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„ ¥É¸Ö µ¡§µ· ´µ¢µ£µ ¶µ¤Ìµ¤  ± ´ Ìµ¦¤¥´¨Õ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ N = 2 ¨ N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¶µ²¥¢ÒÌ É¥µ·¨ÖÌ. �µ¤Ìµ¤ µ¸´µ¢ ´ ´  Ëµ·³Ê²¨·µ¢±¥ ÔÉ¨Ì É¥µ·¨° ¢ É¥·-
³¨´ Ì ´¥ ¶µ¤Î¨´¥´´ÒÌ ¸¢Ö§Ö³ ¸Ê¶¥·¶µ²¥° ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥. �¡¸Ê¦¤ ¥É¸Ö
¶µ¸É·µ¥´¨¥ ¸Ê¶¥·¶µ²¥¢ÒÌ ³µ¤¥²¥° N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö (£¨¶¥·³Ê²ÓÉ¨¶²¥É,
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥µ·¨Ö ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ ). ˆ§² £ ¥É¸Ö N = 2 ³¥Éµ¤ Ëµ´µ¢µ£µ
¶µ²Ö. � ¸¸³ É·¨¢ ¥É¸Ö ¶¥·ÉÊ·¡ É¨¢´µ¥ ´ Ìµ¦¤¥´¨¥ £µ²µ³µ·Ë´µ£µ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¢
N = 2 ³µ¤¥²ÖÌ ¨ ´ Ìµ¦¤¥´¨¥ ´¥£µ²µ³µ·Ë´µ£µ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¢ N = 4 É¥µ·¨¨ ¶µ²Ö
Ÿ´£ ÄŒ¨²²¸ , µ¶·¥¤¥²ÖÕÐ¥£µ ÉµÎ´µ¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ ÔÉµ° É¥µ·¨¨.
�¡¸Ê¦¤ ÕÉ¸Ö ¢µ§³µ¦´Ò¥ ¶·¨²µ¦¥´¨Ö ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ ¸Ê¶¥·¸¨³-
³¥É·¨Î´ÒÌ É¥µ·¨ÖÌ ¨ ´¥±µÉµ·Ò¥ µÉ±·ÒÉÒ¥ ¶·µ¡²¥³Ò. �·µ¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ ¤ ´´µ£µ ¶µ¤Ìµ¤  ¸
¤·Ê£¨³¨.

Review of new approach to ˇnding effective action in N = 2 and N = 4 supersymmetric
theory is given. The approach is based on the formulation of these theories in terms of unconstrained
superˇelds in harmonic superspace. Construction of superˇeld models of N = 2 supersymmetric
ˇeld theory (hypermultiplet, N = 2 supersymmetric YangÄMills theory) is discussed. N = 2 back-
ground ˇeld method is considered. Perturbative holomorphic effective potential in N = 2 models and
non-holomorphic effective potential in N = 4 YangÄMills ˇeld theory, deˇning exact low-energy
effective action in this theory, are studied. Possible applications of low-energy effective action in
supersymmetric theories and some open problems are discussed. Comparison of given approach with
others is performed.
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�ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ Í¥´É· ²Ó´ÒÌ µ¡Ñ¥±Éµ¢ ±¢ ´Éµ-
¢µ° É¥µ·¨¨ ¶µ²Ö, µ¶·¥¤¥²ÖÕÐ¨³ ±¢ ´Éµ¢µ¥ ¶µ¢¥¤¥´¨¥ ¶µ²¥¢ÒÌ ³µ¤¥²¥° ¢´¥
³ ¸¸µ¢µ° µ¡µ²µÎ±¨. �·µ¡²¥³  ´ Ìµ¦¤¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö É¥¸´µ ¸¢Ö-
§ ´  ¸ ·¥Ï¥´¨¥³ É ±¨Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ § ¤ Î ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, ± ±
µ¶·¥¤¥²¥´¨¥ ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³ , ´ Ìµ¦¤¥´¨¥ ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ± ± ±² ¸¸¨-
Î¥¸±¨³ Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö, ¨¸¸²¥¤µ¢ ´¨¥ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¨ ¤¨´ ³¨Î¥-
¸±µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨, ¨§ÊÎ¥´¨¥ ±¢ ´Éµ¢µ° ¤¨´ ³¨±¨ ¢ ¸¨²Ó´ÒÌ Ëµ´µ-
¢ÒÌ ¶µ²ÖÌ. �µ´ÖÉ¨¥ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´µ Ê¤µ¡´Ò³
¤²Ö · ¸¸³µÉ·¥´¨Ö ³´µ£¨Ì  ¸¶¥±Éµ¢ ±¢ ´Éµ¢ ´¨Ö ¨ ¶¥·¥´µ·³¨·µ¢±¨ ± ²¨¡·µ-
¢µÎ´ÒÌ É¥µ·¨°, ¢±²ÕÎ Ö ¢µ¶·µ¸Ò  ´µ³ ²¨°. �·¨ ÔÉµ³ µ± §Ò¢ ¥É¸Ö, ÎÉµ ¶µ-
¸É·µ¥´¨¥ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ · §²¨Î´ÒÌ ¶µ²¥¢ÒÌ ³µ¤¥²ÖÌ ¤²Ö ·¥Ï¥´¨Ö
· §²¨Î´ÒÌ § ¤ Î µ¸´µ¢Ò¢ ¥É¸Ö ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ·Ö¤  µ¡Ð¨Ì ¨²¨  ´ ²µ£¨Î-
´ÒÌ ³¥Éµ¤µ¢. �µ ÔÉµ° ¶·¨Î¨´¥ ¶·µ¡²¥³  ´ Ìµ¦¤¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö
¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¸ ³µ¸ÉµÖÉ¥²Ó´µ¥ ´ ¶· ¢²¥´¨¥ ¢ · ³-
± Ì ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö (µ¡¸Ê¦¤¥´¨¥ ¶·µ¡²¥³ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¸³.,
´ ¶·¨³¥·, ¢ ±´¨£ Ì [1Ä6]).

’µÎ´µ¥ ´ Ìµ¦¤¥´¨¥ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö µ§´ Î ¥É ÉµÎ´µ¥ ·¥Ï¥´¨¥ ¢
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ³µ¤¥²¨ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¨ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥¢µ§-
³µ¦´µ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¤²Ö ¨§ÊÎ¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¨¸¶µ²Ó§ÊÕÉ¸Ö
· §²¨Î´Ò¥ ¶·¨¡²¨¦¥´´Ò¥ ¶µ¤Ìµ¤Ò, ¨§ ±µÉµ·ÒÌ ³Ò µÉ³¥É¨³ ¶¥É²¥¢µ¥ · §-
²µ¦¥´¨¥ ¨ · §²µ¦¥´¨¥ ¶µ ¶·µ¨§¢µ¤´Ò³. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ÔËË¥±É¨¢´µ¥
¤¥°¸É¢¨¥ ¨Ð¥É¸Ö ¢ ¢¨¤¥ ·Ö¤  ¶µ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò³ ¶·µ¨§¢µ¤´Ò³
¸¢µ¨Ì ËÊ´±Í¨µ´ ²Ó´ÒÌ  ·£Ê³¥´Éµ¢. ’ ±µ¥ · §²µ¦¥´¨¥ É¥¸´µ ¸¢Ö§ ´µ ¸ ¶µ-
´ÖÉ¨¥³ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö. �ÉµÉ µ¡Ñ¥±É ¨¸¶µ²Ó-
§Ê¥É¸Ö ¤²Ö µ¶¨¸ ´¨Ö Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨°, ¢ ±µÉµ·ÒÌ µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ÕÉ
Î ¸É¨ÍÒ ¨ ¶µ²Ö ¸ ³ ¸¸ ³¨, Ô´e·£¨Ö³¨ ¨ ¨³¶Ê²Ó¸ ³¨, µ£· ´¨Î¥´´Ò³¨ ¸¢¥·ÌÊ
´¥±µÉµ·Ò³ Ì · ±É¥·´Ò³ ³ ¸ÏÉ ¡µ³. �·¨³¥·µ³ ¶µ¤µ¡´µ° ¸¨ÉÊ Í¨¨ ¸²Ê¦¨É
¸¨¸É¥³  ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ²¥° · §´ÒÌ ³ ¸¸, ²¥£±¨Ì ¨ ÉÖ¦¥²ÒÌ ¶µ²¥°.
’µ£¤  ¤²Ö µ¶¨¸ ´¨Ö ±¢ ´Éµ¢ÒÌ  ¸¶¥±Éµ¢ ²¥£±¨Ì ¶µ²¥° ¤µ¸É ÉµÎ´µ · ¸¸³µ-
É·¥ÉÓ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ Éµ²Ó±µ µÉ ÔÉ¨Ì ¶µ²¥°,   ·µ²Ó ³ ¸-
ÏÉ ¡  ¨£· ÕÉ ³ ¸¸Ò ÉÖ¦¥²ÒÌ ¶µ²¥°. �µ¸±µ²Ó±Ê · §²µ¦¥´¨¥ ¶µ ¶·µ¨§¢µ¤´Ò³
Ë¨§¨Î¥¸±¨ µ§´ Î ¥É ÊÎ¥É ¢¸¥ ¡µ²¥¥ ¢Ò¸µ±¨Ì ¸É¥¶¥´¥° Ô´¥·£¨¨-¨³¶Ê²Ó¸ , Éµ
´ ²¨Î¨¥ µ¡·¥§ ÕÐ¥£µ ³ ¸ÏÉ ¡  ´ ±² ¤Ò¢ ¥É µ£· ´¨Î¥´¨¥ ¸¢¥·ÌÊ ´  ±µ²¨Î¥-
¸É¢µ Î²¥´µ¢ · §²µ¦¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¶µ ¶·µ¨§¢µ¤´Ò³. �·¨ ÔÉµ³ ¢
¢¥¤ÊÐ¥³ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¸µ¤¥·¦¨É
Éµ²Ó±µ ¶¥·¢Ò¥ ´¥¨¸Î¥§ ÕÐ¨¥ Î²¥´Ò ¢ Ê± § ´´µ³ · §²µ¦¥´¨¨. �Éµ ³µ£ÊÉ ¡ÒÉÓ
Î²¥´Ò ¢µµ¡Ð¥ ¡¥§ ¶·µ¨§¢µ¤´ÒÌ,   ¥¸²¨ ¶µ ± ±¨³-²¨¡µ ¶·¨Î¨´ ³ µ´¨ µÉ¸ÊÉ-
¸É¢ÊÕÉ, Éµ Î²¥´Ò · §²µ¦¥´¨Ö ¸ ´¨§Ï¨³¨ ¶·¨§¢µ¤´Ò³¨. �Î¥¢¨¤´µ, ÎÉµ ¨³¥´´µ
´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¶µ§¢µ²Ö¥É ¨¸¸²¥¤µ¢ ÉÓ ¸É·Ê±ÉÊ·Ê
¢ ±ÊÊ³  ¶µ²¥¢µ° ³µ¤¥²¨ ¨ ¤¨´ ³¨±Ê ¥¥ ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´¨°.
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ˆ§ÊÎ¥´¨¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¨ Ëµ·³ ²Ó´ÒÌ  ¸¶¥±Éµ¢ ¸Ê¶¥·¸¨³³¥É·¨Î-
´ÒÌ ¶µ²¥¢ÒÌ É¥µ·¨° § ´¨³ ¥É §´ Î¨É¥²Ó´µ¥ ³¥¸Éµ ¢ ¸µ¢·¥³¥´´ÒÌ · ¡µÉ Ì ¶µ
É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°. ˆ´É¥·¥¸ ± ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ É¥µ·¨¨
¶µ²Ö µ¡Ê¸²µ¢²¥´ ³´µ£¨³¨ ¶·¨Î¨´ ³¨, ¨§ ±µÉµ·ÒÌ ³Ò µÉ³¥É¨³ É·¨:

1. ‘Ê¶¥·¸¨³³¥É·¨Ö µ¡¥¸¶¥Î¨¢ ¥É ¥¸É¥¸É¢¥´´Ò° ³¥Ì ´¨§³ µ¡Ñ¥¤¨´¥´¨Ö
¡µ§µ´µ¢ ¨ Ë¥·³¨µ´µ¢ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¤µ²¦´  · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¸µ¸É ¢-
´µ° Ô²¥³¥´É ²Õ¡µ° É¥µ·¨¨, ¶·¥É¥´¤ÊÕÐ¥° ´  ·µ²Ó µ¡Ñ¥¤¨´¥´´µ° É¥µ·¨¨
ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° (Ëµ·³Ê²¨·µ¢±  ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ-
·¨° ¤ ´ , ´ ¶·¨³¥·, ¢ ±´¨£ Ì [7Ä9]).

2. ‘Ê¶¥·¸¨³³¥É·¨Ö ·¥Ï ¥É ·Ö¤ ¶·µ¡²¥³ ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¡µ²ÓÏµ£µ
µ¡Ñ¥¤¨´¥´¨Ö, É ±¨Ì ± ±, ´ ¶·¨³¥·, ¶·µ¡²¥³  ¨¥· ·Ì¨°, ¶·µ¡²¥³  ¸É·µ£µ£µ
¶¥·¥¸¥Î¥´¨Ö É·¥Ì ± ²¨¡·µ¢µÎ´ÒÌ ¡¥£ÊÐ¨Ì ±µ´¸É ´É ¸¢Ö§¨ ¢ µ¤´µ° ÉµÎ±¥, ¶·µ-
¡²¥³  ¢·¥³¥´¨ ¦¨§´¨ ¶·µÉµ´  (¸³. µ¡¸Ê¦¤¥´¨¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì  ¸¶¥±Éµ¢
¸Ê¶¥·¸¨³³¥É·¨¨ ¢ [10,11]).

3. �µ ¸µ¢·¥³¥´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ µ¡Ñ¥¤¨´¥´´µ° É¥µ·¨¥° ¢¸¥Ì ËÊ´¤ -
³¥´É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¢±²ÕÎ Ö £· ¢¨É Í¨µ´´µ¥, Ö¢²Ö¥É¸Ö É¥µ·¨Ö ¸Ê-
¶¥·¸É·Ê´. ‚ ÔÉµ° É¥µ·¨¨ ¸Ê¶¥·¸¨³³¥É·¨Ö ¨£· ¥É ±²ÕÎ¥¢ÊÕ ·µ²Ó, µ¡¥¸¶¥-
Î¨¢ Ö µÉ¸ÊÉ¸É¢¨¥ É Ì¨µ´µ¢ ¢ ¸¶¥±É·¥ ¸É·Ê´Ò. • · ±É¥·´ Ö Ô´¥·£¥É¨Î¥¸± Ö
Ï± ²  É¥µ·¨¨ ¸Ê¶¥·¸É·Ê´ § ¤ ¥É¸Ö ¶² ´±µ¢¸±µ° Ô´¥·£¨¥°. �·¨ ¶¥·¥Ìµ¤¥ ±
Ô´¥·£¨Ö³, ³´µ£µ ³¥´ÓÏ¨³ ¶² ´±µ¢¸±µ°, ³Ò ¶µ²ÊÎ ¥³ ÔËË¥±É¨¢´ÊÕ (´¨§±µ-
Ô´¥·£¥É¨Î¥¸±ÊÕ ¸ ÉµÎ±¨ §·¥´¨Ö É¥µ·¨¨ ¸Ê¶¥·¸É·Ê´) ¸Ê¶¥·¸¨³³¥É·¨Î´ÊÕ É¥µ-
·¨Õ ¶µ²Ö (¸³. ¢Ò¢µ¤ ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö ¨§ É¥µ·¨¨ ¸Ê¶¥·¸É·Ê´
¢ ±´¨£¥ [12]).

Šµ´¥Î´µ, ´  ¤µ¸ÉÊ¶´ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ô´¥·£¨ÖÌ ¸Ê¶¥·¸¨³³¥É·¨Ö ´¥
¶·µÖ¢²Ö¥É ¸¥¡Ö, ÎÉµ ³µ¦¥É µ§´ Î ÉÓ ¥¥ ´ ·ÊÏ¥´¨¥ ´  ´¥±µÉµ·µ³ ³ ¸ÏÉ ¡¥.
‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¨§ÊÎ¥´¨¥ ¨³¥´´µ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ±¢ ´Éµ¢ÒÌ  ¸¶¥±Éµ¢
¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¶µ²¥¢ÒÌ ³µ¤¥²¥° ¤µ²¦´µ ¶·¥¤¸É ¢²ÖÉÓ µ¸µ¡Ò° ¨´É¥·¥¸ ¸
ÉµÎ±¨ §·¥´¨Ö ´ Ìµ¦¤¥´¨Ö ¢µ§³µ¦´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¸²¥¤¸É¢¨° ¸ÊÐ¥-
¸É¢µ¢ ´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨. �± §Ò¢ ¥É¸Ö, ÎÉµ ¢ N = 2 ¨ N = 4 · ¸Ï¨·¥´´ÒÌ
¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨ÖÌ Ÿ´£ ÄŒ¨²²¸  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢-
´µ¥ ¤¥°¸É¢¨¥ ³µ¦¥É ¡ÒÉÓ Ê¸É ´µ¢²¥´µ ÉµÎ´µ.

‚ É¥µ·¨ÖÌ, µ¡² ¤ ÕÐ¨Ì £²µ¡ ²Ó´Ò³¨ ¨²¨ ± ²¨¡·µ¢µÎ´Ò³¨ ¸¨³³¥É·¨Ö³¨,
´¥ ´ ·ÊÏ¥´´Ò³¨  ´µ³ ²¨Ö³¨, ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, ¢ Î ¸É´µ¸É¨ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, É ±¦¥ ¤µ²¦´µ µ¡² ¤ ÉÓ ¸¨³³¥É·¨Ö³¨. �·¨
ÔÉµ³ ¢µ§´¨± ¥É ¶·µ¡²¥³  · §¢¨É¨Ö ³¥Éµ¤µ¢ ¶µ¸É·µ¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°-
¸É¢¨Ö, Ö¢´µ µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ´ ²¨Î¨¥ ¸¨³³¥É·¨° ´  ¢¸¥Ì ÔÉ ¶ Ì ¨¸¸²¥¤µ¢ -
´¨Ö. •µ·µÏµ ¨§¢¥¸É´µ, ÎÉµ  ¤¥±¢ É´ Ö ¨ ¶·µ¸É Ö Ëµ·³Ê²¨·µ¢±  Î¥ÉÒ·¥Ì-
³¥·´ÒÌ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨° ¶µ²Ö ¤µ¸É¨£ ¥É¸Ö ¢ É¥·³¨´ Ì ¸Ê-
¶¥·¶µ²¥°. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ±¢ ´Éµ¢ Ö Ëµ·³Ê²¨·µ¢± , µ¡¥¸¶¥Î¨¢ ÕÐ Ö Ö¢´ÊÕ
N = 1 ¸Ê¶¥·¸¨³³¥É·¨Õ, ¶µ¸É·µ¥´  ¤µ¸É ÉµÎ´µ ¤ ¢´µ ¨ Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö
(¸³., ´ ¶·¨³¥·, [7Ä9]).
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‚ É¥µ·¨ÖÌ ¸ N = 1 ¸Ê¶¥·¸¨³³¥É·¨¥°, É ±¨Ì ± ± ³µ¤¥²Ó ‚¥¸¸ Ä‡Ê³¨´µ,
N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥µ·¨Ö Ÿ´£ ÄŒ¨²²¸ , ¸É·Ê±ÉÊ·  ÔËË¥±É¨¢´µ£µ
¤¥°¸É¢¨Ö ¨§ÊÎ¥´  ¤µ¸É ÉµÎ´µ ¶µ¤·µ¡´µ (¸³., ´ ¶·¨³¥·, ±´¨£¨ [7Ä9]). ‚ Î ¸É-
´µ¸É¨, ¢ · ¡µÉ Ì [13Ä15] ¡Ò² ´ °¤¥´ ¸Ê¶¥·¶µ²¥¢µ° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ²
¨ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥° ¢ ³µ¤¥²¨ ‚¥¸¸ Ä‡Ê³¨´µ,
¢ [16Ä18] ¡Ò² ´ °¤¥´ ±¨· ²Ó´Ò° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢ Éµ° ¦¥ É¥µ·¨¨,  
¢ [19] ¡Ò² · §¢¨É ³¥Éµ¤ Ëµ´µ¢µ£µ ¶µ²Ö ¤²Ö N = 1 É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ±µ-
Éµ·Ò° ¢ ¤ ²Ó´¥°Ï¥³ ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ·¥´µ·³ ²¨§ Í¨µ´´ÒÌ
¸¢µ°¸É¢ ¨ ´ Ìµ¦¤¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö [20Ä24]. Œ¥Éµ¤Ò ´ Ìµ¦¤¥´¨Ö
ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ N = 1 ³µ¤¥²ÖÌ ¡Ò²¨ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´Ò ¢ ´¥¤ ¢-
´¨Ì · ¡µÉ Ì [92Ä96,104].

�¤´ ±µ Ê¦¥ ¢ É¥µ·¨ÖÌ ¸ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥° (¨ ¢µµ¡Ð¥ ¢ É¥µ·¨ÖÌ
¸ · ¸Ï¨·¥´´µ° ¸Ê¶¥·¸¨³³¥É·¨¥°) ¢µ§´¨± ÕÉ ¸ÊÐ¥¸É¢¥´´Ò¥ ¶·µ¡²¥³Ò ¸ ¶µ-
¸É·µ¥´¨¥³ ±¢ ´Éµ¢µ° É¥µ·¨¨. ‚ ±µ³¶µ´¥´É´ÒÌ Ëµ·³Ê²¨·µ¢± Ì ÔÉµ ¢Ò· ¦ -
¥É¸Ö ¢ Éµ³, ÎÉµ  ²£¥¡·  ¸Ê¶¥·¸¨³³¥É·¨¨ Ö¢²Ö¥É¸Ö § ³±´ÊÉµ° ¸ ÉµÎ´µ¸ÉÓÕ ¤µ
Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö. ‚ ¸Ê¶¥·¶µ²¥¢µ³ ¶µ¤Ìµ¤¥ É·¥¡µ¢ ´¨¥ ´¥¶·¨¢µ¤¨³µ¸É¨
¸Ê¶¥·¶µ²¥¢ÒÌ ¶·¥¤¸É ¢²¥´¨°  ²£¥¡·Ò N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¶·¨¢µ¤¨É ±
¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê¸²µ¢¨Ö³ ´  ¸Ê¶¥·¶µ²Ö (¸¢Ö§Ö³). ‚ ¨Éµ£¥ N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨Î´Ò¥ É¥µ·¨¨ ¶µ²Ö Ëµ·³Ê²¨·ÊÕÉ¸Ö ¢ ¸É ´¤ ·É´µ³ N = 2 ¸Ê¶¥·¶·µ-
¸É· ´¸É¢¥ ¢ É¥·³¨´ Ì ¶µ¤Î¨´¥´´ÒÌ ¸¢Ö§Ö³ ¸Ê¶¥·¶µ²¥° (µ N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨¨ ¸³. ±´¨£Ê [8] ¨ µ¡§µ· [25]). �·µ¡²¥³Ò ¸ ·¥Ï¥´¨¥³ ¸¢Ö§¥° Î¥·¥§ ´¥µ£· -
´¨Î¥´´Ò¥ ¸Ê¶¥·¶µ²Ö (¶·¥¶µÉ¥´Í¨ ²Ò) ¶·¨¢µ¤ÖÉ ± É·Ê¤´µ¸ÉÖ³ ¢ ¶µ¸É·µ¥´¨¨
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¨ ¨¸¸²¥¤µ¢ ´¨¨ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö. „²Ö ¸¶¥Í¨ ²Ó-
´µ£µ ³Ê²ÓÉ¨¶²¥É  ³ É¥·¨¨ (®µ¸² ¡²¥´´µ£µ¯ £¨¶¥·³Ê²ÓÉ¨¶²¥É  • ÊÄ‘É¥²² Ä
’ Ê´¸¥´¤  [26]) ¨ ± ²¨¡·µ¢µÎ´µ£µ ³Ê²ÓÉ¨¶²¥É  ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¢Ö§¨ ¡Ò²¨
·¥Ï¥´Ò ¢ [26Ä29]. �¤´ ±µ ´ °¤¥´´Ò¥ ¢ ÔÉ¨Ì · ¡µÉ Ì Ëµ·³Ê²¨·µ¢±¨ ¸²¨Ï±µ³
£·µ³µ§¤±¨ ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ´¥¶µ¸·¥¤¸É¢¥´´ÒÌ ¢ÒÎ¨¸²¥´¨ÖÌ ´  ±¢ ´Éµ¢µ³
Ê·µ¢´¥.

‡´ Î¨É¥²Ó´Ò³¨ ¤µ¸Éµ¨´¸É¢ ³¨ µ¡² ¤ ¥É ¶µ¤Ìµ¤ ± ¸Ê¶¥·¶µ²¥¢µ³Ê µ¶¨¸ -
´¨Õ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨°, µ¸´µ¢ ´´Ò° ´  ¨¤¥¥ £ ·³µ´¨Î¥¸±µ£µ
¸Ê¶¥·¶·µ¸É· ´¸É¢  [30Ä34]. ‘¢Ö§¨ ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥Éµ¢ ³ É¥·¨¨ ¨ N = 2
± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ µ± §Ò¢ ¥É¸Ö ¢µ§³µ¦´Ò³ ·¥Ï¨ÉÓ ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê-
¶¥·¶·µ¸É· ´¸É¢¥. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ É¥µ-
·¨¨ ¶µ²Ö ³µ£ÊÉ ¡ÒÉÓ ¸Ëµ·³Ê²¨·µ¢ ´Ò ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥ ¢
É¥·³¨´ Ì ¸Ê¶¥·¶µ²¥°, ´¥ ¶µ¤Î¨´e´´ÒÌ ¸¢Ö§Ö³. �¸´µ¢´ Ö ¨¤¥Ö ÔÉµ£µ ¶µ¤Ìµ¤ 
§ ±²ÕÎ ¥É¸Ö ¢ ¤µ¡ ¢²¥´¨¨ ± ¸É ´¤ ·É´µ³Ê N = 2 ¸Ê¶¥·¶·µ¸É· ´¸É¢Ê ¸Ë¥·Ò
SU(2)/U(1) ¨ ¢Ò¤¥²¥´¨¨ § ³±´ÊÉµ£µ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° N = 2
¸Ê¶¥·¸¨³³¥É·¨¨  ´ ²¨É¨Î¥¸±µ£µ ¶µ¤¶·µ¸É· ´¸É¢ , ¶ · ³¥É·¨§Ê¥³µ£µ ³¥´Ó-
Ï¨³ Î¨¸²µ³  ´É¨±µ³³ÊÉ¨·ÊÕÐ¨Ì ¶¥·¥³¥´´ÒÌ ¶µ ¸· ¢´¥´¨Õ ¸µ ¸É ´¤ ·É´Ò³
N = 2 ¸Ê¶¥·¶·µ¸É· ´¸É¢µ³. �µ¤Ìµ¤ £ ·³µ´¨Î¥¸±µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢  ¶µ-
± § ², ÎÉµ ¤²Ö µ¶¨¸ ´¨Ö ³Ê²ÓÉ¨¶²¥Éµ¢ ³ É¥·¨¨ ¸ § ³±´ÊÉµ°  ²£¥¡·µ° N = 2
¸Ê¶¥·¸¨³³¥É·¨¨ ¢´¥ ³ ¸¸µ¢µ° µ¡µ²µÎ±¨ ´¥µ¡Ìµ¤¨³µ ¢±²ÕÎ¥´¨¥ ¡¥¸±µ´¥Î´µ£µ
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Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥°,   ¤²Ö µ¶¨¸ ´¨Ö ± ²¨¡·µ¢µÎ´µ£µ ³Ê²ÓÉ¨¶²¥É 
´¥µ¡Ìµ¤¨³µ ¢±²ÕÎ¥´¨¥ ¡¥¸±µ´¥Î´µ£µ Î¨¸²  Î¨¸Éµ ± ²¨¡·µ¢µÎ´ÒÌ ¸É¥¶¥´¥°
¸¢µ¡µ¤Ò. �¥¸³µÉ·Ö ´  Éµ, ÎÉµ £ ·³µ´¨Î¥¸±µ¥ ¸Ê¶¥·¶·µ¸É· ´¸É¢µ ¨³¥¥É ¡µ²¥¥
¸²µ¦´ÊÕ ¸É·Ê±ÉÊ·Ê ¶µ ¸· ¢´¥´¨Õ ¸µ ¸É ´¤ ·É´Ò³ N = 2 ¸Ê¶¥·¶·µ¸É· ´¸É¢µ³,
ÔÉµÉ ¶µ¤Ìµ¤ µ± §Ò¢ ¥É¸Ö Ê¤µ¡´Ò³ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ±¢ ´Éµ¢ÒÌ ÔËË¥±Éµ¢ ¢
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨ÖÌ [32].

�¤´¨³ ¨§ µ¸´µ¢´ÒÌ ¸¢µ°¸É¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°-
¸É¢¨Ö ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö Ö¢²Ö¥É¸Ö £µ²µ³µ·Ë´µ¸ÉÓ (¸³., ´ -
¶·¨³¥·, µ¡§µ·Ò [35, 36]). �´µ § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ
É¥µ·¨ÖÌ ¸ ±µ³¶²¥±¸´Ò³¨ ¸Ê¶¥·¶µ²Ö³¨, µ¶·¥¤¥²¥´´Ò³¨ ´  ´¥±µÉµ·µ³ ¶µ¤¶·µ-
¸É· ´¸É¢¥ ¶µ²´µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢ , ±¢ ´Éµ¢Ò¥ ¶µ¶· ¢±¨ ± ÔËË¥±É¨¢´µ³Ê
¤¥°¸É¢¨Õ Î ¸Éµ ¢µ§´¨± ÕÉ ¢ ¢¨¤¥ £µ²µ³µ·Ë´ÒÌ ËÊ´±Í¨° µÉ ÔÉ¨Ì ¸Ê¶¥·¶µ-
²¥°, ¨´É¥£·¨·Ê¥³ÒÌ ¶µ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³Ê ¶µ¤¶·µ¸É· ´¸É¢Ê. �·¨³¥·µ³ £µ²µ-
³µ·Ë´µ¸É¨ ¢ N = 1 ¸Ê¶¥·¸¨³³¥É·¨¨ Ö¢²Ö¥É¸Ö Ê¦¥ Ê¶µ³¨´ ¢Ï¨°¸Ö ±¨· ²Ó-
´Ò° ¶µÉ¥´Í¨ ² [16Ä18]. ƒµ· §¤µ ¡µ²¥¥ ¢ ¦´ÊÕ ·µ²Ó ¨£· ¥É £µ²µ³µ·Ë´µ¸ÉÓ ¢
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. �¶¨· Ö¸Ó ´  ÊÉ¢¥·¦¤¥´¨¥, ÎÉµ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥
ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ 
Ö¢²Ö¥É¸Ö £µ²µ³µ·Ë´µ° ËÊ´±Í¨¥° N = 2 ´ ¶·Ö¦¥´´µ¸É¨ W (¥£µ ¸É·Ê±ÉÊ· 
¡Ò²  ¶·¥¤²µ¦¥´  ¢ [37]), ‡ °¡¥·£ ¨ ‚¨ÉÉ¥´ ¸³µ£²¨ ÉµÎ´µ ´ °É¨ ¥£µ ¸ ÊÎ¥Éµ³
´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤µ¢ ¢ ¸²ÊÎ ¥ É¥µ·¨¨ ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° SU(2),
¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¤µ U(1), ¨¸¶µ²Ó§ÊÖ ¨¤¥Õ ¤Ê ²Ó´µ¸É¨ [38] (¸³. É ±¦¥
µ¡§µ·Ò [39Ä43]). � ¡µÉ  [38] ¸É¨³Ê²¨·µ¢ ²  ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ÔËË¥±É¨¢-
´µ£µ ¤¥°¸É¢¨Ö ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. �µ²ÊÎ¥´´Ò¥ ‡ °¡¥·£µ³ ¨ ‚¨ÉÉ¥´µ³
·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ µ¡µ¡Ð¥´Ò ´  ¤·Ê£¨¥ ± ²¨¡·µ¢µÎ´Ò¥ £·Ê¶¶Ò ¨ ´  É¥µ·¨¨ ¸
³ É¥·¨¥° [44Ä59]. �Ò²µ ¶·¥¤¶·¨´ÖÉµ ¤¥É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ÊÉ¢¥·¦¤¥´¨Ö µ
£µ²µ³µ·Ë´µ¸É¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¨ ¢ÒÎ¨¸²¥´¨¥
¶¥·¢ÒÌ ´¥¢¥¤ÊÐ¨Ì ¢±² ¤µ¢ ´  µ¸´µ¢¥ N = 1 ¸Ê¶¥·¶µ²¥¢ÒÌ Ëµ·³Ê²¨·µ¢µ±
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨° [51Ä54]. „·Ê£¨³ ¶·¨³¥·µ³ £µ²µ³µ·Ë-
´µ¸É¨ ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨° ÔËË¥±É¨¢´Ò° ¶µ-
É¥´Í¨ ², ¨´É¥£·¨·Ê¥³Ò° ¶µ  ´ ²¨É¨Î¥¸±µ³Ê ¶µ¤¶·µ¸É· ´¸É¢Ê £ ·³µ´¨Î¥¸±µ£µ
¸Ê¶¥·¶·µ¸É· ´¸É¢  [55]. ‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ± ± £µ²µ³µ·Ë´Ò¥, É ± ¨  ´ -
²¨É¨Î¥¸±¨¥ Î²¥´Ò ¢ ÔËË¥±É¨¢´µ³ ¤¥°¸É¢¨¨ ¢µ§´¨± ÕÉ Éµ²Ó±µ ¢ É¥µ·¨ÖÌ ¸
Í¥´É· ²Ó´Ò³¨ § ·Ö¤ ³¨.

ˆ¸±²ÕÎ¨É¥²Ó´µ¥ ³¥¸Éµ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö § ´¨³ ¥É N = 4 ¸Ê¶¥·-
¸¨³³¥É·¨Î´ Ö É¥µ·¨Ö Ÿ´£ ÄŒ¨²²¸ . �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ µ´  Ö¢²Ö¥É¸Ö ³ ±-
¸¨³ ²Ó´µ ¸Ê¶¥·¸¨³³¥É·¨Î´µ°, Ê²ÓÉ· Ë¨µ²¥Éµ¢µ-±µ´¥Î´µ°, ±µ´Ëµ·³´µ-¨´¢ -
·¨ ´É´µ° É¥µ·¨¥° [23, 56Ä59]. Š·µ³¥ Éµ£µ, ¨³¥ÕÉ¸Ö ¸¨²Ó´Ò¥  ·£Ê³¥´ÉÒ ¢
¶µ²Ó§Ê Éµ£µ, ÎÉµ µ´  ¸ ³µ¤Ê ²Ó´  µÉ´µ¸¨É¥²Ó´µ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ SL(2, Z)-
¶·¥µ¡· §µ¢ ´¨° [60, 61]. N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥µ·¨Ö Ÿ´£ ÄŒ¨²²¸ 
³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ É¥·³¨´ Ì N = 2 ¸Ê¶¥·¶µ²¥° ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê-
¶¥·¶·µ¸É· ´¸É¢¥. „²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ ± ¤¥°¸É¢¨Õ N = 2 É¥µ·¨¨ Ÿ´£ Ä
Œ¨²²¸  ¶·¨¡ ¢¨ÉÓ ¤¥°¸É¢¨¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É . �µ²ÊÎ¥´´ Ö É¥µ·¨Ö µ¡² ¤ ¥É



�ˆ‡Š���…�ƒ…’ˆ—…‘Š�… �””…Š’ˆ‚��… „…‰‘’‚ˆ… 1227

¤µ¶µ²´¨É¥²Ó´µ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥° ¨ ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ ¶·¥-
µ¡· §µ¢ ´¨° N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ [32]. �ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ É ±µ°
É¥µ·¨¨ Ö¢²Ö¥É¸Ö ¸Ê¶¥·ËÊ´±Í¨µ´ ²µ³ ± ± N = 2 ´ ¶·Ö¦¥´´µ¸É¨ W , É ± ¨
£¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ · ¡µÉ¥ [62] „ °´µ³ ¨ ‡ °¡¥·£µ³ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢
N = 4, SU(2) ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¢ ±Ê²µ´µ¢¸±µ° Ë §¥ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ µÉ N = 2 ¢¥±Éµ·´µ£µ ³Ê²ÓÉ¨¶²¥É ,
¨³¥¥É ¢¨¤

Γ[W, W̄ ] =
∫

d4xd8θH(W, W̄ ) ,

H(W, W̄ ) = c ln
W 2

Λ2
ln

W̄ 2

Λ2
.

‡¤¥¸Ó Λ Å ¶·µ¨§¢µ²Ó´Ò° ³ ¸ÏÉ ¡, c Å ¶·µ¨§¢µ²Ó´ Ö ±µ´¸É ´É . ‘ÊÐ¥¸É¢ÊÕÉ
¸¨²Ó´Ò¥ Ê± § ´¨Ö ¢ ¶µ²Ó§Ê Éµ£µ, ÎÉµ H(W, W̄ ) ¢µ§´¨± ¥É ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°
¨¸±²ÕÎ¨É¥²Ó´µ ± ± µ¤´µ¶¥É²¥¢µ° ÔËË¥±É [62, 63], ¶·¨Îe³ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥
¶µ¶· ¢±¨ ¢µµ¡Ð¥ µÉ¸ÊÉ¸É¢ÊÕÉ [64, 65]. �¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥
¤¥°¸É¢¨¥ Γ[W, W̄ ] ´¥ § ¢¨¸¨É µÉ ³ ¸ÏÉ ¡  Λ, Éµ ¥¸ÉÓ ¨´¢ ·¨ ´É´µ µÉ´µ¸¨-
É¥²Ó´µ § ³¥´Ò Λ → Λ′ = Λα. �Éµ ¶·µÖ¢²¥´¨¥ ±µ´Ëµ·³´µ° ¨´¢ ·¨ ´É´µ¸É¨
É¥µ·¨¨. ŠµÔËË¨Í¨¥´É c ¡Ò² ´ °¤¥´ ¢ · ¡µÉ Ì [66Ä68], µ´ · ¢¥´ 1/4(4π)2.
’ ±¨³ µ¡· §µ³, ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ ¤ ´´µ° É¥µ·¨¨
´ °¤¥´µ ÉµÎ´µ!

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¢ÒÖ¸´¨²µ¸Ó, ÎÉµ ¶·µ¡²¥³  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔË-
Ë¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ 
É¥¸´µ ¸¢Ö§ ´  ¸ ¸µ¢·¥³¥´´Ò³ · §¢¨É¨¥³ É¥µ·¨¨ ¸É·Ê´. ŒÒ µ¸É ´µ¢¨³¸Ö §¤¥¸Ó
´  ¤¢ÊÌ  ¸¶¥±É Ì.

