¬
­ εdouble = 4.2×10−4Ø " ø�Ü Â � a å ¸ Ì ®
¯ &N°'~ O�Ô ;�g,Õ�Ö Í Ý èÁ Ó�Ô � È É�Ü NPOL
Ì g�Õ ± 
m² 300 ps D¤ïØ×Ù � È É ®�¯ &f°
~E± 
�²�O = 135 MeV

Ì a å ¸3ÍÎ À(Á 1.0 MeV
» Ð�É�Ü [55, 60]
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¸
2.1 c: Schematic view of the neutron polarimeter.

The polar angle θ and the azimuthal angle φ are
indicated.

2H(d, pn) Þ�ßNà�á�âNã�ä'å ¤ -
¢�£�¤%æ�©

1S0 ç §
n)è Í = X ] ¸�± 
 �'��DBï O = öP^ ëén X'o,ê'ëÍ w Ê ö�^ ëJì X�o�ê.ë Å ��� Ï É�Ü $�& Ì)*,+.-Ì�5.6�Ì ø>ÿ Í O = 1S0

ê�ë Ø!ífî � Ï:s Y Å Ð�É�Ü
2H(d, pn) �:� » 0 M Ë�� Í �'�BÀ�ø�] ¸�Ü a å ¸ Ìï
ð ®
¯ &m°)~

Tp

=
Tn D8ï = ¸ 2.1 d

Ì�Ý�Þ Ã�¼P� Å" ï È ø�Ü a å ¸ Ì ®.¯ &P°
~�± 
�²�O 2.1 MeV
»

Ð�É(Ü Ó%Ô � È ø>ê $ ë � Í O 3
�
ñ
ò

2H(d, pn)d
=

4
��ñ.ò

2H(d, pn)pn
Ì

2 ó�ô Å Ð � = ± 
 Ï É X]%õ Ì�ö 	 Í Ý è Á%�.� Ì Q ÷ Å b Ã�É�Ü 3
�.ñ�òÍ Ý É pn

Î O =�Æ ï�ð.øNù U D0ï ö�^ ë�ì X.o�êë W Ã�ÉWø>ÿ = ��� Ì Q ÷ Ì�ú Â ØEû ¿ À�Á.ü)ý ÏÉ%Ü,n Ë 4
��ñ�ò Ì%�N� =

1S0

=
3S1 þ Ë Ì �N� Åÿ � È É Å = ö
��õ � &;Å X Ã;É>ø�ÿ Í�± Ç � Ê	ÃÂ	Ü�À!D#À = Û�� Ì å���D ï�� Î ®
¯ &N°:~ Ì	� � Â

(<∼ 3 MeV) pn
Î�Í�
 È��

1S0

Ì�
�� Å K.ú{Ã�É ÛWaÅ × Ù � È É>ø�ÿ = � Ã O � È Í����	Ï É ï�ð�����
(
¸

2.1 d
7������

)
Ø�í����   M Ø 0�� � è ø�Üí�� � � �WÌ

pn
Î O � Î ®�¯ &�°�~�Å � � Â;øÿ Í)T ú"! ê,ë �$#�%�& �('�) É Û�W
Å × Ù � È ÉHÜ*3è ' = ! ê
ë Ø 2
3 Ì

pn
Î W+� ø 2

� Ì �
� �!Å, ).-�/8Ø!ÉPÊ ÉHÜN� Û � = 1S0

=
3S1 � È ¿ È ÍHÎ�10 ��2 ê3ë ñ�& ö -�/ Ø & ) ø 2
� Ì �.� ��Í.34 Ê = ì65�í ½ ~ ì87�ë Ø ; è ø�Ü 1S0   M Ø �
	 ÍW è ' 7N8 � " ø ö���õ � &8Ø�9�: óS� Ï8;�ÛmW �

1S0   M Ø 0�� � è ø�Ü,� Ì C � = ì<5Hí ½ ~ ì=7(ë� ö,�3õ � &?>?@�Ú�A�B�Í Ò 
 � Ê (
¸

2.1 e)
=

1S0  M O 98± 7%
W Ç�C è øRÜ Û	D O = $,& Ì)*
+.-Ø 5.6 Ï<; Ì ÍFE.±HG   M � Ð ; Ü 1S0

ê,ë
pn
Î �� ½ ~ �ØO = |:~��.T M 0.2 nA

= � R ¹�I
10 mmÌKJ�L � =�M�N

130
ö O M �?P è ø	Ü [81]

2.1.4 Q�RTSHUWVYX$Z�[]\8^`_ 3 acbedgfhHikjml
GHZ nporqtsmuwve_rx=y

( zc{p|c}t~ )

GHZ ��� W O $.&=� *�+�- W e�� = ø õ �������� � � WK���=�������+�=�6��>��H� �H; � � 7 V
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Tp (MeV)
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T
n
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M
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V
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3-body breakup
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¸
2.1 d: Energy correlation between proton and

neutron obtained by the 2H(d, pn)(0◦) reaction at
Ed = 270 MeV.
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2.1 e: Total kinetic energy of pn pairs. The solid

curve shows the result of Monte-Carlo simulation.

� WF� Õ � ��� ���=����� �H;	� � �?P ;.��$�&H�*.+�-ÑO
2 ��õ ��ø õ R � ��3 D=� ê�ë � 36) ' =��õ � �S� �.� � R�G C�� = �?G < Á × Ù ÷ > = øõ ��� W ��� 7 V � � Õ � b G�;���WK  ( �('�)�;F���D �	¡ � =

GHZ ��� O 3 �
õ � ���  .¢.£?�6;��W � ø õ �$� W ��� 7 V � � DP¿�D?>�¤ � �H;F¥ ¦C�� �.§�¨H>�© � G?;�W�)rª¬« ¦ � R�G ú )< �­¯®��� �?P ;.�° u.v O =
3 4�õ � c.4����K±�	   2 ó.ô ¥�¦<�;���W � =

GHZ ���   5.6 �6;?��WK (² !´³ � Wµ�;¶�=C+· = < D < D O =<¸ &´¹Kº<» �éG$¼�½ �6� 34.õ ñ�ò� Eû & �	' c�4��   � / �.���HC�· = 22Na�
β+
ñ,ò �K¾ � �	D<; ]¶¿,õ  �À M 0.06 g/cm3 �® � G »�Á�& a ��Â=Ã =?¸ &r¹Fº6» �HG$¼�½ �H  �� �F�K�6�1D�> e�n 0 ��ê � � ¡,Æ 120◦

� ñ
ò��6;Ä?Å=� 3?) '
3 4�õ � c�4   e.g ¥�¦<�8;.� 3 4�õ>���Æ�' c,4�� ��Â �<�<; Ä�Å O =$M N 800

ö�O M�?P ;.�
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c:4,� O =HÄ'Å �H� º,»FÎ'¼<Ï(Ð ��� ¼�½ ~��.��ÑË�Ò�Ó =+Ô Ã.Õ � � � 8
ö �

NaI
�<� ¼Ó½ ~?�� (Ö

� �	��×.� � = º,»FÎ'¼8Ï�Ð �EÂ �r�	��Ø õ ><Ù�� º� � Ä:Å�Ú D =�? �
NaI Ûf�Jy � Ûm� Ú D6; D �?Ü	Ý' c Ø ê,ë  1Þ ¦��6;F� � ¡
Æ 120◦

�
3
Ø õ ñ
ò ÄÅ � c Ø�  & )+' Ï
Ð   ; ) = Ûf�J¬'­ 5×10−3

= cØ.±�ß ²
0.52± 0.01

 �à8�K�Ká �Fâ$¸�ã ¹(º?»�äæå¼�½Kç+è �.é�ê  �ë6ì$'
3 í�î ê.ë ��± È �.ïWð  ñrò�Ú�ó ; � ô � âæï Ø �8õ  	ö Ã â 90 ÷1ø ��ù<Ý '

3
Ø õ ï Ø ��õ ¥�¦� 	ú Ý �.� CHHH = 0.59± 0.14

â
CHH′H′ = 0.11 ± 0.09

>�à`�1D â=û DHü+D'ø õ ����F¤ � ÷ 0.59
â

0.20
ôæý$þ=�Fÿ�� ����� �K�¶� ¸�ã¹Fº6»gä å ¼�½Kç ëe�	�

3
Ø��	� ï Ø�
 õ �$ö Ú >E���
�Ge® â

GHZ ��� � Û�� >�������G�� Ã â A$B
 õ  ��=�$� 3
Ø���� è  ����6���6�6ô��+á=���! 
 P �.�

[48, 82]

2.1.5 "$#&%('rb – 'rb*),+&-/.103254/67/8:9�;5<>=
( ?`{p|c}t~*@A�B=��C ø � � � �EDGF ÚIH ��J�ëe� â�K ��L �M ì!��N�O�PEQ � �ER�S!T ��U�Nc®WV!X Ú�H�TZY\[\]C�
�×_^�O`P�� û�a N�O`P a�b!c�d 
`e ð â!f ×_ghji����j��k��El S ô�m�n,o H�T�S � ]3p ë p1â�qL!� ø�rtsvu L�P (

q Lw� ø P ) r�x�y ^�O�P�� x�z{\|rÚ�S�} ë~o â h�� rt� ����
 û�a\� ���w�\� r� i����	�\���,�æà/o H�T�S���S�]�� � at}�� ô pT�â ^ í�� b (3H)
â��/�E� ç

3(3He)
� ��^�L��`�a\K ��L at���Z���+ãG�!� �E^�O�P at��� r�� ð ��j¡ H ��¢?ô��E£¥¤¥o H � ]¦�§ â ^�L�������¨�© r�ª!« i���¬�­�® �!� ¬�¯X�°!± a °!±�²�³j��g�´ p1â íjµ � – µ �j¶�k�·�¸ â� ß�¹�º � � a ^�L�����·�¸ r�� ��^�O`P a\» � ��`� r ��ð â C ø ���¶ã����I¼�½ (

�w¾!¿ � a����.ã�w� ��L��Ge [eð
100 MeV À ¦ ) r M ì�� â ^�Lw���·�¸ r M S�T ^�O`P a Q��Á��Â���¢6ô��jÃIÄ¥� a
`� ��S ë�ô a ¯�X { ��Å � � ¡ Hj[E]Æ ��
tÇ/ÈÉ��Ê r C ø ���.ã���� 
 a í�µ � – µ �a ¶�k�·�¸ r�ËÍÌ p1â ¯�Î a.ï�Ï íZµ �~Ð � ç �tÑS�T�Ò ��Ó�Ô�Õ â�ÖZ×!Ø	Ù�ÚÜÛ�Ý�Þ	a\Ý�ß �KúÁà TY�[E]8û�a ��� â�Ò ��Ó�Ô�Õ r M S�T ^�O`P�Q�� a�!á ��â���ã ] ^�O`P a Î�ä a�åGawØ�æÁç�è ô p�T��é íjµ � – µ ����ê�¹�º (d+ p→ p+ p+ n)

a\Ýß �	ú/ë�¢6ô���ì�í�
`e�� ]=û!a ¯Áîw��é`¶�k�·�¸ôI�tï �´ð é�¹�º aEð�ñ�ò � ����ñ�ò 
�e���ó µ �r � �=ô S ë�ô�õj� ��S�[�ö é�·�¸ ¿ � at÷�ø�Þ`ùØ	Ù�Ú r é � ð ^�L���¹�º a C ø ñ�ò é!ú�û�^�O`Pa Qw�j��¹�üZ¡ H �HôÜm�n¥o H �Eý�oÜ
�e�� ]Iþ r éf ¦ g�ÿ3¡ H�[ ��ê�¹�º r�õ iZ��¯�X�°!±�
`��é �¾�¿ � a!�����	�!� �El u � �����_¶�k�·�¸ � ð����ê�¹`º a�� ¹�ºjÓwÔ`Õ���� Y u � �j¢8ô (
� n
	

135 MeV/A

��Iõ

2.5 � )
� �jÅ ¡ H�T M ð é�^�OP a���
 �w�Áo_ý r i�� [�ö r �tÊ�í���� Ú\��� 
e��I��ê�¹�º a�Ý�ß �	ú/ë�¢6ô������j
`e��=ô�m�no H � ]Æ�� Ç5È ��é ¯����wÎ�ä�� �tÚ������� �!#"$!�Ú$%& r M S!T 135 MeV/A

a('�Ï ó µ �3Ð �*) �IÑ S é

ó µ � – µ ���!ê!¹wº a CE
 �,+ r ^!O�P a Q!�`�.-/ r�0 o H �2143 Ý ¡ Hj[�5�6 � {�7�8 ��C(9 r 'Ï�: ú Þ
Ky′

yy

é ÖZ× ó µ � a�'�Ï ��ê�� Ad
y

é
Axx

é
Ayy

é
Axz

a�Ý�ß �FúÁà [�]�; o H�[ ��� a ��< 1¬`­_® �w� ¬�°w±��!���*=
2.1 f r � pt[\] =`CIé*>? � q�R`a ·!¸ µ � (1

é
2)
aI÷�ø����*�Z�w�!a(7�8� ª!« i�� Þ S


je`� ] ·�¸�@�AG�.BvÈ
θ1 = 30◦

é
θ2 = 31◦


`e�� ]�C
D�E 1\¬�­�® �!� ¬�¯�X�°!±F1a x�z a �!��é æ	ÚHGI��'!Ï ��ê`� Axx

�\é�^�O�P�Em�J p\[�K � C
D�E ��L�hji�� K�M r e�����é
N O"P�H'�Ï ��êj�
Ay

�\^�O�PG��m�J pt��S�K � CD�E �QL!h�i���¢�1 ��R�ý�à [\] Æ�S é CHD ê�TG�QUö�[�V 
E·�¸�@�A�@�A�W � k�é Ø	Ù�Ú_Û�Ý�Þ W � k� � ��X {�� V�X	�YU öET*Z u 3 ß 
�e!� ] [4, 5, 68]

=
2.1 f: Vector and tensor analyzing powersAy and

Ayy of the kinematic condition θ1 = 30◦, θ2 = 31◦,

φ1 − φ2 = 180◦ for 1H(~d, pp)n reaction at 135
MeV/A. The light (dark) shaded bands are results
of the Faddeev calculations without (with) Tucson
Melborne three nucleon force using NN forces of
CD Bonn, AV18, Nijmegen I, Njimegen II. The
solid lines are the predictions considering the Ur-
bana three nucleon force.
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2.1.6 ]_^F`Oacbedf] 'gbchji�kmlnaFb(0oqp
( rts ocpqu @¢ a Î`änv�éHw��`Î`ä�x
y�z�{ | +�}�~ U`Î`ä��� ;jT é

CERN
Î�ä�� a ¹ µ*���H�
� (Antiproton

Decelerator: AD) � ~ U pÜT�S � ] ¹ � b�K � v�¹ µ� 1 µ*��� a�����ñwò ét¹ µ.� �5�t�()\K � (pHe+)v �3�t��)\K � L +
¹ µ�� + ��� a��H�`� ^wO!� � e� éG¢ H o\�IÑ SwT*�H� [ ¹ �H�Ga���� k��

CPT
�� k�� a�� © »�� ���/ë�¢�1I� Ì { � e�� ]i � R�û�é

CPT
��� k��\¨�© r(� ��� à T!S�H 	�éµ�� [ ¹ µ�� a*��Þ v�� p u é	� [ é � b�K � [ ¹� b�K � awØH�2 �"P� v*���ji���v�� � e�� ]m  ¢� Ç>È¡v\¹ µ*� � �E��)�K � a£¢���¤���¥H¦ r�� �¹ µ�� �!ÞZa(� © Ý�ß ���Íë�1�1 � r 2

é\¹ � bwK �a
1s − 2s §�¨�©�ª a£¢���¤Z��¥�¦ 1¬«�­ ñ�ò�®`Ò¯�°H±	a�²��� H!(³�¥H¦ r M
´�[�C
D §�µ ���Áà TS � ]

[54, 72, 73, 74, 75, 76]

¶2·�¸�¹cº�»�¼.½
¸¿¾ÁÀ�ÂgÃ�Ä#Å¡Æ�Ç�Æ�È�É
Ç,ÈÊv

2004
§ r ¦ ��Ë ³ UmÌ ) (optical frequency

comb)
�tÑ S�[£¢��*¤���Í�Ø�æ�) r�� à.Î�é�¹ µ*��5�I��)\K � [70]

a�Ï È ��ÐH:`���.����� � Ý!ß,p é
2005

§ A2v
3
 �a ���,��^`O a ��Ñ Þ � P��`°�±`��F1 xwz i���¢�1 r�� à.Î�é�¹ µ�� [ �H� a���Þ x�IÒ�� r�Ó ö ��êHT��I�¥à [�] [50, 58, 85]

 !a �w��té µ�� [ ��� ��Þ x a\f�Ô�E 1�1 � r = 2.1 g r� i ] = a � ë r é�¹ µ*� ��Þ�� A2v µ�� ��Þ�� Ar(Õ � R!R e � é.ÖH×Øv�Ù �H� A � 2× 10−9 Ú2Û ���� p Î S � ] ¢�ÜØv
CPT

��� k2Ý.Þ »�� 1 p Îft� l � A a ��� � e�� ]C v*= r � i�¹ µ�� �EÞ�a�ß*à�a�f �Eí
áHv�éÉ^�âa ��Ñ Þ ��ã ��°E± a�� A � eH� ]�q â�� a2¢Ü�(¤��¥H¦ ���/ë�¢�1I� � Y Ü�	�é!¯�X a*ß�àG�	p r ¹ µ� ��Þ � � � � © r�ä ß � Y � a � v �Hå ý#1¬æ�ç¡�Ü
� ],è Ä�v�¹ µ�� �¡é�ê q â!� � é ¢Ü��¤`��¥�¦ë
ì � �Z� rIí�î�ï a
�\a v � � p�� ý�à [ ��éÜÇÍÈv f ¦ ¹ µ*� � ����)�ð � a#¢��*¤�� êHñ rG� à.Î§�ò ß�� ¹ µ�� �5�\��)���óGÚ (pHe++)
�Iôm��¢
1

r���õ pt[�] 2006
§ r ¹ µ�� �Í�\�()���ó¥Ú\ag¢_�¤���¥H¦ � C�% i y/uö§�µ ����à.Î å � ]

÷�ø�ù�ú�û�üþý4ÿ����������
	 ¶���
�½
¸����
Ç>È¡v\¹ ��� ð ��� «�­ ñ�òH®�Ò�¯�°H± Ë ³�� �� © r Ý�ß5p é,¢�ÜG� ��� ð ��� ���F1 xwz iØ��¢1�� ö��`p Î å ���Á¢ � C
D ��� ö � ¹ ���
�����1 p Îwé ®���� l�Ë ³ "��jç�è

(Paul Trap)
���! 

2 "$#&%('*)&%,+.-0/�-2143�5(627�8:9<;>=
?@6BADCBE.FG'4)H&IKJ4L�MKNPO(Q�R )4S*T&%.U$VXW&+.-0/Y- I�Z>[(\^]>_:`.\$ab2ced %(U*V4f*g4hei Q�R )&%(j4k>l4m I0n>oep b$q 52W(r a*\Q�R )*l4m,W.s*t�u&v b %Guew b2c
32005 x$y 6 CERN z${$| %2}$kX%4~2���G;*�4�P�PiG�e�M(N 8G� [GO c$� -$�.�4�&WK���*5*5G� I ;>�4�Y%2�e��%(S*�e����0� %^�G�XW.��8 [^O c

�
2.1 g: ���.���¡ £¢,¤ ð �¥� ¢�¦*¤§¦�¥�¦ �.Ó©¨

���§�*� ��ª¬« �*� ��ª �:­�®
��¯ � «�°�±³² Ü�� «�´�µD¶·²$¸m  ����¨�� ®���¹º�» �£¼ ô¾½��À¿.Î å ���

CO2

Å¡Æ�Ç
Æ �����
	 ¶���
�½�¸ØÄ�Á ù ���
�:Â�Ã « �!��Ã ½�Ä
Å³Æ�Î ��Ç�� ½ �H�ÉÈ&Ê�Ë:Ì ¸Í í 11µm � CO2 Î ¦£Ï�¦ ½�Ð�Ñ�Ò Ë ´�«PÓ�Ô
Õ
Ö×�¶Ø² ��Ç�� ð ÃÉ� n = 11 Ù©� Ð!Ú ½£Û ¹ Æ ¸ �Ç
� ð Ã���Ü�Ý ½YÞ ¨�Ë ´�«�ß�Ó§à Ë « � æ�ç ¶À²*¸

2004 á¾â�ã§ä ½�å å
¸ 2005 á¾â�æ�ç�è�é!ê ½,åÀ¿� �©ë ��ì�í ¸ Û ¹ �!Ü�Ý ß�î�ï�ð�ñØò¥ó�ô�õ Ë ¶â�ö³È�÷ ¸�øÉù�ú:û³ü:Ó ¯�Ë ´�«�ß�ý È,þ§ÿ�� ´ þõ:¸ Þ������	� �DÂ�Ã�
���
���� Ó � �§��Ã���Ü��� ß�¸����§°�±³² þ����!ÿ ò¥ó�ô�õ Ë ¶ â���� Ó ¯Ë ´�« ½ ý�� Æ ����Ë�� [83, 84]

 �!�"$#�%�&�')(+*�,.-�/

��Ç�0�1�Ã � Î ¦DÏ�¦.2�3 â�4	5�ÿ76�8¥è�9�:�;
 õ:¸ ��Ç�0�1�Ã � <>=@?BA ¨�C Ó ¯�Ë���D�E�F$Gâ =@?BA ¨�Ë ´§«�ß�Ó¥à þ�H ¸$I�JLKNM§Ó ¯!Ë Î ¦Ï�¦�2�3 �$O è ²QPSR ÷ �7T	U ã�ä ß�V�W·« è!Ë��XZYYõ�R 6�[ ��\ ß�] Ë ��� ^`_�a	b « ��Ç�0�1Ã ����c�d ¦�egfih£« ��j�k ] U â ò Ë =@?BA ¨ ½ã�l Ò�m ÷ ¸gn Ì.oqp�ã!ä@rts ¦ 
 ALPHA
½ ì�ÜÆ ÿ�� ALPHA

õ7u�û�I Þ@��v�w�x Ý ½7y ËD��Â�Ãz
[9] èi{ ¸ Ü	| ½�} È�¨!ÿ ATHENA ã§ä ½ ô�«â ¸ � 2.1 h â ý ÒS~�� ¹	� 6	�i�S��s ½ ¼ ] Ò Ëè�{ Æ � ¸ 2006 á�� � ã�ä	�S�¥ât� ± ����Ë��

 q��%��B!�"$#�%�&7�	�q���$�	�������q���.���@&
�����S�.�� 	¡$¢	£	¤

��Ã � ��¥�Ã Ó ¯�Ë��¥��Ã ß 1�Ã «N¦�§ Ò Ë «Y¸Mq¨ 1�Ã � � � Â�Ã «ª© þS«g¬ ¿ ������Ã�1�Ã ½®­Ü Ò Ë�� ´ �7­ Ü�� � õ:¸ 6���¥�Ã «ª¯ ��¥�Ã ß�©þS«g¬©Ë±°�²©è ¦�§ � � Ó ¯!Ë.� ë ´£Ó�¸ �§��Ã «Ç$0S1�Ã � ¦�§ â ò Ë�
�³ h�´ ¢&¤7�
Ü§â±µ Æ ¸t¶�·
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ã�ä$¹�º�» ( ¼�½¿¾ÁÀ�Â b

�
2.1 h: ��Ç�0$1
Ã =q?ªA ¨ U��t~�� ¹ 8 6������

s$Ã�Ä �Å^ÇÆ�bg} ò.È ¼ ]�É�Ê ^ÇË�b

Ì s
ì Å�a�Í�Î¾½±Ï�Ð¡Æ ¸ ��ÜgÑ�Ò wq�.Ó$ÔÀ½�} ´è ¿ ÿ�� ¶�· Ì s
ì Å�a�Í�Î Ó�õ:¸�Õ O « ±�¦�§ ½Ö�× â.ØSÙ Ò Ë
ÿ
¨�â Faddeev
î�ï ½±Ú$Û « Æ ¸SÜ

Ý�Þ � Ä « Æ � ¶�· Ì s�ì Å�a�Í Þ � Ä ( ß 2 ­ Ä�
Faddeev

Þ � Ä )
½±à�U·Æ ¸$á 4 Í ��â û�ã�ä ½å Ò ÿ�æ�â��	0g9�ç�èié f r ÎÀ½ ¹�© Ò Ë�� ë þ§âò¥ó(¸Sê�ë �

Faddeev
Î Ó!õ7ì óîí � ��ï.ð ègñSè

³ fNò�ó�ô�õiö®íø÷�ùgú�ß�Ó¥à Ë��$û�ü�ý � © Ñ�þÌ sqÿ$è 6.8 eV â�µ���� 2 Ñ�Ò w ö�� æ�ÿ úSù��	�
û�ü7ý õ�

� ý�� 40 � ó � 
�³ h ´����:Ö�× â��q�¨ â 2�� Ò Ë ù�úYß ¬�����ÿ�����ÿ ��� ý õ�� 2 eV�$þ Ì sqÿ�è ö�ô �.�! ù#" þ©Ë ß�� ë��	$ � õ û
ü�ý � © Ñ�$ � ò¥ó&% �('*) à �S� [69]

+
,!- &�.�/�0�132�46587���9	:3;!<	�>=@?84g&BA	C
CERN â } 5#D7û(E*F�¹�ºHGBI(J �	KML ú �t� �XZYYõB� û�ü�ýON�è �
PRQ è!S�è 3(T �	UWV ¨ è ­X ö�Y G#Z�D�[*\$�6]���^�è ø¥ù�_ [8]

ö ��`6�®� �~ [(a U � [ ��� � �*b*c@d�{ �	e(f dhg â�i ô8j] Z#D ù�útö�ý �&ÿ�� ù ��K�L ök� û�ü7ý3l $ _ ADGBm L ��ÿ.�ù �	n(o ö ���H� � CERN ¹$º�p i�Ó#q � �t~ �r
H− �Bs ftT ­
u�$ _ ��v!w�u�$ _)ú d�D < Linac-

4 C ��x Wgö8y Ñ�Z(D8z�{ � Ntè �£ø�ùk_�ö �h`|�Xÿt�
[71]
X�Y � ø©ùk_�õ	�

H− ��s f�}�ù � [3~
��G�� OdØ÷ �3� ��÷�~�� ó Z�D�� ö [��*� V 2(�gW i ø(�Z�D ùgúk} iM� D
ÿ�æ � u*$ _ �hx W
��� GB� V#�d Y G KWL G*d�D.� ù � ø¾ù	_W� 2007 � �B��� G� � f 9 � s$s���è�¹�º*p i )���� �	u*$ _�ö U �ÿ x W��*��� o ö	� d���ÿh�MG � 2008 ��� CERN�
Linac-4 G Õ O.A �:þ@D���G i#� Dh�

2.1.7 �����W���M �¡�¢�£W¤�¥§¦�¨O© ª¬«
¢®­°¯O±�²´³µ£M¶R· ( ¸O¹®¶R·�º´»¼¾½¿�B�
CERN G�À�Á*D±û*Â*Ã3Ä�ý P ûgü.ý*Ä�ýÅ!Æ(Ç#È(É G uWÊ � π−,K−, η dÌË Å#Í V ý } Ä�ýÎ G	Ï(Ð "	Ñ�Ò	Ó(Ô dBÄ�ý Õ þ�Ö�×hØÌÙ ñ�Ä�ý�Ú ÅÆ3Ç*È
ÉÌÛ>Ü�Ý�Þ G � ��ß(à(D	�(á Å�â�Þ �h�Mã ü.ýÅ F �*ä(å(æ@ö��Wç Z�D ùgú G � Dh�

ü�ý Å ã Ä�è æ iW� D u, d ñ#é�è�ñ Å F �6� �
MeV/c2 ����d�ê �iù�Ñqö 3 ë Æ(ì ��ß Û ü�ý Å F� G ��í ê ì�î d3à!� ù�Ñ��h� a U G qq̄ ï }Bð�ñ �ß ãóò3ô(õ�ö ï3÷ x æ	}Hø ` Þ G�ù Ñ��3ú é�û úh} )� dBü�ý(F � ö�þ(ÿ � Ò���� i#� D���� Ê	� Ñ ß(àD�� qq̄ ï Å ð*ñ3�M�	Î�

���(P c ��� [��(D�� l��Z�D��t����� Ñ ß*À î�� á Å ý ����� o�i��� Þ G!#" D%$
� } ��& 
 F  ä�å Å�' � G � I�J i(� D	�¼´½8� �

qq̄ ï Å%(
) û%*���+�ß π,K, η d Ë Å#ÍV 
,�.- à � $ Ñ � � Ä 
(Î Í G�/ Ñ�Ò.0
1 � a UÍ G L à Ò.0
1 � i �MÍ V 
 Å F  P�2�3 ��4 d Ë} Ë Å6587:9�;
<�=6>�? �:@ � =�>:A
B8CD��& 

E ä(å Å �Wç 9DF �:�3ß(à > �
2005 � �W� � η− Ä 
(Î Å Ï*Ð#G#H Å.I�J
� K ÍK 
 � Ä 
�Î ÅML à	Ï�Ð�G�H Å:I#J#� À 5�N K

Í K
�OQPSR:T Ä 
 Å X U Ü �#@ � ��V,W�Ò �

η− X%YDZ�[�\�]_^#`�[baDc¼°½ed
2004 f�g C(Å.h6i�C�� π−

Í K 
 Ä 
 ÅhÜ� Æ
Ç_? � �
π
2D3 �D4 Å Î����kjklkm��on � + � qq̄ð(ñ  6p Î#�#� �
� Ûb9�q � =6> $8� � �� Þ#9.r+ Ò p �6sSt�u ý � p�v Å�Í K 
 CMÛ�w � Ñ >�? Ë7�? � !%" > Ò � �yx ô
z ÅS{ ô�|,} È(É#~ (GSI)9 ß � d+ 12C →11

η B +3 He �#� 965D> η
Í K 
 �Ä 
(Î Å Ï(Ð
G#H I
J �%���MV,W�Òb�%� û��:��� d�8� + �D�
�#�#� ��� �3ß*à > �

K �k�SY���X%YkZ�[S���M\�]_^#`�[ba�c¼°½ed
2004 f 9 K− +4 He → S0 + p ��� �#=_u��� OQPSRMT 9

K−
Í K 
,��� �,�:� ����� � Ñ >& 
 Å��#� ö�� û ��@ � =6>�A
B�CD� K Í K 
 � Î
�� ë p L ê Ï*Ð,� Ñ#Ò �o� Ê,� Ñ > G�H S0(3115)Å l � � r6 �=�> ���,��ÿWÒb� $ Ñ8d ��¡#¢ í ê¤£� Ñ ß�à u�? W�Ò	Ó�Ô u G#H C8¥6î��	5Wî�Ü � u�¦§D�_� 985�>�¨
© pbª�« C
¥
> � á�$ C ¼¾½ed 2005f 9k& 
 Å��
� ö�� û @ � Ü ���D¬#­ �M� Ò.�%���® �
� ö�� û.¯#°_± È*É#²#³WÅk& 
�´6}�ú )¶µ·) }C �#¸ + (KEK E549)
�D�
� � û�� �#� ��� �3ß(à> �

[36, 47, 86, 87]

K �k�SY_¹»ºM¼�½�X%Y 3d→ 2p X ¾¿[�À#Á
Â�Ã­bÄ Å ã
K
Í K 
 �tÄ 
*Î ÅML àBÏ*Ð�G#H æ 9
ÅÆ + � K Í K 
#OÇP:R:T Ä 
 Å X U @ � 9_5b> K ÍK 
 � Ä 
(Î Å K ÅDÈ àbÉ�Ê
Ë - Å n �8pbÌ
Í 9.{Î � u WhÒ�� =�u ��� � S0 ÅÏ5%7�u Ó�Ô u G�H Å l� ��Ð � =6>:'_Ñ8C d � K Í K 
 Ä 
 Å 3d → 2pXU Å��
� ö�� û p ú û ) } É�Ê
Ë - Å�Ò �.- à�ßDÓÔ + Ò:Õ ? � 10 eV Ö �
×
Ñ > � Ð � =�>�Å�9 ï�+ �

S0 Å l ��9�Ø � Þ�u.'#Ñ%C d � X U ��� ö�� û d�×Ñ u à,� Ð ��+�ß(à >3ÅkC_¥_> �Ù�Ú �kÛ�ÜMÅ �
� C d 40 eV
Û!Å8ÝoÞ8u ×�Ñ p�ß@ � Ñ ß3À îà��'
ÑWÞ#9.'
��á�â8ã ��� Ñ ß�ä Òb�
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á
$ C ¼�½çd � K Í K 
#O�P:R�T Ä 
 Å 3d→ 2pXU Å
��� ö,� û (6.4 keV)
��® Ü � C n � = " ê �

2005 f 10 è ? � 12 è 9D? Á�ß � ® �#� ö�� ûM¯�°± È�É_²_³HÅ 12GeV
& 
,´�}
ú )�µe) } C ���,�V,W�Òb�

E570
�_� C d �Mé Ò 9�êbë � Ñ�Ò �.Þ�ì#í � ® à��� ö6� û Æk�
ã ��î�ïSð Ê Ò�ñkòkó Å X Ukô � ± �´�PMõ#} x P�ö µ �%÷Mø�ú ��û (SDD)

�:- à Ò�� �� 9S� 4He ù Þ*Å�úbû�9 Ti � Ni
Å�ü �Mý6þ + ��âÞ�Å

X U Å ´
ÿ���ö���� >
Å � s��_9 Ti � Ni
Å��m

X U �:@ � =6> $%� CD� ô�}	� û T �#� ö�� û�
� ��V,WBÒS� g Ò �6â�Þ*Å X U p ù Þ�
S? � ë�� +Ò $
� ����� =�> Ò � 9.�	x P�ö µ Ø�� }�� û 9%5 Wß��#��� Å��
³�� �:V à � fiducial volume cut
� ?

Á � Ñ >�587M9 + Òb� $ Ñ � ���
1 +�ß ��� Ó Ü �
∼ 3 eV ��à 7tÜ �#@ � � â�� + Òb�� û�� d �#�HÍ�C%¥_> p �%=
C%9.Û#Ü�9 ß @ � ÑÒ

−40 eV ��à 7�Ý�Þ�u ´_ö µ d! î·C%¥_> $�� p¨ � CD�
E570

�%� p
K
Í K 
 � Ä 
(Î Å É�Ê
Ë -Å.� ç 9.Þ äWê#"%$ =6> $%� d ¨ � C_¥
> � [61, 77,

78, 88, 89, 90, 93, 94]

&
2.1 i: K

Í K 
�OQPSR.T Ä 
 Å X U('	) ú µ ö

2.2
*,+.-0/2143

5 
�6��%�	7�8�9 C d �;:�<�= 7�8�9?>�@�}�� û�BA�C 9Má	D � 6;��EST%��-�F	G��#�%HI7J8��eV u WK�LNM �	O�P�9 l �6=6>�D � 6 5 M�Q A.m�
 4(R &
 46pBS�T 9!U F á�D � 6�� �%� + �WV >.®;X	YWZ'?[ } 9�\:¢8=6>D�(]%^�_a`cbDu m
E�� I�> 7�8��V,W K F > � ��9 AMm�
 Û�d 6 9.�(e�>I��f�u��%g9�hji + � AMm�
 Û�d 6W>!k ) E ³�l R�m ³�l > ;<onqpDB 4 >�r�s R é�pkB 4 > �e�6u?tvu R � 6 ����.-(F%G�wWHSm#EW>�7�8���� � K F > � g G ��O�x�%g�Cb{ Î u!y�z|{~} G =ká�D � 6 965D> 6 �#� >7�8 9 Q � Mv��� C F > �k�%�6d �	��9.'
<�� 7�8~ > á�DB� 6���EST���þ
RIPS ( RIKEN Projectile-

fragment Separator )
Cc�����Ie G á�D�� 6��cEkT{��%��� K F > � g G!� 5 M { FJ� 5 M AMm�� Û�du 5 �%6 {��%gN�	� G��%��7�8 {bêB�8=���� �	� <� 7%8 ~ >

RI
�JE#T�ö�� bQµ P�E Ó�� 9�L��MÅ��

� �	�%��´��B�?�~E
´a�b} R ô � ± êDë���9 Q h#A� K F > �

2.2.1  (¡�¢j£�¤N¥§¦�¨a©�¡AMm��#ñ Û�d 6W>�l � R V > D	� m�dM®;X	YWZ '[ }!ª�j�«�¬®­�6 ³�l >�¯�°���±�²�6(³�> f Í u�t{ � � ¬®­D­ CJ´�µ�{Du ¬ Q > C�¥ ­��|¶c> ß ��·¸º¹ ê >%AMm�� x P `!» U�¼�½ 6Wª Å®� K � é�s!¾¿�À I�Á ��Â�Ã(�	Ä q�Å n
t1/2
u�Æ�N

β Ç ë AMm�����M¨�È n
Pin
u >�É ��{ § Ò K F(­��

[92]

2.2.2 ÊÌËWÍ�ÎÐÏ�Ñ§ÒÔÓNÕ�¥�ÖÔ×jØÐÙ5 ��6W>�Ú�Û�Ü�Ý ¾WÞ � 5 ��6W>�ß!à R�á w�â�wª ��ã ¬®­�Ú�Û�Ü
2+
�

4+ ä%å � m�æ l|{I��ç�è�é­�ê	ë�� ä�å�ì t � 5 ��6W>�í�î?H ì Û�Ü�ï�ð®ñcòe ��6 æ l 7�8W>�ó�ô ì 7�8 ��g�õ�ö ­�÷�ø D	� 6>�Ú�Û�Ü ä�å { ��ù®H�ª!ú � ­	ª Þ �®ûWüIýBþ�6�ÿ�®>���� {�� F���ø DJ� 6���E�� {
	 H	ª��
� � ���� ì 6�� ã�õ Û�Ü ä�å {����N� ���%Û�Ü�¬�­���> γþ®>���������E �! ���"$#W{ É � ¬�­I÷�¶ e ª&% M �Û�Ü�Ý ¾ >����$�'�	Ec�&( [ ü*),+*-/.10JE!��2�3"�#�� >54�6®ñ$7 ¸ e ­�÷�8:9 Þ � ��gj� ì ­�ø D� 6W><;�= R 7 ¸ e ­&�cE
� "�# ��É � ¬®­?>���Ãª ãA@ K ��ïB9 ì É ��C ����Û�Ü C � {�� F%G�7�8{EDGF K F(­�÷'H	G!�I% MKJ�L1M > 5 �%6 {���gN�� � U ï ì >���Ã { É � ¬®­	G�N�>5O � FP���W>�QR Q DGF K F(­�÷�SUT%ª�ò�V�W M ��� õ F(­$.�E�ý{ É � ��� õ ÿ�= � K�X � ­�÷

Y'Z�[]\�^�_�`�acb5d�e�f�g1bPh�i�j�k�l
8:9 Þ ��ø�m ��n ��o
�qp �&r�s ��Û�Ü ä�å't5uv p
w$x�É�y®¬W­���ù���z ���5{ �

Recoil Shadow
Method (RSM)

p5|P} � �P~ rU����������n p������� s5� ùcpE�&Q � {�r ­�÷
[49, 51]

RSM
Þ?� ø�m�y n p 	q� ªE�
� � � ��ÛJÜ t γ

þpIÉ�y�¬�­���ª � Û�Ü ä�åct5u v ª ã�@?{
� γ þ t�'� ¾&� ñ1�5o��<� C�� ªE3��U�U��� � p]�����&�I÷�&��� n��Wö�sG�
50 MeV t ø�m
y n �Po
�&p 	1�� ���&�q� � � Û	ÜI�?� s ø�m
y nWÞ ��� t 1/3  # t �¡� õ 3����1�!÷	Û�Ü ä�åct<u v ñ 30ps

� �� � ��¢�£
3mm   # 3��q�q�&� � � ì �!÷G��� õ	c�<¤�¥ �<¦I§ -?¨�o�©�p �Aª ìI« � {
� γ þ t ��?¬ � � % FP{���­ �E®�¯ t5°Wì �E±�²�³ t ­ �?´µGp5� r � � ��¶ 9 t ­ �?´�µ õ�· y&�q� γ

þ tP¸¹Uº ñ � Û�Ü ä�åct5u v �<»�¼ � {$½�¾ �q��÷ ¶�­�?´�µ tP¸ ¹Uº � u v tU¿?À p �'Á1Â$ÃcÄ o ÁIÅ üp5� r�{<Æ N � u v pEÇ�yU�q�&� � ñ õ'È ��÷É�Ê #qË5�
RSM

pE� r�s��]�����
� ì$Ì'Í�ÎUÏ ¬Ð ��Ñ Î&Ï ¬�Ð t?Ò�Ó�ä	å�tEu v Ç�y'p DqF5s ÷
8Ô9ñ<Õ � D1F�sE� ù�% �Ö� 16C t 2+ ä	å1tEu v ñ °�×�5Ø ªÙ��Ú t � ù�Û �<Ü èÝªßÞ ù � ì<à · Û � º�á
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{'è/é�ê S�ë Ø r � � ñ�ì�³ F?{�r �I÷<í�í n t 2+ä�å1t�u v Ë5�<î�ïñð ó�ò
2�3
ó�¯ B(E2) t?ô�õ �º �&�q� s N �&ö�� ÿ�÷ t ð ó�ò ½�ø (
H s�Ë á �

)t R ò "$# p
ù � � î��$>�ú ¹ õ�ö �I÷ � s ñ FE{$�7Ýû/� s5� ù�ü�ý Ë&ð ó�ò�þ1ÿ!â�� � � � {�ö�� ÿ÷ t���� ñ °�× ��� � r � � p��	���q�Bñ � � t %
 ì ò��(ñ���
 ��@ � t ³ Ë���� ����� �?� {�� û� � Ï ï ì òU�(ñ ¤�¥ t �5��������n � è ê�� � �ò��q�$³ « 
 ³1p � ù � ��� û
³ � �q�&� � Ë ó�ôì���� õ�ö ��÷
8:9 Ë�� 16C ��� n t n æ�� p��! � � ú á � s N � 15,17B
� 17,18C

p]��� � � Ò�Ó�ä�å"�# � ù �$� %�% �
RSM

� %$� Ò�Ó�ä	å1t�u v · yp D�F5{�r ��÷'& � � 18C
Ë<�

2+ ä	å1t5Ò�Ó ���P���o�ñ �
1620 keV

� � 16C t 2+ ä�å't<Ò�Ó ���$��
o
(1766 keV)

� � r�s N � 16C
� Ï ï ì æ(� p*)+ ��ð ó�ò�þ1ÿ-,�� � �&�q� ö�� ÿ�÷ t���� ñ'.�/�5� {�r ��0	1 � ñ ö �!÷ 18C

� ¿ �q�$2Uo�© � ²r�{�Ë5� ò�V�3(4 ����5 p D ì F5{�r �cñ � 2+ 6 åtEu v ñ � 16C t 2+ 6 åqt?u v ��7�8 Ï @:9 o<;Poõ�ö � � r 
 ü�ýGpE7 {�r ��÷
17C

d�e�f�g1bPh�i�j�k
���
�>= --?�@ )BA'C®ü �(� t�D n%õ%ö � 17C

Ë<�& °�ì n æ�� p�)q²G� � ñ
4Bû
� {Ur �c÷��'��� �E t�F�G�H �?��� t�I�J ���$�'��o Ë m�y n � º�á{'K ³ ��� � r ÷'H sP�c�?��� t ê�ë ��L�M®õ�ö �
1s1/2

L�M �
1d5/2

L(M ñ����P���
o � ��N(O � {�r��÷
17C

p�NQPE� � ù � å�æ ËP� �E�1H õ'R � �?��!SUT o ì�«?t-V�W ³ û Ü�X 6 å pE��� � D ì�� {È
s ñ � � Ê�ø&m�y n �$o��1p�� rUs C?ü��$o�� )û�ü�ý!þ n ÿ�� � % F5{
210 keV

�
330 keV t5Ò
Ó���$�'��oUp�)�² I�J�Ò�Ó 6 å ñ R 6I�?� s ÷ E �õ 8:9 ËP� O s � R 6 �?� s-Y ê ) Y�Z Ò�Ó 6�[ t\�� ¿�õ1t 4�6ñp]7'� á ª � RSM
� % � Ò�Ó 6�[ tu v p · y � � Ü(X 6�[ - Ò�Ó 6�[	] t î(^ 2�3�ó�¯p � ù � � Ç�y � s ÷

[49]� ù õ�Ë?�`_
80AMeV t 18C

�5o��Up
9Be
	�� ���� � ���?���ba ?-c(d Ífe ��g � % F5{ 17C t<ÒÓ 6�[ p ��� � s ÷$h�i n t � Ò�Ó γ

þ ËP��	'�<¤¥ ��j � � s
13 k 150 l t NaI(Tl)

­ ��´�µ � % F{ V · � s ÷�7Ôû�� s ûWüIýBþ�(�m�c e �cp �on ü.�p<� T ) Á�Â<Ã&Ä o Á'Å ü � % �Ö��� � s
NaI(Tl)­ �5´ t g�q ¿?õ p<� r�{�r 0`? e � ��¶ k � ��é�?� Ò�Ó ûWü�ýBþ ¸ ¹ p Æ N s ÷ ¦ p j � � s 2Uo© � j � � ì r 2Uo&© � �(é ��û?üIýBþ ¸ ¹ t º pÁqÂ?Ã�Ä o Á1Å ü t�s�t ü
ý � º�u �U�U� � õ$� 17Ct Y ê ) Y�Z Ò
Ó 6�[ t?u v Ûñp E �<vP� _ 600 ps� %-%

20 ps
� Ç�y � s ÷

H s$��Ú t �!gxw	y��
� � ò�� s 11Be t Y ê ÒÓ 6�[ � 16N t Y�Z Ò�Ó 6([ � ¿ � {'è Ï ï t ��5p D1F�s � ��z ��{�| Û �~}$� � t ö �Eü�ý�p�7 s ÷��� t�� ® � pEó��U�q�&� � ñ õ'È$s ÷
u v Û �<Üo� r�{���� 2�3 Ë�� � M1 � R Ð ���

γ ��� �  ��<� ��� � � ü��I�5� s'� ��� ËP�����t �<� � ��r�{ �	�'�?� s Ò�Ó 6�[ t��U����������x� p���)����?ü�ý �<� � �(���c��� psd
Á!��  t¡�¢�£��cp5� r�{ 17C t�G�¤(¥!s(t p�¦ r�� ú�� �t º�u p�¦f§ s-� E t ü�ý ��Y } Ò�Ó 6�[ t5u v Ë�<� Û � s(t Û �$¨(© t�ªx« � }�¬�� s � ��Y(Z Ò

Ó 6�[ � ¿ � {UË5�<� Û � s(t Û®­ � 8
ê � ª Ø r� � � ì�³x§ s'��¯�°�� � t�± È'� � � t�²	³ ���p ��´ � � 17C t n�µ � t-¶ ��p�·�¸ {�r � �

15,17B ¹�º�»(¼�E�������	� ÌcÍ
ÎqÏ ¬�Ð 15,17B
Ë<� � ÊI��½!¾½ �<�<�q� å�æ	� ¦ � ì�� {�r � ² ��n �<� � � &� ��ð*¿ ò n oU¨ �fe � �?��� õct�À�Á � � � {'Èìo¸ {�Â�Ã �<� � � �q� �<� ü�ý ËP�������U�?���� § d�³ û~Ä�Å � {�r ��2!pÆ?-@ �'��Ç ¯ �ñp��	��q� è t �<� �Ö�c�?��������È�É � ��r�{ � ¯ �q�Ê D ¯ � ��� {$ËÍÌ p�þ�¸ {�r � �
�<�q� å�æ t�Î� ��Ï	Ð ú�� s(t èÒÑ�Ó � ¦&ì�� �Ô= � ?-@�A$C �

����� ËP� c�A � ©�Õ µ � ��Ö�× � � � � Ð 
 ú��à ·x� « �c�?������� ÌcÍ]ÎqÏ ¬�Ð�Ø-& ° �ÚÙ�Û�Ü�q� å�æ Ë�Ý Ð �½�Þ � 15,17B
Ë�� 16C

Ø �!��ß ����à Ø�áUâ è �� � Õ ��ã�ä Ø Ç   Õ�@ � ­ � ·�å ���oÞ 16C
Ø

2+6�[ Ø °�× Ø�æ!ç ËP�&ö�� Ø�Ä�÷ ��è�é�ê Ø�Ä�÷xØ½
ø�ë � ± È'ª ° � �*& ° � ß µ � Ù ���Uì à �¡�Ù�í�î � è�é�ê Ø(2!pÆ?-@ �'�$Ç ¯!ï ��ð Ð è�é�ê íî ß & � Ø ¯!ïÍñ ì à�} � �!ò ¯ �1�(Ø
³ « 
 ³�áâ � )ÆÞ$� à Ð � � E � �(ó 15,17B
Ù�ô!ï � ó Ò�Ó6�[ Ø�"�#(õ � ó RSM

� ­P� Ò
Ó 6�[ Ø æ�ç ·(åUÙ¦b§$Þ �
[51]õ � � Ë ó Ê Ò�Ó � ¬�Ø�"�ö�Ø�Þ(¸ � Z�÷xø'ù�úû g Ù � Ð Þ � �-Ø�ü�ý Ë�þ Ò�Ó 6�[oÿ Ø Ò�Ó����� � ± Èñª ó ½(Þ ß û g � ­����
	 é è��x� Ð ñ�
�ñû ����Þ�¸ ó Ê Ò$Ó � ¬�Ø�"(ö � Ë�� ì à Ð � � í� � ¦Uì���Þ<c�Õ T ��Ò�Ó�� ö ê����$é h�i � ­��

17B
Ø-Ä���õ � � Ë ó Y } Ò�Ó � ¬Íì5³ V ·���� àÐ � ³x§$Þ �(ù�ú û g Ù�� Ð ��� ñ ��ó þ Ò�Ó � ¬� ô ì à è ± È��  s ¹ Ù� P�� ñ ��� È ó ù�ú ûg Ù�Z�÷xø � � Ð ��� ñ ��!�"$#�% º Ø	­ Ð 2<Õ�&ñ(' ��� ñ � è�)�* ì�Þ � É�Ê ë'Ë 2oÕ�& ��5 Ù è´ � ¦ Ð ó E Ø<ü�ý ó �,+ �<� §�Þ 17B

Ø Y(Z Ò�Ó�
-bÙ Î$. ì ó E Ø Ò�Ó0/
1  32 Õ Ù 1674 keV
ñÇ å ì-Þ � ½�Þ ó Ï�4 � ¦ � §$Þ RSM

� ­,� æ!ç5 å õ ��6 û ó 15B
Ø Y }�7�8 ��-

(1334 keV ó,9+
) ó 17B

Ø Y }�7�8 �
-
(1070 keV ó,9 + )

E � v� � ô ì à ó æ�ç Ø,:$; Ù=<?> ó ñ�@ � ��A3B �DC7�8 � M1 ��� �$� ñ ó �	��� � � �!� � 5
2

− ��� �� ñ-Ù�E?F�' ��G$H Ù�I Þ � 17B
ØKJ�L 7�8 �$- �M Ð à @ ó æ!ç Ø,:�;KN Ù�O�å ì ó �Æ�<�*��� �	�Ù 1

2

− �o� � ñQP$R ì-Þ �,S$T�UU� ��V$W�X0Y ¶ �Ù=Z\[ à ó 15,17B
Ø 7�8 �$- Ø µ�] � M Ð àK^ V Ù_x¸ à Ð�` Þ Ð �

a�b�c�d�e�f�g
² ê ß Ø�h ¿$i�j?kDl$m Ø ± ` ��n ó�o�p�q�r ñ

2+ q�r ñ�Ù G�sut�v,w,x�y ë � û
z ��� � ��{ ê����é�|$} � ­3~ ² ê ß Ù�� 7$8 2+ q$r � 7$8 ' ��$� n ó è�é�ê$��� y�� 7�8 ��� � ñ=
$>���� �(Þ¸ ó0� Øut$v�y ë3n ó è�é�ê$��� Øu� <bÙ ­0~�y��û�z ì à Ð � ��{ ê$���$é�|�} 6���� ¸ ��� �����ë
βpp′

ñ ó=�,� h ¿,i t�v�w�x � ó 2+ q,r Ø æ�ç 6��� ¸ �Q� � { ê Ä��xØ���� ë
βem

ñ���� �$��� �
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� ñ�  ó { ê � è�é�ê$�$� Ø�h ¿$i�j0kDl$m ÿ Øu�< Øu¡ Ð Ù�¢£�(6 � ' ��� ñ �   ` ��¤
[25, 27, 30]

¥
2.2 j: ¦ ä ß Ø�h ¿
i�j?k é ¤ (a)

{ ê����$é$|
} õ�� ó (b) § Õ�¨?© 7�8 ý � æ!ç 5 å ó �?ª �u��$«?¬�­�Õ�& ñ�®�ï�¯ B�° P,R N ñ Ø�±�² ó X�Y (c){ ê � è�é�ê Ø�h�³ i�j?kDl$m ÿ Ø�� <bÙ=´�'�µ�¶· � ØK± (Mn/Mp)/(N/Z). [30]

ãÍä n ó 16C
Ø è�é�ê���� Ø=� <UÙ¸��¹ �'Þ ¹ ó {ê$���$é$|$} õ�� Ù�µ»º Þ�¤$õ��  �n ó 16C ¼ Õ�½Ù�¾�¿�À ��Á B ��Â�Ã � � à J$Ä 7�8 q�r �uÅ x ª� 7�8 ì ó C 7�8 γ Æ0Ç�È yDÉ 6�� �D� � Ç �?¹,Ê ¤� ì�Ë ó ��Ì�Í$ÎÏ©KÐ
ÑuÒ,Ó�Ô Ç ��Õ Ë ��� � � õ�,N ñ×Ö�®�' �����
«Ï¬�­�Ø�& Ç �0¹$Ê ¤»� È ���«3¬�­KØ�& n=®$Ù,¯ B�° ^ ¯,P�R N

(βsym)
ñ=Ú�Û ÄÜÞÝ�ß�à È�¦âáäãæåèç�é Ý=° Õ G�H � ° º Ë Õ
ê (

¥
2.2 j(a))

¤�Ä�ë�ßDì � µ � ��Ê
2+ q�r?È�í�î 5�ï�GH3ð ª ~äß {Kñ � È � < ��ò$ó ðDô�õ Õ3ö å � E�Fõu÷�Ë Õ�ê

(
¥

2.2 j(b))
¤ {�ñ
ø�ù�ú |�}$û �  ��¹�Ê

βpp′ å�í,î 6»�ü��¹�Ê βem å ��� �
��� ê
ö åð ª ~ýß0þ ú�ñ � È � < � {Kñ � È$� ÷ ª ~�h�ÿ��` Õ0ö åDÇ ¢»�(6 ð0Ý Ê ¤ ö ÷ n�ö ÷��   ð���5�õ÷ Ê���ñ ã?È ª ~	� ª � L�ÿ�� ` Õ N  �
$ê (
¥

2.2
j(c))

¤
[30, 41, 62, 64]

��
��������������������� 
§ Ø
¨�© 7�8 n ß�!�"$ß ã�#�È�$�%»Ç'&)( ê,Ê�¹§ Ø
¨�©�*�+�,�- È ��Õ�.�/ Ò10�Ø  �µ � ÷
Ë ` Ê� ß�þ32 .�/ Ò�0�Ø�ð3� Õ Ë @ ß

Z≥10 È ��ñ ã ð54Ý�Ë n ß § Ø
¨�© 7�8�� ã�# ð ª ê 7�8 Ç :�� � êÊ�¹ ß�6�7�8�9  �

ê�ö å � � 6?º Ë ` Ê ¤�:0ð ¦¦,ã�È 2+ q,r�;�È��,� h�³ i t�v,w�x n ß ��ñ ã?Èh�³ i ��� È=< ® y�É Ç5>�? ê1@ B   ß3þ�2 .�/ Ò0,Ø È=A�B ï ãÞ¼ Ø�½ Ç 7 Õ
Ê § Ø
¨�© 7�8�C ð ª~ED �è5�ï�õu÷
Ë Õ�ê ¤�F�G$É n ß § Ø
¨�© 7�8�C

ð ª ~äß�þ ú�ñ�H
N=20

ß
50 I�J3È þ ú,ñ�K�L ãÏÇ4 Ù ð ��� h¸³ i t�v�w�x È5M)N�Ç µÏºKÊ ¤ 28Ne Ç4 Ù ð0Ý Ê û �  �n ß I�J ��ñ ã0È��$� h�³ i t$vw�x È û ��N å�È ±�² 6�� ß 28Ne È���� h(³ i t�vw�x3ð n ß���� q�râåPO � q�r0È�Q�R � ³ · °=S�TÇ H Ê Ý(Ë Õ
ê�ö å � E õ=÷ Ê ¤ Ge U�V ¿ Ç 4 Ù åÝ Ê û �  �n ß

Ge U�V ¿ È þ ú,ñ�K�L�W�X� 
n ß Bï ã�Y�Z?È ��ñ ã\å'U�[ ð�\ C H N=50
ð 8�]�^ ê_a`�b ] È'< ® �=c � ÷ ê$ö å � ��d º�Ê ¤3� Ê ßfe"

RIBF
ð�� Õ Ë3g�h£Ý�i ê þ�³ W�X È ��ñ ã�j�kC å Ý�Ë�ß3þ�2 .�/ Ò10,Ø   Èmlon�p�§ Ø
¨�©rq 8C Çfs�t Ý�Ë Õ�ê ¤�:?ð ¦�¦�ã?È J l q 8 q,r (2+

2

ß
4+
1 q�r ) È�j�k»Ç µ °mi ? �äß,V�W C È w�u
ß�v�6° û ��w�x È�yzt °|{ È�}�t ð�~?Ý�Ë�� ¯ Ç µ ° ºË Õ�ê ¤

[26, 44, 63, 66, 67, 79, 91]

2.2.3 �����������������)���������
β ��� n ß �$È3� b � ª � ^ Væõ�÷�Ë Õ�ê$Ê$¹ ß���3È���q�r ß�� q$r0È�ã b ] Ç'� ê�Ê�¹ È�� ÷ Ê� C  �
$ê ¤�� Ê ß A�B ï ã n �,È ï�� d �(Õ
º Ë�ß �¡
β ��� ^ ê,Ê�¹ ß β ã�j�k n ß�¢�Ë È=A�B ï ã£�¤ ð�6�7   ` ê5¥ 7 ú Ç @�¦ ß d M ß�à È 2 §�¨© Ç 7 Õ�ê ã�j�k C ð�� � ? ß i?¹ Ë Å x È ª Õ û� � n  �

ê ¤ B ï Æ d �«ª ÷ Ê�{Kñ � þ ú�ñ�K�Lã3Ç 4 Ù å Ý Ê ��� n ß�¬�Ø�­ ���0È Q

N � Ä�®0ð
10∼20 MeV ¯ É å � ` Õ
Ê,¹ ß β Æ�å ßz° < {Dñ �þ ú,ñ ß

γ Æ3Ç3U�±z² ï ^ ê û � � C��z³ Å  �
 ~ ß´ ã0È ø�µ�¶ q$r ß µ�¶ q�r ð�~ ^ ê�·�¸ Ç IÏê�öå �   ` ê ¤º¹ á n ß û �=w�x�ð'© [=Ê ² ï,ë C Èzyt ß�  · °�» Na¼?È h <3Ç µ�Õ ß £�¤ Ç µ?º Ë Õ�ê ¤

β-γ ½�¾�¿1À�Á�Â�Ã�Ä�Å�Æ¹ á n ß�Ç,Ò�È�É)Êu½�» N�¼ ð BGO
» N�¼ ð ªê�Ë § Î�Ì�Í�Î�©3ÏÑÐ�©KÐ�ØKÒÓÒ Ç'Ô Ý Ê�Õ ©5È Æ» N5¼�Ö�Ç h < Ý�Ë��\~äß B ï Æ d �«× � ª ÷ Ê�Øñ ß3þ ú�ñ�K�L ã£Ç 4 Ù å Ý Ê ß β-γ j�k £�¤ Ç µ° º Ë Õ
ê ¤F�G,ÉÚÙ�ß Øuñ�K�L ã 46Cr Ç 4 Ù å Ý Ê�Õ�Û�Ü Î¬,Ø

(GT)-β ���3Èz² ï û � È�Ý�Þ�Ç �1ßÏÝ¸ß û �à�á0ð�~ ^ ê � ¯ Ç � å ¹�¯�â < ´ Ý Ê ¤ 46Cr È ªi(ð
N = Z ã Ù Ë�ãÚäfå�æ ©�ç�è¸É�é�vëê�4�ì�° ã �
îí ß ã�#�È Ë�ã�ä5å�æ ©r4�ì ú ð�ï Õ Ë >�? êÈ ð56æÝ Ê ã  �

ê ¤ û � È à�á�ß 46Cr È GT-β ��ÏÇ'ð ¹ Ë3� ² ^ ê å�å êDðuß 46Cr È�ñ�ò�ó�ô dëõ

46Cr È 993 keV È 1+ È q�ö ó�ô�;�È=���£È logftÇ 3.6± 0.2 åP÷ ï�Ý Ê ¤ ` Ó,Ô?°�{ È5ø ¯�ù�ú å�È±�² dëõ ß
N = Z û 
�ê 46V È�ã)üþý�ÿ�� 7�ð3ï ÕË È�� c Ç�� Ê�� [28, 65]� Ê ß�F�G$É1ÙDß3þ ú�ñ�K�L °��	��ß�
	�$ß��	�

U=V ¿ È β-γ ã�j�k û
� Ç µÏº�Ê��»ö È W�X È ��ñã�È ` Ó,Ô�� V Ù�ß$þ ú�ñ È v�� ` Ù sd ` ß Ø�ñ Èv�� ` Ù
p
` å Õ io:�� Ç êfï � GT ��� Ù����������� Ç����	� Õ �	��û 

ê È�û ß ö ÷ õ È=A�B ï ãé

GT �	� ð� í ��� ^ ê�!	" sd
` È þ ú�ñ é sd
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` È ØKñ ð �(' ê)� :0ðDß�´ ã é�

�	*+�,� È�U=V- È !	" ÙDß ñ�ò�ó�ô0È ØKñ È v	� ` Ù p
` û 

êÊ�. ß

GT ��� ð/ �0uË ØDñ é p
`�dëõ

sd
` ð�q�öÝ Ê ó�ô ð21	354$ð �	� ^ ê�ö å ð � ê�� Ý Ê é60Ë�ß

β
°�7 Õ68 È Æ�È5² ï�ð/ �0�Ë�ß$Ð+9�Ò�0�Ñ;:'Ï2 È2�	� ð�4�© ^ ê�Õ<8 È Æ£Ç�U ï û<= ê 8�9 ú é
ëí ß
þ ú�ñ�K�L�W�X ð3� ( ê=ØDñ È p

` å sd ` 2È Ð,9uÒ�0$Ñ>:=Ï È��,? ð�ï Õ Ë û(� 4
ð >�? ê�öå é û<= ê2�@
2.2 k

ð5F û	� ÈBA :�Ð Ë :aÏ ÇDC ^ � β ��� ðE Ý�Ë�F N õ�÷ ê β GIH Ï	J å�K :�L�M 8�KONDP ­H 7(Q�R3� ² Ý¸ß�´ ã é3q�ö ó�ô d�õTS q�ö ^ ê Eð�F N õ�÷ ê γ G5H ÇBU�È�É�ÊWVz» Nf¼�û � ² Ý>RKß
β G\å γ G6X�U�±z² ï HDY 0�Z � û	�
[ X]\�^�_ Ù)`Ç+U�È�É�Ê]V3» N'¼ ð β G ð� ê2a :�L�b�J 8 Ò Hc�d ^ ê Z . X2e Q�Ï	J�L K :�L+M 8�KONWP ­ P HÔOf `�g�Q .�/ U�0 P j�Ý 9ihj`�g/Q�k�l - m+n,o6Hp u f R	Q(q _ é 
	r õ ÷6q �+s	t Ù�` û
� X à�áHaÝ�Þ þ û 
 q �

@
2.2 k:

þ ú�ñ�K�L � ����`u
��+`u��� UaV - X β-γ

j�k û	�
v 7,Q�Z A :�Ð Ë :'Ï �3Õ/8 È G Ù2` Cloverw Ç�U�È�É1Ê]Vz» Na¼�l>x hT` CNS X ÇBU�È�É1Ê]V» N5¼ ËINþã GRAPE H�y�z " '�{ R ²�|Of Z �

}B~���� Ä 24Si ���(�,�aÄ�½�¾
24Si

Ù o�� 4W�/Q sd
` W�X X Ò��):aÏ�J ã68 Y�Zv V(� ^ q Ø����+�+� û�� í ` Ë3ã�äþåÚæ+8 Tz = −2h)Q���� H]� ï � Tz = ±1 X Ë�ãmä�åëæ
8W� ì
�H���� 4 v����(� q�Z . X ��� h f R�`�� � û
� q

Tz = ±2 X � X β ��������  õT¡ � X ��¢�£ v,¤��qW¥�¦ H>� q�h�QI�¨§�©�é2ª r õj« q � f> 5f ` 24SiÙ
sd ¬	­�®5X Tz = −2 X)��¯ � X,°3û `/±�² β ������ é |5³ 0�R�Q �i´ ` ¡ � 24Al X ¢+£ v	¤�� q¥�¦�êDµ�¶,· û
� 0�Z �6¸/¹ û(º ã1ä�å�æ	8�� ì��X]»+¼<H�½�¾ � qBZ . ` 24Si XÀ¿Á����X�Â�|6HDY
� 0Z � 24Si û Ù�` β ���ÃX Q

�Úé
10.8MeV

huÄ = Q

Z . `
β
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2nm ¸�¾�¿ ¯
À � ¯jÁ7Â-Ã�Ä � Å
��® Â . Å�ç�Æ��� �U¹ ÚUº Ä , ¾7Ç�Æ ��� ����� À �-È ß-H ¶ Æ�±B ,
Í��JÄ Ï Í�� �bÉ>Ê2Ë ¿�Ì2r-t ç â ÂjÃ�Ä ��Í�-Ì Á
Â . î�ïjÎ ,

Ã�Ï�Ð I5Æ�Ñ#Ò ¶ Å×ç Ê Í7������ Ï�%­Á ç�Î �
�Ó� å � ¶�Ô>Õ-Â#Ö#Õ
Ï7e ê 3 Ï ðñ�× ,
���µ�bØ " ¶ Í � Ö�Õ#Ï�Ù2Ú�� ÷ S�Û�ÜUÝ
�7Þ� Ï ò�ó � � Õ�ß Ê Â .

ATF2 Î ,
ôTõ È7à�ájâ Â�ã>ä�å È , æ-ç­è�é7×ê ��ë Û]ì Ï�í�î|Ï ú[ïðÈ2\�ñ ¤ ß-Fóò , ú
ô2õ|¯ò�ó Ä ¤ ß � Õ#ß Ê Â . 2005 ��¿ ¶ Î ,

ã�ä�Ï�ö
÷�
”ATF2 Proposal”

Ä ¤ ß ñ7v ¤ Ö � 2007 � Ï�ø �ÿ a�c � ð2ù ¤ , 2008 ��R ¶ 37nm
Ï��
� �7¹�ú º��û�ü â Â�ã�ä Ì-ý Â �

ILC þ�ÿ������ ���	��
���
	� ( ��� ��
	� )
���

� �
�
ILC Ì�Î , � �ó�U� � Ä�� � ���U� � Ï r
t ���� ý�� Â
Ö-Õ , r�t�� (IP)

¶
F Ê ßÓ��� �µ� K��
(∼5nm) G2Ì2� Â .

ÃUÏ�K Å �2� �#¹�ú º Ï N
"µÎ

ILC
û
ü Ï
Ö�Õ-Ï�%[Á Æ��� jÌ�ý ò , ! �#">Ï%$�&'µ� ! Ê Ö 0�( ( )�* e�+ 3 ) È û�ü Ï�,�- ¤ È ü�./10 É|Ê

.
Ã%2 Î , r-t�� ¶ ! �#"�3|Ï%$4& '­�65ò

, � ����� � Ä87:9�;=<?>�;A@�BDCFE�Â 0�(�Ì ,
$& ' Ï6G ª ��H�I â ÄKJ�L â Â γ ^ ÏFM È=N�O-â Â .Ã
Ï N�O � IQP � �[�
� �7¹�ú º � Ô>Õ-Â�Ã�Ä È=RS Ì-ý Â .Ã
Ï )�* e�+UT Î , SLAC(Stanford Linear Accel-

erator Center)
Ï

FFTB(Final Focus Test Beam)
ûV ¶7ß

70nm
Ï��
� �7¹�ú º �FW Â�Ã�Ä�¶%X�Y ¤ ßÊ Â

. ZU[ KEK
Ï

ATF2
û�V Ì�\ XQC62>ÂF]�^>Ï

37nm
Ïµ�2� ��¹jú º ��W ^ â Â
Ö
Õ , FFTB Ì`_a ¤ Ö ©jª �	bdc ¶6e�f ¤ , 37nm

��W ^ â Â7Ö7Õ�Ïæ Û <�g ! �ih �Fj:k ß Ê Â .)�*�l +mT Ì ATF2
Ï���� ����W ^ â ÂUÖ7Õ�¶ Î ,Ê1nAo�I Ï �� >È-ý Â .
Ø4o Î%p�q S Ï�r�sÓÄut�vÏ=w � Æ`x�y Ä{z4| Ì�ý Â . p�q S Ï4r�s�Ï�Ö-Õ ,

FFTB Ì#_ a ¤ ß Ê Ö ! �="�¶ É�}�~ J�L�� ��� ñ¤
,
~����

1064nm
I?P

532nm
¶ N�� ¤ Ö . � Ö ,! �%"�¶��m� â Â W ^�t�v � x�y ��z�| â Â2Ö�Õ ,

$& ' Ï�G��
ã W
, � ^ O ,

�4��� ;�Ï#Ö�Õ�Ï ®�� �%�J ¤ ß Ê Â
.0m� Ø�o Ï �� |Î , � Û
Ü g��4��;Dh:¶�� Ê γ ���� �>Ï � J Ì-ý Â . ñ�� �>Ïm�
�`�m� ú ;Fs�¶ Î ,ñ����`� Ä ñ������ Ä�Ï�@�Bµ¶�Ð2Â γ ��È#� Mµ¶%�. â Â . ATF2 Ì�Î , FFTB

Ä{���-ß W ^ â Â γ �Ï��� =¡U¢#£ È�Ñ#Ò ¶6z Ê Ö�Õ , � Û�Ü g�����;¤h γ� Ï`¥%¦ Î Ð�òu§%¨óÄ Æ Â . ©�ª�«�¬�Ì�Î ,
í�­4®	¯

! ;�9�Ù6°�± ,
í�­ Ý ;6® ! £	TF°�±|ÏD² o Ï W ^�´³%µ�¶¸·

, ¹ 2�º%2-Ï6°�±jÏ � ÛbÜ g�����;�h p`»¼�S Ä /�½ Æ#¾ ã�³ ÝU¿#À ! £ ÝDÁ ;ÃÂD³ a Ê ß=]WÅÄÆ��Ç ·bß Ê Â
.

2.3.3 BES È�É
Beijing Spectrometer(BES)

û�V Î�Ê=Ë ÄÍÌ�Î Ï ÉS ª�«4Ï (IHEP) Ð�ý Â Beijing Electron-Positron
Collider(BEPC) Ì j�Ñ 2
ß Ê Â , ��� Ä � ����Ò�ÓÐ Ð�Â É �� `¡:¢�£`Ô�Õ � ûmV Ìjý Â . 1989 Ö Ðò j�Ñ 24×|Ð ¹ 12 ÖÙØ=Ú Ê Ö BES-I

û4V ÏÛX�Y|ÏÜ
, 1996 Ö IQP upgrade

C62
, BES-II

û�V È j�Ñ 2Ö
. BEPC

ÏÙ�#£����� `¡¤¢�£ÛÝ�Þ Î 1.5 GeV
IP

2.8 GeV Ì�ý Â . ßÙà�ý Â6á�â Î c-
Ü=ã £ Ü

,
×Ð#ä

τ ! <i>�;
Ï=á�â Ì�ý ò , J/ψ, ψ′, τ , D
×�Ðä

Ds

Õ � Ï`å4£�T È#æ P 2�ß Ê Â . ç´Ð J/ψ
Õ �Î BES-I

û4V Ð × Ê ß 7.8×106, BES-II
û4V Ð × Êß

5.77×107
ú`è ;D> æ P 2�ß Ê Â . BES-I, II

û4V
ÏÛX�Y ÐÛé Ê ,

Ã�2 �2Ì Ï û�V�êÙë Ï ¼	S ³	C P Ðr�s	CìE-Ö
BES-III

û�V È ã
ämC�2#ß Ê Â . ñ`� � Î
BEPC-II Ð upgrade

C�2
1.89 GeV Ð × Ê ßUíÛ£ Ü¡ ¿=î7Ý2Þ Ú Î 1033cm−2s−1 Ð ã-ä´C�2�ß Ê Â . �Ö W ^`� Ð o�Ê ß 0 Ãï2 ��Ì Ï û�V Ð ����ß ,

3 � Ï�� �¡Ù¢�£�×|Ð=ä=ð ¿�p�q S Ï�r�s , ¾
¿ Ï#ñ Ê=òH M W ^
, ó h]ë´;Ûô=^ S�õ Ï�r�s´³UöÃ÷ø·UÖjÐµòw�ù Æ W ^�Ï �Fú Â-Ð � , IHEP

³ Îmû Õ|Ä`·�Ö6ü ïÆ=ª�«�ý¤þ�Ì � J È�ÿ Õ P 2�ß Ê�� . BES-III
û�V

Ð × Ê ß Î , 1 ÖÙØ�Ð 109
Ï
J/ψ

Õ � ³ æ �������
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	`ª�«�¬
ã�äÙC%2

,
� 2 �2Ì Ï ûmV���
 Ð�ò%C P Ð��
� Ï��� ��
�� æ P 2 ����������� CF2�ß � � .� ï Ï ª`«`¬���Î BES-II

û�V Ï û�V å�£�T`³ a � ÖP Ï ) · � á�â>Ï���� � , BES-III
û�V Ð r
��ß ) Ö�

TOF
Ý���Þ ��Ï �! ³ IHEP, USTC

��� 0 Ð�"© ·bß � � .

BES-II #!$�%�&�� ��')(�*�+ J/ψ→ΛΛ ,.-�%�/!0
� 2 �!�	Ð.1 W C�2>Ö CP Violation 2 CP 3.4� ² o 3�5�6
798:3<;1û ò>= � � � � ,

� Ñ�? Ø<@A ��B 2m³ 1 W ·DC 0 3.��ý k C . J/ψ→ΛΛ E�FG2
dibaryon HJI���ý �=I:P , baryon

î 3DK � Ð�L k)M
Λ
�

Λ
� ;Dû òN= � �9� 2 � � . L k�M , mixing Ð9L� 0 3 � 2D4 � ,

0 k���O @ A � , H�I�E
FP3�H�I�QR Ð �m�TS � CP 3 B 2	³����D·DC . � C , J/ψ→ΛΛ
3 branching fraction 3 W ^ 0 j:k C .

U
2.3 b: BES II detector

BES II Detector(
U

1) 2�Ê#Ë IHEP 3 e+e−
9`�ú�V £

(BEPC) Ð ×�� �XW a detector �2ý � . BEPC
3 �F£��`�� 6¡�¢Û£ 3 Ý4Þ 2 1.5(GeV)

I´P
2.8(GeV)Ð.Y[Z .

� 3 detector 3 á�â A � ö A 2 , charm \ã £ \ � τ ! <¤>Ã; 3 á=â 3�q�]��J^P_ , J/ψ
Õ � ( `M

3.097GeV)
��a9b Ð<c n L�XQC%2 � . e+e− 3.de Ð�L�_ L�X�CF2 ��fgM 3 Õ � ³)h f Ð reconstructS � C!i Ð , Detector 2��:j �Dk�l ðÙ³.m � £m· , �C%G ë

,
ò�H M

,
�� �¡´¢�£ p�q S 0 a
b Ð ñ n � kM � �

. Ê�nP3 Detector 2 Vertex chamber(VC)
�

Main Drift Chamber(MDC) �=� X¤CF2 M � � . VC
2 J/ψ

Õ � � L�XÙCï2 H.I S � vertex
³

reconstructS ���g�po
, tracking 3����P3 r`s ,

× L ä >.qXr Ða � P 2 �
. MDC 2 20

­ 3 h.q)s?> ®U¯�; � £ IP � k�M × _ ,
Õ ��3 tracking,

× L ä ò�H M , dE/dx
3 W ^¤³ j � . MDC 3�t�u´Ð�2 , TOF

�.v´ë C62
,� 2 Ð�L k�M Õ �P3 time of flight

�=W ^:C�2 M
par-

ticle ID
³�× � � k<M � �

. TOF 3<t
uÙÐ
2 24
­

3 shower counter
��vÙë C�2

,
� 2 ÐGL k<M�w � ×

L äÛ3 �x3 �� �¡´¢�£ 3 W ^ �#j�Ñ 2 � . y�z�t9u

ÐJ2 3
­ 3 muon counter

�<vUë C62 M × _ ,
� 2 Ð

L k<M ¿ÛÀ £ ã ; 3 W ^ �=j4Ñ 2 � .�|{ 2	�J} ,
�<~ ����3 BES 3 4

l HgI�3����4q
]�ÐPLx_Kæ P�~�M � C J/ψ 3 f ���
��3��9� t�v
4.7%

³Û| P S[C9i Ð , J/ψ → µ+µ− ��� ³ a �M
J/ψ 3 f ���g��3�������_ ³ j:k C . ¹93 �9
 ,

1999 Ö IøP 2002 Ö�3�ØmÐ W ^1C ~ C f ���g��2
(5.44 ± 0.13)×107

� � _ ,
t�v?³

2.4% Ð | P S ��X�4�Fú C
. � C ,

��~ �<� π 3)��� � ��j n����ÙP~P����� � Λ
Õ �:3<H�Ig� ³��9��X �:j�} , ¹�3 Ci Ð)c n 3)��� � ¥ tx� ~���� � Ð o � M ,

W ^`� 3á `´Ð�L � \ £9���p��� � �� #¡´¢�£D�
� ��� � �
^ ����� ³ Ó�j�� i , ¹�3 â q ³Fw · n8j � ������6ú C

.q!]�3 �T
 , J/ψ→ΛΛ EJF�3�H!IT�UÐ o � M ,
��~ �

�g3D���
�J �¡ P 7.9σ 3T} ~9� � Pp~ C . � C , CP
3 B ~ 3 ÷�¢ � � � , CP NT£´ÐD¤ · M.¥J¦ ³�§�¨ �W ^J© Ð o � M , 0 ¡�ª�3D6J« � } ~ 2D�¬ª ~ � ¡ kC

. ­�® �¬{ 2�¯�° A � �J
 ³�±�i � C!i 3)¯ Ü 3Fq
] ³ j:kDM � � .

²�³G´9µ)¶J·
¸
(TOF) %J¹.º�/
0

Ê`Ë �G» ª�«�Ï[3 BES ¼�½ gÛ¡U£9¾ � 3D¿ ô � ,
2007 Ö��	Ð ��À S � BES-III ¼
½�3 C!i 3)Á jgÂ ØÃ
Ä �

(TOF) 3 �JÅ ³ ÿ i M � � . TOF 2 ,
¾��

� ®�Æ \JÇ �F®ÉÈ�£�Ê �ÌË
w ��Í
Î�� ³�Ï�Ð.= Ñ�ÑC Ã
Ä � ��^Ò_ , Ó w Õ ��3<Á
Ô Â Ø ³ Ã
Ä S ���� � ,
Õ ��Õ�Ö Â 3�×�Ø ³ 
 CTS . BES-III ��2 , Ù

100ps 3 Â Ø�ÚJÛ »	³	ö8÷?· ,
Ã�Ä!Ü 3�¯ ½�Ý ³ ÿ iM � �

. Þ�Ög�ÙÐ × � M , ß:Ð<à�ª4«�¬P��2 , TOFÃ�Ä�Ü9á�� · M.â
ã � ~ C Ù 550 à[3 Ë
w ��Í
Î��
(PMT) ÐTä � M 3 ¼ »!å ½ ³ Ô�æ M � � .¼ »<å ½g2 ,

���� �¡m¢#£�ç � Ü ª�«�ý � 3�è m�é�JÊ�£Jê�£#¡ Ð M Ôxæ C . ë
ì w
í�î ³ á � �����
� , BES-III ï:ð Ü¬� ô û íJñ 1 ò ��ó
ô �g3 PMT
3.õ
ö Ä ç ¼ ³�÷�øø· M � � .

Ë9ù Ð
2 , ú�û È)üý ü VTþ ã ü ÿ{³ � á ·
,
k���� � _�3��9Ú	� ��
� � Ë�
)á � M

, PMT 3 w�� Í�Î!�P3 w�� ç�� o9ÂØDÚJÛ » 3 Ë ©���� ��� 
���� C .
Ã!Ä 2 ,

â�ã � ~C f
PMT Ð.ä � M Ô � , � ± � » 
�� C � M � �9��!
 ù	"#�.C�$�¨ � , ¼&%(' BES-III ¼�½&' M�)gáS �
448 à[3 PMT 3+*
Ö 
 ÿ i
C .

��ª,'�à�-�.�/���2 , à å ½g3 C�i '10324' k5�6�� C�7xÆ58:9�Æ�¾ 

, BES-III 3 TOF ;�< q�=[È�ü

Ç�> � Ç � ò�?�@�3 egá SBA(C(D 
 ­9®�ï�E5FHGg^A
. I�J ,

C $���C Ç�K�ò�?�GML Ë�ù '�N , O�P V�þÈXü ý ü 
�) $ L!Q�yHR A G
^�æ C Q , S�T�UMG�L 
� K � ¡ Å9â G[jHV	WMXJ¡ ,
È�ü ý ü L�Y	Z[QH\[WV�]1L�^6_Ò��` ¨�a WMb .
È�ü ý ü V�þ�c ü ÿ L ñd '�N , e�T�U(G�L 
 � K â�f Q6g »3D VÒ_ , h�b6iø ¡�ä�j�Y�ZBG�^ A V�]lk
�BQ�c[W .

k3��� Q¬_�L�[W È�ü ý ü Ë L âMf ��Ô $�C D Q�G:j , ;�< q1=È�ü Ç�> � á!Ë
ù D��1a �
Ú&V6� » 
1m �4a W A(CD � , n { L�� »Jå ½ GML�og½g¡�ª:p
Û�� ~ a W A .q �
, n { L å ½(N , 12 r&L PMT


Hs!Â�Ã�Ä	t A ÇKJò�?�G	ugæ6b�b i , Þ�v�à�-�.�/BG	N ,
Ë�w �&'�xy5
 ç�¨MAMC	D G , ��z�r&u A TOF

á L f PMT '
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2.3 c: ¼g½ 7�Æ�8:9PÆ<¾1��� �

¤ �4a �
Ú&V���U[L 
 � K Ë�
4��� GPj A Ç�K�ò�?L ��� 
!�6� �4a W#� C(D '�V A .

2.3.4 �����(�����������3�������#���  W!¡5L � '�¢�£�F+� {3
�¤ W	b6¥ 
!�	¦ A . ¢£5F4� { N�§�¨&L1©�ª G6«�¬�­ � , hHb , ®�õ ¯�° �± ü QH²´³!W	L�G!µ ¶ ñ '6·	¸3³+¹ A . º { ¶ w '» ¹	¼ ,
C L » $ 'H½!ò[¾�¿�< � FH'�ÀBÁ C+Â5Ã ¹	b§�Ä5L�¯M° � ± ü N�Å�Æ�Ç t A .

C�C GMN�µ ¶ ñ�
��¦ a W A L�G , ¯�° � ± ü Q6Å�Æ�Ç t A&D , ¢�£[F� { Q �	È G[É A e´³6QHÊ È t A C D '�V A . Ë	ÌL�µ ¶(G(N , Ê È t A e´³�L�K�Í ü � N 10µm Î�UDÐÏ�Ñ G[É A . h�b , º { ¶ w L+ÒMÓ D , ÔB%ML+e�³Õ	Ö Q�×&WHØ3Ù�b ñ d , Ú�ÛMÜ�Å&Q 10µm Î�U5L6ÝÞ�ß�à�á	â L ��È 
äãBå �4a W A g æ�� QMu A .C L , e�³1ç[è	'6Ê Èé� b�¢M£�F+� { L Õ	Ö 
1êU y �ìë	í t A Ô(î 
4ï Â�a W A . 10µm Î�U5L ÕÖ 
 ë	í t A+ð �[Q(u A L�G ,
C L Õ	Ö 
+ñ	ò t AF+� {	ó�w ¥ D , ô ¤ Õ�õ æ&'6ö(¹ A CCD ÷1ø&ùdMú�û b+ü ¤ ÷ �!ýéþ b . ÿ È N , CCD L������(æ���
	�� ÷�
 ¦ , ¢�£5F�� { L���������÷Hè��B³ û A-�.�÷ ï Â�a W A .

���������! ��#"

h%$ , �%&�'�'%(�Ä3÷*),+�b�K.- 	 8 '6¢M£�F��{ ÷0/ t . e´³4ç[è�' ò É!V�¯M°%1 ±�2 ÷0354BF��{ N!K6- 	 8 ��&&L#'�(�ÄMG�'�(�³�¹ , K6- 	 8 ÷7/8:9 + A L�N�; Õ '�²3³!V�¯�°%1 ±<2 ÷�3�4BF*� {L�ù�GMu A .
C LMF*� { N+e´³4ç&è	'�·�¸�=�>�÷*?f t A

.
C L ÕMÖ ÷�@BA5'�ë�í t A b Â�CED L »GFV�ü ¤ L�H�I�÷ ï Â�a W A .

e�³�ç&è�L Õ�Ö ÷ ñ�ò(t A F*� {�ó�w ¥ D þ aBJK KML5÷BN ªPO D þ a k â3þ b ñ�ò ü ¤ ÷ �6ý#þ b .¢�£�F*� { L<QHÄ�Ì�ªG��G!«�¬�­ t A[D W FSR ��÷k â´þ aEJ K K#L�LPTU��÷+k â´þ , F�� { L Õ	Ö ÷ñ�ò ³ û A .

