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„ ´ μ¡§μ· ¸μ¢·¥³¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¨¸¸²¥¤μ¢ ´¨° ¶μ ¶μ¸É·μ¥´¨Õ ÔËË¥±É¨¢´ÒÌ
¤¥°¸É¢¨° ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. �¸μ¡μ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´μ
± ²¨¡·μ¢μÎ´Ò³ ³μ¤¥²Ö³ ¸ · ¸Ï¨·¥´´μ° ¸Ê¶¥·¸¨³³¥É·¨¥° ¢ ¸Ê¶¥·¶μ²¥¢μ³ ¶μ¤Ìμ¤¥.
�μ¤Î¥·±´ÊÉÒ ¶·¥¨³ÊÐ¥¸É¢  Ëμ·³Ê²¨·μ¢±¨ É ±¨Ì ³μ¤¥²¥° ¢ N = 2 £ ·³μ´¨Î¥¸±μ³
¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. �¡¸Ê¦¤ ÕÉ¸Ö Ö¢´μ ¸Ê¶¥·-
¸¨³³¥É·¨Î´Ò¥ ¨ Ö¢´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò¥ ³¥Éμ¤Ò ´ Ìμ¦¤¥´¨Ö ´¨§±μÔ´¥·£¥-
É¨Î¥¸±¨Ì ÔËË¥±É¨¢´ÒÌ ¤¥°¸É¢¨°, ¢Ò¢μ¤  ¶μ¶· ¢μ± ± ´¨³ ¨ ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¥´¨Ö
ÉμÎ´ÒÌ ·¥Ï¥´¨°. �μ¤·μ¡´μ · ¸¸³μÉ·¥´μ ¢ÒÎ¨¸²¥´¨¥ μ¤´μ¶¥É²¥¢ÒÌ ÔËË¥±É¨¢´ÒÌ ¤¥°-
¸É¢¨° ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥É ³¨ ¨ ¢
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . �¡¸Ê¦¤ ¥É¸Ö ¸¢Ö§Ó ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¸ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³ ¶·¥¤¥-
²μ³ ¢ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´.

This is a review of the modern status of research on construction of the effective
actions in supersymmetric quantum ˇeld theory. A special attention is paid to gauge models
with extended supersymmetry in the superˇeld approach. The advantages of formulating
such models in N = 2 harmonic superspace are emphasized. We describe the manifestly
supersymmetric and manifestly covariant methods of constructing the low-energy effective
actions, deriving the corrections to them and obtaining the exact results. We consider
in detail the calculations of the one-loop effective actions in N = 2 supersymmetric
YangÄMills theories coupled to hypermultiplets and in N = 4 supersymmetric YangÄ
Mills theory. The relationship between the effective action in supersymmetric quantum
ˇeld theory and the low-energy limits of the superstring theory is discussed.
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�¤´¨³ ¨§ μ¡Ð¥¶·¨´ÖÉÒÌ ³¥Éμ¤μ¢ É¥μ·¥É¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö Ë¨§¨Î¥¸±¨Ì
ÔËË¥±Éμ¢ ¢ ´ ¡²Õ¤ ¥³μ³ ¸¶¥±É·¥ Î ¸É¨Í ¸ ÊÎ¥Éμ³ ¶·μ³¥¦ÊÉμÎ´ÒÌ ¸μ¸ÉμÖ-
´¨°, ±μÉμ·Ò¥ ´ Ìμ¤ÖÉ¸Ö §  ¶·¥¤¥² ³¨ Ô´¥·£¥É¨Î¥¸±¨Ì ³ ¸ÏÉ ¡μ¢, ¤μ¸É¨¦¨-
³ÒÌ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ Ô±¸¶¥·¨³¥´É¥, Ö¢²Ö¥É¸Ö ³¥Éμ¤ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì
² £· ´¦¨ ´μ¢. Š² ¸¸¨Î¥¸±¨° ¶·¨³¥· ¶μ¤μ¡´μ£μ ·μ¤  Å ² £· ´¦¨ ´ É¥μ·¨¨
”¥·³¨ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. Š ± ³Ò ¸¥£μ¤´Ö §´ ¥³, ¶μ¸²¥¤μ¢ É¥²Ó´μ° (´μ
¤ ²¥±μ ´¥ ¶μ²´μ°) É¥μ·¨¥° É ±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° Ö¢²Ö¥É¸Ö ‘É ´¤ ·É´ Ö ³μ-
¤¥²Ó (‘Œ) Ô²¥±É·μ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ‚ °´¡¥·£ Ä‘ ² ³ . ’¥μ·¨Ö ”¥·³¨
¶·¨ ÔÉμ³ ÔËË¥±É¨¢´μ ¢μ§´¨± ¥É, ¥¸²¨ ³Ò ¨´É¥£·¨·Ê¥³ ¶μ ¢¸¥³ ÉÖ¦¥²Ò³ ³μ-
¤ ³ ¢¥±Éμ·´ÒÌ ¨ Ì¨££¸μ¢¸±¨Ì ¶μ²¥° ¨ É¥³ ¸ ³Ò³ ¨¸±²ÕÎ ¥³ ¨Ì ¨§ · ¸¸³μ-
É·¥´¨Ö.

„·Ê£μ° ¶·¨³¥· ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´μ¢ Å ² £· ´¦¨ ´ ƒ¥°§¥´¡¥·£ Ä
�°²¥·  [1, 2] ¢ Š�„, ´¥¶¥·ÉÊ·¡ É¨¢´μ μ¶¨¸Ò¢ ÕÐ¨° ±¢ ´Éμ¢μ¥ ¢§ ¨³μ¤¥°-
¸É¢¨¥ § ·Ö¦¥´´μ£μ ¸± ²Ö·´μ£μ ¨²¨ ¸¶¨´μ·´μ£μ ¶μ²Ö ¸ ±² ¸¸¨Î¥¸±¨³ Ô²¥±-
É·μ³ £´¨É´Ò³ ¶μ²¥³ ¶μ¸ÉμÖ´´μ° ´ ¶·Ö¦¥´´μ¸É¨. �ÉμÉ ÔËË¥±É¨¢´Ò° ² £· ´-
¦¨ ´ ¨´¢ ·¨ ´É¥´ μÉ´μ¸¨É¥²Ó´μ ¢¸¥Ì ¸¨³³¥É·¨° ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ ¨ ¸μ-
¤¥·¦¨É ¶μ²´ÊÕ ¨´Ëμ·³ Í¨Õ μÉ´μ¸¨É¥²Ó´μ μ¤´μ¶¥É²¥¢μ°  ³¶²¨ÉÊ¤Ò ¢ Ëμ·³¥,
³ ±¸¨³ ²Ó´μ Ê¤μ¡´μ° ¤²Ö ¨§ÊÎ¥´¨Ö É ±¨Ì ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì ´¥²¨´¥°´ÒÌ
Š�„-ÔËË¥±Éμ¢, ± ± · ¸¸¥Ö´¨¥ ËμÉμ´  ´  ËμÉμ´¥, ¨§³¥´¥´¨¥ § ±μ´  ¤¨¸¶¥·-
¸¨¨ ¨ · ¸Ð¥¶²¥´¨Ö ËμÉμ´μ¢, ·μ¦¤¥´¨¥ Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ¶ · ¢μ ¢´¥Ï-
´¥³ ¶μ²¥ ¨ ¤·.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ËÊ´¤ -
³¥´É ²Ó´Ò° μ¡Ñ¥±É ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö, ¶μ§¢μ²ÖÕÐ¨° μ¶¨¸Ò¢ ÉÓ ¢¸Õ
¸μ¢μ±Ê¶´μ¸ÉÓ ±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢. �μ μ¶·¥¤¥²¥´¨Õ, ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥
¥¸ÉÓ ¶·μ¨§¢μ¤ÖÐ¨° ËÊ´±Í¨μ´ ² ¤²Ö μ¤´μÎ ¸É¨Î´μ-´¥¶·¨¢μ¤¨³ÒÌ ¸¢Ö§´ÒÌ
ËÊ´±Í¨° ƒ·¨´ . �·¨ ÔÉμ³ ²¥£±¨¥ ¶μ²Ö ¨¸¶μ²Ó§ÊÕÉ¸Ö ± ± ¨´¸É·Ê³¥´É ¨§Ê-
Î¥´¨Ö ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³  ¶μ²´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨. �·μ¡²¥³  ¶μ¸É·μ¥´¨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  ¨ ¥£μ ´¨§-
±μ²¥¦ Ð¨Ì ¢μ§¡Ê¦¤¥´¨°, ´ 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 ¶μ-
²ÖÌ. �¡¸Ê¦¤¥´¨¥ ¶·μ¡²¥³Ò ¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ±¢ ´Éμ¢μ°
É¥μ·¨¨ ¶μ²Ö ¤ ´μ, ´ ¶·¨³¥·, ¢ [3Ä7]. �μ´ÖÉ¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö μ± § -
²μ¸Ó Î·¥§¢ÒÎ °´μ ¶μ²¥§´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¨°, ´¥-
±μÉμ·Ò¥ ¨§ ±μÉμ·ÒÌ Ë¨§¨Î¥¸±¨ §´ Î¨³Ò (´ ¶·¨³¥·, É·Ê¤´μ ¶·¥¤¸É ¢¨ÉÓ ¸¥¡¥
·¥ ²¨¸É¨Î¥¸±ÊÕ 4-³¥·´ÊÕ É¥μ·¨Õ ¶μ²Ö, ¢ ±μÉμ·μ° μÉ¸ÊÉ¸É¢μ¢ ²  ¡Ò ±μ´-
Ëμ·³´ Ö  ´μ³ ²¨Ö).
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� ¨¡μ²¥¥ ¶²μ¤μÉ¢μ·´Ò³ ¶μ¤Ìμ¤μ³ ± ¶μ¸É·μ¥´¨Õ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° Ö¢²Ö¥É¸Ö ³¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö,
μ¸´μ¢Ò ±μÉμ·μ£μ § ²μ¦¥´Ò „¥ ‚¨ÉÉμ³ [8,9]. �ÉμÉ ³¥Éμ¤ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
μ¡μ¡Ð¥´¨¥ ³¥Éμ¤  ¶·μ¨§¢μ¤ÖÐ¨Ì ËÊ´±Í¨μ´ ²μ¢ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö [10Ä
14] ´  ¸²ÊÎ ° ´¥¨¸Î¥§ ÕÐ¨Ì ±² ¸¸¨Î¥¸±¨Ì Ëμ´μ¢ÒÌ ¶μ²¥° ¨ ´¥ ¡¥²¥¢μ° ± ²¨-
¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨. �¸´μ¢´Ò³ μ¡Ñ¥±Éμ³ ¢ ³¥Éμ¤¥ Ëμ´μ¢μ£μ ¶μ²Ö Ö¢²Ö¥É¸Ö
ËÊ´±Í¨μ´ ² ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ¨´¢ ·¨ ´É´Ò° μÉ´μ¸¨É¥²Ó´μ ±² ¸¸¨Î¥-
¸±¨Ì ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°.

�ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¶μ§¢μ²Ö¥É μ¶¨¸ ÉÓ ¢¸¥  ¸¶¥±ÉÒ ±¢ ´Éμ¢μ° É¥μ·¨¨
¶μ²Ö. �´μ μ¶·¥¤¥²Ö¥É Ô²¥³¥´ÉÒ ¤¨ £· ³³´μ° É¥Ì´¨±¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°,
É. ¥. ¶μ²´Ò¥ ¶·μ¶ £ Éμ·Ò ¨ ¶μ²´Ò¥ ¢¥·Ï¨´´Ò¥ ËÊ´±Í¨¨, ¸ ÊÎ¥Éμ³ ¢¸¥Ì ±¢ ´-
Éμ¢ÒÌ ¶μ¶· ¢μ± ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶¥·ÉÊ·¡ É¨¢´ÊÕ S-³ É·¨ÍÊ. ‘ ¤·Ê£μ° ¸Éμ-
·μ´Ò, ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¸· §Ê ¤ ¥É Ë¨§¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò ¢μ ¢´¥Ï´¥³
±² ¸¸¨Î¥¸±μ³ ¶μ²¥ ¨ μ¶¨¸Ò¢ ¥É ¢¸¥ ±¢ ´Éμ¢Ò¥ ÔËË¥±ÉÒ ¢μ ¢´¥Ï´¨Ì ¶μ²ÖÌ
(¶μ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³  ±¢ ´Éμ¢ ´´ÒÌ ¶μ²¥°, ·μ¦¤¥´¨¥ Î ¸É¨Í ¨ É. ¶.) [15].

”Ê´±Í¨μ´ ² ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨³ ¨´-
¸É·Ê³¥´Éμ³ ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò Ë¨§¨Î¥¸±μ£μ ¢ ±ÊÊ³  ¢ · §²¨Î´ÒÌ ³μ-
¤¥²ÖÌ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¸μ ¸¶μ´É ´´Ò³ ´ ·ÊÏ¥´¨¥³ ¸¨³³¥É·¨¨ (Ì¨££-
¸μ¢¸±¨° ¢ ±ÊÊ³, £²Õμ´´Ò° ±μ´¤¥´¸ É, ¸¢¥·Ì¶·μ¢μ¤¨³μ¸ÉÓ). �ËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ ¶μ§¢μ²Ö¥É ÊÎ¨ÉÒ¢ ÉÓ μ¡· É´ÊÕ ·¥ ±Í¨Õ ±¢ ´Éμ¢ÒÌ ¶·μÍ¥¸¸μ¢ ´ 
±² ¸¸¨Î¥¸±¨° Ëμ´, É. ¥. ¶μ²ÊÎ ÉÓ ÔËË¥±É¨¢´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö Ëμ-
´μ¢ÒÌ ¶μ²¥°. ‚ ÔÉμ³ ¸²ÊÎ ¥, μ¤´ ±μ, ³Ò ¢¸É·¥Î ¥³¸Ö ¸ μ¶·¥¤¥²¥´´Ò³¨ É·Ê¤-
´μ¸ÉÖ³¨, ¸¢Ö§ ´´Ò³¨ ¸ § ¢¨¸¨³μ¸ÉÓÕ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢´¥ ³ ¸¸μ¢μ°
μ¡μ²μÎ±¨ μÉ ¸¶μ¸μ¡  Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨ ¨ ¶ · ³¥É·¨§ Í¨¨ ±¢ ´Éμ¢ÒÌ ¶μ-
²¥°. ’¥³ ´¥ ³¥´¥¥ ¢ · ¡μÉ Ì [16,17] ¶·¨¢¥¤¥´μ ¤μ± § É¥²Ó¸É¢μ ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´μ° ¶¥·¥´μ·³¨·Ê¥³μ¸É¨ É¥μ·¨° É¨¶  Ÿ´£ ÄŒ¨²²¸ . 	Ò²μ ¶μ± -
§ ´μ, ÎÉμ ¨§³¥´¥´¨¥ ± ²¨¡·μ¢μÎ´μ£μ Ê¸²μ¢¨Ö Ô±¢¨¢ ²¥´É´μ ´¥±μÉμ·μ³Ê ± -
´μ´¨Î¥¸±μ³Ê ¶·¥μ¡· §μ¢ ´¨Õ ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ¤¥°¸É¢¨Ö ¨ ¶·μ¨§¢μ¤ÖÐ¥£μ
ËÊ´±Í¨μ´ ²  ¢¥·Ï¨´, ÎÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, μ§´ Î ¥É ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨-
 ´É´μ¸ÉÓ ¶¥·¥´μ·³¨·μ¢ ´´μ° S-³ É·¨ÍÒ. ˆ´Ò³¨ ¸²μ¢ ³¨, ¢¸Ö § ¢¨¸¨³μ¸ÉÓ
¶·μ¨§¢μ¤ÖÐ¥£μ ËÊ´±Í¨μ´ ²  ¢¥·Ï¨´´ÒÌ ËÊ´±Í¨° ƒ·¨´  μÉ ± ²¨¡·μ¢μÎ´ÒÌ
¶ · ³¥É·μ¢ ¸μ¤¥·¦¨É¸Ö Éμ²Ó±μ ¢  ·£Ê³¥´É¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö.

Ÿ¢´μ ·¥¶ · ³¥É·¨§ Í¨μ´´μ-¨´¢ ·¨ ´É´Ò° ËÊ´±Í¨μ´ ², ±μÉμ·Ò° ´¥ § ¢¨-
¸¨É μÉ Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨ (É ± ´ §Ò¢ ¥³μ¥ ¥¤¨´μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥
‚¨²±μ¢Ò¸±μ£μ), ¡Ò² ¶μ¸É·μ¥´ ¢ · ¡μÉ Ì [18,19]. �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ‚¨²-
±μ¢Ò¸±μ£μ ¨§ÊÎ ²μ¸Ó, ´ ¶·¨³¥·, ¢ · ¡μÉ¥ [20] ¢ · §²¨Î´ÒÌ ³μ¤¥²ÖÌ ±¢ ´Éμ¢μ°
É¥μ·¨¨ ¶μ²Ö (¢ Éμ³ Î¨¸²¥ ¢ Ô°´ÏÉ¥°´μ¢¸±μ° £· ¢¨É Í¨¨),   É ±¦¥ ¢ ±¢ ´Éμ-
¢μ° £· ¢¨É Í¨¨ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨. Š ± ¶μ± § ´μ ¢ [21], ¤²Ö ¸± ²Ö·´μ°
Š�„ ¨ É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¥¤¨´μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢μ ¢¸¥Ì ¶μ·Ö¤± Ì
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¢ ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò³ ÔË-
Ë¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³, ¢ÒÎ¨¸²¥´´Ò³ ¢ ± ²¨¡·μ¢±¥ ‹ ´¤ ÊÄ„¥ ‚¨ÉÉ . �ËË¥±-
É¨¢´μ¥ ¤¥°¸É¢¨¥ ‚¨²±μ¢Ò¸±μ£μ ¡Ò²μ ¢ ¤ ²Ó´¥°Ï¥³ Ê²ÊÎÏ¥´μ „¥ ‚¨ÉÉμ³ [22].
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�¤´ ±μ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ÔÉ  ³μ¤¨Ë¨± Í¨Ö ´¥ ¨§³¥´Ö¥É ·¥§Ê²ÓÉ ÉÒ μ¤´μ¶¥É²¥-
¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¨ ± Éμ³Ê ¦¥ ¶·¨¢´μ¸¨É ·Ö¤ ¶·μ¡²¥³, ¸¢Ö§ ´´ÒÌ ¢ ¶¥·¢ÊÕ
μÎ¥·¥¤Ó ¸ ¢Ò¡μ·μ³ ³¥É·¨±¨ ´  ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ [7].

ˆ§ ¸± § ´´μ£μ ¸²¥¤Ê¥É, ÎÉμ ¢ÒÎ¨¸²¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶·¥¤¸É -
¢²Ö¥É ¡μ²ÓÏμ° ¨´É¥·¥¸ ± ± ¢ ¶² ´¥ · §¢¨É¨Ö μ¡Ð¥£μ Ëμ·³ ²¨§³  ±¢ ´Éμ¢μ°
É¥μ·¨¨ ¶μ²Ö, É ± ¨ ¤²Ö ±μ´±·¥É´ÒÌ ¶·¨²μ¦¥´¨°. ’μÎ´μ¥ ´ Ìμ¦¤¥´¨¥ ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö μ§´ Î ²μ ¡Ò ÉμÎ´μ¥ ·¥Ï¥´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ³μ¤¥²¨
±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö, ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ´¥¢μ§³μ¦´Ò³. �μ-
ÔÉμ³Ê ¨¸¶μ²Ó§ÊÕÉ¸Ö · §²¨Î´Ò¥ ¶·¨¡²¨¦¥´´Ò¥ ¶μ¤Ìμ¤Ò, É ±¨¥ ± ± · §²μ¦¥-
´¨¥ ¶μ Î¨¸²Ê ¶¥É¥²Ó ¨ · §²μ¦¥´¨¥ ¶μ ¸É¥¶¥´Ö³ ¶·μ¨§¢μ¤´ÒÌ ËÊ´±Í¨μ´ ²Ó´ÒÌ
 ·£Ê³¥´Éμ¢. ’ ±¨¥ · §²μ¦¥´¨Ö ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö μ¶¨¸ ´¨Ö Ë¨§¨Î¥¸±¨Ì Ö¢²¥-
´¨°, ¢ ±μÉμ·ÒÌ ·μ²Ó ´ ¡²Õ¤ ¥³ÒÌ ¨£· ÕÉ Î ¸É¨ÍÒ ¨ ¶μ²Ö ¸ ³ ¸¸ ³¨ ¨ Ô´¥·£¨-
Ö³¨, μ£· ´¨Î¥´´Ò³¨ ¸¢¥·ÌÊ ´¥±μÉμ·Ò³ Ì · ±É¥·´Ò³ ³ ¸ÏÉ ¡μ³. �·¨ ÔÉμ³ (¢
¢¥¤ÊÐ¥³ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨) ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ Ê¤¥·-
¦¨¢ ÕÉ¸Ö Éμ²Ó±μ ¶¥·¢Ò¥ ´¥¨¸Î¥§ ÕÐ¨¥ Î²¥´Ò. ˆ³¥´´μ É ±¨¥ ¶¥·¢Ò¥ Î²¥´Ò
´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ§¢μ²ÖÕÉ ¨¸¸²¥¤μ¢ ÉÓ ¸É·Ê±-
ÉÊ·Ê ¢ ±ÊÊ³  É¥μ·¥É¨±μ-¶μ²¥¢μ° ³μ¤¥²¨ ¨ ¤¨´ ³¨±Ê ¥¥ ´¨§±μ²¥¦ Ð¨Ì ¢μ§¡Ê-
¦¤¥´¨°.

�·¨ ´ Ìμ¦¤¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢¸¥ ¶μ²Ö · ¸Ð¥¶²ÖÕÉ¸Ö ´  Ëμ-
´μ¢ÊÕ ±² ¸¸¨Î¥¸±ÊÕ Î ¸ÉÓ ¨ ±¢ ´Éμ¢μ¥ ¢μ§³ÊÐ¥´¨¥, · ¸¶·μ¸É· ´ÖÕÐ¥¥¸Ö ´ 
ÔÉμ³ Ëμ´¥. ’  Î ¸ÉÓ ±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö, ±μÉμ· Ö ±¢ ¤· É¨Î´  ¶μ ±¢ ´-
Éμ¢Ò³ ¶μ²Ö³, μ¶·¥¤¥²Ö¥É ¶·μ¶ £ Éμ·Ò ±¢ ´Éμ¢ÒÌ ¶μ²¥° ¢ Ëμ´μ¢μ³ ¶μ²¥,  
Î²¥´Ò ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤±  § ¤ ÕÉ ¢¥·Ï¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ É¥μ·¨¨ ¢μ§-
³ÊÐ¥´¨°. „²Ö ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶·¥¦¤¥ ¢¸¥£μ ´¥μ¡Ìμ¤¨³μ
´ °É¨ ËÊ´±Í¨¨ ƒ·¨´  ±¢ ´Éμ¢ÒÌ ¶μ²¥° ´  Ëμ´¥ ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥° · §²¨Î-
´μ£μ Ì · ±É¥· .

”Ê´±Í¨¨ ƒ·¨´  ¢ Ëμ´μ¢ÒÌ ¶μ²ÖÌ ¨§ÊÎ ²¨¸Ó ¢ ¡μ²ÓÏμ³ ±μ²¨Î¥¸É¢¥ · ¡μÉ.
”μ± [23] ¢¶¥·¢Ò¥ ¶·¥¤²μ¦¨² ³¥Éμ¤ ·¥Ï¥´¨Ö ¢μ²´μ¢μ£μ Ê· ¢´¥´¨Ö ´  Ëμ´¥
Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö Î¥·¥§ ¨´É¥£· ²Ó´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ¸ ¶ · ³¥É·μ³
¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨. �¥¸±μ²Ó±μ ¶μ§¤´¥¥ ˜¢¨´£¥· [2] μ¡μ¡Ð¨² ³¥Éμ¤ ¸μ¡-
¸É¢¥´´μ£μ ¢·¥³¥´¨ ¨ ¶·¨³¥´¨² ¥£μ ± ¢ÒÎ¨¸²¥´¨Õ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢-
´μ£μ ¤¥°¸É¢¨Ö. „¥ ‚¨ÉÉ [8] ¶¥·¥Ëμ·³Ê²¨·μ¢ ² ³¥Éμ¤ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨
´  £¥μ³¥É·¨Î¥¸±μ³ Ö§Ò±¥ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ Ëμ´μ¢μ£μ £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö.
�É³¥É¨³, ÎÉμ ÔÉμ · §¢¨É¨¥ É¥¸´μ ¸¢Ö§ ´μ ¸ É¥μ·¨¥° ¶¸¥¢¤μ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
μ¶¥· Éμ·μ¢ ± ± ¨´¸É·Ê³¥´Éμ³ ¨¸¸²¥¤μ¢ ´¨Ö Ê· ¢´¥´¨° ¸ Î ¸É´Ò³¨ ¶·μ¨§¢μ¤-
´Ò³¨ ¢ ¶·¨²μ¦¥´¨ÖÌ ± ¸¶¥±É· ²Ó´μ° £¥μ³¥É·¨¨, ¸¶¥±É· ²Ó´Ò³  ¸¨³¶ÉμÉ¨± ³
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ μ¶¥· Éμ·μ¢,  ´ ²¨§Ê ´  ³´μ£μμ¡· §¨ÖÌ, ¤¨ËË¥·¥´Í¨ ²Ó-
´μ° £¥μ³¥É·¨¨ ¨ ¤·Ê£¨³ ³ É¥³ É¨Î¥¸±¨³ ³¥Éμ¤ ³, ¶·¨³¥´Ö¥³Ò³ ¢ ±¢ ´Éμ¢μ°
É¥μ·¨¨∗.

∗‘³., ´ ¶·¨³¥·, [24Ä31].
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‚ ¤ ²Ó´¥°Ï¥³ [32, 33] ¸É ´¤ ·É´ Ö É¥Ì´¨±  ˜¢¨´£¥· Ä„¥ ‚¨ÉÉ  ¡Ò² 
μ¡μ¡Ð¥´  ´  ¸²ÊÎ ° ¶·μ¨§¢μ²Ó´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ μ¶¥· Éμ·μ¢, Ê¤μ¢²¥-
É¢μ·ÖÕÐ¨Ì Ê¸²μ¢¨Õ ¶·¨Î¨´´μ¸É¨. Œ¥Éμ¤ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¸· §Ê ¤ ¥É
ËÊ´±Í¨¨ ƒ·¨´  ¢ μ±·¥¸É´μ¸É¨ ¸¢¥Éμ¢μ£μ ±μ´Ê¸ . ’ ±¨³ μ¡· §μ³, μ´ Ö¢²Ö-
¥É¸Ö ´ ¨¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨³ ¨´¸É·Ê³¥´Éμ³ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö Ê²ÓÉ· Ë¨μ²¥-
Éμ¢ÒÌ · ¸Ìμ¤¨³μ¸É¥° (¢ÒÎ¨¸²¥´¨Ö ±μ´É·Î²¥´μ¢, β-ËÊ´±Í¨° ¨  ´μ³ ²¨°).
ƒ² ¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ ³¥Éμ¤  ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ μ´
Ö¢´μ ±μ¢ ·¨ ´É¥´ ¨ ¶μ§¢μ²Ö¥É ¢¢¥¸É¨ · §²¨Î´Ò¥ ±μ¢ ·¨ ´É´Ò¥ ·¥£Ê²Ö·¨§ Í¨¨
· ¸Ìμ¤ÖÐ¨Ì¸Ö ¨´É¥£· ²μ¢ (´ ¶·¨³¥·, · §³¥·´ÊÕ ·¥£Ê²Ö·¨§ Í¨Õ, ·¥£Ê²Ö·¨§ -
Í¨Õ ¶μ¸·¥¤¸É¢μ³ μ¡μ¡Ð¥´´μ° ζ-ËÊ´±Í¨¨ ¨ É. ¶. (¸³. [34])). •μÉÖ  ¢Éμ·Ò
¡μ²ÓÏ¨´¸É¢  · ¡μÉ ¢ ÔÉμ° μ¡² ¸É¨ μ£· ´¨Î¨¢ ÕÉ¸Ö μ¤´μ¶¥É²¥¢Ò³ ¶·¨¡²¨¦¥-
´¨¥³, ³¥Éμ¤ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¶·¨³¥´Ö¥É¸Ö É ±¦¥ ¤²Ö ¢Ò¸Ï¨Ì ¶¥É¥²Ó.
‚ · ¡μÉ Ì [35, 36] μ´ ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö  ´ ²¨§  ¤¢ÊÌ¶¥É²¥¢ÒÌ · ¸Ìμ¤¨³μ-
¸É¥° ¢ · §²¨Î´ÒÌ ³μ¤¥²ÖÌ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö, ¢ Éμ³ Î¨¸²¥ ¢ ±¢ ´Éμ¢μ°
£· ¢¨É Í¨¨.

„·Ê£μ° ¢ ¦´μ° μ¡² ¸ÉÓÕ, £¤¥ ³¥Éμ¤ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ˜¢¨´£¥· Ä
„¥ ‚¨ÉÉ  Ê¸¶¥Ï´μ ¶·¨³¥´Ö¥É¸Ö, Ö¢²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨¥ ÔËË¥±É  ¶μ²Ö·¨§ Í¨¨
¢ ±ÊÊ³  ³ ¸¸¨¢´ÒÌ ±¢ ´Éμ¢ÒÌ ¶μ²¥° Ëμ´μ¢Ò³¨ ¶μ²Ö³¨. Šμ£¤  ±μ³¶Éμ´μ¢¸± Ö
¤²¨´  ¢μ²´Ò £μ· §¤μ ³¥´ÓÏ¥ Ì · ±É¥·´μ£μ ³ ¸ÏÉ ¡  ¨§³¥´¥´¨Ö Ëμ´μ¢μ£μ
¶μ²Ö, ³¥Éμ¤ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¤ ¥É ´¥¶μ¸·¥¤¸É¢¥´´μ · §²μ¦¥´¨¥ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ·Ö¤ ¶μ ³ ²μ³Ê ¶ · ³¥É·Ê (λ/L)2. ŠμÔËË¨Í¨¥´ÉÒ ÔÉμ£μ
· §²μ¦¥´¨Ö ¶·μ¶μ·Í¨μ´ ²Ó´Ò É ± ´ §Ò¢ ¥³Ò³ ±μÔËË¨Í¨¥´É ³ „¥ ‚¨ÉÉ  ¨
¸É·μÖÉ¸Ö ± ± ²μ± ²Ó´Ò¥ ¨´¢ ·¨ ´ÉÒ Ëμ´μ¢ÒÌ ¶μ²¥° ¨ ¨Ì ±μ¢ ·¨ ´É´ÒÌ ¶·μ-
¨§¢μ¤´ÒÌ. ‚ · ¡μÉ Ì [19, 32, 33] μ¡¸Ê¦¤ ² ¸Ó μ¡Ð Ö ¸É·Ê±ÉÊ·  · §²μ¦¥´¨Ö
˜¢¨´£¥· Ä„¥ ‚¨ÉÉ  ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ ¶μ²¥°. 	Ò²μ
μÉ³¥Î¥´μ, ÎÉμ ¢ É ±¨Ì ³μ¤¥²ÖÌ ´¥μ¡Ìμ¤¨³ ¢ÒÌμ¤ §  ¶·¥¤¥²Ò ²μ± ²Ó´μ£μ · §-
²μ¦¥´¨Ö ¶μ¸·¥¤¸É¢μ³ ¸Ê³³¨·μ¢ ´¨Ö ¢¥¤ÊÐ¨Ì ¶·μ¨§¢μ¤´ÒÌ Ëμ´μ¢μ£μ ¶μ²Ö ¢
ÔÉμ³ · §²μ¦¥´¨¨. ‚ · ¡μÉ¥ [19] (¶·¨ ´¥±μÉμ·ÒÌ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶·¥¤¶μ²μ-
¦¥´¨ÖÌ μ ¸Ìμ¤¨³μ¸É¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ·Ö¤μ¢ ¨ ¨´É¥£· ²μ¢) ¡Ò²¨ ¶·μ¸Ê³-
³¨·μ¢ ´Ò ¢¥¤ÊÐ¨¥ ¶·μ¨§¢μ¤´Ò¥ Ëμ´μ¢ÒÌ ¶μ²¥° ¨ ¶μ²ÊÎ¥´Ò ´¥²μ± ²Ó´Ò¥
¢Ò· ¦¥´¨Ö ¤²Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¸²ÊÎ ¥ ¡¥§³ ¸¸μ¢μ£μ
¶μ²Ö.

’μÎ´μ° ¶·μÍ¥¤Ê·Ò ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ μ¡Ð¥³ ¸²ÊÎ ¥
´¥ ³μ¦¥É ¸ÊÐ¥¸É¢μ¢ ÉÓ, ¶μ¸±μ²Ó±Ê ¤²Ö ÔÉμ£μ É·¥¡Ê¥É¸Ö §´ ÉÓ ¶·μ¶ £ Éμ·Ò ¢
¶·μ¨§¢μ²Ó´ÒÌ ¢´¥Ï´¨Ì ¶μ²ÖÌ,   É ±¨¥ ¶·μ¶ £ Éμ·Ò ´¥¢μ§³μ¦´μ ¶μ¸É·μ¨ÉÓ
ÉμÎ´μ. „μ ¸¨Ì ¶μ· ¢¸¥ ¨§¢¥¸É´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¤¥² ²¨¸Ó ²¨¡μ ¢ ²μ± ²Ó´μ³
¶·¨¡²¨¦¥´¨¨ ¢ · ³± Ì · §²μ¦¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³,
²¨¡μ ¶ÊÉ¥³ ¢Ò¡μ·  ± ±μ°-²¨¡μ ¸¶¥Í¨Ë¨Î¥¸±μ° ±μ´Ë¨£Ê· Í¨¨ Ëμ´μ¢ÒÌ ¶μ²¥°
(¶μ¸ÉμÖ´´Ò¥ ¶μ²Ö, μ¤´μ·μ¤´Ò¥ ¶·μ¸É· ´¸É¢  ¨ ¤·.), ±μ£¤  ¸μμÉ¢¥É¸É¢ÊÕÐ Ö
±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸± Ö § ¤ Î  ÉμÎ´μ ·¥Ï ¥³ . �μ¸±μ²Ó±Ê ÉμÎ´Ò¥ ¢ÒÎ¨¸²¥´¨Ö
¢μ§³μ¦´Ò Éμ²Ó±μ ¢ μ£· ´¨Î¥´´μ³ Î¨¸²¥ ¸²ÊÎ ¥¢, · §¢¨É¨¥ ¶¥·ÉÊ·¡ É¨¢´ÒÌ
³¥Éμ¤μ¢ ±μ¢ ·¨ ´É´μ£μ ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö  ±ÉÊ ²Ó-
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´μ° μ¡² ¸ÉÓÕ ¨¸¸²¥¤μ¢ ´¨°. �¸μ¡¥´´μ ¢ ¦´μ ¨³¥ÉÓ É ±¨¥ Ê´¨¢¥·¸ ²Ó´Ò¥ ³¥-
Éμ¤Ò ¤²Ö ±¢ ´Éμ¢μ° É¥μ·¨¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¨ £· ¢¨É Í¨¨ [33],   É ±¦¥
¤²Ö ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ · ¸Ï¨·¥´¨° ÔÉ¨Ì É¥μ·¨°.

Œ¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö, Ê¸¶¥Ï´μ ¶·¨³¥´Ö¥³Ò° ¤²Ö ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨ £· ¢¨É Í¨¨, ³μ¦¥É ¡ÒÉÓ
μ¡μ¡Ð¥´ ´  ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ± ²¨¡·μ¢μÎ´Ò¥ É¥μ·¨¨, ¸Ëμ·³Ê²¨·μ¢ ´´Ò¥
¢ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. T ±¨¥ μ¡μ¡Ð¥´¨Ö ¡Ò²¨ ¶μ¸É·μ¥´Ò ¤²Ö N = 1 ¸Ê¶¥·-
¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨ ¸Ê¶¥·£· ¢¨É Í¨¨ [37Ä40] ¨ N = 2
¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  [41Ä45] (¸³. É ±¦¥ [46], £¤¥ ¡Ò² 
¶·¥¤¶·¨´ÖÉ  ¡μ²¥¥ · ´´ÖÖ ¶μ¶ÒÉ±  · §· ¡μÉ±¨ ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ¤²Ö ´¥-
±μÉμ·ÒÌ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ³μ¤¥²¥° Ÿ´£ ÄŒ¨²²¸ , ¢±²ÕÎ Ö N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´ÊÕ É¥μ·¨Õ Ÿ´£ ÄŒ¨²²¸ ).

ˆ§ÊÎ¥´¨¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¨ Ëμ·³ ²Ó´ÒÌ  ¸¶¥±Éμ¢ ¸Ê¶¥·¸¨³³¥É·¨Î-
´ÒÌ ³μ¤¥²¥° É¥μ·¨¨ ¶μ²Ö § ´¨³ ¥É §´ Î¨É¥²Ó´μ¥ ³¥¸Éμ ¢ ¸μ¢·¥³¥´´μ° É¥μ-
·¥É¨Î¥¸±μ° Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨°. ˆ´É¥·¥¸ ± ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ É¥μ·¨¨
¶μ²Ö ± ± ¸¨³³¥É·¨¨ ³¥¦¤Ê ¡μ§μ´ ³¨ ¨ Ë¥·³¨μ´ ³¨ δφ ∼ εαψα, δψα ∼
σm

αα̇ε̄α̇∂mφ + . . . μ¡Ê¸²μ¢²¥´ ³´μ£¨³¨ ¶·¨Î¨´ ³¨, ¨§ ±μÉμ·ÒÌ ³Ò ¢Ò¤¥²¨³
´¥¸±μ²Ó±μ.

• ‘Ê¶¥·¸¨³³¥É·¨Ö [47Ä50] 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-
·¨° ¤ ´Ò, ´ ¶·¨³¥·, ¢ ³μ´μ£· Ë¨ÖÌ [37,39,50Ä52]).

• ‘Ê¶¥·¸¨³³¥É·¨Ö ´ ±² ¤Ò¢ ¥É ¸¨²Ó´Ò¥ μ£· ´¨Î¥´¨Ö ´  ¸É·Ê±ÉÊ·Ê ¨ ±μ´-
¸É ´ÉÒ ¸¢Ö§¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ¡μ§μ´ ³¨ ¨ Ë¥·³¨μ´ ³¨, ÎÉμ ¶·¨¢μ-
¤¨É ± ¸μ±· Ð¥´¨Õ ±¢ ¤· É¨Î´ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¨ μ¸² ¡²¥´¨Õ ¢¸¥Ì μ¸É ²Ó-
´ÒÌ. �·¨ ÔÉμ³ ·¥Ï ¥É¸Ö ·Ö¤ ¶·μ¡²¥³ É¥μ·¨¨ ¡μ²ÓÏμ£μ μ¡Ñ¥¤¨´¥´¨Ö, É -
±¨Ì ± ± ¶·μ¡²¥³  ¨¥· ·Ì¨°, ¶·μ¡²¥³  ¸É·μ£μ£μ ¶¥·¥¸¥Î¥´¨Ö É·¥Ì ¡¥£ÊÐ¨Ì
± ²¨¡·μ¢μÎ´ÒÌ ±μ´¸É ´É ¸¢Ö§¨ ¢ μ¤´μ° ÉμÎ±¥, ¶·μ¡²¥³  ¢·¥³¥´¨ ¦¨§´¨
¶·μÉμ´  ¨ ¤·.

• ‘Ê¶¥·¸¨³³¥É·¨Ö ¢ÒÖ¢²Ö¥É £²Ê¡μ±¨¥ ¸¢Ö§¨ ³¥¦¤Ê Ë¨§¨Î¥¸±¨ ³μÉ¨¢¨·μ-
¢ ´´Ò³¨ ¸Ê¶¥·¸¨³³¥É·¨Î´Ò³¨ ´¥²¨´¥°´Ò³¨ ¸¨£³ -³μ¤¥²Ö³¨ É¥μ·¨¨ ¶μ²Ö ¨
É ±¨³¨ ³ É¥³ É¨Î¥¸±¨³¨ ¶μ´ÖÉ¨Ö³¨, ± ± £¥μ³¥É·¨Ö ±Ô²¥·μ¢ÒÌ, £¨¶¥·±Ô²¥·μ-
¢ÒÌ ¨ ±¢ É¥·´¨μ´´ÒÌ ³´μ£μμ¡· §¨°.

• �μ ¸μ¢·¥³¥´´Ò³ ¢μ§§·¥´¨Ö³, ´  ·μ²Ó μ¡Ñ¥¤¨´¥´´μ° É¥μ·¨¨ ¢¸¥Ì ËÊ´-
¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ¢±²ÕÎ Ö £· ¢¨É Í¨μ´´μ¥, ¶·¥É¥´¤Ê¥É É¥μ·¨Ö
¸Ê¶¥·¸É·Ê´ [53, 54]. ‚ 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° ³ ¸¸μ°. �  ³ ¸ÏÉ ¡¥ Ô´¥·£¨°, ³´μ£μ ³¥´ÓÏ¨Ì ¶² ´±μ¢¸±μ° ³ ¸¸Ò, ¢¸¥
±¢ ´Éμ¢μ-¶μ²¥¢Ò¥ Ö¢²¥´¨Ö ¤μ²¦´Ò μ¶¨¸Ò¢ ÉÓ¸Ö ÔËË¥±É¨¢´μ° (´¨§±μÔ´¥·£¥-
É¨Î¥¸±μ° ¸ ÉμÎ±¨ §·¥´¨Ö É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´) ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¥°
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¶μ²Ö. �μ ÔÉμ° ¶·¨Î¨´¥ §´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¢Ò§Ò¢ ¥É ¨§ÊÎ¥´¨¥ · §²¨Î´ÒÌ
(¸Ê¶¥·)¶μ²¥¢ÒÌ ¶·¥¤¥²μ¢ ¸Ê¶¥·¸É·Ê´´ÒÌ É¥μ·¨° (¸³., ´ ¶·¨³¥·, [53Ä55]). �Éμ
¶μ§¢μ²Ö¥É ¨¸¸²¥¤μ¢ ÉÓ ¸É·Ê´´Ò¥ ÔËË¥±ÉÒ ³¥Éμ¤ ³¨ É¥μ·¨¨ ¶μ²Ö ¨ É¥μ·¥É¨±μ-
¶μ²¥¢Ò¥ ÔËË¥±ÉÒ ³¥Éμ¤ ³¨ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´,   É ±¦¥ μÉ±·Ò¢ ¥É ¢μ§³μ¦´μ-
¸É¨ ¶μ¸É·μ¥´¨Ö ´μ¢ÒÌ (¸Ê¶¥·)¶μ²¥¢ÒÌ ³μ¤¥²¥° ¸ ¨´É¥·¥¸´Ò³¨ ¸¢μ°¸É¢ ³¨, ¢
Éμ³ Î¨¸²¥ ¨ ¸ ¢´ÊÉ·¥´´¨³¨ ³¥Ì ´¨§³ ³¨ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨. �  ¤μ-
¸ÉÊ¶´ÒÌ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Ô´¥·£¨ÖÌ ¸Ê¶¥·¸¨³³¥É·¨Ö ®´¥ ¢¨¤´ ¯, ÎÉμ ¤μ²¦´μ
μ§´ Î ÉÓ ¥¥ ´ ·ÊÏ¥´¨¥ ´  ´¥±μÉμ·μ³ ³ ¸ÏÉ ¡¥. �¶·¥¤¥²¥´¨¥ ÔÉμ£μ Ô´¥·£¥-
É¨Î¥¸±μ£μ ³ ¸ÏÉ ¡  μ¸É ¥É¸Ö ¨´É·¨£ÊÕÐ¥° § ¤ Î¥°. ’¥μ·¥É¨Î¥¸±μ¥ ¨¸¸²¥¤μ-
¢ ´¨¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì ±¢ ´Éμ¢ÒÌ  ¸¶¥±Éμ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ³μ¤¥²¥°
¶·¨μ¡·¥É ¥É ±²ÕÎ¥¢μ¥ §´ Î¥´¨¥ ¤²Ö ¨§ÊÎ¥´¨Ö ¢μ§³μ¦´ÒÌ Ë¥´μ³¥´μ²μ£¨Î¥-
¸±¨Ì ¶·μÖ¢²¥´¨° ¸Ê¶¥·¸¨³³¥É·¨¨ ´  ³ ¸ÏÉ ¡ Ì Ô´¥·£¨°, ¤μ¸É¨¦¨³ÒÌ ¢ ¸μ-
¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Ê¸É ´μ¢²¥´μ, ÎÉμ ¢ N = 2 ¨ N = 4 · ¸Ï¨·¥´-
´ÒÌ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨ÖÌ Ÿ´£ ÄŒ¨²²¸  ¸¶¥Í¨ ²Ó´μ¥ ´¨§±μÔ´¥·£¥É¨-
Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ³μ¦¥É ¡ÒÉÓ ÉμÎ´μ ´ °¤¥´μ. �¤´ ±μ ´ ¤μ ¨³¥ÉÓ
¢ ¢¨¤Ê, ÎÉμ ¢ É¥μ·¨ÖÌ ¸ · ¸Ï¨·¥´´μ° ¸Ê¶¥·¸¨³³¥É·¨¥° ¨³¥ÕÉ¸Ö μ¶·¥¤¥-
²¥´´Ò¥ ¶·μ¡²¥³Ò ¸ ¶μ¸É·μ¥´¨¥³ ±¢ ´Éμ¢μ° É¥μ·¨¨. „¥²μ ¢ Éμ³, ÎÉμ  ²-
£¥¡·  · ¸Ï¨·¥´´μ° ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ § ³Ò± ¥É¸Ö Éμ²Ó±μ ´ 
Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö. ‚ ¸Ê¶¥·¶μ²¥¢ÒÌ ¶μ¤Ìμ¤ Ì É·¥¡μ¢ ´¨¥ ´¥¶·¨¢μ¤¨³μ-
¸É¨ ¸Ê¶¥·¶μ²¥¢μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸Ê¶¥· ²£¥¡·Ò ¶·¨¢μ¤¨É ± ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò³ ¸¢Ö§Ö³ ´  ¸Ê¶¥·¶μ²Ö. �·μ¡²¥³  ·¥Ï¥´¨Ö ¸¢Ö§¥° Î¥·¥§ ´¥μ£· ´¨Î¥´-
´Ò¥ ¸Ê¶¥·¶μ²Ö (¶·¥¶μÉ¥´Í¨ ²Ò) ¸μ§¤ ¥É É·Ê¤´μ¸É¨ ¢ ¨¸¸²¥¤μ¢ ´¨¨ ±¢ ´Éμ-
¢ÒÌ ¸¢μ°¸É¢ ´ ¨¡μ²¥¥ ¨´É¥·¥¸´ÒÌ É¥μ·¥É¨±μ-¶μ²¥¢ÒÌ ³μ¤¥²¥° ¸ N = 2,
. . . , N = 8 · ¸Ï¨·¥´´Ò³¨ ¸Ê¶¥·¸¨³³¥É·¨Ö³¨ ¨ ¶μ¸É·μ¥´¨¨ ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¥° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. Š·μ³¥ Éμ£μ, ¥Ð¥ ¢ 1970-Ì ££. ¡Ò² ¸Ëμ·³Ê²¨·μ-
¢ ´ ·Ö¤ no-go-É¥μ·¥³ μ ´¥¢μ§³μ¦´μ¸É¨ μ¶¨¸ ´¨Ö ´¥±μÉμ·ÒÌ ¢ ¦´ÒÌ ¸Ê¶¥·-
³Ê²ÓÉ¨¶²¥Éμ¢ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¢ É¥·³¨´ Ì ¸Ê¶¥·¶μ²¥°, ¸¢μ¡μ¤´ÒÌ μÉ
¸¢Ö§¥°. „²Ö ¶·¥μ¤μ²¥´¨Ö ÔÉ¨Ì § ¶·¥Éμ¢, ± ± ¢¸¥£¤  ¢ ¶μ¤μ¡´ÒÌ ¸²ÊÎ ÖÌ, ¶μ-
É·¥¡μ¢ ²μ¸Ó ¢ÒÖ¢¨ÉÓ ¸±·ÒÉÒ¥ μ£· ´¨Î¥´¨Ö, § ²μ¦¥´´Ò¥ ¢ Ê¸²μ¢¨ÖÌ no-go-
É¥μ·¥³.

�·¥μ¡· §μ¢ ´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ ¶¥·¥¢μ¤ÖÉ ¡μ§μ´Ò ¨ Ë¥·³¨μ´Ò ¤·Ê£ ¢
¤·Ê£ , ¢ ¸¨²Ê Î¥£μ ¶μ²Ö · §´ÒÌ ¸¶¨´μ¢ μÉμ¦¤¥¸É¢²ÖÕÉ¸Ö ¸ ±μ³¶μ´¥´É ³¨
´¥±μÉμ·μ£μ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É . �·μ¸É¥°Ï¨¥ N = 1 ¸Ê¶¥·³Ê²ÓÉ¨¶²¥ÉÒ ¸μ-
¤¥·¦ É Ë¨§¨Î¥¸±¨¥ ¶μ²Ö, Ê ±μÉμ·ÒÌ ¸¶¨´Ò ¨²¨ ¸¶¨· ²Ó´μ¸É¨ μÉ²¨Î ÕÉ¸Ö
´  1/2,   É ±¦¥ ¢¸¶μ³μ£ É¥²Ó´Ò¥ ´¥· ¸¶·μ¸É· ´ÖÕÐ¨¥¸Ö ¶μ²Ö. �·¥¤¸É -
¢²¥´¨¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ ´  ¸¢μ¡μ¤´ÒÌ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö μ¡Ñ-
¥¤¨´Ö¥É ¡¥§³ ¸¸μ¢Ò¥ Ë¨§¨Î¥¸±¨¥ ¶μ²Ö ¸μ ¸¶¨· ²Ó´μ¸ÉÖ³¨ 1, 1/2, 0 ¢ ³ ±-
¸¨³ ²Ó´μ · ¸Ï¨·¥´´Ò° ¢¥±Éμ·´Ò° ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É. �¤´ ±μ ´ ¡μ· ¢¸¶μ³μ-
£ É¥²Ó´ÒÌ ¶μ²¥° ¤²Ö ·¥ ²¨§ Í¨¨ ¶μ²´μ° N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ ¢´¥ ³ ¸-
¸μ¢μ° μ¡μ²μÎ±¨ ¤μ ¸¨Ì ¶μ· μ¸É ¥É¸Ö ´¥¨§¢¥¸É´Ò³, ¨ ´¥ ¨¸±²ÕÎ¥´μ, ÎÉμ É -
±¨¥ ¶·¥¤¸É ¢²¥´¨Ö ¡¥¸±μ´¥Î´μ³¥·´Ò. ‘²¥¤ÊÕÐ¨¥ · ¸Ï¨·¥´¨Ö N = 5, . . . , 8
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¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö £· ¢¨Éμ´ ¸μ ¸¶¨· ²Ó´μ¸ÉÓÕ 2, ²¥¢μ¥
¨ ¶· ¢μ¥ £· ¢¨É¨´μ ¸μ ¸¶¨· ²Ó´μ¸ÉÓÕ ±3/2 ¨ ¤·Ê£¨¥ ¶μ²Ö. Š ± ¶· ¢¨²μ,
¤²Ö § ¶¨¸¨ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ² £· ´¦¨ ´μ¢ ¢ É¥·³¨´ Ì ±μ³¶μ´¥´É´ÒÌ ¶μ-
²¥° ¤μ¸É ÉμÎ´μ §´ ÉÓ ¸μ¸É ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸Ê¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ´  ³ ¸¸μ-
¢μ° μ¡μ²μÎ±¥. �¤´ ±μ ¤²Ö ¤¥É ²Ó´μ£μ  ´ ²¨§  ±¢ ´Éμ¢ÒÌ ¸¢μ°¸É¢ ÔÉ¨Ì ³μ-
¤¥²¥° É¥μ·¨¨ ¶μ²Ö ¦¥² É¥²Ó´μ · ¸¶μ² £ ÉÓ ¨´Ëμ·³ Í¨¥° μ ¸μ¸É ¢¥ ¸Ê¶¥·-
³Ê²ÓÉ¨¶²¥Éμ¢ ¨ ¢¸¥Ì ¸¨³³¥É·¨ÖÌ ±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¢´¥ ³ ¸¸μ¢μ° μ¡μ-
²μÎ±¨.

� ¨¡μ²¥¥ ¥¸É¥¸É¢¥´´μ¥ μ¶¨¸ ´¨¥ · ¸Ï¨·¥´´ÒÌ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¤μ¸É¨-
£ ¥É¸Ö ¢ É¥·³¨´ Ì ¸Ê¶¥·¶μ²¥° ´  ¸Ê¶¥·¶·μ¸É· ´¸É¢¥, ¶ · ³¥É·¨§μ¢ ´´μ³ ±μ-
μ·¤¨´ É ³¨ zM = {xm, θiα, θ̄α̇

i }, £¤¥ θiα, θ̄α̇
i Å  ´É¨±μ³³ÊÉ¨·ÊÕÐ¨¥ (θ2 = 0)

¢¥°²¥¢¸±¨¥ (α, α̇ = 1, 2) ¸¶¨´μ·Ò ¨ i = 1, 2, . . . ,N . ”¨§¨Î¥¸±¨¥ ¨ ¢¸¶μ³μ£ -
É¥²Ó´Ò¥ ¶μ²Ö ¢μ§´¨± ÕÉ ± ± ±μ³¶μ´¥´ÉÒ · §²μ¦¥´¨Ö ¸Ê¶¥·¶μ²Ö ¶μ ¸É¥¶¥´Ö³
£· ¸¸³ ´μ¢ÒÌ ¸¶¨´μ·´ÒÌ ±μμ·¤¨´ É. �¤´ ±μ ¢ ÔÉμ³ · §²μ¦¥´¨¨ ¶μ³¨³μ
±μ³¶μ´¥´É´ÒÌ ¶μ²¥° Éμ£μ ¨²¨ ¨´μ£μ ¶·¥¤¸É ¢²ÖÕÐ¥£μ ¨´É¥·¥¸ ´¥¶·¨¢μ¤¨-
³μ£μ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É  ¶·¨¸ÊÉ¸É¢Ê¥É ³´μ£μ ²¨Ï´¨Ì ±μ³¶μ´¥´É. �μÔÉμ³Ê
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸Ê¶¥·¶μ²Ö ¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¤μ²¦´Ò ¶μ¤Î¨´ÖÉÓ¸Ö ¸¢Ö§Ö³,
¨¸±²ÕÎ ÕÐ¨³ ²¨Ï´¨¥ ±μ³¶μ´¥´ÉÒ. „²Ö ±μ³¶²¥±¸´ÒÌ N = 1 ¸Ê¶¥·¶μ²¥°
É ±¨³¨ ¸¢Ö§Ö³¨ ¸²Ê¦ É Ê¸²μ¢¨Ö £· ¸¸³ ´μ¢μ°  ´ ²¨É¨Î´μ¸É¨

D̄α̇Φ(x, θ, θ̄) = 0, DαΦ̄(x, θ, θ̄) = 0,

·¥Ï¥´¨Ö³¨ ±μÉμ·ÒÌ Ö¢²ÖÕÉ¸Ö ±¨· ²Ó´Ò¥ Φ(xL, θ) ¨²¨  ´É¨±¨· ²Ó´Ò¥
Φ̄(xR, θ̄) ¸Ê¶¥·¶μ²Ö, § ¢¨¸ÖÐ¨¥ μÉ ¶μ²μ¢¨´Ò £· ¸¸³ ´μ¢ÒÌ ±μμ·¤¨´ É,   ¶·¥-
μ¡· §μ¢ ´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ μ¸É ¢²ÖÕÉ ¨´¢ ·¨ ´É´Ò³¨ ¸μ¶·Ö¦¥´´Ò¥ ±¨· ²Ó-
´Ò¥ ¶μ¤¶·μ¸É· ´¸É¢  {xm

L , θα} ¨ {xm
R , θ̄α̇}.

� §¢¨É¨¥³ ÔÉμ° ±μ´Í¥¶Í¨¨ ¢ ¸²ÊÎ ¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¸É ² ³¥-
Éμ¤ N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  [51, 56Ä60]. ‡¤¥¸Ó μ± § ²μ¸Ó
´¥μ¡Ìμ¤¨³Ò³ ¤μ¶μ²´¨ÉÓ ±μμ·¤¨´ ÉÒ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢  £ ·³μ´¨-
± ³¨ u±i, u+iu−

i = 1, u+i = u−
i , ¶ · ³¥É·¨§ÊÕÐ¨³¨ Ë ±Éμ·-¶·μ¸É· ´¸É¢μ

SU(2)/U(1) £·Ê¶¶Ò  ¢Éμ³μ·Ë¨§³μ¢ N = 2 ¸Ê¶¥· ²£¥¡·Ò �Ê ´± ·¥. ‘¢Ö§¨
¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ³ É¥·¨¨ ¨ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ μ± § ²μ¸Ó
¢μ§³μ¦´Ò³ · §·¥Ï¨ÉÓ ¶μ¸²¥ ¤μ¶μ²´¥´¨Ö ¸É ´¤ ·É´μ£μ N = 2 ¸Ê¶¥·¶·μ-
¸É· ´¸É¢  £ ·³μ´¨Î¥¸±μ° ¸Ë¥·μ° SU(2)/U(1) ¨ ¢Ò¤¥²¥´¨Ö ¢ ÔÉμ³ · ¸Ï¨-
·¥´´μ³ (®£ ·³μ´¨Î¥¸±μ³¯) ¸Ê¶¥·¶·μ¸É· ´¸É¢¥  ´ ²¨É¨Î¥¸±μ£μ ¶μ¤¶·μ¸É· ´-
¸É¢ , § ³±´ÊÉμ£μ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¨
¶ · ³¥É·¨§μ¢ ´´μ£μ ³¥´ÓÏ¨³ Î¨¸²μ³ £· ¸¸³ ´μ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¶μ ¸· ¢-
´¥´¨Õ ¸μ ¸É ´¤ ·É´Ò³ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢μ³. ƒ¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ ¨
N = 2 ± ²¨¡·μ¢μÎ´Ò° ³Ê²ÓÉ¨¶²¥É μ¶¨¸Ò¢ ÕÉ¸Ö ¸Ê¶¥·¶μ²Ö³¨, ®¦¨¢ÊÐ¨-
³¨¯ ´   ´ ²¨É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ ¨ ´¥ ¶μ¤Î¨´¥´´Ò³¨ ± ±¨³-²¨¡μ ¤μ-
¶μ²´¨É¥²Ó´Ò³ ¸¢Ö§Ö³. �·¥μ¤μ²¥´¨¥ § ¶·¥Éμ¢ (no-go-É¥μ·¥³) ´  ¸Ê¶¥·¶μ²¥-
¢μ¥ μ¶¨¸ ´¨¥ ¶·¥¤¸É ¢²¥´¨° · ¸Ï¨·¥´´μ° ¸Ê¶¥· ²£¥¡·Ò ¢´¥ ³ ¸¸μ¢μ° μ¡μ-
²μÎ±¨ ¸É ´μ¢¨É¸Ö ¢μ§³μ¦´Ò³ ¡² £μ¤ ·Ö Éμ³Ê, ÎÉμ  ´ ²¨É¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö
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¸μ¤¥·¦ É ¡¥¸±μ´¥Î´μ¥ Î¨¸²μ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥° (¢ ¸²ÊÎ ¥ £¨¶¥·³Ê²Ó-
É¨¶²¥É ) ¨²¨ ¡¥¸±μ´¥Î´μ¥ Î¨¸²μ Î¨¸Éμ ± ²¨¡·μ¢μÎ´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò
(¢ ¸²ÊÎ ¥ N = 2 ± ²¨¡·μ¢μÎ´μ£μ ³Ê²ÓÉ¨¶²¥É ), ±μÉμ·Ò¥ ¨¸±²ÕÎ ÕÉ¸Ö ¨²¨
Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö, ¨²¨ ¢Ò¡μ·μ³ ¶μ¤Ìμ¤ÖÐ¥° ± ²¨¡·μ¢±¨. �·¥μ¡· §μ-
¢ ´¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ μ¸É ¢²ÖÕÉ ¨´¢ ·¨ ´É´Ò³  ´ ²¨É¨Î¥¸±μ¥ ¶μ¤-
¶·μ¸É· ´¸É¢μ ζM ≡ {xm

A , θ+α, θ̄+α̇, u±i},   Ë¨§¨Î¥¸±¨¥ ¨ ¢¸¶μ³μ£ É¥²Ó´Ò¥
¶μ²Ö N = 2 ¸Ê¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¢μ§´¨± ÕÉ ¢ · §²μ¦¥´¨¨ ´¥ μ£· ´¨Î¥´´ÒÌ
± ±¨³¨-²¨¡μ ¸¢Ö§Ö³¨ ¸Ê¶¥·¶μ²¥° ´   ´ ²¨É¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ζM .
‘μ¸É ¢ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¸É ´μ¢¨É¸Ö ¡¥¸±μ´¥Î´μ³¥·´Ò³, ¶μ¸±μ²Ó±Ê ±μÔË-
Ë¨Í¨¥´É ³¨ ¢ · §²μ¦¥´¨¨ ¶μ ¸É¥¶¥´Ö³ £ ·³μ´¨± Ö¢²ÖÕÉ¸Ö ¢Ò¸Ï¨¥ ´¥¶·¨¢μ-
¤¨³Ò¥ ¶·¥¤¸É ¢²¥´¨Ö £·Ê¶¶Ò SU(2). �μÔÉμ³Ê ´¥μ¡Ìμ¤¨³μ ¸Ëμ·³Ê²¨·μ¢ ÉÓ
É ±¨¥ ¶· ¢¨²  § ¶¨¸¨ ¸Ê¶¥·¶μ²¥¢μ£μ ¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ ¶·¨¢μ¤ÖÉ ± Ë¨§¨-
Î¥¸±¨³ ² £· ´¦¨ ´ ³ ¤²Ö ±μ´¥Î´μ£μ Î¨¸²  ±μ³¶μ´¥´É´ÒÌ ¶μ²¥° ¶μ¸²¥ ¨¸-
±²ÕÎ¥´¨Ö ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥° ¨Ì Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö. �Éμ ¤μ¸É¨-
£ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨´É¥£· ²  	¥·¥§¨´  [62] ¶μ £· ¸¸³ ´μ¢Ò³ ±μμ·¤¨-
´ É ³ ¨ ¨´É¥£· ²  ¶μ £ ·³μ´¨± ³ ´  £·Ê¶¶¥ SU(2), μ¶·¥¤¥²¥´´μ£μ ¶· ¢¨-
² ³¨ [51]∫

dθ = 0,

∫
dθ θ = 1,

∫
du = 1,

∫
du u+

(i1
, . . . , u+

in
u−

j1
, . . . , u−

jn) = 0.

N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸
³ É¥·¨¥° Ëμ·³Ê²¨·Ê¥É¸Ö ¢ É¥·³¨´ Ì ¤¢ÊÌ N = 2 ³Ê²ÓÉ¨¶²¥Éμ¢. ‚¥±Éμ·´Ò°
³Ê²ÓÉ¨¶²¥É μ¶¨¸Ò¢ ¥É¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶μ²¥³ Å ¶·¥-
¶μÉ¥´Í¨ ²μ³ V ++ = V ++I(ζ)TI , ¶·¨´¨³ ÕÐ¨³ §´ Î¥´¨Ö ¢  ²£¥¡·¥ ‹¨ ± ²¨-
¡·μ¢μÎ´μ° £·Ê¶¶Ò. ‚ ¥£μ ¸μ¸É ¢ ¢Ìμ¤¨É ¢¥±Éμ·´Ò° ± ²¨¡·μ¢μÎ´Ò° ¶μÉ¥´Í¨ ²
¨ ¥£μ ¸Ê¶¥·¶ ·É´¥·Ò. �μ²Ö ³ É¥·¨¨ ¢Ìμ¤ÖÉ ¢ ¸μ¸É ¢ £¨¶¥·³Ê²ÓÉ¨¶²¥É  q+(ζ)
¨ ¥³Ê ¸μ¶·Ö¦¥´´μ£μ q̃+(ζ), ±μÉμ·Ò¥ ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ ´¥±μÉμ·μ³Ê ¶·¥¤¸É ¢-
²¥´¨Õ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. Š² ¸¸¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¢Ò£²Ö¤¨É
¢¥¸Ó³  ¶·μ¸Éμ:

S =
1

2g2
tr

∫
d8zW2 +

1
2

∫
dζ(−4)q+

a (D++ + igV ++)q+a (a = 1, 2), (B.1)

£¤¥ W = −1
4
(D̄+)2V −− Å ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ¥, u Å ´¥§ ¢¨¸¨-

³μ¥ ±¨· ²Ó´μ¥ ¸Ê¶¥·¶μ²¥ ´ ¶·Ö¦¥´´μ¸É¨ ¨ V −− Å ´¥ ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·-
¶μ²¥, ¸¢Ö§ ´´μ¥ ¸ ¶·¥¶μÉ¥´Í¨ ²μ³ Ê¸²μ¢¨¥³ ´Ê²¥¢μ° ±·¨¢¨§´Ò∗ D++V −− −

∗‡¤¥¸Ó D±± = u±i ∂

∂u∓i
, D0 = u+i ∂

∂u+i
− u−i ∂

∂u−i
Å SU(2)-±μ¢ ·¨ ´É´Ò¥

¶·μ¨§¢μ¤´Ò¥.
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D−−V ++ + i[V ++, V −−] = 0. Š ¸μ¦ ²¥´¨Õ, ¶μ¤μ¡´μ° ±μ´¸É·Ê±Í¨¨ ¤²Ö
´ ¨¡μ²¥¥ ¨´É¥·¥¸´μ° N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸μ
¢¸¥³¨ 16 ¸Ê¶¥·¸¨³³¥É·¨Ö³¨, ·¥ ²¨§μ¢ ´´Ò³¨ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨, ´¥
¸ÊÐ¥¸É¢Ê¥É∗. „²Ö μ¶¨¸ ´¨Ö ÔÉμ° É¥μ·¨¨ ¶·¨Ìμ¤¨É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ±² ¸¸¨-
Î¥¸±μ¥ ¤¥°¸É¢¨¥ (B.1) ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ³ ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨
¨ ¤μ¶μ²´¨É¥²Ó´μ° ´¥Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥°, ·¥ ²¨§μ¢ ´´μ° ¶·¥μ¡· -
§μ¢ ´¨Ö³¨

δV ++ = (εαaθ+
α + ε̄a

α̇θ̄+α̇)q+
a , δq+

a = −1
2
(D+)4[(εα

aθ−α + ε̄α̇aθ̄−α̇)V −−].
(B.2)

’ ±¨³ μ¡· §μ³, Ëμ·³ ²¨§³ £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  μ¡¥¸¶¥Î¨-
¢ ¥É ¥¸É¥¸É¢¥´´μ¥ μ¶¨¸ ´¨¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨° ¢´¥ ³ ¸¸μ¢μ°
μ¡μ²μÎ±¨ ¨ ¢μ§³μ¦´μ¸ÉÓ ¨§ÊÎ¥´¨Ö ±¢ ´Éμ¢ÒÌ  ¸¶¥±Éμ¢ É ±¨Ì É¥μ·¨° ¸ ¸μÌ· -
´¥´¨¥³ Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ´  ¢¸¥Ì ÔÉ ¶ Ì ¢ÒÎ¨¸²¥´¨°. �μ¸²¥¤´¥¥
μ¡¸ÉμÖÉ¥²Ó¸É¢μ ´μ¸¨É ¶·¨´Í¨¶¨ ²Ó´Ò° Ì · ±É¥·, ¶μ¸±μ²Ó±Ê ¶μ§¢μ²Ö¥É ±μ´-
É·μ²¨·μ¢ ÉÓ ±μ··¥±É´μ¸ÉÓ ¢ÒÎ¨¸²¥´¨° ¨ ¶μ²ÊÎ ÉÓ ·¥§Ê²ÓÉ ÉÒ ¸· §Ê ¢ É¥·³¨-
´ Ì N = 2 ¸Ê¶¥·¨´¢ ·¨ ´Éμ¢. ˆ³¥´´μ ¶μÔÉμ³Ê · §¢¨É¨¥ μ¡Ð¨Ì ³¥Éμ¤μ¢ ±μ¢ -
·¨ ´É´μ£μ ¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ
±¢ ´Éμ¢ÒÌ É¥μ·¨ÖÌ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¨ ³ É¥·¨¨ ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥ Ö¢²Ö¥É¸Ö  ±ÉÊ ²Ó´μ° μ¡² ¸ÉÓÕ ¨¸¸²¥¤μ¢ ´¨°. �É³¥É¨³ É ±¦¥
 ±ÉÊ ²Ó´μ¸ÉÓ ¨¸¸²¥¤μ¢ ´¨° ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° ¢ · ¸Ï¨·¥´´ÒÌ ¸Ê¶¥·-
± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨ÖÌ [208,209].

„·Ê£μ° ±·Ê£ ¢μ¶·μ¸μ¢ ¸¢Ö§ ´ ¸ ¶·μ¡²¥³μ° ¢Ò¡μ·  ·¥ ²¨§ Í¨¨ É¥μ·¥É¨±μ-
¶μ²¥¢μ£μ μ¶¨¸ ´¨Ö ¢ É¥·³¨´ Ì É¥Ì ¨²¨ ¨´ÒÌ É¥´§μ·´ÒÌ (¸Ê¶¥·)¶μ²¥°, μ¶¨¸Ò-
¢ ÕÐ¨Ì ¡¥§³ ¸¸μ¢Ò¥ ¨ ³ ¸¸¨¢´Ò¥ ´¥¶·¨¢μ¤¨³Ò¥ ¶·¥¤¸É ¢²¥´¨Ö (¸Ê¶¥·)£·Ê¶-
¶Ò �Ê ´± ·¥. �·μ¸É¥°Ï¨³ ¶·¨³¥·μ³ É ±μ° ´¥μ¤´μ§´ Î´μ¸É¨ Ö¢²Ö¥É¸Ö ¤¨´ -
³¨Î¥¸± Ö Ô±¢¨¢ ²¥´É´μ¸ÉÓ μ¶¨¸ ´¨Ö ¡¥§³ ¸¸μ¢μ° Î ¸É¨ÍÒ ¸¶¨´  ´μ²Ó ¢ É¥·-
³¨´ Ì ¸± ²Ö·´μ£μ ¨²¨ É¥´§μ·´μ£μ ¶μ²¥° [63]. „·Ê£¨³ ¶·¨³¥·μ³ Ô±¢¨¢ ²¥´É-
´μ¸É¨, ±μÉμ· Ö ¨³¥¥É ³¥¸Éμ ¢ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö, ³μ¦¥É ¸²Ê-
¦¨ÉÓ ¸Ê¶¥·¶μ²¥¢ Ö ·¥ ²¨§ Í¨Ö ´¥¶·¨¢μ¤¨³μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸Ê¶¥·¸¶¨´  1/2
¨²¨ ¢ É¥·³¨´ Ì ´¥μ£· ´¨Î¥´´μ£μ ¤¥°¸É¢¨É¥²Ó´μ£μ ¸± ²Ö·´μ£μ N = 1 ¸Ê¶¥·-
¶μ²Ö (¶·¥¶μÉ¥´Í¨ ² ), ¨²¨ ¢ É¥·³¨´ Ì ±¨· ²Ó´μ£μ ¸¶¨´μ·´μ£μ N = 1 ¸Ê¶¥·-
¶μ²Ö. 	Ê¤ÊÎ¨ ¤¨´ ³¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´Ò³¨ ´  Ê·μ¢´¥ ¸¢μ¡μ¤´ÒÌ ² £· ´¦¨-
 ´μ¢, ÔÉ¨ · §²¨Î´Ò¥ ·¥ ²¨§ Í¨¨ μ¤´μ£μ ¨ Éμ£μ ¦¥ ¶·¥¤¸É ¢²¥´¨Ö ¶·¨¢μ¤ÖÉ,
¢μμ¡Ð¥ £μ¢μ·Ö, ± · §²¨Î´Ò³ ³μ¤¥²Ö³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ £· ¢¨É Í¨μ´´Ò³¨
¨ ± ²¨¡·μ¢μÎ´Ò³¨ (¸Ê¶¥·)¶μ²Ö³¨. ‚ ¦´Ò° ¶·¨³¥· É ±μ£μ ¸μ·É  ´¥Ô±¢¨¢ -
²¥´É´μ¸É¨ ¶·¥¤¸É ¢²Ö¥É N = 2 ¢¥±Éμ· Å É¥´§μ·´Ò° ³Ê²ÓÉ¨¶²¥É ¸ ± ²¨-

∗12 ¸Ê¶¥·¸¨³³¥É·¨° ¨§ 16 ³μ¦´μ ·¥ ²¨§μ¢ ÉÓ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¢ · ³± Ì N = 3
£ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  [51], ´μ ¢ ¤ ´´μ³ μ¡§μ·¥ ³Ò ´¥ ¡Ê¤¥³ ± ¸ ÉÓ¸Ö É ±¨Ì
Ëμ·³Ê²¨·μ¢μ±.
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¡·μ¢ ´´Ò³ Í¥´É· ²Ó´Ò³ § ·Ö¤μ³. �¤¨´ ¨§ Ë¨§¨Î¥¸±¨Ì ¸± ²Ö·μ¢ ÔÉμ£μ ³Ê²Ó-
É¨¶²¥É  μ¶¨¸Ò¢ ¥É¸Ö  ´É¨¸¨³³¥É·¨Î´Ò³ É¥´§μ·μ³, ¢§ ¨³μ¤¥°¸É¢¨¥ ±μÉμ·μ£μ
Î¥·¥§ Î²¥´ —¥·´ Ä‘ °³μ´¸  ¸ N = 2 ¢¥±Éμ·´Ò³ ³Ê²ÓÉ¨¶²¥Éμ³ ¨ N = 2 ¸Ê-
¶¥·£· ¢¨É Í¨¥° μ¡¥¸¶¥Î¨¢ ¥É ·¥ ²¨§ Í¨Õ ³¥Ì ´¨§³  ¸μ±· Ð¥´¨Ö  ´μ³ ²¨°
ƒ·¨´ Ä˜¢ ·Í  ¢ ÔËË¥±É¨¢´μ° É¥μ·¨¨ [64]. Š ± ¶·¥¤¸É ¢²¥´¨¥ N = 2 ¸Ê-
¶¥·¸¨³³¥É·¨¨ ÔÉμÉ ³Ê²ÓÉ¨¶²¥É ¶μ¤μ¡¥´ ¡¥§³ ¸¸μ¢μ³Ê 8+8 £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÊ
” °¥Ä‘μ´¨Ê¸  [65], μ¤´ ±μ ¤²Ö ´¥£μ ´¥ ¸ÊÐ¥¸É¢Ê¥É Ëμ·³Ê²¨·μ¢±¨ ¡¥§ ¸¢Ö§¥°,
ÎÉμ ¶μ·μ¦¤ ¥É μ¶·¥¤¥²¥´´Ò¥ É·Ê¤´μ¸É¨ ¶·¨  ´ ²¨§¥ ±¢ ´Éμ¢ÒÌ ¸¢μ°¸É¢ É ±¨Ì
¸¨¸É¥³.

‚ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¶·μ¨¸Ìμ¤¨É ¢μ§·μ¦¤¥´¨¥ ¨´É¥·¥¸  ± · §²¨Î´Ò³  ¸¶¥±-
É ³ É¥μ·¥É¨±μ-¶μ²¥¢μ£μ μ¶¨¸ ´¨Ö 4D N = 1 ¨ N = 2 ³ ¸¸¨¢´ÒÌ É¥´§μ·´ÒÌ
³Ê²ÓÉ¨¶²¥Éμ¢ ¨ ¨Ì ¸¢Ö§Ö³ ¸μ ¸± ²Ö·´Ò³ ¨ ¢¥±Éμ·´Ò³ ³Ê²ÓÉ¨¶²¥É ³¨. ’ ±μ°
¨´É¥·¥¸ ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ³μÉ¨¢¨·μ¢ ´ É¥³ μ¡¸ÉμÖÉ¥²Ó¸É¢μ³, ÎÉμ ³ ¸¸¨¢´ Ö
2-Ëμ·³  ¥¸É¥¸É¢¥´´μ ¢μ§´¨± ¥É ¢ N = 2 ¸Ê¶¥·£· ¢¨É Í¨¨, ±μÉμ· Ö ¶μ²ÊÎ -
¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ±μ³¶ ±É¨Ë¨± Í¨° É¥μ·¨¨ ¸É·Ê´ É¨¶  II ´  ³´μ£μμ¡· §¨Ö
Š ² ¡¨ÄŸÊ ¢ ¶·¨¸ÊÉ¸É¢¨¨ Ô²¥±É·¨Î¥¸±¨Ì ¨ ³ £´¨É´ÒÌ ¶μÉμ±μ¢ (¸³., ´ ¶·¨-
³¥·, μ¡§μ· [66]). �ÉμÉ Ë ±É ¤ ¥É μ¸´μ¢ ´¨Ö ¤²Ö ¡μ²¥¥ ¤¥É ²Ó´μ£μ ¨¸¸²¥¤μ-
¢ ´¨Ö ³ ¸¸¨¢´ÒÌ N = 1 ¨ N = 2 É¥´§μ·´ÒÌ ³Ê²ÓÉ¨¶²¥Éμ¢ [67]. ‚ N = 1
¸Ê¶¥·¸¨³³¥É·¨¨ ³ ¸¸¨¢´Ò° É¥´§μ·´Ò° ³Ê²ÓÉ¨¶²¥É (± ± ¤Ê ²Ó´ Ö ¢¥·¸¨Ö ³ ¸-
¸¨¢´μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É ) ¡Ò² ¢¢¥¤¥´ É·¨¤Í ÉÓ ²¥É ´ § ¤, ¨ ¸ É¥Ì ¶μ·
ÔÉ  ±μ´¸É·Ê±Í¨Ö ´ Ï²  μÉ· ¦¥´¨¥ ¢ ¤¢ÊÌ ³μ´μ£· Ë¨ÖÌ [37, 39]. ‚ μÉ²¨Î¨¥
μÉ μ¡ÒÎ´ÒÌ É¥´§μ·´ÒÌ ³Ê²ÓÉ¨¶²¥Éμ¢ ³μ¤¥²¨ (¡¥§³ ¸¸μ¢ÒÌ) N = 1 ¨ N = 2
Ê²ÊÎÏ¥´´ÒÌ É¥´§μ·´ÒÌ ³Ê²ÓÉ¨¶²¥Éμ¢ Ö¢²ÖÕÉ¸Ö ¸Ê¶¥·±μ´Ëμ·³´Ò³¨ ¢ ¸²ÊÎ ¥
£²μ¡ ²Ó´μ° ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ ¨ ¨´¢ ·¨ ´É´Ò³¨
μÉ´μ¸¨É¥²Ó´μ ¸Ê¶¥·¢¥°²¥¢¸±¨Ì ¶·¥μ¡· §μ¢ ´¨° ¢ ¨¸±·¨¢²¥´´μ³ ¸Ê¶¥·¶·μ-
¸É· ´¸É¢¥. Š·μ³¥ Éμ£μ, μ£· ´¨Î¥´´Ò¥ ¶· ¢¨²Ó´μ ¶μ¤μ¡· ´´Ò³¨ £ ·³μ´¨Î¥-
¸±¨³¨ ¸¢Ö§Ö³¨ ¸Ê¶¥·¶μ²Ö N = 2 É¥´§μ·´ÒÌ ³Ê²ÓÉ¨¶²¥Éμ¢ ³ É¥·¨¨ μ¡² ¤ ÕÉ
±μ´¥Î´Ò³ ´ ¡μ·μ³ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥°, ¨ ¢¸¥ ³μ¤¥²¨ ¸ ³μ¤¥°¸É¢¨Ö ÔÉ¨Ì
¸Ê¶¥·¶μ²¥° ¤Ê ²Ó´Ò ¸¶¥Í¨ ²Ó´Ò³ ±² ¸¸ ³ ³μ¤¥²¥° q+-£¨¶¥·³Ê²ÓÉ¨¶²¥É  [51].
‘ÊÐ¥¸É¢Ê¥É ¶μ ±· °´¥° ³¥·¥ ¤¢¥ ¶·¨Î¨´Ò, ¶μÎ¥³Ê Ê²ÊÎÏ¥´´Ò° É¥´§μ·´Ò°
³Ê²ÓÉ¨¶²¥É ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸: μ´ ¶μÖ¢²Ö¥É¸Ö ± ± ¸Ê¶¥·±μ´Ëμ·³´Ò° ±μ³-
¶¥´¸ Éμ· ¢ ´μ¢ÒÌ ³¨´¨³ ²Ó´ÒÌ Ëμ·³Ê²¨·μ¢± Ì N = 1 ¸Ê¶¥·£· ¢¨É Í¨¨
(¸³. [37,39]); μ´ ³μ¦¥É ¨£· ÉÓ ·μ²Ó £μ²¤¸ÉμÊ´μ¢¸±μ£μ ³Ê²ÓÉ¨¶²¥É  ¤²Ö Î ¸É¨Î-
´μ£μ ´ ·ÊÏ¥´¨Ö N = 1 ¸Ê¶¥·±μ´Ëμ·³´μ° ¸¨³³¥É·¨¨, ¸¢Ö§ ´´μ£μ ¸ ±μ¸¥Éμ³
SU(2, 2|1)/(SO(4, 1)×U(1)), ¢±²ÕÎ ÕÐ¨³ AdS5 ± ± ¡μ§μ´´μ¥ ¶μ¤¶·μ¸É· ´-
¸É¢μ [68Ä71]. ‡ ³¥Î É¥²Ó´μ° μ¸μ¡¥´´μ¸ÉÓÕ Ê²ÊÎÏ¥´´μ£μ É¥´§μ·´μ£μ ³Ê²ÓÉ¨-
¶²¥É  Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ¥£μ ¸Ê¶¥·¢¥°²¥¢¸± Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ¸μÌ· ´Ö¥É¸Ö ¨ ¢
³ ¸¸¨¢´μ³ ¸²ÊÎ ¥.

�¤´¨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 [72]. �Éμ
¸¢μ°¸É¢μ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨ÖÌ ¸ ±μ³¶²¥±¸´Ò³¨
¸Ê¶¥·¶μ²Ö³¨, § ¤ ´´Ò³¨ ´  ´¥±μÉμ·μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ ¶μ²´μ£μ ¸Ê¶¥·¶·μ-
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¸É· ´¸É¢ , ±μ´¥Î´Ò¥ ¶¥·ÉÊ·¡ É¨¢´Ò¥ ¨²¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ±¢ ´Éμ¢Ò¥ ¶μ-
¶· ¢±¨ ± ±² ¸¸¨Î¥¸±μ³Ê ¤¥°¸É¢¨Õ ³μ£ÊÉ ¢μ§´¨± ÉÓ ¢ ¢¨¤¥ £μ²μ³μ·Ë´ÒÌ ËÊ´±-
Í¨° ÔÉ¨Ì ¸Ê¶¥·¶μ²¥°, ¶·μ¨´É¥£·¨·μ¢ ´´ÒÌ ¶μ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê ¶μ¤¶·μ-
¸É· ´¸É¢Ê. �·¨³¥·μ³ £μ²μ³μ·Ë´μ¸É¨ ¢ N = 1 ¸Ê¶¥·¸¨³³¥É·¨¨ ³μ¦¥É ¸²Ê-
¦¨ÉÓ ´¥¶¥·ÉÊ·¡ É¨¢´Ò° £μ²μ³μ·Ë´Ò° ±¨· ²Ó´Ò° ¶μÉ¥´Í¨ ² ¸ ¥£μ ¸¢μ°¸É¢μ³
´¥¶¥·¥´μ·³¨·Ê¥³μ¸É¨ [73,74].

‡ ³¥Î É¥²Ó´μ° ¤¥³μ´¸É· Í¨¥° ¢μ§³μ¦´μ¸É¥° É·¥¡μ¢ ´¨Ö £μ²μ³μ·Ë´μ¸É¨
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ÉμÎ´μ¥ ·¥Ï¥´¨¥ ‡ °¡¥·£ Ä‚¨ÉÉ¥´  ¤²Ö ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  [75,
76] ¢ ¸É ·Ï¥³ ¶μ·Ö¤±¥ ¶μ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³ ¶·μ¨§¢μ¤´Ò³ ±μ³-
¶μ´¥´É´ÒÌ ¶μ²¥°. ˆ¸Ìμ¤Ö ¨§ ¶·¥¤¶μ²μ¦¥´¨Ö μ £μ²μ³μ·Ë´μ° § ¢¨¸¨³μ¸É¨
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö μÉ N = 2 ±¨· ²Ó´μ° ¸Ê¶¥·¶μ²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨
W ¢ ¸²ÊÎ ¥ É¥μ·¨¨ ¸ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ° SU(2), ¸¶μ´É ´´μ ´ ·ÊÏ¥´-
´μ° ¤μ U(1), ¨ ¨¸¶μ²Ó§ÊÖ ¨¤¥Õ S-¤Ê ²Ó´μ¸É¨, ‡ °¡¥·£ ¨ ‚¨ÉÉ¥´ Ê¸É ´μ¢¨²¨
ÔÉμ ¤¥°¸É¢¨¥ ÉμÎ´μ ¸ ÊÎ¥Éμ³ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤μ¢ ¨´¸É ´Éμ´μ¢. ‚ ¶·¥-
¤¥²¥ ´¥´ ·ÊÏ¥´´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ É¥μ·¨Ö ¨³¥¥É ¶·μ¸É· ´¸É¢μ ³μ-
¤Ê²¥° [77,78], ´  ±μÉμ·μ³ ± ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  SU(2) ¸¶μ´É ´´μ ´ ·ÊÏ¥´ 
¤μ U(1), ¨ ³ ¸ÏÉ ¡ Λ ÔÉμ£μ ´ ·ÊÏ¥´¨Ö μ± §Ò¢ ¥É¸Ö ¤¨´ ³¨Î¥¸±¨³ ¶ · -
³¥É·μ³ N = 2 ¸Ê¶¥·c¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . ‚¸¥ Ë¨§¨Î¥¸±¨¥
¸μ¸ÉμÖ´¨Ö ³μ£ÊÉ ¡ÒÉÓ ±² ¸¸¨Ë¨Í¨·μ¢ ´Ò ¶μ ´¥´ ·ÊÏ¥´´μ° ¶μ¤£·Ê¶¶¥ U(1).
’ ±¨¥ ¸μ¸ÉμÖ´¨Ö, ± ± ËμÉμ´ ¨ ¢¸¥ ¥£μ ´¥°É· ²Ó´Ò¥ ¸Ê¶¥·¶ ·É´¥·Ò, μ¸É ÕÉ¸Ö
¡¥§³ ¸¸μ¢Ò³¨, ¢ Éμ ¢·¥³Ö ± ± ¤·Ê£¨¥, Ô²¥±É·¨Î¥¸±¨ § ·Ö¦¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö,
É ±¨¥ ± ± ± ²¨¡·μ¢μÎ´Ò¥ ¡μ§μ´Ò W±, ¶·¨´ ¤²¥¦ Ð¨¥ Ë ±Éμ·-¶·μ¸É· ´¸É¢Ê
SU(2)/U(1), ¶·¨μ¡·¥É ÕÉ ³ ¸¸Ê ∼ Λ. �·¨ ÔÉμ³ ¢¸¥ § ·Ö¦¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö
ÉÖ¦¥²Ò¥, ¨ ¨Ì ³μ¦´μ μÉÒ´É¥£·¨·μ¢ ÉÓ. ’ ±¨³ μ¡· §μ³, ¢ · ¡μÉ¥ ‡ °¡¥·£ Ä
‚¨ÉÉ¥´  ¶·¥¤ÑÖ¢²¥´ ¶·¨³¥· ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¢ · §Ê³´μ ¢Ò¡· ´´μ° ´¥ ¡¥²¥¢μ°
± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¤Ê ²Ó´μ£μ ÔËË¥±É  Œ¥°¸¸´¥· , ¸²¥¤¸É¢¨¥³ ±μÉμ·μ£μ
Ö¢²Ö¥É¸Ö ²¨´¥°´Ò° ±μ´Ë °´³¥´É. �ÉμÉ ·¥§Ê²ÓÉ É ¸É¨³Ê²¨·μ¢ ² ¢¸¶²¥¸± ¨´É¥-
·¥¸  ± ¨§ÊÎ¥´¨Õ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ³μ¤¥²¥°
¸ ¤·Ê£¨³¨ ± ²¨¡·μ¢μÎ´Ò³¨ £·Ê¶¶ ³¨ ¨ ³Ê²ÓÉ¨¶²¥É ³¨ ³ É¥·¨¨.

…Ð¥ μ¤´¨³ Ö·±¨³ ¶·¨³¥·μ³ £μ²μ³μ·Ë´μ¸É¨ ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´ÒÌ ³μ¤¥²ÖÌ Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨° ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² (q+)4, ¶μ¸É·μ-
¥´´Ò° ± ± ¨´É¥£· ² ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê N = 2 £ ·³μ´¨Î¥-
¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  [79]. ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ± ± £μ²μ³μ·Ë´Ò¥, É ± ¨
 ´ ²¨É¨Î¥¸±¨¥ ¢±² ¤Ò ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢μ§´¨± ÕÉ Éμ²Ó±μ ¢ ¸¨ÉÊ Í¨¨
¸ Í¥´É· ²Ó´Ò³¨ BPS-§ ·Ö¤ ³¨.

…Ð¥ ¡μ²¥¥ § ³¥Î É¥²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨ μ¡² ¤ ¥É ³ ±¸¨³ ²Ó´μ ¸Ê¶¥·¸¨³-
³¥É·¨Î´ Ö N = 4 É¥μ·¨Ö ¶μ²Ö Ÿ´£ ÄŒ¨²²¸ . �´  Ö¢²Ö¥É¸Ö Ê²ÓÉ· Ë¨μ²¥Éμ¢μ-
±μ´¥Î´μ° ¨ ±μ´Ëμ·³´μ-¨´¢ ·¨ ´É´μ°, ¨ ¸ÊÐ¥¸É¢ÊÕÉ ¸¨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¢ ´¨° [80, 81]. �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ É ±μ° É¥μ·¨¨ Ö¢²Ö¥É¸Ö
¸Ê¶¥·ËÊ´±Í¨μ´ ²μ³ ± ± N = 2 ´ ¶·Ö¦¥´´μ¸É¨, É ± ¨ N = 2 £¨¶¥·³Ê²ÓÉ¨-
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¶²¥É , ¸¢Ö§ ´´ÒÌ ¤·Ê£ ¸ ¤·Ê£μ³ ¤μ¶μ²´¨É¥²Ó´μ° ®¸±·ÒÉμ°¯ N = 2 ¸Ê¶¥·¸¨³-
³¥É·¨¥°. ‚ · ¡μÉ Ì [82Ä85] ¶μ± § ´μ, ÎÉμ ¢ ±Ê²μ´μ¢¸±μ° Ë §¥ N = 4, SU(2)
± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, § ¢¨¸Ö-
Ð¥¥ μÉ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , ¨³¥¥É ¢¨¤

Γ[W , W̄ ] = c

∫
d12z ln

W2

Λ2
ln

W̄2

Λ2
. (B.3)

‚ ¦´μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ É·¥¡μ¢ ´¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ ¨ ¸Ê¶¥·±μ´-
Ëμ·³´μ° ¨´¢ ·¨ ´É´μ¸É¨ É ± ¸¨²Ó´Ò, ÎÉμ ÔÉμÉ ´¥£μ²μ³μ·Ë´Ò° ¶μÉ¥´Í¨ ²
μ¶·¥¤¥²Ö¥É¸Ö μ¤´μ§´ Î´μ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ Î¨¸²μ¢μ£μ ±μÔËË¨Í¨¥´É . —¨¸²μ¢μ°
±μÔËË¨Í¨¥´É c ¡Ò² ´ °¤¥´ ¨§ ¶·Ö³ÒÌ μ¤´μ¶¥É²¥¢ÒÌ ±¢ ´Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¨
· ¢¥´ (N −1)g2/(4π)2 [86Ä89]. ‘ÊÐ¥¸É¢ÊÕÉ ¸¨²Ó´Ò¥ Ê± § ´¨Ö ´  Éμ, ÎÉμ ÔÉμÉ
μ¤´μ¶¥É²¥¢μ° ÔËË¥±É ´¥ ·¥´μ·³¨·Ê¥É¸Ö ´¨ ¢Ò¸Ï¨³¨ ¶¥É²Ö³¨, ´¨ ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò³¨ ¶μ¶· ¢± ³¨, ¨ ¶μÔÉμ³Ê (B.3) Ö¢²Ö¥É¸Ö ÉμÎ´Ò³ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³
ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³.

‚ É¥μ·¨ÖÌ, μ¡² ¤ ÕÐ¨Ì £²μ¡ ²Ó´Ò³¨ ¨ ²μ± ²Ó´Ò³¨ ¸¨³³¥É·¨Ö³¨, ±μÉμ-
·Ò¥ ´¥ ´ ·ÊÏ¥´Ò  ´μ³ ²¨Ö³¨, ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ É ±¦¥ ¤μ²¦´μ μ¡² ¤ ÉÓ
ÔÉ¨³¨ ¸¨³³¥É·¨Ö³¨. �·¨ ÔÉμ³ ¢μ§´¨± ¥É § ¤ Î  ´ Ìμ¦¤¥´¨Ö É ±¨Ì ³¥Éμ¤μ¢
¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ μ¡¥¸¶¥Î¨¢ ÕÉ ¸μÌ· ´¥´¨¥ ¸¨³-
³¥É·¨° ±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ´  ¢¸¥Ì ÔÉ ¶ Ì ¢ÒÎ¨¸²¥´¨°. •μ·μÏμ ¨§¢¥¸É´μ,
ÎÉμ  ¤¥±¢ É´ Ö Ëμ·³Ê²¨·μ¢±  Î¥ÉÒ·¥Ì³¥·´ÒÌ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ
É¥μ·¨° ¶μ²Ö ¤μ¸É¨£ ¥É¸Ö ¢ É¥·³¨´ Ì ´¥ μ£· ´¨Î¥´´ÒÌ ¸¢Ö§Ö³¨ ¸Ê¶¥·¶μ²¥°
´  N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·¨¥³Ò ±¢ ´Éμ¢ÒÌ ¢ÒÎ¨-
¸²¥´¨°, μ¡¥¸¶¥Î¨¢ ÕÐ¨¥ Ö¢´ÊÕ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Õ, ¤μ¸É ÉμÎ´μ ¤ ¢´μ
· §· ¡μÉ ´Ò ¨ Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö [37, 39]. ‚ 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
¶μ²´μ [90Ä106, 212]. ‚ Î ¸É´μ¸É¨, ¡Ò²¨ ´ °¤¥´Ò ¸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 [98] ¨ μ¡Ð¥° ±Ô²¥·μ¢μ° ¸¨£³ -³μ¤¥²¨ [101],   É ±¦¥ ¤¢ÊÌ¶¥-
É²¥¢μ° ±¨· ²Ó´Ò° ÔËË¥±É¨¢´Ò° ¸Ê¶¥·¶μÉ¥´Í¨ ² [99]. ‚ · ¡μÉ¥ [91] ¡Ò² · §-
¢¨É ³¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ˜¢¨´£¥· Ä„¥ ‚¨ÉÉ  ¢ N = 1 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ ,
±μÉμ·Ò° ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ·¥´μ·³ ²¨§ Í¨μ´´ÒÌ ¸¢μ°¸É¢ ¨ ¶μ-
¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. Œ¥Éμ¤Ò  ´ ²¨§  ¸É·Ê±ÉÊ·Ò ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö ¢ N = 1 ³μ¤¥²ÖÌ, ¶μ§¢μ²ÖÕÐ¨¥ ¸Ê³³¨·μ¢ ÉÓ ¡¥¸±μ´¥Î´Ò° ´ ¡μ·
¤¨ £· ³³ ”¥°´³ ´  ¸ ¶·μ¨§¢μ²Ó´Ò³ Î¨¸²μ³ ¢´¥Ï´¨Ì ±μ´Íμ¢, §  ¶μ¸²¥¤´¨¥
£μ¤Ò ¡Ò²¨ §´ Î¨É¥²Ó´μ Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´Ò [107Ä111].

ˆ¤¥Ö μ¡Ñ¥¤¨´¥´¨Ö ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¸ £· ¢¨É Í¨¥° ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò
· ¸¸³ É·¨¢ ¥É¸Ö ¢ · ³± Ì ¶μ¤Ìμ¤ , ¶·¥¤¶μ² £ ÕÐ¥£μ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¥¤¨´μ°
´¥¶¥·ÉÊ·¡ É¨¢´μ° É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´, É ± ´ §Ò¢ ¥³μ° Œ-É¥μ·¨¨. ‚μ§³ÊÐ¥´¨Ö
¢ μ±·¥¸É´μ¸É¨ · §²¨Î´ÒÌ ¢ ±ÊÊ³μ¢ Œ-É¥μ·¨¨ É· ±ÉÊÕÉ¸Ö ± ± ËÊ´¤ ³¥´É ²Ó-
´Ò¥ ¸É·Ê´Ò μ¤´μ° ¨§ ¶¥·ÉÊ·¡ É¨¢´ÒÌ É¥μ·¨° ¸Ê¶¥·¸É·Ê´, ¸¢Ö§ ´´ÒÌ ¤·Ê£ ¸
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¤·Ê£μ³ ¶·¥μ¡· §μ¢ ´¨Ö³¨ ¤Ê ²Ó´μ¸É¨. �·¥μ¡· §μ¢ ´¨Ö ¤Ê ²Ó´μ¸É¨ ³¥¦¤Ê · §-
²¨Î´Ò³¨ Ë § ³¨ Œ-É¥μ·¨¨ ¸μμÉ´μ¸ÖÉ, ± ± ¶· ¢¨²μ, É¥μ·¨¨, μ¤´  ¨§ ±μÉμ·ÒÌ
´ Ìμ¤¨É¸Ö ¢ ·¥¦¨³¥ ¸¨²Ó´μ° ¸¢Ö§¨. ‚ § ¢¨¸¨³μ¸É¨ μÉ §´ Î¥´¨° ¶ · ³¥É·μ¢
(¨²¨ μ¡² ¸É¥° ¶·μ¸É· ´¸É¢  ³μ¤Ê²¥° Œ-É¥μ·¨¨) μ¤´¨ ¨ É¥ ¦¥ ´ ¡²Õ¤ ¥³Ò¥
μ¡Ñ¥±ÉÒ ³μ£ÊÉ μ¶¨¸Ò¢ ÉÓ¸Ö ¨²¨ ± ± ËÊ´¤ ³¥´É ²Ó´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò μ¤´μ°
¨§ ¶¥·ÉÊ·¡ É¨¢´ÒÌ É¥μ·¨°, ¨/¨²¨ ± ± ±μ²²¥±É¨¢´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö É¨¶  ¸μ²¨-
Éμ´μ¶μ¤μ¡´ÒÌ D-¡· ´. �¤´μ ¨§ ¸²¥¤¸É¢¨° ÔÉμ£μ Ë¥´μ³¥´  Å ¢μ§³μ¦´μ¸ÉÓ
¨´É¥·¶·¥É Í¨¨ § ³±´ÊÉÒÌ ¸É·Ê´ ± ± ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° É¥μ·¨¨ μÉ±·ÒÉÒÌ
¸É·Ê´. ‚ É¥μ·¥É¨±μ-¶μ²¥¢μ³ ¶·¥¤¥²¥ ÔÉ¨ ¤¢  É¨¶  ¸É·Ê´ ¢μ¸¶·μ¨§¢μ¤ÖÉ, ¸μ-
μÉ¢¥É¸É¢¥´´μ, £· ¢¨É Í¨Õ ¨ ± ²¨¡·μ¢μÎ´Ò¥ É¥μ·¨¨ ¶μ²¥° ³ É¥·¨¨. Œ É¥·¨Ö,
μ¶¨¸Ò¢ ¥³ Ö ¢ É¥·³¨´ Ì μÉ±·ÒÉÒÌ ¸É·Ê´,  ¸¸μÍ¨¨·μ¢ ´  ¸ D-¡· ´ ³¨ ¨ ®¦¨-
¢¥É¯ ´  ´¥±μÉμ·μ° ¶μ¢¥·Ì´μ¸É¨, ¢ Éμ ¢·¥³Ö ± ± £· ¢¨É Í¨Ö, μÉ¢¥Î ÕÐ Ö ¡¥§-
³ ¸¸μ¢Ò³ ¢μ§¡Ê¦¤¥´¨Ö³ § ³±´ÊÉÒÌ ¸É·Ê´, · ¸¶·μ¸É· ´Ö¥É¸Ö ¢´ÊÉ·¨ μ¡Ñ¥³ ,
μ£· ´¨Î¥´´μ£μ ÔÉμ° ¶μ¢¥·Ì´μ¸ÉÓÕ. ƒ· ¢¨É Í¨Ö ¢ μ¡Ñ¥³¥ ¸¢Ö§ ´  ¸ É¥´§μ·μ³
´ ¶·Ö¦¥´´μ¸É¥° £· ´¨Î´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨. �É¨ ÊÉ¢¥·¦¤¥´¨Ö ¸μ¸É -
¢²ÖÕÉ ¸ÊÐ´μ¸ÉÓ Éμ£μ, ÎÉμ ´ §Ò¢ ¥É¸Ö £μ²μ£· Ë¨Î¥¸±μ° ¤Ê ²Ó´μ¸ÉÓÕ.

ˆ§ £¨¶μÉ¥§Ò £μ²μ£· Ë¨Î¥¸±μ° ¤Ê ²Ó´μ¸É¨ ¸²¥¤Ê¥É, ÎÉμ ±μ··¥²ÖÍ¨μ´´Ò¥
ËÊ´±Í¨¨ ¤²Ö É¥´§μ·  ´ ¶·Ö¦¥´´μ¸É¥° ¢ ¶μ²¥¢μ° É¥μ·¨¨ ³μ¦´μ ¸¢Ö§ ÉÓ ¸  ³-
¶²¨ÉÊ¤μ° · ¸¶·μ¸É· ´¥´¨Ö £· ¢¨Éμ´μ¢ ³¥¦¤Ê § ¤ ´´Ò³¨ ÉμÎ± ³¨ ´  £· ´¨Í¥.
‚ ´ ¨¡μ²¥¥ ¶·μ¸ÉÒÌ ¶·¨³¥· Ì ÔÉμ£μ ¸μμÉ¢¥É¸É¢¨Ö £¥μ³¥É·¨Ö ³´μ£μ³¥·´μ£μ
¶·μ¸É· ´¸É¢  ¨³¥¥É ¢¨¤ ¶·Ö³μ£μ ¶·μ¨§¢¥¤¥´¨Ö AdS5 × S5. �ÖÉ¨³¥·´μ¥ ¶·μ-
¸É· ´¸É¢μ  ´É¨-¤¥-‘¨ÉÉ¥·  ¨³¥¥É Î¥ÉÒ·¥Ì³¥·´ÊÕ £· ´¨ÍÊ, ´  ±μÉμ·μ° ®¦¨-
¢¥É¯ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ³ ¸ÏÉ ¡´μ-¨´¢ ·¨ ´É´ Ö ¨ ±μ´¥Î´ Ö É¥μ·¨Ö
Ÿ´£ ÄŒ¨²²¸ . ’ ±μ¥ ¸μμÉ¢¥É¸É¢¨¥ AdS/CFT ¨³¥¥É ³´μ£μ Ë¨§¨Î¥¸±¨ §´ Î¨-
³ÒÌ ¶·μÖ¢²¥´¨°∗. „²Ö ¶·¨³¥· , ¸¶¥±É·  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° ²μ± ²Ó´ÒÌ
μ¶¥· Éμ·μ¢ ±μ´Ëμ·³´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¤μ²¦¥´ ¸μ¢¶ ¤ ÉÓ ¸μ ¸¶¥±-
É·μ³ Ô´¥·£¨° Î ¸É¨ÍÒ ¨²¨, ¡μ²¥¥ ÉμÎ´μ, ³μ¤Ò ¸É·Ê´Ò, · ¸¶·μ¸É· ´ÖÕÐ¥°¸Ö
¢ AdS-¶·μ¸É· ´¸É¢¥. …¸²¨ ¸μμÉ¢¥É¸É¢¨¥ AdS/CFT Ö¢²Ö¥É¸Ö ¨¸É¨´´Ò³, ¦¥-
² É¥²Ó´μ ¶μ²ÊÎ¨ÉÓ £¥μ³¥É·¨¨ É¨¶  AdS ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶μ¢, ¨¸Ìμ¤Ö ¨§
¶¥·ÉÊ·¡ É¨¢´ÒÌ ¤¨ £· ³³ ”¥°´³ ´ . ˆ´É¥·¥¸´Ò° Ï £ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨
¡Ò² ¸¤¥² ´ ¢ · ¡μÉ¥ [117], £¤¥ ¸μ¤¥·¦¨É¸Ö ÊÉ¢¥·¦¤¥´¨¥, ÎÉμ μ¤´μ¶¥É²¥¢Ò¥
¤¢ÊÌ- ¨ É·¥ÌÉμÎ¥Î´Ò¥ ËÊ´±Í¨¨ ¢ ¸± ²Ö·´μ° É¥μ·¨¨ ³μ£ÊÉ ¡ÒÉÓ ¥¸É¥¸É¢¥´´μ
μ¶¨¸ ´Ò ¢ É¥·³¨´ Ì ¶·μ¶ £ Éμ·μ¢ ¨§ μ¡Ñ¥³  ± £· ´¨Í¥ ¢ AdS5, ¶·μ¨´É¥£·¨-
·μ¢ ´´ÒÌ ¶μ ¶μ²μ¦¥´¨Õ ÉμÎ±¨ ¢ μ¡Ñ¥³¥. �± § ²μ¸Ó, ÎÉμ ¢ ¶¥·¢¨Î´μ ±¢ ´-
Éμ¢ ´´μ° ± ·É¨´¥ ¶ · ³¥É· ˜¢¨´£¥·  ¨£· ¥É ·μ²Ó · ¤¨ ²Ó´μ° ±μμ·¤¨´ ÉÒ
¢ AdS5 ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ÔÉμ° ¶¥·¥³¥´´μ° ¸μμÉ¢¥É¸É¢Ê¥É
¨´É¥£·¨·μ¢ ´¨Õ ¶μ ¢´ÊÉ·¥´´¥³Ê ¶ÖÉμ³Ê ¨§³¥·¥´¨Õ. �¤´ ±μ ´ Î¨´ Ö ¸ Î¥ÉÒ-

∗‘μμÉ¢¥É¸É¢¨¥ AdS/CFT ¡Ò²μ ¶·¥¤²μ¦¥´μ Œ ²¤ ¸¥´μ° ¢ ±μ´Í¥ 1997 £. [116]. ‚ ¶μ-
¸²¥¤´¨¥ £μ¤Ò ÔÉμ ¸μμÉ¢¥É¸É¢¨¥ ¡Ò²μ μ¡μ¡Ð¥´μ ´  ¤·Ê£¨¥, ´¥-AdS-¶·μ¸É· ´¸É¢  ¨ ¤Ê ²Ó´Ò¥ ¨³
´¥¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ¨ ´¥±μ´Ëμ·³´Ò¥ É¥μ·¨¨ ¶μ²Ö.
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·¥ÌÉμÎ¥Î´μ° ËÊ´±Í¨¨ ¸¨ÉÊ Í¨Ö Ê¸²μ¦´Ö¥É¸Ö ¨ ¶μ²´μ¸ÉÓÕ Ê¤μ¢²¥É¢μ·¨É¥²Ó´ Ö
± ·É¨´  μÉ¸ÊÉ¸É¢Ê¥É. ‚ ¨´É¥·¥¸´μ° · ¡μÉ¥ [118] μ¡¸Ê¦¤ ¥É¸Ö, ± ±¨³ μ¡· §μ³
Ëμ´μ¢ Ö £¥μ³¥É·¨Ö ³μ¦¥É ¡ÒÉÓ ¢ÒÖ¢²¥´  ¶μ¸·¥¤¸É¢μ³ ¨§ÊÎ¥´¨Ö μ¤´μ¶¥É²¥-
¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ´¥¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨ÖÌ ¢μ ¢´¥Ï´¨Ì
 ¡¥²¥¢ÒÌ ¶μ²ÖÌ. ’ ³ ¶μ± § ´μ, ÎÉμ ´ ¤²¥¦ Ð Ö ¨¤¥´É¨Ë¨± Í¨Ö ¶ · ³¥É·μ¢
˜¢¨´£¥·  ¢  ¡¥²¥¢μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ƒ¥°§¥´¡¥·£ Ä�°²¥·  ¶·¥¤¶μ² -
£ ¥É ¨´É¥£·¨·μ¢ ´¨¥ ¶μ £¥μ³¥É·¨Ö³ AdS3, S3 ¨ T �S3, ¢ § ¢¨¸¨³μ¸É¨ μÉ É¨¶ 
¢´¥Ï´¥£μ ¶μ²Ö.

