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ˆ´¸É¨ÉÊÉ Ô²¥±É·μË¨§¨±¨ ¨ · ¤¨ Í¨μ´´ÒÌ É¥Ì´μ²μ£¨° ��� “±· ¨´Ò, Š¨¥¢

�μ± § ´μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ Š�„  ´ ²μ£μ¢ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÒÌ ¸É·Ê±ÉÊ· Š•„ Å
¢ É¥·³¨´ Ì ± ²¨¡·μ¢μÎ´μ° Ô²¥±É·μ³ £´¨É´μ° (�Œ) ®¸É·Ê´Ò¯ ¨ ®§¢¥§¤Ò¯ Å ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ
¢¢¥¸É¨ ¢ · ¸¸³μÉ·¥´¨¥ μ¡μ¡Ð¥´´ÊÕ ± ²¨¡·μ¢μÎ´μ-§ ³±´ÊÉÊÕ  ³¶²¨ÉÊ¤Ê, ±μÉμ· Ö Ê¤μ¢²¥É¢μ·Ö¥É
É·¥¡μ¢ ´¨Ö³ ±¢ ´Éμ¢μ° É¥μ·¨¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¨ ¶μ§¢μ²Ö¥É μ¶¨¸ ÉÓ �Œ-¢§ ¨³μ¤¥°¸É¢¨Ö ± ±
¸ ²μ± ²Ó´Ò³¨, É ± ¨ ¸ ´¥²μ± ²Ó´Ò³¨ § ·Ö¦¥´´Ò³¨ ¶μ²Ö³¨ ³ É¥·¨¨ ¢´¥ · ³μ± ² £· ´¦¥¢  ¶μ¤Ìμ¤ ,
´¥ ¢Ò§Ò¢ Ö ´¥£ É¨¢´ÒÌ ¶μ¸²¥¤¸É¢¨° ¤²Ö É¥μ·¨¨ ¢ Í¥²μ³. ˆ´¢ ·¨ ´É´Ò° Ì · ±É¥· ¸É·Ê±ÉÊ·Ò  ³-
¶²¨ÉÊ¤Ò ¶μ μÉ´μÏ¥´¨Õ ± ¨¥· ·Ì¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨ ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¨Ì ¸¨² ¨ ¸É·Ê±ÉÊ·´ÒÌ Ô²¥-
³¥´Éμ¢ ´¥²μ± ²Ó´μ£μ ¶μ²Ö ¶μ§¢μ²Ö¥É ¥¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ ´¥¨§³¥´´μ³ ¢¨¤¥ ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢
�Œ-¢§ ¨³μ¤¥°¸É¢¨° ¢ · §²¨Î´ÒÌ ³ ¸ÏÉ ¡ Ì ¸É·μ¥´¨Ö ³ É¥·¨¨. ‚ μ¡μ¡Ð¥´´μ°  ³¶²¨ÉÊ¤¥ μ¡¥¸¶¥-
Î¥´ ´¥¶·¥·Ò¢´Ò° ¶·¥¤¥² ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ´¥²μ± ²Ó´ÒÌ ¶μ²¥° ± ²μ± ²Ó´Ò³ ¶·¨ ¨Ì · ¸¸³μÉ·¥´¨¨.

Is it shown that the use in QED analogues of the gauge-invariant structures QCD Å type of gauge
®strings¯ and ®stars¯ Å enables one to enter in consideration the generalized gauge-closed amplitude
which satisˇes requirements of quantum theory of the gauge ˇelds and allows one to describe EM
of interaction, both with local and with nonlocal charged ˇelds of matter out of frames of Lagrange
approach, not causing the negative consequences for a theory in the whole. Invariant character of
structure of the amplitude in relation to hierarchic evolution structure-generated forces and structural
elements of the nonlocal ˇeld, allows its use in an unchanging type for description of processes of EM
interaction in different scales of matter structure. In the generalized amplitude a continuous limit in
transition from consideration of the nonlocal ˇelds to local is well-to-do.

PACS: 11.15.-q, 11.27.+d, 12.20.Ds
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‚§ ¨³μ¤¥°¸É¢¨¥ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¸ ²μ± ²Ó´Ò³¨ ¨ ´¥²μ± ²Ó´Ò³¨ § ·Ö¦¥´´Ò³¨
¶μ²Ö³¨ ³ É¥·¨¨ ¸¢Ö§ ´μ ¸ ´¥Ê±μ¸´¨É¥²Ó´Ò³ ¢Ò¶μ²´¥´¨¥³ É·¥¡μ¢ ´¨° ±¢ ´Éμ¢μ° É¥μ·¨¨
± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° (Š’Š�) ¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö (Š’�), ¢ ¸μ¤¥·¦ ´¨¥ ±μÉμ·ÒÌ
¶μ²μ¦¥´Ò ¶·¨´Í¨¶Ò ¨´¢ ·¨ ´É´μ¸É¨ μÉ´μ¸¨É¥²Ó´μ £·Ê¶¶Ò �Ê ´± ·¥ ¨ ± ²¨¡·μ¢μÎ´μ°
£·Ê¶¶Ò. „¨´ ³¨Î¥¸±μ¥ ¸μ¤¥·¦ ´¨¥ ¶·μÍ¥¸¸  ¢§ ¨³μ¤¥°¸É¢¨Ö ¸¢Ö§ ´μ ¸ ²μ± ²Ó´Ò³ ¸μ-
£² ¸μ¢ ´¨¥³ É· ´¸²ÖÍ¨° ¢ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ³ ³´μ£μμ¡· §¨¨ ¨ ¶·¨¸μ¥¤¨´¥´´μ³
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¶·μ¸É· ´¸É¢¥ ¢´ÊÉ·¥´´¨Ì ¸¨³³¥É·¨°. ‚ μ¡Ð¥³ ¸²ÊÎ ¥, μ¡Ñ¥±É¨¢´μ¸ÉÓ É ±μ£μ ¸μ£² ¸μ¢ -
´¨Ö ¸¢Ö§ ´  ¸ É·¥¡μ¢ ´¨¥³  ¤¥±¢ É´μ£μ μ¶¨¸ ´¨Ö ¢μ§´¨± ÕÐ¥° ± ·É¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö,
±μÉμ· Ö ¢Ò§¢ ´  ¶¥·¥· ¸¶·¥¤¥²¥´¨¥³ ³ ¸¸Ò ¨ § ·Ö¤  ´¥²μ± ²Ó´μ£μ ¶μ²Ö ³ É¥·¨¨ ¨ ¥£μ
´ ¡²Õ¤ ¥³Ò³¨ Ë· £³¥´É ³¨. “± § ´´μ¥ ¸μ£² ¸μ¢ ´¨¥ ¤μ²¦´μ ¡ÒÉÓ ¶·μ¢¥¤¥´μ ´¥ Éμ²Ó±μ
´   ¸¨³¶ÉμÉ¨Î¥¸±¨Ì in- ¨ out-¸μ¸ÉμÖ´¨ÖÌ, ´μ ¨ ¢ μ¡² ¸É¨ ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¨Ì ¸¨² ¡μ²Ó-
Ïμ° ¨´É¥´¸¨¢´μ¸É¨ ¨ μ£· ´¨Î¥´´μ° μ¡² ¸É¨ ¤¥°¸É¢¨Ö. ‘É ´¤ ·É´Ò° ¶μ¤Ìμ¤ ±¢ ´Éμ¢μ°
Ô²¥±É·μ¤¨´ ³¨±¨ (Š�„) ± μ¶¨¸ ´¨Õ �Œ-¢§ ¨³μ¤¥°¸É¢¨° ¸ ËÊ´¤ ³¥´É ²Ó´Ò³¨ ¶μ²Ö³¨
³ É¥·¨¨ ¢ Ëμ·³ É¥ S-³ É·¨Î´μ£μ ¶μ¤Ìμ¤ , ±μÉμ·Ò° ¸ÊÐ¥¸É¢¥´´μ μ·¨¥´É¨·μ¢ ´ ´  ¨¸-
¶μ²Ó§μ¢ ´¨¥ ² £· ´¦¥¢ÒÌ ³¥Éμ¤μ¢ ¨ É· ¤¨Í¨μ´´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, ´¥ μ¸É ¢²Ö¥É
¢μ§³μ¦´μ¸É¨ ¤²Ö ¢±²ÕÎ¥´¨Ö ¢ ÔÉÊ ¸Ì¥³Ê ´¥²μ± ²Ó´ÒÌ ¶μ²¥°. ‚μ§´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ
¨§³¥´¥´¨Ö ´ Ï¨Ì ¶·¥¤¸É ¢²¥´¨° μ Ì · ±É¥·¥ ¢§ ¨³μ¤¥°¸É¢¨° ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ± ±
¸ ²μ± ²Ó´Ò³¨, É ± ¨ ´¥²μ± ²Ó´Ò³¨ ¶μ²Ö³¨ ³ É¥·¨¨ ¢ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥
¸ μ¡¥¸¶¥Î¥´¨¥³ ¶·¨ ÔÉμ³ ¶μ²´μ° ¶·¥¥³¸É¢¥´´μ¸É¨ ¸ Š�„.