¢�£�F*� { L�V�ë�ü ¤ D þ a N�ô ¤ Õ�õ æEW�öM¹A
CCD ÷ â W A . F�� { NUXPY3÷�3�b�V�W(L�G CL�h�h!G�N CCD GM���!G&É�V�W . Z C G CCD ��W

Li ÷�[�\ þ , F0� { D Li L | ¬<]GW » Ù a�^ Á A Y
X�� { ÷ CCD W » Ù a ��� t A ü ¤ ÷M_<` þ a WA

. h�b , Ti NMF�� { WUa þcb L�½Bd�¾!¿Be�1�÷03
4	L�G CCD ��W Ti

D
Li L�f�g�h�÷�? f´þ , �i���

��÷M�BjPk�l�÷ ��¦ a WBk . CCD ÷ â W�b�m�� { ëí�n5N�e[W�ô ¤ Õ�õ æ[÷0354GoB+#pMV � , -*qM1�rs�tEu ë�í[QHgBæ(V(b Â , ��Ô(î u ùPpMV#�7v#w��k â ³1¹�k1ë�íPniW�V�kix ��¦ Ã ¹Gk .y u ñ�ò�z�{ x CCD �,��n�÷1ø d(ú	û k y x�W» 8
, |�- 	,}�~ &Gp u m�� { u e#³4ç5è u Õ(Ö ÷

1µm
C�D u ê�� p!ë�í�p&É�k »EF V+ü ¤ ÷�_M` þ aWEk .

Li ��� Ti ���P�E� �

UCN
u ë�í�n�x þ a , � ó & Õ W Li ÷0[B\ þ b

CCD ÷ âE� k . UCN � CCD W���­ t k,x�� ó &Õ u
Li x | ¬P]�÷�� y þ , α � { x } - �,� t � ^� ³1¹Gk . α � { x } - �,� t ÷ CCD pHë�í t k .

CCD
u � ó & Õ5� Si pMuBkM� , Li

�
Si m#W ñ Æþ*�B� �!� � �%� � §�¨i� u p , CCD W��U� Li ÷

[�\ þ0��þ%� F x CCD
�#��� W�@B�iWU� áéþ �#�

��k��M¹��P��k . Z y p , Li x Si
u<� W Ti

u��<  h÷0[�\ � k y x�p Li
u ñ Æ�÷0¡ ¦ , CCD

uU¢B£ �¤ �¦¥�x�§ 1 ¨ C �BW���k »�F W ��  h u hP©�÷0ª« §�k . Ti
u hP©�÷0¬�í � k�­ Â W , Ti m<W#®E+�k

Li
u ñ Æ�í�¯�÷4ë�í � k .

Li
�

Si m�p±°³² 2 x þ*�#´ ¥ u p , P µ u Si W
Li � ñ Æ � kGx¶X<·.xc¸ 2 1�� ß�¹3þ Si m u�º e5-
q#pE��k�¸ 2 1 u ¯G�#» ¤ � k . ¼�Ù � , Li

u ñ Æ
�%XP½�¾<¿ u�À ÇÁx þ0� ª ¦ k y x*W���k .

XP½�¾P¿ u ë�í�çPÂ ��ÃPÄ�Å ÂÁxMÆ ÄPÅ Â�÷ âE�
k . Si W Ti ÷�[P\ þ Z u �PÇ Ã Li ÷�[�\ þ ­%È3¾É 15÷ áP� � k . Li

� � $ Ti ÷�/PÊ þ0� Z uUË , Si
W ñ Æ � k . Ti mMp u Li

u ñ Æ ��Ì �5W0Í � x ÒPÎ³+¹ik u p , È3¾ É 1�÷*Ï�Ð�n5p%Ê�Ñ þcÒ ��Ó	î�÷� k . Ï<Ð�n�p , ��k�ÔHí u Ð � W � ­�¹E­UÈ�¾ É 1u X�½P¾�¿ u<Õ��MÀ Ç�÷1ë�í � k y x*p , Z u Ð �
W<®E+Bk Ti m�p u Li

u ñ ÆMí�¯G� ú Ç5k . Ð � ÷À ¦P� X�½B¾�¿3÷1ëMí � k*l´÷*Ö 8!× � y x�p ,
ñ

Æ�í�¯�÷�Ð � uBØ ¯�x þ0�UÙ Â k y x����*Ú,k .

Û�Ü�Ý<Þ �BßEà�á�â�ãBß6ä�å
æ ³,ç è�W%4 �<� � , µM¶%ç mgz � ´����P� kM� ,y u ç<è5W Schrödinger ç�Î�é�÷ õ ¥Mx , ê#� Ø ¯ �

Airy
Ø ¯5pMë5Ç�¹Gk y x�� ú Ç&Ù �P� k .

æ ³�ç&èìîí�ï u ù�W�4 �<� , Schrödinger ç�Î<é�÷ õ ¥ y x�*ð�ñ p���k�� , ÔEòPW*ó�·��<|ô- 	5} W0�&Ù � ¥�kõ Ç Ã |�- 	,} ÷�� �B� ¥ � p u<ö k ��� ÷äÒ�Î �
k�x��Pk5x , ÷ íPï � ­ ��ø í�ï u Schrödinger ç�Î
é�÷ õ ¥ y x*W���k .
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|Á- 	,} ��ü0p u ¬�­ , |�- 	,}�ý p u '%(�þ uÿ�� §���� þ*� m��P· u êB� Ø ¯�÷ Ï�Ñ þ ,
æ ³�W

4 �<� u ô ¤ Õ�Ö ÷�Ò�ë þ ­ .
y u òBW , �5��k���ô�Bu
	�� � , ô ¤ Õ	Ö W%ª Ã ¹ik�xlÒBÎ�³6¹ik�
��ôiW��0Ú � k�� 2 � u �,��÷����,W � k�� æ������

k .
þ Ç þ , � � |�� �6} 1�����÷��
� þ ¿��
��� 2¿! 4¾H÷#"&Ù�­�x y�$ ,

	%�5u �%& �('�) p&ÉMkäÎ�W²�³,¥7��k y x�� ú Ç&Ù�­ . Z u òEW�µ�*,W�� Ù �
¥�k0� � |%� ��} 15÷4ë�íiW » Ù �MÙ Â k1çPÂiW�4��� §H¿��
�+� 2 ¿� �¾�÷�"�ÙM­ . , , Yukawa µ uÝ Þ	ß�àMáMâ ��- È þ ­Uç�è�W , ê�� Ø ¯����,+Bkÿ�� �.��§(�0/ � k y x��Pp[ÉM­ .

2.3.5 132545687:9<;>=�?A@CBD9FEHG!I3JKML

| 2�N�2�O �QP O�RTS p�V�ë<UTV �#� k ò ½�W%� 2} -�X�l>Y�÷ âE��� W�� 2 } -�X#ZB� u N K�[ 2 r
(sin θ,∆m2) ÷�\%]5W�¬�í � k#­�^PW � ,

ò ½�W>� 2} -�X u |%� �.} 15÷ ê�_ W�`%a � k y x�� ð�b p
�Ek .

y u `ca,W �
d ò ��`�a�e�� ð *�o�� ,
ò ½W8� 2 } -�X�`�a�W Rcf þ ­ PC

� K |�r�÷�g%h þ ,i0j }7��� q�÷Tk%l�m#W�n�o f � k y xcp ,
æ � u `a�÷���pEW þ ­ . qP½ µ ó�·¦§Tq�½8W�� 2 } -�X5xr<s ¥ π ó�·>t K ó�· u
u%v Çxwzy{w|VGk u p , q

½ µ ó#· u(}�~�� &��Q�c�5W#�%�Bp��Mk�`�a � , q<½W���� }0� XE§F�>��W
� } p��#k�x|����U�V�k . �� �
, �<w���k�V }�� & u �%�%� � �#�%�8m<W����8U� k y x�� �%�M� ­ . U�wT� , q<½ µ ó#· u��%}c� &

x�`�a � &<��\�]!����� � , � u�� �
Ç�w�q#½�W��0�}0� X�`%a u
�� �¡�¢ �(£c¤ �0����¥ . ¦0§�`%a � ,W��
�©¨ � XFZ<��§ N!ª [ ��«��#\�]��0¬ ~ � , ��§�� �¡%¢ ��£c¤ � ¥ ­c^�� ,
Ì �+��¬�*�­�� ¥ .
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2.4.1 
���
������������� ý��������! #"%$ �'&�(�) ì�*�+�,-�/.�0 &
ç�132íå5476�8:9<;Nþ0ý�=->8õ3?�@3.�0�ACB7��D�EFHG 9�E�I�JK"MLC�;õN�O�PD & ?O@C.C0 å Weakly
Interacting Massive Particle (WIMP) E>óQ�OR�SC,��T�UHV FOWYX æ-Z &	[�\ E8ó��^]3_�`3V�a3b! #"c�d ú	L-��e3f7g & 7
/ neutralino

Fih�j A�B����
WIMP ìQfig ó	Z &/kil ìnmo"p �ñ^,��CD3E�å (C).3aCq æ
5�72/7.7a7qCrCs & �7tN u"wvCx-A�B��O�$ �y&3z�{C|�} åCD & WIMP ì	~5��fHg7,��3D7E�ì� þoE8ó	>�Ù
Úÿì��Âý����2õ��5����3� å�� �3� ñ3���M�<� CaF2(Eu) �!;���� |� | ì�� õ3> WIMP ���89�:íì��o�^>	� CaF2 å�.
/01N�#1�/ &O�N� ;w�i�n� F ç<��õ 19F ìM�C��>H��æ
.8/
1 &n�-� ;�ñ/��R ó/>5�H�����íì'�ôóM� WIMP
ì/�<�O,-� & ñ h3� A�B��	�íû�>Næ NaI(Tl) �N;5�� | � |�& 50% � �N& fi��  F B7�H>��%æ�¡H¢íþi£¤ {-¥i|n¦ �ÿì^§C¨3��D�E F A-�H�	��©Hª � 6�«O¬z3­�® ;P¯y°H±²;²³ &�´�µ ñ	¶3� & BC�n> 6N

WC·�7¸ � |H{ ¯ &O¹ ú
ì 5cm ûiAHº!»ôó�� (!)3¼ Ù
Ú3½3¾-¿ (�)�À�Á3Â Ù2Ú�ÃCÄ ñiÅ�Æ7�5Ç 2 ÈMÉ-Ê &
WIMP ���iË7ÌÂìQ�o��>������ ú�L�>n£ ¤ {N¥H|^�Í ¬�³ {  #"yÎ Â3Ï-&H��� ;Nñ	�3Rôó	>	���3�7�ÈñÅ7ÆH� WIMP- Ð Â æ WIMP- �MV Â!& �HÑHÒnÓ ap E
an ñO_�,N�HÔ3ÕO� ìQÖ²�Âó	> ( × 2.4 a) �PD & �3�
å WIMP ìMf�g ó5>-EÙØ�Ú�,C�n° � 8MÛ DAMA

z{!|7}i&�Üo­�Ýi| ��Þ�ß�à�á &	â X & 132ÿì�ãNÕ ó�2õ��	�ä R�,7�M6-«å¬ z^­�® ;N¯æ°�±N;-³ & Î7ç�ENóå�	�è ��ñK¯ |i} ó/>�é |iê3�n®Më�&Mìií V�î�ï l 152Eu&/ðnñ F I�ò<"yL���� 152Eu å/óHôÈñ�RHS3,�� 151EuFOõ Ô�AOö<�5V Â ìn÷OøC,!��D�E�ñÈøi���Où3+®ú/L�M��ú3"�ýi�'6N«p¬ z^­�® ;N¯ú°5±-;N³ &M´^µ�& >O��æ� è � & 152Eu ùi+^  & î/Ò8æ5û�üisný & �Hþíìå���>	� õ Ô^A�Çiÿ^ª�Ê/öN�QV Â ì�� í ú'LC> CaF2(Eu)� è�� � õ��^��Ò � �P�n>oEnD���� õ §�ñ��
	��	>� è

 ¡
�3�	Ç 10mBq/kg
&

152Eu � h   & º�� FG���� L�>�����Ò � L�>i£ ¤ {-¥i|i� Í ¬�³ {  #"
WIMP ���HË3Ì7A�v���� 10keV electron equivalent� § & à�á A & 6�«O¬ z�­C® ;P¯%°H±P;P³ & Ç��32F

152Eu ����A�B ��D!E F 2� �!n>�� 152Eu � h  & ��Ò E"�$#nÎ
% & EuF3  #"yf�ù�,&�(' ¼-& ����
Ge ���$) � �+*"#�,-!	>-EOD���� CaF2(Eu) � è� ��*7>	��Ò E/.�0��1��*O��� F32 ":L�>��PD�L�"& ��Ò� #"'é |7ê���®5ëC& ¯ |C}   &	´�µ �iö<�/VÂ ÷Oø 4�5�6 &�7 � * 153Eu

& î�ï l
8�9 F 6�«O¬z�­C® ;P¯%°n±²;P³ &	´�µ 
 h ¶-��s�ý�ACB+�-EMIòP"yL&��� 153Eu
&5´iµ 
 :&;

WIMP ��� &$<�� �Ç 2 = 
 AN���!E'I�òP"pL>� F � WIMP
� ����,>�

>�� 

?�@
A & � "B� �56�«O¬ z�­C® ;P¯%°n±P;P³C &1D
E � ´�µ F3F �!ACB����
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−10 −5  0  5  10

This work
DAMA(NaI)

NAIAD

CDMS PICASSO

DAMA(Xe)

a

a  p

n

× 2.4 a: WIMP EpÎ Â7Ï!��� ; 
 �3RG�O>����3�
� 
 _N,H��ã�ÕI� ap � an

? ZnLHJHL WIMP- Ð Â �
WIMP- �'V Â!& �HÑiÒ^Ó�� WIMP

& 0n  50GeV/c2& E^�$�

2.4.2 KMLMNPORQ>SUT3OWVYX�Z\[����
] *n���C�C� & aCb!A�B �5  Â ^ j q (QCD)


? Ë3Ì�_�Ë 
1` �a# CP _i`�V �Bb !�#c��dHegf�h��] * CP f�h F B+��D�E F�i ":L #�*����-Û7¬i�^9; (axion) j3k ? D & f$h �glIm ,��
n & E3��#��n�� L+#�*�� F ��Z�L 

? j�k F cCd ,��$o&pO1rq |{ ¯ � ³Q;�sct�;5ACB+��Û7¬i�^9<;�u	f�g F�v T wACB+���NÛ7¬i�^9P; ? 7 � *�x�  �By !�z7�/V�o �{ ­H| s|t
}�~�� ; �"�
xC»"�
���M� ?�� �a�P������+� �1��*��B�3òr���+#�*����"�
� � ����x� 
��
? dI���>*"���-��uce1� 1eV ���>~ ?�� Ð
� : *Û7¬"�3�-} C �$� �����a� i ���+#�*���� ¢¡ ?1� Ð��g�&u � Ð7Û�¬I���H} �a£ ò+��zI¤ 
 �¥�¦�§3¨-¥"© �
ª+)
«
¬
­
®Hu ¯B°c±1²
³M�/´-î"~µB¶ �"� 4T ��· � 2.3m u$¸��iÖ"��¹�� PIN º
»�³¼ °3� © ¯ X
¼I½�¾ ) �g¿ ò1�$À�Á ±28◦ �aÂiï"Á ?�
Ã1Ä á 
 Å�*�#nó
Å � D�Æ�Ç ���>��uI~HÈI��Û+É���c}aÊ�Ë/�
Ì&Í ©�Î (Tokyo Axion Helioscope)

�Ï�Ð ��z����$��d3~�u�Ñ
Ò>~ ? Û+É"���|}��$�¢�a�òr���>��Ó�ÔH��_�Õ ?1£ òr�Ö�+#�*���*"��� 0.27eV��× u�Û�ÉI���c}��ÙØ"ÚHu1Û�Ñ�ÒHÓ 
1Ü �B# gaγγ <
(6.8−10.9)×10−10GeV−1 �a*|e:Ô�Õ1Ý � 2 � ���
�Þ�ß �a#�*����à�áH?1â�ã��Bä
å
æ

1 ç
è õ × 
�é�ê �$#3ë&ì�í# · î�ír�"ï>ð � ,c!�#�*>���&ñI�G��ò
,M��#"� 1-
2eV ó
ôHu�x�õ-u3Û+É"�3��}�ö�÷Hu
z�¤ 
�ø
ù ¥�úô Ê¢Ë�û ë+ü Ì �$ý � ��z âHã u3ÛHþ Î�ÿ��B©�� �,H!$#
* �1� eV x"õ àná ö
÷>u�����~ ? ÊGË1û ë�üÌ u	��
 �
� ¡ ��Ý 
�ê�� Ç � F ��� �+�"z�¤�� üÌ��Hu�����ã�� âHã>��� � �$#�� ; � à�á d3~ 
	�ù���� ü Ì u	ã�� 
�Þ�ß �$#�*����Hd"z ¥�ú ô Ê¢Ëû ë+ü Ì ��� e 
�� !�#��"¸���ÖrÍ�� ¨ u É ¦ }
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2.4.3 KMLON(OYQ/PRQTSVUXWZYT[]\_^a`�Zbdcfefgih
�kj�lJm ©Tn Ë	o�udp1� p − p q�r;sut5v1�uwr�x !"Ú�y�u3z ¾J{�|�} v�tkp~w ø ¦�§�¨u�"© A MeVó"ô>��v }�� ñ1��� × C5����Ú l�m ©Rn Ë
o���q"�IÚlJm ©�n Ë3o5��Ó���w ½c¾
�����*� Ó
­��
Å-�&}
 �B©f� ��z���� å�� Â��;s��r��� |�} vH��Dd� | t}5� ñ���p1� ��� � x ü Ë�û3�u� ��©/� þ n � { z��� �3z���� å�� � �>~ � lum ©On Ë3o £�� sJt5v� Þ ">�*� � w)�� �¡;�3z���¢>~���v�£�¤&� ��v��~�¥JIfv �I©/� þ n s �	¦ �"��§�v ��¦�§3¨;�"©5¨Ý;� ø }�� §�v }��5©�ª�« �	>rÈ }�¬ � w ½c¾���©� þ n ��¥ �/­k® w	¯ {�} lJm ©�n Ë3o ½c¾ �>� ÏÐ�° ÈB��= � !IÚ�y�8��±��qI�IÚ l�m ©Rn Ë
o � §�v}�� ø ¦�§3¨��"© �fj�lJm ©�n Ë3o/�	² ú Ñ
Ò>� ­® s�w�v � ��:�s � !"Ú�y���� ° �3� KamLAND ���� Þ
ß {	³	´ ��µ�< |5¶�· Á θ13 ��Ò � wr� �d¸�
s	² ú w lum ©On Ë3o~¹��;� ½�H � ° È/v$Ô�º �>rÈ }5�» ��¼�� ��½�Ú lJm ©�n Ë3o�¾ ³�� q�½�Ú lJm ©n Ë3o&��¿�½uÀ ��Ádn q�r�� {3³ � ·��

νe + (A,Z) → e− + (A,Z + 1)

ν̄e + (A,Z) → e+ + (A,Z − 1)

�ktfp~s3!"Ú�Â"ç�� ± Ã ��<
Äuw�v ¼/� s�Å�Æ ¸ �v � �*�	!�Ú_� LASER � � }�| 2�Ç � s�´kÈ��I�Á � Ç v � ñ>� ° � ¾*É5!�Ú��	Ê�Ë�Ì�Ík8P� µ/Î �Ï�Ð Ì�Í�¾ ° LASER Ø�sut;Ñ Ï�ÐR{±��Ò s	Ó;��¾³���Ô�Õ
LASER Ø�s�t�ÑÖ!+ÚV���
� Á � ¸	× v �Ø�Ù � ¦�§3¨;��©d�ÛÚ�¨/Ü�� ¼�� s » ÓuwuÝ*��w��° �

LASER Ø��*Þ
·_�
ñ�� ¼�� � ¦+§�¨��
©_��Ú¨/Ü s ·�ß�×�| x v��fà�sJt;Ñañ�� ¼�� �"ìk��2�Ç� s��I� Á � Ç v��fàa� ° È/v � �I� Á � ¸ � ³ ¼� ���
Q-mass spectrometer

Aâá±ã 0/ä"õ�å�æ/ç�C�¾³��
Time of Flight Spectrometer

A
TOF è�ä
õ�åæ�ç�CusJt;Ñ ¸Jé s Ô)ê Å�å�æ {7ë�ì�í à5t;Ñîå�<vfïfà�s�w�v �ï��aÂ/��� Ï1Ð «3¬f�
ð/ñ	òXà {7|3� Q-mass spec-

trometer sJt5v�ó�õ ¼�� ½c¾ ® 
f� ½�H � {3³*��ô
2.4 b s	õ Ç tJp
s � 333.1 kBq � 241Am ö�÷��)z¾�Ç v α ö��
ø�ù�ú�çdû5s)ñ ��ü Î	ý�«X{�|5� Ê¢Ëû3��!�Ú�à {
| á~ã 0�ä�õ�å�æ�ç °�þ�ÿ Ç vfïfà)�9>ì ³*� ö�÷ � Î�� Ì� rþ�É�ú�ç;� ú�� ö�÷ ° §�v� ° � α ö � ú�ç�� °��	��
 v
� ����� sut;Ñ���å� : ú�ç��;s�����û3��!�Ú�à {�| ÿ | :�v ���	�Hü� x�� � �  rþ��
ú�çk8 é ��E>û nÙü � �)� �� �� � n!� þ � ° àfÑ!" }�³*� ñ��$#	% � 1

ü Î
– 20

Liquid N 2

N   trap2

Detector: channeltron
                 (C-SEM)

   Q-Mass

  He 4

Am
241

    

 Valve

  detection

Plastic

ô
2.4 b: 241Am ö�÷��3z ÿ

 v α öd� ý�«X{�| �

��û3��!�&�à {
| á~ã 0�ä"õ�å�æ�ç °�þ�ÿ�
 v �
ü Î � ý�« ü Î s(' {
|*ý�« ü Î s�)�*�+�, 
 v$õ�
����û3��!	&-� þ�ÿ ¸/.k³*� ¾ ³)� þ�ÿ �(0 � �
��û3��!	&�1 108 2 ° §�vfïfà3� ß 8u� ³*��4�5 �6�7 ° �)� á~ã 0�ä�8�å�æ�ç;�	ø�ù�9;:��=< } w��é å�æ {
|�} v ³�> s	> ¬	? �
����@3�
A	&B��ä	8å�æ ¸/. vfïfà�w]:DC |Vé!.�|�} v � ï*�FE�å���GH 
 . = � þ�ÿ �(0 �$I�J ÝFG H 
 vkÝ*��à3K�I é. v �ï*�FL��;skt;Ñ �/í ä	M�NPOk�
Q } α ö ° Ý � �
�(@3�
A	&�à {�|�í ä��RM�N °�S v/w é=T)� z�� ®�$U	8B� ­k® ° §�vkïfà3��õ ¸/.u³�ßBV ° §VÑ � z��ö�W	X�Yk�	r;ZdÝFK�I é[. v �\�] � ��^� �Þ	_ ­�`baRc�dBc �R^�e {7��f�g sh Èji�k Á ��ä	8�å�æ�ç��=lBm(n |�| þ�ÿ ® Ok� fo fjp �3< }��Bq$r�s �=t } ÿ {
|�u S ³�}5�
v/w=x�y
( z={$|=} )
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�=õ³ö
÷3øúùû/ü z 2005   8 ¡ 23 � .
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2.5
���������

� ���	� �F����¡�¢¤£)¥�¦w§w¨y©�ª¬«�­y®
¯
• °¤±�²Q³µ´�¶�·w¸]¹wºw»�¼w½ KEK B ¾À¿�ÁÂ�Ã ¶#·�¸�¹À§(Ä]Å�® Belle ÆwÇÉÈËÊ)Ì(Í��y�

CP Î�Ï�ÐQÑ/Ò]ÄyÓ
Ô�Õ
Î�Öy§�×ÙØ
ÚQÛ�Ü/ÒÙ�Ý(Þ�ß�à §]Ó�á?â)Õ#�����À��ã�ä�å�æy��ç Þ�èé ©Zêìë?í
î�åy��ïQðµñ.òyá?â�í/®ôóöõ�ºQ÷�øà(ùQú ûýü�þ�ÿ�� ©���������î�åÀ��ºQ»
	Q§�Ó
®?º�»��=¯

• 
���������������������� J-PARC  )�"!�#
Á�$ Â $%#�ñ'&wí
(')�*�+%,�-�. Â�Ã'/10 ¢�Æ
Ç ó T2K Æ/Ç�� È324-
¶65�#7,�-
¶ Â
Ã'/ νµ �8 ��,�-�¶ Â�Ã9/ νe : � 0 ¢¤�<;�= ñ�>@? ë
â�í]®
¯

• A�B
C�D�E%,�-
¶ Â
Ã'/ è�F ¹
GIH9JÙ¶�K�2L5M KN#PO (Hyper Kamiokande) &�ê%E�Q�RS#T ¶w��U�; È õ�V�W�X 0%Y Ü�Z�[ (JST) �<\]
^Qß
_
` W�X � ¼�¹%UP;QÜ�Zy§�Ó)á�â�Õ4a
bc ����d%ew§]Ó�®fQ ègF ¹ óhGIH�i Ã9j�k Q 8
��d�l�m��y��U�;¤§9npo�q�r��/í]®
¯

• s�t Ã , M�u�v HNw�¶ (International Linear
Collider, ILC) ·�¸�¹¤�
(�ª��<x�& ß�à ¹ SiD
�<U6; Èzy�s/¾6{�³|2fs9}�ºQ»�~ (Fermilab) ��%� #�¾��?¶ k +��Q·(¸�¹�R�# � ¶ (SLAC) �
º(»
� ©������)Õ�! Ã u # è�F ¹��¬«CØ�® ß�à
¹À��U�; ñ�ò¬á�â/í]®�¯

• �������gK�� v (Hyper Suprime) §yÓ�®%wQ¶
Á(±]²Q³µ´/¶w��º�» È����Ù®9���I�µ§�A�B%C
CCD KI� v ñf���I�À®I�w©#§ÀÓ(á�â�Õ)Ñ��¤���� �?·Q¸����/�4���µ©P�f��âQíw®
w�¶�Á�±�²
³]´(¶��'� c §7  ® ^�¡ ñ<s4}�¢�£�¤ ©¥�����¦ � ë�â/í]®
¯

2.5.1 B §©¨gª¬«®­°¯�±N²p±�³µ´¶§�·¹¸º¯»½¼@¾®¿ «gÀµÁµÂÄÃÅ�ÆÈÇ3É
Ê å/æ��ÀÁ%��¶/Á�§<ËpÌ@Íwí6Î�Ï�Ð�&�Ñ
CP Î�����Ñ ÿ
� ��Ò�®%�w©1��Ó «Ô��Õ(Ø/á<(4Ö�Õ�Ê
¾/¿�Á Â
Ã ¶�Õ�Ä�Å�®.ºQ»�Ñ7×�Ø�Ù
Õ CP Î
����Ñ�Ò
ñ�Ú
$(¶�i�ÛÜ�]® , ê ë?í�î�åwÕ��wØ�Ý�Þ Å�ÆßÇàÉÊ å/æ ñ'á���â�ã
ägÑ
ã�ä�å/æ�ÑPå�q�æ�ÕPçgègé?Ø
í]Ó�oëê �Iì Ø#î)å�Ñ?ï�íIÕ7îïo�ð�ð�Ò�ñ'ò<ó.º(»�ôÙ�Õ��PÑ#ê ë�í�îQå�Ñ#ï
íµñ#ÕyÊ)Ì(Í9ä/Ú�Û�ÑNõ4Þ�Õ
Flavor Changing Neutral Currents (FCNCs) ÕÙÓ�á
âIöI÷ ÿ ���4��ñ#Ú�ÛgÑ Ý�Þ�ß�à ÕÀÓ�á�â�òìá�â�íñ9ò��
�4��Õ FCNCs Û7Ù�Õ b→ sγ, b→ s`+`−(` Ù
e è�(�Ù µ), b → sg (g Ù%ø<ù�ú�5S# ), b → dg Ø"ûÑPâ�ü�ý��Pþ©�4��ñ/Á��6ú�Á�Ñ9ÿ�� ó flavor, ¾��7ú� ú<��� b �©é s Ò�ñ(í�Ù d Õ�������ñ�Ì'��K	�6#Â�

� ó 

� Ñ��
�
�NÑ 8�� (−1/3) Û����
�NÑPãä�Ñ 8�� Ñ���� (−1/3) ���ìëIÌaÕ 8�� Ñ�� jÀÂ Ø���%��Ø/í 

� ��Õ���Ø�Ý�Þ�Õ ¾ �'ú � ú!���¬Ì9�gK��# Â Ñ��
���%Ò�ñ<ò

2003 " Belle ø9ù�ú�Ú�Ù�Õ b → sg Ñ FCNC Ú�$R � ÕÙÓ(á#â�ö%÷ ÿ ���'��ñ B0 → φK0
S Ú�Û�Ñ CP

Î�����J v ��ú � S Ñ�#��)Õ(ã�ä�å/æI�©é%$�&|�4�ñ S = 0.713 �©é('
��â/íIñI�IÛ�ñ4;�= ë<(6ò|�6ÑÛ�÷�Ñ ß�à Ù(Õ 140fb−1 Î"ó�Ñ�OIú � � é�)µéÜ��(
1 * 5,200 +-,NÑyÊQÌQÍ�ä Ç 
 Ê�Ì�ÍPä/. M Õ6*/0
í�(21PÑ���Õ
ã�ä�å�æ%�Sé7Ñ435� ó Ñ�6 ^�ì87�9 �f�Ù 3.5σ �%Ò]á�(6ò

:
2.5 a: b̄→ s̄ss̄ Ú�$6R � Ñ4C�þ�;%��Ò�ñ B <�=9ä

� φ <�=9äïÛ KS <�=<ä�Õ�>�?���ñfü�ý�ò@<�=!���
Õ�A�B�C�D�EGFIH2J��Pú-JP�!K�ä�L�M�ÕON�oPD 35 l
1(Q/BRF j Ú
J��Pú-J�Û 16 l�Q@B W ã
ägÕ�SUT�ñ
ü�ýWVYX[Z�C
BIñ<ò

�6Ñ B0 → φK0
S >�?�Õ�A2T�ñ�\�] ^`_�a!bdcfú!eÙ�D2f�Ñ�g�Ñ8h�i�Õ�A�B�C�1(j�k|�4��'!D 2005 "mln è!o%Ñ�pOC�Ñ�q%ú � ^ 357fb−1 D 3 * 8,600 +5r�<=<ä Ç 
 r�<�=<ä2.@_�e V�sut�v8w�xgÑ�j ` Õ�A
BC 1 S = 0.44 y 0.27 y 0.05 o�Ò%ñ<ò Belle ø<ù�úÚ�Ñ8z�{�Î�|OoIÒ�ñ'y�s ���-}�~ �6ú k����
� ������-� }6� ú (SLAC) Ñ BaBar ø'ù�ú�Ú�Ñ��8��Ñ��MïÛ��%Ý���ñ�Û�D S = 0.47 y 0.19 Û��/t�v6ò

�IéLÕ�D b→ sg FCNC Ú�� � � Õ-N�t�C�ö�÷��S��f�Iñ���Ñ�BSÌ�ð���Ñ�>�?-��ú k B0 → ηK0, f0K
S
0 ,

π0K0
S , K

+K−K0, K0
SK

0
SK

0
S Õ�ðOB-C	1�D����2�� Ñ�$-&2#�N"o�1 Å ��B�#���)¬é7�OC/B�ñ [Time-

Dependent CP Asymmetries in b→ sqq̄ Transitions
and sin 2φ1 in B0 → J/ψK0 Decays with 386 Mil-
lion BB̄ Pairs, K.Abe et al. (Belle Collaboration)
arXiv:hep-ex/0507037]. ��Ñ�_2a4b�c7ú�� , x�Z8B� �I�SéLÑ FCNC Ú�� � ��� ÑY����Õ/N6ñ�Ñ��Nû�õ�
ÑYj�Ó�Ù ~ �Üú � ú � ��Õ!A
T�ñ(w � Ñ8�6Ø Û�B�tC�N�B�ò|�6Ñ
_2a!bdcfú���D��G���4 @B4¡U¢�C
BIñx£Z�B � �gÑ4¤�¥ïÛ��%ñ�Ñ���D|�'��ÕON�t!C ~ �7ú� ú � �gÑ8x£Z8B4¦2§
���Nè�ñ�Ñ���D�ó�¨�©
ôgÙ<Ög�ª�«�Ñ�¬2­-®�¯���° ¡ �4��C�BIñ2r ~O± JdF4cfúV8²2B�D%�
ð�D�h�i � ^`³uc u } � ú�´uµ4J ��¶ ·� e V4¸!¹dZ�C2f
Ñ�j�Ó-V : ñ<ò
b→ sg(

:
2.5 a e

b J%�6ú-J�Ñ s J%�6ú/J
V4á@º����
� � >
?���ñü�ý/oIÒ%ñ�D 3 * 8 » 6 ¼
+gÑ@r Ç 
 r�<�=<ä�½��é�D r�<�=<ä/� ~O±�¾ <�=<ä φ Û KS <�=<ä�D-A�N¿ ¾ ú � Ú�À ¾ H2<�=9ä η′ Û KS <�=9ä Û'Õ�>�?I�ñ 
�� V�Á ¿ · Z(D�fP� é7Ñ CP Â�½�Ã VYh�idZ�vPò
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ô

f
Ñ���M-D@f6� é4Ñ�Ä@Å�Â
½�Ã�Æ�Ñ!#/������� � �éÇ$�&S�4��ñ�#��©é('
��C
BIñYÈ/­�¬WV�)Uv6ò
b→ s`+`− ^ : 2.5 b e

B <�=<äO��ÉGF!� }4Ê ��ÉOV'áOº�ËÍÌ�� } Û��4ÚF } ½ ^ÏÎ�ä ÇÑÐ Î
ä"è�v�ÙUÒ�Ó�ú�Ô } Ç 
 Ò�Ó�úÔ } e � >�?���ñ8ÎIÍ�>�?gÑ�Õ�Ö
h�iWVY×U¢
v6òÙØ*ÛÚÜ»RÝ%¼�+NÑOr Ç 
 r�<�=<ä
½WV�j�ÞI��ñI�IÛ4ÕN!tYC�D�f�Ñ�ß-à�á@V (4.11±0.83+0.85
−0.81)×10−6 ÛIâ

idZ�v6ò|�6Ñ�#uV�sut!C�D2B Ì@ð
ã%Ñ8ä�½�Ã�¬/��qù�Õ�å@æ2VY�UçIñI�IÛ���o�÷�ñ<ò"��é'Õ4Dur�<�=<ä� K∗ <�=PäïÛ��<Ú£F } ½�Õ�>�?���ñ 
�� Ñ	�4Ú£F} Ñ�è�ß
é V�h�idZêD�è�ß
é�Õ4ë�ì
g�ì�Â
½�Ã/�%Òñ%�%Û8V�í�î2o�ïO¢�C!XdZ�vPò%è�v!D 
�� Ñ Wilsonð�ñ V�â�i[ZêD�x � �gÑ���q�ù�ÕO1êå@æ2VY�@ç�v<ò

:
2.5 b: b → s`+`− Î�Í ~ �'ú � ú����u<8¬Uò[�} F�>�? .

2.5.2 §�· B § ¨"ª¶« π+π− óÛô5õ ρπ
¾

¿÷ö ómømù CP ú[ûmüº«gÀ ÁµÂ Ã
B <�=4ä�� � Î�ý ¾ <4='ä�½�Õ�>�?��%ñLü
ýIÑ CPÂ
½�Ã�Ñ!h�i�Ñ�6�°�Õ�ÆWV�þU¢�D/ÿ�� ì CP ½�Ã�¬Ñ��%��Õ�ð�B�C%Ñ�����ÆWVYþU¢�v6ò�Ý *��I» ÚÜ¼�+Ñ@r Ç 
 r�<�=6ä�½NÑ4j
ÞOã é�)µé	�Uv�ÿ
� ì CPÂ/½-Ã"Ñ � ÷�� A = 0.56 ± 0.12 ± 0.06 Ù�D�
�Ñ
�� Õ�A2T�ñ�ÿ�� ì CP Ñ����UV�� σ Ñ�6�° ì�7�9��o�XRZ8C/B�ñ6ò�è�v���<4¬ B <
=6ä|Ñ π0π0 >?SÑ�ß à�á�� ¿ f%Ñ CP Â/½-Ã2ÆSÑ�h2i2��M2�[V� ²£Z4v/_ ¾�� É�� } j-Þ5V�����B , �����ucê´ �! è�""Ñ!è
ÆgÑÛØ¥ð φ2 Õ!½�Z 95.4 % Ñ
�#�
ÆOo

0◦ < φ2 < 19◦, 71◦ < φ2 < 180◦ Ñ!åUæOV��Uç2v�ò��é7Õ4D B → ρπ �%ú£Ì Ñ CP Â
½�Ã�Ñ8h�i	1(×��<�o%Ò�ñ<ò

2.5.3 Belle $&%('*),+.-0/2143�57698;:<&=�>@?
KEK-B � ����A�B Ò�a�³�´C�ED�¬/­ A ®�¯�F@NG�H D�HJIuµ�JLK�À } Ì ANM � FPO2B
� Belle ³WcNQ} >�?#R ¶ · ��A ¬2­ A ��S �
TCU��JV#W��P��C
BGYX f A v�¢
� 2007 Z�ÆCF 4 « A ³WcNQ } >�?�R ¶

· � A�[�\ H D�H�ý ¾�] F�^9_`Idµ!J#K�À } Ìba�µF A�c B 1 «ed#f 2 «ed A _Uµ ] K�gbD Ì�V�°�hWZC
B G�X 
 A _Uµ ] K�gND ÌIo�i�q�Dj�Pkml�nUZê²o#p(qJr VYx£Z�B�s A F�tLu£Z�C�v�" AYw�\ ¯��exy�z Vb{#| A s A N x~}9_�� G 
jfYo��L�����CF8Â�N� A H D4H�I µ�JEK�À } Ì A��Y� V����Y�E�4vYþ �S F�O [ a ¾,� A�M �uVb�@ç G v�¢ A ³ucYQ } � }� D A ¸�¹WVN� [ X x£ZP��q�Dj� A kml�nUZê² o#pqYr F�i CERN
A ��� Ë Ì � }��,���#� CMS

�#�
²�F4§
���N��v APV25 VY²�� GNX APV25 iY�b{L|A k�l#n/Z q�r (VA1TA) fÇáE�[Z�� 16 �,}(� w;\¯��ex y�z Vb�(�;
jfPF8�@ç��LvL" A,y�z � }�] c} K��!È�­�o�� GPX CMS

�#� f%\@��x Belle
��� F� �L��i��L����� A��#  i APV25

A � }�] c } K¡ ��µ ¡ fIÂ �P� o���x¢�E��v � }�] c } K ¡ �
µ ¡f�á��£ZN��vL"@�J}C� 
jf�ã¤£���v," A�y�z � }�]B ã¤£¥v�þ AY¦#§�  V
� GP¨ �O��©,ªOo�� G�X 2005Z 4
n F KEK PS F � �#� 4 GeV π « z�¬ H D­ V�²m��� APV25

A
®�¯�° � VP�ut�v X 
 A qjD��VY±(F�Ô } À ¾�} o A ��² �4È/­2�
v�þ ¦#§�  ¨��|�³ ( q(Q }P´ c�Ó�D�³�µ }!~ � B �ED ) VêxUvLF§J�[Z�v X 
 A qmQ }b´ cYÓ
D�³ µ }4~ � B ��DLi���L��F�½dZN��iY¶�ZP�Jv�þ A�· Vb¸�Z8���¤£ H D ­Idµ ¡ K�À } Ì A uU� G �
åj� G 
jfY� � y F8È/­o���x¢� H D ­ I	µ ¡ K�À } Ì�V�{L| A 1/25 ��o �� o S G 
jf���ß/ã@t�v X

2.5.4 J-PARC ¹»º >@¼ %�½�¾�¿ÁÀ >eÂÃ�Ä )�ÅÆÀ >eÂÈÇ ¹ÊÉ >ÈË2Ì�ÍÎ í�Ï A �-Ó
DÈÐ�ÑNÒ�Ó ® �#��Ô � G�Õ�Ö - ×jØ zÙ#Ú�Û �OÓ�DÈÐJÑYÒ�Ó ® ����Ô i
��ÜLÝ Õ#Ö FYÞ�ß« A J-PARC àCá�Æ ÐE¬�â�ã ¡�ä Ð ä ã,å
æ �#�àjá�Æ A �OÓ�DÈÐJÑYÒ H D ­ åb�# eç � è AY�# 2çé �/Ó�D�Ð�Ñ
Ò å�ê 300km ë(� é�ì�í FJî ï�� G×(Ø A à �#ðjñ ò g ã QLóNô;õPöm÷�D4ýCDLø�ùbú�øãPû Ô�ü�ý � G 
jfPF(þ x��(ÿ�DÈÐJÑ�Ò A���� f��� A�����å
	�� F�
�� GJX J-PARC 50 GeV
âCã ¡ä Ð ä ã�� £��ÊxNnC�
� G 0.75MW

A���¬ H D ­å ��ÿEDÈÐ
ÑYÒ �L �æmA π « z�¬���� � Ô���� � GH D ­���� ã ( � Î H D ­���� ã )
å {�|,Þ#ßC« Ô �x¢� è A H D ­�� � ã F
ßCï�� G(H D ­�! �C��D A" � å �$#
�#� G�X�H D ­�! �C�ED�i&%;F H D ­ Añ ÿ
DE� ã K å � [ é�' A 17 ( A H D ­ ] ä ó�) �B ! �C�ED;f ��� û Dj�*��+;«,F H D ­ A�,�-���å. / � G é�' A 20 ( A H D ­�0�1 â µ ã ! �m��D 23 � £ §� 54
6 G�7 8�9 Z�: i#è 6 £ A ] ä Ð<; �] åYæ � é ° �>= å@? # é X

A
B�C�D�E�F�G
H>IKJ�LNM>B�O�P�Q
H D ­ ] ä ó�) � B !�R ;�D�F�i�S 4 5 µm

A ñ
; ã�T åVU�W 1mm X A ÷ÈÐ�Ñ@Y ]*Z F\[K] ç � æ �é

Segmented Secondary Emission Monitor (SSEM)åYæ � G�X�H D ­ 7 ÷ ÐJÑ Y ]
Z F>^(K�_ ã Ða` 46 é ñ ; ã<T�å\b�c � G�d A&e#Î�f�¬�g õ � F�hji
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é f>q åVr ÷.ÐPÑ@Y ]<s F ý - � G�t f�F�þmx 8 ÷*ÐÑ Y ] å\u ï ç éwvyx A H D ­ ] ä ó�) � B�å ü�ý� GNX û D�; A kjl�n çYâ ÷>z ­ FLi 8 KEK
q�r {A " � ç é&| ç � û DN;@} o ó�gND ­�~ D ¡ Ô � G

COPPER
â ÷�z ­ å
�jæ0ç 8 | " � A 65MHz

A
ó � Y â ÿ ADC

åPæ ��� 8�H D ­ 1 � B ÷�« A 0.6
µs � � A � ��¡�ä I ã ñ v>� å � ã ] Ñ ã K ç 8 ��j¡Lä I ã ñ s A H D ­ ] ä ó�) � B(A ý -�å d��� X<9 Z�:(i SSEM

A ] ä Ð�; � ] åV�,¯¤ç 8 KEK
PS
�>� ã�A H D ­ å�æ ���Eô�õ�ö � þ��EkCl�n çâ ÷�z ­ A&�N������å\? # é X SSEM

å H D ­w� �£ 3 cm
A ^�� ç é îCï#F 2 ( u ï ç 8 è 6���6mA

SSEM
Ô +*£ 6 GjH D ­ ] ä óK) � B å&� �m� GNtf Ô ���jå\� �¤ç é X�� 2.5 c F
+e£ 6 é H D ­ ] äó�) � B(å<� � X�t A H D ­ zE÷.Ð A
�>��� £ 70µmA H D ­ îmï���: � þ�� 70µm

A H D ­ X A ��: 7+È£ 6 8 J-PARC
R ÿEDÈÐ
ÑYÒ
� Î H D ­���� ã FßmïE� G SSEM F � �,��i 8CH D ­ î(ï � þ�� H D­ X A ý - ��:Ci�è 6���6 0.25mm

� þw� 0.23mm� U�FY�y� GNt f 7 õ
� G�t f 7�� � # é�� t�� ·i 8,H D ­K�w� ãYâ ùNÿ�g D â µ ã*� £�� Î��Y¬ H D­ åV��� � Ô&��� � G*� FP©Eªef 4V6 G ��: (
H D ­î(ï���: 1mm

� U � þ&� H D ­ X � ��: 0.35mm� U )
å@� é ç ��� G�X

 0

 200

 400

 600

 800

 1000

-40 -30 -20 -10  0  10  20  30  40
x coordinate (mm)

ssem1
ssem2

�
2.5 c: 2 � � SSEM

� £�+2£ 6 éN��� ­ ] ä ó�)���

A
B�C� N¡�¢¤£�¥&J�LNM�B�O�PwQ
��� û � ;*��+;«�¦ ��� ­ � ,�-���å@§�¨ .�/N©ª é�' � ��� ­�0�1 â µ ã !�R ; � ¦�« 8 4 ¬�­ f� !�R ; � (ESM)

åYæ � ª&® 4 ¬ ESM « 2 ¯�° 4± �&²y³ ¦ x � ³ � # é f ¬�´ å ��� ­yµL¡ Ð �N¶��¦ u ï ç 8 �w· ���>¸ 7 b�ceç é d ���>¸ µ�¹ Ð¦�¯ ç@º�f ¬�´�¦w»�¼ 4
6 ª f�½�å ý - © ª�® x �³ � # é f ¬�´ �¤¾ + ¾¿6 ª
À�ÁÂ��Ã ¯�Ä�: å ���¸ � � îCï�¦wÅ5Æ�Ç © ®�È�É : � ���>¸ z�÷ Ð � ��ËÊ ùJÿÂÌ � â$ÍJã\�¤¾ÏÎ J-PARC
R ÿ � ÐJÑYÒ
�Î ���>¸ � � ã Ô�Ð�Ñ 4
6 ª ����¸ � � ÷�Ò��Â¦�¯ç
º « 0.6mm

� î ï���: 7 + ¾V6 ª�t Ê ³ÔÓ Ð�Ñ

7 + ¾¿6 é�� t 6 « Î � Î���· ���>¸ å@����Õ Ô��� © ª
� ¦�Ö�× Ê 4
6 ª ���>¸ !�R ; � � îCïw��:å@� é ç
º ³Nª � Õ é�Ø ä Ð<; � Ø ESM Ù>¦ ~��Ú � å\beç � � ÷ å � # º ���>¸ å\Û�Ü © ªNt Ê ¦þ ª�Ý�Þ Ñ\ß�Ì � â$ÍJã �&à�áy��â�ã�ä � J-PARC���>¸ ¦�¯ © ª
À�Á h�å � Û�Ü�æ�ç�å@? # é�� 4�¾¦ J-PARC
R ÿ �éè�ê�ë ��ì � ��¸ æ ESM

�îíï ß�° å ©�© '#é ®

2.5.5 ðËñ¤òjóõôõöø÷�ùÔúÔû�üþý�ÿ������
������	�

����� ümý�ÿ����

ì���� _�� è ã�� ðjñCò Ì ã�� óNô;õPö å! Ó Rÿ � è&ê@ë ô õNö � °#" 7�8%$�9�8!&('w8*) � ä Y �=%+ 4��-, ¦�ô#. 4
6�º ³Nª�®$t 6j¾ � °(" ��³0/621 7 8 | ç ³ à4365�7 f�·-8�9-: � "�;2< Ö�× Ê= º ³Nª�®0> � � µ � ë �@?BA�C ¦(þ ª 7 f�·-8�9: þED 1GFK6IH�¨#JLK-MN� <ON2P 8 ��Q�,�� 2R7#ôõPö � "�; 7TS Õw6�º ³Nª�®EUWV�X { « 8�Y-ZI[ èR�¹ ÷ 80\�]�^(_0`-V�8 KEK aTb Ê�c
d + Hybrid
Photodetector (HPD)

<w"e; = º ³Kª�®Ât�� ûef �
÷K« 8 7 f�g��¤¾ õ H 7 f�· < f-h +Ti-j =<8Ek f�IlTm#n�µ � ú �@? (AD) ¦Ro PWprq 4�¾ ¦ 8 X ©ª 1 � +#s ª&®

13
�rlOt

HPD u � 2.5 d v�w�x < æy = Î0z 9�{ � < â�ã|= H � 4�¾ ¦ Î�} q(~ =G���� aLb�u kT�I�-� _R� êV� ^ � x < æ0y = H .
�

2.5
e ¦ � ©
� Ó ¦ Î HPD « FK6(H���� �r� � K�MN�5Ê¨*JLK�MN� <ON�� º ³Nª � t 6 « Î>b�§ � PMT

Ê� 2�D�u µ�� ë���? 7 2 ³ H�� x Î�8 X c*� �T�#�� ¦e��� ª 8 XL�(� ] Ær� , � QL8 XT� ��� ¾6Q ÆW���� ³ H�� +*s ª Î = H � � º , 13inchHPD « ��¡�
13inchPMT

� D 1 � ³ ��� �E� � K-MN� <ON2P ,Õ0H � D£¢ ³�¤ 7 ·�¥ ~T¦0§E<ON Q .

2.5.6 ¨�©ª
T«­¬ ú�®¯�­°�±I²´³jÿ´µ|¶�·
ÿ SiD �����

¢ ���W¸ �L¹!ºT»e¼%½¿¾eÀ °-" +�s ªR'eÁ êÃÂ k �Ä ��µ�¹
(International Linear Collider, ILC)

i�jÅ ½ H�� ½ ]�Æ�Ç-�eÈ�É Å
SiD
< ÊR; = º ³�ªWË

SiD« ÎÍÌ0ÎeÏ#�0� ¸ �e¹ 500GeV � ¾ 1TeV
½OÐ ·*Ñ Ð·�Ò�ÓrÔ � � ºLÕ�Ö��!×(H
½ Ð�Ø · � �RÙ � l!Ú ` ÎÙ {�Û � Ù J�· <WÜ%Ý0Þ�ß º ½RØ · < m ê � l ¥ ~Å2<Oà�á Ê Þ%â È�É Å + ¥ ~ = � Ó ÊOã Ó ÆWä ��ºå�æ(ç È�É Å +�s â Ë

ILC
Ç��TÈ�É Å Ê = ºR¥ . �G×º�ã ârè Q ½ È�É Å�éTê �%l!½ � Q +-s â Ë ÊR;eë|ìÊ = º#íwÎ

CMOS
<  � H î å j�ï ½Lð ã m ê � lf ¹eñ%ò@¹Ró ¥ ~¿Å u Hawaii

] ¼ Ë
Fermilab, SLACÊ ½ c
d Ê�; x�ô Î 5

ñ�ó Ä
(T)
½ ]�Æ#õ#ö�÷4ø Ìë � ? uúù �I�-�T¸ ��¹´û�� ��ü�ý ¹ ¸�Î Fermilab,

KEK,
\�þ Ê ½ cEd Ê�; x <OÜ , + ã â Ë
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photocathode

avalanche diode

(AD)

photon

Bombardment Gain

~4500@20kV

Total Gain

 ~105

Avalanche Gain

 ~30 or more

photo electron

(p.e.)

Bias

HPD

13inch

 

HPD prototype

�
2.5 d: 13

�rlOt
Hybrid Photodetector

½ æ0y��

2.5.7 �	��

����������������°�±����	���� ±@�! �"#
$ ½ ^-_ í&%
23%

½('L¹�) Ú+*T¹-,
73%

½('L¹) ���e¸ �0¹ Ô � �/.-0 ��16× . ã â
. 20 2(3 ½54Ø�6�º�»-¼ � M!7 = H º�8-9;:�< s â f�=?> l í ^_ < í ä�@�� 4% A 0 � â ½ q < s â .
'e¹() ���T¸�0¹B, ã�C ¡(D
E áGF&H ^(_JI ó�K(¹ ¸%Ô �(� â �L ÿJM I ½ONQP ASRGT . ã âVU#¦ { FXW0â Ë?Y =Z>\[< F '�¹+)TÚ\*�¹J< F ç ã5]_^ ½ æ!`�ç5a Ö�b 4_<W × H � L ÿcM I ½QdOe
, ã!C æ�`�ç ºe»gfchI½ Rji< W × Hlk�mcn ¼ Ô&o_p âVqgr íts
uwv-× ç ã Ë?x�yz � í HQ{t|J}c~�� ,����;< H¿Þ � â��c�g� ½ àg�J�ÔX�c�J�

3.1 �c� ï ½ CCD ��� Ä�� HyperSuprime �A&�(� Þ%â s�� A Êc� T ` Ë�� ½ æ(��� At� ã .;��
1000 �J� ï õ �c�g�� c¡g¢ A¤£ ã H ¡g¢ } �EÔ Ü¥ × â

1.5 ¦(§j¨ ï ½5©�ª
½/«(¬j­(®�¯ 1¤°*ãLÌ §± [X²;³�´
Ô\µ â Ï�¶�· «(¬�¸�¹ A ¥Bº Þ%â ËG� ½°-ãWÌ § ± [¤²/³J´ ½ ¥�º�Ôjµ/» .OHV� � ©Jª�, #�$½�¼ Ô/½ D Þrâ � '�¹+)TÚ\*�¹ A Ü\¾ ` �g¿ 8�À
½Á(Â A&Ã ¾g. ]_^ ½ Ä èÆÅjÇ 8�À Á(ÂgÈ\�cÉ AQ� ÖÞ%â ËËÊ 1!Ô H ]+^gÌ�Í(Î a�Ï ½/« Ö ,ÑÐ(Ò H ©�ª½ §�Ó Á(Â ,Ñ«j¬�Ð(Ò çËÔ ½/Õ È ·t]_^ I ½ y z A

�
2.5 e: 13 Ö [Q× Hybrid Photodetector

½5Ø � �½/Ù_Ú
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3.1 ûýüÿþ����
3.1.1 ����� 	�
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�������! �"$#&%�')(+*+,.-$/102�

2002 35476�8:9<;&=?>�@<ACBEDGFIHKJ?L?M!FIHONP
(BEC) Q5R�SUT�V+W�X�Y�F[Z]\I^5Z]H!_`=@¿ÍÀa @!b1@K=dc�e!@ a H�ZfT&V?g&hji14Uk�l:m`n&o�pq:r&sut =�p5v)Q+_]wFÀ�x?yzB|{�}$4 Á À�~�� r$����!���5� r+� SU�G����_K=�� q v��&;$4Uk�l �)�� Q s�� =?�&���+� BEC �54 �]�����u�`�7� �7��j  Sj�j~�¡<=?¢&£&¤j¥I¦jHU§`¨+i©4Uª©« ��¬5­ �r5�`® �
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$4��?¡I¯<@:²j\1^Z�H�
 ����� è&Q�� � ��� ® � Á�\I^1Z�H�
5Q&_ êë ß&ä+å s R����&ß�ä&å54�� � 4Kä&å©mjÙ t =?T	�è&Q&_GA$µ+H ��� h   S Ü �]Î �&Ü 4�� � m:Ù�Sj�~Ïm`¤ Ü ö ® ��� q v7_����	��
1m�� �<F5H�!#"!@¨GÛ Ü%$ ï$J:¸�Z Û Ü ¡`ñ t ¤ Ð v q SU��&$Q'�`\^©Z2H (�) � 
	*.� = ë �1è�Q “ ñ?l©èGÎ ”

ê`ë ß�äå�\I^5Z7H]m “ +#,�è+Î ” �+ß+ä�å�\I^IZ7H`Q�-��r A$µ+H7A+F�üÏ¥dH<³   Sj�j~ ��.?ó � ® [8] �

3.1.2 /10�2.���435276�8:9<;>=@?BA1/10CEDGF�HJILK
¸#M�ü]J�LON�ü P�QSR � l �j® ¸#M]¨
±Ï�&�:���4 á�T ,	U©4)6#V�m 2004 3IQGÎ+ö r ïGÂ � ¡Ky�WdpqI® �$¸#M�ü]J�LON�ü P�QSR � l � S1�I~�¡�=�XGçm�Y � BCS è<Î]� Ü v ú	Z p q�® >5\�H ¤G�1QjRKS
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3.1.3 ���:���#�L���
�#�����%�G�n���7���7� �������	�^�1#����#���
�#�# �¡ _I\1^1Z�H2º&» ¼�� 
 Ó ê ç:ÎKº ¡ ~��r Í v q�r+� SU�'¢5Ó¤£#j�=&¢?£+¤&� B Ö&Ú?Û$4I\^1Z�H2º&» ¼ Q �¦¥ l:¡ � SO§©m � p q]¨#©+� �cª� r+� SU�G����_�« é��]ø!ù�ú ï?ð+ñ�l � �7� Ö&ÚÛ NLS º�» ¼>¬ �+�Gr ���	 #¡5� l � « ÿS��� ¡!îÒ Ö&Ú ¬ ù�ú   SO���	��
>­��?¡GÄ�®$è?Î5\1^1Zc¯
>­O°&�?È ��� v Ü ¬ � ® [9] �G¿ ¬ 2× 2 Ö&Ú:i]±Ã  �² �I~ ¬�³ ö r BEC \1^5Z�¯)i>­Kk:l1m]´ vq ²

[8] �&Ä�®n­ N ×N Ö&Ú?Û ¬ s+�?r$� «µ� �]¶¯	!#"�·!¨GÛ�\1^1Zc¯j~ $ ïn¸�¸�Z Û�\1^1Zc¯:~Ïm¹ q ² � Ò#º è ¬ _�« �#�# �¡>¬ sjÐ ² Ç?È>»�¼ ¬½ r Ó ² ú�Z ä&å#¾ � m�� �]¶>¯#!#"�·!¨GÛ ¬ -&k��« ú�Z ä&å©m%¿#À  S² �j~ ¬�³ ö r�$ ïn¸�¸�Z Ûi
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3.1.4 ÃÅÄ HÅÆ

δ Ç�È ��É	Ê
1 Â:ÃGw+�:¢+�+�n­�Ë�ÌG
$_�«GÍS·�Î]Ï^Ð ¡n¬�³t �	Ñ5è ¬ � � ² �j~�m&¡ � ² � Lieb-Liniger _Cæç`ï�ð?ñ+l  7² 1 Â&Ã δ Ñ Ò7Ò ·%ÓK�?��­�Ô	Õ�ä?åm�«¦Ö	×<��­�Ø�,<w�¤	Ù1Ñ Ò ¬ -  ^²cÚ ¤�º�» ¼ (L-

L
Ú ¤&º&» ¼ ) ¡<½G¾.p q ² �:~ �c� � ® � Gaudin_Gg	­�Û ¡�� ��� �!�7� ��Ü � � ¬ ª©«.�¦« 1 Â:ÃÓIµ#¯ 1/2 XKç1¸#M7¨�±À�?�S­�Ô	Õ&ä?å ÝßÞ7Ó$µ#¯

0 à � «�Ö#×��>­�Ó5µ	¯ ¤#ÙIÑ Ò � î � ²eÚ ¤�º�» ¼
(Gaudin

Ú ¤?º&» ¼ )
�)þ ® �d��­ L-L

Ú ¤&º&» ¼~ Gaudin
Ú ¤&º&» ¼ ­�á�|&ß5_%â	r ³ t¤ã#ä p qr5�`® m�«>g	­�å ã>æ#� v Ü ¬ p q�r+� Î Ü ö ® ���� æ Íj¹¦ç Ò�è#é ¡4¬^³ t «Àï`ðGñ&lG­ ê��O` í~êY ��` í7­ s ­ s ­ ¬ �?�Gr « è�é%ë�ì ��·Gí�­ 2Â>­�}�~�¡]«Gî`½ 2

� ­ Ú ¤&º?» ¼ ­�
�­�Ë�Ì1Î�ï¼��)þ ® ��ï?ð+ñ:lS­ ê���` í ¬ s+�?r « è4é�ëðì��·4í ¬ Ù ² Ó�ñ^·!¨�s	ò ��óðô �   ~ê«?æ:çGï?ðñ^õ  S² Ò ·	Ó<�&��~�X`çGï+ð�ñ^õ  S² ÓdµG¯ 1/2¸�MÀ¨d±��G�.~ æ «2¤�ÙIÑ Ò ~÷ö]�Gw7­�ï ¼ m�ø�Þ ¬Ä�ù  ^² �&~ ��� v Ü ¬ � ® �   ÎK×^ú�«Àæ+çKïGðGñõ  S² Ò ·�Ó%×?� æ Ó$µ�¯ 1
¨	û ­:¸#M]¨.± ×?�n­p^ü ~¦ýUÄ�þ:¡ � ² �&~�ÿ ������� ® ��l ® «���­c���æ�� � Ò ·%Ó]���.~ � Ä�ù ��\ ® �eâ�î Ü v « ¥��Î ë>ì �]·4í � ~ ² ~ê«$� � v 3

� ­
	�Ûn­O
4ÿ�Î� v Ü ¬ � Î%ÿ ² �&~�ÿ]ì�� �
� ® [12, 19, 22, 28] �
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� � v æ «#×�����­Uï?ð+ñGõ � s#U ����� � ö ® ~� ­�« 1 Â�Ã ¬�� Ð ² BCS-BEC ²?´�Ó	[^·�NS· �½<¾  ^² 	GÛ
~ \ ² �+~�ÿ<¡ � «������ � � ¹�� «¦ÞÓ5µ#¯eÿ 0 ~��IÎ ² ` íS­]ÓIµ	¯ 1/2 XKç:Ù ² � ææjç$¸#M]¨�±2�+�n­�
G* �#« 3 Â:Ã?��~�­�-"! ¬ �� � Ô&Õ �Ïà5��� � ² �

3.1.5 #%$'& Æ)(+*-,/.1032547698
Jack :�;"<�= �?> Virasoro @�È+A
B�CD�E î ¬ «	×?�+��FHGn­'�JI+¤>­!Ä ¬LK §  S²�Mç+ï+ð©ñ4õON Ü � N Pm­LQ R7S º ×�R?NUTWV/XZY[ æ «L\ ÚH] ^ _�² ` a ÿLbdc �"�H�fe « Calogero-
Sutherland gHh�i a
j�k � ²Ul�m ¬Un�o"pHq ­�Þ �­
r�sutwv æ Ô#Õ p�q ­
r�sut�v a «Hx�y�z û"{ ­Ú�^ ïH| �
� ²�` a ÿ�b'c �����fe «
}�~uN Jack xy�z û�{ a
j"��l I. G. Macdonald

¬4³ue « Jack xy�z û"{ æ x�y"z û"{�� îG­ _G²U���L� � ���H���Ú ¬ x�� ²��L� z û { [ a X � m ���u� c � Y#ÿ�«` ­ � Ú æw������� � ^
� Ö ��¬ õ"�Wc � ² Fock ���î	­ � Úfa ý���þ ��� «7X�Y]ÿ�� � Jack xHy�z û{ N Òu� ¯���� ²�`�a ÿ ^+��²Ul
Fock �7�G­�Ô#Õ a X � Òu� ¯��%X
Y Jack x�y�zû�{ ­�Þ��uN a e�����  î ^ Virasoro ¡�v   Ò���¢ïH£WN
¤�¥ ¦ l ��¦ a Virasoro ¡�v  �§ Xw� ������ ����� ïH£4ÿ�¨dc � ¦ ` a ÿ ] © �
Y [13, 29]

l !õ a X ��� m ��ª�«'¬­i  �® � ���W¯Z° Mimachi
�

Yamada ÿL±�²�Y m ��ª+«%¬­i  
³ ´H�"µ ¶+·�¸7¹º+» ¢�¼ � ½ ��¦ Jack xHy+t
v ¼ ¯ ¦¿¾H| ¼ x?X�À§ X���Á { ����Â�Ã N
Ä7¥�Y l+Å Y ��Æ ��¢ �OÇ�ÈY mHÉ ª+«f¬­i�N �"K�Ê�Ë v/N ` ²�ÀZÌ Ë X �+�H Í"Î a X�À Verma ÏHÐ�Ñ ^�m�É ª7«O¬�i  UÒ xuN ae�� Ç�c ¼ Æ ��¢ ����¦ a
Ó�Ô ª�«f¬Õi a � ¦ `�aN
|%X
Y l

Kerov-Kirillov-Reshetikhin Ö�×UØ�A
Ù�ÚwÛZÜ�ÝÞ�ß�àHá
\ Â�â R"ã µ ^Zä � Q/å�æ�ç���¦�¡H¾ �H�
è"é aX
À � Bethe ê�ë é a Baxter

 Uì�í�îHïHð�é�ñ�®Hò
�7¦ l�ó ~ ^�ô
õ"ö T ÷ (rigged configurations) åÎ ��À � Å Y
}H~ ^�ôUøHù�ú�� ¶�û (highest weight
paths) å Î �HÀ ä � QWå�ü�ªHi �+� ��¦ l�ý Ñ  /þÿ   æ�ç è"é ô���� v�� � ¼���� ��	�
 ��� ñ Ä7¥c�È�À"��¦ �7��^ ô � � ñ��'þ ÿ   ä � Q ô ��x��x Í å��7�¿À���¦ `"a ñ bfc È�À���¦ l � � ��
�õ�öT�÷ aJøHù�ú�� ¶ û� ��� �������ñ Kerov, Kirillov,
Reshetikhin (KKR)

¼ ¯ �UÀ 1986 � ¼���� Ç
È�Y l� c ô Í�Î a XwÀ � ���L� ������� ¯�° ¾�£ ��^� ! �
Kostka z�" {  �# |%$ { (Fermionic formula)å'& # X
Y l(�a)(�a  

KKR
�*���� 
Ë�+ ô�,�- ¼ ����� ���� �H��´"é ¼ ¯ ��À"��¦ ñ���.%/+  ¾�£ � �H��01 ��� å32+¦54 � ñ�6 � c�È�À � Y l3798�:<;�ô �>=

? ¹ ¢�@ R�Ð  �ACB�	%D+ U� � å Î ��¦ `�a�^ � ` �E�Fu  Ì�GOå � Y [14, 33, 34, 35]
l � � �C
U���� ���

R
ï�ð7  � å Î �HÀ KKR

�9�)� a�H�I ��.
/ å ��� XUY l & # ^�ô = ? ¹ ¢ ����� ��� R

ïHð  ��J å õ�ö T�÷ ¼LK%M ��¦ `�a ñ>N a � ¦ l/` Èc  �A�O ô�P�Q [ a
j�k È7¦ �*R ¬ ¢'S iUT · ¬WV¬ ¢  5X�Y�Z�é a>(\[ ¦ `�a ñ ^�� � KKR
�U��� a

P�Q [ ñ H �  
� � �L] ����^L^ ¥�¦ ¯�_ ¼ � �
Y l� � � ý Ñ  �A�O ô ��`  La"Ê%bHµc= ? ¹ ¢*R · ¡v ¼ ÿ ��À (3d�e"^+� ��f�g+  ¾ { å5h%i ^+� Y l

j à�k�lnm9o�p<q
skew plane partition r�sctu�v

w � � v � ä � ¼ ��� ¦w\%x ] gHh�i a ����� �� @   v7¥�Ñ�y a ñ ��z�¼ t�{%XwÀ���¦ Ê�ñ z}|W~[ Ç�È ���<� å5�+²�À"��¦ l\ Â ÷���g�h�i ô q � � X
Y����U� â R Æ*� ¢ ghLi   q → 0
 '��� ^ ¨%c È ¦ @�� \�x ] [ ^"_ ¦ l

q � � X
Y â � Æ9� ¢ g�h�i ô�� �+t   _ ¦ Æ9� ¢ [^ @�� X�Y�Z"é ¼ ¯ ��À Â � ¦�ã µ a XwÀLb3c�È�À��¦ l/` _ ����Y�g�h�i ^ ô ûU� ü · x a
j�k È7¦ª ·Z¸ ª7« ¬ i  �� x ¼ �C�
��¦ @ ñ�	��7� ^"_ ¦ l� | ø w � Bogoliubov
¼ ¯ �UÀ�\ Â ÷���gHhZi  �û� ü · x   m%� �
� � ñ�� ?*� «�� · å>���HÀ�� P¼�M �)��� plane partition
 �� twv a � _ ����� @¼ ������¦ a � _�A�O�ñ ¨'c�È�� l�:�;¿ôL� ¼ ûU�ü · xWåU��`�����¦ `�a ¼ ¯ ��À � `  �A�O å d�e� À � P ¼�M ����� skew plane partition

 �� t�vWå¨�� [11, 30]
l � ÿ  
´�é ô � ª ·L¸ ª�«O¬ i7å skew

Schur t
v ^ ¾ � ��`�� û%� ü · xuå skew Schur tv  �¡ � Ñ�y�¦ `�a ¼ ¯ ��ÀZ¨/¦ ´"é ^ _ e � ( _� ÿ ô � @�� X�Y�Z�é ^ 	����H� gC¢¤£ Ô*¥ ·�¦ ç�   ��§ t'¨Wå'©/��À���`"� ûU� ü · x  
ï�ð { ${ å K | ´�é ^�_ ¦ l/`  Lª ÿ  
´�é ¼ ¯ ¦L«�¬ äa � À�� [HÉ � ¦ ª ÿ   ��`"� ûU� ü · x   ¾ { åK ��� l�` È c  'A>O ô � Okounkov–Reshetikhin
¼¯ ��À�­U®fc�È�� Schur ¯U°  �±²�>³�´�µ)¶+·%· »¢L¼ � ��À � e ��¸�¹ ¯U° �"��Â"Ã"� �Wt"twv  �#| �H� æ�ç �»º� �¼�1�½ ��¾ F�ñ _ ¦ l

O(1)
p9¿9ÀÂÁUÃ¤qÂÄ9¿�Å�Æ�¿�Ç\È�É%Ê�Ë�ÌUÍ�Î�Ï

O(1) i ·�Ð ã µ ô � Temperley-Lieb Ñ ¥ i1¬ÓÒ =¢ ^�Ô>Õ Ç�È ¦3Ö Â �'¸>¹ g�h�i�×�ØH¦ l @�� Ö�x)Ù
×%Ø"¦ XXZ ã µ7 '��û�Ú ¢ 0

  S «�� ·H 'Û Ù��� ¼ x Í � À �ÝÜ ��Þ�ì R
ï�ð åÂ� ÿ Ö�x�Ù�ß�×UØ¦ l�Å � � H*à |áÖ�x�Ù�ß�×%ØH¦ Fully Packed Loop

(FPL) ã µUâ ����� ���>� ��� x�ã9×UØ"¦ � ¡�ä�åï�ð
(ASM) æ ( ��z�¼ tç¨ � À��"¦ l�� ¡�ä)å ï�ð 5è v ô £êé ´ ¢>ëLì ·Lí
µ)î�ï�ð�ñ å ( ÿ inhomo-

geneous
�

6 ò�ó�ã µ�  Ù>ô�õ3ö�× homogeneous ÷��� å*æ'ø�� (   æúù>�9û�¦Lü O(1)
í ·%Ð ã µ æ>ýÈ<þ�å Au°�ÿ�� À���¦ ( ñ Razumov-Stroganov h

i � RS h9i��9×�Ø Ü�� è��	� æ � Ù �u �ª ÿ © þ� ¦�ü
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:�;¿ô��������   R�¢ « ¶ � · ¢  ��c� × O(1)í7·�Ð ã µ × ¸�¹ Ù��   � Ù � åZ¤�� � � [31] ü��� AUO æ � À ô�� homogeneous ÷ �»� × ¸U¹ Ù��  � Ù ��ñ Ñ · ? � · ¢! �" ÷�#�$�ä�å ï�ð&%�è ö
AHT (2n) = 2, 10, 140, · · · : æ  Í û7¦*ý*æZå [('� ��ü Å � � û�) «d¬
ü í ��ö %�* �	+ ¼ ¯ ø
À �
2n− 1 ó % V-,/.&0�1�×L¨ þ È�¦ R 0Z« ¶ � · 0/2% R43 « ºW» 0 ( # þ © ¼ � ��ü

3.1.6 576(8:9�;=<?>A@CBEDGF&HJI
ü	0 3�K ï�ð�L � æ ô ��M ñ�Z ö*×�Ø�N ï�ð&%�OæEP4Q-NSRT��å ^ _UL � ×�Ø Ü�� @�� � T û � é �ûEVUÚ ,XW�ßC÷ º ä L � % Ç Å�Y�Å ÷�Ù�Z*× Í�Î ÇÈ�À��	N�ü ø w � ü	0 3�K ï�ð�L � %4[ � � Í�Î ñ

~ [ Ç�È �<� Ç�È�À��	N�ü a�\�]�O æ ä L � ¼ � �NLù��U� % Kardar-Parisi-Zhang (KPZ) ^�_�W�ü û`�a ûTN ï�b ��c ã�d â d Y ã�d ` � �HÀ �Hä L @%�e þXf ñ ü	0 3�K ï�ð�L � ` � � N ø�gTh ± I e
þXf�æji � ��ý9æ ñ�# þ/k ` ÇwÈ�� % ×�Ø�N�ü� ��l ô KPZ ^�_mW�ü û `na û	N5ù)����oqp ��cã�d (Polynuclear Growth Model

�"ý�r
PNG ã�d )å4s�t � � üT0 3�K ï�ð�L � æ % õ�¨Oå�u�� � �)üv�w P ` ô�� bqxm% Ø�NSo�p ��c ã�d % ù:y e þXf

æ � b�x�% Ø�N"ü�0 3�K ï�ð&% ø�gEh ± I e þXf�æñ i � �²ý9æ�å{z � ��ü [10] � ` ��|>Ô % i�}�~ %��� å # þ�k ` ûTN���� ` �&����� = ¯%° æ{�����N � PNG ã�d % ö L ��J %�	�
 æÂ÷%øn����N ¸�¹ ¯
° ` ÿ ����uX� � ��ü ����� = ¯%° % �cõ�õ�ö ` ÿ���X�»��÷�{ 6��C� åCæ�N�æ � bqxm% Ø�N"ü	0 3�KïHð�% ��õ�õçö<æ�i � |\÷�NUý�æ ñ%# þ�k ` ÷%øL��ü

3.1.7 ������>A@ ���A�G���n�������
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�
Witten
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Witten £q¤�¡ ã s�t�ñnòqó `4ô&õ ¶ æ�ö ã ©q÷�ø o± w ã�ù ç�úTû   ª�ü d�ý�× ÊSã�þnÿ ~�ñ�Á��/k `¸ [1, 2]

ø�� ¶
Ramanujan

ã���� W��
	 ����
�� Êã�þ�������� ¸ ¶ æ [3, 4]
�������
( ���� �! )

[1] K. Hikami: On the Quantum Invariant for the
Brieskorn Homology Spheres, Int. J. Math. 16,
661–685 (2005)

[2] K. Hikami: On the quantum invariants for the
spherical Seifert manifolds, Commun. Math. Phys.,
to appear.

[3] K. Hikami: Mock (false) theta functions as quan-
tum invariants, Regular and Chaotic Dynamics 10,
509–530 (2005)

[4] K. Hikami: Transformation Formula for the “2nd”
Order Mock Theta Function, Lett. Math. Phys. 75,
93–98 (2006)

[5] K. Hikami and A. N. Kirillov: Hypergeomet-
ric Generating Function for L-Functions, Slater’s
Identities, and Quantum Knot Invariant, Algebra
i Analysis 17, 190–208 (2005)

[6] M. Wadati and N. Tsuchida: Wave Propagations
in the F=1 Spinor Bose-Einstein Condensates, J.
Phys. Soc. Jpn. 75 014301 (2006).

[7] J. Ieda, T. Miyakawa and M. Wadati: Exact Soli-
ton Solutions of Spinor Bose–Einstein Conden-
sates, Laser Physics, 16 678–682 (2006).

[8] M. Uchiyama, J. Ieda and M. Wadati: Dark
Solitons in F=1 Spinor Bose–Einstein Conden-
sate, J. Phys. Soc. Jpn. in press; arXiv: cond-
mat/0603070.

[9] J. Ieda, M. Uchiyama and M. Wadati: In-
verse Scattering Method for the Multicomponent
Nonlinear Schrödinger Equation under Nonvan-
ishing Boundary Conditions, submitted; arXiv:
nlin.SI/0603010.

[10] T.Imamura and T. Sasamoto: Polynuclear growth
model with external source and random matrix
model with deterministic source, Phys. Rev. E 71,
041606-1-12 (2005).

[11] K. Shigechi and M. Uchiyama: Boxed skew plane
partition and integrable phase model, J. Phys. A:
Math. Gen. 38, 10287–10306 (2005).

[12] T. Iida and M. Wadati: Exact Analysis of
δ-Function Attractive Fermions and Repulsive
Bosons in One-Dimension, J. Phys. Soc. Jpn. 74
1724-1736 (2005).

[13] R.Sakamoto, J.Shiraishi, D.Arnaudon, L.Frappat,
E.Ragoucy, Correspondesces between conformal
field theory and Calogero-Sutherland model, Nu-
clear Physics, B704, 490-509 (2005).

[14] A.Kuniba, M.Okado, R.Sakamoto, T.Takagi,
Y.Yamada, Crystal interpretation of Kerov-
Kirillov-Reshetikhin bijection, Nuclear Physics,
B740, 299-327 (2006)."$#  $!

[15] %'& : Spinor Bose-Einstein Condensates: Analyti-
cal Study of Nonlinear Matter-Waves��(�)+*$,��

( -$.0/�1 )2�3�4�5
[16] M.Wadati: Exact Soliton Solutions of Spinor Bose-

Einstein Condensates (“14th International Laser
Physics Workshop”, Kyoto, Japan, July 4-8, 2005)



3. 6�~�7'8 55

[17] M.Wadati: Matter-Wave Solitons in Spinor Bose-
Einstein Condensates (“50 Years of the Fermi-
Pasta-Ulam problem: Legacy, Impact and Be-
yond”, Santa Fe, New Mexica, USA, May 16-21,
2005)

[18] M.Wadati: Bose-Einstein Condensation of Ultra
Cold Neutral Atoms (“Innovative Nanoscale Ap-
proach to Dynamic Studies of Material”, Okinawa,
Japan Jan. 9-14, 2006)

[19] M.Wadati: Exact Analysis of One-dimensional
Qunatum Gas (“International Conference on Non-
linear Waves, Integrable Systems and their Appli-
cations”, Colorado Spring, Colorado, USA, June
4-8, 2006)

[20] K. Hikami: Introduction to Elliptic Ruijsenaars
Model (mini-Workshop “Multiparticle Integrable
Systems”, Kyoto, July 2005)

9�: 4�5

[21] S.Watabe, T.Nikuni, N.Nygaard, J.E.Williams,
and C.W.Clark: Equilibrium phase diagrams of
degenerate Fermi gas with a Feshbach resonance
(“14th International Laser Physics Workshop”,
Kyoto, Japan, July 4-8, 2005)

[22] T. Iida: One-Dimensional Quantum Delta-
Function Gas (UT-ANU Conference “Integrabil-
ity, Spin Systems and Ultracold Quantum Gases”,
Tokyo, Japan, August 11, 2005)

( -�;</�1 )

2=3�4�5
[23] >�? : @�A�BDC�E ( F�GIH�J=F�E=C�ELK�M=NPO�Q�R ,

2005 S 4 T )

[24] >�? : U�V�W�X�EZY[O�\ ( ]'&_^�` , 2005 S 7 T )

[25] >=? : aLbLc�d - aLb= 'Y0e=f�1hgZB[i=YIj+k ( lm+n_o�p�q�r 4�s
SIT2005, tvu , 2005 S 10 T )

[26] >�? : wLx�@�ALS - y�z�{I|+}$~�zZ{<�L�ZYvS��h�
100 S - ( �L���=�������L�$EL/ , ��� 4=5 , 2005 S
11 T )

[27] ��� : a�b=e���a�B��$��W$R ( ���$W���A� ����=k$��  �B¡ L¢=}�� n�£0¤ {�l¦¥+§I¨ª©�F�Gv«�¬���z=­_®
z�¯Z{±°�²Z{0~ n © 2005 S 9 T )

9�: 4�5
[28] ³'& : 1 ´=µ+¶�¥�~�·_C�¸=¹�Yvº�»�¼�E ( ½ 9L¾h¿�À

w�Á COE QUESTS RA Â$Ã�Ä�ÅZ|+{_Æ=¢+ÇÉÈ�©IÊË F�E�A�E$Ì , 2005 S 11 T )

[29] Í�] :Jack Î�Ï�Ð�Ñ�R�B Virasoro Ò�C'Y_Ó=Ô ( ½ 9¾Õ¿�À w�Á COE QUESTS RA Â$Ã$Ä�Å�|�{±Æ=¢+Ç
È0©$Ê Ë F$E�A�E�Ì , 2005 S 11 T )

[30] ;�Ö , ×�Ø : Ù=Ú�Û�Ü� �¶0¥�B skew plane partition
YvC�Ý=��Þ ( ßà]L@�A=E=/=½ 61 ¾ S=´=F=/ , á=â�F
EP�äã'ÖÉF$E , 2006 S 3 T )

[31] ×�Ø , ;�Ö : O(1) ¥ n �vå��æBDç n ­L~ n {<Î�Ï�Ä
Ò�è�éLê�ë ( ßà]=@�A�EL/=½ 61 ¾ S=´�FL/ , á�â=F
E��ìã'Ö¡F�E , 2006 S 3 T )

[32] í�Ì , îZ- , N.Nygaard, J.E.Williams, C.W.Clark:
­$ïDð±|�}<ñÕðòç0�Ló�ô±kLõ�ö�­$ï<¥h÷D�0b�¸$¹�YIøù�ú Ü+û ( ßò]�@�A$E�/ ¿�ü$ü�ý S�þ$ÿ$F�/�©vá$â�F
E��ìã'Ö¡F�E�© 2006 S 3 T )

[33] Í ] :Crystal interpretation of Kerov-Kirillov-
Reshetikhin bijection ( ßD]�C=E�/$þ�ÿ�FL/ ,

��� F
E�A���E$Ì , 2006 S 3 T )

( ²'÷�� n )

[34] R.Sakamoto, Crystal interpretation of Okado-
Schilling-Shimozono bijection (Osaka University,
August 2005).

[35] R.Sakamoto, Crystal interpretation of Kerov-
Kirillov-Reshetikhin bijection (Kobe University,
November 2005).



56 3.2. �
	��

��

3.2
���������

� ²/¿ ß�� ¸�� ø��! #"
$&% ø'�)(�*�+#% ø�� Ã � ¡¢-,&. î�/ ÷0%-132�465�798�:
; / ÷ ã 7 8�ñ=<9>1 �

�ñ ô(õ �
? 8 æA@ 7 � ã�B#C�ä ¿ ø�D ¢�E þF D ¢ Þ�G#H E�I�J�K ã ¶�L 1=M�N38 ¡q¢ / ÷�O�1QPÌ øSR�T�+ F)U 1WV .�Ó R�T�+
O ³YX ¥9Z 1�[#7Q8 æ

3.2.1 \^]^_
`�acbedQfhgji=k9l�m�n�o�p#q-r�s0t&uAv�w�x
y
z
{c|  c"�$�}W~�� 6 ã��W������� � 7Q8 G�H Hub-

bard
���9� ø3�9�c��� �����c� 1&P-� O(0.01t)

ã����|
�
TC (t ∼ � �A��� ∼ 10000 K) ñ=�-�  &"�$ñ � � ���c� � 7�ø�}W~�� 6 ã TC ∼ 100K
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t ¢ ��£
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çQÐ-83» ÀYÁc� ½ 	 ³Á�è Fêé ¿
OSë ���Íì 1�³Íí�î�ï � ­ { ? e′g � �Æ� -Â
Ã�Ä6Å�Çj1 ¢�¢ 8 Ë � 1 ��ð
ñAò àóí ­ Â
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ø 1SùôúâûQüW+ ¸=×Ø ¼�³
Phys. Rev. Lett.