‘ ¡μ²¥¥ μ¡Ð¥° ÉμÎ±¨ §·¥´¨Ö, ¶·μ¨§¢μ¤ÖÐ¨° ËÊ´±Í¨μ´ ² ”· ¤±¨´ Ä
–¥°É²¨´  ¢ É¥μ·¨¨ ¸É·Ê´ [119,120] ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ ¢´¥Ï´¨Ì Ëμ´μ¢ÒÌ ¶μ²¥°,
μ¶·¥¤¥²ÖÕÐ¨° ´¥±μÉμ·Ò¥ μ¡μ¡Ð¥´¨Ö ¤¥°¸É¢¨Ö 	μ·´ Äˆ´Ë¥²Ó¤  (BI), ¤μ²¦¥´
¸μ¢¶ ¤ ÉÓ ¸ ¶·μ¨§¢μ¤ÖÐ¨³ ËÊ´±Í¨μ´ ²μ³ ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¢±²ÕÎ ÕÐ¥£μ ¢¸¥ ±¢ ´Éμ¢Ò¥ ¶μ-
¶· ¢±¨ [121]. ‚ É¥μ·¨¨ μÉ±·ÒÉμ° ¸É·Ê´Ò ¢μ ¢´¥Ï´¥³ ¶μ¸ÉμÖ´´μ³  ¡¥²¥¢μ³
¢¥±Éμ·´μ³ ¶μ²¥ ´¥±μÉμ·Ò¥ α′-¸É·Ê´´Ò¥ ¶μ¶· ¢±¨ Ê¤ ¥É¸Ö ¶·μ¸Ê³³¨·μ¢ ÉÓ ¢μ
¢¸¥Ì ¶μ·Ö¤± Ì [119]. ‡¤¥¸Ó ¢ ± Î¥¸É¢¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, μ¸´μ¢ ´´μ£μ ´ 
¶·¥¤¸É ¢²¥´¨¨ ¶·μ¨§¢μ¤ÖÐ¥£μ ËÊ´±Í¨μ´ ²  ¤²Ö ¸É·Ê´´ÒÌ  ³¶²¨ÉÊ¤ ± ± ¨´É¥-
£· ²  �μ²Ö±μ¢  ¸ ² £· ´¦¨ ´μ³ ±μ¢ ·¨ ´É´μ° 2D ¸¨£³ -³μ¤¥²¨ ¢ Ô±¸¶μ´¥´É¥
¨´É¥£· ²  ¶μ ¶ÊÉÖ³, ¢μ§´¨± ÕÉ ¨§¢¥¸É´μ¥ ¤¥°¸É¢¨¥ „¨· ± Ä	μ·´ Äˆ´Ë¥²Ó¤ 
(DBI) ¨ ¥£μ ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ · ¸Ï¨·¥´¨Ö [121]. ‚ 30-Ì £μ¤ Ì ¶·μÏ²μ£μ
¢¥±  ¤¥°¸É¢¨¥ BI

LBI =
√
− det (ηmn + Fmn) − 1 (B.4)

¡Ò²μ ¶·¥¤²μ¦¥´μ ± ± ·¥Ï¥´¨¥ ¶·μ¡²¥³Ò ¸¨´£Ê²Ö·´μ¸É¨ ÉμÎ¥Î´μ¶μ¤μ¡´μ£μ
§ ·Ö¤  ¨ ¡¥¸±μ´¥Î´μ¸É¨ ¥£μ Ô´¥·£¨¨ ¢ É¥μ·¨¨ Œ ±¸¢¥²²  ¶μ  ´ ²μ£¨¨ ¸ ±¢ ¤-
· É¨Î´Ò³ ±μ·´¥³

√
1 − v2/c2 ¤¥°¸É¢¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ [122, 123].

DBI-É¥μ·¨Ö μ¡² ¤ ¥É ³´μ£¨³¨ § ³¥Î É¥²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨; ´ ¶·¨³¥·, μ´ 
¶·¨Î¨´´  ¨ ¤ ¥É ´¥É·¨¢¨ ²Ó´Ò° ¶·¨³¥· ¸¨¸É¥³ ¸ Ô²¥±É·μ³ £´¨É´μ° ¤Ê ²Ó-
´μ¸ÉÓÕ. ‘Ê¶¥·¸¨³³¥É·¨Ö, ± ± ¨§¢¥¸É´μ, ¸μ¢³¥¸É¨³  ¸ ¶·¨´Í¨¶μ³ ¶·¨Î¨´´μ-
¸É¨, ¶μ²μ¦¨É¥²Ó´μ° ¶²μÉ´μ¸ÉÓÕ Ô´¥·£¨¨ ¨ ¤Ê ²Ó´μ¸ÉÓÕ, É ± ÎÉμ  ´ ²μ£¨Î-
´Ò¥ ¸¢μ°¸É¢  ³μ¦´μ μ¦¨¤ ÉÓ ¨ Ê ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ (¶· ¢¨²Ó´μ μ¡μ¡Ð¥´-
´ÒÌ) ¤¥°¸É¢¨° DBI [124Ä127]. �Éμ ¢ ¸ ³μ³ ¤¥²¥ É ± ¤²Ö N = 1 ¤¥°¸É¢¨Ö
DBI [129, 130], ¨ ¤μ²¦´μ ¡ÒÉÓ ¢¥·´μ ¨ ¤²Ö N = 2 ¤¥°¸É¢¨Ö DBI [131Ä133].
Š ± Ìμ·μÏμ ¨§¢¥¸É´μ, N = 1 ¤¥°¸É¢¨¥ DBI Ö¢²Ö¥É¸Ö ¤¥°¸É¢¨¥³ ƒμ²¤¸ÉμÊ´ Ä
Œ ±¸¢¥²²  ¤²Ö N = 1 ¢¥±Éμ·´μ£μ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É  £μ²¤¸ÉμÊ´μ¢¸±¨Ì ¶μ-
²¥°,  ¸¸μÍ¨¨·μ¢ ´´ÒÌ ¸ Î ¸É¨Î´Ò³ ¸¶μ´É ´´Ò³ ´ ·ÊÏ¥´¨¥³ ¸Ê¶¥·¸¨³³¥É·¨¨
N = 2 → N = 1 [134Ä138]. — ¸É¨Î´μ¥ ´ ·ÊÏ¥´¨¥ N = 4 → N = 2 ¢ N = 2
¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ·¥ ²¨§μ¢ ÉÓ ¸²μ¦´¥¥, É ± ± ± ¥¸É¥¸É¢¥´´μ° Ëμ·³Ê²¨·μ¢±¨
N = 4 ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨° ¸μ ¢¸¥³¨ ¸Ê¶¥·¸¨³³¥É·¨Ö³¨ ¢´¥ ³ ¸¸μ¢μ° μ¡μ-
²μÎ±¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É.

‘μ¢·¥³¥´´Ò° ¨´É¥·¥¸ ± ¤¥°¸É¢¨Õ DBI ¨ ¥£μ ³´μ£μÎ¨¸²¥´´Ò³ ¸Ê¶¥·¸¨³-
³¥É·¨Î´Ò³ ¨ ´¥ ¡¥²¥¢Ò³ ³μ¤¨Ë¨± Í¨Ö³ ¢ ±μ´É¥±¸É¥ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´ ¸¢Ö-
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§ ´ ¸ ¤¥°¸É¢¨¥³ ¶·μ¡´μ° D3-¡· ´Ò, · ¸¶·μ¸É· ´ÖÕÐ¥°¸Ö ´  ¨¸±·¨¢²¥´´μ³
Ëμ´¥ ¶·μ¸É· ´¸É¢   ´É¨-¤¥-‘¨ÉÉ¥·  ¨ ´  Ëμ´¥ Ô²¥±É·¨Î¥¸±μ° Î ¸É¨ 4-Ëμ·³Ò
R-R-¶μÉ¥´Í¨ ² , ±μÉμ·Ò¥ ¨´¤ÊÍ¨·μ¢ ´Ò ¡μ²ÓÏ¨³ Î¨¸²μ³ N ¸μ¢¶ ¤ ÕÐ¨Ì
¡· ´ [54]. �Éμ ¤¥°¸É¢¨¥ ¨³¥¥É ¢¨¤

S = −T3

∫
d4xH−1(X)×

×
[√

− det (ηmn + H(X) ∂mX i ∂nX i + H1/2(X)Fmn) − 1
]

. (B.5)

‡¤¥¸Ó i = 1, . . . , 6, m, n = 1, . . . , 4, T3 = 1/2πgs ¨ H = 1 + Q/|X |4, Q ≡
(1/π)Ngs. �μ²´μ¥ ¤¥°¸É¢¨¥ ¸μ¤¥·¦¨É É ±¦¥ Î²¥´ —¥·´ Ä‘ °³μ´¸ , μ¶¨¸Ò¢ -

ÕÐ¨° ®³ £´¨É´ÊÕ¯ Î ¸ÉÓ ¢§ ¨³μ¤¥°¸É¢¨Ö, Smag = iN
∫
5

εi1...i6

1
|X |6 X i1dX i2 ∧

. . . ∧ dX i6 . –¥´É· ²Ó´Ò³ ³μ³¥´Éμ³ £¨¶μÉ¥§Ò ¸μμÉ¢¥É¸É¢¨Ö AdS/CFT Ö¢²Ö-
¥É¸Ö ¶·¥¤¶μ²μ¦¥´¨¥ μ ÉμÎ´μ° ¤Ê ²Ó´μ° ¸¢Ö§¨ ³¥¦¤Ê IIB ¸Ê¶¥·£· ¢¨É Í¨-
μ´´Ò³ μ¶¨¸ ´¨¥³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶ · ²²¥²Ó´ÒÌ D-¡· ´ ¨ ´¨§±μÔ´¥·£¥É¨-
Î¥¸±¨³ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ Ä
Œ¨²²¸  ¢ ±Ê²μ´μ¢¸±μ° Ë §¥ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥-
É·¨¨ (¸³. [139,140]). ‚ Î ¸É´μ¸É¨, ¡Ò²μ μ¡´ ·Ê¦¥´μ, ÎÉμ ¶μÉ¥´Í¨ ² ¢§ ¨³μ-
¤¥°¸É¢¨Ö D3-¡· ´ (¶·μÉÖ¦¥´´ÒÌ μ¡Ñ¥±Éμ¢, Ö¢²ÖÕÐ¨Ì¸Ö ·¥Ï¥´¨Ö³¨ ±² ¸¸¨-
Î¥¸±¨Ì Ê· ¢´¥´¨° IIB ¸Ê¶¥·£· ¢¨É Í¨¨), μ¶¨¸Ò¢ ¥³Ò° ¤¥°¸É¢¨¥³ DBI, ¸μ¢¶ -
¤ ¥É ¸ ²¨¤¨·ÊÕÐ¨³ Î²¥´μ³ ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ°
SU(N) ¶·¨ ¡μ²ÓÏ¨Ì N , ¸¶μ´É ´´μ ´ ·ÊÏ¥´´μ° ¤μ ³ ±¸¨³ ²Ó´μ°  ¡¥²¥-
¢μ° ¶μ¤£·Ê¶¶Ò [141Ä143]. ’ ±¨³ μ¡· §μ³, ¢ÒÎ¨¸²¥´¨¥ ¸²¥¤ÊÕÐ¨Ì ¢±² ¤μ¢
¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ N = 4 ¸Ê¶¥·± ²¨¡·μ¢μÎ´ÒÌ
³μ¤¥²¥° μ± § ²μ¸Ó μÎ¥´Ó ¢ ¦´Ò³ ¤²Ö ¨§ÊÎ¥´¨Ö ¢§ ¨³μ¸¢Ö§¨ ¸Ê¶¥·¸¨³³¥É·¨Î-
´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¨ É¥μ·¨¨ ¸É·Ê´. ƒ¨¶μÉ¥§  μ ´ ²¨Î¨¨ É ±μ° É¥¸-
´μ° ¢§ ¨³μ¸¢Ö§¨ ¸²Ê¦¨É ¸¨²Ó´μ° ³μÉ¨¢ Í¨¥° ¤²Ö ¨§ÊÎ¥´¨Ö ±¢ ´Éμ¢ÒÌ ¶μ¶· -
¢μ± ¨ ¨Ì ·¥´μ·³ ²¨§ Í¨μ´´ÒÌ ¸¢μ°¸É¢ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨ÖÌ Ÿ´£ Ä
Œ¨²²¸  [107,144,145]∗.

�¸É ´μ¢¨³¸Ö ´  ÔÉ¨Ì ¢μ¶·μ¸ Ì ´¥¸±μ²Ó±μ ¶μ¤·μ¡´¥¥. � ¸¸³ É·¨¢ ¥É¸Ö
¸²ÊÎ °, ±μ£¤  X i = const, É. ¥. ¢¸¥ ¶·μ¨§¢μ¤´Ò¥ ¸± ²Ö·´ÒÌ ¶μ²¥° ¨£´μ·¨·Ê-
ÕÉ¸Ö,   É ±¦¥ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Q/|X |4 � 1, ¡² £μ¤ ·Ö Î¥³Ê ³μ¦´μ μÉ-
¡·μ¸¨ÉÓ ¥¤¨´¨ÍÊ ¢ £ ·³μ´¨Î¥¸±μ° ËÊ´±Í¨¨ H . ’μ£¤  ¤¥°¸É¢¨¥ S ¸É ´μ¢¨É¸Ö
É ±¨³ ¦¥, ± ± ¨ ¤¥°¸É¢¨¥ ¶·μ¡´μ° D3-¡· ´Ò ¢ ¶·μ¸É· ´¸É¢¥ AdS5 ×S5, μ·¨-
¥´É¨·μ¢ ´´μ° ¶ · ²²¥²Ó´μ £· ´¨Í¥ AdS5. � §² £ Ö ¶μ ¸É¥¶¥´Ö³ F , ¶μ²ÊÎ¨³

∗	μ²¥¥ ¶μ²´Ò° ¸¶¨¸μ± ²¨É¥· ÉÊ·Ò ³μ¦´μ ´ °É¨ ¢ [107Ä111, 145, 187, 190Ä192, 207].
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μ¡ÐÊÕ ¸É·Ê±ÉÊ·Ê · §²μ¦¥´¨Ö

S =
1
gs

∫
d4x

∞∑
l=0

cl(gsN)l F
2l+2

|X |4l
(B.6)

¸ ¶¥·¢Ò³¨ Î²¥´ ³¨

S = T3

∫
d4x

(
1
4
F 2 +

1
8

Q

|X |4

[
F 4 − 1

4
(F 2)2

]
+

+
1
12

Q2

|X |8

[
F 6 − 3

8
F 4F 2 +

1
32

(F 2)3
]

+ . . .

)
.

‘ ÉμÎ±¨ §·¥´¨Ö É¥μ·¨¨ ¸É·Ê´ ¢ ·¥¦¨³¥ ¸² ¡μ° ¸¢Ö§¨ ¢¥¤ÊÐ¨¥ Î²¥´Ò ¢§ ¨³μ-
¤¥°¸É¢¨Ö ³¥¦¤Ê μÉ¤¥²Ó´Ò³¨ D-¡· ´ ³¨ μ¶¨¸Ò¢ ÕÉ¸Ö ¤¨ £· ³³ ³¨ É¨¶  ®¤¨¸±
¸ ¤Ò·± ³¨¯. �·¥¤¥² ³ ²μ£μ · §¤¥²¥´¨Ö ¤μ²¦¥´ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¶¥É²¥¢Ò³¨
¶μ¶· ¢± ³¨ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¢ Éμ ¢·¥³Ö ± ± ¶·¥-
¤¥² ¡μ²ÓÏμ£μ · §¤¥²¥´¨Ö μ¶¨¸Ò¢ ¥É¸Ö Î¥·¥§ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ±² ¸¸¨Î¥¸±μ°
¸Ê¶¥·£· ¢¨É Í¨¨. …¸²¨ ±μÔËË¨Í¨¥´É Éμ£μ ¨²¨ ¨´μ£μ Î²¥´  ¢ ¶μÉ¥´Í¨ ²¥ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¸É·Ê´ μ± §Ò¢ ¥É¸Ö ´¥ § ¢¨¸ÖÐ¨³ μÉ · ¸¸ÉμÖ´¨Ö (É. ¥. μÉ ¡¥§· §³¥·-
´μ£μ μÉ´μÏ¥´¨Ö · §¤¥²¥´¨Ö ¨

√
α′), Éμ ÔÉμÉ ±μÔËË¨Í¨¥´É ¤μ²¦¥´ ¡ÒÉÓ μ¤´¨³

¨ É¥³ ¦¥ ¨ ¢ ±¢ ´Éμ¢μ° ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¨ ¢ ² £· ´-
¦¨ ´¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ±² ¸¸¨Î¥¸±μ° ¸Ê¶¥·£· ¢¨É Í¨¨. �  Ö§Ò±¥ ¸Ê¶¥·¸¨³³¥-
É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ÒÎ¨¸²¥´¨¥ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê
¶ÊÎ±μ³ D3-¡· ´ ¨ ¶ · ²²¥²Ó´μ° ¶·μ¡´μ° D3-¡· ´μ°, ¶¥·¥´μ¸ÖÐ¥° ¶μ¸ÉμÖ´-
´μ¥ Ëμ´μ¢μ¥ ¶μ²¥ Fmn, ¸μμÉ¢¥É¸É¢Ê¥É ¢ÒÎ¨¸²¥´¨Õ ÔËË¥±É¨¢´μ£μ ±¢ ´Éμ¢μ£μ
¤¥°¸É¢¨Ö Γ ´  ¶μ¸ÉμÖ´´μ³ ¸± ²Ö·´μ³ Ëμ´¥ Φi, ±μÉμ·Ò° ´ ·ÊÏ ¥É ¸¨³³¥-
É·¨Õ SU(N + 1) ¤μ SU(N) × U(1), ¨ ¶·¨ ¶μ¸ÉμÖ´´μ³ U(1) ± ²¨¡·μ¢μÎ´μ³
¶μ²¥ Fmn. „²Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê D3-¡· ´ ³¨, É. ¥. ¢ ¸²ÊÎ ¥ ±μ´¥Î´μ°
N = 4, D = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , · §²μ¦¥´¨¥ Γ ¶μ
¸É¥¶¥´Ö³ ¡¥§· §³¥·´μ£μ μÉ´μÏ¥´¨Ö F 2/|Φ|4 ¨³¥¥É ¸²¥¤ÊÕÐ¨° μ¡Ð¨° ¢¨¤:

Γ =
1

g2
YM

∫
d4x

∞∑
l=0

fl(g2
YM, N)

F 2l+2

|Φ|4l
. (B.7)

‚ ¶²μ¸±μ³ ¶·¥¤¥²¥ (¡μ²ÓÏ¨¥ N , Ë¨±¸¨·μ¢ ´´ Ö λ ≡ g2
YMN ) ËÊ´±Í¨¨ fl

¤μ²¦´Ò § ¢¨¸¥ÉÓ Éμ²Ó±μ μÉ λ.
� ¨¢´μ¥ ¸· ¢´¥´¨¥ ÔÉμ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¸ ¸Ê¶¥·£· ¢¨É Í¨μ´´Ò³

· §²μ¦¥´¨¥³ (B.6) (¸ μÉμ¦¤¥¸É¢²¥´¨¥³ g2
YM = 2πgs, |Φ| = T3|X |) ¶·¨¢μ¤¨É

± £¨¶μÉ¥§¥, ÎÉμ l-° Î²¥´ ¶μ²ÊÎ ¥É ¢±² ¤Ò Éμ²Ó±μ μÉ l-£μ ¶μ·Ö¤±  ¢ · §²μ-
¦¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4, D = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨
Ÿ´£ ÄŒ¨²²¸  ¶μ Î¨¸²Ê ¶¥É¥²Ó. �Éμ ¤¥°¸É¢¨É¥²Ó´μ ¸¶· ¢¥¤²¨¢μ ¤²Ö ¢¥¤Ê-
Ð¥£μ Î²¥´  F 4/|X |4, ±μÉμ·Ò° ¶μÖ¢²Ö¥É¸Ö Éμ²Ó±μ ¢ ¶¥·¢μ° ¶¥É²¥ ¨ μÉ¸ÊÉ-
¸É¢Ê¥É ¢ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¶μ·Ö¤± Ì ¢¢¨¤Ê É¥μ·¥³Ò ´¥¶¥·¥´μ·³¨·μ¢±¨. Š·μ³¥
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Éμ£μ, μ¤´μ¶¥É²¥¢μ° ±μÔËË¨Í¨¥´É Î²¥´  F 4 ¢ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ³ ÔË-
Ë¥±É¨¢´μ³ ¤¥°¸É¢¨¨ μ± §Ò¢ ¥É¸Ö ¢ ÉμÎ´μ³ ¸μ£² ¸¨¨ ¸ ¸Ê¶¥·£· ¢¨É Í¨μ´´Ò³
¢Ò· ¦¥´¨¥³. ‚ · ¡μÉ¥ [145] ¨§ÊÎ ²μ¸Ó  ´ ²μ£¨Î´μ¥ ¸μμÉ¢¥É¸É¢¨¥ ¤²Ö Î²¥´ 
F 6 ¶ÊÉ¥³ Ö¢´μ£μ ¢ÒÎ¨¸²¥´¨Ö ¥£μ ¤¢ÊÌ¶¥É²¥¢μ£μ ±μÔËË¨Í¨¥´É  ¢ N = 4 ¸Ê-
¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . ‹μ·¥´Í¥¢  ¸É·Ê±ÉÊ·  ÔÉμ£μ Î²¥´  ¢
ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ É ± Ö ¦¥, ± ± ¢ ¸Ê¶¥·£· ¢¨É Í¨μ´´μ³ ¤¥°¸É¢¨¨ DBI
(Ëμ·³   ¡¥²¥¢  Î²¥´  F 6 ´  ¸ ³μ³ ¤¥²¥ μ¤´μ§´ Î´μ Ë¨±¸¨·Ê¥É¸Ö N = 1
¸Ê¶¥·¸¨³³¥É·¨¥°), ¨ ¶²μ¸± Ö (N � 1) Î ¸ÉÓ ±μÔËË¨Í¨¥´É  ¶¥·¥¤ ´¨³ μ± -
§Ò¢ ¥É¸Ö ÉμÎ´μ É ±μ° ¦¥, ± ± ±μÔËË¨Í¨¥´É ¶¥·¥¤ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ Î²¥´μ³
¢ (B.6). ‚ ¸μÎ¥É ´¨¨ ¸ É¥³ ¨§¢¥¸É´Ò³ Ë ±Éμ³, ÎÉμ  ¡¥²¥¢ Î²¥´ F 6 ´¥ ¶μÖ¢²Ö-
¥É¸Ö ¢ μ¤´μ¶¥É²¥¢μ³ N = 4 ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨, ÔÉμ ´ ¡²Õ¤¥´¨¥ ³μ¦¥É
μ§´ Î ÉÓ, ÎÉμ Ê± § ´´Ò° ¤¢ÊÌ¶¥É²¥¢μ° ±μÔËË¨Í¨¥´É ¤μ²¦¥´ ¡ÒÉÓ ÉμÎ´Ò³,
É. ¥.  ¡¥²¥¢ Î²¥´ F 6 ´¥ ¶μ²ÊÎ ¥É ¢±² ¤Ò μÉ ¢¸¥Ì ¢Ò¸Ï¨Ì ¶¥É²¥¢ÒÌ (l � 3)
¶μ·Ö¤±μ¢.

�É  £¨¶μÉ¥§  ¡Ò²  ¶·μ¢¥·¥´  ¢ [141] ¢ μ¡Ð¥³ ´¥ ¡¥²¥¢μ³ ¸²ÊÎ ¥. 	Ò²μ

¶μ± § ´μ, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É Ê´¨¢¥·¸ ²Ó´μ¥ ¢Ò· ¦¥´¨¥ Ng2
YM

F 6

|X |8 ¢ N = 4 ¸Ê-

¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ±μÉμ·μ¥ ¢μ¸¶·μ¨§¢μ¤¨É ¸²¥¤ÊÕÐ¨¥
§  ¢¥¤ÊÐ¨³¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨¥ Î²¥´Ò ¢ ¸Ê¶¥·£· ¢¨É Í¨μ´´μ³ ¶μÉ¥´Í¨-
 ²¥ ³¥¦¤Ê · §²¨Î´Ò³¨ ±μ´Ë¨£Ê· Í¨Ö³¨ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° D-¡· ´. �μ-
¸±μ²Ó±Ê ¸¨¸É¥³Ò ¡· ´ ¸ · §´Ò³¨ Ë· ±Í¨Ö³¨ ¸Ê¶¥·¸¨³³¥É·¨¨ μ¶¨¸Ò¢ ÕÉ¸Ö
¸ÊÐ¥¸É¢¥´´μ · §´Ò³¨ Ëμ´μ¢Ò³¨ ±μ´Ë¨£Ê· Í¨Ö³¨, ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³, ÎÉμ
¢¸¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶μÉ¥´Í¨ ²Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¨¸Ìμ¤ÖÉ ¨§ μ¤´μ£μ Ê´¨-
¢¥·¸ ²Ó´μ£μ ¢Ò· ¦¥´¨Ö ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ´ ±² -
¤Ò¢ ¥É ¢¥¸Ó³  ´¥É·¨¢¨ ²Ó´Ò¥ μ£· ´¨Î¥´¨Ö ´  ¢μ§³μ¦´ÊÕ ¸É·Ê±ÉÊ·Ê ÔÉμ£μ
¢Ò· ¦¥´¨Ö.

‘Ê³³¨·ÊÖ ¸± § ´´μ¥, ¸²¥¤Ê¥É μ¦¨¤ ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ´μ¢μ° É¥μ·¥³Ò ´¥-
¶¥·¥´μ·³¨·μ¢±¨ ¤²Ö  ¡¥²¥¢  Î²¥´  F 6 ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ÔËË¥±É¨¢-
´μ³ ¤¥°¸É¢¨¨,  ´ ²μ£¨Î´μ° ¨§¢¥¸É´μ° É¥μ·¥³¥ ¤²Ö F 4. �¤´ ±μ · ¸¸Ê¦¤¥´¨°
´  μ¸´μ¢¥ ³ ¸ÏÉ ¡´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ´¥¤μ¸É -
ÉμÎ´μ, ÎÉμ¡Ò ¤μ± § ÉÓ ´¥¶¥·¥´μ·³¨·Ê¥³μ¸ÉÓ Î²¥´  F 6. ‘±μ·¥¥ ¢¸¥£μ, §¤¥¸Ó
´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ´  ¶μ²´ÊÕ ³μÐ´μ¸ÉÓ ´ ²¨Î¨¥ ¢ N = 4 É¥μ·¨¨
Ÿ´£ ÄŒ¨²²¸  16 ¸Ê¶¥·¸¨³³¥É·¨°, ·¥ ²¨§μ¢ ´´ÒÌ ®¤¥Ëμ·³¨·μ¢ ´´Ò³¯ ¸¶μ-
¸μ¡μ³ [142]. �μ¸±μ²Ó±Ê F 6-Î²¥´ ´¥ ¶μÖ¢²Ö¥É¸Ö ¢ μ¤´μ¶¥É²¥¢μ³ ´¨§±μÔ´¥·£¥-
É¨Î¥¸±μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨, ³μ¦´μ μ¦¨¤ ÉÓ ¥£μ ¶μÖ¢²¥´¨Ö ´  ¤¢ÊÌ¶¥-
É²¥¢μ³ Ê·μ¢´¥. ƒ¨¶μÉ¥§  μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ´μ¢μ° É¥μ·¥³Ò ´¥¶¥·¥´μ·³¨·μ¢±¨
μ§´ Î ¥É Éμ£¤ , ÎÉμ F 6-Î²¥´ ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ ¢
¤¢ÊÌ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨.

‘¨ÉÊ Í¨Ö ¸ ¢±² ¤ ³¨ Î²¥´μ¢ É¨¶  F 8 ¥Ð¥ ¸²μ¦´¥¥, É ± ± ± ¸ÊÐ¥¸É¢Ê¥É
¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ · §²¨Î´ÒÌ ¨´¢ ·¨ ´Éμ¢ ¢μ¸Ó³μ£μ ¶μ·Ö¤± , ¶μ¸É·μ¥´´ÒÌ
¨§ ´ ¶·Ö¦¥´´μ¸É¨ Fmn. ‚ μÉ²¨Î¨¥ μÉ Î²¥´μ¢ É¨¶  F 4 ¨ F 6 ¸Ê¶¥·¸¨³³¥-
É·¨Ö ¸ ³  ¶μ ¸¥¡¥ ´¥ μ£· ´¨Î¨¢ ¥É ¢¨¤ ¨´¢ ·¨ ´Éμ¢ É¨¶  F 8 ¥¤¨´¸É¢¥´´Ò³
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¸¶μ¸μ¡μ³ Å F 8-Î²¥´Ò ¢ ¤¥°¸É¢¨¨ DBI ¨ ¢ μ¤´μ¶¥É²¥¢μ³ ÔËË¥±É¨¢´μ³ ¤¥°-
¸É¢¨¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  · §²¨Î´Ò ¨ ¨³¥ÕÉ,
¢ Î ¸É´μ¸É¨, · §²¨Î´Ò¥ ²μ·¥´Í¥¢Ò ¸É·Ê±ÉÊ·Ò! ‚ [145] ¡Ò²  ¶·¥¤²μ¦¥´ 
¸²¥¤ÊÕÐ Ö £¨¶μÉ¥§  μ¡ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨
Ÿ´£ ÄŒ¨²²¸ : a) ±μÔËË¨Í¨¥´É ¶¥·¥¤ F 8 ¢ · §²μ¦¥´¨¨ ¤¥°¸É¢¨Ö DBI (B.6)
μ¡Ê¸²μ¢²¥´ ¢±² ¤μ³ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μÉ É·¥Ì ¶¥É¥²Ó, ¨ ÔÉμÉ ¢±² ¤
´ Ìμ¤¨É¸Ö ¢ ÉμÎ´μ³ ¸μ£² ¸¨¨ ¸ ¤¥°¸É¢¨¥³ ¸Ê¶¥·£· ¢¨É Í¨¨; ¡) ±μÔËË¨Í¨¥´É
¶·¨ μ¤´μ¶¥É²¥¢μ³ ¢±² ¤¥ F 8 ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ N = 4 É¥μ·¨¨ ¶μ²ÊÎ ¥É
¶μ¶· ¢±¨ μÉ ¢¸¥Ì ¶¥É¥²Ó, ¶·¨ ÔÉμ³ ¶²μ¸± Ö Î ¸ÉÓ ·¥§Ê²ÓÉ¨·ÊÕÐ¥° ´¥´Ê²¥¢μ°
ËÊ´±Í¨¨ f3(Ng2

YM) ¢ (B.7) ¸É·¥³¨É¸Ö ± ´Ê²Õ ¢ ¶·¥¤¥²¥ Ng2
YM � 1, ± ±

¶·¥¤¸± §Ò¢ ¥É¸Ö ¸μμÉ¢¥É¸É¢¨¥³ AdS/CFT .
‚ · ¡μÉ¥ [86] ¡Ò²μ ¢Ò¸± § ´μ ¶·¥¤¶μ²μ¦¥´¨¥ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ¸²Ê-

Î ¥ SU(N), N > 2, ®´¥§ Ð¨Ð¥´´ÒÌ¯ ´¥ ¡¥²¥¢ÒÌ É¥´§μ·´ÒÌ ¸É·Ê±ÉÊ· Ê¦¥ ¢
¶μ·Ö¤±¥ ∼ v4, ¨§ Î¥£μ ¸²¥¤μ¢ ²μ ¡Ò, ÎÉμ ¤μ± § É¥²Ó¸É¢μ É¥μ·¥³Ò μ ´¥¶¥·¥-
´μ·³¨·μ¢±¥ ¶·¨³¥´¨³μ Éμ²Ó±μ ¤²Ö SU(2)-¸²ÊÎ Ö. ‚ ·¥§Ê²ÓÉ É¥ ¢ÒÎ¨¸²¥´¨Ö
(¢ ¶μ¤Ìμ¤¥ £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ ) ¤¢ÊÌ¶¥É²¥¢μ£μ ´¨§±μÔ´¥·£¥É¨-
Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¡Ò²μ μ¡´ ·Ê¦¥´μ, ÎÉμ ¢ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì N
¥£μ ±μÔËË¨Í¨¥´É ¢ ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ ±μÔËË¨Í¨¥´Éμ³ ¶¥·¥¤ ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨³ Î²¥´μ³ ¢ · §²μ¦¥´¨¨ ¤¥°¸É¢¨Ö DBI-¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ¶ÊÎ±μ³ N
D3-¡· ´ ¨ ¶ · ²²¥²Ó´μ° ¶·μ¡´μ° D3-¡· ´μ°. �ÉμÉ ·¥§Ê²ÓÉ É ¶μ§¢μ²Ö¥É ¢Ò-
¸± § ÉÓ ¸¨²Ó´μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³, ÎÉμ ¸μμÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ´¨§±μÔ´¥·£¥-
É¨Î¥¸±¨³ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ Ä
Œ¨²²¸  ¨ ¶μÉ¥´Í¨ ²μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö D3-¡· ´ ³μ¦¥É ¡ÒÉÓ ¶·μ¤μ²¦¥´μ ¤μ
¡μ²¥¥ ¢Ò¸μ±¨Ì ¶μ·Ö¤±μ¢. —²¥´Ò ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢ F 2l+2/|X |4l ¢ ÔËË¥±É¨¢-
´μ³ ¤¥°¸É¢¨¨ ¤μ²¦´Ò ¡ÒÉÓ ¡μ§μ´´μ° Î ¸ÉÓÕ ±μ³¡¨´ Í¨¨ ´¥¸±μ²Ó±¨Ì N = 1
(¨²¨ N = 2) ¸Ê¶¥·¨´¢ ·¨ ´Éμ¢ [144]. ’μ²Ó±μ μ¤¨´ ¨§ ´¨Ì (¤²Ö ± ¦¤μ£μ l)
¤μ²¦¥´ ¨³¥ÉÓ ®§ Ð¨Ð¥´´Ò°¯ ±μÔËË¨Í¨¥´É, ±μÉμ·Ò° ¶μ²ÊÎ ¥É ¢±² ¤ Éμ²Ó±μ
μÉ l-° ¶¥É²¨. ˆ³¥´´μ ÔÉμÉ Î²¥´ (¥£μ ¶²μ¸± Ö Î ¸ÉÓ) ¤μ²¦¥´ ¢Ò¦¨¢ ÉÓ ¢ ¶·¥-
¤¥²¥ ¸¨²Ó´μ° ¸¢Ö§¨, ¨ μ´ ¤μ²¦¥´ ¡ÒÉÓ ¢ ¸μ£² ¸¨¨ ¸ ¶μ¤μ¡´Ò³¨ ¦¥ ¸É·Ê±-
ÉÊ· ³¨ ¢ · §²μ¦¥´¨¨ ¤¥°¸É¢¨Ö DBI, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤¸± § ´¨Ö³¨ £¨¶μ-
É¥§Ò AdS/CFT .

…¸ÉÓ μ¸´μ¢ ´¨Ö ¶μ² £ ÉÓ, ÎÉμ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö ¶μ²Ö
Ÿ´£ ÄŒ¨²²¸  ¸ ³μ¤Ê ²Ó´  [80]. �¥·¢μ´ Î ²Ó´μ ÔÉμ ¸¢μ°¸É¢μ ¡Ò²μ ¸Ëμ·³Ê-
²¨·μ¢ ´μ ± ± ¤Ê ²Ó´μ¸ÉÓ ³¥¦¤Ê μ¡ÒÎ´Ò³ ¨ ¸μ²¨Éμ´´Ò³ ¸¥±Éμ· ³¨ É¥μ·¨¨.
�É´μ¸¨É¥²Ó´μ ´¥¤ ¢´μ ¡Ò²μ ¢Ò¤¢¨´ÊÉμ ¶·¥¤¶μ²μ¦¥´¨¥ [124, 125], Î ¸É¨Î´μ
¨´¸¶¨·¨·μ¢ ´´μ¥ ¨¤¥Ö³¨ É¥μ·¨¨ ‡ °¡¥·£ Ä‚¨ÉÉ¥´ ,   É ±¦¥ AdS/CFT -¸μμÉ-
¢¥É¸É¢¨Ö [116] ¨ ¸μ¸ÉμÖÐ¥¥ ¢ Éμ³, ÎÉμ ¸ ³μ¤Ê ²Ó´μ¸ÉÓ ³μ¦¥É ¡ÒÉÓ ·¥ ²¨-
§μ¢ ´  ¢ É¥·³¨´ Ì ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö É¥μ·¨¨ ´ 
±Ê²μ´μ¢¸±μ° ¢¥É¢¨. �  ÔÉμ° ¢¥É¢¨ ± ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  SU(N) ¸¶μ´É ´´μ
´ ·ÊÏ¥´  ¤μ SU(N−1)×U(1) , ¨ ¤¨´ ³¨±  μ¶¨¸Ò¢ ¥É¸Ö μ¤´¨³ N = 2 ¢¥±Éμ·-
´Ò³ ³Ê²ÓÉ¨¶²¥Éμ³, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ U(1)-Ë ±Éμ·Ê ´¥´ ·ÊÏ¥´´μ° £·Ê¶¶Ò.
	Ò²¨ ¶·¥¤²μ¦¥´Ò ¤¢  · §²¨Î´ÒÌ ¸Í¥´ ·¨Ö ·¥ ²¨§ Í¨¨ É·¥¡μ¢ ´¨Ö ¸ ³μ¤Ê-
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 ²Ó´μ¸É¨ ¤²Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ N = 2
¸Ê¶¥·¶·μ¸É· ´¸É¢¥: a) ¸ ³μ¤Ê ²Ó´μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨Ö ‹¥¦ ´-
¤·  [126,127]; ¡) ¸ ³μ¤Ê ²Ó´μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ U(1)-¢· Ð¥´¨° [125]. „μ ¸¨Ì
¶μ· ´¨ μ¤¨´ ¨§ ÔÉ¨Ì ¸Í¥´ ·¨¥¢ ´¥ ¡Ò² ¢Ò¢¥¤¥´ ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶μ¢, ¨ ÔÉ¨
¶·¥¤²μ¦¥´¨Ö ¶μ-¶·¥¦´¥³Ê μ¸É ÕÉ¸Ö Éμ²Ó±μ £¨¶μÉ¥§ ³¨. ’¥³ ´¥ ³¥´¥¥ ´¥±μÉμ-
·Ò¥ Ëμ·³Ò ¸ ³μ¤Ê ²Ó´μ¸É¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö ¢Ò£²Ö¤ÖÉ ¤μ¢μ²Ó´μ ¢¥·μÖÉ´Ò³¨ ¢ ±μ´É¥±¸É¥ AdS/CFT -¸μμÉ¢¥É¸É¢¨Ö,
¨ ÔÉμÉ ¢μ¶·μ¸  ±É¨¢´μ μ¡¸Ê¦¤ ²¸Ö ¢ ²¨É¥· ÉÊ·¥ [124Ä127]. �¶·¥¤¥²¥´´μ¥
¶μ¤É¢¥·¦¤¥´¨¥ ÔÉ¨Ì £¨¶μÉ¥§ ¨³¥¥É¸Ö ´  Ê·μ¢´¥ μ¤´μ° ¶¥É²¨ [125Ä128]. �± -
§Ò¢ ¥É¸Ö, ÎÉμ ¤ ²Ó´¥°Ï¥¥ ¶μ¤É¢¥·¦¤¥´¨¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨ ´  Ê·μ¢´¥ ¤¢ÊÌ
¶¥É¥²Ó, ¨ ÔÉμ ¥¸ÉÓ μ¸´μ¢´μ° ·¥§Ê²ÓÉ É ¡μ²ÓÏμ° ¸¥·¨¨ · ¡μÉ [107Ä114]. …¸²¨
ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤¥°¸É¢¨É¥²Ó´μ ¸ ³μ¤Ê ²Ó´μ ¢ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì N ¢
¸³Ò¸²¥ ¸Í¥´ ·¨¥¢ a), ¡), Éμ ¤μ²¦´μ ¸ÊÐ¥¸É¢μ¢ ÉÓ ¡¥¸±μ´¥Î´μ¥ Î¨¸²μ É¥μ·¥³
μ ´¥¶¥·¥´μ·³¨·μ¢±¥. �Éμ ¸²¥¤¸É¢¨¥ ¢μ§³μ¦´μ° ¸ ³μ¤Ê ²Ó´μ¸É¨ ¶·¥¤¸É ¢²Ö¥É
¡μ²ÓÏμ° ¨´É¥·¥¸ ¸ ÉμÎ±¨ §·¥´¨Ö ¥£μ ¶·μ¢¥·±¨ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ±¢ ´Éμ-
¢μ° É¥μ·¨¨ ¶μ²Ö.

‚¸¥ ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒ¥ ·¥§Ê²ÓÉ ÉÒ μ ¸É·Ê±ÉÊ·¥ ´¥£μ²μ³μ·Ë´μ£μ ¶μÉ¥´Í¨-
 ²  ¡Ò²¨ ¶μ²ÊÎ¥´Ò Éμ²Ó±μ ¤²Ö Éμ° Î ¸É¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ±μÉμ· Ö
§ ¢¨¸¨É μÉ ¶μ²¥° N = 2 ± ²¨¡·μ¢μÎ´μ£μ ³Ê²ÓÉ¨¶²¥É . �·μ¡²¥³  ¶μ¸É·μ¥´¨Ö
¢¥¤ÊÐ¥£μ ¢±² ¤  ¢ ¶μ²´μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ ± ± μÉ N = 2
± ²¨¡·μ¢μÎ´μ£μ ³Ê²ÓÉ¨¶²¥É , É ± ¨ μÉ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É , ¡Ò²  ·¥Ï¥´ 
	ÊÌ¡¨´¤¥·μ³ ¨ ˆ¢ ´μ¢Ò³ (	ˆ) [146]. ‚ÒÎ¨¸²¥´¨¥ ¢ [146] μ¸´μ¢ ´μ ´  Î¨¸Éμ
 ²£¥¡· ¨Î¥¸±μ³  ´ ²¨§¥, ¨¸Ìμ¤ÖÐ¥³ ¨§ É·¥¡μ¢ ´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ¸±·ÒÉÒÌ
N = 2 ¸Ê¶¥·¸¨³³¥É·¨° ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ ¢ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¸Ëμ·³Ê²¨·μ¢ ´´μ° ¢ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. Ÿ¢´ Ö
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Ö ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¨ ¸±·ÒÉÒ¥ ¸Ê¶¥·¸¨³³¥É·¨¨ ¢
Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¸μ¸É ¢²ÖÕÉ ¶μ²´Ò° ´ ¡μ· ¸Ê¶¥·¸¨³³¥É·¨° N = 4 ¸Ê-
¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . 	Ò²μ ¶μ± § ´μ, ÎÉμ ¶μÉ¥´Í¨ ² (B.3)
(  É ±¦¥ ¥£μ μ¡μ¡Ð¥´¨Ö ¤²Ö SU(N)-³μ¤¥²¥°) ³μ¦¥É ¡ÒÉÓ ¤μ¶μ²´¥´ ¤μ N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³Ò ¶μ¸·¥¤¸É¢μ³ ¤μ¡ ¢²¥´¨Ö ¶μ¤Ìμ¤ÖÐ¨Ì Î²¥´μ¢, § -
¢¨¸ÖÐ¨Ì μÉ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‘É·Ê±ÉÊ·  ÔÉ¨Ì Î²¥´μ¢ μ¤´μ§´ Î´μ
μ¶·¥¤¥²Ö¥É¸Ö ¸±·ÒÉμ° ¸Ê¶¥·¸¨³³¥É·¨¥°. ‚ ·¥§Ê²ÓÉ É¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥,
¶μ²ÊÎ¥´´μ¥ ¢ [146], ¨³¥¥É ¢¨¤

Γq = c

∫
d12z du

{
(X − 1)

ln (1 − X)
X

+ [Li2(X) − 1]

}
, X = −2

q+aq−a
WW̄ ,

(B.8)
£¤¥ c Å ÉμÉ ¦¥ Î¨¸²μ¢μ° ±μÔËË¨Í¨¥´É, ÎÉμ ¨ ¢ ´¥£μ²μ³μ·Ë´μ³ ¶μÉ¥´Í¨-
 ²¥ (B.3), ¨ Li2(X) Å ¤¨²μ£ ·¨Ë³ �°²¥· . Š·μ³¥ Éμ£μ, ´¨± ±¨¥ ´¥²μ£ ·¨Ë-
³¨Î¥¸±¨¥ Î²¥´Ò ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ´¥ ¤μ¶Ê¸± ÕÉ
É ±μ£μ ¤μ¶μ²´¥´¨Ö ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¨¸±²ÕÎ ÕÉ¸Ö μ£· ´¨Î¥´¨Ö³¨, ´ ±² ¤Ò-
¢ ¥³Ò³¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¥°. �É±·ÒÉμ° ¶·μ¡²¥³μ° ´¥±μÉμ·μ¥ ¢·¥³Ö
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μ¸É ¢ ²μ¸Ó ¶μ¸É·μ¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (B.8) ¶ÊÉ¥³ ¶·Ö³μ£μ ¢ÒÎ¨-
¸²¥´¨Ö ¸Ê¶¥·¤¨ £· ³³ ¢ · ³± Ì ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. ‚ · ¡μÉ Ì [147]
¨ [215,216] ÔÉ  ¶·μ¡²¥³  ¡Ò²  É ±¦¥ ·¥Ï¥´ .

�¡Ñ¥¤¨´¥´¨¥ £· ¢¨É Í¨¨, ¸Ê¶¥·¸¨³³¥É·¨¨ ¨ ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨° ¶·¨-
¢μ¤¨É ± É¥μ·¨Ö³ ¸Ê¶¥·£· ¢¨É Í¨¨ ¸ Î¨¸²μ³ ¸Ê¶¥·¸¨³³¥É·¨° ¢ ¤¨ ¶ §μ´¥
μÉ N = 1 ¤μ N = 8. Šμ£¤  N � 4, ³¨´¨³ ²Ó´Ò° ³Ê²ÓÉ¨¶²¥É ¸Ê¶¥·-
£· ¢¨É Í¨¨ ¸μ¤¥·¦¨É ¸± ²Ö·Ò, É ± ÎÉμ ´¥²¨´¥°´μ¸ÉÓ ¤¥°¸É¢¨Ö £· ¢¨É Í¨¨
¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¶·¨¢μ¤¨É ± ´¥²¨´¥°´μ¸É¨ ±¨´¥É¨Î¥¸±μ£μ Î²¥´  ¸± ²Ö·-
´ÒÌ ¶μ²¥°. ’ ±¨³ μ¡· §μ³, ´¥²¨´¥°´Ò¥ ¸¨£³ -³μ¤¥²¨ (¸³. μ¡§μ· ¢ [148])
Ö¢²ÖÕÉ¸Ö Î ¸ÉÓÕ ² £· ´¦¨ ´  · ¸Ï¨·¥´´μ° ¸Ê¶¥·£· ¢¨É Í¨¨. ’ ±¦¥ ¸ÊÐ¥-
¸É¢Ê¥É ¤·Ê£μ° ¸¨²Ó´Ò°  ·£Ê³¥´É ¢ ¶μ²Ó§Ê ¨§ÊÎ¥´¨Ö ±² ¸¸¨Î¥¸±¨Ì ¨ ±¢ ´Éμ¢ÒÌ
 ¸¶¥±Éμ¢ ´¥²¨´¥°´ÒÌ ¸¨£³ -³μ¤¥²¥°. �·¨´Í¨¶ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³-
³¥É·¨¨ Ö¢²Ö¥É¸Ö μ¶·¥¤¥²ÖÕÐ¨³ ¤²Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶·¨²μ¦¥´¨° ±¢ ´-
Éμ¢μ° É¥μ·¨¨ ¶μ²Ö (¸³., ´ ¶·¨³¥·, [156, 164, 165]). ‘¶μ´É ´´μ ´ ·ÊÏ¥´-
´Ò¥ £²μ¡ ²Ó´Ò¥ ¸¨³³¥É·¨¨ ´¥ ·¥ ²¨§ÊÕÉ¸Ö ± ± ¶·¥μ¡· §μ¢ ´¨Ö ¸¨³³¥É·¨¨
Ë¨§¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨°, ¶μ¸±μ²Ó±Ê μ´¨ ´¥ μ¸É ¢²ÖÕÉ ¢ ±ÊÊ³ ¨´¢ ·¨ ´É´Ò³.
’μ£¤  (¸μ£² ¸´μ É¥μ·¥³¥ ƒμ²¤¸ÉμÊ´ ) ¸¶¥±É· Ë¨§¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨° ¢¸¥£¤ 
¢±²ÕÎ ¥É ¡¥§³ ¸¸μ¢Ò¥ Î ¸É¨ÍÒ ¤²Ö ± ¦¤μ£μ £¥´¥· Éμ·  ´ ·ÊÏ¥´´μ° ¸¨³³¥É-
·¨¨, ¸ ¸¨²Ó´μ ´¥²¨´¥°´Ò³ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³ [149]. ‚ μ¡Ð¥³ ¸²ÊÎ ¥
¸± ²Ö·´Ò¥ ¶μ²Ö ¸¨£³ -³μ¤¥²¨ ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö ¢ ·¨³ ´μ¢μ³ ³´μ£μμ¡· -
§¨¨ ¸ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´μ° ³¥É·¨±μ°, ÎÉμ μ¡Ê¸²μ¢²¥´μ É·¥¡μ¢ ´¨¥³
μÉ¸ÊÉ¸É¢¨Ö ¸μ¸ÉμÖ´¨° ¸ μÉ·¨Í É¥²Ó´μ° ´μ·³μ° (É·¥¡μ¢ ´¨Õ ¶μ²μ¦¨É¥²Ó´μ°
μ¶·¥¤¥²¥´´μ¸É¨ ³¥É·¨±¨ Ê¤μ¢²¥É¢μ·ÖÕÉ ±μ³¶ ±É´Ò¥, μ¡ÒÎ´μ ¸¨³³¥É·¨Î¥-
¸±¨¥ ¶·μ¸É· ´¸É¢ ).

‘ÊÐ¥¸É¢Ê¥É É¥¸´ Ö ¸¢Ö§Ó ³¥¦¤Ê ¸¨£³ -³μ¤¥²Ö³¨ ¸ · ¸Ï¨·¥´´Ò³ Î¨¸²μ³
¸Ê¶¥·¸¨³³¥É·¨° ¨ ±μ³¶²¥±¸´Ò³¨ £¥μ³¥É·¨Ö³¨. Š² ¸¸¨Î¥¸±¨³¨ ¸É ²¨ É·¨
¸²¥¤ÊÕÐ¨Ì ·¥§Ê²ÓÉ É . 1. ŠÔ²¥·μ¢μ ³´μ£μμ¡· §¨¥ Ö¢²Ö¥É¸Ö ¶·μ¸É· ´¸É¢μ³ ¶μ-
²¥° ¤²Ö ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¸¨£³ -³μ¤¥²¥° ¸ Î¥ÉÒ·Ó³Ö ¸Ê¶¥·§ ·Ö¤ ³¨
(D � 4) [150]. ‚ Î¥ÉÒ·¥Ì ¨§³¥·¥´¨ÖÌ (D = 4) É ±¨¥ ¸¨£³ -³μ¤¥²¨ μ¡² ¤ ÕÉ
N = 1 ¸Ê¶¥·¸¨³³¥É·¨¥°. 2. �  £¨¶¥·±Ô²¥·μ¢ÒÌ ³´μ£μμ¡· §¨ÖÌ ®¦¨¢ÊÉ¯ ¸Ê-
¶¥·¸¨³³¥É·¨Î´Ò¥ ¸¨£³ -³μ¤¥²¨ ¸ ¢μ¸¥³ÓÕ ¸Ê¶¥·§ ·Ö¤ ³¨ (D � 6) [151,152].
‚ Î¥ÉÒ·¥Ì ¨§³¥·¥´¨ÖÌ (D = 4) É ±¨¥ ¸¨£³ -³μ¤¥²¨ μ¡² ¤ ÕÉ N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨¥° [210]. 3. Š¢ É¥·´¨μ´-±Ô²¥·μ¢μ ³´μ£μμ¡· §¨¥ Ö¢²Ö¥É¸Ö ¶·μ¸É· ´-
¸É¢μ³ ¸Ê¶¥·¶μ²¥° ¤²Ö ²μ± ²Ó´μ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¸¨£³ -³μ¤¥²¥° ¸ ¢μ¸¥³ÓÕ
¸Ê¶¥·§ ·Ö¤ ³¨ (D � 6) [153]. ‘Ê¶¥·¶·μ¸É· ´¸É¢μ ± ± ³¥Éμ¤ ¨¸¸²¥¤μ¢ ´¨Ö
μ¡¥¸¶¥Î¨¢ ¥É Ê´¨± ²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö ¶μ¸É·μ¥´¨Ö μ¡Ð¨Ì ¸Ê¶¥·¸¨³³¥-
É·¨Î´ÒÌ ¸¨£³ -³μ¤¥²¥° (¸³., ´ ¶·¨³¥·, [154] ¢ ± Î¥¸É¢¥ μ¡§μ·  ¨ ¨¸ÉμÎ´¨± 
¶μ²´μ° ¡¨¡²¨μ£· Ë¨¨ ¶μ ÔÉμ³Ê ¢μ¶·μ¸Ê). ‚ μÉ²¨Î¨¥ μÉ 2D-³μ¤¥²¥° 4D ´¥-
²¨´¥°´Ò¥ ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ¸¨£³ -³μ¤¥²¨ ´¥¶¥·¥´μ·³¨·Ê¥³Ò ¶μ ¨´¤¥±¸Ê
· ¸Ìμ¤¨³μ¸É¨, É ± ¦¥ ± ± ¨Ì 4D ´¥¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ¶·μμ¡· §Ò. �Éμ £² ¢-
´ Ö ¶·¨Î¨´ , ¶μÎ¥³Ê ±¢ ´Éμ¢Ò¥  ¸¶¥±ÉÒ É ±¨Ì ³μ¤¥²¥° ´¥¤μ¸É ÉμÎ´μ Ìμ·μÏμ
¨§ÊÎ¥´Ò (´¥±μÉμ·Ò¥  ¸¶¥±ÉÒ ÔÉμ° ¶·μ¡²¥³Ò · ¸¸³μÉ·¥´Ò ¢ [217].
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’μÉ Ë ±É, ÎÉμ ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ´¥ ´ °¤¥´μ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤μ-
± § É¥²Ó¸É¢ ¸Ê¶¥·¸¨³³¥É·¨¨, μ§´ Î ¥É, ÎÉμ ´  ¤μ¸É¨¦¨³ÒÌ ³ ¸ÏÉ ¡ Ì Ô´¥·-
£¨¨ μ´  ¸¥¡Ö ´¥ ¶·μÖ¢²Ö¥É, ¨ ÔÉμ ¶μ·μ¦¤ ¥É ¶·μ¡²¥³Ê ¶μ¨¸±  É¥μ·¥É¨Î¥¸±¨Ì
³¥Ì ´¨§³μ¢, μÉ¢¥É¸É¢¥´´ÒÌ §  ¥¥ ´ ·ÊÏ¥´¨¥. �¤´μ° ¨§ ¢μ§³μ¦´μ¸É¥° Ö¢²Ö-
¥É¸Ö É ± ´ §Ò¢ ¥³μ¥ ³Ö£±μ¥ ´ ·ÊÏ¥´¨¥ ¸Ê¶¥·¸¨³³¥É·¨¨. �´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢
¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨ÖÌ ¨ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ± ¤¥°¸É¢¨Õ
¤μ¡ ¢²ÖÕÉ¸Ö ´¥±μÉμ·Ò¥ ³ ¸¸μ¢Ò¥ Î²¥´Ò, ±μÉμ·Ò¥ ¸μÌ· ´ÖÕÉ ± ²¨¡·μ¢μÎ´ÊÕ
¨´¢ ·¨ ´É´μ¸ÉÓ, ´μ ´ ·ÊÏ ÕÉ ¸Ê¶¥·¸¨³³¥É·¨Õ. …¸²¨ ¸Ê¶¥·¸¨³³¥É·¨Ö ¸¶μ´-
É ´´μ ´ ·ÊÏ¥´ , Éμ ¢¸¶μ³μ£ É¥²Ó´Ò¥ ¶μ²Ö ¶·¨μ¡·¥É ÕÉ μÉ²¨Î´Ò¥ μÉ ´Ê²Ö
¢ ±ÊÊ³´Ò¥ §´ Î¥´¨Ö, ¨ ¢ ·¥§Ê²ÓÉ É¥ ¶μÖ¢²ÖÕÉ¸Ö ¸¶¨´μ·´Ò¥ ¡¥§³ ¸¸μ¢Ò¥ ¶μ²Ö
ƒμ²¤¸ÉμÊ´  (£μ²¤¸É¨´μ). �¤´ ±μ ¸É ´¤ ·É´Ò¥ ³¥Éμ¤Ò ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³-
³¥É·¨¨ ³μ£ÊÉ ¶·¨¢¥¸É¨ ± ¶μÉ¥·¥ § ³¥Î É¥²Ó´ÒÌ ±¢ ´Éμ¢ÒÌ ¸¢μ°¸É¢ ¸Ê¶¥·-
¸¨³³¥É·¨Î´ÒÌ É¥μ·¨° ¨²¨ ¶μ ±· °´¥° ³¥·¥ μ£· ´¨Î¨ÉÓ μ¡² ¸ÉÓ ¨Ì ¶·¨³¥´¥-
´¨Ö [155]. ’ ±¨³ μ¡· §μ³, ¶μ¨¸± ¨ ¨§ÊÎ¥´¨¥  ²ÓÉ¥·´ É¨¢´ÒÌ ¸Ì¥³ ´ ·ÊÏ¥´¨Ö
¸Ê¶¥·¸¨³³¥É·¨¨ μ¸É ¥É¸Ö ¢ ¦´μ° § ¤ Î¥°.

Š ± Ö¢¸É¢Ê¥É ¨§ ¢¸¥£μ ¸± § ´´μ£μ, ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ³´μ£μ
£¨¶μÉ¥§, É¥¸´μ ¸¢Ö§ ´´ÒÌ ¸ É¥μ·¨¥° ¸É·Ê´, μ ¸É·Ê±ÉÊ·¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨ ´¥²¨´¥°-
´ÒÌ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ±Ô²¥·μ¢ÒÌ ¨ £¨¶¥·±Ô²¥·μ¢ÒÌ ¸¨£³ -³μ¤¥²¥°. �·μ-
¢¥·±  ÔÉ¨Ì £¨¶μÉ¥§ É·¥¡Ê¥É Ö¢´ÒÌ ³´μ£μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨°. �·¥¤¶μ² £ -
¥³Ò¥ ¤Ê ²Ó´μ¸É¨, μ¡¸Ê¦¤ ¢Ï¨¥¸Ö ¢ÒÏ¥, ¶μ§¢μ²ÖÕÉ ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Éμ¤Ò ¸Ê-
¶¥·¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¤²Ö ¨§ÊÎ¥´¨Ö 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.

‚ ¤ ´´μ³ μ¡§μ·¥ ¨§² £ ÕÉ¸Ö Ö¢´μ ±μ¢ ·¨ ´É´Ò¥ ³¥Éμ¤Ò · §²μ¦¥´¨Ö ¶μ
¶·μ¨§¢μ¤´Ò³ ¸Ê¶¥·¶μ²¥¢μ£μ É¥¶²μ¢μ£μ Ö¤·  ¨ μ¸´μ¢ ´´ Ö ´  ´¨Ì É¥Ì´¨± 
¢ÒÎ¨¸²¥´¨Ö μ¤´μ¶¥É²¥¢ÒÌ ¢±² ¤μ¢ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ · ³± Ì ³¥Éμ¤ 
Ëμ´μ¢μ£μ ¶μ²Ö ¤²Ö · §²¨Î´ÒÌ ³μ¤¥²¥° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¸ · ¸Ï¨·¥´´μ°
¸Ê¶¥·¸¨³³¥É·¨¥°. ‘²¥¤Ê¥É μ¸μ¡μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¸¶¥Í¨Ë¨Î¥¸±¨³¨ μ¸μ¡¥´-
´μ¸ÉÖ³¨ ¸Ê¶¥·¶μ²¥¢ÒÌ Ëμ·³Ê²¨·μ¢μ± ¢ É¥·³¨´ Ì ¶·¥¶μÉ¥´Í¨ ²μ¢ Ö¢²Ö¥É¸Ö
¨Ì ´¥¶μ²¨´μ³¨ ²Ó´μ¸ÉÓ,   É ±¦¥ ¸²μ¦´μ¸É¨, ¸¢Ö§ ´´Ò¥, ´ ¶·¨³¥·, ¸ £ ·³μ-
´¨Î¥¸±¨³¨ ¸¨´£Ê²Ö·´μ¸ÉÖ³¨ ¨ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¨Ì ¸μ±· Ð¥´¨Ö. �·¨ ´ ¨¢´μ³
¶μ¸É·μ¥´¨¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ÔÉ¨ μ¡¸ÉμÖÉ¥²Ó¸É¢  ¶·¨¢μ¤ÖÉ ± ´¥¶·¥μ¤μ²¨-
³Ò³ É·Ê¤´μ¸ÉÖ³, ¸¢Ö§ ´´Ò³ ¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¸Ê³³¨·μ¢ ´¨Ö ¡¥¸±μ´¥Î´μ£μ
Î¨¸²  ¸Ê¶¥·¤¨ £· ³³. �μÔÉμ³Ê ¤²Ö ÔËË¥±É¨¢´μ° · ¡μÉÒ ¸ N = 1 ¨ £ ·-
³μ´¨Î¥¸±¨³¨ N = 2 ¸Ê¶¥·£· Ë ³¨ ¶μÉ·¥¡μ¢ ²μ¸Ó ¨§μ¡·¥¸É¨ ³´μ£μ ´μ¢ÒÌ
´¥É·¨¢¨ ²Ó´ÒÌ ¶·¨¥³μ¢ ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, · ¸¸³ -
É·¨¢ ¥³ÒÌ ¢ ¤ ´´μ³ μ¡§μ·¥.

�¡§μ· μ·£ ´¨§μ¢ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³.
‚ · §¤. 1 ¨§ÊÎ ¥É¸Ö ¸É·Ê±ÉÊ·  ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°-

¸É¢¨Ö ¢ · ¸Ï¨·¥´´ÒÌ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¶μ²¥¢ÒÌ ³μ¤¥²ÖÌ, ¸Ëμ·³Ê²¨·μ¢ ´-
´ÒÌ ¢ N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. „ ¥É¸Ö ¢Ò¢μ¤ · §²μ¦¥´¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³
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μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨
Ÿ´£ ÄŒ¨²²¸ , ¸μ¤¥·¦ Ð¥° ± ± ¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , É ± ¨
£¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ¶μ²Ö. � ¸¸³ É·¨¢ ¥É¸Ö Ëμ·³Ê²¨·μ¢±  N = 4 ¸Ê¶¥·¸¨³-
³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥°, ¨ ¶μ²ÊÎ¥´μ
μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¶·¨¡²¨¦¥´¨¨ ¶μ¸ÉμÖ´´ÒÌ  ¡¥²¥¢ÒÌ
´ ¶·Ö¦¥´´μ¸É¥° Fmn ¨ ¶μ¸ÉμÖ´´ÒÌ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. �μ²ÊÎ¥´´μ¥
¤¥°¸É¢¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ¸Ê¶¥·±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤-
´Ò³ ¨ ¶¥·¥¶¨¸Ò¢ ¥É¸Ö ¢ É¥·³¨´ Ì N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ¨´¢ ·¨ ´Éμ¢.
‚ Î ¸É´μ¸É¨, É ±¨³ μ¡· §μ³ ¢μ¸¶·μ¨§¢¥¤¥´μ ¶μ²´μ¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î-
´μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨§ · ¡μÉÒ [146] ¨ ´ °¤¥´Ò
¸²¥¤ÊÕÐ¨¥ §  ¢¥¤ÊÐ¨³¨ ¢±² ¤Ò ¢ ÔÉμ ¤¥°¸É¢¨¥.

�É³¥Î ¥É¸Ö, ÎÉμ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ËÊ´±Í¨μ´ ²Ò ¸ ¢Ò¸Ï¨³¨
¶·μ¨§¢μ¤´Ò³¨, ¶μ¸É·μ¥´´Ò¥ ¨§ £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥° N = 2 ¢¥±Éμ·-
´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É , ´¥ Ö¢²ÖÕÉ¸Ö  ¢Éμ³ É¨Î¥¸±¨ ¨´¢ ·¨-
 ´É´Ò³¨ μÉ´μ¸¨É¥²Ó´μ ¨¸Ìμ¤´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨¨ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥. —Éμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ¨´¢ ·¨ ´É´μ¸ÉÓ É ±¨Ì
ËÊ´±Í¨μ´ ²μ¢, É·¥¡Ê¥É¸Ö ¤¥Ëμ·³ Í¨Ö ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ° ¸Ê¶¥·¸¨³³¥-
É·¨¨ Î²¥´ ³¨, ¸μ¤¥·¦ Ð¨³¨ ¶·μ¨§¢μ¤´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ˆ¸¶μ²Ó§ÊÖ Ëμ·-
³Ê²¨·μ¢±Ê N = 4 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥ ¨  ´ ²¨§¨·ÊÖ ¢μ§³μ¦´Ò¥ ¤¥Ëμ·³ Í¨¨ ¶·¥μ¡· §μ¢ ´¨° ¸±·Ò-
Éμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨, ³Ò ¸É·μ¨³ N = 4 · ¸Ï¨·¥´¨¥ Î²¥´  É¨¶ 
F 6 ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨. ’ ±μ¥ · ¸Ï¨·¥´¨¥ ¸μ¤¥·¦¨É ± ± £ ·³μ´¨Î¥-
¸±¨¥ ¸Ê¶¥·¶μ²Ö ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨, μÉ¢¥Î ÕÐ¨¥ N = 2 ± ²¨¡·μ¢μÎ-
´μ³Ê ³Ê²ÓÉ¨¶²¥ÉÊ, É ± ¨ £ ·³μ´¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¸ ¢Ò¸-
Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨. �·¨ ÔÉμ³ ´ °¤¥´  ¶μ¤Ìμ¤ÖÐ Ö ¤¥Ëμ·³ Í¨Ö ¶·¥μ¡· -
§μ¢ ´¨° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. ‚ ·¥§Ê²ÓÉ É¥ ¶μ¸É·μ¥´ ¸Ê¶¥·¶μ-
²¥¢μ° ËÊ´±Í¨μ´ ², ¨´¢ ·¨ ´É´Ò° ± ± μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° Ö¢´μ°
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨, É ± ¨ μÉ´μ¸¨É¥²Ó´μ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ ¶·¥μ¡· §μ¢ -
´¨° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨, ¨ ¸μ¤¥·¦ Ð¨° Î²¥´ F 6 ¢ ±μ³¶μ´¥´É´μ³
· §²μ¦¥´¨¨.

‚ · §¤. 2 · §¢¨¢ ¥É¸Ö ¸¨¸É¥³ É¨Î¥¸±¨° ¶μ¤Ìμ¤ ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê-
¶¥·¶·μ¸É· ´¸É¢¥ ± ¶μ¸É·μ¥´¨Õ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¢±²ÕÎ ÕÐ¥£μ ¸Ê¶¥·¶μ²Ö N = 2
¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¢±Ê¶¥ ¸ Ëμ´μ¢Ò³¨ ¶μ²Ö³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ · ³-
± Ì Ëμ·³Ê²¨·μ¢±¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Î¥·¥§ N = 2 £ ·³μ´¨-
Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¸É·μ¨É¸Ö ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ É¥Ì´¨±¨ ±μ¢ ·¨ ´É´ÒÌ N = 2 £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·£· Ëμ¢. ‚ÒÎ¨¸²¥´¨Ö
¶·μ¢μ¤ÖÉ¸Ö ¤²Ö ¶μ¸ÉμÖ´´μ°  ¡¥²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨ Fmn ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
¶μ¸ÉμÖ´´ÒÌ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É . �μ¸É·μ¥´μ § ¢¨¸ÖÐ¥¥ μÉ ¶μ²¥° £¨¶¥·-
³Ê²ÓÉ¨¶²¥É  ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ¨ μ´μ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¨´É¥£· ² 
¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ . „ -
²¥¥ ¶μ± § ´μ, ÎÉμ ± ¦¤Ò° Î²¥´ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
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¢ · §²μ¦¥´¨¨ ˜¢¨´£¥· Ä¤¥ ‚¨ÉÉ  ³μ¦´μ § ¶¨¸ ÉÓ ± ± ¨´É¥£· ² ¶μ ¶μ²´μ³Ê
N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê.

‡ ¤ Î¨, · ¸¸³μÉ·¥´´Ò¥ ¢ · §¤. 1 ¨ 2, Î ¸É¨Î´μ ¶¥·¥±·Ò¢ ÕÉ¸Ö. � §´¨Í 
¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¢ · §¤. 1 · §¢¨¢ ¥É¸Ö ¶μ¤Ìμ¤ ± ÔËË¥±É¨¢´μ³Ê ¤¥°¸É¢¨Õ,
±μ£¤  · ¸¸³ É·¨¢ ¥³Ò¥ ³μ¤¥²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·-
¶μ²¥° ¨ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μ¡² ¤ ¥É Ö¢´μ° N = 1 ¸Ê¶¥·¸¨³³¥É·¨¥°.
‚ · §¤. 2 ¨¸¸²¥¤ÊÕÉ¸Ö ³μ¤¥²¨, ¸Ëμ·³Ê²¨·μ¢ ´´Ò¥ ¢ N = 2 £ ·³μ´¨Î¥¸±μ³
¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μ¡² ¤ ¥É Ö¢´μ°
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥°. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ³μ¦¥³ μÍ¥´¨ÉÓ ¢μ§³μ¦´μ¸É¨ ¨
¤μ¸Éμ¨´¸É¢  ¤¢ÊÌ Ê± § ´´ÒÌ ¢ÒÏ¥ ¶μ¤Ìμ¤μ¢.

‚ · §¤. 3 ¨§ÊÎ ¥É¸Ö μ¤´μ¶¥É²¥¢μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°-
¸É¢¨¥ ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¤²Ö N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²¥°.
‹Õ¡ Ö É ± Ö ³μ¤¥²Ó ¸μ¤¥·¦¨É N = 2 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É ¨ ´¥±μÉμ·μ¥
±μ²¨Î¥¸É¢μ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ± ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  G
´ ·ÊÏ¥´  ¤μ G̃ × K , £¤¥ K Ö¢²Ö¥É¸Ö  ¡¥²¥¢μ° ¶μ¤£·Ê¶¶μ° ¨ Ëμ´μ¢Ò° ¢¥±-
Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É ¶·¨´ ¤²¥¦¨É ¶μ¤ ²£¥¡·¥ Š ·É ´ , ¸μμÉ¢¥É¸É¢ÊÕÐ¥° K .
� °¤¥´μ μ¡Ð¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¢ Ëμ·³¥ ¨´É¥£· ²  ¶μ ¸μ¡¸É¢¥´´μ³Ê ¢·¥³¥´¨. �μ¸É·μ¥´Ò ¢¥¤ÊÐ¨¥, § ¢¨¸Ö-
Ð¨¥ μÉ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¸Ê¶¥·¶μ²¥° ¢±² ¤Ò ¢ ÔË-
Ë¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨  ´ ²¨§¨·Ê¥É¸Ö ¨Ì ±μ³¶μ´¥´É´ Ö ¸É·Ê±ÉÊ·  ¢ ¡μ§μ´-
´μ³ ¸¥±Éμ·¥. Šμ³¶μ´¥´É´μ¥ ¤¥°¸É¢¨¥ ¸μ¤¥·¦¨É Î²¥´Ò ¸ É·¥³Ö ¨ Î¥ÉÒ·Ó³Ö
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ ¶μ²¥° ¨ ¨³¥¥É ¢¨¤,  ´ ²μ£¨Î-
´Ò° ¤¥°¸É¢¨Õ —¥·´ Ä‘ °³μ´¸ .

‚ · §¤. 4 · ¸¸³ É·¨¢ ¥É¸Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö ³ ¸¸¨¢´ÒÌ
¶μ²¥° Ÿ´£ ÄŒ¨²²¸ , ¸Ëμ·³Ê²¨·μ¢ ´´ Ö ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ-
¸É· ´¸É¢¥. �·¨¢μ¤ÖÉ¸Ö · §²¨Î´Ò¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò¥ Ëμ·³Ò § ¶¨¸¨
³ ¸¸μ¢μ£μ ¸² £ ¥³μ£μ ¢ ¤¥°¸É¢¨¨, ¢ Î ¸É´μ¸É¨, ¸ ¶·¨³¥´¥´¨¥³ ÏÉÕ±¥²Ó¡¥·-
£μ¢  ¸Ê¶¥·¶μ²Ö, ¢¥¤ÊÐ¨¥ ± ¤Ê ²Ó´Ò³ Ëμ·³Ê²¨·μ¢± ³ É¥μ·¨¨ ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ É¥´§μ·´μ£μ ³Ê²ÓÉ¨¶²¥É . � §¢¨¢ ¥É¸Ö ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ Ö ¨
Ö¢´μ ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ¸Ì¥³  ¶¥É²¥¢μ£μ · §²μ¦¥´¨Ö ¸Ê¶¥·¶μ²¥¢μ£μ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨. ‚ · ³± Ì ÔÉμ° ¸Ì¥³Ò ¢ÒÎ¨¸²ÖÕÉ¸Ö
± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò¥ ¨ Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ μ¤´μ¶¥É²¥¢Ò¥
±μ´É·Î²¥´Ò, ¢±²ÕÎ Ö ±μ´É·Î²¥´Ò, § ¢¨¸ÖÐ¨¥ μÉ ÏÉÕ±¥²Ó¡¥·£μ¢  ¸Ê¶¥·¶μ²Ö.
�´ ²¨§¨·Ê¥É¸Ö ±μ³¶μ´¥´É´ Ö ¸É·Ê±ÉÊ·  É ±¨Ì ±μ´É·Î²¥´μ¢.

ˆ§²μ¦¥´¨¥ ³ É¥·¨ ²  Î ¸É¨Î´μ ´μ¸¨É μ¡ÊÎ ÕÐ¨° Ì · ±É¥· ¨ ¸É ¢¨É ¸¢μ¥°
Í¥²ÓÕ ¢¢¥¸É¨ Î¨É É¥²Ö ¢  ±É¨¢´μ · §¢¨¢ ÕÐ¥¥¸Ö ´ ¶· ¢²¥´¨¥ ¸μ¢·¥³¥´´μ°
É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨. „²Ö Ê¤μ¡¸É¢  Î¨É É¥²Ö ± ¦¤Ò° ¨§ · §¤¥²μ¢ μ¡§μ·  ¸μ-
¤¥·¦¨É ¢¢¥¤¥´¨¥, μ¡¸Ê¦¤¥´¨¥ ¨ ¨Éμ£¨, ± ¸ ÕÐ¨¥¸Ö Éμ²Ó±μ ÔÉμ£μ · §¤¥² , ÎÉμ
¶μ§¢μ²Ö¥É ¢ ¶·¨´Í¨¶¥ Î¨É ÉÓ ± ¦¤Ò° · §¤¥² ´¥§ ¢¨¸¨³μ μÉ μ¸É ²Ó´ÒÌ. Šμ-
´¥Î´μ, μ¸´μ¢´Ò¥ ³μÉ¨¢ Í¨¨, Í¥²¨ ¨ ³¥Éμ¤Ò ¨¸¸²¥¤μ¢ ´¨Ö Ö¢²ÖÕÉ¸Ö μ¡Ð¨³¨
¤²Ö ¢¸¥° · ¡μÉÒ.
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1. �„���…’‹…‚�… �””…Š’ˆ‚��… „…‰‘’‚ˆ…
‚ N = 4 ‘“�…�‘ˆŒŒ…’�ˆ—��‰ ’…��ˆˆ Ÿ�ƒ�ÄŒˆ‹‹‘�

‚ ”��Œ�‹ˆ‡Œ… N = 1 ‘“�…����‘’���‘’‚�

1.1. ‚¢¥¤¥´¨¥. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö  ±É¨¢´μ ¨§ÊÎ ÕÉ¸Ö · §²¨Î´Ò¥ ±¢ ´Éμ-
¢Ò¥  ¸¶¥±ÉÒ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° ¸É·Ê´´μ° ¤¨´ ³¨±¨ ¨ ¸μμÉ¢¥É¸É¢¨Ö
AdS/CFT [116]. �¥§Ê²ÓÉ Éμ³ ÔÉ¨Ì ¨¸¸²¥¤μ¢ ´¨° Ö¢¨² ¸Ó £¨¶μÉ¥§  (¸³. ¶μ-
¤·μ¡´μ¸É¨ ¢ [139,145]) μ Éμ³, ÎÉμ ¸Ê¶¥·±μ´Ëμ·³´ Ö ¢¥·¸¨Ö ¤¥°¸É¢¨Ö „¨· ± Ä
	μ·´ Äˆ´Ë¥²Ó¤  ¸μ¢¶ ¤ ¥É ¸ ¸Ê³³μ° Î²¥´μ¢ · §²μ¦¥´¨Ö ±¢ ´Éμ¢μ£μ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ±Ê²μ-
´μ¢¸±μ° Ë §¥,   ¸É·Ê±ÉÊ·  ´¥±μÉμ·ÒÌ Î²¥´μ¢ ÔÉμ£μ · §²μ¦¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö
É¥μ·¥³ ³¨ ´¥¶¥·¥´μ·³¨·μ¢±¨.

–¥²ÓÕ ¤ ´´μ£μ · §¤¥²  Ö¢²Ö¥É¸Ö ¢Ò¢μ¤ · §²μ¦¥´¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³ μ¤´μ-
¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ Ä
Œ¨²²¸ , ¢±²ÕÎ ÕÐ¥£μ ± ± ¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , É ± ¨ ¶μ²Ö
£¨¶¥·³Ê²ÓÉ¨¶²¥É . � ¸¸³ É·¨¢ ¥É¸Ö Ëμ·³Ê²¨·μ¢±  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î-
´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥°. ‚ ¶·¨¡²¨¦¥´¨¨
¶μ¸ÉμÖ´´ÒÌ  ¡¥²¥¢ÒÌ ´ ¶·Ö¦¥´´μ¸É¥° Fmn ¨ ¶μ¸ÉμÖ´´ÒÌ ¶μ²¥° £¨¶¥·³Ê²Ó-
É¨¶²¥É  ¶μ²ÊÎ¥´μ μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ¢Ò· ¦¥´´μ¥ Î¥·¥§
N = 1 ¸Ê¶¥·¶μ²Ö. �μ²ÊÎ¥´´μ¥ ¤¥°¸É¢¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ · §²μ¦¥´¨Ö
¶μ ¸Ê¶¥·±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤´Ò³, ¨ ³μ¦¥É ¡ÒÉÓ Ô±¢¨¢ ²¥´É´μ ¶¥·¥¶¨¸ ´μ
Î¥·¥§ N = 2 ¸Ê¶¥·¶μ²Ö. ‚ Î ¸É´μ¸É¨, É ±¨³ μ¡· §μ³ ³μ¦´μ ¢μ¸¶·μ¨§¢¥¸É¨
¶μ²´μ¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°-
¸É¢¨¥ DBI [146] ¨ ´ °É¨ ¸²¥¤ÊÕÐ¨¥ §  ¢¥¤ÊÐ¨³¨ ¢±² ¤Ò ¢ ÔÉμ ¤¥°¸É¢¨¥.

1.2. N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸ . � Ï¥° Í¥²ÓÕ
Ö¢²Ö¥É¸Ö ¢ÒÎ¨¸²¥´¨¥ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³-
³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ÊÎ¨ÉÒ¢ ÕÐ¥£μ ¢¸¥ ¶μ²Ö N = 4 ¢¥±Éμ·´μ£μ
³Ê²ÓÉ¨¶²¥É . ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶μ¤Ìμ¤ N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ-
¸É· ´¸É¢  · ¸¸³ É·¨¢ ¥É¸Ö ± ± ´ ¨¡μ²¥¥ Ê¤μ¡´Ò° ¨  ¤¥±¢ É´Ò° ¨´¸É·Ê³¥´É
μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ N = 4 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . ‚ · ³± Ì ÔÉμ£μ ¶μ¤-
Ìμ¤  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ¶·¥¤¸É ¢²Ö¥É¸Ö ± ±
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸ , ¤μ¶μ²´¥´´ Ö ³¨´¨³ ²Ó´Ò³
¢§ ¨³μ¤¥°¸É¢¨¥³ ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ³ ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ± -
²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò.

ˆ§¢¥¸É´μ, ÎÉμ ÉμÎ´ Ö ±¢ ´Éμ¢ Ö ¤¨´ ³¨±  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ¶·¥¤¥²¥ ¢ ¸¥±Éμ·¥ N = 2 ¢¥±-
Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  § ¤ ¥É¸Ö ´¥£μ²μ³μ·Ë´Ò³ ÔËË¥±É¨¢´Ò³ ¶μÉ¥´Í¨ ²μ³
H(W , W̄)∗, § ¢¨¸ÖÐ¨³ μÉ N = 2 ´ ¶·Ö¦¥´´μ¸É¥° W , W̄ (¸³. [52, 86]). ’μÎ-

∗�¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö ¶·μ¨§¢μ²Ó´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸μ¤¥·¦¨É É ±¦¥ £μ²μ³μ·Ë´Ò° ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² [74], ±μÉμ·Ò°
μÉ¸ÊÉ¸É¢Ê¥É ¢ N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨.
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´ Ö Ëμ·³  ´¥£μ²μ³μ·Ë´μ£μ ¶μÉ¥´Í¨ ²  ¤²Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(N),
¸¶μ´É ´´μ ´ ·ÊÏ¥´´μ° ¤μ ¥¥ ³ ±¸¨³ ²Ó´μ£μ Éμ· , ¨³¥¥É ¢¨¤

H(W , W̄) = c
∑
I<J

ln
(
WI −WJ

Λ

)
ln

(
W̄I − W̄J

Λ

)
. (1.1)

‡¤¥¸Ó Λ Å ³ ¸ÏÉ ¡´Ò° ¶ · ³¥É·, I, J = 1 . . .N ¨ c = 1/(4π)2. ‚Ò· -
¦¥´¨¥ (1.1) μ¶·¥¤¥²Ö¥É ÉμÎ´Ò° ´¨§±μÔ´¥·£¥É¨Î¥¸±¨° ¶μÉ¥´Í¨ ² ¢ ¢¥¤ÊÐ¥³
¶μ·Ö¤±¥ · §²μ¦¥´¨Ö ¶μ ¢´¥Ï´¨³ ¨³¶Ê²Ó¸ ³ ¢ ¸¥±Éμ·¥ N = 2 ± ²¨¡·μ¢μÎ-
´μ£μ ¸Ê¶¥·¶μ²Ö. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢Ò· ¦¥´¨¥ (1.1) Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ
μ¡Ð¨³ ¨ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ Î¨¸²μ¢μ£μ ³´μ¦¨É¥²Ö ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ ¨§
¸¨³³¥É·¨°´ÒÌ ¸μμ¡· ¦¥´¨° Å É·¥¡μ¢ ´¨° ³ ¸ÏÉ ¡´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¨
R-¸¨³³¥É·¨¨. Š·μ³¥ Éμ£μ, ¶μÉ¥´Í¨ ² (1.1) ´¥ ·¥´μ·³¨·Ê¥É¸Ö ´¨ ¶¥·ÉÊ·¡ -
É¨¢´Ò³¨ ¶μ¶· ¢± ³¨ ¢Ò¸Ï¨Ì ¶¥É¥²Ó, ´¨ ¨´¸É ´Éμ´´Ò³¨ ¢±² ¤ ³¨. ‚¸¥ Ê± -
§ ´´Ò¥ ¸¢μ°¸É¢  μÎ¥´Ó ¢ ¦´Ò ¤²Ö ¶μ´¨³ ´¨Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° ±¢ ´Éμ¢μ°
¤¨´ ³¨±¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ±Ê²μ´μ¢¸±μ°
Ë §¥. ‚ Î ¸É´μ¸É¨, ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² (1.1) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸²¥¤ÊÕ-
Ð¨° §  ¢¥¤ÊÐ¨³ Î²¥´ ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ³¥¦¤Ê ¶ · ²²¥²Ó´Ò³¨ D3-¡· ´ ³¨
¢ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¶μ²´μ¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î-
´μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¶μ²ÊÎ¥´´μ¥ ¸Ê³³¨·μ¢ ´¨¥³
¢¸¥Ì ±¢ ´Éμ¢ÒÌ ¶μ¶· ¢μ±, ¤μ²¦´μ ¢μ¸¶·μ¨§¢μ¤¨ÉÓ (¸ ´¥±μÉμ·Ò³¨ μ£μ¢μ·± ³¨)
¤¥°¸É¢¨¥ „¨· ± Ä	μ·´ Äˆ´Ë¥²Ó¤  [141], ± ± ¶·¥¤¸± §Ò¢ ¥É¸Ö N = 4 ¢¥·-
¸¨¥° ¸μμÉ¢¥É¸É¢¨Ö ³¥¦¤Ê ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¥° Ÿ´£ ÄŒ¨²²¸  ¨ ¸Ê¶¥·-
£· ¢¨É Í¨¥°. �¡¸Ê¦¤¥´¨¥ ÔÉμ£μ ¸μμÉ¢¥É¸É¢¨Ö ¨ ¥£μ ¶·μ¢¥·±  ¢ ¤¢ÊÌ ¶¥É²ÖÌ
¶·¥¤¸É ¢²¥´Ò ¢ · ¡μÉ¥ [145] (É ±¦¥ ¸³. ¨§ÊÎ¥´¨¥  ´ ²μ£¨Î´μ° ¶·μ¡²¥³Ò ¤²Ö
´¥ ¡¥²¥¢μ£μ Ëμ´  ¢ · ¡μÉ¥ [107]),   μ¡Ð¨° ¶μ¤Ìμ¤ ± ¢ÒÎ¨¸²¥´¨Õ ¶μ¶· ¢μ±
μÉ ¢Ò¸Ï¨Ì ¶¥É¥²Ó Å ¢ · ¡μÉ¥ [40].

„²Ö ¢ÒÖ¸´¥´¨Ö ¸É·Ê±ÉÊ·Ò μ£· ´¨Î¥´¨° ´  ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, μ¡Ê¸²μ¢-
²¥´´ÒÌ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¥°, ¨ ¤²Ö ¡μ²¥¥ £²Ê¡μ±μ£μ  ´ ²¨§  ¸μμÉ¢¥É-
¸É¢¨Ö ®N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸ /¸Ê¶¥·£· ¢¨É Í¨Ö¯ ´¥-
μ¡Ìμ¤¨³μ ¨§ÊÎ ÉÓ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ´¥ Éμ²Ó±μ ¢ ¸¥±Éμ·¥ N = 2 ¢¥±-
Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É ,   ¶μ²´μ¸ÉÓÕ ÊÎ¨ÉÒ¢ ÉÓ ¢¸¥ ¶μ²Ö N = 4 ¢¥±Éμ·´μ£μ
³Ê²ÓÉ¨¶²¥É . „ ´´ Ö ¶·μ¡²¥³  μ¸É ¢ ² ¸Ó ´¥·¥Ï¥´´μ° ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó-
´μ£μ ¢·¥³¥´¨. ‚ ¸· ¢´¨É¥²Ó´μ ´¥¤ ¢´¥° · ¡μÉ¥ [146] ¡Ò²μ ´ °¤¥´μ ¶μ²-
´μ¥ ÉμÎ´μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ ± ± μÉ
N = 2 ± ²¨¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö, É ± ¨ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥É . 	Ò²μ ¶μ-
± § ´μ, ÎÉμ ¢ÒÉ¥± ÕÐ¨¥ ¨§ É·¥¡μ¢ ´¨° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨
 ²£¥¡· ¨Î¥¸±¨¥ μ£· ´¨Î¥´¨Ö ´  ¸É·Ê±ÉÊ·Ê ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢-
´μ£μ ¤¥°¸É¢¨Ö ¢ · ³± Ì N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  μ± §Ò¢ -
ÕÉ¸Ö ´ ¸Éμ²Ó±μ ¦¥¸É±¨³¨, ÎÉμ ¶μ§¢μ²ÖÕÉ ¢μ¸¸É ´μ¢¨ÉÓ § ¢¨¸¨³μ¸ÉÓ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö μÉ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨¸Ìμ¤Ö ¨§ ¨§¢¥¸É´μ£μ ´¥£μ²μ-
³μ·Ë´μ£μ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  (1.1). ‚ ¨Éμ£¥ ¤μ¶μ²´¨É¥²Ó´Ò¥, § ¢¨¸Ö-
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Ð¨¥ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¶μ²¥° ¢±² ¤Ò, ¸μ¤¥·¦ Ð¨¥ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì-
´μ¸É¨ W , W̄ ¨ ¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ qia, ¶·¥¤¸É ¢²ÖÕÉ¸Ö ÔËË¥±É¨¢´Ò³
¤¥°¸É¢¨¥³

Lq = c

{
(X − 1)

ln (1 − X)
X

+ [Li2(X) − 1]
}

, X = −qiaqia

WW̄ , (1.2)

£¤¥ Li2(X) Å ¤¨²μ£ ·¨Ë³ �°²¥· ,   c Å É  ¦¥ ¶μ¸ÉμÖ´´ Ö, ÎÉμ ¨ ¢ (1.1)
(μ¡μ§´ Î¥´¨Ö ¨ ¶μ¤·μ¡´μ¸É¨ ¸³. ¢ [146]). �ËË¥±É¨¢´Ò° ² £· ´¦¨ ´ (1.2)
¢³¥¸É¥ ¸ ´¥£μ²μ³μ·Ë´Ò³ ÔËË¥±É¨¢´Ò³ ¶μÉ¥´Í¨ ²μ³ (1.1) μ¶·¥¤¥²ÖÕÉ ÉμÎ-
´μ¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢
¨¸¸²¥¤Ê¥³μ° É¥μ·¨¨.

‚¥¤ÊÐ¨° ´¨§±μÔ´¥·£¥É¨Î¥¸±¨° ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ (1.2) ¶μ²ÊÎ¥´
¢ · ¡μÉ¥ [146] ´  μ¸´μ¢¥ Î¨¸Éμ  ²£¥¡· ¨Î¥¸±μ£μ  ´ ²¨§ . ‚¥¸Ó³  ¨´É¥·¥¸-
´μ° ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¥´¨Ö É ±μ£μ ² £· ´¦¨ ´  ¨ ¸²¥¤ÊÕ-
Ð¨Ì ¶μ¶· ¢μ± ± ´¥³Ê ¢ · §²μ¦¥´¨¨ ¶μ ¢´¥Ï´¨³ ¨³¶Ê²Ó¸ ³ ¶·Ö³Ò³¨ ¢Ò-
Î¨¸²¥´¨Ö³¨ ¢ · ³± Ì ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. „ ´´ Ö ¶·μ¡²¥³  ¤μ¢μ²Ó´μ
´¥¶·μ¸É , ¶μ¸±μ²Ó±Ê ¢Ò· ¦¥´¨¥ (1.2) ¸μ¤¥·¦¨É ¸É¥¶¥´¨ X ¨ ¨³¥¥É ¸¨´£Ê²Ö·-
´μ¸ÉÓ ¢ ÉμÎ±¥ W = 0. �μÔÉμ³Ê ¨¸±μ³Ò° ·¥§Ê²ÓÉ É ´¥¢μ§³μ¦´μ ¶μ²ÊÎ¨ÉÓ,
· ¸¸³ É·¨¢ Ö Ë¥°´³ ´μ¢¸±¨¥ ¤¨ £· ³³Ò ¸ § ¤ ´´Ò³ Î¨¸²μ³ ¢´¥Ï´¨Ì ²¨´¨°
£¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°; É·¥¡Ê¥É¸Ö ¶·μ¸Ê³³¨·μ¢ ÉÓ ¢¸¥
É ±¨¥ ¤¨ £· ³³Ò. ‚ · ¡μÉ¥ [147] ¶·μ¡²¥³  ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ² -
£· ´¦¨ ´  (1.2) ·¥Ï¥´  ¸ ¶μ³μÐÓÕ É¥Ì´¨±¨ ±μ¢ ·¨ ´É´ÒÌ £ ·³μ´¨Î¥¸±¨Ì
¸Ê¶¥·£· Ëμ¢ [41]. 	μ²¥¥ μ¡Ð¥° Ö¢²Ö¥É¸Ö ¶·μ¡²¥³  ¢ÒÎ¨¸²¥´¨Ö ´  μ¸´μ¢¥
±¢ ´Éμ¢μ-¶μ²¥¢μ£μ ¨²¨  ²£¥¡· ¨Î¥¸±μ£μ ¶μ¤Ìμ¤μ¢ ¸²¥¤ÊÕÐ¨Ì §  ¢¥¤ÊÐ¨³¨
Î²¥´μ¢ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ § ¢¨¸¥²¨ ¡Ò μÉ ¢¸¥Ì ¶μ²¥° N = 4
¸Ê¶¥·³Ê²ÓÉ¨¶²¥É ,   É ±¦¥ ¶·¥¤¸É ¢²¥´¨Ö É ±¨Ì Î²¥´μ¢ ¢ ¶μ²´μ¸ÉÓÕ N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³¥.

„ ´´Ò° · §¤¥² ¶μ¸¢ÖÐ¥´ ·¥Ï¥´¨Õ ¨³¥´´μ É ±μ° § ¤ Î¨ ¤²Ö μ¤´μ¶¥É²¥-
¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. ˆ§ÊÎ ¥É¸Ö · §²μ¦¥´¨¥ ¶μ ¶·μ¨§¢μ¤´Ò³ μ¤´μ-
¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´  Leff , § ¢¨¸ÖÐ¥£μ ± ± μÉ N = 2 Ëμ´μ¢ÒÌ
± ²¨¡·μ¢μÎ´ÒÌ ¸Ê¶¥·¶μ²¥° ¨ ¨Ì ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¤μ ´¥±μÉμ·μ£μ ¶μ-
·Ö¤± , É ± ¨ μÉ Ëμ´μ¢ÒÌ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¸Ê¶¥·¶μ²¥°. „²Ö ÔÉ¨Ì Í¥²¥°
¨¸¶μ²Ó§Ê¥É¸Ö Ëμ·³Ê²¨·μ¢±  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ 
¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥° [37,39]   É ±¦¥ É¥Ì´¨±  · §²μ¦¥´¨Ö ¶μ ¶·μ¨§-
¢μ¤´Ò³ ¢ N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ [211, 213, 214]. ’ ±μ° ¶μ¤Ìμ¤ ¶μ§¢μ²Ö¥É
¶μ²ÊÎ¨ÉÓ ÉμÎ´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¶·¨ · §²¨Î´ÒÌ ¸É¥¶¥´ÖÌ ¸¶¨´μ·´ÒÌ ±μ¢ -
·¨ ´É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ μÉ ¶μ¸ÉμÖ´´μ° ¢ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨ N = 2 ¸Ê¶¥·-
¶μ²¥¢μ°  ¡¥²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨ W . �É³¥É¨³, ÎÉμ É ± Ö Ëμ´μ¢ Ö ´ ¶·Ö-
¦¥´´μ¸ÉÓ ¶·¨´ ¤²¥¦¨É ¶μ¤ ²£¥¡·¥ Š ·É ´  ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(N),
¸¶μ´É ´´μ ´ ·ÊÏ¥´´μ° ¤μ U(1)n−1. �´ ²μ£¨Î´μ £¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ¶μ²Ö
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qia É ±¦¥ ¢Ò¡¨· ÕÉ¸Ö ¶μ¸ÉμÖ´´Ò³¨ ¢ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨. ˆ³¥¥³

W| = Φ = const, Di
αW| = λi

α = const, qia| = const,
(1.3)

Di
(αDβ)iW| = Fαβ = const, Dα(iDj)

α W| = 0, Di
αqaj | = 0, Di

α̇qaj | = 0,

£¤¥ Φ = diag (Φ1, Φ2, . . . , Φn),
∑

ΦI = 0. „ ´´Ò° Ëμ´ Ö¢²Ö¥É¸Ö ¶·μ¸É¥°-
Ï¨³ ¨ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨ ÉμÎ´Ò¥ ¢ÒÎ¨¸²¥´¨Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö. „ ²¥¥ ¡Ê¤¥É ¶μ± § ´μ, ÎÉμ ¤²Ö ¤ ´´μ£μ Ëμ´  N = 1 ¸Ê¶¥·¶μ-
²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ³μ¦¥É ¡ÒÉÓ μ¤´μ§´ Î´μ ¶μ²ÊÎ¥´μ ¶μ¸·¥¤¸É¢μ³
¶·μ¸Éμ° § ³¥´Ò ¶¥·¥³¥´´ÒÌ ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¡¥§ ÊÎ¥É  £¨¶¥·³Ê²ÓÉ¨-
¶²¥É´ÒÌ ¶μ²¥°. ˆ¸¶μ²Ó§ÊÖ ¶·μÍ¥¤Ê·Ê, μ¶¨¸ ´´ÊÕ ¢ · ¡μÉ¥ [144], ¶μ²ÊÎ¥´´Ò°
·¥§Ê²ÓÉ É ³μ¦´μ § ¶¨¸ ÉÓ ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³¥, ¢±²ÕÎ Õ-
Ð¥° ¶μ²´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¶μ²¥°. ‘²¥¤Ê¥É μ¸μ¡μ μÉ-
³¥É¨ÉÓ, ÎÉμ Ëμ´ (1.3) Ö¢²Ö¥É¸Ö ¸¶¥Í¨ ²Ó´Ò³ ¸Ê¶¥·¸¨³³¥É·¨Î´Ò³ ·¥Ï¥´¨¥³
±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨
Ÿ´£ ÄŒ¨²²¸ , § ¶¨¸ ´´μ° ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥°. ‘²¥¤μ¢ É¥²Ó´μ, ¶μ-
²ÊÎ¥´´μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ´¥ § ¢¨¸¨É μÉ ¢Ò¡μ·  ± ²¨¡·μ¢±¨ ¤²Ö N = 1
± ²¨¡·μ¢μÎ´ÒÌ ¸Ê¶¥·¶μ²¥°. Š·μ³¥ Éμ£μ, ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ Ëμ´ (1.3) ¤μ¶Ê¸-
± ¥É Ô±¢¨¢ ²¥´É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¢ É¥·³¨´ Ì N = 2 ¸Ê¶¥·¶μ²¥°, ¶μÔÉμ³Ê ¨
μ±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ³μ¦´μ § ¶¨¸ ÉÓ ¢ Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
Ëμ·³¥. �¤´ ±μ ¤ ´´Ò° Ëμ´ ´¥ ¨´¢ ·¨ ´É¥´ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨°
¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨, ¤μ¶μ²´ÖÕÐ¥° Ö¢´ÊÕ N = 2 ¸Ê¶¥·¸¨³-
³¥É·¨Õ ¤μ N = 4. �·¥μ¡· §μ¢ ´¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ ´  ³ ¸¸μ¢μ°
¶μ¢¥·Ì´μ¸É¨ ¸³¥Ï¨¢ ÕÉ Ë¨§¨Î¥¸±¨¥ ¶μ²Ö ¨§ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É 
¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É . �¤´ ±μ Ëμ´ (1.3) ´¥ ¸μ¤¥·¦¨É ¢Ìμ¤ÖÐ¨Ì ¢ £¨¶¥·³Ê²Ó-
É¨¶²¥É Ë¨§¨Î¥¸±¨Ì ¸¶¨´μ·´ÒÌ ¶μ²¥°, ±μÉμ·Ò¥ ¤μ²¦´Ò ¶·¥μ¡· §μ¢Ò¢ ÉÓ¸Ö
Î¥·¥§ Ë¨§¨Î¥¸±¨¥ ¸± ²Ö·´Ò¥ ¶μ²Ö ¨§ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¶·¨
¶·¥μ¡· §μ¢ ´¨ÖÌ ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. �μ¸±μ²Ó±Ê Ö¢´ Ö N = 2
¸Ê¶¥·¸¨³³¥É·¨Ö ¶·¨¸ÊÉ¸É¢Ê¥É,   ¨¸Ìμ¤´ Ö ¸±·ÒÉ Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Ö ´ -
·ÊÏ¥´ , ´¥É μ¸´μ¢ ´¨° μ¦¨¤ ÉÓ, ÎÉμ ¶μ²ÊÎ¥´´μ¥ ´  ÔÉμ³ Ëμ´¥ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ ¡Ê¤¥É μ¡² ¤ ÉÓ N = 4 ¨´¢ ·¨ ´É´μ¸ÉÓÕ.

„ ²¥¥ ³Ò ¡Ê¤¥³ ¨¸¸²¥¤μ¢ ÉÓ ¢¥¤ÊÐ¨° ´¨§±μÔ´¥·£¥É¨Î¥¸±¨° ¢±² ¤ ¢ ÔË-
Ë¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ±μÉμ·Ò° ´¥ ¸μ¤¥·¦¨É ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ μÉ ´ -
¶·Ö¦¥´´μ¸É¨ W ¨ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É , É. ¥. Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´Ò³ ¶μ-
É¥´Í¨ ²μ³ (1.2). ŒÒ ¶μ± ¦¥³, ± ± ¸²¥¤Ê¥É ¤¥Ëμ·³¨·μ¢ ÉÓ ¶·¥μ¡· §μ¢ ´¨Ö
¨¸Ìμ¤´μ° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨, ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ¶μ²´ÊÕ N = 4
¸Ê¶¥·¸¨³³¥É·¨Õ É ±μ£μ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ² .

1.3. ‘Ê¶¥·¶μ²¥¢Ò¥ Ëμ·³Ê²¨·μ¢±¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨
Ÿ´£ ÄŒ¨²²¸ . ”μ·³Ê²¨·μ¢±  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²-
²¸  ¸ Ö¢´μ° N = 4 ¸Ê¶¥·¸¨³³¥É·¨¥° ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¢ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö ´¥¨§¢¥¸É´ . �μÔÉμ³Ê ¨§ÊÎ¥´¨¥ ±μ´±·¥É´ÒÌ ±¢ ´Éμ¢ÒÌ  ¸¶¥±Éμ¢ ÔÉμ°
É¥μ·¨¨ μ¡ÒÎ´μ μ¸´μ¢Ò¢ ¥É¸Ö ´  ¥¥ ¤·Ê£¨Ì Ëμ·³Ê²¨·μ¢± Ì Å ²¨¡μ ¢ É¥·-
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³¨´ Ì Ë¨§¨Î¥¸±¨Ì ±μ³¶μ´¥´É´ÒÌ ¶μ²¥°, ²¨¡μ ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ-
²¥° (¸³., ´ ¶·¨³¥·, [37]), ²¨¡μ ¢ É¥·³¨´ Ì N = 2 £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ-
²¥° [51, 56]. ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ ¢¸¥ Î¥ÉÒ·¥ ¸Ê¶¥·¸¨³³¥É·¨¨ ·¥ ²¨§μ¢ ´Ò ± ±
¸±·ÒÉÒ¥, ¢μ ¢Éμ·μ³ Å μ¤´  ¸Ê¶¥·¸¨³³¥É·¨Ö Ö¢´ Ö ¨ É·¨ ¸±·ÒÉÒÌ, ¨ ¢ É·¥ÉÓ¥³
¸²ÊÎ ¥ ¤¢¥ ¸Ê¶¥·¸¨³³¥É·¨¨ ·¥ ²¨§μ¢ ´Ò Ö¢´μ ¨ ¤¢¥ ± ± ¸±·ÒÉÒ¥. ‚μ ¢¸¥Ì ¸²Ê-
Î ÖÌ Î ¸ÉÓ ¸Ê¶¥·¸¨³³¥É·¨° § ³Ò± ¥É¸Ö Éμ²Ó±μ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨. „²Ö
±¢ ´Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¢ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ 
¦¥² É¥²Ó´μ ¨³¥ÉÓ ³ ±¸¨³ ²Ó´μ¥ Î¨¸²μ ·¥ ²¨§μ¢ ´´ÒÌ Ö¢´μ ¸Ê¶¥·¸¨³³¥É·¨°.
‘ ÔÉμ° ÉμÎ±¨ §·¥´¨Ö ¨¸¶μ²Ó§μ¢ ´¨¥ N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´-
¸É¢  Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ Ê¤μ¡´Ò³. �¤´ ±μ Ëμ·³Ê²¨·μ¢±  ¢ É¥·³¨´ Ì N = 1
¸Ê¶¥·¶μ²¥° ¨³¥¥É ¸¢μ¨ ¶·¥¨³ÊÐ¥¸É¢ , μ¡Ê¸²μ¢²¥´´Ò¥ μÉ´μ¸¨É¥²Ó´μ ¶·μ¸Éμ°
¸É·Ê±ÉÊ·μ° N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢  ¨ ¡μ²ÓÏ¨³ ´ ±μ¶²¥´´Ò³ μ¶ÒÉμ³ · -
¡μÉÒ ¸ N = 1 ¸Ê¶¥·£· Ë ³¨.

�  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ N = 4 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É ³μ¦´μ μ¶¨¸ ÉÓ
¢ É¥·³¨´ Ì N = 4 ¸Ê¶¥·¶μ²¥° W AB, A, B = 1, . . . , 4, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Ê¸²μ-
¢¨Õ ¢¥Ð¥¸É¢¥´´μ¸É¨

WAB =
1
2
εABCDWCD, WAB = W̄AB

¨ Ê¸²μ¢¨Ö³ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨

D̄Aα̇WBC =
1
3
δ
[B
A D̄Eα̇WEC], D(A

α WB)C = 0.

‘Ê¶¥·¶μ²¥ WAB ¸μ¤¥·¦¨É ¢¸¥ Ë¨§¨Î¥¸±¨¥ ¶μ²Ö N = 4 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨-
¶²¥É . Š ¸μ¦ ²¥´¨Õ, Ö¢´μ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ¤¥°¸É¢¨Ö ¢´¥ ³ ¸¸μ¢μ°
¶μ¢¥·Ì´μ¸É¨ ¤²Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¤μ ¸¨Ì ¶μ·
´¥ ´ °¤¥´μ.

1.4. ”μ·³Ê²¨·μ¢±  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢
N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ‘μ¸É ¢ Ë¨§¨Î¥¸±¨Ì ¶μ²¥° ¸Ê¶¥·¶μ²Ö W AB ¸μ¢¶ -
¤ ¥É ¸ ¸μ¸É ¢μ³ É ±¨Ì ¶μ²¥° Ê ¸μ¢μ±Ê¶´μ¸É¨ É·¥Ì N = 1 ±¨· ²Ó´ÒÌ ¸Ê¶¥·-
¶μ²¥° ¨ μ¤´μ£μ N = 1 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  [37]. ˜¥¸ÉÓ ¢¥Ð¥¸É¢¥´´ÒÌ
¸± ²Ö·μ¢, ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö ´¨§Ï¨³¨ ±μ³¶μ´¥´É ³¨ ¸Ê¶¥·¶μ²Ö W AB , μÉμ-
¦¤¥¸É¢²ÖÕÉ¸Ö ¸ É·¥³Ö ±μ³¶²¥±¸´Ò³¨ ¸± ²Ö·´Ò³¨ ±μ³¶μ´¥´É ³¨ ±¨· ²Ó´ÒÌ
N = 1 ¸Ê¶¥·¶μ²¥° Φi. ’·¨ ¨§ Î¥ÉÒ·¥Ì ¢¥°²¥¢¸±¨Ì Ë¥·³¨μ´μ¢, ¶·¨¸ÊÉ¸É¢Ê-
ÕÐ¨Ì ¢ WAB , ¢±² ¤Ò¢ ÕÉ¸Ö ¢ Φi,   μ¸É ¢Ï¨°¸Ö Ë¥·³¨μ´ μÉμ¦¤¥¸É¢²Ö¥É¸Ö
¸ £Ô°¤¦¨´μ ¨ ¢³¥¸É¥ ¸ ¢¥Ð¥¸É¢¥´´Ò³ ± ²¨¡·μ¢μÎ´Ò³ ¢¥±Éμ·´Ò³ ¶μ²¥³ ¶μ-
³¥Ð ¥É¸Ö ¢ N = 1 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É V . �·¨ É ±μ³ μ¶¨¸ ´¨¨ ¶μ¤-
£·Ê¶¶  SU(3)

⊗
U(1) £·Ê¶¶Ò SU(4) R-¸¨³³¥É·¨¨ μ¸É ¥É¸Ö Ö¢´μ°, ¨ ¶·¥¤-

¸É ¢²¥´¨Ö SU(4) · ¸¶ ¤ ÕÉ¸Ö ¶μ ¶·¥¤¸É ¢²¥´¨Ö³ ÔÉμ° ¶μ¤£·Ê¶¶Ò ¸μ£² ¸´μ
¶· ¢¨²Ê 6 → 3 + 3̄, 4 → 3 + 1. ’ ±¨³ μ¡· §μ³, ±¨· ²Ó´Ò¥ ¸Ê¶¥·¶μ²Ö Φi

¶·¥μ¡· §ÊÕÉ¸Ö ± ± 3-£·Ê¶¶Ò SU(3),  ´É¨±¨· ²Ó´Ò¥ Φ̄i ± ± 3̄,   ¢¥±Éμ·´Ò°
³Ê²ÓÉ¨¶²¥É Ö¢²Ö¥É¸Ö SU(3)-¸¨´£²¥Éμ³.
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„¥°¸É¢¨¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  § ¶¨¸Ò¢ ¥É¸Ö
¢ N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

S =
1
g2

tr
(∫

d4xd2θ W 2 +
∫

d4xd4θ Φ̄i eV Φi e−V +

+
1
3!

∫
d4xd2θ icijkΦi[Φj , Φk] +

1
3!

∫
d4xd2θ̄ icijkΦ̄i[Φ̄j , Φ̄k]

)
. (1.4)

ŒÒ ¨¸¶μ²Ó§Ê¥³ μ¡μ§´ Î¥´¨Ö ¨ ¸μ£² Ï¥´¨Ö, ¶·¨´ÖÉÒ¥ ¢ ±´¨£¥ [37]. ‚¸¥ ¸Ê¶¥·-
¶μ²Ö ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ± ²¨¡·μ¢μÎ´μ°
£·Ê¶¶Ò. Š·μ³¥ Ö¢´μ° N = 1 ¸Ê¶¥·¸¨³³¥É·¨¨ ¨ SU(3)-¸¨³³¥É·¨¨, ¤¥°¸É¢Ê-
ÕÐ¥° ´  ¨´¤¥±¸Ò i, j, k, . . . ¸Ê¶¥·¶μ²¥° Φ ¨ Φ̄, ¤¥°¸É¢¨¥ μ¡² ¤ ¥É ¸±·ÒÉμ°
£²μ¡ ²Ó´μ° ¸Ê¶¥·¸¨³³¥É·¨¥°, § ¤ ¢ ¥³μ° ¶·¥μ¡· §μ¢ ´¨Ö³¨

δWα = −εi
α∇̄2Φ̄c i + iεα̇

i ∇αα̇Φi
c,

δW̄α̇ = −ε̄α̇i∇2Φi
c + iεαi∇αα̇Φ̄c i, (1.5)

δΦi
c = εαiWα, δΦ̄c i = ε̄α̇

i W̄α̇.

Š·μ³¥ Éμ£μ, ¤¥°¸É¢¨¥ (1.4) ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨°

δΦi
c = cijk∇̄2(χ̄jΦ̄c k) + i[χjΦ̄c j , Φi

c],
(1.6)

δΦ̄c i = cijk∇2(χjΦk
c ) + i[χ̄jΦj

c, Φ̄c i].