‚ÒÌμ¤ ¨§ ¸²μ¦¨¢Ï¥°¸Ö ¸¨ÉÊ Í¨¨ ³μ¦¥É ¡ÒÉÓ ´ °¤¥´, ¥¸²¨ Ê¤μ¢²¥É¢μ·¨ÉÓ ¢ ¶μ²´μ³
Ëμ·³ É¥ É·¥¡μ¢ ´¨Ö³ Š’Š� ¨ ¥¥ ¨´É¥·¶·¥É Í¨¨ ´  £¥μ³¥É·¨Î¥¸±μ³ Ö§Ò±¥ · ¸¸²μ¥´´ÒÌ
¶·μ¸É· ´¸É¢, £¤¥ ¶μ´ÖÉ¨Õ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¸μμÉ¢¥É¸É¢Ê¥É ¶μ´ÖÉ¨¥ ¸¢Ö§´μ¸É¨ £² ¢´μ£μ
· ¸¸²μ¥´¨Ö. ‘¢Ö§´μ¸ÉÓ μ¶·¥¤¥²Ö¥É ¶· ¢¨²μ ¸μ£² ¸μ¢ ´¨Ö É· ´¸²ÖÍ¨° ¶·μ¸É· ´¸É¢¥´´μ-
¢·¥³¥´´μ£μ ³´μ£μμ¡· §¨Ö ¨ ¨Ì ¶·μ¥±Í¨° ¢ ¶·μ¸É· ´¸É¢¥ ¢´ÊÉ·¥´´¨Ì ¸¨³³¥É·¨°. ‚ ± -
¦¤μ° μÉ±·ÒÉμ° μ±·¥¸É´μ¸É¨ ÉμÎ±¨ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ£μ ±μ´É¨´ÊÊ³  ±μ´Ë¨£Ê· -
Í¨μ´´μ¥ ¶·μ¸É· ´¸É¢μ, ¢ ±μÉμ·μ³ ¸ÊÐ¥¸É¢ÊÕÉ ¶μ²Ö ³ É¥·¨¨, ¨³¥¥É ¸É·Ê±ÉÊ·Ê ²μ± ²Ó´μ£μ
· §²μ¦¥´¨Ö ¢ ¢¨¤¥ ¶·Ö³μ£μ ¶·μ¨§¢¥¤¥´¨Ö ¶·μ¸É· ´¸É¢  ¢´ÊÉ·¥´´¨Ì ¸¨³³¥É·¨° ¨ ¶·μ-
¸É· ´¸É¢  4-³¥·´μ£μ ³´μ£μμ¡· §¨Ö,   μ¶¨¸ ´¨¥ ¶·μ¨§¢μ¤¨É¸Ö ¢ É¥·³¨´ Ì £·Ê¶¶Ò ‹¨, ¥¸²¨
¶·¨Ìμ¤¨É¸Ö ¨³¥ÉÓ ¤¥²μ ¸ ¸ ³¨³ ± ²¨¡·μ¢μÎ´Ò³ ¶μ²¥³, ²¨¡μ ¢ ¢¥±Éμ·´μ³ ¶·μ¸É· ´¸É¢¥,
´  ±μÉμ·μ¥ ¤¥°¸É¢Ê¥É ÔÉ  £·Ê¶¶ , É. ¥. ¢ É¥·³¨´ Ì ¶μ²Ö ³ É¥·¨¨.

Š¢ ´Éμ¢ Ö Ô²¥±É·μ¤¨´ ³¨±  ± ± ¸μ¸É ¢´ Ö Î ¸ÉÓ Š’Š� ¸Ëμ·³¨·μ¢ ² ¸Ó ¢ ¸¢Ö§¨ ¸
¶μÉ·¥¡´μ¸ÉÓÕ μ¶¨¸ ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨° �Œ-¶μ²Ö ¸ § ·Ö¦¥´´Ò³¨ ¶μ²Ö³¨ ³ É¥·¨¨. ‡´ -
Î¨É¥²Ó´Ò° ¶·μ£·¥¸¸ ¢ μ¶¨¸ ´¨¨ �Œ-¢§ ¨³μ¤¥°¸É¢¨° ¡Ò² ¸¢Ö§ ´ ¸ ¶·¥¤¶μ²μ¦¥´¨¥³ μ
²μ± ²Ó´μ³ Ì · ±É¥·¥ ¢§ ¨³μ¤¥°¸É¢¨° ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¸ ËÊ´¤ ³¥´É ²Ó´Ò³¨ ¶μ²Ö³¨
³ É¥·¨¨, ÎÉμ μ¡¥¸¶¥Î¨¢ ²μ¸Ó ¸¢μ°¸É¢μ³ ¨Ì Ê´¨¢¥·¸ ²Ó´μ¸É¨,   É·¥¡μ¢ ´¨¥ μ ³¨´¨³ ²Ó-
´μ³ Ì · ±É¥·¥ ¢§ ¨³μ¤¥°¸É¢¨Ö μÉ· ¦ ²μ ¨´¢ ·¨ ´É´μ¸ÉÓ ² £· ´¦¨ ´  μÉ´μ¸¨É¥²Ó´μ ¶·¥-
μ¡· §μ¢ ´¨° ²μ± ²Ó´μ° U(1)-± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. ‘μ¢·¥³¥´´ Ö Ëμ·³Ê²¨·μ¢±  Š�„
´  μ¸´μ¢¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ËÊ´±Í¨μ´ ²Ó´ÒÌ ³¥Éμ¤μ¢, ¸ÊÐ¥¸É¢¥´´μ μ·¨¥´É¨·μ¢ ´´ÒÌ ´ 
¶·¨³¥´¥´¨¥ ² £· ´¦¥¢ÒÌ ³¥Éμ¤μ¢ μ¶¨¸ ´¨Ö, ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ μÉ
¶·¨Î¨´´μ-Ê¶μ·Ö¤μÎ¥´´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¶μ²¥¢ÒÌ μ¶¥· Éμ·μ¢, ±μÉμ·Ò¥ ¶μ¸²¥ ·¥¤ÊÍ¨·μ-
¢ ´¨Ö μ¶·¥¤¥²ÖÕÉ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ · §²¨Î´ÒÌ Ô²¥±É·μ¤¨´ ³¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢.