1�Ü�46¼ ¹ [1]
»hý�þ Z 1 � ³

ß�� Äÿà÷~��
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Ç ­�� 1������ ¸��
	��
� ¼¹ � Ñ ­��  #"�$j1�²&83»�� @ ¯ ÀYÁc� ³��
�����D���í
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���j1-P�� � ³��Q  �
	 ­�� �Þ��� 	 ­��� ­�� � ¸"! � ¹ Ê�##³�$�% ­�& � ³cÇ�'�(*) ±�+­�,�- ¸ ì � a1g � �A�.'0/�1�'�243c³�5
6�7�' �
a1g � �j� ì98 : ²�û#ü0; ¸�×�Ø ¼ ¹ [6]

»<�>==¯
a1g� �A� ¸"?�@ '3Ý�A � ³CBED�Ú�äQ¯GF�H�IÍÄ6ÅKJ�LM  Wæ#ç�¼�³

2
8 õÍ� N ­�O-§ ²-Â
Ã�Ä6Å�Ç9 GP�QA=û0ü�;0 #º
A�»3½�R
³S¿�S
³ Á�è ³ ÀjÁ ³0T�U � ³� ­GO-§ ² � � '�VXW s Y�Z � N ö�ò à[5\6�7 ­ ûü]; ¸_^ ¼ ¹ [2, 39]

»

`
3.2 a: A possible Fermi surface of the supercon-

ducting cobalt compound with the sign of the gap

function indicated[2].
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Ø�� 3\u
t4A3»������
���
�\�G{��� ~G� A Hubbard(on-site �X� ) �\� '�s>t
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É�m ~ {�5
6�7�'ã { O ¤Ý']ä Î �XA<³G¼"å
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ç � ��è�é � � à µ>ê4ëÊì
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æXA �]��' � V4W]ð ñGHCò �]� ¼K�\t u �
Bickers

�Ý' OG��ó�ô � 3>�"õ �Ëö ç 3>�_�÷���9ø�ùà
ú\�4t u<û�ü ¡È��ý�þ ¬�ÿ�' ç £ �
� [51]
­

`
3.2 b: Spin susceptibility χsp (top panels) and

charge susceptibility χch (bottom) in k space for

typical values of the band filling n in the extended

Hubbard model with 1/r-like interaction [4].
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¼ � $ ,�- �G{ DMFT
'7U�� ½ A
= £ ¼ ó�ô�¡9� ={"Ä < ¼ � 2

ñ¨x�òWV9X��4{ �ZY ;G{ AIB 'I[�� ¡ �
[20, 40, 41]
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ô ¡ �<­h="3*' O�� � » Q
ý !mo F-ü ~4� �]� 3ñ�xhòp�*{
SU(2) }���Î ���G�ZFQü4' Î � ��Á o�Jp M�q
r
� 'E[>� ¡ � [31, 42]
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�7��� i�j����
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�\�>� � t�¸�� y ¸ �
��
�\� £��
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â ~\Î� � Ù Á I�Ú �
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Holstein ��� �]å\æC��3\u*Ã]��­!&*' � ¸��#� �>�£Z'm�!� xT�
��� ��£ ���
� ½ AI� Ï '% #" � Ü �3XA�� � ¸9�©y '��Z� x £ ¸��©y ¸���� �����4{ �!�¼I`z¤K{\� � adiabatic
à>ú � A t>� anti-adiabaticà úX{ O ¤ Î �4�ZeZ� ~ ��J7K ~���� �"­Z�
= ~7�9 � � Hubbard-Holstein ��� ¼ �¢¡W£
¤ ¸!� y '
���x ��� �4' } ½ A¦¥�Ó !!§ õ � ö|¨I© (DMRG)
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� ¶ ¸�� y ¸��ª�KQ�� £ CDW� ¶ ¸!� y '!�Z� x��±Q�� {
«9��'7 �"<� Ü �03 � ¸�
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6�7G��������' Î ��� A4= £ ¼I¯P ¡ ��­h=�{�S�#�� Phys. Rev. Lett.
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� Î ã {E²m³ £
¤ �*'s4â
A"û�ü�¼ZP9´ ¡ � [32, 44]
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3.2 c: Schematic parameter space in the model

that has both electron-electron(U) and electron-

phonon(λ) interactions, with ω the phonon fre-

quency and t the electron hopping[5].
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Þ � �
ß �!Ò Ï!à �1á �<� �,â { �!ã � �Ì q�r�� Ò_¸��åäçæ!è j ù ¡ �K¸��]��é\¼ Ü äZê� |"� Ü � á Õ ­ ¡ ³ ¡È� ñ�xhò.{ )�Ý ��ë�ìh¼I¯ Õ £Ü�í Î ¸��
æ
è j ù�Ò�� Î�� u�t Î t]­�� â�~]� ¦§ ��î4ï<� Held � Andersen(Max-Planck d ) �È×�ð �
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Ò%³ ñ
ó�ô
� ¼1õGÀ Õ £ Ìq
r
� {�¸��öä÷æ
è }
� Ù�Ù�ø
ù�¼ �
úG~ Ã Õ F|Ðó ¼ � LDA+DMFT
Ò,û � u�¸9�
ü�ýX{ ô\��þ!��ó¼7ÿ�� ½,Õ â4£ Ò�û ������¡ � [33, 45]

­

�
3.2 d: Electronic wavefunction in Sr2VO4 with

the first-principles calculation[45].
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_qp%r D ;s%t > ÿ��co�uwv?x j _A` ÕwHcy â _5;�z#{2; Heldk ;[| =%}%~ >w� Ñ a )S�%� û?� ÿ��c/ Õ'�%� b#de[g 6 øS\?)2�P� D ; 2 �����c>f���f����� ÿ5����û�9Ü[� �%���?>q�?�A�%�P�l�5� ÿ[�	�w�^� Dw� H��� �7� G[F�k ; SU(2)
=�� ó )f�*  � | =�}%~ a%¡b*d2e^g 6 øZÿ[�loP¢c£���x�:<; �%��¤�¥ Z > b*¦§©¨%ª )'«[(A/�¬ â -0o[_�; â á ) CaxSr2−xRuO4�q­�� DP� [7, 22, 29, 34]
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Hubbard
n7Zl�P�^®�¬

d-wave
²�´7µ -

p-wave
²7´µ >A�[Æ���Ç��qÈl� )PÉPÊ Dw� [8, 22, 29, 34]
HË � ;0Ì�Í k ; Salmhofer Î �AÏc:ÑÐ7Ò!Ó0Ô � ;'$U &.�5:ÖÕ0×SØ5\c)ÚÙ5Û D ;ÝÜ�Þ5(Pß�� Ë -áà � [52]

H

âAã7ä^åAælç[è7é^ê�ë5ì�í
1 ��3[î^ï�ð�- T ¡ 4#U ï�ð!)q]Axòñáó[_Pô%õ?xö�÷ùø � 4[ú^û �[ü �%ý7���5>Pþ[ÿ oA`^¬ H Õ'Ô��k ; constrained LDA

-�����Ôl¬ ö \co7� G�� Ô Fø � ow;��	� k LMTO(linearized muffin tin orbital)+�
 > ×[o7� G�� Ô F ø � H�
�� ����� Ã�� ;[z#{2;��� � ���[Ã�� ; ��� k ; ����� +�
 > 1 ��3�î�ï7ð��� G7F ; maximally localized Wannier function
)�� D ;*Õ > +�
l� = DSF constrained LDA

)"! �/�¬$#�\	)w��� D ;&% ª�'�( � = DSF ­^� D2� [30]
HÕ >*)EDfG ö \ k ;[z�+ µ�, x.-5¿"/1032�4?x ��5�2­A�7¢�£%_A`^¬

[46]
H

3.2.3 6�798;:�<>=@?>A9B9CEDGF�HJILKNMO�P9QSR 7T8 O�UTVXWTYZ�[ � À�\^] � xA¬ ��5 _ [ � , o û Ôl¬	]�_�`W hwi	kba T ¡�c U�d&e � �3a ][]�fhg ± d3icdkjx hwi _�`�l�¬&m ��n x È d�o�pA¿2]kq ¡ d ó d&rs
Hubbard

n�Zc����`kt k*a$u ¬"v�w^obx � Ó'Ô ���yEz [ � o	!�{G|�}!¬�ÕE_So 1990 ~�� � Mielke� {b���cÏ[ bt3���?�b�h��ÓfÔ � m�z#{ kba Õ d vw.p$x � Ó����E` d%k*������� ] � xA¬fz�+[Ì�� ¡_�`��!W�_$`�W�� j ] ��a���� ����� e���Ã^��a��Â�a Á7Â _��c�"�k� �1� d�� ~k  �3¡�î7ï�ð¢_ a Hub-
bard

n�Z�ï5ð d*£���¤ t�_ a	) z�+ � �¦¥ ��� Ì��¡
polyaminotriazole � �lÏw� U"§%��5 o y  _ ø Ô� �	n%È d¨oÝo&!�{©| a ­�ª�x band filling

�P��`kt
z [ � o3!�{1«c¬'¢�£ � p�¬�­9| � m*Ó � � a Õ dÌ�� ¡ o	®h¯b°9| � _ ø � È�±	�3z [ � p�²�]�¢�£� o�`^¬cÕE_bp$³9| � [25]

m!Õ dw��5	k ��´ ° ´�µÅLdk¶ ¡ Ã%Ä%Å �7��`�t a {�· Ç ¯&¸b¹ � Ë _ d&y �*º�»9| � [47]
m¼�½ kba�¾ \�¿�À ¯�Á d�_�����Ôl¬ ¯�Á dÃÂ d&¾\ ��d Â�Ä¨p ��Å?� �bÆ�Ç � [9]

m

3.2.4
R HÈI^DÉF©=Ê?>ATBGCL6ÉË�ÌÎÍÏ6¢ÐÑÓÒ>Ô

— Õ×ÖÙØÛÚTÜTÝÓÞß ¦ § |�à , d ÏEáSx z c¨â�ã[¡ � �7��®�¬ Z �ä y Z�åkæ x�{�ç^è a �&é d�êkëhd r ø `*ì1í$î^`�ïð1ñ�ò ¬&mEó Î è a ß ¦ § |�à , � z ã � p3]�® ���y�d |�à�ô�õ�p a�ö ¡�÷�ø ½ d Z1ù	ú §�û&ü�¯3ûj�p$ý , ã[¡ � �&þlà�t3ÿ���«c¬�Õ^_f�cÏ�� Æ�Ç�tø � m�ý , � ñ è�� ü ±���� ÷�ø è��
	T_��
� a��Õ ñ d*ö ¡ §�ûbü�¯3û j7�cÏ5¬��
� d ���Ep��������� � �k`�� a ó a���� ���� "!�# � a�$�%�aÖÁ�Â è a

Õ d ï ð p a � ü ±��5� ÷�ø p�&'�)(+* ö ¡ walk
�¹ ¦ ° | t7É2Ê¢| a �,����- â � p ������.�à0/�m%Õd2123%Æ04 f65lÏ�� a87 ã
9;: ñ è ö
<2=2>0?2@ 5Ï�Abt	�2-hè e 
�Â�Ä%¹2B�5&��·^«;C,� a ã09 p z*Û«6Ch_ Z ��·���-"�ED�F�«�CAÕ�_G�&³!ÓSÔ a Phys.

Rev. Lett.
5�D0H!ÓfÔ�/

[10]
mÓ � 5�Õ d�I�J p"KML Æ ��N�O (Hubbard

N�O
)
ñ�E]^à"C�/[à85 a ó a�Á%Â è a�z ` ã09�: d�P à ,
 d Z^å�æ"Q8R p a�SUT"V ´XW ø�c6Y d �"Zh] �\[l2]L|�/	m ��dM^8_ ñ,`�a a�z ã09b: ñ d&e 
�Â�Äd�c�d ��� d�e � a QED

5gf8h0C�i�j d�k õ0��� d
Schwinger l�e _ æ e W 5Mmgn�«8C8o�_ a�p / $�?�qr"� a�s�t2u0e °wv�x�/&�
y�5Mz^«�C Berry

ø�c le p Z^ù3ú ^�_ 5�ÿ6�¨|M/�{ d (Stokes
ø�c

)
5��8At�`6C6o^_bp�|1`6}1|�/3m0~
� W 5 a ßX��� P à
�5�z¢| t0�
��� d �0�����0�'�)����� (TDMRG)
pr�`�t � û�ü ± �¨p����©|M/$® @�a$ö�< walk

N�O ñ�"��v�x�/�� W ��·��g���&t�`6C6oE_������ ]"50�� a Phys. Rev. Lett.
5�D0H�v�x�/

[11]
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3.2 e: Dielectric breakdown phase diagram on

(U, F ) for the one-dimensional Hubbard model,

with Mott’s insulator and the electric-field(F ) in-

duced metallic phases[11].
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þ2ÿ Á ÕE©wogÔM¦������ñÞ��	���Ø¥0¦
å
ú §�
¨ ¸�Ô
� Ë�±����wê Ï���� ç ©����0��Õ�©������ Ç ¹®�À ÿ������ à ÷ ¥
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4 �C� à ÷-D´³8µ �,6FE ÷ å
ú §�
,¨,"�G ÞIH ±#JK�� ©�L�M#N�O#P8� �&Q#R v�x ÷ Ò8Ó�Ô ®�À ¿0ú2¸Ö�Ô+S,T
{ñ��Ð2Þ ç �VU ½#W�X ± �=Y�� [26]
Ñ

Z\[�]-^�_+`#acb�dfe
¥0¦
å
ú §�
g¨ ¸ ± ¿0ú ç ¦�g ê �/h-i�Þ0Ð+j��vgÞ\k#l � ¶-m�nE· ÷ n6Ö�ÕE©#o#p�Ô�q�r Á+sut �ÞuY�Ï2Ð ÷gç ©In�n Á ¿0ú�Õ�º�v�w (10 T

ÔMº#x Á
∼ 80 Å)

j
��ÔMå
ú�y�z#{2� ± ��Ð
Þ ç � «"­ Á+|E ½ ÐE©F} ¿�ú0¥�ú�~���� ± Ö Ã ©u}�����¦�~���×#��å±��!� n6Ö ± Maksym (Leicester
4 �,� Õ��#� ê Ï� �MÑ�o�p0©
���-> ¨�
#� Ç ����� Ë B��#� � Ô
����,6 Ð0Ï/�#�C� :��f� ¨ Ô\�#� ç/���)�!�,� ·�©0¿ú0¥,ú Ë�Ì Ç �	��â# �¡�¢	i Á h�£#¤ � Ô¦¥�§0° ÷ ��0¦��#�'Ö�Ô&¨2Ó �&© Ð�ª,« ç�¬®­�� �gÑ,����¢�ÕnEÔ�¯ GX± © Maksym

© ý0þ Ç Ë
Ì � Ö�°�©+±-�¦�2©�,� Ç �,�#B � ©
Austing

Ç³²/´ ã
National Research

Council)
©

Kouwenhoven
Ç
Delft

4 � Ç¶µ�· ��� � ÖÔ�¸�¹ Ì#º Ö ê Ïu»!¼ ê �gÑ [12, 23]

• •

½
3.2 f: “Electron molecules” in a quantum dot

in strong magnetic fields, where five electrons take

pentagonal (left panel) or a square+centre(right)

configurations [23].

3.2.6 ¾À¿ÂÁFÃÅÄÇÆ-È+�ÊÉ®ËÌ�Í
/ Î,Ï�Ð,Ñ �;Ô6à"íGÞM©�? $ Ô î Þ ÷ � $ Ô Ñ� �,6 Ð0Ï�©�Ò�úC��Ó 
g¨"Á/Ô�ç � � ÷ � ±+Õ ã"âÞ\Ö�z Á+�X÷ Ô
Õ&×�Ø&Ù;Ð�Ñ,ÚÀ�GÔ�> ¨	
5� ÕE©�Ûþ
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ú5��?5~�Ô Ë2Ì ¥#æÖ ê Ï ÿ�Þ ± °
°"·�Ï2Ð ÷ Ñ
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/ é,ê�ë�ì5íCî#ï�ð�ñ ç#èuò/ó5ô�õö P Ð /
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þ�� � ©���� ± ¹�º�?Ì#Í
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� ° ���
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â��� ��!�¬b÷ n"Ö±�Ë2Ì 9�� ¥�§ ê � [13, 24]
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÷ Ð
Õ
6 � /1 â
¤ E ç R � � »+�¦� � ç ��¾ ê ¬;÷ �87��0Õ
9 Ð� Ë Ô�w/��Ô;:+� Á�Â Y�� ç 4 o/p þÊý � ç MgO/AgÔ Ñ � Á MgO ç Ò
ú�<>=bÔ\x ½ Õ? �?���Ö�Þ ÷ nÖ?@ ����ê �,Ñ  ��4 	 ��4 ý
þ Õ � ª#Ò Ë ¿0ú 78���� @ � Ð
4 MgO A = Á2B �  �? Ñ � ç �
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[27]
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3.2.7 NPORQTSPUWV=ÄYX Æ-È[Z@�� Ç A,B 4 ��� Õ�4
C60 \ 1 á / � K >�á�%�] /� â ��^;â Æ Ô6à2íGÞ ä ï�_�`�a!� · Ô�¿,úb@�c ¼ Ï� �EÑ8d�e Ö ê Ï2 #��a��L@;f>g ê 4 Weierstrass

R
� @ih�g ê Ï+j�k û�l8m ú�Ô�Ù�Ú?n Û+
Iâpo âbq ���@srut���Ñ,i/��4� ���_�`va
�uw ç Bonnet ö�x Ö�y�/�;÷ ¸�z ö�x|{,éT�/� Ï2Ð ÷ Ö � Õ?4T} �f­ Ô oâ~q �#�bÔ�w �+��� ç+�8÷ n6Ö �i� ê �2�,����¢�ÕngÔ ÷�������� 4 D��|� ���2� 7v{+�8÷ G(gyroid)-
surface

@8c8� � 4 �?����� ?u����t � o�� q��Eø���
stick together

E ÷ n � 4)n � �
�u�~��� LT� 78�H ¢v�8� �;÷ n � @��-» � � [14]
�

3.2.8 � ÆT���� �#�#�#B �~�´ý�þT  4+N ��� ? �
SUSY; ¡�x�i¢£�¥¤ ¡�x ��¢ �>¦ ��§�¨�
�©uª;�i{�« m!� Lie

Q< � �
4
D ¬>­�® ��¯C9 .�°#Ò�ú {������ Ev± n �@i�C» � 4

supercharge ²���³ @i´+µ�� [15]
�

Runge-
Lenz-Pauli ¶ �=� n {�·
¸+ü ­ ��¹ Q <,�+�>�84 ª8º¬�­�» ��¼+½�¾ �£�i� ��¿�À ��Á �>Â �	n � ¾ Â ± �U�Ã W�X �����+  4�Ä�Å   4+Æ ® ��Ç ¾�È�É ±�ÊË�Ì

[17, 36, 37]
4�Æ ® ��Ç ¾�È�É ± ��� � â �2Í �Î û � Ê Ë�Ì [16]
4�Æ ® ��Ç ¾2È�É ±�Ï2Ð nLÑDÒ�z�ÓÔ�Õ

[18]
4�Ö>× ´IØ ���L¾�ÈvÉ ± m�³+® �8Ù � [38]Ú ³|luÛ n Ô>Õ �?Ü �Ý���>Þ [28, 26]

4�Ú ³TluÛ nÔ�Õ ¾�ÈvÉ ±�ß Ð Ô�ÕP� ¬+­�à [35]
4 m�³>® �8Ù �

[48, 49]
��á Û�â�{�ã�² 4�ä�åb@ �~æ ¹ �

2004 ç 10 èêéIë 4�ì�íb�?î~ï   Alexander von
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���;�
2006 ç 3 èIð
{
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�
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3.3
§©¨«ª­¬¯®

°�±�²8ú´³ S�µ�¶�·¹¸»º ø ¸H¼�½�¦�ó¿¾ À�ÁÃÂ�Ä,Å½�Æ ûKÇ ³ÉÈ	Ê�ËKÌKÍ¹Î�Ï�Ð�Ñ ½�ÒÔÓ�ÕKÖ�× Ë�Ì�Ø�ÙÚ ÆKÛ'ÜÃÝ_¾�ÀÃÁHÂ�Þ�ß'àMá	¶�â'ã�äMá	Å�å Í]æÃç¼�½	è�éHêOÂ�ëKì»áOíHî ï]á	Þ�ß¿ð�ñ�òôó'õ+ö+÷Ãøù ½¹úÃÁKÀ�¦'ûgº�üMý�À'ÁHÂ�Äÿþ������ Ø Á��¹Á��ø	��
ôº
�ÿú¹Þ�ßO÷�����àÿï]á�������������
 Ø ò��� ÷����H½����'Â�Þ�ß¿ð¹ñ�òôó'õ+ö+÷ Ø� ßO÷���"!$#]ø ù á�¦�û Ø ÷����¹ö�%�÷�&$�	'(� Í� �) Çé»ø ù  ßHãÃä�*�è,+JêJÂ	àgá+Æ,- Ç Í é ¼+µ/. ØÆKÛ'ÜÃÝ/*10�2ÿêOÂ�3�4+÷657�85 àÿï]á:9JÁ1;�< ËÌ î$Þ�ß>=�?��A@���B Ø�C�D�Ë]Ì á�E�F ²�G ¼�¦Ãûø ù á�ÕÃÖ�× ËÃÌ º�¦�û ¾�H+Ä

3.3.1 IKJALNM>OQPSR$TSUAVXW,YQZ\[(L^]_a`

ÞÃß]à ½��HÁ'À���b�c]Þgá	Õ/d,e_º�f�g ¾	À Øh�i ¼�ï/��jAkmlHøKÁ+Å�nMø�ã�äo* Ë lJÂ�pHîq*sr��t��$��ã�äOá:u�v�w1x�y¿¾ Ú{z�| k~}�À$��À�Á'Â�Ä� }�k�á�� Ú ��Õ���µ�ã�ä î�¾�À Ë }JÂ�* Ø��X� ���+$*����Hêo��ì�2Má�Þ�ß������	�K��������û���üý Ø�� á>��úHá��/��÷o��u�v��	H1���Ãú�� Ø 3�4+÷5	�
�85���H	�KÛ'ÜÃÝOáOíHî�ï��Kß»á���?ôõ�5"��fgA��ø����~u���+��]í�ús �¡�¢�£ÿï/¤,���>p1¥� �¡¢�£$���1¦�§���@~��¨�©«ªs¬K÷$­:®�¨�¥�3	¯$@°��±�¢£�²q��nÿøA³µ´
¶�·�¢�£�²q¥�¸��������o�s���s¹$õ�¨�/º1H�»�´ h�i�¼ �,�:½(�/�	¾�¿oÀÃø���÷����:ÁÂkø�����¦,§��ÄÃ�Å�¢ Æ non-collinear Ç/È1¢,£��	��É��������²qÊ,ËAk"}(����Ìok��	´Âp1¥�¢�£$À/Í�Î�ÏÐ ¥���Ñ�Ñ�Ò(*sÓ�Ô�2(È�Õ�Ö���×K�m´�Ø�Ù ¼ ÈsÚQ@Û�Ü ¢�£oÀ/¤,��p$²sº1Ý�k
Á/����H�� [19] Þ�H	´ßp¥�à�n�È	 �¡�¢�£�¥�à�á��/ºÄâ�ã�ä�Ù���±�F�¥	å�æºç¿o��´ � p:À�ä�Ù>��è�é��������:ê�ë�Ù�¥�ì�í ¼î Ö��sâ,����ºç��ï���H1� [31]

º$ð~�,â�Í	´�Ã���±�¥� �¡�¢�£Q²ñ��ò ¼ È	¶�·�¢£���º�â�ó�ô�¢�£õÆöäsÙa�ñ÷ Ü Ç,�s¤�kñ¦�ø Blume-
Capel ù,t Ü ��ú,���s´�¶�·�¢,£�¥�¸,�:Ø�Ù,û�üA�ý øs��½�þ/ÿ��1Ê�Ë�����ü��	´�Ø�Ù�§�k������	�	�
 ·�Ì
}o�qà�n(ÈÄ��ò�¢�£���
/}$��p/²:�çu�vß�������� ´�Ø�Ù�§�k��sÍ�������®�� Ð�� ù�t Ü ¥���ü�¥�$ð�����ò��������$ø��A���	ø(���s´���¥���ü�Í:ØÙ�û�ü�¥! #"%$�Õ�Ö'&�( Ü�)	* Às��ò�¢�£���+	,�-øo��²
�Að/.K�Ä��0�è$À/¤,��p/²1��¦,Á2���1� [7]

Þ	�	´	3�4�5>�	â/È�6���Î�Ï Ð ¬27 *�8 ²�9�:�}�ç�sÙ$¥�;�À	´ Û ®�<2=?>�@���ACB����	�D&!( ÜE)�*) ¹GF�¨s¥:u	H�¥�I	J��sÁ�Á�¦o��yÂ�Ä�	��ïAº"¿$�1´��½�þ,ÿo¥�K�Ì��'�	�	����L�M#�/¤/��p�²	��u�v���1� [8]

3.3.2 NPORQPSPTVU
��-�W�X���úEY���Ø�Ù����ßºCZ�[�\o��]�^�À/¤³µ´��`_ç¥1��ò 
 ·�����-�����´���ò#a * Î ©cb�®

Ð�d 7�­�® Ðfe�g Æ BEC Ç/¥�h��$ÁÂk �i_"¥���ï#�ÌÄ},���	������� [33]
�X� Í	´�Ø�Ù�j,Ö 
 ·,���lk��L�M#�	�K�sÌÄ},����� XY

¼ È�n�m�±��/ºÄâ�3�4��Ù�fEKs��±�n�¥	 �¡�¢�£$À/¥���-�W�X��
n�m�±�¥K�Ì�¥,Ñ�Ò8²��Ä� z,| ´�y�o(È	�2p$��q��1�>p1¥�èr Í	´�Á�â�� �X� ��s�t�������]�u�øo� h�i�¼ È�ùt Ü ¥�I2vDw�B$À�¥	& Ðyx "�Ï * ���8²"�!z$øo��p²sºçvo��{�������Þ	�	´l|�®�ª *�}�~ È#|�®�ª * èr ���$â�� ��� r(®	� Ð ÷ Ü ����� À/¥���-�W�X��z,| ´l|�®�ª * è r ��I�����½�þ,ÿ/À��o�çe(Ë����ü�¥:c�� ¼���� ²����'�1n�È/��p$²	��u�v��m´ � }�1Ø�Ù��$À/¥�Ks��±y|�®�ª * ��I��,��½�þ,ÿo���o�e(Ë�����ü������yk�À/Í����'�����$p�²Ä�:·2���������p�²	��u�vK�m´�I2vDw�B�´�I2v	���lk�À/¥�I����½�þ,ÿ��sâ,���syß�'_ z�| �1� [22]

Þ	�	´�� ��� ������®�� Ð������ �����:����¥oº²~ÀÄ×,ø�Ö ¼ ��-�W!X$��â����$º~�sïA�7´�&	( Ü#)�*¥���u������� #�V_�< Ð |��6©� �� * � ¥���M�¥���	´	�(�D������ú����/Í���¥��$®	�/�D���
È��!�! ¼ È�¡2¢ î Ö����E£�øo��W�X#�/¤,�#¤�²sº1Ýl�çÁ/�������Ì'����´�Î�Ï Ð ¥�¥>��Ì S �'����¦�§������¥�¥A��Ì1����±�¨ � ¥�W�X���úEY��%©�ª�¥:�����sâ����ºç��ï���«�t��1� [35]

3.3.3 N�O­¬R®P¯±°³²y´¶µ`·¹¸»º½¼�¾À¿
Ø�ÙEÁ�Â�¥EÃ�Ä * � Ðyx È î Ö�Í	´���  ¼ ��Í�È���EÅs�#Å�È	à�á��%ÆoË���úK³ ´ � ¥�Ç�È ¼�É�Ê Í.K�Ä��Ë�Ì�Í�þ ÆöØ�Ù�Ë�Ì,Ç(��ú�����Î�Ï�ÈDÐ�Ñ>�ø/���ç¦�}�¦�}�ÍE¤m}$Þ:À	´"Ö ¼ È%Ò��o��],ø,�qØsÙÁ�Â ¼ u�Ó��#Ô�Õ�"�È�h��oÁÖ�7��ï��m´	×�©�Ø�Ù��¥	¢�£�Ú�-���ú#Y,� Landau-Zener Û���¥�Ð�Ñ/´�Þ� � ¤:À/¥�©�ª�����ÈlÜ	� z/| ������� [30] Ø�Ù¶|®!�yÔ�F�Õ1Î/¥�0�è�´ É�Ê �,Ñ1øo�%Ý,� ¼ È�Û�� ¼ 	Þ�ß�Y��1«'t,�!�	t	´�à�á�B�Á¶� JST ¥�Õ(�"Î x¨�"��,¯�Õ x ²���� â Ø�Ù���n�ãEÁ�
�^�¥�ä�Ý�² ÉÊ�å ��Í'æ�t��1�
Ø�Ù�Ë�Ì�¥� �ç ¼ È�ã!Ù$À�¤,� qubit ¥�è�Û ¼ ±é �1â����oº"�sï��C«#ts���,������²çË�:Ä´�� *�ê Fx
QED ²?ë�¦�}���´1ì�í�î#ï�ð/ÀDñ(Þ:}�� qubit ²z�ò Õ�Ö�Ù'����½�þ,ÿÂ�������%��Í	´¶¤�},ÁÖ��¥:ØÙ'ó�ôo®�Î�õ�ö�¥�;�À�Î�Ï�ÈDÐ�Ñ>�%÷øæ1��ù#ús±#�¤Â³{�K�sÌÄ}/������� �X� Í'¤1¥���¥� �ç ¼ È#|�®�¹Ô�F%Õ�Î��CÛ	ä,ø$���!t���´ qubit � z�ò Õ�ÖsÙ��²~��½,þ/ÿ��1øo��²s�s¥ Landau-Zener ¥	Ã'û�ü xÐ ( Ü	ý�þ �¶ÜÄ¥2�$ð���È/��Áo��ä�ÿ ¼ ��������î� ���1��Þ	� z�ò Õ,Ö�Ù>���! ������8²���È����
	�! �ä�ÿ$À�ºq´���¥	à�á ¼ È�
,¸Dö���¨���� ¼ ����(È x
Ð ( Ü	ý�þ ��î(���	� [1]

3.3.4 N�ORQ����­·����������
Ø�Ù���±�n�¥�ü�í�î�
�^(Í
 ���!#"mÈ��$À%$'&��ÈoÌ)(+*�,.-0/1�#¤:À/Í'2'3�4 Ð À,ÈR_"Î�Ï Ð �%56 ü87 î19 //Î�Ï Ð Í�ª � 4 Ð ÈlÜÄ¥�¡2¢ î Ö:7 �; *�ü87 î19 ��t1´�< � 6 ¥>=0,Dü�í�î�B 6 È'-E¤
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²��@?A,�/CBD"çÍ ) ¹CF	¨�¥�¤'-	ì�E�È	Ø/Ù+��±�n² ) ¹CF	¨�¥�È�,�ì�E�È%�,±�n>7y_%��â2Y���²@= 6F w$À/¥�ü�G#�ÖÜ�ð Õ�H8ðçÁI7
Ã/¾�J � = * Ð Ñ�Ò¥�m�K$À�ä�ÿ ; �%/1��¥���L,´	ü�M�N�w�BAN�O'(@PË 6 ] ; ü�GAND¥>=�Ì��%<�È'-�Ã�]�Q�ü�G:7SR � ;�%/ [11]

3.3.5 µUTWV�´YX�µ[Z�\:]�\I^��`_�acbcdegf�h
è é N�5�i 6+j øI-)k�L�M�l ; *�Z�[�\I,D
�^cl; *@m.n�o�p�Õ�"@n�q * ô * k�L�MYl�9�:r(1-�
�^�+s�-
/ [34] Fe ¨ Co t�Ü�u��.v��ANDKAw 6 ���S*rm2.p xyx �%z1,�*�¥>=%t0��ò$ù *.{ p x 7'|)}C~I�nAo�p�� HS �%��i�l�m���v������'�0z�,�*%��ò�ù *{ p x �%E>w�t�" * n�o�p�� LS �@��i1N������Cq�p��Ú�-�øI-�
�^.�'s+-�/y¤%N�
�^��'u0m�ó�ôA� 6 &(r� )	* �%�1,��r��i���B#��¥>=%,���t���w���I��t0��i�l�m#&�(r� )	* � 6 I��1t F w���iAN����r�i�Ú�-#��úA=�-�/A�	�0m����'�r�����.7�M���øI-E¤l��r���$ù *'{ p x N
���	��Ú'�A-)����M���k�L�M|0�0!1tD0��I�'s+-�/1�#¤
�'u0m�k����+��¨	�AN g��  ¨���i1��N�¡�¢r�A£�¤��AtlÜG�AN0¥�¦ {�§ ¤ 6¨�© *@m�ª�«A� 6 Ú�¬.­1-S®�¯�¨�°�±�k�²�³:7�´R¤; *@µ�ª�« 6 ´ø¤@-S®�¯1tlÜ�?�!At0¶   Ú�¬:7�·�­�@m�¥�¦ {�§ ¤�Ú�¬ 6�¸Y¹ k�²�³AN�sWº¼»:7S½�ÝA�60¾+¿ m�À�Á���tr¥�¦ {�§ ¤�Â�Ã�ÄI�'s+-.Å.l07�·;0Æ /1�IÅ
�'urm�üIÇ@È���t@É�Ê�k�Ë�ÌC�+t[ÍÎm�ÏÐ
Ñ ,)Ò+ÉCÊ��Ci1N
Ã�Ó@Ô�i�7�ÕCR ;
Æ / [6] Å�( 6j ; *�u)m j ª+­.-Ö$�&�|�×.Ø@��,�-)/ [15] � Æ m�no�p@Ù�Úrn�q.¤%Û1¤�k�²�³�l���Ä�Ü�ÝAN�Þ+°I�
ß�àá ºãâ1,+N�Ê�ä+¬:7SåI,%æ�Ä�l�n�o�pçÔ�iAN�è�¯A�t0k�²�³:7Sé�ê'ë�m8wIì 6�í N��A�0Ä�î 6�6 }+,�*é+ê ;%Æ / [4, 5] w�ì 6 mAïr�Að+ñ.pCò0��¤�ó'ô+õt:ö��rR.}+÷ ©0ø�ù.úSû�üI¨@ú æ�����iANCn.��ý�þÿ � ü j ª�� ø n�o�pCÙ�Úrn�q.¤%ÛA¤�l HS ���%æ��k����+��m>w�ì ü æ�®�Â�Ã�Ä ü } ù�ø |����IÍ ¾¿ Æ�� � Æ Å
	�ì���½ ü
� Ì ú�� �+³������ ü
� Ìú
� ��z����
�+����® ü�� ­ ú����Aü } ù�ø | é�ê� Æ��

3.3.6 ���! #"%$�&'")(�*,+.-0/212354.6798;:=<
¡�¢0��£@¤r�?>>|A@ ù �Ci ü �Ci'��BDC+­ úFE�ü mÒ�ÉrÊ@��i ü=G ¦�ý ï�w�	 ú l m í Å�÷:ìç¡C¢0�.£%¤HJI!KML%N ø?OQP ­ ú Å�l��?@C¶+��u�R�S ü t8º mMTU ü?VAù B�C����.�XW�Y ú Å.l��[Z�ìM	 ø�� º m�\ü[]�^ æ�Ä'õ%�In:o'p�_�¦@n�½�tWöÖµ�`I°�½1�Iurma�b ���IÍ¼é�êdc�	 øQe Æ�� í � ¨ ¹Jf B�C���� ü��ù�ø[g �+�+�)�?h�¯ ikj�¦[l GFm ¤�ð0n�oqp,�?r�I�>ö�� ¨ ¹ ü �%	 ú ÷ üXs+ù�ø é�ê=� øQe ÆX�IÆt N�uFv ¶   ü1¨�©0ø Ü�Ý�Ô�w���÷�� ú@ù ��x úzy¡!o G ¦%o G ��� v ¶   �D{�|
» K ½��X}�~=� ø�ùú����=y ¤?r��%��½Q��Ü�Ý�¬��r¶   ü[� ¾ ü ×z� f
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q

F(q,T)

�
3.3 a: lQ��o@Ù�ÚFlD�'¤�ÛI¤S²�³Q� E+ü W�Y ú @

¶5���
Ò�É�Ê���w
ù l!��oM���Dº���� tJ� u 	 ú ��� f ö K é�ê=� øe Æ[�

[21, 32]
í Å�� v
���q� Å�	��X� ¨ Í�Z#ì�	ø�ù.ú�g ���+�.¡+¢[�A£�¤��0µD`'°.÷Wì�W�Y ú ¡�¢�A£�¤ HFI ´,���)�[� t�� f º v ��w��   ����� ü¨@ú ¡!o G Ú%�%¤ H�I ´,���)���
�%� ú Å t K
� ì÷ ü í � ÿ � K��Q� � Æ�� cIì ü Å
	cì
��½Q�������wQ�� �r f�¡�¢�£ t � ø v ��¤�¥X¦ ¤ y oX_
��»£ �[ �r ü�§ Í0Å t K Õ�¨=� v í � ÿ � K é�ê=� øù.ú �

� Æ v�©
ª ü j�¦�l GFm ¤ G � Æ ÷!«F¬F­ ¤�®%¯æ�Ä�õ5�[������w)� � ������w5°IÙ�Ú fF± � � Æ ¬ü?² U g ²�³)³ f ù ³ v Ü�Ý�´�µ!��¶�� üI¨�©0ø �°IÙ�Ú ü ±�· � Æ Ü�Ý���w5³�W�Y ú Å t ³�Z�ìM	 øù.ú � Å�� ��¸ Ä5³X¹�	 Æ ¶�� ü
��ù�ø �Dº o G Ú��»?r�� üI¨@ú ��w�¼�½ ÿ ¶5³ §0e v í � Æ ¬ V1ùB�C�����³%´[Å ú Å t K Õ�¨=� Æ��

3.3.7 ¾�¿ÁÀÃÂ�¿�¿;Ä�ÅÇÆ!È�É�Ê2ËÍÌÎÆQÏ
Ì=ÐÑ õ ü[� Ì úJÒ
g;ÓÕÔDg
g ²�³ÖiØ×DÙ�p �?v Ï Ð)Ñù ���%��� ú ³ v ×�ÙQ� E ��Ú�îQ��Û e ÍÝÜ�Þ f õß ´Dà t í Å
��� Ñ õ5�
á
â K ÒDg2ÓãÔDg�ü�ä ÆDå øÞ�æ%ç ü á;è âêé Æ ¬ v�Ñ õ,�Já�â�ë
ì�äíiïî,ð º Ól G »'Ù�l[ë�ì�ä�p t ��w�ë�ì�ä ikj)ñDo�ò ¥)ó »��l[ë�ì�ä�p K
ô�õ c�ö ú Ê�ä�à K å å@Æ�� í 	 ü÷ å ø vDø�ù ü)÷ å ø[Ò�ú ³@Õ�W5û ú
ü ì K é�ê=�Æ�� � Æ v ×�ÙQ�QýrÙ�Ú f ü ì K�þ�ÿ ú Æ ¬ v�� ¤â'Ç@È ü)÷@ú é�ê0�Ö×Q¬ Æ[� Å���é�ê �Fv�� ñ���oi���p)��é�ê	� t ��

�0é�ê t � ø å å@Æ�� [9]
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3.3.8 ')(2 êÆ)*�+-,�.0/01320�54)687:9;
�=<	> ��æ@?!ç f Ú�ß�A5³�B5û�C@DQç fFEFG	H â�Fv aJILK%MON K ¨%	 u è	P	Q�R f#H â K B5ûS�
�l���� ú � C@D	A)� �Fv �
��l ��T � yJ¥ ïL��jVUµ)�[\	W	X�Ì�ì�	 ú � æDë5� ��¤ A5� � í � ÷ é f� ³ f ù � �D¤ A�� �?v gOY û ú C�D@A�³��[�
lD���ú�Z t ³ v�º�[ �J\�»SÒ@]5�SÞ�^F_ üJ®�` cJ	 vFa ob%c å	dQ� í 	 t æ@e5û ú t ù é Z t ³gf5h�i bSjü�k�l c�	nm � í � Z t �#o Íq�?µ�pL^�q ü)÷ èsrt c�	 øQe�ø�� è ©
ª ü r�u �%m#v	w ü#x å øQe�øù.ú � ���q� í � ÷ é f ��¤ C@D ����y�z K
�	{ çü ©
ª ü B5û�|n} K å å øQe�ø�ù.ú � \ ü#~ � �F�æ@�5{D�����[��l#A%� v Z � �
¤ CgD �
� K#��N m �l���� G a �)jF��� c jDñ����F»
���	C�D �@{ ü��Cùø v@�J�

box
KV� s C@D	�	����� K µ N	� | v�� ü� »����?r�� KV� ès� 	 únZ t ü,÷ è v GOE-GUE���[l��%»%�,» K B5û a o b%cg� d	��� t ��C@D �{ � ô �,³ 3 � �X� ©Dª ü æ�e)û úJZ t K Bê�%m �
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3.4
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Ó�Ô o Ó e ��Õ�Ö u×bØ m�ÆGÛ	Ù ��Ú d4�2��Ê�ËAÌ�Û�ì	Ü W�Ý Æ-Þ4ß�àá uãâåä	æ�ç � ä
è Â�Í�é Å	ê c
]'^3Ï�â
ëAl;ì-íè
. é Ë ê c8]4^�Ï:â'ë4lÁî�ä	å�Ð@ïG�b��ðGñ'B éÊ�ò8ð�]'^�Ï�â
ë'l;g�Ñ�â�ÚAì-¯�58ï�T�U
�	�	¥	K� F	ï	óQ�3�4ô	õ3�*.G{
B-Ð;ï���ö;÷ Ð ð�àeÕ¾ç Õø �;m�ð�ù Y	ú
û ó�ð�ü�Ù é Ê�ò8ð�Ï+â
ëAl'ýGþ	ÿÐ;ï��A5D+���Ú��Le���u8f��	�@ì3Ñ�Ú�. éAÓ e ��ÕÖ u ×�Ø m-ð-ü�ÙQõ�� .GT�U	�3�3¥3K'ý�
 W	� ? � é
�� óQ����¥	K;ýG0���ï8�8õ ����� ���G�����
�Le

��u8f�ý2�	� ���Lr .@î	�Gð�
 W�� ? ¥	K�gGF��4`6b+ é ��ð*0��Aý 1/4
Í3Î ðG�2Ï��*T W�Ð ì�Ñ���. é�� o ì�!#"�ï'�'õ ��$�% ����� [2] &(' é*) �'ì
�+ ï-, %�o/.(021-3(4 ��' Ö�5�6 u 1 &;õ-7	'�8 [18]

9�:	;�<�=	>@?�A�B	C�D�E/FHG�I�J�KMLON�P	Q�R�S
T�UWVYX�Z@?

θ- [Aö	£�\ ¤2] é�^�_ ýG¯@`ba�c û Ü _ 1/dMe �
3/4 fOg ��h �2ð Ðji�kml é �on ð Ð ìGÑ	�Oprq(s(tu ý �2� §/�@p@�8ï�8 ) ð�q	s�t u ð�v�w�ì�ò@�	p] éyx h{z ² Õ}|	~ U ì íAèOp é������b���(� h Ï��ë�� V ý��	� i�k ï�õ��	è�����p��8ï�8A­3ð�� ò ik ï θ-(BEDT-TTF)2X

i	] é Ü _ ý�Ê Ë3Ì�c û Ü _
a i�k ï�'�7�ì � ê � Ï���ë�� V ì�f���� Õ�Ö � ×'Øh ý/!�"�ï�8��W� ]/��� ñ ê(� [16, 35, 73, 77] Ñ����� ^ ä h���� ç �-� 1 ���(p [17, 45, 52, 69, 72, 76]

é
qOs�t u ¥O 'ÑM���3­/�	ý@f��/� Õ�Ö � ×4Ø h ì@��¡
p�
 _ ��¢W£ ' k õ�ð�¤ � ¥�  1�¥ £ n Ú@¦ '�8	§
& ij] q	s�t u ¥� �õ £ p é � Õ ��²�¨�[@ð;îGð�ý
�
è©�{�@p ® p@�8ï2ý é�� ê�ªb« §/��'m¬�­�®�¯ 1° òOq	s�t u ¥� Dî�����±2��� ��² �	� i(³ �	ó +ï ) õ 1��2� £ '�8�§��*ì�
 _ ��¢W£ '�´�ð�¤ � ¥
  ij] é©) �W�*ðr± ²O� h ð-¯bµ'ï/q�s�t u ý�¶�·ç�¸ � a�ì�þ�ÿ £ p��Aï ) õ�ý(¹	��¡�'r8 ) ð*ñ	º é» ��q�s�¼½��¾ 1 �M�j'��À¿ h ¬Á��Â f Ã�Ä�Å�\�ýÆ�Æ�ÇMÈ ijk ï ) õ 1�� ^ ä h��@� ç �/� ì��	¡rp�2� £ '�8 [17, 45, 52, 69, 72, 76]
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P	Q�R�SjË(ÌÍV/Î�NrÏ�Ð*Ñ@N�Ò�Ó�Ô@Õ�Ö-×ÀNrØ	ÙbI
ÚjÛ ij] é q	s�t u ý�!Í"�'Lõ�Ü2ì(�À¿ hyÝ�Þ	ß
µ�à�ð(�À¿ h@á�â�ã ýjäLõ e àæå�ç 1��Àè µ	�bõ��ô{é@ê $ µ ) õ�ý�ëH�-��p��;ï�8 ) ��ìMì�í £ p é
�À¿ h@á�â�ã ì ú + ï/q	s�t u ð�å�ç 1 �( a	ì Ú¦ '�8b&�î ��ï@ð q _ Ð ì�Ñ��	p éjx h-zMñ Õò|j~
U õ �j��� z�ñ ÕÁó ð-ÏO�	ë�� V

1 ��ô £ '�Þ8ß�àá � âåäAæ3ç 1-Új¦ '�8*õ
ð�ö é U → ∞ i ð���¿h
- qOs ^�÷ [�ð�Ã	øÀì�ù©õ é ù�ú*a-ù	û ú�û ó � 1
���	p é�ü�ý�þ   i ð Ý	Þ	ß χ µ2à 1�ÿ ã �bn��b7
'�8Mõ�ð�ü�Ù é χ ] V ìM�(¡�p��	í + ï ) õ é &�'
q	s�t u ý��	! + ï����	��ì�
��	p χ ì ] ö��j¡�'
	� Ê4ý�Æ��Mµ	� ) õ 1�� ���8ì £ '�8 ) � ] q	s
t u���� ý �(ï�ð�� ì 
 ö;ð Berezinskii-Kosterlitz-
Thouless [�ð ��� i@k ï ) õ��©� ¢	��i Ü�ï�8 ) ðü	� ] é ����� ê�� i q	s�¼½��¾�ý�����ì����bµ��
Ü 1 £ p�
 l é t u���� õ	ð;îGð ] �À¿ h@á�â/ã! úW£ p�"©Ü�µ�å�ç 1$#!%'& µ	� ) õ 1)(+* £ p��-,
[14, 34, 39, 44] 8
&�'�.0/ ï@ð0�!1 ö�÷�2 ã i 1 q	s�t u  �3 �	p465 ¦ '�807�8ba  ] .09�`�: _<; 1>='?�@�A �CBD�E�F 1)G _ D h/�@� F �/� 1 ���	p 5 ¦ .	q	s�tu��0� 1�H�I<J0K � zMLY� g�N � ���	O�.P/ ï	ð ñ	Qh�R D�E�F 1 4 1TSVU�W £ µ	� ) S 1��2� £ 'O8 &
�  .	X ��� 1>Y � i Ý�Þ	ß 1[Z	\ µ ��] ] � �{�
µ	� S �_^V` %�1$a '�8 ) �W� 1 `	�cb��d.	q	s�tu ] �À¿ h@á�â/ã! ] ä S e àæå�ç £ µ	� S �_^ )S 1/$	% £ ' [34, 51, 67] 8

e	f ÒmÓ�Ô�V�N>gih�j�k!lim�npo ;�<�=	>�q
�Wn 3 b 1[r�s É�t ij] .	u�vM�À¿ h O�w zMñyx �z v £ Å@\jq _ S X@��{�� £ p��c,P|�º<O k ,�8) 1	}�~ ] Y���� �  Y<��}[~ i�k�l . )$�<� i rs���S ][�	��£ p .�0_& � pbÜ���8 r�s \�8  
 �

p ] .�Å	\�q _ O�q	sjt u�1�° 3 |�º'O k�l . & � [��� µ�Æi�-O�¯�� i Ü0,�8*õ'� i � � ] .	q	s�tu þ  'O�u�v��À¿ h 1 z v  ��¡rp©à 1 �'^  ��]16�'� ,[b  �3 � p�.yû ã0��� n l �$�P��� DMRG �1 ù�úba>� � 1 � � p 5 ¦ ��8*õ 1 `	��.	u�vM�À¿h SP1[� » Þ Ê�`�º ] .	q	s�t u þ   1 ���  ³0�]_&P� ,-� S 1$�T� £ ��8 & �  �Þ Ê  ì £ p ] »Þ Ê'O � Æ + ,-� S 1�� ��b  £ ��8�� 1 » Þ Ê 1� Æ S q	s�t u ] ä S e à �	�  >�M� ,�8 a � � �`	� S � Y+1 f ²��	 �¡ I h 1 Ú�Û `	� SP1�¢�£+1¤	¥�1 � µ�¡���8 [7, 40, 65]

3.4.4 ¦y§©¨<ªy«­¬�®°¯²±­³
´�µ+¶ X�Z@?�A2N�·�¸bN>¹iº0»	×�¼�½�¾T¿�nMI�À@N
Á-Â�Ã µ	Ä�Å ¿iÆ0Ç$È�É
� `ba�Ä�Å	\�8 ij] .0Ê_Ë  � � µ Þ |�Ì�b � �|�º  .	w�Í�É	Î G 1 Þ | 1[Ï ã `!Ð�Ñ z Ê'b���Ä

Å�\ 1 ¸	ÒÔÓ�¨$Õ0Ö-O�× ��i Ü�, S ��Øm� � p � ,>Ù

¢�Úc1 Þ | Ï ã Ñ z Ê C(H)
4 Ä(Å�Û*¸�ÒVÓ-¨�Õ�Ö!Ì�	Ü�Ý , S ��ØÀ� � ,-É�Î G i	k�l . Ú	Û  � lßÞ�à 5 ¦ � �0á � ,PÙ��0�6â�ãP. �0ä'å Ä�Å�Û	8 S £ á

ë½� � , YNi2B2C
# � κ-(BEDT-TTF)Cu(NCS)2Ì)æpç ;-è ._� � �YÉ�t'â 1�¢�Ú²1 Þ | Ï ã Ñ z Ê

C(H) Ì)é-ê�ë Eilenberger
ä�ì	í  cî0ï á�5�ð ��Ù

YNi2B2C â�ã�ñ�ò�ó å�ô C(H) 1)õ	öi� O Ú�Û-å  �<��& ��á 
÷çø.)ù�Å�Û!ú�ÒdÓ)ó  �û	ñcüTxdý�þ B Oz v Ý , 1 â�ã ô � b S ÿ�? & �	á Ü[�>Ù � b �����1��	�  cî , S .'ñ0ò'ó 1�
�� ã�
 ��� Fermi Ê 1� ò���� ü�R� ���� Ý ð Ü 4 1 â��i,-� S O��cb ï�[Ù [3, 30]
� �>. κ-(BEDT-TTF)Cu(NCS)2

 �3 �á
tight-binding model b�� Fermi Ê+Ì6Õ � � .)é�êë Eilenberger

ä�ì�í Ì á �"!$#��c �i� á C(H) Ì%�& � � S � � .('�)>:�* 1 Õ�Ö ô à  Ñ��æî C(H)1[õ�ö<� O<ú�Ò Ó�ó>Õ�Ö_Ì �-Ü�Ý ,,+�-<O	. � � áz v Ý ,�� S Ì"/ � ��Ù

021436587$9	:4;=<�> ¹iº=?�@ <�ACB"D,E�F
ò=G üIHKJ4L ùNM	Û�8'â2��, S O ØP� ��á � , F

� I�Q"R�S ]�T Sr2RuO4

 �U � á .8V02$W4X0|iâ 1
Hc2
YNY6Z,[ � � X'O���, 1 âiã ô � b S�\�] å Z^N_ ��á ��` Ù_��a�X Z 3 � á ã�b � â�Î ¥!å Z Î�Pc ��á � ô b ï ��O$d �e� ã�ò=G üIHKJ�L ùNM	Ûf r a [ � ��gNh âiã ô � b S O Ø�d4i�j å	ô D�EF Ì,k � á�5�ð ��Ù�ò=G ü S = 1 a HKJ4L ùNM	Û=al þ�mcþ,n Z ã�Ëpo�q�r"sItN�_çud Sr2RuO4 â�ã�òG ü t�Ê_Ë	Ì�Ð � á ��`6v O ØP� ��á ��` Ù���a>|w Ì ẑ v�x'Ý Ù�WNX	|zy�âiã[ùNM	ÛN{�|�}�~=a n��� ã ky ẑ

v)����g	h â�� `�v����6Z�O ØP� ��á ��`
t$d2� � ò=G ü��N�N�4�N� k v�g�h�� s6a2���,���Ê	� Y â�a,�z��t�� `"� w d [ �I� ky(ẑ− iαŷ) v ���g�h t�.	��� Ý�`6v"�P����v Ì8��� ��  Ù ��¡ ã�4¢N£ âiã ô � l4¤ ò4¥ þ�¦�§>þ v ô ` t$d � a�}
�It \2] â��¨� ¡ á ��`�©�Ú a�ª J G þ l Õ	Ö�Ì8«¬ Ý�` a�âiã �4­Pv O ØP� ¡�` Ù [13, 50, 68, 71]

®°¯	±�²�³	´¶µ¸·�¹�º�»4¼ 0�½21�¾p¿2À4Á=Â4ÃNÄNÅ
Æ�Ç	È�É	Ê�ËNÌ�ÍNÎ
Ï S � T WNÐ	ùNM4ÑNÒ v Ó ü�Ô!ü S � TzÕ"Ö w c× `6v d d Ø�ù�M4Ñ�Ò v(Ù þ �NÚ�Û8��t Ö w �� �ÜÝ�Þ4ßNà t�â6� `�á�� a î � ô [�â ô g�ã â2a>ùNM

Ñ U+î�ä X�å å�ô � Ö�æ�ç Z$è���é d	êNë6a�� í �Õ�ì � d6í4a T���Õ8î ð   á í4a�ï ç d Ö w�ð4ñ�ò
a�ò=G ü(ó wNô ä ò=G ü(õ4¢Nö�÷ Z î0ï é d Ù þ �
Ú4Û��$ø òNù ò6G üPú�û�ü ó�ý�þ û ù4M	Ñ4� Ö4æ4ç dùNM4ÑNÒ�ø ò2ù XNå6ÿ,� Ö�æ�ç t��I��� �4c8¡�`��v Õ ¬ � ­2Z ��  á4Ù þ ��ÚNÛ8� ­ �VùNM4ÑNÒ Z �� � ��  X � ù d0ùNM4ÑNÒ�ø Z�� ü�� ý þ �
	�� gh Õ
��
 � d������I¥ þ���þ a���� û � ü���� � Õ� ��� `�ázc � Z ùNM4ÑNÒ6a�ï��! =a�"�# v d¨ª è
a Ù þ ��Ú4Û��2a,X	��a$"%#4a �4n ÿ ô'& Z î�ï é d� � c8¡   X � a�(*) n�� � t,+�� c8¡�`���v.- ¬
� ­2Z �8  á [32, 46, 63, 94]
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t-J W�X 0 @ < ±�²�³ZY�[\�] � û S � T�^,_�` Ñ	Ò�a$a	M�Ñ Z'bSc�c"¡4é dd�e�f ªhg�iZj�k�l�m�n ò aoaNM�Ñ=aop�q � t�r�sZ�t*u Õ
v   ¡�éN��`�á�� a � w Z ù dSw�"�l�m òx ` W�Ð�aNMNÑNÒ v ùoy f{z d���|,} û ý
~ �����Z%�$`�[5�8� aNM4Ñ=aop�q � t.����� ¡�éN��`�á��
aop�q � Z$è2�4é d����=ÿ fZ� ���o� m à aZ�����ò x ` t-J ���	� Õ k ��é dZw�"�l�m�a � w vo�!�f�� Ð�����a!����� � z aV��Ñ ����� ~ Õ�î��   á
í���ï ç���� Ð7� ì � � �   t�� é � d Ø�a���Ñ6t_���f��Z� v � f ØSa��$Ñ�t _Z�%fo�S� t! �¡���¢ �v t.£ ­ �   á d Ø�aV��Ñ ù �S� Ð�a���Ñ��!¤�¥���Z¦$­ �¨§7©�ª ¡   RVB ê�ë7� � ¢'a��NÑ«� c�¬v
­�® � ¡ ¢ á�� " f Ø*�!" ù � � ö ���,� � ñ ���¯S�%¢$° â �oa��4Ñ ò x ¢ v²±V³�¡ ��´�µ � c �� t*u t x ¢ á [10, 56] ¶   ��� �7�'·�¸ �Z¹ �	é �� m�~�º�»�� � ¢�¼�½Z¾�¿	Ò ¢�£ �
À�Á � Õ"î��   á
íS��ï ç�� ¾Z¿4Ò%�Z#�Â é _	æ�ÃZÄ t c ö ��¢ �2v �¶   íZ�,Å ðZÆ ~2t!ÇZÈ foÉ � f ¢ �2v Õ �6� �   á
[43]

ºSÊ ÆÌËÎÍ ¹�Ï�Ð È
ÑSÒ Å�Ó'Ô Æ=Ç�È Á Ñ
ÕZÖ Ï�×,Ø
Í ¹�ÏÙÐ È
Ú å�ÿ4�.|$} û ý²~ ����� � x ¢$Û!� XY }*Ü � à� è��4é ù � � �ÞÝ � ¡�éN� ¢ Kosterlitz-Thoulessß

KT)
¢4£{àSà - � � �.|�} û ý�~ ���'� ­ �Þá{â�¢ãSä | ühå�æ���¢4£{à �7ç p�q�èVé x ¢ á KT

¢4£ ùê�ë ¢N£ ò x ¢,é � ã�ä | üìå*æ ¢�£ ù ä�í �.î �� �4¢N£ ò x ¢ á j�k�l�m7�Z¹ ��é ù � � ��ª è ��4¢N£ éVï àÎðÙñ � â�Ð�ò ò � � ¢ à ­�® � ¡�éN�¢ áÙ��­«� j�k�l�m ­ �hó ðVô ��õ � ù �	Ö � �  
Ð�ò ò �4¢N£ �%¢ à ��ç÷ö�ø è ù f �$á�-��ìù � �y f ¢8Ð�ò ò � �4¢N£ é��=� ¡ ¢ à � ª è � �4¢N£
Ð�ò*��úZ)�Ð�ò ��� ò2ù � ° â f!û�ü é�ý ¬ �%¢$pq�è�é x ¢ á�� � � à Õ ¬ � ­ ����¢   �Z� � �Z|o}û ýþ~ �%�
� � x ¢ à � -ìÿ�� p�q f Wang-Landau� ��� ü���� � � ¢,� �'å ã � ¤ � Õ'�Sê�ë	��
 �� ~�� ��õ ��
�� ��é î��   á [38]

3.4.6 H I E F A������������ A����
� ��!#"�$�%�& ÃNÄNÅ

disorder operator
Ñ�'�(

) /%�+*�~�,�é,Ñ�-7ª/.10
¾S¿�Ò ò x ¢ Bi2212
^

CaNaCuO2Cl2 �+2���¢43657�87�9�� û$� 
 ,;: )< ý1= òIù � (7)Nÿ��?>�@�}�A�~B, ò#C;DFE à f �0 � m û�ü é?G�HVªI.6J�K�¢8L�M!� ��ç f ¾�¿�N�úO � P ��Q � C�D	E�RFS�T4U�V	W ¢�0��V� � disor-
der (kink) operator

à K ç;X � T�Y - � J;Z � 0?L��Q�[ ò*�+\ D É�] �$�?^�. T	_ ø f8` OBa W ��ç

fBb�c�d�e à � J � 2 gVi�f6g d�h �;i�� � KÙ��.¢ disorder operator �Ijlk � � Knmpo ] ��q6r f�sõ �to�K;J ��u � Ä m6vBwyxo¥;z É T Z � 08L�¶+^ �
disorder operator

T lSm�n���
1� � JB{�| � � ¼�½û�ü T a W#}6~�� e � s õ � ��u �!¥6z É é (
E��

r�p6� f ,�~F���8�7�+��� f K ) ����� Fermi ���2 � J+��vtw ·%¸ O��1� � f ¢�M à T�� � 08L E?� �� ��� ¾�¿6N«¶�0�� ��Q _t� ò7�B����� ����� �,éx ¢ s õ ��� � disorder operator ��¥�z É ét� ¸��É ���«¶�¢8L � 0Zé��+J � M��8� U Ä ��¼�½ à ¾�¿N T?�/�1W ¢ b�c;d?e à � J8� ® ¢6M à T ��  W ¢ILª��
� u �o¥�z É é �?¡ ¡�¢ λ
T�£ �8J e−

1
4

λ2 àp¤®�¥ .�¢6M à T#¦ ] �y§80 [21, 33] L

Fermi ¨ %�&�©�ª�«­¬¯®6°�±�²6³6´
3�57� Ú è�N*��µ�¶�*1·B,#¸�¹7�8º�» ] ¥ ��¼	½úS�8¾�¿�À � � � KBÁ�ÂyÃ;ÄF� ��Å � � * � e T/Æ§�J8{?|ÈÇ�.�ÉÊPÌËtÍ�x Ú?s StT�} e#Î�Ï O�Ð;� ·yÑÒIÓ v à §�JBÔ�â+É à K ç M à é#Õ ]1Ö J	×�J;K1ÉILM Ð º#» Ð E+Ø#R à §�J8Ù�Ú � Ò �ÜÛ#Ý , Ð KeldyshÐ {�Þ R ] ¥ HIßl§4J )�à�á�â T � KtÙ�ã�ä�,æåç�T4è�éFW É4ê�ë�Â�ì82 W ÉI��¸	í#, Ó;î�Ò ��ï Þ TY HF§�0 [19, 20] LFÇ ¥ ì8Ù	M Ð �;¸ ��ï Þ ] ¥ ê�ëÂ Ð8ð�ñpò ¸�x �8ó ~���ï Þ T Z1ô;Ù�Ë�Í�x8õ s Ðö ì+Ù�÷ùøú�ÈûB.�0 Å � � * � e Ð�ü8ý ì	þ Ö Jtÿû#É PÌË?Í�x � Á s S � Ù ê�ë?Â � } e?Î	Ï O Ô���É� ·�Ñ Ò8Ó v Ð X ñ E o Ð���� ì � Ö J�KFÉFM	� TG�H	§80BL�M Ð Ë�Í�x � Á s ì82�
 W ÉIÁ Q �
��ÂR § � K � Ù ò ÎyÏ Ð î ��� Ä��#ä�, ��ï Þ�ì��y0ó ~���ï Þ�ì ð ñ L�M Ð ��¸ ó ~6��ï Þ ] ¥���� 
� Ð�����O Y ] .�É _ ßyx#*6·B,�� Y�� ��Ù TKNN� Þ T Ú�N! 
"yì�#%$È§�0
&(' - )+* � Þ,�.-�/ W ÉM	� X � ÇI.�0tLyû;0�ê�ë�Â Ð Ä�0 �,1 , � e Ð�2×�Ç � Ù Æ ¶ Ð m�ø8M�3 � Â Ð ö ì+Ù�4 ò�Ð Á s õs � Ë�Í�x � Á s õ s Ð	576�O ¤�8 ¥ .�É�� O:9(;ÇI.�ÉFM	� T GÈH	§80BL�M Ð M	���+Ù�Ë�Í�x8Á�õ s� � U x�ì�� ARPES
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/
0�132�4 �6587	9�:
;,< }�=3>@?BA vFtBw�x6C�zD�E�F�G�H }F~����IKJKLNMPO � 8 (Density Functional Theory, DFT)²RQ �
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Æ%Ç9È%É~Ê
Cu Ë%Ì~ÍÏÎ�Ð²ÑÓÒ�ÔÖÕ�×²Ø%ÙÛÚwÜÏÝÞ[ß~àâáwã9ä[å²æ
ç§ÞDß�èêéìë[í~î)ï éñð�ò�ó9ô Ì îáâõ Õ�öø÷ ä)ù~ú9ûÛü2ý§þ ÿ � ç����%ý Æ²Ç9È%É9Êèâõ��	��

� ÷ ä���� Î���� þ ÿ Ô Ò������ � Õ õ��á�����å ���! �"$# æ
ç Æ[ÇDÈ[ÉDÊ&% Î(' % á�ç 1 )

2 Ø9Ù+*+, Cu Ë~ÌDÍ Î	- � Òw÷ ç�Þ[ßâè�.	/YÞ�0 Ò132�4 � ÷ å6587�9 4 ð�:<;2ý)ô � � Ô ��� Ò ù~úû²ü�è!=�> Î@? �Yå²ä Õ! Cu Ë²Ì~Í èBADC 2�4�E ç*&,�F�G ç�� ÷ åwÞ9ß�H�I����~ç&J�K�L~ë&M Ò ä��Í&N&O+P Î	Q�R ÒD÷ å º9» Î(S&? ÷ çYÞ�0UT 162&4 T587�9 4 ð�:<;�è�VXW+Y[Z�\�] 1 ï6��� � ý&/$^ �_ ÔX`6a�b þdc�CBA Ò Æ²Ç9È²É9Ê�e � Ò è Ý@f Î@gh å~ä Õi Xj á µSR
ç�k N ß�l&m%çXM²Þ[ß²ë�M%çd�÷ å STM n èXo+p!q�r ºD» Îts�u ÷ å[ã � ç(v&wdx� º²»3y \�z<{�C�]+| �D}�~ ^�è epoch-making

|/ ö3� � º~» è��8� Î û²ü ÔâÕ ü�� Î	��� ÷��3� åä Õ! ÿ<�d� n èYç Ð9Ñ x&� º9»�� C+� Ò ü&� æ�ç
1) �8� A�C 2�4&E!��� ���Ûß�� Cu Ë Ì Í á²ã �Õ ÈâÉÛÊ Ü Î��3� Þ ß Ü�� è��d� Î���� |�á ÷+�
(Phys. Rev. Lett. (1997)(1998)(1999)(2003), Sci-
ence (2002))  
2)
Æ~Ç[È9É[Ê ù~ú Ò��&�ÛÔâÕ 1 z
��W���ù9ú Î e���

Nature (1995), Science (1999), Phys, Rev. Lett.
(2000)(2001)(2002) �� 
3)
Æ~Ç[È9É[Ê�% èXY69 1&  C�¡�¢+£�¤ N Ò È~É[Ê�¥¦ ß èi§~ß�¨�©�ª�«�áâõ � ��¬âÕ Y�9 1�  C�¡+���è�­ O (Nature (2000)(2001)(2002)(2003), Science

(2002))  
4) Tc

õ � Æ9Ç è é �&®&¯+° î[á§ã9ä[åd. È[É[Ê ¯+°Ò r!±2ái²�³2ý�´�µ Ô2Õ ÿ Ò è e�� (Nature (2000),
Science (2003), Phys. Rev. Lett.(2002)(2005)).

5)
Æ ÇÛÈ ÉÛÊ8% á²ã � Õ 587�9 4 èX¶8· è�¸ e��

(Nature(2001)(2003))  
º~» èi¹�º»

¼�æYç Æ²Ç9È²É9Ê�½ * è!¾ � ÒF¼Ç9È²É9Ê è �d� N Î+��� |Ûá ÔÖÕ ÿ Ò�n8¿%Õ! e��À

19 Á�Â � � ��µ n .+Ã�Ä�Å�Æ�Ç9ýXÈ�¾ � �²è~æYçÆ²Ç9È²É~Ê�e � áDã �²Õ 132�4 T Þ&0ÉTÊ587�9 4 ð:<Ë�Ì&Í%ç&Î } è ��� ÔâÕ ù~ú2ýÏð
ò
ó~ô�x~á!Ï ÕÐ èâõ��	� é *&, îÛý Æ²Ç9È²É9Ê Î . ���D÷ å²ä Õè+|~ý�Ñ�|��
å²ä��~ä �&Ò�n8¿%Õ Ò������ � Õ! �� Î+��� |Ûá ÔâÕ@Ó ç Æ²Ç9È²É9Ê ÒÔ��� ÔâÕ ù~ú�èr�Õ²ç�� ÷ å ���ÏÎ<F�G ÔâÕiÖ ��Ã�C�×�C~èiØ�Ù Î? �  ÿ<� � æ§ç ¼ Ç9È²É9Ê�Ú ��Û2è 1
/ èiÜ n .¿%Õ! 

4.2.1 ÝßÞ»à Cu áãâ�äæå6ç$èêé»ëíì�î$ïð
Æ²Ç9È²É9Ê æ
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��� � { bTt�7Nb v �N� w�k�)� t��Y�Fv � M �/�6�/� B=C (6× 6) ���k�'� BC
(β −

√
3×

√
3)
õ�� �/b ¬#� O I ¹ u'F H � w u­ 1W0 v � � � d � � 30 K

r�s�t)xI¹#��� h t)�# 021 l�¡F¢5� ES P t \$] !�"�M ü�£�¤ NKO I5�#¥¡;¢k�'��¹�t6Y��;v/õ��§¦�¨�©=t M ü�£�¤ N�O I v~kª w bk� Â�« ~ { b#����ª�� w u ­ 1¬0 v � � �

Au ­��=� n'®�¯Iç
è â±°/²�³�´�µ�¶@éY·%¸#¹
Si(111) º#» v Au

� �=u ��� �#¼�½�A � ª w¿¾�À«'Á � �
Au ¸F��ý ¼ÃÂ	� �`� �F� �/Ä��/Ä Á5Å w¬�� O I v��e� ª `�a���ÆÇw%Â Å X�È � ��É�`�a�v»�Ê X ��s'Ë=t º#»�¶�Ì Ï u 7× 7

w
6× 6-Au

v 8� * 9YÍ Au ½�A�Î t'x
¹�y�z uKÏFÐ5ª�� w�¢�Í�¼� � � Au ¸ t ý © t){�Ê�Í ¬#Ñ
¨�© Í�»�õ�² ® t¬#� O IÒu STM
Í�Ó¬Ô ( ¬�Ñ *�( µ#Í ¯
³ ��° ´WÕÑÒÖ °�×�Ø	µ�v/õ�Ù X Ã�ô�« v/Ú�Å � � ¬�� O I ¹��ÛIÅ X t ¸ v _�ÜÇ��X x�¹�t'Ý��=v�¾�&5Û ª�Þ�ßà�¨�© t'x�¹�����á uYâÇ� � � ® t%¾�& � �=� ¬#Ñt'ã Á t�ä Ì Ð ¬�Ñ
¬�Ñ 6�7k8$Í tT«SÂ�åVæKvNõ�ÙX%çSè Ù XÇéYª%��� ¬#� O I ¹ uYê�ë Û ª-¸ t ý ©v 0�0�ì �¬å é s/Ë=t º�»�¶�Ì Ï=v/õ�Ù X/çVè Ù XÊ � � Þ�ß à t/� 6;� s/Ë=t º�»�¶�Ì Ï@õ�Ù X�í�îu�ï 9 X Ê ª5ð w uYâFñÒ��X Ê ª �

Si(111)-Au,In ò�ó�ô âöõ5÷kø In ù�ú n'û�ü
Si(111)-Au º�»�ý#Ì Ï�t ðÿþ ¢�� ª α−√

3×
√

3-
Au º�» � Ö
× « å º#»�� ¤�� u���þ ��Æ	�5¢ STMvNõ ª�

�F021%ð t º�» ��������¤�����×�� (DW)w�� Ä Å ª � ª���u��;þ���6	�
 �! ¢ 20% "�# t !" ��$�ì Å X Ê ª � ð t º�» t&% � O I�#�uW���V� �'�( � 10 K ) ¨�t-ù�x !�" v�*�Ê X ��� µS/ ø w¬Ê+-,�. w �	X ��/�05v-ù�Ê�1 uWâ�� � ��2���Í¿¨�3 ðt º�» v54	6Ft In 7 Ñ u�8:9��59	; Û ª�ð wW¢ DW�=<�>Ã����?�@���A 2B�C����¤'t √

3×
√

3
!�" ¢ $ì Å � º�» v�D	E�Û ª�ð w �5F�G Â Å � � ð t º�» t

10 K
v:*k9 ª % � O I
# ��H�I�t α−

√
3×

√
3-Auº�» tKJ 100 L v�å;Ù � � ð Å �=4
6Òå In 7 Ñ vM Ù X�º�» t�% Ñ Ì�NF��O « v Ï�QÇ� ��P : á�t�QR v �TS�U t <
V�Wk��XZY Ö�[ t�% � « å'©
\�åÒæt:]_^ ��` ×=��t�% �ba=c « å'©�\�t Ï�d;��e�ÐgfÅ ª t�¢�Í�h
% Ñ�i h
j Wlk�m�nSu�o Ê�prq Å f'us f R v�Û ª&t�� ¢�� ª �

Si(111)
√

3 ×
√

3-Pb
³�´Fn'®�¯�u�v

Si(111)-7×7 º�» v 1/3 7 Ñ ¼ t Pb �rw=x Û ªw � √
3×

√
3 y�z t º#»�{�Ì	|;�K}2ð%ª � ðK~)º#»~ % ����� ~K�����&� Ù:�=� ð=~)º�»T�K��A���� ���� ~ % Ñ	� R f ,	.F« ¢�� ªkð
����t�� Â Å ªK�=�q ~ ��� #_~K��#���� á ��� � @ « ¢��5Ù:�=� ð Å� h
% Ñ
i h ����� *�Ê�p ,
.�« � ¤Z� ��� à�� åÊ ðr������� Û ª � � R � � ��� ä ÌZ��;
� á�� �� p���� � Ù:� � áb�� ��_¡�× ~ 1 �K� h
% Ñ
i h� *�¢ ª	º�»�£��¤~ ¡:¥ Y Ö 1 ���5���
¦	§ Í ð5~�º» ��� ~ ä Ì¤�:� ¤Z� ��� � M ª ä Ì¨�5��© å ª5ð����âFñ Â Å ª �

4.3.2 ª¬«®­®¯r°²±
³�´�µ�¶K·�¸ ¸#¹�¹�º�»¿³�´�¼=½�¾ µb¸�¿�À�Á
Â
Ã
Ä�ÅlÆ=Ç % Ñ
È �
É=Ê�Ë�XTÌ=Í ¥�� ���¤Î	ÏrÐ� ��Ñ �C�&Ò�§�ß àÔÓÖÕ�×	Ø5Ù�Ú ��Û Ñ5��Ü ��Ý�ð�~ß à�Ù�Ú � Ã
Ä�Å�Æ=Ç %�Þ È ~ i ãZß5à �b�Wí�îZ�á_â:ã �Ct
�gä�å Ñ �:�	æ�çbè������kè	é�
��êä5åp	ë	ì:ë=��q ð�í=Ý Ã�Ä	ÅgÆ�Ç %:Þ È í ��Ñ Si(111)-√
3×

√
3-Ag î�ïð~ H � 4	6 Ó

∼ 0.02 7 Þ
ñ Ø ~ 2ò ,
. 7 Þ Ó
Au,Ag,Cs) �:w�xêä5¦	���êÌ � i�ó ~ô d��&õ�# i�ö h
%�Þ i h
j í:÷�ø �=�Zù ~�î�ï H~ 2	ò ,
. w�x
7 Þ �	úKû�� %�Þ �5ü�ý � p�þ���ÿÌ=� ì�� ����� Ù
Ú �&Û Ñ���� �bí��=�¤wKx Þ ���ó � W ã	� wKx�
 �
� ����� � ì�ë���� �_����� �� ì�ë ��Ý����_� ì�Ñ � �bw�x Þ ���
�_~�w�x�
 �� ���=�gä5å	� ó � � � ��� Ù�Ú �������êÌ � �&ÛÑ��Zù ~������êÌ � � Ã
Ä�ÅlÆ=Ç %�Þ è ì î�ï %�Þ�êÌ � ����� Ñ���� �	î�ï��êÌ! � H ú�� i�" ä5¦�=�Zù å¤��w�x Þ ~�#	} � � ��� Ù�Ú � Æ=Ç %�Þ ~$ |�%�&�Û�ob~ '�( í�' Ñ��

(�)�*�+ ¿ »
Hume-Rothery ,�- *�.

��/10��32�@ð~�4 . ��4�~�5	���K� Cu-Zn
È í�6f å p	ë
Ñ M�7 �&�98 Þ � � 7 Þ � ~;:��r� M � p�<=�> N���?�@ Ñ�A ~���' � � q å�f�� Hume-Rothery� d��CB ( 8 Þ d��DB ) �9ECF�å p�ë�Ñ&�HG |¤�:��IKJ/MLON��KPRQS/1TbÌ
UWVDXðÌZY�[_~�\�]¤��^�_bí�'Ñrù ��� i R � p�ërÑ�A ~�~K� q ~�`	��a_��b��¤íA;c�d ä�å p�e¨� ��f�gbír��£ < = �5~3h�\ ìrß5àAjiCk ä�å p�ë�Ñ5�9lnm ì î	ï��C4�%¤~�5�í Si(111)-√

3×
√

3-Ag î�ï H ~�o ò 4�p ( TK/�qrQs4�p���t�4
p ) w�x È í G |gä&å Ñ √

21×
√

21 %_��� q ~�I�J/RL ï��uPvQH/wT�ÌwUxV3XrÌSY�[b~zy�{:�ug ë ~�í�îï ( | Ä�Å )
È � e�¢	Ñ Hume-Rothery

� d���Br~u}~���� � � p3� � p�ërÑ��_ù ~���� R f √
21×

√
21%��:Î ë�pv�z��h 8 Þ i h � h 8 Þ I�J�/ML ïv��Y� Ì�� � STM �5o ë	p ÷
ø ��� Hume-Rothery � Rf ã å�FK��|�����~�w�x�� Þ ~��_w�x��b�����&í�'å�Fu��|��_� ô�� pvA √

21×
√

21 %ð� ì�Ñ �=§	í�'
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Ñ �:Ý=æ��:Ý ë � Î R ~&© ì�Ñ ��|���í √
21×

√
21%¤� G |gä5å Ñrù �K� ��� � �=� � R � Ý q å�f&~

STM �ð�&© ì�Ñ�ù � A;��� � � �:Ý ù ålf�~5î	ï�%�u �¡ � � 4�p_è ì �gÌR £¢�¤ ( ICJ�/rL ï ) �z¥ �p�ë
�=�_ù ~�¦ 7 � Hume-Rothery
� ��4�%_~u§ Ñ¨ ë ��©�ªrí�� �=� äbf&� Æ=Ç 8 Þ g�¡_�K«w¬ ë�pq ~�I�J�/ML ï­U®VDXðÌZY�[�¯�°���¦ Ñ È ~�`	��a�u±�² � � � ùD³ ��I�J�/MLZ8 Þ ~�´�µ�¯�° A9¶ �· å�å�F�¸�¹�~�ærç < °Z��º�»�í�� Ñ¤ù ����¼ � ��=�

[
e�½r¾À¿�Á�Â �5~��1�3} ~ ]

Bi Ã µ�ÄCÅ�¸ (�)	¹�º�» Ã µ�ÆCÇ ¹�º ¸3È�É
Si(111) î�ïvÊ�� Bi � Þ �zË�Ì ã Ñ � 6 � Þ
ñ�ÍÊ�í�Î�Ï_� < = a¤��Ð � � ÞÒÑOÓ /�íDÔ�Õ ì�� ��Ö× Í ¥ / Bi(001) Ø�Ù�Úb� G�Û ä5å ÑK�DÜ } ~ í¤�Ý 8 Þ ¼ Ý�Þ �Kß ë�à�ù�á Ù�Ú á 8 Þ Ù�Ú á Ú�â����a��&��� � �=� I�J�/ML ï��KÚ�â��
��a¤� ì � îï Ù�Ú Ç�ã í�' Ñrù ����¼ � � �=� o�äRI�J�/ML £y Í ú�í��KÚ�âb��å�æ ã Ñ �:Î�å à Ù�Ú�� ��å � àe � ��»�ç ì � Þ�è�é Ù�Ú�ê ��ë�ä&å�ì3í Bi îCï �ÌZð�ñ�%�&
Û�ß ê�ò ë ì ��ó�ô�õ ��ö a áK÷ å�ø�¦ù
Rashba ¯C° ê ¯ ëCà î	ï Ù�Ú ��Ì� á ï � ÌvUúðñ�¼ "�ê�û d ±�²�ø�¦ ùWü�ý ä�å à
ë ì ê ó � Þ�èé Ù�Ú A Ù�Ú á3þ [�ï�ø ewÿ
Ñ Î ��ö a ��� ï � Ì¼ " ã Ñ�á íwî ì�ë�������� å�ì�í�� ù íD�êÌ! áï � Ì9��a	�5÷�ø Ñ ì � ø�
�o�� û ±�² �uá �
���� �Dì �:ùC³�ó�� 7�� � Bi

�
Si
��á [�ïðí á %�&Û�ß ê Î�Ï1ø
� ë ì ��ó � á ¦ 7 ì_ù�� î�� ù���ìë���ë 7 <�d ø��r�Dì�í�� � � î
ï Ù�Ú � I�J�/!L� y�g�� á � Þ�è�é Ù�Ú î $ Û � ó ��o��êÌ! á 5í�ï � Ì á a�� ê�ô � � à
ërÑ¤ù�� ê"!$# ä5å
Ý�¸% Ý�ï ��& ¼ ö�Ý 8 Þ ¼ Ý � � ë Ý ù å'��© ����Ñü ( í�' Ñ í [ B)�)*,+�} ~)- ¢ � ï
.0/ & DIPC

�á �1�3} ~ ]

Ag Ã)1 ÄCÅ32)4�5�687 9;:=< Ã)1 ÆCÇ?> @
A

1 B?CC4�pðè ì î�ï�Ø�¢�¤bí�'?D Si(111)-4×1-
In � 150 K

Í ú�ø'� à=E � á Ê�ø Ag � 3 F 30 �
Gñ Ë�Ì��Kì % ��H @�íwT=I�X�/ ã D �JE �)G ÑOÓ /í�Ô�Õ ì=K ��Ö ×
L
M / Ag Ø�Ù�Ú ê G�Û ä�å�D�í Ü} ~ íwî ETùDá�N1á õ O�¼ ö�Ý 8)G�¼ Ý ë ( � � �ìKíP� áu< ° ó Ag Ù�Úv5 á �=G è�é
Q
R ê�S ��TVU=ET$� ø�W � ¼
X��zë ( �Kì �:ù�³�ó In Y � Ô � ä$Zø�î8[�B)\']
^�� &  £¼)X ó In Y �`_'a ä�Z�ø�î�¼X ácb$d Ô � ^�� &  êPe �0T�U�ó ò d�f ä�a	�hgi �)G è�é,Q)Rj� ^0k à d ìKí�l U î=mcn á 4×1-Iná�o�p �=q�rcs'k àDÛ ����ì�t�u0v�w��hg i Ag ÙÚ�xzy á�f ä�a	� ô0{ �Kì A�á
| '?DKí1@�ì ó m�n�~}�ä3] ^ Si(111)-7×7 ø;�3ì Ag Ù�Ú � �,���3ì� l ³�ó � G è�é�Q R1á,K�� /'��X � y êP�)��� K� /'��Xc�1ø L Ij�~� à�d ì�í�mcn�[)W |�áKô)� y� L I�� ê f ^0D�l �8��ÿ
| ^�� E â���ä�Z á � ��'� ø�æ � à t�u?v�w�ø�¦=D~W � ä�Z á)� � �'� êæ � k à A 1 B?C N1á � G�� \ Q R ø�^�k à)d D�l� ê"!$# T~U DKí [ B � * +�} ~)- � �uá�� �3} ~ ]

Pb Ã)1 ÄCÅ;� Ã,1 ÆCÇ?> @j�z� �)���
Si(111) �
WvÊ�ø Û ����ì Pb Ø�Ù�Úvø e d�à�ó Ø�)��õ�� H O ó��0�"�, )¡�ó)¢ £ �)� O�^ � ê Ù�Úá â T ø � � à §?¤�¥$D �hd�¦ ò d � G0§�/,¨�¯�°êP� B d)|"© ª�T8U�à�d DKí���l |Dó)« O�¼ ¬ Ý ¢G�¼ Ý ø�¦ ù ó ­ &�® � ¤$¯�¦"°�± ² ��³ W á ë (� � kDì � l ³�ó,´ µ ø0¶8· ¸)¹ | �0º U ì ¢ £ �� O á â T øc»�¥�D~¼�¤)½?¾ ê"¿ G è�é Q R��~acÀÁ~Â � à�d D�l � ê º?Ã kDì�íCÙ�Ú á â T �zå � �à�d � �Oó�Ä D�â T ø
¯ d�àCó ± ² ��³ ��Å �~Æ)ÇD~È�� d ¿ G è�é Q R ê"É Û�T8U DKí�l á3� r ��ÅÊcË � ø$Ì=D~X�Í á�Î Ï ê å Á � ó)Ð Ñ�Ò Ê ácÓ Ô�=Õ?r���lh¥Kí ¢)£)�
� O á “ �JÖ=� ” î ó l á � ÅÊ X Í á å�×1ø�Ì=D Ð Ñ�Ò Ê á�Ó Ô ø$Ì,k à Õ�rØ�l T8U D � ¬ Ù T8U ì�í

Si Ú?Û�Ü
Ý �)Þ�ßáàzâjãä��å,æ��z� 1 >)@
Si ç�èc�)W;é 2 ê)G)u ë)O	�Vì � T~í�ó �)é
î�ø

Ge �Øï
ð0¥�D �Só m�n Si ñ
ò�ø8»��Vó K$ô=õPö L
M� ¯�Ì8°~÷ K$ô=õPö L
M � ø~ø
ù��uì Ge ú�û ®�ü �êPý?þ O1ø É ø T�U�ó � é�ÿ�������� Ge ï�ð ¿	�Ì,k�ó�
���¥$D�l ��
 | r
D�����· ¸ | ��� ®8ü �����É ø T8U�� ¿ G ��� ý���� Q R é K��P� � � Å�! #" ¢ G�$ "�% � Ì'&)( (+* � �-,)é ®8ü � §�/¨/.10�2  43�5�6 | ±�7 ü98 71:�; * ó=<+> U?��@�A])^ ��B �;�1C 8 :�D�E � ý T ����F ô,õ,ö D?E �®8ü � é/G 
 ÷-F ô,õ,ö D�E � ®8ü �VÌ'&)H * � �Ã k � ��F ô,õ
ö D�E � ®Vü �`é
m � �/I1J Si ì�KL'� a � 1 nm ë�M'é=N�O 
 0�P * � ®~ü �=Q Si ñòRQ 
TS Â ç1U * ó d�V�
 � �-B ����C 8 :=D�E � é� m��$l"é/N�O �=W-X ¥ V Q�Y�Z[>]\ V ��^1G���úû ®8ü � u'é ¢ £ �)� M  �_�`!a�b?c�d�egf�b ��h% � ÌckVó/(1i * ��F ôPõPö D�E � ®Jü � 
 ÷?F ôPõö D1E � ®Øü � �/j�k ó�H * � ý d l?Q 
 º�Ã k � �l�\�����î�l;é/N�O 
�ö E	m#npo�q A�r � ×�r;� �Î Ï * ó�s V l�Q  #t * ó�s V�
1u ,)é�v)�'��w-xy é |�u1z�{ � ¢ £ � � M'é/|�M�.�0�2�} f�b ��hÊ1~ .�0�2  (�i * ó �)�����1� ¨��0éc¬'x  ��9�¥�� [ ��� ×���� 3�� ��� ¹�Q~é �'� · ¸ ]

���?����� � Ú?Û!���#� ã������?� ����� �/¡¢)ý�£1¤1¥�¦ ¢ e�§�¨1©«ª
SEM ¬0é�­�® Au ¯�° ý |�é Si(111) ñ
ò�±�² ��³ À,À1´gµhí ó Au ê e ñ ò$î �/¶ ¤ µ8í-V Q u
À�´�·�¸�¹ ��º¼»�½�¾ y¿ ª n `�À : ® ¬ 
 É ø µ \ V ��Ácé�n `?À : ® � uñ ò �/Â!Ã?³�Â�Ä�Â'� Ì1Å�ó�Æ �/Ä�Â G-ÇgQ9È » �¶�É�Ã V ª ±�²�F�Ê aÌË]b1_?` ;�Ê�Í?DgÎ�:#¬Ï�'Ð��u ñ ò�D�m=Ñ?:!Q9È�Ò * óPñ�ò  �Ó Å�ó�Ô  É ø* y 
 > ¶�É * � �-n `!À : ® é ¶�É�Õ M Ã >p,)éÖ 2�K�F�×�Ø�Ù1Í  #Ú'Û � �'Ð ��u?Ü 8�ü f �/Ý�Þ¶�É�Õ M 
 8 À Ü î ��j�k ó�ß 20 à'á	â Õ Ã Å � �Á�\�>~é/ã�ä � ñ!å�æ u ,�\�ç�\�é�n `!À :�è é1FÊ a�Ëéb�_�` ;	Ê#Í�D�Î�:�é ���1��ê �  Y�äg­�®Ä�V �



4. ��2 @�ë 97

4.3.3 ìTí�î�ïñð«ò)óÌôöõ�÷�ø
� ù �'¡�ú#û STM ü�ý�þ1ÿ�����

He |�MgÐ�®�é���|�® É��	��
 y��	
�� É��c ¯�°�������� �! ��	����� ó	� � * ó�s V � Á�\� ��
!� É��	" | c ¯�°������+Qé|�M ��# _�`!a�bc4d�e	f1b Í h %� %$'& Ã V (1i'( % Q y V ��Ð � �Á"é)� � ®?��*	+�;	m�Í-:-, � é @ ¤/. _ ü ô :�;0 ��
 Q y V ��;	m�Í-:-, � �=o�q�132�é=��4 ¾ y5 2  ± * ó�s V�
 � ³76 (�i Ã V ( % 
�8 � Å � �;	m�Í-:-, � (�i'é � Û � ���:9)��;0î?é=¯�°  Äe é!Ñ!<�Í�Ê�: Ë ù�; � Ð�® ¸ å � �>=@?�é=¯�° �A Z[>]\ � Ä	B	C�D'��E!Ã V Ò	F  HG é=¯�°�®-IKJÃ V7L�M-
!N &Ï� 10 pA O!Í�P�Í	Q)R3S�M y Ë :/×Ø Ä�Â I/J%T�U u �'� He V1MWQH�1| u �'X nm Ð/®¸ å � >]\ V)Y s�¯�° 
�M Ú µ \ V � z � M'� �%Z[�\ T'U  �]�^ * � 2 _ 4 ¯�°!®3Q � ` Ë :=×�Ø�Ñ�:a a�Ë Q�b�c  �d�e *gf ¯�° . Q�h�i�j k yml f @n�o)p Z Þ V Á!Q  @3q *�r-s Ð r�f�t�u T	U/Qwvxzy�{ Á y s f ��| y X�|�} ` . b	c�®'æ V Á!Q�Q��|�®!Q�~�� � e y @ 1�� r-s'� � M/� f " | � >�'�
He |�M-Ð/®	Q�|1M-����®	QH�w��±1²�Q Ä'B �w�M	��i yH��Þ Q�Q 0�o f @ ¤/. o { � V *	+z�	m�Í� , � Q ` � Í�� � � y �9� Ã s
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4.4
× ØÚÙÍÛÝÜ

ÐÞÑ	Ó3Ô3Öàß£á�â�ãàä3å�æ�çÒè�éëê µK ì�í�îÞï�ðñÕòôó ß�õ�öø÷ôï�ùÕú�ûÕüÕýÿþ�������ùÕú����	��
� ö�
�������í�������í���÷ ï�������� þ� �!Þí#"$	% �'&ÿí'(�ü*),+�-	.�ü�/10'2'3���ð����54	63ü��7�8�9�: 4	6�ü,�<;>=���
ôí�Ó�Ô�? %�$ ï�@

4.4.1 2 ACB 3He DFEHGJILKNMPOQ�R�S�T ãNUWV�XÒí�Y>Z[?>\�]�^Õú�_`/a0�2�3 3
á>�*b[cd��e�f�g£÷ ï 2 ��� S�h çLikj�ú�ýÿþ�ùÕúl�m =�ÓÕÔ�÷ôï#n�ß�o�p 9 ��q`r3ýøß*s£ï�@�t-þ�ý
þ�Y�Z�u 2 vÿíÕá>u 1 vôí�w�x,� 4/7 w�x��zy�{�|
÷ ï`t`}~y��N�k� %�$ \5y#�	�������Yþ����#\����
ù�����������Y�Z�u 2 v þ'X���� ê ρ ì`=��N��í'��?%	� c#} S�h çLik��ü 9 ����� $ �P��� 7 � m�� =� " 7*� ù�ú���ü���=�� % � 4/7 w*x��*��}���� 9
í� �¡�÷ ï*t`}~y�¢z�,�#\�@
t�þ�����
 � þ>£�¤*��� 4/7 ��+�¥d¦����ÿþ�§�¨j�ú�©Þþ m�� ='ª�«ôï	\�¬��	­�ÓÕÔøßàá 1 vP®�=�¯°�m þ 4He ßz±³²�´#µaU�?�\�ýøß 340 µK þ : ð ñ�L� 500 mK þ�¶ $ ñ ��·�¸���"�¹#¶ $ X�����·,¸

ß���º °	»5¼�½ (NMR) �5�*)�+�-'����ù	�	�F=¾�,�\�@�¿`ÀÕßàá-ð�X����ÿþ S�h çPiÁ�Õü���=�Â�© I }?k��X���� þ'�	Ã1}�} � í 7�� ù!ú�� êÄÂ5© II ìÅ��§¨�j3ú�� êÄÂ�© III ìÆ��Ç $ b °�m � êÄÂ�© IV ì�í $\£ï'È�É,��ùÕú��<=�Ê�Ëà÷ ï�@

Ì Ì Ì Ì Í Î ÏÑÐÓÒ Ô Õ
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þ þ þ ÿ Ì Ì Ì �

ÖØ× ÙÛÚÝÜßÞ à á âäãæå
� � ð��Óú ü ý òßãæå
ù ú ûéü ý ò ãæåÖæ× ÙÛÚßÜßÞ à á âäãØå

ù ú ûéü ý ò ãØå
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4.4 a: 4/7 w�x��³=����1}5?�\ 2 ��� 3He þ�ù3ú

� � @

���
I∼II: �����! #"%$'&)(+*-,/.10/23&�4

Â�© I á R é/5�2�þ S�h çPiÁ�Õü76øßF+Fc98': ß; ï>@�?'��?¾��Â�© II ß�á cw ê ���=<£ì -NMR ��z�L�k]�>,� 2 ��¢/? ßàá>Ë)@!ß ; � $BA%C ° ¡ÿþ���'D�!�y3EN�k�z\�@�t��øá����3ù����ÿþFD�!a} �´àéHGBI'J�é�U�ß*s£ï�@L?��<?Á�'K'L 9 ��M�N °/O
ê D ì`=�P=QÕ÷øï ¼*½�°�O G S U¸þ����%D	!ôá���t�þ

Â�©�y%R�S 9 � A/C �[}	? % Ë)@!ß ; � $ ������ù
ú��Õüøß*s£ï`t`}>=UT1? %�$ ï ê � 4.4 b ìÆ@£÷��BVW � ° ¡YX C D−1

� Â�© II ß�¯=Z'[F��X*�7\7]�{m = � " A 8 � D } ° ¡ôþ���í�á�+ $H^%_!`ba y3c�k�øï�@³�z��í��'d,�,t*}�í�Â5© I �L� II í � ��÷
ï'�'\�© ßàá>�'K�|�Ife�éGýÿþ�¢Õú O=g%h ê � ��iZ�ìôí ^ « % ¯ � íkj ; � ¼z½#°/O þ=G S Udy3l���'� %�$ ï�@�t-þ���� $ áFmYn���ù 9 í>Ë)@z�'� %$ � $ @o \Fp/q7\ÿákr�ç�I NMR ���<=ksBt�?Á�%u °/O´�ã�ç þkv%w A m þyx'z�=b{f|	� $ Ife�éy}�´#µF~
í,+F¥�I!eàé - Ifeàé#�=���`� (T2) ='���[?>\ ê �
4.4 c ì @`��þFD	!�� _��=� Â�© II í5) $�% á T2 ∼ 4
ms }�EN�k��\�@³�,��í 3He X*�7\�= 4/7 w�x��Y�À o ß>�5Ã��b��ï,} T2 áy�B�ÿí����à÷�ï�y>�zt��£áK�|	�ÿí'�1�[cGí�"�� 3He
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4.4 b: cw-NMR �L�½¼�¬L�k�z\ 2 ��� 3He þFK

L O a%¾ þ�¿ ¾ þ�X��/\/]�{ m @#Â5© II À>]�>���ÁÂ3Ã=Ä Ë�@ Ä ;kÅ $ 7��%Æ%Ç'È @�Â	© III �ÊÉ IV �
À 1 � È/Ë7ÌYÍFÎ�Ï }�-	y3c�É�Ð)Ñ�@

���
III∼IV: Ò=Ó'Ô�2YÕBÖ!×k"'$7&!(Ø*UÙ1ÚHÛ=Ü

&�4
4/7 w�x È +�¥ ¦�X��/\YÝ�Â�© III-a

Ä ÀFÞ 4/7 wx ÈfÍ �7ß 9 Å 1 mK Ý>�z� Æ e5µ1à/À� �¡1�1áFÞ§'â�j Ç À 4/7 w�x È =UãØäyá Í u 3 v Ä ¯ �YÍyåæèçêé/ë7ì \YÝkí æ3î �'ï[}%ðbñ������kñ æ Ñ�}��� É�ÐYÑFò ç � 4.4 a
î ò�t3Ý�Â�© Í�ó |7Ñ cw-NMR��� Ä À 500 µK ¿*À=Ý�í ì Ä §/â ° ¡zy T = 0

Íô �,�kñ3õ'ö1÷�Ñbø=ùûúbl��üð�\Hò�tUÐ�À�§'â�j Çy'Ife7ý 1
å/þ!ÿ Å�� É¾��Ý�������� Í�� �
	zt`}ú T��YðUñ ó ¥ ¯ ��Í�
���� æ ò�Â5© III-b

Ä À�Â5©
III-a Ý m	� ú�� W���� Þ�§/â���� Æ À 5 mK �5� ÄÅ nûÉ¾� Å�� °�m ÿ e�µ�à'ú � � ò�tbÐ�À>u 3 v Íó æ ñ�§7â�j Ç�� Ý È ` y ��� Å ¥ Þ*Ç � °�m ÿ Åm�� ú � �
	��'ï Í  �¡üð�	 � Ý³}�� � É�Ð)Ñyò
ä�É Í�� �/\fú¾�üð�	! �¥ ¦��/\�Ý'Â	© IV

ç Ç �°�m È î Í�� Ñ�} 4/7 w�x È Ý 1 mK ��� Æ e�µ�à
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4.4 c: r Ã I NMR ��� Í  3Ñ 2 £¥¤ 3He

ç Â	©
II
î Ý/Ife=ýy},´#µ7G§¦�¨ Ã çL© �Y�

(a)
î ò ° ¡YÝ

�>ª�«*�ÊÉ IYe/ý - IYe/ý��%�1� � ç
T2
î
¬ ¼,¬ûÉ Ð

Ñyò © ��� (b) ÀyE É�Ð�	 T2 Ý � �/\	 �¡7ò 4/7 ­® ÈYÍ ��� � Í � Ð T2 ÀF�%� Í �'�1÷�ÑFò

¬°¯�± õ'öüð Þ�²�V[¥ Í 3 mK
Í � °�³ ÿ Å e�µ�à¬°´�µ ÷�ÑFò·¶�¶ Ä À�¸ 2 ¹1®yÝ�­ ® È ¬ ã1Ð=ñ�¯­ ® ÈYÍ 1 £ Ë7Ì ÷�Ñ»º�� � É�Ð)ÑFò ç � 4.4 b

î ò

4.4.2 ¼�½¿¾�ÀÂÁÄÃ·ÅÇÆ�ÈÊÉÌËÎÍ 2 ÏÑÐÓÒÔÇÕ×Ö�ØÌÙ
Ú�ÛÊÜ ý�Ý Ã°Þ�ß / à�á (STM/STS) ~�À�¨!â
ãåäÜ Ã Ý�æ � à�ç�è�ú§é�êFñ3K'L�����ë/\ (LDOS) úl¥ì)÷YÑ�à¥á�~ Ä
í§î O � Ä ÝHl§ìïéñðÂè Ä!ò ÑHòp%q'\YÀ�óïô�s°õ ð�	�ö7í ì ç

Tmin = 20 mK
î Þ íî O ç

Bmax = 6 T
î Þ>ö í§÷ æ ç

P � 10−8 Pa
îÄ
ø � ÷)Ñ�ö7í ì STM ú�ù§ú ð�ñ%Þ¥û�ü�Ý�ýÿþÊú� ê
	Hò

��� 0/2����B�	��
)Õ���
������B�����î O � 2 £¥¤�� Ç�� Ä�� ì+ä�Ð)Ñ Æ'Ç�� ä Ã	���ÀkÞ�� ³ ý�þYÝ�� Ä � é"!�# ÿ	$ � å�% Å Æ'Ç ø=ùÝ 1
� Ä§ò ÑFò�&	' Í Þ � ä Ã	(�) ¬ Æ'Ç�*�+ ú»ºÑ-,�.���� Ä ÀkÞ�� Ç À0/�1���2�3�4�5fÝ ø Ñ76�89 ý :�; Ã�< Í>= êkñ î�? µ�@�A Ý�B)ú§é>êkñ C�D÷�ÑÂºFEHG�É Ð=ñ æ Ñ ¬ ÞJIHÐYú	K0L ÍNM æ � � ìð�	>OJP�¶�ÐRQ�S T�UØä�Ð�ñ æ�V/æ òRI!¶NS�WYX"Pö=í ì STM ú�ùÓêkñBÞ í�Z ôå³�[ àÿç·¦�\^]�_-`Ü

(HOPG) Ý7a � 2 £ÿ¤��	b ��cBó�d�e7f b�g�h0ij"k
LDOS ú STS

� ìüð�	Hò
3�4mlon�p � k0q `�r�s���tûúouwv3÷ e ºyxw\1ýz�{}|�~ � k0�Jk�� Ý��J�>ä	S^P�g�h k i j c ,�.� 	���� ¬ xwQ�	�\1ý z�{}|�~ k�� ä^� � Ý��J�>ä

S^P03�4���� c>� ¬ ê
	>��bÿ��� ¬ ��� c � ì��-�	>��g�h���� c ,�. � 	 LDOS à���P î�? µ�@�A k����� é�ê>��� j���� 4.4 d(a), (b) ��x î�� ��S 1/r
8 9w� :�;N� cN��  �-�¢¡ 2 £¥¤���b � k !�£�¤�¥c7¦�§^e7¨ DR©oª k-«	¬�­ � ºo®�¯N&�° §^e �±� 4.4
d(d) �²�RQ�¡ x´³¶µ�· k ,�. � ¡ LDOS à���x^¸RQj !�£�¤�¥ � $�¹�º �-� V�» º »½¼ M^¾	¿�M P0x��
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�J�>ä c>Ì�Í � ¡ g�h Î�� k ��b�¤�¥JP0x�Ï�b � ä
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4.4 d: Ï�b � ä���¤�¥ c ò e HOPG a�Ê k ��b

,�. � Æ § dI/dV -^�/.�Ê½�10 c32 b54R`76 k98
g�h;: Í . � � » e � (80 × 80 nm2 x T = 30 mK);

(a) B = 6 T, (b) 2 T � (c) < î�� c � d�e dI/dV

- k>= Ê � �>?A@�P (a), (b) S � ìÈ�-��¡CBED k Ø��� Æ § � (d) 1/r 8 9J� :�; � c-��  �7�^¡ î	� �
2 FHG���b � k !�£�¤�¥ c0¦�§�eN¨ Dm©-ª§à�� k «¬�­ � �

IKJML
2 NPOMQCRMSUTWVCXZY7[H\9]H^`_KR;a

à b < �^�3b1c :N;É� (MBE) d3e>f�S GaAs(111)Ag cEh;i � ¡ InAs jMk^S�PNx7�	bMl hMi knm d cHo
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j a	Ê 2 F7G��	b � : MMt^§�eCuCv :1w ÇF��� » e �
W XyP u k � �

InAs/GaAs(111)A � k ÊMx7y5z cW{� � @�| � ��x0a	Ê 2 FPG~}�b � k { � � STS
�K�

�n��� ¡0� � 4.4 e(a) P EF Î	� k DOS
k { �7� *

SC� e � 2 F7G;}�b � k t � e -80 mV � g k>q `�r
s9}	t�S x^\ � z�{ Ï�b *¢cW� ¼ �1� �3: �K� �7��x
I �HÇ k��P� ��� � : { � c ®7�~��O � � � *�§�e� b5:~� $¢e � 6 T S k��9� ��ÀM�^P3� 24 mV S�xu k � k1� � }�b�Ã�Ï (m∗ ' 0.03m)

$ Ç�� h�� Ç
� e \ � z^{}|�~ À �P� ��� � (23 meV)

v;o�� &
° §�e �u � v P1� cW� q `�r�s~}�t¢S^P0x { � c>Ì�Í �V�» � 60 meV ÀK� k DOS �^D5: �P� �-��¡ � �
4.4 e(b) ��� u k ��D t7� P InAs j7k � InAs !M� gc

MBE dKe½�E� eUv�t � V�» � � ¡;: � ��x InAsv
GaAs

k`� Ê k Schottky �E� �¡  � � � §^e3¢ k£7¤ LK¥ cW¦U§ � ¡ � k S/� eE¨ª©>« : � » ��#K¬­ P NTT � « !7®P¬ ­C¯ k9° qP±N� �/² v k1³Z´¬ ­ S/� e �
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4.4 e: (a) InAs/GaAs(111)A a�Ê�S STS

�7� �
�¢¡^\ � z�{}|�~ k { �P� * (T = 30 mK) � (b) ñ» q `�r�s9}�tKò5ó	S t � e`{ � cNÌ�Í � V	» � 60

mV ÀM� k DOS
k ��D��

ô [7õªöE÷ùøûú�ü~ýWþ7ÿ
2 F7G5±�\	]�_Ó`   : �   k 5 k`m ¤ c P-x������
Ä c�� ±	��±�
 v r ����
�� r�
 k 2 µ�·5: Í . §e � u k ¼	� � ±	�Z±o5 k�� c x π }�b k ,�.�¤�¥��� ±�\�]�_-`   ��� � ¤�¥�� v>o�� � e �H:�] � �� �P� �J� � (EF )

c0Í . §JeHuªv : tight-binding«�¬ c5o j�� Ò Ä c	� � �N��� » ¡ �! �" A �A� ¡
STM/STS

�$# S-WHX P Ö^× �/±	\	]�_F`   �%� � ¤
¥ k Í . � M�¾ Ä c L�& §�e7uPv"c d$' � ¡-�)($" A
P u � � o j�*,+ c.-�/�e ¡ × c x HOPG a�Ê k ª0 � k$1 2 b�s 9 �W² 5�S ´ � V STM/STS 2 � ���� ¡N��I ko­�3 xK±�\�]�_}`   �4� � ¤	¥ cn¦ª§�§e

dI/dV
�9� �	P EF Ø�5 k −100 ∼ −20 meV Î

� cEt � � �
4.4 f ��x�I k	6�7 e (ξ) P ξ = 1.2± 0.3

nm Sª� eªuªv :!8%9 � ¡�� u �JP;: g - <=: ( >�?:�@�� )
c5o�e

non-orthogonal tight-binding model�	A » ¡�B �$CED � BGF � ­�3 v>�7oU�IH ° §�e �

JLKNMLOQPSRUT VXW R
Y[Z\U] ^U_I`badc e ^gf[h�iLjlk

mno mp
q rst

u
JLKNMLOQPSRUT VXW R

Y[Z\U] ^U_I`badc e ^gf[h�iLjlk

mno mp
q rst

u

�
4.4 f: ±!v!w4xzy   k � ±	��±�{�Î��}|	�%~��  � � ��s����   � k 3 FPG ² Á �   � −40 meV Î��

|7±�v�w�x�y   {�¤�¥4| ¦ª§�§ � dI/dV
�E� �W:3�

ÇÓ���>�

4.4.3 �����}��������� STS ���
Sr2RuO4 T.�����CRMþ7ÿ

Sr2RuO4 �������������.���E� �;  � p ¡ ���!�
3 ¢�£�¤�¥�¦�§�¨ª© Tc = 1.5 K « v,¬�­¯®±°¯²�³�­�´��µ�¶�· � ¤!¸�¹ STS f�| o�º¼»Uu¯½ §�¨ ½ }�¾!¿À ½ ¬ ­ � �¡� ­!´ �¯µ 0�Á ½¯Â;Ã�Ä�Å |,Æ ´�­,-/;Ç�v~u$È�» ¤ �!É�ÊÌË (< 1× 10−7 Pa) Í ab Î}|° � | Â%ÃG¬�Ç¯Ï�Ð!Ñ Î ��Ò v�ÓÕÔ SrO Î�ÍH� º¼»¤�¥�¦ ��Ö�× RuO2 Î � uz³4Ø Í ½Zv9u,È�Ù	Ú 2�ÛÍ}Ü ­�´�Ý!´ µ H y�Í » 100 K �;5�Í$¸!¹ Â%Ã   �vßÞ | ∆ ∼ 5 meV

½ @=Ü Ý;à�á �1² © Þ ¥�¦ à!á �² «�â�2 � ²ã³ � uPv â9�%9 � Ç µ�ä 4.4 g �$��å �²�æ�� �	ç�è Í ½¯Þ ¥!¦ à�á �3² ½¯ÊEé ��ê ÍH�;�â » ��ë�9 ½ � � | o}º �!å �3² Ù�ì Í � u�½.Þ ¥¦ à�á �3² �.í�î ²	³ �¯µ�¸�ï/}�¾�ð�ñ�ò�ó�ô%Í �Â;Ã Î Ù 5 ½ RuO2 Î ½	õ�ö�÷�ø â�ñ	ù   ��ú�û!üâ ¦ Ü�� v$²�³;­!ýþº¼»�Ñ Î4Í �$ÿ�� ����� Ý �E}¾�¿ À â���ü ²�³�­�´ �
	 × Í/���.µ� ³ |
� ¬�­W� ¹ ©���¹�« · ¤ ��É�ÊEË Í Â�ÃE¬	ÇÄ�Å�Ñ Î4Í � ��ëã9 ½��%³�½!Ç�� |���¾P��� © ���ë ³��.» STS Í � √
V |3��� ¬�Ç ¿ À�� � â � ë ³Ç µ � ½ æP� � à ������� �� �!�"$#!åÌ� B á � Ë½

3 %'&)( ��*,+)-!�/.�0 ¿ À �2143 Í65��.µ�7 ÑÎ SrO Î �
8 ½ 5 ½ RuO2 Î ½29 ¾!¿ À ��:<; ¬�­ý�º » 8 ³ â STM/STS =�> ²z³�­!´ � � � �@?BA¬z­�´ ��µ
C6D<E�F�G�H<I�J'K<LNM�O�P�Q�R<S�F�T�U'V�W
X õ ê §ZY�¹$¤,¥,¦,[ Bi2Sr2CaCu2O8+δ(Bi2212)� BiO-BiO \ é â%w4x � · ] � · ^ +Z���<_ Í�`bac ; ¬z­�´ � Ç���» \�d)e�|�f�g�| Â;Ã   �.µ ² ë
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Â%Ã Î ì;½ ��åih�j ç�è Í ½lk
��mn�%� � � k � ½	Ê}éZo ê © T = 30 mK « µ�p<qÝZr�s Ín=�> ²	³ � ∆ ∼ 5 meV

½.Þ ¥!¦ à�á h�j
���!åih�j Ù�ì Í �	í�î ²�³ �	µ

|	¤�¥�¦ ��Ö�× CuO2 \�â Ñ ÎBtÕëvu!¦�[ 1 \ �xwy [ 1 \Bz�| “ {�| ”
²�³!­�´ � Ç���» STM >�}}|~ Þ |
� ¬zÇ ����� 1 ¢�£ ½ � dB�z¤�¥�¦�[;Í�5!��µ� ³%Ø Í Cu ��¾ ½�� �E� ~�� � ½ Zn  �� §;Í ø2�¬	Ç.Ä�Å4½

STS ó�ô�Í »  <� §<��¾ ç!è Í�����¾!¿À<� � ½Z�6� æ m�� à +���+ � © ZEP « � Ê4é � Ý 4ñ���� � âZ=�> ²z³�­!´'� µ �,�)� ZEP
½
�<� � ���¾��
( #,å}�
� á � ½���� â��,¾ ½��<� d$e � 	
�­no ê   �n�6��� 3 � ( �i����+ æ$���$� ¿ À �@�� ë ³!­�´6� µ ¬ t ¬ » Zn  <� § �� $¡ � ��¢
£ +¤ � k �2¥ �   � � �n¦¨§ ë ³�­�´6��½ Í » ZEP

½
�2© â ç�ª �B� ¿ À Í65 � �   �2«�¬ ¦ 5 � µ � ½­ ;�� ç�ª ¹ � (∼20 K) ® � Í ��+ � âZ¯<° Ø�Ç �±�²   � �@� � ë ³)� µ 8 � Í 143 § «�³ � ½ �<´µ�¶ �4ân·!ü ¬.Ç ��¸6¹ c)º Ä�Å �2» � ­ �Z+ � ½¹ � o ê ½ =�> � Ãn¼Õ¬zÇ µ � ³�Ø Í ½ � � È ä 4.4
h
� ?   	 × �$»$½�¾�Ý �!¾�¿��BÀ � ¦ Æ Â;Ã Î ½

STM Á � d ¡ � +�Â
+ � ½ ��� � �@Ã�Ä ¬�Ç ¤�¥,¦à!á h�j » 8 ¬�­  �� §���¾ Ù�ì Í ZEP
½ � � � k� ½ =�> � ü�Å ¬.Ç µ

4.4.4 ÆlÇÉÈËÊ'ÌÎÍÐÏÉÑÓÒÕÔÓÖË×bØ
ÙbÚbÛÜ<Ý �'Þ@ß k � \ é â ��Þ � · ] � · ^ +��!��_ Í`Óa c ; ¬�Ç \,¿�§�¨;Í�5 º¼» \ é�� ��à ½ ��¾ · ¿¾�â�f�g ��á'â�¬z­ Ü�Ý �BÞ
ß k ß ��ã,äå��+'�iæ� ê ; § © GIC « � �;ü   � µ<\ é §�¨$t±ë ½Z9�çè �)� 	n� ­ GIC
½ § � ��é<ê ��o ê   � µBë)aì7ç!»

6.5 K
»

11.5 K
� Y ´ ¤�¥�¦�ù è ¹ �}� ¦ Æ GIC¤!¥,¦!§�¨ © C6Yb
»

C6Ca «$âZí<% ´ Í�î�ï ²�³%Ç µ¶�· ¦ C6Yb
� Æ ´,­$Ä�Å ; ü ¬)» ä 4.4 i

½ 	 × �¤�¥!¦ � ��ð Ä ¬.Ç µ Ø�Ç�» ¤'Y É!Ê�Ë Í Ü�Ý �BÞß k Ñ Î �
ñ�ò ¬	Ç Yb � (nó +Z� ¬�» in situ Í ½
GIC ·�ü ¦ Ä
ô�­!ý±º »,õEÇ�Ý.Ñ Î 9�ö�÷�ø�ù
ú À� ¦xû �
ü<ý �
þ2ÿ���� ��� ë ù����$ù
	���
Eà�á hj ù STS >�} ��������������� 5 ��þ
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4.4 h: (a) Bi2212

ùqpsr�tiù
STM Á u 20×20

nm2 v þ BiO \ �xw�y�ù�o{z}|}~�� =�>�� � ü�ý ��þ
(b)
k@� m���� ��� k � u T = 27 mK v þ/	���
���� h

j u ∆ = 33 meV v ù���� Zn ��� ����½�¾}�<�
���
m�� � +��Z+ � � =�>�� � ü�ý ��þ

4.4.5 ���������������¡ 
¢�£ H�¤�¥{¦�§©¨�ª�«}¬�­�¬�®�¥�¯{°²±�³
´�µ�¶ ù�·q¸ >�} �q¹ ý<ü}º�»Bý µ�¶ s u 50 mK

< T < 5 K v½¼ ¹q¾ � ä�¿)+ �½À��2õ�Á4ù ¤ ä ó ä� ¸ � ß hÃÂ (MHSW) ¼ r î�Ä�Å þq¸ÇÆ�� �²È �� X�É ¼
Ê eqË � 2 Ì ù�Í)� +qÎ ��Ï)ô²Ðx��|}~ È� �@ü ¹��Ñ��Í$� +�Î�Ò�Ó ùÕÔ _�Ö [�È�Ä üx×�[ 4He¼ »�Ø Ä2ü�ý � u o 4.4 j v þ�Ù © ù MHSW
��·�Ú��

� ß hÃÂ�Û�Ü ù�¸{�}
{Ýs� 104 Þ ¦àß À ý�� ��r ÛÜ ù�¸ î ��á ¦ 1/3
�Õâ � ��Ð È �xã ÅäÄ�Å þ

å
2 æqç ª ¢�£ H}è�éëê@ìxí�®�î}ï�ð
ñ©ò©ó©ô�õ ¶ Ý u T ≥ 20 mK v � · � Ë �x	 µ¶
STM

ùqr î �÷ö�À�� 3He � Ý ß}ø �)ã$h k ¶ Ýu T ≥ 250 mK v � · � Ë ��ù 2
ù ´}µ�¶

STM
ù�r

î ��ò�ú ÄxÅ þ�û�üxý�ùxþ � ��ÿ²��� ý � ­ ¼ î �Ë �
	{�}
�� Ü������
	 ����
���ÿ��2�÷���²À������� ý ¼ þ ��� u 26 mm v�� � ÄxÅ ����Ð � 
����� û��
/ ��� ù! �"$#���À�%{ÿ&�('�) ÄÕÅ þ+*�, Ä
Å-/. � ã ß - ù STM 0 ��1 ù�243 ¼!5 ¶76$8 ×/9
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4.4 i: C6Yb

ù�	©�}
��/� u Tc = 6.0 K v²¼�� Ë��� ù ¶ Ý�����2 u B = 3 mT v þ
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149, 150, 105, 159, 160, 214, 215, 216, 217] §Kc £ ¸

ñ � ì"�
(i) ïKð72K\ d £9½  �¡�¾�¿ � (ii) ��2���ÀW-À�Á� �¡ � (iii)

. � Ñ��
Â�� þ3�(À�Á� �¡ £ ^�_5�Ã £ � KKLT
è
é±ê�ë £ ¿�Ä ·-Å�Æ «7Ç ° W9� £� · o�È�¡�É §
U>W � Randall-Sundrum5  �¡�ïKð�2\��
2 �ËÊ « � 6  S¡K�-6K8(À
W<� £XÇnÌ ·�Í c Ç� ¥ x É §

D3E>Î�Ï �@��ÐK��Ñ�Ò @>ÓSÔ>Õ
Ö ¨ � ¿SfI×X« Ç r ° þ h Ç ��Ø�Ù�Ú�Û ¥ ¿SfI×Ü y(Ý £-Þ�ß � U�W ì
àSá �>â�ã 5 À È Q � ��äSå«�æ É�ç À ¡-è]Ç À È-´ Ì GIéVv�Y�È�¡�É § CMB

£
¿Kf�×3ê Ç � ¡ ° É ä9å�ë�ì ¿Kf�× (CGB)

ì
� ¿f £ Ê>í�î Ö �
ï ­ ÈIð@¡ c Ç qVr���ñ�q É þ h�ò�ó´ £3ûv¡�ô�õ f�qsr äSåIö�÷�ø
ù9ú�ò U&û
ü É c Çø û¯x É(ý�þ /�ÿ ò�· É�� ÀnqXÀ · � r&c ø c Ç ì� ¾ ò-ó ¿3f&× Ü y ��ï ­ È�� À��Kc Ç «��
	 Í É��´ c(û¯c ø þ h¯· Ë�Ù.«���
 ,�� ò CGB
ò /±À È ó��� ø�� � Ü y æ$á ò � � È »��ÁÀ È x&W � ¤�¥¯ò�9ð û�� É CGB

ø����.ì&ó j �.ù ò$ì Ü y�Ý ø��%�� ò! � Y�È À-U h � c ø þ h�" Ö$# ù!%�&3q�r ó
CGB

ø Ü y�'�Î�Ï ò
Í É W�( ò�ì(ó �)� ø þ!��* à+ Â
(
ñ 2 [ ~�¹ )

" r-, ò Ü ynÝ ø È�.0/ d�ø!1�2��3 Ä Ç " É4�
5 c-û CGB
ø����6" r�, ò�� %��ò /]À È ó�¤87
9 Â3Ë�U&û�:<;]À-W �=� ø þ��4* à+ Â�ò � � È ���>'�? o W � U�W ó Ü y�Ý ø5ñ$@ %\��BASfI×>'DC r�E É d û ó ´ � " ÄvÚ Ç " É��85c�û ó   Ø=F¯ø5ñ$@ % \�'4:<; ò�G Y W Ü y(Ý ø È.�H�I '�J!K ò�L�ó CGB

ø Ü y¯ÎvÏ
Ë ò � � È `$ML W �

¨�N�O D�E�P<Q Ð$R�S$T @)U
C�D�E�Î
Ï�P�Q Ð
(GWB)V4W)X

Y�Z ø #�[$\=] G ú '�^ È ó (
Û<d

) ASf>×�_=` àò0a É!b�c6d$e 2 [4f G�g=h�ikj�"s� ó ASfI× ý�þ#�[�l7Ö)m ç W " ¾ FSò!n�GkL W ��o4p ó�ä�å ¿ úIòA�f
×�_�` à 'rq l d�s É (LISA)
à�á �ut # òDv�wû�Q � ó   Ø�F�x�ø _=` à ' `�MKÍ É!y�z0f4{ Z ò" o�È�| U o�È � É�� c h4L W�%$&8'D}<U�E ó-~�� l  Ø=F�x�ø�äSå A9fI×�_=` à<ò � � È<���8d " ���'�? o W �)��� j�" É��0� q ø _=` à<ø4��à ' ¸ e�)� L�ó 5
Y r ò
a o�È äSå>ë�ì ASfI× ø���� '
�ø�� .
/ d v 
 É c j f h�i q ó ���6d "4��� '�?" o W ���$�D���)� \ Ê j�"V�&h É A�f
×$�8'�:�; LW h E�û ó Ö�m Ü���f Í�Í (Vr Y�È � É Faby-PerotxKønä�å A�f
×$_�` à f ó LISA

xKø � ø�a9� ��� YÈ � É c j '7� L�ó v r ò l ó�ë�ì A9fI× ø�� ï ]��� ø ý�þ h�i��¯ò � � È � `�M '�? " o W �

� ¨�ª�«)���<����­ ²¡  «�¬�­¯®=¢!£ V$¤4¥�¦
§ �0¨4©4ª�« � ø­¬¯®�°�± «�² � ' ���8d ò ���L�³ É$´ j � ø�µ�j)L È ó |  3¡ ò$¶�· É § �
¨4©ª�« �¹¸ Â ¬�º$» ��¼�½�¾ '!¿ s É0À j f û>Á É<�



118 5.1.
äSå<Â=M�Ã�Ä�Å

( Æ�Ç ¸ÉÈ Ç )

À ø
(
¼$½�¾

)
Ö ÿ l�Ê)Ë "��)Ì '-Í �8À j f�Î�ÏÑÐÒ�Ó ��Ô � ~Õ� l ó |�Ö�×)p / ò$Ø
Ù « ± f<Ú�Û "Ü û�Ý f
Þ�ß�à�á (smeared

j�â�ã Ò Ô )
ò � � Ó ó§ �0¨4© §åä « »�øæ¬¯®�°�±)ç<è�" ¼�½=¾ ò � � ÓÃ�Ä '�? Þ�ß4�éÀ ø�ê�ë�ó Ö�×$ì ò�íïî Ó ¼�½=¾ øÖ�ì8f�² �8ð Ô À j '�ñkò Lôóöõ�÷ Ö0×8ø�ù m�ú�ûü ß õ�÷ Ö�×�f *=ý�þ)ÿ ø����¯p�����ù ð Ô À j '� ñ L ß�	)o�p û § �0¨�© §6ä « » f�

� Gregory-

Laflamme ����� � ø<o�� �0¶åa���� ø�� Â d�� �� � Ô ß�� û § �0¨4© §>ä « » ø ��� � ����� Ó øÃ�Ä � ? Þ�ß�	 h�i�� ð! Ó ø�"$#%�&��� Ó ø ���� �
'  ß ê�ë û § �0¨4© §åä « » � l�( o���ø ���� � -Gregory-Laflamme �$��� -
L*) ù m L
� �À j f�+kÐ Ò ß�	éÀ4ø�,!- l4û ~Õ� ��À<ø �$��� �ø!Ú$Û � j � � �.�!� Ó Â�/ �10 � Ô*2&3 �5476 ß�	

8�9�:$; �<�=<�>�? U�@�A�B�C=D$EGF
PBH H!I

J » � ä «$KML »ON ø�P!Q!R7S���� À Ô�T �!U ¬º ¨4©WVYX
(preheating)

l�û Î�ì[Z�ì6d ��\^]�_ ø� Y �&` Á �éÀ ð À j f.a ] Ò�Ó � Ô 	*b Ã�Ä�c l!ûÀ�ø*d�e �
\G]�_ ø�� Y ø)ß���� ` Á �éÀ$Ð Ò Ô ( fg&h$i�� � )
§ ��¨�©!ª=« è

(PBH)
ø*j$�7�.�!� Ó ûk�l
m�n ¨D© � à7� a Ô�o e è �1p � Ó.q=r �Os � Þß�	

PBH
ø�ù m�tål�u$v )w]1x$y f&z ] Ò�Ó ¶ � û{ t �

PBH
j=� l

preheating o e è ��| y �14�6Ô À j � � Ô 	ÑÀ4ø Ã�Ä�c l 2
¶6a.�

3
Ö�×0ø$K�}~ ä «$KML » �*s � û \^]�_ ø v ��� �1� "$#8d ���� ü c��æ³ À j �����G��ß=	 � ø ê�ë û g!�ÑÐ Òß

PBH
ø
{ t j�� l �éÀ7� 6�� û k�l�m�n ¨�© � à��� Ô h�i.P�Q�R0ø�K�� º m ø.�7� ���.��� Ð Ò ß�	

�.���[�5��� ���<���%���1�0�^���%�=�7� ¤4¥�¦
 �¡ ��¢%£ ��ß¥¤ Ö�×0ø�¦�«�§7��ß�¨!©0¨4©�ª�«» T © ¬­¬ o$® è ø�#%¯ ���!° �
'  ß�	&±!²7S�³��´ ð Ô1µ ´&¶ � "!# �.·!6 û ª ç ©�«¹¸»º
© ¬ è ¸¼ »!½�è&¾ Ó ø k J §������ Ó /!¿ �*s Þ�ß�	 ê�ëÀ � Ó û �!�=� � o «GÁÃÂ�Ä�ø k J §��Y
rù�Å!Æ � ûÇ ° o�È ÁÉÂ ¼ »�½rè.Ê �&Ë · ù�Å ð Ô À À ��Ì�) Þß�	éÀ4ø&ÇYÍ o�È ÁÎÂYÏ�Ö�×0ø�Ð�Ñ&Ò���´ í ð Ô 
ø c�Ó Ô 	 ü ß û�Ô k J §�ø Kaluza- Klein o�È Á
OÕ%�=ß�	

[10, 150, 69]

Ö�A�B$× �
Ø!Ù[��Ú!Û�Ü=Ý�Þ �=ß � H!I Fáà!âã=ä�¯�å&©�æ5ç*è È è øWj�é ÀÉê � �1ë¥ì�� û Ran-
dall

À
Sundrum

ø ¢�í ��ß!å ä JYî h�i o�® è ø
ïð �1ñ � Ô Ã�Ä �*s � Þ�ß.	�ã�ä�¯�å$©7æ�ç�è È è� ê � �áò ò Ð Ò Ô*ó Ò7ô�� �.õ7ö Ò6ø t � å ä Jî h�i�ø ° Ì � ���ø÷7ù c ý�ú � û�û!ü!ý$þ �&ô�ÿÔ v � ê�ë À���� ��ß�	�é ë À � Ó û å$©7æ�ç�è Èè ø�ù!Å t ô�� � å ä J%î h�i � Ú�����ÿ Ô�T ©!Uk È�� ø�| y�� z ] Ò ß [57, 97, 102, 124]
	

�7Û�	�
7�
��?�� @
4 ��� Ö�� ��Ú!Û�Ü=Ý=Þ ��ß �� I

Dvali
À

Gabadadze
À

Porrati
���)Þ Ó ¢$í Ð Òß��=Ö�×���h�iY�&ô�ÿ Ô 4

Ö�×%å$©7æ�ç�è È è�/ ��!é ð Ô ß���� û�� è ç ����� Ô � ªY© J K î"! ø#�$ ��p � Ó /$¿ ��s � Þ�ß�	 ê�ë À � Ó û
5
Ö�×å$©7æ�ç�ª&%
' î"! / �&ô�ÿ Ô ª7© J ª�ø�ù!Å À (( ° û ô�� � 5

Ö�× ¸
4
Ö�×

Schwarzschild
/ û

5
Ö×�)[¯

Black Ring
/ û

4
Ö�×

C-metric
/ � Ò+*<Ò�&ô�ÿ Ô ª7© J ª�ø � ù!Å � ñåò ��ß [142]
	

Ú�, � � �.��ß.- ?0/�1 @ 	�� � Û �O�3254�6
Randall-Sundrum

ø87 Ö�×7å ä È î h�i o�® è �ô7ÿ Ô J[î ¨�©9% î ø t Ò \ ]&_ �&�Y��: '  ß&	å ä È î x ø J�î ¨!©5% î ø \^]=_ Â û 7 Ö�×0ø �è ç�S�³6ø ý t ø \^]�_ À ê á ð Ô ß�� û ê�ë ¯!�; ]�< Ô�= > \ ]�_ ø T ¦ È ª�?�ç5% è Â û Ï�Ö�×ø J%î ¨ ä È K¥L îA@ r ø�BDC )w] � <+EGF À � BH8I <+E 	&b�J�K c Â û J%î ¨!©5% î À 7ML�N ý tø ê á�O8ø&S�P ��Q � ì�R%¯!� �TS�F À c û = > \]�_ ø T ¦ È ª0?%ç5% è�� ��U�V�W c�X0Y � û � øX0Y�ZY� 7ML�N ý t ø \^]�_ � À\[�] I <+EGF À ��Y) � ]^<`_
[154]

	

Ú�, � � �.��ß.- ?0/�1 @ba0c�d�e�f
J%î ¨hg È KML î�i�j S�³ j t Ò r ¯ \^]�_ � �k À3l E ±!²!ÐYÑ�V%�!Ânm�h�ipoAq �"r ��:�s I �ª�t È
u ËGv _wF"x jny0z �|{0} �|:�� E À ·$6 ]< :!ô�~�m��w� @ rD�0� @ r � +�� l E ��L�N�³�P� ´ l E ( ( j�� � ¯ � §!Í È å À �DE � b�J�K cÂ�m

Randall
À

Sundrum
� � E 7�L`N�å�g È î hi o!®�u ��p ��:"m�±!²!Ð�Ñ�V j ª�?�ç5% u ��� <E ��L�N j���� �"� �0: · 3 � _����0� ¯ � K=��'m c Â������0��g � ��L�N ��� � � <+E=� m�b����Â7��~ ( ��¯ �
��� � H � ��m�h�i j �������0�� ¡ 6 :=±$²$Ð�Ñ0V j ñ ¬ j K ~ }hg È K L î   s v_
�D¢ j £�� m

Kaluza-Klein o�È Á j ¤�¥hj �0¦w§� m �������0� � ¨�© ��ª0§ Ó�E (�« j $�¬ � ­ SF À  |®�¯ � _
��F|< � ��~°m��0LGN ���hj ±�² Â���0�"��g0³�´ jGµ j�¶ Ó0EDF À � · I <D_
[19, 93,

101, 120, 219, 220, 50, 51]
��¸0_ m F j $�¬ Â57�LN j � u ç
¹�³ jnº�» ��¼�½ ª¿¾°m%å�g È înj À �� ´ l E Í È g î Á ¨wÂ�ç�Ã � j�Ä ¨�© l EGF À  · � l E�Å+Æ�Ç g È Å�È î�£0�  |É�_ [163]

�

Ú�, � � �
�=ßÊ-MË /�1�Ì
Kaluza-Klein Í �T-MË��Ì"Î�Ï ß`Ð��
Ñ�Ò

å�g È î ¦ È
u Á ¶Dj Ó ¯ ��ÔGÕpÖ Ânm�åhg È î×  |Ø�Ì+E Ð�Ñ�V j Ù � Ú0Û L�N ��Ü � Ø�Ì+E Ð�ÑV j
Kaluza-Klein(KK) ÝYÈ ÁßÞ�à$é I <�En� ÐYÑV%Â�á�â u�ã�È  |ä+å�_0æ+F jwç S ª Ý�È Á j © Å
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Â*Ð$Ñ�V k j|ë _ ª�á�â uwã=Èbì0í À�î :�ï�ð l Eb�¢+F ¶�ñ J�K ¶ Â
Randall-Sundrum Ý�®0u � ôD§:"m�ò0ó�ô Ó�j

KK Ý�È Á Õ8Ö j õ ;�õ  &Ó Ö Ì lÐ�Ñ ö j�÷ L"ô Ó   ·�ø E�F À � ç ~ùm5Ð$Ñ
V j
KKÝ�È Á � ç E ÐYÑ�V k j á�â u�ã�È�ì�í0>   Õ æ�_

[5, 40, 41, 91, 104, 147, 139]
�

úDû�ü0ýhþ�ÿ��������	��

�!ý j�
�� ÕpÖ m���� j��	��� é j ñ � Þ F|<+¸¶�� ø Ö < :�� _ ç ~��G§�� � ÕpÖ�! ¸ vn:�§ EGF" Þ$# Ö3ÕG� ª`vn: � _
��¸�_ m����&%�' j � ')(*�+ à�,�-�� Õ¿Ö s I ª�.�t$/ u ¶ � ')( *�+�0 �Þ21�3 �54 ¾3ª E7698;: Þ · � I=<?> § E ��F <  S=@ m�A�B)( *�+�0 �`Þ21?3 �54 §2C	D ¶FEbj+ç SªHG	I0¦�,`Þ�JLK;M j Õ  ON G	I ¸ ¶HP æ >HQ�R  J�Knª`v _
�+¢ j £0� G	I0¦�, S i :	T�U Û�V mXWT�U Û�V j�Y$Z9[�\  O] v >H^�_ ÞH`ba " §FcHK <¸ ¶2d ¾fe Ö <?> §�ª Õ v;g ^�_�h�i  O] M�K " Þj Õbk g ��¸ gXK < ¸ ¶
¥�l Þ$# Ö3Õ ¶ ª Õ�k gHWT�U Û�V µ à�,Fm < M7nwÞHo ÕXk g �

[20, 94]

p	q ����r�s Ë$t Ì7u?v�w
D xLy{z �O|Gþ�}?~�F���{�?aO�	��S

D �X� / * ")� c5��B?� *O�2���� æ Ö <�> � M " � ø Ö <&> � M��
non-supersymmetric�

D ��� / * SDÃ&��( *)�	�b� ç k >2� G9�=� � M
supersymmetric

�
D ��� / *;�����b� M2�&�9��%' � S9K�� ç c ��� G��5���f� j �^Þ�� î ¾��FKX� �¡ ��¢	£�¤�¥ �

4
� GX�5����Þ9¦=§ > �Hg " � ø M��Þ©¨)ª ¶�« M��&�¬�{SGÃ��2( *���� ��­ [&® Æ5¯° � U�±�²�³�N�´;µ ê ��¶ �`¶ Q�R î g2�

[155]

x�·$¸H¹;º�z;» þX¼ ¹$½�¾H¿�À
��ÁXÂ2Ã2Ä / ° S2Å è�Æ�Ç ê ��È�¢ "�î >HÉ ¥ �M " � ø Ö <?> � M�Þ;� ��ÁXÂ2Ã2Ä / ° � É ¥ � M¹2Ê+×	Ë2Ì T ê ² � ø M " ��Ì T ê ��Í�Î "�î > �MHÏ�Ð+Ã�B�/ : Þ&Å�Ñ�Ò g <?> � � � ç c � Ä ø M"�� c�Ó=Ô « M7�2Õ2g ��Á	Â�Ã5Ä / ° S�á * ��Ö�×=/²�Ø k > � M�Þ2� ¡ �
á * ��Ö�×5/ � ÆbÙ � M�Ú)ÛÜ¨ÝOÞ�Þ E K � « M&� Õ K < Õ�Ë�e Ö <�> � � Õ$k g��K < Ö �&ÓOÔ � Ç î � D �b� / * � Q�R Õ Ö �	Á	Â{ÃÄ / ° �2Å?ß�Å$ß�� Æ Ã Ö ��à�á S�â	��ã ²$ä g ��2å Ö3Õ ��æ?ç � Ë2è�¤XË ��M 698;: ÞHo Õ�k > �g��é�ê��S

non-supersymmetric
� ��Á�ÂOÃ�Ä / ° �J @ M7â&�

/
1	â�� : � Q�R ²Oë k g��

[106, 52, 164]

5.1.2 ìîíðï�ñóòõô
u�ö?÷$ø�ù$ú þ
úDû;û	ü?ý�þ ÷ þ�ÿ������ ¸���� 


[24, 100, 126, 175, 195]
¤$¥��
	���Ë � /�
X/����� ²�� " � M N�´�� ���L¦����
��� �"!$#�%'&
(

���*) �,+ §��5..-?/H.����/����0�1���2 �43 � �,56 ��7 � +�8 Ë�� N�´���9�: � 6X8 " � M�� ¡ �&.-9/&.������b��;;/�< Â ��� 1
ß � ��=?> <?> � M�
�;�
@�A N�´
� Ë « � � ¡ �5� l S2��B�C�D4E N´ �	� C � E�FG>IH�J m < M�K�L�� l " �
M�N�O�'� 4QP�R °�S / à�á Ë�T�,Fm < M�O�'/M�N;� l " �U�VFm < M���W�X�Y9Ë$S��
@�A N�´�� ��Z/[ " � l��â�\ �,] N ��^ � F � ²�_ = � F ß&�
M�N�`�a�bced
f > ä*g4h � �
@�A N�´�� � d Kji Â�k ��l/mn�o � ß � >�p�q f�g2�
r�L�a � S��
�����b�ts �G4u�D�vjw$/�; Fx> �ey � G z;Þ�o�{ ²�| l�} � Mn�o
` ² \�~
�Gf)���.-4�����/�
�

LISA
²���� � �� 7 � 8 DXË$�
� ¯ [ i Â�k�� } � ß � > ��r�L�aw��'���ó� � ������� ²7ë k g2� ¡ ��¢�£?� � 7 �8 DXË$����Þ�o Q 8 S��/� N�� }�o9Ë

` ≤ 5
�
� >< M ä �������/��D©Ú�!�D�� Fx> §LM�@�A N�´�� �� V ��� = M�K�d�� j F k g��

�.�/�����/�4�Q���¡ 
¢'£�¤ ý�þ�¥�¦�§�¨�© ª�« ¬
� ¨�­/®

[127, 107, 165, 196] ¯�° f�g N
Lê¨,±,² ´ D�³��Å�´ � � ¨2Ý�µQ¶/u4·�Ë ´.¸ a ��¹ \ ��à�á � µº1»º¼

( ½¿¾ÁÀ °.Â�Ã )
� ¡ �,Ä	�

2
L�Å
Æ �43 � � � j� j dÇl�È¿��É��Êf�Ë �ÊÌ �¿(��;�
² ´�Í a�Î ¹ \ÏÐd�Ñ Ò�ÓQÔ Í9´.¸ a�Î ¹ \�Ï �.Õ � Ë;� ¹ \ � ÍÂ.Ã à;á � ³=� ë f � � �é�ê�Ö³5��×.Ø&��D�Ù¿a ��ÚC/Û/Ü/D �

N
L��¿Ý�Þ � ���º��� ²7ë � ��² ´.Í aÎ ¹ \�Ïj�2�Gß�Ô�Ø � �
à Â/Ã �2à�á � É ¥Êfé��D��â
á�³�� Ú C¿â ¾ � Ö�� k d�Ñ�Ò�ÓjÔ 1- ã Á�ä �;.��D�v ��å�{'æ�çXË;� 3 Ì )�è9Ë�¼
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�-� � ·
4.4± 1.4◦

ý�� ��� `ÀÂ�ñDY7Â
� 3− 10◦¦�î�� ä ý g Þ Ö ¦ ��� ë! É^â�Ö Ä#"%$'& ë è�(ä ý�÷ÎÂ í Ä#Â��×� ��) �-�vÉ Â�·�* ��é ý g Þ â
[22]
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1�243 ç Ý ¾ ·	¢D�'Â'ôöõ ã�ä ��5�6 ã%7 Ä7�	��#Â 2 ��8 © Â:9<; � ¦�² é�=�>DØ Þ Ö ¦ i ý#�?Þ âÖ Â Ö ¦ ) >7è Þ�¦?� �v� `DÙ��D�-Â�@BA Ü g Þ �C � ü�D � ¦ è  É ��E�&#ÿ�F�G ) lÎ¿ Ø Þ Ö ¦ �HJI Ü ÿ�Þ'¦LK�M � Ä#Þ â�NBO ·�P Ü �D�'ÂRQ C �ÜTS è�é � 1�243 ç Ý ¾ ) >vè9É lÎ¿ HJI f7� $AÂ� ä Â i Â ë ��U�VXW Ü�Y � ) ² É?â

Z4[�\<]�^ ÒT_<` }�a�b�c�d'}Te�f t:gÀn7p:h!i
ß�j�k O ÿ ��� Ü �!Al� NBO Â �J� Â�m�n ©!o)çÂRprq �ts çv¨ m�n ©!o)ç�u4v Al� Ö Â É�w �J� ·´ ã�x
y ):z  é�è Þ�¦ � Ä é9è Þ â ² ë ²{� s ç¨ m�n ©!o�ç Â Õ�û}|�~�� ·��#Â4��� u4v Þ â�Ö Â�J��ÿ����#� u�� º � s ç�¨ m�n ©!o)ç ) ���
� ¶��Â���� � ¦)² é � �vØ Þ:��� � ¿:� w)é!�
É?âáÖÂÀ�J� Ü
�
� � ��� � Ä É ñ��<�!��Â
��� � �
�������ç?©4u Â

Newton
�
� Â�����¦�² é ßvÄ#Þ Ö ¦������� Ä#Þ â ² ë ²{� Ö Ät� u · �v���4�4� Â ��vç
©4u

Newton
�J� �T� A��  é9è Þ ë · � ët é�è ÿ ët É^âÖ Â< 4� ÿ:¡�� ë-ì N¢O ·
� s ç�£ m�n�¤ o�ç ) �� ��� Â¥���¢¦ è �r¡�� ë-ì¨§
© ���
Â ½�¾ ¦
² é:ª« Þ u�v�¬ � ����� �T��ç ¤ u Â Newton ­T® C 2�¯¤9Â í Ä Ü  
A¨�?�T°�±TFTGT² ��³ $¹Â< <� Ü ���%´Ä7Þ ë )¶µ�· é�è Þ â Newton ­�® C 2�¯ ¤ ³ ���¢¸É ñ���Â £�¹�� 3 Q C � ) ��º ��� W�ÿ�µ�¶¼»<¸#½·

N
� 2
¾:¿JÀ ç 2tÁ C ) >�è�é K�Â Ø Þ â �J¸ é ���Â ½�¾ ¦'Ã�Ä'Â £�¹�� 3 Q C �)Â�¡�ÅÆ¦ )
Ç�È ØÞ Ö ¦ u � ����� �T��ç ¤ u Â Newton ­T® C 2�¯ ¤Â:�T� Ü Ã¼¸=Ç7È )¶z  É [58, 98, 89, 173, 183, 194]

É Ò�Ê¥Ë Ð ÒTÌ�Í�Î�Ï ] Ì:Ð�Ñ�Ò 0RÓ Í�Î ]�Ô ÊÖÕ×_
�<��� W¥Ø ä�Ù×ì
Ú Â%Ûr��Ü�Ý
Þ
Ã�Ä7Â:ß ä |áàâ|²�� Ü:ãTä Ø Þ Ö ¦ ³ óyì Ä é)è Þ â ¸ ë ¸?��å � Â¡�Å Ü  �Þ!¦<æL��Ü�Ý )¥ç Þ!¦ Ö Â# J��ÿ�Ã�Ä�Â�èé Ü Ã Ø Þ ã�ä èJÞ ç ì ÄDÿ è�â{NÖO Þ
ê 1 ç ��ë ç£ Â�ì#í<î ��ï�ð ¤ Ü  !A Ö Â Ö ¦ ) ��� W Ü�ñtò¸ É
â ´ ì Ü � 2!¾�¿XÀ ç 2-Á C ðvç 3 � � 1 ç Cð Û 3 ¤ �<ó í�ô ç�õ í�ö�Ã�Ä ó 3�1 � ) =  É æ��Ü�Ýtö�Ý�÷ )¥z � Ö ¦ u ��ø�ù�ú�û�ütý���ô ç�õí�ö
²��!ö Ý�þ )¥ÿ�� ¸{��å��!W Ü ��� ö-æ ��Ü�Ýö�è é Þ�ì#í<î � ö�����²�è Ü Õ	�)Ø Þ
»�ö u4v Þ¦�
 �
�J7�� â [88],[179]

5.1.3 ����� �����������
� ��!�Ñ4Í
" ] Õ$#&%tÌ�'�( a�b�)
* C,+ ��ì.- �0/2143
57698.:�;=<?> @BA�C.D�E¿ - / QGFIHKJ :GLNM ¸�O��TöQP :BR ª >S@ ����T öU ï Q9-�V þ : S&W?X µ<· �QY �QZ
Þ\[ S [ S ö 3576�]�^ ö U ï QG-�V þ ö C � ´ : S&W?X U?_�`baz W O-´ ^B:&3
576 ö
ø�ù�ú�û7c�dea\f\gÖ¸ XQh
ij Wlk?m � u\n ¸ v�o�@
p ¦ u O U ï Q9-�V þ aGqr ���Qs ¦ ç D ¸ � ¦ � ö �Qt
£u/ ¤ awv � ¸ ��Y �öG
 þ O�í Clx À -�y ÁGz|{K} öGq r �<��s :B~�>&@¡�Å!ö��Æ¦T´�� @

0.1Hz � :K� W7X ΩGW ∼ 10−20�7� ö���� ³ v&@
p ¦�aG�Ö¸ � [18] Y
���?� g \=�l�?�=�����S��� !S�?�&��"7�&� ��!�Ñ
Í
" ] ÕlÌ�#&%
�7�7��� R ¦ W �|�&�tÞ �.W �Xö �
���?  ]�^ ª« @ ³ O!��öK¡ :�¢ � ´,� @B£�¤?£ Ø � Dl¥7¦ Þ�§

� u Þ ¢ � u � ZlO?¨.©�W D �7ª%ö�«S¬ T ¦�¸ XQ­®�¯ M aG° w X � �QY � ®Xö�¡�Å u ���7� ¦:Þl±!ö�&�.²%¦9f © ^ � X � � * z +\³ ì	- �0/ » v&@,´ö �
�K�7  öl
 þ ¦¶µ ]�· O p ö �
�K�7  �&�!öl¸k�è : � D7@ ¯ M ³ °!��¹ X?W @ YIº¼» Þ��TöB¸�k�èöl½ � ¦�¸ X¿¾�À
Á�Â?T ö�Ã W :�LÄM ¸ X ��·ÆÅ?ÇDBÈ�É y ¾�¿
À -�y ÁGz a z ¹ X � �lYGÊ ÂKT.Ë u öÌ � Ý�÷ : ÞlÍ7Î�Ï ~ è?Ð j :lÑ W � Ý�÷¿a z �ÓÒÔ ³SÕ @ ³QÖ ® � ÞQ×KØ�Í7Î7Ï ~ j�Ù Â7Ú Ì7Û¿Ü�-Ý a�× � ´,Þ?O�ß�à :�áSâ.ã �lä7å aBæ¿¹ �QY ��ö
 þ=Ê Â?TbË\ç ölè
é �?  ç ª « @�ê7ë + ì�í=î -¦ DS@ ç Õ ¬�ï ½�ð Ë è?ñ7�XÞ#»
¦�»
¦:ö ¾�Àbò7óx ô í�¤ :   ·öõ7÷
>.@ Â?T ö
²�ø ³ Cuù ½ûú DS@p ¦�aG� ¸ �QY�ü�� O p ö#  ïGD Ê Â7T è
é �?  çÞ�¨�ù	ý :Sþ&ÿ��e/ ø%ö���� s ³ ª « @=p ¦ ³�� ^� X?W � ³ O p ö þKÿ��=/ ³ �tö
	 ü ç���
 >
@�� ñö�y ¾�¿
À -?y ÁGz :
��� ¸ �,Y p ö p��G:��=· O9�ö Ë���� ö�è
é �7  � �Xö�	 ç { pK@ * z +\³ ì.-�0/ a�� D&o X�� j ç ùK@��=ïB:?D ¹ �QY	ü�� O7¸� èba �! @ ��" : é�# O ¾�À O Â�T ö�$�%�&�'7`:)(+* X�, W�-/.�U - î�0�1 ç �32�4�5�6�7�8�9+6:�;ea¶æe¹ �lY p 6 p��B:!�=· O þ�ÿ��./ H=< 6 ÷?>:l~@* X�A à Ù D�B %�&�'�C\c ] ¹�D Y [48, 49, 92,
118, 119, 191, 141, 169, 170, 152, 153, 192, 181, 218]

E�F�G�H�IKJ/LNM�O�P�Q�R�S)T
U ®�O

HE0107-5240 6 �
ï9D ¨�V :�W�X # 6ZY DW �+C�[!� ]�·]\K^ " X�W @ Y p 6 � ïGD � W�X)_` � \ h
i 6+aK2 B % :Zb ü ��D�c&[Kß�d 6 � ��(e�f C Ê W � f)g ^ � @ 6 ç OKh 6 � ïGD �+C�i�jç ù�@��&ï¶:\D ¹
D p�� ç O B % h�i 6
k `	aml ùZn]K>poq�¶D�@ c�[�ß�d 6 ��r 6 ( � C £ ü ¹ X?W @ Yp 6 ��ïwD c?[�ß?d\� 6 è7é �\  6 y�s]t)uw-Ky�vz \�w/� 5yx æSµ7� X�W D W Y h p ç º�» \ O x�6�=ïGD �+Cpz�{ Ù : x�6 �=ïGD �&�ba?| ù { p,> 6
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] a Å�Ç D y!s�t�u9-7yKv z aGæ.¹ X ne^ ]&:�* D Yh 6���� O B % :Z� c Ê WQÂ?T (1012G)
a���� �=ïDZ� Û \ OGè7é ��  6 P :?þKÿ��=/ ø 6 � R a { pG>p!� aG� * D Y	ü D�O?z�{ Ù :��e@�� . �p�p� - 96 Cuù 4 Á H�< 4 � @\E tK- /p� F 6 # � O B % 6� À?��� Ê�4�6 Ï (?( ey� n	^I]&:�* D [46, 47, 117,

111, 140, 151, 168] Y+4 ^G: O)h 6 �
ï¶DZ� Û 6 { p> �&� 6�� #)��� fK� � W?X � :?;¿aBæ W O Õ ü ·� è W � Û \ Ê Â?T a ÷@* X�W?X � � RK\ { p 4 DW p!� aG� * D
[180] Y

�Z�������)�?�q���+�Z���) �¡�¢�£
i�j 4 �)¤�¥!¦ h
i q rK§ z�¨ ³ 6 ïZ©�ª ¸ 2m6��« \)� u�¬p­�¬�® x�6 � Û�¯�° �]± gy²N³)¤�¥!¦C ª h 6 ïZ©�´ � 6?µ í 9K¶ ¬ 0�1 ç \pª�·�¸ ~ �¹�º�» 6�¼�½ C�[+g�¤�¥!¦ � ¥ ï¿¾�À f C?Á�Â�Ã3²Ä�Å 4 ³)¤ ù DpÆ?Ç � º�» \pª�·�¸ ~ �)È ó ¬ 6�ÉÊ ò7ó�Ë ô�Ì 9 C ª�Í s�t=u�¬ Í vpÎ�Ã3²¿Ä�Å 4 ³¤�¥!¦ �=ï �pÏ?Ð�Ù ç Õ ¦ � ¥ ï¿Ñ�Ò 6pÓ ª ¥�Ã)®¦ µ í 9K¶ ¬ 0�1 ��Ô ¥�¤ � ·�¸ ~ � ¹�º�» \�ª�ÕÖK§ Î ¨�× 6ZØ Ô�Ù � Ô)Ú � ®�¦�Û ��\ ç ù ®�¥ �¥ ï Û ��Ü
Ý�nK* DpÆ

[1, 144, 167, 138]
Æ

ü DZÞ!ß § Î ¨�× Õ Ö�à�á 6 ¯�° Ü�â ¦
ã�ä �?*¤ ªæå?ç�è f 6 ��é Ü æ!ê�D�Æ üZë z B � ·�¸ ~ � ¹º�» � � ¦ å�ç�è f 6 ç�ì�í�Ü�î ¥ ª hp³ � �Kï��uN¬Z­�¬�® xñð�ò!6 ��ó ¯�° � � ¦ Í ì
ô 9 �m\ ú�®ê
D � 6 C�õö²¿³�¦)Û �
Ü�÷y* D�Æ 4 ² � GLAST øù � � ¦múK< ¾�À f 6�û�ü Ümî ¥ ª 1 ý?þ Ê 6 i?j�ÿ����® Í�� ô 9 Ü õö² ³)¦�Û �
ÜN÷ * D [4, 110, 186]
Æ

4 ² � ·�¸ ~ � ¹�º�» � � ¦�����	 § Î ¨Z× Õ Ö�àá r 6�

� ��* ¤������ � # � .�� �Z� ¬ 9 (IMBH)� ï 6 ·Z¸ ~ ��6���� (
� - Ì � Ù��

) 6���� Ü ��é* D��mÇ ����� \ ����� � # � .�� �Z� ¬ 9!6]k í=Ü±��@* �Khp³@² 6 � ï Ã3² 6 ·�¸ ~ � ¹�º�»�C
��ij 4 ³)¤�¥!¦ Õ ÖK§ Î ¨�× � x�6�þ Ê 6�
�� Ü � g ¦�Ã Ü
Ò #"! � û�ü * D ��� ��i�j Ü�# � ê�¤ *$  Û&% Ü
Ý�nK* D��
[185]

Q)R?S!T�'�(*)�I,+�J.-0/21436587 �:9<;.=�><?�@
ACB @ 3ED:F ¢�£
U ý ª�G&H�I�J�K�L�M ù8N�O % § Î ¨�×8P ¬�QSRC�T (+* ¤�¥�¦!Û&%]C�i�j ! �EU�V * DpÆ Û 6�W�X\�ª ��� 6 GRB

� ¹8Y!¦:Z�l Ü\[C] 2_^.` ¦a%\b
c� ªdM D�®�e&f Ü:g<h Ã h ¤?¥)¦�Æ�Y�®ji ©lknm ¤ 6L�M ù \
GRB

��o ²�³�¦*p  ® ª T�¹ é !�q�r � RÜts ê�¤�¥�¦ 6 Ã ? u %m¥  W ÿ8v�¦ZÆ+Û 6 e<f � ¹Y+¦jw m ®Ex�g \pª�y � p�¦�i�j�Ãö²�z h ÿ \ õ/¦Û*%NC?ÿ ] ®�¥�Æ �{� \�ª q�r � R|�
}�~�� ��� � pï�� ²¿³!¦���t�¬�R �\��Ü ú0��Y�¦ W � p ï ª Û�}tef � x!g�¦�Û*%���ÿ ]
, � ² � ¥�����Ã�}�~�Z ! ÷.���õ ²N³�¦ W Ü�÷��j� Æ [2, 39, 113, 143, 187, 188]

Æ

�����*�.����� (8)�� ACB @ 3ED\F �������&�j�
L�M ù
N�O Ü� 8] ¯ Û�Yj¡ Ù ÿ�v�¦ ª¢G8HEI�J }E£¤�¥ Ô8¦ � z � ¥E§,}
�a¨�¬4R�© � � ª

10 ª?þ Ê0}c��
Q�«�¬j¬�ÿ à � � ³!¦<% ±�­ ²¿³�¤?¥)¦ (
�*¨�¬R�© � P ¬�QSR

)
Æ?Ç<® �¯� ¥ ª�°�± !�² �

( ³�´ §µ ¬�¶.·
)
}�����ÿ Ô Ûpê �tL�M ù Ã ²\}��.¨�¬4Rj©� P ¬�QSR�}�úC� ¾�À
¸ % ª0¹ ³*� � ­  ¦ ÷<� ¤�)¥�¤.}jº�» Ü�¼ `�½ î ê � Æ Û�}Zã)ä�ÿ ª�¾8¿�ÀÁ � ³ ½*Â<Ã�È Ì µ ¬8ÄÆÅ�Ç&Ä=ÎjÈ�É UNO

% Â ê� ´ § R�Î (SK
}

20 Ê�þ Ê ) Ë } ó�Ì=Ü:Í ��ú0��ÎÜ�Ï Â ³aÐEÑ 10 ´�Ò µ<Ó ¶a·ZÁ0Ô
}�����ÿ�¯3Û�ê �L�M ù Ãy²|ÑjÕ�Ö ! ¤a× L�M ù
1987A

¤8Ø�Ù Y Ã
þÊ,} Ì
Ú Î�R2�
Û"Ü Ã�W Ü�÷ � ³ � Æ Û
³ ¤ p ïÝLM ù �<¨ Ó R�© � }�Q�Þ,·4Rß¬<}jà�á Ütâ X ¤ õ ÃÛ*%���ÿ ] Ã  ­ Ñ G*H�I�J }�c8� Ü 10 ª }�ã�Ê!ÿä Ã Û&%\��ÿ ] Ã Æ�å�æ ¤*ç � ½ ¥ Ñ ç�è Y Ã G&Hé�É�Ñ ¹ }�ê0} Í8� ô ¬ ¤�ë ÂEì<í Ü � ­ Ã # ÿ × Ñå ò ¤ G�î0ï à�á{% ï Ã Û.%���ð�ñ ��ò<Ã Æ [3, 145]

ó�ôCõ&ö.÷aø @ õúùjûEüjýÆþ�ÿ ( 9&;*=�>a?�@����
� �����
	�
�~��+ÿ.v Ã Þ!ß × ¥ Þ!ß
�,� ¤�� ¿ Y Ã����%|T�� �*Ïú� � ¹ }���� Ü
� Ü Ã � Û ò ¥ L������¬�� Ó Þ�ß × ÿ × � 	�ÿ ï �ß��!�"C� ¤ ��� ï�#�$� � Ã % Â  Û&%t� Â �|��%.}�& î º�»�ÿ�'�( ��ò½ ]j� �?Û�} � � ï } � ` �æÞ)ß × }*) Ó Q+%-,/.
0$ ÿ.}�!�"�1 þ Ü32�] �+4�5 è�687�9;: Ö+<aY Ã*=% ¤�¥�> [aï Ö?<ac����@%�% Ã % Â  BA�C ��v�ê � �D �:}�E*F@G ¥ ��� ¤ p Ã � � ï ¤ p ï .�0 ¤�H %ï Â %I,mÿ.v Ã � �¯� ¥ = }EÖ+< # } A8C : �+E*FG�!�"�1 þ }�J�1 þ ¤ âLK�� �+.�0 ¤8H � × }�z h}EÖ+< :NM  % Â  PO�Q :8R O � � 2�S4�j� � = }O�Q :�Ï Â ��T $ ÿ
U × ï"�WV,ï %�X � ��� ��� %���0���,� ��� : b�c ¤ %*Y/Z ò � !�"*Ö+< :3[0ï = % ¤ p8X ½ ��.�0!ÿ8}�4�5@\ 6�7+9]: Ö@< ��� �$ � � =tò : AGASA ^�_ }�`+a % °�± Y Ã�= % ¤p]Y �+EbF@Gc) Ó Q.} ³�d $;:3e ` � � [23, 71, 59,

60, 61, 99, 125, 112]
���<���<� �@� ¥ ^�_ ¤
f Â�½×hg�i ¸ � [�] Â � ` � ^�_ ¤�j�k �jï Â8l�m ÿ �� } [�] � :3n0­ �����0���,� ��� �
!�" ¤ � ­ Ão+p :�q8r���� �

[156]
$ � � L��b��� ¬�� Ó E�F
G¥ ��� ¤ p Ã � �sYd�?t �EÂ�= %N%I,|�I) Ó Q.} 79-:3u�v��j� 4�5�\ 687�9 � X ¾ ��ò0Ã*= %\��w�x��ò0Ã � = }�y�� : i § ! ¤ q�r��j��z [174, 112]

{�|@}b~��*� �����
�����.É�� ¸ ���"}<pb� ï�� d $���� }&Ôh��� ¥� ���a� ¹ }���� : 0���%I,����������*��� n�� �� Ã3�b� ¸ �*� Ã*= �\��'�( ��ò*½8Â&Ã z+��� ¥ §  7  �¡*¢�£�Q

(QMD)
�3¤.Ð ò"Ã�¥ Å�¨]¦ Ó ¥¨§© ¤�ª X ½ �   � µ*«�¬ � =�ò , � d $���� � ¤��¿*­ Ã*= � :N®{� � ¹�¯�°�± �?� µ-² ´ Ó*¬ ¯ g�i¸�¯ l�m Ô8�´³ ¯�µ�$�n��*­ Ã %
¶ $b·b¸ ��¹ í ¶
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½ × QMD
¯ `@a :tÏ Â
½ Ö
< :N[aï Â �\ 6 ��¶ $ ¤�ª X ½8Ï ��ÐÒÑ�ÓbÔ?Õ8Ì�Ö?n��*­ Ã*=� :N®��j�8z
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[145] ®*`�¯�]�^*_ John F. Beacom, Hasan Yüksel: °ÅÄÆ�Ç µ�p(q U ³�´�D ¼-¡�f½� ¾i¿ UWÈ�ÉkÊ�Ë æ Y
[146] +K�Ì,�. : Detecting a stochastic background

of gravitational waves in the presence of non-
Gaussianity II

[147] Z$[*\�]�^�_�ÿ�`��<�2_�a�b<ckd�]�_"b�`�c�d : eìgf�Í�hkfij _ �7l�Q��nm�o�Î�p�q U Kaluza-Kleinr f _ oi/ U 2 s�t�u
[148] NCO�P�QÏ� “Cosmology with Warped Flux Com-

pactification”

[149] N¾O�P©Q�Z�a<b"c�d(]KZ�¯ °*±�³�Z�ZÐ[�\<]�^ :
“Warped Flux Compactification and Brane Grav-
ity”

[150] ¯�°�±�³�ZÑZ�[k\�]�^�Zga�b$cgd�]�Z�N"O PnQ : “Dy-
namical stability of 6D warped flux compactifica-
tion”

[151] v�wxd"�(Z7y�z|{�}�Z�~2���"Z�b�` c"d��0��� R� D U��Ñ��� §���������okÒ ���<� �Óe Ý-�7� Ô fj����
[152] y�z�{�} , ~7��� , O�ci��] , b�`�c(d : Ô � §�³�´

D U2Õ�Ö e(g�×-Ø�Ù  �¡©ìÚf Ù ¢7Í
[153] y�z�{�} , ~7��� , O�ci��] , b�`�c(d : � R � D>ÛUW������� Ò ���<� U Ù  *¡�ìÚf Ù ¢2Í
[154] %�&<'2)CZ�Ü¾OWÝ�ÞÏ� “Numerical study of brane

inflaton perturbations”

[155] &�ß�\�à�á�·�â���ã�^�á�Ü�ä�å�%�á�+(��,�. : Cre-
ation of brane world via tachyon cndensation

[156] ·�æ�]�á�¯�°²±�³�á2ç�`�è�é�³�·�¹�º j$»�fiê�ë ¹Ukì s(�$í7¼�îðï²��ñ�ò�ó�ô � §
[157] ���xõ�� , ÿ�`|�$� , +n�ö,�. , %�&÷'�) : On the

optimcal detection of a stochastic gravitational-
wave background in presence of noise norrelation

[158] ÿ#`#�(��á��#�#õ$��á�%#&('*)$á�+��<,#.�á� <?
GW background in the LISA data and Extrac-
tion method of their multipoles

��ø�� ��ù ��¥ 2006 ú�û�§(��¥ýüÿþ��(�"� �Ã&�� �(�
2006 ú 3 ���

[159] a�b�cÚd�]�á�í��	��
�á7¯�°²±"³�á7Z#[W\�]�^ : “ �Í � �Ð��
 2 s�����������������e ì��-Í�� � U ®� æ ”

[160] Z#[2\�]�^*á�í��	��
�á7a�b�cnd�]�á7¯�°²±�³ : “ �Í � �(��
 2 s�������� ������� black hole
� � Uæ R ”

[161] í�����
Ï� “Gauged Ghost Condensation”

[162] !�c�"�#�á�$�%&��ã�^�á�ç�`�è�é�á('*),+�
�á(-�.
\�] � QMD /�0���� à É�1 U 1 2 U ó � æ U,3�4

[163] %�&<'k)�á Sanjeev Seahra á�Ü5�iÝ�Þ�á�����õ�� �
“Transfer function of tensor perturbations in
braneworld cosmology”

[164] &�ß�\�à�á�Ü�ä�å�% : D-brane,geometry and ther-
modynamics.

[165] ��� õ�� , ¨�687*9 , )7J;:�� : ]�
&<�=�¼�> ù
�@?�A�B �@C ���(D�E�Î U@F %�G�H�I UKJ�L

[166] M�`�N*O2á�P(Q�R�%� �? Origin of black string in-
stability

S øTQ�U�V�W�¥ 2005 ú�¦�§�ú�¥ýüYX�Z*� Í�[�Í Ù ¢2Í\ Í(]�f á 2005 ú 10 ���
[167] ®�`�¯�]�^Â�Ã° ê�ë M�N*^ Í�O,_ /�P�Q���`�a�b R�cS�T-UWV�X�Y
[168] v�wxd�d�á*y�z|{�}�á�~W����á7ç�` è�é����Td R� D U�������e �������"ïWÒ ����� S e�f �*�hg�fj����
[169] y�z�{�} , ~*��� , ��c��#] , ç�`�è�é : d R � D U

Ô ��e �������½ï2Ò �g�<�ji�� á���k U Ù  �¡ml�f
Ù ¢2Í

[170] y�z�{�} , ~*��� , ��c��#] , ç�`�è�é : Ô ��e ³�´
D"ï@n&o � O*p º ]�f U,q i

[171] r*s Ý&t�á�u�>wv�x#á�y�`{z�á Edwin Turner á
Tom Broadhurst SDSS

Ç�| ¤ f�] �	? A�B�}K~ ��h� O(� n U2È��
[172]

� c�x�� :
� f Í Ò �$��� D�Î /7l�Q�� Rossiter ��

I. HD209458 � U@����� �
[173] ��c�����á���? ]���áðø�����¦�á��>c��h��á��

>�:*é�á�������}�á�y�`�z�� ê�ë ×�~&� f2j � U
Newton ��� U,�&  / c �#� SDSS p>q U���� Ø,¡¢

II � ·�s&1m£
[174] ·�æ�]�áK�¥¤§¦�¨�á2ç�`�è�é�³�·#¹�º j-»�f�ê�ë(_

�@?�A�B@d�ñ�ò�ó�ô U@©�ª�Ê
[175] «�¬|õ�­ , M�`8N O : Mapping gravitational-wave

backgrounds with a space-based interferometer

[176] u&>�v�x : ®�¯ _ @ f�� p(q�°ðq   B,®�¯ _ À�Á&±²<U,³ ��´
[177] ��µ·¶�à : Non-equilibrium Ionization State of

Warm-Hot Intergalactic Medium

[178] y�`�z : ã�¸7Î�¹ ��º Î U@» º � ��¼ ï ��º�½ ��¼
� UK¾�¿-UKÀ��

S øTQ�U�V�W�¥ 2006 ú ¿ û�§�ú�¥ ( Ý�Á5��d�W�á 2006
ú 3 � )

[179] Â�ÃÅÄ�Æ , r�s Ý�t , ø§�Å��¦ , �&?|]�� , «�¬�õ
­ , Yipeng Jing: } f��	Ç o fKÈ���É ~&Ê�Ë _���Ì
ï È � ~�Í �Ð�Ój

[180] v�wxd�d�á*y�z|{�}�á�~W����á7ç�` è�é����Td�Î� º ÊW�������½ï	Ï�ÊKÎ ��Ð�Ñ Ì
[181] y�z�{�} , ~*��� , ��c��#] , ç�`�è�é : ³�´ º Ê ��&Ò u�Ó�Ô*Ê2Î�Õ#Ø 3�4
[182]

�×Ö x�� : Ø�ÙmÊ@Ú×ÛÝÜ Þ&B�ß�à 3�4 ��áhÔ��&â�ã
´åä�A ù�æ�ç�è Ê@é�ê



5. ë*ì5í×î×î5ï 131

[183] � Ö �h��áÐøð�ñ��ò�á���?�ó���á�� Ö �h��á��
>ô:�é�á��Ý�õ��ö�á�y�÷�zõø ê�ë ×�~���ùhú��&Ê
Newton û&ü Ê �&  / c â ã SDSS ý5þ	Ê �&� ØK¡¢

III ø ÿ � ×�Û@?�A�B 3 ��Õ����mÊ�� �
[184] 	�æ ó�áK� ¤§¦�¨�á2ç�÷�è�é�
�	
���hú��(ù ê�ë(_

Ê ì���� íhØ�îðï�����U�E�Ø�î�Ê,1m£
[185] ��������á���÷���ó��� �ç�÷�è�éõø"!(�KÎ��$#�f&%' g ùKú�(*)ð��Ê�`,a�b�Î c�+�, ø.- | ¹ ^0/�1 _2�3�4�576 Ê�8�9
S Ï�Ê;:

[186] ��÷��*ó<�
=�> ��"mó&�8ø “Cosmic Gamma-Ray
Background Anisotropy from Dark Matter An-
nihilation and Detectability at GLAST”;

3�4@?
ACB�D�E ^&/�1 _@F�º GLAST �HGI)KJMLN	��@�hú
��ù;O7P�b�Q�W
R ( S�T�M�U�d�W@= 2005 V 11 W )

[187] �(÷���ó���= John F. Beacom:
A
Failed GRB ý5þ

Ê;	0���(ú0��ùYX&Z(ù\[^];_�R ; ` 4@?aA ^0/�1 _È ù�~b[ 2005 — HETE-2, Swift, Suzaku �YcbL
GRB

���
— R ( d�µ�v i V�e ?�f = 2005 V 12 W )

[188] �(÷���ó���= John F. Beacom:
A
Failed GRB ý5þ

Ê;	0���(ú0��ùYX&Z(ù\[^];_�R ; Q@g�U�V�W@h7i ?j /lk@m<n�o ( T�p�d�W�q�r�b�Q�W�`�s�t�= 2005 V
12 W )

[189] u(÷�vYwåøxO�P^VYy� K`�a
���Kú��hùYz�{}| �
~l�YQ
O7P�g$� Ö��
� Q�� ? S���� ?����  ��W\���Y�

[190] u(÷�v�w ø�O�P�Ê q i�� bYQ�W�Ê��\L"� D�� �
�TQ�����W ?��������  �S�T �NW*�����

[191] �����&ö , �^�7� , � Öl� ó , u�÷7v�w :  @¡&¢�H�I��£�¤  7X&Z�ù¥[¦]l_¨§�©�ª\] SRMHD; « c g�¢
MHD ¬lX$­,ù ' j¯® %Kn ;( ��°�d 9 W )

[192] �����&ö , �^�7� , � Öl� ó , u�÷7v�w : ±�² e 
�³º | GRB; GRB2005 ( e�´�d�W µH�¶W )

[193] · Ö x�� : â7¸�ã¨¹�º�»×Û�¼7½�¾;¿�¸^À�¹ ��º À�Ê��� ¢;`�s� HÁ 1 Â 21
D � COE QUESTS RA ß

à�Ã@Ä j /;k7m�nlo (2005 V 11 W 21 � )

[194] � Ö �h�@ }�ð�ñ��ò@ ��
¼�ó��� �� Ö �h�@ ��
�ÆÅYw� ��Ý�õ��ö� �y�÷�zõøÇO@P�g�~���ùhú��&Ê
Newton û&ü Ê �& 7È,c â ã SDSS ý5þ	Ê �&� ¢K¡¢ 	 B «�£}ÉÊS�T�Ë�U(d�Ì 21

D � COE n�o p f
o A ��Í
Î�_�b�Q�Ì
R¦Á*�KÂ ½ J j /lk7m
n�oÐÏÒÑÓ Ö^ÔÖÕ�×¯Õ |Ø 2006 V 3 W 16 � � 17 �ØÙ

[195] «�¬ÛÚ�­ , Ë�÷ÛÜ&Ý , Þ�ßáà�â , ã�äæålç : è�Í�ù
è;é�ê���ë 2�3 û�ü^ì Ê�ËYí � Ì ÛKîmã (DECIGO-
WG ¬,ùYï�ð
/Yñ , òHó�ô�õ&ö , 2005/5/12)

[196] ÷�øùÚ�ú , û�üIý
þ , ÿ���Å¦ú : ó�������Ø��YQ×Û
¼<½
¾	��
Kû�ü��
��À	���
ã��
�
�	���
� ( ô��&ü
Ì N ��ü^Ì�`�s ? , � ��������� ï,ú , 2006/3/1–4)

��� ���
[197] �h÷Y��óY�mø “Neutrino Probes of Extragalactic Su-

pernovae”; Á 17 Â�X&Z(ù*[^]l_�`�s ? ( S�T
��Ì
O7P� �`�s�t�= 2005 V 6 W )

[198] S. Mukohyama, “Warped Flux Compactification
and Brane Gravity”, Post-YKIS2005 Workshop
“Extra-dimensions — Achievements, Unsolved
problems and Prospects —”, Kyoto, Japan, July
2005.

[199] !��#"�$ ø “Black hole entropy and related topics”,
S�T�Ë�U���Ì O@P&%�Q�Ì�Q�g ñ�ú ù('l`�s ?  *)+

(2005 V 10 W 16 � )

[200] ,	-�.0/ôø�	2103
ô2�0ë� 	4�ã^�7Í6527&è98 6 �
QMD

È;: ã
<�'
=�ù�>  }¬ ' =�ý þ¨1 ' = 6  <1' =(ý þ�¬ ' = 6 – ?
@
A7·@ 
B
17��C 6 �;Q7g0¢
<�'0=�ù�> –( T
p(�7Ì7q7r�%�Q7Ì7`7s7t@ 2005 V
11 W )

[201] ã�ä$å;ç : “ û ü�ì�ô@õ�Ì9��D Ý�EGFHFIFJ��K äML ”,
ò^ó�ô�õ&ö , ô�N Ï 2005 V 11 W 26 �KÙ

[202] O���P�Q : ô&�0�SR*T}| û�üVU�/#W� �XY Kq�r&%¦QYÌ
`�s�t�`�s ? A ¬ ' =hý þ 1 ' = 6  @1 ' =hý5þ�¬' = 6 Y ?�@�A�·� &B
1��&C 6 �lQ�g�¢
<�'�=�ù
>�R  �T�p� 2005 V 11 W

[203] Z�÷\[ : O@P2�^]0_�ý5þ ¿0`^À�a�b�c 6  �d�`�e �f
g�h `�s ? A ¿2`^À�a�b�c�d�Ì6��i7J�R�j0k¯)^l
ô�õ&ö Ï 2005 V 9 W 6 �KÙ

[204] Z�÷m[ : ¿;`YÀ(a�b(c@À HD209458
È�n E�o
= j

8(ù^p&]6�Mq�r� ts�cuFv��w&cÖ­@ù ' j&® %x' 2005
ò^ó
d�Ì�y
% f ³�z
{ f Ï 2005 V 10 W 30 � Ù

[205] Z(÷|[ : }hù ' �Y�Kú<��ù�| WFMOS  
�~��*�&��
� {&w��7ë�������q�r�¢�O@PYg
òHó�ô�õ&ö Ï 2006
V 3 W 13 � Ù

[206] Z(��[ : HSC/WFMOS
6 ��� :open discussion  


(~��&��� ��� {&w
�7ë�������q�r<¢;O7P�g
ò^ó�ô
õ0öÐÏ 2006 V 3 W 14 �KÙ

( � ¬¨Î2� )

[207] Shin’ichiro Ando: “Neutrino Probes of Ex-
tragalactic Supernovae”; Astroparticle Physics
group, Max-Planck-Institut für Physik (April
2005)

[208] ���Y�����0� “Neutrino Probes of Galactic and Cos-
mological Supernovae”; SYT��YÌ�O�P� Y`YsYt u��� `�s�� (2005 V 5 W )

[209] �(�<�2�<��� “Astroparticle Physics with Super-
nova Neutrinos”; T�p���Ì�q�r�%YQ�Ì�`�s�t (2005
V 10 W )

[210] !&��"�$�� “Ghost Condensation and Gravity in
Higgs Phase”, S0�0�
Ì �0�7Í<g7`
s�� �Ö¬
Î2� (2005 V 6 W 9 � )

[211] !&��"�$�� “Ghost Condensation and Gravity in
Higgs Phase”, KEK Theory Seminar (2005 V 6
W 14 � )

[212] !&��"�$�� “Ghost Condensation and Gravity in
Higgs Phase”, �^p���S�T �
��Í�Q�g�`�s�� �
¬�Î0� (2005 V 6 W 15 � )

[213] !���"�$;� “Dynamics of Gravity in a Higgs Phase”,
T�p���Ì�q�r&%�Q�Ì�`�s�t �0¬ Î�� (2005 V 7 W
11 � )



132 5.1. �V�2�� 9¡9¢¤£ ( ¥9¦¨§ª©¤¦ )

[214] !7�M"�$«� “Gravity and Cosmology with Warped
Flux Compactification”, University of Victoria,
Departmental Seminar (2005 V 8 W 31 � )

[215] !7�M"�$«� “Gravity and Cosmology with Warped
Flux Compactification”, University of Toronto,
CITA Seminar (2005 V 9 W 8 � )

[216] !7�M"�$«� “Gravity and Cosmology with Warped
Flux Compactification”, �&û�¬�ó(��Ì O7P�%�Q
`�s�� �¯¬¨Î2� (2005 V 11 W 17 � )

[217] !7�S"�$­� “Cosmology with Warped String Com-
pactification”, University of California at Davis,
Joint Theory Seminar (2006 V 2 W 13 � )

[218] �����(® , �^�7� , ��- � � , u
�7v�w : ¯2°&±
²
³´ ³(c	�^²@��Ä(� j ¬^Z	U^� j¯®�µ ; �¦p
��Ì�S�T
� ¬�Î0� ( µ��¶W )

[219] ã�ä&å�ç : “Numerical study of cosmological ten-
sor perturbations in brane-world”, ¶&·	-M��Ì , Q
g�O
P&%�Q�Ì�`�s��0�¯¬¨Î0�ÐÏ 2005 V 4 W 22 �KÙ

[220] ã�ä&å�ç : “Numerical study of cosmological ten-
sor perturbations in brane-world”, �0û*¬�ó��@Ì ,
O@P�%�Q Ï¸¯(°�Ù;`�s&�º¹�=�»7n�o Ï 2005 V 7 W 8
�KÙ

[221] Ë2�<Ü�Ý ”Probing anisotropies of gravity-wave
backgrounds with space interferometers” (2005 V
9 W , ¼�è2½*¾�¿ , ¾�¿�ÀÁU o���Ì )

[222] Z&�\[ : Á 2 �^Â�Ã�Ä î���Å�À2¼&¾ µ è�Æ(Ç�È ÉÊ ¿;Æ�Ç
È�¼
�&W (2005 V 4 W 23 � )

[223] Z��Ë[ : Ì2Í;��Î@·9Älî�o�Å ü�Ï
��Ì@Q@Ë�Ì(Ð(%
Q�Ì(d�¹&=
»�Z
nlo Ï 2005 V 4 W 28 � Ù

[224] Z&�\[ : Ñ�Ò&Ì(Í
ÓºÔÕÌ�Í*Ö�×�Ø�Ù(Ú�Å;ÛMÜ���Ì�Q
Ë�Ì
Ð
%�Q�Ì
d@i�Ý&Þ Ï 2005 ß 5 à 26 �KÙ

[225] Z&�\[ : ¿�`^À�a&b�c�î�á�â�L� �Å�ã�ä;å�ó
d�Ì�æ��� Þ Ï 2005 ß 6 à 11 �KÙ
[226] Z��ç[ : ¿�`YÀ�a�b�c	��è�é�ê¤k(ë9ìîí*ï�ðòñ�½�_

½�¾�Å�ó ß�ô�õ�Ì
Þ 2005 ß
3�ô�õ�ß
Þ�ö�÷�ø�ùçúû Ó�ë2o¤üVF#ýÆÏ 2005 ß 10 à 5 ó Ù
[227] Z&�\[ : ���(�2oSÌ�Í � Å�ó�ß���Ì�õ�þ�Ì�Ð
ÿ������� Þ Ï 2005 ß 10 à 29 óKÙ
[228] �V- Q	� : Transmission Spectroscopy and the

Rossiter-McLaughlin Effect Å�
 25 ��
(a(b0c�

�����0� ò;ó�ô�õ&ö (2005 ß 4 à 19 ó )

( �¤Û ����� )

[229] ������� : Ý�c�����þ�����Ð 12 à 20-22 ó
[230] ������� : ���
���������� ��� %�!	�#"%$Hó

ë Y ����&�Å('�&�Å�Ì�Í Y )+* à2� )) à
( ,�� � )

[231] !.-S"�$­� <�¼ µ(/�0 8�¼ µ214365 <�¿87:9�;(<�=>�?A@ d��9�(B	� 3�C �ED Å
7%F 5 èHGJILK�M(%�þ
ß�N	��¼EO µ G Å����QP�R2½ / ï<ð^Å 2005 ß 12 à
13 óTS

[232] Ì�Í�þVU(WVX���;+Y�� @[Z í _�Å òE\�Þ(]^7 The 59th
Yamada conference: Inflating horizon of particle
astrophysics and cosmology D (June 20-24, 2005)
Ä(_E`badc(e

[233] �¤-tQ�� : f�gih @Tj ��Â�Ã�îba*Ä.a : g Å&d���k
�
æ�l CVm ��è�n�èoG (2005 ß 7 à 23 ó )

[234] �¤- Q�� : p�`E
�a&b�c�W�X;�+qsr�t+uVW�X;�+v�w@Vx 4�Ó�ÔM��i�y%z j $�_Vu�Å�
 16 �Hô
N|{Hó�ô
õ0ö (2005 ß 7 à 23 ó )

[235] �º- Q.� : f%g+h @+j ��Â(ÃVÄ+}~a�_�Å�À	�;��À
¼
¾ µ#�.��� �*¿ 2005 in �����.' (2005 ß 7 à
31 ó )

[236] ������� �IÌ
Í��+�V"�u %�þ��6���A���VK�ö u
�������o�òà�� ��� � à ü��&ó

[237] ������� ���4�
%�!�Å��d�6¾�F�¿������#�¤k#v��
%
þ��	���4�0Ó6���	��s�k��Q�V�*Þ ���(Å )#* à )� ó

[238] �*�����Á� Ì�Í(���V" @ ��� ��v��*%*þ��2�i�A���
K(ö6�+�tUò¬	� ��� Þ
ÅV Áó¡� 5 P µ Å¢��à ü�ü&ó

[239] ������� �¤£�¥�¦
þ�U @ Ì0ÍVU�§�¨�©�ª�� ��� Å�«)�) à¬��ó
[240] ������� � Ì0ÍQ­#��" @¯®�°Q±4² ª��9Ç�³���½4´ �� ) üÕà ý&ó



5. µ%¶¸·¤�¤��  133

5.2
¹»º½¼½¾À¿

Á ¡9¢¤£¢ÂÄÃ.Å�·¤��ÆAÇsÈQÂAÉ(ÊËÉ(ÌJÍ�Î0¡9¢�ÏÐ Ç�µ¸Ñ�ÂsÒ�ÓVÔ�Õ�Ö�×ØÇ��¤ ØÙ�¡	¢¬ÚEÛAÜ�Ý�ÎÄÓ�Þ
ÔsÕ6Ö¸×àß.Ã	Å 0 ß 1 áãâ�ä¢Ó 2 åÄæoÇ çéè6ê¬ë[ì
Ú�í Á6î%ï ßEðØÓ6ñbò�ä	ó%ôÄõ	Æ¬Ù�ä.ö�÷bÂ�ø2ù�ú
Ó�û¸ü¬Ç.Ö�× ýþó�ô¬Ù.Ö�×Äÿ���� Í�Ý%Å 0 ß��+Ç��
äHâ	� 0 ß���Ç�
��AÇ�
��������%ö�÷oÚ��oÓ��6ß��
Â��%Ó6ñbò�ä�Ô¸Õ6õ	ÆAÙ�ä.ö�÷bÂQø2ù�úØÓ�Ö�×HÚ��
Í(Å�Ô�Õ! #" ï%$ Ç�ö�÷bÂ�&�'2ù�úØÓ ç Ô�ÕJèÄê¬ë
(qubit) ì~Ú�í Á6îQï ß(ð¢Ó�ÞQÔ�Õ¸Ö�×HÚ)(6ÎÄÓ~ß4ó
ô�Ö	×Jß�Ã�*,+�-�Ç/.Jò�Ö%×,0,1���2�3HßEä¸Ó54�6�Å
ó%ô�Ö�×%0�1AÇ�7�8oÚ�9�:6Ó�;�</=�*>-5?@=�Ç�A�B
ß�Í�ÝDCFE.Ú�G�6�Ý¸Î6Ó�Þ
Ô	Õ%Ö%×~ÚIH,(HÍ�4,J�-5K�Loß�Í(Ý�Ã�Å	MQÔ%ÕHè	ê
ë+Ç�
������%�%ö�÷oÚ/NO(2Í�4�Ô�ÕOP,Q ýSR.æ¸Ï�TU ?�VXWZY�L\[^]�=�_�`�=5-5a@=�b U ?�VXWcY�L	ÿ Åd�e Ô�ÕËèÄê¬ë ö�÷AÇ�f�g��5h�i¸Ó�j�k�g�loÚ/NO(
Í�4�ÔsÕXm�nÄÅ 2 Ô¸ÕãèÄê¬ëdÇ�
@�5���O��ö¸÷X��o
��úØÓ/p%q�rAÙ�Ô�Õ%s�tQÂÄÒsÓ çvu�w5_�w�x�?Xy�w
ë (entanglement) ì~Ú/NO(ËÍ�4�Ô�Õ@Kz<	{�K�=%J}|
w�ä�~��>���Ëù�úsÝ¸Î6Ó�Þ��ØÍ�Ý%Å�Ô�Õ¸Ö�×HÚ�(6Î
ÓO�¸ß(Â%ó�ô�Ö�×,051AÚ�9�:	Ý>����2�3O�	ä¸Ó%Ç�á�Å
�ØÍ�Ý���Ç¢ñbò�ä�Ô�Õ¸Ö�×%0�1HÚ�~�Ç¢ñbò/����obð
Ó�Ç%á	ÅJß�Î ò/��ÎO���ãÍ�Ý%Å�æ�Æ�[�P,Q%����Æ¢á
â+·�1�[���ÆsÅX�,4���Õ%��Æ���Ö�×��¸Æ��%M@�O�D�
4sÓ�Æ@�ÄÙ�ä U%��� =�b¸ÂD������å�6Hâ4úsÝ¸Î6Ó�Þ
Ô%Õ�Ö	×��,t�ð6Ó��,�bÃ 1990 ���¸áHâ����@���,�
Í�Ý��D45�	Å��.Ç� �¡X��Ã.Å�¢�£�K�*%£ ��¤ =����
ø2ù�úØÓ6ñ¢ò�ä���Æ�¥%¦~Ç������¢ñ�Ü.Ý5§%Ô�Õ6õ	Æ
Â�&,'2ù�úØÓbñbò�äX¨D* � -�©OªÄê>*	ä�«%8oÚ��@�
�)¬5­®[°¯5±sðÄÓO�¸ß	��2O3HßEä¸Ü�Ý���4�Å¢ß(Îoò�²
����Ò�Ó�Þ.Ñ���³¯Å�´¶µ+ÇÀç¸·�(AùVì���¹!� Ì2Í�Î)º» ��å5¼ãÍ	§�½,¾¢Ù�Ç5��äoâZ�53D¾ØÙ,� ç U *�¿5-	ì
Â��%Ó�ÀcÁ�8AÇ�Â�Ã��5§¸ó%ôÄõ	Æ¢Â5&,'2ù�úØÓ/«%8
á2âc§%Ô�Õ6õ	ÆØÂ�&,'2ù�úØÓ/«O8�ÄËßÆÅ��ØÜ.Ý��D4
�sß�ÚIÇ ÍVÝ%Î�Ó�Þ4û%übÇ�K�*5£ �D¤ =.Â�Ã�§dÔ%Õ¸õ
Æ¢Â�&,'2ù�ú~Ó6ñbò�ä�«%8 ß�ÇD�È³	ß�³EÃ>§�É@* �
-�©OªÄê>*	ä�¬�­�Ê�æAÇ�¯%±O��§�Ë�P~Ù���Ì,Í%Î ù
ú@4�·�1sÔAÇ�Ï�fHÚ�ÐÒÑ�Ý	Û òD�bß�Í�á�ÂX��ä�áØÜ
4�4�6D§¸ó%ôÄõ	ÆØÂ�&,'2ù�úØÓ/«%8X��Ã�ä�Î~ñbò�ä
Ô�ÕAÙ�ä�«O8~Ç�ÓbÑD¹@{�K�w>JOÔ�?AÚ@À>Õ5� çÖNO(
ð¢Ó�ì×�6ß�Ã%ÂX��ä�áØÜ�4>Ø%Ô�ÕAÇ�«%8HÚ�ÙXÑdÔ�Õ
-�ÚO=�?sÂ%Û�Ü5Ý�ò>�ÄßI��2�3 ß�äsÜ�Ý@��Ý>Þ@6%Ý�§
´ßµEÃ>§%Ô�ÕAÇ�«%8AÇ�ÓbÑD¹@{%K�w>JOÔ�?AÚ�§,NO(
2�3Ää çÖà�ásìãß�Í�Ý>âX��Î%ú�4@�6ß)��äÄÓ�Ø
����Â Á ����ã¢ÂÄÃ.Å�Ö�×�ß#Ö�×%0�1�ß�Î ò�ÌJÍ

Î>Ï�äbá2â,ÀcÁAÇ�í Á%å�æ ÂÄÒsÓ�Ô�Õ6õ	Æ�ÄbÇ�1%T
Ú�ç�6�ÅEÔ%Õ¸õ.Æ�è�é¢Ç½çêà,á�ì	Ú�H�(oÍ/4�Ì�4Qä�Ö
×�0�1XJ>-�K5LsÇ/�,�¬Ú�Ûãò>�sß�Ú�E�Ù~ß	ÍVÝQÅ~çëà
ásìãß�Í�ÝDM�ì $ �,M�" ï�$ �5h�isÓ�uXw5_�w�x�?
y�woëàý Ô�Õ2É�Ñ%ú%ÿ��)CzE%Í�Ý��,�¬ÚVå�6%Ý�Î¸Ó�Þ
uXw5_�w�x�?Xy�wHë�ß�Ã>§,í�æAÇ�î¸Ï $ á2â�äÄÓ

Ô�Õ $ �5hsÎ�Ý5§,ï®µEÇ�î¸Ï $ ö�÷~Ç�ðbÂÄÃ�ø2ù�ú
ä�ÎØñÄòVä ç Ï,ñ%j52�3 (inseparable) ä�ö�÷�ì ì ( ò
:Oó5-Xª%w}�õô¶ $ Ç¢ñbò�ä�Ô�Õ® #" ï�$ �5h�i¸Ó
singlet ös÷ (|↑↓〉 − |↓↑〉) /

√
2) �>o¢ú~ÓD§,ö%ñ Ú�÷

:�Ý5ø�ù���ú®��s�t ývp%q�r~Ù�s�t�ÿ6ÂÄÒsÓ�Ø�uXw

_�w�x�?Xy�wHë(Ú�ÓbÑ	ö�÷ ýSuXw,_�w�x�?�ö�÷¸ÿbÂ
Ã�§cp,q5rbÙ/s�tQÇ/±�(��Äñ�³õ§�û�ü6Ç/î%Ï $ Ç�ö%÷
Ú/Ï�fØä�~)�¢ñX³�Ê�Î ù)�ØÓ~ßZ§ É6òZû,ü~Ç�î¸Ï $
Ç�ö�÷��×Àc¾~Ù���ý�ü~Ç�Ï�f�þ�ÿX���zÑ�4�ö�÷��>ø
ù���Ê�Î6ð¢Ó�Ø}��Ç�p%q�r~Ù�s�t�Ã>§¢ÒsÓDùDäbÂ>î
Ï $�� ��s��%±�(����	�ãÍ�Ý¸Î�4@�6ß)�¢ñ�Ü.Ý�
FÑ
ÓD�5§�û
��s�tD�¸Â���ÝoÍ>��:OóD§�uXw5_�w�x�?�ö
÷oÚ���Óbð¢Ó57z³ î¸Ï $�� Ç�ö�ñ���ÃOt��Øä � çÖ±
(%ì.ðÄÓ)Ø>u�w�_�w>x�?�yOw¬ë ý Ç��������Qÿ>�OJ��
<	]���w��%=��¢ñ�Ü.Ý����¬ù�ú�4@�6ßVáËâZ�sábÓ6ñ
ò/�.Å�uXw5_�w�x�?�y�wHë+Ç��	�~Ã�Ô¸Õ6õ	ÆAÇ� �
! á2â�Ô¸Õ $ è%é~Ç�l	" ß�Í�Ý e â4úsÝ%hF³¯Å���Ç
pOq%r%l���t~Í�ÝbÃ U �Xw5J#�%_��Xwbâ/� EPR $
+%��ê>*>-��Ot�ð¢Ó'&�(HÚ��*)¢Í,+�Ô�Õ6õ�-HÚ ç/.0 ìsð¢Ó�1	2 ß	É�äbÜ�4¬ß�Î ò4365bÙ�Î���ù�Ñ%�ÄÒ
Ó�Þ5o7�986:�+�uXw5_�w�x�?Xy�wHë4;��	�<:��6=68
k7>Hù�úÄÝ�hF³?+só%ôÄõ�-��	:��#�%@�ä	A�B	Cbõ�-;'D7"<E�F�à�áHG
@�I	J%:LK4ú#I#A�MD��+�è���M�ì$ �,M�"7N $ �5h�i7M�uXw5_�w�x�?�y�wPO4;�l	"��
tQ@�I6:�R�Á d T<S�F�ä��>MQA�TU �
�Q:'+ Damian Markham V,âXW�:@Ñ�6�+ZY
[\�] ;���-Q^�
�86_#M�`�a�b7c7d7+�e�[ \�] ;���-^�
Q86_#M)�	f	g	h#d	+Xi	j�k#d7+�l�m7nOû#opG4qr +�s r'tvu M�w9x�F�uXw5_�w�x�?Xy�wPO 17& r ty M�z	{����|G�u�w5_�w�x�?Xy�wPO};'B	C7~��7���
Ä9;��#�����*W��P����T

5.2.1 ���L���P�P�������,���
�P���9�����P�Q� O�:����#�*E�B#C��P 
89_z³¡+�Q���	�����Q�6� O�;�D	"<W�SvK£¢ r y M���¤ r :'+B	C7¥	¦<;�Ó9§�¨
©<E�F��v <G4B	C#�v 7W�S�ª r7«¬ y M�­�®Q¯6_6M�T�°�;>û#§�;�ü å G
@�I�+#¨�©	� 7WZ±�� yv² G':	_���IX³´B	C7�v 7W�Ì,ÍHG
@�I6:±��*µ�F�A<w9x�F�¯%±<;Q³�G¶8�+�B�C#¥	¦9¯L·�;Qwx r Ê�Î%@´+
B	C7¥7¦O��B	C7~��PW'�9A#� ��¸Q¹ W�Hx ² G¶¯	8<º
M�¢�+�GZALx ² G�W�»7¼ y M)ü å ¯_6M�T ² ;>¯O±X:�+ Local Operation and Classical

Communications (LOCC) G�½5ó�¾6M	¯�±	8
_X³?+ û¿ ÎLµ�¾9��À	Á*W�ÂQÃ<w9xZF��	�<E	F�Ä�ÅHG'°�;�ÀÁ�þ�ÿPW�ÆQÇ�M�¨�©	~��X;�Ð7È7+X°Q@�I�À	Á�þ�ÿ rz�ÉÒ�ËÊ<F6M�Ì7Í	Î	À	Á9¯�ÂvÏ�¾�M�T,´®µ,:�+�s<;w6x,F ��¸9¹ r §7A�I LOCC ;�Ð�87;�B�C	ÑQ;�»�¼W��P����T

Ò*Ó�Ô�Ó�Õ�Ö<×9Ó�ØËÙ�Ú�Û<Ü�Ý�ÞHß£à7á6â
ãvä�å#æ
ç�è	é�ê	ë�ì�í	î�ï#ð
B	C7Ñ<;�Ó9§��7�	�	ñ9¯
¨�©	~��PWZB�C7Ñ r�ò�ó

Îõô÷ö ó Î y M�ø r�ù Ç#M´ú
ûXW�J�Ç7M���¤ r +�¨�©~��PW ò�ó Î%@���B	C7¥	¦*W�ü	ý � 8�q%é%@�I7A�Mþ7ÿ r + LOCC ;���8�ö ó Î����#F�¨�©�~���;�~
�BPW�J��%@���T ² ;��
	<:�+ LOCC ¥	¦�� ¬ G¶½Oó¾
I�A7M�Tc´zµ :�+ LOCC ¥�¦�� ¬ ;�
����XW,+�B�C¥
¦Q;�����-�E �<���7�����Q�6� O À�� (Geometric
measure of entanglement) ����� ��� O�������E ���
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�6���'�X��� O (Entanglement of relative entropy)FP·'; �v�
�Q�����*�Q� O};�öOñvE�À6� (distance-
like measure) WZ��A
I � yv² G r"!�# @'��T ² ;)þ
ÿPW�z r ~��7�7&<E�F�»	¼*W��õx ² G¶8�+ �X���6��'�X��� O4;��	� r w
��IL·´¾�$&%�~��('9;��	�<E) ¹"*
¸ �+��ñ�¯
,��6µ�¾9M�¢9W.-<M ² G�¯
8�º���TU0/ ;
��� ! ÿX:�+ ² ¾�Ï�8�1	-XE r Á�2pµ�¾9�Q³;�86_43�5&6XE�F
798 r : @0; +
B	C7~	�7���v;�»¼ r : <0=Qº�86_���� �X���6���'�v��� O4;
>�?XEÀ�@ r +
B	C7~��#��� r�A %7M�5&6XE�F
7B86W ù ÇM�³�;�C6_#M�T�D�E&F �X���6���'�v��� OHG
>�?XEÀ�@IG
JLº�A�¥	¦*WLK&M y M ² GNC�F
B	C&O�P�q&QF*·�G'B	C7~��SR���OUT � '�G
V6�����p³UW<¤PK�¾I7A6M�T ² G
���YX F JST G ERATO

U�Z R���[�\¹ O A w ]
^�_+J�`&J�`Q^�~��&a�`&����aIG
b�b&cV�d�e�Fgf0h Imperial College G S.S. Virmani i
[j G'qIk ����C6_+l
m [1]

LOCC n�o+p q ß LOCC n�o�r�s ägtvu ç : n�ow�x Ù�y
à
á�zXÙ
{�|PåB}
¥	¦�~ ÿ��&�I� � y l�����5&69���7Ç(l þ7ÿI� A�g� X�F.D ¿�� �L� ¥�¦ � � y l �Q�������¶�Q�	�I�

$&%�CvX �Y��¯&C<º�� � �7�	�	ñQ¯g���(�0l ² j ¯
-�� ¾ ��� l (Non-locality without entanglement) m² G����N�������	ñYG�»�¼YX F ² ¾QÏgC � � LOCC� �gl�¥�¦&� ¬ � �4� � �+�	¾ � º���¯gF LOCC

�
�
l¶¥�¦��g� ( T��"� )

j � ����	6¯"�������*µ¶¾#��m¥	¦����BG ��¸Q¹ CvX F�¥	¦�~ ÿ X ù Ç���¾ �&� l¯�F ù Ç���¾9��¥7¦9¯�~ ÿ G+ �Gv·"G�¥	¦�Cv¡+l�¢
X�¢�-vC�¡�l��v�U��¥�¦¤£¥¢�-�¥�¦�¦ j F.§�-YGZ¥
¦¯�D#§7¯ ù Ç¨��¾�F�§�-7¥	¦ j ¢�-#¥	¦ j G�©�C�ÄÅI�.ª4� ² j � �(3«F­¬7§&GL¢�-�¥
¦Y�U®Yl ² j �+¯� j �(l�m LOCC ¥�¦�����C+X
F ² G'Ä
Å�¯ LOCC� ,Y�Qµ�¾ �&� l
m°²± X LOCC ¥	¦&� ¬ j LOCC ¥	¦���� �  ��
l��7�	�	ñ � ³ ¯��UF�´ � µ 1&¶+·YG"�&J �X���6��'� ¥	¦IG"~ ÿI� § ��� F�¥	¦�~ ÿ G'�7�	�	ñIG
¸¹ ¢¨�H���º����m�°Y� � °�G
»�¼ j � � F��&J �X��6����� ¥�¦IG"~ ÿI� § ��� X F Local copy ���v�
~ ÿ �
½ �B� ´�¾	Î9%NF<°Y� � ² ¾º��G
~ ÿI� § �� X LOCC ¥7¦����Q¯ LOCC ¥7¦+� ¬ �I3�¿À� �j � � ² j ��ÁÂ����m ² ¾º��G
»�¼ j � � F�Ã�1 �
��Ä	ñIG�Å�Æ9¯�Ç�ÈI���7�	�	ñ9��³��9�U� ² j ¯v¡
l ² j �NÁ¨���"m ² G����0X JST G ERATO É Z R
��[+\ ¹º� A � ]
^&_&J�`&J�`0ÊgË�Ì&a�`&����aIG
b�Í&c�Î�d�e j G"ÏIk ����Cv¡&l
m [2]

LOCC n�o&p
q ägÐ�Ñ�Ò
Ó Ô0ÕgÖ
×�Ø�Ù ßÛÚ�ÔYÕgÖ×&Ø�ÙXÙ ÜIu�ä�t�u ç
����Ý7È�ÞIX�ßYT+à��Ságâ ¸ � µ0��µ�¾��+��;ã<ä Á&C&¡�l�ågæ � F�����ËgÌYGLç�è+C&X�F&��é���éLê

>g?�¬�ýSë��v;ìXLê�>�?�ü�ý(© � A ��� F � ± GLí&C
G
î�ï � �
�&��5&6IX"���&Cv¡vlgð�F�ñI�vl�íIG�©
G"����Ý&òIX�CBó�� � j � �H,Y�+G
ô�CvG"���&Ë�Ì

õ�ö
(LOCC) � ��÷vl�mùø G����.�
ú�û(CgF�ü�ý�Ý

ò�Þ�ð�D�EY= � ��þ+� � þ�F�ÿ�EY= � Ý&ò����&Cv¡
lgþ ��� ª����v� ���&Ë�Ì õ�ö ð��&�(�0l(ø j ðv¡
l�m	��Gv�&�.��
0X�F Entanglement distillation ���
��Ý&ò�Þ�
�� � A ��� § � - ��� �v� å�ð�F LOCC
ú������ � A ��� X�������� ��� ��þ��
å m��vø�CgF°²± X���7BG
ú�� ��� � � F ��G"�&J�!#"�ú���þ¨�
G LOCC ú����$�B�"��÷+l&ø j � �	� � F LOCC ú�#�������$%�ð�ü�ý�Ý&ò�Þ�ð�D�EY=+G�&#" j ¬&EY=
G�&#" j C('0ð�)�*	�Yl(ø j �LÁ��
å�mSø�G�+�,IX
JST G ERATO É Z R�-�[�\�. � A �
]"^�_�J�`�J
`0ÊgË�Ì&a�`#+�,&aIG
b�Í&c�Î�d�e j G"ÏIk	+�,�C
¡+l
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/10(230�4(576�098;:7< z>=@?BA�C�D$E�F
G â$H+â$I�J K(â �ML�N % (Robustness of entan-

glement) X F7O�PRQ ��� �0lL����ú��YG G â�Hvâ�IJBK(â �TS�U %S��V��$W�@�Cv¡+l m1O�P�Q�ð����&ú� ��X Y ��Z�¼ùX F ��G"���&ú��9��V0��P�@�[�\��� �ùG�P+@+ª^]���!�"��Bl0ø j C�_&ß�J�`a���Blgm!�"(�0l�P�@&ª�]IG�b	cBX FdO�P�Q � ��� ��e ó.�
ø��f�Yl����$%IG&¡+l�ñI�vl�g�h7H1ikj�lBG�cS�LÁ
� m °²± X F�m7b	cBG P�@&ª�]YC(Vn���Yl^O�P�QvGo�p © G âRHvâ$I�JBK(â � � U�q �&�&ú�� ��� �0lr�s ���(tÂ�
ågm7�Y� � F o�p © G â�Hvâ$I�JBK(â� G�D q G�u#v�Cv¡+l"FBw�x�y�z � c0þ¨�1{ì� e��
å�b	cS� U�q �0�L��O�P�QvX F����&ú#�IG o�p © G
âRHvâ$I�JBK(â � �"½ �B� X�|�}��Yl(ø j ð�CIó��� ø j �LÁÂ�
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m
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ø�ø�c��+F�� ö G�� ± �
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�&��ð�«�¬�­�®ù�� � ó �#¯>° ��±3.�-�� í ¥ ë G âRHvâRI�JBK�â �
ð�² ��³�´^µR¶ ¥ ���º��®B·(ø�¸Nð$¹Y���f��å	º
��ø ¥�°²±¼» ��±�.�-�� í � ¯ ®#· o�p © G âRH

â$I�JBK(â � �	%�½9�v� ° � ¾ ö�� �3·�å�æ � ��¿À	Á�´ ��Â�Ã�Ä�ú#� � ¯ ®#· o�p © G âRHvâ$I�JBK
â �TS�U %9�f� G â�Hvâ$I�JBK(â � �	Å�Æ � W ´ �Ç ��� ��È �
å�º7���
»�¼�� G âRHvâRI�JBK(â � �Å�Æ � W ´ ¥ ¡�· G âRHvâ$I�JBK(â �ÉL�N % � � ó
� ô�Ê�ú��9� U3q Â�Ã�Ä�ú�� � ¯+��� � G âRHvâ$IJBK(â � �
���9� S ¹v�3·(�$� Á�´ ��Ë�Ì��3·(ø�¸Í�ÎRÏ ��å	º+ø���+�, » �fÐ�Ñ Leeds

�RÒ
V. VedralÓ#Ô � wYâ�Õ�Ö^��J�Ñ�× ��Ò J. Anders Ø>¸��"ÏBÙ+�, ¥^Ú ·�º
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5.2.2 Þàßâáãßdädåçæèßêé�ë ìîíðïòñ
ó�ô�õ�ö1÷�ø�ù�ú�û�ü =�ý�þBÿ ó�ô����

2001 � Í Raussendorf ¸ Briegel
»�� .��(�7H$�

ú�� ¸	�+é��7·�
���
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�
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�8�9�_0:RJ3� ����% \ Í� ) � ��ø(�! #"$
 ����% \B�R_�:�J » Û�;�< ���% \ (one-way quantum computation) ¸	��=�� ·�º.��(�7H$�
ú�� »+> �0? ¥ ��7n���7·� #"	
 ú�� ¥Ú ·gð$�d�!@ Í Û�Ü�/�
�I���� ¥ ��7n�f�7·� #"	
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6.1 £�¤¦¥¦§©¨
�_ª=« ³r¬�­�®°¯'±
²r±�³�´ x k�µ_¶N·=¸=¹V®�ºq ¸=¹V®�º q¼» ¯�½r��¾C¿r½
Àr³=Á�ÂÄÃ�®�¸_Å=Æ=ÅÇ ¹N®'È q Å Ç ¹N®�¸�ÉNÅ�Å Ç ¹�ÊD�pº q ¸�¹ÌËÍº q�
� ÃCÎZÏ�Ð
Ñ�Ò x ª=« ³�ÓÕÔ�Ö x Ð�× ª=« ­�ØÚÙÛKÜVÝVÞ�ßáàãâ�ä=å�æ ÀC®'º�ç�¸�¹èËéº�ç �"�Nê Ã�ÈÊ�ë�® � Ã
ì�íÄ­
®�î_ïNð ä=ñ_ò ¸ å_æ Àó¯'±
²r±³�´ x ÖZôCõ�öj÷ùø àùú ô�õ�öj÷Mør­ 10−15 ø ê ®¼ûü ø àMú û ü ø"­ 10−12 ø ê ®�ý"þ�ø à5ú ý"þ�ø"­

10−9 ø ê ÊÚÿ�� � ½N¾�ø Ë����pøÄÃ��"Ð
	�� Þ�
 ëÃ��ÕÔ�Ö
�����ÄÃ����_Ð�µ_¶N·=¸=¹�������� ��¸_ÅÆN¸=É_Å�!�"$#�% Þ ª=« ³�ÓÕÔ�Ö�& Ð�× ª=«�'�(*)+ Ö=­�®��-,/.�01��¬�2_Ð43�5�6NÈ�ç���È�ç�7�8$9�®) 3"Ã�:
ë*ÿ�³<;�=�>rÐ�ÈNçÕ³<?A@CB�D�Ö�& Ð
×�EÃGF�ë*ÿ Þ Å�H�Á ÞJI$K$L àNM ¿�O K$L çV®�ô"¯/PQ æ�K$L ç�®$R$S�T�� K$L çV®VUG�r÷WPb®�X�±�YN¾Pb®�Z � X�±�YN¾GPC[ ê ÃG\�Ð â 6�]=µ_¶N·�^=¸=¹_ %
³<` a + Ö�& Ð�× b�Ï�®�º=ç�c�d Þ�e�f )<g Ðº=ç=¸=¹ Þ�e�h �$i�j à ¸=ç�kml���º=ç�nGo
8G&
pq Ë/º=ç�r$s�t�[�Ã-l
>rÐ ª_«vu ÓÕÔ�Ö�& Ð�×�wGxy
z�{ ØN¹ Ç ¹-� ª=«�| Å Ç ¹�}�~"Ã����_Ð���� ª«$� Þ ð��r¬�2VÐ Þ ¬�®$wmbC¬/��� + Ö�& g Ê¼Ô�Ï� �
��� ³�� Ç Þ Ï$�_Ã��$����À ÷>Ã����VÏ
×

6.1.1 ���A���������v�A�����¡ 
¢�£�¤�¥�¦�§�¨*©�ª�«J¬�­
® t�¯�°�k (carrier-envelope phase)

) ­�®�± ¯'±²r±�R$² Þ�³ n=¶ Þ û
±�½�Ã ' >rÐ�® ® t�¯ Þ k '� g °�k�´ ) + ÖJµ�¶¸·�ëZÐ�×�¹$º_® ® t�¯�°$kr­�®»½¼ ¶mbC¬
¾�>¼Ð<6�.$6-¿$¯��NÉ�� â�À ��Á P�Â gÃ Þ _ %ÄÃ����_Ð$: Þ�Ä�Å Æ y�Æ�Ç ·�ë�®$È*É
³WÊ��Ö�& Ð�×�ËÄÃ
® ® t�¯�°�kÄ­�®N¸�Ì�¯$Í-Î$Ï
³<Ð� ) + Ï�Ñ�Ò�Î�ÏN¹"Ã���&NÖ u µ-ÓÄÃ Ä�Å g 5$ÔÕ³�"Ï1>mF ) y/Õ ·�ëZÏ
×¡F Þ \�Ö g
×=« Þ�
 ë Þ-Ø¬
®Cô/Ù�±*ÚÛZmÜ'½4Ý�;Ä³4Þ��NÏ½ß�à�á�à<�1â�ã�ä�åæ É�çZÑ + Ï�6�è1é å_æ�ê�Þ ® t�¯�ë�ì$í�î�ïðb1ñ:
ò*ÿ�óWô�õ ) + ñ ® t�¯�°�k öJ÷�ø + ñ�ù (�ú `a y ï�û$Ó�ö<ü�ý�2�þ�,�ÿ�� ) +�� =�� +���� 2�þ
	�
� ú�×��$����� ï���6�è1é ö�÷�ø����Gb�ñ���Ù1àÚ Z�Ü��
��� ö�÷�ø + g & ® t�¯�°�k�Ï�µ�ï$ë�ìðó�� ö"!�#G� � ×�� + ï$=�$ + ñ�	
w$º�é ��� ï�%�º�émb � ö�&1� +
� &-ñ(' ' °�kë�ì$ô*)mY�+-,�.1Ü��Wç�/1ã ßWà
á�à�0 ê�1�2 ó"3&Jï
' ' °$k�4�Â ( )�5 ê ú ê�6 �7,851°�k ú 0 .:9

ö<k<; )
) ï
=�>�?�@-ó�4�Âð·���ñ�F ) ö�\Jþ
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一般物理実験

プとその分光システムを用いた。これにより、大き
な背景光に埋もれた微弱な信号の波長依存性を検出
するとき、従来はロックインアンプと掃引分光器で
波長の 点 点を測定していたものが、 点の波長
で同時に検出できるので、同じ測定時間では 倍以
上の 向上、同じ ではパラメータを連続的に
変化させて２次元分光が可能になった。特に、時間
分解分光では広帯域光を試料に照射することにより、
帯域幅の逆数にほぼ比例する時間分解能を得ること
ができるようになった。このような測定系を用いて
ヘモグロビンを試料とした測定を行うことで、その
時間分解過渡吸収信号が得られた。結果をまとめる
に先立って、この得られた信号の信頼性をあげるた
め、さらなる信号雑音比の改善を行っている。また、
同じく生体高分子であるバクテリオロドプシン試料
についても測定を行ったところ、新たな現象の観測
が行われたため、これに関して信号の解析を行って
いる。

ポンププローブシグナルに現れる分子振動スクイー

ジングの効果に対する理論的研究

変位調和振動子と結合した三つの電子状態から成
る分子系とレーザ場との相互作用で構成されるモデ
ルを用いてポンププローブシグナルの パワー
スペクトルを計算した。その結果 成分比に
おいて顕著なパルス幅依存性を見出した。この変化
が、励起される振動波束の古典力学的極限からのず
れに起因することを示し系のポテンシャルにおける
非調和性が無視可能な下でも励起条件によっては非
調和成分の増大が測定結果に現れることを指摘した。
分子振動波束のスクイージングを発生する励起パル
ス幅に対する条件に鑑み上述の 成分比の定
量によりスクイージング発現を決定できることを示
した。

対称 型（ ）全光学スイッチに

対する非指数関数型減衰の影響

超小型、超高速でありかつ動作に必要な外部から
の入力エネルギーが極めて小さいことに特長のある
対称 型（ ）全光学スイッチのス
イッチング動作は、光導波路中キャリアの指数関数的
減衰を前提としている。スイッチング性能における、
キャリア減衰の非指数関数的プロファイルの影響につ
いて理論的に研究した。特に減衰曲線が

の場合を取り上げ比較検討した結果減衰
曲線の純粋指数関数曲線からのずれの増大によりス
イッチオフに必要とされる第二パルス（制御パルス）
強度が増大することが分かった。制御パルス強度の変
化に対するスイッチの安定性を定量化するロバスト
ネス因子を定義し や
減衰レートによってロバストネスが大きく変化する
ことを示し、ロバストネスを最大化する条件を解明
した。

電場変調分光

分子会合体・分子結晶・光合成蛋白質・希土類ドー

プ結晶・電解質水溶液 電極界面の電場・光変調分光

東京理科大との共同研究として、ポリマー中にドー
プしたポルフィリンＪ会合体と光合成蛋白質につい
て、マルチチャンネルロックインアンプを用いて電場
変調分光を行った。ＴＰＰＳ（

）Ｊ会合体について、昨年度フレンケル
励起子の少し低エネルギー側に電荷移動励起子と思
われる構造を観測したが、これについて詳細に実験
を行ったところ、信号の再現性が十分でなく、電荷
移動励起子であると結論するには至っていない。ま
た、高等植物（ほうれん草）の光化学系Ⅱアンテナ
色素蛋白複合体の電場変調吸収スペクトルの解析を
行い、構成色素分子の吸収スペクトルの微分形では
フィットできない信号から、クロロフィルｂとカロ
チノイドの間の電荷移動吸収帯を同定した。　さら
に、これまで透明電極（ＩＴＯ）と電解液の界面の
ナノスケールの厚さの電気二重層起源と考えられる
大きなポッケルス効果を観測しているが、信号の偏
光依存性を詳しく調べたところ、水のポッケルス効
果のみでは説明し難いことがわかった。しかし観測
されたポッケルス係数は巨大なもので、その値は
＝ 、 ＝ にもなり、非線形光学結晶
の ＝ より桁違いに大きい。

マルチチャンネルダブルロックインアンプによる単

一量子点の非線形吸収分光

半導体量子点は閉じ込め効果による量子サイズ効
果のみならず、多電子励起状態（多励起子状態）を
個の量子点中に作ることができるため、多体電子相
関効果が分光スペクトルに目に見えて現れる（ 個の
量子点の分光観測ができれば）面白い系である。し
かし従来単一量子点（単一分子も）の観測はほとん
ど発光観測のみで行われ、吸収観測は困難だった。こ
の問題を解決するため、東京理科大・筑波大との共
同研究で、 チャンネルダブルロックインアンプ
と白色光ランプを用いた弱励起極限の非線形吸収分
光を行っている。今年度は光学系の改善を進めたこ
とにより、単一量子点を再現性よく観測できるよう
になった。そして、励起子基底状態より高いエネル
ギー側に励起子の励起状態の吸収減少と考えられる
明瞭な構造を初めて観測した。一方、同時に現れる
はずの二励起子励起状態は明瞭でなかった。この理
由として、二励起子状態は多様な組み合わせがあり
振動子強度の分布に広がりを持つためである可能性
を検討している。
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6.2
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6.2.1 «­¬¦®�¯±°³² ´�µ·¶·¸:¹»º½¼¿¾
À�Á¢Â�Ã�Ä�Å

Astro-E2 [36] Æ�Ç 2005 È 7 É 10 ÊË ÊxÌÎÍ:Ï 12:30 Ð�Ç,Ñ�ÒÎÓ�Ô<Õ Ë
M5 Ö
×ÙØÛÚ 6 ÜÝ�Þ�ß�à Ç�á:âÛã	äæå,ç<èÎéCê1ë�ìGí�îïê>ð	Çòñôóïõö.÷

(Suzaku, ø�ù ) ú�û
üïýïê�ðÎþ ( ÿ������ ) �Ùñ óõ öx÷ Æ�Çòñ Æ ö ì��	� ÷ (1979 È ) Ç�ñ�

��� ÷ (1983È ) ÇÎñ������ ÷
(1987 È ) ÇÎñ���ó:é ÷

(1993 È ) Ð�� ö
Ê�Ì�� Ý�� Ë Â�Ã�Ä�Å�� Ç 2000 È �xÉæÐ�ë�ìGí�î"!#%$ þ ASTRO-E

Ë'&)(�* Ý+� ��,-�½ñ óòõ ö�÷ Æ. í-/�0�132�4 565 km
Ë�5�6)7 Þ98 ì�Ç;:�Ê�Ð .< Þ

15 =+>�ó9,'�
◦ ?A@CB)DFE"G (HXD) [17] [18] [19]

ñ7óÎõ ö ÷IHKJ	LNM Ë :PO � �Q,SR Â,Ã	T+UWV
(HXD;

Hard X-ray Detector) Æ
Ç�X�YZ� JAXA Ç)[Ùã-\�Ç]�^ \�Ç���_�ÇC`�aQ\�Ç'b'\�ÇWc�d�\�Ç Stanford \�ef ú�g9h $ 

i�j $ þ 8 Ë � ��,-� HXD Æ 10–600
keV

Ë [ à�kmlKnpoQqsr úut+v�
Kw à	x Ø	y
z){N|}�~ Þ��
��$ Ç T3U"VQ� (HXD-S) Ç��-�ÛÖ)z�����>�m�
(HXD-AE) Ç��+�+� n)� � � (HXD-DE) e fËN��}�� q
l } Ú1é ê���,s�p�,ð ê#Æ�Ç 2004 È��]É� Ë Í�� �N�m�	� ��Ð'������ý�
m1%��Ç+�A�xÉæé½êÆ Ä	Å í � Ç�ë�ìuí�îs  Ë�¡)¢)£ ¡ÎÐ�¤F¥,ðm
 à þs�

◦ HXD ¦	§+¨m©)ª [47] [48] [63] [105]

ëÎí�î Ë�«
2 ¬ÎÏ'­:Ç HXD

Ë"® ìuíUî	�Qi-¯�¥,ðþ	� 7 É 23 Ê�ÐUÆ DE
� Ç+� 25 Ê�Ð�Æ AE

� Ð'�° Þ�±m²�$ Ç 7 É 26 é½ê,Æ 64 ³ Ë
PIN ´Kµ�¶ q ~

(500 V) ú 36 · Ë�¸N¹ Ú»º�¼ qN½ (900 V)
Ë /�¾� ° Ë ±m² Ðs¿+�NÀ	�pÁ"Âm�m¾ Þ"Ã Y�Ðs/pvuÇ3��þ

¶ } Í�Ï Þ�Ä�Å Ð'Æ ö ó+,�ÒpÇ Þ�È+É Ç 8 É 5 Ê
ÐÆ�Ê�Ë�Ì�esÍ
��Î�Ï ÞWÐ � ��Ñ þ'���,ð�Ð�2+� HXDË'Ò � �	Ç�ëNì�ÓÎî	Í ËsÔmÕ e f ��Ö
× ó+,9�Îú"eö Ç�ØmÙïÐ'Ú Õ $ 
 à ,��Îú���ÛmÜF¥�ðÛþK�æþ)À $T�U�V
� Þ�Ý)Þ�ß
àmá Ð�ONe�â���· Ë+ã q Úåä+µNæË ��ì�Çç:è·+� Õ Ú�é)ê�Ç-ë)ì $ þ −20◦
� Æ�e ö Ç

−14◦  �­ � Î ß ó+,9�ÎúUú"e9í	þ	�
 m­ $ 
UÇ ñ óNõ ö>÷ Ð HNJ ¥�ðòþ CCD îpï9{

(XIS) ú5Çs/)ð�0 Â�Ã
ñQòmó
(XRS)

Ë�® ì-Ó�î 8��ô $ þ-� $ é $Sõ)ö i�¯ Ës÷)øïË È 8 É 8 Ê>Ç XRSË ß
ù+� ��,�ú�ÔNûýü-|sþ)�Qÿ��òÐ����Îó+,ïú à ���� ��� Ñ Ç XRS Æ Ý
	æÞ ! à Ç���
 Þ���$ þ Ä<Å
Æ���������� q ~ Ð���í
þ�� HXD Æ�/
¾ Þ ó��m
�¶¸ $ Ç Ý � Ë���� Þ���� Ð T���$ þQ�	Ç! �"pe à ú#%$ ¥#ðÎþ Ë � Ç 8 É 15 Ê,éCê�/)¾ Ë�&)® ìKÓ�î Þ& emí
þ	�Q� 19 Ê�Ð:Æ�ì
ÙQÎ ß Ð('�) $+* × } �m|n�,�-

A
Ë õ)ö9� ¸/. q�, ÚS{Kµ³Ú Þ�Ð � $ þ [2] �� Ë ­ ñ óNõ ö�÷/0 *

HXD ú XIS
Ë �2143 Ë TFUV+��õ�ö Þ & ���Ûú�Ð)e�� *%5Kñ 0 HXD Î ß Ë76849 Þ�: vQ
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x 6.2 a: Non X-ray backgrounds, per unit effective
area, of the HXD (PIN and GSO)[34] compared with
that of the BeppoSAX PDS.

◦ HXD ¦PÉ�ÊÌË+Í�Î7Ï�Ð4Ñ [13] [48]Ò�Ó Ó�C L Ø �ÕÔ
ÖE× � « C�Â * Ò 1�Ø ¸ Ue´�Ù(ÚC�Û(Ü
Ý ��Ö Ç�Þ�ß(C�àK·Rá f ¥4¦ ��§ÕfRâ g JAXA�2ãÆO7*�ä�å C }{æ Ú�ç���¿ ¯   §Åéè 0 *4ê�ë �7  HXD Ç%Þ%ß O7ìZí�îP� ³ðïwCñ ��µR_�µ�U{�Eá f � *4ò Û�ó4� Ñ Ç%Þ%ß O I4ô/ó� à4õ�á f ¥�¦ ��§�� Ó4¥�C4öR_¿µ�Ua`�b * ¢ £E¤H
ö>µ7C(÷�ø * ä�È ,Rù öúUÁûTüþý�ÿRÈ���Þ��/C�Iô * öR_�µ�UÁi����	� «�¹ C'Ú�ç!Â ìZí7îP��§�
�îüRØ
�VUþ´�Ù�Ú 0 *	� Þ��!Þ O 0 ò Û�� î%«4�R§��� 0 * Ç�Þ%ß7ûTü��úü îP��,�� ±VU ÈZ�����%ó ���C *���� C�ý�ÿ�È���Þ �� �!�j C#"%$ �+* ­4®ÆC'&()��O Ý*� �,+�-�. ©>C L�/10�2 ¥ *3
�î ü 0 4 L/ Ç�Þ%ß�_/Þ ,65V� ��»�7%819 O�ò Û�� îP��§�Ì} 0 * Ç�Þ%ß7ûTüX¼��7½¿¾�:�; ° ]�±4²�³�´�µ¶ C º=<1>�? �,@%A=B1C O7ò Û�ó �*
!� ¥�¦ � [44]
[94]
§*
�î%O6D @,E�F�G «(° ]E±�²�³�´�µÆ¶IH � ±¿UÈ!CKJ1L1@�¼��7½*;
M'NPOQ:�;SR�TPö6U�µ�VÁûTü «� Ç�Þ�ß
��W{ö(È*XSJ%L6@KY�Ç�È °�Z ±�²�³�´�µÆ¶[X\1])^ Þ�È�X ò Û «�¹ @�� í*_�í�«�`)a Â�¦cbd@�89�X � Þ'�!Þ�M%e=�,f�g «'>�? ��h�i�j�¥�¦ �(§



146 6.2. k)l â�m%n

◦ oqp�r�sut	vxw�y{z%|1}1~ [76]4 ó _ ¾ 5����=�{� X,� è��)� MKA%B
ó �{�%�	D @
2004

�%� X
���%¥����)X ·�¸%����� Þ1��µ�²4²EÈ/Þ�
(SWG) M � b�� <*�1�1�=�  RÂ�@ XRS XK�x�#�� M � b 7 . G «�¡x¢ �eÂEÀ
£ �{«
�   §�Å=
 ¥ 2005�
10 ¤%¥�¦ í ¥ D @ SWG §�£�¨
µ ° Þ%X'©�ª%«�¬M�­�b �%� �{� Ö @ Å�î ü�X'A�B��¯®1°V��  § 2005�
10 ¤ 12–15 �¯@ JAXA M�» SWG 7 � «=¬/Â�Û± � î @ 2006

�³² ¤ �Zí ¥=M SWG ´���»�A�B�ó6:;¯� 70
�%� �S� < �(  §Kµ ï D SWG ¨�µ ° Þ�´��»
@ 
 X � MK¶1�c� î  K7!Ç�Þ%ß
M
Ú
± ¬ H�·�� ªæ�§ �Ìü î  �Ý ª «#]%¸�D @ ä
å X'&�¹�MKº*:)» §4 ó _ ¾ 5%D 2006

�
4 ¤
û¿ü�@'¼
7 «(ò6½���¾ M¿ °~�u@ JAXA @/Ú1¨�ÀÂÁ NASA @�Ý)­ Ö
Ã�Ä ESA¥�Å�Æ�G�M'� < � î  'A�B!Â�®1°3� î » §6µ ï ª ©Ç G « A�B�J6È��w��Éþ»�@,A%B*� � �SÊ%Ë¿��»%Ìx» §

SWG Ç%Þ/ß ª ò�½ A1B>Ç%Þ/ß ª @�¶=� � è �cÍ,ÎÏ ó�»�´#Ð + · D'Ñ��ÓÒ @�7�8�9�M ò Û�� î » §
◦ HXD Ô�Õ#ÖØ×ÚÙ*v1w�y{Û
Ü	Ý�Þ=ß�Õ{à*á [49] [64]
[93] [95] [98] [99]

HXD X*â�ÞRÈé¶äã D @6§xå�æ#ç1ã Í Ú%±6è)é�êM=â4Þ�È ¶ ó)»,�	�	MKë�ì�@ 50 keV – 5 MeV X�íî�ï)ð @�ñ�òKó
ô*õ>Þ�HöV÷@�ø	ù)��úEÚu@)ûx»6Ì ñô�ü%ý�þ�ÿ Í���� ó	»�@ WAM (Wide-Band All-Sky
Monitor) �x� Í���æ��	��

� @�� � � @�� â @
í*l� þ�ÿ�´ ã���ð @ WAM M�­
»,A�B Í������	� 2006��� ¤ ����ð M'@�� ð M 50 � Í � �1ñ�ò�ó'ô�õ"!
HV ( #1»�Ì D�$ X&%
' )

Í å�æ Ò)(+* bd@ $ X	,
ã D
Konus-Wind @-��.�X HETE-2 @�/%¨)ÀuÁ%X Swift þÿ,X10%ýP´ ��2ÓÒ1� ö
U�ò�V ð #=» �

6.2.2 3547678:9<;�=5>5?A@CBEDGFH lJI D 2005
�5K ¤ 4 � _�L[5=Í)M Ì�@)N%ý+O�ýP

BD+30◦ 3639
Í A=B Ò��	�AQ�R�D j&S
T1ýVU �W XKf�X `)a M&Y Ò @+Z
[ Í�\ æ Ò)]
]�^ _+` ý�Me�acOcb � X ���	ð @�d)Ì#ý�e"U \ æ�f�M1g
hi��»Q ´ ð g+j�klU \ ÉÂ@�m�n ��o	p ó�U \1]�q�R�r Gs ô Í�\
t �)» � A�B�X1u ¸ @+v Rl�&w s ô
x
y Í��] 4 � _JL�5 CCD Á*¨ o ( z .�{
t F�X<|c} ) M­�bä@%©+~ Ò��1��� a�I�X��=Ì	��� s ô Í å�æ���»Q ´,M ]+�ÓÒ1� ( ���)Á o !&��� ) [33] [58]

�
H����ÓV���a�Ic� � » ��� ´�� � X	� D @��i���] � Í 90 � ����� �x» �iQ�R=D ý)X��ÓÀ1���	[�X��ã ð�� 34He →12C X& �¡
¢ ð	£ I Ri�)�
� U ��¤+¥M�­�b�� À��1��[�X � ã�M	¦¨§ �x� I R�� ý�e ´ Ò(�\ æ q�R�( Ì*»)u ¸ ´c©+ª ð §
» [4] [45] [43] [65]

[82]
� ý¨«Qã ð X �+� ¢ ] ´ \ æ
X�¬�­ Í�¢�® M)¯*ì�)°�± þ ]
¸*ð [3] [29] [31]

�&H l%X �
²�³�´ X�§6£ã�µP´�þ ��� [33] [108] [117]
� 01ý�X �A¶6�x� a·I¥ ��ð X&¸+¹�º \�»��+¼
½�¾ þ�Ì	¿+À ð #=» �

6.2.3 ÁÃÂÅÄ<?�ÆÈÇ<É
◦ Ê�ËlÌ=v+Í�Î1y1Ï�Ð+ÑVÒ	ÓVÔ&Õ�Ö

×+Ø�Ù I »&� XMM-Newton
ð	Ú+Û¨q)R"�

12 ÜVÝÞ�ßià·áâÞ�ß�ã�Íåä"æ1��ç�±�è S�T � s ô \�t�é o1pó �i*�ê�æ�é o	p ó"ë�Ý1ì ¾1¤ÓÒå��í�î
ïVð Ý1S+Tµ�ñJò)� ���	�¨q I ¾	¤
ó �lô 2MASS õl!�öi÷�Ýø
ù Z�ô"ú�!"û�a�I � ý ü Þ
ß�ý Ý1S+TJÝ&þ�ÿ�µ�ñò�� ���	�V$ Ý1u������ R Ý��	� ð�� �+Þ
ß���ç
±è S+T ��é o	p ó�Ý�
 ¾&í�î
ïVð�¾1� § L
� U"ô Q� ������é o	p ólë�Ý ±��+�V»��+ç+±"è S+T ������	� þ í�îJé	����� ÷��Jò �&]¨Q � ò������ � [60]
[88] [107]

� � Lå¾ �
6.2 b Ý ê"!&¾��+Þ�ß�»�é o�pólë�Ý�ì ê$# � �$% � ë�& ¾�' ë�� ()(	* �Vô �AQR"»��+Þ
ß U ±��
� ò Þ
ß ÿ1þ�ÿ ¾&\,+ � ]
]�� ��.-�/la�0 (�1	2436587 �lÝ�9 ¾�:";6<"=�>�½��lQ� ò@?"AB� �+×
ØJÙ Ý&¸
¹ C ²
³+´ �ED % � [32] FG �,H LJI ò M � �	Þ�ß�à Ý Ú�ÛLK�M�N·q1RV� F

Fornax
Þ�ßià�>
»1�

CCD O�P o ¾iê ô µ�QVÝ�uR� �é o�p S ë�Ý Fe, Si, S
D4T ¾ ��U � � �l»"ê"# Z ¾� U"% (�*�# ��é o	p	SWV � ¾ ø �	S
T é	�	�"� ÷�Jò K&]¨Q � URX8Y q&Rl� [74] [87] F Q&Rl»1×�Ø¨ÙÝ)¸+¹ ³�´ a�I K ?ZA q)R�� uR� >�� II [ � Ia [�Ý\�]�^ Ý�� _�`�y"U6a W �@b ½$clQ � ò@?"A d"ô�F

 1e-05

 1e-04

 0.001

 1  10  100

R
at

io
 

2D distance (kpc)

Iron-Mass to Light Ratio

�
6.2 b: Iron-mass to light ratio profiles of 12 clusters

of galaxies [32]. The iron mass contained in the hot
plasma within a given projected radius is divided by
the stellar mass within the same region.
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ä 6.2 c: Spin-folded light curves of the Crab pulsar,
detected in the 20–50 keV band with the Suzaku HXD
[48]. The signal includes unpulsed nebular emission.
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40[68] [78] � GRS 1915+105, 4U 1630-47 �è¤bT�NO�P:Q:R�S	ê[c ��ÝEd�e ç�f���g G0ßih ð&T!j�k _V�W�ª FIZ t f r+l Snmpo&q^_ � hr� CCD s�t�O�f
HXD

_ Æ�[�u�T Å fi_�`Yhv��ä 6.2 d T^`Uv�_[w�xê@y�S�_ {yÄz" ¾ d X+_\[ ª hv��{�c&|�g#T!}�P5�ë�~@Q�� ê ÝE�0ß f ª F HXD
¦ hb���

keV � ¦:�ì ¦@? Ä ZUT�F Å�Å * ß � ^ � ¥&��� T!� , ·�_ ¤v�� W T * Ý � I�� T���� ¦ � T�F
◦ ULX �&�

ULX (Ultra-Luminous compact X-ray) ��� h �� ���&� N�O�P:Q�R�S	ê�f�� Ó���� T��+L2N�O�P:QR�S	ê�f _i��� X �&� N�O�P:Q:R�S	ê�T!���U�����¦ ���
[11] [28] [40] [53] [54] F�í	î&���^K ß+h é�KbL  ,&- f/.�� { � NGC 1313

�&¡ _ �&� � } T ULX_
¢�æ �(� «5��X�� XIS � XMM-Newton � Chandra �¤�T�Ç�Y�²�����SU�£j�k _£V@W9ª F5ð&T �&¤ � Å f
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ä 6.2 d: Response-removed wide-band spectra of Cyg
X-1 and GRO J1655-40 [69].

ß
ULX T�� ¥ c�¦ ; m h �&§�¨�©Eª¬«�­ ¦ h �®Xë®¯±°^«�­ * ß T ���³² {yÄ ��`�´µ}¶X/j�· ¦@? ðv ¦ ��� [70] F@ç ß _bYG¸�T ULX _ h � § · ²&_i¹º g�»2¼�O�½�¾�T ����ÝE4³¿�ÀUõGÁ(Ý ��� F

◦ Â�ÏGÃ�Ä�ÅÆ «@Ç@XµÈ�T!É&Ê d�e&Ë(ö _ h �!Ì�� ¦ 20 Í2Î�Ï5 �zÐ Ü�Ñ�Ò�Ó&Ô+SnÕ �[¡ [73] ��Ö�Ü�Ñ�Ò�Ó&Ô+SnÕ �¡
[72] �b× ¥ Ð Ü�Ñ�Ò�Ó�Ô�S®Õ [71] ��N�Ø�S!Ù�S!�bÚý ��¡�ÛÝÜ T�� Ó���¡�� ÝEd�e ç�f^Þ6F�ß&à ßih ,- TiáEâ Û@Ü ² .��2ãä�^Ö Ü�Ñ�Ò�Ó�Ô±S®Õ NGC 4945T�j�k¬Î V2W�å º � [86] F 100 keV ÎiÏ 5 � $�æÝ�ç�èGé�ê!� ì ç�? å�ë ´r�+ì�íEs�P�Õvî^Ó�T��[ï��[«­ *�ð T!ñ ��;�ò T!��ï�� 6�ó _ ²[ô Û ¿ ë�~@Q®Õê 6�õ ÛÝÜ êG7�ö ð f å º � F

6.2.5 ÷ùø#úûø¬üþý�ÿ�� �������
	���
��

◦ �����������������! #"%$&#' ð h
Chandra (*)�_�` � )*+ ;*, æ NGC 2264ÛÝÜ T.-�S�/�Îij�k®ã10 º X32�4�T�5 �&� )64 ð ÓØ87�Î ��9 ã!Þ [25] [37] [42] [59] F:5 �&� ) h Y[Z_�;�<>=G� ó ô )�? ô!@ º T ç 02Ó#Ø87 h 0BA6C ÛºED ) ² TGF&_!H�IKJ�f�Þ!LGM êEN�O 4 ô ã
f Û º F&�' ð h ��Þ Cygnus OB2 7�P.Q�w^S#QSR>T çh 0:U � º )#_EV�W®ã Û º>X:Y 4 ð 0BZ\[E]@T ���Î ��9 ã!Þ [26] [38] FS^if h 2003

J�_ _E`�a ð ê 0
NGC 6334

 
NGC 2024 4 ð ��9 ã!Þcb�d [8]

²iMe _f0�)�?�TEg�h@_ N:i�j � b�d�4 ô ã�f Û º F
◦ Ã�ÄBk�l!m\n�o#p*q#r�s#tcu�v:"%$�wBxy L�0 JAXA 0fz�{ Û2Ü ²}|�M ç 0 Æ j Ç@XµÈ�Î!~º Þ ��¡�� -:�&Ó��[SG½�[E]@TE{ U Î V@W Þ6F:�&T��¤ 0 �&¡ 58�2Î8�#� ��� ±1.◦5

�B�
±0.◦5 T , æç h Ü T!M��#4 ð ô 0G» _ ∼ 7 keV _!��� j �f� ºì�í �[� _8��CE0%�.��� � 2.2 ∼ 3.2 � _#�8� ì�í Û��� ê 0 HXD-PIN �6�@´ 20–50 keV ��TS� çE��9Jc�^Þ [83] [84] [85] FS^!�#� 2001 � _ �B� ò ð ê 0Æ�� j 4[È   RXTE Îc~ º å>� º Þ �&¤ Î�J ð �c�

  � �&¤ ç � ´¡0 ��¡�� � )\F>¢\F ç 0#¼�£:½�¾>�ì  G¤ �B�.¥ êf¦�§¨NS© å º � ^ ² Î%ª j F�ã«4#ã¬0� �E­�®  �¯�°*±\²�³ O �E´:U ��µ�µ ç ��¶ F
◦ ·�¸�Ã�ÄS¹*u�ºf�S�! f»�¼�½G¾�¿¬½1wBx
Ú�À.Á.Â#� ë�Ã ¶.ÄGÅ3Æ ÕÈÇ.É\< ³BÊ 4 ð �c0«�.VË í!ÚB���6� ¶!Ì ;�TE¼nÕÍT¬Î�Ï ê*Ð�Ñ J!� ¶ F�z{BÒ*Ó.ÔBÕ�ÖØ×�ÙÝã30�� � {�Ú#Î%�   Þ [7] F 2002 �_ �!á&â ð ê U ð 4��@ã!Þ6� ¿ �>0�< ³�Ê � ë�Ã ¶Ú.� � ¯�°>±6².³8Û _ �c0cL�M � ¯B°>±#².³!Û _ Î80

1 ∼ 2 Ü ôEÝ�Þ�¶ F.ß�Ú�à ê Ò�îKT Û � 4�áGÚB� Û� 4*â�ã j ¶ ^�Ö ê 0Bä�å � Õ © Û>æ�ç ç ��è\é F
◦ êEëB·�ì:l�í�pÍî�ï6 cð�ñò�ó ç � ¤ ����¥Kô�<*õ�ö�Ö�ã å �f0B÷�ø�ícù���Gú ç�û�§ 0cü�M\��� ¶Gý!þ í û �B¥ ô¬ÿ�� ç ��¶ F� � _ ��� ' ð ê�� A®ã��f0��
	B)�� ê Á�Â � ��
< ³ � 5���� ó�j ¶ J�������� ¶ ��ì�� �B¥.b�d6�E0� ����� ç ��¶ F¬äG� _ ��J ð ��� �!�%�   0 
 < ³ô�£�"�# ê �
	�)�����$�% j ¶ Ö¬0��
	B)���ô�£�"##5 � üB� ê å
&\��$�J!�('*üBà ò*) ê �+�10\�>�� D é-, ã�.@í û üBM ê 0BüB� � ò
/10�2 �f0�3�ìí�4 ò Ö65�798 ³>± ��: ¶<;>=@? ��A
B�C��6F
üBM��6� ¶ ��¥ ��D*E
� Ö�C�'G0*F*GIH8�cz�{ ûJ Ö ×�ÙKC10*L\� D é ��¥�b�dM� Ð�Ñ1N �E{�Ú j ¶,
O ��P�QRC��6F

6.2.6 SITVUXWIY�Z �\[R]_^a`
◦ b�c(d1e6½ fE$*gah�i\ �j�klnm ��o�pIH��B5!�\�f0_qsr(t � A 9vu �c~w�(�x ³Ky%¯�z 4�{}| � ��P � Cv'�~I� [15] 0\�>�6�*~� ¶ A 9vu
� ��Ö�C�'��*�XH8�f0�� ­ Q6T��R� ³ /�<�(� E � ÿ>� �9� � �!0_q�r(t � � �
� �
A 9vu��� ú 9Ej &��1�vP � C�'*� ¶ [21] [41] [50] F � � �
CsI �9���v� ©�� � _ �E0@� ú 0.3 mm

� ���
GSO�w�
� ÿ(��� � � � �M�*� Æ � 0.4 mm ���<�����6Qy�� T«öI� y Æ ô�A!  u
��� ú   j ^�Ö«���9� � ¯.°±\²�³ 2�¡

keV
� ¢1£!¤ #�¥\��¦RC ' � ∼ 0.4 mm� q�r(t ��§�¨�©�ª = ��«��6F¬@­ H«�<®�¯ Ë�° � � 1.5 mm ± � BGO �>� 32×

32 ²a� §!¨�³(´ x}µ �¶��· ³�Ê ( ¸
¹ H9500) ��ºÃ �
256
� � »�¼ ��½(¾�¿ Æ �ÁÀ ¤ ô ( Â y À Ã ± ö

80058)
��� ú  �Ä1Å�Ö � � 662 keV

�
1.5 mm ÆMÇr�twÆ §w¨�©�ª = �<«9� ( È 6.2 e) FvÉ9� Ê�Ë
Ì�Í\�Î:¶

LaBr3 �>� (4 mm ± ) � 10× 10 Ï�Ð
Ñw�*ÀM�Ò �
Ó �
5.4 % (FWHM) Æ ¯B°f±6²G³ ©�ª = �<Ô�Õ��� � 4 mm Æ §w¨ ©*ª = ��Ö*4×C�� [35] [52] [101] F¬�­ H Ó µ � � �G³�Ø ÆMÙ #�ö9Â<{
|�Ú � #�ö9ÂÛ�Ü ÆvÝ Æ Â�Þ�ß
à ¤ Ù �<áRHâÄ}�@ã � BGO ��ÂEõ± �vÐ(Ñ9À(Â�8�ä Ê û #�ö9Â���å�:+C��6F.ÎMæ ç!Ï' � 6× 109 ²9Æ 100 MeV á�è\�<éBÏRC<#�ö9Â*�«ÎÏ*êaë�ì �>í�î � LaBr3 ÀM� Ò Öðï ú z(ñ ì}��Ö�Åè � #�ö9Â�Æ � Ëa� x}µ �ò��· ³�Ê ��ó Ã '�ô�õ »¼ Ö�Ä ¶ Å�Ö � � LaBr3 Æ ´ � ¶�ö à ¤ � 2 � � áëvì ¶ Å�Ö�÷ �!ø � [35] F
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È 6.2 e: Images of uncollimated 662 keV photons,
obtained by a gamma-ray imager consisting of 32 × 32
pixels of BGO scintillators each 1.5 mm squared. The
signal is read by a position-sensitive phototube [35].

◦ ÿ��������	��

������j�k��� � É�� H Ó	��� Ò������ ( ��t�û��*ç ) � �"!C<'$#×C���% ¤ �×�'&)(�Æ�P � �<��*@� [100] [106] F
Ce � Ù &�ô>C � YAG �*�>��% ¤ ���
&+( �(Ó Ê*ËÆ á�,.-0/ 2 û J Æ	1 ? �32�/�Cv� [14] [22] F Ce �
Nd �	� Ù &�ô�C��+% ¤ � �4&"(�Æ05)6R�'7 û98 �÷ � Ç :�;1Æ=< ? ê�û��>÷0>��(Ï=?�@1Æ � Ëa��A�ÌÄ9B+C+D �)E B [23] [104] F £9¤ #�¥�Ï ¦(Ä9BGF�õ =��É�ã�B���ã � Y � �*© Gd

� ¨	H C � GYAG �*��)% ¤ �R�3&9((�JI�KRC ��L�M ¥!Ï�¦RCON9P}Ï=Q*ËÄ�BwÅ.� �SR�TVU)W�X �òÉ"Y�F�õ9Z�[}�v�MÅ.�$[4N\ C T [51] [109] F T�] C^Q�Ë`_ Ó YAG Æ 1/3 a�b� � ���
Æ	c�Ë�d!Ï`e0f1Æ=g�h>÷Gi�B�F
◦ j+k`l"m`n)�$o�p�q��Vr�st Ävuvwyx HXD Ï�¾9Y{z î.| Y�B�% ¤=}�~ &"(
(BGO, GSO) ÷ ��� è�é M [ ó * T -(Ï���D L�M êÄ�BGP Ó � Ä��}Ï0�{��wòý}þ\ë î+| Y.B�F��4Pv�.�� è1Ï�C�B L�M ê Ó � ý�2 Ø &.(�÷G��Y.F í ÅV� Læ ç!Ï | 100 MeV/ �*è1Æ��G&`��[ � % ¤	}�~ &.(Æ$�
þ��!Ï�é M � ��L�M ê>÷�á�,>Ä"B	�*è�[42�/��T

[102] F � è
é M �O�`��� |@� � ø0�=�1Ó�� Y)F
#��9Æ3����% ¤
}�~ &)(.�0� |=�{� ë î B � LaCl3� C0� LaBr3 Ï�¦�� |v�3� 100 MeV

� èMÆ�é M [7 ��8 T ��Å0� �	L�M ê�Æ	a�b Ó BGO � GSO ������ w ���+  ¾9Ï=¡(¾+� ø BwÅ+��÷ ñ P 8 T [103] F
◦ NeXT ¢�£S¤�¥�¦`§)�0¨�©ª « ÆV�¬w�ÆV��­��¯®+°�� |0��t Ä"u"w¯x�ÆV±�²��
NeXT (NEw X-ray Telescope) ³�´	%�µ ¤ ÆV¶�·�[¸ ã T FwÅ î Ó � ∼ 60 keV

R �=¹*Ë+� ø B0º�&�Ã9&³�ß`&�Ï ��»�¼ ¥1ÆV½�¾�¿�À	Áv[�ï"Â0Ã ñ ì T�� Æ[3Ä.°�Å ¨ ��� [16]
��t ÄvuSw x HXD [(ë�z�Ï`eGÆ� | ½+¾+��ZS[ �GT ì T$ÇvÈ�É=Ê�Ë ¿ÌÀ=Á.� ��t ÄuSw x+��ý�Í�� ø0� P 8 T*ö+ÎvÏ	Ð &9(�[3Ñ�Ò>Ä�B� Æ�� E B�F 2011 Ó�Ô>Æ=ÕaÕ�Ö+×+[ � u.� | ��Ø �
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O 6.3 b: (a) Toroidal field coil current, (b) CS cur-

rent and loop voltage, (c) plasma current.
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O 6.3 c: (a) Toroidal field, represented by ECH

fundamental resonance radius, (b) plasma current.
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6.3 d: Toroidal mode number spectra for single-

strap (left) and double-strap (right) excitations.
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6.3 e: Wideband X-ray emission profile for

single-strap (left) and double-strap (right) excita-

tions. RF power (a) 0 kW, (b) 30kW, (c) 80 kW,

(d) 120 kW, (e) 60 kW, (f) 100 kW, (g) 120 kW.
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6.3 f: Frequency spectra measured by magnetic

probe near the antenna: (a) low density, (b) higher

density (50% higher).
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6.3 g: (a) Plasma current, (b) magnetic fluc-

tuation measured by a pick-up coil located on the

outboard side, (c) soft X-ray intensity measured by

a PIN diode viewing the normalized radius ρ ' 0.1,

(d) hard X-ray intensity measured by a NaI(Tl)

scintillator.
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6.3 h: Bootstrap overdrive on JT-60U. Plasma

current and loop voltage; diamagnetic stored energy

and neutral beam power; vertical field and shap-

ing coil currents; ion and electron temperatures and

line integrated density; Dα emission.
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6.3 i: Merging start-up scenario for UTST.

ï
ðZñ_ò
( ó�ô
õ�ö )

[1] Y. Nagashima, K. Hoshino, A. Ejiri, K. Shinohara,
Y. Takase, et al.: Observation of Nonlinear Cou-
pling between Small-PoloidalWave-Number Poten-
tial Fluctuations and Turbulent Potential Fluctua-
tions in Ohmically Heated Plasmas in the JFT-2M
Tokamak, Phys. Rev. Lett. 95 (9), 095002 (2005).

[2] S. Ide and the JT-60 Team: Overview of JT-60U
progress towards steady-state advanced tokamak,
Nucl. Fusion 45 (10), S48–S62 (2005).

[3] H. Zushi, K. Nakamura, K. Hanada, . . . , Y.
Takase, . . . : Steady-state tokamak operation,
ITB transition and sustainment and ECCD exper-
iments in TRIAM-1M, Nucl. Fusion 45 (10), S142–
S156 (2005).

[4] S.M. Kaye, M.G. Bell, R.E. Bell, . . . , Y. Takase,
. . . : Progress towards high performance plasmas in
the National Spherical Torus Experiment (NSTX),
Nucl. Fusion 45 (10), S168–S180 (2005).

[5] Y.-K.M. Peng, P.J. Fogarty, T.W. Burgess, . . . ,
Y. Takase: A component test facility based on the
spherical tokamak, Plasma Phys. Conroll. Fusion
47 (12B), B263–B283 (2005).

[6] H. Tamai, M. Akiba, H. Azechi, . . . , Y. Takase, . . .
: Design study of National Centralized Tokamak
facility for the demonstration of steady state high-
β plasma operation, Nucl. Fusion 45 (12), 1676–
1683 (2005).

[7] M. Ushigome, S. Ide, S. Itoh, E. Jotaki, O. Mitarai,
S. Shiraiwa, T. Suzuki, Y. Takase, S. Tanaka, T.

Fujita, P. Gohil, Y. Kamada, L. Lao, T. Luce, Y.
Miura, O. Naito, T. Ozeki, P.Politzer, Y. Sakamoto
and the JT-60 Team: Development of completely
solenoidless tokamak operation in JT-60U, Nucl.
Fusion 46 (2), 207–213 (2006).

[8] T. Fujita and the JT-60 team: Steady state op-
eration research in JT-60U with extended pulse
length, Nucl. Fusion 46 (3), S3–S12 (2006).

[9] R. Kumazawa, T. Mutoh, K. Saito, . . . , Y. Takase,
. . . : Long-pulse plasma discharge on the Large He-
lical Device, Nucl. Fusion 46 (3), S13–S21 (2006).

[10] D.A. Gates, C. Kessel, J. Menard, . . . , Y. Takase,
. . . : Progress towards steady state on NSTX, Nucl.
Fusion 46 (3), S22–S28 (2006).

[11] M. Kikuchi, H. Tamai, M. Matsukawa, T. Fujita,
Y. Takase, et al.: Overview of the National Cen-
tralized Tokamak programme, Nucl. Fusion 46 (3),
S29–S38 (2006).

[12] S. Shiraiwa, K. Hanada, M. Hasegawa, H. Idei, H.
Kasahara, O. Mitarai, K. Nakamura, N. Nishino,
H. Nozato, M. Sakamoto, K. Sasaki, K. Sato,
Y. Takase, T. Yamada, H. Zushi, and TST-2@K
Group: Heating by an Electron Bernstein Wave in
a Spherical Tokamak Plasma via Mode Conversion,
Phys. Rev. Lett. 96 (18), 185003 (2006).

[13] A. Ejiri, Y. Takase, H. Kasahara, T. Yamada, K.
Hanada, K. N. Sato, H. Zushi, K. Nakamura, M.
Sakamoto, H. Idei, M. Hasegawa, A. Iyomasa, N.
Imamura, K. Esaki, M. Kitaguchi, K. Sasaki, H.
Hoshika, O. Mitarai, and N. Nishino: RF start-
up and sustainment experiments on the TST-2@K
spherical tokamak, Nucl. Fusion 46 (7), 709–713
(2006).

[14] Y. Takase, A. Ejiri, S. Shiraiwa, Y. Adachi, N.
Ishii, H. Kasahara, H. Nuga, Y. Ono, T. Oosako,
M. Sasaki, Y. Shimada, N. Sumitomo, I. Taguchi,
H. Tojo, J. Tsujimura, M. Ushigome, T. Yamada:
Plasma current start-up experiments without the
central solenoid in the TST-2 spherical tokamak,
accepted for publication in Nucl. Fusion (2006).

( ÷�ø�ù
ú )

[15] Y. Takase, A. Ejiri, K. Hanada, S. Ide, O. Mitarai,
S. Shiraiwa, M. Ushigome, JT-60 Team, TST-2@K
Team, Plasma Current Start-up by Outboard PF
Coils in JT-60U and TST-2, in Radio Frequency
Power in Plasmas (Proc. 16th Top. Conf., Park
City, 2005) pp. 365-368.

( û
ü
õWö )

[16] ýWó�þ
ÿ�� “Electron heating experiments using the
high-harmonic fast wave in high dielectric constant
plasmas” (

��� õ�ö ).

[17] �����
	�� “Density Fluctuation Measurements in
TST-2 Spherical Tokamak” (

��� õWö ).



6. ��
�� â Ó�� 159

[18] ��������� “The relation between MHD instability
and geometry of plasma in TST-2 spherical toka-
mak” ��� � õZö�� .

[19] �
�! ��#"%$'&�(�)+*
,.-'/�01*�2�3+4�5161718'6:9<;=
><?A@CB 6�D�EGFIHAJLKLM�NO�P� � õWö
� .ïLQ<RTS'U�ò
( V�W�÷
ø )

X'YLZL[
[20] Y. Takase: “Plasma current start-up by outboard

PF coils in JT-60U and TST-2” 16th Topical Con-
ference on Radio Frequency Power in Plasmas and
US-Japan RF Physics Workshop: Physics of Plas-
mas Produced by Large and Steady State RF
Power, Park City, UT, April 11–13, 2005.

[21] Y. Takase: “Plasma Current Start-up Experiments
without the Central Solenoid in TST-2 and Future
Plans” Joint Meeting of the 3rd IAEA Technical
Meeting on Spherical Tori and the 11th Interna-
tional Workshop on Spherical Torus, St. Peters-
burg, Russia, Oct. 3–6, 2005.

[22] Y. Takase: “Status of the TST-2 Spherical Toka-
mak and Future Plans” 47th Annual Meeting
of American Physical Society Division of Plasma
Physics, Denver, Oct. 24–28, 2005.

[23] T. Yamada: “Density Fluctuation Measurements
in TST-2 Spherical Tokamak” 7th Australia-Japan
Workshop on Plasma Diagnostics, Toki, Dec. 12–
14, 2005.

[24] H.Kasahara, N.Takeuchi, K.Saito, T.Oosako,
T.Seki, T.Mutoh, R.Kumazawa, Y.Takase and
LHD Experimental Group: “Electron heating ex-
periment using the high harmonic fast wave on
LHD” 5th Asia Plasma Fusion Association, Jeju,
Korea, Aug. 29–31, 2005.

[25] Y. Takase: “Spherical Tokamak Experiments at
the University of Tokyo” Deutchland in Japan 2005
Japan-Germany Workshop, Tokyo, Sept. 26, 2005.

( V�\�÷
ø )

X'YLZL[
[26] ]L^`_a�b"dcLeLfAf�gThCikjA*�lm,Anof�p�qLrOs�tmu

7ocLf'v TAE r'w�x'yAzL{�N+HA|A}A~�"�-L/+0A*.�� 6L7L8m6k����-�/<0
*'rLwmN =�Bk�T���k� ���L�� � 2005 � 5 � 19 � –20 �
[27] ý�óWþ	ÿ : " TST-2 $�&�(�)'*T,1�<hm����z�{'���A&� h�i+j+zL{�r��AN.�L�Zû	÷C-�/10A*1����÷��P L¡L�

2005 � 8 � 4 � –5 �
[28] ���¢��	��£"dp�qLr`�`i<��$�&a(�)'*`,<6+¤A¥A¦�g�w

|mN��¨§�©�ª
û	÷L«�¬�­U÷ 2005 �
«A¬�­
÷��P¡�®��
2005 � 9 � 19–22 �

[29] �¯�°�'���±" TST-2 �khL�'�¢²1³<´1µANA�¶§'©1ª�ûZ÷<«
¬'­Z÷ 2005 �A«1¬'­Z÷·�¸¡'®A� 2005 � 9 � 19–22 �

[30]  A¹�þº�»" TST-2 �.hL�A��¼'�1½A¾'¿<À'ÁT61Â��<Ã+u.NÄ
22 Å�-L/10�*1Æ�ÇL¿�û
÷A�	÷È�É L¡�� 2005 � 11

� 29 � –12 � 2 �
[31] Ê'ËAÌ�ÍÎ�Ï" TST-2 $�&�(�)<*T,.�1h
�L���AÐ�ÑA¥�6Ò ��Ó`uAN Ä 22 Åm-�/10�*1ÆLÇ
¿WûU÷A�U÷È�Ô �¡m�

2005 � 11 � 29 � –12 � 2 �
[32] ]L^C_Î�I"�*ml`,Ln�f�p�qmrO�`iA��¦�g�ÕÖf�g�rLw
N

H'|'}'~×"Ô-A/k0A*+� � 6'7'8A6o�'��r'w�N�ØÚÙLÛ'Ü÷È�ÔÝ�Þ�� 2005 � 12 � 27 � –28 �
[33] cLß�à X �á" TST-2 hCi+j JT-60U �<h
��� Ip 2â3

4�5GÕã�Lä�å<g'zL{�N����Zû�÷ ST æ'ç'èCé¢ê�ë�÷�ì
ÆAÇ�¿L�'í�î+���ï"ð$L&a(¶)A*T,¢ñLò`6�óAôõF÷öAø
N
��ÆAÇL¿���� 2006 � 1 � 5–6 �

[34] ]'^
_â�ù"úc'e'f1f'gLh`ioj.*�lL,<nûf'p1q�r`s�tLu�7
c�f'v TAE r'wAx'yAz�{�N Äõü Å =mB¢���T�¢� "Ô-
/+0A*.� � 6A7'8L6o���C-L/+0A*<rAwLNT�Pýmþ.� 2006
� 2 � 16 � –18 �

[35] �ÿ�£����� ������� �Ï" TST-2 �1h
�L� MHD 	�
'|
JõF��¶Û�
C6����
N Ä 9 Å�����Ü
û��O�TiA�L-�/<0
*1�L��÷È�����L��� 2005 � 3 � 15–17 �

[36]  m¹
þ ��" TST-2 $m& (÷)L*O,��Ah��
�+¼���½m¾
¿
À�Á`����� ��!�"�#LN��÷§�©AªWû
÷ Ä 61 Åk��$A­
÷
��%â�o� 2005 � 3 � 27–30 �

[37] ­�&L��' ��" TST-2 �<hm�
� HHFW fAg�(�)�z�{LN
�I§�©�ª	û
÷ Ä 61 Å1��$�­U÷È��%��k� 2005 � 3 �
27–30 �

*�+ Z�[
[38] c�ß<à X �Ï"-,¯�÷§ ST �A�LrL�<N Ä 22 Å�-�/k0�*.Æ

Ç�¿Zû�÷���÷×�¸ L¡L� 2005 � 11 � 29 � –12 � 2 �=TBo�m�m�¢� "., �!§ ST ���Lr
�0/m�÷§�132�6 ST
���C6��`8�4GF65�7Ló�ô
N

[39] c�ß<à X �Ï"-,¯�÷§ ST �A�LrL�<N Ä 20 Åõ(!/.l�8 �
���
÷È�:9�­�� 2005 � 1 � 12–13 �

( ;�6=< )

[40] "ú$�&�(¶)<*�, TST-2  �­��T-�/+0A*1zL{�>=?mN=@ACB�D�EGF ?�H �JI
1053 K ²�L 17 � 7 � 8 �

� B B.��M 8ON BQP=MSR1?QTQU � pp. 14–15.

[41] " TST-2 6�V�!Az�W  �­�� RF (�)�XZY�[
N�@ ASBD�ECF ?�H �\I
1061 K ²�L 17 � 11 � 4 � � BB.�QM 8GN BQP=MSR<?�T�U � pp. 5–7.



160 6.4. ]G^O_G`Ca

6.4
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 ¥91�¨�§5Ü=<&@ µ�j £�Rk�ì ¥�l�m�©�îs¢&®on�ä�§�?�R	A�Ô�Õj¥*p�qsð�© 8: ¥91�¨#§5³ ¸ ±#� � ���5·�r	sT¥3��Úsä�§�¨	©�ª
TAMA300 � 2003 t	uFv=Ê 2004 t M ½�®*vSw�§¬oÊ Ë�Í@e3��°�±�²5¥0¾�¿�¥0�sÚ�ä3Í3Î%x�³�y�Êzv�Ú����·�O��lP � µ9{3| �9}�~�vjÊ0Ú3v�ä�Í�ª�Ð	î3��³Ð µ Î�xT¥V³��	� �T� µ O#�TP � R��*����±�RjSJPÎ�xc¢��3�sð�©�î�¢Y�5³��e� µ �	� �T� µ O5�TP ���± � ®�
 È § 2 × 103event/sec ¢�¨��YD����8¥��X�ÍJªTî µ �!��³��	� � Ú�/��	��n�C����JÚ��s� KC ³�Ü=<�� µ ?�R	A�Ô�Õl®�U���ð!©����#��� � µ9OP ¥�p�q�ð�©�; E�����µ��3� ¢ È §�ylÊ�vT¢�Ú�ä�Í�ª� ÍV³9N � µ �#�����3� � ¢ µ3� ��e���® n�ä3§�³Ô�Õ8¥*p�q�ð�©3¾�¿�T¤À!½TÊÌË�³�Á � µ LIGO ����J��� � ¢ ÉS� �&À�½�Í ¸ ±�� � ���J·#¾5¿����3³�ÐËo�JË µ Ü=<�� ���s��¬cÊ¤Ë�©ST µ n�C ��¨	¡����¬ Ê¤Ë	§�¨�©�ª [2, 5, 11, 12, 13, 14, 15, 16, 19, 22,

23, 24, 37, 38, 39, 52, 54]

TAMA300 ¢�£�ÿ�þ9¤ ¥�|�¦�§�¨9���
TAMA300 ��?�A8® å ¨ õ�ö ¥ST�~�Í�½�®J³�M{�Ú�N Ó ®on�ä�§ j £�Rl®�ÚZC Ö�ð�¨#ª�Î�xc¢ È § ÃÄ�J # ��� ��
 ( î µ��	
 ®�����· µ�O�P�E > � Ë© ) ® È � È � Ã�Ä�J�µ�j £*R3©s®�ªS��ð	©�?�R3A#ÔÕ E > � Ë�©�ª!Ð µ Í�½�®�³ # ��� �	
 ®�> � Ë�©¸ ±#� � �5��� � E�«�¬!µ ���#·Fv*?�R	A�Ô�Õ E�ì©����5��� � v�¥�c9ds���JÚ�¨#ª�ÐsîV�5³jî µ nF�Ú����5��� � p�q µ Í�½�® # ��� �	
 ¢ i & ²5± �
 ®9­�A�Ú $=® �_6��37 E Ú�¨�v�¥�¯�§ µ3i & ²5±��
 ®�
 È § ��°�� ®�±�² È ÍJª i & ²5± ��
 ¢&�# ��� ��
 ¢ � ��® Ã�Ä�J�µ�³	´ ¥9l�m�©�Í�½�®�fg h Ë�§�¨�©�µ	¶ ��
 � K�©�ª «�¬!µ ���#·!� i &²#± �	
 ® O�P ¥���·�Ú�¨�Í�½�®J³�T È ­�A�Ú $�®�_6��%7 E K�Ë���³!Ð µ�¸ ±#� � �5��� � ¥�?�R	AÔ�Õ E�ì ä5Í����5��� � G8¢0á vs©�ª#�e����î µ�¸
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: � ¸ ±#� � �#��� � ®�> � Ë�©9���5��� � ¥*p�qÈ ÍJª [4, 21, 26, 31, 47]

»�¼�½�¾À¿ þ%Á�þ*Â�Ã Ä	Ä Å LCGT

ß�à�³ TAMA300 ¥@>�½�§�Æ�Ç	ÈoÉ��*Ê k8´�µ ��#·�Ü=<��l��³��e� µ ��� ��Ë �*Ì�Í È Í9Î	Ï ´ ©Ð Ï X �Fv=Ê µ�ÑSÒ ·��5����Ó¤¥&Ü=<Jð�© µ ®V��BÚ õ�ö ¥ � ä�§�¨s©�ª�Í	G�³jî µ nF��Ú��5����Ó EÌ�Ísð�©�Ô�Õ�Ö 105 tl® 1 ×�� ö ¢�¨��Ø?�A!®�Ù�ÚT µ3Ú K�©�ª!Ð�î Ú ³ ÑSÒ ·C¥91�¨	Í «�Û � Ú�Ü�ÝÞ µ�ß ÍT¥oàzá È §*â�Æ�ã�Ü=<9� µ9ä�å	JSæ	E�ç ÆÇ	ÈoÉ Ú À�½TÊ¤Ë�è�éSê�ë
Ð�ì�í Ú%çUîï« ì 79ðoñ�ò E í�óõô3Úsä�è�ö�÷�èéSê LCGT

J æ Ö ç�ø	ù�ú 3 km ì��ûñ�Ioñ9ü�ý Jþ ÑSÒ3ÿ Ü=<�� 2 ������������ì
	F� Ó�� ä�å ðoêT�ì Ú K�ê�ë#î9ì Ñ�Ò�ÿ�
 <�� Ú Ö ç ü�ý J ���3b�ðê���� 20K ì&ñ����������FêFô�ô�T�� ç�� < Ò �ûñIFñ�� �!��1�é ç ü	ý J3¸#" � RSE ô%$ &
'Sê ¸�"�%(*)+�Fê�; Ú�ç TAMA n�C 2 ,.-�¡ � é�/�0 E�12 h '�ê�ë�3�'��on�4�è ç Î	Ï X �Fv65�ì ÑSÒ3ÿ �~�é�è�Ö�7 200Mpc 8 ¸ ì��:9_�_Ó � Ú e+;��Fê%<E	Ú �3ê�}+=�> Ú K�ê�ë�3�ì�?�@*��K�êBA	�+CD�
EF �Fêoô ç 1 t�� 10 ×�G+0�ìBH.0 Ú�Ñ Ò3ÿ �:9_�=Ó�@e ; Ú ��ê�ISô E:J KoÚ �3ê�ë ��L ç T MONQP�ìA	� R Ë Ú
S.T Ï.U	ÌWV*Ì�ÍW� 'W& ç 3WI9v65@ì ÑÒ3ÿ T ç LCGT �on�4�è
X.Y	e ;+Z�[ Ú�\ ê�ë2+] ç
LCGT ì�^���_+` å+a ô ç 3�ì 1 2 ì L ÷ì�b*c�d.e�ì�f.g�h%ÌWV îï« ì�È.ikj Ú:l Ò _ �9ö÷k5�'�è�é�ê�ë:33ì�í Ú�ç#m f�g#n Ú Ö ç�� ©*[+oBpq�r ì
h�Ì ç ü�ý a%¸#" ì%s�t�uoì�f�g ç ü�ý a#v�w¸�" ìBf#gW`�^OV�x�`�y�'	è�é�ê�ë [1, 34, 40, 53, 55]

6.4.2 zQ{}|�~��������������
������� ¿O� Á � Â�Ã Ä DECIGO� ����� �O��)kM L�� ñB��ñûü3ý a �*��4�è Ñ	Ò�ÿ� 
W� ��ê a�æ � «%Û _#� 
#� M�è%é	ê�ë NASA/ESAÚ Ö �W� ü�ý a�ÑFÒ�ÿ 
�� � LISA ì#h3Ì���xD4�èéFê�ë LISA Ö 500 � km �W' L��%� ì+  ¡oñ+ ��¢ £ Ó � Ú Michelson

þ � ñ:�oñ9ü�ý a ��¤ ¥��oê¦ ô Ú�ç �o¡ Ú Ö 1 2.§ Z�[*` 1mHz ¨ 10mHz ì�©ª ÿ C_ì ÑoÒ�ÿ ��à¬« ô.M�è éFê*ë î�«�Ú�­ LISAì� �¡Fñ# �® ¢ £ Ó � ì�¯+�D� 100 Y�ì 1 G 0õô�Mè ç:°�± Hz ² 0.1Hz ³�ì ª ÿ C���´�;�� ê DECIGOV 
 �!µ '�è	é�ê�ë 0.1Hz ô�éD¶ ª ÿ C�Ö ç LISA ô
LIGO,LCGT `�·@ì���¸�ü	ý a ì�´+; ª ÿ C�ì � �\D¹ ç�Ñ�Ò�ÿ � ô:Mûè�Ö ç MBH Î�Ï�`�·@ìBº�» ¼:½J � �
¾ �oì Ñ	Ò*ÿ `!·¿V�À�Á�5�'Sê�ë µ 5%� ç g�ÂìB/�0!� ­ 4 L °*± Hz Ãoì@ü�ý a ��E Ä�êoô ç ÅÆ ��7 10 ��ÇFì�Î%Ï�í%È Ð ÏFì�º#»É²ËÊ =1 Ì Ú ³#�Ñ	Ò�ÿ�Ú ´#; ÚWÍ¿Î#Ï ��Ð#Ñ ÚWÍ ê ¦ ôØë Ò�ñ+®�ÓÔ ð�Õ�ñ�� ¾ �Hô�M L ��� ì�Ö ×*Ø�Ù��#Ú�Û.; Ñ ÚÍ ê ¦ ôïë Ü�Ý £ � ñ ±WÞ Ý ¾ �Sì�ß�à Ñ	Ò*ÿ � 
�9ÚWÍ ê ¦ ô¬V�á µ '	è3é	ê�ë [10, 32, 42, 43, 45, 46]

â*ã�ä.å
DECIGO-PF�*����� � ñ�� ñ@ü�ý a þ�æ.ç ÿ�
���è DECIGOì��*¶O`Bé þ ìWê
ë ±�Þ Ý�� 1 2 µ�ì ê L ÷���í ç �¸:î�ì�ï#ð�`Bñ�ò�ôôó�� ç � � î�MOõ�î Í `%é�ñ�òW�x�¶ ¦ ôö¼ ç¿÷ b+c
d�e�� � � 1+ø � ê ¦ ô ­ § Z+ùî \ ê@ë:3 ¦ î ç DECIGO úûðSñ�ò�î í ç DECIGOû   £�ü Ü�Ý#Ò*ñ (DECIGO-PF) ôO$.&
'oê�ý þ þÿ ������¸�Á ç���� ¸+î	� ÷�
 ñ�ò!��x ¶ ¦ ô
���Ñ�M
�������#Ì L�� ¦ �Bý þ+þ ÿ í ��� ¢ ë�ú £����d.e*¼ ��� ) � � � � �.�õô�3����+Ñ u ±  ��� *`·!��d.e*ñ.ò#"�$#î�`&% � ���#�k� ���+Ñ�`('*),+� � � ��-*. a ��)/� L l�0.a ;+d*e�1�2�>
º�y ì� ¦ +%î � 1#3 � æWç�4 ´ ; ­ x ¶ ¦ + ­	576 M���/�(�¦ � æ�ç�4 
k�Bè í ��8�9 ��ñ.ò�:  #1�;!<WV�=�+`	���W¶���>.Û*?�@�A M � 3���BDC�E�F�1�;G� ¦+%î#ñ.ò	:  ��(HI% æ�ç�4 ���J�!K.ý�`DL�M ç 1�´;��#� � +���¶ ­ ��î \ �(��3��(N ��è ��O�¸:ñ.ò+�M�� � ñ.ò	:  P1�Q�R�S���4D��> Û*?�îUT�¸D@�A�#� q�r �#h�V � K ý�E�F�1�N � �#� L�W � £/XZY[ Ý
\ � �#hJV�`�·%V�] W 5¬'��*�/�(� [33, 41, 44]

^`_ba!cUd �*e(fhg�i�j��Uk���l�m*n
LCGT �W��¶%`�é�o -�. a ����p*c�q���E�FG1
rÄ�� L�W � v+w ¼ � DECIGO �W�*¶%` �.� -�. a îí ��s ¢ Ü!ÝJt�Ý Y ��u+'b�(v�w`1�xh$�S�%�% � õ��y ��� Ñ*0�1!A ��� � � �Dz/{ V § ZWù,+�`b�U�3 ¦ î � m f g n�î�í � zD£�ü Ü�| z p*R�1�)/� L� � � � ���+Ñ u 1 òh1�x�`�4D���b�(� � � � ��z{ ¼ � ��Ñ u�� L�W � � £�ü � ÝB 
ó p è�} 1�~#�zD£�ü Ü�|G1�)/���:¤.¥/�#� ¦ +%î � '�)h�(E u*¼��� S(�/�#���.Èh�J���J��Ñ u z*{ V 1 2 î Í ��<V J K î Í ����î \ �(�m f g+n�î�í � zD£�ü ÜD|�î:¤ ¥ µ ' L z ó p è1����,+�M�� z�£�ü Ü�|�� º�� � � � ��z*{ � ª 4C`1���Ñ u/�P� 1 ò � Ì LD� z�£�ü ÜD|�� º µ ' L� w z p�E�� è (AOM) 1�)b� L z ��0/��Ñ.u 1 ò1�x�`W4D�*�/�(��3��(��� � ª 4 C	��Ñ.u�í�s y î

6× 10−13/
√

Hz
� �#0���Ñ u�í 10Hz -�¸*�(����î

3× 10−7/
√

Hz ����Ñ���1
����� � ��� z î�í v w���&�
� 10Hz �*�����J��î ­ ���h��ÜJ�	1 20dB ©� µBì ���/+!S�¥����(��� [36]

�*�J���P���� 
¡ f#g:n�î í �£¢ F#i�¤/�
h(V�+U�¤� � �¦¥ s�s ®§*¨ Ó ��© �BÈ�ªU«U¬#S�­(����®J¯h1¤°#±²������� s® §�¨ Ó �*© S PC ¸�õG³ µ Ì*´�ÌUµ 6�¶ 1¤· ¹ � �¸ S��*��� s ® §�¨ Ó ��© �!¹Jº�»!·
���*¶¤SUµ�±²������
õ�S � �����!��¼G1¤°b±!�!��½�¾`���*¿!:�Ý �íD���*�ZÀ � î�Á��(� SVOF ²Â>�Ã�Q 9�Ä ³ � SVON²ÅÃ*Q 9�Ä ³ � VEL ² } ×�³ � ACC ² } Ö.×*³ � STP²ÅÆPÇ��+ *��ëDÈ�³ � STV ² ×����� ��DëDÈ�³É��ÌUu

SVOF + SVON ��Ê#�.í � ª 4�Ë�Ì È&+���� �!Í S
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© ª 4 �(���hS�� ¸ �*�/�b�/+
»�Ñ*õP±J����Ì�� }×Z¿D:kÝ � S�Ò*����í ��Ó Ñ�Ô���Òk�UÕ�ÖØ×�� Å � hÙ � � î } ×*Ú*FÛ���*�/��+��6¶U�/+
»UÜ�Ý�S��¹ ÄZ³ ¸ ��� } Ö.×Z¿D:kÝ � S(������í � ¹�º/�#�Ì:î	S Ë*Þ ��ß � »*õ õ ¹ � Ì�� Ó Ñ�Ô�õ�³¦àá³ ¸��â*ã�Ôä+!��å*S�é Í µ(æ�ç#»Uè�xh$G³ ¸ ��� STP¿D:kÝ � í Ó Ñ*Ôb»:ý µ �héU��� W õUÜ�Ý����hS�Ê��»�� ¸ µ+õP±J�D�P��êh�£ÊP��»�� ¸ �/ëW¶íìPî�ï1�é Í %7�P��+ ��s�ð §P¨ Ó �/© ��ñ�ò+×*��S�ó�����
Ì!¶�� WDô*õ í����!����ö*÷�S�×*����ø��DëDÈ6*¶ î�í Ó Ñ ×*���(ù�ú*×���×*�Wî
×*����ø��DëDÈº�ûb»�µ#ü ¸ ���/�/�/+
»�Ñ*õ#±J���

6.4.3 ýáþ ÿ �������
�
	���
���� ���� 
� ���#��-*.�� o æ�ç�4 N�� è ������1���� 4 î� ñ����U�#í
O! #"�F*î�Á����%$'&�( -�.�� +%í*)/�

$
&�(�S�+�,Zü ¸ �.-
/ � ���#�(-*.�� 1 [�0 \ �+�����¾/����ªJF21�"�3�Ç*��4 
 î	Á��(�`����5�6S+í � 1) >�7PS8��9 � î�Á*� � 2) "�q�µ�:���x�F;1
"
<.î.í
�&�²���#� 4 î y ��1�"�=*ª/1¤A�> � +¤��±� Ì
? »�Á��!� Ì S8�
9 � =A@ � LCGT �#ëCB�µ��D -*.�� S�Ò/$��CE �,Y�� 0 ð ��1�"hS(º�¾�FAG��+IH�JZü ¸ �*�/�(�K ®�¯�ÐLFC@(��M
N 1.5m ��È�O Y²©'P È -	.��1�+
Qä� ��R ò;F#S W�T Fabry-Perot o�U�$�&�( -.�� 1
F�V`ü�W2X	�	+�S�,��Û����Y	Õ�U�����Z 10Hz�	��S�Ò�[ T ö�\;F 40dB U/� P �'��]�1�ó�,Û���
( ^ 6.4 a) Y2_*�!Z
)`U'a�b�"bFc@ 1/9 S	µedfZ
a
b�g*�A@ 1/7 S���]/�LX/�Ch²»�FAGU��Y`��U�,��hSë�± T O� �"*FAU�î*µZ³¤u�Z s	ð §#¨'i�j © j 9 �µc:%Z
k R�l \�o�m�n � S�Ò�[ T'o ìhS�µ�XAhqp�rü ¸ T [�Xs9 � U���]�» ¢ ª�F�Á�X*��h¤»8t`ü ¸ ��Y
[3, 20, 25, 35, 49]
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^ 6.4 a: $�&�(�m�n � (SPI) U ON/OFF S#ë!XuZÍ m�n � 9 � ø�v ð Yfw U�x!y�Y

z�{�|A}�~.���������u���'���
�
� =/ª�1�"�3�ÇC��½�¾��(�8����Z�"��
"bï*»'���
F	Á�X��
��Z������U¾C[CX;� P!� j U;�s���
�����
=�Uu���AFC1'";x#» � ñhü ¸ T �#_�B%����»bÁCX'YÕb�8F#Z ¡ ®�¯�Ð2F�@uZ
�� �¡�¢c�(¾C[ T Z
£21�"¤ �*¥�¦�§;F'¨2©u���;ªLXC«Ch*F#Z
�
���
Z��#=A�ë#X.¬�­�®;U8���¯�*°2±�²�³ � =/ªC1�"�3�Ç�U#´#µ
�
°G± T [�X8Y/Õ!U�¶�·�Z 700g ¸
¹2U8º�»`���C>�¼øL��¨L©u���;ª2XC«Ch.��,
½¾²¿ZhÕ�U'À�Á�=�� ��ÂÌ =AUD«�¬c��°`±#³�Y [33]
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�Eò�XmGn&l �G��� F
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6.5.1 KMLONOKOPRQTSVU#WYXDZ
[�\^]
_a`2b2ced<f#g�h#i�j
kml�n�o�p�l�q�r
sJt F � l�u �JÞ ¤�v0Õ7Z^w ��x ç i2y�z l�{}|:H~�� l�����ZEËJò���H�� c ZE� ��c ZE�}��� d����e:f t!Ûa�
H7�0K:M:Y[l e:f7g0h l����kµ �J����Ë� Þ:ß t!Û×ò��0� _��
MBBA

sJt Z y � t�{}|W� _ ����	 cJd�9 ¢�µ¹�� ¤��^� _ ])�$¤r¿ÀO�VL�0� _���� �0K�0 ����� µDGF�H y � l
{�|�Z��E� 9 ¢rµJ� ��� Z ä
�J� ¤:DÙ �uc Z�¥ h
�)� t�� Ì.�&�Ú]E�
¤�¿-O$VW�G�)X ���Nu�������[ZJ�0�7��� ¦ V ����� µ�t� L�L� _ ]�$D�H g0h Ö
V _��J� ¤ ä DWF�¡SRÏ�m1:DG­PÌ H y� l
{�|�Z��E�[ÖEO�Z�¢�£:� � t g0h � _ ]W��t a� ��X ( ¤ 6.5 a)
�

[4, 22]
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l^©�ª�«�¬
æ » F
IJv O�­¹l��EN d ��®E´ 9kd°¯:ß DG­PÌ d¤PO�H�± � ZEË _�²J� D0å Ä H s Ä H�³ Ä[c7d�ñ�´�)t�µ)��]W�!¤r¿ÀO�VL�0� _�� �����)DGF�æ » Y[l�0� ��� l��:�×tE� c �J�ÁH�±�¶ ñL��· +W³W£�¸ î

¹ º¼» ¹ ½¼» ¹ ¾¿»

¹ º¼À » ¹ ½ÁÀ » ¹ ¾¿À »

Â

Ã

¤ 6.5 a: Ä<Å7Æ<ÇÉÈ�Ê<Ë�Ì.Í�Î7Ï�Ð�ÑÓÒÉÔÉÇ}ÈÉÕ�Ö^×ÙØ7ÚÛ'Ü�Ý�ÞAß
2 Ô�à�áÉÅ�âäã^å<æ�× (a) 13.93 V (ε = 0.47) ç

(b) 15.91 V (ε = 0.91) ç (c) 19.23 V (ε = 1.79) ×
è.é Û
200 µm ×
ê õ�ë
�Jì�í�î
ï�ð�ñ�æ »#ò °Aó ë�ô�õ÷ö<ø�¢:ª �®Jù ³�ë�úJì
û�ü�ý�þ�ÿ����EË[ÌUª � ¬��������
	� ë�0×ò2û
� ����� �
�����A¡����[Ù����������! 
�!��"!# $&% ¯(' ³*) È �EË*�,+ Å�- "!#�. · +
/10"!#���=�>�132'ø546�87 ��9 ì�±!����: � �!; �<�=?> �8@ ��A ������� f(v) ∝ exp(−α |v|1.5) � �âCB � � A 1[ò2û0�DB
�°=�>�;�æ�E ò?F*=�> �
G�HI�J�K ��Lkò°í*M�NPO�Q
í�ì�� �SR � T. P. C. van
Noije ø M. H. Ernst 2,�8T�U ö�û�î�V � ,XWZY�[ R
�
��\?]�ø�±�¶!^?_�`�a�b���c 
,d�e6f E ò?FC=�>
�!;°ø?@ ��A ����g���� ��<�=�> � “1.5” 1P2 “1”
� x�h R � � ìPi�î6V�j 5 � u�ñlkFø ��<�=�> � A
���Cm�nPO8Q5�8"!#�=�>��Cop2qQmû
�3c 
,d�e =�>ë,r�@�� 5 � ö°û�"�#�;�s � ��:ut��A¡vWFøwB,Qx2
��=�>�; d�e =�> ë8y?z R �,{ û�ñ°î�V��
|�} I ëµ�~ R �SG < ����}�ñ°=�>��!46�
� [27, 41, 50, 55]

���6� _�l����
l*���?���q�?�
h������ ��L*���(�*�5�q�����
��� ð�ñ������!�
4!� 2 £6� Brusselator �����5�*�!�6����ë�|��)û�C� � ó � ��� �*�
ì�í*�6��û
���6Q��
  � O
�!4
�
¡*¢!£! ��!; hexagnoal �(�*�5�0;
¤ � �!46��B� � A 15¥2û
��¦�û hexagonal §�ý���¨5©6�
ª�«��¬�R �®­�_*]?7�¯ ë Brusselator ]�7�¯�1(2±° � øu²³ �
ª�«���¤ � ñ0´��Cµ�¶ R ��B � ë�µ÷ö�û
�(O�2
�
�!Q!� 9 ì
· ³ �6;
�!Q��0¸�¹mñ stripe �(�*�5�
�?©*¤ � �!46��B � ë�µ÷ö�û
� [8, 28]
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Å6Æ!Ç ;
G�¸6È ó ��ÉJì
í(:u�6} ñ =6> ��4xk ø

G6¸�È���ö,1Cµ�¶Mö�ñ�ì�Ê�Ë*Ì��
ÍpÎqÏ5Ð�Ñ�Ò F �Ó�Ô W±Õ�ÖwO8Q���ñ(×�øxØ�ë?ÙwWZÚ�Û5� Å�Ü ì���ì
�
�Rö,1aö<ø�Ý
Q���:
1�1?Þx2àßCG6¸�È Å�Æ�Ç ; �á � R 2ãâ�\#ð�ñ*Ö6´ä;
ñ�ì��5Ý5B0��å!æ!ç5��;Aø
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46�Cê
ë�ì�í F � ��ó ë ¬�î � ö�í2ø ó ��ï�ð
ñ(¦
Q�û0ò�¤ ��ó�ô�õ�ö � A �5��÷pØ�ö<ø�Ý�� A �5��ø
}�ù��0ú?ûmð�ñ�ü?Y�� Å?Æ�Ç �0NwB0�!B �8ý®þ ö�û
�
Ý#ö,ÿ�B
� A ���
ú�û I 1P2 Å�Æ6Ç�� Ý�� Ü�ÓDý,�á�R �8]�� ý T þ ö<øDO�2,� Æ�Ç������ �����	��
��
���ÓDý�� «���L�i����5���,ü6Y��!4���B���� A
15¥�� ��£"!���#%$�;'&)(+*),���ê
ë�ì�í F.- ��/
��É�(�ÿC� k10��ä: �2� ô�3 O,Q)�'�
G6¸�È Å�Æ�Ç ��4 î.5 ��#76,ÿ!;+8�  � 
+9�´�:;'< �.6,ÿ=8�>���Ê�Ë*Ì5�
ÍpÎàÏ5Ð�Ñ�Ò F�ý A�? �:�@"A'B7
��
1.��Þ�1�¥,ÿ�(�
=(5B��C�'D)E�F Q7���

Ising �.
�ê�ë5ì*í F /�G ;�H�I�J+K6�MLN�=O ô�I �P�Q R �	�R(Pi Ú�Û7� ��S 
�O�Q��=��8?å�æ�ç G"TU �!í��VLXWYL8� T O ô �
²�Z��	[)F®ß Ising Ñ�Ò\ ��
"��]�� ýuÓ ¢	��� þ 6'���^],Q��7[�k_O ô �
²�Z	` ? ��Ñ�Ò \ ý�a ? �,}�b G�T 
�(	]����"cdFe ��
�¥��+� [13, 29, 42, 51, 56]

f)g%h�i	j�k.l�m)n+o�m�p � qRr�s�Â*���?���à�*�
t ¸�È�u�v G"T'wyx 

�(�*�5�%�^zãÕ	�������|{} �R�ãå?æ?ç G�T 8,ß�~ � - ��[7~ �=�=���"� shear-

thinning é�� ý%���+��� �)�7]����)[?¥0ÿ�8�� 6.5
b � þ �2[7�R
'���	
 �^���)� ý Õ�Ö�6'���^] �+����)�+�
ú�� T�� � ��� « ý ]
�"�=�"�.!+���������Z7(�u�v G ¬ ��4 î �CÖ�F } ��]��%� � ~�8�z ���� G�� 4��)�����	
 ¬ ��4 î G"� �'� ó���Ó �� ¡ G ¬�¢ � � £ �^zàÕ	���+@ä¦^~¤8 ¬�¢�¥�¦ � � ���� « (Γc)

T ó��*Ó �+§=¨"�"����{�FR�%8 ¬�¢ � ¥¦ T=©�ª�« - G Z Ü�¬ ��6'��­ G ú���® ? F } 8�¯Æ���°
(v) � � � ����° (Γ) � T 8 v ∼ (Γ − Γc)

1.5

��#%$���±�0��7��]����"c^F e ��
�²�� �	³.�'����
µ�¶��7�,ü�´ G�µ_¶�· 6'��4 î � ¸M¹_8�º ¢ �.¯Æ�»)¼ �������+º�6 �	�+»)¼ G"� �=
(×%�
ú�� ý Ö� 6'� � [23, 43]

� 6.5 b: ½�¾_¿'À.Á'ÂRÃ�Ä�Å�Æ'ÇRÈ+ÆRÉ�Ê�Ë�Ì+Í.Î�ÏÐ�Ñ Ê

Ò�Ó�Ô�Õ.Ö�×�Ø j�Ù�Ú�l�Û�Ü�Ý�Þ�ß à�á Â+â.Õ
t�ã È�u�v	��É�(�ÿ�8�ä�å�æ	ç.�%è�é T�ê�ë 
'ìí!ýRî ²0ÿ�(��	��ï�ðñF } ����8|] } ý�ò"ó ���'ô@��7��]�� T õ è����.ö+÷ G"� �'�=ø � 8�ù2ú�ûM�ü x û"��[%²Sÿ 8 t�ã È�@.ý�u.v��
É ? �+ä.å'æ�ç��è.é	��#+����þ�ÿ���� � { } �+�	]'�'ù�ú -

ü x þ�ÿý�� (���]�� G 8 ��° ��ê�� Å #�# Ó É�[�� «�� #Ó �%(7²�� ò�ó ����§�	d��

�	���VF } ��­ e F_8ä�å�æ	ç.��è�é ý�������� G"� �'�	³.�+8�����è�é@�� e F��*ß } ��ä�å�æ	ç.��è�é ý=����� ��� ? ��R(|� � G 8ñ]+�'þ�ÿ T�ê�ë 
+ì í!ýRî ²0ÿ�(��	� xCT ï�ð�ÿ�(��+�"!�] G 8$#R�&%)�('�� U I2L ý� (�ÿ�W�)�Ñ�*�+���L æ�Í()�,���-�.�/�B ý L10�IJ�6 8	]+��/.B	��D�� ý32�4 ���"]"� G ù	ú -
ü x þÿ���5�6 ý87 ²�� � [52, 57]

6.5.2 9;:=<?>A@CB�DFEAGIHKJFL$M
AFM N�OQP�R�S(T3U(V�WKX�Y&Z�[�\(]�^�_
�"�C�a`�� T�b&c ��d�e ¬�f�gih�� �^{�j)��]��G�k �lhnm 4�6po�qñ~ 8�!=�)z m � f�g�r ±tsvu�wR�æ�K�x=�&ynz&{�+�|�}�,�~ T 8 4��������3����� 7��} o�(l���  xCT ù�BK������-�� s AFM)

h��l� o�"�C�a`%�K{����Q���l� h�7 ��](���7[�~�� õ a��#���æ
�
{
ulw �+æ�K"x"��y3���K{l��)��i��` \ hc�� e ���(��]�� h(�¡ £¢�¤ �^] } ³��
{��l� ò"ó� T�¥�¦ f�gih µ � a�� ­Q{�§©¨&ª7�"�C�a`����&«� �l� � } o �
¤ ����¬������
­ §�	a��®�¯ � ­(�°�± ª f�gQh µ � Staphylococcul Nuclease (SNase)h��l� o���� h87(� �©²	~´³�µ"ªlu
w � æ
¶"x"��y���K��· �(��¸�¹ h �a�lºl� h(� �a� ¢ o � ����¬���K��q � o
­�»�¼(qQ²�� ��°�h ��0�+=���(�C�(�
2 �l{�½Kª
� »�¾ � SNase

h �l� ¢ �����Q� f�g�¿
�K{�À�Á8��� h�Â�Ã�¤ �"!�{ ��Ä �KÅ7��u
w � æÇÆ�(�8È�É���»�¼Q��Ê�Ë��(�lº�����³ ¤ Å7��u
w � æÆÍÌ�Î����l� ��° �(².²�o�Ï�ÐK� ¿�Ñ£¢ �a�lºl�n�Ò=Ó�Ô ¤ s � 6.5 c zÕ� Ó �8��Ö�×����K��q � o
­©Øu�wR�%æ�¶�x=�&y�� 2 ô ÓpÔ ¤ �1Ù�Ú�­
º Ô �p{�ô�Ûh ²lÜÝÛ�­(��� 7 ��º��n�
²�Ü��.�.� �"`1Þ({�u�w��æ�¶
x���y1���({8ß � ���(��à�Þ h�á �ãâ�� ¢8¤�� �
[20]

Z�[iäpå�æFçpR 1 Z�[éè�ê�ë&X&ì�í�î
)�ï�ðãñ�òQ{ ¿�Ñ �(²���ó�ô�õ�{�ö�÷�ø�ùK­���úû�ü�ý�þ � �lÿl¨�� º�����}��
`�ª	��
"{ õ ����������K!�{����Q��
�Û�àK{�� á ­�Ù���{ ê�ë ª������� �������©º Ô�� �
�  �� ­�ö�÷�ø�ù�����q����� ¯ � ó�ô
õ�{�����ô�Û h�7K� ���� �æA�"!Kð 3+

(SPD) ��²"Ü�ö�÷ ¢8¤ ó�ô�õ�­�� SPD #%$(��Ê�Ë ¢o'&ã�l{�(*)K��ª�����+*, s.-�00/1�	+*,é�32*4K��%5�x768`KØ�Ø8�"��+�,�z h Ò �"º�� h&á ��â�� ¢ o¨ ¤ ��¬*9�$K­��l���(²���:�ö�÷é�1����+*,K{�·�;h�á �pâ
�"�(� ¤�< ��=?>*@�A s YOYO z h�Bl� o
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F
6.5 c: (a) GIH�J3KIL�MONQP�R	S8T�U3V	WYX�Z�[8\?]^ MI_�`8a�b3cOdfehgQi�j (b),(c) X	Z8k�l 200 nm/s, 40

nm/s R�MQ_"`�a�bmcmdneogQi�j
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�Û�à h��?� �(�%�����*�Kª��������� � [12, 24, 26, 30, 34, 40, 53]

F
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0.1 µM YOYO, scale bar = 10 µm. ¥I¦%§?¨©c8ª"cYR�«¬"­1®�¯3° \�±8cY²�³´j8µ��¶X�ZQ��M3 I¡�·Yl�M���¸3¹�ºQj
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Û�Ü9�og�Ý,Þß���i���>r��²�Ö
Ó|�>§is��*ª9Æ�È
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����e ��� x�� �
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ASTE (Atacama Submillimeter Telescope Experi-
ment) )�*
+-, ù�ú*g��/.�0�«�s�cic
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(3P1 −3 P0)
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{ " · áo¨-µ5�a�Y�
�a¹>õF�-½>�
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L¥¤�¸§¦1¨�©�Ð�ÔA°7ª�«rå
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 å�Òa× ÃÔÓ

1 K Ä;Ê À�Î Ë ° %;u�v1Ì�Õ ÏÖ Ñaþ Ù �1×�Æ�Ø�ÙgØCÎ�Ú�Û�ó�ô�õ Ê Ñ&�Aþ�Ü1ÙgØÝ Î	LÞ¤�Ø�¦�¨0©�Ð-Ô Ê!ß 70 % Ê ¯�° Ê�%;u�v(Ìþ�à�áCØ�æ!â#ä ÊEw&u x þ!ã�ä�å�æ Z Ê 4 m
÷ + óô-õ Õ � × 13CO(J = 1 − 0) ç C18O(J = 1 − 0) Êw�u x1è�é�ê �;×aä è Õ �hë ç-è F Ê ä è å�ì¥í�ÙÕ�î ú�æ5â

(1) AV

å
2 ïrè F Ê7ð�ñ;î7ò;ó!ô (diffuse cloud)õ Ï

CI/13CO
È�É&Ñ 
 é å!ö�÷ Õ�ø �ùá&�(×�â-ä Êä è þ7Û	ú	× è§û�ü ô�Õ »(¼��1× ð�ñ�î�ýhþ�v � u��Ê ûIÿ þ��ÞÎ����;×5â

(2) CI/C18O
ÈIÉ	Ñ 
 é Ï ç LÞ¤�Ø ¦;¨5© ò�ô��Ê ¯�°	� è Õ�
hî ×5â&� î�D
�7ç û�ü ô�� G õ�� qrIs�t ü Ê���� é�� ¯�°	� è Õ�
�î ×5â

(3) HCL2, L1495
¯&° õ Ï

CI/C18O
é�� ø ú ¯° � ��� Ø ç����0Õ0ð�ñ�î�ýhþ�v � u�� � »(¼gØ Ýú	×5â���� ç B18

¯�° õ Ï ��Ê � ¤ î ¯�° Ï ��� Ø
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M17 @�A ¡6B&C�D&EI¢
²	³ î æ(­&® òGF�H ¯	° õ�I × M17 Õ L1ú Ý ç

∆V ' 40 km s−1 J Ê É
K 4>L � [CI]
È	É Ê!øNMO H ûP4 ç�Q�R(� 18cm SUT*V*WYX&Z([N\�Õ�]�^ Ý

2002 _ O Õ>` �(Ø�a!â �!Ê�ø�M O H û ÕE� ú Ý ç ÀÁ�Â�Ã S�TGV(WbX!Z�[�\1ÕN] × [CI] c
]:d CO J=3-
2
È&É ç /;í Õ�î ) Ý ) ZN[N\�e�f;u	��Ê�gNhhÕ�]×
CO J=1-0

È�É ÊEw�u x Ù¥í ç C0/CO
é(�

3-4
è

ø ú(i�j ô õGI × � è�4 ìgí�Ù Õ Ø Ý úNa0â�k _ OÏ>l&m Â
45m \ 4 Û&ú ç CO J=1-0 ç 13CO J=1-0 ç

HCO+ J=1-0 Ê È�É õ ø�n;ó û ?No�ç�ø�p O Ê�q�r4�s îN^ a7â ��� õ ø&M O H û �EÕ 1 pc
j&t u�f(Êu&v �!w � Ù ë ç0�:x í �,yGz!{N| / x Ý c í~}�æ�(� î��(�hÕ*] × J Ê õ�I × � è���� Ù ^ a5â �0Ê��� Ï M17 � æ û�ü ô 4~��� j u>�1u&����f(Ê:F�HÖ Õ ²���'�/ x a Q�o � � I ×7â

6.6.2 ���
�����	�	�����0������������� �¡�¢
£*¤�¥ f�¦�§ Ï�¨&©�ª Õ�c ú Ý,«G¬,­ Ê�X&®(§ õI ×5â ���0Õ Ï�¯ ü ¶�°&k#± î û�ü Ê j�²�³µ´ f É� ��� Ø ç��6x í Ê�q�r Ï�¶�·�¸ Õ�cG¹ × ò�ó�$�ºÊ�»(¼�½ 4 %N?G¾ ×!¿ õ ç�À(Á�Õ y�Â õ�I ×5â �EõJ ç6ÃNÄ(Ì�Å�þÇÆ NII È1Ê�ÉGÊ 1.46 THz Ê j�²�³	´f É Æ 3P1 −3 P0 È Ï çGË ¤�Ì&Í,Î�Ï Ù íÑÐ&Ò�± Õ>ÉÓ / x × Ê õ ç7ø ú�Ô X�Õ û ?�o õ q�r�¾ × � è õ çË ¤6Ì�Í,Ö Ê û&ÿCèØ×(ÙP4>Ú Ø*ÛYÜNÝ;× � è�� õ Î×�â �EÊ>9!; 4 ç � ��Þ Ä ¯ ü ç �,-&'!Þ Ä û�ü ç:ßÄ ¯ ü îPà�Ê ûIÿCè�é�ê ¾ × � è Õ*] ë ç ¶&·(¸ òó!ô�Ê�áâÊ(Ê < Â î�F(ãIçUË ¤,Ì�Í,Ö ç ¯ ü Ö ç ûü Ö Ê�óIÊ Ö&äNå Û è Ö�æ ' 4:ç  ± Õ�è 7 × � è� Q�o	Õ�î ×5â
S�T*V�WéX�§ õ Ï ç ¥N£�êNë Ì�þ�` � Ä ü è Ø Ý

SIS (superconductor − insulator − superconductor)V ³ S(Ä ü
� Ë Û§Û(úÞí x Ý ú(×!âÞØ�Ù¥Ø ç SIS V³ S õ Ï�Ô X�Õ �!ìNí�î�ï(ð~ñ Ë�Ê�ýNò�f ï u 4:ì7 × è ç ï(ð�ñ Ë�ó�ó�ô,õ�ó a�ö Õ�÷Nø � æúùUÛ î×�â!a è�7�û
Nb
4~ì�í�î $�º1Õ Û�ú�a J ó õ�ü 700

GHz
� ] ú�� o � ��×�ý�þ ó Ô X!Õ è î ×�â~ÿ ^ Ý ç£*¤�¥ f�¦�§�ó�q�r�ó a&ö Õ ü SIS V ³ S�����ó ¯%�� ° Û V ³ S&Ä ü ó ¬�� �	� ö¥í x�
 âk
����� õ�ü ç���ó�� ± ó a,ö ��ç ì�í!î���ñ ´ ý� ³	´ ê þ���� ê�� u�� (HEB) V ³ S�Ä ü ó ¬�� 4� ö���ú 
 � HEB V ³ S�Ä ü ü"!$# X
ó�ô�õ%�G]�
ì(í&î�& ã�ó('$) 4+*-,/.10$2�3�3�46587$9 �$: 3

4 ó<;>=@?/ACBGÆ �	D Ô X 3�4 È��"EF= ! z æ ' 4+GH$I j ! �*ó æ ' 5�. �	J�K ��`�L�¾M
 J ó�N I 
 �O ó a&ö � ü 0 Ä�P/Q��"RTS a"U ! P 4$V D Ô X 34 ó Ô 2 ]WA J M ÛCX$Y .10�ì(í&î�& ã 4�Z	[ / \
@] Â�^ I 
+� U ! P�ó X�Y$_$` 5�. � 0 (1) a�b��]6^ � !$c�d	e ^ ¾ _�` Æfa$b X
Y È 580 (2) g�h	ij 5 ó Ö&ä(å ,�k lm. �,°�n �
o(ò!f ï u k e ^ ¾_�` Æqp$P X$Y È�ósr�ÊGó _�` ^ I 
t��u:xmv:óUàw v ^ < Â ? ��x
y�Ì�z 5 ?�
�{ ü 0�,M| 
 ì(í&î} º�ó } � 5 Ä�P#ó u�v �t~��*¾%
(����� ü Nb
k,M| a a�b X$Y$� ó HEB V ³ S�Ä
P 5�0 NbTiN
k,�| a p�P X�Y
� ó HEB V ³ S�Ä�P
ó ¬	� k�s ^ �| 
t�

HEB V ³ S,Ä�PGó@� å ��c | � ü 0 100 nm
j�t ufNó Í H ³ ê T#W ñ�� u!v ó�F&H ^ ] Â N I 
 � O ó� ± ó a�ö � �$��� Q	� ³ W�u j T�u j k��M��. � 0

2003 _ O {�vC� ,���� � ó î���k � ö��*ù6a � 2005_ O � ü+�����
� L��~f�ó VDEC
³ W�u j f	u z Q�6� ¤ H o ñ�� j e �W�	0 � ñ e G j��M�M�$� ���� j ��u�ó ³ Wzu j f1u z Q�� Í j
³ I ¤ H�� u kO x%�6x î��m.�0 Ä
P�� å ó!¾ Ý-� ó�Ë ê � j k:s=�u 5@^ N ù 
G]�=+�$?�^ a �

Nb  "¡�¢
£	¤�¥$¦�§$¨ HEB ©�ª%«
¬(­® _ O ��¯ ù�°0ù 0 Nb
k",�| a a$b X$Y$� HEBV ³ S&Ä
P#ó ¬�� k � ö(a �úV ³ S&Ä$P�� å � ,M|
 Nb ±-²��!Ê | � 0 j � ñ ���
]�
 ³-²�´�µ ^�¶·-¸M¹

Tc º ó }�»M¼ � �	½�¾�
t¿-À��&Ê | � Ú�Á?(Â�Ã
Ä�Å k Æ�Ç�È ��Á�É ¶ ·�¸ ü 0�G�Ê ³ N�ótË
160 Ωnm �+Ì . � 0 ²
Í 40 nm � ¿ ó ±$²-N�Î�ÏtÐÑ � 200 Ωnm Ò$Ó k�Ô ¾�u 5�^�Õ { Ç(È �-u�Ö ü ±² 5�G�Ê ³ ó"× &$Ø�k	Ù ¾M
 5�Ú�Û ?(Ë�N�Ü-
t��Ð_ 0 ²
Í 30 nm �-Ý�N ü ²
Þ�ó"ß�à�Ð�á���â	
 5�Ù¾sv8Ö%
 ¶ ·$¸ ¿"ã ó ä%å ^	æ vçÖ È ��u@ÖM�Mâ�A 0
HEB è ³ é �
ê ó � �+ë Â ?"²$Í 5ì¶ ·�¸ ó Ö�í ^î�ï N ù È �Wð È	0�ì(í&î�ñ�ò É�Ó k ó�ô ¾%
 È ö� GM2 õ X�ö-÷ kt,M|�È(ó-ô�ø�ù�ú z k û w ¿MüÈ �Wu6ó ø�ù�ú z N ó�ôý.tÈ>ì(í�î�ñ�ò É
Ó Tc

ü 0
100 nm ÍMN 9 K þ 0 50 nm Í�N 8 K þ 5 ?mA 0
ÿ� ó������ Wolf et al. 1976 �(ó��
	 5���
T."È �
�� {/v 0 ³�²��"Ö È Nb ±-² ü�����ü���� NMÜ-
�u5@^ Â�Ã-N ù È �
u ÖFv>ótÄMÅ
��	 k�� ð�¾ � HEB è�� é�� PUó��ê�k����� F."!#! � P���$�Ä�Å k+Æ�Ç�È � O ó%�	 0 é'& è�� ê j ó%( ` k")*!�+ ×#ót±�²W�-, | �ü�.
/ ¶ ·10 ¿$À ^�2�3 N ù"4 0 HEB è5� é 0 H j6 u87 j ù%k"9�ô*: 
�( ` ^�;#<#=�ôm. � |-È !#>D5?
@ NBA�?DC Nb

Á�EGFIH 0�J �tN 9-ô �"Ö1K�u51^�L1M�. È�N u 0 u 5 {�v 0 HEB è�� é k"O �#Pó ?RQ 0 Ä ,BS�TB: K � S ë�U%? áBV 5 ?�K IF W-XY$¹�Z#[#\�]_^
Nb
Á�EGFIH 0�J �tN-` ô �"Ö1K�aV	á ^ ÔBb ��ÖcK N ��v S"Á�E
9 0-d ?�v 4�e Nb

5f�g > 0 .�/Dh�i | K 9�j
k�H 0 ×�l ^ � P 0 H j6 u87 j ùBS í Õ�Ç i C�KMu8m ^
Õ {Gn e�o � k��ð�¾ i HEB è�� é
� P 0 ��ê 0-prq k+Æ�Ç�È�N
u 0 ��ê Z
s S E | e g Pý�0u z�tcu �W�Mk�vM|È ë*w tcu 0%x ��y Ó k 100 nm

ù�z u Ê ðr{-å �
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� \ K ]
U ^�}G~tÈ5N ë*w tcu 0%x �5�� �k"��� {Æ������ eD��� m��BK���uB� u�� 0 � 3'S%� KMu8m¹ � 0�� $ 0�� Ö8��Q 0%�c� {5� j � x ��y Ó��+Â� {'�5�
��acV�á*�5�1�'�8m��_� e ��uB� u�� 0 F� Ã#� S ârK��	u�� tcu 0 Ä#� S�� n¡ *¢B£ NR¤ 0ÿ Ò*{ e ;#<
��� { Æ�Ç i � È-¥BS A#¦%§�m��¨�"�� Ç�È%©
ª_«-¬�­ u�®�Þ 08¯B°�±1² ø¨³ ° S p5´ �µ U�m�� Ç�È�È
¶ e ±�·1¸ ù5¹ $»º#¼r½ ùBS ,8¾�K«-¬�­ u 0%¿#À eÂÁ"Ã ù �ÅÄ 0�Æ�Ç e º�ÈÊÉ(uB�"Ë0 k#Ì Ò�� Ì�ÍGm h�i5Î�Ï�Ð e�Ñ�Ò � Æ/Ç	È5N1¤ 0�
	_�+Ö�ðr{ SRFÓ� tcu S � j � ¯B°%±1² ø¨³ ° �Î �
á � C Ä�� e HEB è5� é-�-Ô ¹ $Rº�¼�½ ù�S�Õv�: K8�8m"�5a*V�m�� Ç�È5N ��Ö e ��ÖG� 0�×�Ø �Ù � h�i e
HEB è�� é
��Ô 0 ¹ $��"Ú ¶ i �BK N

HEB ÛrÜ5Ý-Þ�ßcàrá-â#ã#äcà%å
æ
¹ $ h�ç HEB èr� é#�#Ô A%è�é�êFèr� é � « °� S%ë�ì h e a#í�î 18 cm ï�ð�ñ 0 THz W�ò�ó ÷±8ô�õ u�� v � i5ö-÷ Ò
ø ��ù»ú ç N ö�÷*û S HEBè�� é S%ü#ý'þ � I-V ÿ E ������� e�� ç ¤ 0 l��{ 800 GHz

0	��

��� ó�������� �	� ç m���� I-Vÿ E ��� � K	� � � M���S���� �	� ç N ���*A e ¹$ h�ç�� �	� �rÔ � 800 GHz { DC �8¼! �u
"*m hi � $ h�i �*K8�8m��$# h�i �8K N � ç e ��� S&%n%� 0-±cô8õ u 0('
)
* , %,+ �!
��!�
- �/. h C� $ h�i �8K*�8m ^ �
� �	� e � ��� 0�0 V�1!2 03�4 0(5 ø �B� 0
687�9�: {�ù � �<; �$= i K8�8m�#{'� ç N

>�?(@BA/C	DFE�G�H�I
HEB à�J!K D à�L�M

;-< 0
Nb N�O ö-÷ î HEB

�,P � 0,Q/� {#A e ö÷1û 0�R Ô 0�¸»° 6 u*7 °�7 ��S =�T 0 27 Ω �	U�RC�V�Wcú i�h � � e ��P �Dm h�i 0,0 V������������¦�§8� � } h�i � ç N�¤ 0��B� m h i A e Nb m
Au
0(X�Y S ,B¾
K Nb

0 ® Y!Z�[!\ ��]F^'m���ú i_
`!a�b�c ��d�e h e N�O ö
÷ î�f ü#ý {hg�K�i gÔ f$N�O*�(j!kBl�� i ��KB��m ��m!n��o�8K N Nb
Z[
\ A e ¹hp
Ì�q V Nb f,r \�s S U
t�u S�v
w hi»h � � �BmI{ } r�xzy N�{�|�}&~
¤ f(�8� m h"i e��� ë&� �¨� � n��	x'��m���� Nb f8Vr�¨� Au ��r\��o�

Nb ® Y f Z�[ �/�������»� Òz� ç�� �,f Ì!q~ ���
�B�
�8°��z7��8�/� � l	� ç��
� r \ ëF� fü#ý �$�
U�� � } � � ç&  f-{zg�y � �/f����*{ ~
Nb ¡!¢ 
 f8V �   Au f	£»� p yB�
¤ � �¦¥ �,s fÌ�q&§

Au �/¨&y�©Bª�« °�¬ � µ�­ ¤��zy � ¤ f ç¶ � ��® ~
Nb ¯ \ f8V � 3 } Au ��r \���� ©�ª�«°�¬ §

Au �8°/± � ç s § f \ f 0
² �	³h´ � Õ �ç(µ
¶ è ü 0 � �!· l	��y8�z¤5� �
� � ç/� � ç 5¥ f ��P � ¹�p �8¸ �8¹ Au �,¨zy Ì�qz§
~ � Au fº ��»�¼ �/¨&y %&½�¾,¿
À � ¾ y ç ¶ � Ë�� 0 ©Áª« °8¬ §h~(Â�Ã'þ � ¨Ä¥ � �I�/Å
Æ*�hg�y � ¡�¢&V�
Au ��Ç¨ú,¹ � � ½ ¤ ���
È�� ç ¡�¢�f�É¦l
� 5�zxhyB�h¤ ��Ê � � � �/P �Ëf ü 0 ��k!Ì § � ¾ � �� � � ¾ �_� � �8f�©Áª�« °�¬ � � % ¥ HEB

�8P
� R Ô � ¹
p �Í�!0zÎ 1!2 � ç ¤-�8� � S
Ï T �(Ð

� ¸'°!Ñ uzÒ °(7 ������� ��Z
[�\ f�Ó
rÁÔ$j
k §Õ ¹
Özyz×z¤�Ø �
�z§ Õ ç/� ×�� § � ¡�¢!É�Ô�k�Ì§ Õ y %Ë½ � ¾ �&Ù(Ú
Û �(5hÜ þ!¾ ��P � R Ô Ô ¹pË§ Õ y�×z¤�Ø/#&ÝFl	� ç,�

NbTiN
E�GËH,I�Þ ß�ß8à�á HEB Û�Ü�Ý%ÞrßBà,L�â

Nb Ô Ü Ö ç N!O ö�÷ îFf HEB
�/P � R Ô f Q��¤äã-ù � ¹ � NbTiN Ô µ�¶ è�å ²���Ü Ö ç ¿ Ô ö�÷î�f HEB

�/P � R Ô f Q�� Ô�æ!ç8è�U ) STE é!êÆ&f�ë�ì!í�î!ïð¤òñËó § Ú ¶ ¹�Öhy � NbTiN
~ µ�¶

è�ôhõ�ö } Ø�÷ø�úùû¯ \ § 15 K
q�}hü � ©�ªzý�þ

¤	f�ÿ�ª�« °8¬   % Öhf § ���Ä� Ö&"�����f ¿ Ô ö÷ î HEB
��P �ð¤ � ¹����8l	�
¹
Öhy � NbTiN ÔÜ Ö ç HEB
�8P � R Ô f
	 p f ç�� � ~ � ÷�
 ²f NbTiN ¯ \ Ô p r�xhy
×
¤ÍØ�� ­ § g�y � � |!}~ �

NbTi "0u��Fª��òÔ Ü Ö ç���� 0z7,� ª(" � % ¥
NbTiN ¯ \ Ô p r ����� f �!��� P "����� 6"!$#Ô�ù¨ú ç��

HEB
� � ��f 0zÎ ~ � Ö�% � ¡�¢Ff�&�Ô('�l�� �\�) ÔÍ¯ � � ö-÷�* c Ô�g�^�y�% � %�%#ú�¹�Ö�y � ö÷�* c Ø/÷"+/�&Ù(÷�Ö�,"- �/./0 * c Ø % � ¾ ¥213�4�5/687/9 &  ;: ØËy � ×/f�< � ��R�= ¤ � ¹?>½ V §?@ Ø�� � ��� � '�l ¾ &zf/¡�¢ÁÔ�. � �
A ¥�/xB×z¤�Ø § Õ y \�² Ø ­�B l	�Fy � ×/f %Ë½$¾ ¯\ Ó
rÁÔ2C Îz� x&y�< � �,� ��� r \�D � Ô Ü Ö!¹

NbTiN ¯ \ Ô2EGF ¾ ) � §/p r ��� r \IH  I�KJ 7� H<7 f�L�MFÔON�P$< � � f(Q�R �	\�) Ø 150 nm
q} � §�~ ��S M � ¹ -0.5 GPa

q�} f 7 � H�7 f T Ø�UT<�Ëy %h½ � ¾ P
< � Nb
§�~

100 nm
q!} � §�~S M � ¹�Ö�y�×h¤�Ô(m�nhy�¤ � NbTiN f(�zØ \ f
VW 3 0 Ø % ¥�÷�ÖF×z¤�Ø/#ËÝFl	��y �� < � HEB

� � ��f IF X��Bf�YBl ~ � LO X!�¤ RF X��Ff�Y�l,f$Z�[�\ WF�
]�^ xËy � ×,f�< � �� � �Ä¤ � ¹8÷ 0ËÎ&� x�y/< � � ~�§ Õ y/_`+ LOX!��f �ba  hÔ	U Õ �ox&yz×z¤�Ø�ced � Ö � ×/f�<� � ~ � ÷&Ö µ!¶�f ô�õ�ö } Tc Ô  (g ¯ \ §"h P�iÔ p yh×h¤�Ø B � Tkj�y � NbTiN ¯ \ ~ Nb ¤ ] ´¹(÷ËÖ Tc Ô · g f § �(l c ¾�m�n ¤�o�n�y � NbTiN¯ \ §h~ ��p8� ª�q�r � f8s x&y(t Rvu/p f
w/x�Ôy x �$. nhy�_�+ § \ f(å�zzØ�U Õ � .�{ ¥ � Tc Ø.�[ xËy � � × § � t R w�x�Ô y ³�| � ¹ Tc Ø���U¤ ¾ y~} ½$¾ ��� ¾�� (1.00 sccm) Ô B � < � l�T�,���v� f�� = §h~ 6 nm
q�} f
� ) Ø B � T�j�yf § � � ) Ô�¯ � � <	Å � f Tc f ./� Ô$³8��< ���� f�} ½ �	� � ) Ø�¯ � ¾ y � g j Tc Ø���Ø¦¥ � 44

nm
§�~

11.5 K ¤ ¾ P�< � � j §   Nb f Tc

�
] �jhÙ$���Ä¤ � ¹,÷&Ö � ÔO� � ¹ ¸ ¥ � NbTiN ¯/��fl�Ü zÁÔ��eT;% � § Õ <B¤�oznËy � d�< � {v� f �� § Ü Ö�<(¯8� ~ x/��¹ � t"1 ��� Õ � �
�
��� §� P�<�< � ����� Ø?� �ð� ¹ .�²ð� ¹ � d�P,¹
Ö�<C Î z  ���� Tkj&y � ���`� � = §�~$� �/� �����d�d �!� 1 § ÿ p�� Ô?%�+8�z×z¤ § � � Ô8���8� �§ � × � Tc

� � }Ë¥ ~ ÷ËÖ � ÔO  �z§ Õ �OC Î zzØ� � �
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�
6.6 a: £¥¤?¦¨§ NbTiN ©¥ª2«­¬¥®°¯¥±°²¥³°´2«­ª¥µ¥¶°·

¸/¹�º�»�¼?½�¾8¿�À�Á/ÂUÃÅÄ/Æ�Ç
HEB

h � i � =���È�#OÉ�Ê�� q? #��$Ë �~Ì(Í�ÎÍ"Ï }�P,¹�N ½ÑÐ ×�j Ì È�#$É8Ê�Ò q� #�Ó�Ô Ø 1
µm Õ�Ö ��×�ØIÙ %eÚ�< ¾ Ö ��Û�Ü Í�Î8Í Û Ú�Û Òq? # Ô�ÝßÞ$×�à<Ø Û Õ �
%eT Û � � Ð�á�â$ã~Ï/ä�å� ÿ pv� Ô2æ�ç Ï
è {�é�ê Î/Í~ë ��< � Ï UV ÿ p��È�� � Ê  zÔ`ì`í?î�ï #�ð�ñ`ò/� é�ê~ó # q� �� �O #Oô  �õ Ï f8s Ù < Ð f�s � Üvu��?p á
â�ãö Ü Ö ê�É�p � Î/Í ö(÷ùøûú Ù;ÜüH(ý�p � �$þ�ÿ��� ù������ ö	� ��
 Ü Î�Í r 3 �
� � � ö N�P?< Ð �� Q/R Ü ���"à ë � Èv#�É/Ê�Ò q� # ö�� Öb}�Þ Ë��ë ����à	� Û�� ��}�� Ï�� P�< Ð���� Ü����bÙ <ä/å � � p~� Ì�!#"%$�&�' ì ô�� VDEC

��(�= ì$ õ?Ý*) D�+�Û�Ë � Ù < Ð

,�-/.103254 À3617�819vÀ;:;<
	 ËUÙ < HEB � ="�1= w1>5? � �;@�A�B�C �EDF öHG5I ë ��<�J Ï Ü�K M �
L1M >�?�N O ζ/Ωnm2


Û�P ø è {#Q j~< 2 R ä5S ô õ ��= w�>1? ö
T�U ë� ��� ö M�V � Ù < Ð5W � Q�R Ü
Ë � Ù2ê A8� HEB� =���X8� Ï g A ê�Ü*= w�>1? ö
T�U ë ����àH� Û� ��}Y� Ï;� P�< Ð L�M >�?;N��3Z � A
[ è~Ï�Ì Ü�=w1>5? Ì HEB � = �3\�(5] 383�^ Ï ��_ Ù � A`�àH��ç�a�J TÅj~< Ð �`�`Û?B J T�jv<�>1? � à �?]b abT Ü�L5M >1?1N Ì 107 Ωnm2 Õ�Ö Û � ����àH��eT%a Ï�� P�< Ð � � ��Ì µ c p1d�e?ô`Û`� � =vÛÌ B�C Ï�� T � A�� Ü HEB � =�� }�� � 100 nm
pd�e�ô�� i�f1g Û Ì = w1>�? Ï Z � ��hYi ö ë � ÐK��8Üj= w�>1? Ì�k >�?üà3l
m Ù�ê � ø Ü�L1M >1?N*�nZ � A��~à Ì�k5o f �EpjA`��à ö	q`r ë � Ð�st1u�v�w��

HEB ��x Û Ì Nb azy Au
(�]5{`��u�v| Õ��E}1~ � ��Û�Ü�L5M >1?1N �3�5� Ì�h � i z��Ï =�� ë � Ð��/� ê�Ü � ���~Û`���E� �;��~ Û � ���àH� { a �;�?Ð

6.6.3 �����������`�������
�5���1�5�j �¡5¢5£
¤1¥*¦�§�¨5©�ª
«1¬ Ü�­1®�¯5D�°�±

IRAS16293-2422 (Cazaux et
al. 2003), NGC1333IRAS4A (Bottinelli et al. 2004),
NGC1333IRAS4B (N. Sakai et al. 2006) a²yH³;��´µ ô

(HCOOCH3) ¶�· È�¸;� â µ ô (C2H5CN)
�¹ �3º1» ��¼1½5¾ x*�n¿#À Q
Á ��Ð � Á y �3º1» �¼1½1¾ x Ì Ü�±�Â�Ã/����ÛEÄ � Q
Á � NH3, H2CO,

CH3OH
�j¹ �3Å�b ��ÆnÇ �
¾ xY� ÜÈ±�X �~Ï�É�� êÊ1ËY{�K�Ê Ï�Ì5Í~ë ����à Û�Ë y Á ��à �8� y Á�êA8� Ð � Á�Î
Û
Ü ��Ï�Ð5� �
¾ x Ì Z ®;¯;±�X�Ñ�ÒnÓÏ�Ô í#ÕÈÖ È (T ≥100 K

Ü
n ≥106 cm−3)

ö�×1Ø�ÙÚ�Û Ú�Ï�à ÙOê ' y Á�ê*� �
Ð Ù a Ù¥Ü � Á yÈÏ
¿*ÀÏ Ð � ê�Ü
­1®�¯1±1X�Ñ1Ò�Ó Ï�� A ê ÚÈ@5Ý Û @5ÞÖ � Ò�Ó � X5ÑßQ
Á�Ü�º1» ��¼1½1¾ xj� Ä5ÑzQ
Á�àÛ �`à%��á5a �E��Ð × Ï Ü�â ¬ Ö�ã�äå� HCOOCH3¾ x ö ¿#À Ù � NGC1333 IRAS4B
Ì3æ Ï 2 ç Ô àè#é

Class 0 ç ÔvÛ�ê Û � Ü ¾ x�ë`Ï;ì�í²� ¬5î ayðï 100 yr àåñ�ò Ï
ó A
ô*õ5ö ê Û àø÷1á Á8ê A Û
(Choi, 2001) ù1��Ï��8à	ú Ü�º�» ��¼�½�¾ xY� D�°�±û5ü Ï*ý�Þðþ1ÿ�ô�õ�aßy _ ���(ê A Û ��� ö�� �(êA Û ù D1°�± � X5ÑßQ
Á Û	� �*ö1ú ±`Â�Ã aßy�Ï ÌÍ ú � ��y � AYÏ�

� º1» ��¼1½1¾ x#ú K�� ö3_ �� � A;ù/�EÏ*��� ö�����Û ��� º1» �E¼1½1¾ x`ú D°�±1X5Ñ Ï3þ1ÿ�ô�õ ö Õ	� e�� ë Û�� ô�� �(ê����

 � Û�� �
��� ê Û ù� a � �z� ÁjÎ 
 Ü
­1®�¯1±1X5Ñ�Ò�Ó ö � Ú5Û º» �E¼Y½5¾ x/Ï�¿/À��²ú! �"`Ï 3 ç$#`Ï�%&
 ê Û ùW ��
�ã�äÈú�� ò(' ç!)+*�,&-/. 45 m 021 � A!3��� � ��41Ò�Ó Ï ­�®�¯1D1°�± L1527 ö � A�3 º�» �¼5½1¾ x`Ï�¿#À$1�56% � ù on

� 
 18 7 Â 1�8 ��Û9;: 1=< �E� ��� HCOOCH3

�#¹ Ï ¾ x�ú�¿`À Q�Á� a �E� ( >@? ) ù rms
»!A aßyCB*a Á Û  �D	E/1
Fr � � �;�
G(��¿#À�
 � � a �;� D F � Ü�H�± Ï�IJ ö�Ð ÛLK Ï�
 � A��$�È�;á1a ��� ù L1527

K
Class

0 ç$#M
 ê Û �!��N ] ¾ x�ë`Ï�ì�í²� ¬Yî � 15000
yr � ó�O û�ü Ï ûQP6R ç$#M
 ê Û ù�S$T�� Class 0aßy Class I

{ Ï |�U ô�õ�ö ê Û � K ÷1á Á 31A Û ù
HCOOCH3 Ï�ÐY� � º�» �3¼�½�¾ x�� D�°�±�û�ü ÏýWVðþ1ÿ�ö Ä5ÑßQ
Á Û ���HaßyX� û1ü Ï û+PLR ç&#
�_ ��¯ �;Y � V ��� 3YA Û�� �!�j� �L� y Á Û ùê Û A�ú	� � � �Z45Ò�Ó 
Yú º1» ��¼5½1¾ x*��[�yaYÏ��]\�
 Ä5ÑßQ
Á ö@V A���� K(��� y Á Û ù/�EÏB3C]1�^&_�` Û � J5ö1ú	�&a&b��dc6egfihkjWl+c6ef�m�Ï�Zon�p&q&r$0�ö*Ð2st�!u äwv ¾ x�x`ö(y6` Û
u äwv	z °�± 

�;{�|&}Wv 9&: 1�~&�W�5ö(<������� ñ5ò�ö�}1~+
 ê Û ù
�
�;� �;�E�n�1�

NGC2264
 n¡�¢�£

HCOOCH3� ©��
NGC2264 ú(�!� ��� 800 pc ö ê Û�� ®�¯�±&�1ÑÒ�Ó 
 ê Û ù â ¬ }�� � ®�¯1±&�5Ñ1Ò1Ó ö(��` Û º» v ¼1½1¾ x`Ï�jM����� 9&: 
Q�EÏ�ç&#/1���sZ L�� ù K � ¸Q� 
�� K(��Û	� IRS1 ���

 º�» v ¼�½�¾
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> 6.6 b: L1527  ¢¡�£�¤ HCOOCH3 ¥ H2CCCC

x � ¿jÀ$¦ Á v�§ �3� Ï�ö�� � 3�� IRS1 Ð+s K ó V
class 0

ËQ¨ Ï � ®�¯ z °�± 1=©6ªQ�ø÷�á Á Û MMS3�6��
 HCOOCH3 Ï ��«6¬ Õt­ � ¿jÀ�¦ Á � ù��3Ï���
ú	�!z °�±1û�ü Ï3þ1ÿ�ôjõ!
 º5» v ¼1½1¾ x �®&� ` Û � � � ­1®�¯1±&�5Ñ1Ò�Ó Ï �!¯ §ßy�Ï�°�±�Z��²6` Û ùM³6��

�;´ ¬ }��;,&-].+c6egf O�µ�¶
1	· � 3 HCOOCH3 Ï	¸ Â ¾$¹ 1�{ ¾ ^+ºL
�»6¼½ ù IRAS1 � MMS3 1W� K ö	©Mª�¾&,@1�¿&À � 39!:d� ½�Á ¯ � HCOOCH3 ú MMS3 �+��ö ®!�Â� �
IRAS1 �M�!
�ú�¿/À�¦ Á v � ��� �
Ã §LÄ@Å Á ½ ùÆd� � ^&Çjú�È ��û < Ü 
 ê Û ù
�5���1�Y�* �¡5¢5£

H2CCCC

Class 0 z °�± L1527 
�Ï º5» v ¼�½5¾&É Ï 9$:Ï�Ê&Ë�ö
Ì � 3���ã�ä ú�Í!Î;�	Ï&Ð�Ñ ¾;É H2CCCCÏ�{�Ò&Ó&Ô�Õ]1�¿#À � ½ ( > 2) ù]� ÁjÎ 
Q�EÏ ¾!Éú�� TMC-1 v ¹ ±���Ñ 1 É á$v � ¾�É xL
E¿jÀ�¦ Á3 � ½�� � ±&�5Ñ5Ò�Ó 
Q�EÏ ¾!É � ¿#ÀL¦ Á ½ Ï1úþ6Ä�3;
 ê Û ù � § K �H¿�À&¦ Á ½ Ô!Õ�ú TMC-1 
°&±]¦ Á Û E�ö Å ¼&3	Ö6§�ö�×�§�Ø ½ ù
� � ö CCS¶ CCH v ¹ Ï�Ï$Ð!Ñ ¾!É ú��;Ï$Ð � Î;R CO ö&Ù
ÀÂ¦ Á Û(Ú Ï3ñ5ò�ö ó �6Û&Ü ��Ý&
�Ï;%
Þ&ß*ö ®&�� �;à �5Ñ ��á Î Û ôjõ!
Yú(â!ã`ö ®&�!ä ��å Y�`Û ù � ½�� Ø	3��@�EÏ(æ#À�ú	� L1527 ö�Ì � 3�Ï�Ð
Ñ&ç É � [�Å=§YÏ � \�
 Ädè=é sê�;à ��Ñ Ï Á ¯ �� 3 Ü�H!ë ç6
;ÝMÄ]ÅZì$3 ��Û � � � � º
�/1 �+í
` Û ùM³�Ï(zMî�Ï(^ � ú	� L1527 ö�Ì Ú5Û à �5Ñ Ïï �;ð �&ñ ��­jö$ò�ó6` Û�ô&õ v�ö!÷]1�ø ��Û ���� ÿ&ùÂ¦�ì Û ù

CCS ú CCH
�

13C û�ü&ý&þ �(ÿ��
ÏLÐ&ÑLç É CCS � �!«/¬�� ­!Õ²ú(à ��� 1���áv � ç É x
	��
��� ü 1�� Û  !
 ô&õ v���� � � 3� VC· � ÅZìL3 ��Û ù � § � �;à���ç É x�ö�Ì Ú5Û

CCS ��� � Ê&Ëjö�� � 3�ú�� R ö��MV � ^]¦�ì�3 �v � ùM³�ìW1�^ � `�� ½ Ä5ö	� �!Ú �� ' ç!)W*(,

-2.�� 45 m q!r&021�· � 3 CCS � 13C
è�! ##"$�9&: 1�<2Ø ½&%('*) Å 2002 +-, ùM³#� Á ¯ � C13CS� �;«W¬�� ­;Õ`ú�.5òWv�/L
 9&: ¦(ì ½�� � 13CCSú
0�Ø ½ V æ*1�
 è v;§+Ø ½ ùW�2� Á ¯ ú(� CCS

�
� � `���Ê�Ë6
���?3�4�(Ï�Ð �65 Ê+
Lv � ���	1�78+� 3 � �M�;� K ö(� 13CCS 
 13C ��9
: � z É �; :<�Ws K YMv � % `Lv>=$?�@BA@¦�ì$3 � ��,Â���� � 3 � ��CW��ì4D�� CCS ��� �*E�F�G Ý!ð�1 � èVIH sKJMª Á ¯ 
�L-��C � § � �Q³	ì R�MBN ³B� Á¯ 1PO ' v 9&: 
�Q Ã�R `�������D�S�T N ô&õ�U L��C�³#��V�� U6W ´#+&} W CCS � 13C X !BY "�� 9: 1> 6Z-[�\*]2^�_<`#� 45 m q�rL0Â1(· � 3
<]Ø½ CL³B� Á ¯ W 13CCS ��a «W¬b� ­ �Bc � �4d(1 ÃR U è � Á ¯ 1Pe ½ Cf�g � Á ¯ W CCS �ih õ vP� �jE�F6G Ý
ð
D CCHkPl \	`��(­+� � d CH

k�l \	`��(­+� �mN H sKJ0�ì��L��d N v$Ø ½ C K�nwÚ�o � ; : W CCS d�X(uNPp ��� 13C X !�Y " � Y6v � D6q U L��PC;³$� U6W
CCH � 13C X !BY "���r�s kit Ø ½ C
0�u W�v#w �� è � � W ×
}�� � è � 4 ´j��x�y
z
{B| � ç kP}n :�=�~ ½(Á ¯ W 2 "�� 13C X !
Y " � d�� N æ*1¦�ì-� � �P�+º>� � { � �4d � =$§MØ ½ C
� n ³2�U L��$d�����d W CCS D CH

k�lj�4n �2� � n � ��*d Á�� �$�+��d � U è �2CM³�� ; : W CH � 13C� @BA n � � �6�4d N v�� � W ³B�(zMî2�
�jD(a&b�2�#� U L-��C���P�>�
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6.7
ëíìïîíðòñíóõô

ö â#ä>å�÷�ø�ù (1) ú�û}üþý0ÿ���ÿ������	��

���������������� 
��������� "!$#&%('*)�+�,���
-�.�/$021 ý�ÿ�3-4�5���6��87�!�ù (2) 9�:<;>=(?8@�AB�C�D�E #(F�G>H�
���
I+2�8J�
�K�L�M�N�ù (3) ú�O��P :�K�L ( Q B 
SR�T
5VU"W�ú�O�ú"X�Y�Z�[]\
^ )#�_�`a;�=]G�ú û`ü ý�ÿ�� ÿ%ç�è(W�H�
���

+��b@
ú�c�d(e,ù (4) ú"O�ú�X�Y<f�!�g�?"h�ikj C"D(E Z[l��6���m�n,ù (5) ý�ÿ2� ÿ ���po ÿrq$5�s�tuf�!g"?���
-��v�wl��x2R�y<z o�E #r{�|$G�}�~
f�+��#���Z]\&}�~����
f8�(�<�8��grG���]� #}ù���
-�b���*���S���b�-�rf8n���|$G����
-���������
f��b�r���(#���
��(W���
��<f��]�(G� �&f8�r� (alignment) ������ù���� ���
f��b�*��&�$�"G � �bf¡�]� (orientation) �>��¢���£�¤�÷,ø¥�¦ ø�\�g�§�ù�¨�©"¤�÷�ø�ªr«�¬�­�®�¯a°���±S��±² ��³�¤r§�´�!I;>=���µ]?��>÷�¶��"|�G�·�¸(§"¹�G��©�º�üS�b»�¸S\&}�~<�8¼ ø2½r¾��I�>¿�À
÷r¹"G��

6.7.1 ÁlÂÄÃIÅÇÆ$ÈÉÃIÊaËÍÌrÎSÏ�ÐÒÑlÓÕÔÖ Î<Ï*ÐÇÑÒ×ØÃ<ÙÛÚ
©�}�~�Ü ÷�ø}ùÁý�ÿ�� ÿbÝ�ÞS#�%('"g"?���
�ß� �����S¹"G�g,ø��S�-��?���
"à�á<fb!(g"?�7"!�é�êf�â � ��g�G�����
-���$ã2�b�aä�?�à�á
fb!(g(G ��V§�å�µ�="±�ù¡æ�µ�ùVç�è�é�êIf¡ë�ä>��ì�í<�8\�î�=±�\<°�\�¯]ä�?�QÛ)>��é�ê-f8ï�ð-#�ñ�ò�\�: ÷2ó�ô� �>§$å�µIG&�]6�=�±�¯�À
÷r\p) ù�U�õ"ö�7S#�¿(îG8�S÷�ø�ù<f�ú&û-¬�#&X"ü]G � ��§�÷Sã�G��rf �]����0ù�ý�þ�d"e]#�¿(î�G���
��rW���
����,ý�ÿ�� ÿB ��ÿ B�� �
�b���I{�W���
����I������,"W � ���,S�bø�ù<f�ú&û"X"ü]G � �>§�÷-ã�G�\
^
ù
	Ç)����g�
������
f����(|$G���
��`ù�������?���
"à�áS�� ø�, ø}ù I2 ��
I+���Q B 
]R�T
5VU���L
f��"è��� ÿ B"C�DrE f�!(g��� �!�M�N(|]G � ��#�"�#���?À ù�������?&��

+�¯a°8�%ú�O�úrX�Y�Z�[�
��]#�¿g��`ù���
-�%$'&)(�q�R�YS�+*-,/.��&¹�g"�+0�1�øù<f�2�m(|$G � ��#�"�#���?aÀ |$G�\
^��}ù�©�}�~Ü-�+ �3-��"�ù ÷'45
76<;�="�"g(G�����
-�b�S��#8 g���ø}ù
9������,ý�ÿ�� ÿ&���I��:"!]#$FSÀËù
;# 1 O7<$¬�¿SF&� 3 O7<$¬�\&��
-�b�S��§�=?>�÷r¹G � ����H�þ�
76

��$#�"�#*��?��a�8¯
�0ù��S�-�?&à�á���
<f�7"!�
��$#�@"!"|]G�? � #�ø}ù��S���

ü�A$g�fCB�Du;��]G �FE §�G�¸?Hr¹"G��I º�JLKMHr#�N�O�P-¬+Q]g�9�R�S?TUJ?H'4CV�nS#W
X |(G5Y$÷�fZ�]?�#+[U\]& �&Zu�^N_Y�÷2§�`�a+[
\^V¿uÀ # W
X |"G ��E f5b
c<�8?b�ed�º�JFf+N o�gbEh�i §�:�"
;¡=�jLk�g He lUj 5% j�m�n'oCp�q OCSr�s f8à�á E �5NMt�u 10 v�u�NU9�R�S 4.4 kV/cm Nw i�x�i+y'z�{Mi o TUJ 4.1 × 1012 W/cm2
z+|�}

H�N�~�þ�
�6M
���H��*°�p7qF��À/4^Q(gb�]�/J ( æ�µ�]À��
� E ���M�"g���g7� F �FH 0.57 ��J ) f_
�d|�� �FE j+"�#���q���M� z 
���f�N r�s z
������� j�O�ü"� w i�x�iy'z�������� §�� r�� gMN�g������M�M������H2ó��p?q�4 z H(¹7��� � z S�A�N r�s z �S��J�f�N w i

x�i TUJ'j+���<�8�MQ�k5 �À¡N w i�x�i TUJ�§M �Dz E ãMjb�S��J¢45 �D E  �����£ � N y R s z 2�m¤ Q�¥�J z r y 
���H�f�N
Q?TUJ w iMx�i R�S$§ �¦ �+ �g�§�¨?HU©�á r�s z �S�(fC
�d�|�� �FE §�ªK�p���������j"{]�8��f�N
«�¬ ����� w i�x�i+y®­¯�° �8� ����±�²®­/³�´?µ � �FE j��SÀ¡NF¶������
field free  �§�¨�H r
s ��� ­ 
�·�H]ã�� �7E §�¸l°p7¹�¶F��º�»?�M������H z r�s�¼�½ j 8 ¶�¹'459�RS z ��¦ ¾�H�«�¬ ����� w i�x�i+y¾­ ¯�° µ �����§�þ�íS¬�j+��¿¢o/p7¹�¶F�2§UN�À�Á s�Â i�ÃFÄ®Å §
1 D ��J(½r¾ z�Æ k z r�s j��ÈÇ+¹�f�Á�É
¹MDaã� 9�R�S (50 kV/cm ��Jr½ � )

­ ·�¸ E ÇeNr¹7K<À øù-¬� ����?H7 �¶'Ê E ­CË sFÌ õ-¬�Í���\
Î'j��SÀñ
°¡¯�j�Ç�q�º
9�R�S E w i�x�i R�S z :7��j��U�����§��M������H � ø� �Ê E j+Ï%Ð�Ç5N ������� jO�ü7¹�Ñ-, � §*À z �-äLk�À�Ç�q ���F��­�{�i�Ò TJ�Ó�3�HMÔ�j+Õ?�Lo/p��F��ô�j+Ö�×�HSã/p�±U�M�����H z ¼-½ J E+Ø�Ù z ¼'½ J ­ ( Q�T
J w iMx'i RS�Ú ) field free
z §�¨�H�
�·�HSã��+=?>�Û?Úr¹��FÊE ­ Í���\
Î'j��SÀ¡ñ
°¡¯7j�Ç�q�º

6.7.2
ÖÝÜ ÏßÞáà-Å®âäã�åSÁ�ÂçæIÓ ÔrÃLèé è%ê®ë¢ìáíßàÈîáïñðFòôó�õ¾öÈ÷Èø

Q?TUJ-ù�ú�û Åýü w i�x�i+y®­ ~ sÿþ r�s j ¯�°µ �FÊ E j�� ����� µ ��Q���Q	� ± f�

���� �»��W í��+·�� z £ 8 H�� � NMÁ
������� X ����� z «¬ �������	��i w Ä®Å y�� E Ç�¹ z � �
Û �"!�N�
�#� þ þ�í��%$
&FÚ 1990 '	(*)��+! ¥ Ì ��j8â�É,!p7¹�¶F��º g Ä*- ûFj ¼�½ Ç�q r�s l.�"! z Q���Q� ± �	� j 8 ¶�¹-4�N
;-j 10 '�/ � ('j10�23!+j��ä�¹UN�4*5 Ä76 8�9-Ä1:	;+��z `�a Ù Ç+¶1<�=�~s
(N2

r
s z S�A�f Ar)
E `�a Ø?> z Q��
Q�� ± ���@ Û ­BA?µ Ê E  ,C_ÚrñD!B� E  �ä�¹�¶7q�º

Ç%�-Ç+ 
Ú"!�N r�s ��� z ����Û� ,C/j	E%F µ �ý�þ���� zHG
I j	E µ �?$�&�j 8 ¶�¹�f�N ¼�J Ç�qr�s ©�á ­ �F¶?�FÊ E ÚLK�M�H�� � N
 �3 z r�s�NX
O�P zRQ�S®­%T q.U#V� +!� ���WUq�º�Q���Q	� ±z �
� 
���H�f�N
Q�¶ r�s�X J ­ �L�
q�É�j�N r�s��Y � ( z*Z.[ j w i�x?iCyL­]\�y�µ �^K*_FÚ����/ºÊ z ��`�  |7} HFf�N r�s z����	a J'f�Í 10 K �J E O�PD�+Q�k¡N r�s ­ �U����j ¼�J oRb��FÊ E fÁ�É
¹�cHd�H����MÚUN
«�¬ ����� Q?T�J w i�x�i+yH ����±�²®­�³�´ Ç5N
»?�M����j ¼�J o?b��%e�f?Úg
h H�����ºi $.&�j �7i�k H�f/N »��+���Uj ¼*J Ç�q rMs ­ ©l E ÇZ¹���¶+N rUs l��D! z Q*�UQ�� ± �L� z^m.n.o� z%G.I�­1p !q��j µ.r ks$.& ­7Q ÉM¹�¶���º I '�Jf/NeQ��UQ
� ±?z%t.u�v�w H� ®k)N Ø�xzy
{ |�}�[.|}�~�� ��j �
� µ �*4*5 Ä�z�t
u��]���Fµ �?��� zy
{ e�f ­7� � µ ��Ê��Zj�� ����� � � � ± �L� o ��*� w � ÅCÄ��M� 4*5 Ä76
o ���z�	��� o � zR���­]�.��µ ��Ê	� ­ ~�� � ÇCq�ºH� z �L� � n
� � � �z � ·�Ú?�.�LoZp�¹
¶�q]���L� o � �H� w � Ë s*�*�h � ­ CO2

rMs¡  |�z
destructive interference ��Ç¹ �.��µ �7Ê�� �^¢ ÉU¹R£.¤¾Ç%¥/º
Ê?¦^$�& (Nature

(London) 435, 470-474 (2005)) § � « ��¨
©*ª
«*¬
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2�­
®�$�&
¯

¦R°ÈÐ µ
r�± £
����Ç�¹ � Nature ¦ News & Views² |�³L´,µ]¶ ¥ (Jonathan P. Marangos, “Molecular
structure in an instant,” Nature (London) 435, 435
(2005)) º· '
¸ § � »�¹1º�� � ¼�J Ç?¥ «�» (N2, O2,

��¼½
CO2)

­?¾ l �
Ç ��� � � � ± �
� ¦�¿DÀ%Á�Â	ÃÛ,Ä ��Å Ç�¥Mº «
»�Æ �q¿DÀ�¦RÇ Æ Ú.È
É¡¦D� ± �Ê Z ¦�� ± � | ¿�ÀBÁ*Â*ÃUÛ�ÚRË Ì ��� È.É�Ì¡� ± ¦Í Ú Ê Z Ì,� ± ¼ � � ¿DÀ%Á�¦RÎ	Ï���� � � � �
ÐÑ ¸?Ú*ÒÔÓ�Õ�Ö#×�ØFÊ#�HÄ p !]� � Ç�¥�º®Ê1¦�Ê#�§ «
»�Ù�Ú ¦+×	Û �"! ZHÜ � � �	� µ?¶ Ø?�
�Ý��Þß ×�Ø+Ú �qà ¥ ��á � Ç?¥ n*�	â.ã1ä
|�å#p ×�Ø�Ê��� � £L¤�æ^¥Rç1è1¥ �RéRê ¦ destructive interference¦ h �+Ä%¿DÀ%Á	Â�Ã�Û |L��� ×�Ø ë#� � � ¢�ì�í £¤�æ�¥1ç�î�ï¡� � § � N2

«
» ¦ 31 � � �
Ð �.ð	ñí «
»�Æ �q¿DÀ
¦RÇ Æ Ú.È
É�Ì,� ± ¦�¿DÀ%Á�Â�Ã�Û�.��ñ
í � Z �
ò
ó ( ¿�À^Á ε ∼ 0) ¦�� ± � p�ô Ìã�õ÷öHkLø1ù�¶ Ø#ë#�HÄ ��� æ�¥Hç

6.7.3 úüûDýÿþ��������	��

������������ �����������! #"%$�&('*)�+�,.-
�0/�1m32   ¦54 ��¨ ù76 Ä98;:#×�Ø�¥ ì ��<9=?>@= ø

1960 A �CB p#µ%¶ íEDGF � ��¦IH ä7JEK ÄML Óz×#ØN7O ø?P¡wRQq¶ í�ñ ØRç ù3S�| § �;TEUCVXWZY (fs =
10−15

Y
) H ä�J ¦?[�\ ��¼^]Hí �	_�`�aH«	»�b ¦c »;d ¦�eGfEg�hGi JEj^k	l Û3m�¦In3o o;p øL���µ?¶ í�ñ Ø�ç�Þ Í � c »�«
»�b ¦Iq » ¦�eGfEgrhGiJ Ä ��� ×�Ø
¥ ì�� § �3s^t�u � 100 v WwY (as =

10−18
Y

)
p ¸�¦ «3x � ø?y	z�||{ Ø?ç��
¦ ¼ `^Ì �v W}Y3~	� ¦54;L7H ä|J ó;����æ íG� Ð	�;� � ¦5�Ï ø ~ � Ì �;�
�7� Ð ø °�� µ%¶ í�ñ Ø�ç� 2 ��æ í c » Ä5\ ñ ¥5��� ���;�
�7� Ð¡§I�	�Ð ø7�?� ò
óD¦E� �?B	�3� Á ø?� Ï��%Ì(� � ¿DÀ%ÁÄ%Ï ± Óq×�Ø �I��ñ �	�3� �5� Á ø?�0� Ø�ç	H ä|J G� ¿DÀ%Á ø��3� æ ���?= i Ñ ¸3�3� � Þ3�@ ;¡ �� ò
ó�¢%Ì�Ø��7£HÂ�Ã�ò
ó7H ä�J Ä5\ ñ ¶ a¥¤3¦3�Ð�¦CH ä7J�K ÄMLÔÓ ×�Ø�ë7¢ ø � ± Ø�¢¨§E© µ%¶ Ø?çë1¦ c	ª�« �!¬ ñ
í ¤ v W}Y H ä|J ¦ B	� Ä@�®­ ×¯E° Ä7ò.ó7± =(W ° ¢ ¼³² ç.´^µ+æ%¥ «L» « ò.ó7± =W ° Ä³¶|\	×�Ø#ë�¢ « ¼ � ¤ éI· æ�¥ ¦7�	¦7� Ð B� «3¸ ¡	Ø «�» «?¹7º Ì1¿+À�Á�Â�Ã7» « �@¬ ñ	í ¤v W}Y H ä|J|¼ H ä|J	K^j ò
ó ¹ »,Ä³½3¾#×�Ø^¿ ì¼5À Ó à æ ñ v;Á3Â =�Ã ¢?Ì�Ø a^Ä � � Ì�Ó ¤
«
»b ¼ q » Ð	Å ¼ eGfEgrhGi J Ä^v W}Y3Æ ¸ � ½3¾#×Ø³Ç;È « ð Ì ø ØR¢®§3© µ?¶ ØRç· A*¸!É ¤ èCÊ ¤ÌË ¹Rº u « ´^µ+æC¿9Í » ¾EÎ «9Ïæ í ò�óR± =
W ° Ä9¶�\	×�Ø3¿ ì ¼ Ç7È áEB Ä?É ]¿1ç	×�Ì�Ð � ¤ ´;µ�æI¿IÍ » ¾	ÎR¼ Í »�Æ ¼ Í�Ñ ¢�I= i Ñ ¸E�E� ¼��5� ò�ó ¼ Í@Ñ Ä^Þ Å «³Ò ð ¿ ì ¤�^£?Â.Ã*òLó^H ä	J Ä BG� ×	Ø?¿ ì ¼9ÓEÔEÕ « T õ =Öw× ö i^Ø J3Ù V ÄCÚ@Û¥Ü@Ý| 1ç áGB æI¿5Ç;È,Ä5\ñ ¤ Í »rÞ7U ö W «?Ï ×�Ø5ß Ï u Ì¥à�ó|áRâ Ä �;�ãCä^¤^å;æ3ç ×�ØCq	è ¼5é3zRê Wìë^Þ7U i W?íM=|îï3ð æ ð�ð ¤ Í^è;ñ�¢ �¥� ò
ó ¼ Ñ�ò ø�ó	ôR¼ ¢ ò

¢.õ �;¼ ¢ ò ¼ ¦7�	ö ¼EJ^÷ i W ä î³ø3ù æI¿1ç	úF
( û Ï á	ß ¼ ½^¾ ã³ü ¿ ) �7ý�f7iCþ^H3þ J î �^�ö ¢^ÿ í v W}Y H7þ J î B	� ãCä�� ¿ ì « y	zRê��zRê���� î��	��
 ¢ ø � ò ¿
�

6.7.4 

�����(�����������0+��������! " /�#�$&%�'*���)(�*,+.-0/Dý þ@

���(�21 ��/�13 ß7Í3è î�4 Î ¢65 � �7F ¼I� ¶�½7¾87!9 � É ¤:&; ¼ �8<>= ô �	£ t (Time-Of-Flight: TOF)

2.?
Í�@8A�â î \CB|¿DB^ÐFE � TOF

J	÷ i W þ ¼HG8Iî^T>J¥= Ö}×LK i³\ ¼MG>I ¢EÿONG\FB.NDB � �HP>Q ¤43L7H;þ J ¦CR>S
<9=?>@=MT ¼HUDV «!W ] N ��X ãüY� :8Z ¼ Í;è�f>[L\ Ä Q i = Â!\^]8_ (Coulomb
explosion)

«�W ] N ��X ãCü��|T3ë�`8a \ W f.[b\îMø	ù 5 � �8< ¤ 2
��c fd[	\�e
f � ° î \�B ü�aI¤Í	è!g@i = ÂC\�]8_C5 � �dh@¼�iDj î�kml ÿI¿ T3ë`>a \ W fd[Y\ ¼�n.o>?R¼�p S Í.q ¼sr>t g � Q ü�¤u \?Á - Á^Â =�v ° ¢xw;\�5 ü�a 4 ¦Dy ÍEère?fGg0hi J «Fz 5 ��{8| êHrDt g � Q ü�� � 
 ¼ 2

�Fc f[b\sedf î3TFJ�= Ö ×}K i5\ ¼�GDI ¢^ÿsNE\�B ��
¢6g � ò ü!a � ¶7½3¾D7m9 î �3F ¢ 2 u «M~ ê �³¦S ê��?¼ ¢^5 ��
 ¢6g � ò � �� A S É ¤ 7�� « 2
�Dc fH[�\6e�f îETdJC= ÖZ×�KiM\ ¼�GdI ¢?ÿ�N?\8B � Ç	È î�� B ÿ ¤®Ë����E~�� ¼ÍGè�´^µ ¼9� ¶E½^¾ « ¶	\0ÿ9¿s� N2 ÍGè î^4 Î ¢?ÿ ¤u \¥Á T ¼��.� þ�� = g
P�� ¼O�D� � half revival �� ¼ ´;µ S0î ���3� 5 � W!�³« T�J�= Öw×}K i î?Ä¡	¿
��� ¼��D� ¤ � ¶|H;þ J ¢^ÿ�N.�8P ¼ 43L7H;þJ g � Q ü�� ¢ ò ¢ ¤mR�S ¼8�8�M� ÿMB@e v þ	H;þJ

( ��� ¼ �5= i R
S É
��P^H	þ J3¼s� Í D�� ) g �Q ü�� ¢ ò g { ��
 ¢6gGÍ Ä ] ¿H�0e v þ	H;þ J|¼� � «�� B8N7�7£ «H��� 5 � Schrödinger Q p8� î�D�D 	Í�ÿON ��¡ ¿�¢ 
d¢³¤ half revival �^� W � �£ ÿ ¢�u \GÁ Tm¤ V��H¥ (
? è O�¦ u « full revival¢s§ � )

¼ ´7µ S ¼M¨F� «¥º � � { �C
 ¢ î�©�ª 5� �D� g � Q ü ¿
� 
 ¼ ¿D« ¤ Ó;Ô;Õ î Ú!Ý �d¬ �ãCä ¿�e v þD­;þ�® ¼ �7£3£.¯ î �;� ãCä N?´;µ SîC�F¡ ¿�¢ 
�¢I¤ ¹ � ¼ �7£3£.¯ � ´7µ S gd° � �îO±b��
 ¢6g�Í Ä�² ¿
� 
 ¼��D� É ¤ ��� Õ.³�¼��� ¢´�3»Yµ « P>¶C5 � �?¼ ��· ² ¿
�E��¸8¹ ¼Mº «Q�»½¼Cg ¤ 7F9�¢ ª�¾ g
¿YB «�À î8Á�J�Â Öw×�K
Ã5 � zsÄ�« · �C
 ¢Og ¹DÅ �m· � ¤ P>Æ ¼ ¸8¹ «!W� ¤CÇHÈ;ö Å ¼MÉ X a�Ê.Ë�Ì8Í «.� BDN �8ÎRêH���g ��Ïìü ¿
�

6.7.5 ÐFÑÓÒÕÔ8Ö�×ÙØ)Ú�ÒÜÛ!ÝÜÞ)Öb-�/	ßàYá�â&ã}äæå #�$ËC�d� µIÍ	è3´;µRÉ ¤.ç�è�éHê8ë.T ÿI¿ u \GÁ T«FW�ì Ç�È^ö Å î^ídî 5 �F
8ï «mW�ì 7�ð ãMüm� �Hñë8T ÿ¥¿ u \�Á T�îMò B �Yïôó ß8¿Fõ òCu Ù \GØ�öþ ¼MÉ�÷ ï´ø I�ù Ï´ó�u \dú T�ûIö o�ü Ã}ý þ ï ó
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ô�ê Q Ñ������ g
78ðC5 �Yï	��
�ãCü�� � 

û � ¾µ���
 îsó 2 � c�� [	\se
f���� îsò B.N�����ÿ��H�� ¥ ó.u \
ú T ( � W�� ú�� Â�v6T )
û5ö oFü Ã�ý þï ó	ô�ê Q�� ����� ÿ����	è 4� 0îMò B ó�! � !�"ö ¬�#�$ : T è � [b\%��&�' � �)( �Mó � û�* ~ ê�,+���-/. 5 � :�0 ê�18� î32�4 5 � ���/5 · � �

6.7.6 4 687:9<;>=@?
A�BDC
E�F�G�H ê É T ¦ ð�I û P�J ï ÿ�N ó�K ñ ëDTML� Á�N
Í ýPO<Q Â�R�Â ­�Sm®8g ó�T/U ® û�V�WYX�Z��[3\ Á^]���_�Â�`�ç & L � ¥ � óDëDT ÷�a gcb ûWm� ��d �F5�e ù ` 7D9�µ � "D¡ e ï>ï � � ó�f)g3hQ Â�fji \Dk Â>lm`
� ¬ L N
7m9 �8� ïsû�nDo�p�q`3rL² ��s

t BDC
Á�N
Í ýPO ­�Sm® û�u�v�w � ï�L N ó�T^U ® `xVWyL ��[z\ Á�]%��_�ÂYï ú�{ Ì>Í}| (

XCÏ ��~}� ö Âú g��dÂ )
`Oò�� ex���Fg�� Ï�Z���� e�� ó��Mû3w �~ [3\ Á^]���_�Â8û�����û)���>Â�� $ T^U ® û��D�� � �)� ì XFÏ G e !��3� ��������5 · exsz��� ó�U� ®���5 û »������ d "}ï�� �3� Â S �/� e spatial

filter
1�� ` ��ò�¡ e w � ~ ó�¢�Â�Í}£�û3¤�¥ �/� e!¦�}� � û »�§3¨/� !�� sD©^ª � 2 « û�w �/5�©�¬`3r>­Dï8ïD® � ó,f�g�h Q Â�fji � k Â<lm`}¯ ¬ L� ©�¬�° � ï^û�n}o�pDq¦®	r!² ��s�[ \ Á�]±��_�Â�`ò)� e���� û �^� � ì³² ­�Sm® `�´ e ��ï ��5,µ��� ó^U)� ®�� `Mò/� e����/5 ® ­�S�® u�v ��¶/·�5· e �Cï}` ��� L ��sD©�¬D¸�¹ û�º�» � �^� ì ójXÏ G e ²�¼ S�½��/� ��
 5,µDe�s

¾ å,¿
À�Á ¨ ~ ¥�Â^Ã # 2 Ä���Å�Æ ¡ e���� ó�Ç�È 2 Äï�É�È

1 Ä ` Ê��/L �}s ��� 5�Ë�Ì L �s¸.¹�Í � ~ ó¸8¹�Î û�� � _�Â�Ï�ÐÓï�Â�Ñ 4
Á # û�*�Ò ©�¬�5 ÀÓ�Ô Î ����Õ X�Z �}Ö�×�Ø��)Ù�Ú ó�Û�Ü�Ý Ú ( Þ^ßà Â��

)
ó�á>âsé}ã Ú ó�ä�åDæ Ù�Ú ( Þ)ß�ç Â�� )

ûè�é �^� e ®
û 5�ê�e�sG � ó À�Á ¨ û Ó�Ô è�ë ~ ó Þ)ì û�í�î�ï �^��ð��r�ñ�Z �}s ��� �}ò L3��ó�ô¦`xõ/¡ e�s
1. ö Â Ó�Ô�÷ í�î�ïmó�ø�ù Ó�Ô (S)

ó:úüû�ý�þ�ÿ��� û�� ²�¼ S�½���� #
	�� û
����� (
Ó�Ô��õ������������

) s
2. ö Â Ó�Ô�÷ í�î�ï���*�� ��� Ó�Ô ��� � Ó�Ô �ú"! ��#�$ 	 ¼ S�½
%�&�'�( �^� e3��#�)�* 	+ #�&�'�,�- � (

Ó�Ô�� õ��.�/�������
) s

021�354
[1] 687:9�;=<?>A@CB
D8E�F:GIH�J�KIL 3 MON=P2N�QSR
TLVU:WYX:Z�[I\�]_^ ( `�a8b:c�dfehg�iYj�k�>:lYi=mn

) >po 10 q�rtsIu
swvYx2yOzY{ nY|O}Y~ > 2005 � 5�
.

[2] g:iYj=kY>A@�B_D?E�F:GIH5J�KILVPYN����I[S�:�Y�=��:|:� GO�����p�=�Y�Y�=��[��Y�=^ ( `�a�b�cYd�e�67=9
;_<2>�l:i_m n ) >:o 10 q�rps?u�sVv_x�y�z_{n�|:}�~ > 2005 � 5
�

.

[3] Tsuneto Kanai, “Ellipticity dependence of
high-order harmonic generation from aligned
molecules,” (Coauthors: Shinichirou Minemoto
and Hirofumi Sakai) The Student Award Paper,
International Conference on Quantum Electronics
2005 and the Pacific Rim Conference on Lasers
and Electro-Optics 2005 (IQEC/CLEO-PR 2005),
Tokyo, Japan, July 2005.

[4] g:iYj=kY>A@�H:�:P:N��2G?���:�p�:�:�:� �Y|Y� [V�� F�����{
FVb2c:^�>V�Y  17 �:¡Yo 2 qVv �2}:¢ @C£¤:¥ v�¦2§ ~ ^ .0:¨Y©54
( ªY«={ n )

[5] Tsuneto Kanai, Shinichirou Minemoto, and Hi-
rofumi Sakai, “Quantum interference during
high-order harmonic generation from aligned
molecules,” Nature (London) 435, 470–474 (2005).

[6] Takayuki Suzuki, Shinichirou Minemoto, and Hiro-
fumi Sakai, “Shaping femtosecond pulses with tar-
geted time-dependent polarization (in Japanese),”
The Review of Laser Engineering 33, 322–328
(2005).

[7] Haruka Tanji, Shinichirou Minemoto, and Hiro-
fumi Sakai, “Three-dimensional molecular orien-
tation with combined electrostatic and elliptically
polarized laser fields,” Phys. Rev. A 72, 063401
(2005).

( x:¬:­�® )

[8] Takayuki Suzuki, Shinichirou Minemoto, Tsuneto
Kanai, and Hirofumi Sakai, “Control of multipho-
ton ionization processes in aligned I2 molecules
by optimizing time-dependent polarization of
femtosecond pulses,” Ultrafast Phenomena XIV,
Springer, T. Kobayashi, T. Okada, T. Kobayashi,
K. A. Nelson, and S. De Silvestri (Eds.), pp. 161–
163 (2005).

[9] Yutaka Nomura, Tsuneto Kanai, Shinichirou
Minemoto, and Hirofumi Sakai, “Efficient gener-
ation of high-order sum and difference frequen-
cies in the XUV region by mixing a weak, longer-
wavelength field,” Ultrafast Phenomena XIV,
Springer, T. Kobayashi, T. Okada, T. Kobayashi,
K. A. Nelson, and S. De Silvestri (Eds.), pp. 198–
200 (2005).



182 6.7.
������� Ó�Ô Î

[10] Tsuneto Kanai, Shinichirou Minemoto, and Hi-
rofumi Sakai, “Control of tunnel ionization in
molecules by intense femtosecond laser pulses with
time-dependent polarization,” Ultrafast Phenom-
ena XIV, Springer, T. Kobayashi, T. Okada, T.
Kobayashi, K. A. Nelson, and S. De Silvestri
(Eds.), pp. 310–312 (2005).

( ¯�°w±�² )

[11] l:i:m n > @³rws�u5sS´�G
µO�pP:NY¶�·¹¸ºP2N=»2�:v[V¼�½
¾Y^�¿º7=»Y��v�x:²�> 61 > 263–267 (2006).

[12] l:i:m n > @ÁÀ:Â:ÃÄ¸ÆÅ�ÇpÈY´ K�L�rws�u2ÂYÃ�[IÉ�RG�µ:� 3 ��Ê_P=N_H�J:^t>ËrIsOu�Ì=Í_v�x_²_> 13 >
33–35 (2006).

( v=Î:{ n )

[13] Tsuneto Kanai, “Ultrafast tomography of molecu-
lar orbitals with high-order harmons generation,”
Doctor’s thesis, March 2006.

[14] Ï:Ð
Ñ?Ò�>A@ÔÓOÕ�Öp×?Ø�[=ÙYÚOsËÛÝÜ�Þ�ß=QpR�T�LVPN�[2q�à=áYâ�[Vã:ä=å=^�>2æ:ç={ n > 2006 � 3
�

.

[15] èYéYê�ëY>A@ìDOE
��µ8íIB_D?E�î2ï�G?�
��� 1 ��Ê2PN�H�J?^�>:ð:ç�{ n > 2006 � 3
�

.0�ñOò�ó2ô�4
( ¯:õ?x�¬ )ö=÷:ø�ù
[16] Hirofumi Sakai, “Manipulation of molecules and

its applications,” International Conference on Co-
herent and Nonlinear Optics (ICONO) 2005, St.
Petersburg, Russia, May 2005.

[17] Hirofumi Sakai, “New types of molecular control
experiment with a sample of aligned molecules,”
The fourteenth International laser Physics Work-
shop (LPHYS ’05), Kyoto, Japan, July 2005.

[18] Hirofumi Sakai, “Frontiers of molecular science
based on molecular manipulation techniques,” The
University of Tokyo COE21 Program, “Quantum
Extreme Systems and Their Symmetries,” Inter-
national Workshop 2005, Tokyo, Japan, October
2005.

[19] Hirofumi Sakai, “Quantum interference in the re-
combination process of high-order harmonic gen-
eration from aligned molecules,” The International
Conference on Multiphoton Processes (ICOMP) X,
Quebec, Canada, October 2005.

[20] Hirofumi Sakai, “Molecular control experiments
with a sample of aligned molecules,” 2005 Inter-
national Chemical Congress of Pacific Basin Soci-
eties, Hawaii, U.S.A., December 2005.

[21] Hirofumi Sakai, “Quantum interference in the re-
combination process of high-order harmonic gener-
ation from aligned molecules,” Ultra-Fast Dynamic
Imaging Workshop, London, U.K., April 2006.

[22] Hirofumi Sakai, “Molecular manipulation tech-
niques and their applications,” International con-
ference on many particle spectroscopy of atoms,
molecules, clusters, and surfaces, Rome, Italy, June
2006.

[23] Tsuneto Kanai, Shinichirou Minemoto, and Hiro-
fumi Sakai, “Ellipticity dependence of high-order
harmonic generation from aligned molecules,” In-
ternational Conference on Quantum Electronics
2005 and the Pacific Rim Conference on Lasers
and Electro-Optics 2005 (IQEC/CLEO-PR 2005),
Tokyo, Japan, July 2005.

;Oú ø:ù
[24] Tsuneto Kanai, Shinichirou Minemoto, and Hi-

rofumi Sakai, “Quantum Interference of Electron
de Broglie Waves within a Single Molecule,” The
Conference on Lasers and Electro-Optics 2005/The
Quantum Electronics and Laser Science Confer-
ence 2005 (CLEO/QELS 2005), Maryland, U.S.A.,
May 2005.

[25] Shinichirou Minemoto, Tsuneto Kanai, and Hiro-
fumi Sakai, “Structural Deformation of Aligned
Triatomic Molecules Under an Intense Laser
Field,” International Conference on Quantum
Electronics 2005 and the Pacific Rim Conference
on Lasers and Electro-Optics 2005 (IQEC/CLEO-
PR 2005), Tokyo, Japan, July 2005.

[26] Tsuneto Kanai, Shinichirou Minemoto, and Hiro-
fumi Sakai, “Ellipticity dependence of high-order
harmonics generated in aligned molecules,” Joint
Conference on Ultrafast Optics V and Applications
of High Field and Short Wavelength Sources XI,
Nara, Japan, September 2005.

[27] Shinichirou Minemoto, Tsuneto Kanai, and Hiro-
fumi Sakai, “Structural Deformation of Aligned
Triatomic Molecules Under an Intense Laser
Field,” The 3rd COE21 Workshop “Frontiers of
Laser and Optical Sciences,” Tokyo, Japan, Octo-
ber 2005.

[28] Tsuneto Kanai, Shinichirou Minemoto, and Hiro-
fumi Sakai, “Ellipticity dependence of high-order
harmonics generated in aligned molecules,” The
3rd COE21 Workshop “Frontiers of Laser and Op-
tical Sciences,” Tokyo, Japan, October 2005.

[29] Takayuki Suzuki, Yu Sugawara, Shinichirou
Minemoto, and Hirofumi Sakai, “Dynamic align-
ment of linear molecules with circularly polarized
laser pulses,” The 3rd COE21 Workshop “Frontiers
of Laser and Optical Sciences,” Tokyo, Japan, Oc-
tober 2005.

[30] Tsuneto Kanai, Shinichirou Minemoto, and Hiro-
fumi Sakai, “Basis for Ultrafast Imaging of Molec-
ular Orbitals with High-Order Harmonic Genera-
tion,” 15th International Conference on Ultrafast
Phenomena, Pacific Grove, USA, July 2006.



6. ��û�ü�ý�©�¬ 183

[31] Takayuki Suzuki, Yu Sugawara, Shinichirou
Minemoto, and Hirofumi Sakai, “Optimal Control
of Molecular Alignment with the Feedback of Ion
Images,” 15th International Conference on Ultra-
fast Phenomena, Pacific Grove, USA, July 2006.

( ¯�°wx�¬ )ö=÷:ø�ù
[32] l2i�m n >A@³rþs�u�sV´�G
µ2�pPYNY¶�·¹¸pÿ�[��:R�^�>� v�b=c������=g��
	�b=c (C) ��×O��� @�
:N
���¸ H�J � È��������������YN���[
�8Ó �"!?ß$#O^8o 1q?b:c�%�>�&('*)�+=> 2005 � 6

�
.

[33] l:i:m n > @³rws�u5sS´�G
µO�pP:NY¶�·�Q,��	Ë¸.-5��/�102]�¸32�4=^�> � v:b:c����5�Yg���	�bYc (C) �×8��� @6
2N��7�5¸ÆH5J¹�³È5����8��,�7�9�YN�:�[
�Ó5�;!?ß1#O^2o 2 q�b:c�%:> ¤�<�= > 2005 � 9
�

.

[34] l:i:m n >A@?>���PYN�[VH�� �hH�J$@�A�G9�/BC' PYN»=�=v�[�¼
½�¾�^Ý>Yo 16 q?´_»
D=b_c
%_> ¥�E = >
2005 � 12

�
.

[35] l�i=m n >¹@Ôq?à�2�4�� 8��SP�NF�OÓ5�G!2ß�#:^ > �v_b:c
������g
��	_b:c (C) �5×O��� @?
�N
����¸H5J¹� È����$8��*�����2N�:�[
��ÓH��!8ß�#O^So 3 qb�c�%:>/&I'J) = > 2006 � 1
�

.

[36] l2i�m n >A@³rþs�u�sV´�G
µ2�pPYNY¶�·¹¸pÿ�[��:R�^�>¿t7_»��=vK%�o 61 qO��� ¥ %=>�LFM = > 2006 � 3�
.

[37] l:i:m n >A@?>���PYN�[VH�� �hH�J�2�4/�$NPO ¾I' PN � v�[V¼:½
¾Y^ >2�=b7Q�Ö$R
S/T�U @6VKW � H�J�GµY�IP=N�X���[���NZYYu�Ó�ÖS^ >�[:´ = > 2006 � 5�
.

[38] gYi2j�k2>?687:9:;�\8>�l2i:m n @ H��2P2N_���w[S����:� �Y|:� GO�
���,��N�]�^5_�`_^�>¹rwsVu�sIv�%v�A øYù %Yo 26 qI�Y� ¥ %Y>/aVT=L�b = > 2006 � 2�
.

;2ú ø�ù
[39] gYi2j�k2>?687:9:;�\8>�l2i:m n @ H���KILSP2N_���[������=� �/c ¡�[8Å�Ç�d�e�f�DË¸Vÿ:[8»:���=�
^ >¿Æ7�»O�Yv�% 2005 ��g5h ¥ %:> ¤�i,j�= > 2005 � 9�

.

[40] 687Y9=;�\?>IgYi2j:k2>�l2i:m n @ B
D�E5FYGSHY�AKL 3 ª�N=P:N�[8UYW=X�Z�[V\_]=^ > 2005 �_P:N=U:W¦���k:{�%Y>Y£ ¤ > 2005 � 9
�

.

[41] Ï:Ð
Ñ?Ò�>Hl�ª�m:>=6?7:9_;�\?>:lYi:m n >A@ ÇpÈY´K8L_Ù
n�Uporq
s
tK#5G�µ2�$u�v�P�N�[VB5DYE�F8H�
2�4_^h> 2005 �=P:N=U�W�¦=��k�{�%=>Y£ ¤ > 2005� 9
�

.

[42] l
ª
m=>:Ï�Ð�Ñ2Ò�>
6Y7=9�;�\Y>Yg=i=j
k�>�l=i=mn >A@ Ù�n$Upowq
s�t�#=[ � Z�x�Z�G�µO�pB_DOE:îYï�
[IPYNYH=�5[Iã:ä�2�4_^ >Ärþs8u�sIv�%Yv�A ø:ù %o 26 q��:� ¥ %�>;a8T=L
b = > 2006 � 2
�

.

[43] 687�9�;�\?>1y27:b�z
\O>�gYi:jYkY>8lYi:m n @ Ù�nUpo{q7|�} e
f=È:´Ks�t�#�G5µY�IH=�_P�N5� �I[���=�=� �=|:� ^ > 2006 �
~�h��=R�»���v;�$���_� øù %:>Y£ ¤ > 2006 � 3
�

.

[44] l�ª�m�>2ÏYÐ5Ñ?ÒY>=6O7:9=;�\O>Yl:i:m n >�@"Ó?Õ�Ö×�Ø�[:Ù2ÚVs�Û Ü�ÞIß2QwR=T�LpB=D�E5FIPON2H���[pãä�254�^�> 2006 ��~5h��YRY»O�Yv7�9�H�:� øYù %:>S£¤ > 2006 � 3
�

0K�
����4
[45] lYi:m n >A@ c ´:N�Ã¹¸�s�tK#�x:Z�@�A5G5µ?�SP2N�¶· ¸��2N2�:�5254 (Molecular manipulation with an

intense laser field and quantum control with pulse
shaping techniques) ^ > � v:b2c��5�5�2g��5�:îOï:bc @ c rþs�u5sS´YN�Ã�G?���:�pPYN�2�4=^O�2  17 �¡������ .

[46] Tsuneto Kanai, Shinichirou Minemoto, and Hi-
rofumi Sakai, “Quantum interference during
high-order harmonic generation from aligned
molecules,” Virtual Journal of Ultrafast Science,
4, No. 11 (2005).

[47] Haruka Tanji, Shinichirou Minemoto, and Hiro-
fumi Sakai, “Three-dimensional molecular orien-
tation with combined electrostatic and elliptically
polarized laser fields,” Virtual Journal of Ultrafast
Science, 5, No. 1 (2006).



7
� � � �

7.1 ��������������"���(�G���Z ;¡"¢¤£H¥�¦
§"¨�©;ª"«�¬;«�­®°¯F±K²7³(´CµG¶�·�¸ ¦ üAýG¹AýPº(»�¼¾½ �G�À¿
ÁÂ;Ã�ÄZÅ ½�Æ �Z�PÇ È(��� (1)
¢p£1¥ZÉ7ÊP¿�Ë;Å;Ì�¢£1¥I¦ ¯�±�²�³;´Íµ�¶�· �7�"�
(2) Î7Ï Ç��"¦�¢P£�¥¯G±K²K³G´CµG¶�· ºF»�Ð(¼(½�Ñ�ÒPÓFÔ
Õ(Ö ¶ ¦
×FËØ «Z�

(3) ÙÛÚ Å
Ü�Ý�Þ�ßáà�â�ã Ø ÓIä
åIæ ² Ó�ç ¶¿�èFË Ú Ì�¢¤£H¥�¦ ¯GéK²K³G´�µG¶/· �;��¦�êIë ºì"í¤î�ï ½�Æ

7.1.1 ðòñ�óõôáöø÷Cù�ú¤û�ðüñ�óþý ÿ ���������	�

���
 G¡F¢Û£�¥ ¦/«;¬���� Ø «¤¿������Ûà ¼C½"º �/�§F¨G¡��¾¦�����Ê! #";Ý�$ ºI»�¼¾½ �;� àFà�% º �&!')(+*-,�. ¦0/�1324 �Â��"��57698(�;: ½
Æ3<>=¦
¢¤£H¥I�7� &!')(+*@?3A3B3C º0D�E «�¬p¿GF¤Ã�Ì,9H  7Â�I�J�¡9�I¦LK�M î5ï ½;N àO5QPR� ï Ä"Å ½�ÆN ¦�I9JKªP�K�9S�T�U;V
W;�#XGÜ î�ï ½#Y ³�Zp¶>[· Ö�\
å ²�³ ®

MG
¸ ¡#�áà)]_^;��: * ��¢¾£ ¥Z«�¬��� º àKÃ�Ä763`I��: ½ à)a�bc� ï Ä;Å ½
Æ�N ¦�de5Â;IfJ�ª�¦
«"¬;g &!')(+*@?3A ¦0h�i"¡3��¦
«�¬¿f�!�j� º7¼(½�N à)5/¢À£H¥�¦ ¯GéK²K³G´CµG¶�· �� º àKÃ�Ä�k38(��: ½
Æ
l ¦"Ì9m º ����¢¤£H¥�É"Ê¦0n�oP¿�ËÍÅ"Ä��9p�qáà ¼(½ ¢¤£H¥ º0r�s9t4u  �Âv9w ¿�x�y Ú ��x�y î�ï Ì�z ä#{)| v9w 5 l ¦
¢¤£¥�¦
«�¬;"ZÝ3$;g &!')(+* /�1 ,�. º~} ¦�d�e5Â_��p¿L�4� ¼ �(¿0��� ½�N à)57�9�¾Â�z�� Ö ²#� à�Â½
Æ�� ï � ï �K� N ¦�d�e5ÂQX3�������IÅ = ë��G¦�9�  �Â
 ;¡;¢¤£H¥P¿Lp�q º �"§�¨;«�¬¾¦0����Ê� "ZÝ3$;� &!'�(+* à0z ¶�¯ÍéK²�³Í´CµG¶�· ¦0/�1 ,. ¿G���FÄ"Å ½
Æ

�������_�7�f���~�9�9�3���Q���
α �����@  �
¡�¢£_¤�¥;¦Q§ �;¨�© £�ªL«3¬

( ­#® ��IG¯;�9°;�7��� )± ³ Ó�²)³_´fµ ¢¾£$¥ α ¶#·c¸ z ³�¹ ä ¶ ��� MG¡3�P¿ ¯GéK²K³G´�µF¶�· I�J�ª à Ú Ä�º ¼ �9�  �Â F¡"¢À£H¥C�;: * � ¯GéK²/³G´CµG¶�· �"�¾¦ Y ´7³¢p£ ¥F�4%Q: ½�Æ�� ï � ï ¦ N ï�» �;¦�����d * � 1
mM

¦
Ca2+ ¼3½ WZ�G����¾�¿ α ¶3·À¸ z ³
¹ ä ¶¦0h3i"¡3�C¦
«7¬3�3��Á7Â r3s � α ÃOÄ#Å ¶ ¦0Æ9ÇÈ º_� Ì"Ã�Ä Ñ3É;¼G½ ¦/�"�ZÂ = � Ca2+ ´fµfr3s à

C ÊRË#Ì�·7Í � β ÃÎÄ#Å ¶ JF¦ Å ¶�Ï�²Í¯9Ð7² Í ¿Ñ�Ò�Ó9Ô º_Õ ½3Ö Ú Ä;Å ½;N à)5�º î�ï Ä;Å ½�Æ×�Ø�Ù
Ú�Û�Ü
Ca2+ Ý;¼�½ W Ú�Û#Ü N ¦K¢ £5¥ ¦¯GéK²K³G´CµG¶�· h�i"¡3�¾¦
«�¬�5 } ¦
d�e º Â ½��¿������ ºZ¼�½KÆ�l ¦FÌ�m Ü Ca2+ ´;µ�r�s�Þ;ßà dQá

α ÃOÄ#Å ¶ Ü β ÃOÄ#Å ¶ ¦_â r�s�º v9w ¿)xy Ú Ì v3w ª º ëGÅ"Ä Ü Ca2+ Ý�¼�½ WG¦ φ ã3ä�å¿Gæ�çFÌ ÆÀÚ � Ú Ü�ì3è9é I º_ê9ëáÚ Ì_ì9í
b�¾�¿
α ¶�·À¸ z ³�¹ ä ¶ ®

N î Met ï ¸ Û�Ü Ca2+ Ý�¼½ W Ú;Û_ð3ñ3ò ��5�ó Ú�=õô "ZÝ Ö ¼(½ Ì9m Ü�ö3÷ø à v9w�ù4ú ���7Ê� �"ZÝ3$4û_�9ü¾Â_ý�57þÿ� ï������Ì Æ
l�N Ú�Ü ì�í�b ù ²KÓ α ¶f· ¸ z�� ¹ ä�� ú N î� ���

2 	�
 ú
��� Glu ��� *�� = à������;5#"ZÝÖ���� N à)5�P�� ï�� � � úfÚ#Ü ]�! ú n�o � ¾�¿
α ¶9·�¸ z�� ¹ ä"� û$#�% Ú v�w3ù (∆E1) �'& � Ú(*) N ú�+3ö�÷ ø � % ��� Ca2+ Ý�¼�½ W�û à ���,
-�. D�/ $ (CD) � % �0� z �"1 é32 ��4�5 �"67 i�839 � Ü"Ý Ú ( à N;: Ü�ö3÷ ø ì3í
b ù û=<���Qð9ñ9ò �áà

MG
I#J ù
ú "ZÝ�$�5 ì�' =Ou">¾Ú �� � N àÎ5 � ��� (=)

? � α �f���õ  �4¡3¢ £_¤;@=A0BDC7¥�¦Q§ ��¨�© £ªL«3¬
(
IG¯ Ü0E�F�Ü ° Ü�GIH

)J ¸ àj¾�¿ ú α ¶3· ¸ z
� ¹ ä�� ú0ð9ñ0K9ù�L�MÛ N àPO } ]#^ Ú : � û4%"Q � �'R Ü 1 é=2 �S4�5�;6 IfJ ù4ú "ZÝ L0M Ó9Ô 5 wI� � � � � ) ×�Ø3ÙÛ J ¸ α ¶f·�¸ z
� ¹ ä"� ú h9i ò � ú$L;M � �9� ÜT ûLP>� ï���� � ¾�¿ α ¶9·À¸ z�� ¹ ä0� ú h3i ò� úUL;M àV<*W ��� N à ��
  (à �S� ) l ú ( m Ü ë½ »QÚ#Ü J ¸ α ¶3·À¸ z3� ¹ ä0� ú !YX �Qv9w3ù4ú&0Z�� æ�ç ( 5 Ü l ï�ú e
[U\ ]0^ úQv9w�ù4Û�_ Z,�.�Ú�&4'O( � � � � (�) » ( &4'O( � ( v#w�ù û�ë�0� %�`�a�5*b � ��� (*) l�N Ú7Ü"c�ú ¾�¿ α ¶3·¸ z�� ¹ ä�� ú$d û � � �7Ü ì�í�b ù4ú N î � 2 	
 û ¼3½S�e� Lys
��� �=f �hg ( v9w3ù (∆K1

v9wù
) �U&0Z gÎÜ l ú "ZÝ3$ � ��� (=) l ú ´0i ∆K1v9w�ù4Û�j $ ù àG] . 1 ú "ZÝ3$ � � gU� � � N à5 � ��� (�) ∆K1

v�w3ù
ÛGöf÷ ø ì�í�b ù û3<9� �`;ac% < � ( m Ü ∆K1
v�w3ù � +9ö�÷ ø à g ( J ¸

α ¶3·À¸ z3� ¹ ä�� v9w�ù4ú &0Z��Pk Ý gU� � � )

NMR l ��m#�Q�;� α �f�>�@  �
¡�¢ £G¤;¥�¦G§ �¨�© £�ª�n�o�¤�p0q
(
IG¯ Ü0r�s

(4 t ÷ u"í0vSw )
Ü ° Ü�G�H

)� : � : �"x=y ^�z�{0] ú α ¶3·À¸ z�� ¹ ä0� úI Ú h;i ò �!ûZë � ��ú P;þ
5�|�� ïe�S� � ú�Û#Ü¾�¿
α ¶3·À¸ z�� ¹ ä��3} ~ Ú : * Ü N ú h3i ò �ú P9þ �'�0�0�"�S��� NMR � o�û�d � | � ï ( I#Jù4ú�L0M �0��� <"W [�� � ��� N �0Û��I����� ) lN Ú_×�Ø3Ù�Ú;Û_Ü ¾�¿ α ¶3·À¸ z3� ¹�� � ú_ð9ñ3ò���4á

MG
I�J ù�ú k�� �

/
��� � H/D ��� í ?�A
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� NMR
û
d * X � gÎÜ N ú ���P� ú 1S� 2 ��4�5�"6U� L ä �3û ®�� ��� N � ��
  � ��� ) 15N ���g ( ¾�¿
α ¶9· ¸ z�� ¹e� � ú 15N-NOESY

��á
15N-TOCSY Í0�4· ¸ � � � � gjÜ"��  z � Ã ��¡¸�� ú
¢�£ �'¤ � (3) E û D2O ¥�¦ û ¥�ä g ( ¾�¿
α ¶�· ¸ z
� ¹e� � ú HSQC Í"�
· ¸ � ú;§ J v Ö�'¨�© �S� H/D � í v�w ª¬« Ü C- ÊÀË0ÌL·_Í_ïfÞ û¼3½���� z � Ã ��¡ ¸P�$­0®R=°¯�±�²$³ � � � N �­�� ª � (3)

´�µ·¶ ¢G� � ¶¹¸$º�» § � ¤=¼¬½�¾À¿;C   £�¥;¦Q§�;¨�© £�ªf¤3Á�ÂeÃeÄ
p0q
�ÆÅ�Ç Ü ° Ü�GhHÉÈÊE�F Ë�Ì �ÎÍ�Ï�� Ü0Ð�Ñ Ë�Ì�ÓÒ�Ï�� Ü�Ô ¯"Õ�Ö �×Ò�Ï�� Ü3Ø�ö Õ0Ö �ÙÒ�Ï�� �Lú �Ú Ø3Ù �

Ca2+ ´9µ ø ËUÛ �S2 ³ Ú�Ü � Å�Ý�Þ � � ·ßÞ@Ë$Û��2 ³ ú 1�� 2 ��4�5 �*6$� L �"à «'ª û ��� ( mû Ü Íÿ¸jÌ � ¸�1 ¡ 2$á .9o � Í>¸ÎÌ � ¸â1 ¡ 2 CDo � % ����Ü Ca2+ ¼9½�ã Þ Ý3¼9½Sã Ú�ú�äæå'ç�è*�z �31;� 2 ��4 5 �=6'é"ê ú �"� �¹¤ � (�) ¸_Ë � ¸1�ë�� á .�û�ì � ��� Ú;Û0Ü Ca2+ í�î û�Q � « R Üä¬å�çÀè;� z �;1S� 2 �S4�5 �;6Ué�ê ú0� R ³¬ï'ð\ ú t \hQ�\ ÚQ� �æñ � ­ Úeå (3) Ca2+ ¼9½�ã Þ Ý¼3½�ã Ú | « ³ ( é�ê0ò î �0\ � <"W ��� � ÜSäæåçóè é�ê Û Ca2+ ô�¼ g��0� ­eõ��"1S� 2 �e4�5 �6$é ê Û Ca2+
û�ì è ó gIö°÷·ö'� ��ñ � ­0ø ª �(*) » ( Ü

Ca2+ Ý;¼�½Iã Ú;ù�ú�û Ó3Ô CD
û�ì èü � g ( õ��;1S� 2 �S4�5 �;6Ué�ê ÛQÜ�ýIþ�ú ô0ÿ§����#ú���� û�� å
	 å���
�� \�QU\�� ��� 6�� ���� ��� g (*)���� ú ò î �0\�� á . �����*| « ³( ÷��=Ð4ú ò î �0\ �$N���
��Dg (=) ñ ³ «Lú� i��! õ��;1S� 2 �S4�5 �;6�" �Qù4ú$#&% ��� gU� �� )�'�� �&� å
	 å !)(+*�,�-.* 1 ¡ 2 CD /¬� %�"�

Ca2+ 0�1Sã Þ32 0�1�ã ú�äIå¹ç�è3� õS�*1�� 2�S4�5 �;60� ��� ��� k ��� Ü � )

NMR l54�657�8�9;:&<�=�>&?�@�A�B ¶ µDCFE
G�HIDJ�K�L�M)N�O�L�M$P�Q�RTS
( U ! GIH )(;V�WDX3¡�Y�,[Z�\ Þ�ÝD]_^�õ�`�a (SNase; 149 bc
)
��!�W �d` \�e�X�f$g�h
iDj)k�l�mDnpo�q;��r�sDe\�tTudv�� Ü nxw

SNase
h�-"¡zy�f b c5{}|�~�� h õ���d� b c k þ��F�x�
����� � Ü n[�_-*¡5yxf SNase�

P11A/P31A/P42A/P47T/P56A/P117G � �D��h�W� ` \�e�X)f�g�i�j�k���� ~��&� r���� {x�����$~� n$w ø0³�ø0³ ��! ñ h���-��Ty�f SNase
h)W � `\)ezX)fDg " ��� h���v { b c ^d� \)�D���5k à «ª kD�_n ��� k�!

NMR / {$� � ~ i�j �x~ � n�w��  î ��!�¡&¢5h NMR
� g � \_h�£�¤�¥z¦�§�¨©)ª ã �;h H/D « � é ê {�� � ��¬�­ �Th�®&¯ {° � !

β
(±*�²_f´³

II, III
�

V µ � h�¶&·Dì è ï¬�­ � Ü n ñ � µ��¹¸�º � w '   î ��!��T-���y�f
SNase

h�»&¼5k�ìDn$½�¾�¿�� õ fDW � ` \)e�X)f�g

{
HSQC

(�À ] *Á\ {x� � ~�Â�Ã&� w�l�ì$� 30 õ ��[� b c kDÄ � ~ ! 25◦C
k�l � ~ §�¨�Å�Æ_h

NMR� g � \)Ç î { »)¼ í î 0 M È.É 6.5 M Ê ��Ë ­� !5� º_Ì�º h õ ���
� b c kDÄ � ~�� g � \�Ç î{ »�¼ í�î h�Í[Î.� �
~ -��&,;* �x� w���h  �� ! õfDW � ` \)ezX)fDg�Ï&Ð5��! ü Ë �x~ � n õ �D�
�b c k�ì É[Ñ ! á�Ò)Ó CD
� ü Ë ����Ô&Õ �xÖ�×}»¼�Ø î�ÙDÚ ��Û_Ö���k�ÜFÝ�� ~ � n�Ý)� µ�Þ�È � � wÝ$h  D� �$!�§�¨ ©�ª�ß ��h

H/D « ��à�á � ��¸�ºn " ��� h ��â�� Wã*ä��!�§�¨�Å�Æ5h ��âT� Wã*$�� � r)n�Ý;� {�å�æ5�x~ � n�w

9�:)<�=&ç&?&@�A�Béèëê C¹ExG�H I�M <)ì H B;í�=î�ïDð�ñ&ò�ó M$ô&õ
( ö&÷ ( ø )

! U !�ù5ú )

ø�º;ø�º h&Ý º�Ê ��h
iDj ÈTÉ ! 1. SNase
hDW � `\)e;X�fDg µ�û Î�h�ü�ý�þ�ÿ È É ý Ê � ! 2. ��������
	 h��DÐ�ÅDÆ��

β 
�� ³����;f�� ��|�� k ø � �~ §�¨���� µ���� ~ � n;Ý;� µ�ø�È � ~ � n�w '  � �$!��
 �!#" � �z-��Ty$f
SNase � h ����� A90Sk�Ä � ~ !xt�u[v�h�$#%'&)(#* { ° � !��Dh&W � ` \e�X�f�g+&-,;f�W � ` \�e�X�f�g�.0/ {�1 Ò ( *[,�-*}W�� `�/ {$� � ~ ����k Â�Ã�� wTW � ` \)e5X)fg���!0�2 �!2" �xÖ43 û ÎTh�5 È¹É r)n �2	 ��6)�� µ !7,_fDW � ` \)e5X)f�g���!0�� �!�" ��� � r�98 5 È¹É r;n ��	 �:6;� � w � È � !5� º_Ì�º h55h 1 Ò Ç �<; ��= �?> � r � !�@�A5hB55h�C2D��22E k�F ¸ �7G h��:6;� � w '�� �IH � \KJ<L;f�-/ k�MDn à)á�{ ° � ! � h ���&� �4N É}º �� �� �O:P�~ !

SNase
h)W � ` \)ezX)fDgRQ�� {$Â�Ã nRS­ �:6�n�w

T2UIV4W0XZY\[ J�K�L�M^]�J�_ N�O�L�M$P�Q�R�S
( ` ! U !�a� �þ�!�ù5ú )$ Ò2b�c f ] ²Rd2e � h�f4g 1 Ò t5u v (GFP)

�
!
β h ^ \�"�hB���Th�iRj5k�!�§&¨�Å�Æ��
f�g�h 1 Ò{ $;�_n�$�g�k {ml�n !5��h�o�p5h 1 Ò?q ��r+i�rs h û�t r�u�v ß�w G §�¨�Å�Æ�x2y�h�z �B{2| �xrn�w

GFP
�
Cycle3 } ��� � h � } � {R~ X � F0�0�� ~�� yR� � W���f�h 1 Ò ¥z¦Bf�g�$�gKk�h 1 Ò {��� `2� � �
~ Ë ­ ��~ pH 4

kDl � ~ ½�¾�¿����
�� µ^�2��� n;Ý�� {#� ÉpÈ k ��� w����zr�®�¯5h����~
pH 4

w ���<� n��
� � q ~ @�j { �R�zk^��n >�#�5h w � � MG
Å�Æzh$��v {�l Ä�Ý)� µ � É[È kr�� � w ¸;É k ~ pH 4

w ���:� n�½�¾�¿K��r<�4�$ÅÆ �\� º � º�µ Ý ºzÊ w:� ÉpÈ k ��~ � ���2� ¿7��4� � h�Ím� {
Â�Ã n ����~
pH
J�L�fB��kIM�n �7�� � { GFP

h�$#g�kT� � y\� � W<��f ÈFÉ h 1 Ò {��� `<� � ��~DÂ�Ã�� wz��hB� �<~0�2� ¿7�)W � `\;ezX)fDg��0� � µ pH 4
w
� Ë ¸$º � ½&¾�¿?��r�4�$Å�Æ´��ÖB� w 6&n�Ý�� µB��¸xº � w)Ý�h�� � q ~

GFP µ MG
Å&Æ�h��&v {Rl � � !:�?�&r���� �F{��~2�^� ��k ����� n;Ý;� { � �x~ � n�w
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7.1.2 ���¡ K¢¤£K¥¡¦0§©¨¤ªI«�¬¤­'®°¯7±²¤³�´¤µ·¶�¸¤¹�º¼»K½�¾ ¯7£K¿ÁÀ¼ÂÃ
�
r7i w hxt5udv�hm�4�#x#y q ¸�Ê�Ä�Ê h Þ4ÅKÆ LÀ��&f$k:M �ÈÇ
É ¸�º ~ � n�w Þ
ÅKÆ LpÀ;��f q ~ �r+i w h�t u
v�h�����x2y ��,
Ê�Ë � y�Ì�k�Í�� �n�h#Í&r É}Ñ ~ t u
vzh���r+i�Î�Ï ~ DNA Ð�û * ~Ñ �BÒ Ñ 	�Ó r s ~ ��r+i w Ð�¸�Ê�Ä�Ê r�%<ÔKÕ�ÍD ��~0Ö � ~ Þ0Å?Æ L�À��:Ë Ð�×�Ø q ~ !�Ù�Ù0Ú â2~!�Û â�~ Þ
Å !�Ù â�~ �#r#!�Ù â�~#Ü�â0~ h � b�Ý�Þ� ��J�Ì�ß s ÐBà � Þ  +áRâ�ã �KäRå � �^æ�ç Þ  á�è�é¼ê
Ä�Ä:6 ä�ë � º � º q ~ Ý Ð M�ì�ß in vivoÐ %<ÔíámÚ�® ��ä Ý;�Bá�î��T�0êRï ~ Þ�ÅíÆ L�À��Ë Ð �;Ä ~ =2ð�ñ Ð:Æ L�À7ò
ó�Ëõô GroEL/ES ö ÕÍ ��ä æ�ç á °+÷ ï2ø ä�ë o7Õ ~�ùûú�ü Ð^����� �Ð �2� .2/?Õ�¥7ý �IÆ L�ÀKò4ó�Ë Ð�þ�ÿ Ó Æ L�ÀIòó7Ë Ð Q��^$#%�Õ�� ÷ ï�����ß ATP

Õ:M ä ,0ò Ñ Ý��	 Þ ßB����Ï&Ð�á
in vitro Ð�

����� á���ø�ï ÂÃ ï2ø ä�ë

GroEL ������� î�ï������ �
SR1 ���zê� "!$#&%')(&*�+-,�.�/�0 ��1�24345�6�7ô ö&÷ ô � ö ~�82~ ù5ú : 9 ß É
:
; ( < = & Ü�=æ

)
� Ð�> Ö æ�ç ö

GroEL
q&?#Þ Ò b�@BA ÕIM ä ,�ò Ñ Ý ��	 ÞDC
Eá�Ü´Ý � ÝF��Õ�M ÷ ï | � ùûú�ü á-G
H?��Õ ������Bë �
I��
I q�J ÐLK�M ßON Å Q2��á �QPSR Õ ��äT ��á�î��U�#êmï æ�ç áWV ÷ ï�ø äOX ~ GroEL Ð 8Y � Ë�Z-[�\ Ð
]�^ J Ð�_ ò Ñ Ý ��	 ÞWC�E7qa` tw�b ä�ë J T w^~�c � � Ë�ZLd
e R"P ß ä GroEL Ð}
f�g ô

SR1 ö á�h2yÁê ~ J Ð [�\ C�E á Ñ 	 � ��ji ò0Ìak�l Ñ�m Þ � � á���ø0ï�n�o ]^ë
SR1 Ð�_ ò Ñ Ý �L	 ÞWC�E Õ�prq ��ä p Ðas R eÐ ��t&u
v Ð ATP w t&x�y�z á K
M Õ�{�|Áê ] �} ~�c�~ ß4��� Ð<Æ Z 
�� A w&����� I�ß�ø T � X�UP$R ��ß ÷ ]�ë T Ð ��} � GroEL

Õ ��� Õ��
� �I2ï�ø ä ATP
������� Ð�� Õ ATP

�j���9��� ��ä��� X y
� �Kä T �Bá ��� ê�ï2ø ä�ë J T�� ~��
�Ù z Ð���� �����4� Ý Ë Æ�����Ð���� z
�
� � i?Ò� Æ� �� A 	 � ËOZ ÐW¡�¢ áD£
��ê�ï�¤�¥ Ð ATP
������?á§¦ u ê�¨ J TD© Ð ATP Ð-ª �7á�«�¬�­ ä�®ìmß�¯ f á SR1

Õ�°�± ê ] (A251L/A258L/A275L² ] � A251L/A258L/A275I) ë T Ð SR1 Ð ¯ fFgá���ø�ï _ ò Ñ Ý ��	 ÞWC�E Ðas R e Ð�³ t
u�v Ð
ATP w t�x�y�z áW{�|¼ê ] � TL´ ¨a¦ ur� I ] �
�X ¤ 2 Ð ATP ª ����� � b ä T �^á-µ � ­ ä�ª }X�¶ P I ]#ë ² ] ¨�¤
¥ Ð ATP ª ����� © Ð «L¬· � b ä ADP XO¸�¹ Õ y�� ­ ä � SR1 Ð�_ ò Ñ Ý��	 Þ�C&E Ð ATP w t�x�y�z ÐOº+äa» ø X ¯<Û�­ä T � X&¼ PSR Õ�ß ÷ ]^ë�½ � ¨ � ² Ä ² ß w t Ð
ADP

y���¾ Õ Ö e ä SR1 Ð [�\ C�E Ð {�|�á�¿ ^ï2ø ä�ë

ÀLÁDÂ�Ã�ÄÆÅ
GroEL/ES Ç�È�É�ÊOË Ã
ÌOÍ-Î�Ï�ÐÒÑ

 Q!WÓ�ÔOÕÖ�O×ÙØSÚBÛ (-ÜUÝ�ÞLß
à
( á�9 ¨ 8 ¨�â�ã )ä
å�æ�ç I ç I æ æ�ç � �

GroEL X SNase
æLèéDêBëSì�íÆîFï þ�ÿ�X n�o P I ]�X ¨Uð�ò �Oñ f zòUæ ]
^ GroEL

y���¾ � æ
SNase

æ�è éWêBë � `ó � b ÷ ]�ô J TD��õ�ö ¨Lð0ò ��ñO÷jøFù � æ _Fú�ûü ì�ý�þ ÿ ] � ð�� �añ
SNase

ì
A69T

����� ¯ f÷ °�± ÿ ] ¯ f�g ÷	��

������� ÿ ù�� � ]Oô k�l����� ð � i ��� ¢ ÷
� � ù ¨ T æ ¯ f�g æOè éDêë ¸�� ÷ GroEL
y��4¾�� �
y��F¾ �"! u ÿ ]�ô�# ñZ	$&% � ñ ð ¢ ì ® ë GroEL

y��4¾'�(�
y��F¾ � æ
A69T

æ�è éWê ë æ ³ t ¸)� ÷�* ! ÿ ¨,+   $�% �ñ ð ¢ ì ® ë.-0/ �21 æ4305 ¸0� ÷	* ! ÿ ]Oô õ26�
GroEL,GroES,ATP

y��F¾ �2748 æ ! u ÷ V��:9u � b ï ô

7.1.3 ;=<?>?@BA�CEDGF2HJIBKML�NBO�P2Q
LSR&TVU&W�X=<2Y�Z\[2]_^�`�a&Q,bc_d T�egf�h����� æ&i)i �"$)jgk ñ Z	l
[ ÷nm)op
 ì
q2r ­ï�ì � ¨ ����� ð � i ��� ¢gs,t æ4u ³wv2x ! u ¢÷	� � ù ¨ è éSê�ë æ ³ t ¸�� ÷ ¨algy{z�¨

CD
¨Okl ��m�|B� $�¨

X }2~2���2��s,t æ
� l2� 
 s ! u
¡2� ÷4� � ù n&o ï ô ÿ	�Ùÿ ¨ ½ � ² � � ����� ù� ï ����� ð � i ��� ¢ æ��w�{� {?� � ú&���4Xw�� � b ë ¨0�  �ú&��� ä&¾&æ ³ � v2x�¸w� ÷n�w� ­ï?� � � � é s � ô � æ��w�{� {&� æ � � � ¨��B�æn� ��¨ �g��� ì b ï æ � � s � ¨ i�i �
$2j0k ñ��
v2x ÷���� ­ ï ]�^ æ ����� ð � i ���
�
��  ý æ�
� �w� ì ®�¡ ù�¢ ] � � � ï ô�½ � ¨ ú&���J£ ì¤0¥ � è éDê ¡ ù ÿ ² � ����� æ
¦&§ � ��� ¢ ¼ �� � s&¡ ù2¨ ë ¨0�  �úp��� � �ª© � | � � æ��w�« ì ¨ e ï i?i �{$?jgk ñ�� v2x ÷nm)og
 ì
q2r ­ï0� � §
¬�­ � s�¡ ù � ï ô � � ì ¨ ½ � � ��®n��¯°2± �³²

MD ´�s�t æ�µ�¶ l #�ú�·?¸ � #g¹ ñ ì ® ï����� æ0º ñ i)i �"$)jgk ñ�� ¸0� æ {
| ¢ i?i �$)jgk ñ�� q2r�ì �
»2¼ s º ð2����½ �)¾ ï ô ç �ç � � ¨ � æ ® � s *2¿ � ��À ÿ � ! u�Á0Â � µ�¶l #4ún·?¸ � #&¹ ñO÷ £ � ÿ�Ã �,�Ä� æ�i�i �4$0j0kñ�� q2r ÷	Å ¡ ù � ï ô
Æ"ÇgÈ	É�ÊgË Á�Å"Ì�ÍgÎ�Ï0Ð�Ñ�ÒJÓÕÔ&Ö Ê�×DÔ Ï0Ø ËÅ"Ù	Ú2ÛgÖ
Ü0Ý

²ßÞ�à�¨�â�ã ´ä
å ì�á�â�ÿ{Ã u)ãÆ¾"ä0å %wæ ñ ð4  ý�ì0ç"è
1.é4æ�ä�å %�æ ñ ðª  ý �Õê"ë ÿ ù{ì�í �2��§
î � è
2.

S/N
ê §"ï � è

3. ð�ñ æ
ò�ó?§{ô�­ è s�t æ�õ4ö ¿§ ¾ ¡ Ã ô õ�÷ å ç4è u�ã&¾4ä�å %�æ ñ ð�  ý ÷ ð0øì�ù�ú ÿûè�� �B� æ�õ
ö ¿Ù÷ ù�ü�ÿ
Ã ô,ý � ì{è�þ÷ å ù�ú ÿ
Ã u0ã�¾"ä2å %wæ ñ ð	  ý ÷4� � ù è&ÿ
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j�$ ����� æ��)i �"$)jgk ñ�� v2x ÷ !��
	 é�ï��
t � � ÷�� ��
&ï�Ã�
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�D§bq ÿ öþ�� � B�� � ç � � 4 ì ��� ôÆý �
w ö � P�RRæ�÷´���ùHà ëÆá ²�S[´�C�å ë � Ç�Ù�Ú,Û�Ù�ÚÝÜ%Þ�	�
´ � ãW¥ � 4 � I�J&K=´���öp� µ � Ó�
 GFP ��vw������H� Æ ��� ï P�R�à ëxá ²GS YFP

ã Ç��*ëP�R�à ëxá ²TS CFP
´�4b¬���¬�������� ÿ&2&������! Tÿ�2 �#C�å ë � f�� ´ � ã)¥ µ � ì �#f�� ã"�#�$835ð y ð�%�&�'[´Gâp¨ �pì�ã �b�4Ç�� z | âã)(�*[´�z�3 ã 6�| 7 ã ´ w ö � ï!� I�J�K ë �pìã ��ã)+)¥ µ �),�³ ì � I�J�K õRö ý Ç�� z | âRã� q ÿ ö þ�� ��-&â!��ö �Hã :$Ð/.¼¬ � � �10 ��23�â�¨4.;¬p§{ç µ

GFP
´ û�ï{��ç�é ð Û*ë�ì ��â¨ � µ u � � Ê4ÖjY�5�Y � P�RRæ�÷[´6��ùHà ëÆá ²S[´�C�å ë � 	�
H�#� ã[´�7 � µ �%ç�8:9%ë6;�< ²ß>=@? �BAhë�Cb� �1D �-� à ëÆá ²�SFE4. � .¼¬ µ

tdTomato � O�Ê � mOrange
´�C�å ë � 	�
 ´ � ã¥ � I�J�K[´��-ö�� µ � É#¤G.bø Ç�Ù�Ú,Û�Ù�ÚÝÜ%Þf��!H�� P�R=´TC ¥ µ ìpã E4. �*çNé ð Û�ë�ì �JI
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â�I ÷�� Æ �pìpã �:K EH� µ �),�³ ý � ì ¬L. � PR[à ë;á ²ÆS 	1
 ´ �Gÿ�2 3NM á&��� in vivo ç$é ðÛ�ë�ì ��â�¨ �6O�P � Æ � �
�������b�
	�Q�R&�1S 
����&� CaMKII T *-,ÔVU!WJX�Y ÙJZ)[ ÔV\�] ß�.�Ú!Ù
Û�Ü&Ý-Þbß
Ç#� z |�� â�ã���ý � ��� ÿb2 � z!3 � ã 4 �6^`_ÿ�2 � 6�| 7 �F����a�b ö �)c�� â � ��� �ed �Hãcp� �5¬
§�¨ � ��� 4 ��<;�G6b| 7 � z!3;�6f�ç6ERÎ� ä�» � ª ¥x§&ý�g1h�öji K&��û ¨ � 4 ì ��� ôQý �k � z | âRã�(�*H��O�Î � �p6�| 7 �Jl�m�_ ö ä�÷´ K:n 3oM á�� ð
þ ë �&ì�ã ´ ÿ�_ ��¥ �oÑ
Ò ´p�!�µ �1q���_ ��ý ��6�| 7 <b� k ìD�"á1r)s�	 ´ v K��t µ�u � k � z |���ä�÷ ã âRûH�wv �Fx`y öJz�{�:| .¼¬ � E!´ þ�� ¥ µ � Dgô � k ì��1}1r)s�~�»� ªÆ«pë � K�n-�!y ¤ �1��} k��6� / ��}����1���������÷ ?�� ð�� II (CaMKII)

������¥ µ � CaMKIIý k � z |:���{�#³�ÿ���� �����!�J�!�D¬ � k � z|���� ÷�� �1�������1� ����¨�§ H� G_ ö�f�ç
´ ë� ø ���D�)¡)¢�£ ����¤ ��¥)¦ ýJg�h � i K���û ¨E/. ��d � �)§)¨ª©¬«�� CaMKII �j~�­ ´¯® � µ�°� � GAL4-UAS
k ¨)± � ´Tâ�¨�§�²�³ �j�� 5ÿ)� �´ ÷)µ�¶

CaMKII
´ ¡ å��6t � k�·`¸ ¨&�jr1s)¹1ºãN»�¼ � «�½ � z�{=´6¾�¿¦¥ µ � ì ¬�� � � ��§�¨©ÁÀ CaMKII

ý ��Â k:·`¸ ¨�À�Ã � _ ö�Ä�Å�Æ�Ç`ÈÂ k:·F¸ ¨ ã ³ k:·F¸ ¨eÀjÉ Ä _�Ê)ËGÀJÌ)Í ã�Î yþ�ù ÀJ~�­ ´6��ù ìpã ´�Ïw.ÐE�Ñ�Ò µ�Ó ì ÀjÃ � _Ä�ÅFÑ
ýJÆ�ÔJÕ�Ö
PSD-95 ×1��Ø�ÙJÚ PDZ =NÛ�Ü`�Ý �&ù

Discs Large(DLG)
Æ�Ç`È6Þ1� K�n!ß�à k�á ���âäã Fas2 å�æ�ç�è ö�é n`Ú�d�ê ì�ã ø@ë4Ò�ì!ç�í Óî�í�ï!ý�Æ Ã �
÷ k Ù · }FÀjr�s Ñ�ýJÆ Fas2 ÀGÿ1�«ð=¬Û�Ü���æ:ñ�èFÚed�ê ìpã Ý ëòÒJí Ó ÿ��ó«ð=¬ÛÜ�� ý Ã ��÷ k Ù · } Ý r�½�ê6ô Æ�ø�Òeõ;ý Fas2 Kn Ý�ö�÷ ÑJø�ù ëFê�ô Ñ ç)è ö!à �Æá á6ú)û Ý Æ k·F¸ ¨ iGÑbù�ö�üÐý ° ê ¥)¦ Ý Ò�ì Î ê6�`­ ÷ æedê Ó �1í�Æ1î�(�* Ú ý�Æ kóþ�� � þ��¯ÿ�� ����� ���� 	 Ñ�� Î ì Ã � _ Ä1ÅGÑ��	��
�ì Î ê ì
� æ h.���ì Î ê BMP

k Ù · ����Ù � ý��{ö êj~���æ��Î .���ì Î ê ì
� æ ë������Fí Ó������ ý�Æ §�¨>©E4. ¸��! �!"$# Ý rF½�ê u Ñ�ý�Æ k:·F¸ ¨eÀ&% î_$'	��Ê é n Ý Ä1Å�( ê�))èFæedeê ��Î y+* Ò Î-,. Ý0/�1 ( ê
2�À�Úed�ê Ó

CaMKII 35476�859&:
;	<5=�>�?A@�B7C5D�E&FHGHIJLKNMPONQHR$S�TVUVW$X�Y�T&Z�[]\_^$` \baPc�d$e
f�g�h�i&j�k�gNl-mHn7o d
prq�sJÆ�t0�`� Ú Ñ�u�v0w �w«:À CaMKII

´$x µÑ7y ê�z ·F¸ ¨ » Ê Ñ	{
( ê�|�}�æ:¡�¢�~�� Ñ7yN
ì-� 'eê t � Ý Ï��L�eÑ�Ò6ì��:í Ó ���6Ñ�Æ��������Ñ�� Î ì:Æ
CaMKII À ´�x Ý u�v�w �ó«�Ú5� µ��� í � ��ÑJÆ	�$�N�N��� ú$�$��� ã GluR å�À��$��æ� µ�( ê t � æ Ï����)Ñ ' 
�í Ó�� ��� Ñ�s�Æ�u�v0w�ó« Ñ ´�x µ)¶ CaMKII

Ý ¡$� � � ê � Æ GluR À

���	�$��� © ÀN� ��  GluRIIA À�z ·�¸ ¨&¡ Ñ:��¤ê ��¢$£ æ5¤ ²LÒpÆ Ã Ñ�Æ CaMKII
´�x Ý5¥	¦ ( ê§ ¸	¨ª©

Ala
Ý ¡N� � � ê � Æ GluRIIA À$z ·`¸ ¨¡ Ñ���¤ ê ��¢V£ æ�«$¬ Ò�í Ó t À t � s6Æ CaMKIIÀ ´$x µ �®­N¯ Ñ
y�
Jì�Æ GluRIIA À�z ·�¸ ¨  À�N�eæ ø�ù°�0��ì Î ê t � Ý ë4Ò�ì Î ê Ó�±�² ï�sJÆ³ ­ � '	� µ Ý ÄH´ ê í ° Æ$µ�¶ ¢�·�� �&¸�¹ Ý»ºÎ Æ$���$¼P½�Ñ&{
( ê$z ·F¸ ¨5¾ w �GÀ&¿�À Ñ  �Îì�¾�¿4ÒJí Ó
Á À �NÂ�Æ GluRIIA À�z ·F¸ ¨	¡ Ñ��¤ ê�����À�«P¬ Ñ&Ã Î Æ z ·F¸ ¨5¾ w ��À&¿�À�À�«¬`æ5Ä ���`í Ó ÒJí æ 
�ì�Æ$³ ­5ÅFÚ�2Æ� µ æ5Ä �� ê t � æ Ï°�L� � ' 
�í Ó ' ��Æ1î �P� s�Ç�È�ÉÊ�Ë ¬ Æ�Ì�Í�Ï	Î
Ï � À�Ð7Ñ ��� Ñ�y�Ò º 
�í Ó

Ó C�Ô�Õ×Ö56$ØHÙP9�Ú-F�Û
Ü&ÝßÞáàNâPã�ä�4�å®æ�çè ÛNE-é5F T»Z�ê]\ h7i�j$k�g ^5`]\ëa$cHd0e f
g0l
mHn7o d
z5ì�í5î-ï�Ê�ð Ñ�ñ
ò ê�ó � w�ô�õ�ö�÷ Ý ÄH´ êø í�ØNù ¨ õ � �L ú� Ò6ì�Æ$u�v�w�ô�û Ú°ü!ý � Ñý$þ ( ê7ü!ÿ���� õ Ü�Û�ù�����Ù Ý»º 
�í Ó���	�
� ��
�� õ�� Ú u�v�w�ô Ý���� ( ê ������� �����	 ���Fæ���� ( ê»����æ! #" ���Fí%$ � ¡ õ ����&' s�(*),+ ù�- �/.10 "Æ� .32�4��65 Ò�õ & ' s �178 � 4,9��;:�<�= õ�>!?�@ .�2�A�BDC�E 83F ò � Áõ ¾ (HG ¤�I ( 9�� )KJML�N�O�P --î CRQS.�2 $ üÿ�����z�T	ì ¯ s � w�ô�U�õ�V ¯ z,W�X�Y�Z[�1\�]��� ý$þ .1� w�ô°û�õ�V ¯ z,WMX�îH^ ø � s \�] .' �`_ 2 $/a ·�b ��c*d`� y�Ò � ü!ÿ���� sfe ^1g� ©%h ø û � ]�� ( 9�i�j*k ��l*�nm#-�o � ��pN(9 trq 4!s �f_ 2 $ ���`t/u s � u�v�wPô�õ�v!w 2x � z5ì�í5î-¡ w ¬ �yG ��� ( 9 $fz 2�� ����z�Tì ¯ s ü!ý ��� "»� ( 9 2 õ�õ � Á õ ý$þ�{�u 4 ���õ�| � q;}N÷ � ¬ ��G \�] .�2 $ ���7z�T�ì ¯ s �Ñ � ��� �M~����M� 9 u�v�>�w�õ�� Ñ	ð ( 9 trq 4� Ò � ����õ�| � 4!� � 9 ³r����� � w
s Ñ	ð .M���_ 2 $ � � � � z�T»ì ¯ õ {�u s � ����q����H( 9� ð � ¬ �`G �3� .R2 $�t � �Lõ��VÂ�y�Ò �1���,� ���q;��� .�2 qR)�J;��� 4 ü!ÿ�����z�T	ì ¯ õ {�uq .�0 gVù ©6�M� 0 ) 9�� � x 4 / � �3� 2 $������s � z5ì�í5î-ï���ð � � ó � w�ô°û%w ü!ý ��� ýþ,� 9 ü!ÿ�����z�T	ì ¯ C3� þ �f� ñ�) 0 ��� .�2��� õ��,w � 9 $ ü!ÿ����fYr��ù��`�/T s � z5ì�íî&ï�� õ · ¸`� ¬ ) �� �¡ � 96� � x 4 � 9 $�z 2��ü!ÿ����,t/u q�V ¯ z,WMX�Y�Z[�1¢�u q�õ�> ��£#¤4 � 9 q�)KJ¦¥�§ ��c*d ��Â×y�Ò � ü!ÿ����fY,��ù�`�/T s � e ^1g*� ©%h ø õ�} x�¨�©�ª C3« ´ 9�¬­�q .�0r® ò/w � G ��¯S. )�°�±�² � � V ¯ z`WMXYr��ù��r�/T ­�q .�0y³1��´ w�� 9�� � x 4 � 9 $
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FRET ·`¸3¹�º/»�¼ Q Ö	Û$E5é-F%½�¾!¿�À�· T�Á�Â\_^$` \baPc
d�e f�g`ÃRÄ ¼�@�Å�Æ�Ç \ÉÈ
d g�h�i&j
k�gNl-mHn�o d
w�ô°û!V ¯ z,WMX!¢�u C�Ê @ � 9�2�Ë � s�V ¯ zWMX%Ì Q a 4�´ )�� � 9!4/��Í �L�
õ�Î�­,w5w�ô°û�MÏ�Ð � 93Ñ�Ò`4 � 9 $�Ó�Ô�Õ Ð*Ö ��× ô�Ø CRÙ��� 9 AM Ú �[Û�CM´ ) 2 Î�­ 4 q�Ü � 9%4/�`Ý � ÜÞ �Rß�à w Þ � )`á�q ³ � Ò � z 2��n× ô Cnâ�ã ò 0. zyJ!árq ³ � 9 $ ³�.1��ä�å�æ q .�0 V!ç�è WMX¢�u C�Ê @,wfé 9 í�êNù�ë C Ï�Ð � 9 árq 4 wfé �ì���× ô C�ârã ò 9 árq � G þ�Ú û�õ�V!ç�è WMX!¢u�í ÷ C ��� � 9 árq 4%� � � �*9 $ Ý á3w � GFPõ í�î,Ú CFP

q
YFP

�#ï 9 ���[ð N�ç[ñ ù!ò ÷ó
FRET ô Cnõ�´K.�2 V%ç,è W�X%¢�u CRÊ @*w�é 9 íêVù�ë � V ��ö¦Zy� C è`÷ W�� ÷ W1ø�ð õ�ù�ú�û,è ìí5î!ü � õ�´ wfé � )�ýKqnþ�ÿ �  �� C���Ë�2 $�V�fö�Zf� Þ V�ç`è W�X�¢�u 4 �3�r� 9 q FRET ���4��
	 � 9 ï J ����
 Yf� �3� 2�s�æ w � 9 $
���u Þ ¥�§�� c*d q .�0�� èD÷ W%� ÷ W6ø`ð õ�� ¨ ×ô

S2
� V �#ö6Z�� C ý�� ��� � V�çfè W�XrY�Z��i�� ø C���	 .M2 q�é �

FRET �����Mí ¨ 4�� Ü �9 ý C3« �`2 $ Ý � ��! � V!çfè WMX�Y�Z�� i"�$#� ��	 �`ï�% ��×
& U
' � V!ç�è WMX 4 ]
(r� 9 qé � � � FRET �
��� �
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* 4!Ê @,wyé 9 árq 4"+ Ü6ý� � _ 2 $ � Ü � � èf÷ W�, ÷ W1ø*ð�-/.���0�Ú�1 w�*´ wfé 9 ý"2 ã ) 0�3 V �yö Z4) C èD÷ W$, ÷ Wø`ð50�Ú61 w�7 � � �/2 ��� 9�2�Ë � ^ j )98/, :;4< ->=rð C�? � .@3,Ý � 7 � C�A
B�.@3�C KCl DEF2 ï 9
FRET ������í ¨ 2 ã ) 0�G � .�2 $ z2�3

FRET
­ C3´ ) 0

CaMKII � }IH öKJ ç C>G "� 9�L ê�M�ë�� G � ³@�`Ë�2 ó MIT �9N ����¶�q �O�P���� ôRQ
S�T�U
V4WIXFY9ZF[�\ ·f¸�¹yº�» ]I^ \�_$`Ia bIcd�e�f�gih�j�k�l�m5n5o�p
q$r�s"t�u$vxwzy${�|~}��
� �����
�
� å
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&
¸
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Summary of group activities in 2005
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1 Theoretical Nuclear Physics Group

Subjects: Structure and reactions of unstable nuclei, Monte Carlo Shell Model, Molecular

Orbit Method, Mean Field Calculations, Quantum Chaos

Quark-Gluon Plasma, Lattice QCD simulations, Structure of Hadrons

Member: Takaharu Otsuka, Tetsuo Hatsuda, Naoyuki Itagaki, Sinji Ejiri and Shoichi

Sasaki

In the nuclear theory group, a wide variety of subjects are studied. The subjects are divided into two
major categories. One is Nuclear Structure Physics and the other Hadron PhysicsB

Nuclear Structure Physics

In Nuclear Structure group (T. Otsuka, N. Shimizu and N. Itagaki), nuclear structure physics is studied
theoretically in terms of the quantum many-body problem. The major subjects are the structure of unstable
exotic nuclei, shell model calculations including Monte Carlo Shell Model, cluster model and quantum chaos.
@ The structure of unstable nuclei is the major focus of our interests, and the disappearance of N=20 magic
gap was examined for Na and Mg isotopes by using the Monte Carlo Shell Model [1, 3, 4, 5, 6]. In particular,
the tensor force effects have been studied extensively from the viewpoints of the shell model and the mean-
filed calculation, indicating robust and charateristic effects on the shell evolution [4]. The chaos has been
investigated as a possible origin of regularity, and the relativistic approach was studied [2]. The clustering
has been studied including its competition with the shell structure[7, 8]. The collective motion has been
studied from various microscopic angles based on Monte Carlo and pair-truncated shell model calculations
[9].

Hadron Physics

In Hadron Physics group (T. Hatsuda, S. Ejiri and S. Sasaki), many-body problems of quarks and gluons
are studied theoretically on the basis of the quantum choromodynamics (QCD).

Main research interests are the quark-gluon structure of hadrons, lattice gauge theories and simulations,
matter under extreme conditions, quark-gluon plasma in relativistic heavy-ion collisions, high density mat-
ter, neutron stars and quark stars, chiral symmetry in nuclei, and color superconductivity.

Highlights in research activities of this year are listed below.

1. Physics of high density and/or high temperature matter

1.1 QCD thermodynamics from lattice gauge simulations [10, 11, 12, 13, 14]

1.2 Color superconductivity in quark matter [15, 16]

1.3 Hadrons in quark-gluon plasma [17]

2. QCD structure of hadrons

2.1 Lattice QCD study of the excited hadrons [18, 19, 20]

2.2 Phenomenology of strange tribaryons [21]

References
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2 Theoretical Particle and High Energy Physics Group

Research Subjects: The Unification of Elementary Particles & Fundamental Interactions

Member: Tohru Eguchi, Tsutomu Yanagida, Yutaka Matsuo,

Ken-Ichi Izawa, Yuji Sugawara, Yosuke Imamura, Teruhiko Kawano

The main research interests at our group are in string theory, quantum field theory and unification
theories. String theory, supersymmetric field theories, and conformal field theories are analyzed relating
to the fundamental problems of interactions. In the field of high energy phenomenology, supersymmetric
unified theories are extensively studied and cosmological problems are also investigated.

We list the main subjects of our researches below.

1. Superstring Theory.

1.1 Flux compactification [8]

1.2 2-dimensional conformal field theories [13]

1.3 Strings in curved background and D-branes [3, 9, 14]

1.4 AdS/CFT correspondence [4, 17, 10, 18]

2. Field Theory.

2.1 Supersymmetric Field Theories [5, 7, 12, 15]

3. High Energy Phenomenology.

3.1 Phenomenology of supersymmetric models [2, 6, 11, 19]

3.2 Particle cosmology [1, 16]
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3 Sakai (Hideyuki) Group

Research Subjects: Experimental Nuclear Physics

Member: Hideyuki Sakai, Kentaro Yako

We are aiming to explore nuclear structure as well as nuclear reaction mechanisms by using an inter-
mediate energy beam from accelerators. Particular emphasis is placed on the study of the spin degrees

of freedom in nuclei. Our expertise is various “spin-polarizations”: spin-polarized beams (~p, ~n and ~d),

spin-polarized targets (~p and ~3He), and spin-polarization analysis of reaction products (~p, ~n and ~d).

Major activities during the year are summarized below.

ICHOR project: Isospin-spin responses in CHarge-exchange exOthermic Reactions

—SHARAQ spectrometer

Spin-isospin response of nucleus is a unique excitation mode since it is related with mesons in nuclei and
consequently it provides valuable information on nuclear forces. So far the research has been performed by
using endothermic reactions by a stable beam such as (p, n) or (n, p), which is inevitably accompanied by a
finite momentum transfer to nucleus. Such reactions hamper the study of spin-isospin responses in highly
excited regions. We will try to overcome this difficulty by using exothermic reactions by an unstable beam
such as (12N, 12C) or (12B, 12C). With this new experimental means, we pursue the study of spin-isospin
responses in the highly excited region, namely in the time-like region. We are aiming to identify new
spin excitation modes by constructing a high energy resolution spectrometer SHARAQ dedicated to the
exothermic reactions by unstable beams.

—Intermediate states involved in nuclear double beta decay

The double β decay with two neutrinos in the final state (2νββ decay) is an allowed second-order weak
process which has been observed for a number of nuclei, while that with no neutrinos in the final state (0νββ
decay) is a lepton number violating process forbidden in the standard model. 0νββ decay is of particular
interest because the rate of the decay is related to a neutrino mass through nuclear matrix element. Since
the nuclear matrix element is available only by theoretical calculations, the validity of calculations is
tested by comparing the predicted 2νββ matrix elements with those obtained by decay measurement. The
calculated 2νββ nuclear matrix element depends on the Gamow-Teller (GT) matrix elements from the
mother nucleus to the intermediate states of daughter nucleus, and those from the granddaughter nucleus
to the intermediate states. Our aim is to obtain the GT strength distribution experimentally up to 50 MeV
exciation energy by using the most reliable reaction probe, i.e., the (p, n) and (n, p) reactions (See Fig. 2.1
a). The (p, n) measurements at 300 MeV on 48Ca, 76Ge, 100Mo, and 116Cd nuclei have been performed
using the neutron time of flight facility at Research Center for Nuclear Physics.

Experimental test of Bell’s inequality in proton-neutron system

In 1935, Einstein, Podolsky and Rosen presented a paradox to quantum correlations and concluded that
the quantum mechanical description of nature is incomplete. So-called hidden variables are introduced in
the classical approach to describe the correlation. The Bell’s inequality, discovered in 1964, shows that
correlation produced by the hidden variables is weaker than that predicted by quantum mechanics. Since
then many experimental tests on the Bell’s inequality have been performed by using entangled photon
pairs, while there are almost no severe tests in hadronic systems. This year, we tested the Bell’s inequality
in the proton-neutron system by measuring the spin correlation between the proton-neutron pair in [1S0]
produced by the 1H(d, pn) reaction. The measurement was performed at the RIKEN accelerator research
facility. The polarization of the proton was analyzed by EPOL located at the focal plane of magnetic
spectrograph SMART. The neutron polarization was analyzed by a newly constructed neutron polarimeter
SMART-NPOL. Data analysis is in progress.

Three-body force observed in the deuteron-proton scattering

How the effect of three neucleon force (3NF) appears in nuclear reactions is one of the interesting
subjects in nuclear physics. We are studying the effect of 3NF by compareing high precision data of
deuteron-proton scattering with predictions of recent Faddeev calculations using modern nucleon nucleon
forces. We performed measurements of the analyzing powers and the polarization transfer coefficients for
the d+ p→ p+ p+ n reaction at Ed = 270 MeV.



206 4. HAYANO GROUP

4 Hayano Group

Research Subjects: Study of fundamental symmetries using exotic nuclei and exotic

atoms.

Member: Ryugo S. Hayano and Takashi Ishikawa

‘Exotic nuclei’ and ‘Exotic atoms’ are the keywords of Hayano group. We use antihydrogen atoms (an-
tiproton + positron), antiprotonic helium atoms (helium nucleus + antiproton + electron), antiprotonic
helium ions (helium nucleus + antiproton) to study matter–antimatter symmetry (CPT), the most fun-
damental symmetry of nature. We also study deeply bound states of mesons (π−, K−, and η) and nuclei
to investigate the origin of proton mass, through the partial restoration of chiral symmetry in the nuclear
medium.

Antihydrogen and antiprotonic helium atoms – precision study of the CPT symmetry at
CERN’s antiproton decelerator (AD)

• Antiprotonic helium:

We used a new pulse-amplified CW laser with an integrated absolute frequency calibration
utilizing an optical frequency comb to precisely measure transition frequencies of antiprotonic
helium 3 and helium 4 atoms. We then compared the results with the state-of-the-art three-
body QED theory calculations, and determined the antiproton-to-electron mass ratio. The p̄
mass precision is now close to that of the proton-to-electron mass ratio, and p and p̄ masses
agree within a relative precision of 2 × 10−9. This is the highest-precision test of CPT in
baryonic systems.

• Antihydrogen:

Microwave (ground-state hyperfine splitting) and laser (1s − 2s) spectroscopic studies of anti-
hydrogen are promising tools to test the CPT symmetry to the highest-possible precision. For
the ground-state hyperfine splitting spectroscopy, a new antihydrogen source using a super-
conducting two-frequency radio-frequency trap, is being developed. For the 1s− 2s laser spec-
troscopy, a neutral-atom trap based on superconducting octupole coils is under construction.

Exotic-atom spectroscopy – the origin of the proton mass

• η-nucleus bound state:

In 2004, we established that the 1s binding energy of pionic atoms, produced by the Sn(d,3He)
reaction, can be used to quantitatively determine the degree of partial chiral symmetry restora-
tion in nuclear media. In 2005, we extended this method to study η-nucleus bound states. Data
taking was completed, and the data are being analyzed.

• Deeply-bound kaon-nucleus system:

In 2004, we found an evidence for the production of a ‘strange-tribaryon’ state, in the 4He(stopped
K−, p) reaction at KEK (E471). This is a candidate of the “deeply-bound kaonic nuclei” pre-
dicted by Akaishi and Yamazaki. In 2005, we upgraded the E471 detector, by adding time-of-
flight detectors optimized for protons, and collected high-statistics data (E549). The data are
being analyzed.

• Precision spectroscopy of kaonic-helium 3d→ 2p X-rays:

If the kaon-nucleus potential is as deep as predicted by Akaishi and Yamazaki, a large strong-
interaction shift of some 10 eV is expected for the 3d → 2p X-rays of kaonic helium atoms.
Theories which do not accommodate the deeply-bound states predict very small shift of < 0.1
eV. We therefore carried out an experiment at KEK (E570) to measure the kaonic-helium Balmer
X-rays (6.4 keV) using silicon-drift X-ray detectors. The goal is to achieve a precision of 2 eV.
Data taking was completed at the end of 2005, and the data are being analyzed.
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5 Komamiya group

Research Subjects: (1) Preparation for an accelerator technology and an experiment for

the International linear e+e− collider ILC; (2) Data analysis for the BES-II

experiment at BEPC-I, and TOF detector construction for BES-III experiment

at BEPC-II; (3) Detector development for studying gravitational quantum ef-

fects and searching for new medium range force using ultra-cold neutron beam;

(4) Preparation for physics analyses in the ATLAS experiment at the LHC

pp collider; (5) Data analyses for the OPAL experiment at the LEP e+e− col-

lider; (6) Research on astroparticle physics with balloon-borne high resolution

spectrometer (BESS experiment);

Member: Sachio Komamiya, Tomoyuki Sanuki

1) Preparation for the International e+e− Linear Collider ILC: ILC is the energy frontier machine for e+e−

collisions in the near future. In 2004 August the main linac technology was internationally agreed to be that
uses superconducting accelerator structures, and hence the project has been accelerated as an international
big-science project. We are working on ILC accelerator simulations and hardware development, especially
on the beam delivery system. We have been studying possible physics scenario and the large detector
concept (GLD) for an experiment at ILC.

2) BES-II/-III experiment at IHEP: The group has considered the BES-III experiment at the Beijing
e+e− collider BEPC-II as the candidate for the middle term project before ILC. We are starting research
and development for TOF detector for the BES-III experiment together with IHEP, USTC and KEK. We
successfully performed a test of over 500 photomultipliers in 1[T] magnetic field. We have studied the data
analysis of a search for CP violation using Jψ → ΛΛ̄ using BES-II data. In course of this analysis we are
developing an efficient pattern recognition program for the charged particles in the BES-II drift chamber.

3) Detector development for studying gravitational quantum bound states and searching for new medium
range force using ultra-cold neutron beam: A detector to measure gravitational bound states of ultra-cold
neutrons (UCN) is under way. We decided to use CCD’s for the position measurement of the UCN’s.
The CCD is going to be covered by Ti/Li layers to convert neutron to charged nuclear fragments. The
simulation of the quantum effects of UCN in a narrow slit with 100 [µ] height is under way.

4) ATLAS experiment at LHC: Some of our students started to work on the preparation for physics
analysis at LHC. Search for supersymmetric particles and search for the effects of hidden extra-dimensions
are being studied.

5) OPAL experiment at LEP: It is the experiment at the highest energy e+e− collider LEP of CERN.
The data taking with the OPAL detector was completed in the end of 2000. Important physics subjects at
LEP are (a) Higgs boson searches, (b) Supersymmetric particle searches and (c) W-boson physics. We have
extensively searched for the Higgs boson at LEP. The Higgs boson was driven to a narrow mass range of
114-250 GeV. For supersymmetric particles searches the lower mass limit of the lightest neutralino, which
is the most important candidate of the dark matter material, was set to be 38.0 GeV. The W boson mass
was determined to be 80.412± 0.042 GeV (statistical and systematic errors combined).

6) BESS experiment: The spectrum of cosmic muon, proton and Helium were measured at various hight.
These information is important for the calculation of the neutrino flux at Superkamiokande, hence it is
valuable for the atmospheric neutrino oscillation analyses. The data was taken at the heights starting from
37 km (4.5 g/cm2) to 27 km (30 g/cm2) for the duration of about 11 hours in the 2001 BESS flight. The
kinetic energy spectrum was measured from 0.5 GeV to 10 GeV with an accuracy of 8% for proton, 10% for
Helium, and 20% for muon. This information is used for optimizing the simulation program for atmospheric
muons and neutrinos. In order to measure momentum of primary cosmic ray particles in the range of 100
GeV to 1 TeV, the tracking detector system was upgraded by installing a new Jet-chamber and a outer
precision tracking detector. In the October 2002 flight in Canada, the primary high momentum cosmic ray
flux was measured up to about 1 TeV range.
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6 Minowa-Group

Research Subjects: Experimental Particle Physics without Accelerators

Member: MINOWA, Makoto and INOUE, Yoshizumi

Various kinds of non-accelerator particle physics experiments have been performed and are newly being
planned in our research group. They include the direct experimental search for supersymmetric neutralino
dark matter running in an underground cell in the Kamioka Observatory.

We employed a CaF2(Eu) scintillator for the search experiment. The choice of the detector material
is based on the fact that the fluorine is one of the best nuclides for the detection of spin-dependently
interacting neutralinos. With carefully selected raw material for the scintillator and low radioactivity
photomultipliers as well as high purity copper shielding, we put stringent limits in the parameter plane
of the neutralino-proton spin-dependent coupling(ap) and neutralino-neutron spin-dependent coupling(an).
The sensitivity region of fluorine for the dark matter search is more or less orthogonal to the region of the
widely used sodium(of NaI) when they are represented in ap – an plane. Our result excluded a considerable
part of DAMA’s region in the ap – an plane allowed by their annual modulation observation.

It is essential to reduce the background of the measurements in order to get still higher sensitivity for
the possible feeble neutralino signals. We found one of the leading background sources is Eu, the dopant
of the scintillator. One may need to enrich the Eu to get rid of the production of radioactive impurities by
ambient thermal neutrons.

We are also running an experiment to search for axions, light neutral pseudoscalar particles yet to be
discovered. Its existence is implied to solve the so-called strong CP problem. The axion would be produced
in the solar core through the Primakoff effect. It can be converted back to an x-ray in a strong magnetic
field in the laboratory by the inverse process. We search for such x-rays coming from the direction of the
sun with the AXION HELIOSCOPE. The axion helioscope consists of a cryogen-free 4 T superconducting
magnet with an effective length of 2300 mm and PIN photodiodes as x-ray detectors. Previously, we put
upper limts of gaγγ < (6.8 − 10.9) × 10−10GeV−1 to axion - photon coupling constant for the axion mass
less than 0.27 eV.

The axion helioscope is presently under modification to implement the buffer-gas handling system to
make it sensitive to axions with a mass as high as the hadronic axion window at around 1 eV.

Another project is an R and D of a neutrino detector with a resonance ionization spectroscopy. In a
low-energy charged current interaction of an electron neutrino or an anti-electron neutrino on a target
nucleus, the atomic number Z of the nucleus is changed by ±1. The neutrino detection, in this sense,
is accomplished by a trace analysis of an exotic atomic element in the target material. The resonance
ionization spectroscopy with a LASER is effective to the trace analysis. To start with, we introduced a
quadrapole mass spectrometer and tried to detect a trace of helium atoms produced by an α-emitting
radioactive souce 241Am. Even with the conventional elctron-impact ionization, it was possible to detect
the helium atoms quantitatively.
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7 Aihara Group

Research Subjects: Precision Measurements of CP Violation in the B Meson System,

Search for Physics Beyond the Standard Model using Rare B Decays, J-PARC

Long Baseline Neutrino Oscillation Experiment (T2K), R&D for Linear Collider

Silicon Detector (SiD) and Dark Energy Survey at Subaru Telescope

Members: H. Aihara, M. Iwasaki, H. Kakuno

Precision Measurements of CP Violation in the B Meson System We have performed improved
measurements of CP -violation parameters sin 2φeff

1 and Af for B0 → φK0, η′K0, K0
SK

0
SK

0
S, K0

Sπ
0, f0K

0
S,

ωK0
S and K+K−K0

S decays. These charmless decays are dominated by b → s flavor-changing neutral
currents and are sensitive to possible new CP -violating phases. We do not see any significant deviation
between the results for each b → s mode and those for B0 → JψK0. Since some models of new physics
predict such effects, our results can be used to constrain these models. However, many models predict
smaller deviations which we cannot rule out with the current experimental uncertainty. Therefore, further
measurements with larger data samples are required in order to search for new, beyond the SM, CP -
violating phases in the b→ s transition.

Search for Physics Beyond the Standard Model using Rare B Decays We have updated the
measurement of the inclusive b → s`+`− branching fraction using a sample of 152 million BB pairs. The
measurement is based on a semi-inclusive technique to reconstruct B → XS`

+`−, where XS is a hadronic
system containing an s quark and ` is an electron or a muon. The XS hadronic system consists of one
K± or K0

S and up to four pions (at most one pion can be neutral). The weighted average of the branching
fractions for the electron and muon channels, assuming the individual branching fraction to be equal for
M`+`− > 0.2 GeV/c2, yields B(B → XS`

+`−) = (4.11±0.83+0.85
−0.81)×10−6. This result is in good agreement

with the Standard Model prediction of (4.18± 0.70)× 10−6.

T2K We have been involved in the next generation long-baseline neutrino oscillation experiment, T2K,
which shoots off-axis neutrino beam from Tokai 50 GeV proton synchrotron to Super Kamiokande detector.
We have developed profile and position monitors for the primary proton beam.

SiD SiD is a detector concept based on silicon tracking and a silicon-tungsten sampling calorimeter, comple-
mented by a powerful pixel vertex detector, and outer hadronic calorimeter and muon system. Optimized
forward detectors are deployed. In order to meet the ILC physics goals, we have designed the general
purpose detector taking full advantage of the silicon technology. Our R&D program includes development
of a silicon tracker and a 5Tesla superconducting solenoid.

Dark Energy Survey at Subaru Telescope We are proposing to construct a large CCD camera as a
prime focus instrumentation of Subaru telescope to conduct a wide-field weak lensing survey. With this
survey, we can determine characteristic of Dark Energy which is believed to be responsible for acceleration
of the preset-day expansion of the universe.

• K. Abe et al. (Belle Collaboration), Time-Dependent CP Asymmetries in b → sqq̄ Transitions and
sin 2φ1 in B0 → J/ψK0 Decays with 386 Million BB̄ Pairs, arXiv:hep-ex/0507037].

• H. Aihara, “Rare Decays of B and D Mesons and Flavor Physics,” Italian Physical Society, Inter-
national School of Physics “Enrico Fermi” CP Violation from quarks and leptons, 19-29 July 2005,
Varenna, Italy

• M. Iwasaki et al. [Belle Collaboration], “Improved Measurement of Electroweak Penguin Process
B → Xs`

+`−,” Phys. Rev. D72 092005 (2005).

• H. Aihara, “The Silicon Detector Concept,” 2005 International Linear Collider Physics and Detector
Workshop, Snowmass, Colorado, August 14-27, 2005.
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8 Wadati Group

Research Subjects: Statistical Mechanics, Nonlinear Physics, Condensed Matter Physics

Member: Miki Wadati & Kazuhiro Hikami

We investigate fundamental problems in statistical mechanics and condensed matter physics. We aim
to find and clarify novel phenomena, and to develop new non-perturbative analytical methods. Research
themes of publications in 2001 are listed in the followings.

1. Bose–Einstein Condensation (BEC)

(1) Ground State Properties of a Toroidally

Trapped BEC

(2) Free Expansion of a Bose-Einstein Con-

densate

(3) Dynamics of a Wavefunction for the At-

tractive Nonlinear Schrödinger Equation

under Isotropic Harmonic Confinement

Potential

(4) Statistical Mechanics of Bose–Einstein

Condensation in Trap Potentials

2. Nonlinear Waves

(1) Noncommutative Soliton

(2) Cellular Automaton and Crystal Base

(3) Lattice W Algebra and Integrable Sys-

tems

(4) Quantum Soliton Equation and Baxter

Equation

3. Non-Equilibrium Statistical Physics

(1) Asymmetric Simple Exclusion Process

(2) Stability of the Non-Equilibrium Steady

States

(3) Minority Game

4. Strongly Correlated Electron System

(1) Thermodynamics in the Hubbard

Model, t-J Model

(2) Integrable Boundary Condition

5. Knot Theory and Low-Dimensional Topology

(1) Hyperbolic Volume of Knot Comple-

ment

(2) Quantum Gravity

6. Quantum Many-Body Problem

(1) δ-function Bose gas

(2) Calogero–Sutherland Model

(3) Exclusion Statistics and Chiral Partition

Function

7. Quantum Computing and Quantum Informa-

tion

(1) Geometric Aspects of Quantum Search

(2) Multipartite entanglement and embed-

dings in algebraic geometry

8. Random Matrix

(1) Polynuclear Growth Model

(2) Random Walk



9. AOKI GROUP 211

9 Aoki Group

Subject: Theoretical condensed-matter physics

Members: Hideo Aoki, Takashi Oka

Our main interests are many-body effects in electron systems, i.e., superconductivity, magnetism and
fractional quantum Hall effect, for which we envisage a “materials design for correlated electron sys-
tems” should be possible. Specifically we study:

• Superconductivity in repulsively interacting electron systems

— How to optimize TC through the “fermiology” [1]

— Superconductivity in Ru and Co compounds [2]

— Effect of charge fluctuations [3]

— Superconductivity in multi-orbital systems

— Coexistence of electron-phonon and electron-electron interactions [4]

• Magnetism in repulsively interacting electron systems

— Flat-band ferromagnetism in a designed organic polymer

• Nonempirical methods for strongly correlated systems

— Projector Monte Carlo method[5]

— Materials design for correlated systems and estimation of interaction parameters

• Non-equilibrium and nonlinear phenomena in correlated electron systems

— Landau-Zener tunnelling in the breakdown of Mott’s insulator [6]

• Quantum Hall systems

— Interaction and dimensionality in the quantum Hall system

— Electron-molecule picture for quantum dots in magnetic fields[7]

• Electronic structure and correlation effects in hetero-interfaces

— Metal-induced gap states at metal/organic interfaces [8]

— Metal-insulator transition on polar surfaces

• Electrons on periodic curved surfaces [9]

[1] Hideo Aoki: Triplet superconductivity, Physica B 374-375, 229 (2006).

[2] K. Kuroki, Y. Tanaka and R. Arita: Competition between singlet and triplet pairing in NaxCoO2·yH2O,
Phys. Rev. B 71, 024506 (2005).

[3] S. Onari, R. Arita, K. Kuroki and H. Aoki: Triplet superconductivity induced by charge fluctuation in
the extended Hubbard model, J. Phys. Soc. Jpn 74, 2579 (2005); S. Onari, R. Arita, K. Kuroki, H. Aoki:
Superconductivity from long-range interaction, Phys. Rev. B 73, 014526 (2006).

[4] M. Tezuka, R. Arita and H. Aoki: Density-matrix renormalization group study of pairing when electron-
electron and electron-phonon interactions coexist Phys. Rev. Lett. 95, 226401 (2005).

[5] R. Arita and K. Held: Orbital-selective Mott-Hubbard transition in the two-band Hubbard model, Phys.
Rev. B 72, 201102(R) (2005); Crossover from d-wave to p-wave pairing in the t-t′ Hubbard model at zero
temperature, Phys. Rev. B 73, 064515 (2006).

[6] T. Oka, N. Konno, R. Arita and H. Aoki: Breakdown of an electric-field driven system: a mapping to
a quantum walk, Phys. Rev. Lett. 94, 100602 (2005); Takashi Oka and Hideo Aoki: Ground-state decay
rate for the Zener breakdown in band and Mott insulators, Phys. Rev. Lett. 95, 137601 (2005).

[7] Y. Nishi, P.A. Maksym, D.G. Austing, T. Hatano, L.P. Kouwenhoven, H. Aoki and S. Tarucha: Inter-
mediate low spin states in a few-electron quantum dot in the ν ≤ 1 regime, Phys. Rev. B (in press).

[8] M. Kiguchi, R. Arita, G. Yoshikawa, Y. Tanida, S. Ikeda, S. Entani, I. Nakai, H. Kondoh, T. Ohta, K.
Saiki and H. Aoki: Metal-induced gap states in epitaxial organic-insulator/metal interfaces, Phys. Rev. B
72, 075446 (2005).

[9] M. Koshino and H. Aoki: Electronic structure of an electron on the gyroid surface, a helical labyrinth,
Phys. Rev. B 71, 73405 (2005).
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10 Miyashita Group

Research Subjects: Statistical Mechanics, Phase Transitions, Quantum Spin systems,

Nonequilibrium Phenomena

Member: Seiji Miyashita and Keiji Saito

1. Novel phases originated in the quantum interactions

We studied various new types of quantum phases in spin systems. We are interested in phases which
have nonzero magnetization. Although familiar type of ferrimagnetism is the Lieb-Mattis type in the
antiferromagnetic model on bipartite lattices with different number of sublattice sites or different sizes
of spin, there exists another type whose ground state spin configuration is non-collinear in the case of
frustrated lattices. We have found a model which contains the two types of ferrimagnetism as a function
of the parameter. We found that the nature of spin order is different from ordinary ferrimagnets. We also
propose a structure of molecular magnets with the latter type of ferrimagnetism which show new types of
spin dynamics in the ground state. We also found a model in which quantum fluctuation enhances the
magnetic order. A ground state phase transition between the gapfull and gapless phases in the so-called
spin tube is also found.

2. Quantum magnetic processes

The magnetization processes of a system composed by ferromagnetic dimers and antiferromagnetic dimers
are studied. This model shows a metamagnetic property which can be explained the so-called Tachiki-
Yamada model using renormalized parameters in the magnetic field. We studied the dependence of effec-
tive parameters using a kind of local decimation process in quantum systems, and explained the over all
dependence of the magnetization process on the field and temperature.

We studied dynamical magnetization process of the transverse Ising model in the ordered ground state
under the sweeping of magnetic field. We found a kind of collective motion which does not depend on the
size of the system. We also studied the dependence of the critical transverse field on the size of spin S.

3. Quantum dynamics

We have studied properties of quantum dynamics and manipulation in nanoscale molecular magnets and
related materials, where the Landau-Zener mechanism plays important role. In order to study further
on the quantum dynamics, we have started a crest project in JST on ”Quantum-mechanical cooperative
phenomena and their applications”.

For quantum information processes, the manipulation of qubits which is a local unit of the system is
important. We derived analytic formula of the probability of non-adiabatic tunneling in a system where
qubits interact with boson systems.

4. Thermal conductivity of quantum magnets

The mechanism of thermal conductivity due to the spin interaction is one of the hot topics in strongly
interacting spin systems. Using a non-equilibrium green function method, we found non-symmetric thermal
flow in a system where a gapfull system and a gapless system are contacted.

6. Phase transitions in spin-crossover complexes

As a new frontier of studies of the phase transition, phase transition of structure of materials due to the
spin-crossover and/or charge transfer have been attracted interests. The properties of photo-excited state
at low temperatures have been also studied extensively. Furthermore the composite phase transitions of
the spin structure and magnetic structure is a hot topic. We have found a metastable branch of the high
spin state at low temperatures which is much below the thermal hysteresis. The related experiment has
also been done and gave a strong support of the existence of the branch. We also develop a theory to study
the both phase transitions in a unified way and studied the static and dynamical properties of this type of
materials. We also developed analysis on the spin transition and magnetic transition of the Prussian-blue
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analogue by taking into account the sublattice structure of the material. Effects of lattice vibration have
been also studied.

7. Slow relaxation in frustrated systems

In frustrated system, the dynamics of ordering process is often very slow. In most cases it is due to
a kind of energetically trap at metastable state. However, we found that there is a another type of slow
down. That is, a kind of entropy-induced slow down occurs in a frustrated system which shows a reentrant
phase transition. We have analyzed the mechanism. We found the so-called thermal annealing method
does not help to find the low temperature stable state, but the quantum annealing does. We are studying
the underlying mechanism of this process. As another example, we have studied the slow relaxation in
the Kagome lattice with Ising-like Heisenberg antiferromagnets, where the macroscopically degenerate
ferromagnetic ordered state appears. In the ordered state, we found slow relaxation mechanism due to the
macroscopically degenerate states which are characterized by so-called weather-vane loop.

8. Gas-liquid phase transition and hydrodynamics

In order to study the generation bubble of gas in the gas-liquid phase transition we developed a theoretical
scheme combining the fluid dynamics equations (Navier-Stokes equation) and the equation of state of
material (van der Waals equation) and demonstrated the bubble generation by point heating and various
properties during the generation.

9. Random matrix and quantum chaos

We also studied the random matrix theorem to study the relation between the obits in the classical
mechanics and quantum chaos. We also studied distribution of separation of repulsive energy crossings in
the random matrices.
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11 Ogata Group

Research Subjects: Condensed Matter Theory

Member: Masao Ogata, Youichi Yanase

We are studying condensed matter physics and many body problems, such as strongly correlated electron
systems, high-Tc superconductivity, Mott metal-insulator transition, magnetic systems, low-dimensional
electron systems, mesoscopic systems, organic conductors, unconventional superconductivity, and Tomonaga-
Luttinger liquid theory. The followings are the current topics in our group.

• High-Tc superconductivity

Superconductivity correlation length in the strongly correlated electron system.[1]

Mott metal-insulator transition and superconductivity.

Energy analysis of high-Tc superconductors.[2]

Randomness and superconductivity fluctuation in high-Tc superconductors.

• Anisotropic superconductivity in NaxCoO2·yH2O

Spin triplet superconductivity in a multi-orbital model.[3]

D-vector and multiple phase in a magnetic field.[4]

Superconductivity due to charge fluctuation.[5]

• Organic conductors

Quantum melting due to geometrical frustration.[6,7]

New type charge ordering in quasi-two-dimensional organic conductors.[8,9]

Charge ordering and spin degrees of freedom.[10]

One-dimensional organic systems with localized spins.[11]

• Theories of anisotropic superconductivity

Quasi-classical theory on the angle dependence of specific heat in a magnetic field.[12]

New state of Sr2RuO4 in high magnetic fields.[13]

Proximity effects of superconductivity and magnetism in heterostructures.

• Electronic and spin states in frustrated systems

Superconductivity correlation in a triangular lattice.[14]

Numerical simulation in classical XY spin systems with frustration.

• Novel quantities in electronic systems

Disorder operator in two-dimensional insulators.

Artificial electric field in Fermi liquids.[15]

• Kondo effect in quantum dots

[1] T. Koretsune and M. Ogata: J. Phys. Soc. Jpn. 74, 1390-1393 (2005).

[2] Y. Yanase and M. Ogata: J. Phys. Soc. Jpn. 74, 1534-1543 (2005).

[3] M. Mochizuki, Y. Yanase and M. Ogata: J. Phys. Soc. Jpn. 74, 1670-1673 (2005).

[4] Y. Yanase, M. Mochizuki and M. Ogata: J. Phys. Soc. Jpn. 74, 2568-2578, 3351-3364 (2005).

[5] H. Watanabe and M. Ogata: J. Phys. Soc. Jpn. 74, 2901-2904 (2005).

[6] J. Merino, H. Seo, and M. Ogata: Phys. Rev. B 71, 125111-1-125111-5 (2005).

[7] H. Seo, J. Merino, H. Yoshioka and M. Ogata: J. Phys. Soc. Jpn. 75, 051009 (2006).

[8] M. Kaneko and M. Ogata: J. Phys. Soc. Jpn. 75, 014710 (2006).

[9] H. Watanabe and M. Ogata: J. Phys. Soc. Jpn. 75, No. 6 (2006).

[10] Y. Tanaka and M. Ogata: J. Phys. Soc. Jpn. 74, 3283-3287 (2005).

[11] C. Hotta, M. Ogata and H. Fukuyama: Phys. Rev. Lett. 95, 216402-1 - 216402-5 (2005).

[12] M. Udagawa, Y. Yanase and M. Ogata: Phys. Rev. B 71, 024511-1-024511-11 (2005).

[13] M. Udagawa, Y. Yanase and M. Ogata: J. Phys. Soc. Jpn. 74, 2905-2908 (2005).
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12 Tsuneyuki Group

Research Subjects: Theoretical Condensed-matter physics

Member: Shinji Tsuneyuki and Kazuto Akagi

Computer simulations from first principles enable us to investigate properties and behavior of materials
beyond the limitation of experiments, or rather to predict them before experiments. Our main subject is
to develop and apply such techniques of computational physics to investigate basic problems in condensed
matter physics, especially focusing on prediction of material properties under extreme conditions like ultra-
high pressure or at surfaces where experimental data are limited. Our principal tool is molecular dynamics
(MD) and first-principles electronic structure calculation based on the density functional theory (DFT),
while we are also developing new methods that go beoynd the limitation of classical MD and DFT.

Our research subjects in FY2005 were as follows:

• Electronic structures and chemical reactions at surfaces

– Effect of strong electric field on organic molecules chemisorbed on Si(100)

– Organic chemistry on Si surfaces

• Impurity effect in ferroelectrics

– Impurity state of Mn-doped perovskite

– Role of impurity hydrogen in BaTiO3

• Structura/electronic transition of materials under ultra-high pressure

– Insulator-metal transition of YH3under high pressure

– 3D C60 polymer synthesized under high pressure

• New methods of electronic structure calculation

– First-principles wavefunction theory for solids based on the transcorrelated method

– First-principles calculation of Hubbard parameter by constrained DFT with Maximally localized
Wannier function
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13 Fujimori Group

Research Subjects: Photoemission Spectroscopy of Strongly Correlated Systems

Member: Atsushi Fujimori and Teppei Yoshida

We study the electronic structures of strongly correlated systems and complex materials using high-energy
spectroscopic techniques such as photoemission spectroscopy, x-ray absorption spectroscopy and x-ray
magnetic circular dichroism using synchrotron radiation. We investigate mechanisms of high-temperature
superconductivity [1], metal-insulator transitions [2], giant magnetoresistance, carrier-induced ferromagen-
tism and spin/charge/orbital ordering [3] in strongly correalted systems such as transition-metal oxides,
magnetic semiconductors, and their nano-structures.

[1] O. Rösch, O. Gunnarsson, X. J. Zhou, T. Yoshida, T. Sasagawa, A. Fujimori, Z. Hussain, Z.-X. Shen
and S. Uchida: Polaronic Behavior of Undoped high-Tc Cuprates, Phys. Rev. Lett. 95 (2005) 227002–1-4.

[2] T. Yoshida, K. Tanka, H. Yagi, A. Ino, H. Eisaki, A. Fujimori and Z.-X Shen: Direct Observation of
the Mass Renormalization in SrVO3 by Angle-Resolved Photemission Spectroscopy, Phys. Rev. Lett. 95
(2005) 146404–1-4.

[3] M. Kobayashi, Y. Ishida, J. l. Hwang, T. Mizokawa, A. Fujimori, J. Okamoto, K. Mamiya, Y. Takeda,
T. Okane, Y. Saitoh, Y. Muramatsu, A. Tanaka, H. Saeki, H. Tabata and T. Kawai: Characterization of
Magnetic Components in the Diluted Magnetic Semiconductor Zn1−xCoxO by X-ray Magnetic Circular
Dichroism, Phys. Rev. B 72 (2005) 201201(R)–1-4.
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14 Uchida Group

Research Subjects: High-T
c
superconductivity

Member: Uchida Shin-ichi (professor), Kojima Kenji M. (research associate)

1. Project and Research Goal

The striking features of low-dimensional electronic systems with strong correlations are the “fractional-
ization” of an electron and the “self-organization” of electrons to form nanoscale orders. In one dimension
(1D), an electron is fractionalized into two separate quantum-mechanical particles, one containing its charge
(holon) and the other its spin (spinon). In two dimensions (2D) strongly correlated electrons tend to form
spin/charge stripe order.

Our study focuses on 1D and 2D copper oxides with various configurations of the corner-sharing CuO4

squares. The common characteristics of such configurations are the quenching of the orbital degree of
freedom due to degraded crystal symmetry and the extremely large exchange interaction (J) between
neighboring Cu spins due to large d − p overlap (arising from 180 Y Cu-O-Cu bonds) as well as to the
small charge-transfer energy. The quenching of orbitals tends to make the holon and spinon to be well-
defined excitations in 1D with quantum-mechanical character, and the extremely large J is one of the
factors that give rise to superconductivity with unprecedentedly high Tc as well as the charge/spin stripe
order in 2D cuprates. The experimental researches of our laboratory are based upon successful synthesis of
high quality single crystals of cuprate materials with well-controlled doping concentrations which surpasses
any laboratory/institute in the world. This enables us to make systematic and quantitative study of the
charge/spin dynamics by the transport and optical measurements on the strongly anisotropic systems. We
also perform quite effective and highly productive collaboration with world-leading research groups in the
synchrotron-radiation, µSR and neutron facilities, and STM/STS to reveal electronic structure/phenomena
of cuprates in real- and momentum-space.

2. Accomplishment

(1) Ladder Cuprate

Significant progress has been made in the experimental study of a hole-doped two-leg ladder system
Sr14−xCaxCu24O41 and undoped La6Ca8Cu24O41 :

1) From the high pressure (P) study we constructed and x-P phase diagram (in collaboration with Prof. N.
Môri’s group). We find that the superconductivity appears as a superconductor-insulator transition only
under pressures higher than 3GPa and that the superconducting phase is restricted in the range of x larger
than 10. In lower P and smaller x regions the system is insulating.

2) The pairing wave function in the superconducting phase has an s-wave like symmetry which is evidenced
by a coherence peak at Tc in the nuclear relaxation rate, revealed by the first successful NMR measurement
under high pressure.

3) The origin of the insulating phase dominating the whole x−P phase diagram is most likely the charge
order of doped holes or hole pairs as suggested by the presence of a collective charge mode in the x=0,
Sr14Cu24O41, compound in the inelastic light scattering (with G. Blumberg, Bell Lab.), microwave and
nonlinear conductivity (with A. Maeda and H. Kitano, U. of Tokyo), and inelastic X-ray scattering (with
P. Abbamonte and G. A. Sawatzky).

4) In the undoped compound La6Ca8Cu24O41 spin thermal conductivity is remarkably enhanced to the
level of silver metal along the ladder-leg direction due to the presence of a spin gap and to a ballistic-like
heat transport characteristic of 1D.

(2) Observation of Two Gaps, Pseudogap and Superconducting Gap, in Underdoped High-Tc

Cuprates.

The most important and mysterious feature which distinguishes cuprate from conventional supercon-
ductors is the existence of gpseudogaph in the normal state which has the same d-wave symmetry as the
superconducting gap does. We employed c-axis optical spectrum of Yba2Cu3O6.8 as a suitable probe for
exploring gaps with d-wave symmetry to investigate the inter-relationship between two gaps. We find that
the two gaps are distinct in energy scale and they coexist in the superconducting state, suggesting that the
pseudogap is not merely a gap associated with pairs without phase coherence, but it might originate from
a new state of matter which competed with d-wave superconductivity.
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(3) Nanoscale Electronic Phenomena in the High-Tc Superconducting State

The STM/STS collaboration with J. C. Davis’ group in Cornell Univ. is discovering numerous unexpected
nanoscale phenomena, spatial modulation of the electronic state (local density of states, LDOS), in the
superconducting CuO2 planes using STM with sub-Å resolution and unprecedentedly high stability. These
include (a) “+” or “×” shaped quasiparticle (QP) clouds around an individual non-magnetic Zn (magnetic
Ni) impurity atom, (b) spatial variation (distribution) of the SC gap magnitude, (c) a “checkerboard”
pattern of QP states with four unit cell periodicity around vortex cores, and (d) quantum interference of
the QP. This year’s highlights are as follows:

1) Granular structure of high-Tc superconductivity

The STM observation of “gap map” has been extended to various doping levels of Bi2Sr2CaCu2O8+δ. The
result reveals an apparent segregation of the electronic structure into SC domains of ∼3mm size with local
energy gap smaller than 60meV, located in an electronically distinct background (“pseudogap” phase) with
local gap larger than 60meV but without phase coherence of pairs. With decrease of doped hole density, the
(coverage) fraction of the superconducting area decreases or the density of the number of superconducting
islands decreases. Apparently, this is related to the doping dependence of superfluid density as well as the
doping dependence of the normal-state carrier density.

2) Homogeneous nodal superconductivity and heterogeneous antinodal states

Modulation of LDOS is observed even without vortices, at zero magnetic field. In this case, the mod-
ulation is weak and incommensurate with lattice period, showing energy (bias voltage) dependence. The
dispersion is explained by quasiparticle interference due to elastic scattering between characteristic regions
of momentum-space, consistent with the Fermi surface and the d-wave SC gap determined by ARPES
(angle-resolved-photoemission).

These dispersive quasiparticle interference is observed at all dopings, and hence the low-energy states,
dominated by the states on the Z Fermi arc [ formed surrounding the gap nodes, are spatially homoge-
neous(nodal superconductivity). By contrast, the quasiparticle states near the antinodal region degrade
in coherence with decreasing doping, but have dominant contribution to superfluid density. This suggests
that the volume fraction of spatial regions all of whose Fermi surface contributes to superfluid decreases
with reduced doping. The result indicates the special relationship between real-space and momentum-space
electronic structure.
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15 Hasegawa Group

Research Subject: Experimental Surface/Nano Physics

Members: Shuji HASEGAWA and Iwao MATSUDA

Topics in our research group are (1) electronic/mass transports, (2) atomic/electronic structures, (3)
phase transitions, (4) electronic excitations, and (5) epitaxial growths of coherent atomic/molecular layers
on semiconductor surfaces and nano-scale phases. Peculiar atomic arrangements and surface electronic
states, characteristic of the surface superstructures and ultra-thin films, on semiconductor surfaces, are
our platforms for studying physics of atomic-scale low-dimensional systems by using ultrahigh vacuum
experimental techniques such as electron diffractions, scanning electron microscopy, scanning tunneling
micro/spectroscopy (STM/S), photoemission spectroscopy, and in-situ 4-point-probe conductivity mea-
surements with four-tip STM and monolithic micro-4-point probes. Main results in this year are as follows.

(1) Surface electronic transport: Metal-insulator transitions, hopping conduction, and Hall effect in
surface states. Quantitative evaluation of surface-state conductivity from Fermi surface mapping. Conduc-
tance of individual Cobalt silicide nanowires and metal-coated carbon nanotube tips.

(2) Surface phases, ultra-thin films, and phase transitions: Order-disorder phase transition and
charge-density-wave transition on various metal-induced surface superstructures of Si and Ge. Quantum-
well state in ultra-thin Pb, Bi, and Ag films. Ge nanodots layer.

(3) Construction of new apparatuses: Green’s-function STM (low-temperature four-tip STM). Metal-
coated carbon nanotube STM tips.

[1] C. Liu, I. Matsuda, R. Hobara, and S. Hasegawa: Interaction between adatom-induced localized states and a
quasi-two-dimensional electron gas, Physical Review Letters 96, 036803 (Jan 2006).

[2] A. Konchenko, I. Matsuda, S. Hasegawa, Y. Nakamura, and M. Ichikawa: Observation of Quantum Confinement
in Ge nanodots on an oxidized Si surface, Physical Review B 73, 113311(Mar 2006).

[3] I. Matsuda, T. Hirahara, M. Konishi, C. Liu, H. Morikawa, M. D’angelo, S. Hasegawa, T. Okuda, and T.
Kinoshita: Evolution of Fermi surface by electron doping into a free-electron-like surface state, Physical Review
B 71, 235315 (Jun 2005).

[4] T. Hirahara, I. Matsuda, C. Liu, R. Hobara, S. Yoshimoto, and ShujiHasegawa: Direct measurement of the
Hall effect in a free-electron-like surface state, Physical Review B, in press (2006).

[5] H. Okino, I. Matsuda, R. Hobara, Y. Hosomura, S. Hasegawa, and P. A. Bennett: In situ resistance measure-
ments of epitaxial cobalt silicide nanowires on Si(110), Applied Physics Letters, 86, 233108 (Jun 2005).

[6] I. Matsuda, T. Hirahara, M. Ueno, R. Hobaram and S. Hasegawa: Electrical Conduction through a Monatomic
Step, Journal de Physique IV 132, 57 (Apr 2006).

[7] M. Dfangelo, M. Konishi, I. Matsuda, C. Liu and S. Hasegawa: Alkali metal-induced Si(111)-
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structure: the Na case, Surface Science 590, 162-172 (Oct 2005).

[8] T. Nagao, S. Yaginuma, M. Saito, T. Kogure, T. Ohno, S. Hasegawa, and T. Sakurai: Strong Lateral Growth
and Crystallization via Two-dimensional Allotropic Transformation of Semi-metal Bi Film, Surface Science
590, L247-252 (Sep 2005).

[9] H. Konishi, S. Honda, M. Kishida, Y. Murata, T. Yasuda, D. Maeda, K. Tomita, K. Motoyoshi, S. Yoshimoto,
R. Hobara, I. Matsuda, J.-G. Lee, H. Mori, K. Oura, S. Hasegawa, and M. Katayama: Synthesis of Metal-Alloy
Nanowires toward Functional Scanning Probe Microscope, Japanese Journal of Applied Physics 45, 3690-3692
(Apr 2006).

[10] Y. Murata, S. Yoshimoto, M. Kishida, D. Maeda, T. Yasuda, T. Ikuno, S. Honda, H. Okado, R. Hobara,
I. Matsuda, S. Hasegawa, K. Oura, and M. Katayama: Exploiting Metal Coating of Carbon Nanotubes for
Scanning Tunneling Microscopy Probes, Japanese Journal of Applied Physics 44, 5336-5338 (Jul 2005).

[11] S. Yoshimoto, Y. Murata, R. Hobara, I. Matsuda, M. Kishida, H. Konishi, T. Ikuno, D. Maeda, T. Yasuda,
S. Honda, H. Okado, K. Oura, M. Katayama, and S. Hasegawa: Electrical Characterization of Metal-Coated
Carbon-Nanotube Tips, Japanese Journal of Applied Physics 44, L1563-L1566 (Dec 2005).

[12] S. Yamazaki, I. Matsuda, H. Okino, H. Morikawa and S. Hasegawa: Electrical Conduction on Various
Au/Si(111) Surface Superstructures, e-Journal of Surface Science and Nanotechnology 3, 497 (Dec 2005)
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16 Fukuyama Group

Research Subjects: Low Temperature Physics (Experiment):

Two-dimensional (2D) quantum fluids and solids with strong correlations and

frustration; Low temperature scanning tunneling microscopy and spectroscopy

of 2D electron systems (2DES) and exotic superconductors.

Member: Hiroshi Fukuyama, Hiroshi Kambara

Our current interests are (i) new quantum phases with strong correlations and frustration in 2D 3He. (ii)
2DES in high magnetic fields and unconventional superconductors. We are investigating these materials at
very low temperatures down to 50 µK, using various experimental techniques such as NMR, calorimetry,
STM/STS, etc.

1. Novel quantum phases in 2D 3He:

Monolayer 3He adsorbed on a graphite surface is an ideal system for studying strongly correlated 2D
Fermion systems. The magnetic ground state of the second-layer registered phase of 3He is believed
to be the gapless quantum spin-liquid. We are studying the rich quantum phase diagram in this
system from heat-capacity and NMR measurements in a wide temperature and density region.

A Fermi fluid existing at a low density region gradually transforms to the Mott localized phase with
increasing density to the 4/7 registered phase (ρ4/7). Unusual density dependences of measured
magnetization and demagnetization field coefficient imply importance of ferromagnetic short range
spin correlations. In the region just above ρ4/7, an excess magnetization decreases towards zero below
500 µK. This is indicative of a possible phase transition to the spin-singlet ordered phase.

2. STM/STS studies of 2DES:

(a) Real-space imaging of the quantum Hall states at graphite surface:
We succeeded to observe spatial distributions of the local density of states (LDOS) of a quasi
2DES near point defects at graphite surface with STM/STS. A clear contrast between localized
and extended states which correspond to the valley and peak energies of the Landau levels
indicates the existence of quantum Hall state at graphite surface. The experimental localized
LDOS is in good agreement with a spatial distribution of a calculated wave function for a single
electron in 2D in a Coulomb potential under magnetic fields.

(b) STM/STS studies of Landau quantization in 2DES in semiconductors:

The Landau quantization of 2DES confined in a InAs thin film on a GaAs or InAs substrate was
observed with STS. We also observed a curious DOS oscillation with periodicity of 60 meV in
the positive energy range, which could be due to electron confinement with a Schottky barrier
at the InAs-GaAs interface.

(c) Graphite edge state:
The graphite “edge state”, which was theoretically predicted, was confirmed experimentally by
LDOS measurements of graphite surfaces near monoatomic step edges with STM/STS. A clear
peak in LDOS was observed at energies below EF by 20− 100 meV only near the zigzag edges,
while such a peak was not observed near the armchair edges.

3. STM/STS studies of unconventional superconductors:

(a) Surface electronic states of Sr2RuO4:
We studied surface electronic properties of the spin-triplet superconductor Sr2RuO4 with STM/STS.
A large gap structure (∆ ∼ 5 meV) in the LDOS is always observed on an SrO plane cleaved at
low temperatures. This structure would originate from the surface reconstruction with rotation
of the RuO2 plane underneath the SrO plane. On the other hand, surface cleaved at room tem-
perature shows a DOS proportional to the square root of energy (

√
V ) which is characteristic of

the disordered electronic state in Anderson localization.
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4. Construction of the second generation very-low temperature STM:

We have started to design and construct a new very-low temperature STM. An entirely home-made
STM head designed as extremely compact (φ=26 mm) worked quite well at 77 K in the test mea-
surement.
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17 Okamoto Group

Research Subjects: Experimental Condensed Matter Physics,

Low temperature electronic properties of two-dimensional systems.

Member: Tohru Okamoto and Yukio Kawano

We study low temperature electronic properties of semiconductor two-dimensional systems.

The current topics are following:

1. Two dimensional electrons at cleaved semiconductor surfaces:
At the surfaces of InAs, conduction electrons can be induced by submonolayer deposition of other
materials. Research on electrons at semiconductor surfaces has great future potential because of the
variety of adsorbates and the application of scanning probe microscopy techniques. Recently, we have
successfully performed the first low-temperature (T = 1.5 K) magnetotransport measurements on
Ag-induced electron systems (ESs) formed at in situ cleaved surfaces of p-type InAs. In this year,
we extended the study to various adsorbates. (a) For Fe-induced 2DESs, strong positive magne-
toresistance was observed in the in-plane magnetic field configuration. The resistivity increases by a
factor of 2 when B reaches 9 T. We consider that exchange interactions between localized moments
of adsorbed Fe atoms and 2D electrons play an essential role. (b) The quantum Hall effect is ob-
served for Ge-induced 2DESs. (c) The positive magnetoresistance due to the suppression of weak
antilocalization is observed in the weak perpendicular magnetic field region. The magnetoresistance
curve for an Au-induced 2DES is different from that for a Ge-induced 2DES. This is associated with
the spin-orbit scattering of an Au atom.

2. Strongly correlated two dimensional systems:
(i) We have performed cyclotron resonance measurements for a Si/SiGe quantum well. The ratio of the
obtained scattering time τ to τ0 deduced from zero-field mobility increases with decreasing electron
concentration and approaches unity in the metal-insulator transition region. (ii) The resistivity
change due to electron spin resonance (ESR) absorption is investigated in the high-mobility two-
dimensional electron system formed in the Si/SiGe heterostructure. Results for a specific Landau
level configuration demonstrate that the primary cause of the ESR signal is a reduction of the spin
polarization, not the effect of electron heating. The longitudinal spin relaxation time T1 is obtained
to be of the order of 1 ms in an in-plane magnetic field of 3.55 T. The suppression of the effect of the
Rashba fields due to high-frequency spin precession explains the very long T1.

3. Exploration of novel properties of two-dimensional semiconductors and their application to new de-
vices:
Our studies aim at revealing local transport and optical properties of quantum Hall conductors by
means of scanning probe microscopes, Terahertz irradiations, etc.
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18 Shimano Group

Research Subjects: Optical and Terahertz Spectroscopy of Condensed Matter

Member: Ryo Shimano and Shinichi Watanabe

We study light-matter interactions and many body quantum correlations in optically excited high density
electron-hole systems in semiconductors, low dimensional systems involving carbon nanotubes, quasi-1D
organic conductors. Currently, we are focusing on the low energy(∼ meV) electromagnetic responses,
i.e., in terahertz(THz) frequency range where the responses are dominated by free carriers, quasi-particle
excitations, and/or various collective excitations.

The research summary in this year is as follows.

1. Instrumental Developments

THz time domain spectrscopy at low temperature and in high magnetic field
In order to perform THz time domain spectroscopy(TDS) at low temperature and in high magnetic
field, we have improved the dynamic range of THz spectroscopy. By using a p-type InAs for THz
generation, THz radiation with the electric field amplitude of 10kV/m is generated. A shot-noise level
balanced detector is developed for electo-optic sampling of THz pulse. These improvements on THz
generation and detection allow us to obtain the dynamic range of THz-TDS as 5× 104 in amplitude,
which could compensate the transmission loss due to the multiple windows of the superconducting
magnet.

THz ellipsometry
Magneto-optical effect such as Faraday effect or magneto-optical Kerr effect enables us to investigate
the ultrafast spin dynamics and transport properties under magnetic field, by optical means, i.e.,
without using electrodes. We have developed the magneto-optical measurements scheme in THz
frequency range, by highly sensitve THz ellipsometry. Polarization rotation as low as 0.1mrad can be
deteced in the frequency range between 0.5THz to 2.5THz.

THz spectroscopy in subwavelength space region
We have examined an aperture type THz microscopy in order to apply the technique to small samples
in subwavelength size. An aperture which diameter is smaller than the wavelength, is attached on a
sample. Transmissivity is obatined by comparing the sample with an aperture and a blank aperture.
We have applied the technique to determine the dielectric function of doped semiconductors, in the
frequency range between 0.5THz to 2.5THz. FDTD simulation analysis of the transmitted THz
spectrum is performed and compared with the experimental results.

2. THz spectroscopy of one-dimensional system

Carbon Nanotube
Carbon nanotubes are considered as one of the promissing materials for one dimensional electron
systems. Various exotic behaviors in optical and transport phenomena reflecting 1D nature have
been observed. The dynamical aspects of transport properties, and photo-excited dynamics are also
important issues to understand the many body effects in such 1D electron system. In this context, we
are studying the low energy (∼ meV) electromagnetic responses of ground state and photo-excited
state of nanotubes. By using THz-TDS, the dielectric response of nanotubes in the relevant frequency
range has been investigated.

Quasi-1D Organic Conductor
(TMTSF)2PF6 is a quasi-1D organic conductor which exibits metal-insulator transition at 12K ac-
companied with spin density wave(SDW) formation. For the study of the photo-excited dynamics
of SDW phase, and photo-induced phase transition in such low temperature exotic phases, we have
developed a reflection type THz-TDS.
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19 Theoretical Astrophysics Group

Research Subjects: Particle Astrophysics, Relativistic Astrophysics, Physics of Super-

novae and High Density Matter, Observational Cosmology

Member: Katsuhiko Sato, Yasushi Suto, Atsushi Taruya, & Shinji Mukohyama

Astrophysics is a very broad field of research, and it is hard to cover various important astrophysical
research subjects in our group only. Therefore we are currently working on the three specific areas of research
interest; “Physics of the Early Universe”, “Observational Cosmology”, and “Nuclear Astrophysics”, all of
which are definitely interrelated very closely. Let us describe more specifically the current interests and
activities of our group in the above areas.

The understanding of the very early universe has made rapid progress in 1980’s by applying the ideas of
particle physics around the epoch close to the Planck time, one notable example of which is the inflation-
ary universe scenario. On the basis of such recent development, “Physics of the Early Universe” aims at
describing the birth of the universe in a language of physics. Our group activities in this area include infla-
tionary universe models, cosmological phase-transition and topological defects, big-bang nucleosynthesis,
cosmic no-hair conjecture and the fundamental problem of general relativity.

“Observational Cosmology” attempts to understand the evolution of the universe on the basis of the
observational data in various wavebands. The proper interpretation of the recent and future data provided
by COBE, ASCA, the Hubble telescope, SUBARU, and large-scale galaxy survey projects is quite important
both in improving our understanding of the present universe and in determining several basic parameters
of the universe which are crucial in predicting the evolutionary behavior of the universe in the past and
in the future. Our current interests include nonlinear gravitational evolution of cosmological fluctuations,
formation and evolution of proto-galaxies and proto-clusters, X-ray luminosity and temperature functions of
clusters of galaxies, hydrodynamical simulations of galaxies and the origin of the Hubble sequence, thermal
history of the universe and reionization, prediction of anisotropies in the cosmic microwave background
radiation, statistical description of the evolution of mass functions of gravitationally bound objects, and
statistics of gravitationally lensed quasars.

“Nuclear Astrophysics” is exploring the interface between nuclear physics and astrophysics, in particular
the physics of supernovae. It includes a rich variety of micro- and macro-physics, for example, neutrino
transport, equation of state of high density matter, r-process nucleosynthesis, convective instability, fast
rotation of a stellar core, strong magnetic field, gravitational radiation, and so on. In particular, the
mechanism of the Type II supernovae itself has not been properly explained for more than 25 years. It is,
therefore, quite important to make clear the physics of supernova phenomena not only for astrophysics but
also for other fields of elementary physics. We are currently working on the multi-dimensional aspects of
supernovae such as rotating core collapse, asymmetric neutrino emission, convective energy transfer near
the neutrino sphere, possibility of r-process nucleosynthesis in the hot bubble region, and gravitational
radiation from an asymmetrically bouncing core.

Let us summarize this report by presenting recent titles of the doctor and master theses in our group;
2005

• Brane gravity and dynamical stability in warped flux compactification

• Neutrino Probes of Galactic and Cosmological Supernovae

• Detectability of cosmic dark baryons through high-resolution spectroscopy in soft X-ray band

• Propagation of Ultra-High Energy Cosmic Rays in Cosmic Magnetic Fields

• The study of nuclear pasta investigated by Quantum Molecular Dynamics

2004

• Strong Gravitational Lenses in a Cold Dark Matter Universe

• Effect of Rotation and Magnetic Field on the Explosion Mechanism and Gravitational Wave in Core-
Collapse Supernovae
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• ”Bulk Fields in Braneworld”

• “Gravitational collapse and gravitational wave in the brane-world”

• Magnetohydrodynamical Simulation of Core-Collapse Supernovae

• A Search for the Atmospheric Absorption in the Transiting Extrasolar Planet HD209458b with Subaru
HDS

• Baryogenesis and Inhomogeneous Big Bang Nucleosynthesis

• The large-scale structure of SDSS quasars and its cosmological implication

2003

• Non-Gravitational Heating of Galaxy Clusters in a Hierarchical Universe

• Discoveries of Gravitationally Lensed Quasars from the Sloan Digital Sky Survey

• One, Two, Three – measuring evolved large scale structure of the Universe

• Higher-order Statistics as a probe of Non-Gaussianity in Large Scale Structure

• Primordial black holes as an imprint of the brane Universe

• Probing the Extra Dimensions with Gravitational Wave Background of Cosmological Origin

2002

• Nuclear “pasta” in dense stars and its properties

• Supernova Neutrinos: Their Relic Background and Resonant Spin-Flavor Conversion

• Arrival Distribution of Ultra-High Energy Cosmic Rays and Implications for Their Source Candidates

• Non-linear evolution of the cosmological large scale structure from the local collapse model

2001

• The Universe with Extra Dimensions — From Kaluza-Klein Perspective to Brane World

• Gravitational Collapse of Rotating Massive Stars

• Effects of Neutrino Oscillation on Supernova Neutrino

• Resolving the Central Density Profile of Dark Matter Halos with Gravitational Lensing Statistics

• The Stability of Higher Dimensional Spacetime

2000

• Double inflation in supergravity and its observational implications

• Propagation of UHECRs in the inhomogeneous source model

• Effects of neutrino oscillation on the supernova neutrino spectrum

• A Biasing Model for Cosmological Two-Point Statistics and the Probability Distribution Function of
Nonlinear Mass Fluctuations

• Genus Statistics for Large-Scale Structure as a probe of Primordial Random-Gaussianity and Non-
linear Stochastic Biasing

• Velocity Distribution Functions for Nonlinear Gravitationg Many-body Systems
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20 Murao Group

Research Subjects: Quantum Information Theory

Member: Mio Murao and Damian Markham

Quantum information processing seeks to perform tasks which are impossible or not effective with the
use of conventional classical information, by using quantum information described by quantum mechanical
states. Quantum computation, quantum cryptography, and quantum communication have been proposed
and this new field of quantum information processing has developed rapidly especially over the last 10
years. Entanglement is nonlocal correlation that appears in certain types of quantum states (non-separable
states) and has become considered as the fundamental resource for quantum information processing. In
our group, we are investigating new properties of multipartite and multi-level entanglement and the use of
these properties as resources for quantum information processing. Our current projects are the following:

• Entanglement distances and local access of information: We investigate the relationship between
distance-like entanglement measures and the ability to access information locally when it is spread to
many separate parties. We give an explicit bound on how well we can discriminate a set of states, given
only local access to them, in terms of the entanglement. This is then translated to a bound on how
well we can use these states to encode and decode information in the local setting. The overall result is
an explicit statement of how information access is limited by the presence of entanglement. This work
should allow the development of protocols to make use of this fact, for example in quantum secret
sharing. Further this work offers an operational interpretation to these distance-like entanglement
measures, which are defined and understood only as abstract mathematical properties of states. [1]

• Local copying and local discrimination as a study of non-locality of a set of states: We focus on
the non-locality concerning local copying and local discrimination, especially for a set of orthogonal
maximally entangled states in prime dimensional systems, as a study of non-locality of a set of states.
As a result, for such a set, we completely characterize deterministic local copiability and show that
local copying is more difficult than local discrimination. From these results, we can conclude that
lack algebraic symmetry causes extra non-locality of a set of states. [2]

• Local discrimination – one-way classical communication vs. two-way classical communication: The
power of quantum information processing often depends on weather two-way classical communica-
tion channel is available, or only one-way classical communication channel is available. For example,
distillable entanglement and quantum channel capacity depend on weather we are allowed one-way
classical communication and two-way classical communication in addition to local operations. How-
ever, such an example had not been known on local discrimination problems. We investigated local
discrimination of an entangled state from a completely mixed state, and showed that local distin-
guishability also depends on whether one-way classical communication, or two-way communication is
available.

• Robustness of entanglement in low-rank noises: The robustness of entanglement describes how strong
a given state‘s entanglement is against noises. The effects of noises to a quantum state can be modeled
by mixing an additional density matrix with the original density matrix of the state. The rank of the
additional density matrix describes the number of different possible unitary operations introduced by
the noises. We investigated the effects of low rank noises for multipartite entangled states. We have
proven that the noises represented by a rank smaller than the Schmidt number of the multipartite
entangled states minus one cannot destroy entanglement completely.

• Control of Quantum Information Flow and One-way Quantum Computation: We investigate how
quantum information can be maintained, manipulated and controlled in multiparty settings. In
particular we look at one-way quantum computation, where initially the information is spread by
entanglement across the whole system, then controlled and manipulated through a series of measure-
ments and feed-forward steps. We investigate conditions on the entanglement of these systems, and
the measurements allowed, and what feed forward is necessary to not loose the quantum information.

• Entanglement in many-body systems: In the last few years a lot of effort has been made in under-
standing the presence and role of entanglement in various areas of physics. For example, it has been
associated to critical phenomena in condensed matter physics, symmetry breaking in high energy
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physics and hawking radiation. We consider a thermal system with a highly entangled ground state,
intuitively it makes sense that if the temperature is low enough, the population of the ground state
is high enough to keep the mixed state entangled. This intuition is made exact and we derive critical
temperatures, below which, we are guaranteed entanglement. We investigate this effect for a range
of Hamiltonians. We then relate this to other critical phenomena in solid state physics.

• Mixed state asymmetric quantum information sharing: We show a way to asymmetrically share qubit
information in a mixed bipartite state such that it can be fully extracted with unit probability at one of
the qubits but not at the other as long as using LOCC (local operations and classical communications).
As an application of this scheme, we present a remote quantum communication switch protocol,
which allows conditional transmission of quantum information. Entanglement properties behind this
protocol are investigated.

• A quantum lock protocol: We proposed a quantum lock protocol for authentication, which is composed
of a quantum key state, a verification key state, and a quantum lock state created by a authenticator.
The states of two keys are connected by a Pauli unitary operation, which is encoded in the quantum
lock, represented by a maximally entangled state. The authenticator distributes the quantum key to
a user and a verification key to the verifier and the quantum lock to the user and the verifier. The
verifier customizes the quantum lock such that the authenticators information about the quantum
key and the unitary operation is not enough to prove the authentication of the quantum key. Our
protocol fully deals with quantum information, since all the states of the keys and the lock are kept
unknown throughout the protocol.

• Blind quantum computation: Blind quantum computation is a computation which a user performs a
unitary operation given by a supplier without knowing the identity of the operation by using mea-
surement based quantum computation. Since the anonymous unitary operation can be only “undone”
by the supplier, blind quantum computation can be useful for cryptographic applications. We have
shown that universal blind quantum computation is impossible and also any blind computation is
impossible in the teleportation model of quantum computation.

• High Precision measurements using quantum optical states: We study energy efficiency of high preci-
sion measurements using quantum optical systems. We use higher order annihilation-creation oper-
ators to describe the measurements. We found that the energy division method using entanglement,
which enhances accuracy of the measurement in low order operator cases, makes the precision worse
with the higher order operators. We also found that a special cat state which works better in higher
order operator cases.

[1] M. Hayashi, D. Markham, M. Murao, M. Owari and S. Virmani, Phys. Rev. Lett. 96 (2006), 040501

[2] Masaki Owari, Masahito Hayashi, quant-ph/0509062
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21 Kobayashi Group

Research Subjects: Ultrafast and Nonlinear optical processes, Quantum Optics

Member: Takayoshi Kobayashi, Atsushi Yabushita, Akikatsu Ueki

Ultrashort pulse lasers are being developed to study ultrafast processes in condensed-phase materials
including polymers, aggregates, and biological molecules. Quantum information and quantum optics are
also studied.

1. Development of ultrashort pulse lasers

• Control of the carrier-envelope phase and measurement

• Generation of ultra-broadband light

2. Ultrafast spectroscopy

• Oligothiophene

• PIC J-aggregate

• Porphyrin

• Pump-probe anharmonic signal in a harmonic system induced by deformed wavepacket generated
by an ultrashort pulse

• Determination of Huang-Rhys factor associated with transition from excited state

3. Electric field modulation spectroscopy

• Porphyrin J-aggregate, molecular crystal, and photosynthetic protein

• Nonlinear absorptive spectroscopy of a single quantum dot

4. Quantum information

• Generation of many-body entanglement and its application

• Quantum key distribution using spontaneous emission parametric down conversion

• Phase measurement beyond Heisenberg limit

• Quantum high-pass and low-pass filters composed only of passive linear optical components
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22 Makishima Group

Research Subjects: High Energy Astrophysics using Scientific Satellites, X-Ray Probing

of the Universe, Development of Cosmic X-Ray/γ-Ray Instruments

Member: Kazuo Makishima, Motohide Kokubun

We study cosmic and solar high-energy phenomena in the X-ray and γ-ray frequencies, using scientific
satellites launched by the Japan Aerospace Exploration Agency, as well as foreign missions.

The Suzaku satellite: In collaboration with several domestic and US groups, we have developed the
Hard X-ray Detector (HXD) [2] which has an unprecedented sensitivity to cosmic hard X-rays in the 10–
600 keV range. The Suzaku satellite, carrying onboard the HXD and CCD cameras (coupled to X-ray
telescopes), has been launched successfully by an M-5 rocket on 2005 July 10. Performance-verification
observations with Suzaku were completed in the first 9 months.

Cosmic Nucleosysnthesis: X-ray observations provide powerful diagnostics to cosmic nucleosynthesis,
from individual stars to clusters of galaxies. Our observation of a planetary nebula with the Suzaku CCD
camera revealed an extreme carbon overabundance relative to oxygen. This is a rare occasion where the
carbon-rich material produced deep inside an evolved star is being witnessed [1]. Using XMM-Newton
and near-infrared data, we discovered that the stellar masses in a dozen clusters of galaxies are much more
centrally concentrated than their nuclear products, namely ion in the X-ray emitting plasma. This suggests
that galaxies have fallen to the cluster center over the Hubble time, presumably due to magneto-hydro-
dynamic interactions with the plasma.

Physics of Compact Objects: Mass accretion onto compact objects is our favorite research subject [3],
and extensive Suzaku studies have started. From two binary X-ray pulsars, the HXD successfully detected
spectral features due to electron cyclotron resonance. Rotation-powered pulsars, including the Crab pulsar
in particular, provided accurate calibration to the HXD timing function. Combining the HXD and the
CCD camera data, several black-hole binaries (including the prototypical Cygnus X-1) were detected over
an extremely wide energy band, from ∼ 0.3 keV to ∼ 300 keV. We keep our quest for the nature of enigmatic
Ultra-Luminous X-ray sources (ULXs) in nearby galaxies, candidates for intermediate-mass black holes. A
dozen active galactic nuclei also enabled the Suzaku detection at least up to 100 keV.

Plasma Heating and Particle Acceleration: Using Suzaku and other missions, we are revealing that
vast inter-stellar and inter-galactic space is a site of ubiquitous plasma heating and particle acceleration.
Examples include; giant flares around young stars; colliding stellar winds; and globular clusters moving
through the Galactic halo gas. Suzaku observations have demonstrated that the Galactic plane near the
Galactic center is filled with hot thermal X-ray emission (detected with the CCD camera), and non-thermal
hard X-ray signals (detected with the HXD). The origin of these “Galactic diffuse X-ray emissions” is still
unclear. Using Suzaku, we are searching clusters and groups of galaxies for non-thermal emission from the
anticipated relativistic particles.

Future Instrumentation: We are making various attempts toward future instrumentation. These
include Fourier-sysnthesis gamma-ray imagers [4], coded-mask imagers employing small-pixel inorganic
scintillators, and new single- and poly-crystalline and inorganic scintillators. Some of them are meant for
the future mission called NeXT (New X-ray Telescope), which is being planned as a successor to Suzaku.

1. Murashima, M., Kokubun, M., Makishima, K., Kotoku, J., Murakami, H., Matsushita, K., et al.:
“Suzaku Reveals He-burning Products in the X-ray Emitting Planetary Nebula BD +30◦ 3639”,
Astrophys. J. Lett., in press (2006)

2. Kokubun, M., Abe, K., Ezoe, Y., Fukazawa, Y., Hong, S., Inoue, H., Itoh, T., Kamae, T., Kasama,
D., Kawaharada, M. et al.: “Improvements of the Astro-E2 Hard X-ray Detector (HXD-II)”, IEEE
Trans. Nuc. Sci. 51, 1991-1996 (2005)

3. Kubota, A., Ebisawa, K., Makishima, K., & Nakazawa, K.: “On the Temperature Profile of Radia-
tively Efficient Geometrically Thin Disks in Black Hole Binaries with the ASCA GIS [ , Astrophys.
J. 631, 1062-1071 (2005)

4. Miyawaki, R., Niko, H., Okada, Y., Kokubun, M., Makishima, K., Negoro, H., Kotoku, J., Terada,
Y. et al.: “High Resolution Fourier Synthesis Hard X-Ray Imaging Based on CdTe Strip Detectors”,
IEEE Trans. Nucl. Sci. 52, 2052-2057 (2005)
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23 Takase Group

Research Subjects: High Temperature Plasma Physics Experiments, Spherical Tokamak,

Nonlinear Physics, Collective Phenomena, Fluctuations and Transport, Ad-

vanced Plasma Diagnostics Development

Members: Yuichi Takase, Akira Ejiri

Thermonuclear fusion, the process that powers the sun and stars, is a promising candidate for generating
abundant, safe, and clean power. In order to produce sufficient fusion reactions, isotopes of hydrogen, in the
form of hot and dense plasma, must be confined for a long enough time. A magnetic configuration called the
tokamak has reached the level where the International Thermonuclear Experimental Reactor (ITER) would
be constructed to study the behavior of burning plasmas. However, improvement of the cost-effectiveness of
the fusion reactor is still necessary. The spherical tokamak (ST) offers a promising approach to increasing
the efficiency by raising the plasma beta (the ratio of plasma pressure to magnetic pressure). High beta
plasma research using ST is a rapidly developing field worldwide, and is being carried out in our group
using the TST-2 spherical tokamak. TST-2 is now located in a new experimental building in Kashiwa
Campus. Numerous improvements to power supplies and RF heating systems have been implemented, and
experimental activities have resumed with upgraded capabilities in 2005.

Formation, heating and maintenance of the TST-2 spherical tokamak plasma

It is crucially important for ST to develop a scenario of plasma formation, heating and maintenance
without the use of the central solenoid (CS). Several approaches are being investigated on TST-2. Nonin-
ductive plasma initiation was achieved by injection of RF power at 2.45GHz in the presence of a vertical
magnetic field with positive decay index. A doubling of plasma current was observed by additional injection
of RF power at 21MHz. Plasma heating by the high harmonic fast wave (HHFW) was also investigated.
A clear evidence of electron heating was observed when HHFW with an appropriate wavenumber (toroidal
mode number of 10) was excited, consistent with absorption of HHFW power by electron Landau damp-
ing and transit time damping. The excited HHFW can be measured by magnetic probes located outside
the plasma, and by a reflectometer which measures modulation of the reflected microwave from the wave
induced density oscillation inside the plasma. Heavy scattering of HHFW and nonlinear decay of HHFW
were indicated by the measured frequency spectra.

The high beta plasma produced in ST is highly autonomous. Spontaneous deformation of the plasma
by an instability and subsequent recovery are observed. This process involves reconnection of magnetic
field lines, and is called the reconnection event (RE). A large increase in ion temperature is observed,
confirming ion acceleration and thermalization predicted by theory. The deformation and the loss of
electron thermal energy were studied by measuring the spatial profile of soft X-ray emission. It was
found that the RE process starts around a normalized radius of 0.1, and tends to occur when the pressure
gradient exceeds a critical value, suggesting that the instability is driven by the pressure gradient. Magnetic
fluctuation measurements reveal oscillations at 10 kHz and harmonics, with toroidal mode numbers of 1
and 2, consistent with predictions of 3-dimensional MHD simulation.

Formation of Ultra-High Beta Plasma by Plasma Merging

A new ST device, UTST, aiming at formation of ultra-high beta plasma by plasma merging is under
construction. Two ST plasmas will be formed by induction from external coils. Strong ion heating due to
magnetic reconnection is expected to form one ST plasma with very high beta (30–50%). Access to the
second stability regime becomes much easier using this unique method. It is a challenge to maintain the
plasma in such a state for long enough time (exceeding the energy confinement time) after reconnection
is over. This is planned to be accomplished by innovative methods of heating and current drive using RF
waves (such as the HHFW) or neutral beam injection. Fabrication of the vacuum vessel and the coils have
completed. and experiments will start in 2006.

Collaborations

Collaborative experiments are being carried out on the JT-60U tokamak at Japan Atomic Energy Agency
(JAEA). Plasma current sustainment by the bootstrap current, driven spontaneously by the pressure
gradient, was demonstrated. Compared to previous results, the duration of constant current with zero
loop voltage was much longer, and therefore, a much clearer evidence of fully bootstrap driven discharge
was obtained.
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24 Tsubono Group

Research Subjects: Experimental Relativity, Gravitational Wave Physics, Laser Inter-

ferometer

Member: Kimio TSUBONO and Masaki ANDO

The detection of gravitational waves is expected to open a new window into the universe and brings us a
new type of information about catastrophic events such as supernovae or coalescing binary neutron stars;
these information can not be obtained by other means such as optics, radio-waves or X-ray. Worldwide
efforts are being continued in order to construct detectors with sufficient sensitivity to catch possible
gravitational waves. Now the detection of the gravitational waves is one of the biggest challenges in the
field of physics and astronomy.

TAMA300 is a 300-m baseline laser interferometric gravitational wave detector constructed in Mitaka.
We started the operation of the detector in 1999. The achieved sensitivity, h ∼ 3 × 10−21/

√
Hz at 700Hz

to 1.5kHz, is sufficient to catch possible gravitational wave events in our galaxy. We can operate the
detector for over 24 hours stably and continuously, and have accumlated over 3,000 hours data. We are
now analyzing the obtained data searching for the gravitational waves from coalescing binaries, supernovae
and pulsars.

A space laser interferometer, DECIGO, was proposed through the study of the gravitational wave sources
with cosmological origin. DECIGO could detect primordial gravitational waves from the early Universe at
the inflation era. We have just stared the theoretical and technical investigation for the realization of the
DECIGO space detector.

We summarize the subjects being studied in our group.

• Laser interferometric gravitational wave detectors

– Current status of TAMA project

– Data analysis of the TAMA data

– Systematic analysis of TAMA monitoring signal

– Study of the next-generation laser interferometer, LCGT

• Space laser interferometer

– Space laser interferometer DECIGO

– FP-DECIGO

– Laser stabilization using optical fiber

– Study of the movable devices

• Study of the precise measurement

– Suspension point interferometer for vibration isolation

– New vibration isolation system using magnetic levitation

references

[1] B Abbott et al. (LIGO Scientific collaboration), T Akutsu at al. (TAMA Collaboration), Joint LIGO and
TAMA300 search for gravitational waves from inspiralling neutron star binaries, Phys. Rev. D (2006, in press),
gr-qc/0512078
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(2006) S125-S131.

[4] B Abbott et al. (LIGO Scientific collaboration), T Akutsu at al. (TAMA Collaboration), Upper limits from
the LIGO and TAMA detectors on the rate of gravitational-wave bursts, Phy. Rev. D 72-12 (2005) 122004.



232 25. SANO GROUP

25 Sano Group

Research Subjects: Nonlinear Dynamics and Fluid Mechanics

Member: Masaki Sano and Yoshihiro Murayama

Our research group studies nonlinear dynamics and pattern forming phenomena in dissipative nonlinear
systems. Oscillation, chaos, and turbulent behavior of fluid, solid, granular systems, chemical reactions
and biological systems are investigated based on dynamical system’s theory and laboratory experiments.
Through these efforts we search for novel phenomena, and to develop new methods in understanding
complex phenomena arising in the systems far from equilibrium. The followings are main subjects of our
study.

1. Study of turbulence

(1) Search for the ultimate scaling regime in developed thermal turbulence

(2) Study of statistical properties and coherent structures in turbulence

(3) Turbulence - turbulence transition in electro hydrodynamic convection of liquid crystals

2. Nonlinear Dynamics and Chaos

(1) Pattern forming phenomena and their universalities in dissipative systems

(2) Spatio-temporal dynamics in spatially extended dissipative systems

3. Dynamical aspects of biological systems

(1) Single molecule level measurement of DNA collapsing, DNA-protein interaction, and gene expression

(2) Collective behavior of the activities in biological neural assemblies

References
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26 Yamamoto Group

Research Subjects: Submillimeter-wave and Terahertz Astronomy, Chemical Evolution

of Interstellar Molecular Clouds, Star Formation, Development of Terahertz

Detector

Member: Satoshi Yamamoto and Tomoharu Oka

Molecular clouds are birthplaces of new stars, and understanding their physical and chemical properties

provides us with fundamental bases for detailed studies on star formation, which is an elementary process

in evolution of the Galaxy. Toward this goal, we are conducting observational studies in the millimeter-

and submillimeter-wave region.

Our group operated the Mount Fuji Submillimeter-wave Telescope on the top of Mount Fuji (alt. 3770 m)

from 1998 to 2005. With this telescope, we explored formation processes, detailed structure, and chemical

evolution of interstellar molecular clouds by observing the fine structure lines of the atomic carbon (3P1−3P0

492 GHz; 3P2−3P1 809 GHz). Owing to the high sensitivity of our superconductor receiver, the fully remote

controlled operation, and the excellent observing condition from Mount Fuji, we were able to observe more

than 50 square degrees of the sky with the 492 GHz line. This is the largest survey of the atomic carbon

line so far made. Furthermore, a few representative clouds such as Orion A, Orion B, and NGC1333 were

mapped with the 809 GHz line. By comparing the distribution of the atomic carbon lines with the CO

distribution, we have been studying formation and evolution of molecular clouds in detail. The Mount Fuji

Submillimeter-wave Telescope is a research project of Research Center for the Early Universe (RESCEU)

in collaboration with researchers of National Astronomy Observatory and other Japanese institutes.

In addition, our group has developed a transportable 18 cm submillimeter-wave telescope in order to

conduct a survey of the 492 GHz line of the atomic carbon over the Milky Way. In 2003, we successfully

operated the telescope at Pampa la Bola (alt. 4800 m) in Chile, and observed the southern Milky Way in

the atomic carbon line. From the result, we are studying molecular cloud formation in the galaxy scale [1].

We are also studying chemical evolution of star forming regions with the Nobeyama 45 m telescope

and Nobeyama Millimeter Array. Particularly we are interested in behaviors of complex organic molecules

(HCOOCH3, (CH3)2O, etc.) in hot cores around low mass protostars. These molecules can be used as

potential tracers to study the early stage of protostellar evolution. In fact, we have detected the HCOOCH3

line from an extremely young low-mass protostar, NGC1333 IRAS4B [2].

Along with the above observational studies, we are developing a hot electron bolometer (HEB) mixer that

can be used at 1.5 THz for a survey of the fine structure line of N+. Fur this purpose, we have introduced

an electron beam lithography system and a mixer fabrication system in our laboratory, and have started

fabrication of a diffusion-cooled type HEB mixer using Nb as a superconductor and a phonon-cooled type

HEB mixer using NbTiN.

[1] T. Oka, K. Kamegai, M. Hayashida, M. Nagai, M. Ikeda, N. Kuboi, K. Tanaka, L. Bronfman, and S. Yamamoto:
Atomic Carbon in the Southern Milky Way, Astrophys. J., 623, 889-896 (2005).

[2] N. Sakai, T. Sakai, and S. Yamamoto: Detection of HCOOCH3 toward a Low-Mass Protostar NGC1333, Pub.
Astron. Soc. Japan, 58, L15-L18 (2006).
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27 Sakai (Hirofumi) Group

Research Subjects: Experimental study of quantum optics and atomic/molecular physics

Member: Hirofumi Sakai and Shinichirou Minemoto

Our research interests are as follows: (1) Manipulation of neutral molecules based on the interaction

between a strong nonresonant laser field and induced dipole moments of the molecules. (2) Controlling

quantum processes in atoms and molecules using shaped ultrafast laser pulses. (3) High-intensity laser

physics typified by high-order nonlinear processes (ex. multiphoton ionization and high-order harmonic

generation) and ultrafast phenomena in atoms and molecules. (4) Attosecond pulses generated with high-

order harmonics and their reliable measurements. (5) Structures and dynamics of molecules studied by

the laser induced Coulomb explosion. Some of our research activities in the academic year of 2005 are as

follows:

(1) Enhancement of molecular orientation in the adiabatic regime and its extension to the

nonadiabatic regime

In the last fiscal year, we developed a new apparatus, in which a higher electrostatic field can be applied,

and confirmed that it worked as expected. In this fiscal year, with a sample of OCS molecules diluted (5%)

with He gas to avoid cluster formation, a backing pressure of 10 atm., an electrostatic field of 4.4 kV/cm,

and a laser peak intensity of 4.1 × 1012 W/cm2, we succeeded in achieving higher degree of orientation

than that achieved in the proof-of-principle experiments.

In precise spectroscopic measurements and experiments including the observation of photoelectrons, it

is desirable to prepare a sample of oriented molecules in the field-free condition. Noting that molecules

can be oriented with combined electrostatic and intense, nonresonant laser fields in the adiabatic regime,

we propose that we use a shaped pulse which has a relatively long rising edge compared to the rotational

period of the molecule and is suddenly switched off at the peak of the pulse. Thereby, in the laser-field-free

condition after the shaped pulse, we can expect the same degree of orientation as that could be adiabatically

achieved at the peak of the pulse. The feasibility of this approach was recently confirmed by our numerical

studies.

(2) Controlling high-order harmonic generation from nonadiabatically aligned molecules

In the last fiscal year, we succeeded in the demonstration of quantum interference of electron de Broglie

waves during high-order harmonic generation (HHG) from aligned CO2 molecules. In this fiscal year, we

have investigated ellipticity dependence of HHG from nonadiabatically aligned N2, O2, and CO2 molecules.

For experimental observations, we employ parallel and perpendicular configurations for which the molecular

axis is parallel and perpendicular to the major axis of the elliptical polarization, respectively. We have found

that the harmonic intensity decreases more rapidly in the parallel configuration than in the perpendicular

configuration as the ellipticity is increased. These observations are consistent with intuitive expectations

based on the shapes of the valence orbitals and successfully reproduced by our theoretical model. The

quantum interference in the recombination process was also observed in the ellipticity dependence of HHG.

Specifically, the ellipticity dependence of the 31st harmonic intensity from aligned N2 molecules measured

in the parallel configuration shows a clear dip at linear polarization (ellipticity ε ∼ 0). The dip is due to the

destructive interference and explained by our theoretical calculations. The ellipticity dependence provides

us with rich information about underlying physics of HHG and can serve as a probe for ultrafast dynamic

imaging of molecular structures.
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(3) Utilizing ion images for the learning-loop optimal control of quantum processes in molecules

and its application to the nonadiabatic molecular alignment

We developed a technique with which two-dimensional ion images can be used as feedback signals and

applied it to the optimal control of nonadiabatic alignment of N2 molecules. We maximized the degree of

alignment around the half revival. As optimized pulses, we obtained a single ultrashort (almost transform-

limited) pulse in some cases, and a doubly-peaked pulse in other cases. We investigated the effect of

doubly-peaked pulses by integrating the time-dependent Schrödinger equation numerically and found that

the doubly-peaked pulses are more effective for the molecular alignment just after the pump pulse, which

is equivalent to that around the full revival, than for that around the half revival. Therefore, we measured

the degree of alignment just after the pump pulse as a function of the interval between the two pulses

produced by an interferometer equipped with an optical delay. We found that there is an optimum interval

between the two pulses, which is consistent with our numerical simulations. In this study, experiments and

theoretical calculations worked mutually complementarily and we obtained important information about

the formation mechanism of rotational wave packets.

[1] Tsuneto Kanai, Shinichirou Minemoto, and Hirofumi Sakai, Nature (London) 435, 470–474 (2005).
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28 Kuwajima Group

Research Subjects: Protein Folding, Molecular Chaperones, Protein Stability, Physico-

chemical Studies of Biological Macromolecules

Member: Kunihiro Kuwajima & Kosuke Maki

We are studying mechanisms of in vitro protein folding and mechanisms of molecular chaperone function.

Our goals are to elucidate the physical principles by which a protein organizes its specific native structure

from the amino acid sequence and to elucidate how these principles are utilized or qualified by the molecular

chaperones in the biogical cell. To this end, we are using various physicochemical, protein engineering,

and computational techniques, including rapid reaction techniques, mutational analysis, and molecular

dynamics simulations.

The recombinant form of goat α-lactalbumin has a significantly faster unfolding rate compared to the

authentic form, although the two molecules differ only in an extra methionine at the N-terminus of the

recombinant. The mechanism of the destabilization caused by this residue was investigated through the

combined use of kinetic experiments and molecular dynamics simulations. Unfolding simulations for the

authentic and recombinant forms at 398 K (10 trajectories of 5 ns for each form, 100 ns total) precisely

reproduced the experimentally observed differences in unfolding behavior. In addition, experiments re-

produced the destabilization of a mutant protein, T38A, faithfully as predicted by the simulations. This

bidirectional verification between experiments and simulations enabled the atomically detailed description

of the role of the extra methionine residue in the unfolding process.

We collected quantitative kinetic data on early and late stages of folding in non-two-state proteins from

the literature, and studied the relationship between the kinetics of the two stages. There was a surprisingly

high correlation between the rate constants of these stages. The correlation coefficient of the logarithmic

rate constants was as high as 0.97, which could not be caused by chance. We also studied relationships of

the logarithmic rate constants of the two stages with native three-dimensional structures represented by

the residue-residue contact map. There were again surprisingly high correlations between the logarithmic

rate constants and the number of non-local contact clusters obtained from the contact maps. Because the

number of non-local contact clusters represents overall arrangement of substructures in a native protein,

the results strongly suggested the importance of the arrangement of the substructures for the kinetics of

both early and late stages of protein folding.

[1] T. Oroguchi, M. Ikeguchi, K. Saeki, K. Kamagata, Y. Sawano, M. Tanokura, A. Kidera & K. Kuwajima:
Atomically detailed description of the unfolding of α-lactalbumin by the combined use of experiments and
simulations. J. Mol. Biol. (2005) 354 164-172.

[2] K. Kamagata & K. Kuwajima: Surprisingly high correlation between early and late stages in non-two-state
protein folding. J. Mol. Biol. (2006) 357 1647-1654.
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29 Nose Group

Research Subjects:Molecular Mechanism of Neural Network Formation

Member:Akinao Nose, Takako Morimoto-Tanifuji and Etsuko Takasu

What is the physical basis of formation of the brain? The aim of our laboratory is to elucidate the

molecular mechanism of neural development and function by using, as a model, the simple nervous system

of the fruitfly, Drosophila. We focus on the synapses between motor neurons and their target muscles, and

study the molecular mechanisms of how specific synaptic partners recognize each other and form synaptic

connections. The following research plans are in progress.

1. Molecular mechanism of the neuromuscular target recognition

1.1. Genome-wide search for target recognition molecules by microarray

To systematically identify novel genes involved in neuromuscular target recognition, we performed mi-

croarray analysis. We compared the expression of genes in two neighboring muscles, 12 and 13, which are

innervated by distinct motor neurons, and identified 200 genes that are differentially expressed. We con-

ducted functional analyses of genes encoding transmembrane or secreted proteins and showed that Wnt4,

a secreted protein of WNT family plays a major role in target specificity.

1.2. Live imaging of neuromuscular target recognition

We investigated the dynamics of the membrane protein Capricious (Caps), which we previously identified

as a target recognition molecule in this system. We found that CAPS-GFP concentrates at the tips of

myopodia, protrusions extended by muscles, just before and during the period when motoneurons initiate

contact with muscles. Presentation of a target recognition molecule at the tips of cellular protrusions such

as myopodia may be an efficient way to ensure correct interaction between pre- and postsynaptic cells and

suggest for an active role played by the postsynaptic muscles in target recognition.

2. Molecular Mechanisms of Synaptogenesis

2.1. Role of postsynaptic CaMKII on synaptogenesis

During synaptogenesis, synaptic proteins are rapidly assembled into both pre- and postsynaptic sites that

are capable of high fidelity transmission. Interaction between the presynaptic neuron and its postsynaptic

target cell(s) is essential for the development of synapses. To elucidate the role of postsynaptic cells in

synaptogenesis, activity of calcium/calmodulin-dependent protein kinase II (CaMKII) was manipulated

specifically in the postsynaptic cell using GAL4-UAS expression system and its effect on the synapse

formation at developing Drosophila neuromuscular junction was examined. Together with the investigation

into localization of synaptic proteins, we found that increased postsynaptic CaMKII activity enhances not

only postsynaptic but also presynaptic maturation in function and morphology. We propose two significant

functions of postsynaptic CaMKII during synaptogenesis - retrograde modulation of presynaptic properties

and coordinated regulation of pre- and postsynaptic maturation.@ Currently, we are further examining the

molecular mechanisms of retrograde signaling. We also found the development-stage dependent effect of

postsynaptic CaMKII modification on the synapse maturation.
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N!O#Ü�Ý!P É�ôeõ�Þ!ß�à�Æ%½~á�ö�õ���â!�~ã�ä�©#å!æ�õ���â º j�ç²��\~¯ þ É Ì#Í ZYèeô 2005 S�è�é�ß�à
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$ ë d �H± t _ ë�� § ë�w���>=�u����ä�å w ³ $ ¾�¥ NaxCoO2·yH2O '������#������ä�åw@$ ¾�¥ S û P{S ë�w���>Q8Já;:)<Y�9> ä�å w ³ ë�w��HnOû]t���>JÝ�ìHí�0�JLK�¾�¥����@'�Y�z�. ���-u�¥	���� 0	ä�å w D��Yë-� ��� ����ß ���/u�¥$ $k�Ah>Y�@~��@~�Ru���¨k+*-,�xH¥='
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÷ %�u Stuttgart ) Max-Planck-Institut v
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[ º »�© d v!ª � ����ÒÛÚ ]«�¬ ­�® q�r 2005 w 8 µ 1 � ¯8Ý° ±
² q�r 2006 w 2 µ 1 � ¯8Ý³�´�µ �!�u� º »?¶�· d 2005 w 4 µ 1 � �+��¸ (
² H�¹8��â�¼�|º�» ¼ � ½�¾ d 2005 w 4 µ 1 � ¯8Ý¿.À Á ² ½�¾ d 2005 w 4 µ 1 � ¯8Ý¿�Â Ã�Ä º » ¥�Å d 2005 w 8 µ 1 � ¯8ÝÆ c º »?¶�· d 2005 w 8 µ 1 � ¯8ÝÇ�È É º »?¶�· d 2005 w 8 µ 1 � ¯8Ýº Î Ê Æ � Í
Ë�¥�Å�� d 2005 w 11 µ 1 � ¯8Ý

[ º »�© d'Ì �ÎÍ�� ����ÒÛÚ ]³�Ï ®�Ð ©�Ñ
2006 w 3 µ 31 � Ò�w�Ó�ÔÕ
º K�� q�r 2005 w 12 µ 31 � Ö�Ô ( ����×�Ø�	�å )û�Ù Ú�Û Ü�Ý
2006 Þ 2 µ 28 ß Ö�Ô ( ��à�	�å )á á â�ã�ä Ü�Ý
2006 Þ 3 µ 31 ß Ö�Ô (( å )

»�æ å $�% ¼ )ç ´ ¶�è Ü�Ý
2006 Þ 3 é 31 ß Ö�Ô (( å )

»�æ å $�% ¼ )Ç ê � º »?¶6· d 2005 Þ 8 é 31 ß Ö�Ôë1º ì�í � Í Û ¥�Å�� d 2006 Þ 3 é 21 ß Ö�Ôî ¿ ï � Í
@�¥�Å�� d 2006 Þ 3 é 31 ß Ö�Ôð!ñ ò�ó � Í
Ë�¥�Å�� d 2006 Þ 3 é 31 ß Ö�Ô¿'ô Á�õ ö�÷ ¥�Å�� d 2006 Þ 4 é 1 ß [��+� (
÷ å�ø $�% Ø
¥�Å�ù )ú�û ü�ý ö�÷ ¥�Å�� d 2006 Þ 4 é 1 ß [��+� (
÷ å�ø $�% Ø
¥�Å�ù )þ�ÿ ó�� ö�÷ ¥�Å�� d 2006 Þ 4 é 1 ß [��+� ( ��¥�ù )
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