ˆ¸¶μ²Ó§Ê¥³Ò¥ §¤¥¸Ó ±μ¢ ·¨ ´É´Ò¥ ¸¶¨´μ·´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ∇α,∇α̇,∇2 ¨ ∇̄2

μ¶·¥¤¥²¥´Ò ¢ [37],   χi Å N = 1 ¸Ê¶¥·¶μ²¥¢μ° ¶ · ³¥É·, μ¡· §ÊÕÐ¨°
SU(3)-¨§μ¸¶¨´μ·, ¶μ¤μ¡´μ ¸ ³μ³Ê ¸Ê¶¥·¶μ²Õ Φi. �ÉμÉ ¸Ê¶¥·¶μ²¥¢μ° ¶ · -
³¥É· ¢ ± Î¥¸É¢¥ ¸¢μ¨Ì ±μ³¶μ´¥´É ¸μ¤¥·¦¨É ¶ · ³¥É·Ò ¶·¥μ¡· §μ¢ ´¨° Í¥´-
É· ²Ó´μ£μ § ·Ö¤ , ¸Ê¶¥·¸¨³³¥É·¨¨ ¨ ¢´ÊÉ·¥´´¥° ¸¨³³¥É·¨¨ SU(4)/SU(3).
�·¥μ¡· §μ¢ ´¨Ö (1.6) μ¶·¥¤¥²¥´Ò ¤²Ö Ëμ´μ¢ÒÌ ±μ¢ ·¨ ´É´ÒÌ ¸Ê¶¥·¶μ²¥°
Φc = eΩ̄ Φ e−Ω̄, Φ̄c = e−Ω Φ̄ eΩ [37]. „ ²¥¥ ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö Éμ²Ó±μ ÔÉ¨
±μ¢ ·¨ ´É´μ-±¨· ²Ó´Ò¥ ¸Ê¶¥·¶μ²Ö, ¨ ¨´¤¥±¸ c ¡Ê¤¥É μ¶Ê¸± ÉÓ¸Ö. “¤μ¡´μ ¢¢¥-
¸É¨ ´μ¢Ò¥ μ¡μ§´ Î¥´¨Ö Φ1 = Φ, Φ2 = Q, Φ3 = Q̃ ¨ ¶¥·¥¶¨¸ ÉÓ ¤¢  ¶μ¸²¥¤´¨Ì
Î²¥´  ¢ (1.4) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

i

∫
d4xd2θ Q[Φ, Q̃] + i

∫
d4xd2θ̄ Q̄[Φ̄, ¯̃Q].

’ ± Ö § ¶¨¸Ó ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° N = 1 ¸Ê¶¥·¶μ²¥¢ÊÕ Ëμ·³Ê ¢§ ¨³μ¤¥°¸É¢¨Ö
£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ´¨§Ï¨Ì ±μ³¶μ´¥´É ±¨· ²Ó´μ° N = 2 ´ ¶·Ö¦¥´´μ¸É¨
¢¥±Éμ·´μ£μ ¶μ²Ö ¢ N = 4 É¥μ·¨¨.

„²Ö ¸²ÊÎ Ö  ¡¥²¥¢μ° ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò · ¸¸³ É·¨¢ ¥³ Ö ³μ¤¥²Ó Ö¢²Ö-
¥É¸Ö ¸¢μ¡μ¤´μ°. „²Ö ´¥ ¡¥²¥¢μ° ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ³μ¤¥²Ó ¨³¥¥É ¶·μ-
¸É· ´¸É¢μ ¢ ±ÊÊ³μ¢, ¶ · ³¥É·¨§μ¢ ´´μ¥ ¸·¥¤´¨³¨ §´ Î¥´¨Ö³¨ Ï¥¸É¨ ¢¥Ð¥¸É-
¢¥´´ÒÌ ¸± ²Ö·μ¢. Œ´μ£μμ¡· §¨¥ ¢ ±ÊÊ³μ¢ § ¤ ¥É¸Ö Ê¸²μ¢¨Ö³¨ ¨¸Î¥§´μ¢¥´¨Ö



‘“�…���‹…‚�‰ ��„•�„ Š ��‘’��…�ˆ
 �””…Š’ˆ‚��ƒ� „…‰‘’‚ˆŸ 571

¸± ²Ö·´μ£μ ¶μÉ¥´Í¨ ²  (F-�atness ¨ D-�atness) [74]. �¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥-
´¨°, μ¶·¥¤¥²ÖÕÐ¨¥ ¸É·Ê±ÉÊ·Ê ¢ ±ÊÊ³μ¢ É¥μ·¨¨, ±² ¸¸¨Ë¨Í¨·ÊÕÉ¸Ö ¸μ£² ¸´μ
Éμ° Ë §¥ ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ±μÉμ·μ° ÔÉ¨ ¢ ±ÊÊ³Ò ¶·¨´ ¤²¥¦ É. ‚ Î¨-
¸Éμ ±Ê²μ´μ¢¸±μ° Ë §¥ ± ¦¤μ¥ ¸± ²Ö·´μ¥ ¶μ²¥ ³μ¦¥É ¨³¥ÉÓ μ¶·¥¤¥²¥´´μ¥,
μÉ²¨Î´μ¥ μÉ ´Ê²Ö ¢ ±ÊÊ³´μ¥ ¸·¥¤´¥¥. ‚ ¨Éμ£¥ ¢ ±ÊÊ³Ò μ¡· §ÊÕÉ ³´μ£μμ¡· -
§¨¥ M = R6r/Sr, £¤¥ Sr Å ¢¥°²¥¢¸± Ö £·Ê¶¶  ¶¥·¥¸É ´μ¢μ± r Ô²¥³¥´Éμ¢.
�¥´ ·ÊÏ¥´´μ° Î ¸ÉÓÕ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò Ö¢²Ö¥É¸Ö Éμ· U(1)r. …¸²¨ ´¥-
¸±μ²Ó±μ ¸± ²Ö·´ÒÌ ¶μ²¥° ¨³¥ÕÉ μ¤¨´ ±μ¢μ¥ ¢ ±ÊÊ³´μ¥ ¸·¥¤´¥¥, Éμ ´¥±μÉμ· Ö
´¥ ¡¥²¥¢  ± ²¨¡·μ¢μÎ´ Ö ¶μ¤£·Ê¶¶  G ∈ SU(N) μ¸É ¥É¸Ö ´¥´ ·ÊÏ¥´´μ° ¨ ¢
É¥μ·¨¨ ¶μÖ¢²ÖÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ ¡¥§³ ¸¸μ¢Ò¥ ± ²¨¡·μ¢μÎ´Ò¥ ¶μ²Ö.

1.5. ”μ·³Ê²¨·μ¢±  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢
N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. �μ μÉ´μÏ¥´¨Õ ± N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨¨ N = 4 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É · §¡¨¢ ¥É¸Ö ´  N = 2 ¢¥±Éμ·´Ò°
³Ê²ÓÉ¨¶²¥É ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É. ’ ±¨³ μ¡· §μ³, N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ÊÕ
É¥μ·¨Õ Ÿ´£ ÄŒ¨²²¸  ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ¸¶¥Í¨ ²Ó´Ò° ¸²ÊÎ ° N = 2
¸Ê¶¥·¸¨³³¥É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ¤¥°¸É¢¨¥ ±μÉμ·μ° ¥¸ÉÓ ¸Ê³³  ¤¥°-
¸É¢¨° N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É 
qia ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨, ³¨´¨³ ²Ó´μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ¸
N = 2 ¢¥±Éμ·´Ò³ ³Ê²ÓÉ¨¶²¥Éμ³. ’ ± Ö É¥μ·¨Ö Ëμ·³Ê²¨·Ê¥É¸Ö ¢ N = 2
£ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ [51, 56], ¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤¨´ ³¨Î¥¸±¨³¨
¶¥·¥³¥´´Ò³¨ Ö¢²ÖÕÉ¸Ö ¢¥Ð¥¸É¢¥´´μ¥  ´ ²¨É¨Î¥¸±μ¥ ± ²¨¡·μ¢μÎ´μ¥ ¸Ê¶¥·-
¶μ²¥ V ++ ¨ ±μ³¶²¥±¸´μ¥  ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  q+, ´¥
μ£· ´¨Î¥´´Ò¥ ± ±¨³¨-²¨¡μ ¤μ¶μ²´¨É¥²Ó´Ò³¨ ¸¢Ö§Ö³¨. „¥°¸É¢¨¥ N = 4 ¸Ê-
¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ ¶μ²Ö Ÿ´£ ÄŒ¨²²¸  ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

S[V ++, q+, q̆+] =
1

2g2
tr

∫
d8z W2 − 1

2g2
tr
∫

dζ−4 q+aD++q+
a . (1.7)

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

D++q+
a = D++q+a + ig [V ++, q+a] = 0, D+αD+

αW = [q+a, q+
a ]. (1.8)

‡¤¥¸Ó a = 1, 2 Å ¨´¤¥±¸Ò £²μ¡ ²Ó´μ° SU(2)-¸¨³³¥É·¨¨, q+
a = (q+, q̆+),

q+a = εabq+
b = (q̆+,−q+); W Å ´ ¶·Ö¦¥´´μ¸ÉÓ N = 2  ´ ²¨É¨Î¥¸±μ° ± -

²¨¡·μ¢μÎ´μ° ¸Ê¶¥·¶μ²¥¢μ° ¸¢Ö§´μ¸É¨ V ++ ¢ λ-¡ §¨¸¥; g Å ±μ´¸É ´É  ¢§ -
¨³μ¤¥°¸É¢¨Ö; d8z = d4xd2θ+d2θ− du, dζ−4 = d4xd2θ+ d2θ̄+ du ¨ du Å
³¥·Ò ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¢¸¥³Ê £ ·³μ´¨Î¥¸±μ³Ê ¶·μ¸É· ´¸É¢Ê, ¥£μ  ´ ²¨-
É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê ¨ SU(2)-£ ·³μ´¨± ³ u±i ¸μμÉ¢¥É¸É¢¥´´μ. �·μ-
¨§¢μ¤´Ò¥ D+

α(α̇) ´¥ ¸μ¤¥·¦ É ¸¢Ö§´μ¸É¨ ¢ λ-¡ §¨¸¥, £¤¥ ¨³¥¥É ³¥¸Éμ Ö¢´ Ö
G- ´ ²¨É¨Î´μ¸ÉÓ. “· ¢´¥´¨Ö (1.8) Ö¢²ÖÕÉ¸Ö Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö ¤²Ö
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ ¶μ²Ö Ÿ´£ ÄŒ¨²²¸ , § ¶¨¸ ´´Ò³¨ ¢ É¥·-
³¨´ Ì N = 2 ¸Ê¶¥·¶μ²¥°. „¥°¸É¢¨¥ (1.7) ¤μ¶Ê¸± ¥É Ö¢´μ N = 2 ¸Ê¶¥·¸¨³-
³¥É·¨Î´Ò¥ μ¡μ¡Ð¥´¨Ö. Š·μ³¥ Éμ£μ, ÔÉμ ¤¥°¸É¢¨¥ ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ
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¸±·ÒÉÒÌ N = 2 ¶·¥μ¡· §μ¢ ´¨° ¸Ê¶¥·¸¨³³¥É·¨¨ [51], ±μÉμ·Ò¥ ¸³¥Ï¨¢ ÕÉ
¸Ê¶¥·¶μ²Ö W , W̄ ¸ q+

a , ´μ § ³Ò± ÕÉ¸Ö Éμ²Ó±μ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.
‚  ¡¥²¥¢μ³ ¸²ÊÎ ¥ ¶·¥μ¡· §μ¢ ´¨Ö ÔÉμ° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨
¨³¥ÕÉ ¢¨¤

δW =
1
2
ε̄α̇ aD̄−

α̇ q+
a , δW̄ =

1
2
εα aD−

α q+
a ,

(1.9)

δq+
a =

1
4
(εα

aD+
αW + ε̄α̇

a D̄+
α̇ W̄), δq−a =

1
4
(εα

aD−
αW + ε̄α̇

a D̄−
α̇ W̄).

’ ±¨³ μ¡· §μ³, · ¸¸³ É·¨¢ ¥³ Ö ³μ¤¥²Ó μ¡² ¤ ¥É N = 4 ¸Ê¶¥·¸¨³³¥É·¨¥°
´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.

‘É·Ê±ÉÊ·  ¢ ±ÊÊ³  ³μ¤¥²¨ (1.7) ¢  ¡¥²¥¢μ³ ¸²ÊÎ ¥ μ¶·¥¤¥²Ö¥É¸Ö ·¥Ï¥´¨-
Ö³¨ Ê· ¢´¥´¨°

(D+)2W = (D̄+)2W̄ = 0, D++q+a = 0, (1.10)

±μÉμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ°  ¡¥²¥¢Ê ¢¥·¸¨Õ μ¡Ð¨Ì Ê· ¢´¥´¨° (1.8). „²Ö Ë¨-
§¨Î¥¸±¨Ì ±μ³¶μ´¥´É´ÒÌ ¶μ²¥° N = 4 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , μ¶·¥¤¥²Ö¥³ÒÌ
· §²μ¦¥´¨Ö³¨

q+(ζ, u) = f i(x)u+
i + θ+αψα(x) + θ̄+

α̇ κ̄α̇(x) + 2iθ+/∂θ̄+f i(x)u−
i ,

(1.11)
W = φ(x) + θ−α λ+

α (x) + θ(+αθ−β)Fαβ(x),

¸Ê¶¥·¶μ²¥¢Ò¥ Ê· ¢´¥´¨Ö (1.10) ¶·¨¢μ¤ÖÉ ± ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ μ¡ÒÎ´ÒÌ Ê· ¢-
´¥´¨°:

/∂ψ = /∂κ̄ = �f i = �φ = /∂λi = ∂mFmn = 0. (1.12)

�·μ¸É¥°Ï¨³ ·¥Ï¥´¨¥³ ÔÉ¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Ö¢²Ö¥É¸Ö ´ ¡μ· ¶μ¸ÉμÖ´´ÒÌ
Ëμ´μ¢ÒÌ ¶μ²¥°

f i = const, ψ = const, κ̄ = const, φ = const, Fmn = const, (1.13)

±μÉμ·Ò¥ ²¨´¥°´μ ¶·¥μ¡· §ÊÕÉ¸Ö ¤·Ê£ Î¥·¥§ ¤·Ê£  μÉ´μ¸¨É¥²Ó´μ ¸±·ÒÉμ°
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ (1.9):

δφ =
1
2
ε̄α̇aκ̄α̇a, δφ̄ =

1
2
εαaψαa, δψαa =

1
2
εβ

aFαβ , δκ̄α̇a =
1
2
ε̄β̇

aFα̇β̇ ,

(1.14)

δf i
a =

1
4
εα

aλi
α +

1
4
ε̄aα̇λ̄iα̇, δλi

α = 0, δFαβ = 0.

�¥Ï¥´¨Ö (1.13) Ö¢²ÖÕÉ¸Ö ¶·μ¸É¥°Ï¥° ¢ ±ÊÊ³´μ° ±μ´Ë¨£Ê· Í¨¥°, ·¥ ²¨§ÊÕ-
Ð¥° ¶·¥¤¸É ¢²¥´¨¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ ¨ ¶μ§¢μ²ÖÕÐ¥° ¢ÒÎ¨¸²ÖÉÓ N = 4
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¸Ê¶¥·¸¨³³¥É·¨Î´μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö N = 4
¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ .

�μÊÎ¨É¥²Ó´μ ¸· ¢´¨ÉÓ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò° Ëμ´ (1.13) ¨ Ëμ´ (1.3).
�μ¸²¥¤´¨° ¸μ¤¥·¦¨É ±μ³¶μ´¥´ÉÒ φ ¨ F , ¢Ìμ¤ÖÐ¨¥ ¢ N = 2 ¢¥±Éμ·´Ò° ³Ê²Ó-
É¨¶²¥É, ¢ Éμ ¢·¥³Ö ± ± ±μ³¶μ´¥´ÉÒ κ̄ ¨ ψ ¨§ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ´¥£μ ´¥
¢Ìμ¤ÖÉ. ‚ ·¥§Ê²ÓÉ É¥ Ëμ´ (1.3) ´¥ μ¡² ¤ ¥É ¨´¢ ·¨ ´É´μ¸ÉÓÕ μÉ´μ¸¨É¥²Ó´μ
¸±·ÒÉÒÌ N = 2 ¶·¥μ¡· §μ¢ ´¨° ¸Ê¶¥·¸¨³³¥É·¨¨ (1.14) ¨ ¶μÔÉμ³Ê ´¥ ·¥ ²¨-
§Ê¥É ¶·¥¤¸É ¢²¥´¨¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨. ’¥³ ´¥ ³¥´¥¥ Ëμ´ (1.3) Ö¢²Ö¥É¸Ö
¶·¥¤¸É ¢²¥´¨¥³ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. ‘²¥¤μ¢ É¥²Ó´μ, ÔËË¥±É¨¢´μ¥ ¤¥°-
¸É¢¨¥, ¢ÒÎ¨¸²¥´´μ¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ´  (1.3) ¢ · ³± Ì N = 2 ¸Ê¶¥·¸¨³-
³¥É·¨Î´μ£μ ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö, ¡Ê¤¥É μ¡² ¤ ÉÓ Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨¥° ¨ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸ÉÓÕ, ´μ ´¥ ¡Ê¤¥É ¨³¥ÉÓ ¶μ²´μ° N = 4
¸Ê¶¥·¸¨³³¥É·¨¨. �μ¸²¥¤ÊÕÐ¨¥ ¢ÒÎ¨¸²¥´¨Ö ¶μ¤É¢¥·¤ÖÉ ÔÉμ ¶·¥¤¶μ²μ¦¥´¨¥.

„²Ö ¶μ¸É·μ¥´¨Ö ¶μ²´μ¸ÉÓÕ N = 4 ¨´¢ ·¨ ´É´μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¸²¥¤Ê¥É ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ¸¶μ¸μ¡μ³, ¶·¥¤²μ¦¥´´Ò³ ¢ · ¡μÉ¥ [146]. ˆ¤¥Ö ÔÉμ£μ
¸¶μ¸μ¡  ¸²¥¤ÊÕÐ Ö: · ¸¸³ É·¨¢ ¥É¸Ö ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¸¥±Éμ·¥ N = 2
¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ § É¥³ ¸É·μ¨É¸Ö ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ ¨ μÉ N = 2
¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , ¨ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥É , É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¸Ê³-
³ ·´μ¥ ¤¥°¸É¢¨¥ ¡Ò²μ ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ°
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ (1.9).

1.6. Œ¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ¢ N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. �·¨ ¢ÒÎ¨¸²¥´¨¨
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ³Ò ¨¸¶μ²Ó§Ê¥³ ³¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ¢ N = 1 ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥ ¨ É¥Ì´¨±Ê ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨,  ¤ ¶É¨·μ¢ ´´ÊÕ ¤²Ö N = 1
¸Ê¶¥·¶μ²¥¢μ£μ Ëμ·³ ²¨§³ . �Éμ ¶μ§¢μ²¨É ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö ¸μÌ· ´¨ÉÓ ±² ¸¸¨Î¥¸±ÊÕ ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ ¨ ¶·μ¸Ê³³¨-
·μ¢ ÉÓ ¡¥¸±μ´¥Î´Ò° ´ ¡μ· ¢±² ¤μ¢ Ë¥°´³ ´μ¢¸±¨Ì ¤¨ £· ³³ ¢ ¥¤¨´Ò° ËÊ´±-
Í¨μ´ ², § ¢¨¸ÖÐ¨° μÉ Ëμ´μ¢ÒÌ ¶μ²¥°. Š ± Ê¦¥ ¡Ò²μ μÉ³¥Î¥´μ, · ¸¸³ É-
·¨¢ ¥³ Ö É¥μ·¨Ö ³μ¦¥É ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ¢ ´  ²¨¡μ ´  Ö§Ò±¥ ±μ³¶μ´¥´É´ÒÌ
¶μ²¥°, ²¨¡μ Î¥·¥§ N = 1 ¸Ê¶¥·¶μ²Ö, ²¨¡μ Î¥·¥§ N = 2 £ ·³μ´¨Î¥¸±¨¥ ¸Ê¶¥·-
¶μ²Ö. ˆ¸¶μ²Ó§μ¢ ´¨¥ ±μ³¶μ´¥´É´μ° Ëμ·³Ê²¨·μ¢±¨ ¨¸±²ÕÎ¨É¥²Ó´μ Ê¸²μ¦-
´Ö¥É § ¤ ÎÊ, É ± ± ± ¨³¥¥É¸Ö ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶μ²¥°
¨ μÉ¸ÊÉ¸É¢Ê¥É Ö¢´ Ö ¸Ê¶¥·¸¨³³¥É·¨Ö. „²Ö ¨§ÊÎ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
³μ¤¥²¨ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ëμ·³Ê²¨·μ¢±Ê ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥. Œ¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ¤²Ö É¥μ·¨° ¢ N = 2 £ ·³μ´¨Î¥¸±μ³
¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¶·¥¤²μ¦¥´ ¢ · ¡μÉ Ì [41]. ’¥Ì´¨±  ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨
¢ ¸Ê¶¥·¶μ²¥¢ÒÌ É¥μ·¨ÖÌ · ¸¸³ É·¨¢ ² ¸Ó ¢ ·Ö¤¥ ´¥¤ ¢´¨Ì · ¡μÉ (¸³., ´ ¶·¨-
³¥·, [107] ¨ ¸¸Ò²±¨ É ³). �¥¶μ¸·¥¤¸É¢¥´´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥ μ¡Ð¨Ì ³¥Éμ¤μ¢
¤²Ö ´ Ìμ¦¤¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ³μ¦¥É § É·Ê¤´ÖÉÓ¸Ö É¥Ì´¨Î¥¸±¨³¨
¶·μ¡²¥³ ³¨, ¶μÔÉμ³Ê ¶·¨ ¶·μ¢¥¤¥´¨¨ ±μ´±·¥É´ÒÌ ¢ÒÎ¨¸²¥´¨° ÔÉ¨ ³¥Éμ¤Ò
¤μ²¦´Ò ¡ÒÉÓ ¤μ¶μ²´¥´Ò ¸¶¥Í¨Ë¨Î¥¸±¨³¨ ¶·¨¥³ ³¨.

�·¨ ¢ÒÎ¨¸²¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨ ¸
¶μ³μÐÓÕ É¥Ì´¨±¨ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¢μ§´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ · ¸¸³ -
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É·¨¢ ÉÓ ³ É·¨Î´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ μ¶¥· Éμ·Ò ¢ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥, ¸³¥-
Ï¨¢ ÕÐ¨¥ ¸¥±Éμ·Ò N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É . „²Ö
¨§ÊÎ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ³μ¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö É¥Ì´¨±μ° £ ·³μ´¨-
Î¥¸±¨Ì ¸Ê¶¥·£· Ëμ¢, μ¤´ ±μ ´  ÔÉμ³ ¶ÊÉ¨ ¢μ§´¨± ÕÉ ¸¶¥Í¨Ë¨Î¥¸±¨¥ É¥Ì´¨Î¥-
¸±¨¥ ¶·μ¡²¥³Ò, ¤²Ö ¶·¥μ¤μ²¥´¨Ö ±μÉμ·ÒÌ ´¥μ¡Ìμ¤¨³μ · §¢¨ÉÓ ¸¶¥Í¨ ²Ó´Ò¥
³¥Éμ¤Ò ´ Ìμ¦¤¥´¨Ö ¢±² ¤μ¢ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ¸²¥¤ÊÕÐ¨Ì §  ¢¥¤Ê-
Ð¨³¨ ¨ ¢Ò¢μ¤ÖÐ¨Ì §  · ³±¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö∗. �É¨Ì
¶·μ¡²¥³ ³μ¦´μ ¨§¡¥¦ ÉÓ, ¥¸²¨ · ¡μÉ ÉÓ ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥° ¨
¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ´ ±μ¶²¥´´Ò³ μ¶ÒÉμ³ ¨¸¸²¥¤μ¢ ´¨Ö É¥μ·¨° ¢ N = 1 ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥ [37,39,107,211].

•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ³¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ¶·¥¤¶μ² £ ¥É · ¸Ð¥¶²¥´¨¥
¶μ²¥° ´  Ëμ´μ¢ÊÕ ¨ ±¢ ´Éμ¢ÊÕ ¸μ¸É ¢²ÖÕÐ¨¥ ¨ ´ ²μ¦¥´¨¥ ´  ±¢ ´Éμ¢Ò¥ ¶μ²Ö
Ê¸²μ¢¨°, Ë¨±¸¨·ÊÕÐ¨Ì ± ²¨¡·μ¢±Ê. Ÿ¸´μ, ÎÉμ ¶·¨ ÔÉμ³ ¸μÌ· ´Ö¥É¸Ö ¶μ²´ Ö
± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ±² ¸¸¨Î¥¸±¨Ì (Ëμ´μ¢ÒÌ) ¶μ²¥°, ÌμÉÖ Ë¨±¸ -
Í¨Ö ± ²¨¡·μ¢±¨ ³μ¦¥É ´ ·ÊÏ¨ÉÓ ´¥±μÉμ·Ò¥ ±² ¸¸¨Î¥¸±¨¥ ¸¨³³¥É·¨¨ (¶μ-
¤·μ¡´μ¥ μ¡¸Ê¦¤¥´¨¥ ÔÉμ° ¶·μ¡²¥³Ò ³μ¦´μ ´ °É¨, ´ ¶·¨³¥·, ¢ · ¡μÉ¥ [112]).

ŒÒ μ¶·¥¤¥²Ö¥³ μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ Γ, § ¢¨¸ÖÐ¥¥ μÉ Ëμ-
´μ¢ÒÌ ¸Ê¶¥·¶μ²¥° (1.3), ± ± ËÊ´±Í¨μ´ ²Ó´Ò° ¨´É¥£· ² ¢ ¶·μ¸É· ´¸É¢¥ ±¢ ´-
Éμ¢ÒÌ ¶μ²¥°

eiΓ =
∫

Dv DϕDcDc′ Dc̄Dc̄′ ei(S(2)+SFP). (1.15)

‡¤¥¸Ó S(2) Å ±¢ ¤· É¨Î´ Ö ¶μ ±¢ ´Éμ¢Ò³ ¶μ²Ö³ Î ¸ÉÓ ±² ¸¸¨Î¥¸±μ£μ ¤¥°-
¸É¢¨Ö, ¢±²ÕÎ ÕÐ Ö Ê¸²μ¢¨Ö Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨,   SFP Å ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¤¥°¸É¢¨¥ ¤ÊÌμ¢. ”μ·³ ²Ó´μ¥ ¢ÒÎ¨¸²¥´¨¥ ¨´É¥£· ²  ¶μ ¶ÊÉÖ³ (1.15) ¢¥¤¥É ±
¶·¥¤¸É ¢²¥´¨Õ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Î¥·¥§ ËÊ´±Í¨μ´ ²Ó´Ò° ¤¥É¥·³¨´ ´É
(¸³. (1.24)).

�¤´¨³ ¨§ ±²ÕÎ¥¢ÒÌ ³μ³¥´Éμ¢ N = 1 ¸Ê¶¥·¶μ²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨° Ö¢²Ö¥É¸Ö
¢Ò¡μ· ³´μ£μ¶ · ³¥É·¨Î¥¸±μ£μ ±μ¢ ·¨ ´É´μ£μ Ê¸²μ¢¨Ö Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨

SGF = − 1
αg2

∫
d8z (FAF̄A + bAb̄A), (1.16)

£¤¥ b, b̄ Å ¶μ²Ö ¤ÊÌμ¢ �¨²Ó¸¥´ ÄŠ ²²μÏ. “¸²μ¢¨Ö Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨,
´ ² £ ¥³Ò¥ ´  ±¢ ´Éμ¢Ò¥ ¸Ê¶¥·¶μ²Ö v ¨ ϕ, ¢Ò£²Ö¤ÖÉ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

F̄A = ∇2vA + λ

[
1

�+
∇2ϕi, Φ̄i

]A

,

(1.17)

FA = ∇̄2vA − λ̄

[
1

�−
∇̄2ϕ̄i, Φi

]A

,

∗�É¨ ³¥Éμ¤Ò ¡Ê¤ÊÉ μ¡¸Ê¦¤ ÉÓ¸Ö ¢ · §¤. 2.
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£¤¥ α, λ, λ̄ Å ¶·μ¨§¢μ²Ó´Ò¥ Î¨¸²μ¢Ò¥ ¶ · ³¥É·Ò,   �+, �− Å ¸É ´¤ ·É´Ò¥
μ¡μ§´ Î¥´¨Ö ¤²Ö ² ¶² ¸μ¶μ¤μ¡´ÒÌ μ¶¥· Éμ·μ¢ ¢ N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥.
�Î¥¢¨¤´μ, ÎÉμ ± ²¨¡·μ¢μÎ´Ò¥ Ê¸²μ¢¨Ö (1.17) ±μ¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ Ëμ-
´μ¢ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°. Š ²¨¡·μ¢μÎ´Ò¥ Ê¸²μ¢¨Ö (1.17) ³μ¦´μ
· ¸¸³ É·¨¢ ÉÓ ± ± ¸Ê¶¥·¶μ²¥¢μ¥ μ¡μ¡Ð¥´¨¥ ± ²¨¡·μ¢μ± Rξ-É¨¶  (¸³. [185,
211]), ±μÉμ·Ò¥ μ¡ÒÎ´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¸¶μ´É ´´μ ´ ·ÊÏ¥´´ÒÌ ± ²¨¡·μ¢μÎ-
´ÒÌ É¥μ·¨ÖÌ. �μ¸±μ²Ó±Ê  ¡¥²¥¢ Ëμ´ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢-
´¥´¨° ¤¢¨¦¥´¨Ö, ±μ´±·¥É´Ò° ¢Ò¡μ· ± ²¨¡·μ¢μÎ´ÒÌ ¶ · ³¥É·μ¢ ´¥ ¨£· ¥É
·μ²¨. „²Ö ´ Ï¨Ì Í¥²¥° Ê¤μ¡´μ ¢Ò¡· ÉÓ ± ²¨¡·μ¢±Ê É¨¶  ”¥·³¨Ä„¥ ‚¨ÉÉ :
α = λ = 1. �·¨ É ±μ³ ¢Ò¡μ·¥ ¶ · ³¥É·μ¢ Ê¤ ¥É¸Ö μ¡μ°É¨ ¶·μ¡²¥³Ê ¢Ò-
Î¨¸²¥´¨Ö ¸³¥Ï ´´ÒÌ ¢±² ¤μ¢ ¸ ¢¥±Éμ·´Ò³¨ ¨ ±¨· ²Ó´Ò³¨ ¸Ê¶¥·¶μ²Ö³¨ ¢
¶·μ¶ £ Éμ· Ì. „²Ö ¢ÒÎ¨¸²¥´¨Ö É ±¨Ì ¢±² ¤μ¢ ¶·¨Ï²μ¸Ó ¡Ò ¨³¥ÉÓ ¤¥²μ ¸μ
¸²μ¦´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ É¨¶ 

Tr ln

(
− � + iWα∇α + iW̄ α̇∇̄α̇ + M − X̄

1
�− − μμ̄

X∇̄2∇2 −

− X
1

�+ − μ̄μ
X̄∇2∇̄2 + X̄

1
�− − μ̄μ

μ̄X̄∇̄2 + X
1

�+ − μμ̄
μX∇2

)
. (1.18)

�μ¤Î¥·±´¥³ ¥Ð¥ · §, ÎÉμ ¢ ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨ÖÌ ´¥ ¢¸¥ £²μ¡ ²Ó´Ò¥
¸¨³³¥É·¨¨ ±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ³μ£ÊÉ ¢ Ö¢´μ³ ¢¨¤¥ ¸μÌ· ´¨ÉÓ¸Ö ¢ ±¢ ´-
Éμ¢μ° É¥μ·¨¨, ¤ ¦¥ ¢ μÉ¸ÊÉ¸É¢¨¥  ´μ³ ²¨°. �·¨Î¨´  ÔÉμ£μ ±·μ¥É¸Ö ¢ ´¥-
μ¡Ìμ¤¨³μ¸É¨ Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨. Š ± ¡Ê¤¥É ¶μ± § ´μ ¶μ§¦¥, ¶·¨ É ±μ°
Ë¨±¸ Í¨¨ ´ ·ÊÏ ÕÉ¸Ö ´¥±μÉμ·Ò¥ ¸¨³³¥É·¨¨ (´ ·ÊÏ¥´¨¥ ±² ¸¸¨Î¥¸±μ° ±μ´-
Ëμ·³´μ° ¸¨³³¥É·¨¨ μ¡¸Ê¦¤ ²μ¸Ó ¢ · ¡μÉ Ì [112]). �É  ¸¨ÉÊ Í¨Ö Ö¢²Ö¥É¸Ö
¤μ¸É ÉμÎ´μ μ¡Ð¥°. ‚ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ Ë¨±¸ Í¨Ö ± ²¨¡·μ¢±¨ (1.16)
´ ·ÊÏ ¥É £²μ¡ ²Ó´ÊÕ ±² ¸¸¨Î¥¸±ÊÕ N = 4 ¸¨³³¥É·¨Õ (1.5), (1.6), É ± ± ±
ÔÉ  ± ²¨¡·μ¢±  ±μ¢ ·¨ ´É´  Éμ²Ó±μ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° N = 1
¸Ê¶¥·¸¨³³¥É·¨¨. �μÔÉμ³Ê ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ¢ÒÎ¨¸²¥´´μ¥ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ μ¡² ¤ ¥É ¨´¢ ·¨ ´É´μ¸ÉÓÕ Éμ²Ó±μ μÉ´μ¸¨É¥²Ó´μ ¶μ¤Ìμ¤ÖÐ¥° ±¢ ´-
Éμ¢μ° ¤¥Ëμ·³ Í¨¨ ¸±·ÒÉÒÌ ¶·¥μ¡· §μ¢ ´¨° (1.5). �· ¢¨²Ó´ Ö ¤¥Ëμ·³ Í¨Ö
³μ¦¥É ¡ÒÉÓ ´ °¤¥´  ¢ ± ¦¤μ³ ±μ´±·¥É´μ³ ¶μ·Ö¤±¥ · §²μ¦¥´¨Ö ¶μ ¶¥É²Ö³.

�μ¸²¥ · ¸Ð¥¶²¥´¨Ö ¶μ²¥° ´  ±¢ ´Éμ¢ÊÕ ¨ Ëμ´μ¢ÊÕ Î ¸É¨ (É. ¥. eVtot =
eΩ eg v eΩ̄, Φ → Φ + ϕ, Φ̄ → Φ̄ + ϕ̄, Q → Q + q, Q̃ → Q̃ + q̃, Q̄ → Q̄ + q̄, ¯̃Q →
¯̃Q + ¯̃q) § ¶¨Ï¥³ ±¢ ¤· É¨Î´ÊÕ Î ¸ÉÓ ±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö (1.4) ¨ Î²¥´ ,
Ë¨±¸¨·ÊÕÐ¥£μ ± ²¨¡·μ¢±Ê (1.16), ¢ ¢¨¤¥

S(2) = −1
2

∑
I<J

∫
d4xd4θ

[
FIJHIJF†IJ + v̄IJ(OV − M)IJvIJ

]
. (1.19)
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‡¤¥¸Ó F = (ϕ̄, ϕ, q̄, q, ¯̃q, q̃), F† = (ϕ, ϕ̄, q, q̄, q̃, ¯̃q)T ,

MIJ = (Φ̄IJΦIJ + Q̄IJQIJ + ¯̃QIJQ̃IJ),
(1.20)

OV = � − iWα
IJ∇α − iW̄ α̇

IJ∇̄α̇,

Wα
IJ = Wα

I − Wα
J , W̄ α̇

IJ = W̄ α̇
I − W̄ α̇

J Å ´ ¶·Ö¦¥´´μ¸É¨ Ëμ´μ¢ÒÌ ¶μ²¥°,
²¥¦ Ð¨Ì ¢ ¶μ¤ ²£¥¡·¥ Š ·É ´ , ¨ ΦIJ = ΦI −ΦJ . �·¨ ¢Ò¢μ¤¥ (1.19) ¡Ò² ¨¸-
¶μ²Ó§μ¢ ´ ¢¥°²¥¢¸±¨° ¡ §¨¸ ¢ ¶·μ¸É· ´¸É¢¥ Ô·³¨Éμ¢ÒÌ ¡¥¸¸²¥¤μ¢ÒÌ ³ É·¨Í
 ²£¥¡·Ò su(N). ‚ ¨¸¸²¥¤Ê¥³μ³ ¸²ÊÎ ¥ ³Ò μ£· ´¨Î¨¢ ¥³¸Ö ± ²¨¡·μ¢μÎ´μ°
£·Ê¶¶μ° SU(N), ´ ·ÊÏ¥´´μ° ¤μ ¥¥ ³ ±¸¨³ ²Ó´μ£μ Éμ·  U(1)N−1. �£· ´¨Î¥-
´¨¥ I < J ¢μ§´¨± ¥É ¢¸²¥¤¸É¢¨¥ Éμ£μ, ÎÉμ ±μ³¶μ´¥´ÉÒ ±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥°,
¶·¨´¨³ ÕÐ¨¥ §´ Î¥´¨Ö ¢ ¶μ¤ ²£¥¡·¥ Š ·É ´ , ´¥ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¸ Ëμ´μ-
¢Ò³¨ ¶μ²Ö³¨ ¨ ¶μÔÉμ³Ê ¶μ²´μ¸ÉÓÕ · ¸¶ÊÉÒ¢ ÕÉ¸Ö.

�¶¥· Éμ· H § ¢¨¸¨É μÉ ±μ¢ ·¨ ´É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¨ Ëμ´μ¢ÒÌ ¶μ²¥°.
’μÎ´ Ö Ëμ·³  ³ É·¨ÍÒ μ¶¥· Éμ·  ¸²¥¤ÊÕÐ Ö:⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

G+(φ)∇2∇̄2 0 −φf̄
∇2∇̄2

�
iv̄∇2 −φf

∇2∇̄2

�
−if̄∇2

0 G−(φ)∇̄2∇2 iv∇̄2 φ̄f
∇̄2∇2

�
−if∇̄2 −φ̄v

∇̄2∇2

�

−fφ̄
∇2∇̄2

�
iv̄∇2 G+(f)∇2∇̄2 0 fv̄

∇2∇̄2

�
iφ̄∇2

−iv∇̄2 −f̄φ
∇̄2∇2

�
0 G−(f)∇̄2∇2 iφ∇̄2 −f̄v

∇̄2∇2

�

−vφ̄
∇2∇̄2

�
f̄∇2 −vf̄

∇2∇̄2

�
−iφ̄∇2 G+(v)∇2∇̄2 0

if∇̄2 −v̄φ
∇̄2∇2

�
−iφ∇̄2 −v̄f

∇̄2∇2

�
0 G−(v)∇̄2∇2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

(1.21)
£¤¥ ¨¸¶μ²Ó§μ¢ ´Ò μ¡μ§´ Î¥´¨Ö

G±(a) = 1 − (aā)
�±

, φ = ΦIJ , φ̄ = Φ̄IJ ,

f = QIJ , f̄ = Q̄IJ , v = Q̃IJ , v̄ = ¯̃QIJ ,

¨ �± μ¡μ§´ Î ÕÉ μ¶¥· Éμ·Ò ∇2∇̄2 ¨ ∇̄2∇2 ¸μμÉ¢¥É¸É¢¥´´μ. ‚ ¶·μ¸É· ´¸É¢¥
±¨· ²Ó´ÒÌ ¨  ´É¨±¨· ²Ó´ÒÌ ¸Ê¶¥·¶μ²¥° μ¶¥· Éμ·Ò �± ¤¥°¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

∇2∇̄2 := �+ = � − iW̄ α̇∇̄α̇ − i

2
(∇̄W̄ ),

∇̄2∇2 := �− = � − iWα∇α − i

2
(∇W ).

‚μμ¡Ð¥ £μ¢μ·Ö, ¢ÒÎ¨¸²¥´¨¥ ¢Éμ·μ° ¢ ·¨ Í¨μ´´μ° ¶·μ¨§¢μ¤´μ° ±² ¸¸¨Î¥-
¸±μ£μ ¤¥°¸É¢¨Ö ¶·¨¢μ¤¨É ± ³ É·¨Í¥ 7×7. �μ ¡² £μ¤ ·Ö ¢Ò¡· ´´Ò³ Ê¸²μ¢¨Ö³
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± ²¨¡·μ¢±¨ (1.17) ¶·μ¨¸Ìμ¤¨É Î ¸É¨Î´ Ö ¤¨ £μ´ ²¨§ Í¨Ö, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ
ÔÉ  ³ É·¨Í  ¶·¨μ¡·¥É ¥É ¡²μÎ´Ò° ¢¨¤ 1×1⊕6×6, ¨ ±¨´¥É¨Î¥¸±¨° μ¶¥· Éμ·
¢¥±Éμ·´ÒÌ ¶μ²¥° μÉ¤¥²Ö¥É¸Ö. �μÔÉμ³Ê § ¤ Î  ¢ÒÎ¨¸²¥´¨Ö ËÊ´±Í¨μ´ ²Ó´ÒÌ
¸²¥¤μ¢ μ¡²¥£Î ¥É¸Ö. ‚Ò¡· ´´Ò¥ ¶ · ³¥É·Ò ± ²¨¡·μ¢±¨ μ¡¥¸¶¥Î¨¢ ÕÉ μÉ¸ÊÉ-
¸É¢¨¥ ¢¥·Ï¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ´Éμ¢Ò³¨ ¶μ²Ö³¨ ³ É¥·¨¨ ¨ ±¢ ´Éμ-
¢Ò³¨ ¢¥±Éμ·´Ò³¨ ¶μ²Ö³¨, ´μ ¶·¨¢μ¤ÖÉ ± ¶μÖ¢²¥´¨Õ ¢¥·Ï¨´ ¢§ ¨³μ¤¥°¸É¢¨Ö
³¥¦¤Ê ±¢ ´Éμ¢Ò³¨ ±¨· ²Ó´Ò³¨ ¶μ²Ö³¨ ¨ ¤ÊÌ ³¨.

� ¸¸³μÉ·¨³ ¸É·Ê±ÉÊ·Ê ¢±² ¤μ¢ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢  ¢ μ¤´μ¶¥É²¥¢μ¥
ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥. „¥°¸É¢¨¥ ¤ÊÌμ¢ SFP ¤²Ö Î²¥´ , Ë¨±¸¨·ÊÕÐ¥£μ ± ²¨-
¡·μ¢±Ê (1.17), ¨³¥¥É ¢¨¤

SFP = tr
∫

d8z

[
(c̄′c − c′c̄)−

−
(

c′
[
Φi,

λ

�+
[c̄, Φ̄i]

]
+ c̄′

[
λ̄

�−
[c, Φi], Φ̄i

])]
, (1.22)

ÎÉμ ¢¥¤¥É ± ¸²¥¤ÊÕÐ¥³Ê ¢±² ¤Ê ¤ÊÌμ¢ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥:

ln DetHFP =

= 2
∑
I<J

Tr ln

⎛⎜⎜⎝ 0
(

1 − M

�+

)
∇2∇̄2

−
(

1 − M

�−

)
∇̄2∇2 0

⎞⎟⎟⎠
IJ

, (1.23)

£¤¥ ³ É·¨Í  M μ¶·¥¤¥²¥´  ¢ (1.20).
�¥§Ê²ÓÉ É ¨´É¥£·¨·μ¢ ´¨Ö ¢ ËÊ´±Í¨μ´ ²Ó´μ³ ¨´É¥£· ²¥ (1.15) ¶μ ¢¸¥³

±¢ ´Éμ¢Ò³ ¸Ê¶¥·¶μ²Ö³ ¤ ¥É¸Ö Ëμ·³ ²Ó´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ Î¥·¥§ ËÊ´±Í¨μ-
´ ²Ó´Ò¥ ¤¥É¥·³¨´ ´ÉÒ

eiΓ =
∏
I<J

[Det−1(OV − M)] (Det−1 H) (Det2 HFP). (1.24)

�μ¸±μ²Ó±Ê ¸Ê¶¥·¶μ²Ö Φ ¨ Wα ¶·¨´ ¤²¥¦ É ¶μ¤ ²£¥¡·¥ Š ·É ´ , ¶·¨ ¨´É¥-
£·¨·μ¢ ´¨¨ ¶μ ±¢ ´Éμ¢Ò³ ¶μ²Ö³ ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ Éμ²Ó±μ ¶μ²μ¢¨´Ê ±μ·´¥°,
¨ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨³¥¥É ¢¨¤

Γ =
∑
I<J

ΓIJ .

� Ï¥° ¸²¥¤ÊÕÐ¥° Í¥²ÓÕ Ö¢²Ö¥É¸Ö ¢ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨μ´ ²Ó´μ£μ ¤¥É¥·³¨-
´ ´É  (1.24).



578 	“•	ˆ�„…� ˆ.‹., ˆ‚���‚ ….�., �‹…’�…‚ �. ƒ.

1.7. ‚ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨μ´ ²Ó´ÒÌ ¸²¥¤μ¢ ¨ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢-
´μ£μ ¤¥°¸É¢¨Ö. ‚ ¤ ´´μ³ · §¤¥²¥ ¡Ê¤ÊÉ ¶·¥¤¸É ¢²¥´Ò μ¸´μ¢´Ò¥ ÔÉ ¶Ò ¢Ò-
Î¨¸²¥´¨Ö ËÊ´±Í¨μ´ ²Ó´ÒÌ ¸²¥¤μ¢ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ μ¶¥· Éμ·μ¢ ¢ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ § ¢¨¸ÖÐ¨° μÉ Ëμ´  ¢±² ¤ ¢ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ (1.24). ˆ§ Ëμ·³Ê²Ò (1.21) ¢¨¤´μ, ÎÉμ ¶·¨ ´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ Ëμ´μ-
¢ÒÌ ¸Ê¶¥·¶μ²¥° Q, Q̃ ³ É·¨Î´Ò° μ¶¥· Éμ· H ¸μ¤¥·¦¨É Éμ²Ó±μ § ¢¨¸ÖÐ¨¥ μÉ
Ëμ´  μ¡· É´Ò¥ ¶·μ¶ £ Éμ·Ò G+, G− ¨ ¢¥·Ï¨´Ò Ëμ´μ¢ÒÌ ¶μ²¥° Φ, ¢§ ¨³μ-
¤¥°¸É¢ÊÕÐ¨Ì ¸ ±¢ ´Éμ¢Ò³¨ ¶μ²Ö³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ
Ëμ·³  H, ¸μ¤¥·¦ Ð Ö ¶μ²´Ò¥ μ¡· É´Ò¥ ¶·μ¶ £ Éμ·Ò, ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²Ö-
¥É¸Ö ¢Ò¡μ·μ³ ± ²¨¡·μ¢±¨ Rξ É¨¶  (1.17).

�  ¶¥·¢μ³ ÔÉ ¶¥ · §μ¡Ó¥³ ³ É·¨ÍÊ H ´  ¸Ê³³Ê ¤¢ÊÌ ³ É·¨Í, H = H� +
H∇, £¤¥ ³ É·¨Í  H� ¸μ¤¥·¦¨É ¢¸¥ ¡²μ±¨ ¸ ∇2∇̄2, ∇̄2∇2,   ³ É·¨Í  H∇ Å
Éμ²Ó±μ ¡²μ±¨ ¸ ∇̄2 ¨ ∇2. �·¨ ÔÉμ³ ²μ£ ·¨Ë³ ³ É·¨ÍÒ H ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

lnH = lnH� + ln(1 − H−1
� H∇).

ˆ¸¶μ²Ó§ÊÖ ¤²Ö μ¡· Ð¥´¨Ö ³ É·¨Í ¡²μÎ´μ£μ É¨¶  ¨§¢¥¸É´ÊÕ Ëμ·³Ê²Ê ”·μ¡¥-
´¨Ê¸ 

H =
(

A B
C D

)
, H−1 =

(
A−1 + A−1BE−1CA−1 −A−1BE−1

−E−1CA−1 E−1

)
,

£¤¥ E = D − CA−1B, ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ μ¡· É´ÊÕ ³ É·¨ÍÊ ¤²Ö H�:

H−1
� =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

g+(φ)
∇2∇̄2

�2
+

0
φf̄

�+M

∇2∇̄2

�2
+

0
φv̄

�+M

∇2∇̄2

�2
+

0

0 g−(φ)
∇̄2∇2

�2
−

0
φ̄f

�−M

∇̄2∇2

�2
−

0
φ̄v

�−M

∇̄2∇2

�2
−

fφ̄

�+M

∇2∇̄2

�2
+

0 g+(f)
∇2∇̄2

�2
+

0
fv̄

�+M

∇2∇̄2

�2
+

0

0
f̄φ

�−M

∇̄2∇2

�2
−

0 g−(f)
∇̄2∇2

�2
−

0
f̄v

�−M

∇̄2∇2

�2
−

vφ̄

�+M

∇2∇̄2

�2
+

0
vf̄

�+M

∇2∇̄2

�2
+

0 g+(v)
∇2∇̄2

�2
+

0

0
v̄φ

�−M

∇̄2∇2

�2
−

0
v̄f

�−M

∇̄2∇2

�2
−

0 g−(v)
∇̄2∇2

�2
−

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

£¤¥

g±(φ) := 1 +
φφ̄

�±M
, �±M := �± − M.

‚¨¤´μ, ÎÉμ ³ É·¨Î´ Ö ±μ³¡¨´ Í¨Ö M (1.20) ¶·¨ μ¡· Ð¥´¨¨ ¢μ§´¨± ¥É ¥¸É¥-
¸É¢¥´´Ò³ μ¡· §μ³. “¤¨¢¨É¥²Ó´μ, ÎÉμ ¶·μ¨§¢¥¤¥´¨¥ H−1

� H∇ ¨³¥¥É ¤μ¸É ÉμÎ´μ
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¶·μ¸ÉÊÕ Ëμ·³Ê

H−1
� H∇ =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0 iv̄ ∇2

�−
0 −if̄

∇2

�−

0 0 iv ∇̄2

�+
0 −if

∇̄2

�+
0

0 −iv̄
∇2

�−
0 0 0 iφ̄∇2

�−

−iv
∇̄2

�+
0 0 0 iφ

∇̄2

�+
0

0 if̄
∇2

�−
0 −iφ̄

∇2

�−
0 0

if
∇̄2

�+
0 −iφ

∇̄2

�+
0 0 0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(1.25)
�  ¸²¥¤ÊÕÐ¥³ ÔÉ ¶¥ § °³¥³¸Ö ¢ÒÎ¨¸²¥´¨¥³ ³ É·¨Î´ÒÌ ¸²¥¤μ¢. � §²μ¦¨³

Tr ln (1 − H−1
� H∇) ¢ ·Ö¤ ¶μ ¸É¥¶¥´Ö³ H−1

� H∇. �¥´Ê²¥¢Ò¥ ¢±² ¤Ò ¢ ¸²¥¤
¡Ê¤ÊÉ ¤ ¢ ÉÓ Éμ²Ó±μ Î¥É´Ò¥ ¸É¥¶¥´¨ · §²μ¦¥´¨Ö, ±μÉμ·Ò¥ £·Ê¶¶¨·ÊÕÉ¸Ö ¢
¢Ò· ¦¥´¨¥

Tr6×6 ln (1 − lnH−1
� H∇) =

= Tr
[
ln

(
1 − M

�+

)
∇2∇̄2

�+

]
+ Tr

[
ln

(
1 − M

�−

)
∇̄2∇2

�−

]
, (1.26)

£¤¥ ³ É·¨Í  M É  ¦¥ ¸ ³ Ö, ÎÉμ ¨ ¢ (1.20), ¨ Tr μ§´ Î ¥É ËÊ´±Í¨μ´ ²Ó´Ò°
¸²¥¤. „ ²¥¥ · ¸¸³μÉ·¨³ ¸²¥¤ ³ É·¨ÍÒ ln H�. ˆ¸¶μ²Ó§ÊÖ ¢ÒÏ¥¶·¨¢¥¤¥´´ÊÕ
³¥Éμ¤¨±Ê, · §²μ¦¨³ ³ É·¨ÍÊ H� ¢ ¸Ê³³Ê ¤¨ £μ´ ²Ó´μ° ³ É·¨ÍÒ ¨ ¢¸¥£μ
μ¸É ²Ó´μ£μ, É. ¥. ¶·¥¤¸É ¢¨³ ¥¥ ¢ ¢¨¤¥ H� = H0 + Δ, μÉ±Ê¤ 

Tr lnH� = Tr ln H0 + Tr ln (1 + H−1
� Δ). (1.27)

Œ É·¨Í  H0 ¸μ¤¥·¦¨É Éμ²Ó±μ μ¶¥· Éμ·Ò ∇2∇̄2 ¨ ∇̄2∇2 ¶·¨ ´Ê²¥¢ÒÌ Ëμ´μ-
¢ÒÌ ¶μ²ÖÌ Φ, Q, Q̃ ¨ ¶μÔÉμ³Ê ³μ¦¥É ¡ÒÉÓ μÉ¡·μÏ¥´ . Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ

H−1
� Δ Å ÔÉμ ¡²μ±¨ ¸ ±¨· ²Ó´Ò³¨

∇2∇̄2

�+
¨  ´É¨±¨· ²Ó´Ò³¨

∇̄2∇2

�−
¶·μ-

¥±Éμ· ³¨. �μ¸²¥ ¶¥·¥¸É ´μ¢±¨ ¸É·μ± ¨ ¸Éμ²¡Íμ¢ ¸²¥¤ ²μ£ ·¨Ë³  ³ É·¨ÍÒ
1 + H−1

0 Δ ³μ¦´μ § ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Tr6×6 ln(1 + H−1
0 Δ) = Tr3×3 ln

⎡⎣1 −

⎛⎝ (φφ̄) (φf̄ ) (φv̄)
(fφ̄) (f f̄) (f v̄)
(vφ̄) (vf̄) (vv̄)

⎞⎠ ∇2∇̄2

�2
+

⎤⎦+

+
(
∇2∇̄2

�2
+

→ ∇̄2∇2

�2
−

)
. (1.28)
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�¥¶μ¸·¥¤¸É¢¥´´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ ¸²¥¤μ¢ ¤²Ö ¶¥·¢ÒÌ Î²¥´μ¢ ·Ö¤ 
’¥°²μ·  ¶μ± §Ò¢ ÕÉ, ÎÉμ ³μ¦´μ § ¶¨¸ ÉÓ

Tr6×6 ln(1 + H−1
0 Δ) =

= Tr
[
ln

(
1 − M

�+

)
∇2∇̄2

�+

]
+ Tr

[
ln

(
1 − M

�−

)
∇̄2∇2

�−

]
. (1.29)

�μ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ ¢³¥¸É¥ ¸ (1.26) ¤ ¥É

ln Det−1H =

= −2Tr
[
ln

(
1 − M

�+

)
∇2∇̄2

�+

]
− 2Tr

[
ln

(
1 − M

�−

)
∇̄2∇2

�−

]
. (1.30)

‚±² ¤ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢  μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (1.23). ‚Ò¤¥-

²ÖÖ ¨ μÉ¡· ¸Ò¢ Ö ¢Ò· ¦¥´¨¥ ln
(

0 ∇2∇̄2

−∇̄2∇2 0

)
, ¶μ²ÊÎ¨³ ¢±² ¤ ¤ÊÌμ¢ ¢

ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¢¨¤¥

ln Det2HFP =

= 2Tr
[
ln

(
1 − M

�−

)
∇̄2∇2

�−

]
+ 2Tr

[
ln

(
1 − M

�+

)
∇2∇̄2

�+

]
, (1.31)

ÎÉμ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ §´ ±  ¸μ¢¶ ¤ ¥É ¸ (1.30). �μÔÉμ³Ê ¢Éμ·μ° ¨ É·¥É¨° ¤¥-
É¥·³¨´ ´ÉÒ ¢ (1.24) ¢§ ¨³´μ ¸μ±· Ð ÕÉ¸Ö. ’ ±μ¥ Ê¤¨¢¨É¥²Ó´μ¥ ¸μ±· Ð¥´¨¥
¢±² ¤μ¢ ¤ÊÌμ¢ ¨ ±¨· ²Ó´ÒÌ ¶μ²¥° ¢ μ¤´μ¶¥É²¥¢μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¡Ò²μ ¢¶¥·¢Ò¥ § ³¥Î¥´μ
¢ [52] ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. �¤´ ±μ ¤ ´´Ò°
·¥§Ê²ÓÉ É ¸¶· ¢¥¤²¨¢ Éμ²Ó±μ ´  Ëμ´¥ ¶μ¸ÉμÖ´´ÒÌ ±¨· ²Ó´ÒÌ ¸Ê¶¥·¶μ²¥°.

� ±μ´¥Í, ¡² £μ¤ ·Ö ¸μ±· Ð¥´¨Õ ³¥¦¤Ê (1.31) ¨ (1.30), ³μ¦´μ § ¶¨¸ ÉÓ
¶μ²´Ò° μ¤´μ¶¥É²¥¢μ° ¢±² ¤ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ (1.24) ¢ ¶·μ¸Éμ° Ëμ·³¥,
±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ ¢±² ¤μ³ ¢¥±Éμ·´ÒÌ ¶μ²¥°:

Γ = i
∑
I<J

Tr ln(OV − M)IJ , (1.32)

  ¢¸Ö § ¢¨¸¨³μ¸ÉÓ μÉ Ëμ´  ¸μ¤¥·¦¨É¸Ö ¢ ³ É·¨Í¥ M . „²Ö μ¶¥· Éμ·  (OV −
M)IJ ¢ ¢ÒÏ¥¶·¨¢¥¤¥´´μ° Ëμ·³Ê²¥ · §²μ¦¥´¨¥ ËÊ´±Í¨μ´ ²Ó´μ£μ ¸²¥¤  ¶μ
¸É¥¶¥´Ö³ ´ ¶·Ö¦¥´´μ¸É¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° Ê¦¥ ´¥μ¤´μ±· É´μ ¢ÒÎ¨¸²Ö-
²μ¸Ó · §´Ò³¨  ¢Éμ· ³¨, ´μ Éμ²Ó±μ ¤²Ö ¸²ÊÎ Ö μ¤´μ£μ ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö
(¸³. [96, 144, 211, 213] ¨ ¸¸Ò²±¨ É ³). �μÔÉμ³Ê ³μ¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ¶μ-
²ÊÎ¥´´Ò³¨ É ³ ·¥§Ê²ÓÉ É ³¨. ‚¸¥ μÉ²¨Î¨¥ É¥μ·¨¨ ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥É ³¨ § -

±²ÕÎ ¥É¸Ö ¢ ¸É·Ê±ÉÊ·¥ μ¶·¥¤¥²¥´´μ° ¢ (1.20) ³ É·¨ÍÒ M = (Φ̄Φ+Q̄Q+ ¯̃QQ̃),
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±μÉμ· Ö ¨´¢ ·¨ ´É´  ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ £·Ê¶¶Ò R-¸¨³³¥É·¨¨ N = 4 ¸Ê-
¶¥·¸¨³³¥É·¨¨. �μÔÉμ³Ê ¶μ²ÊÎ¥´´Ò¥ · ´¥¥ ·¥§Ê²ÓÉ ÉÒ μ¡μ¡Ð ÕÉ¸Ö ´  · ¸-
¸³ É·¨¢ ¥³ÊÕ ³μ¤¥²Ó ¶·μ¸Éμ° § ³¥´μ° ³ É·¨ÍÒ M .

”Ê´±Í¨μ´ ²Ó´Ò° ¸²¥¤ (1.32) ³μ¦´μ § ¶¨¸ ÉÓ ± ± · §²μ¦¥´¨¥ ¶μ ¸É¥¶¥´Ö³
¡¥§· §³¥·´ÒÌ ¸Ê¶¥·¶μ²¥¢ÒÌ ±μ³¡¨´ Í¨° Ψ, Ψ̄, μ¶·¥¤¥²¥´´ÒÌ ± ±

Ψ̄2 =
1

M2
∇2W 2, Ψ2 =

1
M2

∇̄2W̄ 2. (1.33)

‚ ¶·¨¡²¨¦¥´¨¨ ¶μ¸ÉμÖ´´μ£μ Ëμ´  ÔÉμ ¢Ò· ¦¥´¨¥ ³μ¦´μ ¶·μ¸Ê³³¨·μ¢ ÉÓ
¨ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐÊÕ ¶μ¶· ¢±Ê ± ¶μ²´μ³Ê μ¤´μ¶¥É²¥¢μ³Ê ¤¥°¸É¢¨Õ (¸³.
¶μ¤·μ¡´μ¸É¨ ¢ [144]):

Γ =
1

8π2

∫
d8z

∞∫
0

dt t e−t W
2W̄ 2

M2
ω(tΨ, tΨ̄),

(1.34)

ω(tΨ, tΨ̄) =
cosh (tΨ) − 1

t2Ψ2

cosh (tΨ̄) − 1
t2Ψ̄2

t2(Ψ2 − Ψ̄2)
cosh (tΨ) − cosh (tΨ̄)

.

…Ð¥ · § μÉ³¥É¨³, ÎÉμ ¢¸¥ μÉ²¨Î¨¥ ÔËË¥±É¨¢´ÒÌ ¤¥°¸É¢¨° ¸ ÊÎ¥Éμ³ ¨ ¡¥§ ÊÎ¥É 
¢±² ¤  £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¶μ²¥° § ±²ÕÎ¥´μ ¢ ¸É·Ê±ÉÊ·¥ ³ É·¨ÍÒ M , ±μÉμ-
· Ö ¢ ´ Ï¥³ ¸²ÊÎ ¥ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (1.20). ‚ ±μ³¶μ´¥´É´μ° Ëμ·³¥
¢Ò· ¦¥´¨¥ ¤²Ö ¶μ¶· ¢±¨ ± μ¤´μ¶¥É²¥¢μ³Ê ÔËË¥±É¨¢´μ³Ê ¤¥°¸É¢¨Õ (1.34) ¤μ-
¶Ê¸± ¥É ¥¸É¥¸É¢¥´´μ¥ · §²μ¦¥´¨¥ Ï¢¨´£¥·μ¢¸±μ£μ É¨¶  ¶μ ¸É¥¶¥´Ö³ F 2/M2.
�Éμ · §²μ¦¥´¨¥ ´¥ ¸μ¤¥·¦¨É Î²¥´  É¨¶  F 6, ÎÉμ μ¡Ê¸²μ¢²¥´μ ¸¢μ°¸É¢ ³¨
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . ”Ê´±Í¨Ö ω, ¢¢¥¤¥´´ Ö
¢ (1.34) (¸³. [144]), ¨³¥¥É · §²μ¦¥´¨¥

ω(x, y) =
1
2

+
x2y2

4 · 5!
− 5

12 · 7!
(x4y2 + x2y4)+

+
1

34500
(x2y6 + x6y2) +

1
86400

x4y4 + . . . (1.35)

‚Ò· ¦¥´¨¥ (1.35) ¶μ§¢μ²Ö¥É · §²μ¦¨ÉÓ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ (1.34) ¢ ·Ö¤ ¶μ
¸É¥¶¥´Ö³ Ψ2, Ψ̄2 ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Γ = Γ(0) + Γ(2) + Γ(3) + . . . , (1.36)

£¤¥ Î²¥´ Γ(n) ¸μ¤¥·¦¨É cm,lΨ2mΨ̄2l ¸ m+ l = n. ‚ ¡μ§μ´´μ³ ¸¥±Éμ·¥ ÔÉμ · §-
²μ¦¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É · §²μ¦¥´¨Õ ¶μ ¸É¥¶¥´Ö³ ´ ¶·Ö¦¥´´μ¸É¨ F ,   ¨³¥´´μ
Γ(n) ∼ F 4+2n/M2+2n, M = (ΦΦ̄ + f iafia), £¤¥ Φ, Φ̄ ¨ f ia Å Ë¨§¨Î¥¸±¨¥
¡μ§μ´´Ò¥ ¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É .
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1.8. �·¥μ¡· §μ¢ ´¨¥ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö ± Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³¥. �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ (1.34)
¨ ¥£μ · §²μ¦¥´¨¥ (1.36) § ¶¨¸ ´Ò ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥°. ‚ ¤ ´´μ³
· §¤¥²¥ ¶¥·¥¶¨Ï¥³ (1.36) ¢ Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ³ ¢¨¤¥. ‘ ÔÉμ°
Í¥²ÓÕ ¢Ò¤¥²¨³ ¢ ³ É·¨Í¥ M , μ¶·¥¤¥²¥´´μ° ¢ (1.20), N = 1 ¸Ê¶¥·¶μ²¥¢μ°

 ·£Ê³¥´É X = − Q̄Q + ¯̃QQ̃

Φ̄Φ
(±μÉμ·Ò° μ¶·¥¤¥²¥´ ¢ (1.2) ¢ É¥·³¨´ Ì N = 2 ¸Ê-

¶¥·¶μ²¥°), § ¶¨Ï¥³ M ± ± M = ΦΦ̄(1−X) ¨ · §²μ¦¨³ §´ ³¥´ É¥²¨ (1/M)k,
¢Ìμ¤ÖÐ¨¥ ¢ (1.34), ¢ ¸É¥¶¥´´μ° ·Ö¤ ¶μ X . ’ ±μ¥ · §²μ¦¥´¨¥ ¤ ¥É ¸²¥¤ÊÕÐ¥¥
¢Ò· ¦¥´¨¥ ¤²Ö μ¡Ð¥£μ Î²¥´  ·Ö¤  (1.36):∫

d8z
W 2W̄ 2

(ΦΦ̄)2(m+l+k+1)
(∇2W 2)m(∇̄2W̄ 2)l

[
−(Q̄Q + ¯̃QQ̃)

]k

. (1.37)

„ ²¥¥, ¨¸¶μ²Ó§ÊÖ Éμ ¸¢μ°¸É¢μ, ÎÉμ
∫

d12z =
∫

d8z(∇2)2(∇̄2)2,   É ±¦¥ μ¶·¥-
¤¥²¥´¨¥ N = 1 ¶·μ¥±Í¨° N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ´  ³ ¸¸μ¢μ° ¶μ-
¢¥·Ì´μ¸É¨ ± ± W| = Φ,∇2αW| = −Wα,∇2

2W| = 0, ¶·¥μ¡· §Ê¥³ μ¡Ð¨°
Î²¥´ ± N = 2 Ëμ·³¥ (1.2). ‘²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉμ μ¶¨¸ ´´ Ö ¶·μÍ¥¤Ê· 
¨³¥¥É ´¥μ¤´μ§´ Î´μ¸É¨ ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¤ ¦¥ ¢ μÉ¸ÊÉ¸É¢¨¥ ¶μ²¥°
£¨¶¥·³Ê²ÓÉ¨¶²¥É  (¸³. [107]), μ¤´ ±μ ¤²Ö ´ Ï¨Ì Í¥²¥° ÔÉ¨ ¢μ§³μ¦´Ò¥ ´¥μ¤-
´μ§´ Î´μ¸É¨ ´¥¸ÊÐ¥¸É¢¥´´Ò.

‚ ± Î¥¸É¢¥ ¶¥·¢μ£μ Î²¥´  ¢ · §²μ¦¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (1.34) ¶μ
¶·μ¨§¢μ¤´Ò³ ¶μÖ¢²Ö¥É¸Ö ¨§¢¥¸É´Ò° ´¥£μ²μ³μ·Ë´Ò° ¶μÉ¥´Í¨ ² (¸³. (1.42)).
ˆ¸¶μ²Ó§ÊÖ N = 1 ¢Ò· ¦¥´¨¥ ´  Ëμ´¥ (1.3), ¥£μ ³μ¦´μ μ¤´μ§´ Î´μ ¶¥·¥¶¨-
¸ ÉÓ ¢ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³¥. �Éμ ¥¤¨´¸É¢¥´´Ò° Î²¥´, ±μÉμ·Ò°
 ¢Éμ³ É¨Î¥¸±¨ ¨´¢ ·¨ ´É¥´ ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨,
¶μ¸±μ²Ó±Ê μ´ ´¥ ¸μ¤¥·¦¨É ¶·μ¨§¢μ¤´ÒÌ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¸Ê¶¥·¶μ²¥° ¨
¢¥±Éμ·´μ° ´ ¶·Ö¦¥´´μ¸É¨. �¥ ¸Éμ²Ó μÎ¥¢¨¤´μ, ± ± ¢μ¸¸É ´μ¢¨ÉÓ N = 4 ¨´-
¢ ·¨ ´É´μ¸ÉÓ ¢ μ¸É ²Ó´ÒÌ Î²¥´ Ì · §²μ¦¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. ‡¤¥¸Ó
É·¥¡Ê¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò°  ´ ²¨§.

‚¸¥ ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶·μ¢μ¤¨²¨¸Ó ´  ¶μ¸ÉμÖ´´μ³ Ëμ-
´¥ (1.3). Š ¸μ¦ ²¥´¨Õ, ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
Ëμ·³Ò É ±μ° Ëμ´ ´¥¤μ¸É ÉμÎ¥´, ¶μ¸±μ²Ó±Ê ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶·μ¨§¢μ¤-
´Ò¥ N = 1 £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¶μ²¥°. �·μÍ¥¤Ê·  ¢μ¸¸É ´μ¢²¥´¨Ö N = 2
¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¢Ò· ¦¥´¨° ¶μ ¨Ì ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ N = 1 ·¥¤Ê±Í¨Ö³
¶·¥¦¤¥ ¢¸¥£μ ¶·¥¤¶μ² £ ¥É ¢μ¸¸É ´μ¢²¥´¨¥ N = 2 ³¥·Ò ¨´É¥£·¨·μ¢ ´¨Ö∫

d12z =
∫

d8z(∇2)2(∇̄2)2. ’ ±¨³ μ¡· §μ³, ¤²Ö ¶μ²ÊÎ¥´¨Ö ¨´É¥£· ²  ¶μ
N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê ¨§ ¨´É¥£· ²  ¶μ N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê ¸²¥¤Ê¥É
¢Ò¤¥²¨ÉÓ ¶·μ¨§¢μ¤´Ò¥ (∇2)2(∇̄2)2 ¨§ ¨¸Ìμ¤´μ£μ ¶μ¤Ò´É¥£· ²Ó´μ£μ N = 1
¸Ê¶¥·¶μ²¥¢μ£μ ¢Ò· ¦¥´¨Ö. „²Ö ¶μ²ÊÎ¥´¨Ö É ±¨Ì ¶μ²´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¢ ¶μ-
¤Ò´É¥£· ²Ó´μ³ ¢Ò· ¦¥´¨¨ (1.37) ´¥μ¡Ìμ¤¨³μ ®·Ê± ³¨¯ ¤μ¡ ¢¨ÉÓ ± ¨¸Ìμ¤´μ³Ê
N = 1 ¸Ê¶¥·¶μ²¥¢μ³Ê ¶μ¤Ò´É¥£· ²Ó´μ³Ê ¢Ò· ¦¥´¨Õ ¢¸¥ ´¥¤μ¸É ÕÐ¨¥ Î²¥´Ò,
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¸μ¤¥·¦ Ð¨¥ ¶·μ¨§¢μ¤´Ò¥ ∇αj qia ¸ ¶· ¢¨²Ó´Ò³¨ Î¨¸²¥´´Ò³¨ ±μÔËË¨Í¨¥´-
É ³¨, ¶μ¸±μ²Ó±Ê É ±¨¥ Î²¥´Ò ´¥ ³μ£²¨ ¢μ§´¨±´ÊÉÓ ¢ ¶·μÍ¥¸¸¥ ¢ÒÎ¨¸²¥´¨°.
…¸²¨ ¡Ò ³Ò ¢ÒÎ¨¸²Ö²¨ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ´¥ ´  ¸¶¥Í¨ ²Ó´μ³ Ëμ´¥ (1.3),
  ´  ¶· ¢¨²Ó´μ³ Ëμ´¥ (1.13), Éμ É ±¨¥ Î²¥´Ò ¤μ²¦´Ò ¡Ò²¨ ¡Ò ¶μÖ¢¨ÉÓ¸Ö
 ¢Éμ³ É¨Î¥¸±¨. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢ N = 1 ¶μ¤Ò´É¥£· ²Ó´μ³ ¢Ò· ¦¥´¨¨ ³μ¦´μ
¡Ò²μ ¡Ò ¸· §Ê ¢Ò¤¥²¨ÉÓ ¶·μ¨§¢μ¤´Ò¥ ∇2

2∇̄2
2 ¨ ¶·¥μ¡· §μ¢ ÉÓ ¥£μ ¢ ¨´É¥£· ²

¶μ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê.
„ ²¥¥ ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¤μ¸É ÉμÎ´μ μÎ¥¢¨¤´Ò¥ ¶·¥¤¶μ²μ¦¥´¨Ö μ ¸¢μ°-

¸É¢ Ì ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤μ²¦´μ ¡ÒÉÓ Ö¢´μ
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ, ¨, ¸²¥¤μ¢ É¥²Ó´μ, ± ¦¤Ò° Î²¥´ ¥£μ · §²μ¦¥´¨Ö
¤μ²¦¥´ § ¶¨¸Ò¢ ÉÓ¸Ö ± ± ¨´É¥£· ² ¶μ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê μÉ ËÊ´±Í¨¨,
§ ¢¨¸ÖÐ¥° μÉ N = 2 ¸Ê¶¥·¶μ²¥¢ÒÌ ´ ¶·Ö¦¥´´μ¸É¥°, £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¸Ê-
¶¥·¶μ²¥° ¨ ¨Ì ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ. �μÔÉμ³Ê, ¨¸¶μ²Ó§ÊÖ ¨´É¥£·¨·μ¢ ´¨¥
¶μ Î ¸ÉÖ³ ¢ ¨´É¥£· ² Ì ¶μ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¶·¥-
μ¡· §ÊÖ Î²¥´Ò · §²μ¦¥´¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³, ³Ò ¶¥·¥´¥¸¥³ ¢¸¥ ¶·μ¨§¢μ¤´Ò¥,
¤¥°¸É¢ÊÕÐ¨¥ ´  £¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ¸Ê¶¥·¶μ²Ö, ¸ ÔÉ¨Ì ¸Ê¶¥·¶μ²¥° ´  N = 2
¸Ê¶¥·¶μ²¥¢Ò¥ ´ ¶·Ö¦¥´´μ¸É¨,   § É¥³ ¢Ò¶μ²´¨³ ·¥¤Ê±Í¨Õ ± N = 1 ¸Ê¶¥·¶μ-
²Ö³. ‚ ·¥§Ê²ÓÉ É¥ μ¡´ ·Ê¦¨³, ÎÉμ ¢¸¥ Î²¥´Ò ¢ · §²μ¦¥´¨¨ ¶μ ¶·μ¨§¢μ¤´Ò³
³μ¦´μ § ¶¨¸ ÉÓ ¢ Ëμ·³¥, ¸Ìμ¤´μ° ¸ Î²¥´μ³ ·Ö¤  Γ(n), ±μÉμ·Ò° μ¶·¥¤¥²¥´
¢ (1.36), É. ¥. ¡¥§ ¢±²ÕÎ¥´¨Ö ¶·μ¨§¢μ¤´ÒÌ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¸Ê¶¥·¶μ²¥°.
�Éμ μ§´ Î ¥É, ÎÉμ ³μ¦´μ ´ Î¨´ ÉÓ ¸ ¢±² ¤μ¢ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, § -
¶¨¸ ´´ÒÌ ¢ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´μ³ ¢¨¤¥,   § É¥³ ¶·¥μ¡· §μ¢Ò¢ ÉÓ ¶μ-
²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ± ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ³Ê ¢¨¤Ê.
’ ±¦¥ ¸²¥¤Ê¥É ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥ Éμ, ÎÉμ ¢ ¶·¥¤¥²¥ ´Ê²¥¢ÒÌ £¨¶¥·³Ê²ÓÉ¨-
¶²¥É´ÒÌ ¶μ²¥° Î²¥´Ò · §²μ¦¥´¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³ § ¶¨¸Ò¢ ÕÉ¸Ö Î¥·¥§ N = 2
¸Ê¶¥·±μ´Ëμ·³´Ò¥ ¸± ²Ö·Ò [144]

Ψ̄2 =
1

W̄2
∇4 lnW , Ψ2 =

1
W2

∇̄4 ln W̄, (1.38)

¶μÔÉμ³Ê ¸²¥¤Ê¥É ¨¸± ÉÓ É ±ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢, ±μÉμ· Ö
¸μ¢³¥¸É¨³  ¸ ÔÉ¨³¨ ¸¢μ°¸É¢ ³¨.

„ ²¥¥ ¶μ± ¦¥³, ± ± ¨¸¶μ²Ó§μ¢ ÉÓ μ¶¨¸ ´´ÊÕ ¶·μÍ¥¤Ê·Ê ¤²Ö § ¶¨¸¨ ËÊ´±-
Í¨μ´ ²μ¢ Γ(0), Γ(2), Γ(3), . . . (1.36) ¢ É¥·³¨´ Ì N = 2 ¸Ê¶¥·¶μ²¥°. � ¸¸³μÉ·¨³

ËÊ´±Í¨μ´ ² Γ(0) =
1

(4π)2
∫

d8z
W 2W̄ 2

M2
(±μÉμ·Ò° ¶·μ¶μ·Í¨μ´ ²¥´ F 4) ¨ § -

¶¨Ï¥³ ¥£μ ¢ ¢¨¤¥ (1.37), ¨¸¶μ²Ó§ÊÖ · §²μ¦¥´¨¥
1

(1 − X)2
=

∞∑
k=0

(k + 1)Xk,

Γ(0) =
1

(4π)2

∫
d8z

(
W 2W̄ 2

Φ2Φ̄2
+

∞∑
k=1

(k + 1)
W 2W̄ 2

Φ2+kΦ̄2+k
[−(Q̄Q + ¯̃QQ̃)k]

)
.

(1.39)
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…¸É¥¸É¢¥´´μ μÉμ¦¤¥¸É¢¨ÉÓ ±¢ ¤· É¨Î´ÊÕ ±μ³¡¨´ Í¨Õ N = 1 ¸Ê¶¥·¶μ²¥°

(Q̄Q+ ¯̃QQ̃) ¸ N = 1 ¶·μ¥±Í¨¥° ±¢ ¤· É¨Î´μ° ±μ³¡¨´ Í¨¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É 
qiaqia. ’ ±μ¥ μÉμ¦¤¥¸É¢²¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¶·μ¢¥·¥´μ ¶·Ö³Ò³ ¸· ¢´¥´¨¥³
¸μ¸É ¢  ±μ³¶μ´¥´É. ‡ É¥³ ³Ò ¶·¨³¥´¨³ ¸μμÉ´μÏ¥´¨Ö

∇2
2 lnW| = −WαWα

Φ2
+ . . . ,

(1.40)

∇2
2

1
Wm

| =
m(m + 1)

Φm

WαWα

Φ2
+ . . . ,

£¤¥ ÉμÎ± ³¨ μ¡μ§´ Î¥´Ò Î²¥´Ò ¸ ¶·μ¨§¢μ¤´Ò³¨ Φ, ±μÉμ·Ò¥ ³μ¦´μ ´¥ ÊÎ¨-
ÉÒ¢ ÉÓ ¶·¨  ´ ²¨§¥ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨. ’μ£¤  N = 1 ¶μ¤Ò´É¥£· ²Ó´μ¥
¢Ò· ¦¥´¨¥ (1.39) ³μ¦´μ § ¶¨¸ ÉÓ Î¥·¥§ ¸Ê¶¥·¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²Ó-
É¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ± ±

∇2
2 lnW ∇̄2

2 ln W̄ +
∞∑

k=1

1
k2(k + 1)

∇2
2

1
Wk

∇̄2
2

1
W̄k

(−qiaqia) + . . . (1.41)

‡¤¥¸Ó ÉμÎ±¨ μ¡μ§´ Î ÕÉ Î²¥´Ò, ¸μ¤¥·¦ Ð¨¥ ¶·μ¨§¢μ¤´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É-
´ÒÌ ¸Ê¶¥·¶μ²¥° ¢¨¤ 

∇α
2

1
Wk

∇2α(−qiaqia)∇̄2
2

1
W̄k

,
1

Wk
∇2

2(−qiaqia)∇̄2
2

1
W̄k

.

‘μ£² ¸´μ μ¶¨¸ ´´μ° ¢ÒÏ¥ ³¥Éμ¤¨±¥ μ´¨ ¤μ²¦´Ò ¡ÒÉÓ ¤μ¡ ¢²¥´Ò ¢ ¨´É¥£· ²
¶μ N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê (1.37) ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö ¶μ²´μ° N = 2 ³¥·Ò
¨´É¥£·¨·μ¢ ´¨Ö ∇2

2∇̄2
2. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

Γ(0) =
1

(4π)2

∫
d12z

[
lnW ln W̄ +

∞∑
k=1

1
k2(k + 1)

Xk

]
, (1.42)

£¤¥ ¸Ê¶¥·¶μ²¥ X =
(
−qiaqia

WW̄

)
μ¶·¥¤¥²¥´μ ¢ (1.2). ‚Éμ·μ° Î²¥´ ¢ (1.42)

³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ ± ¢¨¤Ê (1.2), ¨¸¶μ²Ó§ÊÖ · §²μ¦¥´¨¥ ¤¨²μ£ ·¨Ë³  �°²¥· 

¢ ¸É¥¶¥´´μ° ·Ö¤ ¨ ¸μμÉ´μÏ¥´¨¥
1

k2(k + 1)
=

1
k2

− 1
k

+
1

k + 1
. �μ¸²¥ ÔÉ¨Ì

¶·¥μ¡· §μ¢ ´¨° ¸É ´μ¢¨É¸Ö Ö¸´μ, ÎÉμ ¢Ò· ¦¥´¨¥ (1.42) ¥¸ÉÓ ´¥ ÎÉμ ¨´μ¥, ± ±
ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ (1.2), ¶μ²ÊÎ¥´´Ò° ¢ · ¡μÉ¥ [146].

N = 2 ¶·¥¤¸É ¢²¥´¨¥ ¸²¥¤ÊÕÐ¥£μ Î²¥´  (∼ F 8) ¢ ·Ö¤¥ (1.36) ¶μ²ÊÎ ¥É¸Ö
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ (1.40) ¨ · §²μ¦¥´¨Ö (1/M)6 ¶μ X . �¥¶μ¸·¥¤¸É¢¥´´Ò°
 ´ ²¨§,  ´ ²μ£¨Î´Ò° ¨¸¶μ²Ó§μ¢ ´´μ³Ê ¶·¨ ¶·¥μ¡· §μ¢ ´¨¨ ¶¥·¢μ£μ Î²¥´ ,



‘“�…���‹…‚�‰ ��„•�„ Š ��‘’��…�ˆ
 �””…Š’ˆ‚��ƒ� „…‰‘’‚ˆŸ 585

¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö Γ(2) ¢ (1.36):

Γ(2) =
1

2(4π)2

∫
d12z Ψ2Ψ̄2

[
1
36

+
1
5!

∞∑
k=1

(k + 5)(k + 4)(k + 1)
(k + 3)(k + 2)

Xk

]
.

(1.43)
�¥§ ¢¨¸ÖÐ Ö μÉ X Î ¸ÉÓ ÔÉμ£μ Î²¥´  ¶μ²ÊÎ¥´  ¢ [144]. �Ö¤ ¢ (1.43) ¸Ê³³¨·Ê-
¥É¸Ö ± ÉμÎ´μ³Ê ¢Ò· ¦¥´¨Õ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

∞∑
k=1

(k + 5)(k + 4)(k + 1)
(k + 3)(k + 2)

Xk =

=
1

(1 − X)2
+

4
(1 − X)

+
6X − 4

X3
ln (1 − X) + 4

X − 1
X2

− 10
3

. (1.44)

�·¨³¥´ÖÖ É ±ÊÕ ¦¥ ³¥Éμ¤¨±Ê ± É·¥ÉÓ¥³Ê Î²¥´Ê (∼ F 10) ¢ (1.36), ³μ¦´μ ´ °É¨

Γ(3) = − 5
6 (4π)2

∫
d12z (Ψ4Ψ̄2 + Ψ2Ψ̄4)×

×
[
− 1

5!
+

1
7!

∞∑
k=1

(k + 7)(k + 6)(k + 1)Xk

]
, (1.45)

£¤¥ ¸Ê³³  ¢ ¶· ¢μ° Î ¸É¨ ¸Ê³³¨·Ê¥É¸Ö ± ¢Ò· ¦¥´¨Õ

∞∑
k=1

(k + 7)(k + 6)(k + 1)Xk =
2X

(1 − X)4
(56− 116X + 84X2 − 21X3). (1.46)

’ ±¨³ μ¡· §μ³, ³Ò ¶μ²ÊÎ¨²¨ § ¢¨¸ÖÐ¨¥ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¤μ¶μ²´¨É¥²Ó-
´Ò¥ ¤μ¡ ¢±¨ ± Γ(0), Γ(2) ¨ Γ(3) ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ¶μ²ÊÎ¥´´μ£μ ¢
· ¡μÉ¥ [144] ¢ ¸¥±Éμ·¥ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . �μ´ÖÉ´μ, ÎÉμ ± ¦-
¤Ò° Î²¥´ ¢ · §²μ¦¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (1.36) ³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ
± N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ³Ê ¢¨¤Ê. � ¶·¨³¥·, § ¢¨¸ÖÐ Ö μÉ X Î ¸ÉÓ Î¥É¢¥·-
Éμ£μ Î²¥´  (∼ F 12) ¢ (1.36) ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ Î ¸É¥°. �¥·¢ Ö Î ¸ÉÓ ¢Ò· ¦ ¥É¸Ö
± ±

Γ(41) =
1

(4π)2
1

17250

∫
d12z(Ψ2Ψ̄6 + Ψ6Ψ̄2)×

× 12X

(1 − X)6
(450 − 1545X + 2284X2 − 1779X3 + 720X4 − 120X5), (1.47)



586 	“•	ˆ�„…� ˆ.‹., ˆ‚���‚ ….�., �‹…’�…‚ �. ƒ.

  ¢Éμ· Ö ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Γ(42) =
1

5 · 6!
1

(4π)2

∫
d12zΨ4Ψ̄4

[
12(5X − 4)

X5
ln (1 − X)−

− 1
5X4(1 − X)6

(240 − 1620X + 4610X2 − 7120X3 + 6363X4 − 4878X5 +

+ 6135X6 − 7560X7 + 5670X8 − 2268X9 + 378X10)

]
. (1.48)

’ ±¨³ μ¡· §μ³, ¶·¨Ìμ¤¨³ ± ¢Ò¢μ¤Ê, ÎÉμ ¨§²μ¦¥´´ Ö ³¥Éμ¤¨±  ¢μ¸¸É -
´μ¢²¥´¨Ö N = 2 ¸Ê¶¥·¶μ²¥¢μ° Ëμ·³Ò ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (1.34) ¤²Ö
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , § ¶¨¸ ´´μ° ¨§´ Î ²Ó´μ ¢
É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥°, ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´  ± ²Õ¡μ³Ê Î²¥´Ê · §-
²μ¦¥´¨Ö (1.36). „²Ö ÔÉμ£μ ± ¦¤Ò° É ±μ° Î²¥´ ¤μ²¦¥´ ¡ÒÉÓ ¤μ¶μ²´¥´ Î²¥-
´ ³¨, ¸μ¤¥·¦ Ð¨³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ¸Ê¶¥·¶μ²Ö. “± § ´´ Ö ³¥Éμ¤¨±  ´¥
£ · ´É¨·Ê¥É, ÎÉμ ¢μ¸¸É ´μ¢²¥´´μ¥ N = 2 ¶·¥¤¸É ¢²¥´¨¥ ¡Ê¤¥É N = 4 ¨´-
¢ ·¨ ´É´μ. �·μ¢¥·±  ÔÉμ£μ ¸¢μ°¸É¢  É·¥¡Ê¥É μÉ¤¥²Ó´μ£μ  ´ ²¨§ . „²Ö É ±μ£μ
 ´ ²¨§  ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ N = 1 ¸Ê¶¥·¶μ²¥¢μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸±·ÒÉÒÌ
N = 4 ¶·¥μ¡· §μ¢ ´¨° ¸Ê¶¥·¸¨³³¥É·¨¨ (1.5), (1.6) ¨²¨ N = 2 ¸Ê¶¥·¶μ²¥¢μ°
¢¨¤ ÔÉ¨Ì ¶·¥μ¡· §μ¢ ´¨° (1.9) ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥.

�¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¤μ²¦´μ ¡ÒÉÓ ¸ ³μ¤Ê ²Ó´Ò³ [124],   É ±¦¥ ¨´¢ ·¨ ´É-
´Ò³ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° ¸Ê¶¥·±μ´Ëμ·³´μ° £·Ê¶¶Ò (¢μ§³μ¦´μ, ¤¥-
Ëμ·³¨·μ¢ ´´ÒÌ, ¸³. [112]). �¤´ ±μ ÔÉ¨Ì É·¥¡μ¢ ´¨° ´¥¤μ¸É ÉμÎ´μ ¤²Ö μ¤-
´μ§´ Î´μ° Ë¨±¸ Í¨¨ N = 4 Ëμ·³Ò ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. „μ ¸¨Ì ¶μ·
³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¶·¨¡²¨¦¥´¨¥ ¶μ¸ÉμÖ´´μ£μ ¶μ²Ö (1.3), ±μÉμ·μ¥ ¶·¥¤¶μ² -
£ ¥É, ÎÉμ ¢¸¥ ¶·μ¨§¢μ¤´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¶μ²¥° μÉ¸ÊÉ¸É¢ÊÕÉ. �Éμ£μ
¶·¨¡²¨¦¥´¨Ö ¤μ¸É ÉμÎ´μ ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¨§ ¥£μ N = 1 Ëμ·³Ò (1.34), ¶μ²ÊÎ¥´´μ° ´  Ëμ´¥ (1.3)
¢ É¥·³¨´ Ì N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ¸± ²Ö·μ¢ [144]. �¤´ ±μ ¢ÒÎ¨¸²¥´¨¥
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö É·¥¡Ê¥É ¢ÒÎ¨¸²¥´¨° ´ 
Ëμ´¥ Dq �= 0. „·Ê£μ° ¸¶μ¸μ¡ ¶μ²ÊÎ¥´¨Ö Î²¥´μ¢ ¸ ¶·μ¨§¢μ¤´Ò³¨ Dqia, ´¥μ¡-
Ìμ¤¨³ÒÌ ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ¢¨¤  ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö, ³μ¦¥É ¡ÒÉÓ μ¸´μ¢ ´ ´   ²£¥¡· ¨Î¥¸±μ³  ´ ²¨§¥,  ´ ²μ£¨Î´μ³ ¶·μ-
¢¥¤¥´´μ³Ê ¢ · ¡μÉ¥ [146].

1.9. �´ ²¨§ ¤¥Ëμ·³ Í¨¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ ¤²Ö ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö ¢ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ‚´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ £²μ¡ ²Ó´ Ö
¨ ²μ± ²Ó´ Ö (¢ ¸Ê¶¥·£· ¢¨É Í¨¨) N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ²¨´¥°´μ ·¥ ²¨§Ê-
ÕÉ¸Ö ´  Ë¨§¨Î¥¸±¨Ì ¶μ²ÖÌ ¨ ´  ¡¥¸±μ´¥Î´μ³ ´ ¡μ·¥ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ-
²¥°. �·¨ ÔÉμ³ ¶·¥μ¡· §μ¢ ´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ ´¥ § ¢¨¸ÖÉ μÉ ±μ´±·¥É´μ£μ
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¢¨¤  ¤¥°¸É¢¨Ö É¥μ·¨¨. �μ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¶·¥μ¡· §μ¢ ´¨Ö ¸¨³-
³¥É·¨¨ ·¥ ²¨§ÊÕÉ¸Ö ´¥²¨´¥°´μ. �·¨ ¶μ²ÊÎ¥´¨¨ ¢±² ¤μ¢ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§-
¢μ¤´Ò³¨ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì É·¥¡μ¢ ´¨Õ ¸μÌ· ´¥´¨Ö
· ¸Ï¨·¥´´μ° ¸Ê¶¥·¸¨³³¥É·¨¨, ´¥μ¡Ìμ¤¨³μ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¨ ¸ ³μ¸μ£² ¸μ-
¢ ´´μ ¤¥Ëμ·³¨·μ¢ ÉÓ ±² ¸¸¨Î¥¸±¨¥ ¶·¥μ¡· §μ¢ ´¨Ö ¨ μ¤´μ¢·¥³¥´´μ ¸É·μ-
¨ÉÓ ¸Ê¶¥·¸¨³³¥É·¨Î´μ-¨´¢ ·¨ ´É´Ò¥ Î²¥´Ò ¸ ¢Ò¸Ï¨³¨ ¶μ¶· ¢± ³¨ ± ¤¥°-
¸É¢¨Õ: (

δ0 +
∑

n

δn

)(
S0 +

∑
n

Sn

)
= 0.

‡¤¥¸Ó δ0 Å ±² ¸¸¨Î¥¸±¨¥ ¶·¥μ¡· §μ¢ ´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨; S0 Å ±² ¸¸¨-
Î¥¸±μ¥ ¤¥°¸É¢¨¥,   δn, Sn Å ±¢ ´Éμ¢Ò¥ ¤¥Ëμ·³ Í¨¨ ¨ ¢Ò¸Ï¨¥ ¶μ¶· ¢±¨ ±
¤¥°¸É¢¨Õ. � °É¨ ¢ § ³±´ÊÉμ° Ëμ·³¥ ¶μ²´ÊÕ § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö μÉ ¶·μ¨§¢μ¤´ÒÌ ¥¤¢  ²¨ ¢μ§³μ¦´μ. …¤¨´¸É¢¥´´μ¥, ÎÉμ ³Ò ³μ¦¥³ ¸¤¥² ÉÓ
¢ É ±μ° ¸¨ÉÊ Í¨¨, Å ¢Ò¶¨¸ ÉÓ ¢¸¥ ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ¨´¢ ·¨ ´ÉÒ ¨ ¤¥Ëμ·-
³¨·μ¢ ´´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ¸ § ¤ ´´Ò³ Î¨¸²μ³ ¶·μ¨§¢μ¤´ÒÌ, ¶μ² £ Ö¸Ó ´ 
¨§¢¥¸É´Ò¥ Î ¸É´Ò¥ ·¥§Ê²ÓÉ ÉÒ. „²Ö ¢¥¤ÊÐ¥£μ ¶μÉ¥´Í¨ ²  ∝ F 4 ¢ ¸¥±Éμ·¥ ´ -
¶·Ö¦¥´´μ¸É¨ ¢¥±Éμ·´ÒÌ ¸Ê¶¥·¶μ²¥° (μ ¶μ¸²¥¤´¨Ì ·¥§Ê²ÓÉ É Ì ¢ ÔÉμ° μ¡² ¸É¨
¸³. [52,107,145]) ¶·μ¡²¥³  ¢ÒÎ¨¸²¥´¨Ö ¶μ²´μ£μ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ
¨´¢ ·¨ ´É  ¡Ò²  ·¥Ï¥´  ¢ · ¡μÉ¥ [147].

‘ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ¶μ¤Ìμ¤Ò, ¶μ§¢μ²ÖÕÐ¨¥ ¸É·μ¨ÉÓ ¸Ê¶¥·¸¨³³¥É·¨Î-
´Ò¥ ¶μ¶· ¢±¨ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨ ± ¸É·Ê´´μ³Ê ÔËË¥±É¨¢´μ³Ê ¤¥°-
¸É¢¨Õ. ‚ · ¡μÉ¥ [124] (¨¸Ìμ¤Ö ¨§ ¤¥°¸É¢¨Ö ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ³ ±¸¢¥²²μ¢-
¸±μ° É¥μ·¨¨ ¢ N = 3 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ [51]) ¡Ò²μ ´ °¤¥´μ N = 3 · ¸Ï¨-
·¥´¨¥  ¡¥²¥¢  D = 4 ¤¥°¸É¢¨Ö 	μ·´ Äˆ´Ë¥²Ó¤  ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ-
¸É¨. ‘Ê¶¥·¶μ²¥¢ Ö N = 3 ´ ¶·Ö¦¥´´μ¸ÉÓ ¸μ¤¥·¦¨É ¸¶¥Í¨Ë¨Î¥¸±ÊÕ ±μ³¡¨-
´ Í¨Õ É¥´§μ·´ÒÌ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥° ¨ ± ²¨¡·μ¢μÎ´μ° ´ ¶·Ö¦¥´´μ¸É¨.
Š ± ·¥§Ê²ÓÉ É ¨¸±²ÕÎ¥´¨Ö ÔÉ¨Ì ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥° ¸ ¶μ³μÐÓÕ ´¥²¨-
´¥°´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, ¢ ±μ³¶μ´¥´É´μ³ ² £· ´¦¨ ´¥ ¢μ§´¨± ¥É ´¥²¨-
´¥°´μ¸ÉÓ ¶μ μ¡ÒÎ´μ° ± ²¨¡·μ¢μÎ´μ° ´ ¶·Ö¦¥´´μ¸É¨. �ÉμÉ ³¥Ì ´¨§³ ¢μ§-
´¨±´μ¢¥´¨Ö ¡μ§μ´´μ£μ ² £· ´¦¨ ´  	μ·´ Äˆ´Ë¥²Ó¤  ¨§ ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ
¤¥°¸É¢¨Ö μÉ²¨Î ¥É¸Ö μÉ ¸²ÊÎ Ö N = 1, D = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨
	μ·´ Äˆ´Ë¥²Ó¤ , ¢ ±μÉμ·μ° ´¥§ ¢¨¸¨³μ ¸Ê¶¥·¸¨³³¥É·¨§Ê¥É¸Ö ± ¦¤Ò° Î²¥´
· §²μ¦¥´¨Ö ¡μ§μ´´μ£μ ¤¥°¸É¢¨Ö ¶μ ¸É¥¶¥´Ö³ ´ ¶·Ö¦¥´´μ¸É¨ ± ²¨¡·μ¢μÎ´μ£μ
¶μÉ¥´Í¨ ² .

‚ ¤ ´´μ³ · §¤¥²¥ ³Ò ¨§²μ¦¨³ ¢μ§³μ¦´Ò° ¸ ³μ¸μ£² ¸μ¢ ´´Ò° ¸¶μ¸μ¡
¶μ²ÊÎ¥´¨Ö § ¢¨¸ÖÐ¨Ì μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¤μ¶μ²´¥´¨° ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³
μ¡· §μ³ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ° ¸Ê¶¥·¸¨³³¥É·¨¨, ±μÉμ-
·Ò¥ ´¥μ¡Ìμ¤¨³Ò ¤²Ö μ¡¥¸¶¥Î¥´¨Ö Ö¢´μ° N = 4 ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ ¸²¥¤ÊÕÐ¨Ì
¶μ¸²¥ ¢¥¤ÊÐ¥£μ Î²¥´ Ì ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . �·¥¤² £ ¥³Ò° ¸¶μ¸μ¡ ³μ¦¥É μ± § ÉÓ¸Ö ¶μ²¥§´Ò³ ¤²Ö
·¥Ï¥´¨Ö ¶·μ¡²¥³Ò ´ Ìμ¦¤¥´¨Ö ¨´¢ ·¨ ´Éμ¢ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨, ¶μ-
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¸±μ²Ó±Ê ¶·¨ ´¥¶μ¸·¥¤¸É¢¥´´μ³ ¶μ¨¸±¥ ¶μ¸²¥¤´¨Ì ¢μ§´¨± ¥É ¡μ²ÓÏμ¥ Î¨¸²μ
 ²ÓÉ¥·´ É¨¢´ÒÌ ¢μ§³μ¦´μ¸É¥°.

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¸μ¸·¥¤μÉμÎ¨³¸Ö ´  ¶·μ¡²¥³¥ ¨´¢ ·¨ ´É´μ¸É¨ F 6-Î²¥´ 
¢ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ
¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨.

„²Ö ¶μ¸É·μ¥´¨Ö ¸²¥¤ÊÕÐ¨Ì §  ¢¥¤ÊÐ¨³ Î²¥´μ¢ · §²μ¦¥´¨Ö ÔËË¥±É¨¢-
´μ£μ ¤¥°¸É¢¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³, ¨´¢ ·¨ ´É´ÒÌ μÉ´μ¸¨É¥²Ó´μ ¸±·ÒÉÒÌ N = 2
¶·¥μ¡· §μ¢ ´¨° ¨ § ¢¨¸ÖÐ¨Ì μÉ ¢¸¥Ì ¶μ²¥° N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ³Ê²Ó-
É¨¶²¥É  ¶μ²¥° Ÿ´£ ÄŒ¨²²¸ , ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·μÍ¥¤Ê·Ê �¥É¥· ¤²Ö ±² ¸-
¸¨Î¥¸±¨Ì ¶·¥μ¡· §μ¢ ´¨° ¸Ê¶¥·¸¨³³¥É·¨¨, μ¶·¥¤¥²¥´´ÒÌ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶μ-
¢¥·Ì´μ¸É´ÒÌ Î²¥´μ¢ ¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¸¢μ¡μ¤´μ° É¥μ·¨¨

δ0W =
1
2
ε̄α̇ aD̄−

α̇ q+
a , δ0W̄ =

1
2
εα aD−

α q+
a ,

(1.49)

δ0q
±
a =

1
4
(εα

a D±
αW + ε̄α̇

a D̄±
α̇ W̄).

� ¸¸³μÉ·¨³ ¶μ¸É·μ¥´¨¥ ¢μ§³μ¦´ÒÌ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¤μ¶μ²´¥´¨° ¤²Ö
¤¢ÊÌ¶¥É²¥¢μ£μ Î²¥´  É¨¶  ∝ F 6, ¶μ²ÊÎ¥´´μ£μ ¢ [145] ¢ · ³± Ì É¥Ì´¨±¨ ¸Ê-
¶¥·£· Ëμ¢ ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥:

Γ(6|0) = c2

∫
d12z

[
1

W̄2
lnWD4 lnW +

1
W2

ln W̄D̄4 ln W̄
]

=

= c2

∫
d12zL(6|0) + c. c., (1.50)

£¤¥ c2 = N2g2
YM

1
48 · (4π)4

¨ D4 = (D+)2(D−)2, D̄4 = (D̄+)2(D̄−)2. ‚Ò· ¦¥-

´¨¥ (1.50) ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ · §²¨Î´ÒÌ Î ¸É¥°, ¸μ¤¥·¦ Ð¨Ì Î¥É¢¥·ÉÒ¥ ¸É¥¶¥´¨
· §´ÒÌ ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ, D4 ¨ D̄4. �É¨ Î ¸É¨ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ
¶μ μÉ¤¥²Ó´μ¸É¨, ¶μ¸±μ²Ó±Ê ¶·¥μ¡· §μ¢ ´¨Ö (1.49) ¨Ì ´¥ ¶¥·¥³¥Ï¨¢ ÕÉ. ‚ ·¨-
 Í¨Ö ¶¥·¢μ° Î ¸É¨ ¢ (1.50), ¨´¤ÊÍ¨·μ¢ ´´ Ö ¶·¥μ¡· §μ¢ ´¨Ö³¨ (1.49), ³μ¦¥É
¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥

δ0L(6|0) = − 2q+a

W̄3W (ε̄α̇
a D̄−

α̇ W̄ + εα
aD−

αW)D4 lnW +

+
q+aεα

aD−
αW

WW̄3
D4 lnW . (1.51)

‚μ§´¨± ÕÐ Ö ¶·μ¡²¥³  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ±² ¸¸¨Î¥¸±¨¥ ¢ ·¨ Í¨¨ (1.51)
¸μ¤¥·¦ É Î²¥´Ò, ´¥¸¨³³¥É·¨Î´Ò¥ μÉ´μ¸¨É¥²Ó´μ § ³¥´Ò ε ↔ ε̄.

„ ²¥¥ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ±² ¸¸¨Î¥¸±¨¥ ¶·¥μ¡· §μ¢ ´¨Ö δ0, μ¶·¥¤¥²¥´-
´Ò¥ ¢ (1.49) ¢³¥¸É¥ ¸ ¨Ì ¤¥Ëμ·³ Í¨Ö³¨ δ(n|k). �μ²´Ò¥ ¤¥Ëμ·³¨·μ¢ ´´Ò¥
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¶·¥μ¡· §μ¢ ´¨Ö ¨ÐÊÉ¸Ö ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ¸É¥¶¥´Ö³ D, D̄ ¨ ¸É¥¶¥´Ö³

¸Ê¶¥·¶μ²Ö X =
−2q+aq−a
WW̄ , É. ¥. δ = δ0 + δ1(D4) + δ2(D8) + . . . ˆ´¤¥±¸ k

μ§´ Î ¥É ¸É¥¶¥´Ó X , É. ¥. δ1 =
∑

δ(1|k). ‚¢¥¤¥³ ¶¥·¢μ¥ ¤μ¶μ²´¥´¨¥ ± (1.50)
± ±

L(6|1) = d1

[
X

1
W̄2

D4 lnW + X
1

W2
D̄4 ln W̄

]
. (1.52)

…£μ ¢ ·¨ Í¨Ö δ
(q)
0 L(6|1) ¶μ μÉ´μÏ¥´¨Õ ± q± ¸μ±· Ð ¥É ¶¥·¢Ò° Î²¥´ ¢ (1.51)

¶·¨ d1 = −2, μ¤´ ±μ ¢Éμ·μ° Î²¥´ ¢ (1.51) ¶·¨ ÔÉμ³ ´¥ ¸μ±· Ð ¥É¸Ö. �μ-
¸±μ²Ó±Ê ¸É·Ê±ÉÊ·  ËÊ´±Í¨μ´ ²μ¢ (1.50) ´¥¸¨³³¥É·¨Î´  μÉ´μ¸¨É¥²Ó´μ § ³¥´Ò
W ↔ W̄ , ¢ Éμ ¢·¥³Ö ± ± δ(q)-¢ ·¨ Í¨Ö ¸¨³³¥É·¨Î´ , ´  ± ¦¤μ³ Ï £¥ ¢ ·¨-
 Í¨μ´´μ° ¶·μÍ¥¤Ê·Ò ¡Ê¤¥É ¢μ§´¨± ÉÓ μ¸É Éμ± ¢ ¢¨¤¥ · §´¨ÍÒ ¢ ·¨ Í¨° ¢¨¤ 
(1.50) ¨ (1.51). „²Ö ¸μ±· Ð¥´¨Ö ÔÉμ£μ μ¸É É±  ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¤´μ¶¥-
É²¥¢μ° Î²¥´ Γ(4) ∝ F 4 ¸ ¨§¢¥¸É´Ò³ ¤μ¶μ²´¥´¨¥³ ± ´¥³Ê [146]:

Γ(4) = c1

∫
d12z

(
lnW ln W̄ +

1
2
X +

1
4 · 3X2 + . . .

)
, (1.53)

£¤¥ c1 = N
1

(4π)2
. ˆ§¢¥¸É´μ, ÎÉμ ÔÉμÉ Î²¥´ ´¥ ¶¥·¥´μ·³¨·Ê¥É¸Ö ´¨ ¢Ò¸-

Ï¨³¨ ¶¥É²Ö³¨, ´¨ ¨´¸É ´Éμ´´Ò³¨ ¶μ¶· ¢± ³¨. �·¥¤¶μ²μ¦¨³, ÎÉμ ±² ¸¸¨-
Î¥¸±¨¥ ¶·¥μ¡· §μ¢ ´¨Ö ¸±·ÒÉμ° ¸Ê¶¥·¸¨³³¥É·¨¨ ¤¥Ëμ·³¨·ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

δ(1|0)W =
Ā

2
ε̄α̇aD̄−

α̇ q+
a

1
W2

D̄4 ln W̄,

(1.54)

δ(1|0)W̄ =
A

2
εαaD−

α q+
a

1
W̄2

D4 ln W ,

δ(1|0)q
±
a =

1
4

(
Bεα

aD±
αW 1

W̄2
D4 lnW + B̄ε̄α̇

a D̄±
α̇ W̄ 1

W2
D̄4 ln W̄

)
. (1.55)

…¸²¨ ±μÔËË¨Í¨¥´ÉÒ, ¢¢¥¤¥´´Ò¥ ¢ (1.54), (1.55), Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ¢¨Ö³

c2 + c1
(Ā − B̄)

2
= 0, c2 + c1

(A − B)
2

= 0, (1.56)

Éμ ¤¥Ëμ·³¨·μ¢ ´´ Ö ¢ ·¨ Í¨Ö ¶¥·¢ÒÌ ¤¢ÊÌ Î²¥´μ¢ ¢ Γ(4) ¸μ±· É¨É ¶μ¸²¥¤-

´¨° Î²¥´ ¢ (1.51). ‚ ·¨ Í¨Ö W ¢ ¶¥·¢μ³ ¤μ¶μ²´¥´¨¨ δ
(W)
0 L(6|1) (1.52) ¶·¨
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±² ¸¸¨Î¥¸±¨Ì ¶·¥μ¡· §μ¢ ´¨ÖÌ (1.49) ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

δ
(W)
0 L(6|1) = 4 · 5

3
q+q−

W2W̄4
q+a(ε̄α̇

a D̄−
α̇ W̄ + εα

aD−
αW)D4 lnW +

+
4
3
−2q+q−

W2W̄4
q+aεα

aD−
αWD4 lnW +

+
4
3

ε̄α̇
a D̄+

α̇ q−a

W2W̄3
(q+D+q−)

1
16

D+
α D−2 lnW . (1.57)

’¥¶¥·Ó ¢¢¥¤¥³ ¢Éμ·μ¥ ¤μ¶μ²´¥´¨¥

L(6|2) = d2

(
X2 1

W̄2
D4 ln W + X2 1

W2
D̄4 ln W̄

)
. (1.58)

…£μ ¢ ·¨ Í¨Ö ¶μ q± ¢ ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ ¶¥·¢Ò³ Î²¥´μ³ ¨§ (1.57), ¨ ¶·¨
¢Ò¡μ·¥ d2 = −5/3 μ´  ¸μ±· É¨É ¢ ·¨ Í¨Õ, ¨´¤ÊÍ¨·μ¢ ´´ÊÕ ε̄. �¤´μ¢·¥³¥´´μ
μ¸É ´¥É¸Ö Î ¸ÉÓ ¢ ·¨ Í¨¨ (1.57). „²Ö ¸μ±· Ð¥´¨Ö ÔÉμ£μ μ¸É É±  · ¸¸³μÉ·¨³
¢ ·¨ Í¨Õ ¤¥°¸É¢¨Ö (1.53) μÉ´μ¸¨É¥²Ó´μ ¸²¥¤ÊÕÐ¨Ì ¤¥Ëμ·³¨·μ¢ ´´ÒÌ ¶·¥-
μ¡· §μ¢ ´¨°:

δ(1|1)W̄ =
A1

2
XεαaD−

α q+
a

1
W̄2

D4 ln W ,

(1.59)

δ(1|1)W =
Ā1

2
Xε̄α̇aD̄−

α̇ q+
a

1
W2

D̄4 ln W̄ ,

δ(1|1)q
−
a =

B1

4
Xεα

aD−
αW 1

W̄2
D4 ln W +

B̄1

4
Xε̄α̇

aD̄−
α̇ W̄ 1

W2
D̄4 ln W̄ . (1.60)

�·¨³¥´¨³ ÔÉ¨ ¤¥Ëμ·³¨·μ¢ ´´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢ ·¨ Í¨¨

¢Ò· ¦¥´¨Ö (1.53): ¶¥·¢Ò° Î²¥´ ¶·μ¢ ·Ó¨·Ê¥³ §  ¸Î¥É δ
(W̄)
(1|1), ¢Éμ·μ° Î²¥´ Å § 

¸Î¥É δ
(W̄)
(1|0) ¨ δ

(q)
(1|1),   É·¥É¨° Î²¥´ Å §  ¸Î¥É δ

(q)
(1|0). �μ²ÊÎ¥´´ Ö É ±¨³ μ¡· §μ³

Î ¸ÉÓ ¢ ·¨ Í¨¨ ¨³¥¥É ¢¨¤

δL(4) = c1

(
−2

3
A1 + B1 +

B − A

3

)
(q+q−)q+aεα

aD−
αWD4 lnW

W2W̄4
. (1.61)

’·¥¡μ¢ ´¨¥ ¢§ ¨³´μ£μ ¸μ±· Ð¥´¨Ö ¢Éμ·μ£μ Î²¥´  ¢ ΔL(6|1) (1.57) ¨ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥£μ Î²¥´  ¢ δL(4) (1.61) ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨Ö³:

4
2
3
c2 = c1

(
B − A

3
+ B1 −

2
3
A1

)
, ¨²¨ c1

(
B1 −

2
3
A1

)
= 2c2. (1.62)

�É¨ ¸μμÉ´μÏ¥´¨Ö μ¶·¥¤¥²ÖÕÉ ±μÔËË¨Í¨¥´ÉÒ · §²μ¦¥´¨Ö ¤¥Ëμ·³¨·μ¢ ´´ÒÌ
¶·¥μ¡· §μ¢ ´¨° ¸Ê¶¥·¸¨³³¥É·¨¨ ¶μ ¸É¥¶¥´Ö³ X . ‚ ¢Ò¡μ·¥ Î¨¸¥² A ¨ B



‘“�…���‹…‚�‰ ��„•�„ Š ��‘’��…�ˆ
 �””…Š’ˆ‚��ƒ� „…‰‘’‚ˆŸ 591

¸ÊÐ¥¸É¢Ê¥É ¶·μ¨§¢μ², ¤²Ö Ë¨±¸ Í¨¨ ±μÉμ·μ£μ ´¥μ¡Ìμ¤¨³Ò ¤μ¶μ²´¨É¥²Ó´Ò¥
Ê¸²μ¢¨Ö. —Éμ¡Ò ¸μ±· É¨ÉÓ ¢Éμ·ÊÕ Î ¸ÉÓ ¢ (1.57), ¢¢¥¤¥³ ¤μ¶μ²´¥´¨¥ ´μ-
¢μ£μ É¨¶ 

L′
(6|1) = −1

3
X

q+D+αq−

WW̄
1

W̄2
D+

α D−2 ln W

¨ · ¸¸³μÉ·¨³ ¥£μ ¢ ·¨ Í¨Õ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° (1.49). �¤´ 
Î ¸ÉÓ ¶·¥μ¡· §μ¢ ´´μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö ÔÉμ° ¢ ·¨ Í¨¨ ∼ D4 ln W ÉμÎ´μ
¸μ±· Ð ¥É ¢Éμ·ÊÕ ¸É·μÎ±Ê ¢ (1.57). �¤´ ±μ ¶μ²´μ¥ ¸μ±· Ð¥´¨¥ É·¥¡Ê¥É
¢±²ÕÎ¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ¸É·Ê±ÉÊ· ¢ ¤¥°¸É¢¨¥ ¨ ¶·¥μ¡· §μ¢ ´¨Ö ¸±·ÒÉμ°
¸Ê¶¥·¸¨³³¥É·¨¨. „ ²¥¥ ³Ò ¶μ± ¦¥³, ± ±¨¥ ¤μ¶μ²´¨É¥²Ó´Ò¥ Î²¥´Ò ¸²¥¤Ê¥É
¶·¨¶¨¸ ÉÓ ± ¤¥°¸É¢¨Õ ¨ ¶·¥μ¡· §μ¢ ´¨Ö³ ¸±·ÒÉμ° ¸Ê¶¥·¸¨³³¥É·¨¨,
ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ¨´¢ ·¨ ´É´μ¸ÉÓ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ Î²¥´μ¢ ¶μ·Ö¤±  F 8

¢±²ÕÎ¨É¥²Ó´μ.

�·¨¢¥¤¥´´Ò° ¢ÒÏ¥ ¶·¨³¥· ¶μ± §Ò¢ ¥É, ÎÉμ, ¢ ¶·¨´Í¨¶¥, ¤μ¶μ²´¥´¨¥
¤²Ö L(6|0) ∝ D4 (1.50) μ¶·¥¤¥²Ö¥É¸Ö ±² ¸¸¨Î¥¸±¨³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨ (1.49),
¨´¤ÊÍ¨·μ¢ ´´Ò³¨ ¶ · ³¥É·μ³ ε̄,   ´¥¸μμÉ¢¥É¸É¢¨¥, ¸¢Ö§ ´´μ¥ ¸ ¶ · ³¥É·μ³ ε,
¨¸±²ÕÎ ¥É¸Ö ¶μ¤Ìμ¤ÖÐ¥° ³μ¤¨Ë¨± Í¨¥° ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ° ¸Ê¶¥·¸¨³-
³¥É·¨¨ δ(1|n) ∝ Xn ¢ ± ¦¤μ³ ¶μ·Ö¤±¥. ’ ±¨³ μ¡· §μ³, ¶·μ¡²¥³  · §¤¥²Ö¥É¸Ö
´  ¤¢¥ μÉ¤¥²Ó´Ò¥ § ¤ Î¨. �Éμ ¨ Ö¢²Ö¥É¸Ö μ¸´μ¢´μ° ¨¤¥¥° ¶·¥¤² £ ¥³μ£μ ³¥-
Éμ¤  ¶μ¸É·μ¥´¨Ö ¢Ò· ¦¥´¨°, ¸μ¤¥·¦ Ð¨Ì ¶·μ¨§¢μ¤´Ò¥ ´ ¶·Ö¦¥´´μ¸É¥° ¢¥±-
Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ ¨´¢ ·¨ ´É´ÒÌ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ°
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨.

’¥¶¥·Ó, ¨¸¶μ²Ó§ÊÖ μ¶¨¸ ´´Ò° ¢ÒÏ¥ ¸¶μ¸μ¡, ¶μ¶ÒÉ ¥³¸Ö ´ °É¨ ¢¥¤ÊÐ¨°
Î²¥´ É¨¶  F 6 ¢ ¶μ²´μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨. „²Ö ÔÉμ£μ ¸²¥¤Ê¥É ¢Ò¡· ÉÓ
μ¡Ð¨° Î²¥´ ¸Ê³³Ò ¤μ¶μ²´¥´¨° ± (1.50) ¢ ¢¨¤¥

Γ(6|n) = dn

∫
d12z

(
−2q+q−

WW̄

)n 1
W̄2

D4 lnW + c. c. (1.63)

Š² ¸¸¨Î¥¸± Ö ¢ ·¨ Í¨Ö δ0L(6|n), ¨´¤ÊÍ¨·μ¢ ´´ Ö ¶ · ³¥É·μ³ ε̄, ¤²Ö Î²¥´μ¢
∝ D4 ln W ¨³¥¥É ¢¨¤

[
−dnn

(−2q+q−)n−1

WnW̄n+2
+ dn

n(n + 4)
n + 2

(−2q+q−)n

Wn+1W̄n+3

]
×

× (q+aε̄α̇
a D̄−

α̇ W̄)D4 lnW . (1.64)

’·¥¡μ¢ ´¨¥ ¸μ±· Ð¥´¨Ö ¢ ·¨ Í¨° δ0L(6|n) ¨ δ0L(6|n+1) ¢Ò¶μ²´Ö¥É¸Ö ¶·¨
Ê¸²μ¢¨¨

dn = d
(n + 2)(n + 3)

n
. (1.65)
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‘Ê³³¨·ÊÖ ¢¸¥ ¤μ¶μ²´¥´¨Ö Lq
(6) =

∞∑
n=0

L(6|n)(X), ¶μ²ÊÎ¨³

Γq
(6) = −c2

6

∫
d12z

[
X

(1 − X)2
+

5X

1 − X
− 6 ln (1 − X)

]
1

W̄2
D4 ln W . (1.66)

„ ´´Ò° ·¥§Ê²ÓÉ É ´¥ Ö¢²Ö¥É¸Ö ¶μ²´Ò³ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ ± ´¥³Ê ´ ¤μ
¤μ¡ ¢¨ÉÓ ¢±² ¤Ò, ¸μ¤¥·¦ Ð¨¥ ¶·μ¨§¢μ¤´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ ¶μ²¥°. �μ
³μ¦´μ ´ °É¨ μ¡Ð¨° Î²¥´ ¸ ¶·μ¨§¢μ¤´Ò³¨ q+D+q−. ‚¢¥¤¥³ ¤μ¶μ²´¥´¨¥ ´μ-
¢μ£μ É¨¶ 

L′
(6|n) = pn

(−2q+q−)n

Wn+1W̄n+3
q+D+

α q−D+αD−3 lnW . (1.67)

’·¥¡μ¢ ´¨¥ ¸μ±· Ð¥´¨Ö ¥£μ ¢ ·¨ Í¨¨ δq
0(ε̄) ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ Î²¥´μ³ ¢ ¢ -

·¨ Í¨¨ (1.63) ¢¥¤¥É ± ´¥μ¤´μ·μ¤´μ³Ê ·¥±Ê··¥´É´μ³Ê ¸μμÉ´μÏ¥´¨Õ ¤²Ö pn,
±μÉμ·μ¥ ¨³¥¥É ·¥Ï¥´¨¥

pn = −1
6

(n + 2)(n + 3)
n + 1

− 1
12

(n + 2)2(n + 3)
n + 7

H
(2)
n+1, (1.68)

£¤¥ H
(2)
n =

n∑
k=1

1
k6

Å £ ·³μ´¨Î¥¸±¨¥ Î¨¸²  [n, 2]. „²Ö ±μÔËË¨Í¨¥´Éμ¢ ·Ö¤ 

¸ μ¡Ð¨³ Î²¥´μ³ ¤·Ê£μ£μ É¨¶ , L′′
(6|n) = hnXn(q+D+q−)2D−2 ln W , ¢μ§-

´¨±´¥É ·¥±Ê··¥´É´μ¥ ¸μμÉ´μÏ¥´¨¥ ¤·Ê£μ£μ É¨¶  ³¥¦¤Ê ±μÔËË¨Í¨¥´É -
³¨ pn, dn, hn.

�¸´μ¢´μ° ¢Ò¢μ¤ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¤²Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨§ Í¨¨
¸²¥¤ÊÕÐ¨Ì §  ¢¥¤ÊÐ¨³¨ Î²¥´μ¢ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ´¥μ¡Ìμ¤¨³μ · ¸¸³ -
É·¨¢ ÉÓ ¶·¥μ¡· §μ¢ ´¨Ö, ±μÉμ·Ò¥ ¶¥·¥³¥Ï¨¢ ÕÉ Î²¥´Ò · §´ÒÌ ¸É¥¶¥´¥° ¢
· §²μ¦¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³. „²Ö Éμ£μ ÎÉμ¡Ò Ê¤μ-
¸Éμ¢¥·¨ÉÓ¸Ö ¢ ¸μ¤¥·¦ É¥²Ó´μ¸É¨ ¶·¥μ¡· §μ¢ ´¨° (1.54), (1.55), · ¸¸³μÉ·¨³
¢ ·¨ Í¨Õ ±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö. ‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÒÌ
¸Ê¶¥·¶μ²¥° ¶·μ¶μ·Í¨μ´ ²Ó´  Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö D++q+ = 0,   ¢ ·¨ Í¨Ö
´ ¶·Ö¦¥´´μ¸É¨ ¢¥±Éμ·´ÒÌ ¸Ê¶¥·¶μ²¥° ¶μ ¶· ¢¨²Ê (1.54) ¶μ·μ¦¤ ¥É ¸²¥¤ÊÕ-
ÐÊÕ ¢ ·¨ Í¨Õ ¤¥°¸É¢¨Ö:

δ(1|0)Γ0 =
1
8

∫
d12z

(
Āε̄α̇aD̄−

α̇ q+
a

1
W ln W̄ + AεαaD−

α q+
a

1
W̄ lnW

)
. (1.69)

�É  ¢ ·¨ Í¨Ö ¨³¥¥É É ±ÊÕ ¦¥ ¸É·Ê±ÉÊ·Ê, ÎÉμ ¨ ¢ ·¨ Í¨Ö ¢Ò· ¦¥´¨Ö∫
d12z lnW ln W̄ μÉ´μ¸¨É¥²Ó´μ (1.49), ¶μÔÉμ³Ê ¤ ´´μ¥ ¢Ò· ¦¥´¨¥ ¸²¥¤Ê¥É ¤μ-

¡ ¢¨ÉÓ ± ±² ¸¸¨Î¥¸±μ³Ê ¤¥°¸É¢¨Õ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¨´¢ ·¨ ´É´μ¸É¨ μÉ´μ¸¨-
É¥²Ó´μ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ ¶·¥μ¡· §μ¢ ´¨° (1.54).
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� ¸¸³μÉ·¨³ ¶¥·¢ÊÕ ¤¥Ëμ·³¨·μ¢ ´´ÊÕ ¢ ·¨ Í¨Õ Î²¥´  É¨¶  F 6 (1.50).
�μ²ÊÎ¨³

δ(1|0)L(6|0) = c2

[
Ā

W3W̄2
ε̄α̇aD̄−

α̇ q+
a D4 lnWD̄4 ln W̄ −

− A

W̄5
εαaD−

α q+
a ln W(D4 ln W)2

]
. (1.70)

�¥·¢Ò° Î²¥´ ¢ ¸±μ¡± Ì ¶μÌμ¦ ´  ±² ¸¸¨Î¥¸±ÊÕ ¢ ·¨ Í¨Õ μ¤´μ¶¥É²¥¢μ£μ

Î²¥´  É¨¶  F 8: L(8|0) = Ψ2Ψ̄2 =
1

W2
D̄2 ln W̄ 1

W̄2
D4 ln W , μ¤´ ±μ μ´

¶μÖ¢²Ö¥É¸Ö ¸ ¤·Ê£¨³ ±μÔËË¨Í¨¥´Éμ³ c2. �Éμ μ§´ Î ¥É, ÎÉμ μ¤´μ¶¥É²¥¢μ°

±μÔËË¨Í¨¥´É
1

2(24π)2
Ê Î²¥´  É¨¶  F 8 [145] ¤μ²¦¥´ ¶¥·¥´μ·³¨·μ¢ ÉÓ¸Ö

¤¢ÊÌ¶¥É²¥¢Ò³¨ ¶μ¶· ¢± ³¨. ‚Éμ·μ° Î²¥´ ¢ (1.70) Å ´μ¢μ£μ É¨¶ . „²Ö ¥£μ
¸μ±· Ð¥´¨Ö É·¥¡Ê¥É¸Ö Î²¥´ ¸ ´μ¢μ° ¸É·Ê±ÉÊ·μ°

Γ′
(8|0) = c8

∫
d12z lnW

(
1

W̄2
D4 lnW

)2

, (1.71)

¸ É¨¶¨Î´Ò³ ∝ 1/(4π)4 ¤¢ÊÌ¶¥É²¥¢Ò³ ±μÔËË¨Í¨¥´Éμ³ c8 = −c2(A/2). �μ-
ÔÉμ³Ê ³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¶·¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨ÖÌ ÔËË¥±É¨¢-
´μ£μ ¤¥°¸É¢¨Ö ¤μ²¦¥´ ¢μ§´¨± ÉÓ Î²¥´ É¨¶  F 8. ‘ μ¤´μ° ¸Éμ·μ´Ò, ¨³¥´´μ μ´
´¥μ¡Ìμ¤¨³ ¤²Ö ¸μ±· Ð¥´¨Ö ¢Éμ·μ£μ Î²¥´  ¢ (1.70),   ¸ ¤·Ê£μ° ¸Éμ·μ´Ò, μ´
¤μ²¦¥´ ¨³¥ÉÓ ±μÔËË¨Í¨¥´É, Ì · ±É¥·´Ò° ¤²Ö ¤¢ÊÌ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ±∗.

’ ±¨³ μ¡· §μ³, ¸ ³μ¸μ£² ¸μ¢ ´´Ò° ¶μ¤Ìμ¤ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨¥ ¤μ¶μ²´¥´¨Ö, ¸μ¤¥·¦ Ð¨¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ¸Ê¶¥·¶μ²Ö, ¨ ¤¥Ëμ·-
³¨·μ¢ ´´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨, ±μÉμ·Ò¥, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¶μ-
§¢μ²ÖÕÉ ¶μ²ÊÎ ÉÓ ¨´Ëμ·³ Í¨Õ μ ¶¥·¥´μ·³¨·μ¢±¥ ¢Ò¸Ï¨Ì ¢±² ¤μ¢ ¢ ÔËË¥±-
É¨¢´μ¥ ¤¥°¸É¢¨¥.

1.10. ˆÉμ£¨. �μ¸É·μ¥´μ · §²μ¦¥´¨¥ ¶μ ¶·μ¨§¢μ¤´Ò³ μ¤´μ¶¥É²¥¢μ£μ ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¸μ-
¤¥·¦ Ð¥£μ ± ± N = 1 ¸Ê¶¥·¶μ²Ö ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , É ± ¨ ¸Ê¶¥·¶μ²Ö
£¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ³ É¥·¨¨. �μ²ÊÎ¥´´μ¥ ¤¥°¸É¢¨¥ ¶¥·¥¶¨¸Ò¢ ¥É¸Ö ¢ É¥·³¨-
´ Ì · §²μ¦¥´¨Ö ¶μ ¸É¥¶¥´Ö³ N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ¨´¢ ·¨ ´Éμ¢, ¢ ±μ-
Éμ·μ³ ¢¥¤ÊÐ¨³ Î²¥´μ³ Ö¢²Ö¥É¸Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò° ÔËË¥±É¨¢´Ò°
¶μÉ¥´Í¨ ², · ´¥¥ ¶μ¸É·μ¥´´Ò° ¢ · ¡μÉ¥ [146]. � °¤¥´Ò ¸²¥¤ÊÕÐ¨¥ §  ¢¥¤Ê-
Ð¨³¨ ¢±² ¤Ò ¢ ÔÉμ ¤¥°¸É¢¨¥. �μ¤Î¥·±´ÊÉμ, ÎÉμ ¢¸¥ ¶μ²ÊÎ¥´´Ò¥ Ö¢´μ N = 2
¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ¢±² ¤Ò, §  ¨¸±²ÕÎ¥´¨¥³ ¢¥¤ÊÐ¥£μ, ´¥ ¤μ²¦´Ò μ¡² ¤ ÉÓ

∗‚μ§³μ¦´μ¸ÉÓ ¶μÖ¢²¥´¨Ö Î²¥´  F 8 ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¢±² ¤μ¢ ¢ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ μ¡¸Ê¦¤ ¥É¸Ö ¢ · ¡μÉ¥ [145].
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¨´¢ ·¨ ´É´μ¸ÉÓÕ μÉ´μ¸¨É¥²Ó´μ ±² ¸¸¨Î¥¸±¨Ì ¸±·ÒÉÒÌ N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨°, ÎÉμ μ¡Ê¸²μ¢²¥´μ ¢Ò¡μ·μ³ Ëμ´  ¨ ¶·μÍ¥¤Ê·μ° Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨.
‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·³Ê²¨·μ¢±¨ É¥μ·¨¨ ´  Ö§Ò±¥ N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê-
¶¥·¶·μ¸É· ´¸É¢   ´ ²¨§¨·ÊÕÉ¸Ö ¢μ§³μ¦´Ò¥ ¸ ³μ¸μ£² ¸μ¢ ´´Ò¥ ¤¥Ëμ·³ Í¨¨
¸±·ÒÉÒÌ N = 2 ¸Ê¶¥·¸¨³³¥É·¨° ¨ ¸Ê¡²¨¤¨·ÊÕÐ¨¥ Î²¥´Ò ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì-
´μ¸É¨. �μ¸É·μ¥´μ § ¢¨¸ÖÐ¥¥ μÉ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¤μ¶μ²´¥´¨¥
¤²Ö ¤¢ÊÌ¶¥É²¥¢μ£μ Î²¥´  ∝ F 6 ¢ · §²μ¦¥´¨¨ ˜¢¨´£¥· Ä„¥ ‚¨ÉÉ  ÔËË¥±É¨¢-
´μ£μ ¤¥°¸É¢¨Ö.

2. �„���…’‹…‚�… �””…Š’ˆ‚��… „…‰‘’‚ˆ…
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2.1. ‚¢¥¤¥´¨¥. N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ¶·¨¢²¥-
± ¥É ¶μ¢ÒÏ¥´´μ¥ ¢´¨³ ´¨¥ ¡² £μ¤ ·Ö ¥¥ Ê´¨± ²Ó´Ò³ ±¢ ´Éμ¢Ò³ ¸¢μ°¸É¢ ³,
É ±¨³ ± ± ±μ´¥Î´μ¸ÉÓ ¨ ÉμÎ´ Ö ¸Ê¶¥·±μ´Ëμ·³´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ,   É ±¦¥
¨§-§  ¥¥ £²Ê¡μ±¨Ì ¸¢Ö§¥° ¸ É¥μ·¨¥° ¸É·Ê´ ¨ ¡· ´ (¸³., ´ ¶·¨³¥·, [54, 139]).
�É±·ÒÉ¨¥ ¸μμÉ¢¥É¸É¢¨Ö AdS/CFT ¸É¨³Ê²¨·μ¢ ²μ ´μ¢Ò° ¢¸¶²¥¸± ¨´É¥·¥¸ 
± ¨§ÊÎ¥´¨Õ · §²¨Î´ÒÌ  ¸¶¥±Éμ¢ N = 4 ¸Ê¶¥·± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨. Š ±
Ê¦¥ ¡Ò²μ · ´¥¥ ¸± § ´μ, ¸μμÉ¢¥É¸É¢¨¥ AdS/CFT [116] ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
£¨¶μÉ¥§Ê μ ¤Ê ²Ó´μ¸É¨ ³¥¦¤Ê IIB É¥μ·¨¥° ¸Ê¶¥·¸É·Ê´, ±μ³¶ ±É¨Ë¨Í¨·μ¢ ´-
´μ° ´  AdS5 × S5, ¨ Î¥ÉÒ·¥Ì³¥·´Ò³¨ N = 4 ¸Ê¶¥·± ²¨¡·μ¢μÎ´Ò³¨ É¥μ·¨-
Ö³¨ ¢ ¶·¥¤¥²¥ 'É •μμËÉ . �·¥¤¶μ² £¥É¸Ö, ÎÉμ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨¥ ¸¢μ°¸É¢ 
É¥μ·¨¨ ¸É·Ê´ ¢ 5-³¥·´μ³ μ¡Ñ¥³¥ ¸¢Ö§ ´Ò ¸ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ± -
²¨¡·μ¢μÎ´μ° ±¢ ´Éμ¢μ° É¥μ·¨¥° ¶μ²Ö ´  4-³¥·´μ° £· ´¨Í¥. 	μ²¥¥ ÉμÎ´μ¥
ÊÉ¢¥·¦¤¥´¨¥ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¢ · ¸¸³ É·¨¢ ¥³μ³ ¶·¥¤¥²¥ É¥μ·¨Ö ¢ μ¡Ñ¥³¥
¸¢μ¤¨É¸Ö ± 5-³¥·´μ° ±² ¸¸¨Î¥¸±μ° ¸Ê¶¥·£· ¢¨É Í¨¨, ±μÉμ· Ö ¸μ¤¥·¦¨É ¶μ²-
´ÊÕ ¨´Ëμ·³ Í¨Õ μ ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨ÖÌ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÒÌ
¸μ¸É ¢´ÒÌ μ¶¥· Éμ·μ¢ ¢ ±¢ ´Éμ¢μ° N = 4, D = 4 É¥μ·¨¨. ˆ§ ÔÉμ£μ £¨¶μÉ¥É¨-
Î¥¸±μ£μ ¸μμÉ¢¥É¸É¢¨Ö ³¥¦¤Ê N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¥° ¨ É¥μ·¨¥° ¸É·Ê´
É ±¦¥ ¸²¥¤Ê¥É, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨Ö D3-¡· ´ ¢ ¸É É¨Î¥¸±μ³ ¶·¥¤¥²¥ ¤μ²¦´Ò
¶μ²´μ¸ÉÓÕ μ¶¨¸Ò¢ ÉÓ¸Ö ¢ É¥·³¨´ Ì ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö N = 4, D = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ±Ê²μ´μ¢¸±μ°
Ë §¥ [141, 144, 145]. ’ ±¨³ μ¡· §μ³, N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ± ²¨¡·μ-
¢μÎ´ Ö É¥μ·¨Ö ¤μ²¦´  · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ´¥μÉÑ¥³²¥³Ò° Ô²¥³¥´É É¥μ·¨¨
¸Ê¶¥·¸É·Ê´.

Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, Ëμ·³Ê²¨·μ¢±  N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¸ Ö¢-
´μ° N = 4 ¸Ê¶¥·¸¨³³¥É·¨¥° ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¤μ ¸¨Ì ¶μ· ´¥¨§¢¥¸É´ .
‘Ê¶¥·¶μ²¥¢μ¥ μ¶¨¸ ´¨¥ ÔÉμ° É¥μ·¨¨ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ ¤μ¸É¨£ ¥É¸Ö ¢
É¥·³¨´ Ì ¸± ²Ö·´μ£μ ¸Ê¶¥·¶μ²Ö WAB = −WBA, A, B = 1, . . . , 4, μ¡· §ÊÕ-
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Ð¥£μ Ï¥¸É¨³¥·´μ¥ ¢¥Ð¥¸É¢¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ £·Ê¶¶Ò ¢´ÊÉ·¥´´¥° ¸¨³³¥-
É·¨¨ (®R-¸¨³³¥É·¨¨¯) SU(4) : W̄AB = (1/2)εABCDWCD [186]. ‘Ê¶¥·¶μ²¥
WAB ¶μ¤Î¨´¥´μ ¸¢Ö§Ö³

DαAWBC = Dα[AWBC], D̄A
α̇ WBC = −2

3
δA
[BD̄E

α̇ WC]E .

�´¨ ¶·¨¢μ¤ÖÉ ± Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö ¤²Ö ±μ³¶μ´¥´É´ÒÌ ¶μ²¥°, ¸μ¸É ¢ ±μ-
Éμ·ÒÌ ¸μμÉ¢¥É¸É¢Ê¥É ¢¥±Éμ·´μ³Ê N = 4 ³Ê²ÓÉ¨¶²¥ÉÊ, ¢±²ÕÎ ÕÐ¥³Ê Ï¥¸ÉÓ
¢¥Ð¥¸É¢¥´´ÒÌ ¸± ²Ö·´ÒÌ ¶μ²¥°, Î¥ÉÒ·¥ ³ °μ· ´μ¢¸±¨Ì ¸¶¨´μ·´ÒÌ ¶μ²Ö ¨
μ¤´μ ¢¥±Éμ·´μ¥ ± ²¨¡·μ¢μÎ´μ¥ ¶μ²¥∗.

‘ ÉμÎ±¨ §·¥´¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ ¶μ²Ö N = 4 ¢¥±Éμ·-
´Ò° ³Ê²ÓÉ¨¶²¥É ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶·Ö³ÊÕ ¸Ê³³Ê N = 2 ¢¥±Éμ·´μ£μ ³Ê²Ó-
É¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  [51]. ‘μμÉ¢¥É¸É¢¥´´μ, N = 4 ± ²¨¡·μ¢μÎ´ÊÕ
É¥μ·¨Õ ³μ¦´μ É· ±Éμ¢ ÉÓ ± ± ´¥±μÉμ·μ¥ · ¸Ï¨·¥´¨¥ N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ± ¸É ´¤ ·É´μ³Ê ¤¥°¸É¢¨Õ ±μÉμ·μ° ¤μ¡ ¢²¥´μ
¤¥°¸É¢¨¥ N = 2 £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨, ¢§ ¨³μ-
¤¥°¸É¢ÊÕÐ¥£μ ¸ N = 2 ¢¥±Éμ·´Ò³ ³Ê²ÓÉ¨¶²¥Éμ³ Î¥·¥§ ³¨´¨³ ²Ó´ÊÕ ¸¢Ö§Ó.
’ ± Ö ³μ¤¥²Ó μ¡² ¤ ¥É ¤μ¶μ²´¨É¥²Ó´μ° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥°,
±μÉμ· Ö ¢ § ³Ò± ´¨¨ ¸ Ö¢´μ° N = 2 ± ± · § ¶μ·μ¦¤ ¥É N = 4 ¸Ê¶¥·¸¨³³¥-
É·¨Õ. �¡¥ N = 2 É¥μ·¨¨, ¨§ ±μÉμ·ÒÌ ¸μ¸É ¢²¥´  N = 4 É¥μ·¨Ö, ¥¸É¥¸É¢¥´´μ
Ëμ·³Ê²¨·μ¢ ÉÓ ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ [51, 56]. 	² £μ-
¤ ·Ö ´ ²¨Î¨Õ Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ £ ·³μ´¨Î¥¸±μ³ ¶μ¤Ìμ¤¥ É ± Ö
Ëμ·³Ê²¨·μ¢±  Ê¶·μÐ ¥É ±¢ ´Éμ¢μ¥ · ¸¸³μÉ·¥´¨¥.

�¥¶μ¸·¥¤¸É¢¥´´μ¥ ¢ÒÎ¨¸²¥´¨¥ ³´μ£μ¶¥É²¥¢ÒÌ ¢±² ¤μ¢ ¢ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ ¢ § ³±´ÊÉμ³ ¢¨¤¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ±· °´¥ ¸²μ¦´ÊÕ É¥Ì´¨Î¥¸±ÊÕ
§ ¤ ÎÊ ¤ ¦¥ ¢ £ ·³μ´¨Î¥¸±μ³ Ëμ·³ ²¨§³¥. �´ ²¨§ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¸É ´μ¢¨É¸Ö ±Ê¤  ¡μ²¥¥ ¶·μ¸ÉÒ³ ¨ Ö¸´Ò³ ¢ · ³± Ì ¸Ê¶¥·¶μ²¥¢μ£μ ³¥Éμ¤ 
Ëμ´μ¢ÒÌ £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥° [41, 52]. ‡  ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¤μ¸É¨£-
´ÊÉ ¸ÊÐ¥¸É¢¥´´Ò° ¶·μ£·¥¸¸ ¢ · §¢¨É¨¨ É¥Ì´¨±¨ ³´μ£μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨°
¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¤²Ö N = 2 Ëμ´μ¢μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨-
¶²¥É  [107]. �·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³ ¨ ¶μ²¥§´Ò³ ¨§ÊÎ¥´¨¥ μ¡Ð¥° ¸É·Ê±ÉÊ·Ò
¢μ§³μ¦´ÒÌ ¶μ¶· ¢μ± ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤±  ± ÔËË¥±É¨¢´μ³Ê ¤¥°¸É¢¨Õ ¢
³¥Éμ¤¥ Ëμ´μ¢ÒÌ ¸Ê¶¥·¶μ²¥°.

‚ ¤ ´´μ³ · §¤¥²¥ N = 4 ¸Ê¶¥·± ²¨¡·μ¢μÎ´ Ö É¥μ·¨Ö · ¸¸³ É·¨¢ ¥É¸Ö
± ± ´¥±μÉμ·Ò° ¸¶¥Í¨ ²Ó´Ò° ¸²ÊÎ ° μ¡Ð¨Ì N = 2 ± ²¨¡·μ¢μÎ´ÒÌ ³μ¤¥²¥°.
‚¸¥ É ±¨¥ ³μ¤¥²¨ ³μ¦´μ ¸Ëμ·³Ê²¨·μ¢ ÉÓ Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò³
μ¡· §μ³ ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. N = 4 É¥μ·¨Ö ¢Ò¤¥²¥´ 

∗’μÉ ¦¥ ¸ ³Ò° ³Ê²ÓÉ¨¶²¥É ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¢ N = 3 £ ·³μ-
´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ [51, 56]. Š¢ ´Éμ¢Ò¥  ¸¶¥±ÉÒ N = 3 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢ £ ·-
³μ´¨Î¥¸±μ° Ëμ·³Ê²¨·μ¢±¥ μ¡¸Ê¦¤ ²¨¸Ó ¢ [61]. ‘É·Ê±ÉÊ·  ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ÔÉμ° É¥μ·¨¨
· ¸¸³ É·¨¢ ² ¸Ó ¢ [41].
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É¥³, ÎÉμ μ´  μ¡² ¤ ¥É ¤μ¶μ²´¨É¥²Ó´μ° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥°.
”μ·³Ê²¨·μ¢±  ´  Ö§Ò±¥ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢  ¶μ§¢μ²Ö¥É ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö
¨§¢¥¸É´μ° ±² ¸¸¨Ë¨± Í¨¥° μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨° ¢ N = 2 ± ²¨¡·μ¢μÎ´ÒÌ ³μ-
¤¥²ÖÌ (¸³., ´ ¶·¨³¥·, [74]). ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ÔÉμ° ±² ¸¸¨Ë¨± Í¨¥° É  Ë § 
É¥μ·¨¨, ¢ ±μÉμ·μ° ± ± ¸± ²Ö·Ò ¨§ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , É ± ¨
¸± ²Ö·Ò ¨§ £¨¶¥·³Ê²ÓÉ¨¶²¥É  μ¡² ¤ ÕÉ ´¥´Ê²¥¢Ò³¨ ¢ ±ÊÊ³´Ò³¨ ¸·¥¤´¨³¨
§´ Î¥´¨Ö³¨, ´ §Ò¢ ¥É¸Ö ¸³¥Ï ´´μ° Ë §μ°. �ÉμÉ ¢ ·¨ ´É ¸¶μ´É ´´μ£μ ´ ·Ê-
Ï¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨ ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É · ¸¸³ É·¨¢ ¥³μ°
¶·μ¡²¥³¥. �Î¥¢¨¤´μ, ÎÉμ ¤²Ö ¸μÌ· ´¥´¨Ö ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨
¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ¤μ²¦´Ò ¡ÒÉÓ μÉ²¨Î´Ò μÉ ´Ê²Ö ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ ´¥
Éμ²Ó±μ ¶μ²¥° N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , ´μ ¨ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É .
Ÿ¢´Ò° ¢¨¤ ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ´  ¸·¥¤´¨Ì §´ -
Î¥´¨ÖÌ ¶μ²¥° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ ¶·¨³¥´¥´¨Ö ÔÉ¨Ì ¶·¥μ¡· §μ¢ ´¨° ¶·¨-
¢¥¤¥´Ò ¢ · ¡μÉ¥ [215]∗.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Ìμ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ÉμÎ´ Ö ´¨§±μÔ´¥·£¥É¨Î¥¸± Ö
±¢ ´Éμ¢ Ö ¤¨´ ³¨±  N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢ ¸¥±Éμ·¥ N = 2 ¢¥±Éμ·-
´μ£μ ³Ê²ÓÉ¨¶²¥É  ¤²Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(N), ¸¶μ´É ´´μ ´ ·ÊÏ¥´´μ°
¤μ ¥¥ ³ ±¸¨³ ²Ó´μ£μ Éμ·  U(1)N−1, μ¶¨¸Ò¢ ¥É¸Ö ´¥£μ²μ³μ·Ë´Ò³ ÔËË¥±É¨¢-
´Ò³ ¶μÉ¥´Í¨ ²μ³ H(W , W̄), § ¢¨¸ÖÐ¨³ μÉ N = 2 ¸Ê¶¥·¶μ²¥¢ÒÌ ´ ¶·Ö¦¥´-
´μ¸É¥° W , W̄ [41,86]. ‘É·Ê±ÉÊ·  H(W , W̄) ´ ¸Éμ²Ó±μ Ê´¨± ²Ó´ , ÎÉμ ³μ¦¥É
¡ÒÉÓ ´ °¤¥´  (¸ ÉμÎ´μ¸ÉÓÕ ¤μ Î¨¸²μ¢μ£μ ³´μ¦¨É¥²Ö) ¥¤¨´¸É¢¥´´μ ´  μ¸´μ¢¥
É·¥¡μ¢ ´¨° ³ ¸ÏÉ ¡´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¨ R-¸¨³³¥É·¨¨. Š·μ³¥ Éμ£μ, ¶μÉ¥´-
Í¨ ² H(W , W̄) ´¥ ¶μ²ÊÎ ¥É ¶¥·ÉÊ·¡ É¨¢´ÒÌ ±¢ ´Éμ¢ÒÌ ¶μ¶· ¢μ± ¸¢¥·Ì μ¤´μ°
¶¥É²¨,   É ±¦¥ ± ±¨Ì-²¨¡μ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¨´¸É ´Éμ´´ÒÌ ¶μ¶· ¢μ± (μ¡¸Ê-
¦¤¥´¨¥ ´¥£μ²μ³μ·Ë´μ£μ ¶μÉ¥´Í¨ ²  ¢ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ³μ¦´μ
´ °É¨ ¢ · ¡μÉ¥ [82],   ¸²¥¤ÊÕÐ¨Ì §  ¢¥¤ÊÐ¨³ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¢±² ¤μ¢ ¢ ÔË-
Ë¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ Å ¢ · ¡μÉ Ì [107, 145]). ‚¸¥ ÔÉ¨ ¸¢μ°¸É¢  μÎ¥´Ó ¢ ¦´Ò
¤²Ö ¶μ´¨³ ´¨Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° ±¢ ´Éμ¢μ° ¤¨´ ³¨±¨ N = 4 ± ²¨¡·μ-
¢μÎ´μ° É¥μ·¨¨ ¸ ÉμÎ±¨ §·¥´¨Ö ¥¥ ¸μμÉ¢¥É¸É¢¨Ö É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´. ‚ Î ¸É´μ-
¸É¨, μ± §Ò¢ ¥É¸Ö, ÎÉμ ¢ · ³± Ì É ±μ£μ ¸μμÉ¢¥É¸É¢¨Ö ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ²
H(W , W̄) μ¶¨¸Ò¢ ¥É £² ¢´Ò¥ Î²¥´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ¶ · ²²¥²Ó´Ò³¨
D3-¡· ´ ³¨.

„²Ö ¢ÒÖ¸´¥´¨Ö μ£· ´¨Î¥´¨° ´  ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ´ ² £ ¥³ÒÌ
N = 4 ¸Ê¶¥·¸¨³³¥É·¨¥°, ´ Ìμ¦¤¥´¨Ö ¶μ²´μ° ¸É·Ê±ÉÊ·Ò ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö ¨ ¡μ²¥¥ £²Ê¡μ±μ£μ ¶μ´¨³ ´¨Ö ¸μμÉ¢¥É¸É¢¨Ö ®N = 4 ± ²¨¡·μ¢μÎ´ Ö É¥μ-

∗‘²¥¤Ê¥É μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ, ÎÉμ ¢ ²¨É¥· ÉÊ·¥ ´¥ ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´μ°
É¥·³¨´μ²μ£¨¨ ± ¸ É¥²Ó´μ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö N = 4 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¢ ±μÉμ·μ° ¶μ´ÖÉ¨Ö
±Ê²μ´μ¢¸±μ°, Ì¨££¸μ¢¸±μ° ¨ ¸³¥Ï ´´μ° Ë § ¢ μÉ¤¥²Ó´μ¸É¨ É¥·ÖÕÉ ¸³Ò¸². �¤´  ¨§ ¢μ§³μ¦´μ¸É¥°
¸μ¸Éμ¨É ¢ ¨¸¶μ²Ó§μ¢ ´¨¨ É¥·³¨´μ²μ£¨¨ N = 2 ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨° ¨¸Ìμ¤Ö ¨§ Éμ£μ Ë ±É ,
ÎÉμ N = 4 É¥μ·¨Ö Ö¢²Ö¥É¸Ö ¨Ì Î ¸É´Ò³ ¸²ÊÎ ¥³. ‡¤¥¸Ó ³Ò ¡Ê¤¥³ ¸²¥¤μ¢ ÉÓ ¨³¥´´μ É ±μ³Ê
¸μ£² Ï¥´¨Õ.
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·¨Ö/¸Ê¶¥·£· ¢¨É Í¨Ö¯ ´¥μ¡Ìμ¤¨³μ §´ ÉÓ § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
μÉ ¢¸¥Ì ¶μ²¥° N = 4 ³Ê²ÓÉ¨¶²¥É , ¢±²ÕÎ Ö ¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. �·μ-
¡²¥³  ¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ ¸³¥-
Ï ´´μ° Ë §¥ μ¸É ¢ ² ¸Ó ´¥¨§ÊÎ¥´´μ° ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó´μ£μ ¢·¥³¥´¨. ‘· ¢-
´¨É¥²Ó´μ ´¥¤ ¢´μ ¶μ²´μ¥ ÉμÎ´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔË-

Ë¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  Lq(X), X = −qiaqia

WW̄ , ¢±²ÕÎ ÕÐ¥¥ § ¢¨¸¨³μ¸ÉÓ ± ±

μÉ N = 2 ± ²¨¡·μ¢μÎ´ÒÌ ¸Ê¶¥·¶μ²¥°, É ± ¨ μÉ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥-
Éμ¢, ¡Ò²μ ¶μ¸É·μ¥´μ ¢ · ¡μÉ¥ [146]. ’ ³ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¢ ¶μ¤Ìμ¤¥ N = 2
£ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢   ²£¥¡· ¨Î¥¸±¨¥ μ£· ´¨Î¥´¨Ö, ´ ² £ ¥³Ò¥
¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥° ´  ¸É·Ê±ÉÊ·Ê ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö, μ± §Ò¢ ÕÉ¸Ö ´ ¸Éμ²Ó±μ ¸¨²Ó´Ò³¨, ÎÉμ ¶μ§¢μ²ÖÕÉ ¢μ¸¸É ´μ-
¢¨ÉÓ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÊÕ § ¢¨¸¨³μ¸ÉÓ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö ¨¸Ìμ¤Ö ¨§ ¨§¢¥¸É´μ£μ ´¥£μ²μ³μ·Ë´μ£μ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ² 
H(W , W̄). ‚ ·¥§Ê²ÓÉ É¥ ¡Ò² ´ °¤¥´ ¤μ¶μ²´¨É¥²Ó´Ò° £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-
§ ¢¨¸¨³Ò° ¢±² ¤ ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ¸μ¤¥·¦ Ð¨°
± ± ¸Ê¶¥·¶μ²Ö ´ ¶·Ö¦¥´´μ¸É¥° N = 2 ± ²¨¡·μ¢μÎ´μ£μ ³Ê²ÓÉ¨¶²¥É  W , W̄ ,
É ± ¨ ¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É  qia, ¢¸¥ ¶μ¤Î¨´¥´´Ò¥ Ê¸²μ¢¨Ö³ ³ ¸¸μ¢μ°
¶μ¢¥·Ì´μ¸É¨.

‚¥¤ÊÐ¨° ´¨§±μÔ´¥·£¥É¨Î¥¸±¨° ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ Lq(X) ¡Ò² ¶μ-
¸É·μ¥´ ¢ · ¡μÉ¥ [146] ¸Ê£Ê¡μ  ²£¥¡· ¨Î¥¸±¨³¨ ³¥Éμ¤ ³¨. ‚¶μ¸²¥¤¸É¢¨¨ ¢ · -
¡μÉ¥ [147] ¡Ò²μ ¶μ± § ´μ, ± ± ¢ÒÎ¨¸²¨ÉÓ ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ Lq(X)
´  μ¸´μ¢¥ É¥Ì´¨±¨ £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¤¨ £· ³³ ¨ ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ¢
£ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ‚ · ¡μÉ¥ [215] ¸É·Ê±ÉÊ·  μ¤´μ¶¥É²¥¢μ£μ
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ¸²¥¤ÊÕÐ¥£μ §  £² ¢´Ò³ ¶·¨¡²¨¦¥´¨¥³, ¡Ò²  ´ °¤¥´ 
´  μ¸´μ¢¥ Ëμ·³Ê²¨·μ¢±¨ N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢ É¥·³¨´ Ì N = 1 ¸Ê-
¶¥·¶μ²¥° ¨ ¨¸¶μ²Ó§μ¢ ´¨Ö É¥Ì´¨±¨ · §²μ¦¥´¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³ ¢ N = 1 ¸Ê-
¶¥·¶·μ¸É· ´¸É¢¥. •μÉÖ É ± Ö Ëμ·³Ê²¨·μ¢±  ¸μÌ· ´Ö¥É ³¥´ÓÏ¥¥ Î¨¸²μ Ö¢´ÒÌ
¸Ê¶¥·¸¨³³¥É·¨° ¶μ ¸· ¢´¥´¨Õ ¸ ¶μ¤Ìμ¤μ³ £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´-
¸É¢ , ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö Rξ-± ²¨¡·μ¢±  ¨ μ¸μ¡Ò¥ ¶·¨¥³Ò ¢μ¸¸É ´μ¢²¥´¨Ö
N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³Ò ¤¥°¸É¢¨Ö ¶μ§¢μ²ÖÕÉ ¶μ¸É·μ¨ÉÓ ÔËË¥±É¨¢-
´μ¥ ¤¥°¸É¢¨¥, ¢±²ÕÎ ÕÐ¥¥ § ¢¨¸¨³μ¸ÉÓ μÉ ¶·μ¨§¢μ²Ó´ÒÌ ¸É¥¶¥´¥°  ¡¥²¥¢ÒÌ
´ ¶·Ö¦¥´´μ¸É¥° Fmn ¨ ¸¶¥Í¨ ²Ó´ÒÌ R-¸¨³³¥É·¨Î´ÒÌ ±μ³¡¨´ Í¨° ¶μ¸ÉμÖ´-
´ÒÌ ¸± ²Ö·´ÒÌ ¶μ²¥° φ, f ia ¨§ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É .

„ ´´Ò° · §¤¥² ¶μ¸¢ÖÐ¥´  ´ ²¨§Ê £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ ´¨§-
±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨
Ÿ´£ ÄŒ¨²²¸  ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ŒÒ ¢ÒÎ¨¸²Ö¥³ ´¨§-
±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö ´¥§ ¢¨¸ÖÐ¨Ì μÉ ¶·μ¸É· ´¸É¢¥´-
´μ-¢·¥³¥´´ÒÌ ±μμ·¤¨´ É Ëμ´μ¢ÒÌ ¸Ê¶¥·¶μ²¥° ´ ¶·Ö¦¥´´μ¸É¨ N = 2 ¢¥±Éμ·-
´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¶·¨ ¸²¥¤ÊÕÐ¨Ì ¶·¥¤¶μ²μ-
¦¥´¨ÖÌ: a) W|θ=0 = const, D±

αW|θ=0 = const, D−
α D+

β W|θ=0 = const; ¡) Ëμ-

´μ¢Ò° £¨¶¥·³Ê²ÓÉ¨¶²¥É ´ Ìμ¤¨É¸Ö ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥, É. ¥. q±a = qiau±
i ,
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£¤¥ qia ´¥ § ¢¨¸¨É μÉ £ ·³μ´¨± ¨ ¸Î¨É ¥É¸Ö ¶μ¸ÉμÖ´´Ò³. �Éμ μ§´ Î ¥É, ÎÉμ
³Ò · ¸¸³ É·¨¢ ¥³ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ³ ¸¥±Éμ·¥ ± ±
·Ö¤ ¶μ ¸É¥¶¥´Ö³ ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¸Ê¶¥·¶μ²Ö q+a ¨ ¨§ÊÎ ¥³ ¶·μ¸É¥°-
Ï¥¥ ¶·¨¡²¨¦¥´¨¥, μÉ¢¥Î ÕÐ¥¥ É¥³ ¢±² ¤ ³ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ±μÉμ·Ò¥
´¥ § ¢¨¸ÖÉ μÉ ± ±¨Ì-²¨¡μ ¶·μ¨§¢μ¤´ÒÌ q+a. �μ ¸· ¢´¥´¨Õ ¸ · ¡μÉμ° [147]
· ¸¸³ É·¨¢ ¥É¸Ö ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ §  ¶·¥¤¥² ³¨ ¢¥¤ÊÐ¥£μ ´¨§±μÔ´¥·£¥-
É¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö ¢ ¸¥±Éμ·¥ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , É. ¥. ÊÎ¨-
ÉÒ¢ ÕÉ¸Ö ¢¸¥ ¸É¥¶¥´¨  ¡¥²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨ Fmn. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢
μÉ²¨Î¨¥ μÉ · ¡μÉÒ [215] ´  ¢¸¥Ì ÔÉ ¶ Ì · ¸¸³μÉ·¥´¨Ö ¨¸¶μ²Ó§Ê¥É¸Ö Éμ²Ó±μ
N = 2 £ ·³μ´¨Î¥¸±μ¥ ¸Ê¶¥·¶·μ¸É· ´¸É¢μ. ’¥³ ¸ ³Ò³ ¤ ¥É¸Ö μ¡μ¸´μ¢ ´¨¥
Éμ³Ê ¸¶¥Í¨ ²Ó´μ³Ê Ô¢·¨¸É¨Î¥¸±μ³Ê ·¥Í¥¶ÉÊ ¢μ¸¸É ´μ¢²¥´¨Ö Ö¢´μ N = 2 ¸Ê-
¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³Ò ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ±μÉμ·Ò° ¡Ò² ¨¸¶μ²Ó§μ¢ ´
¢ [215] ¨ ¨§²μ¦¥´ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. ‚ ± Î¥¸É¢¥ μ¸´μ¢´μ£μ ·¥§Ê²ÓÉ É 
¶μ²ÊÎ¥´μ ¶·¥¤¸É ¢²¥´¨¥ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¤²Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê
£ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ .

� §¤¥² μ·£ ´¨§μ¢ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ ¶. 2.2 μ¡¸Ê¦¤ ¥É¸Ö ¶μ¸É·μ¥´¨¥
N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¨
μ¶¨¸Ò¢ ¥É¸Ö ¸É·Ê±ÉÊ·  ¸μμÉ¢¥É¸É¢ÊÕÐ¥° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. �Ê´±É 2.3 ¶μ-
¸¢ÖÐ¥´ μ¡Ð¥° ¶·μÍ¥¤Ê·¥ ´ Ìμ¦¤¥´¨Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ ¶. 2.4 ¶μ± § ´μ, ± ± ¸Ê³³¨·μ¢ ÉÓ ¡¥¸±μ´¥Î´Ò¥
¸¥·¨¨ ±μ¢ ·¨ ´É´ÒÌ £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¤¨ £· ³³ ¸ ¶·μ¨§¢μ²Ó´Ò³ Î¨¸²μ³
¢´¥Ï´¨Ì ²¨´¨° £¨¶¥·³Ê²ÓÉ¨¶²¥É  ´  ´¥É·¨¢¨ ²Ó´μ³ Ëμ´¥ N = 2 ¢¥±Éμ·-
´μ£μ ³Ê²ÓÉ¨¶²¥É , ÎÉμ¡Ò ¶·¥¤¸É ¢¨ÉÓ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¢¨¤¥, ´ ¨¡μ²¥¥
¶μ¤Ìμ¤ÖÐ¥³ ¤²Ö ¤ ²Ó´¥°Ï¥£μ ¥£μ ¨§ÊÎ¥´¨Ö ´  μ¸´μ¢¥ ³¥Éμ¤  ¸μ¡¸É¢¥´´μ£μ
¢·¥³¥´¨. �Ê´±É 2.5 ¶μ¸¢ÖÐ¥´ ¢ÒÎ¨¸²¥´¨Õ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö ¸ ¶μ³μÐÓÕ μ¡μ¡Ð¥´¨Ö ³¥Éμ¤  ¸¨³¢μ²μ¢ μ¶¥· Éμ·  ´  ¸²ÊÎ ° N = 2
£ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ . ‚ ¶. 2.6 ¶μ²ÊÎ¥´ μ±μ´Î É¥²Ó´Ò° ·¥§Ê²Ó-
É É ¤²Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ  ´ ²¨É¨-
Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ . �μ± § ´μ, ÎÉμ
ÔÉμÉ ·¥§Ê²ÓÉ É ¶·¥¤¶μ² £ ¥É · §²μ¦¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ ¸¶¨´μ·-
´Ò³ ±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤´Ò³, ¨ Ö¢´μ ´ °¤¥´Ò ¶¥·¢Ò¥ ¤¢  Î²¥´  É ±μ£μ
· §²μ¦¥´¨Ö. Š ¦¤Ò° Î²¥´ · §²μ¦¥´¨Ö ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥ ¨´É¥£· ² 
¶μ ¶μ²´μ³Ê N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê. ‚ ¶. 2.7 ¸Ê³³¨·μ¢ ´Ò μ¸´μ¢´Ò¥ ·¥-
§Ê²ÓÉ ÉÒ ¤ ´´μ£μ · §¤¥² .

2.2. N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ¢ N = 2 £ ·-
³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ƒ ·³μ´¨Î¥¸±μ¥ ¸Ê¶¥·¶·μ¸É· ´¸É¢μ Ö¢²Ö¥É¸Ö
Ê´¨¢¥·¸ ²Ó´Ò³ ¨´¸É·Ê³¥´Éμ³ ¶μ¸É·μ¥´¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ-
·¨° ¸ ¸μÌ· ´¥´¨¥³ Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ´ 
¢¸¥Ì ÔÉ ¶ Ì · ¸¸³μÉ·¥´¨Ö. �ÉμÉ ´μ¢Ò° É¨¶ ¸Ê¶¥·¶·μ¸É· ´¸É¢ ¡Ò² ¢¢¥¤¥´ ¢
· ¡μÉ¥ [56] ¨ ¢ ¤ ²Ó´¥°Ï¥³ · §¢¨¢ ²¸Ö ¨ Ê¸μ¢¥·Ï¥´¸É¢μ¢ ²¸Ö ³´μ£¨³¨  ¢-
Éμ· ³¨. „¥É ²Ó´μ¥ μ¡¸Ê¦¤¥´¨¥ μ¸´μ¢ ¨ ¶·¨²μ¦¥´¨° ³¥Éμ¤  £ ·³μ´¨Î¥¸±μ£μ
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¸Ê¶¥·¶·μ¸É· ´¸É¢  ¤ ´μ ¢ ³μ´μ£· Ë¨¨ [51], μ¡μ§´ Î¥´¨Ö³ ¨ ¸μ£² Ï¥´¨Ö³ ¨§
±μÉμ·μ° ³Ò ¡Ê¤¥³ ¸²¥¤μ¢ ÉÓ ¢ ÔÉμ³ · §¤¥²¥.

ƒ ·³μ´¨Î¥¸±μ¥ ¸Ê¶¥·¶·μ¸É· ´¸É¢μ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° · ¸Ï¨·¥´¨¥ ¸É ´-
¤ ·É´μ£μ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢  z = (xm, θα

i , θ̄α̇i) ¢´ÊÉ·¥´´¥° ¸Ë¥·μ°
S2 = SU(2)/U(1), £¤¥ SU(2) Å £·Ê¶¶   ¢Éμ³μ·Ë¨§³μ¢ N = 2 ¸Ê¶¥·-
 ²£¥¡·Ò �Ê ´± ·¥. �É  ¸Ë¥·  μ¶¨¸Ò¢ ¥É¸Ö ¶ · ³¥É·¨§ Í¨μ´´μ-´¥§ ¢¨¸¨³Ò³
μ¡· §μ³ £ ·³μ´¨± ³¨ u+i ¨ ¨³ ¸μ¶·Ö¦¥´´Ò³¨ u−

i , ¶μ¤Î¨´¥´´Ò³¨ Ê¸²μ¢¨Õ
u+iu−

i = 1. ‚ É ±μ³ · ¸Ï¨·¥´´μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¢μ§³μ¦´μ ¢Ò¤¥²¨ÉÓ
 ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶·μ¸É· ´¸É¢μ ¸ ¢¤¢μ¥ ³¥´ÓÏ¨³ Î¨¸²μ³ £· ¸¸³ ´μ¢ÒÌ ±μ-
μ·¤¨´ É ¶¥·¥Ìμ¤μ³ ± ´μ¢μ³Ê ( ´ ²¨É¨Î¥¸±μ³Ê) ¡ §¨¸Ê zA = (ζ, θ−α , θ̄−α̇ ). �¥·¥-
³¥´´Ò¥ ζ = (xm

A , θ+α, θ̄+
α̇ , u+

i , u−
i ) ± ± · § ¨ μ¡· §ÊÕÉ  ´ ²¨É¨Î¥¸±μ¥ ¶μ¤¶·μ-

¸É· ´¸É¢μ, £² ¢´Ò³ ¸¢μ°¸É¢μ³ ±μÉμ·μ£μ Ö¢²Ö¥É¸Ö § ³±´ÊÉμ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ
±μμ·¤¨´ É´ÒÌ ¶·¥μ¡· §μ¢ ´¨° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. ‘¢Ö§Ó ¸ ¨¸Ìμ¤´Ò³
(Í¥´É· ²Ó´Ò³) ¡ §¨¸μ³ § ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨Ö³¨

xm
A = xm − 2iθ(iσmθ̄j)u+

i u−
j , θ±α = u±

i θi
α, θ̄±α̇ = u±

i θ̄i
α̇.

Š ± μ¡Ð¨¥ £ ·³μ´¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö, É ± ¨ ¸Ê¶¥·¶μ²Ö, § ¤ ´´Ò¥ ´   ´ -
²¨É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ (® ´ ²¨É¨Î¥¸±¨¥ £ ·³μ´¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö¯),
³μ£ÊÉ ¶¥·¥´μ¸¨ÉÓ ´¥´Ê²¥¢μ° ¢´¥Ï´¨° (®£ ·³μ´¨Î¥¸±¨°¯) U(1)-§ ·Ö¤, £¤¥
U(1) Å ¶μ¤£·Ê¶¶  ¢ §´ ³¥´ É¥²¥ £ ·³μ´¨Î¥¸±μ£μ Ë ±Éμ·-¶·μ¸É· ´¸É¢  S2 =
SU(2)/U(1). �Éμ ÉμÉ ¦¥ § ·Ö¤, ±μÉμ·Ò° ¶¥·¥´μ¸ÖÉ £ ·³μ´¨Î¥¸±¨¥ ±μμ·¤¨-
´ ÉÒ u±

i ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·μ¥±Í¨¨ £· ¸¸³ ´μ¢ÒÌ ±μμ·¤¨´ É ¢  ´ ²¨É¨Î¥-
¸±μ³ ¡ §¨¸¥. ‘É·μ£μ¥ ¸μÌ· ´¥´¨¥ £ ·³μ´¨Î¥¸±μ£μ U(1)-§ ·Ö¤  ´  ¢¸¥Ì ÔÉ ¶ Ì
· ¸¸³μÉ·¥´¨Ö Å μ¤¨´ ¨§ μ¸´μ¢´ÒÌ ¶·¨´Í¨¶μ¢ ³¥Éμ¤  £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢ .

‘¶¨´μ·´Ò¥ ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ¢ Í¥´É· ²Ó´μ³ ¨  ´ ²¨É¨Î¥¸±μ³
¡ §¨¸ Ì ¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ° ± ± D±

α = u±
i Di

α, D̄±
α̇ = u±

i Di
α̇, ¶·¨Î¥³ ¶·μ¨§-

¢μ¤´Ò¥ D+
α , D̄+

α̇ ¸É ´μ¢ÖÉ¸Ö ®±μ·μÉ±¨³¨¯ ¢  ´ ²¨É¨Î¥¸±μ³ ¡ §¨¸¥:

D+
α =

∂

∂θ−α
, D̄+

α̇ =
∂

∂θ̄−α̇
. (2.1)

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ ´¥§ ¢¨¸ÖÐ¨¥ μÉ ¢Ò¡μ·  ¡ §¨¸  μÎ¥¢¨¤´Ò¥ ¸¢μ°¸É¢ 
 ´É¨±μ³³ÊÉ É¨¢´μ¸É¨

{D+
α , D+

β } = {D̄+
α̇ , D̄+

β̇
} = {D+

α , D̄+

β̇
} = 0 (2.2)

(μ´¨ ¸²¥¤ÊÕÉ ¨§ ¢¨¤   ´É¨±μ³³ÊÉ Éμ·μ¢ ¨¸Ìμ¤´ÒÌ ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ
¶μ¸²¥ ¶·μ¥Í¨·μ¢ ´¨Ö ¶μ¸²¥¤´¨Ì ´  £ ·³μ´¨±¨ u+i), ³μ¦´μ ±μ¢ ·¨ ´É´μ
μ¶·¥¤¥²¨ÉÓ  ´ ²¨É¨Î¥¸±¨¥ £ ·³μ´¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö Φ(p), £¤¥ (p) Å £ ·³μ-
´¨Î¥¸±¨° U(1)-§ ·Ö¤ ± ± ¶μ¤±² ¸¸ μ¡Ð¨Ì £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥°, ¢Ò¤¥-
²Ö¥³Ò° ¸¢Ö§Ö³¨

D+
α Φ(p) = D̄+

β̇
Φ(p) = 0. (2.3)
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‚  ´ ²¨É¨Î¥¸±μ³ ¡ §¨¸¥ ¸¢Ö§¨ (2.3) ¨§-§  ¸¢μ°¸É¢  ®±μ·μÉ±μ¸É¨¯ (2.1) ¶·¨-
´¨³ ÕÉ ¢¨¤ £· ¸¸³ ´μ¢ÒÌ Ê¸²μ¢¨° ŠμÏ¨Ä�¨³ ´  ¨ ²¥£±μ ·¥Ï ÕÉ¸Ö Î¥·¥§
¸Ê¶¥·¶μ²Ö ¡¥§ ¸¢Ö§¥°, ®¦¨¢ÊÐ¨¥¯ ´   ´ ²¨É¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥:

Φ(p) = Φ(p)(ζ) = Φ(p)(xA, θ+, θ̄+, u±). (2.4)

„¢Ê³Ö μ¸´μ¢´Ò³¨ N = 2 ³Ê²ÓÉ¨¶²¥É ³¨, ´  ±μÉμ·ÒÌ ¡ §¨·Ê¥É¸Ö ¨´É¥-
·¥¸ÊÕÐ Ö ´ ¸ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ± ²¨¡·μ¢μÎ´ Ö É¥μ·¨Ö, Ö¢²ÖÕÉ¸Ö
£¨¶¥·³Ê²ÓÉ¨¶²¥É ¨ N = 2 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É. ‚ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É μ¶¨¸Ò¢ ¥É¸Ö ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨  ´ ²¨É¨-
Î¥¸±¨³ ¸Ê¶¥·¶μ²¥³ ¸ U(1)-§ ·Ö¤μ³, · ¢´Ò³ +1:

D+
α q+ = D̄+

α̇ q+ = 0 ⇒ q+ = q+(xA, θ+, θ̄+, u).

…£μ ¸¢μ¡μ¤´μ¥ ¤¥°¸É¢¨¥ ¤ ¥É¸Ö ¨´É¥£· ²μ³ ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´-
¸É¢Ê

Shyper = −
∫

dζ(−4)q̆+D++q+, (2.5)

£¤¥ dζ(−4) = d4xd2θ+d2θ̄+du Å ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ³¥·  ¨´É¥£·¨·μ¢ ´¨Ö (μ´ 
§ ·Ö¦¥´ , ¶μ¸±μ²Ó±Ê £· ¸¸³ ´μ¢Ò ±μμ·¤¨´ ÉÒ ¶¥·¥´μ¸ÖÉ £ ·³μ´¨Î¥¸±¨¥ § -
·Ö¤Ò),  

D++ = u+i ∂

∂u−i
− 2i(θ+σmθ̄+)

∂

∂xm
A

Å μ¤´  ¨§ É·¥Ì £ ·³μ´¨Î¥¸±¨Ì ¶·μ¨§¢μ¤´ÒÌ ¢  ´ ²¨É¨Î¥¸±μ³ ¡ §¨¸¥, ¢Ò-
¤¥²¥´´ Ö É¥³, ÎÉμ ±μ³³ÊÉ¨·Ê¥É ¸μ ¸¶¨´μ·´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ D+

α , D̄+

β̇
¨,

¸²¥¤μ¢ É¥²Ó´μ, ¸μÌ· ´Ö¥É  ´ ²¨É¨Î´μ¸ÉÓ. „¢¥ ¤·Ê£¨¥ ¶·μ¨§¢μ¤´Ò¥, D−− ¨
D0, ¢³¥¸É¥ ¸ D++ μ¡· §ÊÕÉ  ²£¥¡·Ê su(2),

[D++, D−−] = D0, [D0, D±±] = ±2D±±,

¢ ±μÉμ·μ° D±± ¨£· ÕÉ ·μ²Ó μ¶¥· Éμ·μ¢ ¶μ¢ÒÏ¥´¨Ö ¨ ¶μ´¨¦¥´¨Ö,   D0 Å
μ¶¥· Éμ· £ ·³μ´¨Î¥¸±μ£μ U(1)-§ ·Ö¤ , ¶·¨´¨³ ÕÐ¨° Ë¨±¸¨·μ¢ ´´μ¥ §´ Î¥-
´¨¥ ´  £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²ÖÌ, D0Φ(p) = pΦ(p). Œ¥·  dζ(−4) ¶μ³¨³μ ¨´-
É¥£·¨·μ¢ ´¨Ö ¶μ ±μμ·¤¨´ É ³ xm

A ¨ θ+
α , θ̄+

β̇
¸μ¤¥·¦¨É £ ·³μ´¨Î¥¸±ÊÕ ³¥·Ê ¨´-

É¥£·¨·μ¢ ´¨Ö du. �· ¢¨²  ¨´É¥£·¨·μ¢ ´¨Ö ¶μ £ ·³μ´¨± ³ ¶·¨¢¥¤¥´Ò ¢ [51].
“· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É , ¸²¥¤ÊÕÐ¥¥ ¨§ ¤¥°¸É¢¨Ö (2.5),

É ±¦¥ ¨³¥¥É ¢¨¤ Ê¸²μ¢¨Ö  ´ ²¨É¨Î´μ¸É¨, ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶μ μÉ´μÏ¥´¨Õ ±
£ ·³μ´¨Î¥¸±¨³ SU(2)-±μμ·¤¨´ É ³,

D++q+ = 0.

�Éμ Ê· ¢´¥´¨¥ ¶μ²´μ¸ÉÓÕ ®Ê¡¨¢ ¥É¯ ¡¥¸±μ´¥Î´Ò° ®Ì¢μ¸É¯ ¢¸¶μ³μ£ É¥²Ó´ÒÌ
¶μ²¥°, ±μÉμ·Ò¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢ · §²μ¦¥´¨¨ ¸Ê¶¥·¶μ²Ö q+ ¶μ £ ·³μ´¨Î¥¸±¨³
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±μμ·¤¨´ É ³ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨, ¨ ¶·¨¢μ¤¨É ± ¸É ´¤ ·É´Ò³ Ê¸²μ¢¨Ö³
³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¤²Ö Ë¨§¨Î¥¸±¨Ì ¶μ²¥° (±¢ ·É¥É  ¸± ²Ö·μ¢ ¨ ¤¢ÊÌ ¢¥°-
²¥¢¸±¨Ì Ë¥·³¨μ´μ¢). …£μ ·¥Ï¥´¨¥ μ¡· §Ê¥É É ± ´ §Ò¢ ¥³μ¥ Ê²ÓÉ· ±μ·μÉ±μ¥
¸Ê¶¥·¶μ²¥.

‚¥±Éμ·´Ò° (± ²¨¡·μ¢μÎ´Ò°) N = 2 ³Ê²ÓÉ¨¶²¥É μ¶¨¸Ò¢ ¥É¸Ö ¢¥Ð¥¸É¢¥´-
´Ò³ ¤¢ ¦¤Ò § ·Ö¦¥´´Ò³  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶μ²¥³ V ++(x, θ+, θ̄+, u),
D0V ++ = 2V ++. �Éμ ¸Ê¶¥·¶μ²¥ ¨£· ¥É ·μ²Ó ± ²¨¡·μ¢μÎ´μ° ¸¢Ö§´μ¸É¨ ¢
±μ¢ ·¨ ´É¨§μ¢ ´´μ° £ ·³μ´¨Î¥¸±μ° ¶·μ¨§¢μ¤´μ°

D++ = D++ + igV ++,

±μÉμ· Ö, ± ± ¨ ¶²μ¸± Ö D++, ±μ³³ÊÉ¨·Ê¥É ¸ D+
(α,α̇): [D++,D+

α,α̇] = 0. ‚ ± -

²¨¡·μ¢±¥ ‚¥¸¸ Ä‡Ê³¨´μ ¸Ê¶¥·¶μ²¥ V ++ ¢ ± Î¥¸É¢¥ ±μ³¶μ´¥´É ¸μ¤¥·¦¨É ¢¸¥
¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ (±μ³¶²¥±¸-
´μ¥ ¸± ²Ö·´μ¥ ¶μ²¥, ± ²¨¡·μ¢μÎ´μ¥ ¢¥±Éμ·´μ¥ ¶μ²¥, SU(2)-¤Ê¡²¥É ¢¥°²¥¢-
¸±¨Ì Ë¥·³¨μ´μ¢ ¨ ¢¥Ð¥¸É¢¥´´Ò° SU(2)-É·¨¶²¥É ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥°).
’ ±¨³ μ¡· §μ³, V ++ Ö¢²Ö¥É¸Ö ¡ §¨¸´Ò³ μ¡Ñ¥±Éμ³ N = 2 ± ²¨¡·μ¢μÎ´μ°
É¥μ·¨¨, ¥¥ ´¥μ£· ´¨Î¥´´Ò³  ´ ²¨É¨Î¥¸±¨³ ¶·¥¶μÉ¥´Í¨ ²μ³. ‚¸¥ ¤·Ê£¨¥ μ¡Ñ-
¥±ÉÒ ÔÉμ° É¥μ·¨¨, ´ ¶·¨³¥·, ¸Ê¶¥·¶μ²¥ ´ ¶·Ö¦¥´´μ¸É¨ W , ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§
V ++ [51,56]. ƒμ¢μ·Ö ÉμÎ´¥¥, ¸Ê¶¥·¶μ²¥ ´ ¶·Ö¦¥´´μ¸É¨ ´¥¶μ¸·¥¤¸É¢¥´´μ ¢Ò-
· ¦ ¥É¸Ö Î¥·¥§ ´¥ ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥ V −−,

W = −1
4
(D̄+)2V −−, W̄ = −1

4
(D+)2V −−, (2.6)

±μÉμ·μ¥ ¸¢Ö§ ´μ ¸ V ++ Ê¸²μ¢¨¥³ ®´Ê²¥¢μ° £ ·³μ´¨Î¥¸±μ° ±·¨¢¨§´Ò¯,

D++V −− − D−−V ++ + i[V ++, V −−] = 0. (2.7)

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

V −− =
∞∑

n=1

∫
d12zdu1 · · · dun(−i)n+1 V ++(z, u1) · · ·V ++(z, un)

(u+u+
1 )(u+

1 u+
2 ) · · · (u+

n u+)
, (2.8)

±μÉμ·Ò° Ö¢²Ö¥É¸Ö ´¥²μ± ²Ó´Ò³ ËÊ´±Í¨μ´ ²μ³ V ++ ¢ ¸¥±Éμ·¥ £ ·³μ´¨Î¥¸±¨Ì
¶¥·¥³¥´´ÒÌ. ˆ§ ¶·¥¤¸É ¢²¥´¨Ö (2.6), Ê¸²μ¢¨Ö (2.7) ¨  ´ ²¨É¨Î´μ¸É¨ V ++

¸²¥¤Ê¥É, ¢ Î ¸É´μ¸É¨, ±μ¢ ·¨ ´É´ Ö u-´¥§ ¢¨¸¨³μ¸ÉÓ ´ ¶·Ö¦¥´´μ¸É¨ W ,

D±±W = 0.

„·Ê£¨³¨ ¢ ¦´Ò³¨ ¸¢μ°¸É¢ ³¨ ¸Ê¶¥·´ ¶·Ö¦¥´´μ¸É¥° W , W̄ , É ±¦¥ ¸²¥¤ÊÕ-
Ð¨³¨ ¨§ μ¶·¥¤¥²¥´¨Ö (2.6), Ö¢²ÖÕÉ¸Ö ¨Ì ±¨· ²Ó´μ¸ÉÓ ( ´É¨±¨· ²Ó´μ¸ÉÓ),
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D±
α W̄ = D̄±

α̇ W = 0, ¨ Éμ¦¤¥¸É¢μ 	ÓÖ´±¨: DαiDj
αW = D̄i

α̇D̄α̇jW̄. „²Ö ¤ ²Ó-
´¥°Ï¥£μ ¨¸¶μ²Ó§μ¢ ´¨Ö ´¥μ¡Ìμ¤¨³μ ¶·¨¢¥¸É¨ É ±¦¥ ¶μ²´ÊÕ  ²£¥¡·Ê ±μ¢ ·¨-
 ´É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ:

{D+
α ,D+

β } = {D̄+
α̇ , D̄+

β̇
} = {D+

α , D̄+
α̇ } = 0,

{D+
α ,D−

β } = −2iεαβW̄, {D̄+
α̇ , D̄−

β̇
} = 2iεα̇β̇W ,

(2.9)
{D̄+

α̇ ,D−
α } = −{D+

α , D̄−
α̇ } = 2iDαα̇,

[D++,D−
α ] = D+

α , [D++, D̄−
α̇ ] = D+

α̇ ,

[D±
α ,Dββ̇ ] = εαβD̄±

β̇
W̄ , [D̄±

α̇ ,Dββ̇ ] = εα̇β̇D±
β W ,

(2.10)

[Dαα̇,Dββ̇] =
1
2i
{εαβD̄+

α̇ D̄−
β̇
W̄ + εα̇β̇D−

α D+
β W}.

Š ± Ê¦¥ ´¥ · § ¡Ò²μ ¸± § ´μ · ´¥¥, ¤¥°¸É¢¨¥ N = 4 ± ²¨¡·μ¢μÎ´μ°
É¥μ·¨¨ ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¥¸ÉÓ ¸Ê³³  ¤¥°¸É¢¨° ¢¥±-
Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ¸ ´¨³ Î¥·¥§ ³¨´¨³ ²Ó´ÊÕ ¸¢Ö§Ó
£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò:

S(N=4SYM) =
1

2g2
tr

∫
d8zW2 − 1

2
tr

∫
dζ(−4)q+a(D++ + iV ++)q+

a . (2.11)

‡¤¥¸Ó a = 1, 2 Å ¨´¤¥±¸ £²μ¡ ²Ó´μ° SU(2)-£·Ê¶¶Ò ¸¨³³¥É·¨¨ � Ê²¨ÄƒÕ·Ï¨:
q+
a = (q+, q̆+), q+a = εabq+

a = (q̆+,−q+) (μ´  ±μ³³ÊÉ¨·Ê¥É ¸ £¥´¥· Éμ· ³¨
N = 2 ¸Ê¶¥· ²£¥¡·Ò, ±μ¢ ·¨ É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ ¨ SU(2)- ¢Éμ³μ·Ë¨§³ -
³¨),   d8z = d4xd2θ+ d2θ− du Å ³¥·  ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ±¨· ²Ó´μ³Ê ¸Ê¶¥·-
¶·μ¸É· ´¸É¢Ê.

„¥°¸É¢¨¥ (2.11) ¶μ§¢μ²Ö¥É ¸Ëμ·³Ê²¨·μ¢ ÉÓ ¶· ¢¨²  Ö¢´μ N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨Î´μ£μ ±¢ ´Éμ¢ ´¨Ö É¥μ·¨¨. �Éμ ¤¥°¸É¢¨¥ ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ
¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ [51], ·¥ ²¨§μ¢ ´´μ° ´  ¸Ê-
¶¥·¶μ²ÖÌ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

δV ++ = (εαaθ+
a + ε̄a

α̇θ̄+α̇)q+
a ,

(2.12)

δq+
a = −1

2
(D+)4

[
(εα

aθ−α + ε̄α̇aθ̄−α̇)V −−].
•μÉÖ ÔÉ¨ ¶·¥μ¡· §μ¢ ´¨Ö ¨³¥ÕÉ ¶· ¢¨²Ó´μ¥ § ³Ò± ´¨¥ ¸ ¸μ¡μ° ¨ ¶·¥μ¡· -
§μ¢ ´¨Ö³¨ Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ Éμ²Ó±μ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨,
¤¥°¸É¢¨¥ (2.11) ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ (2.12) ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.
’ ±¨³ μ¡· §μ³, ³μ¤¥²Ó μ¡² ¤ ¥É ¢Éμ·μ°, ¸±·ÒÉμ°, N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥°,
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±μÉμ· Ö ¢³¥¸É¥ ¸ Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥° § ³Ò± ¥É¸Ö ´  N = 4 ¸Ê¶¥·-
¸¨³³¥É·¨Õ ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö. ‘É·Ê±ÉÊ·  ³μ¤¥²¨ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥
μ¶·¥¤¥²Ö¥É¸Ö ¢ É¥·³¨´ Ì ·¥Ï¥´¨° ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö:

D++q+a + ig[V ++, q+a] = 0, (D+)2W = [q+a, q+
a ]. (2.13)

�·μ¸É¥°Ï¥¥ ·¥Ï¥´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° ¢  ¡¥²¥¢μ³ ¸²ÊÎ ¥ ¸μ¸Éμ¨É ¨§ ´ ¡μ· 
¶μ¸ÉμÖ´´ÒÌ Ëμ´μ¢ÒÌ ¶μ²¥°, ±μÉμ·Ò¥ ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ ¸±·ÒÉμ° N = 2
¸Ê¶¥·¸¨³³¥É·¨¨ ²¨´¥°´μ ¶·¥μ¡· §ÊÕÉ¸Ö ¤·Ê£ Î¥·¥§ ¤·Ê£ , ¸³¥Ï¨¢ Ö W , W̄ ¸
q+
a [41]:

δW =
1
2
ε̄α̇aD̄−

α̇ q+
a , δW̄ =

1
2
εαaD−

α q+
a ,

(2.14)

δq+
a =

1
4
(εα

aD+
αW + ε̄α̇

a D̄+
α̇ W̄).

�¸´μ¢´μ¥ (¢ ±ÊÊ³´μ¥) ¸μ¸ÉμÖ´¨¥ ²Õ¡μ° N = 2 ¸Ê¶¥·±μ´Ëμ·³´μ° ³μ-
¤¥²¨, ¢ Éμ³ Î¨¸²¥ ¨ N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ± ± Î ¸É´μ£μ ¸²ÊÎ Ö É -
±¨Ì ³μ¤¥²¥°, ³μ¦¥É ¢±²ÕÎ ÉÓ Éμ²Ó±μ ¡¥§³ ¸¸μ¢Ò° U(1) ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨-
¶²¥É ¨ ¡¥§³ ¸¸μ¢Ò¥ ´¥°É· ²Ó´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ, ¶μ¸±μ²Ó±Ê § ·Ö¦¥´´Ò¥
£¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ ¶·¨μ¡·¥É ÕÉ ³ ¸¸Ê §  ¸Î¥É ³¥Ì ´¨§³  •¨££¸ . Œ´μ£μμ¡· -
§¨¥ ¢ ±ÊÊ³μ¢ μ¶·¥¤¥²Ö¥É¸Ö Ê¸²μ¢¨Ö³¨ ¨¸Î¥§´μ¢¥´¨Ö ¸± ²Ö·´μ£μ ¶μÉ¥´Í¨ ² 
(®F-¶²μ¸±μ¸É´μ¸ÉÓ¯ ¶²Õ¸ ®D-¶²μ¸±μ¸É´μ¸ÉÓ¯). � ¡μ· ¢ ±ÊÊ³μ¢, ¢±²ÕÎ ÕÐ¨Ì
Éμ²Ó±μ ¡¥§³ ¸¸μ¢Ò¥ ´¥°É· ²Ó´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ, μ¡· §Ê¥É ®¢¥É¢Ó •¨££¸ ¯
É¥μ·¨¨. � ¡μ·, ¢±²ÕÎ ÕÐ¨° Éμ²Ó±μ ¡¥§³ ¸¸μ¢Ò¥ U(1) ¢¥±Éμ·´Ò¥ ³Ê²ÓÉ¨-
¶²¥ÉÒ, Ëμ·³¨·Ê¥É ®±Ê²μ´μ¢¸±ÊÕ ¢¥É¢Ó¯ É¥μ·¨¨. � ±μ´¥Í, ³´μ¦¥¸É¢μ ¢ ±Ê-
Ê³μ¢, ´  ±μÉμ·ÒÌ ¸μ¸ÊÐ¥¸É¢ÊÕÉ ³Ê²ÓÉ¨¶²¥ÉÒ μ¡μ¨Ì ¸μ·Éμ¢, μ¡· §Ê¥É ®¸³¥-
Ï ´´ÊÕ Ë §Ê¯ É¥μ·¨¨. ’ ±¨³ μ¡· §μ³, · ¸¶·μ¸É· ´ÖÕÐ¨³¨¸Ö ´¨§±μÔ´¥·£¥-
É¨Î¥¸±¨³¨ ¶μ²Ö³¨ ¢ ¸³¥Ï ´´μ° Ë §¥ Ö¢²ÖÕÉ¸Ö ¡¥§³ ¸¸μ¢Ò¥ ´¥°É· ²Ó´Ò¥ ¸± -
²Ö·Ò, ¸¶¨´μ·Ò ¨ U(1) ¢¥±Éμ·´Ò¥ ¡μ§μ´Ò, ±μÉμ·Ò¥ ¢Ìμ¤ÖÉ ¢ ¸μ¸É ¢ ¸Ê¶¥·¶μ²¥°
W , W̄ , q+a, q−a ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥, μ¡² ¤ ÕÐ¨Ì ¸¢μ°¸É¢ ³¨

(D±)2W = (D̄±)2W̄ = 0,

D++q+a = D−−q−a = 0, q−a ≡ D−−q+a, D−
α q−a = D̄−

α̇ q−a = 0.

„ ²¥¥ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢
N = 4 ¸Ê¶¥·± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¨³¥´´μ ´  ¸³¥Ï ´´μ° ¢¥É¢¨, ¢ Ê± § ´´μ³
¢ÒÏ¥ ¸³Ò¸²¥. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶μ¸±μ²Ó±Ê N = 2 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É
¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É ¸μ¸É ¢²ÖÕÉ ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ N = 4 ¢¥±Éμ·´Ò°
³Ê²ÓÉ¨¶²¥É, ³Ò ³μ¦¥³ É· ±Éμ¢ ÉÓ ¢¸¥ ¢ ±ÊÊ³´Ò¥ ¸μ¸ÉμÖ´¨Ö ± ± Ëμ·³¨·ÊÕ-
Ð¨¥ Ê´¨± ²Ó´ÊÕ ±Ê²μ´μ¢¸±ÊÕ ¢¥É¢Ó N = 4 ³μ¤¥²¨∗.

∗�μ¤Î¥·±´¥³ ¥Ð¥ · §, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ · §²¨Î´ÒÌ É¥·³¨´μ¢ ¤²Ö μ¡μ§´ Î¥´¨Ö ¢ ±ÊÊ³´ÒÌ
¸μ¸ÉμÖ´¨° ¢ ÔÉμ° É¥μ·¨¨ Ö¢²Ö¥É¸Ö ¢μ¶·μ¸μ³ ¸μ£² Ï¥´¨Ö.
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Ÿ¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ¶· ¢¨²  ”¥°´³ ´  ¢ £ ·³μ´¨Î¥¸±μ³
¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¡Ò²¨ · §· ¡μÉ ´Ò ¢ [56] (¸³. É ±¦¥ [51]). ‚ÒÎ¨¸²¥´¨¥
±¢ ´Éμ¢ÒÌ ¶μ¶· ¢μ± ³μ¦¥É ¸μ¤¥·¦ ÉÓ ¶μÉ¥´Í¨ ²Ó´μ μ¶ ¸´Ò¥ £ ·³μ´¨Î¥¸±¨¥
¸¨´£Ê²Ö·´μ¸É¨, ±μÉμ·Ò¥ ¢μ§´¨± ÕÉ ¢ £ ·³μ´¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨ÖÌ ¶·¨ ¸μ-
¢¶ ¤ ÕÐ¨Ì ÉμÎ± Ì. �·μ¡²¥³  ¸μ¢¶ ¤ ÕÐ¨Ì £ ·³μ´¨Î¥¸±¨Ì μ¸μ¡¥´´μ¸É¥° ¢
· ³± Ì £ ·³μ´¨Î¥¸±¨Ì ¶· ¢¨² ”¥°´³ ´  ¤²Ö ¸Ê¶¥·¤¨ £· ³³ ¢¶¥·¢Ò¥ μ¡¸Ê-
¦¤ ² ¸Ó ¢ [51], £¤¥ ¡Ò²μ ¶·¥¤²μ¦¥´μ ´¥±μÉμ·μ¥ ·¥Ï¥´¨¥ ÔÉμ° ¶·μ¡²¥³Ò.
Œ¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ¤²Ö ¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ £ ·³μ´¨Î¥-
¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¡Ò² · §¢¨É ¢ · ¡μÉ Ì [41] (¸³. É ±¦¥ [46], £¤¥ É ±μ°
¦¥ ³¥Éμ¤ ¶·¨³¥´Ö²¸Ö ¢ ¸É ´¤ ·É´μ³ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥). �ÉμÉ ³¥Éμ¤
¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö ¶·μ¨§¢μ²Ó´μ° N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ° ³μ¤¥²¨ ¢ ¢¨¤¥, ¸μÌ· ´ÖÕÐ¥³ Ö¢´ÊÕ N = 2
¸Ê¶¥·¸¨³³¥É·¨Õ ¨ ±² ¸¸¨Î¥¸±ÊÕ ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ ´  ±¢ ´Éμ-
¢μ³ Ê·μ¢´¥.

‚ · ³± Ì ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ¨¸Ìμ¤´Ò¥ ¸Ê¶¥·¶μ²Ö · ¸Ð¥¶²ÖÕÉ¸Ö ´ 
±² ¸¸¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö V ++, q+ ¨ ±¢ ´Éμ¢Ò¥ ¸Ê¶¥·¶μ²Ö v++, Q+, ¶·¨Î¥³
± ²¨¡·μ¢μÎ´Ò¥ Ê¸²μ¢¨Ö ´ ±² ¤Ò¢ ÕÉ¸Ö Éμ²Ó±μ ´  ±¢ ´Éμ¢Ò¥ ¶μ²Ö. �· ¢¨² 
”¥°´³ ´  ¢Ò¢μ¤ÖÉ¸Ö ¨§ ±¢ ´Éμ¢μ£μ ¤¥°¸É¢¨Ö ¢¨¤  Squant = S2+Sint, £¤¥ S2 Å
±¢ ¤· É¨Î´ Ö Ëμ·³  ±¢ ´Éμ¢ÒÌ ¶μ²¥° ¨ £μ¸Éμ¢,   Sint μ¶¨¸Ò¢ ¥É ¢§ ¨³μ¤¥°-
¸É¢¨¥. �¡  ¤¥°¸É¢¨Ö S2 ¨ Sint § ¢¨¸ÖÉ μÉ Ëμ´μ¢ÒÌ ¶μ²¥°. ‚¸¥ ¤¥É ²¨ ÔÉμ°
¶·μÍ¥¤Ê·Ò ¶·¨¢¥¤¥´Ò ¢ [41].

„¥°¸É¢¨¥ S2 μ¶·¥¤¥²Ö¥É ¶·μ¶ £ Éμ·Ò, § ¢¨¸ÖÐ¨¥ μÉ Ëμ´μ¢ÒÌ ¶μ²¥°.
„ ²¥¥ ³Ò ¨¸¶μ²Ó§Ê¥³ Ëμ´μ¢μ-±μ¢ ·¨ ´É´μ¥ ± ²¨¡·μ¢μÎ´μ¥ Ê¸²μ¢¨¥
D++v++ = 0. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·μ¶ £ Éμ· ±¢ ´Éμ¢μ£μ ± ²¨¡·μ¢μÎ´μ£μ ¸Ê-
¶¥·¶μ²Ö ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

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

2
�
�1

�
�2

(D+
1 )4(D+

2 )4{δ12(z1−z2)(D−−
2 )2δ(−2,2)(u1, u2)}. (2.15)

�μ¤Î¥·±´¥³, ÎÉμ ÔÉμÉ ¶·μ¶ £ Éμ· Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶μ²¥³ ¶μ ± -
¦¤μ³Ê ¨§ ¸¢μ¨Ì  ·£Ê³¥´Éμ¢. �·μ¶ £ Éμ· ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢  b ¨ c § ¶¨-
¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

G(0,0)(1|2) = i〈b(1)cT (2)〉 =

=
1

�
�1

(D+
1 )4(D+

2 )4
{

δ12(z1 − z2)
(u−

1 u−
2 )

(u+
1 u+

2 )3

}
. (2.16)

�·μ¶ £ Éμ· q+-£¨¶¥·³Ê²ÓÉ¨¶²¥É , μ¶¨¸Ò¢¥³μ£μ ¤¥°¸É¢¨¥³ (2.11) ¢μ ¢´¥Ï´¥³
¶μ²¥ V ++, ¨³¥¥É ¢¨¤

G(1,1)(1|2) = i〈q+a(1)q̆+
b (2)〉 =

= −δa
b

1
�
�1

(D+
1 )4(D+

2 )4
{

δ12(z1 − z2)
1

(u+
1 u+

2 )3

}
. (2.17)
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‚¸¥ ÔÉ¨ ¶·μ¶ £ Éμ·Ò ¸μ¤¥·¦ É μ¶¥· Éμ·
�
� = (−1/2)(D+)4(D−−)2, ±μÉμ-

·Ò° ¶¥·¥¢μ¤¨É ± ¦¤μ¥ ±μ¢ ·¨ ´É´μ- ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥ ¢ ±μ¢ ·¨ ´É´μ-

 ´ ²¨É¨Î¥¸±μ¥. �  ¶·μ¸É· ´¸É¢¥ É ±¨Ì ¸Ê¶¥·¶μ²¥° μ¶¥· Éμ·
�
� ¶·¥¤¸É ¢²Ö¥É¸Ö

¤¨ËË¥·¥´Í¨ ²Ó´Ò³ μ¶¥· Éμ·μ³ ¢Éμ·μ£μ ¶μ·Ö¤± 

�
� =

1
2
Dα̇αDαα̇ +

i

2
(D+αW)D−

α +
i

2
(D̄+

α̇ W̄)D̄−α̇ −

− i

4
(D̄+

α̇ D̄+α̇W̄)D−− +
i

8
[D+α,D−

α ]W +
1
2
{W , W̄}. (2.18)

�Éμ ¢Ò· ¦¥´¨¥ ¢Ò¢μ¤¨É¸Ö ¨§  ²£¥¡·Ò ±μ¢ ·¨ ´É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ (4.23). �·¨-

³¥Î É¥²Ó´μ, ÎÉμ ¤¨ËË¥·¥´Í¨ ²Ó´ Ö Î ¸ÉÓ μ¶¥· Éμ· 
�
� μ¤´μ§´ Î´μ μ¶·¥¤¥²Ö-

¥É¸Ö ¨§ É·¥¡μ¢ ´¨°, ÎÉμ a)
�
� ¢Ò· ¦ ¥É¸Ö Éμ²Ó±μ Î¥·¥§ ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§-

¢μ¤´Ò¥; ¡) μ¶¥· Éμ·
�
� ¶·¥μ¡· §Ê¥É ± ¦¤μ¥ ±μ¢ ·¨ ´É´μ- ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·-

¶μ²¥ ¢ ±μ¢ ·¨ ´É´μ- ´ ²¨É¨Î¥¸±μ¥. �¶¥· Éμ·
�
� ¥¸É¥¸É¢¥´´μ ´ §¢ ÉÓ  ´ ²¨É¨-

Î¥¸±¨³ ¤ ² ³¡¥·É¨ ´μ³. �¤´¨³ ¨§ ¥£μ ¢ ¦´ÒÌ ¸¢μ°¸É¢ Ö¢²Ö¥É¸Ö ¸μÌ· ´¥´¨¥

 ´ ²¨É¨Î´μ¸É¨, [D+
(α,α̇),

�
�] = 0.

ˆ§-§  ´¥É·¨¢¨ ²Ó´μ° § ¢¨¸¨³μ¸É¨ μÉ £ ·³μ´¨± N = 2 ¶·μ¶ £ Éμ·Ò ¨³¥ÕÉ
¸²μ¦´ÊÕ ¸É·Ê±ÉÊ·Ê. �μ, ± ± ´¥¤ ¢´μ ¶μ± § ´μ [107], £ ·³μ´¨Î¥¸± Ö § -
¢¨¸¨³μ¸ÉÓ N = 2 ¶·μ¶ £ Éμ·μ¢ ·¥§±μ Ê¶·μÐ ¥É¸Ö, ¥¸²¨ Ëμ´μ¢Ò° ¢¥±Éμ·-
´Ò° ³Ê²ÓÉ¨¶²¥É Ê¤μ¢²¥É¢μ·Ö¥É ±² ¸¸¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö DijW =
D̄ijW̄ = 0. ‚ ÔÉμ³ ¸²ÊÎ ¥ £ ·³μ´¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ ¶·μ¶ £ Éμ·μ¢ ¶μ²´μ-
¸ÉÓÕ Ë ±Éμ·¨§Ê¥É¸Ö, ÎÉμ ¶μ§¢μ²Ö¥É ¤¥·¦ ÉÓ ¶μ¤ ±μ´É·μ²¥³ £ ·³μ´¨Î¥¸±ÊÕ
§ ¢¨¸¨³μ¸ÉÓ N = 2 ¸Ê¶¥·¤¨ £· ³³.

�·¨ ¢ÒÎ¨¸²¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ · ³± Ì ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö
Î ¸Éμ ¨¸¶μ²Ó§ÊÕÉ¸Ö ³¥Éμ¤ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¨²¨ É¥Ì´¨±  É¥¶²μ¢μ£μ Ö¤· .
�É¨ ³¥Éμ¤Ò μ¡¥¸¶¥Î¨¢ ÕÉ ¢μ§³μ¦´μ¸ÉÓ ÔËË¥±É¨¢´μ ¸Ê³³¨·μ¢ ÉÓ ¡¥¸±μ´¥Î-
´μ¥ ³´μ¦¥¸É¢μ ¤¨ £· ³³ ”¥°´³ ´  ¸μ ¢¸¥ ¢μ§· ¸É ÕÐ¨³ Î¨¸²μ³ ¢¸É ¢μ± Ëμ-
´μ¢ÒÌ ¶μ²¥° ¨ ¸É·μ¨ÉÓ · §²μ¦¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³
Ëμ´μ¢μ£μ ¶μ²Ö Ö¢´μ ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´Ò³ μ¡· §μ³. Œ¥Éμ¤ Ëμ´μ¢μ£μ
¶μ²Ö ¨ ³¥Éμ¤Ò É¥¶²μ¢μ£μ Ö¤·  ¤²Ö N = 1 ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨° Ìμ·μÏμ
· §¢¨ÉÒ (¸³., ´ ¶·¨³¥·, ±´¨£Ê [37]). Œ¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ¢ £ ·³μ´¨Î¥-
¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ · §· ¡μÉ ´ ¢ [41], ´¥±μÉμ·Ò¥ ¶·¨³¥·Ò ¥£μ ¢ ¦´ÒÌ
¶·¨²μ¦¥´¨° ¡Ò²¨ · ¸¸³μÉ·¥´Ò ¢ [107]. �¤´ ±μ ¤μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨ ³´μ-
£¨¥  ¸¶¥±ÉÒ ³¥Éμ¤  É¥¶²μ¢μ£μ Ö¤·  ¢ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ μ¸É ¢ ²¨¸Ó
¶μÎÉ¨ ¶μ²´μ¸ÉÓÕ ´¥¨§ÊÎ¥´´Ò³¨. ‚ · §¤. 4 ³Ò ¢μ¸¶μ²Ó§Ê¥³¸Ö N = 2 ¸Ê¶¥·¶μ-
²¥¢Ò³ ³¥Éμ¤μ³ É¥¶²μ¢μ£μ Ö¤·  ¤²Ö ¶μ¸É·μ¥´¨Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ-
¸É· ´¸É¢¥ ¨ · ¸Ï¨·¨³ μ¤´μ¶¥É²¥¢Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¡μÉÒ [147] ¤²Ö ¢¥¤ÊÐ¨Ì
±¢ ´Éμ¢ÒÌ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì ¶μ¶· ¢μ± ¤μ ¸²¥¤ÊÕÐ¨Ì §  ¢¥¤ÊÐ¨³¨ ¢±² ¤μ¢
¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¨Ì ± ± μÉ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É ,
É ± ¨ μÉ N = 2 £¨¶¥·³Ê²ÓÉ¨¶²¥É .
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2.3. �¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É .
� ¸¸³μÉ·¨³ N = 4 É¥μ·¨Õ Ÿ´£ ÄŒ¨²²¸  ¸ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ° SU(2),
¸Ëμ·³Ê²¨·μ¢ ´´ÊÕ ´  Ö§Ò±¥ N = 2 £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥°. Š ²¨¡·μ¢μÎ-
´ Ö ¸¨³³¥É·¨Ö ³μ¤¥²¨ ´ ·ÊÏ¥´  ¤μ U(1), É ± ÎÉμ Ëμ´μ¢Ò¥ ¶μ²Ö V ++, q+ ¶·¨-
´ ¤²¥¦ É ¶μ¤ ²£¥¡·¥ Š ·É ´  ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. � Î´¥³, ± ± ¨ ¢ [147],
¸ ¶·μÍ¥¤Ê·Ò Ëμ´μ¢μ-±¢ ´Éμ¢μ£μ · ¸Ð¥¶²¥´¨Ö q+a → q+a + Q+a, V ++ →
V ++ + gv++. ‡¤¥¸Ó q+a, V ++ Ö¢²ÖÕÉ¸Ö Ëμ´μ¢Ò³¨ ¶μ²Ö³¨ ¨ Q+a, v++ Å
±¢ ´Éμ¢Ò³¨. „²Ö μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ Éμ²Ó±μ
ÉÊ Î ¸ÉÓ ±¢ ´Éμ¢μ£μ ¤¥°¸É¢¨Ö Squant, ±μÉμ· Ö ±¢ ¤· É¨Î´  ¶μ ±¢ ´Éμ¢Ò³ ¸Ê-
¶¥·¶μ²Ö³:

S2 = −1
2
tr

∫
dζ(−4)

[
v++�

�v++ + Q+a(D++ + iV ++)Q+
a +

+ [Q+a, igv++]q+
a + q+aig[v++, Q+

a ]
]
+ . . . (2.19)

Œ´μ£μÉμÎ¨¥³ § ³¥´¥´ ¢±² ¤ £μ¸Éμ¢. �¶¥· Éμ·
�
� ¸μ¤¥·¦¨É Ëμ´μ¢Ò¥ N = 2

¸Ê¶¥·¶μ²Ö ´ ¶·Ö¦¥´´μ¸É¥° W , W̄ , ¤¥°¸É¢Ê¥É ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥-
´¨¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ¨ ¨³¥¥É ¢¨¤ (2.18). � ¡μ· Ëμ´μ¢ÒÌ ¸Ê¶¥·-
¶μ²¥° ¢ (2.19) Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Ö³ (D+)2W = 0, D++q+a = 0 ¨
D+αD−

αW = 0, D−αD−
α W = 0. “¤μ¡´μ ¶¥·¥μ¶·¥¤¥²¨ÉÓ g Q+ → Q+ ¨ § ¶¨-

¸ ÉÓ Ëμ´μ¢Ò¥ ¸Ê¶¥·¶μ²Ö ± ± V ++ = τ3V
++
3 , q+ = τ3q

+
3 , W = τ3W3. ‡¤¥¸Ó

τi = (1/
√

2)σi Å £¥´¥· Éμ·Ò su(2)- ²£¥¡·Ò:

[τi, τj ] = i
√

2εijkτk, tr(τiτj) = δij .

„²Ö Ëμ´ , ¶·¨´¨³ ÕÐ¥£μ §´ Î¥´¨Ö ¢  ¡¥²¥¢μ° ¶μ¤ ²£¥¡·¥, É ±¦¥ ¢Ò¶μ²´Ö-
¥É¸Ö μ£· ´¨Î¥´¨¥ D±αW = D±αW , ¨  ´ ²μ£¨Î´μ¥ Å ¤²Ö W̄ , É. ¥. ±μ¢ ·¨-
 ´É´Ò¥ ¸¶¨´μ·´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ¸É ´μ¢ÖÉ¸Ö ®¶²μ¸±¨³¨¯ ¶·μ¨§¢μ¤´Ò³¨ D, D̄,
±μ£¤  ¤¥°¸É¢ÊÕÉ ´  É ±¨¥ μ£· ´¨Î¥´´Ò¥ W ¨ W̄ . ’¥¶¥·Ó, ¶·¨´¨³ Ö ¢μ ¢´¨-
³ ´¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¨ ÉμÉ Ë ±É, ÎÉμ ¢¸¥ ±¢ ´Éμ¢Ò¥ ¸Ê¶¥·¶μ²Ö ¶·¨-
´ ¤²¥¦ É ¶·¨¸μ¥¤¨´¥´´μ³Ê ¶·¥¤¸É ¢²¥´¨Õ, v++ = v++

i τi, Q+a = Q+a
i τi,

¶μ²ÊÎ ¥³

�
�v++ = �covv

++ +
i

2
[
D+αW ,D−

α v++
]
+

+
i

2
[D̄+α̇W̄, D̄−

α̇ v++] +
[
W , [W̄ , v++]

]
. (2.20)

‡¤¥¸Ó �cov = (1/2)Dαα̇Dαα̇. ˆ³¥¥³ É ±¦¥ D++q1 = D++q1 +
√

2V ++q2,
D++q2 = D++q2 −

√
2V ++q1, D++q3 = D++q3, Dm = Dm +

√
2Am.
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’¥¶¥·Ó ±¢ ¤· É¨Î´ Ö Î ¸ÉÓ ¤¥°¸É¢¨Ö ¶¥·¥¶¨Ï¥É¸Ö ± ±

S2 = −1
2

∫
dζ(−4)

{
v++
1 (�cov + 2WW̄)v++

1 + v++
2 (�cov + 2WW̄)v++

2 +

+
1√
2
v++
1

(
(D+αW)D−

α + (D̄+
α̇ W̄)D̄−α̇

)
v++
2 −

− 1√
2
v++
2

(
(D+αW)D−

α + (D̄+
α̇ W̄)D̄−α̇

)
v++
1 +

+ v++
3 �v++

3 + Q+a
i D++Q+

ia + Q+a
1 (

√
2V ++)Q+

2a +

+ Q+a
2 (−

√
2V ++)Q+

1a + v++
2

√
2(q+aQ+

a1 − Q+a
1 q+

a )+

+ v++
1

√
2(Q+a

2 q+
a − q+aQ+

a2)
}

+ . . . (2.21)

‡¤¥¸Ó ¨ ¤ ²¥¥ ³Ò μ¶Ê¸± ¥³ ¨´¤¥±¸ 3 Ê Ëμ´μ¢ÒÌ ¸Ê¶¥·¶μ²¥°,   ³´μ£μÉμÎ¨¥,
± ± ¨ · ´ÓÏ¥, ¸¨³¢μ²¨§¨·Ê¥É ¢±² ¤Ò £μ¸Éμ¢, ±μÉμ·Ò¥ ´¥ § ¢¨¸ÖÉ μÉ Ëμ´μ¢μ£μ
£¨¶¥·³Ê²ÓÉ¨¶²¥É . Š ± ³μ¦´μ Ê¸³μÉ·¥ÉÓ ¨§ (2.21), Éμ²Ó±μ É¥ ±μ³¶μ´¥´ÉÒ
±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥°, ±μÉμ·Ò¥ ´¥¸ÊÉ ¨´¤¥±¸Ò 1 ¨ 2, ¨³¥ÕÉ ´¥É·¨¢¨ ²Ó´Ò¥
Ëμ´μ¢μ-§ ¢¨¸¨³Ò¥ ¶·μ¶ £ Éμ·Ò. Š¢ ´Éμ¢μ¥ ¸Ê¶¥·¶μ²¥ ¸ ¨´¤¥±¸μ³ 3 ´¥ ¢§ ¨-
³μ¤¥°¸É¢Ê¥É ¸ Ëμ´μ³ ¨ ¶μ²´μ¸ÉÓÕ μÉÐ¥¶²Ö¥É¸Ö.

�μ¸²¥ ¶¥·¥Ìμ¤  ± ´μ¢Ò³ ±μ³¶²¥±¸´Ò³ ±¢ ´Éμ¢Ò³ ¸Ê¶¥·¶μ²Ö³

χ++ =
1√
2
(v++

1 + iv++
2 ), χ̄++ =

1√
2
(v++

1 − iv++
2 ),

η+a =
1√
2
(Q+a

1 + iQ+a
2 ), η̄+a =

1√
2
(Q+a

1 − iQ+a
2 )

¤¥°¸É¢¨¥ (2.21) ¶·¨´¨³ ¥É ¢¨¤

S2 = −
∫

dζ(−4)

{
χ̄++

(
�cov + 2WW̄ −

− i√
2

[
(D+αW)D−

α + (D̄+
α̇ W̄)D̄−α̇

])
χ++ +

+ η̄+a(D++ − i
√

2V ++)η+
a − iχ++

√
2q+aη̄+

a + iχ̄++
√

2q+aη+
a +

+
1
2
v++
3 �v++

3 +
1
2
Q+a

3 D++Q+
3a

}
. (2.22)

�É  Ëμ·³  ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ Ê¤μ¡´μ° ¤²Ö ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢ÒÎ¨-
¸²¥´¨°. „¥°¸É¢¨¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Ê³³Ê ¤¨ £μ´ ²Ó´μ° Î ¸É¨ S0, ±μÉμ· Ö
μ¶·¥¤¥²Ö¥É ¶·μ¶ £ Éμ·Ò, ¨ ´¥¤¨ £μ´ ²Ó´μ° Î ¸É¨ V , ±μÉμ· Ö μÉ¢¥É¸É¢¥´´  § 
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¢§ ¨³μ¤¥°¸É¢¨¥. ŒÒ μ¶Ê¸É¨²¨ Î²¥´Ò ¸ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨³¨ ¶μ²Ö³¨ Qa+
3

¨ v++
3 .
‚ ± Î¥¸É¢¥ ¶¥·¢μ£μ Ï £  ¢¢¥¤¥³ μ¶¥· Éμ·

�
�short = �cov + 2WW̄ − i√

2

[
(D+αW)D−

α + (D̄+
α̇ W̄)D̄−α̇

]
, (2.23)

±μÉμ·Ò° ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ (2.18), Ê¤¥·¦¨¢ Ö ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ Éμ²Ó±μ
¸Ê¶¥·¶μ²Ö W , W̄, ¸¢Ö§ ´´Ò¥ ¸ ´¥´ ·ÊÏ¥´´μ° U(1)-¶μ¤£·Ê¶¶μ°, ¨ ¶μ³¥Ð Ö
¨Ì ´  ³ ¸¸μ¢ÊÕ μ¡μ²μÎ±Ê. �¡· É¨³ ¢´¨³ ´¨¥ ´  Éμ, ÎÉμ μ¶¥· Éμ·Ò (2.18)
¨ (2.23) ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³ § ³¥´ ³¨ W → −W/

√
2,

W̄ → −W̄/
√

2. ’¥¶¥·Ó ²¥£±μ ´ ¶¨¸ ÉÓ ¶· ¢¨²  ”¥°´³ ´  ¤²Ö ¢ÒÎ¨¸²¥´¨Ö
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö  ´ ²μ£¨Î´μ Éμ³Ê, ± ± ÔÉμ ¡Ò²μ ¸¤¥² ´μ ¢ [41,51,56].
„²Ö ¶·μ¶ £ Éμ·μ¢ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° χ++ ¨ χ̄++ ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢
η+

a ¨ η̄+a ¨¸¶μ²Ó§Ê¥³ ¢Ò· ¦¥´¨Ö (2.15) ¨ (2.17) ¸μμÉ¢¥É¸É¢¥´´μ. ‚¥·Ï¨´Ò
¡¥·ÊÉ¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ ¢§ ¨³μ¤¥°¸É¢¨Ö V ¢ ¢¨¤¥

V = −iχ++
√

2q+aη̄+
a + iχ̄++

√
2q+aη+

a .

�μ²ÊÎ ÕÐ¨¥¸Ö ¶· ¢¨²  ”¥°´³ ´  ¨³¥ÕÉ ¸É ´¤ ·É´Ò° ¢¨¤. �μ¤Î¥·±´¥³
Éμ²Ó±μ μ¤´Ê ¢ ¦´ÊÕ μ¸μ¡¥´´μ¸ÉÓ. ‚ ± ¦¤μ° ¢¥·Ï¨´¥, ±μÉμ· Ö ¢±²ÕÎ ¥É
¢ ¸¥¡Ö ¨´É¥£· ² ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê, ¢¸¥£¤  ³μ¦´μ ¸´ÖÉÓ
μ¶¥· Éμ· (D+)4 ¸ μ¤´μ£μ ¨§ ¶·μ¶ £ Éμ·μ¢ ¨ ¶·¥μ¡· §μ¢ ÉÓ ¨´É¥£· ² ¶μ dζ(−4)

± ¨´É¥£· ²Ê ¶μ ¶μ²´μ° ³¥·¥ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢  d12z.
’¥¶¥·Ó § ³¥É¨³, ÎÉμ, ¶·μ¨§¢μ¤Ö ¢ (2.22) ËÊ´±Í¨μ´ ²Ó´Ò¥ § ³¥´Ò ¶¥·¥-

³¥´´ÒÌ:

χ++(1) → χ++(1) − i

∫
dζ

(−4)
2 G(2,2)(1|2)q+a(2)η+

a (2),

χ̄++(1) → χ̄++(1) + i

∫
dζ

(−4)
2 G(2,2)(1|2)q+a(2)η̄+

a (2),

£¤¥ ¶·μ¶ £ Éμ· G2,2(1|2) μ¶·¥¤¥²¥´ ¢ (2.15), ³μ¦´μ ¤¨ £μ´ ²¨§μ¢ ÉÓ μ¶¥· Éμ·∫
dζ

(−4)
1 dζ

(−4)
2 η̄+a(1)

{
δb
aD++

1 δ(1,3)(1|2) + q+
a (1)G(2,2)(1|2)q+b(2)

}
η+

b (2).

’μ£¤  μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ Γ[V ++, q+], μ¶·¥¤¥²Ö¥³μ¥ ËÊ´±-
Í¨μ´ ²Ó´Ò³ ¨´É¥£· ²μ³

eiΓ[V ++,q+] =
∫

Dη̄+Dη+Dχ̄++Dχ++ eiS2[η+,η̄+,χ̄++,χ++,V ++,q+],

³μ¦¥É ¡ÒÉÓ Ëμ·³ ²Ó´μ § ¶¨¸ ´μ ¢ ¢¨¤¥

Γ[V ++, q+, q̆+] = i Tr ln
{
δb
aD++

1 δ(1,3)(1|2)+

+ q+
a (1)G(2,2)(1|2)q+b(2)

}
+ Γ[V ++]. (2.24)
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�μ¸²¥¤´¨° Î²¥´ Γ[V ++] ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ ¶μ²´μ£μ μ¤´μ-
¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ±μÉμ·μ¥ § ¢¨¸¨É Éμ²Ó±μ μÉ N = 2 ± -
²¨¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö. ŒÒ ¡Ê¤¥³ ¢ μ¸´μ¢´μ³ ¨§ÊÎ ÉÓ ¶¥·¢μ¥ ¸² £ ¥³μ¥,
¶μ¸±μ²Ó±Ê μ´μ  ±±Ê³Ê²¨·Ê¥É ¢ ¸¥¡¥ ¢¸Õ § ¢¨¸¨³μ¸ÉÓ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥É .

‚Ò· ¦¥´¨¥ (2.24), § ¶¨¸ ´μ¥ ¢ ¢¨¤¥  ´ ²¨É¨Î¥¸±μ£μ ´¥²μ± ²Ó´μ£μ ¸Ê-
¶¥·ËÊ´±Í¨μ´ ² , Ö¢²Ö¥É¸Ö μÉ¶· ¢´μ° ÉμÎ±μ° ¤²Ö ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨° μ¤´μ-
¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚Ò· ¦¥-
´¨¥ (2.24) ¶μ± §Ò¢ ¥É, ÎÉμ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ Ìμ·μÏμ μ¶·¥¤¥²¥´μ ¢ · ³-
± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶μ ¸É¥¶¥´Ö³ ´¥²μ± ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
q+
a (1)G(2,2)(1|2)q+b(2). 	¥¸±μ´¥Î´Ò° ·Ö¤ ¶μ ÔÉ¨³ ¸É¥¶¥´Ö³ ¶·¨¢μ¤¨É ± ÔË-

Ë¥±É¨¢´μ³Ê ¤¥°¸É¢¨Õ ¢ ¢¨¤¥ Γ[V ++, q̆+, q+] =
∞∑

n=1
Γ2n[V ++, q̆+, q+]. ‡¤¥¸Ó

2n-° Î²¥´ § ¤ ¥É¸Ö ¸Ê¶¥·¤¨ £· ³³μ° ¸ 2n ¢´¥Ï´¨³¨ ²¨´¨Ö³¨ q̆+, q+ ¨ ²Õ¡Ò³
Î¨¸²μ³ ¢´¥Ï´¨Ì ²¨´¨° V ++. ’ ± ± ± ¤¥°¸É¢¨¥ Γ[V ++, q̆+, q+] ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´μ ¶μ ¶μ¸É·μ¥´¨Õ, ³μ¦´μ μ¦¨¤ ÉÓ, ÎÉμ ± ¦¤Ò° ±μÔËË¨Í¨¥´É Γ2n

§ ¢¨¸¨É μÉ Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö V ++ Éμ²Ó±μ Î¥·¥§ ´ ¶·Ö¦¥´´μ¸É¨ W , W̄ ¨ ¨Ì
±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥. �μ¤Î¥·±´¥³, ÎÉμ ¸Ê¶¥·¤¨ £· ³³Ò, ¢μ§´¨± ÕÐ¨¥
¢ · ³± Ì ÔÉμ° ¶·μÍ¥¤Ê·Ò, ¸μ¤¥·¦ É Ëμ´μ¢μ-§ ¢¨¸¨³Ò¥ ¸Ê¶¥·¶·μ¶ £ Éμ·Ò.

2.4. �´ ²¨§ ¸Ê¶¥·¤¨ £· ³³ ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³ÒÌ ¢±² ¤μ¢
¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥. ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³Ò¥ ¢±² ¤Ò ¢ μ¤´μ¶¥É²¥-
¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¶·¥¤¸É ¢²¥´Ò ¸²¥¤ÊÕÐ¥° ¡¥¸±μ´¥Î´μ° ¶μ¸²¥¤μ¢ -
É¥²Ó´μ¸ÉÓÕ ¸Ê¶¥·¤¨ £· ³³, ¨§μ¡· ¦¥´´ÒÌ ´  ·¨¸. 1.

‡¤¥¸Ó ¢μ²´¨¸É Ö ²¨´¨Ö μ¡μ§´ Î ¥É ¶·μ¶ £ Éμ· N = 2 ± ²¨¡·μ¢μÎ´μ£μ
¸Ê¶¥·¶μ²Ö,   ¸¶²μÏ´Ò¥ ¢´¥Ï´¨¥ ¨ ¢´ÊÉ·¥´´¨¥ ²¨´¨¨ μ¡μ§´ Î ÕÉ Ëμ´μ¢Ò¥
¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ±¢ ´Éμ¢Ò¥ ¶·μ¶ £ Éμ·Ò £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¸μ-
μÉ¢¥É¸É¢¥´´μ. —¨¸²  1, 2, . . . ³ ·±¨·ÊÕÉ  ·£Ê³¥´ÉÒ (ζA, u) ¢´¥Ï´¨Ì ²¨´¨°
£¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ¢¸Ö § ¢¨¸¨³μ¸ÉÓ ¢±² ¤μ¢ μÉ
± ²¨¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö ¢±²ÕÎ¥´  ¢ Ëμ´μ¢μ-§ ¢¨¸¨³Ò¥ ¶·μ¶ £ Éμ·Ò.

�·μ¨§¢μ²Ó´Ò° ¸Ê¶¥·£· Ë ¸ 2n ¢´¥Ï´¨³¨ ²¨´¨Ö³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢Ò-
£²Ö¤¨É ¶μ¤μ¡´μ ±μ²ÓÍÊ, ¸μ¸ÉμÖÐ¥³Ê ¨§ n §¢¥´Ó¥¢ Ëμ·³Ò 〈η̄+η+〉〈χ++χ̄++〉
¨²¨ n §¢¥´Ó¥¢ Ëμ·³Ò 〈η+η̄+〉〈χ̄++χ++〉. �μ²´Ò° ¢±² ¤ ¢ 2n-ÉμÎ¥Î´ÊÕ ¸Ê-

�¨¸. 1.
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¶¥·¤¨ £· ³³Ê μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡Ð¨³ ¢Ò· ¦¥´¨¥³:

iΓ2n =
4
n

∫
dζ

(−4)
1 dζ

(−4)
2 · · · dζ

(−4)
2n ×

× (D+
1 )4(D+

2 )4

(u+
1 u+

2 )3

{
1

�
�1

δ12
1|2

}
(D+

2 )4(D+
3 )4

�
�2

�
�3

(D−−
3 )2

{
δ12
2|3δ

(−2,2)(u2, u3)
}
×

× (D+
3 )4(D+

4 )4

(u+
3 u+

4 )3

{
1

�
�3

δ12
3|4

}
· · ·

(D+
2n−2)

4(D+
2n−1)

4

�
�2n−2

�
�2n−1

×

× (D−−
2n−1)

2
{

δ12
2n−2|2n−1δ

(−2,2)(u2n−2, u2n−1)
} (D+

2n−1)
4(D+

2n)
(u+

2n−1u
+
2n)3

×

×
{

1
�
�2n−1

δ12
2n−1|2n

}
(D+

2n)4(D+
1 )4

�
�2n

�
�1

(D−−
1 )2

{
δ12
2n|1δ

(−2,2)(u2n, u1)
}
×

× q+
a (z1, u1)q+a(z2, u2)q+

b (z3, u3) · · · q+
c (z2n−1, u2n−1)q+c(z2n, u2n). (2.25)

‡¤¥¸Ó ¨ ¤ ²¥¥, ¤²Ö Éμ£μ ÎÉμ¡Ò ¨§¡¥¦ ÉÓ ¶·μ¡²¥³Ò £ ·³μ´¨Î¥¸±¨Ì ¸¨´£Ê²Ö·-
´μ¸É¥°, ¨¸¶μ²Ó§Ê¥É¸Ö ¶·μ¶ £ Éμ· N = 2 ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¢ ¢¨¤¥, Ö¢´μ
 ´ ²¨É¨Î´μ³ ¶μ μ¡μ¨³  ·£Ê³¥´É ³.

” ±Éμ· 4/n ¨³¥¥É ¸²¥¤ÊÕÐ¥¥ ¶·μ¨¸Ìμ¦¤¥´¨¥. ‚±² ¤ ¸Ê¶¥·¤¨ £· ³³Ò
É¨¶  ±μ²ÓÍ , ¸μ¸É ¢²¥´´μ£μ ¨§ n ¶μ¢Éμ·ÖÕÐ¨Ì¸Ö §¢¥´Ó¥¢ 〈η̄+η+〉〈χ++χ̄++〉,
¶μÖ¢²Ö¥É¸Ö ¸ ¸¨³³¥É·¨°´Ò³ Ë ±Éμ·μ³ 2/n. ’μÉ ¦¥ Ë ±Éμ· 2/n ¢μ§´¨± ¥É
¨§ ¸Ê¶¥·£· Ë , ¸μ¸ÉμÖÐ¥£μ ¨§ n ¶μ¢Éμ·ÖÕÐ¨Ì¸Ö §¢¥´Ó¥¢ 〈η+η̄+〉〈χ̄++χ++〉.
„ ²¥¥ ± ¦¤ Ö ¢¥·Ï¨´  ¶·¨¢´μ¸¨É Ë ±Éμ· −i,   ± ¦¤Ò¥ 〈η+η̄+〉 ¨ 〈χ̄++χ++〉
¨§ ¶·μ¶ £ Éμ·μ¢ Å Ë ±Éμ·Ò i ¨ i/2 ¸μμÉ¢¥É¸É¢¥´´μ. �μÔÉμ³Ê ¶μ²´μ¥ Î¨¸²μ
n §¢¥´Ó¥¢ ¶·¨¢´μ¸¨É Ë ±Éμ· 2−n. ‹Õ¡ Ö ¢¥·Ï¨´  É ±¦¥ ¶μ¸É ¢²Ö¥É ±μÔËË¨-
Í¨¥´É

√
2. ‚¸¥ ÔÉμ ¶·¨¢μ¤¨É ± ¸Ê³³ ·´μ³Ê ±μÔËË¨Í¨¥´ÉÊ 2n. “Î¨ÉÒ¢ Ö ¢¸¥

ÔÉ¨ ¢±² ¤Ò, ¶μ²ÊÎ ¥³ ¢ ÉμÎ´μ¸É¨ ±μÔËË¨Í¨¥´É 4/n.
� Î´¥³ ¸ ¶·Ö³μ£μ ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤  ¸Ê¶¥·¤¨ £· ³³Ò Γ2[V ++, q+a].

‚  ´ ²¨É¨Î¥¸±μ³ ¡ §¨¸¥ μ´ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

iΓ2 =
∫

dζ
(−4)
1 dζ

(−4)
2 du1 du2

{
(D+

1 )4(D+
2 )4

(u+
1 u+

2 )3
1

�
�1

δ12(1|2)
}
×

×
{

(D+
2 )4(D+

1 )4
�
�2

�
�1

δ12(2|1)(D−−
1 )2δ−2,2(u2, u1)

}
q+
a (z1, u1)q+a(z2, u2). (2.26)

‘μ£² ¸´μ μ¡Ð¥° ¸É· É¥£¨¨ μ¡· Ð¥´¨Ö ¸ É ±¨³¨ ¸Ê¶¥·¤¨ £· ³³ ³¨ ³Ò ¤μ²¦´Ò
¢´ Î ²¥ ¢μ¸¸É ´μ¢¨ÉÓ ¶μ²´ÊÕ £· ¸¸³ ´μ¢Ê ³¥·Ê ¨´É¥£·¨·μ¢ ´¨Ö ¢ ¢¥·Ï¨´ Ì
¶μ ¶· ¢¨²Ê d12z1 d12z2 = d(−4)ζ1 d(−4)ζ2(D+

1 )4 (D+
2 )4. �μ¸±μ²Ó±Ê ´ ³ ¨´É¥-

·¥¸´Ò ¢±² ¤Ò ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ±μÉμ·Ò¥ ´¥ § ¢¨¸ÖÉ μÉ ¶·μ¸É· ´¸É¢¥´-
´μ-¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ Dmq+

a ¨ ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ D−
(α,α̇)q

+
a Ëμ-
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´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É , ¤μ¸É ÉμÎ´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐ¨¥ ¸Ê¶¥·¶μ²¥¢Ò¥
μ£· ´¨Î¥´¨Ö: D−

(α,α̇)q
+
a = 0, D+

(α,α̇)q
−a = 0. (2.27)

ˆ´É¥£·¨·ÊÖ ¶μ Î ¸ÉÖ³ ¸ ¶μ³μÐÓÕ ¤¥²ÓÉ -ËÊ´±Í¨¨, ³Ò ¸ÉÖ´¥³ ¶¥É²Õ ¢ ÉμÎ±Ê
¸Ê¶¥·¶·μ¸É· ´¸É¢ . �¤´ ±μ ¢¸¥ ¥Ð¥ μ¸É ¥É¸Ö ´¥²μ± ²Ó´μ¥ ¢Ò· ¦¥´¨¥

iΓ2 =
∫

dz du1 du2

(u+
1 u+

2 )3
(D+

2 )4(D+
1 )4

�
�

2

1

�
�2

δ12(z)|
{

(D−−
1 )2δ−2,2(u2, u1)

}
×

× q+
a (z1, u1)q+a(z1, u2), (2.28)

¢ ±μÉμ·μ³ ¶·¨¸ÊÉ¸É¢Ê¥É £ ·³μ´¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ (u+
1 u+

2 )−3 ¸ μ¸μ¡¥´-
´μ¸ÉÓÕ ¢ ¸μ¢¶ ¤ ÕÐ¨Ì ÉμÎ± Ì. …¸²¨ ¡Ò ³Ò ¨³¥²¨ ¤¥²μ ¸ ¶²μ¸±¨³¨ ±μ¢ -
·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨, Éμ ³Ò ³μ£²¨ ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ¦´μ¥ Éμ¦¤¥¸É¢μ
(D+

1 )4(D+
2 )4δ8(θ1 − θ2) = (u+

1 u+
2 )4 ¤²Ö Ê¸É· ´¥´¨Ö ÔÉμ° ¸¨´£Ê²Ö·´μ¸É¨. �¤-

´ ±μ · ¸¸³ É·¨¢ ¥³μ¥ ¢Ò· ¦¥´¨¥ (2.28) ¸μ¤¥·¦¨É ±μ¢ ·¨ ´É´Ò¥ ¸¶¨´μ·´Ò¥
¶·μ¨§¢μ¤´Ò¥, ¨ ¤ ²Ó´¥°Ï¨°  ´ ²¨§ ¸É ´μ¢¨É¸Ö ¡μ²¥¥ ¸²μ¦´Ò³. ‚ ¶·¨´Í¨¶¥,
³μ¦´μ ¡Ò²μ ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ¨¤¥Õ ¨§ · ¡μÉÒ [107], ¸μ¸ÉμÖÐÊÕ ¢ Éμ³, ÎÉμ

¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¢ÊÌÉμÎ¥Î´μ° ËÊ´±Í¨¨ ¢¨¤  (D+
1 )4(D+

2 )4δ12(z1−z2)
1

(u+
1 u+

2 )q

´ ¤μ ¢Ò· §¨ÉÓ ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥ D+(α,α̇)
2 Î¥·¥§ ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§-

¢μ¤´Ò¥ D+(α,α̇)
1 . �Éμ ³μ¦¥É ¶μ³μÎÓ ¢ ¢ÒÎ¨¸²¥´¨¨ Γ2 (2.28), μ¤´ ±μ ¶·μÍ¥¤Ê· 

É ±μ£μ ¢ÒÎ¨¸²¥´¨Ö ¶μ-¶·¥¦´¥³Ê Ö¢²Ö¥É¸Ö É¥Ì´¨Î¥¸±¨ μÎ¥´Ó ¸²μ¦´μ°.
‘ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, Ê¤μ¡´¥¥ ´ Î ÉÓ ¸ ¶·¥¤¸É ¢²¥´¨Ö (2.26) ¨ · ¡μÉ ÉÓ

¢  ´ ²¨É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥. ’μ£¤  ¢³¥¸Éμ ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤  (2.28) ¢
¶μ²´μ³ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ³Ò ¤μ²¦´Ò Ë ±É¨Î¥¸±¨ ¶μ²ÊÎ¨ÉÓ Ô±¢¨¢ -
²¥´É´μ¥ ¢Ò· ¦¥´¨¥ ¢¨¤  ∫

dζ−4(D+)4 L(W , W̄ , q+)

¸ É¥³ ¦¥ L. „²Ö ÔÉμ£μ ³Ò ¢¥·´¥³¸Ö ¢ (2.28) ±  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´-
¸É¢Ê ¨ ¤¢ ¦¤Ò ¢μ¸¶μ²Ó§Ê¥³¸Ö ¸μμÉ´μÏ¥´¨¥³ [107],   É ±¦¥ £ ·³μ´¨Î¥¸±¨³¨
Éμ¦¤¥¸É¢ ³¨ (u+

1 u+
2 )|1=2 = 0, D−−

1 (u+
1 u+

2 ) = (u−
1 u+

2 ), (u+
1 u−

2 )|1=2 = 1 ¨

1
(u+

1 u+
2 )3

(D+
1 )4(D+

2 )4(D+
1 )4 =

= (D+
1 )4{. . . + (u+

1 u+
2 )(u−

2 u+
1 )2(u−

1 u+
2 )2

�
�1

�
�2 + . . .}. (2.29)

‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³

iΓ2 =
∫

dζ(−4) du1 du2(u+
1 u+

2 )(q+
a (u1)q+a(u2))(D−−

1 )2×

× δ(−2,2)(u2u1)
(D+)4

�
�2

δ12(z)|. (2.30)
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„²Ö Éμ£μ ÎÉμ¡Ò ¸´ÖÉÓ Ë ±Éμ· (D−−)2 ¸ £ ·³μ´¨Î¥¸±μ° ¤¥²ÓÉ -ËÊ´±Í¨¨ ¨
¶·¨³¥´¨ÉÓ £ ·³μ´¨Î¥¸±¨¥ Éμ¦¤¥¸É¢ 

(D−−
1 )2δ(−2,2)(u2u1) = (D−−

2 )2δ(2,−2)(u2u1),

D−−q+ = q−, (u+
1 u+

2 )|1=2 = 0,

³Ò ¢·¥³¥´´μ ¢μ¸¸É ´μ¢¨³ ¶μ²´ÊÕ ³¥·Ê ¨´É¥£·¨·μ¢ ´¨Ö,   ¢ ±μ´Í¥ ¢¥·´¥³¸Ö
±  ´ ²¨É¨Î¥¸±μ° ³¥·¥. �·¨ ÔÉμ³ ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ μ£· ´¨Î¥´¨Ö (2.27).

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ μ¤´μ³Ê ´ ¡μ·Ê £ ·³μ´¨± ¶·¨¢μ¤¨É ± μ±μ´Î É¥²Ó´μ³Ê
·¥§Ê²ÓÉ ÉÊ ¤²Ö Γ2:

iΓ2 =
∫

dζ(−4) du(−4q−a q+a)
(D+)4

�
�

δ12(z)|. (2.31)

‘²¥¤ÊÕÐ¨° Ï £ ¸μ¸Éμ¨É ¢ ¢ÒÎ¨¸²¥´¨¨ ¢±² ¤  ¸ Î¥ÉÒ·Ó³Ö ¢´¥Ï´¨³¨ ²¨-
´¨Ö³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  Γ4[q+]. � Î¨´ ¥³ ¸ μ¡Ð¥£μ ¢Ò· ¦¥´¨Ö (2.25) ¤²Ö
n = 2 ¨ ¢Ò¶μ²´Ö¥³ É¥ ¦¥ ¸ ³Ò¥ ³ ´¨¶Ê²ÖÍ¨¨, ÎÉμ ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¸²ÊÎ ¥.
�Éμ ¤ ¥É

iΓ4 =
∫

dζ
(−4)
1 · · · dζ

(−4)
4 du1 · · · du4

(D+
1 )4(D+

2 )4

(u+
1 u+

2 )3

{
1

�
�1

δ12(1|2)
}
×

×
[
(D+

2 )4(D+
3 )4

�
�2

�
�3

δ12(2|3)(D−−
3 )2δ(−2,2)(u2, u3)

]
(D+

3 )4(D+
4 )4

(u+
3 u+

4 )3

{
1

�
�3

δ12(3|4)
}
×

×
[
(D+

4 )4(D+
1 )4

�
�4

�
�1

δ12(4|1)(D−−
1 )2δ(−2,2)(u4, u1)

]
×

× q+
a (z1, u1)q+a(z2, u2)q+

b (z3, u3)q+b(z4, u4) =

=
∫

dz du1 · · ·du4

(u+
1 u+

2 )3(u+
3 u+

4 )3
(D+

1 )4(D+
2 )4(D+

3 )4(D+
4 )4

�
�

2

1

�
�2

�
�

2

3

�
�4

δ12(z)|(D−−
3 )2×

× δ(−2,2)(u2, u3)(D−−
1 )2δ(−2,2)(u4, u1)q+

a (1)q+a(2)q+
b (3)q+b(4). (2.32)

ˆ¸¶μ²Ó§ÊÖ Éμ¦¤¥¸É¢  (D−−
3 )2δ(−2,2)(u2, u3) = (D−−

2 )2δ(2,−2)(u2, u3), ¨

(D+
2 )4(D−−

2 )2(D+
3 )4δ(2,−2)(u2, u3) = −2

�
�2(D+

2 )4, ¶μ²ÊÎ ¥³

iΓ4 =
∫

dz
du1 du2

(u+
1 u+

2 )6
(D+

1 )4(D+
2 )4

�
�

2

1

�
�

2

2

δ12(z)|q+
a (1)q+a(2)q+

b (2)q+b(1) =

=
∫

dζ(−4) du1 du2

(u+
1 u+

2 )2
(D+

2 )4
�
�

2

2

δ12(z)D++
1 q−a (1)q+a(2)q+

b (2)q+b(1) =

=
∫

dζ(−4)du1du2[D−−
1 δ(2,−2)(u1u2)]

(D+
2 )4

�
�

2

2

δ12(z)q−a (1)q+a(2)q+
b (2)q+b(1).
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‡ ¶¨¸Ò¢ Ö D−−
1 δ(−2,2)(u1u2) = D−−

2 δ(0,0)(u1u2) ¨ ¨´É¥£·¨·ÊÖ ¶μ u2, ¶μ²Ê-
Î ¥³ μ±μ´Î É¥²Ó´Ò° μÉ¢¥É ¤²Ö Γ4:

iΓ4 =
1
2

∫
dζ(−4) du(−4q−q+)2

(D+)4
�
�

2 δ12(z)|.

‘ÊÐ¥¸É¢¥´´μ, ÎÉμ §¤¥¸Ó ¨¸¶μ²Ó§μ¢ ´Ò ¸¢Ö§¨ (2.27).
�´ ²¨§ μ¡Ð¥£μ Î²¥´  Γ2n μ¸ÊÐ¥¸É¢²Ö¥É¸Ö  ´ ²μ£¨Î´μ. �·¥¦¤¥ ¢¸¥£μ ¶·¥-

μ¡· §Ê¥³ ¢¸¥ ¨´É¥£· ²Ò ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê ¢ ¨´É¥£· ²Ò ¶μ
¶μ²´μ³Ê ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê ¢ ± ¦¤μ° ÉμÎ±¥ §  ¸Î¥É Ë ±Éμ·μ¢ (D+

k )4(D+
k+1)

4

¨§ ¶·μ¶ £ Éμ·μ¢ £¨¶¥·³Ê²ÓÉ¨¶²¥É . „ ²¥¥ ¸μ¢¥·Ï ¥³ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ´ -
¡μ· ³ £· ¸¸³ ´μ¢ÒÌ ±μμ·¤¨´ É ¨ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³ ±μμ·¤¨´ É ³ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¥²ÓÉ -ËÊ´±Í¨° ¶μ¤ §´ ±μ³ ¨´É¥£· ² . �Éμ
¶·¨¢μ¤¨É ± ¢Ò· ¦¥´¨Õ∫

d12z du1 · · · du2n×

× δ(−2,2)(u2, u3)δ(−2,2)(u4, u5) · · · δ(−2,2)(u2n, u1)
(u+

1 u+
2 )3(u+

3 u+
4 )3 · · · (u+

2n−1u
+
2n)3

(D+
2 )4(D+

4 )4 · · · (D+
2n)4

�
�1

�
�2 · · ·

�
�2n

×

×
{
δ12(z − z′)|q+

a (u1)q+a(u2)q+
b (u3) · · · q+

c (u2n−1)q+c(u2n)
}

. (2.33)

’¥¶¥·Ó, ¨´É¥£·¨·ÊÖ ¶μ u2, u4, . . . , u2n ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £ ·³μ´¨Î¥¸±μ° ¤¥²ÓÉ -
ËÊ´±Í¨¨, ¶μ²ÊÎ ¥³∫

du1 du3 · · · du2n−1

(u+
1 u+

3 )3(u+
3 u+

5 )3 · · · (u+
2n−1u

+
1 )3

(D+
1 )4(D+

3 )4 · · · (D+
2n−1)

4

�
�

2

1

�
�

2

3 · · ·
�
�

2

2n−1

×

×
{

δ12(z − z′)|q+
a (u1)q+a(u3)q+

b (u3)q+b(u5) · · · q+
c (u2n−1)q+c(u1)

}
. (2.34)

�μ¸²¥ ¶¥·¥¨³¥´μ¢ ´¨Ö ¨´¤¥±¸μ¢ ¶μ ¶· ¢¨²Ê c → a, a → b, . . .; 3 → 2, . . . , (2n−
1) → n, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥

iΓ2n =
4(−1)n2n

n

∫
d12z du1 · · ·dun×

× (D+
1 )4(D+

2 )4 · · · (D+
n )4

(u+
1 u+

2 )3(u+
2 u+

3 )3 · · · (u+
n u+

1 )3
1

�
�

2

1

�
�

2

2 · · ·
�
�

2

n

×

×
{
δ12(z − z′)|z=z′q+a(u1)q+

b (u1)q+b(u2)q+
c (u2) · · · q+

a (un)
}

. (2.35)

„²Ö Ê¶·μÐ¥´¨Ö ÔÉμ£μ ¢Ò· ¦¥´¨Ö ³Ò ¶·¥¤¸É ¢¨³ q+
b (u1) ± ± q+

b (u1) =
D++

1 q−b (u1) (¶μ¸±μ²Ó±Ê q+ ´ Ìμ¤¨É¸Ö ´  ¸¢μ¥° ³ ¸¸μ¢μ° μ¡μ²μÎ±¥). ‡ ³¥-

É¨³, ÎÉμ ¤¥°¸É¢¨¥ D++ ´ 
�
� ¤ ¥É ¸É·Ê±ÉÊ·Ê, ¶μ¤μ¡´ÊÕ (D+)5 = 0. ’¥¶¥·Ó
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¨´É¥£·¨·Ê¥³ ¶μ Î ¸ÉÖ³, ¶¥·¥¡· ¸Ò¢ ¥³ £ ·³μ´¨Î¥¸±ÊÕ ¶·μ¨§¢μ¤´ÊÕ ´  £ ·-
³μ´¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö

− D++
1

1
(u+

1 u+
2 )3(u+

n u+
1 )3

=

=
1
2

{
(D−−

1 )2δ(3,−3)(u1, u2)
1

(u+
1 u+

n )3
+ (2 ↔ n)

}
(2.36)

¨ ¨¸¶μ²Ó§Ê¥³ Éμ¦¤¥¸É¢μ [51,52]

(D−−
1 )2δ(3,−3)(1|2) = (D−−

2 )2δ(−1,1)(1|2). (2.37)

‡ É¥³ ¸´¨³ ¥³ μ¶¥· Éμ·´Ò° Ë ±Éμ· (D−−
2 )2 ¸ £ ·³μ´¨Î¥¸±μ° ¤¥²ÓÉ -ËÊ´±-

Í¨¨. ‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ÔÉμÉ μ¶¥· Éμ· ³μ¦¥É ¤ ÉÓ μÉ²¨Î´Ò° μÉ ´Ê²Ö ·¥§Ê²ÓÉ É
Éμ²Ó±μ Éμ£¤ , ±μ£¤  μ´ ¶ ¤ ¥É ´  (D+(u2))4. �μ²ÊÎ ¥³

∫
du1 · · ·

(
−1

2

)
δ(−1,1)(1|2)

(D+
1 )4(D−−

2 )2(D+
2 )4 · · · (D+

n )4

(u+
2 u+

3 )3 · · · (u+
n u+

1 )3
1

�
�

2

1

�
�

2

2 · · ·
�
�

2

n

×

×
{
δ12(z)|q+a(u1)q−b (u1)q+b(u2) · · · q+

a (un)
}

+ (2 ↔ n). (2.38)

�μ¸²¥ § ³¥´Ò u2 ↔ un ¢μ ¢Éμ·μ³ Î²¥´¥ μ´ ¸É ´μ¢¨É¸Ö ¨¤¥´É¨Î¥´ ¶¥·¢μ³Ê.

‚Ò¶μ²´ÖÖ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ u1, ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ (−1)(−2
�
�2)

1
�
�

4

2

. � 

¢Éμ·μ³ ÔÉ ¶¥ ¶μ¢Éμ·Ö¥³ μ¶¨¸ ´´Ò¥ ¢ÒÏ¥ ¤¥°¸É¢¨Ö ¤²Ö q+
c (u2), É. ¥. ¶·¥¤-

¸É ¢²Ö¥³ ¥£μ ¢ ¢¨¤¥ q+
c (u2) = D++

2 q−c ¨ ¨´É¥£·¨·Ê¥³ ¶μ Î ¸ÉÖ³ μÉ´μ¸¨-
É¥²Ó´μ D++

2 . ‚Ò¶μ²´ÖÖ É ±¨¥ ¦¥ ³ ´¨¶Ê²ÖÍ¨¨, ± ± ¨ ¢ÒÏ¥, ¶μ²ÊÎ ¥³ Ë ±Éμ·

(−1)2(−2
�
�3)2

1
�
�

6

3

.

�μ¸²¥ n − 4  ´ ²μ£¨Î´ÒÌ Ï £μ¢, É. ¥. ¶·¥¤¸É ¢²ÖÖ q+
d (u3) = D++

3 q−d (u3)
¨ É. ¤., ³Ò ·¥¤ÊÍ¨·Ê¥³ £ ·³μ´¨Î¥¸±¨° ¨´É¥£· ² ± ¢Ò· ¦¥´¨Õ (2.35) ¸ É·¥³Ö
´ ¡μ· ³¨ £ ·³μ´¨±:

(D+
u )4(D+

un−1
)4(D+

un
)4

�
�

2n−4

u

�
�

2

un−1

�
�

2

un

(2
�
�)n−3

(u+u+
n−1)3(u

+
n−1u

+
n )3(u+

n u+)3
×

×
{
δ12(z − z′)|q+a(u) · · · q+

c (u)q+c(un−1)q+
d (un−1)q+d(un)q+

a (un)
}

. (2.39)

�  ¶μ¸²¥¤´¥³ Ï £¥ § ¶¨¸Ò¢ ¥³ q+
c (u) = D++

u q−c ¨ ¶¥·¥¡· ¸Ò¢ ¥³ D++
u ´ 

£ ·³μ´¨Î¥¸±¨° Ë ±Éμ·. �μ¢Éμ·ÖÖ É¥ ¦¥ ³ ´¨¶Ê²ÖÍ¨¨, ¢Ò¶μ²´Ö¥³ un−1-
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¨´É¥£·¨·μ¢ ´¨¥ ¨ ¶μ²ÊÎ ¥³ ¢ ¨Éμ£¥ ¢Ò· ¦¥´¨¥

iΓ2n = − (−2)n2n

n

∫
d12z du du1

(D+
u )4(D+

u1
)4

�
�

n

u

�
�

2

u1

1
(u+u+

1 )6
×

×
{
δ12(z − z′)|q+a(u)q−b (u)q+b(u)...q+

c (u)q+c(u1)q+
a (u1)

}
. (2.40)

’¥¶¥·Ó ¢¥·´¥³¸Ö ¢  ´ ²¨É¨Î¥¸±μ¥ ¶μ¤¶·μ¸É· ´¸É¢μ, ¶·¨³¥´ÖÖ Éμ¦¤¥¸É-
¢  (2.29):∫

dζ(−4) du du1

(u+u+
1 )2

(D+
u )4

�
�

n

u

×

× δ12(z − z′)|q+a(u)q−b (u)q+b(u) · · · q+
c (u)q+c(u1)q+

a (u1).

„ ²¥¥ ¢μ¸¶μ²Ó§Ê¥³¸Ö Éμ¦¤¥¸É¢μ³ q+(u1) = (u+
1 u−)q+(u) − (u+

1 u+)q−,
q−a q−a = 0, ÎÉμ ¶·¨¢¥¤¥É ± Ë ±Éμ·Ê (u+

1 u+
2 )2. �±μ´Î É¥²Ó´μ ¶μ²ÊÎ¨³

iΓ2n =
1
n

∫
dζ(−4) du

(D+)4
�
�

n δ12(z − z′)|(−4q−q+)n. (2.41)

‡¤¥¸Ó ³Ò ¸´μ¢  ÊÎ²¨ μ£· ´¨Î¥´¨Ö (2.27).
’¥¶¥·Ó ¶·μ¸Ê³³¨·Ê¥³ ¢¸¥ ¢±² ¤Ò Γ2n (2.41). �¥§Ê²ÓÉ É ³μ¦¥É ¡ÒÉÓ § -

¶¨¸ ´ Î¥·¥§ ËÊ´±Í¨μ´ ²Ó´Ò° ¤¥É¥·³¨´ ´É ¸¶¥Í¨ ²Ó´μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ
μ¶¥· Éμ· :

iΓ = −
∫

dζ(−4) du ln
(

1 +
4q−a q+a

�
�

)
(D+)4δ12(z − z′)|z′=z =

= −
∫

dζ(−4) du
[
ln (

�
� + 4q−a q+a) + ln

�
�

]
(D+)4δ12(z − z′)|z′=z . (2.42)

‚¨¤´μ, ÎÉμ ¢±² ¤ ¢Éμ·μ£μ Î²¥´  ¢μ ¢Éμ·μ° ¸É·μ±¥ (2.42) ¸μ¢¶ ¤ ¥É ¸ ÉμÎ´μ¸ÉÓÕ
¤μ §´ ±  ¸ μ¤´μ¶¥É²¥¢Ò³ ÔËË¥±É¨¢´Ò³ ¤¥°¸É¢¨¥³ N = 4 ¸Ê¶¥·± ²¨¡·μ¢μÎ-
´μ° É¥μ·¨¨ ¢ ¸¥±Éμ·¥ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . ’ ±¨³ μ¡· §μ³, Γ,
μ¶·¥¤¥²¥´´ Ö ¢ (2.42), μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¢ ¶·¥¤¥²¥ ´Ê²¥¢ÒÌ £¨¶¥·³Ê²ÓÉ¨-
¶²¥Éμ¢. �É³¥É¨³, ÎÉμ ¢Ò· ¦¥´¨¥ (2.42) ¶·¥¤¸É ¢²Ö¥É Éμ²Ó±μ ÉÊ Î ¸ÉÓ ¶μ²´μ£μ
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (2.24), ±μÉμ· Ö § ¢¨¸¨É μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. �μ²-
´μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¸μ¤¥·¦¨É É ±¦¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-´¥§ ¢¨¸¨³ÊÕ
Î ¸ÉÓ Γ(V ++).

�¥μ¡Ìμ¤¨³μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ, ´¥¸³μÉ·Ö ´  Ëμ·³ ²Ó´μ¥ ´ ²¨Î¨¥ q−a
¢ (2.42), ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¢ (2.42) Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·-
¶μ²¥³ ¢ · ³± Ì ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö (¸³. μ£· ´¨Î¥´¨Ö (2.27)
¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É ). „¥°¸É¢¨É¥²Ó´μ, ±μ³¡¨´ Í¨Ö q−a q+a ´  ³ ¸¸μ¢μ°
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¶μ¢¥·Ì´μ¸É¨ £ ·³μ´¨Î¥¸±¨ ´¥§ ¢¨¸¨³  [146] ¨ ¶·μ¶μ·Í¨μ´ ²Ó´  qiaqia, £¤¥
qia Ö¢²Ö¥É¸Ö (μ£· ´¨Î¥´´Ò³) ¸Ê¶¥·¶μ²¥³ ´  μ¡Ð¥³ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥.
�É  ¢¥²¨Î¨´  ¤μ²¦´  · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ´¥ § ¢¨¸ÖÐ Ö μÉ ¶·μ¸É· ´¸É¢¥´´μ-
¢·¥³¥´´ÒÌ ±μμ·¤¨´ É, ¥¸²¨ ³Ò · ¸¸³ É·¨¢ ¥³ Éμ²Ó±μ ¢¥¤ÊÐ¥¥ ´¨§±μÔ´¥·£¥É¨-
Î¥¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ (¸³. (2.27)). ’ ± Ö
¸¨ÉÊ Í¨Ö ¶μ²´μ¸ÉÓÕ ¸μ£² ¸Ê¥É¸Ö ¸ μ¡Ð¥° ± ·É¨´μ° ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö ¢ ¢¨¤¥ ·Ö¤  ¶μ ¶·μ¨§¢μ¤´Ò³ Ëμ´μ¢μ£μ ¶μ²Ö. —Éμ¡Ò ¢Ò¤¥²¨ÉÓ Î²¥´Ò
¡¥§ ¶·μ¨§¢μ¤´ÒÌ ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨, ¤μ¸É ÉμÎ´μ ¢ ¶μ¸²¥¤´¥³ ¶μ²μ-
¦¨ÉÓ · ¢´Ò³¨ ´Ê²Õ ¢¸¥ ¢μ§³μ¦´Ò¥ ¶·μ¨§¢μ¤´Ò¥ Ëμ´μ¢ÒÌ ¶μ²¥°. �μÔÉμ³Ê
Ê· ¢´¥´¨¥ (2.42) ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¶·¨¡²¨¦¥´¨Ö (±μÉμ·μ¥ ¡Ò²μ ¸Ëμ·³Ê-
²¨·μ¢ ´μ ¢ ÔÉμ³ · §¤¥²¥ ¸ ¸ ³μ£μ ´ Î ² ∗) Ö¢²Ö¥É¸Ö ¶μ²´μ¸ÉÓÕ ±μ··¥±É´Ò³.

’ ±¨³ μ¡· §μ³, ¨¸Ìμ¤Ö ¨§ Ëμ·³Ê²¨·μ¢±¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
É¥μ·¨¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¨ ¶·¨³¥-
´ÖÖ ³¥Éμ¤ £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·£· Ëμ¢, ³Ò ¶μ²ÊÎ¨²¨ ¸Ê¶¥·¶μ²¥¢μ¥ ¢Ò· ¦¥´¨¥
¤²Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  (2.42).
�Éμ ¢Ò· ¦¥´¨¥ ¸¢μ¡μ¤´μ μÉ £ ·³μ´¨Î¥¸±¨Ì ¸¨´£Ê²Ö·´μ¸É¥° ¨, ± ± ³Ò Ê¢¨-
¤¨³, ¤μ¶Ê¸± ¥É ´¥¶μ¸·¥¤¸É¢¥´´μ¥ ¢ÒÎ¨¸²¥´¨¥ ¸ ¶μ³μÐÓÕ N = 2 ¸Ê¶¥·¶μ²¥-
¢μ£μ μ¡μ¡Ð¥´¨Ö ³¥Éμ¤  É¥¶²μ¢μ£μ Ö¤· . ‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ³Ò ¶μ± ¦¥³,
ÎÉμ μ¡Ð¥¥ ¢Ò· ¦¥´¨¥ (2.42) ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ÉμÎ´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸μ¡-
¸É¢¥´´μ£μ ¢·¥³¥´¨ ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¨ ¥£μ · §²μ¦¥´¨Ö ¶μ ¸É¥¶¥´Ö³
±μ¢ ·¨ ´É´ÒÌ ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¶·μ¸É· ´¸É¢¥´´μ-¶μ¸ÉμÖ´´μ° N = 2
¸Ê¶¥·¶μ²¥¢μ°  ¡¥²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨ W , W̄ ¶·¨ Ê¸²μ¢¨ÖÌ

W|θ=0 = const, D±
αW|θ=0 = const, D̄±

α̇ W̄|θ=0 = const,
(2.43)

D−
α D+

β W|θ=0 = const, D̄−
α̇ D̄+

β̇
W̄|θ=0 = const,

  É ±¦¥ Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ q±a = qiau±
i , £¤¥

qia ´¥ § ¢¨¸¨É μÉ £ ·³μ´¨± ¨ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¸Ê¶¥·¶μ²¥, ¶μ¸ÉμÖ´´μ¥ ¢
¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨.

ˆ§ ¢Ò· ¦¥´¨Ö (2.42) ¸· §Ê ¸²¥¤Ê¥É μ¤´μ ¨§ μ¸´μ¢´ÒÌ ÊÉ¢¥·¦¤¥´¨° ± -
¸ É¥²Ó´μ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö: ¸Ê¶¥·¶μ²¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢Ìμ¤¨É ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ±μ³¡¨-
´ Í¨¨ W̄W + 2q−a q+a, ±μÉμ· Ö ¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ ¶μ²´μ° R-¸¨³³¥É-
·¨¨ N = 4 ¸Ê¶¥· ²£¥¡·Ò, ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ¸Ê¶¥·¶μ²¥¢ Ö ´ ¶·Ö¦¥´´μ¸ÉÓ

∗�μ¤Î¥·±´¥³ ¥Ð¥ · §, ÎÉμ ³Ò · ¸¸³ É·¨¢ ¥³ Éμ²Ó±μ ¸É ·Ï¨°, ´¥ § ¢¨¸ÖÐ¨° μÉ ¶·μ¨§-
¢μ¤´ÒÌ ¢±² ¤ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥. Šμ´¥Î´μ, É ±μ¥
¶·¨¡²¨¦¥´¨¥ ´ ·ÊÏ ¥É ¨´¢ ·¨ ´É´μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. 	Ò²μ
¡Ò ±· °´¥ ¨´É¥·¥¸´μ ¨ ¶μ²¥§´μ · §· ¡μÉ ÉÓ ¸¨¸É¥³ É¨Î¥¸±ÊÕ ¶·μÍ¥¤Ê·Ê ¤²Ö ¶μ²ÊÎ¥´¨Ö · §²μ¦¥-
´¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É , μ¤´ ±μ ÔÉ  ¶·μ¡²¥³ 
¢ÒÌμ¤¨É §  · ³±¨ ¤ ´´μ£μ μ¡§μ· .
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W ¨ ¸Ê¶¥·¶μ²¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¶μ³¥Ð¥´Ò ´  ³ ¸¸μ¢ÊÕ μ¡μ²μÎ±Ê ¨ ¶·¥¤-
¶μ² £ ÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨ μÉ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ ±μμ·¤¨´ É [146].
—Éμ¡Ò Ê¡¥¤¨ÉÓ¸Ö ¢ ¸¶· ¢¥¤²¨¢μ¸É¨ ÔÉμ£μ ÊÉ¢¥·¦¤¥´¨Ö, ¢μ¸¶μ²Ó§Ê¥³¸Ö ¢ ¢Ò-

· ¦¥´¨¨
�
� + 4q−a q+a ¶·¥¤¸É ¢²¥´¨¥³ (2.23) ¤²Ö μ¶¥· Éμ· 

�
�. �μ²ÊÎ¨³, ÎÉμ

�
�+4q−a q+a =

1
2
Dαα̇Dαα̇−

i√
2
((D+αW)D−

α +(D̄+
α̇ W̄)D̄−α̇)+2WW̄+4q−a q+a.

‚ ÔÉμ³ ¢Ò· ¦¥´¨¨ Ë¨£Ê·¨·Ê¥É ¢ÒÏ¥Ê± § ´´ Ö ±μ³¡¨´ Í¨Ö ¸Ê¶¥·¶μ²¥° (¤¢ 
¶μ¸²¥¤´¨Ì Î²¥´  ¡¥§ ¶·μ¨§¢μ¤´ÒÌ), ¨ ¨³¥´´μ ÔÉ  ±μ³¡¨´ Í¨Ö Ö¢²Ö¥É¸Ö  ·£Ê-
³¥´Éμ³ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ´¨§±μÔ´¥·-
£¥É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨∗.

2.5. �·¥¤¸É ¢²¥´¨¥ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö.
‚Ò· ¦¥´¨¥ (2.42) μ¡² ¤ ¥É ·Ö¤μ³ § ³¥Î É¥²Ó´ÒÌ ¸¢μ°¸É¢. ‚μ-¶¥·¢ÒÌ, ³Ò ´ -
Î ²¨ · ¸¸³μÉ·¥´¨¥ ¸ ³μ¤¥²¨ ¤¢ÊÌ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸Ê¶¥·¶μ²¥° V ++, q+ ¨
§ É¥³ ¶·μ¸Ê³³¨·μ¢ ²¨ ¸Ê¶¥·£· ËÒ É ±¨³ μ¡· §μ³, ÎÉμ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥
¢Ò· §¨²μ¸Ó ¢ É¥·³¨´ Ì ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ μ¶¥· Éμ· , ¤¥°¸É¢ÊÕÐ¥£μ Éμ²Ó±μ
¢ ¸¥±Éμ·¥ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . ‚¸Ö § ¢¨¸¨³μ¸ÉÓ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢
¢μÏ²  ¢ ÔÉμÉ μ¶¥· Éμ·. ‚μ-¢Éμ·ÒÌ, ¸μμÉ´μÏ¥´¨¥ (2.42) ¨³¥¥É ¢¨¤ Tr ln Â

¸ μ¶¥· Éμ·μ³ Â =
�
� + 4q−a q+a, ¤¥°¸É¢ÊÕÐ¨³ ´   ´ ²¨É¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö.

�¥μ¡Ìμ¤¨³μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¶μ²ÊÎ¥´´ Ö ¶·μ¸É Ö Ëμ·³  μ¤´μ¶¥É²¥¢μ£μ ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö § · ´¥¥ ´¥ μÎ¥¢¨¤´ , μ´  Ö¢¨² ¸Ó ·¥§Ê²ÓÉ Éμ³ ¶¥·¥¸Ê³-
³¨·μ¢ ´¨Ö ¡¥¸±μ´¥Î´μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ μ¤´μ¶¥É²¥¢ÒÌ £ ·³μ´¨Î¥¸±¨Ì ¸Ê-
¶¥·£· Ëμ¢ ¸ ¶·μ¨§¢μ²Ó´Ò³ Î¨¸²μ³ ¢´¥Ï´¨Ì ²¨´¨° £¨¶¥·³Ê²ÓÉ¨¶²¥É .

�ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ (2.42) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¸´μ¢Ê ¤²Ö ¨¸¶μ²Ó§μ¢ -
´¨Ö ¶·¥¤¸É ¢²¥´¨Ö ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨:

Γ = i

∫
dζ(−4)du

∞∫
0

ds

s
e−s(

�
�+4q−

a q+a)(D+)4δ12(z − z′)|z′=z =

= i

∞∫
0

ds

s
Tr

{
K(s) e−s(4q−

a q+a)
}

. (2.44)

‡¤¥¸Ó K(s) Ö¢²Ö¥É¸Ö ¸Ê¶¥·¶μ²¥¢Ò³ É¥¶²μ¢Ò³ Ö¤·μ³, μ¶¥· Í¨Ö Tr μ§´ Î ¥É
¢§ÖÉ¨¥ ËÊ´±Í¨μ´ ²Ó´μ£μ ¸²¥¤  ¢  ´ ²¨É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ £ ·³μ´¨Î¥-
¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ , TrK(s) = tr

∫
dζ(−4)K(ζ, ζ|s), £¤¥ tr μ¡μ§´ Î ¥É

¸²¥¤ ¶μ ¤¨¸±·¥É´Ò³ ¨´¤¥±¸ ³. ‚ ·¥§Ê²ÓÉ É¥ § ¤ Î  μ ´ Ìμ¦¤¥´¨¨ μ¤´μ¶¥-

É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¸¢μ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ Ö¤·  K(s) = e−s
�
� .

∗‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ É ±μ¥ ¶·¨¡²¨¦¥´¨¥ ´ ·ÊÏ ¥É R-¸¨³³¥É·¨¨ ´ Î ²Ó´μ° ±² ¸¸¨Î¥-
¸±μ° ³μ¤¥²¨. �·μ¡²¥³  ¶μ¸É·μ¥´¨Ö μ¡Ð¥£μ · §²μ¦¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³,
¸μ¤¥·¦ Ð¥£μ ¸¶¨´μ·´Ò¥ ¶·μ¨§¢μ¤´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ¸μÌ· ´ÖÕÐ¥£μ ¢¸¥ R-¸¨³³¥É·¨¨, ¢ ´ -
¸ÉμÖÐ¥¥ ¢·¥³Ö μÉ±·ÒÉ .
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�μ μ¶·¥¤¥²¥´¨Õ, μ¶¥· Éμ·
�
� ¨³¥¥É ¢¨¤∗

�
� =

1
2
Dα̇αDαα̇ +

i

2
(D+αW)D−

α +
i

2
(D̄+

α̇ W̄)D̄−α̇ + WW̄ . (2.45)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (2.44) ¢μ¸¶μ²Ó§Ê¥³¸Ö É¥Ì´¨±μ°
¸¨³¢μ²μ¢ μ¶¥· Éμ·μ¢ ¢  ´ ²¨É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ ¶μ²´μ£μ N = 2 £ ·-
³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ ∗∗. � Î´¥³ ¸ ¶·¥μ¡· §μ¢ ´¨Ö ”Ê·Ó¥ ¤¥²ÓÉ -
ËÊ´±Í¨¨ ¢ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥

δ12(z − z′) =
∫

d4p

(2π)4

∫
d4ψ+d4ψ− eipm(x−x′)m×

× e(θ−θ′)+αψ−
α +ψ̄−

α̇ (θ̄−θ̄′)+α̇

e(θ−θ′)−αψ+
α +ψ̄+

α̇ (θ̄−θ̄′)−α̇

. (2.46)

‡¤¥¸Ó pM = {pm, ψ±
α , ψ̄±

α̇ } Å ±μ± ¸ É¥²Ó´Ò° ¸Ê¶¥·¢¥±Éμ· ¢ ÉμÎ±¥ ¸Ê¶¥·¶·μ-
¸É· ´¸É¢  z ¨ d4ψ+ = (1/16)d2ψ+ d2ψ̄+. ‚ ·¥§Ê²ÓÉ É¥ É¥¶²μ¢μ¥ Ö¤·μ ¢ ¸μ-
¢¶ ¤ ÕÐ¨Ì ÉμÎ± Ì ¶·¨´¨³ ¥É ¢¨¤

K(ζ, ζ|s) =
∫

d4p

(2π)4
d8ψ exp

{
− s

(
1
2
(D + ip

)α̇α

(D + ip)αα̇ +

+
i

2
(D+αW)(D + ψ)−α +

i

2
(D̄+

α̇ W̄)(D̄ + ψ̄)−α̇ + WW̄)
}

(D+ + ψ+)4 × 1.

(2.47)

‚ ± Î¥¸É¢¥ ¸²¥¤ÊÕÐ¥£μ Ï £  ³Ò ¤μ²¦´Ò ¶μ¤¥°¸É¢μ¢ ÉÓ μ¶¥· Éμ· ³¨ ¢
Ô±¸¶μ´¥´Í¨ ²¥ ´  ¶· ¢ÊÕ ¥¤¨´¨ÍÊ. �μ¸²¥ ÔÉμ£μ ¢¸¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ μ¶¥-
· Éμ·Ò ¡Ê¤ÊÉ ¤¥°¸É¢μ¢ ÉÓ Éμ²Ó±μ ´  W , W̄. ’ ±¨³ μ¡· §μ³, ±μ´¥Î´Ò° ·¥-
§Ê²ÓÉ É ¢Ò· §¨É¸Ö ¢ É¥·³¨´ Ì ´ ¶·Ö¦¥´´μ¸É¥° W , W̄ ¨ ¨Ì ¸¶¨´μ·´ÒÌ ¶·μ¨§-
¢μ¤´ÒÌ. �É  ¶·μÍ¥¤Ê·  ¶·μ¢μ¤¨É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚Ò¤¥²Ö¥³ ¢ (2.47)
Ô±¸¶μ´¥´Í¨ ² £² ¢´μ£μ ¸¨³¢μ²  (1/2)pαα̇pαα̇ ¨§ μ¶¥· Éμ·  (2.45) ¨ · §² £ ¥³
μ¸É ¢ÏÊÕ¸Ö Ô±¸¶μ´¥´ÉÊ ¢ ¸É¥¶¥´´μ° ·Ö¤ ¶μ ±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤´Ò³. „ -
²¥¥ ¶·μ´μ¸¨³ ¢¸¥ ¶·μ¨§¢μ¤´Ò¥ ´ ¶· ¢μ, ¶μ ¶ÊÉ¨ ±μ³³ÊÉ¨·ÊÖ ¨²¨  ´É¨±μ³³Ê-
É¨·ÊÖ ¨Ì ¸ ±μÔËË¨Í¨¥´É ³¨ μ¶¥· Éμ·  (2.45). �  ±μ´¥Î´μ³ ÔÉ ¶¥ ¶·μ¨§¢μ¤-
´Ò¥ ¤¥°¸É¢ÊÕÉ ´  ¥¤¨´¨ÍÊ, ÎÉμ ¤ ¥É ´Ê²Ó. �μ¸²¥¤´¨° Ï £ · ¸¸³ É·¨¢ ¥³μ°
¶·μÍ¥¤Ê·Ò ¸μ¸Éμ¨É ¢ £ Ê¸¸μ¢¸±¨Ì ¨´É¥£·¨·μ¢ ´¨ÖÌ ¶μ ¨³¶Ê²Ó¸ ³ p ¨ É·¨¢¨-
 ²Ó´μ³Ê ¨´É¥£·¨·μ¢ ´¨Õ ¶μ ´¥Î¥É´Ò³ ¶¥·¥³¥´´Ò³ ψ. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³
·Ö¤ ¶μ ±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤´Ò³ ´ ¶·Ö¦¥´´μ¸É¥°. �¤´ ±μ ¤²Ö ¶μ²ÊÎ¥´¨Ö

∗‡ ³¥É¨³, ÎÉμ § ³¥´  W → −W/
√

2, W̄ → −W̄/
√

2 ¶·¨¢μ¤¨É ¢Ò· ¦¥´¨¥ (2.45) ±
¢¨¤Ê (2.23).

∗∗’¥Ì´¨±  ¸¨³¢μ²μ¢ μ¶¥· Éμ·μ¢ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ N = 1 ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¢ [211, 213].
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ÔÉ¨³ ¸¶μ¸μ¡μ³ μ±μ´Î É¥²Ó´μ£μ ·¥§Ê²ÓÉ É  ¢ Ö¢´μ ±μ¢ ·¨ ´É´μ° Ëμ·³¥ É·¥¡Ê-
ÕÉ¸Ö ¤μ²£¨¥ É·Ê¤μ¥³±¨¥ ¢ÒÎ¨¸²¥´¨Ö.

Œ¥Éμ¤, ¶μ·μ¦¤ ÕÐ¨° Ö¢´μ ¸Ê¶¥·¸¨³³¥É·¨Î´μ¥  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ · §²μ-
¦¥´¨¥ Ö¤·  É¥¶²μ¶·μ¢μ¤´μ¸É¨, ¡Ò² · §¢¨É ¢ · ³± Ì N = 1 ¸Ê¶¥·¶·μ¸É· ´¸É¢ 
¢ · ¡μÉ Ì [96, 211, 213]. ŒÒ μ¡μ¡Ð¨³ ÔÉμÉ ³¥Éμ¤ É¥¶²μ¢μ£μ Ö¤·  ´  N = 2
£ ·³μ´¨Î¥¸±μ¥ ¸Ê¶¥·¶·μ¸É· ´¸É¢μ. ‚ ± ¦¤μ° ÉμÎ±¥ ¸Ê¶¥·¶·μ¸É· ´¸É¢  ¢¢¥-
¤¥³ ± ¸ É¥²Ó´μ¥ ¶·μ¸É· ´¸É¢μ, μ¡· §μ¢ ´´μ¥ ¸¨¸É¥³μ° ´μ·³ ²Ó´ÒÌ ±μμ·¤¨-
´ É ¨ ¸²μ¥³, ¶μ²ÊÎ¥´´Ò³ ¶ÊÉ¥³ ¶ · ²²¥²Ó´μ£μ ¶¥·¥´μ¸  ¨§ ÉμÎ±¨ ¡ §μ¢μ£μ
¶·μ¸É· ´¸É¢ . �¸¥¢¤μ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ μ¶¥· Éμ·Ò ³μ£ÊÉ ¡ÒÉÓ ¶¥·¥¶¨¸ ´Ò
¢ ÔÉμ³ ²μ± ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¢¥±Éμ·´μ£μ · ¸¸²μ¥´¨Ö. � ¸¸³μÉ·¨³ É¥¶²μ-
¢μ¥ Ö¤·μ ¸ ¶μ³μÐÓÕ ÔÉ¨Ì μ¶¥· Éμ·μ¢ ¨ ¶μ¸É·μ¨³  ²£μ·¨É³  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ
· §²μ¦¥´¨Ö Ö¤·  É¥¶²μ¶·μ¢μ¤´μ¸É¨.

‚¢¥¤¥³ ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö:

A+α =
i

2
[D+α,W ], Ā+α̇ = − i

2
[D̄+α̇, W̄ ],

A−α = [D−α,W ], Ā−α̇ = [D̄−α̇, W̄ ],
(2.48)

{D−
α , A+

β } = Nαβ = Nβα =
i

2
D−

α D+
β W ,

{D̄−
α̇ , Ā+

β̇
} = N̄α̇β̇ = N̄β̇α̇ = − i

2
D̄−

α̇ D̄+

β̇
W̄ .

‚ ÔÉ¨Ì μ¡μ§´ Î¥´¨ÖÌ  ²£¥¡·  ±μ¢ ·¨ ´É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ (2.10) ¶·¨´¨³ ¥É ¢¨¤

[Dαα̇, xββ̇ ] = 2δββ̇
αα̇, {D−

α , θ+β} = δβ
α, {D̄−

α̇ , θ̄+β̇} = δβ̇
α̇, (2.49)

[Dα̇α,Dββ̇] = −(δα̇
β̇
Nα

β + δα
β N̄ α̇

β̇
) = −Fαα̇

ββ̇
,

[D−
α ,Dββ̇] = εαβĀ−

β̇
, [D̄−

α̇ ,Dββ̇ ] = εα̇β̇A−
β , (2.50)

DmA±
(α,α̇) = D±

(δ,δ̇)
Nαβ = D±

(δ,δ̇)
N̄α̇β̇ = DmNαβ = DmN̄α̇β̇ = 0.

’ ±¨³ μ¡· §μ³, ´ ¡μ· ±μ¢ ·¨ ´É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¢³¥¸É¥ ¸ μ£· ´¨Î¥´´Ò³¨
Ê¸²μ¢¨Ö³¨ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ Ëμ´μ¢Ò³¨ ¸Ê¶¥·¶μ²Ö³¨ W , W̄ , ±μÉμ·Ò¥
μÉ¢¥Î ÕÉ ¶μ¸ÉμÖ´´Ò³ ¢ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨ ±μ´Ë¨£Ê· Í¨Ö³ (2.43) ¨ ¨Ì
¶·μ¨§¢μ¤´Ò³ ´¨§Ï¥£μ ¶μ·Ö¤± , μ¡· §ÊÕÉ ±μ´¥Î´μ³¥·´ÊÕ ¸Ê¶¥· ²£¥¡-
·Ê (2.48)Ä(2.50).

�  ¸²¥¤ÊÕÐ¥³ Ï £¥ ¶μ¤´¨³ ¥³ ¤¥°¸É¢¨¥ ¸¤¢¨´ÊÉÒÌ μ¶¥· Éμ·μ¢ Xm =
Dm + ipm, X±

(α,α̇) = D±
(α,α̇) +ψ±

(α,α̇), Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Éμ° ¦¥  ²£¥¡·¥ (2.48)Ä
(2.50), ¢ ± ¸ É¥²Ó´μ¥ ¶·μ¸É· ´¸É¢μ ¶μ¸·¥¤¸É¢μ³ ®Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ μÉμ¡· -
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¦¥´¨Ö¯ X(pM , ∂/∂pM ) = U−1XMU ¸∗

U = e−∂−α
ψ D+

α −D̄+
α̇ ∂̄−α̇

ψ e2θ−αpαα̇∂̄+α̇
ψ −2∂+α

ψ pαα̇θ̄−α̇

e∂+α
ψ D−

α +D̄−
α̇ ∂̄+α̇

ψ ×

× exp
(
− i

2
∂α̇α

p Dαα̇

)
,

£¤¥ ·μ²Ó ± ¸ É¥²Ó´ÒÌ ¢¥±Éμ·μ¢, μ¡· §ÊÕÐ¨Ì ¡ §¨¸ ´μ·³ ²Ó´μ° ¸¨¸É¥³Ò ±μ-
μ·¤¨´ É, ¨£· ¥É ´ ¡μ· ¶·μ¨§¢μ¤´ÒÌ

∂∓α
ψ ≡ ∂

∂ψ±
α

, ∂̄∓α̇
ψ ≡ ∂

∂ψ̄±
α̇

, ∂αα̇
p ≡ ∂

∂pαα̇
[∂M , pN} = δM

N .

„¥°¸É¢¨¥ μ¶¥· Éμ·  U ´  ¸¤¢¨´ÊÉÒ¥ μ¶¥· Éμ·Ò XM ¤ ¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢Ò-
· ¦¥´¨Ö³¨:

U−1X+
α U = ψ+

α , U−1X̄+
α̇ U = −ψ̄+

α̇ ,

U−1X−
α U = −ψ−

α + 2∂̄−α̇
ψ pαα̇ + O(∂−

ψ , ∂p),

U−1X̄−
α̇ U = ψ̄−

α̇ + 2∂−α
ψ pαα̇ + O(∂−

ψ , ∂p),
(2.51)

{X+
α , X̄−

α̇ } = 2Xαα̇ = −{X−
α , X̄+

α̇ },

Xαα̇ = ipαα̇ + ∂+
ψα(D̄−

α̇ W̄) − ∂̄+
ψα̇(D−

α W)−

−1
8
{∂β̇

pα(D̄+

β̇
D̄−

α̇ W̄) + ∂β
pα̇(D−

β D+
αW} + O(∂−

ψ , ∂p).

�Éμ¡· ¦¥´¨¥ ËÊ´±Í¨° ¸Ê¶¥·¶·μ¸É· ´¸É¢  ¢ ÉμÎ±¥ z ´  ± ¸ É¥²Ó´μ¥ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢μ § ¤ ¥É¸Ö ¶·¥μ¡· §μ¢ ´¨Ö³¨

W → W − ∂+α
ψ (D−

α W) + O(∂−
ψ , ∂p),

W̄ → W̄ + ∂̄+α̇
ψ (D̄−

α̇ W̄) + O(∂−
ψ , ∂p),

D+
αW → D+

αW − ∂+β
ψ (D−

β D+
αW) + O(∂−

ψ , ∂p),
(2.52)

D̄+
α̇ W̄ → D̄+

α̇ W̄ + ∂̄+β̇
ψ (D̄−

β̇
D̄+

α̇ W̄) + O(∂−
ψ , ∂p),

D−
αW → D−

αW + O(∂−
ψ , ∂p),

D̄−
α̇ W̄ → D̄−

α̇ W̄ + O(∂−
ψ , ∂p).

∗ƒ² ¢´ Ö Í¥²Ó ÔÉ¨Ì ¶·¥μ¡· §μ¢ ´¨° ¸μ¸Éμ¨É ¢ ¨¸±²ÕÎ¥´¨¨ μ¶¥· Éμ·μ¢ Dm, D+
α , D−

α̇
¨§ XM . „ ²¥¥ ³Ò ¨¸¶μ²Ó§Ê¥³ É¥ ¦¥ μ¡μ§´ Î¥´¨Ö XM ¨ ¤²Ö ¶·¥μ¡· §μ¢ ´´ÒÌ, ¨ ¤²Ö ¨¸Ìμ¤-
´ÒÌ ¢¥²¨Î¨´.
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�É³¥É¨³, ÎÉμ ¢ ÔÉμ³ ¶·¥¤¸É ¢²¥´¨¨ μ¶¥· Éμ·Ò X , ¸Ê¶¥·¶μ²Ö ¨ ¨Ì ¶·μ¨§-
¢μ¤´Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ Éμ° ¦¥  ²£¥¡·¥ (2.49), (2.50). ‚μμ¡Ð¥ £μ¢μ·Ö, ¤²Ö
¶·μ¨§¢μ²Ó´ÒÌ Ëμ´μ¢ÒÌ ¸Ê¶¥·¶μ²¥° ¢¸¥ μ¶·¥¤¥²¥´´Ò¥ ¢ÒÏ¥ ¢¥²¨Î¨´Ò ¶·¥¤-
¸É ¢²ÖÕÉ¸Ö ¡¥¸±μ´¥Î´Ò³¨ ·Ö¤ ³¨ ¶μ ∂p ¨ ±μ´¥Î´Ò³¨ ·Ö¤ ³¨ ¶μ ¸É¥¶¥´Ö³
£· ¸¸³ ´μ¢ÒÌ ¶·μ¨§¢μ¤´ÒÌ ∂ψ, ¸ ±μÔËË¨Í¨¥´É ³¨, § ¤ ´´Ò³¨ ¢ Ë¨±¸¨·μ-
¢ ´´μ° ÉμÎ±¥ zA. �μ ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ Ëμ´  ¶·¥¤¸É ¢²¥´¨¥ (2.51), (2.52)
Ö¢²Ö¥É¸Ö ÉμÎ´Ò³.

” ±É¨Î¥¸±μ¥ ¢ÒÎ¨¸²¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (2.44) ¸ Ö¤·μ³ (2.47)

μ¸´μ¢ ´μ ´  ¸²¥¤ÊÕÐ¥³ ´ ¡²Õ¤¥´¨¨. �¶¥· Éμ·´ÊÕ Ô±¸¶μ´¥´ÉÊ e−s
�
�U , £¤¥

μ¶¥· Éμ·
�
�U ¢Ò· ¦¥´ ¢ É¥·³¨´ Ì ¸¤¢¨´ÊÉÒÌ ¶¥·¥³¥´´ÒÌ X (2.51), ³μ¦´μ

· ¸¸³ É·¨¢ ÉÓ ± ± μ¶¥· Éμ· Ô¢μ²ÕÍ¨¨ ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò 	μ§¥Ä”¥·³¨ ¸

£ ³¨²ÓÉμ´¨ ´μ³ Ĥ =
�
�U . “· ¢´¥´¨Ö (2.45), (2.51) ¶μ± §Ò¢ ÕÉ, ÎÉμ £ -

³¨²ÓÉμ´¨ ´ Ĥ Ö¢²Ö¥É¸Ö ±¢ ¤· É¨Î´μ° Ëμ·³μ° μ¶¥· Éμ·μ¢ p, ∂p, ψ, ∂ψ ¸ ¶μ-
¸ÉμÖ´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ (¡² £μ¤ ·Ö μ£· ´¨Î¥´¨Ö³ ´  · ¸¸³ É·¨-
¢ ¥³Ò¥ Ëμ´μ¢Ò¥ ¶μ²Ö). �μÔÉμ³Ê ¢ÒÎ¨¸²¥´¨¥ TrK(s) =

∫
dζ−4K(ζ, ζ|s) ¸

Ö¤·μ³ K(ζ, ζ|s), μ¶·¥¤¥²¥´´Ò³ Ëμ·³Ê²μ° (2.47), Ö¢²Ö¥É¸Ö ÉμÎ´μ ·¥Ï ¥³μ°
§ ¤ Î¥°.

‚¥·´¥³¸Ö ± Ê· ¢´¥´¨Õ (2.47), ¢ ±μÉμ·μ³ ¢¸¥ μ¶¥· Éμ·Ò ¨ ¶μ²Ö ¢³¥¸É¥
¸ ¨Ì ¶·μ¨§¢μ¤´Ò³¨ § ¶¨¸ ´Ò ¢ ¶·¥¤¸É ¢²¥´¨¨ (2.51). �Éμ Ô±¢¨¢ ²¥´É´μ
ÊÉ¢¥·¦¤¥´¨Õ, ÎÉμ Ö¤·μ É¥¶²μ¶·μ¢μ¤´μ¸É¨ · ¸Ï¨·¥´μ ´  ± ¸ É¥²Ó´μ¥ · ¸-
¸²μ¥´¨¥ ¢ ÉμÎ±¥ ¸Ê¶¥·¶·μ¸É· ´¸É¢  z, £¤¥ ¸Ê¶¥·±μμ·¤¨´ É  z · ¸¸³ É·¨-
¢ ¥É¸Ö ± ± ¶μ¸ÉμÖ´´Ò° ¶ · ³¥É·. ‘μ£² ¸´μ (2.47) μ¶¥· Éμ· Ô¢μ²ÕÍ¨¨
¤μ²¦¥´ ¢ ¨Éμ£¥ ¶μ¤¥°¸É¢μ¢ ÉÓ ´  ¥¤¨´¨ÍÊ. �Î¥¢¨¤´μ, ÎÉμ ¤²Ö ´ Ìμ¦¤¥´¨Ö
·¥§Ê²ÓÉ É  É ±μ£μ ¤¥°¸É¢¨Ö ´¥μ¡Ìμ¤¨³μ ¶¥·¥´¥¸É¨ ¢¸¥ ¶·μ¨§¢μ¤´Ò¥ ¶μ p
¨ ψ ´ ¶· ¢μ ¨ ´  ¶μ¸²¥¤´¥³ Ï £¥ (±μ£¤  μ´¨ ¶μ¤¥°¸É¢ÊÕÉ ´  ¥¤¨´¨ÍÊ),
¨§¡ ¢¨ÉÓ¸Ö μÉ ´¨Ì. �É  ¶·μÍ¥¤Ê·  ³μ¦¥É ¡ÒÉÓ ·¥ ²¨§μ¢ ´  ´  μ¸´μ¢¥
Ëμ·³Ê²Ò 	¥°±¥· ÄŠ¥³¶¡¥²² Ä• Ê¸¤μ·Ë , ¸μμÉ¢¥É¸É¢ÊÕÐ¥°  ²£¥¡·¥ (2.49),
(2.50). ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶μ²ÊÎ¨³ É ± ´ §Ò¢ ¥³Ò° ¸¨³¢μ² μ¶¥· Éμ·  Ô¢μ-
²ÕÍ¨¨. �ÉμÉ ¸¨³¢μ² ¤μ²¦¥´ ¡ÒÉÓ ¶·μ¨´É¥£·¨·μ¢ ´ ¶μ ¡μ§μ´´Ò³ ¶¥·¥³¥´-
´Ò³ p ¨ Ë¥·³¨μ´´Ò³ ¶¥·¥³¥´´Ò³ ψ, ÎÉμ ¶·¨¢¥¤¥É ´ ¸ ± ¸²¥¤Ê É¥¶²μ¢μ£μ
Ö¤·  (2.47). ‘²¥¤ÊÕÐ¥¥ ¶μ²¥§´μ¥ ´ ¡²Õ¤¥´¨¥ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶μ± § -
É¥²Ó Ô±¸¶μ´¥´ÉÒ μ¶¥· Éμ·  Ô¢μ²ÕÍ¨¨ ¸μ¤¥·¦¨É Éμ²Ó±μ μ¶¥· Éμ·Ò D− ∼ ψ−.
‚¸¥ D+ ∼ ψ+ ¸±μ´Í¥´É·¨·μ¢ ´Ò ¢ ¶·¥¤Ô±¸¶μ´¥´É¥ (D+4), ¨ μ´¨ ´ ¸Ò-
Ð ÕÉ ¨´É¥£· ² ¶μ d4ψ+. �μÔÉμ³Ê ³Ò ¤μ²¦´Ò μ¶Ê¸É¨ÉÓ ¢¸¥ Î²¥´Ò O(∂−

ψ )
¢ μ¶¥· Éμ·¥ Ĥ , ÎÉμ ¶μ§¢μ²¨É ¶μ²ÊÎ¨ÉÓ ¡μ²¥¥ ¶·μ¸Éμ¥ ¢Ò· ¦¥´¨¥ ¤²Ö (2.51),
(2.52). Š·μ³¥ Éμ£μ, ÎÉμ¡Ò ¢Ò¶μ²´¨ÉÓ ¨´É¥£·¨·μ¢ ´¨¥ 	¥·¥§¨´  ¢ ¸¥±Éμ·¥ ¶¥-
·¥³¥´´ÒÌ ψ−, ³Ò ¤μ²¦´Ò ¢Ò¤¥²¨ÉÓ ®¶·μ¥±Éμ·¯ (ψ−)4 ¨§ · ¸¸³ É·¨¢ ¥³μ£μ
Ô±¸¶μ´¥´Í¨ ² .

�É  ¶·μ£· ³³  ³μ¦¥É ¡ÒÉÓ ÔËË¥±É¨¢´μ ·¥ ²¨§μ¢ ´ , ¥¸²¨ ¶·¥¤¸É ¢¨ÉÓ

K(s) = e−s
�
� ± ± ¶·μ¨§¢¥¤¥´¨¥ ´¥¸±μ²Ó±¨Ì μ¶¥· Éμ·´ÒÌ Ô±¸¶μ´¥´É. ’ ± Ö

±μ´¸É·Ê±Í¨Ö ¶μ§¢μ²Ö¥É ¶·¥μ¤μ²¥ÉÓ É·Ê¤´μ¸É¨, ±μÉμ·Ò¥ ¢μ§´¨± ²¨ ¢ ¶·¥¤Ò-
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¤ÊÐ¨Ì ¶μ¶ÒÉ± Ì ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 2 ± ²¨¡·μ¢μÎ-
´μ° É¥μ·¨¨ ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ‡ ¶¨Ï¥³ μ¶¥· Éμ·

K(s) = e−s
�
� ¢ ¢¨¤¥

K(s) = exp
(
− s

{
A+D− + Ā+D̄− +

1
2
Dα̇αDαα̇ + WW̄

})
=

= exp {−fαα̇(s)Dα̇α} exp
{
− s

1
2
Dα̇αDα̇α

}
exp {−Ω(s)}×

× exp {−s(A+αD−
α + Ā+α̇D̄−

α̇ )} (2.53)

¸ ´¥±μÉμ·Ò³¨ ´¥¨§¢¥¸É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ ¢ ¶· ¢μ° Î ¸É¨. �É¨ ±μÔËË¨Í¨-
¥´ÉÒ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ´¥¶μ¸·¥¤¸É¢¥´´μ, É. ¥. ´  μ¸´μ¢¥ É¥μ·¥³Ò 	¥°±¥· Ä
Š¥³¶¡¥²² Ä• Ê¸¤μ·Ë  (¨¸¶μ²Ó§Ê¥³μ¥ ¶·¥¤¸É ¢²¥´¨¥ Ëμ·³Ê²Ò 	¥°±¥· ÄŠ¥³¶-
¡¥²² Ä• Ê¸¤μ·Ë  ³Ò ¶·¨¢¥¤¥³ ´¨¦¥), ¨²¨ ± ± ·¥Ï¥´¨¥ ¸¨¸É¥³Ò ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ´  ±μÔËË¨Í¨¥´ÉÒ. �¡  ¸¶μ¸μ¡  ¢¥¤ÊÉ ± μ¤´¨³ ¨ É¥³ ¦¥
·¥§Ê²ÓÉ É ³.

„²Ö ¶μ¸É·μ¥´¨Ö Ê± § ´´μ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° · ¸¸³μÉ·¨³

(
d

ds
K

)
K−1

¨ ¶μ¤¸É ¢¨³ ¢³¥¸Éμ K ¶¥·¢ÊÕ ¨ ¢Éμ·ÊÕ ¸É·μÎ±¨ ¢ (2.53). ‚μ§´¨± ÕÐ¨¥
Ê· ¢´¥´¨Ö ¤²Ö ËÊ´±Í¨° f α̇α(s) ¨³¥ÕÉ ¢¨¤

ḟαα̇(s) = −fββ̇F β̇β
α̇α − A+β(D−

β fαα̇) − Ā+β̇(D̄−
β̇

fαα̇)+

+ A+
β Ā−

β̇

⎛⎝ s∫
0

dτ eτF

⎞⎠β̇β

α̇α

+ Ā+

β̇
A−

β

⎛⎝ s∫
0

dτ eτF

⎞⎠β̇β

α̇α

. (2.54)

�´ ²μ£¨Î´μ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ Ω ¥¸ÉÓ

Ω̇(s) −WW̄ = −A+α(D−
α Ω) − Ā+α̇(D̄−

α̇ Ω)+

+ A+
α fαα̇Ā−

α̇ + Ā+
α̇ f α̇αA−

α − 1
2
A+

β Ā−
β̇
×

×

⎛⎝ s∫
0

dτ e−τF

⎞⎠β̇β

α̇α

F α̇α
ρ̇ρ f ρ̇ρ − 1

2
Ā+

β̇
A−

β

⎛⎝ s∫
0

dτe−τF

⎞⎠β̇β

α̇α

F α̇α
ρ̇ρ f ρ̇ρ. (2.55)

‹¥£±μ ¶μ± § ÉÓ, ÎÉμ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (2.54) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥

fαα̇ = −A+
δ N

δδ̇
αα̇(s)Ā−

δ̇
− Ā+

δ̇
N̄ δ̇δ

α̇α(s)A−
δ , (2.56)
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£¤¥ ËÊ´±Í¨¨ N (N, N̄ ), N̄ (N, N̄) ¶·¨¢¥¤¥´Ò ´¨¦¥. �¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (2.55)
¨³¥¥É ¢¨¤

Ω(s) = sWW̄ + A+αΩ−
α (s) + Ā+α̇Ω̄−

α̇ (s)+

+ (A+)2Ψ(−2)(s) + (Ā+)2Ψ̄(−2)(s) + A+αĀ+
α̇ Ψα̇(−2)

α (s). (2.57)

�É³¥É¨³, ÎÉμ ÔÉμ ·¥Ï¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶μ²¨´μ³ ±μ´¥Î´μ£μ ¶μ·Ö¤± 
¶μ ¸É¥¶¥´Ö³ £· ¸¸³ ´μ¢ÒÌ Ô²¥³¥´Éμ¢ A±, Ā± (2.48). ŠμÔËË¨Í¨¥´ÉÒ Ω−

α (s),
Ω̄−

α̇ (s), Ψ(−2)(s), Ψ̄(−2)(s), Ψα̇(−2)
α (s) ¤ ÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ (2.78)Ä(2.84).

�μ²¥§´μ § ¶¨¸ ÉÓ ¶μ¸²¥¤´¨° Ô±¸¶μ´¥´Í¨ ² ¢ (2.53) ¢ ¢¨¤¥

e−s(A+D−+Ā+D̄−) = 1 + a+αD−
α + ā+α̇D−

α̇ + f+2(D−)2 +

+ f̄+2(D̄−)2 + f+2α̇αD−
α D̄−

α̇ + Ξ̄+3α̇D̄−
α̇ (D−)2 +

+ Ξ+3αD−
α (D̄−)2 + Ω+4(D−)2(D̄−)2. (2.58)

ŠμÔËË¨Í¨¥´ÉÒ ¢ ÔÉμ³ · §²μ¦¥´¨¨ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ÉμÎ´μ. �É³¥É¨³, ÎÉμ
Ω+4(s) ∼ (A+)4. �μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ö¤·  (2.47) ¶·¥¤¸É ¢²Ö¥É¸Ö

¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö Ö¤·  É¨¶  Ï¢¨´£¥·μ¢¸±μ£μ exp
(
−s

1
2
Dαα̇Dαα̇

)
¨ Î²¥´μ¢

· §²μ¦¥´¨Ö (2.58) ¶μ ¸É¥¶¥´Ö³ D−,   É ±¦¥ · §²μ¦¥´¨Ö e−fαα̇Dαα̇

, e−Ω(s) ¶μ
¸É¥¶¥´Ö³ £· ¸¸³ ´μ¢ÒÌ ¢¥²¨Î¨´ A+, Ā+. �Éμ ¶·¨¢μ¤¨É ± ¶·¥¤¸É ¢²¥´¨Õ

K(s) =
∫

d4p

(2π)4
d8ψ exp

(
− s

1
2
Xαα̇Xαα̇

)
×

×
{

1 +
1
2
fαα̇(s)Xαα̇fββ̇(s)Xββ̇ + . . .

}
×

× e−Ω(s)
{
1 + . . . + Ω+4(s)(ψ−)4

}
(ψ+)4 × 1. (2.59)

�Éμ μÎ¥´Ó ¸²μ¦´μ¥ ¢Ò· ¦¥´¨¥ ³μ¦´μ ¸ÊÐ¥¸É¢¥´´μ Ê¶·μ¸É¨ÉÓ, ¨¸¶μ²Ó§ÊÖ § -
³¥Î É¥²Ó´Ò¥ ¸¢μ°¸É¢  ¨´É¥£· ²  	¥·¥§¨´ . ’μ²Ó±μ ¶μ¸²¥¤´¨° Î²¥´ ¢ ¶μ¸²¥¤-
´¥° ¸±μ¡±¥ ¤ ¥É ´¥É·¨¢¨ ²Ó´Ò° ¢±² ¤. ’ ± ± ± Ω+4 ∼ (A+)4 ¨ ¢¸¥ fαα̇, Ω
¶μ¸É·μ¥´Ò ¨§ Ô²¥³¥´Éμ¢ A+, Ā+, ³Ò ¤μ²¦´Ò μ¶Ê¸É¨ÉÓ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö K(s)
¢¸¥ ÔÉ¨ ËÊ´±Í¨¨, ±·μ³¥ e−sWW̄ . ‚ ·¥§Ê²ÓÉ É¥ ¶·¨Ìμ¤¨³ ± ¢Ò· ¦¥´¨Õ

K(s) =
∫

d4p

(2π)4
KSch(s) e−sWW̄Ω+4(s). (2.60)

�μ¸²¥¤´¨° Ï £ ¸μ¸Éμ¨É ¢ ¢ÒÎ¨¸²¥´¨¨ Ö¤·  ˜¢¨´£¥·  ¤²Ö μ¶¥· Éμ· 

�cov(Xm) = (1/2)Xαα̇Xαα̇, KSch(s) ≡
∫ d4p

(2π)4
e−s�cov(Xm), £¤¥ μ¶¥· Éμ·Ò
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Xαα̇ μ¶·¥¤¥²¥´Ò ¢ (2.51). ’ ±¨¥ ¢ÒÎ¨¸²¥´¨Ö É¥¶¥·Ó ¸É ²¨ ¸É ´¤ ·É´Ò³¨
(¸³., ´ ¶·¨³¥·, [96,107,144])∗. �μÔÉμ³Ê ³Ò ¶·¨¢¥¤¥³ Éμ²Ó±μ μ±μ´Î É¥²Ó´Ò°
·¥§Ê²ÓÉ É

KSch(s) =
i

(4πs)2
s2(N2 − N̄2)

cosh (sN) − cosh (sN̄)
. (2.61)

‡¤¥¸Ó N =
√
−(1/2)D4W2. �É  ¢¥²¨Î¨´  ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ¤¢  ¨´-

¢ ·¨ ´É   ¡¥²¥¢  ¢¥±Éμ·´μ£μ ¶μ²Ö, F = (1/4)F mnFmn ¨ G = (1/4)�FmnFmn,
± ± N =

√
2(F + iG). ‚ ±μ´É¥±¸É¥ N = 4 ¸Ê¶¥·± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨

Ö¤·μ (2.61) ¡Ò²μ ´ °¤¥´μ ¢ [144] ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §²¨Î´ÒÌ ±μ¸¢¥´´ÒÌ
¶μ¤Ìμ¤μ¢. ‡¤¥¸Ó ³Ò § ¶¨¸ ²¨ Ö¤·μ (2.61) ¶μ²´μ¸ÉÓÕ ¢ É¥·³¨´ Ì N = 2 £ ·-
³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥°.

2.6. �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨ ¥£μ · §²μ¦¥´¨¥ ¶μ ±μ¢ ·¨ ´É´Ò³ ¸¶¨-
´μ·´Ò³ ¶·μ¨§¢μ¤´Ò³. ‚ ¶·¥¤Ò¤ÊÐ¥³ ¶Ê´±É¥ ³Ò · §· ¡μÉ ²¨ ³¥Éμ¤ ¸μ¡-
¸É¢¥´´μ£μ ¢·¥³¥´¨ ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ’¥¶¥·Ó ¶·¨³¥´¨³
ÔÉÊ É¥Ì´¨±Ê ¤²Ö ¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö.

�ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ (2.44), £¤¥ É¥¶²μ¢μ¥ Ö¤·μ ¢
¸μ¢¶ ¤ ÕÐ¨Ì ÉμÎ± Ì μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° (2.47). ŒÒ ¶·¨³¥´Ö¥³ · §²μ-
¦¥´¨¥ (2.60), (2.61) ¤²Ö KSch(s) (2.90), Ω(+4) ¨ ÊÎ¨ÉÒ¢ ¥³ ¸²¥¤ÊÕÐ¨¥ ¸¢μ°-
¸É¢ : 1) Ê· ¢´¥´¨¥ (2.47) Ê¦¥ ¸μ¤¥·¦¨É (ψ+)4 ¨, ¸²¥¤μ¢ É¥²Ó´μ, ³μ¦´μ ¸· §Ê
¨¸¶μ²Ó§μ¢ ÉÓ

∫
d4ψ+(ψ+)4 = 1; 2) ¤²Ö ´ ¸ÒÐ¥´¨Ö ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ψ−

¤μ¸É ÉμÎ´μ Ê¤¥·¦ ÉÓ ¢ Ê· ¢´¥´¨¨ (2.58) Éμ²Ó±μ ¶μ¸²¥¤´¨° Î²¥´ Ω+4(ψ−)4;
3) ¶μ¸±μ²Ó±Ê Ω+4 ∼ (A+)4 (¸³. (2.90)), ¢ (2.53) ¤μ²¦´Ò ¡ÒÉÓ μ¶ÊÐ¥´Ò ¢¸¥
Î²¥´Ò, ±μÉμ·Ò¥ § ¢¨¸ÖÉ μÉ A+. �Éμ ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥° μ±μ´Î É¥²Ó´μ°
Ëμ·³¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö:

Γ =
1

(4π)2

∫
dζ(−4) du

∞∫
0

ds

s3
e−s(2WW̄+4q−

a q+a) s2(N2 − N̄2)
cosh (sN) − cosh (sN̄)

×

× 1
16

(D+W)2(D̄+W̄)2
cosh (sN) − 1

N2

cosh (sN̄) − 1
N̄2

. (2.62)

Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¢ (2.62) ¤μ¶Ê¸± ¥É · §²μ-
¦¥´¨¥ ¢ ¸É¥¶¥´´μ° ·Ö¤ ¶μ ¢¥²¨Î¨´ ³ s2N2, s2N̄2. �μ¸²¥ § ³¥´Ò ¶ · ³¥É· 
¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ s ´  s′ = 2sWW̄ ¶μ²ÊÎ ¥³ · §²μ¦¥´¨¥ ¶μ ¸É¥¶¥´Ö³

∗�É³¥É¨³, ÎÉμ ¢Ò¶μ²´¥´¨¥ μ¶¥· Í¨¨ tr ¶μ ²μ·¥´Í¥¢Ò³ ¨´¤¥±¸ ³ É·¨¢¨ ²Ó´μ ¡² £μ¤ ·Ö
Éμ¦¤¥¸É¢Ê

Nβ
αNδ

β = −1

4
D−

α D+βWD−
β D+δW = −1

8
D−

α D+βD−
β D+δW2 = −1

2
δδ
α(D)4W2 = δδ

αN2.
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s′2
4N2

4(WW̄)2
¨ ¨³ ¸μ¶·Ö¦¥´´Ò³. Š·μ³¥ Éμ£μ, ¶μ¸±μ²Ó±Ê ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò-

· ¦¥´¨¥ (2.62) Ê¦¥ ¶·μ¶μ·Í¨μ´ ²Ó´μ (A+)4, ³Ò ³μ¦¥³ § ³¥´¨ÉÓ ¢¥²¨Î¨´Ò
N2, N̄2 ¢ ± ¦¤μ³ Î²¥´¥ · §²μ¦¥´¨Ö ¸Ê¶¥·±μ´Ëμ·³´Ò³¨ ¨´¢ ·¨ ´É ³¨ Ψ2 ¨
Ψ̄2 [144], ±μÉμ·Ò¥ ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨¥³

Ψ̄2 =
1

W̄2
D4 ln W =

1
2W̄2

{
Nβ

αNα
β

W2
+4

A+αNβ
αA−

β

W3
+3

(A+)2(A−)2

W4

}
(2.63)

¨ ¸μ¶·Ö¦¥´´Ò³ ¥³Ê. �μ¸²¥ ¢¸¥Ì ÔÉ¨Ì ³ ´¨¶Ê²ÖÍ¨° ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ
± ¦¤Ò° Î²¥´ · §²μ¦¥´¨Ö § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ μ¡Ð¥³Ê N = 2
¸Ê¶¥·¶·μ¸É· ´¸É¢Ê.

‚Ò· ¦¥´¨¥ (2.62) ¢ μÉ¸ÊÉ¸É¢¨¥ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ · -
¡μÉ Ì [144,146] ¸ ¶μ³μÐÓÕ ¤·Ê£¨Ì ³¥Éμ¤μ¢. ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É´ Ö § ¢¨¸¨³μ¸ÉÓ
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¡Ò²  ¶μ²ÊÎ¥´  ¢ [215] ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ-
²¥°, ¥¥ ¶·¥μ¡· §μ¢ ´¨¥ ± N = 2 £ ·³μ´¨Î¥¸±μ° Ëμ·³¥ ¡Ò²μ ¶·μ¨§¢¥¤¥´μ
É ³ ¦¥ ´  μ¸´μ¢¥ Ô¢·¨¸É¨Î¥¸±μ£μ ·¥Í¥¶É  ¢μ¸¸É ´μ¢²¥´¨Ö Ö¢´μ N = 2 ¸Ê-
¶¥·¸¨³³¥É·¨Î´μ£μ ¢¨¤  ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ¨§´ Î ²Ó´μ § ¶¨¸ ´´μ£μ ¢
É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥°. ‚ÒÏ¥ ³Ò ¶μ²ÊÎ¨²¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÊÕ § ¢¨-
¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (2.62) ¶μ²´μ¸ÉÓÕ ¢ É¥·³¨´ Ì £ ·³μ´¨Î¥¸±¨Ì
¸Ê¶¥·¶μ²¥°, ¨ ÔÉ  § ¢¨¸¨³μ¸ÉÓ ¸μ¢¶ ²  ¸ ¶μ²ÊÎ¥´´μ° ¢ [215]. ’¥³ ¸ ³Ò³ ³Ò
¶μ¤É¢¥·¤¨²¨ ¶· ¢¨²Ó´μ¸ÉÓ ·¥Í¥¶É , ¨¸¶μ²Ó§μ¢ ´´μ£μ ¢ [215].

�·¨¢¥¤¥³ ´¥¸±μ²Ó±μ ¶¥·¢ÒÌ Î²¥´μ¢ · §²μ¦¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É-
¢¨Ö (2.62) ¢ ·Ö¤ ¶μ ¸É¥¶¥´Ö³ N2, N̄2 ¨ ¸· ¢´¨³ ¨Ì ¸ ·¥§Ê²ÓÉ É ³¨ N = 1 ¸Ê-
¶¥·¶μ²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨°, μ¸´μ¢ ´´ÒÌ ´  ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒÌ ¸¶¥Í¨ ²Ó´ÒÌ ¶·¥¤-
¶¨¸ ´¨ÖÌ ¢μ¸¸É ´μ¢²¥´¨Ö Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³Ò ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ Ëμ·³ ²¨§³¥ N = 1 ¸Ê¶¥·¶μ²¥°. ŒÒ ÌμÉ¨³ ¶μ± § ÉÓ,
ÎÉμ · §²μ¦¥´¨¥ ¶μ ¸¶¨´μ·´Ò³ ¶·μ¨§¢μ¤´Ò³ ¢ (2.62) Ë ±É¨Î¥¸±¨ ¢μ¸¶·μ¨§-
¢μ¤¨É · §²μ¦¥´¨¥ ¢ [215]. Š ¦¤Ò° Î²¥´ · §²μ¦¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¸μ¤¥·¦¨É μ¶·¥¤¥²¥´´ÊÕ ¸É¥¶¥´Ó  ¡¥²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨ Fmn. ’ ±μ¥ · §-
²μ¦¥´¨¥ ¶μ§¢μ²Ö¥É ¢Ò¤¥²¨ÉÓ Ö¢´μ § ¢¨¸¨³μ¸ÉÓ μÉ q−q+. �μ¸±μ²Ó±Ê N2, N̄2

¢±²ÕÎ ÕÉ ¸¶¨´μ·´Ò¥ ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥ μÉ ¸Ê¶¥·¶μ²¥¢ÒÌ ´ ¶·Ö¦¥´-
´μ¸É¥° (¸³. (2.48)), · §²μ¦¥´¨¥ ¶μ ÔÉ¨³ ¢¥²¨Î¨´ ³ ¥¸ÉÓ ¢ ÉμÎ´μ¸É¨ · §²μ¦¥-
´¨¥ ¶μ ¸¶¨´μ·´Ò³ ±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤´Ò³ ´ ¶·Ö¦¥´´μ¸É¥° W , W̄ .

ˆ¸¶μ²Ó§Ê¥³ · §²μ¦¥´¨Ö KSch(s) ¨ Ω+4(s). �Éμ ¶·¨¢μ¤¨É ± ¢Ò· ¦¥´¨Õ

Γ =
1

(8π)2

∫
dζ(−4) du

∞∫
0

ds s e−s(2WW̄+4q−q+)D+WD+WD̄+W̄D̄+W̄ ×

×
{

1 +
s4

2 · 5!
D4W2D̄4W̄2 + . . .

}
.
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‚¥¤ÊÐ Ö ´¨§±μÔ´¥·£¥É¨Î¥¸± Ö ¶μ¶· ¢±  ¸μμÉ¢¥É¸É¢Ê¥É Î²¥´Ê F 4. ‚Ò¶μ²´ÖÖ
¨´É¥£· ² ¶μ s, ¶μ²ÊÎ ¥³

ΓF 4 =
1

(4π)2

∫
dζ(−4) du

1
16

D+W D+W
W2

D̄+W̄ D̄+W̄
W̄2

×

× 1(
1 −

(
−2q−q+

WW̄

))2 =
∞∑

k=0

1
(4π)2

×

×
∫

dζ(−4) du
1
16

D+W · · · D̄+W̄
(WW̄)k+2

(k + 1)(−2q−q+)k =

=
1

(4π)2

∫
dζ(−4) du

1
16

{
D+2 ln WD̄+2 ln W̄ +

+
∞∑

k=1

1
k2(k + 1)

D+2 1
Wk

D̄+2 1
W̄k

(−2q−q+)k

}
, (2.64)

ÎÉμ μ±μ´Î É¥²Ó´μ ¤ ¥É

ΓF 4 =
1

(4π)2

∫
d12z

{
ln W ln W̄ +

∞∑
k=1

1
k2(k + 1)

(
−2qaiqai

WW̄

)k
}

. (2.65)

�Éμ ¢Ò· ¦¥´¨¥ ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ É ³¨ · ¡μÉ [147,215]∗:

ΓF 4 =
1

(4π)2

∫
d12z

{
ln W ln W̄ + Li2(X) + ln (1 − X) − 1

X
ln (1 − X)

}
,

£¤¥ X =
−2qaiqai

WW̄ ¨ Li2(X) ¥¸ÉÓ ¤¨²μ£ ·¨Ë³ �°²¥· .

‘²¥¤ÊÕÐ Ö §  ²¨¤¨·ÊÕÐ¥° ¶μ¶· ¢±  ± F 8-Î²¥´Ê∗∗ ¨³¥¥É ¢¨¤

ΓF 8 =
∞∑

k=0

1
2(4π)2

∫
dζ(−4) du

1
16

D+W · · · D̄+W̄
(WW̄)6

D4W2D̄4W̄4×

× 1
5!

(k + 1)(k + 2)(k + 3)(k + 4)(k + 5)
(
−2q−q+

WW̄

)k

. (2.66)

∗ŒÒ ³μ¦¥³ ¶μ²μ¦¨ÉÓ
∫

dζ(−4)(D+)4 =
∫

d12z ¨
∫

du = 1, ¶μ¸±μ²Ó±Ê ¢ Í¥´É· ²Ó´μ³
¡ §¨¸¥ N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  ¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É  ´  ³ ¸¸μ¢μ° μ¡μ-
²μÎ±¥ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ± ± q±a = qiau±

i ,   ¸Ê¶¥·´ ¶·Ö¦¥´´μ¸É¨ W , W̄ ´¥ § ¢¨¸ÖÉ μÉ £ ·³μ´¨±.
∗∗F 6-¶μ¶· ¢±  ´¥ ¢μ§´¨± ¥É ¢ μ¤´μ¶¥É²¥¢μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¤²Ö N = 4 É¥μ·¨¨

Ÿ´£ ÄŒ¨²²¸  [90, 144].
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ˆ¸¶μ²Ó§ÊÖ ¤¥É ²¨§¨·μ¢ ´´Ò¥ ¢Ò· ¦¥´¨Ö

D4W2 = 4D+
α D−βWD+αD−

β W

¨

D+αD+
α (D+δWD+

δ WD−βWD−
β W) = 2D+δWD+

δ WD+
α D−βWD+αD−

β W ,

¶μ²ÊÎ¨³ Í¥¶μÎ±Ê Éμ¦¤¥¸É¢

1
(W)k+6

D+WD+WD4W = 2D+D+

{
D+WD+W

Wk+4

D−WD−W
W2

}
=

= −2D+D+

{
1

(k + 2)(k + 3)
D+D+ 1

Wk+2
D−D− lnW

}
=

= −2D+D+

{
1

(k + 2)(k + 3)
1

Wk+2
D4 lnW

}
.

�μ¤μ¡´Ò¥ ³ ´¨¶Ê²ÖÍ¨¨ μ¸ÊÐ¥¸É¢²ÖÕÉ¸Ö É ±¦¥ ¨ ¸ ±μ³¶²¥±¸´μ-¸μ¶·Ö¦¥´´Ò³
Î²¥´μ³. ‘ ÊÎ¥Éμ³ ÔÉ¨Ì Éμ¦¤¥¸É¢, ¶μ¸²¥ ¢μ¸¸É ´μ¢²¥´¨Ö ¶μ²´μ° ³¥·Ò d12z =
dζ(−4)(D+)4 ¢μ§´¨± ¥É Ë ±Éμ·

1
(k + 2)2(k + 3)2

1
W̄2

D4 lnW 1
W2

D̄4 ln W̄
(
−2q−a q+a

WW̄

)k

.

�Éμ ¶μ§¢μ²Ö¥É § ¶¨¸ ÉÓ ΓF 8 ¢ Ëμ·³¥

ΓF 8 =
1

2(4π)25!

∫
d12z

∞∑
k=0

(k + 1)(k + 4)(k + 5)
(k + 2)(k + 3)

Ψ2Ψ̄2

(
−2q−a q+a

WW̄

)k

=

=
1

2(4π)25!

∫
d12z Ψ2Ψ̄2

{
1

(1 − X)2
+

4
(1 − X)

+

+
6X − 4

X3
ln (1 − X) + 4

X − 1
X2

}
. (2.67)

�ÉμÉ ·¥§Ê²ÓÉ É ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éμ³ N = 1 ¢ÒÎ¨¸²¥´¨°, ¢Ò¶μ²´¥´´ÒÌ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ·¥Í¥¶Éμ¢ · ¡μÉÒ [215].

�´ ²μ£¨Î´μ¥ · ¸¸³μÉ·¥´¨¥ ¶μ§¢μ²Ö¥É ¢ ¶·¨´Í¨¶¥ ¶μ²ÊÎ¨ÉÓ ²Õ¡μ° Î²¥´
ΓF 2n ¢ · §²μ¦¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (2.62) ¶μ ¶·μ¨§¢μ¤´Ò³. ‘²¥¤Ê¥É
μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  Éμ, ÎÉμ ¢ ± ¦¤μ³ Î²¥´¥ · §²μ¦¥´¨Ö ¨´É¥£· ²Ò ¶μ  ´ -
²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê ³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ ¢ ¨´É¥£· ²Ò ¶μ ¶μ²´μ³Ê
N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê.
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2.7. �μ²¥§´μ¥ ¶·¥¤¸É ¢²¥´¨¥ Ëμ·³Ê²Ò 	¥°±¥· ÄŠ¥³¶¡¥²² Ä• Ê¸¤μ·Ë .
’¥¶²μ¢μ¥ Ö¤·μ, ¸¢Ö§ ´´μ¥ ¸ μ¶¥· Éμ·μ³ O, § ¤ ¥É¸Ö ± ± ³ É·¨Î´Ò° Ô²¥³¥´É
μ¶¥· Éμ·  eO. ‚μ ³´μ£¨Ì ¸²ÊÎ ÖÌ μ¶¥· Éμ· O Ö¢²Ö¥É¸Ö ²¨´¥°´μ° ±μ³¡¨-
´ Í¨¥° ¡ §¨¸´ÒÌ μ¶¥· Éμ·μ¢, ±μÉμ·Ò¥ μ¡· §ÊÕÉ ´¥±μÉμ·ÊÕ (¸Ê¶¥·) ²£¥¡·Ê.
’μ£¤  ¢ÒÎ¨¸²¥´¨¥ É¥¶²μ¢μ£μ Ö¤·  · ¤¨± ²Ó´μ Ê¶·μÐ ¥É¸Ö ¡² £μ¤ ·Ö ¢μ§³μ¦-
´μ¸É¨ ¨¸¶μ²Ó§μ¢ ´¨Ö Ëμ·³Ê²Ò 	¥°±¥· ÄŠ¥³¶¡¥²² Ä• Ê¸¤μ·Ë  (BCH). ‘μ-
£² ¸´μ ÔÉμ° Ëμ·³Ê²¥ ¶μ± § É¥²Ó Ô±¸¶μ´¥´ÉÒ, ±μÉμ· Ö ¥¸ÉÓ ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ
Ô±¸¶μ´¥´É ¸ ´¥±μ³³ÊÉ¨·ÊÕÐ¨³¨ μ¶¥· Éμ· ³¨ A ¨ B ¢ ± Î¥¸É¢¥ ¶μ± § É¥-
²¥°, ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ ±μ³³ÊÉ Éμ·μ¢ [A, B],
[A, [A, B]], [B, [A, B]] ¨ É. ¶. ŒÒ ¶μ²ÊÎ¨³ ¤·Ê£μ¥ Ê¤μ¡´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö
BCH-Ëμ·³Ê²Ò,   ¨³¥´´μ

eA+B = eC1+C2+C3+... eA, (2.68)

£¤¥ μ¶¥· Éμ·Ò Ck ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ±μ³³ÊÉ Éμ·Ò μ¶¥· Éμ·μ¢ A ¨ B. �μ± -
¦¥³, ÎÉμ μ¶¥· Éμ·Ò Ck ³μ£ÊÉ ¡ÒÉÓ μ¶·¥¤¥²¥´Ò É ±¨³ μ¡· §μ³, ÎÉμ ± ¦¤Ò°
Ck ¸μ¤¥·¦¨É k-Õ ¸É¥¶¥´Ó μ¶¥· Éμ·  B ¨ ¢¸¥ ¸É¥¶¥´¨ μ¶¥· Éμ·  A. �Éμ ¶·¥¤-
¸É ¢²¥´¨¥ BCH-Ëμ·³Ê²Ò μ± §Ò¢ ¥É¸Ö ¶μ²¥§´Ò³ ¢ É¥Ì ¸²ÊÎ ÖÌ, ±μ£¤  μ¶¥· -
Éμ·Ò A ¨ B  ¸¸μÍ¨¨·μ¢ ´Ò ¸ ´¥±μÉμ·μ° (¸Ê¶¥·) ²£¥¡·μ°, ±μÉμ· Ö ¶μ§¢μ²Ö¥É
¸Ê³³¨·μ¢ ÉÓ μ¶¥· Éμ·´Ò¥ ¸¥·¨¨ C1 + C2 + C3 + . . . ± Ö¢´Ò³ ¢Ò· ¦¥´¨Ö³.

‚¢¥¤¥³ ¢ (2.68) ¶¥·¥³¥´´ÊÕ t ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

eA+tB = etC1+t2C2+t3C3+... eA. (2.69)

„ ²¥¥ μ¶·¥¤¥²¨³ ËÊ´±Í¨Õ

F = eA+tB e−A = exp

( ∞∑
k=1

tkCk(A, B)

)
(2.70)

¨ ´ °¤¥³ ¶μ¤Ìμ¤ÖÐ¨¥ μ¶¥· Éμ·Ò Ck ¢ (2.69). �Î¥¢¨¤´μ, ÎÉμ ¶·¨ t = 0 (2.69)
¸É ´μ¢¨É¸Ö Éμ¦¤¥¸É¢μ³,   ¶·¨ t = 1 ³Ò ¶μ²ÊÎ ¥³ ¶¥·¢μ´ Î ²Ó´μ¥ ¸μμÉ´μÏ¥-
´¨¥ (2.68). ‚ÒÎ¨¸²¨³ ²μ£ ·¨Ë³¨Î¥¸±ÊÕ ¶·μ¨§¢μ¤´ÊÕ ËÊ´±Í¨¨ (2.69) ¶μ t.
‘ μ¤´μ° ¸Éμ·μ´Ò, ¨³¥¥³

ḞF−1 =

1∫
0

dτ eτA+τtBB e−τA−τtB. (2.71)

‘ ¤·Ê£μ° ¸Éμ·μ´Ò,

F = etC1+t2C2+..., ḞF−1 = C1 + 2tC2 + . . . (2.72)

…¸²¨ ¶μ²μ¦¨³ t = 0, Éμ ¶μ²ÊÎ¨³

C1 =

1∫
0

dτ eτAB e−τA =

1∫
0

dτ B(τ). (2.73)
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„²Ö ¶μ²ÊÎ¥´¨Ö C2 ³Ò ¤μ²¦´Ò ¢ÒÎ¨¸²¨ÉÓ ¶¥·¢ÊÕ ¶·μ¨§¢μ¤´ÊÕ ²μ£ ·¨Ë³¨Î¥-
¸±μ° ¶·μ¨§¢μ¤´μ° ¶μ t:

d

dt
(ḞF−1) =

1∫
0

1∫
0

dτ ′ dτ
{

eτ ′τA+τ ′τtB(τB) e−τ ′τA−τ ′τtB
}
×

×
{
eτA+τtBB e−τA−τtB

}
+

1∫
0

1∫
0

dτ ′ dτ
{

eτA+τtBB e−τA−τtB
}
×

×
{
eτ ′τA+τ ′τtB(−τB) e−τ ′τA−τ ′τtB

}
. (2.74)

�·¨ t = 0 ³Ò ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö C2:

2C2 =

1∫
0

1∫
0

dτ dτ ′τ [B(τ ′τ),B(τ)]. (2.75)

‘²¥¤ÊÖ Éμ° ¦¥ ¸É· É¥£¨¨, ³μ¦´μ ´ °É¨ ¢¸¥ μ¶¥· Éμ·Ò Ck. � ¶·¨³¥·, ¤²Ö
¶μ¸É·μ¥´¨Ö μ¶¥· Éμ·  C3 ´ ¤μ ¢ÒÎ¨¸²¨ÉÓ ¢Éμ·ÊÕ ¶·μ¨§¢μ¤´ÊÕ ´ °¤¥´´μ°
¢ÒÏ¥ ²μ£ ·¨Ë³¨Î¥¸±μ° ¶·μ¨§¢μ¤´μ°. �Éμ ¶·¨¢μ¤¨É ± ¸μμÉ´μÏ¥´¨Õ

6C3 + [C1, C2] =

1∫
0

dτ ′′dτ ′ dττ2
{[

B(τ ′τ), [B(τ ′′τ),B(τ)]
]
−

− τ ′[B(τ), [B(τ ′′τ ′τ),B(τ ′τ)]
]}

, (2.76)

£¤¥ C1 ¨ C2 Ê¦¥ ¡Ò²¨ ´ °¤¥´Ò. �¶¥· Éμ· C4 ´ Ìμ¤¨É¸Ö ¨§ ¸μÉ´μÏ¥´¨Ö

24C4 + 6[C1, C3] + [C1, [C1, C2]] =

1∫
0

dτ ′′′ dτ ′′dτ ′dττ2×

×
{
τ ′τ

[
[B(τ ′′′τ ′τ),B(τ ′τ)], [B(τ ′′τ),B(τ)]

]
−

− τ ′′τ
[
B(τ ′τ),

[
B(τ), [B(τ ′′′τ ′′τ),B(τ ′′τ)]

]]
+

+ τ
[
B(τ ′τ), [B(τ ′′τ), [B(τ ′′′τ),B(τ)]]

]}
×

× τ2τ ′
{
τ ′′τ ′τ

[[
[B(τ ′′′τ ′′τ ′),B(τ ′′τ ′τ)],B(τ ′τ)

]
,B(τ)

]
+

+ τ ′τ
[[
B(τ ′′τ ′τ), [B(τ ′′′τ ′τ),B(τ ′τ)],B(τ)

]
+

+ τ
[
[B(τ ′′τ ′τ),B(τ ′τ)], [B(τ ′′′τ),B(τ)]

]}
(2.77)
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¨ É. ¤. �·¨³¥´ÖÖ ÉÊ ¦¥ ¶·μÍ¥¤Ê·Ê, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¢ ¶·¨´Í¨¶¥, ¢¸¥ Î²¥´Ò
·Ö¤  BCH ¢ Ëμ·³Ê²¥ (2.68).