’¥µ·¨Ö ¸É·Ê´ ¶·¥¤¸± §Ò¢ ¥É ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´µ¢µ£µ É¨¶  ¶·µÉÖ¦¥´´ÒÌ
µ¡Ñ¥±Éµ¢, É ± ´ §Ò¢ ¥³ÒÌ D-¡· ´ [106] (¸³. É ±¦¥ µ¡§µ·Ò [107, 108]), ¶·¨-
Î¥³ ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö ¤¨´ ³¨±  p-³¥·´ÒÌ D-¡· ´ µ¶¨¸Ò¢ ¥É¸Ö N = 4 ¸Ê-
¶¥·¸¨³³¥É·¨Î´µ° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¥° ¶µ²Ö ¢ ¶·µ¸É· ´¸É¢¥ · §³¥·´µ¸É¨
p+1. �É¸Õ¤  ¢ÒÉ¥± ¥É, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ É·¥Ì³¥·´ÒÌ D-¡· ´, ´ §Ò¢ ¥³ÒÌ
D3-¡· ´ ³¨, ³µ¦¥É ¡ÒÉÓ ¨§ÊÎ¥´o ¢ · ³± Ì Î¥ÉÒ·¥Ì³¥·´µ° N = 4 ¸Ê¶¥·¸¨³-
³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ . ‘¨¸É¥³  ¨§ n ¶ · ²²¥²Ó´ÒÌ D3-¡· ´
µÉ¢¥Î ¥É É¥µ·¨¨ ¶µ²Ö ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° [U(1)]n [108]. �µÔÉµ³Ê ¤¨´ -
³¨±  É ±µ° ¸¨¸É¥³Ò ¤µ²¦´  µ¶·¥¤¥²ÖÉÓ¸Ö ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³ ÔËË¥±É¨¢´Ò³
¤¥°¸É¢¨¥³ N = 4 É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ , ¢ ±µÉµ·µ° ± ²¨¡·µ¢µÎ´ Ö £·Ê¶¶ 
¸¶µ´É ´´µ ´ ·ÊÏ¥´  ¤µ [U(1)]n. � ¸¸³µÉ·¥´¨¥ ¢ · ³± Ì É¥µ·¨¨ ¸É·Ê´ Ê± -
§Ò¢ ¥É ´  Éµ, ÎÉµ ¢ ¸É É¨Î¥¸±µ³ ¶·¥¤¥²¥ ¢§ ¨³µ¤¥°¸É¢¨¥ D-¡· ´ µ¶¨¸Ò¢ ¥É¸Ö
² £· ´¦¨ ´µ³ �µ·´ Äˆ´Ë¥²Ó¤  (¸³., ´ ¶·¨³¥·, [109]) ¨, ± ± ¶·¥¤¶µ² £ ¥É¸Ö,
ÔÉµÉ ² £· ´¦¨ ´ ³µ¦¥É ¡ÒÉÓ ¢Ò¢¥¤¥´ ¨§ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ
¤¥°¸É¢¨Ö N = 4 É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ . ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ê¸É ´µ¢²¥´µ,
ÎÉµ ´¥£µ²µ³µ·Ë´Ò° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢ N = 4 É¥µ·¨¨ ¶µ²Ö Ÿ´£ Ä
Œ¨²²¸  ¢µ¸¶·µ¨§¢µ¤¨É Î²¥´Ò Î¥É¢¥·Éµ£µ ¶µ·Ö¤±  ¶µ ´ ¶·Ö¦¥´´µ¸É¨  ¡¥²¥¢ 
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¢¥±Éµ·´µ£µ ¶µ²Ö ¢ · §²µ¦¥´¨¨ ² £· ´¦¨ ´  �µ·´ Äˆ´Ë¥²Ó¤  ¢ ·Ö¤ ¶µ ¸É¥-
¶¥´Ö³ ´ ¶·Ö¦¥´´µ¸É¨ (¸³., ´ ¶·¨³¥·, [102]). �¡Ð¨° ¢Ò¢µ¤ ² £· ´¦¨ ´ 
�µ·´ Äˆ´Ë¥²Ó¤  ¨§ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö N = 4 É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ 
Ö¢²Ö¥É¸Ö µÉ±·ÒÉµ° ¶·µ¡²¥³µ°.

ˆ¸¸²¥¤µ¢ ´¨¥ D3-¡· ´ ¢ É¥µ·¨¨ ¸É·Ê´ ¶·¨¢¥²µ ± ¶·¥¤¸É ¢²¥´¨Õ µ¡ µ¶·¥-
¤¥²¥´´µ° Ô±¢¨¢ ²¥´É´µ¸É¨ Î¥ÉÒ·¥Ì³¥·´µ° N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨
¶µ²Ö Ÿ´£ ÄŒ¨²²¸  ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° SU(n) ¨ É¥µ·¨¨ ¸Ê¶¥·¸É·Ê´ É¨¶ 
IIB (¸³. ±² ¸¸¨Ë¨± Í¨Õ ¸Ê¶¥·¸É·Ê´, ´ ¶·¨³¥·, ¢ [12]), ±µ³¶ ±É¨Ë¨Í¨·µ¢ ´-
´µ° ´  ³´µ£µµ¡· §¨¥ AdS5 ×S5, £¤¥ S5 Å ¶ÖÉ¨³¥·´ Ö ¸Ë¥· , AdS5 Å ¶ÖÉ¨-
³¥·´µ¥ ¶·µ¸É· ´¸É¢µ ® ´É¨ ¤¥ ‘¨ÉÉ¥· ¯ [110] (¸³. É ±¦¥ µ¡§µ·Ò [111Ä114]).
�É  Ô±¢¨¢ ²¥´É´µ¸ÉÓ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ ÉÓ ³¥Éµ¤Ò N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î-
´µ° É¥µ·¨¨ ¶µ²Ö ¤²Ö ¨§ÊÎ¥´¨Ö ¢µ¶·µ¸µ¢ É¥µ·¨¨ ¸É·Ê´,   É ±¦¥ ¨¸¶µ²Ó§µ¢ ÉÓ
³¥Éµ¤Ò É¥µ·¨¨ ¸É·Ê´ ¤²Ö ¨§ÊÎ¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ É¥µ·¨¨ ¶µ²Ö. ‚
µ¡µ¨Ì ¸²ÊÎ ÖÌ ¶·µ¡²¥³  ´ Ìµ¦¤¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ N = 4 ¸Ê¶¥·-
¸¨³³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸  ¨£· ¥É ¢ ¦´ÊÕ ·µ²Ó.

‚ ¶·¥¤² £ ¥³µ³ µ¡§µ·¥ ¨§² £ ¥É¸Ö µ¡Ð¨° ¶µ¤Ìµ¤ ± ¢ÒÎ¨¸²¥´¨Õ ´¨§±µ-
Ô´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ N = 2, SU(2) ¸Ê¶¥·¸¨³³¥É·¨Î´µ°
É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ±Ê²µ´µ¢¸±µ° Ë §¥, ¢ É¥µ·¨¨ ³ ¸¸¨¢´µ£µ £¨¶¥·³Ê²Ó-
É¨¶²¥É  ¢µ ¢´¥Ï´¥³  ¡¥²¥¢µ³ ± ²¨¡·µ¢µÎ´µ³ ¸Ê¶¥·¶µ²¥,   É ±¦¥ ¢ N =
4, SU(n) ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶-
¶µ°, ´ ·ÊÏ¥´´µ° ¤µ ³ ±¸¨³ ²Ó´µ£µ Éµ· , ´  µ¸´µ¢¥ ³¥Éµ¤  £ ·³µ´¨Î¥¸±µ£µ
¸Ê¶¥·¶·µ¸É· ´¸É¢ . ’¥³ ¸ ³Ò³ ³Ò µÌ¢ ÉÒ¢ ¥³ ¢¸¥ µ¸´µ¢´Ò¥ § ¤ Î¨, ¶µ¸É -
¢²¥´´Ò¥ ¨ ¨§ÊÎ ¥³Ò¥ ¢ ¸µ¢·¥³¥´´µ° ²¨É¥· ÉÊ·¥ ¶µ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ°
±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. �µ¤ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³
¶µ´¨³ ¥É¸Ö ¢±² ¤ ¢ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, ²µ± ²Ó´Ò° ¶µ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´Ò³ ¶¥·¥³¥´´Ò³ ¨ ¸µ¤¥·¦ Ð¨° ´ ¨³¥´ÓÏ¥¥ ¢µ§³µ¦´µ¥ Î¨¸²µ ¶·µ-
¨§¢µ¤´ÒÌ ¢ ±µ³¶µ´¥´É Ì. ‚ Ê± § ´´ÒÌ ¢ÒÏ¥ É¥µ·¨ÖÌ ¸ N = 2 ¸Ê¶¥·¸¨³-
³¥É·¨¥°, ± ± ¶µ± § ´µ ¢ · ¡µÉ¥, ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥
µ¶·¥¤¥²Ö¥É¸Ö £µ²µ³µ·Ë´µ° ËÊ´±Í¨¥°. ”µ·³ ²¨§³ £ ·³µ´¨Î¥¸±µ£µ ¸Ê¶¥·¶·µ-
¸É· ´¸É¢  £ · ´É¨·Ê¥É ´ ²¨Î¨¥ Ö¢´µ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ´  ± ¦¤µ³ ÔÉ ¶¥
¢ÒÎ¨¸²¥´¨°. ‚ ¸²ÊÎ ¥ É¥µ·¨¨ ¸ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¥° ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥
ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ µÉ N = 2 ¢¥±Éµ·´µ£µ ³Ê²ÓÉ¨¶²¥É , Ö¢²Ö¥É¸Ö
¢¥Ð¥¸É¢¥´´µ° ËÊ´±Í¨¥°.

�¢Éµ·Ò µ¡§µ·  ¸É ¢¨²¨ ¸¢µ¥° Í¥²ÓÕ ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ÔËË¥±É¨¢´µ¸ÉÓ
³¥Éµ¤  £ ·³µ´¨Î¥¸±µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢  ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° ±¢ ´-
Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. ŒÒ · §· ¡ ÉÒ¢ ¥³ É¥Ì´¨±Ê · ¡µÉÒ ¸ N = 2 £ ·³µ´¨-
Î¥¸±¨³¨ ¸Ê¶¥·£· Ë ³¨ ¨ ¶µ± §Ò¢ ¥³, ÎÉµ ¢ N = 2 ¶µ²¥¢ÒÌ ³µ¤¥²ÖÌ µ´ 
µ¡² ¤ ¥É É¥³¨ ¦¥ ¶·¥¨³ÊÐ¥¸É¢ ³¨ ¨ ¤µ¸Éµ¨´¸É¢ ³¨ ¶¥·¥¤ ¤·Ê£¨³¨ ³¥Éµ¤ ³¨,
ÎÉµ ¨ É¥Ì´¨±  N = 1 ¸Ê¶¥·£· Ëµ¢ ¢ N = 1 ¶µ²¥¢ÒÌ ³µ¤¥²ÖÌ. �·¨ ÔÉµ³
³Ò ¸µ§´ É¥²Ó´µ Ê¤¥²Ö¥³ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ¥ ¢´¨³ ´¨¥ ¨§²µ¦¥´¨Õ ³´µ£¨Ì
¤¥É ²¥° ¢ÒÎ¨¸²¥´¨°, ¢µ-¶¥·¢ÒÌ, ¶µÉµ³Ê, ÎÉµ ¢ ´¨Ì ¨¸¶µ²Ó§ÊÕÉ¸Ö ´µ¢Ò¥ ´¥-
É·¨¢¨ ²Ó´Ò¥ ¶·¨¥³Ò ¨, ¢µ-¢Éµ·ÒÌ, ÎÉµ¡Ò ¶µ± § ÉÓ, ± ± ·¥ ²Ó´µ ¶·¨³¥´Ö¥É¸Ö
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³¥Éµ¤ £ ·³µ´¨Î¥¸±µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢  ¢ N = 2 ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, ¨
¶·¨¢²¥ÎÓ ¢´¨³ ´¨¥ ± ¡µ£ ÉÒ³ ¶µÉ¥´Í¨ ²Ó´Ò³ ¢µ§³µ¦´µ¸ÉÖ³ ÔÉµ£µ ³¥Éµ¤ .

‚ ¶¥·¢µ³ · §¤¥²¥ ¤ ´ ¶µ¤·µ¡´Ò° µ¡§µ· Ëµ·³Ê²¨·µ¢µ± N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨Î´ÒÌ É¥µ·¨° ¶µ²Ö ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥. •µ·µÏµ
¨§¢¥¸É´µ, ÎÉµ µ¸´µ¢´Ò³¨ ³Ê²ÓÉ¨¶²¥É ³¨, µ¡¥¸¶¥Î¨¢ ÕÐ¨³¨ ´¥¶·¨¢µ¤¨³µ¥
¶·¥¤¸É ¢²¥´¨¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, Ö¢²ÖÕÉ¸Ö
£¨¶¥·³Ê²ÓÉ¨¶²¥É, µ¡Ñ¥¤¨´ÖÕÐ¨° ¸± ²Ö·´Ò¥ ¨ ¸¶¨´µ·´Ò¥ ¶µ²Ö, ¨ N = 2
¢¥±Éµ·´Ò° ³Ê²ÓÉ¨¶²¥É, ¸µ¤¥·¦ Ð¨° ¢¥±Éµ·´µ¥ ¶µ²¥ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸Ê-
¶¥·¶ ·É´¥·Ò (¸³., ´ ¶·¨³¥·, [7, 8, 11]). ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É  ´ ²µ£¨Î¥´ ¸± ²Ö·-
´µ³Ê ±¨· ²Ó´µ³Ê ³Ê²ÓÉ¨¶²¥ÉÊ ¢ N = 1 ¸Ê¶¥·¸¨³³¥É·¨¨ ¨ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö
µ¶¨¸ ´¨Ö N = 2 ³ É¥·¨¨,   N = 2 ¢¥±Éµ·´Ò° ³Ê²ÓÉ¨¶²¥É ¶·¨³¥´Ö¥É¸Ö ¤²Ö
Ëµ·³Ê²¨·µ¢±¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ . ‚¸¥
¶¥·¥´µ·³¨·Ê¥³Ò¥ N = 2 ³µ¤¥²¨ ¸É·µÖÉ¸Ö Éµ²Ó±µ ¨§ ¤¢ÊÌ ÔÉ¨Ì ³Ê²ÓÉ¨¶²¥Éµ¢.
�µ¸É·µ¥´¨¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸  ¢ É¥·³¨´ Ì
N = 2 ¸Ê¶¥·¶µ²¥° É·¥¡Ê¥É ¨¸¶µ²Ó§µ¢ ´¨Ö ± ± N = 2 ¢¥±Éµ·´µ£µ ³Ê²ÓÉ¨¶²¥É ,
É ± ¨ N = 2 £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ¶·¨¸µ¥¤¨´¥´´µ³ ¶·¥¤¸É ¢²¥´¨¨. ‚ ¶µ¸²¥¤Ê-
ÕÐ¨Ì · §¤¥² Ì ¤ ´´µ° · ¡µÉÒ · ¸¸³ É·¨¢ ÕÉ¸Ö ±¢ ´Éµ¢Ò¥  ¸¶¥±ÉÒ ³µ¤¥²¥°,
¸µ¤¥·¦ Ð¨Ì ¢¸¥ Ê± § ´´Ò¥ ³Ê²ÓÉ¨¶²¥ÉÒ.

‚Éµ·µ° · §¤¥² ¶µ¸¢ÖÐ¥´ ³¥Éµ¤Ê Ëµ´µ¢µ£µ ¶µ²Ö ¤²Ö N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨ ´ Ìµ¦¤¥´¨Õ µ¡Ð¥° ¸É·Ê±ÉÊ·Ò ÔËË¥±É¨¢´µ£µ
¤¥°¸É¢¨Ö. �¸´µ¢´µ¥ ¤µ¸Éµ¨´¸É¢µ ³¥Éµ¤  Ëµ´µ¢µ£µ ¶µ²Ö § ±²ÕÎ ¥É¸Ö ¢ Éµ³,
ÎÉµ µ´ ¶µ§¢µ²Ö¥É ¸µÌ· ´ÖÉÓ Ö¢´µ ± ± N = 2 ¸Ê¶¥·¸¨³³¥É·¨Õ, É ± ¨ ± ²¨¡·µ-
¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ ´  ± ¦¤µ³ ÔÉ ¶¥ ¢ÒÎ¨¸²¥´¨°.

’·¥É¨° · §¤¥² ¶µ¸¢ÖÐ¥´ ´¥¶µ¸·¥¤¸É¢¥´´µ³Ê ¢ÒÎ¨¸²¥´¨Õ £µ²µ³µ·Ë´µ£µ
ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ³ ¸¸¨¢´µ£µ  ¡¥²¥¢  £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ N = 2, SU(2)
± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¢ ±Ê²µ´µ¢¸±µ° Ë §¥. � ¸¸³ É·¨¢ ¥³ Ö §¤¥¸Ó ³µ¤¥²Ó
Ö¢²Ö¥É¸Ö ¶·µ¸É¥°Ï¥° N = 2 É¥µ·¨¥°, ¨²²Õ¸É·¨·ÊÕÐ¥° µ¸´µ¢´Ò¥ ¸¢µ°¸É¢ 
¡µ²¥¥ µ¡Ð¨Ì É¥µ·¨°. �µ± § ´µ, ÎÉµ ¶·¨Î¨´  ¶µÖ¢²¥´¨Ö ¢ ´¨Ì £µ²µ³µ·Ë´ÒÌ
¢±² ¤µ¢ § ±²ÕÎ ¥É¸Ö ¢ ´ ²¨Î¨¨ ¢ ÔÉ¨Ì É¥µ·¨ÖÌ Í¥´É· ²Ó´µ£µ § ·Ö¤ .

—¥É¢¥·ÉÒ° · §¤¥² ¶µ¸¢ÖÐ¥´ ¢ÒÎ¨¸²¥´¨Õ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±-
É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸ ± ²¨-
¡·µ¢µÎ´µ° £·Ê¶¶µ° SU(n), ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¤µ ³ ±¸¨³ ²Ó´µ° ±µ³³Ê-
É É¨¢´µ° ¶µ¤£·Ê¶¶Ò [U(1)]n−1. �µ± § ´µ, ÎÉµ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±-
É¨¢´µ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ µÉ N = 2 ± ²¨¡·µ¢µÎ´µ£µ ³Ê²ÓÉ¨¶²¥É , Ö¢²Ö¥É¸Ö
¢¥Ð¥¸É¢¥´´µ° ËÊ´±Í¨¥°. �É¢¥É ²¥£±µ µ¡µ¡Ð ¥É¸Ö ´  ¸²ÊÎ ° ¶·µ¨§¢µ²Ó´µ°
¶µ²Ê¶·µ¸Éµ° ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò.

�·¥¤¸É ¢²¥´´Ò° ³ É¥·¨ ² µ¸´µ¢ ´ ´  · ¡µÉ Ì [63, 68Ä79].

1. N = 2 ‘“�…�‘ˆŒŒ…’�ˆ—�›… ’…��ˆˆ ��‹Ÿ
‚ ƒ��Œ��ˆ—…‘Š�Œ ‘“�…����‘’���‘’‚…

1.1. ƒ ·³µ´¨Î¥¸±µ¥ ¸Ê¶¥·¶·µ¸É· ´¸É¢µ. ƒ ·³µ´¨Î¥¸±µ¥ ¸Ê¶¥·¶·µ¸É· ´-
¸É¢µ [30,31] ¶µ²ÊÎ ¥É¸Ö ¤µ¡ ¢²¥´¨¥³ ± ¸É ´¤ ·É´µ³Ê N = 2 ¸Ê¶¥·¶·µ¸É· ´-
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¸É¢Ê ¸ ±µµ·¤¨´ É ³¨ (xµ, θα
i , θ̄α̇i) ¸Ë¥·Ò S2 ∼ SU(2)/U(1). ƒ·Ê¶¶  SU(2) ∼

S3 ¶ · ³¥É·¨§Ê¥É¸Ö ¨§µ¸¶¨´µ·´Ò³¨ £ ·³µ´¨± ³¨ u±
i :

u+iu−
i ≡ (u+u−) = 1 , ↔ u+

i u−
j − u+

j u−
j = εij ,

u−
i = u+i , u±

i = εiju
±j , εij = −εji , ε12 = 1; i, j = 1, 2 . (1.1.1)

”Ê´±Í¨¨ ´  ¸Ë¥·¥ S2 ³µ¦´µ µ¶¨¸Ò¢ ÉÓ ± ± ËÊ´±Í¨¨ ´  ¸Ë¥·¥ S3 ¸ Ë¨±¸¨·µ-
¢ ´´Ò³ U(1)-§ ·Ö¤µ³ [80], ¶µÔÉµ³Ê £ ·³µ´¨Î¥¸±µ¥ ¸Ê¶¥·¶·µ¸É· ´¸É¢µ ³µ¦´µ
¶ · ³¥É·¨§µ¢ ÉÓ ±µµ·¤¨´ É ³¨ (xµ, θα

i , θ̄α̇i, u±
i ), ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ¸Ê¶¥·¶µ²Ö

´  ´¥³ ¶¥·¥´µ¸ÖÉ Ë¨±¸¨·µ¢ ´´Ò° U(1)-§ ·Ö¤. � ¶·¨³¥·, ¸Ê¶¥·¶µ²¥ Φ(q) ¸
§ ·Ö¤µ³ q ¨³¥¥É ¸²¥¤ÊÕÐ¥¥ £ ·³µ´¨Î¥¸±µ¥ · §²µ¦¥´¨¥

Φ(q)(xµ, θα
i , θ̄α̇i, u±

i ) =
∞∑

n=0

Φ(i1...in+qj1...jn)(xµ, θα
i , θ̄α̇i)u+

i1
. . . u+

in+q
u−

j1
. . . u−

jn
.

(1.1.2)

ŠµÔËË¨Í¨¥´ÉÒ ¢ (1.1.2) ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° µ¡ÒÎ´Ò¥ u-´¥§ ¢¨¸ÖÐ¨¥ ¸Ê¶¥·-
¶µ²Ö, ·¥ ²¨§ÊÕÐ¨¥ ´¥¶·¨¢µ¤¨³Ò¥ ¶·¥¤¸É ¢²¥´¨Ö £·Ê¶¶Ò SU(2).

�¡ÒÎ´µ¥ ±µ³¶²¥±¸´µ¥ ¸µ¶·Ö¦¥´¨¥ ¶¥·¥¢µ¤¨É ËÊ´±Í¨¨ ¸ § ·Ö¤µ³ q ¢
ËÊ´±Í¨¨ ¸ § ·Ö¤µ³ −q, ¶µÔÉµ³Ê ´  ³´µ¦¥¸É¢¥ § ·Ö¦¥´´ÒÌ (¸Ê¶¥·)¶µ²¥°
´¥²Ó§Ö µ¶·¥¤¥²¨ÉÓ ¢¥Ð¥¸É¢¥´´Ò¥ (¸Ê¶¥·)¶µ²Ö ¢ µ¡ÒÎ´µ³ ¸³Ò¸²¥. �¤´ ±µ
³µ¦´µ ¢¢¥¸É¨ ¢¥Ð¥¸É¢¥´´Ò¥ ¸Ê¶¥·¶µ²Ö µÉ´µ¸¨É¥²Ó´µ µ¡µ¡Ð¥´´µ£µ ¸µ¶·Ö¦¥-
´¨Ö ∼, ±µÉµ·µ¥ µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

ũ±i = −u±
i , ũ±

i = u±i . (1.1.3)

ˆ´É¥£· ² ¶µ S2 µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:∫
du 1 = 1 ,

∫
du u+

(i1
. . . u+

in
u−

j1
. . . u−

jm) = 0, n + m > 0 , (1.1.4)

¶·¨ ÔÉµ³, ¢ ¸¨²Ê ¸µÌ· ´¥´¨Ö U(1) § ·Ö¤  ´  S2, ¨´É¥£· ² µÉ ²Õ¡µ° § ·Ö¦¥´-
´µ° (¸Ê¶¥·)ËÊ´±Í¨¨ · ¢¥´ ´Ê²Õ.

„ ²¥¥, ´  S3 ³µ¦´µ µ¶·¥¤¥²¨ÉÓ SU(2)-±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥, ¸µ-
£² ¸µ¢ ´´Ò¥ ¸ Ê¸²µ¢¨Ö³¨ (1.1.1):

D++ = u+i ∂

∂u−i
, D−− = u−i ∂

∂u+i
, D0 = u+i ∂

∂u+i
− u−i ∂

∂u−i
. (1.1.5)

�É¨ ¶·µ¨§¢µ¤´Ò¥ ¸ ³¨ µ¡· §ÊÕÉ  ²£¥¡·Ê ‹¨ £·Ê¶¶Ò SU(2):

[D++, D−−] = D0 , [D0, D++] = 2D++ , [D0, D−−] = 2D−− . (1.1.6)
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�´¨ ¨³¥ÕÉ ¶·µ¸ÉÊÕ ¨´É¥·¶·¥É Í¨Õ ± ± £¥´¥· Éµ·Ò ¶· ¢ÒÌ SU(2) ¢· Ð¥´¨°
¶µ µÉ´µÏ¥´¨Õ ± § ·Ö¤µ¢Ò³ ¨´¤¥±¸ ³ (+,−):

D±±u±i = 0, D±±u∓i = u±i, D0u±i = ±u±i . (1.1.7)

� ·Ö¤Ê ¸µ ¸É ´¤ ·É´Ò³ (¨²¨ Í¥´É· ²Ó´Ò³) ¡ §¨¸µ³ (xµ, θα
i , θ̄α̇i, u±

i ) ¢
£ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥ ³µ¦´µ ¢¢¥¸É¨  ´ ²¨É¨Î¥¸±¨° ¡ §¨¸ (xµ

A,
θ±α , θ̄±α̇ , u±

i ):

xµ
A = xµ − 2iθ(iσµθ̄j)u+

i u−
j , θ±α = θi

αu±
i , θ̄±α̇ = θ̄i

α̇u±
i . (1.1.8)

�·¥µ¡· §µ¢ ´¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¢  ´ ²¨É¨Î¥¸±µ³ ¡ §¨¸¥ ¨³¥ÕÉ ¸²¥-
¤ÊÕÐ¨° ¢¨¤:

δxµ
A = −2i(εiσµθ̄+ + θ+σµε̄i)u−

i , δθ+
α = εi

αu+
i , δθ̄+

α̇ = ε̄i
α̇u+

i ,

δθ−α = εi
αu−

i , δθ̄−α̇ = ε̄i
α̇u−

i , δu±
i = 0 . (1.1.9)

‡¤¥¸Ó εi
α Å  ´É¨±µ³³ÊÉ¨·ÊÕÐ¨° ¶ · ³¥É·.

‚ ¦´¥°Ï¥¥ ¸¢µ°¸É¢µ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ±µµ·¤¨´ ÉÒ ζM
A = (xµ

A, θ+
α ,

θ̄+
α̇ ), u±

i µ¡· §ÊÕÉ ¶µ¤¶·µ¸É· ´¸É¢µ, § ³±´ÊÉµ¥ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨°
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. �´µ ´ §Ò¢ ¥É¸Ö  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶·µ¸É· ´¸É¢µ³
¨ ¨£· ¥É ËÊ´¤ ³¥´É ²Ó´ÊÕ ·µ²Ó ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨, ¶µ¤µ¡´ÊÕ ·µ²¨
±¨· ²Ó´µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢  ¢ N = 1 ¸Ê¶¥·¸¨³³¥É·¨¨.

�   ´ ²¨É¨Î¥¸±µ³ ¶µ¤¶·µ¸É· ´¸É¢¥ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ  ´ ²¨É¨Î¥¸±¨¥ ¸Ê-
¶¥·¶µ²Ö. �´¨ ´¥ § ¢¨¸ÖÉ µÉ θ−α ¨ θ̄−α̇ , É.¥. Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Õ

D+
α Φ(q)(ζM

A , u±
i ) = D̄+

α̇ Φ(q)(ζM
A , u±

i ) = 0. (1.1.10)

‡¤¥¸Ó

D+
α = Di

αu+
i =

∂

∂θ−α
, D̄+

α̇ = D̄i
α̇u+

i =
∂

∂θ̄−α̇
, (1.1.11)

¨ Di
α, D̄i

α̇ Å ¸¶¨´µ·´Ò¥ ±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¢ ¸É ´¤ ·É´µ³ ¸Ê¶¥·-
¶·µ¸É· ´¸É¢¥. ˆÌ Ö¢´Ò° ¢¨¤ ¶·¨¢¥¤¥´ ¢ ¶·¨²µ¦¥´¨¨. ’ ³ ¦¥ ¤ ´   ²£¥¡· 
¸¶¨´µ·´ÒÌ ¨ £ ·³µ´¨Î¥¸±¨Ì ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ.

“¸²µ¢¨Ö  ´ ²¨É¨Î´µ¸É¨ (1.1.10) ¶µ·µ¦¤ ÕÉ ¸¢Ö§¨ ´  ±µ³¶µ´¥´ÉÒ ¸Ê-
¶¥·¶µ²Ö Φ(q), § ¤ ´´µ£µ £ ·³µ´¨Î¥¸±¨³ · §²µ¦¥´¨¥³ (1.1.2). � ¸¸³µÉ·¨³
Ê¸²µ¢¨¥  ´ ²¨É¨Î´µ¸É¨

D+
α Φ(q)(ζM

A , u±
i ) = 0.

�·¥¤¸É ¢²ÖÖ D+
α ¢ ¢¨¤¥ Di

αu+
i ¨ ¨¸¶µ²Ó§ÊÖ µ¶·¥¤¥²¥´¨¥ £ ·³µ´¨± (1.1.1),

³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ÔÉµ Ê¸²µ¢¨¥ Ô±¢¨¢ ²¥´É´µ ¸²¥¤ÊÕÐ¥³Ê ¡¥¸±µ´¥Î´µ³Ê
´ ¡µ·Ê Ê¸²µ¢¨° ´  µ¡ÒÎ´Ò¥ N = 2 ¸Ê¶¥·¶µ²Ö ¢ · §²µ¦¥´¨¨ (1.1.2):

D(i
α Φi1...i2n+q) =

n + 1
2n + q + 3

DαlΦ(ii1...i2n+ql) . (1.1.12)

„²Ö D̄+
α̇ ¨³¥¥É ³¥¸Éµ  ´ ²µ£¨Î´µ¥ ¸µµÉ´µÏ¥´¨¥.



1232 �“•�ˆ�„…� ….ˆ. ˆ „�.

”µ·³Ê²  (1.1.12) ¶µ± §Ò¢ ¥É, ± ±  ´ ²¨É¨Î¥¸±µ¥ ¸Ê¶¥·¶µ²¥, § ¶¨¸ ´-
´µ¥ ¢ Í¥´É· ²Ó´µ³ ¡ §¨¸¥, ¶·¥¢· Ð ¥É¸Ö ¢ ¡¥¸±µ´¥Î´ÊÕ ¶¨· ³¨¤Ê µ¡ÒÎ´ÒÌ
¸Ê¶¥·¶µ²¥°, ¶µ¤Î¨´e´´ÒÌ ¸¢Ö§Ö³.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §¤¥²  ³Ò ¢¢¥¤¥³ £ ·³µ´¨Î¥¸±¨¥ δ-ËÊ´±Í¨¨ ¨ · ¸-
¶·¥¤¥²¥´¨Ö, ±µÉµ·Ò¥ ¡Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ ¤ ²Ó´¥°Ï¥³.

ƒ ·³µ´¨Î¥¸± Ö δ-ËÊ´±Í¨Ö (δ-ËÊ´±Í¨Ö ´  S2) µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³∫
du2δ

(q,−q)(u1, u2)Φ(p)(u2) = Φ(q)(u1)δpq (1.1.13)

¨ Ê¤µ¢²¥É¢µ·Ö¥É ¸µµÉ´µÏ¥´¨Ö³:

δ(q,−q)(u1, u2) = δ(−q,q)(u2, u1),
(u+

1 u+
2 )δ(q,−q)(u1, u2) = (u−

1 u−
2 )δ(q,−q)(u1, u2) = 0, (1.1.14)

δ(q,−q)(u1, u2) = (u+
1 u−

2 )δ(q−1,−q+1)(u1, u2),

Φ(p)(u2)δ(q,−q)(u1, u2) = Φ(p)(u1)δ(q−p,p−q)(u1, u2).

ƒ ·³µ´¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö
1

(u+
1 u+

2 )n
, n > 0, § ¤ ÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨:

(u+
1 u+

2 )k 1
(u+

1 u+
2 )n

=
1

(u+
1 u+

2 )n−k
, (1.1.15)

1
(u+

1 u+
2 )n

= (−1)n 1
(u+

2 u+
1 )n

, (1.1.16)

D−−
1

1
(u+

1 u+
2 )n

= −n
(u−

1 u+
2 )

(u+
1 u+

2 )n+1
, (1.1.17)

D++
1

1
(u+

1 u+
2 )n

=
1

(n − 1)!
(D−−

1 )n−1δ(n,−n)(u1, u2) , (1.1.18)

D0
1

1
(u+

1 u+
2 )n

= −n
1

(u+
1 u+

2 )n
. (1.1.19)

� ±µ´¥Í, ¢¢¥¤¥³ δ-ËÊ´±Í¨Õ ¢  ´ ²¨É¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥ Å  ´ -
²¨É¨Î¥¸±ÊÕ δ-ËÊ´±Í¨Õ:∫

dζ
(−4)
2 du2δ

(q,4−q)
A (ζ1, u1|ζ2, u2)Φ(p)(ζ2, u2) = δqpΦ(p)(ζ1, u1) . (1.1.20)

‚Ò· §¨³ ¥¥ Î¥·¥§ δ-ËÊ´±Í¨Õ ¶µ²´µ£µ £ ·³µ´¨Î¥¸±µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢ ,
µ¶·¥¤¥²¥´´ÊÕ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:∫

d12z2du2δ
12(z1 − z2)δ(q,−q)(u1, u2)Φ(p)(z2, u2) = δqpΦ(p)(z1, u1) ,

(1.1.21)
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£¤¥ δ12(z1 − z2) = δ4(x1 − x2)δ8(θ1 − θ2). � ¸¸³aÉ·¨¢ Ö  ´ ²¨É¨Î¥¸±µ¥ ¸Ê-
¶¥·¶µ²¥ ± ± ËÊ´±Í¨Õ ±µµ·¤¨´ É ¶µ²´µ£µ (zM , u) ¸Ê¶¥·¶·µ¸É· ´¸É¢ , É.¥.
Φ(p) = Φ(p)(ζM (z, u), u), ³µ¦´µ ´ ¶¨¸ ÉÓ∫

d12z2du2δ
12(z1 − z2)δ(q,−q)(u1, u2)Φ(p)(ζ(z2, u2), u2) =

= δqp Φ(p)(ζ(z1, u1), u1) . (1.1.22)

�µ¸²¥ ¢Ò¤¥²¥´¨Ö ¨§ d12z  ´ ²¨É¨Î¥¸±µ° ³¥·Ò

d12z = dζ(−4) 1
16

(D+αD+
α )(D̄+

α̇ D̄+α̇) ≡ dζ(−4)(D+)4 (1.1.23)

¸µµÉ´µÏ¥´¨¥ (1.1.22) ¶¥·¥¶¨Ï¥É¸Ö ¢ ¢¨¤¥∫
dζ

(−4)
2 du2[(D+

2 )4δ12(z1 − z2)]δ(q,−q)(u1, u2)Φ(p)(ζ2, u2) =

= δqpΦ(p)(ζ1, u1) . (1.1.24)

‡¤¥¸Ó ¨¸¶µ²Ó§µ¢ ´   ´ ²¨É¨Î´µ¸ÉÓ Φ(p) (1.1.10). ‘· ¢´¨¢ Ö (1.1.24) ¨
(1.1.20), µ¡´ ·Ê¦¨¢ ¥³, ÎÉµ

δ
(q,4−q)
A (ζ1, u1|ζ2, u2) = (D+

2 )4δ12(z1 − z2)δ(q,−q)(u1, u2) =

= (D+
1 )4δ12(z1 − z2)δ(q−4,4−q)(u1, u2).(1.1.25)

‚Ò· ¦¥´¨¥ (1.1.25)  ´ ²¨É¨Î´µ ¶µ µ¡µ¨³  ·£Ê³¥´É ³.
1.2. �¥§³ ¸¸µ¢Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ. ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É ¢ ¥£µ ±µ³¶²¥±¸-

´µ° Ëµ·³¥ [81] µ¶¨¸Ò¢ ¥É¸Ö ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥ ±µ³¶²¥±¸-
´Ò³  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶µ²¥³ q+(ζ, u) ¡¥§ ± ±¨Ì-²¨¡µ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¸¢Ö-
§¥° ¸¢¥·Ì Ê¸²µ¢¨°  ´a²¨É¨Î´µ¸É¨

D+
α q+ = D̄+

α̇ q+ = 0. (1.2.1)

‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¸¢µ¡µ¤´µ¥ ¤¥°¸É¢¨¥ ¨ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¨³¥ÕÉ ¢¨¤

S = −
∫

dζ−4duq̃+D++q+, (1.2.2)

D++q+ = 0. (1.2.3)

�¥·¥¶¨Ï¥³ ¸Ê¶¥·¶µ²¥ q+ ¢ Í¥´É· ²Ó´µ³ ¡ §¨¸¥:

q+[ζ(z, u), u] = qi(z)u+
i + q(ijk)(z)u+

i u+
j u−

k + . . . (1.2.4)
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Š ± ¸²¥¤Ê¥É ¨§ Ëµ·³Ê²Ò (1.1.12), ¸Ê¶¥·¶µ²Ö qi(z), q(ijk)(z) ¨ É.¤. ´¥ Ö¢²ÖÕÉ¸Ö
¶·µ¨§¢µ²Ó´Ò³¨, µ´¨ ¶µ¤Î¨´¥´Ò ¸²¥¤ÊÕÐ¨³ Ê¸²µ¢¨Ö³:

D(i
α qj) =

1
4
Dαkq(ijk), D̄

(i
α̇ q

j) =
1
4
D̄α̇kq(ijk) . . . (1.2.5)

�¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¨§ (1.2.3) ¸²¥¤Ê¥É

q(ijk)(z) = q(ijkl)(z) = · · · = 0.

ˆ´Ò³¨ ¸²µ¢ ³¨, ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö

q+[ζ(z, u), u] = qi(z)u+
i . (1.2.6)

‘ ÊÎ¥Éµ³ (1.2.6) ¸¢Ö§¨ (1.2.5) ¶·¨´¨³ ÕÉ ¢¨¤

D(i
α qj) = D̄

(i
α̇ q

j) = 0. (1.2.7)

‚ ¨Éµ£¥ ¶µ²ÊÎ ¥³ Ëµ·³Ê²¨·µ¢±Ê £¨¶¥·³Ê²ÓÉ¨¶²¥É  ” °¥Ä‘µ´¨Ê¸  ¢ µ¡ÒÎ´µ³
¸Ê¶¥·¶·µ¸É· ´¸É¢¥ [81], ¶·¨¢µ¤ÖÐÊÕ ± ¸¢µ¡µ¤´Ò³ Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö ¤²Ö
±µ³¶µ´¥´É´ÒÌ ¶µ²¥°.

‚ ¦´µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥ ¸É ´¤ ·É-
´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ¸Ê¶¥·¶µ²¥¢Ò¥ ¸¢Ö§¨ (1.2.7) Ô±¢¨¢ ²¥´É´Ò µ¤´µ¢·¥-
³¥´´µ³Ê ´ ²µ¦¥´¨Õ ¤¢ÊÌ É¨¶µ¢ ¸¢Ö§¥°: Ê¸²µ¢¨° £· ¸¸³ ´µ¢µ°  ´ ²¨É¨Î´µ¸É¨
(1.2.1) ¨ Ê¸²µ¢¨Ö ®£ ·³µ´¨Î¥¸±µ°  ´ ²¨É¨Î´µ¸É¨¯ (1.2.3). �¥·¢Ò° É¨¶ ¸¢Ö-
§¥° ³µ¦´µ Ö¢´µ ·¥Ï¨ÉÓ ¶¥·¥Ìµ¤µ³ ¢  ´ ²¨É¨Î¥¸±¨° ¡ §¨¸, £¤¥ µ´¨ ¶·µ¸Éµ
µ§´ Î ÕÉ ´¥§ ¢¨¸¨³µ¸ÉÓ ¸Ê¶¥·¶µ²Ö q+ µÉ ¶µ²µ¢¨´Ò ´¥ÎeÉ´ÒÌ ±µµ·¤¨´ É, É.¥.
θ−α , θ̄−α̇ , ´¥ ¶·¨¢µ¤Ö ± Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö ¤²Ö ±µ³¶µ´¥´É´ÒÌ ¶µ²¥°. ˆ´Ò³¨
¸²µ¢ ³¨, µ´¨ Ö¢²ÖÕÉ¸Ö Î¨¸Éµ ±¨´¥³ É¨Î¥¸±¨³¨. “· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¸µ¤¥·-
¦ É¸Ö ¢ ¸¢Ö§¨ (1.2.3), ±µÉµ· Ö É¥¶¥·Ó ¶µ²ÊÎ ¥É¸Ö ¢ ·Ó¨·µ¢ ´¨¥³ ¤¥°¸É¢¨Ö
(1.2.2). ’ ±¨³ µ¡· §µ³, £ ·³µ´¨Î¥¸±µ¥ ¸Ê¶¥·¶·µ¸É· ´¸É¢µ ¤ eÉ Ê´¨± ²Ó´ÊÕ
¢µ§³µ¦´µ¸ÉÓ µ¶¨¸ ÉÓ £¨¶¥·³Ê²ÓÉ¨¶²¥É ¢´¥ ³ ¸¸µ¢µ° µ¡µ²µÎ±¨, ¢µ§³µ¦´µ¸ÉÓ,
±µÉµ· Ö µÉ¸ÊÉ¸É¢Ê¥É ¢ ¸É ´¤ ·É´µ³ µ¶¨¸ ´¨¨ (´¥ ¸ÊÐ¥¸É¢Ê¥É ¸Ê¶¥·¶µ²¥¢µ£µ
¤¥°¸É¢¨Ö, ¨§ ±µÉµ·µ£µ ¸¢Ö§¨ (1.2.7) ¸²¥¤µ¢ ²¨ ¡Ò ± ± Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö).
�Éµ ¶µ§¢µ²Ö¥É, ¢ Î ¸É´µ¸É¨, ¶µ¸É·µ¨ÉÓ ¸ ³µ¤¥°¸É¢¨¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ¥£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤·Ê£¨³¨ N = 2 ³Ê²ÓÉ¨¶²¥É ³¨ ¢´¥ ³ ¸¸µ¢µ° µ¡µ²µÎ±¨ ¶µ-
¸·¥¤¸É¢µ³ ¤µ¡ ¢²¥´¨Ö ¶µ¤Ìµ¤ÖÐ¨Ì ² £· ´¦¨ ´µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö (¸ £ ·³µ´¨-
Î¥¸±¨³ U(1) § ·Ö¤µ³ +4) ± ¸¢µ¡µ¤´µ³Ê ¸Ê¶¥·¶µ²¥¢µ³Ê ² £· ´¦¨ ´Ê ¢ (1.2.2).
�² Éµ° §  É ±µ¥ ®· ¸Ð¥¶²¥´¨¥¯ ¸É ´¤ ·É´ÒÌ ¸¢Ö§¥° Ö¢²Ö¥É¸Ö ¶·¨¸ÊÉ¸É¢¨¥ ¡¥¸-
±µ´¥Î´µ£µ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥° ¢  ´ ²¨É¨Î¥¸±µ³ q+, ¢µ§´¨± ÕÐ¨Ì
¨§ ¥£µ · §²µ¦¥´¨Ö ¶µ £ ·³µ´¨± ³. �  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, É.¥. ¶·¨ ´ ²µ¦¥-
´¨¨ Ê· ¢´¥´¨Ö (1.2.3) (¨²¨ ¥£µ µ¡µ¡Ð¥´¨° ´  ¸²ÊÎ ° ¸ ¢§ ¨³µ¤¥°¸É¢¨¥³), ÔÉ¨
¶µ²Ö µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó (¨²¨ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ë¨§¨Î¥¸±¨¥ ¶µ²Ö). �¤´ ±µ
µ´¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢ ¤¥°¸É¢¨¨, µ¡¥¸¶¥Î¨¢ Ö ¥£µ ¸Ê¶¥·¸¨³³¥É·¨Õ ¢´¥ ³ ¸¸µ-
¢µ° ¶µ¢¥·Ì´µ¸É¨. ‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¸Ê¶¥·¶µ²¥¢µ° Ö§Ò±,



�ˆ‡Š���…�ƒ…’ˆ—…‘Š�… �””…Š’ˆ‚��… „…‰‘’‚ˆ… 1235

 ¢Éµ³ É¨Î¥¸±¨ ¶·¨´¨³ ÕÐ¨° ¢µ ¢´¨³ ´¨¥ ÔÉ¨ ¡¥¸±µ´¥Î´Ò¥ ´ ¡µ·Ò ¢¸¶µ³µ-
£ É¥²Ó´ÒÌ ¶µ²¥°.

ˆ³¥Ö ² £· ´¦¥¢µ µ¶¨¸ ´¨¥ q+ £¨¶¥·³Ê²ÓÉ¨¶²¥É , ²¥£±µ ¶µ¸É·µ¨ÉÓ ¤²Ö
´¥£µ ËÊ´±Í¨Õ ƒ·¨´ , ¶·µ¶ £ Éµ·

G
(1,1)
0 (ζ1, u1|ζ2, u2) = 〈q̃+(ζ1, u1)q+(ζ2, u2)〉,

±µÉµ·Ò° ¶µ¤Î¨´Ö¥É¸Ö Ê· ¢´¥´¨Õ, µÉ¢¥Î ÕÐ¥³Ê ¢¸É ¢±¥ ¶µ¤Ìµ¤ÖÐ¥° δ-ËÊ´±-
Í¨¨ ¢ ¶· ¢ÊÕ Î ¸ÉÓ ¸¢µ¡µ¤´µ£µ Ê· ¢´¥´¨Ö (1.2.3):

D++
1 G

(1,1)
0 (1|2) = δ

(3,1)
A (1|2). (1.2.8)

‡¤¥¸Ó (1|2) ≡ (ζ1, u1|ζ2, u2) ¨  ´ ²¨É¨Î¥¸± Ö δ-ËÊ´±Í¨Ö δ
(3,1)
A (1|2) µ¶·¥¤¥-

²¥´  ¸µµÉ´µÏ¥´¨¥³ (1.2.15). �µ¤¥°¸É¢Ê¥³ µ¶¥· Éµ·µ³ (D−−
1 )2 ´  µ¡¥ Î ¸É¨

· ¢¥´¸É¢  (1.2.8) ¨ ¢µ¸¶µ²Ó§Ê¥³¸Ö É¥³ Ë ±Éµ³, ÎÉµ D++ ¨ (D−−)2 ±µ³³Ê-
É¨·ÊÕÉ ¶·¨ ¤¥°¸É¢¨¨ ´  (¸Ê¶¥·)¶µ²Ö § ·Ö¤  +1 (¸³.  ²£¥¡·Ê £ ·³µ´¨Î¥¸±¨Ì
±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ (1.1.6)). �µ²ÊÎ¨³

D++
1 (D−−

1 )2G(1,1)
0 (1|2) = (D−−

1 )2δ(3,1)
A (1|2). (1.2.9)

‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¢Ò· ¦¥´¨¥³ ¤²Ö  ´ ²¨É¨Î¥¸±µ° δ-ËÊ´±Í¨¨ (1.1.25),  
É ±¦¥ (1.1.18), (1.2.9) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

D++
1

[
(D−−

1 )2G(1,1)
0 (1|2) − 2(D+

2 )4
δ12(z1 − z2)

(u+
1 u+

2 )3

]
= 0. (1.2.10)

“· ¢´¥´¨¥

D++Φ(q) = 0 (1.2.11)

¨³¥¥É ¢ ¸²ÊÎ ¥ § ·Ö¤  q < 0 Éµ²Ó±µ É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ [30]

Φ(q) = 0. (1.2.12)

‘ ÊÎ¥Éµ³ ¢ÒÏ¥¸± § ´´µ£µ ¨§ (1.2.10) ¸²¥¤Ê¥É, ÎÉµ

(D−−
1 )2G(1,1)

0 (1|2) = 2(D+
2 )4

[
δ12(z1 − z2)

(u+
1 u+

2 )3

]
. (1.2.13)

�µ¤¥°¸É¢Ê¥³ É¥¶¥·Ó ´  µ¡¥ Î ¸É¨ (1.2.13) µ¶¥· Éµ·µ³ (D+
1 )4 ¨ ¢µ¸¶µ²Ó§Ê¥³¸Ö

É¥³ Ë ±Éµ³, ÎÉµ

(D+
1 )4(D−−)2Φ(ζ, u) = −2�Φ(ζ, u) (1.2.14)
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¤²Ö ²Õ¡µ£µ  ´ ²¨É¨Î¥¸±µ£µ ¸Ê¶¥·¶µ²Ö Φ(ζ, u). ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ ¸²¥¤Ê-
ÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·µ¶ £ Éµ· :

G
(1,1)
0 (1|2) = − 1

�1
(D+

1 )4(D+
2 )4

[
δ12(z1 − z2)

(u+
1 u+

2 )3

]
. (1.2.15)

‡ ³¥É¨³, ÎÉµ ¶µ²ÊÎ¨¢Ï Ö¸Ö ËÊ´±Í¨Ö ƒ·¨´   ´É¨¸¨³³¥É·¨Î´  µÉ´µ¸¨É¥²Ó´µ
µ¤´µ¢·¥³¥´´µ° ¶¥·¥¸É ´µ¢±¨  ·£Ê³¥´Éµ¢ ¨ ¢´¥Ï´¨Ì U(1) § ·Ö¤µ¢

G
(1,1)
0 (1|2) = −G

(1,1)
0 (2|1). (1.2.16)

�¥·¥°¤¥³ ± µ¶¨¸ ´¨Õ ¢¥Ð¥¸É¢¥´´µ° Ëµ·³Ò £¨¶¥·³Ê²ÓÉ¨¶²¥É , ¢¢¥¤¥´-
´µ° ¢ · ¡µÉ¥ • ÊÄ‘É¥²² Ä’ Ê´¸¥´¤  [26]. ‚ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´-
¸É¢¥ ÔÉ  · §´µ¢¨¤´µ¸ÉÓ £¨¶¥·³Ê²ÓÉ¨¶²¥É  µ¶¨¸Ò¢ ¥É¸Ö ´¥µ£· ´¨Î¥´´Ò³ ¢¥Ð¥-
¸É¢¥´´Ò³ (¢ ¸³Ò¸²¥ µ¶¥· Í¨¨ ∼)  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶µ²¥³ ω ¸µ ¸²¥¤ÊÕÐ¨³
¤¥°¸É¢¨¥³ ¨ Ê· ¢´¥´¨¥³ ¤¢¨¦¥´¨Ö:

S = −
∫

dζ(−4)duD++ωD++ω, (1.2.17)

(D++)2ω = 0. (1.2.18)

Š ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¸²ÊÎ ¥, ¶¥·¥¶¨Ï¥³ ω ¢ ¸É ´¤ ·É´µ³ ¡ §¨¸¥:

ω[ζ(z, u), u] = ω(z) + ω(ij)(z)u+
i u−

j + ω(ijkl)(z)u+
i u+

j u−
k u−

l + . . . (1.2.19)

‘Ê¶¥·¶µ²Ö ω(z), ω(ij)(z) ¨ É.¤. ¶µ¤Î¨´¥´Ò ¸¢Ö§Ö³ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ°
(1.1.12). “· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö (1.2.18) § ´Ê²Ö¥É ¢¸¥ ¸Ê¶¥·¶µ²Ö ¢ (1.2.19),
´ Î¨´ Ö ¸ ω(ijkl)(z). �¸É ¢Ï¨¥¸Ö ¸Ê¶¥·¶µ²Ö Ê¤µ¢²¥É¢µ·ÖÕÉ ¸¢Ö§Ö³

Di
αω =

1
3
Dαkω(ik), D(i

α ωjk) = 0, D̄i
α̇ω =

1
3
D̄α̇kω(ik), D̄

(i
α̇ ωjk) = 0. (1.2.20)

‘¢Ö§¨ (1.2.20) ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²ÖÕÉ £¨¶¥·³Ê²ÓÉ¨¶²¥É • ÊÄ‘É¥²² Ä’ Ê´¸¥´-
¤  ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¨ ¸µ¢¶ ¤ ÕÉ ¸µ ¸¢Ö§Ö³¨ ¨§ [26].

�·µ¶ £ Éµ· É¥µ·¨¨

G
(0,0)
0 (1|2) = 〈ω(1)ω(2)〉

¶µ¤Î¨´Ö¥É¸Ö ´¥µ¤´µ·µ¤´µ³Ê Ê· ¢´¥´¨Õ

(D++
1 )2G(0,0)

0 (1|2) = δ
(4,0)
A (1|2). (1.2.21)

�´µ ³µ¦¥É ¡ÒÉÓ ·¥Ï¥´µ É¥³ ¦¥ ¸¶µ¸µ¡µ³, ÎÉµ ¨ (1.2.8):

G
(0,0)
0 (1|2) = − 1

�1
(D+

1 )4(D+
2 )4

[
(u−

1 u−
2 )

(u+
1 u+

2 )3
δ12(z1 − z2)

]
. (1.2.22)

‡ ³¥É¨³, ÎÉµ G
(0,0)
0 (1|2) = G

(0,0)
0 (2|1).
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1.3. N=2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥µ·¨Ö Ÿ´£ ÄŒ¨²²¸ . ‚ ÔÉµ³ · §¤¥²¥ ³Ò
¢¢¥¤¥³ N = 2 ± ²¨¡·µ¢µÎ´Ò° ¶µÉ¥´Í¨ ² ± ± ±µ³¶¥´¸¨·ÊÕÐ¥¥ ¸Ê¶¥·¶µ²¥,
  É ±¦¥ ¶µ± ¦¥³, ÎÉµ ¶µ¤Ìµ¤ £ ·³µ´¨Î¥¸±µ£µ ¸Ê¶¥·¶·µ¸É· ´¸É¢  ¶µ§¢µ²Ö¥É
·¥Ï¨ÉÓ ¸¢Ö§¨ ¤²Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ .

‚ ¤¥°¸É¢¨¨ (1.2.2)

S = −
∫

d4xd4θ+duq̃+D++q+

q+ Å £¨¶¥·³Ê²ÓÉ¨¶²¥É ³µ¦´µ ¶µ³¥¸É¨ÉÓ ¢ ´¥±µÉµ·µ¥ ±µ³¶²¥±¸´µ¥ ¶·¥¤¸É -
¢²¥´¨¥ £·Ê¶¶Ò ¢´ÊÉ·¥´´¥° ¸¨³³¥É·¨¨: ¤¥°¸É¢¨¥ µÎ¥¢¨¤´Ò³ µ¡· §µ³ ¨´¢ ·¨-
 ´É´µ µÉ´µ¸¨É¥²Ó´µ £²µ¡ ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨°

q+′ = eiλq+, (1.3.1)

£¤¥ ¢¥Ð¥¸É¢¥´´Ò° ±µ´¸É ´É´Ò° ¶ · ³¥É· λ ¶·¨´¨³ ¥É §´ Î¥´¨Ö ¢  ²£¥¡·¥
£·Ê¶¶Ò. ’·¥¡µ¢ ´¨¥ ²µ± ²¨§ Í¨¨ ¶·¥µ¡· §µ¢ ´¨° (1.3.1) ¢  ´ ²¨É¨Î¥¸±µ³
¶µ¤¶·µ¸É· ´¸É¢¥ (ÎÉµ¡Ò ¸µÌ· ´¨ÉÓ  ´ ²¨É¨Î´µ¸ÉÓ q+), É.¥. § ³¥´  λ →
→ λ(ζ, u) = λ̃(ζ, u), ¢²¥Î¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥¤¥´¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¸Ê¶¥·-
¶µ²Ö V ++ ¸ § ±µ´µ³ ¶·¥µ¡· §µ¢ ´¨Ö

V ++′ = −ieiλD++e−iλ + eiλV ++e−iλ (1.3.2)

¨ ±µ¢ ·¨ ´É´µ° ¶·µ¨§¢µ¤´µ°

D++ = D++ + iV ++(xA, θ+, u). (1.3.3)

�·¨ ÔÉµ³ V ++ Ö¢²Ö¥É¸Ö ¢¥Ð¥¸É¢¥´´Ò³ ¸Ê¶¥·¶µ²¥³

Ṽ ++ = V ++

¨  ´ ²¨É¨Î¥¸±¨³. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶·¨Ìµ¤¨³ ± ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ³Ê
¤¥°¸É¢¨Õ

S = −
∫

d4xd4θ+duq̃+(D++ + iV ++)q+. (1.3.4)

Š ²¨¡·µ¢µÎ´Ò° § ±µ´ (1.3.2) ¶µ§¢µ²Ö¥É ¶¥·¥°É¨ ¢ ± ²¨¡·µ¢±Ê ‚¥¸¸ Ä
‡Ê³¨´µ, ¢ ±µÉµ·µ° V ++ ¸µ¤¥·¦¨É ±µ´¥Î´µ¥ Î¨¸²µ ¶µ²¥°:

V ++ = −(θ+)2φ̄(xA) − (θ̄+)2φ(xA) + iθ+σµθ̄+Aµ(xA) +
+ (θ̄+)2θ+αψi

α(xA)u−
i + (θ+)2θ̄+

α̇ ψ̄α̇i(xA)u−
i +

+ (θ+)2(θ̄+)2F (ij)(xA)u−
i u−

j . (1.3.5)

‡¤¥¸Ó φ(xA) Å ±µ³¶²¥±¸´Ò° ¸± ²Ö·, Aµ(xA) Å ± ²¨¡·µ¢µÎ´µ¥ ¶µ²¥, ψi
α(xA)

¨ ψ̄α̇i(xA) µ¡· §ÊÕÉ ¤Ê¡²¥É ³ °µ· ´µ¢¸±¨Ì ¸¶¨´µ·µ¢, F (ij)(xA) Å É·¨¶²¥É
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¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥°. ‚¸¥ ¶µ²Ö ´ Ìµ¤ÖÉ¸Ö ¢ ¶·¨¸µ¥¤¨´¥´´µ³ ¶·¥¤¸É ¢²¥-
´¨¨ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò. �ÉµÉ ´ ¡µ· ¶µ²¥° ¢ ÉµÎ´µ¸É¨ ¸µµÉ¢¥É¸É¢Ê¥É
¸É ´¤ ·É´µ³Ê N = 2 ± ²¨¡·µ¢µÎ´µ³Ê ³Ê²ÓÉ¨¶²¥ÉÊ ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨
(¸³., ´ ¶·¨³¥·, ±´¨£Ê [8]).

�µ± ¦¥³ É¥¶¥·Ó, ÎÉµ V ++ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¢µ§´¨± ¥É ± ± ·¥Ï¥´¨¥
¸¢Ö§¥° ¢ £¥µ³¥É·¨Î¥¸±µ° Ëµ·³Ê²¨·µ¢±¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨
Ÿ´£ ÄŒ¨²²¸ . �É¨ ¸¢Ö§¨ ¨³¥ÕÉ ¢¨¤ [82] (¸³. É ±¦¥ [8]):

{Dαi,Dβj} = 2iεijεαβW̄ , (1.3.6)

{D̄α̇
i, D̄β̇

j} = 2iεijεα̇β̇W, (1.3.7)

{Dαi, D̄β̇
j} = −2iδi

jDαβ̇ . (1.3.8)

“³´µ¦ Ö (1.3.6)Ä(1.3.8) ´  u+
i u+

j , ´ Ìµ¤¨³

{D+
α ,D+

β } = {D̄+
α̇ , D̄+

β̇
} = {D+

α , D̄+

β̇
} = 0. (1.3.9)

�´É¨±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (1.3.9) ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± Ê¸²µ¢¨Ö
¨´É¥£·¨·Ê¥³µ¸É¨ ¤²Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö ±µ¢ ·¨ ´É´µ- ´ ²¨É¨Î¥¸±¨Ì ¸Ê¶¥·¶µ²¥°

D+
α Φ(z, u) = D̄+

α̇ Φ(z, u) = 0. (1.3.10)

�¥Ï¥´¨Ö Ê¸²µ¢¨° (1.3.9) ¨³¥ÕÉ ¢¨¤

D+
α = e−ivD+

α eiv = D+
α + e−iv(D+

α eiv),
D̄+

α̇ = e−ivD̄+
α̇ eiv = D̄+

α̇ + e−iv(D̄+
α̇ eiv). (1.3.11)

‘Ê¶¥·¶µ²¥ v = v(z, u) ´ §Ò¢ ¥É¸Ö ³µ¸Éµ³. �¥§ ¶µÉ¥·¨ µ¡Ð´µ¸É¨ ¥£µ ³µ¦´µ
¸Î¨É ÉÓ ¢¥Ð¥¸É¢¥´´Ò³:

ṽ(z, u) = v(z, u). (1.3.12)

D+
α ¨ D̄+

α̇ Ö¢²ÖÕÉ¸Ö ±µ¢ ·¨ ´É´Ò³¨ ¶·µ¨§¢µ¤´Ò³¨ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ-
¢ ´¨° ¸ ¶ · ³¥É·µ³, ´¥ § ¢¨¸ÖÐ¨³ µÉ u. �Éµ µ§´ Î ¥É, ÎÉµ ³µ¸É ¶·¥É¥·¶¥¢ ¥É
± ²¨¡·µ¢µÎ´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ¢¨¤ 

eiv′
= eiλeive−iτ . (1.3.13)

‡¤¥¸Ó λ = λ(xA, θ+, u) Å  ´ ²¨É¨Î¥¸±¨° ¶ · ³¥É·, ¢¥Ð¥¸É¢¥´´Ò° ¢ ¸³Ò¸²¥
¸µ¶·Ö¦¥´¨Ö ∼, τ = τ(z) Å ¢¥Ð¥¸É¢¥´´Ò° u-´¥§ ¢¨¸ÖÐ¨° ¶ · ³¥É·. ‘ ¶µ³µ-
ÐÓÕ ³µ¸É  ³Ò ³µ¦¥³ µ¶·¥¤¥²¨ÉÓ ´µ¢Ò° ¡ §¨¸ ¢ ¶·µ¸É· ´¸É¢¥ ¶·¥¤¸É ¢²¥´¨Ö
Φ, É ±µ°, ÎÉµ  ´ ²¨É¨Î´µ¸ÉÓ ¸É ´µ¢¨É¸Ö ¢ ´¥³ Ö¢´µ° (λ-¡ §¨¸):

Φ ⇒ Ψ(z, u) = eivΦ(z, u).
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‘Ê¶¥·¶µ²¥ Ψ(z, u) Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨³ ¢ µ¡ÒÎ´µ³ ¸³Ò¸²¥:

D+
α Ψ(z, u) = D̄+

α̇ Ψ(z, u) = 0.

„·Ê£¨³¨ ¸²µ¢ ³¨, ¢ λ-¡ §¨¸¥ ±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ D+
α,α̇ ¶·¥¢· Ð ÕÉ¸Ö

¢ µ¡ÒÎ´Ò¥

(D+
α )λ = D+

α , (D̄+
α̇ )λ = D̄+

α̇ . (1.3.14)

„ ²¥¥, ±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ D+
α,α̇ ¨³¥ÕÉ ¢¨¤

D+
α,α̇ = u+

i Di
α,α̇.

�ÉµÉ Ë ±É ³µ¦¥É ¡ÒÉÓ ¸Ëµ·³Ê²¨·µ¢ ´ ± ± ¤µ¶µ²´¨É¥²Ó´ Ö ¸¢Ö§Ó

[D++,D+
α,α̇] = 0. (1.3.15)

� ¸¸³µÉ·¨³ (1.3.15) ¢ τ -¡ §¨¸¥, É.¥. ¨¸Ìµ¤´µ³ ¡ §¨¸¥, ¢ ±µÉµ·µ³ ¸Ê¶¥·-
¶µ²Ö ¶·¥µ¡· §ÊÕÉ¸Ö ¸ u-´¥§ ¢¨¸ÖÐ¨³ ¶ · ³¥É·µ³. ‚ ÔÉµ³ ¡ §¨¸¥, µÎ¥¢¨¤´µ,
(D++)τ = D++ ¨ (1.3.15) ¶·¨´¨³ ¥É ¢¨¤

[D++,D+
α,α̇] = 0. (1.3.16)

ˆ§ (1.3.16) ´¥³¥¤²¥´´µ ¸²¥¤Ê¥É, ÎÉµ

D++(e−ivD+
α,α̇eiv) = −e−iv[D+

α,α̇(eivD++(e−iv))]eiv = 0. (1.3.17)

‚¢¥¤¥³ ¸Ê¶¥·¶µ²¥

V ++ = −ieivD++e−iv = Ṽ ++, (1.3.18)

Ö¢²ÖÕÐ¥¥¸Ö ¢ ¸¨²Ê (1.3.17)  ´ ²¨É¨Î¥¸±¨³:

D+
α V ++ = D̄+

α̇ V ++ = 0. (1.3.19)

—Éµ¡Ò ¶µ± § ÉÓ, ÎÉµ É ± µ¶·¥¤¥²e´´µ¥ V ++ ¸µ¢¶ ¤ ¥É ¸ ¢¢¥¤¥´´Ò³ · ´¥¥,
· ¸¸³µÉ·¨³ D++ ¢ λ-¡ §¨¸¥:

(D++)λ = eivD++e−iv = D++ + eiv(D++e−iv) = D++ + iV ++. (1.3.20)

‚¨¤´µ, ÎÉµ V ++ Ö¢²Ö¥É¸Ö ¸¢Ö§´µ¸ÉÓÕ ¢ ±µ¢ ·¨ ´É´µ° ¶·µ¨§¢µ¤´µ° D++, ± ±
¨ ±µ³¶¥´¸¨·ÊÕÐ¥¥ ¸Ê¶¥·¶µ²¥ ¢ ¤¥°¸É¢¨¨ (1.3.4). �·¥µ¡· §µ¢ ´¨Ö ³µ¸É 
(1.3.13) ¶µ·µ¦¤ ÕÉ ¤²Ö V ++ ± ± · § ± ²¨¡·µ¢µÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¸  ´ ²¨-
É¨Î¥¸±¨³ ¶ · ³¥É·µ³ (1.3.2).

�µ± ¦¥³, ± ± ¢ ÔÉµ³ ¶µ¤Ìµ¤¥ ¸É·µ¨É¸Ö ±µ¢ ·¨ ´É´ Ö ¸Ê¶¥·¶µ²¥¢ Ö ´ -
¶·Ö¦¥´´µ¸ÉÓ. …¥ Ê¤µ¡´µ ¢Ò· §¨ÉÓ Î¥·¥§ ´µ¢µ¥ ´¥ ´ ²¨É¨Î¥¸±µ¥ ¸Ê¶¥·¶µ²¥
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V −−, ¸¢Ö§´µ¸ÉÓ ¤²Ö ´¥¸µÌ· ´ÖÕÐ¥°  ´ ²¨É¨Î´µ¸ÉÓ £ ·³µ´¨Î¥¸±µ° ¶·µ¨§¢µ¤-
´µ° D−− [83]. � ¸¸³µÉ·¨³ D−− ¢ λ-¡ §¨¸¥

D−− = D−− + iV −−, V −− = −ieivD−−e−iv = Ṽ −− (1.3.21)

¨ ¶µÉ·¥¡Ê¥³, ÎÉµ¡Ò ¤²Ö ±µ¢ ·¨ ´É¨§µ¢ ´´ÒÌ £ ·³µ´¨Î¥¸±¨Ì ¶·µ¨§¢µ¤´ÒÌ ¢Ò-
¶µ²´Ö²µ¸Ó ¶¥·¢µ¥ ¨§ ®¶²µ¸±¨Ì¯ ¸µµÉ´µÏ¥´¨° (1.1.6)

[D++,D−−] = D0. (1.3.22)

�·µ¨§¢µ¤´ Ö D0 ´¥ ±µ¢ ·¨ ´É¨§Ê¥É¸Ö, É ± ± ± ³Ò · ¸¸³ É·¨¢ ¥³ Éµ²Ó±µ ¸Ê-
¶¥·¶µ²Ö ¸ Ë¨±¸¨·µ¢ ´´Ò³ U(1)-§ ·Ö¤µ³. ‘¢Ö§Ó (1.3.22) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢
¢¨¤¥ Ê· ¢´¥´¨Ö ´  V −−:

D++V −− − D−−V ++ + i[V ++, V −−] = 0. (1.3.23)

�¥Ï¥´¨¥ ÔÉµ£µ Ê· ¢´¥´¨Ö ¤ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ ·Ö¤µ³:

V −−(x, θ, u) =
∞∑

n=1

∫
du1 . . . dun

(−i)n+1V ++(x, θ, u1) . . . V ++(x, θ, un)
(u+u+

1 )(u+
1 u+

2 ) . . . (u+
n u+)

.

(1.3.24)

„¥°¸É¢¨É¥²Ó´µ, ¤²Ö n > 0 ¶·µ¨§¢µ¤´ Ö D++, ¤¥°¸É¢ÊÖ ´  n-° Î²¥´ ¢ (1.3.24),
¤ ¥É

D++V −−
(n) = D++

∫
du1 . . . dun

(−i)n+1V ++(x, θ, u1) . . . V ++(x, θ, un)
(u+u+

1 )(u+
1 u+

2 ) . . . (u+
n u+)

=

=
∫

du1 . . . dun(−i)n+1V ++(x, θ, u1) . . . V ++(x, θ, un)×

×
[
δ(u, u1)

1
(u+

1 u+
2 ) . . . (u+

n u+)
− δ(u, un)

1
(u+u+

1 ) . . . (u+
n−1u

+
n )

]
=

= iV −−
(n−1)V

++ − iV ++V −−
(n−1) = −i[V ++, V −−

n−1], n ≥ 2.

(1.3.25)

�·¨ n = 1 ¨³¥¥³

D++V −−
(1) = D++

∫
du1

V ++(u1)
(u+u+

1 )2
= D−−V ++. (1.3.26)

�¡Ñ¥¤¨´ÖÖ (1.3.25) ¨ (1.3.26), ¶µ²ÊÎ ¥³ (1.3.23).
�¥·¥°¤¥³ É¥¶¥·Ó ± ´ Ìµ¦¤¥´¨Õ ¢Ò· ¦¥´¨Ö ¤²Ö ´ ¶·Ö¦¥´´µ¸É¨. “³´µ¦¨³

(1.3.6) ´  u+iu−j :

{(D+
α )τ , (D−

β )τ} = −2iεαβW̄τ . (1.3.27)
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ˆ´¤¥±¸ τ µ§´ Î ¥É, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¡Ñ¥±É Ö¢²Ö¥É¸Ö É¥´§µ·µ³ µÉ´µ¸¨-
É¥²Ó´µ τ -¶·¥µ¡· §µ¢ ´¨°. �¥·¥¶¨Ï¥³ (1.3.27) ¢ λ-¡ §¨¸¥:

{D+
α , (D−

β )λ} = −2iεαβW̄λ. (1.3.28)

‡¤¥¸Ó, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (1.3.14), ¶·µ¨§¢µ¤´ Ö D+
α ´¥ ±µ¢ ·¨ ´É¨§Ê¥É¸Ö, W̄λ

Ö¢²Ö¥É¸Ö É¥´§µ·µ³ λ-£·Ê¶¶Ò:

W̄ ′
λ = eiλW̄λe−iλ.

“Î¨ÉÒ¢ Ö, ÎÉµ

(D−
α )λ = [(D−−)λ, D+

α ] = D−
α − iD+

α V −−, (1.3.29)

¨§ (1.3.28), ¶µ²Ó§ÊÖ¸Ó  ²£¥¡·µ° ¶²µ¸±¨Ì ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ (¸³.
¶·¨²µ¦¥´¨¥), ´ Ìµ¤¨³

W̄λ = − i

4
{D+α, (D−

α )λ} = −1
4
D+αD+

α V −−, (1.3.30)

Wλ = −1
4
D̄+

α̇ D̄+α̇V −−. (1.3.31)

�¥·¥Ìµ¤Ö ¢ τ -¡ §¨¸, ¶µ²ÊÎ ¥³

W̄τ = −1
4
e−iv(D+αD+

α V −−)eiv, Wτ = −1
4
e−iv(D̄+

α̇ D̄+α̇V −−)eiv. (1.3.32)

�µ²ÊÎ¥´´Ò¥ ´ ¶·Ö¦¥´´µ¸É¨ µ¡² ¤ ÕÉ ¸²¥¤ÊÕÐ¨³¨ ¸¢µ°¸É¢ ³¨:

Di
αW̄ = D̄i

α̇W = 0, (1.3.33)

DαiDj
αW = D̄i

α̇D̄α̇jW̄ , (1.3.34)

D++W = D++W̄ = D−−W = D−−W̄ = 0. (1.3.35)

‘µµÉ´µÏ¥´¨Ö (1.3.33)Ä(1.3.35) ¸¶· ¢¥¤²¨¢Ò ± ± ¢ λ-, É ± ¨ τ -¡ §¨¸ Ì.
“¸²µ¢¨¥ (1.3.35) ¢ τ -¡ §¨¸¥ µ§´ Î ¥É, ÎÉµ Wτ ´¥ § ¢¨¸¨É µÉ u.

„¥°¸É¢¨¥ N = 2 É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨³¥¥É ¢¨¤ ( [8])

S = − 1
2g2

tr
∫

d4xd4θW 2
τ = − 1

2g2
tr

∫
d4xd4θW 2

λ =

= − 1
2g2

tr
∫

d4xd4θ̄W̄ 2
τ = − 1

2g2
tr

∫
d4xd4θ̄W̄ 2

λ (1.3.36)

(g Å ±µ´¸É ´É  ¸¢Ö§¨). ‘ ÊÎ¥Éµ³ (1.3.31) ¨ (1.3.24) ¥£µ ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢
¢¨¤¥ ¨´É¥£· ²  ¶µ £ ·³µ´¨Î¥¸±µ³Ê ¸Ê¶¥·¶·µ¸É· ´¸É¢Ê [83]:

S =
1
g2

tr
∫

d12z
∞∑

n=2

(−i)n

n
×

×
∫

du1du2 . . . dun
V ++(z, u1)V ++(z, u2) . . . V ++(z, un)

(u+
1 u+

2 )(u+
2 u+

3 ) . . . (u+
n u+

1 )
. (1.3.37)
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‚  ¡¥²¥¢µ³ ¸²ÊÎ ¥ ¢Ò· ¦¥´¨Ö ¤²Ö V −−, ´ ¶·Ö¦¥´´µ¸É¥° ¨ ¤¥°¸É¢¨Ö ¢Ò-
£²Ö¤ÖÉ µ¸µ¡¥´´µ ¶·µ¸Éµ:

V −−(z, u) =
∫

du1
V ++(z, u1)
(u+u+

1 )2
, (1.3.38)

W (z) = −1
4

∫
duD̄−

α̇ D̄−α̇V ++(z, u), (1.3.39)

W̄ (z) = −1
4

∫
duD−αD−

α V ++(z, u), (1.3.40)

S =
1

2g2

∫
d4xd8θduV ++(z, u)V −−(z, u). (1.3.41)

Wλ ¨ Wτ ¢  ¡¥²¥¢µ³ ¸²ÊÎ ¥ ¸µ¢¶ ¤ ÕÉ.
1.4. Œ ¸¸¨¢´Ò° £¨¶¥·³Ê²ÓÉ¨¶²¥É. ‚ ÔÉµ³ · §¤¥²¥ ³Ò ¶µ± ¦¥³, ± ± ¢

£ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥ ³µ¦´µ ¢¢¥¸É¨ ³ ¸¸µ¢Ò° Î²¥´ ¤²Ö £¨¶¥·-
³Ê²ÓÉ¨¶²¥É  [69, 55, 70].

� ¸¸³µÉ·¨³ ¢§ ¨³µ¤¥°¸É¢¨¥ q+-£¨¶¥·³Ê²ÓÉ¨¶²¥É  c  ¡¥²¥¢Ò³ ¶µ²¥³ ¸¶¥-
Í¨ ²Ó´µ£µ ¢¨¤ :

V ++
0 = −(θ+)2ā − (θ̄+)2a. (1.4.1)

‡¤¥¸Ó a, ā = const. � ¶·Ö¦¥´´µ¸É¨, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶µ³µÐÓÕ (1.3.39) ¨
(1.3.40), ¸µ¢¶ ¤ ÕÉ ¸ ÔÉ¨³¨ ±µ´¸É ´É ³¨:

W0 = a = const, W̄0 = ā = const.

�µÔÉµ³Ê V ++
0 ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

V ++
0 = −(θ+)2W̄0 − (θ̄+)2W0. (1.4.2)

„¥°¸É¢¨¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ¥£µ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ´  É ±µ³ ¢´¥Ï´¥³
Ëµ´¥ ¨³¥ÕÉ ¢¨¤

S = −
∫

d4xd4θ+duq̃+(D++ + iV ++
0 )q+, (1.4.3)

(D++ + iV ++
0 I)q+ ≡ D++

0 q+ = 0,

(D++ + iV ++
0 I)q̃+ ≡ D++

0 q̃+ = 0, (1.4.4)

£¤¥ I Å £¥´¥· Éµ· Ë §µ¢ÒÌ U(1)-¶·¥µ¡· §µ¢ ´¨° q+:

I q+ = q+, I q̃+ = −q̃+.
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�µ¤¥°¸É¢Ê¥³ ´  (1.4.4) µ¶¥· Éµ·µ³ (D−−
0 )2. ‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ±µ³³Ê-

É Í¨µ´´Ò³ ¸µµÉ´µÏ¥´¨¥³ (1.3.22), ¶µ²ÊÎ¨³

D++(D−−
0 )2q+ = 0 ⇒ (D−−

0 )2q+ = 0 (1.4.5)

(¢Éµ·µ¥ ¸µµÉ´µÏ¥´¨¥ ¸²¥¤Ê¥É ¨§ ¶¥·¢µ£µ ¶µ¸²¥ ¶¥·¥Ìµ¤  ¢ τ -¡ §¨¸ ¨ ÊÎ¥É  Éµ£µ
¸¢µ°¸É¢ , ÎÉµ Ê· ¢´¥´¨¥ D++f q = 0 ¶·¨ q < 0 ¨³¥¥É Éµ²Ó±µ É·¨¢¨ ²Ó´µ¥ ·¥-
Ï¥´¨¥ f q = 0). �·¨³¥´ÖÖ É¥¶¥·Ó (D+)4 ¨ ¶µ²Ó§ÊÖ¸Ó  ²£¥¡·µ° ±µ¢ ·¨ ´É´ÒÌ
¶·µ¨§¢µ¤´ÒÌ, ¶·¨Ìµ¤¨³ ± Ê· ¢´¥´¨Õ

(� + W0W̄0)q+ = 0. (1.4.6)

�´µ µ§´ Î ¥É, ÎÉµ ¸Ê¶¥·¶µ²¥ q+ ·¥ ²¨§Ê¥É ´¥¶·¨¢µ¤¨³µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸Ê-

¶¥·£·Ê¶¶Ò �Ê ´± ·¥ ¸ ³ ¸¸µ° m =
√

W0W̄0. ’ ±¨³ µ¡· §µ³, ¤¥°¸É¢¨¥ (1.4.3)
µ¶¨¸Ò¢ ¥É ¸¢µ¡µ¤´Ò° ³ ¸¸¨¢´Ò° £¨¶¥·³Ê²ÓÉ¨¶²¥É.

‚ ¦´Ò³ Ö¢²Ö¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ¤¥°¸É¢¨¥ (1.4.3) ¨´¢ ·¨ ´É´µ µÉ´µ¸¨-
É¥²Ó´µ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¸ Í¥´É· ²Ó´Ò³ § ·Ö¤µ³. „¥°¸É¢¨É¥²Ó´µ, ±µ¢ -
·¨ ´É´Ò¥ ¸¶¨´µ·´Ò¥ ¶·µ¨§¢µ¤´Ò¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ëµ´µ¢µ³Ê ± ²¨¡·µ¢µÎ-
´µ³Ê ¸Ê¶¥·¶µ²Õ V ++

0 (1.4.2)

Di
α = Di

α + iθi
αW̄0 I, D̄α̇i = D̄α̇i − iθ̄α̇iW0 I, (1.4.7)

 ´É¨±µ³³ÊÉ¨·ÊÕÉ ´¥ ¸ £¥´¥· Éµ· ³¨ µ¡ÒÎ´µ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨,   ¸
£¥´¥· Éµ· ³¨, ±µÉµ·Ò¥ ¸µ¤¥·¦ É ¤µ¡ ¢±Ê, § ¢¨¸ÖÐÊÕ µÉ ±µ´¸É ´É´ÒÌ ´ ¶·Ö-
¦¥´´µ¸É¥°:

Qi
α = i

∂

∂θα
i

+ θ̄α̇i∂αα̇ + θi
αW̄0 I, Q̄α̇i = −i

∂

∂θ̄α̇i
− θα

i ∂αα̇ − θα̇iW0 I. (1.4.8)

�É¨ £¥´¥· Éµ·Ò µ¡· §ÊÕÉ N = 2 ¸Ê¶¥· ²£¥¡·Ê ¸ Í¥´É· ²Ó´Ò³¨ § ·Ö¤ ³¨

{Qαi, Qβj} = 2iεijεαβW̄0 I, {Q̄α̇
i, Q̄β̇

j} = 2iεijεα̇β̇W0 I,

{Qαi, Q̄β̇
j} = −2iδi

j∂αβ̇ . (1.4.9)

ˆ¸¶µ²Ó§ÊÖ ±µ¢ ·¨ ´É´µ¸ÉÓ (1.4.9) µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° £²µ¡ ²Ó´µ°
£·Ê¶¶Ò U(1)  ¢Éµ³µ·Ë¨§³µ¢ N = 2 ¸Ê¶¥· ²£¥¡·Ò (R-¸¨³³¥É·¨¨), ¤¥°¸É¢ÊÕ-
Ð¥° ± ± Ë §µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö £¥´¥· Éµ·µ¢ Q, Q̄, ³µ¦´µ ¢Ò¡· ÉÓ ®± ²¨-
¡·µ¢±Ê¯, ¢ ±µÉµ·µ° W0 = W̄0 (¨²¨,  ²ÓÉ¥·´ É¨¢´µ, W0 = −W̄0). ’ ±¨³ µ¡· -
§µ³, ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ³Ò ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¨³¥¥³ É¥µ·¨Õ ¸ µ¤´¨³ Í¥´É· ²Ó-
´Ò³ § ·Ö¤µ³. �´ ¶·µ¶µ·Í¨µ´ ²¥´ £¥´¥· Éµ·Ê I Ë §µ¢ÒÌ £²µ¡ ²Ó´ÒÌ U(1)
¶·¥µ¡· §µ¢ ´¨° ¸Ê¶¥·¶µ²Ö q+, ±µÉµ·Ò¥ µ¸É ¢²ÖÕÉ ¨´¢ ·¨ ´É´Ò³ ¤¥°¸É¢¨¥
(1.4.3). � ¸¸³µÉ·¥´´Ò° ³¥Ì ´¨§³ £¥´¥· Í¨¨ ³ ¸¸Ò q+ ¨ ¢µ§´¨±´µ¢¥´¨Ö Í¥´-
É· ²Ó´µ£µ § ·Ö¤  Ö¢²Ö¥É¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ ³¥Ì ´¨§³  ˜¥·± Ä˜¢ ·Í  [84],
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¢ ±µÉµ·µ³ ³ ¸¸Ò ¢µ§´¨± ÕÉ ¨§ ¢Ò¸Ï¨Ì ¨§³¥·¥´¨° µÉµ¦¤¥¸É¢²¥´¨¥³ £¥´¥-
· Éµ·µ¢ É· ´¸²ÖÍ¨° ¶µ ¤µ¶µ²´¨É¥²Ó´Ò³ ±µµ·¤¨´ É ³ (¢ ´ Ï¥³ ¸²ÊÎ ¥ Í¥´-
É· ²Ó´µ£µ § ·Ö¤ , ±µÉµ·Ò° ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± £¥´¥· Éµ· É· ´¸²ÖÍ¨°
¶µ ´¥±µÉµ·µ° ¤µ¶µ²´¨É¥²Ó´µ° ±µµ·¤¨´ É¥ x5) ¸ £¥´¥· Éµ· ³¨ ¢´ÊÉ·¥´´¨Ì
¸¨³³¥É·¨° (¢ ´ Ï¥³ ¸²ÊÎ ¥ ¸ U(1)-£¥´¥· Éµ·µ³ I).

�·µ¶ £ Éµ· ³ ¸¸¨¢´µ£µ £¨¶¥·³Ê²ÓÉ¨¶²¥É  Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

D++
0 G

(1,1)
0 (1|2) = δ

(3,1)
A (1|2) (1.4.10)

¨ ¨³¥¥É ¢¨¤

G
(1,1)
0 (1|2) = − 1

� + W0W̄0
(D+

1 )4(D+
2 )4

(
eiv0(1)e−iv0(2)

(u+
1 u+

2 )3
δ12(z1 − z2)

)
.

(1.4.11)

‚ µÉ²¨Î¨¥ µÉ ¡¥§³ ¸¸µ¢µ£µ ¸²ÊÎ Ö ¶·µ¶ £ Éµ· ´¥ µ¡² ¤ ¥É ¸¢µ°¸É¢µ³  ´É¨-
¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ ¶¥·¥¸É ´µ¢±¨  ·£Ê³¥´Éµ¢.

2. Œ…’�„ ”���‚�ƒ� ��‹Ÿ
‚ N = 2 ‘“�…�‘ˆŒŒ…’�ˆ—��‰ ’…��ˆˆ Ÿ�ƒ�ÄŒˆ‹‹‘�

2.1. ˆ¤¥Ö ³¥Éµ¤ . �µÖ¸´¨³ Ëµ·³ ²¨§³ Ëµ´µ¢µ£µ ¶µ²Ö ´  ¶·¨³¥·¥ µ¡ÒÎ-
´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¤²Ö ±µÉµ·µ° µ´ ¡Ò² ¢¶¥·¢Ò¥ ¢¢¥¤e´ ¢ [85] (¸³.
É ±¦¥ [86]).

„¥°¸É¢¨¥ É¥µ·¨¨ ¸ÊÉÓ ËÊ´±Í¨µ´ ² µÉ ¢¥±Éµ·´µ£µ ¶µÉ¥´Í¨ ²  ¸µ §´ Î¥´¨-

Ö³¨ ¢  ²£¥¡·¥ ‹¨
∼
Aµ, ±µÉµ·Ò° § ¶¨Ï¥³ ¢ ¢¨¤¥ ¤¢ÊÌ ¸² £ ¥³ÒÌ

∼
Aµ= Aµ + aµ. (2.1.1)

�µ²¥ Aµ ´ §µ¢¥³ Ëµ´µ¢Ò³,   ¶µ²¥ aµ Å ±¢ ´Éµ¢Ò³. Š² ¸¸¨Î¥¸±µ¥ ¤¥°¸É¢¨¥
S[Aµ + aµ] ¸µ¤¥·¦¨É ¢¥·Ï¨´Ò, ¢±²ÕÎ ÕÐ¨¥ ± ± ±¢ ´Éµ¢Ò¥, É ± ¨ Ëµ´µ¢Ò¥
¶µ²Ö. ˆ¤¥Ö ³¥Éµ¤  Ëµ´µ¢µ£µ ¶µ²Ö § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ¡Ò ¶µ¸É·µ¨ÉÓ É¥µ·¨Õ
¢µ§³ÊÐ¥´¨°, ¢ ±µÉµ·µ° ¤¨ £· ³³Ò ”¥°´³ ´  ¸µ¤¥·¦ ²¨ ¡Ò Éµ²Ó±µ ¢´¥Ï´¨¥
Aµ-²¨´¨¨ ¨ ¢´ÊÉ·¥´´¨¥ aµ-²¨´¨¨. �Éµ ¤µ¸É¨£ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. Š -

²¨¡·µ¢µÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¶µ²Ö
∼
Aµ, µ¸É ¢²ÖÕÐ¥¥ ¨´¢ ·¨ ´É´Ò³ ¤¥°¸É¢¨¥,

¨³¥¥É ¢¨¤

δ
∼
Aµ=

1
g
∂µΛ + [

∼
Aµ, Λ]. (2.1.2)

‡¤¥¸Ó g Å ±µ´¸É ´É  ¸¢Ö§¨, Λ Å ¡¥¸±µ´¥Î´µ ³ ²Ò° ¶ · ³¥É·. ‚Ò· §¨³
ÔÉµ ¶·¥µ¡· §µ¢ ´¨¥ ¢ É¥·³¨´ Ì ¶µ²¥° Aµ ¨ aµ. �É  ¶·µÍ¥¤Ê·  Ö¢²Ö¥É¸Ö
´¥µ¤´µ§´ Î´µ°. � ¸¸³ É·¨¢ ÕÉ ¤¢  ¢¨¤  ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°.
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1) ”µ´µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö:

δAµ =
1
g
∂µΛ + [Aµ, Λ] ≡ DµΛ, δaµ = [aµ, Λ]. (2.1.3)

2) Š¢ ´Éµ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö:

δAµ = 0, δaµ = DµΛ + [aµ, Λ]. (2.1.4)

Š¢ ´Éµ¢Ò¥ ¶µ¶· ¢±¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤¥°¸É¢¨Ö S[Aµ + aµ], ´µ
±¢ ´ÉÊ¥É¸Ö Éµ²Ó±µ ¶µ²¥ aµ, ¶µ²¥ Aµ ¸Î¨É ¥É¸Ö ¢´¥Ï´¨³. �µÔÉµ³Ê ´¥µ¡Ìµ-
¤¨³µ ¢Ò¡· ÉÓ ± ²¨¡·µ¢±Ê É ±, ÎÉµ¡Ò Ë¨±¸ Í¨Ö ± ²¨¡·µ¢±¨ ´ ·ÊÏ ²  Éµ²Ó±µ
±¢ ´Éµ¢ÊÕ ± ²¨¡·µ¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ, ´µ ¸µÌ· ´Ö²  ¶·¨ ÔÉµ³ Ëµ´µ¢ÊÕ.
� ¶·¨³¥·, ´ ²µ¦¨³ ± ²¨¡·µ¢±Ê

F = Dµaµ =
1
g
∂µaµ + [Aµ, aµ] = 0. (2.1.5)

�·µ¢¥·¨³, ÎÉµ µ´  ±µ¢ ·¨ ´É´µ ¶·¥µ¡· §Ê¥É¸Ö ¶·¨ Ëµ´µ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ
¶·¥µ¡· §µ¢ ´¨ÖÌ. �·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ (2.1.3) ¨³¥¥³

δF =
1
g
[∂µaµ, Λ] +

1
g
[aµ, ∂µΛ] + [DµΛ, aµ] + [Aµ, [aµ, Λ] ]. (2.1.6)

‘ ¶µ³µÐÓÕ Éµ¦¤¥¸É¢  Ÿ±µ¡¨ ÔÉÊ ¢ ·¨ Í¨Õ ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

δF =
[
1
g
∂µaµ + [Aµ, aµ], Λ

]
= [F, Λ]. (2.1.7)

’ ±¨³ µ¡· §µ³, F ¶·¥µ¡· §Ê¥É¸Ö ± ± É¥´§µ· µÉ´µ¸¨É¥²Ó´µ Ëµ´µ¢ÒÌ ± ²¨¡·µ-
¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°. ‡ ±µ´ ¶·¥µ¡· §µ¢ ´¨° (2.1.7) ²¥£±µ µ¡µ¡Ð¨ÉÓ ´ 
¸²ÊÎ ° ±µ´¥Î´ÒÌ ¶·¥µ¡· §µ¢ ´¨°:

F ′ = e−ΛF eΛ. (2.1.8)

‘µ£² ¸´µ µ¡Ð¥° ¸Ì¥³¥ ±¢ ´Éµ¢ ´¨Ö ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨° (¸³., ´ ¶·¨³¥·,
±´¨£¨ [1,87]) Î²¥´ Ë¨±¸ Í¨¨ ± ²¨¡·µ¢±¨ ¢ ² £· ´¦¨ ´¥ ¶·µ¶µ·Í¨µ´ ²¥´
tr F 2. � ¢¥´¸É¢µ (2.1.8) ¶µ± §Ò¢ ¥É, ÎÉµ Î²¥´ Ë¨±¸ Í¨¨ ± ²¨¡·µ¢±¨ Ö¢²Ö-
¥É¸Ö ¨´¢ ·¨ ´É´Ò³ µÉ´µ¸¨É¥²Ó´µ Ëµ´µ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°.
‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢Ò· ¦¥´¨¥ trF 2 ´¥¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ±¢ ´Éµ¢ÒÌ
± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ± ± ¨ ¤µ²¦´µ ¡ÒÉÓ.

„¥°¸É¢¨¥ ¤ÊÌµ¢ ” ¤¤¥¥¢ Ä�µ¶µ¢  ¢¢µ¤¨É¸Ö ÉµÎ´µ É ± ¦¥, ± ± ¨ ¢ µ¡ÒÎ-
´µ³ Ëµ·³ ²¨§³¥ ±¢ ´Éµ¢ ´¨Ö ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨°. � °¤¥³ ¢ ·¨ Í¨Õ ± -
²¨¡·µ¢±¨ ¶·¨ ±¢ ´Éµ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ

δF = Dµ(DµΛ + [aµ, λ]). (2.1.9)
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‚ ¨Éµ£¥ ¤¥°¸É¢¨¥ ¤ÊÌµ¢ ¨³¥¥É ¢¨¤

Sgh =
∫

d4x c̄ Dµ(Dµc + [aµ, c]). (2.1.10)

�Éµ ¤¥°¸É¢¨¥, É ± ¦¥ ± ± ¨ Î²¥´ Ë¨±¸ Í¨¨ ± ²¨¡·µ¢±¨, ¨´¢ ·¨ ´É´o µÉ´µ-
¸¨É¥²Ó´µ Ëµ´µ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ¶µ¸±µ²Ó±Ê µ´o ¶µ¸É·µ¥´o
¨¸±²ÕÎ¨É¥²Ó´µ ¨§ É¥´§µ·µ¢ Ëµ´µ¢ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ¨ ´¥¨´¢ ·¨ ´É´o µÉ´µ-
¸¨É¥²Ó´µ ±¢ ´Éµ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°.

�¶¨¸ ´´ Ö ¶·µÍ¥¤Ê·  £ · ´É¨·Ê¥É ± ²¨¡·µ¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ ÔË-
Ë¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö.

2.2. Š¢ ´Éµ¢µ-Ëµ´µ¢µ¥ · §¤¥²¥´¨¥. ‡ ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö N = 2 ± ²¨-
¡·µ¢µÎ´µ£µ ¸Ê¶¥·¶µ²Ö ¨³¥¥É ¢¨¤ (1.3.2):

V ++′ = eiλV ++e−iλ − ieiλD++e−iλ.

� §µ¡Ñ¥³ V ++ ´  ±¢ ´Éµ¢ÊÕ ¨ Ëµ´µ¢ÊÕ Î ¸É¨:

V ++ → V ++ + gv++, (2.2.1)

£¤¥ V ++ Å Ëµ´µ¢µ¥ ¸Ê¶¥·¶µ²¥, v++ Å ±¢ ´Éµ¢µ¥ ¸Ê¶¥·¶µ²¥. Š¢ ´Éµ¢Ò¥ ¨
Ëµ´µ¢Ò¥ ± ²¨¡·µ¢µÎ´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö ¶µ  ´ ²µ£¨¨ ¸ (2.1.3),
(2.1.4).
1) ”µ´µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö:

V ++′ = eiλV ++e−iλ − ieiλD++e−iλ, v++′ = eiλv++e−iλ. (2.2.2)

2) Š¢ ´Éµ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö:

V ++′ = V ++, v++′ = eiλ

(
1
g
V ++ + v++

)
e−iλ − 1

g
ieiλD++e−iλ. (2.2.3)

� °¤e³ ±µÔËË¨Í¨¥´ÉÒ ¢ · §²µ¦¥´¨¨ ¤¥°¸É¢¨Ö N = 2 É¥µ·¨¨ Ÿ´£ Ä
Œ¨²²¸  ¢ ·Ö¤ ¶µ ±¢ ´Éµ¢µ³Ê ¸Ê¶¥·¶µ²Õ v++:

S =
∞∑

n=1

tr
∫

d12z1du1 . . . d12zndun
gn

n!
δnS

δv++(1) . . . δv++(n)
|v++=0 ×

× v++(1) . . . v++(n) . (2.2.4)

‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ 

S = − 1
2g2

tr
∫

d4xd4θ̄W̄ 2
λ
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¤ eÉ¸Ö ¢Ò· ¦¥´¨¥³:

δS = − 1
g2

tr
∫

d4xd4θ̄W̄λδW̄λ =

= − 1
g2

tr
∫

d4xd4θ̄du

(
−1

4

)
[D+αD+

α δV −−]W̄λ, (2.2.5)

£¤¥ W̄λ ¢Ò· ¦¥´  Î¥·¥§ V −− ¶µ Ëµ·³Ê²¥ (1.3.30). „²Ö ¤ ²Ó´¥°Ï¨Ì ¶·¥µ¡· -
§µ¢ ´¨° ¶·¥¤¸É ¢¨³ V −− ¢ ¢¨¤¥ (¸³. (1.3.21))

V −− = −ieiv[D−−e−iv], (2.2.6)

ÊÎÉe³ ±¨· ²Ó´µ¸ÉÓ W̄λ (Ê¸²µ¢¨¥ (1.3.33)) ¨ ´¥§ ¢¨¸¨³µ¸ÉÓ W̄τ = e−ivW̄λeiv

µÉ £ ·³µ´¨±,   É ±¦¥ ¢µ¸¶µ²Ó§Ê¥³¸Ö Éµ¦¤¥¸É¢µ³

e−ivδ[eivD−−e−iv]eiv = −D−−(e−ivδeiv). (2.2.7)

‚ ·¨ Í¨Õ (2.2.5) ³µ¦´µ ¶·¥µ¡· §µ¢ ÉÓ ± ¢¨¤Ê

δS =
i

g2
tr

∫
d4xd4θ̄du

(
−1

4

)
(D+αD+

α )
(
e−ivδ[eivD−−e−iv]eivW̄τ

)
=

= − i

g2
tr

∫
d4xd4θ̄du

(
−1

4

)
(D+αD+

α )D−−[e−ivδeiv]W̄τ =

= − i

g2
tr

∫
d4xd4θ̄du

(
−1

4

)
(D+αD+

α )D−−[e−ivδeivW̄τ ]. (2.2.8)

ˆ¸¶µ²Ó§ÊÖ Éµ¦¤¥¸É¢µ

(D+)2D−− + (D−)2D++ = D−−(D+)2 + D++(D−)2, (2.2.9)

µ¶Ê¸± Ö Î²¥´Ò ¸ ¶µ²´Ò³¨ £ ·³µ´¨Î¥¸±¨³¨ ¶·µ¨§¢µ¤´Ò³¨ ¶µ¤ ¨´É¥£· ²µ³ ¨
¢¸¶µ³¨´ Ö, ÎÉµ eivD++e−iv = iV ++, µ±µ´Î É¥²Ó´µ ´ Ìµ¤¨³

δS =
1
g2

tr
∫

d4xd4θ̄du

(
−1

4

)
(D−αD−

α )δV ++W̄λ =

=
1
g2

tr
∫

d4xd4θ̄du

(
−1

4

)
(D−αD−

α )(D+αD+
α )δV ++V −− =

=
1
g2

tr
∫

d4xd8θduδV ++V −−. (2.2.10)

‡¤¥¸Ó ³Ò ¢µ¸¸É ´µ¢¨²¨ ¶µ²´ÊÕ £· ¸¸³ ´µ¢Ê ³¥·Ê ¨ ¶¥·¥Ï²¨ ± ¨´É¥£·¨·µ¢ -
´¨Õ ¶µ ¶µ²´µ³Ê ¸Ê¶¥·¶·µ¸É· ´¸É¢Ê. ‘· ¢´¨¢ Ö (2.2.10) c (2.2.4), ´ Ìµ¤¨³,
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ÎÉµ Î²¥´, ²¨´¥°´Ò° ¶µ ±¢ ´Éµ¢µ³Ê ¸Ê¶¥·¶µ²Õ v++, ¨³¥¥É ¢¨¤

S1 =
1
g
tr

∫
d4xd8θduv++V −− =

= − 1
4g

tr
∫

d4xd4θ+duv++D̄+
α̇ D̄+α̇W̄λ. (2.2.11)

�ÉµÉ Î²¥´ ¢ ¤ ²Ó´¥°Ï¥³ ´¥ ¶µ´ ¤µ¡¨É¸Ö, É ± ± ± ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢-
´µ£µ ¤¥°¸É¢¨Ö ¢ ¶¥É²¥¢µ³ · §²µ¦¥´¨¨ ¨¸¶µ²Ó§Ê¥É¸Ö ±µ´¸É·Ê±Í¨Ö

∆S[ψ, φ] = S[ψ + φ] − S[ψ] − S′[ψ]φ ,

£¤¥ ²¨´¥°´Ò° Î²¥´ µÉ¸ÊÉ¸É¢Ê¥É (¸³., ´ ¶·¨³¥·, ±´¨£Ê [2]). ‡¤¥¸Ó ψ µ§´ Î ¥É
³´µ¦¥¸É¢µ ¶µ²¥° É¥µ·¨¨, ψ → ψ + φ ¥¸ÉÓ ±¢ ´Éµ¢µ-Ëµ´µ¢µ¥ · §¤¥²¥´¨¥ ¸
Ëµ´µ¢Ò³ ¶µ²¥³ ψ ¨ ±¢ ´Éµ¢Ò³ φ.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¢Éµ·µ° ¢ ·¨ Í¨¨ ¤¥°¸É¢¨Ö S ¸´µ¢  ¶·¥¤¸É ¢¨³ V −− ¢
¢¨¤¥ (2.2.6) ¨ ¢ µÎ¥·¥¤´µ° · § ¢µ¸¶µ²Ó§Ê¥³¸Ö Éµ¦¤¥¸É¢µ³ (2.2.7):

δ2S = − i

g2
tr

∫
d12zduδV ++δ(eivD−−e−iv) =

= − i

g2
tr

∫
d12zdue−ivδV ++eive−ivδ(eivD−−e−iv)eiv =

=
i

g2
tr

∫
d12zdue−ivδV ++eivD−−(e−ivδeiv). (2.2.12)

‚ ·¨ Í¨Ö ¸Ê¶¥·¶µ²Ö V ++ Ö¢²Ö¥É¸Ö λ-É¥´§µ·µ³∗:

(δV ++)′ = eiλδV ++e−iλ. (2.2.13)

�¡Ñ¥±É

δV ++
τ ≡ e−ivδV ++eiv (2.2.14)

Ö¢²Ö¥É¸Ö É¥´§µ·µ³ τ -£·Ê¶¶Ò:

δV ++
τ = eiτ e−ive−iλeiλδV ++e−iλeiλeive−iτ = eiτδV ++

τ e−iτ , (2.2.15)

£¤¥ ¡Ò² ¨¸¶o²Ó§µ¢ ´ § ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö ³µ¸É  (1.3.13). � °¤¥³ e−ivδeiv .
‚ ·¨ Í¨Õ δV ++ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

δV ++ = ieivD++(e−ivδeiv)e−iv

∗•µÉÖ ± ²¨¡·µ¢µÎ´µ¥ ¶µ²¥ É¥´§µ·µ³ ´¥ Ö¢²Ö¥É¸Ö, ¥£µ ¢ ·¨ Í¨Ö Å É¥´§µ·.
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¨²¨

δV ++
τ = iD++(e−ivδeiv). (2.2.16)

“· ¢´¥´¨¥ (2.2.16) ·¥Ï ¥É¸Ö µÉ´µ¸¨É¥²Ó´µ e−ivδeiv ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

e−ivδeiv = −i

∫
du1

(u+u−
1 )

(u+u+
1 )

δV ++
τ (z, u1). (2.2.17)

—Éµ¡Ò Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ÔÉµ ¤¥°¸É¢¨É¥²Ó´µ µ¡Ð¥¥ ·¥Ï¥´¨¥, ¤µ¸É ÉµÎ´µ ¶µ¤¥°-
¸É¢µ¢ ÉÓ ´  µ¡¥ Î ¸É¨ (2.2.17) µ¶¥· Éµ·µ³ D++ ¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¢Ò· ¦¥´¨Ö
(1.1.7), (1.1.18) ¨ ¸¢µ°¸É¢  £ ·³µ´¨Î¥¸±¨Ì δ-ËÊ´±Í¨° (1.1.13), (1.1.14). �µ¸²¥
¶µ¤¸É ´µ¢±¨ (2.2.17) ¢ Ëµ·³Ê²Ê (2.2.12) ¢Éµ· Ö ¢ ·¨ Í¨Ö ¤¥°¸É¢¨Ö ¶·¨´¨³ ¥É
¢¨¤

δ2S =
1
g2

tr
∫

d12zdu1du2δV
++
τ (1)D−−

1

(u+
1 u−

2 )
(u+

1 u+
2 )

δV ++
τ (2). (2.2.18)

‡¤¥¸Ó δV ++
τ (1) ¨ δV ++

τ (2) § ¢¨¸ÖÉ µÉ µ¤´µ£µ x ¨ µÉ · §´ÒÌ u. �µ¸±µ²Ó±Ê

D−−
1

(u+
1 u−

2 )
(u+

1 u+
2 )

=
1

(u+
1 u+

2 )2
(2.2.19)

¢ ¸¨²Ê (1.1.17), (1.1.7) ¨ Éµ¦¤¥¸É¢ 

(u+
1 u+

2 )(u−
1 u−

2 ) − (u+
1 u−

2 )(u−
1 u+

2 ) = 1, (2.2.20)

Éµ ¤²Ö ¢Éµ·µ° ¢ ·¨ Í¨¨ ¤¥°¸É¢¨Ö ¶µ²ÊÎ ¥³ µ±µ´Î É¥²Ó´Ò° µÉ¢¥É ¢ ¢¨¤¥

δ2S =
1
g2

∫
d12z

du1du2

(u+
1 u+

2 )2
δV ++

τ (1)δV ++
τ (2). (2.2.21)

�¡µ§´ Î¨³ ³µ¸É, § ¢¨¸ÖÐ¨° µÉ Ëµ´µ¢µ£µ ¸Ê¶¥·¶µ²Ö V ++, Î¥·¥§ V , É.¥. V =
v|v++=0. ‚ ·¥§Ê²ÓÉ É¥ ¤¥°¸É¢¨¥ ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ¶µ ±¢ ´Éµ¢µ³Ê ¸Ê¶¥·¶µ²Õ
¤ eÉ¸Ö ¢Ò· ¦¥´¨¥³

S2 =
1
2
tr

∫
d12z

du1du2

(u+
1 u+

2 )2
e−iV (1)v++(1)eiV (1)e−iV (2)v++(2)eiV (2) =

=
1
2
tr

∫
d12z

du1du2

(u+
1 u+

2 )2
v++

τ (1)v++
τ (2), (2.2.22)

£¤¥ ³Ò ¢¢¥²¨

v++
τ = e−iV v++eiV . (2.2.23)
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�É´µ¸¨É¥²Ó´µ Ëµ´µ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨° (2.2.2) v++ Ö¢²Ö¥É¸Ö
λ-É¥´§µ·µ³. �Éµ §´ Î¨É, ÎÉµ v++

τ Ö¢²Ö¥É¸Ö τ -É¥´§µ·µ³.

�¥·¥°¤¥³ ± ´ Ìµ¦¤¥´¨Õ É·¥ÉÓ¥° ¢ ·¨ Í¨¨ ¤¥°¸É¢¨Ö S. ˆ³¥¥³

δ3S =
2
g2

tr
∫

d12z
du1du2

(u+
1 u+

2 )2
δ[δV ++

τ (1)]δV ++
τ (2) . (2.2.24)

‚ÒÎ¨¸²¨³ δ[δV ++
τ (1)]:

δ[δV ++
τ (1)] = δ[e−iv(1)δV ++(1)eiv(1)] =

= δe−iv(1)δV ++(1)eiv(1) + e−iv(1)δV ++(1)δeiv(1) =
= [δV ++

τ (1), e−iv(1)δe−iv(1)]. (2.2.25)

‚Ò· ¦¥´¨¥ ¤²Ö e−iv(1)δeiv(1) ¤ eÉ¸Ö ¸µµÉ´µÏ¥´¨¥³ (2.2.17). �µ¤¸É ¢²ÖÖ
(2.2.25) ¸ ÊÎeÉµ³ (2.2.17) ¢ (2.2.24), ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö É·¥-
ÉÓ¥° ¢ ·¨ Í¨¨

δ3S =
2i

g2
tr

∫
d12z

du1du2du3

(u+
1 u+

2 )(u+
2 u+

3 )(u+
1 u+

3 )
δV ++

τ (1)δV ++
τ (2)δV ++

τ (3).

(2.2.26)

�·¨ ¢Ò¢µ¤¥ (2.2.26) ³Ò ¢µ¸¶µ²Ó§µ¢ ²¨¸Ó Éµ¦¤¥¸É¢µ³

(u+
2 u−

3 )
(u+

2 u+
3 )

− (u+
1 u−

3 )
(u+

1 u+
3 )

=
(u+

1 u+
2 )

(u+
2 u+

3 )(u+
1 u+

3 )
. (2.2.27)

‘· ¢´¨¢ Ö (2.2.26) ¸ (2.2.4), § ±²ÕÎ ¥³, ÎÉµ ¤¥°¸É¢¨¥ ¢ É·¥ÉÓ¥³ ¶µ·Ö¤±¥
¶µ ±¢ ´Éµ¢µ³Ê ¸Ê¶¥·¶µ²Õ ¨³¥¥É ¢¨¤

S3 =
i

3
gtr

∫
d12z

du1du2du3

(u+
1 u+

2 )(u+
2 u+

3 )(u+
1 u+

3 )
v++

τ (1)v++
τ (2)v++

τ (3). (2.2.28)

�´ ²µ£¨Î´µ ³µ¦´µ ´ °É¨ ¤¥°¸É¢¨¥ ¢ ¶·µ¨§¢µ²Ó´µ³ n-³ ¶µ·Ö¤±¥ ¶µ ±¢ ´-
Éµ¢µ³Ê ¸Ê¶¥·¶µ²Õ v++. ‡ ¶¨Ï¥³ µ±µ´Î É¥²Ó´Ò° µÉ¢¥É:

Sn = − (−ig)n−2

n
tr

∫
d12z

du1du2 . . . dun

(u+
1 u+

2 )(u+
2 u+

3 ) . . . (u+
n u+

1 )
×

× v++
τ (1)v++

τ (2) . . . v++
τ (n). (2.2.29)

‡¤¥¸Ó v++
τ µ¶·¥¤¥²¥´µ ¸µµÉ´µÏ¥´¨¥³ (2.2.23).
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2.3. ”¨±¸ Í¨Ö ± ²¨¡·µ¢±¨ ¨ ¶·µÍ¥¤Ê·  ” ¤¤¥¥¢ Ä�µ¶µ¢ . ‘²¥¤ÊÕÐ¨°
Ï £ ¸µ¸Éµ¨É ¢ § ±·¥¶²¥´¨¨ ±¢ ´Éµ¢µ° ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨. ‚Ò¡¥-
·¥³ ± ²¨¡·µ¢±Ê ¤²Ö ±¢ ´Éµ¢µ£µ ¸Ê¶¥·¶µ²Ö ¢ ¢¨¤¥

F (4)
τ = D++v++

τ . (2.3.1)

F
(4)
τ ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ± ±

F (4)
τ = e−iV F (4)eiV , F (4) = D++v++ + i[V ++, v++] = D++v++. (2.3.2)

„µ± § É¥²Ó¸É¢µ ¶·µ¢µ¤¨É¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ

eiV (D++v++
τ )e−iV = eiV D++(e−iV v++

τ eiV )e−iV =
= D++v++ + [(eiV D++e−iV ), v++] = D++v++, (2.3.3)

£¤¥ ÊÎÉ¥´µ ¢Ò· ¦¥´¨¥ ¤²Ö V ++ (1.3.18). �·¥¤¸É ¢²¥´¨¥ (2.3.2) ¶µ§¢µ²Ö¥É
¶·µ¢¥·¨ÉÓ, ÎÉµ ± ²¨¡·µ¢±  (2.3.1) ¶·¥µ¡· §Ê¥É¸Ö ±µ¢ ·¨ ´É´µ ¶·¨ Ëµ´µ¢ÒÌ
± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ:

F (4)′
τ = D++v++′

τ = D++(eiτv++
τ e−iτ ) = eiτF (4)

τ e−iτ . (2.3.4)

—Éµ¡Ò Ë¨±¸¨·µ¢ ÉÓ ± ²¨¡·µ¢±Ê ¢ ËÊ´±Í¨µ´ ²Ó´µ³ ¨´É¥£· ²¥, ´¥µ¡Ìµ-
¤¨³µ, ¸µ£² ¸´µ ¶·µÍ¥¤Ê·¥ ” ¤¤¥¥¢ Ä�µ¶µ¢ , ¢¸É ¢¨ÉÓ ¢ ´¥£µ ¥¤¨´¨ÍÊ, ¶·¥¤-
¸É ¢²¥´´ÊÕ ¢ ¢¨¤¥

1 = ∆−1
FPδ[F (4) − f (4)]. (2.3.5)

�µ¸²¥ ÔÉµ£µ ËÊ´±Í¨µ´ ²Ó´Ò° ¨´É¥£· ² ¶¥·¥¶¨Ï¥É¸Ö ± ±

Z = N

∫
Dv++eiS∆−1

FPδ[F (4) − f (4)], (2.3.6)

£¤¥ N Å ´µ·³¨·µ¢µÎ´Ò° ³´µ¦¨É¥²Ó, ∆−1
FP Å ¤¥É¥·³¨´ ´É ” ¤¤¥¥¢ Ä�µ¶µ¢ ,

f (4) Å  ´ ²¨É¨Î¥¸±µ¥ ¸Ê¶¥·¶µ²¥ ¸µ §´ Î¥´¨Ö³¨ ¢  ²£¥¡·¥ ‹¨ ± ²¨¡·µ¢µÎ´µ°
£·Ê¶¶Ò, ´¥ ¸µ¤¥·¦ Ð¥¥ § ¢¨¸¨³µ¸É¨ µÉ Ëµ´µ¢µ£µ ¸Ê¶¥·¶µ²Ö V ++, δ[F (4)] Å
ËÊ´±Í¨µ´ ²Ó´ Ö δ-ËÊ´±Í¨Ö. —Éµ¡Ò ´ °É¨ ¤¥É¥·³¨´ ´É ” ¤¤¥¥¢ Ä�µ¶µ¢ ,
´¥µ¡Ìµ¤¨³µ ´ °É¨ ¢ ·¨ Í¨Õ ± ²¨¡·µ¢±¨ ¶·¨ ±¢ ´Éµ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥-
µ¡· §µ¢ ´¨ÖÌ. ‘ ÊÎ¥Éµ³ (2.2.3)

δF (4)
τ = e−iV (D++δv++)eiV = −1

g
e−iV {D++(D++ + ig[v++, λ])}eiV .

(2.3.7)

‚ ·¥§Ê²ÓÉ É¥ ¤¥É¥·³¨´ ´É ” ¤¤¥¥¢ Ä�µ¶µ¢  ¨³¥¥É ¢¨¤

∆FP = Det [D++(D++ + igv++)]. (2.3.8)
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‚¥²¨Î¨´  ∆−1
FP ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£· ²  ¶µ  ´ -

²¨É¨Î¥¸±¨³ Ë¥·³¨µ´´Ò³ ¸Ê¶¥·¶µ²Ö³ ¸µ §´ Î¥´¨Ö³¨ ¢  ²£¥¡·¥ ‹¨ Å ¤ÊÌ ³
” ¤¤¥¥¢ Ä�µ¶µ¢ :

∆−1
FP =

∫
DbDc eiSgh[b,c,v++,V ++], (2.3.9)

£¤¥

Sgh = tr
∫

d4xd4θ+du bD++(D++ + ig[v++, c]). (2.3.10)

�¥É·Ê¤´µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ¤¥°¸É¢¨¥ (2.3.10) ¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ Ëµ´µ-
¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°.

„ ²¥¥, ¢¸É ¢¨³ ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ¨´É¥£· ² (2.3.6) ¥¤¨´¨ÍÊ ¢ ¢¨¤¥

1 = ∆
∫

Df (4)exp
{

i

2α
tr

∫
d12zdu1du2f

(4)
τ (1)

(u−
1 u−

2 )
(u+

1 u+
2 )3

f (4)
τ (2)

}
, (2.3.11)

£¤¥ α Å ± ²¨¡·µ¢µÎ´Ò° ¶ · ³¥É·, ∆ Å ¤¥É¥·³¨´ ´É �¨²Ó¸¥´ ÄŠ ²²µÏ,

f
(4)
τ = e−iV f (4)eiV . ‚Ò· ¦¥´¨¥, ¸ÉµÖÐ¥¥ ¢ ¶· ¢µ° Î ¸É¨ (2.3.11), É·¥¡Ê¥É

¸¶¥Í¨ ²Ó´µ£µ ±µ³³¥´É ·¨Ö. ŒÒ µ¡Ö§ ´Ò ¢ ´¥³ ¶¨¸ ÉÓ f
(4)
τ ,   ´¥ f (4), É ± ± ±

¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¶µ± § É¥²Ó Ô±¸¶µ´¥´ÉÒ ¢ (2.3.11) ´¥ ¡Ê¤¥É ¨´¢ ·¨ ´É¥´
µÉ´µ¸¨É¥²Ó´µ Ëµ´µ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°. ‚¥²¨Î¨´ 

tr [f (4)(z, u1)f (4)(z, u2)]

´¥ Ö¢²Ö¥É¸Ö ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ° ¢ ¸¨²Ê ´¥²µ± ²Ó´µ¸É¨ ¶µ £ ·³µ´¨Î¥-
¸±¨³ ¶¥·¥³¥´´Ò³, Éµ£¤  ± ± ¢¥²¨Î¨´ 

tr [f (4)
τ (z, u1)f (4)

τ (z, u2)]

Ö¢²Ö¥É¸Ö ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ°, É ± ± ± f
(4)
τ Å É¥´§µ· τ -£·Ê¶¶Ò, ¶ · -

³¥É·Ò ±µÉµ·µ° ´¥ § ¢¨¸ÖÉ µÉ £ ·³µ´¨±. �¥²µ± ²Ó´µ¸ÉÓ ¶µ u É ±¦¥ Ö¢²Ö¥É¸Ö
¢Ò´Ê¦¤¥´´Ò³ Ï £µ³, ¨´ Î¥ ´¥²Ó§Ö ¸¤¥² ÉÓ § ·Ö¤ · ¢´Ò³ ´Ê²Õ ¶µ¤ ¨´É¥£· -
²µ³. �¡· É¨³ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ

tr [f (4)
τ (z, u1)f (4)

τ (z, u2)] = tr [e−eV (1)f (4)(z, u1)eeV (1)e−eV (2)f (4)(z, u2)eeV (2)]

§ ¢¨¸¨É µÉ Ëµ´µ¢µ£µ ¸Ê¶¥·¶µ²Ö V ++. ‘²¥¤µ¢ É¥²Ó´µ, ¤¥É¥·³¨´ ´É ∆ É ±¦¥
¢±²ÕÎ ¥É § ¢¨¸¨³µ¸ÉÓ µÉ V ++, ÎÉµ µ§´ Î ¥É ¶·¨¸ÊÉ¸É¢¨¥ É·¥ÉÓ¥£µ ¤ÊÌ  �¨²Ó-
¸¥´ ÄŠ ²²µÏ.

‚Éµ·µ° ³´µ¦¨É¥²Ó ¢ (2.3.11) ¢¥¤¥É ± ¤¥°¸É¢¨Õ Ë¨±¸ Í¨¨ ± ²¨¡·µ¢±¨.
�·µ¨´É¥£·¨·µ¢ ¢ ¶µ f (4) ¸ ¶µ³µÐÓÕ ¸ÉµÖÐ¥° ¢ (2.3.6) ËÊ´±Í¨µ´ ²Ó´µ°
δ-ËÊ´±Í¨¨, ¶µ²ÊÎ¨³

Z = N

∫
Dv++DbDc∆ ei(S+Sgh+Sgf ), (2.3.12)
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£¤¥ ¤¥°¸É¢¨¥ Ë¨±¸ Í¨¨ ± ²¨¡·µ¢±¨ ¤ eÉ¸Ö ¢Ò· ¦¥´¨¥³

Sgh =
1
2α

tr
∫

d12zdu1du2D
++v++

τ (1)
(u−

1 u−
2 )

(u+
1 u+

2 )3
D++v++(2). (2.3.13)

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¢Ò· ¦¥´¨° (1.1.7), (1.1.14), (1.1.17) ¶µ§¢µ²Ö¥É ¶·¨¢¥¸É¨ ¤¥°-
¸É¢¨¥ (2.3.13) ± ¢¨¤Ê

Sgf =
1
2α

tr
∫

d12zdu1du2
v++

τ (1)v++
τ (2)

(u+
1 u+

2 )2
−

− 1
2α

tr
∫

d12zdu
1
2
[(D−−)2v++

τ ]v++
τ . (2.3.14)

‚ ·¥§Ê²ÓÉ É¥ S2 + Sgf § ¶¨¸Ò¢ ¥É¸Ö ± ±

Ŝ2 = S2 + Sgf =
1
2

(
1 +

1
α

)
tr

∫
d12zdu1du2

v++
τ (1)v++

τ (2)
(u+

1 u+
2 )2

−

− 1
2α

tr
∫

d12zdu
1
2
[(D−−)2v++

τ ]v++
τ . (2.3.15)

‚Ò· ¦¥´¨¥ (2.3.15) ¶µ± §Ò¢ ¥É, ÎÉµ ´ ¨¡µ²¥¥ Ê¤ Î´Ò³ ¢Ò¡µ·µ³ ± ²¨¡·µ¢µÎ-
´µ£µ ¶ · ³¥É·  Ö¢²Ö¥É¸Ö α = −1. �·¨ É ±µ³ ¢Ò¡µ·¥

Ŝ2 =
1
4
tr

∫
d12zdu[(D−−)2v++

τ ]v++
τ . (2.3.16)

„¥°¸É¢¨¥ (2.3.16) § ¶¨¸ ´µ Î¥·¥§ τ -É¥´§µ·Ò. �¥·¥°¤¥³ ¢ λ-¡ §¨¸:

Ŝ2 =
1
4
tr

∫
d12zduv++(D−−)2v++, (2.3.17)

£¤¥

D−−v++ = D−−v++ + i[V −−, v++]. (2.3.18)

„¥°¸É¢¨¥ (2.3.17) Ê¤µ¡´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥ ¨´É¥£· ²  ¶µ  ´ ²¨É¨Î¥¸±µ³Ê
¶µ¤¶·µ¸É· ´¸É¢Ê

Ŝ2 =
1
4
tr

∫
d4xd4θ+du(D+)4{v++(D−−)2v++} =

= −1
2
tr

∫
d4xd4θ+duv++ �

� v++ . (2.3.19)

�¶¥· Éµ·
�
�= (D+)4(D−−)2 ¶¥·¥¢µ¤¨É  ´ ²¨É¨Î¥¸±¨¥ ¸Ê¶¥·¶µ²Ö ¢  ´ ²¨É¨-

Î¥¸±¨¥ ¨ ´  ¨Ì ³´µ¦¥¸É¢¥ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

�
� = DµDµ − i

2
(D+αW )D−

α − i

2
(D̄+

α̇ W̄ )D̄−α̇ +

+
i

4
(D̄+

α̇ D̄+α̇W̄ )D−− − i

4
(D̄−

α̇ D̄+α̇W̄ ) +
1
2
{W, W̄}. (2.3.20)
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‚¸¥ ±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ §¤¥¸Ó § ¶¨¸ ´Ò ¢ λ-¡ §¨¸¥. ‚ ÔÉµ³ ¡ §¨¸¥
±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ D+

α ¨ D̄+
α̇ ¸µ¢¶ ¤ ÕÉ ¸ ¶²µ¸±¨³¨. Šµ¢ ·¨ ´É´Ò¥

¶·µ¨§¢µ¤´Ò¥ D−− ¨ D−
α,α̇ ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ (1.3.21), (1.3.29). ‚¥±Éµ·´ Ö

¶·µ¨§¢µ¤´ Ö Dµ = −1
2
(σµ)αα̇Dαα̇ ´ Ìµ¤¨É¸Ö ¨§ (1.3.8):

Dµ = ∂µ − 1
4
(σµ)αα̇D+

α D̄+
α̇ V −− . (2.3.21)

‚µ ¢¸¥Ì ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¸¢Ö§´µ¸É¨ § ¢¨¸ÖÉ µÉ Ëµ´µ¢µ£µ ¸Ê¶¥·¶µ²Ö
V ++. �µ¤¸É ´µ¢±  Ö¢´ÒÌ ¢Ò· ¦¥´¨° ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¢ (2.3.20)

¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö µ¶¥· Éµ· 
�
�:

�
�= � +

1
4
D+

α D̄+
α̇ ∂αα̇V −− +

1
4
D+

α D̄+
α̇ V −−∂αα̇ +

+
1
4
(D+αD̄+α̇V −−)(D+

α D̄+
α̇ V −−) − i

2
(D̄+

α̇ W̄ )D̄−α̇ − i

2
(D+αW )D−

α −

− 1
2
(D̄+

α̇ W̄ )(D̄+α̇V −−) − 1
2
(D+αW )(D+

α V −−) +

+
i

4
(D̄+

α̇ D̄+α̇W̄ )D−− − 1
4
(D̄+

α̇ D̄+α̇W̄ )V −− − i

4
(D̄−

α̇ D̄+α̇W̄ ) −

− 1
4
(D̄+

α̇ V −−)(D̄+α̇W̄ ) +
1
2
{W, W̄}. (2.3.22)

„¥°¸É¢¨¥ (2.3.19) ¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ Ëµ´µ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥-

µ¡· §µ¢ ´¨° (2.2.2). �¶¥· Éµ·
�
� Ö¢²Ö¥É¸Ö É¥´§µ·µ³ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ-

¢ ´¨° (2.2.2), É ± ± ± ¶µ¸É·µ¥´ ¨§ ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ. �µÔÉµ³Ê

Ŝ′
2 = −1

2
tr

∫
d4xd4θ+du(eiλv++e−iλ)(eiλ �

� e−iλ)(eiλv++e−iλ) =

= −1
2
tr

∫
d4xd4θ+duv++ �

� v++ = Ŝ2. (2.3.23)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¤¥°¸É¢¨¥ (2.3.19) µÎ¥¢¨¤´Ò³ µ¡· §µ³ ´¥¨´¢ ·¨ ´É´µ µÉ-
´µ¸¨É¥²Ó´µ ±¢ ´Éµ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨° (2.2.3).

�¥·¥°¤¥³ ± ¢ÒÎ¨¸²¥´¨Õ ∆. ŒÒ ¡Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ µ¶·¥¤¥²¥´¨Ö (2.3.11).

1 = ∆
∫

Df (4)exp
{

i

2α
tr

∫
d12zdu1du2f

(4)
τ (1)

(u−
1 u−

2 )
u+

1 u+
2 )3

f (4)
τ (2)

}
≡

≡ ∆
∫

Df (4)exp
{

i

2α
tr

∫
dζ−4

1 du1dζ−4
2 du2f

(4)(1)A(1|2)f (4)(2)
}

=

= ∆ Det−
1
2 A. (2.3.24)
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�É¸Õ¤ 

∆ = Det
1
2 A. (2.3.25)

—Éµ¡Ò ´ °É¨ Det A, ¶·¥¤¸É ¢¨³ ¥£µ ¢ ¢¨¤¥ ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£· ²  ¶µ
 ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶µ²Ö³

Det−1A =
∫

Dχ(4)Dρ(4)exp
{

itr
∫

dζ−4
1 du1dζ−4

2 du2χ
(4)(1)A(1|2)ρ(4)(2)

}
(2.3.26)

¨ ¶·µ¨§¢¥¤¥³ ¢ ´e³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ

ρ(4) = (D++)2σ, Det
(

δρ(4)

δσ

)
= Det (D++)2. (2.3.27)

’µ£¤  ¶µ²ÊÎ¨³

tr
∫

dζ−4
1 du1dζ−4

2 du2χ
(4)(1)A(1|2)ρ(4)(2) =

= tr
∫

d12zdu1du2χ
(4)
τ (1)

(u−
1 u−

2 )
(u+

1 u+
2 )3

(D++
2 )2στ (2) =

=
1
2
tr

∫
d12zduχ(4)

τ (D−−)2στ = −tr
∫

d4xd4θ+duχ(4)
τ

�
� στ . (2.3.28)

‚ Í¥¶µÎ±¥ · ¢¥´¸É¢ (2.3.28) ¨¸¶µ²Ó§µ¢ ´Ò µ¶·¥¤¥²¥´¨¥ µ¶¥· Éµ·  A (2.3.24),
¸µµÉ´µÏ¥´¨Ö (1.1.7), (1.1.14), (1.1.18),   É ±¦¥ ¶· ¢¨²  ¶¥·¥Ìµ¤  µÉ τ -¡ §¨¸  ±
λ-¡ §¨¸Ê  ´ ²µ£¨Î´µ Éµ³Ê, ± ± ÔÉµ ¡Ò²µ ¸¤¥² ´µ ¶·¨ ¶·¥µ¡· §µ¢ ´¨¨ (2.3.16)

± (2.3.17). ‚µ§´¨±Ï¨° µ¶¥· Éµ·
�
� ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (2.3.20). ‡ ³¥É¨³,

ÎÉµ µ¶¥· Éµ·Ò
�
� ¢ (2.3.19) ¨ ¢ (2.3.28) ¤¥°¸É¢ÊÕÉ ¢ ¶·µ¸É· ´¸É¢ Ì · §´ÒÌ

¸Ê¶¥·¶µ²¥° ¨ ¨³¥ÕÉ · §´Ò¥ ËÊ´±Í¨¨ ƒ·¨´ . �µÔÉµ³Ê µ¶¥· Éµ· ¢ ¤¥°¸É¢¨¨

(2.3.19) ³Ò ¡Ê¤¥³ µ¡µ§´ Î ÉÓ ¢ ¤ ²Ó´¥°Ï¥³
�
�(2,2),   µ¶¥· Éµ·, ¸ÉµÖÐ¨° ¢

¤¥°¸É¢¨¨ (2.3.28), ¡Ê¤¥³ µ¡µ§´ Î ÉÓ
�
�(4,0). ”Ê´±Í¨Ö ƒ·¨´  µ¶¥· Éµ· 

�
�(2,2)

G(2,2)(1|2) = 〈v++(1)v++(2)〉 Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

�
�(2,2) G(2,2)(1|2) = δ

(2,2)
A (1|2), (2.3.29)

¢ Éµ ¢·¥³Ö ± ± ËÊ´±Í¨Ö ƒ·¨´  G(4,0)(1|2) = 〈χ(4)(1)σ(2)〉 µ¶¥· Éµ· 
�
�(4,0)

Å Ê· ¢´¥´¨Õ

�
�(4,0) G(4,0) = δ

(4,0)
A (1|2). (2.3.30)

”Ê´±Í¨¨ ƒ·¨´  G(2,2)(1|2) ¨ G(4,0)(1|2) · §²¨Î´Ò.
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‚ ¸¨²Ê ¢ÒÏ¥¸± § ´´µ£µ µ¶¥· Éµ· ∆ ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ ËÊ´±-
Í¨µ´ ²Ó´Ò³ ¨´É¥£· ²µ³:

∆ =
∫

Dφ eiSNK[φ,V ++]Det
1
2

�
�(4,0), (2.3.31)

£¤¥ ¤¥°¸É¢¨¥ �¨²Ó¸¥´ ÄŠ ²²µÏ ¨³¥¥É ¢¨¤

SNK[φ, V ++] = −1
2
tr

∫
dxd4θ+duD++φD++φ . (2.3.32)

�¥·¥³¥´´ Ö ¨´É¥£·¨·µ¢ ´¨Ö φ Ö¢²Ö¥É¸Ö ¡µ§µ´´Ò³  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶µ²¥³
¸µ §´ Î¥´¨Ö³¨ ¢  ²£¥¡·¥ ‹¨ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò ¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
¤ÊÌ �¨²Ó¸¥´ ÄŠ ²²µÏ. �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¤¥°¸É¢¨¥ (2.3.32) ¨´¢ ·¨ ´É´µ
µÉ´µ¸¨É¥²Ó´µ Ëµ´µ¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°.

O±µ´Î É¥²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£· ²  ³µ¦´µ § ¶¨-
¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Z = N

∫
Dv++DbDcDφ ei(Ŝ2+Sgh+SNK+S̃)Det

1
2

�
�(4,0), (2.3.33)

£¤¥ ¤¥°¸É¢¨Ö Ŝ2, Sgh, SNK, S̃ µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

Ŝ2 = −1
2
tr

∫
d4xd4θ+duv++ �

� v++,

Sgh = tr
∫

d4xd4θ+dubD++(D++c + ig[v++, c]),

SNK = −1
2
tr

∫
d4xd4θ+duD++φD++φ, (2.3.34)

S̃ = S[V ++] − 1
4g

tr
∫

d4xd4θ+duv++D̄+
α̇ D̄+α̇W̄λ −

−tr
∫

d12z
∞∑

n=3

(−ig)n−2

n

du1du2 . . . dun

(u+
1 u+

2 )(u+
2 u+

3 ) . . . (u+
n u+

1 )
×

× v++
τ (1)v++

τ (2) . . . v++
τ (n).

—¥·¥§ S[V ++] §¤¥¸Ó µ¡µ§´ Î¥´µ ¤¥°¸É¢¨¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨
Ÿ´£ ÄŒ¨²²¸  (1.3.36), § ¢¨¸ÖÐ¥¥ Éµ²Ó±µ µÉ Ëµ´µ¢µ£µ ¸Ê¶¥·¶µ²Ö V ++. �´µ
¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±µ´¸É ´ÉÊ, ´¥ § ¢¨¸ÖÐÊÕ µÉ ¶¥·¥³¥´´ÒÌ ¨´É¥£·¨·µ¢ ´¨Ö.
�µ²¥¥ Éµ£µ, ¢ ¶¥É²¥¢µ³ · §²µ¦¥´¨¨ µ´µ ¢µµ¡Ð¥ µÉ¸ÊÉ¸É¢Ê¥É (¸³. ±µ³³¥´É ·¨°
¶µ¸²¥ ¢Ò· ¦¥´¨Ö ¤²Ö ²¨´¥°´µ£µ ¶µ ±¢ ´Éµ¢µ³Ê ¸Ê¶¥·¶µ²Õ Î²¥´  (2.2.11)).

2.4. �¡Ð Ö ¸É·Ê±ÉÊ·  ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö. ‚Ò· ¦¥´¨Ö (2.3.33),
(2.3.34) ¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¨¸¸²¥¤µ¢ ÉÓ ¶¥É²¥¢Ò¥ ¶µ¶· ¢±¨ ± ÔËË¥±É¨¢´µ³Ê
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¤¥°¸É¢¨Õ. � ¸¸³µÉ·¨³ µ¤´µ¶¥É²¥¢µ¥ ¶·¨¡²¨¦¥´¨¥, ¢ ±µÉµ·µ³ ÔËË¥±É¨¢´µ¥
¤¥°¸É¢¨¥ ¨³¥¥É ¸²¥¤ÊÕÐÊÕ ¸É·Ê±ÉÊ·Ê:

Γ[V ++] = S[V ++] + Γ(1)[V ++] , (2.4.1)

£¤¥ Γ(1)[V ++] µ¶¨¸Ò¢ ¥É µ¤´µ¶¥É²¥¢Ò¥ ±¢ ´Éµ¢Ò¥ ¶µ¶· ¢±¨. —Éµ¡Ò ¨¸¸²¥¤µ-
¢ ÉÓ Γ(1)[V ++], ´¥µ¡Ìµ¤¨³µ Ê¤¥·¦ ÉÓ Éµ²Ó±µ ±¢ ¤· É¨Î´ÊÕ Î ¸ÉÓ ¶µ ±¢ ´Éµ-
¢µ³Ê ¸Ê¶¥·¶µ²Õ v++ ¢µ ¢¸¥Ì ¤¥°¸É¢¨ÖÌ (2.3.34):

S2[V ++, v++, b, c, φ] = −1
2
tr

∫
d4xd4θ+duv++ �

� v++ +

+ tr
∫

d4xd4θ+dub(D++)2c +
1
2
tr

∫
d4xd4θ+duφ(D++)2φ.(2.4.2)

Š·µ³¥ Éµ£µ, ´¥µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ ¤¥É¥·³¨´ ´É µ¶¥· Éµ· 
�
�(4,0) ¢ ËÊ´±Í¨µ´ ²Ó-

´µ³ ¨´É¥£· ²¥ (2.3.33). ‚ ·¥§Ê²ÓÉ É¥ µ¤´µ¶¥É²¥¢µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Γ(1)[V ++] = −i

[
Tr ln(D++)2 − 1

2
Tr ln(D++)2

]
+

+ i

[
1
2
Tr ln

�
�(2,2) −

1
2
Tr ln

�
�(4,0)

]
=

= − i

2
Tr ln(D++)2 + i

[
1
2
Tr ln

�
�(2,2) −

1
2
Tr ln

�
�(4,0)

]
. (2.4.3)

‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¡Ê¤¥É ¶µ± § ´µ, ÎÉµ Tr ln
�
� ´¥ ¸µ¤¥·¦¨É £µ²µ³µ·Ë-

´ÒÌ ¢±² ¤µ¢, ¶µÔÉµ³Ê µ¤´µ¶¥É²¥¢µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ µ¶·¥¤¥²Ö¥É¸Ö ¨¸-
±²ÕÎ¨É¥²Ó´µ ¤ÊÌ ³¨. �¤´µ¶¥É²¥¢µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¤ÊÌµ¢ ¸µ¢¶ ¤ ¥É ¸
ÉµÎ´µ¸ÉÓÕ ¤µ ±µÔËË¨Í¨¥´É  ¸ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³ ω £¨¶¥·³Ê²ÓÉ¨¶²¥É 
¢µ ¢´¥Ï´¥³ ± ²¨¡·µ¢µÎ´µ³ ¸Ê¶¥·¶µ²¥. „¥°¸É¢¨¥ ÔÉµ£µ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¶µ-
²ÊÎ ¥É¸Ö § ³¥´µ° ¶²µ¸±¨Ì ¶·µ¨§¢µ¤´ÒÌ ¢ ¸¢µ¡µ¤´µ³ ¤¥°¸É¢¨¨ (1.2.17) ´ 
±µ¢ ·¨ ´É´Ò¥:

Sω = −
∫

d4xd4θ+du(D++ω)(D++ω) . (2.4.4)

�ËË¥±É¨¢´Ò¥ ¤¥°¸É¢¨Ö q+- ¨ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥Éµ¢ ¡Ê¤ÊÉ ´ °¤¥´Ò ¢ ¸²¥¤Ê-
ÕÐ¥³ · §¤¥²¥. �Éµ § µ¤´µ ·¥Ï¨É § ¤ ÎÊ µ ´ Ìµ¦¤¥´¨¨ µ¤´µ¶¥É²¥¢µ£µ £µ²µ-
³µ·Ë´µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨.

„²Ö ¨§ÊÎ¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ ¡µ²¥¥ ¢Ò¸µ±¨Ì ¶µ·Ö¤± Ì ´¥µ¡-
Ìµ¤¨³µ ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥ ¢ ¤¥°¸É¢¨ÖÌ (2.3.34) Î²¥´Ò É·¥ÉÓ¥£µ ¨ ¡µ²¥¥
¢Ò¸µ±¨Ì ¶µ·Ö¤±µ¢ ¶µ ±¢ ´Éµ¢µ³Ê ¸Ê¶¥·¶µ²Õ. ‚ · ¡µÉ¥ [63] ¡Ò²µ ¶µ± § ´µ
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¢ ±µ´É¥±¸É¥ · ¸¸³µÉ·¥´´µ£µ ¢ÒÏ¥ ³¥Éµ¤  Ëµ´µ¢µ£µ ¶µ²Ö, ÎÉµ, ´ Î¨´ Ö ¸
¤¢ÊÌ ¶¥É¥²Ó, £µ²µ³µ·Ë´Ò¥ ¢±² ¤Ò µÉ¸ÊÉ¸É¢ÊÕÉ. �µÔÉµ³Ê ¢Ò· ¦¥´¨¥ (2.4.3)
¸µ¤¥·¦¨É ¢¸Õ ¨´Ëµ·³ Í¨Õ µ £µ²µ³µ·Ë´µ³ ÔËË¥±É¨¢´µ³ ¤¥°¸É¢¨¨ N = 2
¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ .

3. �ˆ‡Š���…�ƒ…’ˆ—…‘Š�… �””…Š’ˆ‚��… „…‰‘’‚ˆ…
‚ N = 2 ‘“�…�‘ˆŒŒ…’�ˆˆ

3.1. �±¢¨¢ ²¥´É´µ¸ÉÓ q+- ¨ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥Éµ¢. ‚ ÔÉµ³ · §¤¥²¥, ¸²¥¤ÊÖ
[32], ¡Ê¤¥É ¶µ± § ´µ, ÎÉµ ³¥¦¤Ê ¤¢Ê³Ö É¨¶ ³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥Éµ¢ Å q ¨
ω, ¸ÊÐ¥¸É¢Ê¥É µ¶·¥¤¥²¥´´ Ö ¸¢Ö§Ó, ±µÉµ· Ö, ¶µ ¸ÊÉ¨, ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ
¤µ¸É ÉµÎ´µ ¨§ÊÎ ÉÓ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ Éµ²Ó±µ q-£¨¶¥·³Ê²ÓÉ¨¶²¥É .

� ¸¸³µÉ·¨³ ¤¥°¸É¢¨¥ ±µ³¶²¥±¸´µ£µ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ´¥±µÉµ·µ³
¶·¥¤¸É ¢²¥´¨¨ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò:

S̄ω = −tr
∫

d4xd4θ+du(D++ − iV ++)ω̃(D++ + iV ++)ω. (3.1.1)

‚¢¥¤¥³ ¤Ê¡²¥É q-£¨¶¥·³Ê²ÓÉ¨¶²¥Éµ¢ É¨¶  q+
i , i = 1, 2 ¢ Éµ³ ¦¥ ¶·¥¤¸É ¢²¥´¨¨

(¨´¤¥±¸Ò i ´¥ ¨³¥ÕÉ µÉ´µÏ¥´¨Ö ± ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶¥, ´  ´¨Ì ·¥ ²¨§µ¢ ´ 
£²µ¡ ²Ó´ Ö £·Ê¶¶  SU(2), ´µ¸ÖÐ Ö ´ §¢ ´¨¥ £·Ê¶¶Ò � Ê²¨ÄƒÕ·¸¨). � §²µ¦¨³
ÔÉµÉ ±µ³¶²¥±¸´Ò° ¤Ê¡²¥É ¶µ £ ·³µ´¨± ³ u±

i , ¢µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¸¢µ°¸É¢µ³ ¨Ì
¶µ²´µÉÒ (¸³. µ¶·¥¤¥²¥´¨¥ (1.1.1)):

q+
i = u+

i ω + u−
i f++, q̃+i = u+iω̃ + u−if̃++. (3.1.2)

�µ¤¸É ¢¨³ (3.1.2) ¢ ¤¥°¸É¢¨¥ ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É  q+
i , ¨³¥ÕÐ¥¥ ¢¨¤ (¸³.

(1.3.4)):

Sq = −tr
∫

d4xd4θ+duq̃+i(D++ + iV ++)q+
i . (3.1.3)

�µ²ÊÎ¨³

Sq = −tr
∫

d4xd4θ+du{f++(D++ − iV ++)ω̃ +

+f̃++(D++ + iV ++)ω + f̃++f++}. (3.1.4)

ŒÒ ¢¨¤¨³, ÎÉµ ¸Ê¶¥·¶µ²Ö f++ ¨ f̃++ Ö¢²ÖÕÉ¸Ö ¢¸¶µ³µ£ É¥²Ó´Ò³¨. …¸²¨ ¨Ì
¨¸±²ÕÎ¨ÉÓ ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö

(D++ − iV ++)ω̃ = −f̃++, (D++ + iV ++)ω = −f++, (3.1.5)

Éµ ¶·¨Ìµ¤¨³ ± ¤¥°¸É¢¨Õ (3.1.1).
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� ¸¸³µÉ·¨³ É¥¶¥·Ó ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ É¥µ·¨¨ (3.1.3):

eiΓq [V ++] =
∫

Dq̃+Dq+eiSq [q̃+i,q+
i ,V ++] . (3.1.6)

”Ê´±Í¨µ´ ²Ó´Ò° ¨´É¥£· ² ¢ ¶· ¢µ° Î ¸É¨ (3.1.6) ¶µ¸²¥ ²¨´¥°´µ° § ³¥´Ò
¶¥·¥³¥´´ÒÌ (3.1.2) (§ ³¥É¨³, ÎÉµ Ö±µ¡¨ ´ ÔÉµ° § ³¥´Ò Ö¢²Ö¥É¸Ö ±µ´¸É ´Éµ°
¨ ³µ¦¥É ¡ÒÉÓ µ¶ÊÐ¥´) ¶¥·¥Ìµ¤¨É ¢ ¨´É¥£· ²∫

Dω̃DωDf̃++Df++eiS[
∼
ω,ω,

∼
f++,f++,V ++] ,

£¤¥

S[
∼
ω, ω,

∼
f ++, f++, V ++] = Sq[

∼
q +i, q+

i , V ++] ,

¶·¨ Ê¸²µ¢¨¨, ÎÉµ q+
i ,

∼
q +i § ³¥´¥´Ò ´  ω,

∼
ω, f++,

∼
f ++ ¸ ¶µ³µÐÓÕ (3.1.2).

�  ¸ ³µ³ ¤¥²¥, S[
∼
ω, ω

∼
f ++, f++, V ++] ¨³¥¥É ¢¨¤ (3.1.4), ± ± Ê¦¥ ¡Ò²µ

¶µ± § ´µ. ˆ´É¥£·¨·ÊÖ ¶µ ¸Ê¶¥·¶µ²Ö³
∼
f ++, f++ (Éµ ¥¸ÉÓ ¨¸±²ÕÎ Ö ¨Ì ¨§

¤¥°¸É¢¨Ö S[
∼
ω, ω

∼
f ++, f++, V ++] ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö (3.1.5)),

³Ò ¶·¨Ìµ¤¨³ ± ËÊ´±Í¨µ´ ²Ó´µ³Ê ¨´É¥£· ²Ê∫
D ∼

ω Dω eiSω [
∼
ω,ω,V ++],

£¤¥ Sω[
∼
ω, ω, V ++] ¨³¥¥É ¢¨¤ (3.1.1). ‚ ¨Éµ£¥ ¶µ²ÊÎ ¥³

Γq[V ++] = Γω[V ++], (3.1.7)

£¤¥

eΓω [V ++] =
∫

D ∼
ω Dω eiSω [

∼
ω,ω,V ++]. (3.1.8)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, µÎ¥¢¨¤´µ,

Γq[V ++] = 2Γ[V ++], (3.1.9)

£¤¥

eiΓ[V ++] =
∫

D
∼
q +Dq+eiS[

∼
q+,q+,V ++], (3.1.10)

  ¤¥°¸É¢¨¥ S[
∼
q +, q+, V ++] ¥¸ÉÓ ¤¥°¸É¢¨¥ µ¤´µ£µ q-£¨¶¥·³Ê²ÓÉ¨¶²¥É  (1.3.4).
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�·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± §Ò¢ ¥É, ÎÉµ ³¥¦¤Ê ÔËË¥±É¨¢´Ò³¨ ¤¥°¸É¢¨Ö³¨
µ¤´µ£µ ±µ³¶²¥±¸´µ£µ q-£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ µ¤´µ£µ ±µ³¶²¥±¸´µ£µ ω-£¨¶¥·-
³Ê²ÓÉ¨¶²¥É  ¨³¥¥É ³¥¸Éµ ¸²¥¤ÊÕÐ Ö ¸¢Ö§Ó:

Γω[V ++] = 2Γ[V ++]. (3.1.11)

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ É¥µ·¨Õ ¢µ§³ÊÐ¥´¨° ¨ ¢ÒÎ¨¸²ÖÉÓ ÔË-
Ë¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ Éµ²Ó±µ q-£¨¶¥·³Ê²ÓÉ¨¶²¥É . ‘µµÉ´µÏ¥´¨¥ (3.1.11) ¶µ§¢µ-
²¨É µ¡µ¡Ð¨ÉÓ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´  ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É.

3.2. ƒµ²µ³µ·Ë´µ¸ÉÓ ¨ Í¥´É· ²Ó´Ò° § ·Ö¤. �·¥¦¤¥ Î¥³ ¶·¨¸ÉÊ¶ ÉÓ ±
´ Ìµ¦¤¥´¨Õ £µ²µ³µ·Ë´µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö, ´¥µ¡Ìµ¤¨³µ ¶µ´ÖÉÓ ±·¨-
É¥·¨° ¥£µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö. ’ ±¨³ ±·¨É¥·¨¥³ Ö¢²Ö¥É¸Ö Í¥´É· ²Ó´Ò° § ·Ö¤.

�²£¥¡·  N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¸µ£² ¸´µ É¥µ·¥³¥ •  £ Ä‹µ¶ÊÏ ´¸±µ£µÄ
‘µ´¨Ê¸  [88] ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

{Qαi, Qβj} = 2iεαβεijZ, {Q̄i
α̇, Q̄j

β̇
} = 2iεα̇β̇εijZ̄,

{Qα̇i, Q̄
j
α̇} = 2iδ j

i Pαα̇. (3.2.1)

‡¤¥¸Ó Qαi ¨ Q̄j
α̇ Å £¥´¥· Éµ·Ò ¶·¥µ¡· §µ¢ ´¨° ¸Ê¶¥·¸¨³³¥É·¨¨, Pαα̇ Å £¥-

´¥· Éµ· ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ É· ´¸²ÖÍ¨°, Z Å ±µ³¶²¥±¸´Ò° µ¶¥· -
Éµ·, ±µ³³ÊÉ¨·ÊÕÐ¨° ¸µ ¢¸¥³¨ £¥´¥· Éµ· ³¨ ¸Ê¶¥· ²£¥¡·Ò �Ê ´± ·¥, Z Å
Í¥´É· ²Ó´Ò° § ·Ö¤. �²£¥¡·  (3.2.1) ¢ µ¡Ð¥³ ¸²ÊÎ ¥ µ¡² ¤ ¥É £·Ê¶¶µ°  ¢Éµ-
³µ·Ë¨§³µ¢ SU(2)R × U(1)R, £¤¥ Ë ±Éµ· SU(2)R µ¸ÊÐ¥¸É¢²Ö¥É ¢· Ð¥´¨¥ ¶µ
¨´¤¥±¸Ê i,   U(1)R Å Ë §µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö £¥´¥· Éµ·µ¢ Q, Q̄, Z, Z̄. ‚
Î ¸É´µ¸É¨,

Qαi → eibQαi, Q̄i
α̇ → e−ibQ̄i

α̇, (3.2.2)

£¤¥ b Å ¶ · ³¥É· ¶·¥µ¡· §µ¢ ´¨Ö. �·¨ ÔÉµ³

θα
i → e−ibθα

i , θ̄iα̇ → eibθ̄iα̇,

d4θ → e4ibd4θ, d4θ̄ → e−4ibd4θ̄. (3.2.3)

�·¨ µ¡¸Ê¦¤¥´¨¨ N = 2 ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, ¢
Î ¸É´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¤¨ËË¥·¥´Í¨ ²Ó´µ° £¥µ³¥É·¨¨ ¢ ¸Ê¶¥·¶·µ¸É· ´-
¸É¢¥, ³Ò ¨¸Ìµ¤¨²¨ ¨§ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¡¥§ Í¥´É· ²Ó´ÒÌ § ·Ö¤µ¢. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¨§ µ¶·¥¤¥²¥´¨Ö ¸Ê¶¥·¶µ²¥¢ÒÌ ´ ¶·Ö¦¥´´µ¸É¥° W , W̄ (1.3.7),
(1.3.6) ¸²¥¤Ê¥É, ÎÉµ µ´¨ ¶·¥µ¡· §ÊÕÉ¸Ö ¢ U(1)R ¶µ § ±µ´Ê

W → e−2ibW, W̄ → e2ibW̄ . (3.2.4)

…¤¨´¸É¢¥´´Ò° £µ²µ³µ·Ë´Ò° ¸Ê¶¥·ËÊ´±Í¨µ´ ², ¨´¢ ·¨ ´É´Ò° µÉ´µ¸¨É¥²Ó´µ
¶·¥µ¡· §µ¢ ´¨° (3.2.3), (3.2.4), Å ¸ ³µ ±² ¸¸¨Î¥¸±µ¥ ¤¥°¸É¢¨¥ N = 2 ¸Ê-
¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ 

tr
∫

d4xd4θ W 2. (3.2.5)
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‹ £· ´¦¨ ´Ò ¡¥§³ ¸¸µ¢ÒÌ q- ¨ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥Éµ¢, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
¸ N = 2 ± ²¨¡·µ¢µÎ´Ò³ ¸Ê¶¥·¶µ²¥³, ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ U(1)R-
¶·¥µ¡· §µ¢ ´¨°, ¶·¨Îe³ ÔÉµ ¸¢µ°¸É¢µ ¨´¢ ·¨ ´É´µ¸É¨ ¢Ò¶µ²´Ö¥É¸Ö ¢ µÉ¤¥²Ó-
´µ¸É¨ ¤²Ö ±¨´¥É¨Î¥¸±¨Ì Î²¥´µ¢ ¨ Î²¥´µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö (Éµ ¦¥ ¸¶· ¢¥¤²¨¢µ
¨ ¤²Ö ¸ ³µ¤¥°¸É¢¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¸Ê¶¥·¶µ²Ö). ’ ±¨³ µ¡· §µ³, ¢ ¸²ÊÎ ¥
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¡¥§ Í¥´É· ²Ó´ÒÌ § ·Ö¤µ¢ U(1)R Ö¢²Ö¥É¸Ö ÉµÎ´µ°
¸¨³³¥É·¨¥° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¨§ Î¥£µ, ¢ Î ¸É´µ¸É¨, ¸²¥¤Ê¥É µÉ¸ÊÉ¸É¢¨¥ ´¥-
É·¨¢¨ ²Ó´ÒÌ £µ²µ³µ·Ë´ÒÌ ¢±² ¤µ¢ ¢ ±¢ ´Éµ¢µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ N = 2
± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ (¶µ¸±µ²Ó±Ê ¥¤¨´¸É¢¥´´Ò° U(1)R ¨´¢ ·¨ ´É´Ò° £µ²µ-
³µ·Ë´Ò° ËÊ´±Í¨µ´ ² Å ±² ¸¸¨Î¥¸±µ¥ ¤¥°¸É¢¨¥ (3.2.5)).

Š ± ³Ò ¢¨¤¥²¨ ¢ ¶. 1.4 ´  ¶·¨³¥·¥  ¡¥²¥¢µ° N = 2 É¥µ·¨¨, ´ ²¨Î¨¥
´¥É·¨¢¨ ²Ó´µ£µ ¶µ¸ÉµÖ´´µ£µ ±µ´¤¥´¸ É  a ≡ W0 = const, ā ≡ W̄0 ¢ ± ²¨¡·µ-
¢µÎ´ÒÌ ´ ¶·Ö¦¥´´µ¸ÉÖÌ W , W̄ · ¤¨± ²Ó´µ ³¥´Ö¥É ¸¢µ°¸É¢  ¨´¢ ·¨ ´É´µ¸É¨
É¥µ·¨¨,   ¨³¥´´µ: ¶µ¸²¥ µÉ¤¥²¥´¨Ö ÔÉµ£µ ±µ´¤¥´¸ É  (¢±²ÕÎ Ö ¢Ò¤¥²¥´¨¥ V ++

0

(1.4.2) ¨§ V ++) ±¨´¥É¨Î¥¸± Ö Î ¸ÉÓ ¤¥°¸É¢¨Ö q+ − V ++ (1.3.4) ¶·¨µ¡·¥É ¥É
³ ¸¸µ¢Ò° Î²¥´ ∼ W0, W̄0 (¸³. (1.4.4), (1.4.6)),   ¥e ¸¨³³¥É·¨¥° ¸É ´µ¢¨É¸Ö
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Ö ¸  ²£¥¡·µ° (3.2.1), ¢ ±µÉµ·µ°

Z = W̄0I, Z̄ = W0I, (3.2.6)

¨ I Å £¥´¥· Éµ· ¶ Ê²¨-£Õ·¸¥¥¢¸±µ° U(1)-¸¨³³¥É·¨¨, ·¥ ²¨§µ¢ ´´µ° ± ±
Ë §µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ¸Ê¶¥·¶µ²¥° q+, q̃+ (ÔÉ  ¸¨³³¥É·¨Ö ±µ³³ÊÉ¨·Ê¥É ¸
¸Ê¶¥·¸¨³³¥É·¨¥° ¨ ´¥ ¨³¥¥É µÉ´µÏ¥´¨Ö ± U(1)R-¸¨³³¥É·¨¨). ‘¨³³¥É·¨Ö
U(1)R ¢ É ±µ°  ²£¥¡·¥ ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ´ ·ÊÏ¥´  (¨§ £·Ê¶¶Ò  ¢Éµ³µ·Ë¨§-
³µ¢ ¢Ò¦¨¢ ¥É Éµ²Ó±µ SU(2)R). �¥É É ±µ° ¸¨³³¥É·¨¨ ¨ Ê ¸¢µ¡µ¤´µ£µ ¤¥°¸É¢¨Ö
³ ¸¸¨¢´µ£µ q-£¨¶¥·³Ê²ÓÉ¨¶²¥É  (1.4.3). „¥°¸É¢¨É¥²Ó´µ, Î²¥´, ¸µ¤¥·¦ Ð¨°
V ++

0 , Ö¢´µ ´ ·ÊÏ ¥É ÔÉÊ ¨´¢ ·¨ ´É´µ¸ÉÓ:

V ++
0 → −e−2ib(θ+)2ā − e2ib(θ̄+)2a,

É ± ± ± a, ā Å ±µ´¸É ´ÉÒ ¨ ´¥ ¶·¥µ¡· §ÊÕÉ¸Ö ¶·¨ ¤¥°¸É¢¨¨ U(1)R. ‚
·¥§Ê²ÓÉ É¥ ¶·¨Ìµ¤¨³ ± ¢Ò¢µ¤Ê, ÎÉµ ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
³ ¸¸¨¢´µ³Ê q-£¨¶¥·³Ê²ÓÉ¨¶²¥ÉÊ ¸ ³ ¸¸µ°, ¨´¤ÊÍ¨·µ¢ ´´µ° ´¥´Ê²¥¢Ò³ ±µ´-
¤¥´¸ Éµ³ ¸± ²Ö·´µ£µ ¶µ²Ö N = 2 ¢¥±Éµ·´µ£µ ³Ê²ÓÉ¨¶²¥É  (¶¥·¢µ° ±µ³¶µ-
´¥´ÉÒ ¢ W, W̄ ), U(1)R-¸¨³³¥É·¨Ö ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ´ ·ÊÏ¥´ , ¨ ¶µÔÉµ³Ê
µ± §Ò¢ ÕÉ¸Ö ¤µ¶Ê¸É¨³Ò³¨ £µ²µ³µ·Ë´Ò¥ ¢±² ¤Ò ¢ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, µÉ-
²¨Î´Ò¥ µÉ (3.2.5). Ÿ¸´µ, ÎÉµ ÔÉ¨ ¢±² ¤Ò ¤µ²¦´Ò ¶·µ¶ ¤ ÉÓ ¢ ¶·¥¤¥²¥ ´Ê²¥¢µ£µ
Í¥´É· ²Ó´µ£µ § ·Ö¤ , É.¥. ´Ê²¥¢ÒÌ a, ā.

’ ±¨³ µ¡· §µ³, ±·¨É¥·¨¥³ ´ ²¨Î¨Ö £µ²µ³µ·Ë´ÒÌ ¢±² ¤µ¢ ¢ ÔËË¥±É¨¢-
´µ³ ¤¥°¸É¢¨¨, § ¢¨¸ÖÐ¥³ µÉ V ++, Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¢ É¥µ·¨¨ Í¥´É· ²Ó´µ£µ
§ ·Ö¤ . �µ²¥¥ Éµ£µ, ¢ · ¡µÉ¥ ‡ °¡¥·£  [37] ¡Ò²µ ¶µ± § ´µ, ÎÉµ £µ²µ³µ·Ë´µ¥
ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ µ¤´µ§´ Î´µ ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö ¶µ ´ ·ÊÏ¥´¨Õ U(1)R-
 ¢Éµ³µ·Ë¨§³ , Éµ ¥¸ÉÓ ¶µ ±µ´¸É ´É´µ³Ê Í¥´É· ²Ó´µ³Ê § ·Ö¤Ê, ±µÉµ·Ò° Ö¢²Ö-
¥É¸Ö ³¥·µ° ÔÉµ£µ ´ ·ÊÏ¥´¨Ö. ˆ´Ò³¨ ¸²µ¢ ³¨, ¸ÊÐ¥¸É¢µ¢ ´¨¥ £µ²µ³µ·Ë´ÒÌ
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±¢ ´Éµ¢ÒÌ ¢±² ¤µ¢ ¥¸ÉÓ ¶·µÖ¢²¥´¨¥ ´ ²¨Î¨Ö ¢ É¥µ·¨¨ Í¥´É· ²Ó´µ£µ § ·Ö¤ ,
¨´¤ÊÍ¨·µ¢ ´´µ£µ ´¥´Ê²¥¢Ò³¨ ¢ ±ÊÊ³´Ò³¨ ¸·¥¤´¨³¨ ¸± ²Ö·´µ£µ ¶µ²Ö ¢ ± ²¨-
¡·µ¢µÎ´µ³ N = 2 ³Ê²ÓÉ¨¶²¥É¥.

ˆÉ ±, ³Ò ¢ÒÖ¸´¨²¨, ÎÉµ £µ²µ³µ·Ë´Ò¥ ±¢ ´Éµ¢Ò¥ ¶µ¶· ¢±¨ ¸²¥¤Ê¥É ¨¸-
± ÉÓ Éµ²Ó±µ ¢ É¥µ·¨ÖÌ ¸ ¨´¤ÊÍ¨·µ¢ ´´Ò³ Í¥´É· ²Ó´Ò³ § ·Ö¤µ³. ‡ ³¥É¨³,
ÎÉµ ¢ ´¥ ¡¥²¥¢µ³ ¸²ÊÎ ¥, É.¥. ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ Ä
Œ¨²²¸ , ¨³¥¥É ³¥¸Éµ ÉµÉ ¦¥ ³¥Ì ´¨§³ ¢µ§´¨±´µ¢¥´¨Ö Í¥´É· ²Ó´ÒÌ § ·Ö¤µ¢
§  ¸ÎeÉ ´¥´Ê²¥¢ÒÌ ¢ ±ÊÊ³´ÒÌ ¸·¥¤´¨Ì ¸± ²Ö·´ÒÌ ¶µ²¥°, ± ± ¨ ¢  ¡¥²¥¢µ³
¶·¨³¥·¥. �·¨ ÔÉµ³ ¸¶µ´É ´´µ ´ ·ÊÏ ¥É¸Ö ¨ ± ²¨¡·µ¢µÎ´ Ö ¸¨³³¥É·¨Ö, ¶µ-
¸±µ²Ó±Ê ÔÉ¨ ¸± ²Ö·Ò ¶·¨´ ¤²¥¦ É ¶·¨¸µ¥¤¨´e´´µ³Ê ¶·¥¤¸É ¢²¥´¨Õ ± ²¨¡·µ-
¢µÎ´µ° £·Ê¶¶Ò [89] (¸³. É ±¦¥ µ¡§µ· [40]). �É¨³ µ¡Ê¸²µ¢²¥´µ ´ ²¨Î¨¥ ¢ ÔÉ¨Ì
É¥µ·¨ÖÌ £µ²µ³µ·Ë´ÒÌ ¢±² ¤µ¢, ±µÉµ·Ò¥ ¡Ê¤ÊÉ ´ °¤¥´Ò ¢ ¶µ¸²¥¤ÊÕÐ¨Ì · §-
¤¥² Ì. �¥§³ ¸¸µ¢Ò° q-£¨¶¥·³Ê²ÓÉ¨¶²¥É ´¥ ¨³¥¥É Í¥´É· ²Ó´µ£µ § ·Ö¤ , ¢¸²¥¤-
¸É¢¨¥ Î¥£µ ¢ É¥µ·¨¨ ¸ É ±¨³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É ³¨ £µ²µ³µ·Ë´Ò¥ ¢±² ¤Ò ´¥
¢µ§´¨± ÕÉ.

3.3. ’¥µ·¨Ö ¢µ§³ÊÐ¥´¨° ¤²Ö ³ ¸¸¨¢´µ£µ £¨¶¥·³Ê²ÓÉ¨¶²¥É . Œ ¸¸¨¢´Ò°
£¨¶¥·³Ê²ÓÉ¨¶²¥É ¢µ ¢´¥Ï´¥³  ¡¥²¥¢µ³ ± ²¨¡·µ¢µÎ´µ³ ¸Ê¶¥·¶µ²¥ V ++

1 µ¶¨-
¸Ò¢ ¥É¸Ö ¤¥°¸É¢¨¥³

S = −
∫

d4xd4θ+du
∼
q +(D++ + iV ++

0 + iV ++
1 )q+. (3.3.1)

”µ´µ¢µ¥ ¸Ê¶¥·¶µ²¥ V ++
0 µ¶·¥¤¥²Ö¥É ³ ¸¸µ¢Ò° Î²¥´ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ Ì -

· ±É¥·¨§Ê¥É¸Ö É¥³, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ´ ¶·Ö¦¥´´µ¸É¨ W0 ¨ W̄0 Å ±µ´-
¸É ´ÉÒ. �´µ ´ ·ÊÏ ¥É U(1)R- ¢Éµ³µ·Ë¨§³ N = 2 ¸Ê¶¥· ²£¥¡·Ò. …£µ Ö¢´Ò°
¢¨¤ ¤ ´ ¢ (1.4.2). ’ ±¨³ µ¡· §µ³, ¶¥·¢Ò¥ ¤¢  Î²¥´  ¢ (3.3.1) ¥¸ÉÓ ¸¢µ¡µ¤-
´µ¥ ¤¥°¸É¢¨¥ (1.4.3) ³ ¸¸¨¢´µ£µ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¸ ¨´¤ÊÍ¨·µ¢ ´´Ò³ Í¥´-
É· ²Ó´Ò³ § ·Ö¤µ³,   É·¥É¨° Î²¥´ Å ³¨´¨³ ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ¢´¥Ï´¨³
 ¡¥²¥¢Ò³ ± ²¨¡·µ¢µÎ´Ò³ ¸Ê¶¥·¶µ²¥³ V ++

1 .
”Ê´±Í¨Ö ƒ·¨´  G(1,1)(1|2) £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢µ ¢´¥Ï´¥³ ¸Ê¶¥·¶µ²¥ V ++

1

Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

[D++
1 + iV ++

0 + iV ++
1 ]G(1,1)(1|2) = δ

(3,1)
A (1|2). (3.3.2)

‚¢¥¤¥³  ´ ²¨É¨Î¥¸±µ¥ ¸Ê¶¥·Ö¤·µ Q(3,1)(1|2) ¶µ ¶· ¢¨²Ê

G
(1,1)
0 (1|2) =

∫
dζ

(−4)
3 du3G

(1,1)(1|3)Q(3,1)(3|2) , (3.3.3)

£¤¥ G
(1,1)
0 (1|2) Å ³ ¸¸¨¢´Ò° ¶·µ¶ £ Éµ· (1.4.11). �ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥

Γ[V ++] = i Tr ln (D++ + iV ++
0 + iV ++

1 ) = −i Tr ln G(1,1) (3.3.4)
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µ¶·¥¤¥²¥´µ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ  ¤¤¨É¨¢´µ° ±µ´¸É ´ÉÒ; É ± ± ± Q(3,1)(1|2) ¸µ¤¥·-
¦¨É ¢¸Õ ¨´Ëµ·³ Í¨Õ µ ¢§ ¨³µ¤¥°¸É¢¨¨, Éµ µ¶·¥¤¥²¨³ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥
± ±

Γ[V ++] = i Tr ln Q(3,1). (3.3.5)

�¶¥· Í¨Ö Tr §¤¥¸Ó ¶µ´¨³ ¥É¸Ö ¢ ¸³Ò¸²¥

TrΦ(q,4−q) =
∫

dζ
(−4)
1 du1Φ(q,4−q)(1|1) (3.3.6)

¤²Ö ²Õ¡µ£µ  ´ ²¨É¨Î¥¸±µ£µ ¸Ê¶¥·Ö¤·  Φ(q,4−q)(1|2).
�µ¤¥°¸É¢Ê¥³ µ¶¥· Éµ·µ³ [D++

1 + iV ++
0 + iV ++

1 ] ´  µ¡¥ Î ¸É¨ (3.3.3). ‘
ÊÎ¥Éµ³ Ê· ¢´¥´¨° (3.3.2) ¨ (1.4.10) ¨³¥¥³

Q(3,1)(1|2) = δ
(3,1)
A (1|2) + iV ++

1 (1)G(1,1)
0 (1|2). (3.3.7)

�  Ö§Ò±¥ ¤¨ £· ³³ · §²µ¦¥´¨¥ ¢Ò· ¦¥´¨Ö

ln (δ(3,1)
A (1|2) + iV ++

1 (1)G(1,1)
0 (1|2))

¢ ·Ö¤ ¶µ ¸É¥¶¥´Ö³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¥¥É ¢¨¤:

£¤¥ n-° Î²¥´ ÔÉµ£µ ·Ö¤  Γn[V ++] µ¶¨¸Ò¢ ¥É¸Ö ¸Ê¶¥·£· Ëµ³ ¸ n ¢´¥Ï´¨³¨
²¨´¨Ö³¨ V ++. “· ¢´¥´¨¥ (3.3.5) ¢¥¤¥É ± ¸²¥¤ÊÕÐ¥° ¸É·Ê±ÉÊ·¥ Γn[V ++]:

Γn[V ++] = i
(−1)n

n
Tr (iV ++

1 G
(1|1)
0 )n. (3.3.8)

‚¸Ö § ¢¨¸¨³µ¸ÉÓ µÉ ³ ¸¸µ¢µ£µ Î²¥´  £¨¶¥·³Ê²ÓÉ¨¶²¥É  V ++
0 § ±²ÕÎ¥´  ¢ ¶·µ-

¶ £ Éµ·¥.
3.4. ‚ÒÎ¨¸²¥´¨¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢¥±Éµ·-

´µ£µ ³Ê²ÓÉ¨¶²¥É . �¥·¢Ò° Î²¥´ Γ1[V ++] ¢ ·Ö¤¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° · ¢¥´
´Ê²Õ, É ± ± ± µ´ ¶·µ¶µ·Í¨µ´ ²¥´ δ8(θ1 − θ2)|θ1=θ2 = 0.
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�ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ¨³¥¥É ¢¨¤

Γ2[V ++] = − i3

2

∫
d4x1d4θ+

1 du1d4x2d4θ+
2 du2V

++
1 (1)V ++

1 (2) ×

× 1
�1 + m2

(D+
1 )4(D+

2 )4
(

eiv0(1)e−iv0(2)

(u+
1 u+

2 )3
δ12(z1 − z2)

)
×

× 1
�2 + m2

(D+
2 )4(D+

1 )4
(

eiv0(2)e−iv0(1)

(u+
2 u+

1 )3
δ12(z2 − z1)

)
, (3.4.1)

£¤¥ ³Ò ¢µ¸¶µ²Ó§µ¢ ²¨¸Ó Ö¢´Ò³ ¢Ò· ¦¥´¨¥³ ¤²Ö ¶·µ¶ £ Éµ·  (1.4.11), m2 =
W0W̄0. Œµ¸É v0 ¸¢Ö§ ´ ¸ V ++

0 ¸µµÉ´µÏ¥´¨¥³ (1.3.18). ‚µ¸¸É ´µ¢¨³ ¢ (3.4.1),
¶µ ¶· ¢¨²Ê (1.1.23), ¶µ²´ÊÕ £· ¸¸³ ´µ¢Ê ³¥·Ê:

Γ2[V ++] =
i3

2

∫
d4x1d8θ1du1d4x2d4θ2du2

V ++
1 (1)V ++

1 (2)
(u+

1 u+
2 )6

×

× eiv0(1)e−iv0(2) 1
�1 + m2

[δ4(x1 − x2)]δ8(θ1 − θ2) ×

× 1
�2 + m2

(D+
2 )4(D+

1 )4eiv0(2)e−iv0(1)[δ12(z2 − z1)]. (3.4.2)

‚¸¥ ¢µ¸¥³Ó ¶·µ¨§¢µ¤´ÒÌ (D+
2 )4(D+

1 )4 ¤µ²¦´Ò µ± § ÉÓ¸Ö ´  £· ¸¸³ ´µ¢µ° δ-
ËÊ´±Í¨¨, ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¶µ²ÊÎ¨³ ´Ê²Ó. ˆ³¥¥É ³¥¸Éµ Éµ¦¤¥¸É¢µ

δ8(θ1 − θ2)(D+
1 )4(D+

2 )4δ12(z2 − z1) = (u+
1 u+

2 )4δ4(x2 − x1)δ8(θ2 − θ1).
(3.4.3)

‘ ÊÎ¥Éµ³ ÔÉµ£µ, ¨ ¢¸¶µ³¨´ Ö ¸¢Ö§Ó ³¥¦¤Ê V ++¨ V −− (1.3.38), ´ °¤¥³

Γ2[V ++] =
i3

2

∫
d4x1d4x2d8θdu

1
�1 + m2

[δ4(x1 − x2)] ×

× 1
�2 + m2

[δ4(x2 − x1)]V ++
1 (x1, θ, u)V −−

1 (x2, θ, u). (3.4.4)

�·µ¨§¢µ¤Ö ¶·¥µ¡· §µ¢ ´¨¥ ”Ê·Ó¥

δ4(x1 − x2) =
1

(2π)4

∫
d4p eip(x1−x2), (3.4.5)

¢Ò· ¦¥´¨¥ (3.4.4) ³µ¦´µ ¶·¨¢¥¸É¨ ± ¢¨¤Ê

Γ2[V ++] =
i3

2

∫
d4p

(2π)4(p2 − m2)2

∫
d4xd8θdu ×

× V ++
1 (x, θ, u)V −−

1 (x, θ, u) =
i3

2

∫
d4p

(2π)4(p2 − m2)2

∫
d4xd4θW 2

1 . (3.4.6)
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‡¤¥¸Ó W1 Å ´ ¶·Ö¦¥´´µ¸ÉÓ, ¶µ¸É·µ¥´´ Ö ¶µ ¸Ê¶¥·¶µ²Õ V ++
1 . �ËË¥±É¨¢´µ¥

¤¥°¸É¢¨¥ ¢ n-³ ¶µ·Ö¤±¥ ¨³¥¥É ¢¨¤

Γn[V ++] =
(−i)n

n

∫
d4x1d4θ+

1 du1 . . .d4xnd4θ+
n dun ×

× −1
�1 + m2

(D+
1 )4(D+

2 )4[eiv0(1)e−iv0(2)δ12(z1 − z2)] ×

× −1
�2 + m2

(D+
2 )4(D+

3 )4[eiv0(2)e−iv0(3)δ12(z2 − z3)] ×
. . . . . . . . . . . .

× −1
�n + m2

(D+
n )4(D+

1 )4[eiv0(n)e−iv0(1)δ12(zn − z1)] ×

× V ++
1 (1)V ++

1 (2) . . . V ++
1 (n)

(u+
1 u+

2 )3(u+
2 u+

3 )3 . . . (u+
n u+

1 )3
. (3.4.7)

‘ ¶µ³µÐÓÕ ³µ¸É  v0 ¶¥·¥°¤¥³ ± τ -¶·µ¨§¢µ¤´Ò³ D+ ¶µ ¶· ¢¨²Ê (1.3.11),
¢µ¸¸É ´o¢¨³ ¶µ²´ÊÕ £· ¸¸³ ´µ¢Ê ³¥·Ê, ¨´É¥£·¨·ÊÖ ¶µ θ3, . . . θn, ¨ ¶¥·¥°¤e³
¢ ¨³¶Ê²Ó¸´µ¥ ¶·¥¤¸É ¢²¥´¨¥. ‚Ò· ¦¥´¨¥ (3.4.7) ¶·¨³¥É ¢¨¤

Γn[V ++] =
(−i)n+1

n

∫
d4p1 . . . d4pnd8θ1d8θ2du1 . . .dun

(2π)4n(p1 − m2) . . . (p2
n − m2)

×

× δ8(θ1 − θ2)V ++
1 (θ1, u1)V ++

1 (θ2, u2)
(u+

1 u+
2 )3(u+

2 u+
3 )3 . . . (u+

n u+
1 )3

[D+
1 (θ1)]4{V ++

1 (θ1, un) ×

× [D+
2 (θ2)]4{V ++

1 (θ2, u3)[D+
3 (θ2)]4{V ++

1 (θ2, u4) · · · ×

× [D+
n−1(θ2)]4[D+

n (θ1)]4δ8(θ2 − θ1)} . . . }}. (3.4.8)

‡¤¥¸Ó ¨ ¤ ²¥¥ § ¢¨¸¨³µ¸ÉÓ µÉ ¨³¶Ê²Ó¸µ¢ ´¥ ¢Ò¶¨¸Ò¢ ¥É¸Ö. ’¥¶¥·Ó ¶¥·¥°¤¥³
± ²µ± ²Ó´µ³Ê ¶·¥¤¥²Ê. ‘Ê¶¥·¶µ²¥ V ++

1 Ê¤µ¡´µ ¢Ò¡· ÉÓ ¢ ¢¨¤¥

V ++
1 = −(θ+)2W̄1 − (θ̄+)2W1, (3.4.9)

£¤¥ W1, W̄1 Å ±µ´¸É ´ÉÒ. �Éµ µ§´ Î ¥É, ÎÉµ ¥¤¨´¸É¢¥´´Ò¥ Î²¥´Ò, ¤ ÕÐ¨¥
¢±² ¤ ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, ¨³¥ÕÉ ¢¨¤∗

∗ŒÒ ¨¸¶µ²Ó§Ê¥³ µ¤´µ ¨ Éµ ¦¥ µ¡µ§´ Î¥´¨¥ ± ± ¤²Ö ¶µ²´µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö, É ± ¨
¤²Ö ¥£µ Î ¸É¥°.
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Γn[V ++] =
(−i)n+1

n

∫
d4p1 . . .d4pnd8θ1d8θ2du1 . . .dun

(2π)4n(p1 − m2) . . . (p2
n − m2)

×

× δ8(θ1 − θ2)V ++
1 (θ1, u1)V ++

1 (θ2, u2)
(u+

1 u+
2 )3(u+

2 u+
3 )3 . . . (u+

n u+
1 )3

[D̄+
1 (θ1)]2V ++

1 (θ1, un)×

×[D̄+
2 (θ2)]2V ++

1 (θ2, u3)[D̄+
3 (θ2)]2V ++

1 (θ2, u4) . . .×

×[D̄+
n−2(θ2)]2V ++

1 (θ2, un−1)×

× [D+
2 (θ2)]2[D+

3 (θ2)]2 . . . [D+
n (θ2)]2[D+

1 (θ1)]2×

× [D̄+
n−1(θ1)]2[D̄+

n (θ2)]2δ8(θ2 − θ1) + ±.¸.

(3.4.10)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¶·¥¦¤¥ ¢¸¥£µ § ³¥É¨³, ÎÉµ

D++V ++
1 = D++V ++

1 ,

¶µ¸±µ²Ó±Ê V ++
1 Å ¨´¢ ·¨ ´É µÉ´µ¸¨É¥²Ó´µ £²µ¡ ²Ó´µ° U(1)-¸¨³³¥É·¨¨ (¤¥°-

¸É¢ÊÕÐ¥° Éµ²Ó±µ ´  £¨¶¥·³Ê²ÓÉ¨¶²¥É) ¨²¨, ¤·Ê£¨³¨ ¸²µ¢ ³¨, ¨´¢ ·¨ ´É µÉ-
´µ¸¨É¥²Ó´µ Í¥´É· ²Ó´µ£µ § ·Ö¤ , ±µÉµ·Ò° ¶·µ¶µ·Í¨µ´ ²¥´ £¥´¥· Éµ·Ê I ÔÉµ°
¸¨³³¥É·¨¨ (´ ¶µ³´¨³ (3.2.6)). � §²µ¦¨³ ¶·µ¨§¢µ¤´Ò¥ ¶µ É¥³ £ ·³µ´¨± ³,
µÉ ±µÉµ·ÒÌ § ¢¨¸ÖÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸Ê¶¥·¶µ²Ö. � ¶·¨³¥·, · ¸¸³µÉ·¨³
(D̄+

1 )2V ++
1 (un). ˆ³¥¥³ [30]

D̄+
1α̇ = D̄i

α̇u+
1i = D̄−

nα̇(u+
n u+

1 ) − D̄+
nα̇(u−

n u+
1 ). (3.4.11)

‚ ¸¨²Ê  ´ ²¨É¨Î´µ¸É¨ V ++
1 (1.3.19) Éµ²Ó±µ µ¤¨´ Î²¥´ ¢ (3.4.11) ¸ÊÐ¥¸É¢¥´:

(D̄+
1 )2V ++

1 (un) = (D̄−
n )2V ++

1 (un)(u+
1 u+

n )2. (3.4.12)

�µÔÉµ³Ê ¢Ò· ¦¥´¨¥ (3.4.10) ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´µ ¢ ¢¨¤¥

Γn[V ++] =
(−i)n+1

n

∫
d4p1 . . . d4pnd8θ1d8θ2du1 . . . dun

(2π)4n(p1 − m2) . . . (p2
n − m2)

×

× δ8(θ1 − θ2)V ++
1 (θ1, u1)V ++

1 (θ2, u2)
(u+

1 u+
2 )3(u+

2 u+
3 )(u+

3 u+
4 ) . . . (u+

n−2u
+
n−1)(u

+
n−1u

+
n )3(u+

n u+
1 )3

×

×[D̄−
3 (θ2)]2V ++

1 (θ2, u3)[D̄−
4 (θ2)]2V ++

1 (θ2, u4) . . . [D̄−
n (θ2)]2V ++

1 (θ2, un)×

× [D+
2 (θ2)]2[D+

3 (θ2)]2 . . . [D+
n (θ2)]2[D+

1 (θ1)]2×

× [D̄+
n−1(θ1)]2[D̄+

n (θ2)]2δ8(θ2 − θ1) + ±.¸.
(3.4.13)
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�·µ¨§¢µ¤´Ò¥ D+ ³µ£ÊÉ ¡ÒÉÓ ¨¸±²ÕÎ¥´Ò ¨§ Í¥¶µÎ±¨ ¶·µ¨§¢µ¤´ÒÌ, ¤¥°¸É¢ÊÕ-
Ð¨Ì ´  δ-ËÊ´±Í¨Õ, ¸ ¶µ³µÐÓÕ Éµ¦¤¥¸É¢ 

δ̄4(θ̄1 − θ̄2)(D+
n−1)

2(D+
n )2δ̄4(θ̄1 − θ̄2) = (u+

n−1u
+
n )2δ̄4(θ̄1 − θ̄2).

�µ¸²¥ ·Ö¤   ²£¥¡· ¨Î¥¸±¨Ì ¶·¥µ¡· §µ¢ ´¨° (¤¥É ²¨ ¤ ´Ò ¢ [72]) ÔÉ  Í¥¶µÎ± 
¸¢µ¤¨É¸Ö ± µ¶¥· Éµ·Ê

(−1)n−2in−2

4n−1
W̄n−2

0 (u+
2 u+

3 ) . . . (u+
n−1u

+
n )(D+α

2 D+
nα2

).

’ ± ± ±

δ4(θ1 − θ2)
1
4
(D+

2 D+
n )(D+

1 )2δ4(θ2 − θ1) = −(u+
1 u+

2 )(u+
n u+

1 )δ4(θ1 − θ2),

Éµ ³Ò ³µ¦¥³ ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¢ (3.4.13) ¶µ θ2. ‚ ¨Éµ£¥ ¶µ²ÊÎ¨³

Γn[V ++] =
(−i)(−1)n

n

∫
d4p1 . . .d4pnd8θdu1 . . . dun

(2π)4n(p1 − m2) . . . (p2
n − m2)

W̄n−2
0 ×

× V ++
1 (1)V ++

1 (2)
(u+

1 u+
2 )2

(D̄−
3 )2V ++

1 (3) . . . (D̄−
n )2V ++

1 (n) + ±.¸. (3.4.14)

‚ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ¶·¥¤¥²¥ ¨³¥¥³

Γn[V ++] =
(−i)(−1)n

n

∫
d4p

(2π)4(p1 − m2)n

∫
d4xd8θ

du1du2

(u+
1 u+

2 )2
W̄n−2

0 ×

×V ++
1 (1)V ++

1 (2)
∫

du3(D̄−
3 )2V ++

1 (3)
∫

du4(D̄−
4 )2V ++

1 (4) · · · ×

×
∫

dun(D̄−
n )2V ++

1 (n) + ±.¸. (3.4.15)

“Î¨ÉÒ¢ Ö (1.3.38), (1.3.39), ¢Ò· ¦¥´¨¥ (3.4.15) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ Ö¢´µ
± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ³ ¢¨¤¥

Γn[V ++]=
(−i)
n

∫
d4p

(2π)4(p1 − m2)n

∫
d4xd8θduV ++

1 V −−
1 W̄n−2

0 Wn−2
1 +

+ ±.¸. =
(−i)
n

∫
d4p

(2π)4(p1 − m2)n

∫
d4xd4θW̄n−2

0 Wn
1 + ±.¸. (3.4.16)

’ ±¨³ µ¡· §µ³, ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ-
¡µ° ¸Ê³³Ê £µ²µ³µ·Ë´µ£µ ¨  ´É¨£µ²µ³µ·Ë´µ£µ Î²¥´µ¢. ‘ÊÐ¥¸É¢¥´´µ, ÎÉµ ÔÉ¨
Î²¥´Ò µÉ¸ÊÉ¸É¢ÊÕÉ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ W0 = 0, µÉ¢¥Î ÕÐ¥³ ´Ê²¥¢µ³Ê Í¥´-
É· ²Ó´µ³Ê § ·Ö¤Ê. �Éµ ¸µ£² ¸Ê¥É¸Ö ¸ ÊÉ¢¥·¦¤¥´¨¥³, ÎÉµ ¢¸¥ £µ²µ³µ·Ë´Ò¥
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¢±² ¤Ò, ±·µ³¥ ¶·¨¢µ¤ÖÐ¨Ì ± ¶¥·¥´µ·³¨·µ¢±¥ ¨¸Ìµ¤´µ£µ ±² ¸¸¨Î¥¸±µ£µ ¤¥°-
¸É¢¨Ö, ¢µ§´¨± ÕÉ ¨¸±²ÕÎ¨É¥²Ó´µ §  ¸ÎeÉ ´¥´Ê²¥¢µ£µ ¨´¤ÊÍ¨·µ¢ ´´µ£µ Í¥´-
É· ²Ó´µ£µ § ·Ö¤ .

‚Ò· ¦¥´¨¥ (3.4.16) ¶µ§¢µ²Ö¥É § ±²ÕÎ¨ÉÓ, ÎÉµ ¶µ²´µ¥ £µ²µ³µ·Ë´µ¥ ÔË-
Ë¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ³ ¸¸¨¢´µ£µ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢µ ¢´¥Ï´¥³  ¡¥²¥¢µ³ ± -
²¨¡·µ¢µÎ´µ³ ¸Ê¶¥·¶µ²¥ ¨³¥¥É ¢¨¤

Γ[W ] =
∞∑

n=2

−i

n

∫
d4p

(2π)4(p2 − m2)n

∫
d4xd4θW̄n−2

0 Wn
1 . (3.4.17)

„µ¡ ¢²ÖÖ ± (3.4.17) ¨´É¥£· ² µÉ ¶µ²´µ° ¶·µ¨§¢µ¤´µ°

−i

∫
d4p

(2π)4(p2 − m2)n

∫
d4xd4θ

W1

W̄0

¨ ¸µ¢¥·Ï Ö ¥¢±²¨¤µ¢ ¶µ¢µ·µÉ, ³µ¦´µ ¶·¨¢¥¸É¨ (3.4.17) ± ¢¨¤Ê

Γ[W ] = − 1
(4π)2

∫
d4xd4θ

1
W̄ 2

0

∫
dp2p2ln

(
1 +

W1W̄0

p2 + m2

)
. (3.4.18)

�¥£Ê²Ö·¨§µ¢ ´´Ò° ¨³¶Ê²Ó¸´Ò° ¨´É¥£· ²

I =
∫ A

0

dp2p2ln
(

1 +
W1W̄0

p2 + m2

)
, (3.4.19)

£¤¥ A Å Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ µ¡·¥§ ´¨¥, ¤ É¸Ö ¢Ò· ¦¥´¨¥³

I =
1
2
A2ln

(
1 +

W1W̄0

A + m2

)
+

1
2
(W1W̄0 + m2)2ln

W1W̄0 + m2

µ
−

− 1
2
(W1W̄0 + m2)2ln

W1W̄0 + m2 + A

µ
+

W1W̄0

2
A +

+
m4

2

(
ln

A + m2

µ
− ln

m2

µ

)
, (3.4.20)

£¤¥ µ Å ¶·µ¨§¢µ²Ó´Ò° ¶ · ³¥É·. �·¥¤¶µ¸²¥¤´¥¥ ¨ ¶µ¸²¥¤´¥¥ ¸² £ ¥³Ò¥
¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶µ²´ÊÕ ¶·µ¨§¢µ¤´ÊÕ ¨ ±µ´¸É ´ÉÊ ¨ ´¥ ¤ ÕÉ ¢±² ¤  ¢
(3.4.18). ‚ ¶·¥¤¥²¥ A → ∞ ¶¥·¢µ¥ ¸² £ ¥³µ¥ ¢¥¤¥É ¸¥¡Ö ± ±

1
2
A2ln

(
1 +

W1W̄0

A + m2

)
=

1
2
W1W̄0 −

1
4
(W1W̄0)2 ⇒ −1

4
W̄ 2

0 W 2
1 . (3.4.21)

„ ²¥¥, ÊÎ¨ÉÒ¢ Ö, ÎÉµ m2 = W0W̄0 (¸³. (1.4.6)), ³µ¦´µ § ¶¨¸ ÉÓ

W1W̄0 + m2 = W̄0W, (3.4.22)
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£¤¥

W = W0 + W1. (3.4.23)

‚Ò· ¦¥´¨¥

−1
2
W 2

0 W 2ln
A2

µ2

¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ²µ£ ·¨Ë³¨Î¥¸±ÊÕ · ¸Ìµ¤¨³µ¸ÉÓ ¨ ¸µ±· Ð ¥É¸Ö ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³ ±µ´É·Î²¥´µ³. ‚ ¨Éµ£¥ ¶¥·¥´µ·³¨·µ¢ ´´µ¥ £µ²µ³µ·Ë´µ¥ ÔËË¥±É¨¢-
´µ¥ ¤¥°¸É¢¨¥ ¨³¥¥É ¢¨¤

Γ[W ] = − 1
64π2

∫
d4xd4θ

(
W 2ln

W 2

µ2
− W 2

)
, (3.4.24)

£¤¥ ÊÎÉ¥´µ, ÎÉµ ∫
d4xd4θW 2

1 =
∫

d4xd4θW 2. (3.4.25)

�¥´µ·³£·Ê¶¶µ¢Ò³ ¶·µ¨§¢µ²µ³ ¢ ¢Ò¡µ·¥ ÉµÎ±¨ ´µ·³¨·µ¢±¨ ³µ¦´µ ¢µ¸¶µ²Ó§µ-
¢ ÉÓ¸Ö, ÎÉµ¡Ò ¶·¨¢¥¸É¨ (3.4.24) ± µ±µ´Î É¥²Ó´µ³Ê ¢¨¤Ê

Γ[V ++] =
∫

d4xd4θF(W ) + ±.¸.,

F(W ) = − 1
64π2

W 2ln
W 2

M2
, (3.4.26)

£¤¥ M Å ÉµÎ±  ´µ·³¨·µ¢±¨.
‡ ³¥É¨³, ÎÉµ ¢ · ¡µÉ¥ [70] ÔÉµ ¦¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¡Ò²µ ¢ÒÎ¨-

¸²¥´µ ¢ · ³± Ì ¸Ê¶¥·¶µ²¥¢µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¸ ¡¥§³ ¸¸µ¢Ò³ £¨¶¥·³Ê²Ó-
É¨¶²¥Éµ³ ¶µ¸·¥¤¸É¢µ³ ÊÎeÉ  ´¥´Ê²¥¢µ£µ ¢ ±ÊÊ³´µ£µ ¸·¥¤´¥£µ ± ²¨¡·µ¢µÎ´µ£µ
¸Ê¶¥·¶µ²Ö ± ± ¤µ¶µ²´¨É¥²Ó´µ£µ ¢µ§³ÊÐ¥´¨Ö. ‚ É ±µ³ ¶µ¤Ìµ¤¥ µ¸É eÉ¸Ö § -
¢Ê ²¨·µ¢ ´´Ò³ ÉµÉ Ë ±É, ÎÉµ ¨¸É¨´´µ° ¸¨³³¥É·¨¥° É¥µ·¨¨ Ö¢²Ö¥É¸Ö N = 2
¸Ê¶¥·¸¨³³¥É·¨Ö ¸ Í¥´É· ²Ó´Ò³ § ·Ö¤µ³.

3.5. ƒµ²µ³µ·Ë´µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ N = 2, SU(2) ¸Ê¶¥·¸¨³³¥-
É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ . � ¸¸³µÉ·¨³ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÊÕ ´¥-
 ¡¥²¥¢Ê ± ²¨¡·µ¢µÎ´ÊÕ É¥µ·¨Õ ¸ £·Ê¶¶µ° SU(2). �Ê¸ÉÓ É·¥ÉÓÖ ±µ³¶µ´¥´É 
¸Ê¶¥·¶µ²Ö V ++ µ¡² ¤ ¥É ´¥´Ê²¥¢Ò³ ¢ ±ÊÊ³´Ò³ ¸·¥¤´¨³:

V++ ≡ V ++3 = V ++3
0 + V ++3

1 , 〈V++〉 = V ++3
0 . (3.5.1)

�Éµ µ§´ Î ¥É, ÎÉµ ± ²¨¡·µ¢µÎ´ Ö ¸¨³³¥É·¨Ö SU(2) ¸¶µ´É ´´µ ´ ·ÊÏ¥´  ¤µ
U(1) (µ ¸¶µ´É ´´µ³ ´ ·ÊÏ¥´¨¨ ¸¨³³¥É·¨¨ ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ
± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨ÖÌ ¸³. µ¡§µ· [40]). � °¤¥³ £µ²µ³µ·Ë´µ¥ ÔËË¥±É¨¢´µ¥
¤¥°¸É¢¨¥ ¢ ÔÉµ° É¥µ·¨¨.
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�¡Ð¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö µ¤´µ¶¥É²¥¢µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö N = 2 ± -
²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¤ ¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ (2.4.3). �·¥¦¤¥ ¢¸¥£µ, ¶µ± ¦¥³,
ÎÉµ

Γ(1)
1 = Tr ln

�
�(2,2) (3.5.2)

´¥ ¸µ¤¥·¦¨É £µ²µ³µ·Ë´ÒÌ ¢±² ¤µ¢. �· ¢ÊÕ Î ¸ÉÓ ¢Ò· ¦¥´¨Ö (3.5.2) ³µ¦´µ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Tr ln
�
�(2,2)= −µ2ε

∫ ∞

0

ds

s1−ε
Tr e−s

�
�(2,2) , (3.5.3)

£¤¥ ³Ò ¢¢¥²¨ ¶ · ³¥É·Ò ·¥£Ê²Ö·¨§ Í¨¨ µ ¨ ε, ε → 0 ¢ ±µ´Í¥ ¢ÒÎ¨¸²¥´¨°.
�¶¥· Í¨Ö Tr µ¶·¥¤¥²¥´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Tr e−s
�
�(2,2)=tr

∫
d4x1d4θ+

1 du1d4x2d4θ+
2 du2δ

(2,2)
A (1|2)e−s

�
�δ

(2,2)
A (2|1).(3.5.4)

�µ¤¸É ¢¨³ ¢ (3.5.4) Ö¢´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ´ ²¨É¨Î¥¸±¨Ì δ-ËÊ´±Í¨° (1.1.25):

Tr e−s
�
�(2,2) = tr

∫
d4x1d4θ+

1 du1d4x2d4θ+
2 du2 ×

× (D+
1 )4[δ12(z1 − z2)δ(−2,2)(u1, u2)] ×

× e−s
�
�(D+

2 )4[δ12(z2 − z1)δ(−2,2)(u2, u1)]. (3.5.5)

�·¥¤¸É ¢²ÖÖ ¶¥·¢ÊÕ  ´ ²¨É¨Î¥¸±ÊÕ δ-ËÊ´±Í¨Õ ¢ ¢¨¤¥ [90]

δ
(2,2)
A (1|2) = − 1

2�1
(D+

1 )4(D+
2 )4[δ12(z1 − z2)(D−−

2 )2δ(−2,2)(u1, u2)], (3.5.6)

³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ ¶µ²´ÊÕ £· ¸¸³ ´µ¢Ê ³¥·Ê ¢ (3.5.5), ÊÎ¨ÉÒ¢ Ö  ´ ²¨É¨-

Î¥¸±¨¥ ¸¢µ°¸É¢  µ¶¥· Éµ· 
�
�:

Tr e−s
�
�(2,2) = −1

2
tr

∫
d4x1d4θ+

1 du1d4x2d4θ+
2 du2

1
�1

[δ4(x1 − x2)] ×

× δ8(θ1 − θ2)e−s
�
�

(
(D+

2 )4[δ12(z1 − z2)]δ(−2,2)(u2, u1)
)
×

× (D−−
2 )2[δ(−2,2)(u1, u2)]. (3.5.7)

�·¨ ¢ÒÎ¨¸²¥´¨¨ £µ²µ³µ·Ë´ÒÌ ¢±² ¤µ¢ ´¥µ¡Ìµ¤¨³µ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö µ¶¥· -

Éµ· 
�
� (2.3.20) ¶µ²µ¦¨ÉÓ

W = W0 + W1 , W̄ = W̄0 + W̄1 , W̄1 = 0 . (3.5.8)
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‚ ·¥§Ê²ÓÉ É¥ µ¶¥· Éµ·
�
� ¶·¨´¨³ ¥É ¢¨¤

�
�= DµDµ + (D+αW )D−

α +
1
2
{W, W̄0}. (3.5.9)

„²Ö ¶µ²ÊÎ¥´¨Ö ´¥´Ê²¥¢µ£µ µÉ¢¥É  ¢ (3.5.7) ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¢ µ¡±² ¤± Ì
£· ¸¸³ ´µ¢ÒÌ δ-ËÊ´±Í¨° µ± § ²µ¸Ó ¶µ Î¥ÉÒ·¥ ¶·µ¨§¢µ¤´ÒÌ · §´µ° ±¨· ²Ó-

´µ¸É¨. �¤´ ±µ µ¶¥· Éµ·
�
� (3.5.9) ¸µ¤¥·¦¨É Éµ²Ó±µ ¶·µ¨§¢µ¤´Ò¥ µ¤´µ° ±¨-

· ²Ó´µ¸É¨. �µÔÉµ³Ê ¢Ò· ¦¥´¨¥ (3.5.7) ¶·¨ Ê¸²µ¢¨¨, ÎÉµ µ¶¥· Éµ·
�
� ¨³¥¥É

¢¨¤ (3.5.9), · ¢´µ ´Ê²Õ. �Éµ ¨ ¤µ± §Ò¢ ¥É µÉ¸ÊÉ¸É¢¨¥ £µ²µ³µ·Ë´ÒÌ ¢±² ¤µ¢
¢ ÔËË¥±É¨¢´µ³ ¤¥°¸É¢¨¨ (3.5.2). �´ ²µ£¨Î´Ò³ µ¡· §µ³ ³µ¦´µ ¤µ± § ÉÓ, ÎÉµ

Tr ln
�
�(4,0) É ±¦¥ ´¥ ¸µ¤¥·¦¨É £µ²µ³µ·Ë´ÒÌ ¢±² ¤µ¢. ‚ ·¥§Ê²ÓÉ É¥ £µ²µ³µ·Ë-

´µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ 
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Γ(1) = − i

2
Tr ln (D++)2. (3.5.10)

�ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ Γ(1)[V ++] § ¶¨Ï¥³ ¢ ¢¨¤¥

Γ(1)[V ++] = −Γφ[V ++], (3.5.11)

£¤¥ Γφ[V ++] Å ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢¥Ð¥¸É¢¥´´µ£µ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢
¶·¨¸µ¥¤¨´¥´´µ³ ¶·¥¤¸É ¢²¥´¨¨

exp (iΓφ[V ++]) =
∫

Dφ exp
{
− i

2
tr

∫
d4xd4θ+duD++φD++φ

}
. (3.5.12)

‚ ¸²ÊÎ ¥ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò SU(2)

φ = φaτa, D++φ = D++φ + i[V ++, φ],

τa =
1√
2
σa, [τa, τb] = i

√
2εabcτc, tr (τaτb) = δab. (3.5.13)

�·¨ ¸¶µ´É ´´µ³ ´ ·ÊÏ¥´¨¨ SU(2) ¤µ U(1) ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¥¸ÉÓ ËÊ´±-
Í¨µ´ ² Éµ²Ó±µ  ¡¥²¥¢  ¸Ê¶¥·¶µ²Ö V++ (3.5.1). �  É ±µ³ Ëµ´¥

D++φ1 = D++φ1 +
√

2V++φ2, D++φ2 = D++φ2 −
√

2V++φ1,

D++φ3 = D++φ3. (3.5.14)

�·¨ ËÊ´±Í¨µ´ ²Ó´µ³ ¨´É¥£·¨·µ¢ ´¨¨ ¢ (3.5.12) ¸Ê¶¥·¶µ²¥ φ3 ¶µ²´µ¸ÉÓÕ
µÉÐ¥¶²Ö¥É¸Ö. ‘Ê¶¥·¶µ²Ö φ1 ¨ φ2 ³µ¦´µ µ¡Ñ¥¤¨´¨ÉÓ ¢ µ¤¨´ ±µ³¶²¥±¸´Ò°
ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É ω = φ1 − iφ2:

D++ω = D++ω + i
√

2V++ω, (3.5.15)
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£¤¥ U(1)-§ ·Ö¤ ¸Ê¶¥·¶µ²Ö ω · ¢¥´
√

2. ‚ ¶. 3.1. ¡Ò²µ ¶µ± § ´µ, ÎÉµ ÔËË¥±É¨¢-
´Ò¥ ¤¥°¸É¢¨Ö § ·Ö¦¥´´µ£µ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ § ·Ö¦¥´´µ£µ q-£¨¶¥·³Ê²ÓÉ¨-
¶²¥É  ¢µ ¢´¥Ï´¥³ U(1) ± ²¨¡·µ¢µÎ´µ³ ¸Ê¶¥·¶µ²¥ V++ ¸¢Ö§ ´Ò ¸µÉ´µÏ¥´¨¥³
Γω[V++] = 2Γq[V++]. �ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ Γq[V++] µ¶·¥¤¥²Ö¥É¸Ö · ¢¥´-
¸É¢µ³ (3.4.26), £¤¥ U(1)-§ ·Ö¤ q-£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¶µ²µ¦¥´ · ¢´Ò³ 1. ‚
¸²ÊÎ ¥ U(1)-§ ·Ö¤  e

F(W) = − e2

64π2
W2ln

W2

M2
. (3.5.16)

�É¨ ¸µµ¡· ¦¥´¨Ö ¶·¨¢µ¤ÖÉ ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö £µ²µ³µ·Ë´µ£µ ÔË-
Ë¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö N = 2, SU(2) ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨:

Γ(1)
SU(2) =

1
16π2

∫
d4xd4θW2ln

W2

M2
. (3.5.17)

�´µ ¸µ¢¶ ¤ ¥É ¸ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³, ´ °¤¥´´Ò³ ‡ °¡¥·£µ³ [37] ¶ÊÉe³
¨´É¥£·¨·µ¢ ´¨Ö U(1)R- ´µ³ ²¨¨.

‡ ³¥É¨³, ÎÉµ Éµ ¦¥ ¢Ò· ¦¥´¨¥ ¤²Ö µ¤´µ¶¥É²¥¢µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°-
¸É¢¨Ö N = 2, SU(2) É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ±Ê²µ´µ¢¸±µ° Ë §¥ ¡Ò²µ ¶µ²Ê-
Î¥´µ ¢ · ¡µÉ¥ [74] ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö Ëµ·³ ²¨§³  Ëµ´µ¢µ£µ ¶µ²Ö, ´  µ¸´µ¢¥
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°,  ´ ²µ£¨Î´µ° Éµ°, ±µÉµ· Ö ¡Ò²  ¶·¨³¥´¥´  ¢ ¶. 3.3. ƒµ-
²µ³µ·Ë´Ò° ¢±² ¤ ¢µ§´¨± ¥É §  ¸ÎeÉ ÊÎ¥É  ¢µ ¢´ÊÉ·¥´´¨Ì ²¨´¨ÖÌ § ·Ö¦¥´´ÒÌ
´¥¤¨ £µ´ ²Ó´ÒÌ ±µ³¶µ´¥´É ± ²¨¡·µ¢µÎ´µ£µ ¸Ê¶¥·¶µ²Ö, ±µÉµ·Ò¥ ¶·¨ ´¥´Ê²¥-
¢µ³ Í¥´É· ²Ó´µ³ § ·Ö¤¥ ¶·¨µ¡·¥É ÕÉ ³ ¸¸Ê ¶µ Éµ³Ê ¦¥ ³¥Ì ´¨§³Ê, ± ± ¨
§ ·Ö¦¥´´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ. ‚ÒÎ¨¸²¥´¨¥ ¡Ò²µ µ¡µ¡Ð¥´µ ´  ¸²ÊÎ ° ¶·µ-
¨§¢µ²Ó´µ° ¶µ²Ê¶·µ¸Éµ° ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò (¸³. É ±¦¥ [75,105]) ¨ ¡Ò²µ
Ö¢´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ¢ N = 4 É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ÔÉµÉ ¢±² ¤ ÉµÎ´µ
¸µ±· Ð ¥É  ´ ²µ£¨Î´ÊÕ ¶µ¶· ¢±Ê, ¢µ§´¨± ÕÐÊÕ §  ¸ÎeÉ § ·Ö¦¥´´ÒÌ £¨¶¥·-
³Ê²ÓÉ¨¶²¥Éµ¢, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÊÉ¢¥·¦¤¥´¨¥³ µ¡ µÉ¸ÊÉ¸É¢¨¨ ´¥É·¨¢¨ ²Ó´µ£µ
£µ²µ³µ·Ë´µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ ÔÉµ° É¥µ·¨¨ (¸³. · §¤. 4).

4. �ˆ‡Š���…�ƒ…’ˆ—…‘Š�… �””…Š’ˆ‚��… „…‰‘’‚ˆ…
‚ N = 4 ‘“�…�‘ˆŒŒ…’�ˆ—��‰ ’…��ˆˆ Ÿ�ƒ�ÄŒˆ‹‹‘�

4.1. ‘É·Ê±ÉÊ·  ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö. N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥µ-
·¨Ö Ÿ´£ ÄŒ¨²²¸  ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥ ¶µ²ÊÎ ¥É¸Ö ¤µ¡ ¢²¥-
´¨¥³ ± ¤¥°¸É¢¨Õ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¤¥°¸É¢¨Ö
¢¥Ð¥¸É¢¥´´µ£µ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ¶·¨¸µ¥¤¨´¥´´µ³ ¶·¥¤¸É ¢²¥´¨¨ ± ²¨-
¡·µ¢µÎ´µ° £·Ê¶¶Ò. �±¢¨¢ ²¥´É´µ¸ÉÓ q- ¨ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥Éµ¢ ¶µ§¢µ²Ö¥É
¶·¥¤¸É ¢¨ÉÓ ¤¥°¸É¢¨¥ N = 4 É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ¢¨¤¥

S[V ++, q+, q̃+] = − 1
2g2

tr
∫

d4xd4θW 2 − 1
2g2

tr
∫

dζ−4duq+iDq+
i , (4.1.1)
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£¤¥

q+
i = (q+, q̃+), q+i = εijq+

j = (q̃+,−q+). (4.1.2)

�·¥µ¡· §µ¢ ´¨Ö ¤µ¶µ²´¨É¥²Ó´µ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¨³¥ÕÉ ¢¨¤

δV ++ = (εαiθ+
α + ε̄i

α̇θ̄+α̇)q+
i ,

δq+i = −1
4
{(D+)2[(εiθ−)Wλ] + (D̄+)2[(ε̄iθ̄−)W̄λ]} . (4.1.3)

�¤´µ¶¥É²¥¢µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ É¥µ·¨¨ ¸ ¤¥°¸É¢¨¥³ (4.1.2) ¸µ-
£² ¸´µ (2.4.3) ¨ (3.3.3) ¨³¥¥É ¢¨¤

Γ(1)[V ++] = − i

2
Tr ln(D)2 + i

[
1
2
Tr ln

�
�(2,2) −

1
2
Tr ln

�
�(4,0)

]
+

i

2
Tr ln (D)2 =

= i

[
1
2
Tr ln

�
�(2,2) −

1
2
Tr ln

�
�(4,0)

]
. (4.1.4)

Š ± ¡Ò²µ ¶µ± § ´µ ¢ · §¤. 3, ¢Ò· ¦¥´¨¥ Tr ln
�
� ´¥ ¸µ¤¥·¦¨É £µ²µ³µ·Ë´ÒÌ

¢±² ¤µ¢, ¶µÔÉµ³Ê ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ Ö¢²Ö¥É¸Ö ´¥£µ-
²µ³µ·Ë´µ° ËÊ´±Í¨¥° ´ ¶·Ö¦¥´´µ¸É¨ W . ‘µ£² ¸´µ [62, 63] ´¥£µ²µ³µ·Ë´Ò°
¢±² ¤ Éµ²Ó±µ µ¤´µ¶¥É²¥¢µ° ¨ ´¥ ¸µ¤¥·¦¨É ¨´¸É ´Éµ´´ÒÌ ¢±² ¤µ¢. �µÔÉµ³Ê ´¥-
£µ²µ³µ·Ë´µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¶µ²´µ¸ÉÓÕ ¸µ¤¥·¦¨É¸Ö ¢ (4.1.4). �·Ö³µ¥

¨¸¸²¥¤µ¢ ´¨¥ ¢Ò· ¦¥´¨Ö Tr ln
�
� § É·Ê¤´¥´µ ¨§-§  ´ ²¨Î¨Ö ¢ ´¥³ £ ·³µ´¨Î¥-

¸±¨Ì ¸¨´£Ê²Ö·´µ¸É¥° ¢¨¤  δ(u1, u2). �¤´ ±µ, ± ± ¡Ê¤¥É ¶µ± § ´µ ¢ ¸²¥¤ÊÕÐ¥³

· §¤¥²¥, · §´µ¸ÉÓ Tr ln
�
�(2,2) −Tr ln

�
�(4,0) ´¥¸¨´£Ê²Ö·´ .

4.2. “¸É· ´¥´¨¥ £ ·³µ´¨Î¥¸±¨Ì ¸¨´£Ê²Ö·´µ¸É¥°. ˆÉ ±, µ¤´µ¶¥É²¥¢µ¥ ÔË-
Ë¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ N = 4 É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨³¥¥É ¢¨¤

Γ(1)[V ++] =
i

2
Tr ln

�
�(2,2) −

i

2
Tr ln

�
�(4,0), (4.2.1)

£¤¥ µ¶¥· Éµ·
�
� µ¶·¥¤¥²e´ · ¢¥´¸É¢µ³ (2.3.20).

�·¥¤¸É ¢¨³ ¤¥É¥·³¨´ ´ÉÒ µ¶¥· Éµ·µ¢
�
� ¢ ¢¨¤¥ ËÊ´±Í¨µ´ ²Ó´ÒÌ ¨´É¥-

£· ²µ¢ ¶µ ¡µ§µ´´Ò³ ¸Ê¶¥·¶µ²Ö³ ¡¥§ ¸¢Ö§¥° v++, u++ ¨ ρ(+4), σ:(
Det

�
�(2,2)

)−1

=
∫

Dv++Du++ exp
{
−i tr

∫
dζ(−4)du v++ �

� λ u++

}
,(

Det
�
�(4,0)

)−1

=
∫

Dρ(+4)Dσ exp
{
−i tr

∫
dζ(−4)du ρ(+4) �

� λ σ

}
.

(4.2.2)
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ˆ´¤¥±¸ λ Ê µ¶¥· Éµ·µ¢
�
� ¢ ¶· ¢ÒÌ Î ¸ÉÖÌ · ¢¥´¸É¢ (4.2.2) µ§´ Î ¥É, ÎÉµ

¢ ¢Ò· ¦¥´¨¨ ¤²Ö
�
� ¢¸¥ ±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¨ ¸Ê¶¥·¶µ²Ö § ¤ ´Ò ¢

λ-¶·¥¤¸É ¢²¥´¨¨. � Ï  Í¥²Ó Å ´ °É¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°-
¸É¢¨¥. ‚Ò¡¥·¥³ Ëµ´µ¢µ¥ ¶µ²¥, Ê¤µ¢²¥É¢µ·ÖÕÐee Ê¸²µ¢¨Õ

Dα(iDj)
α W = 0. (4.2.3)

�·¨ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ µ¶¥· Éµ·Ò D++ ¨
�
� ±µ³³ÊÉ¨·ÊÕÉ, ¶µ¸±µ²Ó±Ê

[D++,
�
�]Φ(q) =

i

4
(1 − q)(D+αD+

α W )Φ(q) (4.2.4)

¤²Ö ²Õ¡µ£µ  ´ ²¨É¨Î¥¸±µ£µ ¸Ê¶¥·¶µ²Ö Φ(q) ¸ U(1)-§ ·Ö¤µ³ q. ‚Ò¶µ²´¨³ ¢
(4.2.2) ¸²¥¤ÊÕÐÊÕ ´¥¢Ò·µ¦¤¥´´ÊÕ § ³¥´Ê ¶¥·¥³¥´´ÒÌ:

v++ = F++ + D++σ,

u++ = G++ + D++

∫
dζ̃(−4) G(0,0)(ζ, ζ̃)ρ(+4)(ζ̃), (4.2.5)

£¤¥ v++, u++ ¨ σ, ρ(+4) Ö¢²ÖÕÉ¸Ö µ¡Ð¨³¨  ´ ²¨É¨Î¥¸±¨³¨ ¢¥Ð¥¸É¢¥´´Ò³¨
¸Ê¶¥·¶µ²Ö³¨, Éµ£¤  ± ± F++ ¨ G++ Å  ´ ²¨É¨Î¥¸±¨¥ ¢¥Ð¥¸É¢¥´´Ò¥ ¸Ê¶¥·-
¶µ²Ö, ¶µ¤Î¨´¥´´Ò¥ ¸¢Ö§Ö³

D++F++ = 0, D++G++ = 0. (4.2.6)

G(0,0)(ζ1, ζ2) Å ËÊ´±Í¨Ö ƒ·¨´  ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É , ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸
N = 2 ± ²¨¡·µ¢µÎ´Ò³ ¸Ê¶¥·¶µ²¥³. �´  Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

(D++
1 )2G(0,0)(1, 2) = δ

(4,0)
A (1, 2) (4.2.7)

¨ ¢ τ -¡ §¨¸¥ ¨³¥¥É ¢¨¤

G(0,0)
τ (1, 2) =

1
�
�1

−→
(D+

1 )4
{

δ12(z1 − z2)
(u−

1 u−
2 )

(u+
1 u+

2 )3

} ←−
(D+

2 )4. (4.2.8)

—Éµ¡Ò ´ °É¨ Ö±µ¡¨ ´ J ¶·¥µ¡· §µ¢ ´¨Ö (4.2.5), ¢Ò¶µ²´¨³ ¶µ¸²¥¤´¥¥ ¢
¶· ¢µ° Î ¸É¨ Éµ¦¤¥¸É¢ 

1 =
∫

Dv++Du++ exp
{
−i tr

∫
dζ(−4)du v++ u++

}
. (4.2.9)

ˆ³¥¥³

1 = J

∫
Dρ(+4)Dσ exp

{
−i tr

∫
dζ(−4)du ρ(+4) σ

}
×

×
∫

DF++DG++ exp
{
−i tr

∫
dζ(−4)duF++ G++

}
=

= J

∫
DF++DG++ exp

{
−i tr

∫
dζ(−4)duF++ G++

}
, (4.2.10)
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µÉ±Ê¤ 

J =
(∫

DF++DG++ exp
{
−i tr

∫
dζ(−4)duF++ G++

})−1

. (4.2.11)

„¥² Ö É¥¶¥·Ó § ³¥´Ê ¶¥·¥³¥´´ÒÌ (4.2.5) ¢ (4.2.2), ¶µ²ÊÎ¨³(
Det(2,2)

�
�λ

)−1

=J

∫
Dρ(+4)Dσ exp

{
−i tr

∫
dζ(−4)du ρ(+4)�

�λ σ

}
×

×
∫

DF++DG++ exp
{
−i tr

∫
dζ(−4)duF++�

�λ G++

}
. (4.2.12)

’µ£¤ 

exp {2i Γ(1)
N=4} =

[Det
�
�(2,2)]−1

[Det
�
�(4,0)]−1

=

= J

∫
DF++DG++ exp

{
−i tr

∫
dζ(−4)duF++ �

�(4,0) G++

}
=

=

∫
DF++DG++ exp

{
−i tr

∫
dζ(−4)duF++�

�λ G++
}

∫
DF++DG++ exp

{
−i tr

∫
dζ(−4)duF++ G++

} . (4.2.13)

�µ²ÊÎ¥´´µ¥ ¢Ò· ¦¥´¨¥ ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¤·Ê£µ³ ¢¨¤¥:

exp {i Γ(1)
N=4} =

∫
DF++ exp

{
−i/2 tr

∫
dζ(−4)duF++�

�λ F++
}

∫
DF++ exp

{
−i/2 tr

∫
dζ(−4)duF++ F++

} . (4.2.14)

�¡  ËÊ´±Í¨µ´ ²Ó´ÒÌ ¨´É¥£· ²  ¢ (4.2.14) ¡¥·ÊÉ¸Ö ¶µ ¸Ê¶¥·¶µ²Õ F++, ¶µ¤Î¨-
´¥´´µ³Ê ´¥É·¨¢¨ ²Ó´µ § ¢¨¸ÖÐ¥° µÉ V ++ ¸¢Ö§¨ (4.2.6). �¥·¥°¤¥³ ¢ (4.2.14)
± τ -¡ §¨¸Ê:

exp {i Γ(1)
N=4} =

∫
DF++

τ exp
{
−i/2 tr

∫
dζ(−4)duF++

τ

�
�τ F++

τ

}
∫
DF++

τ exp
{
−i/2 tr

∫
dζ(−4)duF++

τ F++
τ

} . (4.2.15)

‘Ê¶¥·¶µ²¥ F++
τ ¶µ¤Î¨´¥´µ ¸¢Ö§¨

D++F++
τ = 0, (4.2.16)

¶µ¸±µ²Ó±Ê ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö D++ ¢ τ -¡ §¨¸¥ ¸µ¢¶ ¤ ¥É ¸ µ¡ÒÎ´µ°.
‘¢Ö§Ó (4.2.16) ÉµÎ´µ ·¥Ï ¥É¸Ö:

F++
τ (z, u) = F iju+

i u+
j , F̄ ij = Fij . (4.2.17)



1276 �“•�ˆ�„…� ….ˆ. ˆ „�.

ˆ§ Ê¸²µ¢¨Ö  ´ ²¨É¨Î´µ¸É¨ ¸²¥¤Ê¥É (¸³. ¶. 1.1.):

D(i
αF jk) = D̄(i

α̇F jk) = 0 . (4.2.18)

�µ¸±µ²Ó±Ê ¢ ¢Ò¡· ´´µ³ ´ ³¨ Ëµ´¥ (4.2.3) µ¶¥· Éµ·
�
� ±µ³³ÊÉ¨·Ê¥É ¸ D++,

µ´ ¶¥·¥¢µ¤¨É ¶·µ¸É· ´¸É¢µ É ±¨Ì ¸Ê¶¥·¶µ²¥° ¸ ³µ ¢ ¸¥¡Ö:

�
� F ij =

(
DaDa +

1
2
{W, W̄}

)
F ij +

+
i

3
Dα(iWDαkF j)k +

i

3
D̄(i

α̇ W̄ D̄α̇
kF j)k. (4.2.19)

„ ²¥¥ ¡Ê¤¥É Ê¤µ¡´µ ¶¥·¥°É¨ ± N = 1 ¸Ê¶¥·¶µ²¥¢µ³Ê Ëµ·³ ²¨§³Ê.
4.3. �¥·¥Ìµ¤ ± N = 1 ¸Ê¶¥·¶µ²Ö³. ‚¢¥¤¥³ £· ¸¸³ ´µ¢Ò ±µµ·¤¨´ ÉÒ N =

1 ¸Ê¶¥·¶·µ¸É· ´¸É¢  (θα, θ̄α̇) ± ± Î ¸ÉÓ ±µµ·¤¨´ É (θα
i , θ̄j

α̇), ¶ · ³¥É·¨§ÊÕÐ¨Ì
¥£µ N = 2 · ¸Ï¨·¥´¨¥

θα = θα
1 , θ̄α̇ = θ̄1

α̇, (4.3.1)

¨ µ¶·¥¤¥²¨³ N = 1 ¶·µ¥±Í¨¨ N = 2 ¸Ê¶¥·¶µ²¥° ¶µ ¶· ¢¨²Ê

U | = U(xm, θα
i , θ̄j

α̇)|θ2=θ̄2=0. (4.3.2)

N = 1 ± ²¨¡·µ¢µÎ´Ò¥ ±µ¢ ·¨ ´É´Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¨³¥ÕÉ ¢¨¤

Dα = D1
α| = D1

α + i A1
α|, D̄α̇ = D̄α̇

1 | = D̄α̇
1 + i Āα̇

1 |. (4.3.3)

Šµ¢ ·¨ ´É´µ-±¨· ²Ó´ Ö N = 2 ´ ¶·Ö¦¥´´µ¸ÉÓ W ¶µ·µ¦¤ ¥É ¤¢  ±µ¢ ·¨ É´µ-
±¨· ²Ó´ÒÌ N = 1 ¸Ê¶¥·¶µ²Ö

Φ = W | , D̄α̇Φ = 0,

2i Wα = D2
αW |, D̄α̇Wα = 0, (4.3.4)

¶·¨Îe³ Wα Ê¤µ¢²¥É¢µ·Ö¥É Éµ¦¤¥¸É¢Ê �¨ ´±¨

DαWα = D̄α̇W̄ α̇. (4.3.5)

�²£¥¡·  N = 1 ¶·µ¨§¢µ¤´ÒÌ ¨³¥¥É ¢¨¤

{Dα, D̄α̇} = −2i Dαα̇ , {Dα,Dβ} = {D̄α̇, D̄β̇} = 0,

[Dαα̇,Dβ ] = −2i εαβW̄α̇, [Dαα̇, D̄β̇ ] = −2i εα̇β̇Wα. (4.3.6)

�¶·¥¤¥²¨³ N = 1 ¶·µ¥±Í¨¨ ¸Ê¶¥·¶µ²Ö F ij :

Ψ = F22|, Ψ̄ = F11|, F = F̄ = −2iF12|. (4.3.7)
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’µÉ Ë ±É, ÎÉµ F ij ¶µ¤Î¨´¥´ ¸¢Ö§Ö³ (4.3.7), µ§´ Î ¥É, ÎÉµ Ψ, Ψ̄,F Ê¤µ¢²¥É¢µ-
·ÖÕÉ ¸²¥¤ÊÕÐ¨³ Ê¸²µ¢¨Ö³:

D̄α̇Ψ = 0, −1
4
D̄2F + [Φ, Ψ] = 0. (4.3.8)

’ ±¨³ µ¡· §µ³, Ψ Å ±µ¢ ·¨ ´É´µ-±¨· ²Ó´µ¥ ¸Ê¶¥·¶µ²¥,   F ¶µ¤Î¨´¥´µ ³µ-
¤¨Ë¨Í¨·µ¢ ´´µ³Ê Ê¸²µ¢¨Õ ²¨´¥°´µ¸É¨.

�¥·¥Ìµ¤ ¢ (4.2.15) ± N = 1 ¸Ê¶¥·¶µ²Ö³ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ ¸²¥¤ÊÕÐ¥°
¸Ì¥³¥. �Ê¸ÉÓ L(+4)(ζ) Å ± ²¨¡·µ¢µÎ´µ-±µ¢ ·¨ ´É´µ¥ ¢¥Ð¥¸É¢¥´´µ¥  ´ ²¨É¨-
Î¥¸±µ¥ ¸Ê¶¥·¶µ²¥, Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥ ¸¢Ö§¨

D++L(+4) = 0 (4.3.9)

(Ê¸²µ¢¨Õ  ´ ²¨É¨Î´µ¸É¨ ¶µ £ ·³µ´¨± ³). ’ ± Ö ¸¢Ö§Ó ÉµÎ´µ ·¥Ï ¥É¸Ö:

L(+4)(ζ) = Lijkl(z)u+
i u+

j u+
k u+

l . (4.3.10)

ƒ· ¸¸³ ´µ¢  £ ·³µ´¨Î¥¸± Ö  ´ ²¨É¨Î´µ¸ÉÓ ¸Ê¶¥·¶µ²Ö L(+4)(ζ) Éµ£¤  Ô±¢¨¢ -
²¥´É´  ¸²¥¤ÊÕÐ¨³ ¸¢Ö§Ö³ ¤²Ö µ¡ÒÎ´ÒÌ N = 2 ¸Ê¶¥·¶µ²¥° Lijkl:

D(i1
α Li2···i5) = D̄

(i1
α̇ Li2···i5) = 0. (4.3.11)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ∫
dζ(−4)duL(+4) = 6

∫
d8zL1122|, d8z = d4xd2θd2θ̄. (4.3.12)

‚ ± Î¥¸É¢¥ L(+4) ¢Ò¡¥·¥³

L(+4) = tr (F++F++) = tr (F++
τ F++

τ ). (4.3.13)

’µ£¤  ¶µ²ÊÎ¨³

tr
∫

dζ(−4)duF++
τ F++

τ = tr
∫

d8z
(
2F11| F22| + 4F12| F12|

)
. (4.3.14)

�´ ²µ£¨Î´µ

tr
∫

dζ(−4)duF++
τ

�
�τ F++

τ = tr
∫

d8z
(
2F11|(�

� F22)| + 4F12|(�
� F12)|

)
.

(4.3.15)

‘²¥¤ÊÖ [68], ¸· ¢´¨³ ·¥§Ê²ÓÉ É ¤²Ö µ¤´µ¶¥É²¥¢µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¢ N = 2 ¸Ê¶¥·¶·µ¸É· ´-
¸É¢¥ ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ · ³± Ì ³¥Éµ¤  Ëµ´µ¢µ£µ ¶µ²Ö ¢ N = 1
¸Ê¶¥·¶·µ¸É· ´¸É¢¥ [19]. „²Ö ÔÉµ£µ ¶µ²µ¦¨³

Φ = 0 . (4.3.16)
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‚Ò· ¦¥´¨¥ (4.2.19) ¶·¨´¨³ ¥É ¢¨¤(
�
�F ij

)
| =

∼
�F ij |, ∼

� = DaDa − WαDα + W̄α̇D̄α̇. (4.3.17)

Š ± ¢¨¤´µ, µ¶¥· Éµ·
∼
� ´¥ ¶¥·¥³¥Ï¨¢ ¥É ±µ³¶µ´¥´ÉÒ F ij |. �¶¥· Éµ·

∼
� Ö¢²Ö-

¥É¸Ö ¢ ÉµÎ´µ¸É¨ É¥³ µ¶¥· Éµ·µ³, ±µÉµ·Ò° ¢Ìµ¤¨É ¢ ±¢ ¤· É¨Î´ÊÕ ¶µ ±¢ ´Éµ-
¢µ³Ê ± ²¨¡·µ¢µÎ´µ³Ê ¸Ê¶¥·¶µ²Õ Î ¸ÉÓ ¤¥°¸É¢¨Ö ¢ N = 1 ³¥Éµ¤¥ Ëµ´µ¢µ£µ
¶µ²Ö [19]. �ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

exp {i Γ(1)
N=4} =

∫
DΨ̄DΨDF exp

{
i tr

∫
d8z

(
−Ψ̄

∼
�Ψ + 1

2F
∼
�F

)}
∫
DΨ̄DΨDF exp

{
i tr

∫
d8z

(
−Ψ̄Ψ + 1

2F 2
)} . (4.3.18)

ˆ§ (4.3.8) ¶·¨ Φ = 0 ¸²¥¤Ê¥É, ÎÉµ F Å ±µ¢ ·¨ ´É´µ-²¨´¥°´µ¥ ¸Ê¶¥·¶µ²¥.
‚ · ³± Ì N = 1 ³¥Éµ¤  Ëµ´µ¢µ£µ ¶µ²Ö [19]:

exp {i Γ(1)
N=4} =

∫
DU exp

{
i

2
tr

∫
d8z U

∼
�U

}
, (4.3.19)

£¤¥ U Ö¢²Ö¥É¸Ö µ¡Ð¨³ N = 1 ¸Ê¶¥·¶µ²¥³. �·¥¤¸É ¢¨³ ¥£µ ¢ ¢¨¤¥ ¸Ê³³Ò
±¨· ²Ó´µ£µ,  ´É¨±¨· ²Ó´µ£µ ¨ ²¨´¥°´µ£µ ¸Ê¶¥·¶µ²¥°:

U = Ψ + Ψ̄ + F, D̄α̇Ψ = 0, D̄2F = 0. (4.3.20)

Ÿ±µ¡¨ ´ J É ±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸µµÉ´µÏ¥´¨Ö

1 =
∫

DU exp
{

i

2
tr

∫
d8z U2

}
=

= J

∫
DΨ̄DΨDF exp

{
i tr

∫
d8z

(
Ψ̄Ψ +

1
2
F 2

)}
. (4.3.21)

…¸²¨ ¢Ò¶µ²´¨ÉÓ § ³¥´Ê ¶¥·¥³¥´´ÒÌ (4.3.20) ¢ (4.3.19) ¨ ÊÎ¥¸ÉÓ Ö±µ¡¨ ´, Éµ
³Ò ¶µ²ÊÎ¨³ ¢ ÉµÎ´µ¸É¨ (4.3.18).

„µ ÔÉµ£µ ³µ³¥´É  N = 2 ¸Ê¶¥·¶µ²¥¢ Ö ´ ¶·Ö¦¥´´µ¸ÉÓ ¡Ò²  ¶µ¤Î¨´¥´ 
¸¢Ö§¨ (4.2.3). ’¥¶¥·Ó ¶µÉ·¥¡Ê¥³, ÎÉµ¡Ò W ²¥¦ ²  ¢ ¶µ¤ ²£¥¡·¥ Š ·É ´ :

[W, W̄ ] = 0. (4.3.22)

‡ ³¥É¨³, ÎÉµ ´¥£µ²µ³µ·Ë´µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥∫
d4xd8θH(W, W̄ )

Ìµ·µÏµ µ¶·¥¤¥²¥´µ, ¥¸²¨ W ²¥¦¨É ¢ ¶µ¤ ²£¥¡·¥ Š ·É ´ . ‚ ¶·µÉ¨¢´µ³ ¸²Ê-
Î ¥, Éµ¦¤¥¸É¢µ

{Di
α,Dj

β}W = 2iεαβεij [W̄ , W ] (4.3.23)

µ§´ Î ¥É, ÎÉµ Î²¥´Ò ¸ ¶·µ¨§¢µ¤´Ò³¨ ³µ£ÊÉ ¤ ¢ ÉÓ ¢±² ¤ ¢ H(W, W̄ ).
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„µ¶µ²´¨É¥²Ó´µ ¶µÉ·¥¡Ê¥³

DαΦ = 0, DαWβ = 0. (4.3.24)

’ ±µ° ¢Ò¡µ· ¤µ¸É ÉµÎ¥´ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö H(W, W̄ ) ¢ ¸¨²Ê · ¢¥´¸É¢ ∫
d4xd8θH(W, W̄ ) =

∫
d8z WαWαW̄α̇W̄ α̇ ∂4H(Φ, Φ̄)

∂Φ2∂Φ̄2
+ ¶·µ¨§¢µ¤´Ò¥.

(4.3.25)

„²Ö ´ Ìµ¦¤¥´¨Ö H(W, W̄ ) ¤µ¸É ÉµÎ´µ ´ °É¨ ¶¥·¢Ò° Î²¥´ ¢ ¶· ¢µ° Î ¸É¨
(4.3.25). �¸É ²Ó´Ò¥ Î²¥´Ò ¢µ¸¸É ´ ¢²¨¢ ÕÉ¸Ö ¶µ ¸Ê¶¥·¸¨³³¥É·¨¨. ‚ ¢Ò¡· ´-
´µ³ Ëµ´¥

(
�
� F ij)| = ∆(F ij |), (4.3.26)

£¤¥

∆ = DmDm − WαDa + W̄αD̄α +
1
2
{Φ, Φ̄}. (4.3.27)

‘ ÊÎ¥Éµ³ (4.3.14), (4.3.15), ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¸¢¥¤¥É¸Ö ±
¸²¥¤ÊÕÐ¥³Ê ËÊ´±Í¨µ´ ²Ó´µ³Ê ¨´É¥£· ²Ê ¶µ N = 1 ¸Ê¶¥·¶µ²Ö³:

exp {i Γ(1)
N=4} =

∫
DΨ̄DΨDF exp

{
i tr

∫
d8z

(
−Ψ̄∆Ψ + 1

2F∆F
)}∫

DΨ̄DΨDF exp
{
i tr

∫
d8z

(
−Ψ̄Ψ + 1

2F 2
)} . (4.3.28)

‚Ò· ¦¥´¨¥ (4.3.28) ¢Ò¢¥¤¥´µ ¨§ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö
(4.2.15), ±µÉµ·µ¥ Ö¢´µ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ ¨ ¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ
SU(2)R- ¢Éµ³µ·Ë¨§³µ¢ N = 2 ¸Ê¶¥· ²£¥¡·Ò. ŒÒ ¢¶· ¢¥ ¨¸¶µ²Ó§µ¢ ÉÓ ²Õ-
¡ÊÕ É¥Ì´¨±Ê ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¶¥Í¨ ²Ó´ÒÌ ¢±² ¤µ¢ ¢ Γ(1), ¢ Î ¸É´µ¸É¨, ·¥-
¤ÊÍ¨·µ¢ ÉÓ Γ(1) ± N = 1 ¸Ê¶¥·¶µ²Ö³. ‚ ÔÉµ³ ¸µ¸Éµ¨É µÉ²¨Î¨¥ µÉ ¸²ÊÎ Ö,
±µ£¤  N = 2 ¨²¨ N = 4 É¥µ·¨¨ Ëµ·³Ê²¨·ÊÕÉ¸Ö ¸ ¸ ³µ£µ ´ Î ²  ¢ N = 1
¸Ê¶¥·¶µ²ÖÌ. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ Éµ²Ó±µ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Ö ·¥ ²¨§µ¢ ´ 
¢´¥ ³ ¸¸µ¢µ° µ¡µ²µÎ±¨.

‘²¥¤ÊÕÐ¨° Ï £ ¸µ¸Éµ¨É ¢ ¢ÒÎ¨¸²¥´¨¨ ¶· ¢µ° Î ¸É¨ (4.3.28) ¢ ´¨§±µ-
Ô´¥·£¥É¨Î¥¸±µ³ ¶·¥¤¥²¥ ¢ ¸²ÊÎ ¥ SU(n) ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò, ¸¶µ´É ´´µ
´ ·ÊÏ¥´´µ° ¤µ ³ ±¸¨³ ²Ó´µ£µ Éµ·  [U(1)]n−1.

4.4. ‚ÒÎ¨¸²¥´¨¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ É¥µ-
·¨¨ ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° SU(n). „µ ÔÉµ£µ ³µ³¥´É  ± ²¨¡·µ¢µÎ´ Ö
£·Ê¶¶  ´¥ Ë¨±¸¨·µ¢ ² ¸Ó. ’¥¶¥·Ó ¢ ± Î¥¸É¢¥ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò ¢Ò¡¥·¥³
SU(n). ‚¢¥¤¥³ ¡ §¨¸ ‚¥°²Ö ¢ ¥e  ²£¥¡·¥ ‹¨ [91]:

(ekl)pq = δkpδlq, k, l, p, q = 1, 2, . . . , n. (4.4.1)
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�·µ¨§¢µ²Ó´Ò° Ô²¥³¥´É a ∈ su(n) ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

a =
n∑

k=1

akekk +
∑
k �=l

aklekl, akl = alk,

n∑
k=1

ak = 0, (4.4.2)

£¤¥ ai ¢¥Ð¥¸É¢¥´´Ò. �²¥³¥´É r ¶µ¤ ²£¥¡·Ò Š ·É ´  Ö¢²Ö¥É¸Ö ¤¨ £µ´ ²Ó´µ°
³ É·¨Í¥° ¸ ´Ê²¥¢Ò³ ¸²¥¤µ³:

r =
n∑

k=1

rkekk = diag (r1, r2, . . . , rn),
n∑

i=1

ri = 0. (4.4.3)

„²Ö ²Õ¡ÒÌ Ô²¥³¥´Éµ¢ ¡ §¨¸  ‚¥°²Ö ¨³¥¥³

tr (epqekl) = 2ntrF (epqekl) = 2n δpl δqk. (4.4.4)

‡¤¥¸Ó trF µ§´ Î ¥É ¸²¥¤ ¢ ËÊ´¤ ³¥´É ²Ó´µ³ ¶·¥¤¸É ¢²¥´¨¨. �É¸Õ¤  ¢ÒÉ¥± ¥É
¢ ¦´µ¥ ¸²¥¤¸É¢¨¥

tr (eklelk) = 2n; tr (epqekl) = 0, p �= l, q �= k. (4.4.5)

Šµ³³ÊÉ Éµ· Ô²¥³¥´É  r ¨§ ¶µ¤ ²£¥¡·Ò Š ·É ´  ¸ ¡ §¨¸´Ò³ Ô²¥³¥´Éµ³ ¨³¥¥É
¢¨¤

[r, ekl] = (rk − rl)ekl. (4.4.6)

‚¥²¨Î¨´  (rk − rl) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±µ·¥´Ó  ²£¥¡·Ò su(n).
„²Ö ¢Ò¡· ´´µ° ± ²¨¡·µÎ´µ° £·Ê¶¶Ò ´ ¶·Ö¦¥´´µ¸É¨ W, W̄ ²¥¦ É ¢ ¶µ¤-

 ²£¥¡·¥ Š ·É ´   ²£¥¡·Ò su(n)

W = diag (W 1, W 2, . . . , Wn),
n∑

k=1

W k = 0. (4.4.7)

’ ± ± ± ´ ¸ ¨´É¥·¥¸Ê¥É ¸²ÊÎ °, ±µ£¤  ± ²¨¡·µ¢µÎ´ Ö £·Ê¶¶  SU(n) ´ ·ÊÏ¥´ 
¤µ ³ ±¸¨³ ²Ó´µ£µ Éµ·  [U(1)]n−1, ³Ò ¤µ²¦´Ò ¶µÉ·¥¡µ¢ ÉÓ W k −W l �= 0 ¤²Ö
k �= l. ‚ ¸²ÊÎ ¥, ±µ£¤  ´¥±µÉµ·Ò¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö W k ¸µ¢¶ ¤ ÕÉ, Ê¦¥
´¥±µÉµ· Ö ´¥ ¡¥²¥¢  ¶µ¤£·Ê¶¶  H ∈ SU(n) µ¸É ¥É¸Ö ´¥´ ·ÊÏ¥´´µ°. ‚¢µ¤Ö

N = 1 ¶·µ¥±Í¨¨ Φ = W | ¨ Wα = − i

2
D2

αW |,  ¸¸µÍ¨¨·µ¢ ´´Ò¥ ¸ W , ³Ò

´ Ìµ¤¨³ N = 1 ¸Ê¶¥·¶µ²¥¢Ò¥ ±µ·´¨ Φk − Φl ¨ W k
α − W l

α. �£· ´¨Î¥´¨Ö ´ 
W k, ¸Ëµ·³Ê²¨·µ¢ ´´Ò¥ ¢ÒÏ¥, Ô±¢¨¢ ²¥´É´Ò Ê¸²µ¢¨Ö³ Φk−Φl �= 0 ¤²Ö k �= l.

‚¥·´¥³¸Ö ± ¢Ò· ¦¥´¨Õ (4.3.28). ’ ± ± ± ¸Ê¶¥·¶µ²Ö Φ ¨ Wα ¶·¨´ ¤²¥¦ É
¶µ¤ ²£¥¡·¥ Š ·É ´ , ±µ³¶µ´¥´ÉÒ ±¢ ´Éµ¢ÒÌ ¸Ê¶¥·¶µ²¥° Ψ̄, Ψ, F , ±µÉµ·Ò¥
²¥¦ É ¢ ¶µ¤ ²£¥¡·¥ Š ·É ´ , ´¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ Ëµ´µ¢Ò³¨ ¸Ê¶¥·¶µ²Ö³¨
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¨, ¸²¥¤µ¢ É¥²Ó´µ, µÉÐ¥¶²ÖÕÉ¸Ö. ‡ ³¥É¨³, ÎÉµ ¸¢Ö§¨ (4.3.8) ´  ±µ³¶µ´¥´ÉÒ
¸Ê¶¥·¶µ²¥° Φ, Φ̄, F , ±µÉµ·Ò¥ ²¥¦ É ¢ ¶µ¤ ²£¥¡·¥ Š ·É ´ , ¶·¥¢· Ð ÕÉ¸Ö, ¸µ-
µÉ¢¥É¸É¢¥´´µ, ¢ µ¡ÒÎ´Ò¥ Ê¸²µ¢¨Ö ( ´É¨)±¨· ²Ó´µ¸É¨ ¨ ²¨´¥°´µ¸É¨. ‘ ¤·Ê£µ°
¸Éµ·µ´Ò, ¸¢Ö§¨ (4.3.28) ¶µ§¢µ²ÖÕÉ ¢Ò· §¨ÉÓ ±µ³¶µ´¥´ÉÒ Ψ ¨ Ψ̄, ²¥¦ Ð¨¥ ¢´¥
¶µ¤ ²£¥¡·Ò Š ·É ´ , Î¥·¥§ F :

Ψkl =
D̄2F kl

4(Φk − Φl)
, Ψ̄kl =

D2F kl

4(Φ̄k − Φ̄l)
. (4.4.8)

�É¨ ¸µµÉ´µÏ¥´¨Ö ³µ¦´µ É· ±Éµ¢ ÉÓ ± ± µ¶·¥¤¥²¥´¨¥ ±¨· ²Ó´µ£µ ¨  ´É¨±¨-
· ²Ó´µ£µ ¸Ê¶¥·¶µ²¥° Φkl ¨ Φ̄kl ¢ É¥·³¨´ Ì ¸Ê¶¥·¶µ²¥° ¡¥§ ¸¢Ö§¥°

V kl ≡ F kl, V̄ kl ≡ F lk, k < l. (4.4.9)

‚ ¨Éµ£¥ ËÊ´±Í¨µ´ ²Ó´Ò¥ ¨´É¥£· ²Ò ¢ (4.3.28) ¸¢µ¤ÖÉ¸Ö ± ¨´É¥£· ² ³ ¶µ
¸Ê¶¥·¶µ²Ö³ ¡¥§ ¸¢Ö§¥° V kl, V̄ kl.

‘ ÊÎ¥Éµ³ (4.4.5), (4.4.8) ¨ (4.4.9) ¶µ²ÊÎ ¥³

tr
∫

d8z

(
−Ψ̄Ψ +

1
2
F 2

)
= 2n

∫
d8z

∑
k<l

V̄ klBklV
kl, (4.4.10)

£¤¥

Bkl =
1
16

{D̄2,D2}
|Φk − Φl|2 + 1. (4.4.11)

‡ ³¥É¨³, ÎÉµ ¸Ê³³¨·µ¢ ´¨¥ ¢ (4.4.10) ¨¤¥É Éµ²Ó±µ ¶µ ¶µ²µ¦¨É¥²Ó´Ò³ ±µ·´Ö³.
‚ ·¥§Ê²ÓÉ É¥∫

DΨ̄DΨDF exp
{

i tr
∫

d8z

(
−Ψ̄Ψ +

1
2
F 2

)}
=

=
∫
DV̄ klDV kl exp

{
2n i

∫
d8z

∑
k<l

V̄ klBklV
kl

}
=

∏
k<l

Det−1(Bkl).
(4.4.12)

�¥·¥°¤¥³ É¥¶¥·Ó ± Î¨¸²¨É¥²Õ ¢ (4.3.28). �·¥¦¤¥ ¢¸¥£µ ´ °¤¥³ ¤¥°¸É¢¨¥ ∆
(4.3.27) ´  ¸Ê¶¥·¶µ²Ö F kl. �¥§Ê²ÓÉ É ¨³¥¥É ¢¨¤

∆(F klekl) = (∆klF
kl)ekl (´¥É ¸Ê³³¨·µ¢ ´¨Ö), (4.4.13)

£¤¥

∆kl = DmDm − (W kα − W lα)Dα + (W̄ k
α̇ − W̄ l

α̇)D̄α̇ + |Φk − Φl|2. (4.4.14)

‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³

tr
∫

d8z

(
1
2
F∆F − Ψ̄∆Ψ

)
= 2n

∫
d8z

∑
k<l

V̄ klBkl∆klV
kl, (4.4.15)
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£¤¥ Bkl µ¶·¥¤¥²¥´ ¢ (4.4.11). ’µ£¤  µÉ¢¥É ¤²Ö ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£· ²  ¢
(4.3.28) ¨³¥¥É ¢¨¤∫

DΨ̄DΨDF exp
{

i tr
∫

d8z

(
−Ψ̄∆Ψ +

1
2
F∆F

)}
=

=
∫

DV̄ klV kl exp
{

2n i

∫
d8z

∑
k<l

V̄ klBkl∆klV
kl

}
=

=
∏
k<l

Det−1(Bkl)Det−1(∆kl). (4.4.16)

�±µ´Î É¥²Ó´µ

eiΓ(1)
=

∏
k<l

Det−1(∆kl). (4.4.17)

�¤´µ¶¥É²¥¢ Ö ±¢ ´Éµ¢ Ö ¶µ¶· ¢±  Γ(1) µ¶·¥¤¥²Ö¥É¸Ö ËÊ´±Í¨µ´ ²Ó´Ò³ ¤¥É¥·-
³¨´ ´Éµ³ µ¶¥· Éµ·  (4.4.14) ¢ ¶·µ¸É· ´¸É¢¥ N = 1 ¸Ê¶¥·¶µ²¥°, ´¥ ¶µ¤Î¨´e´-
´ÒÌ ¸¢Ö§Ö³. � ¢¥´¸É¢µ (4.4.17) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Γ(1)
N=4 =

∑
k<l

Γkl, Γkl = i Tr ln ∆kl. (4.4.18)

’¥¶¥·Ó ´¥µ¡Ìµ¤¨³µ ¢ÒÎ¨¸²¨ÉÓ Tr ln ∆kl ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ k ¨ l. �·¥¤-
¸É ¢¨³ Γkl ± ±

Γkl = −i

∫ ∞

0

ds

s
e−i|Φk−Φl|2s

∫
d8z U(z, z|s), (4.4.19)

£¤¥ U(z, z′|s) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ï¢¨´£¥·µ¢¸±µ¥ Ö¤·µ [9]:

U(z, z′|s) = exp {−is(DaDa − (Wαk − Wαl)Dα + (W̄ k
α̇ − W̄ l

α̇)D̄α̇)} ×
× δ8(z − z′). (4.4.20)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ´¥£µ²µ³µ·Ë´µ£µ ¢±² ¤  ¤µ¸É ÉµÎ´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨¡²¨¦¥-
´¨¥

U(z, z′|s) ≈ exp
{
is[(Wαk − Wαl)Dα − (W̄ k

α̇ − W̄ l
α̇)D̄α̇]

}
U0(z, z′|s),

(4.4.21)

£¤¥ U0(z, z′|s) Å ¸¢µ¡µ¤´µ¥ Ï¢¨´£¥·µ¢¸±µ¥ Ö¤·µ [9]:

U0(z, z′|s) = e−is∂a∂aδ8(z − z′) =
i

(4πis)2
δ4(θ − θ′) e−i(x−x′)2/4s. (4.4.22)
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‚ ¸¨²Ê Éµ¦¤¥¸É¢ 
1
16

D2D̄2δ4(θ − θ′) = 1

´ Ìµ¤¨³

Γkl =
1

(4π)2

∫
d8z WαklW kl

α W̄ kl
α̇ W̄ α̇kl

∫ ∞

0

ds s e−s |Φkl|2 , (4.4.23)

£¤¥

W kl
α = W k

α − W l
α, Φkl = Φk − Φl. (4.4.24)

‚ÒÎ¨¸²ÖÖ ¨´É¥£· ² ¶µ s ¢ (4.4.23), µ±µ´Î É¥²Ó´µ ¶µ²ÊÎ ¥³

Γkl =
1

(4π)2

∫
d8z

WαklW kl
α W̄ kl

α̇ W̄ α̇kl

(Φkl)2(Φ̄kl)2
. (4.4.25)

‚Ò· ¦¥´¨¥ (4.4.25) µ¶·¥¤¥²Ö¥É ´¥£µ²µ³µ·Ë´Ò° ¶µÉ¥´Í¨ ² H(W, W̄ ) ¢ N = 4
É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ É¥·³¨´ Ì N = 1 ¶·µ¥±Í¨° W ¨ W̄ . ˆ§ · ¢¥´¸É¢
(4.3.25), (4.4.18), (4.4.24) ¨ (4.4.25) ³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ H(W, W̄ ):

Γ(1) =
∫

d4xd8θ H(W, W̄ ),

H(W, W̄ ) =
1

(8π)2
∑
k<l

ln
(

W̄ k − W̄ l

Λ

)2

ln
(

W k − W l

Λ

)2

, (4.4.26)

£¤¥ ´ ¶·Ö¦¥´´µ¸É¨ W k ¶·¨´ ¤²¥¦ É ¶µ¤ ²£¥¡·¥ Š ·É ´  (4.4.7) ¨ W k−W l �=
�= 0 ¶·¨ k �= l. ‚Ò· ¦¥´¨¥ (4.4.26) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥
ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¢ N = 4 ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶-
¶µ° SU(n), ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¤µ [U(1)]n−1. �¥£µ²µ³µ·Ë´ Ö ËÊ´±Í¨Ö
H(W, W̄ ), ± ± ¨ £µ²µ³µ·Ë´Ò° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢ N = 2 ¸Ê¶¥·¸¨³-
³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  [44Ä46], ¸É·µ¨É¸Ö ¨§ ±µ·´¥° £·Ê¶¶Ò SU(n)
¨ ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ £·Ê¶¶Ò ‚¥°²Ö.

‚ ¸²ÊÎ ¥ É¥µ·¨¨ ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° SU(2) ¨³¥¥³

W = diag (W 1 = W , W 2 = −W). (4.4.27)

…¤¨´¸É¢¥´´Ò° ¶µ²µ¦¨É¥²Ó´Ò° ±µ·¥´Ó · ¢¥´ 2W , ¨ ËÊ´±Í¨Ö H(W , W̄), ¸µ-
£² ¸´µ (4.4.26), ¨³¥¥É ¢¨¤

H(W , W̄) =
1

(8π)2
ln

(
W̄
Λ

)2

ln
(
W
Λ

)2

, (4.4.28)

ÎÉµ ¸µ¢¶ ¤ ¥É ¸ ´ °¤¥´´µ° ¢ [66Ä68].
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�¶¨¸ ´´Ò° ¢ÒÏ¥ ³¥Éµ¤ ¢ÒÎ¨¸²¥´¨Ö ´¥£µ²µ³µ·Ë´µ£µ ÔËË¥±É¨¢´µ£µ ¶µ-
É¥´Í¨ ²  H(W, W̄ ) ¶·¨£µ¤¥´ ¤²Ö ¶·µ¨§¢µ²Ó´µ° ¶µ²Ê¶·µ¸Éµ° £·Ê¶¶Ò. ‚ ¶·µ-
¨§¢µ²Ó´µ° ¶µ²Ê¶·µ¸Éµ° ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶¥ G · ´£  r ¢¢¥¤¥³ ¡ §¨¸ ‚¥°²Ö
{hî, e+α̂, e−α̂}, £¤¥ Ô²¥³¥´ÉÒ hî ¶·¨´ ¤²¥¦ É ¶µ¤ ²£¥¡·¥ Š ·É ´ , î =
1, . . . , r, ±α̂ Å ¶µ²µ¦¨É¥²Ó´Ò¥ (µÉ·¨Í É¥²Ó´Ò¥) ±µ·´¨. Šµ£¤  ± ²¨¡·µ¢µÎ-
´ Ö £·Ê¶¶  ´ ·ÊÏ¥´  ¤µ ³ ±¸¨³ ²Ó´µ£µ Éµ·  U(1)r, N = 2 ´ ¶·Ö¦¥´´µ¸ÉÓ
¨³¥¥É ¢¨¤ W =

∑
Wîhî, [W, e+α̂] = W+α̂ e+α̂, ¨ ¢¸¥ W+α̂ Å ´¥´Ê²¥¢Ò¥.

�¥£µ²µ³µ·Ë´Ò° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ²

H(W̄ , W ) =
1

(8π)2
∑
+α̂

ln
(

W̄+α̂

Λ

)2

ln
(

W+α̂

Λ

)2

, (4.4.29)

£¤¥ ¸Ê³³  ¡¥·¥É¸Ö ¶µ ¶µ²µ¦¨É¥²Ó´Ò³ ±µ·´Ö³.
‘µµÉ´µÏ¥´¨¥ (4.4.26) ¡Ò²µ É ±¦¥ ¶µ²ÊÎ¥´µ ¤·Ê£¨³¨ ³¥Éµ¤ ³¨ ¢ · ¡µ-

É Ì [98, 99]. ‚¥¤ÊÐ Ö ¡µ§µ´´ Ö ±µ³¶µ´¥´É  ¢ ¢Ò· ¦¥´¨¨ (4.4.26) ´ °¤¥´  ¢
· ¡µÉ¥ [97]. ‚Ò¢µ¤ ¸µµÉ´µÏ¥´¨Ö (4.4.28), ´¥  ¶¥²²¨·ÊÕÐ¨° ± N = 1 ¸Ê¶¥·-
¶µ²Ö³, ¶·¥¤²µ¦¥´ ¢ ´¥¤ ¢´¥° · ¡µÉ¥ [103]. ‚ · ¡µÉ Ì [62, 99, 100] ¶·¨¢¥¤¥´Ò
 ·£Ê³¥´ÉÒ ¢ ¶µ²Ó§Ê Éµ£µ, ÎÉµ ¢ N = 4, SU(2) É¥µ·¨¨ ¶µ²Ö Ÿ´£ ÄŒ¨²²¸  ²Õ-
¡Ò¥ ¶¥·ÉÊ·¡ É¨¢´Ò¥ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ¶µ¶· ¢±¨ ± ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³Ê
ÔËË¥±É¨¢´µ³Ê ¤¥°¸É¢¨Õ (4.4.28) µÉ¸ÊÉ¸É¢ÊÕÉ, ¨ µ¤´µ¶¥É²¥¢µ° ´¥£µ²µ³µ·Ë-
´Ò° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ÉµÎ´µ¥ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥. �´ ²µ£¨Î´Ò¥  ·£Ê³¥´ÉÒ ¢ N = 4, SU(n) É¥µ·¨¨
(n > 2) ¶·¨¢¥²¨ ± § ±²ÕÎ¥´¨Õ [99, 100] µ Éµ³, ÎÉµ ¢ ¢Ò¸Ï¨Ì ¶¥É²ÖÌ ¢µ§³µ¦´Ò
´¥²µ£ ·¨Ë³¨Î¥¸±¨¥ ¢±² ¤Ò ¢ ´¥£µ²µ³µ·Ë´Ò° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ². �¤-
´ ±µ ¶·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö [101] ´¥ ¶µ± § ²¨ ´ ²¨Î¨¥ É ±¨Ì ¢±² ¤µ¢ ¢ ¢ É·¥Ì-
¨ Î¥ÉÒ·¥Ì¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨ÖÌ.

ˆ´É¥·¥¸´µ ¢Ò¶¨¸ ÉÓ ¢¥¤ÊÐÊÕ ¡µ§µ´´ÊÕ ±µ³¶µ´¥´ÉÊ ¢ ¸Ê¶¥·¶µ²¥¢µ³ ÔË-
Ë¥±É¨¢´µ³ ¶µÉ¥´Í¨ ²¥ (4.4.28). …¥ ²¥£±µ ´ °É¨, ¥¸²¨ · ¸¸³µÉ·¥ÉÓ ¢Ò· ¦¥-
´¨¥ (4.4.28) ¤²Ö £·Ê¶¶Ò SU(2). �Éµ ¢¥¤¥É ± ¢¥¤ÊÐ¥° ¡µ§µ´´µ° ±µ³¶µ´¥´É¥ ¢

Ëµ·³¥
F 4

|ϕ|2 , £¤¥ Fmn Å µ¡ÒÎ´ Ö  ¡¥²¥¢  ´ ¶·Ö¦¥´´µ¸ÉÓ,   ϕ Å ¸± ²Ö·´ Ö

±µ³¶µ´¥´É , ¢Ìµ¤ÖÐ¨¥ ¢ ¸Ê¶¥·¶µ²¥¢ÊÕ N = 2 ´ ¶·Ö¦¥´´µ¸ÉÓ W . �É³¥É¨³,
ÎÉµ ¢ ´¥¤ ¢´¥° · ¡µÉ¥ [102] Ê¤ ²µ¸Ó ¶µ¸É·µ¨ÉÓ µ¡µ¡Ð¥´¨¥ ÔËË¥±É¨¢´µ£µ
¶µÉ¥´Í¨ ²  (4.4.28), ¸µ¤¥·¦ Ð¥¥ ÉµÎ´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ¸ÉµÖ´´µ° ´ ¶·Ö-
¦¥´´µ¸É¨ Fmn ¨ µ¡² ¤ ÕÐ¥¥ Ö¢´µ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥°.

‡�Š‹	—…�ˆ…

�¥§Õ³¨·Ê¥³ µ¸´µ¢´µ¥ ¸µ¤¥·¦ ´¨¥ µ¡§µ· .
1. ˆ§²µ¦¥´ ³¥Éµ¤ Ëµ´µ¢µ£µ ¶µ²Ö ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ-

·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´¸É¢¥. �µ± § ´µ, ÎÉµ µ¤´µ-
¶¥É²¥¢µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ µ¶·¥¤¥²Ö¥É¸Ö ËÊ´±Í¨µ´ ²Ó´Ò³ ¨´É¥£· ²µ³



�ˆ‡Š���…�ƒ…’ˆ—…‘Š�… �””…Š’ˆ‚��… „…‰‘’‚ˆ… 1285

¶µ ±¢ ´Éµ¢µ³Ê ± ²¨¡·µ¢µÎ´µ³Ê ¸Ê¶¥·¶µ²Õ, Ë¥·³¨µ´´Ò³ ¤ÊÌ ³ ” ¤¤¥¥¢ Ä
�µ¶µ¢  ¨ ¡µ§µ´´µ³Ê ¤ÊÌÊ �¨²Ó¸¥´ ÄŠ ²²µÏ. �¡¸Ê¦¤¥´  µ¡Ð Ö ¸É·Ê±ÉÊ· 
µ¤´µ¶¥É²¥¢µ£µ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¨ ¶µ± § ´µ, ÎÉµ £µ²µ³µ·Ë´Ò¥ ±¢ ´Éµ-
¢Ò¥ ¶µ¶· ¢±¨ ¢ ± ²¨¡·µ¢±¥ ”¥°´³ ´  µ¡Ê¸²µ¢²¥´Ò ¨¸±²ÕÎ¨É¥²Ó´µ ¢±² ¤µ³
¤ÊÌµ¢, ¶·¨Î¥³ µ¤´µ¶¥É²¥¢µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¤ÊÌµ¢ ¸µ¢¶ ¤ ¥É ¸ ÉµÎ´µ-
¸ÉÓÕ ¤µ ±µÔËË¨Í¨¥´É  ¸ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É .

2. �µ¸É·µ¥´ ³ ¸¸¨¢´Ò° £¨¶¥·³Ê²ÓÉ¨¶²¥É, ¢ ±µÉµ·µ³ ³ ¸¸  £¥´¥·¨·Ê¥É¸Ö
Î¥·¥§ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸  ¡¥²¥¢Ò³ ± ²¨¡·µ¢µÎ´Ò³ ¸Ê¶¥·¶µ²¥³ ¶µ¸ÉµÖ´´µ° ´ -
¶·Ö¦¥´´µ¸É¨. ’ ± Ö ¸¢Ö§Ó ´ ·ÊÏ ¥É U(1)R- ¢Éµ³µ·Ë¨§³ N = 2 ¸Ê¶¥· ²£¥-
¡·Ò ¨ ¢¥¤¥É ± ¶µÖ¢²¥´¨Õ Í¥´É· ²Ó´µ£µ § ·Ö¤ . ‚ ´¥ ¡¥²¥¢µ° ± ²¨¡·µ¢µÎ´µ°
N = 2 É¥µ·¨¨  ´ ²µ£¨Î´Ò° ³¥Ì ´¨§³ ¢µ§´¨±´µ¢¥´¨Ö Í¥´É· ²Ó´µ£µ § ·Ö¤ 
§  ¸ÎeÉ ´¥´Ê²¥¢ÒÌ ¢ ±ÊÊ³´ÒÌ §´ Î¥´¨° ¸Ê¶¥·¶µ²¥¢ÒÌ ´ ¶·Ö¦¥´´µ¸É¥°, ¶·¨-
´ ¤²¥¦ Ð¨Ì ± ·É ´µ¢¸±µ° ¶µ¤ ²£¥¡·¥, ¶µ³¨³µ ´ ·ÊÏ¥´¨Ö U(1)R ¶·¨¢µ¤¨É ±
¸¶µ´É ´´µ³Ê ´ ·ÊÏ¥´¨Õ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò ¤µ ¶µ¤£·Ê¶¶Ò Š ·É ´ .

3. ‚ É¥µ·¨¨ ³ ¸¸¨¢´µ£µ q-£¨¶¥·³Ê²ÓÉ¨¶²¥É , ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸  ¡¥-
²¥¢Ò³ ± ²¨¡·µ¢µÎ´Ò³ ¸Ê¶¥·¶µ²¥³, ¶µ¸É·µ¥´  É¥µ·¨Ö ¢µ§³ÊÐ¥´¨Ö ¤²Ö ¢ÒÎ¨-
¸²¥´¨Ö ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¸Ê¶¥·¶µ²Ö ¢ £ ·³µ´¨Î¥¸±µ³
¸Ê¶¥·¶·µ¸É· ´¸É¢¥ ¢ ±Ê²µ´µ¢¸±µ° Ë §¥. ‚ ¥e · ³± Ì ¢ÒÎ¨¸²¥´µ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥  ¡¥²¥¢  ± ²¨¡·µ¢µÎ´µ£µ ¸Ê¶¥·¶µ²Ö. �µ± -
§ ´µ, ÎÉµ µ´µ Ö¢²Ö¥É¸Ö £µ²µ³µ·Ë´Ò³.

4. �¶¨¸ ´ N = 2 ¸Ê¶¥·¶µ²¥¢µ° ³¥Éµ¤ ¢ÒÎ¨¸²¥´¨Ö £µ²µ³µ·Ë´µ£µ ÔËË¥±-
É¨¢´µ£µ ¤¥°¸É¢¨Ö ‡ °¡¥·£  ¢ N = 2, SU(2) ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¢ ±Ê²µ´µ¢-
¸±µ° Ë §¥ ´  µ¸´µ¢¥ ³¥Éµ¤  Ëµ´µ¢µ£µ ¶µ²Ö ¢ £ ·³µ´¨Î¥¸±µ³ ¸Ê¶¥·¶·µ¸É· ´-
¸É¢¥.

5. � °¤¥´µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ µÉ
N = 2 ¢¥±Éµ·´µ£µ ³Ê²ÓÉ¨¶²¥É , ¢ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ÿ´£ Ä
Œ¨²²¸  ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° SU(n), ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¤µ ³ ±¸¨-
³ ²Ó´µ£µ Éµ·  [U(1)]n−1. ‚ µÉ²¨Î¨¥ µÉ · ¸¸³µÉ·¥´´ÒÌ · ´¥¥ É¥µ·¨° ¸ N = 2
¸Ê¶¥·¸¨³³¥É·¨¥° µ´µ Ö¢²Ö¥É¸Ö ´¥£µ²µ³µ·Ë´Ò³ ¨ ¸É·µ¨É¸Ö ¢ É¥·³¨´ Ì ±µ·-
´¥° £·Ê¶¶Ò SU(n). �µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ³µ¦¥É ¡ÒÉÓ µ¡µ¡Ð¥´ ´  ¸²ÊÎ °
¶·µ¨§¢µ²Ó´µ° ¶µ²Ê¶·µ¸Éµ° £·Ê¶¶Ò ‹¨.

�¢Éµ·Ò ¶·¨§´ É¥²Ó´Ò ‘.„¦.ƒÔ°É¸Ê, Œ.ƒ·¨¸ ·Ê, �.¤¥ ‚¨ÉÊ, �.„· £µ´Ê,
�.Œ.‡Ê¶´¨±Ê, „.‹Õ¸ÉÊ, �.‘µ± Î¥¢Ê, ‘.’ °§¥´Ê, �.�.–¥°É²¨´Ê §  µ¡¸Ê¦¤¥´¨¥
¶·µ¡²¥³, · ¸¸³µÉ·¥´´ÒÌ ¢ µ¡§µ·¥. ˆ¸¸²¥¤µ¢ ´¨Ö ˆ.‹.�. ¨ ‘.Œ.Š. ¡Ò²¨ Î -
¸É¨Î´µ ¶µ¤¤¥·¦ ´Ò �””ˆ, ¶·µ¥±É No 99-02-16617, ¨ £· ´Éµ¢Ò³ Í¥´É·µ³
Œ� �”, ¶·µ¥±É º 97-6.2-43; ¨¸¸²¥¤µ¢ ´¨Ö ˆ.‹.�., ….�.ˆ. ¨ ‘.Œ.Š. ¡Ò²¨ Î -
¸É¨Î´µ ¶µ¤¤¥·¦ ´Ò ¸µ¢³¥¸É´Ò³ £· ´Éµ³ �””ˆ-DFG, ¶·µ¥±É º 99-02-04022;
¨¸¸²¥¤µ¢ ´¨Ö ….ˆ.�., ˆ.‹.�., ….�.ˆ. ¨ ‘.Œ.Š. ¡Ò²¨ Î ¸É¨Î´µ ¶µ¤¤¥·¦ ´Ò
£· ´Éµ³ ˆ�’�‘, INTAS-96-0308; ¨¸¸²¥¤µ¢ ´¨Ö �.�.�. ¡Ò²¨ Î ¸É¨Î´µ ¶µ¤-
¤¥·¦ ´Ò £· ´Éµ³ Œ¨´¨¸É¥·¸É¢  Ô´¥·£¥É¨±¨ ‘˜�, ±µ´É· ±É º DE-AC02-76-
ER-03072; ¨¸¸²¥¤µ¢ ´¨Ö ….�.ˆ. ¡Ò²¨ Î ¸É¨Î´µ ¶µ¤¤¥·¦ ´Ò �””ˆ, ¶·µ¥±É
º 99-02-18417.



1286 �“•�ˆ�„…� ….ˆ. ˆ „�.

��ˆ‹�†…�ˆ…

�²£¥¡·  ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ. ‘É ´¤ ·É´µ¥ N = 2 ¸Ê¶¥·-
¶·µ¸É· ´¸É¢µ ¶ · ³¥É·¨§Ê¥É¸Ö ±µµ·¤¨´ É ³¨ (xµ, θα

i , θ̄α̇i). Šµ¢ ·¨ ´É´Ò¥
¶·µ¨§¢µ¤´Ò¥,  ´É¨±µ³³ÊÉ¨·ÊÕÐ¨¥ ¸ £¥´¥· Éµ· ³¨ ¶·¥µ¡· §µ¢ ´¨° ¸Ê¶¥·¸¨³-
³¥É·¨¨, ¨³¥ÕÉ ¢¨¤

Di
α =

∂

∂θα
i

+ i∂αα̇θ̄α̇i , D̄α̇i = − ∂

∂θ̄α̇i
− iθα

i ∂αα̇

¨ Ê¤µ¢²¥É¢µ·ÖÕÉ  ²£¥¡·¥

{Dα
i, D̄α̇j} = −2iδi

j∂αα̇, {Dα
i, Dβ

j} = {D̄α̇j , D̄β̇j} = 0.

ˆÌ ³µ¦´µ · §²µ¦¨ÉÓ ´  £ ·³µ´¨Î¥¸±¨¥ ¶·µ¥±Í¨¨ D±
α ¨ D̄±

α̇ :

Dα
i = u+iD−

α − u−iD+
α , D̄α̇i = u+

i D̄−
α̇ − u−

i D̄+
α̇ ,

D±
α = Di

αu±
i , D̄±

α̇ = D̄i
α̇u±

i .

…¤¨´¸É¢¥´´Ò¥ ´¥´Ê²¥¢Ò¥  ´É¨±µ³³ÊÉ Éµ·Ò ÔÉ¨Ì ¶·µ¥±Í¨°

{D+
α , D̄−

α̇ } = −2i∂αα̇ , {D−
α , D̄+

α̇ } = 2i∂αα̇.

Šµ³³ÊÉ Éµ·Ò ¸¶¨´µ·´ÒÌ ¨ £ ·³µ´¨Î¥¸±¨Ì ¶·µ¨§¢µ¤´ÒÌ

[D±±, D±
α ] = [D±±, D̄±

α̇ ] = 0, [D±±, D∓
α ] = D±

α , [D±±, D̄∓
α̇ ] = D̄±

α̇ .
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