‚ · ¡μÉ Ì [1] ¶μ Š�„ ˜¢¨´£¥·μ³ ¡Ò²  § ³¥Î¥´  μ¸μ¡ Ö ·μ²Ó Ë §μ¢μ° Ô±¸¶μ´¥´ÉÒ,
±μÉμ· Ö μÉ· ¦ ²  ± ²¨¡·μ¢μÎ´Ò¥ ¸¢μ°¸É¢  ¢¥±Éμ·-¶μÉ¥´Í¨ ²  ËμÉμ´´μ£μ ¶μ²Ö ¶μ μÉ´μ-
Ï¥´¨Õ ± § ·Ö¦¥´´Ò³ ³ É¥·¨ ²Ó´Ò³ ¶μ²Ö³ ¨ ¥£μ ¢²¨Ö´¨¥ ´  ¤¨´ ³¨±Ê Î ¸É¨Í ¢ ¶·¨-
¸ÊÉ¸É¢¨¨ ÔÉμ£μ ¶μ²Ö. “¡¥¤¨É¥²Ó´Ò° ¶·¨³¥· μÉ²¨Î¨Ö ¢ μ¶¨¸ ´¨¨ ¤¢¨¦¥´¨Ö § ·Ö¦¥´´μ°
Î ¸É¨ÍÒ ¢ Ô²¥±É·μ¤¨´ ³¨±¥ ¨ Š�„ ¨²²Õ¸É·¨·Ê¥É ÔËË¥±É � ·μ´μ¢ Ä	μ³  [2]. ƒ¥μ³¥É·¨-
Î¥¸±¨°  ¸¶¥±É ÔÉμ£μ ÔËË¥±É  ¸¢Ö§ ´ ¸ ´¥É·¨¢¨ ²Ó´μ° Éμ¶μ²μ£¨¥° ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò
U(1) ¨ ´ Ìμ¤¨É μ¡ÑÖ¸´¥´¨¥ ´  μ¸´μ¢¥ ÊÎ¥É  ¸¢μ°¸É¢ ¶·μ¸É· ´¸É¢¥´´μ° ´¥μ¤´μ¸¢Ö§´μ¸É¨,
¶·¨¤ ¢ Ö ¢¥±Éμ·-¶μÉ¥´Í¨ ²Ê ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¸³Ò¸² Ë¨§¨Î¥¸±μ£μ (´ ¡²Õ¤ ¥³μ£μ),
  ´¥ ËÊ´¤ ³¥´É ²Ó´μ£μ ¶μ²Ö ¨ ´¥ ¨³¥ÕÐ¥£μ  ´ ²μ£μ¢ ¢ ±² ¸¸¨Î¥¸±μ° Ë¨§¨±¥. ‘ ± -
²¨¡·μ¢μÎ´Ò³¨ É¥μ·¨Ö³¨ ¸¢Ö§ ´Ò ¶μ´ÖÉ¨Ö ¤¨· ±μ¢¸±μ° ¸É·Ê´Ò ¨ Ê¸²μ¢¨Ö ±¢ ´Éμ¢ ´¨Ö
§ ·Ö¤ . Š. ‚¨²Ó¸μ´μ³ ¡Ò²  ¶μ¤³¥Î¥´  μ¸μ¡ Ö ·μ²Ó Ë §μ¢μ° Ô±¸¶μ´¥´ÉÒ [3], μÉ±·Ò¢ Õ-
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Ð Ö ¢μ§³μ¦´μ¸ÉÓ Ëμ·³Ê²¨·μ¢ ÉÓ ± ²¨¡·μ¢μÎ´Ò¥ É¥μ·¨¨ ´  ·¥Ï¥É± Ì ¨ ¸Ëμ·³Ê²¨·μ¢ ÉÓ
±·¨É¥·¨° Ê¤¥·¦ ´¨Ö Í¢¥Éμ¢ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¢ ±¢ ·±-£²Õμ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ Å
¶¥É²¨ ‚¨²Ó¸μ´ . „¥É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¸¨³³¥É·¨° ¤²Ö ¶μ-
²¥° Ÿ´£ ÄŒ¨²²¸  ¨ ´ Ìμ¦¤¥´¨Ö Éμ¶μ²μ£¨Î¥¸±¨Ì, ¸μ²¨Éμ´´ÒÌ ¨ ¨´¸É ´Éμ´´ÒÌ ·¥Ï¥´¨°
¢Ò¶μ²´¥´Ò 't Hooft, �μ²Ö±μ¢Ò³, 	¥² ¢¨´Ò³, Mandelstam ¨ ¤·Ê£¨³¨  ¢Éμ· ³¨.

�·¨ ¶μ¸É·μ¥´¨¨  ³¶²¨ÉÊ¤ Ô²¥³¥´É ·´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ Š�„, μ¶¨¸Ò¢ ÕÐ¨Ì ¢§ ¨³μ¤¥°-
¸É¢¨¥ �Œ-¶μ²Ö ¸ ¡¥¸¸É·Ê±ÉÊ·´Ò³¨ ¶μ²Ö³¨ ³ É¥·¨¨, ¶·¨¸ÊÉ¸É¢¨¥ Ë §μ¢μ£μ Ô±¸¶μ´¥´Í¨-
 ²Ó´μ£μ ³´μ¦¨É¥²Ö ¶·¨ ¢μ§¢¥¤¥´¨¨ ¶μ ³μ¤Ê²Õ ¢ ±¢ ¤· É ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·¨¢μ¤¨²μ
± ¥£μ § ³¥´¥ ´  ¥¤¨´¨ÍÊ, ¨ É¥³ ¸ ³Ò³ μ´ ´¥ μ± §Ò¢ ² ´¨± ±μ£μ ¢²¨Ö´¨Ö ´  μ¶¨¸ ´¨¥
´ ¡²Õ¤ ¥³ÒÌ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ Ë ±É ¶·¨¸ÊÉ¸É¢¨Ö Ë §μ¢μ° Ô±¸¶μ´¥´ÉÒ ¡Ò² ¶·¥¤ ´ § -
¡¢¥´¨Õ ¸ μ¶·¥¤¥²¥´¨¥³ ± ± ®´¥ ¢ÒÎ¨¸²Ö¥³μ£μ¯ Ë §μ¢μ£μ ³´μ¦¨É¥²Ö, ´μ μÉ· ¦ ÕÐ¥£μ
¶·¨¸ÊÉ¸É¢¨¥ ¢ § ¤ Î¥  ¡¥²¥¢μ° U(1)-£·Ê¶¶μ¢μ° ¸¨³³¥É·¨¨ ¨ £ · ´É¨·ÊÕÐ¥£μ ¢Ò¶μ²´¥´¨¥
§ ±μ´  ¸μÌ· ´¥´¨Ö § ·Ö¤ .

� ¨¡μ²¥¥ ¶μ²´μ ¢μ§³μ¦´μ¸É¨ Ë §μ¢μ° Ô±¸¶μ´¥´ÉÒ ¢ÒÖ¢²ÖÕÉ¸Ö ¶·¨ μ¶¨¸ ´¨¨ ¢§ ¨³μ-
¤¥°¸É¢¨° ¸ ´¥²μ± ²Ó´Ò³¨ ¶μ²Ö³¨. ” §μ¢Ò° Ô±¸¶μ´¥´Í¨ ²Ó´Ò° Ë ±Éμ· μÉ· ¦ ¥É ¶· ¢¨²Ó-
´ÊÕ ¸É·Ê±ÉÊ·Ê ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  ± ± ¶·Ö³μ£μ ¶·μ¨§¢¥¤¥´¨Ö ¶·μ¸É· ´¸É-
¢¥´´μ-¢·¥³¥´´μ£μ ³´μ£μμ¡· §¨Ö ¨ ¶·¨¸μ¥¤¨´¥´´μ£μ ¶·μ¸É· ´¸É¢  ¢´ÊÉ·¥´´¨Ì ¸¨³³¥É·¨°,
  É ±¦¥ Ë¨±¸¨·Ê¥É ¶·¨´ ¤²¥¦´μ¸ÉÓ ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¶·μÍ¥¸¸¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ´¥
Éμ²Ó±μ ´   ¸¨³¶ÉμÉ¨Î¥¸±¨Ì in- ¨ out-¸μ¸ÉμÖ´¨ÖÌ, ´μ ¨ ¢ μ¡² ¸É¨ ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¨Ì
¸¨². �Éμ μ¡¥¸¶¥Î¨¢ ¥É ÉμÎ´μ¥ ¸μ£² ¸μ¢ ´¨¥ ¢  ³¶²¨ÉÊ¤¥ ¤¥°¸É¢¨° § ±μ´μ¢ ¸μÌ· ´¥´¨Ö
4-¨³¶Ê²Ó¸  ¨ § ·Ö¤  ¢ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ ± ± ¸²¥¤¸É¢¨¥ ´¥μ¡Ìμ¤¨³μ¸É¨
 ¤¥±¢ É´μ£μ μ¶¨¸ ´¨Ö ¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ³ ¸¸Ò ¨ § ·Ö¤  ¨¸Ìμ¤´μ£μ ´¥²μ± ²Ó´μ£μ ¶μ²Ö
³¥¦¤Ê ¥£μ ´ ¡²Õ¤ ¥³Ò³¨ Ë· £³¥´É ³¨.

‚ Š’Š� [4] Ê¸É ´μ¢²¥´´Ò³ Ë ±Éμ³ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ¤²Ö ¸· ¢´¥´¨Ö § ·Ö¦¥´´ÒÌ ¶μ²¥°
³ É¥·¨¨ ¨Ì ´¥μ¡Ìμ¤¨³μ ¸μμÉ´¥¸É¨ ¢ μ¤´Ê ¨ ÉÊ ¦¥ ³¨·μ¢ÊÕ ÉμÎ±Ê. �ÉÊ ËÊ´±Í¨Õ ¢Ò¶μ²-
´Ö¥É Ë §μ¢Ò° Ô±¸¶μ´¥´Í¨ ²Ó´Ò° ³´μ¦¨É¥²Ó, ±μÉμ·Ò° ¨£· ¥É ·μ²Ó μ¡μ¡Ð¥´´μ° ±μμ·¤¨-
´ ÉÒ ¢ § ·Ö¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¨ ¸μ£² ¸Ê¥É ²Õ¡Ò¥ É· ´¸²ÖÍ¨¨ ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ-
¸É· ´¸É¢ , ±μÉμ·μ¥ ¥¸ÉÓ ¶·Ö³μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ£μ ³´μ£μμ¡· §¨Ö
¨ ¶·μ¸É· ´¸É¢  ¢´ÊÉ·¥´´¨Ì ¸¨³³¥É·¨°. �É  § ¤ Î  ·¥Ï ¥É¸Ö [4] ¸ ¶μ³μÐÓÕ ¶μ´ÖÉ¨Ö
®¶ · ²²¥²Ó´μ£μ ¶¥·¥´μ¸ ¯. „¥²μ ¢ Éμ³, ÎÉμ μ¸μ¡Ò¥ ± ²¨¡·μ¢μÎ´Ò¥ ¸¢μ°¸É¢  ËμÉμ´ 
´¥· §·Ò¢´μ ¸¢Ö§ ´Ò ¸ ¶·¨¸μ¥¤¨´¥´´Ò³ (§ ·Ö¤μ¢Ò³) ¶·μ¸É· ´¸É¢μ³, ¢ ±μÉμ·μ³ ·μ²Ó ¸¢Ö§-
´μ¸É¨ ¨£· ¥É ¢¥±Éμ·-¶μÉ¥´Í¨ ² �Œ-¶μ²Ö,   ±·¨¢¨§´Ê μ¶·¥¤¥²Ö¥É É¥´§μ· Fμν �Œ-¶μ²Ö.
�μ´ÖÉ¨¥ ¶ · ²²¥²Ó´μ£μ ¶¥·¥´μ¸  § ·Ö¦¥´´μ£μ ¶μ²Ö ³ É¥·¨¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �Œ Aμ(ξ) ¨§
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ° ÉμÎ±¨ x ¢ ÉμÎ±Ê x′ ¢¤μ²Ó É· ¥±Éμ·¨¨ η(x, x′) μ¶·¥¤¥²Ö¥É¸Ö
Ê¸²μ¢¨¥³ · ¢¥´¸É¢  ´Ê²Õ ±μ¢ ·¨ ´É´μ° ¶·μ¨§¢μ¤´μ° μÉ ¶μ²¥¢μ£μ μ¶¥· Éμ·  ¢ ± ¸ É¥²Ó-
´μ³ ´ ¶· ¢²¥´¨¨ ¤²Ö ± ¦¤μ° ¥¥ ÉμÎ±¨: ẋμ(s)Dμψ(x)|x=x(s) = 0 (Dμ = ∂μ + ieAμ Å

±μ¢ ·¨ ´É´ Ö ¶·μ¨§¢μ¤´ Ö, x = x(s) Å 4-³¥·´ Ö É· ¥±Éμ·¨Ö η(x, x′) ± ± ËÊ´±Í¨Ö ¥¸É¥-
¸É¢¥´´μ£μ ¶ · ³¥É·  ¥¥ ¤²¨´Ò s). �Éμ Ê· ¢´¥´¨¥ μ¶·¥¤¥²Ö¥É ¨§³¥´¥´¨¥ § ·Ö¦¥´´μ£μ

¶μ²Ö ¢ ÉμÎ±¥ x′ ¶μ μÉ´μÏ¥´¨Õ ± ÉμÎ±¥ x, É. ¥. ψ(x′) = P exp

⎛
⎝ie

x′∫
x

Aμ(ξ)dξμ

⎞
⎠ψ(x),

£¤¥ P Å μ¶¥· Éμ· Ê¶μ·Ö¤μÎ¥´¨Ö ¢¤μ²Ó É· ¥±Éμ·¨¨ η(x, x′). Š ± ¶μ± § ´μ ¢ [1, 5] (³¥Éμ¤
¸μ¡¸É¢¥´´μ£μ ¢·¥³¥´¨ ”μ± Ä˜¢¨´£¥· ), ±·¨¢μ²¨´¥°´Ò° ¨´É¥£· ² ¢ ¶μ± § É¥²¥ Ë §μ¢μ°
Ô±¸¶μ´¥´ÉÒ ¤²Ö ¶μ¸ÉμÖ´´μ£μ μ¤´μ·μ¤´μ£μ �Œ-¶μ²Ö ¨ ¶μ²Ö ¶²μ¸±μ° ¢μ²´Ò ´¥ § ¢¨¸¨É
μÉ Ëμ·³Ò É· ¥±Éμ·¨¨ η(x, x′), ÎÉμ μ¡μ¸´μ¢Ò¢ ¥É ¨¸¶μ²Ó§μ¢ ´¨¥ ®¶·Ö³μ²¨´¥°´ÒÌ¯ ¶ÊÉ¥°
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ξμ = (1−λ)x + λx′, λ ∈ [0, 1], ¸ ¥¸É¥¸É¢¥´´Ò³ Ê¸²μ¢¨¥³ μÉ´μ¸¨É¥²Ó´μ ¶·μ¸É· ´¸É¢¥´´μ°
¨ μ¡Ñ¥³´μ° μ¤´μ¸¢Ö§´μ¸É¨ μ¡² ¸É¥° ¨´É¥£·¨·μ¢ ´¨Ö. �É³¥É¨³, ÎÉμ Ô±¸¶μ´¥´Í¨ ²Ó´Ò°
Ë §μ¢Ò° ³´μ¦¨É¥²Ó ¨³¥¥É ¸³Ò¸² μ¡μ¡Ð¥´´μ° ±μμ·¤¨´ ÉÒ ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·μ¸É· ´-
¸É¢¥ ¢´ÊÉ·¥´´¥£μ (§ ·Ö¤μ¢μ£μ) ¶·μ¸É· ´¸É¢ , μÉμ¡· ¦ ÕÐ¥° ³´μ¦¥¸É¢μ ¢μ§³μ¦´ÒÌ ¶ÊÉ¥°
¤²Ö · ¢´μÊ¤ ²¥´´ÒÌ ÉμÎ¥± £¨¶¥·¸Ë¥·Ò ¢ U(1)-± ²¨¡·μ¢μÎ´μ¥ ¶·μ¸É· ´¸É¢μ.

�ÉμÉ Ë ±É ¸¢Ö§ ´ ¸ μ¤´μ³¥·´Ò³ Ì · ±É¥·μ³  ¡¥²¥¢μ° U(1) ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò
(·¨¸. 1, a): ¶·¨ ¶¥·¥´μ¸¥ § ·Ö¦¥´´μ£μ ¶μ²Ö ³ É¥·¨¨ ¨§ 4-ÉμÎ±¨ x ¢ ÉμÎ±Ê x′ ¶μ É· ¥±Éμ·¨¨
ηx,x′(1) ¶μ¸²¥¤ÊÕÐ¥¥ ¶¥·¥³¥Ð¥´¨¥ ¶μ²Ö ¢ ¶¥·¢μ´ Î ²Ó´ÊÕ ÉμÎ±Ê, ´μ ¶μ É· ¥±Éμ·¨¨
ηx′,x(2) ´¥ ¤μ²¦´μ ¶·¨¢μ¤¨ÉÓ ´¨ ± ± ±¨³ ¨§³¥´¥´¨Ö³ ¢¥²¨Î¨´Ò § ·Ö¤  (¶·¨ Ê¸²μ¢¨¨, ÎÉμ
£¨¶¥·¶μ¢¥·Ì´μ¸ÉÓ, ´ ÉÖ´ÊÉÊÕ ´  § ³±´ÊÉÒ° ±μ´ÉÊ· ¸ ±Ê¸μÎ´μ-£² ¤±μ° £· ´¨Í¥° ηx,x′(1)
¨ ηx′,x(2), ´¥ ¶·μ´¨§Ò¢ ÕÉ Éμ±¨, É. ¥. μ¤´μ¸¢Ö§´ Ö μ¡² ¸ÉÓ) (·¨¸. 1, a), ¢ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥
¡Ê¤¥É ´ ·ÊÏ¥´ § ±μ´ ¸μÌ· ´¥´¨Ö § ·Ö¤ .

�¨¸. 1. � §²¨Î¨¥ ¢ ¶·¨· Ð¥´¨ÖÌ Ë §Ò ¶·¨ ¶¥·¥³¥Ð¥´¨ÖÌ ¨§ 4-ÉμÎ±¨ x ¢ x′ ¢ R(t, r) ¨ μ¡· É´μ ¶μ

· §²¨Î´Ò³ É· ¥±Éμ·¨Ö³ η(1) ¨ η(2) ¤²Ö  ¡¥²¥¢μ° U(1) ¨ Í¢¥Éμ¢μ° SU(3)c ± ²¨¡·μ¢μÎ´ÒÌ £·Ê¶¶

‚ ´¥ ¡¥²¥¢μ³ £·Ê¶¶μ¢μ³ SU(3)c-¶·μ¸É· ´¸É¢¥ (·¨¸. 1, ¡) ÔÉμ ÊÉ¢¥·¦¤¥´¨¥ ´¥ ¢Ò¶μ²-
´Ö¥É¸Ö, É ± ± ± ´¥μ¡Ìμ¤¨³μ ¤μ¶μ²´¨É¥²Ó´μ ÊÎ¨ÉÒ¢ ÉÓ ¨§³¥´¥´¨¥ μ·¨¥´É Í¨¨ ¡ §¨¸  Í¢¥-
Éμ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¢μ ¢´ÊÉ·¥´´¥³ ¶·μ¸É· ´¸É¢¥ ¶·¨ ¶¥·¥³¥Ð¥´¨ÖÌ ¶μ · §²¨Î´Ò³ É· ¥±-
Éμ·¨Ö³ ¢ ¶¥·¢μ´ Î ²Ó´ÊÕ ÉμÎ±Ê.

‘±μ··¥²¨·μ¢ ´´μ¸ÉÓ É· ¥±Éμ·¨° ¢ μ¡μ¨Ì ¶·μ¸É· ´¸É¢ Ì ¸¢Ö§ ´  ¸ Ë ±Éμ³ ´¥μÉ¤¥²¨-
³μ¸É¨ § ·Ö¤  μÉ ³ ¸¸Ò Å § ·Ö¦¥´´Ò¥ ¶μ²Ö ¢¸¥£¤  ³ ¸¸¨¢´Ò. �ÊÉÓ ¨´É¥£·¨·μ¢ ´¨Ö ¡Ê¤¥³
¢Ò¡¨· ÉÓ ¢ Ëμ·³¥ ®¶·Ö³μ°¯ ²¨´¨¨, ÎÉμ ¸¢Ö§ ´μ ¸ ¢Ò¢μ¤μ³ § ±μ´  ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸ 
¶·¨ ²μ± ²Ó´ÒÌ É· ´¸²ÖÍ¨ÖÌ.

1. ‹�Š�‹œ�›… ‹�ƒ���†ˆ��›
ˆ �…‹�Š�‹œ��Ÿ Š�‹ˆ���‚�—��-ˆ�‚��ˆ��’��Ÿ ‘’�“��

“¸¶¥Ï´μ¥ μ¶¨¸ ´¨¥ ¢§ ¨³μ¤¥°¸É¢¨° ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¸ ²μ± ²Ó´Ò³¨ ¶μ²Ö³¨ ³ É¥-
·¨¨ ´  μ¸´μ¢¥ S-³ É·¨Î´μ£μ ¶μ¤Ìμ¤ , μ£· ´¨Î¥´´μ£μ É· ¤¨Í¨μ´´Ò³¨ ³¥Éμ¤ ³¨ ¸É ´¤ ·É-
´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¨ · ³± ³¨ ² £· ´¦¥¢  μ¶¨¸ ´¨Ö, ´¥ μ¡¥¸¶¥Î¨¢ ÕÉ ´ ¤²¥¦ Ð¨Ì
¸É ·Éμ¢ÒÌ Ê¸²μ¢¨° ¤²Ö ¨§ÊÎ¥´¨Ö ´¥²μ± ²Ó´ÒÌ ¶μ²¥° ³ É¥·¨¨. �É¸ÊÉ¸É¢¨¥ ¢μ§³μ¦´μ¸É¨
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�¨¸. 2. ‹μ± ²Ó´Ò° Ì · ±É¥· ¢§ ¨³μ¤¥°¸É¢¨Ö �Œ-¶μ²Ö ¸ ËÊ´¤ ³¥´É ²Ó´Ò³ Ô²¥±É·μ´´Ò³ ¶μ²¥³

¨¸¶μ²Ó§μ¢ ´¨Ö ² £· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨° ´¥ ¶μ§¢μ²Ö¥É  ¤¥±¢ É´μ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
É·¥¡μ¢ ´¨Ö³¨ Š’� ¨ Š’Š� μ¶¨¸ ÉÓ Ô¢μ²ÕÍ¨Õ ¶·μÍ¥¸¸  ¢§ ¨³μ¤¥°¸É¢¨Ö �Œ-¶μ²Ö ¸ ´¥-
²μ± ²Ó´Ò³ ¶μ²¥³ ³ É¥·¨¨,   ¸²¥¤μ¢ É¥²Ó´μ, ¶μ²ÊÎ ÉÓ ¤μ¸Éμ¢¥·´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¸É·Ê±-
ÉÊ·μμ¡· §ÊÕÐ¨Ì ¸¨² Ì, ´¥ ¨¸± ¦¥´´ÊÕ ´¥±μ··¥±É´μ ÊÎÉ¥´´μ° �Œ-¸μ¸É ¢²ÖÕÐ¥°, É. ¥. ¸
´ ·ÊÏ¥´¨¥³ § ±μ´  ¸μÌ· ´¥´¨Ö § ·Ö¤ .

�μ²¥¢μ° μ¶¥· Éμ· Ô²¥±É·μ´´μ£μ ¶μ²Ö ¢ ÉμÎ±¥ x ¢ ¶·¨¸ÊÉ¸É¢¨¨ �Œ-¶μ²Ö, ¸μμÉ-
´¥¸¥´´μ£μ c ´ Î ²μ³ μÉ¸Î¥É  Ë §Ò ¢ ÉμÎ±¥ a, μ¶·¥¤¥²Ö¥É¸Ö ¢ ¢¨¤¥ Ψ(x; A)=

exp

(
ie

x∫
a

Aμ(ξ)dξμ

)
ψ(x) (·¨¸. 2),   ²μ± ²Ó´Ò° ² £· ´¦¨ ´ ¢ É¥·³¨´ Ì Ψ(x; A) ¶·¨´¨-

³ ¥É ¢¨¤

Llocal(x; A = 0) = ψ̄(x)(iγμ∂μ − m)ψ(x) ⇒
⇒ Llocal(x; A) = Ψ̄(x; A)(iγμ∂μ − m)Ψ(x; A) =

= ψ̄(x) exp

⎛
⎝−ie

x∫
a

Aρ(ξ)dξρ

⎞
⎠ (iγμ∂μ − m) exp

⎛
⎝ie

x∫
a

Aμ(ξ)dξμ

⎞
⎠ψ(x) =

= ψ̄(x) iγμ(∂μ + ieAρ(x))ψ(x) − mψ̄(x)ψ(x), (1)

±μÉμ·Ò° ¶·¨μ¡·¥É ¥É ¸É ´¤ ·É´Ò° ²μ± ²Ó´μ-± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò° ¢¨¤. ”μÉμ´
®±μ´É·μ²¨·Ê¥É¯ ´¥¶·¥·Ò¢´μ¸ÉÓ ¨ ´¥¨§³¥´´μ¸ÉÓ Ë §Ò ¢ ÉμÎ±¥ x ¤μ ¨ ¶μ¸²¥ ¢§ ¨³μ¤¥°-
¸É¢¨Ö, É. ¥. ¶·¨´ ¤²¥¦´μ¸ÉÓ μ¤´μ£μ ¨ Éμ£μ ¦¥ Ô²¥±É·μ´  ± ¶·μÍ¥¸¸Ê ¢§ ¨³μ¤¥°¸É¢¨Ö,  
´¥ ± ±μ£μ-´¨¡Ê¤Ó ¤·Ê£μ£μ, μ± § ¢Ï¥£μ¸Ö ¢ ÔÉμ° ÉμÎ±¥, ´μ Ê¦¥ ¸ ¤·Ê£μ° Ë §μ° ¨ ±μÉμ·Ò°
´¥É ´¥μ¡Ìμ¤¨³μ¸É¨ ÊÎ¨ÉÒ¢ ÉÓ. Š ± ¸²¥¤Ê¥É ¨§ ¸É·Ê±ÉÊ·Ò ¢Ò· ¦¥´¨Ö (1), ÉμÎ±  μÉ¸Î¥É 
¢¥±Éμ· -¶μÉ¥´Í¨ ²  �Œ-¶μ²Ö Aμ(ξ) ¨¸±²ÕÎ ¥É¸Ö ¨§ μ±μ´Î É¥²Ó´μ£μ ¢Ò· ¦¥´¨Ö ² £· ´-
¦¨ ´ . „¨ËË¥·¥´Í¨·μ¢ ´¨¥ Ë §μ¢μ° Ô±¸¶μ´¥´ÉÒ (´ Ìμ¦¤¥´¨¥ 4-£· ¤¨¥´É ) ¢Ò¶μ²´Ö¥É¸Ö
¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨²μ³: μ¶·¥¤¥²¥´´Ò° ¨´É¥£· ² ¸ ¶¥·¥³¥´´Ò³ ¢¥·Ì´¨³ ¶·¥¤¥²μ³

¥¸ÉÓ ¶¥·¢μμ¡· §´ Ö ¢ Éμ° ¦¥ ÉμÎ±¥, É. ¥. ∂x
μ

( x∫
a

Aν(ξ)dξν

)
= Aμ(x) ¸ ÊÎ¥Éμ³ ¸¢μ°¸É¢

²¨´¥°´μ¸É¨ ¨  ¤¤¨É¨¢´μ¸É¨ ±·¨¢μ²¨´¥°´μ£μ ¨´É¥£· ²  ¨ ¸μ¡²Õ¤¥´¨Ö ´¥¶·¥·Ò¢´μ¸É¨
É· ¥±Éμ·¨¨.

�´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ´ ¡²Õ¤ ¥É¸Ö ¢ ¸± ²Ö·´μ° Š�„. …¸²¨ ¸± ²Ö·´μ¥ § ·Ö¦¥´-
´μ¥ ¶μ²¥ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �Œ-¶μ²Ö ¢ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥ μ¶¨¸Ò¢ ¥É¸Ö ¢
¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö μ¡μ¡Ð¥´´μ° § ·Ö¤μ¢μ° ±μμ·¤¨´ ÉÒ ¢ ¶·μ¸É· ´¸É¢¥ ¢´ÊÉ·¥´´¥° ¸¨³-
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³¥É·¨¨ ¨ ¢μ²´μ¢μ° ËÊ´±Í¨¥° ¢ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ³ ³´μ£μμ¡· §¨¨ Φ(x; A) =

exp

⎛
⎝ie

x∫
a

Aμ(ξ)dξμ

⎞
⎠φ(x), Éμ ²μ± ²Ó´μ-¨´¢ ·¨ ´É´Ò° ² £· ´¦¨ ´ ¨³¥¥É ¢¨¤

Llocal(x; A = 0) = [∂μφ(x)]+[∂μφ(x)] − μ2φ(x)+φ(x) − λ

4
(φ(x)+φ(x))2 ⇒

⇒ Llocal(x; A) = [∂μΦ(x; A)]+[∂μΦ(x; A)] − μ2Φ(x; A)+Φ(x; A)−

− λ

4
(Φ(x; A)+Φ(x; A))2 =

⎡
⎣∂μ exp

⎛
⎝ie

x∫
a

Aμ(ξ)dξμ

⎞
⎠ φ(x)

⎤
⎦+

×

×

⎡
⎣∂μ exp

⎛
⎝ie

x∫
a

Aμ(ξ)dξμ

⎞
⎠ φ(x)

⎤
⎦ − μ2φ(x)+φ(x) − λ

4
(φ(x)+φ(x))2 =

= [(∂μ + ieAμ)φ(x)]+[(∂μ + ieAμ)φ(x)] − μ2φ(x)+φ(x) − λ

4
(φ(x)+φ(x))2. (2)

’μ¦¤¥¸É¢¥´´μ¥ μ¶¨¸ ´´μ³Ê ¢ÒÏ¥ ²μ± ²Ó´μ³Ê ¸¶μ¸μ¡Ê ¢¢¥¤¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨° ¢
Š�„ ¤¥°¸É¢¨¥ ³μ¦´μ μ¸ÊÐ¥¸É¢¨ÉÓ ´  μ¸´μ¢¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ´¥²μ± ²Ó´ÒÌ ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´ÒÌ ¸É·Ê±ÉÊ· [6] Š•„ ¢ Ëμ·³ É¥ �Œ ± ²¨¡·μ¢μÎ´μ° ®¸É·Ê´Ò¯ (·¨¸. 3) ¨ ®§¢¥§-
¤Ò¯. Š ± ¶μ± § ´μ ¢ [7], ± ²¨¡·μ¢μÎ´ Ö �Œ-¸É·Ê´  ¤²Ö ¸± ²Ö·´ÒÌ ¶μ²¥° (¤ ²¥¥, ´¥ ¢
ÊÐ¥·¡ μ¡Ð´μ¸É¨, ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¸± ²Ö·´Ò¥ ¶μ²Ö)

Dunloc(x, y; A) = i〈P (Φ(x, A)Φ+(y, A))〉 =

= i

〈
P

⎛
⎝φ(x) exp

⎛
⎝ie

x∫
a

Aμ(ξ)dξμ

⎞
⎠ exp

⎛
⎝−ie

y∫
a

Aρ(ξ)dξρ

⎞
⎠φ+(y)

⎞
⎠〉

=

= i

〈
P (φ(x) exp

⎛
⎝ie

x∫
y

Aρ(ξ)dξρ

⎞
⎠φ+(y))

〉
, (3)

±μÉμ· Ö μ¶¨¸Ò¢ ¥É · ¸¶·μ¸É· ´¥´¨¥ μ¤´μ° ¨ Éμ° ¦¥ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¨§ ¶·μ¸É· ´¸É-
¢¥´´μ-¢·¥³¥´´μ° ÉμÎ±¨ x ¢ 4-ÉμÎ±Ê y, ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¢¥·Ï¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ± -
²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¸μ ¸± ²Ö·´μ° Î ¸É¨Í¥°.

�¨¸. 3. �¥²μ± ²Ó´ Ö �Œ ± ²¨¡·μ¢μÎ´ Ö ¸É·Ê´ 



ƒ¥μ³¥É·¨Î¥¸±¨°  ¸¶¥±É ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¨ ¢μ§³μ¦´μ¸ÉÓ ¥¤¨´μ£μ μ¶¨¸ ´¨Ö 47

‘É·Ê±ÉÊ·  (3) ¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ U(1)-£·Ê¶¶Ò ²μ± ²Ó´ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥-
μ¡· §μ¢ ´¨°: φ → e−ieα(x)φ, φ+ → eieα(x)φ+, Aμ → Aμ + ∂μα(x). � §²μ¦¥´¨¥ ¢Ò· ¦¥-
´¨Ö (3) ¢ ËÊ´±Í¨μ´ ²Ó´Ò° ·Ö¤ ’¥°²μ·  ¨ ¢ÒÎ¨¸²¥´¨¥ ²¨´¥°´μ£μ ¶μ ¢¥±Éμ·-¶μÉ¥´Í¨ ²Ê
�Œ-¶μ²Ö Î²¥´  ¸ ÊÎ¥Éμ³ É·¥¡μ¢ ´¨Ö ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ° μ¤´μ·μ¤´μ¸É¨ ¤²Ö ®¶·Ö-
³μ²¨´¥°´μ£μ¯ ¶ÊÉ¨ ¨´É¥£·¨·μ¢ ´¨Ö ξμ = (1 − λ)x + λy, λ ∈ [0, 1] ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤-
¸É ¢²¥´¨¨ μ¶·¥¤¥²Ö¥É �Œ-¢¥·Ï¨´Ê, ¸μ£² ¸μ¢ ´´ÊÕ ¸ ¶·μ¶ £ Éμ· ³¨ Î ¸É¨ÍÒ ¤μ ¨ ¶μ¸²¥
¢§ ¨³μ¤¥°¸É¢¨Ö, § ±μ´μ³ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  [7]

δD(x, y; A)
δAμ(r)

∣∣∣∣
A=0

Aμ(r) ⇒ (2π)4δ(p + q − p′)eεμ

1∫
0

dλ
∂D(p + λq)
∂(p + λq)μ

=

= (2π)4δ(p + q − p′)D(p + q)
{
−eεμ (p + p′)μ}

D(p). (4)

‡ ³¥Î ´¨¥. Š ²¨¡·μ¢μÎ´ Ö ¸É·Ê´  ¶μ§¢μ²Ö¥É ¢¢¥¸É¨ ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥ Éμ²Ó±μ ¤²Ö
¢¸Ö±μ° ¶·μ³¥¦ÊÉμÎ´μ° ÉμÎ±¨, · ¸¶μ²μ¦¥´´μ° ´  ®¶·Ö³μ°¯ xy, ´μ ¨ ¤²Ö ²Õ¡μ° ÉμÎ±¨.
„²Ö ÔÉμ£μ ´¥μ¡Ìμ¤¨³μ § ¤ ÉÓ ¶ÊÉÓ ¨´É¥£·¨·μ¢ ´¨Ö ¢ ±·¨¢μ²¨´¥°´μ³ ¨´É¥£· ²¥ Ë §μ¢μ°
Ô±¸¶μ´¥´ÉÒ, ¶·μÌμ¤ÖÐ¨° Î¥·¥§ § ¤ ´´ÊÕ ÉμÎ±Ê,   ¢¥±Éμ·-¶μÉ¥´Í¨ ² �Œ-¶μ²Ö § ³¥´¨ÉÓ

Aμ(ξ) → Aμ(ξ) +
1
2
Fμν(ξ − x)ν , ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ´¥§ ¢¨¸¨³μ¸ÉÓ ±·¨¢μ²¨´¥°´μ£μ ¨´-

É¥£· ²  μÉ Ëμ·³Ò ¶ÊÉ¨ ¨´É¥£·¨·μ¢ ´¨Ö [1, 5]. ’μ²Ó±μ ¢ Î ¸É´μ³ ¸²ÊÎ ¥ ¢Ò¡μ·  ¶·Ö³μ-
²¨´¥°´μ° É· ¥±Éμ·¨¨ ¨´É¥£·¨·μ¢ ´¨Ö ¸² £ ¥³μ¥ ¸ É¥´§μ·μ³ �Œ-¶μ²Ö ´¥ ¤ ¥É ¢±² ¤  ¢
¨´É¥£· ². �·Ö³μ²¨´¥°´ Ö É· ¥±Éμ·¨Ö ¸μ§¢ÊÎ´  ¸ ¶·¨¢ÒÎ´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ μ É· ´¸²Ö-
Í¨¨ ¢ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ³ ±μ´É¨´ÊÊ³¥.

‡ ³¥´  ¢¥±Éμ·  ¶μ²Ö·¨§ Í¨¨ ËμÉμ´  εμ ¢ (4) ´  ¥£μ ¨³¶Ê²Ó¸ qμ ¶·¨¢μ¤¨É ± Éμ¦¤¥¸É¢Ê
ƒ·¨´ : D(p + q) − D(p) = −qμD(p + q){(p + p′)μ}D(p), ¨²¨ ¤²Ö μ¡· É´ÒÌ μ¶¥· Éμ·μ¢
D−1(p + q) − D−1(p) = qμ (p + p′)μ, ÎÉμ ¢ ¶·¥¤¥²¥ q → 0 μ¶·¥¤¥²Ö¥É Éμ¦¤¥¸É¢μ “μ·¤ 
∂

∂pμ
D−1(p) = (p + p′)μ.

�μ¢Éμ·´μ¥ ¢±²ÕÎ¥´¨¥ �Œ-¶μ²Ö, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨²μ³ (4), ¢ μ¤´μËμÉμ´´ÊÕ ¢¥·-
Ï¨´Ê ¸± ²Ö·´μ£μ § ·Ö¦¥´´μ£μ ¶μ²Ö −eεμ(2p + q)μ μ¶·¥¤¥²Ö¥É 2-ËμÉμ´´ÊÕ e22gμνεμεν ,
ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É É·¥ÉÓ¥³Ê (±¢ ¤· É¨Î´μ³Ê ¶μ Aμ(r)) Î²¥´Ê · §²μ¦¥´¨Ö ¢ ·Ö¤ ’¥°-
²μ·  ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° 2-ÉμÎ¥Î´μ° ”ƒ. �  ÔÉμ³ Î²¥´¥ · §²μ¦¥´¨Ö ¢±²ÕÎ¥´¨Ö
�Œ-¶μ²Ö ¢ 4-ÉμÎ±Ê r ·Ö¤ μ¡·Ò¢ ¥É¸Ö.

‡ ³¥´  ¶·μ¶ £ Éμ·  ¸± ²Ö·´μ° Î ¸É¨ÍÒ ¢ (4) ´  ¶·μ¶ £ Éμ· ¸¶¨´μ·´μ° Î ¸É¨ÍÒ
μ¶·¥¤¥²Ö¥É ³¨´¨³ ²Ó´ÊÕ ¸μ¸É ¢²ÖÕÐÊÕ �Œ-Éμ±  ¢§ ¨³μ¤¥°¸É¢¨Ö S(p + q){−eεμγμ +
O(qμ)}S(p).

2. ‚‡�ˆŒ�„…‰‘’‚ˆ… ‘ �…‹�Š�‹œ�›Œ Œ�’…�ˆ�‹œ�›Œ ��‹…Œ

‹μ± ²Ó´Ò° Ì · ±É¥· ² £· ´¦¥¢  ¶μ¤Ìμ¤  ´¥ μ¡¥¸¶¥Î¨¢ ¥É  ¤¥±¢ É´μ£μ μ¶¨¸ ´¨Ö É¥Ì
¸É·Ê±ÉÊ·´ÒÌ ¨§³¥´¥´¨° ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¸ ´¥²μ± ²Ó´Ò³¨ ³ É¥-
·¨ ²Ó´Ò³¨ ¶μ²Ö³¨ ¢ μ£· ´¨Î¥´´μ° μ¡² ¸É¨ ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¨Ì ¸¨² ¡μ²ÓÏμ° ¨´É¥´-
¸¨¢´μ¸É¨, ±μÉμ·Ò¥ ¸¢Ö§ ´Ò ¸ ