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� §¢¨É É¥µ·¥É¨Î¥¸±¨° ¶µ¤Ìµ¤, ¢ ±µÉµ·µ³ ¶·µ¡²¥³  ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¸
¸¨²Ó´µ¸¢Ö§ ´´µ° ¸µ¸É ¢´µ° ¸¨¸É¥³µ° ·¥Ï ¥É¸Ö ¡¥§ ¶·¨¢²¥Î¥´¨Ö ² £· ´¦¥¢  ¶µ¤Ìµ¤ . “Î¥É ¢§ ¨³µ-
¤¥°¸É¢¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¸ ´¥²µ± ²Ó´Ò³¨ ¶µ²Ö³¨ ³ É¥·¨¨ µ¶·¥¤¥²Ö¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¢¢¥¤¥´¨Ö
¢ · ¸¸³µÉ·¥´¨¥ U(1)-²µ± ²Ó´µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ÒÌ ¤¢ÊÌ- ¨ É·¥ÌÉµÎ¥Î´ÒÌ ËÊ´±Í¨° ƒ·¨´ 
¸¢µ¡µ¤´ÒÌ ¶µ²¥°. �µ± § ´µ, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ · §²µ¦¥´¨Ö ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ° ¤¢ÊÌÉµÎ¥Î-
´µ° ËÊ´±Í¨¨ ƒ·¨´  ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ·Ö¤ ‹µ· ´  ¶µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö
¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢¥¸Ó ´ ¡µ· Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³ Ô²¥±É·µ¤¨´ ³¨±¨. � §²µ¦¥´¨¥ ¸¨²Ó´µ¸¢Ö-
§ ´´µ° É·¥ÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´  ¶·¨¢µ¤¨É ± ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉµ³Ê ·Ö¤Ê Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ
ËÊ´±Í¨° ƒ·¨´  ´¥§ ¢¨¸¨³µ µÉ Ö¢´µ£µ ¢¨¤  ¸µ¡¸É¢¥´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ ¸¨²Ó´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö. �Éµ ¸¢µ°¸É¢µ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¢ ± Î¥¸É¢¥ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ ± ± ·¥Ï¥´¨Ö
·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢´¥´¨Ö �¥É¥Ä‘µ²¶¨É¥· , É ± ¨ ·¥Ï¥´¨Ö ±¢ §¨¶µÉ¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°. ‚Ò-
¶µ²´¥´¨¥ É·¥¡µ¢ ´¨° ±µ¢ ·¨ ´É´µ¸É¨ ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ´  Ê·µ¢´¥ ¶µ²´µ°  ³¶²¨-
ÉÊ¤Ò ¶µ§¢µ²Ö¥É ¶µ¸²¥¤µ¢ É¥²Ó´µ ÊÎ¨ÉÒ¢ ÉÓ ¢´ÊÉ·¨Ö¤¥·´ÊÕ ¤¨´ ³¨±Ê ´  Ëµ´¥ ÉµÎ´µ£µ ¸µÌ· ´¥´¨Ö
¸É·Ê±ÉÊ·´µ£µ Ô²¥±É·µ³ £´¨É´µ£µ Éµ± .

The theoretical approach is developed in which the problem of interaction of an electromagnetic ˇeld
with a strongly bound composite system is solved without using the Lagrange approach. An interaction
of a gauge ˇeld with nonlocal ˇelds is realized in the framework of the U(1) locally gauge-invariant two-
and three-point Green functions of free ˇelds. The whole set of Feynman diagrams of electrodynamics
is shown to be reproduced under expansion of a gauge-invariant two-point Green function in a functional
Laurent series over a vector-potential of a gauge ˇeld. The decomposition of a strongly bound three-
point Green function leads to a gauge-invariant series for four-point Green functions irrespective of
the explicit form of eigen vertex function of a strong interaction. This property allows one to use
as a vertex function both the solution of the BetheÄSalpeter relativistic equation and the solutions of
quasipotential equations. The fulˇlment of covariance and gauge invariance requirements at the level
of the whole amplitude permits a consistent consideration of intrinsic dynamics on the background of
exact conservation of a structural electromagnetic current.

�¡Ð¥¶·¨§´ ´´µ° µ¸´µ¢µ° Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í Ö¢²Ö¥É¸Ö ±¢ ´Éµ¢ Ö É¥µ·¨Ö
± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° (Š’Š�). ‚ µ¸´µ¢Ê Š’Š� a priori ¶µ²µ¦¥´ É¥§¨¸, ÎÉµ ¢¸¥ ¨§¢¥¸É-
´Ò¥ ¢ ¶·¨·µ¤¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¥·¥´µ¸ÖÉ¸Ö ± ²¨¡·µ¢µÎ´Ò³¨ ¶µ²Ö³¨,   ¶·¨´Í¨¶ ± ²¨-
¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨ Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ £² ¢´ÒÌ Ô¢·¨¸É¨Î¥¸±¨Ì ¶·¨´Í¨¶µ¢. ‡´ Î¨É¥²Ó-
´Ò° Ê¸¶¥Ì ¢ ¶µ´¨³ ´¨¨ ¸¢µ°¸É¢ Ô²¥±É·µ³ £´¨É´ÒÌ (�Œ) ¨ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¡Ò²
¤µ¸É¨£´ÊÉ ´  ¶ÊÉ¨ ¶·¨³¥´¥´¨Ö ¶·¨´Í¨¶  ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, ÎÉµ ¢ µ±µ´Î -
É¥²Ó´µ° Ëµ·³¥ ¶·¨´Ö²µ ¢¨¤ ¸µ¢·¥³¥´´µ° É¥µ·¨¨ Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.

�¸´µ¢´µ° § ¤ Î¥° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö Ö¢²Ö¥É¸Ö ¢ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨¨ ƒ·¨´  (”ƒ),
É. ¥. ¢ ±ÊÊ³´ÒÌ ¸·¥¤´¨Ì Ì·µ´µ²µ£¨Î¥¸±¨Ì ¶·µ¨§¢¥¤¥´¨° ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ²¥°. ˆ¸-
¶µ²Ó§µ¢ ´¨¥ ËÊ´±Í¨µ´ ²Ó´ÒÌ ³¥Éµ¤µ¢ ¶µ§¢µ²Ö¥É µ¡Ñ¥¤¨´¨ÉÓ ¢¸¥ ”ƒ ¢ ¶·µ¨§¢µ¤ÖÐ¨°
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ËÊ´±Í¨µ´ ². �·¨³¥´¥´¨¥ ·¥¤Ê±Í¨µ´´µ° É¥Ì´¨±¨ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ Ê¸É ´µ¢¨ÉÓ ¸¢Ö§Ó
³¥¦¤Ê ·Ö¤ ³¨ ”ƒ ¨ ¨Ì ¢±² ¤ ³¨ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° Ô²¥³¥´É S-³ É·¨ÍÒ. �ÉµÉ ¸µ-
¢·¥³¥´´Ò° ¶µ¤Ìµ¤ ¶µ²ÊÎ¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ · §²¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³
§ ·Ö¦¥´´ÒÌ ²µ± ²Ó´ÒÌ ¶µ²¥° ³ É¥·¨¨ µ¸´µ¢ ´ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ² £· ´¦¨ ´  ¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¨Ì ¶µ²¥°.

‚ µ¸´µ¢¥ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨°, ¡Ê¤Ó Éµ  ¡¥²¥¢ , ± ± ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±e
(Š�„), ¨²¨ ´¥ ¡¥²¥¢  £·Ê¶¶ , ± ± ¢ ¶µ¤Ìµ¤¥ Ÿ´£ ÄŒ¨²²¸ , ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö ¨¸-
¶µ²Ó§µ¢ ´¨¥ ² £· ´¦¥¢  ¶µ¤Ìµ¤ , ¶·¥¤´ §´ Î¥´´µ£µ ¤²Ö µ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ²µ± ²Ó´ÒÌ
¶µ²¥° ³ É¥·¨¨. ‡  ¸Î¥É ÉµÎ¥Î´µ£µ Ì · ±É¥·  ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²¥° ³ É¥·¨¨ ¨ ± ²¨-
¡·µ¢µÎ´µ£µ ¶µ²Ö § ³±´ÊÉµ¸ÉÓ ¸¨¸É¥³Ò Å ®¶µ²Ö ³ É¥·¨¨ ¶²Õ¸ ± ²¨¡·µ¢µÎ´µ¥ ¶µ²¥¯ Å
¤µ¸É¨£ ¥É¸Ö ¢¢¥¤¥´¨¥³ ¢ ² £· ´¦¨ ´ ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ Dµ = ∂µ + ieAµ. �Éµ
¶µ§¢µ²Ö¥É ÊÎ¨ÉÒ¢ ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ § ³±´ÊÉµ° ¸¨¸É¥³¥ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò³
µ¡· §µ³. ®Šµ´É·µ²Ó¯ §  ¸µÌ· ´¥´¨¥³ § ·Ö¤  ´  ± ¦¤µ° ”ƒ, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ¸ ± -
²¨¡·µ¢µÎ´Ò³ ¶µ²¥³, µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢ Ëµ·³¥ Éµ¦¤¥¸É¢ “µ·¤ Ä’ ± Ì Ï¨. �¸´µ¢´µ¥ £¥µ-
³¥É·¨Î¥¸±µ¥ ¶µ´ÖÉ¨¥ Å ®¶ · ²²¥²Ó´Ò° ¶¥·¥´µ¸¯ § ·Ö¦¥´´ÒÌ ¶µ²¥° ³ É¥·¨¨ ¢µ ¢´Ê-
É·¥´´¥³ ¶·µ¸É· ´¸É¢¥ Å ¨ ¥£µ ¢µ§³µ¦´µ¸É¨ ¢ Š�„ µ£· ´¨Î¥´Ò ²µ± ²Ó´Ò³ Ì · ±É¥·µ³
¶µ²¥°, ¢Ìµ¤ÖÐ¨Ì ¢ ² £· ´¦¨ ´. �µ´ÖÉ¨¥ ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸  ¨³¥¥É ¡µ²¥¥ Ï¨·µ±¨°
¸³Ò¸², ±µÉµ·Ò° ´¥ ¸¢Ö§ ´ ¸ ² £· ´¦¨ ´µ³. „¥°¸É¢¨É¥²Ó´µ [1], ´¥§ ¢¨¸¨³µ µÉ ² £· ´-
¦¥¢  ¶µ¤Ìµ¤ , Ë §Ò ¶µ²¥° ³ É¥·¨¨ ³µ¦´µ µÉµ¦¤¥¸É¢¨ÉÓ ¸ ±µµ·¤¨´ É ³¨ ¢ § ·Ö¤µ¢µ³
¶·µ¸É· ´¸É¢¥. ‘µ£² ¸´µ ¶·¨´Í¨¶Ê µÉ´µ¸¨É¥²Ó´µ¸É¨ ¢ § ·Ö¤µ¢µ³ ¶·µ¸É· ´¸É¢¥ ²µ± ²Ó´µ¥
¨§³¥´¥´¨¥ Ë § ¶µ²¥° ³ É¥·¨¨ ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ±µ³¶¥´¸¨·ÊÕÐ¥£µ ± ²¨¡·µ¢µÎ´µ£µ
¶µ²Ö ¶µ¤µ¡´µ Éµ³Ê, ± ± ¢ Ëµ·³Ê²¨·µ¢±¥ ¸² ¡µ£µ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨ �°´ÏÉ¥°´ 
²µ± ²Ó´µ¥ ¨§³¥´¥´¨¥ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ±µµ·¤¨´ É Ô±¢¨¢ ²¥´É´µ ¢¢¥¤¥´¨Õ ¤µ-
¶µ²´¨É¥²Ó´µ£µ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö. ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¶·¨´Í¨¶  ¶µ§¢µ²Ö¥É ±µ·-
·¥±É´µ ¢¢¥¸É¨ ¢ · ¸¸³µÉ·¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨¥ �Œ-¶µ²Ö ¸ ¸µ¸É ¢´Ò³¨ ¶µ²Ö³¨ ³ É¥·¨¨ ¢
µÉ¸ÊÉ¸É¢¨e ² £· ´¦¨ ´ .

‚ µÉ²¨Î¨¥ µÉ Š�„, ±µÉµ· Ö Ö¢²Ö¥É¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨, ¶·¨
µ¶¨¸ ´¨¨ ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ËµÉµ´µ¢ ¸  Éµ³´Ò³¨ Ö¤· ³¨ (¸µ¸É ¢´Ò³¨ ¸¨²Ó´µ-
¸¢Ö§ ´´Ò³¨ ¸¨¸É¥³ ³¨) ¢ · ³± Ì É· ¤¨Í¨µ´´µ£µ ¶µ¤Ìµ¤  ´¥ Ê¤ ¥É¸Ö ¤µ¸É¨ÎÓ ±µ··¥±É´µ£µ
µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¸ ´¥²µ± ²Ó´Ò³¨ ¶µ²Ö³¨ ³ É¥·¨¨. �·¨Î¨-
´µ° Éµ³Ê Ö¢²Ö¥É¸Ö µÉ¸ÊÉ¸É¢¨¥ ² £· ´¦¨ ´ , µ¶¨¸Ò¢ ÕÐ¥£µ ®· §¢ ²¯ ¸µ¸É ¢´µ° ¸¨¸É¥³Ò
´  ¸µ¸É ¢²ÖÕÐ¨¥,   ¸²¥¤µ¢ É¥²Ó´µ, ´¥¢µ§³µ¦´µ¸ÉÓ ¢¢¥¸É¨ ¢ · ¸¸³µÉ·¥´¨¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥ �Œ-¶µ²Ö ¸ ¸µ¸É ¢´µ° ¸¨¸É¥³µ° ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ·¥Í¥¶Éµ³ Š�„ Å ¶ÊÉ¥³ ®Ê¤²¨´¥-
´¨Ö¯ ¶·µ¨§¢µ¤´ÒÌ ¥£µ ±¨´¥É¨Î¥¸±µ° Î ¸É¨. ˆ´ Î¥, ´µ¢Ò³ ³µ³¥´Éµ³ ¤²Ö Š�„ ´  ¤ ´´µ³
ÔÉ ¶¥ Ö¢²Ö¥É¸Ö ¶·¨¢²¥Î¥´¨¥ ¢ · ¸¸³µÉ·¥´¨¥ ´¥²µ± ²Ó´ÒÌ § ·Ö¦¥´´ÒÌ ¶µ²¥° ³ É¥·¨¨, ¶µ-
¸±µ²Ó±Ê ¢ Š�„ µÉ¸ÊÉ¸É¢Ê¥É ¸¶µ¸µ¡, ¶µ§¢µ²ÖÕÐ¨° ¶·µ±µ´É·µ²¨·µ¢ ÉÓ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥
§ ·Ö¤  ¢ ¸¢Ö§ ´´µ° ¸¨¸É¥³¥ ³¥¦¤Ê ¥¥ ¸µ¸É ¢²ÖÕÐ¨³¨ ¢ µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ µ¡¥¸-
¶¥Î¨ÉÓ ¥£µ ¶µ²´µ¥ ¸µÌ· ´¥´¨¥, ÎÉµ ¢ ±µ´¥Î´µ³ ¨Éµ£¥ ¶·¨¢µ¤¨É ± ´¥¢¥·´Ò³ ·¥§Ê²ÓÉ É ³.
�·¨Î¨´  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ  Éµ³´µ¥ Ö¤·µ ¨¸Éµ·¨Î¥¸±¨ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ´¥·¥²ÖÉ¨-
¢¨¸É¸± Ö ¸¨¸É¥³ ,   É¥µ·¥É¨Î¥¸±µ° µ¸´µ¢µ° ¨§ÊÎ¥´¨Ö Ô²¥±É·µÖ¤¥·´ÒÌ ¶·µÍ¥¸¸µ¢ Ö¢²Ö¥É¸Ö
´¥·¥²ÖÉ¨¢¨¸É¸± Ö Ô²¥±É·µ¤¨´ ³¨± . � §¢¨É¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢ ¢ Ö¤¥·´µ° Ë¨§¨±¥
¡Ò²µ µ¡µ¸µ¡²¥´µ µÉ ¶µ¤Ìµ¤µ¢, ¶ · ²²¥²Ó´µ · §¢¨¢ ÕÐ¨Ì¸Ö ¢ Š�„, ±µÉµ·Ò¥ ¨§´ Î ²Ó´µ
Ëµ·³Ê²¨·µ¢ ²¨¸Ó ¢ Ö¢´µ ±µ¢ ·¨ ´É´µ° Ëµ·³¥. Š ± ¸²¥¤¸É¢¨¥, µÉ¸ÊÉ¸É¢¨¥ ±µ¢ ·¨ ´É-
´µ¸É¨ ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¶µ²´ÒÌ  ³¶²¨ÉÊ¤ ¢ Ö¤¥·´µ° Ë¨§¨±¥ ¶·¨¢µ¤¨É
± Éµ³Ê, ÎÉµ ¤ ´´Ò¥ · §²¨Î´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì £·Ê¶¶ ¶µ ·¥§Ê²ÓÉ É ³ µ¶¨¸ ´¨Ö µ¤´¨Ì ¨
É¥Ì ¦¥ ¶·µÍ¥¸¸µ¢ § ³¥É´µ µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£  ¨ ´¥ µÉ· ¦ ÕÉ µ¡Ð¥° É¥´¤¥´Í¨¨
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¶·¨ ¨Ì ¸µ¶µ¸É ¢²¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �Éµ ¸µ§¤ ¢ ²µ ¡² £µ¶·¨ÖÉ´ÊÕ
µ¸´µ¢Ê ¤²Ö · §²¨Î´µ£µ ·µ¤  ¸¶¥±Ê²ÖÍ¨°, ¸ÊÉÓ ±µÉµ·ÒÌ ¸¢µ¤¨² ¸Ó ± Éµ³Ê, ÎÉµ ´  ´¥·¥-
²ÖÉ¨¢¨¸É¸±µ³ Ëµ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó ·¥²ÖÉ¨¢¨¸É¸±¨¥ ³¥Ì ´¨§³Ò. ’ ± Ö ¸¨ÉÊ Í¨Ö Ö¢²Ö¥É¸Ö
¶·Ö³Ò³ ¸²¥¤¸É¢¨¥³ µÉ¸ÊÉ¸É¢¨Ö ¢µ§³µ¦´µ¸É¨ ¶·µ±µ´É·µ²¨·µ¢ ÉÓ Ê·µ¢¥´Ó ¨¸¶µ²Ó§Ê¥³ÒÌ
¶·¨¡²¨¦¥´¨° ¢ · ¸Î¥É Ì. �¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶µ¤Ìµ¤ µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö �Œ-¶µ²Ö ¸
¸µ¸É ¢´µ° ¸¨²Ó´µ¸¢Ö§ ´´µ° ¸¨¸É¥³µ° ´¥ µ¡¥¸¶¥Î¨¢ ¥É ¤µ²¦´µ£µ Ê·µ¢´Ö ¸É·µ£µ¸É¨, ¶µ§¢µ-
²ÖÕÐ¥£µ  ¤¥±¢ É´µ Ê² ¢²¨¢ ÉÓ Éµ´±µ¸É¨ ¸Ê¡ÑÖ¤¥·´µ° ¸É·Ê±ÉÊ·Ò ´  §´ Î¨É¥²Ó´µ ³¥´ÓÏ¨Ì
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ¨´É¥·¢ ² Ì,   ¶·¨¸ÊÉ¸É¢¨¥ ¢  ³¶²¨ÉÊ¤¥ ¡²µ±  ¸ ´¥¨§¢¥¸É´Ò³
NN -¢§ ¨³µ¤¥°¸É¢¨¥³ ¸ÊÐ¥¸É¢¥´´µ Ê¸Ê£Ê¡²Ö¥É ·¥Ï¥´¨¥ ¶·µ¡²¥³Ò ¢ Í¥²µ³. ‚ Š�„, ¢
µÉ²¨Î¨¥ µÉ · ¸Î¥Éµ¢ ¢ Ö¤¥·´µ° Ë¨§¨±¥, ´¥ ¢µ§´¨± ¥É ¶µ¤µ¡´ÒÌ É·Ê¤´µ¸É¥°, ÎÉµ £ · ´-
É¨·µ¢ ´µ ¥¥ ¶µ²´µ° µ¤´µ§´ Î´µ¸ÉÓÕ ¨ µ¶·¥¤¥²¥´´µ¸ÉÓÕ. �µÔÉµ³Ê Š�„ ¶µ ´ ¸ÉµÖÐ¨°
³µ³¥´É µ¸É ¥É¸Ö µ¡Ð¥¶·¨§´ ´´Ò³ ÔÉ ²µ´µ³ ¤²Ö ²Õ¡ÒÌ É¥µ·¨° ¨ ´¥ ¶¥·¥¸É ¥É ¢µ¸Ì¨Ð ÉÓ
¢ ¶µ´¨³ ´¨¨ ¶·¨·µ¤Ò �Œ-¸¨² µÉ ³¨±·µ- ¤µ ³ ±·µÊ·µ¢´¥°.

‚ÒÌµ¤ ¨§ ¸²µ¦¨¢Ï¥£µ¸Ö ¶µ²µ¦¥´¨Ö ³µ¦¥É ¡ÒÉÓ ´ °¤¥´ ²¨ÏÓ ´  ¶ÊÉ¨ ¶·¨¢²¥Î¥´¨Ö ¸ -
³ÒÌ µ¡Ð¨Ì ¶·¥¤¸É ¢²¥´¨° Š’Š�, ´¥ µ£· ´¨Î¥´´ÒÌ É·¥¡µ¢ ´¨Ö³¨ ² £· ´¦¥¢µ° ± ·É¨´Ò
¤¨´ ³¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö. �µ´ÖÉ¨¥ ®¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸ ¯ [1Ä3] µ¶·¥¤¥²Ö¥É ¸¶µ¸µ¡
¸· ¢´¥´¨Ö ¶µ²¥° ³ É¥·¨¨ ¢ · ¸¸²µ¥´´µ³ ¶·µ¸É· ´¸É¢¥ ¸ ¢´ÊÉ·¥´´¥° (§ ·Ö¤µ¢µ°) ¸¨³³¥-
É·¨¥°, ¢ µ¸´µ¢¥ ±µÉµ·µ£µ ¨¸¶µ²Ó§µ¢ ´  ²µ± ²Ó´ Ö ± ²¨¡·µ¢µÎ´ Ö ¶·¨·µ¤  �Œ-¶µ²Ö ¨
¥£µ ¨´É¥·¶·¥É Í¨Ö ´  £¥µ³¥É·¨Î¥¸±µ³ Ö§Ò±¥ ± ± Ëµ·³Ò ¸¢Ö§´µ¸É¨. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¤¢ÊÌ-
¨ É·¥ÌÉµÎ¥Î´ÒÌ ”ƒ ¶µ²¥° ³ É¥·¨¨, ¨´¢ ·¨ ´É´ÒÌ ± ¶·¥µ¡· §µ¢ ´¨Ö³  ¡¥²¥¢µ° U(1)-
± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò, ¶µ§¢µ²Ö¥É §´ Î¨É¥²Ó´µ ¶·µ¤¢¨´ÊÉÓ¸Ö ¢ ´ ¶· ¢²¥´¨¨ ¶µ´¨³ ´¨Ö
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ´¥²µ± ²Ó´Ò³¨ ¶µ²Ö³¨ [4Ä6]. �Éµ ¤µ¸É¨£ ¥É¸Ö ¢¢¥¤¥´¨¥³ ¢ ”ƒ Ë §µ¢µ°
Ô±¸¶µ´¥´ÉÒ ¢ Ëµ·³¥ µ¶¥· Éµ·  ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸ . Šµ´±·¥É¨§¨·ÊÖ ¢¨¤ É· ¥±Éµ-
·¨¨ ¶¥·¥´µ¸  § ·Ö¤  ³¥¦¤Ê 4-ÉµÎ± ³¨ ¢ ±·¨¢µ²¨´¥°´µ³ ¨´É¥£· ²¥ ¶µ± § É¥²Ö Ô±¸¶µ-
´¥´ÉÒ, ´ ¶·¨³¥·, ¶·Ö³µ° ²¨´¨¥°, Ê¤ ¥É¸Ö ·¥Ï¨ÉÓ ¶µ¸É ¢²¥´´ÊÕ § ¤ ÎÊ ¶µ ¶µ¸É·µ¥´¨Õ
 ³¶²¨ÉÊ¤Ò ËµÉµ· ¸Ð¥¶²¥´¨Ö ¸µ¸É ¢´µ° ¸¨¸É¥³Ò ¸ ÊÎ¥Éµ³ É·¥¡µ¢ ´¨° ±µ¢ ·¨ ´É´µ¸É¨
¢ ¸ ³µ³ µ¡Ð¥³ ¢¨¤¥. �Éµ ¤µ¸É¨£ ¥É¸Ö · §²µ¦¥´¨¥³ ¢ ·Ö¤ ¤¢ÊÌÉµÎ¥Î´ÒÌ ”ƒ ¶µ ¢¥±Éµ·-
¶µÉ¥´Í¨ ²Ê Aµ(r) ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¢ ÉµÎ±¥ Aµ = 0, µ¸ÊÐ¥¸É¢²ÖÕÐ¥£µ ®¶¥·¥´µ¸¯
¶µ²¥° ³ É¥·¨¨ ¢ ¶·µ¸É· ´¸É¢¥ ¸ ¢´ÊÉ·¥´´¥° ¸¨³³¥É·¨¥° ¢¤µ²Ó ®³¨´¨³ ²Ó´µ°¯ É· ¥±Éµ-
·¨¨ r(λ) = (1−λ)x+λy, (λ = [0, 1]) ³¥¦¤Ê ÉµÎ± ³¨ x ¨ y ¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥,
¢ ±µÉµ·ÒÌ µ¶·¥¤¥²¥´Ò ¶µ²¥¢Ò¥ µ¶¥· Éµ·Ò ψ(x) ¨ ψ̄(y). � Î¨´ Ö ¸µ ¢Éµ·µ£µ Î²¥´  · §-
²µ¦¥´¨Ö ¤²Ö Î ¸É¨Í ¸µ ¸¶¨´µ³ 0 ¨ 1/2 ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö
�Œ Éµ±µ¢Ò¥ ¢¥·Ï¨´Ò Š�„ [4Ä6]. �µ¤µ¡´µ¥ ¦¥ · §²µ¦¥´¨¥ ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ·Ö¤
µ¤´µÎ ¸É¨Î´µ ´¥¶·¨¢µ¤¨³µ° É·¥ÌÉµÎ¥Î´µ° ”ƒ, ¨´¢ ·¨ ´É´µ° ¶µ µÉ´µÏ¥´¨Õ ± £·Ê¶¶¥
U(1)-²µ± ²Ó´ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ¶µ·µ¦¤ ¥É ¢µ ¢Éµ·µ³ Î²¥´¥ · §²µ¦¥-
´¨Ö ¶µ Aµ(r) ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉÒ° ·Ö¤ Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ ”ƒ, ¸µ¸ÉµÖÐ¨° ¨§ ¸Ê³³Ò
É·¥Ì µ¤´µÎ ¸É¨Î´µ ¶·¨¢µ¤¨³ÒÌ Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ ”ƒ (¶µ²Õ¸´ Ö Î ¸ÉÓ), ¸¢Ö§ ´´ÒÌ ³¥¦¤Ê
¸µ¡µ° ±·µ¸¸¨´£µ³ ¨ ¸¨²Ó´µ¸¢Ö§a´´µ° Î¥ÉÒ·¥ÌÉµÎ¥Î´µ° ”ƒ (·¥£Ê²Ö·´ Ö Î ¸ÉÓ).

„²Ö ËÊ´±Í¨µ´ ²Ó´ÒÌ ¶·µ¨§¢µ¤´ÒÌ, ± ± ¸²¥¤¸É¢¨¥ ¶·¨´Í¨¶µ¢ ²µ± ²Ó´µ° ± ²¨¡·µ¢µÎ-
´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° µ¤´µ·µ¤´µ¸É¨, µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¢Ò¶µ²-
´¥´¨¥  ´ ²µ£µ¢ Éµ¦¤¥¸É¢  “µ·¤ Ä’ ± Ì Ï¨, ÎÉµ ¶·¨¢µ¤¨É, ¢ ±µ´¥Î´µ³ ¨Éµ£¥, ± ÉµÎ´µ³Ê
¸µÌ· ´¥´¨Õ �Œ-Éµ±  ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò ¸ ÊÎ¥Éµ³ ¥¥ ¸É·Ê±ÉÊ·Ò ¨ ¶µ¸²¥¤ÊÕÐ¥£µ · ¸¶ ¤ 
´  ¸µ¸É ¢²ÖÕÐ¨¥ ´¥§ ¢¨¸¨³µ µÉ ±µ´±·¥É´µ£µ ËÊ´±Í¨µ´ ²Ó´µ£µ ¢¨¤  ¸µ¡¸É¢¥´´µ° ¢¥·-
Ï¨´´µ° ËÊ´±Í¨¨. �µ²ÊÎ¥´´Ò° ·Ö¤ Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ ”ƒ ¢ ·¥§Ê²ÓÉ É¥ ¶·¨³¥´¥´¨Ö ± ´¥³Ê
·¥¤Ê±Í¨µ´´µ° É¥Ì´¨±¨ ¸µ¶µ¸É ¢²Ö¥É¸Ö ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¢±² ¤µ³ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É
S-³ É·¨ÍÒ,   ¢ ± Î¥¸É¢¥ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ ¶·¨ ¶·µ¢¥¤¥´¨¨ Î¨¸²¥´´µ£µ  ´ ²¨§  ¤µ-
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¶Ê¸± ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ ·¥Ï¥´¨° · §²¨Î´ÒÌ ±¢ §¨¶µÉ¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°, · ¢´µ ± ± ¨
·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢´¥´¨Ö �¥É¥Ä‘µ²¶¨É¥· . ‘¢µ°¸É¢µ ¨´¤¨ËË¥·¥´É´µ¸É¨ �Œ-¶µ²Ö ¶µ
µÉ´µÏ¥´¨Õ ± ¤·Ê£¨³ ¢¨¤ ³ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¶µ²´µ°  ³¶²¨ÉÊ¤¥ ¤µ²¦´µ µ¡¥¸¶¥Î¨¢ ÉÓ
²¨ÏÓ ¸µÌ· ´¥´¨¥ ¶µ²´µ£µ § ·Ö¤  ´¥§ ¢¨¸¨³µ µÉ ¶·¨¸ÊÉ¸É¢¨Ö ´¥¨§¢¥¸É´ÒÌ ¤¥É ²¥° ¸É·Ê±-
ÉÊ·Ò ¸µ¸É ¢´µ° ¸¨¸É¥³Ò, ´µ ¢ ¸É·µ£µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ É·¥¡µ¢ ´¨Ö³¨ É· ´¸²ÖÍ¨µ´´µ°
¨´¢ ·¨ ´É´µ¸É¨ ± ± ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³, É ± ¨ § ·Ö¤µ¢µ³ ¶·µ¸É· ´¸É¢ Ì.

�¥Ï¥´¨Õ µÉ³¥Î¥´´ÒÌ ¢ÒÏ¥ ¶·µ¡²¥³, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ ·¥²ÖÉ¨-
¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥ �Œ-¢§ ¨³µ¤¥°¸É¢¨°, ¶µ¸¢ÖÐ¥´  ´ ¸ÉµÖÐ Ö · ¡µÉ .

Š�‹ˆ���‚�—��-‡�ŒŠ�“’�Ÿ �Œ�‹ˆ’“„� ”�’���‘™…�‹…�ˆŸ
‘ˆ‹œ��‘‚Ÿ‡����‰ ‘�‘’�‚��‰ ‘ˆ‘’…Œ›

ˆ¤¥Ö ®¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸ ¯ ¶µ²¥¢ÒÌ µ¶¥· Éµ·µ¢ ¢µ ¢´ÊÉ·¥´´¥³ ¶·µ¸É· ´¸É¢¥
µ¸´µ¢ ´  ´  É·¥¡µ¢ ´¨¨ ¸· ¢´¥´¨Ö § ·Ö¦¥´´ÒÌ ¶µ²¥° ³ É¥·¨¨ ¢ · §²¨Î´ÒÌ ¶·µ¸É· ´¸É-
¢¥´´µ-¢·¥³¥´´ÒÌ ÉµÎ± Ì. …¸²¨ ³¥¦¤Ê ÉµÎ± ³¨ x ¨ x′ ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ § ¤ ´ 
³¨·µ¢ Ö ²¨´¨Ö η(s), ±µÉµ· Ö µ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³ x = xµ(s), £¤¥ s Å ¶ · ³¥É·

¤²¨´Ò ±·¨¢µ°, ¨ µ¶·¥¤¥²¥´µ ± ¸ É¥²Ó´µ¥ ¶·µ¸É· ´¸É¢µ Xµ =
dxµ(s)

ds
, Éµ µ¶¥· Í¨Ö ®¶ -

· ²²¥²Ó´µ£µ ¶¥·¥´µ¸ ¯ µ¶·¥¤¥²Ö¥É¸Ö ± ± · ¢¥´¸É¢µ ´Ê²Õ ±µ¢ ·¨ ´É´µ° ¶·µ¨§¢µ¤´µ° µÉ
¶µ²¥¢µ£µ µ¶¥· Éµ·  Dµψ(x) ¢ ± ¸ É¥²Ó´µ³ ´ ¶· ¢²¥´¨¨ ¤²Ö ± ¦¤µ° ÉµÎ±¨ É· ¥±Éµ-
·¨¨ [1]:

dxµ(s)
ds

(∂µ + ieAµ)ψ(x)
∣∣∣∣
x=x(s)

= 0. (1)

�¥Ï¥´¨¥ ÔÉµ£µ Ê· ¢´¥´¨Ö ¨³¥¥É ¢¨¤

ψ(x′) = P exp


−ie

x′∫
x

drνAν(r)


ψ(x) = P exp


−ie

1∫
0

ds
drν

ds
Aν(r(s))


ψ(x), (2)

£¤¥ P Å µ¶¥· Éµ· Ê¶µ·Ö¤µÎ¥´¨Ö ¢¤µ²Ó É· ¥±Éµ·¨¨. �¶·¥¤¥²¨³ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É-
´Ò³ µ¡· §µ³ ¤¢ÊÌÉµÎ¥Î´ÊÕ ”ƒ

D(x, y; A) = i

〈
T

(
ψ(x) exp

(
ie

x∫
y

drρAρ(r)
)

ψ̄(y)

)〉
, (3)

±µÉµ· Ö µ¶¨¸Ò¢ ¥É · ¸¶·µ¸É· ´¥´¨¥ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¨§ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ°
ÉµÎ±¨ x ¢ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ ÉµÎ±Ê y ¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥. „ ´´ Ö
”ƒ ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ £·Ê¶¶Ò ²µ± ²Ó´ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°:

ψ(x) → e−ieα(x)ψ(x), ψ̄(x) → e−ieα(x)ψ̄(x), Aµ(x) → Aµ(x) + ∂µα(x). (4)
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� §²µ¦¨³ ¢Ò· ¦¥´¨¥ (3) ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ·Ö¤ ‹µ· ´  ¶µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê Aµ(r) ¢
µ±·¥¸É´µ¸É¨ A = 0:

D(x, y; A) =

= D(x, y) +
1
1!

δD(x, y; A)
δAµ(r)

∣∣∣∣
A=0

Aµ(r) +
1
2!

δ(2)D(x, y; A)
δAµ(r)δAν (r′)

∣∣∣∣
A=0

Aµ(r)Aν (r′) + . . . =

=
∞∑

n=0

1
n!

δ(n)D(x, y; A)
δAµ(r) · · · δAν(r′)︸ ︷︷ ︸

n

∣∣∣∣∣∣∣∣
A=0

Aµ(r) · · ·Aν(r′)︸ ︷︷ ︸
n

, ∀ {r} ∈ [x, y] . (5)

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´µ · §²µ¦¥´¨¥ ”ƒ (3) ¢ ·Ö¤ ‹µ· ´ . ‚ ÔÉµ³ · §²µ¦¥´¨¨ ¶·¨¸ÊÉ-
¸É¢ÊÕÉ ¸² £ ¥³Ò¥ ¤¢ÊÌ É¨¶µ¢:

1) Î²¥´Ò ·Ö¤ , ¢ ±µÉµ·ÒÌ ËÊ´±Í¨µ´ ²Ó´Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¶µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê {Aµ}
¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ · §´ÒÌ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ÉµÎ± Ì ∀ {r} ∈ [x, y];

2) ¸² £ ¥³Ò¥, ´ Î¨´ Ö ¸ É·¥ÉÓ¥£µ Î²¥´  ·Ö¤ , ±µ£¤   ·£Ê³¥´ÉÒ Ê µÉ¤¥²Ó´ÒÌ {Aµ}
³µ£ÊÉ ¸µ¢¶ ¤ ÉÓ, É. ¥. ¨§²ÊÎ¥´¨¥ ¨ ¶µ£²µÐ¥´¨¥ ËµÉµ´µ¢ ¶·µ¨¸Ìµ¤¨É ¢ µ¤´µ° ¨ Éµ° ¦¥
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° ÉµÎ±¥.

�¨¸. 1. � §²µ¦¥´¨¥ ¤¢ÊÌÉµÎ¥Î´µ° ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ° ”ƒ ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ·Ö¤ ¶µ
¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê {Aµ}

‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ¶·¥¤¸É ¢²¥´´Ò° ·Ö¤ ¡¥¸±µ´¥Î¥´. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ, ±µ£¤ 
´  ®¶ÊÉ¨¯ µÉ ÉµÎ±¨ x ± ÉµÎ±¥ y § ·Ö¦¥´´ Ö Î ¸É¨Í  ®µ¡· ¸É ¥É¯ �Œ-¢¸É ¢± ³¨ Å ¤¨ -
£· ³³Ò É¨¶  ®Ð¥É± ¯ (´  ·¨¸. 1 ¤¨ £· ³³Ò 2, 3). ‚µ ¢Éµ·µ³ ¸²ÊÎ ¥, ±µ£¤  ¨§²ÊÎ¥´¨¥ ¨²¨
¶µ£²µÐ¥´¨¥ ËµÉµ´  ¶·µ¨¸Ìµ¤¨É Éµ²Ó±µ ¢ µ¤´µ° ¨ Éµ° ¦¥ ÉµÎ±¥ (·¨¸. 1 ¤¨ £· ³³  4 Å
É¨¶  ®Î °± ¯). ‚ ÔÉµ³ ¸²ÊÎ ¥ ·Ö¤ ¤²Ö Î ¸É¨Í ¸µ ¸¶¨´µ³ 0 ®µ¡·Ò¢ ¥É¸Ö¯ ´  É·¥ÉÓ¥³ Î²¥´¥
(¤¨ £· ³³Ò 1, 2, 4 ´  ·¨¸. 1),   ¤²Ö ¸¶¨´  1/2 µ¸É ÕÉ¸Ö ²¨ÏÓ £· ËÒ 1 ¨ 2. ƒ· Ë 5 ´ 
·¨¸. 1 ¶·¥¤¸É ¢²Ö¥É ±µ³¡¨´ Í¨Õ ÔÉ¨Ì ³¥Ì ´¨§³µ¢.

� ¸¸³µÉ·¨³ ¢Éµ·µ° Î²¥´ ·Ö¤  ¢ · §²µ¦¥´¨¨ (5) ¨ ¶·µ¢¥¤¥³ ¶·¥µ¡· §µ¢ ´¨Ö ¢ ¸ ³µ³
µ¡Ð¥³ ¢¨¤¥, ´¥ ±µ´±·¥É¨§¨·ÊÖ Ö¢´µ£µ ¢¨¤  ”ƒ D(x, y; A). ‚ÒÎ¨¸²¨³ ËÊ´±Í¨µ´ ²Ó´ÊÕ
¶·µ¨§¢µ¤´ÊÕ µÉ ¢Ò· ¦¥´¨Ö (3) ¶µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê Aµ(r), ¨¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥
δAρ(r′)/δAµ(r) = gµρδ(r′ − r). �µ²ÊÎ ¥³

δ

δAµ(r)
D(x, y; A)

∣∣∣∣
A=0

= i2e

x∫
y

dr′µδ(r − r′)
〈
T
(
ψ(x)ψ̄(y)

)〉
. (6)
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‚Ò¡¨· Ö ®³¨´¨³ ²Ó´ÊÕ¯ É· ¥±Éµ·¨Õ, ¸µ¥¤¨´ÖÕÐÊÕ ÉµÎ±¨ x ¨ y ¢ ¸µ¡¸É¢¥´´µ° ¸¨-
¸É¥³¥ ±µµ·¤¨´ É r′(λ) = (1 − λ)y + λx (¶·Ö³ Ö ²¨´¨Ö), ¨ ¶¥·¥Ìµ¤Ö ¢ ¢Ò· ¦¥´¨¨ (6) ±
¨´É¥£·¨·µ¢ ´¨Õ ¶µ λ

x∫
y

dr′µδ(r − r′) =

1∫
0

dλ
dr′µ(λ)

dλ
δ(r′(λ) − r),

¶µ²ÊÎ ¥³

δ

δAµ(r)
D(x, y; A)

∣∣∣∣
A=0

= ie(x − y)µ

1∫
0

dλδ[y − r + λ(x − y)]D(x, y; 0). (7)

‚¸²¥¤¸É¢¨¥ É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ (¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ Ö µ¤´µ·µ¤-
´µ¸ÉÓ), ¤¢ÊÌÉµÎ¥Î´ Ö ”ƒ § ¢¨¸¨É ²¨ÏÓ µÉ · §´µ¸É¨ 4-±µµ·¤¨´ É D(x, y) = D(x − y).

�·¥µ¡· §Ê¥³ ËÊ´±Í¨µ´ ²Ó´ÊÕ ¶·µ¨§¢µ¤´ÊÕ (7) ¢ ¨³¶Ê²Ó¸´µ¥ ¶·¥¤¸É ¢²¥´¨¥

∞∫
−∞

δ

δAµ(r)
D(x, y; A)

∣∣∣∣∣∣
A=0

ei(qr+px−p′y)dxdydr =

= ie

1∫
0

dλ

∞∫
−∞

dxdydr ei(qr+px−p′y)(x − y)µδ[y − r + λ(x − y)]D(x − y). (8)

‚¢¥¤¥´¨¥ ¢ ¢Ò· ¦¥´¨¥ (8) µÉ´µ¸¨É¥²Ó´µ° ±µµ·¤¨´ ÉÒ x− y = ξ ¨ ±µµ·¤¨´ ÉÒ Í¥´É· 
³ ¸¸ X = (x + y)/2 ¶·¨¢µ¤¨É ± ¢¨¤Ê

∞∫
−∞

δ

δAµ(r)
D(x, y; A)

∣∣∣∣
A=0

ei(qr+px−p′y)dxdydr =

= (2π)4δ(q + p − p′)ie

1∫
0

dλ

∞∫
−∞

dξ eiξ(p+λq)ξµD(ξ).

“Î¨ÉÒ¢ Ö, ÎÉµ

ξµ eiξ(p+λq) =
1
i

∂

∂(pµ + λqµ)
eiξ(p+λq),

µ±µ´Î É¥²Ó´µ ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨µ´ ²Ó´µ° ¶·µ¨§¢µ¤´µ° D(x, y; A) ¢ ¨³-
¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨

∞∫
−∞

δ

δAµ(r)
D(x, y; A)

∣∣∣∣
A=0

ei(qr+px−p′y)dxdydr =

= (2π)4δ(q+p−p′)e

1∫
0

dλ
∂

∂(pµ+λqµ)
D(p+λq) = (2π)4δ(q+p−p′)e

1∫
0

dλ

λ

∂

∂qµ
D(p+λq).

(9)



36 Š ¸ É±¨´ �. �.

�µ¸²¥¤´¥¥ · ¢¥´¸É¢µ ¢ (9) Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ®¶µ¶¥·¥Î´µ¸É¨¯ ¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨
ËµÉµ´  εµqµ = 0 (q2 = 0):

εµ

1∫
0

dλ
∂

∂(pµ + λqµ)
· · · = εµ

1∫
0

dλ

λ

∂

∂qµ
· · ·

Š ± ¶µ± § ´µ ¢ · ¡µÉ Ì [4Ä6] ¤²Ö ”ƒ ¸± ²Ö·´µ° ¨ ¸¶¨´µ·´µ° Î ¸É¨Í ¢ ¨³¶Ê²Ó¸´µ³
¶·¥¤¸É ¢²¥´¨¨

D(p) =
1

p2 − m2 + i0
; S(p) =

1
p̂ − m + i0

,

¤²Ö ËÊ´±Í¨µ´ ²Ó´µ° ¶·µ¨§¢µ¤´µ° ·Ö¤  (5) ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö �Œ-¢¥·Ï¨´Ò ¸ ÊÎ¥Éµ³ ¸É -
É¨¸É¨±¨ ¶µ²¥° ³ É¥·¨¨:

δD(x, y; A)
δAµ(r)

∣∣∣∣
A=0

Aµ(r) ⇒ (2π)4δ(p + q − p′)eεµ

1∫
0

dλ
∂

∂(p + λq)µ

{
D(p + λq)
S(p + λq)

}
=

=

{
(2π)4δ(p + q − p′)D(p + q)

{
−eεµ (p + p′)µ

}
D(p), ¥¸²¨ ¸¶¨´ 0;

(2π)4δ(p + q − p′)S(p + q) {−eεµγµ + O(qµ)}S(p), ¥¸²¨ ¸¶¨´ 1/2;
(10)

£¤¥ q, εµ Å Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸ ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö (ËµÉµ´ ) ¨ ¥£µ ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨;
e, p ¨ m Å § ·Ö¤, Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸ ¨ ³ ¸¸  ¶µ²Ö ³ É¥·¨¨; p̂ = pµγµ.

„²Ö ¸± ²Ö·´µ£µ ¶µ²Ö ³ É¥·¨¨ �Œ-¢¥·Ï¨´  ¸ ¤¢Ê³Ö ËµÉµ´´Ò³¨ ¢¸É ¢± ³¨ (·¨¸. 1,
¤¨ £· ³³  4) µ¶·¥¤¥²Ö¥É¸Ö ± ± ¶µ¢Éµ·´µ¥ ¢±²ÕÎ¥´¨¥ �Œ-¶µ²Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨²µ³
(10) ¢ µ¤´µËµÉµ´´ÊÕ ¢¥·Ï¨´Ê −eεµ(2p + q)µ:

e22gµνεµεν , (11)

ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É É·¥ÉÓ¥³Ê Î²¥´Ê ·Ö¤  (5).
’ ±¨³ µ¡· §µ³:
• ‹µ± ²Ó´µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ¥ ¢Ò· ¦¥´¨¥ (3) ´  µ¸´µ¢¥ µ¡Ð¨Ì É·¥¡µ¢ -

´¨° Å É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¨
É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¢µ ¢´ÊÉ·¥´´¥³ (§ ·Ö¤µ¢µ³) ¶·µ¸É· ´¸É¢¥ Å ¢ ·¥§Ê²Ó-
É É¥ · §²µ¦¥´¨Ö ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ·Ö¤ ‹µ· ´  ¶µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê Aµ(r) ¢ µ±·¥¸É-
´µ¸É¨ A = 0 £¥´¥·¨·Ê¥É �Œ ËµÉµ´´Ò¥ ¢¸É ¢±¨ ¢ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ”ƒ ¸ ¸µ¡¸É¢¥´´Ò³¨
�Œ ¢¥·Ï¨´´Ò³¨ ËÊ´±Í¨Ö³¨ ¸ ÊÎ¥Éµ³ ¸É É¨¸É¨±¨ Î ¸É¨Í ¡¥§ ¶·¨¢²¥Î¥´¨Ö ² £· ´¦¥¢ 
Ëµ·³ ²¨§³  ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ²¥°. ‚ µ¸´µ¢Ê ¤ ´´µ£µ ·¥§Ê²ÓÉ É  ¶µ²µ¦¥´ ²¨ÏÓ £¥µ-
³¥É·¨Î¥¸±¨°  ¸¶¥±É É¥µ·¨¨ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°, £¤¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ² �Œ-¶µ²Ö ¨´É¥·-
¶·¥É¨·Ê¥É¸Ö ± ± ¸¢Ö§´µ¸ÉÓ ¢ £² ¢´µ³ · ¸¸²µ¥´¨¨ ¶·¨ ¸³¥Ð¥´¨¨ ¢ ¶·µ¸É· ´¸É¢¥ ¢´ÊÉ·¥´-
´¨Ì (§ ·Ö¤µ¢ÒÌ) ¸µ¸ÉµÖ´¨°. �  Ö§Ò±¥ · ¸¸²µ¥´´ÒÌ ¶·µ¸É· ´¸É¢ ¸¢Ö§´µ¸ÉÓ Aν £¥´¥·¨·Ê¥É
µÉµ¡· ¦¥´¨¥

g(ηxx′) = P exp


i

∫
ηxx′

drνAν(r)




¶·µ¸É· ´¸É¢  ¶ÊÉ¥° ηxx′ , ´ Î¨´ ÕÐ¨Ì¸Ö ¢ ÉµÎ±¥ x ¨ ±µ´Î ÕÐ¨Ì¸Ö ¢ ÉµÎ±¥ x′, ¢ ± ²¨¡·µ-
¢µÎ´ÊÕ £·Ê¶¶Ê;
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• …¸²¨ ¨§¢¥¸É´Ò ·¥Ï¥´¨Ö ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°, µ¶¨¸Ò¢ ÕÐ¨Ì Ô¢µ²ÕÍ¨Õ ¸¢µ-
¡µ¤´ÒÌ § ·Ö¦¥´´ÒÌ ¶µ²¥° ³ É¥·¨¨ ¸ ÊÎ¥Éµ³ · ¸Ï¨·¥´¨Ö £·Ê¶¶Ò ²µ± ²Ó´ÒÌ ¸¨³³¥É·¨°
(4), Éµ ¤¢ÊÌÎ ¸É¨Î´ Ö ”ƒ (3) ¢ ¶·¨¸µ¥¤¨´¥´´µ³ ¶·¥¤¸É ¢²¥´¨¨ § ·Ö¤µ¢µ£µ ¶·µ¸É· ´¸É¢ 
¢µ¸¶·µ¨§¢µ¤¨É ¢¥¸Ó ´ ¡µ· Ë¥°´³ ´µ¢¸±¨Ì £· Ëµ¢ Š�„;

• ‡ ·Ö¤ e, ¢¢¥¤¥´´Ò° ¢ ¶µ²¥¢µ³ µ¶¥· Éµ·¥ (1) ± ± ±µÔËË¨Í¨¥´É, µ¶·¥¤¥²Ö¥É ³ ¸ÏÉ ¡
¨ ¨´É¥´¸¨¢´µ¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¸ ¶µ²Ö³¨ ³ É¥·¨¨,   ¢ ¸¨²Ê ³Ê²Ó-
É¨¶²¨± É¨¢´µ° ¸É·Ê±ÉÊ·Ò £·Ê¶¶µ¢µ£µ U(1)-¶·µ¸É· ´¸É¢  ¶·¨¢µ¤¨É ±  ¤¤¨É¨¢´µ°  ²£¥¡·¥
¤²Ö § ·Ö¤ .

‹µ± ²Ó´Ò° Ì · ±É¥· ¶µ²¥° ³ É¥·¨¨, · ¸¸³ É·¨¢ ¥³ÒÌ ¢ Š�„, µ¡¥¸¶¥Î¨¢ ¥É ´ ²¨Î¨¥
²¨ÏÓ µ¤´µ° ÉµÎ¥Î´µ° ¢¥·Ï¨´Ò, Ì · ±É¥·¨§Ê¥³µ° ±µ´¸É ´Éµ° e. �¶¨¸ ´¨¥ ¢ · ³± Ì Š�„
¢§ ¨³µ¤¥°¸É¢¨Ö �Œ-¶µ²Ö ¸ ¸µ¸É ¢´Ò³ ¸¨²Ó´µ¸¢Ö§ ´´Ò³ ¶µ²¥³ ³ É¥·¨¨ ¸ ¶µ¸²¥¤ÊÕÐ¨³
¥£µ · ¸Ð¥¶²¥´¨¥³ ¶·µ¡²¥³ É¨Î´µ ¢ ¶² ´¥ µ¡¥¸¶¥Î¥´¨Ö ÉµÎ´µ£µ ¸µÌ· ´¥´¨Ö �Œ ¸É·Ê±-
ÉÊ·´µ£µ Éµ± . „¥²µ ¢ Éµ³, ÎÉµ ¶·µÍ¥¸¸ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥²µ± ²Ó´µ£µ ¸µ¸É ¢´µ£µ ¶µ²Ö,
±µÉµ·µ¥ ¸Ëµ·³¨·µ¢ ´µ §  ¸Î¥É, ´ ¶·¨³¥·, ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ �Œ-¶µ²¥³, ¶·¨¢µ-
¤¨É ± Éµ³Ê, ÎÉµ ¢ µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µ¨¸Ìµ¤¨É ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  ³¥¦¤Ê
¸µ¸É ¢²ÖÕÐ¨³¨ ¨ ¨¸Ìµ¤´µ° ¸¨¸É¥³µ°. �µ¸±µ²Ó±Ê ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶¥·¥Ìµ¤ ®¸µ¸É ¢´ Ö
¸¨¸É¥³  Ä ¸µ¸É ¢²ÖÕÐ¨¥¯ ´¥ µ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì ² £· ´¦¥¢  ¶µ¤Ìµ¤ , Éµ ±µ··¥±É´µ¥
µ¶¨¸ ´¨¥ ¶·µÍ¥¸¸  · ¸Ð¥¶²¥´¨Ö ´¥²µ± ²Ó´µ° ¸¨¸É¥³Ò ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸
ËµÉµ´µ³ ´  µ¸´µ¢¥ ¶·¥¤¶¨¸ ´¨° Š�„ ¸É ´µ¢¨É¸Ö ´¥µ¶·¥¤¥²¥´´Ò³. �¡µ°É¨ ÔÉÊ ´¥±µ·-
·¥±É´µ¸ÉÓ ¢ µ¶¨¸ ´¨¨ ³µ¦´µ, ¶·¨´Ö¢ ¢µ ¢´¨³ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É µ ¶µ²´µ°
¨´¥·É´µ¸É¨ �Œ-¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ µÉ´µÏ¥´¨Õ ± ²Õ¡Ò³ ¤·Ê£¨³ É¨¶ ³ ¢§ ¨³µ¤¥°¸É¢¨°,
¢ Éµ³ Î¨¸²¥ ¨ ¸¨²Ó´µ³Ê. �¥ ²¨§ Í¨Ö ÔÉµ£µ ¸¢µ°¸É¢  ¨´¤¨ËË¥·¥´É´µ¸É¨ ¢ ¶µ²´µ³ µ¡Ñ-
¥³¥ É·¥¡Ê¥É ²¨ÏÓ ¢Ò¶µ²´¥´¨Ö ÉµÎ´µ£µ ¸µÌ· ´¥´¨Ö ¶µ²´µ£µ § ·Ö¤  ¢ ¶·µÍ¥¸¸¥ Ô¢µ²ÕÍ¨¨
¡¥§ ±µ´±·¥É¨§ Í¨¨ ¶·¨ ÔÉµ³ ´¥¨§¢¥¸É´ÒÌ ¤¥É ²¥° ¶·¨¸ÊÉ¸É¢ÊÕÐ¥£µ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö. …¸²¨ ¶·¨¤¥·¦¨¢ ÉÓ¸Ö ÉµÎ±¨ §·¥´¨Ö, ÎÉµ Š�„ Ö¢²Ö¥É¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ Š’Š�,  
¶·¨´Í¨¶ ®¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸ ¯ ¶µ²¥° ³ É¥·¨¨ ´¨±µ¨³ µ¡· §µ³ ´¥ ¸¢Ö§ ´ ¸ ² £· ´-
¦¨ ´µ³, Éµ, ¤¥°¸É¢ÊÖ  ´ ²µ£¨Î´µ ¢ÒÏ¥¨§²µ¦¥´´µ° ¸Ì¥³¥ ¤²Ö ¤¢ÊÌÎ ¸É¨Î´µ° ”ƒ, ¶µ¸²¥
¢¢¥¤¥´¨Ö ¢ · ¸¸³µÉ·¥´¨¥ �Œ-¶µ²Ö ¶µ¸·¥¤¸É¢µ³ ²µ± ²Ó´µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ°
É·¥ÌÎ ¸É¨Î´µ° ”ƒ (¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö), ´¥¸ÊÐ¥° ¸¨²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ¶·¥¤µ¶·¥-
¤¥²ÖÖ ·¥§Ê²ÓÉ É, ³µ¦´µ ÉµÎ´µ Ê¤µ¢²¥É¢µ·¨ÉÓ É·¥¡µ¢ ´¨Õ ¸µÌ· ´¥´¨Ö �Œ ¸É·Ê±ÉÊ·´µ£µ
Éµ±  ´¥§ ¢¨¸¨³µ µÉ Ö¢´µ£µ ¢¨¤  ´¥¨§¢¥¸É´µ° ¸µ¡¸É¢¥´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¨. ‚ ·¥-
§Ê²ÓÉ É¥, ¢´µ¸Ö ¢ ¸¨¸É¥³Ê ¤µ¸É ÉµÎ´µ¥ ¢µ§³ÊÐ¥´¨¥, ËµÉµ´ ¢Ò§Ò¢ ¥É · ¸Ð¥¶²¥´¨¥ ¸µ-
¸É ¢´µ° ¸¨¸É¥³Ò ´  ¸µ¸É ¢²ÖÕÐ¨¥,   ¢ ¤ ²Ó´¥°Ï¥³ µ´ ²¨ÏÓ ®Ë¨±¸¨·Ê¥É¯ ¸µÌ· ´¥´¨¥
Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ´  ¢¸¥Ì ÔÉ ¶ Ì Ô¢µ²ÕÍ¨¨ ¶µ § ¤ ´´Ò³ É· ¥±Éµ·¨Ö³, É. ¥. ¤µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö eB = ezB (¢¥²¨Î¨´  § ·Ö¤  ¸µ¸É ¢´µ° ¸¨¸É¥³Ò zB ¢ ¥¤¨´¨Í Ì e), ¢ µ¡² ¸É¨
¢§ ¨³µ¤¥°¸É¢¨Ö e1 = ez1, e2 = ez2 (¢¥²¨Î¨´Ò § ·Ö¤ , Ê´µ¸¨³Ò¥ ¸µ¸É ¢²ÖÕÐ¨³¨) ¨ ¶µ¸²¥
¢§ ¨³µ¤¥°¸É¢¨Ö. ’ ±¨³ µ¡· §µ³, ¤µ²¦¥´ ¶µÖ¢¨ÉÓ¸Ö  ´ ²µ£ Éµ¦¤¥¸É¢  “µ·¤ Ä’ ± Ì Ï¨
¤²Ö ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉµ£µ ·Ö¤  ”ƒ, ¢ ±µÉµ·µ³ ¤µ²¦´  µ¡Ö§ É¥²Ó´µ ¶·¨¸ÊÉ¸É¢µ¢ ÉÓ
¸¨²Ó´ Ö ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ¢ µ¡Ð¥³ ¢¨¤¥.

„²Ö ¸µ¡¸É¢¥´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¨, ±µÉµ· Ö ¶µ²ÊÎ ¥É¸Ö ¨§ ¸¨²Ó´µ¸¢Ö§ ´´µ° É·¥Ì-
ÉµÎ¥Î´µ° ”ƒ ¶µ¸²¥ Ê¤ ²¥´¨Ö ¢ ´¥° ¢´¥Ï´¨Ì ±µ´Íµ¢ Å ¤¢ÊÌÉµÎ¥Î´ÒÌ ”ƒ

G(x, y, z) = i〈T (B(z)Ψ̄1(x)Ψ̄2(y))〉, (12)

µ¶¨¸Ò¢ ÕÐ¥° ¶¥·¥Ìµ¤ § ·Ö¦¥´´µ£µ ¸µ¸É ¢´µ£µ ¶µ²Ö B(z) ¸ § ·Ö¤µ³ eB , ¢ ¸µ¸ÉµÖ´¨¥,
Ì · ±É¥·¨§ÊÕÐ¥¥¸Ö ¶µ²¥¢Ò³¨ µ¶¥· Éµ· ³¨ Ψ̄1 ¨ Ψ̄2 ¸ § ·Ö¤ ³¨ e1 ¨ e2 (e1 + e2 = eB),
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¸µµÉ¢¥É¸É¢¥´´µ, ¶µ¸²¥ ¥¸É¥¸É¢¥´´µ£µ µ¡µ¡Ð¥´¨Ö,  ´ ²µ£¨Î´µ£µ ¢Ò· ¦¥´¨Õ (3), ¶µ²ÊÎ ¥³
¢Ò· ¦¥´¨¥

G(x, y, z; A) = i

〈
T

(
B(z) exp

(
ie1

z∫
x

drρAρ(r)
)

Ψ̄1(x) exp
(

ie2

z∫
y

drσAσ(r)
)

Ψ̄2(y)

)〉
,

(13)
¨´¢ ·¨ ´É´µ¥ µÉ´µ¸¨É¥²Ó´µ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ²µ± ²Ó´µ° U(1)-£·Ê¶¶Ò ¶µ-
²¥¢ÒÌ µ¶¥· Éµ·µ¢ ¨ ¢¥±Éµ·-¶µÉ¥´Í¨ ²  Aµ(r):

B(z) → B(z) e−ieB α(z), Ψ̄1(x) → Ψ̄1(x) eie1 α(x),

Ψ̄2(y) → Ψ̄2(y) eie2 α(y), Aµ(r) → Aµ(r) + ∂µα(r).
(14)

�¡· É¨³ ¢´¨³ ´¨¥ ´  ÉµÉ Ë ±É, ÎÉµ, µ¸É ¢ Ö¸Ó ´  ¶µ§¨Í¨¨ £¥µ³¥É·¨Î¥¸±¨Ì ¶µ²µ¦¥-
´¨° ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°, ¨´¢ ·¨ ´É´µ¸ÉÓ ¢Ò· ¦¥´¨Ö (13) ± ¶·¥µ¡· §µ¢ ´¨Ö³ (14) ¸
· §²¨Î´Ò³¨ ±µ´¸É ´É ³¨ ¸¢Ö§¨ ei (i = B, 1, 2), Ë¨±¸¨·ÊÕÐ¨³¨ ³ ¸ÏÉ ¡ µÉ´µ¸¨É¥²Ó´µ°
Ï± ²Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¨ · §²¨Î´ÒÌ ¶µ²¥° ³ É¥·¨¨ ¢ ¶·µ¸É· ´¸É¢¥
¸ ¢´ÊÉ·¥´´¥° ¸¨³³¥É·¨¥°, ¶·¨¢µ¤¨É, ¢ ¸¨²Ê ³Ê²ÓÉ¨¶²¨± É¨¢´µ£µ Ì · ±É¥·  £·Ê¶¶µ¢µ£µ
U(1)-¶·µ¸É· ´¸É¢ , ± ¸µµÉ´µÏ¥´¨Õ e1 + e2 = eB , É. ¥. ± ¸µµÉ´µÏ¥´¨Õ ¸  ¤¤¨É¨¢´µ°
 ²£¥¡·µ° ¤²Ö ±µ´¸É ´É ¸¢Ö§¨, ±µÉµ·Ò¥ ´  É· ¤¨Í¨µ´´µ³ Ö§Ò±¥  ¸¸µÍ¨¨·ÊÕÉ¸Ö ¸ § ·Ö¤µ³.

� §²µ¦¨³ (13) ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ·Ö¤ ‹µ· ´  ¶µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê Aµ(r) ¢ µ±·¥¸É-
´µ¸É¨ A = 0 ¨, ¢ÒÎ¨¸²ÖÖ ±µÔËË¨Í¨¥´É ¶·¨ Aµ(r) ¢µ ¢Éµ·µ³ Î²¥´¥ ·Ö¤ , ¶µ²ÊÎ¨³:

δ

δAµ(r)
G(x, y, z; A)

∣∣∣∣
A=0

= ie1

z∫
x

dr′ρgµρδ(r′ − r)G(x, y, z, {0})+

+ ie2

z∫
y

dr′σgµσδ(r′ − r)G(x, y, z, {0}).

�µ¸²¥ ¢Ò¡µ·  ®³¨´¨³ ²Ó´ÒÌ¯ É· ¥±Éµ·¨°, ¸µ¥¤¨´ÖÕÐ¨Ì ÉµÎ±¨ x ¨ y ¸ ÉµÎ±µ° z, ± ±
r′σ(λ) = (1 − λ)xρ + λzρ ¨ r′σ(λ) = (1 − λ)yσ + λzσ , ´ Ìµ¤¨³

δG(x, y, z; A)
δAµ(r)

∣∣∣∣
A=0

= i

{
e1(z − x)µ

1∫
0

dλδ(x − r + λ(z − x))+

+ e2(z − y)µ

1∫
0

dλδ(y − r + λ(z − y))
}

G(x, y, z). (15)

�¥·¥Ìµ¤Ö ± ¨³¶Ê²Ó¸´µ³Ê ¶·¥¤¸É ¢²¥´¨Õ ¢ ¢Ò· ¦¥´¨¨ (15)

Γµ(p, q, p1, p2) =

∞∫
−∞

dxdydzdr ei(qr+pz−p1x−p2y) δG(x, y, z; A)
δAµ(r)

∣∣∣∣∣∣
A=0

=
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= i

1∫
0

dλ

∞∫
−∞

dxdydzdr
{
e1(z − x)µδ(x − r + λ(z − x))+

+ e2(z − y)µδ(y − r + λ(z − y))
}
G(x, y, z) ei(qr+pz−p1x−p2y)

¨ ¨´É¥£·¨·ÊÖ ¶µ dr ¸ ÊÎ¥Éµ³ É·¥¡µ¢ ´¨Ö É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ G(x, y, z) ≡
G(z − x, z − y), ¶µ²ÊÎ¨³

i

1∫
0

dλ

∞∫
−∞

dxdydz
{
e1(z − x)µ ei(qx+λq(z−x)+pz−p1x−p2y)+

+ e2(z − y)µ ei(qy+λq(z−y)+pz−p1x−p2y)
}
G(z − x, z − y).

�Éµ ¢Ò· ¦¥´¨¥ §´ Î¨É¥²Ó´µ Ê¶·µÐ ¥É¸Ö ¶µ¸²¥ ¶¥·¥Ìµ¤  ± ¥¸É¥¸É¢¥´´Ò³ ¶¥·¥³¥´-
´Ò³ Å µÉ´µ¸¨É¥²Ó´Ò³ ±µµ·¤¨´ É ³ ζ = z − x, ξ = z − y ¨ ±µµ·¤¨´ É¥ Í¥´É·  ³ ¸¸
X = (z + (x + y)/2)/2 ¸ Ö±µ¡¨ ´µ³ |J | = 1 (x = X − 3/4ζ + 1/4ξ, y = X + 1/4ζ − 3/4ξ,
z = X + (ζ + ξ)/4):

i(2π)4δ(p + q − p1 − p2)

1∫
0

dλ

∞∫
−∞

dζdξ
{
e1ζµ ei[ζ((p1+(λ−1)q)+ξp2)]+

+ e2ξµ ei[ζp1+ξ(p2+(λ−1)q)]
}
G(ζ, ξ) =

= (2π)4 δ (p+q−p1−p2)

1∫
0

dλ

{
e1

∂G (p1 + (λ−1)q; p2)
∂ (p1 + (λ−1)q)µ

+ e2
∂G (p1; p2 + (λ−1)q)

∂ (p2 + (λ−1)q)µ

}
.

�µ¸²¥ § ³¥´Ò λ → 1 − λ µ±µ´Î É¥²Ó´µ ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¨²Ó´µ¸¢Ö§ ´´µ°
¸µ¡¸É¢¥´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨

Γµ(p, q, p1, p2) =

= (2π)4 δ (p + q − p1 − p2)

1∫
0

dλ

{
e1

∂G (p1 − λq; p2)
∂ (p1 − λq)µ

+ e2
∂G (p1; p2 − λq)

∂ (p2 − λq)µ

}
. (16)

ˆ³¶Ê²Ó¸Ò p, p1, p2 ¨ q ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ²Ö³ B(z), Ψ̄1(x), Ψ̄2(y) ¨ �Œ-¶µ²Õ Aµ(r).
‘³¥Ð¥´¨¥ ¶µ ¨³¶Ê²Ó¸Ê pi → pi−λq ¢ ± ¦¤µ³ ¸² £ ¥³µ³ ¢Ò· ¦¥´¨Ö (16) ¸µ¶·µ¢µ¦¤ ¥É¸Ö
¶·¨¸ÊÉ¸É¢¨¥³ ³´µ¦¨É¥²Ö ei, É. ¥. É· ´¸²ÖÍ¨¨ ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ¸É·µ£µ ¸µ£² ¸µ-
¢ ´Ò ¸ É· ´¸²ÖÍ¨Ö³¨ ¢µ ¢´ÊÉ·¥´´¥³ ¶·µ¸É· ´¸É¢¥. �É³¥É¨³, ÎÉµ § ±µ´ ¸µÌ· ´¥´¨Ö ¸Ê³-
³ ·´µ£µ Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  ¢ ± ¦¤µ³ ¸² £ ¥³µ³ ¶µ¤Ò´É¥£· ²Ó´µ£µ ¢Ò· ¦¥´¨Ö (16) µ¶·¥¤¥-
²Ö¥É¸Ö δ-ËÊ´±Í¨¥° ¨ ¨³¥¥É ¶·¨¢ÒÎ´ÊÕ Ëµ·³Ê p1+(λ−1)q+p2 = p1+p2+(λ−1)q = p+λq,
ÎÉµ ¸É ´µ¢¨É¸Ö µÎ¥¢¨¤´Ò³ ¶µ¸²¥ ¸µ±· Ð¥´¨Ö ¸² £ ¥³ÒÌ λq.

�·¥¤¸É ¢¨³ ¸µ¡¸É¢¥´´ÊÕ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ D(p, q, p1, p2) ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É -
¢²¥´¨¨ ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ·Ö¤ ¶µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²Ê Aµ(r), µ£· ´¨-
Î¨¢ Ö¸Ó ¤¢Ê³Ö ¶¥·¢Ò³¨ Î²¥´ ³¨ · §²µ¦¥´¨Ö

D(p, q, p1, p2) = D(p, p1, p2) +
1
1!

Γµ(p, q, p1, p2)εµ + . . .
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‚Éµ·µ¥ ¸² £ ¥³µ¥ ¤ ´´µ£µ · §²µ¦¥´¨Ö µ¶·¥¤¥²Ö¥É ±µ´É ±É´Ò° Î²¥´ ¶µ²´µ°  ³¶²¨-
ÉÊ¤Ò ¢§ ¨³µ¤¥°¸É¢¨Ö �Œ-¶µ²Ö ¸ ¢¥·Ï¨´´µ° ËÊ´±Í¨¥° ¢ µ¤´µËµÉµ´´µ³ ¶·¨¡²¨¦¥´¨¨
(·¨¸. 2). ‘ ÊÎ¥Éµ³ ¢Ò· ¦¥´¨Ö (16) ¤²Ö ¸¨²Ó´µ¸¢Ö§ ´´µ° ¸µ¡¸É¢¥´´µ° ¢¥·Ï¨´´µ° ËÊ´±-
Í¨¨ ¨³¥¥³

MCont = εµΓµ(p, q, p1, p2) =

= (2π)4 δ (p + q − p1 − p2) εµ

1∫
0

dλ

{
e1

∂G (p1 − λq; p2)
∂ (p1 − λq)µ

+ e2
∂G (p1; p2 − λq)

∂ (p2 − λq)µ

}
. (17)

�¨¸. 2. �²¥±É·µ³ £´¨É´ Ö ¢¸É ¢±  ¢ ¸µ¡¸É¢¥´´ÊÕ É·¥ÌÉµÎ¥Î´ÊÕ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ

‚Ò· ¦¥´¨Õ (17) ´  ·¨¸. 2 ¸µµÉ¢¥É¸É¢ÊÕÉ ¤¨ £· ³³Ò ¢ Ë¨£Ê·´ÒÌ ¸±µ¡± Ì.

�¨¸. 3. � §²µ¦¥´¨¥ ¢ ·Ö¤ ‹µ· ´  ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ° É·¥ÌÉµÎ¥Î´µ° ”ƒ

ˆ³¥Ö ¢ · ¸¶µ·Ö¦¥´¨¨ ¢¸¥ ´¥µ¡Ìµ¤¨³Ò¥ ±µ´¸É·Ê±Í¨¨, µ¶·¥¤¥²ÖÕÐ¨¥ ¢§ ¨³µ¤¥°¸É¢¨¥
�Œ-¶µ²Ö ¸ ¤¢ÊÌÉµÎ¥Î´µ° ”ƒ ¨ É·¥ÌÉµÎ¥Î´µ° ¢¥·Ï¨´µ°, ¢Ò¶µ²´¨³ ¢±²ÕÎ¥´¨¥ ± ²¨¡·µ-
¢µÎ´µ£µ ¶µ²Ö ¢ ¶µ²´ÊÕ ²µ± ²Ó´µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ÊÕ µ¤´µÎ ¸É¨Î´µ ´¥¶·¨¢µ¤¨-
³ÊÕ É·¥ÌÉµÎ¥Î´ÊÕ ”ƒ (·¨¸. 3). ‚ ·¥§Ê²ÓÉ É¥ µ¡· §Ê¥É¸Ö ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉÒ° ·Ö¤
Î¥ÉÒ·eÌÉµÎ¥Î´ÒÌ ”ƒ, ¸µ¸ÉµÖÐ¨° ¨§ É·eÌ µ¤´µÎ ¸É¨Î´µ ¶·¨¢µ¤¨³ÒÌ Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ
”ƒ Å ¶µ²Õ¸´µ° Î ¸É¨ ¨ ¸¨²Ó´µ¸¢Ö§ ´´µ° Î¥ÉÒ·eÌÉµÎ¥Î´µ° ”ƒ Å ±µ´É ±É´Ò° Î²¥´. Š ±
¨§¢¥¸É´µ ¨§ Š�„, ¢¸¥ Î²¥´Ò µ¤´µ£µ ¶µ·Ö¤±  ±¢ §¨±² ¸¸¨Î¥¸±µ£µ · §²µ¦¥´¨Ö S-³ É·¨ÍÒ
¨²¨ ¶·µ¨§¢µ¤ÖÐ¥£µ ËÊ´±Í¨µ´ ²  ¤²Ö ”ƒ µ¡· §ÊÕÉ ¨´¢ ·¨ ´É´ÊÕ ¸µ¢µ±Ê¶´µ¸ÉÓ ¸ É¥³¨
¦¥ ¸¢µ°¸É¢ ³¨ ¸¨³³¥É·¨¨, ±µÉµ·Ò³¨ µ¡² ¤ ¥É S-³ É·¨Í , É. ¥. ¢¸¥ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨
¢Ò¶µ²´ÖÕÉ¸Ö ´¥§ ¢¨¸¨³µ ¤²Ö ¤ ´´µ° ¸µ¢µ±Ê¶´µ¸É¨ ¤¨ £· ³³. ‚ ´ Ï¥³ · ¸¸³µÉ·¥´¨¨
¢µ§´¨± ¥É µ¡· É´ Ö ± ·É¨´  Å ¢§ ¨³µ¤¥°¸É¢¨¥ �Œ-¶µ²Ö ¸ ¸¨²Ó´µ¸¢Ö§ ´´Ò³ ¸µ¸É ¢´Ò³
¶µ²¥³ ³ É¥·¨¨, £¤¥ ¢ ¤µ¶µ²´¥´¨¥ ± �Œ ¶·¨¸ÊÉ¸É¢Ê¥É ¸¨²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ¶·µ¨¸-
Ìµ¤¨É ¸ ´¥¨§¢¥¸É´Ò³ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ² £· ´¦¨ ´µ³,   ¸²¥¤µ¢ É¥²Ó´µ, ¨ S-³ É·¨Í¥°.
�¤´ ±µ ´  Ê·µ¢´¥  ³¶²¨ÉÊ¤Ò Å ·Ö¤  ¤¨ £· ³³ (·¨¸. 3) ¸ ¸¨²Ó´µ¸¢Ö§ ´´µ° ”ƒ Å Ê¤ ¥É¸Ö
µ¡¥¸¶¥Î¨ÉÓ ¢Ò¶µ²´¥´¨¥ É·¥¡µ¢ ´¨Ö ±µ¢ ·¨ ´É´µ¸É¨ ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨,  
¸²¥¤µ¢ É¥²Ó´µ,  ³¶²¨ÉÊ¤  ´  Ê·µ¢´¥ µ¡µ¡Ð¥´´µ£µ, ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉµ£µ ¶µ²Õ¸´µ£µ
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·Ö¤  ¡Ê¤¥É ¨³¥ÉÓ É¥ ¦¥ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨, ÎÉµ ¨  ³¶²¨ÉÊ¤  ¢ Š�„, ´µ Ê¦¥ ¢ ¶·¨¸ÊÉ¸É¢¨¨
¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

Œ É¥³ É¨Î¥¸± Ö § ¶¨¸Ó, µÉ· ¦ ÕÐ Ö ¶·µÍ¥¸¸ ¢±²ÕÎ¥´¨Ö �Œ-¶µ²Ö ¢ ¸¨²Ó´µ¸¢Ö§ ´´ÊÕ
É·¥ÌÉµÎ¥Î´ÊÕ ¢¥·Ï¨´´ÊÕ ”ƒ (·¨¸. 3), ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢ÒÏ¥¨§²µ¦¥´´Ò³¨ ¶· ¢¨² ³¨ (9)
¨ (16) ¨³¥¥É ¢¨¤

{D(p)G(p; p1, p2)D(p1)D(p2)} + {eεµ} →

→


−eεµz

1∫
0

dλ
∂D(p + λq)
∂(p + λq)µ


G(p + q; p1, p2)D(p1)D(p2)+

+ D(p)G(p; p1 − q, p2)


−eεµz1

1∫
0

dλ
∂D(p1 − λq)
∂(p1 − λq)µ


D(p2)+

+ D(p)G(p; p1, p2 − q)D(p1)


−eεµz2

1∫
0

dλ
∂D(p2 − λq)
∂(p2 − λq)µ


+

+ D(p)
{
−eεµ

1∫
0

dλ

{
z1

∂G (p + (1 − λ)q; p1 − λq, p2)
∂ (p1 − λq)µ

+

+ z2
∂G (p + (1 − λ)q; p1, p2 − λq)

∂ (p2 − λq)µ

}}
D(p1)D(p2) (18)

(± ¦¤ Ö ¸É·µ±  ¢ ¢Ò· ¦¥´¨¨ (18) ¸µµÉ¢¥É¸É¢Ê¥É ¤¨ £· ³³¥ ´  ·¨¸. 3, ¸²¥¢  ´ ¶· ¢µ).
�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¢Ò· ¦¥´¨Ö (18), ¶·µ¨§¢¥¤Ö ¶·¨

ÔÉµ³ ¸²¥¤ÊÕÐÊÕ § ³¥´Ê εµ → qµ:

− ze[D(p + q) − D(p)]G(p + q; p1, p2)D(p1)D(p2)+
+ D(p)G(p; p1 − pq, p2)[−ez1(D(p1) − D(p1 − q))]D(p2)+
+ D(p)G(p; p1, p2 − q)D(p1)[−ez2(D(p2) − D(p2 − q))]−
− ez1D(p)[G(p + q; p1, p2) − G(p; p1 − q, p2)]D(p1)D(p2)−

− ez2D(p)[G(p + q; p1, p2) − G(p; p1, p2 − q)]D(p1)D(p2). (19)

‚µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó Éµ¦¤¥¸É¢µ³ “µ·¤ Ä’ ± Ì Ï¨ ¤²Ö ¤¢ÊÌÉµÎ¥Î´ÒÌ ”ƒ ¶·¨ § ³¥´¥
εµ → qµ

eqµ

1∫
0

dλ
∂D(p + λq)
∂(p + λq)µ

= e [D(p + q) − D(p)] = −eD(p + q) {2(pq)}D(p),

·¥¤ÊÍ¨·ÊÖ ¢ ¢Ò· ¦¥´¨¨ (19) ¢´¥Ï´¨¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ËÊ´±Í¨¨ · ¸¶·µ¸É· ´¥´¨Ö ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³¨ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¸¢µ¡µ¤´ÒÌ Î ¸É¨Í, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  ³ ¸¸µ¢µ° µ¡µ-
²µÎ±¥ (p2

i = m2
i ), ±µÉµ·Ò¥ ¤²Ö ¸± ²Ö·´ÒÌ ¶µ²¥°, ¢ ¶·¨´ÖÉµ° ´ ³¨ ´µ·³¨·µ¢±¥, · ¢´Ò

¥¤¨´¨Í¥, ¨ ¸ ÊÎ¥Éµ³

D(p ± q) =
1

(p ± q)2 − m2
= ± 1

2pq
,
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¶µ²ÊÎ ¥³ ¢±² ¤ ¤ ´´µ£µ µ¡µ¡Ð¥´´µ£µ ¶µ²Õ¸´µ£µ ·Ö¤  Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³ ¢ ³ -
É·¨Î´Ò° Ô²¥³¥´É S-³ É·¨ÍÒ:

ezG(p + q; p1, p2) − ez1G(p; p1 − q, p2) − ez2G(p; p1, p2 − q)−
− e(z1 + z2)G(p + q; p1, p2) + ez1G(p; p1 − q, p2) + ez2G(p; p1, p2 − q) = 0.

‘²¥¤µ¢ É¥²Ó´µ, ¢Ò· ¦¥´¨¥ (17) £· ¤¨¥´É´µ-¨´¢ ·¨ ´É´µ. ‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ Ê¤ -
²µ¸Ó Ê¤µ¢²¥É¢µ·¨ÉÓ É·¥¡µ¢ ´¨Õ ¸µÌ· ´¥´¨Ö ¶µ²´µ£µ �Œ Ö¤¥·´µ£µ Éµ± , ´¥ ¶·¨¢²¥± Ö
Ö¢´µ£µ ¢¨¤  ¸µ¡¸É¢¥´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ G(p; p1, p2), É. ¥. ´¨£¤¥ ´¥ ¨¸¶µ²Ó§µ¢ ²µ¸Ó
¶·¥¤¶µ²µ¦¥´¨¥ µ ¸É·Ê±ÉÊ·¥ ¸µ¸É ¢´µ° ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ¸¨¸É¥³Ò,   ¨¸¶µ²Ó§µ-
¢ ² ¸Ó ²¨ÏÓ ¥e § ¢¨¸¨³µ¸ÉÓ µÉ ¥¸É¥¸É¢¥´´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ, ±µÉµ· Ö µ¶·¥-
¤¥²Ö¥É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ É·¥¡µ¢ ´¨¥³ É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨. ‘µµÉ´µÏ¥´¨¥
(19) ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ±  ´ ²µ£ Éµ¦¤¥¸É¢  “µ·¤ Ä’ ± Ì Ï¨ ¤²Ö µ¤´µÎ ¸É¨Î´µ ´¥-
¶·¨¢µ¤¨³µ° É·¥ÌÉµÎ¥Î´µ° ”ƒ.

�É³¥É¨³ ¥Ðe µ¤¨´ ¢ ¦´Ò° ³µ³¥´É, ´¥µ¡Ìµ¤¨³Ò° ¤²Ö ¶µ´¨³ ´¨Ö Ë¨§¨Î¥¸±µ£µ ¸³Ò-
¸²  ±µ´É ±É´µ£µ Î²¥´  (17). ‚ Î ¸É´µ³ ¸²ÊÎ ¥, ±µ£¤  µÉ¸ÊÉ¸É¢Ê¥É ¸¶¨´µ¢ Ö ¸É·Ê±ÉÊ·  ¢
¢¥·Ï¨´´µ° ËÊ´±Í¨¨, É. ¥. · ¸¶ ¤ ¥É¸Ö ¸± ²Ö·´ Ö ¸µ¸É ¢´ Ö ¸¨¸É¥³  ´  ¸± ²Ö·´Ò¥ ¸µ¸É -
¢²ÖÕÐ¨¥,   ¢¥·Ï¨´´Ò° Ëµ·³Ë ±Éµ·, ¥¸É¥¸É¢¥´´µ, § ¢¨¸¨É ²¨ÏÓ µÉ ±¢ ¤· É  · §´µ¸É¨
4-¨³¶Ê²Ó¸µ¢ G(p1, p2) = G((p1 − p2)2), ¶·¨ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ¶µ¤Ò´É¥£· ²Ó´µ¥ ¢Ò· ¦¥´¨¥
¢ (17) µ¡· §Ê¥É ¶µ²´Ò° ¤¨ËË¥·¥´Í¨ ² ¨ ¨´É¥£· ² ²¥£±µ ¢ÒÎ¨¸²Ö¥É¸Ö:

εµ

1∫
0

dλ

{
e1

∂G(p1 − λq; p2)
∂(p1 − λq)µ

+ e2
∂G(p1; p2 − λq)

∂(p2 − λq)µ

}
=

= εµ

1∫
0

dλ

{
e1

∂(p1 − λq − p2)2

∂(p1 − λq)µ

∂G
[
(p1 − λq − p2)2

]
∂(p1 − λq − p2)2

+ . . .

}
=

= εµ

1∫
0

dλ


2e1(p1 − λq︸︷︷︸

εq=0

−p2)µ

∂G
[
(p1−λq − p2)2

]
∂(p1 − λq − p2)2

+ . . .


 =

=
ε(p1−p2)
q(p1−p2)

1∫
0

d


2λq(p1−p2)−(p1−p2)2−λ2q2︸︷︷︸

q2=0



{

e1

∂G
[
(p1−λq−p2)2

]
∂(p1−λq−p2)2

+ . . .

}
=

= −ε(p1 − p2)
q(p1 − p2)

1∫
0

d(p1 − λq − p2)2
{

e1

∂G
[
(p1 − λq − p2)2

]
∂(p1 − λq − p2)2

+ . . .

}
=

= −ε(p1 − p2)
q(p1 − p2)

{
e1G

[
(p1 − p2 − q)2

]
+ e2G

[
(p1 − p2 + q)2

]
− eBG

[
(p1 − p2)2

]}
.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¢ÒÎ¨¸²¨³ ¨´É¥£· ² µÉ ”ƒ D(p) ¸± ²Ö·´µ° Î ¸É¨ÍÒ:

eεµ

1∫
0

dλ
∂D(p + λq)
∂(p + λq)µ

=
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= eεµ

1∫
0

dλ
∂(p + λq)2

∂(p + λq)µ

∂D(p + λq)
∂(p + λq)2

= e
2εp

2qp

1∫
0

d(p + λq)2
∂D(p + λq)
∂(p + λq)2

=

= e
εp

qp
[D(p + q) − D(p)] = D(p + q) {−eε(2p + q)}D(p).

„·Ê£¨³ ¶·¨³¥·µ³ ³µ¦¥É ¸²Ê¦¨ÉÓ ¢±²ÕÎ¥´¨¥ �Œ-¶µ²Ö ¢ ”ƒ ¤²Ö Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ 1/2.
„¥°¸É¢ÊÖ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨²µ³ (10), ¶µ²ÊÎ¨³

eεµ

1∫
0

dλ
∂S(p + λq)
∂(p + λq)µ

= eεµ

1∫
0

dλ
∂

∂(p + λq)µ

{
1

p̂ + λq̂ + m

}
=

= eεµ

1∫
0

dλ

{
γµ[(p + λq)2 − m2] − 2(p + λq)µ(p̂ + λq̂ − m)

[(p + λq)2 − m2]2

}
.

�µ¸²¥ ¶·¥µ¡· §µ¢ ´¨Ö ¢Ò· ¦¥´¨Ö ¢ Î¨¸²¨É¥²¥ ¶µ²ÊÎ¨³

eεµ

1∫
0

dλ
∂S (p + λq)
∂ (p + λq)µ

= eεµ

1∫
0

dλ

{
(p̂ + λq̂ − m) {−γµ} (p̂ + λq̂ − m)

[(p + λq)2 − m2]2

}
.

ˆ´É¥£·¨·ÊÖ ¶µ ¶¥·¥³¥´´µ° λ ¸ ÊÎ¥Éµ³ ¢µ§´¨± ÕÐ¨Ì ¨´É¥£· ²µ¢:

I1 =

1∫
0

dλ
1

[(p + λq)2 − m2]2
=

1
[(p + q)2 − m2] (p2 − m2)

,

I2 =

1∫
0

dλ
λ

[(p + λq)2 − m2]2
=

1
(2pq)2

ln
(

1 +
2pq

p2 − m2

)
− p2 − m2

2pq
I1

¨ Ê¤¥·¦¨¢ Ö ¢ I2 ¶¥·¢Ò° Î²¥´ ¢ · §²µ¦¥´¨¨ ²µ£ ·¨Ë³ , ¶µ²ÊÎ¨³

eεµ

1∫
0

dλ
∂S(p + λq)
∂(p + λq)µ

=
(p̂ + q̂ − m) {−eεµγµ} (p̂ + q̂ − m)

[(p + q)2 − m2]2 (p2 − m2)2
=

=
(p̂ + q̂ − m) {−eεµγµ}

(
1 + q̂

p̂ + m

p2 − m2

)
(p̂ − m)

[(p + q)2 − m2]2 (p2 − m2)2
=

= S(p + q)
{
−eεµγµ

(
1 + q̂

p̂ + m

p2 − m2

)}
S(p).

’ ±¨³ µ¡· §µ³, ¢ ·¥§Ê²ÓÉ É¥ ¢±²ÕÎ¥´¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¢ ”ƒ ¸¶¨´µ·´µ° Î -
¸É¨ÍÒ ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö �Œ-¢¥·Ï¨´Ò:

eεµ

1∫
0

dλ
∂S (p + λq)
∂ (p + λq)µ

= S(p + q) {−eεµ (γµ + σµνqνS(p))}S(p).
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�µ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ ¢µ¸¶·µ¨§¢µ¤¨É �Œ-¢¥·Ï¨´Ê ¤²Ö ¸¶¨´µ·´ÒÌ Î ¸É¨Í ¸ ÊÎ¥Éµ³
¢±² ¤  Î¨¸Éµ ¶µ¶¥·¥Î´µ° Î ¸É¨ σµνqν (!), Ê³´µ¦¥´´µ° ´  S(p). �µ¢Éµ·´µ¥ ¢±²ÕÎ¥´¨¥
�Œ-¶µ²Ö ¢ É·¥ÌÉµÎ¥Î´ÊÕ �Œ-¢¥·Ï¨´Ê −eεµ (γµ + σµνqνS(p)) ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (17) ¶·¨-
¢µ¤¨É ± Ê¤²¨´¥´¨Õ Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  Î ¸É¨ÍÒ p+λq, ¨, ¢ ·¥§Ê²ÓÉ É¥, ¶µ²ÊÎ ¥³ ¢²µ¦¥´´Ò°
¡¥¸±µ´¥Î´Ò° ·Ö¤, ÊÉµÎ´ÖÕÐ¨° ¢¥²¨Î¨´Ê ³ £´¨É´µ£µ ³µ³¥´É 

−eερ (σρσqσS(p + q) {−eεµ (γµ + σµνqνS(p))}S(p)) .

‚ § ±²ÕÎ¥´¨¥ ¢Ò¶¨Ï¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  ±µ´É ±É´µ£µ Î²¥´  (17)
¶µ¸²¥ ¢¢¥¤¥´¨Ö ¢ ´¥£µ µÉ´µ¸¨É¥²Ó´µ£µ Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  kν = (p1 − p2)ν/2 µ¡· §µ¢ ¢-
Ï¨Ì¸Ö Ë· £³¥´Éµ¢

MCont = −εk

qk

{
e1G

((
k − q

2

)2
)

+ e2G

((
k +

q

2

)2
)
− eBG

(
k2
)}

. (20)

‚ ¤ ´´µ³ ¢Ò· ¦¥´¨¨ ³´µ¦¨É¥²Ó (2π)4 δ (p + q − p1 − p2) µ¶ÊÐ¥´. �·¨¸ÊÉ¸É¢ÊÕÐ Ö ¸¨´-
£Ê²Ö·´µ¸ÉÓ ¶µ ¸± ²Ö·´µ³Ê ¶·µ¨§¢¥¤¥´¨Õ kq, ¸µ¤¥·¦ Ð¥³Ê ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò° µÉ-
´µ¸¨É¥²Ó´Ò° Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸, Ö¢²Ö¥É¸Ö Ê¸É· ´¨³µ°.

‚Ò· ¦¥´¨e (20) ¤²Ö ±µ´É ±É´µ°  ³¶²¨ÉÊ¤Ò ¶µ§¢µ²Ö¥É § ¶¨¸ ÉÓ ¶µ²´Ò° ³ É·¨Î´Ò°
Ô²¥³¥´É ¶·µÍ¥¸¸  ËµÉµ· ¸Ð¥¶²¥´¨Ö ¸± ²Ö·´µ° ¸µ¸É ¢´µ° ¸¨¸É¥³Ò ´  ¤¢¥ ¸± ²Ö·´Ò¥
¸µ¸É ¢²ÖÕÐ¨¥ ¢ µ¤´µËµÉµ´´µ³ ¶·¨¡²¨¦¥´¨¨ ¢ Ö¢´µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ³ ¢¨¤¥.
�µ²´ÊÕ ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉÊÕ  ³¶²¨ÉÊ¤Ê ¢ µ¡µ¡Ð¥´´µ³ ¶µ²Õ¸´µ³ ¶·¨¡²¨¦¥´¨¨ ³µ¦-
´µ ¶·¥¤¸É ¢¨ÉÓ ± ± ¸Ê³³Ê ¶µ²Õ¸´µ£µ ¨ ·¥£Ê²Ö·´µ£µ ¢±² ¤µ¢

M = M(pol) + M(reg) = (�(pol)
µ + �(reg)

µ )εµ,

£¤¥

�(pol)
µ = eB

pµ

pq
Gs − e1

p1µ

p1q
Gt − e2

p2µ

p2q
Gu, �(reg)

µ =
kµ

kq
(e1Gt + e2Gu − eBGs) .

ˆ´¤¥±¸ Ê ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ G{s,t,u} Ê± §Ò¢ ¥É ´  § ¢¨¸¨³µ¸ÉÓ µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ
 ·£Ê³¥´É  ¤²Ö ± ¦¤µ£µ ¸² £ ¥³µ£µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° (20). ‚ ·¥§Ê²ÓÉ É¥ ¢¢¥¤¥´¨Ö
¢ ¢Ò· ¦¥´¨¥ ¤²Ö ¶µ²´µ£µ ³ É·¨Î´µ£µ Ô²¥³¥´É  M É¥´§µ·  �Œ-¶µ²Ö Fµν = εµqν − ενqµ

¶µ²ÊÎ ¥³ ± ²¨¡·µ¢µÎ´µ-Ô±¢¨¢ ²¥´É´Ò° ¢¨¤ ¤²Ö  ³¶²¨ÉÊ¤Ò

M = �(pol)
µ

Fµν

kq
kν .

Š ± ¢¨¤´µ ¨§ ÔÉµ£µ ¢Ò· ¦¥´¨Ö, ¶µ²´ Ö  ³¶²¨ÉÊ¤  µ¶·¥¤¥²Ö¥É¸Ö ²¨ÏÓ ¢±² ¤µ³ ¶µ-
²Õ¸´µ° ¸µ¸É ¢²ÖÕÐ¥° �Œ-Éµ± , ´µ Í¥´µ° ¢¢¥¤¥´¨Ö ¢  ³¶²¨ÉÊ¤Ê µÉ´µ¸¨É¥²Ó´µ£µ Î¥ÉÒ-
·¥Ì¨³¶Ê²Ó¸  kν . �µ²¥¥ ¶·¨¢ÒÎ´ÊÕ ¤²Ö Š�„ § ¶¨¸Ó  ³¶²¨ÉÊ¤Ò ³µ¦´µ µ¡¥¸¶¥Î¨ÉÓ § 
¸Î¥É ¤¨´ ³¨Î¥¸±µ£µ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ´ ¤ ¢¥±Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ �Œ-¶µ²Ö
εµ → ε∗µ = εµ + f(ε, q, k)qµ

M = �(pol)
µ ε∗µ, ε∗µ =

Fµν

kq
kν = εµ − εk

qk
qµ,

£¤¥ · ´¥¥ ´¥µ¶·¥¤¥²¥´´ Ö ËÊ´±Í¨Ö f(ε, q, k) µÎ¥¢¨¤´µ · ¢´  −εk/qk.
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Š�‹ˆ���‚�—��Ÿ ˆ�‚��ˆ��’��‘’œ ˆ ‘�ˆ��‚�Ÿ ‘’�“Š’“��
�Œ�‹ˆ’“„› ”�’���‘™…�‹…�ˆŸ „…‰’����

Š ± ¨§¢¥¸É´µ, µ¡¥¸¶¥Î¥´¨¥ É·¥¡µ¢ ´¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ´  Ê·µ¢´¥
 ³¶²¨ÉÊ¤Ò · §²¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ´¥ Éµ²Ó±µ §´ Î¨É¥²Ó´µ Ê¶·µÐ ¥É ¢ÒÎ¨¸²¥´¨Ö ´ ¡²Õ-
¤ ¥³ÒÌ, ´µ ¨ Ê¸É· ´Ö¥É · §²¨Î´Ò¥ ´¥Ë¨§¨Î¥¸±¨¥ · ¸Ìµ¤¨³µ¸É¨. �·¨³¥·µ³ ³µ£ÊÉ ¸²Ê-
¦¨ÉÓ ¶·µÍ¥¸¸Ò · ¸¸¥Ö´¨Ö ¸¢¥É  ´  ¸¢¥É¥, ±µ³¶Éµ´-ÔËË¥±É ´  ¸± ²Ö·´µ° Î ¸É¨Í¥ ¨ É. ¤.
Š ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ Ö  ³¶²¨ÉÊ¤  ±µ³¶Éµ´-¶·µÍ¥¸¸  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö É·¨ ¤¨ £· ³³Ò
”¥°´³ ´ , ¨ ¶µ¸²¥ ¸¶¥Í¨ ²Ó´µ£µ ¢Ò¡µ·  ± ²¨¡·µ¢±¨ �Œ-¶µ²Ö ³ É·¨Î´Ò° Ô²¥³¥´É ¶·µ-
Í¥¸¸  ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É¸Ö: ¢¸¥ ´ ¡²Õ¤ ¥³Ò¥ µ¶·¥¤¥²ÖÕÉ¸Ö ¢±² ¤µ³ ²¨ÏÓ µ¤´µ°
¤¨ £· ³³Ò. ˆ´Ò³¨ ¸²µ¢ ³¨, ¡² £µ¤ ·Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ §´ Î¨É¥²Ó´ÒÌ
Ê¶·µÐ¥´¨° ³µ¦´µ ¤µ¸É¨£´ÊÉÓ Ê¦¥ ´  ÔÉ ¶¥ ¨¸¸²¥¤µ¢ ´¨Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  ¶·µÍ¥¸¸ .

�µ²´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¤²Ö ËµÉµ· ¸Ð¥¶²¥´¨Ö ¸± ²Ö·´µ° ¸µ¸É ¢´µ° ¸¨¸É¥³Ò ¢
µ¤´µËµÉµ´´µ³ ¶·¨¡²¨¦¥´¨¨ ¸ ÊÎ¥Éµ³ ¢Ò· ¦¥´¨Ö (20) ¤²Ö ±µ´É ±É´µ£µ ¢±² ¤  § ¶¨Ï¥³
¢ ¢¨¤¥

Mtot = εµ�tot
µ ,

�tot
µ = eBG(−k2)

(
pµ

pq
− kµ

kq

)
− e1G(−(k − q/2)2)

(
p1µ

p1q
− kµ

kq

)
−

−e2G(−(k + q/2)2)
(

p2µ

p2q
− kµ

kq

)
.

(21)

…¸²¨ ¢¥·Ï¨´´Ò° Ëµ·³Ë ±Éµ· G = const, Éµ ³ É·¨Î´Ò° Ô²¥³¥´É ±µ´É ±É´µ° ¤¨ £· ³³Ò
(20) · ¢¥´ ´Ê²Õ,   É·¥¡µ¢ ´¨¥ £· ¤¨¥´É´µ° ¨´¢ ·¨ ´É´µ¸É¨  ³¶²¨ÉÊ¤Ò ¢Ò¶µ²´ÖeÉ¸Ö ´ 
Ê·µ¢´¥ ¶µ²Õ¸´ÒÌ  ³¶²¨ÉÊ¤ (21), ± ± ¢ Š�„, ´µ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸¨²Ó´µ° ¢¥·Ï¨´Ò. �¸É -
´µ¢¨³¸Ö ¶µ¤·µ¡´¥¥ ´  ¸É·Ê±ÉÊ·¥ �Œ-Éµ±  �tot

µ . ‘ ÔÉµ° Í¥²ÓÕ ¶·µ¢¥¤¥³ · ¸¸³µÉ·¥´¨¥
¶·µÍ¥¸¸  (21) ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. ‚Ò¡¥·¥³ ¨³¶Ê²Ó¸ ËµÉµ´  ´ ¶· ¢²¥´´Ò³ ¢¤µ²Ó µ¸¨
OZ,   ¶²µ¸±µ¸ÉÓ ·¥ ±Í¨¨ ¸µ¢³¥¸É¨³ ¸ ¶²µ¸±µ¸ÉÓÕ XOZ É ±, ÎÉµ¡Ò ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ 1
¸µ¸É ¢²Ö² Ê£µ² ϑ ¸ ¶µ²µ¦¨É¥²Ó´Ò³ ´ ¶· ¢²¥´¨¥³ µ¸¨ OZ. ‚ ÔÉµ³ ¸²ÊÎ ¥ §´ ³¥´ É¥²¨
pq, p1q ¨ p2q ¢ Ëµ·³Ê²¥ (21) ²¥£±µ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ±¢ ¤· É µÉ´µ¸¨É¥²Ó´µ£µ ÎeÉÒ·¥Ì¨³-
¶Ê²Ó¸  k2:

pq = 2(k2 + α2
0), p1q = (k2 + α2

0) + kq, p2q = (k2 + α2
0) − kq,

£¤¥ α2
0 = mε0 Å Ì · ±É¥·¨¸É¨±  ¸¢Ö§¨ ¸µ¸É ¢´µ° ¸¨¸É¥³Ò. � §²µ¦¨³ ¢Ò· ¦¥´¨¥ ¤²Ö

Éµ±  �tot
µ ¢ ·Ö¤ ’¥°²µ·  ¢ ÉµÎ±¥ kq (¢ ¢Ò¡· ´´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É kq = −ω |p| cos ϑ),

Ê¤¥·¦¨¢ Ö É·¨ Î²¥´  · §²µ¦¥´¨Ö

�tot
µ = −kµ

kq
(eB −e1−e2)G(k2)+

G(k2)
k2 + α2

0

(eB

2
p − e1p1 − e2p2

)
µ
−kµ(e1−e2)G′(k2)+

+
kq

(k2 + α2
0)2

[
(G(k2) + (k2 + α2

0)G
′(k2))(e1p1 − e2p2)µ + kµ(e1 + e2)

G′′(k2)
2

]
+

+ O((kq)2). (22)

Š ± ´¥É·Ê¤´µ ¢¨¤¥ÉÓ, ¶¥·¢µ¥ ¸² £ ¥³µ¥ · §²µ¦¥´¨Ö (22), ¨³¥ÕÐ¥¥ ¶µ·Ö¤µ± ω−1 ¶µ
Ô´¥·£¨¨ ËµÉµ´ , ´¥ ¤ ¥É ¢±² ¤  ¢ ¸Ê³³Ê §  ¸Î¥É ¸µÌ· ´¥´¨Ö § ·Ö¤ . ‚Éµ·µ¥ ¸² £ ¥³µ¥
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¨³¥¥É ´Ê²¥¢µ° ¶µ·Ö¤µ± ¶µ Ô´¥·£¨¨ ω0 ¨ µ¶·¥¤¥²Ö¥É Ô²¥±É·¨Î¥¸±¨° ¤¨¶µ²Ó´Ò° ¶¥·¥-
Ìµ¤. � ±µ´¥Í, ´¨¦´ÖÖ ¸É·µ±  ¢Ò· ¦¥´¨Ö ¶µ²´µ£µ Éµ±  (22) ¨³¥¥É ¶µ·Ö¤µ± ¶µ Ô´¥·£¨¨
ËµÉµ´  ω1.

ˆ´ Ö ¸¨ÉÊ Í¨Ö ´ ¡²Õ¤ ¥É¸Ö ¢ ¸²ÊÎ ¥, ±µ£¤  ¢ ¶µ²´µ³ Éµ±¥ �tot
µ ¢ Ëµ·³Ê²¥ (21) µÉ¸ÊÉ-

¸É¢Ê¥É ¢±² ¤ µÉ ±µ´É ±É´µ° ¤¨ £· ³³Ò, É. ¥. Î²¥´Ò, ¸µ¤¥·¦ Ð¨¥ kµ. ‚Ò¶µ²´ÖÖ · §²µ¦¥-
´¨¥ ¸ Ê¤¥·¦ ´¨¥³ É·¥Ì Î²¥´µ¢, ´ Ìµ¤¨³

�tot
µ =

G(k2)
k2 + α2

0

(eB

2
p − e1p1 − e2p2

)
µ

+ kq
G′(k2)

(k2 + α2
0)2

(e1p1 − e2p2)µ+

+
(kq)2

(k2+α2
0)3

(
G(k2)+(k2+α2

0)G
′(k2)+(k2+α2

0)
2 G′′(k2)

2

)
(e1p1+e2p2)µ+O((kq)3). (23)

‘· ¢´¨¢ Ö ¢Ò· ¦¥´¨Ö (22) ¨ (23) ´  Ê·µ¢´¥ ÊÎ¥É  Î²¥´µ¢ ¶·¨ Ô´¥·£¨¨ ω0, ¢¨¤¨³, ÎÉµ
¢ ¢Ò· ¦¥´¨¨ ¤²Ö Éµ±  (22) ¶·¨¸ÊÉ¸É¢Ê¥É ¤µ¶µ²´¨É¥²Ó´µ¥ ¸² £ ¥³µ¥ −kµ(e1 − e2)G′(k2),
±µÉµ·µ¥ ¶·µ¨¸Ìµ¤¨É µÉ ±µ´É ±É´µ£µ ³¥Ì ´¨§³  ¢§ ¨³µ¤¥°¸É¢¨Ö. Ÿ¢´Ò° ¢¨¤ ÔÉµ° ¤µ¡ ¢±¨
¶·µ¶µ·Í¨µ´ ²¥´ · §´µ¸É¨ § ·Ö¤µ¢ ¨ Ê± §Ò¢ ¥É ´  ¥e ¶·¨´ ¤²¥¦´µ¸ÉÓ ± Ô²¥±É·¨Î¥¸±µ³Ê
¤¨¶µ²Ó´µ³Ê ¶¥·¥Ìµ¤Ê. � ²¨Î¨¥ ¦¥ ¢ ´¥° ¶·µ¨§¢µ¤´µ° µÉ ¢¥·Ï¨´´µ£µ Ëµ·³Ë ±Éµ· 
G′(k2) µ§´ Î ¥É, ÎÉµ ¥¥ ¢±² ¤ µ¶·¥¤¥²Ö¥É¸Ö É ´£¥´¸µ³ Ê£²  ´ ±²µ´  ± ¸ É¥²Ó´µ° ¢ ¤µ¶µ²-
´¥´¨¥ ± ¢±² ¤Ê, ±µÉµ·Ò° µ¶·¥¤¥²Ö¥É¸Ö  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´µ° ¢¥·Ï¨´Ò G(k2) ¶·¨ É¥Ì
¦¥ §´ Î¥´¨ÖÌ  ·£Ê³¥´É . �Éµ³Ê Ë ±ÉÊ ³µ¦´µ ¤ ÉÓ Ë¨§¨Î¥¸±µ¥ µ¡ÑÖ¸´¥´¨¥. …¸²¨ ¨³¥ÉÓ ¢
¢¨¤Ê, ÎÉµ ¢¥·Ï¨´´Ò° Ëµ·³Ë ±Éµ· Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ´¥±µÉµ·µ£µ ±¢ §¨¶µÉ¥´Í¨ ²Ó´µ£µ
Ê· ¢´¥´¨Ö, ¶µÉ¥´Í¨ ² ±µÉµ·µ£µ ÊÎ¨ÉÒ¢ ¥É µ¡³¥´Ò · §²¨Î´Ò³¨ ³¥§µ´ ³¨, Éµ § ³¥É¨³,
ÎÉµ ÔÉµ ´ Ìµ¤¨É ¸¢µ¥ µÉ· ¦¥´¨¥ ¢ ¥£µ ¶µ¢¥¤¥´¨¨ ¨ µ¶·¥¤¥²¨É ¥£µ ±·¨¢¨§´Ê ¨ ¸É¥¶¥´Ó
®¶ ¤¥´¨Ö¯. � Î²¥´Ò ¢ �Œ-Éµ±¥ ¸ ¶·µ¨§¢µ¤´Ò³¨ ÊÎ¨ÉÒ¢ ÕÉ ¢¸¥ ¢±² ¤Ò ÔÉ¨Ì ³¥§µ´µ¢ ¢
¸¡ ² ´¸¨·µ¢ ´´µ³ ¢¨¤¥ ¨ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ É·¥¡µ¢ ´¨¥³ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨.
‘· ¢´¥´¨¥ ¸²¥¤ÊÕÐ¨Ì ¶µ·Ö¤±µ¢ ¢ · §²µ¦¥´¨¨ Éµ±µ¢ (22) ¨ (23) ¶µ Ô´¥·£¨¨ ËµÉµ´  ²¨ÏÓ
¶µ¤É¢¥·¦¤ ¥É ¶µ¸²¥¤´¥¥ ÊÉ¢¥·¦¤¥´¨¥.

ˆ¸¸²¥¤Ê¥³ ¢µ§³µ¦´Ò¥ ¸²¥¤¸É¢¨Ö ¢Ò¶µ²´¥´¨Ö É·¥¡µ¢ ´¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É-
´µ¸É¨ ´  ¶·¨³¥·¥ ¶µ²ÊÎ¥´¨Ö  ³¶²¨ÉÊ¤Ò ËµÉµ· ¸Ð¥¶²¥´¨Ö ´ ¨¶·µ¸É¥°Ï¥° ¸¨²Ó´µ¸¢Ö§ ´-
´µ° ¸¨¸É¥³Ò Å Ö¤·  ¤¥°É¥·¨Ö. Š ± ¨§¢¥¸É´µ, ¸µ¡¸É¢¥´´ Ö ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö dNN ,
µ¶¨¸Ò¢ ÕÐ Ö ®· §¢ ²¯ ¤¥°É·µ´  ´  pn-¶ ·Ê, µ¶·¥¤¥²Ö¥É¸Ö Î¥ÉÒ·Ó³Ö ¸É·Ê±ÉÊ·´Ò³¨ Ëµ·³-
Ë ±Éµ· ³¨ Gi (i = 1, 2, 3, 4) [7], ÊÎ¨ÉÒ¢ ÕÐ¨³¨ ±·µ³¥ S- ¨ D-¢µ²´ ¸Ìµ¤ ¸ ³ ¸¸µ¢µ° ¶µ-
¢¥·Ì´µ¸É¨ ´Ê±²µ´  ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨, ±µÉµ·µ³Ê ¸µµÉ¢¥É¸É¢Ê¥É ¤µ¶µ²´¨É¥²Ó´µ
P -¢µ²´ 

Γν(p, n) = G1γν +
kν

m
G2 +

p̂ − m

2m

[
G3γν +

kν

m
G4

]
, (24)

£¤¥ kν = (p − n)ν/2 Å µÉ´µ¸¨É¥²Ó´Ò° ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò° Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸ pn-
¶ ·Ò. ‘¨²Ó´µ¸¢Ö§ ´´ Ö É·¥ÌÉµÎ¥Î´ Ö ”ƒ, µÉ¢¥Î ÕÐ Ö ¢¨·ÉÊ ²Ó´µ³Ê · §¢ ²Ê ¤¥°É¥·¨Ö,
¨³¥Ö ¢¨¤

Dν′ν(d) (Γν′ν(d; p, n))αβ Sαα′(p)Sββ′(n), (25)

¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨² ³¨ (10) ¨ (16) ¢ ·¥§Ê²ÓÉ É¥ ®¢±²ÕÎ¥´¨Ö¯ ¢ ´¥¥ �Œ-¶µ²Ö µ¶¨-
¸Ò¢ ¥É¸Ö ·Ö¤µ³ (·¨¸. 3) Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ ”ƒ (18). �µ¸±µ²Ó±Ê ¢ ´ ¸ÉµÖÐ¨° ³µ³¥´É ´ ¸
¨´É¥·¥¸Ê¥É ¸µÌ· ´¥´¨¥ § ·Ö¤ , ¢Ò¶¨Ï¥³ ³ É·¨Î´Ò° Ô²¥³¥´É ¶·µÍ¥¸¸  d(γ, p)n ¡¥§ Î²¥-
´µ¢ ¢ �Œ-Éµ± Ì, µÉ¢¥Î ÕÐ¨Ì ÊÎ¥ÉÊ  ´µ³ ²Ó´ÒÌ ³ £´¨É´ÒÌ ³µ³¥´Éµ¢, ±µÉµ·Ò¥ ¸ ³¨ ¶µ
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¸¥¡¥ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò [8]:

M (γd → pn) = eεµUν ūp�µνCūT
n , (26)

£¤¥ ε ¨ U Å ¢¥±Éµ·Ò ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¨ ¤¥°É·µ´ ; ūp ¨ CūT
n Å ¡¨¸¶¨´µ·Ò µ¡· -

§µ¢ ¢Ï¨Ì¸Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¶·µÉµ´  ¨ ´¥°É·µ´ . �µ²´Ò° �Œ-Éµ± �µν ¶¥·¥Ìµ¤ 
· ¢¥´

�µν =
(d + d′)µ

d′2 − M2
d

(
G1γν +

kν

m
G2

)
+ γµ

1
p̂ − q̂ − m

[
G1γν +

kν − qν/2
m

G2+

+
p̂ − q̂ − m

2m

(
G3γν +

kν − qν/2
m

G4

)]
−

1∫
0

dλ
∂Γν(p − λq, n)

∂(p − λq)µ
. (27)

…¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¢¸¥ ¢¥·Ï¨´´Ò¥ Ëµ·³Ë ±Éµ·Ò Gi § ¢¨¸ÖÉ Éµ²Ó±µ µÉ ±¢ ¤· É 
µÉ´µ¸¨É¥²Ó´µ£µ Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  Gi(−k2) ±µ´¥Î´µ° pn-¶ ·Ò, ¨´É¥£· ² ±µ´É ±É´µ£µ Éµ± 
²¥£±µ ¢ÒÎ¨¸²Ö¥É¸Ö:

1∫
0

dλ
∂Γν(p − λq, n)

∂(p − λq)µ
=

gµν

2m
G2 +

γµγν

2m
G3 −

1
2m2

{
gµν q̂ − γµqν

4
+ γµnν

}
G4 (28)

Å ¨ ¶µ¸²¥ ¶µ¤¸É ´µ¢±¨ ¢ ¢Ò· ¦¥´¨¥ (27) ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ Ëµ·³Ë ±Éµ· G3 ¢ �µν

¸µ±· Ð ¥É¸Ö:

�µν =
(

dµ

dq
− pµ

pq
− q̂γµ

2pq

)(
G1γν − nν

m
G2

)
+
(

dµqν

dq
− gµν

)
G2

2m
+

gµν q̂ − γµqν

8m2
G4, (29)

ÎÉµ Ê± §Ò¢ ¥É ´  ¶¥·¥¸É·µ°±Ê ¶µ²´µ°  ³¶²¨ÉÊ¤Ò ²¨ÏÓ §  ¸Î¥É ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò.
…¸²¨ ¢ (28) ¶µ²µ¦¨ÉÓ G3 = G4 = 0, Éµ ¶µ²ÊÎ¨É¸Ö ¢Ò· ¦¥´¨¥ ¤²Ö ±µ´É ±É´µ°  ³¶²¨ÉÊ¤Ò
gµν

2m
G2, ±µÉµ·µ¥ ¨¸¶µ²Ó§µ¢ ²¨  ¢Éµ·Ò ¢ [9] ¤²Ö µ¶¨¸ ´¨Ö ËµÉµ· ¸Ð¥¶²¥´¨Ö ¤¥°É·µ´ .

�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ Ëµ·³Ë ±Éµ· G3 ¢ µÉ²¨Î¨e µÉ µ¸É ²Ó´ÒÌ É·eÌ µ¶·¥¤¥²Ö¥É¸Ö
²¨ÏÓ É·¨¶²¥É´µ° ¸µ¸É ¢²ÖÕÐ¥° P -¢µ²´Ò, ¢ Éµ ¢·¥³Ö ± ± µ¸É ²Ó´Ò¥ Ëµ·³Ë ±Éµ·Ò µ¶·¥-
¤¥²ÖÕÉ¸Ö ²¨´¥°´µ° ±µ³¡¨´ Í¨¥° S-, D- ¨ P -¢µ²´.

‡�Š‹�—…�ˆ…

� §¢¨ÉÒ° ¢ · ¡µÉ¥ ¶µ¤Ìµ¤ µ¡¥¸¶¥Î¨¢ ¥É µ¸´µ¢Ê ¤²Ö É¥µ·¥É¨Î¥¸±¨ ±µ··¥±É´µ£µ ¨ ¶µ-
¸²¥¤µ¢ É¥²Ó´µ£µ µ¶¨¸ ´¨Ö Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò ´  µ¡Ð¥¶µ´ÖÉ´µ³ Ö§Ò±¥ Š�„, ¸¢µ¡µ¤´µ£µ
µÉ ¢¸¥Ì ´¥¤µ¸É É±µ¢, Ê± § ´´ÒÌ ¢ÒÏ¥.

�µ± § ´µ, ÎÉµ ¶·µ¡²¥³  ¢§ ¨³µ¤¥°¸É¢¨Ö ËµÉµ´µ¢ ¸ ¸µ¸É ¢´Ò³ ¸¨²Ó´µ¸¢Ö§ ´´Ò³ ¶µ-
²¥³ ³ É¥·¨¨, ¢¢¨¤Ê µÉ¸ÊÉ¸É¢¨Ö ² £· ´¦¨ ´  ¸µ¸É ¢´µ° ¸¨²Ó´µ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò, ³µ¦¥É
¡ÒÉÓ ·¥Ï¥´  ¢´¥ · ³µ± É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¨§´ Î ²Ó´µ ¨§¢¥¸É´Ò
¸¨²Ó´µ¸¢Ö§ ´´Ò¥ ¤¢ÊÌ- ¨ É·¥ÌÉµÎ¥Î´Ò¥ ”ƒ ¶µ²¥° ³ É¥·¨¨ ¢ ¢¨¤¥ ·¥Ï¥´¨° ·¥²ÖÉ¨¢¨¸É-
¸±µ£µ Ê· ¢´¥´¨Ö �¥É¥Ä‘µ²¶¨É¥·  ¨²¨ ¥£µ ±¢ §¨¶µÉ¥´Í¨ ²Ó´ÒÌ  ´ ²µ£µ¢. �µ± § ´µ, ÎÉµ
ÔÉ¨Ì ¶·¥¤¶µ²µ¦¥´¨° ¤µ¸É ÉµÎ´µ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¶µ²´µ°  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸ , ´¥§ ¢¨¸¨³µ
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µÉ ´¥¨§¢¥¸É´ÒÌ ¤¥É ²¥° �Œ-¸É·Ê±ÉÊ·Ò ¸µ¸É ¢´µ° ¸¨²Ó´µ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò, ¢ ±µÉµ·µ°
¢Ò¶µ²´ÖÕÉ¸Ö É·¥¡µ¢ ´¨Ö ±µ¢ ·¨ ´É´µ¸É¨ ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¶·¨ ¶µ¸²¥-
¤µ¢ É¥²Ó´µ³ ÊÎ¥É¥ ¢´ÊÉ·¥´´¥° ¤¨´ ³¨±¨.

‚ · ³± Ì ¶·¥¤²µ¦¥´´µ£µ ¶µ¤Ìµ¤  ¶·¨µ¡·¥É ¥É ¶µ´ÖÉ´ÊÕ É· ±Éµ¢±Ê ±µ´Í¥¶Í¨Ö ÊÎ¥É 
¨ ·µ²¨ µ¡³¥´´ÒÌ ³¥§µ´´ÒÌ Éµ±µ¢. ‘µ¡¸É¢¥´´ Ö ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³
±¢ §¨¶µÉ¥´Í¨ ²Ó´µ£µ Ê· ¢´¥´¨Ö, ¶µÉ¥´Í¨ ² ±µÉµ·µ£µ Ëµ·³¨·Ê¥É¸Ö §  ¸Î¥É µ¡³¥´µ¢ · §-
´µµ¡· §´Ò³¨ ¢¨·ÉÊ ²Ó´Ò³¨ ³¥§µ´ ³¨, ÎÉµ ¢ ±µ´¥Î´µ³ ¨Éµ£¥ µÉ· ¦¥´µ ¢ ¢¥·Ï¨´´µ°
ËÊ´±Í¨¨ ¢ ¢¨¤¥ ¸É¥¶¥´¨ ¥¥ ¶ ¤¥´¨Ö ¨ Ì · ±É¥·¥ ±·¨¢¨§´Ò. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¢¥·Ï¨´´µ°
ËÊ´±Í¨¨ ¢  ³¶²¨ÉÊ¤¥, ¶µ²ÊÎ¥´´µ° ´  µ¸´µ¢¥ É·¥¡µ¢ ´¨Ö ¨´¢ ·¨ ´É´µ¸É¨ ¶µ µÉ´µÏ¥´¨Õ
± ¶·¥µ¡· §µ¢ ´¨Ö³ ²µ± ²Ó´µ° ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò, ¶·¨¢µ¤¨É ±  ¢Éµ³ É¨Î¥¸±µ³Ê ÊÎ¥ÉÊ
¢¸¥Ì ³¥§µ´´ÒÌ µ¡³¥´µ¢ ¶µ¸·¥¤¸É¢µ³ ¶µ²Õ¸´µ° ¨ ·¥£Ê²Ö·´µ° (±µ´É ±É´µ°) Î ¸É¥° ¶µ²´µ°
 ³¶²¨ÉÊ¤Ò. �µ²Õ¸´ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò µ¶·¥¤¥²Ö¥É¸Ö  ¡¸µ²ÕÉ´Ò³¨ §´ Î¥´¨Ö³¨ ¢¥·Ï¨´-
´µ° ËÊ´±Í¨¨ ¶·¨ § ¤ ´´ÒÌ §´ Î¥´¨ÖÌ  ·£Ê³¥´É , ¢ Éµ ¢·¥³Ö ± ± ·¥£Ê²Ö·´ Ö Î ¸ÉÓ, § 
¸Î¥É ¶·¨¸ÊÉ¸É¢¨Ö ¢ ´¥° ¶·µ¨§¢µ¤´µ° µÉ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨, ¢´µ¸¨É ¤µ¶µ²´¨É¥²Ó´ÊÕ
§ ¢¨¸¨³µ¸ÉÓ ¢  ³¶²¨ÉÊ¤Ê µÉ Ê£²  ´ ±²µ´  ± ¸ É¥²Ó´µ°. ‘²¥¤µ¢ É¥²Ó´µ, ÊÎ¥É ¢¨·ÉÊ ²Ó-
´ÒÌ ³¥§µ´´ÒÌ µ¡³¥´µ¢ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ¸·¥¤¸É¢µ³ ¸µ¡¸É¢¥´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ ¢
¸É·µ£µ ¸µ£² ¸µ¢ ´´µ³ ¢¨¤¥ ¶µ µÉ´µÏ¥´¨Õ ± ÊÎ¥ÉÊ µ¤´µÎ ¸É¨Î´ÒÌ (¶µ²Õ¸´ÒÌ) ¨ ³´µ£µ-
Î ¸É¨Î´ÒÌ (·¥£Ê²Ö·´ÒÌ) ³¥Ì ´¨§³µ¢ ¶·µÍ¥¸¸  ¨ ¢ ÉµÎ´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ É·¥¡µ¢ ´¨¥³
¸µÌ· ´¥´¨Ö ¶µ²´µ£µ �Œ-Éµ± .

‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉÒ¥ ±² ¸¸Ò ¤¨ £· ³³, ¶µ²ÊÎ¥´´Ò¥ ´  Ê·µ¢-
´¥ ÊÎ¥É  µ¤´µÎ ¸É¨Î´ÒÌ (µ¡µ¡Ð¥´´Ò° ¶µ²Õ¸´Ò° ·Ö¤, ¢±²ÕÎ Ö ±µ´É ±É´ÊÕ ¤¨ £· ³³Ê)
¨ ³´µ£µÎ ¸É¨Î´ÒÌ (µ¤´µ¶¥É²¥¢Ò¥ ¨ É. ¤.) ³¥Ì ´¨§³µ¢, ¢ ¸¢Ö§¨ ¸ Ê¸²µ¢¨¥³ Ê´¨É ·´µ¸É¨
S-³ É·¨ÍÒ, ³µ¦´µ, ¨§-§  µÉ¸ÊÉ¸É¢¨Ö É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶µ ±µ´¸É ´É¥ ¸¨²Ó´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö, · ¸¸³ É·¨¢ ÉÓ ± ± ¶µ¸²¥¤µ¢ É¥²Ó´µ ÊÉµÎ´ÖÕÐ¨° ·Ö¤ ¢±² ¤µ¢ ¶¥É²¥¢ÒÌ ³¥Ì -
´¨§³µ¢ ¶µ µÉ´µÏ¥´¨Õ ± µ¡µ¡Ð¥´´µ³Ê ¶µ²Õ¸´µ³Ê ·Ö¤Ê. “¶·µÐ¥´´ Ö ¸Ì¥³  · ¸¸Ê¦¤¥´¨°
¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³. “¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ S-³ É·¨ÍÒ ¨ ¶·¨´Í¨¶  ²µ± ²Ó´µ° ± ²¨¡·µ-
¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ´  Ê·µ¢´¥ µ¤´µÎ ¸É¨Î´µ£µ ¶·µ³¥¦ÊÉµÎ´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·¨¢µ¤¨É ±
¶µÖ¢²¥´¨Õ µ¡µ¡Ð¥´´µ£µ ¶µ²Õ¸´µ£µ ·Ö¤ , £¤¥ ´ ·Ö¤Ê ¸ µ¤´µÎ ¸É¨Î´Ò³¨ ³¥Ì ´¨§³ ³¨ ÔË-
Ë¥±É¨¢´µ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ³´µ£µÎ ¸É¨Î´Ò¥. ‘Ê³³ ·´Ò° ÊÎ¥É É ±¨Ì ³¥Ì ´¨§³µ¢ µ¡¥¸¶¥Î¨¢ ¥É
ÉµÎ´µ¥ ¸µÌ· ´¥´¨¥ �Œ-Éµ±  qµJ tot

µ = qµ[Jpol
µ +J reg

µ ]1 = 0 ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ´¥¨§¢¥¸É´µ° ´ 
¤ ´´µ³ ÔÉ ¶¥ · ¸¸³µÉ·¥´¨Ö Î¨¸Éµ ¶µ¶¥·¥Î´µ° ¶µ µÉ´µÏ¥´¨Õ ± qµ ¤µ¡ ¢±¨ δJµ, É ±µ°,
ÎÉµ δJµqµ = 0, ¨ ´  ¤ ´´µ³ Ê·µ¢´¥ · ¸¸³µÉ·¥´¨Ö ´¥ µ¶·¥¤¥²¥´´µ°. �  ÔÉ ¶¥ · ¸¸³µÉ·¥-
´¨Ö µ¤´µÎ ¸É¨Î´µ£µ ¶·µ³¥¦ÊÉµÎ´µ£µ ¸µ¸ÉµÖ´¨Ö É ± Ö ¤µ¡ ¢± , ¥¸É¥¸É¢¥´´µ, · ¢´  ´Ê²Õ.
“Î¥É, ¢ ¤µ¶µ²´¥´¨¥ ± µ¤´µÎ ¸É¨Î´µ³Ê ¶·µ³¥¦ÊÉµÎ´µ³Ê ¸µ¸ÉµÖ´¨Õ ¤¢ÊÌÎ ¸É¨Î´µ£µ, ¶·¨-
¢µ¤¨É ± ¢µ§´¨±´µ¢¥´¨Õ, ¢ ¸¨²Ê ¶·¨´Í¨¶  ²µ± ²Ó´µ° ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨,
± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉµ£µ µ¤´µ¶¥É²¥¢µ£µ ´ ¡µ·  ¤¨ £· ³³ ¸ ¸µÌ· ´ÖÕÐ¨³¸Ö Éµ±µ³ [Jµ]2,
±µÉµ·Ò° ¶µ µÉ´µÏ¥´¨Õ ± µ¡µ¡Ð¥´´µ³Ê ¶µ²Õ¸´µ³Ê ´ ¡µ·Ê ¤¨ £· ³³ ³µ¦´µ ¸µ¶µ¸É ¢¨ÉÓ
¸ δJµ = [Jµ]2. “± § ´´ Ö ¶·µÍ¥¤Ê·  ÊÎ¥É  ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ ¶·¨¡²¨¦¥´¨° ´  µ¸´µ¢¥
Ê¸²µ¢¨° Ê´¨É ·´µ¸É¨ ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° · §²µ¦¥´¨¥
¶µ²´µ°  ³¶²¨ÉÊ¤Ò ¶µ ± ²¨¡·µ¢µÎ´µ-§ ³±´ÊÉÒ³ ±² ¸¸ ³ ¶¥É²¥¢ÒÌ ¤¨ £· ³³, µÉ¢¥Î ÕÐ¨Ì
ÊÎ¥ÉÊ · §´µ£µ Î¨¸²  ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨° ¸ ¶µ²´Ò³ ¸µÌ· ´ÖÕÐ¨³¸Ö �Œ-Éµ±µ³, É -
±¨³, ÎÉµ

qµJ tot
µ = qµ[Jpol

µ + J reg
µ ]1 + qµ[Jµ]2 + . . . + qµ[Jµ]i + . . . = 0,

£¤¥ i = 1, . . . , n Å Î¨¸²µ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨°.
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‚§£²Ö¤ ´  Š�„ ¸ ¶µ§¨Í¨° £¥µ³¥É·¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨° Š’Š� ¶·¨ µ¶¨¸ ´¨¨ ¢§ ¨³µ-
¤¥°¸É¢¨° ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö ¸ ²µ± ²Ó´Ò³¨ ¨ ´¥²µ± ²Ó´Ò³¨ ¶µ²Ö³¨ ³ É¥·¨¨, £¤¥ ¢ ± -
Î¥¸É¢¥ µÉ¶· ¢´µ° ÉµÎ±¨ ¨¸¶µ²Ó§µ¢ ´Ò ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò¥ ”ƒ, ¨³¥ÕÐ¨¥ ¡µ²¥¥
Ï¨·µ±µ¥ ¢´ÊÉ·¥´´¥¥ ¸µ¤¥·¦ ´¨¥ ¶µ µÉ´µÏ¥´¨Õ ± ² £· ´¦¨ ´Ê ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶µ§¢µ-
²¨²¨ µ¡¥¸¶¥Î¨ÉÓ ¢Ò¶µ²´¥´¨¥ É·¥¡µ¢ ´¨° ±µ¢ ·¨ ´É´µ¸É¨ ¨ £· ¤¨¥´É´µ° ¨´¢ ·¨ ´É´µ¸É¨
 ³¶²¨ÉÊ¤ ¶·µÍ¥¸¸µ¢ ËµÉµ· ¸Ð¥¶²¥´¨Ö ´  µ¸´µ¢¥ ¥¤¨´µ£µ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨ ¢
§ ·Ö¤µ¢µ³ ¶·µ¸É· ´¸É¢¥.

„µ¸Éµ¨´¸É¢µ · §¢¨Éµ£µ ¶µ¤Ìµ¤  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µ´ µ¡¥¸¶¥Î¨¢ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¤-
´µ¢·¥³¥´´µ ¶·µ¢µ¤¨ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò (¸µ¸É ¢´ÒÌ ¸¨²Ó´µ¸¢Ö§ ´´ÒÌ ¸¨-
¸É¥³) ´  µ¸´µ¢¥ ¥¤¨´µ°  ³¶²¨ÉÊ¤Ò ´¥ Éµ²Ó±µ ¤²Ö ¶·µÍ¥¸¸µ¢ ËµÉµ· ¸Ð¥¶²¥´¨Ö, ´µ ¨ ¤²Ö
¶·µÍ¥¸¸µ¢ Ô²¥±É·µ· ¸Ð¥¶²¥´¨Ö. ’·¥¡µ¢ ´¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ±µ¢ ·¨-
 ´É´µ¸É¨ ¶µ§¢µ²ÖÕÉ µ¸ÊÐ¥¸É¢¨ÉÓ ±µ´¥Î´Ò° ¶·¥¤¥² ¶µ²´µ°  ³¶²¨ÉÊ¤Ò ¶·¨ ¸É·¥³²¥´¨¨
±¢ ¤· É  ¶¥·¥¤ ´´µ£µ Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ± ´Ê²Õ.

�·¥¤²µ¦¥´´Ò° ¶µ¤Ìµ¤ ²¥£±µ µ¡µ¡Ð ¥É¸Ö ´  ¸²ÊÎ ° ´¥ ¡¥²¥¢µ° ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò
¨ ¶µ§¢µ²Ö¥É ¥£µ ¶·¨³¥´¨ÉÓ ± · ¸Î¥É ³ ¢ Š•„.
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