‚ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ¶·μ¡²¥³  § ±²ÕÎ ¥É¸Ö ¢ ¶¥·¥¶¨¸Ò¢ ´¨¨ Ô±¸¶μ-
´¥´Í¨ ²  (2.53) ¸Ê³³Ò μ¶¥· Éμ·μ¢, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì  ²£¥¡· ¨Î¥¸±¨³ ¸μμÉ´μ-
Ï¥´¨Ö³ (2.48), (2.50), ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö Ô±¸¶μ´¥´É μÉ¤¥²Ó´ÒÌ μ¶¥· Éμ·μ¢.
�É  § ¤ Î  ·¥Ï ¥É¸Ö ¢ ¤¢  ÔÉ ¶ .

‚μ-¶¥·¢ÒÌ, ¢ ± Î¥¸É¢¥ A ¢ (2.68) ¢μ§Ó³¥³ μ¶¥· Éμ· A+D− + Ā+D̄− ¨
¶·¥¤¸É ¢¨³ C1 ± ± ²¨´¥°´ÊÕ ±μ³¡¨´ Í¨Õ μ¶¥· Éμ·μ¢ (1/2)Dαα̇Dαα̇,
fαα̇(A±, Ā±, N, N̄)Dαα̇ ¸ ´¥±μÉμ·Ò³¨ μ¶·¥¤¥²¥´´Ò³¨ ±μÔËË¨Í¨¥´É ³¨∗

¶²Õ¸ ´¥±μÉμ·Ò¥ μ¶·¥¤¥²¥´´Ò¥ ËÊ´±Í¨¨  ·£Ê³¥´Éμ¢ W , W̄ , A±, Ā±, N ,
N̄ ¢ ± Î¥¸É¢¥ Í¥´É· ²Ó´ÒÌ Ô²¥³¥´Éμ¢. �Éμ μ§´ Î ¥É, ÎÉμ ¢¸¥ ¤·Ê£¨¥ μ¶¥· -
Éμ·Ò C2, C3, . . . ¤μ²¦´Ò ¡ÒÉÓ ¶·μ¶μ·Í¨μ´ ²Ó´Ò μ¶¥· Éμ·Ê Dαα̇ ¸ ´¥±μÉμ-
·Ò³¨ ËÊ´±Í¨Ö³¨ ¢ ± Î¥¸É¢¥ ±μÔËË¨Í¨¥´É . �μÔÉμ³Ê ·Ö¤ C1 + C2 + C3 + . . .
¸¢μ¤¨É¸Ö ± ¸Ê³³¨·μ¢ ´¨Õ ÔÉ¨Ì ±μÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨°, ±μÉμ·μ¥ ³μ¦´μ
μ¸ÊÐ¥¸É¢¨ÉÓ ¢ Ö¢´μ³ ¢¨¤¥. �¥§Ê²ÓÉ É ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ −s (1/2)Dαα̇Dαα̇

¶²Õ¸ fαα̇(A±, Ā±, N, N̄)Dαα̇ ¶²Õ¸ ´¥±μÉμ·Ò° Í¥´É· ²Ó´Ò° Ô²¥³¥´É.
‚μ-¢Éμ·ÒÌ, ³Ò ¶·¨³¥´Ö¥³ ¥Ð¥ · § Ëμ·³Ê²Ê (2.68) ¤²Ö ¢Ò· ¦¥´¨Ö

exp (−s (1/2)Dαα̇Dαα̇ + fαα̇Dαα̇) ¨ ¢Ò¡¨· ¥³ ¢ ± Î¥¸É¢¥ A μ¶¥· Éμ·
−s (1/2)Dαα̇Dαα̇. ‚¸¥ μ¶¥· Éμ·Ò Ck ¡Ê¤ÊÉ μ¶ÖÉÓ ¶·μ¶μ·Í¨μ´ ²Ó´Ò μ¤-
´μ³Ê μ¶¥· Éμ·Ê Dαα̇, ¨ ´ ¡μ· ±μÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° ³μ¦¥É ¡ÒÉÓ ¶·μ-
¸Ê³³¨·μ¢ ´ ± Ö¢´Ò³ ¢Ò· ¦¥´¨Ö³. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶μ²ÊÎ ¥³ ¶· ¢ÊÕ Î ¸ÉÓ
¢Ò· ¦¥´¨Ö (2.53). ‚¸¥ ±μÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ ¶·¨¢¥¤¥´Ò ¢ ¶. 2.8 (¸³.
¸μμÉ´μÏ¥´¨Ö (2.78)Ä(2.84)). �É¨ ËÊ´±Í¨¨ É ±¦¥ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¨§ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (2.54), (2.55). �¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥
BCH-Ëμ·³Ê²Ò ¨ Î¥·¥§ ·¥Ï¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢-
´¥´¨°, ¸μ¢¶ ¤ ÕÉ.

2.8. ŠμÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ ¢ · §²μ¦¥´¨¨ É¥¶²μ¢μ£μ Ö¤· . �¥Ï¥´¨Ö
²¨´¥°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (2.54) ¨ (2.55) ¤²Ö fαα̇(s) ¨ Ω(s)
³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ÉμÎ´μ, ¨ μ´¨ ¨³¥ÕÉ ¢¨¤ (2.56), (2.57). ŠμÔËË¨Í¨¥´ÉÒ
¸É¥¶¥´´μ£μ · §²μ¦¥´¨Ö fαα̇(s) ¶μ ¡ §¨¸Ê £· ¸¸³ ´μ¢ÒÌ Ô²¥³¥´Éμ¢ A+

α , Ā+
α̇

¤ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨:

N δδ̇
αα̇ =

s∫
0

dτ

(
e−τN − eτN̄

N + N̄
e−sN̄

)δδ̇

αα̇

= −e−sF − 1
NF

+
e−sN̄ − 1

NN̄
, (2.78)

N̄ δ̇δ
α̇α =

s∫
0

dτ

(
e−τN̄ − eτN

N + N̄
e−sN

)δ̇δ

α̇α

= −e−sF − 1
N̄F

+
e−sN − 1

NN̄
. (2.79)

∗„¥°¸É¢¨É¥²Ó´μ, ´ ¶·¨³¥·,
[
A+D−, (1/2)Dαα̇Dαα̇

]
= −A+αĀ−α̇Dαα̇.
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ŠμÔËË¨Í¨¥´ÉÒ ¸É¥¶¥´´μ£μ · §²μ¦¥´¨Ö Ω(s) ¶μ ÔÉμ³Ê ¦¥ ¡ §¨¸Ê A+
α , Ā+

α̇

¢Ò· ¦ ÕÉ¸Ö ± ±

Ω−
α = −W̄

{
e−sN + sN − 1

N2

}β

α

A−
β , (2.80)

Ω̄−
α̇ = −WĀ−

β̇

{
e−sN̄ + sN̄ − 1

N̄2

}β̇

α̇

, (2.81)

Ψ(−2) =
1
8
(Ā−)2 tr

∞∑
n=0

n∑
p=1

sn+2

(n + 2)!
Cp

n(−F )n−p
{

Np−1 − (−1)nN̄p−1
}

=

= (Ā−)2
{

s3

6
+

s5

5!
(N2 + N̄2) + . . .

}
, (2.82)

Ψ̄(−2) =
1
8
(A−)2 tr

∞∑
n=0

n∑
p=1

sn+2

(n + 2)!
Cp

n(−F )n−p
{

N̄p−1 − (−1)nNp−1
}

=

= (A−)2
{

s3

6
+

s5

5!
(N2 + N̄2) + . . .

}
, (2.83)

Ψα̇(−2)
α = Ψα̇δ

αδ̇
A−

δ Ā−δ̇,

Ψα̇δ
αδ̇

=
1

NN̄(N − N̄)
+

1
NN̄

{
e−sN

N̄
− esN̄

N

}
+

N2 + N̄2

2N2N̄2(N̄ − N)
es(N̄−N) +

+
N̄2esF − N2 e−sF

2N2N̄2(N + N̄)
=

s3

3
+

s4

8
(N̄ − N) +

7s5

5!
(N2 + N̄2) + . . . (2.84)

ŠμÔËË¨Í¨¥´ÉÒ · §²μ¦¥´¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³ μ¶¥· Éμ·  exp {−s(A+D−+
Ā+D̄−)}, μ¶·¥¤¥²¥´´Ò¥ ¢ (2.58), ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨:

a+α = A+β

(
e−sN − 1

N

)α

β

, ā+α̇ = Ā+β̇

(
e−sN̄ − 1

N̄

)α̇

β̇

, (2.85)

f+2 = −1
4
(A+)2 tr

(
cosh(sN) − 1

N2

)
,

(2.86)

f̄+2 = −1
4
(Ā+)2 tr

(
cosh (sN̄) − 1

N̄2

)
,

f+2α̇α = −A+βĀ+β̇

(
e−sN − 1

N

)α

β

(
e−sN̄ − 1

N̄

)α̇

β̇

, (2.87)
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Ξ̄+3α̇ = −1
4
(A+)2Ā+β̇

(
e−sN̄ − 1

N̄

)α̇

β̇

tr
(

cosh (sN) − 1
N2

)
, (2.88)

Ξ+3α = −1
4
(Ā+)2A+β

(
e−sN − 1

N

)α

β

tr
(

cosh (sN̄ − 1)
N̄2

)
, (2.89)

Ω+4 = − 1
16

(A+)2(Ā+)2 tr
(

cosh (sN) − 1
N2

)
tr
(

cosh (sN̄) − 1
N̄2

)
. (2.90)

2.9. ˆÉμ£¨. ˆ¸¸²¥¤μ¢ ´  ¶·μ¡²¥³  ¶μ¸É·μ¥´¨Ö μ¤´μ¶¥É²¥¢μ£μ ´¨§±μÔ´¥·-
£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ N = 4, SU(2) ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨.
’¥μ·¨Ö Ëμ·³Ê²¨·Ê¥É¸Ö ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¨ μ¡² -
¤ ¥É Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¥° ¨ ¤μ¶μ²´¨É¥²Ó´μ° ¸±·ÒÉμ° N = 2 ¸Ê-
¶¥·¸¨³³¥É·¨¥°, ±μÉμ·Ò¥ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ § ³Ò± ÕÉ¸Ö ´  N = 4 ¸Ê¶¥·-
¸¨³³¥É·¨Õ. ˆ§²μ¦¥´ ´μ¢Ò° ¶μ¤Ìμ¤ ± ¶μ¸É·μ¥´¨Õ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö,
§ ¢¨¸ÖÐ¥£μ μÉ ¢¸¥Ì ¶μ²¥° N = 4 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . ƒ² ¢´μ¥ ¶·¥¨³ÊÐ¥-
¸É¢μ ÔÉμ£μ ¶μ¤Ìμ¤  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ´  ¢¸¥Ì ÔÉ ¶ Ì ¢ÒÎ¨¸²¥´¨° ¸μÌ· ´Ö¥É¸Ö
Ö¢´ Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Ö.

‘ ÉμÎ±¨ §·¥´¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ · ¸¸³ É·¨¢ ¥³μ¥ ÔËË¥±É¨¢-
´μ¥ ¤¥°¸É¢¨¥ ¥¸ÉÓ ËÊ´±Í¨μ´ ² ¸Ê¶¥·¶μ²¥° N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É 
¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ’¥μ·¨Ö ±¢ ´ÉÊ¥É¸Ö ¢ · ³± Ì N = 2 ³¥Éμ¤  Ëμ´μ¢μ£μ
¶μ²Ö, ÎÉμ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ Ö¢´μ ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´μ° Ëμ·³¥. ŒÒ ¢ÒÎ¨¸²Ö¥³ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ´¨§±μÔ´¥·£¥-
É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨, ¸Î¨É Ö, ÎÉμ N = 2 ¸Ê¶¥·¶μ²¥¢Ò¥ ´ ¶·Ö¦¥´´μ¸É¨ W ,
W̄ ¨ ¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ qia ´ Ìμ¤ÖÉ¸Ö ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¨
Ö¢²ÖÕÉ¸Ö ¶μ¸ÉμÖ´´Ò³¨ ¢ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨. �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ § ¤ -
¥É¸Ö ¨´É¥£· ²μ³ ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢  μÉ ËÊ´±Í¨¨, § ¢¨¸ÖÐ¥° μÉ ¸Ê¶¥·´ ¶·Ö¦¥´´μ¸É¥° W , W̄ , ¨Ì ¸¶¨-
´μ·´ÒÌ ±μ¢ ·¨ ´É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¨ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ ´¨§±μ-
Ô´¥·£¥É¨Î¥¸±μ³ ¶·¥¤¥²¥ ÔÉ  § ¢¨¸¨³μ¸ÉÓ ´ °¤¥´  ÉμÎ´μ. ’ ±¦¥ ¶μ¤É¢¥·¦¤¥´Ò
¨ μ¡μ¸´μ¢ ´Ò ¨§²μ¦¥´´Ò¥ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ·¥§Ê²ÓÉÒ · ¡μÉÒ [215], ¢ ±μ-
Éμ·μ° μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¡Ò²μ
´ °¤¥´μ ¢ É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥° ´  μ¸´μ¢¥ ¸¶¥Í¨ ²Ó´μ° Ë¨±¸ Í¨¨ ± -
²¨¡·μ¢±¨ ¨ ¸ ¶·¨³¥´¥´¨¥³ ´¥±μÉμ·ÒÌ Ô¢·¨¸É¨Î¥¸±¨Ì ·¥Í¥¶Éμ¢ ¢μ¸¸É ´μ¢²¥-
´¨Ö Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³Ò ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. ‚ · ³-
± Ì ³¥Éμ¤  ¤ ´´μ£μ · §¤¥²  É ± Ö Ëμ·³  ¢μ¸¶·μ¨§¢μ¤¨É¸Ö  ¢Éμ³ É¨Î¥¸±¨.

� §· ¡μÉ ´ μ¡Ð¨° ³¥Éμ¤ ¶μ²ÊÎ¥´¨Ö μ¤´μ¶¥É²¥¢μ£μ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨ ¶μ²´μ¸ÉÓÕ ¢ É¥·³¨´ Ì N =
2 £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥°. ˆ¸Ìμ¤´μ° ¤²Ö ´ Ï¥£μ · ¸¸³μÉ·¥´¨Ö Ö¢²Ö¥É¸Ö
¡¥¸±μ´¥Î´ Ö ¸¥·¨Ö ±μ¢ ·¨ ´É´ÒÌ £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·£· Ëμ¢ ¸ ¶·μ¨§¢μ²Ó-
´Ò³ Î¨¸²μ³ ¢´¥Ï´¨Ì ²¨´¨° £¨¶¥·³Ê²ÓÉ¨¶²¥É . Š ¦¤Ò° ¨§ É ±¨Ì ¸Ê¶¥·£· Ëμ¢
§ ¶¨¸Ò¢ ¥É¸Ö ± ± ¨´É¥£· ² ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê, ¨ ¢¸¥ ¢±² ¤Ò
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¸Ê³³¨·ÊÕÉ¸Ö. �¥§Ê²ÓÉ É ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (2.42). �Éμ ¢Ò· ¦¥´¨¥  ´ ²¨-
§¨·Ê¥É¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤  ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ¨ ³¥Éμ¤  ¸¨³¢μ²μ¢
μ¶¥· Éμ·μ¢. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶μ²ÊÎ ¥³ μ±μ´Î É¥²Ó´μ¥ ¢Ò· ¦¥´¨¥ (2.62) ¤²Ö
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μ¸É ÕÉ¸Ö μÉ±·ÒÉÒ³¨ ¶μ ±· °´¥° ³¥·¥ ¤¢  ¢μ¶·μ¸ , ± -
¸ ÕÐ¨¥¸Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ N = 4
± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨. �¥·¢ Ö ¶·μ¡²¥³  ¸μ¸Éμ¨É ¢ ¶μ¸É·μ¥´¨¨ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö, ¢ ±μÉμ·μ³ ¶·¨¸ÊÉ¸É¢ÊÕÉ ´¥¨¸Î¥§ ÕÐ¨¥ ¸¶¨´μ·´Ò¥ ±μ¢ ·¨ ´É´Ò¥
¶·μ¨§¢μ¤´Ò¥ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ ÔÉμ³ ¸²ÊÎ ¥ ´¨§±μÔ´¥·£¥É¨Î¥-
¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ¸¶¨-
´μ·´Ò³ ¶·μ¨§¢μ¤´Ò³ ¸Ê¶¥·´ ¶·Ö¦¥´´μ¸É¥° ¨ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É .
‚ Î ¸É´μ¸É¨, §´ Ö É ±μ¥ · §²μ¦¥´¨¥, ³μ¦´μ ¡Ò²μ ¡Ò ¶μ²ÊÎ¨ÉÓ μÉ¢¥É ´  ¢μ¶·μ¸
μ Éμ³, ¨´¢ ·¨ ´É´μ ²¨ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μÉ´μ¸¨É¥²Ó´μ ¸±·ÒÉÒÌ ±¢ ´-
Éμ¢ÒÌ N = 2 ¸Ê¶¥·¸¨³³¥É·¨°, ¶μ¤μ¡´ÒÌ ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨
±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö. ‚Éμ·μ° ¶·μ¡²¥³μ° Ö¢²Ö¥É¸Ö ´ Ìμ¦¤¥´¨¥ £¨¶¥·³Ê²Ó-
É¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ ¢±² ¤μ¢ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μÉ ¢Ò¸Ï¨Ì ¶¥É¥²Ó.
ŒÒ ´ ¤¥¥³¸Ö, ÎÉμ ³¥Éμ¤Ò, ¨§²μ¦¥´´Ò¥ ¢ ÔÉμ³ · §¤¥²¥, μ± ¦ÊÉ¸Ö ¶μ²¥§´Ò³¨
¶·¨ ¨§ÊÎ¥´¨¨ μ¡¥¨Ì ¶·μ¡²¥³.
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3.1. ‚¢¥¤¥´¨¥. N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ± ²¨¡·μ¢μÎ´Ò¥ É¥μ·¨¨ μ¡Ð¥£μ
¶μ²μ¦¥´¨Ö ¢ Î¥ÉÒ·¥Ì ¨§³¥·¥´¨ÖÌ ¸ÊÉÓ É¥μ·¨¨ N = 2 ¢¥±Éμ·´μ£μ ± ²¨¡·μ-
¢μÎ´μ£μ ³Ê²ÓÉ¨¶²¥É , ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ¸ ¡¥§³ ¸¸μ¢Ò³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥-
É ³¨, ±μÉμ·Ò¥ ¶·¨´ ¤²¥¦ É μ¶·¥¤¥²¥´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ R ± ²¨¡·μ¢μÎ´μ°
£·Ê¶¶Ò G. �¡¸Ê¦¤ ¢Ï Ö¸Ö ¢ÒÏ¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ± ²¨¡·μ¢μÎ´ Ö
É¥μ·¨Ö ¥¸ÉÓ Î ¸É´Ò° ¸²ÊÎ °, μÉ¢¥Î ÕÐ¨° £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÊ ¢ ¶·¨¸μ¥¤¨´¥´-
´μ³ ¶·¥¤¸É ¢²¥´¨¨. ‚¸¥ ÔÉ¨ ± ²¨¡·μ¢μÎ´Ò¥ ³μ¤¥²¨ μ¡² ¤ ÕÉ Éμ²Ó±μ μ¤´μ¶¥-
É²¥¢Ò³¨ · ¸Ìμ¤¨³μ¸ÉÖ³¨ [41,188] ¨ ³μ£ÊÉ ¡ÒÉÓ ±μ´¥Î´Ò³¨,   ¸²¥¤μ¢ É¥²Ó´μ,
¨ ¸Ê¶¥·±μ´Ëμ·³´Ò³¨ ¶·¨ μ¶·¥¤¥²¥´´ÒÌ μ£· ´¨Î¥´¨ÖÌ ´  ¸μ¸É ¢ ¶·¥¤¸É ¢²¥-
´¨° £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° ³ É¥·¨¨. ‚ ³μ¤¥²¨ ¸ Î¨¸²μ³ nσ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢
¢ ¶·¥¤¸É ¢²¥´¨¨ Rσ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò G Ê¸²μ¢¨¥ ±μ´¥Î´μ¸É¨ (¨ ¸Ê¶¥·-
±μ´Ëμ·³´μ¸É¨) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¶·μ¸Éμ° Ê´¨¢¥·¸ ²Ó´μ° Ëμ·³¥ [188]

C(G) =
∑

σ

nσT (Rσ), (3.1)

£¤¥ C(G) Å ±¢ ¤· É¨Î´Ò° μ¶¥· Éμ· Š §¨³¨·  ¤²Ö ¶·¨¸μ¥¤¨´¥´´μ£μ ¶·¥¤-
¸É ¢²¥´¨Ö ¨ T (Rσ) Å ±¢ ¤· É¨Î´Ò° μ¶¥· Éμ· Š §¨³¨·  ¤²Ö ¶·¥¤¸É ¢²¥-
´¨Ö Rσ . �·μ¸É¥°Ï¥¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (3.1) ± ± · § ¸μμÉ¢¥É¸É¢Ê¥É N = 4
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± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¸ nσ = 1 ¨ ¢¸¥³¨ ¶μ²Ö³¨ ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤-
¸É ¢²¥´¨¨. �Î¥¢¨¤´μ, ÎÉμ ¢μ§³μ¦´Ò ¨ ¤·Ê£¨¥ ·¥Ï¥´¨Ö; ´ ¶·¨³¥·, ¢ ¸²Ê-
Î ¥ £·Ê¶¶Ò SU(N) ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥É ³¨ ¢ ËÊ´¤ ³¥´É ²Ó´μ³ ¶·¥¤¸É ¢²¥-
´¨¨ ¨³¥¥³ T (R) = 1/2, C(G) = N ¨ nσ = 2N . 	μ²ÓÏμ° ±² ¸¸ N = 2
¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²¥° ¡Ò² ¶μ¸É·μ¥´ ¨¸Ìμ¤Ö ¨§ £¨¶μÉ¥§Ò ¸μμÉ¢¥É¸É¢¨Ö
AdS/CFT (¸³., ´ ¶·¨³¥·, [189] ¨ ¸¸Ò²±¨ É ³; ¶·¨³¥·Ò É ±¨Ì ³μ¤¥²¥° ¨
μ¶¨¸ ´¨¥ ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³´ÒÌ ¸μ¸ÉμÖ´¨° ¶μ¤·μ¡´μ μ¡¸Ê¦¤ ÕÉ¸Ö, ´ ¶·¨³¥·,
¢ · ¡μÉ¥ [115]). ‚ ¤ ´´μ³ · §¤¥²¥ ¨§ÊÎ ¥É¸Ö ¸É·Ê±ÉÊ·  ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ
μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¤²Ö μ¡Ð¨Ì N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ
É¥μ·¨° [218].

�ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¨ N = 2 ¸Ê¶¥·-
±μ´Ëμ·³´ÒÌ ³μ¤¥²¥° ¢ ¸¥±Éμ·¥ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨§ÊÎ ²μ¸Ó
· §²¨Î´Ò³¨ ³¥Éμ¤ ³¨ [41,82,86,107,115,144]. �¤´ ±μ ¶·μ¡²¥³  £¨¶¥·³Ê²Ó-
É¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¤²Ö ÔÉ¨Ì É¥μ·¨° μ¸É ¢ ² ¸Ó ¢
É¥Î¥´¨¥ ¤²¨É¥²Ó´μ£μ ¢·¥³¥´¨ μÉ±·ÒÉμ°.

Š ± Ê¦¥ μ¡¸Ê¦¤ ²μ¸Ó · ´¥¥, ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥
¢ N = 4 É¥μ·¨¨, ¸μ¤¥·¦ Ð¥¥ ± ± ¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , É ± ¨
£¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ Ëμ´μ¢Ò¥ ¶μ²Ö, ¡Ò²μ ¢¶¥·¢Ò¥ ¶μ¸É·μ¥´μ ¢ · ¡μÉ¥ [146]
¨ § É¥³ ¤¥É ²Ó´μ ¨§ÊÎ ²μ¸Ó ¢ · ¡μÉ¥ [216]. ‚ ¤ ´´μ³ · §¤¥²¥ ³Ò · ¸¸³μÉ·¨³
£¨¶¥·³Ê²ÓÉ¨¶²¥É´ÊÕ § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¤²Ö N = 2 ¸Ê¶¥·-
±μ´Ëμ·³´ÒÌ ³μ¤¥²¥°. ’ ±¨¥ ³μ¤¥²¨ Ö¢²ÖÕÉ¸Ö ±μ´¥Î´Ò³¨, ¶μ¤μ¡´μ N = 4
± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ¢¢¨¤Ê Î¥£μ ³μ¦´μ ¡Ò²μ ¡Ò μ¦¨¤ ÉÓ, ÎÉμ £¨¶¥·³Ê²Ó-
É¨¶²¥É´ Ö § ¢¨¸¨³μ¸ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ÔËË¥±É¨¢´ÒÌ ¤¥°¸É¢¨°  ´ ²μ£¨Î´ 
§ ¢¨¸¨³μ¸É¨, ´ °¤¥´´μ° ¢ N = 4 É¥μ·¨¨. ’¥³ ´¥ ³¥´¥¥ ÔÉμ ´¥ ¸Éμ²Ó μÎ¥-
¢¨¤´μ. „¥°¸É¢¨É¥²Ó´μ, N = 4 ± ²¨¡·μ¢μÎ´ Ö É¥μ·¨Ö Ö¢²Ö¥É¸Ö Î ¸É´Ò³ ¸²Ê-
Î ¥³ N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²¥°, ¢Ò¤¥²¥´´Ò³ ´ ²¨Î¨¥³ Ê ´¥¥ ¤μ-
¶μ²´¨É¥²Ó´μ° ¸±·ÒÉμ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨. Š ± ¡Ò²μ μÉ³¥Î¥´μ ¢ [146],
¨³¥´´μ ÔÉ  ¤μ¶μ²´¨É¥²Ó´ Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Ö ¨£· ¥É ±²ÕÎ¥¢ÊÕ ·μ²Ó
¶·¨ ´ Ìμ¦¤¥´¨¨ Ö¢´μ° § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ± ²¨¡·μ-
¢μÎ´μ° É¥μ·¨¨ μÉ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ μ¡Ð¥³ ¸²ÊÎ ¥ É ±¨¥ ¸±·ÒÉÒ¥
N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ μÉ¸ÊÉ¸É¢ÊÕÉ, ¶μÔÉμ³Ê ¢Ò¢μ¤ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¤²Ö μ¡Ð¨Ì N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²¥° ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É 
Ö¢²Ö¥É¸Ö ¨´É¥·¥¸´μ° ¸ ³μ¸ÉμÖÉ¥²Ó´μ° § ¤ Î¥°.

‚ ÔÉμ³ · §¤¥²¥ ´ °¤¥´μ ¶μ²´μ¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ¥ μ¤´μ¶¥É²¥¢μ¥
ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, § ¢¨¸ÖÐ¥¥ ± ± μÉ Ëμ´μ¢μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É ,
É ± ¨ μÉ Ëμ´μ¢ÒÌ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ¸³¥Ï ´´μ° Ë §¥, ¢ ±μÉμ·μ° ¸± -
²Ö·´Ò¥ ¶μ²Ö ¨ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨³¥ÕÉ μÉ²¨Î´Ò¥
μÉ ´Ê²Ö ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥∗.

∗�·¨³¥·Ò ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ Ì¨££¸μ¢¸±μ° Ë §¥ ¤²Ö N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨
¤ ´Ò ¢ · ¡μÉ¥ [79].
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�μ¤μ¡´μ · ¸¸³μÉ·¥´´μ° ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ N = 4 ± ²¨¡·μ¢μÎ´μ°
É¥μ·¨¨ · ¸¸³ É·¨¢ ¥³Ò¥ §¤¥¸Ó N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ³μ¤¥²¨ Ëμ·³Ê²¨-
·ÊÕÉ¸Ö ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ [51,56]. � §¢¨É ¸¨¸É¥³ É¨Î¥¸±¨°
³¥Éμ¤ ´ Ìμ¦¤¥´¨Ö Î²¥´μ¢ ¸ Ë¨±¸¨·μ¢ ´´Ò³ Î¨¸²μ³ ¶·μ¨§¢μ¤´ÒÌ ¶μ²¥° ¢
μ¤´μ¶¥É²¥¢μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É¥¶²μ¢μ£μ Ö¤·  ¤²Ö
´¥±μÉμ·ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ μ¶¥· Éμ·μ¢, § ¤ ´´ÒÌ ´  £ ·³μ´¨Î¥¸±μ³ ¸Ê-
¶¥·¶·μ¸É· ´¸É¢¥, ¨ ¢ÒÎ¨¸²¥´ ¸²¥¤ É¥¶²μ¢μ£μ Ö¤· , ¸μ¤¥·¦ Ð¨° § ¢¨¸¨³μ¸ÉÓ
μÉ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ Ëμ´μ¢ÒÌ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É .
ˆ§ÊÎ¥´  ±μ³¶μ´¥´É´ Ö ¸É·Ê±ÉÊ·  ¢¥¤ÊÐ¨Ì ±¢ ´Éμ¢ÒÌ ¶μ¶· ¢μ± ± ± ´  ³ ¸-
¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¶μ Ëμ´μ¢Ò³ ¸Ê¶¥·¶μ²Ö³, É ± ¨ ¢´¥ ¥¥. �¡´ ·Ê¦¥´μ, ÎÉμ
ÔÉ¨ ¶μ¶· ¢±¨ ¸μ¤¥·¦ É ¸·¥¤¨ ¶·μÎ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö É¨¶  Î²¥´μ¢ —¥·´ Ä
‘ °³μ´¸ . �¥μ¡Ìμ¤¨³μ¸ÉÓ ¶·¨¸ÊÉ¸É¢¨Ö ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ N = 4 ± -
²¨¡·μ¢μÎ´μ° É¥μ·¨¨ É ±¨Ì Ö¢´μ ³ ¸ÏÉ ¡´μ-¨´¢ ·¨ ´É´ÒÌ, ´μ P -´¥Î¥É´ÒÌ
Î²¥´μ¢, ¸μ¤¥·¦ Ð¨Ì ± ± ¸± ²Ö·´Ò¥, É ± ¨ ¢¥±Éμ·´Ò¥ ¶μ²Ö, ¡Ò²  μÉ³¥Î¥´  ¢
· ¡μÉ¥ [193]. ƒ¨¶μÉ¥§  μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ Î²¥´μ¢ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨ ¢
ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ N = 2 ³μ¤¥²¥° ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥
¡Ò²  ¢Ò¸± § ´  ¢ · ¡μÉ¥ [195]. ŒÒ ¶μ± ¦¥³, ÎÉμ Î²¥´Ò ¢ ÔËË¥±É¨¢´μ³ ¤¥°-
¸É¢¨¨, ¶·¥¤²μ¦¥´´Ò¥ ¢ ÔÉμ° · ¡μÉ¥, ³μ£ÊÉ ¡ÒÉÓ ¢μ¸¶·μ¨§¢¥¤¥´Ò ± ± ·¥§Ê²ÓÉ É
¶·Ö³ÒÌ ¢ÒÎ¨¸²¥´¨° ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö.

� §¤¥² μ·£ ´¨§μ¢ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. �Ê´±É 3.2 ¸μ¤¥·¦¨É ±· É±μ¥
μ¶¨¸ ´¨¥ Ëμ·³Ê²¨·μ¢±¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ³μ¤¥²¥° ¢ £ ·³μ´¨Î¥-
¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¨ μ¶¨¸ ´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³μ¢.
’ ±¦¥ ¢ ÔÉμ³ ¶Ê´±É¥ ´ ¶μ³¨´ ÕÉ¸Ö μ¸´μ¢´Ò¥ Ô²¥³¥´ÉÒ N = 2 ¸Ê¶¥·¸¨³-
³¥É·¨Î´μ£μ ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö. ‚ ¶. 3.3 μ¡¸Ê¦¤ ¥É¸Ö ¸É·Ê±ÉÊ·  ¸Ê¶¥·-
¶·μ¸É· ´¸É¢¥´´μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ μ¶¥· Éμ· , ¸¢Ö§ ´´μ£μ ¸ £¨¶¥·³Ê²Ó-
É¨¶²¥É´μ° § ¢¨¸¨³μ¸ÉÓÕ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ¶μ¸É·μ¥´-
´μ£μ ´  ¤ ´´μ³ ¢ ±ÊÊ³¥. �Ê´±É 3.4 ¶μ¸¢ÖÐ¥´ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ¢ÒÎ¨¸²¥-
´¨Ö³ μ¤´μ¶¥É²¥¢μ£μ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¤²Ö Ëμ-
´μ¢μ£μ ¶μ²Ö, ¶μ¤Î¨´¥´´μ£μ Ê¸²μ¢¨Ö³ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ (¸³. (3.6)). Š·μ³¥
Éμ£μ, ¢Ò¢μ¤¨É¸Ö ¡μ§μ´´μ¥ ±μ³¶μ´¥´É´μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ¸μ¤¥·¦ Ð¥¥
Î²¥´Ò ¸ Î¥ÉÒ·Ó³Ö ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ ¸± ²Ö·´ÒÌ
±μ³¶μ´¥´É´ÒÌ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É . �´ ²μ£¨Î´Ò¥ Î²¥´Ò, ¶μ¤μ¡´Ò¥ Î²¥´Ê
—¥·´ Ä‘ °³μ´¸ , μ¡¸Ê¦¤ ²¨¸Ó ¢ [195]. ‚ ¶. 3.5 ¨§ÊÎ ÕÉ¸Ö ¢μ§³μ¦´Ò¥ ¢±² ¤Ò
¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μÉ Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢´¥ ³ ¸¸μ¢μ° μ¡μ-
²μÎ±¨ (3.6). �μ± § ´μ, ÎÉμ ¢ ¡μ§μ´´μ³ ¸¥±Éμ·¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ ¸μ-
¤¥·¦¨É Î²¥´Ò É¨¶  —¥·´ Ä‘ °³μ´¸  ¸ É·¥³Ö ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³¨
¶·μ¨§¢μ¤´Ò³¨,  ´ ²μ£¨Î´Ò¥ Î²¥´ ³, ¶·¥¤²μ¦¥´´Ò³ ¢ [195]. ‘¢μ¤±  ·¥§Ê²Ó-
É Éμ¢ ¶·¨¢¥¤¥´  ¢ ¶. 3.6.

3.2. Œμ¤¥²Ó ¨ Ëμ´μ¢μ-±¢ ´Éμ¢μ¥ · ¸Ð¥¶²¥´¨¥. Š ± Ê¦¥ £μ¢μ·¨²μ¸Ó ¢
¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¶μ¤Ìμ¤ £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  μ¡¥¸¶¥Î¨¢ ¥É
Ö¢´μ ±μ¢ ·¨ ´É´μ¥ μ¶¨¸ ´¨¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨° ´  ±² ¸¸¨-
Î¥¸±μ³ ¨ ±¢ ´Éμ¢μ³ Ê·μ¢´ÖÌ. ƒ² ¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ ÔÉμ£μ ¶μ¤Ìμ¤  ¸μ¸Éμ¨É
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¢ Éμ³, ÎÉμ N = 2 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É μ¶¨¸Ò¢ ÕÉ¸Ö ¢
¥£μ · ³± Ì ¸Ê¶¥·¶μ²Ö³¨ ¡¥§ ¸¢Ö§¥°, ®¦¨¢ÊÐ¨³¨¯ ´   ´ ²¨É¨Î¥¸±μ³ ¶μ¤¶·μ-
¸É· ´¸É¢¥ ¸ ±μμ·¤¨´ É ³¨ ζM ≡ (xm

A , θ+α, θ̄+
α̇ , u±

i ).
N = 2 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É μ¶¨¸Ò¢ ¥É¸Ö ¢¥Ð¥¸É¢¥´´Ò³  ´ ²¨É¨Î¥¸±¨³

¸Ê¶¥·¶μ²¥³, ± ²¨¡·μ¢μÎ´Ò³ ¶·¥¶μÉ¥´Í¨ ²μ³ V ++ = V ++I(ζ)TI , ¶·¨´¨³ -
ÕÐ¨³ §´ Î¥´¨Ö ¢  ²£¥¡·¥ ‹¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. �·¥¶μÉ¥´Í¨ ² V ++

Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ ¢¥Ð¥¸É¢¥´´μ¸É¨ Ṽ ++ = V ++ ¶μ μÉ´μÏ¥´¨Õ ± μ¡μ¡-
Ð¥´´μ³Ê ¸μ¶·Ö¦¥´¨Õ, ¶·μ¨§¢¥¤¥´¨Õ ±μ³¶²¥±¸´μ£μ ¸μ¶·Ö¦¥´¨Ö ¨  ´É¨¶μ-
¤ ²Ó´μ£μ μÉμ¡· ¦¥´¨Ö ´  £ ·³μ´¨Î¥¸±μ° ¸Ë¥·¥ S2. Š ²¨¡·μ¢μÎ´ Ö £·Ê¶¶ 
¤¥°¸É¢Ê¥É ´  V ++ ± ± δV ++ = −D++λ, £¤¥ λ Å ¶·μ¨§¢μ²Ó´ Ö ¢¥Ð¥¸É¢¥´-
´ Ö  ´ ²¨É¨Î¥¸± Ö ¸Ê¶¥·ËÊ´±Í¨Ö. ‚ ± ²¨¡·μ¢±¥ ‚¥¸¸ Ä‡Ê³¨´μ ¢ ¸Ê¶¥·¶μ²¥
V ++ μ¸É ¥É¸Ö ±μ´¥Î´μ¥ Î¨¸²μ ±μ³¶μ´¥´É´ÒÌ ¶μ²¥° φ, φ̄, Am, λα, λ̄α̇, D(ij),
μÉ¢¥Î ÕÐ¨Ì ¶μ²¥¢μ³Ê ¸μ¤¥·¦ ´¨Õ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É .

ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É, ¶·¥μ¡· §ÊÕÐ¨°¸Ö ¶μ ¶·¥¤¸É ¢²¥´¨Õ R ± ²¨¡·μ¢μÎ´μ°
£·Ê¶¶Ò, μ¶¨¸Ò¢ ¥É¸Ö  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶μ²¥³ q+(ζ) ¨ ¥³Ê ¸μ¶·Ö¦¥´´Ò³
q̃+(ζ) (¸³. μ¶·¥¤¥²¥´¨¥ ¸μ¶·Ö¦¥´¨Ö ¢ [51]), ¶·¨´¨³ ÕÐ¨³¨ §´ Î¥´¨Ö ¢ ¶·¥¤-
¸É ¢²¥´¨¨ R. ‘± ²Ö·´Ò¥ ±μ³¶μ´¥´É´Ò¥ ¶μ²Ö f i(xA) £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢³¥-
¸É¥ ¸ ±μ³¶²¥±¸´μ-¸μ¶·Ö¦¥´´Ò³¨ ¶μ²Ö³¨ f̄ i = (fi)† μ¡· §ÊÕÉ SU(2)-¤Ê¡²¥É.
�´¨, É ± ¦¥ ± ± ¨ ¸¶¨´μ·´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶μ²Ö, ¢μ§´¨± ÕÉ ± ± ³² ¤Ï¨¥
±μ³¶μ´¥´ÉÒ ¢ · §²μ¦¥´¨¨ θ+, θ̄+, u±

i ¸Ê¶¥·¶μ²¥° q+, q̃+.
Š² ¸¸¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ¢§ ¨³μ¤¥°¸É¢ÊÕ-

Ð¥° ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥É ³¨ ³ É¥·¨¨, ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ Î ¸É¥°: ¤¥°¸É¢¨Ö ®Î¨-
¸Éμ°¯ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¨ ¤¥°¸É¢¨Ö Nc £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ q+a,
a = 1, . . . , 2Nc, ¢ ËÊ´¤ ³¥´É ²Ó´μ³, ¶·¨¸μ¥¤¨´¥´´μ³ ¨²¨ ²Õ¡μ³ ¤·Ê£μ³ ¶·¥¤-
¸É ¢²¥´¨¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. ‡ ¶¨¸ ´´μ¥ ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ-
¸É· ´¸É¢¥ [51] ¶μ²´μ¥ ¤¥°¸É¢¨¥ ¨³¥¥É ¸²¥¤ÊÕÐ¨° Ê´¨¢¥·¸ ²Ó´Ò° ¢¨¤:

S =
1

2g2
tr
∫

d8z W2 +
1
2

∫
dζ(−4) q+f

a (D++ + igV ++)q+a
f . (3.2)

‡¤¥¸Ó ¨´¤¥±¸ f Ì · ±É¥·¨§Ê¥É ¶·¥¤¸É ¢²¥´¨¥ £·Ê¶¶Ò ® ·μ³ Éμ¢¯, ¶μ μÉ´μÏ¥-
´¨Õ ± ±μÉμ·μ³Ê £¨¶¥·³Ê²ÓÉ¨¶²¥É q+f

a μ¡· §Ê¥É Nf -³¥·´Ò° ¢¥±Éμ·. „²Ö ± -
¦¤μ£μ Ë¨±¸¨·μ¢ ´´μ£μ ¨´¤¥±¸  f ³Ò ¨¸¶μ²Ó§Ê¥³ ¸¨³¶²¥±É¨Î¥¸±¨-±μ¢ ·¨ ´É-

´ÊÕ § ¶¨¸Ó q̃+
a ≡ q+a = Ωabq+

b , £¤¥ Ωab = Ωba Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´É´Ò³
É¥´§μ·μ³ ¸¨³¶²¥±É¨Î¥¸±μ° £·Ê¶¶Ò USp(2Nc)∗. ’ ±¨³ μ¡· §μ³, ¸Ê¶¥·¶μ²¥
q+b
f Ö¢²Ö¥É¸Ö ³ É·¨Í¥° · §³¥·´μ¸É¨ 2Nc × Nf . Šμ¢ ·¨ ´É´ Ö ¶·μ¨§¢μ¤-

´ Ö ¤¥°¸É¢Ê¥É ´  £¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò¥ ¸Ê¶¥·¶μ²Ö ± ± D++q+a
f = D++q+a

f +

∗�·¨ Ë¨±¸¨·μ¢ ´´μ³ Nc £²μ¡ ²Ó´ Ö ¶μ¤£·Ê¶¶  ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ¤μ²¦´  ¡ÒÉÓ ¶μ¤-
£·Ê¶¶μ° ¢ USp(2Nc). �É³¥É¨³ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¨§μ³μ·Ë¨§³μ¢ USp(2) ∼ SU(2) , USp(4) ∼
SO(5).
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iV++a
b q+b

f , £¤¥ V++a
b = V ++I(TI)a

b, TI =
(
−TI 0
0 TI

)
. ‚¸¥ μ¸É ²Ó´Ò¥ μ¡μ-

§´ Î¥´¨Ö É¥ ¦¥, ÎÉμ ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. �μ ¶μ¸É·μ¥´¨Õ ¤¥°¸É¢¨¥ (3.2)
Ö¢²Ö¥É¸Ö Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò³. „²Ö ¶·μ¸ÉμÉÒ ´  ¶·μ³¥¦ÊÉμÎ´ÒÌ
¸É ¤¨ÖÌ ¢ÒÎ¨¸²¥´¨° ³Ò ¶μ² £ ¥³ ±μ´¸É ´ÉÊ ¸¢Ö§¨ g · ¢´μ° ¥¤¨´¨Í¥. ‚ μ±μ´-
Î É¥²Ó´ÒÌ ¢Ò· ¦¥´¨ÖÌ ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ²¥£±μ ¢μ¸¸É ´μ¢¨ÉÓ Ö¢´ÊÕ
§ ¢¨¸¨³μ¸ÉÓ μÉ g.

� ¶μ³´¨³, ÎÉμ ¸Ê¶¥·¶μ²¥ ´ ¶·Ö¦¥´´μ¸É¨ W ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ´¥ ´ ²¨-
É¨Î¥¸±ÊÕ £ ·³μ´¨Î¥¸±ÊÕ ¸¢Ö§´μ¸ÉÓ V −−

W = −1
4
(D̄+)2V −−, W̄ = −1

4
(D+)2V −−. (3.3)

ˆ§ ÔÉμ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸²¥¤Ê¥É, ÎÉμ W , W̄ Å ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´Ò¥,
u-´¥§ ¢¨¸¨³Ò¥ (D±±W = 0) ¨ ±μ¢ ·¨ ´É´μ-±¨· ²Ó´Ò¥ ( ´É¨±¨· ²Ó´Ò¥)
(D̄±

α̇ W = 0,D±
α W̄ = 0) ¸Ê¶¥·¶μ²Ö, Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ Éμ¦¤¥¸É¢ ³ 	ÓÖ´±¨

(D±)2W = (D̄±)2W̄ .
„¥°¸É¢¨¥ (3.2) μ¡² ¤ ¥É ¸Ê¶¥·±μ´Ëμ·³´μ° ¸¨³³¥É·¨¥° SU(2, 2|2), Ö¢´ Ö

·¥ ²¨§ Í¨Ö ±μÉμ·μ° ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¤ ´  ¢ [51]. �¨§±μ-
Ô´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ¶μ¸É·μ-
¥´´μ¥ ´  μ¡Ð¥³ ¢ ±ÊÊ³¥, ¢±²ÕÎ ¥É § ¢¨¸¨³μ¸ÉÓ Éμ²Ó±μ μÉ ¡¥§³ ¸¸μ¢μ£μ U(1)
¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ ¡¥§³ ¸¸μ¢ÒÌ ´¥°É· ²Ó´ÒÌ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢, ¶μ-
¸±μ²Ó±Ê § ·Ö¦¥´´Ò¥ ¢¥±Éμ·´Ò¥ ³Ê²ÓÉ¨¶²¥ÉÒ ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ ¶μ²ÊÎ ÕÉ
³ ¸¸Ê §  ¸Î¥É ³¥Ì ´¨§³  •¨££¸  ¨ ´¥ ¤ ÕÉ ¢±² ¤  ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³
¶·¨¡²¨¦¥´¨¨. �·μ¸É· ´¸É¢μ ¢ ±ÊÊ³´ÒÌ ³μ¤Ê²¥° ¤²Ö É¥μ·¨° · ¸¸³ É·¨¢ ¥-
³μ£μ É¨¶  § ¤ ¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ ¸μμÉ´μÏ¥´¨Ö³¨ [74]:

[φ̄, φ] = 0, φfi = 0, f̄ iφ̄ = 0 f̄ (iTIf
j) = 0. (3.4)

‡¤¥¸Ó φ, φ̄ Å ¸± ²Ö·´Ò¥ ¢§ ¨³μ¸μ¶·Ö¦¥´´Ò¥ ±μ³¶μ´¥´ÉÒ N = 2 ¢¥±Éμ·-
´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ fi Å ±μ³¶²¥±¸´Ò¥ ¸± ²Ö·´Ò¥ ±μ³¶μ´¥´ÉÒ £¨¶¥·³Ê²ÓÉ¨-
¶²¥É .

‘É·Ê±ÉÊ·  ¢ ±ÊÊ³  Ì · ±É¥·¨§Ê¥É¸Ö ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨° (3.4). �É¨ ·¥-
Ï¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ ±² ¸¸¨Ë¨Í¨·μ¢ ´Ò ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ë § ³¨ (¨²¨ ¢¥É¢Ö³¨)
· ¸¸³ É·¨¢ ¥³μ° ± ²¨¡·μ¢μÎ´μ° ³μ¤¥²¨ [74]. ‚ Î¨¸Éμ ±Ê²μ´μ¢¸±μ° Ë §¥,
¶·¨ fi = 0, φ �= 0, ´¥´ ·ÊÏ¥´´μ° ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ° Ö¢²Ö¥É¸Ö ± ·É -
´μ¢¸± Ö ¶μ¤£·Ê¶¶  U(1)rank(G). ‚ Î¨¸Éμ Ì¨££¸μ¢¸±μ° Ë §¥, É. ¥. ¶·¨ fi �= 0,
± ²¨¡·μ¢μÎ´Ò¥ ¸¨³³¥É·¨¨ ¶μ²´μ¸ÉÓÕ ´ ·ÊÏ¥´Ò, ¶μÔÉμ³Ê ¡¥§³ ¸¸μ¢Ò¥ ± ²¨-
¡·μ¢μÎ´Ò¥ ¡μ§μ´Ò μÉ¸ÊÉ¸É¢ÊÕÉ ¢ ÔÉμ° Ë §¥. •μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ Ê¸²μ¢¨Ö
F- ¨ D-¶²μ¸±μ¸É´μ¸É¨, μ¶¨¸Ò¢ ÕÐ¨¥ Ì¨££¸μ¢¸±ÊÕ Ë §Ê, ³μ£ÊÉ ¡ÒÉÓ ¸μ¶μ¸É -
¢²¥´Ò ¸ ADHM-μ£· ´¨Î¥´¨Ö³¨, μ¶·¥¤¥²ÖÕÐ¨³¨ ¶·μ¸É· ´¸É¢μ ³μ¤Ê²¥° ¨´-
¸É ´Éμ´μ¢. ‚ ¸³¥Ï ´´μ° Ë §¥, É. ¥. ´  ¶·Ö³μ³ ¶·μ¨§¢¥¤¥´¨¨ ±Ê²μ´μ¢¸±μ° ¨
Ì¨££¸μ¢¸±μ° ¢¥É¢¥° (±μ£¤  ´¥±μÉμ·Ò¥ ¢ ±ÊÊ³´Ò¥ §´ Î¥´¨Ö ¶μ²¥° φ, φ̄,   É ±¦¥
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fi ´¥ · ¢´Ò ´Ê²Õ), ± ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  ´ ·ÊÏ ¥É¸Ö ¤μ G̃ × K , £¤¥ K ¥¸ÉÓ
´¥±μÉμ· Ö  ¡¥²¥¢  ¶μ¤£·Ê¶¶ , ¨ rank (G̃) < rank (G).

„ ²¥¥ ³Ò ¸²¥¤Ê¥³ [115] ¨ ´ ±² ¤Ò¢ ¥³ ¸¶¥Í¨Ë¨Î¥¸±¨¥ μ£· ´¨Î¥´¨Ö ´ 
Ëμ´μ¢Ò¥ ¸Ê¶¥·¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É . �´¨
¢Ò¡¨· ÕÉ¸Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò μÉ²¨Î´Ò³¨ μÉ ´Ê²Ö ¡Ò²¨ Éμ²Ó±μ ¨Ì ¶·μ¥±-
Í¨¨ ´  Ë¨±¸¨·μ¢ ´´μ¥ ´ ¶· ¢²¥´¨¥ ¢ ¶·μ¸É· ´¸É¢¥ ³μ¤Ê²¥° ¢ ±ÊÊ³μ¢. ‚ Î ¸É-
´μ¸É¨, ¨Ì ¸± ²Ö·´Ò¥ ¶μ²Ö ¤μ²¦´Ò ¡ÒÉÓ ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨° (3.4):

V ++ = V++(ζ)H, q+ = q+(ζ)Υ. (3.5)

‡¤¥¸Ó H μ¡μ§´ Î ¥É Ë¨±¸¨·μ¢ ´´Ò° £¥´¥· Éμ·  ¡¥²¥¢μ° ¶μ¤ ²£¥¡·Ò Š ·É ´ ,
¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶μ¤£·Ê¶¶¥ K ,   Υ Å Ë¨±¸¨·μ¢ ´´Ò° ¢¥±Éμ·
¢ R-¶·μ¸É· ´¸É¢¥ ¶·¥¤¸É ¢²¥´¨Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò, ¶μ ±μÉμ·μ³Ê ¶·¥-
μ¡· §Ê¥É¸Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É. �ÉμÉ ¢¥±Éμ· ¢Ò¡· ´ É ±, ÎÉμ HΥ = 0 ¨
ῩTIΥ = 0. “· ¢´¥´¨Ö (3.5) ¢Ò¤¥²ÖÕÉ ¥¤¨´¸É¢¥´´Ò° U(1) ¢¥±Éμ·´Ò° ³Ê²Ó-
É¨¶²¥É ¨ ¥¤¨´¸É¢¥´´Ò° £¨¶¥·³Ê²ÓÉ¨¶²¥É, ±μÉμ·Ò° ´¥°É· ²¥´ ¶μ μÉ´μÏ¥´¨Õ
± U(1)-± ²¨¡·μ¢μÎ´μ° ¶μ¤£·Ê¶¶¥ ¸ £¥´¥· Éμ·μ³ H . ‘¢μ¡μ¤  ¢ ¢Ò¡μ·¥ H
¨ Υ ³μ¦¥É ¡ÒÉÓ μ£· ´¨Î¥´  É·¥¡μ¢ ´¨¥³, ÎÉμ¡Ò ¶μ²¥¢ Ö ±μ´Ë¨£Ê· Í¨Ö (3.5)
¡Ò²  ¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ ³ ±¸¨³ ²Ó´μ° ´¥´ ·ÊÏ¥´´μ° ± ²¨¡·μ¢μÎ´μ°
¶μ¤£·Ê¶¶Ò.

�  ¤·¥¢¥¸´μ³ Ê·μ¢´¥ ¨ Ô´¥·£¨ÖÌ ´¨¦¥ ³ ¸ÏÉ ¡  ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨
É¥μ·¨Ö μ¶¨¸Ò¢ ¥É ¤¨´ ³¨±Ê ¸¢μ¡μ¤´ÒÌ ¶μ²¥° ¡¥§³ ¸¸μ¢μ£μ N = 2 ¢¥±Éμ·´μ£μ
³Ê²ÓÉ¨¶²¥É  ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É , ¶μ²Ö ±μÉμ·ÒÌ ´ ¶· ¢²¥´Ò ¢¤μ²Ó μ¶·¥¤¥²¥´-
´μ£μ ¢Ò¤¥²¥´´μ£μ ¢¥±Éμ·  ¢ ¶·μ¸É· ´¸É¢¥ ³μ¤Ê²¥° ¢ ±ÊÊ³ . �¨§±μÔ´¥·£¥É¨Î¥-
¸±¨¥ · ¸¶·μ¸É· ´ÖÕÐ¨¥¸Ö ¶μ²Ö ¡¥§³ ¸¸μ¢ÒÌ ´¥°É· ²Ó´ÒÌ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢
¨ U(1)-³Ê²ÓÉ¨¶²¥Éμ¢, ¢ ¸μ¢μ±Ê¶´μ¸É¨ ¸μ¸É ¢²ÖÕÐ¨¥ ¶μ²´Ò° ´ ¡μ· ¸Ê¶¥·¶μ-
²¥° ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥, μ¡² ¤ ÕÉ ¸¢μ°¸É¢ ³¨

(D±)2W = (D̄±)2W̄ = 0,

D++q+a = (D−−)2q+a = D−−q−a = 0, (3.6)

q−a = D−−q+a, D−
(α,α̇)q

−a = 0.

‚¸¥ μ¡μ§´ Î¥´¨Ö ¢§ÖÉÒ ¨§ ±´¨£¨ [51]. “· ¢´¥´¨Ö (3.6) ¨¸±²ÕÎ ÕÉ ¢¸¶μ-
³μ£ É¥²Ó´Ò¥ ¶μ²Ö ¨ ¶μ³¥Ð ÕÉ Ë¨§¨Î¥¸±¨¥ ¶μ²Ö ´  ³ ¸¸μ¢ÊÕ μ¡μ²μÎ±Ê. � 
±¢ ´Éμ¢μ³ Ê·μ¢´¥ μ¡³¥´ ¢¨·ÉÊ ²Ó´Ò³¨ ³ ¸¸¨¢´Ò³¨ Î ¸É¨Í ³¨ ¶μ·μ¦¤ ¥É ¶μ-
¶· ¢±¨ ± ¤¥°¸É¢¨Õ ¡¥§³ ¸¸μ¢ÒÌ ¶μ²¥°.

Ÿ¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ¶· ¢¨²  ”¥°´³ ´  ¢ £ ·³μ´¨Î¥¸±μ³
¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¡Ò²¨ ¶μ¸É·μ¥´Ò ¢ · ¡μÉ¥ [56] (¸³. É ±¦¥ [41, 52]). ŒÒ
¡Ê¤¥³ ±¢ ´Éμ¢ ÉÓ N = 2 ¸Ê¶¥·± ²¨¡·μ¢μÎ´Ò¥ É¥μ·¨¨ ¢ · ³± Ì N = 2 ¸Ê-
¶¥·¸¨³³¥É·¨Î´μ£μ ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö [41, 52] ¶μ¸·¥¤¸É¢μ³ · §¤¥²¥´¨Ö
¶μ²¥° V ++, q+a ´  ¸Ê³³Ê Ëμ´μ¢ÒÌ ¶μ²¥° V ++, q+a, ¶ · ³¥É·¨§μ¢ ´´ÒÌ ¢
¸μμÉ¢¥É¸É¢¨¨ ¸ (3.5), ¨ ±¢ ´Éμ¢ÒÌ ¶μ²¥° v++, Q+a. ‹ £· ´¦¨ ´ ¡Ê¤¥É ¶·¥¤-
¸É ¢²¥´ ± ± ¸É¥¶¥´´μ° ·Ö¤ ¶μ ±¢ ´Éμ¢Ò³ ¶μ²Ö³. ’ ± Ö ¶·μÍ¥¤Ê·  ¶μ§¢μ²Ö¥É
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´ Ìμ¤¨ÉÓ ±¢ ´Éμ¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö ¶·μ¨§¢μ²Ó´μ° N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ° ³μ¤¥²¨ ¢ ¢¨¤¥, ¸μÌ· ´ÖÕÐ¥³ Ö¢´ÊÕ N = 2
¸Ê¶¥·¸¨³³¥É·¨Õ ¨ ±² ¸¸¨Î¥¸±ÊÕ ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ. ˆ¸Ìμ¤´Ò¥
¨´Ë¨´¨É¥§¨³ ²Ó´Ò¥ ± ²¨¡·μ¢μÎ´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ·¥ ²¨§ÊÕÉ¸Ö ¤¢Ê³Ö ¸¶μ-
¸μ¡ ³¨: ¢μ-¶¥·¢ÒÌ, ± ± Ëμ´μ¢Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö

δV ++ = −D++λ, δv++ = i[λv++] (3.7)

¨, ¢μ-¢Éμ·ÒÌ, ± ± ±¢ ´Éμ¢Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö

δV ++ = 0, δv++ = −D++λ − i[v++, λ]. (3.8)

‚ · ³± Ì Ëμ´μ¢μ-±¢ ´Éμ¢μ£μ · ¸Ð¥¶²¥´¨Ö ±² ¸¸¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ ®Î¨-
¸Éμ°¯ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

SSYM[V ++ + v++] = SSYM[V ++] +
1
4

∫
dζ(−4) du v++(D+)2Wλ −

− tr
∫

d12z

∞∑
n=2

(−ig)n−2

n

∫
du1 · · · dun

v++
τ (z, u1) · · · v++

τ (z, un)
(u+

1 u+
2 ) · · · (u+

n u+
1 )

. (3.9)

‡¤¥¸Ó Wλ ¨ v++
τ μ¡μ§´ Î ÕÉ W ¨ v++ ¢ λ- ¨ τ -¡ §¨¸ Ì ¸μμÉ¢¥É¸É¢¥´´μ. �´¨

¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³ Î¥·¥§ ®³μ¸É¯ b, Wλ = eibW e−ib, v++
τ = e−ibv++ eib.

Š¢ ´Éμ¢ Ö Î ¸ÉÓ ¤¥°¸É¢¨Ö § ¢¨¸¨É μÉ V ++ Î¥·¥§ § ¢¨¸¨³μ¸ÉÓ v++
τ μÉ ³μ¸É ,

±μÉμ·Ò° Ö¢²Ö¥É¸Ö ¸²μ¦´μ° ËÊ´±Í¨¥° V ++. „¥°¸É¢¨¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  · ¸-
Ð¥¶²Ö¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤¸É ¢²¥´¨¥³

SH(q+Q) = SH [q]+
∫

dζ(−4) du Q+
a D++q+a+

1
2

∫
dζ(−4) du q+

a iv++q+a +

+
1
2

∫
dζ(−4) du

{
Q+

a D++Q+a+Q+
a iv++q+a+q+

a iv++Q+a+Q+
a iv++Q+a

}
.

(3.10)

—²¥´Ò, ²¨´¥°´Ò¥ ¶μ v++ ¨ q+ ¢ (3.9), (3.10), μ¶·¥¤¥²ÖÕÉ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö.
�É¨ Î²¥´Ò ¤μ²¦´Ò ¡ÒÉÓ μ¶ÊÐ¥´Ò, ±μ£¤  ³Ò · ¸¸³ É·¨¢ ¥³ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥.

„²Ö ¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¡Ê¤¥³ ¸²¥¤μ¢ ÉÓ ¶·μÍ¥¤Ê·¥ ” ¤-
¤¥¥¢ Ä�μ¶μ¢ . ‚ · ³± Ì ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ³Ò ¤μ²¦´Ò Ë¨±¸¨·μ¢ ÉÓ ± ²¨-
¡·μ¢±Ê Éμ²Ó±μ μÉ´μ¸¨É¥²Ó´μ ±¢ ´Éμ¢ÒÌ ¶·¥μ¡· §μ¢ ´¨° (3.8). ‚ ¸μμÉ¢¥É¸É¢¨¨
¸ · ¸¸³μÉ·¥´¨¥³ ¢ [52] ¢¢¥¤¥³ ËÊ´±Í¨Õ Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨

F (4)
τ = D++v++

τ = e−ib (D++v++) eib = e−ib F (4) eib,
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´  ±μÉμ·ÊÕ ±¢ ´Éμ¢Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö (3.8) ¤¥°¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

δF (4)
τ = e−ib {D++(D++λ + i[v++, λ])} eib. (3.11)

�μ Ê· ¢´¥´¨Õ (3.11) μ¶·¥¤¥²Ö¥É¸Ö ¤¥É¥·³¨´ ´É ” ¤¤¥¥¢ Ä�μ¶μ¢ :

ΔFP[v++, V ++] = Det [D++(D++ + iv++)].

„²Ö ¶·¥¤¸É ¢²¥´¨Ö ΔFP[v++, V ++] ¢ ¢¨¤¥ ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ² 
¢¢¥¤¥³ ¤¢  ¢¥Ð¥¸É¢¥´´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì Ë¥·³¨μ´´ÒÌ ¤ÊÌ  b ¨ c ¢ ¶·¨¸μ¥¤¨-
´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ¨ μ¶·¥¤¥²¨³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¤¥°¸É¢¨¥ ¤ÊÌμ¢:

SFP[b, c, v++, V ++] = tr
∫

dζ(−4) dubD++(D++c + i[v++, c]). (3.12)

‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ Γ[V ++, q+] ¢ ¢¨¤¥

eiΓ[V ++, q+] = eiScl[V
++, q+]

∫
Dv++ DQ+ DbDc×

× exp
{
i
(
ΔSSYM [v++, V ++] + ΔSH [v++, V ++, Q+, q+] +

+ SFP [b, c, v++, V ++]
)}

δ[F (4) − f (4)], (3.13)

£¤¥ f (4)(ζ, u) Å ¢´¥Ï´¥¥  ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥ ¸μ §´ Î¥´¨Ö³¨ ¢  ²£¥-
¡·¥ ‹¨, ´¥§ ¢¨¸ÖÐ¥¥ μÉ V ++,   δ[F (4)] Å μ¶·¥¤¥²¥´´ Ö  ´ ²¨É¨Î¥¸± Ö ËÊ´±-
Í¨μ´ ²Ó´ Ö ¤¥²ÓÉ -ËÊ´±Í¨Ö. „²Ö ¶·¨¢¥¤¥´¨Ö ¨´É¥£· ²Ó´μ£μ ¶·¥¤¸É ¢²¥´¨Ö
¤²Ö Γ[V ++, q+] ± ¡μ²¥¥ Ê¤μ¡´μ³Ê ¢¨¤Ê Ê¸·¥¤´¨³ ¶· ¢ÊÕ Î ¸ÉÓ ¢ Ê· ¢´¥-
´¨¨ (3.13) ¸ ¢¥¸μ³

Δ[V ++] exp

{
i

2α
tr

∫
d12z du1 du2f

(4)
τ (z, u1)

(u−
1 u−

2 )
(u+

1 u+
2 )3

f (4)
τ (z, u2)

}
. (3.14)

‡¤¥¸Ó α Ö¢²Ö¥É¸Ö ¶·μ¨§¢μ²Ó´Ò³ ± ²¨¡·μ¢μÎ´Ò³ ¶ · ³¥É·μ³. ”Ê´±Í¨μ´ ²
Δ[V ++] ´ Ìμ¤¨É¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö

1 = Δ[V ++]
∫

Df (4)×

× exp

{
i

2α
tr
∫

d12z du1 du2 f (4)
τ (z, u1)

(u−
1 u−

2 )
(u+

1 u+
2 )3

f (4)
τ (z, u2)

}
. (3.15)



‘“�…���‹…‚�‰ ��„•�„ Š ��‘’��…�ˆ
 �””…Š’ˆ‚��ƒ� „…‰‘’‚ˆŸ 641

ˆ¸¶μ²Ó§ÊÖ ¸É ´¤ ·É´μ¥ Éμ¦¤¥¸É¢μ
∫

dζ(−4) (D+)4L(z, u) =
∫

d12z L(z, u)
¢ ¢Ò· ¦¥´¨¨

Δ−1[V ++] =
∫

Df (4)×

× exp

{
i

2α
tr

∫
dζ

(−4)
1 dζ

(−4)
2 du1du2 f (4)(ζ1, u1)A(1, 2)f (4)(ζ2, u2)

}
,

³Ò ³μ¦¥³ § ¶¨¸ ÉÓ Δ[V ++] Î¥·¥§ ¸¶¥Í¨ ²Ó´Ò° Ëμ´μ¢μ-§ ¢¨¸¨³Ò° μ¶¥· Éμ·

A =
(u−

1 u−
2 )

(u+
1 u+

2 )3
(D+

1 )4(D+
2 )4δ12(z1 − z2), ±μÉμ·Ò° ¤¥°¸É¢Ê¥É ´  ¶·μ¸É· ´¸É¢¥

 ´ ²¨É¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥°, ¶·¨´¨³ ÕÐ¨Ì §´ Î¥´¨Ö ¢  ²£¥¡·¥ ‹¨ ± ²¨¡·μ-
¢μÎ´μ° £·Ê¶¶Ò:

Δ[V ++] = Det1/2 A. (3.16)

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

Det−1A =
∫

Dχ(4)Dρ(4)×

× exp

{
i tr

∫
dζ

(−4)
1 du1 dζ

(−4)
2 du2 χ(4)(1)A(1, 2)ρ(4)(2)

}
, (3.17)

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

ρ(4) = (D++)2σ, Det
δρ(4)

δσ
= Det (D++)2.

ˆ³¥¥³∗

tr
∫

dζ
(−4)
1 du1 dζ

(−4)
2 du2 χ(4)(1)A(1, 2) ρ(4)(2) =

= tr
∫

d12z du1 du2 χ(4)
τ (1)

(u−
1 u−

2 )
(u+

1 u+
2 )3

(D++
2 )2στ (2) =

=
1
2

tr
∫

d12z du χ(4)
τ (D−−)2στ = −tr

∫
dζ(−4) du χ(4)�

�σ, (3.18)

∗ŒÒ ¨¸¶μ²Ó§Ê¥³ Éμ¦¤¥¸É¢μ (D++
2 )2

u−
1 u−

2

(u+
1 u+

2 )3
= (u+

2 u−
1 )(D−−

2 )2δ(3,−3)(u2, u1).



642 	“•	ˆ�„…� ˆ.‹., ˆ‚���‚ ….�., �‹…’�…‚ �. ƒ.

£¤¥
�
� = −1

2
(D+)4(D−−)2. (3.19)

�  μ¸´μ¢¥ Ê· ¢´¥´¨° (3.16)Ä(3.18) ¶μ²ÊÎ ¥³

Δ[V ++] = Det1/2 �
�(4,0) Det−1/2 (D++)2. (3.20)

’¥¶¥·Ó ³μ¦´μ ´ °É¨ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö Δ[V ++] ¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥£μ ËÊ´±Í¨-
μ´ ²Ó´μ£μ ¨´É¥£· ² :

Δ[V ++] = Det1/2 �
�(4,0)×

×
∫

Dϕ exp
[
− i

2
tr

∫
dζ(−4) duD++ϕD++ϕ

]
. (3.21)

‡¤¥¸Ó ¶¥·¥³¥´´ Ö ¨´É¥£·¨·μ¢ ´¨Ö ϕ Ö¢²Ö¥É¸Ö ¡μ§μ´´Ò³ ¢¥Ð¥¸É¢¥´´Ò³  ´ -
²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶μ²¥³, ¶·¨´¨³ ÕÐ¨³ §´ Î¥´¨Ö ¢  ²£¥¡·¥ ‹¨ ± ²¨¡·μ¢μÎ-
´μ° £·Ê¶¶Ò. ‘Ê¶¥·¶μ²¥ ϕ ¶μ ¸ÊÉ¨ Ö¢²Ö¥É¸Ö ¤ÊÌμ³ �¨²Ó¸¥´ ÄŠ ²²μÏ ¤²Ö
· ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³, ÎÉμ ±¢ ´Éμ¢ Ö N = 2 ± -
²¨¡·μ¢μÎ´ Ö É¥μ·¨Ö ¢ ¶μ¤Ìμ¤¥ Ëμ´μ¢μ£μ ¶μ²Ö μ¶·¥¤¥²Ö¥É¸Ö ´ ¡μ·μ³ ¨§ É·¥Ì
£μ¸Éμ¢: ¤¢ÊÌ Ë¥·³¨μ´´ÒÌ ¤ÊÌμ¢ b ¨ c ¨ ¡μ§μ´´μ£μ £μ¸É  ϕ. „¥°¸É¢¨Ö £μ¸Éμ¢
SFP ¨ SNK § ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ (3.12) ¨ (3.21) ¨ ¸μ¢¶ ¤ ÕÉ ¸ ¨§¢¥¸É´Ò³
¤¥°¸É¢¨¥³ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É .

�μ¸²¥ Ê¸·¥¤´¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¸ ¢¥¸μ³ (3.14) ¶μ²ÊÎ ¥³ ¸²¥¤Ê-
ÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ² :

eiΓ[V ++,q+] = eiScl[V
++,q+] Det1/2 �

�(4,0) ×

×
∫

Dv++ DQ+ DbDcDϕ eiSq [v++,Q+,b,c,ϕ,V ++,q+], (3.22)

£¤¥

Sq[v++, Q+,b, c, ϕ, V ++, q+] = ΔSSYM [v++,V ++
] + SGF [v++, V ++] +

+ ΔSH [v++, V ++, Q+, q+] + SFP [b, c, v++, V ++] + SNK [ϕ, V ++].

‡¤¥¸Ó SGF[v++, V ++] ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¢±² ¤ Î²¥´  Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨
¢ ±¢ ´Éμ¢μ¥ ¤¥°¸É¢¨¥

SGF[v++, V ++] =
1
2α

tr
∫

d12z du1 du2
u−

1 u−
2

(u+
1 u+

2 )3
×

× [D++
1 v++

τ (1)D++
2 v++(2)] =

1
2α

tr
∫

d12z du1 du2
v++

τ (1)v++
τ (2)

(u+
1 u+

2 )2
−

− 1
4α

tr
∫

d12z du v++
τ (D−−)2v++

τ . (3.23)
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� ¸¸³μÉ·¨³ ¸Ê³³Ê ±¢ ¤· É¨Î´ÒÌ ¶μ v++ Î ¸É¥° ¨§ ΔSSYM (3.9) ¨
SGF (3.23). �É  ¸Ê³³  ¨³¥¥É ¢¨¤

1
2

(
1 +

1
α

)
tr
∫

d12z du1 du2
v++

τ (1)v++
τ (2)

(u+
1 u+

2 )2
+

1
2α

tr
∫

d12z du v++ �
�v++,

£¤¥ ³Ò ¢μ¸¶μ²Ó§μ¢ ²¨¸Ó μ¶·¥¤¥²¥´¨¥³ (2.18). „²Ö ¤ ²Ó´¥°Ï¥£μ Ê¶·μÐ¥-
´¨Ö ¢ÒÎ¨¸²¥´¨° ¢Ò¡¥·¥³ ± ²¨¡·μ¢±Ê ”¥·³¨Ä”¥°´³ ´  ¸ α = −1. ’¥¶¥·Ó
³μ¦´μ § ¶¨¸ ÉÓ μ±μ´Î É¥²Ó´Ò° μÉ¢¥É ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Γ[V ++, q+]
¢ ¢¨¤¥ (3.22), ¢ ±μÉμ·μ³ ±¢ ´Éμ¢μ¥ ¤¥°¸É¢¨¥ Sq ¢Ò· ¦¥´μ ± ±

Sq[v++, Q+,b, c, ϕ, V ++, q+] =

= S2[v++, Q+,b, c, ϕ, V ++, q+] + Sint[v++, Q+,b, c, V ++, q+],

£¤¥

S2 = −1
2
tr

∫
dζ(−4) du v++ �

�v++ + tr
∫

dζ(−4) dub (D++)2c+

+
1
2

tr
∫

dζ(−4) du ϕ (D++)2ϕ+

+
1
2

∫
dζ(−4) du {Q+

a D++ Q+a + Q+
a iv++q+a + q+

a iv++Q+a}, (3.24)

Sint = −tr
∫

d12z du1 · · · dun

∞∑
n=3

(−i)n−2

n

v++
τ (z, u1) · · · v++

τ (z, un)
(u+

1 u+
2 ) · · · (u+

n u+
1 )

−

− i tr
∫

dζ(−4) duD++b [v++, c] +
1
2

∫
dζ(−4) du Q+

a iv++Q+a. (3.25)

„¥°¸É¢¨Ö S2 ¨ Sint ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²ÖÕÉ ¢ Ö¢´μ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ¨
± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° Ëμ·³¥ ¸É·Ê±ÉÊ·Ê ¶¥·ÉÊ·¡ É¨¢´μ£μ · §²μ¦¥´¨Ö
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Γ[V ++, q+] ¢ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ¢§ ¨³μ-
¤¥°¸É¢ÊÕÐ¥° ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥É ³¨.

�É³¥É¨³, ÎÉμ ¢ ¸Ì¥³¥ ±¢ ´Éμ¢ ´¨Ö ” ¤¤¥¥¢ Ä�μ¶μ¢  ´¥ ¢¸¥ ¸±·ÒÉÒ¥ ¸¨³-
³¥É·¨¨ ±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¶¥·¥´μ¸ÖÉ¸Ö ´  ±¢ ´Éμ¢Ò° ¸²ÊÎ °. ‘μ£² ¸´μ
 ´ ²¨§Ê, ¶·μ¢¥¤¥´´μ³Ê ¢ · ¡μÉ¥ [112], ¶·μ¡²¥³  ¸μÌ· ´¥´¨Ö ´¥±μÉμ·μ° Ö¢-
´μ° £²μ¡ ²Ó´μ° ¸¨³³¥É·¨¨ ´  ±¢ ´Éμ¢μ³ Ê·μ¢´¥ ¶μ ¸ÊÐ¥¸É¢Ê Ô±¢¨¢ ²¥´É´ 
´ Ìμ¦¤¥´¨Õ ± ²¨¡·μ¢μÎ´ÒÌ Ê¸²μ¢¨°, ±μ¢ ·¨ ´É´ÒÌ μÉ´μ¸¨É¥²Ó´μ ÔÉ¨Ì ¸¨³-
³¥É·¨°. ‚ ¸²ÊÎ ¥ ±μ´Ëμ·³´μ° ¸¨³³¥É·¨¨ É ±¨Ì ± ²¨¡·μ¢μÎ´ÒÌ Ê¸²μ¢¨° ´¥
¸ÊÐ¥¸É¢Ê¥É, ¨ ¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö ± ²¨¡·μ¢μÎ´μ° μ·¡¨ÉÒ ²Õ¡μ¥ ¸¶¥Í¨ ²Ó´μ¥
±μ´Ëμ·³´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ¤μ²¦´μ ¸μ¶·μ¢μ¦¤ ÉÓ¸Ö § ¢¨¸ÖÐ¨³¨ μÉ ¶μ²¥°
´¥²μ± ²Ó´Ò³¨ ± ²¨¡·μ¢μÎ´Ò³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨ [112]. ˆ´¢ ·¨ ´É´μ¸ÉÓ
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ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ²  μÉ´μ¸¨É¥²Ó´μ ±μ³¡¨´¨·μ¢ ´´ÒÌ ±μ´Ëμ·³´ÒÌ ¨
± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¶·¨¢μ¤¨É ± ³μ¤¨Ë¨± Í¨¨ ±μ´Ëμ·³´ÒÌ Éμ-
¦¤¥¸É¢ “μ·¤  ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö.

„¥°¸É¢¨¥ S2 μ¶·¥¤¥²Ö¥É ¶·μ¶ £ Éμ·Ò, § ¢¨¸ÖÐ¨¥ μÉ Ëμ´μ¢ÒÌ ¶μ²¥° [52].
‚ · ³± Ì ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´-
¸É¢¥ É·¥¡ÊÕÉ¸Ö É·¨ É¨¶  ±μ¢ ·¨ ´É´ÒÌ ¶·μ¶ £ Éμ·μ¢ ¤²Ö ³ É¥·¨ ²Ó´ÒÌ ¨

± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°. �¸¸μÍ¨¨·μ¢ ´´ Ö ¸
�
� ËÊ´±Í¨Ö ƒ·¨´  G(2,2)(z, z′),

±μÉμ· Ö ¶μ¤Î¨´Ö¥É¸Ö £· ´¨Î´μ³Ê Ê¸²μ¢¨Õ ”¥°´³ ´  ¨ Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥-

´¨Õ
�
� G(2,2)(1|2) = −1δ(2,2)(1|2), £¤¥ δ(2,2)(ζ1, ζ2) Å  ´ ²¨É¨Î¥¸± Ö ¤¥²ÓÉ -

ËÊ´±Í¨Ö∗, μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

i〈v++(z, u)v++(z′, u′)〉 = G(2,2)(z, u, z′, u′) =

= − 1
�
�

(D+)4{1δ12(z − z′)δ(−2,2)(u, u′)}.

ˆ´μ£¤  ¶μ²¥§´μ, ¸²¥¤ÊÖ [51], ¶¥·¥¶¨¸ ÉÓ G(2,2) ¢ ¢¨¤¥, Ö¢´μ  ´ ²¨É¨Î¥¸±μ³
¶μ μ¡μ¨³  ·£Ê³¥´É ³:

G(2,2)(1, 2) = − 1

2
�
�1

�
�2

(D+
1 )4(D+

2 )4×

× {1δ12(z1 − z2)(D−−
2 )2δ(−2,2)(u1, u2)}. (3.26)

�Éμ ¶·¥¤¸É ¢²¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´μ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ É¥Ì ¸Ê¶¥·¤¨ -
£· ³³, ±μÉμ·Ò¥ ¸μ¤¥·¦ É ¶·μ¨§¢¥¤¥´¨Ö £ ·³μ´¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨°.

�·μ¶ £ Éμ· Q+ £¨¶¥·³Ê²ÓÉ¨¶²¥É  μ¶·¥¤¥²Ö¥É¸Ö ¤¥°¸É¢¨¥³ (3.24) ¨ ¨³¥¥É
¢¨¤

i〈Q+(ζ1, u1, ζ2, u2)〉 = G
a(1,1)
b (1|2) =

= −δa
b

(D+
1 )4(D+

2 )4

(u+
1 u+

2 )3
1

�
�1

δ12(z1 − z2). (3.27)

�¥É·Ê¤´μ § ³¥É¨ÉÓ, ÎÉμ ÔÉμ Ö¢´μ  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ Ö¢²Ö¥É¸Ö ·¥Ï¥-

´¨¥³ Ê· ¢´¥´¨Ö D++
1 G(1,1) = δ

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

“· ¢´¥´¨¥ ´  ËÊ´±Í¨Õ ƒ·¨´  ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢Éμ·μ£μ É¨¶ , μ¶¨-
¸Ò¢ ¥³μ£μ ´¥§ ·Ö¦¥´´Ò³ ¢¥Ð¥¸É¢¥´´Ò³  ´ ²¨É¨Î¥¸±¨³ ¸Ê¶¥·¶μ²¥³ ω(ζ, u),
¸ÊÉÓ

(D++
1 )2G(0,0)(1|2) = δ

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

∗δ(q,4−q)(ζ1, u1|ζ2, u2) = (D+
1 )4δ12(z1 − z2)δ(q−4,4−q)(u1, u2) = (D+

2 )4δ12(z1 −
z2)δ(q,−q)(u1, u2).
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‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö G(0,0) § ¶¨¸Ò¢ ¥É¸Ö ± ±

i〈ω(1), ωT (2)〉 = G(0,0)(1|2) =

= − 1
�
�1

(D+
1 )4(D+

2 )4
{

1δ12(z1 − z2)
u−

1 u−
2

(u+
1 u+

2 )3

}
. (3.28)

�μÖ¢²ÖÕÐ¨°¸Ö ¢ ËÊ´±Í¨ÖÌ ƒ·¨´  μ¶¥· Éμ·
�
� = −(1/2)(D+)4(D−−)2 ¶¥-

·¥¢μ¤¨É ± ¦¤μ¥ ±μ¢ ·¨ ´É´μ- ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥ ¢ ±μ¢ ·¨ ´É´μ- ´ ²¨-
É¨Î¥¸±μ¥. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³  ²£¥¡·Ò (2.10) μ´ ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´ ± ±
¤¨ËË¥·¥´Í¨ ²Ó´Ò° μ¶¥· Éμ· ¢Éμ·μ£μ ¶μ·Ö¤±  ´  ¶·μ¸É· ´¸É¢¥ É ±¨Ì ¸Ê¶¥·-
¶μ²¥° [52]:

�
�=

1
2
Dαα̇Dαα̇ +

i

2
(D+αW)D−

α +
i

2
(D̄+

α̇ W̄)D̄−α̇ +

+
1
2
{W , W̄} − i

4
(D̄+D̄+W̄)D−− +

i

8
[D+,D−]W . (3.29)

‘·¥¤¨ ¢ ¦´ÒÌ ¸¢μ°¸É¢
�
� μÉ³¥É¨³ ¸μÌ· ´¥´¨¥ ¨³  ´ ²¨É¨Î´μ¸É¨,

[(D+)4,
�
�] = 0. ŠμÔËË¨Í¨¥´ÉÒ ÔÉμ£μ μ¶¥· Éμ·  § ¢¨¸ÖÉ μÉ Ëμ´μ¢ÒÌ ¸Ê-

¶¥·¶μ²¥° W , W̄ .
‚ ¸²ÊÎ ¥ Ëμ´ , ¶·¨´ ¤²¥¦ Ð¥£μ  ¡¥²¥¢μ° ¶μ¤£·Ê¶¶¥ ± ²¨¡·μ¢μÎ´μ° £·Ê¶-

¶Ò ¨ Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ Ê¸²μ¢¨Ö³ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨, ¨³¥¥É¸Ö ¤μ¶μ²´¨-
É¥²Ó´μ¥ μ£· ´¨Î¥´¨¥: D±W = D±W , ¨ ¶μ¤μ¡´μ¥ ¦¥ Ê¸²μ¢¨¥ ¤²Ö W̄ ¸ D̄±.
’ ±¨³ μ¡· §μ³, ¢ ÔÉμ³ ¸²ÊÎ ¥ ¸¶¨´μ·´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ¸É ´μ¢ÖÉ¸Ö Ëμ´μ¢μ-
´¥§ ¢¨¸¨³Ò³¨. Š·μ³¥ Éμ£μ, ³Ò ¤μ²¦´Ò μ¶Ê¸É¨ÉÓ ¤¢  ¶μ¸²¥¤´¨Ì ¸² £ ¥³ÒÌ
¢ (3.29), É ± ± ± μ´¨ ¨¸Î¥§ ÕÉ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.

„²Ö Ê¶·μÐ¥´¨Ö Éμ° Î ¸É¨ ¤¥°¸É¢¨Ö, ±μÉμ· Ö ±¢ ¤· É¨Î´  ¶μ ±¢ ´Éμ¢Ò³
± ²¨¡·μ¢μÎ´Ò³ ¸Ê¶¥·¶μ²Ö³, Ê¤μ¡´μ · §²μ¦¨ÉÓ ÔÉ¨ ³ É·¨Î´Ò¥ ¸Ê¶¥·¶μ²Ö ¶μ
´¥±μÉμ·μ³Ê ¡ §¨¸Ê. ŒÒ ¢Ò¡¨· ¥³ ±¢ ´Éμ¢Ò¥ ¸Ê¶¥·¶μ²Ö ¢ μ¤´μ§´ Î´μ³ ¸μμÉ-
¢¥É¸É¢¨¨ ¸ ±μ·´Ö³¨  ²£¥¡·Ò ‹¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò G: v =

∑
α

vαEα +∑
i

viHi. ‡¤¥¸Ó Eα Å £¥´¥· Éμ·, μÉ¢¥Î ÕÐ¨° ±μ·´Õ α ¨ ´μ·³¨·μ¢ ´´Ò° ± ±

tr (EαE−β) = δα,−β,   Hi ¸ÊÉÓ £¥´¥· Éμ·Ò ¶μ¤ ²£¥¡·Ò Š ·É ´  · ´£  (G),
Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³ [Hi, Eα] = α(Hi)Eα. ˆ¸-
¶μ²Ó§ÊÖ ÔÉ¨ μ¡μ§´ Î¥´¨Ö, ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¤¥°¸É¢¨¥ (3.24) ¢ É¥·³¨´ Ì ±μÔË-
Ë¨Í¨¥´Éμ¢ · §²μ¦¥´¨Ö ¶μ v ¢ ÔÉμ³ ¡ §¨¸¥. ’ ± Ö Ëμ·³  § ¶¨¸¨ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö μÎ¥´Ó Ê¤μ¡´  ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¨ ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¢ ¶. 3.4 ¢ · §-
²¨Î´ÒÌ ¸²ÊÎ ÖÌ.

�μ¸²¥ ¢Ò±²ÕÎ¥´¨Ö ± ²¨¡·μ¢μÎ´μ£μ Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö ËÊ´±Í¨¨ ƒ·¨-
´  (3.26), (3.27) ¨ (3.28) ¶¥·¥Ìμ¤ÖÉ ¢ ¸¢μ¡μ¤´Ò¥ ¶·μ¶ £ Éμ·Ò, ¶μ¸É·μ¥´´Ò¥ ¢
· ¡μÉ Ì [51,56].
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3.3. ‘É·Ê±ÉÊ·  μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. � ¸¸³μÉ·¨³ ¶¥É-
²¥¢μ¥ · §²μ¦¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ · ³± Ì ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö.
�ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μ¶·¥¤¥²Ö¥É¸Ö ¢ ±ÊÊ³´Ò³¨ ¤¨ £· ³³ ³¨ (É. ¥. ¤¨ £· ³-
³ ³¨ ¡¥§ ¢´¥Ï´¨Ì ²¨´¨°) ¸ § ¢¨¸¨³Ò³¨ μÉ Ëμ´μ¢μ£μ ¶μ²Ö ¶·μ¶ £ Éμ· ³¨
¨ ¢¥·Ï¨´ ³¨. ”μ·³ ²Ó´μ¥ ¢Ò· ¦¥´¨¥ μ¤´μ¶¥É²¥¢μ£μ ¤¥°¸É¢¨Ö Γ[V ++, q+] ¢
· ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨ § ¶¨¸Ò¢ ¥É¸Ö ± ± ËÊ´±Í¨μ´ ²Ó´Ò° ¨´É¥£· ² (3.22),
  ¶μ²´μ¥ ±¢ ¤· É¨Î´μ¥ ¤¥°¸É¢¨¥ ±¢ ´Éμ¢ÒÌ ¶μ²¥° μ¶·¥¤¥²¥´μ ¢ (3.24).

‚Ò· ¦¥´¨Ö (3.22), (3.24) ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²ÖÕÉ Ö¢´μ ¸Ê¶¥·¸¨³³¥É·¨Î-
´ÊÕ ¨ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÊÕ ¸É·Ê±ÉÊ·Ê É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¤²Ö ¢ÒÎ¨-
¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¸ £¨¶¥·³Ê²ÓÉ¨-
¶²¥É ³¨. „²Ö ¶·μ¶ £ Éμ·μ¢ ±¢ ´Éμ¢μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  v++ ¨ £¨¶¥·-
³Ê²ÓÉ¨¶²¥Éμ¢ Q+a ¨¸¶μ²Ó§Ê¥³ ¢Ò· ¦¥´¨Ö (3.26) ¨ (3.27) ¸μμÉ¢¥É¸É¢¥´´μ. ‚¥·-
Ï¨´Ò ³μ£ÊÉ ¡ÒÉÓ μ¶·¥¤¥²¥´Ò ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ ¢Ò· ¦¥´¨Ö (3.25). ‹¥£±μ
¢¨¤¥ÉÓ, ÎÉμ £μ¸ÉÒ ´¥ ¸¢Ö§ ´Ò ¸ Ëμ´μ¢Ò³ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ³ ¨, ¸²¥¤μ¢ É¥²Ó´μ,
´¥ ¤ ÕÉ ¢±² ¤  ¢ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³ÊÕ Î ¸ÉÓ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö. ‚ ¢¥±Éμ·´μ³ ¸¥±Éμ·¥ N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨, ±μ£¤ 
£¨¶¥·³Ê²ÓÉ¨¶²¥É ³ É¥·¨¨ μÉÒ´É¥£·¨·μ¢ ´, μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°-
¸É¢¨¥ Γ[V ++] ¶·¨´¨³ ¥É ¢¨¤

Γ[V ++] =
i

2
Tr(2,2) ln

�
� − i

2
Tr(4,0) ln

�
� − i

2
Trad ln (D++)2 +

+ i TrRq ln D++ +
i

2
TrRω ln (D++)2.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö £μ²μ³μ·Ë´ Ö ¨ ´¥£μ²μ³μ·Ë´ Ö Î ¸É¨ ´¨§±μÔ´¥·£¥É¨-
Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 2 ¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ± ²¨¡·μ-
¢μÎ´ÒÌ É¥μ·¨° ¢ ±Ê²μ´μ¢¸±μ° Ë §¥, ¢ Éμ³ Î¨¸²¥ ¤¥°¸É¢¨¥ ƒ¥°§¥´¡¥·£ Ä�°²¥· 
¢ ¶·¨¸ÊÉ¸É¢¨¨ ±μ¢ ·¨ ´É´μ-¶μ¸ÉμÖ´´μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , ¶μ²´μ¸ÉÓÕ
¨§¢¥¸É´Ò (¸³., ´ ¶·¨³¥·, [82, 86]). �¡Ð Ö ¸É·Ê±ÉÊ·  ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ É ±¨Ì É¥μ·¨ÖÌ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ [107,144]

Γ = Scl +
∫

d12z =

{
c lnW ln W̄ +

∫
d12z lnWΛ

(D4 lnW
W̄2

)
+ c. c. +

+
∫

d12zΥ
(D̄4 ln W̄

W2
,
D4 lnW

W̄2

)}
+ . . . ,

£¤¥ Λ ¨ Υ Å £μ²μ³μ·Ë´ Ö ¨ ¢¥Ð¥¸É¢¥´´ Ö  ´ ²¨É¨Î¥¸± Ö ËÊ´±Í¨¨ ( ´É¨)±¨-
· ²Ó´ÒÌ ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ¨´¢ ·¨ ´Éμ¢. ˆ§¢¥¸É´μ, ÎÉμ c-Î²¥´ ´  ±μ³¶μ-
´¥´É´μ³ Ê·μ¢´¥ ¶μ·μ¦¤ ¥É ±¢ ´Éμ¢Ò¥ ¶μ¶· ¢±¨ ¸ Î¥ÉÒ·Ó³Ö ¶·μ¨§¢μ¤´Ò³¨,
¢±²ÕÎ ÕÐ¨¥ §´ ³¥´¨ÉÒ° Î²¥´ F 4 (¸³., ´ ¶·¨³¥·, [82]). ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-
§ ¢¨¸¨³ Ö Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢
£² ¢´μ³ ¶μ·Ö¤±¥ É ±¦¥ ¨§¢¥¸É´  [146,215,216].
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„²Ö ¤ ²Ó´¥°Ï¥£μ  ´ ²¨§  ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Ê¤μ¡´μ ¤¨ £μ´ ²¨§μ-
¢ ÉÓ ¤¥°¸É¢¨¥ ±¢ ´Éμ¢ÒÌ ¶μ²¥° S(2), ¸¤¢¨´Ê¢ ¶¥·¥³¥´´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É 
¢ ËÊ´±Í¨μ´ ²Ó´μ³ ¨´É¥£· ²¥ ± ±

Q+a = ξ+a + i

∫
dζ

(−4)
2 q+b(2)v++(2)Ga(1,1)

b (1|2),

(3.30)

Q+
a = ξ+

a − i

∫
dζ

(−4)
2 Gb(1,1)

a (1|2)v++(2)q+
b (2),

£¤¥ ξ+a, ξ+
a Å ´μ¢Ò¥ ´¥§ ¢¨¸¨³Ò¥ ¶¥·¥³¥´´Ò¥ ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£-

·¨·μ¢ ´¨Ö. �Î¥¢¨¤´μ, ÎÉμ Ö±μ¡¨ ´ § ³¥´Ò (3.30) · ¢¥´ ¥¤¨´¨Í¥. ‡¤¥¸Ó

G
a(1,1)
b (1|2) Å Ëμ´μ¢μ-§ ¢¨¸¨³Ò° ¶·μ¶ £ Éμ· (3.27) ¤²Ö ¸Ê¶¥·¶μ²¥° Q+a,

Q+
b . ‚ É¥·³¨´ Ì ´μ¢μ£μ ´ ¡μ·  ±¢ ´Éμ¢ÒÌ ¶μ²¥° ¤²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-

§ ¢¨¸¨³μ° Î ¸É¨ ±¢ ¤· É¨Î´μ£μ ¤¥°¸É¢¨Ö ¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥

S
(2)
H = −1

2

∫
dζ(−4) ξa+D++ξ+

a −

− 1
2

∫
dζ

(−4)
1 dζ

(−4)
2 q+a(1)v++(1)Gb(1,1)

a (1|2)v++(2)q+
b (2).

’μ£¤  Î ¸ÉÓ ±¢ ¤· É¨Î´μ£μ ¤¥°¸É¢¨Ö, ¸μ¤¥·¦ Ð Ö ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É, Ê¤²¨-
´Ö¥É¸Ö ´  ¸²¥¤ÊÕÐ¥¥ ´¥²μ± ²Ó´μ¥ ¢Ò· ¦¥´¨¥:

S(2)
v = −1

2
tr
∫

dζ
(−4)
1 v++

1 ×

×
∫

dζ
(−4)
2

[
�
�δ

(2,2)
A (1|2) + q+a(1)Gb(1,1)

a (1|2)q+
b (2)

]
v++
2 . (3.31)

‚Ò· ¦¥´¨¥ (3.31), § ¶¨¸ ´´μ¥ ± ±  ´ ²¨É¨Î¥¸±¨° ´¥²μ± ²Ó´Ò° ¸Ê¶¥·ËÊ´±Í¨-
μ´ ², ¡Ê¤¥É μÉ¶· ¢´μ° ÉμÎ±μ° ¤²Ö ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨° μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É . � Ï  Í¥²Ó ¢ ÔÉμ³ ¨ ¸²¥¤ÊÕÐ¥³
¶Ê´±É Ì ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ¡Ò ´ °É¨ ¢¥¤ÊÐ¨¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨¥ ¢±² ¤Ò ¢
ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö ³¥¤²¥´´μ ³¥´ÖÕÐ¨Ì¸Ö ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨-
¶²¥É , ±μ£¤  ¢¸¥³¨ ¶·μ¨§¢μ¤´Ò³¨ Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ³μ¦´μ ¶·¥´¥-
¡·¥ÎÓ. ŒÒ ¶μ± ¦¥³, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥²μ± ²Ó´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ£ÊÉ
¡ÒÉÓ ²μ± ²¨§μ¢ ´Ò ¢ ÉμÎ±¥.

ˆ¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨¥ v++
2 =

∫
dζ

(−4)
3 δ

(2,2)
A (2|3)v++

3 , ³Ò ³μ¦¥³ ¶¥·¥-

¶¨¸ ÉÓ · §²μ¦¥´¨¥ ¤²Ö S
(2)
v (3.31) ¢ ¢¨¤¥

S(2)
v = −1

2
tr
∫

dζ
(−4)
1 v++

1

∫
dζ

(−4)
2

[
�
�δ

(2,2)
A (1|2)+

+
∫

dζ
(−4)
3 q+a(1)Gb(1,1)

a (1|3)q+
b (3)δ(2,2)

A (3|2)
]
v++
2 . (3.32)
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�μ¸²¥ ÔÉμ£μ ¢μ¸¶μ²Ó§Ê¥³¸Ö Ö¢´Ò³ ¢Ò· ¦¥´¨¥³ ¤²Ö ËÊ´±Í¨¨ ƒ·¨´  (3.27) ¨
¸μμÉ´μÏ¥´¨¥³, ¶μ§¢μ²ÖÕÐ¨³ ¶·¥¤¸É ¢¨ÉÓ (D+

1 )4(D+
2 )4 ¢ ¢¨¤¥ ¶μ²¨´μ³  ¶μ

¸É¥¶¥´Ö³ (u+
1 u+

2 ) [107]

(D+
1 )4(D+

2 )4 = (D+
1 )4

[
(D−

1 )4(u+
1 u+

2 )4 −

− i

2
Δ−−

1 (u+
1 u+

2 )3(u−
1 u+

2 ) − �
�1(u+

1 u+
2 )2(u−

1 u+
2 )2

]
, (3.33)

£¤¥

Δ−− = Dαα̇D−
α D̄−

α̇ +

+
1
2
W(D−)2 +

1
2
W̄(D̄−)2 + (D−W)D− + (D̄−W̄)D̄−. (3.34)

�μ¸±μ²Ó±Ê G(1,1)(1, 2) = −G(1,1)(2, 1), ´¥²μ± ²Ó´Ò° Î²¥´ ¢ (3.32) ¶·¨´¨-
³ ¥É ¢¨¤∫

dζ
(−4)
3 q+a(1) (D+

3 )4
[
(D−

3 )4(u+
3 u+

1 )
1

�
�3

×

×− i

2
Δ−−

3 (u−
3 u+

1 )
1

�
�3

− (u−
3 u+

1 )2

(u+
3 u+

1 )

]
δ12(1|3)q+

a (3)δ(2.2)
A (3|2).

	μ²ÓÏ¨¥ ¸±μ¡±¨ ¸μ¤¥·¦ É É·¨ Î²¥´ . ‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¶¥·¢Ò¥ ¤¢  Î²¥´ 
¢±²ÕÎ ÕÉ ¶·μ¨§¢μ¤´Ò¥, ±μÉμ·Ò¥ ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¶μ·μ¤ÖÉ ¶·μ¨§¢μ¤-
´Ò¥ ¸Ê¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. ’ ± ± ± ³Ò ¨´É¥·¥¸Ê¥³¸Ö ¨¸±²ÕÎ¨É¥²Ó´μ
¢±² ¤ ³¨ ¡¥§ ¶·μ¨§¢μ¤´ÒÌ, Ê± § ´´Ò¥ Î²¥´Ò ³μ£ÊÉ ¡ÒÉÓ ¶·μ¸Éμ μ¶ÊÐ¥´Ò.
‚ ·¥§Ê²ÓÉ É¥ ´ ³ ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ Éμ²Ó±μ É·¥É¨° Î²¥´ ¢ ¸±μ¡± Ì.

’¥¶¥·Ó ¶·¨³¥´¨³ ¸μμÉ´μÏ¥´¨¥
∫

dζ
(−4)
3 (D+

3 )4 =
∫

d12z3 du3, ¶μ§¢μ²ÖÕ-
Ð¥¥ ¶·μ¨´É¥£·¨·μ¢ ÉÓ ¶μ z3, ¨ ¢ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³

−
∫

du3 q+a(1)
(u−

3 u+
1 )2

(u+
3 u+

1 )
q+
a (u3, z1)δ

(2,2)
A (u3, z1|2).

„ ²¥¥ Ö¢´μ ¢Ò¤¥²¨³ £ ·³μ´¨Î¥¸±ÊÕ § ¢¨¸¨³μ¸ÉÓ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ´  ³ ¸-
¸μ¢μ° μ¡μ²μÎ±¥, § ¶¨¸ ¢ q+a(3) = u+

3iq
ia, ¨ ¶¥·¥°¤¥³ ± ¶·¥¤¥²Ê ¸μ¢¶ -

¤ ÕÐ¨Ì £ ·³μ´¨Î¥¸±¨Ì  ·£Ê³¥´Éμ¢ u1 = u3, ¢μ¸¶μ²Ó§μ¢ ¢Ï¨¸Ó £ ·³μ´¨-

Î¥¸±μ° Î ¸ÉÓÕ ¤¥²ÓÉ -ËÊ´±Í¨¨ δ
(2,2)
A (u3, z1|2). �μ¸²¥ ÔÉμ£μ ¶μ²ÊÎ¨³, ÎÉμ∫

du3
u+

3i

u+
3 u+

1

= −u−
1i. ‚ ·¥§Ê²ÓÉ É¥ · ¸¸³ É·¨¢ ¥³Ò° Î²¥´ ¶·¨´¨³ ¥É ¢¨¤

q+a(1)q−a (1)δ(2,2)
A (1|2).

‚Ò· ¦¥´¨¥ q+a(1)q−a (1) = qiaqia ¡Ê¤¥É ¢ ¤ ²Ó´¥°Ï¥³ É· ±Éμ¢ ÉÓ¸Ö ± ± ¸² ¡μ
³¥´ÖÕÐ¥¥¸Ö ¸Ê¶¥·¶μ²¥, ¨ ¢¸¥³¨ ¥£μ ¶·μ¨§¢μ¤´Ò³¨ ³Ò ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ.
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ˆ³¥´´μ É ±μ° ¸Ê¶¥·¶μ²¥¢μ°  ·£Ê³¥´É ¡Ò² ¶μ²ÊÎ¥´ ¢ · ¡μÉ¥ [216] ¶μ¸²¥ ¸Ê³-
³¨·μ¢ ´¨Ö £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·¤¨ £· ³³.

’ ±¨³ μ¡· §μ³, ¢ ¢¥¤ÊÐ¥³ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ ¢Éμ·μ¥
¸² £ ¥³μ¥ ¢ (3.32) ¸É ´μ¢¨É¸Ö ²μ± ²Ó´Ò³. ‚ ·¥§Ê²ÓÉ É¥ ÔÉμ£μ μ¶¥· Éμ· ¢ ¤¥°-

¸É¢¨¨ S
(2)
v , μ¶·¥¤¥²ÖÕÐ¨° ÔËË¥±É¨¢´Ò° Ëμ´μ¢μ-±μ¢ ·¨ ´É´Ò° ¶·μ¶ £ Éμ·

±¢ ´Éμ¢μ£μ ¸Ê¶¥·¶μ²Ö ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  v++ (³Ò · §² £ ¥³ ¸Ê¶¥·¶μ²¥
v++ ¶μ ¡ §¨¸Ê £¥´¥· Éμ·μ¢ ± ± v++ = v++

I TI ¨ ¤ ²¥¥ · ¡μÉ ¥³ Éμ²Ó±μ ¸
¸Ê¶¥·¶μ²¥¢Ò³¨ ±μ³¶μ´¥´É ³¨ v++

I ), ¶·¨´¨³ ¥É ¢¨¤[
�
�IJ +q+a(z1, u1){TI , TJ}q−a (z1, u1)

]
δ
(2,2)
A (1|2), (3.35)

£¤¥

�
�IJ= tr

{
T(I�TJ) +

i

2
T(I [D+αW , TJ)]D−

α +

+
i

2
T(I [D̄+

α̇ W̄ , TJ)]D̄−α̇ + T(I [W , [W̄ , TJ)]]
}

.

‡¤¥¸Ó � = (1/2)Dαα̇Dαα̇ Å ±μ¢ ·¨ ´É´Ò° ¤ ² ³¡¥·É¨ ´.
’ ±¨³ μ¡· §μ³, ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £ ·³μ´¨Î¥¸±μ° Ëμ·³Ê²¨·μ¢±¨ N = 2

± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ £¨¶¥·³Ê²ÓÉ¨¶²¥É ³¨ ¨ É¥Ì´¨±¨
´¥²μ± ²Ó´ÒÌ ¸¤¢¨£μ¢ ³Ò ¶μ± § ²¨, ÎÉμ §  ¸Î¥É ³μ¤¨Ë¨± Í¨¨ ¤¥°¸É¢¨Ö ¢¸Ö
§ ¢¨¸¨³μ¸ÉÓ μÉ Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  μ± § ² ¸Ó ¸μ¸·¥¤μÉμÎ¥´´μ° ¢ ¸¥±-
Éμ·¥ ±¢ ´Éμ¢μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . �μÔÉμ³Ê μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Γ(1)[V ++, q+] = Γ(1)
v [V ++, q+] + Γ̃(1)[V ++]. (3.36)

�¥·¢Ò° Î²¥´ ¢ (3.36) ¢μ§´¨± ¥É §  ¸Î¥É ±¢ ´Éμ¢μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥-
É  v++

I

Γ(1)
v [V ++, q+] =

i

2
Tr ln (

�
�IJ +q+a{TI , TJ}q−a ). (3.37)

‚Éμ·μ° Î²¥´ ¢ (3.36) μ¡Ê¸²μ¢²¥´ ¢±² ¤μ³ £μ¸Éμ¢ ¨ ±¢ ´Éμ¢μ£μ £¨¶¥·³Ê²ÓÉ¨-
¶²¥É  ξ+

a , ¨ μ´ ´¥ § ¢¨¸¨É μÉ Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ ·¥§Ê²ÓÉ É¥ ¢¸Ö
§ ¢¨¸¨³μ¸ÉÓ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö μÉ Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö
£¨¶¥·³Ê²ÓÉ¨¶²¥É  § ±²ÕÎ¥´  ¢ μ¶¥· Éμ·¥

�
�IJ +q+a{TI , TJ}q−a , (3.38)

¤¥°¸É¢ÊÕÐ¥³ ´  v++
I . �´  ¨³¥¥É ¢¨¤ ³ ¸¸μ¢μ° ³ É·¨ÍÒ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨-

¶²¥É 

(M2
v)IJ = tr

{
[TI ,W ][W̄ , TJ ] + (I ↔ J)

}
+ q+a{TI , TJ}q−a , (3.39)
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¥¸²¨ q+ ¶·¨´ ¤²¥¦¨É ËÊ´¤ ³¥´É ²Ó´μ³Ê ¶·¥¤¸É ¢²¥´¨Õ, ¨ ³ É·¨ÍÒ

(M2
v)IJ = tr

{
[TI ,W ][W̄ , TJ ] + [q+a, TI ][TJ , q−a ]

}
+ (I ↔ J) (3.40)

¢ Éμ³ ¸²ÊÎ ¥, ±μ£¤  q+ ¶·¥μ¡· §Ê¥É¸Ö ¶μ ¶·μ¨§¢μ²Ó´μ³Ê ³ É·¨Î´μ³Ê ¶·¥¤¸É -
¢²¥´¨Õ.

ˆÉ ±, § ¢¨¸¨³μ¸ÉÓ μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¶μ²´μ¸ÉÓÕ ¶¥·¥´μ¸¨É¸Ö ¢ ¸¥±-
Éμ· ±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥° v++ ¨ μ± §Ò¢ ¥É¸Ö ¸μ¸·¥¤μÉμÎ¥´´μ° ¢ Ëμ´μ¢μ-
±μ¢ ·¨ ´É´μ³ μ¶¥· Éμ·¥ (3.38). �·¥¤¸É ¢²¥´¨Ö (3.36), (3.37) ¸²Ê¦ É μÉ¶· ¢-
´μ° ÉμÎ±μ° ¤²Ö ¢ÒÎ¨¸²¥´¨Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. �¡· É¨³
¢´¨³ ´¨¥ ´  Éμ, ÎÉμ ³Ò ´¥ ´ ±² ¤Ò¢ ²¨ ´¨± ±¨Ì μ£· ´¨Î¥´¨° ´  ¶·μ¸É· ´¸É-
¢¥´´μ-¢·¥³¥´´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É , ±·μ³¥ ¸¢μ°¸É¢,
¢ÒÉ¥± ÕÐ¨Ì ¨§ Ê¸²μ¢¨° ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ (3.6).

„μ ¸¨Ì ¶μ· ¢ ´ Ï¥³ ¶μ¸É·μ¥´¨¨ ¸É·Ê±ÉÊ·  ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò, ·¥ -
²¨§μ¢ ´´μ° ´  ¸Ê¶¥·¶μ²ÖÌ W , q+

a , ¡Ò²  ¸μ¢¥·Ï¥´´μ ¶·μ¨§¢μ²Ó´μ°. � Î¨´ Ö
¸ ÔÉμ£μ ³μ³¥´É  Ëμ´μ¢Ò¥ ¸Ê¶¥·¶μ²Ö ¡Ê¤ÊÉ ¢Ò¡¨· ÉÓ¸Ö ¢¤μ²Ó § ¤ ´´μ£μ ´ -
¶· ¢²¥´¨Ö ¢ ¶·μ¸É· ´¸É¢¥ ³μ¤Ê²¥° ¢ ±ÊÊ³  É ±, ÎÉμ¡Ò ¨Ì ¸± ²Ö·´Ò¥ ¶μ²Ö
Ö¢²Ö²¨¸Ó ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨° (3.4). �Ê¸ÉÓ Ëμ´μ¢Ò° ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É
¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É ¨³¥ÕÉ ¢¨¤ (3.5), £¤¥ H Ö¢²Ö¥É¸Ö Ë¨±¸¨·μ¢ ´´Ò³ £¥´¥· -
Éμ·μ³ ¶μ¤ ²£¥¡·Ò Š ·É ´ . �Éμ ´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨ ¸ ¶·¥¤¶μ²μ¦¥´¨¥³, ÎÉμ
± ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  G ´ ·ÊÏ¥´  ¤μ ¶μ¤£·Ê¶¶Ò G̃ × K , £¤¥ K Å  ¡¥²¥¢ 
¶μ¤£·Ê¶¶  Š ·É ´  ¸  ²£¥¡·μ°, ± ±μÉμ·μ° ¶·¨´ ¤²¥¦¨É £¥´¥· Éμ· H . ‚ ÔÉμ³
¸²ÊÎ ¥ ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´¸É¢¥´´ Ö ¢ ±ÊÊ³´ Ö ±μ³¡¨´ Í¨Ö WW̄ ¤²Ö N = 2 Ëμ-
´μ¢μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ ¥¤¨´¸É¢¥´´ Ö ¢ ±ÊÊ³´ Ö ±μ³¡¨´ Í¨Ö q+aq−a
¤²Ö Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É ∗. ’μ£¤  μ¶¥· Éμ·, ¤¥°¸É¢ÊÕÐ¨° ´  ±¢ ´Éμ-
¢Ò¥ ¸Ê¶¥·¶μ²Ö ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , μ¶·¥¤¥²¥´´Ò¥ ¢ (3.38), ¶·¨´¨³ ¥É
Ê´¨¢¥·¸ ²Ó´Ò° ¢¨¤

� +
i

2
α(H)(D+WD− + D̄+W̄D̄−) + α2(H)WW̄ + q+aq−a Z. (3.41)

‡¤¥¸Ó � Å ±μ¢ ·¨ ´É´Ò° ¤ ² ³¡¥·É¨ ´, ±μ³¡¨´ Í¨Ö q+aq−a (a = 1, 2) Ê¦¥ ´¥
¨³¥¥É ³ É·¨Î´ÒÌ ¨´¤¥±¸μ¢ (¶μ¸±μ²Ó±Ê ¢Ò¡· ´μ Ë¨±¸¨·μ¢ ´´μ¥ ´ ¶· ¢²¥´¨¥
¢ ¶·μ¸É ´¸É¢¥ ³μ¤Ê²¥°),   ³ É·¨Í  Z ¨³¥¥É ¨´¤¥±¸Ò I, J , μ¡Ê¸²μ¢²¥´´Ò¥ ¢Ò-
· ¦¥´¨¥³ {TI , TJ} ¶μ¸²¥ Ë¨±¸ Í¨¨ Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É , ± ± ¢ (3.5).
‚¸¥ ³ É·¨ÍÒ ¢ (3.41), ¸μ¤¥·¦ Ð¨¥ W , W̄ , ¤¨ £μ´ ²Ó´Ò ¶μ ¨´¤¥±¸ ³ £¥´¥· -
Éμ·μ¢ ¶μ¤£·Ê¶¶Ò G̃.

� ¸ ¡Ê¤ÊÉ ¨´É¥·¥¸μ¢ ÉÓ Éμ²Ó±μ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³Ò¥ ¸² £ ¥³Ò¥
¢ μ¤´μ¶¥É²¥¢μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ (3.37). �μÖ¸´¨³, ± ± É ±¨¥ Î²¥´Ò

∗…¸²¨ Ëμ´μ¢Ò¥ ¶μ²Ö ¸μμÉ¢¥É¸É¢ÊÕÉ ´¥¸±μ²Ó±¨³ ± ·É ´μ¢¸±¨³ £¥´¥· Éμ· ³ Hi, Éμ ÔËË¥±-
É¨¢´μ¥ ¤¥°¸É¢¨¥ ¡Ê¤¥É ¸Ê³³μ° ¢±² ¤μ¢ ¶μ ¨´¤¥±¸Ê i, É ±μ°, ÎÉμ ± ¦¤Ò° ¢±² ¤ ¨³¥¥É ¸É·Ê±ÉÊ·Ê,
¸μμÉ¢¥É¸É¢ÊÕÐÊÕ μ¶¨¸ ´´μ³Ê ¢ÒÏ¥ ¸²ÊÎ Õ. �μÔÉμ³Ê ¡¥§ ´ ·ÊÏ¥´¨Ö μ¡Ð´μ¸É¨ ³Ò ³μ¦¥³ μ£· -
´¨Î¨ÉÓ¸Ö ¸²ÊÎ ¥³ ¸ μ¤´¨³ Ë¨±¸¨·μ¢ ´´Ò³ £¥´¥· Éμ·μ³ H.
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³μ£ÊÉ ¢ ¶·¨´Í¨¶¥ ¢μ§´¨±´ÊÉÓ ¢ (3.37). Œ ¸¸μ¢ Ö ³ É·¨Í  ¨³¥¥É ¸²¥¤ÊÕÐÊÕ

¸É·Ê±ÉÊ·Ê: M(2)
v = α2(H)WW̄ · Y + q+aq−a · Z. “ ³ É·¨ÍÒ Y ¨³¥¥É¸Ö n(H)

¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢, μÉ¢¥Î ÕÐ¨Ì ¸μ¡¸É¢¥´´μ³Ê §´ Î¥´¨Õ 1. Œ É·¨Í  ¢
¸±μ¡± Ì ¢ (3.41) ¨³¥¥É É¥ ¦¥ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò, ÎÉμ ¨ Y . Š ¸ É¥²Ó´μ
³ É·¨ÍÒ Z ¤μ¶Ê¸É¨³Ò ¤¢  ¢ ·¨ ´É .

1. Œ É·¨Í  Z ¨³¥¥É n(Υ) ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢, μ¡Ð¨Ì ¸ ¸μ¡¸É¢¥´´Ò³¨
¢¥±Éμ· ³¨ ³ É·¨ÍÒ Y (n(Υ) � n(H)), ¸ ¸μ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ r(Υ).
’μ£¤  ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¥¸ÉÓ ¸Ê³³  ¶μ · §²¨Î´Ò³ §´ Î¥´¨Ö³ r(Υ). �μ-
ÔÉμ³Ê, ´¥ É¥·ÖÖ μ¡Ð´μ¸É¨, ³Ò ³μ¦¥³ ¸Î¨É ÉÓ, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ μ¤´μ
¸μ¡¸É¢¥´´μ¥ §´ Î¥´¨¥ r(Υ) ¸ Î¨¸²μ³ n(Υ) ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢, ±μÉμ·Ò¥ μ¤-
´μ¢·¥³¥´´μ Ö¢²ÖÕÉ¸Ö ¸μ¡¸É¢¥´´Ò³¨ ¢¥±Éμ· ³¨ ³ É·¨ÍÒ Y . ‘²¥¤μ¢ É¥²Ó´μ,
£¨¶¥·³Ê²ÓÉ¨¶²¥É´ Ö § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ · ¸¸³ É·¨¢ ¥³μ³
¸²ÊÎ ¥ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Γ(1)
v [V ++, q+] =

i

2
n(Υ)Tr ln

[
� +

i

2
α(H)(D+WD− +

+ D̄+W̄D̄−) + α2(H)WW̄ + r(Υ)q+aq−a

]
. (3.42)

‡¤¥¸Ó ¸¨³¢μ²μ³ Tr μ¡μ§´ Î¥´ ËÊ´±Í¨μ´ ²Ó´Ò° ¸²¥¤ μ¶¥· Éμ·μ¢, ¤¥°¸É¢ÊÕ-
Ð¨Ì ´   ´ ²¨É¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ U(1)-§ ·Ö¤μ³∗. ’¥ ¸μ¡-
¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ³ É·¨ÍÒ Y , ±μÉμ·Ò¥ ´¥ ¸μ¢¶ ¤ ÕÉ ¸ ¸μ¡¸É¢¥´´Ò³¨ ¢¥±Éμ-
· ³¨ ³ É·¨ÍÒ Z, ´¥ ¤ ÕÉ ¢±² ¤  ¢ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÊÕ § ¢¨¸¨³μ¸ÉÓ ÔËË¥±-
É¨¢´μ£μ ¤¥°¸É¢¨Ö.

2. Œ É·¨ÍÒ Y ¨ Z ´¥ ¨³¥ÕÉ μ¡Ð¨Ì ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢. ‚ ÔÉμ³ ¸²ÊÎ ¥
£¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³ Ö Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¨¸Î¥§ ¥É.

’ ±¨³ μ¡· §μ³, £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥
μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (3.42). ‚ ¸²¥¤ÊÕÐ¥³ ¶Ê´±É¥ ³Ò · ¸¸³μÉ·¨³ ¶·μ-
Í¥¤Ê·Ê ±μ´±·¥É´μ£μ ¢ÒÎ¨¸²¥´¨Ö ÔÉμ£μ ¢Ò· ¦¥´¨Ö.

3.4. ‚ÒÎ¨¸²¥´¨¥ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. ‚Ò· ¦¥-
´¨¥ (3.42) Ö¢²Ö¥É¸Ö μ¸´μ¢μ° ¤²Ö  ´ ²¨§  £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. �Éμ ¢Ò· ¦¥´¨¥ ¡Ê¤¥É ¶¥·¥¶¨¸ ´μ ¢ Ëμ·³¥, ±μÉμ-
· Ö ¶μ§¢μ²¨É ¢ÒÎ¨¸²¨ÉÓ ¥£μ ¸ ¶μ³μÐÓÕ ¸Ê¶¥·¶μ²¥¢μ£μ μ¡μ¡Ð¥´¨Ö ³¥Éμ¤ 
¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ”μ± Ä˜¢¨´£¥·  [2] (N = 1 ¸Ê¶¥·¶μ²¥¢μ° ³¥Éμ¤ ¸μ¡-
¸É¢¥´´μ£μ ¢·¥³¥´¨ · §¢¨É ¢ · ¡μÉ Ì [39, 40, 211, 213]). ŒÒ ¡Ê¤¥³ ¸²¥¤μ¢ ÉÓ
μ¡Ð¥³Ê ¶μ¤Ìμ¤Ê, · §· ¡μÉ ´´μ³Ê ¢ · ¡μÉ¥ [216], £¤¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÔÉμ£μ

∗‚ Î ¸É´μ¸É¨, ¥¸²¨ A(p, 4−p)(ζ1, ζ2) ¥¸ÉÓ Ö¤·μ μ¶¥· Éμ· , ¤¥°¸É¢ÊÕÐ¥£μ ´  ¶·μ¸É· ´¸É¢¥
±μ¢ ·¨ ´É´μ- ´ ²¨É¨Î¥¸±¨Ì ¸Ê¶¥·¶μ²¥° ¸ § ·Ö¤μ³ p, Éμ

TrA(p, 4−p) = tr

∫
dζ(−4) duA(p, 4−p)(ζ, ζ),

£¤¥ Î¥·¥§ ®tr¯ μ¡μ§´ Î¥´ ¸²¥¤ ¶μ £·Ê¶¶μ¢Ò³ ¨´¤¥±¸ ³.



652 	“•	ˆ�„…� ˆ.‹., ˆ‚���‚ ….�., �‹…’�…‚ �. ƒ.

³¥Éμ¤   ´ ²¨§¨·μ¢ ² ¸Ó £¨¶¥·³Ê²ÓÉ¨¶²¥É´ Ö § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö N = 4 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ .

‚ · ³± Ì ¶·¥¤¸É ¢²¥´¨Ö ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ”μ± Ä˜¢¨´£¥·  ÔËË¥±-
É¨¢´μ¥ ¤¥°¸É¢¨¥ (3.42) § ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Γ(1)
v [V ++, q+] =

i

2
n(Υ)

∫
dζ(−4) du×

×
∞∫
0

ds

s
exp

[
− s(� +

i

2
α(H)(D+WD− + D̄+W̄D̄−) + M2

v)
]
×

× (D+)4
[
δ12(z − z′)δ(−2,2)(u, u′)

]∣∣
z=z′,u=u′ =

∞∫
0

ds

s
Tr K(s), (3.43)

£¤¥ M2
v = α2(H)WW̄ + r(Υ)q+aq−a . ‡¤¥¸Ó K(s) Å ¸Ê¶¥·¶μ²¥¢μ¥ É¥¶²μ-

¢μ¥ Ö¤·μ μ¶¥· Éμ· . ‘¨³¢μ² Tr μ§´ Î ¥É ËÊ´±Í¨μ´ ²Ó´Ò° ¸²¥¤ ¢  ´ ²¨-
É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ , Tr K(s) =
tr

∫
dζ(−4)K(ζ, ζ|s), £¤¥ tr Å μ¡μ§´ Î¥´¨¥ ¤²Ö ¸²¥¤  ¶μ ¤¨¸±·¥É´Ò³ ¨´¤¥±-

¸ ³. �·¥¤¸É ¢²¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ (3.43) ¶μ§¢μ²Ö¥É ´ ³ μ¸Ê-
Ð¥¸É¢¨ÉÓ ´¥¶μ¸·¥¤¸É¢¥´´μ¥ ¢ÒÎ¨¸²¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ± ± · §²μ¦¥-
´¨Ö ¶μ ¸É¥¶¥´Ö³ ±μ¢ ·¨ ´É´ÒÌ ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ  ¡¥²¥¢ÒÌ ¸Ê¶¥·¶μ²¥°
´ ¶·Ö¦¥´´μ¸É¨ W , W̄ . ‹¨¤¨·ÊÕÐ¨¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨¥ Î²¥´Ò ¢ ÔÉμ³ · §-
²μ¦¥´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ Ëμ´μ¢Ò³ ± ²¨¡·μ¢μÎ´Ò³ ¸Ê¶¥·¶μ²Ö³, ±μÉμ·Ò¥ ¶μ-
¸ÉμÖ´´Ò ¢ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨, D−

α D+
β W = const, D̄−

α̇ D̄+

β̇
W̄ = const, ¨

Ëμ´μ¢μ³Ê £¨¶¥·³Ê²ÓÉ¨¶²¥ÉÊ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥. Š·μ³¥ Éμ£μ, ³Ò ¶·¥¤¶μ-
² £ ¥³, ÎÉμ £¨¶¥·³Ê²ÓÉ¨¶²¥É Ö¢²Ö¥É¸Ö ³¥¤²¥´´μ ³¥´ÖÕÐ¥°¸Ö ËÊ´±Í¨¥° ´ 
¸Ê¶¥·¶·μ¸É· ´¸É¢¥, ¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¸Ê¶¥·¶μ²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¶·¥´¥¡·¥£ ¥³ ²Õ¡Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É . �Éμ, μ¤´ ±μ, ´¥ ¶·¨-
¢¥¤¥É ± ´¥Ì¢ É±¥ ´¥μ¡Ìμ¤¨³μ£μ Î¨¸²  ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤-
´ÒÌ ¢ ±μ³¶μ´¥´É´μ³ ÔËË¥±É¨¢´μ³ ² £· ´¦¨ ´¥. ƒ· ¸¸³ ´μ¢  ³¥·  ¢ ¨´É¥-
£· ²¥ ¶μ £ ·³μ´¨Î¥¸±μ³Ê ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê d4θ+d4θ− ¶μ·μ¦¤ ¥É Î¥ÉÒ·¥
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ¢ ±μ³¶μ´¥´É´μ³ · §²μ¦¥´¨¨ ¸Ê-
¶¥·¶μ²¥¢μ£μ ² £· ´¦¨ ´ . �μÔÉμ³Ê ¸¤¥² ´´Ò¥ ¢ÒÏ¥ ¶·¥¤¶μ²μ¦¥´¨Ö μ¡¥¸¶¥-
Î¨¢ ÕÉ ¶μ²ÊÎ¥´¨¥ ±μ³¶μ´¥´É´μ£μ ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´ , ¢±²ÕÎ ÕÐ¥£μ
Î¥ÉÒ·¥ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¸± ²Ö·´μ° ±μ³¶μ´¥´ÉÒ £¨-
¶¥·³Ê²ÓÉ¨¶²¥É . ‚μ§³μ¦´Ò¥ ¢±² ¤Ò ¢ £¨¶¥·³Ê²ÓÉ¨¶²¥É´ÊÕ § ¢¨¸¨³μ¸ÉÓ ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö μÉ Î²¥´μ¢ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¡Ê¤ÊÉ μ¡¸Ê¦¤ ÉÓ¸Ö ¢
¸²¥¤ÊÕÐ¥³ ¶Ê´±É¥.

�μ¸É·μ¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.43) μ¸´μ¢ ´μ ´  ¢ÒÎ¨¸²¥´¨¨ ¸Ê-
¶¥·¶μ²¥¢μ£μ É¥¶²μ¢μ£μ Ö¤·  K(s). ‚¥¤ÊÐ¥° ¨¤¥¥° (¤ ¦¥ ¸ ÊÎ¥Éμ³ ¸¢μ°¸É¢
´¥ ´ ²¨É¨Î¥¸±μ£μ ¶μ¤Ò´É¥£· ²Ó´μ£μ ¢Ò· ¦¥´¨Ö) Ö¢²Ö¥É¸Ö ¦¥² ´¨¥ μ¸É ¢ ÉÓ¸Ö
¢  ´ ²¨É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ ´  ¢¸¥Ì ÔÉ ¶ Ì ¢ÒÎ¨¸²¥´¨°, ¨§¡¥£ Ö ¨¸±Ê¸-
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¸É¢¥´´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö  ´ ²¨É¨Î¥¸±μ£μ ¨´É¥£· ²  ¢ ¨´É¥£· ² ¶μ ¶μ²´μ³Ê
¸Ê¶¥·¶·μ¸É· ´¸É¢Ê, ¢ ±μÉμ·μ³, ± ± ¶· ¢¨²μ, ¶μ¤Ò´É¥£· ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö ¸μ-
¤¥·¦ É ¶²μÌμ μ¶·¥¤¥²¥´´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö £ ·³μ´¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨°. ˆ´-
É¥£·¨·μ¢ ´¨¥ ¸  ´ ²¨É¨Î¥¸±μ° ³¥·μ° ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ®¶·μ¥±Éμ·¯,
 ¢Éμ³ É¨Î¥¸±¨ Ê¤ ²ÖÕÐ¨° ¢¸¥ £ ·³μ´¨Î¥¸±¨¥ μ¸μ¡¥´´μ¸É¨. Š·μ³¥ Éμ£μ, ¶μ-
¸±μ²Ó±Ê ±μ¢ ·¨ ´É´Ò° ¤ ² ³¡¥·É¨ ´ ´¥ ¸μ¤¥·¦¨É ÔËË¥±É¨¢´μ ¤¥°¸É¢ÊÕÐ¥°
D+, ¶·¨ μ¡· ¡μÉ±¥ É¥¶²μ¢μ£μ Ö¤·  ³Ò ´¨±μ£¤  ´¥ ¶μ²ÊÎ¨³ ¶·μ¨§¢μ¤´ÊÕ
D+q−, ´μ Éμ²Ó±μ D−q−, ±μÉμ· Ö μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥.
�·¨ É ±μ³ ¸¶μ¸μ¡¥ ¢ÒÎ¨¸²¥´¨° ±¢ ´Éμ¢Ò¥ ¶μ¶· ¢±¨ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤-
´Ò³¨ ¤μ²¦´Ò ¶μÖ¢²ÖÉÓ¸Ö ¢ ¢¨¤¥∫

dζ(−4) (D+)4H(W , W̄ , q+, q−). (3.44)

‚ ¸²ÊÎ ¥ ±μ¢ ·¨ ´É´μ-¶μ¸ÉμÖ´´μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É , Dmq+ = 0, ¨ ¢¥±-
Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , DmW = DmW̄ = 0, É¥¶²μ¢μ¥ Ö¤·μ ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨-
¸²¥´μ ÉμÎ´μ. „²Ö ÔÉμ° Í¥²¨ Ê¤μ¡´μ · §¤¥²¨ÉÓ ¢±² ¤Ò μÉ ®¤¨ ³ £´¨É´μ°¯ ¨

®¶ · ³ £´¨É´μ°¯ Î ¸É¥° μ¶¥· Éμ· 
�
�. ŒÒ ¸²¥¤Ê¥³ §¤¥¸Ó μ¡Ð¥° ¸Ì¥³¥ ¢Ò-

Î¨¸²¥´¨° ¢ · ¡μÉ¥ [216], ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ Éμ²Ó±μ É¥  ¸¶¥±ÉÒ, ±μÉμ·Ò¥
¸ÊÐ¥¸É¢¥´´Ò ¤²Ö · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨. ‚ ± Î¥¸É¢¥ ¶¥·¢μ£μ Ï £  ³Ò ¶·¨-
³¥´Ö¥³ Ëμ·³Ê²Ê 	¥°±¥· ÄŠ¥³¶¡¥²² Ä• Ê¸¤μ·Ë , ÎÉμ¡Ò § ¶¨¸ ÉÓ K(s) ¢ ¢¨¤¥
¶·μ¨§¢¥¤¥´¨Ö ´¥¸±μ²Ó±¨Ì μ¶¥· Éμ·´ÒÌ Ô±¸¶μ´¥´É∗,

K(s) = exp
(
−s

{
A+D− + Ā+D̄− +

1
2
Dαα̇Dαα̇ + M2

v

})
=

= exp{−fαα̇(s)Dαα̇} exp
{
−s

1
2
Dαα̇Dαα̇

}
×

× exp{−Ω(s)} exp{−s(A+D− + Ā+D̄−)}, (3.45)

¸ ´¥±μÉμ·Ò³¨ ´¥¨§¢¥¸É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ ¢ ¶· ¢μ° Î ¸É¨. „²Ö ÔÉ¨Ì ±μÔË-
Ë¨Í¨¥´Éμ¢ ³μ¦´μ ¢Ò¢¥¸É¨ ¸¨¸É¥³Ê ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°, ¨§ ±μÉμ·μ°
μ´¨ ´ Ìμ¤ÖÉ¸Ö. “· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ f α̇α(s) ¨³¥¥É ¢¨¤

d

ds
fαα̇(s) = −fββ̇F β̇β

α̇α − A+β(D−
β fαα̇) − Ā+β̇(D̄−

β̇
fαα̇)+

+ A+
β Ā−

β̇

⎛⎝ s∫
0

dτ eτF

⎞⎠β̇β

α̇α

+ Ā+

β̇
A−

β

⎛⎝ s∫
0

dτ eτF

⎞⎠β̇β

α̇α

.

∗ŒÒ ¨¸¶μ²Ó§Ê¥³ μ¡μ§´ Î¥´¨Ö

A+α =
i

2
α(H)(D+αW), Ā+α̇ = − i

2
α(H)(D̄+α̇W̄), Nβ

α = D−
α A+β , N̄ β̇

α̇ = D̄−
α̇ Ā+β̇.
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Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ·¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

fαα̇ = −A+
δ F

δδ̇
αα̇Ā−

δ̇
− Ā+

δ̇
F̄δδ̇

αα̇A−
δ , (3.46)

£¤¥ ¢Ò· ¦¥´¨Ö ¤²Ö ËÊ´±Í¨° F(N , N̄ , s), F̄(N , N̄ , s) ¤ ´Ò ¢ [216]. �´ ²μ£¨Î-
´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ Ω § ¶¨Ï¥É¸Ö ± ±

d

ds
Ω(s) −M2

v = −A+α(D−
α Ω) − Ā+α̇(D̄−

α̇ Ω) + A+
α fαα̇Ā−

α̇ + Ā+
α̇ f α̇αA−

α −

− 1
2
A+

β Ā−
β̇

⎛⎝ s∫
0

dτ e−τF

⎞⎠β̇β

α̇α

F α̇α
ρ̇ρ f ρ̇ρ − 1

2
Ā+

β̇
A−

β

⎛⎝ s∫
0

dτ e−τF

⎞⎠β̇β

α̇α

F α̇α
ρ̇ρ f ρ̇ρ.

�¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Ω(s) = sM2
v + A+αΩ−

α (s) + Ā+α̇Ω̄−
α̇ (s) + (A+)2Ψ(−2)(s)+

+ (Ā+)2Ψ̄(−2)(s) + A+αĀ+
α̇ Ψα̇(−2)

α (s). (3.47)

�É³¥É¨³, ÎÉμ ÔÉμ ·¥Ï¥´¨¥ Ö¢²Ö¥É¸Ö ¶μ²¨´μ³μ³ ±μ´¥Î´μ£μ ¶μ·Ö¤±  ¶μ ¸É¥-
¶¥´Ö³ £· ¸¸³ ´μ¢ÒÌ ¢¥²¨Î¨´ A±, Ā±. ‚¸¥ ±μÔËË¨Í¨¥´ÉÒ ¶·¨¢¥¤¥´Ò ¢ · -
¡μÉ¥ [216]. ’¥¶¥·Ó ´¥μ¡Ìμ¤¨³μ ¶·¥μ¡· §μ¢ ÉÓ ¶μ¸²¥¤´¨° Ô±¸¶μ´¥´Í¨ ²
¢ (3.45) ± ¢¨¤Ê

exp {−s(A+D− + Ā+D̄−)} = 1 + a+αD−
α + ā+α̇D̄−

α̇ +

+ f+2(D−)2 + f̄+2(D̄−)2 + f+2α̇αDαD̄α̇ + Ξ̄+3α̇D̄−
α̇ (D−)2 +

+ Ξ+3αD−
α (D̄−)2 + Ω+4(D−)2(D̄−)2. (3.48)

ŠμÔËË¨Í¨¥´ÉÒ ÔÉμ£μ · §²μ¦¥´¨Ö ¡Ò²¨ ´ °¤¥´Ò ÉμÎ´μ. �´¨ ¶·¨¢¥¤¥´Ò ¢
· ¡μÉ¥ [216].

„²Ö ¤ ²Ó´¥°Ï¥£μ  ´ ²¨§  ¢ ¦´μ § ³¥É¨ÉÓ, ÎÉμ

Ω+4 = − 1
16

(A+)2(Ā+)2 tr
(

cosh (sN ) − 1
N 2

)
tr
(

cosh (sN̄ ) − 1
N̄ 2

)
. (3.49)

Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ Éμ²Ó±μ ÔÉμÉ ¶μ¸²¥¤´¨° Î²¥´ ¢ · §²μ¦¥´¨¨ Ô±¸¶μ´¥´ÉÒ
¢Ò¦¨¢ ¥É ¢ ¶·¥¤¥²¥ ¸μ¢¶ ¤ ÕÐ¨Ì  ·£Ê³¥´Éμ¢ θ+ = θ+′, ± ±μÉμ·μ³Ê ´¥μ¡-
Ìμ¤¨³μ ¶¥·¥°É¨ ¢ (3.43) ¸ ÊÎ¥Éμ³ ¸¢μ°¸É¢  (D−)4(D+)4δ8(θ − θ′)|θ=θ′ = 1.
‚¸¥ ¤·Ê£¨¥ Î²¥´Ò, ¸ Î¨¸²μ³ ¶·μ¨§¢μ¤´ÒÌ (D−) ³¥´ÓÏ¥ Î¥ÉÒ·¥Ì, ¨¸Î¥§ ÕÉ
¢ Ê± § ´´μ³ ¶·¥¤¥²¥. ‚ ·¥§Ê²ÓÉ É¥ ¢ ± Î¥¸É¢¥ ±μÔËË¨Í¨¥´É  ¶μ²ÊÎ ¥³ ¢Ò· -
¦¥´¨¥, ¸μ¤¥·¦ Ð¥¥ ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³ÊÕ ¸É¥¶¥´Ó £· ¸¸³ ´μ¢μ-´¥Î¥É´ÒÌ
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¢¥²¨Î¨´ A+, Ā+. ‹Õ¡ Ö ¤·Ê£ Ö § ¢¨¸¨³μ¸ÉÓ μÉ A+, Ā+ ¢ μ¶¥· Éμ·´μ° Ô±¸-
¶μ´¥´É¥ (3.45) ´¥ ¤ ¥É ¢±² ¤ , ¨ ³Ò ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö ¢ ¢¨¤¥

Γ(1)
v [V ++, q+] =

i

2
n(Υ)

∫
dζ(−4) e−sM2

vKSch(s)(A+)2(Ā+)2×

× tr
(

cosh (sN ) − 1
N 2

)
tr

(
cosh (sN̄ ) − 1

N̄ 2

)
, (3.50)

£¤¥ KSch(s) ¥¸ÉÓ ¸Ê¶¥·¶μ²¥¢μ¥ μ¡μ¡Ð¥´¨¥ Ö¤·  ˜¢¨´£¥·  [2,144]. �μ¸²¥¤´¥¥
μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

KSch(x, x′, s) = exp
(
−s

2
Dα̇αDα̇α

)
{1δ4(x − x′)}.

‚ÒÎ¨¸²¥´¨¥ ÔÉμ£μ É¥¶²μ¢μ£μ Ö¤·  ¨ ¥£μ ËÊ´±Í¨μ´ ²Ó´μ£μ ¸²¥¤  ¶·μ¨§¢μ¤¨É¸Ö
¸É ´¤ ·É´Ò³ μ¡· §μ³ (¤¥É ²¨ ¸³., ´ ¶·¨³¥·, ¢ · ¡μÉ Ì [107, 211, 213]). ŒÒ
§ ¶¨Ï¥³ Éμ²Ó±μ μ±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É:

KSch(s) =
i

(4πs)2
s2(N 2 − N̄ 2)

cosh (sN ) − cosh (sN̄ )
.

‡¤¥¸Ó N ¢Ò· ¦ ¥É¸Ö Î¥·¥§ N =
√

(−1/2)D4W2 ¨ ¢ ±μ´¥Î´μ³ ¸Î¥É¥ ¢
É¥·³¨´ Ì ¤¢ÊÌ ¨´¢ ·¨ ´Éμ¢  ¡¥²¥¢  ¢¥±Éμ·´μ£μ ¶μ²Ö F = (1/4)F mnFmn ¨
G = (1/4)�FmnFmn ± ± N =

√
2(F + iG).

‚Ò· ¦¥´¨¥ (3.50) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ±μ´Î É¥²Ó´Ò° μÉ¢¥É ¤²Ö £¨¶¥·-
³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ£μ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö É¨¶  ƒ¥°§¥´¡¥·£ Ä�°²¥· . � ¶μ³´¨³, ÎÉμ ¢¸Ö § ¢¨¸¨³μ¸ÉÓ μÉ Ëμ-
´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¸±μ´Í¥´É·¨·μ¢ ´  ¢ M2

v. Ÿ¢´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¨³¥¥É ¢¨¤

Γ(1)[V ++, q+] =
1

(4π)2
n(Υ)

∫
dζ(−4) du×

×
∞∫
0

ds

s3
e−s(α2(H)WW̄+r(Υ)q+aq−

a ) α
4(H)
16

(D+W)2(D̄+W̄)2×

× s2(N 2 − N̄ 2)
cosh (sN ) − cosh (sN̄ )

cosh (sN ) − 1
N 2

cosh (sN̄ ) − 1
N̄ 2

. (3.51)

�μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¢ (3.51) ³μ¦¥É ¡ÒÉÓ · §²μ¦¥´μ ¢ ·Ö¤ ¶μ ¸É¥-
¶¥´Ö³ s2N 2, s2N̄ 2. �μ¸²¥ § ³¥´Ò ¶¥·¥³¥´´μ° ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ s ´ 

s′WW̄ ¶μ²ÊÎ ¥³ · §²μ¦¥´¨¥ ¶μ ¸É¥¶¥´Ö³ s′2
N 2

(WW̄)2
¨ ¨³ ¸μ¶·Ö¦¥´´Ò³.
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�μ¸±μ²Ó±Ê ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¢ (3.51) ¸μ¤¥·¦¨É (D+W)2(D̄+W̄)2

¢ ¢¨¤¥ Ë ±Éμ· , ¢ ± ¦¤μ³ Î²¥´¥ · §²μ¦¥´¨Ö ¢¥²¨Î¨´Ò N 2, N̄ 2 ¶μ ¸Ê¶¥·-
±μ´Ëμ·³´Ò³ ¨´¢ ·¨ ´É ³ Ψ2 ¨ Ψ̄2 [144] ³μ¦´μ § ³¥´¨ÉÓ ÔÉ¨ ¨´¢ ·¨ ´ÉÒ

¢Ò· ¦¥´¨¥³ Ψ̄2 =
1

W̄2
D4 ln W =

1
2W̄2

{
N β

αNα
β

W2
+ O(D+W)

}
¨ ¥³Ê ¸μ¶·Ö-

¦¥´´Ò³. �μ¸²¥ ÔÉμ£μ ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ± ¦¤Ò° Î²¥´ · §²μ¦¥´¨Ö § ¶¨¸Ò-
¢ ¥É¸Ö ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ ¶μ²´μ° ³¥·¥ N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢ .

ˆ´É¥·¥¸´μ ¨ ¶μÊÎ¨É¥²Ó´μ ¢ÒÎ¨¸²¨ÉÓ ¢¥¤ÊÐÊÕ Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö (3.51). �´ ²¨§ ¢Ò· ¦¥´¨Ö (3.51) (¶μ¤·μ¡´μ¸É¨ ¢ · ¡μÉ Ì [213,215,216])
¤ ¥É

Γ(1)
lead =

1
(4π)2

n(Υ)
∫

dζ(−4) du
1
16

D+WD+W
W2

D̄+W̄D̄+W̄
W̄2

1
(1 − X)2

,

£¤¥
X =

−q+aq−a
WW̄

r(Υ)
α2(H)

. (3.52)

‚ ± Î¥¸É¢¥ ¸²¥¤ÊÕÐ¥£μ Ï £  ³Ò ¶¥·¥¶¨Ï¥³ ÔÉμ ¢Ò· ¦¥´¨¥ ¢ ¢¨¤¥

1
(4π)2

∫
dζ(−4) du

1
16

{
D+2 lnWD̄+2 ln W̄ +

+
∞∑

k=1

1
k2(k + 1)

D+2 1
Wk

D̄+2 1
W̄k

(
−r(Υ)q+aq−a

α2(H)

)k
}

=

=
1

(4π)2

∫
d12z du

{
lnW ln W̄ +

∞∑
k=1

1
k2(k + 1)

Xk

}
. (3.53)

�μ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¸μ¢¶ ¤ ¥É (¸ ÉμÎ´μ¸ÉÓÕ ¤μ £·Ê¶¶μ¢μ£μ Ë ±Éμ·  Υ) ¸
¢Ò· ¦¥´¨Ö³¨, · ´¥¥ ¶μ²ÊÎ¥´´Ò³¨ ¢ [146,216]:

Γ(1)
lead =

n(Υ)
(4π)2

∫
du d12z

[
ln W ln W̄ + Li2(X) + ln (1 − X) − 1

X
ln (1 − X)

]
.

(3.54)
‡¤¥¸Ó Li2(X) ¥¸ÉÓ ¤¨²μ£ ·¨Ë³ �°²¥· . ‘²¥¤ÊÕÐ¨¥ §  ²¨¤¨·ÊÕÐ¥° ¶μ¶· ¢±¨
± (3.54) ³μ£ÊÉ ¡ÒÉÓ É ±¦¥ ¢ÒÎ¨¸²¥´Ò. ‡ ³¥Î É¥²Ó´μ¥ ¸¢μ°¸É¢μ ´¨§±μÔ´¥·-
£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.54) ¸μ¸Éμ¨É ¢ ¶μÖ¢²¥´¨¨ Ë ±Éμ· 
r(Υ)/α(H) ¢  ·£Ê³¥´É¥ X . �ÉμÉ Ë ±Éμ· μ¡Ê¸²μ¢²¥´ ¢ ±ÊÊ³´μ° ¸É·Ê±ÉÊ-
·μ° · ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨ ¨ § ¢¨¸¨É μÉ ¸¶¥Í¨Ë¨Î¥¸±¨Ì μ¸μ¡¥´´μ¸É¥° ´ -
·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨. ”μ·³  £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö,  ´ ²μ£¨Î´ Ö (3.54), ¡Ò²  ¶¥·¢μ´ Î ²Ó´μ ´ °¤¥´  ¢ · ¡μÉ¥ [146] ¤²Ö
¸²ÊÎ Ö N = 4 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¨ § É¥³ ¨§ÊÎ ² ¸Ó · §²¨Î´Ò³¨ ³¥Éμ¤ ³¨
¢ · ¡μÉ Ì [147,216].
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‚ N = 4 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ± ± N = 2 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É, É ± ¨
£¨¶¥·³Ê²ÓÉ¨¶²¥É ¶·¨´ ¤²¥¦ É ¶·¨¸μ¥¤¨´¥´´μ³Ê ¶·¥¤¸É ¢²¥´¨Õ ± ²¨¡·μ¢μÎ-
´μ° £·Ê¶¶Ò, ¨ ¶μÔÉμ³Ê ¢ÒÏ¥Ê± § ´´Ò° ±μÔËË¨Í¨¥´É ¢ X · ¢¥´ 1. ‚ ·¥-
§Ê²ÓÉ É¥ ¶·¨Ìμ¤¨³ ± § ±²ÕÎ¥´¨Õ, ÎÉμ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ¥ ´¨§±μ-
Ô´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨³¥¥É Ê´¨¢¥·¸ ²Ó´ÊÕ Ëμ·³Ê (3.54) ¤²Ö
¢¸¥Ì N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²¥°, ¸ Éμ° ²¨ÏÓ · §´¨Í¥°, ÎÉμ É  ¨²¨
¨´ Ö N = 2 ¸Ê¶¥·±μ´Ëμ·³´ Ö ³μ¤¥²Ó μÉ²¨Î ¥É¸Ö μÉ ¤·Ê£¨Ì ±μÔËË¨Í¨¥´-
Éμ³ r(Υ)/α(H) ¢ ¢¥²¨Î¨´¥ X (3.52). ’μ ¦¥ ¸ ³μ¥ ÊÉ¢¥·¦¤¥´¨¥ μÉ´μ¸¨É¸Ö
¨ ± μ¡Ð¥³Ê ¢Ò· ¦¥´¨Õ (3.50). � §²¨Î´Ò¥ ³μ¤¥²¨ · §²¨Î ÕÉ¸Ö ¥Ð¥ ¨ ±μ-
ÔËË¨Í¨¥´É ³¨ n(Υ) ¶¥·¥¤ ¨´É¥£· ² ³¨ (3.50) ¨ (3.54). �μ± § ´´ Ö Ê´¨¢¥·-
¸ ²Ó´μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ
É¥μ·¨° ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶·¨³¥Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É, ¤¥³μ´¸É·¨·ÊÕÐ¨° ·¥-
 ²Ó´ÊÕ ¸¨²Ê £ ·³μ´¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ¢ ±¢ ´Éμ¢μ° μ¡² ¸É¨.

’¥¶¥·Ó μ¡¸Ê¤¨³ ´¥±μÉμ·Ò¥ ¨§¡· ´´Ò¥ Î²¥´Ò ¢ ² £· ´¦¨ ´¥ ±μ³¶μ´¥´É-
´ÒÌ ¶μ²¥° ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.54). ‚ · ¡μÉ¥ [146] ±μ³¶μ´¥´É´ Ö
¸É·Ê±ÉÊ·  ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.54) ¤²Ö N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨
¨§ÊÎ ² ¸Ó ¢ ¡μ§μ´´μ³ ¸¥±Éμ·¥ ¤²Ö ¶μ¸ÉμÖ´´ÒÌ Ëμ´μ¢ÒÌ ¶μ²¥° Fmn, φ, φ̄, f i, f̄i.
�¤´ ±μ, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥, ¸Ê¶¥·¶μ²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ (3.54)
¶μ§¢μ²Ö¥É ´ °É¨ Î²¥´Ò ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¢¶²μÉÓ ¤μ ¶·μ¸É· ´¸É¢¥´´μ-
¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ Î¥É¢¥·Éμ£μ ¶μ·Ö¤±  ´  ±μ³¶μ´¥´É´ÒÌ ¶μ²ÖÌ. � Ï 
Í¥²Ó ¸μ¸Éμ¨É ¢ ´ Ìμ¦¤¥´¨¨ É ±¨Ì Î²¥´μ¢ ¢ ¸¥±Éμ·¥ ¸± ²Ö·´ÒÌ ¶μ²¥° £¨¶¥·-
³Ê²ÓÉ¨¶²¥É . „²Ö ÔÉμ£μ ³Ò μ¶Ê¸± ¥³ ¢¸¥ ±μ³¶μ´¥´ÉÒ Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö,
±·μ³¥ ¸± ²Ö·μ¢ φ, φ̄ ¢ N = 2 ¢¥±Éμ·´μ³ ³Ê²ÓÉ¨¶²¥É¥ ¨ ¸± ²Ö·μ¢ f, f̄ ¢ £¨-
¶¥·³Ê²ÓÉ¨¶²¥É¥, ¨ ¨´É¥£·¨·Ê¥³ ¶μ d4θ+ d4θ− = (D−)4(D+)4. ŒÒ ¤¥°¸É¢Ê¥³
ÔÉ¨³¨ ¶·μ¨§¢μ¤´Ò³¨ ´  ·Ö¤Ò ¶μ¤ ¨´É¥£· ²μ³ ¢ (3.53). „²Ö ¶μ²ÊÎ¥´¨Ö ¸É ·-
Ï¨Ì ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¸± ²Ö·´ÒÌ ±μ³¶μ´¥´É £¨¶¥·-
³Ê²ÓÉ¨¶²¥É  ¸²¥¤Ê¥É ¡·μ¸¨ÉÓ ·μ¢´μ ¤¢¥ ¸¶¨´μ·´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ´  ± ¦¤μ¥
¸Ê¶¥·¶μ²¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É . �μ¸²¥ ´¥±μÉμ·ÒÌ ¶·¥μ¡· §μ¢ ´¨° ÔÉμ ¶·¨¢μ¤¨É
± ¸²¥¤ÊÕÐ¨³ Î²¥´ ³ ¸ Î¥ÉÒ·Ó³Ö ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨
´  q± ¢ ±μ³¶μ´¥´É´μ³ · §²μ¦¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.53):

Γ(1)
lead =

∫
d4xdu

n(Υ)
(4π)2

∞∑
k=2

1
16

k − 1
k(k + 1)

Xk−2

(WW̄)2
×

×
{

− D̄+α̇D+αq−b D̄+
α̇ D−

β q+(bD̄−β̇D−βq+a)D̄−
β̇

D+
α q−a +

+
1
2
D̄+α̇D+αq−b D̄−β̇D−βq+bD̄−

β̇
D−

β q+aD̄+
α̇ D+

α q−a +

+
1
2
D̄−β̇D+αq−b D̄+α̇D−βq+bD̄+

α̇ D−
β q+aD̄−

β̇
D+

α q−a

}
|θ=0.
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�¥¶μ¸·¥¤¸É¢¥´´μ¥ ¢ÒÎ¨¸²¥´¨¥∗ ± ¦¤μ£μ ¸² £ ¥³μ£μ ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ ¶μ± -
§Ò¢ ¥É, ÎÉμ ¸·¥¤¨ ³´μ£¨Ì Î²¥´μ¢ ¸ Î¥ÉÒ·Ó³Ö ¶·μ¨§¢μ¤´Ò³¨ ¨³¥¥É¸Ö ¨´É¥·¥¸-
´Ò° Î²¥´ ¸¶¥Í¨ ²Ó´μ£μ É¨¶ 

Γ(1)
lead =

−1
8π2

n(Υ)
(

r(Υ)
α(H)

)2
[

X0 − 2
X3

0

ln(1 − X0) −
2

X2
0

]
×

×
∫

du d4x
1

(φφ̄)2
iεμνλρ∂μq̃+ ∂νq+ ∂λq̃− ∂ρq

−. (3.55)

�¥·¢Ò° Î²¥´ ¢ · §²μ¦¥´¨¨ ÔÉμ£μ ¢Ò· ¦¥´¨Ö ¶μ ¶¥·¥³¥´´μ° X0 =
r(Υ)f̄ ifi

α2φ̄φ
¨³¥¥É ¢¨¤

Γ(1)
lead = −n(Υ)

48π2

(
r(Υ)
α(H)

)2 ∫
d4x

1
(φφ̄)2

iεμνλρ×

×
(

∂μf̄ i ∂νfi ∂λf̄ j ∂ρfj − ∂μf̄ i ∂ν f̄i ∂λf j ∂ρfj

)
. (3.56)

‡¤¥¸Ó ³Ò μ¶Ê¸É¨²¨ ¢¸¥ ¸² £ ¥³Ò¥, ¸μ¤¥·¦ Ð¨¥ ¢Ò· ¦¥´¨Ö É¨¶  ∂μf ∂μf .
‚Ò· ¦¥´¨¥ (3.55), (3.56) ¶μ¤μ¡´μ ¤¥°¸É¢¨Õ —¥·´ Ä‘ °³μ´¸  ¤²Ö ³´μ£μ±μ³-
¶μ´¥´É´μ£μ ±μ³¶²¥±¸´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö. ‚μ§³μ¦´μ¸ÉÓ ¶μÖ¢²¥´¨Ö Î²¥-
´μ¢ É ±μ£μ É¨¶  ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ μ¡¸Ê¦¤ ² ¸Ó ¢ · ¡μÉ Ì [193, 195]
¢ ±μ´É¥±¸É¥ N = 4, 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ³μ¤¥²¥° ¨ ¤²Ö
d = 6,N = (2, 0) ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²¥°. ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ¢Ò· ¦¥-
´¨¥ (3.55) ¢μ§´¨±²μ ± ± ·¥§Ê²ÓÉ É ´¥¶μ¸·¥¤¸É¢¥´´μ£μ ¢ÒÎ¨¸²¥´¨Ö ¢ ¸Ê¶¥·-
¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥³ §´ Î¥´¨Ö α(H), r(Υ) ¨ n(Υ) ¤²Ö ³μ¤¥²¥°,
· ¸¸³μÉ·¥´´ÒÌ ¢ [115].

1. N = 4 É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ¸ ± ²¨¡·μ¢μÎ´Ò³¨ £·Ê¶¶ ³¨ SU(N),
Sp(2N) ¨ SO(N). ‡¤¥¸Ó £¨¶¥·³Ê²ÓÉ¨¶²¥É´Ò° ¸¥±Éμ· ¢±²ÕÎ ¥É μ¤¨´ £¨¶¥·-
³Ê²ÓÉ¨¶²¥É ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. ”μ´
¢Ò¡¨· ¥É¸Ö É ±, ÎÉμ¡Ò ± ²¨¡·μ¢μÎ´Ò¥ £·Ê¶¶Ò ´ ·ÊÏ ²¨¸Ó ¸μ£² ¸´μ ¢ ·¨-
 ´É ³ SU(N) → SU(N − 1) × U(1), Sp(2N) → Sp(2N − 2) × U(1) ¨
SO(N) → SO(N − 2) × U(1). ‚¸¥ Ëμ´μ¢Ò¥ ¶μ²Ö ¢Ò¸É·μ¥´Ò ¢¤μ²Ó Ô²¥³¥´É 
H = U(1) ¶μ¤ ²£¥¡·Ò Š ·É ´  (¸ Υ = H). Œ ¸¸μ¢ Ö ³ É·¨Í  ¢Ò· ¦ ¥É¸Ö
± ±

(M2
v)IJ = (WW̄ + q+aq−

a )(α(H))2δI,J ,

∗‡¤¥¸Ó ³Ò ¨¸¶μ²Ó§Ê¥³ ¸μμÉ´μÏ¥´¨Ö D̄+D+q− = D̄+D+D−−q+ = −D̄+D−q+ =
−2iσμ∂μq+, É ± ¦¥ ± ± D̄−D−q+ = 2iσμ∂μq−, D̄+D−q+ = 2iσμ∂μq+, D̄−D+q− =

−2iσμ∂μq−. „μ¶μ²´¨É¥²Ó´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¶· ¢¨²μ
∫

du u+
i u+

j u−
k u−

l = (1/6)(εikεjl + εilεjk) .
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¨ ¸²¥¤Ò ¢ Ê· ¢´¥´¨¨ (3.36) ¶·¨¢μ¤ÖÉ ± ±μÔËË¨Í¨¥´ÉÊ n(Υ), · ¢´μ³Ê Î¨¸²Ê
±μ·´¥° ¸ α(H) �= 0, É. e. Î¨¸²Ê ´¥´ ·ÊÏ¥´´ÒÌ £¥´¥· Éμ·μ¢,

n(Υ) =

⎧⎪⎨⎪⎩
2(N − 1) ¤²Ö SU(N),
4N − 2 ¤²Ö Sp(2N) ¨ SO(2N + 1),
4N − 1 ¤²Ö SO(2N).

ˆ§ ¢¨¤  ³ ¸¸μ¢μ° ³ É·¨ÍÒ ¸²¥¤Ê¥É, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥ r(Υ) = α(H).
2. �É  ³μ¤¥²Ó ¡Ò²  ¶·¥¤²μ¦¥´  ¢ [189]. ‚ ± Î¥¸É¢¥ ± ²¨¡·μ¢μÎ´μ° ¢Ò-

¡· ´  £·Ê¶¶  USp(2N) = Sp(2N, C)
⋂

U(�N). Œμ¤¥²Ó ¸μ¤¥·¦¨É Î¥ÉÒ·¥
£¨¶¥·³Ê²ÓÉ¨¶²¥É  q+

F ¢ ËÊ´¤ ³¥´É ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨ μ¤¨´ £¨¶¥·³Ê²ÓÉ¨-
¶²¥É q+

A ¢  ´É¨¸¨³³¥É·¨Î´μ³ ¡¥¸¸²¥¤μ¢μ³ ¶·¥¤¸É ¢²¥´¨¨ £·Ê¶¶Ò USp(2N).
”μ´μ¢Ò¥ ¶μ²Ö W , q+

F , q+
A ¢Ò¡¨· ÕÉ¸Ö ± ± ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (3.4) ¸ ³ ±¸¨-

³ ²Ó´μ° ´¥´ ·ÊÏ¥´´μ° ± ²¨¡·μ¢μÎ´μ° ¶μ¤£·Ê¶¶μ° USp(2N − 2) × U(1):

W =
W√

2
diag (1, 0, . . . , 0︸ ︷︷ ︸

N−1

,−1, 0, . . . , 0︸ ︷︷ ︸
N−1

), q+
F = 0,

(q+
A)β

α =
q+√

2N(N − 1)
diag (N − 1,−1, . . . ,−1︸ ︷︷ ︸

N−1

, N − 1,−1, . . . ,−1︸ ︷︷ ︸
N−1

).

Œ ¸¸μ¢ Ö ³ É·¨Í  (M2
v)IJ ¡Ò²  ¶μ¸É·μ¥´  ¢ [115]. �´  ¨³¥¥É n(Υ) =

4(N − 1) ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ ¸ ¸μ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ M2
v = W̄W +

N

N − 1
q̄jqj .

3. N = 2 ¸Ê¶¥·±μ´Ëμ·³´ Ö ³μ¤¥²Ó ¸ ¶·μ¸É¥°Ï¨³ ®±μ²Î ´μ³¯ ± ²¨¡·μ-
¢μÎ´ÒÌ É¥μ·¨° [189]. Š ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  ¥¸ÉÓ ¶·μ¨§¢¥¤¥´¨¥ SU(N)L ×
SU(N)R. Œμ¤¥²Ó ¸μ¤¥·¦¨É ¤¢  £¨¶¥·³Ê²ÓÉ¨¶²¥É  q+, q̃+ ¢ ¡¨ËÊ´¤ ³¥´É ²Ó-
´ÒÌ ¶·¥¤¸É ¢²¥´¨ÖÌ (N, N̄) ¨ (N̄,N) ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. ‚ · ¡μÉ¥ [115]
¡Ò²¨ ¶μ¸É·μ¥´Ò ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (3.4) ¸ ´¥¨¸Î¥§ ÕÐ¨³¨ ±μ³¶μ´¥´É ³¨ £¨-
¶¥·³Ê²ÓÉ¨¶²¥É , ±μÉμ·Ò¥ § ¤ ÕÉ ¶²μ¸±¨¥ ´ ¶· ¢²¥´¨Ö ¢ ¡¥§³ ¸¸μ¢ÒÌ N = 2
± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨ÖÌ. �·μ¸É· ´¸É¢μ ³μ¤Ê²¥° ¢ ±ÊÊ³  ¤²Ö ÔÉ¨Ì ³μ¤¥²¥°
¢±²ÕÎ ¥É ¸²¥¤ÊÕÐ¨¥ ±μ´Ë¨£Ê· Í¨¨:

WL = WR =
W

N
√

2(N − 1)
diag (N − 1,−1, . . . ,−1︸ ︷︷ ︸

N−1

),

q+ = q̃+ =
q+

√
2

diag (1, 0, . . . , 0).

�É¨ ±μ´Ë¨£Ê· Í¨¨ μ¸É ¢²ÖÕÉ ¢ ± Î¥¸É¢¥ ´¥´ ·ÊÏ¥´´μ° ± ²¨¡·μ¢μÎ´ÊÕ
£·Ê¶¶Ê SU(N − 1) × SU(N − 1) ¢³¥¸É¥ ¸ ¤¨ £μ´ ²Ó´μ° U(1)-¶μ¤£·Ê¶¶μ°
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¢ SU(N)L × SU(N)R, ¸μμÉ´¥¸¥´´μ° ¸ ¢Ò¡μ·μ³ W . �  É ±μ³ Ëμ´¥ ³ ¸¸μ-

¢ Ö ³ É·¨Í  ¨³¥¥É ¸μ¡¸É¢¥´´μ¥ §´ Î¥´¨¥ M2
v =

1
N − 1

W̄W +
1
N

q+aq−
a ¨,

¸μμÉ¢¥É¸É¢¥´´μ, n(Υ) = 4(N − 1).
3.5. ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³Ò° ¢±² ¤ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢´¥

³ ¸¸μ¢μ° μ¡μ²μÎ±¨. ‚¸¥ ¶·¥¤Ò¤ÊÐ¥¥ · ¸¸³μÉ·¥´¨¥,   É ±¦¥ · ¡μÉÒ ¶μ £¨¶¥·-
³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö [146, 216] μ¸´μ¢Ò¢ ²¨¸Ó
´  ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ £¨¶¥·³Ê²ÓÉ¨¶²¥É q+ Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ ³ ¸¸μ-
¢μ° μ¡μ²μÎ±¨ (3.6) ¨ μ£· ´¨Î¥´¨Õ q+ = D++q−. Š ± ¡Ò²μ μÉ³¥Î¥´μ ¢ [146],
ÔÉ¨Ì Ê¸²μ¢¨° ¤μ¸É ÉμÎ´μ, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ¢¸¥ ¢¥¤ÊÐ¨¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨¥
¢±² ¤Ò ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥. ‡¤¥¸Ó ³Ò μ¸² ¡¨³ ÔÉ¨ μ£· ´¨Î¥´¨Ö ¨ ¨§ÊÎ¨³
´¥±μÉμ·Ò¥ ¨§ ¢μ§³μ¦´ÒÌ ²¨¤¨·ÊÕÐ¨Ì ¢±² ¤μ¢ ¸ ³¨´¨³ ²Ó´Ò³ Î¨¸²μ³ ¶·μ¸É-

�¨¸. 2. �¤´μ¶¥É²¥¢ Ö ¸Ê¶¥·-
¤¨ £· ³³ 

· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¢ ±μ³¶μ´¥´É-
´μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨.

� ¸¸³μÉ·¨³ ¸Ê¶¥·¤¨ £· ³³Ê ´  ·¨¸. 2 ¸ ¤¢Ê³Ö
¢´¥Ï´¨³¨ ±μ´Í ³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ¸μ ¢¸¥³¨
¶·μ¶ £ Éμ· ³¨, § ¢¨¸ÖÐ¨³¨ μÉ Ëμ´μ¢μ£μ N = 2
¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . ‡¤¥¸Ó ¢μ²´¨¸É Ö ²¨´¨Ö
μ¡μ§´ Î ¥É N = 2 ± ²¨¡·μ¢μÎ´Ò° ¶·μ¶ £ Éμ· ¸Ê-

¶¥·¶μ²Ö,   ¸¶²μÏ´Ò¥ ¢´¥Ï´¨¥ ¨ ¢´ÊÉ·¥´´¨¥ ²¨´¨¨ Å Ëμ´μ¢Ò¥ ¸Ê¶¥·¶μ²Ö £¨-
¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ¶·μ¶ £ Éμ· ±¢ ´Éμ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¸μμÉ¢¥É¸É¢¥´´μ.
„²Ö ¶·μ¸ÉμÉÒ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ Ëμ´μ¢μ¥ ¶μ²¥  ¡¥²¥¢μ, ¨ μ¶Ê¸É¨³ ¢¸¥ £·Ê¶-
¶μ¢Ò¥ Ë ±Éμ·Ò. ‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢Ò£²Ö¤¨É
± ±

iΓ2 =
∫

dζ
(−4)
1 dζ

(−4)
2 du1 du2

[
(D+

1 )4(D+
2 )4

(u+
1 u+

2 )3
1

�
�1

δ12(1|2)
]
×

×
[
(D+

2 )4(D+
1 )4

�
�2

�
�1

δ12(2|1)(D−−
1 )2δ(−2,2)(u2, u1)

]
q̃+(z1, u1) q+(z2, u2). (3.57)

Š ± μ¡ÒÎ´μ, ¢Ò¤¥²¨³ Ë ±Éμ· (D+)4 ¨§ ¶·μ¶ £ Éμ·  ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É 
¤²Ö ¢μ¸¸É ´μ¢²¥´¨Ö ¶μ²´μ° N = 2 ³¥·Ò ¨´É¥£·¨·μ¢ ´¨Ö. „ ²¥¥ ³Ò ¸ÉÖ£¨-

¢ ¥³ ¶¥É²Õ ¢ ÉμÎ±Ê, ¶¥·¥±¨¤Ò¢ Ö μ¶¥· Éμ·Ò
�
� ¨ (D+)4 ¸ ¶¥·¢μ° δ-ËÊ´±Í¨¨

´  ¤·Ê£ÊÕ, ¨ ¸´¨³ ¥³ μ¤´μ ¨´É¥£·¨·μ¢ ´¨¥. ‚ ¶·μÍ¥¸¸¥ ÔÉ¨Ì ³ ´¨¶Ê²ÖÍ¨°

μ¶¥· Éμ·
�
� ´¥ ¤¥°¸É¢Ê¥É ´  q+, ¶μÉμ³Ê ÎÉμ ³Ò ¨´É¥·¥¸Ê¥³¸Ö ¢±² ¤ ³¨,

¶μ·μ¦¤ ÕÐ¨³¨ Î²¥´Ò ¸ ³¨´¨³ ²Ó´Ò³ Î¨¸²μ³ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ
¶·μ¨§¢μ¤´ÒÌ ¢ ±μ³¶μ´¥´É´μ° Ëμ·³¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. ‚ ·¥§Ê²ÓÉ É¥
¶μ²ÊÎ¨³

iΓ2 =
∫

dζ
(−4)
1 du1 du2

(u+
1 u+

2 )3
(D+

1 )4(D+
2 )4(D+

1 )4
�
�2

�
�

2

1

×

× δ12(z − z′)(D−−
1 )2δ(−2,2)(u2, u1)q̃+(z1, u1)q+(z1, u2).
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„ ²¥¥ ¤¢  · §  ¢μ¸¶μ²Ó§Ê¥³¸Ö ¸μμÉ´μÏ¥´¨¥³ (3.33), ¶μ§¢μ²ÖÕÐ¨³ ¶·¥¤¸É -
¢¨ÉÓ (D+

1 )4(D+
2 )4 ¢ ¢¨¤¥ ³´μ£μÎ²¥´  ¶μ ¸É¥¶¥´Ö³ (u+

1 u+
2 ). ’¥¶¥·Ó ¶μ¸²¥

¶¥·¥³´μ¦¥´¨Ö μ¶¥· Éμ·  (D+
1 )4(D+

2 )4(D+
1 )4 ¨ · ¸¶·¥¤¥²¥´¨Ö 1/(u+

1 u+
2 )3 ¶μ-

²ÊÎ¨³ ³´μ£μÎ²¥´ μÉ ¢¥²¨Î¨´Ò (u+
1 u+

2 ), ¸μ¤¥·¦ Ð¨° ¸É¥¶¥´¨ ÔÉμ° ¢¥²¨Î¨´Ò
μÉ ¶ÖÉμ° ¤μ ¶¥·¢μ°.

�¥·¢ Ö ¸É¥¶¥´Ó ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É ¢±² ¤Ê Éμ£μ É¨¶ , ±μÉμ·Ò° ³Ò
· ¸¸³μÉ·¥²¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¶μ¸±μ²Ó±Ê μ¤´Ê ¨§ ¶·μ¨§¢μ¤´ÒÌ ¢ (D−−)2

³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¶·¥μ¡· §μ¢ ´¨Ö (u+
1 u+

2 ) ¢ (u+
1 u−

2 )|u1=u2 = 1 ¢ ¶·¥-
¤¥²¥ ¸μ¢¶ ¤ ÕÐ¨Ì ÉμÎ¥±. „·Ê£ Ö D−− ¶·¥μ¡· §Ê¥É q+ ¢ q−. ‚¸¥ ÔÉμ Ê¦¥ ¡Ò²μ
¸¤¥² ´μ ¢ ¶. 3.4. �μÔÉμ³Ê, ¸μÌ· ´ÖÖ Éμ²Ó±μ ¶¥·¢Ò° ¶μ·Ö¤μ± ¶μ (u+

1 u+
2 ), ³Ò

¶μ²ÊÎ ¥³ ¢±² ¤ ±μ³¡¨´ Í¨¨ q+q− ¡¥§ ¶·μ¨§¢μ¤´ÒÌ. Š ± μÉ³¥Î ²μ¸Ó ¢ ¶. 3.4,
¤²Ö ¶μ²ÊÎ¥´¨Ö É ±μ£μ ¢±² ¤  ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ £¨¶¥·³Ê²ÓÉ¨¶²¥É, Ê¤μ-
¢²¥É¢μ·ÖÕÐ¨° Ê¸²μ¢¨Ö³ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ (3.6).

‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ ´μ¢Ò° ¢±² ¤ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μÉ Î²¥´ 
(u+

1 u+
2 )2:

(D+
1 )4(D+

2 )4(D+
1 )4

(u+
1 u+

2 )3
= . . . + (u+

1 u+
2 )2(u−

1 u+
2 )(u−

2 u+
1 )(D+

1 )4×

×
[

i

2
�
�1Δ−−

2 (u+
2 u−

1 ) − i

2
Δ−−

1

�
�2(u+

1 u−
2 )

]
+ . . . (3.58)

Œ´μ£μÉμÎ¨¥ μ¡μ§´ Î ¥É Î²¥´Ò ¸μ ¸É¥¶¥´Ö³¨ ¢¥²¨Î¨´Ò (u+
1 u+

2 ), μÉ²¨Î´Ò³¨
μÉ 2. Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¢ ¶·¥¤¥²¥ ¸μ¢¶ ¤ ÕÐ¨Ì ÉμÎ¥± É ±¨¥ Î²¥´Ò ¨¸Î¥-
§ ÕÉ. ’¥¶¥·Ó, ¶¥·¥¡· ¸Ò¢ Ö (D−−)2 ´  (u+

1 u+
2 )2, ¶μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥

iΓ2 = i

∫
dζ(−4) du (D+)4

1
�
�

3

⎛⎝�
�Δ−−︸ ︷︷ ︸
Γ2(1)

−Δ−−�
�︸ ︷︷ ︸

Γ2(2)

⎞⎠×

× δ12(z − z′)|z=z′ q̃+(z, u) q+(z, u), (3.59)

£¤¥ Δ−− μ¶·¥¤¥²¥´  ¢ (3.34).
� ¸¸³μÉ·¨³ ± ¦¤Ò° ¨§ ¤¢ÊÌ μÉ³¥Î¥´´ÒÌ ¢±² ¤μ¢ · §¤¥²Ó´μ. ˆ¸¶μ²Ó§Ê¥³

¶·¥¤¸É ¢²¥´¨¥

1
�
�

2 Δ−−δ12(z − z′)| =
∫

ds s es
�
�Δ−−δ12(z − z′)|, (3.60)

£¤¥ | μ§´ Î ¥É ¶·¥¤¥² ¸μ¢¶ ¤¥´¨Ö z = z′. ’¥¶¥·Ó ³Ò ³μ¦¥³ ¨¸¶μ²Ó§μ¢ ÉÓ
· §²μ¦¥´¨¥ ¶μ ¶·μ¨§¢μ¤´Ò³ É¥¶²μ¢μ£μ Ö¤· . ƒ² ¢´ Ö Í¥²Ó ¶·¨ ÔÉμ³ ¸μ¸Éμ¨É
¢ Éμ³, ÎÉμ¡Ò ¸μ¡· ÉÓ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´μ¥ Î¨¸²μ Ë ±Éμ·μ¢ D+, D−, ¤¥°-
¸É¢ÊÕÐ¨Ì ´  (θ+−θ

′+)4(θ−−θ
′−)4, ¨ ¸μÌ· ´¨ÉÓ ³¨´¨³ ²Ó´Ò° ¶μ·Ö¤μ± ¶μ s ¢

¨´É¥£· ²¥ ¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨. ‚Ò¸μ±¨¥ ¶μ·Ö¤±¨ ¶μ s £¥´¥·¨·ÊÕÉ ¢Ò¸μ±¨¥
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¸É¥¶¥´¨ ¸¶¨´μ·´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨. „²Ö ¶μ¸É·μ¥´¨Ö
´¥μ¡Ìμ¤¨³μ£μ μ¶¥· Éμ·  (D−)4 ³Ò ¢ (3.60) · §² £ ¥³ Ô±¸¶μ´¥´ÉÊ, ¸μ¤¥·¦ -
ÐÊÕ D+WD− + c. c., ¤μ ¢Éμ·μ£μ ¶μ·Ö¤± , ¶μ¸²¥ Î¥£μ ¤¥°¸É¢Ê¥³ ´  ¸² £ ¥³μ¥
(1/2)W(D−)2 +c. c., ¢Ìμ¤ÖÐ¥¥ ¢ Δ−−. �·¥¤¸É ¢²¥´¨¥ (3.60) ¶μ§¢μ²Ö¥É § ¶¨-
¸ ÉÓ ¢¥¤ÊÐ¨° ¢±² ¤ ¢ Γ2(1) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Γ2(1) = −
∫

d12z du

∞∫
0

ds s

∫
d4p

(2π)4
e−sp2

es(WW̄−ε) s2

32
W̄(D+αWD+

αW)×

× (D−)2(D̄−)2δ8(θ − θ′)|q̃+q+ + c. c.

�μ¸²¥ É·¨¢¨ ²Ó´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ p ¨ s ÔÉμÉ ¢±² ¤ ¸¢μ¤¨É¸Ö ± ¢Ò· -
¦¥´¨Õ

Γ2(1) =
i

32π2

∫
d12z du

1
W̄

D+WD+W
W2

q̃+(z, u)q+(z, u)(D−)4δ8(θ − θ′)|+

+
i

32π2

∫
d12z du

1
W

D̄+W̄D̄+W̄
W̄2

q̃+(z, u)q+(z, u)(D−)4δ8(θ − θ′)|. (3.61)

’¥¶¥·Ó ¢Ò¶μ²´¨³ É¥ ¦¥ ³ ´¨¶Ê²ÖÍ¨¨ ¸μ ¢Éμ·Ò³ ¶μ¤Î¥·±´ÊÉÒ³ ¢±² ¤μ³ Γ2(2),
Ê¤¥·¦¨¢ Ö ÉμÉ ¦¥ ¶μ·Ö¤μ± ¶μ s ¨ D−, D̄−, ± ± ¨ ¢ ¢Ò· ¦¥´¨¨ (3.61):

Γ2(2) = −
∫

d12z du q̃+q+

∞∫
0

ds s2

2

∫
d4p

(2π)4
e−sp2+ispD+s

�
�×

× (ipαα̇D−
α D̄−

α̇ + Δ−−)
(
−1

2
pαα̇pαα̇ + ipαα̇Dαα̇+

�
�

)
δ8(θ − θ′)| =

= −
∫

d12z du q̃+q+

∞∫
0

ds s2

2

∫
d4p

(2π)4
e−sp2+sWW̄−εs×

× 1
2
W̄(D̄−)2

1
4
(D+W)(D+W)

(
−s2

4
pαα̇pαα̇ + s

)
×

× 1
2
(D−)2δ8(θ − θ′)| + (W ↔ W̄).

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ ¨³¶Ê²Ó¸Ê ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨∗ ¤ ¥É
i

(4πs)2

{
−s2

4
4
s

+ s

}
=0.

�μ¸²¥ ÔÉμ£μ ³Ò μ¡´ ·Ê¦¨¢ ¥³, ÎÉμ ¢¥¤ÊÐ¨° Î²¥´ ¢¨¤  (3.61) μÉ¸ÊÉ¸É¢Ê¥É

∗
∫

d4p

(2π)4
e−sp2

=
i

(4πs)2
,

∫
d4p

(2π)4
pαα̇pββ̇ e−sp2

=
i

(4πs)2
1

s
δββ̇
αα̇.
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¢ Γ2(2). ’¥¶¥·Ó ´¥É·Ê¤´μ ¶μ± § ÉÓ, ÎÉμ ¢±² ¤ (3.61) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ± ±
(³Ò ¨¸¶μ²Ó§Ê¥³

∫
d2θ̄− = D̄+2)

− i

32π2

∫
d4xd4θ+ d2θ− du (D̄+)2(D+)2(ln W)×

× 1
W̄ q̃+(z, u)q+(z, u)(D−)4δ8(θ − θ′)| + c. c.

�¥´Ê²¥¢μ° ·¥§Ê²ÓÉ É ¢μ§´¨± ¥É Éμ£¤ , ±μ£¤  ¢¸¥ D+-Ë ±Éμ·Ò ¤¥°¸É¢ÊÕÉ Éμ²Ó±μ
´  ¸¶¨´μ·´ÊÕ ¤¥²ÓÉ -ËÊ´±Í¨Õ. ’ ±¨³ μ¡· §μ³, · ¸¸³ É·¨¢ ¥³Ò° ¢±² ¤ § -
¶¨¸Ò¢ ¥É¸Ö ± ± ¨´É¥£· ² ¶μ ³¥·¥ d4xdu d4θ+ d2θ−, ±μÉμ· Ö ¢Ò£²Ö¤¨É ± ±
3/4 ¶μ²´μ° N = 2 ³¥·Ò ¨´É¥£·¨·μ¢ ´¨Ö ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥
d4xdu d4θ+ d4θ−.

’ ±¨³ μ¡· §μ³, £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³ Ö Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö ¸μ¤¥·¦¨É Î²¥´

Γ2 = − i

32π2

∫
d4xdu d4θ+ d2θ−

1
W̄ ln (W)q̃+q+|θ̄−=0 −

− i

32π2

∫
d4xdu d4 θ+ d2θ̄−

1
W ln (W̄)q̃+q+|θ−=0. (3.62)

� ²¨Î¨¥ É ±μ£μ Î²¥´  ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ ¤²Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´ÒÌ ³μ¤¥²¥° ¡Ò²μ ¶·¥¤¶μ²μ¦¥´μ ¢ · ¡μÉ¥ [195]. ‡¤¥¸Ó ³Ò ¶μ± § ²¨, ± ± Î²¥´
É ±μ° ¸É·Ê±ÉÊ·Ò ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´ ¢ · ³± Ì ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ°
É¥μ·¨¨ ¶μ²Ö.

ˆ´É¥·¥¸´μ ¨ ¶μ²¥§´μ ´ °É¨ ±μ³¶μ´¥´É´ÊÕ Ëμ·³Ê ´¥¸É ´¤ ·É´μ£μ ¸Ê-
¶¥·¶μ²¥¢μ£μ ¤¥°¸É¢¨Ö (3.62). ‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ Î¨¸Éμ ¡μ§μ´´Ò° ¸¥±Éμ·
¢ (3.62). �μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ  ´É¨±μ³³ÊÉ¨·ÊÕÐ¨³ ¶¥·¥³¥´´Ò³, ±μÉμ-
·μ¥ ³μ¦´μ Ô±¢¨¢ ²¥´É´μ § ³¥´¨ÉÓ ¤¥°¸É¢¨¥³ ¸Ê¶¥·±μ¢ ·¨ ´É´ÒÌ ¶·μ¨§¢μ¤-
´ÒÌ ¶·¨ θ = 0, ¶μ²ÊÎ¨³

Γ2 =
i

4π2

∫
d4xdu

1
WW̄D+

β D̄−
α̇ q̃+D̄−α̇D−

α q+D+βD−αW|θ,θ̄=0 +

+
i

4π2

∫
d4xdu

1
WW̄ D̄+

β̇
D−αq̃+D−

α D̄−
α̇ q+D̄+β̇D̄−α̇W̄|θ,θ̄=0.

�μ¸±μ²Ó±Ê D−
α D̄−

α̇ q+ = −2i∂αα̇f−, D̄+

β̇
D−

β q̃+ = 2i∂ββ̇f̃+, ¶μ²ÊÎ ¥³

Γ2 =
i

π2

∫
d4xdu

1
φφ̄

∂βα̇f̃+∂α̇
αf−F βα +

+
i

π2

∫
d4xdu

1
φφ̄

∂α
β̇
f̃+∂αα̇f−F̄ β̇α̇, (3.63)
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£¤¥ Fαβ , F̄ α̇β̇ Å ¸¶¨´μ·´Ò¥ ±μ³¶μ´¥´ÉÒ  ¡¥²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨ Fab. ’¥-
¶¥·Ó ³Ò ±μ´¢¥·É¨·Ê¥³ ¸¶¨´μ·´Ò¥ ¨´¤¥±¸Ò ¢ ¢¥±Éμ·´Ò¥. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³
¢±² ¤ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ¶μ¤μ¡´Ò° Î²¥´Ê —¥·´ Ä‘ °³μ´¸  ¨ ¸μ¤¥·¦ -
Ð¨° É·¨ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò¥ ¶·μ¨§¢μ¤´Ò¥

Γ2 = − 1
2π2

∫
d4x

1
φφ̄

εmnab∂mf̄ i∂nfiFab. (3.64)

�Éμ ¢Ò· ¦¥´¨¥ Ö¢²Ö¥É¸Ö ¶·μ¸É¥°Ï¨³ ¢±² ¤μ³ ¢ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ¥
ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ (3.6) ¤²Ö Ëμ´μ¢μ£μ £¨¶¥·³Ê²Ó-
É¨¶²¥É . Šμ´¥Î´μ, ¸ÊÐ¥¸É¢ÊÕÉ ¨ ¤·Ê£¨¥, ¡μ²¥¥ ¸²μ¦´Ò¥ ¢±² ¤Ò, ¢±²ÕÎ ÕÐ¨¥
¶·μ¨§¢μ¤´Ò¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É . �´¨ ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¶μ Éμ° ¦¥ ¸Ì¥³¥,
±μÉμ· Ö ¶·¨¢¥²  ± (3.62). ‡¤¥¸Ó ³Ò ¢¸¥£μ ²¨ÏÓ ¶·μ¤¥³μ´¸É·¨·μ¢ ²¨ ¶·μ-
Í¥¤Ê·Ê, ±μÉμ· Ö ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ¢±² ¤Ò ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¢¨¤¥
¨´É¥£· ²  ¶μ 3/4 ¶μ²´μ£μ N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ .

3.6. ˆÉμ£¨. ˆ¸¸²¥¤μ¢ ´μ μ¤´μ¶¥É²¥¢μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ ¢ N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²ÖÌ. �É¨ ³μ¤¥²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò
¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥, ¨ ¨Ì ¶μ²¥¢μ¥ ¸μ¤¥·¦ ´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É
Ê¸²μ¢¨Õ Ê²ÓÉ· Ë¨μ²¥Éμ¢μ° ±μ´¥Î´μ¸É¨ É¥μ·¨¨ (3.1). �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥
§ ¢¨¸¨É μÉ Ëμ´μ¢μ£μ  ¡¥²¥¢  N = 2 ¸Ê¶¥·¶μ²Ö ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨
Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É , ±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ ¸¶¥Í¨ ²Ó´Ò³
μ£· ´¨Î¥´¨Ö³ (3.4), (3.5), μ¶·¥¤¥²ÖÕÐ¨³ ¸É·Ê±ÉÊ·Ê ¢ ±ÊÊ³  ³μ¤¥²¥°. �Ë-
Ë¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ÒÎ¨¸²Ö¥É¸Ö ´  μ¸´μ¢¥ N = 2 ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ¤²Ö
Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ (3.6) ¨ ¢´¥ ¥¥.

�μ± § ´μ, ÎÉμ £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ¥ μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ ¢ · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨ ¸¢Ö§ ´μ ¸μ ¸¶¥Í¨ ²Ó´Ò³ ¸Ê¶¥·¶μ²¥¢Ò³
μ¶¥· Éμ·μ³ (3.38), ¤¥°¸É¢ÊÕÐ¨³ Éμ²Ó±μ ¢ ¸¥±Éμ·¥ ±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥°
¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . ŠμÔËË¨Í¨¥´ÉÒ ÔÉμ£μ μ¶¥· Éμ·  ¸μ¤¥·¦ É Ëμ´μ-
¢Ò¥ ¸Ê¶¥·¶μ²Ö ¨ § ¢¨¸ÖÉ μÉ ¤¥É ²¥° ´ ·ÊÏ¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨.
„μ± § ´μ, ÎÉμ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¤μ¸É -
ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ ¶·μ¸Éμ° ¸²ÊÎ °, ±μ£¤  ÔÉμÉ μ¶¥· Éμ· ¨³¥¥É Ê´¨¢¥·¸ ²Ó´ÊÕ
Ëμ·³Ê (3.41).

ƒ¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ¥ μ¤´μ¶¥É²¥¢μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±-
É¨¢´μ¥ ¤¥°¸É¢¨¥ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ ¸μ¡¸É¢¥´´μ³Ê ¢·¥³¥´¨.
�μ± § ´μ, ÎÉμ ¤²Ö ´ Ìμ¦¤¥´¨Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì ¢±² ¤μ¢ ¢ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É ¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É
´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨. �±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö É ±μ£μ ¸²ÊÎ Ö ¤ -
¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ (3.50), ±μÉμ·μ¥ Ö¢²Ö¥É¸Ö N = 2 ¸Ê¶¥·¶μ²¥¢Ò³  ´ ²μ-
£μ³ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ƒ¥°§¥´¡¥·£ Ä�°²¥· . ‚¥¤ÊÐ Ö Î ¸ÉÓ ´¨§±μÔ´¥·-
£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.54) ¨³¥¥É Ê´¨¢¥·¸ ²Ó´Ò° ¢¨¤∗ ¨ § ¢¨-

∗’ ± Ö Ëμ·³  ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.54) ¢¶¥·¢Ò¥ ¡Ò²  ´ °¤¥´ 
¢ [146] ¤²Ö N = 4 ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨.
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¸¨É μÉ ¢¥²¨Î¨´Ò X =
−q+aq−

a

WW̄
r(Υ)
α(H)

(3.52), ¸μ¤¥·¦ Ð¥° ¤¥É ²¨ ¢ ±ÊÊ³´μ°

¸É·Ê±ÉÊ·Ò ³μ¤¥²¨. ˆ¸¶μ²Ó§ÊÖ ¸Ê¶¥·¶μ²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ (3.54), ³Ò
¸É·μ¨³ ¢¥¤ÊÐ¨¥ ¶μ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³ ¶·μ¨§¢μ¤´Ò³ Î²¥´Ò ¢ ¸¥±-
Éμ·¥ ¸± ²Ö·´ÒÌ ±μ³¶μ´¥´É £¨¶¥·³Ê²ÓÉ¨¶²¥É . �É¨ Î²¥´Ò ¸μ¤¥·¦ É Î¥ÉÒ·¥
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ¸± ²Ö·´μ£μ ¶μ²Ö ¨ ¨³¥ÕÉ ¢¨¤, ¶μ-
¤μ¡´Ò° ¤¥°¸É¢¨Õ —¥·´ Ä‘ °³μ´¸  (3.55).

“¸É ´μ¢²¥´Ò ¢μ§³μ¦´Ò¥ ¢±² ¤Ò ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, ±μÉμ·Ò¥ ³μ£ÊÉ
¡ÒÉÓ ¶μ²ÊÎ¥´Ò, ¥¸²¨ ³Ò ¢ÒÌμ¤¨³ §  ¶·¥¤¥²Ò Ê¸²μ¢¨° ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ (3.6)
¤²Ö Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É . ‚ÒÎ¨¸²¥´  £ ·³μ´¨Î¥¸± Ö ¸Ê¶¥·¤¨ £· ³³  ¸
¤¢Ê³Ö ¢´¥Ï´¨³¨ ²¨´¨Ö³¨ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ¸ Ëμ´μ¢μ-§ ¢¨¸¨³Ò³ ¶·μ¶ -
£ Éμ·μ³ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨ ´ °¤¥´ ¥¥ ¢¥¤ÊÐ¨° ´¨§±μÔ´¥·£¥É¨Î¥¸±¨°
¢±² ¤. ŒÒ ¶μ± § ²¨, ÎÉμ μ±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¨³¥¥É μÎ¥´Ó ¨´É¥·¥¸´ÊÕ
¸Ê¶¥·¶μ²¥¢ÊÕ ¸É·Ê±ÉÊ·Ê ¨ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ 3/4 ¶μ²´μ£μ
N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢  (3.62). ‚μ§³μ¦´μ¥ ´ ²¨Î¨¥ É -
±¨Ì Î²¥´μ¢ ¢ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨°
¡Ò²μ ´¥¤ ¢´μ ¶·¥¤¶μ²μ¦¥´μ ¢ · ¡μÉ¥ [195]. ŒÒ ´ Ìμ¤¨³ ±μ³¶μ´¥´É´ÊÕ
¸É·Ê±ÉÊ·Ê ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö (3.62) ¢ ¡μ§μ´´μ³ ¸¥±Éμ·¥, Ê¤¥·¦¨¢ Ö ¸± -
²Ö·´Ò¥ ±μ³¶μ´¥´ÉÒ Ëμ´μ¢μ£μ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¨ ¢¥±Éμ·´Ò¥ ±μ³¶μ´¥´ÉÒ
Ëμ´μ¢μ£μ N = 2 ± ²¨¡·μ¢μÎ´μ£μ ³Ê²ÓÉ¨¶²¥É . �μ²ÊÎ¥´´μ¥ ¢ ·¥§Ê²ÓÉ É¥ ¢Ò-
· ¦¥´¨¥ (3.64) ¨³¥¥É ¢¨¤, ¶μ¤μ¡´Ò° Î²¥´ ³ —¥·´ Ä‘ °³μ´¸ , ¨ ¸μ¤¥·¦¨É É·¨
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ±μ³¶μ´¥´É´ÒÌ ¶μ²¥°.

‚ § ±²ÕÎ¥´¨¥ ÔÉμ£μ · §¤¥²  ¥Ð¥ · § ¶μ¤Î¥·±´¥³, ÎÉμ ³Ò ¶·μ ´ ²¨§¨·μ-
¢ ²¨ μ¡ÐÊÕ ¸É·Ê±ÉÊ·Ê £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ-§ ¢¨¸¨³μ£μ μ¤´μ¶¥É²¥¢μ£μ ´¨§±μ-
Ô´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ ³μ¤¥²¥°.
� °¤¥´μ Ê´¨¢¥·¸ ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö £¨¶¥·³Ê²ÓÉ¨-
¶²¥É  ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥. „²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨
³Ò ¢ÒÎ¨¸²¨²¨ ¸¶¥Í¨ ²Ó´Ò°, Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò° ¸Ê¡²¨¤¨·ÊÕ-
Ð¨° ¢±² ¤, ±μÉμ·Ò° § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ 3/4 ¶μ²´μ£μ N = 2
£ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ . ’ ±¨¥ ¢±² ¤Ò § ¸²Ê¦¨¢ ÕÉ μÉ¤¥²Ó´μ£μ
¸¶¥Í¨ ²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö.

4. �„���…’‹…‚�… �””…Š’ˆ‚��… „…‰‘’‚ˆ…
‚ N = 2 ‘“�…�‘ˆŒŒ…’�ˆ—��‰ Œ�‘‘ˆ‚��‰ ’…��ˆˆ
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4.1. ‚¢¥¤¥´¨¥. �·μ¡²¥³  ±¢ ´Éμ¢ ´¨Ö ³ ¸¸¨¢´μ° ´¥ ¡¥²¥¢μ° É¥μ·¨¨ Ÿ´£ Ä
Œ¨²²¸  ¨³¥¥É ¤μ²£ÊÕ ¨¸Éμ·¨Õ (¸³., ´ ¶·¨³¥·, [157Ä162]). �¡ÒÎ´μ ± ²¨¡·μ-
¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ  ¸¸μÍ¨¨·Ê¥É¸Ö ¸ ¡¥§³ ¸¸μ¢μ¸ÉÓÕ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ± -
²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°. �¤´ ±μ Ö¸´μ, ÎÉμ ¤²Ö ¶μ´¨³ ´¨Ö Ë¥´μ³¥´μ²μ£¨¨ Î ¸É¨Í
´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ³ ¸¸¨¢´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¢¥±Éμ·´ÒÌ ¡μ§μ´μ¢.
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‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨§¢¥¸É´μ ´¥¸±μ²Ó±μ · §²¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ¶·¨¤ -
´¨Ö ³ ¸¸Ò ¢¥±Éμ·´Ò³ ¶μ²Ö³, ¸μ¢³¥¸É¨³ÒÌ ¸ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ-
¸ÉÓÕ. ˆÌ μ¡Ð¥° Î¥·Éμ° Ö¢²Ö¥É¸Ö Ê¢¥²¨Î¥´¨¥ Î¨¸²  Ë¨§¨Î¥¸±¨Ì ¸É¥¶¥´¥° ¸¢μ-
¡μ¤Ò ¶μ ¸· ¢´¥´¨Õ ¸ ¡¥§³ ¸¸μ¢μ° É¥μ·¨¥°. Šμ´¥Î´μ, μ¸´μ¢´μ° μ¡Ð¥¶·¨´ÖÉμ°
¶ · ¤¨£³μ°, ´  ±μÉμ·μ° ¡ §¨·Ê¥É¸Ö ‘É ´¤ ·É´ Ö ³μ¤¥²Ó, Ö¢²Ö¥É¸Ö ³¥Ì ´¨§³
¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨, ¢ ±μÉμ·μ³ ¤μ¶μ²´¨É¥²Ó´Ò¥ Ë¨§¨Î¥¸±¨¥
¸É¥¶¥´¨ ¸¢μ¡μ¤Ò μ¡Ê¸²μ¢²¥´Ò ÔËË¥±Éμ³ •¨££¸ . �ÉμÉ ÔËË¥±É ¸μ¸Éμ¨É ¢ Éμ³,
ÎÉμ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¡¥·ÊÉ¸Ö ¨§ Ì¨££¸μ¢¸±μ£μ ³Ê²ÓÉ¨¶²¥É ,
¸μ¤¥·¦ Ð¥£μ ¸± ²Ö·´Ò¥ Ì¨££¸μ¢¸±¨¥ ¶μ²Ö. ‚ Ê´¨É ·´μ° ± ²¨¡·μ¢±¥ μÉ ÔÉμ£μ
³Ê²ÓÉ¨¶²¥É  μ¸É ÕÉ¸Ö Éμ²Ó±μ Ì¨££¸μ¢¸±¨¥ ¡μ§μ´Ò,   ´¥±μÉμ·Ò¥ ¡¥§³ ¸¸μ¢Ò¥
± ²¨¡·μ¢μÎ´Ò¥ ¶μ²Ö ¸É ´μ¢ÖÉ¸Ö ³ ¸¸¨¢´Ò³¨ §  ¸Î¥É ¶μ£²μÐ¥´¨Ö μ¸É ²Ó´ÒÌ
¸± ²Ö·´ÒÌ (£μ²¤¸ÉμÊ´μ¢¸±¨Ì) ±μ³¶μ´¥´É, Î¨¸²μ ±μÉμ·ÒÌ ¸μ¢¶ ¤ ¥É ¸ Î¨¸²μ³
³ ¸¸¨¢´ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°.

•μÉÖ ¸ÊÐ¥¸É¢μ¢ ´¨¥ Ì¨££¸μ¢¸±μ£μ ¡μ§μ´  Ô±¸¶¥·¨³¥´É ²Ó´μ ¶μ¤É¢¥·¦¤¥-
´μ, ¨ ÔÉμÉ  ¸¶¥±É ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¶μ²´μ¸ÉÓÕ μ¡μ¸´μ¢ ´, μ¤´ ±μ ¸ ÉμÎ±¨
§·¥´¨Ö · §¢¨É¨Ö ³¥Éμ¤μ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ³μ£ÊÉ ¶·¥¤¸É ¢²ÖÉÓ ¨´É¥·¥¸
¨ ¤·Ê£¨¥ ³¥Ì ´¨§³Ò £¥´¥· Í¨¨ ³ ¸¸Ò ¡μ§μ´μ¢ ¨ Ë¥·³¨μ´μ¢ ¢ ± ²¨¡·μ¢μÎ´ÒÌ
É¥μ·¨ÖÌ Å ¶·¨ ¥¸É¥¸É¢¥´´μ³ Ê¸²μ¢¨¨, ÎÉμ ¢ ¸¶¥±É·¥ Ë¨§¨Î¥¸±¨Ì Î ¸É¨Í ´¥
¤μ²¦´μ ¶μÖ¢²ÖÉÓ¸Ö ²¨Ï´¨Ì ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò.

� ¨¡μ²¥¥ ¶μ¶Ê²Ö·´μ°  ²ÓÉ¥·´ É¨¢μ° ³¥Ì ´¨§³Ê •¨££¸  Ö¢²Ö¥É¸Ö ³μ¤¥²Ó,
¢ ±μÉμ·μ° ³ ¸¸  Ê ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¶μÖ¢²Ö¥É¸Ö §  ¸Î¥É ¨Ì ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´μ° ¸¢Ö§¨ ¸ ¤¥°¸É¢¨É¥²Ó´Ò³ ¶¸¥¢¤μ¸± ²Ö·´Ò³ ¶μ²¥³ ˜ÉÕ±¥²Ó¡¥·-
£  [163], ±μÉμ·μ¥ μ¶¨¸Ò¢ ¥É¸Ö ´¥²¨´¥°´μ° ¸¨£³ -³μ¤¥²ÓÕ. ‚ Ê´¨É ·´μ° ± ²¨-
¡·μ¢±¥ ÔÉμ ¶μ²¥ ¶μ²´μ¸ÉÓÕ ¶μ£²μÐ ¥É¸Ö ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´Éμ° ³ ¸¸¨¢´μ£μ
¢¥±Éμ· . �É²¨Î¨¥ μÉ ³¥Ì ´¨§³  •¨££¸  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶μ²Ö ˜ÉÕ±¥²Ó-
¡¥·£  ¸ ¸ ³μ£μ ´ Î ²  ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ ´¥²¨´¥°´μ° ·¥ ²¨§ Í¨¨ ± ²¨¡·μ¢μÎ-
´μ° £·Ê¶¶Ò, ´¥ É·¥¡ÊÕÐ¥° ¢¢¥¤¥´¨Ö ± ±¨Ì-²¨¡μ ¤μ¶μ²´¨É¥²Ó´ÒÌ Ì¨££¸μ¢¸±¨Ì
¶μ²¥°, ¤μ¸É· ¨¢ ÕÐ¨Ì ´¥²¨´¥°´Ò¥ ¶μ²Ö ¤μ ²¨´¥°´μ£μ ³Ê²ÓÉ¨¶²¥É ∗. „μ¸É -
ÉμÎ´μ ¶μ²´Ò° μ¡§μ· ²¨É¥· ÉÊ·Ò, μÉ´μ¸ÖÐ¥°¸Ö ± ÔÉμ³Ê ³¥Éμ¤Ê, ¤ ´ ¢ [166];
¸·¥¤¨ ³´μ£μÎ¨¸²¥´´ÒÌ ¶μ¸²¥¤´¨Ì ¶Ê¡²¨± Í¨° μÉ³¥É¨³ [167].

�μ³¨³μ ³μ¤¥²¥° ¸μ ÏÉÕ±¥²Ó¡¥·£μ¢Ò³¨ ¶μ²Ö³¨ ³μ¦´μ É ±¦¥ · ¸¸³ É·¨-
¢ ÉÓ ´¥ ¡¥²¥¢Ò ¢¥±Éμ·-É¥´§μ·´Ò¥ ± ²¨¡·μ¢μÎ´Ò¥ É¥μ·¨¨ ¸ Éμ¶μ²μ£¨Î¥¸±¨³¨
¢§ ¨³μ¤¥°¸É¢¨Ö³¨. ‚¸¥ É ±¨¥ É¥μ·¨¨ ±² ¸¸¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´Ò ´¥ ¡¥²¥¢Ò³
É¥μ·¨Ö³ ³ ¸¸¨¢´ÒÌ ¢¥±Éμ·´ÒÌ ¶μ²¥° ¸ ¶μ²Ö³¨ ˜ÉÕ±¥²Ó¡¥·£ . �¤´¨ ¨ É¥
¦¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò μ¶¨¸Ò¢ ÕÉ¸Ö ²Õ¡Ò³ ¨§ ¤¢ÊÌ ¤Ê ²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨°.
‚ § ¢¨¸¨³μ¸É¨ μÉ ±μ´É¥±¸É  § ¤ Î¨ μ¤´  ¨§ Ëμ·³Ê²¨·μ¢μ± ³μ¦¥É μ± § ÉÓ¸Ö

∗‘μ¡¸É¢¥´´μ £μ¢μ·Ö, μ¸´μ¢´μ° ³μÉ¨¢¨·μ¢±μ° ¶μ³¥Ð¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ¸É¥¶¥´¥° ¸¢μ-
¡μ¤Ò ¢ ²¨´¥°´Ò° ³Ê²ÓÉ¶²¥É Ö¢²Ö¥É¸Ö É·¥¡μ¢ ´¨¥ ¶¥·¥´μ·³¨·Ê¥³μ¸É¨ É¥μ·¨¨, ±μÉμ·μ¥ ´¥ ¢Ò-
¶μ²´Ö¥É¸Ö ¢ ®³¨´¨³ ²Ó´μ³¯ ¸²ÊÎ ¥, ±μ£¤  ÔÉ¨ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò μ¶¨¸Ò¢ ÕÉ¸Ö ´¥²¨´¥°´μ° ¸¨£³ -
³μ¤¥²ÓÕ.
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Ê¤μ¡´¥¥ ¤·Ê£μ°, ¢¢¨¤Ê Î¥£μ ¦¥² É¥²Ó´μ §´ ÉÓ ¤¥É ²¨ μ¡¥¨Ì Ëμ·³Ê²¨·μ¢μ± ¨
¨Ì ¢§ ¨³μ¸¢Ö§¨∗.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¤μ¡´Ò¥ ³μ¤¥²¨ ¢μ§´¨± ÕÉ ¢ ´¨§±μÔ´¥·£¥É¨Î¥-
¸±μ³ ¶·¥¤¥²¥ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´,   É ±¦¥ ¢ ±μ´É¥±¸É¥ ¸Ê¶¥·£· ¢¨É Í¨¨ ¢ ¢Ò¸-
Ï¨Ì ¨§³¥·¥´¨ÖÌ. ’ ±, ¢ ¨§ÊÎ¥´´ÒÌ ´¥¤ ¢´μ ±μ³¶ ±É¨Ë¨± Í¨ÖÌ ¸Ê¶¥·¸É·Ê´Ò
É¨¶  II ´  ³´μ£μμ¡· §¨ÖÌ Š ² ¡¨ÄŸÊ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ´¥É·¨¢¨ ²Ó´ÒÌ ¶μÉμ±μ¢
± ²¨¡·μ¢μÎ´μ° 3-Ëμ·³Ò ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¶·μÖ¢²ÖÕÉ ¸¥¡Ö ¸É¥¶¥´¨ ¸¢μ-
¡μ¤Ò ³ ¸¸¨¢´μ£μ  ´É¨¸¨³³¥É·¨Î´μ£μ É¥´§μ·´μ£μ ¶μ²Ö, μÉ¢¥É¸É¢¥´´Ò¥ §  μ¤¨´
¨§ ¢μ§³μ¦´ÒÌ ³¥Ì ´¨§³μ¢ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ (¸³., ´ -
¶·¨³¥·, [66]). �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¢μ§·μ¤¨²μ ¨´É¥·¥¸ ± ¡μ²¥¥ ¤¥É ²Ó´μ³Ê
¨¸¸²¥¤μ¢ ´¨Õ ³ ¸¸¨¢´ÒÌ N = 1 ¨ N = 2 É¥´§μ·´ÒÌ ³Ê²ÓÉ¨¶²¥Éμ¢ ¨ ¨Ì
¸¢Ö§¥° ¸μ ¸± ²Ö·´Ò³ ¨ ¢¥±Éμ·´Ò³ ³Ê²ÓÉ¨¶²¥É ³¨ (¸³. ´ ¶·¨³¥·, [196Ä199]).
�É³¥É¨³ É ±¦¥, ÎÉμ ¸¢Ö§¨ ¸ É¥´§μ·´Ò³¨ ³Ê²ÓÉ¨¶²¥É ³¨ ¨£· ÕÉ ¢ ¦´ÊÕ ·μ²Ó
¢ ³¥Ì ´¨§³¥ ¸μ±· Ð¥´¨Ö  ´μ³ ²¨° ¢ ¸Ê¶¥·¸É·Ê´´ÒÌ ³μ¤¥²ÖÌ.

�¸μ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¨§ÊÎ¥´¨¥ ±¢ ´Éμ¢ÒÌ ¸¢μ°¸É¢ ¤Ê ²Ó´ÒÌ ·¥-
 ²¨§ Í¨° μ¤´μ£μ ¨ Éμ£μ ¦¥ ¶·¥¤¸É ¢²¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨.

’¥μ·¨Ö N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ³ ¸¸¨¢´μ£μ É¥´§μ·´μ£μ ³Ê²ÓÉ¨¶²¥É 
± ± ¤Ê ²Ó´μ° ¢¥·¸¨¨ ³ ¸¸¨¢´μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨§¢¥¸É´  ¤μ¸É ÉμÎ´μ
¤ ¢´μ (¸³., ´ ¶·¨³¥·, [39]). ‚ N = 2 ¸Ê¶¥·¸¨³³¥É·¨¨ ´ ¶·Ö¦¥´´μ¸ÉÓ  ´É¨-
¸¨³³¥É·¨Î´μ£μ É¥´§μ·  ¸μ¤¥·¦¨É¸Ö ¢ É¥´§μ·´μ³ ³Ê²ÓÉ¨¶²¥É¥, ±μÉμ·Ò° μ¶¨-
¸Ò¢ ¥É¸Ö  ´ ²¨É¨Î¥¸±¨³ £ ·³μ´¨Î¥¸±¨³ N = 2 ¸Ê¶¥·¶μ²¥³ G++, ¶μ¤Î¨´¥´-
´Ò³ μ¶·¥¤¥²¥´´Ò³ Ê¸²μ¢¨Ö³ [51]. „²Ö ¡¥§³ ¸¸μ¢μ£μ É¥´§μ·´μ£μ ³Ê²ÓÉ¨¶²¥É 
¤¥°¸É¢¨¥ ¸μ¤¥·¦¨É Éμ²Ó±μ G++, ´μ ¥¸²¨  ´É¨¸¨³³¥É·¨Î´Ò° É¥´§μ· ¨³¥¥É
³ ¸¸Ê, Éμ ± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ É·¥¡Ê¥É ¢±²ÕÎ¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ÏÉÕ±¥²Ó¡¥·£μ¢ÒÌ ¶μ²¥° ¸ ¢¥±Éμ·´Ò³ ³Ê²ÓÉ¨¶²¥Éμ³ [67].

‚ ¤ ´´μ³ · §¤¥²¥ ³Ò · ¸¸³μÉ·¨³, ¸²¥¤ÊÖ [219], ±¢ ´Éμ¢Ò¥ ¸¢μ°¸É¢ 
N = 2 ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÏÉÕ±¥²Ó¡¥·£μ¢ 
¸Ê¶¥·¶μ²Ö. �É  ³μ¤¥²Ó Ö¢²Ö¥É¸Ö ¶·Ö³μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨§ Í¨¥° ´¥-
¸Ê¶¥·¸¨³³¥É·¨Î´μ° (N = 0) ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ Ëμ·³ ²¨§³¥
ŠÊ´¨³ ¸ ÄƒμÉμ [171]. �¥±μÉμ·Ò¥  ¸¶¥±ÉÒ ÔÉμ° § ¤ Î¨ Ê¦¥ · ¸¸³ É·¨¢ -
²¨¸Ó ¢ · ¡μÉ¥ [173]. ’ ³ ¡Ò²μ ¶μ± § ´μ, ÎÉμ É¥μ·¨Ö ±μ´¥Î´  ¢μ ¢Éμ·μ³
¶μ·Ö¤±¥ ¶μ ¡¥§· §³¥·´μ° ±μ´¸É ´É¥ ¸¢Ö§¨ g2 Ÿ´£ ÄŒ¨²²¸ , ³ ¸¸μ¢Ò° Î²¥´
¶¥·¥´μ·³¨·Ê¥É¸Ö, ´μ É¥μ·¨Ö ´¥¶¥·¥´μ·³¨·Ê¥³  ¢ ¸¥±Éμ·¥, ±μÉμ·Ò° ¸μ¤¥·-
¦¨É · §³¥·´ÊÕ ±μ´¸É ´ÉÊ ¸¢Ö§¨ m2/g2. ˆ§ ÔÉμ£μ Ë ±É   ¢Éμ·Ò [173] ¤¥-
² ÕÉ § ±²ÕÎ¥´¨¥, ÎÉμ ¢ ¸¥±Éμ·¥ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  É¥μ·¨Ö ±μ´¥Î´  ¢μ
¢¸¥Ì ¶μ·Ö¤± Ì ¶¥É²¥¢μ£μ · §²μ¦¥´¨Ö. ‡ ³¥É¨³, μ¤´ ±μ, ÎÉμ ¤¥°¸É¢¨¥ N = 2
É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ · ³± Ì Ëμ·³ ²¨§³  £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´-

∗Š¢ ´Éμ¢ Ö Ô±¢¨¢ ²¥´É´μ¸ÉÓ · §²¨Î´ÒÌ ¤Ê ²Ó´ÒÌ Ëμ·³Ê²¨·μ¢μ± Ö¢²Ö¥É¸Ö ¡μ²¥¥ ¤¥²¨± É´μ°
¶·μ¡²¥³μ° ¨ É·¥¡Ê¥É μÉ¤¥²Ó´μ£μ  ´ ²¨§  ¤²Ö ± ¦¤μ° ±μ´±·¥É´μ° É¥μ·¨¨ (¸³., ´ ¶·¨³¥·, [168,
169]).
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¸É¢  [56] Ê¦¥ ´  ±² ¸¸¨Î¥¸±μ³ Ê·μ¢´¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ¡¥¸±μ´¥Î´μ° ¸Ê³³Ò
¶μ ¢¸¥³ ¸É¥¶¥´Ö³ ¶μÉ¥´Í¨ ²  ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  V ++. Š·μ³¥ Éμ£μ,
¸¨£³ -³μ¤¥²Ó´Ò° ² £· ´¦¨ ´ ÏÉÕ±¥²Ó¡¥·£μ¢  ¸Ê¶¥·¶μ²Ö ¸ ³ ¨³¥¥É ¢ ¢Ò¸-
Ï¥° ¸É¥¶¥´¨ ´¥²¨´¥°´Ò° ¢¨¤. �μÔÉμ³Ê ¶·¨ ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´μ³  ´ -
²¨§¥ ±¢ ´Éμ¢ÒÌ ¸¢μ°¸É¢ É¥μ·¨¨ (¤ ¦¥ ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥) ³Ò ´¥ ³μ¦¥³
μ£· ´¨Î¨ÉÓ¸Ö · ¸¸³μÉ·¥´¨¥³ Éμ²Ó±μ ¶·μ¸É¥°Ï¨Ì ¤¨ £· ³³, ¶μ¸±μ²Ó±Ê ÔÉμ
¶·¨¢μ¤¨É ± ± ²¨¡·μ¢μÎ´μ-´¥¨´¢ ·¨ ´É´Ò³ ±μ´É·Î²¥´ ³. „μ²¦´Ò ¡ÒÉÓ ¶·μ-
¸Ê³³¨·μ¢ ´Ò ¢¸¥ μ¤´μ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÔËË¥±É¨¢´μ³Ê
¤¥°¸É¢¨Õ ¸μ ¢¸¥³¨ ¢´¥Ï´¨³¨ ±μ´Í ³¨. ‚ · ³± Ì μ¡ÒÎ´μ° ´¥±μ¢ ·¨ ´É´μ°
¤¨ £· ³³´μ° É¥Ì´¨±¨ ÔÉ  § ¤ Î  ¶·¥¤¸É ¢²Ö¥É¸Ö É¥Ì´¨Î¥¸±¨ μÎ¥´Ó ¸²μ¦´μ°,
¥¸²¨ ´¥ ¡¥§´ ¤¥¦´μ°.

‚ ÔÉμ³ · §¤¥²¥ ³Ò ¨¸¶μ²Ó§Ê¥³ Ëμ·³Ê²¨·μ¢±Ê N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´μ° É¥μ·¨¨ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Ëμ·³ ²¨§³ ˜ÉÕ±¥²Ó¡¥·£  ¢ £ ·³μ´¨Î¥¸±μ³
¸Ê¶¥·¶·μ¸É· ´¸É¢¥ [173] ¨ ¶·¨³¥´Ö¥³ ³¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö [41], ¶μ§¢μ²ÖÕ-
Ð¨° ¸Ê³³¨·μ¢ ÉÓ ¢¸¥ ¤¨ £· ³³Ò ¸ ¢μ§· ¸É ÕÐ¨³ ±μ²¨Î¥¸É¢μ³ ¢¸É ¢μ± ¤²Ö
¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¡²¨§±¨ ¶μ ¸³Ò¸²Ê ±
·¥§Ê²ÓÉ É ³ · ¡μÉ [174, 175], £¤¥ ¡Ò²  ·¥Ï¥´  ¶·μ¡²¥³  ¶μ¸É·μ¥´¨Ö ¨´¢ -
·¨ ´É´ÒÌ ±μ´É·Î²¥´μ¢ ¤²Ö ´¥¸Ê¶¥·¸¨³³¥É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ Ä
Œ¨²²¸  ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨. ‚ ¦´Ò³ ¨´£·¥¤¨¥´Éμ³, ´¥μ¡Ìμ¤¨³Ò³ ¤²Ö
¸μÌ· ´¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ´  ¢¸¥Ì ÔÉ ¶ Ì ¢ÒÎ¨¸²¥´¨Ö, Ö¢²Ö-
¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¨´¢ ·¨ ´É´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, · §¢¨Éμ° ¤²Ö ³μ¤¥²¥°
£² ¢´ÒÌ ±¨· ²Ó´ÒÌ ¶μ²¥° ¢ · ¡μÉ Ì [176Ä178].

ˆ§² £ ¥³Ò° ³ É¥·¨ ² μ·£ ´¨§μ¢ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ ¶. 4.2 μ¶¨¸Ò¢ -
¥É¸Ö Ëμ·³Ê²¨·μ¢±  N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ ¶μ²Ö Ÿ´£ Ä
Œ¨²²¸  ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥ ¸ ÊÎ¥Éμ³ ÏÉÕ±¥²Ó¡¥·£μ¢  ¸Ê-
¶¥·¶μ²Ö. �μ¸²¥ ¨¸±²ÕÎ¥´¨Ö ´¥Ë¨§¨Î¥¸±¨Ì ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ³Ò ¶μ²ÊÎ ¥³
Ö¢´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ¥ ´¥²μ± ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ³ ¸¸μ¢μ£μ ¸² -
£ ¥³μ£μ ¢ ² £· ´¦¨ ´¥. Œμ¦´μ μ¦¨¤ ÉÓ, ÎÉμ ¨³¥´´μ É ± Ö Ëμ·³  ³ ¸¸μ¢μ£μ
Î²¥´  ¶μ§¢μ²¨É ¶·μÖ¸´¨ÉÓ ¤Ê ²Ó´ÊÕ ¸¢Ö§Ó ¸ É¥μ·¨¥° N = 2 ³ ¸¸¨¢´μ£μ É¥´-
§μ·´μ£μ ³Ê²ÓÉ¨¶²¥É  [67]. ‚ ¶. 4.3 μ¡¸Ê¦¤ ¥É¸Ö ¶·μÍ¥¤Ê·  ¶μ¸É·μ¥´¨Ö ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ´  μ¸´μ¢¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ³¥Éμ¤  Ëμ´μ¢μ£μ
¶μ²Ö ¨ μÉ³¥Î ÕÉ¸Ö μ¸μ¡¥´´μ¸É¨ ¶·¨³¥´¥´¨Ö ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ± · ¸¸³ -
É·¨¢ ¥³μ° É¥μ·¨¨. �Ê´±É 4.4 ¶μ¸¢ÖÐ¥´ ¢ÒÎ¨¸²¥´¨Õ μ¤´μ¶¥É²¥¢ÒÌ · ¸Ìμ¤¨-
³μ¸É¥° ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. ‡¤¥¸Ó ¢¶¥·¢Ò¥ ¶·¥¤¸É ¢²¥´Ò ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´Ò¥ ¨ Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ ±μ´É·Î²¥´Ò, § ¢¨¸ÖÐ¨¥ μÉ
ÏÉÕ±¥²Ó¡¥·£μ¢  ¸Ê¶¥·¶μ²Ö. ‚ ¶. 4.5 μ¡¸Ê¦¤ ¥É¸Ö ¢Ò¢μ¤ ±μ³¶μ´¥´É´μ° ¸É·Ê±-
ÉÊ·Ò ¡μ§μ´´μ£μ ¸¥±Éμ·  μ¤´μ£μ ¨§ É ±¨Ì ±μ´É·Î²¥´μ¢. �Ê´±É 4.6 ¸μ¤¥·¦¨É
±· É±ÊÕ ¸¢μ¤±Ê ·¥§Ê²ÓÉ Éμ¢ · §¤¥² .

4.2. N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ³ ¸¸¨¢´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ¢ £ ·-
³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥-
² Ì, Ëμ·³Ê²¨·μ¢±  N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨° ´  Ö§Ò±¥ ¸Ê¶¥·¶μ²¥°,
μ¶·¥¤¥²¥´´ÒÌ ´   ´ ²¨É¨Î¥¸±μ³ ¶μ¤¶·μ¸É· ´¸É¢¥ £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ-
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¸É· ´¸É¢  [56] ¨ ´¥ ¶μ¤Î¨´¥´´ÒÌ ± ±¨³-²¨¡μ ¸¢Ö§Ö³, μ± § ² ¸Ó Î·¥§¢ÒÎ °´μ
¶μ²¥§´μ° ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ ±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢ ¢ É ±¨Ì É¥μ·¨ÖÌ (¸³., ´ -
¶·¨³¥·, [41,52]).

� ¶μ³´¨³, ÎÉμ N = 2 ¢¥±Éμ·´Ò° ³Ê²ÓÉ¨¶²¥É ¸ ±μ´¥Î´Ò³ Î¨¸²μ³ Ë¨§¨-
Î¥¸±¨Ì ¨ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ±μ³¶μ´¥´É´ÒÌ ¶μ²¥°, ´μ ¸ ¡¥¸±μ´¥Î´Ò³ ´ ¡μ·μ³
± ²¨¡·μ¢μÎ´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò μ¶¨¸Ò¢ ¥É¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³  ´ ²¨É¨Î¥-
¸±¨³ ¸Ê¶¥·¶μ²¥³ V ++ = V ++

a Ta, ¶·¨´¨³ ÕÐ¨³ §´ Î¥´¨¥ ¢  ²£¥¡·¥ ‹¨ ± -
²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. ƒ¨¶¥·³Ê²ÓÉ¨¶²¥ÉÒ ω ¨ q+ ¸ ¡¥¸±μ´¥Î´Ò³¨ ´ ¡μ· ³¨
¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥° ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨, ¶·¥μ¡· §ÊÕÐ¨¥¸Ö ¶μ ´¥±μ-
Éμ·μ³Ê ¶·¥¤¸É ¢²¥´¨Õ R ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò, § ¤ ÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³¨
¸Ê¶¥·¶μ²Ö³¨: ¢¥Ð¥¸É¢¥´´Ò³ ¸Ê¶¥·¶μ²¥³ ω(ζ) ¨ ±μ³¶²¥±¸´Ò³ ¸Ê¶¥·¶μ²¥³
q+(ζ) ¨ ¥³Ê ¸μ¶·Ö¦¥´´Ò³¨ q̃+(ζ) (¤²Ö μ¶·¥¤¥²¥´¨Ö μ¡μ¡Ð¥´´μ£μ ¸μ¶·Ö¦¥´¨Ö
± ± ±μ³¡¨´ Í¨¨ ±μ³¶²¥±¸´μ£μ ¸μ¶·Ö¦¥´¨Ö ¨  ´É¨¶μ¤ ²Ó´μ£μ μÉμ¡· ¦¥´¨Ö ´ 
2-¸Ë¥·¥, ¸³. [56]). ‘± ²Ö·´Ò¥ ±μ³¶μ´¥´É´Ò¥ ¶μ²Ö ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É , ω(xA)
¨ ω(ij)(xA), ¶·¥μ¡· §ÊÕÐ¨¥¸Ö ± ± ¨§μ¸± ²Ö· ¨ ¨§μÉ·¨¶²¥É ¶μ μÉ´μÏ¥´¨Õ ±
SU(2)-£·Ê¶¶¥ ¢´ÊÉ·¥´´¨Ì ¨§μ³μ·Ë¨§³μ¢  ²£¥¡·Ò ¸Ê¶¥·¸¨³³¥É·¨¨,   É ±¦¥
¤Ê¡²¥É ¢¥°²¥¢¸±¨Ì Ë¥·³¨μ´μ¢ ψi

α, ψ̄i α̇ ¢μ§´¨± ÕÉ ± ± ¢¥¤ÊÐ¨¥ ±μ³¶μ´¥´ÉÒ
· §²μ¦¥´¨Ö ω(ζ) ¶μ ¸É¥¶¥´Ö³ £· ¸¸³ ´μ¢ÒÌ ±μμ·¤¨´ É θ+, θ̄+ ¨ £ ·³μ´¨±
u±

i . ‘ÊÐ¥¸É¢ÊÕÉ ¨ ¤·Ê£¨¥ ³Ê²ÓÉ¨¶²¥ÉÒ N = 2 ³ É¥·¨¨, μ¡² ¤ ÕÐ¨¥ ±μ-
´¥Î´Ò³ Î¨¸²μ³ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥°. �´¨ μ¶¨¸Ò¢ ÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³¨
¸Ê¶¥·¶μ²Ö³¨, ±μÉμ·Ò¥ ¶μ¤Î¨´¥´Ò ¤μ²¦´Ò³ μ¡· §μ³ ¢Ò¡· ´´Ò³ £ ·³μ´¨Î¥-
¸±¨³ ¸¢Ö§Ö³.

Š ²¨¡·μ¢μÎ´Ò° N = 2 ¶μÉ¥´Í¨ ² V ++ Ê¤μ¢²¥É¢μ·Ö¥É ¸μμÉ´μÏ¥´¨Õ ¢¥-

Ð¥¸É¢¥´´μ¸É¨ Ṽ ++ = V ++ ¨ ¶·¥μ¡· §Ê¥É¸Ö μÉ´μ¸¨É¥²Ó´μ ± ²¨¡·μ¢μÎ´ÒÌ
¶·¥μ¡· §μ¢ ´¨° ± ± δV ++ = −D++λ, £¤¥ λ Å ¶·μ¨§¢μ²Ó´Ò° ¢¥Ð¥¸É¢¥´-
´Ò°  ´ ²¨É¨Î¥¸±¨° ¸Ê¶¥·¶ · ³¥É· ¨ D++ = D++ + iV ++ = eib(z,u)D++×
e−ib(z,u) Å ±μ¢ ·¨ ´É´ Ö £ ·³μ´¨Î¥¸± Ö ¶·μ¨§¢μ¤´ Ö ¢  ´ ²¨É¨Î¥¸±μ³
¡ §¨¸¥∗. ‘Ê¶¥·¶μ²¥ b(z, u) Å É ± ´ §Ò¢ ¥³Ò° ± ²¨¡·μ¢μÎ´Ò° ³μ¸É. Š -
²¨¡·μ¢μÎ´ Ö ¸¢μ¡μ¤ , ¸¢Ö§ ´´ Ö ¸ ¸Ê¶¥·¶ · ³¥É·μ³ λ, ¶μ§¢μ²Ö¥É Ê¸É· ´¨ÉÓ
¡¥¸±μ´¥Î´μ¥ ±μ²¨Î¥¸É¢μ ± ²¨¡·μ¢μÎ´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¢ V ++ ¨ ¢Ò¡· ÉÓ
± ²¨¡·μ¢±Ê ‚¥¸¸ Ä‡Ê³¨´μ, ¢ ±μÉμ·μ° ÔÉμ  ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥ ¨³¥¥É ±μ-
´¥Î´μ¥ Î¨¸²μ Ë¨§¨Î¥¸±¨Ì ¨ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥°, μ¡· §ÊÕÐ¨Ì ¢¥±Éμ·´Ò°
¸Ê¶¥·³Ê²ÓÉ¨¶²¥É ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨. ‚ ¸μ¸É ¢ ÔÉμ£μ ³Ê²ÓÉ¨¶²¥É  ¢Ìμ-
¤ÖÉ: ¢¥±Éμ·´μ¥ ¶μ²¥ Am(x), ±μ³¶²¥±¸´μ¥ ¸± ²Ö·´μ¥ ¶μ²¥ M(x) + iN(x),
³ °μ· ´μ¢¸±¨° ¨§μ¤Ê¡²¥É ¸¶¨´μ·μ¢ λi

α(x), λ̄i
α̇(x) ¨ É·¨¶²¥É ¸± ²Ö·´ÒÌ ¢¸¶μ-

³μ£ É¥²Ó´ÒÌ ¶μ²¥° F ij(x). Š ± ¡Ò²μ ¶μ± § ´μ ¢ [56], ¢¸¥ £¥μ³¥É·¨Î¥¸±¨¥
μ¡Ñ¥±ÉÒ É¥μ·¨¨, É ±¨¥ ± ± · §²¨Î´Ò¥ ¸¢Ö§´μ¸É¨ ¨ ´ ¶·Ö¦¥´´μ¸É¨, ¢Ò· ¦ -
ÕÉ¸Ö ¢ É¥·³¨´ Ì ¥¤¨´¸É¢¥´´μ£μ ´¥μ£· ´¨Î¥´´μ£μ ¶μÉ¥´Í¨ ²  V ++(ζ, u).

∗D++ = u+i ∂

∂u−i
− 2iθ+σmθ̄+ ∂

∂xm
A

+ θ+α ∂

∂θ−α
+ θ̄+α̇ ∂

∂θ̄−α̇
.
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�¥ μ¸É ´ ¢²¨¢ Ö¸Ó ´  ¤¥É ²ÖÌ ¶μ¸É·μ¥´¨Ö N = 2 ± ²¨¡·μ¢μÎ´μ° É¥μ-
·¨¨, ±μÉμ·Ò¥ ¡Ò²¨ ¶·¨¢¥¤¥´Ò ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, ´ ¶μ³´¨³ ¢ ¦´Ò° ¤²Ö
¤ ²Ó´¥°Ï¥£μ ¢¨¤ ¤¥°¸É¢¨Ö ´¥ ¡¥²¥¢  ± ²¨¡·μ¢μÎ´μ£μ ¢¥±Éμ·´μ£μ ¸Ê¶¥·³Ê²Ó-
É¨¶²¥É  ¢ É¥·³¨´ Ì V ++:

S =
1

2g2
tr

∞∑
n=2

(−i)n

n

∫
d12z du1 · · · dun

V ++(z, u1) · · ·V ++(z, un)
(u+

1 u+
2 ) · · · (u+

n u+
1 )

=

= − 1
2g2

tr
∫

d8z W 2. (4.1)

‡¤¥¸Ó ¨¸¶μ²Ó§μ¢ ´Ò £ ·³μ´¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö
1

u+
1 u+

2

¨²¨, ¤·Ê£¨³¨ ¸²μ-

¢ ³¨, ËÊ´±Í¨¨ ƒ·¨´  ´  ¸Ë¥·¥ G(−1,−1)(u1, u2), ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö Ê· ¢-
´¥´¨¥³ ∂++G(−1,−1)(u1, u2) = δ(1,−1)(u1, u2). �· ¢¨²  ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö
¨ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ £ ·³μ´¨± ³ ¡Ò²¨ · §¢¨ÉÒ ¢ ¶¨μ´¥·¸±μ° · ¡μÉ¥ [56].

Š¨· ²Ó´ Ö, ´¥ § ¢¨¸ÖÐ Ö μÉ £ ·³μ´¨± ¸Ê¶¥·´ ¶·Ö¦¥´´μ¸ÉÓ W = (1/4)×
(D̄+)2V −− μ¶·¥¤¥²Ö¥É¸Ö ¢ É¥·³¨´ Ì ´¥ ´ ²¨É¨Î¥¸±μ£μ ¸Ê¶¥·¶μ²Ö

V −−(z, u) =
∫

du′ e
ib(z,u) e−ib(z,u′) V ++(z, u′)

(u+u′+)2
,

Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ Ê· ¢´¥´¨Õ ´Ê²¥¢μ° ±·¨¢¨§´Ò:

D++V −− − D−−V ++ + i[V ++, V −−] = 0. (4.2)

‚ λ-¡ §¨¸¥ ¤¥°¸É¢¨¥ (4.1) ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· -
§μ¢ ´¨°

gV ++ = eiλ (V ++ − iD++) e−iλ, V ++ = V ++
a Ta,

(4.3)
λ = λ(ζ, u) = λ̄(ζ, u), λ = λaTa.

‡¤¥¸Ó Ta Å £¥´¥· Éμ·Ò ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò,

[Ta, Tb] = ifabcTc, tr (TaTb) = δab.

‡ ±μ´ ¶·¥μ¡· §μ¢ ´¨Ö (4.3) Ö¢²Ö¥É¸Ö ±μ´¥Î´μ° Ëμ·³μ° ¨´Ë¨´¨É¥§¨³ ²Ó´μ£μ
± ²¨¡·μ¢μÎ´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö, μ¶·¥¤¥²¥´´μ£μ ¢ÒÏ¥.

�μ¸É·μ¨³ É¥¶¥·Ó ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸² £ ¥³μ£μ
¢ ¸Ê¶¥·¶μ²¥¢μ³ ¤¥°¸É¢¨¨, μÉ¢¥É¸É¢¥´´μ£μ §  ³ ¸¸Ê ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö.
„²Ö ÔÉμ° Í¥²¨ ¢μ¸¶μ²Ó§Ê¥³¸Ö μ¡μ¡Ð¥´¨¥³ ¨§¢¥¸É´μ£μ Ëμ·³ ²¨§³  ŠÊ´¨³ ¸ Ä
ƒμÉμ [166, 171], · §¢¨Éμ£μ ¤²Ö ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ£μ μ¶¨¸ ´¨Ö ³ ¸¸Ò
± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¢ μ¡ÒÎ´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . ‚ N = 2 ¸Ê¶¥·¶μ-
²¥¢μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ÔÉμÉ Ëμ·³ ²¨§³ É·¥¡Ê¥É ¢¢¥¤¥´¨Ö ¤μ¶μ²´¨É¥²Ó-
´μ£μ £μ²¤¸ÉμÊ´μ¢¸±μ£μ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨
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± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. ’μ£¤  ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ³ ¸¸¨¢´μ¥ ¸² £ ¥³μ¥ ¢ ¤¥°-
¸É¢¨¨ § ¶¨Ï¥É¸Ö ± ±

Sm = −m2

2g2
tr

∫
dζ(−4) du

[
Ω−1(V ++ − iD++)Ω

]2

, (4.4)

£¤¥ Ω = Ω(ω) = e−iω. ‚ É ±μ° § ¶¨¸¨∗ ³ ¸¸μ¢μ¥ ¸² £ ¥³μ¥ Ö¢´μ ¨´¢ ·¨ ´É´μ
μÉ´μ¸¨É¥²Ó´μ μ¤´μ¢·¥³¥´´ÒÌ ¶·¥μ¡· §μ¢ ´¨° (4.3) ¨ ¶·¥μ¡· §μ¢ ´¨°

gΩ = eiλΩ, (4.5)

£¤¥ gΩ = gΩ ¨ g Å ÉμÉ ¦¥ ¸ ³Ò° Ô²¥³¥´É ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. �É³¥-
É¨³, ÎÉμ ³ ¸¸μ¢μ¥ ¸² £ ¥³μ¥ (4.4) É ±¦¥ ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ ¶· ¢ÒÌ
£²μ¡ ²Ó´ÒÌ ¶·¥μ¡· §μ¢ ´¨° gR: (V ++)gR = V ++, ΩgR = ΩgR. �μ¸±μ²Ó±Ê
¤¥°¸É¢¨¥ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ¡¥§³ ¸¸μ¢μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  (4.1)
± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ, ¶μ¤¸É ´μ¢±  V ++ → ΩV ++ ´¥ ³¥´Ö¥É ¸É·Ê±ÉÊ·Ò
¤¥°¸É¢¨Ö (4.1).

ˆ´É¥·¥¸´μ ¶·¨¢¥¸É¨ ¤·Ê£ÊÕ, Ö¢´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÊÕ, ´μ ´¥²μ-
± ²Ó´ÊÕ Ëμ·³Ê ³ ¸¸μ¢μ£μ ¸² £ ¥³μ£μ ¢ É¥·³¨´ Ì ¸Ê¶¥·¶μ²¥¢μ° ´ ¶·Ö¦¥´´μ-
¸É¨ W . � ¸¸³μÉ·¨³ ¤¥°¸É¢¨¥

S[V ++, ω] = − 1
2g2

tr
∫

d4θ W 2 − m2

2g2
tr

∫
dζ(−4) duV++V++, (4.6)

£¤¥
V++ = V ++ − L++, (4.7)

L++ = i(D++Ω)Ω−1 =

1∫
0

dτe−iτωD++ω eiτω =

1∫
0

dτD++ωaRab(τω)Tb
∗∗,

¨ § ¶¨Ï¥³ ¸²¥¤ÊÕÐ¥¥ ¨§ ´¥£μ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö

1
4
(D+)2W + m2V++ = 0. (4.8)

�μ¸±μ²Ó±Ê W ´¥ § ¢¨¸¨É μÉ £ ·³μ´¨±, Ê¸²μ¢¨¥³ ¸ ³μ¸μ£² ¸μ¢ ´´μ¸É¨ ÔÉμ£μ
Ê· ¢´¥´¨Ö Ö¢²Ö¥É¸Ö Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ω-³Ê²ÓÉ¨¶²¥É :

D++V++ = 0. (4.9)

∗�μ²¥§´μ ¨³¥ÉÓ ¢ ¢¨¤Ê ¨ ¤·Ê£ÊÕ Ëμ·³Ê § ¶¨¸¨ Éμ£μ ¦¥ ¢Ò· ¦¥´¨Ö (3.39):

Sm = − m2

2g2
tr

∫
dζ(−4) du

[
V ++ − iΩ−1(D++Ω + i[V ++, Ω])

]2
.

‚ É ±μ° Ëμ·³Ê²¨·μ¢±¥ ¸¶¥Í¨Ë¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ± ²¨¡·μ¢μÎ´μ° ¸¨£³ -³μ¤¥²¨ μ± §Ò¢ ¥É¸Ö ¡μ²¥¥
¶·μ§· Î´μ°.

∗∗�¶·¥¤¥²¥´¨¥ ¨§μÉμ¶¨Î¥¸±μ° ³ É·¨ÍÒ Rab(ω) ¤ ´μ ´¨¦¥, ¸³. (4.16).
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Š ± ¢¨¤´μ ¨§ μ¶·¥¤¥²¥´¨Ö (4.7), ±μ³¶μ´¥´É´Ò° ¸μ¸É ¢ ± ²¨¡·μ¢μÎ´μ-
±μ¢ ·¨ ´É´μ£μ (gV++ = gV++g−1) ¶μÉ¥´Í¨ ²  V++ μ¶·¥¤¥²Ö¥É¸Ö ¸²μ¦´Ò³¨
´¥¶μ²¨´μ³¨ ²Ó´Ò³¨ ±μ³¡¨´ Í¨Ö³¨, ¸μ¸É ¢²¥´´Ò³¨ ¨§ Ë¨§¨Î¥¸±¨Ì ±μ³¶μ-
´¥´É ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¢ ± ²¨¡·μ¢±¥ ‚¥¸¸ Ä‡Ê³¨´μ ¨ ±μ³¶μ´¥´É
ω-³Ê²ÓÉ¨¶²¥É . �¤´ ±μ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥, ¸ Ê¸²μ¢¨¥³ (4.9), · §²μ¦¥´¨¥
¶μ ±μ³¶μ´¥´É ³ ³μ¦´μ ¶ · ³¥É·¨§μ¢ ÉÓ ¢ ¢¨¤¥

V++(ζ, u) = f++(xA) + (θ+)2ϕ̄(xA) + (θ̄+)2ϕ(xA)+

+ 2i(θ+σmθ̄+)(Am(xA) + ∂mf+−(xA)) + 2[θ+αψi
α − θ̄+

α̇ ψ̄α̇i]u+
i +

+ 2i[(θ̄+)2θ+α∂αα̇ψ̄α̇i + (θ+)2θ̄+
α̇ ∂α̇αψi

α]u−
i − (θ+)2(θ̄+)2�f−−(xA). (4.10)

’μ£¤  ³ ¸¸μ¢μ¥ ¸² £ ¥³μ¥ ¤²Ö ¢¥±Éμ·´μ° ±μ³¶μ´¥´ÉÒ ¸Ê¶¥·¶μ²Ö V++ ¶·¨-
μ¡·¥É ¥É ¢¨¤, ¶μ¤μ¡´Ò° ³ ¸¸μ¢μ³Ê ¸² £ ¥³μ³Ê ¢ Ëμ·³ ²¨§³¥ ˜ÉÕ±¥²Ó¡¥·£ 
¤²Ö ´¥¸Ê¶¥·¸¨³³¥É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ ¶μ²Ö Ÿ´£ ÄŒ¨²²¸  [175]:

Sm = −m2

2g2
tr

∫
d4xdu (Am − Lm)2,

£¤¥ Ëμ·³  Š ·É ´  Lm ´  £·Ê¶¶¥ μ¶·¥¤¥²¥´  ¢ É¥·³¨´ Ì ¨§μ¸± ²Ö·´μ° ω
¨ ¨§μÉ·¨¶²¥É´μ° ω(ij) Ë¨§¨Î¥¸±¨Ì ±μ³¶μ´¥´É ω-¸Ê¶¥·³Ê²ÓÉ¨¶²¥É . �·¨¢¥-
¸É¨ Ö¢´μ¥ ±μ³¶μ´¥´É´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Sm É¥Ì´¨Î¥¸±¨ ¤μ¸É ÉμÎ´μ ¸²μ¦´μ,
É ± ± ± ¤²Ö ÔÉμ£μ ´¥μ¡Ìμ¤¨³μ ¢Ò¶μ²´¨ÉÓ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ £ ·³μ´¨± ³
¢ ± ¦¤μ³ Î²¥´¥ ¡¥¸±μ´¥Î´μ£μ ·Ö¤  ¢ · §²μ¦¥´¨¨ Ëμ·³Ò Š ·É ´  Lm =
e−if iju+

i u−
j ∂m eifiju+

i u−
j , £¤¥ f ij = ωεij +ωij . �¤´ ±μ  ´ ²μ£¨Ö ¸ ¸μμÉ¢¥É¸É¢Ê-

ÕÐ¥° ´¥¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¥° μÎ¥¢¨¤´Ò³ μ¡· §μ³ ¶·μ¸²¥¦¨¢ ¥É¸Ö.
“· ¢´¥´¨¥ (4.8) ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ¸¢Ö§Ó ´  ω-³Ê²ÓÉ¨¶²¥É, ±μÉμ· Ö

³μ¦¥É ¡ÒÉÓ ¶¥·ÉÊ·¡ É¨¢´μ · §·¥Ï¥´  ¨ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥ ¡¥²¥¢μ° É¥μ·¨¨.
�μ ·¥Ï¥´¨¥ ¢Ò£²Ö¤¨É μ¸μ¡¥´´μ ¶·μ¸Éμ ¤²Ö  ¡¥²¥¢  ¸²ÊÎ Ö:

ω(ζ1, u1) =
∫

dζ
(−4)
2 du2 G

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

2 V ++(2), (4.11)

£¤¥

G
(0,0)
0 (1|2) = − 1

�
(D+

1 )4(D+
2 )4δ12(1|2)

u−
1 u−

2

(u+
1 u+

2 )3
(4.12)

Å ËÊ´±Í¨Ö ƒ·¨´  ω-³Ê²ÓÉ¨¶²¥É  [56]. „¥°¸É¢ÊÖ μ¶¥· Éμ·μ³ D++ ´  μ¡¥
Î ¸É¨ (4.11), ¶μ²ÊÎ¨³

D++
1 ω(ζ1, u1) = −

∫
dζ

(−4)
2 du2

1
�

(D+
1 )4(D+

2 )4δ12(1|2)V ++(2)×

×
{

1
(u+

1 u+
2 )2

+
1
2
(D−−

2 )2δ(2,−2)(u2, u1)
}

=

=
∫

dζ
(−4)
2 du2

{
Π(2,2)

T (1|2) + δ
(2,2)
A (1|2)

}
V ++(2),
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£¤¥ ΠT Å  ´ ²¨É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸μ ¸¢μ°¸É¢ ³¨ ¶·μ¥±Í¨μ´´μ£μ μ¶¥-
· Éμ·  [56]. ˆ¸±²ÕÎ Ö É¥¶¥·Ó ¨§ (4.6) ± ²¨¡·μ¢μÎ´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ω,
¶μ¸²¥ ´¥±μÉμ·μ° Í¥¶μÎ±¨ ¶·¥μ¡· §μ¢ ´¨° ³ ¸¸μ¢μ£μ ¸² £ ¥³μ£μ ¶μ²ÊÎ¨³

Sm = −m2

2g2

∫
dζ

(−4)
1 du1 dζ

(−4)
2 du2 V ++(1)Π(2,2)

T (1|2)V ++(2) =

=
m2

2g2

∫
d8zc W

1
�

W. (4.13)

‚ ·¥§Ê²ÓÉ É¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ Ö Ëμ·³  ³ ¸¸μ¢μ£μ Î²¥´  ¶μ²´μ¸ÉÓÕ
¢Ò· ¦ ¥É¸Ö Î¥·¥§ ´ ¶·Ö¦¥´´μ¸É¨ W . �Î¥¢¨¤´μ, ÎÉμ ¢ ´¥ ¡¥²¥¢μ³ ¸²ÊÎ ¥
³μ¦´μ É ±¦¥ ¨¸±²ÕÎ¨ÉÓ ω-³Ê²ÓÉ¨¶²¥É ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¢ · ³± Ì ¶μ²¨-
´μ³¨ ²Ó´μ£μ · §²μ¦¥´¨Ö ¶μ ¸É¥¶¥´Ö³ V ++. Šμ´¥Î´μ, ÔÉμ · §²μ¦¥´¨¥ ¡Ê¤¥É
´¥²μ± ²Ó´Ò³ ¢Ò· ¦¥´¨¥³, ´μ μ´μ ³μ¦¥É ¡ÒÉÓ ²μ± ²¨§μ¢ ´μ ¶μ¸·¥¤¸É¢μ³ ¢¢¥-
¤¥´¨Ö ¶μ¤Ìμ¤ÖÐ¨Ì É¥´§μ·´ÒÌ ³Ê²ÓÉ¨¶²¥Éμ¢∗, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ³Ò ¶μ²ÊÎ¨³
¨´É¥·¥¸´ÊÕ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ±² ¸¸¨Î¥¸±¨Ì ¤Ê ²Ó´μ¸É¥° ¤²Ö ³μ¤¥²¨, ¸μ¤¥·-
¦ Ð¥° ÏÉÕ±¥²Ó¡¥·£μ¢Ò ¸Ê¶¥·¶μ²Ö ω. �´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ¢¸É·¥Î ¥É¸Ö ¨
¶·¨ ¢ÒÎ¨¸²¥´¨¨ ±μ´¤¥´¸ Éμ¢ 〈A2〉 ¢ É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , £¤¥ ´¥²μ± ²Ó´Ò°
± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò° ËÊ´±Í¨μ´ ², ¸¢Ö§ ´´Ò° ¸ A2, ¸μ¤¥·¦¨É ¨´Ëμ·-
³ Í¨Õ μ Éμ¶μ²μ£¨Î¥¸±μ° ¸É·Ê±ÉÊ·¥ ¢ ±ÊÊ³  É¥μ·¨¨ ¸ ´¥¨¸Î¥§ ÕÐ¨³ ¢ ±Ê-
Ê³´Ò³ ¸·¥¤´¨³ ÔÉμ£μ μ¶¥· Éμ·  (¸³. ¤¥É ²Ó´μ¥ μ¡¸Ê¦¤¥´¨¥ ¨´Ë· ±· ¸´μ°
¤¨´ ³¨±¨ É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ [179] ¨ Í¨É¨·μ¢ ´´μ° É ³ ²¨É¥· ÉÊ·¥).

„ ²Ó´¥°Ï¥° Í¥²ÓÕ ¤ ´´μ£μ · §¤¥²  Ö¢²Ö¥É¸Ö μ¶·¥¤¥²¥´¨¥ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö ¨  ´ ²¨§ ¸É·Ê±ÉÊ·Ò μ¤´μ¶¥É²¥¢ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¢ É¥μ·¨¨ ¸ ¤¥°-
¸É¢¨¥³ (4.6).

∗‡ ¶¨Ï¥³ ¤¥°¸É¢¨¥ ¤²Ö ³ ¸¸¨¢´μ£μ É¥´§μ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ-
¸É· ´¸É¢¥ [67] ¢ ¢¨¤¥

S =
1

2

∫
dζ−4 (G++)2 +

1

2
m

(∫
d8zWψ + c. c.

)
+

1

2

∫
d8z W 2,

£¤¥ G++(z, u) Å ¤¥°¸É¢¨É¥²Ó´μ¥  ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥, ¶μ¤Î¨´¥´´μ¥ ¸¢Ö§¨ D++G++ = 0.
�É  ¸¢Ö§Ó ³μ¦¥É ¡ÒÉÓ · §·¥Ï¥´  ¢ É¥·³¨´ Ì ´¥μ£· ´¨Î¥´´μ£μ, ´¥§ ¢¨¸ÖÐ¥£μ μÉ £ ·³μ´¨± ±¨-
· ²Ó´μ£μ ¶·¥¶μÉ¥´Í¨ ²  ψ(z) ¨ ¥³Ê ¸μ¶·Ö¦¥´´μ£μ ¢ ¢¨¤¥ G++(z, u) = (1/8)(D+)2ψ(z) +
(1/8)(D̄+)2ψ̄(z). ‘Ê¶¥·¶μ²¥ G++ μ¸É ¥É¸Ö ¨´¢ ·¨ ´É´Ò³ ¶·¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ -

´¨ÖÌ: δψ = iΛ, D̄i
α̇Λ = 0, DαiDj

αΛ = D̄i
α̇D̄jα̇Λ̄. ‚Ò¡¥·¥³ ËÊ´±Í¨Õ Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨

¢ ¢¨¤¥ F++ = (1/8)(D+)2ψ(z) − (1/8)(D̄+)2ψ̄(z). ’μ£¤  ¨´É¥£·¨·μ¢ ´¨¥ ¢ ¶·μ¨§¢μ¤ÖÐ¥³
ËÊ´±Í¨μ´ ²¥ ¶μ ¶·¥¶μÉ¥´Í¨ ² ³ ψ, ψ̄ ¶·¨¢μ¤¨É ± ´¥²μ± ²Ó´μ³Ê ³ ¸¸μ¢μ³Ê ¸² £ ¥³μ³Ê ¤²Ö ¢¥±-
Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  (4.13):

Z =

∫
DψDψ̄(Det �) exp

[
i

2

∫
dζ−4 {(G++)2 + (F++)2} +

+
i

2
m

∫
d8z(Wψ + c. c.)

]
= exp

[
i

∫
d8z W

m2

�
W

]
.
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4.3. Œ¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö. Š ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ¥ · §²μ¦¥´¨¥ ÔË-
Ë¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ Î¨¸²Ê ¶¥É¥²Ó ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨ÖÌ μ¸ÊÐ¥-
¸É¢²Ö¥É¸Ö ¢ · ³± Ì ¸Ê¶¥·¶μ²¥¢μ£μ ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö (¸³., ´ ¶·¨³¥·, [37,
39] ¤²Ö ¸²ÊÎ Ö N = 1 É¥μ·¨° ¨ [41,52] ¤²Ö N = 2 É¥μ·¨°). ‚ Ëμ·³ ²¨§³¥ Ëμ-
´μ¢μ£μ ¶μ²Ö ³Ò ¤μ²¦´Ò ¶μ¸²¥¤μ¢ É¥²Ó´μ ¢Ò¶μ²´¨ÉÓ Ëμ´μ¢μ-±¢ ´Éμ¢μ¥ · ¸-
Ð¥¶²¥´¨¥ ¢¸¥Ì ¶μ²¥°, § Ë¨±¸¨·μ¢ ÉÓ ± ²¨¡·μ¢μÎ´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ±¢ ´-
Éμ¢ÒÌ ¶μ²¥° ¸μ£² ¸´μ ¶·μÍ¥¤Ê·¥ ” ¤¤¥¥¢ Ä�μ¶μ¢  ¨ ¶·μ¨§¢¥¸É¨ · §²μ¦¥´¨¥
¶·μ¨§¢μ¤ÖÐ¥£μ ËÊ´±Í¨μ´ ²  ¢¥·Ï¨´´ÒÌ ËÊ´±Í¨° ¶μ ¸É¥¶¥´Ö³ ±¢ ´Éμ¢ÒÌ ¶μ-
²¥°. �·¨ ÔÉμ³ ¢±² ¤ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¤ ´´μ³ ¶μ·Ö¤±¥ ¶μ Î¨¸²Ê
¶¥É¥²Ó ¤ ¥É Éμ²Ó±μ ±μ´¥Î´μ¥ Î¨¸²μ Î²¥´μ¢ ¢ É ±μ³ · §²μ¦¥´¨¨.

� ¸¸³μÉ·¨³ É¥μ·¨Õ ¸Ê¶¥·¶μ²¥° V ++, ω ¸ ¤¥°¸É¢¨¥³ (4.6). ‚ ¸¥±Éμ·¥
N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  V ++ ³Ò ¶·μ¨§¢μ¤¨³ · §¤¥²¥´¨¥ V ++ →
V ++ + gv++ ¨ ¶μ¢Éμ·Ö¥³ ¢¸¥ É¥ Ï £¨, ±μÉμ·Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ¡¥§³ ¸¸μ¢μ°
É¥μ·¨¨ [52]. ‚ ¸¥±Éμ·¥ ω-¸Ê¶¥·³Ê²ÓÉ¨¶²¥É  ¸ ´¥²¨´¥°´Ò³ ±¨· ²Ó´Ò³ ² -
£· ´¦¨ ´μ³ ³Ò ¤μ²¦´Ò ¸É·μ¨ÉÓ · §²μ¦¥´¨¥, ¨¸¶μ²Ó§ÊÖ É¥μ·¨Õ ¢μ§³ÊÐ¥´¨°
¢ É¥·³¨´ Ì ¨´¢ ·¨ ´É´ÒÌ, ´¥§ ¢¨¸ÖÐ¨Ì μÉ ¶ · ³¥É·¨§ Í¨¨ ¢¥²¨Î¨´ [178].

�¸´μ¢´Ò³ ³μ³¥´Éμ³ ¶·¨ Ëμ´μ¢μ-±¢ ´Éμ¢μ³ · §¤¥²¥´¨¨ ¶μ²¥°, ¶·¨´¨³ -
ÕÐ¨Ì §´ Î¥´¨Ö ¢ £·Ê¶¶¥ ‹¨, Ö¢²Ö¥É¸Ö ´¥²¨´¥°´μ¥ ¶· ¢¨²μ £·Ê¶¶μ¢μ£μ ¸²μ-
¦¥´¨Ö Ô²¥³¥´Éμ¢ £·Ê¶¶Ò Ω(ω) ¨ Ω(χ), μ¶·¥¤¥²Ö¥³μ¥ ¸μμÉ´μÏ¥´¨¥³ [178]

Ω(ω ⊕ χ) = Ω(ω)Ω
(

m

g
χ

)
. (4.14)

�·¨ É ±μ³ ¶· ¢¨²¥ ¸²μ¦¥´¨Ö ¢Ò· ¦¥´¨¥ Ω(ω ⊕ χ) Ö¢²Ö¥É¸Ö Ô²¥³¥´Éμ³ Éμ£μ
¦¥ ¶·μ¸É· ´¸É¢ , ÎÉμ ¨ Ω(ω), ¨ μ¡² ¤ ¥É É¥³ ¦¥ § ±μ´μ³ £·Ê¶¶μ¢μ£μ ¶·¥μ¡· -
§μ¢ ´¨Ö.

ŒÒ μ¶·¥¤¥²Ö¥³ · ¸Ð¥¶²¥´¨¥ ¸Ê¶¥·¶μ²Ö ω ´  Ëμ´μ¢μ¥ ¸Ê¶¥·¶μ²¥ ω ¨
±¢ ´Éμ¢μ¥ ¸Ê¶¥·¶μ²¥ χ ¸μ£² ¸´μ ¶· ¢¨²Ê (4.14). �¥É·Ê¤´μ ¶μ± § ÉÓ, ÎÉμ
Ëμ´μ¢Ò¥ ω-¶μ²Ö ¶·¥μ¡· §ÊÕÉ¸Ö, ± ± ¢ (4.5),   ±¢ ´Éμ¢Ò¥ ¶μ²Ö χ ´¥ ¶·¥-
μ¡· §ÊÕÉ¸Ö ¢μ¢¸¥. �·¨ É ±μ³ · §¤¥²¥´¨¨ ¶μ²¥° ´  Ëμ´μ¢Ò¥ ¨ ±¢ ´Éμ¢Ò¥ ± ±
¶μ²´Ò° ² £· ´¦¨ ´, É ± ¨ ¢¸¥ Î²¥´Ò ¥£μ · §²μ¦¥´¨Ö ¢ ·Ö¤ ’¥°²μ·  ¶μ ±¢ ´-
Éμ¢Ò³ ¶μ²Ö³ ¡Ê¤ÊÉ ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ ²μ± ²Ó´μ° ¨ £²μ¡ ²Ó´μ° £·Ê¶¶
¶·¥μ¡· §μ¢ ´¨°. Š ± ¸²¥¤¸É¢¨¥, ¶μ²ÊÎ ÕÐ¨¥¸Ö ±μ´É·Î²¥´Ò ¡Ê¤ÊÉ  ¢Éμ³ É¨-
Î¥¸±¨ ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ ±² ¸¸¨Î¥¸±¨Ì ± ²¨¡·μ¢μÎ´ÒÌ ¨ £²μ¡ ²Ó´ÒÌ
£·Ê¶¶μ¢ÒÌ ¶·¥μ¡· §μ¢ ´¨°.

„²Ö μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¤μ¸É ÉμÎ´μ §´ ÉÓ · §²μ¦¥´¨¥ ² £· ´¦¨ ´ 
¤μ ¢Éμ·μ£μ ¶μ·Ö¤±  ¶μ ±¢ ´Éμ¢Ò³ ¶μ²Ö³ v++, χ:

S(2) =
1
2

∫
d12z du1 du2

v++
a (1)v++

a (2)
(u+

1 u+
2 )2

−

− 1
2

∫
dζ(−4) du

{
m2(v++

a )2 − 2mD++χaRabv
++
b +

+ D++χaD++χa + fabcD
++χaχbRcdV++

d

}
, (4.15)
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£¤¥ ¨§μÉμ¶¨Î¥¸± Ö ³ É·¨Í  Rab(ω) ¢μ§´¨± ¥É ¨§ μ¶·¥¤¥²¥´¨Ö ΩTaΩ−1 =
RabTb. Š ± ¨ ¢ ´¥¸Ê¶¥·¸¨³³¥É·¨Î´μ³ ¸²ÊÎ ¥ [175], μ´  μ¡² ¤ ¥É ¸²¥¤ÊÕ-
Ð¨³¨ ¸¢μ°¸É¢ ³¨:

RaeRbe = δab, D++Rab = −RaefbecL
++
c , fabc = RadRbeRcgfdeg. (4.16)

ŒÒ ¤μ²¦´Ò É ±¦¥ ¤μ¡ ¢¨ÉÓ ± (4.15) Î²¥´, Ë¨±¸¨·ÊÕÐ¨° ± ²¨¡·μ¢±Ê ¢ ¸¥±-
Éμ·¥ ±¢ ´Éμ¢μ£μ ¢¥±Éμ·´μ£μ ¸Ê¶¥·¶μ²Ö. �ÉμÉ Î²¥´ Ê¤μ¡´μ ¢Ò¡· ÉÓ ¢ Ëμ´μ¢μ-
± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° Ëμ·³¥

F (+4) = D++v++. (4.17)

Š·μ³¥ Éμ£μ, ´ ¤μ ¤μ¡ ¢¨ÉÓ ¤¥°¸É¢¨¥ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢  ¨ �¨²Ó¸μ´ Ä
Š ²²μÏ. ‡¤¥¸Ó ³Ò ¸²¥¤Ê¥³ ¶μ¤Ìμ¤Ê, · §¢¨Éμ³Ê ¢ [52]. —Éμ¡Ò Ë¨±¸¨·μ¢ ÉÓ
± ²¨¡·μ¢±Ê ¢ ËÊ´±Í¨μ´ ²Ó´μ³ ¨´É¥£· ²¥ Z = N

∫
Dv++ eiS , ´¥μ¡Ìμ¤¨³μ,

¸μ£² ¸´μ ¶·μÍ¥¤Ê·¥ ” ¤¤¥¥¢ Ä�μ¶μ¢ , ¢¸É ¢¨ÉÓ ¢ ´¥£μ ¥¤¨´¨ÍÊ, § ¶¨¸ ´´ÊÕ
¢ ¢¨¤¥ 1 = ΔFPδ(F (+4) − f (+4)), £¤¥ ¤¥É¥·³¨´ ´É ” ¤¤¥¥¢ Ä�μ¶μ¢  μ¶·¥-
¤¥²Ö¥É¸Ö ± ± ΔFP[v++, V ++] = Det [D++(D++ + iv++)]. „ ²¥¥ ³Ò ¤μ²¦´Ò
¢¸É ¢¨ÉÓ ¢ ËÊ´±Í¨μ´ ²Ó´Ò° ¨´É¥£· ² ¥¤¨´¨ÍÊ ¢ ¢¨¤¥

1 = ΔNK

∫
Df (+4) exp

{
i

2α
tr

∫
d12z du1 du2 f (+4)

τ

(u−
1 u−

2 )
(u+

1 u+
2 )3

f (+4)
τ

}
.

‡¤¥¸Ó α Å ± ²¨¡·μ¢μÎ´Ò° ¶ · ³¥É·, ±μÉμ·Ò° ¢ ¤ ²Ó´¥°Ï¥³ Ê¤μ¡´μ ¢Ò-

¡· ÉÓ ± ± α = −1, ΔNK[V ++] Å ¤¥É¥·³¨´ ´É �¨²Ó¸¥´ ÄŠ ²²μÏ ¨ f
(+4)
τ =

e−ibf (+4) eib Å ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ Ö ËÊ´±Í¨Ö ¸μ §´ Î¥´¨Ö³¨ ¢  ²£¥-
¡·¥ ‹¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. �¡· É¨³ ¢´¨³ ´¨¥ ´  Éμ, ÎÉμ ¤¥É¥·³¨´ ´É
�¨²Ó¸¥´ ÄŠ ²²μÏ § ¢¨¸¨É μÉ Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö, ÎÉμ μ§´ Î ¥É ¶·¨¸ÊÉ¸É¢¨¥
É·¥ÉÓ¥£μ ¤ÊÌ  �¨²Ó¸¥´ ÄŠ ²²μÏ. „¥É ²¨ ¶·μÍ¥¤Ê·Ò ¢ÒÎ¨¸²¥´¨Ö ÔÉμ£μ ¤¥-

É¥·³¨´ ´É , ΔNK[V ++] = [Det−1/2(D++)2] Det1/2 �
�(4,0), ¶·¨¢¥¤¥´Ò ¢ [52].

‡¤¥¸Ó
�
� Å ±μ¢ ·¨ ´É´μ- ´ ²¨É¨Î¥¸±¨° ¤ ² ³¡¥·É¨ ´, ¶¥·¥¢μ¤ÖÐ¨°  ´ ²¨-

É¨Î¥¸±¨¥ ¸Ê¶¥·¶μ²Ö ¢  ´ ²¨É¨Î¥¸±¨¥ [52]:

�
�= −1

2
(D+)4(D−−)2 =

1
2
Dαα̇Dαα̇ +

i

2
(D+αW )D−

α +

+
i

2
(D̄+

α̇ W̄ )D̄−α̇ +
1
2
{W, W̄} − i

4
(D̄+D̄+W̄ )D−− +

i

8
[D+,D−]W. (4.18)

�±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö ² £· ´¦¨ ´ , μ¶·¥¤¥²ÖÕÐ¥£μ μ¤´μ¶¥É²¥¢Ò¥
±¢ ´Éμ¢Ò¥ ¶μ¶· ¢±¨ ± ÔËË¥±É¨¢´μ³Ê ¤¥°¸É¢¨Õ ¢ ¸¥±Éμ·¥ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨-
¶²¥É , ¨³¥¥É ¢¨¤

S2 + SGF = −1
2

tr
∫

dζ(−4) du v++(
�
� +m2)v++. (4.19)
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„¥°¸É¢¨¥ ¤ÊÌμ¢ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Sghost = tr
∫

dζ(−4) du b(D++)2c +
1
2

∫
dζ(−4) du φ(D++)2φ+

+ tr
∫

dζ(−4) du ρ(+4) �
�4,0 σ. (4.20)

‡¤¥¸Ó b, c Å  ´É¨±μ³³ÊÉ¨·ÊÕÐ¨¥ ¸Ê¶¥·¶μ²¥¢Ò¥ ¤ÊÌ¨ ” ¤¤¥¥¢ Ä�μ¶μ¢ ;
ρ(+4), σ Å  ´É¨±μ³³ÊÉ¨·ÊÕÐ¨¥ ¤ÊÌ¨ �¨²Ó¸μ´ ÄŠ ²²μÏ ¨ φ Å ¤μ¶μ²´¨-
É¥²Ó´Ò¥ ±μ³³ÊÉ¨·ÊÕÐ¨¥ ¤ÊÌ¨ ¸μ §´ Î¥´¨Ö³¨ ¢  ²£¥¡·¥ ‹¨ ± ²¨¡·μ¢μÎ´μ°
£·Ê¶¶Ò.

‘Ê¶¥·¶μ²¥¢μ¥ ¤¥°¸É¢¨¥ ¤²Ö ±¢ ´Éμ¢μ£μ ¶μ²Ö χ ¨ ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸
±¢ ´Éμ¢Ò³ ¶μ²¥³ v++ Ê¤μ¡´μ § ¶¨¸ ÉÓ ¢ ³ É·¨Î´μ³ ¢¨¤¥

S
(2)
SYM + S(2)

m = −1
2

∫
dζ(−4) (v++

a , χa)×

×
( �

�ab +m2 − mRbaD++ mD++Rab

mD++Rab −∇++D++

)(
v++

b

χb

)
. (4.21)

‡¤¥¸Ó D++ Å μ¡ÒÎ´ Ö £ ·³μ´¨Î¥¸± Ö ¶·μ¨§¢μ¤´ Ö ¨

∇++χa = D++χa + fabcχbRcdV++
d (4.22)

¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ®Ê¤²¨´¥´´ÊÕ¯ ¶·μ¨§¢μ¤´ÊÕ ¢ λ-¡ §¨¸¥, £¤¥ ΩV++
a TaΩ−1

¨£· ¥É ·μ²Ó ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° ¸¢Ö§´μ¸É¨. �μ¸±μ²Ó±Ê ÔÉμ ¸Ê¶¥·¶μ²¥
Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨³, ¢Ò¶μ²´ÖÕÉ¸Ö ¸É ´¤ ·É´Ò¥ ¸¢Ö§¨ [∇++,∇+

α, α̇] = 0.
‡¤¥¸Ó ¨ ¤ ²¥¥ ¤²Ö ¥¤¨´μμ¡· §¨Ö ¨¸¶μ²Ó§Ê¥É¸Ö μ¡μ§´ Î¥´¨¥ ∇+

α, α̇ = D+
α, α̇.

„·Ê£¨¥ ±μ³³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö, É ±¨¥ ± ±

[∇++,∇−−] = D0, [∇∓∓,∇±
α, α̇] = ∇∓

α, α̇,

{∇̄+
α̇ , ∇−

α } = −{∇+
α , ∇̄−

α̇ } = 2i∇αα̇, (4.23)

{∇+
α , ∇−

β } = −2iεαβW̄, {∇̄+
α̇ , ∇̄−

β̇
} = 2iεα̇β̇W ,

¢ ÉμÎ´μ¸É¨ ±μ¶¨·ÊÕÉ ±μ³³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö ±μ¢ ·¨ ´É´ÒÌ ¶·μ¨§¢μ¤-
´ÒÌ D±

α,α̇, D±±, 0 [56] ¨ ¸²Ê¦ É μ¶·¥¤¥²¥´¨¥³ ∇−
α,α̇ ¨ ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö

£ ·³μ´¨Î¥¸±¨-´¥§ ¢¨¸¨³μ° ´ ¶·Ö¦¥´´μ¸É¨ W [V++] = (−1/4)(∇+)2V−− ¨
W̄ [V++] = (−1/4)(∇̄+)2V−− ¤²Ö ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ£μ ¶μÉ¥´Í¨ ² 
ΩV++Ω−1.

4.4. �¤´μ¶¥É²¥¢Ò¥ · ¸Ìμ¤¨³μ¸É¨. �¥·¥°¤¥³ ±  ´ ²¨§Ê μ¤´μ¶¥É²¥¢ÒÌ · ¸-
Ìμ¤¨³μ¸É¥° ¢ · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨. �ËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤ ¥É¸Ö ¸Ê³³μ°
¢±² ¤μ¢ ¤¥°¸É¢¨Ö ±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥° ¤ÊÌμ¢ (4.20) ¨ ¤¥°¸É¢¨Ö ±¢ ´Éμ¢ÒÌ
¸Ê¶¥·¶μ²¥° v++, χ (4.21):

Γ(1)[V ++, ω] = Γ(1)
1 [V ++] + Γ(1)

2 [V ++,V++], (4.24)
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£¤¥ Γ(1)
1 [V ++] Å ¢±² ¤ ¤ÊÌμ¢ ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨ Γ(1)

2 [V ++,V++] Å
¢±² ¤ ¸Ê¶¥·¶μ²¥° v++ ¨ χ. ‡¤¥¸Ó V++ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (4.7). ‡ -
³¥É¨³, ÎÉμ ¢¸Ö § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö μÉ ÏÉÕ±¥²Ó¡¥·£μ¢  ¸Ê-
¶¥·¶μ²Ö ω ¸μ¤¥·¦¨É¸Ö ¢ ¸Ê¶¥·¶μ²¥ V++. „¥°¸É¢¨Ö (4.20), (4.21) ¶μ²´μ¸ÉÓÕ
μ¶·¥¤¥²ÖÕÉ ¸É·Ê±ÉÊ·Ê ¶¥·ÉÊ·¡ É¨¢´μ£μ · §²μ¦¥´¨Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö μ¤´μ¶¥-
É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ³ ¸¸¨¢´μ° N = 2 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢
Ö¢´μ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ¨ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° Ëμ·³¥. „ ²¥¥ ´ ¸ ¡Ê-
¤¥É ¨´É¥·¥¸μ¢ ÉÓ Éμ²Ó±μ ¸É·Ê±ÉÊ·  · ¸Ìμ¤¨³μ¸É¥° · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨.
„²Ö ¥¥  ´ ²¨§  ¨¸¶μ²Ó§Ê¥³ · §³¥·´ÊÕ ·¥£Ê²Ö·¨§ Í¨Õ (¸³. ¶·¨³¥´¥´¨¥ · §-
³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¨ ¢ ¸Ê¶¥·¶μ²¥¢ÒÌ É¥μ·¨ÖÌ ¢ [39]) ¨ ¸Ì¥³Ê ³¨´¨³ ²Ó´ÒÌ
¢ÒÎ¨É ´¨°.

‚±² ¤ ¢ μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥, μ¡Ê¸²μ¢²¥´´Ò° ¤ÊÌ ³¨, § -
¢¨¸¨É Éμ²Ó±μ μÉ ¶μÉ¥´Í¨ ²  V ++ ¨ ¢ ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³
¢±² ¤μ³ ¢ μ¡ÒÎ´μ° ¡¥§³ ¸¸μ¢μ° N = 2 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ :

iΓ(1)
1 [V ++] = Tr ln (D++)2 − 1

2
Tr ln (D++)2 +

1
2

Tr ln
�
�(4,0) . (4.25)

�μÔÉμ³Ê ³Ò ³μ¦¥³ ¡¥§ ± ±¨Ì-²¨¡μ ¨§³¥´¥´¨° ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ·¥§Ê²ÓÉ É ³¨
· ¡μÉ [41,52], ÎÉμ¡Ò ¢Ò¶¨¸ ÉÓ · ¸Ìμ¤ÖÐÊÕ¸Ö Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö:

Γ(1)
1,div[V

++] = − C2

32π2ε
tr

∫
d8z W 2. (4.26)

‡¤¥¸Ó C2 Å ±¢ ¤· É¨Î´Ò° μ¶¥· Éμ· Š §¨³¨·  ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ¨ ε Å
¶ · ³¥É· · §³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¨.

�μ¢Ò¥ · ¸Ìμ¤¨³μ¸É¨ ¸¢Ö§ ´Ò ¸ μ¤´μ¶¥É²¥¢Ò³¨ ¶μ¶· ¢± ³¨ ± ÔËË¥±-
É¨¢´μ³Ê ¤¥°¸É¢¨Õ, μ¡Ê¸²μ¢²¥´´Ò³¨ ±¢ ´Éμ¢Ò³¨ ¸Ê¶¥·¶μ²Ö³¨ v++, χ ¢´ÊÉ·¨
¶¥É²¨ ¨ ¨Ì ¸³¥Ï¨¢ ´¨¥³. „²Ö ¢ÒÎ¨¸²¥´¨Ö ËÊ´±Í¨μ´ ²Ó´μ£μ ¤¥É¥·³¨´ ´É 
³ É·¨Î´μ£μ μ¶¥· Éμ·  ¢ ¤¥°¸É¢¨¨ (4.21) Ê¤μ¡´μ ¶·¨¢¥¸É¨ ÔÉÊ ³ É·¨ÍÊ ± ¤¨ -
£μ´ ²Ó´μ³Ê ¢¨¤Ê:(

1 mRD++ 1
∇++D++

0 1

)
×

×
(

�
� +m2 − m2RD++ 1

∇++D++
D++R 0

0 −∇++D++

)
×

×
(

1 0

− 1
∇++D++

mD++R 1

)
. (4.27)

’μ£¤  ¢¸¥ ¢±² ¤Ò ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μ¶·¥¤¥²ÖÕÉ¸Ö ¤¨ £μ´ ²Ó´Ò³¨ Ô²¥-
³¥´É ³¨ ¢´ÊÉ·¥´´¥° ³ É·¨ÍÒ:( �

� +m2ΠT 0
0 −∇++D++

)
, (4.28)
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£¤¥ ¢¥²¨Î¨´  ΠT μ¶·¥¤¥²Ö¥É¸Ö ¸· ¢´¥´¨¥³ ¸ (4.27). •μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ

μ¶¥· Éμ·
�
� +m2ΠT , É ± ¦¥ ± ± ¨

�
�(4,0), ´¥ ¤ ¥É ¢±² ¤  ¢ £μ²μ³μ·Ë´ÊÕ

Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. ’μ£¤  ¢¸¥ ¢μ§³μ¦´Ò¥ ¢±² ¤Ò ¢ μ¤´μ¶¥É²¥¢μ°
±μ´É·Î²¥´ μ¡Ê¸²μ¢²¥´Ò ¨§¢¥¸É´Ò³ ¢±² ¤μ³ ¤ÊÌμ¢ (4.26) ¨ ¢±² ¤μ³

Γ(1)
2 [0,V++] = Γ(1)[V++] =

i

2
Tr ln (∇++D++) (4.29)

±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥° χ, ¨¸ÉμÎ´¨±μ³ ±μÉμ·μ£μ Ö¢²Ö¥É¸Ö ´¨¦´¨° ¡²μ± ¢ (4.28).
ˆ³¥Ö Í¥²ÓÕ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ¨§¢¥¸É´Ò³¨ ¶·¨¥³ ³¨ ¢ÒÎ¨¸²¥´¨Ö Γ(1)[V++],
¶·¨¢¥¤¥³ ¤¨ËË¥·¥´Í¨ ²Ó´Ò° μ¶¥· Éμ·, ¶·¨¸ÊÉ¸É¢ÊÕÐ¨° ¢ (4.29), ± ¢¨¤Ê

(∇++)2 + U (+4), (4.30)

£¤¥

U
(+4)
ab =

1
2
fabcD

++V++
c +

1
4
facefbdeV++

c V++
d . (4.31)

�Î¥¢¨¤´μ, ÎÉμ ÉμÎ´ Ö ËÊ´±Í¨Ö ƒ·¨´  ¤²Ö μ¶¥· Éμ·  (∇++)2 ¸μ¢¶ ¤ ¥É ¸ (4.12)
¶μ¸²¥ § ³¥´Ò D++ → ∇++, W → W . ”Ê´±Í¨Ö ƒ·¨´  ¤²Ö ω-³Ê²ÓÉ¨¶²¥É  ¢μ
¢´¥Ï´¥³ ¶μ²¥ U (+4) μ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³

[(∇++
1 )2 + U

(+4)
1 ]G(0,0)

U (1|2) = δ
(4,0)
A (1|2). (4.32)

�¶·¥¤¥²¨³  ´ ²¨É¨Î¥¸±μ¥ ¸Ê¶¥·¶μ²¥¢μ¥ Ö¤·μ∗, ÊÎ¨ÉÒ¢ ÕÐ¥¥ ¢¸¥ ÔËË¥±ÉÒ
¢´¥Ï´¥£μ ¶μ²Ö

Q(4,0)(1|2) = δ
(4,0)
A (1|2) + U

(+4)
1 G(0,0)(1|2). (4.33)

’μ£¤  ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ μ¶·¥¤¥²Ö¥É¸Ö ± ±

Γ[V++] =
i

2
Tr ln

[
(∇++)2 + U (+4)

]
=

i

2
Tr ln (∇++)2 +

i

2
Tr ln Q(4,0). (4.34)

�¥·¢Ò°, ´¥§ ¢¨¸¨³Ò° μÉ U (+4) ¢±² ¤ ¢ · ¸Ìμ¤¨³μ¸É¨ Γ(1)[V++] ¢ ÉμÎ´μ¸É¨
¸μ¢¶ ¤ ¥É ¸ μ¤´μ¶¥É²¥¢Ò³ ¢±² ¤μ³ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¢μ ¢´¥Ï´¥³ ¶μ²¥ V++,
É. ¥. μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° (4.26) c § ³¥´μ° §´ ±  ¨ ¸Ê¶¥·¶μ²¥¢μ° ´ ¶·Ö-
¦¥´´μ¸É¨ W [V ++] ´  ´ ¶·Ö¦¥´´μ¸ÉÓ W [V++] = (−1/4)(∇̄+)2V−−, ¢ÒÎ¨-
¸²Ö¥³ÊÕ ¶μ ¶μÉ¥´Í¨ ²Ê (4.7):

1Γ
(1)
div[V

++] =
C2

32π2ε
tr

∫
d8z W2. (4.35)

∗‘μ£² ¸´μ ¶· ¢¨²Ê G(0,0)(1|2) =
∫

dζ
(−4)
3 G

(0,0)
U (1|3)Q(4,0)(3|2), £¤¥ G(0,0)(1|2) Å

ËÊ´±Í¨Ö ƒ·¨´  ¢μ ¢´¥Ï´¥³ ¶μ²¥ V++, Ê¤μ¢²¥É¢μ·ÖÕÐ Ö Ê· ¢´¥´¨Õ (∇++
1 )2G(0,0)(1|2) =

δ(4,0)(1|2).
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�  Ö§Ò±¥ ¤¨ £· ³³ · §²μ¦¥´¨¥ ¢Éμ·μ£μ Î²¥´  ¢Ò· ¦¥´¨Ö (4.34) ¢ ·Ö¤ ¶μ
¸É¥¶¥´Ö³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ²¥° ¢´ÊÉ·¨ ¶¥É²¨ ¸ ¢´¥Ï´¨³¨ ¢¸É ¢± ³¨ U (+4) ¨
¶·μ¶ £ Éμ·μ³ ¢μ ¢´¥Ï´¥³ ¶μ²¥ V++ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Γ[U (+4)] =
∞∑

n=1

Γn[U (+4)], (4.36)

£¤¥ n-° Î²¥´ ¸μμÉ¢¥É¸É¢Ê¥É ¸Ê¶¥·£· ËÊ ¸ n ¢´¥Ï´¨³¨ ²¨´¨Ö³¨ U (+4). ’ ±¨³
μ¡· §μ³, (4.34) ¸Ê³³¨·Ê¥É ¢±² ¤Ò ¸ ¶·μ¨§¢μ²Ó´Ò³ Î¨¸²μ³ ¢´¥Ï´¨Ì ²¨´¨°
V++.

�¥·¢Ò° Î²¥´ ¢ · §²μ¦¥´¨¨ Γ[V++] (4.29) ¢ ·Ö¤ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶μ
¸É¥¶¥´Ö³ U (+4) · ¢¥´ ´Ê²Õ, ¶μ¸±μ²Ó±Ê ¸μ¤¥·¦¨É ¨¸Î¥§ ÕÐ¥¥ ´  ¶·¥¤¥²¥ ¸μ-
¢¶ ¤¥´¨Ö ¶·μ¨§¢¥¤¥´¨¥ £ ·³μ´¨±: u−

1 u−
2 |u1=u2 = 0. ‚μ ¢Éμ·μ³ ¶μ·Ö¤±¥ ÔË-

Ë¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨³¥¥É ¢¨¤

2Γ(1)[V++] = − i

4
tr

∫
dζ

(−4)
1 dζ

(−4)
2 du1 du2 U (+4)(1)U (+4)(2)×

× 1
�
�1

(∇+
1 )4(∇+

2 )4δ12(1|2)
u−

1 u−
2

(u+
1 u+

2 )3
1

�
�2

(∇+
2 )4(∇+

1 )4δ12(2|1)
u−

2 u−
1

(u+
2 u+

1 )3
.

‚μ¸¸É ´ ¢²¨¢ Ö ¶μ²´ÊÕ £· ¸¸³ ´μ¢Ê ³¥·Ê ¨´É¥£·¨·μ¢ ´¨Ö, ³Ò ¸´¨³ ¥³ μ¤´Ê
¤¥²ÓÉ -ËÊ´±Í¨Õ ¨ ¨¸¶μ²Ó§Ê¥³ Éμ¦¤¥¸É¢μ (D+

1 )4(D+
1 )4δ8(θ − θ′)|θ=θ′ =

(u+
1 u+

2 )4. „ ²¥¥ ¶μ¸²¥ ¸É ´¤ ·É´ÒÌ ¶·¥μ¡· §μ¢ ´¨° · ¸Ìμ¤ÖÐ¨°¸Ö ¢±² ¤ ¶·¨-
´¨³ ¥É ¢¨¤

2Γ
(1)
div[V++] =

1
(8π)2ε

×

× tr
∫

d12z du1 du2 U (+4)(z, u1)U (+4)(z, u2)
(u−

1 u−
2 )2

(u+
1 u+

2 )2
. (4.37)

‘²¥¤ÊÕÐ¨¥ Î²¥´Ò ¢ · §²μ¦¥´¨¨ (4.29) ¤ ÕÉ ±μ´¥Î´Ò¥ ¢±² ¤Ò ¢ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥.

‚Ò· ¦¥´¨¥ (4.37) Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³ ·¥§Ê²ÓÉ Éμ³ ÔÉμ£μ · §¤¥² . �´μ
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´μ¢Ò° ¸Ê¶¥·¶μ²¥¢μ° ±μ´É·Î²¥´ ¢ N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ Ëμ·³ ²¨§³¥ ˜ÉÕ±¥²Ó¡¥·£ , § ¢¨-
¸ÖÐ¨° μÉ Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö ω. �  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ ÔÉμÉ ËÊ´±Í¨μ´ ²
´¥ ¸μ¤¥·¦¨É £ ·³μ´¨Î¥¸±¨Ì ¸¨´£Ê²Ö·´μ¸É¥°. �Éμ ¸²¥¤Ê¥É ¨§ Éμ£μ Ë ±É , ÎÉμ
´¥´Ê²¥¢μ° ¢±² ¤ ¢ ¨´É¥£· ² ¶μ ´¥Î¥É´Ò³ ±μμ·¤¨´ É ³ ¤μ²¦¥´ ¸μ¤¥·¦ ÉÓ ³ ±-
¸¨³ ²Ó´ÊÕ ¸É¥¶¥´Ó £· ¸¸³ ´μ¢ÒÌ ±μμ·¤¨´ É ¢ ± ¦¤μ³ ¨§ ¸μ³´μ¦¨É¥²¥°. �μ
(θ+

1 )2(θ̄+
1 )2(θ+

2 )2(θ̄+
2 )2 = (u+

1 u+
2 )4(θ)4(θ̄)4.

�¥·¥¶¨¸ ´´Ò° Î¥·¥§ ±μ³¶μ´¥´É´Ò¥ ¶μ²Ö ËÊ´±Í¨μ´ ² (4.37) ¸·¥¤¨ ³´μ£¨Ì
¤·Ê£¨Ì Î²¥´μ¢ ¸μ¤¥·¦¨É ´¥¸É ´¤ ·É´Ò¥ ±μ´É ±É´Ò¥ Î¥ÉÒ·¥Ì¢¥±Éμ·´Ò¥ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¨ Î²¥´Ò, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¨Ì ¸Ê¶¥·¸¨³³¥É·¨§ Í¨¨. � ¶·¨³¥·,
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¤²Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(2) ÔÉ¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨³¥ÕÉ ¢¨¤ ai
mai

naj
maj

n+
(ai

mai
m)2, £¤¥ am = Am − Lm Å ¢¥±Éμ·´ Ö ±μ³¶μ´¥´É  SU(2) ¸Ê¶¥·¶μ²Ö

V++ (4.7). „²Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(3) ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¢Ò£²Ö¤ÖÉ É ±: (5/6)(aa

maa
m)2+aa

maa
nab

mab
n−dabedecda

a
mab

nac
mad

n. ˆ³¥´´μ
É ±μ° ±μ´É·Î²¥´ (± ± ¶·¥¶ÖÉ¸É¢¨¥ ¤²Ö ¶¥·¥´μ·³¨·Ê¥³μ¸É¨) ¢μ§´¨± ¥É ¨ ¢
μ¡ÒÎ´μ° ´¥¸Ê¶¥·¸¨³³¥É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  [174, 175].
�μ¤μ¡´Ò¥ μÉ±²μ´¥´¨Ö μÉ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¢¥¤ÊÉ ± ¨´É¥·¥¸´Ò³ Ë¥´μ³¥-
´μ²μ£¨Î¥¸±¨³ ¸²¥¤¸É¢¨Ö³, ´ ¶·¨³¥·, ¤²Ö ¶·μÍ¥¸¸μ¢ W+W−-, WZ-·μ¦¤¥´¨Ö
(¸³. [180] ¨ Í¨É¨·μ¢ ´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). ‡ ³¥É¨³, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ ´¥-
¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ¸²ÊÎ Ö [175] ³ ¸¸μ¢μ¥ ¸² £ ¥³μ¥ ¢ N = 2 ¸Ê¶¥·¸¨³³¥-
É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ ¶μ²Ö Ÿ´£ ÄŒ¨²²¸  ´¥ ¶¥·¥´μ·³¨·Ê¥É¸Ö.

‚¸¥ ±μ´É·Î²¥´Ò (4.26), (4.35), (4.37)∗ Ö¢´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò,
¨ ¤¢  ¶μ¸²¥¤´¨Ì ´¥ ¶μ¢Éμ·ÖÕÉ Ëμ·³Ê ¨¸Ìμ¤´μ£μ ² £· ´¦¨ ´ . ‚¢¨¤Ê ÔÉμ£μ
N = 2 É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ¸ ³ ¸¸μ°, ÉμÎ´μ É ± ¦¥ ± ± ¨ ´¥¸Ê¶¥·¸¨³³¥-
É·¨Î´ Ö ³ ¸¸¨¢´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸ , ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö Éμ²Ó±μ ± ±
´¨§±μÔ´¥·£¥É¨Î¥¸± Ö ÔËË¥±É¨¢´ Ö É¥μ·¨Ö. „·Ê£¨³¨ ¸²μ¢ ³¨, ¤¥°¸É¢¨¥ (4.6)
´¥ Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ μ¡Ð¨³ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò³ ËÊ´±Í¨μ´ ²μ³, ¸μ-
¢³¥¸É¨³Ò³ ¸ ²μ± ²Ó´μ° ²¥¢μ° ¨ £²μ¡ ²Ó´μ° ¶· ¢μ° ¸¨³³¥É·¨Ö³¨ É¥μ·¨¨.
„²Ö ·¥´μ·³¨·Ê¥³μ¸É¨ É¥μ·¨¨ ¢ ¸μ¢·¥³¥´´μ³ ¸³Ò¸²¥ (¸³., ´ ¶·¨³¥·, [181])
¢ ¸²¥¤ÊÕÐ¥³ ¶μ·Ö¤±¥ · §²μ¦¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶μ ¶·μ¨§¢μ¤´Ò³
´¥μ¡Ìμ¤¨³μ ¢±²ÕÎ¨ÉÓ ´μ¢Ò¥ ¢¥·Ï¨´Ò, ¨´¤ÊÍ¨·μ¢ ´´Ò¥ ËÊ´±Í¨μ´ ² -
³¨ (4.35), (4.37).

4.5. � ±μ³¶μ´¥´É´μ° ¸É·Ê±ÉÊ·¥ N = 2 ¸Ê¶¥·¶μ²¥¢μ£μ ËÊ´±Í¨μ´ -
²  (4.35). �É¤¥²Ó´μ° ¨´É¥·¥¸´μ° § ¤ Î¥° Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸¶¥Í¨Ë¨Î¥¸±¨Ì
μ¸μ¡¥´´μ¸É¥° ±μ³¶μ´¥´É´μ£μ · §²μ¦¥´¨Ö N = 2 ¸Ê¶¥·¶μ²¥¢μ° ´ ¶·Ö¦¥´-
´μ¸É¨ W ¤²Ö ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ£μ ¶μÉ¥´Í¨ ²  ΩV++Ω−1, ±μÉμ·Ò°
¢±²ÕÎ ¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ ¸É¥¶¥´Ó ¸¢μ¡μ¤Ò ¢ ¢¥±Éμ·´μ³ ³Ê²ÓÉ¨¶²¥É¥, μ¡Ê¸²μ-
¢²¥´´ÊÕ ÏÉÕ±¥²Ó¡¥·£μ¢Ò³ ¸Ê¶¥·¶μ²¥³ ω. �Î¥¢¨¤´μ, ÎÉμ ÔÉμ ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´μ¥ ¸Ê¶¥·¶μ²¥ μÉ²¨Î ¥É¸Ö μÉ ±μ¢ ·¨ ´É´μ° ±¨· ²Ó´μ° ¸Ê¶¥·¶μ²¥-
¢μ° ´ ¶·Ö¦¥´´μ¸É¨, ¶μ¸É·μ¥´´μ° ¶μ ¶·¥¶μÉ¥´Í¨ ²Ê V++, Éμ²Ó±μ ³ É·¨Î´Ò³¨
Ω-μ¡±² ¤± ³¨, ±μÉμ·Ò¥ ´¥ ¤ ÕÉ ¢±² ¤  ¶μ¤ §´ ±μ³ ¸²¥¤ .

N = 2 ¸Ê¶¥·¶μ²¥¢μ° Ëμ·³ ²¨§³ ´ ¨¡μ²¥¥ ¶·¨¸¶μ¸μ¡²¥´ ¤²Ö μ¶¨¸ ´¨Ö ¸Ê-
¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¨ ¨Ì Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. �¥·¥Ìμ¤ ± ±μ³¶μ´¥´É´Ò³ ¶μ²Ö³ É·¥¡Ê¥É ¨¸±²ÕÎ¥´¨Ö
¡¥¸±μ´¥Î´μ£μ Î¨¸²  ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶μ²¥°, ÎÉμ É¥Ì´¨Î¥¸±¨ Ö¢²Ö¥É¸Ö ¤μ¸É -
ÉμÎ´μ ¸²μ¦´μ° § ¤ Î¥°. …¸²¨ ´ Ìμ¦¤¥´¨¥ ±μ³¶μ´¥´É´μ° ¸É·Ê±ÉÊ·Ò ±μ´É·-
Î²¥´  (4.26) ´¥ ¢Ò§Ò¢ ¥É É·Ê¤´μ¸É¥° ¨ ¥£μ ±μ³¶μ´¥´É´ Ö Ëμ·³  ¸μ¢¶ ¤ ¥É
¸ ±² ¸¸¨Î¥¸±¨³ ¤¥°¸É¢¨¥³ N = 2 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  [56], Éμ ±μ³¶μ´¥´É-

∗‚ ¸Ì¥³¥ ³¨´¨³ ²Ó´ÒÌ ¢ÒÎ¨É ´¨° ±μ´É·Î²¥´Ò μÉ²¨Î ÕÉ¸Ö μÉ · ¸Ìμ¤¨³μ¸É¥° (4.26), (4.35),
(4.37) Éμ²Ó±μ §´ ± ³¨.



‘“�…���‹…‚�‰ ��„•�„ Š ��‘’��…�ˆ
 �””…Š’ˆ‚��ƒ� „…‰‘’‚ˆŸ 681

´ Ö Ëμ·³  ¢Ò· ¦¥´¨° (4.35), (4.37) É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´μ£μ · ¸¸³μÉ·¥´¨Ö, ¶μ-
¸±μ²Ó±Ê ¶μÉ¥´Í¨ ² (4.7) ¶·¥μ¡· §Ê¥É¸Ö μ¤´μ·μ¤´μ, gV++ = eiλV++ e−iλ, É. ¥.
¢ μÉ²¨Î¨¥ μÉ § ±μ´  ¶·¥μ¡· §μ¢ ´¨Ö V ++ ¢ ¥£μ § ±μ´¥ ¶·¥μ¡· §μ¢ ´¨Ö μÉ¸ÊÉ-
¸É¢Ê¥É Î²¥´ ¸ ¶·μ¨§¢μ¤´μ° D++λ. �μ ÔÉμ° ¶·¨Î¨´¥ ¤²Ö V++ ´¥¢μ§³μ¦´μ ¢Ò-
¡· ÉÓ ± ²¨¡·μ¢±Ê É¨¶  ‚¥¸¸ Ä‡Ê³¨´μ, ¨ ¢ ¸¥±Éμ·¥ ¢¥±Éμ·´μ£μ ¶μ²Ö ¶μÉ¥´Í¨ ²
V++ ¸μ¤¥·¦¨É ´¥Ê¸É· ´¨³Ò¥ ¶·μ¤μ²Ó´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò. ’ ±¨³ μ¡· §μ³,
§ ¤ Î  ´ Ìμ¦¤¥´¨Ö ±μ³¶μ´¥´É´μ° Ëμ·³Ò ¸Ê¶¥·¶μ²¥¢μ£μ ËÊ´±Í¨μ´ ²  (4.35)
¶·¥¤¶μ² £ ¥É ±μ³¶μ´¥´É´μ¥ · §²μ¦¥´¨¥ W ¡¥§ ´ ²μ¦¥´¨Ö ± ²¨¡·μ¢±¨ ´ 
V++. �¡Ð¥¥ ·¥Ï¥´¨¥ ÔÉμ° § ¤ Î¨ ¢ ²¨É¥· ÉÊ·¥ ´¥ · ¸¸³ É·¨¢ ²μ¸Ó. �É¤¥²Ó-
´Ò¥  ¸¶¥±ÉÒ ±μ³¶μ´¥´É´μ° ¸É·Ê±ÉÊ·Ò ³ ¸¸¨¢´μ£μ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É 
¡¥§ Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨ ¨§ÊÎ ²¨¸Ó ¢ · ¡μÉ¥ [184] ¢  ¡¥²¥¢μ³ ¸²ÊÎ ¥ ¨ ¢
¶¥·¢μ³ ¶μ·Ö¤±¥ · §²μ¦¥´¨Ö ¶μ ±μ´¸É ´É¥ ¸¢Ö§¨ Å ¢ ´¥ ¡¥²¥¢μ³ ¸²ÊÎ ¥.

‚ ÔÉμ³ ¶Ê´±É¥ ³Ò μ¶¨Ï¥³ ¶·μÍ¥¤Ê·Ê ´ Ìμ¦¤¥´¨Ö ±μ³¶μ´¥´É´μ° Ëμ·³Ò
¸Ê¶¥·¶μ²¥¢μ£μ ËÊ´±Í¨μ´ ²  (4.35) ¢ ¡μ§μ´´μ³ ¸¥±Éμ·¥, ¢ ±μÉμ·μ³ ±μ³¶μ´¥´É-
´Ò° ¸μ¸É ¢ ¸Ê¶¥·¶μ²Ö V++, ´¥μ¡Ìμ¤¨³Ò° ¤²Ö § ¶¨¸¨ (4.35), (4.37) ¢ É¥·³¨´ Ì
Ë¨§¨Î¥¸±¨Ì ¶μ²¥°, Ë ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸ ±μ³¶μ´¥´É´μ° ¸É·Ê±ÉÊ·μ° ¸Ê¶¥·-
¶μ²Ö V ++ ¢ ± ²¨¡·μ¢±¥ ‚¥¸¸ Ä‡Ê³¨´μ. �μ ¶·¨ ÔÉμ³ ± ¦¤ Ö ±μ³¶μ´¥´É 
®μ¡· ¸É ¥É¯ ¡¥¸±μ´¥Î´μ° ¡ Ï´¥° ¢§ ¨³μ¤¥°¸É¢¨° ¸ ¶·μ¤μ²Ó´Ò³¨ ¸É¥¶¥´Ö³¨
¸¢μ¡μ¤Ò, ¢μ§´¨±Ï¨³¨ ¨§ ±μ³¶μ´¥´É´ÒÌ ¶μ²¥° ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É .

“¤μ¡´Ò° ¸¶μ¸μ¡ ´ Ìμ¦¤¥´¨Ö ±μ³¶μ´¥´É´μ£μ ¸μ¸É ¢  ¸Ê¶¥·¶μ²¥¢μ° ´ -
¶·Ö¦¥´´μ¸É¨ ¤²Ö ´¥¸É ´¤ ·É´ÒÌ É¥μ·¨° μ¸´μ¢ ´ ´  ·¥Ï¥´¨¨ £ ·³μ´¨Î¥¸±μ£μ
Ê· ¢´¥´¨Ö ´Ê²¥¢μ° ±·¨¢¨§´Ò [56] ¤²Ö ´¥ ´ ²¨É¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  V−−:

D++V−− − D−−V++ + i[V++,V−−] = 0. (4.38)

�μ¸±μ²Ó±Ê V++ = V ++ − L++ ¨ ¸Ê¶¥·¶μ²¥ V ++ ¶·¥É¥·¶¥¢ ¥É μ¡ÒÎ´Ò¥
± ²¨¡·μ¢μÎ´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö, ³Ò ³μ¦¥³ ´ ²μ¦¨ÉÓ ´  V ++ ± ²¨¡·μ¢±Ê
‚¥¸¸ Ä‡Ê³¨´μ. ‚ ·¥§Ê²ÓÉ É¥ ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´Ò°  ´ ²¨É¨Î¥¸±¨° ¶μ-
É¥´Í¨ ² (4.7) ¶·¨´¨³ ¥É ¢¨¤ (4.10):

V++(ζ) = f++(xA) + (θ+)2ϕ̄(xA) + (θ̄+)2ϕ(xA) + 2i(θ+σmθ̄+)(Am(xA)+

+ ∂mf+−(xA)) − (θ+)2(θ̄+)2�f−−(xA) + Ë¥·³¨μ´Ò, (4.39)

£¤¥ ζ = (xm
A , θ+α, θ̄+α̇, u±

i ) ¨ ³Ò ¸μÌ· ´¨²¨ μ¡μ§´ Î¥´¨Ö ¤²Ö ±μ³¶μ´¥´É-
´μ° Ëμ·³Ò ¶μÉ¥´Í¨ ²  ¢ ± ²¨¡·μ¢±¥ ‚¥¸¸ Ä‡Ê³¨´μ. �¥μ¡Ìμ¤¨³μ, μ¤´ ±μ,
¶μ³´¨ÉÓ, ÎÉμ ± ¦¤ Ö ±μ³¶μ´¥´É  V ++

WZ ¤μ²¦´  ¡ÒÉÓ ¤μ¶μ²´¥´  ¡¥¸±μ´¥Î-
´Ò³ ·Ö¤μ³ ¶μ ¸É¥¶¥´Ö³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ±μ³¶μ´¥´É ³¨ ω-£¨¶¥·³Ê²ÓÉ¨¶²¥É 
ω(ζ) = ω(xA)+ω(ij)(xA)u+

i u−
j + . . . �μ¸±μ²Ó±Ê ¸Ê¶¥·¶μ²¥¢ Ö ´ ¶·Ö¦¥´´μ¸ÉÓ

W = −1
4
(D̄+)2V−− (4.40)

Ö¢²Ö¥É¸Ö N = 2 ±¨· ²Ó´Ò³ ¸Ê¶¥·¶μ²¥³, ´¥ § ¢¨¸ÖÐ¨³ μÉ £ ·³μ´¨±, ·¥Ï¥´¨¥
Ê· ¢´¥´¨Ö (4.38) Ê¤μ¡´μ ¨¸± ÉÓ ¢ ±¨· ²Ó´μ- ´ ²¨É¨Î¥¸±¨Ì ±μμ·¤¨´ É Ì Zc =
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(zc, θ̄
±α̇), £¤¥

zc = (xm
L , θ±α), xm

L = xm
A + 2iθ−σmθ̄+.

‚ ÔÉμ³ ¡ §¨¸¥ ± ¦¤ Ö ±μ³¶μ´¥´É  ¢ (4.39) · §² £ ¥É¸Ö ± ±

f(xA) = f(xL) − 2iθ−σmθ̄+∂mf(xL) + (θ−)2(θ̄+)2�f(xL).

‘²¥¤ÊÖ · ¡μÉ¥ [182], Ê¤μ¡´μ ¶·¥¤¸É ¢¨ÉÓ · §²μ¦¥´¨¥ V−− ¢ ÔÉ¨Ì ±μμ·¤¨´ É Ì
¢ ¢¨¤¥

V−−(Zc, u) = v−−(xL, θ±, u)+ θ̄+
α̇ v(−3)α̇+ θ̄−α̇ v−α̇+(θ̄−)2A+(θ̄+θ̄−)ϕ−− +

+θ̄−α̇θ̄+β̇ϕ−−
α̇β̇

+(θ̄+)2v(−4)+(θ̄−)2θ̄+
α̇ τ−α̇+(θ̄+)2θ̄−α̇ τ (−3)α̇+(θ̄+)2(θ̄−)2τ−−.

‡ ³¥É¨³, ÎÉμ ¢ ¢Ò· ¦¥´¨¥ ¤²Ö (4.40) ¢Ìμ¤ÖÉ ´¥ ¢¸¥ ±¨· ²Ó´Ò¥ ¸Ê¶¥·¶μ²Ö
ÔÉμ£μ · §²μ¦¥´¨Ö,   Éμ²Ó±μ A, τ−α̇ ¨ τ−−. �¤´ ±μ Ë ±É¨Î¥¸±¨, ± ± ¶μ± § ´μ
¢ · ¡μÉ¥ [183], Éμ²Ó±μ ±¨· ²Ó´μ¥ ¸Ê¶¥·¶μ²¥

A = A1 + (θ−)2A++
4 + (θ−θ+)A5 + θ−αθ+βA6αβ +

+ (θ+)2A−−
7 + (θ−)2(θ+)2A10 + Ë¥·³¨μ´Ò

μ¶·¥¤¥²Ö¥É ±μ³¶μ´¥´É´ÊÕ ¡μ§μ´´ÊÕ ¸É·Ê±ÉÊ·Ê ¸Ê¶¥·¶μ²¥¢μ£μ ËÊ´±Í¨μ-
´ ²  (4.35):

Sbos =
1
4

tr
∫

d4xL du

(
2A1A10 + 2A++

4 A−−
7 − 1

2
A2

5 −
1
4
A2

6

)
. (4.41)

“· ¢´¥´¨Ö, μ¶·¥¤¥²ÖÕÐ¨¥ ±μ³¶μ´¥´ÉÒ ¸Ê¶¥·¶μ²Ö A, ¢μ§´¨± ÕÉ ± ±
±μÔËË¨Í¨¥´ÉÒ ¢ · §²μ¦¥´¨¨ ¸Ê¶¥·¶μ²¥¢μ£μ Ê· ¢´¥´¨Ö (4.38) ¶μ ¸É¥¶¥-
´Ö³ θ±, θ̄±:

d++A1 = 0, d++A++
4 = 0, d++A5 + 4A++

4 = 0, d++A6αβ = 0,
(4.42)

++A−−
7 + 2A5 + [φ̄,A1] = 0, d++A10 + [φ̄,A++

4 ] = 0,

£¤¥ ¢¢¥¤¥´μ μ¡μ§´ Î¥´¨¥

d++ = ∂++ + i[f++, . . .].

�¡Ð¥¥ ·¥Ï¥´¨¥ ÔÉμ£μ ´ ¡μ·  £ ·³μ´¨Î¥¸±¨Ì Ê· ¢´¥´¨° ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ
¢ É¥·³¨´ Ì ËÊ´±Í¨° ƒ·¨´  ¤²Ö μ¶¥· Éμ·  ∂++. ’ ±, ·¥Ï¥´¨¥ ¤²Ö ¶¥·¢μ£μ
Ê· ¢´¥´¨Ö ¨§ Í¥¶μÎ±¨ (4.42) ¶μ²ÊÎ ¥É¸Ö ¢ ¢¨¤¥

A1(u) = ϕ − i

∫
du1

u+u−
1

u+u+
1

[f++(u1),A1(u1)] =

=
∞∑

n=0

(−i)n

∫
du1 · · ·dun

u+u−
1

u+u+
1

· · ·
u+

n−1u
−
n

u+
n−1u

+
n

×

× [f++(u1), [. . . , [f++(un), ϕ]]] = eibϕ, (4.43)
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£¤¥ ϕ Å Î ¸É´μ¥ ·¥Ï¥´¨¥ μ¤´μ·μ¤´μ£μ Ê· ¢´¥´¨Ö, ¨ ´¥ ´ ²¨É¨Î¥¸±¨° ³μ¸É
eib ¤²Ö ¶μ²Ö f++ = −i eib∂++ e−ib ³μ¦¥É ¡ÒÉÓ ¶μ¸É·μ¥´ ¨É¥· Í¨Ö³¨ ± ± ·Ö¤
’¥°²μ·  ¶μ ¸É¥¶¥´Ö³ f++ ¶μ¤μ¡´μ Éμ³Ê, ± ± ÔÉμ ¡Ò²μ ¸¤¥² ´μ ¢ · ¡μÉ¥ [56].

’ ±¨³ μ¡· §μ³, ± ¦¤ Ö ±μ³¶μ´¥´É  A μ¶·¥¤¥²Ö¥É¸Ö ¡¥¸±μ´¥Î´Ò³ ·Ö¤μ³
¶μ ¸É¥¶¥´Ö³ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¡ÒÎ´ÒÌ ±μ³¶μ´¥´É ¸Ê¶¥·¶μ²Ö W ¸ ¶μ²¥³ f++:

A++
4 = eib�f++, A−−

7 = 4 eib�f−−, Aαβ
6 = eibFαβ ,

(4.44)

A5 = eib

(
−4�f+− +

1
2
[ϕ, ϕ̄]

)
, A10 = eib

(
−�ϕ̄ +

1
8
[ϕ̄, [ϕ̄, ϕ]]

)
.

‡¤¥¸Ó ±μ³¶μ´¥´É´Ò¥ ¶μ²Ö f ij , ϕ, ϕ̄, Fαβ μ¶·¥¤¥²ÖÕÉ¸Ö · §²μ¦¥´¨¥³ (4.39),  
¤¥°¸É¢¨¥ ³ É·¨Î´μ£μ μ¶¥· Éμ·  eib § ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ (4.43).

ˆÉ ±, ´ Ï¥ · ¸¸³μÉ·¥´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É Ëμ·³ ²Ó´μ¥ ·¥-
Ï¥´¨¥ ¤²Ö ±μ³¶μ´¥´É ¸Ê¶¥·¶μ²¥¢μ° ´ ¶·Ö¦¥´´μ¸É¨ (4.40) ¢ ´¥¶μ²¨´μ³¨ ²Ó-
´μ° Ëμ·³¥, ¨ ¤¥°¸É¢¨¥ (4.41) ¸μ¤¥·¦¨É ±·μ³¥ ¸É ´¤ ·É´μ£μ ¤¥°¸É¢¨Ö ¢ ¢¥¸¸-
§Ê³¨´μ¢¸±μ° ± ²¨¡·μ¢±¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ±μ³¶μ´¥´É ³¨
ω-³Ê²ÓÉ¨¶²¥É , ¢ Î ¸É´μ¸É¨ ¢±²ÕÎ ÕÐ¥¥ Î¥É¢¥·ÉÒ¥ ¸É¥¶¥´¨ ¶·μ¸É· ´¸É¢¥´´μ-
¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ±μ³¶μ´¥´É´ÒÌ ¶μ²¥° ω, ω(ij). � Ìμ¦¤¥´¨¥ ¡μ²¥¥
¤¥É ²Ó´μ° ±μ³¶μ´¥´É´μ° Ëμ·³Ò ¤²Ö ¢Ò· ¦¥´¨Ö (4.41) Ö¢²Ö¥É¸Ö É¥Ì´¨Î¥¸±¨
μÎ¥´Ó ¸²μ¦´μ° § ¤ Î¥°, ÌμÉÖ μ¶¨¸ ´´ Ö ¶·μÍ¥¤Ê·  ¢ ¶·¨´Í¨¶¥ ¶μ§¢μ²Ö¥É
´ °É¨ ¶μ²´μ¥ ·¥Ï¥´¨¥. ‡ ³¥É¨³ É ±¦¥, ÎÉμ ¢ ¸¥±Éμ·¥ ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É 
(É. ¥. ¶·¨ ¢Ò±²ÕÎ¥´´μ° § ¢¨¸¨³μ¸É¨ μÉ ±μ³¶μ´¥´É ω-³Ê²ÓÉ¨¶²¥É ) · ¸Ìμ¤¨-
³μ¸É¨ (4.26) ¨ (4.35) ¸μ±· Ð ÕÉ¸Ö.

4.6. ˆÉμ£¨. ‘Ê³³¨·Ê¥³ μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤ ´´μ£μ · §¤¥² .
� ¸¸³μÉ·¥´  N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ³ ¸¸¨¢´ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸ ,

¤¥°¸É¢¨¥ ±μÉμ·μ° § ¢¨¸¨É μÉ N = 2 ± ²¨¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö V ++ ¨
ÏÉÕ±¥²Ó¡¥·£μ¢  £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ£μ ¸Ê¶¥·¶μ²Ö ω. �·¥¤²μ¦¥´Ò · §²¨Î´Ò¥
¤Ê ²Ó´μ-Ô±¢¨¢ ²¥´É´Ò¥ Ëμ·³Ê²¨·μ¢±¨ ÔÉμ° É¥μ·¨¨, μÉ²¨Î ÕÐ¨¥¸Ö · §´Ò³¨
¸¶μ¸μ¡ ³¨ ¢¢¥¤¥´¨Ö ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ£μ ³ ¸¸¨¢´μ£μ ¸² £ ¥³μ£μ ¢
¸Ê¶¥·¶μ²¥¢μ¥ ¤¥°¸É¢¨¥.

� §¢¨É ³¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö, ¶μ§¢μ²ÖÕÐ¨° ¶μ²ÊÎ¨ÉÓ ¶¥É²¥¢μ¥ · §²μ-
¦¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ Ö¢´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° ¨ N =
2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³¥. �μ± § ´μ, ÎÉμ ¢±² ¤ ÏÉÕ±¥²Ó¡¥·£μ¢  ¸Ê¶¥·-
¶μ²Ö ω ¢ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ É¥·³¨´ Ì ¸Ê¶¥·¶μ²Ö
V++ (4.7) Å ¸¶¥Í¨Ë¨Î¥¸±μ° ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´μ° ±μ³¡¨´ Í¨¨ Ëμ´μ-
¢ÒÌ ¸Ê¶¥·¶μ²¥° V ++ ¨ ω.

ˆ§ÊÎ¥´  ¸É·Ê±ÉÊ·  μ¤´μ¶¥É²¥¢ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¢ · ¸¸³ É·¨¢ ¥³μ° É¥μ-
·¨¨. �μ²ÊÎ¥´Ò Ö¢´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò¥ ¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö μ¤´μ¶¥É²¥¢ÒÌ · ¸Ìμ¤¨³μ¸É¥° (4.26), (4.35), (4.37). ‘²¥-
¤Ê¥É μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  Éμ, ÎÉμ ¢Ò· ¦¥´¨¥ (4.37) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´μ-
¢Ò° ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò° ¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´Ò° ËÊ´±Í¨μ´ ²,
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¶μ¸É·μ¥´´Ò° ¨§ ¸Ê¶¥·¶μ²¥° V ++ ¨ ω. �μÖ¢²¥´¨¥ ÔÉμ£μ ËÊ´±Í¨μ´ ²  ¢ μ¤-
´μ¶¥É²¥¢ÒÌ · ¸Ìμ¤¨³μ¸ÉÖÌ ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ § ±²ÕÎ¥´¨¥ μ (³Ê²ÓÉ¨¶²¨± -
É¨¢´μ°) ´¥¶¥·¥´μ·³¨·Ê¥³μ¸É¨ · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨. „ ´´Ò° ËÊ´±Í¨μ´ ²
³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± N = 2 ¸Ê¶¥·¸¨³³¥É·¨§ Í¨Õ ±μ¢ ·¨ ´É´μ£μ ±μ´É·-
Î²¥´  ¢ ´¥¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ ¶μ²Ö Ÿ´£ ÄŒ¨²²¸  [174, 175]. �¤´ ±μ
¢ μÉ²¨Î¨¥ μÉ ´¥¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ¸²ÊÎ Ö ³ ¸¸μ¢Ò° Î²¥´ ¢ N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ´¥ ¶¥·¥´μ·³¨·Ê¥É¸Ö. ’ ±¨³
μ¡· §μ³, ¤ ´ ¶μ²´Ò°  ´ ²¨§ N = 2 ¸Ê¶¥·¶μ²¥¢μ° ¸É·Ê±ÉÊ·Ò μ¤´μ¶¥É²¥¢ÒÌ
· ¸Ìμ¤¨³μ¸É¥° ¢ · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨. — ¸É¨Î´μ° ¶·μ¢¥·±μ° ¶μ²ÊÎ¥´´ÒÌ
·¥§Ê²ÓÉ Éμ¢ Ö¢²Ö¥É¸Ö ¶¥·¥Ìμ¤ ± ¶·¥¤¥²Ó´μ³Ê ¸²ÊÎ Õ ¢Ò±²ÕÎ¥´´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ³¥¦¤Ê ¢¥±Éμ·´Ò³ ³Ê²ÓÉ¨¶²¥Éμ³ ¨ ÏÉÕ±¥²Ó¡¥·£μ¢Ò³ ³Ê²ÓÉ¨¶²¥Éμ³
¨²¨, ¤·Ê£¨³¨ ¸²μ¢ ³¨, ¶·¥¤¥² ´Ê²¥¢μ° ³ ¸¸Ò. ‚ ÔÉμ³ ¶·¥¤¥²¥ μ¸É ¥É¸Ö ¥¤¨´-
¸É¢¥´´ Ö · ¸Ìμ¤¨³μ¸ÉÓ, μ¡Ê¸²μ¢²¥´´ Ö μ¤´μ¶¥É²¥¢Ò³¨ ¢±² ¤ ³¨ ¤ÊÌμ¢ (4.26)
¨ μ¶·¥¤¥²ÖÕÐ Ö ¨§¢¥¸É´μ¥ §´ Î¥´¨¥ [41] ¤²Ö ¡¥É -ËÊ´±Í¨¨ ¢ ®Î¨¸Éμ°¯ N = 2
¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ .

� ¸¸³μÉ·¥´  ±μ³¶μ´¥´É´ Ö ¸É·Ê±ÉÊ·  ±μ´É·Î²¥´  ¢¨¤  (4.35) ¢ ¡μ§μ´´μ³
¸¥±Éμ·¥. �μ¸±μ²Ó±Ê ± ²¨¡·μ¢μÎ´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ¤²Ö V++ (4.7) μ¤´μ·μ¤´μ,
³Ò ´¥ ³μ¦¥³ ¢Ò¡· ÉÓ ¤²Ö V++ ± ²¨¡·μ¢±Ê ‚¥¸¸ Ä‡Ê³¨´μ, μ¡ÒÎ´μ ¨¸¶μ²Ó-
§Ê¥³ÊÕ ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ¸Ê¶¥·¶μ²¥¢μ£μ μ¶¨¸ ´¨Ö ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ±
±μ³¶μ´¥´É´μ³Ê. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢μ§´¨± ¥É ¶·μ¡²¥³  ´ Ìμ¦¤¥´¨Ö ±μ³¶μ-
´¥´É´μ° Ëμ·³Ò ¸Ê¶¥·¶μ²¥¢μ£μ ËÊ´±Í¨μ´ ²  (4.35). �·¥¤²μ¦¥´  ¶·μÍ¥¤Ê· 
·¥Ï¥´¨Ö ÔÉμ° ¶·μ¡²¥³Ò ¢ ¡μ§μ´´μ³ ¸¥±Éμ·¥ (¸³. (4.41), (4.44)).

�¡¸Ê¤¨³ ±· É±μ ¶¥·¸¶¥±É¨¢Ò ¤ ²Ó´¥°Ï¥£μ ¨¸¸²¥¤μ¢ ´¨Ö N = 2 ¸Ê¶¥·-
¸¨³³¥É·¨Î´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ . Š ± ¨§¢¥¸É´μ, N = 2 ¸Ê-
¶¥·¸¨³³¥É·¨Î´ Ö ¡¥§³ ¸¸μ¢ Ö É¥μ·¨Ö Ÿ´£ ÄŒ¨²²¸  ±μ´¥Î´  §  ¶·¥¤¥² ³¨
μ¤´μ¶¥É²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö (¸³., ´ ¶·¨³¥·, [52]). ‚μ¶·μ¸ μ · ¸Ìμ¤¨³μ-
¸ÉÖÌ · ¸¸³ É·¨¢ ¥³μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ ¢ ¢Ò¸Ï¨Ì ¶¥É²ÖÌ μ¸É ¥É¸Ö μÉ±·Ò-
ÉÒ³. �·¥¤¸É ¢²Ö¥É μ¶·¥¤¥²¥´´Ò° ¨´É¥·¥¸ ´ Ìμ¦¤¥´¨¥ ±μ´¥Î´ÒÌ ¢±² ¤μ¢ ¢
μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¨ ¨§ÊÎ¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¶·¨
´ ²¨Î¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ³ ¸¸¨¢´μ£μ ± ²¨¡·μ¢μÎ´μ£μ N = 2 ¸Ê¶¥·¶μ²Ö ¸ £¨-
¶¥·³Ê²ÓÉ¨¶²¥É ³¨. �¸μ¡Ò° ¨´É¥·¥¸, ´  ´ Ï ¢§£²Ö¤, ¶·¥¤¸É ¢²Ö¥É ¶·μ¡²¥³ 
±¢ ´Éμ¢μ° Ô±¢¨¢ ²¥´É´μ¸É¨ ³ ¸¸¨¢´μ° N = 2 É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢ · ³-
± Ì Ëμ·³ ²¨§³  ˜ÉÕ±¥²Ó¡¥·£  ¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ´¥ ¡¥²¥¢ÒÌ
¢¥±Éμ·-É¥´§μ·´ÒÌ ³μ¤¥²¥°, ±μÉμ·Ò¥, ± ± ¡Ò²μ ¶μ± § ´μ, ¤Ê ²Ó´Ò ¤·Ê£ ¤·Ê£Ê
´  ±² ¸¸¨Î¥¸±μ³ Ê·μ¢´¥.

‡�Š‹
—…�ˆ…

‚ · ¡μÉ¥ ¤ ´ μ¡§μ· ³¥Éμ¤μ¢ ¨ ·¥§Ê²ÓÉ Éμ¢, ± ¸ ÕÐ¨Ì¸Ö ¸É·Ê±ÉÊ·Ò ´¨§±μ-
Ô´¥·£¥É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ Î¥ÉÒ·¥Ì³¥·´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨
± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¸ N = 2 ¨ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Ö³¨. ˆ§²μ¦¥´¨¥
μ¸´μ¢ ´μ ´  ¸Ê¶¥·¶μ²¥¢ÒÌ Ëμ·³Ê²¨·μ¢± Ì ¨¸¸²¥¤Ê¥³ÒÌ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ
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³μ¤¥²¥°. � ¸¸³μÉ·¥´Ò μ¡Ð¨¥ ³¥Éμ¤Ò ¶μ¸É·μ¥´¨Ö ¸Ê¶¥·¶μ²¥¢μ£μ ÔËË¥±É¨¢-
´μ£μ ¤¥°¸É¢¨Ö ¢ · §²¨Î´ÒÌ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨ÖÌ. �¡¸Ê¦¤ ¥É¸Ö ¸¢Ö§Ó
¶·μ¡²¥³ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ ¶μ²Ö ¸ ¶·μ¡²¥-
³ ³¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶·¥¤¥²  ¢ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´.

‘Ëμ·³Ê²¨·Ê¥³ ±· É±μ μ¸´μ¢´Ò¥ ´ ¶· ¢²¥´¨Ö ¨¸¸²¥¤μ¢ ´¨°, § É·μ´ÊÉÒ¥
¢ μ¡§μ·¥, ¨ ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ.

• �μ¸É·μ¥´μ · §²μ¦¥´¨¥ ¶μ ¶·μ¨§¢μ¤´Ò³ μ¤´μ¶¥É²¥¢μ£μ ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¸μ¤¥·¦ Ð¥£μ ± ±
¶μ²Ö N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É , É ± ¨ ¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. � ¸-
¸³μÉ·¥´  Ëμ·³Ê²¨·μ¢±  N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¢
É¥·³¨´ Ì N = 1 ¸Ê¶¥·¶μ²¥°, ¨ ¶μ²ÊÎ¥´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ¥ μ¤´μ-
¶¥É²¥¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ ¶·¨¡²¨¦¥´¨¨ ¶μ¸ÉμÖ´´ÒÌ  ¡¥²¥¢ÒÌ ´ ¶·Ö-
¦¥´´μ¸É¥° ¨ ¶μ¸ÉμÖ´´ÒÌ ¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢. � °¤¥´μ ¶·¥¤¸É ¢²¥´¨¥
ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ¸Ê¶¥·±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤-
´Ò³ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É . ‚ Î ¸É´μ¸É¨, É ±¨³ μ¡· §μ³ ¶μ²ÊÎ¥´μ
¶μ²´μ¥ N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°-
¸É¢¨¥, · ´¥¥ ¶μ¸É·μ¥´´μ¥ ¢ · ¡μÉ¥ [146], ¨ ´ °¤¥´Ò ¸²¥¤ÊÕÐ¨¥ §  ¢¥¤ÊÐ¨³¨
¶μ¶· ¢±¨ ± ÔÉμ³Ê ¤¥°¸É¢¨Õ. � §¢¨É ¸ ³μ¸μ£² ¸μ¢ ´´Ò° ¸¶μ¸μ¡ ´ Ìμ¦¤¥´¨Ö
§ ¢¨¸ÖÐ¨Ì μÉ £¨¶¥·³Ê²ÓÉ¨¶²¥Éμ¢ ¤μ¶μ²´¥´¨° ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¡· §μ³ ¤¥-
Ëμ·³¨·μ¢ ´´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¸±·ÒÉμ° ¸Ê¶¥·¸¨³³¥É·¨¨, μ¡¥¸¶¥Î¨¢ ÕÐ¨Ì
N = 4 ¸Ê¶¥·¸¨³³¥É·¨Õ ¢ ¸²¥¤ÊÕÐ¨Ì ¶μ¸²¥ ¢¥¤ÊÐ¥£μ Î²¥´ Ì ÔËË¥±É¨¢´μ£μ
¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ .

• ˆ¸¸²¥¤μ¢ ´  ¸É·Ê±ÉÊ·  £¨¶¥·³Ê²ÓÉ¨¶²¥É´μ° § ¢¨¸¨³μ¸É¨ ´¨§±μÔ´¥·£¥-
É¨Î¥¸±μ£μ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 4 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ Ä
Œ¨²²¸ , ¸Ëμ·³Ê²¨·μ¢ ´´μ° ¢ N = 2 £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. �·μ-
¢¥¤¥´  ¶·μÍ¥¤Ê·  ±¢ ´Éμ¢ ´¨Ö · ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨, ¨ ¨§ÊÎ¥´  ¸É·Ê±ÉÊ· 
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. �·μ¢¥¤¥´μ ¸Ê³³¨·μ¢ ´¨¥ ¡¥¸±μ´¥Î´μ° ¸¥·¨¨ ±μ¢ ·¨-
 ´É´ÒÌ £ ·³μ´¨Î¥¸±¨Ì ¸Ê¶¥·£· Ëμ¢ ¸ ¶·μ¨§¢μ²Ó´Ò³ Î¨¸²μ³ ¢´¥Ï´¨Ì ²¨´¨°
£¨¶¥·³Ê²ÓÉ¨¶²¥É  ´  ´¥É·¨¢¨ ²Ó´μ³ Ëμ´¥ N = 2 ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É ,
¨ Ê¸É ´μ¢²¥´  μ¡Ð Ö ¸É·Ê±ÉÊ·  § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö μÉ ¸Ê-
¶¥·¶μ²¥° £¨¶¥·³Ê²ÓÉ¨¶²¥É . � §¢¨É ³¥Éμ¤ ¸¨³¢μ²μ¢ μ¶¥· Éμ·μ¢ ¢ N = 2
£ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥, ¢ · ³± Ì ±μÉμ·μ£μ ¢ÒÎ¨¸²¥´μ μ¤´μ¶¥É²¥-
¢μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢ · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨. �¥§Ê²ÓÉ É ¶·¥¤¸É ¢²¥´
¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ  ´ ²¨É¨Î¥¸±μ³Ê ¶μ¤¶·μ¸É· ´¸É¢Ê £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·-
¶·μ¸É· ´¸É¢ . �μ± § ´μ, ÎÉμ ± ¦¤Ò° Î²¥´ · §²μ¦¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¶μ ¸¶¨´μ·´Ò³ ±μ¢ ·¨ ´É´Ò³ ¶·μ¨§¢μ¤´Ò³ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ± ± ¨´É¥-
£· ² ¶μ ¶μ²´μ³Ê N = 2 ¸Ê¶¥·¶·μ¸É· ´¸É¢Ê. Š ± ¸²¥¤¸É¢¨¥, ¤ ´μ μ¡μ¸´μ¢ ´¨¥
³¥Éμ¤ , ¨¸¶μ²Ó§μ¢ ´´μ£μ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, £¤¥ μ¤´μ¶¥É²¥¢μ¥ ÔËË¥±É¨¢-
´μ¥ ¤¥°¸É¢¨¥ ¢ ¸¥±Éμ·¥ £¨¶¥·³Ê²ÓÉ¨¶²¥É  ¡Ò²μ ´ °¤¥´μ ´  Ö§Ò±¥ N = 1
¸Ê¶¥·¶μ²¥° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¶¥Í¨ ²Ó´μ° Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨ ¨ ¶·¥¤¶μ-
²μ¦¥´¨° μ ¢μ§³μ¦´μ¸É¨ ·¥±μ´¸É·Ê±Í¨¨ Ö¢´μ° N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ°
Ëμ·³Ò ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö.
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• �μ¸É·μ¥´μ μ¤´μ¶¥É²¥¢μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¢
N = 2 ¸Ê¶¥·±μ´Ëμ·³´ÒÌ, Ê²ÓÉ· Ë¨μ²¥Éμ¢μ-±μ´¥Î´ÒÌ ³μ¤¥²ÖÌ, ¸Ëμ·³Ê²¨·μ-
¢ ´´ÒÌ ¢ £ ·³μ´¨Î¥¸±μ³ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥. ˆ§ÊÎ¥´μ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥,
§ ¢¨¸ÖÐ¥¥ μÉ Ëμ´μ¢μ£μ  ¡¥²¥¢  N = 2 ¸Ê¶¥·¶μ²Ö ¢¥±Éμ·´μ£μ ³Ê²ÓÉ¨¶²¥É  ¨
Ëμ´μ¢μ£μ ¸Ê¶¥·¶μ²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É , Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ¸¶¥Í¨ ²Ó´Ò³ μ£· -
´¨Î¥´¨Ö³, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ¸É·Ê±ÉÊ·Ê ¢ ±ÊÊ³  ¢ ¤ ´´ÒÌ ³μ¤¥²ÖÌ. ‚ · ³-
± Ì N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ£μ ³¥Éμ¤  Ëμ´μ¢μ£μ ¶μ²Ö ¨ ¢ ¶·¥¤¶μ²μ¦¥´¨¨,
ÎÉμ £¨¶¥·³Ê²ÓÉ¨¶²¥É Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨, ´ °¤¥´μ
Ê´¨¢¥·¸ ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. „²Ö £¨¶¥·³Ê²ÓÉ¨¶²¥É 
¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ ¶μ¸É·μ¥´ ¸¶¥Í¨ ²Ó´Ò° Ö¢´μ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´Ò° ²¨¤¨·ÊÕÐ¨° ¢±² ¤, ±μÉμ·Ò° § ¶¨¸Ò¢ ¥É¸Ö ± ± ¨´É¥£· ² ¶μ 3/4 ¶μ²´μ£μ
N = 2 £ ·³μ´¨Î¥¸±μ£μ ¸Ê¶¥·¶·μ¸É· ´¸É¢ . ‚ ¡μ§μ´´μ³ ¸¥±Éμ·¥ ÔÉμÉ ¢±² ¤
¸μ¤¥·¦¨É Î²¥´Ò ¸ É·¥³Ö ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨, ¶μ¤μ¡-
´Ò¥ Î²¥´ ³ —¥·´ Ä‘ °³μ´¸ .

• ˆ¸¸²¥¤μ¢ ´  ¸É·Ê±ÉÊ·  ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î-
´μ° ³ ¸¸¨¢´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¶μ¸É·μ¥´´μ° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´¥²¨-
´¥°´μ° ¸¨£³ -³μ¤¥²¨ ¤²Ö ÏÉÕ±¥²Ó¡¥·£μ¢  ¸Ê¶¥·¶μ²Ö. � §¢¨É ³¥Éμ¤ Ëμ´μ¢μ£μ
¶μ²Ö, ¶μ§¢μ²ÖÕÐ¨° ¶μ²ÊÎ¨ÉÓ ¶¥É²¥¢μ¥ · §²μ¦¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
¢ Ö¢´μ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° ¨ N = 2 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³¥.
ˆ§ÊÎ¥´  ¸É·Ê±ÉÊ·  μ¤´μ¶¥É²¥¢ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¢ · ¸¸³ É·¨¢ ¥³μ° É¥μ·¨¨.
‚ ±μ³¶μ´¥´É´μ° Ëμ·³¥ ±μ´É·Î²¥´Ò ¸μ¤¥·¦ É ´¥¸É ´¤ ·É´Ò¥ ±μ´É ±É´Ò¥ Î¥-
ÉÒ·¥Ì¢¥±Éμ·´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ Î²¥´Ò, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¸Ê¶¥·¸¨³³¥É·¨-
§ Í¨¨ ¶μ¸²¥¤´¨Ì.

Œ¥Éμ¤Ò, ¶μ¤Ìμ¤Ò ¨ ·¥§Ê²ÓÉ ÉÒ, · ¸¸³ É·¨¢ ¥³Ò¥ ¢ μ¡§μ·¥, ¡μ²¥¥ ¶μ-
¤·μ¡´μ μ¡¸Ê¦¤ ÕÉ¸Ö ¢ ¶. 1.10, 2.9, 3.6, 4.6.
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