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6 �M¨�¨I��¨�ÈkÌ\¥��·®ÃM¨�Ã&�PÍ*�±ÇM¨�§kÃ±��·x§ÏÎT·x²*���¥·Q¨��¸¹º���&	�� ' È/Ð0¥¹ºÑ^§k�&	��\ � ��ªº¹º	��\,Ò�;&� .
�·\Ð/Óx�M¨�Ô7�t���±°��\��Ç±¹º� Ë �±·x© 6 È�·x�-¶/��ªº¹º©®�M¨ Ë �±·�© .!' ·x§kª ' ��§kÕ��M¨�	k�t°Ï
 Ð®·\¶/��¹º�¡·xÇ\Ç\§��\¹ºªºªº¹ 1Ë ��¶/��§k	��¥·x¹º��M¼0¯k�¥¹º°��\�2°e·»Õ��¥·Q¨�¹Ê¨I§k	k�`ÒÖ¨���§k2ªº�±2°��\°a²k���±2	k§»Ô7§k�7Ð^Ó Á �\©k�x×º¨$ ��§kÂ±�K¨cÓ � ¹ºÇ±��ªj·x $ §�¯k§�¹º\Ó ¾ ¹ºÇIÈk�\ªº� 3 ·�²k��¹ºÅ\¹º��Ó  Èk¹º�\�¥�7Ð Æ ¹j·x°R·x��ÇIÈk¹ØÓ ¾ ¹ºÇIÈ��\ª É Ã\��¹ .
¨�¹º�±�#�M¨ $ �\©k¹º Ë Ã\���¸°�� 1*Ë �2���\°e�\��Ç\¹º� Á �±©k�K×º¨ $ ��§kÂ±�K¨+	�
4·\¶^��¹º��·x¥¥§k°eÃ2ªj·eÙd��©�ÇM¨�¹º��©
	k§À¯k�¥Ã\¥¹º	k�\©¸¨a	k�5Ô7§k�7Ð^Ór�M¨ ¾ ¹ºÇIÈ��\ªº� 3 ·�²k��¹ºÅ\¹j�»�M¨  È�¹º�\���7Ð Æ ¹j·x°R·x��ÇIÈ�¹¡	r
4·\¶/��¹º��·xÇ .
Ç\�\¯0¨�Ã�	r
�\©»ÚM¨�����ªº�±,�¥·x¯�¯v���7¨I�\§k�� 1' ·x¥Ç±·xª2Îr�\	��\���\�Ï°»
4·\¶�·x¹Ê¨q¹º©�¹Ê¨�¹j·xªº�\°e�\©¸¨q¹º©¸¶0¹Ê¨IÃ½ÒC¶/�\©k¹º�Û·x§(Ü-²�ÝQ¨�¹º°e�\©¸¨ßÞ�«±´Qà�Ó
�M¨a°eÚ\°e�e¥¹�©���§k�©�
4·\¶/��©��°e·xªºÈ��\§k���±§k¥�\°��±©¸¨a¯�·x�¯k§á¨���·\¶�·x¹ºªºªº�\���\©k¥�\°a²kªº��ÓT¹ºªâ·
¨���§�Ô7��§�����§�¹Ê¶0¹�°e��©á¨���·\¶�·x¹ºª�·\¶/�\ÇR²�¹º�\©¸¶/�±¹ºªºªj·x©kÇ±��Ó��\©À¹º©¸¨I�\�7¶/�\©�·x©¸¨�·x§�¼½°e��°��\©/¨�
Ç\�¥¹Ê¨�¹ºÑ^§��\ 1�Ë ��ªº§�¹��\©Ï¥§�¹ºt¨���Ì\,���\Ç±��©k©�·�¹º��·x©/¨ 1Ë �z�¥�\°��\�¥Ç\¹º� ¾ ·x��Ç Æ ·x²�·\ÐÄ�M¨Rã&È^§kä¸© .Ø� ¹ºÚM¨ ' È�·x°å	r
4·\¶/��¹º��·xªº����®Õ�§�¹º	kÃz°e�\
¯k�¥�\°�¹º�±��,¯�·x,�\©»¯kÈ¸Ðk�¹jÑ^§k��	��\,¥��ªº¹º	k�\ 1� ©�¥§k¹Ê¨���Ó ¾ ¹ºÇIÈ��\ª É Ã\��¹Ê¨�¹º�±�5°»
4·Ï�xÍG�\�7¨a	k��¨��¥·\¶�·�¹ºªºªº�\�2¥��§k2�·»	k¹º���\ÇP¨�¹º��© 1�¾ ·xª .
Õ���Ã2��±,°�§�ªÊ¨�¹º¯kªº�±,��²�ªº¹ºÕ¸·Q¨�¹º�¸©k±Ó�ÔM
4·x¹r¯k§»²*Ã\©�ÃPæ�Ç\¹º�\�,	k�5�·a¶�·x-¨��5Ç\�¸°�¯vÃP¨��\©kÇ±�5·x¹º©��¹
Ñ^§��Ï	k�Ï¥��©%���§0¨�¹º�\©%Ç\��©k-¨I·�©¸¨�¨���§0¨`·x§çªº��©�Õá	��ÏÇ\�M¨�¨��Ö¨�ÈkÌ\¥� 1�Ë �ÏªØ
�±©ç���±°��\��Ç±¹º�
ÇIÈ�·xªº�\§k�¥�\§k¥�\°e�\©¸¨ 1

Î��R¨��¥·\¶�·�¹ºªâ¥§k�aªj·q¯kÈ¸Ðk�¹ºÑ�§k�`	��\aÇ\��©k	�§kÇM¨I�\§k��aÑ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©k©��\ªºa¯k�¥Ã .
¥�\©¸¨IÃ�	�·x©��Ç\��°eÃ\°���¹º�¥����Ã\¥§kªè¨��2	r
§k©��2Ç±��ªºªj·x²v�¸�¥·Q¨�¹º��©¿¹º©¸¨��±©k¥�a·\¶/�\Ç � ¹ºÇ\��ªj·x $ § .
¯k§�¹º 1vË 
4·�¹T²v�±·x§�Ç\��§k¯q·x¯�¯k��Ã±Ç\¹ºÃ2ªØ
¹º©¸¨��±�¥·xÇM¨�¹º�¸©q·\¶/�±Ç2ªº§k¹ØÓ�Ñ^§�¹T\
�±7¨&��ÃM¶/�\ªºÃ±��¨���Ì\�Ùd��� .
°R·Q¨���¹ºÇ\� 1*� ��©q�\¥¯k��¹Ê¨&Ç\ªj·x¹º�±Óv��¸©Ï¨M·xªº�\©¸¨&¯*��§k�,¨���§xÔ-��§k��,¨I����§�¶^�\��ªj·eÙd�¸��°�§kªX·Q¨�¹º��©qªj·
¯kªj§k+�¹º°e¯kªº�a¯v��¥¥¹º²kªº�zéØ°e·x¹ºâÔ-·x°R·x¹º+¥¹º°�¯�ªº¹èæ�Ã\�cêPÓv¥��©q�M¼k¹ºÕ��\©kÇ±��	k��Ç±��©k-¨I·x°e°��\©/¨
ÇIÈ��\��ÇIÈk�±�9ªj·�¥¹ºÕ�©�¹èæ�Ç±·Q¨I¹º��©a¯�È¸Ð0¥¹ºÑ^§���	k�\�¥��¹ºÌ\����ªº�t��Ã\¥§kªè¨I·Q¨�	�
§�©aÇ±·xªºÇ\§�ª�Ç\�¸©¸¨�¹º©^§��\����©/¨
Ò�°���¥�\�-¶0¹º�8	r
�M¼0�\°e¯kªº� 1vË �&¨�¹º�\©�#Ò®ªº§k¹r�M¼0¯���¹º°��±�8°e·�¯k����Ùy��©k	k���¥�\Ç\��©k©�·x¹º¥�·x©kÇ\� 1Ë 
<·x¹�Ü7	�Ã\Ç\��§�¶^�\�7¨�àzªj·»¨��\ÇIÈ�©k¹ºÑ�§k�z	�§CÕ�����§�¯v�z	��z���±©k����°R·xªº¹º�·Q¨�¹º��©ç·\¶/�\Ç Æ ¹ºªºªº�\) ²��¥·x°e�±¶0¹ºÇ\¹ 1#� ��©ë�\©¸¨IÈk��§��¹j·��°e�ß�P¨»¥�\Ï�\©kÇ±��§k�¥·xÕ¸�\°��\©/¨�Ï��©¸¨ÛÃM¨�Ãá§k©ì��¸§�¨�¹º�\©
Ñ^§��K¨�¹º	�¹º�\©í¨I��Ì\»¹º°�¯*���7¨M·x©¸¨ 1#Ë �ß¨�¹º�\©kÛÒçªØ
�\© ���\°e�\��Ç\¹º�±�z¨���Ì±»ÇIÈ�·xªº�\§����\§���±°��\©/¨cÓ
·x¹º©��¹rÑ^§k�5	k��©��K¨����5Ç\��ªºªj·x²*���¥·Q¨�¹j��©»�§��8ªº�\,Ã±ÇIÈk�\ªºªº�\ 1Ë �2¶/��§�	k�¥·x¹j+�M¼0¯���¹º°e�\��°R·`Õ��¥·Q¨�¹Ê¨I§k	k�®Ò � ��©�¹j· É ·x	k	�·x	¿¯v��§���©��K¨����aÇ\��ªºªj·�²v� .
�¥·Q¨I¹º��©�Ók�M¨#¯v��§��8·\¶/��¹º�8¯�·x�7¨I·xÕ¸Ã�·\¶/�±Ç&°e��¹G¥�\8Ç±��©k©�·x¹º¥¥·�©kÇ\�\,�§��tªj·®¯kÈ¸Ðk�¹ºÑ�§k�&	��\
Ç\��©�	k§�ÇM¨��\§���8���¥Õ¸·x©k¹ºÑ�§k�\,¥��§�,ÇIÈ�·x°e¯ 1Ë �5���\°e�\��Ç\¹º� � ·x¯�È�·xî\ª $ §�¯k�¥·K¨#�M¨ 6 ªj·�§k	k� Á ��§k�¥²v��©�©�·x¹º,¯*��§k�,©k�K¨��¥��Ç\��ªºªj·�²v� .
�¥·Q¨I¹º��©»�§��8ªj·®¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã+¨��¥¹º¯kªº�M¨ 1

Îr·�°e�K¨�¹Ê¶¸·Q¨�¹º��©e�P¼0¯vÃ±��¹º°��\©/¨I·xªº�,	��,Ç\�M¨�¨I�t¨�ÈkÌ\¥�,�\-¨âÃM¶k¹º	k�\©¸¨I��Ó¸�M¨â§�©e	k�\�¯v��¹º©/¨�
Ùd���-¨8	k�+Ç\�+ªj·�²v���¥·K¨���¹º���&�\-¨8ªj·�¯v��¥¥¹º²�¹ºªº¹Ê¨�Ã+	�
4¹º©¸¨��\�¥·�ÇM¨�¹º��©Ö	k¹º���\ÇP¨��+�\©¸¨I���#¨�È�Ã\����¹ºÇ\¹º�±©k
�M¨a�M¼0¯*Ã\��¹º°e�\©¸¨I·K¨��\§k�¥ 19Ë �e���±°��\�¥Ç\¹º�eªØ
Ã±Ñ^§k¹º¯*� É ·x§�¨��± ' ���\¥¥¹º��©k2	��\2	k¹º¥Ç\§�¥�¹º�¸©k
	k�¸©¸¨vÔP
4·x¹^¯k§2²*Ã\©kÃ\æ�Ç\¹º�\�9·\¶/�\Çâ�\§0¼GÓc�±©2¯�·x�7¨�¹ºÇ±§kªº¹º�\� $ �\©k¹º Ë Ã\�¥��°���Ó 6 ªj·�§k	k� ' ·��Ñ�§k¹º�\�
�M¨ � ·x	�· Ë ��� 1xË ��¶/�¸§k	k��·x¹º9Ã±Õ¸·xªº�\°��±©¸¨��P¼0¯k�¥¹º°��\�9°e·+Õ��¥·Q¨�¹Ê¨I§k	k�tÒ � ¹ºªºï�� Á ¹º�\��°R·x©k©rÓÁ �\©��\	k¹ºï¸¨ Á ¹º©�Å�Ó Á �\©k�K×j¨ $ ��§kÂ\�x¨cÓ � Ã±²�·x-¨�¹º�\© $ §��§��\ªØÓ  Èk¹º�\���-Ð Æ ¹j·x°e·���ÇIÈk¹ØÓ $ �¥·xð\�\©ñ ·�©kÇIÈk¹ØÓ9·x¹º©��¹âÑ^§��RªØ
�±©k¥�\°�²�ªº�R	�§ÀÕ��¥��§k¯*��¨�È�Ã\����¹ºÇ±¹º�\©k�	�§Àªj·�²v���¥·K¨���¹º���`¯*��§k�2ªj�\
¹º©¸¨I�\�¥·xÇM¨I¹º��©k,Ñ^§��&©���§k,·\¶^��©k,�\§k�±\Ók�M¨#Ñ�§k¹G°»
��©¸¨�·x¹º	�Ã5Ò®Ç\��©�7¨I��§k¹º�¥�&Ç\�P¨�¨��+¨�È�Ì\¥� 1Ë �����\°��±��Ç\¹º�¡¨��¸§�¨��\9ªº�\9¯*�\��¥��©�©k�\9	k§�ªj·�²v���¥·K¨���¹º����	k�âªº�\§��9·x¹º	k�¸ÓQ�\©a¯�·x�7¨I¹ºÇ\§kªº¹º�±�É �±�7¶/Ã Á ·xªºªj·x©�±Ó ) ©�©k¹º� 6 ·xªºªº�±·x§rÓ ) ªj·x¹º© 6 ªºÃ\°e�\©¸¨cÓ ¾ Ð .ò) ©�È $ ·x©�ÕkÓ ) ©�©k� $ �\¥¯�·xª .
ªº¹ºÌ\�¥�\±Ó = ¶/�P¨�¨�� $ §�Ùd��§k�\Ó ' ¹º�\���¥� Ë �^	k�-Ð/Ó = ¶/�±aÎr���¥�±·x§�¼�Ó ¾ ·x�¥¹º� .!3 �¥·x©�Ç\� ¾ ·x�¥¹º�K¨�¨��kÓ

ó



6 Èk��¹º-¨���¯�Èk� ¾ ¹ºªºªº¹º�\©rÓ � ��¹ºÇ ¾ ��Õ��5�M¨ 6 Èk��¹j7¨I¹j·x©k� � Ã\Õ�§�Ð 1Ë �¡���\°��±��Ç\¹º�¡�\©5¯�·��7¨�¹ºÇ\§�ªº¹º�\�G¨��¸§krÇ±�\§�¼�Ñ^§�¹¸��©¸¨9·x¹º	�Ã�Ò8��Ã±·xªº¹º¥�\�TÇ\�ô¨��M¼�¨��¡¯�·x�rªº�\§��
ªº�±ÇM¨�§k�¥�Ö·Q¨�¨I�\©¸¨�¹Ê¶/�Ö�M¨�ªº�\§���®Ç\��©�¥�\¹ºªº±Ó 6 ·x�¥��ªº� � ��§k¹ºªºªº�¸Ó 6 ·Q¨IÈk�\��¹j©k� � ¶/�\©rÓ Ë Ã\��ä�°e�6 ·\Ð0¥��¸ªG�M¨,©k�K¨I·x°e°��\©/¨ Æ ¹ºªºªº�\ ) ²k��·x°��±¶0¹ºÇ±¹ØÓk·\¶/�\Ç&Ñ^§�¹ØÓ�Õ���ÝxÇ\��Òa¥·2¶�·x-¨I�+Ç\§�ªÊ¨�§�����Ó
°eÚ\°��5ªj·®Ç\�¸�����\ÇM¨I¹º��©»	�
§k©»°e·x©�§k¥Ç\��¹Ê¨#	��+¨�È�Ì\¥��	k�M¶k¹º�\©¸¨�§k©Ï¯�ªj·x¹º¥¹º� 1¾ �±¡	kÃ±²k§�¨��	�·x©�¡ªØ
�±©k¥�\¹ºÕ�©k�±°��\©/¨â��©¸¨âÃM¨IÃ#·xÇ\Ç\��°e¯�·xÕ�©�Ã\�¯�·x� 6 ·x�¥��ªº� � ��§k¹ºªºªº��Ó6 ·Q¨�Èk�±��¹º©k� � ¶/�\©`�M¨ ¾ ·���¹º� .!3 �¥·�©kÂ\��¹º¥��	k� 3 Ã\�¥·x§�	�Ð 10Ë �,¨�¹º�\©��Ò2ªº�\â�¥�\°��±��Ç\¹º�\�â¯*��§k�
ªº�±§k�8	�¹º¥¯v��©�¹º²k¹ºªº¹Ê¨IÃ�Ókªº�\§��8¯�·Q¨I¹º�\©kÇ\�5�M¨#ªº�±§k�8�±©¸¨�È���§k¥¹j·x¥°����¥Ã\�\ªºªº�\°e�\©¸¨�Ç\��©¸¨M·xÕ�¹º�\§�¼ 1' �¸§k�ôªº�\ô	k¹º¥Ç\§�¥�¹º��©�ô�\©k�¥¹ºÇIÈk¹º¥�·x©¸¨��±ô�§��9ªj·+¯kÈ¸Ðk�¹ºÑ�§k���P¨9¨���§0¨�ªº���¥�\-¨���ÓK¯*��§��9ªj·
Ç±��©¸¶0¹Ê¶0¹X·xªº¹Ê¨�Ã�Ñ^§��&ªØ
��©»·®¯k§Ö¯�·x�7¨I·�Õ��\�\ÓxÔ7�&�¥�\°��\�¥Ç\¹º� ) ©k©k� .ò� �·x²v�±ªºªº��Ó ) ©�§�Ó ) §k��Ã\ªº¹º�¸ÓÁ �\©��K×º¨cÓ Á �\�¥©�·x��	rÓ Á Ô7õ���©rÓ Á ����¹º±Ó Á ��¹jÕ�¹Ê¨�¨���Ó Á ��§k©��kÓ 6 ·x�¥��ªº��Ó 6 ·Q¨�È��\��¹º©���Ó 6 �\�·x�±Ó6 ªj·x¹º����Ó $ ·x�¥¹º�kÓ $ ·\¶0¹º	rÓ � �¥¹ºÇ�Ó 3 �\©kÕ�ªº�±¹ØÓ Ë Ã±��ä�°��¸Ó 3 ��·x©kÂ\��¹j\Ó Æ ¹ºªºªº�\±Ó É Ã\ªºÌ\©���Ó � °��±©�Ó� ·x	�·0Ó Ë �±·x©�©k��Ócã�·x¥¹j·0Ó ' ¹º�K¨��±Ó±ã&�±©�ÓcÎ�§�Ç±·0Ó ¾ ·�Õ�	�·xªº�\©�·0Ó ¾ ·�È�·x¥¥¹º©k��Ó ¾ ·x�¥ïvÓ ¾ �MÐk	k¹ØÓ¾ ¹ºÇIÈkÌ±ªº��Ó ' ·Q¨���¹ºÇIï*Ó ' Èk¹ºªº¹º¯�¯v��Ó � �^	��\��¹ºÇIÈrÓ � ·Kæv·0Ó � ·x°2Ð/Ó � Ã\²�·x-¨�¹º�\©rÓ � �M¨���Ó � ¹Êö8·x�±Ó� ¨�Ã\¯�È�·x©k�¸Ó  ����-¨��\©»�M¨ � ¹º©kÇ\�±©¸¨ 1Ë �2¥§k¹º#¨���Ì\��¥�\Ç\��©�©�·x¹º¥�·x©¸¨�Ò � �\ªº°R·0Ó � ¨��P÷ÛÓ��M¨&°e·RÙy·x°e¹ºªºªº��Óv¯v�¸§k�,¨���§k�ªº�±§k��
�±©kÇ\��§��¥·xÕ��\°e�\©¸¨�±Ó�©k�K¨I·x°e°��\©/¨#¯v�±©k	�·�©¸¨#ªº�\,°e��°��\©/¨�,	k¹è÷RÇ\¹ºªº�\,	���Ç\�M¨¥¨��+¨�È�Ì\¥� 1Ë �����\°e�\��Ç\¹º��ªj·&Ü Æ �K¨�¨Iªº¹º�\² $ ·x¹º°eªº�\� . §�©k	zã�·���ª Á �\©kÅ .7� ¨�¹ºÙX¨�§k©�ÕKà,¯*��§k�âªº��æ�©�·�© .
Ç±�\°��\©/¨#	�
4§k©k��¯�·x�7¨�¹º�5¹º°�¯*���7¨I·x©/¨���	k�5Ç\�M¨¥¨��+¨�È�Ì\¥� 1

µ
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³ 1 « Îr�\,°R·Q¨�Ã\�¥¹j·x§�¼ 1515151�15151�15151�1515151�15151�15151�15151�1515151 «cÞ
³ 1 « 1 « $ �\#Ç\��©k	�§kÇM¨��±§k��,Ñ^§�·��¹ . §k©k¹º	�¹º°��±©k¥¹º��©k©��\ªº 1�15151�1515151 «cÞ
³ 1 « 1 ³ � ©¸¨��\��·xÇM¨�¹º��©�5��Îr��°e�^	kÌ±ªº��Õ . ��ªº�¸Õ�¹ºÑ^§k� 1�15151�15151�1515151 ³�«

³ 1 ³ Îr��	�¹j·xÕ��¥·�°�°��5	k��¯�È�·x¥�\ 1�15151�1515151�15151�15151�15151�1515151 ³Kµ
³ 1 ³ 1 « � ©Ï	�¹j·xÕ��¥·x°e°��5	k��¯�È�·x¥�\,Ç\��°e°�§k© 1�15151�15151�1515151 ³Kµ
³ 1 ³ 1 ³ $ ¹º°e�\©k¥¹º��©�©�·xªº¹Ê¨IÃ 151�15151�1515151�15151�15151�15151�1515151 ³�7
³ 1 ³ 1 ó Îr·��§�¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�	�·�©k (TMTSF)2PF6

15151�1515151 ³�8
³ 1 ó 3 ªº§�ÇM¨�§�·K¨�¹º��©k,	k�5¥¯k¹º©»�M¨#¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã 1�15151�15151�1515151 ó «

³ 1 ó 1 « ;+©k	��\a	��z	��\©k¥¹Ê¨�Ãz	��z¥¯k¹º©}	�·x©k®§�©CÇ\��©�	k§kÇP¨��\§k�aÑ^§�·x¥¹ .
§k©k¹º	�¹º°��\©�¥¹º��©k©k�±ª��kÃM¨�§�	k���\© �#'*) 151�15151�15151�1515151 ó «

³ 1 ó 1 ³ � §k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨IÃ�Ò�¯�·x�-¨�¹º�8	�
4¹º©¸¨��\��·xÇM¨�¹º��©�,��Ã\¯�§kªº¥¹Ê¶/�\ 151 ó:9
³ 1 µ : §k�\ªº,¯*�\§�¶/�±©¸¨#ÚM¨��¥��ªº�\#�PÍ*�M¨�,	���ªØ
����	����2·x©k¹º��©�¹ºÑ^§k��; 15151�1515151 µ/³

³ 1 µ 1 « Î��5¯v�K¨I�\©¸¨�¹º�±ª�¯vÃ\�¥¹º�^	k¹ºÑ^§��+¨���·x©k-¶/�\���·xª 1�15151�15151�1515151 µ/³
³ 1 µ 1 ³ Îr·�	k¹º°e�\©k¥¹º��©k©�·xªº¹Ê¨�Ã 15151�1515151�15151�15151�15151�1515151 µ ó
³ 1 µ 1 ó Î�
�±°�²v�K×º¨I�\°��±©¸¨#�P¨#ªº�\=<�§�ÇM¨�§�·Q¨�¹º��©�8	���¥¯k¹º© 15151�1515151 µ/Þ
³ 1 µ 1 µ Îr·��§�¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�	�·�©k (TMTSF)2ClO4

151�1515151 µ 9
³ 1 Þ ' ��§k�¥Ñ^§k��¹rªj·®�¥�\©k���¥°e·xªº¹º�·Q¨I¹º��©>; 1�1515151�15151�15151�15151�1515151 Þx´

? !#"@2������,AB"C��"@��"%,���1DE3F(G��$'34�1�H��
I�35$'AB"%����$J�K"%�10���*L��,"%$ 6M�
ó 1 « ÎT·®°eÃM¨�È��^	k� 1�1515151�15151�15151�1515151�15151�15151�15151�1515151 Þ�«ó 1 « 1 « : §k�±ªºÑ^§k�\,���±°e·x��Ñ�§k�\,Èk¹j7¨I����¹ºÑ^§��\ 15151�15151�15151�1515151 Þ�«ó 1 « 1 ³ Îr·����\©k�¸��°e·xªº¹j¥·Q¨I¹º��©»	�
4·x¯���Ì\ONë¹ºªj���© 1�15151�15151�1515151 Þ�³ó 1 « 1 ó ' ���¸²kªºÌ\°e�\8·\¶/�±Ç+	��\ 3 �\��°e¹º��©kt�±©z	�¹º°��\©��¹º�¸©z¥§k¯*Ã\��¹º�±§k���

ÒÖ« 151�1515151�15151�15151�1515151�15151�15151�15151�1515151 ÞKµó 1 « 1 µ � �±©k����°R·xªº¹º�·Q¨�¹º��©Û·\¶/�\Ç5Ç\�¸§k¯k§�����¹º©�Ùd�¥·x����§�Õ�� 1�15151�1515151 Þ�¬ó 1 ³ 3 ��©�ÇM¨�¹º��©�,	k� Æ �¥�\�\©Ï�M¨,¶/�\�-¨��M¼»Ò m ¯�·x�7¨I¹ºÇ\§kªº�± 15151�15151�1515151 7�´ó 1 ³ 1 « Î��\§��8¥¹ºÕ�©k¹èæ�Ç±·Q¨�¹º�¸©Ï¯�È¸Ð0¥¹ºÑ^§�� 15151�15151�15151�15151�1515151 7�´ó 1 ³ 1 ³ Î��\§��8Ç±·xªºÇ±§kªrÒ�ªØ
4·x¹º	k�5	��\,¹º©¸¨�Ã\Õ���·xªº�\,	���ÇIÈk�±°�¹º© 151�1515151 70«ó 1 ó $ Ã\��¹è¶�·Q¨�¹º��©»	��\,Ã\Ñ^§�·Q¨�¹º��©k,	������±©k����°R·xªº¹º�·Q¨�¹º��© 15151�15151�1515151 7xµó 1 ó 1 « Î�
Ã±Ñ^§�·Q¨I¹º��©Ï	�� ' ��ªºÇIÈk¹º©��ï�¹ 1515151�15151�15151�15151�1515151 7¸Þ
Þ



ó 1 ó 1 ³ Îr·����\©�����°R·xªº¹º�·Q¨�¹º��©ÛÒ®§�©k��²*��§kÇ\ªº� 15151�151�15151�1515151 7P7ó 1 ó 1 ó � Ñ�§�·Q¨�¹º�¸©k�	k�`���\©k���¥°e·xªº¹º�·Q¨I¹º��©À¯*��§k��	k�\�-Ð0-¨�Ì\°e�\�·�©k¹ .
¥�K¨�����¯*�\ 1515151�15151�151�1515151�1515151�151�15151�1515151 7 9ó 1 ó 1 µ � §k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\ 1�15151�15151�15151�1515151�151�15151�1515151 ¬�´ó 1 µ 6 ��°�¯�·x�¥·x¹º¥��©»	k�±8	�¹èÍ*Ã\�¥�\©¸¨�,¥ÇIÈ�Ã\°e·x 151�1515151�151�15151�1515151 ¬¸³ó 1 Þ Îr�5ÇIÈ�·x©�Õ��\°��±©¸¨#	r
Ã\ÇIÈk�±ªºªº� 151�15151�15151�1515151�151�15151�1515151 ¬ 9

Q RS�H352F��3FDTDU"V�,".A�0,35$K"%$+�XWY��Z�:�����������"%�,�[L��,3F$��]\^����*���*DU"%�$��H��_\
,")( `_�
µ 1 « Îr�\#Ã\Ñ^§�·Q¨I¹º��©k±Ók�P¨#Ñ^§��\ªºÑ^§��\,ªº¹º°�¹Ê¨��±,�¹j°�¯kªº�± 151�151�15151�1515151 9 «

µ 1 « 1 « � Ñ�§�·Q¨�¹º�¸©k+	��a���\©�����°e·xªj¹º¥·K¨�¹º��©¿¯*��§k�+§k©¿-Ð0-¨�Ì\°e��Ñ�§�·x¥¹ .
§k©k¹j	k¹º°��±©k¥¹º��©k©��\ª 151�15151�15151�1515151�151�15151�1515151 9 «

µ 1 « 1 ³ Îr·�¥¹ºÕ�©k¹èæ�Ç±·Q¨�¹º��©»	k� qC �M¨ qP 151�1515151�151�15151�1515151 9 µ
µ 1 « 1 ó Îr·�	kÃ\¯*�\©�	�·x©kÇ±���\© q‖ 15151�15151�1515151�151�15151�1515151 9 µ
µ 1 « 1 µ Î��5¯�·x¥�·xÕ��5	k¹º°e�\©k¥¹º��©�©k�\ª 1�15151�1515151�151�15151�1515151 9 7
µ 1 « 1 Þ Î��5��Ã\Õ¸¹º°���§�©k¹º	�¹º°��\©��¹j��©k©k�±ª 15151�1515151�151�15151�1515151 9 ¬
µ 1 « 1 7 Î��5��Ã\Õ¸¹º°���²�¹º	k¹º°e�\©k¥¹º��©�©k�\ª��� �\©k���¥°e·xªº¹º�·Q¨�¹º�¸©»Ò�ªØ
����	�����ªº��Õ/·x��¹Ê¨�È�°�¹ºÑ^§�� 1�15151�1515151 9 8
µ 1 « 1 ¬ Î��±»Ã\Ñ�§�·Q¨�¹º�¸©k»	��á���±©k����°R·xªº¹º�·Q¨�¹º��©£	�
4·x¯���Ì\ $ §k¯��¥·Q¨q�M¨Á ��§k��²*��©k©�·x¹º 1�15151�15151�15151�1515151�151�15151�1515151 8¸´
µ 1 « 1 9 � ��ªº§0¨�¹º��©Ï©�§k°eÃ\��¹ºÑ^§���� ) �¯*�\ÇM¨�t¨��±ÇIÈk©k¹jÑ^§k�\ 1�15151�1515151 8 ó
µ 1 « 1 8 Îr·�Ç\��§�¯k§k�¥��¹º©kÙd��·x����§�Õ����M¨�ªj·�¨��\°e¯vÃ±�¥·Q¨�§���� 1�15151�1515151 8�µ

µ 1 ³ Îr�5	k¹j·xÕ���·x°�°e��	k�5¯kÈ�·���± 151�151�1515151�1515151�151�15151�1515151 8/Þ
µ 1 ³ 1 « Î��z	k¹j·�Õ��¥·x°e°��`	��`¯�È�·x¥�\a	r
4·x¯k�¥Ì\aªº�zÕ�����§k¯*�`	��`���±©k��� .

°e·xªº¹º�·Q¨I¹º��© 15151�15151�15151�15151�1515151�151�15151�1515151 8/Þ
µ 1 ³ 1 ³ � ©)<�§k�\©�Ç\��	k� qP‖ 151�15151�15151�1515151�151�15151�1515151 «±´¸´

µ 1 ó � ©¸¨��\��·xÇM¨�¹º��© 6 ��§kªº��°a²k¹º�\©�©k�á¹º©¸¨I�\��ÇIÈ�·Q×X©k�\»�M¨Û¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã
¨I��¹º¯kªº�P¨ 151�15151�1515151�15151�151�1515151�1515151�151�15151�1515151 «±´/Þ
µ 1 ó 1 « $ ¹ºÍ*§k¥¹º��©Ö¶/�\��,ªØ
<·x����¹ºÌ\�¥��¥§��8ÇIÈ�·Q×X©��\t¶/��¹º¥¹º©��\ 15151�1515151 «±´P7
µ 1 ó 1 ³ $ ¹ºÍ*§k¥¹º��©Ö¶/�\��,ªØ
<·\¶�·x©¸¨ 15151�15151�1515151�151�15151�1515151 «±´ 9

µ 1 µ 6 ��©kÇ\ªº§�¥¹º��©k 151�1515151�15151�151�1515151�1515151�151�15151�1515151 «�«¸«
6 ab����*cd"e������DE352�,fg�1��$KDE"h"g�i$K�,A��135�:��������:���Hj,�H�Kfk"%lA���f%$'"%��:"k���

AB�5�K"%��1�H")(#3F�������*L��," �F�)?
Þ 1 « $ ¹j·xÕ¸��©�·xªº¹º�·Q¨I¹º��©»	k��ªj·®¯�·x�7¨�¹º� H0

Ò�§k©k��¯�·x�7¨�¹ºÇ\§�ªº��	k§ É ·x°�¹ºªÊ¨��¸©k¹º�\©�«�« ó
Þ 1 ³ Îr�\#¯kÈ�·x¥�\#·x©/¨�¹ºÙd�\���¥��°e·xÕ¸©kÃM¨�¹ºÑ�§k�\ 1�15151�1515151�151�15151�1515151 «�«QÞ

Þ 1 ³ 1 « � §k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\,ªº¹º²����\ 15151�15151�1515151�151�15151�1515151 «�«QÞ
Þ 1 ³ 1 ³ �#'v) °e·Q¨��¥¹ºÇ\¹º�\ªºªº� 15151�15151�15151�1515151�151�15151�1515151 «�«Q¬

Þ 1 ó � �±©k����°R·xªº¹º�·Q¨�¹º��©»¯*��§k�8§�©Ï-Ð0-¨�Ì\°e�5Ò®	��\§�¼Ï²�·x©k	��\ 15151�1515151 «c³0«
Þ 1 ó 1 « É ·x°e¹ºªÊ¨���©k¹j�\©Ï	�·x©k,ªj·�²�·x¥��¯�����¯k�¥��	k� H0

151�15151�1515151 «c³0«
Þ 1 ó 1 ³ � Ñ�§�·Q¨�¹º�¸©k,	k�5���\©k�¸��°e·xªº¹j¥·Q¨I¹º��© 1�1515151�151�15151�1515151 «c³xµ

Þ 1 µ Îr�5	k¹j·xÕ���·x°�°e��	k�5¯kÈ�·���± 151�151�1515151�1515151�151�15151�1515151 «c³:8
Þ 1 µ 1 «  �\°e¯vÃ\�¥·K¨�§k���±8Ç±��¹Ê¨�¹ºÑ^§��\ 151�15151�1515151�151�15151�1515151 « ó ³
Þ 1 µ 1 ³ V Ùy·x¹º²kªº� 1515151�15151�151�1515151�1515151�151�15151�1515151 « ó¸ó

7



Þ 1 µ 1 ó V Ùy���7¨ 1515151�15151�15151�1515151�15151�15151�15151�1515151 «\µ¸´
Þ 1 Þ 6 ��©kÇ\ªº§��¹º�¸©k 1�1515151�15151�15151�1515151�15151�15151�15151�1515151 «\µ/Þ

m n/����e(���$��H���$&"g�po>"e�1$'AB"%���1�qj�"%$ �gQMr
a s�A��* �)6M�

)�1 « ' ·x�¥·x°eÃM¨���¹j¥·Q¨I¹º��©¿	k��ªØ
¹º©/¨��\�¥·�ÇM¨�¹º��©¿�\©qÙy��©kÇM¨�¹º�¸©q	�§Û¥¯�¹º©q	k�\+¯�·x� .
¨I¹ºÇ\§kªº�\ 1�15151�1515151�15151�15151�1515151�15151�15151�15151�1515151 «cÞ�«)�1 ³ Îr¹º�\©Û·\¶/�\Ç5ªº�5°��^	�Ì\ªº��Õ . �¸ªº��Õ�¹ºÑ^§�� 1�1515151�15151�15151�15151�1515151 «cÞKµ)�1 ó Îr¹º�\©Û·\¶/�\Ç5ªº�5°��^	�Ì\ªº��	k� É §�²k²�·���	 1515151�15151�15151�15151�1515151 «cÞ�Þ)�1 µ $ ÃPæ�©k¹Ê¨�¹º��©Û·xªÊ¨I�\��©�·Q¨I¹Ê¶/�5	k��ªj·�¯�·x�¥·�°�ÃM¨��¥¹º�·Q¨�¹º��©
ÇIÈ�·x��Õ�� . ¥¯k¹º© 1�1515151�15151�15151�1515151�15151�15151�15151�1515151 «cÞ�Þ

- Rbfg��3F�G(*$&��".(�3E�,fe���Hj)34�1�H��t��"%$Jf%L��,34�������$+��"@��"%,�F�1DE3�(*�*$'34������ �)6Fr
Á+1 « 3 ��©�ÇM¨�¹º��©�ô	�� Æ ���±�\©®¯v�¸§k�ôªº�tÇ±·x¡·\¶/�\ÇtÇIÈ�·x°�¯�ô²*��¥��©k¹ºÑ�§k�\ô�M¼�¨��\��©��\�«cÞ�¬Á+1 ³ $ Ã\��¹è¶�·Q¨�¹º��©»	���ªØ
Ã\Ñ^§�·Q¨�¹º��©»	k� ' ��ªºÇIÈ�¹º©k¥ï^¹ 15151�15151�15151�1515151 «cÞ 9Á+1 ó $ ÃM¶/�±ªº��¯k¯*�\°��\©/¨#	��\,Ã\Ñ^§�·K¨�¹º��©k,	������\©�����°R·xªº¹º�·Q¨�¹º��© 15151�1515151 «cÞ 9Á+1 ó 1 « � �\�7¨��P¼ 1515151�15151�15151�1515151�15151�15151�15151�1515151 «cÞ 9Á+1 ó 1 ³ � §k¥Ç\�\¯0¨�¹º²k¹jªº¹Ê¨�Ã\ 15151�15151�1515151�15151�15151�15151�1515151 «K7�´Á+1 µ � Ð0-¨�Ì\°e�\#·x©k¹º¥�K¨��¥��¯v�\ 15151�15151�1515151�15151�15151�15151�1515151 «K7¸³Á+1 Þ 6 ·xªºÇ\§kªr	k�\,²�§kªºªº�\ 151�15151�15151�1515151�15151�15151�15151�1515151 «K7¸ÞÁ+1 Þ 1 « 6 ·x,Õ�Ã\©�Ã\�¥·xª 1�15151�15151�1515151�15151�15151�15151�1515151 «K7¸ÞÁ+1 Þ 1 ³ Á §�ªºªº�\r¯v�¸§k��§k©5-Ð0-¨�Ì\°e��Ñ^§�·x¥¹ . §�©k¹º	�¹º°��\©��¹j��©k©k�±ª�·\¶^�\Ç¡§k©k�

²�·x©k	�� 1515151�15151�15151�1515151�15151�15151�15151�1515151 «c¬ óÁ+1 Þ 1 ó Î��5Ç±·x,	���	k�\§0¼Ö²�·x©�	k�\ 1�1515151�15151�15151�15151�1515151 «c¬�7
n uwvB"g�x�,"%$+y����:���,34�������$p����*���*DU"%�$��H���,")(*(�"%$x$K�,�S(zWY����,"V��"V�,"%�\

$��q��f.�,"C$'A{��
I{o>3F$K$'352F"C���*DE"%�$������,")(|�:����1�*M� �)rFr
R s_��$K�:"eA�����}��*(G�H�Kf%$w(G�H}���"%$=AB���,�~��.$��_$����%DE"JLM�,3F$��q\���������*DE"%�$������,")(

� �,"%�_��}�3F��,"%$ �)r5�
u ��3�(�"%�,�1$p����q�1�H3�(H"%$ �%`4Q

�,1 « � ©/¨��\�¥·xÇP¨�¹º��© 151�1515151�15151�15151�1515151�15151�15151�15151�1515151 « 9 µ�,1 ³ 6 ��§k¯kªj·�Õ��\�·x§�¼�ÇIÈ�·x°e¯kT�M¼^¨�Ã±��¹º�\§k�¥r	�·x©�r§k©5-Ð0-¨�Ì\°e�¡Ò8	��\§�¼�²�·x©�	k�\�« 9 Þ
� � "e�1DT�����$p$K�,�b��,"Cf%��0�")(*(�" �%`�r

¬
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� �������e�/��� �

�[� �E	�� ÿ����Z����� �

' �\§»	k�5°e·Q¨�Ã±��¹j·x§�¼Ï¯k��Ã\¥�\©/¨��\©¸¨�	k�\,	k¹j·�Õ��¥·x°e°��\,	���¯kÈ�·x¥�\#·x§k¥¥¹���¹ºÇIÈ��\,Ñ^§��
ªº�\#Ç\�¸©k	k§�ÇM¨��\§���,����Õ/·x©k¹ºÑ^§��\#Ñ^§�·x¥¹ . §k©�¹º	k¹º°��±©k¥¹º��©k©��\ªº±Ókªº�±#��±ªº,	�� Á �\ÇIÈkÕ¸·�·���	»�P¨
ªº�\&¥�\ªº+	k� 3 ·x²k�¥� 1*� ©¿Ùy·x¹º�·x©¸¨+¶¸·x��¹º�\�+ªj·�¨I�\°�¯*Ã\�¥·Q¨�§������P¨&ªj·`¯k�¥�\¥¥¹º��©�Ó*��©»¨I����§�¶^�
	k�±�¯�È�·x¥�\e°eÃM¨I·xªºªº¹ºÑ�§k�\±Ó�¹º¥��ªj·x©/¨��\±Ó¡¥¯k¹º© .7' �\¹º�±��ªº±Ó¡·x©¸¨I¹ºÙd�\�����¸°e·xÕ�©�ÃM¨�¹ºÑ^§��\e�M¨`�§ .
¯k��·xÇ\��©�	k§kÇP¨���¹ºÇ\�\±Óv¶^��¹º�&¯�·x�&�M¼k�\°�¯�ªº�®ªj· 3 ¹ºÕ 1 « 1 « 1 ÎT·z¯�È�·x¥�®¥§k¯��¥·xÇ\��©�	k§kÇP¨���¹ºÇ\��·
	k�±�¯k���¸¯k��¹ºÃM¨IÃ\,¨���Ì\�	�¹èÍ*Ã\���±©¸¨��\�	��2ªj·R�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã2Ç\�¸©¸¶/�\©¸¨I¹º��©k©��\ªºªº��Óv�M¨+ªj·
¯kÈ�·x¥�,°�ÃM¨I·�ªºªº¹ºÑ^§k�,�±7¨âÃ\Õ¸·�ªº�\°��\©/¨â�M¼0�K¨I¹ºÑ^§k� 1^� �\ªº��©eªj·+¨��±°�¯*Ã\�¥·Q¨�§�����Ó¸�\ªºªº�,¯v�±§�¨��¥�\ .
¥�\°�²�ªº�\��Ò&§k©®ªj¹ºÑ^§k¹º	��t	��8Îr§�¨�¨�¹º©�Õ��\�\Ó���§�Ò&§k©®ªº¹ºÑ�§k¹º	k�8	k� 3 �±��°�¹ØÓ�°e·x¹º�¹ºª�Ð®·&°�Ú\°e�
	k�±���Ã\Õ�¹º°e�\��:�R��¸©eÇ\��°e¯v���7¨I�\°��\©/¨â�\-¨â�\©�Ç\������·x§�¨I��� 1^� ��§k�ÇIÈ�·x°e¯e°e·�Õ�©kÃM¨I¹ºÑ^§k��Ó
��©ç·q	��z¯kªº§�a	�Ã\Ç\��§0¶/�\�7¨e	k�\®¯kÈ�·x¥�\®Ç\��°e¯kªºÌM¨I�\°��\©/¨�©k��§0¶/�\ªºªº�\Ï�9	k�\®�¸©k	k�\®	��
	k�±©k¥¹Ê¨�Ã�	���¥¯k¹º©á¹º©�	k§k¹Ê¨I�\�¯�·x��ªº�eÇIÈ�·x°e¯�Ó�Ñ^§�¹�¯k��Ã±��±©¸¨��\©¸¨2	���¯kªº§��§�©á�PÍ*�M¨ É ·xªºª
Ñ^§�·x©¸¨�¹ºÑ�§k� 1� ©Û	k¹j·�Õ��¥·x°e°��2	��2¯kÈ�·x¥�\+·x§k¥¥¹T��¹ºÇIÈ��2¯*��¥�2§k©Û	�ÃPæq�¥�\°e·x�¥Ñ^§�·x²�ªº�R�k¨��¥��§�¶/�±�
�%� °��^	�Ì\ªº�tÑ^§k¹0	kÃ±Ç\��¹Ê¶/�â¨���§0¨���Ç±�M¨�¨��t	�¹Ê¶/�\��¥¹Ê¨�Ã8Ò+ªj·+Ùd��¹º 1 Îr·+©�·Q¨�§k�¥���M¨¡ªØ
���¥¹ºÕ�¹º©k�t	��\
¯kÈ�·x¥�\#��¸§k,ÇIÈ�·x°�¯rÓ�·x¹º©k¥¹rÑ^§��5	k�\#����	����\,¥¯�¹º© .!' �\¹º�\��ªj,�M¨+·�©¸¨�¹ºÙd�±������°R·xÕ�©kÃM¨I¹ºÑ^§k�
ÒRÇIÈ�·x°�¯q©^§�ªT¥��©¸¨&�\¥¥�\©/¨�¹º�\ªºªº�\°e�\©¸¨&Ç\�¸°�¯k�¥¹º��±\Ó*ÒRÑ^§��\ªºÑ^§��\��M¼0Ç±�\¯�¨�¹j��©k�¯���Ì\ 1 Îr·
¨���·x©k¥¹Ê¨�¹º��©z°eÃM¨I·xª . ¹º��¸ªj·x©¸¨cÓ�Ñ�§k¹v�±7¨8§k©��,¨���·x©k¥¹Ê¨�¹º��©z	�� ¾ �K¨�¨cÓ�	k��©�Ç�¹º©�	k§�¹Ê¨���¯�·x�âªj�\
¹º©¸¨I�\�¥·xÇM¨I¹º��©k±Ó/·�Ã\Õ¸·xªº�\°e�\©¸¨â¯�§�ÚM¨I���,	kÃ\Ç\�¥¹Ê¨��t¨�ÈkÃ±����¹ºÑ^§��\°��\©/¨ 1¸' ·x�¡Ç\�¸©¸¨�����Ó¸ªj·�¯kÈ�·x¥�
¥§k¯��¥·xÇ\��©�	k§�ÇM¨���¹ºÇ\�â���\-¨��â¹º©��M¼0¯�ªº¹ºÑ^§kÃ\�¸Óc©��K¨I·x°e°��\©/¨9�±©�Ç\�âÑ^§k¹^Ç\��©�Ç\�\��©����·#���±ªj·Q¨�¹º��©
·\¶/�\Ç�ªØ
4·�©¸¨�¹ºÙd�±������°R·xÕ�©kÃM¨I¹º�°e��ÓkÑ^§�¹G¥��¨�����§0¶/��Ô7§�-¨���Ò®Ç\äK¨�Ã&	�·x©k8ªº��	k¹j·�Õ��¥·x°�°e�&	��
¯kÈ�·x¥�\ 1x$ �t°eÚ\°��¸ÓKªj·+¯�È�·x¥�¡Ü7©k���¥°e·xªº�MàIÓx·\¶^�\Çt¥�\�	k¹èÍ*Ã\�¥�\©¸¨����Ã\Õ�¹º°e�\�°�ÃM¨M·xªºªº¹ºÑ^§k�±\Ó
���±7¨I��Ã\©�¹ºÕ�°e·Q¨I¹ºÑ^§k� 16 �\�°R·Q¨�Ã\�¥¹j·x§�¼`¥��©¸¨�¨���Ì±t·x©k¹º¥�K¨I����¯*�\ 1^� ªºt��©¸¨8§k©���-¨I��§kÇM¨I§k����	���ÇIÈ�·Q×X©k�\8·xªº¹ .
Õ�©�Ã\�\�	�·�©k�§k©k��	k¹j���\ÇM¨�¹º�¸©`	k�+ªØ
�\¥¯�·xÇ\� 1 Îr�\�Ã\ªº�\ÇM¨I����©k�	���Ç\��©k	�§kÇM¨I¹º��©`¯*�\§�¶/�\©/¨t¥�
	kÃ±¯kªj·xÇ\�±�9¨I��Ì\¡Ùy·�Ç\¹ºªº�\°��±©¸¨âªº�,ªº��©kÕ5	k�±¡ÇIÈ�·Q×X©��\±Ó¸°e·x¹º�²v�±·x§�Ç\��§�¯�°��¸¹º©k¡²k¹j�\©e	�
§�©k�
ÇIÈ�·Q×X©k�®Ò`ªØ
4·�§�¨���� 1�6 �M¨¥¨��®·x©�¹º��x¨�����¯�¹º�a�\-¨�¯kªº§k&��§¿°e��¹º©k&Ùd���-¨��a¥�\ªº��©ßªj·`¯k���±�¥¹º��©
È¸Ðk	k����-¨I·K¨�¹ºÑ^§k�ß�M¨»ªj·CÇ\�¸°�¯v�¸�¹Ê¨I¹º��©ëÇIÈk¹º°e¹ºÑ^§k� 18) Çc·x§k¥�¿	��¿Ç±�M¨�¨��ß-¨��¥§kÇM¨�§�����Ó�ªj·
¨��±°�¯vÃ±�¥·Q¨�§�����Ó9ªº�±®¹º©¸¨I�\�¥·xÇM¨I¹º��©k���§}ªº�ÖÇIÈ�·x°e¯}°e·xÕ�©�ÃM¨�¹ºÑ�§k�Ö¯v�\§0¶/�\©¸¨e���\-¨��¥�\¹º©k	����
ªº�\�Ã\ªº�\ÇM¨I����©kâÒ&§�©�°e��§�¶/�±°��\©/¨�§k©�¹ºÑ^§��\°��\©/¨�ªº�,ªº��©kÕ5	k�±¡ÇIÈ�·Q×X©��\±Ó��P¨â·�¹º©k¥¹k�¥�\©k	����
ªº�\§��8Ç\�¸°�¯*���7¨��\°e�\©¸¨�§k©k¹j	k¹º°��±©k¥¹º��©k©��\ª 1 é ' ªº§�,¯k��Ã\Ç±¹º¥Ã\°��\©/¨cÓkÇ¸
�\-¨#¥��§0¶/�\©¸¨�¥�\§kªº� .
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�X *¡O¢ « 1 «+£ÀÎr�z	�¹j·xÕ��¥·x°e°��z	��z¯kÈ�·x¥�\�¨��\°�¯*Ã\�¥·Q¨I§k��� . ¯k���±�¥¹º��©C	�§C��±ª�	k� 3 ·x²����
(TMTTF)2PF6

Ók¥�\ªº��©�¤Ê«±´¸³1¥ 1

°e�\©¸¨Öªº�q°e��§�¶^�\°��\©/¨T¦¨§1©4ª�«¬ �F® Ñ^§�¹#�±7¨ÏÇ\��©0æ�©kÃ¿·x§0¼(ÇIÈ�·Q×X©��\ 1 ê 6 �\Ç±¹+·À¯*�\��°�¹º
	r
��²k¥�\�7¶^�\�8¯*��§k�8ªj·�¯k���\°e¹ºÌ\����Ùy��¹º,�M¼0¯*Ã\��¹º°e�\©¸¨I·xªj�\°��\©/¨#	k�\,¥¹ºÕ�©�·Q¨I§k���\,¯*��¥¥¹º²kªº�\
	r
§k©���¯�È¸Ð0¥¹ºÑ^§��â§k©k¹º	�¹º°��\©�¥¹º��©k©��\ªºªº�â	�·x©��§k©�-Ð0-¨�Ì\°e�âÙd�\��°e¹º��©k¹ºÑ�§k��ÓQ¯kÈ/Ð0¥¹ºÑ^§k�âÑ�§k¹
·\¶¸·x¹Ê¨®ÃM¨�ÃRÇ±��©0æ�©kÃ\�`ÒÛªj·»Ùy·�©¸¨I·x¹º¥¹º�`	k�\5¨�È�Ã\����¹ºÇ±¹º�\©k#Ô7§��Ñ�§k�RªjÒ 19$ 
§k©C·x§�¨I���RÇ\äK¨�Ã¸Ó
	�·x©keªX·ß¯�·x�7¨�¹º�»	��Ï²�·x¥¥�Ö¨��\°�¯*Ã\�¥·Q¨I§k���»	k§%	k¹j·xÕ¸�¥·x°�°e�»	k�»¯kÈ�·x¥�\e	k�±e¥�\ªºe	��Á �\ÇIÈ�Õ¸·�·x��	`�M¨â	��\�¥�\ªºâ	k� 3 ·�²k����Ó/ªº�#°���§0¶/�\°e�\©¸¨â	��\�¯*���7¨��±§k���©r
�\-¨â¯�·x�	k§�¨���§0¨
�¥�\-¨����\¹º©/¨eÒqªØ
¹º©/¨�Ã\��¹º�±§k�a	��\®ÇIÈ�·K×X©k�\±Ó9�M¨e��©À¨I����§�¶/�Ö§k©��z¯kÈ¸Ðk�¹ºÑ�§k��Óô²k¹º�\©CÑ�§�
4·x©�¹ .
¥�K¨I����¯v�¸Ót¹º©¸¨�Ã\Õ���·xªº�\°e�\©¸¨Û²k¹ . ��§í¨���¹º	�¹º°��\©��¹j��©k©k�±ªºªº� 1t� ª�Ðì·C	k�¸©kÇß	k�\Ï¯�·x¥¥·�Õ��\
�±©¸¨�����	��\,��Ã\Õ�¹º°e�\,	k��	�¹º°��\©�¥¹º��©k©�·xªº¹Ê¨�Ã\,	�¹èÍ*Ã\���±©¸¨��\,	�·�©k,Ç\�\,°e·Q¨IÃ\��¹j·x§0¼GÓkÑ�§k¹�¥�
�¥��<�ÌM¨I�\©¸¨a	�·x©�2ªº�\§k�¥2¯k����¯���¹ºÃM¨IÃ\2¯kÈ/Ð0¥¹ºÑ^§k�\±ÓT©k�K¨I·�°�°��±©¸¨�	�·x©k�ªj·Ï¯�È�·x¥�R°�ÃM¨M·xª .
ªº¹ºÑ�§k� 1^6 
�±7¨�¯v��§���Ç\�P¨�¨��,�¥·x¹º¥��©eÑ^§r
��©®Ð���²k¥�\�-¶/��Ó¸¯�·x�¡�M¼k�\°�¯�ªº��Ó¸�M¨â	k�\��¹ºÕ¸©�·Q¨�§����\
	r
§k©¿ªº¹ºÑ�§k¹º	k�®	k�®Îr§�¨¥¨�¹º©kÕ��±�\Ó*�M¨�Ç±�\ªºªº�\&	�
§�©¿ªº¹ºÑ^§�¹º	k�a	�� 3 �\��°�¹ 1�$ ·x©k&ªº�aÇ\�¸©¸¨��M¼�¨��
	��aÇ±�\&¯�·x��·xÕ¸�\&	�¹º°��\©�¥¹º��©k©��\ªº±Ó*¹ºª�Ðß·z�\©kÇ±�����®§k©ßÕ��¥·x©�	¿©���°�²����®	k�®Ñ^§k�±7¨I¹º��©k
��§0¶/�\�7¨I�\ 16 
�\-¨�Ã±Õ¸·xªº�\°e�\©¸¨�¶0��·x¹�¯*��§k��ªj·5¯�È�·x¥�#¥§k¯��¥·xÇ\��©�	k§kÇP¨���¹ºÇ\� 1 ÎT·5©�·K¨�§k���#	�§R¯�·x��· .
°eÌM¨�����	�
4����	k�¥�â©r
�\-¨ô¯�·x9�±©kÇ\���¥�âÇ\�¸©k©^§����K©�¹^ªØ
ÃM¨M·Q¨�	k��¥¯k¹º©a	k�\ô¯�·x¹º�¥�\9	�� 6 �^��¯*�\�\Ó
¥¹º©�Õ�§kªº�M¨2��§¿¨I��¹º¯kªº�P¨cÓG©�¹ôªj·ÖÙy����°�������²�¹Ê¨I·xªº��	�§ß¯�·x�¥·x°eÌM¨�����	�
�¸��	k���B¯�Ñ^§k�\ª��\-¨2��¸©
¥¹ºÕ�©���Ó��M¨R�±7¨ . Ç\�ÏÑ�§k�Ïªº�ÏÕ/·x¯ç	r
�M¼0Ç\¹Ê¨M·Q¨�¹º��©�e	k�ÏªØ
ÃM¨M·Q¨R¥§k¯��¥·xÇ\��©�	k§kÇP¨��\§k���\-¨eæ�©k¹
¯�·x�7¨���§0¨cÓ^��§z¯k��Ã\¥�\©/¨�� . ¨ . ¹ºªv	k�±â©5°�§k	��·x§z©k¹Ê¶/�±·�§`	k� 3 �\�¥°�¹�; � ª�Ð`·�§k©`Ç\�¸©k¥�\©k¥§k

«c´



¥§k�#ªº�2Ùy·x¹è¨+Ñ^§k�2ªº�2¯�·x�¥·x°eÌM¨����2	r
����	����5�±7¨&·x©�¹º¥�K¨�����¯*��Ó��M¨+Ñ�§k�2ªØ
��©Û©r
4·e	k��©�Ç5¯�·x
·KÍG·�¹º���5Òa§k©��&¥§k¯k��·xÇ\��©�	k§kÇM¨I¹Ê¶0¹Ê¨�Ã�·\¶^�\Ç5·x¯k¯�·x��¹º�\°e�\©¸¨,Ç±��©¸¶/�\©/¨�¹º��©k©��\ªG	���¨!Ð0¯*�,Ü s à 1� ª�Ð`·2	k�±â��Ã\¥§�ªÊ¨I·Q¨���M¼0¯*Ã\��¹º°e�\©¸¨I·x§0¼e�\©`Ù ·\¶/�\§k�â	r
§k©��#¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ8¨I��¹º¯kªº�P¨cÓ
°R·x¹º2§�©ß¨I�\ª¡ÃM¨M·Q¨a	k�R�¯�¹º©À·Ö¨���§�Ô7��§k�¥2ÃM¨�Ã�¨���Ì±2	k¹è÷RÇ\¹ºªº�`Ò»·�Ç\Ç\����	��\��·\¶/�\ÇRªº�RÙy·x¹Ê¨
Ñ^§���ªº�\5���¥	k���\5¥§�¯k�¥·xÇ±��©k	k§�ÇM¨��\§��&�P¨�·x©¸¨I¹ºÙd�\���¥��°e·xÕ�©�ÃM¨�¹ºÑ�§k��¥��©/¨�¶/��¹º¥¹º©�5	�·x©��ªº�
	k¹X·xÕ��¥·x°e°��®	k�®¯�È�·x¥�\&	k�±&¥�\ªº&	�� Á �±ÇIÈkÕ¸·�·x�¥	 1�$ ��¨���§�¨I�aÙy·xÂ±��©�ÓGªº�®°�Ã±Ç±·x©k¹º¥°e�
	�
<·x¯k¯�·���¹º�\°��±©¸¨�Ñ^§k¹9°�Ì±©k�®Ò`ªj·`�§�¯k�¥·xÇ±��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ãa	�·x©k&Ç\�\+°R·Q¨�Ã\�¥¹j·x§�¼q©r
4·R¯�·x
¯k§ÛÚM¨��¥�5Ã\Ç±ªj·x¹º��Ç\¹�ÒeÇ\�8Ô-��§k� 1v� ©Û°�Ã\Ç±·�©k¹º¥°��2²�·x¥Ã2�§��,ªº�\><�§kÇM¨I§�·Q¨�¹j��©k#	k§Û��Ã\¥�±·x§
Ç\�¥¹º7¨M·xªºªº¹º©�Ó*Ç\�¸°�°��a	�·�©k+ªº�\&�§�¯k�¥·�Ç\��©k	�§kÇM¨��±§k��+Ç\��©¸¶^�\©¸¨�¹º��©�©k�\ªº±Ó*�\-¨+¨���Ì\&¯k����²�· .
²kªj�\°��\©/¨��P¼0Ç\ªº§ 1x� ©®·x¯�¯�·x�¥¹º�\°��\©/¨�¹º©�	k§k¹Ê¨¡¯�·��9ªº�\�<�§�ÇM¨�§�·K¨�¹º��©kô	���¥¯�¹º©�ÓxÃ\Õ¸·xªº�\°e�\©¸¨
¯k�¥��¯v�¸�Ã�¯v�¸§k��ªj�\9¥§k¯��¥·xÇ\��©�	k§kÇP¨��\§k�¥9Ò�È�·x§�¨���¨��\°e¯vÃ\��·Q¨�§k�¥�âÇ\��¹Ê¨I¹ºÑ^§k�¸ÓQ¥�\°a²kªº��²k¹º�\©
¯*��¥�¹º²�ªº��Óx·�§a°��¸¹º©kô¯*��§k�9ªj��Ç±·x�	�
§k©����§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã�¥¹º©�Õ�§kªº�M¨ 1x� ©�¨��\ª0°�Ã\Ç±· .
©k¹j�°e�+¥�\�¥·�¹Ê¨8²�·x¥Ã+¥§k��§�©z°e��§�¶/�±°��\©¸¨#·x§z°e��¹º©k8²k¹º	k¹º°e�\©k¥¹º��©�©k�\ªG	k�\tÃ\ªº�\ÇP¨�����©� 1� ª*·5Ã\Õ¸·�ªº�\°��\©/¨�ÃM¨IÃ#¯k���¸¯v��¥Ã#Ñ�§k�#ªj·5¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã#��²k¥�\�-¶/Ã\�#	�·x©kâªº�\â¥�\ªºâ	��Á �\ÇIÈ�Õ¸·�·x��	Ï¯����±¶0¹º�\©�©k��	k�~<�§�ÇM¨�§�·K¨�¹º��©k,	�
����¹ºÕ¸¹º©k��§k©�¹º	k¹º°e�\©k¥¹º��©k©��\ªºªº��Ók-¨I·x²k¹ºªº¹j�Ã±�\
¯�·��8ªº�5Ç\��§k¯�ªj·xÕ��5¹º©¸¨��\�¥ÇIÈ�·Q×X©��\ 1$ ·�©k®Ç±�M¨�¨��`¨IÈkÌ\¥��Óô©k��§��·�ªºªº��©ke·x²*����	k�±�aªj·ßÑ^§k�\-¨�¹º�¸©}	k§}°�Ã±Ç±·x©k¹º¥°e�Ö	�
4·x¯ .
¯�·���¹º�\°e�\©¸¨2�P¨2	k§½¯�·x�¥·x°eÌM¨��¥��	�
����	�����¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§���	�·x©k5ªº�\5¥�\ªº2	k� Á �\ÇIÈ .
Õ¸·�·���	�Ó�	�
§k©á¯v��¹º©/¨5	k�a¶0§k��¨�È�Ã\����¹ºÑ�§k� 1�¾ ¹º5Òz¯�·x�7¨5ªØ
¹º©/¨�Ã\��ÚM¨2Ñ^§r
¹ºª�Ðá·z	k�®°e¹º�\§0¼
Ç\��°e¯k���±©k	k�¥�RÇ\�\aÇ\��°e¯v��¥Ã\�Ùy·x¥Ç\¹j©�·x©¸¨I\Ó�Ç\�e¨��¥·\¶¸·x¹ºªâ\
¹º©�¥Ç\��¹Ê¨®	�·x©��ªº�`Ç±·x	����R¯�ªº§k
Õ�Ã\©�Ã\�¥·xª�	k�®ªØ
ÃM¨�§�	k�®	k§ß¯�����²kªºÌ±°���Ò N Ç\�¸��¯k±ÓGÇ�
�±7¨2Òz	�¹º���®	�·�©k&ªj·ÖÑ^§kÚM¨I�®	�
§k©��
¨�È�Ã\����¹º�RÑ�§k¹�¯v�\�¥°��M¨¥¨��¥·x¹Ê¨a	��e	�Ã\Ç\��¹º�¥�eªj�RÇ\��°�¯*���7¨I�\°��\©/¨�	r
§k©ÀÕ��¥·�©k	À©k��°a²k���R	��
¯�·��7¨�¹ºÇ\§�ªº�\a�\©Ä¹j©¸¨��\�¥·�ÇM¨�¹º��© 19' �\©k	�·x©¸¨®ªº��©�ÕK¨��\°e¯k±Ó�ªj·»¨�ÈkÃ\�¸��¹º�`	��zÎr·�©k	�·�§Ä	k�±�ªº¹ .
Ñ^§�¹º	k�\9	k� 3 �\��°e¹�·#¯k§aÚM¨�����Ç\��©k¥¹º	�Ã\��Ã\�âÇ\�¸°�°���ªj·#��Ã±¯v��©���tÒ#Ç\�M¨¥¨��âÑ^§��\-¨�¹º��©rÓQ�\©�Ç±�
Ñ^§�¹GÇ\�¸©kÇ\�\�¥©k��ªº�\8Ã±ªº�\ÇM¨����¸©k8	��&Ç\��©�	k§�ÇM¨�¹º��©Ï	�·�©k8ªº�\,°�ÃM¨I·�§�¼ 1�$ �\¯k§k¹j8ªº�\,	kÃ\Ç\��§ .
¶/�\�-¨��\â���\ªj·Q¨I¹Ê¶/�\°��±©¸¨���Ã\Ç±�\©¸¨��±�	k�#©k�¸§�¶/�±·x§0¼e°e·Q¨IÃ\��¹j·x§0¼GÓ/Ç\��°�°e�#¯�·x���P¼0�\°�¯�ªº�,ªj�\
¥�\ªº5	�� Á �\ÇIÈkÕ¸·�·���	�Ó��¸§�Ó�²�¹º�\©á¨±k�±Ó�ªº�\5¥§k¯k��·xÇ\��©�	k§kÇP¨��\§k�¥5ÒÖÈ�·x§0¨��a¨��±°�¯vÃ±�¥·Q¨�§����
Ç\�¥¹Ê¨�¹ºÑ^§���Ó0�P¨,	��&©���§�¶/�c·x§�¼Ö¯kÈ�Ã\©k��°eÌ\©k�\8Ç±��°�°e�&ªØ
�PÍG�M¨ É ·�ªºªGÑ�§�·x©¸¨I¹ºÑ^§k��Ùd�¥·�ÇM¨�¹º��© .
©�·�¹º����ÓG¹ºªô�±7¨2Ç\ªj·x¹º�&Ñ�§�
¹ºª�Ðß·z	��\��¹è¨�§�·Q¨I¹º��©k±ÓG©k�x¨I·x°�°e�\©¸¨5	�·x©k�	k�\�7Ðk-¨�Ì\°��±&	��
	k¹j°��\©��¹º�¸©k©�·xªº¹è¨�ÃR¹º©kÙdÃ\�¥¹º�\§k���`ÒÖ¨��¥��¹º±Ór�:�Àªº�±2Ç\���¥��Ã\ªj·Q¨I¹º��©k��\©¸¨I���R¯v���7¨I�\§k�¥8Ô-��§k�\©/¨
§k©R�¥ä�ªº�t¨I����¯R¹º°�¯*���7¨I·�©¸¨�¯v��§��¡Ñ^§��,ªj·&¨�È�Ã\����¹º�#	k��ÎT·x©k	�·x§R¥��¹Ê¨��\©kÇ\�¸����·x¯k¯kªº¹jÇ±·x²kªº� 1� ª,Ð ·À	k��©�ÇÛ¹ºÇ\¹�§�©k�q°��K¨�¹Ê¶¸·Q¨�¹º��© ¹º°e¯v�¸�7¨I·x©¸¨I�Û¯*��§k�e¨���§0¨R¨I�¥·\¶�·x¹ºª�Ñ^§�¹,¨��\©¸¨I�Û	��
Ç\��©/¨���¹º²�§k�\�,Ò�ªj·�Ç\��°�¯���Ã\È��\©k¥¹º��©Ï	��\,Ùd�\��°e¹º��©k,�\©»¹º©¸¨��±�¥·xÇM¨�¹º�¸© 1

Î��±5·x¯k¯�ªº¹ºÇ±·Q¨�¹º�¸©k�¯k��·Q¨�¹ºÑ^§��\�	��\�Ç\��©k©�·x¹º¥¥·�©kÇ\�\5¹º�¥§��\�	k��ªj·z�¥�\ÇIÈk�±��ÇIÈk��Ùd��© .
	�·�°��\©/¨I·xªº�#	�Ã\²*��§kÇIÈk�±©¸¨���¸§�¶/�\©/¨�¥§k��	��\â·��¯*�\ÇM¨�â¹º©�·Q¨�¨��\©�	k§���M¨�¯�·xâ	k§�¨��¸§�¨��\© .
¶0¹º�·xÕ¸Ã\�·x§R	�Ã\¯�·x�-¨ 1^' ·x�â·x¹ºªjªº�\§k��±Ó^¹ºª��\-¨�¨��¸§�¨tÒ5Ù ·x¹Ê¨�¯*���¥¹º²�ªº��Ó/	�·x©kâªº�#Ç±·��¯���Ã\¥�\©/¨cÓ
	k�`Ù ·x¹º���`ªº�`ªº¹º�±©C·\¶/�\Ç`	��\a·x¯�¯kªº¹ºÇ±·K¨�¹º��©ka¯*��¥¥¹º²kªº�\_¯�Ç\�\�-¨��\a¯�·xa	k�\®·x¯k¯kªj¹ºÇ±·Q¨�¹º��©�
	k�±�¥�\ªºe	k� Á �\ÇIÈ�Õ¸·�·x��	���\§0¼ . °eÚ\°��±��\©C¨I·x©/¨eÑ�§k�Ï¥§k¯k��·xÇ\��©�	k§kÇM¨I�\§k��±Ó9¶0§çªº�\§��
¨��±°�¯vÃ±�¥·Q¨�§����q	k�»¨��¥·x©��¹Ê¨I¹º��© ¯�·x�-¨�¹ºÇ\§�ªº¹ºÌ\���\°e�\©¸¨Ö²�·��¥��Óâ	��qªØ
����	k�¥�q	k�Ä«±ã ¥�\§kªº� .
°e�\©¸¨,¯�°R·x¹ºt	r
§k©k�&Ùy·xÂ\��©Ö°���¹º©�t	k¹º���±ÇM¨�� 1� �¥·x©k¥¯*���7¨8	k§ÖÇ\��§��¥·x©¸¨8Ã±ªº�\ÇM¨���¹jÑ^§k�&¥·�©k
¯*�\�7¨��\±Ó0Ç\��Ãc·Q¨�¹º��©Ï	k�&ÇIÈ�·x°e¯k8°e·xÕ¸©kÃM¨�¹ºÑ�§k�\8Ã\©k���¥°��\±Ó0¯k��Ã±Ç\¹º¥¹º��©Ö¹º°e¯k���\¥¥¹º��©�©�·x©¸¨I�
	�·�©kÏªº�±Ï°e�\¥§k���±Ï	k�áÇIÈ�·x°e¯ì°e·xÕ�©�ÃM¨�¹ºÑ�§k�{¯8ªØ
§0¨�¹ºªº¹Ê¨�Ãá	��ßªj·}¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã
�\-¨`ÃM¶0¹º	k�±©¸¨���Ó¡	k�Ï°�Ú±°��ÏªØ
¹º©/¨�Ã\��ÚM¨`Ñ^§�
�¸©%·½Òq¨�����§0¶/�\��	��\e�§�¯k�¥·�Ç\��©k	�§kÇM¨��±§k��eÒ
¨��±°�¯vÃ±�¥·Q¨�§�����·x°a²k¹j·x©¸¨I� 1�� ©Ï¯�·x,	�·x©�8Ç\��¥�\©k,·®ÃM¨�Ã�ªj·®	�Ã\Ç\��§0¶/�\�7¨���	k��ªj·®¥§k¯k��· .
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Ç±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã5	�·x©k#ªº�\,Ç\§�¯k�¥·Q¨I�\,�\©½«K8 9 7@¤Ê«\µ:¥�Ó�·\¶/�\Ç5	k�\8¨��\°e¯vÃ\��·Q¨�§k�¥�\,Ç\��¹Ê¨�¹ºÑ�§k�\
·xªjªj·x©¸¨9Ô7§k¥Ñ^§r
4Òe« ó Þxã 106 ��°�°e�#ªº�±§k��Ùd��©�ÇM¨�¹º��©�©k�\°e�\©¸¨t�\-¨��\©�Ç\�����#ªº�¸¹º©`	�
ÚM¨��¥�#Ç\��° .
¯���¹º±Ó�ªj·aÑ^§��\-¨�¹º��©Ö��&¯*��¥�+	k�&�·\¶/��¹º�t¯v�¸§k��Ñ^§���¹*��©Ö©k��¨��¥·\¶¸·x¹ºªºªº�&¯�·x8¯kªº§�¨IäK¨8¥§k�tªº�\
Ç±§k¯k��·Q¨��\±Ó*¶0§áÑ�§k��ªº�\§��+¨��\°e¯vÃ±�¥·Q¨�§����®Ç±��¹Ê¨�¹ºÑ^§����\-¨2	r
4·x§�¨M·x©¸¨2¯�ªº§k�¯�����°e�M¨�¨��\§�¥�,;
ÎT·¿��Ã\¯*��©k¥�Ö·¿	kÃ-Ô-Ò¿ÃM¨�ÃÖ	k��©�©kÃ\�z¯�ªº§k®È�·x§�¨Ï�ôªº�\®¥�\ªº�	k� Á �\ÇMÈkÕ¸·�·x�¥	C¥��©¸¨e	�
4§k©
Õ���·x©k	½¹º©¸¨�Ã\�¥ÚM¨2	k§á¯*��¹º©¸¨2	��a¶0§k��	���ªj·Ö¯�È¸Ð0¥¹ºÑ^§��®Ùy��©k	�·�°��\©¸¨M·xªº� 1r¾ ·x¹º5¹ºª9Ðß�±©½·
·x§�¥�¹�§k©C�\©½¶k§k�`	r
4·x¯k¯�ªº¹ºÇ±·Q¨�¹j��©kz�9¯kªº§ka��©CÃM¨I§k	k¹º�z	k�`¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨��\§���[²:³ ´wª�µ
«¨¬ �F®*¶ Ó0¯�ªº§kt�¸©Ï·a	k�&ÇIÈ�·x©kÇ\�&	��&Ç\��°�¯����\©�	k���&ªº�\8ªº¹º�\©�t�\©/¨����&-¨���§�ÇM¨�§k�¥�+Ç±��¹º-¨I·xªºªº¹º©��
��§»°���ªºÃ\Ç±§kªj·x¹º���5�M¨#¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã¸Ó0Ç±�&Ñ�§k¹�¯v�±§�¨�·x¹º	k�\�,Ò®-Ðk©¸¨�ÈkÃP¨�¹º¥�\�8	k��©k�¸§ .
¶/�c·x§�¼q°e·Q¨�Ã±��¹j·x§�¼q·\¶^�\Ç�ªº�±+¯k����¯���¹ºÃM¨�Ã±�¥��§kÈ�·x¹Ê¨�Ã\�\ 1*$ ��¯�ªº§k±ÓvªØ
ÃM¨�§�	k��	��\�¥�\ªj�	��Á �\ÇIÈ�Õ¸·�·x��	`¯*�\§�¨�Ç±��©¸¨��¥¹º²k§k�±�âÒ5ªj·2Ç\��°e¯k��Ã\È��\©k¥¹º��©`	k�\âÇ±§k¯k��·Q¨��\±Ó/�M¨â¶0¹ºÇ\� . ¶/�\���· 1^� ª
ÐÀ·»§�©k�RÇ\�\�7¨I·�¹º©k�R¯k�¥��²�·x²�¹ºªº¹Ê¨�ÃRÑ^§��eªº�\�°eÃ\Ç±·x©�¹º�°e�\2	r
4·x¯k¯�·x��¹º�\°e�\©¸¨a	r
Ã\ªº�\ÇM¨��¥��©k
	�·x©k�ªº�\ôÇ±§k¯k��·Q¨��\��M¨�	�·x©k�ªº�\ô¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨��\§���ôÑ^§�·��¹ . §k©k¹º	�¹º°��±©k¥¹º��©k©��\ªºô¥��¹º�\©¸¨
¥¹º°e¹ºªj·x¹º���\ 1�$ ·�©k,ªº�\,	��\§�¼ÏÙy·x°�¹ºªºªj�\,	k��Ç±��°�¯*��¥Ã\±Ókªº�\=<�§kÇM¨�§�·Q¨�¹º��©�,·x©/¨�¹ºÙd�\���¥��°e· .
Õ�©�ÃM¨�¹ºÑ�§k�\¡¯�·x�¥·x¹º¥¥�\©¸¨TÔ7��§��\�¡§k©��¥��ªº�,Ç\ªºÃ 1/¾ ·�¹º¡Õ��¥ÝxÇ\�#Ò�ªº�\§���	�¹º°��\©��¹º�¸©k©�·�ªº¹Ê¨�Ã8¯�ªº§k
�¥Ã\	k§�¹Ê¨��Öé ªº�\�Ç\§k¯��¥·Q¨��±+�\§0¼q¥��©¸¨5Ñ^§�·��¹ . ²k¹º	k¹j°��\©��¹º�¸©k©k�\ªºIêPÓ*ªº�\&¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§���
Ñ�§�·x¥¹ . §�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªºÏ¯*��§k�¥�¥·x¹º�\©¸¨ÛÚM¨����á¯kªº§�ÖÙ ·xÇ\¹ºªº�\ÛÒCÇ\��°e¯k���±©k	k�¥� 183 ¹º©�·xªj� .
°e�\©¸¨cÓ�ªº�\§k�R¥¹º°�¯�ªº¹ºÇ\¹Ê¨�ÃÛ���\ªj·K¨�¹Ê¶/�Û¯v�±��°��M¨z	k�»Ùy·�¹º���ÛÇ\�\�7¨I·�¹º©kRÇ±·xªjÇ\§kªºR	r
§k©k�ÛÙy·xÂ\��©
¯�ªº§k,��¹ºÕ���§����\§���5�M¨#	r
 Ð`¶/�¸¹º�8¯�ªº§k,Ç\ªj·x¹º���±°��\©/¨#Ç±��Ñ^§�¹�\
 ÐÖ¯�·��¥� 1� ª¸Ð�·#�\©�Ç\�����â§�©k��·x§0¨����â�¥·�¹º��¸©�	�
ÃM¨I§k	k¹º�±��ªº�\9°e·Q¨�Ã\�¥¹j·x§�¼2Ñ�§�·x¥¹ . §�©k¹º	�¹º°��\©��¹º�¸© .
©��\ªº±Ó9Ñ^§�¹��\-¨�Ç\��°e¯kªºÌM¨��±°��\©¸¨e¹º©k	kÃ±¯v�\©�	�·x©¸¨I�`	��zªj·q¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã 19� ª�±
4·xÕ�¹Ê¨
Ô7§�-¨��\°e�\©¸¨&	���ªº�\§���	k¹º°e�\©k¥¹º��©�©�·xªº¹Ê¨IÃ 1v) ¶/�\Ça	k�\+©k�¸§�¶/�\ªºªº�±#¨��\ÇIÈ�©k��ªº��Õ¸¹º�\+Ñ�§k¹�¯*�\� .
°e�M¨�¨��±©¸¨�ªj·zÙy·x²���¹ºÇ±·Q¨I¹º��©ß	k�®7¨I��§kÇM¨I§k���\&	��a¯�ªº§k&�\©ß¯kªº§�&¯v�P¨�¹Ê¨��\±Ó*ªØ
ÃP¨�§k	��a	k�®-Ð0 .
¨IÌ\°��\�	��t	�¹º°��\©��¹º�¸©k©�·xªº¹è¨�Ãt�¥Ã\	k§�¹Ê¨���Ó�·x¹j©k¥¹0Ñ^§��tªj·&Ñ^§k�\-¨�¹j��©®	��t�·\¶/��¹º��	�·x©k�Ñ^§k�±ªºªº�\
Ç±¹º��Ç\��©�7¨M·x©kÇ\�\&��©ß¯v�\§0¨&Ç±��©k¥¹º	kÃ±���\�+Ñ^§r
§k©¿-Ð0-¨�Ì\°e�a�\-¨�§k©�¹º	k¹º°��±©k¥¹º��©k©��\ªØÓ*Õ¸·xÕ�©��
�±©z¹º°�¯*���7¨I·x©�Ç\� 1 Î��±�¥�\ªºt	k� Á �±ÇIÈkÕ¸·�·���	z¯*�\��°e�M¨�¨��\©/¨t	�
4·�¯k¯k�¥�\©k	�����²*�±·x§kÇ±��§k¯z�§��
Ç±�\&Ñ^§k�±7¨I¹º��©k±Ó*¯�·���Ç\�aÑ^§r
¹ºªº&¯k�¥Ã\¥�\©¸¨��\©/¨�§k©��a¯kÈ¸Ð0¥¹ºÑ�§k�®Ò`ªj·zÙd��¹º&§k©�¹ . Ó*²k¹ . �M¨+¨��¥¹ .
	�¹º°��\©�¥¹º��©k©k�±ªºªº� 1

Îr�8¨���·\¶�·x¹ºªv�¥·x¯�¯v���-¨�Ã#	�·�©kâÇ\��°�Ã\°e��¹º����¯*���7¨��#Ç±�\¯v�\©�	�·x©/¨��\¥¥�\©¸¨�¹º�±ªºªº�\°��\©/¨t�§��
ªj·a¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã&	�·x©k8Ç\�\8°e·Q¨�Ã±��¹j·x§�¼ 1 Î��±tÑ^§��\-¨�¹º��©k8ªº¹ºÃ\�\,Òaªj·a	�¹º°��\©��¹º�¸© .
©�·xªº¹Ê¨�Ã�©���Ùd��©¸¨2¯�·x5ªØ
��²0Ô7�P¨2Ç\�\©¸¨I�¥·xª�	k��©��K¨�����ÃP¨�§k	k�¸ÓG°R·x¹º5¥��©¸¨2²�¹º�\©á¨±k�+¨���§0¨�Ò
Ùy·�¹Ê¨,¯���Ã\¥�\©¸¨I�\ 1 Îr�&¥§xÔ7�M¨#	k�&Ç\�P¨�¨���¨IÈkÌ\¥�&�±7¨#	k��©�Ç&ªj·®�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã&	�·�©k8ªº�\
¥�\ªº�	k� Á �\ÇIÈkÕ/·�·x��	�Ó/·�¹º©k¥¹kÑ�§k�,�·&�¥�\ªj·Q¨�¹º��©`·\¶/�\Ç,ªØ
4·x©/¨�¹ºÙd�\�¥����°e·xÕ¸©kÃM¨�¹º¥°e��Ó¸Ñ^§��8©���§k
·xªjªº��©k&ÃM¨�§�	k¹º�\�&Ò`ªØ
4·x¹º	k�®	k§¿Õ�����§�¯v�a	k�a���\©�����°R·xªº¹º�·Q¨�¹º��©rÓ*	�·x©k&§k©k�®·x¯�¯k���^ÇIÈ���	��
Ç±��§k¯kªj·�Õ��`Ùy·x¹º²�ªº� 19' ·����¥·x¯�¯v���7¨�·x§0¼ß¨I�¥·\¶�·x§0¼À�M¼0¹º-¨I·�©¸¨�±Ó�©k��§�a·\¶/��©���±�¥�\©/¨�¹º�\ªºªº� .
°e�\©¸¨#·KÔ7��§0¨�Ã&	k�±§�¼Ö·x¥¯v�\ÇM¨It©k�¸§�¶/�±·x§0¼ 1 Î��&¯����\°e¹º�\���±7¨#ªj·�¯���¹º¥�&�\©ÖÇ\��°�¯0¨��&	�
¹º© .
¨I�\�¥·xÇM¨I¹º��©kt¯�·xt§k©�¹ºÑ^§k�\°e�\©¸¨,ªº�^Ç±·xªº�\±Ó0°e·x¹j8·x§k¥¥¹*�\©/¨����+Ã±ªº�\ÇM¨��¥��©kt	��+ÇIÈ�·Q×X©��\â¶/��¹ .
¥¹º©��\ 1x ��Ì\���Ã\Ç\�\°e°��\©/¨cÓ $ §k¯��¥·Q¨¡�M¨ Á ��§k��²*��©k©�·x¹ºô��©/¨9¨I����§�¶^Ã�Ñ�§k��Óx¥��§k�Ç\�\�7¨I·�¹º©k�\
Ç±��©k	k¹Ê¨I¹º��©k±Ó¸	��t¨��\ªºªº�\�¹º©/¨��\�¥·�ÇM¨�¹º��©�¡¯*�\§�¶/�±©¸¨â¹º©k	�§k¹º���,	��,ªj·�¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ ® «·³�µ
¸M¹ ¬ ® 	�·x©k�§�©À-Ð0-¨�Ì\°e�RÑ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©k©��\ªØÓ�¨���§0¨a�\©C·x	k°e�M¨�¨I·�©¸¨a§�©k�R¯kÈ�·x¥�
·x©/¨�¹ºÙd�\�¥����°e·�Õ�©kÃM¨�¹jÑ^§k�Û·x§��¥¹ 1�� �¸§kR·\¶/�¸©ke�¥�\¯k�¥�^	k§�¹Ê¨R�M¨`ÃM¨��±©k	k§%ªº�\§k�eÃM¨I§k	k� 1 Îr�
	��\§�¼k¹ºÌ\°��,Ã\ªjÃ\°��\©/¨â©k��§0¶/�±·x§e�±7¨âÑ�§k�,©���§k�©k��§�¡¥��°�°e�\�¹º©¸¨�Ã±���\¥¥Ã\âÒ�ªØ
¹º©)<�§k�\©�Ç\�
Ñ�§k��¯*�\§�¨�·\¶^��¹º�5ªj·Ö-¨���§�ÇM¨�§�����¹º©¸¨I�\��©k��	���ªj·Ï°e·x¹ºªºªº�eÃ\ªºÃ±°��\©¸¨M·x¹º����Ór�\©½¯k���\©�·x©¸¨2�±©
Ç±��°�¯�¨I�5§k©»¯*�K¨��\©¸¨I¹º�\ªT·x	k	�¹Ê¨�¹º��©k©��\ªT·\¶/�\Ç2§k©k�5¯*Ã\��¹º�^	��5	k�5	k�\§0¼ÏÙd��¹º#ªº�5¯�·x#	k§»�¥Ã .
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¥�±·x§®	�·x©�9§�©k��	��\9	�¹º���\ÇM¨I¹º��©kô	k�tªØ
�\¥¯�·xÇ\� 1K� ª^Ða·�Ô7§�7¨I�\°��\©/¨�§k©a¥�\ª0	k� Á �\ÇIÈkÕ/·�·x��	
Ñ^§�¹r¯���Ã\¥�\©¸¨I�5§k©��&¨��\ªºªº�2-¨��¥§kÇM¨�§����Ré ªº�2¯v�±��ÇIÈkªº�¸�¥·Q¨��cê 1�� ��§��·xªºªº��©�8¶/�¸¹º�,Ñ�§k�2ªØ
�PÍ*�M¨
	k�RÇ\�e¥¹º°e¯kªº�e¯*�K¨��\©/¨�¹º�\ª�·x	�	k¹Ê¨�¹º�¸©k©k�\ª¡�\-¨a���\°e·���Ñ^§�·�²kªº� 1r� ª�°��^	�¹èæ��eÙy���7¨��\°e�\©¸¨�ªº�
Ç\��°e¯v�¸�7¨��\°e�\©¸¨,¯�È¸Ð0¥¹ºÑ^§��&	k§Ö¯*�\��ÇIÈ�ªº���¥·Q¨I�&�\©ÖÇ±��°�¯�·x�¥·x¹º¥��©Ï	k�\,·�§�¨����±t°e�\°�²����\
	k�5ªj·®Ù ·x°�¹ºªºªº�5	k�±8¥�\ªº#	k� Á �\ÇIÈ�Õ¸·�·x��	 1� �K¨��¥��ÇIÈk��¹è¼5	��¡°eÃM¨�È��^	k���±7¨ôªº��Õ��¥��§k¯*��	k���¥�\©k����°R·xªº¹º�·Q¨�¹º��© 1x6 �M¨�¨���·x¯k¯����^ÇIÈ���Ó
	kÃ�Ô-Ò+²k¹º�±©®ÃM¨I·x²�ªº¹º�t	�·x©k�ªº�â¨I�¥·x¹Ê¨��\°e�\©¸¨¡	��t¯k���¸²kªºÌ\°e�\�²v��¥��©�¹ºÑ^§k�\±Óx��§�	k�t-Ð0-¨�Ì\°e�\
	k�&Ùd�±��°�¹º��©�8§k©k¹º	�¹º°��\©�¥¹º��©k©k�±ªº±Ó0·aÇ\��©�©^§Ö	k�\8	kÃM¶/�±ªº��¯k¯*�\°��±©¸¨�t¹º°e¯v���7¨M·x©¸¨�8¯v�\© .
	�·�©¸¨&Ç\�±�	��\��©k¹ºÌ±���\&·x©�©kÃ\�\±Óv©k�x¨I·x°�°e�\©¸¨&�\©¿Ç\��Ñ�§k¹�Ç\��©�Ç\�\��©�����¸©¿·x¯�¯kªº¹ºÇ±·Q¨I¹º��©¿Ò
	k�±27Ðk7¨IÌ\°��\�Ùd�\��°e¹º��©k¹ºÑ�§k�\2	k�R	k¹º°e�\©k¥¹º��©À�§�¯vÃ\�¥¹º�\§k���`ÒÏ§�© 1T� ©k�e¯�·x�7¨�¹º�e	��eÇ±�
¨���·\¶�·x¹ºªr	k�&¨�È�Ì\¥��¯*���7¨��5¥§k�,ªj·�Ç\��°e¯�·x�¥·x¹j���©»	��5¯kªº§k¥¹º�\§���âÜ7¥ÇIÈ�Ã\°e·x-àw£z¯kªº§k¥¹º�\§���
Ùy·xÂ±��©k¡	�¹èÍ*Ã\���±©¸¨��\¡	k�8°e�M¨�¨��¥�8�\©+°�§�¶k���8§k©��8°�Ú\°e�8¹º	kÃ\�,	k�8²�·x¥�X£�	k�,���\©k�¸��°e·xªº¹ .
�·Q¨�¹º��©rÓ��M¨8¥§k��ªØ
�M¼k·�°��\©z	��+ªj·5¶�·xªº¹º	�¹Ê¨�Ã+	�
§�©k�&·x¯k¯����±¼0¹º°R·Q¨�¹º��©ÖÇ\��§k��·x°�°e�\©¸¨8Ùy·x¹Ê¨��
	�·�©ktÇ\�\8Ç±·xªºÇ\§�ªº&�0ªj·a¯k�¥�xÔ7�\ÇM¨�¹º�¸©Ö	k�#¨I��§ktªº�±t	k�\Õ¸��Ã\t	��+ªº¹º²*�\�7¨IÃ+¥§k�tªj·a¥§k��Ùy·�Ç\�+	��3 �\��°e¹ 1� ��§�®Ç\��°e°��\©�Â\��©k®¯�·x�®§k©k�Ö¯k�¥Ã\¥�\©¸¨I·Q¨I¹º��©C	��\®¥�\ªº�	k� Á �±ÇIÈkÕ¸·�·x�¥	�Óô�M¨e§�©k�
¯*��¥¹Ê¨�¹º��©Û¯�ªº§k�Ç\��©kÇ±��ÌM¨��2	�§Û¯k�¥��²kªºÌ\°e��¨��¥·x¹Ê¨�Ã�	�·x©�#ªj·e¥§�¹Ê¨��R��ªj·e¯*��¥¥¹º²k¹ºªº¹Ê¨�Ã�	�
��² .
¨��±©k¹º��	k��ªj·Ö�§�¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�ÃeÒz¯�·x�7¨�¹j�&	r
¹º©¸¨��±�¥·xÇM¨�¹º�¸©k��¥Ã\¯k§�ªº�¹è¶/�\±ÓG©��K¨I·x°e°��\©/¨
�\©%¯k��Ã\¥�\©�Ç\�Ï	k�»Ùd���7¨��\&<�§kÇM¨�§�·Q¨�¹º��©��	��Ï�¯�¹º©�Ó�	�·x©ke	k�\e-Ð0-¨�Ì\°e�\eÑ^§�·x¥¹ . §k©k¹º	�¹ .
°e�\©k¥¹º��©k©��\ªºz·\¶^�\Çq§k© ��§ 	k�\§�¼(¥¹Ê¨��\`¯�·x�`°e·x¹ºªºªº�CéØÇIÈ�·x¯�¹Ê¨����ß³�ê 1 Îr�ÛÇIÈ�·x¯k¹Ê¨��¥� ó
�\-¨ÖÇ\��©�¥·xÇ±��Ã¿Ò½ªj·À	��\¥Ç\��¹º¯0¨�¹º��© 	k�q©k�K¨I���Û°eÃM¨�È��^	k�q	k�qÇ±·xªºÇ\§�ªØÓâªj·½�¥�\©k���¥°e·xªº¹º�· .
¨�¹º�¸©ç	k�±a¶^�\�7¨��M¼%Òß§k©��Ï¯�·x�7¨I¹ºÇ\§kªº�»¹º����Ã\	�§kÇM¨I¹º²kªº�Ï	�·x©ke§k©ç-Ð0-¨�Ì\°e�ÏÙd�\�¥°�¹º��©�¹ºÑ^§k� 1$ ·x©keªº�ÖÇIÈ�·x¯�¹Ê¨����ÏµkÓô©���§k�ÃM¨I§k	k¹º�¸©k®ªj�Ö	k¹j·�Õ��¥·x°e°��Ö	��Ö¯kÈ�·x¥�\±Óô��²�¨I�\©^§%Ò¿¯�·x� .
¨�¹º�R	k§(Õ����¸§k¯v�Û	k�Û���\©k���¥°e·xªº¹º�·Q¨I¹º��©�Ó�	k§(°���	kÌ\ªº�Ûªº�Û¯kªº§kR¥¹º°�¯�ªº�Û¯v��¥¥¹º²kªº�Û	�
§�©
-Ð0-¨�Ì\°e�eÑ^§�·��¹ . §k©k¹j	k¹º°��±©k¥¹º��©k©��\ªØÓr	�
4·x²*����	À·\¶/�\Çe§�©k�e¹º©¸¨��±�¥·xÇM¨�¹j��©½¯k§����\°��±©¸¨2¥§��
¥¹Ê¨��q�M¨z�\©k¥§�¹Ê¨��Û�\©(¯����\©�·x©/¨z�\©(Ç\��°e¯�¨��Û§�©k�Û¹º©¸¨I�\�¥·xÇM¨I¹º��©(�±©¸¨����Û¥¹Ê¨��±R¯����\°e¹º�\��
¶/��¹º¥¹º©�Ö·Kæ�©í	k�¿°���	kÃ\ªº¹º¥�\�zªØ
¹º©/¨��\�¥·xÇP¨�¹º��©ë	k� 6 ��§kªº��°a² 1�) ²�·x�¥�Û¨��\°e¯vÃ±�¥·Q¨�§�����Ó
©k�¸§k,¨I����§�¶^��©k�	k�±�¯kÈ�·x¥�\+·x©/¨�¹ºÙd�\�¥����°e·xÕ¸©kÃM¨�¹ºÑ�§k���M¨&¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\� 1*$ ·�©k�ªº�
Ç±·xt	k�+ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©zªº��Ç±·xªº��Ó�¹ºª*±
4·xÕ�¹Ê¨8	r
§k©���¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ�¥¹º©�Õ�§kªº�M¨ d éØ¯�·x�¥· .°eÌM¨����t	r
����	k�¥� cos k⊥ ê 1 Îr�\�¹º©/¨��\�¥·xÇP¨�¹º��©k�¯����\°e¹º�\�� . ¶/��¹º¥¹º©��¯v�\§0¶/�\©¸¨¡°e�\©k�±��Ò+§�©k�¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ�¨I��¹º¯kªº�M¨QÓ¸�M¨â¯�·x��Ùd��¹ºâÒ�§k©��,��©k	��,	k�,	k�±©k¥¹Ê¨�Ã,	��8ÇIÈ�·x��Õ�� 1 Îr�,ÇIÈ�· .
¯k¹è¨����RÞÖÇ\��©/¨�¹º�\©¸¨�ªº�\5�¥Ã\¥§kªÊ¨I·Q¨I5	k�eªØ
4·x¯k¯�ªº¹ºÇ±·Q¨�¹º��©À	k§áÕ��¥��§k¯*��	k�e���\©�����°R·xªº¹º�·Q¨�¹º��©
ÒR§�©q7Ðk-¨�Ì\°���Ñ�§�·x¥¹ . §�©k¹º	�¹º°��\©��¹º�¸©k©k�\ª9·\¶/�\Ça	k�\§0¼Û�¹Ê¨I�\�¯�·x��°e·�¹ºªºªº��Ã\ªjÃ\°��\©/¨I·x¹º��� 1
Îr�5	�¹j·xÕ��¥·�°�°��2	k�2¯kÈ�·x¥�\#�\-¨�Ùy���7¨��\°e�\©¸¨+ÇIÈ�·�©kÕ�ÃR��©���§k#��²�¨I�\©k��©�#	k�\§0¼Ï¯kÈ�·x¥�\
·x©/¨�¹ºÙd�\���¥��°e·xÕ�©�ÃM¨�¹ºÑ�§k�\�	k¹èÍ*Ã\�¥�\©¸¨��±\ÓxÑ^§�¹�¹º©k	�§k¹º¥�\©/¨�Ã\Õ¸·xªº�±°��\©¸¨�	k�\§�¼a¯kÈ�·x¥�\ô¥§k¯k��· .
Ç\��©�	k§�ÇM¨���¹ºÇ\�±�¥¹º©kÕ�§�ªº�M¨cÓ�ªØ
§k©��,Ò&	k��°e¹º©�·x©¸¨I� d Ó�ªØ
4·x§0¨����,Ò&	k�¸°�¹º©�·�©¸¨�� g éØ¯�·x�¥·x°eÌM¨��¥�	�
4����	k�¥� cos 2k⊥ ê 1K� ��§��Ç±��©kÇ\ªº§���©k9�\©aÃM¶/�^Ñ�§�·x©¸¨�Ñ^§��\ªºÑ^§k�±9¯v�\�¥�¯*�\ÇM¨�¹Ê¶^�\�¯*��§k��	��\¨���·\¶�·x§�¼CÙd§�¨�§���Öé ÇIÈ�·x¯k¹Ê¨I���[7¸ê 1�Ë 
4·x¹��\¥�·\Ð/Ãz	��`°e�M¨�¨��¥�`§�©C°e·Q¼k¹º°�§k° 	k�zÇ±·xªºÇ\§�ªº
	�·�©k,ªº�\#·x©�©k�M¼0�±\Ó�¯v��§��8©k�5¯�·xt¨����¸¯»·xªº��§���	k¹º�,ªº�+¨I�M¼^¨��5¯k��¹º©�Ç\¹º¯�·�ª 1
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» þ � � þ ü � ÿ þ ¼ þh�¾½À¿ ù ùÁ	Cÿ

$ ·�©k8Ç±��ÇIÈ�·x¯�¹Ê¨�����Ók©���§k,¯k��Ã\¥�\©/¨���©k,ªº�\,¥�\ªº,	k� Á �±ÇIÈkÕ¸·�·x�¥	�ÓkÑ�§k¹�Ùd��©¸¨#ªØ
�¸²0Ô7�M¨
	k��Ç\��°�Ã\°e��¹º����Óv�M¨&	k��©k©���©k�§k©¿·x¯*�\��Â\§Û	��\�°�Ã\Çc·x©k¹º¥°��±�Ñ^§k¹���¸©¸¨+¥§��Ç±�\¯�¨�¹º²�ªº�\
	k��°e�\©k�±�ô·x§�¼a����	k���±ô·x©/¨�¹ºÙd�\�¥����°e·xÕ¸©kÃM¨�¹ºÑ�§k���¸§a¥§k¯��¥·xÇ\��©�	k§kÇP¨��\§k�9	�·x©�9Ç\�±ô°e·Q¨�Ã .
��¹j·�§�¼ 1/� ��§k¡Ç\�¸°�°��±©kÂ\��©��¯�·x��§k©��8	k�±�Ç±��¹º¯�¨I¹º��©�	k�\¡¯���¹º©kÇ±¹º¯�·xªº�\¡Ç±·��¥·xÇM¨�Ã±��¹º-¨�¹ºÑ^§��\
	k�tÇ±�\ôÇ\��°e¯v�¸�Ã±8é ¥�\ÇM¨I¹º��©e³ 1 «cê 1 Îr·+¥�\ÇM¨I¹º��©e³ 1 ³��\-¨¡Ç\��©��·xÇ\��Ã\�8Ò+§�©k�t¯k��Ã\¥�\©/¨I·Q¨�¹º��©
	k��ªº�\§k�8	k¹j·xÕ¸�¥·x°�°e�&	��&¯kÈ�·x¥�\±Ó0�M¨,�\©Ï¯�·��7¨�¹ºÇ\§�ªº¹º�\�8	k�&ªj·®�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã&	�·�©k
ªº��Ç\��°e¯v��¥Ã (TMTSF)2PF6

Ó/	�·x©kâªº�±Ñ^§k�\ªvªj·2�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã#���¥Õ¸·x©k¹ºÑ�§k��·2ÃM¨IÃ
	kÃ±Ç\��§�¶^�\�7¨��&¯*��§k�tªj·a¯k���±°�¹ºÌ\�¥�+Ùd�¸¹ºÂ¤Ê«c´xµ�¥ 1 Îr�&ªº¹º�\©Ö¯*��¥¥¹º²kªº�&�\©¸¨I���&ªº�\O<�§�ÇM¨�§�·Q¨I¹º��©k
°R·xÕ�©kÃM¨I¹ºÑ^§k�±��M¨2¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\�\��\-¨2	k¹º¥Ç\§0¨�Ã®	�·x©k�ªj·Ö¥�\ÇM¨�¹j��©À³ 1 ó Ó�	�·�©k�§�©k�
·x¯�¯k����ÇIÈk��¨�È�Ã\����¹ºÑ�§k��¯�·x�Ùd����Ç\Ã±°��\©/¨9��¹ºÕ¸��§k���±§k¥��Óc°R·x¹º9·x¥¥�\Å�¹º©/¨�§k¹Ê¨�¹è¶/� 1K� ©k�â¯�·x�7¨I¹º�
¹º°e¯v���7¨M·x©¸¨��2	��\#��Ã\¥§�ªÊ¨I·Q¨��	k�2Ç\��¨��¥·\¶¸·x¹ºªT	k��¨�ÈkÌ±��2¯*���7¨��2¥§k�#ªº�\#¯�����¯k�¥¹ºÃM¨�Ã\�	�
§�©
¥�\ª*	�� Á �\ÇIÈ�Õ¸·�·x��	Ö¯�·��7¨�¹ºÇ\§�ªº¹º�\�\Ó0ªº�+¯*�\��ÇIÈ�ªº���¥·Q¨I��Ó�Ñ^§�¹*¯k�¥Ã\¥�\©¸¨��¸Ó�Ç\��©/¨��¥·x¹º���±°��\©¸¨#·x§0¼
·x§0¨����\�°e�\°�²����\�	k�Rªj·ÛÙy·x°e¹ºªºªº��ÓO²g¬ �:Ã ²�·x©�	k�\a·x§À©�¹Ê¶/�±·x§Ä	k� 3 �±��°�¹ 1 Î��±�¹º°�¯kªº¹ .
Ç±·Q¨I¹º��©k8	��&Ç\�P¨�¨��&-¨��¥§kÇM¨�§����&¯�·x�7¨�¹ºÇ\§�ªº¹ºÌ\�����§��tªº�\8Ç±��©kÇ\�\¯0¨�8�M¨#¯k����¯���¹ºÃM¨�Ã±8ÃM¶/�^Ñ^§�Ã\
	�·�©k¡ªº�\¡��±ÇM¨�¹º��©�¡¯k��Ã\Ç\Ã±	k�\©/¨��\¡���©/¨�	k¹º¥Ç\§0¨�Ã\�\¡	�·x©��ªj·�¥�\ÇM¨�¹º�¸©R³ 1 µ 1/$ ·�©k¡ªº�\¡ÇIÈ�· .
¯k¹è¨����\#¥§�¹Ê¶�·x©¸¨I\Ó�©k��§��·xªºªº��©�#ÃM¨I§k	k¹º�±�,ªº�\�¥�\ªº#	k� Á �\ÇIÈkÕ/·�·x��	qÒeªØ
4·x¹º	k�2	�§»Õ��¥��§k¯*�
	k�R���\©�����°R·xªº¹º�·Q¨�¹º��© 1 Î��RÇIÈ���¹Ê¼½	k�RÇ\�M¨¥¨��®¨I�\ÇIÈk©�¹ºÑ^§k�R�\-¨a°��K¨I¹Ê¶/ÃR	�·x©�2ªj·»¥�\ÇM¨�¹º��©
³ 1 Þ 1

Ä�Å�Æ Ç �¡� � �t�v���G�¥�#��È
� ��§�8·xªºªº��©�t¥§k�-¶/��ªº�\�tªº�±t¯k�¥��¯k��¹ºÃP¨�Ã\t°e¹ºÇ\����¥Ç\�¸¯k¹ºÑ^§��\t	��\t¥�\ªº8	k� Á �\ÇIÈkÕ/·�·x��	

Ñ^§�¹�©���§k5¹º©/¨�Ã\���\¥¥�\���¸©¸¨�	�·x©�5ªj·Ï�§�¹Ê¨�� 1T' ��§��5¯kªº§�5	k�e	kÃM¨M·x¹ºªº±Ó*¶/�¸¹º�x¤ ó ³�¥��M¨���Ã\ÙdÃ .
���±©kÇ\�\tÐÏ¹º©kÇ\ªº§��\ 1
É�ÊÌË�ÊzË ÍUÎ�ÏSÐ)Ñ�Ò#Ó|Ô#Ð%Õ�Î�Ô#ÖPÏS×{ÔBØ_Ï:Ù�Ú'ÔXÒXÙÛÓ|ÙdÜtÎ�Ò#Ï:ÙGÑ�Ò#ÒBÎ�ÝÛÏ
!#3E�P��DEA{��$��q�1�H��i�10���D��*LM��"

Î��±�¥�\ªº�	k� Á �\ÇMÈkÕ¸·�·x�¥	 (TMTSF)2X ¥��©¸¨�Ç\�¸°�¯v�¸�Ã±¡	k�8Çc·Q¨�¹º��©�¡����Õ¸·x©�¹ºÑ^§k�±\Ó
ªº�\  ,¾q #�k3 Ók�P¨#	k��	�¹èÍ*Ã\���\©/¨��\,°���ªºÃ±Ç\§kªº�\,¹º©�����Õ¸·x©�¹ºÑ^§k�±,·�©k¹º��©k¹jÑ^§k�\=Þ 1k ,¾Û ��03

«cÞ



�X *¡O¢ ³ 1 «ß£zÎT·®°e��ªºÃ\Ç\§�ªº�  ,¾q #�k3 éØ	k�p¤Ê«cÞ:81¥dê 1

¥¹ºÕ�©�¹èæ��&¨�ÃM¨I�¥·x°�ÃP¨�È¸Ð0ª . ¨�ÃM¨���·x�Ã±ªºÃ\©�· . Ùd§kªÊ¶¸·xªºÌ\©k� 1�� ·®-¨��¥§kÇM¨�§������\-¨�°���©/¨���Ã\�2Ò�ªj· 3 ¹jÕ 1
³ 1 « 18� ¹+��©ë���\°e¯kªj·xÇ\�ßªº�\Ï·Q¨��¸°��\Ö	��¿¥Ã\ªºÃ\©�¹º§k° 	�·x©k  ,¾q #�03 ¯�·x�z	k§ë¥��§kÙy����Ó
��©¿��²�¨�¹º�±©¸¨&ªº�±�¥�\ªº+	k� 3 ·x²���� (TMTTF)2X Óv�:�  ,¾q 8 ,3 ¥¹ºÕ�©�¹èæ��5¨�ÃP¨��¥·x°eÃM¨�È¸Ðkª .¨IÃM¨��¥·Q¨IÈk¹j· . Ùy§kªÊ¶�·xªjÌ\©k��Ó��M¨&Þ �\-¨e�\©�Ç\�����Ï§k©ç·x©�¹º��©ç¹º©k���¥Õ¸·x©k¹ºÑ�§k� 1�� ©ç·x¥¥�\ÅÏÕ��¥·x©�	
©���°�²�����	���¥�\ªº5	k� Á �\ÇIÈkÕ¸·¸·x��	�Ór�M¨2	�� 3 ·x²k�¥��Ór·\¶/�\Çe	��\2·x©k¹º�¸©k5	k¹èÍGÃ\���\©¸¨I2·ÖÃP¨�Ã
-Ð0©/¨�ÈkÃM¨I¹º¥Ã�Ór¯�·x�2�M¼0�\°e¯kªº�+Þ�à '¡3

6
Ó )  3

6
Ó 6 ªX;

4
��§ � �c;

4
1 ÎT·»7¨I��§kÇM¨I§k���R�M¨aªº�\

	�¹j·xÕ��¥·x°e°��\8	k�&¯kÈ�·x¥�#¨I��Ì\8��¹ºÇIÈk�\8	k��¨���§�tÇ\�\8Ç\��°e¯v��¥Ã\t¯���Ã\¥�\©¸¨I�\©¸¨,	k�\,·x©�·xªº� .
Õ�¹j�\8���\°R·x��Ñ^§�·x²kªº�\ 10) æ�©Ö	k�&Õ¸·x�¥	k�\�tªj·a	�¹º¥Ç\§k¥¥¹º��©Öªj·®¯kªº§k8¥¹º°�¯kªº�&¯*��¥¥¹º²kªº��Ó0©���§k
·xªjªº��©k5Ç\�\¯*�\©k	�·x©¸¨2©k��§��Ùd�^Ç±·�ªº¹º��±��¥§k��ªº�\�	��\§�¼ß¥�\ªº�	�� Á �±ÇIÈkÕ¸·�·���	á�M¼0�\°e¯kªj·x¹º�¥�\
(TMTSF)2PF6

�M¨ (TMTSF)2ClO4
Ókª�
Èk�M¼k·�<�§k���¥��¯kÈ���¥¯kÈ�·Q¨I���M¨�ªº��¯*�\��ÇIÈkªj���¥·Q¨�� 1

!#3E$'�K�1�������,��".�:���*$��K3�(G(*�*,"
Îr�\®°��¸ªºÃ\Ç\§kªº�±  ,¾q #�03 ¥��©/¨�¯����\¥Ñ^§��z¯kªj·x©��\ 1ô� ªºªº�\�\
4�\©¸¨I·x¥¥�\©¸¨e	�·x©k®§�©k�

	�¹º���\ÇM¨I¹º��© a ¯v�\��¯*�\©k	�¹ºÇ\§kªX·x¹º���¡·x§5¯kªj·x©5	k�¡ªj·t°e��ªºÃ\Ç\§kªj���M¨�Ùd����°e�\©¸¨�·�¹º©k¥¹�	��\rÇIÈ�·Q×X©��\	���°e��ªºÃ\Ç\§�ªº�\ 1�6 �±,ÇIÈ�·K×X©k�\#��¸©¸¨�·x�¥�¥·x©kÕ¸Ã\�\,¯�·��¥·xªºªºÌ\ªº�\°e�\©¸¨��±©ÏÙd�±§k¹ºªºªº�\�é 	�·x©�,	k�\
¯�ªj·x©k ab êPÓc�M¨ôªº�±�Ùd�\§�¹ºªºªº�\9±
�\°�¯�¹ºªº�\©¸¨cÓK·\¶/�\Ç�ªº�\ô·x©k¹º��©��¹º©¸¨I�\��Ç±·xªºÃ±��±©¸¨����â�\ªºªº�\±ÓQ¥�\ªº��©ªj·#	�¹º���\ÇM¨�¹º�¸© c é 3 ¹ºÕ� 1 ³ 1 ³#�M¨�³ 1 ó ê 1 ÎT·,°R·x¹ºªºªº�âÃ\ªºÃ\°e�\©¸¨I·�¹º���âÇ\��©¸¨I¹º�\©¸¨ô	k�\§0¼5°e��ªºÃ\Ç\§�ªº�\ #¾Û #�k3 �M¨�§k©�·x©k¹º��©�Þ 1 ÎT·�-¨I��§kÇM¨I§k����Ç\�¥¹º7¨M·xªºªº¹º©k�t�\-¨9¨��¥¹ºÇ\ªº¹º©k¹ºÑ�§k� 1¸� §k�9ªj· 3 ¹ºÕ 1 ³ 1 ³�Ó
��©R¶/��¹Ê¨8Ñ�§k��ªº�\t°���ªºÃ\Ç\§�ªº�\  #¾Û #�k3 ©k��Ùy����°��±©¸¨t¯�·x�	k�\�ÇIÈ�·Q×X©k�±¡¨I��§�¨��±�	k����¹Ê¨I�\±Ó
°R·x¹º¡�±©eÅ\¹ºÕ�Å±·xÕ 1^$ �,¯�ªº§k±Ó�Ç\�¸°�°��,¹ºª0Ðe·�¥�\§kªº�\°e�\©¸¨â§k©R·x©k¹º�¸©e¯v��§���	��\§�¼�Ç±·Q¨�¹º��©�±Ó
ªº�±�ªº¹º�±©ktÑ^§k¹*Ç\��©�©k�\ÇM¨I�\©¸¨8§k©��+°���ªºÃ\Ç\§�ªº�  ,¾q #�03 ·\¶/�\Ç+¥�\t	k�\§0¼e¶/��¹º¥¹º©k�±�	�·x©ktªj·
ÇIÈ�·Q×X©k�R©��R��¸©¸¨a¯�·x�Ã\Ñ^§�¹Ê¶�·xªº�\©/¨� 1 ;+©Ä·Û·xªº�����§�©k�RªºÃ\Õ�Ì\���R	�¹º°�Ã\�¥¹º�·Q¨�¹º��©À	�·x©k�ªj·
	�¹º���\ÇM¨I¹º��©R	k�\�ÇIÈ�·Q×d©k�\ 1 ÎT·5²�·x©�	k�,	r
Ã\©k�±��Õ�¹º�,Ùy����°�Ã±�,¯�·x��ªº�\����¥²k¹Ê¨I·�ªº�\��M¼^¨IÃ\��¹º�\§����\
	��\Ö°���ªºÃ±Ç\§kªº�\  #¾Û #�k3 �\-¨»Ò½¨I����¹ºÖÑ^§�·x�7¨�Ö���\°e¯kªº¹º�ß�\©íÃ±ªº�\ÇM¨����¸©k±Ó���§ë²k¹º�\©ìÒ
§�©ÀÑ�§�·x�7¨a�±©á¨I����§k±Ó��¹â��©À©�Ã\Õ�ªº¹ºÕ��`ªj·Û	k¹º°eÃ\��¹º�·Q¨I¹º��©À	�·x©k�ªj·Û	k¹º�¥�\ÇM¨�¹º��©Ä¯�·��¥·xªºªºÌ\ªº�
·x§0¼�ÇIÈ�·K×X©k�\ 1^: §�·x©�	���©R¯k���±©k	eªj·�	k¹º°eÃ\��¹º�·Q¨�¹j��©e�\©eÇ±��°�¯0¨���Ó¸ªj·�²�·�©k	k�,	k�8¶�·xªº�\©�Ç\�
	��M¶0¹º�\©/¨9Ò8	��\°�¹/���\°e¯kªº¹º� 1K6 �\Ç\¹/Õ�Ã\©kÌ±���¡	��\T¹º©¸¨��±�¥·xÇM¨�¹º�¸©k � °eï^ªj·x¯�¯5�\©/¨����¡Ã\ªº�±ÇM¨�����©� 1$ ·x©�8ªj·®¯�·x�7¨�¹º��	�§Ï	k¹j·xÕ���·x°�°e��	k��¯kÈ�·x¥�\8	��&Ç\�±8°R·Q¨�Ã\�¥¹j·x§�¼ÖÑ^§�¹�©k��§�8¹º©¸¨IÃ\���\¥¥�
	�·x©k`ªj·½¥§k¹è¨���Ó�Ç\�\`¯����^Ç\�\¥¥§k`	k�M¶k�¥·x¹º�\©/¨zÚM¨��¥�ÛÙy·x¹º²kªº�±`�M¨z©k�Û¯�·x2Ô7��§k�±�R	k�Û��ä�ªj�
¹º°e¯v���-¨I·x©¸¨ 1

Îr�\TÇIÈ�·Q×X©��\T	��  ,¾q #�03 ��¸©¸¨�Ç\�±©¸¨���� . -Ð0°�ÃM¨I��¹ºÑ^§��\T¯�·x�T�¥·x¯�¯v���7¨ô·x§�¼5¯v�¸�¹Ê¨I¹º��©k
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�X *¡O¢ ³ 1 ³J£ ' ���xÔ-�\ÇM¨�¹º��©¿	���ªj·R-¨���§�ÇM¨�§�����Ç\��¹º-¨I·xªºªº¹º©���	��\+¥�\ªº+	k� Á �\ÇMÈkÕ¸·�·x�¥	q	�·�©k
ªº�&¯kªj·�© (a, c) Ó�	r
4·x¯k�¥Ì\Â¤Ê«cÞ ó ¥ 1 Î��±t¯v�¸¹º©¸¨�tÕ��¥¹ºt�\©/¨����+ªj�\tÇIÈ�·Q×X©k�\8���\¯���Ã\¥�\©¸¨��±©¸¨8ªº�\·x©�¹º��©k 1

�X *¡O¢ ³ 1 ó £ 6 �¸°�°��5ªj· 3 ¹ºÕ 1 ³ 1 ³�Ó�°e·x¹º,¯*��§k�,ªº��¯�ªj·x© (b, c)
1

«c¬



	��\�·x©�¹º��©k 1^6 �\�7¨I·�¹º©k�·�©k¹º��©�\Ó¸Ç\��°e°��,ªº� '�3
6
Ó��¸©¸¨�ªj·�°eÚ\°��,-Ð0°eÃM¨���¹º� 1^6 �\Ç±¹k©r
�\-¨

Ç±�\¯v�\©�	�·x©/¨�¯�·x�ªº�,Ç±·x�¯*��§k�¡ªº� 6 ªX;
4
Ó¸Ñ^§�¹�Ç\��©k-¨�¹Ê¨I§k�,§k©�¨�ÃM¨���·xÌ\	k�¥�,�M¨âÑ^§�¹�¯k��Ã\¥�\©/¨��

	��\§�¼ß����¹º�±©¸¨I·Q¨�¹º�¸©k5	k¹èÍ*Ã±���\©¸¨��±�	�Ã\Õ�Ã\©kÃ±��Ã\�\5�\©áÃ\©k�\�¥Õ�¹º��	�·x©��ªº��Ç\��¹º-¨I·�ª 1�) È�·x§0¨��
¨I�\°�¯*Ã\�¥·Q¨�§�����Óxªº�\ô°e��ªºÃ\Ç\§�ªº�\ô	�� 6 ªX;

4
��¥Ç\¹ºªºªº�\©/¨¡�\©¸¨I���tªº�\ô	��\§�¼�Óc¨I·x©�	k¹ºôÑ^§r
4Ò+²�·x¥¥�

¨I�\°�¯*Ã\�¥·Q¨�§�����Ó T < TAO = 24 ã�Ót�\ªºªº�\Ï���\-¨��\©/¨ÏÕ��±ªºÃ\�\Ï·±¶/�\Çß	k�\Ï����¹º�\©¸¨M·Q¨�¹º��©�æk¼0�\ 1¡� ¹t��©}���\Ùy����¹º	k¹Ê¨eªº�Ö°R·Q¨�Ã\�¥¹j·x§}¥§0÷R¥·�°�°��±©¸¨eªº�\©¸¨��\°e�\©¸¨QÓ9ªØ
4����¹º�\©¸¨M·Q¨�¹º��©ç	k�\
·x©�¹º��©k2�\-¨����¥	k��©�©kÃ\�»�r§�©k¹ºÙd���¥°��e	�·�©k2ªº�\2	k¹º���±ÇM¨�¹º��©� a �M¨ c Ór�M¨®·xªÊ¨��\�¥©kÃ\�e	�·x©kªj·e	�¹º���\ÇM¨�¹j��© b

1*6 �M¨+ÃM¨I·K¨+\
4·�¯k¯v�±ªºªº��Ü-���\ªj·Q¼0ÃPà 1*� ¹rªj�5���±Ùd����¹º	�¹º�¥�\°e�\©¸¨+¥�2Ùy·x¹Ê¨+	�
§�©k�
Ùy·�Â\��©q¨I����¯ß�¥·�¯k¹º	k�¸Ó*�¸©á·Q¨�¨I�\¹º©¸¨5ªØ
ÃP¨I·Q¨+Üò¨����±°�¯vÃPà�Ó*�:�áªº�\�����¹º�\©/¨I·Q¨�¹º��©��	k�\5·x©�¹º��©k
¥��©/¨T	�Ã\¥����	���©k©kÃ±�\ 1±' ��§k�r¯kªº§�r	���	�ÃM¨I·x¹ºªºT¥§k�rªØ
����¹ºÕ�¹º©��¡�M¨�ªº�\�·x¥¯v�\ÇM¨Ir-¨���§kÇP¨�§k�¥·�§�¼
	���Ç\�P¨����¥	k���t·�©k¹º��©�¹ºÑ^§k��ÓQ¶/��¹º�ôªº�\���Ã\ÙdÃ\�¥�\©kÇ\�±=¤è«cÞ ó Ó�«cÞ�³1¥ 1�� �\ô�PÍ*�M¨Iô¥�\����©¸¨¡	k¹º¥Ç\§0¨�Ã\
	�·x©k,ªj·�¥�\ÇM¨�¹º��©q³ 1 µe�M¨#ªº�5ÇIÈ�·x¯�¹Ê¨�����Þ 1
!#"%$p�����fe2F��3�(H"%$+�,"@�K��3F�$Kcd"e���@I��:3F(*�P��(*$+�,".$��K�1�������,��".��"@}�3F��,"

Îr�5°���§0¶/�\°��±©¸¨�	k�\#¯*���7¨��\§���,	�·x©k#ªº�\#¥�\ªº#	k� Á �\ÇMÈkÕ¸·�·x�¥	»¯v�±§�¨�ÚM¨����2	kÃ\Ç\�¥¹Ê¨cÓ
	�·x©k�ª�
4·x¯k¯k�¥�±¼0¹º°e·K¨�¹º��©z	��\tªº¹j·x¹º¥��©ktÙd���7¨I�\±Ó^¯�·x��§k©k�+���±ªj·Q¨�¹º��©z	��+	k¹º¥¯v�\�¥�¹j��©z	k�+ªj·
Ùd�¸��°��

εk = −2ta cos
1

2
k.a0 − 2tb cos k.b− 2tc cos k.c . é�³ 1 «cê

é 6 ��°�°e�âªX·#°R·x¹ºªºªº��Ã\ªºÃ±°��\©¸¨M·x¹º����Ç\��©/¨�¹º�\©¸¨�	��\§�¼�Ç±·Q¨�¹º�¸©k±ÓK¥·�ªº��©�Õ�§k�\§����±7¨ a0 = 2a Ó
a ÃM¨I·�©¸¨�ªj·`	�¹º7¨M·x©kÇ\�®°��±Ð/�\©�©k�a�\©/¨����a	k�±§�¼q°��¸ªºÃ\Ç\§kªº�±&	k�  ,¾q #�03 ªº�aªº��©�Õz	���ªX·ÇIÈ�·Q×X©k� 1 ê&Îr�����\Ç±��§�¶0�¥�\°��\©/¨2	k�\5����²�¹Ê¨I·xªº�\5�\-¨2²�¹º�\©á°e�\¹ºªºªº�\§k�2ÒÖªØ
¹º©¸¨�Ã±��¹º�\§k�5	�
§�©k�
ÇIÈ�·Q×X©k�RÑ^§r
�\©¸¨��¥��ÇMÈ�·Q×X©��\�¶/��¹º¥¹º©k�±\ÓT	k�e¥���-¨��eÑ^§��eªº�e	�Ã\¯kªj·�Ç\�\°��±©¸¨�	��\2Ã\ªº�\ÇM¨��¥��©k
	�·x©k&ªj·`	�¹º���\ÇM¨I¹º��©¿	��\&ÇIÈ�·Q×X©��\&�\-¨�²k¹º�\©ß¯kªº§�+Ùy·�Ç\¹ºªº�aÑ�§k�aªº�\&�·x§�¨I+	r
§k©��aÇIÈ�·Q×X©��
ÒzªØ
4·x§�¨I���a	�·x©�&ªj·`	k¹º���±ÇM¨�¹º��© b

1 Î��®°���§�¶^�\°��\©/¨�¥�\ªº��©¿ªj·z	k¹º���±ÇM¨�¹º��© c �±7¨5�\©kÇ\���¥�¯�ªº§k�	k¹è÷RÇ\¹ºªº� 1 Î��\�¹º©¸¨IÃ\Õ��¥·xªº�±�	k��¨��¥·x©�¥Ùd�\�7¨5	�·x©k�ªº�\�	k¹º�¥�\ÇM¨�¹º��©� a �M¨ b 	�¹èÍ*Ì\���\©/¨
	r
§k©»����	k���5	k��Õ���·x©k	��\§k�\Ó��M¨#¹ºª��±©Ï�±7¨�	k��°eÚ\°��5�\©¸¨��¥� b �M¨ c

1
Îr�\â¹º©¸¨�Ã\Õ���·xªº�\â	��8¨��¥·x©�¥Ùd�\�7¨ ti ��©¸¨tÃM¨�Ã#ÃM¶¸·xªº§kÃ\�±â¯�·x��	��\âÇ±·xªºÇ\§�ªºâ	k�#-¨��¥§kÇM¨�§����	��»²�·x©�	k� 1�� ©%��Ã±·�ªº¹Ê¨�Ã�Ó¡¯*��§���ÇMÈ�·xÑ^§��»	k¹º���±ÇM¨�¹º��©rÓ¡¹ºªtÐ%·á¯�ªº§k¥¹º�\§k�¥ ti 	k¹ºÍ*Ã\���\©/¨�±Ó·\¶/�±Ç2	k�\#¥¹ºÕ�©k�±#¯�·x�¥Ùd��¹º#��¯�¯v��¥Ã\±Ó0¶/�¸¹º�,ªj· 3 ¹ºÕ 1 ³ 1 µ 1v' �¸§k�#Ç\��°�¯����\©k	����5Ç\��°e°��\©/¨

��©ß¯v�\§0¨&	kÃ\æ�©k¹º�+	k�±#¶�·xªº�\§���&�PÍ*�\ÇM¨I¹Ê¶/�\ ta �M¨ tb 	�·x©�®é�³ 1 «QêMÓ�¶/��¹º�&¤Ê«K8 9 Ó*µ/¬�Ó9« ó ³1¥ 1) ¨��\°e¯vÃ±�¥·Q¨�§����Ö�M¨e¯����\¥¥¹º��©%·x°�²k¹j·�©¸¨��\±Ó Æ �¥·x©¸¨.¤ 9 ´1¥,��²�¨�¹º�±©¸¨ ta/tb ≈ 14 ¯v��§��
(TMTSF)2PF6

�P¨ ta/tb ≈ 17 ¯v��§�� (TMTSF)2ClO4
1r: §�·x©¸¨2·x§0¼Û¶�·xªº�\§����·x² .

¥��ªº§��\�	k� tb Ó�ªº�\��¥Ã\¥§kªÊ¨I·Q¨I#¥��©/¨ tb ≈ 300 ã ¯v�¸§k� (TMTSF)2PF6
�M¨ tb ≈ 250K¯*��§k� (TMTSF)2ClO4

1r$ §kÇ±·x¥¥�C¬ ®wá:¹ ¤ µ/¬1¥���©¸¨2°��¸©¸¨���Ã�Ñ^§�
�±©ß¯�·���·x©/¨2ÒÖ²�·x¥¥�
¨I�\°�¯*Ã\�¥·Q¨�§�����Ó T < 10K Ócªº�±�¹º©¸¨�Ã\Õ¸�¥·xªº�\9	k��¨I�¥·x©k¥Ùd�\�-¨9	�·�©k�ªj·#	k¹º���\ÇP¨�¹º��© b ¯v�±§�¶/�\©/¨·x§�Õ�°��±©¸¨��\�8Ùd�¸�7¨��\°e�\©¸¨�éØ¯�·x��Ùd�¸¹º8	r
§k©ÏÙy·xÇP¨��\§k� 3 êMÓ�¨I·x©�	k¹º,Ñ^§k��ªº�\ ta ©�����¸©¸¨�·x§�Õ .°e�\©¸¨�Ã±¡Ñ�§k�,	�� 15% �\©¸¶0¹º�¥��© 1 Îr�\�°�Ú±°��\â·x§0¨��\§���¡��©/¨¡¨����¸§�¶/Ã,Ñ^§���Ó¸¥¹�	��,¯kªº§�¡��©
·x§�Õ�°��±©¸¨��&ªj·®¯k�¥�\¥�¹j��©ÖÈ¸Ð0	�����-¨I·Q¨I¹ºÑ^§k��Ókªº�\8ÇIÈ�·x©�Õ��\°e�\©¸¨�8¥��©¸¨#°���¹º©�8²k��§0¨I·x§�¼áéØÒ
P = 7kbar ÓkªØ
4·x§kÕ�°e�\©¸¨I·K¨�¹º��©Ï	k�\ ti ¯�·x�8�¥·x¯k¯*���7¨#Òaªº�\§����¶�·xªj�\§k��,Òa¯����\¥¥¹º��©Ï·x° .²�¹j·x©¸¨��5�\-¨#	k� 5 Ò 10% êt�M¨�¯kªº§k,È���°���Õ�Ì±©k�\,�\©¸¨I��� ta �M¨ tb 1k� ªº,��©¸¨+·x§k¥¥¹��\-¨�¹º°eÃÑ�§k�Öªº�\�¶¸·x��¹j·Q¨I¹º��©k�	k�\ ti 	�§k�\�Ò¿ªØ
���¥	k���Ï·x©k¹º�¸©k¹ºÑ^§��áé ¥�\ÇM¨�¹º��©%³ 1 µ 1 «cê�	k�P¶0�¥·x¹º�\©/¨ÚP¨�����¹º©�ÙdÃ\��¹º�±§k���\�Ò 1%

1 Îr�\5Ç±·xªºÇ\§�ªº5	k�e-¨���§�ÇM¨�§k�¥�®	���²�·x©k	k�e�¥·x¯k¯*���7¨�Ã±�	�·x©kx¤ 7�¥
« 9



�X *¡O¢ ³ 1 µ~£ $ ¹è¶/�\��¥�\â¹º©¸¨�Ã\Õ¸�¥·xªº�\â	k�8¨��¥·x©��Ùy�\�7¨âÇc·xªºÇ\§kªºÃ±�\â	�·x©��ªº�\�Çc·xªºÇ\§kªºâ	k�#-¨���§�Ç .
¨�§�����	���²�·x©�	k��Ó�	k�p¤ 9 ´�¥ 1

	k�¸©k©k�±©¸¨5	k�\+¶�·xªº�\§���&	�� ta/tc �\©¸¨I��� 250 �M¨ 400 é ¥�\ªº��©ßªØ
4·x¯�¯k���±¼0¹j°e·Q¨�¹º�¸©�ê�¯*��§k�
(TMTSF)2PF6

Ó�Ò�¨��±°�¯*Ã\�¥·Q¨�§������M¨�¯k���\¥¥¹º��©Û·x°�²k¹j·�©¸¨��\ 1
â "%$K����"%$&��"%$+�*��Kfe2���3F(�"%$&��"S����35�$Kcd"e���

� ªt©r
�\-¨e¯�·x�ÃM¶0¹º	��\©¸¨R	k�z¨�¹º���\��	k�\��M¼k¯vÃ\�¥¹º�\©kÇ\�±�	k�\�¹º©�Ùd����°R·Q¨�¹º��©��©k�¸©ç·x° .
²k¹jÕ:ãk�\#¥§��,ªº�\ ti 1�� ª�ÐÛ·�	��\#°e�\¥§k���\#¥��§�#ÇIÈ�·�°�¯»°R·xÕ�©�ÃM¨�¹ºÑ^§��5Ñ�§k¹r¯*�\��°e�M¨�¨��±©¸¨	�
4ÃM¨I·x²kªj¹º�r§k©��¡¹º°e·xÕ���	k�¡ªj·8Ùy����°���	k�¡ªj·,�§���Ùy·xÇ\��	k� 3 �\��°�¹�éØ��¥Ç\¹ºªºªj·Q¨�¹º��©�T	�� $ ·�©k©k�±� .6 È�·x¹ºï^¹º©ä¤ µ^Þ�¥dê5�M¨®�\©ÄÇ\��©k¥Ã\Ñ^§��\©kÇ±�R	��\��¥·x¯�¯v���-¨���\©¸¨��¥�Rªº�± ti 1 Î¡
4·x©k¹º¥�K¨��¥��¯k¹º�`	��ªj·®Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�¯v�\§0¨#·x§k¥¥¹GÚP¨����&°e�\¥§k��Ã±�&�M¨,	��M¶0��·x¹Ê¨,ÚP¨����&ªº¹ºÃ±��·x§0¼z¹j©¸¨�Ã\Õ���·xªº�\8	��
¨���·x©k¥Ùd�\�-¨#¥�\ªº��©

σa : σb : σc = (ata)
2 : (btb)

2 : (ctc)
2 ,

¶/��¹º�+¯�·x���P¼0�\°�¯�ªº�[¤Ê«±´ ó ¥ 1*¾ ·�¹º\Ó*	�
§k©q¯*��¹º©¸¨&	���¶k§k�5¨�È�Ã\����¹ºÑ�§k��Óv¹ºª�©r
�\-¨&¯�·x+Ç\ªj·x¹º�
Ñ^§��zªº�± ti ��²k¥�\�-¶/Ã\�\®	�·x©k�Ç\�\®�M¼k¯vÃ\�¥¹º�\©kÇ\�±®Ç\�������±�¯*��©k	��\©¸¨R·x§�¼CÕ��¥·�©k	k�\§���®��� .©k�¸��°e·xªº¹j�Ã±�\t¯�·���ªº�±t¹º©¸¨I�\�¥·xÇM¨I¹º��©k5éd¶/��¹º�tªj·a¥�\ÇM¨�¹º��©»³ 1 ³ 1 ³�êMÓ0��§Ï·x§0¼e¶¸·xªº�\§k�¥¡Ü7©^§��\-à
Ñ^§r
��©á	k�P¶0�¥·x¹Ê¨2��²�¨I�\©k¹º��	�·x©k�ªº�\5Ç±·xªºÇ±§kªº�	��®-¨��¥§kÇM¨�§�����	k��²�·x©k	�� 1 Îr�\&¨��\°e¯vÃ\��· .
¨�§����\5	k��¯�·x��·xÕ¸��	k¹º°e�\©k¥¹º��©k©��\ª,éd¶/��¹º�5ªj·Ö¥�\ÇM¨�¹º�¸©À³ 1 ³ 1 ³�ê&©k��¥��©¸¨�	kÃPæ�©�¹º�\5Ñ^§�
�\©
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���¥	k���¿	��¿Õ��¥·x©�	k�\§�� 1t$ �¿¯kªº§�±Óâ¹jª+¥�\°�²kªº�ßÑ^§k�¿ªX·½¨��\°e¯vÃ\��·Q¨�§k�¥�q	k�ß¯�·x¥�·xÕ��¿	�¹ .
°e�\©k¥¹º��©�©k�\ª¡Ñ^§���ªØ
4��©½	kÃ\	�§k¹Ê¨�	�
§�©k�e�M¼0¯*Ã\��¹º�\©�Ç\��	�Ã\¯*�\©k	k�R·x§k¥¥¹¡	k�eªj·Ï¯k�¥��¯k��¹ºÃP¨�Ã
¯�È¸Ð0¥¹ºÑ^§���Ñ^§r
��©Ï¥��©�	k��Ó�¶/�¸¹º�8¯�·x�8�M¼k�\°�¯�ªº�p¤¬�«¸Ó�« ó 8�¥ 1
n�0����H���#W]��iDE���,�)(�"

' ·��#¥¹º°�¯kªº¹jÇ\¹Ê¨�Ã�Óv©k��§k+·xªºªº�¸©k,¨��¥·\¶¸·x¹ºªºªº�\�+·\¶/�\Ç�§k©k�2-¨��¥§kÇM¨�§����2���7¨�È�����Èk��°a²k¹ºÑ^§��
¯�ªº§�¨�äx¨8Ñ^§��#¨��¥¹ºÇ\ªº¹º©k¹ºÑ�§k� 1 ÎT·�¥§���Ùy·xÇ\�&	k� 3 �±��°�¹G	k�+ªj· 3 ¹ºÕ 1 ³ 1 9 �\-¨,	k��©�Ç+���\°e¯kªj·xÇ±Ã\�
	�·x©kR©���RÇ±·�ªºÇ\§kªº`¯�·x�RÇ\�\ªºªj�»	��»ªj· 3 ¹ºÕ 1 ³ 1 8 1â$ �Û¯kªº§�\Ó�©k�¸§k`·xªºªº��©�R©�Ã\Õ�ªº¹ºÕ��\�`ªj·
	�¹º���\ÇM¨I¹º��©Û	k�2¯kªº§k�Ùy·x¹º²kªº��¨���·x©k¥¯*���7¨cÓ c 1v� ��§k�¯�·x¥¥��©k+·xªº�����	k�\8¨��¥��¹º#	�¹º���\ÇM¨I¹º��©k
a Ó b �M¨ c ·x§0¼�	k�±§�¼�	�¹º���\ÇP¨�¹º��©k*Ü ‖ à��P¨GÜ ⊥ à 1K6 ��°�°e�ô¨I��§kT©k�¸TÇ±·xªºÇ\§kªjTÇ\��©�Ç\�\��©��\����©¸¨	��\9¨I�\°�¯*Ã\�¥·Q¨I§k���\�ªj·���Õ��\°e�\©¸¨�¹º©kÙyÃ\��¹º�\§����\�Ò&ªj·&ªj·x��Õ��±§k��	k�8²�·x©�	k��Ó��M¨�Ç\��°e°��8©���§k
¥§�¯k¯v�¸���©�â	k�±â¹º©¸¨��\��·xÇM¨�¹º��©�âÙy·x¹j²kªº�\±Ó^©k��§�â©���§kâ¯�ªj·xÂ\��©k�	�·x©�âªj·2ªº¹º°�¹Ê¨I��	k��²�·x¥¥�
Ã±©k�\��Õ�¹j��Ór�P�À��©½¯*�\§0¨�ªº¹º©�Ã±·x��¹º¥�\�2ªj·»���\ªj·K¨�¹º��©À	k�R	k¹º¥¯*�\��¥¹º��©À	�·x©�2ªj·»	k¹º���±ÇM¨�¹º��© ‖ ÓÇ¸
�\-¨�Ò®	�¹º���

−2t‖ cos k‖a 7→ vF‖
(∣∣k‖

∣∣− k1D
F

)
. é�³ 1 ³�ê

ÎT·�¶k¹Ê¨��\¥¥��	�� 3 �\��°e¹�¥�\ªº��©»ªj·®	�¹º���\ÇM¨�¹º�¸©Ï¯�·x�¥·xªºªºÌ\ªj�5·x§0¼ÖÇIÈ�·K×X©k�\±Ó
vF‖(k⊥) = 2at‖ sin

(
kF‖(k⊥)a

)
,

¶¸·x��¹º��ªº��ªº��©�Õ`	k��ªj·R¥§k�¥Ùy·xÇ\��	k� 3 �\��°e¹ØÓv°e·x¹º±ÓvÇ\��°e°���Ç\�P¨�¨��5¶�·���¹j·Q¨�¹º��©¿�\-¨&Ùy·x¹º²kªº�¸Ó
dvF‖/dk⊥ ∝∼ (t⊥/t‖)vF‖ Ó�©���§k8·xªºªº��©�tªj·a©kÃ\Õ�ªº¹ºÕ¸�\� 1k' ·x�tÇ\��©¸¨I����Ó0ªØ
4·x¯k¯k�¥�±¼0¹º°e·K¨�¹º��©éò³ 1 ³�ê+�±7¨�§k©á¯*�\§¿¨����¸¯áÙd���7¨I��Ó��\ªºªº�e���\©�	áªØ
�\°�²*�K×º¨��\°e�\©¸¨�	k��ªj·Ï¥§k��Ùy·xÇ±��	k� 3 �\�¥°�¹
¯�·x��Ùy·x¹Ê¨QÓ^Ç\��Ñ^§k¹v©r
�\-¨�¯�·xâ�¥Ã±·xªº¹º-¨�� 1�' ��§��âÕ¸·x��	��\�âªj·2°�Ú\°e�#Ùy����°���	���ªj·2¥§k��Ùy·xÇ±�#	��3 �\�¥°�¹ØÓkªj·®¯k�¥�\°�¹ºÌ\�¥��Ç\�������±ÇM¨�¹º��©»¯�·x�8�¥·x¯k¯*���7¨�ÒÏé�³ 1 ³�ê�Ç\��©��¹j7¨I��Ò®¹º©�Ç\ªº§k�¥��	�·x©k H0§�©z¨��±��°��

−2t′⊥ cos(2k⊥b) Ók�P� t′⊥ =
cos kF‖a

4 sin2 kF‖a

t2⊥
t‖

,

¶/�¸¹º��¯�·x���M¼k�\°�¯�ªº�/¤Ê« ó ³�¥�Ó/	���©¸¨���©R���\°e·���Ñ^§k�#Ñ^§r
¹ºªv·5ªj·�°eÚ\°e�,Ùd���¥°��#Ñ^§r
§k©�¨��\��°e�
	����·x§�¨,¶/�\��,	��\,ÇIÈ�·Q×X©��\,¥�\Ç\��©�	k . ¶/��¹j�¹º©� 1

ÎT·�²�·x©k	k�#�PÍ*�\ÇP¨�¹Ê¶/�#Ñ^§��,©k�¸§kâ·xªºªº��©��§0¨�¹ºªº¹º¥�\��	�·x©�¡ªX·�¥§k¹Ê¨I�,¥�\�¥· ∼ [vF‖k1D
F −

Λ0, vF‖k1D
F + Λ0] éd¶/��¹º�8·x§k¥¥¹*ªj·a¥�\ÇM¨�¹º�¸©zµ 1 «cêMÓk·\¶/�\Ç&§k©��#¶�·�ªº�\§k�t	k� Λ0

	k�+ªØ
4����	k�¥�
	�� ta Ó�Ç�
�\-¨�ÒÛ	�¹º��� Λ0

�±©¸¨���� 4000K �M¨ 5000K �\©/¶0¹º����© 19' ��§�� t⊥ Ó�©k�¸§ka·\¶/�¸©kÇIÈ���¹º¥¹
t⊥ = 300K .$ ·x©�t©k�¸tÇ±·xªºÇ\§�ªº\Ó0¥�\§�ª*ªº�&�¥·�¯k¯v�¸�7¨8�\©¸¨I��� t⊥ �M¨ Λ0

¹º°�¯*���7¨�� 1k� �¸§ktªØ
4·\¶/��©��æk¼0Ã�Ò
t⊥
Λ0

=
1

15
.

$ ·x©�T©���TÃ\Ñ^§�·Q¨�¹º��©�ræ�©�·xªº�\±Ó vF‖ ¯v�±§�¨�ÚP¨����â·x²k¥���¥²vÃ\��	�·x©�Tªj·,¯�·x��·x°�ÃM¨I��¹º�·Q¨�¹º��©2	��ªØ
¹º©/¨��\�¥·�ÇM¨�¹º��©rÓ�¶^��¹º�,¯kªº§k,²�·x\Ó�	k�5��¸�7¨��5Ñ^§�
�\ªºªj��©r
4·x¯k¯�·x�¥·Q×º¨�Ô-·x°e·�¹º,�M¼0¯�ªº¹ºÇ\¹Ê¨��±°��\©¸¨ 1� ��§kR·xªºªº�¸©keÙy·x¹º�¥�z¶�·x�¥¹º�\� t′⊥ 1¡' ��§��eÑ^§k�ÏÇ\�±Ç\¹8Ç\���¥���\¥¯v�¸©k	k�»Òá§k©k�Ö¶�·x��¹j·Q¨I¹º��©ç	��ªj·}¯k���\¥¥¹º��©ëÈ¸Ð0	�����-¨I·Q¨I¹ºÑ^§k�¸Ó�©���§kÖ	��M¶0��¹j��©kÏÙy·x¹º���q¶�·���¹º�\� Λ0
�M¨ t⊥ Ã\Õ¸·xªº�±°��\©¸¨QÓ

³�´



�M¨»·x§k¥¥¹+ªº�\z¯�·x��·x°�ÌM¨I���\ g̃ Ñ^§k¹+	kÃ\Ç\�¥¹Ê¶/�\©¸¨ÏªØ
¹º©¸¨��±�¥·xÇM¨�¹º�¸©�é ¥�\ÇM¨�¹º��©ì³ 1 « 1 ³�ê 1t� ��§�
·xªºªº��©�+©k�¸§k+���\-¨����±¹º©k	k�¥��Ò`ªj·�¶�·x�¥¹j·Q¨�¹º��©¿	k� t′⊥ ·xæ�©q	r
ÃM¨�§k	�¹º�\��ªº�\+¥�\§�ªº+�PÍ*�M¨�+	�§ÇIÈ�·x©kÕ��\°e�\©¸¨8	��+ªj·2Ñ�§�·xªº¹Ê¨IÃ+	k�+ªØ
�\°�²*�K×º¨��±°��\©¸¨ 1 Î��±�ÇIÈ�·x©kÕ��\°e�\©¸¨I�	k� vF‖ Ó Λ0

Ó t⊥�M¨ t′⊥ ·\¶/�\Ç#ªj·&¨��±°�¯*Ã\�¥·Q¨�§����,	�·x©kâªj·�Õ/·x°�°e�#	k�8¨��\°�¯*Ã\�¥·Q¨I§k���±�Ñ^§k¹�©k��§��¹º©¸¨�Ã±���\¥¥�é 0K < T < 24K ê�¥��©¸¨�©kÃ\Õ¸ªº¹ºÕ��±·x²kªj�\/¤ µ/¬1¥ 1� ©2¥�\Ç\��©�	k�¡Ñ�§�·x©¸¨I¹èæ�Ç±·Q¨I¹º��©�Ócªj·,¯�·x�7¨I¹º��Ò,§k©��¡¯�·x�-¨�¹ºÇ\§kªº��	�§ É ·x°e¹ºªÊ¨���©�¹º�\©2±
Ã\Ç\��¹Ê¨

H0 =
∑

kσ

εkc
†
kσckσ

Ók�:� é�³ 1 ó ê

εk = vF‖
(∣∣k‖

∣∣− k1D
F

)
+ ε⊥(k⊥) , é�³ 1 µ/ê

ε⊥(k⊥) = −2t⊥ cos k⊥b− 2t′⊥ cos 2k⊥b . é�³ 1 Þ�ê
) ¯�·x�7¨�¹j�â	��\t��¯vÃ\��·Q¨��\§����	k�&Ç\��Ã±·Q¨I¹º��©z�M¨8	r
4·x©k©�¹ºÈk¹ºªj·Q¨I¹º��©z	r
§k©k�+¯�·x�7¨�¹ºÇ±§kªº�+	k�+¥¯k¹º©
σ �§��8ªº�5�¹Ê¨I� x Ó c†xσ Ó cxσ Ókªº�\,�¸¯vÃ\�¥·K¨��\§k�¥ c(†)

kσ
¥��©/¨#	k�¸©k©kÃ±8¯�·��

c†kσ =
1√
N

∑

x

eik.xc†xσ ,

N = N⊥N‖
Ó N⊥ ªº�a©k��°a²k����	���ÇIÈ�·Q×X©k�±+�M¨ N‖ ªº�a©k��°a²k���a	k�a�¹Ê¨I�\+¯�·���ÇIÈ�·Q×X©k� 1$ ·x©k9ªj·��§�¹Ê¨���ÓQ©���§kô·xªºªº��©�9¥��§�¶/�±©¸¨ô§�¨I¹ºªº¹º��±��	k�\9��¯*Ã\�¥·Q¨I�\§k�� R Ó L ÓQÇ\���¥���\¥¯v�¸©k	�·x©/¨·x§Ö°���§0¶/�\°��±©¸¨�¶/�\�¥tªj·�	k�¥��¹Ê¨��+�¸§R¶/�\�¥�ªj·aÕ¸·x§�ÇIÈk�+ªº�&ªº��©kÕ®	k�\tÇIÈ�·Q×X©k�\±Ó��M¨,	kÃPæ�©k¹º

¯�·��
c

(†)
kσ = R

(†)
kσ
�¹ k‖ > 0 ,

c
(†)
kσ = L

(†)
kσ
¥¹ k‖ < 0 .

É�ÊÌË�Ê*É å1Ò,Õ:ÎFÖ:Ø�Ð%ÕPÙGÑ�ÒBÏEæOç>Î�ÜtÑ{Ó#è�ÝGÎ¾éMÚ�Ñ�ÝGÑ_é�Ùd×�ÔBÎ
Æ �¥ÝxÇ\�ÏÒßªØ
Ã\Ç\��·x©¸¨I·xÕ¸��Óôªj·ß��Ã\¯�§kªº¥¹º��©ç	k� 6 �¸§kªº��°�²ç�\©/¨����Ö¯*���7¨��±§k���¯v�±§�¨eÚM¨��¥�

	kÃ±Ç\��¹Ê¨��#¯�·x��§k©k�#¹º©¸¨��\��·xÇM¨�¹º��©R�PÍG�\ÇM¨�¹Ê¶/�#	k�#Ç\��§k�-¨��,¯*���7¨�Ã±� 1/' ��§k�¡Ç±��°�°e�\©kÇ\�±�\Ó¸©k�¸§k
·xªºªº��©�T©k��§�T���\-¨����\¹º©�	k����Ò8ªj·,°���	kÃ\ªº¹º¥�\�r¯�·x�r§k©���¹º©/¨��\�¥·xÇP¨�¹º��©2¥§k�r¥¹Ê¨��¡§�©k¹ºÑ^§��\°��±©¸¨ 16 �±Ç\¹ô�¥�M¶0¹º�\©/¨2ÒÖ§k©��®¹º©¸¨I�\�¥·xÇM¨I¹º��©áÇ\��©�7¨M·x©¸¨���	�·x©��ªØ
�\¥¯�·xÇ\���¥Ã\Ç\¹º¯k�¥�^Ñ^§k� 1r6 
�±7¨�·x§
Ç\��§����	��2ªj·R���\©�����°e·xªj¹º¥·Q¨I¹º��©qÑ^§k��ªº�\�¹º©/¨��\�¥·xÇP¨�¹º��©k&·xÇ\Ñ^§��\������©/¨+§�©k�2	�Ã\¯*�\©k	�·�©kÇ\�
�\©Ö¶/�\ÇM¨��±§k�,	�
��©k	�� 1� ©�Õ�Ã\©kÃ\��·xªØÓcªj·,¯�·x�7¨�¹º�â	k§ É ·x°e¹ºªÊ¨���©�¹º�\©2	�Ã\Ç\��¹Ê¶¸·x©¸¨9ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©�\
Ã±Ç\��¹Ê¨9Ç±��°�°e�
¥§k¹Ê¨��

HI =
1

4
· 1

N

∑

kjσj

δk′1+k′2,k1+k2
w(kj , σj)c

†
k′1σ
′
1
c†
k′2σ
′
2
ck2σ2ck1σ1 .

é�³ 1 7¸ê
' ��§k�8	k�\87Ðk7¨IÌ\°��\8§�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªº,Òa²�·��¥��¨��±°�¯*Ã\�¥·Q¨�§�����Ó�¹jªG±
�\-¨#·\¶/Ã\��Ã�§�¨I¹ºªº�
	k�Ä	�Ã\Ç\��¹º�¥�Äªº�\¿¹º©¸¨��±�¥·xÇM¨�¹º�¸©k¿�\©¸¨��¥�ÄÃ\ªº�\ÇM¨��¥��©k¿¯�·x�qªº�C°��^	�Ì\ªº�Ä	k¹Ê¨»Ü7Õ . ��ªº��Õ�¹ºÑ�§k�Mà
¤Þ�¬0Ó�«c¬�81¥ 1�6 ��°�°e��©k�¸§k,·\¶/��©�#·KÍG·x¹º�¥�5Ò®	k�±8-Ð0-¨�Ì\°e�\/ê �5á1¶ ³�µd§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªº±Ó
©k�¸§k�·xªºªº��©k�·x	���¯�¨I�\�+ªº�a°�Ú±°��aÙd���¥°e·xªº¹º¥°e� 1G$ ·x©k&Ç\�a°e�^	kÌ\ªº�¸Ó*��©¿	�¹º7¨I¹º©kÕ�§���	��\

³�«



�X *¡O¢ ³ 1 Þx£ $ Ã±Ç\��°�¯*��¥¹Ê¨�¹º��©À	��RªØ
¹º©¸¨��\��·xÇM¨�¹º��©À�±©¸¨����RÃ\ªº�±ÇM¨�����©�2	�·x©�2§k©À-Ð0-¨�Ì\°e�
§�©k¹º	�¹º°��\©��¹º�¸©k©k�\ª�Ók	k�p¤ ó ³�¥ 1

¯�·x�¥·x°eÌM¨����\ gjα Ó��P� α = ‖,⊥ ��Ã\ÙyÌ\����·x§Û�¯�¹º©Û	k�\#¯*���7¨��\§���#�M¨ j = 1, 2, 3, 4 Òeªj·	�¹º���\ÇM¨I¹º��©½��±ªº��©½ªj·xÑ^§��\ªºªº�e¹ºªº5¥�e	kÃ\¯�ªj·xÇ\�\©/¨cÓ�ªº�eªº��©�ÕÏ	��\5ÇIÈ�·Q×X©k�\±ÓT·\¶�·x©/¨2�M¨a·x¯���Ì\
ªj·�Ç\�¸ªºªº¹º¥¹º��©ßé 3 ¹ºÕ 1 ³ 1 Þ¸ê 10' ��§�� j = 1, 2 Ó�ªº�\t	k�\§0¼R¯�·x�7¨�¹ºÇ\¹º¯�·x©¸¨�t¥��	�¹º��¹ºÕ��\©/¨t�±©`¥�\©���¯�¯v��¥Ã\ 1ô' ��§k� j = 2 Ó9ÇIÈ�·xÇ\§�©CÕ¸·x��	k�Ö��¸©C����¹º�\©¸¨M·Q¨�¹º��©ìé 	k¹èÍ*§�¥¹º��©À¶/�\��®ªØ
4·\¶�·�©¸¨cÓ
R†L†LR êMÓ0¨M·x©k	�¹º,Ñ^§���	�·x©k#ªº�5Ç±·x j = 1 Ókªº�±,	��\§�¼Ï����¹j�\©¸¨I·Q¨I¹º��©k#ÇIÈ�·x©kÕ��\©/¨�éØ	k¹ºÙ .Ùd§�¥¹º��©�¶/�\���ªØ
4·x���¥¹ºÌ\����Ó R†L†RL ê 1 g3

�±7¨ô·x¥¥�^Ç±¹ºÃâÒ,	k�\T¹º©/¨��\�¥·xÇP¨�¹º��©k � °eï^ªj·x¯�¯5	�·x©k
ªj·Ï	k¹º�¥�\ÇM¨�¹º��©½¯�·��¥·xªºªºÌ\ªº�R·x§0¼ßÇIÈ�·Q×X©k�\_¯rªº�\5	k�±§�¼ß¯�·x�7¨�¹ºÇ\¹º¯�·x©¸¨�2��e	k¹º�¥¹ºÕ��\©¸¨�	�·x©��ªj�
°eÚ\°�����±©k�·\¶�·x©/¨�ªj·2Ç\��ªºªº¹º¥¹º��©�Ó^Ñ^§�¹�ªº�\âÙy·x¹Ê¨tÇIÈ�·�©kÕ��\�â	�
����¹º�±©¸¨I·Q¨I¹º��©R�±©k¥�\°�²�ªº��Ó/¯�·x�
�P¼0�\°�¯�ªº� R†R†LL 1�6 �\Ç\¹¡�±7¨a¯v��¥¥¹º²kªº�R¥�\§kªº�\°e�\©¸¨a�¹�ªº�eÇIÈ�·x©kÕ��\°e�\©¸¨a	k�®¶/�±ÇM¨��\§��	r
��©k	��+¨I�K¨I·xªrÇ\���¥���\¥¯v��©�	ÛÒ�§k©Ö¶/�\ÇM¨��±§k�,	k§»��Ã\¥�±·�§»��Ã\Ç\¹º¯����^Ñ^§���ÓkÇ±��©k	�¹Ê¨�¹º��©»Ñ�§k¹ØÓ�Ò
²�·x¥���¨��±°�¯vÃ±�¥·Q¨�§�����Óx©��t¯*�\§�¨�ÚM¨����8�·Q¨�¹º¥Ùy·x¹Ê¨I�tÑ�§k�t¥¹kªj·&²�·x©�	k�t	��tÇ\�¸©k	k§�ÇM¨�¹º��©��\-¨âÒ
	��\°�¹T���\°e¯kªº¹º�¸Ó�	k§Û°���¹º©�#	r
§k©k�2°R·x©k¹ºÌ±����·x¯k¯����±¼0¹º°R·Q¨�¹Ê¶/� 1G6 ��°�°e�2	�·x©�#ªº�\�¥�\ªº
	�� Á �\ÇIÈ�Õ¸·�·x��	rÓ�ªj·a	k¹º°eÃ\��¹º�·Q¨�¹º��©Ö	�·x©ktªj·a	k¹º���±ÇM¨�¹º��©Ö¯�·x��·xªºªºÌ\ªº��Ó0Ñ^§�¹*�\-¨8¥§��Ç±�\¯�¨�¹º²�ªº�
	��a�¥�\©k	����aÇ\�±&°R·Q¨�Ã\�¥¹j·x§�¼ßÒz	k�\°e¹9¯�ªº§�¨�äK¨5Ñ^§r
4·x§ßÑ^§�·��7¨5���\°�¯�ªº¹º±Ó*�\-¨5Ùy·x¹º²�ªº��ÓGªØ
¹º© .
¨I�\�¥·xÇM¨I¹º��© � °�ï^ªj·x¯�¯ÖªØ
�±7¨�·x§k¥¥¹ 1�� ��§k,·xªºªº��©�8ªj·®©kÃ\Õ�ªº¹ºÕ¸�\�t	�·x©k8ªj·a¥§�¹Ê¨�� 1k) Ñ^§�·��7¨

³¸³



���±°�¯kªº¹º¥�·xÕ��¸ÓT¹ºª¡ÐÀ·q·x§k¥¥¹�	��\�¯k����Ç\�\¥¥§k � °eï^ªj·x¯�¯ÀÑ^§�¹�Ùd��©¸¨®¹º©¸¨I�\�7¶/�\©�¹º�2Ñ�§�·Q¨��¥�
¯�·��7¨�¹ºÇ\§�ªº�\�Ò�ªj·�Ùd�¸¹º 1�� ªT·�ÃM¨IÃ5¯k����¯*��¥Ã5Ñ^§k�5	��&¨��\ªº#¯k�¥�^Ç\�\¥¥§k¡Ô7��§k�±©¸¨�§k©»�¥ä�ªº�5	�Ã .
Ç\¹º¥¹ºÙ9	�·x©�8ªj·a¨���·x©k¥¹Ê¨�¹º��©»	k� ¾ �K¨�¨#�¸²k¥�\�7¶/Ã±��	�·x©�,ªº�\,¥�\ªº,	�� 3 ·�²k���p¤¬¸Þ�Ó�«Q¬�«�¥P¯�¹ºªº
©k�`��±����©¸¨a¯�·x2¯���¹º��\©ÀÇ\��°e¯�¨��R	�·x©k�©k�K¨��¥��¨��¥·\¶¸·x¹ºªØÓTÑ^§�¹���`ªº¹º°�¹Ê¨��`·�§�¼½¹º©/¨��\�¥·xÇ .
¨�¹º�¸©ktÒ2	k�\§0¼R¯�·��7¨�¹ºÇ\§�ªº�\ 1�3 ¹º©�·xªº�±°��\©¸¨QÓ j = 4 Ç\�������±�¯*��©k	Ö·x§�¼R¹º©/¨��\�¥·xÇP¨�¹º��©k��±©¸¨����¯*���7¨��\§���`Ñ^§k¹���q	k¹º��¹ºÕ¸�\©¸¨Ö	�·x©�`ªº�Û°�Ú±°��Û¥�\©�z·\¶�·x©¸¨Ö�M¨Ï·x¯k�¥Ì\`ªº�\§k�`���\©�Ç\��©¸¨��¥�
é L†L†LL ��§ R†R†RR ê 1�6 ��°e°��eªº�\2¯k���^Ç±�\¥�§� g4

©�
¹º©/¨��\�7¶k¹º�\©k©��\©¸¨#Ô-·x°e·x¹º2	k¹ .
���±ÇM¨��\°e�\©¸¨�	�·x©k#ªº�\t¨��±��°��\#Ñ^§k¹r	k��©�©k�\©¸¨�	k�±,Ç\�������±ÇM¨�¹º��©�,ªº��Õ¸·x�¥¹Ê¨�Èk°e¹ºÑ^§k�±\Ó�©k�¸§k
·xªºªº��©�,ªº�\#©kÃ\Õ�ªº¹ºÕ¸�\�8Ã\Õ/·xªº�\°��±©¸¨ 1$ ·�©k8Ç\�P¨�¨��+¨�È�Ì\¥��Ó0©���§k8©��+¨��¥·x¹Ê¨I�\����©k,Ñ^§k��	k�±8¹º©¸¨I�\�¥·xÇM¨I¹º��©k,¹º©¸¶�·x�¥¹j·x©¸¨��±8¯�·��
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Ã\Ç±��¹Ê¨�§k�¥�q	��\zÃ\Ñ^§�·Q¨�¹º��©�z	k�¿���\©k�¸��°e·xªº¹º�·Q¨I¹º��©ë·x¹º©k¥¹+Ñ^§k�¿ªº�\§��
¹º°e¯kªºÃ\°e�\©¸¨I·Q¨I¹º��©Ä©^§�°�Ã\�¥¹ºÑ^§k� 19' ��§���¯kªº§��	k�`	kÃM¨M·x¹ºªº�¥§��2ªj·Û¯�·x��·x°�ÃM¨I��¹º�·Q¨�¹º��©Ä	��
ªØ
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¨�¹º�¸©½é�³ 1 7¸êMÓ0¶/��¹º�8ª�
4·x©k©k�P¼0� )a1

Îr·eÙd����Ç\�2�M¨�ªj·�¯*���7¨�Ã±�5	k�\#¹º©¸¨��±�¥·xÇM¨�¹º�¸©k#	�·x©�,ªj�\#��±ªº#	k� Á �\ÇIÈkÕ/·�·x��	Û©k�5¥��©/¨
¯�·�,Ç\�¸©k©^§��\±Ó��M¨�ªº�5	�Ã\²�·Q¨�©r
�\-¨�¯�·x8¨��¥·�©kÇIÈkÃ¸Ó0¶/��¹º�,¯�·x�,�M¼0�\°e¯kªº�b¤Ê«c¬�«�Ó ó ³1¥ 1�� �¸§k
·xªºªº��©�»§�¨�¹ºªº¹º¥�\�Ï§k©��q¶¸·xªº�\§k�Ï	��ßªØ
¹º©/¨��\�¥·�ÇM¨�¹º��©ìÑ�§k¹ØÓ8¯v��§��Ö§�©ë-Ð0-¨�Ì±°��á·±¶/�\Çá�\° .
²*�K×º¨��\°e�\©¸¨a¯�·x��Ù ·x¹Ê¨zéØÇ\Ù 1 ªj·Ï¥�\ÇM¨I¹º��©C³ 1 ó 1 «cêPÓT	k��©�©k�e§�©k�®¨��±°�¯*Ã\�¥·Q¨�§����eÇ\�¥¹Ê¨�¹ºÑ^§��e	��
¨���·x©k¥¹Ê¨�¹º��©Ä¶/�\�¥aªØ
ÃP¨I·Q¨e��©k	��z	k�z	��\©k¥¹Ê¨�Ãz	��z¥¯k¹º©C	�§C°�Ú±°��z����	����z	��zÕ��¥·�©k	k�\§��
é ∼ 10 ã5ê+Ñ^§���Ç\�\ªºªº���¸²k¥�\�7¶/Ã\��	�·x©k (TMTSF)2PF6

ÒÖ¯����\¥¥¹º��©½·x°a²k¹j·x©¸¨I�»é Ç\Ù 1 ªj·
¥�\ÇM¨I¹º��©½³ 1 ³�ê 1T6 �\Ç\¹ô¹º°e¯kªº¹ºÑ�§k�®©k�x¨I·x°�°e�\©¸¨5Ñ^§��a©���§k5·xªºªº��©�&§0¨�¹ºªº¹º¥�\�&	k�±&¹º©/¨��\�¥·xÇ .
¨�¹º�¸©k�²�³ ´wª�«¨¬ �F® ¬ ¶ ¥�\ªº��©Ûªj·�°eÃM¨�È��^	k�2	k�5Çc·xªºÇ\§kª 1v� ��§��·xªºªº��©�8¶/��¹º��é ¥�\ÇP¨�¹º��©»µ 1 « 1 Þ�ê
Ñ^§���ªº�\�<�§kÇM¨�§�·Q¨�¹º��©��§�©k¹º	�¹º°��\©��¹j��©k©k�±ªºªº�\5��Ã\	k§�¹º¥�\©¸¨2Ùd�¸�7¨��\°e�\©¸¨2ªº�±5¹º©¸¨��\��·xÇM¨�¹º��©�
�PÍG�\ÇM¨�¹Ê¶/�±R¯�·x�R�¥·x¯k¯*���7¨z·x§0¼ç¹º©/¨��\�¥·�ÇM¨�¹º��©�aÜ7©^§��\-à�Ó¡©k��© . ���\©�����°e·�ªº¹º�Ã±�\ 1â6 ��°e°���Ó
	�·�©k&	k�±+Çc·xªºÇ\§kªº��\© �,'*) éØ��±ÇM¨�¹º��©½³ 1 ó 1 «cêPÓGÇ\�\ß<�§�ÇM¨�§�·Q¨�¹º��©k&©��a¥��©¸¨5¯�·x&¯���¹º¥�\
�\©ßÇ\�¸°�¯�¨I��Ó*©���§k�§�¨�¹ºªº¹º¥�\�¥��©k�	k�\&¹º©/¨��\�¥·xÇP¨�¹º��©k�¯kªº§�&Ùy·�¹º²kªº�\�	�·x©�&ªº�\�Ç±·xªºÇ\§�ªº&�\©�#'*) Ñ^§�
4·\¶^�\Ç,ªº�,Õ�����§�¯v�,	k�,���\©�����°R·xªº¹º�·Q¨�¹º��©R·xæ�©e	k�,¯*��§�¶/��¹j��Ç±��°�¯�·x���\�¡ªº�\�	k�\§0¼
°eÃM¨�Èk��	k�\,	k�5Ç±·xªºÇ\§kª 1� ª*¥�#¨�����§0¶/�+Ñ^§���ªº�&¯�·x�¥·�°�ÌM¨��¥�+¯v�±�7¨�¹º©k�±©¸¨8¯v��§���©k��tÇ±·xªºÇ\§�ªº�©r
�\-¨8¯�·��ªØ
¹º©/¨��\� .
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é�Îr·8	k�\©�¥¹Ê¨�Ã�	�
ÃM¨M·Q¨�r¯�·���¥¯k¹º©5�M¨T¯�·���Ùd�\§�¹ºªºªº�M¨T	���ªj·8�§���Ùy·xÇ\�¡	k� 3 �\�¥°�¹��\-¨ a/(2πvF‖) 1;&©Û�¥·x¯�¯v�\ªºªº��Ñ^§k� vF‖ ∝ at‖
1 ê � ��§k+·xªºªº��©��§�¨�¹ºªº¹j��±� g̃1 = g̃2 = 0.8 ¯*��§k�#ªº�\�Ç±·xª .Ç±§kªº¡	k�8Õ�����§�¯v�8	��8���\©k���¥°e·xªº¹º�·Q¨I¹º��©��M¨ g̃1 = g̃2 = 0.3445 ¯*��§k��ªj· �#'*) Ó�	k�8Ùy·xÂ±��©ÒÖ·\¶/��¹º�&ªj·z°�Ú\°e�2¨��\°e¯vÃ±�¥·Q¨�§����a	k��¨��¥·x©k¥¹Ê¨I¹º��©Û¶^�\��&ªØ
��©�	k�a	��a	k�±©k¥¹Ê¨�Ãa	��a¥¯k¹º©áÒ

t′⊥ = 0
1

� ��§�#·xªºªº��©�#©kÃ\Õ�ªj¹ºÕ��\�,ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©»�±©¸¨����5Ã\ªj�\ÇM¨����¸©k#�M¨�¯kÈk��©���©k±Ó0¶/��¹º�,ªj·�	�¹º .
Ç±§k¥�¹j��©Ï	�·x©k,ªj·���±ÇM¨�¹º��©q³ 1 ³ 1 ó 1

Ä�ÅÌÄ Ç � ���¥�,�,�*�#���������A�Jë2�#���¡�
É�Ê*É�ÊÌË ì�ÒhÓ|ÙGØ�é,Ö:Ø_ÜZÜtÎ¾Ó#Î¾í|îBØ�Ï1ÎFÏ@Ð)Ñ�ÜZÜ�ÔXÒ

$ ·x©kTÇ\�P¨�¨��¡¥�\ÇP¨�¹º��©�Óc©k��§��·xªºªº��©�T	k��©�©k�\�T§k©�·x¯v�\�¥Â\§5	�§5	�¹j·xÕ��¥·x°e°���	k�¡¯�È�·x¥�\
	��\®¥�\ªº�	k� 3 ·�²k���Ö�M¨e	k�\���±ªº®	k� Á �\ÇIÈkÕ/·�·x��	 1�' ��§k�®¯�ªº§k®	��z	�ÃM¨I·x¹ºªº±Ó�¶/��¹º�®¯�·x�
�P¼0�\°�¯�ªº�p¤ ó ³0Ó�«±´/³�¥r�M¨���Ã\ÙdÃ\�¥�\©kÇ\�±�ÐÏ¹º©kÇ±ªº§k�\ 1

ÎT· 3 ¹ºÕ 1 ³ 1 7a°e��©¸¨I���&ªº�+	�¹j·xÕ��¥·x°e°��&	��+¯�È�·x¥�\â¨I�\°�¯*Ã\�¥·Q¨I§k��� . ¯k���±�¥¹º��©ÖÈ¸Ð0	���� .
-¨I·K¨�¹ºÑ^§k�8	k§®¥�\ªk	k� 3 ·x²���� (TMTTF)2PF6

1 Îr�\�	k¹j·�Õ��¥·x°e°��\�¯*��§k� (TMTTF)2X·\¶/�±Ç2	�
4·x§0¨����\�·x©�¹º��©kïÞ®Ó�·x¹º©�¥¹rÑ�§k�5Ç±�\§�¼Ï	��\#¥�\ªº�	k� Á �\ÇIÈ�Õ¸·�·x��	rÓ (TMTSF)2X Ó¥��©/¨ôÃ\Ñ�§k¹Ê¶�·�ªº�\©¸¨��·x§a¯k���\°e¹º�\�9�¹���©a	kÃ\Çc·xªº��ªj·#¯����\¥¥¹º��© 1 Îr�\9¯v�¸¹º©¸¨�9Ç±�������\¥¯*��©k	�·x©¸¨
ÒÛªj·»¯k�¥�\¥¥¹º��©Ä·x°�²�¹j·x©¸¨I�R¯v�¸§k�2ªº�\�	�¹j·xÕ��¥·x°e°��±�	k�R¯kÈ�·x¥�\�	k�RÇ\�±�7¨I·x¹º©�2Ç±��°�¯*� .
¥Ã\a¥��©¸¨®¹º©�	k¹ºÑ�§kÃ\a�§���ªj· 3 ¹ºÕ 1 ³ 1 7 1ô6 ��©�¥¹º	kÃ\���¸©ka	�
4·x²*����	 (TMTSF)2PF6

1ô� �\
¯�����¯k�¥¹ºÃM¨�Ã\aÒ»È�·x§0¨���¨��\°�¯*Ã\�¥·Q¨I§k���R¥��©¸¨aÇ\�±ªºªº�\�	�
§k©Àªº¹ºÑ�§k¹º	k�`	k�`Î�§0¨�¨�¹º©�Õ��\�`éØÎTÎ�ê 1� © . 	k�\¥¥��§k®	�
§�©k�R¨��\°�¯*Ã\�¥·Q¨I§k��� Tm é�·x¯k¯*�\ªºÃ\� Tx1

¥§k�aªj· 3 ¹ºÕ 1 ³ 1 7¸êPÓ9Ç\�\Ç\¹�©r
�\-¨
¯�ªº§k�ªº�#Ç±·x 1/) ¨I�\°�¯*Ã\�¥·Q¨�§����,¥§0÷R�·x°�°e�\©¸¨â²�·x¥¥��Ó¸��©R���P¨�����§0¶/�,ªº�#Ç\��°e¯v�¸�7¨��\°e�\©¸¨
	r
§k©%ªº¹ºÑ^§�¹º	k�»	�� 3 �±��°�¹2é 3 Î�êMÓ¡±
¹ºª,©�
 Ð%·½¯�·xR	k�Ö¨��¥·x©�¥¹Ê¨�¹º��©%	��»¯kÈ�·x��Ö¶/�\�¥R§k©
ÃP¨I·Q¨R·x©/¨�¹ºÙd�\���¥��°e·xÕ¸©kÃM¨�¹ºÑ�§k�áé )&3 ê��¸§}¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k�Ïé �k6 ê 1¡6 ��°e°���Óô	�·x©k®ªj�
Çc·x�	k§ (TMTSF)2PF6

ÓGªj·Ö¯kÈ�·x��e·x§ . 	k�\¥¥§k�	k�®ªj·Ö¯kÈ�·���e·x©¸¨�¹ºÙy�\������°R·xÕ�©kÃP¨�¹ºÑ^§��
�±7¨�°�ÃM¨M·xªºªº¹ºÑ^§���Ó���©»·e·KÍ�·x¹º���2Ò®	���ªØ
4·�©¸¨�¹ºÙd�\�¥����°e·�Õ�©kÃM¨I¹º�°e�5¹Ê¨�¹º©�Ã\�¥·x©¸¨QÓk	���©kÇ2Ò®§�©k�
��©�	k�ß	k�ß	k�\©��¹Ê¨IÃ¿	k�ß�¯�¹º© 18$ ·x©kÖ	k�±Ö�M¼0¯vÃ±��¹º�\©�Ç\�\Ö	k�ß	k¹èÍ*§��¹º�¸©í	��¿�¥·\Ð^��©k[ÞaÓ' ��§kÕ¸�M¨,�P¨ � ·\¶�ÐU¤Ê«cÞ ó ¥���©/¨t¨��¥��§�¶/Ã�	k�\8¹º©�	k¹ºÇ±·Q¨I¹º��©k8°e��©¸¨���·x©¸¨#Ñ^§�
¹ºª�±
4·xÕ�¹Ê¨#¯kªº§�¨IäK¨
	r
§k©���Ç\��°a²k¹º©�·�¹º��¸©á	r
§k©�����©k	���	k�e	k�\©�¥¹Ê¨�Ã�	k�e¥¯k¹º©½�M¨2	r
§k©�����©k	���	k�e	k�\©�¥¹Ê¨�Ã
	��S¦^© á «Ûðe¬ 1�6 �\Ç\¹9©r
�\-¨�Ç\�\¯*�\©k	�·x©¸¨�¯�·x&ªº�aÇ±·x&¯*��§k�#¨���§�+ªº�\&¥�\ªº&	k� Á �\ÇIÈ�Õ¸·�·x��	 1$ ·x©�+ªº��Ç\��°e¯v��¥Ãzé  ,¾Û ��03 ê

2
)  3

6
Ó*·�§kÇ\§k©���¹º©k	�¹ºÇ±·Q¨�¹º��©¿	r
§k©k���¸©k	k��	���	k�\©�¥¹Ê¨�Ã

	���ÇIÈ�·x�¥Õ��5©�
4·®ÃP¨�Ã+¨��¥��§�¶/Ã\�5	�·x©�,Ç\�M¨�¨��5¯kÈ�·x¥�p¤Ê«±´ 9 ¥ 1
Îr�\�¥�\ªºt	k� 3 ·�²k���+¯k��Ã±��±©¸¨��\©/¨t	k�+¯kªº§��§k©���¯�È�·x¥�+¹º¥��ªj·x©¸¨8	�� ¾ �K¨�¨5é �7¾ êMÓ^Ñ�§k¹

¥�t¨I����§�¶^�#Ò5Ç\äK¨�Ã#	k§e��Ã±Õ�¹º°���ÎTÎ�Ó/�\© . 	k�\¥¥��§k�	�
§�©k�t¨I�\°�¯*Ã\�¥·Q¨I§k��� Tρ 1^6 �M¨�¨��8¨��¥·�© .¥¹Ê¨�¹º�¸©á©k��Ç\��©kÇ\�±��©k��Ñ^§��®ªº�±�	k�±Õ���Ã\�	��®ªº¹º²*�\�7¨IÃ®	��®ÇIÈ�·x��Õ��¸ÓGªº�±�	k�±Õ���Ã\5	k��ªº¹º²v�\�-¨�Ã
	��Ö¥¯k¹º©}�¥�\-¨��\©¸¨R¹º©�·KÍ*�\ÇP¨�Ã\/£À¥¹ºÕ�©�·Q¨�§����Ö	k�Ïªj·¿¥Ã\¯�·x�¥·Q¨�¹º�¸©}¥¯k¹º© . ÇIÈ�·x�¥Õ��Ö	�·�©k�ªj·
¯�È¸Ð0¥¹ºÑ^§��&	��\8Ùd�\�¥°�¹º��©�8	�·x©k8§�©k�&	�¹º°��±©k¥¹º��© 1k) 	k�\t¨��\°�¯*Ã\�¥·K¨�§k���±8¯kªº§�8²�·x¥¥�\±Ó
	��\8¯�È�·x¥�\8¥¯k¹º© .!' �\¹º�\��ªº2é �k' ê���§»·x©/¨�¹ºÙd�\���¥��°e·xÕ¸©kÃM¨�¹ºÑ�§k�\#·x¯k¯�·x�¥·x¹º¥¥�\©¸¨ 1�6 �¸°�°��¸Ó
	�·x©kaÇ\�M¨�¨��`¯�·��7¨�¹º�`	k§Ä	k¹j·�Õ��¥·x°e°��`	k�`¯kÈ�·x¥�\±Ó�ªØ
4·x©¸¨�¹ºÙy�\������°R·xÕ�©kÃP¨�¹º¥°��`¥§k¹Ê¨®§�©k�
¯�È�·x¥�e	�
Ã±ªº�\ÇM¨��¥��©k2ªº�^Ç±·xªº¹º¥Ã\±ÓT¹ºª¡±
4·xÕ�¹Ê¨�¹ºÇ±¹¡	�
§k©½ÃP¨I·Q¨�	k� � Ã\�\ª 1�6 �±2¯kÈ�·x¥�\2©�
4·x¯ .
¯�·x�¥·x¹º¥¥�\©¸¨,¯�·xt	�·x©kt©���tÇ±·�ªºÇ\§kªº 10) æ�©Ö	�
��²0¨��\©k¹º�t§�©k�#¨I�¥·x©k¥¹Ê¨I¹º��©Ö¥¯k¹º© .7' �\¹º�±��ªº±Ó0¹ºª
Ùy·�§k	k��·x¹Ê¨,¨��\©k¹º�,Ç\��°e¯�¨��5	k�\,¹j©¸¨��\�¥·�ÇM¨�¹º��©�,�\©¸¨I���5Ã\ªº�\ÇM¨��¥��©k,�P¨#¯�Èk��©���©k 1 ÎT·�ªº�^Ç±·xªº¹ .
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�X *¡O¢ ³ 1 7=£ $ ¹j·xÕ��¥·�°�°���	k�â¯�È�·x¥�\9Õ�Ã\©kÃ±��¹ºÑ^§k��	k�\9¥�\ªº9	k� 3 ·x²����â�M¨ô	�� Á �\ÇIÈkÕ/·�·x��	�Ó
	�
<·x¯k��Ì\�¤ µ 9 ¥ 1

�·Q¨�¹º��©R	k�±¡ÇIÈ�·x��Õ��\�	��\�ÃM¨I·Q¨I �7¾ �M¨ � Ã\�\ª�¯����±¶0¹º�\©/¨â	k�\�¯����^Ç\�±�¥§� � °eï^ªj·x¯�¯�Ó¸Ñ^§��
©k�¸§k,©kÃ\Õ¸ªº¹ºÕ��\��©k�·x§k¥¥¹ 1

Îr·`¥¹º°�¹jªj·x��¹Ê¨�Ã®	k�aªj·`¯kÈ/Ð0¥¹ºÑ^§k�a	�
§�©k�®·x§��¥¹9Õ��¥·x©�	k�aÙy·x°e¹ºªºªº�a	��aÇ\��°�¯*��¥Ã\&�\-¨
���±°e·x��Ñ�§�·x²�ªº� 10� ��§kªº¹ºÕ�©���©k�¨��¸§�¨t	���°eÚ\°��+Ñ^§k��Ó�Ç\��°�°e��	�·�©k�¨���§0¨��\�ªº�\�Ùy·�°�¹ºªºªº�\±Ó
§k©2���±Õ¸·x��	2	k��¯kªº§�T¯���Ì\T��ÃM¶^Ì\ªº�â·x§k¥¥¹¸	��\T	�¹èÍ*Ã\���±©kÇ\�\ 1Q� ��§��·\¶/��©�T	�Ã-Ô-Ò,°��\©¸¨I¹º��©k©�Ã
§k©R�M¼k�\°�¯kªj��Ó/ªj·�¯���Ã\¥�\©kÇ±�,	��=<�§�ÇM¨�§�·Q¨�¹º��©k�	��,ÇMÈ�·x��Õ��#	�·x©k (TMTSF)2PF6

Ó¸°R·x¹º
¯�·�ô	�·�©k (TMTSF)2AsF6

1 Î��t¯*�\��ÇIÈ�ªº���¥·Q¨�� (TMTSF)2ClO4
Ç\��©k-¨�¹Ê¨I§k�8·x§k¥¥¹�§�©

Ç±·x#Òa¯�·x�7¨cÓ0¯�·x��Ç\��Ñ^§�
¹ºª�¯k�¥Ã\¥�\©¸¨���§k©Ö�¸��	k���5·x©k¹º�¸©k¹ºÑ^§���Òa²�·x¥¥��¨��±°�¯*Ã\�¥·Q¨�§�����Ó0Ñ^§�¹
¯*��§k����·x¹Ê¨e°��\©��\�®Ò¿§�©}¯�·x�¥·x°eÌM¨��¥�z	r
����	k�¥�z¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨��\§��a¯�·x�7¨�¹ºÇ\§�ªº¹º�\� 1�� �¸§k
·xªºªº��©�,���P¶/�\©k¹º�,�§��8Ç\�5¥§xÔ7�M¨�	�·x©k,ªj·�¥�\ÇM¨�¹º�¸©Û³ 1 µ 1 µ 1

Îr·2¯kªj§k¯�·x�-¨�	��#Ç\�\�¯kÈ�·x¥�\â¥��©¸¨t�\¥¥�\©¸¨�¹º�±ªºªº�\°��±©¸¨tÇ\��°e¯k��¹º¥�\±Ó�Ò2ªØ
�M¼0Ç\�\¯0¨�¹º��©`	��
ªj·�¯�È�·x¥�5¥§k¯��¥·xÇ\��©�	k§�ÇM¨���¹ºÇ\�¸Ó��M¨�	k�2ªj·�¯kÈ�·x¥�5°�ÃM¨I·�ªºªº¹ºÑ^§k�¸Ó�·\¶/�\Ç2¥��©»¯�·x��·xÕ¸�5	�
§�©
��Ã±Õ�¹º°��Ö¯kªº§�¨IäK¨�§k©k¹º	�¹º°��\©�¥¹º��©k©��\ª�Ò¿§k©CÇ\��°e¯v���-¨��\°��±©¸¨�²k¹ . �P¨®æ�©�·�ªº�\°��\©/¨a¨���¹º	k¹ .
°e�\©k¥¹º��©k©��\ª 1�$ ¹º¥Ç\§�¨I��©k�	�
4·�²v����	z	k��Ç\�\�¯�·x¥�·xÕ��\�	k¹º°e�\©k¥¹º��©�©k�\ªº&éØ��±ÇM¨�¹º��©Ö³ 1 ³ 1 ³�ê
�M¨9�±©k¥§k¹Ê¨���	k��ªj·,¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã�é ¥�\ÇM¨�¹º��©®³ 1 ³ 1 ó ê 1K$ ·�©k�ªj·,�§�¹Ê¨���	k��Ç\�M¨¥¨���¨�È�Ì\¥��Ó
©k�¸§k¡·xªºªº��©��©���§k�Ùd��Ç±·xªº¹º¥�\��¥§k��ªj·&¯kÈ�·���8¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\��Ó�·�¹º©k¥¹kÑ^§k�8¥·&���±ªj·Q¨�¹º��©
·\¶/�\Ç5ªØ
4·x©/¨�¹ºÙd�\�¥����°e·�Õ�©kÃM¨�¹j�°e� 1
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É�Ê*É�ÊGÉ Í�ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBØ_ÝdÙ*Õ:ñ
Îr�\®Õ��¥·x©�	k�\®	�¹èÍ*Ã\���±©kÇ\�\®�\©/¨����zªº�±®¹º©¸¨�Ã±Õ��¥·xªº�\�	k�R¨I�¥·x©k¥Ùd�±�7¨ ta Ó tb �P¨ tc �¸©¸¨¯*��§k�&Ç\��©��Ã±Ñ^§k�\©�Ç\�®Ñ^§k�®ªj·z	k¹º°e�\©k¥¹º��©�·xªº¹Ê¨�Ã®�PÍ*�±ÇM¨�¹Ê¶/�®	��aÇ±�\&°e·K¨�Ã\��¹j·x§0¼GÓ�·z¯k��¹º���¥¹

²�¹º�\©Ï¨±k�t¨���¹º	�¹º°��\©��¹j��©k©k�±ªº\Ó�ÇIÈ�·x©�Õ���¥�\ªº�¸©ÏªØ
Ã\ÇMÈk�\ªºªº�5	�
Ã±©k�\��Õ¸¹º� 1
ò fe2M��DE".�,"C0�35�_��"@�K"%DEA{fe��34������"

6 ��©��¹º	�Ã\����©��	r
4·x²v�¸��	Äªj·Ï¨��\°e¯vÃ\�¥·K¨�§k��� 1T) È�·x§�¨��e¨��±°�¯vÃ±�¥·Q¨�§�����Ó T � tb
ÓTªj�

²���§k¹Ê¨»¨�Èk�±��°�¹ºÑ�§k�á�PÍG·xÇ±�ß¨���§�¨I�á	k¹èÍGÃ\���\©¸¨I¹j·Q¨�¹º��© �\©/¨����á©�¹Ê¶/�±·x§0¼ë¹º©�	k§k¹Ê¨I�á¯�·x�»ªº�\
¨I�\��°��±��\© tb ��§ tc 	�·x©� H0

é 3 ¹ºÕ 1 ³ 1 ¬�êMÓv	�������-¨���Ñ^§��2ªº�±�¯�����¯k�¥¹ºÃM¨�Ã\+¯kÈ¸Ðk�¹ºÑ�§k�\
	�Ã\¯v�±©k	k�±©¸¨z§�©k¹ºÑ^§��\°��\©/¨Ö	k§ ¯k���±°�¹º�\�e¨I�\��°��CéØ�M¨Ö	k�\z¹º©¸¨��±�¥·xÇM¨�¹º�¸©k±Óâ²k¹º�\©í±���ê»�� �\§kª ka �±7¨»¹º°e¯v���-¨I·x©¸¨QÓ�ªº�ß°��¸§�¶/�\°e�\©¸¨»¥�\ªº��©ëªº�±Ö	�¹º���\ÇM¨�¹º�¸©k b �M¨ c ©r
4·C¯�·x
	r
�PÍ*�M¨�¥§k�aªj·q¯kÈ¸Ð0¥¹ºÑ�§k�zÒqÈ�·x§0¨��R¨��\°�¯*Ã\�¥·K¨�§k��� 1 Î��zÇ\��°e¯v���-¨��\°��±©¸¨�	k�\a¥�\ªºa	��Á �\ÇIÈ�Õ¸·�·x��	 ÒÄÈ�·x§�¨��q¨��\°�¯*Ã\�¥·K¨�§k���ß	k�M¶k�¥·x¹Ê¨»¯�·x�ÖÇ\��©k¥Ã\Ñ�§k�\©kÇ±�¿ÚM¨I���¿²�¹º�\©ë	kÃ\Ç\�¥¹Ê¨
¯�·x�eªj·¿¨�È�Ã\����¹º�Û	k§%ªº¹ºÑ^§k¹j	k�»	��»Îr§0¨�¨�¹º©kÕ¸�\� 1 Îr�\®¨I�\°�¯*Ã\�¥·Q¨�§����\ T � tb

©��»��¸©¸¨
Ç±�\¯v�\©�	�·x©/¨�¯�·x�·xÇ\Ç±�\¥�¹º²�ªº�\ô�P¼0¯vÃ±��¹º°��±©¸¨I·xªº�\°e�\©¸¨¡	�·x©kôªº�\�¥�\ªº�	k� Á �\ÇIÈkÕ¸·¸·x��	 1 Îr�\
Ç±��¹º-¨I·x§�¼á¥��©¸¨�	kÃP¨���§�¹Ê¨�5¥¹���©½ªº�\2ÇIÈ�·x§kÍ*�R·x§ . 	k�\ªjÒÏ	k� ó µ¸´�ã �\©/¶0¹º����©i¤Ê« ó ¬�Ó¡« ó:9 ¥ 1¾ ·x¹º±Óô°�Ú±°��ÏÒ¿	k�±�¨��\°e¯vÃ±�¥·Q¨�§k�¥�\®¯�ªº§k�¯k���^ÇMÈk�\�	k� tb Óô��©}���M¨I����§�¶/�Ö�±©kÇ\���¥�Öªj·¯�È¸Ð0¥¹ºÑ^§��&	k§Ïªº¹ºÑ^§�¹º	k��	k��Îr§0¨�¨�¹º©kÕ¸�\�t	�·x©k8¯kªº§�¥¹º�\§k��8¯�����¯���¹ºÃM¨�Ã\8	��&Ç\�±8Ç\��°e¯v��¥Ã\ 1$ ��©�©k��©�,	��\§�¼»�M¼0�\°e¯kªº�\2��ªj·�	kÃ\¯*�\©�	�·x©kÇ±�5�\©Ö¨I�\°�¯*Ã\�¥·Q¨I§k���5	k�2ªj·���Ã±�¹º-¨�¹è¶0¹Ê¨�Ã ρaªº�&ªº�¸©kÕ®	k�±tÇIÈ�·K×X©k�\8©�
�\-¨,¯�·x8Ñ^§�·x	��¥·Q¨�¹jÑ^§k��Ó0°e·�¹º ρa �\-¨,¯�����¯v�¸�7¨�¹º��©�©k�\ªºªº��Ò T 0.5

¤Ê« ó:9 ¥g¯x�P¨¡ªØ
�¸²k¥�\�7¶�·K¨�¹º��©�	r
§k©»é ¯���±§k	k� . ê7Õ¸·x¯�	k�8ÇIÈ�·���Õ��ó¤Ê« 9P9 ¥�¥¹º°�§kªÊ¨M·x©kÃ\°e�\©¸¨â·\¶/�±Ç
§�©À¥¯v�\ÇM¨I���e	r
�M¼0Ç±¹Ê¨I·Q¨�¹º��©��	k�R¥¯k¹º©À�·x©�2Õ¸·x¯ä¤Ê«K8:71¥â¹º©�	k¹ºÑ^§��R§k©k�R¥Ã\¯�·��¥·Q¨�¹º��©Ä	k�\
	��\Õ���Ã\9	��âªº¹º²v�\�-¨�Ãâ	k���¯�¹º©��M¨ô	��âÇIÈ�·���Õ�� 1x' ·x�9Ç\��©¸¨I����ÓQ¹ºª����\-¨��â�\©�Ç\�����â	��\9Ñ^§k�±7¨I¹º��©k
��§0¶/�\�7¨I�\±Ó^©k�#¥�\��·x¹Ê¨ . Ç±�#Ñ�§�
�\©`Ç\��Ñ^§�¹�Ç\�¸©kÇ\�\�¥©k��Ç\����Ã\Õ�¹º°e�#	���È�·x§0¨��8¨I�\°�¯*Ã\�¥·Q¨�§���� 1� �K¨I·x°e°��\©¸¨QÓv��©q©����·x¹Ê¨&¯�·x�Ç±ªj·x¹º���\°e�\©¸¨�Ñ^§k�±ªºªº�\+¥��©¸¨&ªj·RÙy����Ç\���P¨&ªj·R¯*���7¨�Ã±��	k�\
¹º©/¨��\�¥·xÇP¨�¹º��©k&�\©¸¨I����¯*���7¨I�\§k�� 1*� ª�©r
 Ð¿·R¯�·�+§k©¿ÇIÈk�¸¹Ê¼q§k©k¹ºÑ�§k��	��\+¯�·��¥·x°�ÌP¨����\+	��
ªj·�¨�ÈkÃ\���¥¹º�2éØÇ\��°�°e�#¯�·x���M¼0�±°�¯kªº�#ªº�#¯�·x�¥·x°eÌM¨���� Kρ

	k§Rªº¹ºÑ^§�¹º	k�#	k��Îr§�¨�¨I¹º©kÕ��\�IêôÑ�§k¹
¯*�\��°e�M¨�¨���·x¹Ê¨2	r
�M¼0¯kªj¹ºÑ^§k�\�&¨��¸§k5ªº�\2��Ã±�§�ªÊ¨I·Q¨�2�M¼0¯*Ã\��¹º°e�\©¸¨I·x§0¼áÒÏªj·ÏÙd��¹º±ÓG¶/��¹º�5¯�·x�
�P¼0�\°�¯�ªº�p¤Ê«c¬0«�Ó�³�´¸Þ�¥ 1
ò fe2M��DE".�,"@}�35$K$'"@��"%DUABfe��34���,��"

) ²�·x¥¥�t¨I�\°�¯*Ã\�¥·Q¨I§k����Ó T ≤ tc Ó�¨���§kâªº�\¡¨��\��°e�\�	k§ É ·x°�¹ºªÊ¨I��©k¹º�\©R���±©¸¨����\©/¨â�±©Ô7�±§�Ó0�M¨#��©Ö±
4·Q¨¥¨��\©�	Ï·x§ÏÇ\��°�¯*���7¨I�\°��\©/¨,	�
§�©Ö°eÃM¨I·xªG§��§��\ª�·x©�¹º¥�K¨�����¯*��Ó0Ñ^§�¹G¥�\�¥·x¹Ê¨
	�Ã\Ç\��¹Ê¨�¯�·x��ªj·�¨�ÈkÃ\���¥¹º�8	k�,ÎT·x©k	�·�§®	��\�ªº¹ºÑ�§k¹º	k�±�	�� 3 �\��°e¹ 1/6 ��°e°��8¯v�¸§k��ªº�8ªº¹ºÑ^§k¹º	��
	���Îr§0¨�¨�¹º©kÕ¸�\�\Óvªº�\+�M¼0¯vÃ±��¹º�\©kÇ±�\�©k��Ç\��©kæ���°e�\©¸¨&Ç\�M¨¥¨��a·Q¨�¨��\©/¨���Ñ^§k��¯�·��7¨�¹º�\ªºªº�±°��\©¸¨ 1
;&©Ï¨�����§0¶/�2�PÍ*�\ÇM¨I¹Ê¶/�\°��±©¸¨+§k©Û��·x¯k¯*���7¨+�\©¸¨����2ªº�\���Ã±�¹º-¨�¹Ê¶k¹Ê¨�Ã\ ρa/ρc ¹j©k	kÃ\¯*�\©�	�·x©¸¨	��aªj·`¨��\°e¯vÃ\�¥·K¨�§k���S¤ ó ³1¥�Ó*§�©k�®ÇIÈ�·�ªº�\§k�&¥¯vÃ\Ç±¹èæ�Ñ^§��aÃ±ªº�\ÇM¨����¸©k¹ºÑ^§��®ªº¹º©kÃ±·x¹j���®�\©q¨��\° .
¯*Ã\�¥·Q¨I§k���@¤¬ ó ¥�Ór·\¶/�±Ç�§k©���Ç\��©�-¨I·x©¸¨��e	k� � �¸°�°��±��Ùd�\ªº	½Ñ^§k¹ØÓT·\¶/�\Çeªj·Ö¥§k¥Ç\�\¯0¨�¹º²k¹ºªj¹Ê¨�Ã
	��+¥¯k¹º©E¤Ê«c³�8�¥�Ó�	���©k©��+§k©z�¥·�¯k¯v�¸�7¨8	k�wNë¹ºªº¥��©ÖÑ^§�¹*±
4·xÇ\Ç\�¸��	k�&²k¹º�\©Ï·\¶/�\Ç&ªj·2¨�ÈkÃ\�¸��¹º�
	��®Îr·x©�	�·x§rÓv�P¨cÓ*	�·x©�+ªº�\&�M¼0¯*Ã\��¹º�\©�Ç\�\&	k�aÇ\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ãa��¯�¨I¹ºÑ^§k�¸Óv��©¿�¸²k¥�\�7¶/�®§k©
¯�¹ºÇR	�� $ �¥§k	k�`	�·x©��ªº�\2¨�����¹ºa	k¹º���±ÇM¨�¹º��©��	k�`ªØ
�\¥¯�·�Ç\�V¤ 80«�¥ 19$ 
§k©C·x§0¨����`Ç\äK¨�Ã¸Ó�ªj·
¶¸·x��¹j·Q¨�¹º�¸©ß	k�®ªj·zÇ\��©�7¨M·x©¸¨��®	k� � ��°e°��\�¥Ùd�\ªº	á·\¶/�\Ç®ªº�®ÇIÈ�·x°�¯ß°R·xÕ�©kÃP¨�¹ºÑ^§��ô¤ ó µ:¥ô©��

³:7



ε

nFD(T, ε)

�X *¡O¢ ³ 1 ¬~£R;+Ç\Ç±§k¯�·Q¨I¹º��©`	k�±âÃM¨I·K¨��¯k���¸¯k���\�	k� H0
Ó�·\¶/�±Ç��M¨t�·x©�â¯���¹º¥���\©`Ç\�¸°�¯�¨I�

	k� tb éd¨��¥Ì\&¥ÇIÈkÃ±°e·Q¨�¹ºÑ�§k�\°e�\©¸¨Mê���ÒzÕ¸·x§�ÇIÈk��ÓG	��\§�¼¿©k¹è¶/�±·x§�¼¿	r
Ã\©k�±��Õ�¹º��¶/��¹º¥¹º©�&	��
Ha

1 Îr�\§���2��Ç\Ç\§k¯�·Q¨�¹º��©�2¥�\ªº��©Àªj·»	k¹º-¨��¥¹º²k§�¨I¹º��©À	k� 3 �±��°�¹ .7$ ¹º��·xÇ nFD(T, ε) ¥��©¸¨²k¹j�\©R	k¹èÍ*Ã±���\©¸¨I�\ 1/) 	k�¥��¹Ê¨���Ó/ªº�±�©�¹Ê¶/�±·x§0¼eÑ^§�
�¸©R��²�¨I¹º�\©¸¨�¥¹���©`¯k���\©�	R�\©RÇ\��°e¯�¨��#ªº�
�·x§�¨�¹º©/¨��\��ÇIÈ�·Q×X©k�± tb 1*) ªj·�¨I�\°�¯*Ã\�¥·Q¨I§k���a¯v��§���ªX·xÑ^§k�\ªjªº�a©k��§�&·\¶/��©�#¨I�¥·xÇ\Ã nFD Óªº�\,	�¹èÍ*Ã\�¥�\©kÇ\�\#	�
�^Ç\Ç±§k¯�·Q¨I¹º��©Ï�\©/¨�����Ç±�\,©k¹Ê¶/�c·x§�¼Ï��¸©¸¨#©�Ã\Õ�ªº¹ºÕ��c·x²kªº�\ 1

¯*�\§�¨`¯�·xRÚP¨����Û�M¼0¯kªº¹ºÑ�§kÃ\�Û	�·�©kRªº�ÛÇ±·x	k�¥�»	��»ªj·ß¨�È�Ã\����¹º�Û	��ÛÎT·x©k	�·x§ 1â� © ·x§�¨��¥�
��Ã±�§�ªÊ¨I·Q¨5Ñ^§k¹ô©k�a±
4·xÇ±Ç\����	��a¯�·x5·\¶/�\Ç®ªØ
¹º°e·xÕ��®	r
§k©ßªº¹ºÑ^§k¹º	��a	�� 3 �\��°e¹ô·x©k¹j��K¨I����¯*�
�\-¨�Ñ�§k�#ªº��¯v��¹º	��¥¯v�±ÇM¨��¥·xª�	�§R¯k¹ºÇ�	k� $ ��§�	k�#	�·x©��ªº�±�	�¹º���\ÇM¨I¹º��©k a �M¨ b �\-¨�²*�±·x§ .
Ç\��§�¯Û°e��¹º©k+·x©�¹º¥�K¨�����¯*�2Ñ^§��2ªº�\�Ç±��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã\+Ò ω = 0 Ç\�������±�¯*��©k	�·x©¸¨��±�¤ 80«'¥ 1öõ$ �®¯kªº§k±ÓGªj·`¯�·x�7¨�¹º�®ªj·z¯kªº§�&¹º°�¯*���7¨I·x©/¨��a	�§¿¯v�¸¹º	k&¥¯v�±ÇM¨��¥·xªô���\-¨���·x¥���Ç\¹ºÃ\��Ò`	��\
Ùd�¥Ã\Ñ^§k�±©kÇ\�\®·x¥��±Å`Õ��¥·x©�	k�\±Ó�ªº��¹º©Ä	�§Ä¯k¹ºÇ`	�� $ ��§�	k��Ó��M¨®¯*��§k� ω > tb

Ó σ(ω) ¥§k¹Ê¨°eÚ\°���§k©��2ªº��¹�	��2¯k§�¹º¥¥·�©kÇ\�5¨!Ð0¯�¹ºÑ^§k��	�
§�©Ûªº¹ºÑ�§k¹º	k��	k�aÎr§�¨¥¨�¹º©kÕ��±��¤Ê«c¬�«¸Ó�« 9:9 ¥ 1G6 �
��Ã±�§�ªÊ¨I·Q¨2±
�M¼0¯kªº¹jÑ^§k��¯�·x��ªº�®Ùy·�¹Ê¨5Ñ^§��®ªº�\5�M¼0Ç\¹è¨I·Q¨�¹º��©�5Òz	��\�Ã\©k�±��Õ�¹º�\ ω � tb

��©/¨
§k©�¨I�\°�¯��	k�#	k�8¶0¹º�8¨��¥��¯RÇ\��§k�-¨�¯v��§���Üò¶/�¸¹º�7à,ªj·5¯v��¥¥¹º²�¹ºªº¹Ê¨�Ã#	k�#�·x§�¨��±��Ò5§�©k��·x§�¨��¥�
ÇIÈ�·Q×X©k� 10¾ Ú\°��+¯v��§��â	k�\ ® ¬�÷ ¸ ª�« á:®G� «¨¬ ¶ ªj·x��Õ¸�\°��\©/¨8¹º©kÙdÃ\�¥¹º�\§k���±tÒ tb Ó^¹ºª*¥§0÷®¨8	k��©�Ç	k�e��e¯kªj·xÇ±�\�5ÒÖ	��\5Ã\©k�\�¥Õ�¹º�\ ω Ã\ªº�M¶/Ã\�±5¯v��§������M¨��¥��§�¶/�\�5ªj·Ö¯�È¸Ð0¥¹ºÑ^§���§k©k¹º	�¹º°��\© .
¥¹º��©k©��\ªºªº� 1�$ �z¯�ªº§k±Ó�ªj�z��Ã\Õ�¹º°e�R¨���¹º	�¹º°��\©�¥¹º��©k©k�±ªâ¯*�\§�¨�Ç\��©/¨��\©k¹º�a	��\�Ü-��¸§�¶/�\©�¹º��-à
	k§ÀÇ±·��¥·xÇM¨�Ì±���RÑ^§�·x¥¹ . §k©�¹º	k¹º°��±©k¥¹º��©k©��\ª¡	�§À°e·Q¨�Ã±��¹j·x§ 1�' ·x�2�M¼k�\°�¯�ªº��ÓT©k��§ka·xªºªº��©�
¶/��¹º�t	�·x©��ªj·�¥§k¹Ê¨��+	k�+Ç\�M¨¥¨��#¨�ÈkÌ\¥�+Ñ^§���ªº�\t¹º©¸¨��±�¥·xÇM¨�¹j��©kt�PÍ*�\ÇM¨I¹Ê¶/�\t�\©¸¨��¥��¯*���7¨��±§k��
	�·�©kâªº�±���±ªºâ	�� Á �±ÇIÈkÕ¸·�·x�¥	`¥��©¸¨tÙy���7¨��\°e�\©¸¨t���±©k����°R·xªº¹º¥Ã\�\�¯�·x�â	k�\X<�§�ÇM¨�§�·Q¨I¹º��©k
§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªºªº�±e	k�»È�·x§�¨��»Ã\©��\��Õ�¹º�ÀéØ��±ÇM¨�¹º��©%µ 1 « 1 Þ�êMÓ¡Ç±�»Ñ^§k¹,¯*�\§�¨`�M¼0¯�ªº¹ºÑ^§k�±�
¯*��§k��Ñ�§k��¹�ªº�\+¨I�\°�¯*Ã\�¥·Q¨�§����\�Ç\�¥¹Ê¨�¹ºÑ^§��\�	��\+¨���·x©k¥¹Ê¨�¹º�¸©k+¶/�\�¥�	k�±�ÃM¨M·Q¨�����¥	k��©k©�Ã\
éd¶/�¸¹º�8ªX·®¥�\ÇM¨�¹º�¸©Û³ 1 ³¸ê�¥��©¸¨�¥¹�²�·x¥¥�\,	�·�©k,Ç\�\,°R·Q¨�Ã\��¹j·�§�¼ 1
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ò fe2M��DE"V����K"e�1DEf%����3��H��"
� ��§�t·\¶/�¸©kt	k�¸©kÇ#¶0§zÑ^§���Ó�¯*��§k� T > tb

Ó�ªj·�¯�È¸Ð0¥¹ºÑ^§��+	k�\t¥�\ªºt	k� Á �\ÇIÈ�Õ¸·�·x��	
��·x¯k¯*�\ªºªº�aªº�aªº¹ºÑ�§k¹º	k�®	k�®Îr§�¨�¨I¹º©kÕ��\�®éØ¯kªº§k&�M¼�·xÇM¨��\°e�\©¸¨cÓ*�±©¿Ùy·x¹Ê¨cÓGªº�aÇ\��°e¯v�¸�7¨��\°e�\©¸¨
	r
§k©aÕ��¥·x©�	�©���°�²k�¥�â	k��ªº¹ºÑ^§�¹º	k�\9	���Îr§�¨¥¨�¹º©kÕ��±��Ç\��§�¯kªºÃ\IêMÓc¨I·x©k	�¹º9Ñ^§��â¯*��§k� T < tc

Ó
��©2���M¨����¸§�¶/�¡	k�\T¯k����¯���¹ºÃM¨IÃ\r	r
§k©5ªº¹ºÑ^§k¹º	��¡	k� 3 �\��°e¹¸·x©�¹º��x¨�����¯*� 1±) ¶¸·x©¸¨�	k�¡	k¹º¥Ç\§�¨I�\�
ªº�t�¥Ã\Õ�¹º°e��¹º©/¨��\��°eÃ\	k¹j·x¹j����Ó tc < T < tb

ÓQ¨���§���©k�¸©kô©��K¨����8·Q¨�¨I�\©¸¨�¹º��©�¶^�\��ôªº�tÇ\�¸©kÇ\�\¯0¨
	��&°���§0¶/�\°��±©¸¨�¦¨§�©)ª�«¨¬ �5® 	��\t¯*���7¨��±§k�� 1 Î��+¨��\°e¯kt°e�±Ð/�\©ÖÑ�§�
§k©ÖÃ±ªº�\ÇM¨����¸©Ö��§Ï§k©
¨I����§�¯�·x¥¥�t	�·x©��§k©®¯�ªj·x© ab ·\¶�·x©/¨¡	��t�·x§�¨��±�ô	�·�©k�§k©®¯�ªj·x©�¶^��¹º¥¹º©��\-¨ τc ∼ 1/tc

1
ÎT·ÀÇ\�¸ÈkÃ\���±©kÇ\�q�\©¸¨��¥�q¯kªº§k¥¹º�\§���z¯v���7¨I�\§k�¥`�\-¨R¨IÈk�\�¥°�¹ºÑ^§��\°��\©/¨z�¥�\-¨����\¹º©/¨��¿ÒÀ	k�\
Ã±ÇIÈk�\ªºªº�\�	���¨��\°e¯k τT ∼ 1/T

19� ¹ T > tc
Ó ® § �)® ¬ ¸ «§ ¸ «^³Ûª ® ª ¸ ©0/ ¶ ³Gê � ¬21 á1¶ ª�¬ ¶^� «

¹ ¬ô÷&§ �43 ¬�÷p¬ �F® ¦¨§�©)ª�«¨¬ �F® 	k�\�¯*���7¨��\§�����\-¨e	k��©�Ç ® ©)¬�«·÷�³Gê � ¬�÷p¬ �F® ¦¨§ ��5B� ª�¬®·x§0¼
¯�ªj·x©k ab

196 �\Ç\¹�¥�\��·»©k�K¨M·x°�°e�\©¸¨aªº�RÇ±·�2¯*��§k�2ªØ
�P¼0¹º-¨��\©kÇ±�R	k�RÑ�§�·x¥¹ . ¯�·x�7¨�¹ºÇ\§�ªº�\±Ó
¹º©�Õ���Ã\	�¹º�\©¸¨�Ùd��©�	�·x°e�\©¸¨I·xª�	��,ªj·&¨�È�Ã\����¹º�#	k��ÎT·x©k	�·x§R	k§Rªº¹ºÑ^§k¹º	��#	k� 3 �\�¥°�¹ 1^$ ·x©k�ªj�
�¥Ã\Õ�¹º°�� tc < T é < tb

êMÓ���©»©��5¯v�\§0¨�	k��©�Ç2·\¶/��¹º�#	k�2Ñ^§�·��¹ . ¯�·x�7¨I¹ºÇ\§kªº�±,Ñ^§��5	�·x©k#ªº�\
¯�ªj·x©k ab

1�) §á°�¹º�\§0¼GÓ�¹ºª�±
4·xÕ�¹º�¥·x¹Ê¨�	k��©�Ç�	k��ªº¹ºÑ^§�¹º	k�\5	k� 3 �\��°e¹ô²�¹º	k¹º°e�\©k¥¹º��©k©��\ªº
Ç±��§k¯kªºÃ±��±©¸¨���� . �\§�¼ 1k6 �\Ç\¹G	k¹Ê¨cÓ�	�·x©ktªº�\t�M¼k¯vÃ\�¥¹º�\©kÇ\�±�	k�&�¯*�\ÇM¨I����¥Ç\��¯k¹j��	r
Ã\°�¹j�¥¹º��©
¯�Èk�K¨�� . Ã\ªº�\ÇM¨I��¹ºÑ^§���Óô·�§kÇ\§k©��R¨���·xÇ\�Ö	k�ÖÑ^§�·��¹ . ¯�·x�7¨I¹ºÇ\§kªº�Ö©�
4·¿ÃM¨�Ã`¨��¥��§�¶/Ã\�Ö¯*��§k�®	k�\
¨I�\°�¯*Ã\�¥·Q¨�§����\ T ≥ 50 ã�¤ µP7kÓk³x´¸Þ�¥ 10$ 
4·x§�¨I���+¯�·x�7¨QÓ^ªj·���Ã±�¹º-¨I¹Ê¶0¹Ê¨�Ã+ªº��©�Õ�¹Ê¨�§k	�¹º©�·xªº� ρa¥§�¹Ê¨¡²�¹º�\©®§�©k�8ªº��¹kÑ^§�·x	��¥·Q¨�¹ºÑ�§k�t�±©�¨��±°�¯*Ã\�¥·Q¨�§����Â¤Ê« ó:9 ¥�Ó�Ç\��°�°e�8¹ºª0ªº�8Ùy·x§�	k�¥·x¹Ê¨�¯*��§k�
§�© ªº¹ºÑ^§�¹º	k�q	k� 3 �\��°e¹ 1t: §��qªº�\z�M¼0¯*Ã\��¹º�\©�Ç\�\`	r
�PÍ*�M¨ É ·xªºª�¯�§k¹º¥¥�\©¸¨Ö±
�M¼0¯�ªº¹ºÑ^§��\�
ÒC¯�·x�7¨�¹º�Ö	k�ßªj·À¨�ÈkÃ±����¹º�ß	k�áÎT·x©k	�·x§ë��§ë¯�·xÖ�¥�\-¨��¿¥§�Ô7�M¨»	k�ß	kÃ\²�·Q¨T¤Ê«Q³�¬�Ó&« ó:9 ¥ 1� ©k��·xªÊ¨��±��©�·Q¨I¹Ê¶/�#¥�\�¥·x¹Ê¨�ÃP¶0¹º	k�\°e°��±©¸¨�	�
�\¥�·\Ð/�\�â	k�#	kÃ\Ç±��¹º���#Ç\�#��Ã±Õ�¹º°���Ç\��°�°e�#	k�\
ªº¹ºÑ�§k¹º	k�±2	k�RÎr§�¨¥¨�¹º©kÕ��±�5Ç\��§k¯�ªºÃ\ 1T$ 
4·x¯k�¥Ì\2ªº�\2�M¼0¯*Ã\��¹º�±©kÇ\�\ )+�#'��â� ÓrÇ\�\Ç±¹¡¥�\°�²�ªº�
�\Í*�\ÇM¨�¹Ê¶^�\°��\©/¨®ÚM¨��¥�R¯*��¥�¹j²kªº�V¤³x´¸Þ1¥ 19$ �\�°e�\¥§k���±�	k�e¨��¥·�©k¥¯v���-¨ô¤Ê« ó 81¥�°��¸©¸¨����\©/¨
Ç±�\¯v�\©�	�·x©/¨eÑ^§r
§k©��`¨��±ªºªº�Ï¹º°e·xÕ��»Ã\ÇIÈk��§��Ï�\© . 	��\¥¥��§k�	�
§�©k�z¨��\°e¯vÃ\��·Q¨�§k�¥� Tm ≈
80 ã 1�� ©½Ç\��©�Ç\ªº§k¥¹º��©rÓrªj·Ö¨�ÈkÃ±����¹º�R·x	�·x¯�¨�Ã±�RÒÏªj·»	k�\¥Ç\�¥¹º¯�¨�¹º��©À	k�eªX·Ï¯kÈ/Ð0¥¹ºÑ^§k�e	��\¥�\ªºÏ	k� Á �\ÇIÈ�Õ¸·�·x��	ë	�·x©kÏªj·CÕ¸·x°�°e�ß	k�q¨��\°e¯vÃ\��·Q¨�§k�¥�\ tc < T < tb

�¥�\-¨��áÒ
	�ÃM¶/�\ªº��¯�¯v�\�±Ó^�P¨cÓ�°�Ú±°��+¯v�¸§k��ªº�\t��Ã\Õ�¹º°e�\ T < tc

�M¨ T > tb
Ó/¨���§0¨��\tªº�\tÑ^§k�±7¨I¹º��©k

©r
��©¸¨�¯�·x,	k�5��Ã\¯*��©k¥� 1

uwvB"g��$&�,"%$p�*���"e��3F���������$+$K�,�[(�"@A�3F$K$'352F".���*DU"%�$��H���,")(
Îr�»¯�·x¥�·xÕ��»	�¹º°��\©�¥¹º��©k©��\ª,	kÃ\¯*�\©k	(·x§��¥¹,	��\e¹º©/¨��\�¥·�ÇM¨�¹º��©�e�±©¸¨����Û¯v���7¨I�\§k�� 1$ ·x©�8§k©Ö-Ð0-¨�Ì\°e�&§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓ0ªj·a	��\©k¥¹Ê¨�Ã&	r
ÃM¨I·Q¨I,·x§Ö©k¹Ê¶^�±·x§Ö	�� 3 �\��°e¹G�\-¨

�¥Ã\	k§�¹Ê¨��â¯�·x��ªº�\ô¹º©¸¨��\��·xÇM¨�¹º��©� 1x� ¹^ªº�����\°e¯kªº¹º¥�·xÕ����\-¨ôÇ\��°e°��\©�¥§k�¥·x²�ªº�+é Ç¸
�\-¨�Ò�	k¹j����Ó
ªj·»Ùy�¥·xÇM¨�¹º�¸©À���\°e¯kªº¹º�R	k�Rªj·»²�·x©k	���¶�·x§�¨ p/q Ó p �M¨ q ÃM¨I·x©/¨a	k�\�©k��°�²����\��\©¸¨�¹º�±��¯*�M¨�¹Ê¨I�êPÓ�¹ºª,·x¯k¯�·x�¥·Q×º¨Ræ�©�·�ªº�\°��\©/¨R§k©çÕ¸·�¯ ∆ρ

	�·x©keªº�Ï¥¯v�±ÇM¨����Ï	r
�M¼0Ç\¹Ê¨I·K¨�¹º��©ke	��
ÇIÈ�·x��Õ���Ór��©á��²0¨�¹º�\©¸¨2	���©kÇ�§�©á¹º��¸ªj·x©¸¨2	�� ¾ �K¨¥¨ 1T� ¹�ªº���·x§0¨2¹º©¸¨��\�¥ÇIÈ�·Q×X©����\-¨2¹º©kÙyÃ .
�¥¹º�\§k�2·x§áÕ¸·x¯½	k� ¾ �K¨¥¨cÓ tb < ∆ρ

Órªº��°e��§�¶^�\°��\©/¨2	k�\5¯*���7¨I�\§k��5	�
§�©k��ÇIÈ�·Q×X©k�RÒ
ªØ
4·�§�¨����R	k�P¶0¹º�\©¸¨2¨���Ì±5¹º°e¯k�¥��²�·x²�ªº� 1T$ ·x©�5§�©k�®¨I�\ªºªº�R�¹Ê¨I§�·Q¨�¹º�¸©�Órªº�±2¯v���-¨��\§k�¥2���©/¨
Ç±��©0æ�©�Ã\¡·x§�¼®ÇIÈ�·K×X©k�\ ¸4á « ¹ ¬ ¶ ³ �F® ¬�« á ¦ ® ³G§ �4¶ ¤¬�Þ0Ó0«c¬�«¸Ó0« 9P9 Ó0« 9 Ó0«c¬0Ó¸¬�¬�¥ 1/6 
�\-¨��M¼k·�Ç .
¨I�\°��\©/¨8Ç±�+Ñ�§k¹*¥�&¯�·x¥¥�&	�·x©�tªº�\8¥�\ªºt	�� 3 ·x²����&Òa¯k�¥�\¥¥¹º��©Ï·x°�²k¹X·x©¸¨��&�M¨#ÒaÈ�·x§0¨��
¨I�\°�¯*Ã\�¥·Q¨�§����®é ¥�\ÇM¨I¹º��©»³ 1 ³ 1 «cê 1 ÎT· 3 ¹ºÕ 1 ³ 1 7�°e��©¸¨��¥�+Ç\�\¯*�\©k	�·x©¸¨8Ñ^§��+	�·x©�tÇ\�\t°R· .

³ 9



¨�Ã±��¹j·x§�¼�Ó�¹ºª�Ðç·ß	��\®¨��¥·x©��¹Ê¨I¹º��©ke	k�Ï¯�È�·x¥�»Òß	��\®¨��\°�¯*Ã\�¥·Q¨I§k���±�©k��©ç©�§kªºªº�\±Ó�Ç±�
Ñ^§�¹G©k�&¥�\�¥·x¹Ê¨,¯�·x8¯v��¥¥¹º²kªº�&	�·x©k8§k©Ö-Ð0-¨�Ì\°e�+¯�§k���±°��\©¸¨,§�©k¹º	k¹j°��\©k¥¹º��©�©k�\ª 1k� �¸§k
·\¶/��©�#¹ºÇ\¹T·KÍ�·x¹º����Ò�§k©»¯�·x��·xÕ¸�5	k¹º°e�\©k¥¹º��©�©k�\ªr	�¹Ê¨tÜ-Ò�	k�\§0¼Ï¯�·x�7¨I¹ºÇ\§kªº�±7à 1�¾ Ú\°e�5�¹
ªº�\5¯�·x�-¨�¹ºÇ\§kªº�±�¥��©¸¨2Ã\©k�\�¥Õ�ÃM¨�¹ºÑ�§k�\°e�\©¸¨2Ç\��©0æ�©kÃ\�\2ÒzªØ
¹º©/¨�Ã\��¹º�\§���	k�\5ÇIÈ�·Q×X©��\±ÓG�\ªºªj�\
¯*�\§�¶/�±©¸¨�Ù ·x¹º���Ö	k�\�¥·�§�¨��¶k¹º�7¨�§��\ªº®	r
§k©��zÇIÈ�·K×X©k�ÏÒ¿ªØ
4·x§�¨��¥� 1¡� ¹t	k�\J<�§�ÇM¨�§�·Q¨I¹º��©k
¹º°e¯v���7¨M·x©¸¨��±t¥��	kÃM¶^�\ªº��¯k¯*�\©¸¨#Ò®ªØ
¹º©¸¨IÃ\��¹º�\§��t	��\8ÇIÈ�·Q×X©��\±Ó0�±ªºªº�\8¯*�\§�¶^�\©¸¨,¥��¯k����¯�· .
Õ��\�#�\©»	�¹º���\ÇM¨I¹º��©Ö¨���·x©k-¶/�\�¥��5¯�·x�,ªØ
¹º©/¨��\��°eÃ\	k¹j·�¹º���5	��5�·x§�¨�8¶0¹º�-¨�§k�\ªº#	k�2¯kªº§k¥¹º�\§���
¯�·��7¨�¹ºÇ\§�ªº�\aÇ\������Ã±ªºÃ\�\ 1�) ¹º©��¹�ÓTÇ±�\ó<�§kÇM¨I§�·Q¨�¹º��©��¯*�\§�¶/�±©¸¨®ÚM¨����`-¨I·x²�¹ºªº¹º¥Ã\�\±Ó��M¨®°�� .
©k�±��Ò»	k�±�¨��¥·�©k¥¹Ê¨�¹º��©�2	��R¯kÈ�·x¥��ÓT�·x©k�Ñ^§�
¹jªôÐÄ·x¹Ê¨a�\§Ä	k�R	kÃ±Ç\��©0æ�©k�\°e�\©¸¨®Ò»§�©k�
¯�·��7¨�¹ºÇ\§�ªº� 1$ ·�©k2ªº�±2¥�\ªº�	�� Á �±ÇIÈkÕ¸·�·���	�ÓT��§Ä	�·x©k�ªº�\�¥�\ªº�	k� 3 ·x²k���`��¸§k2¯����\¥¥¹º��©�ÓTªj·
¥¹Ê¨�§�·Q¨�¹º��©á�\-¨2°���¹º©���M¼^¨��¥Ú\°�� 1�� ª�©�
 Ðß·Ö¯�·x�§k©¿¶0�¥·x¹�Õ¸·x¯rÓGªº��°���§0¶/�\°e�\©¸¨2	�
§�©k�
ÇIÈ�·Q×X©k�»Ò¿ªØ
4·x§�¨I���Ö���±7¨I�Ö¯v�¸�¥¹º²�ªº��Óô°e·x¹jeÒ¿Ç±·x§���Ï	k�Öªj·ß��Ã\	�§kÇM¨�¹º�¸©}	k�Öªj·ß	k�\©��¹Ê¨IÃ
	�
4ÃM¨I·Q¨�+·x§Û©k¹Ê¶^�±·x§Û	k� 3 �\��°e¹ØÓ�ªj�2¥·�§�¨+¹º©¸¨��\�¥ÇIÈ�·Q×X©��2�\-¨��¥�\©k���¥°e·xªº¹º¥Ã�Òe§�©k�&¶¸·xªº�\§��
�PÍG�\ÇM¨�¹Ê¶/� t∗b < tb

¤ ó�ó Óâ³ 9 Ó,«�8�´0Ó ó ´0Ó#«K8¸¬�Ó�³�³0Ó,«K7:8kÓâ¬�7�¥ 1 Î��Û��Ã±�§�ªÊ¨I·Q¨R¨�ÈkÃ±����¹ºÑ^§��
©k�e±
4·xÇ\Ç\���¥	k�e¯�·x5Ùy·�Ç\¹ºªº�\°e�\©¸¨�·\¶^�\Çeªº�\5�M¼k¯vÃ\��¹º�±©kÇ\�\_¯r¹ºª�¥�\°�²�ªº��Ñ�§�
¹ºª�	���©k©���§�©k�
���±©k����°R·xªº¹º�·Q¨�¹º��©Ö¨I����¯Ï¹º°e¯v���-¨I·x©¸¨��5	k� tb ¤Ê«c¬�«¸Ó�« 9:9 ¥ 1
É�ÊGÉ�Ê.6 ç>ØiÏ:Ô#íXÖ:Ø�Ð)Ñ�Ò#Ó|Ô#ÐeÕgÙ87#Ù*Õ�ñ¾Ó#Ø_Ò#Ï

(TMTSF)2PF6$ ·�©kÏÇ\�M¨�¨I�¿¥�\ÇP¨�¹º��©�Ó8©k��§�Ï·xªºªº�¸©kÏ	k¹j�Ç±§�¨��\�Ö	��ßªj·C¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ãß	�·�©k
§k©À��±ª¡	k� Á �\ÇIÈ�Õ¸·�·x��	À�M¼0�\°e¯kªj·x¹º�¥��ÓrªØ
Èk�P¼k·1<�§�������¯�Èk��¥¯kÈ�·Q¨�� (TMTSF)2PF6

1 Îr·
©�·K¨�§k���&	k§z¯�·x�¥·x°eÌM¨����&	�
�¸��	k���&	k�+ªj·a¯kÈ�·x¥�+¥§k¯��¥·xÇ\��©�	k§kÇP¨���¹ºÇ\�+	�·x©ktÇ±�+°e·K¨�Ã\��¹j·x§
©�
4�\-¨9¯�·x��\©�Ç\�����âÇ\��©k©�§k� 1Q� ©k��Ùd�¸�7¨���¥�\©�¥¹º²k¹ºªº¹Ê¨�Ãâ	k��ªj·#¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�¯�·x�T�¥·x¯ .
¯*���7¨#Òa	k�±t¹º°e¯k§����M¨�Ã\8©k��©Ö°R·xÕ�©kÃP¨�¹ºÑ^§k�±t¹º©�	k¹ºÑ^§��\�¥·x¹Ê¨#§k©Ö¯�·x��·x°�ÌM¨I���&	�
���¥	k��� ∆k¨��¥Ì\�·x©k¹º¥�K¨��¥��¯v�C¤³0Ó¡«�«cÞ0Ó¡« ó ´1¥ 1 Îr�\5�P¼0¯vÃ±��¹º�\©kÇ±�\2Ç\��©k	�§k¹Ê¨��±5¥§k� (TMTSF)2PF6	�·�©k,Ç\�5Ç\��©/¨��M¼^¨I��©k�5¥��©¸¨�¯�·x#Ç\��©kÇ±ªº§�·x©/¨��\ 1�� ¹���©»¹º©¸¨��¥�^	k§�¹Ê¨#	��\,¹º°�¯�§k���P¨�Ã\,¯�·��
¹º����·x	k¹j·Q¨I¹º��©À·\¶/�\Çe	��\5¯k�¥�K¨���©kb¤ µ/³�¥���§À·\¶/�\Çe	��\5�¥·\Ð/��©��Þ ¤³�Þ1¥�Ór¹ºª��\-¨�¯k�¥��²�·x²�ªº�
Ñ^§r
��©eÇ\�¥Ã\�,	k�\�¹º°�¯k§����M¨IÃ\¡°R·xÕ�©kÃM¨I¹ºÑ^§k�±w¤³�Þ0Ók«±µP71¥ 1/$ �,¯kªº§�±Ó¸¹ºª���t¨I����§�¶^�8Ñ�§k�,ªØ
¹º� .
�¥·x	�¹j·Q¨�¹º��©q¥§�¯k¯k�¥¹º°���·x§k¥¥¹Tªj·R¯�È�·x¥��·x©/¨�¹ºÙd�\�¥����°e·�Õ�©kÃM¨�¹ºÑ�§k�5¶/��¹º¥¹º©k�[¤ µ/³0Ó*³�Þ�Ó�«\µP71¥ 16 ��°e°���¹ºªô�\-¨5²k¹º�\©á¯v��¥¥¹º²kªº�®Ñ�§k�®ªº�\�	k�\§0¼¿¯kÈ�·x¥�\&¥��¹º�±©¸¨5ªº¹ºÃ\�\Réd¶/��¹º��ªj·z¥�\ÇM¨�¹º��©
³ 1 ó 1 ³¸êMÓ¸�¸©e©k�,�·x¹Ê¨â¯�·x��¹�ªj·5¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã,�\-¨�·KÍ*�±ÇM¨�Ã\�#��±§kªº�\°e�\©¸¨â¯�·x�¥Ç\�,Ñ^§��
ªº�z°�Ã\Çc·x©k¹º¥°��zÑ^§k¹â¯*��§k����·x¹Ê¨®°��±©k�\�aÒÛªØ
<·x¯k¯�·���¹º�\°��±©¸¨��\7¨�¯v�\�7¨I§k��²*Ã�Ó���§Ä¥¹âÇ�
�\-¨
ªØ
4·x©�¹º¥�K¨�����¯�¹º��	k� ∆k

Ñ^§k¹��\©ß�\-¨�ÒzªØ
���¥¹ºÕ�¹º©k� 1 Î¡
4·xªºªº¹j·xÕ��R·\¶/�\Ç�Ñ^§k�\ªºÑ�§k�\�¯�·x�7¨��¯�·��
°e¹ºªºªº�Ö	k�  #¾Û 8 ,3 ¤Ê« ó Þ�¥8¯v�¸��Ö§�©}¯k�¥��²kªºÌ\°e�z¥¹º°e¹ºªj·x¹º��� 1�6 �M¨¥¨��ÖÙd��¹º . Ç±¹ØÓôªj·¿¯kÈ�·x¥�
·x©/¨�¹ºÙd�\���¥��°e·xÕ�©�ÃM¨�¹ºÑ�§k�Ö�\-¨e���\©kÙy����Ç\Ã\�Ö¯�·��aªº�±®¹º°�¯�§k���M¨IÃ\S¤Ê« ó 70Ó�«±µP71¥ 1ô� ªt�\-¨e	k��©�Ç
¯*��¥�¹º²�ªº��Ñ�§k�aªØ
¹º©¸¨��¥�^	k§�ÇM¨�¹º��©¿	k�  ,¾Û , ,3 ©k�¸§k+	�Ã\¯kªj·xÇ±�5¶/�\�¥+ªj·`Õ¸·x§kÇIÈ���	�·x©k+ªº�
	k¹X·xÕ��¥·x°e°���	��#¯�È�·x¥�\ 3 ¹ºÕ 1 ³ 1 7 106 ��°e°���ªº�+Ç\��°�¯*���7¨��±°��\©¸¨t	��\âÇ\�¸°�¯*���Ã±\Ó^	�·�©k
Ç\�M¨¥¨��&¯�·x�7¨I¹º�+	�§z	�¹j·xÕ��¥·x°e°��&	k�&¯kÈ�·���±\Ó0�\-¨8ªj¹ºÃ&Òa§k©��+ªº�^Çc·xªº¹º�·Q¨�¹º��©Ï	k�\t¯*���7¨��±§k��±Ó
��©`©��#¯*�\§�¨t¯�·xâÚM¨I����±��âÑ^§k��ªj·2¥§k¯�¯k���±�¥¹º��©`	k��ªj·2¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ8¶0¹º�±©k©k��	��
ªØ
4·x©�¹º¥�K¨�����¯�¹º�2	k§Û¯�·��¥·x°�ÌP¨����2	�
�¸��	k��� 1�� ª�ÐÛ·e	k�±#�M¼0¯*Ã\��¹º�\©�Ç\�\#¥§��,ªj�5¯*�\��ÇIÈ�ªº���¥·Q¨I�
Ñ^§�¹9¥��©¸¨�¯�ªº§k+Ç±��©¸¶�·�¹º©kÇ±·x©/¨��\&�M¨�Ñ^§�¹9°���©/¨����\©/¨&�\Í*�\ÇM¨�¹Ê¶^�\°��\©/¨�Ñ^§��aªj·`¥§k¯��¥·xÇ\��© .
	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã8�\-¨¡¨���Ì\¡Ùd�¸�7¨��\°e�\©¸¨â·KÍG�\ÇM¨�Ã\�,¯�·x��	k�±�¹j°�¯k§����M¨�Ã±�©���©�°R·xÕ�©kÃP¨�¹ºÑ^§��\±ÓK¶/��¹º�
ªj·#¥�\ÇM¨�¹º�¸©®³ 1 µ 1 µ 1 ÎT·#�¹º°e¹ºªj·x��¹Ê¨IÃ��±©¸¨����âªº�\9	k�\§0¼5Ç\�¸°�¯v�¸�Ã±�ªj·x¹º¥¥��¥§�¯k¯v�¸��±�TÑ^§r
4·x§k¥¥¹

³�8



	�·x©kaªØ
Èk�M¼�·1<�§�������¯�Èk��¥¯kÈ�·Q¨���Ó�ªº�`¯�·x�¥·x°eÌM¨����`	r
����	k�¥�`�§�¯k�¥·�Ç\��©k	�§kÇM¨��±§k���\-¨�¨���Ì\
·x©�¹º¥�K¨�����¯*� 1$ �\9ÇIÈ�·x°e¯k9°e·xÕ�©�ÃM¨�¹ºÑ^§��\9Ç\��¹Ê¨�¹jÑ^§k�\ Hc2

¨���Ì\9Ã\ªº�M¶^Ã\9¯�·x����·x¯k¯*���7¨�Ò#ªj·8¨I�\°�¯*Ã .
��·Q¨�§k�¥�#Ç\��¹è¨�¹ºÑ^§k����©¸¨tÃM¨�Ã���²k¥�\�-¶/Ã\â	�·x©k (TMTSF)2PF6

¤Ê«Q³KµkÓv«c³�«�¥ 1 Îr�#Ù ·x¹Ê¨tÑ^§k�#ªj�
ÇIÈ�·x°�¯�Ç\��¹Ê¨I¹ºÑ^§k��©���¥��¹Ê¨9¯�·x�ªº¹º°�¹Ê¨IÃ�¯�·x�Tªº�\�Ç\��§��¥·x©¸¨I�	�
Ã\Ç\��·x©¸¨I·xÕ¸��Ñ^§�
¹jª/�\-¨9¥§k¥Ç\�±¯ .
¨I¹º²kªº�t	k�tÇ\��Ã\�±�té ªj·+ªº¹º°e¹Ê¨��t����²�¹Ê¨I·xªº�cê�¯*�\§�¨�ÚP¨����t�M¼0¯�ªº¹ºÑ^§�Ã�¯�·��9ªj·+Ùd���¥°��t��§�¶/�±�7¨��t	k�tªj·
¥§���Ùy·xÇ\�+	�� 3 �\�¥°�¹ØÓ�Ñ^§�¹v	���©k©���ªº¹º�±§ÖÒ�§k©���§�©k¹º	k¹º°e�\©k¥¹º��©�©�·xªº¹º�·Q¨I¹º��©z¹º©k	�§k¹Ê¨��+¯�·x�âªj�
ÇIÈ�·x°�¯U¤Ê«¸«c¬�ÓkÞ ó ¥�Ó^�¸§z¯�·x��ªØ
ÃM¨I·x²�ªº¹º¥¥�\°��\©/¨8	�
§�©k��¯�È�·x¥�+°�¹è¼^¨��+�§�¯k�¥·�Ç\��©k	�§kÇM¨��±§k� .
¹º¥��ªj·�©¸¨C¤Ê«c³�³1¥ 1 Î¡
�M¼0¹º-¨��±©kÇ\�Ö	�
§�©C��Ã±Õ�¹º°��Ö	k�ÖÇ\�^�M¼k¹º7¨I�\©kÇ\�Ö	k�\®¯�È�·x¥�\®¥§�¯k�¥·xÇ\�¸© .
	�§kÇM¨I��¹ºÇ\�e�M¨���©k	���	k�e	k�±©k¥¹Ê¨�Ã�	��e�¯�¹º©½·Ï�±©á�PÍG�M¨�ÃM¨�Ãe°�¹º2�\©½ÃM¶0¹º	k�±©kÇ\�C¤ µkÓ¡« 9 8�¥ 1
Îr�zÙy·x¹è¨�Ñ^§k�z°eÚ\°��zªj·qªº¹j°�¹Ê¨��z	�� ' ·�§kªº¹�¤ ó 8kÓ9µ ó ¥t¥��¹Ê¨�Ùd��·x©kÇIÈ�¹º�z¹º©k	�¹ºÑ^§k��Ó9¥��¹Ê¨e§k©
ÃP¨I·Q¨ 3 §kªº	�� .!3 �\���¥�\ª . ÎT·x��ï^¹j© . ;�¶/ÇIÈk¹º©�©k¹ºï��±¶ ¤¬�³0Ó8«�«K7�¥�Ó���¸¹Ê¨R§k©��Ï�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã
¨I��¹º¯kªº�M¨ 1 Îr�\+�M¼k¯vÃ\�¥¹º�\©kÇ\�±+��©¸¨�Ç\�\¯*�\©k	�·x©¸¨�¨��¸§xÔ7��§���+ÃM¨�ÃaÙy·x¹Ê¨I�\+	�·�©k+ªº�a��Ã\Õ�¹º°e��	��
Ç±�^�M¼0¹º-¨��\©�Ç\�&	k�&¯kÈ�·x¥�\ 1�� ªG©r
�\-¨,	k��©kÇ&¯�·x8�M¼0Ç\ªj§ÖÑ^§k�&ªº�&ÇIÈ�·�°�¯Ö¯�·��¥�&	�·\¶¸·x©¸¨I·xÕ¸�
¯�·x�®ªº�\�	k��°R·x¹º©k�\e·x©¸¨I¹ºÙd�\�����¸°e·xÕ�©�ÃM¨�¹ºÑ^§��\±Óô	k�Ö¥���7¨��ÖÑ^§��Öªº�ÖÇIÈ�·x°e¯½Üò¶0§�àz¯�·x�®ªj·
¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã�¯v�¸§k���¥·�¹Ê¨#ÚM¨��¥��¯kªº§k,¯*�M¨�¹Ê¨#Ñ�§k��ªº�5ÇIÈ�·x°e¯»�M¼^¨��\�¥©k� 1

Îr�\#�M¼0¯*Ã\��¹º�±©kÇ\�\�	k�2��Ã\¥��©�·x©�Ç\�2°e·xÕ�©�ÃM¨�¹ºÑ^§��2©^§kÇ±ªºÃ±·x¹º���`é �#¾¿� êt¥§��,ªº��¨��\°e¯k
	��t���\ªj·Q¼�·Q¨�¹º��© T1

	�·x©k�Ç\�t°R·Q¨�Ã\�¥¹j·x§®©r
��©¸¨¡¯�·x��\©kÇ±�����t¯k§�ÚM¨����8¹º©¸¨��\�¥¯k��ÃP¨�Ã\�\>¤Ê«c³x´�¥ 1
ÎT· �#¾q� ¥§k�+ªº�\&©k�±Ð^·�§�¼ 77 � �a	k��©�©k��§�©q¯�¹ºÇa	k� É �±²v�\ª .-� ªº¹ºÇIÈ¸¨I�\�J¤ 8�´1¥ô��Ã\	�§k¹Ê¨,¯*¥¹
��©¿¥��©k	���ªº�\+¯����K¨��¸©k±Ó*·x§kÇ±§k©q¯�¹ºÇ�©r
�\-¨&��²k¥�\�-¶/Ã[¤Ê«Q³ ó Ó9«c³x´1¥ 1 ÎT·R¥§k¯k¯����\¥¥¹º��©¿	k§
¯�¹ºÇÖ	k� É �\²*�\ª .7� ªº¹ºÇIÈ¸¨��±�a¯*�\§�¨R·\¶/��¹º��¯kªº§��¹º�±§k��®�¸��¹ºÕ�¹º©k�±\Ó�¶/�¸¹º�®ªj·¿	k¹º¥Ç\§��¥¹º��©}	�·x©k
ªj·�¥�\ÇM¨�¹j��©q³ 1 µ 1 µ 1 Îr�5	kÃ\¯kªX·xÇ\�\°��±©¸¨#	��5ã&©�¹ºÕ�È¸¨QÓk�M¨�	���©kÇ5ªj·®¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã5	k��¥¯�¹º©
§�©k¹ºÙd���¥°���Ó�©�
�±7¨&¯�·x�	k§Ï¨���§0¨&·KÍ*�\ÇM¨IÃ2¯�·x�#ªj·®¨I�¥·x©k¥¹Ê¨�¹º�¸©Û¥§k¯��¥·xÇ\��©�	k§kÇP¨���¹ºÇ\�b¤Ê«c³x´�¥�Ó
�¥Ã\¥§kªÊ¨I·Q¨�Ñ^§�¹�©k��¯*�\§�¨#±
�M¼k¯kªº¹ºÑ^§��\�8Ñ�§k��¯�·x�8§k©���¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã+¨I��¹º¯kªº�P¨ 1 ��Ì\&¨�äK¨�·�¯k��Ì\5ªj·Ö	kÃ±Ç\��§�¶/�±�7¨���	k��ªj·Ö¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã®���¥Õ¸·x©k¹ºÑ�§k��Ó�¹ºª¡·ÖÃP¨�Ã
¯�����¯*��¥Ã®Ñ�§�
��©À·\¶�·x¹Ê¨�·KÍ�·x¹º���eÒÏ§k©½·x¯k¯�·x��¹º�\°e�\©¸¨5¨���¹º¯kªº�P¨2	�·x©k5ªº�\5¥�\ªº5	k� Á �\ÇIÈ .
Õ¸·¸·x��	½é ) ²k�¥¹ºï���¥�±¶E¤Ê«�¥òÓ0�M¨ Æ ���\
ï��±¶Ï�M¨ Ë Ã\����°e�p¤¬�81¥dê 1k$ ·x©�8ªj�&°e�^	�Ì\ªº��Õ . �¸ªº��Õ�¹ºÑ^§��
	��\#-Ð0-¨�Ì±°��\�Ùd�\��°e¹º��©k¹ºÑ^§��\#§�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªº±Ó���©Ï¨�����§0¶/�2�PÍ*�\ÇP¨�¹Ê¶/�\°e�\©¸¨+§k©Û�¥Ã .
Õ�¹j°���	r
¹º©¸¨��\��·xÇM¨�¹º��©���P�qªº�\w<�§�ÇM¨�§�·K¨�¹º��©k+	k��°e¹º©�·x©/¨��\+��¸©¸¨&Ç\�\ªºªº�±�	r
§k©¿·x¯�¯�·x��¹j� .
°e�\©¸¨�¨���¹º¯kªº�P¨ 1K� ¨M·x²k¹ºªº¹º¥Ã\�\�¯�·x�Tªº�\��·x§�¨IT¹º©¸¨I�\��ÇIÈ�·Q×X©k�\±ÓQÇ\�\,<�§�ÇM¨�§�·K¨�¹º��©k�¯v��§����¥·x¹º�\©/¨
	���©k©��\��ªº¹º�\§¿ÒR§k©���¨���·x©k¥¹Ê¨�¹º�¸©q¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\� 1G6 ��¥Ç\Ã\©�·x��¹º�`	k�±°e·x©�	k�\�¥·x¹è¨+Ç±� .
¯*�\©k	�·x©¸¨t	k�±â¹º©/¨��\�¥·xÇP¨�¹º��©z���\ªj·Q¨�¹Ê¶^�\°��\©/¨t¯�·��7¨�¹ºÇ\§�ªº¹ºÌ\���\&é g2

·x¥��±Å�Ùy·x¹º²�ªº��	k�P¶�·x©¸¨ g1
Ó

�:�(°eÚ\°��Û©kÃ±Õ¸·Q¨�¹ºÙ!Ó�¶/��¹º�R¯�·x�e�M¼k�\°�¯�ªº��¤è«c¬�81¥dêPÓ¡�M¨zªº�Û	k��°R·x¹º©k�Û§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ª
	��M¶0�¥·�¹Ê¨5\
ÃP¨��\©k	����+Ô7§��Ñ�§�
4Òz	k�±�¨I�\°�¯*Ã\�¥·Q¨�§����\+¨���Ì\�²�·x¥¥�\±ÓGÇ\�®Ñ^§�¹ô©k�®¥�\�¥·x¹Ê¨2¯�·x
Ùy·�Ç\¹ºªº�»Òß·xÇ±Ç\����	k�±��·\¶/�±ÇÖªj·q¶�·xªº�±§k��	k� tb Óô©�¹8·\¶/�\ÇÏªº�ÏÙy·x¹Ê¨RÑ^§k�Ïªj·¿¯�È�·x¥�Ï·�©¸¨�¹ºÙd�\� .�¥��°e·xÕ�©�ÃM¨�¹ºÑ�§k��Ó�·x¹j©k¥¹�Ñ^§k�Rªj�\2¯�È�·x¥�\���©k	��R	k�R	k�±©k¥¹Ê¨�ÃR	��e¥¯�¹º©À¹º©k	k§�¹Ê¨��\�¯�·��5ªj�
ÇIÈ�·x°�¯z°R·xÕ�©�ÃM¨�¹ºÑ^§�����²�¥�\�7¶/Ã\�±�	�·�©k�Ç\�±�Ç\��°e¯v�¸�Ã±\Ó�±
�M¼0¯�ªº¹ºÑ^§��\©¸¨�¨���Ì±�²k¹º�\©z	�·x©k
ªº�5Ç±·x	�����	r
§k©k�5¯kÈ¸Ðk�¹ºÑ�§k��²�¹ . ��§z¨I��¹º	k¹º°e�\©k¥¹º��©�©k�\ªºªº� 1$ 
§k©�·�§�¨����âÇ\äK¨IÃ�ÓcªØ
���¥¹ºÕ�¹º©k�â	r
§k©a·x¯k¯�·x��¹º�\°e�\©¸¨9¥¹º©�Õ�§kªº�M¨ô	�·x©��ªº�\�¥�\ªº9	k� Á �\ÇIÈ .
Õ¸·¸·x��	Ä©r
�\-¨a¯�·x�©���©Ä¯kªº§��ÃM¶0¹º	��\©¸¨ 1 Î¡
¹º©¸¨I�\�¥·xÇM¨I¹º��©ÄÃ\ªº�\ÇP¨�����©� . ¯kÈk�¸©k��©ka¯k��Ã\¥�\©/¨��
	�·x©k�Ç±�\�°R·Q¨�Ã\��¹j·�§�¼}©�
�\-¨R¯�·��¥§0÷R¥·�°�°��±©¸¨eÙy���7¨��Ï	k�P¶�·x©¸¨Rªj·ß��Ã\¯�§kªº¥¹º��© 6 ��§ .
ªº�¸°�²k¹º�\©�©k�q¯v��§��R¯v�¸§�¶/��¹º�`¹º©k	�§k¹º���q§k©k�q¹º©¸¨��\��·xÇM¨�¹º��© ©��M¨�¨��¿·Q¨�¨��¥·�ÇM¨�¹Ê¶/��Ó¡¶/��¹j�R¯�·x�
�P¼0�\°�¯�ªº�,ªº�\��±7¨I¹º°e·Q¨�¹j��©k�	��\�¹º©¸¨��\��·xÇM¨�¹º��©��©^§��\�	�·x©�w¤³:71¥ 1^� ªºªº�¡Ô7��§��,²k¹º�±©e¨±k��§k©
�¥ä�ªº��Ç\ªºÃ�	�·x©��ªØ
ÃM¨I·x²�ªº¹º¥��±°��\©/¨&	k�2ªj·R¯�È�·x¥���¯�¹º© .!' �\¹º�\�¥ªº�	�·x©k�ªº�\+��±ªº�	k� 3 ·x²�����Ó

ó ´



°R·x¹º����©q¹º°�¯*���7¨I·x©�Ç\�5	�Ã\Ç\���x×º¨+Ñ^§�·�©k	Ûªj·e¯k�¥�\¥�¹º�¸©q·x§kÕ�°e�\©¸¨��`é�¤³�71¥��M¨+��Ã\ÙyÃ\���\©�Ç\�\
ÐÄ¹º©kÇ\ªº§��\Iê 1�) §½¶k§Ä	��`ªj·q¯kÈ�·���Ö·x©¸¨I¹ºÙd�\�����¸°e·xÕ�©�ÃM¨�¹ºÑ^§��e¶/�¸¹º�¹º©��z	k�`ªj·q¥§k¯��¥·xÇ\��© .
	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã�Ó/§�©`·x¯k¯�·x��¹º�\°e�\©¸¨t¥¹º©kÕ�§�ªº�M¨�	5±`·x§�¼+<�§kÇP¨�§�·Q¨I¹º��©kâ	k���¯�¹º©`·2ÃM¨�Ã#¯�����¯*��¥Ã
¤Þ�8kÓ*«¸«�Ók³�8�¥ 1k$ ·x©�tªj·a¥�\ÇM¨�¹º�¸©Ö�§�¹Ê¶�·x©¸¨I��Ó0·\¶¸·x©¸¨,	k�&	k¹º¥Ç\§�¨I�\��ªº�&ªº¹º�±©z¯*��¥¥¹º²kªº�&�\©¸¨��¥�
ªØ
4·x©/¨�¹ºÙd�\���¥��°e·xÕ¸©kÃM¨�¹º¥°e�Û�M¨Öªj·½¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ»¥¹º©�Õ�§kªº�M¨áé�³ 1 ó 1 ³¸êMÓ�©���§kz·xªºªº��©�
	�
<·x²v���¥	Ï�M¼k·�°�¹º©k�±�8ªj·�¯kÈ�·x¥���¸©k	k�5	k��	��\©k¥¹Ê¨�Ã5	k��¥¯k¹º©»¯kªº§�8�±©Ï	kÃP¨I·x¹ºª¡éò³ 1 ó 1 «cê 1

Ä�Å�9 : �¥�a�r�*���t�*�¥�,�a�£�2� ���®�¥� �����v�2�a�*�#���,�a�a���r�*���5�-�v�
É�Ê86�ÊzË ;CÒ#Ó#ÎFÏiÓ#Î ÓBÎ�ÒBÏ:ÙGÕ�ñ ÓBÎ Ï�í|ÙdÒ Ó#Ø,ÒBÏZÔXÒ Ð)Ñ�Ò#Ó|Ô#ÐeÕ:Î�Ô#ÖZ×{ÔBØ_Ï:Ù�Ú

ÔXÒXÙÛÓ|ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBÎ�ÝóæOñ4ÕPÔ#Ó#Î Î�Ò=<?>A@
!#3E$K�,��cÛ3F�:".�," � "e�1DT�

�X *¡O¢ ³ 1 9 £ ' �¥�\°�¹ºÌ\�¥�2Å\��©��2	k� Á ��¹ºªºªº��§�¹º©Û�P¨+¥§k��Ùy·�Ç\�2	k� 3 �\��°e¹T	k�\�¥�\ªº�	k� Á �\ÇIÈ .
Õ¸·�·���	½éØ�ÇMÈkÃ\°R·Q¨�¹ºÑ^§��\°��\©/¨Mêt·\¶/�\Ç&¶/�±ÇM¨��\§��8	�
4�\°�²*�K×º¨��\°e�\©¸¨cÓk	��p¤ µ 9 ¥ 1

$ ·�©k5ªØ
�\¥¯�·xÇ\�e��Ã±Ç\¹º¯k����Ñ^§k� k Ó�ªØ
Ã\©k�±��Õ�¹º�eÇ\¹º©kÃP¨�¹ºÑ^§���	k�\5¯v�¸�7¨��\§���+¶¸·x��¹º�eÙd���7¨�� .°e�\©¸¨#·\¶/�\Ç k‖ �M¨,²*�±·x§kÇ±��§k¯Ö°���¹º©�8·\¶/�\Ç k⊥ Ó�	k�&¥���7¨��&Ñ^§��+ªº�\8�§���Ùy·xÇ\�±t	�
Ã\©��\��Õ�¹º�Ç\��©�-¨I·x©¸¨I�z¥��©/¨�¯����\¥Ñ^§��z	��\®¯�ªj·x©k�¯v�\�¥¯v�\©�	k¹ºÇ\§�ªj·x¹º���\�Ò¿ªØ
4·Q¼0� k‖ 1¡6 �\Ç\¹t�\-¨e©k� .¨I·x°e°��±©¸¨®ªº�zÇ±·xa¯v�¸§k��ªj·q¥§k��Ùy·xÇ±�`	k� 3 �±��°�¹ØÓ�Ñ�§k¹âÇ\��©�¥¹º7¨I�`�\©C	k�\§0¼ÀÙd�\§�¹ºªºªº�M¨�a�P¨
�\-¨2	k�¸©kÇS§ �B3 ¬�« ® ¬PÓ�Ç\��°e°�����©á¯v�±§�¨2ªº��¶^��¹º�5ÒÖªj· 3 ¹ºÕ 1 ³ 1 9 1T� §k��ªj·Ö°�Ú\°e�aæ�Õ�§k�¥��Ó
��©R�¥�\°e·x�¥Ñ^§k�#§k©��,	k�±§�¼0¹ºÌ\°e�#¯k����¯���¹ºÃM¨�Ã#���\°R·x��Ñ�§�·x²kªº�#	��,ªj·5¥§���Ùy·xÇ\�#	�� 3 �\��°e¹�	��\
¥�\ªº®	�� Á �±ÇIÈkÕ¸·�·���	í�ô¹ºª�ÐC·q§�©À¶/�\ÇP¨��\§k� Q0

Ñ�§k¹�¨��¥·x©�¥ªj·Q¨��z§�©CÙd�\§�¹ºªºªº�M¨e¯k���\¥Ñ�§k�
¯�·���Ùy·x¹Ê¨��±°��\©/¨8¥§���ªØ
4·x§�¨I��� 1�6 �M¨�¨I�+¯�����¯k�¥¹ºÃM¨�Ã&\
<·x¯k¯*�\ªºªº�8Ü-�\°�²*�K×º¨��\°e�\©¸¨�à 10� ªºªº��¶0¹º�\©/¨
	�
4§k©k�®-Ð0°�ÃM¨I��¹º�a	��aªj·z���\ªj·K¨�¹º��©ß	k�®	k¹º¥¯v�±��¥¹º��©}é�³ 1 µ/ê 1r6 �M¨¥¨��a-Ð0°eÃM¨���¹º�®�\-¨��M¼�·xÇM¨��

ó «
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�X *¡O¢ ³ 1 8/£zÎr��°e�\¹ºªºªº�\§��8�±°�²v�K×j¨��\°��±©¸¨�Ò®È�·x§�¨I�+¨��\°e¯vÃ\��·Q¨�§k�¥� 1

k1D
F
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F

k‖

−π 0 π

k⊥ b

�X *¡O¢ ³ 1 «±´/£zÎr��°e�\¹ºªºªº�\§��8�±°�²v�x×º¨��\°��±©¸¨�Ò T = 0
1

ó ³



¥�\§kªj�\°��\©/¨#¥¹ t′⊥ = 0 éXÜ7�\°�²*�K×º¨��±°��\©¸¨#¯�·x��Ùy·x¹è¨�à7ê 1�$ ·�©k,Ç\��Çc·x\Ó

εk+Q0 = −εk Ók�:� Q0 = (2k1D
F ,

π

b
) . é�³ 1 9 ê

Æ �¥Ý�Ç\�ÖÒqÇ±�M¨�¨��z-Ð0°eÃM¨��¥¹º��Ó9ªº�\®Ç\���¥��Ã\ªj·Q¨�¹º�¸©k®¯�·��7¨�¹ºÇ\§�ªº� . ¨��¥��§}·\¶/�\Ç`¶/�\ÇM¨I�\§k�a	r
��©k	��
Q0

¥��©¸¨2¨I��Ì\2¹º°e¯v���7¨M·x©¸¨��±2�M¨a	k¹Ê¶/�±��Õ��\©¸¨a°eÚ\°��Rªº��Õ¸·x�¥¹Ê¨�Èk°e¹ºÑ^§k�±°��\©¸¨a¥¹�ªj·Ö¨��\° .
¯*Ã\�¥·Q¨�§�����¨��\©�	q¶/�\�¥5´ 1r� ¹���©ß¯����\©k	ß�±©ßÇ\��°e¯�¨���ªº�\�¹º©¸¨��±�¥·xÇM¨�¹º�¸©k±ÓGªj·z	�¹Ê¶/�\��Õ¸�\©kÇ\�
¯*�\§�¨#°eÚ\°��5��5¯k�¥�^	k§�¹º���5Ò�¨��±°�¯*Ã\�¥·Q¨�§����&æ�©�¹º� 1

|χ0|

vF‖q̃‖/t⊥

−0.5

0

0.5

q⊥b

0

π

�X *¡O¢ ³ 1 «�«>£ � §k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ+	��+¥¯�¹º©zªº¹º²k�¥�®éØ�\©Ö§k©k¹Ê¨IÃ\8·x��²�¹Ê¨��¥·x¹º�¥�\Iê��±©zÙd�¸©kÇM¨�¹º�¸©z	��
q ¯v��§�� T = 8× 10−4 × t⊥ �M¨ t′⊥ = 12× 10−2 × t⊥

1 ÎT·aÕ���·x©k	k�+¶�·xªº�\§��t	�� t′⊥ ·ÃM¨IÃ�ÇIÈk��¹º¥¹º�a·xæ�©q	k��²�¹º�\©qÙy·x¹º�¥�����\¥¥���7¨�¹º��ªº��¯�ªj·Q¨��±·�§qÑ^§k¹�¥��	�ÃM¶/�\ªº��¯�¯v�a·x§0¨���§k��	��
Q0

1

s_��$K�P"eA,����}��G(*�H�KfU(*��}���"
$ ·�©kÏÇ\�M¨¥¨��ß¥�\ÇP¨�¹º��©�Ó8©k��§�Ï§�¨�¹ºªº¹º¥��©�Ïªj·}���\¯k�¥Ã\¥�\©¸¨I·Q¨I¹º��©ë	�� ¾ ·Q¨�¥§k²�·x�¥·ëé ªj·

���±¯k��Ã\¥�\©/¨I·Q¨�¹º��©�	�� É �\¹º¥�\©^²*�\��Õ��\©a¨��\°e¯k�¹º°R·xÕ�¹º©�·�¹º���cê 1 Îr�\¡��¯vÃ\��·Q¨��\§��� c(†) Ó R(†) Ó
L(†) ·�Ç\Ñ^§k¹ºÌ±���\©¸¨â·xªj����¡§k©k�8	�Ã\¯v�\©�	�·x©�Ç\�t�\©a¨I�\°�¯��¹º°e·xÕ¸¹º©�·x¹º��� τ Ó���§��\©�Ùd��Ã\Ñ^§��\©kÇ±�
ω ¯*��§k�8ªº�±,��¯vÃ\��·Q¨��\§����¨I�¥·x©k¥Ùd���¥°�Ã\,	�� 3 ��§k�¥¹º�\� 1�$ ÃPæ�©k¹º¥¥��©k,	k�5¯kªº§k

O(α)(x) =
∑

σ′σ

c†x,σ′σ
(α)
σ′σcx,σ ,

�:� x = (x, τ) Ó α = C éØÇIÈ�·x��Õ¸�cê���§ α = Sx,y,z
é ¥¯k¹j©�êMÓ σ(Sx,y,z) ¥��©¸¨�ªj�\�°R·Q¨���¹ºÇ±�\

	k� ' ·x§kªº¹5�M¨ σ(C) ªj·}°R·Q¨��¥¹ºÇ\�á	�
¹º	k�±©¸¨�¹Ê¨�Ãá	�·x©k C2 1t) ¯k��Ì±z¨��¥·�©k¥Ùd����°R·Q¨�¹º��©ì	��
ó�ó



3 ��§���¹º�\�2é β = 1/T êMÓ
ck,σ =

√
T

∫ β

0
dτeik0τ 1√

N

∑

x

e−ik.xcx,σ , é�³ 1 8¸ê

O(α)(q) = T

∫ β

0
dτeiq0τ

1

N

∑

x

e−iq.xO(α)(x) . é�³ 1 «±´¸ê
6 ·xªºÇ\§kªº�¸©k8ªj·aÙd��©�ÇM¨�¹º��©Ï	k�&Ç\�����¥Ã\ªj·Q¨�¹º��©Ï¥¯k¹º© . ¥¯k¹º©Ö	k§Ö-Ð0-¨IÌ\°��&�·x©k8¹º©¸¨��±�¥·xÇM¨�¹º�¸©k±Ó

χ
(S−)
0 (x′, x) := 〈T̂τO(x′)O†(x)〉0, é�³ 1 «�«cê

�:�
O(x) :=

1

2
O(−)(x) =

1

2

(
O(Sx)(x)− iO(Sy)(x)

)
= c†↓(x)c↑(x) ,

T̂τ
�\-¨q§k© ��¯vÃ\��·Q¨��\§��ÏÑ^§k¹5����	���©k©��á¥�\ªº��© ªº�ß¨��\°�¯�»¹º°e·xÕ�¹º©�·x¹º����Ó,�M¨qªj·C¶�·xªº�\§��

°e�±Ð/�\©k©��e�±7¨a¯k��¹º¥�e¯�·x�5��·x¯k¯*���7¨aÒÏªØ
 É ·x°�¹ºªÊ¨I��©k¹º�\©Àªº¹º²���� 1 ÎT·Ö¨��¥·x©��Ùy����°e·K¨�¹º��©½	��3 ��§���¹º�\�,	k� χ0
Ó

χ
(S−)
0 (q) = T

∫ β

0
dτ ′
∫ β

0
dτeiq0(τ ′−τ) 1

N

∑

x′x

e−iq.(x
′−x)χ

(S−)
0 (x′, x) , é�³ 1 «c³�ê

	���©k©���Ó�Ò q0 = 0 �M¨�	�·�©k,ªj·®ªº¹º°e¹Ê¨�� T, t⊥ � Λ0
Ó

χ
(S−)
0 (q; 0) =

a

2πvF‖

{
ln

2γΛ0

πT
+

+ Ψ
(1

2

)
−
∫ π/b

−π/b

dk⊥
2π/b

� � Ψ[1
2

+ i
1

4πT

(
vF‖q̃‖ + ε⊥(k⊥) + ε⊥(k⊥ + q⊥)

)]}
,

é�³ 1 « ó ê
�:� γ ≈ 1.783 �\-¨aªØ
�P¼0¯v��©��\©¸¨�¹j�\ªºªº�`	k�Rªj·»Ç±��©k-¨I·x©/¨��R	�� � §kªº�\���M¨ Ψ ªj·ÛÙd��©kÇP¨�¹º��©$ ¹ºÕ¸·x°e°e· 1�' ��§k� t′⊥ = 0 Óré�³ 1 9 ê�¹º°e¯kªº¹ºÑ^§��

χ
(S−)
0 (Q0; 0) =

a

2πvF‖
ln

2γΛ0

πT
.

: §�·x©�	 t′⊥ �±7¨�æ�©�¹º��Óvé�³ 1 9 ê�©r
�\-¨�¯kªj§kâ�·Q¨�¹º¥Ùy·x¹Ê¨���Ñ^§��#	�
§�©k�#Ù ·xÂ\��©z·x¯k¯����±¼0¹º°R·Q¨�¹Ê¶/� 1Î¡
�\°a²v�K×º¨I�\°��\©/¨®�\-¨®¹º°�¯�·���Ùy·x¹Ê¨ 1 t′⊥ ¯�·x�¥·�°�ÃM¨��¥¹º��`	���©kÇ`ªj·ÛÑ�§�·xªº¹Ê¨�Ãz	k�`ªØ
�\°�²*�K×º¨�� .
°e�\©¸¨ 1�$ ·x©�,Ç\�5Ç±·�\Ó�ªj·�	�¹Ê¶/�\��Õ��±©kÇ\�5ªº��Õ/·x��¹Ê¨�È�°�¹ºÑ^§��5�\-¨�Ç\��§k¯*Ã\��Ó�°e·�¹º,ªj·�Ùd�¸©kÇM¨�¹º�¸©
	��âÇ\�����¥Ã\ªj·Q¨�¹º��©®·x§0¨���§k��	�� Q0

	��M¶0¹º�\©/¨�¨���§�Ô7��§k��T¨��¥Ì\9Õ��¥·x©�	k��Ò#²�·��¥�¡¨I�\°�¯*Ã\�¥·Q¨�§����
éy¶/��¹º�#·x§k¥¥¹�ªj· 3 ¹jÕ 1 ³ 1 «�«cê 1�6 ��©k¥¹º	kÃ±����©k,°R·x¹º©¸¨��±©�·x©¸¨�ªØ
�PÍ*�M¨�	��\,¹º©¸¨��\�¥·�ÇM¨�¹º��©� 1
ow35��35DEfg������$'34������i�10,35��2F"P\^$'A��*i�,".(ÌW]�*��K"e��3F���1�H��

' �¸§k� q‖ 	k��ªØ
���¥	k���5	k� 2k1D
F
Ó

oα(k, q) :=
∑

σ′σ

σ
(α)
σ′σL

†
k−q,σ′Rk,σ

�M¨#	���©kÇ

O(α)(q) =
∑

k

oα(k, q) ,

ó µ



�M¨�ªØ
¹º©¸¨��±�¥·xÇM¨�¹j��©Àé�³ 1 ¬�êt	k�M¶k¹º�\©¸¨

HI = −1

2

∑

α

1

N

∑

k′kq

gα(k′, k − q, k′ − q, k)o†α(k′, q)oα(k, q) Ók�P�
gC = −2 g1 + g2 ,

gS = g2 ,

�\©»Õ¸·x��	�·x©¸¨,¨���§xÔ7�¸§k��,ªº�5°�Ú\°e������	�����	��\#·x��Õ�§k°e�\©¸¨I k(′)
j
	�·x©�,ªº�\ gα 1

ò oXa
Îr·�Ùy·xÂ\��©»ªj·®¯�ªº§k,�¹º°e¯kªº�5	k��¯k�¥�\©k	������\©ÏÇ±��°�¯�¨I��ªØ
�PÍ*�P¨#	k�±8¹j©¸¨��\�¥·�ÇM¨�¹º��©�8¥§��

χ �\-¨,ªØ
4·x¯�¯k���±¼0¹º°R·Q¨�¹º��©Ï	��&ªj·®¯kÈ�·����·�ªºÃ±·Q¨���¹º�¥��éXÜ7�¥·x©�	k��° ¯kÈ�·x¥��·x¯�¯k���±¼k¹º°e·Q¨I¹º��©�à�Ó�#'*) êt	�·x©k,ªº�5Ç±·x©�·�ª�	k� ' �\¹º�±��ªº 1�� ªºªº�5	k��©�©k�

χ(S−)(q; 0) =
χ

(S−)
0 (q; 0)

1− gSχ(S−)
0 (q; 0)

.

' ��§k�5	k�±5¹º©¸¨��\��·xÇM¨�¹º��©�5��Ã\¯�§kªº¥¹Ê¶/�\±Ó gS ≡ g2 > 0 Órªj·Ö	k¹Ê¶^�\��Õ��\©�Ç\�R·x¯k¯�·��¥·Q×º¨�	k��©kÇªº���¥�Ñ�§k��ªj��Ç\��¹Ê¨IÌ\���5	k� � ¨���©k�\�±Ó
gS χ

(S−)
0 (q; 0) = 1 ,

�\-¨�¥·K¨�¹º¥Ùy·x¹Ê¨ 1�' �¸§k� t′⊥ = 0 Ó�Ç\�\Ç\¹r�\-¨#ªº�5Ç±·x,¯*��§k�ó¤Ê« ó ³1¥

T = T 0
c :=

2Λ0γ

π
e
− 2
g̃S .

� ¹0©k��§�ô·��¥�^Ç±¹º��©kôªj·+	k¹Ê¶/�±��Õ��\©�Ç\�tÒ�§�©k��¨���·x©k¥¹Ê¨�¹º��©®	���¯kÈ�·x��¸ÓKªº��Ç±·xªºÇ±§kª0©^§k°eÃ\��¹ºÑ�§k�
	k�¸©k©k�`ªº�R��Ã\¥§kªÊ¨M·Q¨a¯*��§k�2ªj·Ö¨I�\°�¯*Ã\�¥·Q¨I§k���R	k�e¨��¥·x©��¹Ê¨I¹º��©À°e��©¸¨���ÃzÒ»ªj· 3 ¹ºÕ 1 ³ 1 «c³ 1� ª,¥�Ö¨�����§�¶^�ÏÑ�§k�»ªº�Ö¶/�\ÇM¨��±§k� qopt

	�§ç°e�\¹ºªºªº�\§��e�\°�²*�K×º¨��\°e�\©¸¨cÓ¡Ç�
�\-¨zÒá	k¹º���»Ç\� .
ªº§�¹�Ñ�§k¹t°e·Q¼k¹º°�¹º¥� χ0

Óô©�
�\-¨e¯�·��¨��¸§xÔ7��§��� Q0
Óô°e·x¹ºa¶¸·x��¹º�Ï·\¶/�\Ç t′⊥ �M¨R·\¶/�\ÇÖªj·

¨��±°�¯vÃ±�¥·Q¨�§���� 1 ;&©Ï¯v�\§0¨#ªº�5Ç±·xªºÇ\§kªº�±�,·x©�·xªÊÐ^¨�¹ºÑ�§k�\°e�\©¸¨�¯v��§�� T = 0 Ó
qopt,‖(T = 0) =

3t⊥
vF‖

ϕ ,

qopt,⊥(T = 0) =
2

b
arccosϕ ,

ϕ =

√
1 + 128(t′⊥/t⊥)2 − 1

16t′⊥/t⊥
,

¶/��¹º�8¯�·x�t�M¼k�\°�¯�ªº�&¤Ê« ó ³�¥ 10� ª*±
4·xÕ�¹Ê¨#	k�&Ç\�\ªº§�¹GÑ^§k¹G¥§k¯*�\��¯v�¸��&ªº�\8¯v��¹º©/¨�t	r
¹º©)<��\ÇM¨�¹º��©
	k�±Ö	k�\§0¼ ©�·�¯k¯v�±z	��¿ªj·C¥§k��Ùy·�Ç\�¿	�� 3 �\��°e¹®é 3 ¹ºÕ 1 ³ 1 «±´¸ê 1�) 	k�\`¨I�\°�¯*Ã\�¥·Q¨�§����\
¥§0÷R�·x°�°e�\©¸¨+Ã±ªº�M¶/Ã\�\±Óv¯�·��#�M¼k�\°�¯�ªº� T ∼ T 0

c
Ó�ªº��Ç±·xªºÇ±§kª�©^§k°eÃ\��¹ºÑ^§��2°e��©¸¨��¥�2Ñ^§��

ªº�#°e�\¹ºªºªº�\§����\°�²*�K×º¨��±°��\©¸¨t�\-¨�¨���§�Ô7��§k�¥���²0¨��\©^§`¯v��§�� qopt = Q0
é 3 ¹ºÕ 1 ³ 1 8/ê 1/) 	��

¨��±ªºªº�\�¨��±°�¯vÃ±�¥·Q¨�§����\±Ó/ªj��-Ð0-¨�Ì\°e��©k�tÜ!¶/��¹Ê¨�à�¯�·x�ªº�\�	�ÃM¶0¹j·Q¨I¹º��©k�	���ªØ
�\°�²*�K×º¨��\°e�\©¸¨
ó Þ



0.01 0.02 0.03 0.04 0.05

0.01

0.02

0.03

0.04

0.05

Tc/t⊥

t′⊥/t⊥

�X *¡O¢ ³ 1 «c³�£  �±°�¯*Ã\�¥·Q¨�§����+	��#¨���·x©k¥¹Ê¨�¹º��©`¶/�\�¥tªj·�¯�È�·x¥�+��©�	k�&	k�+	��\©k¥¹Ê¨�Ã&	k�+¥¯�¹º©
�±©5Ùd��©kÇM¨I¹º��©5	k�¡ªj·8Ñ^§�·xªº¹Ê¨�Ã¡	k�¡ªØ
�\°a²v�K×º¨I�\°��\©/¨cÓ±��±ªº��©5ªj· �#'*) Ó±¯v��§���§�©k�¡¹º©¸¨��\��·xÇM¨�¹º��©
g̃S = 0.3445 éd¶/��¹º�,ªj·®¥�\ÇM¨I¹º��©Û³ 1 « 1 ³�ê 1

0.046 0.047 0.048

0.005

0.01

0.015

Tc/t⊥

t′⊥/t⊥

�X *¡O¢ ³ 1 « ó £  �\°�¯*Ã\�¥·Q¨�§����\tÇ±��¹Ê¨�¹ºÑ^§��\t¯*��§k�t	k�\§0¼z��©k	��\t	��+	k�±©k¥¹Ê¨�Ã&	k�&¥¯k¹º©Ï·\¶/�±Ç
°e�^	k§�ªj·Q¨�¹º��©½æk¼0�qé ªº¹ºÕ�©k�±2¯*��¹º©¸¨�¹ºªºªºÃ±�\IêMÓT�M¨aÇ\�\ªºªº�RÑ^§r
��©À��²0¨�¹º�\©¸¨a�\©À��¯0¨�¹º°�¹º�·x©/¨aªj·
°e�^	k§�ªj·Q¨�¹º��©

ó 7



0.01 0.02 0.03 0.04 0.05

0.1

0.2

0.3

0.4

0.5

vF‖q̃opt‖/t⊥

t′⊥/t⊥

�X *¡O¢ ³ 1 «\µ�£ 6 ��°�¯*���·x©¸¨I�#¯�·x�¥·xªºªºÌ±ªº��·�§�¼RÇIÈ�·Q×X©��\â	�§�¶/�\ÇP¨��\§k�â	��#°e�\¹ºªºªº�\§k�â�±°�²v�K× .
¨��±°��\©¸¨tÒ5ªj·�¨��\°�¯*Ã\�¥·Q¨I§k���#Ç\��¹Ê¨I¹ºÑ^§k��é 3 ¹ºÕ 1 ³ 1 «c³�êMÓ/�±©R¯v��¹º©/¨�¹ºªºªºÃ�Ó/�P¨âªj�#��Ã\¥§kªÊ¨M·Q¨â�P¼k·xÇM¨
¯*��§k� T = 0

10)
T = T 0

c
Ó�ªº��¶/�±ÇM¨��\§���	k�&°��±¹ºªºªº�\§k�t�±°�²v�x×º¨��\°��±©¸¨8�±7¨t¨��¸§xÔ7��§��� Q0

1

0.01 0.02 0.03 0.04 0.05

2.8

2.85

2.9

2.95

3

3.05

3.1

3.15

qopt⊥ b

t′⊥/t⊥

�X *¡O¢ ³ 1 «cÞó£ 6 ��°�°e��ªj· 3 ¹ºÕ 1 ³ 1 «\µkÓk°R·x¹º,¯*��§k�8ªj·�Ç\��°e¯v���·x©¸¨I�+¨���·x©k-¶/�\�¥¥·xªj� 1

ó ¬



¯�·x��Ùy·x¹Ê¨ 1Q6 
�\-¨�	k�¸©kÇ¡��±§kªº�\°e�\©¸¨�	�·x©�rªº�¡��Ã±Õ�¹º°��¡�:�5ªº�±G¨I�\°�¯*Ã\�¥·Q¨�§����\r	k�ô¨I�¥·x©k¥¹Ê¨�¹º�¸©
¥��©/¨&	�Ã-Ô-Òe¨���Ì±+²�·x�¥�\&Ñ^§���ªj�5¶^�\ÇM¨��\§��+Ñ^§k¹9	k�¸©k©k�aªj·e¨��\°e¯vÃ±�¥·Q¨�§�����	k�2¨I�¥·x©k¥¹Ê¨�¹º�¸©
ªj·5¯kªº§��Ã\ªº�M¶/Ã±�t¶�·���¹º��·\¶/�\Ç t′⊥ é 3 ¹ºÕ� 1 ³ 1 «\µ2�M¨t³ 1 «cÞ¸ê 1^¾ ��©/¨I·x°�²�·x§�¼C¤Ê« ó�ó ¥*·�°e��©¸¨I��Ã�ÓÒÖªØ
4·x¹º	���	k��ªØ
Ã\Ñ^§�·Q¨�¹º��©á	�� 6 ªj·x§��¹º§� .76 ªj·x¯*�MÐ0�¥��©�Ó�Ñ^§k��ªj·Ö¯v�±©¸¨�� dTc/dt′⊥ 	k�M¶0��·x¹Ê¨
ÚP¨�����¹j©0æ�©�¹º�5·x§»¯v��¹º©/¨#�:� Tc → 0

1v6 ��°�°e��ªº�5°���©/¨�����ªj· 3 ¹ºÕ 1 ³ 1 « ó ÓkÇ±�\Ç\¹r�\-¨#²k¹º�\©
ªº��Çc·xaéØ	�·x©k+ªj·Rªº¹º°e¹Ê¨���	k��©��K¨�����¯k�¥Ã\Ç\¹º¥¹º��©q©�§k°�Ã±��¹ºÑ^§��cê,�¹���©q¥�����±7¨I���\¹º©¸¨�ÒR§�©k�
¥��§� . ¯kÈ�·����²k¹º�±©Û	kÃPæ�©k¹º��ÓvÇ�
�\-¨�Òe	�¹º���a·\¶/�\Ç�§k©»¶/�\ÇM¨��±§k� q æ0¼kÃ 1 Î¡
�\©¸¶^�\ªº��¯k¯*��	k�\
Tc
	k�â¨��¸§�¨��\�Ç\�\�¥��§k . ¯�È�·x¥�\�\
4·�©k©^§�ªº�tÇ\�\¯*�\©k	�·x©¸¨¡¯kªº§0¨�äK¨¡	k��§�Ç\�\°e�\©¸¨cÓx�\©e·xÇ\Ç\���¥	

·\¶/�±Ç�ªº�±,��Ã\¥§kªÊ¨M·Q¨�,	k� É ·x¥�\Õ¸·\ö8·��P¨ 3 §kï^§0Ð^·x°e·@¤ 9 ¬�¥ 1
É�Ê.6�ÊGÉ CBÔ#íXÖ:Ø�Ð)Ñ�Ò#Ó|Ô#Ð%ÕPÙ87#Ù*Õ�ñEDií#Ø�Ö�ÕgÙÛÖCÓGF*ÙdÒ,Õ�ÎFÖ:Ø_Ð%ÕPÙGÑ�Ò#Ï@Ö:ñFí|ÔXÝÛÏ:Ù87,Î�Ï

$ ·x©k8Ç\�M¨�¨��&¥�\ÇM¨I¹º��©�Ó0©k�¸§k8·xªjªº��©k8�¥·x¯k¯*�\ªº�\�tªº�&ªº¹º�\©ÏÑ^§k¹G¯v��§����¥·x¹è¨8�P¼0¹º-¨��\�t�\©¸¨I���
<�§kÇM¨I§�·Q¨�¹º��©��	��2¥¯k¹j©Û�P¨&¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�	�·x©k+ªº�\+¥�\ªº�	�� Á �\ÇIÈkÕ¸·¸·x��	�Óv�\©q�¥� .
¯����\©�·x©¸¨&	��\&·x��Õ¸§k°��±©¸¨�+	�� � °��\�7Ð�¬ ®ïá:¹ ¤Þ�8kÓ�«�«'¥�Ó Á �¸§k��²*��©k©�·x¹º+�M¨ 6 ·x����©�¤³�8�¥�Ó
�P¨ � Çc·xªj·x¯k¹º©��C¬ ®|á:¹ ¤Ê«K7¸¬0Ó�«K7:7�¥ 1
ußL��,34������i���t2F35A

$ 
4·x¯k��Ì±�ªj·�¨�ÈkÃ\���¥¹º�t	��tªX·+¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃt	k� Á ·x��	k�\�±©�Ó 6 �^��¯*�\���M¨ � ÇIÈk��¹º�±Ù .
Ùd�±�+é Át6,� êMÓ�ªº��¯�·x�¥·x°eÌM¨����+	�
�¸��	k��� ∆k

·x¥¥�^Ç\¹ºÃ&Ò�ªj·5¨��¥·x©��¹Ê¨I¹º��©z¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\��Ó
∆k = −

∑

k′
Wk′k〈c−k′↓ck′↑〉 ,

	���¹Ê¨#�¸²vÃ\¹º�#Ò®ªØ
Ã\Ñ^§�·Q¨�¹º��©Àé�Ò T = 0 ê

∆k = −1

2

∑

k′

Wk′k∆k′√
ε2k′ + ∆2

k′

. é�³ 1 «\µ/ê

$ ·x©�8Ç\�P¨�¨���Ã\Ñ^§�·Q¨�¹º��©rÓ εk �\-¨#ªj·®	�¹º�¯*�\��¥¹º��©Ï	�§Ï°e·Q¨�Ã±��¹j·x§Ï	�·x©k8ªØ
ÃP¨I·Q¨#©�����°e·xª�Ók�M¨
Wk′k

�±7¨�§k©k�â¹º©¸¨I�\�¥·xÇM¨I¹º��©��\Í*�\ÇM¨�¹Ê¶^�â	k��²�·x¥¥�âÃ\©k�±��Õ�¹º�âÑ�§k¹^	kÃ±Ç\��¹Ê¨ôªj·�	k¹èÍ*§��¹º�¸©��\©¸¨I���
Ã±ªº�\ÇM¨����¸©k8	��+¶/�\ÇM¨��±§k��,	�
��©k	��&�¸¯k¯v�¸�Ã± 1 ÎT·®¥��°�°e�&	�·x©k2é�³ 1 «\µ/êt�\-¨#���\-¨����\¹º©/¨��5Ò
ªj·2Å\��©��#	k�8¶�·�ªº¹º	k¹Ê¨�Ã�	k�#Ç±�M¨�¨��#¹º©¸¨I�\�¥·xÇM¨I¹º��©�Ó |εk| < Λeff

10� ¹�ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©`�\-¨tÒ5¯*�\§
¯���Ì\�Ç\��©�7¨M·x©¸¨���Ó Wk′k ≈W Ó�ªØ
Ã\Ñ^§�·K¨�¹º��©ßé�³ 1 «\µ/ê�©k��¯v�±§�¨tÚM¨������·Q¨�¹º¥Ùy·�¹Ê¨���Ñ^§���¯v�¸§k�
§�©k��¹º©/¨��\�¥·xÇP¨�¹º��© á:®Û® « á ¦ ® ³ 3 ¬PÓ W < 0

1�6 �\Ç\¹��±7¨�ªº��Çc·x,	�·x©�,ªº�\,¥§k¯k��·xÇ\��©�	k§kÇM¨I�\§k�¥
Ç±��©¸¶/�\©/¨�¹º��©k©��\ªº±ÓQÕ��¥ÝxÇ\��·x§�¯���¹º©kÇ\¹º¯*��	�� ' ·x§kªº¹ØÓQÑ�§k¹/�¥Ã\	k§k¹è¨9ªØ
�PÍG�M¨ô	k�âªj·,�¥Ã\¯k§�ªº�¹j��©2	��6 ��§kªº��°a²�ÓK�M¨¡·x§0¼�¹º©¸¨��±�¥·xÇM¨�¹º�¸©kô	k�\9Ã±ªº�\ÇM¨����¸©k�·\¶/�\Ç�ªº�\ô¯�Èk��©���©k±ÓQÑ�§k¹�	k��©�©k�\©/¨ôªº¹º�\§
Ò»§k©��e¹º©/¨��\�¥·�ÇM¨�¹º��©À�\Í*�\ÇM¨�¹è¶/�`·Q¨�¨���·xÇM¨�¹Ê¶/�`�\©¸¨����Rªº�\�Ã\ªº�\ÇM¨I����©k 19� ¹ Wk′k = const. Óéò³ 1 «\µ/ê�¹º°e¯kªº¹ºÑ^§��aÑ�§k� ∆k = const. ·x§��¥¹:¯G�\©ß¯�·x�7¨�¹ºÇ\§�ªº¹º�\�\Ó ∆k

·zªº�®°�Ú\°e�a¥¹ºÕ�©��
¯�·x�7¨���§0¨`	�·x©kRÇ±�»Çc·x 1â� ¹ØÓâ·x§(Ç\��©¸¨I�¥·x¹º����Ó Wk′k

¶¸·x��¹º�ÛÙd���-¨��\°��±©¸¨Ö·\¶/�\Ç k Ó�¹ºª#�\-¨¯*��¥¥¹º²kªº��	�
4·��¥�^Ç±¹º�\�8ªº��¥¹ºÕ�©k�#Ü − à+	�·x©k2é�³ 1 «\µ/ê8·\¶/�\Ç�§k©ÏÇIÈ�·�©kÕ��\°e�\©¸¨#	��&¥¹ºÕ�©��&	�§¯�·x�¥·x°eÌM¨�����	�
�¸��	k���¸Ó�	��2¥���-¨���Ñ^§�
��©q¯*�\§�¨&��²�¨I�\©k¹º��§k©��2¥��ªº§0¨�¹º��©q©k��©»¨I��¹Ê¶0¹j·xªº��	��
Ç±�M¨�¨��2Ã\Ñ�§�·Q¨�¹º��©rÓ��M¨+	k��©�Ç5	��2ªj·e�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã�Ó�°�Ú±°��2�¹ Wk′k > 0

1�� ªT¥§0÷�¨
Ñ�§k� Wk′k

¥��¹Ê¨�¹º°�¯*���7¨I·x©/¨2¯v��§���	k�\&¶�·xªj�\§k��5	�� k Ó k′ ¨��\ªº5Ñ^§�� ∆k∆k′ < 0 Ó��P¨
óP9



Ùy·x¹º²�ªº�t¥¹º©k��© 1�$ ·x©k�Ç\�tÇ±·x±ÓKªØ
¹j©¸¨��\�¥·�ÇM¨�¹º��©��PÍ*�\ÇM¨I¹Ê¶/�tÇ\��©¸¨I¹º�\©¸¨¡	k�±ôÇ\��°�¯*���·x©¸¨I�\ô©k��©
ªº�^Çc·xªº�\�·Q¨�¨���·xÇM¨�¹Ê¶/�±\Ó�¶^��¹º�+¯kªº§k&²�·x 1G� ©¿�M¼0�\°e¯kªº�a	�
§�©k�2¨��\ªºªº�a¥¹Ê¨�§�·Q¨�¹º��©¿¯v�¸§k���¥·�¹Ê¨
ÚM¨I���,Ç±�\ªº§k¹�	k�#ªØ
¹º©¸¨��±�¥·xÇM¨�¹º�¸©RÑ^§k¹���Ã\¥§kªè¨��,	��\�Ùd���-¨��\B<�§kÇM¨�§�·Q¨�¹º��©��	k�#¥¯k¹º©R¯k��Ã\¥�\©/¨��\
	�·�©k+ªº�\+¥�\ªº&	k� Á �\ÇIÈ�Õ¸·�·x��	rÓ*	4±k�\&·�§q²*��©q�\°a²v�K×º¨I�\°��\©/¨cÓvÇ\��°e°��a©k��§�+ªØ
4·\¶/��©k
¶0§»	�·x©�8ªX·®¥�\ÇM¨I¹º��©Û³ 1 ó 1 « 1
ow34��3FDEfg�K���*$'34������i$����2���(�"g��\¨�K����A�(�"g�p�,"V(zWq�*���"e��3F��������

) æ�©�	k�8¯v��§0¶/��¹º��	kÃM¶/�±ªº��¯k¯*�\�ôÇ±�M¨�¨��8¹º	kÃ\�8¯�ªº§k��\©�	kÃP¨I·x¹ºªØÓ�©k��§��	k�M¶/�¸©k�	r
4·x²v���¥	
��Ã±Ã\Ç\��¹º����ªØ
4¹º©¸¨��\�¥·�ÇM¨�¹º��©®��¸§kô§k©k��Ùd���¥°���Ñ^§�¹^Ù ·x¹Ê¨�¹º©¸¨��±�7¶/�\©k¹j�9	k�\9¯�·x¹º���\ô	k��¯*���7¨��±§k�� 1$ ÃPæ�©�¹º¥��¸©k,¯*��§k�8Ç\�\ªj·

oα(k,q) =
∑

σ′σ

τ
(α)
σ′σL−k+q,σ′Rk,σ ,

τ
(s)
σ′σ = σδσ′,−σ ,

τ
(tx)
σ′σ = −σδσ′σ ,
τ

(ty)
σ′σ = −iδσ′σ ,
τ

(tz)
σ′σ = δσ′,−σ .

oα
Ç\�����¥�\¥¯v��©�	ßÒzªØ
4·x©�©k¹ºÈk¹ºªX·Q¨�¹º��©ß	r
§k©k�®¯�·x¹º�¥�a¥¹º©�Õ�§kªº�M¨Ré α = s ê���§q¨���¹º¯�ªº�M¨Ré α =

tx,y,z
ê 1k) ¶/�\Ç�Ç±�\Ç\¹ØÓkªj·�¯�·x�7¨�¹º��¹º©/¨��\�¥·xÇP¨�¹Ê¶/�5	k��ªØ
 É ·x°�¹ºªè¨���©k¹º�±©Ï±
Ã\Ç±��¹Ê¨
HI = −1

2

∑

α

1

N

∑

k′kq

gα(k′,q− k′,q− k,k)o†α(k′,q)oα(k,q) ,

¥¹�ªØ
��©»¯*��¥�
gs = −g1 − g2 = −1

2
(3gS − gC) �M¨ éò³ 1 «cÞ�ê

gt = g1 − g2 = −1

2
(gS + gC) . éò³ 1 «K7¸ê

$ ·x©k»©k�¸Ï©��K¨I·Q¨�¹º�¸©k±Ó Wk′,k
�M¨ gs,t ���©/¨Û	k�á¥¹ºÕ�©��\Ï�¸¯k¯v�¸�Ã± 1�� ¹ gs,t > 0 �M¨

§k©�¹ºÙd����°e�\��\© k ÓGªØ
4Ã\Ñ^§�·Q¨I¹º��©%é�³ 1 «\µ/ê+©�
4·Ö	k��©�Ç®¯�·x�	k�®¥��ªº§0¨�¹º��©á©k��©¿¨���¹Ê¶k¹j·xªº� 1r� ©¯k�¥Ã\¥�\©kÇ\�a	k�aÙd���-¨��\w<�§kÇM¨�§�·Q¨�¹º��©�+	k�a¥¯k¹º©¿¯v�¸§k��§�©qÇ±�\�7¨I·x¹º©Û¨���·x©k¥Ùd�\�-¨&	��5¶/�±ÇM¨��\§��
	�
4��©k	k�¸Ó�ªº�\`Ùy��©kÇM¨�¹j��©k gs,t(k) ¯*�\§�¶^�\©¸¨z	k�P¶/�\©k¹º�`¥§0÷e�·x°e°��\©/¨z°��^	�§kªºÃ\�±`¯v��§��·x	�°��M¨�¨I���Ï§�©k�Ï¥��ªº§0¨�¹º��©%©k�¸©ç©^§�ªºªº�»	k�»ªØ
Ã\Ñ^§�·Q¨�¹º��©£é�³ 1 «±µ/ê®°�Ú\°e�Ï¥¹,ªº�\e¹º©/¨��\�¥·xÇ .
¨�¹º�¸©`©^§��\ g1,2

¥��©¸¨8��Ã\¯k§�ªº¥¹Ê¶/�\ 1�H#' ��§k��¶/��¹º��Ç\�\Ç\¹*¯kªº§k��M¼k¯kªº¹ºÇ\¹Ê¨I�\°��\©/¨cÓ^©���§kt·xªºªº��©�
°R·x¹º©¸¨��\©�·x©¸¨+Ç±·xªjÇ\§kªº�\�±Ó��\© �#'*) Ó�ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©Û�PÍ*�\ÇP¨�¹Ê¶/�2	�§k�2·x§0¼ô<�§�ÇM¨�§�·Q¨I¹º��©k#	��
¥¯k¹º©rÓxªj·&��Ã\Ã\Ç\�¥¹º����Ó¸Ò+ªØ
4·�¹º	k�8	k�\����±ªj·Q¨�¹º��©�,é�³ 1 «cÞ¸ê��P¨#é�³ 1 «K7¸êMÓ�Ç\��°�°e�8§k©k�t¹º©/¨��\�¥·�ÇM¨�¹º��©
�\©/¨����®Ã\ªº�\ÇP¨�����©�&Ñ�§k¹ôÙd����°e�\©¸¨5	��\&¯�·x¹º���\�	k� 6 ����¯v�\���¹º©�Õ�§kªº�P¨cÓG�M¨5Ç\��©�¥¹º	kÃ\�¥�\�+ªj�\
¥��ªº§�¨I¹º��©k&¯v��¥¥¹º²kªº�±+	k�aªØ
Ã\Ñ^§�·Q¨�¹º��©¿	�§qÕ¸·�¯¿�§�¯k�¥·�Ç\��©k	�§kÇM¨��±§k�aé�³ 1 «\µ/ê�Ò`¯�·x�7¨I¹º��	��
ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©Û·x¹º©k¥¹r��²�¨��±©^§k� 1IùJ&'� �XúK�|ú��·û���&'����ÿK	�����
L%��M
Gú��Ìû���&'�ON�- N�- P � �!%RQS�M����
�
�������ú�þT&'
�
���U�!%�� ûdÿV	�� &�U�ûdú���+�L���ú��ûÛû������Ìû���&'�S	����
 % úW�������'%R	�úÂùX&�&·þ:ú����������	Y% ú�
��!�·ûdú������Ìû��+&Z��
��Z��ú�


g1,2


"&Z�·ûL�[&'�
*û����·ûdú�
OúüûþT&'
�� û�� \�ú�
�]^��%_
[� ��*'� ûA	�ú
g2 < g1/2

-a`cb��
g1/2 < g2 < g1 � &'�O� gt > 0 � �(�'��
G%)� ���
*û��dU�!%�� ûÛÿ	�&Z�(�!������ûdú�ú�
*ûe%f� &'�	�ú$	�ú$	�ú���
�� ûÛÿg	�úg
Gþ�!��-+h

ó 8



�'��K"e��3F��������¾"evB"%���1�qj�"ô���,"[3F�_��y����:���,34�������$��,"ô$KA����i,"g��$K�,A���35�P���������\
�1�qj��H�Kf

Î¡
¹º©¸¨��\��·xÇM¨�¹º��©%�\Í*�\ÇM¨I¹Ê¶/�»	k§k�Û·x§�¼¾<�§�ÇM¨�§�·Q¨�¹º��©�e	k�»�¯�¹º©%��»Ç±·xªºÇ±§kªº�»�\© �#'*)
¥�\ªº�¸©

gRPAS (k′,k− q,k′ − q,k) =
gS,0

1− gS,0χ0(q)
,

�:� χ0(q) �\-¨#ªj·a¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã�ªº¹º²k����	k��¥¯k¹º©áéò³ 1 «c³�ê 1k) ¶/�\Ç gS,0 = g2
Ók©k��§�8��²�¨I� .

©���©k,¯*��§k�8	��\,¯�·x¹º���±,¥¹º©kÕ�§kªj�M¨#	���°���°e�\©¸¨8¨I�K¨I·xªr©^§kª�é �\©Ï§0¨�¹ºªº¹º�·x©¸¨aé�³ 1 «cÞ¸ê�ê&�

Wk′k = −1

2
gRPAs (k′,−k′,−k,k)

=
3

4
gRPAS (k′,−k′,−k,k)

=
3

4

g2

1− g2χ0(k′ + k)
.

� ¹ g2χ0(q) < 1 ¯*��§k�e¨I��§�¨ q �M¨»Òá¨I��§�¨��Û¨��\°e¯vÃ±�¥·Q¨�§k�¥��Óâ�M¨ÏÑ^§�
¹ºª+©�
 Ð ·Ä	k��©kÇ
¯�·x#	�
¹º©�7¨M·x²k¹ºªº¹Ê¨IÃ5	k�2�¯�¹º©�Ó�Ç±�M¨�¨��5¹º©/¨��\�¥·xÇP¨�¹º��©Û¯v�\§0¨�	k��©�©k�\�,ªº¹º�\§qÒe§k©k�&¨I�¥·x©k¥¹Ê¨�¹º�¸©
¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨���¹ºÇ±��Ó*¯�·x��Ç\�®Ñ�§�
�\ªºªº��·z§�©ß¯k¹ºÇ�¨���Ì±&¯k�¥��©k��©�Ç\Ã�Ò k′ + k = q ≈ Q0

1
6 ��©k¥¹º	kÃ\�¥��©k,	r
4·x²v�¸��	ÏªØ
4·x¯�¯k���±¼k¹º°e·Q¨I¹º��©Ïªj·�¯�ªº§k,¥¹º°�¯kªº�¸Ó

Wk′k = Wδk′+k,Q0 (W > 0) éò³ 1 «c¬�ê

= Wδk′‖+k‖,2k
1D
F

1

N⊥

N⊥/2∑

n=−N⊥/2+1

(−1)n cos(k′⊥ + k⊥)nb é�³ 1 « 9 ê

= Wδk′‖+k‖,2k
1D
F

1

N⊥

N⊥/2∑

n=−N⊥/2+1

(−1)n
(

cos k′⊥nb cos k⊥nb

− sin k′⊥nb sin k⊥nb
)
.

� ¹v��©zÃ\Ç\��¹è¨tªº�\�¨I�\��°e�\��\©`Ç±��¥¹º©^§kt·\¶/�±Ç n ¯�·�¹º�\Ó^�¸§`Ç\�\§0¼R�\©z¥¹º©^§kt·\¶^�\Ç n ¹º°e¯�·x¹º�±Ó	�·x©keª�
�\¥¯�·xÇ\�»	�¹º���\ÇM¨QÓ���©}¨����¸§�¶/�»Ñ^§�
4¹ºªºeÇ\���¥���\¥¯v�¸©k	k�±©¸¨`Òá	k�\R¹º©¸¨��\��·xÇM¨�¹º��©�R·Q¨ .
¨I�¥·xÇM¨�¹Ê¶^�\8�\©/¨�����Ã\ªº�\ÇM¨I����©k,¥§k�8ÇIÈ�·Q×X©��\ n . ¹ºÌ\°e�\ . ¶/��¹º¥¹º©k 1 ;+©z¶/�¸¹Ê¨#	k��©kÇ�Ç\��°e°��\©/¨ªØ
¹º©/¨��\�¥·�ÇM¨�¹º��©À©^§k�e��Ã\¯�§kªº¥¹Ê¶/�Ûé g1,2 > 0 ê&¯*�\§�¨�°��±©k�\�2ÒÏ§k©��e·Q¨¥¨��¥·xÇP¨�¹º��©½�PÍG�\ÇM¨�¹Ê¶/�¯�·x�8ªØ
¹j©¸¨��\��°eÃ\	k¹j·�¹º����	��\=<�§�ÇM¨�§�·Q¨�¹º��©�8	k�5¥¯k¹º© 1) ¶/�±Ç5ªØ
4·x¯�¯k���±¼0¹º°R·Q¨�¹º��©Äéò³ 1 «c¬�êMÓk¨���§�¨+¯�·x��·x°�ÌM¨I���5	r
����	k�¥� ∆k

	k��¶�·xªº�±§k�#·x²�¥� .
ªº§��8Ç\��©�7¨M·x©¸¨��8Ñ�§k¹kÇIÈ�·x©kÕ��8	��8¥¹ºÕ�©k�8¯*��§k� k 7→ Q0−k �\-¨�¥��ªº§0¨�¹º��©�	��8ªØ
Ã\Ñ^§�·Q¨�¹º��©éò³ 1 «\µ/ê 1 Î��\�¥��ªº§0¨�¹º��©k�¯*��¥�¹º²�ªº�\�	k�qé�³ 1 «±µ/ê5·\¶/�±ÇRªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��© é�³ 1 «Q¬�ê�Ñ^§�¹�°e·Q¼k¹ .
°e¹º¥�\©¸¨�ªj·�¨��\°e¯vÃ±�¥·Q¨�§�����Ç\��¹Ê¨�¹ºÑ�§k�5��¸©¸¨#	���©k©�Ã\�\8¯�·x�

∆k⊥ =

{
∆ ¥¹ºÕ�© (cos lk⊥b

) ¥¹ l ¹º°e¯�·x¹º�\Ó
∆ r ¥¹ºÕ�© (sin lk⊥b) ¥¹ l ¯�·�¹º�\Ó

·\¶/�±Ç l ∈ N 1 é � ·x¯k¯*�\ªº��©k5Ñ�§k� r = �¹ºÕ¸© k‖ 1 ê5;+©½���\°R·x��Ñ^§��e©k�K¨I·x°e°��\©/¨2Ñ^§��eªj·¨I�\°�¯*Ã\�¥·Q¨�§����`	k�e¨I�¥·x©k¥¹Ê¨�¹j��©Ä�M¨®ªØ
Ã±©k�\��Õ¸¹º�`	��`Ç\��©k	��\©k�·Q¨�¹º�¸©Ä¥��©¸¨®¹j©k	kÃ\¯*�\©�	�·x©¸¨I�\
µ/´



	k�ÖªX·qÙy��Ã\Ñ^§��\©kÇ\�Ö	��z²�·x¥� 2π/lb ¤Ê« ó ´�¥ 1 ∆k
¯*�\§�¨e	���©kÇÖÇIÈ�·x©�Õ��\�®	k�Ö¥¹ºÕ�©��Ï·x��²k¹ .

¨���·x¹º���\°e�\©¸¨5¥��§�¶/�±©¸¨5�§��+ªX·`¥§k�¥Ùy·xÇ\�®	k� 3 �\��°e¹9�·x©k�Ñ^§k�®Ç\�\�	k�\§0¼qÕ��¥·�©k	k�±§k��&�\©
¥��¹º�\©/¨â·KÍ*�\ÇM¨IÃ\�\ 1/6 �\Ç\¹0¶0¹º�\©¸¨�Ç\�±¯v�\©�	�·x©¸¨�	k§�Ùy·x¹è¨�Ñ^§k�8ªØ
¹º©¸¨��±�¥·xÇM¨�¹º�¸© δ �\-¨¡	��t¯*���7¨�Ã±�¹º©kæ�©k¹º�`	�·�©k�ªØ
�\¥¯�·�Ç\�R	�¹º���\ÇM¨ 1�� ©k�R¹º©/¨��\�¥·�ÇM¨�¹º��©Ä¹º©�	k§k¹è¨��R¯�·x�2ªº�\/<�§kÇP¨�§�·Q¨I¹º��©k�	��
¥¯k¹º©rÓk	k�5ªj·®Ùd���¥°��

Wk′k = Wf(k′‖ + k‖)
1

N⊥

N⊥/2∑

n=−N⊥/2+1

(−1)nαn cos(k′⊥ + k⊥)nb éò³ 1 «K8¸ê

= Wf(k′‖ + k‖)
1

N⊥

N⊥/2∑

n=−N⊥/2+1

(−1)nαn×

×( cos k′⊥nb cos k⊥nb

− sin k′⊥nb sin k⊥nb) ,

é�³ 1 ³x´¸ê

�:� f ·5§k©R¯k¹jÇ,¯�����©���©kÇ\Ã�·x§�¨I��§k��	k� 2k1D
F

�M¨��\-¨â©�Ã\Õ�ªº¹ºÕ��c·x²kªº�#¥¹º©���©�Ó α−n = αn >
0 Ó/�M¨��:� αn 	kÃ±Ç\���K×º¨�Ñ^§�·x©�	 |n| ·x§kÕ�°e�\©¸¨��¸Ó¸¯�·x��·Q×º¨â	�Ã-Ô-Ò�¯�ªº§k�¯����^ÇIÈ��,	k�#ªj·��¥Ã±·xªº¹Ê¨�Ã 1ÎT·Ï¨I�\°�¯*Ã\�¥·Q¨I§k���`Ç±��¹Ê¨�¹ºÑ^§��`°R·Q¼0¹º°R·xªº�z��±�¥·Û�±©ÄÕ�Ã\©�Ã\�¥·xª�Ç\�\ªºªº�zÑ^§�¹âÇ\���¥���\¥¯v��©�	C·x§
¯kªj§k8Õ���·x©k	 |αn| Ó0	���©kÇ5Ò n = 1

1�6 �\Ç±¹G°eÌ\©k�5Ò®§k©Ï¯�·��¥·x°�ÌM¨I����	�
���¥	k����¥§k¯k��·xÇ\��© .
	k§�ÇM¨��\§�� ∆k∝ cos k⊥b ÓxÑ^§��t©���§k¡·x¯k¯*�\ªº��©�rÜ-	k�â¨!Ð0¯*� d à�¯*��§k�ôªj·&�¥·x¹j���©�¥§k¹Ê¶¸·x©¸¨��&�¥§k�,§k©Ï�¥Ã\¥�±·x§Ï¹º¥�K¨��¥��¯v�¸Ókªj·��§�¯k�¥·�Ç\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã dx2−y2

¥�\�¥·�¹Ê¨#	�Ã\Ç\��¹Ê¨��5¯�·x�

1

2
{δx‖,y‖(δx⊥,y⊥−b + δx⊥,y⊥+b)− (δx‖,y‖−a + δx‖,y‖+a)δx⊥,y⊥} .

6 ��°e°��®©���§k&©��2¨I�\©k��©�&	k��¨��¸§�¨��®Ùy·xÂ\�¸©¿¯�·x&Ç\�¸°�¯�¨I�a	��aªX·z	kÃ\¯*�\©k	�·x©kÇ\�®�\© k‖	k�5ªØ
¹º©¸¨��±�¥·xÇM¨�¹º�¸©�Ók©���§k,©k��§�8ªº¹º°e¹Ê¨���©�,·�§Ï¯k�¥�\°�¹º�\��¨I�\��°��¸ÓkÑ^§k¹ØÓk¯*��§k�8§�©Ï-Ð0-¨�Ì\°e�
Ñ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓ����\¯k�¥�^	k§�¹Ê¨#²k¹º�±©Ïªº�\#¯k���¸¯k��¹ºÃM¨IÃ\,�\¥��±©¸¨�¹º�\ªºªº�±,	���Ç\�M¨¥¨���-Ð .
°eÃM¨���¹º��ÓG©��K¨I·x°e°��\©/¨�Ç\�±ªºªº�\�Ç\��©kÇ\�±��©�·x©/¨�ªº�®¥¹ºÕ�©��®	k§ß¯�·x��·x°�ÌM¨I���®	�
����	�����Òz	k¹èÍ*Ã .
���±©¸¨�,¯*��¹º©¸¨�,	k�5ªj·®¥§k�¥Ùy·xÇ\�5	k� 3 �\��°e¹ØÓ�¶/��¹º�,ªj· 3 ¹ºÕ 1 ³ 1 «K7 1$ ·�©k�ªº�2¯�·x�¥·xÕ��¥·�¯kÈk��¯k��Ã\Ç±Ã\	k�\©/¨cÓ�©k��§�+·\¶/��©k�§�©k¹ºÑ^§��\°��±©¸¨+Ç\��©k¥¹º	�Ã\��Ã�§k©q·x¯ .
¯�·���¹º�\°e�\©¸¨��¹º©�Õ�§kªº�M¨ 1 Îr�\,Ã\Ñ^§�·Q¨�¹º��©�2é�³ 1 «cÞ�êt�M¨aé�³ 1 «K7¸êt°���©/¨����\©/¨#Ñ^§k�¸Ók�\©Û·x²k¥�\©kÇ±�
	k�C<�§kÇP¨�§�·Q¨I¹º��©kz	k�qÇIÈ�·x��Õ���Ó�ªØ
¹º©¸¨��\��·xÇM¨�¹º��©í�\©/¨����q¯�·x¹º�¥�\z¥¹º©kÕ�§kªj�M¨Ö�\-¨ÖÙy·\¶^����¹º¥Ã\��Ó
¯�·��5�¥·�¯k¯v�¸�7¨aÒ»Ç\�\ªºªº�R�\©/¨����R¯�·�¹º���\�¨��¥¹º¯kªº�M¨QÓr	r
§k©ÀÙy·xÇM¨��\§�� ó 1 Îr�RÇ\��§�¯kªj·xÕ�� gC �\-¨
�\©½¯���¹º©kÇ\¹º¯*�e�§�¥Ç\�\¯�¨I¹º²kªº�e	k�e��ÃM¨M·x²kªº¹º�5§�©½Ã\Ñ^§k¹ºªº¹º²����e�\©/¨���� gs �M¨ gt 1T$ ·x©k2ªº�e°�� .	kÌ±ªº�+	k� É §�²k²�·���	�Ó�Ç�
�\-¨8ªº�+Ç\��©¸¨I�¥·x¹º���¸Ó�¯k§k¹º¥Ñ^§�� gC �M¨ gS ¥��©¸¨8	��+¥¹ºÕ�©k�\t��¯k¯*��¥Ã\ 1ÎT·Ï���\©k���¥°e·xªº¹º�·Q¨I¹º��©½	�·x©�5§k©½-Ð0-¨�Ì\°e��¯�§k���\°e�\©¸¨�§k©k¹º	�¹º°��\©�¥¹º��©k©k�±ª�°�Ì±©k�RÒÖ§�©
ÇIÈ�·x©kÕ��\°e�\©¸¨5	k�®¥¹ºÕ�©k�®	k� gC ÓG°e·x¹º�¯v��§��+§k©��a¹º©¸¨I�\�¥·xÇM¨I¹º��©ß	k� É §�²k²�·x�¥	¿©^§��a��Ã .¯k§�ªº¥¹Ê¶/��Ó¡°�Ú±°��»	�·x©��§�©ç-Ðk7¨IÌ\°��»§k©�¹º	k¹º°��±©k¥¹º��©k©��\ªØÓ¡��©%·¿¨��¸§xÔ7��§��� gS > gC

Ó
	k��¥���7¨I�2Ñ�§k��ªº�\><�§kÇM¨I§�·Q¨�¹º��©��	��2¥¯k¹º©q¥��©¸¨&¯�ªº§k�Ùy���7¨��\+Ñ^§k��ªº�\w<�§kÇP¨�§�·Q¨I¹º��©k�	��
ÇIÈ�·x��Õ�� 1ô6 �M¨�¨I�R¹º°R·xÕ��`¯v�\§0¨aÇ\�\¯v�±©k	�·x©/¨aÇIÈ�·�©kÕ��\�2�±©À¯���Ã\¥�\©kÇ±�R	�
¹º©¸¨I�\�¥·xÇM¨I¹º��©k�	��
¯kªj§k,ªº��©kÕ�§���¯*���7¨�Ã±��Ók¯v��¹j©¸¨�·x§�Ñ^§k�±ª�©k��§�8�¥�M¶0¹º�\©�	k����©�,	�·x©�8ªj·�¥�\ÇM¨�¹º��©»µ 1 ó 1

µk«



ow35��35DE�g����"%$��#Wö���1�,��"S�,3F�$����$K��A���35�P����������K"%�,�pL��,3F$��]\^����*���*DU"%�$��H���\
,")(

� ��§�®·xªºªº��©�aÇ±·x��·xÇM¨�Ã\�¥¹º��±�aªº�\a	�¹èÍ*Ã\���\©/¨�a¯�·x�¥·x°eÌM¨����±a	�
���¥	k���z�§�¯k�¥·�Ç\��©k	�§kÇ .
¨I�\§k���¯v��¥¥¹º²kªº�\�	�·x©�2	k�\2-Ð0-¨IÌ\°��\2Ñ�§�·x¥¹ . §�©k¹º	�¹º°��\©��¹º�¸©k©k�±ªº2��\ªj��©Àªº�\§k�¥2ÇIÈ�·x© .
Õ��±°��\©/¨��	k�R¥¹ºÕ�©��Rªº�`ªº��©kÕÛ	��Rªj·»¥§���Ùy·xÇ\�R	�� 3 �\��°e¹ 196 ��°e°��`Ç\�\ªºªº� . Ç±¹�¯*�\§�¨aÚM¨I���
¯�·x�¥·x°eÃM¨���Ã\���\©ÛÙd��©�ÇM¨�¹º��©q	k� (r, k⊥) Ó�©k��§�#Ùd�±����©k�	k�2°eÚ\°��2¯*��§k� ∆k

1v� ©��5ªº¹º-¨I�
	���Ñ^§��\ªºÑ^§k�±,¯�·x�¥·�°�ÌM¨��¥�\,	�
����	������\-¨�	k��©�©kÃ\��	�·x©k,ªº�&¨I·x²kªº�c·x§Ï¥§k¹Ê¶¸·x©¸¨��

©���° ¥¯k¹º©k ∆k

s ¥¹º©kÕ�§kªj�M¨ 1

p‖
¨���¹º¯�ªº�M¨ r

p⊥ sin k⊥
d ¥¹º©kÕ�§kªj�M¨ cos k⊥b ��§

r sin k⊥b
f ¨���¹º¯�ªº�M¨ r cos k⊥b ��§

sin 2k⊥b
g ¥¹º©kÕ�§�ªº�M¨ cos 2k⊥b
h ¨���¹º¯�ªº�M¨ r cos 2k⊥b

Ä�Å�j k ���¡�¥� �R�¡�5�#�¡�#�ml9�v�*� ���¡� �an`�9�*� �2� ��oØ�,�G���*� �#�a����¤
����¢&���qp

$ ·x©kâªj·5Ùy·x°e¹ºªºªº��	k�\â¥�\ªºâ	k� Á �\ÇMÈkÕ¸·�·x�¥	qé  #¾Û #�k3 ê
2
ÞaÓ/ªº��Ç±·xâ	�§R¯v�\�¥ÇIÈkªº���¥·K¨��

éGÞ =
6 ªX;

4
ê2���±¯k��Ã\¥�\©/¨��z§k©CÇc·x®Ò¿¯�·x�-¨ 1 Îr�\�·x©k¹º��©� 6 ªX; −

4
©��z��¸©¸¨�¯�·xaÇ±�\©¸¨��¥� .

-Ð0°eÃM¨���¹jÑ^§k�\ 1 Îr�\§k�,����¹º�\©/¨I·Q¨�¹º�¸©»°�Ì\©��2Ò®§�©Ï¯*�K¨��\©/¨�¹º�\ªT·x	k	�¹Ê¨�¹º��©�©k�\ªrÑ^§�¹�¹º©4<�§k�±©kÇ\�
ªº�`°���§0¶/�\°��±©¸¨a	��\�¯v���-¨��\§k�¥ 19� ¹���©À�¥�\Ùd����¹j	k¹�Ç\�`°e·Q¨IÃ\��¹j·x§Ä¥§0÷e�·x°e°��\©/¨aªº�\©¸¨I� .
°e�\©¸¨cÓ�ªº�\��¸��¹º�\©¸¨M·Q¨�¹º��©��	k�±¡·x©k¹º��©��±
����	���©k©��\©¸¨¡�±© . 	��\¥��¸§k�	k� TAO = 24K ÓK¶/��¹º�¯�·x�8�P¼0�\°�¯�ªº��ªj·����M¶0§���	k� ' �¸§kÕ��M¨��M¨ � ·±¶^ÐE¤Ê«QÞ ó ¥ 1 ;+©»¯�·x��ªº�5	�
ÃM¨M·Q¨#���±ªj·Q¼0Ã 1v� ¹��¸©
�¥�\Ùd����¹º	�¹Ê¨�¯kªº§���¥·�¯k¹º	k�±°��\©¸¨�é ��©2Ü!¨����\°e¯v�Mà-êMÓx��§e·�§ . 	��\¥�§��	k� TAO Ó�ªº�8¯v�x¨��\©¸¨�¹j�\ªk	4±·x§0¼z·x©k¹º��©���\-¨8	kÃ\¥���¥	k��©k©�Ã 1 Îr·�¯kÈ�·x¥�����¥	k��©�©kÃ\�+	k�+²�·x¥¥�,¨I�\°�¯*Ã\�¥·Q¨I§k���+	�·x©�âªj�
¯*�\��ÇIÈ�ªº���¥·Q¨��t¨����±°�¯*Ã8�\-¨�§�©k�8�¸©k	k�,	k�8	��\©k¥¹Ê¨�Ã,	k�,�¯�¹º©�Ó¸·\¶/�±Ç,§k©k�t¨��\°e¯vÃ\�¥·K¨�§k���8	��
¨I�¥·x©k¥¹Ê¨�¹º�¸©R	��#ªØ
����	����#	�� 5K ¯^¯�·x�âÇ\��©¸¨��¥��Ó/ªº��°e·Q¨IÃ\��¹j·x§`���\ªj·K¼0Ã#	��M¶0¹º�\©/¨�¥§k¯��¥·xÇ\��© .
	�§kÇM¨I�\§k��Ò Tc ≈ 1.2K

1 Î���¯*�K¨��\©/¨�¹º�\ª*·x©�¹º��©k¹ºÑ^§���ÇIÈ�·x©�Õ���	k�¸©kÇ�Ùd��©k	�·x°��±©¸¨I·xªº�\°e�\©¸¨
ªº�±,¯k����¯���¹ºÃM¨�Ã±8Ã±ªº�\ÇM¨��¥��©k¹ºÑ^§��\,	k�5Ç\��Ç\�¸°�¯*���Ã 1

É�ÊsrBÊÌË ç>Î¾í=Ñ�Õ�Î�Ò,ÕgÙGÎ�ÝßíOñFÖgÙÛÑ�Ó|ÙÛ×{ÔBÎ Õ:Ö:Ø_Ò#Ï�7,Î�ÖPÏ1Ø_Ý
Î¡
����	k�¥������¹j�\©¸¨I·Q¨I¹º��©k©��\ªr	k�\#·x©�¹º��©k#Õ�Ã\©kÌ±���5§k©»¯v�K¨I�\©¸¨�¹º�\ªr¯vÃ\�¥¹º�^	k¹ºÑ�§k�5	�·x©k#ªj·

	�¹º���\ÇM¨I¹º��© b Ók	���¯*Ã\��¹º�^	�� 2b Ó
HAO =

∑

x=(x‖,lb)

(−1)lV c†xcx .
é�³ 1 ³�«cê

µ^³



Î¡
����	�����	���Õ���·x©k	k�±§k��	�� V ���\-¨I�aÒ`Ç\�#Ô7��§���§�©q��²kÔ7�M¨�	k��	�Ã\²�·Q¨ 1v� ©¸¨�§�¹Ê¨�¹Ê¶/�\°e�\©¸¨cÓ
��©�\
4·K¨�¨��\©�	k�¥·x¹Ê¨�Ò+§�©aÕ/·x¯®	�
4·�©k¹º��©k 2V 	k§®°eÚ\°��t���¥	k���t	k�8Õ��¥·x©k	��\§k�ôÑ^§���ªj·�¨��\° .
¯*Ã\�¥·Q¨�§�����Ò5ªj·xÑ^§��\ªºªº�#ªØ
���¥	k���#±
ÃM¨I·�²kªº¹Ê¨cÓ 2V ∼ TAO Ó/	���©kÇ#¯kªº§0¨�äK¨�Ùy·x¹º²�ªº�#�\©RÇ\�¸°�¯�· .�¥·x¹j���©ß·\¶/�\Ç ta,b 1*$ 
§k©ß·x§�¨I����Ç\äK¨�Ã¸Óv°�Ú\°e��¥¹�ªº�\+¹º©/¨��\�¥·xÇP¨�¹º��©k+¬ �F® «¨¬ á�� ³G§ �4¶ ÓvÑ^§�¹¥��©¸¨âÒ&ªØ
���¥¹ºÕ�¹º©k�,	k�8ªØ
ÃM¨I·x²�ªº¹º¥��±°��\©¸¨â	k�8ªØ
����	����,·x©k¹º��©�¹ºÑ^§���Ó����©/¨�¯k����²�·x²kªº�±°��\©/¨¡	��
ªØ
���¥	k����	k� TAO Ó/ªº��¯*�K¨��\©¸¨I¹º�\ª V Ó^Ñ^§�¹�°��±�§�����ªØ
¹º©¸¨��\��·xÇM¨�¹º��©z	k�\âÃ±ªº�\ÇM¨����¸©k�·\¶/�±Ç#ªj�\·x©�¹º��©k±Ó�¯*�\§�¨�¨���§�¨âÒ&Ùy·�¹Ê¨�ÚM¨��¥�8	k¹èÍ*Ã\�¥�\©¸¨�	k�8Ç\�M¨¥¨��8Ã\©k�±��Õ�¹º�ó¤ 9 8�¥ 1 Î¡
4·x��Õ�§k°e�\©¸¨â	k��©�©kÃ
	�·�©kp¤Ê«cÞ ó ¥�ÓGÑ�§k¹ô°��M¨5�±©ß���\ªj·Q¨�¹º�¸©ßªj·R¶�·�ªº�\§k�&	�� V �M¨5ªº�\�	�ÃM¶0¹j·Q¨I¹º��©k�	k�®ªØ
�\°a²v�K× .
¨��±°��\©¸¨�¯�·x��Ù ·x¹Ê¨cÓk©k�&¨�¹º�\©¸¨�¯�·x,©k��©»¯kªº§k_¯kªj·®�¥�\ªj·Q¨�¹º�¸©Ï	k��	�¹º¥¯v�\�¥�¹º�¸©½é ¥�\ÇM¨�¹º�¸©ÛÞ 1 «cê
°e��©¸¨�����Ñ^§��2ªØ
�\°a²v�K×º¨��±°��\©/¨+	��2ªj·R¥§k�¥Ùy·xÇ\��	k� 3 �\�¥°�¹TÇ±�������\¥¯*��©k	�·x©¸¨&·�§Ï¶/�±ÇM¨��\§��
Q0

©�
�\-¨�¯�·�â·KÍG�\ÇM¨�Ã�¯�·x� V 1 Îr�\âÇ±·xªºÇ\§�ªºâ	k�#-¨���§�ÇM¨�§k�¥�,	��#²�·x©�	k��¤Ê«\µP8�¥v¹º©k	k¹ºÑ�§k�\©/¨·x§qÇ±��©¸¨���·x¹º����§�©k�5¶�·xªj�\§k��	�� V ¯�ªº§k+Ùd���7¨I��Óv	k��ªØ
���¥	k����	�� t⊥ 1*$ �\+°��\¥§����\+��¸§kÇIÈ�·x°�¯`°R·xÕ�©kÃP¨�¹ºÑ^§���	k��ªj·2Ùd���¥°���	���ªj·2¥§k��Ù ·xÇ\��	k� 3 �\��°e¹v¥�\°�²kªº�±©¸¨8·x§�¥�¹v	���©k©��\�
V ∼ 0.8t⊥ ¤Ê«K8:81¥ 1K� ·x	�¹ft~¬ ®_á:¹ ¤Ê«cÞ�Þ0Ó^«cÞ�70Ó^«cÞ�¬�¥���©¸¨ô��Ã±���ªj§2�M¼�·xÇM¨��\°e�\©¸¨ôªº�â¯k���¸²kªºÌ\°e�Ò2§k©k�#¯�·x�7¨�¹ºÇ\§�ªº�#	�·x©k (TMTSF)2ClO4

¥��§kâÇIÈ�·x°e¯R°R·xÕ�©kÃP¨�¹ºÑ^§k� 1 Îr�\§k��¥��ªº§0¨�¹º��©
¯k�¥Ã\¥�\©¸¨��¿	��\Ö��¥Ç\¹ºªºªj·Q¨�¹º�¸©kÖ��Ã±°�¹º©k¹j�Ç\�±©¸¨��\Ö	��\eÜ7��¥Ç\¹ºªºªj·Q¨I¹º��©kÖ��·x¯k¹º	k�±7àq�¸²k¥�\�7¶/Ã±�\
	�·�©k2§k©½Õ���·x©k	À©k��°�²����e	k�R¯k����¯���¹ºÃM¨�Ã±&¨IÈk�\��°e�^	�Ðk©�·x°e¹ºÑ^§k�\2	k�eÇ\�±5°R·Q¨�Ã\�¥¹j·x§�¼ 1
Îr�\5¯vÃ\��¹º��	k�\5�M¼0¯vÃ±��¹º°��±©¸¨I·xªº�\5�M¨�¨�È�Ã\����¹ºÑ^§��\�±
4·xÇ\Ç±����	k�±©¸¨2²k¹º�±©ß¥¹���©á¥§k¯�¯v��¥��Ò
©k�¸§�¶/�±·x§ V ∼ 0.8t⊥

1�) ¶/�\Ç,ªj·�°�Ú\°e�t¶�·xªº�\§��¡	k� V Ó�ªº�,	�¹j·xÕ��¥·�°�°��,	��8¯�È�·x¥�\���¸§kÇIÈ�·x°�¯`Ç±·xªºÇ±§kªºÃ��\© �#'*) ¤Ê«cÞ�¬1¥*Ç\�vu�©�Ç\¹º	k��Ñ^§�·xªº¹è¨I·Q¨�¹Ê¶/�±°��\©¸¨,·\¶/�\Ç�ªº��	�¹j·xÕ��¥·x°e°����M¼ .
¯*Ã\��¹º°e�\©¸¨I·xªØÓ0°e·�¹ºt¯�·�tÑ^§�·x©/¨�¹Ê¨I·Q¨I¹Ê¶/�\°��±©¸¨ 1k� ©Ö°��\¹ºªºªº�±§k�8·xÇ\Ç\�¸��	ÖÑ^§�·x©/¨�¹Ê¨I·Q¨I¹ºÙT·aÃM¨IÃ
��²0¨��\©^§(¯v��§��e§k©��z¶¸·xªº�\§��e¯kªº§0¨�äK¨`Ùy·�¹º²kªº�»	�§%¯*�K¨��\©¸¨I¹º�\ª#·x©k¹º�¸©k¹ºÑ^§���Ó V ∼ t⊥/30 Ó	�·�©kt§k©k�&·x¯k¯����^ÇIÈ��+¯v�\�-¨�§k��²�·Q¨�¹Ê¶/�+�\© V Ó�°e·�¹º��±©`§0¨�¹ºªº¹º�·x©¸¨,§k©zÇ\��¹Ê¨IÌ\���+	�� � ¨���©��\�¥¹º°�¯�ªº¹èæ�Ã5�M¨#	��\,¹º©¸¨��±�¥·xÇM¨�¹º�¸©k#·x¥¥�\Å�Ùy���7¨��\°e�\©¸¨#�¥�\©k���¥°e·xªº¹º¥Ã\�\�¤ 9�ó ¥ 1

$ ·�©k#ªº�±#Çc·xªºÇ\§kªº�¯���Ã\¥�\©¸¨IÃ\#	�·x©k�ªj·e¥§k¹Ê¨I��Ó�©���§k+·xªºªº��©��²�·xªj·\Ð/�±�8¨���§0¨+§k©Û	k� .
°R·x¹º©k�Ö	k�`¶�·�ªº�\§k���	k� V 1�' ·x��ªØ
¹º©¸¨��±��°�Ã\	�¹j·x¹º���Ï	k�Öªj·Û¶�·x��¹j·Q¨I¹º��©}	�§Ä¨I·x§�¼C	k�Ö��� .Ùd�¥��¹º	k¹º¥¥�\°��±©¸¨&�¸§q	���ªj·`¯k���\¥¥¹º��©�¤Ê«\µP8�¥�Óv��©¿¯*�\§�¨�·xÇ±Ç\Ã\	k�±���M¼k¯vÃ\�¥¹º°��\©/¨I·xªº�\°e�\©¸¨�Ò
	k�±2¶�·xªº�\§���a	k¹èÍ*Ã±���\©¸¨��±a	k� V Ó�°R·x¹ºa�¥·x¯�¯v�\ªº�¸©kaÑ^§k��Ó�	�·x©ka§�©k�e¨��\ªºªj�`¥¹Ê¨�§�·Q¨�¹º��©�Ó§k©q¯*�K¨��\©¸¨I¹º�\ªT	�Ã\¥����	k�¸©k©kÃ�¯k���±©k	Ûªj·R¯kªj·�Ç\��	k§Û¯*�K¨��\©/¨�¹º�\ª�¯vÃ\�¥¹º�^	k¹ºÑ�§k��¨���·x©k-¶/�\���·xªØÓ
¨I·x©�	k¹º,Ñ^§���ªº�\#��Ã\¥§kªÊ¨I·K¨�,	k��Ç\�P¨�¨��+¨IÈkÌ\¥��¥��©¸¨����\-¨��¥�\¹º©¸¨�#·x§»Ç±·x,�·x©�,	kÃ\¥����	���� 1

É�ÊcrBÊ*É ç>ØiÓ|ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBØ_ÝzÙ*Õ�ñ
� ¹ V � t⊥ Ó±ªº��¯*�K¨��\©¸¨I¹º�\ª¸·x©�¹º��©k¹ºÑ�§k�¡	kÃ\Ç\�¸§k¯kªº��·x¯k¯����±¼0¹º°R·Q¨�¹Ê¶/�±°��\©¸¨�ªº�\TÇIÈ�·Q×X©��\¯�·�¹º���\8é εAO > 0 ê�	k�\ôÇIÈ�·K×X©k�\ô¹º°e¯�·x¹º�¥�\8é εAO < 0 ê 1 ;+©®·�§k�¥·+	k��©�Çt·KÍG·x¹º�¥�tÒ+	k�\§0¼-Ð0-¨�Ì\°e�\&	k��ÇMÈ�·Q×X©k�±+Ç±��§k¯�ªºÃ\�\±Ó*°e·x¹º�·\¶/�\Ça§�©¿Ç\��§k¯�ªj·xÕ��a¹º©¸¨��±��ÇIÈ�·Q×X©��\&²k¹º�\©¿¯�ªº§k

Ùy·x¹º²�ªº��Ñ^§��#Ç±�\ªº§k¹v	�§R-Ðk7¨IÌ\°����·x©k�����	k�¥��·�©k¹º��©�¹ºÑ^§k� 1�' ��§k��	k�\�¶�·xªº�\§����	k� V ¯�ªº§k
°e�^	kÃ\�¥Ã\�\±Ó/ªº�\â	k�\§0¼e7Ðk7¨IÌ\°��±�	k��ÇIÈ�·Q×X©��\��¥�\-¨��\©¸¨tÇ\��§k¯�ªºÃ\±Ó/°e·x¹ºâªj·5	�¹èÍ*Ã\�¥�\©kÇ\�#	��
¯*�K¨��\©¸¨I¹º�\ªô�\©¸¨��¥�aªº�±&	��\§�¼¿���\©�	¿ªj�\&�·x§0¨�&	r
§k©k�®ÇIÈ�·Q×X©k��ÒzªØ
4·x§0¨����®¯�ªº§k&	�¹è÷eÇ\¹ºªº�± 1
;&©ç¯*�\§�¨R�±7¨I¹º°��\�eªj·¿¨��\°�¯*Ã\�¥·K¨�§k��� Tx1

	k§%¯�·x¥�·xÕ��»	k¹º°e�\©k¥¹º��©k©��\ª,	4±%·x§%�·x§0¨
¹º©¸¨I�\��ÇIÈ�·Q×X©k�\�	r
§k©���¯�·x�-¨�¹ºÇ\§�ªº��Ç\��°e°��â¥§k¹Ê¨��Qªj·,Ùy��©kÇM¨�¹º�¸©2	�� Æ ���\�±©�Ò#§k©���¯�·x�-¨�¹ºÇ\§�ªº�

µ ó



	�§Ï-Ð0-¨�Ì\°e���·x©k,¹º©/¨��\�¥·�ÇM¨�¹º��©»±
Ã\Ç\��¹Ê¨QÓk¥¹ εk = ε‖ + ε⊥ Ó

G(k, iωn) =
−1

iωn − (εk − µ)

=
G1D(k‖, iωn)

1 + ε⊥G1D(k‖, iωn)
,

�:� ωn = (2n + 1)πT �\-¨e§k©k�ÖÙd��Ã\Ñ�§k�\©�Ç\�z	k� ¾ ·Q¨I�§�²�·x�¥·¿Ùd�\��°e¹º��©k¹ºÑ^§��z�M¨ µ ªº�
¯*�K¨��\©/¨�¹º�\ªvÇIÈk¹º°e¹ºÑ^§k� 1 ;&©`©k��¯v�±§�¨�Ç\�±�7¨I·x¹º©��\°��\©/¨�¯�ªº§k�©kÃ\Õ�ªº¹ºÕ¸�\�âªº�,¨��\��°e���\© ε⊥ ·�§	�Ã\©k��°e¹º©�·Q¨I�\§k�8	�Ì\,Ñ^§k� ∣∣ε⊥G1D(k‖, iω0)

∣∣ = 1 .$ ·x©�,ªº��Ç±·� V = 0 Ók�¸©»· ε⊥ ∼ t⊥ �M¨
Tx1 ∼

t⊥
π
.

' ��§k� V > 0 Ó�¹º©¸¨��¥�^	k§�¹º¥��©k�	��\��¸¯vÃ\��·Q¨��\§k�¥�	k�ÏÇ\��Ãc·Q¨�¹º��©ç�P¨R	�
4·x©k©�¹ºÈk¹ºªj·K¨�¹º��©ç	��¯�·x�7¨�¹ºÇ±§kªº��¥§��8ªº�\,ÇIÈ�·Q×X©k�\,¯�·x¹º���\�é c(†)
p
êt��§Ï¹j°�¯�·x¹º�¥�\2é c(†)

i
êMÓ

cp,k =
1√
2

(ck + ck+P) ,

ci,k =
1√
2

(ck − ck+P) Ók�:�
P = (0,

π

b
) .

Îr� É ·x°�¹jªÊ¨���©k¹º�±©Ïªº¹º²�����±
Ã\Ç±��¹Ê¨

H =
∑

k

(c†p,k, c†i,k)
(
ε‖ + V ε⊥
ε⊥ ε‖ − V

)(
cp,k
ci,k

)
,

�P¨�ªj·�Ùd��©kÇP¨�¹º��©a	�� Æ �¥�\�\©aªº¹º²����tÒ�§k©k��¯�·x�7¨�¹ºÇ\§�ªº��	k�M¶k¹º�\©¸¨cÓx·\¶^�\Ç�ªj·�	kÃ\æ�©k¹Ê¨I¹º��© G1D
± =

G1D|µ=±V Ó

G =

(
G1D
− −ε⊥
−ε⊥ G1D

+

)−1

=
1

1− ε2⊥G1D
+ G1D

−

(
G1D

+ ε2⊥G
1D
+ G1D

−
ε2⊥G

1D
+ G1D

− G1D
−

)
.

Îr�\t¨I�\��°��±8�±© ε⊥ 	���¹Ê¶/�\©/¨#ÚM¨��¥��¯���¹º,�\©ÏÇ\�¸°�¯�¨I�5·x§»¯kªº§kt¨I·���	ÏÑ^§�·x©k	
ε2⊥G

1D
+ G1D

− ∼ 1 .

6 ��°�°e� ∣∣G1D
+ G1D

−
∣∣ ≤ 1

2πV T
ÓkÇ±�\Ç\¹�	���©k©��

Tx1 ∼
t2⊥

2πV
=

t⊥
2V

Tx1

∣∣
V=0

.

µ¸µ



Îr�5°�Ú±°��5��Ã\¥§kªÊ¨M·Q¨�¯v�\§0¨#ÚP¨����5��²�¨I�\©^§»�\©»Ç\��©�¥¹º	kÃ\�¥·�©¸¨�ªj·a¶�·x��¹j·K¨�¹º��©Û	k�5ªj·��§���Ùy·xÇ±�
	k� 3 �±��°�¹ kF‖(k⊥) ��±ªº��© k⊥ Ó0¶/��¹º�,ªº��ÇIÈ�·x¯k¹Ê¨��¥�2Þ 1Î���¯*�K¨��\©¸¨I¹º�\ª^·x©k¹º��©�¹ºÑ^§k��°eÌ\©k�â·xªº���¥�Ò,§�©2Ç\��©0æ�©k�\°e�\©¸¨9¯kªº§�TÙd���7¨9	��\TÃ±ªº�\ÇM¨����¸©k
ÒÖªØ
¹º©¸¨IÃ\��¹º�\§���	k�\�ÇIÈ�·Q×X©k�\ 1�� ª9Ðá·ÖÇ\�\¯v�±©k	�·�©¸¨5Ã\Õ¸·�ªº�\°��\©/¨2ªj·Ö¯v��¥¥¹º²k¹ºªj¹Ê¨�Ã�	�
§k©á	�Ã .
Ç\��©kæ�©��\°��\©/¨�¹º©k	k§�¹Ê¨�¯�·x�9ªº���·x§0¨¡·x§�¼aÇIÈ�·Q×X©��\ô¥�\Ç\��©�	k . ¶/��¹º¥¹º©�\Ó t′⊥ ÓKÑ^§�¹����\¯���Ã\¥�\©¸¨I�	k�¸©kÇ�§�©k��ªº¹º°e¹Ê¨��5¹º©kÙdÃ\�¥¹º�\§k�¥�5Ò Tx1

1
É�ÊcrBÊ.6 çwFqÎ�ÜyxOÑRzzÕ�Î�ÜtÎ�Ò,ÕCÎ4Õ.ÝÛÎFÏ|{OÔ#Ð%ÕPÔBØ�ÕPÙGÑ�ÒBÏ@Ó#Î¾Ï�í|ÙdÒ

Î�
�¸��	k���R·x©k¹º��©�¹ºÑ^§k��	���§k²�ªº��ªj·Ö°R·x¹ºªºªº��	�·x©k5ªj·Ö	�¹º���\ÇM¨I¹º��© b �M¨2��Ã±	k§k¹Ê¨�ªj·Ö¯k�¥� .
°e¹ºÌ\����Å\��©���	k� Á ��¹ºªºªº��§�¹º©`	�
§�©`Ùy·xÇM¨I�\§k�t³ 1 Îr�\�©k��°�²����\�Ñ^§�·x©/¨�¹ºÑ^§��\ k �M¨ (k + P)	k�P¶0¹º�\©�©k�\©¸¨,Ã\Ñ^§k¹è¶�·xªº�\©¸¨I 1k� ©zÃ\ÇIÈ�·x©kÕ¸��Ó�¹ºªvÐz·a	kÃ\¥����°R·x¹ºt	��\§�¼`²�·x©k	��\8·x§Ö©k¹Ê¶/�±·x§
	k� 3 �±��°�¹5é 3 ¹ºÕ 1 ³ 1 «K7¸ê 1 ÎT· 3 ¹ºÕ 1 ³ 1 «c¬ß°��¸©¸¨����Ïªº�±�©���§�¶/�±ªºªº�\e¥§k��Ùy·�Ç\�\e	k� 3 �\��°e¹
¯*��§k� V Ùy·x¹º²kªº���M¨ V Ùd���-¨ 1 Îr�,¶/�\ÇM¨I�\§k�â	k�#°e�\¹ºªºªº�\§����±°�²v�x×º¨��\°��±©¸¨&éØ¯v��§�� t′⊥ = 0 �M¨
V = 0 ê8	k�M¶k¹º�\©¸¨ Q0 7→ (2k1D

F , 0)
1*6 ��°e°�����©Û¯v�\§0¨+ªº��¶/��¹º�#¥§��#ªj· 3 ¹ºÕ 1 ³ 1 «c¬0Ó�Ç\�

¶/�\ÇP¨��\§k�#¥§�¯v�\��¯*��¥�5	��\#©�·�¯k¯v�±#	k�2ªj·e¥§k��Ùy·xÇ±�2	k� 3 �\�¥°�¹T	k�2ªj·e²�·x©�	k�2�M¼^¨�Ã±��¹º�\§k�¥�
¥§k�aÇ\�\ªºªº�±a	��`ªj·q²�·x©k	��`¹º©¸¨�Ã±��¹º�\§k�¥��Ó9�M¨a¶0¹ºÇ\�R¶/�\���· 19� ªâ±
4·xÕ�¹Ê¨e	�
§k©C�\°a²v�K×º¨��±°��\©/¨
³ �F® ¬�«�1 á�� ²g¬ ¶ 1�� ¹ t′⊥ = 0 ÓGÇ\�M¨��±°�²v�x×º¨��\°��±©¸¨��\-¨�¯�·x��Ùy·x¹Ê¨QÓ�³ � ²gª ¸ ¬ � ² á ÷J÷+¬ �F® ²g¬ ¹öá31á:¹ ¬ � «x²g¬ V 1 ÎT·»Ùd����°R·Q¨�¹º��©À	��\2�¸©k	k�\�	k�R	��\©k¥¹Ê¨�ÃR	k�`�¯�¹º©À�\-¨2¨���§�¨a	��R°�Ú\°e�·KÍ*�±ÇM¨�Ã\��¯�·x�tªØ
���¥	k���5·x©�¹º��©k¹ºÑ^§���Ók¯�·x��Ç\��Ñ^§��&ªº�\,ÃM¨I·Q¨�,¯k����¯����\8Ñ^§�¹GÇ\�¸�����\¥¯v�¸©k	k�±©¸¨
Ò+Ç\�±ô¥§k��Ù ·xÇ\�\�¯�·x��Ùy·�¹Ê¨��\°��±©¸¨¡�\°�²*�K×º¨�Ã\�±ô©k�t¥��©¸¨¡¯�ªº§kô	��\ô��©�	k�\ô¯�ªj·x©k�±\Óx°R·x¹ºô	��\
ÃM¨M·Q¨�¡	���©¸¨âªº�,���\Ç\��§0¶0���\°e�\©¸¨â¥§k�¡§k©k�,ÇIÈ�·Q×X©��,	k��©�©kÃ\�,	k�M¶0¹º�±©¸¨â	k�,°���¹º©�¡�\©e°��¸¹º©k
²*��©2Ñ^§�·x©k	 V ·x§�Õ�°��\©/¨���é ¥¹/ªº�±�ÃM¨I·Q¨�9·x¯�¯�·x�7¨I¹º�\©k©��\©¸¨ôÒ,	��\§�¼5²�·x©k	��\T	�¹èÍ*Ã\�¥�\©¸¨��\Iê 16 ��°e°��`ªº�z¯�·x�¥·�°�ÌM¨��¥�R	r
����	k�¥�z·x¥���Ç\¹ºÃz·x§0¼½�¸©k	k�±�	��R	��\©k¥¹Ê¨�Ã`	��R¥¯k¹j©ÄÙy·x¹Ê¨®¹º© .
¨��±�7¶/�\©k¹j�&	��\�¯�·x¹º���±�¯�·x�-¨�¹ºÇ\§kªº� . ¨����¸§ß¥§k�&ªj·Ö°eÚ\°��®ÇMÈ�·Q×X©k�¸Ó ∆ODS∝〈c†↓(x)c↑(x)〉 ÓÇ\�\Ç±¹8�§�¯k¯���¹º°��ÏªØ
��©�	k�Ï	��Ö	��\©k¥¹Ê¨�ÃÏ¹º©/¨��\��²�·x©k	k�±eÒ V Ùd���7¨ 1 ;&©ç¯v��§����¥·x¹Ê¨RÇ±�\¯v�\© .
	�·�©¸¨,¹º°e·�Õ�¹º©k�\�8Ñ^§���Ó0	�·x©�tªj·®ªº¹º°�¹Ê¨���	k� V Ùd�¸�7¨cÓ0�:�Ï��©Ï·�·KÍG·x¹º���5Òa	k�±§�¼z-Ð0-¨�Ì\°e�\
	k�aÇIÈ�·Q×X©��\+¯k���\¥Ñ�§k��	kÃ\Ç\�¸§k¯kªºÃ±��\©/¨������\§0¼GÓv	k�\w<�§�ÇM¨�§�·Q¨�¹º��©��	k��¥¯k¹º©q¯*��§k�¥�¥·x¹º�\©/¨
¥�R	kÃM¶/�±ªº��¯k¯*�\�2¹º©k	�Ã\¯v�\©�	�·x°e°��\©/¨�	�·�©k2ªº�\�	k�\§0¼á-Ð0-¨�Ì±°��\ 1�$ ·x©k�Ç\�M¨�¨I�eªj¹º°�¹Ê¨���Ó
ÇIÈ�·xÑ^§k�+²�·�©k	k�+Ç\�������±�¯*��©k	ÖÒ�§k©`-Ðk7¨IÌ\°��+	k�+ÇIÈ�·Q×X©��\±Ó^	���¥���7¨��+Ñ^§r
¹ºª*\
4·�Õ�¹º�¥·x¹Ê¨8	��
Ç\���¥��Ã\ªj·Q¨I¹º��©k&	��a¥¯k¹º©¾³ �F® « á 1 á:� ²g¬ 1 Îr�aÇ±·�ªºÇ\§kªô�\© �#'*) °���©¸¨I���aÑ^§���Ó*¯*��§k� V ¥§�Ù .
æ��·x°e°��\©/¨2Ùd�¸�7¨cÓrªØ
�\°�²*�K×º¨��\°e�\©¸¨�¹º©¸¨���·x²�·x©�	k�e¯v��§���	k�\&¶/�±ÇM¨��\§���5	k�®¨��¥·x©�¥ªj·Q¨�¹º��©
Q± ∼ (2k1D

F ∓ 2V/vF‖, π/2b) é 3 ¹ºÕ 1 ³ 1 «c¬�ê�	k�P¶0¹º�\©¸¨8�PÍG�\ÇM¨�¹Ê¶/�\°e�\©¸¨8¥§k÷e�·x°�°e�\©¸¨²*��©ß¯v�¸§k�&-¨I·x²k¹ºªº¹º¥�\��§k©��®¯kÈ�·x¥�®��©�	k�®	��®	k�\©k¥¹Ê¨IÃ®	k��©¸¨5ªj·Ö°��^	�§kªj·Q¨I¹º��©ßÇ\��©/¨�¹º�\©¸¨
§k©��¡Ç\�¸°�¯*��¥·�©¸¨���	k�¡¯*Ã\��¹º��	k�¡	k�¸§k²kªºÃ±�¡	�·�©kTªj·8	�¹º���\ÇM¨I¹º��©�¨��¥·x©�7¶^�\���·xªº� 1 éØÎr�¡Õ��¥��§k¯*�
	k�+���\©�����°e·�ªº¹º¥·K¨�¹º��©z°e��©¸¨����±�¥·2Ç\�±¯v�\©�	�·x©¸¨8Ñ^§k�+Ç\�M¨�¨��+¯kÈ�·x¥���\-¨t¯�ªº§kt·KÍG�\ÇM¨�Ã\�+¯�·��
ªº�\B<�§�ÇM¨�§�·Q¨�¹º��©�¡§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªºªº�\�Ñ^§k�#ªØ
��©k	��,	k�,	k�\©�¥¹Ê¨�Ã,¹º©¸¨��\�¥²�·x©�	k�\�Ò5Ùy·x¹º²kªº�
V Ó¸Ò�Ç±·x§�¥�8	k�,ªØ
§k©�¹º	k¹º°e�\©k¥¹º��©k©�·xªº¹º�·Q¨�¹º��©R·�	k	k¹Ê¨I¹º��©k©��\ªºªº��¶/�±©�·x©¸¨â	k§eÙd���7¨â¯v�x¨��\©¸¨I¹º�\ª·x©�¹º��©k¹ºÑ�§k� 1 ê 3 ¹º©�·xªº�±°��\©/¨cÓK¯*��§k�ô	k�\�¶¸·xªº�\§���ô	k� V ¹º©¸¨I�\��°�Ã±	k¹j·x¹º���±\Óxªº�±ô	k�\§0¼�¥���-¨��\
	k�&<�§kÇP¨�§�·Q¨I¹º��©k5	k��¥¯�¹º©¿¶/�¸©¸¨2�\©½Õ�Ã\©�Ã\�¥·xª�Ç±�^�M¼0¹º-¨��±� 1 Îr��	�¹j·xÕ��¥·x°e°��e	k��¯kÈ�·x¥�\
��²0¨��\©^§»¯�·x�,ªj· �#'*) �\-¨�°���©¸¨I��Ã5Ò�ªj· 3 ¹ºÕ 1 ³ 1 « 9 1� ��§�+·xªºªº��©�+	k¹º¥Ç\§�¨I�\��	k�\+��Ã\¥§kªÊ¨M·Q¨��	�§qÇ±·xªºÇ\§�ª��\© �#'v) ¯kªº§k+�\©q	�ÃM¨I·x¹ºª�	�·�©k
ªº�`ÇIÈ�·x¯�¹Ê¨����ÖÞ 1�' ��§��2ªØ
¹º©�7¨M·x©¸¨cÓ�°��\©/¨�¹º��©k©���©k�¥�\§�ªº�\°��±©¸¨a§�©k�RÇ\�¸°�¯kªº¹ºÇc·Q¨�¹º��©Ä¹º° .
¯*���7¨I·x©/¨��#	k��¯kªº§� 1^� ��§��·\¶/��©kâÇ±��©k-¨I·Q¨IÃ#¯kªj§kâÈ�·x§0¨�Ñ^§��#ªº�\â©���°�²����\âÑ^§�·�©¸¨�¹ºÑ^§��\
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�X *¡O¢ ³ 1 «K7�£ ñ ��©��#	�� Á ��¹ºªºªº��§�¹º©`�M¨t¥§k��Ùy·�Ç\��	k� 3 �\��°e¹v¥·�©k+é V = 0 Ó^ªº¹ºÕ�©��\�©k��¹º�¥�\Iê�P¨5·\¶/�\ÇÏé V = 0.5t⊥ ÓGªº¹ºÕ�©k�±&¯v��¹º©/¨�¹ºªºªºÃ\�\Iê�����	����®·�©k¹º��©k¹jÑ^§k��Ó�·x¹º©k¥¹ôÑ^§��aªº�2¶^�\ÇM¨��\§��
Q0 = (2k1D

F , π/b)=̂(2k1D
F , 0)

1 ;+©%¶/��¹Ê¨ÖÑ^§r
§k© Õ¸·x¯ ±
��§�¶k���¿·x§�¼(²*����	k`	��Ûªj·
©���§�¶/�±ªºªº�z¯k���±°�¹ºÌ\���zÅ\�¸©k�z	k� Á ��¹ºªºªº��§�¹º©�Ó ±π/2b 1 Îr�\®¥¹ºÕ�©k�±a¹º©�	k¹ºÑ^§��\©¸¨�ªj·q¯kÈ�·���	r
§k©»¯�·x�¥·x°eÌM¨����5	�
����	�����¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨��\§��8	k�+¨!Ðk¯v�#Ü d à5Ò®ªj·®¥§���Ùy·xÇ\�5	k� 3 �\�¥°�¹ 1

k �M¨ (k + P) ¥��©/¨R¹º	��\©¸¨�¹èæ�Ã\e�\©%¯k��Ã\¥�\©�Ç\�Ï	��ÏªØ
����	����»·�©k¹º��©�¹ºÑ^§k� 1�' ·x�eÇ\��©/¨�����Óªº�±+��©k	��\+¯kªj·�©k�\&·\¶/�\Ça°e�^	k§�ªj·Q¨�¹º��© k �M¨ (k + P) ���\-¨��\©/¨&²k¹º�±©q	�¹º-¨�¹º©kÇM¨I�\ 1v� ª9��¨I����§�¶/�ßé ¥�\ÇM¨�¹º�¸©}Þ 1 «cê2Ñ^§k�`ªº�\aÃP¨I·Q¨�a¯k�¥��¯k���±�	�� H0
Ç±��§k¯kªj�\©¸¨®ªº�±��¸©k	k�\a¯kªj·�©k�\

k �P¨ (k + P)
1�� ªT�\©Û��Ã±�§�ªÊ¨��2Ñ^§k�2ªº�\�¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹è¨�Ã\#	��M¶0¹º�±©k©k�\©/¨�©���©Û	k¹j·�Õ���©�·xªº�±

¤³�´¸³�Ó�«c¬ ó ¥a��§�©(ÇIÈ�·x°�¯ 	k�q°��^	�§kªj·Q¨�¹º�¸© q ¯v�\§0¨z¹º©k	�§k¹º���q§k©k�¿·x¹º°e·�©¸¨I·Q¨�¹º�¸©(	��
°e�^	k§�ªj·Q¨�¹º��© (q + P) Ó

Mq = χ(q,q′)hq′
Ó��:� q′ = q ��§ q′ = q + P .

6 �\Ç\¹r°�Ì\©��5Ò®§�©ÏÇ\��¹Ê¨�Ì±����	�� � ¨I��©k�\�8Õ¸Ã\©kÃ\�¥·�ªº¹º¥Ãp¤³x´/³�Ó�«Q¬ ó ¥
0 =

(
1− gSχ0(q,q)

)(
1− gSχ0(q + P,q + P)

)
− g2

S

(
χ0(q,q + P)

)2
.

Îr�\�<�§�ÇM¨�§�·Q¨�¹º��©��	k��°e�^	k§�ªj·Q¨�¹º��© q �P¨5Ç±�\ªºªº�\5	k��°e�^	k§�ªj·Q¨�¹º��© q + P ¥��©¸¨�·xªº�¸��
Ç±��§k¯kªºÃ±�\±ÓG�P¨5ªº�\5��©k	��\�	��®	k�±©k¥¹Ê¨�Ã�	k���¯�¹º©áÑ^§�
��©¿¨��¥��§�¶/���\© �#'*) Ç±��©¸¨�¹º�±©k©k�\©/¨
²e¬ �PÃ Ç±��°�¯*���·x©¸¨��±,	k� 3 ��§k�¥¹º�\� 1' �¸§k�aªº�\®°�Ú\°e�\a�¥·�¹º��¸©k±Ó9ªj·q¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�ÃzÙy·x¹Ê¨�¹º©¸¨I�\�7¶/�\©�¹º�a©k��©C¥�\§kªj� .
°e�\©¸¨�	k�\,¯�·�¹º���\,	k� 6 �^��¯*�\�8	��+¶/�\ÇM¨I�\§k�,	�
��©�	k�+¨��x¨I·xª 0 Ók°R·x¹º#·x§�¥�¹ P

1
 ��§���©k��©�a°e·x¹º©/¨��\©�·�©¸¨�©k�x¨����Ö·Q¨�¨��\©/¨�¹º��©À¶^�\��aªj·q¥§�¯k�¥·xÇ±��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã`Ñ�§k¹��\-¨

¥§��Ç\�±¯�¨�¹º²�ªº��	�
ÚP¨����5¹º©k	k§�¹Ê¨���¯�·x�8Ç\�\,	�¹èÍ*Ã\���±©¸¨��\,¥���7¨I�\,	k�~<�§kÇM¨I§�·Q¨�¹º�¸©k,	k��¥¯k¹º© 1
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�X *¡O¢ ³ 1 «c¬=£ ) Õ¸·x§kÇIÈ��&���\°�²*�K×º¨��\°e�\©¸¨�¹º©¸¨��\��²�·x©k	��\�¯v��§��ô§k©�¯v�K¨��±©¸¨�¹º�\ª�·x©k¹º�¸©k¹ºÑ^§��
Ùy·x¹º²�ªº�»é V = 0.5t⊥ Ó t′⊥ = 0 ê 1�) 	k����¹Ê¨I�Ö���±°�²v�x×º¨��\°e�\©¸¨2¹º©¸¨���·x²�·x©�	k��¯v��§��&§�© VÙd���-¨�é V = 2t⊥ Ó t′⊥ = 4.8× 10−2 × t⊥ ê 1 ;&©Ï¯����\©k	Ö¨���§xÔ7�¸§k�� Λ0 = 15t⊥

1

�X *¡O¢ ³ 1 « 9 £¿Îr·z¨��\°�¯*Ã\�¥·Q¨I§k����	���¨I�¥·x©k¥¹Ê¨I¹º��©¿¶/�\�¥�ªj·Ö¯�È�·x¥����©�	k��	k��	��\©k¥¹Ê¨�Ã�	��
¥¯k¹º©rÓK��±ªº��©aªj· �#'*) ÓK�\©®¯k��Ã\¥�\©�Ç\��	k§a¯*�K¨��\©¸¨I¹º�\ª0·x©�¹º��©k¹ºÑ^§���ÓK¯v��§��9§k©a�\°a²v�K×º¨��±°��\©/¨
¹º©¸¨I�\��²�·�©k	k�±8¯�·x��Ùy·x¹Ê¨aé t′⊥ = 0 ê 1�$ 
<·x¯k��Ì\�¤Ê«c¬ ó ¥ 1

µ/¬



É�ÊsrBÊcr ç>ØiÏ:Ô#íXÖ:Ø�Ð)Ñ�Ò#Ó|Ô#Ð%ÕPÙ87#Ù*Õ�ñ¾Ó#Ø,ÒBÏ
(TMTSF)2ClO4

6 ��°e°��z	�Ã-Ô-Òq°��±©¸¨�¹º��©�©kÃ�Ó9¹ºª�ÐC·q¯�ªº§k¥¹º�\§���a�P¼0¯vÃ\�¥¹º�\©kÇ±�\a¥§k�aªj�z¯v�\�¥ÇIÈkªº���¥·K¨��
Ñ�§k¹ô°e��©¸¨����±©¸¨5Ñ^§��®ªj·z¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã®	�·x©��Ç\�®°R·Q¨�Ã\��¹j·�§ß�\-¨&¨I��Ì\�Ùd���7¨I�\°��\©/¨
·KÍG�\ÇM¨�Ã\�â¯�·��Tªº��	�Ã\¥����	�����ÓcÑ^§r
¹ºª/¥��¹Ê¨ô¹º©¸¨�����	k§k¹Ê¨ô¯�·x��§k©2���±Ùd����¹º	�¹º�¥�\°e�\©¸¨�¨�����¯��¥·x¯k¹º	��
¤¬ ó Ó0« 9 ¬�Ó0«±´:7�¥k��§®¯�·x��·xªºªº¹j·xÕ��,·\¶/�\Çâ¨I��¹º°�ÃM¨IÈ¸Ð0ª .! 8 ,3 ¤Ê«±´/Þ�¥�Ó � ; −

4
¤ 9 «'¥0�¸§ � �c; −

4
¤Ê«c³0Ó

« 9 70Ó�«±´:7�¥ 1 Îr��¯�·x�¥·�°�ÌM¨��¥�&	r
����	k�¥�&¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨��\§��t	�·x©� (TMTSF)2ClO4
	���¹Ê¨

	���©kÇa¯���Ã\¥�\©¸¨I�\�+§k©��a·�©k¹º¥�K¨����¸¯k¹º�a¹º°e¯v���7¨M·x©¸¨��ô¤4³�Ó9«�«cÞ0Ó9« ó ´1¥ 1*� ªTÐ¿·z·x§�¥�¹9�±§¿	k�\
�P¼0¯vÃ\�¥¹º�\©kÇ\�±,¥§��8	��\�·xªºªº¹j·xÕ��\+·\¶/�\Ç  ,¾q 8 ,3 ¤ µ�µ:¥T�M¨�	��\,°R·Q¨�Ã\��¹j·�§�¼Ï¹º�¥�¥·x	k¹ºÃ±,¯�·x�
Ã±ªº�\ÇM¨����¸©kJ¤Ê«K7¸Þ1¥���§Û�¥·\Ð/�¸©k>Þ ¤ 9 «�¥�Ó�°e·�¹º\ÓvÇ\��°e°��2	k¹j�Ç±§�¨�Ã2	�·�©k#ªj·R¥�\ÇM¨�¹º��©ß³ 1 ³ 1 ó Ó
Ç±�\,�M¼0¯*Ã\��¹º�\©�Ç\�\,©k�5¯v�\§0¶/�\©¸¨#¯�·x,ÚM¨����5¹º©¸¨��±��¯k��ÃP¨�Ã\�\,	�
§�©k��Ù ·xÂ\��©»©k��©Û·x°�²k¹ºÕPãk� 1$ �\rÇIÈ�·x°�¯�rÇ±��¹Ê¨�¹ºÑ^§��\ Hc2

¨���Ì±rÃ\ªº�P¶/Ã\T¯�·x�r��·x¯k¯*���7¨9Ò8ªj·�¨��±°�¯vÃ±�¥·Q¨�§�����Ç±��¹Ê¨�¹ºÑ^§��
��©/¨�Ã\Õ¸·xªº�\°e�\©¸¨¡ÃM¨�Ã���²���±�7¶/Ã\ô	�·x©� (TMTSF)2ClO4

é�¤¬�81¥0�M¨��¥Ã\ÙdÃ\���±©kÇ\�\�Ð�¹º©kÇ\ªº§��\±Ó
¤Ê«±µ�µ�¥dê 1/� ªv�\-¨tÇ\��©�©^§`Ñ^§k��Ó^¥¹���©e¨I���\°�¯*�#Ç\��°R·Q¨�Ã\��¹j·x§rÓ^ªj·2¯kÈ�·x¥��¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\�
�±7¨8���\°e¯kªj·xÇ±Ã\��¯�·x�â§�©k��¯�È�·x¥�+��©k	���	k�+	k�\©�¥¹Ê¨�Ã�	���¥¯k¹º© 1 Î¡
4·x©¸¨I¹ºÙd�\���¥��°e·xÕ�©�ÃM¨�¹º¥°e�
©r
�\-¨e	k�¸©kÇÖ¯�·x�ªº��¹º©rÓô�M¨e°eÚ\°��ÖªØ
�M¼k¹º-¨��\©kÇ±�Ö	k�Ö¯�È�·x¥�\�°�¹Ê¼�¨��\e·¿ÃM¨�ÃÖ�±©¸¶0¹º�·xÕ�Ã±�
¤¬ ó ¥ 1 Îr�a°eÚ\°���·x��Õ¸§k°��±©¸¨�Ñ�§k�®	�·x©�&ªº�®Ç±·x&	�§ (TMTSF)2PF6

¯*�\§�¨5	k��©kÇ®ÚM¨I���
¹º©/¶/�^Ñ^§�ÃÀ�â¹ºª#�\-¨z¯*��¥¥¹º²kªº�qÑ^§k�Ûªº�qÇIÈ�·�°�¯(¯�·x¥��q	�·\¶�·�©¸¨I·xÕ��q¯�·��R	k�±R	���°e·�¹º©k�\
·x©/¨�¹ºÙd�\�¥����°e·�Õ�©kÃM¨�¹jÑ^§k�\ 1�� ªr©�
 ÐÏ·�¯�·x#�\§Ï	k�5°��±�§����\,	�§Ï	kÃ±¯kªj·xÇ\�\°e�\©¸¨�	k�5ã�©k¹ºÕ�È¸¨
	�·x©k (TMTSF)2ClO4

1 ÎT·½Ñ�§k�\-¨�¹º��© 	k�q�·\¶/��¹º�`¥¹�ªº�\`¯�·x¹º���\z	k� 6 �^��¯*�\�`���©/¨
¨I��¹º¯kªº�M¨���§Ï¥¹º©�Õ�§kªº�M¨�	�·�©k,Ç\��°R·Q¨�Ã\�¥¹j·x§Ï©r
�\-¨#	k�¸©kÇ�¯�·x,�\©kÇ±�����+¨���·x©kÇIÈ�Ã\� 1

ÎT·ÏÙd����°��e�¸��²k¹Ê¨M·xªº�e	k§À¯�·x�¥·x°eÌM¨��¥�e	�
����	����e�§�¯k�¥·�Ç\��©k	�§kÇM¨��±§k�5©�
�\-¨�¯�·x2©k�¸©
¯�ªº§k�Ç\��©�©^§k� 1�� ��§�¡·\¶/��©k¡	kÃ�Ô-Ò#¶0§�Ñ^§r
¹ºª0	���¹Ê¨¡ÚM¨I���â¨��¥Ì\¡·x©k¹º¥�K¨I����¯*� 1�$ ·x©��	k�\�°e� .
¥§����\#	�§Ï¨��\°�¯�#	k�2�¥�\ªj·Q¼k·Q¨I¹º��© T1

�\©Û��Ã±��¸©�·x©kÇ±�5°R·xÕ�©kÃP¨�¹ºÑ^§k�2©�§kÇ\ªºÃ±·�¹º���`é �#¾¿� ê
¤Ê« 9 «�¥¡¥��©k	�·x©¸¨2ªº�\5¯k�¥�K¨���©�\Ór·x§�Ç\§k©á¯k¹ºÇe	k� É �\²*�\ª .7� ªº¹ºÇIÈ¸¨��±�+¤ 8¸´1¥¡©�
4·ÖÃM¨IÃ���²k¥�\�7¶/Ã 16 �\Ç\¹*¯v�±§�¨8·\¶^��¹º��	k�+©k�¸°�²k�¥�\§k¥�\����¥¹ºÕ�¹º©k�± 10� ©���¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã+	k�#¨!Ð0¯v� d �¸§
f 	���©k©k�±�¥·x¹Ê¨#§k©Ï¯�¹ºÇ+¨���Ì\,¯v�M¨I¹Ê¨�¤ 9:9 ¥ 1 ÎT·®	k§���Ã\��	k�+¶0¹º��æ�©k¹º��	��\8Ñ�§�·x¥¹ . ¯�·x�7¨�¹ºÇ\§�ªº�\±ÓÑ�§k¹vÙd����°e�\©¸¨tªº�\�¯�·�¹º���\�	k� 6 �^�¸¯v�\�\Ó^¯*�\§�¨t�\ªjªº�+·x§k¥¥¹v	k��©�©k�\�âªº¹º�\§ÖÒ2§k©k����Ã\	�§kÇM¨�¹º�¸©
	�§®¯�¹ºÇÂ¤Ê« 9 µ�¥ 1 ÎT·&ªº¹Ê¨�¨�Ã\��·Q¨�§k�¥�t¥¯*Ã\Ç\¹j·xªº¹º¥Ã\�8¥§k��ªº�\�Ç±§k¯k��·Q¨��\��\-¨�¯kªº§�9¶�·x-¨��8Ñ^§k�8Ç\�\ªºªj�
¥§���ªº�\&¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§���+Ñ^§�·x¥¹ . §k©k¹º	�¹º°��\©�¥¹º��©k©��\ªº 1*$ ·x©k&Ç\�aÇ±·x	�����Ó*ªØ
¹º©)<�§k�\©�Ç\�
	���ªj·5¨��¥·�©k¥¹Ê¨�¹º��©z¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\��¥§k��ªº�\X<�§kÇM¨�§�·Q¨�¹º��©��	k��¥¯�¹º©�Ó^�M¨8	k��©�Ç�¥§��âªº�\
�¥Ã\¥§kªÊ¨I·Q¨I�	��\â�M¼0¯*Ã\��¹º�\©�Ç\�\â�\© �#¾¿� Ó^·5Ã±Õ¸·xªº�\°e�\©¸¨tÃM¨�Ã#¯���¹º¥�#�\©`Ç\��°�¯0¨���Ó�¶/�¸¹º��¯�·x�
�P¼0�\°�¯�ªº�p¤ ó Þ0Ó ó 7kÓ�« ó «¸Ó�« 9 Þ0Ó�« ó ¥ 1 ·xï^¹ºÕ/·\ö8· ¬ ®+áP¹ ¤Ê« 9 ³�¥���©¸¨q·x§k¥¥¹&�M¼0¯�ªº����Ãßªº�áÇ\��°�¯*���7¨��±°��\©/¨Ï	�§ ¨��\°e¯kÖ	��
�¥�\ªj·Q¼k·Q¨I¹º��© T1

Ò�	k�±t¨��\°e¯vÃ\��·Q¨�§k�¥�\,¯kªº§k,²�·x¥¥�\,Ñ^§k� Tc 1�� ªº8¨�����§0¶/�\©¸¨�§k©k�&¶�·x�¥¹j· .¨I¹º��©»�\© T 3 1�� ©k�&¨��\ªºªº�5	kÃ±¯v�\©�	�·x©�Ç\���\©»ªº��¹r	k�5¯k§�¹º¥¥·�©kÇ\�5¯v��§�� T ¨I�\©k	�·x©¸¨8¶/�±�� 0¹º©�	k¹ºÑ^§��\�¥·x¹Ê¨&§�©k��	k�\©��¹è¨�Ã2	r
ÃM¨I·Q¨��æ�©�¹º�2°eÚ\°���¯*��§k��	k�\+Ã\©k�\�¥Õ�¹º�\�²�·x¥��±��M¨&	k��©�Ç
ªØ
�P¼0¹º-¨��\©�Ç\��	k��©5°�§�	kT	�·x©�Tªj��Õ¸·x¯2	�
Ã±©k�\��Õ¸¹º��	k��ªj·,¯�È�·x¥��¥§k¯k��·xÇ\��©�	k§kÇM¨I��¹ºÇ\�ß¤Ê« ó ´�¥ 16 ��°�°e��ªº�\+�M¼0¯*Ã\��¹º�±©kÇ\�\+�¥·x¯�¯v���-¨�Ã\�\+	�·x©�J¤Ê« 9 ³�¥9©���	k�\¥Ç\�\©�	k�\©/¨&¯�·x+�\© . 	k�\¥¥��§k
	�� Tc/2 Ók�¸©»©k�5¯v�\§0¨#Ç\�±¯v�\©�	�·x©¸¨�¯�·�,Ç\��©kÇ±ªº§k���5	���Ç\�M¨¥¨��5Ùy·xÂ\��© . Ç\¹ 1�Á �\ªº¹º©»�P¨ Á �\È .©�¹j·¾¤Ê«QÞ�¥�¨�����§0¶/�\©¸¨eÑ^§k�Öªj·¿Ç\��©¸¨I��¹º²k§0¨�¹º��©}Ã\ªº�\ÇM¨I����©k¹ºÑ�§k�Ï·x§Ä¨��¥·x©��¯*���7¨�	��ÖÇIÈ�·xªº�\§��
	�·x©kaªj·Û¯�È�·x¥�`¥§k¯��¥·xÇ\��©�	k§kÇP¨���¹ºÇ\�`�\-¨®ªj·���Õ��\°e�\©¸¨®¹º©�ÙdÃ\��¹º�±§k���zÒÛÇ\�±ªºªº�`	�·x©kaªØ
ÃM¨I·Q¨
©�����°R·xªØÓ κsc � κnormal

	kÃ-Ô-Ò½Ò T ∼ Tc/3
1â6 �\Ç\¹,ªj·x¹º¥¥�»¥§k¯k¯*��¥�\��Ñ^§��Ïªº�»Õ¸·x¯

¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨��\§��#�\-¨&æ�©k¹r¨���§0¨�·x§qªº��©�Õ`	k��ªj·`�§���Ùy·xÇ±��	k� 3 �\��°e¹ØÓv	k��©�©�·x©/¨&·x¹º©�¥¹
µ 9



ªº¹º�\§¿Òe§k©ÛÇ±��°�¯*���7¨��\°e�\©¸¨&·xÇP¨�¹Ê¶/Ã`éØ¯k����¯*���7¨I¹º��©k©k�±ªTÒ exp(−T/ |∆|) ê8�M¨+	k�¸©kÇ�¨���Ì\Ùy·x¹º²�ªº��¯*��§k�,	k�\t¨��\°e¯vÃ±�¥·Q¨�§����\8²�·x¥¥�\ 1� ©`¯�·x�¥·x°eÌM¨����+	�
����	�����Ñ�§k¹vÇIÈ�·x©kÕ��+	k��¥¹ºÕ�©����±©`	�¹èÍ*Ã\���\©/¨���\©k	�����¹Ê¨�tÒ�ªj·2¥§�� .
Ùy·xÇ±�5	k� 3 �\��°�¹r�·x©k8Ð»·\¶/��¹º�,	���©5°�§�	k,�\-¨,¨���§0¨�Ò�Ùy·x¹è¨�Ç\��©kÇ±�M¶�·x²�ªº��	�·x©k#§k©»7Ðk .
¨�Ì±°��+Ñ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ª*Õ��¥Ý�Ç\�&Ò�ªj·aÙd����°e�+��§0¶/�\�7¨��&	k�+ªj·�¥§���Ùy·xÇ\�+	�� 3 �\��°�¹ 1� ª9�§k÷®¨�Ñ^§k��ªº�aÇIÈ�·�©kÕ��\°e�\©¸¨&¥�aÙy·x¥¥�a·x§¿°���°e�\©¸¨��:�q�¸©q¯�·��¥�a	�
§k©¿Ùd�\§k¹ºªºªº�P¨&	��
Ç\�M¨¥¨���¥§k�¥Ùy·xÇ\�5Ò®§k©»·x§0¨���� 1 Î¡
�M¼0�±°�¯kªj��ªº��¯kªº§�8¥¹º°e¯kªº��¥�\�¥·x¹Ê¨�§k©k��¥§k¯k��·xÇ\��©�	k§kÇP¨�¹ .
¶0¹Ê¨IÃ®	k��¨!Ð0¯*� p‖ 1G� ªô©k�®¥�\�¥·�¹Ê¨5¯�·x�&Ç\�¸©¸¨����®¯�·x&ÃM¶k¹º	k�\©/¨5	k�®Ç\��°e¯k���±©k	k�¥�aªØ
����¹ºÕ¸¹º©k�	�
4§k©k�&¨��\ªºªº�5-Ð0°eÃM¨���¹j�5Ò�¯�·x�7¨I¹º�,	�
¹º©¸¨I�\�¥·xÇM¨I¹º��©k,�¥Ã\¯k§�ªº�¹è¶/�\ 1�� ©k�2·x§�¨I����¯*��¥�¹j²k¹ºªº¹Ê¨�Ã�Ó
¥¯vÃ±Ç\¹èæ�Ñ^§��q·x§(¯*�\��ÇIÈ�ªº���¥·Q¨I�ÛÇ±·x�Rªº¹ºÃ±�qÒÀªØ
����	k�¥�q·x©k¹º��©�¹ºÑ^§��Û�M¨Ö·�§(	kÃ\	���§k²�ªº�\°��±©¸¨
·x¥¥�^Ç\¹ºÃ�	����·e²�·x©k	��2	��2Ç±��©k	�§kÇM¨�¹º��©rÓ�¥�\��·x¹Ê¨&§k©��2¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã d Óv	k��©/¨+ªº�±©4°5§k	�#¥��¨�����§0¶/�\�¥·x¹º�±©¸¨âÔ7§k-¨���ÒeªØ
�\©�	k���¸¹Ê¨��P�Ûªº�2Õ¸·x¯Û	r
4·x©k¹º��©�#±
��§0¶0���b¤ ó ³�ÓT«c¬�¬�¥�Ó
¶/��¹º��ªj· 3 ¹ºÕ 1 ³ 1 «K7 1�6 
�\-¨�ªº�#�Ç±Ã\©�·x�¥¹º�5Ñ^§��t¨��¥��§�¶/� � È�¹º°e·xÈ�·x�¥·p¤Ê«Q¬�¬�¥v	�·x©��§k©RÇ±·xªºÇ\§kª
¥¹º°�¹ºªj·�¹º���2Ò®©k�¸,Ç\��©k¥¹º	�Ã\�¥·Q¨�¹º�¸©k,�M¼k¯v��¥Ã\�\,	�·x©k,ªj·®¥�\ÇP¨�¹º��©q³ 1 ó 1 ³ 1� ©À��Ãc·xªº¹Ê¨�Ã�ÓTªº�\2ÇIÈ���¥�\2¥��©/¨�§�©½¯v�±§½°e��¹º©k2¥¹º°e¯kªº�\±Ó�ÒÏÇ±·�§k¥��Ô7§�-¨��\°��±©¸¨�	��
ªØ
���¥	k���5·�©k¹º��©k¹jÑ^§k� 1 Î¡
4·x¯�¯�·x��¹j�\°��\©/¨ d Ók�P¼0¯k�¥¹º°�Ã��\©ÏÙd�¸©kÇM¨�¹º�¸©Ï	k�\,��©k	��\,	k� Á ªº�^ÇIÈ	k§½7Ðk7¨IÌ\°�� áT3 ¬�¦+���¥	k���e·�©k¹º��©�¹ºÑ^§k��Ó�©r
4·Ö¯kªº§�5ªj·ÖÙd����°e��	�
§�©á�¹º°e¯kªº��Ç±��¥¹º©^§k±Ó��P¨
Ç\�\Ç±¹&�\-¨Ö¶k�¥·x¹&¯*��§k�`¨��¸§kÏªº�\Ï¯�·x��·x°�ÌM¨I���\Ï	�
���¥	k���ß	�§ ¨I·x²�ªº�±·x§ë	���©k©�Ãß	�·x©�Öªj·
¥�\ÇM¨I¹º��©`Þ 1 ó 1 « 1^$ �#¯kªº§�±Ó¸Ç\��°�°e�,°e�\©¸¨�¹º��©�©kÃ#	�·x©k�ªj·5¥�\ÇM¨�¹º��©R¯k�¥Ã\Ç\Ã\	��\©¸¨���Ó¸ªº�±B<�§�Ç .
¨�§�·Q¨�¹º��©�â¯�·��7¨�¹ºÇ\§�ªº� . ¯�·x�7¨�¹ºÇ\§�ªº��	k��°e��°��\©/¨�¨I�K¨I·xª q = 0 �M¨ q = P ¥��©¸¨t	kÃ±��¸��°e·x¹º
Ç\��§�¯kªºÃ\�± 1k3 ¹º©�·xªj�\°��\©/¨cÓ�ªj�\|<�§�ÇM¨�§�·Q¨�¹º��©�t	k�&�¯�¹º©�Ó0����¹ºÕ�¹º©��&¯k����²�·x²kªº�&	k�&ªØ
4·x¯k¯�·x��¹º� .
°e�\©¸¨cÓv¥��©/¨&	kÃ�Ô-ÒR¯kªº§k+Ç\��°e¯kªº¹ºÑ�§kÃ\�\+Ñ�§k��	�·x©k+ªº��Ç±·x&Ò`§k©k��¥�\§�ªº��²�·�©k	k� 1 é $ ·�©k
¤Ê«c¬�¬1¥�Óx��±§kªº�\ôªº�\�<�§kÇM¨I§�·Q¨�¹º�¸©kô	k��¥¯k¹º©�Ò Q0

ÓK�M¨¡	k�\ô¯�·�¹º���\ô	�� 6 �^�¸¯v�\�9	���°e��°��\©/¨
¨��K¨M·xª 0 ¥��©¸¨&¯���¹º¥�\+�\©qÇ\�¸°�¯�¨I� 1 ê#ÎT·R¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹è¨�Ã�	k��¥¯�¹º©qÇ\�¸©¸¨�¹º�\©/¨&	k�\+¯k¹jÇ\+Ò
¸�¹ �e¶ ³Û¬ � « ¶ ¶/�±ÇM¨��\§���T	r
��©k	���ÓcÇ\�����¥�\¥¯v��©�	�·x©¸¨ô·�§�¼5�\°a²v�K×º¨��±°��\©/¨�T¹º©/¨��\��²�·x©k	��\�·x¹º©��¹
Ñ^§r
¹º©¸¨���·x²�·x©�	k� 1 Îr�\><�§kÇM¨�§�·Q¨�¹º��©��	k�2¥¯k¹º©q¹º©¸¨��\�¥²�·x©�	k�\�¥��©¸¨+Ç\�±ªºªº�\�Ñ�§�
��©¿·e	kÃ-Ô�Ò
	�·�©k#ªº�5-Ð0-¨�Ì±°��2Ò�§�©k�5²�·x©k	k� 1v6 ��°�°e�5©k�¸§k#ªØ
4·\¶/��©�8¶0§»	�·x©k#ªj·e��±ÇM¨�¹º��©¿³ 1 ó 1 ³�Ó
�\ªºªº�±9	k��©�©k�\©¸¨�·xªº�¸��9ªº¹º�\§aÒ#§�©a·x¯k¯�·x��¹º�\°e�\©¸¨ô	��¡¨!Ð0¯v� d ÓQ��§ f 	�·x©k9ªº�âÇ±·��	r
§k©k�â-Ð .°eÃM¨���¹º��¨���¹º¯�ªº�M¨cÓxÇ�
�±7¨âÒ+	�¹º���8Ò&§k©�·x¯�¯�·x�¥¹º�\°��\©/¨¡¥§k�ôÇIÈ�·Q×X©k�\�¯����\°e¹º�\�� . ¶/��¹º¥¹º©� 1 Îr�\
<�§�ÇM¨�§�·Q¨�¹º��©�8¹º©¸¨��¥·x²�·x©k	���Ó0	���¶/�\ÇM¨I�\§k��8	r
��©k	�� q⊥ = π/2b Ók°�Ì\©��\©¸¨#¯�·x�8Ç\��©¸¨��¥��Ò§k©q·x¯�¯�·x�¥¹º�\°��\©/¨+�\©¸¨��¥�5Ã±ªº�\ÇM¨��¥��©k��§��#ÇIÈ�·Q×X©��\ ¶ ¬�¦¨§ � ² ¶ µ 3 §:³ ¶ ³ �4¶ Ó�Ç±��°�°e�2��©Û¯v�\§0¨
²k¹j�\©Ä¥�zªØ
¹º°e·�Õ�¹º©k�\�a�\©C¥�`��·x¯k¯*�\ªj·x©¸¨�Ñ^§k��Ó9¯v��§�� V � t⊥ Ó���©}·q·xÍG·x¹º���ÖÒq	k�\§0¼��Ã±��c·x§�¼á	��eÇIÈ�·Q×X©k�\2¹º©/¨��\��Çc·xªºÃ\±ÓT·\¶^�\Çe§�©k�e	�¹º-¨I·x©kÇ±� 2b �\©/¨����eÇMÈ�·Q×X©k�±2	k§½°eÚ\°��-Ð0-¨�Ì\°e� 1�$ �\#¯�·x¹º���±,¥§k�8ÇMÈ�·Q×X©k�±,¥�\Ç\��©k	� . ¶/��¹º¥¹º©k#Ç\�����¥�\¥¯v��©�	k�¥·x¹º�±©¸¨�Ò�§k©»¯�·x�¥· .
°eÌM¨����a	�
���¥	k����Ü g àIÓ��¸§ÖÜ h à2	�·�©k+ªº�aÇ±·x&	�
§k©���¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã2¨���¹º¯�ªº�M¨ 1*� ª��±7¨·xªº���¥#¨���Ì\+¯k����²�·x²kªº��Ñ�§k��ªj·RÇ\�^�P¼0¹º-¨��\©�Ç\��	k��¯kªº§�¥¹º�\§k��+¥���7¨��±�	��Â<�§kÇM¨I§�·Q¨�¹º��©��	��
¥¯k¹º©½°�Ì±©k�eÒÏ§k©á¯�·x�¥·x°eÌM¨����e	�
���¥	k���e¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k��Ñ^§�¹�Ùy·x¥¥��¹º©/¨��\�7¶/�±©k¹º��ªj�\
	k�±§�¼�Ç\��°e¯v���·x©¸¨I�\9	�� 3 ��§���¹º�\�\Ó cos k⊥b é d Ó f êT�M¨ cos 2k⊥b é g Ó h ê 1 Îr·�Ç\�¸°�¯kªº�P¼0¹Ê¨�Ã	k§�¯�����²kªjÌ\°��8Ùy·x¹Ê¨â·x¯k¯*�\ª�Ò+	��\�°eÃM¨�Èk��	k�\�	��tÇ±·�ªºÇ\§kªk¯kªº§��Ç\��©/¨���ä�ªºÃ\�±�Ñ^§��8Ç\�\ªºªº�8Ñ^§��
©k�¸§k+·\¶/��©k+¯k��Ã±��±©¸¨�Ã\�2	�·x©k�ªj·R¥�\ÇM¨�¹º�¸©¿³ 1 ó 1 ³ 1v� ©k��¨I�\ªºªº�2°eÃM¨�È��^	k�2�±7¨&ªº�2Õ��¥��§k¯*�
	k�5���\©k�¸��°e·xªº¹j¥·Q¨I¹º��© 1

µP8



Ä�Å~} � �#���G¢&���,�»��� �*�¡���8�G���#�¥�����t�G���#��p
� ��§�+·\¶/��©�,¶k§qÑ^§k��ªº�\+��±ªº�	�� Á �\ÇIÈ�Õ¸·�·x��	q¥��©/¨+	��\�°R·Q¨�Ã\�¥¹j·x§�¼Ï¨��¥Ì\+·x©�¹º¥� .

¨I����¯v�±\ÓK·�§�¯v��¹j©¸¨ô	k�â¯���Ã\¥�\©¸¨��±��§k©�Õ��¥·x©�	�©���°�²k�¥��	��âÇ±·x�¥·�ÇM¨�Ã\��¹j7¨I¹ºÑ^§k�\9Ç±��©k©^§��\�	��
ªj·`¯�È¸Ð0¥¹ºÑ^§���§�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªºªº� 1*� ©k�a	k�aÇ\�\&Ç±·x�¥·xÇM¨IÃ\��¹º-¨�¹ºÑ^§��\&�\7¨�ªØ
4¹º°�¯v�¸�7¨I·x©�Ç\�
	��\8Ç\�����¥Ã\ªj·Q¨�¹º��©�±Ó0�P¨,Ç\�\Ç±¹G	�·�©k8¯kªº§��¹j�\§k���Ü7Ç±·�©�·x§�¼�àa�0	�·x©k�¨I��§�¨,-Ðk7¨IÌ\°���Ùd�\��°e¹º� .
©�¹ºÑ^§k�`·\¶/�±ÇR-Ð0°�ÃM¨I��¹º�e¯�·x�2���\©/¶/�\��¥�\°e�\©¸¨a	k§á¨��\°e¯k±Órªj�\2Ç\���¥��Ã\ªj·Q¨I¹º��©k�¯�·x�-¨�¹ºÇ\§kªj� .
¯�·x�7¨�¹ºÇ±§kªº�®éjÜ7Ç±·x©�·xªv	�� 6 �^��¯*�\�7à7êrÔ7��§k�±©¸¨t§�©`��ä¸ªº�+¹º°�¯*���7¨I·x©/¨8Ò�²�·x¥¥�,¨I�\°�¯*Ã\�¥·Q¨�§���� 16 �\Ç\¹��\-¨+§�©Û	��\�¹º©kÕ¸��Ã\	k¹º�±©¸¨��	��2²�·x¥�2	��2ªj·�¨��¥·�©k¥¹Ê¨�¹º��©q¥§k¯��¥·xÇ\��©�	k§kÇP¨���¹ºÇ\� 1v$ ·x©k
ªº�±�-Ðk7¨IÌ\°��\+Ñ�§k¹�¯k��Ã±��±©¸¨��\©/¨�·x§k¥¥¹�§k©��2-Ð0°eÃM¨��¥¹º��	�
�±°�²v�K×j¨��\°��±©¸¨&	k�aªj·R¥§k��Ùy·�Ç\�
	�� 3 �\��°e¹ØÓ�¹ºª�Ð»·e	k�2¯kªº§k#	r
¹º°�¯*���7¨I·�©¸¨��\#Ç\���¥��Ã\ªj·Q¨I¹º��©k�¯�·x�7¨I¹ºÇ\§kªº� . ¨�����§ÄéjÜ7Ç±·x©�·xªr	��' �\¹º�\�¥ªº7à-êMÓvÑ^§k¹�¯*�\§�¶/�\©/¨+°��±©k�\�+Òe	��\,¨���·x©k¥¹Ê¨�¹º��©�,¶/�\�¥�	k�\+¯kÈ�·x��±�	k�5¨!Ð0¯v����©k	��
	��5	k�\©��¹è¨�Ã 1�3 ¹º©�·xªº�\°e�\©¸¨cÓ�¯kªº§k#§k©»-Ð0-¨�Ì\°e�5�\7¨+§k©k¹º	�¹º°��\©�¥¹º��©k©��\ªØÓ�¯kªº§k#Ç\�\#	k¹èÍGÃ .
�¥�\©¸¨��\�¥���7¨��\�	��X<�§kÇM¨I§�·Q¨�¹º�¸©kô¥��©¸¨¡Ç\��§�¯kªºÃ\�± 1¸� ¹�Ç±�tÇ\��§k¯�ªj·xÕ��t�\-¨ô¨��¥��¯®¹º°�¯*���7¨I·x©/¨cÓ
¹ºª9¯*�\§�¨�°e�\©k�\�&Ò`ªj·`¥§k¯�¯k���±�¥¹º��©¿	k�±#¨���·x©k¥¹Ê¨�¹º��©�+	��a¯kÈ�·x¥��Ó*Ç\��°e°��aÇ�
�±7¨5ªº�aÇ±·x
	�·x©kâªº�±â7Ðk-¨�Ì\°��±�§�©k¹º	�¹º°��\©��¹j��©k©k�±ªºâÒ�¨��±°�¯*Ã\�¥·Q¨�§����,æ�©�¹º� 1^$ 
§k©z·x§0¨����#Ç±äK¨�Ã�Ó^±
¹ºª
©r
�\-¨�¯�·��¨I����¯RÙd���-¨cÓ/°e·�¹º¡¨���§�¨�	��#°�Ú±°��#¯k�¥Ã\¥�\©¸¨cÓ/¹ºª�¯*�\§0¨�¹º©k	k§�¹º���#	k�,¨��¥·x©��¹Ê¨I¹º��©k
	��,¯kÈ�·x¥�#·x	�	k¹Ê¨�¹º��©�©k�\ªºªº�± 1/� ��§k¡�±©R·\¶/��©k�	k¹º¥Ç\§0¨�Ã,§k©e�M¼0�\°e¯kªº�#Ò�ªj·�¥�\ÇM¨�¹º�¸©`³ 1 ó 1 ³�Ó
�:�ß	k�\w<�§kÇM¨�§�·Q¨�¹º��©�+¯�·x�7¨�¹ºÇ±§kªº� . ¨I����§¿	k��©�©k�\©/¨&ªº¹º�\§áÒR	��\+Ç\���¥��Ã\ªj·Q¨I¹º��©k&¯�·x�-¨�¹ºÇ\§kªj� .
¯�·x�7¨�¹ºÇ±§kªº� 16 ��°e°��\©/¨8Ç\�\t¯k�¥��¯k��¹ºÃP¨�Ã\t��&����<�ÌP¨��\©¸¨ . �\ªºªº�\t	�·�©k�ªj�\tÇ±·xªºÇ\§�ªº�;�Îr�\t-Ð0°�ÃM¨I��¹º�\
εk = ε−k

éØ���\©¸¶/�±��¥�\°��\©/¨�	�§Û¨I�\°�¯��ê��M¨ εk = −εk+Q
éØ�\°�²*�K×º¨��\°e�\©¸¨Mê�Ùd��©¸¨5Ñ^§��

ªº�+	kÃM¶/�±ªº��¯k¯*�\°��\©/¨t¯v�±�7¨�§k�¥²�·Q¨�¹ºÙ�¥�\ªj��©`ªº�#¨��\��°e��	�
¹º©/¨��\�¥·xÇM¨I¹º��©`Ç±��©¸¨�¹º�±©¸¨t	��\�	k¹Ê¶/�\� .
Õ��±©kÇ\�\�ÒÖ¨���§k2ªº�\2���¥	k���\2¥¹¡ªj·Ö¨��\°�¯*Ã\�¥·Q¨I§k���®¨��\©�	ß¶/�\�¥ 0

1�� 
¹ºª¡©�
 ÐÀ·\¶�·x¹Ê¨aÑ^§�
§�©
¥�\§�ª�Ç±·x©�·�ª�	k��Ç\���¥��Ã\ªj·Q¨�¹j��©k5	k¹è¶/�\��Õ��\©/¨��\±Ó���©á¯*��§k�¥�¥·x¹Ê¨2���\¥��°e°��\�5ªº�\&¨��\��°e�\�	�¹ .
¶/�±��Õ��\©¸¨I±Ó*¥�\§�ªº±ÓGÒR¨���§�&ªº�\&���¥	k���\_¯GÇ�
�\-¨5ªj· �#'v)a1�� ¹ô��©q¶/�\§�¨5¯�·��+Ç\��©/¨�����¨��\©�¹º�
Ç±��°�¯�¨I�8	�§�Ç\��§�¯kªj·xÕ��,�\©¸¨I���8ªº�\�	k¹èÍ*Ã±���\©¸¨I�Çc·x©�·x§0¼®	��8Ç\�����¥Ã\ªj·Q¨�¹º��©�±Ó�¹ºª�Ùy·x§0¨����\¥��° .
°e�\�#§k©k�2Ç\ªj·x¥¥�2�\©kÇ\���¥�5¯�ªº§k#Õ��¥·�©k	k�2	k��¨��\�¥°��\#	k�2¯*�\�7¨�§���²�·Q¨I¹º��© 1 Îr�2Õ�����§�¯v�5	��
�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©Ï¯*�\��°e�M¨#	k�5Ùy·x¹º���5�M¼k·xÇP¨��\°e�\©¸¨#Â±· 1� ª0Ðe·�²�¹º�\©e¨±k��	�
4·x§0¨����\â·x¯k¯����^ÇIÈ��\±Ó¸©k�K¨I·�°�°��±©¸¨â	k�\â·x¯k¯����^ÇIÈ��\�©k��©R¯v�\�7¨I§k� .
²�·Q¨�¹Ê¶/�\±ÓrÇ\��°�°e��¯�·x���M¼0�\°e¯kªº��ªj��Ç±·xªºÇ±§kª ¾ ��©¸¨�� 6 ·x��ªº�»Ñ^§�·�©¸¨�¹ºÑ^§�� 1r' ·x����·x¯k¯*���7¨
ÒÖÇ\�\�°�ÃM¨�È��^	k�±\ÓGªº�®Õ��¥��§k¯*�®	k�®���±©k����°R·xªº¹º�·Q¨�¹º��©½·zªØ
4·\¶�·x©/¨I·xÕ���	�
�P¼0¹ºÕ��\�&	��\&�¥�\ .
¥��§���Ç\�\ô	k��Ç±·�ªºÇ\§kª�©�§k°�Ã\�¥¹ºÑ^§k��¯�ªº§�¨�äx¨�°��^	��\-¨��\±ÓK�M¨�	�
ÚP¨�����§k©���·�¯k¯k�¥�^ÇIÈk�����±ªj·Q¨�¹Ê¶/� .
°e�\©¸¨ ® « á��4¶d¸4á «¨¬ �F® ¬ô·�§®©�¹Ê¶/�±·x§�¯�È¸Ð0¥¹ºÑ^§��&��	�·x©��¯kªº§�¥¹º�\§k���Çc·x\Ó���©e·x�¥��¹Ê¶/�8�\©kÇ±�����,Ò
�¥�M¨��¥·xÇ±�\�âªº�\�	k¹èÍ*Ã±���\©¸¨Iâ°eÃ\Ç±·x©�¹º�°e�\��\©x°�§0¶0��� 1�� �¸§k�·xªºªj��©k��\©`	���©k©��\��Ñ�§k�\ªºÑ�§k�\
�P¼0�\°�¯�ªº�\5	�·x©k2ªº��ÇIÈ�·x¯k¹Ê¨I����µ 1r¾ ·x¹º2·±¶�·x©¸¨�	���©k�¸§k&¨I��§k��©��\�+¶/�±��5ªØ
4·x¯�¯kªº¹ºÇ±·K¨�¹º��©
	��+Ç\�M¨¥¨��+°�ÃP¨�Èk�^	��&·x§�¼z7Ðk7¨IÌ\°��\tÑ�§�·x¥¹ . §�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªº±Ó�	�¹º�Ç±§�¨���©� . ªj·�¯kªº§���±©
	�ÃM¨I·x¹ºª 1
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$ ·�©k�Ç\��ÇIÈ�·x¯k¹Ê¨��¥��Ó�©���§k&·xªºªº��©k+¹º©¸¨I���^	�§k¹º����ªj·R°�ÃM¨IÈk�^	��2�M¨&	kÃ±��¹Ê¶/�\��ªº�\+Ã\Ñ^§�· .
¨�¹º�¸©k#	k�5�¥�\©k����°R·xªº¹º�·Q¨�¹º��©ÛÑ�§k¹r¥�\����©¸¨+§�¨�¹ºªj¹º�Ã±�\#	�·x©�,ªº�2���\-¨��5	k�2ªj·a¨�È�Ì\¥� 1�) ¯���Ì\
§k©��R¯���Ã\¥�\©¸¨M·Q¨�¹º��©Ä	k�±�¹º	kÃ\�\�	��`²�·x¥�qé ¥�\ÇP¨�¹º��© ó 1 «cê5�P¨aªj·Û	kÃPæ�©k¹Ê¨�¹º��©Ä	k�±���²0Ô-�M¨�
Ùd���¥°��\ªº®é ¥�\ÇM¨�¹º�¸© ó 1 ³�êMÓvªj·R	kÃ\��¹Ê¶¸·Q¨�¹º��©q	k�±�Ã\Ñ^§�·K¨�¹º��©k+¥�\�¥·e�±�Ñ�§k¹º¥¥Ã\��	�·x©��ªj·e¥�\Ç .
¨�¹º�¸© ó 1 ó 1v$ ¹èÍ*Ã\���±©¸¨��¥ÇIÈkÃ\°R·x#	��5�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©Û��±����©¸¨+Ç\�¸°�¯�·���Ã\�·�§ ó 1 µ 1 Îr�\
¹º°e¯kªº¹ºÇ±·Q¨I¹º��©k#	k§ÏÇIÈ�·�©kÕ��\°e�\©¸¨�	�
Ã\ÇIÈ��\ªºªº�5¥�\����©¸¨�	k¹º¥Ç\§�¨IÃ\�\,	�·x©�,ªj·®¥�\ÇP¨�¹º��© ó 1 Þ 1

9ÂÅ�Æ Ç � � �9��ë����2�
) ¯k�¥Ì\9Ñ^§k�\ªºÑ�§k�\9©k�K¨I�\9Èk¹º-¨�����¹jÑ^§k�\±ÓQ©���§k9�M¼0¯*��¥��©k9ªº�\9¹º	�Ã\�\9	k�â²�·x¥�â	��âªj·#��� .

©k�¸��°e·xªº¹j¥·Q¨I¹º��©a¥�\ªº��©ÂNì¹ºªº¥��© 1x� ©�¥§k¹Ê¨���ÓQ©���§k9	k¹º¥Ç\§0¨���©��ªº�\9¯�����²kªºÌ±°��\9���\©�Ç\��©¸¨I��Ã\
Ñ^§�·x©k	á��©½·x¯�¯kªº¹ºÑ^§��®Ç±�M¨�¨���°eÃM¨�Èk��	k�e·x§�¼ß-Ð0-¨�Ì\°��±�Ùd�\�¥°�¹º��©�¹ºÑ^§k�±�	k��	k¹º°e�\©k¥¹º��©
¥§k¯*Ã\��¹º�\§����ÛÒá§�© 1�6 �\R¯k���¸²kªºÌ\°e�\R©k�¸§kR°��K¨I¹Ê¶/�\©¸¨z¯v��§��e§�¨�¹ºªº¹º¥�\�R§k©��»°�ÃP¨�Èk��	k�
ªºÃ\Õ�Ì±���\°e�\©¸¨�	k¹èÍ*Ã\�¥�\©¸¨���Ó�Ñ^§k¹r¥�\�¥·®	�Ã\Ç\��¹Ê¨I��	�·x©�,ªj·®¥§k¹è¨�� 1

6�ÊÌË�ÊzË �CÔBÎ�ÝÛ×{ÔBÎFÏ@Ö:Î�ÜtØ_ÖP×{ÔBÎFÏCîXÙÛÏ�Õ�Ñ,ÖgÙÛ×{ÔBÎFÏ
Îr·z¨��\ÇMÈk©k¹ºÑ�§k�e	k§½Õ�����§�¯v�e	k�e���\©�����°e·�ªº¹º�·Q¨�¹º��©À·ÏÃM¨IÃe·x§½	�Ã\¯�·x�-¨2	�ÃM¶/�\ªº�¸¯k¯vÃ±�

	�·�©k�ªº��Çc·x	k����	���ªj·�¨�ÈkÃ\���¥¹º��Ñ^§�·�©¸¨�¹ºÑ^§���	k�\�ÇIÈ�·x°�¯��¯�·x� � ¨�ã�ÇIï��\ªº²*�\��Õ`�M¨ ' �M¨��\� .
°R·x©k©U¤è« 9 ´1¥��M¨8¯�·x� Æ �\ªºª .7¾ ·x©�©z�M¨#Îr�±ö�¤¬xµ�¥�·Kæ�©z	r
Ã\ªº¹º°�¹º©��\�t	k�\t	k¹Ê¶/�±��Õ��\©�Ç\�\tÑ^§�¹
·x¯�¯�·x�¥·�¹º�¥�\©/¨�	�·x©�,Ç\�\�-¨I·x¹º©k#Ç±·xªºÇ±§kªº#	k�5¯*�\�7¨�§���²�·Q¨I¹º��© 1 Në¹ºªº¥��©�¤è«K8¸Þ�Ór«K8 ó Ór«K8xµ�¥�·
¹º©¸¨I���^	�§k¹Ê¨�§k©R©���§�¶/�±·�§eÇ±��©kÇ\�\¯0¨�	k�#���±©k����°R·xªº¹º�·Q¨�¹º��©R	�·x©kâªº�#Ç\��©¸¨I�M¼^¨��#	��#ªj·5¯kÈ/Ð .
¥¹ºÑ^§��e	��\2¯kÈ�Ã\©k��°eÌ\©k�±5Ç±��¹Ê¨�¹ºÑ^§��\±Ór²�·x¥Ãe¥§k�2ªØ
¹º	kÃ±�e	��Rã5·x	�·x©��xÍ
¤Ê«±´¸¬�¥â	�
ÃM¨M·x²kªº¹º�
§k©��t¨�È�Ã\����¹º�#�PÍ*�\ÇM¨I¹Ê¶/�t¶¸·xªj·x²kªº��Ò�Õ¸�¥·x©k	��\�	k¹º-¨I·�©kÇ\�\��\©RÃ\ªº¹º°�¹º©�·x©¸¨�¥§kÇ\Ç±�\�¥¹Ê¶/�±°��\©/¨
ªº�\+	k�±Õ���Ã\�	���ªº¹º²v�\�-¨�Ã�ªº¹ºÃ\&Òe	��\�	�¹º-¨I·x©kÇ±�\�¯kªj§k�¯*�M¨�¹Ê¨��± 1 ÎT·R���\©�����°e·�ªº¹º¥·K¨�¹º��©q�\©
¨�È�Ã\����¹º�Ö	k�±®ÇIÈ�·x°e¯k®¯v�±§�¨eÚM¨����Ö���\Ùd���¥°�§kªºÃ\�Ö	�·x©k®ªº�\a¨��\��°e�\®	k�ÖªØ
4·x¯k¯����^ÇIÈ��z	��
Nì¹ºªº��¸©�Ó0¶/��¹º�8¯�·x�8�P¼0�\°e¯kªº�p¤Ê«\µ 9 ¥ 1
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) ¯�¯kªº¹ºÑ^§�ÃC·x§0¼£-Ðk7¨IÌ\°��\ß	k�CÙd�\��°e¹º��©k¿�±© ¹º©¸¨��\��·xÇM¨�¹º��©rÓ+§k© �§�Ç\Ç\Ì\ß¹º°�¯*��� .
¨M·x©¸¨�	�§¿Õ�����§�¯v�a	k�a���±©k����°R·xªº¹º�·Q¨�¹º��©á·`ÃM¨�Ã®ªj·`¥��ªº§�¨�¹º�¸©¿	k§¿¯�����²�ªºÌ\°��a	��®ã#��©k	��
¤ ó Ó�«\µ ó Ó�«K8 ó Ó�«�« ó ¥ 1 Î��±`Ã±Ñ^§�·Q¨I¹º��©kz¯*��§k�z§k© -Ð0-¨�Ì\°e�qÙd�±��°�¹º��©�¹ºÑ^§��q§k©�¹º	k¹º°��±© .
¥¹º��©�©k�\ª�¥�2¨�����§0¶/�\©¸¨&	�Ã-Ô-ÒR	�·x©k+§k©¿·x�7¨I¹ºÇ\ªº�a	k� Á Ð0ÇIÈkï¸�±¶¾¬ ®=áP¹ ¤ óP9 ¥�Ó*�:�q�\ªºªº�\&���©/¨
	�Ã\��¹Ê¶/Ã±�\âÒ5¯�·x�-¨�¹º��	�
§k©��,���±��¸°�°e·K¨�¹º��©R	k�\â	k¹j·xÕ���·x°�°e�\9Ü7¯�·x��Ñ^§��M¨�à 1 Îr·5���\©�����°R· .
ªº¹º�·Q¨I¹º��©»·aÃP¨�Ã5·x¯k¯kªº¹ºÑ�§kÃ\�5·x§Ï¯k����²�ªºÌ\°���Ùd�\��°e¹º��©k¹ºÑ�§k��¯k§k�¥�\°��\©/¨,§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ª
	r
§k©��zÙ ·xÂ\��©ç�M¼0È�·�§k-¨�¹Ê¶/�Ö¯�·x� �B� ªÊÐ^��°ÏÓ9¶/��¹º�S¤Ê«c¬�8�¥8�M¨e�¥Ã\ÙdÃ\�¥�\©kÇ\�\aÐC¹º©�Ç\ªº§k�± 1¡6 �\
¨I�¥·\¶�·x§0¼Û��©/¨&¯*�\��°e¹º+	�
¹º	��\©¸¨�¹èæ��\��ªº�aªº¹ºÑ^§�¹º	k�a	k�®Î�§0¨�¨�¹º©�Õ��\��Ç\�¸°�°��a§k©¿¯v�¸¹º©¸¨+æk¼0�
	��+�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��© 1�6 �±ªj·a�\-¨#·x§k¥¥¹v¶0�¥·x¹ØÓ0�\©Ö	�¹º°��\©�¥¹º��©Ö¥§k¯vÃ±��¹º�\§k�¥�&Òz«�Ó0¯v�¸§k��ªj�
ªº¹ºÑ�§k¹º	k��	k� 3 �±��°�¹B¤Ê«c¬�Þ0ÓG«cÞ�«¸ÓG«c¬:70Ó48¸³�Ókµ¸´0Ó�Þ¸³�ÓG«cÞ 9 Ó0µk«�Ó�Þ�«�ÓG«c³¸Þ�¥ 1k) ¹º©k¥¹Gªº�&Õ¸����§k¯*�
	��R���±©k����°R·xªº¹º�·Q¨�¹º��©C·Û¯v�±��°�¹º�	��5Ô7§�7¨I¹èæ��\��Ç\�\�7¨M·x¹º©k�\�È/Ð0¯v�K¨IÈkÌ\¥�\�Ñ�§k¹�¥��©¸¨�ÒÛªj·
²�·x¥�a	k�aªj·e¨�È�Ã\����¹º�a	��®Îr·x©�	�·x§¿	��aÇ\�\&ªº¹ºÑ^§�¹º	k�\ 1 Îr�aÕ�����§k¯*�a	k�a���±©k����°R·xªº¹º�·Q¨�¹º��©
·ßÃ\Õ¸·�ªº�\°��\©/¨R¯v�\�¥°�¹º�	r
ÃM¨I·x²�ªº¹º��ªº�Ï	k¹j·xÕ¸�¥·x°�°e�Ï	k�Ï¯kÈ�·���±�	k§ç°���	kÌ\ªº�Ï	k� É §�² .
²�·x��	á²�¹º	k¹º°��±©k¥¹º��©k©��\ª¡ÒzÙ ·x¹º²kªº��¹º©/¨��\�¥·xÇP¨�¹º��© 1�) ¯k��Ì±�¯kªj§k¥¹º�\§k�¥�ÃM¨�§�	k�\5���\-¨����\¹j©¸¨��\
·x§0¼½�±©¸¶0¹º����©��	��\�¥¹º©kÕ�§kªX·x��¹Ê¨�Ã\a	k��¶¸·x© É �±¶/�V¤Þ�70Óâ«K7 9 Óâ«�« 9 ¥�Ó ñ ·x©kÇIÈk¹â�M¨ � ÇIÈ^§�ªºÅ
¤³�´�´0Óâ³x´ ó Ó�³�´xµ�¥#��©¸¨`ÃM¨�Ã»ªº�±e¯����\°�¹º�±��RÒá¯k���±©k	k�¥�Ï�\©%Ç\�¸°�¯�¨I�z¨I��§�¨��»ªj·á¥§k��Ùy·�Ç\�
	�� 3 �\��°e¹ØÓ�¥§k¹Ê¶k¹ºa	k� É ·xªº²*�K¨�È ¬ ®�á:¹ ¤ 9 µ�¥t�M¨ É �¸©k�\��ïx·x°�¯ ¬ ®�á:¹ ¤ 8:81¥ 1 Î¡
�\¥¥�\©¸¨�¹º�±ª
	��\®Ç±·xªºÇ\§�ªº®	k�z�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©}·�¯k¯kªº¹ºÑ�§kÃ\�·x§0¼Ä-Ð0-¨�Ì\°e�\®Ùd�\��°e¹º��©k¹ºÑ�§k�\®Ñ^§�·x¥¹ .
§�©k¹º	�¹º°��\©��¹º�¸©k©k�\ªj\ÓGÑ�§k¹ô©���§k�¹º©¸¨IÃ\���\¥¥�\����©/¨5	�·x©k�ªj·Ö�§�¹Ê¨���Ór·zÃM¨�Ã�	kÃP¶/�\ªº��¯k¯*Ã®¯�·x�Á ��§���²v�¸©k©�·x¹ºa�M¨ 6 ·x����©ä¤³�¬0Ó ó ´0Ó9³�7�¥ 19$ §k¯k��·Q¨a�M¨ Á ��§k�¥²v��©�©�·x¹º[¤Þx´�¥â�¸©¸¨®ÃM¨�§k	�¹ºÃ
�±©e���\©�����°R·xªº¹º�·Q¨�¹º��©RÇ\�\�°R·Q¨�Ã\��¹j·�§�¼�	�·x©k�ªº�\§��¡��Ã\Õ¸¹º°��,²�¹º	k¹º°e�\©k¥¹º��©�©k�\ª 1^' ��§��¡§�©k�
·x¯�¯k����ÇIÈk�5°R·Q¨�ÈkÃ±°e·Q¨�¹ºÑ�§k�\°e�\©¸¨�¯�ªº§k#��¹ºÕ��¸§k���\§�¥�5	k�5ªj·e���\©�����°e·�ªº¹º¥·K¨�¹º��©Û¯v��§��,ªº�\
-Ð0-¨�Ì±°��\+Ùy�\��°�¹º�¸©k¹ºÑ^§��\±Ó�¶/��¹º�+ªº�\�¨��¥·\¶�·x§0¼q	k� Á �\©�Ùy·Q¨�¨��z�M¨ Æ ·xªºªj·\¶/�K¨�¨I¹=¤Ê«K71¥ô�M¨&	��3 �\ªº	�°e·x©»�M¨�·�ª#¤ 7:80Óv¬x´0ÓF7xµkÓ57¸Þ0Ó57:7kÓ57 ó ÓF7¸¬�ÓF7 9 ¥ 1
6{ÊzË�ÊGÉ ç>ØiÖ:Î�ÒBÑ,ÖgÜtØ,ÝdÙÛÏ1ØMÕPÙGÑ�ÒkÓGFqØ_íXÖ:èFÏ2� ÙzÝÛÏ1Ñ�Ò
a+���1�H��t"ev{"%�:���Hj�".�,"@}�3F$K$'"Cf%,"e��2M�H"

� ·x¯k¯*�\ªº��©�,²k��¹ºÌM¶^�\°��\©/¨#ªj�\,¹º	�Ã\�\,	���²�·x¥��	���ªj·��¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©»¥�\ªº��©[Në¹ºª .
¥��©½�\©½���±Õ¸·x��	�·x©¸¨�ªØ
�M¼k�\°�¯�ªº�e	�
§k©½-Ð0-¨�Ì\°e��	��eÙd�\��°e¹º��©k2�\©½Ùy·x¹º²�ªº�e¹º©¸¨��\��·xÇM¨�¹º��© 1
é ' ��§���¯�ªº§k�	k��	kÃM¨I·�¹ºªº\Ó^Ç±��©k¥§kªÊ¨I�\��ªØ
4·��7¨�¹ºÇ\ªº�+	k�#�¥�M¶0§��#	�� � È�·x©kïx·x�ß¤è«c¬�71¥ 1 ê�ÎT·�¨�È��\� .
°e�^	�Ðk©�·x°e¹ºÑ^§k�2	r
§k©»¨��\ª�7Ðk-¨�Ì\°���¯v�\§0¨+ÚM¨I���2	�Ã\Ç\��¹Ê¨���¯�·x��§k©��2Ùd��©�ÇM¨�¹º��©q	k��¯�·x�7¨I¹ .
¨I¹º��© Z �M¼k¯k��¹º°eÃ\�2¥��§k�Ùd����°e�2	�
§�©k�2¹º©¸¨�Ã±Õ��¥·xªº�2	��2ÇIÈk�±°�¹º©k�¥§k�#	k�±8¶�·���¹j·x²kªº�±#	��Æ ��·x¥�°R·x©k© ψk

·x�¥��Ç\¹ºÃ\�\#·x§0¼Ö	��\Õ���Ã\,	���ªº¹º²*�\�7¨�Ã k Ó
Z = Tr

(
e−β(Ĥ−µN̂)

)

=

∫
Dψe−S(ψ) ,

�:� S �±7¨aªØ
4·xÇM¨�¹º�¸©À	k§½-Ðk7¨IÌ\°��e�±©½Ñ^§��\-¨�¹º��© 1T$ ·�©k2ªº�\a·x¯k¯kªº¹jÇ±·Q¨�¹º��©�2	k§½Õ¸����§k¯*�
	������\©�����°R·xªº¹º�·Q¨�¹º��©ß·x§0¼Û-Ð0-¨�Ì\°e�\+Ùd�\��°e¹º��©k¹ºÑ�§k�\&Ò N Ç\���¥¯k±Óv��©¿����	���©k©���	�
È�· .
²�¹Ê¨�§k	��ßªº�\Ï	k¹èÍ*Ã±���\©¸¨�Ï	��\Õ���Ã\Ï	k�ßªj¹º²v�\�-¨�Ãß��±ªº��©ëªº�\§��ÖÃ\©��\��Õ�¹º�ß¯�ªº§�¨�äx¨»Ñ^§k�ß¥�\ªº��©
ªØ
Ã±ÇIÈk�\ªºªº�2	k�5ªº�¸©kÕ�§k�±§k�,Ñ^§�¹rªº�\§k�,�±7¨+·��¥�^Ç±¹ºÃ\� 1�' ��§k�#ªº�\#-Ð0-¨�Ì\°e�\,²*��¥��©k¹ºÑ^§��\±Ó�ªº�\
	��\§�¼}���M¶0¹º�±©k©k�\©/¨e�\¥¥�\©¸¨�¹j�\ªºªº�\°��±©¸¨R·�§}°eÚ\°��¸Ó�¶0§}Ñ�§k�Öªº�\e²�·x¥¥�\�Ã\©��\��Õ�¹º�\e���©/¨
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©k�¸��°e·xªº�±°��\©/¨5·Q¨¥¨���¹º²�§kÃ\�\�·�§�¼qÕ¸�¥·x©k	��\&ªº��©�Õ�§k�±§k��&	r
��©k	��Öé k → 0 êMÓv¨I·x©k	�¹º&Ñ^§k�	�·�©k#ªº�5Ç±·x#	k�±,Ùd�\�¥°�¹º��©�\Ó�ªº�\,²�·x¥¥�\,Ã±©k�\��Õ¸¹º�\#��¸©¸¨�ªº¹ºÃ\�\�·�§�¼Ïªº��©�Õ�§k�\§���,	r
��©k	��
	k� 3 �\�¥°�¹�é k→ kF
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	�Ã\Ç\��¹Ê¨I��¯�·x��§k©���Ùd��©�ÇM¨�¹º��© g(k) 	���©¸¨ôªj·#	kÃ\¯*�\©k	�·x©kÇ\�â�\©5¶/�\ÇM¨I�\§k��	�
�¸©k	k�â©�
�±7¨ô¯�ªº§kÙd�¸��Ç\Ã\°e�\©¸¨,©k��©Ö¯v�±�7¨�¹º©k�±©¸¨���·x§z¥�\©�t	k§ÖÕ�����§�¯v�&	k�+�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸© 1 Î¡
4·xÇM¨�¹º��©Ö©��
Ç±��©¸¨�¹º�\©/¨2	k�¸©kÇ�¯�ªº§k5¥�\§kªº�\°e�\©¸¨2§�©á¯*�M¨�¹Ê¨2©���°�²k�¥��	k��¯�·x�¥·x°eÌM¨����±�Ñ�§k¹�ÇIÈ�·x©kÕ��\©/¨

Þxµ



¯*�\©k	�·x©¸¨aªº�p<��K¨QÓT°e·x¹j�	k�\�Ùy��©kÇM¨I¹º��©k��\©/¨�¹ºÌ\���\aÑ^§k¹â	k��¹Ê¶/�±©¸¨®ÚM¨����`���\©k�¸��°e·xªº¹º¥Ã\�± 1
;&©Ï¯�·x�¥ªº��	������\©�����°e·�ªº¹º¥·K¨�¹º��©»Ùd��©�ÇM¨�¹º��©��\ªºªº� 1

εk

k
−kF

Λ

kF

−Λ

�X *¡O¢ ó 1 «B£ � �±©k����°R·xªº¹º�·Q¨�¹º��©®¯v��§��9	��\ôÙd�\��°e¹º��©k�Ò�§�©k��	�¹º°��\©��¹j��©z�K§�©a¯k�¥�^Ç\�\¥¥§k
	�
4¹º©¸¨��\��·xÇM¨�¹º��©`�:�`ªº�\â¯�·x�7¨I¹ºÇ\§kªº�\±Ó�·x§k¥¥¹�²k¹º�\©z·\¶�·x©/¨�Ñ^§�
<·x¯k��Ì\âªj·2Ç\��ªºªº¹º¥¹º��©rÓ/��©/¨�ªº�\§��
¶/�\ÇP¨��\§k�8	�
4��©k	k��¥§k�tªØ
§�©Ö	��\8	k�\§0¼z¯*��¹º©¸¨�8	�� 3 �\��°e¹ØÓ k = ±kF Ó0�M¨#§k©Ï	k�\§0¼0¹ºÌ\°e�¯k�¥�^Ç\�\¥¥§káé*<�Ì±ÇIÈk�\Ö�\©í¯*��¹º©¸¨�¹jªºªºÃcêMÓ�Ñ�§k¹+¹º©¸¨��±�7¶0¹º�\©/¨Ï	�·x©�zªj·C���\©k�¸��°e·xªº¹º�·Q¨I¹º��©í	�§
¯k�¥Ã\Ç\Ã\	��\©¸¨ 1 Îr�\,¯�·x�7¨�¹ºÇ±§kªº�\,Ñ^§�¹�©��5Ùd��©¸¨�¯�·x#¯�·x�7¨I¹º��	�§Ï¯����^Ç\�±�¥§�#Ò®�¥�\©k���¥°e·xªº¹º¥�\�
¥�+¨I����§�¶^�\©¸¨8¨��¸§�¨��\,ªj�\,	k�\§0¼Ö	�·x©�8ªj·�Ç\�¸§kÇIÈk�5	�
Ã\©��\��Õ�¹º� Λ

1
� ©Ö¯k����²�ªºÌ\°��&�\©�Ç\�����&¯kªº§�t	kÃ±ªº¹ºÇ±·Q¨,Ç\��©�Ç\�\��©��+ªj·aÑ^§��\-¨�¹º��©Ö	k§`¨���·x¹Ê¨��\°e�\©¸¨,Ç\��� .

���±ÇM¨8	k�±�¨I�\��°��±�Ñ�§k¹*©��+	k��©�©k�\�¥·�¹º�\©¸¨8¯�·xt	k�+	�¹Ê¶/�\��Õ��±©kÇ\�&ªº��Õ¸·x��¹Ê¨IÈk°�¹ºÑ�§k�&	�·x©kt§�©
Ç±·xªºÇ±§kª0	k�t¯v�\�-¨�§k��²�·Q¨�¹º��©rÓK°e·x¹º�	k�\�Ç\��©¸¨��¥¹º²k§�¨I¹º��©kô¯*��§k�-¨I·x©¸¨�·x¯k¯���Ã\Ç\¹j·x²�ªº�\±ÓKÇ±��°�°e�
¯�·����M¼k�\°�¯�ªº�8Ç±�\ªºªº�\�	k§k�±�·x§�¼�Ç\�����¥Ã\ªj·Q¨�¹º��©�¡¯�·x�7¨�¹ºÇ\§�ªº� . ¨I����§e	�·x©�¡§k©�-Ðk7¨IÌ\°��#·\¶/�\Ç
�\°a²v�K×º¨I�\°��\©/¨/³�÷ ¸)á «8� á ³ ® 1v' ªº§�#Õ�Ã\©�Ã\�¥·xªº�\°e�\©¸¨cÓ�ªj·�Ñ�§k�\-¨�¹º�¸©»¥�5¯*��¥�5	��5Ç\��°e°��\©/¨
¯k�¥�\©k	������\©ÏÇ\��°e¯�¨���	k�±8¯����^Ç\�\¥¥§k,	�
¹º©¸¨I�\�¥·xÇM¨I¹º��©Ï�:�z¨I��§�¨��±8ªº�\,¯�·x�7¨�¹ºÇ\§�ªº�\,©k��¥�
¨��¥��§�¶/�\©/¨#¯�·x,	�·x©�,	k�\,ÃM¨I·Q¨I8	���²�·x¥¥��Ã\©��\��Õ�¹º� 1�) ¯k��¹º�¸��¹ØÓk��©»·�§k�¥·x¹Ê¨,¨��\©k	�·x©kÇ\�5Ò
	k¹j����Ñ^§���	��,¨��\ªº�¯����^Ç\�±�¥§��©k��Ô7��§��\©¸¨t¯�·x�	k�+��ä�ªº�&Ò2²�·x¥��+Ã\©k�±��Õ�¹º� 1 Î��+¯k���¸²kªºÌ\°e�
�\-¨2Ñ�§k��Ó�°eÚ\°��e\
¹ºªj5©k��¥��©¸¨�¯�·x ¸ «¨ª ¶ ¬ �F®*¶ 	�·x©k5§k©��e·xÇM¨�¹º��©½�PÍ*�±ÇM¨�¹Ê¶/�e	k��²�·x¥¥�
Ã\©��\��Õ�¹º� SeffΛ

Ó�Ç±�\¡¯����^Ç\�\¥¥§k¡�±©¸¨����±©¸¨�	�·x©k¡ªX·����\©k���¥°e·xªº¹º�·Q¨I¹º��©e	k�±¡¯k����Ç\�\¥¥§k¡Ñ^§�¹
Ùd��©/¨`¯�·x�7¨�¹º�Û	k� SeffΛ

1â' ��§��eªº�Û	k¹º�¥�»¯kªº§�R©�·uØ¶/�\°e�\©¸¨cÓ¡¹ºªº`¥��©¸¨z¯k��Ã\¥�\©/¨�`·x§(�� .
Ç\��©�	q°��\°a²k����	k�±�Ã\Ñ^§�·Q¨�¹º��©��	k�����±©k����°R·xªº¹º�·Q¨�¹º��© 1G6 �\+Ã\Ñ^§�·Q¨�¹º��©����©/¨&ªj·RÙd����°e�
¥§k¹Ê¶¸·x©¸¨��e�

dg(
{
kj
}

)

d(− ln Λ)
= f

(
g(
{
kj ,k,k

′})
)
,

�:�áªØ
ÃP¨I·Q¨ k �\-¨2ÇIÈk�¸¹º�¹ô¨��\ª�Ñ^§�� |εk − εF | = Λ Ó��P¨5�P� k′ �\-¨5æ0¼0Ã�¯�·��&ªj·ÏÇ\��©k¥�\� .¶�·K¨�¹º��©½	�§¿¶/�\ÇP¨��\§k�5	r
��©k	��a¨I�K¨I·xª 1 Î¡
ÃM¨I·K¨ k′ ¯*�\§�¨a·xªº����2¥�®¨�����§0¶/�\�&¨���Ì\2ªº��¹º©½	��ªj·ß²�·x©k	k�Ï	�
Ã±©k�\��Õ¸¹º� εk ∈ [εF − Λ, εF + Λ]
1¡$ ·x©��§k©çÇc·xªºÇ\§kª8	��Ö���±©k����°R·xªº¹º�· .

¨�¹º�¸©q¥�\ªº��©SNì¹ºªº¥��©�Óv¥��©qÃ\©��\��Õ�¹º�a	k�M¶k�¥·x¹Ê¨&Ç\�\¯*�\©�	�·x©¸¨�·x§k¥¥¹�ÚM¨����aÃ\Õ¸·xªº�aÒ Λ
1*' ��§k�

Þ�Þ



k‖

k⊥

�X *¡O¢ ó 1 ³V£ � �\©�����°e·�ªº¹º¥·K¨�¹º��©í¯*��§k�`§�© -Ð0-¨�Ì±°��¿²k¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓ�¯v��§��`ªº�¿Ç±·x
�:� Λ → 0 �T§k©À¯k�¥�^Ç\�\¥¥§k2	�
¹º©/¨��\�¥·�ÇM¨�¹º��©À�:�á¨���§0¨��\2ªº�\�¯�·x�7¨I¹ºÇ\§kªº�\����¨����¸§�¶/�\©/¨
¯���Ì\&	k§ß©k¹Ê¶/�±·�§¿	k� 3 �\�¥°�¹téG<�Ì\ÇIÈ��\&©k��¹º���±�êPÓ*�M¨�§�©¿	k�±§�¼0¹ºÌ\°e�a¯k�¥�^Ç\�\¥¥§k�é*<�Ì±ÇIÈk�\
¯*��¹º©¸¨I¹ºªºªºÃ\IêMÓ±Ñ^§�¹�¹º©/¨��\�7¶0¹º�±©¸¨�	�·x©�rªj·8���\©�����°e·�ªº¹º¥·K¨�¹º��©5	�§�¯���Ã\Ç\Ã±	k�\©¸¨ 1 ;&©+¶/�¸¹Ê¨�Ñ^§�
4§k©
	��\+¶/�\ÇM¨��\§����	�
��©�	k�®¥��¨�����§0¶/��¨���Ì±&ªº��¹º©á	k�®ªj·z¥§���Ùy·xÇ\�®	k� 3 �\�¥°�¹ØÓG�M¨5	���©kÇ®ªº��¹º©
	���ªj·�Ç\��§kÇIÈ���	�
Ã±©k�\��Õ¸¹º� |εk| ≈ Λ

1

§�©C-Ð0-¨�Ì\°��z¯k§����\°e�\©¸¨�§k©k¹º	�¹º°��\©�¥¹º��©k©��\ªØÓ9�M¨�¯v��§���§�©k�z���\©�����°e·�ªº¹º¥·K¨�¹º��©}Òq§�©k�
²*��§kÇ±ªº��Óvªº��¯�����²kªºÌ±°���©k�a��a¯v��¥��¯�·� 1 Î��\+¹º©/¨��\�¥·�ÇM¨�¹º��©��Ñ�§k¹�¥��©¸¨�¹º°�¯v�¸�7¨I·x©/¨��\&Ò
²�·x¥��ÖÃ\©k�\�¥Õ�¹º�ßé Λ → 0 ê2¥��©¸¨eÇ\�\ªºªº�\�·\¶/�\Ç`¨���§�¨I�\aªº�±®¯�·x�7¨I¹ºÇ\§kªº�\�·x§�¼C¯v��¹º©/¨�a	��3 �\�¥°�¹ØÓ ±kF 1 Î��±�¯k����Ç\�\¥¥§k�Ñ^§k¹�¯�·x�7¨I¹ºÇ\¹º¯v�±©¸¨&ÒRªj·e���±©k����°R·xªº¹º�·Q¨�¹º��©q	r
§k©��2¹º©¸¨��\� .·xÇP¨�¹º��© g(k′1, k

′
2, k2, k1) Ùd��©¸¨®¹º©¸¨��±�7¶/�\©�¹º�2ªº�\�ÃM¨M·Q¨� k′1 Ó k′2 Ó k2

Ó k1
Ó�·x¹º©��¹âÑ^§��R	k�\

ÃP¨I·Q¨�+·\¶/�\Ç2Ã±©k�\��Õ¸¹º� ±Λ
1v� ��§�#	��M¶/��©k�	k��©�Ç�¨�����§0¶/�\�#	k�±#¹º©¸¨I�\�¥·xÇM¨I¹º��©k��\©¸¨��¥�5	��\

¯�·x�7¨�¹ºÇ±§kªº�\�	�·x©k�ªº�\âÃM¨M·Q¨� ±kF Ó ±kF + Λ/vF
�M¨ ±kF −Λ/vF

Ó¸¨���§�¨t�\©z·x¥¥§k�¥·�©¸¨
ªj·ÏÇ±��©k¥�\�7¶¸·Q¨�¹º��©½	k§½°e��°��\©/¨�¨I�K¨I·xª 1r) §�©k��	�¹º°��±©k¥¹º��©�Ór¹ºª¡�\-¨�Ùy·xÇ\¹ºªº�e	��a¨I����§�¶^�\�
	��2¨��\ªº&¯k���^Ç±�\¥�§�±Ó*·x§ß°���¹º©�+	�·�©k+ªj·zªº¹º°�¹Ê¨��a	��a²�·x¥¥�aÃ\©k�\�¥Õ�¹º��Ó*�:�¿ªØ
�¸©¿¯v�±§�¨&ªº¹ .
©�Ã±·x��¹º¥�\��ªj·5���\ªj·K¨�¹º��©R	k�#	k¹º¥¯*�\��¥¹º��©�Ó�¶/��¹º��ªj· 3 ¹ºÕ 1 ó 1 « 1�6 ��©k¥¹º	�Ã\����©kâ°e·x¹º©/¨��\©�·�©¸¨�ªj·3 ¹ºÕ 1 ó 1 ³ 1 Î¡
�M¼k�\°�¯�ªº��°e��©¸¨����+Ñ^§k�+¯v��§��â§�©k��	�¹º°��\©�¥¹º��©`¥§k¯*Ã\��¹º�±§k���+Ò�§k©rÓ^¹ºª*©�
 Ðz·
Ñ�§k�8¨��¥Ì\â¯v�\§R	��#¯k�¥�^Ç\�\¥¥§kâ¥§k¥Ç\�\¯0¨�¹º²kªº�±�	��#�·Q¨�¹º¥Ùy·x¹º�¥�8¨���§0¨��\âÇ\�\âÇ\�¸©k	k¹Ê¨I¹º��©k�Ò2ªj·
Ùd�¸¹º 1�� �±§kªº�+§�©k�+Ùd��·xÇM¨�¹º��©`¨��¥Ì\t¯v�P¨�¹Ê¨��+	��+ªj·a¯k���\°e¹ºÌ\���&Å\��©k�&	k� Á �¥¹ºªºªº��§k¹º©Ö¯�·��7¨�¹ºÇ\¹º¯*�
·xªj����8Ò�ªj·����\©�����°R·xªº¹º�·Q¨�¹º��©Ö	k�\t¹º©¸¨��±�¥·xÇM¨�¹º��©�t	k�+²�·x¥¥�+Ã\©��\��Õ�¹º�+¥¹*ªØ
��©Ö¯k���\©�	ÖÒ�ªj·
ªº�P¨�¨�����ªj·R¯����\¥Ç\��¹º¯0¨�¹º��©q	��2���±©k����°R·xªº¹º�·Q¨�¹º��©¿¥�\ªº��©SNë¹jªº���© 1G6 �\ªX·R	k��©�©k��ªj·R���\©k��� .
°R·xªº¹º�·Q¨�¹º��©`Ò&ªØ
�¸��	k���,ªº��Õ/·x��¹Ê¨�È�°�¹ºÑ^§���Ó¸��§e¥§k¯*Ã\��¹º�\§��\Ó¸·x¯�¯kªº¹ºÑ�§kÃ\�#·x§�¼�-Ð0-¨�Ì\°e�\¡Ùd�\� .
°e¹º��©k¹ºÑ�§k�\�¯�·x� � È�·x©�ïK·x�p¤Ê«c¬�71¥ 1T6 �P¨�¨���°�ÃM¨�È��^	k���\-¨5Ç±�\¯v�\©�	�·x©/¨5¯k�¥��²kªºÃ\°R·Q¨�¹ºÑ^§�� 1� ªºªº�Ö©k�R¶/��¹Ê¨e¯�·x±Ó9¯�·��a�M¼0�\°e¯kªº��Óôªº�\®�PÍ*�M¨�®	��zªj·qÑ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©�©�·xªº¹Ê¨�Ã¸Ó9©k¹
	r
§k©»�\°�²v�x×º¨��\°e�\©¸¨#¹º°e¯�·x��Ù ·x¹Ê¨cÓ0¶/��¹º�,ªj·®¥�\ÇM¨�¹º�¸©Ïµ 1 « 1 7 1

Þ:7



� ªv�\-¨t¯*��¥¥¹º²kªº��	r
¹º©kÇ\ªj§k����	��\�¯k����Ç\�\¥¥§k�	�
Ã\©��\��Õ�¹º�\�¥§�¯vÃ\�¥¹º�\§k���±�Ò�ªj·2Ç\�¸§k¯k§����
Λ 	�·x©��§�©zÇ±·xªºÇ±§kª*	k�&���\©k���¥°e·xªº¹º�·Q¨I¹º��©ÖÒ�ªj·óNë¹ºªº¥��©E¤Þ�«�Ó�³x´ ó ¥�Ó��±©R¨��\©�·x©¸¨8Ç\��°e¯�¨I�
	k�»¯k����Ç\�\¥¥§kRÒq¨��¥��¹ºe¯�·x�-¨�¹ºÇ\§kªº�±\Ó¡Ñ^§�¹8���©/¨RÕ�Ã±©kÃ\��Ã±�¯*�\©�	�·x©¸¨Rªj�[<��K¨`	k�Ï�¥�\©k��� .
°R·xªº¹º�·Q¨�¹º��©rÓ*°e·x¹º+ªº�±+Ã\Ñ�§�·Q¨�¹º��©�+	k�a���\©�����°R·xªº¹º�·Q¨�¹º��©¿Ñ�§k¹��±©q��Ã\¥§�ªÊ¨��\©¸¨�¥��©¸¨�©k��©
ªº�^Çc·xªº�\#¯�·x�,�¥·�¯k¯*���7¨�Ò�ªØ
Ã\ÇIÈ��\ªºªº�5	r
Ã\©k�±��Õ�¹º� Λ ��ªØ
ÃM¶^��ªº§�¨�¹º�¸©»	k§ô<��K¨#	��5���\©k�¸��°e·xªº¹ .
�·Q¨�¹º��©»©k��	kÃ\¯*�\©k	Ï¯kªº§�8¥�\§kªº�±°��\©/¨,	��&ªØ
4·xÇP¨�¹º��©Ï�\Í*�\ÇM¨�¹Ê¶^�5Ò®ªØ
ÃM¨I·x¯*� Λ Ók°R·x¹º#·x§k¥¥¹	k�2¥��©ÛÈ�¹º-¨���¹º��� 1*¾ ¹º+Ò�¯�·x�7¨+ªº�2Ùy·x¹Ê¨&Ñ^§k�2ªj·e�¥Ã\¥��ªº§�¨�¹º�¸©Û	k�2Ç\�\�Ã\Ñ^§�·Q¨�¹º��©�#�\-¨+Ùd��� .
¨��±°��\©¸¨5Ç\��°�¯�ªº¹ºÑ^§kÃ±�a¯�·x�+Ç\�P¨�¨��a©���© . ªj�^Ç±·xªº¹Ê¨�Ã¸Ó*¹ºª9�\©¿��Ã±�§�ªÊ¨��®·x§�¥�¹9Ñ�§k�aªØ
�M¼0¹j7¨I�\©kÇ\�
	�
4§k©q¯*��¹º©¸¨+æk¼0��Ç±��°�°�§�©¿Ò`§k©k��Õ���·x©k	���Ç\ªj·x¥¥�a	k��-Ð0-¨�Ì\°e�\+¯kÈ¸Ðk�¹ºÑ�§k�\+	��M¶0¹º�\©/¨
²k¹j�\©½°���¹j©k2¯k���¸²�·x²kªº� 1T$ ·x©�2ªj·Ïªº¹Ê¨�¨IÃ\�¥·Q¨�§�����Órªj·»¯kªº§k¯�·x�7¨�	��\5¥ÇIÈ�Ã\°e·x2	k�e�¥�\©k��� .
°R·xªº¹º�·Q¨�¹º��©Ï¥��©¸¨�·x¯k¯*�\ªºÃ\�Üòö#¹ºªº¥��©�¹º�\©k-à 1�: §�·x©�	�Ó0	�·x©k8Ç\�&°�Ã±°���¹º���¸Ó0©k�¸§k8¯�·x��ªº�¸©k
	k�5ªj·®�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©RÜ-��±ªº��©bNì¹ºªº¥��©�àIÓk¹ºª�±
4·xÕ�¹Ê¨�	�§Ï¥ÇIÈkÃ\°R·®©���©Ïªº�^Çc·xª 16+1GÁ ��§���²*��©k©�·�¹º&�M¨5Ç\��ªºªj·x²*���¥·Q¨I�\§k�¥&��©¸¨5	�ÃM¶/�\ªº��¯�¯vÃ®§k©k�®°eÃM¨�Èk��	k�®	k�a�¥�\©k��� .
°R·xªº¹º�·Q¨�¹º��©®Ñ^§�¹�Ç\�¸©¸¨���§���©k��ªº�t¯k�¥��²kªºÌ\°e��	k¹º¥Ç\§0¨�Ã�¯�ªº§kôÈ�·�§�¨cÓx	k��ªj·+Ùy·xÂ\��©®¥§k¹Ê¶¸·x©¸¨��+�� ªº,æ0¼0�\©/¨#ªº�\#Ã\©��\��Õ�¹º�±,	k�5¥�\§kªº�\°e�\©¸¨,¨�����¹º#	k�\,Ñ�§�·Q¨��¥��ÃP¨I·Q¨�,	r
§k©»¯k����Ç\�\¥¥§k,Ñ^§�¹
¹º©¸¨I�\�7¶0¹º�±©¸¨+	�·x©�#ªj·e���\©k���¥°e·xªº¹º�·Q¨I¹º��©Û	�
4§k©Û·�§�¨����¸Ó��M¨+ªj·x¹º¥¥�\©¸¨+ªj·eÑ^§�·Q¨���¹ºÌ\°e�2Ã\©k�±� .
Õ�¹º�qÇ\��°�¯�ªºÌM¨��\°e�\©¸¨zªj¹º²k��� 1t6 �\Ç\¹#Ù ·x¹Ê¨zÑ^§r
��©(¹º©¸¨IÌ\Õ����Û¯�·x��Ùd�¸¹ºR	��\`ÃM¨I·Q¨�`	k�Û²�·x¥¥�
Ã\©��\��Õ�¹º��Ó�Ñ^§k¹v	��M¶0�¥·x¹j�\©¸¨t�\©�Ç\������Ùy·�¹º����¯�·x�-¨�¹º��	k�+ªØ
4·xÇM¨�¹º��©z�PÍ*�\ÇP¨�¹Ê¶/��Ó�¯v��¹º©¸¨8Ñ^§k¹v©r
�\-¨
¯�·��ÃM¶k¹º	k�\©/¨&Ò`·�Ç\Ç\����	��\�+·\¶/�\Ç�ªj·R¯�Èk¹ºªº��¥��¯�Èk¹º��	k�ÂNì¹ºªº��¸© 1*� ��§�,¶^�\������©��	�·�©k�ªj·
¥�\ÇM¨I¹º��©Ïµ 1 « 1 ÞaÑ�§k�5Ç\�\Ç\¹�¯*�\§0¨,°e�\©k�±�,Ò®	��\,��Ã\¥§kªÊ¨M·Q¨�,¯*�\§Ï¯kÈ¸Ðk¥¹ºÑ^§k�\ 1� ��§�,·xªºªº��©�,	kÃ\Ç±��¹º����	�·�©k8ªj�\,��\ÇP¨�¹º��©k,Ñ�§k¹�¥§k¹Ê¶/�±©¸¨cÓk�M¨#§0¨�¹ºªº¹º¥�\�8	�·x©k,ªº�����±7¨I�
	k��Ç\�M¨¥¨���¨IÈkÌ\¥��Ó�§k©k�e·x§�¨I���®°eÃM¨�È��^	k�®	��®�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©�Ó�¯�·x�-¨��¥¹ºÇM¨��\°e�\©¸¨�ö#¹ºª .
¥��©k¹º�±©k©k�¸Ó^Ñ^§�¹*¯v�\��°e�M¨t	���¯����\©�	k�����±©`Ç±��°�¯0¨��,¨I��§�¨��±�ªº�\tÇ\��©¸¨��¥¹º²k§�¨I¹º��©k±Ó�Ñ^§�
�\ªºªj�\
¥��¹º�\©/¨tªº��Õ¸·x��¹Ê¨IÈk°�¹jÑ^§k�\���§`©���©�Ó^	�
§k©���Ùy·xÂ\��©z·x¥¥�\Å�°eÃ\Ç±·x©�¹ºÑ^§k��Ó¸¨I��§�¨t�\©`	���©k©�·�©¸¨
	k�±aÃ±Ñ^§�·Q¨I¹º��©k®ªº�^Çc·xªº�\®�±© Λ

1�� ©CÃ\ÇIÈ�·x©kÕ���Óô©k�¸§k®¯v�\�¥	k����©�aªj·¿©k�K¨�¹º��©}	k�Ö¯v��¹º©¸¨
æ0¼k��Ó¡Ç±�»Ñ^§�¹,©k�»Ç±��©k-¨�¹Ê¨�§��»¯�·�R§k©k�Û¯v�\�-¨��»¹º°�¯*���7¨I·x©/¨��»	�·x©kR©k�K¨I���»Çc·x±Ó¡�:�%ªj�\
¯*��¹º©¸¨��æk¼0�\ô¶^�\��¡ªº�±�Ñ�§k�\ªº�ªº�O<��K¨â��,	k¹º�¥¹ºÕ��,©k�,��±�¥·x¹º�\©¸¨â	���¨��¸§�¨��,Ùy·xÂ\��©e¯�·�¡Ùy·xÇ\¹ºªj�\
Ò»Çc·x�¥·xÇM¨IÃ\��¹º¥�\� 19� ©C·x§�¨��¥�`·\¶�·x©/¨I·xÕ��`	k�RÇ±�M¨�¨��R©���§�¶/�±ªºªº�R°eÃM¨�È��^	k�RÇ\��©�¥¹º7¨I�R	�·�©k
ªº��Ù ·x¹Ê¨#Ñ^§r
��©Ï©r
4·®¯�·x,²v�\¥��¹º©»	k��Ùy·x¹º�¥��	k��ÇIÈ�·x©kÕ��\°e�\©¸¨�	�
Ã\ÇIÈ��\ªºªº� 1�6 ��°�°e��§k©z¨��\ª
ÇIÈ�·x©kÕ��\°e�\©¸¨#	k�P¶0�¥·x¹Ê¨#��Ã\	�§k¹º����ªj·®¯k���\°e¹ºÌ\����Å\��©��&	�� Á ��¹ºªºªº�¸§k¹º©Ï©k��©Ï¯�·x�¶/�\��,ªØ
����¹ .
Õ�¹º©���Ó/Ç\�¸°�°��#	�·x©kâªº�\â¯k���¸²kªºÌ\°e�\â²v��¥��©�¹ºÑ^§k�±\Ó/°R·x¹º¡¶/�\��âªj·5¥§k�¥Ùy·xÇ\�#	�� 3 �±��°�¹ØÓ/¹ºª
°eÌ\©k�\��·x¹Ê¨&�\©qÕ�Ã\©kÃ±�¥·xª9Òe§�©k��	k¹º-¨����-¨�¹º��©q	��2ªØ
�\¥¯�·�Ç\����Ã\Ç\¹º¯����^Ñ�§k��ÓvÇ\��Ñ^§k¹����\©�	k�¥·�¹Ê¨
ªj·®	��\¥Ç\��¹º¯0¨�¹º��©Ï	k��ªj·®Ç\�¸©k¥�\�7¶�·K¨�¹º��©Ï	�§`¶/�±ÇM¨��\§��8	�
��©�	k�+¨��K¨I·�ªGªº�¸��,	�
§k©��&Ç±��ªºªº¹º¥¹º��©
·x¥¥�\ÅRÇ±��°�¯�ªº¹ºÑ^§kÃ±� 1�$ 
§k©Ä·x§0¨����RÇ±äK¨�Ã�ÓTªº�`ÇIÈ�·x©�Õ��\°e�\©¸¨a	r
Ã\ÇIÈk�\ªºªº�`¯v�±��°��M¨¥¨��¥·x¹Ê¨a	��
	k¹j7¨I¹º©kÕ�§��\�t	r
§k©��&°e·x©�¹ºÌ\���+¨���Ì±8¥¹º°�¯kªj�&ªº�\t¶�·x��¹j·�²kªº�\,¯v�\�-¨�¹º©k�\©/¨��\±Ó0°R·x��Õ�¹º©�·�ªº�\8�P¨
©k�¸©ß¯v�±�7¨�¹º©k�±©¸¨��\ 1�¾ ·x¹º�¹ºª�Ðá·z§k©k�®¯*��¥¥¹º²k¹ºªº¹Ê¨�Ã®	��®���M¨��¥��§�¶/�\��ªØ
4·x��Õ�§k°e�\©¸¨2Ç\�����¥�\ .
¯*��©k	�·x©¸¨cÓ�	�§z°e��¹º©kt	�·x©ktÇ\�\�-¨I·x¹º©k8Ç±·x±Ó�°eÚ\°��&¥¹*��©Ö©��+Ùy·x¹Ê¨,¯�·x8	k�+ÇIÈ�·x©kÕ��±°��\©/¨
	�
4Ã\ÇIÈk�\ªºªº�x¤Ê«�«Q³�¥ 1�� ��§k#·xªjªº��©k,���P¶/�\©k¹º�,¥§k�8Ç\�5¯v�¸¹º©¸¨�Ò�ªj·®¥�\ÇM¨�¹º�¸© ó 1 Þ 1
6�ÊÌË�Êsr <CÎ�ÒBÑ,ÖgÜtØ_ÝdÙÛÏ1ØMÕPÙGÑ�ÒkØ�7�ÎFÐTÐ)Ñ�Ô#í|Ô#Ö:Î¾ÙdÒ�� Ö:Ø_Ö:Ñ�ÔBé_Î

Î��&¥ÇIÈkÃ±°e·a	k�&���±©k����°R·xªº¹º�·Q¨�¹º��©ÏÑ^§k�&©k�¸§k8·xªjªº��©k8§�¨�¹ºªº¹º¥�\�8	�·x©k8ªj·a¥§k¹Ê¨���·aÃM¨IÃ
	kÃP¶/�\ªº��¯�¯vÃz¯�·x� É ��©k�\�¥ïK·x°e¯ ¬ ®Âá:¹ ¤ 8 ó Ó�8:81¥�Óô�\©C±
4·x¯�¯k§0Ð^·x©¸¨e�§��aªº�\�¨I�¥·\¶�·x§0¼Ä	��' ��ªºÇIÈk¹º©�¥ï^¹X¤Ê«cÞx´�¥�Ó�ã��\ªºªº�\��¬ ®|á:¹ ¤Ê«�«c´1¥�Ó Á ��©k¹º©�¹X¬ ®|á:¹ ¤³ ó ¥�Ó ¾ ���¥��¹º/¤Ê« ó µ�¥�Ó)NÀ�M¨�¨I�\��¹ºÇIÈ

Þ�¬



¬ ®�á:¹ ¤Ê«K80«¸Ók« 9�ó ¥��M¨ � ·xªº°eÈk��Ùy�\�>¤Ê«K7k«�Ó�«K7¸³�Ó�«K7 ó Ók«�7xµ�¥ 1 ÎT·&°e�K¨�¹Ê¶¸·Q¨�¹º��©e	k�,Ç\�,¥ÇIÈkÃ\°R·
�±7¨�²k¹º�\©»¨±k�8¥¹º°e¹ºªj·x¹º���2Ò®Ç\�±ªºªº��	���ªj·®�¥�\©k���¥°e·xªº¹º�·Q¨I¹º��©Ï¥�\ªº�¸©bNì¹ºªº��¸© 1 ;+©ÏÇMÈk�\��ÇIÈ��
ÒßÇ±·xªºÇ\§�ªº�\��	k�\�Õ��¥·�©k	k�\§����¯kÈ/Ð0¥¹ºÑ^§k�\�¯�·x�®¯*�M¨�¹Ê¨��¯�·x 1 Î¡
¹º©¸¨�Ã\�¥ÚM¨e�±7¨R	k�ÏÇ\��§k¯*�\�
�±©ì¯kªº§�¥¹º�\§k��»¯�·x�7¨�¹º�\»§�©ìÇ±·xªºÇ±§kª�Ñ�§k¹�°e�M¨�¨���·x¹Ê¨Û�\© ���\ªj·Q¨I¹º��©ì§�©ìÕ���·x©k	ì©���°�²����
	��Ï	k�±Õ���Ã\e	��Ïªº¹º²*�\�7¨�ÃÛÒßªX·ßÙd��¹j\Ó¡�\©%Ç\��°�°e�\©kÂc·x©¸¨z·\¶/�\ÇÖ¨���Ì\e¯*�\§%	k�Ï	��\Õ���Ã\e	��
ªº¹º²*�\�7¨IÃ¿�M¨»�\© Ðí·xÔ7��§�¨M·x©¸¨»Ñ^§k�\ªºÑ�§k�\ . §�©kÏÒCÇIÈ�·xÑ�§k�ßÃM¨I·x¯*� 1t$ ·x©�Öªº�\Ö-Ð0-¨�Ì±°��\
Ùd�±��°�¹º�¸©k¹ºÑ^§��\±Ót��© ·}¥��§�¶/�\©/¨Û·xÍG·x¹º���½Ò}	k�\Ï	�¹Ê¶/�\��Õ¸�\©kÇ\�\ÛÒ}²�·x¥¥�ßÃ\©��\��Õ�¹º� 1 ;&©
¶¸·Ö	���©kÇeÇ\��°�°e�\©kÇ±�\��ªº�eÇ±·xªºÇ±§kª¡·±¶/�\Çeªº�\5	��\Õ���Ã±5	k�eªº¹º²v�\�-¨�Ã�	���È�·�§�¨��eÃ\©k�\�¥Õ�¹º�e�M¨
¯�§k¹ºÖ±
4·x¯k¯����^ÇIÈk�±�z-Ð0-¨�Ã\°R·Q¨�¹ºÑ^§��\°��\©/¨Ï	k�\Ö	�¹Ê¶/�\��Õ��±©kÇ\�\ÏÒÄ²�·x¥��ßÃ\©k�±��Õ�¹º� 1t' ��§k�
°e�M¨�¨��¥�5Ç\�±Ç\¹r�\©@°5§�¶0�¥��Ó���©q·KÔ7��§0¨��2§k©��5Ç\��§�¯k§k�¥�+³ � �^« á «§ � ðe¬ ΛIR

ÒeªØ
4·xÇP¨�¹º��©�Ó�Ñ^§��
ªØ
�¸©¿��Ã\	k§�¹Ê¨&¯�·x&Ò`¯�·� 1G� ©��5¨I�\ªºªº�aÇ\��§�¯k§�����¯*�\§�¨�ÚM¨����a��Ã±·�ªº¹º¥Ã\�a�\©¿���\°e¯kªj·xÂ±·�©¸¨&ªj�
¯�����¯�·�Õ¸·Q¨��\§��8ªº¹º²k�¥� C ¯�·x�/¤ 9 7kÓ58 ó Ór«K81¥¡�

Ck(Λ) = Ck ·Θδ(|εk| − Λ) Ók�P� é ó 1 «cê
Θδ(x) =

{
1 ¥¹ x > δ ,

0 ¥¹ x < −δ .
 ÈkÃ\���¥¹ºÑ^§k�\°e�\©¸¨cÓ���© 	k�M¶k�¥·x¹Ê¨Ö§�¨I¹ºªº¹º¥�\�`§k©��ÛÙd��©�ÇM¨�¹º��©íªº¹º¥¥�ÛÇ±��°�°e�qÇ\��§�¯k§k�¥�{¯��±©
¯��¥·Q¨�¹ºÑ�§k��Ó���©»¯����\©k	Ûªj·�ªº¹º°e¹Ê¨�� δ → 0 Ó�Ç\�5Ñ^§�¹r�¥·�°�Ì\©�� Θδ

Ò�§k©��5¥¹º°�¯�ªº�5Ùd�¸©kÇM¨�¹º�¸©
	�� É �c·\¶0¹º¥¹º	k�&éd¶^��¹º�9·�§k¥¥¹M¤ 8 9 ¥dê 1x$ ·x©�T¨���§0¨ô	k¹X·xÕ��¥·x°e°���¯v�\�-¨�§k��²�·Q¨�¹ºÙ!ÓK��©�¥§�¯k¯k�¥¹º°��
·x¹j©k¥¹�ªº�\+ªº¹ºÕ¸©k�\+	k�a¯k����¯�·xÕ¸·Q¨I¹º��©qÑ^§�¹�Ç\���¥���\¥¯v��©�	k�\©/¨&·�§�¼Û²�·x¥��±+Ã\©k�\�¥Õ�¹º�\ 1 ;+©ß·
·xªj�����·KÍ�·x¹º���`Ò»§k©À-Ð0-¨�Ì\°e�e¯�È¸Ð0¥¹ºÑ^§��eÑ^§�¹¡©��eÇ±��©¸¨�¹º�\©/¨�Ñ�§k�R	k�\�ÃM¨I·Q¨��	k�ô© á��)® ¬
Ã±©k�\��Õ�¹j� 1�� ¹9ªØ
�¸©¿²�·x¹j�¥�aªj·zÇ\��§k¯�§k���a¹º©�Ùd�¥·x�¥��§kÕ�� Λ Ó*��©¿�¥Ã\Ç\§k¯*Ì\���a	���¯�ªº§k&�\©¿¯�ªº§k	���	k�\Õ¸��Ã\,	k�5ªº¹º²v�\�-¨�Ã�Ók¯*��§k�#·x����¹Ê¶^�\�,·x§Ö¶0�¥·x¹r7Ðk-¨�Ì\°��5¯kÈ/Ð0¥¹ºÑ^§k��Ñ�§�·x©�	 Λ→ 0

1
3 ·x¹º¥��©k�ªj·2Ç±��°�¯�·x�¥·x¹º¥��©Ö·\¶/�\Ç+ªØ
4·x¯�¯k���^ÇIÈ���¥�\ªº��©pNë¹ºªº¥��© 1�$ ·x©k�ªj·����\©�����°e·�ªº¹ .

�·Q¨I¹º��©®ö#¹ºªº¥��©�¹º�\©k©���Ó¸	k��©�Ç#·\¶/�\Ç,Ç\�¸§k¯k§����,§kªÊ¨���·\¶0¹º��ªº�M¨QÓ¸ªØ
4·xÇM¨�¹º�¸©eÇIÈ�·x©�Õ��,¯*�\©k	�·x©¸¨�ªj�
<��K¨#	k�����\©k���¥°e·xªº¹º�·Q¨I¹º��©�Ók°e·x¹º,�\ªºªº��	kÃ\Ç±��¹Ê¨#ªº�&°eÚ\°���-Ð0-¨�Ì\°e�&¯kÈ/Ð0¥¹ºÑ^§k�5Ò®ÇIÈ�·xÑ^§��
ÃP¨I·x¯v� 1 Îr�\z¯�·x�¥·x°eÌM¨����\z	��qªØ
4·xÇP¨�¹º��©�Ó�Ç\�¸°�°��¸Óâ¯�·��`�M¼k�\°�¯�ªº��Óâªj·ÄÙd��©�ÇM¨�¹º��©í	�
¹º© .
¨I�\�¥·xÇM¨I¹º��© g ÓTÃM¶/��ªº§k�±©¸¨cÓT°R·x¹º2¥¹�ªØ
��©ÀÇ±·�ªºÇ\§kªj·x¹Ê¨®§k©k�RÙd��©�ÇM¨�¹º��©À	��eÇ±������Ã\ªX·Q¨�¹º��©�ÓT�¸©��²0¨�¹º�\©�	k�¥·x¹Ê¨â¨���§�Ô7��§k��âªº��°�Ú\°e�#��Ã±�§�ªÊ¨I·Q¨ 1�$ ·�©kâªj·5�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©`·\¶/�±Ç#Ç±��§k¯k§����
¹º©�Ùd�¥·x�¥��§kÕ���Ó¸ªº�8¥�\§kª�¯�·x�¥·x°eÌM¨����,	k�8ªØ
4·�ÇM¨�¹º��©eÑ^§�¹kÇIÈ�·x©�Õ��8�\-¨�ªj·�Ç\��§k¯�§k��� Λ éØÑ^§k¹kÙy·x¹Ê¨
¯�·x�7¨�¹º��	k�&ªØ
<·xÇM¨�¹º��©Ïªº¹º²���� S0

¯�·x��Ç\��Ñ^§k� S0
Ç\��©¸¨�¹º�±©¸¨,ªº��¯k�¥��¯�·xÕ¸·K¨��\§k�tªº¹j²k����Ó�¶/��¹º�8ªj·

¥�\ÇP¨�¹º��© ó 1 ³ 1 ³�ê 19� ¹º©���©�Órªº�±2¯�·x�¥·x°�ÌP¨����\2	��eªØ
<·xÇM¨�¹º��©À©��e¥��©¸¨a¯�·��·KÍ*�\ÇM¨IÃ\2¯�·x�5ªj�
<��K¨ 1�' ·��8Ç\��©¸¨I����Ókªº��-Ð0-¨�Ì\°���¯�È¸Ð0¥¹ºÑ^§��&	�Ã\Ç\��¹Ê¨#¯�·x�8Ç\�M¨�¨��5·xÇP¨�¹º��©ÏÇIÈ�·x©kÕ���¯*�\©k	�·x©¸¨
ªj·Ö�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©�Ó��M¨�·\¶/�±Ç�ªº§k¹�ªº�\�Ùy��©kÇM¨I¹º��©k5	k� Æ ���\�\©rÓGªº�±+¶/�±�7¨��M¼�Óv¨I��§�¨��\5ªº�\
Ùd�¸©kÇM¨�¹º�¸©k�	k�tÇ\�¸����Ã\ªj·Q¨I¹º��© 1 SΛIR

©k�t	kÃ±Ç\��¹Ê¨¡	���©kÇtªº�t-Ð0-¨�Ì±°��t¯kÈ/Ð0¥¹ºÑ^§k�t�\©�Ñ^§k�\-¨�¹º�¸©
Ñ�§k��	�·x©k,ªj·�ªº¹º°�¹Ê¨�� ΛIR → 0

1
$ ·x©k®Ç\�Ö©k��§0¶/�±·x§}�ÇMÈkÃ\°R·¿·x§k¥¥¹ØÓô��©C¯*�\§�¨e	kÃPæ�©�¹º�a§k©��Ö·xÇM¨�¹j��©}�PÍ*�\ÇM¨I¹Ê¶/�z	��

²�·x¥���Ã\©k�\�¥Õ�¹º��·\¶/�±Ç2§�©k�2Ç\��§�¯k§k�¥�2§kªÊ¨I�¥·\¶0¹º��ªº�M¨&�M¨&·�¹º©k¥¹TÃM¨I·�²kªº¹º��§k©Ûªº¹º�\©¿·\¶/�\Ç�ªØ
4·x¯ .
¯����^ÇIÈ��2ö#¹ºªº¥��©k¹j�\©k©k�S¤Ê« ó µ:¥�Ó�¶/��¹º�&ªj·`¥�\ÇM¨�¹º�¸© ó 1 ó 1 ³ 1r6 �\Ç±¹9©k��§�+¯*�\��°e�M¨�¨���·R©��K¨I·x° .
°e�\©¸¨a	k�eÇ±��©k©�·Q×º¨����Rªº�\�¶�·�ªº�\§k���	k�e	�Ã\¯�·x�-¨�	k�±5Õ¸�¥·x©k	��\§k��2Ñ�§k�R©k��§k2ÇIÈ��\��ÇIÈ���©k
ÒCÇ±·xªºÇ\§�ªº�\�z�±©í���\©�����°R·xªº¹º�·Q¨�¹º��© 1t$ �¿¯�ªº§k±Ó�ªØ
4·xÇM¨I¹º��©ë�PÍ*�\ÇM¨I¹Ê¶/�¿	��¿²�·x�¥�¿Ã±©k�\��Õ�¹j�
¯*�\§�¨,¥�\�7¶k¹º�t¯v��§��tªº�&Ç±·xªºÇ±§kªG	��&Ç\�\�7¨I·�¹º©k�\8Õ��¥·x©�	k�\§���t©���©Ö	�¹Ê¶/�\��Õ��\©/¨��\8	k��©/¨,ªØ
ÃM¶�· .
ªº§�·Q¨�¹º��©�¥�\��·x¹Ê¨¿�±°�¯*Ú\ÇIÈkÃ\�Ä¯�·��Û§�©k�ÀÇ\�¸§k¯k§����Ä¹º©kÙd�¥·x�¥��§kÕ��¸Ó#Ç±��°�°��Äªj·(¥§k¥Ç\�\¯0¨�¹ .

Þ 9



²k¹jªº¹Ê¨�Ãq§�©k¹ºÙd���¥°��q	��q¥¯k¹º©í��§ ªj·ÄÇ\��°�¯����\¥¥¹º²k¹ºªº¹Ê¨IÃq	k�¿ÇIÈ�·x��Õ¸��Ó¡¶^��¹º�`¯�·x�`�M¼k�\°�¯�ªº�
¤³x´�´kÓ 9 70Ó58 ó Ó�«K81¥�Ó�°e·�¹º#·x§k¥¥¹#¤ 8:7�¥r¯*��§k�8§k©���¥��ªº§�¨I¹º��©»·�ªÊ¨��\��©�·Q¨�¹Ê¶/� 1

Îr·&Ç\��§�¯k§k�¥�t¹º©�Ùd�¥·x�¥��§kÕ���Ó�Ã\Ñ�§�·Q¨�¹º�¸©Ïé ó 1 «cêMÓ��\-¨�¨���·x©k¥°�¹º¥��¶0¹j·&ªØ
4·xÇM¨�¹º�¸©�ªº¹º²����8Ò&ªj·
Ùd��©�ÇM¨�¹º��©`	k�#¯�·x�-¨�¹Ê¨�¹º��© Z �P¨t·x§�¼eÙd��©�ÇM¨�¹º��©��Õ�Ã±©kÃ\�¥·K¨���¹ºÇ\�\â	k�±�Ùd��©�ÇM¨�¹º��©��	�� Æ ���\�\©rÓ
Ñ^§��2ª�
��©q��²�¨�¹º�±©¸¨&�\©¿·KÔ7��§0¨I·x©¸¨&	k�±,¨��\�¥°��\�	��2¥��§���Ç\�aÒRªØ
4·xÇM¨�¹º��©}é ¥�\ÇM¨�¹º��© ó 1 ³ 1 ³�ê 1 ��§0¨��\eÇ\�\�Ùy��©kÇM¨I¹º��©ke·xÇ±Ñ^§k¹ºÌ\�¥�\©¸¨`·xªº���¥�§k©��Ö	�Ã\¯v�±©k	�·x©�Ç\�Ö�\© Λ

1�� ¹tªØ
��©ç¯����\©�	
ªj·½	kÃ\�¥¹Ê¶/Ã\�Û¯�·x�e��·x¯k¯*���7¨zÒ Λ 	��»ªj·½Ùd��©kÇP¨�¹º��©(Õ�Ã\©�Ã\�¥·Q¨��¥¹ºÇ\� Gc 	k�±eÙy��©kÇM¨I¹º��©kR	��Æ ���±�\©eÇ\��©k©��\ÇM¨�Ã±�\±Ó���©e�¸²�¨�¹º�\©/¨â§k©k�,Ã\Ñ^§�·Q¨�¹º��©e	�¹èÍ*Ã\�¥�\©¸¨�¹º�\ªjªº�,Ñ^§k¹�·�ªj·�°�Ú\°e�,Ùd����°e�
Ñ^§r
§k©��,Ã±Ñ^§�·Q¨I¹º��©�¨I����§�¶/Ã±�#¯�·x� ' ��ªºÇIÈ�¹º©k¥ï^¹�¤Ê«QÞx´1¥9é 	�·x©kâ§k©�¨I�¥·\¶�·x¹ºªvÑ^§k¹�±
¹º©k¥Ç\�¥¹Ê¶�·x¹Ê¨
Ç\�\¯*�\©�	�·x©¸¨,	�·x©�tªº�&Ç±·x	����&	k�&ªj·a���\©k�¸��°e·xªº¹º�·Q¨I¹º��©ÏÒaªj·óNë¹ºªº¥��©vê 1�� ¹G��©Ö	kÃM¶/�±ªº��¯k¯*�
Ç\�M¨¥¨��qÃ\Ñ^§�·K¨�¹º��© �\©(°e��©kä�°e�\`	k�qÇIÈ�·x°e¯k`	k�q¥��§k��Ç±�ÄéjÜ J à»	�·x©�`ªº�\`©��K¨I·Q¨�¹º�¸©k	k�`ªj·Û¥�\ÇM¨�¹º��© ó 1 ³ 1 ³�ê5¯v�¸§k�2�¸²�¨��\©�¹º�2ªj�\�Ã\Ñ^§�·Q¨�¹º��©��	k�`���\©�����°R·xªº¹º�·Q¨�¹º��©Ä¯*��§k�2ªj�\
Ùd��©�ÇM¨�¹º��©�Ö	�� Æ �¥�\�\©ëÇ\��©�©k�\ÇP¨�Ã\�\ Gc Ót��©ë���\©�Ç\��©¸¨I���¿ªj�\Ö°eÚ\°��\Ï¯k�¥��²kªºÌ\°e�\Ö	��
©k�¸©Ïªº��Ç±·xªº¹Ê¨�Ã5�\© Λ Ñ�§k��	�·x©k,ªØ
4·x¯�¯k����ÇIÈk�5¥�\ªº��©[Në¹ºªº¥��© 1�� ©k�5¹º�¥§���¯k�¥��¯v��¥Ã\�5¯�·x�� ·�ªº°�Èk�¸Ùd�\�»é¨¤Ê«K7xµ:¥,�M¨R��Ã±ÙdÃ\���\©�Ç\�\eÇ\¹ . ¹º©kÇ±ªº§k�\IêaÇ\��©��¹º-¨I�»Òß·�¯k¯kªº¹ºÑ�§k�\��§k©ç�¸��	k���Ï	��
Nì¹ºÇIï»·x§�¼Û°��¸©kä�°e�\�	k��ÇIÈ�·�°�¯k+	k��¥��§k��Ç±��Ó��P¨+¯�§k¹º+ÒRÙy·x¹j����§k©q	kÃM¶/�\ªº�¸¯k¯v�±°��\©/¨
	k�qªØ
Ã\Ñ^§�·Q¨�¹º��© 	�� ' ��ªºÇIÈ�¹º©k¥ï^¹�¯�·x�R�¥·x¯�¯v���7¨Ï·x§�¼%°e��©kä¸°��\z·x¹º©�¥¹#����	���©k©kÃ± 1 Îr·
Ùd���¥°��ÖÜ-����	k��©�©kÃ\�SNë¹jÇIï¸à Ω(

∏
j Jj)

	�
§�© °���©�ä�°�� (
∏
j Jj)

�\-¨Ö§�© ¯v��ªÊÐk©kä�°e�
	k�±&ÇIÈ�·x°e¯k Jj 1 é ' ·x�&�M¼0�±°�¯kªº�¸Ó*±
¹ºª9©r
 Ð¿·zÑ^§�
§�©k�a¥�\§kªº��¶�·x�¥¹j·x²kªº��ÓGªº�\&°e��©kä�°e�\����	���©k©�Ã\XNë¹ºÇIïR¥��©¸¨,ªº�\t¯v�¸ªÊÐ0©k��°e�\t	�
 É �\��°�¹è¨���Ó0Ò�§�©zÙy·xÇM¨I�\§k�t	k�+©�����°R·xªº¹º�·Q¨�¹º��©
¯k�¥Ì\ó¤Ê«K7xµ:¥ 1 ê�Îr�\8¯*��ªÊÐ0©�ä�°��\,·x¹j©k¥¹G��²�¨I�\©^§k8Ùy����°��±©¸¨,§k©Ï-Ð0-¨�Ì\°e�&Ç\��°�¯�ªº�M¨cÓk�M¨,��©
¯*�\§�¨#	�ÃM¶/�\ªº�¸¯k¯v�±� Gc �±© Ω(

∏
j Jj)

·x§»ªº¹º�\§»	k� (
∏
j Jj)

�

Gc ∼
∑

m

Gcm

m∏

j=1

J∗j′Jj

∼
∑

m

GWm Ω
( m∏

j=1

J∗j′Jj
)
.

Îr�\ôÇ\�^�P÷RÇ\¹º�\©¸¨I GWm 	k��Ç\��©k��§0¶/�±·x§a	�ÃM¶/�\ªº��¯�¯v�\°e�\©¸¨,é 	���©¸¨�ªØ
¹º©¸¨��±��¯k��ÃP¨I·Q¨�¹º��©®¯kÈ/Ð .
¥¹ºÑ^§��a�\-¨cÓG²k¹º�\©ß±��\Ó*°e��¹º©k&ÃM¶k¹º	k�\©/¨��aÑ^§��a	�·�©k&ªº�aÇ±·�&	k�\&Ùd�¸©kÇM¨�¹º�¸©k&	k� Æ ���\�\©vê
��²*Ã\¹º¥¥�\©¸¨�Òz	k�\�Ã±Ñ^§�·Q¨I¹º��©k�	�¹èÍ*Ã\���±©¸¨�¹º�\ªºªº�±�Ñ^§�¹ô¥��©¸¨2ªº�^Ç±·xªº�±��\© Λ

1 õ � ��§k5·xªºªº��©�
Ç\�\¯*�\©�	�·x©¸¨a¶/��¹º�a	�·x©kaªj·q¥�\ÇM¨I¹º��© ó 1 µ¿Ñ^§��`Ç±�`¥ÇIÈkÃ±°e·q	k�z���\©�����°R·xªº¹º�·Q¨�¹º��©C¯*��¥�
·x§��¥¹r	k�\,¯k�¥��²kªºÌ\°e�\ 1

Î��z¥ÇIÈkÃ±°e·q	k�z���\©�����°R·xªº¹º�·Q¨�¹º��©}§�¨�¹ºªº¹º¥Ãz¹ºÇ\¹��\-¨��\©�Ç\�����z	�¹èÍ*Ã\���±©¸¨ 1�� ¹���©CÙy·x¹Ê¨
§k©���¨���·x©k¥Ùd����°R·Q¨�¹º��©q	k�aÎr�\Õ��\©�	k�����§�� Gc ¯v��§��#��²0¨��\©k¹º��ªj·eÙy��©kÇM¨I¹º��©ÛÕ�Ã±©kÃ\�¥·K¨���¹ºÇ\�	k�±â¶/�\�7¨I�M¼zÒa§k©��+¯�·��7¨�¹ºÇ\§�ªº�+¹º���¥Ã\	k§�ÇM¨�¹º²kªj�\�é ¥�\ÇM¨�¹º��© ó 1 ³�êPÓ�ªº�\8Ã\Ñ^§�·Q¨�¹º��©�t	k�+�¥�\©k��� .
°R·xªº¹º�·Q¨�¹º��©Ï¯v��§���Ç\�±â¶/�±�7¨��M¼z¥��©/¨,·�§k¥¥¹*ªº��Ç±·xªº�\8�\© Λ ¤³ ó Ó*« ó µkÓG«K80«¸ÓG« 9�ó Ó48:8�¥ 1 Îr·
	kÃ±��¹Ê¶�·Q¨I¹º��©q	k��Ç\�\�Ã±Ñ^§�·Q¨I¹º��©k�¥�\��·e	�Ã\Ç\��¹Ê¨I�2	�·x©k�ªj·R¥�\ÇM¨I¹º��© ó 1 ó 1*Á+1*Á ¹º©�Åb¤Ê«K8�¥�ªj�\
·R���\	kÃ±��¹Ê¶/Ã\�\+ÒR¯�·x�7¨I¹º�#	�
§�©k�2¥��°�°R·Q¨�¹º��©ÖÜ7¯�·x�¥Ñ^§k�M¨¥àx¤ ó:9 ¥g¯�¹ºª�·R·x§�¥�¹T°e��©¸¨I��Ã2Ñ^§��
ªj·®¥�\§kªº��	k¹èÍ*Ã±���\©kÇ±�&�\©¸¨I���&ªº�\t¨�����¹º#·x¯k¯k�¥�^ÇIÈk�±5éjÜ7©k�¸©Öªº�^Ç±·xªj�Mà�Ó¸Ü-����	����&	k�ßNë¹ºÇIï/à+�P¨
Ü-Òz§k©��a¯�·x�7¨�¹ºÇ±§kªº�a¹º�¥��Ã\	k§�ÇM¨�¹º²�ªº�Mà7ê�Ç\��©k¥¹º-¨��®�\©ß	k�\�	k¹èÍ*Ã±���\©kÇ±�\&	k�®	k��°R·x¹º©k�±&	�
¹º© .
ø���ú�
_ÿ��Z���û��+&'�
R	�úg�(���|ú$
*û������Ìû����Ûúg
Ûú�û���&'��\�ú���û�	�ÿ"�"� ����ú��a�2� ú��[� ú�����&���
����������'N��c-

Þ�8



¨IÃ\Õ��¥·Q¨I¹º��©Û	k�±#¯�����¯�·xÕ/·Q¨��\§k�¥#¹º©/¨��\��©��\#	��2Ç\�\#	�¹j·xÕ��¥·x°e°��± 1v� ��§k+·xªºªº��©�����M¶/�\©�¹º�
¥§��8ªº�\,	k¹èÍGÃ\���\©�Ç\�\,�\©/¨�����ªº�±,	k¹Ê¶/�\�¥,�ÇMÈkÃ\°R·x,	�·x©�8ªX·®¥�\ÇM¨�¹º�¸© ó 1 ó 1 ³ 1

Îr��°���	kÌ\ªº�+	k� É §k²k²�·x��	`²�¹º	k¹º°��±©k¥¹º��©k©��\ª*·2ÃP¨�Ã�ÃM¨I§k	k¹ºÃ&Ò2ªØ
4·x¹º	��+	k��Ç\�+¥ÇIÈkÃ\°R·
¯�·x� É ��©��\��ïK·x°e¯U¬ ®Bá:¹ ¤ 8 ó Ó%8:80Ó%8xµ�Óe8:7kÓe8/¬�Óv«±´�´0Ó%8 9 ¥v�P¨ Á ¹º©�Å&¬ ®Bá:¹ ¤Ê«K80Ó0³x´0Ó0³�«'¥�Ó/�M¨QÓ
	�·x©k¡ªØ
4·x¯k¯����^ÇIÈ��,·\¶/�\Ç8���¥	k���8	k�|Nì¹ºÇIïvÓ�¯�·x� É ·xªº²v�x¨�È��M¨ ¾ �M¨�Å\©��\�>¤ 9 70Ó 9 µ�¥ 1¸Á §��ÇIÈ��
¬ ®�á:¹ ��©¸¨¡��Ã\§�¥�¹kÒ�Çc·xªºÇ\§kªº�±�9ªj·+Ùd��©�ÇM¨�¹º��©®¥¯v�\ÇP¨��¥·xªº�8Ò�§�©k��¯�·x�7¨�¹ºÇ±§kªº�t¯v��§��9§k©®ªº¹ºÑ^§k¹º	��
	��ÛÎr§0¨�¨�¹º©�Õ��\�e§�©k¹º	�¹º°��\©��¹º�¸©k©k�±ª,	�·x©kRªº�Û¥ÇIÈkÃ±°e·ÀÒ½§k©k�Û¯�·��7¨�¹ºÇ\§�ªº�»¹º�¥��Ã\	�§kÇM¨�¹º²�ªº�
¤ ó ¬�¥ 1

9ÂÅÌÄ : �#���r�G���#�a� ����� �*����� ��� �#�����v��È��
m

���,���G�¥�9�a���¡�
� ��§�R·xªºªº��©kRÃ\Ç\�¥¹º���»	k�\eÃ±Ñ^§�·Q¨I¹º��©ke	��Ï���±©k����°R·xªº¹º�·Q¨�¹º��©(¯v��§���ªº�\RÙd��©kÇM¨I¹º��©k

	��q¶/�\�7¨I�M¼ Γm
1,6 �¸°�°��±©kÂ\��©�Ö¯�·x�ÖÑ^§��\ªºÑ^§k�±Ö��·x¯k¯*�\ªºÏ	k�ßÑ^§k�±ªºÑ^§k�\Ï	kÃ\æ�©k¹Ê¨I¹º��©k

�P¨�¯k����¯���¹ºÃM¨�Ã±5	��eÇ\�\2Ùd��©�ÇM¨�¹º��©� 1�6 �M¨�¨��e¥�\ÇP¨�¹º��©½¥�\�-¨��\¥��±©¸¨�¹º�\ªºªº�±°��\©/¨aÒÖæ0¼0�±�5ªº�\
©��K¨I·Q¨�¹j��©ka�P¨�ªº�\aÇ\�¸©¸¶/�\©¸¨I¹º��©k®	k�z¥¹ºÕ�©k�\ 1ô' �¸§k�a¯�ªº§ka	k�z	kÃP¨I·x¹ºªº®�M¨�©k�K¨I·x°e°��\©/¨
	��\&¯k���\§0¶/�\&	k�±+�¥Ã\¥§kªÊ¨I·Q¨I&ÃM¶/�^Ñ^§�Ã\&¹ºÇ\¹ØÓG��®��Ã\ÙdÃ\�¥�\�&·x§ßªº¹Ê¶0���®	k� Ëk1 N 1G� �\Õ��\ªº�®�M¨É�1 ;+�¥ªj·x©k	�¤Ê«\µ¸´1¥ 1

6{Ê*É�ÊÌË ç>Î�Ô#Ö.Ï:ÙGé�ÒXÙ" |Ð)Ø�ÕPÙGÑ�Òkí|î�¡BÏ:ÙÛ×{Ô{Î
Îr�\tÙd��©�ÇM¨�¹º��©��	�� Æ �¥�\�\© Gm ¥��©¸¨,ªº�\â¶¸·xªº�\§k�¥t°��±Ð/�\©�©k�\t	��+¯k�¥�^	k§�¹Ê¨�t	�
��¯*Ã .

��·Q¨��\§��� c†K �M¨ cK ���±�¯*�\ÇM¨I¹Ê¶/�\°��±©¸¨®	��`Ç\�¥Ã±·Q¨�¹º��©C�P¨®	r
4·x©k©�¹ºÈk¹ºªj·Q¨�¹j��©C	k�zÙd�\��°e¹º��©k
	�·x©k,§k©»ÃM¨I·Q¨ K Ó

Gm(K ′1, ...,K
′
m;Km, ...,K1) = 〈cK′1 ...cK′mc

†
Km

...c†K1
〉 .

é ' ªº§�r¯���Ã\Ç\¹º¥Ã\°e�\©¸¨cÓ±ªº�¡°�§�ªÊ¨�¹º¯kªº�P¨ K �±7¨�Ç\�¸°�¯v�¸�Ã¡	��9¨��¸§krªj�\r©���°�²k�¥�\rÑ^§�·x©¸¨�¹ºÑ�§k�\
Ñ�§k¹¡Ç±·x�¥·xÇM¨IÃ\��¹º¥�\©¸¨�§�©áÃM¨M·Q¨�ÒÏ§k©���¯�·��7¨�¹ºÇ\§�ªº��Ór�M¨2§�©k�eÙd��Ã\Ñ^§��\©kÇ±��	k� ¾ ·Q¨I�§�²�·x��· 1 ê� ªºªº�\�	kÃ±Ç\��¹Ê¶/�\©/¨�ªX·�¯k����¯�·xÕ¸·Q¨�¹º�¸©e	k� m ¯�·x�7¨�¹ºÇ\§�ªº�\¡¹º©�Ô7�\ÇM¨IÃ\�\¡	�·x©k�ªº�,7Ðk7¨IÌ\°��,¯kÈ/Ð .
¥¹ºÑ^§��+�\©zÑ^§k�±7¨I¹º��©z	�·x©��ªº�\tÃM¨I·Q¨� K1

Ó 1º1j1 Ó Km
�M¨8���M¨�¹º�¥Ã\�\�	��\�ÃM¨M·Q¨� K ′1 Ó 1º1º1 Ó K ′m 1� ¹ØÓ0	�·x©k8§k©Ï	kÃP¶/�\ªº��¯k¯*�\°e�\©¸¨,�±©Ö	k¹X·xÕ��¥·x°e°��\,	k� 3 �MÐk©k°R·x©Ö	��&Ç\�\,Ùd��©kÇM¨I¹º��©k±Ó0�¸©

©��a���P¨�¹º�\©¸¨5Ñ^§k�®ªº�\&	�¹j·xÕ��¥·x°e°��\�Ç\��©k©��\ÇM¨�Ã±\ÓG��©¿�¸²�¨�¹º�\©/¨�ªº�\&Ùy��©kÇM¨I¹º��©k&	�� Æ ���\�±©
Ç±��©k©k�±ÇM¨�Ã\�\ Gcm 1k� ªr¥�+¨��¥��§�¶/��Ñ�§k�p¤Ê«\µ/´1¥

G1(K ′;K) = Gc1(K ′;K),

G2(1′, 2′; 2, 1) = G1(1′; 1)G1(2′; 2)−G1(1′; 2)G1(2′; 1)

+Gc2(1′, 2′; 2, 1) .

$ ¹j·xÕ���·x°�°R·Q¨�¹ºÑ^§��\°��±©¸¨cÓ9Ç\�M¨¥¨��`	��\��©�¹ºÌ\���zÃ\Ñ^§�·K¨�¹º��©C�\-¨®�¥�\¯k��Ã±��\©/¨�Ã\�z	�·x©�aªj· 3 ¹jÕ 1ó 1 µ 1 Îr·5�¥�\-¨���¹ºÇM¨I¹º��©`·x§�¼e	k¹j·xÕ¸�¥·x°�°e�\âÒ5§k©��#¯�·x�7¨�¹jÇ\§kªº�#¹º����Ã±	k§kÇM¨I¹º²kªº�\+é-« '¡� ê�	k��©�©k�
�±©0æ�©ßªj�\+¶/�\�7¨I�M¼ Γm

�¹ØÓ��\©á¯kªº§k±ÓG��©á���M¨I¹º���®ªº�±�¯k����¯�·xÕ¸·Q¨��±§k����M¼�¨��\��©��\�	k�\�	�¹j· .
Õ���·x°�°e�\ 1G� ©ß	k¹j·xÕ���·x°�°e�a�\-¨�	�¹Ê¨�« '¡� ±
¹ºªô�\-¨�¹º°�¯*��¥�¹j²kªº�a	k�®ªº�a���±©k	k�¥�a	kÃ\Ç\�¸© .
©��\ÇM¨�Ã��\©áÇ±��§k¯�·�©¸¨2§k©��®¥�\§�ªº��ªº¹ºÕ�©k��	���¯k����¯�·xÕ¸·Q¨�¹j��©á¹º©¸¨I�\��©k� 1�' ��§k�5Ç\��°�¯����\©k	����

7¸´



ªj·��¹ºÕ¸©k¹èæ�Çc·Q¨�¹º��©»¯kÈ¸Ðk¥¹ºÑ^§k��	���Ç\�\,Ùd��©�ÇM¨�¹º��©�±ÓkÇ\��©k¥¹º	�Ã\����©�8	r
4·x²v�¸��	Ïªº��Çc·x m = 1
1

' ªº§�¨�äx¨#Ñ^§���	�
ÃP¨�§k	�¹º�\� Γ1
Ók��©»	kÃPæ�©�¹Ê¨#	r
È�·x²k¹è¨�§k	��&ªØ
4Ã\©k�\�¥Õ�¹º��¯�����¯����

Σ = Γ
(0)
1 − Γ1 ,

é ó 1 ³�ê
�:� Γ

(0)
1

�\-¨,ªº�+¶/�\�7¨I�M¼ÖÒa§�©k�&¯�·��7¨�¹ºÇ\§�ªº�&¯*��§k�tªº�&-Ð0-¨�Ì±°��&�·x©�t¹º©/¨��\�¥·xÇP¨�¹º��©k 1�$ ·�©k
	k�±8-Ðk7¨IÌ\°��\,�·x©�,7Ðk°�ÃM¨I��¹º��²���¹º¥Ã\��Ók�¸©»·S¤Ê«±µ¸´1¥

G1(K ′;K) = −Γ−1
1 (K ′;K) é ó 1 ó ê

�M¨�	k��©�Ç
G−1

1 = G
(0)
1

−1
+ Σ .6 ����Ã\¥§�ªÊ¨I·Q¨9¹º°�¯kªº¹ºÑ�§k��ªØ
Ã\Ñ^§�·K¨�¹º��©2	k� $ Ðk¥��©5¯*��§k�Tªº�¡¯�����¯�·�Õ¸·Q¨��\§��TÒ,§k©k��¯�·x�7¨I¹ºÇ\§kªº��Ó

G1 = G
(0)
1 −G

(0)
1 ΣG

(0)
1 +G

(0)
1 ΣG

(0)
1 ΣG

(0)
1 − ... ,

¶/��¹º��ªj· 3 ¹ºÕ 1 ó 1 ó 1 ;+©5¶/��¹Ê¨ô	k��©�Ç�Ñ^§���ªØ
Ã\©��\��Õ�¹º�â¯k�¥��¯k���âÇ\��©¸¨�¹º�±©¸¨�¨���§�¨I��ªØ
¹º©�Ùd����°R·Q¨�¹º��©
¥§k�¡ªØ
�PÍG�M¨â	k�±¡¹º©¸¨��\��·xÇM¨�¹º��©�¡¥§��¡ªj·&¯�����¯�·�Õ¸·Q¨�¹º��©R	�
§k©��8¯�·x�7¨�¹ºÇ\§�ªº�,	�·x©�¡ªº�,-Ð0-¨�Ì\°e�
¯kÈ/Ð0¥¹ºÑ^§��»�\©%Ñ^§��\-¨�¹º��© 1â$ �Ûªj·á°eÚ\°��»Ù ·xÂ\��©�Ó�ªº�Ö¶/�\�-¨��M¼ Γ2

	kÃ±Ç\��¹Ê¨`ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©
�PÍG�\ÇM¨�¹Ê¶/�5�\©/¨�����	��\§�¼Ö¯�·x�7¨�¹ºÇ±§kªº�\,¹º©�Ô7�\ÇM¨IÃ\�\,	�·�©k,ªº��-Ð0-¨�Ì\°e���
Gc2(K ′1,K

′
2;K2,K1) =

− T
N

∑

L′1L
′
2L2L1

G1(K ′1;L′1)G1(K ′2;L′2)G1(L2;K2)G1(L1;K1)×

×Γ2(L′1, L
′
2;L2, L1) .

é ó 1 µ/ê

$ ¹j·xÕ��¥·�°�°e·K¨�¹ºÑ^§��\°��\©/¨cÓK��©�·#	���©kÇ�ªj· 3 ¹ºÕ 1 ó 1 Þ 1 ÎT·�Ç\��©�©�·x¹º¥�·x©kÇ±��	k§a¯�����¯�·xÕ/·Q¨��\§��
ªº¹º²���� G(0)

1
Ó/	k�#ªØ
Ã\©k�\�¥Õ�¹º�#¯k�¥��¯k��� Σ �M¨�	k§�¶/�\�7¨I�M¼RÒ5	k�\§0¼�¯�·x�7¨�¹ºÇ±§kªº�\ Γ2

¥§0÷®¨t·xªº���¥
¯*��§k�8Çc·xªºÇ\§kªº�±�8ªº�\,Ùy��©kÇM¨I¹º��©k,	�� Æ ���\�\©ÛÒ®§�©k���M¨�	k�\§0¼Ö¯�·x�-¨�¹ºÇ\§kªº�± 1

= − Σ +
Σ

Σ 1º1º1

�X *¡O¢ ó 1 ó £ � �±ªj·Q¨�¹º��©q�\©/¨�����ªº��¯k����¯�·xÕ¸·Q¨��\§��#Ç±��°�¯�ªº�M¨ G1
é ªº¹ºÕ¸©k��	k��§�²kªº�cêPÓ�ªº��¯k��� .

¯�·�Õ¸·Q¨��\§��8ªº¹º²���� G0
1
é ªº¹ºÕ�©���¥¹º°�¯�ªº�cê��M¨�ªØ
Ã\©k�±��Õ�¹º�5¯k���¸¯k��� Σ

1

6�ÊGÉ�Ê*É ç>Î�Ô#ÖCÐ)Ø,ÝÛÐ5ÔXÝGDZÝ�FHØ_ÙÛÓ#Î¾Ó#ÎFÏCÙdÒ,Õ:ñ5é,Ö:Ø,ÝGÎFÏ@Ó#Î¾ÐeîBÎ�ÜZÙdÒ
$ ·�©k�ªº�+Ùd����°R·xªº¹º¥°��+	k�+ªØ
¹º©¸¨�Ã\Õ¸�¥·xªº�+	���ÇIÈk�±°�¹º©k±Ó�ªj·2Ùy��©kÇM¨I¹º��©z	k��¯�·x�7¨�¹Ê¨I¹º��©z�\-¨

	k�¸©k©kÃ±��¯�·x�
Z =

∫
D[ψ∗, ψ]e−S[ψ∗,ψ] ,

70«



G2 = − + Gc2

�X *¡O¢ ó 1 µÂ£ � �\ªj·Q¨�¹º�¸©z�\©¸¨��¥� G2
�M¨ Gc2 1 Î��\tªº¹ºÕ�©��\�	���§k²�ªº�\�	kÃ±�¹jÕ�©k�\©/¨tªº�+¯�����¯�·xÕ/· .¨I�\§k�8Ç±��°�¯kªj�M¨ G1

1

G2 = − + Γ2

�X *¡O¢ ó 1 Þó£ � �\ªj·K¨�¹º��©»�\©¸¨��¥� G2
�M¨ Γ2

1

�:� ψ∗ �P¨ ψ ¥��©¸¨9	k�\�¶�·���¹j·x²kªº�±T	k� Æ �¥·x¥�°R·x©k©2Ñ^§k¹/Ç\�������±�¯*��©k	��\©¸¨9·x§0¼���¯*Ã\�¥·Q¨I�\§k��	���Ç\��Ãc·Q¨�¹º��©»�M¨#	r
4·x©k©�¹ºÈk¹ºªj·Q¨I¹º��©»	k��Ùd�\�¥°�¹º��©� 1 Î¡
4·xÇM¨�¹º��©»¥�5	kÃ\Ç\��°e¯v�¸��5�\©
S = S0 + SI ,

�·�¯�·x�7¨I¹º��ªº¹º²�����±
Ã\Ç\�¥¹Ê¨
S0 =

∑

K

ψ∗KC
−1
K ψK .

) ¯�·x�-¨�¹º��	�
¹ºÇ\¹ØÓ K 	kÃ\¥¹ºÕ�©k�#ªØ
�\©�¥�\°�²kªj�,	��,©k��°a²k���±�Ñ^§�·x©/¨�¹ºÑ^§��\�Ñ^§k¹�Ç±·x�¥·xÇM¨IÃ\��¹º¥�\©¸¨
ªº�±�ÃP¨I·Q¨�+¯k�¥��¯k����	k§ É ·x°e¹ºªÊ¨���©k¹º�±©qªº¹º²k�¥� H0

�M¨&¹º©kÇ±ª]±�¨&§k©���Ùd��Ã\Ñ^§��\©kÇ±��	k��°e·K¨�¥§ .
²�·x�¥· 1 CK �\-¨#ªº�5¯k����¯�·xÕ¸·Q¨I�\§k�8ªº¹º²�����Ó

CK = G
(0)
1 (K;K) =

−1

ik0 − ξK
,

ξK = εK − µ ,
�:� εK �\-¨8ªØ
Ã±©k�\��Õ�¹j�+¯k�¥��¯k���&	k�+ªØ
ÃM¨I·K¨ K �P¨ µ ªº�+¯v�K¨I�\©¸¨�¹º�±ª*ÇIÈk¹º°e¹ºÑ^§k� 1 ;+©z��²0¨�¹º�\©/¨ªº�±a·x§0¨����\5¨I�\��°��±�	k�`ªØ
4·xÇM¨I¹º��©Ä¥¹��¸©À�¥�\°�¯�ªj·xÇ\�`ªº�\a��¯vÃ\��·Q¨��\§��� c†K Ó cK ¯�·x��	k�\
ÇIÈ�·x°�¯� Æ �¥·x¥¥°e·�©k©k¹º�±©k ψ∗ Ó ψ 	�·x©�eªº�\e¯�·x�7¨�¹º�±e©k��© . ªº¹º²����\e	�§ É ·x°�¹ºªÊ¨I��©k¹º�\© 1' ��§k�,ªØ
¹º©¸¨IÃ\Õ��¥·xªº�5	���ÇIÈk�±°�¹º©k±Ó�©k��§k,§0¨�¹ºªº¹º¥��©k,ªj·�©k�K¨M·Q¨�¹º��©

∫
D[ψ∗, ψ] =

∏

K

∫
dψ∗K

∫
dψK .

;&©��¥·x¯�¯v�\ªºªº�âÑ^§���ÓQ	4±a·x§a�¯�¹º©�ÓQªº�â©k�¸°�²k���â	r
ÃM¨I·Q¨I��\-¨ô¯�·x¹º�\ÓQ	k�â¥���7¨I�âÑ^§k�âªØ
Ã\ÇIÈ�·x©kÕ¸�
	��R¨���§�®ªº�\ ψ∗K �M¨ ψK ©k�zÇMÈ�·x©kÕ¸�z¯�·x®ªº�\®¥¹ºÕ�©k�\�	k�\®�M¼0¯����\¥¥¹º��©k®	�·x©k®Ç\�M¨¥¨��
¥�\ÇP¨�¹º��© 1�� �K¨I��©ke¯�·x�e·x¹ºªjªº�\§k��RÑ^§k�»ªj·ßÙy��©kÇM¨�¹º�¸©ç	��Ï¯�·x�-¨�¹Ê¨�¹º��©%¯v�¸§k��§�©ç-Ð0-¨�Ì\°e�
�·x©�,¹º©¸¨��\��·xÇM¨�¹º��©�,�\-¨8¨��¸§�¨#¥¹º°e¯kªº�\°e�\©¸¨

Z0 =

∫
D[ψ∗, ψ]e−S0 = detC−1 .

7/³



� �¸§kt©k��§kt¯kªj·�Â\��©kt	�
4·x²*����	z	�·x©kt§k©���¥¹Ê¨�§�·Q¨�¹º��©Ö�:�R¨���§��ªº�\â¨��±��°��\t	k�+ªØ
4·�ÇM¨�¹º��©
Ç\��©�¥�\�7¶/�\©/¨»ªº�ß©k��°�²����ß	k�ß¯�·x�7¨I¹ºÇ\§kªº�\ 18� ©ëÇ±·xÖ¯kªj§kÖÕ�Ã\©�Ã\�¥·xª&¥�\��·½¨I�¥·x¹Ê¨�Ãß	�·�©k
ªØ
4·x©�©k�M¼k� Á+1 « 1�$ ·�©k,Ç\��Ùy����°e·�ªº¹º�°e��Ó�ªº�\,Ùd��©�ÇM¨�¹º��©�,	k� Æ �¥�\�\©Ï¥��©/¨#	k�¸©k©kÃ±�\,¯�·x�
Gm(K ′1, ...,K

′
m;Km, ...,K1)

=
1

Z

∫
D[ψ∗, ψ]e−S[ψ∗,ψ]ψK′1 ...ψK′mψ

∗
Km ...ψ

∗
K1

=(−1)m
m∏

j=1

δ2

δJ∗
K′j
δJKj

G[J∗, J ]

∣∣∣∣
J∗K=0=JK

,

é ó 1 Þ�ê

¥¹���©»	kÃ\æ�©k¹Ê¨#ªj·�Ùd��©�ÇM¨�¹º��©»Õ�Ã\©�Ã\�¥·Q¨��¥¹ºÇ\�
G[J∗, J ] =

1

Z

∫
D[ψ∗, ψ]e−S[ψ∗,ψ]−(J∗,ψ)−(ψ∗,J) , é ó 1 7¸ê

�:�»©k��§�#·\¶/��©k,§0¨�¹ºªº¹º¥Ã�ªj·�©��K¨I·Q¨�¹º�¸©
(J∗, ψ) =

∑

K

J∗KψK .

� ©Ï	r
4·x§�¨I���\,°��K¨I\Ó�ªº�5	kÃM¶/�±ªº��¯k¯*�\°��\©/¨#	k� G ¥�\ªº��©»ªº�\#��¸§k��Ç\�±8Õ���·x¥�°R·x©k©�¹º�\©k©��\
J∗K

Ó JK �\-¨#	���©k©kÃ5¯�·x�

G[J∗, J ] =
∞∑

m=0

1

(m!)2

∑

K′1...K
′
m

K1...Km

Gm(K ′1, ...,K
′
m;Km, ...,K1)

m∏

j=1

J∗K′jJKj .

Îr�\�°eÚ\°��±�Ã\Ñ^§�·K¨�¹º��©k2¨�¹º�\©�©k�\©¸¨®¯v��§��2ªº�±�Ùd��©�ÇM¨�¹º��©��	k� Æ ���\�\©ÄÇ\��©�©k�\ÇM¨IÃ\�\ Gcm·x§»ªº¹º�\§»	k�\ Gm ¥¹���©»���\°e¯kªj·xÇ\� G ¯�·x�
Gc[J∗, J ] = lnG[J∗, J ] . é ó 1 ¬�ê

ÎT·�Ùd��©kÇP¨�¹º��©zÕ�Ã\©�Ã\�¥·Q¨��¥¹ºÇ\��¯*��§��âªº�\â¶/�\�7¨��P¼R�±7¨8ªj·5¨��¥·�©k¥Ùd����°eÃ\�+	k�+Îr�\Õ��±©k	k�¥��	�� Gc¯�·����¥·x¯�¯v���-¨âÒ&	k�±�ÇMÈ�·x°�¯� φ∗ Ó φ Ó¸Ñ^§k¹k¥��©/¨�	kÃ\æ�©k¹º¡Ç\��°e°��,ªº�\ô¶�·xªº�±§k��¡°e�±Ð/�\©k©��\	k� c†K Ó cK �\©Ï¯���Ã\¥�\©�Ç\��	k�±8¥��§���Ç\�\ J∗K Ó JK �
φ∗K := 〈c†K〉J é ó 1 9 ê

=
1

ZJ

∫
D[ψ∗, ψ]ψ∗Ke

−S[ψ∗,ψ]−(J∗,ψ)−(ψ∗,J)

=
δ

δJK
Gc[J∗, J ] ,

φK := 〈cK〉J é ó 1 8¸ê
=

1

ZJ

∫
D[ψ∗, ψ]ψKe

−S[ψ∗,ψ]−(J∗,ψ)−(ψ∗,J)

= − δ

δJ∗K
Gc[J∗, J ] Ó��:�

ZJ :=

∫
D[ψ∗, ψ]e−S[ψ∗,ψ]−(J∗,ψ)−(ψ∗,J) = Z G.

7 ó



ÎT·�¨I�¥·x©k¥Ùd�¸��°e·Q¨I¹º��©Ï	��5Îr�\Õ��\©�	k���5\
Ã±Ç\��¹Ê¨
GΓ[φ∗, φ] = −Gc

[
J∗[φ∗, φ], J [φ∗, φ]

]

−
(
φ∗, J [φ∗, φ]

)
−
(
J∗[φ∗, φ], φ

)
.

é ó 1 «±´¸ê

;&©»·�	k��©kÇ¸Ók¯v��§��8ªº�\,ÇIÈ�·x°�¯�,	k��¥��§���Ç\��Ó

J∗K =
δ

δφK
GΓ[φ∗, φ] , é ó 1 «�«cê

JK = − δ

δφ∗K
GΓ[φ∗, φ] . é ó 1 «c³�ê

) ¯�·x�-¨�¹º�8	�� GΓ
Ókªº�\t¶/�±�7¨��M¼Ï±
��²�¨�¹º�±©k©k�±©¸¨#¯�·��

Γm(K ′1, ...,K
′
m;Km, ...,K1) =

(
N

T

)m−1 m∏

j=1

δ2

δφ∗
K′j
δφKj

GΓ[φ∗, φ]

∣∣∣∣
J∗K=0=JK

.

$ ÃPæ�©�¹º�¥��©�
Γ
φ

(∗)
P φ

(∗)
K

:=
δ2GΓ

δφ
(∗)
P δφ

(∗)
K

éØ�\©ÏÕ¸·x�¥	�·x©¸¨�ªº�\,¥��§���Ç\�\ J (∗) 6= 0 ê��P¨

Γ̄PK :=

(
Γφ∗PφK Γφ∗Pφ

∗
K

ΓφPφK ΓφPφ∗K

)
. é ó 1 « ó ê

;&©Ï¯*�\§�¨#	�Ã\°���©/¨����\�8Ñ�§k�p¤Ê«\µ/´1¥
(
Γ̄−1

)
KP

=

(
δ2Gc

δJ∗KδJP
− δ2Gc
δJ∗KδJ

∗
P

− δ2Gc
δJKδJP

δ2Gc
δJKδJ

∗
P

)
é ó 1 «\µ/ê

$ ·x©�Ï	k�\Ï-Ð0-¨�Ì\°e�\Ï�·x©kÏ-Ð0°eÃM¨���¹º�á²k��¹º¥Ã\��Ó8ªº�\ÏÙd��©�ÇM¨�¹º��©�Ï	k� Æ ���\�\© ·\¶/�\Çá	k�\
©���°�²����\a	k¹èÍ*Ã±���\©¸¨Ia	k�`Ç±��Ã±·Q¨��±§k��a�M¨�	�
4·x©k©�¹ºÈk¹ºªj·K¨��\§k�¥a±
4·x©k©^§�ªº�\©¸¨cÓ9	k�`¥���-¨��`Ñ^§��
ªØ
�¸©Ï��²0¨�¹º�\©¸¨�ªØ
Ã\Ñ�§�·Q¨�¹º��©Àé ó 1 ó ê 1

9ÂÅ�9 ¢ ���G�-���t�*���#� �2�¡�ì�¡¢&���t�*�¥�,�a� ���A�*�¡�2�,�G���#�¥�����t�*�¥�#�
ÎT·5	�Ã\��¹Ê¶�·K¨�¹º��©`	k�\âÃ±Ñ^§�·Q¨I¹º��©k�	k�#�¥�\©k���¥°e·xªº¹º�·Q¨I¹º��©`���\¯k�¥�^	k§�¹Ê¨���¹ºÇ\¹��±7¨â¨�¹º��Ã±�#	��

ªj·»¨�È�Ì\¥�`	k� 6+1ôÉ ��©k�±��ïK·x°e¯ä¤ 8 ó ¥ 1 ;+©Ä¯*�\§0¨®	kÃ\°e��©¸¨��¥�\��	��\aÃ\Ñ^§�·Q¨�¹º��©�a¯k���±�Ñ�§k�
¹º	��\©¸¨�¹ºÑ�§k�\�Ò�¯�·x�7¨�¹º��	�
§�©k�,¥��°e°e·Q¨I¹º��©R	k�\�	�¹j·xÕ��¥·x°e°��\ôÜ7¯�·x�¥Ñ^§k�M¨¥à�Óx¶/�¸¹º��ªj·+¨�È�Ì\¥�
	�� Á+1�Á ¹º©kÅx¤Ê«K81¥ 1$ ·x©k,Ç\�M¨¥¨���¥�\ÇM¨I¹º��©�Ó�©k��§k#·xªºªj��©k,Ç±��©k¥¹º	kÃ±���\�8§�©k�5·xÇM¨I¹º��©»	k��ªj·�Ùd����°e�

S(x) = S0(x) + SI ,

7�µ



Ñ^§�¹�	kÃ±¯v�\©�	Ï	�
§k©»¯�·x�¥·�°�ÌM¨��¥� x §�©k¹ºÑ�§k�\°e�\©¸¨#	�·x©�,¥·�¯�·x�-¨�¹º��Ñ�§�·x	��¥·Q¨�¹ºÑ^§���Ó S0
�

S0(x) =
∑

K

ψ∗KC
−1
K (x)ψK .

$ ·x©k,©k�K¨��¥�&Ç±·�\Ó x �\-¨#§k©k��Ç\��§k¯�§k����¹º©kÙd�¥·�����§kÕ¸� Λ Ó�¶/��¹º�8ªØ
Ã\Ñ^§�·Q¨�¹º��©½é ó 1 «cê 1k) ¹º©k¥¹ØÓ
Z Ó G �P¨+¨���§0¨��\+ªj�\+Õ¸�¥·x©k	��\§k�¥+Ç±·xªºÇ\§�ªºÃ\�\�Ò`¯�·��7¨�¹º�+	�� G ÓG·xÇ\Ñ^§�¹ºÌ\���\©/¨�§k©���	�Ã\¯v�±© .	�·�©kÇ\�8�\© Λ

1¸� ��§�¡·xªºªº��©�¡	�
4·x²*����	�Ã\Ç\�¥¹º���8§k©��8Ã\Ñ^§�·Q¨I¹º��©�	k�8���±©k����°R·xªº¹º�·Q¨�¹º��©e¯v��§��
ªj·RÙy��©kÇM¨I¹º��©qÕ�Ã\©�Ã\�¥·Q¨��¥¹ºÇ\� GΓ(x) �M¨&�\©k¥§k¹Ê¨I��ªj·R	kÃM¶/�±ªº��¯k¯*�\��¥�\ªº��©qªº�±+ÇIÈ�·x°e¯k φ(∗)
·Kæ�©Ï	�
�¸²�¨��\©�¹º�8ªº�±,Ã\Ñ^§�·K¨�¹º��©k,Ç\�¸�����\¥¯*��©k	�·�©¸¨��\,¯*��§k�8ªº�\t¶/�±�7¨��M¼ Γm

1

6�Ê86�ÊzË çwFqñ�×�ÔBØMÕPÙGÑ�ÒkÓ#Îy>/Ñ�ÝÛÐeîXÙdÒ#Ïv£{Ù
$ 
4·�¯k��Ì\�ªØ
Ã\Ñ^§�·K¨�¹º��©¿é ó 1 «c´¸êMÓ^ªj·5	�Ã\¯v�±©k	�·�©kÇ\�#�M¼0¯�ªº¹ºÇ\¹Ê¨���	k� GΓ

�\© x ¶0¹º�±©¸¨t	�
§k©��¯�·��7¨�	k��ªj·Ï	�Ã\¯v�±©k	�·�©kÇ\���M¼k¯kªº¹ºÇ\¹Ê¨I��	�� Gc �\© x Ó�	r
4·x§�¨��¥��¯�·��7¨�	k��ªj·Ï	�Ã\¯v�±©k	�·�©kÇ\��\© x 	k�\ J (∗)
K [φ∗, φ;x] Ó*Ñ�§k¹9±
��²�¨�¹º�±©k©k�±©¸¨�¯�·x�+¹º©/¶/�\��¥¹º��©ß	k�\&Ã\Ñ^§�·Q¨�¹º��©�®é ó 1 9 ê#�M¨é ó 1 8¸ê�¯*��§�� φ(∗)
K [J∗, J ;x]

1 ;+©Ö¨�����§0¶/�
d

dx
Gc
[
J∗[φ∗, φ;x], J [φ∗, φ;x];x

]
=

∂

∂x
Gc −

(
φ∗,

dJ

dx

)
−
(dJ∗
dx

, φ
)

�M¨�	k��©�Ç
d

dx
GΓ[φ∗, φ;x] = − ∂

∂x
Gc
[
J∗[φ∗, φ;x], J [φ∗, φ;x];x

]
. é ó 1 «cÞ�ê

Gc ��²*Ã\¹Ê¨�Ò�ªØ
Ã\Ñ^§�·K¨�¹º��©»	k� ' ��ªºÇIÈ�¹º©k¥ï^¹�é Ç\Ù 1 ªØ
4·x©k©��M¼0� Á�1 ³�ê+�
∂

∂x
Gc[J∗, J ;x] =

∑

K

dC−1
K

dx
G1(K;K)

−
(δGc
δJ

,
dC−1

dx

δGc
δJ∗

)

−
( δ
δJ
,
dC−1

dx

δ

δJ∗
)
Gc .

é ó 1 «K7¸ê

) ¶/�\Çeé ó 1 «cÞ�êt�M¨�é ó 1 «\µ/êMÓ�Ç\�\Ç\¹r¹º°�¯�ªº¹ºÑ^§k�5¯v��§�� GΓ
�

d

dx
GΓ[φ∗, φ;x] =−

∑

K

dC−1
K

dx
G1(K;K)

−
∑

K

dC−1
K

dx
φ∗KφK

+
∑

K

dC−1
K

dx
·
(
Γ̄−1

)
22;KK

.

é ó 1 «c¬�ê

7¸Þ



6{Ê.6�ÊGÉ ç>ØiÖ:Î�ÒBÑ,ÖgÜtØ,ÝdÙÛÏ1ØMÕPÙGÑ�Ò�DZÔXÒBÎyxOÑ�ÔBÐ5ÝGÎ
Î¡
Ã\Ñ^§�·K¨�¹º��©%é ó 1 «c¬�ê+�\-¨2�P¼k·xÇM¨�� 1�) æ�©á	r
��²�¨I�\©k¹º��ªº�\5Ã\Ñ�§�·Q¨�¹º��©��	������\©�����°e·�ªº¹ .

�·Q¨I¹º��©ç¯v�¸§k��ªº�\a¶/�±�7¨��M¼ Γm
Ó�©k�¸§ke·xªºªº��©�e°e·x¹º©¸¨I�\©�·x©/¨eªX·ß	kÃM¶/�\ªj��¯k¯*�\�®¥�\ªº��© φ∗�P¨ φ Ór�\©ÀÙy·x¹º�·x©¸¨aªØ
4·x¯k¯����±¼0¹º°R·Q¨�¹º��©À	k�R©kÃ\Õ�ªº¹ºÕ¸�\�&¨I��§k2ªº�\�¶/�\�-¨��M¼½Ò»¯kªº§�5	��e	k�±§�¼¯�·x�7¨�¹ºÇ±§kªº�\±Ó

Γm>2 := 0 .
$ ·x©�eÇ±�»¥ÇIÈkÃ\°R·0Ó¡Ç\�±Ç\¹,���M¶k¹º�\©¸¨ÖÒá¯k���±©k	k�¥�Ï�\©(Ç\��°e¯�¨��»ªX·á���\©�����°e·xªj¹º¥·Q¨I¹º��©(	k�\
¶/�±�7¨��M¼ÏÒ®§k©��&�M¨#	k�±§�¼z¯�·x�7¨�¹ºÇ±§kªº�\#Òa§�©k�&²*��§�Ç\ªº�&¥�\§�ªº�\°��±©¸¨cÓ�¶/��¹º�8ªØ
4·x©�©k�M¼k� Á+1 ó 1 « 1� ��§kr©k�ô¨�¹º�\©�	k����©�r	k��©�Ç�¯�·xr�\©/¨�¹ºÌ\���±°��\©¸¨�Ç\��°e¯�¨��¡	k�\r¯����^Ç\�\¥¥§kTÒ�¨�����¹º±Ó±��§�¯�ªº§k±Ó
¯�·x�7¨�¹ºÇ±§kªº�\±Ó�©k¹T	k�2ªº�\§k�#�PÍ*�M¨+¥§k�#ªº�\#¹º©/¨��\�¥·xÇP¨�¹º��©k+Òe	k�\§0¼Ï¯�·x�7¨�¹ºÇ\§�ªº�\ 1�) §»	�Ã\¯�·x�-¨cÓ
	�·x©keª�
¹º©¸¨��\��·xÇM¨�¹º��©(©^§���Ó�Ç±�\e¯����^Ç\�±�¥§�e©k�»¥��©¸¨`¯�·xe¯���Ã\¥�\©¸¨�±Ó¡°e·�¹ºe¹ºªºR¥�\����©/¨
�±©CÕ¸Ã\©kÃ\��·xª�Õ¸Ã\©kÃ\�¥Ã\®¯�·x�®ªº�\®¹º©/¨��\�¥·�ÇM¨�¹º��©��Ò¿	k�±§�¼C¯�·x�7¨I¹ºÇ\§kªº�± 1ô� ªt�\-¨eÇ\�\¯*�\©k	�·x©¸¨
¯�����²�·�²kªº�qÑ^§r
¹ºªºz���±7¨I�\����©¸¨ÏÙy·x¹º²�ªº�\z¥¹�ªº�\Ö¹º©¸¨��\��·xÇM¨�¹º��©�zÑ^§k¹�¥��©/¨ÏÒÄªº�\§k�z����¹ºÕ�¹º©��
ªº�z���±7¨I�\©¸¨��\ªºªº� . °eÚ\°��± 1ô¾ ·x¹ºa¹ºª�©r
�\-¨®²�¹º�\©C±���¯�·xaÕ¸·x��·x©¸¨�¹�Ñ^§��`Ç±�\a¯����^Ç\�\¥¥§k
©��5Ô-��§k�\©/¨a¯�·x�	��R�¥ä�ªº�`¹º°�¯*���7¨I·�©¸¨®�M¨®©k�`°�Ã\��¹Ê¨I�\�¥·x¹º�±©¸¨®¯�·xa	k�e¨��¥·x¹Ê¨I�\°��\©/¨a¯�ªº§k
Ç±��°�¯kªj�M¨ 1

Îr�&Ç±·xªºÇ\§�ªG¥��¨I����§�¶^�&	�·x©�8ªØ
4·x©k©��M¼0� Á�1 ó 1 Îr�\8��Ã\¥§�ªÊ¨I·Q¨�8¯*��§k�tªj·®���\©k�¸��°e·xªº¹º�· .
¨I¹º��©»Ò�§k©���²v��§�Ç\ªº��	���ªØ
Ã\©k�±��Õ�¹º�5¯k���¸¯k�����P¨#	k§Ö¶/�\�7¨��P¼ÏÒ�	k�\§�¼Ï¯�·x�7¨I¹ºÇ\§kªº�±8¥��©/¨2�

d

dx
Σ(1′; 1) =

∑

K

GS(K)Γ2(1′,K; 1,K) ,

d

dx
Γ2(1′, 2′; 2, 1) =

6 ����¯v�\�cé C ê + ÎT·x©k	�·x§ré L ê +
' �±¹º�\��ªºcé P ê

=
∑

KK′

{
GS(K)G1(K ′;K ′) +GS(K ′)G1(K;K)

}
×

×
{
−1

2
Γ2(1′, 2′;K,K ′)Γ2(K ′,K; 2, 1)

+Γ2(1′,K;K ′, 1)Γ2(K ′, 2′; 2,K)

−Γ2(1′,K; 2,K ′)Γ2(K ′, 2′;K, 1)
}
,

é ó 1 « 9 ê

�:�
GS(K) := −G1(K;K)

dC−1
K

dx
G1(K;K) .

� ¹���©»©kÃ\Õ�ªº¹ºÕ��5ªº�\#�PÍ*�M¨�,	���ªØ
Ã\©��\��Õ�¹º�5¯k�¥��¯k���¸Ók��©Ï�¸²�¨�¹º�\©/¨

GS(K) =
d

dΛ
CK(Λ) .

Îr�\�Ã\Ñ�§�·Q¨�¹º�¸©ke	k�Ï���\©�����°e·�ªº¹º�·Q¨�¹º��©(Ò¿	��\§�¼}²*��§kÇ\ªº�±���©¸¨`ÃM¨�ÃÏÇ±·xªjÇ\§kªºÃ\�±�¯�·x�Á §��ÇIÈ��x¬ ®|á:¹ ¤ ó ¬�¥ 1
Îr�\�Ã\Ñ^§�·Q¨�¹º��©�ô	��t���\©�����°R·xªº¹º�·Q¨�¹º��©�¥��©¸¨�¥ÇIÈkÃ\°R·Q¨�¹º¥Ã\�\�	�·x©k�ªj· 3 ¹ºÕ 1 ó 1 7 1¸� ªºªº�\

��©/¨®ªj·q°�Ú\°e�`-¨���§�ÇM¨�§����`Ñ^§k�zÇ\�\ªºªº�\®��²�¨��\©�§k�\a	�·x©kaªº�\a¥ÇIÈkÃ±°e·xa	��`���\©�����°e·�ªº¹ .
�·Q¨I¹º��©Ä��±ªº��©ENë¹ºªº¥��©�Ó�	k� Á ��§k��²*��©k©�·x¹ºô¬ ®~á:¹ ÓT�¸§Ä·\¶^�\ÇR�¸��	k���`	k�+Në¹ºÇIï%éd¶^��¹º��ªj·

7P7



d
dl

Σ = Γ2

d
dl

Γ2 = −

6 �^��¯v�±�

Γ2

Γ2

+

ÎT·x©k	�·�§
Γ2 Γ2

−

' �\¹º�\��ªº
Γ2 Γ2

�X *¡O¢ ó 1 7�£ � �±©k����°R·xªº¹º�·Q¨�¹º��©¿Ò�§�©k�2²v��§�Ç\ªº�2	k�2ªØ
Ã\©��\��Õ�¹º�2¯k�¥��¯k��� Σ �M¨+	�§Ö¶^�\�7¨��M¼
Γ2
1 Îr��¯k�¥��¯�·xÕ¸·K¨��\§k�,²�·x�¥��Ã����±¯k��Ã\¥�\©/¨�� GS 1

¥�\ÇM¨I¹º��© ó 1 « 1 µ/êPÓ0·x§�¼`	k¹èÍGÃ\���\©�Ç\�\�¥§k¹Ê¶¸·x©¸¨��±�¯k��Ì±+� $ ·x©��¨��¸§k�ªº�\t¥ÇIÈkÃ\°R·x±Ó^§�©`	��\
¯k�¥��¯�·xÕ/·Q¨��\§k�¥�¹º©¸¨��\��©��\�Ç\�����¥�\¥¯v��©�	qÒe§�©k�2Ã\©��\��Õ�¹º� |εk| ¶^� «tªj·RÇ\��§�¯k§k�¥� Λ Ó�Ü GS à	�·�©kô©k�K¨I����©k�K¨M·Q¨�¹º��© 1x$ ·x©kô©k�x¨����t·x¯�¯k����ÇIÈk���M¨¡Ç\�\ªºªº�t��±ªº��©/Në¹ºªº¥��©�ÓxªØ
Ã\©k�±��Õ�¹º� |εk′ |·x¥¥�^Ç\¹ºÃ±�&Òaªj·a	k�\§0¼0¹ºÌ\°e�+ªº¹ºÕ�©��&¹º©¸¨��\�¥©k�&	�
§k©Ö	k¹j·xÕ¸�¥·x°�°e�&	k��¹Ê¨,ÚM¨��¥�+¥§k¯*Ã\��¹º�\§����+��§
Ã\Õ¸·�ªº�8Ò Λ

1¸� ¹0�¸©®¯k�¥�\©k	�Në¹ºªº¥��©2Ü-Ò&ªj·+ªº�M¨�¨I���Mà�éØ·x¯k¯����^ÇIÈ��t���\-¨����±¹º©¸¨��,Ò+ªØ
����	����8ªº��Õ¸· .
��¹Ê¨IÈk°�¹ºÑ�§k�cêPÓ�ªX·a	k�\§0¼0¹ºÌ\°e�&ªº¹ºÕ�©k��¹º©¸¨��\�¥©k�&	k�¸¹Ê¨ á��e¶^¶ ³�ÚM¨I���&¥§k�tªj·®Ç\��§k¯�§k��� 1k$ ·x©�tªº�
¥ÇIÈkÃ±°e·tÜ-����	�����	k�XNë¹ºÇIï¸àIÓK�\ªºªº�t	k��¹Ê¨¡ÚM¨��¥�ß³ � �'ª�«·³Û¬ � «¨¬���§®Ã\Õ¸·xªº�8Ò Λ ÓK�M¨ Á ��§k�¥²v��©�©�·x¹ºªj·�ªj·x¹º¥¥�+ªº¹º²k�¥� 1 ÎT·�	k¹èÍ*Ã±���\©kÇ±���\©/¨����+ªº�+�ÇIÈ�Ã\°e·�¥�\ªº��©pNì¹ºªº¥��©z�M¨tªº�+©�äK¨����+Ç\��©�¥¹º7¨I�
	�·�©k�ªj�âÙy·x¹Ê¨ôÑ�§k�â¯v�¸§k�_Në¹ºªº¥��©rÓQªº�\T¶/�\�7¨I�M¼ ΓΛ

Ñ^§k¹^¹º©/¨��\�7¶k¹º�\©k©��\©¸¨�·x§�°e�\°�²k�¥�â	k���¸¹Ê¨
	k�5ªØ
Ã\Ñ^§�·Q¨�¹º��©Àé ó 1 « 9 ê�©k�5��¸©¸¨#¯�·�8Ç±�\§�¼Ö	���ªØ
ÃM¨I·�¯v�2·xÇM¨�§��\ªºªº��	������\©k�¸��°e·xªº¹º�·Q¨I¹º��©�Ó
°R·x¹º8	k��ªØ
ÃM¨I·�¯v���:�Ïªj·aÇ±��§k¯k§����&Ç±�������\¥¯*��©k	�·x¹Ê¨#Ò®ªØ
Ã\©k�±��Õ�¹º��	k��ªj·a	��\§�¼k¹ºÌ\°���ªº¹ºÕ�©k�
¹º©¸¨I�\��©k�¸Ó Λ′ = |εk′ | ¤³x´�´kÓrÞ�«�¥ 1G� ��§k5·xªºªº��©�&	�¹º¥Ç\§�¨��±�&Ñ^§k�\ªºÑ�§k�\�Ç\��©k¥Ã\Ñ�§k�\©�Ç\�\&	��Ç\�\#	k¹èÍ*Ã\�¥�\©kÇ\�±#Ò®ªj·���±ÇM¨�¹º��© ó 1 µ 1' ��§��e	kÃP¨��\��°e¹º©k�\�Rªº�\�¶�·xªº�±§k��R	k�Û	kÃ\¯�·x�7¨cÓ¡©���§kR¯k����æ0¨���©�e	��»ªØ
Ã\Ñ�§k¹Ê¶�·�ªº�\©kÇ\�
¥§k¹Ê¶¸·x©¸¨��¿�\©¸¨����¿ªº�\R¶/�\�7¨I�M¼(�\© �¥�\©k����°R·xªº¹º�·Q¨�¹º��©í�M¨Ïªº�\z¯�·x�¥·�°�ÌM¨��¥�\z	k�qªØ
4·�ÇM¨�¹º��©
�PÍG�\ÇM¨�¹Ê¶/�Ï	��Ï²�·x¥¥�ÖÃ\©��\��Õ�¹º�T¤Ê« ó µ�¥5���¹�¨���§0¨��\eªº�\�Ã±©k�\��Õ�¹j�\e·x¥¥�^Ç\¹ºÃ±�\e·x§0¼ç·x��Õ�§ .
°e�\©¸¨� K(′)

j
	k§À¶/�±�7¨��M¼ Γm(K ′1...K

′
m;Km...K1) ¥��©/¨�¹º©kÙyÃ\��¹º�\§����\�Òqªj·¿Ç\��§�¯k§����¹º©�Ùd�¥·x����§�Õ�� Λ Ó Γm �±7¨�Ã\Õ¸·xªº��Ò�ªj·�Ùy��©kÇM¨I¹º��©e	r
¹º©¸¨��\��·xÇM¨�¹º��©R�\©¸¨I��� m ¯�·x�-¨�¹ºÇ\§�ªº�\ geffm

7¸¬



Ñ�§k¹�·x¯�¯�·x�¥·K×º¨â	�·�©k�ªØ
4·xÇM¨I¹º��©R�PÍ*�\ÇM¨I¹Ê¶/�#	k�,²�·x¥��#Ã\©k�\�¥Õ�¹º� SeffΛ

1^6 ��°e°���·x§e	�Ã\¯�·x�-¨cÓ
SeffΛ = S Ó�ªº�\+¶�·xªj�\§k���	k��	kÃ\¯�·x�7¨5¯*��§k�&ªº�\+¶/�±�7¨��M¼ß��¸©¸¨ Γ2,0 = g ÓGªØ
¹º©/¨��\�¥·xÇP¨�¹º��©©�§k� 1�$ �5°�Ú\°e��ÓkªØ
Ã\©��\��Õ�¹º�5¯k�¥��¯k���2·\¶�·x©¸¨����\©�����°e·�ªº¹º¥·K¨�¹º��©»�\-¨ Σ0 = 0

1

6{Ê.6�Ê86 ¤J×�ÔBØMÕPÙGÑ�Ò#Ï�Ó#ÎkÖ:Î�ÒBÑ,ÖgÜtØ_ÝdÙdÏ1Ø�ÕPÙGÑ�Ò íOÑ�Ô#ÖiÓ#ÎFÏ�Ï�¡BÏ�Õ�è�ÜtÎFÏ�Ø_ÒXÙ�Ú
Ï1Ñ_Õ:Ö:Ñ,íOÎ�Ï

6 ��°e°��&©k�¸§k8·�§k����©�â¨���§�Ô7��§���8·KÍG·�¹º����Òa	��\t-Ð0-¨�Ì\°e�\tÑ�§�·x¥¹ . §�©k¹º	�¹º°��\©��¹º�¸© .
©��\ªº±Ó�©���§kR·�ªºªº��©ke�¥Ã\Ã\Ç\�¥¹º���Ïªº�±eÃ\Ñ^§�·Q¨�¹º��©�e	k�»���\©�����°e·�ªº¹º¥·K¨�¹º��©%¥��§kR§k©k�»Ùd����°e�
¯�ªº§k,¯k�¥�^ÇIÈk��	��\,Ùd���¥°�§kªj·K¨�¹º��©k,-¨I·�©k	�·x�¥	Ï	k�5ªj·®¯�È¸Ð0¥¹ºÑ^§���§k©k¹j	k¹º°��±©k¥¹º��©k©��\ªºªº� 1

) ¯�·��7¨�¹º��	k§}¶/�\�7¨��P¼ Γ Ó�Ñ^§�¹,·x¯k¯�·x�¥·Q×º¨R	�·x©keªØ
Ã\Ñ^§�·K¨�¹º��©%	k�Ï���±©k����°R·xªº¹º�·Q¨�¹º��©é ó 1 « 9 êMÓv�¸©q¯v�\§0¨&	kÃPæ�©k¹º��	k�\+Ùd��©kÇP¨�¹º��©k Γ1,2
Ó ΓC,S

�M¨ Γs,t
	r
§k©��2Ùy·�Â\��©¿·x©�·xªº��Õ�§��

ÒR©����	�ÃPæ�©�¹Ê¨�¹º��©��	k�±�¯�·x��·x°�ÃM¨I��¹º�·Q¨�¹º��©�tÜ-Õ . ��ªº��Õ�¹jÑ^§k�MàIÓvÇIÈ�·x��Õ¸� . ¥¯k¹º©q�¸§Û¥¹º©�Õ�§kªº�M¨ .
¨I��¹º¯kªº�M¨#¯v��§���ªº�\8¹º©¸¨I�\�¥·xÇM¨I¹º��©k g ÓkÒa¯�·x�7¨I¹º�t	k�&ªØ
¹º©¸¨��±�¥·xÇM¨�¹j��©ÖÕ�Ã±©kÃ\�¥·xªº� w 	��&ªØ
Ã\Ñ^§�· .
¨I¹º��©Ïé�³ 1 7/êMÓx¹º©¸¨I���^	�§k¹Ê¨��\�	�·x©�ôªº�tÇIÈ�·x¯k¹Ê¨I���,³ 1 é � ��¹º��·x§��¥¹0ªØ
4·x©�©k�M¼k� ) ¯v��§��ô§k©k�â¶0§��
	r
�\©k¥�\°a²kªº� 1 ê � ·x¯�¯v�\ªº��©�&Ñ^§k�®	�·x©�&Ç\�\�¯�·x�¥·x°eÃM¨��¥¹º¥·K¨�¹º��©k±ÓGªº�\&¥¹ºÕ�©��\&	��\�·x��Õ�§ .
°e�\©¸¨� k‖ 	k�\�¶/�\�7¨I�M¼ Γα

¥��©/¨ræk¼0Ã\��±��©2·�¨���§�Ô7��§k�¥ Γα(RLLR) Ó±�:� R⇔ (k‖ > 0)�P¨ L⇔ (k‖ < 0)
1

Îr�\,¹º©�	k¹ºÇ\�\ K ·x¥¥�^Ç\¹ºÃ\�·x§�¼ÏÃM¨M·Q¨�,Ñ�§k¹r	k¹j·xÕ��¸©�·xªº¹º¥�\©¸¨+ªj·�¯�·x�7¨I¹º��ªº¹º²����5	k§ É · .
°e¹ºªÊ¨���©�¹º�\©Ï¥��©/¨#	�Ã\¥����°e·�¹º

K = (k,m, σ) Ók�P�
k = (k0,k) ,

k = (k‖, k⊥) ,

k0
�\-¨a§�©k�RÙd��Ã\Ñ�§k�\©�Ç\�R	k� ¾ ·Q¨�¥§k²�·x�¥·»Ùd�\��°e¹º��©k¹ºÑ�§k��Ó m §k©À¹º©k	�¹ºÇ\�R	k�R²�·x©k	���ÓT�M¨

σ = ±1 ªX·»¯k���xÔ7�±ÇM¨�¹º��©À	�§½¥¯�¹º©½¥�\ªº�¸©ÀªØ
4·Q¼0� z 1T� ��§k�§�¨�¹ºªj¹º��¸©k2§�©k�RÙd����°e�e�·x©�	�¹º°��\©�¥¹º��©Ï	k§Ö¶/�\�7¨I�M¼GÓ

Γ̃ =
a

πvF
Γ .

¶/�¸¹º�,·�§k¥¥¹�ªj·®¥�\ÇP¨�¹º��©q³ 1 « 1 ³ 1
$ ·x©k�Ç±�M¨�¨��a¨�ÈkÌ±��¸ÓG©k��§�+¨��\©���©k�§k©�¹ºÑ^§k�±°��\©/¨5Ç\��°e¯�¨���	k�®Ç±��©¸¨��¥¹º²k§�¨I¹º��©k�Ñ�§k¹

¸ ¬ �B3 ¬ �F® °��±©k�\��Ò&	��\¡	�¹Ê¶/�\��Õ��±©kÇ\�\�ªº��Õ¸·x��¹Ê¨IÈk°�¹jÑ^§k�\ 1^6 �±Ç\¹�©�
�\-¨â¯�·x�ªº�8Çc·x¡¯*��§k��ªj�
Çc·x©�·xª*	��&Îr·x©�	�·x§rÓ^©�¹v¯*��§k��ªº�\t¯k�¥�^Ç\�\¥¥§k g4

	k�+Ç\��ªºªº¹º¥¹º��©Ö	k�+	��\§�¼`¯�·x�-¨�¹ºÇ\§�ªº�\�Ñ�§k¹
¥��	�¹º��¹ºÕ��\©/¨&	�·x©k+ªº�a°�Ú\°e��¥�\©k+ªº�aªº��©kÕz	k�\+ÇIÈ�·Q×X©k�\ 1G$ �a¯kªº§k±Óv©���§k+©�Ã\Õ�ªº¹ºÕ��\�¸©k
ªº�±�¯����^Ç\�±�¥§� � °�ï�ªj·x¯k¯ 1¡� ��§keÇ\�\�Ç±��©k	�¹Ê¨�¹º��©k±Ó���©C¨��¥��§�¶/�»·xªº�¸���ªj�\�Ã±Ñ^§�·Q¨I¹º��©k
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é¨¤ 9 71¥r�M¨+·x©�©k�M¼0� Á�1 µ^ê

d

dl
Γ̃α((k′1,m

′
1), (k′2,m

′
2), (k2,m2), (k1,m1)) =

T

N

∑

kL,kR
mL,mR

Dpp((kL,mL), (kR,mR); k1 + k2)×

×
∑

ij

CCα,ijΓ̃i((k
′
1,m

′
1), (k′2,m

′
2), (kL,mL), (kR,mR))×

× Γ̃j((kR,mR), (kL,mL), (k2,m2), (k1,m1))

+
T

N

∑

kL,kR
mL,mR

Dpt((kL,mL), (kR,mR); k′1 − k2)×

×
∑

ij

CPα,ijΓ̃i((k
′
1,m

′
1), (kL,mL), (k2,m2), (kR,mR))×

× Γ̃j((kR,mR), (k′2,m
′
2), (kL,mL), (k1,m1)) , �:�é ó 1 «K8¸ê

Dpp((k,m), (k′,m′); q) =
πvF‖
a

δk′+k,q × é ó 1 ³x´¸ê
× d
dl

(
G

(0)
l (k,m)G

(0)
l (k′,m′)

)
,

Dpt((k,m), (k′,m′); q) =
πvF‖
a

δk′−k,q × é ó 1 ³�«cê
× d
dl

(
G

(0)
l (k,m)G

(0)
l (k′,m′)

)
,

�M¨ l = − ln Λ
1 ;+©¿���±°e·x��Ñ�§k�aÑ^§k�aªº�\ D ©���Ç±��©¸¨�¹º�\©�©k�\©/¨&¯�·x+	���Ç\�¸©¸¨��¥·x¹j©¸¨��a¥§k�

ªº�\&¹º©�	k¹ºÇ\�\&	��a²�·x©�	k� m Ó m′ 	��\+ªº¹ºÕ�©��\&¹º©¸¨I�\��©k�±®é Ç±��°�°e�aÇ�
�\-¨5·x§ßÇ\��©¸¨���·x¹º���aªº�Ç±·xt�\©zÇ\�+Ñ^§k¹*Ç\�¸©kÇ\�\�¥©k�+ªº�\ k Ó k′ êM¯^ªº�\t¥��°�°e�\�¥§k��Ç\�±�¹º©k	�¹ºÇ\�\t	�·x©k&é ó 1 «K8¸ê�¥��©/¨Ç\��°e¯kªºÌM¨I�\°��±©¸¨¡ªº¹º²k���± 1 Îr�\�¹º©k	k¹jÇ\�\ α Ó i Ó j ¥�t��Ã±ÙdÌ\���\©/¨¡·x§0¼a�¯�¹º©k8� $ ·x©�ôªº�t°e�^	kÌ\ªº�Õ . ��ªº��Õ�¹ºÑ^§���Ó�ªº�\�°e·K¨���¹ºÇ\�\5	k�®Ç±�^�P÷eÇ±¹º�\©¸¨� CC,Pα,ij ¥��©¸¨2	k��©�©kÃ\�\�¯�·x��éØ	�·x©�&ªØ
���¥	k���( 1,1 1,2
2,1 2,2

) ê

CC1 =

(
0 −1
−1 0

)
, CP1 =

(
2 −1
−1 0

)
, é ó 1 ³�³�ê

CC2 = −
(

1 0
0 1

)
, CP2 = −

(
0 0
0 1

)
.

' ��§k�+ªj·`���\©�����°e·xªj¹º¥·K¨�¹º��©¿	k�±+Ç\��§k¯�ªj·xÕ��\&ÇIÈ�·x�¥Õ�� . ¥¯k¹j©�Óv�¸©q��²0¨�¹º�\©/¨�é 	�·x©k+ªØ
���¥	k���
7:8



(
CC CS
SC SS

) ê

CCC = −1

4

(
1 3
3 −3

)
, CPC = −

(
1 0
0 0

)
, é ó 1 ³ ó ê

CCS = −1

4

(
1 −1
−1 5

)
, CPS = −

(
0 0
0 1

)
;

��§»¯*��§k�8ªº�\,Ç±��§k¯�ªj·xÕ��\,¥¹º©�Õ�§kªº�M¨ . ¨���¹º¯�ªº�M¨�é�·\¶/�\Ç ( ss st
ts tt

) ê+�

CCs =

(
1 0
0 0

)
, CPs =

1

4

(
1 3
3 −3

)
, é ó 1 ³Kµ/ê

CCt =

(
0 0
0 1

)
, CPt =

1

4

(
1 −1
−1 5

)
.

Îr�#Ç±·x©�·�ª�	k� 6 �^��¯*�\���\-¨â	���©kÇ#	k¹j·xÕ���©�·xª�	�·x©k�ªj·5���±¯k��Ã\¥�\©/¨I·Q¨�¹º�¸©e¥¹º©kÕ�§�ªº�M¨ . ¨���¹º¯kªj�M¨cÓ
�P¨#ªº�5Ç±·x©�·xªr	k� ' �\¹º�\�¥ªº,	�·x©�,ªØ
Ã\Ç\��¹Ê¨I§k���5ÇIÈ�·x�¥Õ�� . ¥¯k¹º© 1
6{Ê.6�Êcr CBÔ#Ï�Ð)ÎFíBÕPÙ�x|ÙdÝdÙ*Õ:ñFÏ

' �¸§k�¡ªj·5	kÃ±��¹Ê¶�·Q¨I¹º��©e	��\�Ã\Ñ^§�·Q¨�¹º��©��	k�,�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©e¯*��§k��ªº�\�Ùd��©kÇP¨�¹º��©k�	��
�¥Ã\¯v��©�¥��Ók©k��§�,�§�¹Ê¶/��©k,�±�¥�\©/¨�¹º�\ªºªº�\°e�\©¸¨ 6+1�É ·xªº²*�K¨�È�¤ 9 71¥ 1) æ�©5	r
ÃM¶�·�ªº§k�\�Tªj·,¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã�	�
§�©27Ðk7¨IÌ\°���¯�È¸Ð0¥¹ºÑ^§���Ò,�¥Ã±·xÕ�¹º��Ò,§�©2ÇIÈ�·x°e¯
�P¼^¨��\��©�� h é Ñ^§�
4��©`¯k�¥�\©k	k��·5¹j©0æ�©�¹Ê¨�Ã\¥¹º°e·�ªXê¡Ñ^§�¹v��+Ç\��§k¯�ªº�,¶0¹j·�§k©`��¯*Ã\�¥·Q¨��±§k� O Ó^��©·KÔ-��§�¨��5§k©Ö¨��\��°e�

Sext =
∑

q

h∗(q)O(q) + h.c. é ó 1 ³�Þ¸ê
Ò�ªØ
4·xÇM¨�¹º�¸© 1�' ��§��8	�Ã\Ç\��¹º���5§k©�����©k	���	k�5	k�\©��¹Ê¨IÃ�Ók��©»¯k���\©�	k�¥·�ªº�\ O 	k�5ªj·®Ùd�¸��°��

OOD(q) =
∑

K′K

fOD(K ′,K; q)ψ∗K′ψK
·\¶/�±Ç é ó 1 ³�7¸ê

fODα ∝ δk′,k−qσ
(α)
σ′σ,

�:�áªº�\ σ(Sx,y,z) ¥��©¸¨5ªj�\&°R·Q¨���¹ºÇ±�\&	�� ' ·�§kªº¹ØÓG�M¨ σ(C)
σ′σ = δσ′,σ

Óv¶/��¹º��·x§�¥�¹ôªj·Ö��±Ç .
¨I¹º��©ß³ 1 ó 1 «a�M¨&ªØ
4·x©k©��M¼0� )�1*' ��§k��ÃM¨I§k	k¹º�±�#ªj·R¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã�Óv��©q§�¨�¹ºªº¹º¥�\��·R	k�\
��¯*Ã\�¥·K¨��\§k�¥8	r
4·x¯k¯�·x��¹º�\°e�\©¸¨

OSC(q) =
∑

K′K

fSC(K ′,K; q)ψK′ψK ,
é ó 1 ³�¬�ê

fSCα ∝ δk′,−k+qτ
(α)
σ′σ .

Îr�\#°e·Q¨��¥¹ºÇ\�\ τ (α) 	kÃ\Ç\�¥¹Ê¶/�\©¸¨�ªº�\#����¹º�±©¸¨I·Q¨I¹º��©k,	��5�¯�¹º©»	k�\#Ã\ªº�\ÇM¨I����©k#Ñ^§k¹rÇ\��©�7¨I¹ .
¨I§k�\©¸¨âªj·�¯�·�¹º���{¯¸�\ªºªº�\�¥��©¸¨â	kÃPæ�©k¹º�\¡	�·x©k�é )�1 «c´¸ê8éd¶/��¹º��·x§k¥¥¹�ªj·�¥�\ÇM¨�¹º��©`³ 1 ó 1 ³�ê 1 ;&©
©��K¨��RÑ�§k�`ªj·»Ùd�¸©kÇM¨�¹º�¸© fSC ¯v�±§�¨aÚM¨I���RÇIÈ���¹º¥¹º�e¨��\ªºªº�`Ñ^§r
�\ªºªº�`��¸¹Ê¨®·x©/¨�¹º-Ð0°�ÃP¨���¹ºÑ^§��
¯�·x�8��·x¯k¯*���7¨�Ò®ªØ
Ã±ÇIÈ�·x©�Õ��5	k� K ′ �M¨ K 1

¬�´



Î��±�¶¸·xªº�\§k�¥,°��±Ð/�±©k©k�\#��¸©¸¨#	k�¸©kÇ�	���©k©�Ã\�\,¯�·x�

〈O(q)〉 =
δ

δh∗(q)
Gc[h; J∗, J ]

∣∣∣∣
h=0

J∗,J=0

,

�M¨�ªj·®¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã5Ç\�������±�¯*��©k	�·x©¸¨����\-¨

χ(q′, q) = 〈O(q′)O∗(q)〉 − 〈O(q′)〉〈O∗(q)〉 é ó 1 ³ 9 ê
=

δ2

δh∗(q′)δh(q)
Gc[h; J∗, J ]

∣∣∣∣
h=0

J∗,J=0

é ó 1 ³�8¸ê

=
δ2

δh∗(q′)δh(q)
Gc0

∣∣∣∣
h=0

é ó 1 ó ´¸ê

= − δ2

δh∗(q′)δh(q)
Γ0

∣∣∣∣
h=0

, é ó 1 ó «cê

�:� Gc0 �M¨ Γc0
¥��©/¨�ªº�±&¯�·x�7¨�¹º�\�Ç\��©k-¨M·x©¸¨��\±ÓG¯�·��+��·x¯k¯*���7¨5·�§�¼¿ÇIÈ�·�°�¯k�	k�®¥��§k��Ç±�

J Ó�	k� Gc �M¨ GΓ
Ó����\¥¯v�\ÇP¨�¹Ê¶/�\°e�\©¸¨ 1

Î�
¹º©�Ç\ªº§k¥¹º��©Ö	k� Sext 	�·x©��ªØ
4·�ÇM¨�¹º��©Ö©k��§����²�ªº¹ºÕ��&Ò�Õ�Ã±©kÃ\�¥·xªj¹º��±��ªº�\t�M¼0¯k�¥�\¥�¹º�¸©k¯k�¥Ã\¥�\©¸¨�Ã±�\�	�·x©�2ªj·Û¥�\ÇM¨I¹º��© ó 1 ³ 1 ³ 1 Îr�\�	kÃP¶/�\ªº��¯k¯*�\°e�\©¸¨��	k�±�Ùd��©kÇM¨I¹º��©k�Õ�Ã±©kÃ\�¥· .
¨��¥¹ºÇ\�\�Ç\��©/¨�¹º�\©k©��\©¸¨¡	�Ã\¥����°R·x¹º�	k�\�Ç\��©¸¨I��¹º²k§0¨�¹º��©k�Ñ^§�¹0��©¸¨�	k�\�©k��°a²k���±ô	�¹èÍ*Ã\���\©/¨�
	k�Ö¶�·���¹j·x²kªº�±eÕ���·x¥�°R·x©k©�¹º�\©k©��\eÇ\��©�Ô7§kÕ¸§kÃ\�\R�M¨`©k��©%Ç\��©�Ô7§kÕ�§�Ã\�\±Óô¶/��¹º�eªØ
4·x©k©��M¼0�Á+1 « 1 � ��§��·xªºªº�¸©k+¨���§�Ô7��§����ÃM¨�§k	�¹º�\�&	��\�Ùd��©kÇM¨I¹º��©k�	��®��Ã\¯*��©k¥�®�:�áªº�\ q ��¸©¸¨&¨I�\ªºÑ^§�� r = −r′ 10Æ ��ÝxÇ\�+Ò2ªØ
¹º©¸¶¸·x��¹j·x©�Ç\��¯�·x�â¯�·x��¹Ê¨IÃ#	��\â-Ð0-¨�Ì±°��\�ÃM¨�§�	k¹ºÃ\â¹jÇ\¹ØÓ^¹ºªv¥§0÷�¨	�·�©k9Ç±�âÇc·x9	��âÇ±��©k¥¹º	kÃ±���\�9ªº�\ôÇ\�^�P÷RÇ\¹º�\©/¨� f(K ′,K; q) ·\¶/�±Ç r = + Ó r′ = − 1K) ¶/�\Ç
kL‖ < 0 �M¨ kR‖ > 0 Ók©���§k,	kÃPæ�©k¹º¥¥��©k zC/S(kL, kR; q) Ò®ªØ
4·x¹º	���	���ªØ
Ã\Ñ�§�·Q¨�¹j��©

fODα(KL,KR; q) = δkL,kR−qσ
(α)
σLσR

zα((kL,mL), (kR,mR); q) é ó 1 ó ³�ê
�M¨ zs/t(kL, kR; q) ¯�·x�

fSCα(KL,KR; q) = δkL,−kR+qτ
(α)
σLσR

zα((kL,mL), (kR,mR); q). é ó 1 ó�ó ê
) ¶�·x©¸¨,�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©�Ó0ªº�± z ¥��©¸¨#Ã\Õ¸·x§�¼�Ó0	�·x©�8§k©k�&²�·x¥�&	�
��©�	k�\8¯kªj·x©��\±ÓkÒa§�©¯*��§k��ªº�\¡��©k	��\�	k�8	k�±©k¥¹Ê¨�Ã8�M¨âÒ&	k�\�Ùy��©kÇM¨I¹º��©k¡	kÃ\Ç\�¥¹Ê¶�·x©¸¨�ªj·&-Ð0°eÃM¨���¹º�8���¥²k¹Ê¨I·xªº�8	��\
¯�·�¹º���\+	�
Ã±ªº�\ÇM¨��¥��©k+¯v��§���ªj·R¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨IÃ�Ók¶/�¸¹º��ªº�5¨M·x²kªº�±·x§¿	�·x©��ªj·`¥�\ÇM¨�¹º��©
³ 1 ó 1 ³ 1� ��§�¡ªº�\�°eÚ\°��\�È¸Ðk¯v�K¨�È�Ì\¥�\¡Ñ�§k�,Ç\�±ªºªº�\�Ã\©^§�°�Ã\�¥Ã\�\�	�·x©k�ªj·5��±ÇM¨�¹º��© ó 1 ó 1 ó Ó¸ªj�\
Ã\Ñ�§�·Q¨�¹º�¸©k,	k�5���\©k���¥°e·xªº¹º�·Q¨I¹º��©»¥��©¸¨�éd¶^��¹º�,ªØ
4·x©k©k�P¼0� Á+1 ó 1 ³¸ê

¬�«



£ 	�·x©kôªº��Çc·xô	k�\ô��©k	��\9	���	k�\©�¥¹Ê¨�Ã�	k��ÇMÈ�·x��Õ���é α = C êT��§®	k��¥¯k¹º©Öé α = S ê��
d

dl
zα((pL,m

′
L), (pR,m

′
R); q) =

−
∑

kLkR
mLmR

Dpt((kL,mL), (kR,mR); 2k1D
F + q)×

× zα((kL,mL), (kR,mR); q)×
× Γ̃α((kR,mR), (pL,m

′
L), (kL,mL), (pR,m

′
R))

é ó 1 ó µ/ê

d

dl
χ̃α(q′, q) = 2

∑

kLkR
mLmR

Dpt((kL,mL), (kR,mR); 2k1D
F + q)×

× zα((kL,mL), (kR,mR); q′)×
× zα((kL,mL), (kR,mR); q)∗

é ó 1 ó Þ�ê

£ 	�·x©ktÇ\�\ªj§k¹*	��+ªj·�¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã+�¹j©kÕ�§kªº�P¨5é α = s ê���§`¨���¹º¯�ªº�M¨5é α = t ê#�
d

dl
zα((pL,m

′
L), (pR,m

′
R); q) =

∑

kLkR
mLmR

Dpp((kL,mL), (kR,mR); q)×

× zα((kL,mL), (kR,mR); q)×
× Γ̃α((kR,mR), (kL,mL), (pL,m

′
L), (pR,m

′
R))

é ó 1 ó 7¸ê

d

dl
χ̃α(q′, q) = −2

∑

kLkR
mLmR

Dpp((kL,mL), (kR,mR); q)×

× zα((kL,mL), (kR,mR); q′)×
× zα((kL,mL), (kR,mR); q)∗

é ó 1 ó ¬�ê

χ̃ �\-¨#	kÃ\æ�©k¹�Ç±��°�°e�
χ̃ =

πvF‖
a

χ . é ó 1 ó:9 ê
) ¶�·x©¸¨����\©�����°e·xªj¹º¥·K¨�¹º��©�Ó χ̃∣∣

l=0
= 0

1

9ÂÅ�j ¥ �#� �a�8�*�#�����#� �2�¡� ����n`���*�¡�#�*� �v�Më��¡� �#�
Î¡
4·\¶�·x©¸¨M·xÕ��8	k�t©k�x¨����t°�ÃM¨IÈk�^	��t	k�t���\©�����°R·xªº¹º�·Q¨�¹º��©�¯�·��ô�¥·x¯k¯*���7¨�Ò+Ç\�±ªºªº�t¥�\ªº��©

Nì¹ºªº¥��©»�\-¨+Ñ^§k�5ªj·e©käK¨��¥�5�\-¨ ¹ §�¦ á:¹ ¬t¯�·x�,�¥·x¯�¯v���-¨+·x§»¯�·��¥·x°�ÌP¨����5	���<��K¨ Λ
1�� ��§k

¬¸³



·xªºªº��©��°e·x¹º©/¨��\©�·x©/¨+Ç\��°�¯�·x���\�#©��K¨����2¥ÇIÈkÃ±°e·e	k�2���±©k����°R·xªº¹º�·Q¨�¹º��©CéjÜ-Òe§k©��5¯�·x�7¨�¹ .
Ç\§�ªº�&¹º����Ã\	�§kÇM¨�¹º²�ªº�Mà�Ó¸ÜM« '¡� à7ê�ÒaÇ\�\ªº§�¹G·\¶^�\Ç&����	����+	��wNë¹ºÇIïqéjÜzNì¹ºÇIï¸à7êPÓ��P¨8Ç±�\ªº§k¹G§�¨�¹ºªº¹j�Ã
¯�·�� 6&1^Á ��§���²v�¸©k©�·x¹jâ�M¨�Ç±��ªºªj·x²v�¸�¥·Q¨��\§���+éXÜ Á86 à7êMÓ�Ò2ªØ
4·x¹º	k��	r
§k©`Ç±·xªºÇ\§�ª��P¼0�\°�¯�ªj·x¹º���
¥¹º°�¯�ªº� 1' ��§��z§k©í-Ð0-¨�Ì\°e�q	k�¿Ùd�±��°�¹º��©�zªº¹º²����\±Ó�ªj·Ä¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃq¯�·x�z�¥·x¯�¯v���7¨»·x§0¼
<�§�ÇM¨�§�·Q¨�¹º��©�8	���¥¯k¹º©ÛÒ�¶/�\ÇP¨��\§k�,	�
��©�	k�

q = 2kF + q̃

�\-¨�	k��©�©kÃ\��¯�·x�

χ(q) =
a

4πvF

∫ Λ0

−Λ0

dεk
nFD(εk)− nFD(εk′)

εk − εk′
∣∣
k′=k−q

≈ a

2πvF

[
ln

2γΛ0

πT
+ Ψ(

1

2
)− � � Ψ(

1

2
+ i

vF q̃

4πT
)

] ¥¹ T Ó |vF q̃| � Λ0
Ó

�:� Ψ �\-¨�ªj·ÖÙd�¸©kÇM¨�¹º�¸©á	�¹ºÕ¸·x°�°R·Ö�P¨ γ ≈ 1.783 ªØ
�M¼0¯*��©k�±©¸¨�¹º�\ªºªº�e	k�eªj·ÏÇ\��©k-¨I·x©/¨��	�
 � §�ªº�\� 1ô� ¹ q̃ = 0 Ó χ(q) 	k¹Ê¶/�±��Õ��zªº��Õ¸·x��¹Ê¨IÈk°�¹ºÑ�§k�\°e�\©¸¨®�±©½¨��\°e¯vÃ±�¥·Q¨�§���� 1ô� §���ªj·3 ¹ºÕ 1 ó 1 ¬�Ó χ �\-¨t���\¯k�¥Ã\¥�\©¸¨�Ã±�#�±©`Ùd��©kÇP¨�¹º��©`	k�+ªj·�¨��\°�¯*Ã\�¥·Q¨I§k����¯v��§���	�¹èÍ*Ã\���±©¸¨��\�¶�· .ªº�\§���ô	k� q 1�' ªj§k q 	kÃM¶k¹º��	k� 2kF
Óx¯kªº§�ôªj·�¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã��\-¨¡Ùy·x¹º²�ªº� 1�' ·x�ôÇ\��©¸¨I����ÓKªj�\

	kÃP¶0¹j·Q¨�¹º�¸©k8©��&¥��Ùd��©¸¨#¥�\©¸¨�¹º�8Ñ^§�
4Ò®²�·��¥�+¨��\°e¯vÃ\��·Q¨�§k�¥� 1 |χ(T )| ·Q¨�¨��\¹º©/¨,°eÚ\°���§k©°R·Q¼0¹º°�§�°�Ò2§�©k�#¨��\°�¯*Ã\�¥·Q¨I§k���#æ�©k¹º��Ó0·\¶�·x©/¨8	k���·Q¨�§����\�tÒ�§k©k�#¶�·xªº�\§��âªºÃ±Õ�Ì\���\°e�\©¸¨
¯kªj§k,²�·x¥¥��ªº�¸��¥Ñ^§k� T < vF |q̃| /4π

1
� ©»���\©�����°e·xªj¹º¥·Q¨I¹º��©�Ó χ ¥��Çc·xªºÇ\§kªº�5¥�\ªº��©

dχ

dl
∝

∑

ν=±1

nFD(εk)− nFD(εk′)

εk − εk′
∣∣
εk=νΛ(l)

k′=k−q

é ó 1 ó 8¸ê

Λ(l) = Λ0e
−l , é ó 1 µ¸´¸ê

¶/��¹º�#·x§�¥�¹rªj· 3 ¹ºÕ 1 ó 1 9 1 Î¡
Ã\©k�±��Õ�¹º� εk �±7¨�¯kªj·xÇ±Ã\�5�§��8ªj·�Ç\��§k¯�§k��� ±Λ
1 Îr�\8¶�·xªº�\§���

¯*�\��°�¹j��±e¯*��§k�eªj·½	k�\§0¼0¹ºÌ\°e�»Ã\©��\��Õ�¹º� εk′ 	�Ã\¯v�\©�	k�\©/¨R	�§%¥ÇIÈkÃ±°e·á	��»���\©�����°e· .ªº¹º�·Q¨�¹º�¸© 1â$ ·x©�`©k�K¨��¥�Û¥ÇIÈkÃ\°R·(é-« '¡� êMÓ��±ªºªº�Û	k�¸¹Ê¨zÚM¨��¥�Û¥§k¯vÃ±��¹º�\§k�¥�ÛÒ½ªX·½Ç\��§�¯k§k�¥��Ó
|εk′ | ≥ Λ(l) Ó/	�·x©kâªº�#¥ÇIÈ�Ã\°e·2·\¶^�\Ç#���¥	k���#	��ONì¹ºÇIïvÓ |εk′ | ≤ Λ(l) Ó^·xªº����âÑ^§�� Á ��§�� .²*��©k©�·x¹ºaªj·qªj·x¹º¥¥�zªº¹º²k��� 19$ ·x©�aªº�z�ÇIÈ�Ã\°e·q	��+Nì¹ºªº��¸©�Ó9°e·x¹º®���\-¨����±¹º©¸¨eÒÛªØ
���¥	k���
	k�¸°�¹º©�·�©¸¨�é � È�·x©�ïK·x�J¤Ê«c¬:71¥dêMÓ*��©q�M¼k¹ºÕ���Ñ�§k��ªº�±J²e¬ �:Ã ¯�����¯�·xÕ¸·Q¨��\§���+¥��¹º�\©¸¨�¯kªj·xÇ±Ã\
¥§k�+ªj·RÇ\��§�¯k§k�¥� 1G6 �\Ç±¹�	k��©�©k�\�¥·�¹Ê¨&§k©���Ç\��©¸¨I��¹º²k§0¨�¹º��©¿§k©k¹ºÑ�§k�\°e�\©¸¨&¯v�¸§k� q = 2kF

Ó
Ç\�,¥ÇIÈ�Ã\°e·�¥�,���\-¨��¥�\¹º©¸¨�·x§0¼�	k¹j·xÕ���·x°�°e�\¡Ñ�§k¹�	k��©�©k�\©¸¨â§�©k�,	k¹Ê¶/�\�¥Õ��\©kÇ\��·x§e°��¸¹º©k
ªº��Õ¸·���¹Ê¨�Èk°e¹ºÑ^§��Réd¶^��¹º�#·�§k¥¥¹rªj·e��±ÇM¨�¹º��©Ûµ 1 « 1 7¸ê 1 ;&©Ö¶/�¸¹Ê¨�	�Ã-Ô-Ò�Ñ^§���Ó�¯�·x��°e¹rªº�\8¨��¥��¹º
·x§0¨����\±Ó^¥�\§�ªvªº��¥ÇIÈ�Ã\°e·R« '�� ªº¹º°�¹Ê¨I��ªØ
¹º©/¨�Ã\Õ���·Q¨�¹º��©Ö·x§�¼`	k�\Õ¸��Ã\�	k��ªº¹j²v�\�7¨IÃ�	k��È�·x§�¨I�
Ã\©��\��Õ�¹º��ÓtÇ\�¿Ñ^§�¹+�\7¨»§k©í¯v�¸¹º©¸¨Ï¹º°�¯*���7¨M·x©¸¨Ï¥¹+ªØ
��© ¶/�\§�¨ÏÇ\��©�-¨���§k¹j���¿§k©��¿·�ÇM¨�¹º��©
�PÍG�\ÇM¨�¹Ê¶/�5	k�5²�·x¥¥��Ã\©��\��Õ�¹º�Réd¶/��¹º�,ªj·®¥�\ÇP¨�¹º��© ó 1 « 1 ³�ê 1

Î��±��M¼0¯����\¥¥¹º��©k�Ç\��°e¯kªºÌM¨I�\�¥��©¸¨qéd¶/��¹º��ªº�\e��\ÇP¨�¹º��©ke¯k�¥Ã\Ç\Ã\	k�±©¸¨��\e·x¹º©�¥¹tÑ^§��
¬ ó



3 4 5 6 7 8

|χ|

− lnT/Λ0

�X *¡O¢ ó 1 ¬ô£ � §k¥Ç\�\¯0¨�¹º²�¹ºªº¹Ê¨�ÃÖ	k�Ö¥¯k¹º©ìé �\©ç§k©k¹Ê¨IÃ\�·x��²�¹Ê¨��¥·�¹º���\Iê�	k�ÖÙd�\�¥°�¹º��©�®ªº¹º²����\
ÒÛ§�©k�`	k¹º°e�\©k¥¹º��©Ä�\©ÄÙd��©�ÇM¨�¹º��©C	k�`ªj·Ï¨��\°�¯*Ã\�¥·Q¨I§k���`¯v��§��\Ó�	k§ÄÈ�·x§0¨2¶^�\��aªº�`²�·x±Ó
vF q̃/Λ0 = 0 Ó 0.005 Ó 0.01 Ó 0.02

1 Î��±Rªº¹ºÕ�©k�±RÈk����¹ºÅ±��©¸¨I·xªº�±R¹º©k	�¹ºÑ^§k�\©/¨`ªj·½ªº¹º°�¹Ê¨��
T → 0

1

ªØ
4·�©k©k�P¼0� Á+1 Þ�êMÓ��\©»¯v���·x©/¨

f(A,E) =
a

2πvF

E

2E +A

(
tanh

E

2T
+ tanh

E +A

2T

)

T→0→ a

πvF

E

2E +A
:

χ1PI(l; q) =
∑

ν=±1

∫ Λ(l)

0
dx Θ (Λ0 − |Λ(x) + νvF |q̃||)×

×Θ (|Λ(x) + νvF |q̃|| − Λ(x))×
×f(νvF |q̃| ,Λ(x)) ,

χWick(l; q) =

∫ Λ(l)

0
dx Θ (Λ(x)− vF |q̃|) f(−vF |q̃| ,Λ(x)) ,

χBC(l; q) =
1

2

∑

ν=±1

∫ Λ(l)

0
dx Θ (Λ0 − |Λ(x) + νvF q̃|) f(νvF q̃,Λ(x))

=
1

2
(χ1PI(l; q) + χWick(l; q)) .

ÎT·q¯����\°�¹ºÌ±���zÙd��©kÇP¨�¹º��© Θ ¶0¹º�\©¸¨�	�§ÄÙy·�¹Ê¨�Ñ^§k� k′ 	���¹Ê¨�Ùy·x¹º���z¯�·x�7¨�¹º�z	��`ªj·q²�·x©k	���Ó
k′ ∈ [±kF − Λ0,±kF + Λ0]

1r¾ ¹º2ÒÖ¯�·x�7¨2Ç\�M¨¥¨���Ç\��©¸¨I�¥·x¹º©¸¨I��	k��²v�¸��	á	k�®²�·x©k	���Ó
ªº�Ö¥ÇIÈkÃ\°R·¿��±ªº��© Á �¸§k��²*��©k©�·x¹º®�\-¨�ªº�Ö¥�\§�ªtÒq©��z¯�·x®Ç\��©/¨��\©k¹º�®	��\®�M¼0¯����\¥¥¹º��©k
�±©ß¶�·xªº�\§��2·x²k¥��ªº§�� 1 Î��±&¶¸·xªº�\§k�¥2·x²���¸ªº§k�\�¶0¹º�\©�©k�\©/¨2	�§½Ùy·x¹Ê¨�Ñ�§k�e©k��§�5§�¨�¹ºªj¹º��¸©k

¬xµ



�X *¡O¢ ó 1 9 £ 6 ·xªºÇ\§�ª#	��ÛªX·½¥§��Ç±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ãq�\© ���±©k����°R·xªº¹º�·Q¨�¹º��© 1 Îr�Û¯�����¯�·xÕ/·Q¨��\§��
²�·�����ÃeÇ±�������\¥¯*��©k	ÀÒÏ§�©k�eÃ\©��\��Õ�¹º�R�§��5ªj·ÏÇ\��§�¯k§k�¥� 1 Î¡
Ã\©k�\�¥Õ�¹º�R·x¥¥�^Ç\¹jÃ\�RÒÏªØ
4·x§0¨����
¯k�¥��¯�·xÕ/·Q¨��\§k�,	kÃ\¯*�\©k	Ï	�§Ï¥ÇIÈkÃ±°e·0Ó0¶/��¹º�,ªº�+¨��P¼^¨�� 1

§k©���Ç±��§k¯k§����5Ùd�¥·x©kÇMÈk� Θ(ε− Λ) ·x§»ªº¹º�\§»	r
§k©k�5Ç\��§�¯k§k�¥��ªº¹º¥¥� 1�� ªºªº�\,¥��©/¨+Ò®ªØ
���¥¹ .Õ�¹º©���	k��¥¹º©�Õ�§kªj·x�¥¹Ê¨�Ã\+	�·x©� dχ/dq Ò q = 2kF
¯*��§k� l æ�©k¹ØÓv°R·x¹º+Ç\�\+¥¹º©kÕ�§�ªj·x��¹Ê¨�Ã±	k¹j�¯�·x�¥·x¹º¥¥�\©¸¨�Ñ^§�·x©k	 l ¨��±©k	z¶/�\�¥,ªØ
¹º©0æ�©k¹ 1;+©Ï¶^Ã\��¹èæ���²k¹º�±© H Ñ^§��2ªº�\#¨�����¹º�¥ÇIÈ�Ã\°e·x�	���©k©��\©¸¨+ªº��°�Ú±°��2��Ã±�§�ªÊ¨I·Q¨&	�·x©�#ªj·

ªº¹º°e¹Ê¨�� l → ∞ 1 ;+�\Óv	�·x©k+ªº�\+Ç±·xªºÇ\§�ªº+¯���Ã\¥�\©¸¨�Ã±�	�·x©k+ªj·R¥§k¹Ê¨I��	k��Ç\�P¨�¨��5¨IÈkÌ\¥��Óvªº�<��x¨&	k�����\©�����°e·�ªº¹º¥·K¨�¹º��©q	�¹Ê¶/�\��Õ��®·\¶�·x©¸¨&Ñ�§k��Ç\�M¨�¨I�2ªj¹º°�¹Ê¨��a©k����¸¹Ê¨�·Q¨�¨��±¹º©¸¨�� 1*' ��§k�
Ç\�M¨¥¨��q�¥·x¹º¥��©rÓâ¹ºª��\-¨Ö¹º°�¯*���7¨I·�©¸¨z	�·x©kz©k�K¨I���qÇ±·xz	k�q¯k���±©k	k�¥�Û�\© Ç\�¸©k¥¹º	kÃ\��·Q¨�¹º��©
ªº�qÇ\��°�¯*���7¨��±°��\©¸¨Ö	k� χ 	�·x©k`ªº�\`	�¹èÍ*Ã\���±©¸¨�`¥ÇIÈkÃ\°R·x ¸ ¬ � ² á:�F® ªº�S<��K¨ 1â' ªº§k q	kÃP¶0¹º�z	�� 2kF

Ó9¯kªj§k®ªº�z�¥Ã\¥§kªÊ¨I·Q¨�æ�©�·xª χ(l → ∞) �\-¨�¯v�P¨�¹Ê¨ 19� ª��\-¨�¥��§�È�·x¹Ê¨I·�²kªº�Ñ^§��eÇ\�\Ç\¹¡¥��¹Ê¨a	kÃ-Ô-ÒÖ¶0�¥·x¹¡¯*�\©�	�·x©¸¨�ªº�&<��K¨ 1T� ©½¯�·x�7¨�¹ºÇ\§�ªº¹º�\�\Ór¹ºª��\-¨�¹º°�¯*���7¨M·x©¸¨�Ñ^§��
|χ(l; q)| ≤ |χ(l; 2kF )| ¹º©k	�Ã\¯v�\©�	�·x°e°��\©/¨8	k� l 1�� ªG¥�#¨I����§�¶/�&Ñ^§k�&Ç�
�\-¨,ªº�+Ç±·x8§k©�¹ .Ñ^§��\°��±©¸¨â¯v��§��¡ªº�,�ÇMÈkÃ\°R·#ÜM« '¡� à�Óx¶/�¸¹º�¡ªj· 3 ¹ºÕ 1 ó 1 8 1 ;+©e¯*�\§�¨âÇ\��°e¯k���±©k	k�¥�8Ç±�M¨â�PÍ*�M¨
Ç\��°e°��,¥§�¹Ê¨#�/Ò�²�·x¥¥�t¨��\°e¯vÃ\�¥·K¨�§k���¸Ó�ªº�\�Ç\��©/¨���¹º²k§0¨�¹º��©�¡ªº�±¡¯�ªº§k¡¹º°e¯v�¸�7¨I·x©¸¨I�\�Ò�ªj·
¥§k¥Ç\�\¯0¨�¹º²�¹ºªº¹Ê¨�Ã�Ç\�¸�����\¥¯v�¸©k	k�±©¸¨�ÒR�¹ºÕ¸© εk′ = − �¹ºÕ¸© εk 1G6 ��°e°�� |εk| �\-¨�¨I��§xÔ7��§���¥§k�5ªj·ÖÇ±��§k¯�§k����Ó |εk| = Λ Órªº��	�Ã\©k��°e¹º©�·Q¨I�\§k��	�·x©kRé ó 1 ó 8¸ê&�\-¨2	���©kÇ�°R·Q¼0¹º°R·xª�¥¹
|εk′ | ªØ
�±7¨ 1 ;+©z�±©zÇ\��©�Ç\ªº§�¨,Ñ^§k��Ó0¯kªº§k q 	kÃM¶0¹º�&	k� 2kF

Ó�¯�ªº§k |dχ1PI/dl| �\-¨8Ùy·�¹º²kªº��Ó¨I·x©�	k¹º&Ñ�§k�aªº�®Ç\��©¸¨���·x¹º���®�\-¨+¶0��·x¹9¯v�¸§k� |dχWick/dl|
1�� �\§kª9ªº�®�ÇMÈkÃ\°R·q« '¡� Õ/·x��	k�

	k�¸©kÇ&ªº�&²v�¸©z���¥	k���&	k�± χ(q) ¯v�±©k	�·�©¸¨�¨I��§�¨,ªº�ß<��x¨8	��&���\©k���¥°e·xªº¹º�·Q¨I¹º��© 1k' �\©k	�·x©¸¨ªj·®¯k���±°�¹ºÌ\����¯�·x�-¨�¹º�&	�§b<��x¨cÓ0ªº��¥ÇIÈkÃ\°R·�ÜÌNë¹ºÇIï¸à&¹º©¸¶/�±��¥�&Ç\�P¨,����	���� 1 Î���¥ÇIÈkÃ\°R·a	��Á ��§k�¥²v��©�©�·x¹º����P¶0¹º�\©¸¨tÒ�¯����\©�	k���,ªj·5°��±Ð^�\©k©��,	��\�	k�\§0¼e·x§0¨����\ 1/$ ·x©��Ç\�,¥ÇIÈ�Ã\°e·0Ó
¯*�\©k	�·x©¸¨âªj·�¯����\°�¹ºÌ±���,¯�·x�7¨�¹º�,	�§&<��x¨cÓ¸ªº�\�¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ\�¯v�¸§k�¡	k¹èÍ*Ã±���\©¸¨I�\�¶�·xªº�\§���
	k� q ©k�5¥��©¸¨#	�¹º-¨�¹º©kÕ�§�Ã\�\,Ñ�§k��Ù ·x¹º²kªº�\°e�\©¸¨QÓk�M¨�Ç\�\Ç\¹r	�·�©k,ªØ
����	����5¹º©¸¶/�\��¥��Ó�Ç±��°�°e�	�·�©k¡ªº�#Ç±·x�	k�,ªØ
���¥	k���,	��|Nì¹ºÇIï 1/� ��§kâ·xªºªº��©k��¥�M¨�����§0¶/�\�¡Ç\�,¯*��¹º©¸¨â	�·�©k¡ªj·5¥�\ÇM¨�¹º��©
IÌú��¦��&^û�����û�����ú

χ1PI(l; q) =

∫ Λ0−vF |q̃|

Λ(l)

dE

E
f(vF |q̃| , E)

+Θ (vF |q̃| /2− Λ(l))

∫ vF |q̃|/2

Λ(l)

dE

E
f(−vF |q̃| , E)

úüû

χWick(l; q) =

∫ Λ0§J¨"© {vF |q̃|/2,Λ(l)}

dE

E
f(−vF |q̃| , E)

¬�Þ



µ 1 « 1 Þ�Ó��\©Ïªº¹j·�¹º��¸©»·±¶/�\Ç5ªØ
�PÍ*�M¨�	k§»¥·x§0¨#¹º©/¨��\��ÇIÈ�·Q×X©k�± t⊥ 1

¬:7
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|χ1PI |

|χWick|

|χBC |

− ln Λ/Λ0

�X *¡O¢ ó 1 8#£ 3 ªº�K¨�	k���¥�\©k���¥°e·xªº¹º�·Q¨I¹º��©�Ó±¯v��§�� T = 0 Ó\	���ªj·8¥§k¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨IÃ�	k�¡¥¯k¹º©Ré �\©§k©�¹Ê¨�Ã\+·x��²k¹Ê¨I�¥·x¹º���\Iê8	k�2Ùd�\��°e¹º��©k�ªº¹º²k���±�Ò�§�©k�2	k¹º°e�\©k¥¹º��©Û¯v��§�� vF q̃/Λ0 = 0.005é �±©q©k�¸¹º��ê,�M¨ vF q̃/Λ0 = 0.025 é �\©q¯*��¹º©¸¨I¹ºªºªºÃcê#	�·x©k+ªº�\&�ÇIÈ�Ã\°e·���¥�\¥¯v�\ÇP¨�¹Ê¶/�\°e�\©¸¨
·\¶/�\Ç`����	k�¥�e	��JNë¹jÇIïvÓ*ÜM« '¡� à�ÓT�M¨aÇ\�\ªº§�¹¡	k� 6+1�Á ��§���²v��©�©�·x¹º 1 Îr�\�ªº¹ºÕ�©k�±2Èk�¸��¹ºÅ\��© .
¨I·xªj�\�¹º©k	�¹ºÑ^§k�\©/¨âªº�,��Ã\¥§�ªÊ¨I·Q¨â	k§RÇ±·xªºÇ\§�ª�	k¹º�¥�\ÇM¨ 1 ;&©®¶/��¹Ê¨�Ñ^§k�,¯*��§k�¡ªº�,�¥Ã\¥§kªÊ¨I·Q¨âæ�©�·xªØÓ
χ(l → ∞) Óvªj·Rªº¹jÕ�©k���±©q¯v��¹º©/¨�¹ºªºªºÃ�¥�2¨�����§�¶^���\© . 	k�\¥¥��§k+	k��ªj·`ªº¹ºÕ�©k��©���¹º��� 1�6 
�\-¨§k©�¹ºÑ^§��\°��\©/¨t	�·x©�âªº�+¥ÇIÈkÃ\°R·+ÜM« '�� à�Ñ^§���Ç\�M¨t�¸��	k���+�\-¨tÇ\ªj·x¹º�¥�\°��\©/¨tÇ\�¸©k¥�\�7¶/Ã+¯v�\© .
	�·�©¸¨8¨I��§�¨#ªº��<��K¨�	k�5���\©k���¥°e·xªº¹º�·Q¨I¹º��© 1

¬�¬



9ÂÅ~} Ç � ��ë2�#���8�¡����������oØ�¡��ë2�¡�����
Îr�5¥ÇIÈkÃ\°R·�	��5���\©�����°R·xªº¹º�·Q¨�¹º��©ÛÑ�§k�5©���§k#§�¨I¹ºªº¹º¥��©k#©��5±
¹º©k¥Ç\�¥¹Ê¨�¯�·x#-¨���¹ºÇM¨I� .

°e�\©¸¨#	�·x©k,ªº��Ç±·x	�����	k�5ªj·®���\©k�¸��°e·xªº¹j¥·Q¨I¹º��©»��±ªº��©bNì¹ºªº��¸©�ÓkÇ\��°e°���	�¹º¥Ç\§�¨�Ã�	�·x©k
ªj·���±ÇM¨�¹º��© ó 1 « 1�� ©`¯�·��7¨�¹ºÇ\§�ªº¹º�\�\Ó^ªj·2Ñ�§k�\-¨�¹º�¸©R¥��¯*��¥�J¤Ê«�«c³1¥*	k���·\¶/��¹º�â¥¹vªº��ÇIÈ�·x©kÕ¸� .
°e�\©¸¨�	�
Ã\ÇIÈ��\ªºªº��ÓrÑ^§�¹��\-¨�¯�·x�7¨I¹º��¹j©¸¨�Ã\Õ���·x©¸¨��e	k�eªj·Ö�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©ßö#¹ºªº¥��©k¹j�\©k©k�¸Ó
	���¹Ê¨�·x§k¥¥¹�ÚM¨��¥��¹º©kÇ\ªº§Ï	�·x©k8ªj��©k��§0¶/�±·x§Ï¥ÇIÈkÃ±°e· 1 ÎT·®	k¹º¥Ç\§��¥¹º��©»	k§ ó 1 « 1 µe°���©¸¨I���
Ñ�§k�ÖÇ\�±Ç\¹t©�
�\-¨R¯�·x�ªº�ÏÇ±·x 1 ;&�\Óôªº�ÖÇIÈ�·x©kÕ��\°e�\©¸¨R	�
Ã\ÇIÈ��\ªºªº��Ó���§}ªj·»Ü7���\©�����°R·xªº¹º�· .
¨I¹º��©ÄÒ»ªØ
����	����`´QàÛé �\©À²*��§kÇ±ªº�\IêMÓT\
�±7¨®·\¶/Ã±��Ã�¨���Ì±2§0¨�¹ºªº�R¯v��§��5	�Ã\°���©/¨����\�2ªj·»©k�¸©
¯*�\�7¨�¹j©k�\©kÇ±�&	���Ç\�\�7¨M·x¹º©k�\t¶�·x�¥¹j·x²kªº�\/¤Ê«c¬:71¥ 1k� ª��\-¨#Ç\�\¯v�±©k	�·x©/¨#¯v��¥¥¹º²kªº�¸Ó0	r
4·x¯k�¥Ì\,§k©
¨I�¥·\¶�·x¹ºª#	k�qã#��¯k¹º�M¨IÅ»�M¨ Á §�¥ÇIÈk��¤Ê«�«Q³�¥�Ó�	k�»�¥�M¨�����§0¶/�\�eÇ±�M¨z·x��Õ¸§k°��±©¸¨`	�·�©kR©k�K¨I���
¥ÇIÈ�Ã\°e·0Ó0�·x©�t°eÚ\°��&ÇIÈ�·�©kÕ��\�t	r
Ã\ÇIÈ��\ªºªº�&�M¼k¯kªº¹ºÇ\¹Ê¨I�\°��\©/¨ 1k� ��§�8·xªºªº��©�8²k��¹ºÌP¶/�\°��\©/¨
��·x¯k¯*�\ªº�\��ªº�\	k¹Ê¨�·x�¥Õ�§k°e�\©¸¨`é ¯*��§k�&¯�ªº§k�	���	kÃM¨I·�¹ºª�¶^��¹º� � È�·x©kïK·��+¤Ê«c¬�7�¥dê+�M¨2�\©k¥§�¹Ê¨��
	���©k©��\�8�·®���±Ùd����°a§kªj·Q¨�¹º�¸©»·x	�·x¯�¨�Ã±�5·x§»�ÇMÈkÃ\°R·Ö« '¡�I1� ��§��Ç\��©��¹º	�Ã\����©��ªØ
�M¼k�\°�¯�ªº�Ï	�
§�©}-Ð0-¨�Ì±°��Ï§k©�¹º	k¹º°e�\©k¥¹º��©k©��\ªt	��ÏÙd�\��°e¹º��©k
�·x©��¥¯k¹º©C·\¶/�\Ç`�¥�\ªj·Q¨�¹º��©C	k�`	k¹º¥¯v�±��¥¹º��©Àªº¹j©kÃ±·x¹º��� 1ô6 ��°e°��\©�Â\��©ka¯�·x��ªØ
4·x¯k¯����^ÇIÈ��
¥�\ªº�¸©pNì¹ºªº��¸©�Ó0�M¨8¯�·x��§�©z-Ð0-¨�Ì\°e�+�·x©kt¹º©/¨��\�¥·xÇP¨�¹º��©k 1 Î¡
4·xÇM¨�¹º��©Ö�\-¨#·xªº����tª�
4·xÇM¨�¹º��©
ªº¹º²�����Ó

S0 =
∑

k̃ω

ψ∗
k̃ω

(
iω − vF k̃

)
ψk̃ω ,

�:� k̃ �\-¨aªX·»	�¹º7¨M·x©kÇ\�R	r
§k©½¶/�\ÇM¨��±§k�2	�
�¸©k	k�zÒ»ªj·Û�§���Ùy·xÇ\�`	k� 3 �\��°e¹ 1�� �¸§k�	kÃ\æ .©�¹º¥���©�tªj·2¨I�¥·x©k¥Ùd���¥°e·Q¨�¹j��©Ö	k�&���\©�����°R·xªº¹º�·Q¨�¹º��©`¨I�\ªGÑ^§k� S0
�\©Ö�\-¨,§k©Ö¯*��¹º©¸¨8æk¼0� 1� ªºªº�5Ç\��©��¹º-¨��5�\©»	k�\§�¼ÏÃM¨I·x¯*�\5�

« 1 Ã\ªº¹º°e¹º©�·Q¨I¹º��©�	��\¡	k�\Õ¸��Ã\¡	k�8ªº¹j²v�\�7¨IÃ8Ç\�����¥�\¥¯v��©�	�·x©/¨�¡Ò�ªØ
¹º©¸¨��±�7¶�·xªºªº�,	�
Ã±©k�\��Õ�¹j�
[Λ− δΛ,Λ] ¯

³ 1 ÇIÈ�·�©kÕ��\°e�\©¸¨�	�
Ã\ÇIÈ��\ªºªº�e�
éØ·¸êÖ	k�±�¶/�\ÇM¨��±§k���	�
��©k	�� k̃ ·Kæ�©C	��zÇ\�¸©k¥�\�7¶/�\�®ªj·¿ªj·x��Õ��±§k�®	k�Ö²�·x©�	k�z	�§-Ð0-¨�Ì\°e��¹º©k¹Ê¨I¹j·xª:¯
é ²�êÖ	k�8¨��¸§�¨��\âªº�\�·x§�¨��¥�\�Õ¸�¥·x©k	��\§k��âÑ^§k¹v·x¯k¯�·x�¥·x¹º¥¥�\©¸¨�	�·x©kâªØ
4·xÇM¨�¹j��©Rªº¹º²����

S0
Ó�ÐÛÇ\�¸°�¯k�¥¹º+	k�\+ÇIÈ�·x°e¯k+	k� Æ �¥·x¥¥°e·x©�©�Ó*·Kæ�©q	���ªj·`���\©k	�����¹º©¸¶¸· .

��¹j·�©¸¨��5¯�·x�8ªj·a¨��¥·�©k¥Ùd����°R·Q¨�¹º��© 1
;&©z¨��¥��§�¶/�5Ñ^§k�5ªº��ÇIÈ�·x©kÕ��\°e�\©¸¨�	�
Ã\ÇIÈ��\ªºªº�

k̃ 7→ k̃′ = sk̃, ω 7→ ω′ = sω, ψ(k, ω) 7→ ψ′(k′, ω′) = s−
1
2ψ(k, ω),

�:� s = eδl, l = − ln Λ/Λ0,

ªj·�¹º�¥�ßªØ
4·xÇM¨�¹j��©íªj¹º²k���ß¹º©kÇIÈ�·�©kÕ�Ã\� 1 ÎT·½¶0¹Ê¨I�\¥��ß	k� 3 �\�¥°�¹+�\-¨Ïªj·C°�Ú±°��¿Ñ^§r
4·\¶�·x©¸¨
ªj·q¨I�¥·x©k¥Ùd�¸��°e·Q¨I¹º��©�Ó v′F = vF

1�6 ��°e°�� ω′n = sω = s(2n + 1)πT Ó�ªj·Û¨I�\°�¯*Ã .��·Q¨�§k�¥�¿ÇIÈ�·x©�Õ���Ó T ′ = sT
1 Î��¿©���°�²����¿	k�¿	k�\Õ¸��Ã\Ö	k�¿ªº¹º²*�\�7¨�Ã¿	k¹j°�¹º©^§���Ó N ′ =

Λ/(vF (∆k)′) = s−1N
1

' ªj·xÂ\��©k . ©k��§k�°R·x¹º©¸¨��±©�·x©¸¨&ªºÃ\Õ�Ì\���\°e�\©¸¨�ÒeÇ\äK¨IÃ2	k§Û¯*��¹º©¸¨�æk¼0�2ªº¹º²�����Ó��±©q·KÔ7��§ .
¨M·x©¸¨�§�©k��¹º©¸¨I�\�¥·xÇM¨I¹º��©aÙy·x¹j²kªº�tÒ+	k�\§0¼�¯�·x�7¨I¹ºÇ\§kªº�\±ÓK	�Ã\Ç\��¹Ê¨I��¯�·x�9ªX·�Ùd��©kÇP¨�¹º��© g(~k, ~ω) =
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g(k̃1, k̃2, k̃3, ω1, ω2, ω3) �

SI =
T

N

∑

k̃jωj

g(~k, ~ω)ψ∗
kF+k̃1,ω1

ψ∗−kF+k̃2,ω2
ψ−kF+k̃3,ω3

ψkF+k̃4,ω4
,

�:� k̃4 = k̃1 + k̃2 − k̃3
Ó ω4 = ω1 + ω2 − ω3

1�� ¹9��©ß·x¯k¯�ªº¹ºÑ^§k�aªj·e¨���·x©k¥Ùd����°R·Q¨�¹º��©
	k�2�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©qÒ SI Ó���©»¶/��¹Ê¨+Ñ^§k��¨I��§k#ªº�±#Ù ·xÇM¨��\§��� s ¥�5¥¹º°e¯kªº¹èæ��\©¸¨ 1 ;+©q··xªº���¥

g′(~k′, ~ω′) = g(~k, ~ω) . é ó 1 µk«cê
g �\-¨�	k��©�Ç�°e·x�¥Õ�¹º©�·xªº� 1 ��§k2ªº�\2·x�¥Õ�§k°e�\©¸¨�5ÃM¶^�^Ñ^§kÃ±5	�·�©k5ªj·Ï¥§k¹Ê¨��eÇ\��©�Ç\�\��©�·�©¸¨�ªj·Ö	�Ã\¯v�±©k	�·�©kÇ\��	��
g �\© k̃ ±
4·x¯�¯kªº¹ºÑ�§k�\©¸¨#Ã\Õ¸·xªj�\°��\©/¨�Ò®Ç\�\ªºªº���\© ω Ó0Ñ�§k��©k��§�,·xªºªº��©�8©�Ã\Õ�ªº¹ºÕ��±�,Òa¯�·x�7¨�¹º�	k��°R·x¹º©¸¨��±©�·x©¸¨ 1v' ��§k��ªº�\+Ç\�^�\÷eÇ\¹º�\©/¨��	r
§k©q	kÃM¶/�±ªº��¯k¯*�\°��\©/¨+ªº¹º°e¹Ê¨�Ã�	k� g ·x§0¨���§��	k�±8¯*��¹º©¸¨I,	k� 3 �\�¥°�¹ØÓ

g(~k) = g0 +
3∑

j=1

gj k̃j +
1

2

∑

ij

gij k̃ik̃j +O(k̃3) , é ó 1 µ/³�ê

Ç\�\Ç±¹�¹º°�¯�ªº¹ºÑ^§���Ñ^§��
g′j = s−1gj

Ó g′ij = s−2gij
�P¨�Ç 1 Ó

	k��¥���7¨���Ñ^§k�8¨I��§kâªº�\âÇ\���P÷eÇ\¹º�±©¸¨�â	�·x©kâªº��	kÃM¶/�\ªº�¸¯k¯*�\°��\©/¨�Ç\��©¸¶/�\�¥Õ��\©¸¨â¶/�\�¥ 0 ·x§Ç\��§���T	��¡ªX·,���\©�����°e·xªj¹º¥·K¨�¹º��©�Óc�·x§kÙ g0
Ó±Ñ�§k¹/���\-¨���Ç\��©�7¨M·x©¸¨ 1 g0

�\-¨9	k��©�Ç¡°R·x��Õ�¹º©�·xªº��Ó
¯�·��8Ç\��©/¨�����Ó�ªj·®	�Ã\¯v�\©�	�·x©�Ç\���\© k̃ 	k��ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©»�\-¨�©k��© . ¯v�\�-¨�¹º©k�\©/¨�� 16 �M¨�¨I�����\©�����°e·�ªº¹º¥·K¨�¹º��©¿	k� g ÒRªØ
4����	k�¥�a´R±
Ã\Ç±��¹Ê¨�·x§�¥�¹9	�
§k©���Ùy·xÂ\��©¿	k¹èÍGÃ\���\© .¨�¹º�±ªºªº�S¤Ê«�«Q³�¥ 1 Îr��ÇIÈ�·x©�Õ��\°��\©/¨5	�
Ã±ÇIÈk�\ªºªº��¯v�¸§k�&ªº�\+¶/�±ÇM¨��\§����	�
��©�	k�®���M¶k¹º�\©¸¨cÓ�¯v��§��
ªj·�Ùd��©kÇM¨I¹º��© g Ó�Ò®���±°�¯kªj·�Ç\�\� g(~k) ¯�·x� g(

~k
s ) Ó�¶/��¹º�,ªj·aæ�Õ�§k��� ó 1 «±´Ï�

δg = g

(
~k

s

)
− g(~k) ≈

(
~∇g
)

(~k).(−~kδl) , é ó 1 µ ó ê

dg(~k)

dl
= −

[
(~∇g)(~k)

]
.~k . é ó 1 µ�µ/ê

� ¹���©Ö��Ã±Ã\Ç\��¹Ê¨#Ç\�M¨�¨��&Ã±Ñ^§�·Q¨I¹º��©Ö¯*��§k�tªº�\8Ç±�^�P÷eÇ±¹º�\©¸¨�8	�§Ö	kÃP¶/�\ªº��¯k¯*�\°e�\©¸¨,ªº¹º°e¹Ê¨�Ã&	��
g Ó���©Ï��²0¨�¹º�\©¸¨

dg0

dl
= 0 Ó dgj

dl
= −gj Ó dgij

dl
= −gij �M¨IÇ 1 é ó 1 µ/Þ�ê

� ��§�ô·\¶/��©�ô���M¶k§a	k�\§0¼�Ùy·xÂ\��©�ô	k��	kÃ±°���©¸¨I���\�9ªj·+©k��©a¯*�\�7¨�¹º©��\©kÇ±��	k��ªj·�	�Ã\¯*�\© .
	�·�©kÇ\�,�\© k̃ 	k�,ªj·�Ùd��©kÇP¨�¹º��©e	�
4¹º©¸¨��\�¥·�ÇM¨�¹º��© g(~k) Ó¸	�·�©k¡ªº�,Ç±·x��:�eªj·+¨��¥·�©k¥Ùd����°R·Q¨�¹º��©	k�Ï�¥�\©k����°R·xªº¹º�·Q¨�¹º�¸©çÇ\��©¸¨I¹º�\©¸¨R§�©}ÇIÈ�·x©kÕ��±°��\©/¨R	�
Ã\ÇIÈ��\ªºªº� 1¡� ��§kR·xªºªº��©ke°R·x¹º©¸¨�� .
©�·�©¸¨2	k¹j�Ç±§�¨��\��Ç±��°�°e�\©¸¨2��©½¯v�\§0¨�·x���¥¹Ê¶/�\�2ÒÖªj·Ö°�Ú±°���Ç\�¸©kÇ\ªº§��¹º�¸©á�·x©k5Ùy·�¹º����	��
ÇIÈ�·x©kÕ��\°e�\©¸¨+	�
Ã\ÇIÈ��\ªºªº� 1*� §k¯�¯v��¥��©�,Ç\�±¯v�\©�	�·x©¸¨�Ñ^§��5©k�¸§k#�§�¹Ê¶/��©�t¨��¸§xÔ7��§��� g(~k)
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δg

g

g0

0 k̃/s k̃

�X *¡O¢ ó 1 «±´¾£ � �\©�����°e·�ªº¹º�·Q¨�¹º��© Ò(ªØ
����	���� 0 � $ ·�©kqªº�ÄÇ±·xß·\¶/�\ÇÄÇMÈ�·x©kÕ¸�\°��\©/¨
	r
Ã\ÇIÈk�±ªºªº��Ó���©z¯�·x¥¥�+	k�+ªj·�ªº¹ºÕ¸©k�+©���¹º���&Ò�ªj·�ªj¹ºÕ�©k�&�\©z¯v�¸¹º©¸¨�¹ºªºªºÃ�Ó/¨I��§�¨8�±©zÕ¸·x��	�·x©¸¨ ΛÒ k̃ 1*� ·x©k#ÇIÈ�·x©kÕ��±°��\©/¨�	r
Ã\ÇIÈ��\ªºªº��Ó���©Û���±7¨I�2�§��,ªj·eªº¹ºÕ¸©k�2©k�¸¹º����Ó�°e·x¹º Λ ¯�·x¥��2	��
k̃ Ò k̃/s 1

¸ § � « ¹ ¬ ¶ k̃ ê � ³ ¶ § �F®{¸�¹Yá ¦�ª ¶J¶^� « ¹Yá ¦¨§ ��¸�� «¨¬ Λ
1 ~k 	k�P¶0¹º�\©¸¨�	���©kÇeÙy��©kÇM¨�¹º�¸©½	k� Λ

1
6 ��°�°e�eé ó 1 µ ó êt���\-¨��+¶0��·x¹ØÓ

dg
(
(~k(Λ)

)

dl
= −

(
~∇g
)
.~k .

) §Ûªº¹º�\§Û	k�2���±°�¯kªj·�Ç\�\�#ªj·eªº¹ºÕ�©��2©k��¹º���2¯�·x�#ªj·eªº¹ºÕ�©k�2�±©Û¯v��¹º©/¨�¹ºªºªºÃ2¥§k�#ªj· 3 ¹ºÕ 1 ó 1 «±´0Ó
©���§ke���±7¨I��©kR·xªº����R¥§k��ªj·á¯k���±°�¹ºÌ\���¸Ó�°e·x¹º Λ \
4·�¯k¯k�¥�^ÇIÈk�»	k�ÏªØ
�¸��¹ºÕ�¹º©k� ~k = 0

1
Î¡
�PÍG�M¨t�\-¨�ªº��°�Ú\°e��Ó/ªj·2	kÃ±¯v�\©�	�·x©�Ç\�#�\© ~k 	k�M¶k¹º�\©¸¨�©���©`¯v�\�-¨�¹º©k�\©/¨�� 1�6 �±Ç\¹�°R·x��ÇIÈ��Ç±�\¯v�\©�	�·x©/¨2¥�\§kªº�±°��\©¸¨�¯�·x��Ç\�eÑ^§�� g(~k) �\-¨�°e·���Õ�¹º©�·�ªº� 1T$ ·x©k�¨���§�¨a·x§0¨�����Çc·x±Ó�¹jª·x¯�¯�·x��·Q×º¨a²k¹º�±©À°���¹º©�2ÃP¶0¹º	k�\©/¨a	�
4·x���¥¹Ê¶/�\��ÒÛ	k�\���Ã\¥§kªÊ¨I·K¨�2¥§k�2ªj·Û¯v�\�-¨�¹º©k�\©�Ç\�R	k�\
¶¸·x��¹j·x²�ªº�\,�·x©k,¯�·x¥��±�8�M¼0¯�ªº¹ºÇ\¹Ê¨��\°e�\©¸¨�¯�·x�,§k©ÏÇIÈ�·x©kÕ��±°��\©/¨#	�
Ã±ÇIÈk�\ªºªº� 1� �K¨I��©k�æ�©�·�ªº�\°��\©/¨�Ñ^§��8Ç\�\�·x��Õ�§�°��\©/¨��±
4·x¯�¯kªº¹ºÑ^§��\©¸¨â��±§kªº�\°e�\©¸¨�¥¹�¨��¸§k¡ªº�\ k̃�¥�\-¨��\©¸¨tÒ5ªØ
¹º©/¨�Ã\��¹º�\§���	k�#ªj·5²�·�©k	k� 2Λ

1�� ¹ØÓ/¯�·x�¡Ç±��©¸¨����¸Ó¸§�©R	k�\ k̃j Ç\���x×º¨tÒ5ªj·5°�Ú\°e�°e�\¥§k���2Ñ^§k�5ªº�2Ç\�^�\÷eÇ\¹º�\©/¨+·x¥¥�^Ç\¹ºÃ gj 	�·x©�#ªº�5	�ÃM¶/�\ªº��¯�¯v�\°e�\©¸¨®é ó 1 µ/³�ê8	kÃ\Ç±���K×º¨cÓ�ªj�¨I�\��°��aÇ\�����¥�\¥¯v��©�	�·x©¸¨&©r
�\-¨&²�¹º�\©q¨±k�+¯�·x+©kÃ±Õ�ªº¹ºÕ��±·x²�ªº� 1G� ��§k&·xªºªº��©�+���M¶^�\©k¹º�+�§��
Ç±��¯v�¸¹º©¸¨cÓk	�·x©k,§�©ÏÇ\��©¸¨��P¼^¨��5¯kªº§k,Ç\�¸©kÇ\���P¨cÓ�Ò�ªj·®¥�\ÇM¨�¹j��©Ïµ 1 ³ 1 ³ 1

9 ´



� �������e�/��� ª

« �¡ù ¿l	}ù � � þ ÿ þ � ½ýù � þ � ÿ ¬%� �
� � � ÿ����Z�½þh��	
� �ýù � �®+� � ��ÿÀ� � þ � � ��� �À� þ ü

6 �ÏÇIÈ�·x¯k¹Ê¨��¥�Ï�\-¨`Ç\��©k�·xÇ\�¥Ã»ÒßªØ
ÃP¨�§k	���Ó��\©%���\©�����°e·�ªº¹º¥·K¨�¹º��©�Ó¡	k�\e¹º©�7¨M·x²k¹ºªº¹Ê¨IÃ\
	k�}²�·x¥¥�Ä¨��\°�¯*Ã\�¥·Q¨I§k���C	�·x©kß§k©�Ç\��©k	�§kÇM¨I�\§k�¿Ñ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªaÇ±��°�°e�
(TMTSF)2PF6

1 Î��±5Ã\Ñ�§�·Q¨�¹º�¸©k2���©/¨�¯k��Ã±��±©¸¨�Ã\�\2	�·�©k5ªj·»��±ÇM¨�¹º��©½µ 1 «¸Ór�:�½©k�¸§k
	k¹j�Ç±§�¨���©�a·x§k¥¥¹â§�©k�`�Ã±��¹º�`	k�`ªº¹º°e¹Ê¨��\a¥¹º°�¯�ªº�\±Ó�Ñ^§k¹â©���§k�¯*�\��°e�M¨�¨��¥��©¸¨®	k�`²k¹º�\©
Ç\��°e¯k���±©k	k�¥�Rªº�RÇ\�¸©¸¨��\©�§À¯�È¸Ð0¥¹ºÑ^§���¨���Ì\��¥¹ºÇIÈk�R	��RÇ\�\�Ã±Ñ^§�·Q¨I¹º��©k±Ó�·\¶¸·x©¸¨®	k�R¯�·x .
¥�\�aÒÛªº�±§k��¥��ªº§�¨I¹º��©Ä©^§�°�Ã\��¹ºÑ�§k�¿é ¥�\ÇM¨�¹j��©Äµ 1 ³�ê 19$ ·x©kaªj·Û¥�\ÇM¨�¹º�¸©Äµ 1 ó Ó�ªØ
4�PÍ*�M¨®	��\
¹º©¸¨I�\�¥·xÇM¨I¹º��©k,�\©/¨����5Ã\ªº�\ÇM¨I����©k,	���ÇIÈ�·K×X©k�\t¶/�¸¹º�¹º©��\,�\-¨�	k¹º¥Ç\§�¨IÃ 1� ©k�&ÃP¨�§k	��&¥¹º°�¹ºªj·x¹º�¥��·®	kÃ-Ô�ÒaÃM¨�Ã�¯k��Ã±��±©¸¨�Ã\��¯�·x� $ §�¯k�¥·Q¨,�P¨ Á ��§k�¥²v��©�©�·x¹ºó¤Þx´0Ó
µ 9 ¥ 1 Îr�\¡Ã\Ñ^§�·Q¨�¹º��©�¡§�¨�¹ºªj¹º�Ã±�\¡©k�8¥��©¸¨â¯�·x¡�P¼k·xÇM¨��±°��\©¸¨âªº�\¡°�Ú±°��\#é ¥�\ÇP¨�¹º��©�µ 1 « 1 ¬�êMÓ
°R·x¹ºzªº�±z��Ã\¥§�ªÊ¨I·Q¨�Ö¥�q�¥�\¥��±°�²kªº�\©/¨Ï²v�±·x§�Ç\��§k¯ 1 Îr�\ÖÇ±·xªºÇ\§�ªºz¯���Ã\¥�\©¸¨IÃ\z	�·x©kzªj·
¥�\ÇM¨I¹º��©eµ 1 ³ 1 ³&©r
��©¸¨â¯�·x¡�±©kÇ\���¥�8ÃP¨�Ã8Ù ·x¹Ê¨��·x¹jªºªº�\§k�� 1 ÎT·���±ÇM¨�¹º��©eµ 1 ó Ó¸¯�·x�¡Ç\��©¸¨��¥��Ó¸�\-¨
	k��©k��§�¶^�±·x§ß²�·��Ã±�®�§��&§k©��a¹º	�Ã\�®	k� $ §k¯��¥·Q¨5�M¨ Á ��§���²v��©�©�·x¹ºp¤ µP8�¥ô�P¨5���\¯����^	k§�¹Ê¨
�\©»¯�·x�7¨I¹º�eé ¥�\ÇP¨�¹º��©»µ 1 ó 1 «cêtªº�\§���,��Ã\¥§kªÊ¨M·Q¨� 1

j/Å�Æ Ç �¡�ì��¢��2�t�*�¥�#���9¦®����¢��2�¡��¢&����� �������-�v�¡� �v�¥���a�¥�¡�
rBÊÌË�ÊzË ¤�×{ÔBØ�ÕgÙGÑ�Ò#ÏTÓ#ÎäÖ:Î�ÒBÑ,ÖgÜtØ,ÝdÙÛÏ1Ø�ÕPÙÛÑ�Ò�íOÑ�ÔBÖ¾ÔXÒ�Ï�¡BÏ�Õ�è�ÜtÎä×{ÔBØ_Ï:Ù�Ú

ÔXÒXÙÛÓ|ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBÎ�Ý
) ¯k¯�ªº¹ºÑ^§k�¸©kRªº�\RÃ\Ñ^§�·Q¨�¹º��©�R	k�»�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©(·x§(°���	kÌ\ªº�Ûªº�»¯�ªº§kR¥¹º°�¯�ªº�

	�
4§k©½Ç±��©k	k§�ÇM¨��\§��5Ñ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ª�·\¶^�\ÇR§k©��e¥�\§kªº�R²�·x©�	k�`·x§À©k¹Ê¶/�±·x§À	��3 �\��°e¹ØÓ�·\¶/�\Ç5	�¹º�¯*�\��¥¹º��©
ε(r, k‖, k⊥) = vF (rk‖ − k1D

F ) + ε⊥(k⊥),

ε⊥(k⊥) = −2t⊥ cos k⊥b− 2t′⊥ cos 2k⊥b.
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$ ·x©��§k©z¯k���±°�¹º�\��¨��\°e¯k±Ó^©���§kt·xªjªº��©kt©kÃ\Õ�ªº¹ºÕ¸�\��ªj·�	kÃ\¯*�\©k	�·x©kÇ\���±© k‖ 	k�\â¶/�\�7¨I�M¼éy¶/��¹º��ªj·a¥�\ÇM¨�¹º�¸©zµ 1 « 1 ó ê 1 Î��±tÃ\Ñ^§�·K¨�¹º��©kt	��+���\©�����°e·�ªº¹º¥·K¨�¹º��©Ö¯v��§���ªº�\â¶/�\�-¨��M¼z���©/¨
é�·x©k©k�P¼0� Á+1 Þ 1 ³�ê
d

dl
Γ̃α(k′1⊥, k

′
2⊥, k2⊥, k1⊥)

=

∫
dk⊥
2π/b

{
BC(T ; k⊥, qC⊥)×

×
∑

ij

CCα,ijΓ̃i(k
′
1⊥, k

′
2⊥,−k⊥ + qC⊥, k⊥)×

×Γ̃j(k⊥,−k⊥ + qC⊥, k2⊥, k1⊥)
} ∣∣∣∣

qC⊥=k1⊥+k2⊥

−
∫

dk⊥
2π/b

{
BP(T ; k⊥, qP⊥, q̃P‖)×

×
∑

ij

CPα,ijΓ̃i(k
′
1⊥, k⊥, k2⊥, k⊥ + qP⊥)×

×Γ̃j(k⊥ + qP⊥, k
′
2⊥, k⊥, k1⊥)

} ∣∣∣∣
qP⊥=k′1⊥−k2⊥

é µ 1 «cê

Îr�\ Cα,ij ¥��©¸¨�	k��©k©�Ã\,¯�·x�2é ó 1 ³�³¸êtÒ»é ó 1 ³Kµ/êMÓ��M¨
BC,P(T ; k, q) =

∑

ν=±1

Θ(|νΛ +AC,P(k, q)| − Λ)×

× 1

2

(
tanh

νΛ

2T
+ tanh

νΛ +AC,P(k, q)

2T

)
×

× Λ

2νΛ +AC,P(k, q)

T→0−→ Λ

2Λ + |AC,P(k, q)|
Ók�:�

AC(k⊥, q⊥) = −ε⊥(k⊥) + ε⊥(−k⊥ + q⊥) �M¨
AP(k⊥, q⊥, q̃‖) = −ε⊥(k⊥)− ε⊥(k⊥ + q⊥)− vF q̃‖ .

� ·x¯�¯v�\ªj��©k8Ñ�§k��©k��§k,Ç\��©k¥¹º	�Ã\����©� Θ(0) = 1
2
	�·x©k8Ç±�\8Ã\Ñ�§�·Q¨�¹º�¸©k5éØ·�©k©k�P¼0� Á+1 Þ�ê 1� ¹k©k��§kô¨��\©k¹j��©k�Ç±��°�¯�¨I�t	��tªj·�	kÃ\¯*�\©k	�·x©kÇ\�t�±© k‖ 	��\9¶^�\�7¨��M¼�Ó q̃P‖ := qP‖−2k1D

F¥�\��·x¹Ê¨ô	k��©�©kÃâ¯�·x� qP‖ = k′1‖−k2‖
1 Îr�âÇIÈk��¹Ê¼2	�� q̃P‖ 	�·�©k�©k�¸�Ç±·xªºÇ±§kªº9¥�\�¥·#	k¹º¥Ç\§0¨�Ã	�·x©k,ªj·�¥�\ÇM¨�¹º��©»µ 1 « 1 ó 1' �¸§k�#ªj·�ªj·x�¥Õ��\§k�#	k�5²�·x©k	�� 2Λ0
Ó���©Û¯k���\©�	k�¥·e§k©k�&¶¸·xªº�\§k�#	k§Û°�Ú\°e�5����	����5	��

Õ���·x©k	��\§k�\Ó¸°R·x¹º�¨���§�¨�	k�,°�Ú\°e�,¹º©kÙdÃ±��¹º�\§k�¥�#Ò��·+¨I·x¹ºªºªº�#����¹ºÕ�¹º©�·xªº� 4t‖
1 ;+©e©�
¹º©/¨�Ì\Õ��¥�

	���©kÇÛ¯�·��¨���§0¨��Ûªj·½¯k���±°�¹ºÌ\�¥�»Å\�¸©k�Û	k� Á ��¹ºªºªº��§�¹º©�Ó�Ç±�\Ç\¹#©�
4·x§��¥·x¹Ê¨z¯�·�R²v�c·x§kÇ\�¸§k¯
	��R¥�\©k5¶0§Äªj·»ªj¹º©kÃ±·x�¥¹º¥·K¨�¹º��©Ä	k§Ä�¯*�\ÇM¨��¥� 1T� ª�¥�R¯���Ã\¥�\©¸¨I�RÇ\�\¯*�\©k	�·x©¸¨a	��\§�¼ß¶^��¹º�\
¯*��¥¥¹º²kªº�\z�T¥��¹Ê¨®��©ÄÇ\��§�¯v�`ªj·Û²�·x©�	k�`ÒÛ§�©k�RÃ±©k�\��Õ¸¹º� |Λ0| Ç\��©�7¨M·x©¸¨���Ó�¥��¹Ê¨�ÒÛ	k�\¶/�±ÇM¨��\§��� κ‖0 Ç\��©�-¨I·x©¸¨IR�\©(	k¹º���\ÇP¨�¹º��©(¯�·x��·xªºªºÌ\ªº�Äéd¶/�¸¹º�eªj· 3 ¹ºÕ 1 µ 1 «Qê 1�: §�·x©k	%�¸©

9 ³



k1D
F

0

−k1D
F

k‖

|εk| < Λ0

∣∣k‖ − k1D
F

∣∣ < κ0

−π 0 π

k⊥ b

�X *¡O¢ µ 1 «b£ $ �\§�¼}Ùy·�Â\��©ke	k�Ïªº¹j°�¹Ê¨��\�eªj·ß²�·x©�	k�Ï	k�±�ÃM¨M·Q¨�RÒß§�©çÃ\ªº�\ÇM¨��¥��©%·x¯���Ì\
ªº¹º©�Ã±·x��¹º�·Q¨�¹º�¸©ì	k�½ªj·}	k¹º¥¯v�\�¥¥¹º��© 1 ;+©í¶^��¹Ê¨ÛÑ^§��á¯v��§��Ö§�©k�á²�·x©�	k�áªº¹º°�¹Ê¨IÃ\�á¥�\ªº��©
ªØ
Ã\©��\��Õ�¹º�¸Ó^¨���§�tªj�\t¹º©/¨�Ã\Õ���·xªº�\8	k� k⊥ ©k�&±
ÃM¨I�\©k	��\©¸¨,¯�·x8¥§���ªj·®¯k���±°�¹ºÌ\���&Å±��©k�&	��Á ��¹ºªºªº��§�¹º©»Ç\��°e¯kªºÌM¨�� 1

Ç±·xªºÇ±§kªº�Ïªj·á�§�¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨�ÃÏ°R·xÕ�©kÃM¨I¹ºÑ^§k�Ïªº¹º²����»Ò (2kF , q⊥) ¯*��§k��ªº�\e	k�\§0¼CÇMÈk��¹Ê¼GÓ��©½±
4·x¯*�\��Â±��¹Ê¨�Ñ^§k�eªj·ÏÇ±��§k¯k§����.¬ � ª � ¬�«Ûð:³Û¬PÓ�Ñ�§k¹¡¥�\�¥·x¹Ê¨a·Ï¯���¹º����¹¡ªº�eÇMÈk��¹Ê¼áªº�e¯�ªº§k
©�·K¨�§k���±ªô¯*��§k��ªº��Õ��¥��§k¯*�®	��®�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©�Ó�Ùy·x¹Ê¨�Ñ^§k��Ç\�\�-¨I·x¹º©k�±�¹º©¸¨IÃ\Õ��¥·xªº�±�¥§��
k⊥ ©k�,¯�·x��Ç±��§k���±©¸¨�¯�·xô¨���§�¨I�\¡ªº�\ô¶�·�ªº�\§k����\©¸¨���� −π �M¨ π 1�) ¹º©��¹�Ó�ªj·�¥§k¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨�ÃÇ\��©/¨�¹º�\©¸¨â	��\ô¨��\��°e�\¡�\©e¯k§�¹º¥¥·�©kÇ\�\¡¹º°e¯�·x¹º���±¡	k� |t⊥| Ó�Ç\�,Ñ^§�¹k©�
�±7¨â¯�·x��\©R·xÇ\Ç\����	·\¶/�\Çtªj·�	kÃ\æ�©k¹Ê¨I¹º��©Öé�³ 1 «�«QêTÑ^§�¹^©���Ùy·x¹Ê¨�¹º©/¨��\�7¶^�\©k¹º�9Ñ^§���	k�\ô¯�·x¹º�¥�\9¯�·x�7¨�¹jÇ\§kªº� . ¨�����§a¹º© .
¨���·xÇIÈ�·Q×X©�� 1x' ·x�9Ç\�¸©¸¨�����ÓK§k©��âÇ\�¸§k¯k§����â¯�·x�¥·xªºªºÌ\ªj��·�§�¼2²*����	�9	k��ªj·#Å\�¸©k��	k� Á ��¹ºªjªº��§k¹º©
	k�¸©k©k��²k¹º�\©Ï§k©��&¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹è¨�Ã&�±©Ö¯k§�¹º¥¥·�©kÇ\�\8¯�·x¹º���\,	k� t⊥ 1 Îr�&	��\§�¼k¹ºÌ\°���ÇIÈk��¹Ê¼�\-¨t	k��©�Ç#¯kªº§�â¯kÈ/Ð0¥¹ºÑ^§k� 1 Îr�\âÇ±·�ªºÇ\§kªº�©^§k°eÃ\��¹ºÑ^§��\â°���©/¨����\©/¨�Ç\�±¯v�\©�	�·x©¸¨tÑ^§k��ªØ
�\Ù .
Ùd�M¨#	��&Ç\�P¨�¨���Ç\��©¸¨���·x¹º©¸¨���©r
�\-¨,¯�·x�¨��¥Ì\8Õ��¥·�©k	�Ók	k��¥���7¨���Ñ^§k��©k�¸§k8ªj·®©kÃ\Õ¸ªº¹ºÕ��\����©�
	�·�©k5ªj·Ï¥§�¹Ê¨�� 1T' �¸§k�5¹ºªºªº§k-¨��¥·K¨�¹º��©�ÓT©k��§k5ª�
4·\¶/��©k�¨��¸§�¨�	k�e°�Ú\°e�e�M¼0¯kªº¹ºÇ±¹Ê¨�Ã\�e	�·�©k
ªØ
4·x©�©k�M¼k� Á+1 Þ 1 ³®	�·x©�8ªj�\,�M¼0¯����\¥¥¹º��©k,Ç\��©�Ç\�\��©�·x©¸¨�ªº��Ç±·�©�·xª�	�� 6 �^�¸¯v�\� 1

Îr·2���\©�����°e·�ªº¹º¥·K¨�¹º��©`	k�±�Ùy��©kÇM¨I¹º��©kâ	��#��Ã±¯v��©�����\-¨�	k�¸©k©kÃ±�#¯�·x�âªº�\âÃ\Ñ�§�·Q¨�¹º�¸©k
¥§k¹Ê¶¸·x©¸¨��\ 1�' ��§��8ªº�\#��©k	k�±8	���	k�±©k¥¹Ê¨�ÃRé α = C,S ê&�

d

dl
zα(p⊥, p⊥ + q⊥; q⊥)

=

∫
dk⊥
2π/b

BP(T ; k⊥, q⊥, q̃P‖)×

×zα(k⊥, k⊥ + q⊥; q⊥)Γ̃α(k⊥ + q⊥, p⊥, k⊥, p⊥ + q⊥) ,

é µ 1 ³�ê

9�ó



d

dl
χ̃α(q⊥) = −

∫
dk⊥
2π/b

BP(T ; k⊥, q⊥, q̃P‖) |zα(k⊥, k⊥ + q⊥; q⊥)|2 . é µ 1 ó ê
' ��§k�,ªØ
4·x¯�¯�·x��¹º�±°��\©¸¨aé α = s, t ê+�
d

dl
zα(−p⊥ + q⊥, p⊥; q⊥)

=

∫
dk⊥
2π/b

BC(T ; k⊥, q⊥)×

×zα(−k⊥ + q⊥, k⊥; q⊥)Γ̃α(k⊥,−k⊥ + q⊥,−p⊥ + q⊥, p⊥) ,

é µ 1 µ/ê

d

dl
χ̃α(q⊥) = −

∫
dk⊥
2π/b

BC(T ; k⊥, q⊥) |zα(−k⊥ + q⊥, k⊥; q⊥)|2 . é µ 1 Þ�ê
r#ÊzË�ÊGÉ ç>ØiÏ:ÙGé�ÒXÙ" |Ð)ØMÕPÙGÑ�ÒkÓ#Î

qC
Î4Õ

qP6 ��©��¹º	�Ã\����©�5¯*��§k�5§�©½¹º©k-¨I·x©/¨�ªº�®¨��±��°�� ' �\¹º�\�¥ªº2	�·x©�5ªØ
Ã±Ñ^§�·Q¨I¹º��©(é µ 1 «cê 1 ;&©
��²�¥�\�7¶/�t²�¹º�\©®Ñ^§��tªº�\TÜ qP⊥ àt·x¯�¯�·x�7¨I�\©�·x©/¨¡·�§�¼2¶/�\�-¨��M¼ Γ̃i,j

Ñ�§k¹k·x¯k¯�·x�¥·x¹º¥¥�\©¸¨¡	�·x©k
Ç±�&¨��\��°e��¥��©/¨�ªº�\#°�Ú\°e�\,Ñ�§k�5Ç\�\ªº§�¹r	k§Ö¶/�\�7¨I�M¼ Γ̃α

Ñ^§�¹r��&¨��¥��§�¶/�5	�·x©k#ªº�&¨��\��°e�
	���Õ¸·x§�ÇIÈk��	���Ç±�M¨�¨���Ã±Ñ^§�·Q¨I¹º��©á�

k′1⊥ − k2⊥ = (k⊥ + qP⊥)− k⊥ = qP⊥.

 �¸§k�ªº�\+·x§�¨��¥�\#Ùy·�ÇM¨��\§���#	k�2Ç\��¨I�\��°��2©��2	kÃ\¯*�\©k	��\©¸¨�Ñ�§k�2	k� ν �P¨ k⊥ é Ñ^§�¹T��¸©¸¨
¥��°e°�Ã\Iê��M¨¡	k� qP⊥ 1 ;+©®�\©®	kÃ±	k§k¹Ê¨¡Ñ^§���Ó ¶4¯ ³ ¹)�J¯ / áv31á ³ ® ê � ¬ ¹ ¬ß¦ á���á:¹ ²g¬ °=¬�³Û¬�« ¹ ¶�± ªj·�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©á	r
§k©áÇ\�¸§k¯kªj·�Õ���	�·x©k5Ç\��Ç±·x©�·xª�¥�\�¥·�¹Ê¨2�\©/¨�¹ºÌ\���\°e�\©¸¨�	kÃM¨��±��°�¹º©�Ã\�
¯�·x��¥��© qP⊥ �M¨8Ñ�§k��¨���§ktªº�±tÇ\��§k¯�ªj·xÕ��\8Ñ^§k¹G¹º©¸¨��\�-¶0¹º�\©�©k�\©¸¨,	�·x©�tÇ\�M¨�¨��&���\©�����°R· .ªº¹º�·Q¨I¹º��©C��±�¥·x¹º�\©¸¨����\©k�¸��°e·xªº¹j�Ã±��P¼k·xÇM¨��±°��\©¸¨�	k�`ªj·Û°eÚ\°��`Ù ·xÂ\��©íéØ¯v��§��7¶0§ÄÑ^§r
¹ºªº
¥��¹º�±©¸¨5Ã\Õ¸·x§�¼ßÒzªØ
¹º©k-¨I·x©/¨�¹º©k¹Ê¨I¹j·xªXê 1�� ©á·x��Õ�§�°��\©/¨5·x©�·xªº��Õ�§k�®±
4·x¯k¯�ªº¹ºÑ^§��®·x§ßÇ±·x©�·xª
	�� 6 �^��¯*�\�\ÓxÑ�§k¹k¥�\�¥·x¹Ê¨��\©¸¨I¹ºÌ\���\°e�\©¸¨�Ç±·x��·xÇM¨�Ã\�¥¹º�Ã,¯�·x��ªº� qC⊥ 	k§�Ç\��§�¯kªj·xÕ��8�±©®Ñ�§k�\ .¨I¹º��©Ö±
¹ºªG©r
 ÐÖ·\¶¸·x¹Ê¨,¯�·�tªº��Ç±·x©�·�ªG	k� ' �\¹º�\��ªº 1�¾ ·x¹º±Ó0Ç±��°�°e�&ªº�\8	��\§�¼zÇ±·x©�·x§�¼Ö���©/¨
¯���Ã\¥�\©¸¨I&�\©¿°eÚ\°e�2¨��\°e¯k±Ó*ªº��¨��\�¥°��®	k� 6 �^��¯*�\�+°eÃ\ªj·x©kÕ¸�aªº�±&	k¹èÍ*Ã±���\©¸¨I qP⊥ �M¨
ªº�`¨I�\��°��Ö	k� ' �±¹º�\��ªº�ªº�\�	k¹èÍ*Ã\�¥�\©¸¨� qC⊥ Óô	k�Ö¥���7¨��ÖÑ^§r
¹ºª�Ð}·x§k��·q	��\®	�¹èÍ*Ã\���\©�Ç\�\�±©¸¨����a	k�±§�¼qÇ\��§k¯�ªj·xÕ��\&	k�a°eÚ\°�� qP⊥ ¥¹9ªº�\§k�¥ qC⊥ ©��a���©/¨�¯�·x&ªº�\+°eÚ\°��± 1 ;&©Ç±��©k-¨I·Q¨��8Ç\�\¯v�±©k	�·�©¸¨�Ñ�§k�tÇ\�\�	k¹èÍGÃ\���\©�Ç\�\ô��©/¨¡�M¼0Ç±ªº§k¥¹Ê¶/�\°e�\©¸¨¡¯*��§k�ô����¹ºÕ�¹º©��tªº�tÇ\��§ .
¯�ªj·xÕ��5�\©¸¨��¥��ªº�\,	��\§�¼ÖÇc·x©�·x§0¼ 1
r#ÊzË�Ê86 ç>ØiÓ#ñFí=Î�Ò#Ó#Ø_Ò#Ð)Î�Î�Ò

q‖
Îr�\,¶^�\�7¨��M¼ Γ 	�Ã\¯v�±©k	k�±©¸¨+	k�5¨I����¹º#¶�·x��¹j·�²kªº�\+¹º©k	�Ã\¯v�±©k	�·x©/¨��\ kj

ÓvÑ^§�¹r¶�·x��¹º�±©¸¨
	�·x©k�¨���§0¨��¡ªj·,¯k���±°�¹ºÌ\����Å\��©��¡	k� Á �¥¹ºªºªº��§k¹º© 1±) ¶/�\Ç¡ªº�\T°e�±Ð/�\©�T	k�¡Çc·xªºÇ\§kª/©^§�°�Ã\��¹ºÑ�§k�
-¨I·�©k	�·x�¥	k�	�
4·x§xÔ-��§k��	r
È^§k¹ØÓv¹ºªT�\-¨+¹º°�¯*��¥¥¹º²kªº�2	��2Ç±·xªºÇ\§�ªº�\�#ªº�ó<��K¨+	��2���\©k�¸��°e·xªº¹º�· .
¨I¹º��©�	k��¨���§k¡Ç\�\¡Ç\��§k¯�ªj·xÕ��\ 1�� ªkÙy·x§�¨�¥�8���\-¨����±¹º©k	k�¥�8Ò&§k©�©k��°a²k���8ªº¹º°�¹è¨�Ã8	k��¶/�\�7¨I�M¼
�¥�\¯k��Ã±��±©¸¨I·Q¨�¹ºÙy 1G' �¸§k�+ªº�\+-Ð0-¨�Ì\°e�\+²�¹º	k¹º°��±©k¥¹º��©k©��\ªº&·\¶/�\Ça¥§k�¥Ùy·xÇ\�a	k� 3 �\�¥°�¹ØÓv�¸©
¯*�\§�¨�	kÃ\Ç\�¥¹º���zªj·Û	kÃ±¯v�\©�	�·x©�Ç\�`�\© k ÒqªØ
4·x¹º	��`	��e¶�·x�¥¹j·x²kªº�\ (ϕ, d) Ó9�:� ϕ ¹º©k	�¹ºÑ^§k�
ªj·Ö¯v��¥¹Ê¨�¹º�¸©ß	k�®ªj·z¯����xÔ7�\ÇP¨�¹º��©ß	�� k ¥§k�&ªj·z¥§k��Ù ·xÇ\�®	k� 3 �\�¥°�¹ô�M¨ d ¥·Ö	k¹º-¨I·x©�Ç\�®Ò

9 µ



Ç\�M¨¥¨��â¥§k��Ùy·�Ç\� 1x6 ��°�°e�â¯v��§��Tªº�±�-Ð0-¨�Ì\°e�\�Ñ�§�·x¥¹ . §�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªº±ÓQªj·,¥§���Ùy·xÇ\�â	��3 �\��°e¹*�\-¨t¯����\¥Ñ^§k�+¯kªX·x©k��Ó���©z¯*�\§�¨8���\¯���Ã\¥�\©¸¨��±� ϕ ¯�·�� k⊥ Ó��M¨ d = k‖− kF‖(k⊥)
1

� ª+�\-¨ÖÇ±��©k©^§íÑ^§��qªj·Ä	�Ã\¯v�±©k	�·x©�Ç\�q�\© ϕ ©��¿¯v�\§0¨Ö¯�·xÖÚM¨����¿©kÃ\Õ�ªº¹ºÕ¸Ã\� 186 �±Ç\¹��±7¨
Ç\��©kæ���°eÃ,¯�·x�¡©������Ã\¥§�ªÊ¨I·Q¨�±Ó�¶/��¹º��¯�·x���M¼0�\°e¯kªº�#ªº�\ 3 ¹ºÕ� 1 µ 1 µ2�M¨âµ 1 Þ 1^� ��§��	k�M¶/�¸©k
	k�¸©kÇ��\¥�·\Ð/�\�,	��+¨�����§0¶/�\�,	k�\t¶/�\�-¨��M¼Ï·\¶^�\Ç5	k�\t¶�·xªº�±§k��,	k� d ���\¯k�¥Ã\¥�\©¸¨I·Q¨I¹Ê¶/�\ 1$ ·�©k+ªº�±+Çc·xªºÇ\§kªº&	����¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©ß·x¯�¯kªº¹ºÑ^§�Ã\&Ò`§�©¿7Ðk7¨IÌ\°��a	���Ùy�\��°�¹º�¸©k
§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓ0��§ÖÒa§k©z-Ð0-¨IÌ\°��&²v��¥��©�¹ºÑ^§k�+	��+©�
¹j°�¯v�¸�7¨��&Ñ^§k�\ªºªº�&	k¹º°e�\©k¥¹º��©rÓ
��©½ÇMÈk��¹º¥¹Ê¨�	r
È�·x²�¹Ê¨�§k	���Ç±��°�°e�e���\¯���Ã\¥�\©¸¨I·�©¸¨�5ªj�\2Ç\��§k¯�ªj·xÕ��\2Ñ^§�¹¡©k�eÙd��©¸¨a¹º©¸¨��\� .
¶/�\©�¹º�#Ñ^§k�2	k�±#	�Ã\Õ���Ã\#	��5ªj¹º²v�\�7¨IÃ2	�
Ã\©��\��Õ�¹º�2©^§�ªºªº� 1*6 ��°e°��2©k��§�#ªØ
4·\¶/��©��	k¹º¥Ç\§�¨IÃ
	�·�©k&ªj·`¥�\ÇM¨I¹º��© ó 1 « 1 ó éd¶/��¹º��·x§k¥¥¹9ªj· 3 ¹ºÕ 1 ó 1 ³R�P¨�ªj·`¥�\ÇM¨I¹º��©¿µ 1 « 1 7¸êMÓGÇ\�aÇIÈ���¹Ê¼¿�\-¨
¨��¥��¯z�¥�\-¨���¹ºÇM¨I¹ºÙr	�·x©kt©k�x¨����&Ç±·x 10$ ·x©�tªº�\,·x¯k¯�ªº¹ºÇ±·Q¨�¹º��©�t	�§zÕ�����§�¯v�&	k�&���\©k�¸��°e·xªº¹ .
�·Q¨�¹º��©z·x§R°e�^	�Ì\ªº�#	k� É §k²k²�·x��	R²k¹º	�¹º°��\©�¥¹º��©k©��\ª�¹º��x¨�����¯*��Ó/��©RÇMÈk��¹º¥¹Ê¨t	�
È�·x²�¹Ê¨�§�	k�
¨��¥��¹º5¶¸·x��¹j·x²�ªº�\ k ¥§k��ªj·Û¥§���Ùy·xÇ\�`	k� 3 �\��°e¹+é d = 0 êMÓ��\©Äªj·x¹º¥�·x©¸¨®ªj·ÛÑ�§�·Q¨��¥¹ºÌ\°��ªº¹º²�����Ók¶/�¸¹º�#¯�·x�#�M¼0�±°�¯kªº�[¤³x´�´0Ó 9 70Ó�8 ó ¥ 1v� ��§��Ùy·x¹º¥��©k�¹ºÇ±¹T§k©ÛÇIÈ���¹Ê¼»§�©Û¯v�±§Û	k¹èÍ*Ã .
���±©¸¨ 1^6 ��°e°��,	k¹º¥Ç\§0¨�Ã8	�·x©k¡ªj·�¥�\ÇM¨I¹º��©eµ 1 « 1 ³�Ó¸ªj·����\©�����°R·xªº¹º�·Q¨�¹º��©e	r
§k©®¶/�\�7¨��P¼��\-¨
Õ���§0¶/�\��©�Ãa¯�·x�+ªº�\p¦�§�÷²1�³ ��á ³ ¶ § �4¶ qC �M¨ qP 	k�±�¶�·x��¹j·�²kªº�\ k

1G' �¸§k�+Ç±�M¨�¨��®�¥·x¹º¥��©�Ó
©k�¸§k�©k�®æ0¼k��©k�¯�·x�ªº�± k‖ ÓG°R·x¹º�¯�ªº§�¨�äx¨ qC‖ �M¨ qP‖ ÓG�\©áÇIÈk��¹j�¹º¥�·x©¸¨2ªº�±+¶�·xªº�\§���Ñ^§�¹�	k�¸©k©k�\©/¨�ªj·¿���\©k�¸��°e·xªº¹º�·Q¨I¹º��©}ªj·q¯�ªº§k®¹º°�¯*���7¨I·�©¸¨��z	�·x©k®ªº�ÖÇ±·x©�·xª����±�¯*�\ÇM¨I¹ºÙ 1' ��§k�tªº�+Ç±·x©�·xª*	�� 6 �^��¯*�\�\Ó�Ç¸
�\-¨8²�¹º�\©z¨±k� qC‖ = 0

1 Îr�+ÇIÈ���¹Ê¼z	k� qP‖ ±
4·\¶/Ì\�¥�+¯�ªº§k	kÃ±ªº¹ºÇ±·Q¨ 1r$ ·x©k�§k©ß¯����\°�¹j�\��¨��\°e¯k±ÓG©k��§�&§�¨I¹ºªº¹º��¸©k qP‖ = 2k1D
F

¤Þx´�¥�ÓGªj·zÇ\��°e¯v� .
�·x©¸¨I�5¯�·x��·xªºªºÌ\ªº�2·�§�¼ÏÇIÈ�·Q×X©k�±,	�§Ö¶/�\ÇM¨I�\§k� Q0

	k�5°e�\¹ºªºªº�\§��,�\°�²*�K×º¨��±°��\©¸¨+Ò�È�·x§�¨I�
¨��±°�¯vÃ±�¥·Q¨�§����eéd¶/��¹º�8ªj·®¥�\ÇP¨�¹º��©Û³ 1 ó 1 «cê 1 Î¡
�PÍ*�P¨#	k��ªj·�¶�·���¹j·Q¨�¹º��©»	k� qP‖ �\-¨#	k¹º¥Ç\§�¨IÃ	�·�©k,ªj·���±ÇM¨�¹º��©»µ 1 ³ 1 ³ 1

� ��§��·xªºªº��©k�	k��©�Çe¥�\§kªº�±°��\©/¨�Ç±·xªjÇ\§kªº�\�2ªº�+<��K¨a	k�R���\©�����°e·�ªº¹º�·Q¨�¹º��©À¯*��§k�5ªj�\
¶/�\�-¨��M¼C·\¶/�\Çz	��\2¶�·xªº�\§����æ0¼k�\a	k� qC‖ �P¨ qP‖ 1ô$ ·x©kaªº�z°e�\°�²k�¥�`	k�z	k���¸¹Ê¨��`	��\Ã\Ñ�§�·Q¨�¹º�¸©k+	��a���\©k�¸��°e·xªº¹º�·Q¨I¹º��©}éØµ 1 «cêMÓ�¨I��§�¨��\&ªº�\�¶�·xªº�±§k��&	k� qC‖ �M¨ qP‖ ¶^��©¸¨��\©Õ�Ã\©�Ã\�¥·xªT¹º©¸¨��±�7¶/�\©�¹º� 1v� ��§k#	��M¶/��©��·xªº�����¯k���xÔ7�P¨��\�#ªº�\8¶/�±�7¨��M¼»	�·x©�#ªº�5°e�\°�²����5	��
	k�¥��¹Ê¨��â	k�âÇ\�\�Ã±Ñ^§�·Q¨I¹º��©k�¥§��TÇ\�±ªºªº�\�Ñ�§k��©���§k����±©k����°R·xªº¹º¥��©k 1K� ��§�9·\¶/��©�r¶k§2	�·�©k
ªj·a��±ÇM¨�¹º��©Öµ 1 « 1 ³�Ñ^§k�¸Ó0Ò�ªØ
¹º©¸¨�Ã±��¹º�\§k�t	�
§�©zÇ±·x©�·xªØÓ�ªº�\t	�¹èÍ*Ã\���\©/¨� q Ç\���¥���\¥¯v�¸©k	�·x©/¨8Ò
Ç\�5Ç±·x©�·�ª�©k�5¥��°�Ã\ªj·�©kÕ��\©/¨#¯�·�\Ó�°e·x¹º,Ñ�§�
¹ºªº,¥��©/¨#°�Ã±ªj·x©kÕ�Ã±,¯�·x�8ªØ
4·�§�¨����5Ç±·x©�·xªØÓ

d

dl
Γ(qC ,qP) =

∑

q′P

6 �^��¯*�\� (Γ(qC ,q′P)
)

+
∑

q′C

' �\¹º�\��ªº (Γ(q′C ,qP)
)
.

� ª�±
4·xÕ�¹Ê¨¡·xªº���¥9	�
§�©k��·�¯k¯k�¥�±¼0¹º°e·Q¨I¹º��©aÑ^§k¹�¹º©¸¨��\�-¶0¹º�\©¸¨¡·x§a©k¹Ê¶/�c·x§a	k§aÇ\��§k¯�ªj·xÕ����\©¸¨��¥�
Ç±·x©�·x§�¼ 1 Îr�eÙy·x¹Ê¨aÑ^§��e©k��§�5§0¨�¹ºªº¹º¥��©�2ªº�\ q‖ Ñ�§k¹¡	k�¸©k©k�±©¸¨�ªj·Ï�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©½ªj·¯kªj§ka¹º°�¯v�¸�7¨I·x©¸¨I�`	�·x©��ªº�\§���Ç±·x©�·xªâ���\¥¯*�\ÇM¨�¹ºÙ�¶�·Û	���©kÇ`�\©ÄÕ�Ã±©kÃ\�¥·�ªâ°��\©��\�aÒÛ§�©k�
¥§k�¥�\-¨�¹º°e·Q¨I¹º��©Ï	�§ÏÇ\��§�¯kªj·xÕ��5�\©/¨�����ªº�\#Ç±·x©�·x§0¼Ö	�·x©k,©k�¸8Çc·xªºÇ\§kªº 1

� ª��\-¨�¯*��¥�¹º²�ªº�#Ñ^§��#ªº�#ÇIÈk��¹è¼e	k��¯kªj·xÇ\�±��§k©R°R·Q¼0¹º°a§k° 	��8¶/�\ÇM¨��±§k��â	�
4��©k	k�#¥§��
ªj·Ö¥§k�¥Ùy·xÇ\��	k� 3 �\��°e¹�Ç±·x¯�¨I�®°e¹º�\§�¼ßªj·Ï¯kÈ¸Ð0¥¹ºÑ�§k��	k��²�·��¥��Ã\©��\��Õ�¹º��	k�±�-Ð0-¨�Ì\°e�\
�\©ÀÑ�§k�\-¨�¹º��©rÓr©��K¨I·x°e°��\©/¨a¯v��§��5ªº�\�-Ð0-¨�Ì\°e�\�Ò»	��\§�¼½²�·x©�	k�\�	k¹º¥Ç\§�¨IÃ\2	�·x©k2ªº�
ÇIÈ�·x¯k¹Ê¨��¥�2Þ 1�� ©z¨I�¥·\¶�·x¹ºªrÇ\�����¥�\¥¯v��©�	�·x©¸¨��\-¨#�\©»Ç\��§k�� 1
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r#ÊzË�Êcr ç>Î¾í#Ø�Ï�Ï1Ø�é_Î¾Ó|ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBÎ�Ý
Îr�\TÃ\Ñ�§�·Q¨�¹º��©�T	k�����\©�����°R·xªº¹º�·Q¨�¹º��©`é µ 1 «Qê�Ùd��©¸¨9²k¹º�\©�·x¯�¯�·x�¥·K×º¨�����ªº��ÇIÈ�·x©�Õ��\°��\©/¨

	��8	�¹º°��\©��¹º�¸©k©�·�ªº¹Ê¨�Ã8Ç±��©k©^§e¯*��§k��ªº�±¡-Ð0-¨�Ì\°e�\¡Ñ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªº±ÓK¶/��¹º�¡¯�·x�
�P¼0�\°�¯�ªº� � °��±�7ÐE¤Þ�8�¥ 1�6 ��©k¥¹º	kÃ±����©k,ªº�&¨��\��°e�

Λ

2Λ + |AP(k⊥, q⊥)| ,

�:�ì©k��§k»·\¶/��©�Ö¯*��¥Ã qP‖ = 2k1D
F
Óâ¶/�¸¹º�Öªj·C¥�\ÇM¨�¹º��©ìµ 1 « 1 ó 1,' ��§��Ö	k�\ÏÃ\ÇIÈk�±ªºªº�\

	r
Ã\©k�±��Õ�¹º� Λ � t⊥ Ó |AP | �\-¨+©�Ã\Õ�ªº¹ºÕ��±·x²�ªº�2¯*��§k�8¨���§0¨��\8¶�·�ªº�\§k���	k� k⊥ Ó q⊥ 1v$ ·x©kÇ±�á��Ã\Õ�¹º°e��Ó,ªØ
¹º©)<�§��\©kÇ±�á	k�áªj·ç	kÃ±¯v�\©�	�·x©kÇ±�ß�±© k⊥ 	k�\»Ùd��©�ÇM¨�¹º��©�»	k�áÇ\��§�¯kªj·xÕ¸�
	�¹º¥¯�·x�¥·Q×º¨Û	k�áªj·C�¥�\©k���¥°e·xªº¹º-¨�¹º��©rÓt�P¨»��©ì���M¨��¥��§�¶/�áªº�\ÏÃ\Ñ^§�·Q¨�¹º��©�Ï	k�\Ï-Ð0-¨�Ì±°��\
§�©k¹º	�¹º°��\©��¹º�¸©k©k�\ªj#é Ç\Ù 1 ªX·���±ÇM¨�¹º��©eµ 1 « 1 Þ�ê 1^: §�·x©�	e��©e²�·x¹º¥¥�,ªØ
Ã\ÇIÈ��\ªºªº�,	r
Ã\©k�\�¥Õ�¹º� Λ Óªº�±�¨I�\��°e�\&	��®�·x§�¨5¹º©¸¨I�\��ÇIÈ�·Q×X©k�®	��M¶0¹º�\©�©k�\©/¨5	k�®¯kªj§k��\©ß¯kªº§�&¹º°e¯v���-¨I·x©¸¨I\ÓG�M¨5ªj�
-Ð0-¨�Ì±°��5	k�M¶0¹º�±©¸¨#²k¹º	�¹º°��±©k¥¹º��©k©��\ª�ªº����¥Ñ^§�� Λ �\-¨#	�§Ï°eÚ\°������¥	k���5Ñ^§k� t⊥ 1$ ·x©k`ªº�q��Ã±Õ�¹º°��q§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓâªj·½�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸© ©k�q	kÃ\¯*�\©k	 ¯�·x`	��
k⊥
1� ��§��ªº�\tÇ\�¸§k¯kªj·xÕ¸�\�¥��©/¨8���\©k���¥°e·xªº¹º¥Ã\t�M¨8¯�·x��ªº�#¨��\��°e�+	k� 6 �^��¯*�\���M¨8¯�·x�âªj�

¨I�\��°���	k� ' �\¹º�\�¥ªº 1 Î��±t	��\§�¼ÖÇ±·x©�·x§�¼z¥��©/¨,�±©¸¨�¹ºÌ\�¥�\°��\©/¨,Ç\��§�¯kªºÃ\ 1�$ ·x©�8ªº�&�¥Ã\Õ�¹º°e�
²�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓT¯�ªº§k Λ �\-¨a¯v�P¨�¹Ê¨a	k�P¶�·x©¸¨ AC,P ÓT¯�ªº§k�ªº��¨��±��°��RÇ±�������\¥¯*��©k	�·x©¸¨�±7¨�¥§k¯k¯���¹º°�Ã 1k� ©»Õ�Ã\©�Ã\�¥·xªØÓ

AC,P ∼ t⊥,

�·x§�Ù�¯*��§k�8	k�±�¶¸·xªº�\§k�¥,¥¯vÃ\Ç\¹ºæ�Ñ^§��\,	k� q⊥ �

AC(qC⊥ = 0) = 0, �P¨
AP(qP⊥ = π) ∼ t′⊥ � t⊥.

� ¹*��©z¯k�¥�\©k	z	��+¯kªº§kt�\©zÇ\�¸°�¯�¨I�+Ñ^§k�+	�·x©kt§k©zÇ±·�©�·xª*	���©k©kÃ¸Ó^ªº�±t	k¹èÍ*Ã\�¥�\©¸¨� q⊥ ©��¥��©/¨a¯�·��°�Ã\ªj·x©�Õ�Ã\zé Ç\Ù 1 ªj·Û��±ÇM¨�¹º��©Äµ 1 « 1 ³�êPÓT�¸©á¶/��¹Ê¨®Ñ^§��Rªj·Û���\©k�¸��°e·xªº¹j¥·Q¨I¹º��©Ä�\-¨
	��e°��¸¹º©k2�\©À°���¹º©�2¹º°�¯*���7¨I·x©/¨��e¯*��§k��¨���§�¨��±2ªº�\�·x§�¨��¥�\�¶�·�ªº�\§k��2	�� q⊥ ·x§½Ùd§��
�P¨®ÒÛ°��±�§����`Ñ^§k� Λ 	kÃ±Ç\���K×º¨ 1ô6 ��°e°��`¹ºªâ©�
 ÐÄ·ÛÑ^§k�e¨���Ì±�¯v�±§À	��RÇ\��§�¯kªj·xÕ��±�Ñ^§�¹
�·Q¨I¹º�Ùy��©¸¨ qC⊥ = 0 �P¨ qP⊥ = π ÒRªj·RÙd�¸¹º\ÓvÇ±�\Ç\¹�Ç\�����¥�\¥¯v��©�	 ¸ «¨¬ ¶ ê � ¬+ÒR§�©q	kÃ\Ç\�¸§ .¯�ªj·xÕ��&	k�\t	k�\§0¼`Ç±·x©�·x§0¼`	�·�©ktªº�+��Ã\Õ¸¹º°��+²�¹º	k¹º°e�\©k¥¹º��©k©��\ª 10� ��§k8·xªºªº��©�â¶/��¹º��	�·x©k
ªj·a¥§k¹Ê¨��&Ñ^§k�&Ç�
�\-¨8ªº�&Ç\��§�¯kªj·xÕ��&�\©¸¨��¥�+ªº�\tÇ±·�©�·x§0¼V² á��4¶�¹ ¬�«¨ªdð:³�÷p¬w1�³G²:³�÷+¬ �4¶ ³G§ �5� ¬ ¹
Ñ�§k¹*¯v�\�¥°��M¨8	�
��²0¨��\©k¹º��	���ªX·2¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã+Ò�¯�·x�7¨�¹º��	k�±�¹º©¸¨��±�¥·xÇM¨�¹º�¸©kt��Ã\¯�§kª .
¥¹Ê¶/�± 1v� ªT�±7¨&	k��©�Ç2¹º°�¯*���7¨I·�©¸¨+Ñ^§��2ªº��	kÃ\Ç\�¸§k¯kªj·�Õ��2©��2��¸¹Ê¨+¯�·x,¨��K¨I·�ª 1v' ·x�#Ç±��©¸¨����¸Ó
ªØ
¹º©�-¨I·x²k¹ºªº¹è¨�Ã5	k��¨!Ð0¯v�5��©�	k�5	k�5	k�±©k¥¹Ê¨�Ã5©�
�±7¨�¯�·x,²*�±·x§�Ç\��§k¯Û·KÍ*�±ÇM¨�Ã\�5¯�·x�,Ç\�5Ç\��§ .
¯�ªj·xÕ��Ï	�Ì\�Ñ^§�
4��©%·ß·K¨�¨��\¹º©/¨eªº�Ï��Ã±Õ�¹º°��Ï²k¹j	k¹º°��±©k¥¹º��©k©��\ª 1�6 
�\-¨R¯*��§k�®Ç±�\ªj·ßÑ^§�
�¸©
¯*�\§�¨â¨��¥·�¹Ê¨��\�âªj·�¨��¥·�©k¥¹Ê¨�¹º��©e¶/�±��âªØ
4����	k�¥�#��©�	k��	k��	��\©k¥¹Ê¨�Ã�	k��¥¯k¹º©`	�·�©kâªº�\�¥�\ªºâ	��Á �\ÇIÈ�Õ¸·�·x��	Ö�±© �#'*) Ó��\©Ö§�¨I¹ºªº¹º�·x©¸¨,	k�\t¹º©/¨��\�¥·xÇP¨�¹º��©k8���\©�����°e·�ªº¹º�Ã±�\t¯�·x�tªº�+�¥Ã\Õ�¹º°e�
§�©k¹º	�¹º°��\©��¹º�¸©k©k�\ª�éd¶/��¹º�#·x§k¥¥¹�ªØ
4·x©�©k�M¼k� 6 ê 1
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rBÊÌË�Ê8³ ç>Î¾Ö:ñ5é�ÙdÜtÎ�ÔXÒXÙÛÓ|ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBÎ�Ý
ußL��,34�������$+�,"C��"%,�F�1DE3�(*�*$'34������tA��,��"%DE"%��S�eR

' ��§��8	��\,È�·x§0¨��\,Ã\ÇIÈ��\ªºªº�\#	�
Ã\©��\��Õ�¹º�5¯�·x�8��·x¯k¯*���7¨�·x§»�·x§�¨�¹º©¸¨��±��ÇIÈ�·Q×X©���Ó Λ�
t⊥ Ó�ªº�\�Ã\Ñ^§�·Q¨I¹º��©k�	k���¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©¿é µ 1 «cê¡���±¯k���^	�§k¹º¥�\©¸¨tªj·�¯kÈ¸Ðk�¹ºÑ�§k��	�
§�©`7Ðk .¨�Ì±°��Û§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ª�é Ç\Ù 1 ¯�·x�R�M¼0�±°�¯kªj� ¤Ê«c¬�80Ót³�70Ó#«c¬x´0Ót¬�71¥dê 1t6 ��°�°e�qÒ½§�©k�
	k¹j°��\©��¹º�¸©�Ó�ªº�\t	kÃ\Õ��¥Ã\t	k�+ªº¹º²*�\�7¨�Ã+	���ÇMÈ�·x��Õ��&�M¨8	k�+¥¯k¹º©z¥�+	�Ã\Ç\��§�¯kªº�\©/¨5é ªj·&Ü7¥Ã\¯�· .
�¥·Q¨I¹º��©Û¥¯k¹º© . ÇIÈ�·x��Õ¸�Mà7êMÓ�ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©Û	�·x©�#Ç\�\#-Ð0-¨�Ì\°e�\#�\-¨�¥��§�¶^�\©¸¨�¯�·x�¥·x°eÃM¨���Ã±�
¯�·��

gρ := g1 − 2g2
�M¨ gσ := g1 ,

Ñ^§�¹t��¸©¸¨R·x¥¥�^Ç\¹ºÃ\e·x§�¼�<�§kÇM¨I§�·Q¨�¹º��©�®	��zÇIÈ�·x��Õ��Ö�P¨e	k�Ö�¯�¹º©çÒ¿Õ��¥·x©�	k�Öªº��©kÕ¸§k�\§��
	�
4��©k	k� 1 Î��±¡	�ÃPæ�©�¹Ê¨�¹º��©k�¯v��§��¡ªº�\�¶/�\�7¨��P¼ Γρ,σ

¥��©¸¨�·x©�·xªº��Õ�§��\ 1^� ¹ØÓ¸	�·x©k�ªº�\�Ã\Ñ^§�· .
¨�¹º�¸©k,	k�5���\©k�¸��°e·xªº¹º�·Q¨I¹º��©Àé µ 1 «cêPÓk��©»¯v��¥� t(′)⊥ = 0 Ó���©Ï��²0¨�¹º�\©/¨

BC,P(T ) =
1

2
tanh

Λ

2T

T→0−→ 1

2
,

	k�5��¸�7¨��5Ñ^§k��Ó�¯v��§�� T = 0 Ó
d

dl
Γ̃σ = −Γ̃2

σ
�M¨

d

dl
Γ̃ρ = 0 .

ÎT·®¥��ªº§0¨�¹º��©»¯v��§�� Γ̃σ
�±7¨

Γ̃σ(l) =
g̃σ

1 + g̃σ · l
.

� ¹9ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©ß©^§k�a�\-¨���Ã\¯�§kªº¥¹Ê¶/��Ó g̃1
Ó g̃2 > 0 Ó*ªº�2¶/�±�7¨��M¼ Γ̃σ

	�¹º°�¹º©�§k�®·x§¿Ç\��§���
	k�5ªj·®�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��© 1 Îr·�ªº¹º°�¹Ê¨I� l→∞ 	k��©�©k�\�¥·�¹Ê¨#ªº��¯*��¹º©¸¨#æ0¼0�

Γ̃σ → 0 Ó Γ̃ρ = g̃ρ(0)

é Ç±�������\¥¯*��©k	�·x©¸¨ÛÒC§�©ëªº¹ºÑ^§�¹º	k�ß	��áÎr§�¨¥¨�¹º©kÕ��±��êMÓt°R·x¹ºÏÇ\�M¨¥¨��ßªº¹º°�¹è¨��ß©��ß¥�\�¥·C¯�·x
·Q¨�¨I�\¹º©¸¨��e	�·x©k5©���5Ç±·�ªºÇ\§kªº±Ór�:�½ªº�e¥·�§�¨�¹º©¸¨��\�¥ÇIÈ�·Q×X©���æ�©k¹ t⊥ °�Ì\©��eÒÏ§k©½¯�·x¥�·xÕ��
	k¹j°��\©��¹º�¸©k©k�\ª 16 ��©¸¨I�¥·x¹º���\°e�\©¸¨`Ò gρ,σ Ó gC,S Ç\��°�°e�Ï	kÃPæ�©k¹º�	�·x©��ªj·ß��±ÇM¨�¹º��©(³ 1 ó 1 «ÏÇ\�����¥�\ .
¯*��©k	��\©¸¨t·x§0¼+<�§kÇP¨�§�·Q¨I¹º��©kâ	��#ÇIÈ�·x��Õ����M¨t	k��¥¯k¹º©zÒ λ ∼ (2k1D

F )−1 1^' ��§k�âÇ\�±â	k�±� .
©k¹jÌ\���\±Ó^�P¨t¯*��§k�âªº�\|<�§kÇP¨�§�·Q¨I¹º��©k�	���¯�·x¹º�¥�\�¯�·x�-¨�¹ºÇ\§kªº� . ¯�·x�-¨�¹ºÇ\§�ªº�+Ò5¶/�\ÇM¨��\§��â	r
��©k	��
¨��K¨M·xª ∼ 0 Ókªº�\,Ùy��©kÇM¨I¹º��©k,	�����Ã\¯*��©k¥��¥��©¸¨����\©k�¸��°e·xªº¹º¥Ã\�±,¥�\ªº��©�¤ ó ´�¥

d

dl
ln zj =

1

2
Γ̃j ,

d

dl
χ̃j = −z2

j

·\¶/�\Ç j = s Ó t Ó C Ó S 1T' �¸§k�5ªº�R°��^	�Ì\ªº�e	k� É §k²k²�·x��	½��Ã\¯�§kªº¥¹ºÙ!ÓrªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©À©^§k��\-¨cÓ�	�·x©kRªj·½¯�·x�¥·x°eÃM¨���¹º�·Q¨I¹º��©(ÇIÈ�·x��Õ�� . ¥¯�¹º©�Ó gC = −U �M¨ gS = U
1 é $ ·x©�Rªj·
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¯�·x�¥·x°eÃM¨���¹º�·Q¨I¹º��©(¥¹º©kÕ�§�ªº�M¨ . ¨I��¹º¯kªº�P¨cÓ���©(· gs = −2U Ó gt = 0
1 ê $ ·x©kRªj·Àªº¹º°�¹Ê¨��

l→∞ �M¨�¯*��§k�9§�©a-Ð0-¨�Ì\°��t¯k§k�¥�\°��±©¸¨�§k©k¹º	�¹º°��\©�¥¹º��©k©k�±ªØÓ ΓC �M¨ ΓS
¨��\©�	k�\©¸¨9¨I��§k

ªº�±�	k�±§�¼Û¶/�±���ªj·Ö°�Ú±°��a¶�·xªº�\§�� +U/2
1 é $ ·x©��ªj·z°eÚ\°���ªº¹º°�¹Ê¨I��Ó Γs,Γt → −U

2

1 ê
Îr�\=<�§kÇM¨I§�·Q¨�¹º��©�,	k��¥¯k¹º©»���\-¨��\©/¨8¨���§0¨#	���°�Ú\°e��	k�¸°�¹º©�·�©¸¨��\,	�·x©k,Ç\��Çc·x 1
n/������"%���1�H���$&���,"%$&35�i$'3F�_�x�*���"e�1�10,3B´z,"

Îr�\a�·x§0¨�a¹j©¸¨��\��ÇMÈ�·Q×X©k�±aÕ¸Ã\©kÌ\�¥�\©¸¨�	��\a¹º©¸¨I�\�¥·xÇM¨I¹º��©k®�\©¸¨I���z¯v�¸�7¨��\§���a¥§k�a	k¹jÙ .
ÙdÃ±���\©¸¨I�\5ÇIÈ�·Q×X©��\ 1r$ ·x©�5ªº����Ã\Õ�¹º°e��§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓ�Ç\�M¨2�\Í*�M¨2¯*�\§�¨2ÚM¨��¥��	kÃ\Ç\�¥¹Ê¨
¯�·x�z§�©í	kÃM¶^�\ªº��¯k¯*�\°��±©¸¨Ïªº¹º°e¹Ê¨�Ã¿	��\Ö�M¼0¯����\¥¥¹º��©kÖ¯v��§��zªº�\Ö²k§�ªºªº�\Ö�\© 2t⊥

Λ
¤ ó ´�¥ 16 ��©k¥¹º	kÃ\�¥��©k,¯�·x�8�M¼k�\°�¯�ªº��ªº�5Ç±·x©�·xªr	k� ' �\¹º�\�¥ªº\Ó��P¨#©kÃ\Õ�ªº¹jÕ��\��©k t′⊥ �

Λ

2Λ + |AP(k⊥, qP⊥)| ≈
1

2

(
1− 2t⊥

Λ

∣∣∣∣cos
qP⊥b

2

∣∣∣∣ ·
∣∣∣∣cos(k⊥b+

qP⊥b
2

)

∣∣∣∣

+

(
2t⊥
Λ

)2

· 1

2
(1 + cos qP⊥b) ·

1

2
(1 + cos(2k⊥b+ qP⊥b))

)

$ ÃPæ�©k¹º¥¥��©k Γ(k⊥j) = Γ1D+δΓ(k⊥j) Ó\�P¨T©�Ã\Õ�ªº¹ºÕ��\��©� δΓ(k⊥j) 	�·x©kTªº��°e�\°�²�����	��	�����¹Ê¨��â	��\�Ã\Ñ^§�·Q¨�¹º��©��	����¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸© 1x6 �\Ç±¹^Ùy·x¹Ê¨ôÑ^§k�â	�·x©��ªj·#���±©k����°R·xªº¹º�·Q¨�¹º��©
	�� δΓ(k⊥j) Ócªj�\�Ç±·x©�·x§0¼5	�� 6 �^��¯*�\�T�P¨9	k� ' �\¹º�±��ªº�¥��	�Ã\Ç\��§�¯kªº�\©/¨ 1 δΓ(k⊥j) 	�Ã\¯*�\©k		���©kÇ&§k©�¹ºÑ^§k�±°��\©¸¨,	k� qC⊥ �P¨ qP⊥ éd¶/��¹º�tªj·a¥�\ÇP¨�¹º��©Öµ 1 « 1 ³�ê 1 ÎT·a¥��°�°e�&�§��tªº�\ k⊥	���©k©��

∫ π/b

−π/b

dk⊥
2π

Λ

2Λ + |AP(k⊥, qP⊥)| ≈
1

2

(
1− 2t⊥

Λ
· 2

π

∣∣∣∣cos
qP⊥b

2

∣∣∣∣

+

(
2t⊥
Λ

)2

· 1

4
(1 + cos qP⊥b)

)
.

;&©5¶/Ã\��¹èæ��â²k¹º�±©�Ñ^§k�â¯*��§k��§k©5¨I�¥·x©k¥Ùd�\�-¨ô	k�¡¶/�\ÇM¨I�\§k��	r
��©k	���Ç±�������\¥¯*��©k	�·x©¸¨�Ò#ªØ
�\° .
²*�K×º¨��\°e�\©¸¨t¯�·x�¥Ùy·x¹Ê¨cÓ^	k��©�Ç�·\¶/�±Ç qP⊥ = π/b Ó^ªº�±âÇ\�����¥�\ÇM¨�¹º��©�â�\© t⊥ ±
4·x©�©^§kªºªº�\©/¨cÓ^�M¨��©q��²0¨�¹º�\©¸¨&ªj·R°�Ú±°��2	�¹Ê¶/�\��Õ¸�\©kÇ\��ªº��Õ¸·x��¹Ê¨IÈk°e¹ºÑ^§k��	�·x©��Ç\��Ç±·x©�·xª�Ñ^§��2	�·�©k�ªº��Ç±·x
¯�§k���±°��\©¸¨a§k©k¹j	k¹º°��±©k¥¹º��©k©��\ª 1T' ��§k� qP⊥ = 0 Ór¯�·x�2Ç\��©¸¨��¥��ÓrÇMÈ�·xÇ\§�©k�R	k�\2Ç±�������\Ç .¨I¹º��©kâ�\-¨t°e·Q¼0¹º°R·xªº��Ó^ªj·5¯����\°e¹ºÌ\����Ó^Ñ^§k¹v·KÍ�·x¹º²kªº¹Ê¨tªj·2	k¹Ê¶/�±��Õ��\©�Ç\��Ó/ÃP¨I·x©¸¨t	k��°e¹º©�·x©/¨�� 16 �\Ç\¹+�\-¨Ö§k©��q	k�\z��·x¹º¥��©kz¯*��§k�z©k�K¨��¥�qÇIÈk��¹Ê¼ 	��q¥ÇIÈkÃ\°R·À	��q���\©�����°e·�ªº¹º¥·K¨�¹º��© 1$ ·x©��§�©À¥ÇIÈkÃ±°e·Û	k�`���\©�����°R·xªº¹º�·Q¨�¹º��©C�:�Äªº�\aÃ\©k�\�¥Õ�¹º�\a	k�\�¯�����¯�·xÕ¸·Q¨��\§����	�·x©k
ªº�±�²k§kªºªº�±���±�¥·x¹º�\©¸¨8Ùd���¥Ç\Ã\�\�	r
ÚM¨�����Ã±Õ¸·xªº�\���§.³ � �'ª�«·³Û¬ � «¨¬ ¶ Ò2ªj·�Ç\��§k¯�§k��� Λ Ó�Ç\��°�°e�	�·x©k�ªj·Ö���\©�����°e·xªº¹j¥·Q¨I¹º��©á�\©q¨IÈkÃ\���¥¹º�®	k�\�ÇIÈ�·x°�¯����§ßªº��Ùd����°R·xªº¹º¥°��e·\¶/�\Ç�����	����
	��JNì¹ºÇIïvÓTªj·ÏÇ\�¸�����\ÇM¨I¹º��©Àªº¹º©kÃc·x¹º���R�\© t⊥ Ò qP⊥ = 0 «¨¬ � ��§:«¨¦�¬�« á ³ ® ªj·Ï	�¹Ê¶/�\��Õ¸�\©kÇ\� 1$ ·x©�eªº�»�ÇIÈ�Ã\°e·á§�¨�¹ºªj¹º�Ã»¯�·�� $ §k¯k��·Q¨R�M¨ Á ��§���²v��©�©�·x¹º±Ó�ªº�±®¨��\��°e�\e¹º°�¯�·x¹º��e�±©
t⊥ ±
4·x©k©�§kªºªº�\©¸¨,¯*��§k�â¨���§�tªº�\ qP⊥ 1 ;+�±Ó�Ç\��°e°��&¹ºª�·�ÃP¨�Ã+Ç±��©k-¨I·Q¨�Ã&¯�·x�8Î 10É §k²*�\�7¨¤Ê«c´0«�¥�Ó�ªº�â¨��\��°e�t�\© t2⊥ ���\©kÙy����Ç\�tªj·&	k¹Ê¶/�\�¥Õ��\©kÇ±�t¯v�¸§k�ô	k�\ qP⊥ 6= π/b ¯kªº§0¨�äK¨¡Ñ�§k�t	��ªØ
4·xÍG·x¹º²kªº¹º� 1k6 �\t�PÍ*�M¨I�©k�¸©`¯kÈ/Ð0¥¹ºÑ^§��\�©k�+¥��©¸¨8¥§k¯k¯���¹º°�Ã±�Ñ^§k�+ªº����¥Ñ^§���ªº�±�¨��\�¥°��\
�±© Λ/(2Λ− |AP |) ¥��©/¨#Ç\��§k¯*Ã\,¯�·x�,ªº�\,Ùy·xÇP¨��\§k�¥,	k� 3 �\��°e¹ 1;+©Û¶^��¹Ê¨�	���©kÇaÑ^§��aªº�a�·x§0¨&¹j©¸¨��\��ÇMÈ�·Q×X©k�±&Ùy·x¹Ê¨�Ñ�§k�aªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©ß©k�a���\-¨I�a¯�·x
Ç±��©k-¨I·x©¸¨I�Ï�\© k⊥ 1¡� ªºªº�»	k�M¶0¹º�±©¸¨e©���© . ªº�^Ç±·xªº�Ï	�·�©k�ªj·ß	k¹º�¥�\ÇM¨�¹º��©C¨���·x©k-¶/�\�¥��Ï	kÃ�Ô-Ò
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	�·�©k,ªº����Ã\Õ¸¹º°���§�©k¹º	k¹j°��\©��¹º��©�©k�\ªØÓ��\©ÏÙy·\¶/�¸��¹º�·x©¸¨�ªº�+¨���·x©k¥Ùd�\�7¨#	��+¶/�\ÇM¨��±§k�8	r
��©k	��
q⊥ = π/b Ó�Ñ^§k¹�Ç±�������\¥¯*��©k	Û·x§Ï°e�\¹ºªºªº�\§k�,�\°�²*�K×º¨��±°��\©¸¨ 1
rBÊÌË�Ê.µ ç>Î¾Ö:ñ5é�ÙdÜtÎ¶x|ÙÛÓ|ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBÎ�Ý/æ<CÎ�ÒBÑ,ÖgÜtØ_ÝdÙÛÏ1ØMÕPÙGÑ�Ò=DZÝ�FqÑ,ÖPÓXÖ:Î�ÝGÑ_é,Ø�ÖgÙ*ÕPîXÜZÙÛ×{ÔBÎ

� ©k�z¯����\°�¹ºÌ±���z¹º	kÃ±�R¨���Ì\®¥¹º°�¯�ªº¹èæ�Ã\�Ö	k§C��Ã±Õ�¹º°��z²�¹º	k¹º°e�\©k¥¹º��©�©k�\ª��\-¨�Ùd�¸§k��©�¹º�
¯�·��,ªj·e���\©k�¸��°e·xªº¹º�·Q¨I¹º��©Û���\-¨��¥�\¹º©¸¨���Ò�ªØ
���¥	k���2ªº��Õ¸·x�¥¹Ê¨�Èk°e¹ºÑ^§k�¸Ó�Ñ^§��5ªØ
��©Û��²0¨�¹º�\©¸¨+�¹
��©á¯����\©k	.Në¹ºªº¥��©ÛÜ�Òzªj·Öªº�M¨¥¨����MàS¤Ê«c¬�7�¥ 1r� ªºªº��Ç\��©k¥¹º-¨��eÒÖ¯k���±©k	k�¥�®�\©áÇ\��°e¯�¨���§k©�¹ .
Ñ^§��\°��±©¸¨�Ç\�\�Ç±��©¸¨��¥¹º²k§�¨I¹º��©kâ�:� ® § �e¶ ªº�\â¯k���¸¯�·xÕ¸·Q¨I�\§k��â¹º©¸¨��±��©k�\â	k�\â	k¹j·xÕ���·x°�°e�\
	k�5���\©k�¸��°e·xªº¹j¥·Q¨I¹º��©»Ç\�����¥�\¥¯v��©�	k�\©¸¨�Ò�	k�\#Ã\©k�\�¥Õ�¹º�\ ¶^� «�ªj·®Ç±��§k¯k§���� Λ Ó

Dpp,pt 7→ Dpp,pt × δ|ε(k)|,Λδ|ε(k′)|,Λ . é µ 1 7¸ê
� ª#±
4·xÕ�¹Ê¨z	��\�¨��±��°��\`¯v��§��eªº�\¥Ñ^§��\ªºRªj�\RÙd��©�ÇM¨�¹º��©� AC,P = 0 Ó�Ç\�ÛÑ^§k¹#�\©¸¨I�¥·Q×X©k�	k�±5	�¹Ê¶/�\��Õ��±©kÇ\�\2ªº��Õ/·x��¹Ê¨�È�°�¹ºÑ^§��\2Ñ^§�·�©k	 Λ, T → 0

1T� ©á¶/�\�7¨��P¼á¯v��§��5ªº�\Ñ^§��\ª¡��©
©�
<·q¯�·x qC = 0 ��§ qP = Q0 = (2k1D

F , π/b) ©�
�\-¨�¯�·�a���\©�����°R·xªº¹º¥Ãz	�·x©�aÇ\�¥ÇIÈkÃ±°e·0Ó�¯�·x��Ç±�®Ñ^§k�ÏéØµ 1 7¸ê+�\-¨5¥�\§kªº�±°��\©¸¨2�·Q¨�¹º¥Ùy·x¹Ê¨�ÒzÑ^§��\ªºÑ^§��\�¯v��¹º©/¨�&¥¹º©�Õ�§kªº¹º�\�¥
	�·�©k#ªØ
¹º©/¨�Ã\Õ��¥·�ªº�2�§�� k⊥ ·x§Û¥�\Ç\�¸©k	»°e�\°�²����2	k�5ªØ
Ã±Ñ^§�·Q¨I¹º��©Û	k�2���\©k�¸��°e·xªº¹º�·Q¨I¹º��© 1$ �8¯kªº§k±Óx¯�·x��°e¹0ªØ
¹º©0æ�©k¹Ê¨�Ã8	k��¶/�\�7¨��P¼®·\¶/�±Ç qC = 0 Ó�¹ºªk©�
�\©aÐ®·&Ñ^§k� 2 ¯*��§k�ôªj�\¥Ñ^§k�\ªº
qP = Q0

1 Î��\�¶/�±�7¨��M¼ß·\¶/�\Ç qC = 0 ��¸©¸¨�	���©kÇa���±©k����°R·xªº¹º¥Ã\&¹º©k	�Ã\¯v�±©k	k�±°�°��±©¸¨	k�ÏÇ\�\§�¼}¯v��§��®ªº�\¥Ñ^§��\ªº qP = Q0
Óô�M¨®¨���§��	k�Öªj·ß°�Ú\°e�ÖÙy·xÂ±��©�Ó�¯v��§��7¶0§}Ñ^§r
¹ºªº

¥��¹º�\©/¨8¨���§�,Ã\Õ¸·x§0¼ÏÒ l = 0
1k) ¶/�\Ç

Vα := Γα(k′,−k′,−k, k) �M¨
Wα := Γα(k′ + (Q0, 0), k − (Q0, 0), k′, k) ,

��©Û·0Ó�Ò T = 0 Ó
dVα
dl

=
1

2
V 2
α , é µ 1 ¬�ê

dzα
dl

=
1

2
Vαzα ,

é µ 1 9 ê
¯*��§k� α = s, t Ók�M¨

dWα

dl
=

1

2
W 2
α ,

é µ 1 8¸ê
dzα
dl

=
1

2
Wαzα ,

é µ 1 «±´¸ê
¯*��§k� α = C,S

1 Îr�\aÃ\Ñ�§�·Q¨�¹º�¸©kaÑ^§�¹âÇ\��©/¨�¹º�\©�©k�\©¸¨ W ���©/¨�¶k�¥·x¹º�\®��±§kªº�\°e�\©¸¨®¥¹
ªØ
�\°a²v�K×º¨I�\°��\©/¨Û�\-¨Û¯�·x��Ùy·x¹Ê¨ 1#� ¹º©k�¸©�Ó5é µ 1 7¸êÖ©�
�\-¨Û¯�·�Ï�·Q¨�¹º¥Ùy·�¹Ê¨���Ó,�M¨ dWα/dl =
0 ¯�	k�ß°�Ú\°e�¿¯*��§k� zC,S 18$ 
§�©k�ßÙy·xÂ\��©ë¥¹º°�¹ºªj·�¹º����Ótªj·Ä�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©í	�·x©kÖªº�
Ç±·x©�·xª�¯�·x�-¨�¹ºÇ\§�ªº� . ¯�·��7¨�¹ºÇ\§�ªº�`¥�\�¥·�¹Ê¨�©^§kªjªº�`¥¹�©k�K¨I���z7Ðk-¨�Ì\°��z©�
ÃP¨I·x¹Ê¨�¯�·x®¹º©¸¶�·���¹j·x©¸¨
¯�·��8���±©¸¶/�\��¥�\°e�\©¸¨�	k§z¨I�\°�¯k±Ó εk,↑ 6= ε−k,↓

1
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$ ·x©k�Ç\��¥ÇIÈkÃ±°e·2	������\©k�¸��°e·xªº¹j¥·Q¨I¹º��©�Ó^ªj�\�	k�\§0¼RÇ±·x©�·x§0¼R	��#Ç±������Ã\ªj·Q¨I¹º��©kt���©/¨
�±©¸¨�¹ºÌ\���±°��\©/¨5	�Ã\Ç\��§k¯�ªºÃ\ 1r6 �M¨�¨���°�ÃP¨�Èk��	k�®©���¶/��¹Ê¨2	k�¸©kÇ�¯�·x�ªj·ÖÑ^§�·��¹ . §k©�¹º	k¹º°��±© .
¥¹º��©�©�·xªº¹Ê¨IÃR	k�R©��K¨����R-Ð0-¨�Ì\°e� 1�¾ ·x¹º��\ªºªº�R¯*�\��°e�M¨a	k�R���P¨�����§0¶/�\�2ªº�\���Ã\¥§kªÊ¨M·Q¨�2	��
ªØ
4·�¯k¯k�¥�^ÇIÈk��	��#ÇMÈ�·x°e¯R°e�±Ð/�\©rÓ^Ç�
�\-¨8Ò2	k¹º�¥���§�¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã��¹º©�Õ�§kªº�P¨¡Ü s à#¯v�¸§k�§�©k�5¹º©/¨��\�¥·�ÇM¨�¹º��©Û©^§��2·Q¨¥¨��¥·xÇM¨I¹Ê¶/��Ó��M¨���©�	k�5	��5	��\©k¥¹Ê¨IÃ5	k�2�¯�¹º©»¥¹TªØ
¹º©¸¨��\��·xÇM¨�¹º��©Û	��
	�Ã\¯�·x�-¨#�\-¨#��Ã\¯k§�ªº¥¹Ê¶/� 1�$ 
§k©»·x§0¨�����Ç\äx¨�Ã�Ók¹ºª��\-¨#²k¹º�±©Ö¨±��8¹º°�¯*���¥¹º²�ªº��	�
��²0¨��\©k¹º�8	��
ªj·Ï¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�ÃeÒÖ¯�·x�7¨�¹º�5	�
§k©���¹º©¸¨��\��·xÇM¨�¹º��©½��Ã\¯�§kªº¥¹Ê¶/�e·\¶^�\Ç�ªº�\5Ã±Ñ^§�·Q¨I¹º��©k
éØµ 1 ¬�ê8ÒÏé µ 1 «±´/ê 1

Î¡
����¹ºÕ�¹º©��5	k�5Ç\�M¨+Ã\ÇIÈk�\Ç5	��M¶0¹º�\©/¨�ÃM¶0¹º	��\©¸¨�¥¹r��©»Ç\�¸©k¥¹º	kÌ\�¥��§�©»	kÃM¶/�±ªº��¯k¯*�\°��±©¸¨
¯*�\�7¨�§���²�·K¨�¹ºÙ 1�� ¹�ªØ
�\°a²v�K×º¨��±°��\©/¨��±7¨¡¯�·x�¥Ùy·x¹Ê¨cÓxªº�\9¨��\��°e�\�·x¥¥�^Ç\¹ºÃ\¡·x§�¼a	k¹j·xÕ���·x°�°e�\
¯�·x�7¨�¹ºÇ±§kªº� . ¨I����§Ï	�¹Ê¶/�\��Õ��\©/¨#ªº��Õ¸·x��¹Ê¨IÈk°�¹jÑ^§k�\°e�\©¸¨#Ñ�§�·x©�	Öªj·a¨��\°�¯*Ã\�¥·K¨�§k���+¨��\©�	z¶/�\��
0
1�$ Ì±8Ñ^§��&ªØ
4�\°�²*�K×º¨��\°e�\©¸¨#�\-¨#¹º°�¯�·���Ùy·x¹Ê¨cÓk¹jªG©r
 ÐÏ·®¯kªº§k,	k��	k¹Ê¶/�\�¥Õ��\©kÇ\�¸Ó0°R·x¹º,ªº�\
	�¹j·xÕ��¥·x°e°��\8¯�·x�-¨�¹ºÇ\§kªº� . ¨����¸§z°�Ì±©k�\©¸¨t¨���§�Ô7��§k�¥tÒa	��\tÇ\��©¸¨��¥¹º²k§�¨I¹º��©k ® «�· ¶ ð�« á:� ²g¬ ¶
�P¨R	k��©�ÇÏ¯�·xe	�§C¨���§0¨R©kÃ±Õ�ªº¹ºÕ��±·x²�ªº�\ 1�� ª,�\©ç�±7¨R	��Ï°eÚ\°��Ï¯*��§k��ªj�\®¶/�\�7¨I�M¼ç·\¶/�±Ç
qP 6= Q0

Ó�°e·�¹º qP ≈ Q0
Ó���§ qC 6= 0 Ó�°R·x¹º qC ≈ 0 ��°eÚ\°��»�¹8ªº�±§k��¥Ã\��¹º�

	��R¯v�\�7¨I§k��²�·Q¨�¹º��©À©k�RÇ\��©¸¨�¹j�\©¸¨a¯�·x�	k�R	k¹Ê¶/�±��Õ��\©kÇ±��ÓT�\ªºªº�RÇ\��©/¨�¹º�\©¸¨2¨��¸§�¨a	k�R°�Ú\°e�
	��\z¨��\��°e�\Ï¹º°�¯*���7¨I·�©¸¨�Ï	k�M¶�·�©¸¨»ªj·}ªj·x��Õ��\§��Ö	k�ß²�·x©k	�� 1,� ¹&�¸©ë¹º©kÇ±ª]±�¨Ö¨��¸§kÏÇ\�\
¨I�\��°��±Ï	�·x©k»ªj·}���\©k�¸��°e·xªº¹º�·Q¨I¹º��©�Ó8¹ºª5��¿¨��¥��§�¶/�áÑ�§k�áªº�\Ö¶/�\�7¨I�M¼ì·\¶/�\Ç qC ≈ 0��§ qP ≈ Q0

¥��©/¨»Ùd���7¨��\°e�\©¸¨»���\©�����°R·xªº¹º¥Ã\Ö	�·x©kÏªº�\§k�ÖÇ±·x©�·xª&���\¥¯v�±ÇM¨�¹ºÙ 1,6 �\Ç±¹
¹º°e¯kªº¹ºÑ�§k�`©k�K¨I·x°e°��±©¸¨aÑ�§k�RªØ
�±©k¥�\°�²�ªº�R	���¶/�\�-¨��M¼ÀÑ^§�¹�¥��©¸¨®���\©�����°e·�ªº¹º�Ã±�	�
§�©k�
Ùy·�Â\��©¿¹º°e¯v���-¨I·x©¸¨I��	�·�©k&ªº�\&²e¬ �PÃ Ç±·x©�·x§�¼¿Ò`ªj·`Ùd�¸¹º+¯�·x¥��±©¸¨�	k�aÑ^§k�±ªºÑ^§k�±+¯*��¹º©¸¨�
¹º¥��ªºÃ±9Ò,	k�\GÜò¨M·xÇIÈk�\-à#é ¯�ªº§k�¯k��Ã±Ç\¹º¥Ã\°��\©/¨��QÒ,	k�±T�\©�¥�\°�²kªº�±T	���°��\¥§k�¥��©k��© . ©^§kªºªj�cêMÓ
�P¨,Ç�
�\-¨#¯�·x�tªØ
4¹º©¸¨��\��°eÃ\	k¹X·x¹º����	k�&Ç\�±�¨I·xÇIÈk�±8Ñ^§k��ªº�\O<�§�ÇM¨�§�·Q¨�¹º��©�t	��&¥¯k¹º©Ö�±©¸¨����\©/¨
	�·x©k9ªj·����\©k�¸��°e·xªº¹º�·Q¨I¹º��©�	��\9Ç\���¥��Ã\ªj·Q¨�¹º�¸©k9¯�·��7¨�¹ºÇ\§�ªº� . ¯�·x�7¨�¹ºÇ\§�ªº� 1K� ��§kô·xªºªº�¸©k9	k��©�Ç
ÃP¨��\©k	�����©k�¸8Çc·xªºÇ\§kªº#	�·x©�,ªj·®¥§k¹Ê¨��2·x§�¼ÏÇ\��©¸¨I��¹º²k§0¨�¹º��©k,¥��§k . 	k��°e¹º©�·x©¸¨I�\ 1Á+10Á ¹º©kÅ&·aÇ\��©�7¨M·Q¨�Ã&Ñ^§k��Ók·x§ . 	��\ªjÒa	k�+ªØ
���¥	k���&ªº��Õ¸·x��¹Ê¨IÈk°�¹jÑ^§k��Ó0¹ºª*©r
 Ðz·a¯kªº§��	��
Ç±��¹Ê¨�Ì\���z©k�M¨�Ñ^§k¹â¯*�\��°��P¨�¨��¥·x¹Ê¨�	k�2Ô7§�-¨�¹èæ��\��ªj·q¥Ã\ªº�\ÇM¨I¹º��©Ä	��`Ç\�\�7¨M·x¹º©k2¨��±��°��\ô¤Ê«K8�¥ 1� ª,�\-¨�¶0�¥·x¹,Ñ^§k�Ï©���§ke¯k���±©k��©ke�\©çÇ±��°�¯�¨I�z¨���§0¨eªº�»Ç±·x©�·xª8	k� ' �\¹º�\�¥ªº\Ó¡°�Ú±°��Ï¥¹
qP⊥ �\-¨�ªº��¹º©ß	k� π/b Ó*°R·x¹º&¯�·x&ªº�®Ç±·x©�·xªô	k��Îr·�©k	�·x§rÓ*°�Ú\°e�a¥¹ØÓ*	�·x©k&ªº�a�¥Ã\Õ�¹º°��²�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓkÇ±��	��\��©�¹º�\�8	���©k©���	k�\,Ç±��©¸¨��¥¹º²k§�¨I¹º��©k,	�§Ï°�Ú±°����¸��	k���5	k�5Õ��¥·x© .
	��\§k�&Ñ^§k�®ªº�®Ç±·x©�·xª9	�� ' �\¹º�\��ªº�¯*��§k�&§k©»Ü7°e·x§0¶�·x¹º-à2¨��¥·x©��Ùy�\�7¨5	k��¶/�\ÇM¨��±§k�+	r
��©k	��
qP
10$ 
§�©Ï·x§�¨I���&Ç\äx¨�Ã�Ó0Ç\�±tÇ\�¸©¸¨���¹º²�§�¨�¹º��©�8���©/¨t¨��\ªºªº�±°��\©¸¨#¯v�M¨I¹Ê¨��\8Ñ^§��&ªj·a¯k�¥¹º��&�±©

Ç±��°�¯�¨I�2	��2Ñ^§k�±ªºÑ^§k�\,¨I�\��°e�\tÜ7	k�5¨�����¯0à5	�·�©k�ªº�2Ç±·�©�·xª�	k� ' �\¹º�\��ªº+��§q	k� 6 �^��¯*�\�
©���	k�M¶k�¥·x¹Ê¨�¯�·x#·\¶/�¸¹º�8	r
�PÍ*�M¨�¹º°�¯*���7¨M·x©¸¨ 1
r#ÊzË�Ê�¸ ç>ÎFÏ ñF×{ÔBØMÕPÙGÑ�Ò#Ï�Ó#Î Ö:Î�ÒBÑ,ÖgÜtØ_ÝdÙÛÏ1ØMÕPÙGÑ�Ò�ÓGFHØ�íXÖ:èFÏ�ÍTÔ#í#Ö:ØMÕ Î5Õ¹ Ñ�Ô#Ö�xOÑ�Ò#ÒBØ,ÙÛÏ

$ ·x©k¡Ç\�M¨�¨I�t¥�\ÇP¨�¹º��©�Ó¸ªº�\¡Ã\Ñ^§�·K¨�¹º��©k¡	k�8�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©»é µ 1 «Qê9¥��©¸¨�Ç\�¸°�¯�·���Ã\�\
Ò�Ç\�\ªjªº�\¡Ñ�§�
§0¨�¹ºªº¹º¥�\©¸¨ $ §�¯k�¥·K¨��M¨ Á ��§���²v��©�©�·x¹ºw¤Þx´�¥ 1¸� ªº¡Çc·xªºÇ\§kªº�±©¸¨âªº�=<��K¨â	k�,���\©k��� .
°R·xªº¹º�·Q¨�¹º��©¿�±©q	��\§�¼qÃM¨I·x¯*�\ 1*$ ·x©�+ªº�a��Ã\Õ�¹º°e��§�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓ*¹ºªº+©�Ã\Õ�ªº¹ºÕ��\©/¨�ªj·
	�Ã\¯v�±©k	�·x©�Ç\�#�\© k⊥ 	k�±¡¶/�\�7¨I�M¼ 1 Î����·x§�¨t¹º©¸¨��\�¥ÇIÈ�·Q×X©��\ t⊥ �\-¨�¨I�¥·x¹Ê¨�Ã��\©`¯v�±�7¨�§���²�· .¨I¹º��©e�M¨â	�·x©k�ªº�,Ç±·x©�·xª�	k� ' �±¹º�\��ªº�¥�\§kªº�±°��\©/¨ 1/$ ·�©k�ªº�,��Ã\Õ�¹º°e�,²k¹º	�¹º°��\©�¥¹º��©k©��\ªØÓ t⊥�±7¨5Ç±��©k¥¹º	kÃ\�¥Ã�ÒR¨���§�&ªº�±�����	k���±\ÓG�P¨5ªj·z	�Ã\¯v�\©�	�·x©�Ç\�a�±© k⊥ �±7¨5Ã±Õ¸·xªº�\°e�\©¸¨5¯���¹º¥�

8¸´



�\©ÀÇ±��°�¯�¨I� 196 ��°e°��Rªº�\�Ã\Ñ^§�·Q¨�¹º��©�2	��R���\©k�¸��°e·xªº¹º�·Q¨I¹º��© é µ 1 «cê�¥��©¸¨aÇ\�¸�����\ÇM¨I�\�Ò
¨���§0¨��\zªº�\zÃ\ÇIÈ��\ªºªº�\z	r
Ã\©k�±��Õ�¹º��Ó�§k©k�»¨��±ªºªº�qÇ\�¸§k¯k§����q�\©¸¨I���qªº�\z	k�±§�¼(��Ã\Õ¸¹º°��\z	k¹ .
°e�\©k¥¹º��©k©��\ªºt©r
�\-¨,¯�·xt©�Ã\Ç\�\¥�·x¹º��� 10$ 
§�©Ï·x§�¨��¥�+Ç\äK¨IÃ�Ó0ªº�\t¥¹º°e¯kªº¹èæ�Çc·Q¨�¹º��©�t	�·x©ktªº�
��Ã±Õ�¹º°��+§k©k¹º	�¹º°��\©�¥¹º��©k©k�±ªv¯v�\�¥°��M¨�¨I�\©¸¨8Ò $ §k¯��¥·Q¨t�M¨ Á ��§���²*��©k©�·�¹ºâ	r
4·xªºªº�\��Ô7§k¥Ñ^§r
4Ò
	k�±§�¼ß²v�¸§kÇ\ªº�\5	�·x©k5ªº�\5	k¹j·xÕ¸�¥·x°�°e�\5	k�����±©k����°R·xªº¹º�·Q¨�¹º��©rÓ��P¨2	k��Ç±·�ªºÇ\§kªº�\�5ªj·Ö��� .
©k�¸��°e·xªº¹j¥·Q¨I¹º��©e	k� t⊥ ¯�·x��ªº�±{<�§kÇP¨�§�·Q¨I¹º��©k¡§k©�¹º	k¹º°��±©k¥¹º��©k©��\ªºªº�\ 1¸$ ·x©�w¤ µ 9 ¥�Ó¸ªØ
�PÍ*�M¨	k�±�¯k�¥�^Ç\�\¥¥§k � °eï^ªj·x¯�¯`�\-¨8�\©z¯kªº§��¯k��¹ºt�\©zÇ\��°�¯0¨���Ó�	�·x©��ªº�\�	k�±§�¼`��Ã\Õ�¹º°e�\�	��
	k¹j°��\©��¹º�¸©k©�·xªº¹è¨�Ã 1

Î��±¿Ã\Ñ^§�·Q¨�¹º��©�¿	k�C���\©�����°e·�ªº¹º�·Q¨�¹º��© Ñ�§�
§�¨I¹ºªº¹º¥�\©¸¨ $ §k¯k��·Q¨ß�M¨ Á ��§k�¥²v��©�©�·x¹º
¯*��§k�#ªº�5��Ã±Õ�¹º°��2²k¹º	�¹º°��\©��¹º�¸©k©k�±ªr©k�2¥��©¸¨+¯�·x#�M¼�·xÇM¨��\°e�\©¸¨+ªº�\#°eÚ\°��\#Ñ�§k�`é µ 1 «cê 16 ��°e°���	k¹º¥Ç\§0¨�Ã#	�·x©�âªj·5¥�\ÇM¨�¹j��© ó 1 ó 1 ³0Ó/ªº�\§���¥ÇIÈkÃ±°e·5	��#���\©�����°e·xªj¹º¥·K¨�¹º��©`�\-¨�	k¹ºÙ .
ÙdÃ\�¥�\©¸¨,	k§Ö©käx¨���� 1�6 �\Ç\¹GÙ ·x¹Ê¨,Ñ^§k�&ªº�\8�M¼0¯k�¥�\¥�¹º�¸©kt¯*��§k�tªº�\t²�§kªºªº�\8��¸©¸¨,	k¹èÍ*Ã±���\©¸¨��± 1' ��§k�,ªº��Ç±·�©�·xªr	k� ' �\¹º�\�¥ªº\Ó�¯�·��8�M¼0�±°�¯kªj��Ók¹ºªº,��©/¨

BP(T ; k, q) =
1

2

∑

ν=±1

1

2

(
tanh

νΛ

2T
+ tanh

νΛ +AP(k, q)

2T

)
×

× Λ

2νΛ +AP(k, q)

T→0−→ 1

2

∑

ν=±1

Θ(Λ + νAP(k, q))×

× Λ

2Λ + νAP(k, q)
.

Î��±r¶/�±�7¨��M¼ Γ 	�Ã\¯v�±©k	k�±©¸¨9	��¡¨�����¹ºT¶�·���¹j·x²kªº�±�¹º©�	kÃ\¯*�\©k	�·x©¸¨��± 1K$ §k¯��¥·Q¨ô�M¨ Á ��§k� .²*��©k©�·x¹º&©�
�±©ß���M¨�¹º�\©�©k�\©/¨�Ñ�§k�®	k�\§0¼GÓG�\©ß¯v�¸¥·�©¸¨ qC⊥ = 0 ¯G¹ºªº�Ç\��©��¹º	�Ì\���\©/¨5	k��©kÇ§k©�¹ºÑ^§��\°��\©/¨zªº�\`Ç\�¸§k¯kªj·�Õ��\`Ñ^§�¹#¥��©¸¨Öªº�q¯kªº§k`Ùd���-¨��\°��±©¸¨Ö���\©k�¸��°e·xªº¹º¥Ã\z	�·x©�Rªº�
Ç±·x©�·xªr	�� 6 �^��¯*�\� 1*6 ��°�°e�5	�·x©k#ªº�5°e�\°�²����5	k�2	k����¹Ê¨I�5	k�±,Ã\Ñ�§�·Q¨�¹º�¸©k#	k�5�¥�\©k��� .
°R·xªº¹º�·Q¨�¹º��©rÓ�¨���§�¨I�\�ªº�±�¶�·�ªº�\§k��â	k� qC⊥ ¹º©¸¨I�\�7¶0¹º�±©k©k�±©¸¨&é 	�·x©��ªº�#Ç±·�©�·xª�	k� ' �±¹º�\��ªºIêMÓ¹ºªºe��¸©¸¨e�¸²kªº¹ºÕ�Ã\e	k�Ï¯k���xÔ-�M¨��\�®ªj�\a¶/�\�-¨��M¼ç·\¶/�\Ç qC⊥ 6= 0 ¥§k��Ç\�\§�¼}	k�¸©¸¨e¹ºªj�Ç±·xª .
Ç\§�ªº�\©¸¨,ªj·a���\©�����°R·xªº¹º�·Q¨�¹º��© 1k¾ ·xªºÈ��\§k���±§k¥�\°��±©¸¨cÓ�Ç±�M¨�¨��&¯k�¥�xÔ7�\ÇM¨I¹º��©Ö¯v�±§�¨8ÚM¨I���&Ùy·x¹Ê¨��
	k�5¯kªº§k¥¹º�±§k��,Ùy·xÂ\�¸©kÂ³ � ª¨ê � ³ 3�áP¹ ¬ �F® ¬ ¶ 1�� ��§k#·xªºªº�¸©k,�\©»	k��©k©��\�8	��\§�¼Ö�P¼0�\°e¯kªº�\ 1) ¶�·�©¸¨®	��z¯k���xÔ7�P¨��\� qC⊥ 7→ 0 Ó9¹ºª�Ù ·x§�¨�Ã\Ç\�¥¹º���zªº�\�¶/�\�7¨��P¼ Γ(k′1, k

′
2, k2, k1) �\©Ùd��©�ÇM¨�¹º��©»	�� ® «§:³ ¶ ¶�·x�¥¹j·x²kªº�\±Ó�	���©¸¨�§k©�� qC 1v� �\ªº�¸©Ïªj�5ÇIÈk��¹Ê¼Ï	k�5Ç\�±t¨��¥��¹ºt¶¸·x��¹j·x²kªj�\·\¶�·�©¸¨�ªj·#¯k�¥�xÔ7�\ÇM¨�¹j��©�ÓKªº�\9Ã\Ñ^§�·Q¨�¹º��©�9��²�¨��±©^§k�\ô·x¯���Ì\9ªj·#¯����xÔ7�±ÇM¨�¹º��©a¥��©¸¨��\©�Õ�Ã±©kÃ\�¥·xª

	k¹ºÍ*Ã\���\©/¨��\ 1�� �¸§k�·\¶/��©k8¶k§»	�·x©�#ªj·�¥�\ÇM¨�¹º��©Ûµ 1 « 1 ³�Ñ^§��5ªj·����\©�����°e·�ªº¹º�·Q¨�¹º��©Û	�
§�©
¶/�\�-¨��M¼á	kÃ\¯*�\©�	á	k� qC = k1 + k2

�M¨ qP = k′1 − k2
1T� ©½ÇIÈk�¸¹Ê¼ß©�·Q¨�§����\ª�	��a¨��¥��¹º

¶�·���¹j·x²kªº�±,¹º©k	kÃ±¯v�\©�	�·x©/¨��\8�±7¨�	k�¸©kÇ�	k�¸©k©kÃ5¯�·x�

Γ(k′1, k
′
2, k2, k1) = Γ(qC − k1 + qP , k1 − qP , qC − k1, k1) .

� ¹v©���§k���Ã\Ã±Ç\��¹Ê¶/��©��¨���§k�ªº�\�¶/�\�-¨��M¼`	�·x©k�ªº�\�Ã\Ñ^§�·Q¨�¹º��©�â	������\©�����°R·xªº¹º�·Q¨�¹º��©z��¸§k
80«



Ç±�M¨�¨��5Ùd����°e��Ók�M¨�¯v��¥��©�8�±©k¥§k¹Ê¨�� qC = 0 ¯�·x�7¨��¸§�¨cÓk©���§k,��²�¨I�\©k��©�
d

dl
Γ̃α(k1⊥; qP⊥)

=BC(T ; qC⊥ = 0)
∑

ij

CCα,ij×

×
∫

dk⊥
2π/b

{
Γ̃i(k⊥; qP⊥ − k1⊥ + k⊥)Γ̃j(k1⊥; k⊥ + k1⊥)

}

−
∑

ij

CPα,ij×

×
∫

dk⊥
2π/b

{
BP(T ; k⊥, qP⊥)Γ̃i(k⊥ + qP⊥; qP⊥)

}
Γ̃j(k1⊥; qP⊥) .

é µ 1 «�«cê

6 �����©/¨�ªj�\TÃ±Ñ^§�·Q¨I¹º��©kT	��¡�¥�\©k���¥°e·xªº¹º�·Q¨I¹º��©2§�¨�¹jªº¹º�Ã±�\T¯�·x� $ §�¯k�¥·K¨��M¨ Á ��§k�¥²v��©�©�·x¹º 1$ ·x©k�ªº�±�Ã\Ñ�§�·Q¨�¹j��©kzéØµ 1 «cêMÓ�ªº�`Ç±·x©�·xªâ	k�zÎT·x©k	�·�§Ä·ÛÃP¨�ÃR©�Ã\Õ�ªº¹ºÕ�Ã 1ô� ¹âÇ\�`Ç±·x©�·xª
Ô7�¸§k��§�©a��ä�ªj��ÓKªº�t��±§kª�ÇIÈ���¹Ê¼�¯*��¥¥¹º²kªº��	���¶�·x�¥¹j·x²kªº�\�¹º©k	kÃ±¯v�\©�	�·x©¸¨I�\9�±7¨ (qC , qL, qP) Ó�:� qL = k′2 − k2

	kÃM¨��±��°�¹º©��&ªj·a�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©Ö	�·�©k8ªº�&Ç±·�©�·xªG	���ÎT·x©k	�·�§Ö	k��ªj·
°eÚ\°��5Ùy·xÂ\��©»Ñ^§k� qC , qP 	�·x©�,ªº�\#·x§�¨I���\,Ç±·x©�·x§�¼ 1v� ¹���©»���\°e¯kªj·xÇ±�

Γ(k′1, k
′
2, k2, k1) =

Γ
(qC − qL + qP

2
,
qC + qL − qP

2
,
qC − qL − qP

2
,
qC + qL + qP

2

) é µ 1 «c³�ê
	�·x©k2é µ 1 «QêMÓk�P¨#¯v�¸�� qC = 0 �±©k¥§k¹Ê¨��¸Ók��©Ï�¸²�¨�¹º�\©/¨
d

dl
Γ̃α(qL⊥; qP⊥)

=BC(T ; qC⊥ = 0)
∑

ij

CCα,ij×

×
∫

dk⊥
2π/b

{
Γ̃i
(
k⊥ +

qL⊥ − qP⊥
2

; k⊥ +
−qL⊥ + qP⊥

2

)
×

×Γ̃j
(
−k⊥ +

qL⊥ + qP⊥
2

; k⊥ +
qL⊥ + qP⊥

2

) }

−
∑

ij

CPα,ij×

×
∫

dk⊥
2π/b

{
BP(T ; k⊥, qP⊥)×

× Γ̃i
(
k⊥ +

−qL⊥ + qP⊥
2

; qP⊥
)
Γ̃j
(
−k⊥ +

qL⊥ − qP⊥
2

; qP⊥
) }

.

é µ 1 « ó ê

Îr�5Ùy·x¹Ê¨+Ñ^§k�5	�·x©k#ªº�&¨��\�¥°��5	k� ' �\¹º�\�¥ªº#	�·x©�2é µ 1 « ó êMÓ�ªº�±/²g¬ �:Ã ¶/�±�7¨��M¼ Γ̃i,j
¶�·x��¹º�±©¸¨

·\¶/�±ÇÏªj·¿¶�·x��¹j·�²kªº�Ï¹º©/¨�Ã\Õ��¥Ã\� k⊥ °���©/¨����ÏÑ^§��Ïªº�\e	��\§�¼}¯k�¥�xÔ7�\ÇM¨�¹j��©ke	k�¸©k©k�±©¸¨R	k�\
Ã±Ñ^§�·Q¨I¹º��©k,	������\©�����°e·xªj¹º¥·K¨�¹º��©Ö¨���§0¨�Ò®Ùy·�¹Ê¨#	�¹èÍ*Ã\���\©/¨��\ 1' �¸§k��ªº�ÏÇIÈk��¹Ê¼ (qC , qP , k1) 	k� $ §�¯k�¥·Q¨R�M¨ Á ��§k�¥²v��©�©�·x¹º�¯*��§k�®ªº�±a¨��¥��¹ºa¶�· .�¥¹j·x²kªº�\�¹º©�	kÃ\¯*�\©k	�·x©¸¨��\±Óôªj·q¯����xÔ7�±ÇM¨�¹º��© qC 7→ 0 ©k�ÖÇ\��©k¥�\�7¶^�Ö¯�·x qL 1¡6 �ÖÇIÈk��¹Ê¼©r
�\-¨#	���©kÇ�¯�ªº§k,Ç\���¥���\ÇM¨�	kÌ\,Ñ^§���ªº��Çc·x©�·xªr	k�5ÎT·x©�	�·x§»���\©¸¨��¥���\©®Ô-�\§ 1

8/³



rBÊÌË�Ê.º C�Ñ�ÝdÔ{ÕPÙGÑ�Ò Ò�Ô#Ütñ�ÖgÙÛ×{ÔBÎZæ @VÏ�í=ÎFÐ%Õ:ÏôÕ�ÎFÐ%î#ÒXÙÛ×{ÔBÎFÏ
� ª��\-¨âÈ������Ñ^§k�±7¨I¹º��©e	��,¥§k¹Ê¶0�¥�t¨���§k�ªj�\�¶/�\�7¨��P¼ Γ̃α(k′1⊥, k

′
2⊥, k2⊥, k1⊥)

1/� �¸§k
·xªºªº��©�+Ç±��§k¯*�\��ÇIÈ�·xÑ^§k�a©�·x¯�¯v��	���ªj·`¥§k��Ùy·�Ç\��	�� 3 �\��°e¹��\© M ¥�\Õ�°e�\©¸¨�±Ó*Ç\�\©¸¨I��Ã\
Ò km⊥ = m2π

Mb
Ó m ∈ {−M

2 , ...,
M
2 − 1} Ó��P¨R©k��§�eªº¹º°�¹Ê¨��±�e·x§0¼Ä¶/�\�7¨��P¼ç·\¶/�\Ç»	��\·x��Õ¸§k°��±©¸¨�`¥§k�Rªº�\`¯*��¹º©¸¨� km⊥ 1 Îr�Û©k�¸°�²k���q	k�Ï¶/�\�-¨��M¼%	�¹èÍ*Ã\���\©/¨�`¯v�\§0¨`�±©kÇ\���¥�ÚM¨I���Ö��Ã\	�§k¹Ê¨e�\©}¯k�¥�xæ0¨I·�©¸¨e	k�\�7Ðk°�ÃM¨I��¹º�\�¯�·x�®�¥·x¯�¯v���7¨RÒ k⊥ ↔ −k⊥ Ó R ↔ L Ó���±©¸¶/�\��¥�\°e�\©¸¨�	k§»¨��±°�¯k±Óv�P¨&ªº�\§���+Ç\��°�²�¹º©�·x¹º¥��©� 1G' �¸§k� M = 32 Ó*¯�·x���P¼0�\°e¯kªº��Ó��©À¯�·x¥¥�R·x¹º©��¹�	k� 2 × 323 = 65536 Ò 9010 ¶/�\�7¨��P¼½Ò»¯k���\©�	k���e�\©ÀÇ\��°e¯�¨�� 1 Îr·	k¹j�Ç±��ÃM¨�¹º�·Q¨�¹º�¸©��\©�¥�\Õ�°��±©¸¨�¡©k�8¯v�\§0¨¡¯�·x�ÚM¨��¥�tÃM¨I�\©k	�§k�,Ò+ªØ
¹º©/¨�Ã\Õ���·xªº�8	�� k⊥ Ó�¯�·x��Ç±�Ñ^§���ªº�\rÙy��©kÇM¨I¹º��©k BC,P ¯k��Ã\¥�\©/¨��\©¸¨T	��\r¯k¹ºÇ\�¨���Ì\r¯�����©k��©�Ç\Ã\T·x§0¼&°�§�ªÊ¨�¹º¯kªº�±r�\©¸¨I¹º�\��	k� k⊥ = π

4b
Óô�¹ q⊥ = 0 ��§ π/b Óô¯*��§k�®²�·x¥¥�R¨��±°�¯vÃ±�¥·Q¨�§����z�M¨e¯v�P¨�¹Ê¨��ÖÇ\��§�¯k§k���¹º©�Ùd�¥·x����§�Õ�� Λ
1�� ��§k�Ç±·xªºÇ\§�ªº��©kt·xªº���¥âªØ
¹º©/¨�Ã\Õ���·xªº��	�� BC,P Ò2ªØ
4¹º©¸¨�Ã\��¹j�\§k�â	��#ÇIÈ�·xÑ^§��¥�\Õ�°e�\©¸¨cÓ

∫
dk⊥
2π

Γ(k⊥)B(k⊥) 7→
∑

km⊥

Γ(km⊥ )

∫ km⊥+
∆k⊥

2

km⊥−
∆k⊥

2

dk⊥
2π

B(k⊥) .

Î¡
¹º©¸¨�Ã±Õ��¥·xªº�}�\-¨áÇc·xªºÇ\§kªºÃ±�C�±© §0¨�¹ºªº¹º�·x©¸¨½§k©k�}°�ÃM¨�È��^	k� � §k©kÕ�� . ã&§0¨�¨I·íÒ ªØ
���¥	k���
Ñ^§�·Q¨����e·\¶/�\Ç�ªj·x��Õ��±§k��	k�®¯�·x�	�
¹º©¸¨IÃ\Õ��¥·Q¨I¹º��©½·x	�·�¯�¨�¹Ê¶/�@¤Ê«cÞKµ�Óô«c¬Kµ:¥ 1 ÎT·Ö°�Ú\°e�®°�Ã .
¨�È��^	k�5�\-¨+·x¯k¯�ªº¹ºÑ^§�Ã\��¯*��§��8ªØ
¹º©¸¨IÃ\Õ��¥·Q¨I¹º��©»	��\,Ã\Ñ^§�·Q¨�¹º��©�,	��~<��K¨�¥�\ªº��© l Ò T = 0

1
Îr�\`Ç±·xªºÇ\§�ªºzÒß¨��\°e¯vÃ\��·Q¨�§k�¥�Ïæ�©�¹º�Û¥��©¸¨z�\© Õ�Ã\©kÃ±�¥·xª#Ùy·x¹Ê¨�z·\¶/�±ÇÛ	k�\`ªj·x�¥Õ��\§k�¥R	��
¯�·�5¹º°�¯*��¥Ã\�\±Ó�°e·�¹º5�¥·xÇ\Ç\�¸§k��Ç\¹º�±5	�·x©�5ªj·Ö¯����±¼0¹º°e¹Ê¨�Ã�	r
§k©���	k¹Ê¶/�\�¥Õ��\©kÇ±��Ór·xæ�©á	��
ªº¹º°e¹Ê¨��\�,ªº�+¨��\°e¯k,	k��Çc·xªºÇ\§kª 1�� ��§�,·\¶^��©kt¶/Ã±��¹èæ�Ã�Ñ�§k��ªº���¥Ã\¥§kªÊ¨I·K¨�·\¶/�\Ç5ªj·x��Õ��±§k�8	��
¯�·�âæ0¼k��©���	�ÃM¶0¹º�+Ñ^§k�#¨���Ì±�¯v�\§z	k�+Ç\�\ªº§�¹*·\¶^�\Ç+ªj·x��Õ��\§���	k�+¯�·xt·x	�·x¯�¨I¹Ê¶/��Ó/¶/��¹º��¯�·��
�M¼k�\°�¯�ªº�®ªj· 3 ¹ºÕ 1 µ 1 ³ 1r$ ·x©k�ªj·Ö°eÚ\°��®æ�Õ�§�����Ó���©q¶^��¹Ê¨5Ñ�§k��ªº��Ùy·x¹Ê¨2	k�®	���§k²�ªº�\�&ªj·
	k¹j�Ç±��ÃM¨�¹º�·Q¨�¹º�¸©Ï	�� M = 32 Ò M = 64 ��±Õ�°��\©/¨�,©k��ÇMÈ�·x©kÕ¸����¹º�±©Ï©���©Ï¯kªj§k 1Î��±zÃ\Ñ^§�·Q¨�¹º��©�z¥��©¸¨Ï¹º©¸¨IÃ\Õ���Ã\�±�Ô7§�¥Ñ^§�
4Ò Λmin ≈ 10−4t⊥

1 Îr·½¨��±°�¯vÃ±�¥·Q¨�§����
°R·Q¼0¹º°e·�ªº�+Ò2ªj·xÑ^§��\ªºªº��ªº�w<��K¨t	k���¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©`	k¹Ê¶/�±��Õ����±7¨t¹º©¸¨I�\��¯k�¥ÃM¨�Ã\��Ç±��°�°e�
ªj·Û¨��\°e¯vÃ\��·Q¨�§k�¥�zÇ\��¹Ê¨�¹ºÑ�§k� Tc 1 ÎT·¿¯k��Ã\Ç±¹º�¹º�¸©C¥§k�®ªj·»¨I�\°�¯*Ã\�¥·Q¨I§k���z�\-¨ δT ≈ 5 ×
10−5t⊥

1k� ¹G·x§kÇ±§k©k�&	k¹Ê¶/�±��Õ��\©�Ç\�&©�
�\-¨t¨�����§0¶/Ã\�&Ò T ≥ 3δT >
∼

Λmin
Ó��¸©zÇ\�¸©k¥¹º	kÌ\�¥�

Ñ^§�� Tc = 0
1v� ©��&Ü7	k¹Ê¶/�±��Õ��\©�Ç\�Mà2	k§@<��K¨&	k�����\©�����°R·xªº¹º�·Q¨�¹º��©q�\-¨&	kÃ\æ�©k¹º��©^§�°�Ã\�¥¹ .

Ñ^§��\°��±©¸¨�¯�·x��§k©��t¯v�±©¸¨��â¨I����¯�¹º°�¯*���7¨M·x©¸¨�� 1¸' ªº§k�¯���Ã\Ç\¹º¥Ã\°e�\©¸¨cÓ�	�·x©k�ªØ
4·xªºÕ¸����¹Ê¨�È�°��
·\¶/�\Ç`ªj·���Õ��\§���	k�R¯�·xa·x	�·x¯�¨�¹è¶/��Ó���©C·x����ÚP¨��Rªj�+<��K¨a	�Ì\�Ñ�§�
¹ºªâ©�
�±7¨®¯kªº§��¯v�¸�¥¹º²�ªº�
	�
<·Q¨�¨��\¹º©�	k���8§�©k�8¯k��Ã±Ç\¹º¥¹º��©����\ªj·K¨�¹Ê¶/�8ªº��Ç±·xªº�5é Ç¸
�\-¨âÒ&	k¹º���8¯�·x��¯�·x¡	�
¹º©¸¨IÃ\Õ��¥·Q¨I¹º��© δl ê¥��§kÈ�·x¹Ê¨�Ã\� ε = 10−6 ·\¶/�±Ç�§�©a¯�·x�	�
¹º©¸¨IÃ\Õ��¥·Q¨�¹j��©a°e¹º©k¹º°R·xª δlmin = 10−4 1¸� ¹�ªj·+ªj·x� .
Õ��\§���	k�#¯�·x��±7¨�æ0¼0�¸Ó/ªº�#Ç\��¹Ê¨IÌ\���#�\-¨�¥¹º°e¯kªº�\°e�\©¸¨ |dy/dl| > 1010 é y = Γ Ó z �¸§ χ ê 1$ ·x©kâªº�\â	k�\§0¼�Ç±·x±Ó/ªº�ï<��x¨t·Q¨�¨��\¹º©/¨�	k�\��¥Ã\Õ�¹º°e�\��:�Rªº�\¡¶/�\�-¨��M¼e	k�P¶0¹º�\©k©��\©¸¨�Õ��¥·x©�	k
	k�P¶�·x©¸¨,ªj·aªj·x��Õ��\§��t	k�&²�·x©k	�� 1�� ªG�\-¨,Ç\ªj·x¹º�tÑ^§��+©��K¨�����·x¯k¯����±¼0¹º°R·Q¨�¹º��©Ö	��#¨����¸©kÑ^§��\�
ªº�Ö	kÃM¶^�\ªº��¯k¯*�\°��±©¸¨�	��\®Ã\Ñ^§�·Q¨�¹º��©�®	k�Ö���\©�����°e·xªj¹º¥·K¨�¹º��©çÒ¿ªØ
����	���� Γ2 ©r
�\-¨�¯�ªº§k
¶0��·x¹º°��\©/¨�Ô-§k-¨�¹èæ�Ã±�R	�·x©k�Ç\�`��Ã±Õ�¹º°�� 1ô6 �±Ç\¹â©�
4·x���¥¹Ê¶/�`Ç\�\¯*�\©k	�·x©¸¨aÑ^§��2Ô7§k-¨��z·\¶�·x©¸¨
ªj·®	�¹Ê¶/�\��Õ��±©kÇ\� 1Ï� ª�Ùy·�§�¨�·x§k¥¥¹�¥���¥·x¯k¯*�\ªº�\�8Ñ^§��&ªº�5Õ�����§�¯v��	k�����\©�����°R·xªº¹º�·Q¨�¹º��©»�\-¨
§k©��t¨��±ÇIÈk©k¹jÑ^§k�#	k�,�¥�\¥��°�°R·Q¨�¹º��©R	�
§�©e©k�¸°�²k���#¹º©0æ�©k¹�	��t¨��\�¥°��\�	��,¯v�±�7¨�§���²�·Q¨I¹º��©
éd¶/�¸¹º�â¯�·x�â�M¼k�\°�¯�ªº��¤Ê«�81¥dê,�^ªº��	k�\§0¼0¹ºÌ\°e�#����	������\©`���\©�����°R·xªº¹º�·Q¨�¹º��©`�\-¨tªº��¹º©z	�
ÚM¨��¥�

8 ó



0.02 0.04 0.06 0.08

0.001

0.01

0.1

Tc/t⊥

t′⊥/t⊥

�X *¡O¢ µ 1 ³C£ ) ¥¯v�\ÇM¨I�¨I�\ÇIÈk©�¹ºÑ^§k�±Û�  �\°e¯vÃ\�¥·K¨�§k���ÛÇ\�¥¹Ê¨�¹ºÑ^§��ÛÇ±·xªºÇ±§kªºÃ\�¿·\¶/�\Çq©k�K¨I���
°eÃM¨�È��^	k�ÛÜ-7¨M·x©k	�·���	�àçé ÃP¨���¹ºªº�\_¯,ªj·x��Õ��\§��Ï	��á¯�·xÏæk¼0��Ó M = 32 ¥�\Õ�°��\©/¨�»¯�·x�
Ùd�±§k¹ºªºªº�M¨`	k�Öªj·á�§���Ùy·xÇ\�Ï	�� 3 �\��°e¹XêMÓ�Ç\��°e¯�·x��Ã\�»ÒßÇ\�±ªºªº�Ï��²�¨��±©^§k�»·\¶/�\ÇÏªj·���Õ��\§��®	��
¯�·xÖ·x	�·�¯�¨�¹Ê¶/�}éd¨��¥¹j·x©kÕ�ªº�±�êPÓâ	k¹º¥Ç\�¥ÃM¨�¹º�·Q¨�¹º��© M = 64 é Ç±·x�¥��Ã\IêMÓâ�P¨ÏÒÀªj·ÄÇ\��§�¯k§����
¹º©�Ùd�¥·x�¥��§kÕ��5Ç\��¹Ê¨�¹ºÑ�§k� Λc

	�·x©k,§k©ÏÇc·xªºÇ\§kªTÒ T = 0 é ªº���·x©�Õ��\Iê 1

Ç±��°�¯�·��¥·x²kªº�2·x§»	k�\§0¼0¹ºÌ\°e������	k�¥���\©Ï¯*�\�7¨I§k��²�·Q¨�¹º��© 1
' �¸§k��¨I�\-¨��\�ôªº�8¯k����Õ¸�¥·x°�°e��Óx©���§k¡·\¶/��©kô¶/Ã\��¹èæ�ÃtÑ^§r
¹ºª0���±¯k���^	�§k¹Ê¨¡¯�·x��Ùy·x¹Ê¨I�\°��\©/¨

ªº�±&�¥Ã\¥§kªÊ¨I·Q¨I�¯v��§��&ªº�®Ç±·x�¯�§k���\°e�\©¸¨5§�©k¹º	�¹º°��\©��¹º�¸©k©k�±ªté t⊥ = 0 êMÓG�P¨5	k�®ªj· �#'v)é BC = 0 ê 1

r#ÊzË�Ê8» ç>ØiÐ)Ñ�Ô#í|Ô#Ö:Î¾ÙdÒ�� Ö:Ø_Ö:Ñ�ÔBé_Î Î4ÕVÝGØ�Õ�Î�Üií=ñFÖ:ØMÕPÔ#Ö�Î
Îr�p<��K¨�	k�`�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©}Òq§k©k�zÃ\ÇIÈ��\ªºªº� Λ > T 	k��©�©kÃ\�z����<�ÌP¨��z��¸§�¶/�\©/¨

ªº�RÇ\��°e¯v���-¨��\°��±©¸¨�Ñ^§r
4·x§k�¥·x¹è¨�ªº�R-Ð0-¨�Ì\°��R¥¹¡ªj·z¨��±°�¯*Ã\�¥·Q¨�§����eÃM¨I·�¹Ê¨ T ∼ Λ
196 �\Ç\¹

±
�M¼k¯kªº¹ºÑ^§��a¯�·x�+ªº�®Ùy·x¹Ê¨5Ñ^§k��ÓG¯v��§��+	k�\&Õ���·x©k	k�±&Ã\ÇIÈk�±ªºªº�\&	�
Ã\©��\��Õ�¹º�¸Ó*ªº��<��K¨5	k�a�¥� .
©�����°R·xªº¹º�·Q¨�¹º��©e©��,	kÃ\¯*�\©k	e¯k���\¥Ñ^§��,¯�·x�	k�,ªj·+¨��\°�¯*Ã\�¥·Q¨I§k���¸Ó�Ç±·x� BC,P(Λ� T ) ≈
BC,P(Λ;T = 0)

1�$ 
§�©ç·x§�¨��¥�zÇ\äx¨�Ã�Óô¹ºª��±7¨eÑ^§�·x¥¹º°��\©/¨�Ç±��§k¯*Ãz¯*��§k�®	k�\®¯*�M¨�¹Ê¨��±
Ã±ÇIÈk�\ªºªº�\�	�
Ã\©��\��Õ�¹º�¸Ó BC,P(Λ� T ) ≈ 0

1/' ��§���§�©k�,Õ��¥·x©�	k�\§�� f Çc·xªºÇ\§kªºÃ\�,�\©e���\©���� .°R·xªº¹º�·Q¨�¹º��©ÛÔ7§k¥Ñ�§�
4ÒÏªX·»Ç\��§k¯�§k���R¹º©kÙd��·x����§�Õ�� Λ ¯*��§k�2§k©��®¨I�\°�¯*Ã\�¥·Q¨�§���� T ′ < Λ Ó��©»·a	k�¸©kÇ frenorm(T ′ < T )
∣∣
Λ=T

≈ fexacte(T )
1k� ©��+Ç±��©k¥Ã\Ñ^§��\©kÇ±�&	k�&Ç\�&¯�ÈkÃ\©�� .

°eÌ\©k���\-¨cÓ/¯�·x���M¼0�±°�¯kªº�¸Ó/Ñ^§���Ó/¥¹�ªØ
��©`��Ã\¥��§�	Rªº�\âÃ±Ñ^§�·Q¨I¹º��©kâ	k�����\©k�¸��°e·xªº¹j¥·Q¨I¹º��©zÒ
T = 0 Ó���©Ï¨��¥��§�¶/�2	k�\#	k¹Ê¶^�\��Õ��\©�Ç\�\�Òe	k�\#Ã±ÇIÈk�\ªºªº�\�Ç\��¹Ê¨I¹ºÑ^§k�± Λc

	k§»°eÚ\°��2����	����
	���Õ��¥·x©�	k�\§��8Ñ^§���ªº�\t¨��±°�¯vÃ±�¥·Q¨�§����\,	k�+¨I�¥·x©k¥¹Ê¨I¹º��© Tc é 3 ¹ºÕ 1 µ 1 ³�ê 1

8�µ



j/ÅÌÄ Ç � ���¥�,�,�*�,� � � ���A�Jë2�#���¡�
rBÊGÉ�ÊzË ç>ÎhÓ|ÙGØMé�Ö:Ø_ÜZÜtÎhÓ#Îhí|îBØ�Ï1Î�Ï�ÓGFqØ_íXÖ:èFÏtÝGÎ é,Ö:Ñ�Ô#í=ÎhÓ#ÎhÖ:Î�ÒBÑ,Ö1Ú

ÜtØ,ÝdÙÛÏ1Ø�ÕgÙGÑ�Ò
Î��+	k¹j·�Õ��¥·x°e°��+	k�+¯kÈ�·x¥����²�¨I�\©^§z�\-¨8���\¯k�¥�^	k§�¹Ê¨t	�·x©k�ªj· 3 ¹ºÕ 1 µ 1 ó 1 ;&©e¨I����§�¶^�

§k©��®¯kÈ�·x¥�®	�
�¸©k	k�®	k�®	k�\©�¥¹Ê¨�Ã®	k�®¥¯k¹º©ßÑ^§�·x©k	ßªØ
�\°�²*�K×º¨��\°e�\©¸¨5�\-¨5¯k�¥�\¥Ñ^§k�®¯�·x� .
Ùy·x¹Ê¨QÓv�M¨+	��2ªj·R¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ2¥¹º©kÕ�§�ªº�M¨+	��5¨!Ð0¯v�&Ü d à`é ∆k ∝ cos k⊥ ê,¯v��§��#§�©�\°a²v�K×º¨I�\°��\©/¨e§�©ç¯v�\§ç°��¸¹º©k�²*��© 1¡$ Ì\�Ñ�§k�Ïªº�\�	�ÃM¶0¹j·Q¨I¹º��©ke	k�ÏªØ
�\°�²*�K×º¨��\°e�\©¸¨
¯�·���Ùy·x¹Ê¨t	k�M¶k¹º�\©k©��\©¸¨�¨��¥��¯R¹º°e¯v���7¨M·x©¸¨��\±Ó^ªj·5¯�È�·x¥�#¥§k¯��¥·xÇ\��©�	k§kÇP¨���¹ºÇ\�#�\-¨t�\ªºªº�+·x§k¥¥¹
¥§k¯�¯k��¹º°eÃ\� 1

0.02 0.04 0.06 0.08

0.001

0.01

0.1

Tc/t⊥

t′⊥/t⊥

�X *¡O¢ µ 1 ó £ÄÎ��Ö	k¹j·xÕ���·x°�°e�z	k�Ö¯kÈ�·x¥�\a	r
4·x¯k�¥Ì\®ªº�ÖÕ�����§k¯*�z	k�Ö���\©k�¸��°e·xªº¹º�·Q¨I¹º��© 1
Îr�\�¨��¥¹j·x©kÕ�ªº�±&¹º©k	k¹ºÑ�§k�\©/¨&ªj·R¨��\°e¯vÃ\��·Q¨�§k�¥�a	k�2¨���·x©k¥¹Ê¨�¹º��©ß¯v��§��+ªØ
��©k	��a	k�®	k�\©��¹Ê¨IÃ
	k�`¥¯�¹º©�Ó��M¨®ªº�±�ªº���·x©�Õ��\aÇ\�±ªºªº�\a	k�`ªj·Û¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã d 1r� ·xªº�\§k�¥�¹º©�¹Ê¨�¹j·xªº�±`�
g̃1,2 = 0.8 Ó Λ0 = 15t⊥

1
) �±°�²v�x×º¨��\°��±©¸¨Ö¯�·x�¥Ùy·x¹Ê¨áé t′⊥ = 0 êMÓâªj·á¨I�\°�¯*Ã\�¥·Q¨I§k���qÇ\��¹Ê¨�¹ºÑ�§k�q��²�¨I�\©^§k�q�±7¨	k�ÄªØ
����	����À	�� t⊥/20 Ó�	k��©�ÇÀ	�
�\©¸¶k¹º����© «cÞxã ¥¹2©���§kq¥§k¯�¯v��¥��©� t⊥ ∼ 300 ãéØ·\¶^�\Ç g̃1 = g̃2 = 0.8 ê 1 ÎT·`¨��\°e¯vÃ\��·Q¨�§k�¥�®Ç\��¹Ê¨�¹ºÑ�§k��ªj·Ö¯kªº§k5Ã\ªº�M¶/Ã\����²���±�7¶/Ã\��	�·x©�

(TMTSF)2PF6
�±7¨�¯kªº§k,²�·x¥��5	k��Ñ^§��\ªºÑ^§��\8ï¸�\ªÊ¶0¹º©k±Ó�°e·x¹º,ªØ
�±°�²v�x×º¨��\°��±©¸¨#	�·�©k

Ç\��Ç\�¸°�¯*���Ã�©r
�\-¨�¯�·xô¯�·x��Ù ·x¹Ê¨ 1 ÎT·,¨��\°e¯vÃ\��·Q¨�§k�¥�âÇ\��¹Ê¨I¹ºÑ^§k��°R·Q¼0¹º°R·xªº��¯v��§��9ªj·,¨��¥·x© .
¥¹Ê¨�¹º��©á¶/�\�¥2§k©À����	k�¥�e¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨��\§��5�\-¨ Tmaxc,SC ≈ 0.002 × t⊥ ∼ 0.6 ãû��±ªº��©
©k�¸âÇ±·xªºÇ\§�ªº 1�6 �\Ç±¹��\-¨�	�§R²v�¸©R����	����#	��#Õ��¥·x©�	k�\§��\Ó/°e·�¹ºâÇ\�������±�¯*��©k	`��±§kªº�\°e�\©¸¨tÒ
ªj·2°e��¹Ê¨�¹ºÃ�	��#ªj·�¶�·�ªº�\§k�â�M¼0¯*Ã\��¹º°e�\©¸¨M·xªº� 1^� ªv�\-¨�¯�����²�·x²kªº��Ñ^§k��ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©`©^§����\-¨
¯kªj§k#¹º°e¯v���7¨M·x©¸¨��2�\©Û��Ãc·xªº¹Ê¨�Ã2Ñ�§k�2Ç\�\ªºªº�2Ñ^§��5©���§k�§�¨�¹ºªº¹º¥��©�#	�·x©k#©���#Ç±·�ªºÇ\§kªº±Ó�Ñ^§�¹
¥��©¸¨â���\-¨��¥�\¹º©¸¨��·�§�Ç\��§�¯kªj·xÕ��,Ùy·�¹º²kªº� 1/� ©��8¹º©¸¨��±�¥·xÇM¨�¹º�¸©e¯kªº§k¡¹º°e¯v���-¨I·x©¸¨��,	k��©�©k�\�¥·�¹Ê¨
·x§��¥¹�§k©���¨I�\°�¯*Ã\�¥·Q¨�§����®	���¨I�¥·x©k¥¹Ê¨�¹º�¸©á¯kªº§k5Ã\ªº�M¶/Ã\� 1 Îr·`¨���·x©k¥¹Ê¨�¹º��©á	��®ªØ
�¸©k	k��	��

8¸Þ



	��\©k¥¹Ê¨�Ã2	k�2¥¯k¹º©qÒeªj·e¥§k¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã5�±7¨#¨��¥��§�¶/Ã\�2¯*��§k�#§k©k��¶�·xªj�\§k�#	k� t′⊥ 	��ªØ
�¸��	k���5	k� 0.04× t⊥ ∼ 12 ã®Ó��\©Û·xÇ\Ç\���¥	»·\¶/�\Ç5Ç\��Ñ�§�
��©»�\-¨�¹º°���	r
È�·x²�¹Ê¨�§k	���¯v��§��ªº�±8¥�\ªº,	k� Á �±ÇIÈkÕ¸·�·���	T¤Ê« ó ³1¥ 1k ��§�¨I�\8ªº�±�¨��±°�¯vÃ±�¥·Q¨�§����\8Ç\��¹Ê¨I¹ºÑ^§k�±8¥��©¸¨#²k¹º�±©Ö¯�ªº§k
²�·x¥��±�Ñ^§k��ªj·�¨��\°�¯*Ã\�¥·Q¨I§k���2	�§Û¯�·x¥¥·xÕ¸�2	�¹º°��\©�¥¹º��©k©��\ª Tx1 ∼ t⊥

1 Îr�\�¹º©�-¨I·x²k¹ºªº¹ .
¨IÃ\t¶0§k�\,	�·x©�,Ç\�\,Ç±·xªºÇ\§�ªº,©k��¥��©¸¨#	���©kÇ�¯�·x,	k§k�±,Ò®	��\8°eÃ\Ç±·x©�¹º¥°��\,¯k§����\°e�\©¸¨
§�©k¹º	�¹º°��\©��¹º�¸©k©k�\ªj 1

−Γ̃S

k′⊥b

−π
0

π
k⊥b−π
0

π

�X *¡O¢ µ 1 µó£`Î���¶/�\�7¨I�M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) ¯v��§�� t′⊥/t⊥ = 4.0× 10−2 Ó�Ç�
�±7¨
ÒÀ	k¹º�¥�Û	�·x©k`ªº�q��Ã\Õ�¹º°e�q��©k	��Û	k�q	k�±©k¥¹Ê¨�ÃÛ	��Û¥¯k¹º©rÓrÔ7§�-¨��q·\¶¸·x©¸¨Öªj·À	k¹Ê¶/�\�¥Õ��\©kÇ\� 1
Î¡
Ã\ÇIÈ��\ªºªº�&¶/�\�7¨I¹ºÇ±·xªº�5�\-¨�·x�¥²k¹Ê¨���·x¹º��� 1

� ��§��§0¨�¹ºªº¹º¥��©�9	k�\§�¼�Ç\��¹Ê¨�Ì±���\9¹º©k	�Ã\¯v�±©k	�·�©¸¨�9¯v��§��T	�ÃM¨��\�¥°�¹º©k�±��ªj·�©�·Q¨�§����â	k��ªj·
¯�È�·x¥������	k�¸©k©kÃ±� 1 ÎT·,Ùy·xÂ\�¸©2ªj·,¯kªº§k�©�·Q¨�§����\ªºªº��	�
¹º	��\©¸¨I¹èæ��\�Tªº��¯�·x�¥·�°�ÌM¨��¥�¡	r
����	k�¥�¡�±©
Ñ�§k�\-¨�¹º��©®�\-¨¡	�
�M¼�·x°�¹º©��\�9ªº�tÇ\��°e¯v���-¨��\°��±©¸¨�	��\ô¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ\ô�\©®Ùd��©kÇM¨I¹º��©®	k�tªj·
¨I�\°�¯*Ã\�¥·Q¨�§�����ÓK�P¨�	r
¹º	k�\©¸¨I¹èæ��\�ôªj·+¥§k¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨�Ãtªj·+¯kªº§�ô	k¹Ê¶/�\��Õ¸�\©¸¨���éd¶^��¹º�ôªj·�	�¹º¥Ç\§k .
¥¹º��©¿¯kªº§��²�·xIê 1 Îr��	k¹j·�Õ��¥·x°e°���	���¯kÈ�·x¥�\+·�¹º©k¥¹���²0¨��\©^§qÇ±�vu�©kÇ±¹º	k��¯�·x��Ùy·x¹Ê¨I�\°��\©/¨
·\¶/�±Ç+Ç\�\ªº§�¹*Ñ^§k�+ªØ
��©`¨�����§0¶/��¥¹*��©Ö·x¯�¯kªº¹ºÑ�§k�+§k©zÇ\��¹Ê¨IÌ\���&·xªÊ¨��±��©�·Q¨I¹ºÙr	�
¹º	k�±©¸¨�¹èæ�Ç±·Q¨�¹º��©
	��eªj·»¯kÈ�·x¥�R����	k��©�©kÃ\�¸Ór	4±ÄÒ $ §k¯��¥·Q¨��M¨ Á ��§k��²*��©k©�·x¹ºb¤Þx´1¥ 1T� ª¡±
4·xÕ¸¹Ê¨�	��eÇ\��©�¥¹ .
	�Ã\���\�5ªj·Ï	�Ã\¯v�±©k	�·x©�Ç\��	��\&¶^�\�7¨��M¼á�±© k ¯k��Ì\2	k�eªj·Ï	k¹è¶/�\��Õ��\©�Ç\� 1T$ �\§�¼á�P¼0�\°e¯kªº�\¥��©/¨â°���©¸¨I��Ã\�	�·x©�¡ªº�± 3 ¹ºÕ� 1 µ 1 µ5�M¨âµ 1 Þ 1/� ��§��·�ªºªº��©k�²*�±·x§kÇ±��§k¯e¯k�¥�xæ0¨��±��	��,Ç\�M¨¥¨��
°eÃM¨�È��^	k��	�·x©k9ªº�tÇIÈ�·x¯�¹Ê¨�����¥§�¹Ê¶�·x©¸¨ 1K$ ¹º¥Ç\§0¨���©kô	���©kÇ�	k��ªj·+�¹jÕ�©k¹èæ�Çc·Q¨�¹º��©®	k�\ 3 ¹ºÕ� 1
µ 1 µ��M¨�µ 1 Þ®¯kªº§k,�\©»	kÃM¨M·x¹ºª 1

ÎT·Ï���±¯k��Ã\¥�\©/¨I·Q¨�¹º��©À	k� Γ(k′,−k′,−k, k) ��²�¨��±©^§k�e	�·x©k2ªj· 3 ¹ºÕ 1 µ 1 µ»¥�RÇ\��° .¯����\©�	»Ùy·xÇ\¹ºªº�±°��\©¸¨a�vÎr·e	k¹Ê¶/�±��Õ��\©�Ç\�5�\-¨+���\-¨����±¹º©¸¨��2·�§�¼z¶/�±�7¨��M¼Û·\¶/�\Ç qP⊥ = k′⊥ +
k⊥ = π/b ÓQ¹ºª^±
4·xÕ¸¹Ê¨ô	���©kÇ�	�
§k©��â¹º©k-¨I·�²k¹ºªº¹Ê¨�Ã�	�·x©��ªº��Ç±·x©�·xª^	�� ' �±¹º�\��ªº 1x' ��§��9·�¯k¯k�¥Ã .Ç±¹º�\�,ªj·®¥¹ºÕ�©�¹èæ�Ç±·Q¨I¹º��©»	k�5ªj· 3 ¹ºÕ 1 µ 1 Þ�Ó�Ç\��©k¥¹º	�Ã\����©k#ªØ
Ã\Ñ^§�·K¨�¹º��©»	������±©k����°R·xªº¹º�·Q¨�¹º��©
¯*��§k�¡ªº�t¶/�±�7¨��M¼�	�Ã\Ç\��¹è¶�·x©¸¨âªº�,Ç\�¸§k¯kªj·xÕ¸�,�\©¸¨I���,§k©eÇIÈ�·x°�¯e�P¼^¨�Ã\��¹j�\§k�¡	�
4·�¯k¯�·x�¥¹º�\°��\©/¨
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−Γ̃S

k′⊥b

−π
0

π
k⊥b−π
0

π

�X *¡O¢ µ 1 Þx£ 6 ��°�°e�eªj· 3 ¹ºÕ 1 µ 1 µkÓr°R·x¹º2¯*��§k� t′⊥/t⊥ = 4.2 × 10−2 ÓrÇ�
�\-¨®ÒÏ	k¹º�¥�
	�·�©k,ªº���¥Ã\Õ�¹º°��5	k�5ªj·®¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ d 1

�M¨�	k�\§0¼ÖÙd�\�¥°�¹º��©�\Ó
d

dl
z(k) ∝ 1

N

∑

k′
Γ(k,−k,−k′, k′)z(k′) .

� ¹j�¹º²�ªº�\°��±©¸¨cÓ Γ(k′,−k′,−k, k) ¥�#Ùy·xÇM¨I����¹º¥�#	�·x©kâ©k�K¨I���#Ç±·x±Ó Γ(k,−k,−k′, k′) =
h(k)h(k′) Ók	���¥���7¨��5Ñ^§k�¸Ók�ÇIÈ�Ã\°e·K¨�¹ºÑ^§��\°��\©/¨cÓ

d

dl
z(k) ∝ h(k)〈h|z〉 .

� ¹ z �M¨ h ¥��©¸¨R���7¨IÈk��Õ���©�·xªº�\±Ó d
dlz = 0

1�� ¹ z Ç\��©¸¨I¹º�\©¸¨R§k©k�ÏÇ\��°e¯v���·x©¸¨I� ∝ h ÓÇ\�\ªjªº� . ªjÒÛ¥�\��·q·x°�¯�ªº¹èæ�Ã\� 1 Γ(k,−k,−k′, k′) ¹º°e¯v��¥�`	k�¸©kÇ`¥·q7¨I��§kÇP¨�§k���`¥§k� z(k)
1

Îr��¯�·x�¥·x°eÌM¨����¡	�
�¸��	k���¡Ñ^§�¹�¥�\�¥·8ªº�¡¯kªº§krÙy���7¨��\°e�\©¸¨����\©�����°e·�ªº¹º�Ã¡¥�\��·x¹Ê¨T©��K¨I·x°e°��\©/¨
z(k) ∝ h(k)

1�6 
�±7¨5Ç\�®¯�·x��·x°�ÌM¨��¥�a	r
����	k�¥�aÑ^§�¹9°eÌ\©k�\��·x¹Ê¨5·xªj�����Òzªj·z�§�¥Ç\�\¯�¨I¹º²k¹ .
ªº¹Ê¨�Ãaªj·R¯kªº§�+	k¹Ê¶/�\��Õ¸�\©¸¨�� 1*� ©q	�
4·x§0¨����\+°e�K¨�±Óv��©q¯*�\§�¨&	kÃ±	k§k¹º�¥�2ªj·`¯�·��7¨�¹º������²�¹Ê¨I·xªº�
	k§Û¯�·x�¥·x°eÌM¨����2	r
����	k�¥�5¥§�¯k�¥·xÇ±��©k	k§�ÇM¨��\§��,	��2ªj·e	k¹Ê¶/�\�¥Õ��\©kÇ±�5	�� Γ(k′,−k′,−k, k)¯*��§k�7¶k§ÏÑ^§k�5Ç\�\ªºªº� . Ç\¹�¥�5Ùy·xÇM¨����¥¹º¥� 1

;+©¿¯v�±§�¨5·x§k¥¥¹9Ç\��°�¯����\©�	k���a¯*��§k��Ñ�§k��¹ Γ(k′,−k′,−k, k) ¯����\©�	qÇ\�P¨�¨��aÙd�¸��°��	�
4§k©`¯����^	k§�¹Ê¨t	k�+	k�\§0¼RÇ\��¥¹º©^§� 10� ·x¯k¯*�\ªº��©�âªØ
¹º©/¨��\�¥·�ÇM¨�¹º��©z�PÍ*�±ÇM¨�¹Ê¶/�+	4±��+·x§�¼p<�§�Ç .
¨�§�·Q¨�¹º��©�R	��Û�¯�¹º©�Ó�Ã\Ñ^§�·Q¨�¹º��©�éò³ 1 ³x´¸ê 1t: §�·�©k	 Λ <

∼
t′⊥
Ó�ªº�ÛÇ±·x©�·xª#	�� ' �\¹º�\�¥ªº`�\-¨

�\¥¥�\©¸¨I¹º�\ªºªº�\°e�\©¸¨zÃM¨��\¹º©¸¨ßé BP → 0 ê®Õ���ÝxÇ\�qÒáªØ
¹º°e¯v�\�¥Ùd�\ÇM¨�¹º��©(	k�ÛªØ
�\°�²*�K×º¨��\°e�\©¸¨ 1� ª��§k÷®¨+	���©kÇ2	��2��Ã\Ã±Ç\��¹º����ªØ
Ã\Ñ^§�·Q¨�¹º��©q	k�2�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©ÄéØµ 1 «cê8¥�\§�ªº�\°��±©¸¨+	�·�©k
ªº�zÇ±·�©�·xª�	�� 6 �^��¯*�\�\Ó9	k�z¯���Ã\ÙdÃ\�¥�\©kÇ\�z�\©C�¥�\¯k�¥Ã\¥�\©¸¨I·Q¨I¹º��©C¥¹º©kÕ�§�ªº�M¨ . ¨I��¹º¯kªº�M¨»éØÃ\Ñ^§�· .

8¸¬



¨I¹º��©½é ó 1 ³Kµ/ê�êt�\©»§�¨�¹ºªº¹º�·x©/¨#§�©k��¹º©¸¨I�\�¥·xÇM¨I¹º��©»�PÍ*�\ÇM¨I¹Ê¶/��	���ªj·�Ùd����°��
Γs,t(k

′,−k′,−k, k) =

−
∑

n

(−1)nα(s,t)
n cos(k′⊥ + k⊥)nb

=
∑

n

(−1)nα(s,t)
n

(
− cos k′⊥nb cos k⊥nb+ sin k′⊥nb sin k⊥nb

)
.

é µ 1 «\µ/ê

;&©À¨��¥��§�¶/�ÖÑ^§���Ó9¥¹ n �\-¨�¹º°e¯�·x¹º�\Óôªº�\�¨I�\��°e�\a�±© cos ¥��©/¨e·x§�Õ�°��\©/¨�Ã\®�M¨eÇ\�\§�¼�±© sin ¥§k¯�¯k��¹º°eÃ\±Ó9�P¨®¶0¹ºÇ\�z¶/�\���·ß¥¹ n �±7¨R¯�·x¹º�»é αn > 0 ê 1¡6 �¸°�°�� αn > αm¥¹ n < m ÓTÇ�
�\-¨aªº��¨��\��°e�R�\© n = 1 Ñ^§k¹�ªØ
�\°e¯v���-¨�� 1�� ��§�2���P¨�����§0¶/��©k�	k��©�Çeªº�
°eÃ\Ç±·x©�¹º�°e�e�\¥Ñ^§�¹º�¥Ãe	�·x©k2ªj·Ï¥�\ÇM¨�¹º�¸©Ä³ 1 ó 1 ³�ÓT°e·�¹º2ÒÏ¯�·x�7¨�¹º�5	r
§k©½Ç±·�ªºÇ\§kª¡Ñ�§k¹¡�\-¨
²*�±·x§�Ç\��§k¯»¯kªº§k,Ç\�¸©¸¨���ä�ªºÃ 1

0.022 0.024 0.026 0.028 0.03

1

2

3

4

5

6

7

log |χ̃|

T/t⊥

�X *¡O¢ µ 1 7t£ � §��Ç±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ã\á�\©�Ùy��©kÇM¨�¹j��©�	k�}ªj·(¨I�\°�¯*Ã\�¥·Q¨I§k���}¯v��§�� t′⊥/t⊥ =
4.0× 10−2 Ó0Ç�
�\-¨#Òa	k¹j���&	�·x©�tªº�&��Ã±Õ�¹º°��&��©�	k�&	��+	��\©k¥¹Ê¨�Ã&	��&�¯�¹º© 1 Îr�\â¨I��¹j·x©�Õ�ªº�\
Ç±�������\¥¯*��©k	��\©¸¨�Ò�ªØ
��©k	��,	k�\©�¥¹Ê¨�Ã,	k�,¥¯k¹º©e�P¨âªº�\�ªº���·x©kÕ��±âÒ�	k¹èÍ*Ã\�¥�\©¸¨��¯�·��¥·x°�ÌP¨����\
	r
����	�����¥§k¯k��·xÇ\��©�	k§kÇP¨��\§k�±Ó^¶/�¸¹º�8ªX·®ªºÃ\Õ��\©�	k�5	k��ªj· 3 ¹ºÕ 1 µ 1 ¬ 1

Îr�\ 3 ¹ºÕ� 1 µ 1 7��M¨�µ 1 ¬+���±¯k��Ã\¥�\©/¨��\©¸¨�ªº�8Ç±��°�¯*���7¨��\°e�\©¸¨�	k�8Ç±�\�7¨I·x¹º©��\¡�§�¥Ç\�\¯�¨I¹º²k¹ .
ªº¹Ê¨IÃ\��±©®Ùy��©kÇM¨I¹º��©�	k�8ªj·�¨��\°�¯*Ã\�¥·K¨�§k��� 1 ÎT·+¥§��Ç±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ã8ªj·&¯kªº§��	k¹Ê¶^�\��Õ��\©/¨��8�\-¨¡	��
©���§�¶/�c·x§Ö	kÃ\¥¹ºÕ�©�Ã\�&¯kªº§�¨IäK¨,��±ªº��©Ö¥·®¯v�\©¸¨I� |dχ/dT | Ñ�§k�+¥�\ªº�¸©Ö�·5¶¸·xªº�\§k�8·x²�¥��ªº§k� 1$ ·x©��ªº���¥Ã\Õ�¹º°��a	k��ªØ
��©k	���	k��	��\©k¥¹Ê¨�Ã�	k��¥¯k¹º©rÓ 3 ¹ºÕ 1 µ 1 70Óv��©»¶^��¹Ê¨&Ñ^§���ªº�\+��±§kªº�\
<�§kÇM¨I§�·Q¨�¹º��©�9	k¹Ê¶/�±��Õ��\©¸¨I�\9¥��©/¨ôÇ±�\ªºªº�\ô	k���¯�¹º©�ÓK�M¨ôÇ±�\Ç\¹�°�Ú\°e��¨���Ì\9¯���Ì\9	��âªj·�¯kÈ�·x¥�
¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨���¹ºÇ±� 10$ ·x©�tªº����Ã\Õ�¹º°e�&�§�¯k�¥·�Ç\��©k	�§kÇM¨��±§k�\Ó 3 ¹ºÕ 1 µ 1 ¬�Ó0ªº�\O<�§�ÇM¨�§�·Q¨�¹º��©k
	��R¥¯k¹º©Ä��¸©¸¨2¨I��§xÔ7��§����¹º°�¯*���7¨M·x©¸¨��\±ÓT°R·x¹º�©��R	k¹Ê¶/�±��Õ��\©/¨a¯�·x 1ô6 
�\-¨®ªj·»¥§k¥Ç\�±¯ .
¨I¹º²k¹ºªº¹Ê¨�Ãá·x¥���Ç\¹ºÃ\�ß·x§ë¯�·x�¥·x°eÌM¨��¥�¿	�
����	����¿¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k� d Ñ�§k¹+	k¹Ê¶/�±��Õ�� 1 ;&©
�¥�\°e·x�¥Ñ^§k�5Ç\�\¯*�\©k	�·x©¸¨�Ñ^§k�5ªº�5¯�·x�¥·x°�ÌP¨����5	�
���¥	k���2·x¥¥�^Ç\¹ºÃ2Ò�§�©»·�¯k¯�·x�¥¹º�\°��±©¸¨��§��
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T/t⊥

�X *¡O¢ µ 1 ¬Â£ � §k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ\t�±©ÖÙd��©�ÇM¨�¹º��©Ï	k�&ªj·2¨I�\°�¯*Ã\�¥·Q¨I§k���&¯v�¸§k� t′⊥/t⊥ = 4.2×
10−2 Óv	�·x©k+ªº����Ã\Õ�¹º°e��¥§k¯k��·xÇ\��©�	k§kÇM¨I�\§k���v��©k	��2	��2	��\©k¥¹Ê¨�Ã�	����¯�¹º©Céd¨���¹X·x©kÕ�ªº�\IêMÓ
¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ d é z(k⊥) ∝ cos k⊥b Ó�ªº���·x©kÕ��±�²kªj·x©kÇ±�êPÓ g é z(k⊥) ∝ cos 2k⊥b Óªº���·x©�Õ��\,Õ��¥¹º,Ç\ªj·x¹º�Iê��M¨ i é z(k⊥) ∝ cos 3k⊥b Ó�ªº���·x©kÕ��±,Õ���¹º,Ùd��©�Ç\Ãcê 1

ÇIÈ�·Q×X©k�\r¨��¥��¹º¥¹ºÌ\°��± . ¶/��¹º¥¹º©k±Ó ∆k ∝ cos k⊥3b ÓQ·x§�Õ�°��\©/¨��â·x§k¥¥¹/ªºÃ\Õ�Ì\�¥�\°��\©/¨9¯k�¥Ì\T	k�
Tc
1�� ©z¨I�\ªr·x¯k¯�·x��¹º�\°e�\©¸¨#�±7¨�Ã\Õ¸·xªº�\°e�\©¸¨�Ç\��Ã\Ã5¯�·x�8	��\=<�§kÇP¨�§�·Q¨I¹º��©k,	k��¥¯k¹j©�Ó�¶/��¹º�

ªØ
Ã\Ñ�§�·Q¨�¹º�¸©Öµ 1 «\µ 1 ÎT·a°�Ú\°e�+Ã±Ñ^§�·Q¨I¹º��©Ö�M¼0¯�ªº¹ºÑ^§��+¯*��§k�¥Ñ^§k��¹GªØ
4·x¯�¯�·x��¹º�±°��\©¸¨#	k��¨!Ð0¯*�
g Ó ∆k ∝ cos k⊥2b Ó^�¥�\-¨���©�Ã\Õ�ªº¹ºÕ��c·x²kªº�a��ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©z�\©¸¨I���+Ã\ªº�\ÇM¨��¥��©kt¥§k�âÇIÈ�·Q×X©k�±¥�\Ç\��©�	k�\�¶/��¹º¥¹º©k�±�Ç\��Ã\Ã\��¯�·���ªº�±#<�§kÇM¨I§�·Q¨�¹º��©�â	k��¥¯�¹º©R¯���Ã\¥�\©¸¨I�\â¹ºÇ\¹*·2ªº�+°e·x§�¶¸·x¹º
¥¹ºÕ�©k�¸Óô�\ªºªº�Ï�\-¨e��Ã±¯k§kªº¥¹Ê¶/�Ï�M¨e©r
�\-¨e	k�¸©kÇÖ¯�·x����\©kÙy����Ç\Ã\�Ï¯�·x�®ªj·ß���\©�����°R·xªº¹º�·Q¨�¹º��©
	�·�©k,ªº��Çc·x©�·xªr	k� 6 �^��¯*�\� 1� §k��ªj· 3 ¹ºÕ 1 µ 1 9 Ó�©k��§�e·\¶/�¸©k®¨��¥·�Ç\ÃÏ	k�\e¥§kÇ\�\¯0¨�¹º²k¹ºªº¹è¨�Ã\�¥§��®§�©k�ÏÕ¸·x°e°��Ï	��
¨��±°�¯vÃ±�¥·Q¨�§����\�¯�ªº§k�ÃM¨��±©k	k§�� 1v� ��§k�°e��©¸¨I����©k�¥�\§�ªº�\°��±©¸¨&ªº�\�¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\&·x .
¥�^Ç\¹ºÃ±�\8·x§�¼z����	����\t��©k	��+	k�&	k�\©��¹Ê¨IÃ+	k�+¥¯�¹º©z�M¨,�§�¯k�¥·xÇ±��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã d Ó�°R·x¹ºtÇIÈ�· .Ç\§�©k�5¯v��§��8¯�ªº§k¥¹º�\§���t¶�·xªº�±§k��#	k� q⊥ 1 ;+©Ö¶/�¸¹Ê¨�Ñ^§�·K¨������¥Ã\Õ�¹º°e�\,	��&¨��\°�¯*Ã\�¥·Q¨I§k�����' ��§k� T >

∼
t⊥ Ó�ªj·a	kÃ\¯*�\©k	�·x©kÇ\�+�\© q⊥ ©k�âÔ7��§��+¯�·��	k�&��ä�ªº��Ó�Ç�
4�\-¨8ªº�+�¥Ã\Õ�¹º°��&§k©k¹º	�¹ .°e�\©k¥¹º��©k©��\ª 1 Îr�\�<�§kÇP¨�§�·Q¨I¹º��©kô	k�t�¯�¹º©a¥��©¸¨¡	k�¸°�¹º©�·�©¸¨��\ 1x� © . 	k�\¥¥��§kô	�� T ∼ t⊥ Ó¥�\§kªj�\,ªº�\=<�§kÇP¨�§�·Q¨I¹º��©k8	���¥¯k¹º©»·\¶/�±Ç�°��^	�§kªj·Q¨I¹º��©ÏÇ\���¥���\¥¯v�¸©k	�·x©/¨#·�§z¶/�\ÇM¨I�\§k�8	��

°e�\¹ºªºªº�\§k�5�±°�²v�x×º¨��\°e�\©¸¨cÓr�M¨�ªº�\Â<�§�ÇM¨�§�·K¨�¹º��©k2	k�e¯�·x¹º�¥�\2·\¶^�\Çe°��¸°��\©¸¨5¨��x¨I·xª¡©^§�ªØÓ
Ç\��©/¨�¹º©^§��\©¸¨�ÒÏ·�§kÕ�°��±©¸¨��\�_¯Gªº�±5·�§�¨����±��·Q¨�§����\©¸¨ 1 Î���Õ¸����§k¯*��	k�����\©�����°R·xªº¹º�·Q¨�¹º��©
���P¨�����§0¶/�t	k��©�Çt²k¹º�\©�ªº�t¯�·x¥�·xÕ��8	k¹º°��±©k¥¹º��©k©��\ª0¥�\ªº��©®ªj·�¨��\°e¯vÃ\��·Q¨�§k�¥� 1x� ��§k¡·\¶/��©�
	kÃ�Ô-Òz¶0§½	�·x©�5ªj·Ï¥�\ÇM¨�¹º��©Àµ 1 « 1 µ»Ñ�§k�eÇ\�\Ç\¹¡�\-¨�Ã\Õ¸·xªº�\°e�\©¸¨�ªº�eÇc·x5¯*��§k�5ªº�e¯�·x¥�·xÕ��
	k¹j°��\©��¹º�¸©k©k�\ª�¥�\ªº��©RªØ
Ã±ÇIÈk�\ªºªº��	�
Ã\©��\��Õ�¹º� Λ

1¸) ¯�·x�7¨�¹º��	k� T ∼ t′⊥ Ó¸ªj·5Ç±����¹º¥�·x©kÇ\�#	��ªj·e¥§k¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨IÃ5	k�2�¯�¹º©»�\-¨+Ç\��§k¯*Ã\�2ÒeÇ±·x§���2	k�\#	�ÃM¶0¹j·Q¨�¹j��©k#	k�2ªØ
�\°�²*�K×º¨��\°e�\©¸¨
¯�·���Ùy·x¹Ê¨ 1 Îr�aÇ±·x©�·xª�	�� 6 �^��¯*�\��©r
�\-¨�¯�·x&·xÍ*�\ÇM¨�Ãa¯�·x� t′⊥ 1 ÎT·`¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹è¨�Ã®·x¥�� .
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log(T/t⊥)

�X *¡O¢ µ 1 9 £ � §k¥Ç\�\¯0¨�¹º²k¹ºªº¹è¨�Ã\8�\©ÖÙd��©�ÇM¨�¹º��©Ï	k�&ªj·�¨��\°�¯*Ã\�¥·K¨�§k���&¯*��§k� t′⊥/t⊥ = 4.2×
10−2 Ó�	�·x©kÖªº�ß��Ã\Õ�¹º°e�ß¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k�¿�t��©k	��¿	��¿	k�±©k¥¹Ê¨�Ã¿	��¿¥¯�¹º©ëÒ q⊥ =
π/b éd¨I��¹j·x©kÕ¸ªº�\5©���¹º��Iê&�M¨aÒ q⊥ = 0 éd¨���¹X·x©kÕ�ªº�\2Õ���¹ºIêMÓr¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã d ·\¶/�\Ç°e��°��±©¸¨8¨I�K¨I·xª*¨I�¥·x©k-¶/�\�¥¥� 0 éØªº���·x©kÕ��\#²kªj·x©�Ç\Iê��M¨ π/b é ªº���·x©�Õ��\,Õ��¥¹º�ê 1

Ç±¹ºÃ\�+Ò5ªj·2¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã d Ç±��©¸¨�¹º©^§��#	���©kÇ,¨���§�Ô7��§k��tÒ2·x§�Õ�°��\©/¨��\�\Ó^�M¨�	�¹Ê¶/�\��Õ��æ�©�·xªº�\°e�\©¸¨+·x§z¶^��¹º¥¹º©�·xÕ��5¹º°�°eÃ\	k¹j·K¨#	�� Tc 1;+©ß©��K¨��®Ñ^§��®¥�\ªº��©ß©����Ç±·xªºÇ\§�ªº±ÓGªº�\~<�§�ÇM¨�§�·K¨�¹º��©k�	k�®¥¯k¹j©¿¥��©/¨5	k�¸°�¹º©�·�©¸¨��\
¯����\¥Ñ^§��Ï¯*��§k�®¨���§�¨I�\eªº�\�¨��\°e¯vÃ\��·Q¨�§k�¥�\±Ó��M¨`Ç\�\Ç\¹,°R·xªºÕ���Ã»ªº�»Ùy·x¹Ê¨`Ñ�§k��Ó¡¯v��§��e§k©
�±°�²v�K×j¨��\°��±©¸¨t·x�¥�\Å#¹º°e¯�·x�¥Ùy·x¹Ê¨cÓ/Ç\�\#<�§�ÇM¨�§�·K¨�¹º��©kâÙd��©¸¨�¹º©¸¨��±�7¶/�\©�¹º��	k�\�ÃP¨I·Q¨�âÑ^§k¹�¥�
¨I����§�¶/�±©¸¨��¥�\ªj·Q¨�¹Ê¶^�\°��\©/¨�ªº�¸¹º©�	��8ªj·�¥§k��Ùy·�Ç\�8	�� 3 �\��°�¹r�/Î��\�	kÃM¶0¹j·K¨�¹º��©k�	k�8ªØ
�\°a²v�K× .
¨I�\°��\©/¨�¯�·x��Ùy·x¹è¨�¥��©¸¨5	k�®ªØ
���¥	k���®	k� 10K �M¨5ªº�\�¨I�\°�¯*Ã\�¥·Q¨I§k���\&Ç\�¥¹Ê¨�¹ºÑ^§k�±&¯v��§��+ªj·
¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ãt	k�tªØ
����	����t	k� 1K ��§®¹º©�ÙdÃ\��¹º�\§����\±ÓQ¶/��¹º�ô¯�ªº§kôÈ�·x§�¨ 1�É ��©k�±��ïK·x°e¯
�P¨�·xªO¤ 8¸Þ�¥9��©/¨&���\°e·���Ñ^§kÃ�Ñ^§���ªØ
��©q¥§k�¥�\-¨�¹º°���¯�����²�·x²�ªº�\°��±©¸¨&ªº�\w<�§kÇP¨�§�·Q¨I¹º��©k�	��
¥¯�¹º©e	�·x©k�§k©���¨I�\ªºªº�,¥¹Ê¨�§�·Q¨�¹º��©RÑ^§�·x©�	��¸©e©kÃ\Õ¸ªº¹ºÕ��,ªj·��¥�\©k����°R·xªº¹º�·Q¨�¹º�¸©e	k�,ªØ
Ã±©k�\��Õ�¹j�
¯�����¯k�¥� 1*� ¹T©k�¸§k8¨I�\©k¹º��©�#Ç±��°�¯�¨I�2	k§Ï¨I�\°�¯�#	k��¶k¹º�5æ�©�¹r	��\#Ñ�§�·x¥¹º¯�·��7¨�¹ºÇ\§�ªº�\±Ó�ªº�\
<�§kÇM¨I§�·Q¨�¹º��©�,Ùy·x¹º�·x©¸¨�¹º©/¨��\�7¶/�±©k¹º�,	k�\,ÃP¨I·Q¨�,Ñ�§k¹r��&¨�����§0¶/�\©¸¨�ªº��¹º©»	���ªj·�¥§k��Ù ·xÇ\��	��3 �\�¥°�¹�¥�\��·x¹º�\©¸¨�¯k����²�·x²kªº�±°��\©¸¨�°���¹º©�8Ùy���7¨��\ 1
r#Ê*É�ÊGÉ å�Ò${OÔBÎ�Ò#Ð)Î Ó#Î

qP‖$ ·x©k2Ç\�M¨�¨I�e��±ÇM¨�¹º��©rÓr©k��§�5�M¼�·x°�¹º©���©k2ªØ
�PÍ*�M¨a	k�±&¶¸·x��¹j·Q¨�¹º�¸©k2	k§ß¶/�\ÇP¨��\§k�5	��
°e�\¹ºªºªº�\§��9�\°a²v�K×º¨I�\°��\©/¨�¥§k�9ªj�X<��x¨�	������\©�����°e·�ªº¹º¥·K¨�¹º��©�Óx¯*��¹º©¸¨�Ñ�§k¹�¥�\��·�¹º°�¯*���7¨I·x©/¨
Ñ�§�·x©k	5©���§kT·x¯�¯kªº¹ºÑ^§���©k±Ó±	�·x©�rªº��ÇIÈ�·x¯k¹Ê¨I���¡¥§k¹Ê¶�·x©/¨cÓ\ªº�¡Õ��¥��§k¯*��	������±©k����°R·xªº¹º�·Q¨�¹º��©
Ò�§k©»7Ðk7¨IÌ\°��5·\¶^�\Ç5¯kªº§k¥¹º�\§���,²�·x©�	k�\#·x§»©k¹Ê¶/�±·x§»	�� 3 �±��°�¹ 16 ��°e°��+�M¼0¯�ªº¹ºÑ^§kÃ+	�·x©��ªj·���±ÇM¨�¹º��©zµ 1 « 1 ó Ó�©k�¸§k�©k�+Ç±·xªºÇ\§�ªº��©ktªº�w<��K¨8	k�+���\©k��� .
°R·xªº¹º�·Q¨�¹º��©½Ñ�§k��¯v��§���ªº�\&¶/�\�-¨��M¼á·\¶/�±Ç qC‖ �M¨ qP‖ æk¼0�\±Ó��\©½�\¥¥·\Ð�·x©¸¨2	���ÇIÈk�¸¹º�¹º�

«±´�´



ªº�\t¶¸·xªº�\§���8	�� q‖ Ñ^§�¹�°�Ì\©��\©¸¨�·x§0¼ÖÇ\��©¸¨I��¹º²k§0¨�¹º��©k,ªº�\,¯�ªº§k,Ùd���7¨��±,¯v��¥¥¹º²kªº�±8	�·�©kªº�\§���Ç±·x©�·xªâ�¥�\¥¯v�\ÇM¨I¹ºÙ!Ó��M¨®Ñ^§�¹�·x§k�¥��©¸¨®	���©kÇzªº�`¯v��¹j	Äªº�`¯�ªº§ka¹º°�¯*���7¨I·x©/¨®	�·x©��ªj�\
°e�±Ð/�\©k©��\R¥§k�®¨��¸§kRªº�\ q‖ 	�·x©kRªº�\`·x§0¨����±eÇc·x©�·x§0¼ 1¡� ª#�\-¨`Ç\ªj·x¹º�RÑ^§�� qC = 0°R·Q¼0¹º°�¹º¥�zªj·q²k§kªºªº�z¯�·��7¨�¹ºÇ\§�ªº� . ¯�·x�7¨�¹ºÇ\§�ªº� 19' ��§�� qP Ó9ªj·q�¹Ê¨I§�·Q¨�¹º�¸©Ä�\-¨�°���¹º©�aÃM¶0¹ .	k�±©¸¨�� 1 ÎT· �#'*) 	�·x©�tÇ\�&Ç±·x©�·xª�é ¥�\ÇM¨�¹º�¸©»³ 1 ó 1 «cêâ°e��©¸¨����&Ñ^§��+¯*��§k�t	k�\�¶�·xªº�\§���t	��
t′‖
Ã±ªº�M¶/Ã\�\±Ó¸ªº�t¶/�±ÇM¨��\§���Ñ^§�¹k�¸¯�¨�¹º°e¹º¥�8ªj·�²�§kªºªº�,¯�·��7¨�¹ºÇ\§�ªº� . ¨��¥��§e©�
�\-¨â¯kªº§k�Ùd����Ç\Ã±°��\©/¨

Q0 = (2k1D
F , π/b)

10) æ�©Ï	k�+¨��±©k¹º�8Ç\��°e¯�¨���	k��Ç\��Ù ·x¹Ê¨cÓk©k�¸§k,·\¶/��©�,Ç±·xªºÇ\§�ªºÃ�ªº�~<��K¨
	k�®���\©k�¸��°e·xªº¹º�·Q¨I¹º��©ß·\¶/�±Ça	k�±#¶�·�ªº�\§k��&	�� q̃P‖ Ñ^§�¹9°e·Q¼0¹º°e¹º¥�\©¸¨�ªj·z¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ¯�·��7¨�¹ºÇ\§�ªº� . ¨��¥��§Ï	�§Ï-Ð0-¨�Ì\°e���·x©k,¹º©/¨��\�¥·xÇP¨�¹º��©k2éy¶/��¹º�,ªØ
Ã\Ñ^§�·K¨�¹º��©Àé�³ 1 « ó ê¥ê 1
ab$'AB"%����$J�K"%�10���*L��,"%$

� ©ß¯�����²�ªºÌ\°���Ñ^§k¹ô¥��¯v��¥�®	�·x©k�§�©q¨��±ªôÇ±·xªºÇ±§kªô�±7¨2Ñ^§��®ªj·zÇ±��°�¯*���·x©¸¨���¯v�±� .
¯*�\©k	�¹ºÇ\§kªj·x¹º�¥�8	k�\ô¶/�±ÇM¨��\§���¡	k§�°e�\¹ºªºªº�\§����\°a²v�K×º¨I�\°��\©/¨ qopt⊥ ©�
�\-¨��\©eÕ�Ã\©�Ã\�¥·xªk¯�·xÇ\��°e°��\©�¥§k�¥·x²�ªº��·\¶/�\Ç®©��K¨����®	�¹º�Ç±��ÃM¨�¹º�·Q¨I¹º��© 1 ÎT·z¯k�¥�^Ç\Ã\	�§k���®�§�¹Ê¶0¹º�®ÃM¨M·x¹Ê¨2·xªº�����ªj·
¥§k¹Ê¶¸·x©¸¨����0¯*��§k�8§k©k�+¨��\°�¯*Ã\�¥·K¨�§k���&	���©k©�Ã\��Ó0©���§k,·\¶/��©�8Ç±·xªºÇ±§kªºÃ qopt

Ók	kÃM¨I�\��°�¹j©kÃ
ªj·+¶�·xªº�±§k� qdisc⊥ Ç\��°e°��\©�¥§k�¥·x²�ªº�,·\¶/�±Ç,ªj·�	k¹º¥Ç\��ÃM¨I¹ºÅ±·Q¨�¹º��©eªj·�¯�ªº§k¡¯����^ÇIÈk�,	k� qopt⊥ Ó¯k§�¹ºaÇ±·xªºÇ\§kªjÃe¨���§��ªº�\ qlopt

¯*��§k� qlopt⊥ = l2π
Mb

�±©¸¨���� qdisc⊥ �M¨ π
b
Ó9·x¹º©k¥¹âÑ^§k�`ªj�\

¥§k¥Ç\�\¯0¨�¹º²�¹ºªº¹Ê¨�Ã\#·��¥�^Ç±¹ºÃ\�\ 1 Îr� qlopt = qdiscopt
Ñ^§�¹�	���©k©�·�¹Ê¨#ªj·�¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ�ªj·�¯�ªº§k

¹º°e¯v���7¨M·x©¸¨��+ÃM¨I·�¹Ê¨�æ�©�·xªº�\°e�\©¸¨8���M¨I�\©^§z¯v��§��âªº�+Ç±·xªºÇ±§kª*	k§x<��K¨8	k�+���\©k�¸��°e·xªº¹º�·Q¨I¹º��© 1
qdiscopt

	kÃ±¯v�\©�	�	k��ªj·,¨��\°e¯vÃ\�¥·K¨�§k��� 1K' ��§���ªj�âÇc·xªºÇ\§kª�	k§a	k¹j·xÕ¸�¥·x°�°e��	k�â¯�È�·x¥��Ó qopt ·ÃM¨IÃ�	kÃM¨��±��°�¹º©�Ã�¯v��§���ÇIÈ�·xÑ^§���©k��§�¶^�\ªºªº��¨��±°�¯vÃ±�¥·Q¨�§�����Óc¨I·x©k	�¹º9Ñ^§���¯v��§���ªØ
�¸²�¨��\©/¨�¹º��©
	k�±8Ç±��§k��²*�\ χ(T ) Ó qdiscopt

·®ÃM¨IÃ&æk¼0Ã5Ò®�·a¶�·xªº�\§��,Ò Tc 1
RS�H352F��3FDTDU".�,"CA�0,3F$'"%$+DU�_���.��f

Î���	�¹j·xÕ��¥·x°e°��a	k��¯�È�·x¥��Ñ^§�¹��\©q��Ã±�§�ªÊ¨����\-¨&°e��©¸¨��¥Ã�	�·x©��ªj· 3 ¹ºÕ 1 µ 1 8kÓ*·\¶/�\Ç
Ç\�\ªj§k¹ô��²�¨��\©�§¿¯*��§k� q̃P‖ = 0 ¥§k¯*�\��¯*���Ãa¯*��§k�&Ç\��°�¯�·x�¥·x¹º¥��© 1*) §�¼»¨��±°�¯vÃ±�¥·Q¨�§����\Ç\�¥¹Ê¨�¹ºÑ^§��\�	��#ªj·&¨��¥·x©�¥¹Ê¨�¹º��©�¶/�±��âªØ
��©k	��#	k�#	k�\©�¥¹Ê¨�Ã#	k�#¥¯k¹º©�¨��¥��§�¶/Ã\��¯�·x��ªº�#Õ��¥��§k¯*�
	k�¡���\©�����°R·xªº¹º�·Q¨�¹º��©rÓ\ªº�ô¶/�±ÇM¨��\§���	�§�°��±¹ºªºªº�\§k�r�\°�²*�K×º¨��±°��\©¸¨��\-¨r¨���§xÔ-��§k�� Q0

1c$ ·�©k
Ç\�,��Ã±Õ�¹º°���Ó qP‖ ©k�,	kÃP¶0¹º�#·xªº�����¯�·x�	k� 2k1D

F
Ó��M¨âªº�±¡��Ã\¥§�ªÊ¨I·Q¨����¸©¸¨âªº�\¡°eÚ\°��±¡Ñ^§��

	�·�©k,ªj·e¥�\ÇM¨�¹º��©»µ 1 ³ 1 « 1 ÎT· 3 ¹ºÕ 1 µ 1 8�°e��©¸¨��¥�5ªØ
�PÍ*�M¨+	k�5ªj·a¶�·x�¥¹j·Q¨�¹º��©»	�� qP‖ ¥§��8ªj·¨���·x©k¥¹Ê¨�¹º��©5¶/�\���ªj·,¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã 1 ÎT·t¨��\°e¯vÃ\��·Q¨�§k�¥�¡Ç\�¥¹Ê¨�¹ºÑ^§����\-¨9·�§kÕ�°e�\©¸¨�Ã\�âÒ
Ç\�\�-¨I·x¹º©�r�\©�	k���¸¹Ê¨�±Ó±°e·x¹ºT¯�·�r	�·x©k�¨���§�rªº�\TÇ±·x 1c) ¯�·x�-¨�¹º�r	k� t′⊥/t⊥ = 0.06 Ó±�±ªºªº�¡�\-¨°eÚ\°��t¥§k¯�¯k��¹º°eÃ\��Ç\��°e¯kªºÌM¨I�\°��\©/¨ 1¸6 �\Ç\¹^¶0¹º�\©/¨¡¯k����²�·x²kªº�\°e�\©¸¨¡	k�tªj·+	k¹º¥Ç\��ÃM¨I¹º�·Q¨�¹º��©
	k� q⊥ 1$ ·�©k2ªº�\ 3 ¹ºÕ� 1 µ 1 «±´»�M¨�µ 1 «�«�ÓT��©ß¶/��¹Ê¨�ªj·»Ç\��°�¯�·x�¥·x¹º¥��©À�\©¸¨���� qopt(T = 8 ×
10−4 t⊥) Ó�	���©kÇ�ÒR²�·x¥¥��¨��\°e¯vÃ\��·Q¨�§k�¥��Ó��M¨+ªº�\ qdiscopt

Ñ^§k��©k��§k+·\¶/��©��§�¨I¹ºªº¹º¥Ã\ 1 Îr�
¯k�¥�\°�¹º�±��¯*��¹º©¸¨cÓ*Ñ^§k¹9Ç\�������±�¯*��©k	ßÒ t′⊥/t⊥ = 0.04 ÓG·x¯k¯�·x�7¨�¹º�±©¸¨��\©kÇ\���¥�a·x§¿��Ã\Õ�¹º°e���©�	k�5	k�5	��\©k¥¹Ê¨IÃ5	k�5�¯�¹º©�Ó��:�Ûªj·a¨��\°e¯vÃ\��·Q¨�§k�¥��Ç±��¹Ê¨�¹ºÑ^§��5�\-¨�¯�ªº§k,Ã±ªº�M¶/Ã\��Ó�	k�5¥���7¨I�
Ñ^§��tªº��¶/�\ÇM¨��±§k�ô	�§®°��±¹ºªºªº�\§k���\°�²*�K×º¨��\°e�\©¸¨��\-¨ Q0

ÓQ¶/��¹º��ªj·+¥�\ÇM¨I¹º��©R³ 1 ó 1 « 1¸� ©k¥§k¹Ê¨I��Ó
qdiscopt

Ùd���¥°��a§�©k�®Ç\��§k�¥²v�a�\©ß°R·x��ÇIÈk�±&	�
�\¥Ç±·�ªº¹º�\� 1r� §��+ªº�\ 3 ¹ºÕ¸ 1 µ 1 «±´z�M¨5µ 1 «�«�ÓG��©
©k�+¶^��¹Ê¨#Ñ^§k��ªº��¯����\°�¹º�±�t¯�·xªº¹º�\�8¯�·x��Ç\��Ñ^§r
4·x§Ï°���°e�\©¸¨#�:� qdiscopt

¯�·x¥��5·x§»�§�¹Ê¶�·x©/¨cÓ
ªj·R¨I�\°�¯*Ã\�¥·Q¨I§k���®Ç\��¹Ê¨�¹ºÑ�§k��¨����¸§�¶/Ã\�®¯�·x�&ªº�®Õ�����§�¯v�®	k�®�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©ß±
4·x©�©^§kªºªº� 1

«±´0«



0.05 0.06 0.07

0.001

0.01

Tc/t⊥

t′⊥/t⊥

�X *¡O¢ µ 1 8�£  �\°e¯vÃ\�¥·K¨�§k���±»	��ß¨��¥·�©k¥¹Ê¨�¹º��©�Òçªj·%¯kÈ�·x¥�½�§�¯k�¥·�Ç\��©k	�§kÇM¨I��¹ºÇ\�À·\¶/�±Ç
éØÃM¨���¹ºªº�\IêT�M¨ô�·x©��éØªº���·x©kÕ��\Iê*Ü7��¯�¨I¹º°�¹º�·Q¨�¹º�¸©�à�	�� q̃P‖ Ó±¶/��¹º�T¨��M¼�¨�� 1 Îr�â¯����\°�¹º�±��¯v��¹j©¸¨Ç±�������\¥¯*��©k	»�\©kÇ\���¥�5Ò®ªØ
��©�	k�5	k��	��\©k¥¹Ê¨�Ã5	k��¥¯�¹º© 1

;&©Û���\°e·���Ñ^§k�2	��5¯�ªº§k#Ñ�§k� qdiscopt
©k�2Ç\���¥���\¥¯v��©�	Û¯�·x,¨���§xÔ-��§k���·�§Û¯�·xªº¹º�±�,ªj�5¯�ªº§k

¯����^ÇIÈ���	k��ªj·ÖÇ\��§���²v� qopt
Ó�°e·x¹º5���\-¨��a¨��¸§xÔ7��§����	�§áÇ\äK¨�Ã�	�� Q0

¯�·x����·x¯k¯*���7¨�Ò
Ç±�M¨�¨��+Ç\��§���²*� 106 �+Ç±��°�¯*���7¨��\°e�\©¸¨8¯v�±§�¨t¥�+Ç\��°e¯k���\©�	k���+¥¹*��©zÇ\��©k¥¹º	�Ì\���+ªj·�Ùd����°e�
	�� χ0(q) Ó 3 ¹ºÕ 1 ³ 1 «�«q� qdiscopt

���±7¨I�e¨���§xÔ7�¸§k��a¥§k��ªº�`¯�ªj·Q¨��±·x§CÙd����°eÃ`�\©/¨���� Q0
�M¨

qopt
1
� ª��\-¨�ÃM¶k¹º	k�\©¸¨�Ñ�§�
¹ºª�Ùy·�§k	k��·x¹Ê¨�§k©k�z	�¹º�Ç±��ÃM¨�¹º�·Q¨�¹j��©C²*�±·x§kÇ±��§k¯C¯kªº§��æ�©k�z¯*��§k�

¯*��§�¶/�¸¹º��¶k�¥·x¹º°��±©¸¨5¯����xæk¨��\��	k�®ªØ
�¸¯�¨�¹º°e¹º¥·K¨�¹º��©á	�� qP‖ Ó�°�Ú\°e�®±
¹ºª9Ðá·z�PÍ*�±ÇM¨�¹Ê¶/� .°e�\©¸¨2§k©��®Õ¸·x°e°���	���¶¸·xªº�\§k�¥�	k� t′⊥ ¯v��§��&ªº�\¥Ñ^§��\ªºªº�\ qP‖ 6= 2k1D
F

°�Ì\©��eÒz§�©k�
¨I�\°�¯*Ã\�¥·Q¨�§����®	k��¨���·x©k¥¹Ê¨�¹º��©½Òzªj·z¥§k¯k��·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã®¯�ªº§k&Ã±ªº�M¶/Ã\� 1�� ªô¯v�±§�¨2·x¯k¯�· .
��·Q×º¨����Û¥§k��¯����\©�·x©/¨`Ñ^§k�»	��\�¶�·xªº�\§���R	k� qP Ñ^§k¹,	���©k©��\©¸¨`§�©k�»���±©k����°R·xªº¹º�·Q¨�¹º��©
¯�ªº§k#¹º°e¯v���-¨I·x©¸¨I�5	�·x©�#ªº�2Ç±·x©�·�ªr	�� ' �\¹º�\��ªº�°�Ì±©k�\©¸¨+¯�·x�¥Ùd��¹º�Òe	k�±8¨��\°�¯*Ã\�¥·Q¨I§k���\
	��5¨��¥·�©k¥¹Ê¨�¹º��©¿¯kªº§��²�·x¥��±�¯*��§k�+ªº��Ç±·x©�·xª�	�� 6 �^�¸¯v�\� 1G� ©����M¼0¯kªj¹ºÇ±·Q¨�¹º��©¿¯*��¥�¹º²�ªº�
¯*��§k�¥�¥·x¹Ê¨�ÚM¨����#Ùd�¸§k��©�¹º�#¯�·x��ªº�#Ùy·x¹Ê¨�Ñ�§k�#ªº�8¶/�\ÇM¨��±§k��	k�#°e�\¹ºªºªº�\§����\°�²*�K×º¨��\°e�\©¸¨�¶�·x��¹j�
·\¶/�±Ç¡ªj·�¨��\°e¯vÃ\��·Q¨�§k�¥�,éd¶/�¸¹º�rªj·8��±ÇM¨�¹º��©�³ 1 ó 1 «cê 1c� ��§k�·\¶/��©k�¶0§5	�·�©krªj·8¥�\ÇM¨I¹º��©5µ 1 « 1 8
Ñ�§k��ªº��Ç\��°�¯*���7¨��±°��\©/¨�	k§p<��K¨�	������\©k�¸��°e·xªº¹º�·Q¨I¹º��©zÒ2§k©��#Ç\��§�¯k§���� Λ �\-¨�Ç±��°�¯�· .
��·x²kªº�#·x§RÇ\��°�¯*���7¨��±°��\©/¨�	�§e-Ð0-¨�Ì\°��#Ò5§k©k�t¨��±°�¯*Ã\�¥·Q¨�§���� T ∼ Λ

1/$ ·x©�¡ªº�,Çc·xªºÇ\§kª
	��+ªX·a¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ+	��&¥¯k¹º©�Ó^¨���§0¨��\8ªº�\tÃ±ÇIÈk�\ªºªº�±8	�
Ã\©��\��Õ�¹º�&¥��©¸¨,¹º©/¨�Ã\Õ���Ã±�\ 10� ªG�\-¨
¨I��Ì\8¯k�¥��²�·x²�ªº�&Ñ�§k�&ªº�+¶/�\ÇM¨I�\§k� qopt

©r
�\-¨,Ùy·\¶^����¹º¥Ã�¯�·x�8�¥·x¯k¯*���7¨#Ò Q0
Ñ^§k��¯�·x�8ªº�\

Ã±ÇIÈk�\ªºªº�\t	�
Ã±©k�\��Õ¸¹º�,¨��¥Ì\�²�·x�¥�\�é 	k�+ªØ
����	����+	k��ªj·5¨I�\°�¯*Ã\�¥·Q¨�§����cêPÓ/¯*�\©k	�·x©¸¨8Ñ^§k�+ªº�\
<�§kÇM¨I§�·Q¨�¹º��©�&	k�®¥¯k¹º©¿Ñ�§k¹9Õ�Ã±©kÌ\���±©¸¨�ªØ
4·�¯k¯�·x�¥¹º�\°��±©¸¨ d ��¸©¸¨�Ç±��Ã\Ã\�\�Òz	k�±&Ã\ÇIÈk�±ªºªº�\	r
Ã\©k�±��Õ�¹º� Λ �:�eªº�±¡Ç\��©/¨���¹º²�§�¨�¹º��©�¡ªº�\�¯kªº§�¡¹º°�¯*���7¨M·x©¸¨��\�¥�\�¥·x¹º�\©/¨â�\©kÇ\���¥�,	k��©�©kÃ\�\
¯�·x� Q0

1v� ©ÛÇ±·xªºÇ±§kª9Òe²�·����	�
§�©Ï¶/�\ÇP¨��\§k� q 6= Q0
¯�·��¥�\��·x¹Ê¨�·xªº����+ÒRÇ\äK¨IÃ2	k��Ç\�\

«±´¸³



0.045 0.05 0.055 0.06 0.065 0.07

2.8

2.9

3

3.1

q⊥b

t′⊥/t⊥

�X *¡O¢ µ 1 «±´+£ 6 ��°�¯�·x�¥·x¹º¥��©ß	k�±�¨��¥·�©k¥Ùd�\�7¨I&	k�2¶^�\ÇM¨��\§��+	r
��©k	��aÇ\��°e°��\©�¥§k�¥·x²�ªº�\
·\¶/�\Ç(©��K¨����(	k¹º¥Ç\�¥ÃM¨�¹º�·Q¨�¹º��© qdiscopt

§�¨�¹jªº¹º�Ã±À	�·x©�Àªº�(Ç±·xªºÇ\§�ªe	��%���\©�����°R·xªº¹º�·Q¨�¹º��©
é ÃP¨���¹ºªº�\+Ùd��©�Ç\Ã\Iê,·\¶/�±Ç�ªº�\,¶�·�ªº�\§k��+��¯�¨I¹º°e·xªº�\+©k��© . Ç\��°e°��\©�¥§k�¥·x²�ªº�\ qopt

é ÃM¨���¹ºªj�\
Õ���¹j��±�ê8Ò T = 8× 10−4t⊥ ÓkÇ\�¸°�¯*��¥·�©¸¨��&¨��¥·x©�7¶^�\���·xªº� 1

0.045 0.05 0.055 0.06 0.065 0.07

0.1

0.2

0.3

0.4

0.5

vF‖q̃P‖/t⊥

t′⊥/t⊥

�X *¡O¢ µ 1 «�«@£ 6 ��°e°��ßªj· 3 ¹ºÕ 1 µ 1 «c´0Ó�°R·x¹ºÖ¯v��§��zªj·ÄÇ\�¸°�¯*��¥·�©¸¨��¿¯�·x�¥·xªºªºÌ\ªº�á·x§0¼
ÇIÈ�·Q×X©k�\ 1

«±´ ó



Ç±��©¸¨���¹º²�§�¨�¹º�¸©k 1� ©ÖÇ\��©�Ç\ªº§k¥¹º��©rÓ0©���§k,·\¶/��©��¶0§ÏÑ^§k��ªj·�¶�·x��¹j·K¨�¹º��©Ï	k� qP‖ ¯v�\§0¨#·\¶/��¹º�8§�©Ö�PÍ*�M¨Ç±��©k¥¹º	kÃ\��·x²kªº�Ï¥§k��ªj·ß���\©k�¸��°e·xªº¹º�·Q¨I¹º��© 1 Îr�ÏÇIÈk��¹Ê¼}	�§ qP‖ Ñ^§k¹8	k��©�©k�Ïªj·Û¨I�\°�¯*Ã .��·Q¨�§k�¥�Ï	k�Ö¨��¥·x©��¹è¨�¹º��©%ªj·ß¯�ªº§keÃ\ªº�P¶/Ã\�»±
4·\¶/Ì\���»Ç\�\¯*�\©�	�·x©¸¨`	kÃ\ªº¹ºÇc·Q¨cÓ¡·�§ç°e��¹º©ke�±©
¯���Ã\¥�\©kÇ±�2	r
§k©��2	k¹º¥Ç\�¥ÃM¨�¹º�·Q¨�¹º�¸©q	k��ªj·R�§���Ùy·xÇ±�2	�� 3 �\�¥°�¹��\©q¥�\Õ�°��±©¸¨� 1v$ ·x©��§�©k�
¨I�\ªºªº�+¥¹Ê¨�§�·Q¨���©�Ó�¹jª*Ùy·x§k	��¥·x¹Ê¨8�\©z¯���¹º©kÇ±¹º¯v�+¯k���±©k	k�¥���\©zÇ±��°�¯0¨��+	k�\§0¼R¯*��¥¥¹º²k¹ºªº¹Ê¨�Ã±t·�§
°e��¹º©k5�0ªº�+¶/�\ÇP¨��\§k�8	k��°��\¹ºªºªº�±§k�8�\°�²*�K×º¨��±°��\©¸¨�Ò®ªj·2¨I�\°�¯*Ã\�¥·Q¨�§����&Ç±��¹Ê¨�¹ºÑ^§���Ó0�P¨,Ç±� .
ªº§�¹�Ò�§�©k��¨I�\°�¯*Ã\�¥·Q¨I§k���8¯�ªº§k¡Ã±ªº�M¶/Ã\��Ó/¹º©kÙdÃ\�¥¹º�\§k���#Ò�Ç\�\ªºªº�,	�§�¯�·���·xÕ��#	k¹º°��±©k¥¹º��©k©��\ªØÓ
°R·x¹º,¥§k¯*Ã\��¹º�\§����5·x§�¼Ï	kÃP¶0¹j·Q¨�¹º��©�,	k��ªØ
4�\°�²*�K×º¨��\°e�\©¸¨�¯�·x��Ùy·�¹Ê¨ 1
ow"e�����*,"%��P".�,"%$�j435����34}�(�"%$

$ ·x©k�ªº�`ÇIÈ�·x¯k¹Ê¨��¥� ó 1 Þ�Ó�©k��§k®·\¶/��©ka	k¹º¥Ç\§0¨�ÃRªj·Û©���© . ¯*�\�7¨�¹j©k�\©kÇ±��Ó�·x§Ä¥�\©ka	k§
Õ��¥��§k¯*�e	k�e���±©k����°R·xªº¹º�·Q¨�¹º��©rÓr	k�eªj·Ï	�Ã\¯*�\©k	�·�©kÇ\�e	k�\�¶/�\�7¨I�M¼á	k�eªj·Ï	�¹º-¨I·x©kÇ±�e	k�\
¶/�±ÇM¨��\§���â	r
��©k	��#	k��ªj·2¥§k��Ù ·xÇ\��	k� 3 �\��°e¹ 1^$ 
§k©z·x§0¨�����Ç\äK¨IÃ�Ó/©���§k�¶/�\©k��©�â	k�,¶/��¹º�
Ñ�§k�&Ç\�M¨�¨I�+	�¹º-¨I·x©kÇ±�&·a§�©z�\Í*�M¨,Ç\��©k¥¹º	�Ã\�¥·x²�ªº�&¥§k��ªX·a���\©k���¥°e·xªº¹º�·Q¨I¹º��©�Ó0¯�·���ªØ
¹j©¸¨��\� .
°eÃ\	k¹j·�¹º���R	�� qP‖ 1 ÎT·»Ñ�§k�\-¨�¹º��©Ä¥�`¯v��¥�RÇ±��°�°e�\©¸¨aÇ±��©kÇ\¹ºªº¹º�±��Ç\�\�	��\§�¼À��²k¥�\�7¶¸· .¨I¹º��©k 1 ÎT·`��Ã±¯v��©����·z	kÃ-Ô�Ò`ÃM¨IÃa	���©k©�Ã\�®	�·x©�&ªj·z��±ÇM¨�¹º��© ó 1 Þq�*ªº�\5·x��Õ�§�°��\©/¨�&Ñ�§k¹
¯�����§�¶^�\©¸¨�ªj·+©k��©a¯*�\�7¨�¹º©��\©kÇ±�â	���ªj·�	�Ã\¯v�\©�	�·x©�Ç\�â�\© k‖ 	k�±T¶/�±�7¨��M¼�©���±
4·x¯k¯�ªº¹ºÑ^§k�±©¸¨Ñ�§k��¥¹K¨I��§krªº�\�·x��Õ�§k°e�\©¸¨I k ���\-¨��±©¸¨�ÒtªØ
¹º©/¨�Ã\��¹º�±§k�r	k�¡ªj·t²�·x©k	k��	r
Ã\©k�±��Õ�¹º�\ [−Λ,Λ]

1
6 ��°�°e�tÇ\�\Ç±¹0©�
�\-¨¡�±©®Õ�Ã\©�Ã\�¥·xª0¯�·x�ªº�tÇ±·�ô¯*��§k�ôªj�\9¶/�\�7¨I�M¼aÑ^§�¹�¹j©¸¨��\�7¶k¹º�\©k©��\©¸¨¡	�·x©k
ªj·`���\©k�¸��°e·xªº¹º�·Q¨I¹º��©q¯*��§k��ªº�\+-Ð0-¨�Ì\°��±�Ùd�±��°�¹º��©�¹ºÑ^§��\aéØ��±ÇM¨�¹º��© ó 1 « 1 ó êMÓvªj·`	kÃ\¯*�\© .
	�·x©kÇ\�a�\© k‖ ¯*�\§�¨tÔ7��§k�±��§�©¿��ä�ªº�a¹ºÇ\¹ 1G� ª�Ù ·x§k	k��·x¹Ê¨��\©¿¯k��¹º©�Ç\¹º¯v�a���P¨��\©k¹º�#¨I��§�¨��\&ªº�\	�¹èÍ*Ã\���±©kÇ\�\ ∆k‖

Ñ^§�¹��¥�\-¨��\©¸¨�æ�©�¹º�\â°�Ú±°��\â	�·x©kâªj·2ªº¹º°e¹Ê¨����:�`ªØ
Ã\©k�±��Õ�¹º�,¨��±©k	e¶/�\��
0
1Q) ¹º©k¥¹ØÓK¯v�¸§k��ªº�±9-Ð0-¨�Ì±°��\9²*��¥��©k¹ºÑ�§k�\±ÓK¹ºª^�±7¨��\©a�PÍG�M¨�¯v��¥¥¹º²kªº��	k��©k��Ç\��©�¥¹º	kÃ\���±�
Ñ�§k� k = 0

1*' ��§���§k©q-Ð0-¨�Ì±°���Ùd�\��°e¹º��©k¹ºÑ�§k��§�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓv��©q¯*�\§�¨&©�Ã\Õ�ªº¹ºÕ��\�
¨I��§�¨ ∆k �·x§kÙ ∆k = 2kF

19' ��§���	k�±�Ùd�±��°�¹º��©��¥§���§k©k�`Ã\ÇMÈk�\ªºªº�ßé 	k�±§�¼ÀÇIÈ�·Q×X©��\
Ç±��§k¯kªºÃ±�\IêMÓ¡��©%	���¹Ê¨`	k�»¯kªº§�e¯����\©k	����»�\©%Ç\��°�¯0¨��»ªj·á	�¹º7¨M·x©kÇ\�»�±©¸¨����»ªº�\R¯*��¹º©¸¨�
	�� 3 �\��°e¹8	��\R	k�\§�¼ç²�·x©k	��\C¤ 7¸³�Ó,«\µ/³1¥�Ó¡�P¨R¯*��§��e§k©%©k�¸°�²k���»¹º©kæ�©�¹8	��»ÇIÈ�·Q×X©��\
Ç±��§k¯kªºÃ±�\±Ó�¨���§0¨ |∆k| ≤ 4t⊥/vF‖ ¯*�\§�¨¡Ô7�¸§k�\�,§k©Ï�¥ä�ªº��©���© . ©kÃ\Õ�ªº¹ºÕ��c·x²kªº� 1

«±´xµ



j/Å�9 ¼ �#�v���*�#�r�*�¥�#� ¥ �#�a���#�¾½®���¡�a�2� ���#�v���G��ë2�(¿\����� ��� ����¤
���*�#���#���a�a�r�*�-�2�7�*� �v�G�¥�®���9�

¾ Ú\°e�}�¹®ªØ
4¹º©¸¨��\�¥·�ÇM¨�¹º��© 6 ��§�ªº��°�²k¹j�\©k©k�ç�\©¸¨��¥�Cªº�±ß¯*���7¨I�\§k��á�\-¨½Ùd���7¨��±°��\©/¨
Ã\Ç\��·x©¸¨�Ã±�Û	�·x©�`ªº�\`¥�\ªºR	�� Á �\ÇIÈkÕ/·�·x��	�Óâ¹ºª8¶�·áÐ(·\¶/��¹º�`�\©(Õ¸Ã\©kÃ\��·xª#	k�±R¹º©/¨��\�¥·xÇ .
¨�¹º�¸©k��\©¸¨I���2Ã\ªº�±ÇM¨�����©����§Ï¨I����§k�©k�¸©Û¥�\§kªº�±°��\©¸¨&	k�2ªX·e°�Ú±°��2ÇIÈ�·Q×X©k��Óv°e·x¹j+·x§k¥¥¹
	k�qÇIÈ�·Q×X©k�±`¯����\°e¹º�\�� . ¶/�¸¹º�¹º©�z·x§í°���¹º©� 1�� ©í·KÔ-��§�¨I·x©/¨Ö§k©k�q�¥Ã\¯k§�ªº�¹º�¸©(	��»¨!Ð0¯*�
g1

é 	�¹èÍ*§k¥¹º��©(¶^�\��ÖªØ
4·x����¹ºÌ±���cêR�\©/¨����¿Ã\ªº�\ÇM¨I����©kÖ	k�¿ÇIÈ�·Q×X©k�\`¶/��¹º¥¹º©k�±\Ó $ §�¯k�¥·K¨Ö�P¨Á ��§k�¥²v��©�©�·x¹º���©/¨â¨I����§�¶/Ã+§k©���¯�È�·x¥��¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨���¹ºÇ±�,¨���¹º¯�ªº�M¨ó¤ µP81¥ 10� ��§�t·\¶/��©�
���±¯k���^	�§k¹Ê¨aÇ±�R��Ã\¥§�ªÊ¨I·Q¨ÖéØ¥�\ÇM¨�¹º��©Äµ 1 ó 1 «cêMÓ��M¨a°e�\©kÃ`§k©��RÃM¨�§�	k�R¥¹º°�¹ºªj·�¹º���`	k�`ªØ
�PÍ*�M¨
	�
4§k©k��¹j©¸¨��\�¥·�ÇM¨�¹º��© g2

�±©¸¨����5ÇIÈ�·Q×X©��\t¶/��¹º¥¹º©��\2é ¥�\ÇM¨I¹º��©Ïµ 1 ó 1 ³�ê 1

0.04 0.08 0.12 0.16
0

0.05

0.1

0.15

0.2

0.25

0.3

g̃1,nn

t′⊥/t⊥

�X *¡O¢ µ 1 «c³Â£ ' È�·x¥�\8	��&²�·x¥¥��¨��±°�¯*Ã\�¥·Q¨�§����&¥¹���©z¶�·x�¥¹º� g̃1,nn
é g̃2,nn = 0 ê+�k��©k	k�	k�5	k�\©��¹Ê¨IÃ�	���¥¯k¹º©½éy¨���¹j·x©�Õ�ªº�\IêMÓk�¸©k	k��	���	��\©k¥¹Ê¨�Ã5	k��ÇIÈ�·x��Õ��Ré Ç±·x���¥Ã\IêMÓk¥§k¯��¥·xÇ\��© .

	k§�ÇM¨�¹Ê¶k¹Ê¨�ÃÏ¥¹º©kÕ�§�ªº�M¨`·\¶^�\Ç ∆k ∝ cos k⊥b éØªº���·x©kÕ��±�êPÓ�¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ãz¨I��¹º¯kªº�M¨·\¶/�\Ç ∆k ∝ r cos k⊥b éØÃM¨���¹ºªº�\Iê 1

«±´¸Þ



r#Ê.6�ÊÌË Í�Ù"À>Ô#Ï:ÙGÑ�ÒÁ7,ÎFÖPÏCÝ�FHØ�ÖPÖgÙGè�Ö:Î¾Ï:Ô#ÖCÐ%î{ØJz ÒBÎFÏ27,Ñ�ÙÛÏ:ÙzÒ{Î�Ï
ÎT·®	k¹èÍG§k¥¹º��©z¶^�\��,ªØ
4·x�¥��¹ºÌ\���5�\©¸¨I����Ã\ªº�±ÇM¨�����©�,¥§k�8ÇIÈ�·Q×X©k�\t¶^��¹º¥¹º©k�\#\
Ã±Ç\��¹Ê¨

Hnn,1

=
1

N‖
g1,nn

∑

σσ′

∑

k
(′)
j‖

N⊥∑

n=1

δk1′‖+k2′‖,k2‖+k1‖×

×
(
R†k1′‖,n,σ

L†k2′‖,n+1,σ′Rk1‖,n+1,σ′Lk2‖,n,σ + h.c.
)

=
2

N‖N⊥
g1,nn

∑

σσ′

∑

k
(′)
j

δk′1+k′2,k2+k1
R†

k′1σ
L†

k′2σ
′Rk1σ′Lk2σ cos qP⊥b .

é µ 1 «cÞ�ê

� ¹G�¸©Ï²k�¥·x©�ÇIÈk� g1,nn
Õ���·x	k§��\ªºªº�\°��±©¸¨cÓk��©Ï��²0¨�¹º�\©¸¨#ªº��	�¹j·xÕ��¥·x°e°���	k��¯kÈ�·x¥�\,	k��ªj·3 ¹ºÕ 1 µ 1 «c³ 1*) ¶/�\Ça©k��+¯�·x�¥·x°eÌM¨����±®é Λ0 = 15t⊥ Ó g̃1 = 0.8 = g̃2

¯*��§k�+ªº�\+¹º©/¨��\�¥·�Ç .
¨I¹º��©k2¹º©¸¨���·xÇIÈ�·Q×X©��cêMÓr��©ß¨I����§�¶/��Ô-§k¥Ñ^§�
4Ò g̃1,nn = g1,nn/πvF‖ = 0.27 ªº�\2°�Ú\°e�\¯�È�·x¥�\�Ñ�§�
4Ò g̃1,nn = 0 �ô§�©k�Ï��©k	��Ö	k�Ï	��\©k¥¹Ê¨�ÃÏ	k�Ï¥¯k¹º©ç�¹8ªØ
�\°a²v�K×º¨I�\°��\©/¨R�\-¨
¥§k÷e�·x°�°e�\©¸¨t²*��©�Ó^	k��ªj·2�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã�¥¹º©kÕ�§�ªº�M¨t	k��-Ð0°�ÃM¨I��¹º�tÜ d à#Ò2�±°�²v�x× .¨I�\°��\©/¨�°��±Ð/�±©C�M¨�¯�·x®	�
¹º©�7¨M·x²k¹ºªº¹Ê¨IÃz	k§Ä¨���§�¨e¯v��§���§�©C°e·x§0¶�·x¹º®�\°a²v�K×º¨I�\°��\©/¨ 1
ÎT·¿¨��\°e¯vÃ\�¥·K¨�§k���»Ç\��¹Ê¨�¹ºÑ�§k�»¯v��§���ªØ
��©k	��Ï	��Ï	��\©k¥¹Ê¨�Ã»�\-¨RªºÃ±Õ�Ì\���\°e�\©¸¨z·x§kÕ¸°�Ã\©¸¨IÃ\�
Ñ�§�·x©k	 g̃1,nn

·x§kÕ¸°��\©¸¨I��Ó�¨I·x©k	�¹º�Ñ�§k��Ç\�\ªºªº��	���ªj·R�§�¯k�¥·xÇ±��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã�¥¹º©kÕ�§kªj�M¨&�\-¨
	�¹º°�¹º©^§�Ã\�{¯�ªj·a¯kÈ�·���+¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨���¹ºÇ±���±7¨,·�¹º©k¥¹*¥§k¯�¯k��¹º°eÃ\�+¯kªº§kâ¨�äK¨,¯�·x��ªº�\t	�Ã .
¶k¹j·Q¨�¹º��©�ô	k��ªØ
�±°�²v�x×º¨��\°��±©¸¨¡¯�·x��Ùy·�¹Ê¨�Ñ^§�·x©k	 g̃1,nn

Ç\�¥�K×º¨,é 3 ¹ºÕ 1 µ 1 « ó ê 1�6 �±Ç\¹�ÇIÈ�·x©kÕ��8Ò
¯�·x�7¨�¹º��	k� g̃1,nn ≈ 0.28 ÓQ�:�2§�©k��¯�È�·x¥��¥§k¯k��·xÇ\��©�	k§kÇM¨I��¹ºÇ\��¨I��¹º¯kªº�P¨9	k�â7Ðk°�ÃM¨��¥¹º��¥¯�· .¨I¹j·xªº�âÜ7Ù!à�é ∆k ∝ r cos k⊥ Ó r = ¥¹ºÕ�© k‖ êô·x¯�¯�·x�¥·K×º¨ 1^6 �M¨�¨��,¯kÈ�·x¥�8¯����\©k	e�¥·x¯k¹º	��\°��±©¸¨ªº�,	k�\¥¥§k¡¯�·����¥·x¯�¯v���7¨âÒ�ªj·&¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ8�¹º©�Õ�§kªº�M¨ d 1¸� ©e¯�·x�¥·�ªºªºÌ\ªº��Ó¸ªº�\ô¨��\° .¯*Ã\�¥·Q¨I§k���\#	��&¨I�¥·x©k¥¹Ê¨�¹º�¸©ÛÒeªj·e�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã2·x§�Õ�°��±©¸¨��\©/¨aé 3 ¹ºÕ 1 µ 1 «±µ/êMÓ��M¨+ªj·
¯�È�·x¥�t·x¥¥�^Ç\¹jÃ\�t\
Ã±ªj·x��Õ�¹Ê¨#é �\© t′⊥ ê 1x) § . 	k�\ªjÒ+	�
§k©���¶�·�ªº�\§k��Ü-°e·xÕ�¹ºÑ�§k�Mà g̃1,nn ≈ 0.31 Ó�:��ªj�\�¯�È�·x¥�\���©�	k�â	k�â	k�\©�¥¹Ê¨�Ã�	��â�¯�¹º©��M¨ô¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�¨I��¹º¯kªº�P¨9¥�¡¨���§�ÇIÈk�\©/¨cÓ
ªØ
�¸©k	k�e	��e	k�\©��¹Ê¨IÃ�	��e¥¯k¹º©½�\-¨����\°e¯kªj·xÇ±Ã\�e¯�·x�5§k©����¸©k	k�e	���	��\©k¥¹Ê¨�Ãe	��eÇIÈ�·x��Õ¸�
·x§»Ùd§��8�M¨�Ò�°��\¥§�����Ñ^§�� g̃1,nn

·x§kÕ�°e�\©¸¨�� 1' �¸§k� g̃1,nn = 0.31 Ó�©k�¸§k���²0¨��\©���©k�ªº�\+¨I�\°�¯*Ã\�¥·Q¨I§k���\�Ç\�¥¹Ê¨�¹ºÑ^§��\�¥§k¹Ê¶¸·x©¸¨��\��Ò»�±°�²v�x×º¨��\°��±©¸¨a¯�·x�¥Ùy·x¹Ê¨cÓ Tc ≈ 0.06 × t⊥ ∼ 18K ¥¹ t⊥ ∼ 300K
1 ÎT·Ö¨��\°�¯*Ã\�¥· .

¨I§k���aÇ±��¹Ê¨�¹ºÑ^§��a°R·Q¼0¹º°e·�ªº�a¯*��§k�&ªj·`¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹Ê¨IÃÖé f 	�·x©k&Ç\�®Ç±·xIê#Ñ�§k�a©���§k��²0¨��\©���©k`�\-¨ Tc ≈ 0.002 × t⊥ ∼ 0.7K
1 Î¡
Ã\Ç±·��7¨z�\©¸¨I���Ûªº�\`	k�\§0¼C¶¸·xªº�\§k�¥R�±7¨

	���©kÇ#	��M¶/�\©^§R�\©�Ç\�����#¯�ªº§kâÕ��¥·x©k	RÑ�§k�#	�·x©��ªº�#Çc·x��·x©��¹º©¸¨I�\�¥·xÇM¨I¹º��©kâ¹º©¸¨��\�¥ÇIÈ�·Q×X©��\
éØ��±ÇM¨�¹º��©çµ 1 ³ 1 «cêMÓ¡°e·x¹ºe��©ç��·x¯k¯*�\ªºªº�ÏÑ^§k�Ï	�·x©ke©k��eÇ±·xªºÇ\§�ªº±Ó�©k��§��Ùy·x¹j���©�®¶�·x�¥¹º�\�
§�©k¹ºÑ^§��\°��±©¸¨ t′⊥ Óx¨I·x©�	k¹º�Ñ^§k�,ªX·�¯k���±�¥¹º��©eÈ/Ð0	k�¥��-¨I·Q¨�¹ºÑ^§���Ô7��§��#·x§k¥¥¹�¥§k�¡ªº�\â·x§0¨����\¯�·x�¥·x°eÌM¨����\�é t⊥ Ó Λ0

Ó g̃j ê�	k§ É ·x°�¹jªÊ¨���©k¹º�±© 1� ©çÇ\�»Ñ^§k¹,Ç\��©kÇ\�±��©k�»ªº�Ï°�Ã±ÇIÈ�·x©�¹º�°e�ÏÑ�§k¹8°eÌ\©k�Û·x§ç	�¹j·xÕ��¥·x°e°��»	k�Ï¯�È�·x¥�\3 ¹ºÕ 1 µ 1 «c³�Ó^���±°e·x��Ñ�§k��©��Ñ�§k�#	�Ã-Ô-Ò5	�·x©kâªº�#�¥Ã\Õ�¹º°���§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªØÓ/ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©
g1,nn

���±©kÙd���¥Ç\�2ªº�\w<�§�ÇM¨�§�·K¨�¹º��©k�	k��ÇIÈ�·���Õ���ÓvÇ\��°�°e�2��©q¯*�\§�¨+ªº�5¶/��¹j��·x¹º¥Ã\°e�\©¸¨&¥¹
��©zÃ\Ç\�¥¹Ê¨tªº�\�Ã\Ñ^§�·Q¨�¹º��©��	k�����±©k����°R·xªº¹º�·Q¨�¹º��©z¯v�¸§k� t⊥ = 0

1 Îr�\����±ªj·Q¨�¹º��©�â�±©¸¨�����ªj�\
¯�·x�¥·x°eÃM¨���¹º�·Q¨I¹º��©kaÇIÈ�·x��Õ�� . ¥¯k¹º©C�M¨®¥¹º©kÕ¸§kªº�M¨ . ¨���¹º¯�ªº�M¨cÓ�Ã±Ñ^§�·Q¨I¹º��©kÖéò³ 1 «cÞ�ê2�M¨Ïéò³ 1 «K7¸êMÓ

«±´:7



0.02 0.04 0.06

0.001

0.01

Tc/t⊥

t′⊥/t⊥

�X *¡O¢ µ 1 « ó £  �\°�¯*Ã\�¥·Q¨I§k���±�Ç±��¹Ê¨�¹ºÑ^§��\+¯*��§k�+	k�\+¯*�M¨�¹Ê¨I�\#¶�·xªº�±§k��+	�� g̃1,nn
ÓG·\¶�·x©¸¨

ªØ
4·x¯�¯�·x��¹è¨�¹º��©ß	k�\&¯�È�·x¥�\�¨���¹º¯�ªº�M¨��¸§¿��©�	k�a	��a	k�\©�¥¹Ê¨�Ãa	k�®ÇIÈ�·x��Õ¸� 1 ÎT·`ªj¹ºÕ�©k�®©k��¹º�¥�
Ç\���¥���\¥¯v�¸©k	»Ò g̃1,nn = 0.0 �M¨�ªj·®ªº¹ºÕ�©���¯*��¹º©¸¨�¹ºªºªjÃ\�5Ò g̃1,nn = 0.27

1

0.04 0.08 0.12 0.16

0.001

0.01
Tc/t⊥

t′⊥/t⊥

�X *¡O¢ µ 1 «\µß£  �\°�¯*Ã\�¥·Q¨I§k���\¡Ç\�¥¹Ê¨�¹ºÑ^§��\¡¯v�¸§k�,é 	�§�¯�ªº§k¡Ùd��©�Ç\Ã#·x§�¯�ªº§k¡Ç±ªj·x¹º�\Ó¸�M¨�	��8ªj·
ªº¹ºÕ�©��5¯v��¹º©/¨�¹ºªºªºÃ\�2·x§0¼`¨I�¥·x¹Ê¨�#	k�5¯kªº§�,�\©»¯kªº§�,�\¥¯�·xÇ±Ã\Iê+� g̃1,nn = 0.27 Ó 0.28 Ó 0.29 Ó
0.30 Ó 0.31 Ó 0.32

1

«±´¸¬



°e��©¸¨��¥�\©¸¨e�\©k¥§�¹Ê¨��ÖÑ^§k�Öªº�\J<�§kÇP¨�§�·Q¨I¹º��©k®	��zÇMÈ�·x��Õ��Ö	�¹º°�¹º©�§k�\©¸¨eªº�\�Ç\�����¥Ã\ªj·Q¨�¹º�¸©k
¥¹º©�Õ�§kªº�M¨QÓ�°R·x¹º®·x§�Õ�°��±©¸¨��\©/¨®Ç\�\ªjªº�\a	��`-Ð0°eÃM¨���¹º�R¨���¹º¯�ªº�M¨ 1ô$ �`¯�ªº§k±Ó�ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©
©�§k�qéØµ 1 «cÞ�ê5�\-¨®�\ªºªº� . °eÚ\°��`	kÃ-Ô-ÒÛÙy·\¶/�¸�¥·x²kªº�zÒÛ§k©C·x¯k¯�·x��¹º�\°e�\©¸¨�¨���¹º¯kªj�M¨ f �T¥¹��¸©
ªj·2��Ã±Ã\Ç\��¹Ê¨�	�·x©kâªj·2¯�·��¥·x°�ÃM¨I��¹º�·Q¨�¹º��©`¥¹º©kÕ�§�ªº�M¨ . ¨���¹º¯kªj�M¨�¯v�¸§k��	��\â¹º©¸¨��\��·xÇM¨�¹º��©�â�\©¸¨I���
¯�·x¹º���\,	���°��¸°��\©¸¨,¨��K¨M·xª�©^§�ªØÓk��©»��²�¨�¹º�±©¸¨

gt,nn(k′⊥,−k′⊥,−k⊥, k⊥) = 2g1,nn

(
cos k′⊥b cos k⊥ − sin k′⊥b sin k⊥

)
,

�P¨9ªj·#°eÚ\°��âÇ\��©/¨���¹º²�§�¨�¹º��©rÓc°R·x¹º9	k��¥¹ºÕ�©��â��¯k¯*��¥Ã�Óc¯*��§�� gs 1 Î¡
4·x¯k¯�·x��¹º�\°e�\©¸¨ô¥¹º©kÕ�§ .ªº�P¨ d ©�
�\-¨,	k��©kÇ&¯�·x8¥�\§kªº�\°e�\©¸¨#·KÍ*�\ÇP¨�Ã&¯�·x�tªº�\|<�§kÇM¨�§�·Q¨�¹º��©�t	k�&ÇIÈ�·x�¥Õ��+¹j©k	k§�¹Ê¨��\¯�·x� g1,nn
Ók°R·x¹º#·x§��¥¹�	�¹º���\ÇM¨��±°��\©/¨#¯�·��8ªj·�¶¸·xªº�\§k�,	k� g1,nn

1

r#Ê.6�ÊGÉ Í�Ù"À>Ô#Ï:ÙGÑ�ÒÁ7,ÎFÖPÏCÝ�FHØ�7�Ø_Ò�Õ
ÎT·®	k¹èÍG§k¥¹º��©z¶^�\��,ªØ
4·\¶�·�©¸¨�¹º©¸¨��\�¥ÇIÈ�·Q×X©����\-¨�	kÃ\Ç\�¥¹Ê¨���¯�·��

Hnn,2

=
1

N‖
g2,nn

∑

σσ′

∑

k
(′)
j‖

N⊥∑

n=1

δk1′‖+k2′‖,k2‖+k1‖×

×
(
R†k1′‖,n,σ

L†k2′‖,n+1,σ′Lk2‖,n+1,σ′Rk1‖,n,σ + h.c.
)

=
2

N‖N⊥
g2,nn

∑

σσ′

∑

k
(′)
j

δk′1+k′2,k2+k1
R†

k′1σ
L†

k′2σ
′Rk1σ′Lk2σ cos qL⊥b

é µ 1 «K7¸ê

·\¶/�±Ç qL = k′2 − k2
196 ��°e°��RÇ\��¨I�\��°e�eÙ ·x¹Ê¨a¹º©¸¨��±�7¶/�\©�¹º�2ªº��¨��¥·�©k¥Ùd�\�7¨a	��®¶^�\ÇM¨��\§��

	r
��©k	��#¯*�\�7¨I¹º©k�\©¸¨t¯*��§k�âªº��Ç±·x©�·xªv	k�+ÎT·x©k	�·x§�Ó qL Ó^¹ºªv©k��¯*�\§�¨t¯�·x�ÚM¨��¥�8¨I�¥·x¹Ê¨�Ã�	�·x©kªØ
4·�¯k¯k�¥�±¼0¹º°e·Q¨I¹º��©®	k�\ôÃ\Ñ^§�·Q¨�¹º��©�ô	k���¥�\©k����°R·xªº¹º�·Q¨�¹º�¸©a	�� $ §�¯k�¥·Q¨��P¨ Á ��§k�¥²v��©�©�·x¹º±Ó
¶/�¸¹º�8ªj·®¥�\ÇM¨�¹j��©Ïµ 1 « 1 ¬ 1 g2,nn

±
4·KÔ7��§0¨��5Ò®ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©Ï�\©/¨�����¯�·x¹º�¥�\8¥¹º©�Õ�§kªº�M¨I,·\¶/�±Ç
°e��°��±©¸¨t¨��K¨I·xªG©�§kªØÓ gs(k′⊥,−k′⊥,−k⊥, k⊥) Ó0¥��§ktÙy����°��&	r
§k©`¨��\��°e�+¯�����¯*���7¨�¹º�¸© .©��\ªrÒ

− cos k′⊥ cos k⊥ − sin k′⊥ sin k⊥

éØ	k��°eÚ\°e��¯v��§��9	k�±ô¯�·x¹º�¥�\�¨���¹º¯�ªº�M¨�Iê 1 Îr·+Ç\��©/¨���¹º²k§0¨�¹º��©®	k¹º���±ÇM¨��t	k� g2,nn
Ò gs ±
��¯ .¯*��¥�,	k��©kÇ#Ò�Ç\�\ªºªº�#Ñ^§k¹�¯k���±¶0¹j�\©¸¨â	��\{<�§�ÇM¨�§�·K¨�¹º��©k¡	��,�¯�¹º©�Óx¶/��¹º�¡ªj·�¥Ã\��¹º��é µ 1 «\µ/êMÓ¸	��

¥���-¨���Ñ^§k�+ªØ
4·x¯k¯�·x��¹º�\°e�\©¸¨t¯����\°e¹º�\���¶/��¹º¥¹º©k��±7¨t¥§�¯k¯k�¥¹º°�Ã 1 ÎT·2	k¹Ê¶/�\�¥Õ��\©kÇ±��Ç\�����¥�\ .
¯*��©k	�·x©¸¨�Ò®Ç±�+¨��\�¥°����\-¨#	���©kÇ�	���¯kªº§�8�±©Ï¯kªº§�8¥§k¯�¯k��¹º°eÃ\��Ñ�§�·x©k	»��©»·x§�Õ�°��\©/¨��
g2,nn

Óv�M¨+Ç�
�\-¨&ªº�2	��\§�¼k¹ºÌ\°��5¨��\��°e�2	k��ªj·R�Ã±��¹º�`éØµ 1 «\µ/êMÓvÑ^§�¹TÇ\�����¥�\¥¯v��©�	qÒe§�©q·x¯ .
¯�·x��¹º�\°e�\©¸¨R¥�\Ç\��©�	k . ¶/��¹j�¹º©�±Ó�Ñ^§k¹8¯k���\©�	}ªº�»���\ªj·x¹º 1�) Ç±·x§���Ï	�§}ÇIÈ�·x©kÕ¸�\°��\©/¨e	��
¥¹ºÕ�©��e�\©¸¨��¥� n ¯�·x¹º�5�P¨ n ¹º°�¯�·x¹º�5	�·�©k2ªj·Ï���°e°��e�\© é µ 1 «\µ/êPÓrÇ�
�\-¨�§k©á¨��\��°e��	��
ªj·�Ùy����°�� r sin 2k⊥b Ók�:� r = ¥¹ºÕ�© k‖ �\-¨�©kÃ±Ç\�\¥�·x¹º���5¯v�¸§k�,Ç\��©k¥�\�7¶^�\�,ªj·�7Ðk°�ÃM¨I��¹º�¥¹º©�Õ�§kªº�M¨ 1T6 ��°e°��eÇ\�a¨I�\��°��e©�
�\-¨2¯�·x2·KÍ*�\ÇP¨�Ã�¯�·x� g2,nn

Ó�ªj·Ï¯kÈ�·x��R·x¥���Ç\¹ºÃ\�e�\-¨
-¨I·�²kªº��°�Ú±°���¯v��§���	k�±âÕ��¥·�©k	k�±¡¶�·xªº�±§k���	k��Ç\��¯�·x��·x°�ÌM¨I��� 1�$ 
§�©z·x§�¨I����Ç\äK¨�Ã�Ó^�\ªºªj�

«±´ 9



0.02 0.04 0.06

0

0.1

0.2

0.3

0.4

g̃2,nn

t′⊥/t⊥

�X *¡O¢ µ 1 «cÞÂ£ ' È�·x¥�\8	��&²�·x¥¥��¨��±°�¯*Ã\�¥·Q¨�§����&¥¹���©z¶�·x�¥¹º� g̃2,nn
é g̃1,nn = 0 ê+�k��©k	k�	k��	k�\©�¥¹Ê¨�Ã&	��&¥¯k¹º©½éd¨���¹j·�©kÕ�ªº�\IêMÓk¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã��¹º©�Õ�§kªº�P¨#·\¶/�\Ç ∆k ∝ cos k⊥bé ªº�¸¥·x©�Õ��\IêMÓ�¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�¥¹º©kÕ¸§kªº�M¨+·\¶/�\Ç ∆k ∝ r sin 2k⊥b éØÃM¨���¹ºªº�\Iê 1

0.02 0.04 0.06

0.001

0.01

Tc/t⊥

t′⊥/t⊥

�X *¡O¢ µ 1 «�7X£  �±°�¯*Ã\�¥·Q¨�§����\TÇ\��¹Ê¨I¹ºÑ^§k�\T¯*��§k��é 	�§5¯kªº§�rÙy��©kÇ\Ãâ·x§5¯kªj§kTÇ\ªj·x¹º��ê�� g̃2,nn =
0.0 Ó 0.17 Ó 0.18 Ó 0.31

1

«±´:8



�±7¨2¯kªº§k�¥§k¥Ç\�\¯0¨�¹º²kªº��ÒzªX·z¥§k¯k¯����\¥¥¹º��©ß	k�\~<�§�ÇM¨�§�·Q¨�¹º��©�&	��®�¯�¹º©ß¯�·x��ªº�\�	kÃM¶k¹j· .
¨I¹º��©k¡	��8ªØ
�\°a²v�K×º¨I�\°��\©/¨â¯�·x��Ù ·x¹Ê¨cÓ¸¯�·x��Ç±�8Ñ^§��8ªj·�Ç\��°e¯v���·x©/¨��8	��8¯*Ã\��¹º�^	�� 2b 	k�,Ç\�\<�§kÇM¨I§�·Q¨�¹º��©�,©�
�\-¨#¯�·xt¨���Ì±8¹º°e¯v���-¨I·x©¸¨I��	kÌ\,ªº�5	kÃ\¯�·x�7¨ 16 �R¥Ç\Ã±©�·x��¹º�q�\-¨a²�¹º�\©ÀÇ±�\ªº§k¹âÑ^§k�`ªØ
��©á¨I����§�¶^�R	�·�©k�ªº�\�Ç±·xªjÇ\§kªº�	��R���\©�����°R· .
ªº¹º�·Q¨I¹º��©�Ó*Ç\�¸°�°��aªº�a°e��©¸¨����±©¸¨�ªº�\ 3 ¹ºÕ¸ 1 µ 1 «cÞ`�M¨&µ 1 «K7 1 ÎT·`¯k���±°�¹ºÌ\���2¶�·xªj�\§k�+¯*��§k�
ªj·�Ñ^§k�\ªºªº�&��©z��²0¨�¹º�\©¸¨,§k©Ö·x¯�¯�·x��¹º�±°��\©/¨,·\¶/�\Ç+¯�·x�¥·x°eÌM¨����+	r
����	k�¥� ∆k ∝ r sin 2k⊥b�±7¨ g̃2,nn ≈ 0.18

1 ÎT·z¨��±°�¯*Ã\�¥·Q¨�§����eÇ\��¹Ê¨I¹ºÑ^§k�R¯v��§���ªØ
4��©k	k�R	k�e	��\©k¥¹Ê¨�Ãe	��e¥¯k¹º©ÀÒ
�±°�²v�K×j¨��\°��±©¸¨`¯�·x��Ùy·x¹Ê¨z©�
�\-¨z¯�·xR°e�^	k¹èæ�Ã\�»¯�·x�e�¥·x¯�¯v���-¨zÒá�·¿¶¸·xªº�\§k�R¯*��§k�e§�©k�
¹º©/¨��\�¥·xÇP¨�¹º��©Ï¯�§k���\°e�\©¸¨,¹º©/¨��¥·xÇIÈ�·Q×X©k��Ó T 0

c ∼ 15K
1 ÎT·2¨I�\°�¯*Ã\�¥·Q¨�§����&Ç±��¹Ê¨�¹ºÑ^§��&°R·Q¼0¹ .

°R·xªº��¯*��§k��ªj·`�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã��\-¨&ªºÃ\Õ¸Ì\���\°e�\©¸¨&¯�ªº§k+²�·x¥¥��¹ºÇ\¹�Ñ�§k��¯*��§k��ªØ
4·x¯ .
¯�·x��¹º�\°e�\©¸¨#¥§k�8ÇIÈ�·Q×X©��\�¶/��¹º¥¹º©��\ 1�� ��§�8��²�¨I�\©k��©� Tmaxc,SC ∼ 0.4K ¥¹ g̃2,nn ≈ 0.18
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j/Å�j ¥ �,�a�9�����v���#�a�
� ��§�Ö·\¶^��©kÖÃP¨�§k	�¹ºÃ¿ªº�\Ö¹º©�-¨I·x²k¹ºªj¹Ê¨�Ã\Ï	k�¿²�·x¥��q¨��\°e¯vÃ\�¥·K¨�§k���ß	�
§k©ë-Ð0-¨�Ì\°e�

	k�»Ùd�\��°e¹º��©ke�±©ç¹º©¸¨��±�¥·xÇM¨�¹j��©çÑ�§�·x¥¹ . §�©k¹º	�¹º°��\©��¹º�¸©k©k�±ªØÓ�Ñ^§k¹8°e�^	kÃ±ªº¹º¥�Ïªº�\e¥�\ªºe	��Á �\ÇIÈ�Õ¸·�·x��	 ¥·x©��¨���·x©k¥¹Ê¨�¹º�¸©%-¨I��§kÇM¨I§k�¥·xªº� 1�' ��§k�R	��\RÈ�·x§�¨��\`Ã\ÇIÈk�±ªºªº�\`	�
Ã\©��\��Õ�¹º��Ó
ªº�[<��K¨R	k�Ï���\©�����°e·�ªº¹º¥·K¨�¹º��©ç�¥�\¥��±°�²kªº�»ÒßÇ\�±ªº§k¹8	�
§�©}-Ð0-¨IÌ\°��Ï¯k§����\°e�\©¸¨R§k©k¹º	�¹ .
°e�\©k¥¹º��©k©��\ªØÓâ·\¶/�\ÇÛ©k�K¨M·x°�°e�\©¸¨z§k©(Ùd���7¨zÇ\��§�¯kªj·xÕ��Û	k�±RÇ±·x©�·�§�¼%	k�ÛÇ\�����¥Ã\ªj·Q¨�¹º��©�
¯�·��7¨�¹ºÇ\§�ªº� . ¯�·x�7¨�¹ºÇ\§�ªº�&�M¨,¯�·x�7¨�¹ºÇ\§�ªº� . ¨I����§ 1k' ��§k�t	��\tÃ±ÇIÈk�\ªºªº�±t	r
Ã\©k�±��Õ�¹º�&¯�ªº§k8²�·x¥¥�\±Ó
Λ ≤ t⊥ ÓTªº�\�Ç±·x©�·x§�¼½¥��©¸¨a°e��¹º©k�Ç\��§�¯kªºÃ\±ÓTÇ\�RÑ�§k¹�¯v�\�¥°��M¨®·x§�¼U<�§kÇM¨�§�·Q¨�¹º��©�2	��¥¯k¹º©á	k��¥��	kÃM¶/�±ªº��¯k¯*�\�&¯�ªº§k�Ùy���7¨��\°e�\©¸¨2�M¨cÓ�¥¹�ªØ
�\°�²*�K×º¨��\°e�\©¸¨2�\-¨2¥§0÷e�·x°e°��\©/¨
²*��©�ÓT	k�R	k��©�©k�\�2ªº¹º�\§ÄÒ»§�©k�R	k¹Ê¶/�\�¥Õ��\©kÇ\�`	k§E<��K¨a	k�R���\©�����°R·xªº¹º�·Q¨�¹º��©rÓTÑ^§��e©k�¸§k
¹º©¸¨I�\��¯k�¥ÃM¨���©�&Ç\��°�°e�®ªj·`¥¹ºÕ�©�·Q¨�§k�¥�a	r
§k©��2¨���·x©k¥¹Ê¨�¹º��©ß	��a¯kÈ�·x¥�a	��a¥�\Ç\�¸©k	ß����	k�¥�
Òa§�©k�&��©�	k�&	��&	k�\©�¥¹Ê¨�Ã&	k�&¥¯�¹º© 1�: §�·x©�	ÖªØ
�\°�²*�K×º¨��\°e�\©¸¨,�±7¨#°���¹º©�8²v��©rÓ0ªº�\8Ç\��� .
��Ã±ªj·Q¨�¹º��©�8	��&¥¯�¹º©ÖÇ±�\¥��±©¸¨#	�
4·x§�Õ�°��\©/¨��\�8¯v��§��t	��\8Ã\ÇMÈk�\ªºªº�\,	r
Ã\©k�\�¥Õ�¹º���\© . 	k�\¥¥��§k
	k� Λ ≈ t′⊥

1v� ¹�Ç\�±,Ç\������Ã±ªj·Q¨�¹º��©�,¥��©¸¨�	kÃ-Ô�Ò®¥§0÷R¥·x°e°��±©¸¨#Ùd�¸�7¨��\#Ò�Ç\�5¯v��¹º©/¨cÓk�\ªºªj�\
Õ�Ã\©�Ì\���\©/¨�	k�\¡Ç\������Ã±ªj·Q¨�¹º��©��	k�8¯�·x¹º���\¡	k�8¯�·��7¨�¹ºÇ\§�ªº�\±ÓxÑ�§k¹k°�Ì\©��\©¸¨âÒ&§k©k��¨���·x©k¥¹Ê¨�¹º��©
¥§k¯��¥·xÇ\��©�	k§�ÇM¨���¹ºÇ\�¸Ó*·\¶/�\Ça	k�\+¯�·x¹º���\+	�� 6 ����¯v�\�+¥¹º©kÕ�§�ªº�M¨ d 1*� ��§k&·\¶/�¸©k#¶0§¿Ñ^§��ªØ
¹º©�Ç\ªº§k¥¹º��©%	�
§k©��Ö¹º©/¨��\�¥·xÇP¨�¹º��©ç�\©¸¨I���ÖÃ±ªº�\ÇM¨����¸©k±Ó���§C¨�����§�\Ó�	k�ÏÇIÈ�·K×X©k�\®¶/��¹º¥¹º©k�\±Ó
°eÌ\©k�zÒÛ	��\/<�§kÇP¨�§�·Q¨I¹º��©ka	k�`ÇIÈ�·x��Õ��`¯�ªº§ka¹º°�¯*���7¨I·�©¸¨��\aÑ^§k�`	�·x©kaªº�`Çc·xa	�
§�©k�
¹º©¸¨I�\�¥·xÇM¨I¹º��©Ö¯�§k���±°��\©¸¨,¹º©¸¨I�¥·xÇIÈ�·Q×d©k��Ó0Ç\��Ñ^§k¹G	k�¸©k©k�&ªº¹º�\§»Òa§k©��+¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã
¨��¥¹º¯kªº�M¨ 1t� ©(¨��\ª�¥Ç\Ã\©�·x��¹º�C�\-¨Ö��²�¨I�\©^§ ¯*��§k�-¶0§ Ñ^§��qªØ
¹º©¸¨��±�¥·xÇM¨�¹j��© �±©¸¨����qÇMÈ�·Q×X©��\
¯k�¥�\°�¹º�±�� . ¶/��¹º¥¹º©k2���¹Ê¨����\-¨��¥�\¹º©¸¨��RÒÖªj·Ö	�¹èÍ*§k¥¹º��©ß¶/�\��5ªØ
4·�����¹ºÌ\���¸Ó g1

1T� ¹��¸©áªj·Ö�¥�\ .
¨��¥�\¹º©¸¨cÓ¸¯�·x�¡Ç\��©¸¨��¥��Ó¸Ò g2

Ó�ªØ
4·x¯�¯�·x�¥¹º�\°��\©/¨�¥§k��ÇIÈ�·Q×X©k�±ô¶/��¹º¥¹º©k�±¡�\-¨�¥§k¯k¯���¹º°eÃ�Ó��M¨�ªj·
¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ#£�¥¹º©kÕ�§�ªº�M¨�	�·�©k�Ç\�8Çc·x�£�¥�8¯k�¥�^	k§�¹Ê¨¡¯*��§k��§k©��tÕ¸·�°�°��8�¥�\ªj·Q¨�¹ .
¶/�\°e�\©¸¨#ÃM¨��¥��¹Ê¨��&¥�\§�ªº�\°��±©¸¨,	���¶�·xªº�±§k��,	k� t′⊥ Ók·\¶/�\Ç5·x¯k¯�·x��¹º�\°e�\©¸¨#¥§k�tªº�±8ÇIÈ�·Q×X©��\	k�±§�¼0¹ºÌ±°��\ . ¶/�¸¹º�¹º©� 1�� ��§k#·\¶/�¸©k#·x§�¥�¹rÃM¨�§�	k¹ºÃ5ªØ
¹º©)<�§k�\©�Ç\��	���ªj·�	kÃ\¯*�\©k	�·x©kÇ±�&	��\
Ùd��©�ÇM¨�¹º��©�â���\©k�¸��°e·xªº¹º¥Ã\�±â·±¶/�\Ç#ªj·2	k¹º-¨I·x©�Ç\�#	k�±�ÃM¨M·Q¨��Ò5ªj·5¥§k�¥Ùy·xÇ\�#	k� 3 �±��°�¹ØÓ/Ç�
�\-¨
Ò�	�¹º����ÓK¯v�¸§k�9	k�\ô-Ð0-¨�Ì\°e�\9Ñ^§�·x¥¹ . §k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªº±ÓKªj·�	kÃ±¯v�\©�	�·x©�Ç\�â�\© k‖ 1�6 �M¨�¨I�	kÃ±¯v�\©�	�·x©�Ç\��±
�\-¨�·\¶/Ã\�¥Ã\�5©k��©»©kÃ\Õ�ªº¹ºÕ��c·x²kªº� 1� �����Ã±�§�ªÊ¨I·Q¨�¡Ç\��©0æ���°��±©¸¨¡ªØ
�P¼0Ç\�\ªºªº�±©¸¨â·xÇ\Ç\���¥	®	��\�Ç±·xªºÇ±§kªº�²�·x¥Ã\�¥§k�ôªj�tÕ��¥��§k¯*�
	k�»���±©k����°R·xªº¹º�·Q¨�¹º��© ·\¶/�\Ç»ªº�»	k¹j·xÕ¸�¥·x°�°e�»	k�»¯kÈ�·���±e�M¼0¯*Ã\��¹º°e�\©¸¨I·�ª8	k�±e¥�\ªºe	��Á �\ÇIÈ�Õ¸·�·x��	rÓ�	�·x©k`¨���§�¨I�q�·Ä	k¹Ê¶/�±��¥¹Ê¨�Ã 186 �M¨¥¨��¿°�ÃM¨IÈk�^	��q���\¯����^	k§�¹Ê¨Öªj·Ä¯�È¸Ð0¥¹ºÑ^§��
§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªºªº�Ö�M¨eªº�z¯�·x¥�·xÕ��z	�¹º°��±©k¥¹º��©k©��\ª:¯9��©}���M¨I����§�¶^�zªº�\J<�§�ÇM¨�§�·Q¨I¹º��©k
	k�Û¥¯k¹º© ·x¹º©��¹#Ñ^§k�Ûªº�\R¹º©�7¨M·x²k¹ºªº¹Ê¨IÃ\`·x©/¨�¹ºÙd�\���¥��°e·xÕ¸©kÃM¨�¹ºÑ�§k�Û�M¨z�§�¯k�¥·xÇ±��©k	�§kÇM¨��¥¹ºÇ\� 1
Î¡
¹º©kÇ±ªº§k¥¹º��©Ä	k�R¯k����Ç\�\¥¥§k � °�ï^ªX·x¯k¯À¯*�\��°��P¨�	��R¯kªº§�2	k�R���P¨�����§0¶/�\�2ªj·»ªº��Ç±·xªº¹º�· .
¨�¹º�¸©Ä	k� ¾ �K¨¥¨a�¸²k¥�\�7¶/Ã\�`	�·x©kaªº�\�¥�\ªj�	k� 3 ·x²k�¥�V¤³�70Ó�µ 9 Ó ó «'¥ 1�) ¹º©k¥¹ØÓ�ªº�`Õ��¥��§k¯*�
	k�Ö�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��©}	k�¸©k©k�Ö§k©��z	��\¥Ç\��¹º¯0¨�¹º��©}Õ�ªº�¸²�·xªº�Ö	�§}	k¹j·xÕ���·x°�°e�Ö	k�Ö¯kÈ�·x¥�
¨��±°�¯vÃ±�¥·Q¨�§���� . ¯����\¥¥¹º��©Ï	k�5Ç\�\,°R·Q¨�Ã\��¹j·x§0¼ 1� ©á¯�·��7¨�¹ºÇ\§�ªº¹º�\�\Ó�Ç\�P¨�¨��e·x¯k¯����^ÇIÈ��®�±7¨2ªØ
§�©k��	k�\5¥�\§kªº�\2ÒÖÇ\�&Ô7��§k��Ñ^§�¹ô¯*�\��°e�M¨
	�
4��²�¨��\©�¹º�`	k�\z¯kÈ�·x¥�\z·�©¸¨�¹ºÙd�\�¥����°R·xÕ�©kÃM¨I¹ºÑ^§k�q�P¨Ö�§�¯k�¥·�Ç\��©k	�§kÇM¨��¥¹ºÇ\� ® «·³ ¸�¹ ¬ ® 	�·�©k
§k©Ö°eÚ\°��&	�¹j·xÕ��¥·x°e°��&	��+¯�È�·x¥�\8�M¨,¯k�¥�\¥Ñ^§k�&Ç\äK¨I��Ò�Ç±äK¨���Ó0°eÚ\°��&¥¹Gªº�\8��Ã\¥§kªÊ¨M·Q¨�
��²0¨��\©^§�9¯v�¸§k�9ªØ
¹º©k-¨I·x©/¨�¥��©¸¨����±7¨I���\¹º©¸¨IôÒ�§k©��âÕ¸·�°�°��t���\ªj·Q¨I¹Ê¶/�\°��±©¸¨�¯v�P¨�¹Ê¨���	k��¶�· .
ªº�\§���,¯v��§��8ªº�\,	k¹Ê¶^�\��¥�\,¹º©¸¨��±�¥·xÇM¨�¹º�¸©k,¯*���¥¹º²�ªº�\ 1k� ª�Ùy·�§�¨#Ç\�±¯v�\©�	�·x©¸¨#��·x¯k¯*�\ªº�\�8Ñ^§��
ªj·®Ç\��°�¯�·x�¥·x¹º¥��©Ï	�§Ö	k¹j·xÕ¸�¥·x°�°e�&	��&¯kÈ�·x¥�\ 3 ¹ºÕ 1 µ 1 «c³a·\¶^�\Ç�ªº�\8�M¼0¯*Ã\��¹º�\©�Ç\�\8©r
�\-¨

«�«�«



¯�·xâÃM¶0¹º	��\©¸¨��#¯�·x��Ç\�#Ñ^§��#ªj·5¯����\¥¥¹º��©RÈ¸Ð0	�����-¨I·Q¨I¹ºÑ^§k�#©r
¹º©)<�§��\©kÇ±�,¯�·xâ§k©k¹ºÑ�§k�\°e�\©¸¨
ªj·áÑ^§�·xªº¹Ê¨�Ã»	k�»ªØ
�\°�²*�K×º¨��\°e�\©¸¨cÓ¡°e·x¹º`·x§k¥¥¹8ªj·áªj·x��Õ��±§k�e	k�Ï²�·x©k	���Ó�ªj·¿¶0¹Ê¨��\¥¥�Ï	��3 �\�¥°�¹ô�M¨5ªº�±�¹º©¸¨��±�¥·xÇM¨�¹º�¸©k 1G� ªô�\-¨5	���©kÇ®²�¹º�\©ß¯*��¥¥¹º²kªº�®Ñ^§r
§k©���·x§kÕ�°e�\©¸¨I·K¨�¹º��©ß	��
ªj·ß¯k���\¥¥¹º��©}Ç±�������\¥¯*��©k	çÒ¿§�©C	�Ã\¯kªj·�Ç\�\°��±©¸¨e�\©}	�¹j·xÕ���©�·�ªº�Ö	�·�©k�ªº�Ö	k¹j·xÕ���·x°�°e�3 ¹ºÕ 1 µ 1 «c³ 1 ÎT·aÙy�\©kÚM¨I���&	���¶�·xªº�±§k��8	k� g1,nn

	�·x©�tªX·xÑ^§k�\ªjªº�&��©Ï��²�¨I¹º�\©k	��¥·x¹Ê¨cÓ0�P¨,§�©k�
��©�	k�2	k�5	��\©k¥¹Ê¨�Ã5	��5¥¯k¹º©rÓ��M¨�§�©k�5¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ&¨���¹º¯�ªº�M¨�©��5¥�\�¥·x¹Ê¨&·xªº�����¯�·x
·x§�¥�¹�ÃM¨����¸¹Ê¨��8Ñ^§r
�\ªºªº�#·x¯k¯�·x�¥·Q×º¨�Ò&¯k���±°�¹ºÌ\�¥��¶0§k� 1¸� �\°R·x��Ñ^§���©k¡Ã\Õ¸·xªº�\°e�\©¸¨âÑ^§k�¸Ó�¥� .
ªº�¸©eªº�,Ç±·�ªºÇ\§kª�¯���Ã\¥�\©¸¨IÃ,¹ºÇ\¹ØÓ¸¹ºªkÐe·�§k©k�,¯�È�·x¥�,	k�#�§�¯k�¥·xÇ±��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã,¥¹º©kÕ�§�ªº�M¨â�\©¸¨I���
ªº�±�	k�±§�¼C	�·x©k�¯k�¥�\¥Ñ^§k�`¨I��§k�ªº�±�Ç±·x 1�� ªt¯*��§k����·x¹Ê¨eÚM¨��¥�`¨��¥Ì\�¹º©¸¨IÃ\���\¥�·x©¸¨R	�
ÃM¨I§ .
	�¹º�\�,Ç\�M¨¥¨��5Ñ^§��\-¨�¹º��©»�P¼0¯vÃ±��¹º°��±©¸¨I·xªº�\°e�\©¸¨ 1�� ©»Ç±�5Ñ^§k¹rÇ±��©kÇ\�\�¥©k�5ªº�\#°��±�§����\#¥��§k
ÇIÈ�·x°�¯�°e·xÕ¸©kÃM¨�¹ºÑ�§k��Ó�¹ºª0Ùy·x§�	k�¥·�¹Ê¨¡	k�8¯kªº§�ô¯����\©�	k���t�\©�Ç\��°e¯�¨��8ªº�t¥Ç\Ã\©�·x��¹º��¥§k¹Ê¶�·x©/¨cÓ
¯�����¯*��¥Ã�¯�·x� � È�¹º°e·xÈ�·x�¥·�¤Ê«c¬ 9 ¥*�Q°�Ú±°��â¯v��§���	k�\T¶�·xªº�\§���9	k� g̃1,nn < 0.27 ÓKªº�\9Ç\��� .�¥Ã\ªj·Q¨�¹º��©�,¨��¥¹º¯kªº�M¨&¥��©¸¨+	�Ã-Ô-Ò`·x¯k¯k�¥Ã\Ç\¹j·x²�ªº�\±Óv·x¹º©��¹�Ñ^§��2ªº�\><�§kÇM¨I§�·Q¨�¹º�¸©k�	k��ÇIÈ�·x��Õ�� 1
Î¡
4·x¯�¯kªº¹ºÇ±·Q¨I¹º��©ç	r
§k©çÇIÈ�·x°e¯}°R·xÕ�©kÃP¨�¹ºÑ^§���ÓôÑ�§k¹t¥§�¯k¯k�¥¹º°��\��·x¹Ê¨eªj·ß¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹ .
¶k¹Ê¨�Ã��¹j©kÕ�§kªº�P¨cÓ^¯v��§����¥·x¹Ê¨t¯v�\�¥°��M¨¥¨�����Ò2ªj·2¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã,¨���¹º¯�ªº�M¨t	k��¯k���\©�	k����ªj·
¯�ªj·xÇ\� 1v6 ��°�Ã±Ç±·x©k¹º¥°e��°�Ì\©��\�¥·x¹Ê¨+·x§k¥¥¹rÒ®§k©ÏÃ±ªj·x��Õ�¹º¥¥�\°��±©¸¨#�\Í*�\ÇM¨�¹ºÙ9	k��ªj·®Ùy�\©kÚM¨I���
Ü-��©k	���	k��	��\©k¥¹Ê¨�Ã�	���¥¯�¹º© + ¥§k¯k��·xÇ\��©�	k§kÇM¨I¹Ê¶0¹Ê¨�Ã+¨��¥¹º¯kªº�M¨¥à 1$ ·x©k�	��\�Ç±·xªºÇ\§�ªº�	k� ¾ ��©/¨�� 6 ·x��ªº�t¤Ê«�«\µ:¥8�M¨R�\©%·x¯k¯����±¼0¹º°R·Q¨�¹º��©ç	�
Ã\ÇIÈ�·x©kÕ¸�
	��/<�§�ÇM¨�§�·K¨�¹º��©k�é 3 Î � Þ�êJ¤Ê«\µ/Þ�¥�ÓG	k�aªj·`¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ5¨I��¹º¯kªº�P¨5·`ÃM¨�Ãa��²0¨��\©^§��
�±©ç¯k�¥�\©�·x©/¨R�\©%Ç\��°e¯�¨��»	k�\e¹º©¸¨I�\�¥·xÇM¨I¹º��©kR¯k���\°e¹º�\��®¶/��¹º¥¹º©k@³ �F® « á ¦·© ávÂ�� ¬ 1�� ª,¥� .
��·x¹Ê¨e¹º©/¨�Ã\���\¥�·x©¸¨R	k�z¶/Ã\��¹èæ��\�®¥¹8ªº�ÖÕ��¥��§k¯*�Ö	k�Ï���\©�����°e·xªj¹º¥·K¨�¹º��©ç	k��©�©k�Öªº�Ï°�Ú\°e�
�¥Ã\¥§kªÊ¨I·Q¨QÓ��M¨Ï�¹+§�©k�Û¨��\ªºªº�¿¹º©/¨��\�¥·xÇP¨�¹º��©í¯*�\��°e�M¨Ö	r
Ã\ªj·x��Õ¸¹º�zªj·Ä¯�·��7¨�¹º�ÏÜò¨��¥¹º¯kªº�M¨¥àq	k§
	�¹j·xÕ��¥·x°e°��2	��5¯kÈ�·x¥�\8¨�ÈkÃ\�¸��¹ºÑ^§�� 1�� ©k��·x§�¨��¥�5¯v��¥¥¹º²�¹ºªº¹Ê¨�Ã5	��5Ù ·\¶/����¹º¥�\�#ªj·e¥§k¯��¥· .
Ç±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã�¨���¹º¯kªº�P¨��±7¨9	��¡¯����\©k	����¡�±©5Ç±��°�¯0¨���§k©k��¹º©¸¨��\��·xÇM¨�¹º��©a·\¶/�\Çâ·x©k¹j��K¨I����¯k¹j�
	��R¥¯k¹º©rÓTÇ\��°e°��`�\ªºªº�`¯v�\§0¨aÚM¨����`¹º©k	�§k¹Ê¨��`¯�·x��ªº�\�¹º©/¨��\�¥·xÇP¨�¹º��©k�	�¹º¯vä�ªº� . 	k¹º¯*ä�ªº�R�¸§
§�©íÇ\��§k¯�ªj·xÕ��¿¥¯k¹º© . ����²�¹Ê¨�� 186 �M¨�¨I�¿¯v��¥¥¹º²k¹ºªº¹Ê¨IÃ¿·ÄÃP¨�Ã¿ÃM¨�§k	�¹ºÃ\�¿¯�·x� Æ ¹j·x°R·x��ÇIÈk¹&�M¨� ÇIÈ^§kªºÅ@¤¬ 9 ¥ 1�� ªº+¨����¸§�¶/�\©¸¨2Ã\Õ¸·xªº�±°��\©¸¨2	k�±&¯�È�·x¥�\+¶/��¹º¥¹º©k�\2·x©¸¨�¹ºÙy�\������°R·xÕ�©kÃP¨�¹ºÑ^§��
�P¨R¥§k¯k��·xÇ\��©�	k§kÇP¨���¹ºÇ\�z¨I��¹º¯kªº�M¨QÓ��\©C¨I�¥·x¹Ê¨I·x©/¨Rªj·á¯�·x�-¨�¹º�Ï¹º©/¨��\��ÇIÈ�·Q×X©k�\e	�§ É ·�°�¹ºªÊ¨�� .
©�¹º�\©`�\©zªØ
4·x¯�¯k���±¼0¹º°R·Q¨�¹º��©z	�§`ÇIÈ�·�°�¯`°e�±Ð/�\©�Ó�Ç\��Ñ^§�¹v�\-¨tÇ±�������\ÇP¨t\
4¹ºªv©�
 Ðz·2¯�·xâ	��
¯�·x¥¥·�Õ��5	k¹º°e�\©k¥¹º��©�©k�\ª 1 Îr�5Ç±·x��·xÇM¨�Ì\�¥�5²k¹ . ��§Û°�Ú\°e�&¨���¹º	�¹º°��\©��¹j��©k©k�±ªr	k�\#¥�\ªº,	��Á �\ÇIÈ�Õ¸·�·x��	eÒ&²�·x¥¥��¨��\°e¯vÃ\�¥·K¨�§k���¸Óx©k�K¨M·x°�°e�\©¸¨�ªº�\��PÍ*�P¨��	��tªØ
�\°a²v�K×º¨��±°��\©/¨cÓ����©/¨
°e¹º�\§�¼Û¯���¹º��\©qÇ\��°e¯�¨���	�·x©k�§k©��a·x¯k¯k�¥�^ÇIÈk��²�·x¥Ã\��¥§k��ªº��Õ�����§�¯v��	k�����\©�����°e·�ªº¹ .
�·Q¨I¹º��© 1�� ª*¥�\�¥·x¹Ê¨8	���©kÇ#¨���Ì\t¹º©¸¨�Ã\�¥�\¥¥·x©/¨t	r
ÃM¨��\©�	k���+©k��tÇ±·xªºÇ\§�ªºtÒ�	k�±�¹º©¸¨��±�¥·xÇM¨�¹º�¸©k
¯�ªº§k,Õ�Ã\©�Ã\�¥·xªº�\±Ó�Ç\��°e°��5Ç\�\ªºªº�\,Ç\�¸©k¥¹º	kÃ\�¥Ã\�\,¯�·�� Æ ¹j·x°e·���ÇIÈk¹r�M¨ � ÇIÈ^§kªºÅ 1

«�«c³



� �������e�/��� Ã

Ä � ���aÅ#þ
	T	T� � ù ¿ �ÇÆ ��� �V� þ þ �

� �Ç�À	}ùl� � � ÿ�� �i����È �,� Æ þ � �À	 Æ � þ � �ìþ
ÿ�� � � �Àþ � �T��þ ü ù � ��� � �g� � þ

$ ·�©kÖÇ\�¿ÇIÈ�·x¯k¹Ê¨��¥��Ó�©k�¸§kÏ·x¯k¯kªj¹ºÑ^§k��©�Öªº�¿Õ����¸§k¯v�ß	k�¿���\©�����°R·xªº¹º�·Q¨�¹º��©ìÒÄ§�©
-Ð0-¨�Ì\°e�R·\¶/�\Çe§�©á¯*�K¨��\©¸¨I¹º�\ª�·x	k	k¹Ê¨I¹º��©k©��\ªØÓrÇ\��°�°e�e¹ºª¡�\©½�\-¨�Ç\��Ã\Ãe§k©½¯�·x�5ªØ
���¥	k���
·x©�¹º��©k¹ºÑ�§k��	�·x©� (TMTSF)2ClO4

1�� ��§k�	k¹j·xÕ¸��©�·xªº¹º¥��©��	�
4·x²*����	`ªº� É ·�°�¹ºªÊ¨��¸©k¹º�\©
ªº¹º²����çé ¥�\ÇM¨I¹º��©£Þ 1 «cê 1 Îr�\Ï¹º©�7¨M·x²k¹ºªº¹Ê¨IÃ\Ï	k�ß¥¯k¹º©ì¯v�\§0¶/�\©¸¨»ÚP¨����q¨���·x¹Ê¨�Ã\�\Ï�\© �#'v)
é ¥�\ÇP¨�¹º��©»Þ 1 ³�ê 1k� ��§k8Ã\Ç\��¹Ê¶/�¸©ktªº�±tÃ\Ñ�§�·Q¨�¹j��©kt	��+�¥�\©k����°R·xªº¹º�·Q¨�¹º�¸©Ö	�·x©�tªj·a¥�\ÇM¨�¹º��©
Þ 1 ó 1 Îr�\§k�8¥��ªº§�¨I¹º��©Ï©^§�°�Ã\�¥¹ºÑ^§k��	k�¸©k©k��ªº��	�¹j·xÕ��¥·�°�°���	���¯kÈ�·x¥�\,	k¹º¥Ç\§0¨�Ã�	�·x©�8ªj·
¥�\ÇM¨I¹º��©ÛÞ 1 µ 1

}�Å�Æ ¢ ���,�,�#�2�#���¥���t�*���#� �2���¥�����,���*�¥�
H0

� �����A���,���*���9�a���
��� ? �#�����7�*�,�a�¥���

� ¹���©»¥§k¯k¯���¹º°e�&ªj·�	kÃ\¯*�\©�	�·x©kÇ±���\©Ï¥¯k¹º©rÓkªº� É ·x°�¹ºªè¨���©k¹º�±©Ï�\-¨#	���©k©�Ã�¯�·x�

H0 =
∑

k‖

Hk‖ ,

Hk‖ = ε‖

N⊥∑

l=1

c†k‖,lck‖,l

−
∑

n>0

tn⊥(c†k‖,lck‖,l+n + h.c.)

+V

N⊥∑

l=1

(−1)lc†k‖,lck‖,l ,

ε‖(r, k‖) = vF‖(rk‖ − k1D
F ) .

«�« ó



$ ±`·x§R¯v�K¨I�\©¸¨�¹º�\ª�¯vÃ±��¹º�^	�¹ºÑ^§k�8¨��¥·x©�7¶^�\���·xª ±V Ó/ªj·�°R·x¹ºªºªº�#Ç\��©/¨�¹º�\©¸¨�	k�±§�¼�¥¹Ê¨I�\ 1 ;&©��²0¨�¹º�\©/¨�·xªº���¥,	k�\§0¼Ö²�·x©�	k�\,	�·x©k,§k©���Å\��©���	k� Á �¥¹º��§kªºªº¹º©»��Ã\	�§k¹Ê¨��2Ò
k⊥ ∈]− π

2b
,
π

2b
] ,

�:� b �\-¨#ªj·�	k¹º-¨I·x©�Ç\���±©¸¨����5	k�\§�¼ÏÇIÈ�·Q×X©��\ 1�$ ÃPæ�©�¹º¥��¸©k,	k�¸©kÇ

ck,ϑ=o/π =
1√
N⊥

N⊥∑

l=1

e−i(k⊥b+ϑ)lck‖,l .

Îr� É ·x°�¹jªÊ¨���©k¹º�±©Ï	��M¶0¹º�\©/¨
Hk‖ =

∑

k⊥

Hk ,

Hk =
(c†k,o, c†k,π)

(
ε‖ + tpair⊥ + timp⊥ V

V ε‖ + tpair⊥ − timp⊥

)(
ck,o
ck,π

)
,

t
pair/imp
⊥ (k⊥) =

∑

n>0 pair/
impair

εn⊥(k⊥) ,

εn⊥(k⊥) = −2tn⊥ cos(nk⊥b) .

ÎT·®	�¹j·xÕ���©�·xªº¹º�·Q¨�¹º��©Û	k��©k©���	k�±§�¼Ö²�·x©�	k�\2é m = ±1 ê 1 Îr�\,Ã\©��\��Õ�¹º�\#¯k����¯����\,¥��©¸¨
ε(r, k‖, k⊥,m) = ε‖(r, k‖) + ε⊥(k⊥,m)

ε⊥(k⊥,m) = tpair⊥ (k⊥) +m

√
timp⊥ (k⊥)2 + V 2.

Îr�\,Ñ�§�·Q¨��¥�\,©�·x¯k¯*�\,	k�5ªj·®¥§k��Ù ·xÇ\��	�� 3 �\��°e¹���¸©¸¨#	�Ã\Ç\��¹Ê¨I�\,¯�·x�
rkF‖(k⊥,m) = r(k1D

F −
1

vF‖
ε⊥(k⊥,m)) é r = ± ê 1

$ �\,�P¼0�\°�¯�ªº�\,¥��©¸¨,¨��¥·xÇ\Ã±#Ò®ªj· 3 ¹ºÕ 1 ³ 1 «Q¬ 1 Îr�\,ÃP¨I·Q¨�,¯k�¥��¯k���\,¥��©¸¨
ck,m =

∑

ϑ

γm,ϑk⊥
ck,ϑ

·\¶/�\Ç é�Þ 1 «cê

γ−,ok⊥
= γ+,π

k⊥
=

1√
2

(1− αk⊥)
1
2 , é�Þ 1 ³�ê

γ+,o
k⊥

= −γ−,πk⊥
=

1√
2

(1 + αk⊥)
1
2 , é�Þ 1 ó ê

αk⊥ =
timp⊥ (k⊥)√

timp⊥ (k⊥)2 + V 2
. é�Þ 1 µ/ê

;&©ÏÇ\�¸©k-¨I·Q¨��5Ñ^§k�5¯v��§��8ªº�\,Ùd��©�ÇM¨�¹º��©�,	�
��©�	k��Ç\���¥���\¥¯v�¸©k	�·x©/¨��\±Ó
ψk,m(x) =

1√
N

∑

ϑ

γm,ϑk⊥
eik‖x‖ei(k⊥+ϑ

b
)x⊥ ,

«�«\µ



��©»��²�¨I¹º�\©¸¨�·�§�¼Ö²*����	�8	���ªj·�¯k���\°e¹ºÌ\����Å±��©k�5	k� Á ��¹º��§�ªºªº¹º©
lim

k⊥↓− π
2b

ψk,m(x) = mψk,m(x)
∣∣∣
k⊥=+ π

2b

, é�Þ 1 Þ�ê
Ü7	�¹º¥Ç\��©¸¨�¹j©^§k¹Ê¨�ÃPàqÑ^§��¿©���§kÖ���P¨�����§0¶/�\����©�Ö	�·x©�Öªº�\Ö�P¼0¯k���±�¥¹º��©�Ö¯v��§��zªº�\Ï¯�·x�¥· .
°eÌM¨����\a	�
���¥	k���`�§�¯k�¥·xÇ±��©k	�§kÇM¨��±§k�� 19� ¹ V = 0 Ó αk⊥ = −1 Ó��M¨®��©Ä���P¨�����§0¶/�Rªº�\��©�	k�\&¯kªj·x©��\+	�§¿-Ð0-¨�Ì\°��®Ò`§�©k�a²�·x©�	k� 1G$ ·x©k&ªj·`ªº¹º°�¹Ê¨I�a��¯k¯*��¥Ã\��Ó V/t⊥ → ∞ Ó
αk⊥ → 0

1 ;+©ß��²0¨�¹º�\©/¨5	k��©�Ç�·x§k¥¥¹ô	k�\���©�	k�\&¯�ªj·x©k�±&	�·x©k�§k©ß¥ÇIÈ�Ã\°e·z	��®Å\��©k�
��Ã±	k§k¹Ê¨I��Ó�°e·x¹º`°e·�¹º©¸¨��\©�·x©¸¨zªº�^Ç±·�ªº¹º�Ã±�\`¥§k�Rªº�\`ÇIÈ�·Q×X©k�\`¹º°�¯�·x¹º���\`¥¹ m = − �M¨
¯�·�¹º���\,¥¹ m = +

1
}�ÅÌÄ Ç �¡�ì��ë��#���¡�ì�#�#�*���P���*�*�#� �,�#�2�9�*��¢&���¡�

Î��±â¯�È�·x¥�\���©k	���	k��	��\©k¥¹Ê¨�Ã�	���¥¯k¹º©z	�·x©k�§k©z7Ðk7¨IÌ\°���Ñ�§�·x¥¹ . §�©k¹º	k¹º°e�\©k¥¹º��© .
©k�±ªG·\¶/�\Ç&¯v�x¨��\©¸¨�¹º�±ª*¯*Ã\��¹º�^	�¹ºÑ^§k�#¨���·x©k-¶/�\�¥��&��©¸¨,ÃM¨�Ã+ÃP¨�§k	�¹ºÃ\�\t�\© �#'*) ¯�·x� ñ ·x©kÇIÈ�¹
�M¨ Á Ô7�\ªº¹fÉb¤³x´¸³�¥�Ór�M¨��\© �#'v) ·x¹º©k¥¹¡Ñ^§r
§k©½	kÃM¶/�\ªº�¸¯k¯v�±°��\©/¨2	k� Æ ¹º©kÅ\²�§k��Õ . ÎT·x©k	�·x§
¯�·�� � �\©�Õ�§k¯0¨I·��M¨ $ §�¯k§k¹jÂ¤Ê«c¬ ó ¥ 1k$ ·x©k8Ç\�M¨�¨I�&¥�\ÇM¨�¹º��©rÓ0©k��§�8·xªºªº��©�8���\¯k�¥�^	k§�¹º���+ªj�\
��Ã±�§�ªÊ¨I·Q¨�,	���ªj· �,'*)�1

Î���Ç\��§�¯kªj·xÕ����\©¸¨I���¡§k©2ÇIÈ�·�°�¯5�M¼�¨��\��©�� hq
	k��°��^	�§kªj·Q¨�¹º�¸©&¨��¥·�©k-¶/�\���·xªº� 2π/q⊥�M¨`ªº�\RÃM¨I·Q¨�e¯�����¯k�¥�\e	k� H0

Ó�¹º©�	k¹ºÇ\Ã\R¯�·x�eªº�\e©���°�²k�¥�\eÑ^§�·�©¸¨�¹ºÑ^§��\ m, k⊥ Ó¡�\-¨	kÃ±Ç\��¹Ê¨9¯�·x�T	k�\TÙd�¸©kÇM¨�¹º�¸©k f((m′, k′⊥), (m, k⊥); q⊥) é �:�2©k�¸§k�·\¶/��©�T¯*��§k�rªØ
¹º©�-¨I·x©¸¨¥§k¯�¯k��¹º°eÃ,ªj·5	kÃ\¯*�\©k	�·x©kÇ\�,�\© k‖ �M¨��\©R�¯�¹º©e	��t¨���§0¨��\�ªº�\âÙd��©kÇM¨I¹º��©kIê 1 Îr�\�¶�·xªº�\§���¯*��¥�¹º²�ªº�\a	k� k⊥ ¥��©¸¨®	���©k©�Ã\�\a¯�·x��ªX·Ûªj·x��Õ��\§�� 2b 	k�`ªj·Û°R·x¹ºªºªº�zÃ\ªºÃ\°e�\©¸¨I·x¹º�¥�`�M¨	k�¸©kÇR�¥�\-¨����\¹º©/¨��\aÒ ] − π
2b ,

π
2b ]
19$ 
§k©C·x§�¨��¥�RÇ\äK¨IÃ�ÓTÕ¸�¥ÝxÇ\�zÒÛªj·»-¨��¥§kÇM¨I§k���R¹º©/¨��\��©��

	k��ªj·a°e·x¹ºªºªº�¸Ó0��©Ö	k¹j7¨I¹º©kÕ�§k�&²�¹º�\©�Ó0�M¼k¯vÃ\�¥¹º°��\©¸¨M·xªº�\°��±©¸¨cÓ0	k�±§�¼z��©k	��\t¯�ªj·x©k�\ q⊥ �P¨
(q⊥ + π

b ) Ó�	k��¥���7¨I��Ñ^§r
��©ÏÇ±��©k¥¹º	kÃ\�¥�\�¥·�	k�\t¶�·xªº�±§k��,	k�
q⊥ ∈ [0,

2π

b
[ .

6 ��°e°��aªº�\&ÃM¨I·K¨�+¯�����¯k�¥�\+	k�a©k��°a²k���±+Ñ^§�·�©¸¨�¹ºÑ^§��\ (m, k⊥) ¥��©/¨&	��\+¥§k¯*�\��¯*� .¥¹Ê¨�¹º��©�5	��\5��©�	k�\5¯�ªj·x©k�±5	k�e°���	k§kªj·K¨�¹º��© k⊥ �M¨ (k⊥ + π
b ) Ó�§�©áÇIÈ�·x°�¯½�M¼^¨I�\��©��

h 	k��°���	k§kªj·K¨�¹º��©¿¨��¥·x©�7¶/�±��¥� q⊥ ¯*�\§�¨5Õ�Ã±©kÃ\���±�&	k�\5�M¼0Ç\¹Ê¨M·Q¨�¹º��©��	k�®°e�^	k§�ªj·Q¨�¹º��©
q⊥ + π

b
Ó�	k�5����-¨���Ñ^§���ªº�\,¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\,©���¥��©¸¨�¯kªº§k,	�¹j·xÕ���©�·�ªº�\,�\© q⊥ 1

³�ÊGÉ�ÊzË CBÔ#Ï�Ð)ÎFíBÕPÙ�x|ÙdÝdÙ*Õ�ñ�ÏCÝdÙ�x#Ö:Î�Ï
Îr·z¥§��Ç±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ã®	��®�¯�¹º© χ(S−)

0 (x′,x; τ ′ − τ) éd¶/��¹º��ªj·z¥�\ÇM¨�¹º�¸©½³ 1 ó 1 «cê+©�
�±7¨¯kªj§kT¹º©¸¶¸·x��¹j·x©¸¨I��¯�·x��¨��¥·x©��ªj·K¨�¹º��©�Óc	k��¥���7¨���Ñ^§k���·t¨��¥·x©��Ùy����°�Ã±�¡	k� 3 ��§k��¹º�±�r	�Ã\¯v�±©k	
	k� q′ �M¨ q Ó
χ

(S−)
0 (q′,q; iω0) :=
∫ β

0
dτ ′
∫ β

0
dτeiω0(τ ′−τ) 1√

N

∑

x′
e−iq

′.x′ 1√
N

∑

x

eiq.xχ
(S−)
0 (x′,x; τ ′ − τ) .

é�Þ 1 7¸ê
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Îr��Çc·xªºÇ\§kª¸�\-¨TÙy·x¹Ê¨�	�·�©kX¤Ê«c¬ ó ¥�éd¶/��¹º�T·x§k¥¥¹F¤³�´¸³�¥dê 1 Îr��Ç±·xr	��\rÇ\������Ã±ªj·Q¨�¹º��©�r¯�·x�-¨�¹ºÇ\§kªº� .
¯�·x�7¨�¹ºÇ±§kªº���\-¨�¨I�¥·x¹Ê¨�Ã�	�·x©�âªØ
4·x©k©��M¼0� $ ¯/ªº�\�	k�\§0¼eÇc·xªºÇ\§kªº�¥��©¸¨8·x©�·xªº��Õ¸§k�\ 1�' �¸§k��ªj�
Çc·x©�·xªr¯�·x�-¨�¹ºÇ\§kªº� . ¨����¸§�Ók��©Ï�¸²�¨�¹º�\©/¨

χ
(S−)
0 (q′,q; iω0) =

1

N

∑

k′k

∑

m′m

∑

ϑ′ϑ

δq′‖,q‖
δq‖,k′‖−k‖χ

m′m
OD (k′,k;ω0)×

×
[(
γm
′ϑ′

k′⊥

)∗
δq′⊥,k

′
⊥−k⊥ +

(
γ
m′(ϑ′+π)
k′⊥

)∗
δq′⊥,k

′
⊥−k⊥+π

b

] (
γmϑ

′
k⊥

)
×

×
[
γm
′ϑ

k′⊥
δq⊥,k′⊥−k⊥ + γ

m′(ϑ+π)
k′⊥

δq⊥,k′⊥−k⊥+π
b

] (
γmϑk⊥

)∗

é�Þ 1 ¬�ê

·\¶/�±Ç
χm
′m

OD (k′,k;ω0) := −T
∑

ω

1

iω − εm′R,k′
1

i(ω − ω0)− εmL,k
.

$ ·x©��ªØ
Ã\Ñ�§�·Q¨�¹º�¸©zé�Þ 1 ¬�êPÓQÇ\��°e°��â	�·x©�r¨I��§�¨ôÇ\�âÇIÈ�·�¯k¹Ê¨����¸Ócªº�± k⊥ ¥��©/¨ô���\-¨��¥�\¹º©¸¨�ôÒ#ªj·¯����\°e¹ºÌ\���+Å\��©k�+	k� Á ��¹º��§kªºªº¹j©�Ó k⊥ ∈]− π
2b ,

π
2b ]
10� ¹v©k��§��Ùy·x¹º¥��©��¹ºÇ\¹*§k©k�+�M¼0Ç±�\¯�¨�¹º�¸©�Ó

©���§k,¯*��§�¶/��©�,Ã\Ç\��¹º���5ªº���¥Ã\¥§kªÊ¨I·Q¨aé�Þ 1 ¬¸ê�	�
§�©k��Ù ·xÂ\��©»¯kªº§k,�M¼k¯kªº¹ºÇ\¹Ê¨I���

χ
(S−)
0 (q,q; iω0) =

1

N

∑

k

[(
χ++
OD(k′,k) + χ−−OD(k′,k)

)(
γ+o
k′⊥
γ+o
k⊥

+ γ+π
k′⊥
γ+π
k⊥

)2

+
(
χ+−
OD(k′,k) + χ−+

OD(k′,k)
)(
γ+o
k′⊥
γ+π
k⊥
− γ+π

k′⊥
γ+o
k⊥

)2]
∣∣∣∣
k′=k+q

,

é�Þ 1 9 ê

χ
(S−)
0 (q,q±P; iω0) =

1

N

∑

k

[(
χ++
OD(k′,k)− χ−−OD(k′,k)

)(
γ+o
k′⊥
γ+π
k′⊥

+ γ+o
k⊥
γ+π
k⊥

)

+
(
χ+−
OD(k′,k)− χ−+

OD(k′,k)
)(
γ+o
k′⊥
γ+π
k′⊥
− γ+o

k⊥
γ+π
k⊥

)]∣∣∣∣
k′=k+q

,

é�Þ 1 8¸ê

�:�q�¸©q·�§�¨����¥¹º�� k′⊥ Ò�¶¸·x��¹º�\���\©¸¨I��� −π/b �M¨ π/b 1*� ·x¯�¯v�\ªº��©�+·x§k¥¥¹�ªj·e	�ÃPæ�©�¹Ê¨�¹º��©
P = (0, π/b)

1 Î�
¹º©/¨�Ã\Õ��¥·K¨�¹º��©»¥§k� k‖ 	���©k©��
1

N‖

∑

k‖

χm
′m

OD (k′,k; 0)
∣∣
k′=k+q

=
a

2πvF‖

{
ln

2γΛ0

πT
+

+ Ψ
(1

2

)
− � � Ψ[1

2
+ i

1

4πT

(
vF‖q̃‖ + εm⊥ (k⊥) + εm

′
⊥ (k′⊥)

)]}
, é�Þ 1 «±´¸ê

¶/�¸¹º��·�§k¥�¹kªØ
Ã\Ñ�§�·Q¨�¹º�¸©Ïéò³ 1 « ó ê 1 Î¡
¹º©¸¨�Ã±Õ��¥·xªº�8	�� k⊥ 	k��¹Ê¨�ÚM¨��¥�tÙy·x¹Ê¨I�t©�§k°�Ã±��¹ºÑ^§k�±°��\©/¨ 1
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³�ÊGÉ�Ê*É <?>A@ ÜtØMÕ:ÖgÙÛÐ5ÙGÎ�ÝdÝGÎ
$ ·�©k#ªº��Ç±·xªºÇ\§�ªT	k�2ªj·e¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ2	k�2¥¯k¹º©Û�\© �#'*) Ó�©k��§�#	��M¶/��©�#¯k�¥�\©k	����

�\©RÇ\��°e¯�¨��#ªº�,Ùy·x¹Ê¨�Ñ^§��,ªº�\B<�§kÇM¨�§�·Q¨�¹º��©�âÒ q �P¨�Ò (q+P) ¥��©¸¨�Ç\��§�¯kªºÃ\�± 1/) ¯�·x�7¨�¹º�
	k�5ªØ
Ã\Ñ^§�·Q¨�¹º��©

χ(q′,q) = χ0(q′,q) +
∑

q′′
χ0(q′,q′′)gSχ(q′′,q) ,

��©»��²�¨I¹º�\©¸¨
χ(q,q) =

{
χ0(q,q)

(
1− gSχ0(q + P,q + P)

)

+gS
(
χ0(q,q + P)

)2
}
/D ,

χ(q,q + P) = χ0(q,q + P)/D ,

D =
(
1− gSχ0(q,q)

)(
1− gSχ0(q + P,q + P)

)

−g2
S

(
χ0(q,q + P)

)2
.

Îr�#Ç±��¹Ê¨�Ì\�¥�#	k� � ¨I��©k�\��¯*��§k�â§k©��8¨��¥·x©�¥¹Ê¨�¹º��©zÒ5§�©k�#¯�È�·x¥�#��©�	k�#	��#	k�±©k¥¹Ê¨�Ã�	k�#¥¯k¹º©
�\-¨

D = 0 . éòÞ 1 «�«cê
;&©a���\°R·x��Ñ^§���Ñ^§��â¥��§�ôÇ\�M¨�¨I��Ç\��©k	�¹Ê¨�¹º��©rÓ χ(q,q) Ó χ(q+P,q+P) �M¨ χ(q,q+P)	k¹è¶/�\��Õ��\©/¨5¨I��§k2ªº�\�¨��¥��¹º±Ór�·x§kÙt�¹ χ0(q,q + P) = 0 ÓrÇ\�¸°�°��RÇ�
�\-¨�ªj�eÇ±·x2¯*��§k�
V = 0

1ô ��§�¨��Ï¹º©k-¨I·x²�¹ºªº¹Ê¨�ÃÏ	k�Ö¥¯�¹º©}Ùy�\�¥·¿	k�¸©kÇÏÙd����Ç\Ã\°e�\©¸¨R¹º©¸¨��\�-¶/�\©k¹º�e·x§ç°���¹º©�
	k�±§�¼ÖÇ±��°�¯*���·x©¸¨��\,	�� 3 ��§k�¥¹º�\�\Ó q �M¨ (q + P) Ó�Ò�ªj·®Ùd�¸¹º 1Îr·a¥��ªº§0¨�¹º��©Ï©^§k°eÃ\��¹ºÑ�§k�&	k��é�Þ 1 «�«cêâ	���©k©k��ªº�&	k¹j·xÕ���·x°�°e�&	k�&¯�È�·x¥�\ 3 ¹jÕ 1 Þ 1 « 1) Ùy·x¹º²�ªº� V Ó��¸©e���M¨��¥��§�¶/�,ªØ
¹º©k-¨M·x²k¹ºªº¹Ê¨�Ã#	k�,¥¯k¹º©e	k§e-Ð0-¨�Ì\°��,�·x©�¡����	����,·�©k¹º��©�¹ºÑ^§k��ÓÑ^§�¹TÇ\�����¥�\¥¯v��©�	»¹ºÇ±¹�Òe§k©»¶/�\ÇM¨��\§��#	�
�±°�²v�x×º¨��\°e�\©¸¨ Q′0 ≈ (2k1D

F , 0) ¹º©/¨��\��²�·x©k	��\±Ó¶/��¹º�+·x§k¥¥¹Tªj·e	k¹º¥Ç\§�¥�¹º�¸©Û	�·x©�+³ 1 µ 1 Î���¯�·x�¥·�°�ÌM¨��¥�2	�
����	����2	�·x©�#ªØ
�\¥¯�·xÇ\�2	�¹º���\ÇP¨cÓ
〈c†↓(x)c↑(x)〉 éd¶/��¹º�2ªj·»¥�\ÇM¨I¹º��©C³ 1 ó 1 «cêMÓ��\-¨�¹º©/¨��¥·xÇIÈ�·Q×X©k� 1�' ªº§� V �\-¨aÕ���·x©k	�ÓT¯kªº§�
ªº�\�ÃM¨I·Q¨I�·x¯k¯�·x�7¨��\©�·x©¸¨®·x§�¼½²�·x©�	k�\ m = − �M¨ m = + ��¸©¸¨aªº�^Ç±·xªº¹º¥Ã\�¥§k�2§k©k�
	k�±ô	��\§�¼®Ùy·x°�¹ºªºªº�±�	k�8ÇIÈ�·Q×X©��\,é ¯�·�¹º���\��M¨¡¹º°e¯�·x¹º�¥�\Iê�¯xªº�8���\Ç\��§0¶0���±°��\©¸¨��\©¸¨����8	k�\§0¼
ÃM¨M·Q¨�2	k�R²�·x©�	k�\2	k¹èÍ*Ã±���\©¸¨I�\2¥§k�5§�©k�eÇIÈ�·Q×X©k�R	k��©�©kÃ\�e	��M¶0¹º�±©¸¨a·xªº���¥2	k�R¯kªº§k2�\©
¯kªj§k�¯*�M¨�¹Ê¨5Ñ�§�·x©�	 V ·x§�Õ�°��±©¸¨�� 1�) ¹º©�¥¹ØÓGªØ
��©�	k��	k��	k�\©��¹Ê¨IÃ®	k��¥¯k¹º©á¹º©¸¨��±��²�·x©�	k�\
�\-¨,¥§k¯k¯���¹º°eÃ\�&ÒaÕ��¥·x©�	 V 1k� ©zÃ±ÇIÈ�·x©�Õ���Ó0	kÌ\tÑ�§k�&ªØ
�\°�²*�K×º¨��\°e�\©¸¨Â³ �F® « á 1 á�� ²g¬��\-¨¥§0÷R�·x°�°e�\©¸¨�²v��©rÓ�Ç\�zÑ�§k¹t·x����¹Ê¶/�ÏÒÛ¯�·x�7¨�¹º�a	�� V >

∼
t⊥ Ó9	��\a��©�	k�\®	k�z	k�\©��¹Ê¨IÃ	k�q�¯�¹º©(¯*�\§�¶/�\©/¨z\
ÃP¨I·x²kªº¹º�`	�·x©�RÇMÈ�·xÇ\§�©k�Û	k�±R	k�±§�¼%²�·x©k	k�± 1 Îr�\e¶/�\ÇM¨I�\§k�¥R	��

°e�\¹ºªºªº�\§k�â�\°�²*�K×º¨��\°e�\©¸¨�¥��©¸¨8·xªº���� Q± ≈ (2k1D
F ∓2V/vF‖, π/2b)

1 ;&©e�¥�\°e·x�¥Ñ^§k�
·x§��¥¹�Ñ^§k��ÓQÕ���ÝxÇ\��Ò Q±,⊥ = π/2b ÓQÇ±�M¨ô�\°a²v�K×º¨I�\°��\©/¨ô¹º©¸¨���·x²�·x©�	k�â©r
�\-¨ô¯�·xô·KÍ*�±ÇM¨�Ã¯�·��2ªº�e¨��±��°��`	k�R�·x§0¨2¶^�\���§�©k�RÇIÈ�·Q×X©k�`¥�\Ç\��©�	k . ¶/��¹º¥¹º©�\Ór¨M·x©k	k¹º�Ñ�§k�`ªØ
��©k	��R	��
	k�±©k¥¹Ê¨�Ã,Ò Q′0

ªØ
�\-¨cÓ¸²k¹º�±©�¨±k� 1/$ ·x©k¡ªº�,��Ã\Õ�¹º°e�8�:�eªØ
�\°a²v�K×º¨I�\°��\©/¨�¹º©/¨��\��²�·x©k	��\¡�\-¨
�\©�Ç\�����R¥§0÷e�·x°e°��\©/¨�²v�¸©�Órªº�±�¨�����¹º���©k	��\2	k�R	k�\©��¹Ê¨IÃ�ÓT·\¶/�±Çe°e�^	k§�ªj·Q¨�¹º��©� Q0

Ó
Q− �M¨ Q+

Ó^¥��©¸¨,·�¯k�¥¹º����¹v¯*��¥¥¹º²kªº�\±Ó�Ç\��°�°e��ªj��°e��©¸¨I����ªj· 3 ¹ºÕ 1 Þ 1 «+¯v�¸§k� t′⊥ = 0
1

«�«c¬



1 2 3 4

0.01

0.02

0.03

0.04

0.05

Tc/t⊥

V/t⊥

�X *¡O¢ Þ 1 «ó£  �±°�¯*Ã\�¥·Q¨�§����\&Ç\�¥¹Ê¨�¹ºÑ^§��\&�\©ßÙd��©kÇP¨�¹º��©ß	k� V/t⊥ ·\¶/�\Ç t′⊥/t⊥ = 0 é �\©
©���¹º��êMÓ 0.008 éØ�\©®Õ��¥¹º�Ùd��©�Ç\Ãcê��P¨ 0.024 é �\©�Õ���¹º�Ç\ªj·�¹º��êMÓ��\© �#'v)a1 Î¡
��©k	��t	��t	k�±©k¥¹Ê¨�Ã	��Ï¥¯�¹º©%·\¶/�±ÇÏ°e�^	�§kªj·Q¨�¹º�¸© q⊥ = π/b �\-¨`-Ð0°�²*��ªº¹º¥Ã\�»¯�·x�e	k�\�¨���¹j·x©�Õ�ªº�\±Ó¡Ç\�\ªºªº�·\¶/�±Ç+°e�^	�§kªj·Q¨�¹º�¸© q⊥ = π/2b ¯�·���	��\tÇ±·x����Ã± 1 ÎT·5¨��±°�¯vÃ±�¥·Q¨�§����+Ç\��¹Ê¨I¹ºÑ^§k�&	k�&Ç\�M¨�¨��	��\��©�¹ºÌ\����©���	�Ã\¯v�±©k	`¯�·x�	k� t′⊥ ¯^©���§kt·\¶/�¸©k�	���©kÇ+§k©k¹jÑ^§k�\°e�\©¸¨�¨��¥·xÇ\Ã+ªº�+��Ã\¥§kªÊ¨M·Q¨¯*��§k� t′⊥/t⊥ = 0.024

1

Îr�\¿¯kÈ�·x¥�\ß·\¶^�\Ç Q+
�M¨ Q− ��©¸¨áªj· °eÚ\°��À¨��\°e¯vÃ±�¥·Q¨�§����Ä	��½¨��¥·�©k¥¹Ê¨�¹º��© 16 �M¨�¨��&	kÃ±Õ�Ã\©kÃ\�¥�\¥Ç\�\©kÇ±�+�\-¨,ªº�M¶/Ã\�&¥¹*��©Ö¹º©kÇ±ª]±�¨,§k©`¨��\��°e�+	��+�·x§�¨t¶/�\��8§k©k�&ÇIÈ�·Q×X©��

¨I����¹º¥¹ºÌ\°��± . ¶/��¹º¥¹º©k&¤4³x´¸³0Ó�«c¬ ó ¥ 1�� �\©�Õ�§k¯�¨M·R�M¨ $ §k¯�§k¹º&¤Ê«c¬ ó ¥9��©¸¨�Ç\�\¯*�\©k	�·x©¸¨&°���© .
¨I��Ã�ÓkÒaª�
4·x¹º	k��	�
§�©Ö	kÃM¶^�\ªº��¯k¯*�\°��±©¸¨,	k� Æ ¹º©kÅ\²�§k��Õ . Îr·�©k	�·x§Ö	��&ªØ
Ã\©��\��Õ�¹º��ªº¹º²�����Ó0Ñ^§��
ªº�±�	k�\§�¼`¯kÈ�·���±âÇ±�^�M¼0¹º-¨��±©¸¨â¨���§�Ô7��§k�¥tÒ2	k�±¡¨��±°�¯*Ã\�¥·Q¨�§����\��§k÷e�·x°e°��\©¸¨8²�·x¥¥�\ 1

Îr�\&Ç\��°e¯v���·x©¸¨I�\&¯�·x��·xªºªºÌ\ªº�\5·x§�¼¿ÇIÈ�·Q×X©��\&	k�±#¶/�±ÇM¨��\§���&	k�®°��\¹ºªºªº�±§k�&�\°�²*�K× .
¨I�\°��\©/¨5��¸©¸¨&¨���·xÇ\Ã\�\5·x§0¼ 3 ¹ºÕ� 1 Þ 1 ³`�P¨�Þ 1 ó 1 Îr�\�Ç\�¸°�¯v�¸¥·�©¸¨��\�¯v�±��¯v�\©�	k¹ºÇ\§�ªj·x¹º���\
�¥�\-¨��\©¸¨cÓ�Ò T = Tc

Ó π/b Ók�¸§ π/2b Ó�¥�\ªº��©»ªº�5Ç±·x5��ªº�\#��©k	��\,	���	k�±©k¥¹Ê¨�Ã5¥��©¸¨8¨I��§ .Ô7�¸§k��8Ç±��°�°e�\©k¥§k��·x²kªº�\#·\¶/�\Ç�ªj·®¯*Ã\��¹º�^	�¹ºÇ\¹Ê¨�Ã�	�·x©�8ªj·®	k¹º���\ÇP¨�¹º��© b é Qopt⊥ = π/b ��§
π/2b ¯*��§k�7¶k§qÑ^§k� Tc > 0 ê 1v� ª��±7¨5·x§k¥¥¹�¯*��¥�¹º²�ªº��	k�aÇ±·xªºÇ\§kªj�\��ªº�\�·x°�¯kªj¹Ê¨�§k	��\��P¨¯�È�·x¥�\2�¥�\ªj·Q¨�¹Ê¶/�±2	k�±2	k¹èÍ*Ã±���\©¸¨I�\2Ç\��°e¯v���·x©/¨��\2	k� 3 ��§k��¹º�±�5	��\2����	����\2��©�	k�e	��
	��\©k¥¹Ê¨�Ã`	k�`�¯�¹º©ÀÑ�§k¹�±
ÃM¨M·x²kªº¹º¥¥�\©¸¨S¤³x´¸³0Ó�«c¬ ó ¥ 1ô: §��\ªºÑ^§��\���Ã\¥§kªÊ¨I·K¨���M¼0�\°e¯kªj·x¹º�¥�\
¥��©/¨#¥ÇIÈkÃ\°R·Q¨�¹º¥Ã\#Ò�ªj· 3 ¹ºÕ 1 Þ 1 µ 16 ��°e°��2¯v��§�� V � t⊥ ªØ
�\°�²*�K×º¨��\°e�\©¸¨+¹º©¸¨���·x²�·x©�	k�5	��M¶0¹º�\©/¨�	��5¯kªº§�#�\©»¯�ªº§k¯�·x��Ùy·x¹Ê¨QÓrªj·z¨I�\°�¯*Ã\�¥·Q¨I§k���eÇ\�¥¹Ê¨�¹ºÑ^§��e	k�eªj·»¯kÈ�·���`·x¥���Ç\¹ºÃ\��¨��\©k	á¶/�\�� T 0

c
éØªj·z¨��\° .

¯*Ã\�¥·Q¨I§k���5Ç\��¹Ê¨�¹ºÑ�§k�5	�§Ï-Ð0-¨�Ì\°e�2Ò�§k©k�5²�·x©k	k�2·\¶/�\Ç2�\°�²*�K×º¨��\°e�\©¸¨�¯�·x�¥Ùy·x¹Ê¨cÓ0¶/��¹º�#ªj·
¥�\ÇP¨�¹º��©Û³ 1 ó 1 «cê 1v6 ����Ã±�§�ªÊ¨I·Q¨8¶0¹º�±©¸¨#Ç\�\¯*�\©�	�·x©¸¨#	k§ÏÙ ·x¹Ê¨#Ñ^§���ªj· �#'*) ©k�+¶/��¹Ê¨�ªØ
§k©�¹ .
	�¹º°��\©�¥¹º��©k©�·�ªº¹º�·Q¨�¹º��©�¯�·x��ªº�t¯*�K¨��\©¸¨I¹º�\ªk·x©�¹º��©k¹ºÑ^§�� 1 Îr·�¨��\°e¯vÃ\�¥·K¨�§k���tÇ\�¥¹Ê¨�¹ºÑ^§��t¯*��§k�
Ç±�M¨�¨��`¯kÈ�·x¥�R��²0¨��\©^§��`	�·x©k�ªj�\�Ç±·�ªºÇ\§kªºa	k�`���\©k�¸��°e·xªº¹º�·Q¨I¹º��©Ä�\-¨�¨���Ì\a	k¹èÍ*Ã±���\©¸¨��¸Ó
¶/�¸¹º�8ªX·®¥�\ÇM¨�¹º�¸©ÛÞ 1 µ 1 « 1

«�« 9



0.25 0.5 0.75 1 1.25 1.5

0

0.02

0.04

0.06

0.08

vF‖q̃opt‖/t⊥

V/t⊥

�X *¡O¢ Þ 1 ³~£ q̃opt‖ �\©ÖÙd��©kÇM¨I¹º��©z	k� V/t⊥ ·\¶/�\Ç t′⊥/t⊥ = 0 é �\©z©���¹º��êMÓ 0.008 éØ�\©zÕ���¹ºÙd��©�Ç\Ãcêâ�M¨ 0.024 é �\©zÕ¸��¹ºtÇ\ªj·x¹º�IêMÓ0�\© �#'*) Ó�¯*��§k� V Ùy·x¹º²kªº� 1 ÎT·5¶¸·xªº�\§k�t��¯�¨I¹º°e·xªº�&	k�
q⊥ �\-¨8¨��¸§xÔ7��§��� π/b 1

2 2.5 3 3.5 4

4

5

6

7

8

vF‖q̃opt‖/t⊥

V/t⊥

�X *¡O¢ Þ 1 ó £aÎT·+Ç\�¸°�¯*��¥·�©¸¨��t¯�·x�¥·xªºªºÌ±ªº�8	k§a¶/�\ÇM¨��±§k�ô	��t°e�\¹ºªºªº�\§k���\°a²v�K×º¨I�\°��\©/¨¡	�·�©k
ªj·»²�·x©�	k� m = − Ó Q−‖ − 2k1D

F
�\©ÀÙd��©�ÇM¨�¹º��©À	k� V/t⊥ ·\¶/�\Ç t′⊥/t⊥ = 0.024 ÓT�\©�#'*) Ó�¯*��§k� V Ùd���7¨5é Çc·x����Ã\Iê 1 Î��\â¨I��¹j·x©kÕ�ªj�\t¹º©k	k¹ºÑ�§k�\©¸¨8ªj·aªº¹ºÕ�©k� vF‖q̃‖ = 2V ¯v��§��

Ç\��°e¯�·x��·x¹º¥��© 1 ÎT·�¶�·xªº�±§k�8��¯0¨�¹º°e·�ªº��	�� q⊥ �\-¨8¨���§�Ô7��§��� π/2b 1

«�«K8



�X *¡O¢ Þ 1 µÂ£ ¾ �^	�§kªj·Q¨I¹º��©`	k��¥¯k¹º©`	�·x©k�ªº�\�	k¹èÍ*Ã\�¥�\©¸¨��\�¯�È�·x¥�\â�¸©k	k��	���	k�\©��¹Ê¨IÃ#	��
¥¯�¹º©½é n �\-¨#ªØ
4¹º©k	k¹ºÇ±��	k�5ªj·®ÇIÈ�·Q×X©k�Qê+�ré�·¸ê V Ù ·x¹º²kªº��Óv; $�� ¹º©/¨��\��²�·x©k	�� 1 é ²vê V Ùd���7¨QÓ
§�©k�z¥�\§kªº�Ï; $�� ¹º©¸¨I�¥·x²�·x©�	k� 1 éØÇcê V Ùy���7¨cÓôÒÛ¨��\°�¯*Ã\�¥·Q¨I§k���z¯kªº§�a²�·x¥��¸Ó9�:�C	k�±§�¼
��©�	k�\,	���	k�±©k¥¹Ê¨�Ã�	���¥¯k¹º©ÏÇ±�^�M¼0¹º-¨��±©¸¨ 1�$ 
4·x¯���Ì\/¤Ê«c¬ ó ¥ 1

«c³x´



}�Å�9 Ê �¡�2�,�G���,�������t�*�¥�#� �R�#�2�ß��� ��Ë2�0�XÌ¡� �y� �����ÂÈÍ½a�#�����¡�
³�Ê86�ÊzË ÎTØ,ÜZÙdÝ*Õ�Ñ�ÒXÙGÎ�ÒkÓ#Ø_Ò#Ï@ÝÛØÏx#Ø�Ï1Î¾íXÖ:Ñ,íXÖ:Î¾Ó#Î

H0�'���"e��3F��������
� �K¨��¥�a¯����^Ç\Ã±	k§k�¥�a	k�®�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©ß�\-¨5²�·x¥Ã\�®¥§k�&ªØ
���¥	k���®�\©ßÃ\©��\��Õ�¹º�®	��\

ÃM¨M·Q¨��¯k����¯����\�	k�RªØ
 É ·x°�¹ºªÊ¨I��©k¹º�\©Äªº¹º²k�¥� 1T� ª�Ù ·x§�¨a	k�¸©kÇRÑ^§r
��©À�M¼k¯k��¹º°e��¨���§0¨��\2ªj�\
·x§0¨����\�¯�·��7¨�¹º�\�	���ªØ
 É ·x°e¹ºªÊ¨���©k¹j�\©z�\©e¨��\�¥°��\�	k��Ç±�M¨�¨��+²�·x¥�+·x§��¥¹ 1 Îr�,¨I�\��°e��	�
¹º© .
¨��±�¥·xÇM¨�¹º�¸©Ï	��M¶0¹º�\©/¨

HI =
1

N

∑

σjk‖jk⊥jmj

δk′‖1+k′‖2−k‖2−k‖1,0 δk′⊥1+k′⊥2−k⊥2−k⊥1,0 mod π
b
×

× g({(kj ,mj , σj)})R†σ′1k′‖1k′⊥1m
′
1
L†
σ′2k
′
‖2k
′
⊥2m

′
2
Lσ2k‖2k⊥2m2Rσ1k‖1k⊥1m1 .

é�Þ 1 «c³�ê
é � ·x¯�¯v�\ªj��©k�ªj·�	kÃPæ�©k¹Ê¨�¹º��© cσkm = Rσkm

¥¹ k‖ > 0 Ó^�M¨ cσkm = Lσkm
¥¹ k‖ < 0

1 ê
;&©R¶/�¸¹Ê¨,Ñ^§k�&ªº�&Ùy·x¹Ê¨,Ñ^§��+ªj·a°e·�¹ºªºªº�&Ùy·x¥¥�&	k�\§0¼`Ùd�¸¹ºtªº�&¯�·x8	k�&��Ã\¥�±·x§`¨���·x©k-¶/�\��¥� b¹º©¸¨I���^	�§k¹Ê¨5	��\�¯k�¥�^Ç\�\¥¥§k5·x	�	k¹Ê¨�¹º�¸©k©k�±ªº5·\¶/�\Ç � °eï^ªj·x¯�¯q¨I�¥·x©k-¶/�\�¥¥·�ªô¯�·��&�¥·�¯k¯v�¸�7¨
·x§0¼q7Ðk7¨IÌ\°��\�·\¶/�\Ç®§k©¿¥�\§kª9¥¹Ê¨��a¯�·x�+°e·x¹ºªºªº� 1 ÎT·`Ùd��©kÇP¨�¹º��© g({(kj ,mj , σj)}) �\-¨	k�¸©k©kÃ±��¯�·x�
g({(kj ,mj , σj)}) = U fI({(σj , k‖j)})×
×
∑

ϑj

γ
m′1ϑ

′
1

k′⊥1
γ
m′2ϑ

′
2

k′⊥2
γm2ϑ2
k⊥2

∗
γm1ϑ1
k⊥1

∗ ·\¶/�±Ç�	�·x©k,ªj·����°e°�� ϑj = π ¯v��§��
{ §�©Ï©���°�²k�¥��¯�·x¹º�,	k� j ¥¹ k′⊥1 + k′⊥2 − k⊥2 − k⊥1 = 0,§�©Ï©���°�²k�¥��¹º°�¯�·x¹º�8	�� j ¥¹ k′⊥1 + k′⊥2 − k⊥2 − k⊥1 = π

b ,

é�Þ 1 « ó ê

�:� fI({(σj , k‖j)}) 	kÃ\Ç±��¹Ê¨5ªj·Ö	�Ã\¯v�\©�	�·x©�Ç\�®�\©á�¯�¹º©ß	��®ªØ
¹º©/¨��\�¥·xÇP¨�¹º��©%éØ·x©�©k�M¼k� ) ê·x¹º©��¹+Ñ�§�
§k©��¿ÃM¶/�\©¸¨I§k�\ªºªº�¿	�Ã\¯v�±©k	�·�©kÇ\�q�\© k‖
1 Î¡
�M¼k¯k���\¥¥¹º��© é�Þ 1 « ó êR�±7¨Ï	�Ã\��¹Ê¶/Ã\�

	�·�©k,ªØ
4·x©k©��M¼0� �81 « 1k) §�¼ 3 ¹ºÕ� 1 Þ 1 Þa�P¨+Þ 1 70Ó���©Ï¯*�\§0¨t¶^��¹º�,	k�\§0¼Ö�M¼0�\°e¯kªº�± 1
� ����:�������$p�,"@��feAB���$'"

6 ��©k¥¹º	�Ã\����©�¡	�
4·x²*����	eªØ
¹º©�7¨M·x²k¹ºªº¹Ê¨IÃ,�§�¯k�¥·�Ç\��©k	�§kÇM¨��¥¹ºÇ\�,·\¶/�±Ç,¯�·x¹º���±¡	�� 6 ����¯v�±�
¥¹º©kÕ�§�ªº�M¨�	k��-Ð0°eÃM¨���¹º�5¥¯�·Q¨�¹j·�ªº� Υ

1 ;&©z¨����¸§�¶/�RéØ·x©k©��M¼0� �,1 ³�ê
z(s,Υ)((k

′,m′), (k,m); q) =

∑

ϑ

γm
′ϑ′

k′⊥

∗
γmϑk⊥

∗ ×
{

1 é s ê√
2 cos lb(k⊥ + ϑ

b ) é l = 1 � d ¯ l = 2 � g ê
} ·\¶/�\Ç

{
ϑ′ = ϑ ¥¹ k′⊥ + k⊥ − q⊥ = 0,

ϑ′ = ϑ+ π ¥¹ k′⊥ + k⊥ − q⊥ = ±π
b . é�Þ 1 «\µ/ê

«c³�«



 
 

 
 

  
 

 
 

 
 

 

 

−Γ̃S

0

−0.8

−1.6

k′⊥b

−π/2
0

π/2
k⊥b−π/2

0

π/2

�X *¡O¢ Þ 1 Þß£�Îr�8¶/�\�7¨I�M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©kâªj·5²�·x��#¯�����¯����#	k� H0
·\¶/�±Ç

¨I��§�¨��±,ªº�±#¯�·x�-¨�¹ºÇ\§�ªº�\#	�·x©�#ªj·�²�·x©k	�� m = − Ó�¯v�¸§k� t′⊥/t⊥ = 0.024 �M¨+¯v�K¨I�\©¸¨�¹º�\ª·x©�¹º��©k¹ºÑ�§k�5Ùy·x¹º²kªº�¸Ó V/t⊥ = 0.34 Ó�·\¶�·x©¸¨�ªj·����\©�����°e·�ªº¹º¥·K¨�¹º��© 1

 
 

 
 

 
 

 

 

 

−Γ̃S

−0.8

−1.2

−1.6

k′⊥b

−π/2
0

π/2
k⊥b−π/2

0

π/2

�X *¡O¢ Þ 1 7~£�Îr�8¶/�\�7¨I�M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©kâªj·5²�·x��#¯�����¯����#	k� H0
·\¶/�±Ç

¨I��§�¨��±zªº�\Ö¯�·��7¨�¹ºÇ\§�ªº�\Ö	�·x©�zªj·C²�·x©k	�� m = − Ó�¯*��§k� t′⊥/t⊥ = 0.024 �P¨ÏÙd���7¨
¯*�K¨��\©/¨�¹º�\ªr·�©k¹º��©�¹ºÑ^§k� V/t⊥ = 2.94 Ó�·\¶¸·x©¸¨�ªj·®�¥�\©k����°R·xªº¹º�·Q¨�¹º�¸© 1

«c³�³



 

 

 

   

z

1

0.5

0

k⊥ b

−π/2 0 π/2

�X *¡O¢ Þ 1 ¬w£ � ·xªº�±§k���¹º©�¹Ê¨�¹j·xªº�\â	k�\�Ùd��©�ÇM¨�¹º��©� z ¯*��§k�¡Ñ^§��\ªºÑ^§k�±¡¯�·x�¥·x°eÌM¨����\�	r
����	k�¥�¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§���À¥¹º©kÕ�§�ªº�M¨C¹º©¸¨���·x²�·x©�	k��Ó2Ç�
�\-¨}Ò 	k¹º�¥� m′=m � z(s,d)(m= −
1; q⊥=0) é ªº¹ºÕ�©��e©k�¸¹º���cêMÓ −z(s,s)(m= − 1; q⊥=0) éØ�\©½¯v�¸¹º©¸¨�¹ºªºªºÃcê&�P¨ z(s,g)(m= −
1; q⊥=π/b) éØ�\©Ï¯*�M¨�¹Ê¨�t¨���·x¹Ê¨�Iê 1

Îr��Ç±·xªºÇ±§kªv¯v��§���ªj·2¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã,¨���¹º¯�ªº�M¨t�\-¨t·�©�·xªº��Õ�§�� 1 Îr����Ã\¥§�ªÊ¨I·Q¨t¯v�¸§k��ªj�\
��©�	k�\,	k�5	k�\©�¥¹Ê¨�Ã��\-¨�é α ∈ {C,S} ê

zα((k′,m′), (k,m); q) =
∑

ϑ

γm
′ϑ′

k′⊥
γmϑk⊥

∗ ·\¶^�\Ç
{
ϑ′ = ϑ ¥¹ − k′⊥ + k⊥ − q⊥ = 0,

ϑ′ = ϑ+ π �¹ − k′⊥ + k⊥ − q⊥ = ±π
b .

é�Þ 1 «cÞ�ê

) §0¼C¯v�¸¹º©¸¨� k⊥ �:� k′⊥ ¯�·x¥¥�Ö	�
4§k©}²*����	}	k�Öªj·ß¯k�¥�\°�¹ºÌ\�¥�ÖÅ\��©k�Ï	k� Á ��¹ºªºªº�¸§k¹º©çÒ
ªØ
4·x§0¨�����Ó�Ç\�\�7¨M·x¹º©k�\#Ùd��©�ÇM¨�¹º��©� z Ùy��©¸¨�§�©»ÇIÈ�·x©�Õ��\°��±©¸¨+·x²���§k¯0¨�	k�5¥¹ºÕ�©�� 1v6 �2ÇIÈ�·x© .Õ��\°e�\©¸¨5	k�®¥¹ºÕ�©k�®¥�®�¹º°e¯kªº¹èæ��a	�·x©k&ªº�±&Ã\Ñ^§�·Q¨�¹º��©�&	k�®���\©�����°e·�ªº¹º¥·K¨�¹º��©ß¯*��§k�+ªj�\
¥§k¥Ç\�\¯0¨�¹º²�¹ºªº¹Ê¨�Ã\±ÓvÇ\Ù 1 ªº�\�Ã±Ñ^§�·Q¨I¹º��©kaéòÞ 1 « 9 ê,�M¨�é�Þ 1 ³x´¸ê 1v) q⊥ = 0 ��§ π

b
Ó���©q��²0¨�¹º�\©/¨

ªº�\t¶¸·xªº�\§���,¥§k¹Ê¶�·�©¸¨��\2é j ∈ {C,S} ê&�

zj(m
′ = m; q⊥ = 0) = 1 ,

zj(m
′ 6= m; q⊥ = 0) = 0 ,

zj(m
′ = m; q⊥ =

π

b
) = m

√
1− α2

k⊥
,

zj(m
′ 6= m; q⊥ =

π

b
) = −αk⊥ .

«c³ ó



Îr�\2��Ã\¥§kªÊ¨I·K¨�5¯v�¸§k��ªj·Ï¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã�¥¹º©�Õ�§kªº�M¨a·\¶/�\Çe-Ð0°eÃM¨���¹º� s ¥��©¸¨�¹º	k�±© .¨I¹ºÑ^§k�\ 1�' ��§��8ªº�5Ç±·x,	r
§k©k��-Ðk°�ÃM¨��¥¹º� d Ó���©»��²�¨�¹º�±©¸¨

z(s,d)(m
′ = m; q⊥ = 0) = m

√
2αk⊥ cos k⊥b ,

z(s,d)(m
′ 6= m; q⊥ = 0) =

√
2
√

1− α2
k⊥

cos k⊥b ,

z(s,d)(m
′ = m; q⊥ =

π

b
) = 0 ,

z(s,d)(m
′ 6= m; q⊥ =

π

b
) = −m

√
2 cos k⊥b.

� ¹ V = 0 Ó αk⊥ = −1 Ók�P¨#��©»���M¨��¥��§�¶/�5ªº��Ç±·�,	�
§k©�����±§kªº�5²�·x©k	�� 1 Υ = g 	���©k©��

z(s,g)(m
′ = m; q⊥ = 0) =

√
2 cos 2k⊥b ,

z(s,g)(m
′ 6= m; q⊥ = 0) = 0 ,

z(s,g)(m
′ = m; q⊥ =

π

b
) = m

√
2
√

1− α2
k⊥

cos 2k⊥b ,

z(s,g)(m
′ 6= m; q⊥ =

π

b
) = −

√
2αk⊥ cos 2k⊥b .

� ¹ V � t⊥ Ó |αk⊥ | � 1 Ók�P¨#�¸©»���M¨����¸§�¶/�5ªº�5Ç±·x#	k�5	k�\§0¼Ö-Ð0-¨�Ì±°��\#¹º©k	kÃ±¯v�\©�	�·x©¸¨I	��aÇIÈ�·Q×X©��\&Ç\��§k¯�ªºÃ\�\�·\¶/�\Ç®	k¹º-¨I·x©�Ç\� 2b �\©¸¨��¥��ÇMÈ�·Q×X©k�±+¯����\°e¹º�\�� . ¶/�¸¹º�¹º©�±Ó*�M¨5·\¶/�\Ç§�©k�+¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã+	��#¨!Ð0¯*� d 10$ ·x©�tªº�+Ç±·x q⊥ = 0 Ó�ªº�+¯�·x��·x°�ÌM¨I���+	�
�¸��	k���&·ªj·�°�Ú±°��+¯kÈ�·����	�·x©k�ªº�±�	k�\§0¼R-Ð0-¨�Ì\°e�\_¯^	�·x©k�ªº�+Ç±·x q⊥ = π
b
Ó�¹ºª�Ð`·�§k©`Ù ·xÇM¨��\§��

	���¯kÈ�·x¥� (−1) �\©¸¨I����ªº�±,	k�\§0¼ 1

³�Ê.6�ÊGÉ ¤J×�ÔBØMÕPÙGÑ�Ò#Ï@Ó#Î¾Ö:Î�ÒBÑ,ÖgÜtØ,ÝdÙÛÏ1Ø�ÕgÙGÑ�Ò
�'��K"e��3F��������

Îr�&Ç±·�ªºÇ\§kª�	k�\8²�§kªºªº�\8�±7¨#Ùy·x¹Ê¨#	�·�©k8ªØ
4·x©�©k�M¼0� Á+1 Þ 1�� ¹�©k��§�t©�Ã\Õ�ªº¹ºÕ��±��©k,�\©kÇ\�¸���
§�©k�8Ùd�¸¹º¡ªj·�	kÃ\¯*�\©k	�·x©kÇ\�8	��\ Γj

�\©eªj·&	�¹º-¨I·x©kÇ±�8	k�\ k Ò&ªj·�¥§k��Ùy·�Ç\�8	�� 3 �\��°e¹k�M¨��±©ªº�±¡Ùd�¥Ã\Ñ^§k�±©kÇ\�\�	k� ¾ ·Q¨I�§�²�·x��·�éd¶/�¸¹º�¡ªº�,ÇIÈ�·x¯�¹Ê¨����,µ/êPÓ�©���§k���²�¨��\©���©k¡ªj�\¡Ã±Ñ^§�·Q¨I¹º��©k
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	k�5���\©k�¸��°e·xªº¹j¥·Q¨I¹º��©»¥§k¹Ê¶�·�©¸¨��\5�
d

dl
Γ̃α((k′1⊥,m

′
1), (k′2⊥,m

′
2), (k2⊥,m2), (k1⊥,m1))

=
1

2

∫
dk⊥
2π

∑

ij

CCα,ij×

×
∑

mm′

{
BC(−;m,m′)Γ̃i((k′1⊥,m

′
1), (k′2⊥,m

′
2), (k⊥,m), (−k⊥ + q⊥,m

′))×

× Γ̃j((−k⊥ + q⊥,m
′), (k⊥,m), (k2⊥,m2), (k1⊥,m1))

+BC(+;m,m′)Γ̃i((k′1⊥,m
′
1), (k′2⊥,m

′
2), (−k⊥ + q⊥,m

′), (k⊥,m))×
× Γ̃j((k⊥,m), (−k⊥ + q⊥,m

′), (k2⊥,m2), (k1⊥,m1))
}

− 1

2

∫
dk⊥
2π

∑

ij

CPα,ij×

×
∑

mm′

{
BP(−;m,m′)Γ̃i((k′1⊥,m

′
1), (k⊥,m), (k2⊥,m2), (k⊥ + q⊥,m

′))×

× Γ̃j((k⊥ + q⊥,m
′), (k′2⊥,m

′
2), (k⊥,m), (k1⊥,m1))

+BP(+;m,m′)Γ̃i((k′1⊥,m
′
1), (k⊥ − q⊥,m′), (k2⊥,m2), (k⊥,m))×

× Γ̃j((k⊥,m), (k′2⊥,m
′
2), (k⊥ − q⊥,m′), (k1⊥,m1)

}
.é�Þ 1 «K7¸ê

� Ç\¹ØÓx©k��§k�·\¶/��©�ô¯v��¥Ã�¨���§�¨I�\ôªº�\9	�¹èÍ*Ã\���±©kÇ\�\ô	k��Ùd�¥Ã\Ñ^§k�±©kÇ\�\ô	k� ¾ ·Q¨�¥§k²�·x�¥· q0 = 0 Ó�M¨�©k��§�#·\¶/��©k,	�ÃPæ�©�¹�ªº�\,Ùd��©�ÇM¨�¹º��©�
BC,P(r;m,m′) =

∑

ν=±
Θ(|Λ + νAC,P | − Λ)×

×1

2

(
tanh

βΛ

2
+ tanh

β(Λ + νAC,P)

2

)
Λ

2Λ + νAC,P
T→0−→ Λ

2Λ + |AC,P |
·\¶^�\Ç

AC = AC(m,m′, r, k⊥, qC‖, qC⊥)

= −ε⊥(k⊥,m) + ε⊥(−k⊥ + q⊥,m
′)− rvF‖q‖ ,

AP = AP(m,m′, r, k⊥, q̃P‖, qP⊥)

= −ε⊥(k⊥,m)− ε⊥(k⊥ − rq⊥,m′)− vF‖q̃‖ ,
qP‖ = 2k1D

F + q̃P‖ ,

�:�»ªº�\ q 	kÃ\¯*�\©k	��\©¸¨#	k§z¶^�\�7¨��M¼Ï	�·�©k,ªº�+¨��±��°���	���Õ¸·�§kÇIÈk�5	�·x©�,ªØ
Ã\Ñ^§�·Q¨�¹º��©�Ó
qC⊥ = k1⊥ + k2⊥ ,

qP⊥ = k′1⊥ − k2⊥ .6 ��°e°��¿	�·x©�zªº�qÇIÈ�·x¯k¹Ê¨I���q¯���Ã\Ç\Ã±	k�\©¸¨QÓâ©k��§�`©��qÇ\�¸©k¥¹º	kÃ\�¥��©kzªº�\zÃ±Ñ^§�·Q¨I¹º��©kz	��
���±©k����°R·xªº¹º�·Q¨�¹º��©RÑ^§��,¯v��§��¡Ç\�\�7¨M·x¹º©k�Ç\��§�¯kªj·xÕ��\±Ó/	kÃPæ�©�¹º�¯�·x�¡	��\�¶�·xªº�\§���¡æ0¼0Ã\�±¡	��

«c³�Þ



qC‖ �P¨ q̃P‖ Ó�¶/��¹º�&ªj·`¥�\ÇM¨I¹º��©¿µ 1 « 1 ó 1�� ��§k�·\¶/�¸©k�¶k§¿	�·x©k&ªj·z��±ÇM¨�¹º��©ßµ 1 ³ 1 ³`Ñ^§k�aªj�ÇIÈ���¹Ê¼z	k� q‖ ¯v�±§�¨,·\¶/�¸¹º�t§k©��+¹º©4<�§k�±©kÇ\�&¹º°�¯*���7¨I·x©/¨��&�§���ªº�&	�¹j·xÕ��¥·�°�°��&	��+¯�È�·x¥�\��²0¨��\©�§ 1¡6 ��°�°e�Ö	�·�©k�ªº�ÖÇc·xeÒ¿§�©k�Ö²�·x©k	���Óô©��K¨����Ö�¸²0Ô7�\ÇM¨I¹ºÙ#¥�\�¥·ß	�
§0¨�¹ºªº¹º¥�\��ªº�\
¶¸·xªº�\§k�¥,	k� q‖ Ñ�§k¹�	���©k©��\©¸¨#ªj·����\©�����°e·�ªº¹º¥·K¨�¹º��©»ªj·®¯kªj§k,¹º°�¯*���7¨M·x©¸¨�� 1

n�0����H���,"
qC‖

"g�
qP‖' �¸§k��ªº�aÇ±·x©�·xª9	k� ' �\¹º�±��ªº±Ó q̃P‖ �\-¨&�¸²�¨��\©�§q�\©¿°�¹º©k¹º°e¹º�·x©¸¨�ªº��	�Ã\©k��°e¹º©�·Q¨��±§k�

D 	��\+�§�¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨�Ã±&·x¥¥�^Ç\¹ºÃ\�\�·x§�¼@<�§�ÇM¨�§�·Q¨�¹º��©�+¯�·x�7¨I¹ºÇ\§kªº� . ¨�����§rÓvÑ^§�¹9·x¯�¯�·x�¥·K×º¨
	�·x©ktªº�&Ç\�¥¹Ê¨�Ì\���&	k� � ¨I��©k�\��é�Þ 1 «�«cê 1�6 ��°�°e�&ªj· �#'*) °���©/¨����&Ñ^§k�¸Ó�	�§z°e��¹º©kt	�·x©k
ªj·R¯kÈ�·x¥�2��©�	k��	k�2	��\©k¥¹Ê¨�Ã�	k�2¥¯�¹º©�Ó�ªº�5¶/�\ÇP¨��\§k��	k��°��\¹ºªjªº�\§k���\°�²*�K×º¨��±°��\©¸¨&Õ¸·x��	��
¨I��§xÔ7��§����ªj·ßÇ\��°e¯v���·x©/¨��Ö¯*�\��¯*�\©k	�¹ºÇ\§kªj·x¹j���ÖÇ\��°�°e�\©k¥§��¥·x²kªº�»·\¶/�\ÇÏªº�Ï¯�·�®	��Ö�¥Ã .
¥�±·x§ b Ók©k��§�#·xªºªº��©k8æk¼0�\� q⊥ = π/b ¯v��§�� V Ùy·x¹º²kªº�¸Ók��§ q⊥ = π/2b ¯v��§�� V Ùy���7¨cÓ
	�·x©kâªº�\âÇc·xªºÇ\§kªº�	�
��¯0¨�¹º°�¹j¥·Q¨I¹º��©`	k� q̃P‖ 1�6 ��©¸¨��¥·�¹º���\°e�\©¸¨8·x§RÇc·xâ	�
§�©k�#²�·x©�	k��Ó/ªj�Ç±��¹Ê¨�Ì\���®	k� � ¨���©k�\�®éòÞ 1 «�«cê�	kÃ\¯*�\©k	¿	k�®ªØ
¹º©¸¨��\��·xÇM¨�¹º��© g̃S 1*� Ç\¹ØÓG©k��§�+©��a	k�M¶/�¸©k&¯�·x§0¨�¹ºªº¹º¥�\�ôªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©®©^§���Ñ^§�¹0�\©¸¨����t	�·�©kôªº�tÇ±·xªºÇ\§�ª0	k§�<��K¨¡	k�t���\©�����°R·xªº¹º�·Q¨�¹º��©Â¯x¹ºª
Ùy·�§�¨ô¨��\©�¹º�9Ç\�¸°�¯�¨I��	���ªØ
4�PÍ*�M¨¡	k�±�<�§�ÇM¨�§�·Q¨�¹º��©kô§�©k¹º	�¹º°��\©��¹º�¸©k©k�\ªjªº�\±ÓKÑ�§k¹��¥Ã\	k§k¹j��\©/¨
ªØ
¹º©/¨��\�¥·�ÇM¨�¹º��©¿�\Í*�\ÇM¨I¹Ê¶/� 1 ÎT·e¶�·xªº�\§��+¯k��Ã±Ç\¹º¥��	�� q̃P‖ Ç\��°e°��\©�Ç\�aÒ�Ô7��§k�\�+§k©¿�¥ä�ªº�®Ò¯�·x�7¨�¹º�&	�§¿°e��°��±©¸¨5�:�ßªj·zÇ\��§k¯�§k��� Λ �\-¨5	k§ß°eÚ\°��®����	����®	k�®Õ��¥·x©�	k�\§��+Ñ^§��®ªº�\
¶¸·x��¹j·Q¨�¹º�¸©kz	k�Ûªj·ÀÙd��©�ÇM¨�¹º��© AP

1�6 �\Ç\¹��\-¨�Ô7§�-¨��\°��±©¸¨zªj·À	�ÃPæ�©k¹è¨�¹º��©(	��ÛªØ
Ã±ÇIÈk�\ªºªº�
	r
Ã\©k�±��Õ�¹º�`	�§Ä¯�·x¥�·xÕ��`	�¹º°��\©�¥¹º��©k©��\ª Λx1

Ó��M¨®	���©kÇ`	��`ªØ
����	����`	���Ó���§Ä¹º©�ÙdÃ\��¹º�\§��
Ò0Ó t⊥ Ó*¶/�¸¹º��ªº�\5¥�\ÇP¨�¹º��©k�³ 1 µ 1 ³Ö�M¨�µ 1 « 1 µ 1 ÎT·Ö	kÃ\°R·x��ÇIÈ���©�·Q¨�§����\ªºªº�e¥�\�¥·x¹Ê¨2	���©kÇ�	��Ùy·�¹º���+ªº��Ç±·xªºÇ±§kªv	�
4��¯�¨�¹º°e¹º�·Q¨�¹º��©z�\©`§0¨�¹ºªº¹º�·x©¸¨8ªº�\�¶�·xªj�\§k����¥�\©k����°R·xªº¹º¥Ã\�\�Ô7§�¥Ñ^§�
4Ò�Ç\�
¯*��¹º©¸¨�¯v��§��8ªØ
¹º©/¨��\�¥·�ÇM¨�¹º��© g̃effS

�M¨�ªj·�ªj·x��Õ��\§��8	���²�·x©k	�� 2Λeff
1�� ªGÐ»·®¹ºÇ\¹r§�©Ï¯k�¥� .

²�ªºÌ\°��#¯��¥·Q¨�¹ºÑ�§k�#Ñ^§k¹�¥�#¯v��¥� 1 Î¡
�M¼0¯����\¥¥¹º��©qé�Þ 1 «±´/ê�¯v�¸§k��ªØ
¹º©¸¨�Ã\Õ¸�¥·xªº�#	�� k‖ 	�·x©k�ªj�Çc·xªºÇ\§kª9	k�aªj·R²�§kªºªº�a¯�·x�7¨I¹ºÇ\§kªº� . ¨�����§¿©�
�±7¨+¶�·xªj·�²kªº�aÑ^§k�a�¹9ªj·`ªj·x��Õ��\§���	���²�·x©k	k�a�\-¨
²*�±·x§�Ç\��§k¯Ï¯kªº§�8Õ¸�¥·x©k	��&Ñ�§k� t⊥ 1k) æ�©Ö	���ªº¹º°�¹Ê¨��±�8ªº�+¨��\°e¯k,	k��Ç±·xªºÇ\§�ª�©^§k°eÃ\��¹ºÑ^§���Ó©���§ke·\¶/��©k�	k�¸©kÇÖ¯kªº§0¨�äK¨eÙy·x¹Ê¨eªj�zÇc·xªºÇ\§kª8	�
��¯�¨I¹º°�¹º�·Q¨�¹º�¸©}�\©}Õ¸·x�¥	�·x©¸¨eªj·¿ªj·���Õ��\§k�
	��a²�·x©k	k�®Õ��¥·x©k	��a�M¨2·\¶/�\Ç®§k©��a¹º©¸¨I�\�¥·xÇM¨�¹j��© g̃RPAS

Üò¨!Ð0¯�¹ºÑ^§��Mà�Ó*	kÃP¨��\��°e¹º©kÃ\�®¯�·x�+ªj�
Ç±��¹Ê¨�Ì\���`¥§k¹Ê¶¸·x©¸¨Ö� g̃RPAS

Ó�¹º©xÔ7�\ÇP¨�Ã\�`	�·x©�2ªº�`Ç\�¥¹Ê¨�Ì\���`	k� � ¨���©�	k�\�±Ó�Ò t′⊥ = 0 = V Ó	��M¶�·x¹Ê¨5	���©k©k�±�+ªj·z°�Ú\°e�2¨��\°e¯vÃ±�¥·Q¨�§����aÇ\��¹Ê¨I¹ºÑ^§k� T 0
c
Ñ^§k�®ªº�aÕ��¥��§k¯*�a	��a���\©�����°R· .

ªº¹º�·Q¨I¹º��©%Òß¯�·x�7¨�¹º��	��Öª�
¹º©¸¨��\��·xÇM¨�¹º��©%©^§�� g̃S 1 Îr�\®¶�·x�¥¹j·Q¨�¹º��©��	�� q̃optP‖ ·\¶/�±Ç g̃RPAS¥��©/¨&���\ªj·Q¨�¹Ê¶^�\°��\©/¨&¹º°e¯v���7¨M·x©¸¨��\ 1*� ��§k+©k��¯v��§0¶/��©k+	k�¸©kÇ�¯�·x+ÚM¨��¥��±����	r
��²�¨I� .
©�¹º��ªj·+¶�·xªº�±§k�9¶0��·x¹º°��\©/¨���¯0¨�¹º°R·xªº�,·\¶/�±Ç8©��K¨����,¯k���^Ç±Ã\	k§���� 1�) §e¯k¹º����Ó¸Ç\�\Ç\¹�Ùd�\�¥·�¹Ê¨�Ñ^§��
©���§k�¥��§k . �\-¨�¹º°e�\��¹º��©�#ªº�±ï<�§kÇM¨I§�·Q¨�¹º��©�#	��2�¯�¹º© 1*6 ��°e°��2Ç±�\><�§kÇM¨I§�·Q¨�¹j��©k����©/¨
Ò`ªØ
4����¹ºÕ�¹º©��a	k� ® § �4® ¬ ¶ ªº�±+¯�È�·x¥�\&����	���©k©kÃ±�\+Ñ�§k�a©k��§�#¨��¥��§�¶/��©�±Óvªº�®	k¹j·xÕ���·x°�°e�
	���¯kÈ�·x¥�\,©k��	��M¶0�¥·�¹Ê¨#¯�·x#�\©ÏÚM¨I����°e�^	k¹èæ�Ã�Ñ^§�·xªº¹Ê¨I·Q¨�¹Ê¶^�\°��\©/¨ 1

Îr��¶^�\ÇM¨��\§���	k�â°��\¹ºªºªº�\§����\°a²v�K×º¨��±°��\©/¨9	�Ã\¯v�±©k	2Ã±Õ¸·xªº�\°e�\©¸¨ô	���ªj·8¨I�\°�¯*Ã\�¥·Q¨�§�����Ó
Ç±��°�°e�8	�·�©k¡ªº�,Ç±·x¡	�
4§k©k�,¥�\§kªº�,²�·x©�	k� 1�) §a¶0§e	k�±¡��Ã\¥§kªÊ¨M·Q¨�¡	k�,ªj·���±ÇM¨�¹º��©eµ 1 ³ 1 ³�Ó
©���§k#	kÃM¨I�\��°e¹º©k��©k q̃optP‖ ¯*��§k�,	k�±§�¼z¨��\°e¯vÃ\��·Q¨�§k�¥�\,	k¹ºÍ*Ã\���\©/¨��\2��Îr·a¨I�\°�¯*Ã\�¥·Q¨�§����Ü�·xÇM¨�§��\ªºªº�Mà�ÓvÇ�
�\-¨&Òe	�¹º���2Ç±�\ªºªº�2¯*��§k�#ªX·xÑ^§k�\ªjªº�2ªº�ó<��K¨+	��2���\©�����°e·�ªº¹º¥·K¨�¹º��©q��±�¥·eÇ±·xª .
Ç±§kªºÃ�Ó��M¨8ªj·5¨��\°e¯vÃ\�¥·K¨�§k��� T 0

c
éØªj·�¨I�\°�¯*Ã\�¥·Q¨�§�����Ç±��¹Ê¨�¹ºÑ^§���¥¹ V = 0 = t′⊥

ê 1 Îr�+ÇIÈk��¹Ê¼
	�� q̃optP‖ Ñ^§�¹�	k��©k©��#ªj·&¨��\°e¯vÃ±�¥·Q¨�§����,Ç\�¥¹Ê¨�¹ºÑ^§��#ªj·5¯kªº§��Ã±ªº�M¶/Ã\�#	�·x©k�ªj�#Ç±·xªºÇ\§�ª�¯�·x���¥� .©�����°R·xªº¹º�·Q¨�¹º��©R�\-¨����M¨��\©�§ 1�6 �#¯k���^Ç±Ã\	kÃ#�\-¨â���\¯*ÃM¨�Ã#¯v��§��¡ÇIÈ�·xÑ�§k�#¯�·x¹º���#	��t¶�·xªº�±§k��
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	k� V �M¨5	�� t′⊥ 1 Î¡
¹º©¸¨IÃ\��ÚM¨2	k��Ç\��©k¥¹º	�Ã\���\�&§�©q¶/�\ÇP¨��\§k��	k�®°e�\¹ºªºªº�\§k���\°a²v�K×º¨��±°��\©/¨Ç\���¥���\¥¯v�¸©k	�·x©/¨,Òa§k©��#¨��±°�¯*Ã\�¥·Q¨�§����+¯�ªº§ktÕ��¥·�©k	k�&Ñ^§��+ªº�\8	kÃM¶k¹j·Q¨�¹º��©�t	k�&ªØ
�\°a²v�K× .
¨��±°��\©¸¨�¯�·x�¥Ùy·x¹Ê¨&�\-¨&	���°�¹º�\§0¼Ï¨��±©k¹º��Ç\��°e¯�¨��a	k��ªØ
�PÍG�M¨&	��\w<�§kÇP¨�§�·Q¨I¹º��©k+	k��¥¯k¹º©
Ò�	k�\,È�·x§0¨��\,Ã\ÇIÈ��\ªºªº�\#	�
Ã\©��\��Õ�¹º�\ Λ

1
� ©¿Ç\�aÑ^§�¹�Ç\�¸©kÇ\�\�¥©k�aªº�aÇ±·x©�·�ª�	�� 6 �^��¯v�±�\Ó*©k��§k&§�¨�¹ºªº¹º¥��©�#¨��¸§xÔ7��§��� qC‖ = 0 Ó¯*��§k�+ªj·z�¥·x¹º¥��©ß¥§k¹Ê¶¸·x©¸¨��Ö� ) Ùy·x¹º²kªº� V ÓG��©¿±
4·Q¨¥¨��\©k	áÒ`§�©¿¥Ç\Ã\©�·x��¹º�z¥¹º°e¹ºªj·x¹º����·x§Ç±·x V = 0

1 ;+©®	k�M¶k�¥·x¹Ê¨¡	k��©�Çt��²�¨��±©k¹º�ô	k�\�¯�·x¹º���±ô	k� 6 ����¯v�±�ô·\¶^�\Çâ¶/�\ÇM¨I�\§k�ô	�
�¸©k	k�
¨��K¨M·xªv©�§kª�² á��4¶~¹öá 1 á1¶ ¬Â² ¯ § � ²g¬ ¶B¸�¹Yá�� ¬ ¶ Ó^Ç±��Ñ^§�¹�Ç±�������\¥¯*��©k	rÓ^	�·x©�âªj·�²�·x¥�+¯k����¯����
	k� H0

Ó9Òq	k�±a¯�·x¹º�¥�\a¹º©¸¨���·x²�·x©�	k�\2¨I��§xÔ7��§���®·\¶/�\ÇR¶/�\ÇP¨��\§k�a	�
�¸©k	k�R¨��K¨M·xªâ©^§�ª 1�)
V Ùd���7¨QÓ9ªº�\®	k�\§0¼À²�·x©k	��\a	k�P¶0�¥·x¹º�±©¸¨�¥�z	kÃ\Ç±��§k¯�ªº�\�\Ó9�M¨�ªØ
4·x¯�¯�·x��¹º�±°��\©¸¨e��±�¥·x¹Ê¨�	��
©k�¸§�¶/�±·x§½�\¥¥�\©¸¨�¹º�±ªºªº�\°��\©/¨2¹º©¸¨I�¥·x²�·�©k	k�R·\¶/�\Ç q = 0

1 Îr��ÇIÈk�¸¹Ê¼ qC‖ = 0 ·x¯k¯�·x�¥·Q×º¨·xªº���¥,©�·K¨�§k���±ª�	�·x©�8ªº�±,	k�\§0¼Öªº¹º°�¹Ê¨I�\ 1� ��§�Ï·\¶/�¸©kz¶0§ì	�·x©�Öªj·}¥�\ÇM¨�¹º�¸© Þ 1 ³CÑ^§��ß¯v�¸§k�Öªº�\[<�§kÇM¨�§�·Q¨�¹º��©�Ï	k�ß¥¯k¹º©rÓ
¯kªj§k¥¹º�\§k�¥�¶/�\ÇM¨I�\§k��,	k��°���	k§kªj·K¨�¹º��©k,��¸©¸¨#¹º°�¯*���7¨I·x©/¨�±Ó q �M¨ (q + P) Ók·\¶/�±Ç q⊥ =
π/b ��§ q⊥ = π/2b ÓQ�M¨�	k�\9Ç\��°e¯v�¸¥·x©/¨��\ q‖ 	k¹èÍ*Ã\�¥�\©¸¨��\ 1�6 �\�<�§�ÇM¨�§�·Q¨�¹º��©�r¶/�¸©¸¨ô�\©Õ�Ã\©�Ã\�¥·xª�Ç±�^�M¼0¹º-¨��±�\Ó¸�M¨â¹ºª��\-¨â²k¹º�\©e¯*��¥�¹º²�ªº�,Ñ^§k�,ªj·�¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ8¥��¹Ê¨âÕ�Ã±©kÃ\��Ã±�
¯�·��T	k¹èÍGÃ\���\©¸¨I�\�¥���7¨��\�	��B<�§kÇP¨�§�·Q¨I¹º��©k�	k��¥¯�¹º©�Ò,ªj·#Ùd��¹º±ÓcÇ\�âÑ^§k¹�¶�·#��â����<�ÌP¨��\�T	�·�©k
ªº�»¯�·x�¥·x°eÌM¨��¥�Ö	r
����	���� 1� ��§0¨RÇIÈk��¹Ê¼ç	k� q̃P‖ Ùy·\¶/����¹j��»Ç\�\�-¨I·x¹º©k�±J<�§kÇM¨�§�·Q¨�¹º��©��	��¥¯k¹º©Ï¯�·x�8�¥·x¯k¯*���7¨�Ò®	�
4·x§�¨I���\ 1�$ ·�©k8©��K¨�����Ç±·x±ÓkÇ\�M¨¥¨���·�¯k¯k�¥�±¼0¹º°e·Q¨I¹º��©Ï©��&	��M¶0�¥·�¹Ê¨
Ç\�\¯*�\©�	�·x©¸¨#¯�·x8ÇIÈ�·x©kÕ��\�8ªº�\,��Ã\¥§kªÊ¨M·Q¨�8Ùd��©�	�·x°e�\©¸¨I·�ªº�\°��\©/¨ 1 Îr�\,Ç±·xªºÇ\§�ªº8�\© �#'v) Ó
�:�À©k��§��·\¶/��©k�¨I�¥·x¹Ê¨�Ã�¨���§�5ªj�\ q̃P‖ ¥§k�5§k©À¯k¹º�±	½	�
Ã±Õ¸·xªº¹Ê¨�Ã�ÓT°e��©¸¨����±©¸¨�Ñ^§r
¹ºªôÐ½·¨���§�Ô7��§���&§�©q¨!Ð0¯*�®	k��<�§kÇM¨�§�·Q¨�¹º��©�&Ñ^§�¹ô�\-¨5	k��°e¹º©�·x©/¨cÓGÇ\�®Ñ�§k¹ô©k�®¯*�\§0¨�ÚM¨I���®Ñ^§��
���±©kÙd����Ç±Ãâ¯�·���©k�K¨��¥�âÇIÈk��¹Ê¼�	�
§�© q̃P‖ æ0¼0� 1 Îr�â¯�·��¥·x°�ÌP¨����â	r
����	k�¥�â¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k�¥�\�¥·8	�·\¶¸·x©¸¨I·xÕ��¡	�ÃM¨��\�¥°�¹º©kÃ¡¯�·x�rªº�\�<�§kÇM¨�§�·Q¨�¹º��©�r	k��°e¹º©�·x©¸¨I�\±Ó\Ñ�§k¹�¥��©¸¨�²k¹º�±©�¯���¹º¥�\
�\©RÇ\��°�¯0¨��,	�·x©�¡©����Ç±·xªºÇ\§�ªº 1 Îr·�Ùy����°��,Õ¸ªº��²�·xªº�#	k§e¯�·x�¥·x°eÌM¨����,	r
����	k�¥�,Ñ^§k�,©k�¸§k
��²0¨��\©k�¸©k�¥�\�¥·e	k�¸©kÇ2Ç\�¸�����\ÇM¨I� 1v' ��§k��Ç\��©k©�·Q×º¨�����¥·R7¨I��§kÇM¨I§k���5æ�©k��Ó�¯�·��#Ç\��©¸¨I����Ó�¹ºª
Ùy·x§�	k�¥·�¹Ê¨#¯�����²�·x²�ªº�\°��±©¸¨8¨��±©k¹º�8Ç\�¸°�¯�¨I��	k�5¯kªº§k¥¹º�\§���t¶�·xªº�\§���,	k� q̃P‖ Ò®ªj·�Ùd��¹º 1

� ����:�������$p�,"@��feAB���$'"
Î��±&Ã±Ñ^§�·Q¨I¹º��©k�	��®���±©k����°R·xªº¹º�·Q¨�¹º��©á¯*��§k�&ªº�±�Ùd��©�ÇM¨�¹º��©��	k�®�¥Ã\¯v��©�¥�®¥��©¸¨5ªj�\

¥§k¹Ê¶¸·x©¸¨��\ 1�' ��§��8ªº�\#��©k	k�±8	���	k�±©k¥¹Ê¨�Ãe�

d

dl
zODα((pL⊥,mL), (pR⊥,mR); q⊥) =

1

2

∫
dk⊥
2π

∑

mm′

{
BP(−;m,m′)zODα((k⊥,m), (k⊥ + q⊥,m

′); q⊥)×

× Γ̃α((k⊥ + q⊥,m
′), (pL⊥,mL), (k⊥,m), (pR⊥,mR))

+BP(+;m,m′)zODα((k⊥ − q⊥,m′), (k⊥,m); q⊥)×
× Γ̃α((k⊥,m), (pL⊥,mL), (k⊥ − q⊥,m′), (pR⊥,mR))

}
,é�Þ 1 «c¬�ê
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d

dl
χ̃ODα(q′⊥, q⊥) =

−
∫
dk⊥
2π

∑

mLmR

(
BP(−;mL,mR)zα((k⊥,mL), (k⊥ + q′⊥,mR); q′⊥)×

× zα((k⊥,mL), (k⊥ + q⊥,mR); q⊥)

+BP(+;mR,mL)zα((k⊥ − q′⊥,mL), (k⊥,mR); q′⊥)×
× zα((k⊥ − q⊥,mL), (k⊥,mR); q⊥)

)
,

é�Þ 1 « 9 ê

�:� α = C é ÇIÈ�·x��Õ��Qê���§ α = S é ¥¯k¹º©vê 1�' ��§�� q′⊥ Ó q⊥ Ó^©���§k8·xªºªº��©kt¯k���±©k	k�¥�,¨���§0¨��\ªº�±�Ç\��°�²�¹º©�·x¹º¥��©��	k� π/b �M¨ 2π/b �¹ V �\-¨¡Ùy·x¹º²�ªº��Ó��M¨ π/2b �P¨ 3π/2b ¥¹ V �±7¨�Ùd���7¨ 1
;&©e���\°e·x�¥Ñ^§k�,Ñ^§��8ªº�±¡Ã\Ñ^§�·Q¨�¹º��©�¡	��8�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©e¯v��§���ªº�\ z ¥��©¸¨â	�¹j·xÕ���©�·xªº�\�±© q⊥ 1^$ ·x©��Ç±�#¥ÇIÈkÃ\°R·5	k�#Å\�¸©k�#��Ã\	�§k¹Ê¨��¸Ó/ªº�#Ç\��§�¯kªj·xÕ����\©¸¨����#ªº�±B<�§kÇM¨I§�·Q¨�¹º�¸©kâÒ q�P¨ (q + P) �±7¨�¯���¹º,�\©»Ç\��°�¯0¨���¯�·x�,ªº��Ùy·�¹Ê¨#Ñ�§k�5ªº�\,ÃM¨M·Q¨� (k⊥,m) Ñ�§�
��©»¥��°�°e�Ç±��©¸¨�¹º�\©�©k�\©/¨#ªº�\,�¸©k	k�±8¯�ªj·x©k�\ k⊥ �M¨ (k⊥ + π

b ) Ò®ªj·�Ùd��¹º 1' �¸§k�8ª�
4·x¯k¯�·���¹º�\°��±©¸¨2�
d

dl
zSCα((pL⊥,mL), (pR⊥,mR); q⊥) =

1

2

∫
dk⊥
2π

∑

mm′

{
BC(−;m,m′)zSCα((k⊥,m), (−k⊥ + q⊥,m

′); q⊥)×

× Γ̃α((−k⊥ + q⊥,m
′), (k⊥,m), (pL⊥,mL), (pR⊥,mR))

+BC(+;m,m′)zSCα((−k⊥ + q⊥,m
′), (k⊥,m); q⊥)×

× Γ̃α((k⊥,m), (−k⊥ + q⊥,m
′), (pL⊥,mL), (pR⊥,mR))

}
,é�Þ 1 «K8¸ê

d

dl
χ̃SCα(q′⊥, q⊥) =

−
∫
dk⊥
2π

∑

mLmR

(
BC(−;mL,mR)zα((k⊥,mL), (−k⊥ + q′⊥,mR); q′⊥)×

× zα((k⊥,mL), (−k⊥ + q⊥,mR); q⊥)

+BC(+;mR,mL)zα((−k⊥ + q′⊥,mL), (k⊥,mR); q′⊥))×
× zα((−k⊥ + q⊥,mL), (k⊥,mR); q⊥)

)
. é�Þ 1 ³x´¸ê

6 ��°�°e�&	�·x©k8ªº�&Çc·x8	k�±t��©�	k�\8	��&	k�±©k¥¹Ê¨�Ã�Ó0ªº�±O<�§�ÇM¨�§�·K¨�¹º��©k8¯�·��7¨�¹ºÇ\§�ªº� . ¯�·x�7¨�¹ºÇ\§�ªº�
Ò q �M¨ (q + P) ¥��©¸¨#Ç\��§�¯kªºÃ\�\,¯�·x�8ªØ
¹j©¸¨��\��°eÃ\	k¹j·�¹º����	k�±8ÃM¨I·Q¨I (k,m)

10) ¹j©k¥¹ØÓk§k©��
¹º©�-¨I·x²k¹ºªº¹Ê¨IÃ�¥§k¯��¥·xÇ\��©�	k§�ÇM¨���¹ºÇ\�2Ò q = 0 ¶¸·®�\©»Õ�Ã\©kÃ±�¥·xª��\©»¹º©�	k§k¹º�¥��§k©k�2Ò q = P

1
' �¸§k����²0¨��\©k¹º��ªº�e	k¹j·xÕ���·x°�°e��	k��¯kÈ�·x¥�\±Ó�©k��§k5Ç±·xªºÇ±§kªº��©k5ªº�\5¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\

χODC
�M¨ χODS °��±©¸¨�¹º��©�©kÃ\�\�¯kªº§k�È�·x§0¨cÓK�P¨ χSC(0,0) Ó χSC(0,P) �M¨ χSC(P,P)
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·x¥¥�^Ç\¹ºÃ±�\9·�§�¼2¯�·x�¥·�°�ÌM¨��¥�\�	r
����	k�¥��¥¹º©kÕ¸§kªº�M¨ r sin k⊥b �P¨ cos k⊥b éjÜ d à7êPÓ r sin k⊥2b�M¨ cos k⊥2b éjÜ g à-ê��M¨ cos k⊥3b éXÜ i à7êMÓ�·x¹º©�¥¹ôÑ�§k��¨I��¹º¯kªº�P¨ sin k⊥b éXÜ p⊥ à7êMÓ sin k⊥2b�M¨ r cos k⊥b éjÜ f à7êMÓk�M¨ r cos k⊥2b éXÜ h à7ê 1Î�
Ã±ÇIÈk�\ªºªº�âÙd�\��°e¹º��©k¹ºÑ�§k��Ç\��©�7¨I¹Ê¨�§k��§k©2Ç±·�T¥¯vÃ±Ç\¹j·xª�¨���Ì±T¹º°�¯*���7¨I·�©¸¨9	k��-Ð0-¨�Ì\°e��Ò
	k�±§�¼5²�·�©k	k�± 1Q� ��§k�Ùy·x¹º¥��©k�ªº�âªº¹º�\©2�±©¸¨����âªº�\TÃ±Ñ^§�·Q¨I¹º��©k�	kÃ±��¹Ê¶/Ã\�\�¯�·x� 3 ·x²k��¹ºÅ±¹º��¤ 7¸³�¥
¯*��§k�8§�©k��Ã±ÇIÈk�\ªºªº��Ó��M¨#ªj�\,Ã\Ñ^§�·Q¨�¹º��©�,	k��©�©kÃ\�\,Ç\¹ . 	k�\¥¥§k±Ók	�·�©k,ªØ
4·x©k©��M¼0� 3â1

}�Å�j Ç � ���¥�,�,�*�,� � � ���A�Jë2�#���¡�
Î��¡Õ�����§�¯v��	k�¡���\©�����°e·xªj¹º¥·K¨�¹º��©5	k��©�©k��ªº�¡	k¹j·xÕ���·x°�°e��	k��¯�È�·x¥�\r	���ªj· 3 ¹ºÕ 1 Þ 1 9 1

;&©����M¨��¥��§�¶/�âªº�±�	��\§�¼2¯kÈ�·x¥�\9��©k	���	��â	k�±©k¥¹Ê¨�Ãâ	k�â¥¯k¹j©�Ñ^§�
��©®·\¶�·x¹Ê¨�	kÃ-Ô-Ò8¨I����§�¶^Ã\�\
�\© �#'*) Ó�Ç\�\ªºªº�eÒÖÙy·x¹º²�ªº� V Ó�Ç\���¥���\¥¯v�¸©k	�·x©/¨2ÒÖªØ
�\°�²*�K×º¨��±°��\©¸¨2¹º©/¨��\��²�·x©k	��\±Ó�·\¶/�\Ç
q⊥ = π/b �M¨ q⊥ = 0 Ó¸�M¨âÇ\�\ªºªº��Ò V Ùd�¸�7¨cÓ/·\¶/�\Ç q⊥ = ±π/2b Ó¸Ñ^§�¹�¶k¹º�\©¸¨â	��8ª�
�\°�²*�K× .¨��±°��\©¸¨�¹º©¸¨���·x²�·x©�	k� 1 Îr�\=<�§kÇM¨�§�·Q¨�¹º��©�,	k�5�¯�¹º©ÛÒ V Ù ·x¹º²kªº�5¥��©¸¨,¨���Ì±,¥¹º°�¹ºªj·x¹º�¥�\#Ò
Ç\�\ªjªº�\T	�§5-Ð0-¨�Ì\°e��Ò,§k©��¡²�·�©k	k���M¨�	���©k©��\©¸¨9ªº¹º�\§2Ò,§k©��¡¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ¡Ñ^§k¹/�\ªºªº�
·x§��¥¹G�¥�\¥��±°�²kªº�5·x§ÖÇ±·x V = 0 � � ª�\
4·�Õ�¹Ê¨,	r
§k©��+¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã&	k��¨!Ðk¯v�,Ü d à�Ó	k�¸©kÇR·\¶/�±ÇR·x¯k¯�·x��¹º�\°e�\©¸¨a�\©¸¨��¥�eÇIÈ�·Q×X©��\�¶/��¹º¥¹º©k�± 1�� ©À·x©�·xªº�¸Õ�¹º�`·\¶/�\ÇRªº�e-Ð0-¨�Ì\°e�
Ò»§�©k�R²�·x©�	k��ÓTªº�\ó<�§kÇP¨�§�·Q¨I¹º��©k�	k�R¥¯k¹º©À¹º©¸¨I�¥·x²�·�©k	k�R	��e°e�^	k§�ªj·Q¨�¹º��©á¨I�¥·x©k-¶/�±��¥�
π/2b Õ�Ã\©kÌ±���\©¸¨â§k©��,�§�¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã#·\¶/�\Ç,¯�·x�¥·x°eÌM¨����,	r
����	���� ∆k ∼ cos k⊥ 2béjÜ g à7êMÓ¸Ç�
4�\-¨�Ò5	k¹º����·\¶/�\Ç�·x¯k¯�·x��¹º�\°e�\©¸¨��\©¸¨��¥�,ÇIÈ�·K×X©k�\�¥�\Ç±��©k	� . ¶/��¹º¥¹º©k 1/$ ·x©kâÇ\�M¨�¨I�¯�·��7¨�¹º�`	k§À	�¹j·xÕ��¥·x°e°��`	k�R¯�È�·x¥�\±Ó V �±7¨®	kÃ-Ô�ÒÛ·x¥¥�\Å`Ùd���7¨®¯v��§��2Ñ^§k�`ªØ
§k©k¹º	�¹º°�� .
©k¹j��©k©�·�ªº¹º¥·K¨�¹º��©�	�§k�,·x§�	�Ã\Ç\��§�¯kªj·xÕ��,	k�\¡ÇIÈ�·Q×X©��\¡¯k���±°�¹º�\�¥ . ¶/��¹º¥¹º©k¡¥�8Ùy·x¥¥�8��±©¸¨�¹º�\Ó
	k����¸�7¨���Ñ^§k�2ªº�±�¹º©k-¨I·x²�¹ºªº¹Ê¨�Ã\�¥��©¸¨&���\¯*��§k¥¥Ã\�\,¶/�\��+	k�\,¶�·xªº�±§k���	k� V ·x¥��±Å2Ã\ªº� .
¶/Ã\�±\Ó��P¨�Ñ�§k�2ªº�\8¨I�\°�¯*Ã\�¥·Q¨�§����\#Ç\�¥¹Ê¨�¹ºÑ^§��\#	�·x©k#Ç±�5��Ã±Õ�¹º°��2¥��©¸¨#¨��¥Ì\#Ùy·x¹º²�ªº�\±Ók¶/��¹º�
ªj·���±ÇM¨�¹º��©qÞ 1 µ 1 « 1� ��§�2·\¶/��©�2��¸§kªº¹ºÕ�©�Ãe	�·x©�5ªº�eÇMÈ�·x¯k¹Ê¨I���eµ»Ñ^§���©���2��Ã\¥§kªÊ¨M·Q¨�5¥��©/¨�¹º©k	�Ã\¯*�\© .
	�·�©¸¨��	���ªj·�	�¹º¥Ç\��ÃM¨�¹º�·Q¨I¹º��©z	k�+ªj·�¥§k��Ùy·�Ç\��	�� 3 �\�¥°�¹*�¹*��©z¯k�¥�\©k	z§k©z°�¹º©�¹º°�§k°A	��
M = 32 ¥�\Õ�°e�\©¸¨��¯�·��¡Ùd�\§k¹jªºªº�M¨â	��8ªj·5¥§k��Ùy·�Ç\�,	k� 3 �\��°e¹ 1/$ ·x©k�ªº�\�Ç±·xªºÇ±§kªº�¯*��§k�¡ªº�-Ð0-¨�Ì\°e�2Òe	k�\§0¼Ï²�·�©k	k�±\Ó�©���§k�·\¶/��©�#¯���¹º M = 16 ¯�·x�,Ùy�\§k¹ºªºªº�M¨®é 	���©kÇ2ªº�5°eÚ\°��©k�¸°�²k�¥�8	k�8¥�\Õ�°��±©¸¨�¡	�·x©��ªj·&¯����\°e¹ºÌ\���8Å\��©��8	k� Á ��¹ºªºªº��§�¹º©�Ñ^§��8	�·x©��ªº�,Ç±·x¡	�
§�©k�
²�·�©k	k�Qê 1r� ª¡���¨�����§0¶/�eÑ^§k�eªj�\5�¥Ã\¥§kªÊ¨I·Q¨I5¯*��§k�5ªº�e�¥Ã\Õ�¹º°��e	�� V Ùy���7¨�¥��©¸¨��±©kÇ\���¥�
¥�\©k¥¹º²�ªº�\eÒßªj·á	k¹º¥Ç\��ÃM¨I¹º¥·K¨�¹º��© 1 ;&©ç��²�¨�¹º�±©¸¨Rªj·ß¯kÈ�·x¥�Ö¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨���¹ºÇ±� g ¯v��§��
M = 16 �M¨,	k�\t¹º©¸¨I�\�¥·xÇM¨I¹º��©kt©�§k�\ g̃1,2 = 0.8

10� ªºªº�&�\-¨8¥§k¯�¯k��¹º°eÃ\�+¯*��§k� M = 32�M¨ g̃j = 0.8 Ó0°e·x¹ºt�¥Ã±·x¯k¯�·x�¥·Q×º¨8¥¹ M = 32 �M¨ g̃j = 1.0
1k' �¸§k��²�¹º�\©z	�ÃPæ�©�¹º��ªj·aÅ\��©k�

	k�27¨M·x²k¹ºªº¹Ê¨�Ã2	k�5Ç\�P¨�¨��5¯�È�·x¥��Ó�¹ºªrÙ ·x§k	k��·x¹Ê¨+·xªº���¥#¯�·x¥¥�\�#Ò�	��\,	�¹º¥Ç\��ÃM¨�¹º�·Q¨I¹º��©k#¯�ªº§k
Ã\ªº�P¶/Ã\�\ 1T) §ß¶k§½	k�±&¨I�\°�¯*Ã\�¥·Q¨�§����\2Ç\��¹Ê¨I¹ºÑ^§k�\�	�·x©k2Ç\�M¨¥¨��R¯�·x�7¨�¹j�e	k§½	�¹j·xÕ��¥·x°e°��
	k�&¯�È�·x¥�\±Ó�Ñ�§k¹G��¸©¸¨t¨���Ì\8Ùy·x¹º²kªº�±t�\©ÖÇ\��°e¯�·x��·x¹º¥��©Ï·x§�¼z��Ã±�§�ªÊ¨I·Q¨�8�M¼0¯*Ã\��¹º°e�\©¸¨I·x§0¼
éd¶/�¸¹º�5ªj·Ï¥�\ÇM¨�¹º�¸©ÄÞ 1 µ 1 «cêMÓT©k��§�5©�
4·\¶/�¸©k2¯�·x5¯*��§k�¥¥§k¹Ê¶0¹¡Ç\�M¨�¨I�a¶/�¸¹º� 1T� ©½���M¶¸·x©kÇIÈ���Ó
©k�¸§k�·\¶^��©k5¶/Ã±��¹èæ�ÃRÑ�§k�Rªj·»¯kÈ�·x¥�e¥§�¯k�¥·xÇ±��©k	k§�ÇM¨��¥¹ºÇ\� d Ò V Ùy·x¹º²kªj�R�\-¨2¨���Ì\�¯v�±§
¥�\©k¥¹º²�ªº�5Ò�ªj·®	�¹º�Ç±��ÃM¨�¹º�·Q¨�¹º�¸© M ·x§ . 	k�±ªjÒ®	k� M = 16

1
� ¹�	�·x©krªº�\T¯�·x�¥·�Õ��¥·x¯kÈ��\r¯���Ã\Ç\Ã\	��\©¸¨cÓ±©k��§�T·\¶/��©kT¯�·x�¥ªºÃ�	���¯�·x��·x°�ÌM¨I���\r	r
����	k�¥�

¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§���&Ü d àR�¸§ßÜ g à�Ó�Ç\�`©�
4ÃM¨I·x¹Ê¨�¯�·x2¨���§0¨�ÒÛÙ ·x¹Ê¨®Ç±�������\ÇM¨ 19� ©Ä��Ã±·�ªº¹Ê¨�Ã�Ó¯kªj§k¥¹º�\§k�¥�Ç\��°e¯v�¸¥·x©/¨��\t	k� 3 ��§k�¥¹º�\��¥��©¸¨8¥§k¯*�\��¯*��¥Ã\�\±Ó^¯*��§k��	k�±§�¼`�¥·x¹º¥��©�+� ' ªº§ .

«c³�8



1 2 3 4
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0.07

t′⊥/t⊥

V/t⊥

�X *¡O¢ Þ 1 9 £ $ ¹j·xÕ¸�¥·x°�°e�®	��®¯kÈ�·x¥�\�	k§ß-Ð0-¨�Ì\°e��·\¶/�±Ç®	��\§�¼¿²�·x©k	k�±®�r;&©k	��\&	��
	��\©k¥¹Ê¨�Ã�	���¥¯k¹º©z·\¶/�\Ç+°��^	�§kªj·Q¨I¹º��© q⊥ = π/b éd¨I��¹j·x©�Õ�ªº�\Iê¡��§ q⊥ = π/2b éØÇ±·x����Ã±�êPÓ¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã8·\¶/�\Ç8Ç\��°e¯v�¸¥·x©/¨��8¯k��¹º©�Ç\¹º¯�·xªº��Ü d à&éØªº���·x©kÕ��\Iê9��§2Ü g à&éØÃM¨���¹ºªº�±�ê 1

1 2 3 4

0.01

0.02

0.03

0.04

0.05

Tc/t⊥

V/t⊥

�X *¡O¢ Þ 1 8V£  �±°�¯vÃ±�¥·Q¨�§����\`Ç\�¥¹Ê¨�¹ºÑ^§��\`¥�\ªº�¸© ªº�qÕ�����§�¯v�q	k�q���\©�����°e·�ªº¹º¥·K¨�¹º��©�Óâ�±©
Ùd�¸©kÇM¨�¹º�¸© 	k� V/t⊥ ·\¶/�\Ç t′⊥/t⊥ = 0 é -Ð0°�²*��ªº�\`Ùy��©kÇ\Ã\±Óâªº¹ºÕ�©��q©k��¹º���Qê��P¨ 0.024éØ7Ðk°�²v�¸ªº�\®Õ���¹º±Ó9�\©C¯*��¹º©¸¨I¹ºªºªºÃcê 1 Îr�\a-Ð0°a²v��ªº�±®¯v��§��aªº�\®��©k	��\a	��z	k�\©�¥¹Ê¨�ÃzÇ\�\§0¼
	��`ªj· 3 ¹ºÕ 1 Þ 1 9 1 ÎT·q¥§k¯k��·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ãz�\-¨�Òq¯*�\¹º©k�R¶0¹º¥¹º²kªº�z¹ºÇ±¹:¯T¶/��¹º�a¯kªº§0¨�äK¨�ªº�\3 ¹ºÕ� 1 Þ 1 «±´��M¨+Þ 1 «¸« 1

« ó ´



0.2 0.4 0.6 0.8 1

0.001

0.01
Tc/t⊥

V/t⊥

�X *¡O¢ Þ 1 «±´ô£  �\°e¯vÃ±�¥·Q¨�§����\aÇ\��¹Ê¨I¹ºÑ^§k�\®�\©CÙd��©�ÇM¨�¹º��©C	�� V/t⊥ Ó9¯v��§�� V Ù ·x¹º²kªº�z�P¨
·\¶/�\Ç t′⊥/t⊥ = 0 é ªº¹ºÕ�©��5©k��¹º�¥�cêMÓ 0.024 é �\©»¯*��¹º©¸¨�¹ºªºªºÃQêt�M¨ 0.048

1v� Ð0°�²*��ªº�\,Ç±��°�°e�
Ò�ªj· 3 ¹ºÕ 1 Þ 1 9 1

2.8 3 3.2 3.4 3.6 3.8 4

0.0005

0.001

0.005

Tc/t⊥

V/t⊥

�X *¡O¢ Þ 1 «�«@£  �\°e¯vÃ±�¥·Q¨�§����\ÖÇ\�¥¹Ê¨�¹ºÑ^§��\Ö�\©ëÙd�¸©kÇM¨�¹º�¸©í	�� V/t⊥ Ót¯v��§�� V Ùd���7¨»�P¨
·\¶/�\Ç t′⊥/t⊥ = 0 é ªº¹ºÕ�©��e©���¹º���cêPÓ 0.024 é �\©À¯v��¹º©/¨�¹ºªºªºÃcê��M¨ 0.048 éd¨I�¥·x¹Ê¨���\¥¯�·xÇ\Ã\Iê 1� Ðk°�²*��ªº�\,Ç\��°�°e�5Ò�ªj· 3 ¹ºÕ 1 Þ 1 9 1

« ó «



¥¹º�\§����¥���7¨I�\�	k�O<�§�ÇM¨�§�·K¨�¹º��©k�	��t¥¯k¹º©�¥��©¸¨�¯k��Ã\¥�\©/¨��\±ÓxÑ�§k¹0¯*�\§�¶^�\©¸¨ô¨I��§�¨��±�°��\©��\�
Ò5§k©R·x¯�¯�·x�¥¹º�\°��\©/¨â¯�·��7¨�¹ºÇ\§�ªº� . ¯�·x�7¨�¹ºÇ\§�ªº�,	k¹èÍGÃ\���\©¸¨ 1/$ �,¯�ªº§k±Ó¸ªº�\�ÃP¨I·Q¨��	�� Á ªj�^ÇIÈe©��
¥��©/¨�¯kªº§�#	k�\#��©k	��\#¯kªj·x©��\_¯�¹ºªT©�
 Ð»·e	k��©�Ç5¯kªº§k#	��5�¥·x¹º¥��©Û¯v�¸§k�,ªj·xÑ�§k�\ªºªº�2ªº�5¯�· .
��·x°�ÌM¨I����	r
����	k�¥��Ç\�������±�¯*��©k	��¥·x¹Ê¨8Ò2§�©k��¥¹º°�¯�ªº��Ùd��©�ÇM¨�¹º��©R¨���¹ºÕ��¸©k��°eÃM¨���¹ºÑ�§k� 1�� ��§k
·xªjªº��©k#�M¼�·x°�¹º©��\�#ªº�\#	k¹Ê¶/�±��#¯�·x��·x°�ÌM¨I���\#	�
4����	k���±,�¥�\©kÇ\��©/¨���Ã\#	�·x©k#ªº�2-Ð0-¨�Ì\°e�2Ò
	��\§�¼�²�·x©�	k�\¡¯�ªº§k¡�±©e	kÃM¨I·�¹ºª�·x§0¼���±ÇM¨�¹º��©�âÞ 1 µ 1 ³&�P¨�Þ 1 µ 1 ó Ó/·x¯���Ì\�·\¶/�¸¹º�¡	k¹º¥Ç\§0¨�Ã,	k�\
¨I�\°�¯*Ã\�¥·Q¨�§����\,	k�&¨��¥·x©��¹Ê¨I¹º��©z¶/�±��,Ç\�\,¯�È�·x¥�\,����	���©k©�Ã\�\#Ò®ªj·�¥�\ÇM¨�¹º��©qÞ 1 µ 1 « 1� �\°e·���Ñ^§k�¸©k,�\©�Ç\�����5§�©»	kÃM¨I·x¹ºªr¥§��,ªj· 3 ¹ºÕ 1 Þ 1 9 ��ªj·�¯�È�·x¥�5¥§k¯k��·xÇ\��©k	�§kÇM¨I��¹ºÇ\�
¯*��§k� V Ùy·x¹º²�ªº�a©��®\
ÃP¨��\©k	ß¯�·��Ô7§k¥Ñ^§r
4Ò t′⊥ = 0

1 Î¡
�M¼0¯�ªº¹ºÇ±·Q¨�¹º��©ß�±7¨5ªj·z¥§k¹Ê¶�·�©¸¨��z�
;&©e¯v�\§0¨�Ùd�¥§k-¨����\�¡ªº�\B<�§�ÇM¨�§�·K¨�¹º��©k�	k�,¥¯k¹º©�Ó¸¥��¹Ê¨�·\¶/�\Ç t′⊥ Ó¸Ç\�,Ñ^§k¹�©^§�¹Ê¨�Ò&ªj·�Ñ�§�·xªº¹Ê¨IÃ	��qªØ
�\°�²*�K×º¨��\°e�\©¸¨cÓâ¥��¹Ê¨Ï·\¶/�±Ç V Ó�Ç±��°�°e�q	k¹º¥Ç\§�¨IÃÛ¯�ªº§k`È�·x§�¨ 1�¾ ·x¹º V Ùd��§�-¨����
Ã±Õ¸·xªº�\°��±©¸¨5ªj·z¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã d ÓG¯�§k¹º¥Ñ^§r
�\ªºªº�®Ç\�����¥�\¥¯v��©�	ßÒz§�©ß·x¯�¯�·x�¥¹º�\°��\©/¨¥§���ÇIÈ�·K×X©k�\e¯����\°e¹º�\�� . ¶/��¹j�¹º©� 1¡' ��§k�e��²0¨��\©k¹j��	k�»ªj·á�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã�Ó¡¹ºª8Ùy·x§0¨
·xªj����,Ñ^§k��ªj·®¯�È�·x¥�&�¸©k	k��	k��	��\©k¥¹Ê¨�Ã�	k��¥¯k¹º©Ï¥��¹Ê¨#	�Ã-Ô-Ò®¥§k¯k¯���¹º°�Ã±��Ò®	k�\t¶�·xªº�±§k��
	�� V Ñ^§k¹�ªº§k¹�¯v�±��°��M¨¥¨��\©¸¨��\©kÇ\���¥�â	��â¥��	kÃM¶^�\ªº��¯k¯*�\� 1 Î¡
�\°�²*�K×º¨��\°e�\©¸¨�©k��	k��¹Ê¨�	k��©�Ç
¯�·x,ÚM¨��¥�+¨�����¯»²v��© 1
³�ÊsrBÊÌË ÐßÎ�ÜiíOñFÖ:ØMÕPÔ#Ö:ÎFÏ@Ð4ÖgÙ*ÕPÙÛ×{ÔBÎFÏ

Îr�\ô¨��\°�¯*Ã\�¥·K¨�§k���±�Ç\��¹Ê¨I¹ºÑ^§k�\¡	�·x©k¡ªº�8�¥Ã\Õ�¹º°��,	k�8¯v�x¨��\©¸¨�¹j�\ª�·x©k¹º�¸©k¹ºÑ^§�� V Ùy·x¹º²kªj�
¥��©/¨e	�§}°eÚ\°e�Ö���¥	k���Ï	k�ÏÕ��¥·�©k	k�±§k�®Ñ�§k�Ï	�·x©��ªº�ÏÇ±·xe	�
§k©��Ö¥�\§�ªº�Ö²�·x©k	��áéØ��±Ç .
¨I¹º��©ßµ 1 ³ 1 «cê��G¯v��§��+ªØ
�¸©k	k�®	k�®	k�\©�¥¹Ê¨�Ãa	��a¥¯k¹º©rÓ*ªº�±�¨��\°e¯vÃ\��·Q¨�§k�¥�\&Ç\��¹Ê¨�¹ºÑ�§k�\����©/¨
	���ªØ
���¥	k���+	�
§�©k��	k¹ºÅc·x¹º©k�+	k�+ï��\ªÊ¶0¹º©�\Ó��M¨8©k��§��¨�����§0¶/��©k�	���ªj·��§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã
¯*��§k�+	k�\#¨I�\°�¯*Ã\�¥·Q¨I§k���\+ªºÃ\Õ�Ì±���\°��±©¸¨�¹º©kÙdÃ\�¥¹º�\§k���±&Ò 1K ÓvÇ\�aÑ^§k¹9�\-¨��\©¿·x¥¥�\Åa²*��©·xÇ±Ç\����	Ö·\¶/�±Ç+ªº�\t��Ã\¥§kªÊ¨M·Q¨���P¼0¯vÃ±��¹º°��\©/¨I·x§0¼R¥§k� (TMTSF)2ClO4

10' ·x�tÇ\��©¸¨��¥��Ó�ªº�\
¨I�\°�¯*Ã\�¥·Q¨�§����\r	��ô¨��¥·�©k¥¹Ê¨�¹º��©5¯*��§k� V Ùd���-¨T¥��©/¨r¨���Ì\T²�·x¥¥�\��±¹º©kÙyÃ\��¹º�\§����\�Ò 2K ¯v��§��
ªj·®¯kÈ�·���&�¸©k	k��	k�&	k�±©k¥¹Ê¨�Ã&	��&�¯�¹º©�Ó0�M¨#�\©kÇ\�¸���&§k©Ï����	k����	k�&Õ��¥·�©k	k�\§��t�\© . 	k�\¥¥��§k
¯*��§k�¡ªX·�¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã 1^6 �\Ç\¹0¶0¹j�\©¸¨â	��,ªØ
§k©k¹º	�¹º°��±©k¥¹º��©k©�·xªº¹º�·Q¨�¹º��©R	k§��#·x§e¯*� .
¨I�\©¸¨�¹º�\ª�·x©k¹º��©�¹ºÑ^§k�e��Îr�5�·x§�¨�¹º©/¨��\��ÇIÈ�·Q×X©k�\ t⊥ �\-¨�Ùd�¥§k-¨���Ã5¯�·�� V 1�� ��§k�·\¶/��©k8¶k§	�·x©kaªj·Û¥�\ÇP¨�¹º��©ç³ 1 µ 1 ³ÛÑ^§k�`Ç±�\Ç\¹â°eÌ\©k�zÒq§k©��`ÇIÈ^§�¨I�`	k�`ªX·Ï¨��\°e¯vÃ\�¥·K¨�§k��� Tx1

	��
¯�·x¥¥·�Õ��2	�¹º°��\©��¹º�¸©k©k�±ªØÓ�Ñ^§k¹T	kÃ±Ç\���K×º¨&¯k����¯*���7¨I¹º��©k©k�±ªºªº�\°��±©¸¨&Ò t2⊥/V 1G6 �M¨�¨I�2ÇIÈ^§�¨I�¥������<�ÌP¨��2	�·x©k�ªº�2Ç±��°�¯*���7¨��±°��\©¸¨&	k�\,¨��±°�¯*Ã\�¥·Q¨�§����\�Ç\��¹Ê¨�¹ºÑ�§k�\ 1v� ��§k+·\¶^��©k,¶^Ã .
�¥¹èæ�Ã�Ñ^§k��Ók¯v�¸§k�tªº�±�¨��¥Ì\8Õ��¥·x©�	k�\t¶�·xªº�\§���8	�� V Ókªj·2¨I�\°�¯*Ã\�¥·Q¨I§k���&Ç\�¥¹Ê¨�¹ºÑ^§���	kÃ\Ç\�¥�K×º¨	r
§k©��8Ùy·�Â\��©e¥¹º°�¹jªj·x¹º��� 1^6 �,¥Ç\Ã\©�·x�¥¹º�&¶�·�Ç\�±¯v�\©�	�·x©¸¨âÚM¨I���,°��^	�¹èæ�Ã,¯�·x��	k�\§0¼®�PÍG�M¨�#�
ªº�5�·x§�¨ t′⊥ ¥§k�,ªº�\,ÇIÈ�·Q×X©k�\#��±Ç\��©k	� . ¶/��¹º¥¹º©k#©�
�\-¨�¯�·x�·KÍ*�\ÇM¨IÃ�¯�·x� V �M¨�¯k��Ã\¥�\©/¨��
	���©kÇ`§k©��Rªº¹º°e¹Ê¨��`¹º©�ÙdÃ\��¹º�±§k���`¯v�¸§k� Tx1

1�$ �`¯�ªº§k±Ó�Ô-§k¥Ñ^§�
¹ºÇ±¹ØÓ�©k��§��©k�¸§k�¥��°e°��\
Ùd��Ç±·xªº¹º¥Ã\��§���ªº�#¯�·x¥¥·�Õ��#	�¹º°��±©k¥¹º��©k©��\ª_Ñ �%� ¬ ¸)á « ® ³d¦ �4¹ ¬¡¥�\§�ªº�\°��\©/¨ 1/� ª�ÐR·2Ç\�\¯v�±© .
	�·x©¸¨#·x§k¥¥¹Gªj·a¯*���¥¹º²�¹ºªº¹Ê¨�Ã&	�
4§k©Ö¯�·x¥�·xÕ��&	k¹º°e�\©k¥¹º��©�©k�\ª�Ü-Òa	k�±§�¼z¯�·x�-¨�¹ºÇ\§kªº�±7à&¤ ó ´1¥��
¥��§�#Ç\�\�7¨I·�¹º©k�\#Ç±��©k	k¹jÇM¨�¹º��©�\Ó�	k�\ï<�§kÇM¨�§�·Q¨�¹º��©�,¹j©¸¨��¥·xÇIÈ�·Q×X©k�2¯v�±§�¶/�\©/¨�¥�5¯�����¯�·xÕ¸�\�
¯�ªº§k�Ùy·xÇ\¹ºªº�\°e�\©¸¨�	�
§k©��tÇIÈ�·Q×X©��8Ò+ªØ
4·x§�¨I���tÑ^§���ªj�\ô¯�·x�7¨�¹ºÇ±§kªº�\9¨���§0¨��\���±§kªº�\±Óx�M¨�·x¹º©�¥¹
	���©k©��\��ªº¹º�\§RÒ�§k©����¥	k���#Ò&Õ���·x©k	��8	k¹º-¨I·x©�Ç\�,¥·x©�¡Ñ^§r
¹ºª�Ðe·x¹Ê¨��±§�	��8	kÃ±Ç\��©0æ�©k�\°e�\©¸¨
Òß§k©k�Ö¯�·x�-¨�¹ºÇ\§�ªº� 1�Á ¹º�±©}Ñ^§k�Öªj·ß¯v��¥¥¹º²k¹ºªº¹Ê¨IÃÖ	�
§k©}¯�·x¥¥·�Õ��Ö	k¹º°e�\©k¥¹º��©�©k�\ª8Ò¿	k�±§�¼
¯�·x�7¨�¹ºÇ±§kªº��¥��¹Ê¨,¨���§�¨+Ò®Ùy·x¹Ê¨�¯k��¹º,�\©»Ç\��°�¯0¨���¯�·x�8ªº�5Õ�����§k¯*��	������\©k�¸��°e·xªº¹j¥·Q¨I¹º��©�Ó�¹ºª
¥�\��·x¹Ê¨�¹º©¸¨�Ã±���\¥�·x©¸¨�	�
ÃP¨�§k	�¹º�\�+¯kªº§k&�M¼0¯�ªº¹ºÇ\¹Ê¨��\°e�\©¸¨�ªØ
�PÍG�M¨�	k§ß¯v�K¨��±©¸¨�¹º�\ªô·x©�¹º��©k¹ºÑ^§��

« ó ³



¥§k�,Ç\��°eÃ\Ç±·x©�¹º�°e� 13 ¹j©�·xªº�\°e�\©¸¨cÓ/��©`©k�K¨I�,ªº����ä�ªº�#	�¹èÍ*Ã\���±©¸¨�Ñ^§k�¡Ô-��§k� t′⊥ 	�·�©kâªº�\â	k�\§0¼�¯�·x�7¨�¹º�\â	�§	k¹X·xÕ��¥·x°e°���	k��¯kÈ�·x¥�\ 1v$ ·x©k+ªj·R¯�·x�7¨I¹º�2¹º©/¨��\��²�·x©k	��`é V Ùy·x¹º²kªj�cêMÓ t′⊥ ©^§k¹Ê¨�ÒRªØ
�\° .²*�K×º¨��\°e�\©¸¨&�M¨+¥§k¯�¯k��¹j°���·x¹º©��¹�ªº�\><�§kÇM¨I§�·Q¨�¹º�¸©k�¯�·x�-¨�¹ºÇ\§�ªº� . ¨��¥��§ 1v' ��§k� V Ùd���-¨cÓ t′⊥©�
<·KÍ*�\ÇM¨I�5¯�·�#ªØ
�\°�²*�K×º¨��±°��\©¸¨+¹º©¸¨���·x²�·x©�	k��Ó�°e·x¹º#�¥�\©k	Ûªº�5-Ð0-¨�Ì\°e�5¯�ªº§k#²k¹º	�¹º°��\© .
¥¹º��©k©��\ª 1/� Ç\¹ØÓ/ªj�\¡¨��\°�¯*Ã\�¥·Q¨I§k���\âÇ\��¹è¨�¹ºÑ^§k�±�·x§kÕ�°e�\©¸¨I�\©¸¨�	���©kÇ�·\¶^�\Ç t′⊥ é 3 ¹ºÕ 1 Þ 1 «�«cê 1
³�ÊcrBÊ*É

V
�üØ,Ù�x|ÝGÎ

Ò ��,".�,"C��"%�$��q��f
Îr· 3 ¹ºÕ 1 Þ 1 «c³®°e��©¸¨I���5ªº�5Ç\�¸°�¯v�¸�7¨��\°e�\©¸¨��\©ÛÙd��©kÇP¨�¹º��©»	��5ªj·a¨��\°e¯vÃ\��·Q¨�§k�¥��	��\

¥§k¥Ç\�\¯0¨�¹º²�¹ºªº¹Ê¨�Ã\�·x¥¥�^Ç\¹jÃ\�\�·x§0¼V<�§�ÇM¨�§�·K¨�¹º��©k2	k�R�¯�¹º© χS(q,q) Ó χS(q,q + P) �M¨
χS(q + P,q + P) Ó�·\¶^�\Ç q⊥ = π/b Ó�	�·x©k5ªº����Ã\Õ¸¹º°�����©�	k��	k��	��\©k¥¹Ê¨�Ã�	���¥¯k¹º© 1;&©q¶/��¹Ê¨2Ñ^§���¨���§0¨��\�ªº�\+¨��¥��¹º�	k¹Ê¶^�\��Õ��\©/¨2·x§á°�Ú\°e�®°e��°��\©/¨cÓG�\©½·xÇ\Ç\���¥	á·\¶^�\Ç®ªº�
��Ã±�§�ªÊ¨I·Q¨ô	k�âªj· �#'*) é ¥�\ÇM¨I¹º��©®Þ 1 ³�ê 1 Îr�\�¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\ô·x¥���Ç\¹ºÃ\�\ô·x§0¼Â<�§�ÇM¨�§�·Q¨I¹º��©k
	k�5ÇIÈ�·x�¥Õ����P¨�Ò®ªj·�¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã��¥�\-¨��\©¸¨#¯*�M¨�¹Ê¨I�\ 1

0.008 0.009 0.01

1

2

3

4

5

6

|log χ̃|

T/t⊥

�X *¡O¢ Þ 1 «c³E£ � §��Ç±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ã\»�±©ìÙd��©�ÇM¨�¹º��© 	k�½ªj·Ä¨��±°�¯*Ã\�¥·Q¨�§����á¯*��§k� t′⊥/t⊥ =
0.024 Ó V/t⊥ = 0.34 ��;&©k	��z	k�z	��\©k¥¹Ê¨�ÃÖ	k�z¥¯k¹º©ç·\¶/�\ÇÖ°��^	�§kªj·Q¨I¹º��© q⊥ = π/béd¨I��¹j·x©kÕ¸ªº�\Ï©k��¹º�¥�êz��§ q⊥ = 0 é Õ��¥¹ºÏÇ\ªj·x¹º��êPÓt�M¨Ûªj·C¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ãá	k�ß¥¯k¹º©ì©k��© .
	k¹X·xÕ���©�·xªj� χ(q,q + P) éØÕ���¹º,Ùd��©�Ç\Ãcê 1

Îr· 3 ¹ºÕ 1 Þ 1 « ó °���©¸¨I���zªj·¿	kÃ\¯*�\©�	�·x©kÇ±�`�±© k⊥ 	�§À¶/�\�-¨��M¼ ΓS
Ô7§�-¨��Ö·\¶�·x©/¨�ªj·

	k¹è¶/�\��Õ��\©�Ç\�+	�·x©ktªX·�²�·���&	k�\t��©�	k�\t¯�ªj·x©k�±&éØ�\©�Ü-Å\��©k�&ÃM¨��\©�	k§k�Pà7êMÓ��M¨,ªj· 3 ¹ºÕ 1 Þ 1 «\µ
	�·�©k#ªj·�²�·x¥�5¯k����¯����5	k� H0

é �\©zÜ7Å\��©��5��Ã\	k§�¹Ê¨��Mà-ê�¯*��§k�,ªj�5Ç±·x#�:�Ï¨���§0¨��\#ªº�\#¯�·x� .
¨�¹ºÇ±§kªº�\�¥��¨I����§�¶^�\©¸¨5	�·x©k�ªj·Ö²�·x©k	��®¹º©kÙdÃ±��¹º�\§k�¥� m = − 1r' �¸§k� V Ùy·x¹º²kªº�¸ÓGªØ
¹º°R·xÕ��
��²0¨��\©^§��a¯v��§��+ªj·z²�·x©�	k� m = + �\-¨�¹º	k�±©¸¨�¹ºÑ^§�� 1* �¸§k&ªº�\&�¥Ã\¥§kªÊ¨I·Q¨I&©^§k°eÃ\��¹ºÑ^§��\

« ó�ó



        
 

 
 

 
 

 

 

−Γ̃S

0

k′⊥b

−π
0

π k⊥b−π
0

π

�X *¡O¢ Þ 1 « ó £RÎ���¶/�\�7¨��P¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©��ªj·�²�·���&	k�\���©�	k�\t¯kªj·�©k�\¯*��§k� t′⊥/t⊥ = 0.024 �M¨ V/t⊥ = 0.34 Ó¡Ç�
4�\-¨`Òß	�¹º���Ï	�·x©keªº�Ï�¥Ã\Õ�¹º°��»��©�	k�Ï	k�	��\©k¥¹Ê¨�Ã�	k�&¥¯�¹º©�ÓkÒ®§k©k��¨I�\°�¯*Ã\�¥·Q¨�§����&ªºÃ\Õ¸Ì\���\°e�\©¸¨,�±©Ö	k�±�¥��§�8	k� Tc ÓKÔ7§�7¨I��·\¶�·x©¸¨ªj·�	k¹è¶/�\��Õ��\©�Ç\� 1

 
 

 
 

  
 

 
 

 

 

−Γ̃S

0

k′⊥b

−π/2
0

π/2
k⊥b−π/2

0

π/2

�X *¡O¢ Þ 1 «\µ.£CÎr�z¶/�±�7¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©keªj·á²�·x¥�»¯k����¯����Ï	k� H0·\¶/�±ÇÏ¨I��§�¨��±Rªº�\z¯�·x�7¨I¹ºÇ\§kªº�±R	�·x©k`ªj·½²�·x©k	�� m = − Óâ¯v��§�� t′⊥/t⊥ = 0.024 �M¨
V/t⊥ = 0.34 éØ��Ã\Õ�¹º°e�Ï��©�	k�Ï	��Ï	k�\©��¹è¨�ÃÏ	��Ï�¯�¹º©�êMÓ�Ô7§k-¨��»·\¶¸·x©¸¨`ªj·ß	�¹Ê¶/�\��Õ��±©kÇ\� 1
Î¡
¹º°R·xÕ��5��²�¨��±©^§k��¯*��§k�,ªj·®²�·x©k	k� m = + �\-¨#¹º	k�\©/¨�¹ºÑ^§�� 1

« ó µ



	k¹j�Ç±§�¨�Ã\�	�·x©�2Ç\�M¨�¨I�R��±ÇM¨�¹º��©À¥��©/¨a��²�¨��±©^§k�·\¶/�±ÇR§k©��e	�¹º¥Ç\��ÃM¨�¹j¥·Q¨I¹º��©À�\©(«K7»¥�\Õ .
°e�\©¸¨��¯�·x�2Ùd�\§�¹ºªºªº�M¨a	k�Rªj·»¥§k�¥Ùy·xÇ\�R	k� 3 �\��°�¹ØÓTÇ�
�±7¨®Ò»	k¹j���x7xµÛ��±Õ�°��\©/¨�2	�·x©k2ªj·
¯k�¥�\°�¹ºÌ±���ÖÅ\��©��Ö	k� Á �¥¹ºªºªº��§k¹º©rÓôÇ\��°e°��Ï	�·x©k�ªº�ÏÇ±·xeÒ¿§k©��Ö²�·x©�	k�áé ÇMÈ�·x¯k¹è¨����Öµ/ê�¯
¯*��§k�8ªº�\8¹º°e·�Õ��\8	�� Γ(k⊥) ¥�\§kªº�\°e�\©¸¨QÓ0©k�¸§k,·\¶/��©�8§�¨I¹ºªº¹º¥Ã&§�©k�&�¥Ã\¥��ªº§�¨�¹º�¸©Ö	�� ó ³¥�\Õ�°e�\©¸¨�,¯�·x�8Ùd�±§k¹ºªºªº�M¨ 1

Îr· 3 ¹ºÕ 1 Þ 1 « ó �\-¨Ï¨I��Ì\»¥¹º°�¹ºªj·�¹º���ÀÒ}¥��©ì¯*�\©�	�·x©¸¨qÒ V = 0 Ó 3 ¹ºÕ 1 µ 1 µ 1 ÎT·3 ¹ºÕ 1 Þ 1 «\µaÇ\�����¥�\¥¯v��©�	bð:«§ ¶^¶ §J÷&§�²P§+·x§`Ç±·x����Ã [−π/2b, π/2b]× [−π/2b, π/2b] ¥§k�ªj· 3 ¹ºÕ 1 Þ 1 « ó 1T¾ ·x¹º2Ç\��°e°��eªj·Ö¨��¥·x©��Ùy����°e·K¨�¹º��©(éòÞ 1 « ó ê�°�Ã\ªj·�©kÕ��Rªº�\2ÃM¨I·Q¨I k⊥ �P¨
(k⊥ + π/b) Ó���©½¶/��¹Ê¨QÓ9Ò k′⊥ = −k⊥ �\©ÄÅ±��©k�`��Ã\	�§k¹Ê¨��¸Ó�ªØ
¹º°e·xÕ��z	k§ÄÙd��¥¥Ã`Ñ�§k¹â¥�
¨��¥��§�¶/��Óâ�\© Å\��©k�qÃM¨��±©k	k§���Ó�ªº�qªº��©kÕÄ	k�qªj·½ªº¹jÕ�©k� k′⊥ = −k⊥ + π/b

1 Î¡
�PÍ*�M¨Ö	k�
Ç\�M¨¥¨��»¥§k¯*�\��¯*��¥¹Ê¨�¹º��©%�\-¨`°e·K¼0¹º°e·xª#Ñ^§�·�©k	 k⊥ Ó k′⊥ ¥�Ö¨��¥��§�¶/�\©/¨z·x§%²v�¸��	%	k�»ªj·
Å\��©���Ó^Ç\�¸°�°��+Ç�
�\-¨t	�Ã-Ô-Ò2ªº�+Ç±·x�¯v��§��âªº�\�¶�·xªº�±§k���	���	kÃ\¯�·x�7¨cÓ¸¶/��¹º��¯�·x���M¼0�\°e¯kªº��ªj·3 ¹ºÕ 1 Þ 1 Þ 1*6 �\Ç\¹T��2Ç±��°�¯k�¥�\©k	q·x¹º¥Ã\°��±©¸¨&Òe¯�·x�7¨I¹º�,	��\#Ã\Ñ�§�·Q¨�¹º��©��éòÞ 1 « ó ê8�M¨®é�Þ 1 ³�ê,Ò
é�Þ 1 µ/êMÓv�±©»¨��\©�·x©¸¨&Ç±��°�¯�¨I��	k§qÙy·�¹Ê¨&Ñ�§k� V �\-¨&�\©�Ç\�����a·��¥�\ÅaÙy·x¹º²�ªº��¯�·����¥·x¯�¯v���-¨&Ò
2t⊥

1G� ªô¯v�\§0¨5·x¯�¯�·x�¥·K×º¨����®¥§k��¯����\©�·�©¸¨�Ñ�§�
��©ß©k��¶/��¹è¨5¯kªº§k�ªº�®Ùd��¥¥ÃS§�«·³Yð:³ ��á:¹ 	�·�©k
ªj· 3 ¹ºÕ 1 Þ 1 «\µkÓ�Ñ^§�¹�	��M¶0��·x¹Ê¨�²k¹º�\©»¨±k�,·�¯k¯�·��¥·Q×º¨����2·x§0¼ÏÇ\��¹º©k k⊥ = k′⊥ = ± π

2b

1v6 �\Ç\¹
¶0¹º�±©¸¨�	��tªX·&	k¹º¥Ç\��ÃP¨�¹º�·Q¨�¹º��© 1¸$ ·x©k¡ªº�\¡Ç±·�ªºÇ\§kªº¡¯*��§k��ªº�8-Ð0-¨�Ì±°��,Ò&§�©k�8¥�\§kªº�8²�·x©k	���Ó
ªº�\ M ¥�\Õ�°��±©¸¨��ÃM¨I·�¹º�\©¸¨2Ç\�\©/¨���Ã\�¥§k�±ÓG�M¨2���\¯���Ã\¥�\©¸¨IÃ\�¯�·x�\Ó�ªº�\�¯*��¹º©¸¨� n2π/Mb

1
) ¹j©k¥¹ØÓ π/b �¥�\¯k��Ã±��\©/¨I·x¹Ê¨ôªØ
�±©k¥�\°�²�ªº�â	��â¯v��¹º©/¨� [−π

b ,−π
b + π

Mb [∪[πb− π
Mb ,

π
b [
1K' ��§k�

ªº��-Ð0-¨�Ì\°e��ÒÖ	��\§�¼¿²�·x©k	��\±ÓG©���§k�ÃM¨I¹º��©k5��²kªº¹ºÕ�Ã±�	k��	kÃ±Ç±·xªº�\�+¨���§��ªº�\5¥�\Õ�°��\©/¨�
	�
4§k©k�8	��\°�¹º�,ªj·x��Õ��\§��¡·Kæ�©e	�
ÃM¶0¹è¨��\��	��\�¯�����²�ªºÌ\°��\¡ªº¹ºÃ\�Ò�ªj·,Ü7	�¹º¥Ç\��©¸¨�¹º©�§k¹Ê¨�ÃPà�é�Þ 1 Þ�ê 1� ª�©r
 Ðë·}	k�¸©kÇá¯kªº§�Ï	k�á¯v��¹j©¸¨Û�M¼k·xÇM¨I�\°��\©/¨Û·�§ì²v����	ì	k�áªj·}¯����\°e¹ºÌ\���áÅ\��©k�á	��Á ��¹ºªºªº��§�¹º© 1

s_�,A���35�P��������:���Hj��q��f
� §k��ªj· 3 ¹ºÕ 1 Þ 1 «cÞe��©»¶/�¸¹Ê¨&ªj·R	kÃ\¯*�\©k	�·x©kÇ\���\©»¨��\°e¯vÃ\��·Q¨�§k�¥�2	k��¯kªº§�¥¹º�\§k��+¥§k .

Ç\�\¯0¨�¹º²�¹ºªº¹Ê¨�Ã\�	�·x©k�ªj·¿¯�·x�-¨�¹º�eÜ-�§�¯k�¥·xÇ±��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã d àz	k§}	�¹j·xÕ��¥·x°e°��Ö	��Ö¯kÈ�·x¥�\ 1Îr�\=<�§kÇM¨�§�·Q¨�¹º��©�,	k��¥¯k¹j©Ï¥��©¸¨��\©kÇ±�����5Ùd���7¨��\±Ó�°e·x¹º,©���	�¹Ê¶/�\��Õ��\©/¨#¯�·x 1�' ªº§k¥¹º�\§���
¥§k¥Ç\�\¯0¨�¹º²�¹ºªº¹Ê¨�Ã\�·x¥���Ç\¹ºÃ\�\�Ò&	�¹èÍ*Ã\���±©¸¨�¡¯�·x�¥·�°�ÌM¨��¥�\�	r
����	����t¥§�¯k�¥·xÇ±��©k	k§�ÇM¨��\§����	k¹ .
¶/�\�¥Õ��\©¸¨t�\©k¥�\°�²�ªº��Ó/ªº�#¯�·x�¥·x°eÌM¨�����Ü d à|£ ∆k ∝ cos k⊥b Ó^·x¯k¯�·x��¹º�\°e�\©¸¨t�§��¡ÇIÈ�·Q×X©k�±¯k�¥�\°�¹º�±�� . ¶/��¹º¥¹º©kw£»ÃM¨I·x©¸¨5	k��°e¹º©�·x©/¨cÓ*°e·�¹º&�§�¹Ê¶0¹9	��a¯k�¥Ì\&¯�·x�+ªØ
4·x¯�¯�·x�¥¹º�\°��\©/¨��\©
sin k⊥2b �P¨ cos k⊥3b

1r ��§k5ªº�±&¨�����¹º�¶0¹º�\©k©��\©¸¨2	��\�<�§kÇP¨�§�·Q¨I¹º��©k5	k�e¥¯k¹º©á¹º©/¨��\� .
²�·�©k	k�±Ré q ≈ Q0

êPÓG¶/��¹º�2ªº�\2¥�\ÇM¨�¹º��©�a³ 1 ó 1 ³�ÓTµ 1 ³ 1 «R�M¨�µ 1 ó 1 ³ 1�$ �e¯�ªº§k±Ór¹ºªôÐ½·Ï	��\
<�§�ÇM¨�§�·Q¨�¹º��©��	k�®¯�·x¹º���\�Ç\���¥���\¥¯v�¸©k	�·x©/¨2Ò ∆k ∝ cos k⊥2b Ór·\¶/�\Ç�¶^�\ÇM¨��\§��&	�
4��©k	k�¨���·x©k-¶/�\��¥�t¨I�K¨I·xª qC⊥ = π/b ·x§eªº¹j�\§e	k� 0 Ó¸Ñ^§k¹�¥��©/¨�¨I��Ì\�Ùy·x¹º²kªº�±\Ó¸°R·x¹º�¥�,°��M¨�¨I�\©¸¨Ã\Õ¸·�ªº�\°��\©/¨®Ò»	�¹Ê¶/�\��Õ��±�2¯k��Ì±2	k� Tc 1�$ ��¨��\ªºªº�±Â<�§kÇM¨�§�·Q¨�¹º��©�2¯*�\§�¶/�±©¸¨®·\¶/��¹º��	k�\§0¼����¹jÕ�¹º©k�\a	k¹èÍ*Ã\�¥�\©¸¨��±`� $ ·x©k�ªj·Û¥�\ÇM¨I¹º��©}³ 1 ó 1 ³�Ó�©k��§�a·\¶/��©�5¶0§ÀÑ�§k�R	��\ó<�§�ÇM¨�§�· .
¨�¹º�¸©kâ	k���¯�¹º©`Ò qP⊥ = π/b Õ�Ã\©�Ì\���\©/¨�	��\â¹º©¸¨��\��·xÇM¨�¹º��©��·Q¨�¨���·xÇM¨�¹Ê¶/�±â	�·�©kâªº�#Çc·x©�·xª	k� 6 �^�¸¯v�\�&¯v��§��+	k�±+¯�·x¹º���\��¹º©�Õ�§kªº�P¨�	k�®°���°e�\©¸¨&¨��K¨I·xª 0 Ñ^§k¹ôÇ\�����¥�\¥¯v��©�	k�\©¸¨5Ò§k©C¯�·x�¥·x°eÌM¨����z	�
�¸��	k���z	k�zªj·qÙd���¥°�� cos lk′⊥b

¯v��§�� l ³*÷ ¸4á ³�« 1 Î��±2¨��±��°��\�·\¶/�\Ç
l ¯�·x¹º�®¥��©¸¨R��Ã\¯�§kªº¥¹ºÙd 1¡� ¹t��©}Ù ·x¹Ê¨eªº�Ö°�Ú±°��ÖÇ±·xªºÇ±§kªt¯*��§k�®	k�±®¯�·x¹º���\�	k� 6 ����¯v�\�	k�Ö°���°e�\©¸¨®¨��K¨I·�ª π/b Óôªº�\�¨I�\��°e�\®¯�·x¹º�¥®	k�M¶0¹º�±©k©k�±©¸¨e·Q¨�¨I�¥·xÇM¨�¹ºÙy 1¡� ¹ V = 0 Óôªj·²k§�ªºªº��¯�·x�-¨�¹ºÇ\§kªj� . ¯�·��7¨�¹ºÇ\§�ªº���\-¨8¨�����¯ÏÙy·�¹º²kªº��¯v�¸§k�8Ñ^§k��Ç\�M¨¥¨��5·Q¨�¨���·xÇM¨�¹º��©»¯k§�¹º�¥��°�� .

« ó Þ



©��\�8Ò®§k©���¨��¥·x©��¹è¨�¹º��©Ö	��&¯�È�·x¥� 1�6 �\Ç\¹��\-¨,	k¹èÍGÃ\���\©/¨,¯v�¸§k�tªº��Ç±·x8	�� V æ�©�¹ØÓ0�:�Ïªº�\
Ç±������Ã\ªj·K¨�¹º��©k�Ò qC⊥ = π/b ¥��©/¨#Ç\��§�¯kªºÃ\�±#Ò®Ç\�\ªºªº�±\Ó�	k¹Ê¶^�\��Õ��\©/¨��\±Ó�Ò qC⊥ = 0

1

0.001 0.002 0.003

0.5

1

1.5

2

2.5

3

|log χ̃|

T/t⊥

�X *¡O¢ Þ 1 «cÞ|£ � §k¥Ç\�\¯0¨�¹º²k¹ºªj¹Ê¨�Ã\��\©�Ùd��©�ÇM¨�¹º��©�	���ªj·8¨��\°�¯*Ã\�¥·K¨�§k���â¯v��§�� t′⊥/t⊥ = 0.024 Ó
V/t⊥ = 0.36 Ó�¥��¹Ê¨2	�·x©�&ªj�®��Ã±Õ�¹º°��®	��®ªj·Ö�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�ÃÖ����©k	k��	k�®	��\©k¥¹Ê¨�Ã	��q¥¯k¹º©ë·\¶/�\Çq°e�^	k§�ªj·Q¨�¹º��© q⊥ = π/b éd¨I��¹j·x©kÕ�ªj�\�êPÓâ�M¨Ö¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ¿·\¶/�\Ç°e��°��±©¸¨�¨��x¨I·xª q⊥ = 0 �M¨ ∆k⊥ ∝ cos k⊥b éjÜ d à�Ó�ªº�¸¥·x©�Õ��\eÇ±ªj·x¹º��IêMÓ q⊥ = 0 �P¨
∆k⊥ ∝ r sin 2k⊥b é ÃM¨��¸¹ºªº�\�Ç\ªj·x¹j��êMÓ q⊥ = 0 �M¨ ∆k⊥ ∝ cos 3k⊥b éØªº���·x©kÕ��\¡Ùd��©kÇ±Ã\IêMÓ�P¨ q⊥ = π/b �M¨ ∆k⊥ ∝ cos 2k⊥b é ÃM¨I��¹ºªº�\�Õ¸��¹ºIê 1x ��§�¨��±�ªº�\�·x§�¨��¥�\�¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\Çc·xªºÇ\§kªºÃ±�\2éd¶/�¸¹º��¨��P¼^¨��cê��¥�\-¨��\©¸¨�¯v�P¨�¹Ê¨��\ 1

) ªÊ¨��±��©�·Q¨I¹Ê¶/�\°��±©¸¨cÓxªº�\�<�§kÇM¨�§�·Q¨�¹º��©�ô	k��¯�·x¹º���\�Ç\�������±�¯*��©k	�·x©¸¨�Ò�§k©®¯�·x��·x°�ÌM¨I���
	r
����	���� g Ó�Ç¸
�\-¨âÒ�	k¹º��� ∆k ∝ cos k⊥2b Ó¸¯*��§k����·x¹º�\©¸¨â¯k���±¶/�\©�¹º��	��\{<�§�ÇM¨�§�·K¨�¹º��©k¡	��¥¯�¹º©½Ò qP⊥ = π/2b Ó�Ñ^§�¹�¶k¹º�\©k©��\©¸¨2	k��ªØ
�±°�²v�K×j¨��\°��±©¸¨2¹º©¸¨I�¥·x²�·x©�	k� 1r' ·x��Ç\��©/¨�����ÓÇ±�\ªºªº�\ . Ç\¹T	k�P¶0�¥·x¹º�\©/¨�	�·\¶¸·x©¸¨I·�Õ��2��2	kÃP¶/�\ªº��¯k¯*�\��Ò qC⊥ = 0

1�� ªr�±7¨+Ç\�\¯*�\©k	�·x©¸¨�¯*�� .
¥¹º²�ªº�»Ñ^§��»ªº�\RÇ±������Ã\ªj·K¨�¹º��©kR¯�·x�7¨�¹ºÇ±§kªº� . ¯�·x�7¨I¹ºÇ\§kªº�»	��Ö¨!Ð0¯*� g ·\¶/�\ÇÛ°e��°��\©/¨e¨��K¨M·xª¨I�¥·x©k-¶/�\�¥�� qC⊥ = 0 ¥��¹º�\©¸¨+¨��¸§�¨�Ò`Ùy·x¹Ê¨�¯���Ã\¥�\©¸¨��±+�\©q�¥Ã±·xªº¹Ê¨�Ã¸Ó*Ñ^§k��¹ºÑ�§k��¯�·x+	�·�©k©����Ç±·xªºÇ\§�ªº�¯�·x��Ç±�2Ñ^§k��©k��§�,æk¼0��©k±ÓvÒ V Ùy·�¹º²kªº��Óvªº��¨���·x©k¥Ùd�\�7¨+	���¶/�\ÇM¨I�\§k�#	r
��©k	��
	�·x©k�ªj·z	k¹º���\ÇP¨�¹º��©ß¯�·x�¥·xªºªºÌ\ªº� qP‖ Òz§k©��2¶¸·xªº�\§k�&¯*�\§á·\¶�·x©¸¨M·xÕ��\§���®¯*��§k�&	��\ß<�§�Ç .¨I§�·Q¨�¹º�¸©k,	k�5�¯�¹º©Ï¹º©¸¨I�¥·x²�·�©k	k�¸Ó�¶/��¹º�,ªj·®¥�\ÇM¨I¹º��©ÛÞ 1 ó 1 ³ 1

Îr�}Ùy·x¹Ê¨½Ñ�§k�}¯kªº§�¥¹º�\§k�¥ß¥§k¥Ç\�\¯0¨�¹º²k¹ºªj¹Ê¨�Ã\½·x¥���Ç\¹ºÃ\�\½Òë	k¹èÍ*Ã\�¥�\©¸¨�á¯�·��¥·x°�ÌP¨����\
	r
����	����Û¥§�¯k�¥·xÇ±��©k	k§�ÇM¨��\§���`	k¹Ê¶/�\�¥Õ��\©¸¨Ö�\©�¥�\°�²�ªº��ÓâÇ\��©¸¨���·x¹º���\°e�\©¸¨Ï·x§ Ç±·xz	�
§�©k�
²�·x©k	���Óô±
�M¼0¯�ªº¹ºÑ^§k�Ï¯�·x�®ªº�ÏÙy·x¹Ê¨RÑ^§k�Öªj�`¶0�¥·x¹8¯�·x��·x°�ÌM¨I���Ö	�
�¸��	k���¸Óô	kÃ\Ç\�¸°�¯*���ÃÖ�±©
��©�	k�\¡¯kªj·�©k�\±Ó�Ç\��©¸¨I¹º�\©¸¨�¯kªº�±¹º©�	�
È�·x��°��¸©k¹ºÑ^§��\±ÓxÇ±��°�°e�8©k��§k¡ªØ
4·\¶/��©�¡	k¹º¥Ç\§�¨IÃt¯�ªº§k
È�·x§�¨cÓ�·x§Ï	�Ã\²k§0¨#	k��ªj·�¥�\ÇM¨�¹º�¸©ÛÞ 1 µ 1) æ�©Ä	k�e¨I����§�¶^�\��ªj·ÛÙd�¸��°��`�¸��²k¹Ê¨M·xªº�`	�§Ä¯�·x��·x°�ÌM¨I���`	�
�¸��	k���¸Ó�Ç\��©k¥¹º	�Ã\����©�aªj·
	�Ã\¯v�±©k	�·x©�Ç\���\© k⊥ 	���ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©»�PÍG�\ÇM¨�¹Ê¶/�5	���²�·x¥¥��Ã\©��\��Õ�¹º� 1�� �¸§k#·\¶/�¸©kt¶k§

« ó 7



        
 

 
 

 
 

 

 

        
 

 
 

 
 

 

 −Γ̃S
0

k′⊥b

−π
0

π k⊥b−π
0

π

�X *¡O¢ Þ 1 «K7�£RÎr�#¶/�±�7¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©ktªj·�²�·x¥�+	��\���©�	k�\t¯kªj·x©��\¯*��§k� t′⊥/t⊥ = 0.024 �M¨ V/t⊥ = 0.37 Ó�Ô7§k-¨I�5·\¶�·x©¸¨�ªj·®	�¹Ê¶/�\��Õ¸�\©kÇ\� 1

 
 

 
 

  
 

 
 

 

 

−Γ̃S

0

k′⊥b

−π/2
0

π/2
k⊥b−π/2

0

π/2

�X *¡O¢ Þ 1 «c¬S£}Îr�z¶/�\�-¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©keªj·á²�·x¥�Ï¯�����¯����Ï	k� H0·\¶/�\Ç»¨���§0¨��\`ªº�\`¯�·x�7¨�¹jÇ\§kªº�\`	�·�©k`ªj·½²�·x©k	�� m = − Ó�¯*��§k� t′⊥/t⊥ = 0.024 �M¨
V/t⊥ = 0.37 éØ��Ã\Õ�¹º°e��¥§�¯k�¥·xÇ±��©k	k§�ÇM¨��\§���êMÓIÔ-§k-¨��8·\¶�·x©¸¨¡ªj·+	�¹Ê¶/�\��Õ��±©kÇ\� 1 Îr�tÇ\��©¸¨I��§k�ªº�e¯kªº§���P¼^¨�Ã\�¥¹º�\§k�Ré �\©½¯v��¹º©/¨�¹ºªºªºÃcê&°e·���Ñ^§k�eªj·Öªº¹ºÕ�©��e	k��©5°�§�	k 1 Î¡
¹º°e·xÕ��e��²0¨��\©^§��
¯*��§k�8ªj·�²�·x©�	k� m = + �±7¨�¹º	k�\©¸¨I¹ºÑ^§k� 1

« ó ¬



	�·x©k�ªj·e¥�\ÇP¨�¹º��©qµ 1 ³ 1 «�Ñ^§k��¥·RÙd����°���¯v�±§�¨+¹º©k	�¹ºÑ^§k�±�#Ç\�\ªºªº��	k§Û¯�·x�¥·x°eÌM¨����2	r
����	����
¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨��\§�� 1ôË §k-¨��z·\¶�·x©/¨®ªj·q	k¹Ê¶/�\�¥Õ��\©kÇ\�¸Ó�ªº�e¶^�\�7¨��M¼ ΓS

¯k���±©k	Ä§k©��`Ùd����°e�
Ñ�§k¹ØÓk	�·x©k,ªj·�²�·x¥��¯�����¯k�¥��	k� H0

Ó��¥·x¯�¯v�\ªºªº�5§k©ÏÇ\�¸�¹º©�§k±Ó
Γ((m′, k′⊥), (m′,−k′⊥), (m,−k⊥), (m, k⊥)) ∝

∼
m′m cos k′⊥b cos k⊥b ,

¶/�¸¹º�®¯�·x�®�M¼0�\°e¯kªº�ÖªX· 3 ¹ºÕ 1 Þ 1 «Q¬ 1 ÎT·¿���±¯k��Ã\¥�\©/¨I·Q¨�¹º�¸©}	k� Γ �§��®ªj·¿²�·x¥�Ö	�
��©�	k�\
¯�ªj·x©k�\±Ó 3 ¹ºÕ 1 Þ 1 «K70ÓT	k��©�©k��§�©½��Ã\¥§kªÊ¨I·K¨2¥¹º°e¹ºªj·x¹º��� 1 Îr�e¯�·x�¥·x°eÌM¨����e	�
���¥	k���e¥§k¯��¥· .
Ç±��©k	k§�ÇM¨��\§��+�\-¨5	���©kÇ®�\¥¥�\©¸¨�¹º�±ªºªº�\°��±©¸¨5	��2¨!Ðk¯v�5Ü d à 1 éØÎT·z���\¯k�¥Ã\¥�\©¸¨I·Q¨I¹º��©ß	k§ß¯�· .��·x°�ÌM¨I���®	r
����	����5Ü d à®¥§k��ªj·z²�·x¥�®	r
��©k	��®¯�ªj·x©k�\5�M¨5¥§��&ªj·Ö²�·����¯k�¥��¯k����	k� H0

Ó
¥�\ÇP¨�¹º��©}Þ 1 ó 1 «�Ó�©k�RÇIÈ�·x©kÕ��`¯�·x�²*�±·x§kÇ±��§k¯À	k�`Ùd����°e�R¯v��§��2	k�RÙ ·x¹º²kªº�\5¶¸·xªº�\§k�¥2	��
V Ó�¶/��¹j�2ªj· 3 ¹ºÕ 1 Þ 1 ¬ 1 ê 6 �¸©¸¨��¥·x¹j���\°��±©¸¨®Ò»§k©��R�§�¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�ÃR¯k§����\°e�\©¸¨�Ü d à�Óªº�±8©4°5§k	�t	�§Ö¯�·x�¥·x°eÌM¨�����	�
���¥	k���5·x§kÑ�§k�\ª�©k��§�,·\¶/��©�,·KÍG·�¹º����¹ºÇ\¹�©k��¥��¨��¥��§�¶/�\©/¨
Ç±�\¯v�\©�	�·x©/¨�¯�ªº§k�Ò ±π/2b ÓT°e·x¹º�ªºÃ\Õ¸Ì\���\°e�\©¸¨a¯�ªº§k�ÒÛªØ
¹º©¸¨�Ã\�¥¹º�\§k�2	��Rªj·»¯k���±°�¹ºÌ\���Å±��©k�R	�� Á ��¹ºªjªº��§k¹º© 1 ;+©À�\-¨2¨I�\©¸¨�ÃR	r
�M¼0¯kªj¹ºÑ^§k�\��Ç\�M¨a�PÍG�M¨a¯�·x�2§�©k�R¥§k¯*�\��¯v�¸�¹Ê¨I¹º��©
	��\�	k�\§0¼»°��^	��\�	k� 3 ��§k�¥¹º�\� cos k⊥b é d ê8�M¨ cos k⊥2b é g ê 1 ÎT· 3 ¹ºÕ 1 Þ 1 « 9 °e��©¸¨��¥�Ç±�\¯v�\©�	�·x©/¨5Ñ^§��®ªØ
4·�Ç\Ç\����	á©r
�\-¨2¯�·x+¨I��Ì\5²v��© 1�$ ��¯kªº§k±Ó�¥�\ªº��©áªº��Ç\��°e¯v�¸�7¨��\°e�\©¸¨
	��\,¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\±Ó�ªj·�Ç\��°e¯v���·x©/¨�� g Ò qC⊥ = 0 ©k�8Ô7��§��5¯�·x#	k�5��ä�ªº��Ó�	�·x©k,©���Çc·xªºÇ\§kªºa	k§À°e��¹º©k±ÓT�P¨aªØ
4·xÇ\Ç±����	C·\¶/�\Ç`§�©k�R¥§k¯*�\��¯*��¥¹Ê¨�¹º��© d + g(qC⊥ = π/b) �±7¨�±©kÇ\�����#¯�¹º��� 1 ÎT·�Ùy����°��#	�� ΓS(m, k⊥) Ó/�M¨�	k��©�Ç,	�§R¯�·x�¥·x°eÌM¨��¥�,	r
����	k�¥�,¥§k¯��¥·xÇ\�¸© .	�§kÇM¨I�\§k�\Ó�·x§0¼R�\©�	k���¸¹Ê¨���:�`�·�¯�·x�-¨�¹º��¯���¹º©kÇ\¹j¯�·xªº� d �±7¨8Ùy·x¹º²�ªº��Ó^Ç¸
�\-¨8Ò�	k¹º���+¯k��Ì\�	��
±π/2b Ó����±7¨I�5·xªº�����Ò®�M¼0¯�ªº¹ºÑ^§��\� 1

    

 

−Γ̃S

0

k⊥ b

−π/2 π/2

�X *¡O¢ Þ 1 « 9 £ 6 ��§�¯v��¨��¥·x©�7¶^�\��¥�¡	��¡ªj·,¥§k�¥Ùy·xÇ\� 3 ¹ºÕ 1 Þ 1 «c¬,Ò k′⊥ = 0 Óc�\©5Ç±��°�¯�·x�¥·x¹º¥��©Ò�ªj·®¥§k¯*�\��¯*��¥¹Ê¨�¹º��© ∝ z(s,d)(m = −; q⊥ = 0) + 0.32× z(s,g)(m = −; q⊥ = 0)
1

Î¡
4·x¥¯v�\ÇM¨&ªº�2¯�ªº§k�¥§k��¯����\©�·x©¸¨+	��2Ç\�2�¥Ã\¥§kªÊ¨I·Q¨&¯v�¸§k�#ªº��¯�·x�¥·�°�ÌM¨��¥�2	�
���¥	k�����\-¨
ªº��Ùy·x¹è¨�Ñ�§�
¹ºª�Ð`·x§k�¥·x¹è¨�²�¹º�\©`§k©k��¯v�¸�¥¹º²�¹ºªº¹Ê¨�Ã�	�
�¬ �F¹ ¬ 3 ¬·«�ªº�\â©5°�§�	k 1^� ©`¯k��Ã\¥�\©�Ç\��	k§
¯*�K¨��\©/¨�¹º�\ª^·x©�¹º��©k¹ºÑ�§k��Ócªº�±T©5°�§�	kT¥§��Tªj·,¥§k�¥Ùy·xÇ\��	�� 3 �±��°�¹/	r
§k©2¯�·x�¥·x°eÌM¨�����	r
����	����
¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨��\§��®	k�z¨!Ð0¯*� d ©�
��©/¨e¯�ªº§k�ªj¹º�\§ç	�
ÚM¨I����Ó�¯k§k¹º¥Ñ�§k�Öªj�ÖÕ¸·�¯ç	�
4·x©�¹º��©k±
��§0¶0�����M¼k·�ÇM¨��\°e�\©¸¨�·x§�¼ß¯v�¸�¹Ê¨I¹º��©k5	k��Ç\�\�©5°�§k	�±Óv¶/��¹º��ªj· 3 ¹ºÕ 1 ³ 1 «K7 1r� ©á�PÍ*�M¨QÓ

« ó:9



Ç\��°e°���ªº��°���©/¨�����ªj· 3 ¹ºÕ 1 Þ 1 ¬�Ó�§k©��®¥§k¯*�\��¯*��¥¹Ê¨�¹º��©á	�
§k©��®¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã d Ó¥��¹Ê¨a·\¶/�\Çe§�©k��Ç±��°�¯*���·x©¸¨��e¹º©k	�Ã\¯v�±©k	�·�©¸¨���	�� k⊥ é �\©½��©�	k�\5¯�ªj·x©k�±�êPÓ�¥��¹Ê¨a·\¶/�\Ç
§k© ����	����Û	��Ï¨!Ðk¯v� g éØ·\¶/�\Çqªº�q²v�¸©(¥¹ºÕ�©k�cêPÓâ·x§��¥·x¹Ê¨Ö	k��©�©kÃÛ§�©(Õ¸·x¯(æ�©�¹8¨���§0¨zªº�
ªº��©�Õ�	k��ªj·®¥§k��Ùy·xÇ±��	k� 3 �\��°�¹�Ók·\¶/�±Ç�	k�\,ÇIÈ�·x©�Õ��\°��±©¸¨�,	k���¹ºÕ¸©k��§k©�¹ºÑ^§k�\°e�\©¸¨�·x§0¼
°e��°��\©/¨�¡�:����©�¯�·x¥¥�8	�
§�©k�8²�·�©k	k�,Ò&ªØ
<·x§�¨���� 1 ;&©�\
<·Q¨�¨��\©�	k�¥·x¹è¨âÒ&Ç\�8Ñ�§�
§k©���¨��\ªºªº�
¥��ªº§�¨I¹º��©ß���¹è¨�¯kªº§�&Ùy·\¶/���¥·x²�ªº�®�\©¿Ã±©k�\��Õ¸¹º�a	k�®Ç\��©k	��\©k�·Q¨�¹º�¸© 1Ä) ¯k¯�·x���\°e°��\©¸¨QÓvªj�\
¹º©¸¨I�\�¥·xÇM¨I¹º��©k,¯���Ã\¥�\©¸¨I�\,©k��¯*�\��°e�M¨�¨��±©¸¨#¯�·x,§�©»·x¯k¯�·x��¹º�\°e�\©¸¨+·x§k¥¥¹�Ùy·\¶/����·x²kªº� 1

Îr·&-¨��¥§kÇM¨�§�����æ�©k�8	k§�¯�·��¥·x°�ÌP¨����8	�
�¸��	k��� ∆k
�\-¨�	k¹º�¥�\ÇM¨��\°e�\©¸¨�ªº¹ºÃ±�8Ò&ªj·�Ùd����°e�

	k��ªØ
¹º©¸¨��±�¥·xÇM¨�¹j��©Ö�\Í*�\ÇM¨�¹è¶/��Òa²�·x¥���Ã\©k�±��Õ�¹º�&	�·x©k8ªº�&Ç±·�©�·xª�	k� 6 �^�¸¯v�\� 1�6 �M¨�¨I�&	k�±� .
©k¹jÌ\���Ï�¥Ã\¥§kªÊ¨��Ï	��\&<�§kÇP¨�§�·Q¨I¹º��©ke	k�Ï¥¯k¹º©%Õ�Ã\©kÃ\�¥Ã\�\RÒß¯�ªº§keÈ�·x§�¨I�ÏÃ\©k�±��Õ�¹º� 1�$ ·�©k
©k�x¨�����·x¯k¯k�¥�^ÇIÈk�¸Ó*¥�\§�ªº�\&ªº�\ß<�§kÇM¨I§�·Q¨�¹º�¸©k&	k��°e¹º©�·x©¸¨I�\�Ò qP⊥ = π/b ¥��©¸¨5¯k�¥¹º¥�\�\©ÄÇ±��°�¯0¨��`¯�·����§�¹Ê¨��`	k§CÇIÈk��¹Ê¼Ä	k� qP‖ 1 Îr�\/<�§kÇP¨�§�·Q¨I¹º��©k®Ò qP⊥ = π/2b ¥��©¸¨�\ªºªº�±â�\¥¥�\©¸¨�¹º�\ªºªj�\°��\©/¨�¹ºÕ�©�����Ã\�\ 1^� ª��\-¨�¯*��¥�¹º²�ªº�#Ñ^§��#©k�K¨��¥�#	k�\¥Ç\�¥¹º¯�¨�¹º��©z·x¯k¯k�¥�^ÇIÈkÃ±�
	k�±ï<�§kÇM¨I§�·Q¨�¹º�¸©k�	k�2¥¯k¹j©�Ó��M¨+¯�·x�#Ç\��©�¥Ã\Ñ^§k�±©¸¨+	k��ªØ
¹º©¸¨��\��·xÇM¨�¹º��©q�\Í*�\ÇM¨�¹Ê¶^��Òe²�·x¥¥�
Ã\©��\��Õ�¹º�,	�·�©k¡ªº�,Ç±·�©�·xª�	k� 6 �^�¸¯v�\�±Ó�©��8¯*�\��°��P¨�¨��,¯�·x�	k�8�¥�\©k	����8Ç±��°�¯0¨��#·\¶/�\Ç,¯k�¥Ã .
Ç\¹º¥¹º��©R	��,ªj·�Ùd�¸��°��#	k� ∆k

1¸� ª���±�¥·x¹Ê¨â	���©kÇ8¨���Ì\�¹º©/¨�Ã\���±��·x©/¨â	�
�P¼k·x°�¹º©��\�¡¥¹�ªX·�¯���¹º¥�
�\©ÏÇ±��°�¯0¨��&	��&¯�ªº§k¥¹º�\§����¨I�¥·x©k¥Ùd�±�7¨�8	���¶/�±ÇM¨��\§��t	r
��©k	��&¯�·x�¥·xªºªºÌ±ªº�\ qP‖ 	�¹èÍ*Ã\���\©/¨�Òßªj·¿Ùy��¹º�©r
4·x§k�¥·�¹Ê¨e¯�·x�	�
�PÍG�M¨R�§��®ªØ
�M¼k¹º-¨��\©kÇ±�Ö��§ç©���©}	��Ö©4°5§k	�®	�·x©k�ªº�ÏÕ¸·x¯
¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§��\Ók�\©Ï¯k�¥Ã\¥�\©kÇ\�5	k��ªØ
���¥	k���2·x©k¹º��©�¹ºÑ^§�� 1

« ó 8



³�ÊsrBÊ86
V
�üÑ,Ö�Õ

Ò ��,".�,".�,"%�$��H�Kf
' �¸§k� q⊥ = π/2b Ó (q+P)⊥ = 3π/2b �±7¨âÃ\Ñ^§�¹Ê¶�·xªº�\©/¨�Ò −q⊥ Ó¸	k�,¥���7¨I�,Ñ^§k�,ªº�\¥§��Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\t	k�+¥¯�¹º© χS(q,q) �M¨ χS(q + P,q + P) ¥��©¸¨8¹º	��\©¸¨�¹jÑ^§k�\ 10$ ·x©ktªº��¥Ã\Õ�¹º°�����©�	k��	k��	k�\©�¥¹Ê¨�Ã�Ò®Ùd���-¨,¯*�K¨��\©/¨�¹º�\ªr·x©k¹º��©�¹ºÑ^§���Ó0�\ªºªj�\8¥§�¹Ê¶/�\©¸¨#	k�¸©kÇ��M¼k·xÇM¨I� .

°e�\©¸¨�ªj·®°eÚ\°���Ç±��§k��²*�eé 3 ¹ºÕ 1 Þ 1 ³x´¸ê 1�$ ��Ùy·�Â\��©»���\°e·���Ñ^§�·�²kªº��ÓkÇ±�\Ç\¹��±7¨�Ã\Õ¸·xªº�±°��\©¸¨
¶k�¥·x¹�¯*��§k�+ªj·R¥§��Ç±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ãa©k��©¿	k¹j·xÕ��¸©�·xªº� χS(q,q + P)

1 Îr�\&·x§0¨����\&�§�¥Ç\�\¯�¨I¹ .
²�¹ºªº¹Ê¨�Ã\t¥��©¸¨,©kÃ\Õ�ªº¹ºÕ��c·x²kªº�\8	�·x©ktÇ\�+�¥Ã\Õ�¹º°�� 1 ÎT· 3 ¹ºÕ 1 Þ 1 «K8a°���©/¨����+Ñ^§��+©k��§�t·\¶/�¸©k
²�¹º�\©%·KÍG·x¹º���»Òß§k©k�Ö�¸©k	k�Ï	k�Ö	��\©k¥¹Ê¨IÃÖ	k�Ï¯vÃ\�¥¹º�^	k�Ö	���§k²�ªºÃ\�Ö¯�·x�®�¥·x¯�¯v���-¨R·x§çÇ±·x
�·x©�â���¥	k���+·�©k¹º��©k¹jÑ^§k� 1 Îr·�Ç\��°�¯�·x�¥·x¹º¥��©z	k�\ 3 ¹ºÕ� 1 Þ 1 ³�«+�M¨,Þ 1 ³�³2°��P¨t�\©`ÃM¶k¹º	k�\©�Ç\�
ªº�ÖÙy·x¹Ê¨eÑ^§�
¹ºªt\
4·�Õ�¹Ê¨�	r
§k©k�z¹j©k-¨I·x²k¹ºªj¹Ê¨�Ãz¹º©/¨��¥·x²�·x©k	k�z	�·x©k®ªj·q²�·x©k	�� m = − �9ªº�±
¶/�±�7¨��M¼á·\¶/�\Ça¨���§�¨I�\&ªº�±�¯�·x�7¨I¹ºÇ\§kªº�\�	�·�©k�ªj·z²�·x©�	k� m = + 	k¹Ê¶/�±��Õ��\©¸¨2²v�±·�§kÇ\��§�¯
°e��¹º©k,Ùd���7¨��±°��\©¸¨ 1�6 �±Ç\¹G�\-¨#	4±»·x§ÖÙ ·x¹Ê¨,Ñ�§k��©k��§�8©k�&¯����\©k�¸©k8�\©ÏÇ\��°�¯0¨���Ñ^§�
§�©k�
¥�\§�ªº�+¶�·xªº�±§k�8	k� qP‖ £`¹ºÇ\¹*¶0¹º¥¹º²kªj�\°��\©/¨#Ç\�\ªºªº��Ñ�§k¹�Ç\�����¥�\¥¯v��©�	»Ò®ªØ
¹º©k-¨I·x²�¹ºªº¹Ê¨�Ã�	�·x©kªj·�²�·x©�	k� m = − 1¸� ©���Ã±·�ªº¹Ê¨�Ã�Ó¸¹ºª�Ð�·�·�§k¥¥¹k§k©k�,¹º©k-¨I·x²�¹ºªº¹Ê¨�Ã8	�·x©k¡ªj·&²�·x©k	k� m = + ÓÑ�§k¹��\-¨�¹º©k	kÃ±¯v�\©�	�·x©¸¨I�&	���ªj·�¯k���±°�¹ºÌ\�¥� 1

«\µ¸´
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π

�X *¡O¢ Þ 1 «K8�£RÎr�#¶/�±�7¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©ktªj·�²�·x¥�+	��\���©�	k�\t¯kªj·x©��\¯*��§k� t′⊥/t⊥ = 0.024 �M¨ V/t⊥ = 2.94 Ó\Ô7§�7¨I�,·\¶�·x©/¨âªj·&	k¹Ê¶^�\��Õ��\©�Ç\�8Ñ�§k¹kÇ±�������\¥¯*��©k	Ò�ªj·�¨��¥·�©k¥¹Ê¨�¹º��©Ö¶/�\�¥,§k©k�5¯kÈ�·x¥���¸©k	k�5	k��	k�±©k¥¹Ê¨�Ã�	���¥¯k¹º© 1
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T/t⊥

�X *¡O¢ Þ 1 ³x´O£ � §k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ\��\©�Ùd��©kÇM¨I¹º��©�	k�âªj·t¨I�\°�¯*Ã\�¥·Q¨I§k����¯*��§k� t′⊥/t⊥ = 0.024 Ó
V/t⊥ = 2.94 �Q�¸©k	k��	k��	k�\©k¥¹Ê¨IÃâ	k�â¥¯�¹º©a·\¶/�±Çâ°e�^	k§�ªj·Q¨�¹º��© q⊥ = π/2b é Çc·x����Ã\IêMÓK�M¨¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ�Ü g àzé ∆k⊥ ∝ cos 2k⊥b ê�·\¶^�\Ç®°���°e�\©¸¨+¨��x¨I·xª q⊥ = 0 éØÃM¨���¹ºªº�±
Ç\ªj·x¹j���\IêMÓ q⊥ = π/b éØÕ���¹º+Ùd��©kÇ±ÃcêMÓv�M¨&ªj·R¥§��Ç±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ã�©���©q	k¹j·�Õ���©�·xªº�aÑ^§k¹�Ç\�¸§k¯kªº�Ç\�\#	k�\§0¼Ö	k�\�¥©k¹ºÌ\���±5éØÕ���¹º,Ç\ªj·�¹º��ê 1
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�X *¡O¢ Þ 1 ³�«b£CÎr�z¶/�±�7¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©keªj·á²�·x¥�»¯k����¯����Ï	k� H0·\¶/�±ÇÏ¨I��§�¨��±Rªº�\z¯�·x�7¨I¹ºÇ\§kªº�±R	�·x©k`ªj·½²�·x©k	�� m = − Óâ¯v��§�� t′⊥/t⊥ = 0.024 �M¨
V/t⊥ = 2.94 Ók¥��¹Ê¨�	�·x©�8ªº�5��Ã\Õ¸¹º°����¸©k	k�5	k��	��\©k¥¹Ê¨�Ã5	k��¥¯k¹º© 1
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π/2

�X *¡O¢ Þ 1 ³�³@£CÎr�z¶/�±�7¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©keªj·á²�·x¥�»¯k����¯����Ï	k� H0·\¶/�±ÇÏ¨I��§�¨��±Rªº�\z¯�·x�7¨I¹ºÇ\§kªº�±R	�·x©k`ªj·½²�·x©k	�� m = + Óâ¯v��§�� t′⊥/t⊥ = 0.024 �M¨
V/t⊥ = 2.94 é �¸©k	k��	���	k�±©k¥¹Ê¨�Ã�	���¥¯k¹º©�ê 1

«\µ/³
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�X *¡O¢ Þ 1 ³ ó £RÎr�#¶/�±�7¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©ktªj·�²�·x¥�+	��\���©�	k�\t¯kªj·x©��\¯*��§k� t′⊥/t⊥ = 0.024 �M¨ V/t⊥ = 2.90 Ó�Ç¸
�\-¨+Òe	k¹º���2	�·x©k#ªº�2��Ã\Õ�¹º°e�5	��5ªj·�¥§�¯k�¥· .Ç\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ g 1
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�X *¡O¢ Þ 1 ³KµC£}Îr�z¶/�\�-¨��M¼ −Γ̃S(k′⊥,−k′⊥,−k⊥, k⊥) 	�·x©keªj·á²�·x¥�Ï¯�����¯����Ï	k� H0·\¶/�\Ç»¨���§0¨��\`ªº�\`¯�·x�7¨�¹jÇ\§kªº�\`	�·�©k`ªj·½²�·x©k	�� m = − Ó�¯*��§k� t′⊥/t⊥ = 0.024 �M¨
V/t⊥ = 2.90 é ��Ã±Õ�¹º°��5¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k��ê 1

«\µ ó



s_��A���3F�:������������Hj��q��f

Îr�\Â<�§�ÇM¨�§�·Q¨�¹º��©k2	��e¥¯k¹j©À·\¶/�±Çe	��e¯*Ã\��¹º��	k� 2b ���\-¨��¥�\¹º©¸¨��±�Ò»§k©k�R²�·x©k	��e¹º© .	�§k¹º¥�\©¸¨+·x§�¥�¹r	���ªj·�¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã�Ç\�¸°�°��5	�·x©k,§�©»-Ð0-¨�Ì\°e�5Ò�§�©k��²�·x©k	���Ó
°R·x¹ºq��±§kªº�\°e�\©¸¨ß·\¶/�\ÇÄ·x¯�¯�·x�¥¹º�\°��\©/¨q¥§��»ÇIÈ�·Q×X©k�\q	k¹º-¨I·x©/¨��\Û	�� 2b Ó#Ç±��°�°e�½ªº�Ç±��©0æ��¥°��\©/¨�ªº�\ 3 ¹ºÕ� 1 Þ 1 ³ ó �M¨RÞ 1 ³Kµ 1�6 ��°�°e�zªº�\�¨����¸¹º®�§�¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨�Ã±®·x¥¥�^Ç\¹jÃ\�\
χSCg(0,0) Ó χSCg(0,P) �M¨ χSCg(P,P) ¥��©/¨®Ç\��§�¯kªºÃ\�\±Ó��\ªºªj�\a	k¹Ê¶/�±��Õ��\©¸¨a¨���§0¨��\·x§Ä°eÚ\°��`°e��°��±©¸¨cÓr¶/��¹º��ªj· 3 ¹ºÕ 1 Þ 1 ³�Þ 1ô$ �±ó<�§�ÇM¨�§�·Q¨�¹º��©ka	k�e¨!Ð0¯*� d ���©/¨�·x§k¥¥¹¯���Ã\¥�\©¸¨I�\ 1K6 ��°�°e�âÇ\�\�	��\��©�¹ºÌ\���\,<�§kÇM¨I§�·Q¨�¹º�¸©kr¶0¹º�±©k©k�±©¸¨ô	k�\9Ç\�����¥Ã\ªj·Q¨�¹º��©��	���¥¯�¹º©
¹º©/¨��\��²�·x©k	���Ó��\ªºªº�\�¥��©¸¨+	�Ã\�·\¶�·x©¸¨M·xÕ�Ã\�\�	�·x©�#©���#Çc·xªºÇ\§kªº��M¨+�¥¹º�Ñ�§k�\©¸¨+	r
ÚM¨����2¯�ªº§k
¹º°e¯v���-¨I·x©¸¨I�\5�±©á�¥Ã±·xªº¹Ê¨�Ã¸ÓG¶/��¹º�5ªj·»	k¹º¥Ç\§k¥¥¹º��©À·x©�·xªº��Õ�§��e¯v�¸§k�5ªº�\Â<�§kÇP¨�§�·Q¨I¹º��©k5	��
¨!Ðk¯v� g 	�·x©k,ªº�5Ç±·x,	�� V Ùy·x¹º²�ªº��Ók¥�\ÇP¨�¹º��©qÞ 1 µ 1 ³ 1
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|log χ̃|

T/t⊥

�X *¡O¢ Þ 1 ³�Þ|£ � §k¥Ç\�\¯0¨�¹º²k¹ºªj¹Ê¨�Ã\��\©�Ùd��©�ÇM¨�¹º��©�	���ªj·8¨��\°�¯*Ã\�¥·K¨�§k���â¯v��§�� t′⊥/t⊥ = 0.024 Ó
V/t⊥ = 2.90 �K��©k	��â	k��	k�\©��¹è¨�Ãâ	k���¯�¹º©a·\¶^�\Ç�°��^	�§kªj·Q¨�¹º�¸© q⊥ = π/2b éØÇ±·x����Ã±�êPÓQ�M¨¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹è¨�Ã�Ü g àzé ∆k⊥ ∝ cos 2k⊥b ê+·\¶/�\Ç®°���°e�\©¸¨+¨I�K¨I·xª q⊥ = 0 é ÃM¨���¹ºªj�\
Ç±ªj·x¹º���\IêMÓ q⊥ = π/b é Õ���¹º+Ùd��©�Ç\ÃcêMÓv�M¨&ªj·`�§�¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨�Ã�©���©q	�¹j·xÕ���©�·�ªº��Ñ^§�¹TÇ±��§k¯kªj�Ç±�\â	k�±§�¼e	��\��©�¹ºÌ\���\+éØÕ���¹ºâÇ±ªj·x¹º��ê 1�' ªº§k�ªº�\â¥§k¥Ç\�\¯0¨�¹º²k¹jªº¹Ê¨�Ã�Ç\�������±�¯*��©k	�·x©¸¨tÒ ∆k⊥ ∝
cos k⊥b éjÜ d à�Ó�ªº���·x©kÕ��±�Ç\ªj·�¹º��Iê9�M¨ ∆k⊥ ∝ cos 3k⊥b é ªº���·x©�Õ��\¡Õ���¹ºIêMÓK¨��¸§xÔ7��§���¡·\¶/�\Ç
q⊥ = 0

1

$ ·x©k�Ç\�,��Ã\Õ�¹º°e��Ó¸ªº�\B<�§�ÇM¨�§�·K¨�¹º��©k�	k�,¥¯k¹º©e���±7¨I�\©¸¨â¹º°e¯v���-¨I·x©¸¨I�\ 1 ÎT· 3 ¹ºÕ 1 Þ 1 ³�Þ
°e��©¸¨��¥�,Ñ�§�
�\ªºªº�\â¯k�¥Ã\¥�\©¸¨��\©/¨â°eÚ\°��#§k©R°e·K¼0¹º°�§�° Ò�§�©k�8¨��\°�¯*Ã\�¥·Q¨I§k��� T > TSCc

Ó
Ç±��°�°e�#Ç�
�\-¨�ªº�#Çc·xâ¯v��§���ªj·5¥§k¥Ç\�\¯0¨�¹º²k¹ºªº¹Ê¨IÃ#	k�#¥¯�¹º©R	�
§�©R-Ð0-¨�Ì\°��#§�©k¹º	�¹º°��\©��¹º�¸© .
©��\ª��·x©�8¹º©/¨��\�¥·xÇP¨�¹º��©k±Ó χS0 (2kF + q̃;T ) Ó q̃ 6= 0 Ó�¶/��¹j�8ªj· 3 ¹ºÕ 1 ó 1 ¬ 1

«\µ�µ



}�Å~} ¥ �,�a�9�����v���#�a�
� ��§�¡·\¶^��©k¡ÃP¨�§k	�¹ºÃ8ªº�\�¯k���¸¯k��¹ºÃM¨IÃ\¡Ã\ªº�\ÇM¨I����©k¹ºÑ�§k�\¡	��8²�·x¥��t¨��\°e¯vÃ\��·Q¨�§k�¥�8	�
§�©

Ç\��©�	k§�ÇM¨��\§���Ñ^§�·x¥¹ . §k©k¹º	�¹º°��\©�¥¹º��©k©��\ª��\©�¯���Ã\¥�\©kÇ±��	�
§k©5¯v�K¨��±©¸¨�¹º�\ª¸¯vÃ\�¥¹º�^	k¹ºÑ�§k�9¨���·x©k .
¶/�\�¥��¸ÓKÇ\��°e°��t¹ºª��\©®�\-¨�Ç\�¥Ã\Ã�§�©a	�·x©� (TMTSF)2ClO4

¯�·x�9ªØ
���¥	k���t����¹º�\©/¨I·Q¨�¹º�¸©k©k�\ª
	k�±,·�©k¹º��©� 1

Î��a¯v�x¨��\©¸¨I¹º�\ª9·x©�¹º��©k¹ºÑ�§k�a	k¹Ê¶0¹º¥�aªj·R²�·x©k	���	k�aÇ\��©�	k§kÇM¨I¹º��©q�±©q	k�±§�¼ 1 Î��±+©k��§ .
¶/�±·�§�¼2ÃM¨I·Q¨��	�� Á ªº�^ÇIÈ�¥��©¸¨ô	k�\�¥§k¯*�\��¯*��¥¹Ê¨�¹º��©k�	�
4��©k	k�±�·±¶/�\Ç�°e�^	k§�ªj·Q¨�¹º��©�r¨��¥·�©k .
¶/�\�¥��± k⊥ �M¨ (k⊥+π/b)

1 Îr�tÙy·x¹Ê¨¡Ñ�§k�tªj·+°R·x¹ºªºªº�tÃ\ªºÃ±°��\©/¨I·x¹º���8Ç\��©¸¨�¹º�±©k©k�8	k�\§�¼a¥¹Ê¨��±
°eÌ\©k��·�ªº����5·x§áÇ\��§�¯kªj·xÕ���	k�±�¹º©k-¨I·x²�¹ºªº¹Ê¨�Ã\5Ò`¶/�\ÇM¨I�\§k���	r
��©k	�� q �M¨ (q + P) ÓG�:�
P = (0, π/b)

1 Îr�\2	�¹èÍ*Ã\���\©/¨�2Ùd�\§�¹ºªºªº�M¨�2	��eªj·Ï¥§k�¥Ùy·xÇ\�e	�� 3 �\��°�¹�\
�±°�²v�x×º¨��\©¸¨a	k�
¨��¥��¹ºaÙy·xÂ\�¸©ka	k¹ºÍ*Ã\���\©/¨��\ 1�� ª�ÐÄ·qªØ
�\°�²*�K×º¨��±°��\©¸¨�¹º©¸¨I�\��²�·�©k	k�\®·\¶^�\ÇR¨��¥·x©��Ùd�±�7¨®	��
¶/�\ÇP¨��\§k�8	�
4��©k	k� Q0

¥¹Gªº��¯v�x¨��\©¸¨�¹º�±ª�·x©�¹º��©k¹ºÑ�§k� V �\-¨#Ùy·x¹º²kªº��Ók�M¨#	k�±§�¼z¯*��¥¥¹º²k¹ºªº¹Ê¨IÃ\
	�
4�\°�²*�K×º¨��\°e�\©¸¨®¹º©/¨��¥·x²�·x©k	��z·\¶/�\Ç Q± ¥¹ V �\-¨®Ùy���7¨ 1 Î��±ó<�§kÇM¨I§�·Q¨�¹º�¸©ka	k�`¥¯k¹º©
·x¥¥�^Ç\¹ºÃ±�\,ÒaÇ\�\8-Ð0°eÃM¨���¹º�\8	�
4�\°�²*�K×º¨��\°e�\©¸¨,Õ�Ã\©�Ì\���\©¸¨,	��\8Ç\�����¥Ã\ªj·Q¨�¹º��©�8¯�·x�7¨I¹ºÇ\§kªº� .
¯�·��7¨�¹ºÇ\§�ªº��	k¹èÍ*Ã±���\©¸¨I�\±Ó^Ñ^§k¹v¥��¥§k¯*�\��¯*����±©¸¨�¯*��§���	k�¸©k©k�±��	��\�¯�·x�¥·�°�ÌM¨��¥�\â	r
����	k�¥�
¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§���2©k��©á¨I��¹Ê¶0¹j·x§0¼ 1�' ��§k� V Ù ·x¹º²kªº��Ó�ªº�R¯�·��¥·x°�ÌP¨����R	�
�¸��	k���R�±7¨®�¹ .
°e¹ºªj·x¹º���»Ò¿Ç\�\ªº§�¹t	�
§�©ç·x¯k¯�·x��¹º�\°e�\©¸¨ d ¯�¯v��§�� V Ùd���7¨cÓ�ªj·¿¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃz�±7¨
�\¥¥�\©¸¨I¹º�\ªºªº�\°e�\©¸¨�	k�+¨!Ðk¯v� g 1;+©zÇ±��°�¯����\©k	Ö²k¹j�\©zªº�±t��Ã\¥§�ªÊ¨I·Q¨�8¯v��§�� V Ùy���7¨ 1�6 ��©¸¨I�¥·x¹º���±°��\©¸¨#Òaªj· �#'v) Ó�ªº�
Õ����¸§k¯*�®	������\©�����°e·�ªº¹º�·Q¨�¹º��©á°e��©¸¨��¥��Ñ^§���ÓrÒÖÇ±·x§k¥��	��\��\Í*�M¨�5§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªº
¹º°e¯v���7¨M·x©¸¨�±Órªº�\�¨��\°e¯vÃ\��·Q¨�§k�¥�\5	k�®¨��¥·�©k¥¹Ê¨�¹º��©½	�·�©k5Ç\�e�¥Ã\Õ�¹º°e�e���©/¨5¨���Ì\2Ùy·x¹º²kªj�\
�\©CÇ\��°e¯�·x�¥·x¹º¥��©}·\¶/�\Çzªº�\a�M¼0¯*Ã\��¹º�\©�Ç\�\a¥§k� (TMTSF)2ClO4

1 ÎT·Û¯�È�·x¥�`¥§k¯k��· .
Ç\��©�	k§�ÇM¨���¹ºÇ\�ß��²���±�7¶/Ã\�ß	�·x©�ÖÇ\�ß°e·Q¨IÃ\��¹j·x§rÓ��\©ë¯k�¥Ã\¥�\©kÇ\�ß	k�ßªØ
����	����á·x©k¹º��©�¹ºÑ^§k��Ó
Ç\���¥���\¥¯v�¸©k	}	k��©�Çz¯�ªº§�¨�äx¨RÒqÇ±�\ªºªº�ÖÑ^§��Ö©k��§��¨����¸§�¶/��©�®¯*��§k�®§k©}¯*�K¨��\©/¨�¹º�\ª8·x©k¹º� .
©k¹jÑ^§k�®¯kªº§�&Ùy·x¹º²�ªº��Ó V <

∼
t⊥ Ó*�±©ß·�Ç\Ç\����	½·\¶/�\Ç®	r
4·x§�¨��¥�\&�\-¨�¹º°R·Q¨�¹º��©�&	��aªX·e¶¸·xªº�\§��	k� V Ó�¶/��¹º��ªº��ÇIÈ�·x¯k¹Ê¨��¥�®³ 1*$ ·�©k�Ç±�2�¥Ã\Õ�¹º°��¸Ó�ªº�±,¨I�\°�¯*Ã\�¥·Q¨�§����\�Ç\�¥¹Ê¨�¹ºÑ^§��\�¥��©¸¨&�\©�PÍG�M¨8	k§z°�Ú\°e�+����	�����	���Õ¸�¥·x©k	��\§k��Ñ^§���Ç\�±ªºªº�\t��²k¥�\�-¶/Ã\�\t�M¼0¯*Ã\��¹º°��±©¸¨I·xªº�\°e�\©¸¨QÓ^�P¨

¯*��§k��ªj·2¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ�Ó^�M¨8¯v��§��âªØ
��©�	k��	���	k�±©k¥¹Ê¨�Ã�	���¥¯�¹º©`Ñ�§k��ªØ
��©z��²0¨�¹º�\©/¨
Ñ^§�·x©k	 ��©%¨����\°e¯v�ÛÇ\�q°e·Q¨IÃ\��¹j·x§rÓ�Ç\�qÑ^§�¹#��Ã\	�§k¹Ê¨zªº�q¯v�K¨I�\©¸¨�¹º�±ª V 1�6 �M¨z�PÍG�M¨Ö�\-¨Ã\Õ¸·�ªº�\°��\©/¨®²�¹º�\©Ä�±©C·xÇ\Ç\���¥	C·\¶/�\Çzªº�z	k¹j·xÕ��¥·�°�°��z	k�`¯�È�·x¥�\a	k�`ªX· 3 ¹ºÕ 1 Þ 1 9 1 ;&©
©k�Ö¯v�\§0¨�Ç\�\¯v�±©k	�·�©¸¨®¯�·x�¶0�¥·x¹º°e�\©¸¨�¹º	��\©¸¨�¹èæ��\�aªØ
4·Q¼k� V 	k�\�®Ç\�M¨�¨��zæ�Õ�§k�¥�Ö·\¶/�\Çzªº�
¨I·x§0¼Ï	k�5���\Ùd���¸¹º	k¹º¥¥�\°��\©/¨cÓ0¶0§ÏÑ�§�
§k©��+¨I���\°�¯*��©k�5��Ã±	k§k¹Ê¨�¯�·x#��±§kªº�\°e�\©¸¨ V Ó�°R·x¹º¯k�¥�^	k§�¹Ê¨#§k©»¯v�K¨��±©¸¨�¹º�\ªr	kÃ\¥����	���©k©�Ã5Ò®�·®¯�ªj·xÇ\� 1)

V Ù ·x¹º²kªº��Ó�©k��§��¨��¥��§�¶/��©�®§�©k�Ö¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃz¥¹º©kÕ¸§kªº�M¨R©k��©}Ç\�¸©¸¶/�\© .
¨�¹º�¸©k©k�\ªjªº��Ót·\¶/�\Ç¿	��\z¯�·x¹º���\Ö	k� 6 ����¯v�±�`	��q°e��°��±©¸¨z¨��K¨I·�ª 0 ��§ P

1 ÎT·ÄÙd����°e�
����²�¹Ê¨I·xªº�`	k§Ä¯�·x�¥·�°�ÌM¨��¥�R	r
����	k�¥�R�\-¨a�±�¥�\©/¨�¹º�\ªºªº�\°e�\©¸¨®Ç\�\ªºªº�`	�
§�©k�R¥§�¯k�¥·xÇ±��©k	�§kÇ .
¨�¹Ê¶k¹Ê¨�Ã d ÓT°e·x¹º�	�
4·�§�¨����±2È�·���°���©�¹ºÑ^§k�±2¥��©¸¨a¯���Ã\¥�\©¸¨I�\2Ã\Õ¸·�ªº�\°��\©/¨ 1�' ·x�2�¥·�¯k¯v�¸�7¨ÒR§k©��2¥§k¯k��·xÇ\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã2	���¨!Ð0¯*�2¯�§k���\°e�\©¸¨ d Ó�ªº��¯�·x�¥·x°eÌM¨�����	�
����	����2¯���Ã\¥�\©¸¨I�	k�±+©4°5§k	k á ²g²�³ ® ³G§ �5� ¬ ¹ ¶ ·�§q©�¹Ê¶/�±·x§¿	k� 3 �\��°e¹ØÓvÇ\�aÑ^§�¹��\-¨��§���¯k�¥�\©�·x©/¨&	k§¿¯v��¹º©/¨
	k�8¶0§��,Ã\©k�±��Õ�ÃM¨�¹ºÑ�§k��Ó/�M¨â�\©R	kÃ\�·xÇ±Ç\����	`·\¶/�\Ç#ªº�\�°��±�§����\�	�§®¨��¥·x©�¥¯v���7¨�	k�,ÇIÈ�·xªº�\§��
	�·�©k (TMTSF)2ClO4

	k� Á �\ªº¹º©¿�M¨ Á �\È�©k¹j·.¤Ê«QÞ�¥�ÓvÑ�§k¹�¥�\°�²�ªº�\©¸¨�¹º©k	k¹ºÑ�§k�\��§�©qÕ¸·x¯
	�
4Ã\©k�\�¥Õ�¹º��æ�©k¹ô¯�·x�7¨��¸§�¨ 1G� ªô�\-¨�¯k�¥��²�·x²�ªº�aÑ^§��aªj·z	kÃP¨��\��°e¹º©�·Q¨�¹º�¸©ß	k� ∆k

·x§q¶/��¹º¥¹ .
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©�·xÕ��&	k� k⊥ = ± π
2b
é �:�Öªj·aÇ±��°�¯*���·x©¸¨��&¯���¹º©kÇ\¹j¯�·xªº� d ±
4·x©k©�§kªºªº�cê�·x¹ºªjªº��·x§ . 	k�\ªjÒa	��©���#·x¯k¯����±¼0¹º°R·Q¨�¹º��©� 1
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� ��§�&·\¶/�¸©k&ÃM¨I§k	k¹jÃaªº�\&¹º©�7¨M·x²k¹ºªº¹Ê¨IÃ\&	k�®²�·x¥¥�2¨��±°�¯*Ã\�¥·Q¨�§����a	�·x©�&ªº�\&¥�\ªº&	��Á �\ÇIÈ�Õ¸·�·x��	rÓvÒ�ª�
4·x¹º	k��	k§ÛÕ�����§�¯v�2	k�2���\©�����°R·xªº¹º�·Q¨�¹º��©¿Ò�	��\§�¼»	�¹º°��\©�¥¹º��©k 1*6 �M¨�¨I�
°eÃM¨�Èk��	k�#¯*�\��°e�M¨�	��#¯����\©k	����#�\©`Ç\��©�¥¹º	kÃ\�¥·K¨�¹º��©zÒ2ªj·2Ùd��¹ºâªº�\��PÍ*�M¨Iâ	k��ªØ
4·x©�¹º��x¨���� .
¯k¹j��Ók	k�±8¯�����¯���¹ºÃM¨�Ã\,	r
�\°�²*�K×º¨��\°e�\©¸¨#	���ªj·®¥§���Ùy·xÇ\�5	k� 3 �\��°e¹��M¨#	��\,¹º©¸¨��\��·xÇM¨�¹º��©�
�\©/¨�����ªº�\8Ç±������Ã\ªj·K¨�¹º��©k,¯�·x�-¨�¹ºÇ\§�ªº� . ¯�·��7¨�¹ºÇ\§�ªº�&�P¨,¯�·x�7¨�¹ºÇ\§�ªº� . ¨I����§ 1k) ¹º©��¹ØÓk©k��§�,·\¶/��©�
¯k§ß¶^��¹º�5ªº�\2	�¹èÍ*Ã\���\©/¨�2��Ã\Õ�¹º°e�\2	k�e	k¹º°e�\©k¥¹º��©�©�·xªº¹Ê¨IÃ�Ór�M¨�ªº�\�¨���·x©k¥¹Ê¨�¹º��©�&¶/�±��5ªj�\
¯kÈ�·x¥�\,����	���©k©kÃ±�\,	k�+¨7Ð0¯v�5��©k	k�5	k��	��\©k¥¹Ê¨�Ã��¸§Ï¥§k¯��¥·xÇ\��©�	k§�ÇM¨���¹ºÇ±� 1

� ·x¯k¯*�\ªº��©k,	r
4·x²v�¸��	»ªº�5Ç±·x�Ü7-¨I·x©k	�·x��	0à�Ó�·\¶/�±Ç5§k©k�5¥�\§kªj��²�·x©k	��5·x§»©�¹Ê¶/�±·x§»	��3 �\��°e¹ØÓkÇ±�������\¥¯*��©k	�·x©¸¨+·x§ÏÇ±��°�¯*��¥Ã (TMTSF)2PF6
1�' ��§k�,§�©k��¹º©/¨��\�¥·xÇP¨�¹º��©»¯k§ .

���±°��\©¸¨,ªº��Ç±·xªº��Ó0��©Ö�¸²�¨�¹º�\©/¨,¥§kÇ\Ç\�±�¥¹Ê¶/�\°e�\©¸¨,ªº�\8¯kÈ�·x¥�\t�¸©k	k�&	k�&	��\©k¥¹Ê¨�Ã&	k�&¥¯k¹º©rÓ
¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃt�¹º©�Õ�§kªº�P¨¡	k�8-Ð0°�ÃM¨I��¹º�t����²�¹Ê¨I·xªº� d Óx�M¨¡°eÃM¨I·xªjªº¹ºÑ^§k��Ó�¯v�¸§k�ô§�©®�\° .²*�K×º¨��\°e�\©¸¨®	��`°��¸¹º©ka�\©C°���¹º©�a²v��© 1ô� ¹â��©}·KÔ7��§0¨��`§�©k�`¹º©/¨��\�¥·xÇP¨�¹º��©C	k�`¯*���7¨�Ã±�
æ�©�¹º��Óô��©}��²�¨�¹º�±©¸¨e	k�\§0¼Ä�¥Ã\¥§kªÊ¨I·Q¨I®	k¹èÍGÃ\���\©¸¨I®¥�\ªº��©}Ñ^§��zªØ
¹º©/¨��\�¥·xÇP¨�¹º��©ç	k�z¯*���7¨�Ã±�
æ�©�¹º��Ç\��©�Ç\�\��©���ªj·R	k¹èÍG§k¥¹º��©»¶^�\��+ªØ
4·\¶�·x©/¨�é g2,nn

ê,��§»¶^�\��+ªØ
4·x���¥¹ºÌ\���zé g1,nn
ê 1*$ ·�©k

ªº��¯k���±°�¹º�\�8Ç±·x±Ó0ªj·®¥§k¯k��·xÇ\��©�	k§kÇM¨I¹Ê¶0¹Ê¨�Ã d Ó0Ñ�§k¹GÇ\�¸�����\¥¯*��©k	ÏÒ®§k©»·x¯k¯�·���¹º�\°��±©¸¨,¥§k�ÇIÈ�·x¹º©k�\ô¯����\°�¹º�±�� . ¶/��¹º¥¹º©�\Óx±
�PÍG·xÇ\�t	k�M¶¸·x©¸¨�§�©®·x¯k¯�·x��¹º�\°e�\©¸¨�¥§��9ÇIÈ�·Q×X©��\ô¥�\Ç\��©�	k .
¶/��¹º¥¹º©�\Ó��M¨+ªj·e¯kÈ�·���2¥§k¯k�¥·�Ç\��©k	�§kÇM¨I��¹ºÇ\�2·x¥¥�^Ç\¹ºÃ\�2�±7¨+¯kªº§�,Ù ·xÇ\¹ºªº�\°e�\©¸¨+¥§k¯�¯k��¹º°eÃ\�
¯�·���§k©q°e·�§�¶�·x¹º+�\°a²v�K×º¨I�\°��\©/¨&Ñ^§k��	�·�©k�ªº�aÇ±·x&·\¶/�\Ç�¹º©/¨��\�¥·xÇP¨�¹º��©q¯�§k���±°��\©/¨+ªº� .
Ç±·xªº� 1�� ¹G��©»·KÔ-��§�¨���ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©Ï	k��¯v���-¨�Ã\�+æ�©k¹º��§k©�¹ºÑ^§k�\°e�\©¸¨#Ò®ªØ
¹º©/¨��\�¥·�ÇM¨�¹º��© g1

Ó
ªj·»�§�¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ãe¥¹º©�Õ�§kªº�M¨ d �\-¨�¯*�\§ÀÒ»¯v�\§À���\°�¯�ªj·xÇ\Ã\�R¯�·x�2§k©À¯�·x�¥·x°eÌM¨��¥�	�
4����	k�¥�9¨��¥¹º¯kªº�M¨�	k�¡7Ðk°�ÃM¨��¥¹º�����¥²k¹Ê¨I·xªj� f Ó±�M¨T¯*��§k�r§k©���¹º©¸¨��±�¥·xÇM¨�¹º�¸©5¯k���\°e¹º�\�� . ¶^��¹º¥¹º©k¥§0÷R�·x°�°e�\©¸¨8Ùd���7¨I��Ó�ªØ
��©�	k�+	��+	k�\©��¹è¨�Ã+	k�+¥¯k¹j©z	k�M¶0¹º�±©¸¨8§�©k�+��©k	��+	k�+	��\©k¥¹Ê¨�Ã+	��
ÇIÈ�·x��Õ�� 1�� ªt¥�\�¥·�¹Ê¨e¥��§kÈ�·x¹Ê¨I·x²�ªº�Ö	�
ÃM¨I§k	k¹º�±�®ªØ
�PÍ*�M¨RÇ\��°a²k¹º©kÃÏ	k�\�¹º©¸¨��\��·xÇM¨�¹º��©��¯k�¥� .
°e¹º�\��â¶/��¹º¥¹º©kt¯v��§�� g1

�M¨ g2
Ò�ªj·�Ùd��¹º±Ó��M¨8	k�+°��M¨¥¨����+ªº�\�¯�·x�¥·x°eÌM¨����± g1

Ó g2
Ó g1,nn�M¨ g2,nn

�\©R�¥�\ªj·Q¨�¹º��©z·\¶/�\Ç�ªº�±â¹º©¸¨��\��·xÇM¨�¹º��©�â¯k��Ã±��±©¸¨��\â	�·x©kâªº�\â¥�\ªºâ	�� Á �\ÇIÈkÕ/·�·x��	
¤Ê«±´kÓ�7�´0Ó�¬�Ó�«c¬�³0Ó 9 Ó�Þ 9 Ó�³KµkÓ�80Ó�«�7 9 Ó�«\µ/¬0Ó�«c³ 9 ¥ 1 ÎT·qÙd�\©�ÚM¨����z	k�R¶¸·xªº�\§k�¥a	k� g1,nn¯*��§k�®ªº�\¥Ñ^§��\ªºªº�\��¸©}��²�¨�¹j�\©¸¨cÓ��M¨e	k�Öªj·ß�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã`¨��¥¹º¯kªº�M¨cÓ��M¨e§k©��Ö��©k	��
	k�»	��\©k¥¹Ê¨�Ã»	��Ï¥¯k¹º©rÓ��\-¨z·x¥¥�\Å»¯*�M¨�¹Ê¨�� 1�� ª,¥�\��·x¹Ê¨`Ç\�\¯*�\©k	�·x©¸¨R¹º©/¨�Ã\���\¥�·x©¸¨`	r
�M¼k· .
°e¹º©k�\�\Ó�ÒßªØ
4·x¹º	k�»	k§çÕ¸����§k¯*�Ï	k�Ï���\©�����°R·xªº¹º�·Q¨�¹º��©rÓ�¥¹8	k�\e¹º©¸¨I�\�¥·xÇM¨I¹º��©ke¯����\°e¹º�\��
¶/��¹º¥¹º©�ß³ �F® « á ¦·© áTÂ�� ¬���©¸¨8§k©z�PÍ*�M¨8�¹º°e¹ºªj·x¹º���&Ò�Ç\�\ªº§k¹*	k�\�¹j©¸¨��\�¥·�ÇM¨�¹º��©��¹º©¸¨��\��ÇMÈ�·Q×X©��\
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¤Ê«¸«\µkÓT«±µ/Þ�¥�ÓvÇ\�2Ñ^§�¹T¯*��§k����·x¹Ê¨+Ã\ªj·x��Õ�¹º��ªj·R¯�·x�7¨I¹º��¨��¥¹º¯kªº�M¨&	k§Û	�¹j·xÕ��¥·x°e°���	k�2¯�È�·x¥�\ 1� ª¡�\©½�\-¨2	k�e°�Ú\°e��¯v��§���§k©���¹º©¸¨��±�¥·xÇM¨�¹º�¸©á	�Ã\¯v�\©�	�·x©/¨5	�§á¥¯k¹º©i¤¬ 9 ¥ 1T� ©��e·x§�¨I���
Ñ�§k�\-¨�¹º��©C��§�¶/�\�-¨��`	�·x©kaÇ\�`Ç\��©¸¨I�M¼^¨��z�\-¨®\
¹ºª�¯v�±§�¨�ÐÄ·\¶/��¹º�aÇ\�^�M¼k¹º7¨I�\©kÇ\�z	k�\a¥§ .
¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ\�¥¹º©kÕ�§�ªº�M¨8�M¨�¨��¥¹º¯kªº�M¨cÓ�Ñ�§k�\-¨�¹º��©zÑ�§�
��©z¯*��§k����·x¹Ê¨,·x²v���¥	k�\�tÒ�ªØ
4·x¹º	��
	r
§k©Ä	kÃP¶/�\ªº��¯k¯*�\°e�\©¸¨®	k� Æ ¹º©�Å\²k§���Õ . ÎT·x©�	�·x§CÒÛ¯�·��7¨�¹º��	��\��¥Ã\¥§kªÊ¨I·Q¨I�	�§ÀÕ¸����§k¯*�
	������\©�����°e·�ªº¹º�·Q¨�¹º��©�¤ µ 9 ¥ 1� ©k¥§k¹Ê¨��¸Ó�©k�¸§k�·\¶/��©�#ÃM¨�§�	k¹ºÃ2ªØ
�PÍ*�P¨+	�
§k©Û¯v�K¨I�\©¸¨�¹º�±ªT·x©�¹º��©k¹ºÑ^§���Ó�Ç\��°�°e�5	�·x©k
(TMTSF)2ClO4

Ór�:�½�\-¨�¯���Ã\¥�\©¸¨�§�©¿¨I�\ª¡¯v�x¨��\©¸¨I¹º�\ª¡	�·x©�5ªØ
ÃM¨I·Q¨a���\ªj·Q¼kÃ 1 Î¡
����	����
·x©�¹º��©k¹ºÑ�§k�q	k¹Ê¶k¹º¥�ÛªX·À²�·x©�	k�q	k�qÇ\��©�	k§kÇP¨�¹º��© �\© 	��\§�¼ 1 Îr�\`©���§�¶/�c·x§�¼(ÃM¨M·Q¨�`	��Á ªº�^ÇMÈ£¥��©/¨¿	��\q¥§k¯*�\��¯*���¹è¨�¹º��©kq	�
�¸©k	k�\¿	k�À°e�^	k§�ªj·Q¨�¹º��©�»¨���·x©k-¶/�\��¥�\ k⊥ �M¨
(k⊥+π/b)

1 Îr��Ùy·x¹Ê¨tÑ^§��#ªj·2°R·x¹ºªºªº��Ã\ªºÃ\°e�\©¸¨I·�¹º����Ç\��©¸¨I¹º�\©k©k��	��\§�¼R¥¹Ê¨��\â°eÌ\©k�+·xªº���¥
·x§eÇ\��§k¯�ªj·xÕ��8	��\�¹º©�7¨M·x²k¹ºªº¹Ê¨�Ã±¡	k��¶/�\ÇM¨��±§k��¡	�
��©�	k� q �M¨ (q+P) Ó��:� P = (0, π/b)

1
Îr�\t	k¹ºÍ*Ã\���\©/¨��Ùy�\§k¹ºªºªº�M¨I�	��+ªj·�¥§k��Ù ·xÇ\�+	k� 3 �\�¥°�¹*±
�\°�²*�K×º¨��\©/¨8	k�#¨��¥��¹ºtÙy·xÂ\��©��	k¹jÙ .
ÙdÃ±���\©¸¨I�\ 1�� ª9Ðá·ÏªØ
�\°�²*�K×º¨��±°��\©¸¨�¹º©¸¨��±��²�·x©�	k�\2·\¶/�\Ç®¨��¥·x©�¥Ùd�\�7¨2	��a¶/�\ÇM¨I�\§k��	r
��©k	��
Q0

Ó�Ñ^§�·x©�	íªº�q¯*�K¨��\©/¨�¹º�\ª&·x©k¹º�¸©k¹ºÑ^§�� V �\-¨ÏÙy·x¹º²kªº�¸Ó��M¨Ï	k�\§�¼ ¯*���¥¹º²�¹ºªº¹Ê¨�Ã\Ö	�
�\° .
²*�K×º¨��\°e�\©¸¨�¹º©/¨��¥·x²�·x©k	��R·\¶/�\Ç Q± ÓrÑ^§�·�©k	 V �\-¨�Ùd���-¨ 1 Îr�\Â<�§�ÇM¨�§�·K¨�¹º��©k2	k�e¥¯�¹º©
·x¥¥�^Ç±¹ºÃ\�\,ÒaÇ\�±t-Ð0°eÃM¨���¹º�±t	r
�\°�²*�K×º¨��\°e�\©¸¨,Õ�Ã\©�Ì\���\©/¨,	k�\8Ç\�����¥Ã\ªj·Q¨�¹º�¸©k8¯�·x�-¨�¹ºÇ\§kªj� .
¯�·x�7¨�¹ºÇ±§kªº��	k¹èÍGÃ\���\©/¨��\±Ó^Ñ^§k¹v¥��¥§k¯*�\��¯*��¥�\©¸¨t¯v��§���	���©k©��\�â	k�\�¯�·x��·x°�ÌM¨I���\â	r
����	����
¥§�¯k�¥·xÇ\�¸©k	k§�ÇM¨��\§���â©k��©e¨I��¹Ê¶0¹j·x§0¼ 1�$ ·x©�âªº�\�	��\§�¼RÇ±·x±Ó/©���§k�¨�����§0¶/��©k�§k©��#¥§k¯��¥· .
Ç±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ãe¥¹º©kÕ�§�ªº�M¨cÓT·\¶^�\Çe	��\2¯�·x¹º���±5	�� 6 ����¯v�\�5	��e°��¸°��\©/¨5¨��K¨I·�ª 0 �¸§ P

1
)
V Ùy���7¨cÓ�ªj·¿Ùd����°e�Ö����²�¹Ê¨I·xªº�Ö	�§}¯�·��¥·x°�ÌP¨����Ö	�
�¸��	k���Ï�\-¨e�\¥��±©¸¨�¹º�\ªºªº�±°��\©¸¨RÇ\�\ªºªj�

	r
§k©��5¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã g Ó�°R·x¹º�	�
4·x§0¨����\�È�·x��°e��©k¹ºÑ�§k�\���¸©¸¨+¯k��Ã±��±©¸¨��\�Ã\Õ¸·xªº� .°e�\©¸¨ 1¸) V Ùy·x¹º²kªº�¸Ó�ªº�,¯�·x��·x°�ÌM¨I���8	r
����	����8�\-¨â�¹º°e¹ºªj·x¹º���#Ò�Ç\�\ªº§�¹k	r
§k©e·�¯k¯�·x�¥¹º�\°��\©/¨
d Ó*Ã\Õ¸·xªº�\°e�\©¸¨�°�Ã±ªj·x©kÕ�Ã®·\¶/�\Ça	��\+È�·x�¥°���©�¹ºÑ^§k�\&¯kªº§k+Ã\ªj�M¶/Ã\�\ 1*) æ�©q	�
Ã±Ç\ªj·x¹º��Ç\¹j��ªj·Ñ�§k�\-¨�¹º��©¿	k�aªØ
�M¼0¹º-¨��\©�Ç\�a��§q©���©q	���©5°�§k	��	�·�©k+ªº�aÕ¸·x¯¿	�
Ã\©��\��Õ�¹º�a	k��ªØ
ÃP¨I·Q¨�¥§ .
¯��¥·xÇ\��©�	k§�ÇM¨��\§��\ÓG¹ºªô¥�\°�²�ªº�®¹º°e¯v���7¨M·x©¸¨5	��®¯����\©k	����®�\©ßÇ±��°�¯�¨I�®¯kªº§���M¼k·xÇM¨I�\°��\©/¨
ªj·»	�Ã\¯*�\©k	�·�©kÇ\�e�±© q‖ 	��eªØ
¹º©/¨��\�¥·�ÇM¨�¹º��© 1�� ©á¨���·\¶�·x¹ºª�	�·x©k2Ç\�R¥�\©�2�\-¨a�\©ÀÇ\�¸§k��±Ó	r
4·x²v�¸��	Ï¯*��§k�8ªº�5Ç±·x,¯�ªº§k,¥¹º°�¯�ªº��	k�5Ùd�\��°e¹º��©k,¥§k�8§�©k��Ã±ÇIÈk�\ªºªº�x¤Ê«\µ/³1¥ 1$ 
4·x§�¨��¥�\Ö�M¼^¨��±©k¥¹º��©kÖ¯*��¥�¹º²�ªº�\Ö�M¨Ï¹º©/¨�Ã\���\¥�·x©¸¨I�\Ö	k�¿Ç\�q¨��¥·\¶¸·x¹ºª+¥�\�¥·�¹º�\©¸¨»ªj·
¯���¹º¥�®�±©ßÇ±��°�¯�¨I�®	��®ªj·Ö	k¹º°eÃ\��¹º�·Q¨I¹º��©á¥�\ªº��©áªj·Ö	k¹º�¥�\ÇM¨�¹º��©á¯�·��¥·xªºªºÌ\ªº�e·�§�¼ßÇIÈ�·Q×X©��\±Ó
¯�·x�#¹º©kÇ±ªº§k¥¹º��©Û	��2¯k����Ç\�\¥¥§k � °�ï�ªj·x¯k¯ ¤ µ 9 ¥�Ó��M¨+	��\�¹º©¸¨��\��·xÇM¨�¹º��©�#�±©¸¨�����Ã\ªº�\ÇM¨��¥��©k
	��aÇIÈ�·Q×X©��\&¯k���\°e¹º�\�� . ¶/�¸¹º�¹j©k&¯v��§���ªº�®7Ðk7¨IÌ\°��®Ò`	��\§�¼q²�·�©k	k�±\ÓG·Kæ�©¿	k�2¶/��¹º�&±
¹ºª
Ð»·�Ã\Õ¸·xªº�\°e�\©¸¨�§k©���¯�È�·x¥�+¨I��¹º¯kªº�M¨��\©»¯k��Ã±��±©kÇ\�5	k�5ªØ
����	k�¥�5·x©�¹º��©k¹ºÑ�§k� 1�� ©»¯k���xÔ-�M¨
²*�±·x§�Ç\��§k¯C¯�ªº§ka	�¹è÷eÇ±¹ºªº�z¥�\�¥·x¹Ê¨e	�
ÃM¨�§�	k¹º�\�aªº�±a�PÍG�M¨�®	k§C	�Ã\¥����	k�¥�`	�·x©k®Ç\�\®-Ð0 .
¨IÌ\°��\b¤Þ�Þ�¥�Ór�\©½¯�·x�7¨�¹ºÇ±§kªº¹º�\�2·Kæ�©½	���¯*��§�¶^��¹º�5Ç\��°�¯�·x���\�5ªº�\2��Ã\¥§kªÊ¨M·Q¨�5	�§áÕ¸����§k¯*�
	��#�¥�\©k���¥°e·xªº¹º�·Q¨I¹º��©z·x§�¼R�M¼k¯vÃ\��¹º�±©kÇ\�\��§��âªØ
�PÍ*�M¨t	k§e¨I·�§�¼R	k�����\Ùd���¸¹º	k¹º¥¥�\°��\©/¨t�§��
ªj·Ö¥§k¯k��·xÇ\��©�	k§kÇM¨I¹Ê¶0¹Ê¨�Ã®	�·x©k (TMTSF)2ClO4

¤¬ ó Óô« 9 ¬�Óô«±´P71¥ 1 ÎT·z¯�È�·x¥�®©�����°e·xªj�
	�·x©k#ªº�2�¥Ã\Õ�¹º°��2²�¹º	k¹º°e�\©k¥¹º��©�©k�\ªT¯v�\§0¨+·x§��¥¹TÚM¨����2ÃM¨I§k	k¹ºÃ±�2ÒeªØ
4·x¹º	k��	k§»Õ¸����§k¯*�5	��
�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©�Ók¶/��¹º��¤Þ�«¸ÓT«c³�Þ�¥��M¨+��Ã±ÙdÃ\���\©�Ç\�\8Ð»¹º©kÇ±ªº§k�\±Ó��M¨&¤³x´0«¸ÓF8 9 Ór«c´:80ÓT«K7�´�¥ 1� ª�Ð`·2©��K¨I·x°e°��\©/¨t	k�±âÑ^§��\-¨�¹º��©����§�¶/�\�-¨��\�¥§k�âªj·����\©�����°e·�ªº¹º¥·K¨�¹º��©z	k��ªj·�¥§k��Ùy·�Ç\�
	�� 3 �\��°e¹v¯�·x��ªº�\�¹º©/¨��\�¥·xÇP¨�¹º��©k�¤Ê« 9 Ó)70«�Ó%7¸³0Ó 9 Þ0Óv«�«c³0Óv«±´�´kÓ0ÞKµ�Óv«\µk«�Ó*«c³�7kÓv«�«K8�¥ 1^� ª�Ð
·�Ã\Õ¸·xªº�\°e�\©¸¨8	k�\��PÍG���7¨��¯*��§k�â	�ÃM¶/�\ªº��¯�¯v�\��§k©��,¨�ÈkÃ\�¸��¹º��	���Õ�����§�¯v��	������\©�����°e·�ªº¹ .
�·Q¨I¹º��©zÑ^§�¹*¯v�\�¥°��M¨¥¨��¥·x¹Ê¨8	�
¹º©�Ç\ªº§k�¥�+ªº�\t¯kÈ�·x¥�\����¥	k��©�©kÃ\�\Â¤Ê«\µk«¸ÓkÞ�¥�Ó�Ç\��©/¨��¥·x¹º���±°��\©¸¨
Òz©k�x¨�����·x¯k¯����^ÇIÈ��aÑ^§�¹9©k�®¯*�\§�¨�¯�·x�·xªºªº�\��·�§ . 	��\ªjÒ`	�� Tc 1G� ©¿-Ð0-¨�Ì±°��a¥¹º°e¹ºªj·x¹º���
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Ñ^§�¹�¯k��Ã±��±©¸¨���·x§�¥�¹v	k�\§�¼R²�·x©k	��\�·x§R©�¹Ê¶/�±·x§`	k� 3 �\��°e¹��\-¨�	���©k©�Ã,¯�·x��ªº�\�Ã\ÇIÈk�\ªºªj�\
Ç\��§�¯kªºÃ\�±�¤Ê«�«�«¸Ó 9 ³�¥�Ó��:��Óv·x§Ûªº¹º�\§»	r
§k©Û¯v�K¨��±©¸¨�¹º�\ª�·x	k	k¹è¨�¹º��©k©��\ªØÓ�ªj·e	k¹º°eÃ\��¹º�·Q¨�¹º��©Û�\©
	k¹j���\ÇM¨�¹º�¸©R¨���·x©k-¶/�\�¥���¶0¹º�\©¸¨,	k�+	��\§�¼`¹º©/¨�Ã\Õ���·xªº�\t	k��¨��¥·x©��Ùy�\�7¨8�\©/¨����+¯����\°e¹º�\��â¶/��¹ .
¥¹º©k t⊥1 6= t⊥2

Ñ^§k¹�·�ªÊ¨��\��©��\©¸¨ 1k� §Ûªj·e¯�È¸Ð0¥¹ºÑ�§k��¨���Ì\���¹jÇIÈk�2	r
§k©k�2Ã\ÇIÈ��\ªºªº���¹º°e¯kªº��Ó
¹ºª�¥�\�¥·�¹Ê¨�¨���Ì\5¹º©¸¨�Ã±���\¥�·x©¸¨2	k�a¶/��¹j��ªº�\5�PÍ*�M¨I�	��\�¯�����¯k�¥¹ºÃM¨�Ã\5	�
�\°�²*�K×º¨��±°��\©¸¨2¥§��
Ç\�\#7Ð�¨�Ì\°��± 1$ §2Ç\äx¨�Ã��M¼k¯vÃ\��¹j°��\©¸¨M·xªØÓc©k�����Ã\¥§kªÊ¨M·Q¨��°���©¸¨I���\©¸¨9Ñ^§���ªº��	k¹j·xÕ¸�¥·x°�°e��	k��¯kÈ�·x¥�\
	k�¡-Ð0-¨�Ì\°��±T·\¶/�\Ç¡�M¨�¥·�©kr¯*�K¨��\©¸¨I¹º�\ª¸·x©�¹º��©k¹ºÑ^§���¥��©/¨�¨��¥Ì\r	k¹èÍ*Ã±���\©¸¨�±Ó±�\©5¯�·x�7¨I¹ºÇ\§kªº¹º�±�
�\©`Ç\�+Ñ^§k¹vÇ\��©�Ç\�\��©��#ªº�±â¯�·x��·x°�ÌM¨I���\�	�
����	�����¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k�� 1^� ª��\-¨t	k�¸©kÇ�²k¹º�\©
¯*��¥�¹º²�ªº�®Ñ^§k�®ªj·z°�Ú\°e�a�P¼0¯vÃ±��¹º�\©kÇ±��ÓG·x¯�¯kªº¹ºÑ^§�Ã\�®§k©k�®Ùd��¹º5Ò`ªX·`¥§�¯k�¥·xÇ±��©k	k§�ÇM¨�¹Ê¶k¹Ê¨�Ã
	�·�©k (TMTSF)2PF6

�M¨Û§k©��ßÙd��¹º»ÒCÇ±�\ªºªº�ß	�·x©k (TMTSF)2ClO4
Ót	���©k©��¿	��\

��Ã±�§�ªÊ¨I·Q¨�,	�¹èÍ*Ã\�¥�\©¸¨� 1�� ª�¥�\��·x¹Ê¨�¯�·x�,�M¼0�\°e¯kªº�5�M¼^¨I��Ú\°��±°��\©¸¨�¹º©¸¨�Ã\�¥�\¥¥·�©¸¨�	k�&¶/��¹º�,�¹
ªº�\��M¼0¯*Ã\��¹º�\©�Ç\�\T¥§k�rªº��¨��¥·�©k¥¯v���-¨�	k�¡ÇIÈ�·xªº�\§k�T¹º©�	k¹ºÑ^§��\�¥·x¹º�\©/¨�¯v�¸§k� (TMTSF)2PF6

Ó
Ç\��©/¨��¥·x¹º�¥�\°��\©/¨�Ò (TMTSF)2ClO4

Ó�ªØ
�P¼0¹º-¨��\©�Ç\��	���©4°5§k	k5	�·x©��ªº�eÕ¸·x¯ 1�� ¹�Ç\�\Ç\¹
©�
4�\-¨R¯�·xeªj�ÏÇ±·�\Ó¡¹ºª8Ù ·x§k	k��·x¹Ê¨R�¥�M¶/�\©k¹º�RÒáªj·ß¯�����¯v�¸�¹Ê¨I¹º��©ç	r
 ) ²���¹ºï���¥�±¶
¤Ê«�¥#	�
§�©k�
¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ®	���7Ðk°�ÃM¨I��¹º� p‖ Ór·\¶/�\Çe§k©k��ªº¹ºÕ�©���	k��©4°5§k	��¯v�¸§k� k‖ = 0 �M¨	k�¸©kÇ,²�¹º�\©Rªº��¹º©R	k�t¨���§0¨��,¥§���Ùy·xÇ\�#	k� 3 �\�¥°�¹ØÓ/¹º©k	kÃ±¯v�\©�	�·x°e°��\©/¨�	��,ªj·5¯k��Ã\¥�\©�Ç\�,��§
©k�¸©a	r
§k©®¯v�K¨��±©¸¨�¹º�\ªk·x©k¹º�¸©k¹ºÑ^§���¯*Ã\��¹º��	k¹ºÑ^§�� 1�� È�¹º°e·xÈ�·x�¥·&¤Ê«c¬ 9 ¥k·+¹º©k	�¹ºÑ^§kÃtÑ^§�
§�©2¨��\ª
·x¯�¯�·x��¹º�±°��\©/¨,¯*�\§0¨,ÚM¨I����Õ�Ã\©kÃ±��Ã�¯�·x�8ªº�±O<�§�ÇM¨�§�·Q¨�¹º��©�8	k��¥¯k¹º©rÓ0°eÚ\°���±
¹ºª�	��M¶0�¥·�¹Ê¨
ÚM¨I����	���°�¹º©�Ã�¯�·x�,§k©»·x¯�¯�·x�¥¹º�\°��\©/¨#¥¹º©kÕ�§�ªº�M¨ 1$ ·�©k,ªº�5°�Ú\°e�5·x�-¨�¹ºÇ\ªº��Ó � Èk¹º°R·xÈ�·x�¥·�	k¹º¥Ç\§0¨���ªj·�¯*��¥�¹º²�¹ºªº¹Ê¨�Ã5	�
§�©ÏÇIÈ�·x©kÕ��±°��\©/¨
	k�+¯�·x�¥·x°�ÌP¨����+	�
���¥	k���+¥§k¯k��·xÇ\��©k	�§kÇM¨I�\§k�â¥��§��ÇIÈ�·x°e¯z°e·xÕ�©�ÃM¨�¹ºÑ�§k� 1 Îr�\X<�§�ÇM¨�§�· .
¨�¹º�¸©kô	k���¯�¹º©�	���©k©��\©¸¨¡·#¯���¹º���¥¹^ªº¹º�±§®Ò#	��\9Ç\�¸����Ã\ªj·Q¨I¹º��©k�¨���¹º¯�ªº�M¨¡·x¹º©��¹�Ñ^§��â¥¹º©kÕ¸§kªº�M¨cÓ
°R·x¹º9Ùy·\¶/�¸��¹º¥�\©¸¨�ªº�\9¯�·x¹º���\9¥¹º©�Õ�§kªº�M¨ 1K� ©��âÙd��¹ºôªj·#¥§k¯��¥·xÇ\�¸©k	k§�ÇM¨�¹Ê¶0¹Ê¨IÃâ¥¹º©kÕ�§�ªº�M¨ô¥§k¯ .
¯k�¥¹º°�Ã\�¸ÓQªØ
<·x¯k¯�·���¹º�\°��±©¸¨9¨���¹º¯�ªº�M¨ô¯����\©�	k�¥·x¹Ê¨�ªj·�¯�ªj·xÇ\��¤Ê«c¬ 9 ¥ 1 é ) ªÊ¨��±��©�·Q¨I¹Ê¶/�\°��±©¸¨cÓKªØ
4·x¯ .
¯�·���¹º�\°e�\©¸¨�Òq°���°��±©¸¨�¨��K¨M·xªâ©^§�ªâ¯v��§����¥·x¹Ê¨®ÚM¨I���`���±°�¯kªj·�Ç\Ã`¯�·���§k©C·x¯�¯�·x��¹º�±°��\©/¨
¥¹º©kÕ�§�ªº�M¨Ï	k�»¨!Ðk¯v� 3ô3 Î�; 1 êRÎT·À¯���Ã\¥�\©�Ç\�q	�
§�©k�q¹j©¸¨��\�¥·�ÇM¨�¹º��©í¹º©¸¨��±��ÇIÈ�·Q×X©��\ g1,nn���±©kÙd����Ç±�`ªº�\/<�§�ÇM¨�§�·Q¨�¹º��©�5¨��¥¹º¯kªº�M¨��M¨®���\©�	Ä§k©À¨��\ªâ°eÃ\Ç±·x©k¹º¥°e�`�\©�Ç\�����`¯�ªº§ka¯k��� .
²�·�²kªº� 10� ªG¥�\�¥·�¹Ê¨,¹º°�¯*���7¨I·x©/¨,	k��¶/��¹º�t¥¹G	k�\�¨��¥·xÇ±�\t	r
§k©k��¨��±ªºªº��¨��¥·x©��¹è¨�¹º��©Ö¯*�\§�¶/�±©¸¨
ÚM¨I���a��²k¥�\�7¶^Ã\�\&�M¼0¯*Ã\��¹º°e�\©¸¨I·xªº�±°��\©¸¨ 1v� ª9©�
�\-¨�¯�·x&ÃM¶k¹º	k�\©/¨&	��aÙy·x¹º���aÇ±�\+��²�¥�\�7¶�· .
¨�¹º�¸©k±Óv±
¹ºªTÐq·RÇ\���M¼0¹º-¨��\©�Ç\��	��\+¯kÈ�·���± 1�� ¹�¯�·���Ç\��©/¨�����¹ºªTÐq·\¶�·x¹Ê¨�§k©��5¨���·x©k¥¹Ê¨�¹º��©
¥¹º©kÕ�§�ªº�M¨ . ¨���¹º¯�ªº�M¨a¯*��§k�2§�©k��¶¸·xªº�\§k��	k§ÀÇIÈ�·x°�¯Ä¯k��Ã±Ç\¹º¥��ÓTÇ\�`¥�\�¥·x¹Ê¨®Ùd����Ç±Ã\°��\©/¨a§�©k�
¨���·x©k¥¹Ê¨�¹º��©Û	�§Û¯k���\°e¹º�\�#����	�����Ó�Ñ^§�¹r	��M¶0�¥·�¹Ê¨+	k��©kÇ2¥��¶/��¹º��	�·x©k�ªº�2Ç\��°e¯v���-¨��\°��±©¸¨
	k��Õ��¥·x©k	��\§k�¥�¨�È��\��°e�^	�Ðk©�·x°e¹ºÑ^§k�\�Ç\��°�°e�®¯�·x�&�P¼0�\°e¯kªº�®ªj·ÖÇIÈ�·xªº�\§��&¥¯vÃ\Ç\¹ºæ�Ñ^§�� 1� ©��5Ñ^§��\-¨�¹º��©»¥¹º°e¹ºªj·x¹º���2¥�5¯*��¥��Ó�·x§Ï¶0§»	��\#��Ã\¥§kªÊ¨M·Q¨�#	k§ÛÕ�����§k¯*�5	k�2���\©k�¸��°e·xªº¹ .
�·Q¨�¹º��©q¯*��§k� g1,nn 6= 0 Ó*ÒR¯k����¯*���	k�\��\Í*�M¨�+	k�2ªj·R¯k���±�¥¹º��©qÈ¸Ðk	k����-¨I·K¨�¹ºÑ^§�� 1v� ��Ç±·xªºÇ±§kªº¡¹º©k	k¹jÑ^§k�\©/¨¡ªj·&¯v�¸�¥¹º²�¹ºªº¹Ê¨�Ã8	�
§�©k��¨��¥·x©��¹Ê¨I¹º��©�¥¹º©kÕ�§�ªº�M¨ . ¨I��¹º¯kªº�P¨¡Ñ^§�·x©k	�ªj·&Ñ^§�· .
ªº¹Ê¨�Ãt	k��ªØ
�\°a²v�K×º¨I�\°��\©/¨�	k¹º°�¹j©^§k� 1�� 
¹ºª�©�
 Ða·�¯�·x9Ç\���M¼0¹º-¨��\©�Ç\��	k�±9	k�±§�¼�¯�·x��·x°�ÌM¨I���\
	�
4����	k�¥�8¥¹º©kÕ�§�ªº�M¨��M¨¡¨���¹º¯kªº�P¨cÓ���©e	k�M¶0��·x¹Ê¨�¯*��§�¶/��¹º���¸²k¥�\�7¶/�\�¡§k©���¨��¥·x©�¥¹Ê¨�¹º��©�	�§�¯k�¥� .
°e¹º�\�#����	k�¥�5�±©¸¨����2ªº�\�	k�\§0¼»Òe§k©��5Ç\�±�7¨I·x¹º©��5¯����\¥¥¹º��©ÛÇ\��¹Ê¨I¹ºÑ^§k� 1�) ªÊ¨��\��©�·Q¨�¹Ê¶/�\°e�\©¸¨cÓ
ªj·®¯�È�·x¥���§�¯k�¥·�Ç\��©k	�§kÇM¨��¥¹ºÇ\��¯v��§����¥·x¹Ê¨#ÚM¨��¥��¨I��¹º¯kªº�P¨,¯�·x�7¨���§0¨cÓk°e·x¹º,	�·x©�8Ç±�&Çc·x8��©
±
4·Q¨�¨I�\©k	��¥·x¹Ê¨cÓ�¥�\ªº��©Öªº�\t��Ã±�§�ªÊ¨I·Q¨�t	k§ÖÕ�����§�¯v�+	k�+�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©�Ó0Òa§k©k�+�¸©k	k�+	��
	k�±©k¥¹Ê¨�ÃR	k�RÇIÈ�·x��Õ¸�e¯�ªº§�¨�äK¨aÑ^§��e	��e¥¯k¹º©Ä·x§á¶/��¹º¥¹º©�·xÕ¸�R	k�Rªj·Ï¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ 1
Îr�\ô�M¼0¯*Ã\��¹º�\©�Ç\�\9	���	k¹èÍ*§��¹j��©a	k���¥·\Ð/��©��Þ(°���©¸¨I���\©¸¨�Ñ�§k��ªº�\9	��\§�¼5¨!Ð0¯*�\9	r
��©k	��\
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	���	k�\©�¥¹Ê¨�Ã�¥��©¸¨#¥§k¯*�\��¯*��¥Ã\8	�·x©k (TMTSF)2PF6
¤Ê«cÞ ó Ó�«cÞ�³1¥ 1�' ·��8§k©���ÃM¨�§�	k��¥¹ .

°e¹ºªj·x¹º����Ó�°e·x¹ºR¥��§kR	k¹èÍ*Ã\�¥�\©¸¨��±e¯k�¥�\¥¥¹º��©k±Ó¡��©%¯v�¸§k���¥·�¹Ê¨�¶/Ã±��¹èæ��±�e�¹,ªj·á¯k�¥Ã\Ç\�\©�Ç\�
	r
��©k	��`	k�z	k�\©k¥¹Ê¨IÃ`	k�U¦·© á «Ûðe¬2�\-¨®���\©�Ùd����Ç±Ã\�`Ñ^§�·x©k	Cªj·Û¯����\¥¥¹º��©C·x§�Õ�°��\©/¨�� 1ô6 �
¥�\��·x¹Ê¨ô§�©5¨I�\-¨ô¹º©/¨�Ã\���±��·x©/¨ô	�§�¥Ç\Ã\©�·x��¹º�+Ñ^§r
ÃM¶/�^Ñ^§��âªj�âÕ��¥��§k¯*�â	k�����\©�����°e·�ªº¹º¥·K¨�¹º��© 1
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� Å�Æ � �,�*�#� �9�v�G�����t�G���#�û��� ��o����#�*�ô�*�#�r�*�¥�#� �¡� �P�#�a�r�*�¥�,�û�a�
���®�¥� �2�¡�ì���,���G�¥�9�a���¡�

Îr·®	kÃ\¯*�\©k	�·x©kÇ\�&	��&ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©Ï¯�·x�t��·x¯k¯*���7¨#·x§0¼z¥¯k¹º©�tÃ±ªº�\ÇM¨����¸©k¹ºÑ^§��\8¯v�\§0¨
ÚM¨I���®¯�·x�¥·x°eÃM¨���¹º¥Ã\��	k��¯kªº§�¥¹º�\§k���Ùy·�Â\��©k 1r$ ·x©k�Ç\�P¨2·x©�©k�M¼k��ÓG©���§k5·xªºªº��©��°e�M¨�¨��¥�
Ç\�\â	k¹èÍ*Ã±���\©¸¨I�\����\¯���Ã\¥�\©¸¨M·Q¨�¹º��©���\©R���\ªj·Q¨�¹j��© 1^� ��§�â·xªºªº��©���\¥¥�\©¸¨�¹j�\ªºªº�\°��±©¸¨�¥§k¹Ê¶0�¥�Æ ¹j·x°R·x��ÇIÈ�¹8�M¨ � ÇIÈ�§kªºÅT¤¬ 9 ¥�Ó�°e·x¹ºe	�·�©k�§�©çÇ±·x	k�¥�Ö°e��¹º©keÕ�Ã±©kÃ\�¥·xª8�P¨e	���©kÇÏ¯�ªº§k
¥¹º°�¯�ªº� 1

Îr·�¯�·x�-¨�¹º��	k§ É ·x°e¹ºªÊ¨���©�¹º�\©Ï	�Ã\Ç\��¹Ê¶¸·x©¸¨�ªØ
¹º©¸¨��±�¥·xÇM¨�¹º�¸©Ï±
Ã\Ç\�¥¹Ê¨�Ç\��°�°e��¥§k¹Ê¨��
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Lk2σ2Rk1σ1

é )�1 ³¸ê

é N ªº�&©���°�²k�¥��¨��K¨I·�ªG	k�&¥¹Ê¨I�\IêMÓ0�:��Ók	�·x©�tªj·®	k�\§0¼0¹ºÌ\°���ªº¹ºÕ�©k��Ók©k��§�8·\¶^��©k8©�Ã\Õ�ªº¹ºÕ�Ã
ªº�\¡Ç\�¸§k¯kªj·xÕ¸�\¡�\©¸¨��¥�8ªº�\¡Ã\ªº�\ÇM¨��¥��©k¡¥�8	kÃ\¯kªX·xÂ±·x©¸¨â	�·x©k¡ªj·&°�Ú±°��8	k¹º�¥�\ÇM¨�¹º��©rÓ��M¨�©k�¸§k
·\¶/��©�8æk¼0Ã

k
(′)
1‖ > 0 , k

(′)
2‖ < 0 . é )�1 ó ê

' ��§k�8¥¹º°�¯�ªº¹èæ��\�8ªj·a©��K¨I·Q¨I¹º��©�Ók©k��§�t©��&¥¯vÃ\Ç±¹èæ���©�8¯�·x8ªØ
4·x¯�¯�·x�7¨I�\©�·x©�Ç\�5Òa§k©��&Ç\�\� .
¨I·x¹j©k�2²�·�©k	k�2	�·x©k�Ç\�M¨¥¨��2¥�\ÇM¨�¹º�¸© 1*6 ��°e°�� w �±7¨�·x©¸¨�¹º-Ð0°eÃM¨���¹jÑ^§k�2¯�·x�#�¥·x¯�¯v���-¨+Ò
ªØ
Ã\ÇIÈ�·x©kÕ¸��	��\,	k�\§0¼Ö¯�·x�-¨�¹ºÇ\§kªº�±,�\©¸¨���·x©¸¨��±8��§»¥���7¨M·x©¸¨��\±Ó

w(1′, 2′, 2, 1) = −w(2′, 1′, 2, 1) = w(2′, 1′, 1, 2), é )�1 µ/ê
��©Û·

g(k′1, σ
′
1; k′2, σ

′
2; k2, σ2; k1, σ1) = w(k′1, σ

′
1; k′2, σ

′
2; k2, σ2; k1, σ1) . é )�1 Þ�ê

6 ��°e°���	�·x©��ªØ
4·x��Õ�§�°��\©/¨+	��2ªj·eÙy��©kÇM¨I¹º��© g Óv©k��§k+·\¶/�¸©k#æk¼0Ã2ªº�±��¹ºÕ¸©k�\�	��\ kj‖é Ã±Ñ^§�·Q¨I¹º��©(é )a1 ó ê�êMÓr¹ºª¡©r
 Ð½·Ï�\©½Õ�Ã±©kÃ\�¥·�ª¡¯�·x2	k�e���±ªj·Q¨�¹º��©½¥¹º°e¹ºªj·x¹º���`Ò½é )�1 µ/ê�¯v��§��
ªº�\ g 1

«cÞ�«



HI
¥�5	kÃ\Ç\�¸°�¯*����5	k��ªj·�Ùy·xÂ\�¸©Ï¥§k¹Ê¶¸·x©¸¨��e�

HI =
1

N

∑

k′1k′2k2

Hspin(k′1,k
′
2,k2,k1 = k′1 + k′2 − k2) , é )�1 7¸ê

·\¶/�±Ç
Hspin =

∑

σ′1σ
′
2σ2σ1

〈
σ′1σ

′
2

∣∣A |σ1σ2〉R†k′1σ′1L
†
k′2σ
′
2
Lk2σ2Rk1σ1 .

é )a1 ¬�ê

� ©2Õ�Ã±©kÃ\�¥·xª�Ó Hspin
Ó A Óc·x§�¥�¹/²�¹º�\©2Ñ^§k��ªº�\ gj Ñ�§k¹/¥�\����©¸¨9	�ÃPæ�©�¹ºT	�·x©�Tªj·,¥§k¹Ê¨I��Óc��¸©¸¨¨I��§xÔ7��§���#	��\#Ùd��©�ÇM¨�¹º��©�#	k�\ ki

Ó k′i 1 é�;&©»Õ¸·���	k�\��·a¨I��§xÔ7��§���#ªØ
�¸��	k��� (1′, 2′, 2, 1) Û êÎr�\`¹º©¸¨��\��·xÇM¨�¹º��©�RÑ^§��»©k�¸§k`·xªºªº��©��¨���·x¹Ê¨��\�R©��»ÇIÈ�·x©kÕ��\©/¨`¯�·xRªº�\R	�¹º���\ÇM¨I¹º��©kR	��
¥¯�¹º©�Ó��M¨,�\ªºªº�\8¥��©¸¨,¹º©¸¶�·���¹j·x©¸¨I�\t¯�·x�����±©¸¶/�\��¥�\°e�\©¸¨,	k§`¨��\°�¯�t�M¨,¯�·x�t¯�·x��¹è¨�Ã 1k� ��§k
Ç±�\tÇ\��©�	k¹Ê¨�¹j��©k±Ó�ªj·a°e·K¨���¹ºÇ\� A Ó�	�·x©ktªj·a²�·x¥� {|↑↑〉 , |↓↑〉 , |↑↓〉 , |↓↓〉} Ó��±7¨,	���©k©kÃ±�¯�·x�

A‖⊥ =




g‖ 0 0 0

0 g2⊥ g⊥ 0
0 g⊥ g2⊥ 0
0 0 0 g‖


 . é )a1 9 ê

) æ�©(	�
4ÃM¨�§k	�¹º�\�Rªº�qÇ\��°e¯v���-¨��\°e�\©¸¨z	��\`¯�·x�¥·x°eÌM¨����\ gj ªº����z	�
§k©��Û���x¨I·Q¨�¹º��©	�·x©k,ªØ
�\¥¯�·�Ç\�5	k�\,¥¯k¹º©�\Ók©���§k,¯�·��¥��©�#Ò®§�©k��²�·x¥�5¥¹º©kÕ�§kªj�M¨ . ¨��¥¹º¯kªº�M¨QÓ
|s〉 =

1√
2

(|↑↓〉 − |↓↑〉)

|tx〉 = − 1√
2

(|↑↑〉 − |↓↓〉)

|ty〉 =
i√
2

(|↑↑〉+ |↓↓〉)

|tz〉 =
1√
2

(|↑↓〉+ |↓↑〉) .

$ ·x©�,Ç\�M¨�¨I��²�·x¥��Ó A \
4Ã\Ç\��¹Ê¨

Ast =




g2⊥ − g⊥ 0 0 0
0 g‖ 0 0

0 0 g‖ 0

0 0 0 g2⊥ + g⊥


 .

� ©k�2���x¨I·Q¨�¹º��©q	�·x©�#ª�
�\¥¯�·xÇ\��	k�\�¥¯k¹º©�#©���¶�·e�¥¹º�\©ÛÇIÈ�·x©kÕ��±�#	�·x©�#ªj�2��¸§k . �\¥¯�·�Ç\�
¥¹º©�Õ�§kªº�M¨QÓ g2⊥ − g⊥ �\-¨+	k�¸©kÇ2¹º©¸¶¸·x��¹j·x©¸¨&¯�·x�����K¨I·Q¨I¹º��© 1v$ ·x©��ªØ
�\¥¯�·xÇ\�5¨���¹º¯�ªº�M¨cÓv·�§Ç±��©¸¨��¥·�¹º����Ó�ªº�\aÇ\��©k-¨I·�©¸¨��\ g‖ �M¨ g2⊥ + g⊥ ¶/��©¸¨®ÚP¨����`°�Ã\ªj·�©kÕ�Ã\�\ 19' ��§k�a·x¥¥§k�¥�\�
§�©k�,¹º©¸¨��±�¥·xÇM¨�¹º�¸©e¹º©¸¶�·x�¥¹j·x©¸¨��,¯�·x�¡�¥·x¯k¯*���7¨�·x§0¼a¨��¥·x©��Ùy����°e·K¨�¹º��©k SU(2) é ���K¨M·Q¨�¹º��©�	��\,�¯�¹º©kIêMÓ�©k��§�8¥��°e°��\#·xªº���¥,��²�ªº¹ºÕ�Ã\,	�
4¹º°�¯*����±�8Ñ^§��

g‖ = g2⊥ + g⊥. é )a1 8¸ê
«cÞ�³



� ©í¹º©/¨����^	�§k¹º�·x©¸¨Ïªj�\z�¸¯vÃ\�¥·K¨��\§k�¥z	k�¿Ç\�¥Ã±·Q¨�¹º��©ë�M¨Ï	�
4·x©�©k¹ºÈ�¹ºªj·Q¨�¹º��©ë	k�¿¯�·�¹º���\
	�
4Ã\ªº�\ÇM¨��¥��©k±Ó

oα(k,q) =
∑

σ′σ

τ
(α)
σ′σL−k+q,σ′Rk,σ ,

τ
(s)
σ′σ =σδσ′,−σ ,

τ
(tx)
σ′σ =− σδσ′σ ,
τ

(ty)
σ′σ =− iδσ′σ ,
τ

(tz)
σ′σ =δσ′,−σ ,

é )�1 «±´¸ê

�M¨�ªº�\,¯�·x�¥·x°�ÌP¨����\,	r
¹º©¸¨��\��·xÇM¨�¹º��©�¤ ó ´�¥
gs = g⊥ − g2⊥ , é )�1 «�«cê
gt = −g⊥ − g2⊥ , é )�1 «c³�ê

��©»¯v�±§�¨#��Ã\Ã±Ç\��¹º��� Hspin
	���ªj·�Ùy·xÂ\��©»¥§k¹Ê¶¸·x©¸¨���Ó

Hspin = −1

2


gs o†s(k′,q)os(k,q) + gt

∑

j=x,y,z

o†tj (k
′,q)otj (k,q)


 ,

¥¹�ªØ
��©»¯*��¥� k = k1
Ó k′ = k′1

Ó q = k1 + k2
1

) ªÊ¨��\�¥©�·Q¨�¹Ê¶^�\°��\©/¨cÓ�©k��§�,¯*��§�¶/��©�,	�ÃPæ�©k¹j�8	��\,��¯*Ã\�¥·Q¨I�\§k�¥,ªº¹ºÃ\�·x§0¼Ö	�Ã\Õ���Ã±,	��
ªº¹º²*�\�7¨�Ã5	k��ÇIÈ�·x��Õ��5�M¨�	k��¥¯k¹º©rÓ oC �M¨ oSj Ók���±�¯*�\ÇM¨I¹Ê¶/�\°��±©¸¨2�

oα(k,q) =
∑

σ′σ

σ
(α)
σ′σL

†
k−q,σ′Rk,σ,

é )�1 « ó ê

�:� σ(C) �\-¨¡ªj·�°R·Q¨���¹ºÇ±��¹º	��\©¸¨�¹Ê¨IÃ�	�·x©k C2 ÓK�P¨�ªº�\ σ(Sj) ��¸©¸¨�ªº�±ô°e·Q¨I��¹ºÇ\�\ô	�� ' ·x§kªº¹ 1Îr�\,Ç\��§�¯kªj·xÕ¸�\,Ç\�����¥�\¥¯v��©�	�·x©¸¨I8¥��©/¨#	kÃPæ�©k¹º,¯�·��ó¤ ó ´�¥
gC = g2⊥ + 2g⊥ , é )�1 «\µ/ê
gS = g2⊥ . é )�1 «cÞ�ê

) ¶/�\Ç2ªØ
¹º©¸¶¸·x��¹j·x©�Ç\� SU(2) Ó�©k��§�+·\¶/��©k+·x§��¥¹ gS = g‖ − g⊥ éd¶/��¹º��é )�1 8¸ê�êPÓ�Ç\�2Ñ^§�¹
©k�¸§k,¯v�±��°��M¨�	�
Ã\Ç\�¥¹º���

Hspin = −1

2


gC o†C(k′,q)oC(k,q) + gS

∑

j=x,y,z

o†Sj (k
′,q)oSj (k,q)


 ,

é )�1 «K7¸ê
�:�»ªØ
��©»¯v��¥� k = k1

Ó k′ = k′1
Ó q = k′1 − k2

1
� ©çÇ\��©�Ç\ªº§k¥¹º��©rÓô¯*��§k��	k�\�¹º©¸¨I�\�¥·xÇM¨I¹º��©ke¹º©¸¶�·x�¥¹j·x©¸¨��± SU(2) Óôªj·ßÙd��©�ÇM¨�¹º��©ç	k�Ç\��§�¯kªj·xÕ¸� g(kj , σj)

	�·x©keé )�1 ³�ê�±
Ã\Ç\�¥¹Ê¨�	��\�¨I����¹º&Ùy·�Â\��©k�Ã\Ñ^§�¹Ê¶�·xªº�±©¸¨��\��§�¹Ê¶�·x©¸¨I�\
«cÞ ó



é�¤ 9 71¥T�M¨#��Ã±Ùd 1 Ç\¹ . ¹º©�Ç\ªº§k�\Iê&�
g(kj , σj) = g‖(kj)δσ1σ′1

δσ2σ′2
δσ1σ2

é )�1 «c¬�ê
+g2⊥(kj)δσ1σ′1

δσ2σ′2
δσ1,−σ2 + g⊥(kj)δσ1σ′2

δσ2σ′1
δσ1,−σ2

= −1

2

{
gs(kj)

(
δσ1σ′1

δσ2σ′2
− δσ1σ′2

δσ2σ′1

) é )�1 « 9 ê
+gt(kj)

(
δσ1σ′1

δσ2σ′2
+ δσ1σ′2

δσ2σ′1

)}

=
1

2

{
gC(kj) δσ′1σ2

δσ′2σ1
+ gS(kj)

∑

α=x,y,z

σ
(α)
σ′1σ2

σ
(α)
σ′2σ1

}
.é )�1 «K8¸ê

� ÅÌÄ Ç ���¡� �¡�#�¡� �¥� � ���ÜÌ��¥����¤¸�#�¥�,�,��¢&���
Îr�\®-Ð0-¨�Ì±°��\�§k©�¹º	k¹º°��±©k¥¹º��©k©��\ªº®¥��©/¨e���§0¶/�\©¸¨e	�Ã\Ç\��¹Ê¨I®¯�·x�®§k©}°���	kÌ\ªº�Ö	�¹Ê¨

Õ . ��ªº��Õ�¹ºÑ�§k�x¤Þ�¬�Ór«c¬�81¥�Ó�·\¶/�\Ç
HI =

1

N

∑

kj

∑

σσ′

{
(g1‖δσ,σ′ + g1⊥δσ,−σ′)R

†
k′1σ

L†
k′2σ
′Rk2σ′Lk1σ

+(g2‖δσ,σ′ + g2⊥δσ,−σ′)R
†
k′1σ

L†
k′2σ
′Lk2σ′Rk1σ

}
δk′1+k′2,k2+k1

,
é )�1 ³x´¸ê

¥¹#��© ©kÃ\Õ�ªj¹ºÕ��Ûªº�\`Ç\�¸§k¯kªj·�Õ��\`�\©¸¨����qªº�\`Ã\ªº�\ÇM¨I����©k`¥�Û	kÃ±¯kªj·xÂ±·x©/¨z	�·�©kRªj·À°�Ú\°e�
	�¹º���\ÇM¨I¹º��©�ÓtÑ^§�¹&��±�¥·x¹º�\©¸¨»	�Ã\Ç\��¹Ê¨IÖ¯�·x�Ö	k�\Ï¯�·x��·x°�ÌM¨I���\ g3

�P¨ g4
18� Ã\Ç\��¹Ê¶^��©kÏªº�\

Ã±Ñ^§�·Q¨I¹º��©k2é )a1 ¬�êtÒ»é )�1 9 ê�¯v�¸§k�8ªº�\,Ç±��°�¯�·x���\�,Ò�ªj·�¯k��Ã\Ç±Ã\	k�\©/¨����
HI =

1

N

∑

kj

∑

σ

{
g‖R

†
k′1σ

L†
k′2σ

Lk2σRk1σ

+ g2⊥R
†
k′1σ

L†
k′2,−σ

Lk2,−σRk1σ

−g⊥R†k′1σL
†
k′2,−σ

Rk1,−σLk2σ

}
δk′1+k′2,k2+k1

.

é )�1 ³�«cê

� ¹v��©`¯����\©k	`ªj�\ gj ¹º©�	kÃ\¯*�\©k	�·x©¸¨��	k�\ kj
Ó^��©e¨I����§�¶^��Ñ^§k��ªº�± g2⊥ 	�·x©�+é )a1 ³x´¸ê��M¨é )�1 ³�«cêt¥��©¸¨#ªj�\,°�Ú\°e�\±Ók�M¨�Ñ^§�
��©»¯*�\§�¨#¹º	��\©¸¨�¹èæ��\�

−g⊥ = g1⊥ �M¨ g‖ = g2‖ − g1‖.
é )�1 ³�³�ê

� ©½	k�\2¯�·x��·x°�ÌM¨��¥�\ gj‖ ¯v�\§0¨�·xªº�¸��2ÚM¨�����æk¼0Ãeªº¹º²k�¥�\°��\©/¨ 1T$ 
È�·x²�¹Ê¨�§k	��C¤Ê«c¬�81¥�Ór�¸©ÇIÈ���¹º¥¹Ê¨
g2‖ = g2⊥. é )�1 ³ ó ê

� �K¨���©�&Ç\�\¯*�\©k	�·x©¸¨5Ñ^§k�®ªº�®°��^	�Ì\ªº�aÕ . ��ªº��Õ�¹ºÑ�§k�®©r
�\-¨�¯�·x&���±7¨I���\¹º©¸¨2·x§0¼q¹º©/¨��\�¥·�Ç .
¨I¹º��©k,¹º©¸¶¸·x��¹j·x©¸¨I�\,¯�·x�,���K¨I·Q¨I¹º��©k 1k� ª�¥�+¨I����§�¶^��Ñ^§k��ÓkªØ
¹j	k�\©¸¨I¹èæ�Ç±·Q¨I¹º��©½é )�1 ³ ó êtÙy·x¹Ê¨��¸Ó
§�©k�a¨��\ªºªº��¹º©¸¶¸·x��¹j·x©�Ç\�®�¥�M¶0¹º�\©/¨2ÒÖ¹º	k�±©¸¨�¹èæ��\� g1‖ = g1⊥ é Ç\Ù 1 é )a1 8¸ê�êMÓ�Ç�
�\-¨�Òz	�¹º���eÒ
Ç±��©k¥¹º	kÃ\�¥�\�8ªº�±,¹º©¸¨��\��·xÇM¨�¹º��©�,Ç\��°e°���¹º©�	kÃ\¯*�\©k	�·x©¸¨��±8	k§»¥¯k¹º© 1

«cÞKµ



� Å�9 Ç �¥�¡� ���#�¡� �¥�������ÜÌ��¥� �2� ? �Ü½Ü½a�,�G�
$ ·�©k,ªº��°e�^	kÌ\ªj��	k� É §k²�²�·x��	rÓkªØ
¹º©¸¨��\��·xÇM¨�¹º��©»�±7¨�¯k§����\°��±©¸¨#ªº�^Ç±·�ªº���

HI = U
∑

x

nx↑nx↓ ,

�:�ÏªØ
�¸¯vÃ\��·Q¨��\§k� nxσ = c†xσcxσ Ç\��°�¯0¨���ªº��©k��°�²�����	�
Ã\ªº�\ÇP¨�����©�8¥§k�8ªº��¥¹Ê¨�� x ·\¶/�\Ç
¥¯k¹º© σ 1k) ¯k��Ì\t¨I�¥·x©k¥Ùd���¥°e·Q¨�¹º�¸©Ï	k� 3 ��§k��¹º�±�

cxσ =

√
1

N

∑

k

eik.xckσ ,

��©»��²�¨I¹º�\©¸¨�é )�1 «cê8·\¶/�\Ç
w(k′1, σ

′
1; k′2, σ

′
2; k2, σ2; k1, σ1) = U(δσ′1σ1

δσ′2σ2
− δσ′1σ2

δσ′2σ1
)

�M¨�	k��©�Ç
g‖ = 0, g2⊥ = U, g⊥ = −U.

é � ·x¯�¯v�\ªj��©kôÑ�§k�t©���§k�©kÃ\Õ¸ªº¹ºÕ��\��©��ªº�\�Ç\��§k¯�ªj·xÕ��\��\©/¨����tªº�\�Ã±ªº�\ÇM¨����¸©k���8	kÃ\¯�ªj·xÂ±·x©/¨
	�·�©kRªj·À°�Ú\°e�Û	k¹º���\ÇP¨�¹º��© 1 ê 6 �\Ç\¹#¥�\��·á°e�^	�¹èæ�ÃÛªº����¥Ñ^§��ÛªØ
��©ç¨���·x¹Ê¨��\�¥·À¯kªº§k¥¹º�\§���
²�·�©k	k�±8	r
Ã\©k�±��Õ�¹º� 1
� Å�j ¢ �aÝ®�a�7�G���#� �#�7�*�ô�G���t�*���#� �2� ��� �a�8�*�#���9�v�G�¥���t�*���#�

��ë2�,�*�,��¤/���a���
Î��±�Ç\��§�¯kªj·xÕ��± gC �P¨ gS 	kÃPæ�©k¹º�¯�·x�#ªº�±����\ªj·Q¨I¹º��©k®é )a1 « ó êMÓ9é )�1 «K7/ê,�M¨®é )�1 «K8¸êÇ\���¥���\¥¯v�¸©k	k�\©/¨�ÒR	k�±�Ç\�¸°�¯*��¥·�©¸¨��\+	k� 3 �¸§k��¹º�\� q 	k�±�	��\©k¥¹Ê¨�Ã\+	k��ÇIÈ�·x��Õ��a�M¨&	��

¥¯k¹º©Ä¯v��§��2ªº�\¥Ñ^§k�\ªºªj�\ q‖ ≈ 2k1D
F

19$ ·x©k�ªj·»ªº¹Ê¨¥¨�Ã\�¥·Q¨I§k����ÓT��©½¨��¥��§�¶/�R¥��§0¶/�\©¸¨a	��\
Ç\��§�¯kªj·xÕ¸�\ gρ �P¨ gσ ÓGÑ^§k¹ô��¸©¸¨5·x¥¥�^Ç\¹jÃ\�·x§�¼¿Ç\��°e¯v���·x©¸¨I�\&	k�aÇ±�\&	k�\©�¥¹Ê¨�Ã\&¯v��§��ªº�\¥Ñ^§��\ªºªº�\ q‖ ≈ 0

1�) ¶/�\Ç
oRα (k, p) :=

∑

σ′σ

σ
(α)
σ′σR

†
kσ′Rk+p,σ

é �P¨#§k© oL Ç\�¸�����\¥¯v�¸©k	�·�©¸¨MêMÓ gρ/σ ¥��©/¨#	�ÃPæ�©�¹º8¯�·��

HSpin = −1

2


gρ oRρ (k′, p)oLρ (k,−p) + gσ

∑

j=x,y,z

oRσj (k
′, p)oLσj (k,−p)




é �:� k = k′2
Ó k′ = k′1

Ó p = k1 − k′1
êMÓk	���¥���7¨��5Ñ^§k�

g(kj , σj) = −1

2

{
gρ(kj) δσ′1σ1

δσ′2σ2
+ gσ(kj)

∑

α=x,y,z

σ
(α)
σ′1σ1

σ
(α)
σ′2σ2

}
.

«cÞ�Þ



� ©»§�¨�¹ºªº¹º�·x©/¨�é )a1 «K8¸êt�M¨�éØ	�
4·x¯k�¥Ì\/¤ µ¸´1¥dê
∑

α=x,y,z

σ
(α)
σ′1σ1

σ
(α)
σ′2σ2

= 2δσ′1σ2
δσ′2σ1

− δσ′1σ1
δσ′2σ2

,

©���§kt¨����¸§�¶/��©�
gρ = −1

2
(gC + 3gS), gσ = −1

2
(gC − gS).

Îr�\tÃ±Ñ^§�·Q¨I¹º��©kt	��+���±©k����°R·xªº¹º�·Q¨�¹º��©Ö	�·x©ktÇ\�M¨¥¨��+¯�·x�¥·x°eÃM¨���¹º�·Q¨I¹º��©z¥��©/¨,·xªº���¥t	k�¸© .
©�Ã\�\,¯�·x�5é ó 1 «K8/êt·\¶^�\Ç

CCρ =
1

2

(
1 0
0 3

)
, CPρ =

1

2

(
1 0
0 3

)
,

CCσ =
1

2

(
0 1
1 −2

)
, CPσ =

1

2

(
0 1
1 2

)
.
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Ö ×Ø× �2Ùk� Þ

« Æ �Cùl��ü � ÿ þ ü¡ù ÿ Æ 	 ��È ù������ � ÿ þ �
Æ � �ýù������ � � ÿ þ 	Äþ � �l	 � ù ü{� � ù����{� �

ß Å�Æ : �#���r�G���#�a� ���à� �*�ô�¡� �R�#��� ��� ���#� ���#�¡� ��ë��,���a�
½R�,���#����¢&����� ��È&�v���G�2�¡�

Î��qÇ\�¸§k¯kªj·�Õ��q	k�\`Ùy�\��°�¹j��©kÖÒ½	��\zÇIÈ�·x°e¯k`²*��¥��©k¹ºÑ�§k�\`�P¼^¨��\��©��\ hq ¹º©¸¨���� .	k§�¹Ê¨�	��\8¨��±��°��\#	�·x©k#ªº� É ·�°�¹ºªÊ¨���©�¹º�\©ÛÑ^§�¹rÇ\��©/¨�¹º�\©k©��\©¸¨+	k�\#©���°�²����\#	�¹èÍ*Ã\���\©/¨�
	�
4��¯vÃ\��·Q¨��\§���®	�
4·x©�©k¹ºÈ�¹ºªj·Q¨�¹º��©}�M¨e	k�zÇ±��Ã±·Q¨�¹j��© 1�� ©}¯���Ã\¥�\©kÇ\�Ö	k�R¨I�\ªº�¨��±��°��\±Ó9ªj�\
Ç\���P÷eÇ\¹º�±©¸¨��	�·x©k�ªº�`	kÃM¶/�±ªº��¯k¯*�\°��±©¸¨a	��\�Ùd��©kÇM¨I¹º��©kaÕ�Ã\©kÃ\��·Q¨���¹ºÇ±�\zé ó 1 7¸ê5�M¨Ïé ó 1 ¬�ê
	k�P¶0¹º�\©�©k�\©¸¨
g

(c)
m′m(K ′1, ...,K

′
m′ ;Km, ...,K1)

= (−1)m
′
m′∏

j=1

δ

δJ∗
K′j

1∏

j=m

δ

δJKj
G(c)[J

∗, J ]

∣∣∣∣
J∗K=0=JK

. é Á+1 «cê

;&©Ï¹º	k�±©¸¨�¹èæ����\©»¯�·x�7¨I¹ºÇ\§kªº¹º�\�
g(c)
mm

∣∣∣
h=0=h∗

= G(c)
m .

Îr�\®�P¼0¯k���±�¥¹º��©�®¯v��§��aªj·Û¨��¥·�©k¥Ùd����°R·Q¨�¹º��©}	k�ÏÎr�\Õ��\©�	k���áé ªº�\®Ã\Ñ�§�·Q¨�¹j��©kÏé ó 1 9 ê�Ò
é ó 1 «c³�ê�ê,�M¨+ªj·e�¥�\ªj·Q¨�¹º��©Cé ó 1 «\µ/ê,���\-¨��\©/¨+¹º©�·KÍG�\ÇM¨�Ã\�±�¯�·x�#ªº�5¨��\��°e��·x	k	�¹Ê¨�¹º��©�©k�\ª Sext	�·�©k,ªØ
4·xÇM¨�¹j��© 1�) ¶/�\Ç5ªj·®	�ÃPæ�©�¹Ê¨�¹º��©
γm′m(K ′1, ...,K

′
m′ ;Km, ...,K1)

=

(
N

T

)m′+m
2
−1 m′∏

j=1

δ

δφ∗
K′j

1∏

j=m

δ

δφKj
GΓ[φ∗, φ]

∣∣∣∣
J∗K=0=JK

, é Á+1 ³�ê

��©»���M¨I����§�¶/�
γmm

∣∣∣
h=0=h∗

= Γm
Ók�M¨

«cÞ�¬



GΓ[φ∗, φ] =
∞∑

m′,m=0

(
T

N

)m′+m
2
−1 1

m′!m!
×

×
∑

K′1...K
′
m′

K1...Km

γm′m(K ′1, ...,K
′
m′ ;Km, ...,K1)×

×φK1 ...φKmφ
∗
K′
m′
...φ∗K′1 .

é Á+1 ó ê

Îr�\�Ã\Ñ�§�·Q¨�¹j��©kzé ó 1 «K7¸ê5�M¨Öé ó 1 «c¬¸ê��¥�\-¨��\©¸¨�¶�·xªj·x²�ªº�\�°�Ú±°��R¥¹ G1(K ′;K) �\-¨a©k��©	�¹j·xÕ���©�·xªº��� � ª�¥§0÷�¨#Ñ^§�� CK ªØ
�\-¨ 1
ß ÅÌÄ ¢ ���G�-���t�*�¥�,� ������oØ��¢��2�t�*�¥�#� �2� � �#���Mëa������á��

� ��§�#·xªºªº��©�#Ç±·xªºÇ\§�ªº�\�,ªj·e	kÃ\��¹Ê¶^Ã\�5	k�5ªj·�Ùd�¸©kÇM¨�¹º�¸©»Õ�Ã\©�Ã\�¥·Q¨��¥¹ºÇ\� Gc[J∗, J ;x] 	��\Ùd�¸©kÇM¨�¹º�¸©k5	k� Æ �¥�\�\©áÇ\�¸©k©k�±ÇM¨�Ã\�\5¯�·����¥·x¯�¯v���7¨aÒÖ�·Ö	kÃ\¯*�\©�	�·x©kÇ±�®�M¼k¯kªº¹ºÇ\¹Ê¨I���\©½ªj·
Ç±��§k¯k§���� x 186 �M¨�¨��¿	�Ã\¯v�±©k	�·x©�Ç\�q�±©¸¨����¿§�©k¹ºÑ�§k�\°e�\©¸¨Ï¯�·x�zªj·Ä¯�·x�7¨�¹j� Æ ·x§k¥¥¹º�\©k©��
S0[ψ∗, ψ;x] 	k�&ªØ
4·xÇM¨I¹º��©�Ó0Ñ^§�¹ØÓ��±ªºªº��Ó0�\-¨8Ç\�¸©¸¨��\©�§k��Ó0�M¨8	�·x©ktªØ
4�M¼0¯v�¸¥·�©¸¨cÓ0�M¨8	�·x©ktªj·©�����°R·xªº¹º�·Q¨�¹º��© Z 1�$ ��©�Ç��

∂

∂x
Gc[J∗, J ;x] =

∑

K

dC−1
K

dx

{
G1(K,K)

+
1

ZJ

∫
D[ψ∗, ψ]ψ∗KψKe

−S[ψ∗,ψ]−(J∗,ψ)−(ψ∗,J)
}
. é Á+1 µ/ê

6 ��°�°e�
δ2Gc

δJKδJ
∗
K

= −
( δGc
δJK

)( δGc
δJ∗K

)

− 1

ZJ

∫
D[ψ∗, ψ]ψ∗KψKe

−S[ψ∗,ψ]−(J∗,ψ)−(ψ∗,J)
}
, é Á+1 Þ�ê

��©»¯*�\§�¨#��Ã±Ã\Ç\��¹º���5Ç\�5��Ã\¥§kªÊ¨I·K¨#¥��§k,ªj·�Ùd����°e�eé ó 1 «K7/ê 1
ß Å�9 ¢ �ô�#���¥�,�a�e�¡������� �2�¡� �¡¢&�����G���#�a� ��� �*�¡�2�,�G���#�¥������¤

�*�¥�#�
¹ Ê.6�ÊÌË â+ÎFÖ�Õ�Î�ã

� Ã\Ç\��¹Ê¶^��©k,ªj·�°e·Q¨��¥¹ºÇ\� Γ̄ é Ã\Ñ^§�·Q¨�¹º��©Àé ó 1 « ó ê¥ê�¥��§�,ªj·®Ùd�¸��°��
Γ̄PK = −γ11(K;K)

{
IPK +MPK

} Ó��:�
IPK = δP,K

(
−1 0
0 1

)
,

MPK = −γ−1
11 (K;K)

(
APK BPK
CPK DPK

)
.

«cÞ 9



� ¹r©k��§�,©kÃ\Õ�ªº¹ºÕ��±��©kt¨I��§k,ªº�\t¶^�\�7¨��M¼»Ò m > 2 ¯�·x�-¨�¹ºÇ\§kªº�±\Ó

BPK = γ20(P,K)

−
√
T

N

∑

K1

γ21(K,P ;K1)φK1

+
1

2

T

N

∑

K1K2

γ22(P,K;K2,K1)φK1φK2 ,

CPK = γ02(P,K)

+

√
T

N

∑

K′1

γ12(K ′1;P,K)φ∗K1

+
1

2

T

N

∑

K′1K
′
2

γ22(K ′1,K
′
2;P,K)φ∗K′2φ

∗
K′1

,

DPK = δP,Kγ11(K;K)− γ11(K;P )

+

√
T

N

∑

K2

γ12(K;K2, P )φK2

+

√
T

N

∑

K′2

γ21(K,K ′2;P )φ∗K′2

+
T

N

∑

K′1K2

γ22(K ′1,K;K2, P )φK2φ
∗
K′1

.

) ¶/�\Ç�Ç±�\,	kÃPæ�©�¹Ê¨�¹º��©�±Ó

(I +M)−1 = I − IMI + IMIMI ± ... ,

�:��ªº�\r¨��\��°e�\�°e·x©�Ñ^§�·x©/¨��¯v�\§0¶/�\©¸¨9ÚM¨I����©�Ã\Õ�ªº¹ºÕ�Ã\±Óc¯�§k¹º¥Ñ^§���©k��§�T©���§k�¹º©¸¨�Ã\�¥�\¥��¸©k
§k©�¹ºÑ^§��\°��\©/¨R·x§0¼CÇ±�^�P÷eÇ±¹º�\©¸¨�e	k�Ï°���©�ä�°��\e	k�Ïªj·¿Ùy����°�� φ∗φ Ó φ∗φ∗φφ Ó hφ∗φ Ó
hφφ Ó h∗h Ó���§Ï��²0¨��\©^§�,¯�·x�,¯v�\�¥°�§�¨I·K¨�¹º��©Ï��§»Ç\��©�Ô7§kÕ¸·x¹º¥��©»	k�5Ç\�\§�¼ . Ç\¹ 1�$ ��©�Ç
(
Γ̄−1

)
22;KK

≈ −γ−1
11 (K;K)×

×
{

1−
(
−γ−1

11 (K;K)
)
DKK

+
∑

K′

(
−γ−1

11 (K;K)
)(
−γ−1

11 (K ′;K ′)
)(
−CKK′BK′K +DKK′DK′K

)}
.

é Á+1 7¸ê
Îr�\�ÇMÈ�·x°�¯��²*����¸©k¹ºÑ^§��\ h ¥��©/¨e¥§k¯�¯v��¥Ã\e¹º©0æ�©�¹Ê¨�Ã\¥¹º°e·�§�¼GÓ�¹ºªº�©��Ö	���¹Ê¶/�\©/¨e¯�·x
·KÍ*�±ÇM¨��\�aªj·q���\©�����°R·xªº¹º�·Q¨�¹º��©C	��\2¶/�\�7¨I�M¼ Γ

1�� ¹âªØ
�¸©C¯v��¥�R¨���§kaªº�± h = 0 Ó9��©}·
«cÞ�8



−γ−1
11 = −Γ−1

1 = G1
Ók�P¨�é ó 1 «c¬�êt	k�M¶0¹º�±©¸¨�éd¨I��§xÔ7��§��� Γm>2 = 0 ê

d

dx

{∑

K

Γ1(K;K)φKφ
∗
K

+
1

4

T

N

∑

K′1K
′
2

K2K1

Γ2(K ′1,K
′
2;K2,K1)φK1φK2φ

∗
K′2
φ∗K′1

}

=
∑

K

dC−1
K

dx
φKφ

∗
K

− T
N

∑

K

dC−1
K

dx

[
G1(K;K)

]2 ∑

K′2K1

Γ2(K,K ′2;K,K1)φK1φ
∗
K′2

+

(
T

N

)2 ∑

KK′

dC−1
K

dx

[
G1(K;K)

]2
G1(K ′;K ′)×

×
{
−1

4

∑

K′1K
′
2

K2K1

Γ2(K ′1,K
′
2;K,K ′)Γ2(K ′,K;K2,K1)×

×φK1φK2φ
∗
K′2
φ∗K′1

−
∑

K′1K
′
2

K2K1

Γ2(K ′1,K;K2,K
′)Γ2(K ′,K ′2;K,K1)×

×φK1φK2φ
∗
K′2
φ∗K′1

é Á+1 ¬�ê

) ¯k��Ì\�·�©¸¨�¹º-Ð0°eÃM¨���¹º�·Q¨�¹º�¸©½	k�±2Ç\�^�P÷RÇ\¹º�\©¸¨I2	�·x©�5ªº�R°��\°a²k���e	��e	k�¥��¹Ê¨��e	��eÇ\�M¨¥¨��
Ã±Ñ^§�·Q¨I¹º��©�Ók�¸©Ï��²0¨�¹º�\©¸¨aé �\©»��²k¥�\�7¶¸·x©¸¨�é ó 1 ³�ê�êtªº�\,Ã\Ñ�§�·Q¨�¹º�¸©k2é ó 1 « 9 ê 1
¹ Ê.6�ÊGÉ CBÔBÏ�Ð)ÎFíBÕPÙ�xXÙzÝdÙ*Õ�ñFÏ

ÎT·®���\©�����°R·xªº¹º�·Q¨�¹º��©»	k�\,¥§kÇ±�\¯�¨�¹º²�¹ºªº¹Ê¨�Ã\#\
��²0¨�¹º�\©/¨#¥�\ªº��©
d

dx
χ(q′, q) = − δ2

δh∗(q′)δh(q)

d

dx
γ00

∣∣∣∣
h=0

.

) ¯�·x�-¨�¹º�8	��eé Á+1 ó êMÓTé ó 1 «c¬¸ê��M¨aé Á+1 7¸êMÓ���©z¨I����§�¶^�
d

dx
γ00 =

T

N

∑

K

dC−1
K

dx
G1(K;K)

− T
N

∑

KK′
GS(K)G1(K ′;K ′)×

×
{
γ02(K,K ′)γ20(K ′,K) + γ11(K ′;K)γ11(K;K ′)

}
.

é Á+1 9 ê

«K7�´



G1(K;K) ©���Ç\��©/¨�¹º�\©¸¨�¯�·x,	���Ç\��©/¨���¹º²�§�¨�¹º��©»�\© hqh∗q′ ¥¹ q, q′ 6= 0
1

γ02

∣∣∣∣
h=0

= 0 �P¨

γ11(K ′;K)

∣∣∣∣
h=0

= Γ1(K ′;K)

∝ δK′,K
�M¨�	k��©kÇ 0 �¹ q, q′ 6= 0

1
Îr�\ γ02

�P¨ γ11
Ñ^§k¹9©���§k+¹º©/¨�Ã\���\¥¥�\©/¨&¥��©/¨5·xªº�����·x§¿°e��¹º©k&ªº¹º©kÃc·x¹º���\&�\© h(∗)

q
Ó*	��

¥���7¨I�5Ñ^§r
¹ºªr¥§k÷®¨cÓ�¯*��§k� GS �M¨ G1
	�·x©�,ªj�5	��\��©k¹º�±�t¨��\�¥°���Ó�	��5©��5Õ¸·x�¥	k�\�#Ñ^§k�5ªj�\

Ç\��©/¨���¹º²�§�¨�¹º��©�,¹º©k	kÃ±¯v�\©�	�·x©¸¨I�\8	�� h 1Ï) ¶/�\Ç�ªº�±,	kÃPæ�©k¹Ê¨�¹º��©�
RSC(K2,K1; q) :=

δ

δh∗q
γ02(K2,K1)

∣∣∣∣
h=0

( ⇒ R∗SC(K ′2,K
′
1; q) =

δ

δhq
γ20(K ′1,K

′
2)

∣∣∣∣
h=0

),

ROD(K ′,K; q) :=
δ

δh∗q
γ11(K ′;K)

∣∣∣∣
h=0

( ⇒ R∗OD(K ′,K; q) =
δ

δhq
γ11(K ′;K)

∣∣∣∣
h=0

),

©k�¸§k5��²�¨I�\©k��©�&æ�©�·xªº�\°e�\©¸¨2¯*��§k��ªX·Ö�§�¥Ç\�\¯�¨I¹º²k¹ºªº¹Ê¨�Ãe¯�·x�5�¥·x¯k¯*���7¨�ÒÖªj·ÏÙd����°R·Q¨�¹º��©
	k�±8�¸©k	k�±,	k��	��\©k¥¹Ê¨�Ã

d

dx
χOD(q′, q) =

T

N

∑

K′K

GS(K)G1(K ′;K ′)ROD(K ′,K; q′)R∗OD(K ′,K; q)

�M¨�¯v��§��8Ç\�\ªºªº�5Ç\��©�Ç\�\��©�·x©¸¨#ªØ
4·�¯k¯�·x�¥¹º�\°��±©¸¨
d

dx
χSC(q′, q) = − T

N

∑

K′K

GS(K)G1(K ′;K ′)RSC(K,K ′; q′)R∗SC(K,K ′; q) .

� ªG©k��§kt���\-¨��&	k�#¨I����§�¶/�±��ªº�\tÃ\Ñ^§�·Q¨�¹º��©��	��+���\©�����°R·xªº¹º�·Q¨�¹º��©Ö¯v�¸§k��ªº�\ R 10' �¸§k��ªj·¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ�Ók¯�·x�,�M¼0�\°e¯kªº��Ó���©»·
d

dx

{
1

2

∑

K2K1

γ02(K2,K1)φK1φK2

}
=

T

N

∑

KK′

dC−1
K

dx

(
−γ−1

11 (K;K)
)2(−γ−1

11 (K ′;K ′)
)
×

×
{
−γ02(K,K ′)× 1

2

∑

K1K2

γ22(K ′,K;K2,K1)φK1φK2

+
∑

K1K2

γ12(K ′;K2,K)γ12(K;K1,K
′)φK2φK1

}
.

é Á+1 8¸ê

«K70«



Îr�\ γ12 = 0 ·x§ 	kÃ\¯�·x�7¨cÓ��M¨zÇ±��°�°e�Û¹ºªº`¥��©¸¨zÇ±��©¸¨��\©�§k`	�·x©��¨I��§k`ªº�\e¨��\��°e�\
Ç±��©¸¨���¹º²�§�·x©/¨8Ò�ªº�\§��â¯�����¯��������±©k����°R·xªº¹º�·Q¨�¹º��©rÓ�¹ºªº����±7¨I�\©¸¨ 0

10� ��§����²0¨��\©k��©��	k��©�Ç
¯*��§k�,ªº�\,��©k	��\,	k��	��\©k¥¹Ê¨�Ãe�
d

dl
ROD(P ′, P ; q) =

− T

N

∑

K′K

GS(K)G1(K ′;K)ROD(K ′,K; q)Γ(K,P ′,K ′, P ) ; é Á+1 «±´¸ê

�P¨#¯*��§k�8ªØ
4·x¯�¯�·x��¹º�±°��\©¸¨��
d

dl
RSC(P ′, P ; q) =

− 1

2

T

N

∑

K′K

GS(K)G1(K ′;K)RSC(K ′,K; q)Γ(K,K ′, P ′, P ) . é Á+1 «�«cê

Îr�\t¶¸·xªº�\§k�¥8	���	�Ã\¯�·x�-¨#¥��©¸¨ χ = 0 �M¨ ROD/SC = fOD/SC
1

ß Å�j B Ë5�0�XÌ¡�����ì�#�a�¥�����*�*�,�e�¡�
Î¡
Ã\Ñ^§�·K¨�¹º��©»	��5���\©k�¸��°e·xªº¹j¥·Q¨I¹º��©ÛÒ�§k©��5²v�¸§kÇ\ªº�5¯v�¸§k�,ªº�&¶/�\�7¨I�M¼»Ò�	k�\§0¼Ï¯�·x�7¨I¹ .

Ç±§kªº�\,±
Ã\Ç\�¥¹Ê¨
d

dl
Γ̃(K ′1,K

′
2,K2,K1) =

6 ����¯v�\�cé C ê�ä�ÎT·x©�	�·x§ré L ê�ä ' �\¹j�\��ªºcé P ê
=− 1

2

T

N

∑

K,K′
Dpp((k,m), (k′,m′); k1 + k2)Γ̃(K ′1,K

′
2,K,K

′)Γ̃(K ′,K,K2,K1)

+
T

N

∑

K,K′
Dpt((k,m), (k′,m′); k′1 − k1)Γ̃(K ′1,K,K

′,K1)Γ̃(K ′,K ′2,K2,K)

− T

N

∑

K,K′
Dpt((k,m), (k′,m′); k′1 − k2)Γ̃(K ′1,K,K2,K

′)Γ̃(K ′,K ′2,K,K1),

é Á+1 «c³�ê
�:�Cªº�\ Dpp/pt ¥��©¸¨®	�ÃPæ�©�¹º��\©íé ó 1 ³x´¸êMÓté ó 1 ³�«cê 19' ��§k�a	kÃ\Ç\�¥¹º���`ªj·Û	kÃ±¯v�\©�	�·x©�Ç\�R�±©
¥¯�¹º©�ÓG§�¨I¹ºªº¹º¥��©k�	�
4·�²v���¥	ßªj·z�¥�\¯k��Ã±��\©/¨I·Q¨�¹º�¸©çé )a1 «c¬�êMÓ*¶/��¹º��ªØ
4·x©k©��M¼0� )a1r6 ��°e°���¹ºª
¥§k÷®¨cÓ�¯v�¸§k�#	k�\�¹º©¸¨��\��·xÇM¨�¹º��©��¹º©¸¶�·x�¥¹j·x©¸¨��\�¯�·x� SU(2) Ó�	k�2¥�2���±7¨I���\¹º©k	�����Òe	k�\§0¼¯�·x�¥·x°eÌM¨����\`¹º©k	�Ã\¯v�±©k	�·x©/¨�±Ó¡ÃM¨�§�	k¹º��©�R¥�\§kªº�\°e�\©¸¨zªj·½���\©�����°e·�ªº¹º¥·K¨�¹º��©(	k� g⊥ �M¨
g2⊥

1 Îr�\ D ©k�+	kÃ\¯*�\©�	k�\©¸¨t¯�·x�	k�±â¥¯�¹º©k±Ó^�¸©`¯*�\§�¨8	k��©kÇ+Ùy·x¹º���+ªº�±�¥��°�°e�\�	k�± σ¹º°e°�Ã\	�¹j·Q¨��\°e�\©¸¨>¤ 9 71¥ 1�6 ��©k¥¹º	�Ã\����©�9¯�·x�ô·x¹ºªºªº�\§k�¥9ªº�\ r ÓKÇ�
�\-¨�Ò�	k¹º���âªº�±9¯v��¥¥¹º²k¹ºªº¹Ê¨IÃ\	r
4·\¶/��¹º� k Ó k′ Ò5	�����¹Ê¨��#�M¨8Ò5Õ¸·x§kÇMÈk� 1�� ¹���©`©k�#±
¹º©¸¨IÃ\���\¥¥�#Ñ^§r
4Ò5ªj·5���±©k����°R·xªº¹º�·Q¨�¹º��©	�� g⊥ �M¨ g2⊥ Ó0ªº�\tÙ ·xÇM¨��\§��� δ �\©áé ó 1 ³�´¸êâ�M¨5é ó 1 ³�«cêâ¹º°�¯*��¥�\©¸¨,Ñ^§�� r′ = −r ¯v�¸§k��ªº�Çc·x©�·xª�	�� 6 �^�¸¯v�\�¡�M¨ r′ = + Ó r = − ¯*��§k�¡ªº�,Ç±·x©�·xª�	�� ' �\¹º�\�¥ªº�é 	�Ì\¡Ñ^§��,ªj·�ªj·x��Õ��±§k�	���²�·x©k	����\-¨�¹º©kÙdÃ\�¥¹º�\§k���®Ò 2vF‖kF‖ �M¨&Ñ^§r
��©¿¯v�±§�¨&©�Ã\Õ�ªº¹ºÕ��\�+ªº�±+¯k����Ç\�\¥¥§k&·\¶/�±Ç
«K7¸³



� °eï^ªj·x¯�¯Ï¥�\ªº�¸©»ªj·�	k¹º���\ÇP¨�¹º��©»¯�·x�¥·�ªºªºÌ\ªº�cê 1*� ¹�©���§k,¥§k¯�¯k��¹º°e��©k,¯*��§k�,ªØ
¹º©k-¨I·x©/¨#ªj�\
¹º©�	k¹ºÇ\�\,	���²�·�©k	k��Ó�©k��§k,��²0¨��\©���©k,¯v��§��8ªº�5Ç±·x©�·xªr	k� ' �\¹º�\�¥ªº

∑

K,K′
Dpt(k, k′; qP = k′1 − k2) . . .

∣∣
k′
1‖>0,

k2‖<0

=

∑

{k;k‖<0}

∑

{k′;k′‖>0}
Dpt(k, k′; qP)

∑

r,r′
σ,σ′

δr,−δr′,+ . . . é Á+1 « ó ê

� �\°R·x��Ñ^§���©k+	k�a¯kªº§k+Ñ�§k��ªº�2¨��\��°e�&Ü 6 ����¯v�±�7à2�\-¨&�±©¸¨�¹ºÌ\���±°��\©/¨&-Ð0°�ÃP¨���¹ºÑ^§���¯�·��
�¥·x¯�¯v�¸�7¨5Ò`ªØ
Ã±ÇIÈ�·x©�Õ�� K ↔ K ′

1�6 ��°e°��®��©¿¥��°e°��®	k�2¨I��§�¨��®Ùy·xÂ\��©ßªº�\ K Ó K ′ Ó��©»¯v�±§�¨#	k��©�Ç&æ0¼k�\� r = − é⇒ r′ = + êMÓk�±©Ï�\©�ªº�M¶�·x©/¨#ªº��Ùy·�ÇM¨��\§�� 1
2
�

1

2

∑

K,K′
Dpp(k, k′; qC = k1 + k2)F (K,K ′)

∣∣
F (K,K′)=F (K′,K),

k1‖>0,k2‖<0

=

∑

{k;k‖<0}

∑

{k′;k′‖>0}
Dpp(k, k′; qC)

∑

σ,σ′
F ((k, σ), (k′, σ′)) . é Á+1 «\µ/ê

� �¸§k+¯v�¸§�¶/��©�&·xªº����+Ùy·�¹º����ªX·R¥��°�°R·Q¨�¹º��©¿	k�\ r �\©���±°�²kªº�®·\¶/�\ÇaÇ\�\ªºªº�a	k�\+¥¯k¹j©k±ÓÇ\�5Ñ^§k¹�	���©k©��

d

dl
Γ̃⊥(k′1, k

′
2, k2, k1) =

− T

N

∑

kL,kR

Dpp(kL, kR; k1 + k2)×

×
{

Γ̃⊥(k′1, k
′
2, kL, kR)Γ̃2⊥(kR, kL, k2, k1)

+Γ̃2⊥(k′1, k
′
2, kL, kR)Γ̃⊥(kR, kL, k2, k1)

}

+ Îr·x©�	�·x§

− T

N

∑

kL,kR

Dpt(kL, kR; k′1 − k2)×

×
{

Γ̃‖(k
′
1, kL, k2, kR)Γ̃⊥(kR, k

′
2, kL, k1)

+Γ̃⊥(k′1, kL, k2, kR)Γ̃‖(kR, k
′
2, kL, k1)

}
,

é Á+1 «cÞ�ê
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d

dl
Γ̃2⊥(k′1, k

′
2, k2, k1) =

− T

N

∑

kL,kR

Dpp(kL, kR; k1 + k2)×

×
{

Γ̃⊥(k′1, k
′
2, kL, kR)Γ̃⊥(kR, kL, k2, k1)

+Γ̃2⊥(k′1, k
′
2, kL, kR)Γ̃2⊥(kR, kL, k2, k1)

}

+ ÎT·x©k	�·x§

− T

N

∑

kL,kR

Dpt(kL, kR; k′1 − k2)×

× Γ̃2⊥(k′1, kL, k2, kR)Γ̃2⊥(kR, k
′
2, kL, k1) .

é Á+1 «K7¸ê

� ·x¯�¯v�\ªj��©k�Ñ^§k�¸Óx	�·x©k�©����©k�K¨I·K¨�¹º��©k±Óxªº�±��¹ºÕ¸©k�\�	��\ôÇ±��°�¯*���·x©¸¨��±�¯�·x�¥·xªºªjÌ\ªº�\¡·x§0¼
ÇIÈ�·Q×X©k�±�	��\+¶/�±ÇM¨��\§����	r
��©k	��®	�·x©k5ªº�\2·x��Õ�§�°��\©¸¨I�	k�±�Ùd��©�ÇM¨�¹º��©��	���¶/�±�7¨��M¼ Γα·\¶/�±Çe¹º©k	�¹ºÇ\�e	k�e¥¯k¹º©½¥��©¸¨2æk¼0Ã\ 1r) ¯k�¥Ì\5§�¨I¹ºªº¹º�·Q¨�¹º��©À	k�Ûé )�1 8/êMÓrÇ\�\Ç\¹¡±
Ã\Ç\�¥¹Ê¨�	�
§�©k�
Ùy·�Â\��©»¯kªº§k,Ç\�¸°�¯�·�ÇM¨��p¤ 9 71¥¡�
d

dl
Γ̃α((k′1,m

′
1), (k′2,m

′
2), (k2,m2), (k1,m1)) =

T

N

∑

kL,kR
mL,mR

Dpp((kL,mL), (kR,mR); k1 + k2)×

×
∑

ij

CCα,ijΓ̃i((k
′
1,m

′
1), (k′2,m

′
2), (kL,mL), (kR,mR))×

× Γ̃j((kR,mR), (kL,mL), (k2,m2), (k1,m1))

+
T

N

∑

kL,kR
mL,mR

Dpt((kL,mL), (kR,mR); k′1 − k2)×

×
∑

ij

CPα,ijΓ̃i((k
′
1,m

′
1), (kL,mL), (k2,m2), (kR,mR))×

× Γ̃j((kR,mR), (k′2,m
′
2), (kL,mL), (k1,m1)) ,é Á+1 «c¬�ê

�:�`ªº�\â°e·Q¨��¥¹ºÇ\�\â	k�#Ç\�^�\÷eÇ\¹º�\©/¨� CC,Pα,ij ¥��©¸¨�	k�¸©k©kÃ±�\�é 	�·x©kâªØ
����	���� ( ⊥,⊥ ⊥,2⊥
2⊥,⊥ 2⊥,2⊥

) ê
¯�·x�

CC⊥ = −
(

0 1
1 0

)
, CP⊥ = −

(
2 1
1 0

)
, é Á+1 « 9 ê

CC2⊥ = −
(

1 0
0 1

)
, CP2⊥ = −

(
0 0
0 1

)
.

«K7xµ



ß Å~} ¥ �,���9�a�»�2�¡�å½a�a�����¡�
¹ Ê8³�ÊÌË æbØ�ÏSé_ñ�ÒBñFÖ:Ø,Ý

Îr·�¯k��Ã±��±©¸¨I·Q¨�¹j��©Ï¥§k¹Ê¨�ªj·®��Ã±ÙdÃ\���\©�Ç\�p¤ 9 7�¥ 1
Î��±8Ã±Ñ^§�·Q¨I¹º��©k,	������\©�����°e·�ªº¹º¥·K¨�¹º��©»Ç\��©/¨�¹º�\©k©��\©¸¨#	��\,¹º©¸¨�Ã±Õ��¥·xªº�\#	k��ªj·�Ùd���¥°��

T 2

N2

∑

kk′
mm′

(
− d
dl
{G(0)

l (k,m)G
(0)
l (k′,m′)}

)
F ((k,m), (k′,m′))

N

T
δk′±k,q

·\¶/�\Ç»§�©k�»Ùd��©�ÇM¨�¹º��© F 	k��©¸¨`��©}¶�·á¥§k¯k¯*��¥�\��Ñ�§�
�\ªºªº�»©��Ï	�Ã\¯v�±©k	k�Ï¯�·xe	��\eÙd��Ã .
Ñ^§��\©kÇ±�\ k0, k

′
0
¯ q = k′+k ¯v��§���ªº�,Ç±·�©�·xª�¯�·��7¨�¹ºÇ\§�ªº� . ¯�·x�7¨�¹ºÇ\§�ªº�,�M¨ q = k′−k ¯v��§��ªº�\,Çc·x©�·x§0¼Ö¯�·x�7¨�¹ºÇ\§�ªº� . ¨I����§�¯��M¨#ªº�\,¯�����¯�·�Õ¸·Q¨��\§���

G
(0)
l (k,m) = Θ(

∣∣ξ(k,m)

∣∣− Λ(l))G(0)(k,m),

°�§�©k¹º,	�
§�©k��Ç±��§k¯k§�����¹º©�Ùd�¥·x���¸§kÕ��

Λ(l) = Λ0e
−l.

G(0) �±7¨�ªº��¯�����¯�·xÕ/·Q¨��\§��8ªº¹º²k�¥�

G(0)(k,m) =
−1

ik0 − ξ(k,m)

·\¶/�\Ç ξ(k,m) = ε(k,m)−µ Ó��:� ε(k,m)
�\-¨�ªj·&	k¹º¥¯*�\��¥¹º��©��M¨ µ ªº�8¯v�x¨��\©¸¨I¹º�\ªkÇIÈk¹º°�¹jÑ^§k� 1� ©�Õ¸Ã\©kÃ\��·xªØÓ G(0) Ç\�¸©¸¨�¹º�\©/¨ô§k©�Ù ·xÇM¨��\§�� 1bande(m,k) 	��â¯kªº§k±ÓKÑ^§k¹^�\-¨8«â¥¹^ªj·#²�·x©k	��

m Ç\��©¸¨�¹º�±©¸¨�§k©¿ÃM¨M·Q¨�ªj·x²v�±ªºªº¹º¥Ã k Ó*�M¨5´`¥¹º©k��© 1G' ��§k�+¥¹º°e¯kªº¹èæ��±��ªX·`©k�K¨I·K¨�¹º��©�Ó*©k�¸§k©�
<·xªºªº��©kâ¯�·xâ�M¼0¯kªj¹ºÇ\¹Ê¨��\��Ç\�M¨¥¨��,Ùy��©kÇM¨I¹º��©R	�·x©kâªº�\�Ç±·�ªºÇ\§kªºâÑ^§k¹��§�¹Ê¶/�\©¸¨QÓ¸°R·x¹º�¯�ªº§�¨�äx¨
ªj·��¥·KÔ7��§0¨��\�,ªº����¥Ñ^§k�5©k��§�t¨��¥·x¹Ê¨��¸©k,	k�±8-Ðk7¨IÌ\°��\,¯���Ã\Ç\¹º 1

� ��§��·\¶^��©k+¨I����§�¶/Ã�	�·x©��ªØ
4·x©k©��M¼0� Á+1 µÏÑ^§k��ªØ
��©á¯v�\§0¨5¯k���\©�	k��� k ÒzÕ¸·x§�ÇIÈk��M¨ k′ Ò`	k���¸¹Ê¨���Ó k‖ < 0 �P¨ k′‖ > 0
1r6 ·xªºÇ\§�ªº��©k�·xªj����&Ç\�\&¥��°�°e�\ 1G' ��§��+ªº�aÇc·x©�·xª

«K7¸Þ



¯�·x�7¨�¹ºÇ±§kªº� . ¯�·x�7¨�¹ºÇ±§kªº��Ó���©Ï��²0¨�¹º�\©¸¨

a

πvF‖

∑

kLkR
mLmR

Dpp((kL,mL), (kR,mR); q)F ((kL,mL), (kR,mR))
∣∣∣ kL‖<0

kR‖>0

= Λ× 1

N2

∑

kLkR
mLmR

{
δ(
∣∣ξ(kL,mL)

∣∣− Λ)Θ(
∣∣ξ(kR,mR)

∣∣− Λ) + ( δ ↔ Θ )
}
×

× T
∑

k0

−1

ik0 − ξ(kL,mL)
× −1

−ik0 + iq0 − ξ(kR,mR)
×

× F ((kL,mL), (kR,mR))NδkL+kR,q

∣∣∣ kL‖<0

kR‖>0

=−Λ× 1

N2

∑

kLkR
mLmR

{
δ(
∣∣ξ(kL,mL)

∣∣− Λ)Θ(
∣∣ξ(kR,mR)

∣∣− Λ) + ( δ ↔ Θ )
}
×

×
nFD(ξ(kL,mL))− nFD(−ξ(kR,mR))

ξ(kL,mL) + ξ(kR,mR) − iq0
×

× F ((kL,mL), (kR,mR))NδkL+kR,q

∣∣∣ kL‖<0

kR‖>0

.

é Á+1 «K8/ê

' ·x¥¥��©k�·x§�¼½¶¸·x��¹j·x²�ªº�\ (φ, ξ) Ó9�:� ξ = ξ(k,m)
Ó9�M¨®�:� φ 	kÃ±Ç\��¹Ê¨�ªj·q	k¹º�¥�\ÇM¨�¹º�¸©C	k§

¶/�±ÇM¨��\§�� k
1 é φ ©r
�\-¨t¯�·x�Ùd���¥Ç\Ã\°��±©¸¨t§k©z·x©�Õ�ªº� 1�� ©k�+·xªÊ¨I�\��©�·K¨�¹Ê¶/��Ç±��§k�¥·x©/¨����\-¨tÑ^§��

«K7:7



φ 	�Ã\¥¹ºÕ�©k�5ªj·®¯����xÔ7�\ÇM¨I¹º��©»	k� k ¥§��8ªj·��§���Ùy·xÇ±��	k� 3 �\��°e¹ 1 ê � ��§k,��²0¨��\©���©k

a

πvF‖

∑

kLkR
mLmR

Dpp((kL,mL), (kR,mR); q)F ((kL,mL), (kR,mR))
∣∣∣ kL‖<0

kR‖>0

=−
∑

ν=±1

∑

mm′
ab

∫
dφ

4π2
Jm(φ, νΛ)Θ(

∣∣ξ(k′,m′)
∣∣− Λ)×

× (nFD(νΛ)− nFD(−ξ(k′,m′)))×

× Λ

νΛ + ξ(k′,m′) − iq0
×

× F ((k,m), (k′,m′))
∣∣∣k=k(φ,νΛ,m),k‖<0,

k′=−k+q

−
∑

ν=±1

∑

mm′
ab

∫
dφ

4π2
Jm(φ, νΛ)Θ(

∣∣ξ(k′,m′)
∣∣− Λ)×

× (nFD(ξ(k′,m′))− nFD(−νΛ))×

× Λ

ξ(k′,m′) + νΛ− iq0
×

× F ((k′,m′), (k,m))
∣∣∣k=k(φ,νΛ,m),k‖>0,

k′=−k+q

é Á+1 ³x´¸ê

·\¶/�\Ç5ªº� Ë ·xÇ\��²k¹º�±© Jm(φ, ξ) = |
∣∣∣∣
∂(k⊥, k‖)

∂(φ, ξ)

∣∣∣∣ |
1�� ©Ï¯����xæk¨I·x©¸¨#	��

nFD(a)− nFD(b) = −1

2

(
tanh

βa

2
− tanh

βb

2

)
,

©k�¸§k,¯v��§0¶/��©k,�¥Ã\Ã\Ç\��¹º�¥��ªØ
Ã\Ñ�§�·Q¨�¹º�¸©Ï¯*��§k�8ªX·®²k§�ªºªº��Ç\�¸°�°��5�§�¹Ê¨2�

a

πvF‖

∑

kLkR
mLmR

Dpp((kL,mL), (kR,mR); q)F ((kL,mL), (kR,mR))
∣∣∣ kL‖<0

kR‖>0

=
∑

ν=±1

∑

mm′
ab

∫
dφ

4π2
Jm(φ, νΛ)Θ(

∣∣ξ(−k+q,m′)
∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
+ tanh

βξ(−k+q,m′)

2

)
Λ

νΛ + ξ(−k+q,m′) − iq0
×

× F ((k,m), (−k + q,m′))
∣∣∣

k=k(φ,νΛ,m)
k‖<0 é Á+1 ³�«cê
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=
∑

ν=±1

∑

mm′
ab

∫
dφ

4π2
Jm(φ, νΛ)Θ(

∣∣ξ(−k+q,m′)
∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
+ tanh

βξ(−k+q,m′)

2

)
Λ

νΛ + ξ(−k+q,m′) − iq0
×

× F ((−k + q,m′), (k,m))
∣∣∣

k=k(φ,νΛ,m)
k‖>0

.

é Á+1 ³�³�ê$ ·x©�,ªj·®ªº¹º°e¹Ê¨�� T → 0 Ó

a

πvF‖

∑

kLkR
mLmR

Dpp((kL,mL), (kR,mR); q)F ((kL,mL), (kR,mR))
∣∣∣ kL‖<0

kR‖>0

−→
∑

mm′
ab

∫
dφ

4π2
Jm(φ,Λ)Θ(ξ(−k+q,m′) − Λ)

Λ

Λ + ξ(−k+q,m′) − iq0
×

× F ((k,m), (−k + q,m′))
∣∣∣

k=k(φ,Λ,m)
k‖<0

+
∑

mm′
ab

∫
dφ

4π2
Jm(φ,Λ)Θ(ξ(−k+q,m′) − Λ)

Λ

Λ + ξ(−k+q,m′) − iq0
×

× F ((−k + q,m′), (k,m))
∣∣∣

k=k(φ,Λ,m)
k‖>0

+
∑

mm′
ab

∫
dφ

4π2
Jm(φ,−Λ)Θ(−ξ(−k+q,m′) − Λ)

Λ

Λ− ξ(−k+q,m′) + iq0
×

× F ((k,m), (−k + q,m′))
∣∣∣

k=k(φ,−Λ,m)
k‖<0

+
∑

mm′
ab

∫
dφ

4π2
Jm(φ,−Λ)Θ(−ξ(−k+q,m′) − Λ)

Λ

Λ− ξ(−k+q,m′) + iq0
×

× F ((−k + q,m′), (k,m))
∣∣∣

k=k(φ,−Λ,m)
k‖>0

.

é Á+1 ³ ó ê
' ��§k�,�¥·x¹º¥��©�,	k�5Ç\��©¸¨�¹j©^§k¹Ê¨�Ã¸Ók��©z¶¸·®¯����\©k	����

Θ(0) =
1

2
.

� ��§k�·xªºªº��©�#¨I��§xÔ7�¸§k��&§�¨�¹ºªº¹º¥�\� φ = (r, k⊥) �M¨�	k�±+	k¹º¥¯*�\��¥¹º��©�+ªº¹º©�Ã±·x��¹º¥Ã\�\&¥�\ªº��©ªj·Ö	k¹º�¥�\ÇM¨�¹º��© k‖ ·\¶/�±Ç®§�©k�®°�Ú±°���¶k¹Ê¨��\¥¥�®	�� 3 �\��°e¹ vF‖ ¯�·x�7¨���§0¨cÓG�\©á¯�·x�-¨�¹ºÇ\§kªj¹º�\�
«K7 9



¹º©�	kÃ\¯*�\©k	�·x©¸¨���	k�5ªj·®²�·x©k	�� 1 Îr� Ë ·xÇ\��²�¹º�\©Ï	��M¶0¹º�±©¸¨#	k�¸©kÇ Jm(φ, ξ) = 1
vF‖

Ó��M¨

a

πvF‖

∑

kLkR
mLmR

Dpp((kL,mL), (kR,mR); q)F ((kL,mL), (kR,mR))
∣∣∣ kL‖<0

kR‖>0

=
∑

ν

∑

m,m′
ab

∫
dk⊥

4π2vF‖

{
Θ(
∣∣ξ(−k+q,m′)

∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
+ tanh

βξ(−k+q,m′)

2

)
×

× Λ

νΛ + ξ(−k+q,m′) − iq0
×

× F ((k,m), (−k + q,m′))

∣∣∣∣ ξ(k,m)=νΛ

k‖<0

+Θ(
∣∣ξ(−k+q,m′)

∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
+ tanh

βξ(−k+q,m′)

2

)
×

× Λ

νΛ + ξ(−k+q,m′) − iq0
×

× F ((−k + q,m′), (k,m))

∣∣∣∣ ξ(k,m)=νΛ

k‖>0

}

é Á+1 ³Kµ/ê

«K7:8



T→0−→
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(ξ(−k+q,m′) − Λ)

Λ

Λ + ξ(−k+q,m′) − iq0
×

× F ((k,m), (−k + q,m′))

∣∣∣∣ ξ(k,m)=Λ

k‖<0

+
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(ξ(−k+q,m′) − Λ)

Λ

Λ + ξ(−k+q,m′) − iq0
×

× F ((−k + q,m′), (k,m))

∣∣∣∣ ξ(k,m)=Λ

k‖>0

+
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(−ξ(−k+q,m′) − Λ)

Λ

Λ− ξ(−k+q,m′) + iq0
×

× F ((k,m), (−k + q,m′))

∣∣∣∣ ξ(k,m)=−Λ

k‖<0

+
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(−ξ(−k+q,m′) − Λ)

Λ

Λ− ξ(−k+q,m′) + iq0
×

× F ((−k + q,m′), (k,m))

∣∣∣∣ ξ(k,m)=−Λ

k‖>0

.

é Á+1 ³�Þ�ê

«c¬x´



Î��5Ç±·xªºÇ\§�ª�¯*��§k�8ªº�5Ç±·x©�·xªr¯�·��7¨�¹ºÇ\§�ªº� . ¨��¥��§Ï�\-¨�·�©�·xªº��Õ�§��e�

a

πvF‖

∑

kLkR
mLmR

Dpt((kL,mL), (kR,mR); q)F ((kL,mL), (kR,mR))
∣∣∣ kL‖<0

kR‖>0

= Λ× 1

N2

∑

kLkR
mLmR

{
δ(
∣∣ξ(kL,mL)

∣∣− Λ)Θ(
∣∣ξ(kR,mR)

∣∣− Λ) + ( δ ↔ Θ )
}
×

× T
∑

k0

−1

ik0 − ξ(kL,mL)
× −1

ik0 + iq0 − ξ(kR,mR)
×

× F ((kL,mL), (kR,mR))NδkR,kL+q

∣∣∣ kL‖<0

kR‖>0

= Λ× 1

N2

∑

kLkR
mLmR

{
δ(
∣∣ξ(kL,mL)

∣∣− Λ)Θ(
∣∣ξ(kR,mR)

∣∣− Λ) + ( δ ↔ Θ )
}
×

×
nFD(ξ(kL,mL))− nFD(ξ(kR,mR))

ξ(kL,mL) − ξ(kR,mR) + iq0
×

× F ((kL,mL), (kR,mR))NδkR,kL+q

∣∣∣ kL‖<0

kR‖>0

=−
∑

ν=±1

∑

mm′
ab

∫
dφ

4π2
Jm(φ, νΛ)Θ(

∣∣ξ(k+q,m′)
∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

βξ(k+q,m′)

2

)
×

× Λ

νΛ− ξ(k+q,m′) + iq0
F ((k,m), (k + q,m′))

∣∣∣ ξ(k,m)=νΛ,

k‖<0

−
∑

ν=±1

∑

mm′
ab

∫
dφ

4π2
Jm(φ, νΛ)Θ(

∣∣ξ(k−q,m′)
∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

βξ(k−q,m′)

2

)
×

× Λ

νΛ− ξ(k−q,m′) − iq0
F ((k− q,m′), (k,m))

∣∣∣ ξ(k,m)=νΛ,

k‖>0 é Á+1 ³�7¸ê

«c¬�«



T→0−→−
∑

mm′
ab

∫
dφ

4π2
Jm(φ,Λ)Θ(−ξ(k+q,m′) − Λ)

Λ

Λ− ξ(k+q,m′) + iq0
×

× F ((k,m), (k + q,m′))
∣∣∣

k=k(φ,Λ,m)
k‖<0

−
∑

mm′
ab

∫
dφ

4π2
Jm(φ,−Λ)Θ(ξ(k+q,m′) − Λ)

Λ

Λ + ξ(k+q,m′) − iq0
×

× F ((k,m), (k + q,m′))
∣∣∣

k=k(φ,−Λ,m)
k‖<0

−
∑

mm′
ab

∫
dφ

4π2
Jm(φ,Λ)Θ(−ξ(k−q,m′) − Λ)

Λ

Λ− ξ(k−q,m′) − iq0
×

× F ((k− q,m′), (k,m))
∣∣∣

k=k(φ,Λ,m)
k‖>0

−
∑

mm′
ab

∫
dφ

4π2
Jm(φ,−Λ)Θ(ξ(k−q,m′) − Λ)

Λ

Λ + ξ(k−q,m′) + iq0
×

× F ((k− q,m′), (k,m))
∣∣∣

k=k(φ,−Λ,m)
k‖>0

.

é Á+1 ³�¬�ê

) ¶/�\Ç φ = (r, k⊥) Ók©���§k,��²0¨��\©k�¸©k8æ�©�·xªº�\°��±©¸¨

a

πvF‖

∑

kLkR
mLmR

Dpt((kL,mL), (kR,mR); q)F ((kL,mL), (kR,mR))
∣∣∣ kL‖<0

kR‖>0

=−
∑

ν

∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(
∣∣ξ(k+q,m′)

∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

βξ(k+q,m′)

2

)
×

× Λ

νΛ− ξ(k+q,m′) + iq0
F ((k,m), (k + q,m′))

∣∣∣ k‖<0

ξ(k,m)=νΛ

−
∑

ν

∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(
∣∣ξ(k−q,m′)

∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

βξ(k−q,m′)

2

)
×

× Λ

νΛ− ξ(k−q,m′) − iq0
F ((k− q,m′), (k,m))

∣∣∣ k‖>0

ξ(k,m)=νΛé Á+1 ³ 9 ê

«c¬�³



T→0−→−
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(−ξ(k+q,m′) − Λ)

Λ

Λ− ξ(k+q,m′) + iq0
×

× F ((k,m), (k + q,m′))
∣∣∣ k‖<0

ξ(k,m)=Λ

−
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(ξ(k+q,m′) − Λ)

Λ

Λ + ξ(k+q,m′) − iq0
×

× F ((k,m), (k + q,m′))
∣∣∣ k‖<0

ξ(k,m)=−Λ

−
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(−ξ(k−q,m′) − Λ)

Λ

Λ− ξ(k−q,m′) − iq0
×

× F ((k− q,m′), (k,m))
∣∣∣ k‖>0

ξ(k,m)=Λ

−
∑

m,m′
ab

∫
dk⊥

4π2vF‖
Θ(ξ(k−q,m′) − Λ)

Λ

Λ + ξ(k−q,m′) + iq0
×

× F ((k− q,m′), (k,m))
∣∣∣ k‖>0

ξ(k,m)=−Λ

.

é Á�1 ³:8¸ê

¹ Ê8³�ÊGÉ ¹ ÔXÝdÝGÎFÏ�íOÑ�ÔBÖ ÔXÒÀÏ�¡{Ï�Õ:è�ÜtÎ ×{ÔBØ�Ï:Ù�ÚKÔXÒXÙÛÓ|ÙdÜtÎ�Ò#Ï:ÙGÑ�ÒXÒBÎ�Ý Ø�7,ÎFÐ
ÔXÒBÎyx#Ø_Ò#Ó#Î

) ¯k¯�ªº¹ºÑ^§k�¸©kRªº�\RÃ\Ñ^§�·Q¨�¹º��©�R	k�»�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©(·x§(°���	kÌ\ªº�Ûªº�»¯�ªº§kR¥¹º°�¯�ªº�
	�
4§k©`Ç\�¸©k	k§�ÇM¨��\§���Ñ�§�·x¥¹ . §�©k¹º	�¹º°��\©��¹º�¸©k©k�±ªv·\¶^�\Ç�§�©k��¥�\§kªº�+²�·x©�	k� 1 ÎT·2	�¹º�¯*�\��¥¹º��©rÓ
ªº¹º©�Ã±·x��¹º¥Ã\�5	�·x©�,ªj·®	�¹º���\ÇM¨�¹º�¸©Ï	��\,ÇIÈ�·Q×X©��\±Ók±
Ã\Ç\��¹Ê¨

ε(r, k‖, k⊥) = vF (rk‖ − k1D
F ) + ε⊥(k⊥),

ε⊥(k⊥) = −2t⊥ cos k⊥ − 2t′⊥ cos 2k⊥.

' ��§k��§k© k ¯�ªj·xÇ\Ã,¥§���ªj·5Ç\��§k¯�§k���,	r
Ã\©k�\�¥Õ�¹º� νΛ Ó^·\¶/�\Ç r �M¨ k⊥ 	k��©�©kÃ\±Ó¸¹ºª�Ùy·x§0¨âÑ^§��

k‖ = r

(
k1D
F +

νΛ− ε⊥(k⊥)

vF

)
.

$ 
4·x¯k�¥Ì\aªj·q¥�\ÇP¨�¹º��© Á+1 µkÓ r′ = −r 	�·x©�aªº�\®	k�\§0¼ÀÇc·x©�·x§0¼À	��`�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸© 1' ��§k��ªº�®Ç±·�©�·xªô	�� 6 ����¯v�\�±ÓG��©½· k′ = −k + q Ór·\¶/�\Ç q ¹º°e¯v��¥Ã®¯�·��&ªº�\tÔ�·x°�²v�±
�M¼�¨�Ã\��¹º�\§����\,	�§z¶/�\�7¨I�M¼ÖÑ�§�
��©»���\©k�¸��°e·xªº¹º¥��Ó�Ç\�5Ñ^§k¹�	���©k©��eé ¥¹ µ = 0 ê

ξk′ = νΛ− ε⊥(k⊥) + ε⊥(−k⊥ + q⊥)− rvF q‖.
' ��§k�2ªº�`Ç±·x©�·xª�	�� 6 �^��¯*�\�\ÓT©k��§��·xªºªº�¸©k5¨���§xÔ-��§k���¯k���±©k	k�¥� q‖ = 0 Ó�¶^��¹º�2ªj·»	k¹j .Ç\§��¥¹º��©}	�·x©�aªj·q¥�\ÇM¨I¹º��©Cµ 1 « 1 ó 1ô$ �z°�Ú\°e��Ó9©k��§�®·xªjªº��©k®¯v��¥�\�aªj·qÙy��Ã\Ñ^§��\©kÇ\�z	��

«c¬ ó



¾ ·Q¨�¥§k²�·x�¥· q0 = 0
1k ��§�¨�Ç\�\Ç\¹�¯���¹º,�\©»Ç\��°e¯�¨���ÓTé Á+1 ³Kµ/êt	k��©k©��

∑

kLkR

Dpp(kL, kR; q)F (kL,kR)
∣∣∣ kL‖<0,kR‖>0,

q0=0,q‖=0

=
1

2N⊥

∑

k⊥

∑

ν=±1

1bande(ν, k⊥)Θ(|νΛ +AC(k⊥, q⊥)| − Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

−β(νΛ +AC(k⊥, q⊥))

2

)
Λ

2νΛ +AC(k⊥, q⊥)
×

× (F ((−, k⊥), (+,−k⊥ + q⊥)) + F ((−,−k⊥ + q⊥), (+, k⊥))) é Á+1 ó ´¸ê
·\¶/�±Ç

AC(k⊥, q⊥) = −ε⊥(k⊥) + ε⊥(−k⊥ + q⊥) �M¨
1bande(ν, k⊥) = Θ(vF‖κ0 − |Λ− νε⊥(k⊥)|).

é�Îr·ÏÙd��©kÇP¨�¹º��© 1bande
·x¥¥§k����ªØ
4·�¯k¯�·x�-¨��\©�·�©kÇ\�e	k� k �P¨ k′ ÒÏªj·Ö²�·x©k	k�e	�
Ã\©��\��Õ�¹º� 1 ê6 ��°�°e� AC(−k⊥ + q⊥, q⊥) = −AC(k⊥, q⊥) Ó�§�© ÇIÈ�·x©�Õ��\°��±©¸¨á	k�À¶¸·x��¹j·x²�ªº�\

é k⊥ 7→ k̃⊥ = −k⊥ + q⊥ Ó ν 7→ ν̃ = −ν ê�¨I�¥·x©k¥Ùd���¥°��z�M¼k·xÇP¨��\°e�\©¸¨�ªº�z¯k���±°�¹º�\�¨I�\��°��#	�·x©�#é Á�1 ó ´¸êô�\©Rªº�,¥�\Ç±��©k	�Ó/¥·�§kÙ*ªº�\�Ùd�¸©kÇM¨�¹º�¸©k 1bande
1/� �¸§k�¯v�¸§�¶/��©��·xªj����

Ã±Ç\��¹º���e�
∑

kLkR

Dpp(kL, kR; q)F (kL,kR)
∣∣∣ kL‖<0,kR‖>0,

q0=0,q‖=0

=
1

N⊥

∑

k⊥

∑

ν=±1

Θ(|νΛ +AC(k⊥, q⊥)| − Λ)×

× 1

2
(1bande(ν, k⊥) + 1bande(ν,−k⊥ + q⊥))×

× 1

2

(
tanh

βνΛ

2
− tanh

−β(νΛ +AC(k⊥, q⊥))

2

)
×

× Λ

2νΛ +AC(k⊥, q⊥)
F ((−,−k⊥ + q⊥), (+, k⊥))

T→0−→ 1

N⊥

∑

k⊥

1

2

(
1bande(

¥¹ºÕ�© (AC(k⊥, q⊥), k⊥)+

+ 1bande(
�¹jÕ�© (AC(k⊥, q⊥),−k⊥ + q⊥)

)
×

× Λ

2Λ + |AC(k⊥, q⊥)|F ((−,−k⊥ + q⊥), (+, k⊥)) .

é Á+1 ó «cê
� ©ÀÇ\�`Ñ^§�¹�Ç\�¸©kÇ\�\�¥©k�Rªº�`Ç±·x©�·xªâ	k� ' �\¹º�±��ªº±ÓT�¸©À��·x¯k¯*�\ªºªº�`Ñ^§k�¸ÓT¥¹���©C·x¯�¯kªº¹ºÑ^§��

ªØ
Ã±Ñ^§�·Q¨I¹º��©q	������\©�����°e·xªj¹º¥·Q¨I¹º��©Cé Á+1 «c³¸ê#·x§�¼Ï¶^�\�7¨��M¼ Γ 	�ÃPæ�©�¹º��±©Cé )�1 Þ�êPÓv��©¿·x§��¥·
«c¬Kµ



¨���§�Ô7��§���ô·KÍG·x¹º�¥�tÒ#	��\T¨��¥·x©�¥Ùd�\�7¨�9	��¡¶^�\ÇM¨��\§���	r
��©k	�� q 	k��©¸¨�ªj·�Ç\��°�¯*���·x©¸¨I�â¥�\ªº��©ªj·�	k¹º���\ÇP¨�¹º��©»¯�·x�¥·�ªºªºÌ\ªº�2·x§�¼ÏÇIÈ�·Q×X©��\,�\-¨#	���ªØ
����	�����	�� 2k1D
F
Ó

q‖ = +2k1D
F + q̃‖,

Ç\��Ñ�§k¹ôæ0¼k��	kÃ-Ô�Ò r Ó r′ ¯*��§k��ªº�\5¯k�¥��¯�·xÕ¸·Q¨I�\§k�¥�¹º©/¨��\��©��\5	k§á	k¹j·�Õ��¥·x°e°�� ' �\¹º�\��ªº±ÓÇ\��°e°�����©ÏªØ
4·2¶k§Ö	�·�©k8ªØ
4·x©�©k�M¼0� Á�1 µ 1 ;&©Ö��²0¨�¹º�\©¸¨�·xªº����,¯v��§��tªº�\8Ã\©��\��Õ�¹º�±5éd¨���§ .
Ô7��§���#·\¶/�\Ç µ = 0 ê£ ¯*��§k� k 	k��©�©kÃ�¯�·x� r = − Ó k⊥ �M¨ ξk = νΛ Ó��M¨ k′ = k + q �

ξk′ = −νΛ + ε⊥(k⊥) + ε⊥(k⊥ + q⊥) + vF q̃‖;

£ ¯*��§k� k 	k��©�©kÃ�¯�·x� r = + Ó k⊥ �M¨ ξk = νΛ Ó��M¨ k′ = k− q �

ξk′ = −νΛ + ε⊥(k⊥) + ε⊥(k⊥ − q⊥) + vF q̃‖.

) ¶/�\Ç�§�©ÏÇIÈk��¹Ê¼Ï	��\,Ùd��Ã\Ñ�§k�\©kÇ±�\,�M¼^¨��±��©k�\t¨��±ª�Ñ^§�� q0 = 0 Ó
∑

kLkR

Dpt(kL, kR; q)F (kL,kR)
∣∣∣ kL‖<0,kR‖>0,

q0=0

=− 1

2N⊥

∑

k⊥

∑

ν=±1

Θ(
∣∣νΛ +AP(k⊥, q⊥, q̃‖)

∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

−β(νΛ +AP(k⊥, q⊥, q̃‖))

2

)
×

× Λ

2νΛ +AP(k⊥, q⊥, q̃‖)
F ((−, k⊥), (+, k⊥ + q⊥))

− 1

2N⊥

∑

k⊥

∑

ν=±1

Θ(
∣∣νΛ +AP(k⊥,−q⊥, q̃‖)

∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

−β(νΛ +AP(k⊥,−q⊥, q̃‖))
2

)
×

× Λ

2νΛ +AP(k⊥,−q⊥, q̃‖)
F ((−, k⊥ − q⊥), (+, k⊥)) Ók�:�

é Á+1 ó ³�ê

AP(k⊥, q⊥, q̃‖) = −ε⊥(k⊥)− ε⊥(k⊥ + q⊥)− vF q̃‖.

ÎT·R¨���·x©k¥Ùd����°R·Q¨�¹º��© k⊥ 7→ k̃⊥ = k⊥ − q⊥ 	�·�©k&ªj·Ö	k�\§0¼0¹ºÌ\°��®¹º©/¨�Ã\Õ���·xªº�®°e��©¸¨��¥�
«c¬�Þ



Ñ�§�
�\ªºªº�5�\-¨#Ã\Ñ�§k¹Ê¶�·�ªº�\©¸¨��2Ò®ªj·�¯k���±°�¹ºÌ\���¸Ók	k��¥���-¨���Ñ�§k�
∑

kLkR

Dpt(kL, kR; q)F (kL,kR)
∣∣∣ kL‖<0,kR‖>0,

q0=0

=− 1

N⊥

∑

k⊥

∑

ν=±1

Θ(
∣∣νΛ +AP(k⊥, q⊥, q̃‖)

∣∣− Λ)×

× 1

2

(
tanh

βνΛ

2
− tanh

−β(νΛ +AP(k⊥, q⊥, q̃‖))

2

)
×

× Λ

2νΛ +AP(k⊥, q⊥, q̃‖)
F ((−, k⊥), (+, k⊥ + q⊥))

T→0−→ − 1

N⊥

∑

k⊥

× Λ

2Λ +
∣∣AP(k⊥, q⊥, q̃‖)

∣∣F ((−, k⊥), (+, k⊥ + q⊥)) .

é Á+1 ó�ó ê
� ©C¹º©k¥Ã\�¥·�©¸¨®Ç±�\a��Ã\¥§�ªÊ¨I·Q¨�a	�·�©kaªØ
Ã\Ñ�§�·Q¨�¹º�¸©íé ó 1 «K8¸êMÓ9©���§ka��²0¨��\©k��©��æ�©�·xªº�\°��\©/¨
ªº�±,Ã\Ñ^§�·K¨�¹º��©k#	k�����\©�����°R·xªº¹º�·Q¨�¹º��©Àé µ 1 «cê 1
¹ Ê8³�Ê86 çïÎ¾Ð)Ø_Ï@ÓBÎ¾Ó#Î�Ô$ã�x#Ø_Ò#Ó#ÎFÏ

) ¶/�±Ç k æ0¼kÃq¯�·x� r Ó k⊥ Ó m �M¨Öªj·ÀÇ\��©�	k¹Ê¨�¹º�¸© ξ(k,m) = νΛ Óâ��© �¸²�¨�¹º�\©/¨zªº�±�P¼0¯k���±�¥¹º��©�&�§�¹Ê¶�·x©¸¨I�\&¯v��§�� ξ(k′,m′)
� $ ·x©k&ªº�aÇc·x©�·xªô	k� 6 ����¯v�\�±Ó k′ = −k + q·\¶/�±Ç q‖ �§k÷e�·x°e°��\©¸¨�¯v�M¨I¹Ê¨#¯v��§��8Ñ^§�� r′ = −r 1�$ ��©kÇ

ξ(k′,m′) = νΛ +AC(m,m′, r, k⊥, q‖, q⊥) ,

AC(m,m′, r, k⊥, q‖, q⊥) = −ε⊥(k⊥,m) + ε⊥(−k⊥ + q⊥,m
′)− rvF‖q‖ .

$ ·x©�+ªº��Ç±·x©�·xª�	k� ' �\¹º�±��ªº±Ó k′ = k − rq ·\¶/�\Ç q‖ = 2k1D
F + q̃‖

¨��±ª�Ñ^§k� r′ = −r ÓÇ±��Ñ^§�¹�	k��©�©k�
ξ(k′,m′) = −νΛ−AP(m,m′, r, k⊥, q̃‖, q⊥),

AP(m,m′, r, k⊥, q̃‖, q⊥) = −ε⊥(k⊥,m)− ε⊥(k⊥ − rq⊥,m′)− vF‖q̃‖ .
ÎT·®¥§�¹Ê¨���	�§ÏÇ±·xªºÇ\§�ª��±7¨+·x©�·xªº�¸Õ�§k�2·x§ÏÇc·x,	�
§�©k��²�·�©k	k� 1
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Ö ×Ø× �2Ùk� �

ç è þ � ÿ þ � é ���i�T� ù����{� � �
� � ��ÿÀ� � þ � � ��� �À� þ ü¡üôþ � � ��	 üw¬%� � ÿ þ
ÿ þ ÿ þ � � �,� Æ ÿ þ � � � � � Õ ù �U� ù ¿ þ
ÿÀ� � þ � � ��� �À� þ ü � � � ��� � �

Îr·¿¨I�\°�¯*Ã\�¥·Q¨�§����Ï	��Ö¨��¥·x©�¥¹Ê¨�¹º��©}¶/�\��R§k©%���¥	k���»	r
��©k	k�»	��Ï	��\©k¥¹Ê¨�Ã»	��Ï¥¯k¹º©
	�·�©k&§k©ßÇ\��©�	k§�ÇM¨��\§��+Ñ^§�·��¹ . §k©k¹º	�¹º°��\©�¥¹º��©k©��\ª9¯v�±§�¨�ÚP¨����a�¸²�¨��\©�§k�a¯�·x�&§k©ßÇ±·xªºÇ\§kª
�\© �#'v) ÓôÇ¸
�\-¨`Òß	k¹º�¥�Ï�\©ç©k��§�����±7¨I���\¹ºÕ�©�·x©¸¨`·x§%Ç±·x©�·xª,	k� ' �±¹º�\��ªº 1¡' ��§��a¨��\©�¹º�
Ç\��°e¯�¨��â	k�âªØ
�PÍ*�P¨ô	k�\,<�§kÇM¨�§�·Q¨�¹º��©��§k©�¹º	k¹º°e�\©k¥¹º��©�©k�\ªºªº�\±ÓQÑ^§k¹^��Ã\	k§�¹º¥�\©¸¨ôÙd���7¨��±°��\©/¨
ªj·R¨I�\°�¯*Ã\�¥·Q¨I§k����Òzªj·xÑ�§k�\ªºªº��ªØ
����	����®�\-¨2ÃM¨I·x²kªj¹ØÓG��©ß¯*�\§�¨5���±°�¯kªj·�Ç\�\�&ªØ
¹º©¸¨I�\�¥·xÇM¨I¹º��©
©^§��»¯�·x�R§k©k�Û¹º©¸¨��±�¥·xÇM¨�¹º�¸©(���\©k�¸��°e·xªº¹º¥Ã\�Û¯�·x�eªº�Û��Ã±Õ�¹º°��Û§�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ª 1�6 �\Ç\¹
���P¶0¹º�\©¸¨ÖÒÀ§k©k�ÛÇ\�¸§k¯k§����ÛÙd�¥·x©�ÇIÈk�Û�\©/¨����Ûªº�\`	��\§�¼%��Ã±Õ�¹º°��\`	��Û	k¹º°��±©k¥¹º��©k©�·xªº¹Ê¨�Ã�Ó
·\¶/�\ÇÛÇ\��§k¯�ªj·xÕ��Ö¨��K¨M·xª,	k�\eÇc·x©�·x§0¼ç	�·x©�eªº�»��Ã\Õ�¹º°e�»§k©�¹º	k¹º°e�\©k¥¹º��©k©��\ª8�M¨`¯�·xe	��
Ç\��§�¯kªj·xÕ¸��	k�5Ç±·x©�·x§�¼Ö	�§z¨���§0¨#	�·�©k,ªº���¥Ã\Õ�¹º°��5²k¹º	�¹º°��\©��¹j��©k©k�±ª 1$ 
§�©k��Ù ·xÂ\��©À·xªÊ¨��\��©�·Q¨�¹Ê¶/�¸Ó���©½¯v�±§�¨2¯�·x�¥�\�5	�
§k©½��Ã\Õ�¹º°e�eÒÏªØ
4·x§�¨��¥��¯�ªº§k5Õ��¥· .
	k§��\ªºªº�\°e�\©¸¨C¤³�71¥�� ' ��§k�®ªj·q¯�ªº§k¯�·��7¨�	��\®Ç\��§k¯�ªj·xÕ��\®Ñ�§k¹��±©¸¨����\©/¨�	�·x©k®ªº�ÖÇ±·xªºÇ\§kª�#'*) Ók�¸©»·

qP⊥ = π/b �M¨ qC⊥ 6= 0. é 6+1 «cê
� �¸§k®·xªºªº�¸©k�·x¯k¯�ªº¹ºÑ^§k�\�aªº�\®Ã\Ñ^§�·Q¨�¹º��©k®	k�z���\©k�¸��°e·xªº¹º�·Q¨I¹º��©ëé µ 1 «Qê2�\©Ä¥§�¯k¯v�¸¥·�©¸¨
Ñ^§��»é 6&1 «cê&�\-¨�¶0��·x¹�¯v�¸§k� ® § �%¶ ªº�±5Ç\��§k¯�ªj·xÕ��\RéØ�\©½ÇIÈk��¹º¥¹º¥�·x©¸¨ qC⊥ := π/2b ê 1�� ¹©k�¸§k,°��M¨¥¨���©k T = 0 ·Kæ�©Ï	k�5�¹º°e¯kªº¹èæ��\�8ªX·®	k¹º¥Ç\§�¥�¹º�¸©�Ók©���§k,��²�¨I�\©k��©�£ 	�·x©k,ªº�5��Ã\Õ�¹º°e��§�©k¹º	k¹º°e�\©k¥¹º��©�©k�\ª�� BP ≈ 1

2 ≈ BC Ó£ 	�·x©k,ªº�5��Ã\Õ�¹º°e��²�¹º	k¹º°��±©k¥¹º��©k©��\ª�� BP ≈ 1
2 � BC

1
) ¶/�\Ç�ªº�±,	kÃPæ�©k¹Ê¨�¹º��©�

I1D :=

∫ π/b

−π/b

dk⊥
2π/b

BC ,

I2D :=

∫ π/b

−π/b

dk⊥
2π/b

(
BP −BC

)
,

«c¬�¬



2 4 6 8

0.1

0.2

0.3

0.4

0.5

I1D,2D

− ln(Λ/Λ0)

�X *¡O¢ 6&1 «>£`Îr�\8Ù ·xÇM¨��\§���8	k¹º°��±©k¥¹º��©k©��\ªº I1D
é ªº¹ºÕ¸©k�&©���¹º���cê��M¨ I2D

éØ�\©Ö¯v�¸¹º©¸¨�¹ºªºªºÃcê
�±©eÙd��©�ÇM¨�¹º��©R	k§R¯�·x�¥·x°eÌM¨��¥�,	k�=<��K¨cÓ/·\¶^�\Ç Λ0 = 15t⊥

1/' ��§��¡Ç\�¸°�¯�·��¥·x¹º¥��©Û� Λx1 =
t⊥/π Ç\�¸�����\¥¯*��©k	»Ò (− ln(Λx1/Λ0)

)
≈ 3.85

1

��©Û¯v�±§�¨���Ã±����Õ¸·x©�¹º��±�,ªº�\#Ã±Ñ^§�·Q¨I¹º��©k#	��5���\©�����°e·�ªº¹º�·Q¨�¹º��©Û��±ªº��©Ûªº�5��Ã\Õ�¹j°��2	k¹º°��±© .
¥¹º��©�©k�\ªØÓ

dΓ̃α
dl

= I1D

∑

ij

(
CCα,ijΓ̃iΓ̃j − CPα,ijΓ̃iΓ̃j

)

−I2D

∑

ij

CPα,ijΓ̃iΓ̃j .

Î¡
4·xªºªº§����5	k�\,Ùy·xÇP¨��\§k�¥8	�¹º°��\©�¥¹º��©k©��\ªº,�\-¨#°e��©¸¨���Ã±��	�·�©k,ªj· 3 ¹ºÕ 1v6+1 « 1
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Ö ×Ø× �2Ùk� ê

Ú � � �ìþë�����9ú �¡ü{�,� Æ � ü{�ôúÀ	Äþ � � �l�À	 � �

�íì � �T� � þ � �ýù � �Rp� � �¡ÿÀ� � þ � � �{� ��� þ ü
î ÿ þ ��ï ú ù � ÿ þ �

� ��§�t	�ÃPæ�©�¹º¥��¸©k8	k�\8�¸¯vÃ\�¥·K¨��\§k�¥tÑ�§k¹GÇ\�¸�����\¥¯v�¸©k	k�±©¸¨#·x§Ï¯�·x��·x°�ÌM¨I���&	r
����	k�¥�
¥§k¯��¥·xÇ\��©�	k§�ÇM¨��\§��t¥¹º©�Õ�§kªº�M¨aé α = s êt��§z¨I��¹º¯kªº�P¨�é α = t êtÇ\��°�°e��¥§k¹Ê¨��

O(α,Υ)(x, τ) :=
∑

σ′σ

∑

y

cσ′(x, τ)τ
(α)
σ′σΥ(x,y)cσ(y, τ),

�:� τ �\-¨,§k©z¨��\°e¯k8¹º°e·xÕ�¹º©�·x¹º����Ók�M¨#ªº�\8°e·Q¨I��¹ºÇ\�\ τ (α) ��¸©¸¨,	�ÃPæ�©�¹º�\8	�·x©��é )�1 «±´¸ê 1
ÎT·RÙd��©�ÇM¨�¹º��© Υ 	�Ã\Ç\��¹Ê¨&ªj·R-Ð0°eÃM¨���¹º��¥¯�·Q¨I¹j·xªº��	k�\+¯�·x¹º���±�	�� 6 �^�¸¯v�\���\©qÑ^§��\-¨�¹º��© 1' ��§k�e§�©k�Ï¯�·x¹º���»¥¹º©kÕ�§�ªº�M¨cÓ¡��©%¯*�\§�¨R¯�·x�e�M¼0�\°e¯kªº�»Ç\��©��¹j	kÃ\���±��§�©k�Ï-Ð0°eÃM¨��¥¹º�Ï	��
¨!Ð0¯*�

− s � Υ(x,y) = δx,y ; é $a1 «cê
− d � Υ(x,y) =

1√
2
δx‖,y‖(δx⊥,y⊥−b + δx⊥,y⊥+b) ; é $a1 ³�ê

− g � Υ(x,y) =
1√
2
δx‖,y‖(δx⊥,y⊥−2b + δx⊥,y⊥+2b) .

é $a1 ó ê
ÎT·®¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã5ªº¹º²k���5Ç\�����¥�\¥¯v��©�	�·x©¸¨I�&�±7¨�	kÃ\æ�©k¹º�5¯�·x�

χ
(α,Υ)
0 (x′,x; τ ′ − τ) := 〈T̂τO(α,Υ)(x′, τ ′)O(α,Υ)†(x, τ)〉0.

;&©`¯k���\©�	k�¥·2ªj·�¶�·xªº�±§k�â°��cÐ/�\©k©���¯�·x�â�¥·x¯�¯v���-¨t·x§ É ·x°e¹ºªÊ¨���©k¹º�±©`�·x©k�¹º©¸¨��\��·xÇM¨�¹º��©�
H0
186 ��°�°e�qªº�\zÃM¨I·K¨�z¯k����¯����\z	k� H0

©��q°�Ã\ªj·�©kÕ��\©¸¨Ï¯�·�`ªº�\zÃP¨I·Q¨�z	k�q¥¯�¹º©k
	k¹ºÍ*Ã\���\©/¨�±Ók�M¨�Ç\��°�°e� τ (α)

σ′σΥ(x,y) �\-¨�·x©/¨�¹º-Ð0°�ÃP¨���¹ºÑ^§���¯�·x�8��·x¯k¯*���7¨�Ò�ªØ
Ã\ÇIÈ�·�©kÕ��¥¹º°�§�ªÊ¨I·x©kÃ σ′ ↔ σ Ó x↔ y Ó
χ

(α,Υ)
0 (x′,x; τ ′ − τ) =

2
∑

σ′σ

∣∣∣τ (α)
σ′σ

∣∣∣
∑

y′y

Υ(x′,y′)Υ∗(x,y)G
(0)
σ′ (x′,x; τ ′ − τ)G(0)

σ (y′,y; τ ′ − τ) é $a1 µ/ê

«c¬�8



·\¶/�±Ç
G(0)
σ (x′,x; τ ′ − τ) = 〈T̂τcσ(x′, τ ′)c†σ(x, τ)〉0.) ¯k��Ì\t¨I�¥·x©k¥Ùd���¥°e·Q¨�¹º�¸©Ï	�� 3 ��§k��¹º�±�8¯�·x�,�¥·x¯�¯v���-¨#·�§z¨I�\°�¯�8¹º°R·xÕ�¹º©�·�¹º����Ó

χ
(α,Υ)
0 (x′,x; iω0)

=T

∫ β

0
dτ

∫ β

0
dτ ′eiω0(τ ′−τ)χ

(α,Υ)
0 (x′,x; τ ′ − τ)

= 2
∑

σ′σ

∣∣∣τ (α)
σ′σ

∣∣∣
∑

y′y

Υ(x′,y′)Υ∗(x,y)×

×T
∑

ω

G
(0)
Lσ′(x

′,x; iω)G
(0)
Rσ(y′,y; i(−ω + ω0)).

é $�1 Þ�ê

Îr�\TÙd�¸©kÇM¨�¹º�¸©kT	k� Æ �¥�\�\©5¯*�\§�¶/�±©¸¨�ÚM¨������M¼0¯k�¥¹º°�Ã\�\T�\©�¨��\��°e�\T	k�\TÙd��©�ÇM¨�¹º��©�r	r
��©k	��
φmk (x) 	��\,ÃM¨I·Q¨I,¯k����¯����\,	k� H0

�

G(0)
σ (x′,x; iω) =

∑

m,k

φmk (x′)
(
φmk (x)

)∗

iω − εmk
,

φmk (x) =
1√
N
eik‖x‖

∑

ϑ∈{o,π}

(
γmϑk⊥

)∗
ei(k⊥+ϑ

b
)x⊥ .

ÎT·5¨���·x©k¥Ùd���¥°e·Q¨�¹º�¸©z	k� 3 ��§���¹º�\��	�·x©ktªØ
�\¥¯�·�Ç\�+	k�¸©k©k�+¯*��§k��ªj·a�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹è¶0¹Ê¨�Ã
¥¹º©�Õ�§kªº�M¨

χ
(s,Υ)
0 (q′,q; iω0) =

1√
N

∑

x′
e−iq

′.x′ 1√
N

∑

x

e−iq.xχ(α,Υ)
0 (x′,x; iω0)

=
4

N

∑

k′k

∑

m′m

∑

ϑ′ϑ

δq′‖,q‖
δq‖,k′‖+k‖

χm
′m

SC (k′,k;ω0)×

×
[(
γm
′ϑ′

k′⊥

)∗
δq′⊥,k

′
⊥+k⊥ +

(
γ
m′(ϑ′+π)
k′⊥

)∗
δq′⊥,k

′
⊥+k⊥+π

b

] (
γmϑ

′
k⊥

)∗
×

×
[
γm
′ϑ

k′⊥
δq⊥,k′⊥+k⊥ + γ

m′(ϑ+π)
k′⊥

δq⊥,k′⊥+k⊥+π
b

]
γmϑk⊥ ×

×
{

1 é -Ð0°eÃM¨���¹º� s ê
2 cos lb(k⊥ + ϑ′

b ) cos lb(k⊥ + ϑ
b ) é l = 1 � d ¯ l = 2 � g ê , é $�1 7¸ê

�:�
χm
′m

SC (k′,k;ω0) := T
∑

ω

1

iω − εm′L,k′
1

i(−ω + ω0)− εmR,k
.

6 ��°�°e�5	k¹º¥Ç\§�¨IÃ5·�§»	kÃ\²�§�¨�	k�5ªj·�¥�\ÇM¨�¹j��©qÞ 1 ³�Ó�ªº�±,	�¹Ê¶/�\�� δ ªj·x¹º¥¥�\©¸¨+	k�\§0¼ÏÇ\��°�²�¹ .©�·x¹º¥��©k#	�� q⊥ Ó q′⊥ ¯v��¥¥¹º²�ªº�\5� q⊥ = q′⊥
��§ q⊥ = q′⊥ ± π

b

1�6 �\Ç\¹T©�
�\-¨�¯�·�,ªº�2Ç±·x
¯*��§k�aªØ
�M¼k¯k���±�¥¹º��©}Ç\�������±�¯*��©k	�·x©¸¨��z¯*��§k�a§k©C-Ð0-¨�Ì±°��ÖÒq§k©��`¥�\§�ªº�z²�·�©k	k��Ó9Ñ^§��

« 9 ´



ªØ
��©¿���M¨I����§�¶/��¥¹��¸©q¯v��¥� γ−o = 1 �P¨�¨���§k+ªº�\&·x§0¨����\ γ = 0 � χ0(q′,q) ∝ δq′,q�M¨

χ
(s,Υ)
0 (q; iω0)

∣∣∣∣
1 bande

=

4

N

∑

k′k

δq,k′+kχ
−−
SC (k′,k;ω0)

{
1 é Υ = s ê ,
2 cos2 k⊥b é Υ = d ê . é $a1 ¬�ê

$ ·x©keªØ
Ã±Ñ^§�·Q¨I¹º��©£é $a1 7¸êMÓ�ªº�±e��¸°�°��±e	k� k Ó k′ ¥��©¸¨`���\-¨����\¹j©¸¨��\RÒáªj·ß¯k�¥�\°�¹ºÌ\�¥�Å\��©��R	k� Á �¥¹º��§kªºªº¹º©rÓr�±©½¯�·x�7¨�¹ºÇ±§kªº¹º�\� k′⊥ ∈] − π
2b ,

π
2b ]
1�$ 
4·x¯k��Ì\�ªj·»¥�\ÇM¨�¹º��©CÞ 1 «�Órªj�\

¯k�¥�^	k§�¹Ê¨�,¥Ç±·xªj·x¹º�� γ ¶^Ã\��¹èæ��±©¸¨
γmϑk⊥ = mγ

m(ϑ+π)
k⊥+π

b
.

;&©Ï¯v�±§�¨#	k�¸©kÇ����\°e¯kªj·xÇ±�\�
γ
m′(ϑ+π)
k′⊥

δk′⊥,q⊥−k⊥−πb = m′γm
′ϑ

k̃′⊥
δk̃′⊥,q⊥−k⊥

,

�:� k̃′⊥ ©�
4·x¯�¯�·x�7¨I¹º�\©¸¨�¯�ªº§k&Ùd�¸��Ç\Ã\°e�\©¸¨5Òzªj·`¯����\°e¹ºÌ\���aÅ\�¸©k�a	�� Á ��¹º��§�ªºªº¹º© 1�� �\°e·�� .Ñ^§���©k,	�
<·x¹ºªºªº�\§k�¥,Ñ^§r
§k©z¨��±ª�ÇIÈ�·x©�Õ��\°e�\©¸¨�	k�+¶�·���¹j·x²kªº�5©�
4·KÍG�\ÇM¨��5¯�·� χ Ó
χm
′m

SC (...k′⊥...) = χm
′m

SC (...(k′⊥ +
π

b
)...) .

) ¶/�\Ç P := (0, πb ) Ók©���§k,��²0¨��\©k��©�,	k��©�Ç

χ
(s,Υ)
0 (q,q; iω0) =

4

N

∑

k

∑

m′m

∑

ϑ′ϑ

δq′‖,q‖
δq‖,k′‖+k‖

χm
′m

SC (q− k,k;ω0)×

×
(
γm
′ϑ′

q⊥−k⊥

)∗ (
γmϑ

′
k⊥

)∗
γm
′ϑ

q⊥−k⊥γ
mϑ
k⊥ ×

×
{

1 éØ7Ðk°�ÃM¨I��¹º� s ê ,
2 cos lb(k⊥ + ϑ′

b ) cos lb(k⊥ + ϑ
b ) é l = 1 � d ¯ l = 2 � g ê ,

é $a1 9 ê

χ
(s,Υ)
0 (q,q±P; iω0) =

4

N

∑

k

∑

m′m

∑

ϑ′ϑ

δq′‖,q‖
δq‖,k′‖+k‖

χm
′m

SC (q− k,k;ω0)×

×m′
(
γm
′ϑ′

q⊥−k⊥

)∗ (
γmϑ

′
k⊥

)∗
γm
′ϑ

q⊥±πb−k⊥γ
mϑ
k⊥ ×

×
{

1 éØ7Ðk°�ÃM¨I��¹º� s ê ,
2 cos lb(k⊥ + ϑ′

b ) cos lb(k⊥ + ϑ
b ) é l = 1 � d ¯ l = 2 � g ê .

é $a1 8¸ê
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$ 
§�©k��Ù ·xÂ\��©»¯kªº§k,�M¼k¯kªº¹ºÇ\¹Ê¨I��Ók��©Û·®¯*��§k�8ªj·�¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ&	��+¨!Ð0¯*� d �
χ

(s,d)
0 (q,q; iω0) =

8

N

∑

k

cos2 k⊥b
[(
χ++
SC (k′,k) + χ−−SC (k′,k)

)(
γ+o
k′⊥
γ+o
k⊥
− γ+π

k′⊥
γ+π
k⊥

)2

+
(
χ+−
SC (k′,k) + χ−+

SC (k′,k)
)(
γ+o
k′⊥
γ+π
k⊥

+ γ+π
k′⊥
γ+o
k⊥

)2]
∣∣∣∣
k′=−k+q

,

é $a1 «±´¸ê

χ
(s,d)
0 (q,q±P; iω0) =

8

N

∑

k

cos2 k⊥b
[(
χ++
SC (k′,k)− χ−−SC (k′,k)

)(
γ+o
k′⊥
γ+π
k′⊥
− γ+o

k⊥
γ+π
k⊥

)

+
(
χ+−
SC (k′,k)− χ−+

SC (k′,k)
)(
γ+o
k′⊥
γ+π
k′⊥

+ γ+o
k⊥
γ+π
k⊥

)]∣∣∣∣
k′=−k+q

.

é $a1 «�«cê

' �¸§k� Υ = g Ók��©»·
χ

(s,g)
0 (q,q; iω0) =

8

N

∑

k

cos2 2k⊥b
[(
χ++
SC (k′,k) + χ−−SC (k′,k)

)(
γ+o
k′⊥
γ+o
k⊥

+ γ+π
k′⊥
γ+π
k⊥

)2

+
(
χ+−
SC (k′,k) + χ−+

SC (k′,k)
)(
γ+o
k′⊥
γ+π
k⊥
− γ+π

k′⊥
γ+o
k⊥

)2]
∣∣∣∣
k′=−k+q

,

é $a1 «c³�ê

χ
(s,g)
0 (q,q±P; iω0) =

8

N

∑

k

cos2 2k⊥b
[(
χ++
SC (k′,k)− χ−−SC (k′,k)

)(
γ+o
k′⊥
γ+π
k′⊥

+ γ+o
k⊥
γ+π
k⊥

)

+
(
χ+−
SC (k′,k)− χ−+

SC (k′,k)
)(
γ+o
k′⊥
γ+π
k′⊥
− γ+o

k⊥
γ+π
k⊥

)]∣∣∣∣
k′=−k+q

.

é $a1 « ó ê

;&©R��²0¨�¹º�\©¸¨tªj·2�§��Ç±�\¯�¨�¹j²k¹ºªº¹Ê¨�Ã�¯v��§���ªj·2�§�¯k�¥·�Ç\��©k	�§kÇM¨�¹Ê¶k¹Ê¨�Ã#¥¹º©kÕ�§�ªº�M¨t·\¶^�\Ç�7Ðk°�ÃM¨I��¹º�
s �¹r��©Ï�¥�\°�¯�ªj·xÇ\�+¨I��§k,ªº�\ cos ¯�·x� 1√

2
	�·x©k,ªº�\,�¥Ã\¥§kªÊ¨I·K¨�,¯v��§�� Υ = g

1
Î¡
¹º©¸¨�Ã\Õ¸�¥·Q¨�¹º��©R¥§k� k‖ ¯v�±§�¨âÚM¨����,Ùy·�¹Ê¨��#·x©�·xªÊÐ^¨�¹ºÑ�§k�\°e�\©¸¨â¥¹�ªj·�ªj·x�¥Õ��\§k�¡	��,²�·x©�	k��±©Ï	k¹º�¥�\ÇM¨�¹º��©»¯�·��¥·xªºªºÌ\ªº� 2Λ0

�\-¨#¥§0÷R�·x°�°e�\©¸¨#Õ���·x©k	���	k�M¶¸·x©¸¨ V Ó t⊥ �M¨ T �
1

N‖

∑

k‖

χm
′m

SC (k′,k; 0)
∣∣
k′=q−k

=
a

2πvF‖

∫ Λ0

−Λ0

dε‖χ
m′m
SC (k′,k; 0)

∣∣ ε‖=εk
k′=q−k

=
a

2πvF‖

{
ln

Λ0

2πT
− � � Ψ[1

2
+ i

1

4πT

(
vF‖q‖ + εm⊥ (k⊥)− εm′⊥ (k′⊥)

)]}
,

é $a1 «\µ/ê
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$ ·x©ktÇ\�M¨,·x©�©k�M¼k��Ó�©k��§���P¼0¯k��¹º°e��©ktªº�#¨I�\��°e��	r
¹º©¸¨��±�¥·xÇM¨�¹º�¸©�Ó HI
Ó��M¨8Ç±�\ªº§k¹*Ñ�§k¹

	�Ã\Ç\��¹Ê¨tªº�#Ç\��§�¯kªj·xÕ��+Ò5	k�\âÇIÈ�·x°�¯���M¼�¨��\��©��\±Ó Hext
Ó/�\©RÙy��©kÇM¨I¹º��©R	k�\âÃM¨M·Q¨�â¯k�¥��¯k���\

	�§ É ·�°�¹ºªÊ¨���©�¹º�\©»ªº¹º²k���¸Ó H0
Ók	�§Ï-Ð0-¨�Ì\°e�5·\¶/�\Ç5¯*�K¨��\©¸¨I¹º�\ªr·x©�¹º��©k¹ºÑ�§k� 1

D Å�Æ ¼ �#�v���*�#�r�*�¥�,�
� ¹#©k��§k`©k��§�R���\-¨����±¹ºÕ�©k��©�`Òá	��\R¹º©¸¨��±�¥·xÇM¨�¹º�¸©kR�±©¸¨����ÛÙd�\�¥°�¹º��©�RÑ^§k¹#¥�»	�Ã .

¯�ªj·xÇ\�\©/¨cÓc�\©�Ç\�âÑ^§k¹/Ç±��©kÇ\�\�¥©k��ªj·#	k¹º�¥�\ÇM¨�¹º��©�¯�·x��·xªºªºÌ\ªº��·x§�¼2ÇIÈ�·Q×X©��\±Óc�\©�¥�\©k���¯�¯v��¥Ã\±Ó
§�©k��¹º©/¨��\�¥·xÇP¨�¹º��©»¯k§k�¥�\°��\©/¨#¹º©¸¨���·xÇIÈ�·Q×d©k��±
Ã\Ç±��¹Ê¨

HI =
U

N2
‖

∑

σjk‖j

fI({(σj , k‖j)})N‖δk′‖1+k′‖2−k‖2−k‖1,0HI⊥({σj , k‖j}) ·\¶/�\Ç

HI⊥({σj , k‖j}) =

N⊥∑

l=1

R†
σ′1k
′
‖1l
L†
σ′2k
′
‖2l
Lσ2k‖2lRσ1k‖1l.

é �,1 «cê
ÎT·e¨��¥·�©k¥Ùd����°R·Q¨�¹º��©¿	k� 3 �¸§k��¹º�\�+	�·�©k+ªj·`	k¹º���±ÇM¨�¹º��©¿¯*�\��¯v�±©k	k¹ºÇ±§kªj·x¹º���®·x§�¼qÇIÈ�·Q×X©��\
	���©k©��

HI⊥ =
1

N⊥

∑

k⊥j

{δk′⊥1+k′⊥2−k⊥2−k⊥1,0 mod 2π
b
×

×
∑

ϑj∈{o,π},
# pair de π

R†
σ′1,k

′
1,ϑ
′
1
L†
σ′2,k

′
2,ϑ
′
2
Lσ2,k2,ϑ2Rσ1,k1,ϑ1

+δk′⊥1+k′⊥2−k⊥2−k⊥1,
π
b

mod 2π
b
×

×
∑

ϑj∈{o,π},
# impair de π

R†
σ′1,k

′
1,ϑ
′
1
L†
σ′2,k

′
2,ϑ
′
2
Lσ2,k2,ϑ2Rσ1,k1,ϑ1} .
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' ��§k�,¯�·x¥¥�\�#Ò®ªj·®²�·x¥��¯k�¥��¯k���5	k� H0
Ók¯����xæk¨���©k,	��

Rσkϑ =
∑

m

γmϑk⊥
∗
Rσkm

é ¯�·x���\¹ºªt¯v��§��aªº�\®��¯*Ã\�¥·Q¨��±§k�� Lσkϑ/m
ê2¯v�¸§k�a��²0¨��\©k¹º�®ªØ
Ã\Ñ^§�·Q¨�¹º��©ìé�Þ 1 « ó ê2	���©k©�Ã\�

	�·�©k,ªj·���±ÇM¨�¹º��©qÞ 1 ó 1 « 1

D ÅÌÄ ¥ �#���a�¥�,�8�¡�í�#�ÂÈå��ë2�#���a�í��È&�*�ô�G�¥�¡�2�G�ë���#���ë�a� ��Ë5��¤
�XÌ¡���ò� �2�¡�ÂÈó½a�#�����¡�

6 ·xªºÇ\§�ªº��©k�ªº�\��M¼0¯k�¥�\¥¥¹º��©k�	�·x©�&ªj·z²�·x¥� ψm,k é Ç\Ù 1 ªX·`¥�\ÇP¨�¹º��©½Þ 1 «Qê�¯v�¸§k�+ªj�\
¶/�\�-¨��M¼ z ÓôÑ^§k¹t	kÃ\Ç\�¥¹Ê¶/�\©¸¨eªº�zÇ\��§�¯kªj·xÕ��Ö�\©/¨����zªj�\®Ùd�\��°e¹º��©k®�M¨e	k�\®ÇIÈ�·x°�¯�®�M¼^¨�Ã .��¹º�±§k�� 1�� �\§kªº�\°e�\©¸¨5ªj·`	�Ã\��¹Ê¶�·K¨�¹º��©ß¯v��§��+ªº�aÇc·x&	k�aªj·z¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã®�¹º©�Õ�§kªº�P¨
�\-¨â	k��©�©kÃ\�¸Ó�ªº�\�Ç±·xªºÇ\§�ªº¡¯*��§k�¡ªº�\â·x§�¨��¥�\¡¹º©k-¨I·x²�¹ºªº¹Ê¨�Ã\�ÃM¨I·x©/¨¡¨���§�¨�Ò�Ùy·x¹Ê¨�·x©�·xªº��Õ�§k�± 1

Îr·�¯�·x�-¨�¹º��	k§ É ·x°e¹ºªÊ¨���©�¹º�\©Ï�±©ÏÑ^§��\-¨�¹º��©»±
Ã\Ç\��¹Ê¨

H
(s,Υ)
ext =

∑

σ′σ

∑

x,y

h
(s,Υ)
x

∗
cxσ′τ

(s)
σ′σΥ(x,y)cyσ + h.c.

é Ç±Ù 1^$ ê 1�� ·x¯k¯*�\ªº��©�âÑ^§k�aé Ç\Ù 1 Þ 1 ³¸êMÓ^	�·x©�âªj·�¨��¥·x©�¥Ùd����°eÃ\�#	�� 3 ��§���¹º�\�â	k§`ÇIÈ�·x°e¯ h Ó

hx =
1

N

∑

q

eiq.xhq,

ªj·¿Ç±��°�¯*���·x©¸¨��`¨I�¥·x©k-¶/�±���·xªº� q⊥ 	�§Ä¶/�\ÇM¨I�\§k�®	��Ö°��^	�§kªj·Q¨�¹j��©Ä¶�·x�¥¹º�Ö	k� 0 Ò 2π
b
Ó

¨I·x©�	k¹º`Ñ^§��Ûªº�\`©k��°�²����\`Ñ^§�·x©/¨�¹ºÑ^§��\ k⊥ ¥��©¸¨Öªº¹º°�¹Ê¨�Ã±`ÒÀªj·½¯k���\°e¹ºÌ\���ÛÅ±��©k�Û	��Á ��¹º��§�ªºªº¹º©»��Ã\	�§k¹Ê¨��5Ò ]− π
2b ,

π
2b ]

�

cxσ =
1√
N

∑

ϑ∈{o,π}

∑

k⊥

ei(k⊥+ϑ
b

)x⊥
(∑

k‖≥0

eik‖x‖Rkϑσ +
∑

k‖<0

eik‖x‖Lkϑσ

)
,

Υ(x,y) =
1√
N

∑

ϑ∈{o,π}

∑

k

eik.xei
ϑ
b
x⊥Υ(k, ϑ; y),

·\¶/�\Ç

Υ(k, ϑ; y) =
1√
N

∑

x

e−ik.xe−i
ϑ
b
x⊥Υ(x,y)

=
1√
N
e−ik.ye−i

ϑ
b
y⊥ ×

×
{

1 é ¥¹�-Ð0°�ÃP¨���¹º� s ê√
2 cos lb(k⊥ + ϑ

b ) é l = 1 � d ¯ l = 2 � g ê
« 9 Þ



�P¨®ªº�`©k��°a²k���`	k�`¥¹Ê¨��± N = N‖N⊥
1�� ¹â©k��§��©k��§���¥�\-¨����\¹ºÕ¸©k��©k®ÒÛ	k�\a¯v�M¨I¹Ê¨��\

¶¸·xªº�\§k�¥,	k§z¶/�±ÇM¨��\§���¨��K¨M·xª�¯�·��¥·xªºªºÌ\ªº�¸Ó q‖ � 2k1D
F
Ók©���§k,��²�¨I�\©k��©�

⇒ H
(s,Υ)
ext ⊃

∑

q

h
(s,Υ)
q

∗∑

σ′σ

τ
(s)
σ′σ

1

N2
‖

1

N2
⊥

∑

k′,k

∑

ϑ

N‖δq‖,k′‖+k‖×

×
[
N⊥δq⊥,k′⊥+k⊥Lk′ϑσ′Rkϑσ

+N⊥δq⊥,k′⊥+k⊥+π
b
Lk′(ϑ+π)σ′Rkϑσ

]
×

×
{

1 é s ê√
2 cos lb(k⊥ + ϑ

b ) é d ¯ g ê
+h.c.

=
∑

q

h
(s,Υ)
q

∗∑

σ′σ

τ
(s)
σ′σ

∑

m′m

1

N2
‖

1

N2
⊥

∑

k′,k

∑

ϑ

N‖δq‖,k′‖+k‖×

×
[
N⊥δq⊥,k′⊥+k⊥γ

m′ϑ
k′⊥

∗
γmϑk⊥

∗

+N⊥δq⊥,k′⊥+k⊥+π
b
γ
m′(ϑ+π)
k′⊥

∗
γmϑk⊥

∗]
Lk′m′σ′Rkmσ×

×
{

1 é s ê√
2 cos lb(k⊥ + ϑ

b ) é d ¯ g ê
+h.c.

!
=
∑

q

h
(s,Υ)
q

∗∑

σ′σ

τ
(s)
σ′σ

∑

m′m

1

N2
‖

1

N2
⊥

∑

k′,k

N‖δq‖,k′‖+k‖×

×N⊥δq⊥,k′⊥+k⊥ mod π
b

×z(s,Υ)((k
′,m′), (k,m); q)Lk′m′σ′Rkmσ

+h.c. é �,1 ³�ê
éØÇ\Ù 1 ªº�\#Ã\Ñ^§�·K¨�¹º��©k2é ó 1 ³�Þ�êMÓjé ó 1 ³�¬�êMÓjé ó 1 ó�ó ê�ê 1
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Ö ×Ø× �2Ùk� ô

õ þ
	 � ��� � � � ��	 � � þ Æ �¾½ þ ü�ü�þ

$ �±¿Ùd�\�¥°�¹º��©�¿¥§k�¿§k©��CÃ\ÇIÈk�\ªºªj�CÇ\��©k-¨�¹Ê¨I§k�\©¸¨á§�©�Çc·x¿¥¯*Ã\Ç\¹j·xªa���±ªj·Q¨�¹Ê¶/�\°e�\©¸¨
¥¹º°�¯�ªº�e	�
4§k©½-Ð0-¨�Ì\°e�RÒÏ	��\§�¼á²�·x©k	��\ 1T3 ·x²k��¹ºÅ\¹j��¤ 7¸³1¥â·ÏÃM¨I·�²kªº¹¡ªº�±2Ã\Ñ^§�·K¨�¹º��©k2	��
���±©k����°R·xªº¹º�·Q¨�¹º��©ÄÒÏ	k�\§0¼ß²*��§kÇ±ªº�\2¯v��§���Ç\�\2-Ð0-¨�Ì\°e�\±Ór�\©ß¨��\©�·x©¸¨�Ç\��°e¯�¨��e	���ªj·
���±©k����°R·xªº¹º�·Q¨�¹º��©Û	��5ªj·e¥§k�¥Ùy·xÇ\�2	k� 3 �\��°�¹T	k�2¯kªº§� 1v$ ·x©k#Ç±�M¨�¨���·x©�©k�M¼k��Ó�©���§k�·xª .
ªº��©��Ùy·x¹º�¥��ªº�+ªº¹º�\©Ö�\©¸¨����+¥�\�Ã±Ñ^§�·Q¨I¹º��©k��P¨tÇ\�±ªºªº�\�Ñ�§k��©���§k8·\¶/��©kt	kÃ\�¥¹Ê¶/Ã\�\�	�·x©k�ªº�
ÇIÈ�·x¯k¹Ê¨��¥�2Þ 1� ª�¥�,¨�����§0¶/��Ñ^§k��ªº�\âÃP¨I·Q¨� co/π 	k¹j·�Õ���©�·xªº¹º¥�\©/¨t	kÃ-Ô�Ò5ªj·2¯�·��7¨�¹º��ªº¹º²k�¥�#	�§ É ·x°�¹ºª .¨���©�¹º�\©�Ó�·\¶/�\Ç5ªj·®	�¹º¥¯v�\�¥�¹º�¸©

ε(r, k, ϑ) = vF (rk − k1D
F )− t⊥ cosϑ.

Îr�\#��©�	k�\+·\¶/�\Ç q⊥ = 0 �M¨ q⊥ = π
b
���\-¨��\©/¨�	���©kÇ5	�Ã\Ç\��§�¯kªºÃ\�\±Ó��M¨+ªº�\#¥§��Ç±�\¯�¨�¹º²�¹ .

ªº¹Ê¨�Ã±,	k¹j·xÕ��¸©�·xªº�\#�\© q
1k) ¶^�\Ç�ªº�\t¶^�\ÇM¨��\§���,	k� 3 �\�¥°�¹�	��\,	k�\§0¼Ö²�·x©�	k�\±Ó

kF,ϑ = k1D
F + κ cosϑ,

�:� κ �\-¨#	�ÃPæ�©�¹�Ò�¯�·x�-¨�¹º�8	���ªØ
Ã\Ç±·��7¨��\©¸¨����5ªº�\,	k�±§�¼Ö²�·x©k	k�±\Ó
∆ ≡ 2t⊥ =: 2vFκ,

ªj·�	k¹º¥¯v�±��¥¹º��©Ï±
Ã\Ç\�¥¹Ê¨
ε(r, k, ϑ) = vF (rk − kF,ϑ) .

Îr�\8Ùd��©�ÇM¨�¹º��©� AC/P Ñ�§k�&©k��§�8§�¨�¹ºªº¹º¥��©�t	�·x©k8ªº�\8Ã\Ñ^§�·Q¨�¹º��©�t	��&���\©�����°R·xªº¹º�·Q¨�¹º��©	k�P¶0¹º�\©�©k�\©¸¨
AC(ϑ, ϑ′, r, qC) := vFκ(cosϑ− cosϑ′)− rvF qC
AP(ϑ, ϑ′, q̃P) := vFκ(cosϑ+ cosϑ′)− vF q̃P .

é�;&©}©k�K¨I�ÖÑ^§���Ó�·\¶/�\ÇÏªº�\�	�ÃPæ�©k¹è¨�¹º��©k�§�¨I¹ºªº¹º�Ã±�\�¹ºÇ\¹ØÓ qC , q̃P 6= 0 °�Ú±°��Ö¯*��§k�®	��\
¯k�¥�^Ç\�\¥¥§k,�:�Ö¨���§k#ªº�\t¶/�\ÇM¨I�\§k��,	r
��©k	���¥��©¸¨#	��\,¯v��¹º©/¨�,	k� 3 �±��°�¹ Û ê� ©ë¯k���xæk¨I·x©¸¨Ï	��\Ö-Ð0°�ÃM¨I��¹º�\Ö¯�·x�z��·x¯k¯*���7¨»ÒÄªØ
Ã\ÇMÈ�·x©kÕ¸�¿	��\z¯�·x�7¨�¹ºÇ±§kªº�\Ö�\© .
¨���·x©¸¨��\��¸§e¥���7¨M·x©¸¨��\±Ó¸ªj·5¯�·���¹Ê¨�Ã�Ó¸ª�
Ã\Ñ^§�·K¨�¹º��©qé )�1 µ^êô�M¨âªº�±�-Ð0°�ÃP¨���¹º�\�	k�#ªj·�°e·K¨���¹ºÇ\�
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A‖⊥ é Ã\Ñ 1 é )a1 9 ê�êMÓ�©���§k#¯*��§�¶/�¸©k#©���§k#�¥�\-¨����\¹º©�	k����ÒeªØ
ÃM¨�§�	k�2	k�\#Ç±��§k¯kªX·xÕ��\#¥§�¹ .
¶¸·x©¸¨�5�

Γα,o := Γα(o, o, o, o)

Γα,π := Γα(π, π, π, π, )

Γα,t := Γα(o, o, π, π, )

Γα,f := Γα(o, π, π, o)

Γα,b := Γα(o, π, o, π)

Γα,3o := Γα(o, o, o, π)

Γα,3π := Γα(o, π, π, π),

�:�Öªº�\ α 	kÃ\¥¹ºÕ�©��\©¸¨t¨���§xÔ-��§k��tªj·a	kÃ\¯*�\©k	�·x©kÇ\�+�±©z¥¯k¹º© 10' �¸§k� N⊥ = 2 Ó�ªº�\8���\-¨���¹ºÇ .¨I¹º��©k2¥§k� k⊥ ©k�¸§k2ªº¹º°�¹Ê¨I�\©¸¨®Ò k⊥ = 0 ÓT	k�e¥���-¨��RÑ^§k�Rªº�\2¥�\§�ªº2¯k����Ç\�\¥¥§k�·\¶/�\Ç� °�ï^ªj·�¯k¯z¨��¥·�©k-¶/�\���·xª�¥��©/¨#ªº�\ Γt
¯k¹ºªr©�
 ÐÏ·®¯�·x,	��&¯����^Ç±�\¥�§� Γ3o

��§ Γ3π
1k' ��§k�

¨I��§k9ªº�\�Ç\�¸§k¯kªj·xÕ¸�\9¥·x§�Ù Γb
ÓQ¹ºª^�\-¨9¯*��¥¥¹º²kªº�â	k�â¯*��¥�\�TÑ�§k�¡¨���§��ªº�\T¶/�\ÇM¨I�\§k���	r
��©k	��

¥��©/¨a	k�±2¯*��¹º©¸¨��	�� 3 �\��°�¹â¥·�©k�Ñ^§k�RªX·»Ç\��©���±�7¶�·Q¨�¹j��©À	�§á¶/�\ÇM¨I�\§k�2	r
��©k	���¨��K¨M·xª
¥��¹Ê¨,¶0¹º��ªºÃ±� 1�� ¹�©k�¸§k#·KÔ7��§0¨���©k,§�©k��-Ð0°eÃM¨���¹º�5¯�·x�,�¥·x¯k¯*���7¨�Ò�ªj·�¨���·x©k¥Ùd���¥°e·Q¨�¹º�¸©

(
o↔ π, kj‖ ≡ r

∣∣kj‖
∣∣ 7→ r(−kj‖ + 2k1D

F )
)

¥¹º°�§�ªÊ¨I·x©�Ã\°��\©/¨#¯*��§k��¨��¸§k,ªº�\#·���Õ�§k°e�\©¸¨�,	r
§k©ÏÇ±��§k¯kªj·�Õ���Ó»©k��§k,��²0¨��\©���©k

Γb(0, 0, 0, 4κ) = Γb(0, 0, 4κ, 0) = Γb(0,−4κ, 0, 0) = Γb(−4κ, 0, 0, 0) =: Γb,

�P¨aÇ\�M¨¥¨��RÃ\Õ/·xªº¹Ê¨�Ã`¥�\�¥·ÛÇ\��©k¥�\�-¶/Ã\�R¯�·x�2ªº�p<��K¨®	k�R�¥�\©k���¥°e·xªº¹º�·Q¨�¹j��© 19' ·x��ªj·Û°�Ú\°e�
-Ð0°eÃM¨���¹j��Ó Γo = Γπ =: Γin

1
Îr�\,�M¼0¯k�¥�\¥�¹º�¸©k,¯*��§k�8ªº�\t¶¸·xªº�\§k�¥,	k��	�Ã\¯�·x�-¨#¥��¥¹º°�¯�ªº¹èæ��\©/¨�·x§k¥¥¹��

g({(σj , k‖j)}) = UfI({(σj , k‖j)}),
zα(ϑ′, ϑ; q⊥ = 0) = δϑ′,ϑ,

zα(ϑ′, ϑ; q⊥ =
π

b
) = δϑ′,ϑ+π.

' ��§k�,ªj·�¥§k¯k�¥·�Ç\��©k	�§kÇM¨I¹Ê¶0¹Ê¨�Ã d Ók¹ºªrÙy·x§�¨+·KÔ7��§�¨I�\�8§�©ÏÙy·xÇP¨��\§k� cosϑ
1

Îr�\�Ã\Ñ^§�·Q¨�¹º��©�â	������±©k����°R·xªº¹º�·Q¨�¹º��©Ö	kÃ\Ç\��§�ªº�\©¸¨8	k��Ç±�\ªºªº�\�Ñ�§k��©���§kt·\¶/�¸©k�ÃM¨M· .
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²kªj¹º�\,	�·x©�,ªj·®¥�\ÇM¨�¹j��©ÛÞ 1 ó 1 ³ 1�� ��§�8�¸²�¨��\©���©k5�
d

dl
Γ̃α,in =

1

4

∑

ij

CCα,ij
(
Γ̃i,inΓ̃j,in + Γ̃i,tΓ̃j,t

)

−1

4

∑

ij

CPα,ij
(
Γ̃i,inΓ̃j,in + IΓ̃i,bΓ̃j,b

)
,

d

dl
Γ̃α,t =

1

4

∑

ij

CCα,ij
(
Γ̃i,inΓ̃j,t + Γ̃i,tΓ̃j,in

)

−1

4

∑

ij

CPα,ij
(
Γ̃i,tΓ̃j,f + Γ̃i,f Γ̃j,t

)
,

d

dl
Γ̃α,f =

1

4

∑

ij

CCα,ij
(
Γ̃i,f Γ̃j,f + IΓ̃i,bΓ̃j,b

)

−1

4

∑

ij

CPα,ij
(
Γ̃i,tΓ̃j,t + Γ̃i,f Γ̃j,f

)
,

d

dl
Γ̃α,b =

1

4

∑

ij

CCα,ij
(
IΓ̃i,bΓ̃j,f + Γ̃i,f Γ̃j,b

)

−1

4

∑

ij

CPα,ij
(
Γ̃i,inΓ̃j,b + IΓ̃i,bΓ̃j,in

)
,

�
I :=

2Λ

2Λ + 2∆
.

6 �±+Ã\Ñ^§�·Q¨�¹º��©��¥��©/¨&ªº�\+°eÚ\°��\+Ñ�§k��Ç\�\ªºªº�±#¨�����§0¶/Ã\�\+¯�·x� 3 ·x²k�¥¹ºÅ\¹º�kÓ*�¹9��©q¥���¥�\ .
¨��¥�\¹º©¸¨#Ò�ªj·��¥�\©k����°R·xªº¹º�·Q¨�¹º��©ÏÒa§k©��+²v��§�Ç\ªº��Ó��·x§�ÙrÑ^§k� 3 ·�²k��¹ºÅ\¹j�a§�¨I¹ºªº¹º¥�+§k©Ö¥ÇIÈkÃ\°R·
	k�t�¥�\©k����°R·xªº¹º�·Q¨�¹º�¸©®	�·x©k�ªº�\Ñ^§k�±ª0§k©a	��\ô¯�����¯�·xÕ¸·Q¨��\§���ô¹º©¸¨I�\��©��\ô	r
§k©a	�¹j·xÕ��¥·x°e°��
	k�8���±©k����°R·xªº¹º�·Q¨�¹º��©��\-¨�¥§k��ªj·&Ç\��§k¯�§k��� νΛ Ó¸�M¨¡ªº�8¥�\Ç\��©�	®Ç±�������\¥¯*��©k	eÒ+§�©k�8Ã\©k�\� .Õ�¹º�2	��&¶�·xªº�±§k�#·x²�¥��ªº§k�2Ã\Õ¸·xªº�2��§T³ � �'ª�«·³Û¬ � «¨¬�Ò Λ

1v6 �\Ç±¹rÙ ·x¹Ê¨�Ñ�§k�5ªº�±#Ç\�^�P÷RÇ\¹º�\©/¨� I¥��©¸¨����\°e¯kªj·xÇ\Ã±,¯�·x�
IF =

2Λ

2Λ− 2∆

	�·�©k8ªj·®��Ã\ÙdÃ±���\©kÇ±�+¤ 7¸³1¥ õc1k$ �&¯�ªº§k±ÓkÇ\�\�¨��±��°��\,��¸©¸¨#Ç\��§k¯*Ã\,Ò Λ = 2∆ 	�·x©�ó¤ 7¸³�¥ 1
Îr�z�ÇMÈkÃ\°R·Û	��`���±©k����°R·xªº¹º�·Q¨�¹º��©áÜ-����	����`	��+Nì¹ºÇIï¸à`	k�¸©k©k�\��·x¹Ê¨®ªj�\a°eÚ\°��\®Ã\Ñ^§�· .
¨�¹º�¸©k2Ñ^§k�eÇ\�\ªºªº�±5�¸²�¨��\©�§k�\2¯�·x� 3 ·x²k�¥¹ºÅ\¹º� 1G� §½ªº�±5��Ã±�§�ªÊ¨I·Q¨�2	k�eªj·Ï¥�\ÇM¨I¹º��© ó 1 µkÓr¹ºª
¥�\�¥·x¹è¨8¹º©/¨�Ã\���±��·x©/¨8	�
ÃP¨��\©k	����&©k�K¨��¥�+ÃM¨�§�	k�&Òa	k�\§0¼`²*��§kÇ±ªº�\t�M¨,	�
¹º©kÇ±ªº§k���&ªj·��¥�\©k��� .
°R·xªº¹º�·Q¨�¹º��©Ä	��\�¯v�¸¹º©¸¨��	�� 3 �\��°e¹ØÓT¯*��§k��Ç\��°�¯�·x���\��	k�±���Ã\¥§kªÊ¨M·Q¨��	r
4·x¯k��Ì±�©k�K¨��¥�
¥ÇIÈkÃ±°e·�Ò�Ç\�\§0¼Ö	k�5ªj·®��Ã±ÙdÃ\���\©�Ç\�p¤ 7¸³1¥ 1� ©»Ç\��Ñ�§k¹�Ç\��©�Ç\�\��©���ªº�\#Ùd��©kÇM¨I¹º��©k,	k�5��Ã\¯*��©k¥��Ók©���§k,	kÃ\æ�©k¹º¥¥��©�
ø �_���
_%f� ÿ������û���&'�K����%ú�
*û$	�&'����ÿ úXþv&Z���

d
dl

Γb
	����
_%f� �����úüý�ú(	�ú¦� ö'N�� � &'��û���&Z��\�ú 2

���K%!� ú��	�ú
(1 + I)

-÷��d�R�[&'��û��Ûú � 	����
R% ú$	�ÿ[\'ú�%+&·þ1þ:ú��Xú��·û®%��!�(� ûdÿ�`fN��øhX	�ú$%��(�(���|ú�ÿ������^û���&'� � �d� ú�
*û®U� ú��% ú$	�ÿ[\�ú�%�&·þ�þ:ú��|ú���û®	�ú
I
�����ù�^þ1þ�d���øú û�-
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£ ¯*��§k�,ªº�\,��©k	��\,	k��	��\©k¥¹Ê¨�Ãe�
zj(q⊥ = 0) := zj((−kF,ϑ, ϑ), (kF,ϑ, ϑ); (2kF,ϑ, 0)) ,

zj(q⊥ =
π

b
) := zj((−kF,o, o), (kF,π, π); (2k1D

F ,
π

b
))

(
≡ zj((−kF,π, π), (kF,o, o); (2k1D

F ,
π

b
))
)
,

£ ¯*��§k�,ªj·®¥§k¯��¥·xÇ\��©�	k§�ÇM¨�¹Ê¶0¹Ê¨IÃ�¥¹º©kÕ�§kªj�M¨2�
zj(q⊥ = 0) := zj((−kF,o, o), (kF,o, o); 0)(

≡ ±zj((−kF,π, π), (kF,π, π); 0)
)
,

zj(q⊥ =
π

b
) := zj((−kF,π, π), (kF,o, o); (2κ,

π

b
))

(
≡ ±zj((−kF,o, o), (kF,π, π); (−2κ,

π

b
))
)
,

�P�zªº�&¥¹ºÕ�©k�,Ü + à�	�·x©ktªº�±t¯�·x���±©¸¨�ÈkÌ±��±�Ç±�������\¥¯*��©k	Ï·x§�¼z¯�·x¹º�¥�\8·\¶/�\Ç&-Ð0°�Ã .¨I��¹º� s �M¨#ªº�5¥¹ºÕ�©k��Ü − à�Ò®ªj·�-Ð0°�ÃP¨���¹º� d 16 ��°�°e�z©���§k®©kÃ\Õ¸ªº¹ºÕ��\��©�®ªj·¿	kÃ\¯*�\©k	�·x©kÇ\�z	��\ Γj
�\©}ªj·q	�¹º-¨I·x©kÇ±�z	k�±�¶/�\ÇM¨��±§k��

	r
��©k	���·x§�¼¿¯*��¹º©¸¨��	k� 3 �\��°e¹ØÓGªº�\ zj 	�� q‖ 	k¹èÍ*Ã\�¥�\©¸¨��¥��©¸¨5�¥�\©k����°R·xªº¹º¥Ã\�	k�®Ù · .Â±��©á¹º	k�\©/¨�¹ºÑ^§k�¸ÓG	��®¥���-¨���Ñ^§k��Ó�	�·x©k�Ç\�P¨�¨��e·x¯k¯����±¼0¹º°R·Q¨�¹º��©rÓ�¹ºª�©�
 Ðá·z¯�·x�¯�ªº§k�	��
zj
	k¹èÍ*Ã±���\©¸¨I�Ñ�§k�`Ç\�\§0¼ÀÃ\©�§k°�Ã±��Ã\a	�·x©kaªj·Ûªº¹º-¨��z¯k��Ã±Ç\Ã\	k�\©/¨�� 1 Îr�\aÃ\Ñ^§�·Q¨�¹º��©��	��

�¥�\©k���¥°e·xªº¹º�·Q¨�¹º�¸©ÏÇ±�������\¥¯*��©k	�·x©¸¨��\,¥��©¸¨��
£í·\¶^�\Ç j = C,S �

d

dl
zj(0) =

1

4
zj(0)

(
Γ̃j,in + IΓ̃j,b

)
,

d

dl
zj(

π

b
) =

1

4
zj(

π

b
)(Γ̃j,t + Γ̃j,f ) ,

£í·\¶^�\Ç j = (s,Υ) �
d

dl
zj(0) =

1

4
zj(0)(Γ̃j,in ± Γ̃j,t) ,

d

dl
zj(

π

b
) =

1

4
zj(

π

b
)
(
Γ̃j,f ± IΓ̃j,b

)

éXÜ + à&¥¹ Υ = s Ó^Ü − à&¥¹ Υ = d ê 1' ��§k�,ªº�\,¥§k¥Ç\�±¯�¨�¹º²�¹ºªº¹Ê¨�Ã\±Ók�¸©»·�	�·x©k,ªº�5Ç±·x,	��\,��©k	k�±8	���	k�±©k¥¹Ê¨�Ã
d

dl

(
a

πvF
χODj(q⊥ = 0)

)
= −(1 + I)[zj(0)]2 ,

d

dl

(
a

πvF
χODj(q⊥ =

π

b
)

)
= −2[zj(

π

b
)]2 ,

�P¨#	�·�©k,Ç\�\ªº§�¹�	k��ªj·�¥§k¯k��·xÇ\��©�	k§kÇM¨I¹Ê¶0¹Ê¨�Ã5�¹º©�Õ�§kªº�M¨
d

dl

(
a

πvF
χSCs,Υ(q⊥ = 0)

)
= −2[zs,Υ(0)]2 ,

d

dl

(
a

πvF
χSCs,Υ(q⊥ =

π

b
)

)
= −(1 + I)[zs,Υ(

π

b
)]2 .
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é 	���©kÇ�¹º	��\©¸¨I¹ºÑ^§k�\#¯v��§��tªX·®¥§k¯��¥·xÇ\��©�	k§kÇP¨�¹Ê¶0¹Ê¨�Ã5	k�+¨!Ð0¯*� s �P¨#Ç\�\ªjªº��	k�&¨!Ð0¯*� d ê 1
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¼ �9úýüB��� ¿l	Cùû� ½��ôþ

¤Ê«�¥ )�1�)�1k) ²k��¹ºï��¸��±¶ 1(ü § 3vý °#©0/ ¶Zýaþvÿ�� °âÓ ó ¬z�<Þ�´ ó Ó�«�8 9�ó 1
¤³�¥ '�1 N 1�) ©�	k�\��¥��© 1 þ0ý °X©ù/ ¶�ý�� ©)¬�÷ ý ü § ¹ ³G² ¶ Ór«�«��<³�7kÓ�«K8¸Þ:8 1
¤ ó ¥ '�1 N 1�) ©�	k�\��¥��©Ï�P¨ Æ®1�= §�¶�·�ª 1 °#©0/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Óv³ ó � 9 80Ó�«�8¸¬x´ 1
¤ µ�¥�Î 1�Ëk1/) Å\�M¶/�\	��kÓ Ëk1^�,1�� ÇIÈk¹º�¥²v�\�±Ó/�M¨ �,1�¾À1�� ©kÕ�ªº�\� 1 °#©ù/ ¶Zý�� ¬ 3vý	� Ó0³�¬e�<Þ 9 µ/³�Ó

«K8 9�ó 1
¤Þ�¥  �1�Á ·x¹º�\�\Ó �,1�Á ¹ºÇIï*Ók�M¨ 6+1 NÀ�M¨�¨I�\��¹ºÇIÈ 1 Ç\��©k	 . °R·Q¨�
x´ ó ´ 9 Þ�80« 1
¤ 71¥�Î 1¸Á ·�ªº¹ºÇ±·x±Ó¸ã 1¸Á �\È�©k¹j·0Ó1N 1 ã�·�©kÕkÓ �,1/6 ·x©�·x	k�\ªºª�Ó '�1�) §k²�·�© .7� �\©kÅ\¹º�±�\Ó $a1/Ë Ã .

����°e��Ó ¾Ä1�� ¹º²�·x§�ªÊ¨cÓk�M¨ Ëk1�¾Ä1�3 ·�²k��� 1 þ0ý °X©ù/ ¶�ý����� « á�� ¦�¬��KÓ�µÏ�º«cÞ ó 8kÓr«K8:8xµ 1
¤¬�¥ �*1�Á ·���¹fÉ¥¹ft 1 þBý °#©0/ ¶Zý�� ° á «·³ ¶ �xÓkµ�µ»�º« 9 Þ�Ór«K8 9¸ó 1
¤ 9 ¥ �*1�Á ·���¹fÉ¥¹ft 1 þBý ²g¬V°#©ù/ ¶Zý�� § ¹*¹)ý Ókµ¸µÏ� 6 ó £)8:80«�Ór«K8 9�ó 1
¤ 81¥ �*1�Á ·���¹fÉ¥¹ft 1�� § ¹)ý�� «d/ ¶·®�ý�� ³Gê ý�� «�/ ¶�®�ý Ó�«�«�8Ö�µk« ó Ór«K8 9 Þ 1
¤Ê«±´1¥ �*1�Á ·x�¥¹fÉ�¹st��M¨ �G1�Á �¥·xÅ\�±¶0¥ï�¹º¹ 1 � ¬^¦�¬ �F®�� ¬ 3 ¬ ¹ § ¸ ÷+¬ �F®*¶ ³ ��� § � ²g¬ �4¶ ¬¨² � á:®Û® ¬�«°#©0/ ¶ ³Û¦ ¶ Ó0¶/��ªº§�°��e«�Ók¯�·xÕ�� ó ³¸¬ 1¡' ªº�\©^§�°ÏÓ � �Mö = ����ï*Ó�«K8 9 « 1
¤Ê«�«�¥ ¾À1 51�Á Ã±·xª .7¾ ��©��^	�Ó 6+1âÁ �¸§k��²*��©k©�·x¹º±Ó¡�M¨ ��1âËk1â� °e�\�7Ð 1 °#©0/ ¶Zý�� ¬ 3vý�� Óó µ»�<¬�¬�«K70Ór«K8 9 7 1
¤Ê«c³�¥�ã 10Á �\ÇIÈ�Õ¸·�·x��	rÓ0ã 1k6 ·x�¥©k�\¹º����Ók; 10� ÕkÓ ¾À1 ;+ªj��±©�Ó 3�1�Á+10� ·x¥°�§�¥��±©�Ó 6&1kË · .

Ç\��²���±©�Ó�·x©�	 Æ®1�� ¹º©�	k���¥Ù 1�� § ¹fý�� «�/ ¶·®�ý�� ³Ûê ý�� «�/ ¶·®�ý Óv¬�8Ö�<³�¬0«�Ór«K8 9 ³ 1
¤Ê« ó ¥  �10Á �\ÇIï��\�\Ó ¾Ä10Æ ·x²�·\Ð/Ó��M¨  �1kÆ ¹j·x°R·x��ÇIÈk¹ 1 °#©ù/ ¶Zý�� ¬ 3ý�� Ó)7¸³R�º«c³Kµ 9 80Ók³x´�´�´ 1
¤Ê«\µ�¥ Ëk1�Æ®1�Á �\	�©k���¥Å��M¨�ã 1k)�1�¾ ãkªjªº�\� 1�� ý °#©ù/ ¶Zý�� ÓF7xµÏ�º« 9 8kÓ�«K8 9 7 1
¤Ê«cÞ�¥ �*1�Á �±ªº¹º©Ï�M¨+ã 1�Á �±Èk©k¹j· 1 °#©ù/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Ó�¬:8Ö�<³�«Q³�Þ�Ór«K8:8¸¬ 1
¤Ê«K71¥ Æ®1�Á �\©�Ùy·Q¨�¨��e�M¨ Æ®1�Æ ·xªºªj·\¶/�K¨¥¨�¹ 1 °#©ù/ ¶Zý�� ¬ 3vý�� Ókµ/³z� 8:8:7¸¬�Ór«K8:8�´ 1
¤Ê«c¬�¥ �*1âÁ ¹º�±��°e·x©�©�Ó )a1âÆ �\���¥Õ��\±Ó  51âÆ ¹j·x°R·x��ÇIÈk¹�Ó¡�M¨ )�1 Îr¹ºÇIÈ¸¨I�\©k-¨��±¹º© 1 ü ® «§ � µ

ð ¹ / � §�«·«¨¬ ¹öáP® ¬¨² � ¬�«·÷�³G§ �4¶bá�� ² � § ¶ § �4¶ ³ ��� §�� � ³�÷p¬ �4¶ ³G§ ��áP¹ � ³ ¶ §�«²g¬�«¨¬¨²ü / ¶·® ¬�÷ ¶ Óc¯�·xÕ�� 9 « 1 ã&ªº§¸öt�\� ) Çc·x	k�\°e¹ºÇ ' §k²�ªº¹º¥Èk�\��±Ó $ ����	����\ÇIÈ/¨cÓK³x´�´¸³ 1 Ç\��©�	 .
°e·Q¨!
x´¸³x´0«cÞKµ^³ 1

¤Ê« 9 ¥ �*1¸Á ¹º�\��°R·x©k©rÓ )a1¸Æ �±����Õ��\±Ó )a1 Îr¹ºÇIÈ¸¨I�\©k-¨��\¹j©�Ó��M¨  �1/Æ ¹j·x°e·x�¥ÇIÈk¹ 1 °X©ù/ ¶�ý"� ¬ 3vý
� ¬ ®Û®�ý Ó 9 ¬z�<³�¬�7�µ¸´¸Þ�Óv³x´�´0« 1

¤Ê«K81¥ Á+1�Á ¹º©kÅ 1 #%$'&)(+*-,/.'0�1323465�7�4"8'9:&/;<23132=9>2?$@8A,)B CDE,<F>GH23IJ$@4"8K2?,<4	&)1"LM&N9O9=2QP!$ARS1?$TP@F9=U@,)4"8±1� ÈkÌ±��¸Ó � ©�¹Ê¶ 1 	�� 3 ��¹º²*��§k��Õ��P¨ � ©�¹Ê¶ 1�' ·x��¹º+¬�Ó�³x´�´¸³ 1

«K8¸³



¤³x´1¥ Á�1�Á ¹º©kÅ�Ó $�1�Á ·��\��¹º-ö8Ð0ªØÓ��M¨ Á+1�$ ��§kÂ\�x¨ 1 ÿX� « ý °X©ù/ ¶�ýaþ0ý�� Óv³�Þz� 7P80Ó�³x´¸´¸³ 1
¤³�«�¥ Á�1�Á ¹º©kÅ�Ó $�1�Á ·��\��¹º-ö8Ð0ªØÓ��M¨ Á+1�$ ��§kÂ\�x¨ 1AV �5�Jý °X©ù/ ¶�ý Ó�«Q³z�<¬x´xµkÓv³x´¸´ ó 1
¤³�³�¥ $�1âÁ ��¹º�±\Ó 6+1âÁ ��§k��²*��©k©�·x¹º±Ó¡�P¨ )a1 .!¾Ä1â�G1� ���\°�²�ªj·\Ð 1 °X©ù/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Ó

¬KµÏ� 8:7 9 Ór«K8:8¸Þ 1
¤³ ó ¥ ¾À1¡Á ��©�¹º©k¹ØÓ ¾À1¡$ 
 ) ¨¥¨I·x©�·��¹º��Ó��P¨ Æ®1¡¾ ·x��ÇIÈ��\¥¹º©k¹ 1%� ©k¹Ê¶/�\�¥�¹è¨IÒß	�¹ ' ·x��°e·

¯k���\¯���¹º©¸¨ ��'��#3 8/³ . ó 7�´ 1
¤³Kµ�¥ �*1�Á �K¨I��¹ft��M¨ �*1�Á ·x�¥¹fÉ�¹st 1 þBý °#©0/ ¶Zý�� ° á «·³ ¶ �KÓ�µ/ÞÖ�º« 9 Þ�Ór«K8 9 µ 1
¤³�Þ�¥ �*1vÁ ��§0Í�·x��	�Ó ¾Ä1v� ¹º²�·x§�ªÊ¨cÓ �51vÁ ��§k¥�M¨¥¨�¹ØÓ $a1*Ë Ã\����°e��Ó��M¨&ã 1*Á �±ÇIÈkÕ¸·�·x�¥	 1 þ0ý°#©ù/ ¶Zý�� Ó�«cÞÖ�<³�8¸Þ�«�Ór«K8 9 ³ 1
¤³�71¥ 6+1*Á ��§k��²*��©k©�·x¹º 18) ���±©k����°R·xªº¹ºÅ±·Q¨�¹j��©qÕ�����§�¯q·�¯k¯k�¥�¸·xÇIÈ»¨��R�±ªº�\ÇM¨��¥��©k¹ºÇa·x©k	

ªj·Q¨�¨�¹ºÇ±�+Ç\�¸�����\ªj·Q¨I¹º��©k8¹º©Ö����Õ¸·x©�¹ºÇ&Ç\��©k	�§kÇM¨��¸�� 1 ���XW ü ® «§ � ð ¹ /&³ �F® ¬�« á ¦ ® ³ � ð��'¬�«·µ
÷�³G§ �)¶|á�� ²>©e³Yð�©gµ Tc ¶^��¸ ¬�«¨¦¨§ � ² � ¦ ® ³ 3 ³ ® //Y7ÓcÎr�\ É ��§kÇIÈ��\±Ó � �\¥¥¹º��©5Î ��� é-«�8:80«cêMÓÃ\	k¹Ê¨�Ã5¯�·x� Á+1�$ ��§kÂ\�K¨��M¨ Ëk1�ñ ¹º©k© .7Ë §k-¨�¹º© 1k� ªº¥�M¶0¹j�\� � Ç\¹º�\©�Ç\��Ó�«K8:8/Þ 1

¤³�¬�¥ 6+1�Á ��§���²*��©k©�·�¹º8�M¨+Î 1�Æ®1�6 ·x����© 1 °#©ù/ ¶Zý�� ¬ 3vý�� Óv³�8Ö�<Þ�´�´¸¬�Ór«K8 9 µ 1
¤³ 9 ¥ 6+1�Á ��§���²*��©k©�·�¹º8�M¨+Î 1�Æ®1�6 ·x����© 1 °#©ù/ ¶ ³Û¦ á Ó�«\µ ó Á �µ/Þx´kÓ�«K8 9 7 1
¤³�81¥ 6+1�Á ��§���²*��©k©�·�¹º8�M¨+Î 1�Æ®1�6 ·x����© 1 ÿX� «§ ¸ ©ù/ ¶�ý�� ¬ ®Û®�ý ÓvÞz�<³x´:8kÓ�«K8 9P9 1
¤ ó ´1¥ 6+1�Á ��§���²v�¸©k©�·�¹ºô�M¨âÎ 1¸Æ®1¸6 ·x����© 1 �^�F®�ý^þ0ý � §�² ý °#©ù/ ¶Zý"� Ó¸Þ0éò³�êâ�º«±´ ó�ó Ók«K8:80« 1
¤ ó «�¥ 6+1�Á ��§���²*��©k©�·�¹º8�M¨ �51�$ §k¯k��·Q¨ 1 þBý ²g¬V°#©ù/ ¶Zý�6Z Ó�«¸«\µÏ� ó Ó�³x´¸´xµ 1
¤ ó ³�¥ 6+1�Á ��§���²v�¸©k©�·�¹ºô�M¨ $a1¸Ë Ã\���¸°�� 1 �^�[W V ² 3�á:� ¦�¬ ¶ ³ � ü / �F® ©)¬ ® ³Û¦ � ¬ ®dá:¹ ¶ Y-ÓxÃ\	k¹Ê¨IÃ

¯�·x� '�1�Á �±��©k¹º�\�±Ó �*1 Îr�\Ùy�¥·x©¸¨cÓ��M¨ Æ�1�Á ¹º	�·x© 1�� ªº¥�M¶0¹º�\� � Ç\¹º�±©kÇ\��Ór«K8:8:8 1
¤ ó�ó ¥ �*1�Á �¥·xÅ\�±¶0¥ï�¹º¹t�M¨ �®1�= ·xï��±¶^�\©kï�� 1 þBý ²g¬S°#©0/ ¶Zý\� ° á «·³ ¶ � � ¬ ®Û®�ý ÓôµP7C�4Î¡«�«�«�Ó

«K8 9 Þ 1
¤ ó µ�¥ �51�Á �¥§k¥�M¨�¨I¹ØÓ '91�Æ ·x����ÇIÈk��Ók�P¨�ã 1�Á �\ÇIÈkÕ/·�·x��	 1 þBý °#©ù/ ¶Zý�� Ó�«�7Ö� ó Þ ó Þ�Ór«K8 9�ó 1
¤ ó Þ�¥ �21�Á §�ªº§�¨#�M¨ $a1�Ëk1�� Ç±·�ªj·x¯k¹º©�� 1 °X©ù/ ¶�ý�� ¬ 3ý�� Ókµ/ÞÖ�<³ ó ¬�«�Ór«K8:8/³ 1
¤ ó 71¥ �21�Á §�ªº§�¨#�M¨ $a1�Ëk1�� Ç±·�ªj·x¯k¹º©�� 1 °X©ù/ ¶�ý�� ¬ 3ý�� ¬ ®Û®�ý Ó57 9 �<¬x´:70Ór«K8:8¸³ 1
¤ ó ¬�¥  �1ôÁ §k¥ÇIÈ���Ó9Î 1ôÁ ·x�7¨I��¥ÇIÈ�Ó9�M¨ '91 ã#��¯k¹j�M¨�Å 1 þ0ý °#©0/ ¶Zý^]�� § � ²g¬ �4¶Zý � á:®Û® ¬�«MÓ

«\µÏ� 9 Þ�« ó Óv³x´�´¸³ 1
¤ ó:9 ¥ = § 1¡)a1�Á ÐkÇIÈkï��±¶GÓâÎ 1¡'91âÆ ���±
ï��±¶GÓ��M¨ �I1��,1�$ ÅMÐ^·xªº��¥Èk¹º©�¥ï^¹º¹ 1 ü § 3vý °#©0/ ¶Zýþÿ\� °�Ó�³ ó �µ 9 80Ór«K8:7:7 1
¤ ó 81¥ Á�1v�*1�6 È�·x©�	k�¥·x¥�\ï�È�·x� 1AV ¸P¸�¹fý °X©ù/ ¶�ý�� ¬ ®Û®�ý Ó�«��<¬0Ó�«K8:7/³ 1
¤ µ¸´1¥ Æ®1�=®1v6 Èk¹Ê¨I�±¶Ö�P¨ $a1�� Ã±©kÃ\ÇIÈ�·xª 1 °#©0/ ¶Zý�� ¬ 3vý�� Ó�Þ�³Ö�º« ó µ 9 ¬�Ór«K8P8¸Þ 1
¤ µk«�¥ Æ®1�=®1v6 Èk¹Ê¨I�±¶Ö�P¨ $a1�� Ã±©kÃ\ÇIÈ�·xª 1 °#©0/ ¶Zý�� ¬ 3vý�� Ó�Þ�¬Ö�º«\µ�µ�µkÓr«K8:8 9 1
¤ µ/³�¥ ¾À1 .Ø=�1ô6 Èk��¹ØÓ '�1ô¾Ä1ô6 È�·x¹ºï^¹º©rÓ �*1�ñ91ôÉ §�·x©kÕ�Ó '91ôÉ ·x�±©�Ó �,19¾Ä1ô� ©�Õ�ªº�\�\Ó9�P¨�51 Î 1�Æ ���\�±©k� 1 °X©ù/ ¶Zý�� ¬ 3vý�� Ó�³�ÞÖ� 7¸³x´ 9 Ór«�8 9 ³ 1
¤ µ ó ¥ )�1�¾Ä1�6 ªº�¸Õ�-¨���© 1 °#©ù/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý ÓF8Ö�<³�7:70Ór«K8P7¸³ 1
¤ µ�µ�¥ 6+1^6 ��§�ªº��©�Ó '�1/$ �\ªºÈ�·x�\±Ó Ë01¸) °e¹º�\ªºªØÓ Ëk1¸'91/¾ ·�©kÇ\�±·x§rÓ Ëk1/¾À1/3 ·�²k����Ó¸�M¨�Î 1/Æ ¹ .

�¥·xª 1 þ0ý °X©ù/ ¶�ý�� ° á «^³ ¶ �KÓkµ ó �º«c¬�³�«¸Ó�«�8 9 ³ 1
«K8 ó



¤ µ/Þ�¥ Æ®1�¾Ä1�$ ·x©k©��\�\ÓPN 1 ã�·�©kÕkÓ��M¨ '�10¾À106 È�·x¹ºï^¹º© 1 °X©ù/ ¶�ý�� ¬ 3vý�� ¬ ®Û®�ý Ó0¬�³R� ó ¬�«\µkÓ
«K8:8xµ 1

¤ µP71¥ Á+1t$ ·x��	��\ªØÓ $a18¾ ·xªÊ¨I�\������Ó ¾À18Æ �¥¹º��©k¹ØÓ '91 NÀ�±¹º²v�\ªØÓ =®1tÁ ·x�±�\Ó Ëk1�� ��¹Ê¨cÓt�M¨$a1�Ë Ã\����°e� 1 ÿ|� «§ ¸ ©0/ ¶Zý�� ¬ ®Û®�ý Ó�³Kµ»� 7 9 ¬�Ór«K8:8 ó 1
¤ µ/¬�¥�Î 18$ §kÇ±·x¥¥��Ó ¾Ä1t) ²v	��\���¥·�²k²�·0Ó Ëk18É �¸·x��·x§�Ó ¾À18' �±�Ñ�§k�\�\Ó Á+1,Æ ·xªºªº��¹º±Ó8�M¨Ëk1�Æ ·x§�ªÊ¨�¹º�\� 1 þBý °#©ù/ ¶Zý�� Ór«K8Ö� ó:9 ´¸Þ�Ór«K8 9 7 1
¤ µ 9 ¥ �51ß$ §k¯��¥·Q¨ 1 _^4�9=23B=$@UKU�,)IJ&T5N4	`)9=238OI+$a$)9cb�.'0�U@&dP!,)4�e�.fP)9=2=g)2=9�`hei&)4i8j1?$@8

*S,)4�e�.fP)9�$�.<UO8�k".f&)8O2lFO.<4"2Qef23I+$@4i8O2?,)4"4	$@138±1  È�Ì\¥��Ó � ©�¹Ê¶ 1 	k� � Èk�\�¥²k���^�¸ï���Ó
³x´�´ ó 1

¤ µP81¥ �51�$ §k¯��¥·Q¨#�M¨ 6+1�Á ��§���²*��©k©�·�¹º 1�6 ��°�°a§k©k¹ºÇc·Q¨�¹º��©»¯k��¹Ê¶^Ã\� 1
¤Þx´1¥ �51�$ §k¯��¥·Q¨#�M¨ 6+1�Á ��§���²*��©k©�·�¹º 1 ÿ|� « ý °X©ù/ ¶�ýaþBý�� Ó�³�«e�<³�«K80Óv³x´�´0« 1
¤Þ�«�¥ �21�$ §�¯k§k¹º 1 ÿ|� « ý °X©ù/ ¶Zýaþ0ý�� Ó ó � ó «cÞ�Ór«K8:8 9 1
¤Þ�³�¥ �21�$ §�¯k§k¹º,�M¨ Æ®1�=�1�6 Èk¹Ê¨I�±¶ 1 °X©ù/ ¶Zý�� ¬ 3vý�� Ó�ÞKµ»� ó ´xµ¸´0Ór«�8:8:7 1
¤Þ ó ¥ �21�$ §k¯�§k¹º±Ó Æ®1^¾ ��©¸¨M·x°�²�·�§�¼GÓ^�M¨ 6+1^)a1��51�� ·2	k� ¾ �\ªj� 1 °X©ù/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Ó

¬x´Ï�<³�70« ó Ór«K8:8 ó 1
¤ÞKµ�¥ �*1�$ §��§��\ª��M¨ Á+1�$ ��§kÂ\�x¨ 1 °#©0/ ¶Zý�� ¬ 3vý�� Ó57¸¬z�h³x´¸Þ�«�«�«�Ó*³x´�´ ó 1
¤Þ�Þ�¥ �*1�$ §��§��\ª��M¨ $a1�ñ ·x©�ÇIÈk¹ 1 Ç\��©k	 . °e·Q¨!
x´xµ¸´0«c³xµ/³ 1
¤Þ�71¥ �I1��,1�$ ÅPÐ^·xªº��¥Èk¹º©��ï�¹º¹ 1(ü § 3ý °X©ù/ ¶Zýaþÿ\� °�Ó57:7Ï� 9 µ 9 Ór«K8 9 ¬ 1
¤Þ�¬�¥ �I1��,1�$ ÅPÐ^·xªº��¥Èk¹º©��ï�¹º¹��P¨ )�1k�M1 ÎT·x��ï^¹º© 1(ü § 3vý °#©0/ ¶Zýaþvÿ\� °âÓ ó µ»�µ/³�³�Ór«K8¸¬�³ 1
¤Þ 9 ¥ �®1vË01�� °e�\�7Ð 1 þ0ý ²e¬W°#©0/ ¶Zý�� § ¹*¹fý Ókµ�µÏ� 6 ó £%8¸¬�¬�ÓT«K8 9�ó 1
¤Þ�81¥ �®1vË01�� °e�\�7Ð 1 ü / �F® ©)¬ ® ³Û¦ � ¬ ®dá:¹ ¶ Ó�« ó �h³�«�Ó�«�8 9 7 1
¤ 7�´1¥ �®19Ë01�� °e�\�7Ð/Ó �51TÁ ��§k¹º©��°R·0Ór�M¨ �*1TÁ ·x�¥¹fÉ¥¹ft 1 °X©ù/ ¶�ýS� ¬ 3vý-� ¬ ®Û®�ý Órµ 9 �º«±´ ó 80Ó

«K8 9 ³ 1
¤ 70«�¥ 3�1�É21 Î 1�� ¥¥ªº�\�,�M¨ )�1 Î 1k -¶/�\ªº¹ºï 1 °X©ù/ ¶Zý�� ¬ 3vý�� Ó57¸ÞÖ�º«�«cÞ�«¸«c¬�Óv³x´�´0« 1
¤ 7¸³�¥ ¾À1�3 ·�²k��¹ºÅ\¹º� 1 °X©ù/ ¶�ý�� ¬ 3ý�� Ókµ 9 éò³�«cê+�º«QÞ 9�ó:9 Ór«K8:8 ó 1
¤ 7 ó ¥ Ëk1�3 �\ªº	k°R·x©�Ó É21 ã&©kõ����¥�\�\Ó $a1 Îr�\Èk°R·x©k©rÓ0�P¨ �,1k ��§k²*�±ö#¹Ê¨�Å 1 ���mW:� § �4¶·® « � ¦·µ

® ³ 3 ¬¦°X©ù/ ¶ ³Û¦ ¶ Y7Ó0Ã\	k¹Ê¨Q
�&¯�·�� ��1k� ¹Ê¶�·x¥¥�±·x§ 1�� ¯k��¹º©�Õ��\�8Îr�\ÇM¨�§���� � �K¨��±t¹º© ' È¸Ð .
¥¹ºÇ\ 1�� ¯k��¹º©�Õ��\�\Ó�«K8P8¸Þ 1

¤ 7xµ�¥ Ëk193 �\ªº	k°R·x©�Ó Ëk19¾ ·�Õ�©k�\©rÓ �®19� ¹Ê¶�·x¥¥�±·x§rÓ��M¨ �,1� �¥§k²v�±ö�¹Ê¨�Å 1Xn ¬ ¹ 3vý °X©ù/ ¶�ýV ¦ ®dá Ó57¸ÞÖ� 7¸¬�80Ór«K8:8/³ 1
¤ 7¸Þ�¥ Ëk193 �\ªº	k°R·x©�Ó Ëk19¾ ·�Õ�©k�\©rÓ �®19� ¹Ê¶�·x¥¥�±·x§rÓ��M¨ �,1� �¥§k²v�±ö�¹Ê¨�Å 1Xn ¬ ¹ 3vý °X©ù/ ¶�ýV ¦ ®dá Ó57:7Ï�µP8 9 Ór«K8:8 ó 1
¤ 7:71¥ Ëk1�3 �±ªº	k°e·�©�Ó Ë01�¾ ·�Õ�©k�\©rÓ ��1�� ¹Ê¶�·x¥¥�±·x§�Ó��M¨ �,1� ��§k²*�±ö#¹Ê¨�Å 1 �^��WK� ©)¬ ü ®dá:® ¬

§�� � á:®Û® ¬�«<Y7Ó�Ã\	k¹Ê¨IÃ®¯�·�� ¾À1�) ¹ºÅ\�\©�°e·x©�©ß�M¨ É�1G) ��·xï^¹ 1G) 	�¶�·x©�Ç\�\	 � �\��¹º�±�¹º©¾ ·Q¨IÈk�\°R·Q¨�¹ºÇ±·xª ' È/Ð0¥¹ºÇ\ 1 NÄ����ªº	 � Ç\¹º�±©¸¨�¹èæ�Ç�Ó�«K8:8�µ 1
¤ 7¸¬�¥ Ëk1*3 �\ªº	�°e·x©rÓ ¾Ä1�� ·xªº°eÈk��Ùd�±�\Ó*�M¨ �81* ��§�²v�±ö�¹Ê¨�Å 1 þBý ü ®dá:®�ý °#©0/ ¶Zý Ó 9 µ¿�º«c³x´:80Ó

«K8:8:7 1

«K8xµ



¤ 7 9 ¥ Ë01�3 �\ªº	�°e·x©rÓ ¾Ä1�� ·xªº°�È���Ùd�\�\Ó¡�M¨ �,1¡ ��§�²v�±ö#¹Ê¨IÅ 1 � §�÷�÷ �%�Jý ° � «¨¬ ý V ¸g¸�¹fý� á:® © ý ÓvÞ�«��j«�« ó�ó Ór«K8:8 9 1
¤ 7:81¥ Ë01�3 �\ªº	k°R·x©Ï�M¨ �,1k ��§�²v�±ö#¹Ê¨IÅ 1�n ¬ ¹!3vý °#©0/ ¶Zý V ¦ ®dá ÓF7 ó �º«cÞ�¬0Ó�«K8P8�´ 1
¤¬x´1¥ Ë01�3 �\ªº	k°R·x©Ï�M¨ �,1k ��§�²v�±ö#¹Ê¨IÅ 1�n ¬ ¹!3vý °#©0/ ¶Zý V ¦ ®dá ÓF7xµÏ�<³�« ó Ó�«K8P80« 1
¤¬�«�¥ '�1�3 �\�7¨��PÐ/Ó ¾À1�' ��¹º�¥¹º�\�\Ó��M¨ '91�Á ·Q¨M·x¹ºª 1 ÿX� « ý °X©ù/ ¶ZýaþBý�� Ó�«±´Ï� ó ´¸Þ�Ór«K8:8:8 1
¤¬�³�¥ '�1�3 §kªº	k�5�M¨ �51k)a1�3 �\�����±ªºª 1 °#©0/ ¶Zý�� ¬ 3vý Ór« ó ÞÖ� ) Þ�Þx´kÓ�«K8:7�µ 1
¤¬ ó ¥ '�1GÆ ·x���^ÇIÈ���Ó �51vÁ ��§���P¨�¨�¹ØÓ��M¨&ã 1*Á �\ÇIÈkÕ¸·¸·x��	 1 °#©0/ ¶ZýM� ¬ 3výM� ¬ ®Û®�ý Ó�µP8Û�º« ó µP70Ó

«K8 9 ³ 1
¤¬Kµ�¥ ¾À1�Æ �±ªºª .!¾ ·x©k©Ï�P¨ 3�1��,1 Îr�±ö 1 °#©0/ ¶Zý�� ¬ 3vý ÓF8¸ÞÖ�º« ó ´�´0Ór«K8:8 ó 1
¤¬�Þ�¥  �1�Æ ¹j·x°e·x�¥ÇIÈk¹ 1 °#©ù/ ¶ ³Û¦ áo� Ó�³ ó ´Ï� 8¸¬�Þ�Ór«K8:8¸¬ 1
¤¬�71¥  �1�Æ ¹j·x°e·���ÇIÈk¹ 1qp�.d&)4	9@.<IsrEtvu"8O2QPw8�234yx�4	$zG^23I+$@4i8O2?,)4r1 ;�¼0Ùd����	 � Ç\¹º�\©kÇ±�' §�²kªº¹ºÇ±·K¨�¹º��©k±Óv³x´�´xµ 1
¤¬�¬�¥  �18Æ ¹j·�°e·x��ÇIÈ�¹ØÓ �*1tÁ ¹º�\�¥°e·x©k©rÓ )�1,Æ �\����Õ��±\Ót�M¨ )a1 Îr¹ºÇIÈ¸¨��±©k-¨��\¹º© 1 Ç\��©k	 .

°e·Q¨�
�´xµ¸´0«c³�7 9 1
¤¬ 9 ¥  �1�Æ ¹j·x°e·x�¥ÇIÈk¹��M¨ É21vËk1�� ÇIÈ^§�ªºÅ 1 þBý °X©ù/ ¶Zý�� « á�� ¦�¬PÓkµg8Ö� 9 «K80Ór«K8 9P9 1
¤¬�81¥�Î 1^'91^Æ ���\
ï¸�±¶e�M¨ $a1�Ë Ã±����°�� 1 þBý ²g¬L°X©ù/ ¶Zý � ° á «·³ ¶ � � ¬ ®Û®�ý Ó/µP7��4Î�£%7�µP70Ó�«K8 9 Þ 1
¤ 9 ´1¥ '�1�¾À1�Æ ��·x©¸¨ 1 þ0ý ²g¬W°X©ù/ ¶�ý�� § ¹*¹)ý Ókµ�µ»� 6 ó £ 9 µ/¬0Ó�«�8 9�ó 1
¤ 9 «�¥ �51 Î 1¸Æ �¥�\�\©k��Ó '91�É ·��\©�Ó �*1¸ñô1�É §�·�©kÕkÓ �81¸¾À1�� ©kÕ�ªº�\�±Ó ¾À1Q=®1¸6 Èk��¹ØÓx�P¨ '91�¾Ä16 È�·x¹ºï�¹º© 1�� § ¹fý�� «�/ ¶·®�ý�� ³Gê ý�� «d/ ¶·®�ý Óv¬�8Ö�º« 9�ó Ó�«K8 9 ³ 1
¤ 9 ³�¥ �*1�É ·x	�	�·x	rÓ �G1�6 È�·x�-æ . ã�·x	�	k��§��\Ó ¾Ä1�É Ã\��¹Ê¨I¹º�\�\Óô�M¨ �51�Á �\©k©�·xÇ\�\§�� 1 þBý ²g¬°#©ù/ ¶Zý�6Z Ór«±´Ö� ' � ó £k³�³�Þ�Óv³x´�´�´ 1
¤ 9�ó ¥ �*1KÉ ·x	�	�·x	rÓ �*1x6 È�·��-æ . ã5·x	k	���§k�\Ó 6&1Q� ¹ºÇIï��\ªØÓ ¾À1KÉ Ã±��¹Ê¨�¹º�\�±ÓQ�M¨ �51KÁ �\©k©�·xÇ\�\§�� 1°#©ù/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Ó 9 8Ö�4´ 9 ¬x´�´0«�Óv³x´¸´¸³ 1
¤ 9 µ�¥ 6+1�É ·xªº²*�K¨�ÈÏ�M¨ïN 1�¾ �M¨�Å±©k�\� 1 °X©ù/ ¶�ý�� ¬ 3vý�� Ó570«e�<¬ ó 7xµ�Ó�³x´¸´�´ 1
¤ 9 Þ�¥ 6+1�É ·xªº²*�K¨�ÈÏ�M¨ïN 1�¾ �M¨�Å±©k�\� 1 °X©ù/ ¶�ý�� ¬ 3vý�� ¬ ®Û®�ý Ó 9 ÞÖ�<Þ�«K7¸³�Óv³�´�´�´ 1
¤ 9 71¥ 6+1*Ëk1vÉ ·�ªº²v�K¨�È 1|{^2?$Te/$�U@$@4	$�U:5f2?$�F>RE2}5/$�4i8!P~t	&)B:9�$@4��vDE$@2QeN23IJ$@4"8K2?,<4	&)1?$@UH��$@UKI�2�Fbvu"8T9�$@I+$Q1� ÈkÌ\¥��Ó � N  ,É£) ·xÇIÈk�±©�Ó�«K8:8:8 1
¤ 9 ¬�¥ =®1�É ·x¥�\Õ¸·\ö8·��M¨ É21�3 §kï�§�Ð^·x°R· 1 þBý °#©ù/ ¶Zý ü §�¦ ýaþ·¸��Xý Ó�Þ�ÞÖ� ó 8¸¬ 9 Ór«K8 9 7 1
¤ 9:9 ¥ =®1�É ·x¥�\Õ¸·\ö8·��M¨ É21�3 §kï�§�Ð^·x°R· 1 þBý °#©ù/ ¶Zý ü §�¦ ýaþ·¸��Xý Ó�Þ�7Ï� 9 ¬�¬�Ór«K8 9 ¬ 1
¤ 9 81¥ =®1kÉ ·x¥�\Õ¸·\ö8·0Ó�ã 1 ã&¹º¥Èk¹ºÕ�¹ØÓk�M¨ ¾À1k¾ ¹ÊÐ^·xÅc·xï^¹ 1 þ0ý °#©ù/ ¶Zý ü §�¦ ý_þ·¸��Jý Ó47¸¬z� 8:7xµkÓ

«K8:8 9 1
¤ 8�´1¥�Î 1v6+1�É �\²*�\ª��M¨ 6+1�'91�� ªº¹jÇIÈ¸¨��\� 1 °#©0/ ¶Zý�� ¬ 3vý Ór«�« ó �º«cÞx´xµkÓr«K8¸Þ�8 1
¤ 80«�¥�N 1�É �\©k	��\��¥��©�Ó ��1�� �\¥Ç\�¸ªº¹ØÓ '91T ��·x©�Ó�Î 1�$ �\Õ�¹º�¸��Õ�¹ØÓ��M¨ Æ®1ôÆ �ãk©��\� 1 ÿ|� « ý°#©ù/ ¶ZýaþBý�� Ór«�«�� ó 7¸Þ0Ó�«K8:8P8 1
¤ 8¸³�¥ )�1�6&1�É �Mö���¸© 1�V ² 3vý °X©ù/ ¶�ý Ókµ ó �<ÞKµ ó Ór«K8P8xµ 1
¤ 8 ó ¥ 6+1tÉ ��©��\��ïK·�°�¯ 1�b�.'0 $@U�P!,<4�e�.NP�9=2=g)2=93u�&)4�e��X&T5f4	$)9>238KI�2l4�9>t	$q$O��9:$@4�ei$Te

��.i;";d&)U�eJIJ,6ei$@1Ø1� È�Ì\¥��Ó �¡ ,É�ñ ã���¹ºÇIÈ�Óv³x´�´�´ 1

«K8¸Þ



¤ 8xµ�¥ 6+1�É ��©��\��ïK·x°e¯ 1 ÿ|� « ý °#©0/ ¶Zý$þ0ý�� Ó�³�«e� 9 «�Ó�³�´�´0« 1
¤ 8¸Þ�¥ 6+1ÄÉ ��©k�\�¥ïK·x°e¯�Ó $a1Ä� ��Èk�¸Ó �*1À) ©k	k�\�¥Õ¸·x¥¥�\©�ÓÀ�M¨  �1Ä� ©k¥ 1 Ç\��©�	 .

°e·Q¨!
x´xµ¸´ ó 7 ó¸ó 1
¤ 8:71¥ 6+1�É ��©��\��ïK·x°e¯Ï�M¨ ¾À1�� ·xªº°�È���Ùd�\� 1 °#©ù/ ¶Zý�� ¬ 3vý�� Ó57�µÏ�º« 9 µ/Þ�«K70Óv³x´�´0« 1
¤ 8¸¬�¥ 6+1�É ��©��\��ïK·x°e¯Ï�M¨ ¾À1�� ·xªº°�È���Ùd�\� 1 °#©ù/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Ó 9 ¬z�º« 9 ¬�´�´xµkÓv³x´�´k« 1
¤ 8 9 ¥ 6+1�É ��©��\��ïK·x°e¯Ï�M¨ ¾À1�� ·xªº°�È���Ùd�\� 1 °#©ù/ ¶Zý�� ¬ 3vý�� Ó57/¬z�º«c¬xµ/Þx´xµkÓv³x´�´ ó 1
¤ 8:81¥ 6+1�É ��©��\��ïK·x°e¯�Ó ¾Ä1�� ·xªº°�È���Ùd�\�\Ó �21^3 §���§kïK·±ö8·0Ó/�P¨  �1�¾À1�� ¹ºÇ\� 1 °#©0/ ¶Zý�� ¬ 3vý

� Ó57 ó � ó Þ�«±´P80Óv³x´�´0« 1
¤Ê«c´�´1¥ 6+1^É ��©k�\�¥ïK·x°e¯�Ó ¾À1�� ·xªº°�È���Ùd�\�\Ó^�M¨  �1^¾Ä1^� ¹ºÇ\� 1 ÿX� « ý °#©0/ ¶Zý®þBý	� Ó�³�¬��º«c³�¬�Ó

³x´�´¸³ 1
¤Ê«c´0«�¥�Î 1^É §�²v�\�-¨ 1�_�0"0�132QP!&69=2?,)4[e�.H5fU�,/.'0 $�ei$�U@$@4�,)UKI+&)13238�&N9=2?,)4[&/.��[P!,)4�e�.fP�9:$�.<UK8k".d&<8K2lFw.<4"2Qef23IJ$�4i8O2?,)4i4�$@138�8�,/.�I�238��[.<4�P~t�&)I\0�I+&T5f4	`<9=2Qk".f$Q1� È�Ì\¥��Ó � ©�¹Ê¶ 1

	k� � Èk�±��²k������ï���Ó�«K8P8:7 1
¤Ê«c´¸³�¥ $a1QË ·xÇ±Ç±·x��	rÓ É�1 Nì¹ºªºÈk�\ªº°»Ó $a1KË Ã±����°��¸Ó Ëk1Q¾ ��¥�\�\Ó 6&1Q6 ·x��Ç\�\ªØÓQ�M¨ Ëk1Q¾À1Q3 ·x²���� 1þBý °#©0/ ¶ZýE]�� § � ²g¬ �4¶Zý � á:®Û® ¬�«MÓ�« ó �<Î 9 8kÓ�³x´�´k« 1
¤Ê«c´ ó ¥ $a1�Ë Ã\����°e� 1 þBý ²g¬V°#©0/ ¶Zý�� § ¹�¹fý Ókµ�µ»� 6 ó £0¬�¬�Þ�Ór«K8 9¸ó 1
¤Ê«c´xµ�¥ $a1tË Ã\����°e��Ó )a1�¾ ·xÅ±·x§k	rÓ ¾À1t� ¹º²�·x§�ªÊ¨cÓâ�M¨»ã 1�Á �\ÇMÈkÕ¸·�·x�¥	 1 þBý ²g¬|°X©ù/ ¶�ý

� ° á «^³ ¶ � � ¬ ®Û®�ý Ó�µk«��4Î�£%8¸Þ�Ór«K8 9 ´ 1
¤Ê«c´¸Þ�¥ �I1TË ��È�·x©�©k¥�\©rÓ�ã 1rÁ �\ÇIÈ�Õ¸·�·x��	rÓ 6+1T�G1rË ·xÇ\�¸²k¥�\©�Ó Æ®1r� ¹º©k	�����Ù!Ó �21� È�����§�¯�Ó

ã 1�¾ ���-¨��\©k¥�\©rÓk�M¨ $a1�¾ ·x¹ºªºªÊÐ 1�� § ¹fý�� «�/ ¶·®�ý�� ³Gê ý�� «d/ ¶·®�ý Ór«�«K8Ï�<³�¬�¬�Ór«K8 9 Þ 1
¤Ê«c´:71¥ �21�Ë �^�kÓ '91r) §�²�·x© .7� �\©�Å\¹º�\�\Ó 6+1T' ·x¥Ñ^§�¹º�\�\Ó $a1�Ë Ã\����°e��Ór�M¨aã 1TÁ �\ÇIÈ�Õ¸·�·x��	 1

Ç\��©�	 . °R·Q¨�
x´xµ¸´k«\µ/³x´ 1
¤Ê«c´¸¬�¥�Î 1�'91 ã�·x	�·x©k��Í 1 °X©ù/ ¶ ³Û¦ ¶ Ó�³Ö�<³�7 ó Ór«K8:7:7 1
¤Ê«c´ 9 ¥ �*1 ã�·xÕ���¥Èk¹º°R·0Ó =®1G� ·x¥�kÓ ¾À1v¾ ·x�\�·Q¨���Ó �51 ã#�¸©k	k�kÓv�P¨  �1*É ·x¥�\Õ¸·\ö8· 1Wü § ¹fýü ®dá:® ¬ � §�÷J÷ ý Ór«�«±´Ï�µ/¬�80Ór«K8:8:8 1
¤Ê«c´:81¥ )�1�)�1 ã�·K¨I·x©k¹º©»�M¨ )�1�'91 ã5·x°�¯kÙ 1 Ç\��©�	 . °R·Q¨�
x´ ó «c´0«�«c³ 1
¤Ê«¸«±´1¥ Æ®1 ã&�±ªºªº�\�\Ó 6&1 ã#��¯�¯v�\�±Ó/�M¨ ¾Ä1^� ·xªº°�È���Ùd�\� 1Mn ¬ ¹ 3vý °#©ù/ ¶Zý V ¦ ®dá Ó%7¸Þ�� ó ³�Óv«K8:8¸³ 1
¤Ê«¸«�«�¥ Ëk1 .ò�I1 ã�¹º�È�¹º©k�5�M¨�ã 10= ��©��\°�¹Ê¨I¥§ 1 þBý °#©ù/ ¶Zý ü §�¦ ýaþ·¸��Jý Ó57¸¬Ö�º«c¬�«\µkÓr«K8:8 9 1
¤Ê«¸«c³�¥ '�1 ã#��¯�¹º�M¨�Å5�M¨  51�Á §k¥ÇIÈk� 1 °#©ù/ ¶Zý�� ¬ 3vý�� ÓF7xµÏ�º«cÞ¸Þ�«±´0«�Óv³x´�´0« 1
¤Ê«¸« ó ¥ É21k��1 ã&��¹º¥Èk©�· .!¾ §k�7¨IÈ¸Ð/Ó Ëk1 N 1 Në¹jªºï^¹º©k±Ó0�M¨,ã 1kÆ®1 Në¹ºªº¥��© 1 °#©0/ ¶Zý�� ¬ 3ý� Ó

³�«e�º«±´�´ ó Ór«K8 9 ´ 1
¤Ê«¸«\µ�¥�ã 1 ã&§k���¸ï^¹ØÓ =�1k ·x©�·xïK·0Ó  �1 ã�¹º°�§k��·0Ók�M¨ �51k) �¥¹Ê¨I· 1 Ç\�¸©k	 . °e·Q¨�
�´ ó ´¸¬�Þ�Þ ó 1
¤Ê«¸«cÞ�¥ )�1��I1 ÎT·x��ï^¹º© 1 þvÿ�� ° � ¬ ®Û®�ý Óv³z�º« ó ´0Ór«K8:7¸Þ 1
¤Ê«¸«K71¥ )�1��I1 ÎT·x��ï^¹º©»�M¨ = § 1���1 ;�¶/ÇIÈk¹º©�©k¹ºï��±¶ 1(ü § 3vý °#©0/ ¶Zýaþvÿ�� °âÓv³x´Ö�<¬�7/³�Ó�«�8:7¸Þ 1
¤Ê«¸«c¬�¥ )�1vÆ®1 Îr�\²v�±	 1 þvÿ�� ° � ¬ ®Û®�ý Ókµ�µ»�º«�«\µkÓr«K8 9 7 1
¤Ê«¸« 9 ¥ '�1 Îr�\	k�±���\�\Ó Æ�1±¾ �¸©¸¨I·x°a²�·x§�¼�Ó\�M¨ $�1c' �¸¹ºªº²kªj·x©�Ç 1 þBý °#©ù/ ¶Zý�� ° á «·³ ¶ �KÓ±µ 9 �º«c³x´:80Ó

«K8 9 ¬ 1

«K8:7



¤Ê«�«K8�¥ �*1 Îr�\	k�±ö#¥ï^¹v�M¨ '�1 ã#��¯�¹º�M¨�Å 1 þ0ý °X©ù/ ¶�ý�] � § � ²g¬ �4¶Zý � á:®Û® ¬�«MÓ�«cÞ��µ/¬�¬�80Ó0³x´�´ ó 1
¤Ê«c³x´�¥ �I1rËk1 Î��±��Ó �*1��,1�Á ���±ö#©rÓ�N 1rÆ®1r6 ªj·x��ïvÓ ¾Ä1rËk1�� ¨�����§�¥��Ó ¾À1rËk1�� ·x§�Õ�È¸¨���©rÓ

N 1 ã5·x©kÕkÓ��M¨ '�1�¾Ä1�6 È�·x¹ºï^¹º© 1 °#©0/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Ó 9:9 �4´0«c¬x´�´xµ�Ó�³�´�´¸³ 1
¤Ê«c³�«'¥ �I1^Ëk1 Îr�\��Ó '91/¾À1^6 È�·x¹ºï^¹º©�Ó¸�M¨ ¾Ä1/Ëk1/� ·x§�Õ�È¸¨���© 1 °#©0/ ¶Zý	� ¬ 3ý�� ÓP7¸³®� � «±µP7:7:80Ó

³x´�´�´ 1
¤Ê«c³�³1¥ �I1®Ëk1 Îr�\��Ó '91a¾Ä1®6 È�·�¹ºï^¹º©�Óa�M¨ ¾À1®Ëk1®� ·x§kÕ¸È¸¨���© 1 °#©ù/ ¶Zý�� ¬ 3výo� ¬ ®Û®�ý Ó9:9 �h³x´¸¬x´�´¸³�Óv³x´¸´¸³ 1
¤Ê«c³ ó ¥ �I1kËk1 Î��±��Ó $a1k�*1k6 È��±ö2ÓgN 1kÆ®1k6 ªj·x�¥ïvÓ Ëk1k� ¨��¥��§k¥��Ó ¾Ä1kË010� ·x§kÕ�È/¨���©�Ó '910¾Ä16 È�·x¹ºï�¹º©�Ó��M¨ �G1��,1�Á ���±ö#© 1 Ç\��©�	 . °R·Q¨�
x´¸´�´0« ó�ó ³ 1
¤Ê«c³Kµ:¥ �I1^Ëk1 Îr�\��Ó ¾Ä1^Ëk1/� ·x§�Õ�È¸¨��¸©�Ó Æ®1/¾Ä1/$ ·x©k©��\�\Ó¸�M¨ '�1^¾À1^6 È�·x¹ºï^¹º© 1 °#©0/ ¶Zý�� ¬ 3vý

� ¬ ®Û®�ý Ó�¬ 9 � ó Þ�Þ�Þ0Ó�«�8:8¸¬ 1
¤Ê«c³�Þ1¥�N 1�¾ �M¨IÅ\©k�\�±Ó 6+106 ·x-¨I�\ªºªj·x©k¹ØÓ��M¨ 6&1^$ ¹ 6 ·x-¨��¥� 1MV ² 3vý °#©ù/ ¶Zý Ó^µ/¬e� ó «Q¬�Óv«K8:8 9 1
¤Ê«c³�7�¥�N 1/¾ �P¨�Å\©k�±�\Ó $a1/� ��Èk��Ó¸�M¨ �*1¸) ©�	k�\�¥Õ¸·x¥¥�\© 1 °#©0/ ¶Zý�� ¬ 3vý�� ¬ ®Û®�ý Óg80«5�4´:7:7xµ/´¸³�Ó

³x´�´ ó 1
¤Ê«c³�¬1¥ Æ®1�¾ ¹jÈ"�xªÊÐ/Ó �I1 ã&Ã\¥Å\°o�x�¥ï^¹ØÓ 3�1�ñ �x°a²v���¥�ï/Ð/Ók�M¨�Î 1�3 ����� �k1 °X©ù/ ¶�ý�� ¬ 3vý� ¬ ®Û®�ý Ó9 µÏ�h³�7¸¬x´0Óv³x´�´�´ 1
¤Ê«c³ 9 ¥ 3â1�¾ ¹ºªj· 1 °#©0/ ¶Zý�� ¬ 3vý�� Ó�Þ�³z�4µ/¬ 9:9 Ór«K8:8¸Þ 1
¤Ê«c³�8�¥ ¾À1v¾ ¹ºª Ô-·xï*Ó Ëk1v�51v6 ����¯v�±�\Ó��M¨+ã 1�Á �\ÇIÈ�Õ¸·�·x��	 1 þBý ²g¬K°#©ù/ ¶Zý�� § ¹*¹)ý Ó�µ�µÛ� 6 ó £9 8 ó Ór«K8 9�ó 1
¤Ê« ó ´�¥ �®18'918¾ ¹º©k�\�P¶í�M¨Ûã 1��®1#� ·x°��¸ï^Èk¹º© 1�7�4�9=U@,6e�.fP�9>2?,)4j9�,���4�P',)4	g)$@4�9=2?,)4	&)1

b.'0 $@U�P!,<4�e�.NP�9=2=g<2=9�u���Æ��v�K�"� ©»·x© �»Á��K� ·xÇMÈ��0Ç\¹ � ©kÇ ��� §�²kªº¹º¥È �'� ±Ó�«K8:8:8 �
¤Ê« ó «'¥ É\��¾�� ©k¹ � © � ¨H� ��� ¹j© �  � °X©ù/ ¶Zý�� ¬ 3vý�� Ókµk«o  7¸³�8¸¬�Ór«K8:8�´ �
¤Ê« ó ³1¥ Æz�`¾�� ©¸¨I·x°a²�·x§0¼ � *S,<4	9=UK2¡;".69=2?,<4¢��1@£ `)9w.Ne/$�ei$@8�P!,)4�e�.fP�9:$�.<UK8�k".f&)8K2�F

.<4i2QeN23IJ$@4"8O2?,)4i4�$@138+8�,/.<8�P~t�&)I\0¤I+&T5f4	`)9>2Qk".d$)��¥ È�Ì\ � Ó�¦^§i¨}© �'�Oª ¨}«@¬ � �� ¨ ª~®
�6¯ ��°�±H�OªO'²N°³ 8 9d´ �

¤ ³Tµvµ ¥�¶ �"·�� §d« �¸�¹" ¯6º � °#©0/ ¶Zý�� ¬ 3vý�� °"µ 9  ¼»N½ 9:9 °�³ 8 9:9 �
¤ ³Tµ »:¥ ¥¾�"¿��"·��v�K� ¨ ª'� ���F®�ýaþBý � §�² ý °#©ù/ ¶Zý ° 8% ÁÀ�» ³v³v°�³ 8:8�» �
¤ ³Tµ ´ ¥ÃÂ �"·��v� « � § ªO� § � «HÄ �"·�� ÄE§"ÅvÆ �'�'� °#©ù/ ¶Zý�� ¬ 3vý�� ° À�8%  9 »fÀ °³ 8 9 » �
¤ ³Tµ 7�¥ÃÂ �)·��v� « � § ªO� § °!Çz��¥M�v¸�È ¨ ��É ¨3Ê'Ë °�¥¾� � � �6Ê@ÌN¯"Æ}«wË ° Ä ��·Í� ÄS§iÅvÆ �'�T°!Î��!Îz�)�  « � Æ ° § �ÐÏÃ�"¿��i¥ ��O § Èv�i�(ü § ¹)ý ü ®dá:® ¬ � §�÷J÷ ý ° »dÑ[ ÓÒ ³ ´ °�³ ÒvÔ ³v�
¤ ³Tµ ½1¥�Õ �N·��dªK�T�'��{¾,)4o132Qk�.<2Qe/$^e/$|��$@UKI�2e/&)4"8-1?$@8|P!,<4�e�.NP�9�$�.�UK8�,)U:5/&)4"2Qk".d$�8|k".f&)8K2�F.<4i2QeN23IJ$@4"8O2?,)4i4�$@138T�E¥ ÌiÖ ªK�d° ¦�§"¨}© �'�Kª ¨}«w¬ �×�� ¨ ª:® �6¯ ��°�±��Kªw'²f°³ ÒdÒvÒ �
¤ ³Tµ Ô�¥�Õ �/·��vªO�'�T° Õ �6¿¾�iØ��N�vÙ��'�'° � � Õv¬ �K�d¸��v°6ÚH�NÏ Æ  ©/¨ ° � � Ä �6Ú��K�TÉ § °N� «�Â �6Ú�� Ê@Ì ®

Å v��K��� °X©ù/ ¶�ý�� ¬ 3ý�� ¬ ®Û®�ý ° Ô�»Ð ÁÀ�Ûd½<» ° À�ÑvÑvÑ �
¤ ³Tµ Ò�¥�Õ ��·��vªO�'�'°�·�� ¶ �¹�'²f°��×�Ï ¯ ¹" § ® � � §iË'¨ �'�T° � � Õv¬ �K�v¸o�v° Â ��ÚA� Ê@ÌiÅ v��O�°� «

Õ ��·��"Ü��¹"�K�v� ÿ|� « ý °X©ù/ ¶ZýaþBý�� °³   µ Ò °³ ÒvÒvÔ �
¤ ³ »dÑ�¥�Õ �fÝj�/Þ�� Å � Æ �^� «�ß �i±H� Æ  § ��Ap�.d&)4�9w.<Ih��&)4�u	F=rS&)U'9=2QPw1?$^bvu�8T9�$@I�8T�M�M�'�OªK� ¯ ªÚA�6�vÈNª�� ¯ ¹ Æ3¨ ª Ìi¨3§iÅ °�³ ÒvÒvÔ �

³ Òd½



¤ ³ » ³ ¥ ÏÃ��Þ�� ¯ ¸�'²/��� « Ýj��·�� «wË'§ �T�'� °#©ù/ ¶Zý�� ¬ 3vý�� ° Ûd½+ ÓÑ µ ´ ³v³ À ° À�ÑvÑ µ/�
¤ ³ »fÀ�¥�Õ ��ØH��Þ ¨3Ê Èv� Æ ° ¶ �"Ï^¹i�w�¸�� ©i¨3Ê'¨ °i� « ·�� ß�¬ � ¨}«@¨ �'�'� « �O ©  ¨3Æ � §ÐÊ � ¯ �Oª'�
¤ ³ » µ ¥ �M��Þ�� Ë'¨3Ö �K�'ªT� þBý�� §�� � ¬�÷ ¸Rý °X©ù/ ¶ °³ ½%  µ/³v°�³ Òd½<» �
¤ ³ »v»�¥�Õ �ià@��± Ì � « ·�� Õ �"ÞH ¯iÅvÌf« � § � Ê � § �/®¡¸� «�
�Ñ�»dÑ ³ Û ³v³v�
¤ ³ » ´ ¥�� �	± § v� ¨ °"¿��iÏ^� ¨}« /° Â � Â�¯ �K�vÈ ¨ °i� «Hß �iÏ|�vÈ ¨ � Ê � § �6®�¸o «�
�Ñ µ/³ À µ/³ » �
¤ ³ »dÛ1¥�� � � ���M�M�×��OÈ ¨3§ °×ØH�MØ�� ¯iÆ � § °�� «�� � Õv¬ �K�v¸��d� þBý °X©ù/ ¶Zý�� ° á «·³ ¶ � ° »v»m ÓÛvÑ µ/°³ ÒvÔ µ/�
¤ ³ »f½�¥ÃÂ ���M� §"Ê � « Ü��"· ¨3Æ i� °X©ù/ ¶Zý�� ¬ 3ý�� ° ´ Ñ[  ³v³ »fÀ�Ò °�³ ÒvÒv» �
¤ ³ »dÔ1¥ ·�� Ä ���×�'ªOÈ ¨3§ � «�� �"Îz� �/Ê@Ì �K�6�'�i�'�T�|_^4�7�4	9=U�,6á�.NP�9=2?,)4Í9�,Ðp�.d&)4	9@.<Iâ�×2?$�1Qá

CMt	$T,)U¡u��-�M�T�KªO� ¯ ª�Ú��N�vÈNª^� ¯ ¹ Æ3¨ ª Ìi¨3§"Å °³ ÒvÒ ´ �
¤ ³ »dÒ1¥Ã� ��ã���� ¬�© � Æ � § ° Õ � ¶  ¯iÆ}«w¨ �T�'°�Çz��Ú���K�O § ªT° � �MØ Ì �ªOªK�� ¯ °�Ü���Ø|�ª « � « °� § �ãS� �H¯iÊ �ªOªO�v� ÿX� « ý °#©ù/ ¶ZýaþBý�� °³ Ò[  µ Û µi° À�ÑvÑ ³v�
¤ ³ ´ Ñ1¥�Õ �"�×� Æ3Ê@Ìi¨3§ ªKÈ ¨ ��ä �"å'¹fý °X©ù/ ¶�ý�� ° À µi³  ÁÀ�ÛdÒ °³ ÒdÔ�» �
¤ ³ ´ ³ ¥�Õ ���×� Æ3Ê@Ìi¨3§ ªOÈ ¨ � �^�æW °X«§ å ¬�¬¨²:³ � ð ¶ §�� ® ©)¬Ðç�èdè�é � ©4¬¨§�«¨¬ ® ³ å¨áP¹ V ² 31á���å ¬¨² ü ®G� µ

²�³Û¬ ¶��^�4¶·® ³ ®G�4® ¬/³ �?ÿ|¹ ¬�÷+¬ �F®dá «d/²° á « ® ³ å'¹ ¬w°#©0/ ¶ ³ å^¶ Y ° ¬ � ¨}«w¬ Ù"�� Õ � ß �� © ��²�� «
Õ �"�×� Æ3Ê@Ìi¨3§ ªKÈ ¨ �6ÝÍ�v� Æ � �6Ê'¨ � §d«w¨�ê�Ê ° �6¨3§"Å �Ù��N�v�K�v°�³ ÒvÒ µ/�

¤ ³ ´ À�¥�Õ �"�×�"�×� ¯iÅ � « � þBý ²g¬V°#©0/ ¶Zý�6Z °�³ Ñ%  �S�Oµ £6» µ/° À�ÑvÑvÑ �
¤ ³ ´ µ ¥�Õ �"�×�"�×� ¯iÅ � « � «�� �"¿� © ²f� þBý ²g¬V°#©ù/ ¶Zý� ° Û%  ³ ´ Ñ ³v°�³ ÒvÒvÛ �
¤ ³ ´ »�¥ Ýj� ß �A�E�O�'ªOª'° � �-ÏÃ�S¥×� ¯ Èv� Æ ªKÈf²f°EÝj�-¥¾� ÎA� «K« �T� Æ3¨3§iÅ °-� « ÚH�-�×�AÜ Æ  §i§ �T�:²f�{�.�IJ$@UK2QP'&)1ëH$TPw2Á0 $@8|234m*��EØ��¸�¹i� ¨ � Å � ¦^§i¨}© �'�Oª ¨}« ²%�S�K�'ªOªT° À �'� ¨}«w¨ � § °�³ ÒvÒdÀ �
ì ³ ´v´)í � �"¿��� ¨ft °iÏÃ��Ú�î~� Æ3¨fÉ °i� «^� ��ï� §"Ê@Ìi¨ � þ0ý ðNñ °Aòù/)ó ý��NZ °³ À% ÓÔvÒ ° À�ÑvÑdÀ �
ì ³ ´ Û í � �"¿��� ¨ft °iÏÃ��Ú�î~� Æ3¨fÉ °i� «^� ��ï� §"Ê@Ìi¨ � ü /<ô�õQò ý � ñ õ ý °³�µ ½+  ³ À�Ô ´ ° À�ÑvÑ µ/�
ì ³ ´ ½ í � �"¿��� ¨ft °iÏÃ��Ú�î~� Æ3¨fÉ °i� «^� ��ï� §"Ê@Ìi¨ � °-òù/<ó ý��|ñ'3vý�� ° ÛvÒ% ÓÑ ³ »d» ³v³v° À�ÑvÑ�» �
ì ³ ´ Ô í Õ �"¿� ¯ � °Aòù/<ó ý��|ñ'3vý®ÿ ° ´v´   ´ ³ »f½ °�³ ÒvÒd½ �
ì ³ ´ Ò í � ��¿� © ²f��*S,)4	9>UK2¡;i./9=2?,)4X�o1@£ `)9@.fá/$zá/$@8H8�u"8T9�ö@I+$@8\á/$J;d&)8O8�$�áN23IJ$@4"8O2?,)4%0�&)Uáf23÷ .�8O2?,)4�á/$@8�U@&wu",)4"8|øz�

Ìd«K« Ù  Áùvù É|É|É\� Æ Ù"ªT� ¯ ®¡Ù"ª ¯ ��¼ú?� ù�¦|«w¨3Æl¨ ªO « � ¯ �Oª ù �w © ² ù<Ì �¹ ¨3Æ � Ìf« ¸[° À�ÑvÑ ³v�û¥ Ì"Ö ªO�
ß^� ¿��

ì ³ ÛvÑ í � �"¿�� Ì ��� « Ý��"·�� «wË'§ �'�'� Ê � § �6®¡¸� «�ù�Ñ�»dÑdÛ ³ Û�» �
ì ³ Û ³ í ·�� �  Æ ¸ Ì �vú?�T�'��ä�ü å'ý)ý °-òù/<ó ý�� °�þ å�ý ü	ü)ÿdÿ ýfý � � °"µ Ñ% ÓÔ ³v°�³ ÒvÒ µ/�
ì ³ ÛdÀ í ·�� �  Æ ¸ Ì �vú?�T�'� °-ò0/)ó ý���ñ õ=õ ý�� ° »dÑvÔ[ ÁÀ<» ´ °�³ ÒvÒd½ �
ì ³ Û µ í ·�� �  Æ ¸ Ì �vú?�T�'� � þ:÷�÷ ü ô ý � á õQò ý °Aòù/)ó ý °³ Òv»[ ÁÀ<»dÒ °�³ ÒdÒvÔ �
ì ³ Û�» í ·�� �  Æ ¸ Ì �vú?�T�'�SëH$@4�,)UKIJ&)132l�)&N9=2?,)4�� � Ùi� ¨3§"Å �'�'°³ ÒdÒvÔ �
ì ³ Û ´)í ·�� �  §��N¯ �'�|� «H� �"Ú�� ¯�� ��K����� þ ýfý������ ó!õ ý����
	�ý������ ó�õ ý °³v³ Ò[  ³ »f½ °�³ ÒvÔ ´ �
ì ³ ÛvÛ í � � Õ � �6Ê  Æ �Ù ¨3§ �i� Ê � § �/®¡¸o «!ù�ÒvÒvÑvÔdÀ�Ôf½ �
ì ³ Ûd½ í � � Õ � �6Ê  Æ �Ù ¨3§ �i� °Aò � ó ý��|ñ ÿ ý ° À ´ Ñ[  µ À�Ò °�³ ÒvÒ ´ �
ì ³ ÛvÔ í ß � Õ � �6Ê@ÌN¯"Æ3Ë � þBý °-ò � ó ý�� °³ Û[ ÓÛd½�ÛvÒ °�³ ÒvÔf½ �

³ ÒvÔ



ì ³ ÛvÒ í ß � Õ � �/Ê@ÌN¯iÆ3Ë �¾Ø�� ¯ Ù Æ �'� Æ3¯/«K«w¨3§"Å �'� Æl¨��N¯i¨ �"ª'� � ô W:� þ ���Oñ'ý� õ ñOð���ñ������ þ�ôió  ô ð
���� ôió ÿ þ � õ � ô � ñ ó!þ�ó å þ ÿ �=å ü � ó!õ ñ�� ó<Y ° ¬ � ¨}«w¬ Ù����¥¾�·q�� «w¨3§ ° ¶ �·�� §f« �¸z®¹" ¯/º °i� «�Õ �"¥M�O § ¥ Ì  §iÌ Î� § � Ä � ¨}«@¨ � § ª�ú?�O� §d«w¨3Ö �K�'ªT°"Ü"�O §iÊ �v°³ ÒvÒvÛ �

ì ³ ½�Ñ í ß � Õ � �/Ê@ÌN¯"Æ3Ë ° ¶ �	Ø ¯i§"¨ ¹	�'� «@¨ °i� « �×�"� ¨ �'� ¨ � Ê � § �6®�¸o «�ùvÒvÔvÑd½ µ ÛvÛ �
ì ³ ½ ³ í ÏÃ� �6Ê@Ì É|�� «wË °�·Í� � �K�TªKªO� Æ ° ¶ � ¶ ��� § �'�'°HÎz�HÎ-�'ª Ê � Æl¨ °�ãE� � � Åv¨ �v� Åv¨ °� § �¥¾� ¶¾¨ �¸o�� Ê@Ìi¨ � °-ò � ó ý��|ñ��vý�� ° ´ Ô%  ³ À�Û ³d°³ ÒvÒvÔ �
ì ³ ½vÀ í ØH� � � ¨ �"� Æ � « Î��fÞ\�N�S� ¨3Å �N� ¨3§ � þ0ý�ðfñ °-ò � ó ýE� ° ���� ó¡� ��ñ õ=õ ý ° »d»o  ã�� »dÑ µi°�³ ÒvÔ µ/�
ì ³ ½ µ í Â � � � §iÅd¯ Ù « �� « Þ\� �H¯ Ù ¯"¨ ªT� °Aò � ó ý��|ñ��vý�� ° Û ´  ÓÑ µ ´ ³ ÑdÔ ° À�ÑvÑdÀ �
ì ³ ½<» í ãE� �6Ì �¸�Ù ¨3§ �v°d¿��dÏ Æ3Æ � § °v� «�� �d�S� ¯ �'ªOª'���M.<4�ái&��J$�4	9�&)138�,<B�{�.��J$@UO2QP!&)1M*S,���F0E.69:&N9=2?,)4�� Õ � Ìi§ Ý ¨3Æ ��²�� � � § ªT°³ ÒvÒd½ �
ì ³ ½ ´<í ¿�� �6Ì  § È<v�'� °-ò � ó �=å  V�°³ ½v½+  ´ µ Ñ °�³ ÒvÒ ³v�
ì ³ ½�Û í ¿�� �6Ì  § È<v�'� �|ñ��vý � þ ð0ý °-ò � ó ý ° ÛvÛ�! ³#"   ³ À�Ò °³ ÒdÒ�» �
ì ³ ½v½ í ß � �/Ìi¨ ¸� Ì ��Oi� °-ò � ó ý��|ñ��vý�� ° Û ³   ¿�³ »dÒ µ Û ° À�ÑvÑvÑ �
ì ³ ½�Ô í ß � �/Ìi¨ ¸� Ì ��Oi� þBý °-ò � ó ý ü þ å�ýaþ ÿ ô ý ° ÛvÒ�!>½ "   ³ ÒdÛvÛ ° ÀvÑvÑvÑ �
ì ³ ½�Ò í Õ � � � Æ ²N�v¸[��V ð��vý °Aò � ó ý ° ÀvÔ% ÁÀ�Ñ ³v°�³ Òd½�Ò �
ì ³ ÔvÑ í Ä �fØH� ¶ � �f« � Ê Èv� Æ ¹��'� Å � « ÏÃ�v�M� « �'�K¸� §i§ ��n ñ'ý$�vý °-ò � ó ý V å õ  ° ÀvÛ� ¼»dÒvÒ °i³ Ò ´ µ/�
ì ³ Ô ³ í ·��i¥ �È ¨3Å 'É|o� «H¶ � �  ¨}« �i� þBý °-ò � ó ý ü þ å�ýaþ ÿ ô ý ° ´v´   ³ À µvµ/°�³ ÒvÔvÛ �
ì ³ ÔdÀ í ·��×¥×�È ¨3Å 'É|/° ß ��ÇA�ª ¯ �vÈ</°×� «J¶ � �  ¨}« �i� þBý °-ò � ó ý ü þ å�ýLþ ÿ ô ý ° ´ ÛÍ ÓÔd½ µ/°³ ÒvÔd½ �
ì ³ Ô µ í Þ\�i¥M� « �O�� ¨ ª�� « ØH�6Ý�� «K« �'� ¨lÊ@Ì ��ä�ü å'ýfý °Aò � ó ý�� ° »fÀvÀ%  ´ » ³d°³ ÒdÒ�» �
ì ³ Ô�» í � �i¥×��É|�� ¨ � «�Õ �"¿ ¯/©  Æ �"ª'� °Aò � ó ý��|ñ��vý�� ° ´ µ   ´ ÛvÒdÛ °³ ÒdÒvÛ �
ì ³ Ô ´<í � �"¥ Ì � Æ � § ° � ��� ¨3§ �'ªT°i� «HÕ �"�×�"ã ¯ � °Aò � ó ý��|ñ��ý�� ° »f½% ÓÒ ³ ´ ³v°�³ ÒvÒ µ/�
ì ³ ÔvÛ í � ��¥M�v¸ ¨�% ° � � Õv¬ �K�v¸o�v° � ��·� ¨3Æ3Æ ²f°�·���¿ ¨ ¹" ¯"Æ}« °�� «ÃÂ ��Ú�� Ê@Ì"Å v��K��� þBý�ðfñ°-ò � ó ý�� þ ý?ýfý ° »d»[  Ø�µ#��³ Ñd½ ´ °�³ ÒdÔ µ/�
ì ³ Ôd½ í � ��¥M�v¸ ¨�% ° � � Õ�¬ �K�v¸��d°�M�·�� § �N��°�� «\Â �Ú�� Ê@ÌiÅ d��K�� þBýAðfñ °-ò � ó ý^� þ ýQýfý °

»v»[  Ø�µ#�	³ ÑvÔ µi°�³ ÒvÔ µ/�
ì ³ ÔvÔ í Îz�ÎA�'ª Ê � Æ3¨ °×ãE� � � Åd¨ �v� Åv¨ °�Ýj� ß � § �"�'�KªO� § ° ¶ � ¶ ��� § �'�'° Â �×�M� �f« ��OÈv��²f°�� «ãE� Â ��·�� §d«@Å �v¸��T�:²f�(ü å��=ñ ô åwñ ° À�Ô ³   ³v³ Ô ³d°³ ÒvÒvÔ �
ì ³ ÔvÒ í ¥¾�TÎ ¯iÆ � «@¨�% °)�×�)Ï ¯ ¹� § ® � � §"Ë'¨ �'�'°<ØH�<�×�ª �N¯"¨ �'�'° � �)¥M�v¸ ¨�% ° � � Õv¬ �K�v¸o�v°)·Í� ß�¬ ®� ¨}«w¨ �'�T°i� «HÂ �"Ú�� Ê�ÌiÅ v��O�� ÿ ü �Zý °Aò � ó ýaþ0ý�� ° À ´   µ/³ Ò ° À�ÑvÑdÀ �
ì ³ ÒvÑ í'& � ¶ �/Ý�� § � °-ò � ó ý���ñ��vý�� ° »fÀ+ ÓÛvÛfÀ µ/°�³ ÒvÒvÑ �
ì ³ Ò ³ í ØH�6ÝÍ� «K« �T� ¨3Ê@Ì � °-ò � ó ý���ñ õ=õ ý�� °�µ Ñ ³  ÓÒvÑ °³ ÒvÒ µ/�
ì ³ ÒdÀ í ØH�6Ý ¨ � Ê'Ë �T�KÈv�TÉ�ªOÈ ¨ � � þ �(� ü ô ý �  õQò ý °Aò � ó ý °³ À�Ñ%  ³ »dÒ °�³ ÒvÔvÔ �
ì ³ Ò µ í Â � ¶ �/Ý ¨3Æ ªO� § � �|ñ��vý � þ ðùý °-ò � ó ý ° »f½�!=» "  Á½v½ µ/°�³ Òd½ ´ �
ì ³ Ò�» í Â � ¶ �/Ý ¨3Æ ªO� § �(ü å��=ñ ô�õ � )�å V �oñ����=å* ô ° À<» ³ !>À "   ³ »dÑ °³ Òf½�Ò �
ì ³ Ò ´<í Â � ¶ �/Ý ¨3Æ ªO� § � «�Õ � Â � Åv¯6« � °-ò � ó ý��|ñ ÿ ý °³ À�!>À "  Á½ ´ °�³ Òd½<» �

³ ÒvÒ



ì ³ ÒvÛ í �M��Ý Ë'¨ � « �'È�°�ÜA�vØ��K� ¯"Ë � « °vØH��Ú�� ¯ �O¹	� §"§  ¨ ªT° � � Õv¬ �K�v¸��v° Â ��Ú�� Ê@Ì"Å v��K��°< § ��M��Ú� «  ¨3Æ � þBý ðfñ °-ò � ó ý� °"µ   ³ ½ ³v°�³ ÒvÒ µ/�
ì ³ Òd½ í Îz��·��6Ç��Èv� © � § Èv�i� þÿ\� ° ��ñ õ=õ ý ° ´ Û[  ´ ³ Ñ °�³ ÒvÒdÀ �
ì ³ ÒvÔ í Â �/ÇA�¸o�î ¨ � þBý °-ò � ó ý ü þ å�ýaþ ÿ ô ý ° ´ ³ !>Ò "  ÁÀv½�Ôd½ °�³ ÒvÔdÀ �
ì ³ ÒvÒ í ß �iÇ-�vª Ì"¨3§ �i°�ÏÃ��±H��/°"¥�� � �ªw�È ¨ °�¥¾� ß  § <î ¨ � ¨ ° Õ �iÇA�¸���"/° � ��Þ^vÈ< « ª ¯ î ¨ °

ß �"Ï §iË  ¨ °i� «HÂ �"· ¯ �O « /� þBý °-ò � ó ý ü þ å�ýaþ ÿ ô ý ° ÛvÔ�! ³ Ñ "   µ/³ »fÀ °�³ ÒvÒvÒ �
ì ÀvÑvÑ í � ��ï� §"Ê@Ìi¨ �6��$@U*��2?,)4"8E$@4�B=&)2¡;<1?$E2l4	9�$@U@&fP�9=2?,)4�8).<U�.<4ÃU@`�8@$T&/.Ã;<2�áf2��J$�4i8O2?,)4i4�$@1=�¥ ÌiÖ ªK�d° ¦�§"¨}© �i�"���×v� ¨ ª~® �6¯ �°³ ÒvÒvÛ �
ì ÀvÑ ³ í � ��ï� §"Ê@Ìi¨ � ÿ ü � þ ÿ ò � ó ý���ñ õ=õ ý ° ´v´   µ ½�Û ° ÀvÑvÑ ³v�
ì ÀvÑdÀ í � ��ï� §"Ê@Ìi¨ � « Ï��"ÚMî:� Æ3¨fÉ � ÿ ü � þ ÿ ò � ó ý���ñ õ�õ ý ° ´ Û[  ´ ÒvÛ ° À�ÑvÑ ³v�
ì ÀvÑ µ í � ��ï� §"Ê@Ìi¨ � «^ß � Õ � �6Ê@Ì6¯iÆ3Ë � Ê � § �6®�¸o «!ù�ÒvÔ ³ À µ Ñ µ/�
ì ÀvÑ�» í � ��ï� §"Ê@Ìi¨ � «^ß � Õ � �6Ê@Ì6¯iÆ3Ë � °Aò � ó ý��|ñ��vý�� ° Û ³ !>À�Ñ "   ³Tµ ÛvÑvÒ ° À�ÑvÑvÑ �
ì ÀvÑ ´)í Ü��/ï	É ¨3Ê È	° � �6Ú��K�TÉ § ° ¶ �/·��� Å �� ¨}« � § �i�i°iØH�/·��'� Æ3¨3Ê °/·Í�/± § � Æ3Æ3¨ � § ° Õ �fÎ-� ¨}« °� « ·�� ¶ � ¨ � §i¨ � °Aò � ó ý��|ñ��vý���ñ õ=õ ý ° ½�Ò%  µ ÒvÔfÀ °�³ ÒvÒd½ �

À�ÑvÑ
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Ý���ª «w¯ �/²� §d«w¨ ú?�T�K�K�v¸� Åv§ � «@¨ ªK¸  § �zª ¯ Ù	�'� Ê � § � ¯iÊ�«w¨}©i¨}« ² ¨3§��6¯ �ª ¨ ®¡� § ��®¡� ¨ ¸�� § ®ª ¨ � §  Æ Üi�T�K¸ ¨ ª~²/ª « �'¸oª'�dÝ��^ª « �� « úQ�K�v¸a « É��<®�� ¨ ¸�� § ª ¨ � §  Æ  §i¨ ªO� « �K�dÙ ¨3ÊHß�¯ ¹i¹"��O�¸o�N�i� Æ ��¥ Ì �-Ù Ì vªK�-� ¨  Å �O�¸ ¨ ª��'ª « �¹ Æ3¨ ª Ì �'� ¯ ª ¨3§iÅ�«wÌ �Sú ¯"§iÊ�«@¨ � §  Æ �K� § �v�O¸o Æ3¨3Ë  «w¨ � §
Å �K� ¯ Ù�NÝ����v¹ «  ¨l§  Ê �K�vªOªO� © �'��ú?�K�v¸ Ã� § ��®¡� ¨ ¸�� § ª ¨ � §  Æ �K� Åv¨ ¸��¾ «|Ì"¨3ÅvÌ�« �T¸�Ù���®�O «@¯ �K� « �� « É��<®¡� ¨ ¸�� § ª ¨ � §  Æ �K� Åd¨ ¸��� «ÃÆ �TÉ « �T¸�Ù	�T�O «w¯ �K�v��Ý ¨}«wÌi¨3§�«@Ì � Æ  «K« �'�'°ªOÙ ¨3§  § � Ê@Ì �� Å �^a ¯iÊ�«@¯  «w¨ � § ª Ê  § ª « �¹ ¨lÆ3¨3Ë � «@Ì �|ú?� Æ3Æ �TÉ ¨3§iÅ Ù Ì vªK�Tª'°v�"�'Ù	� § � ¨3§"Å � §
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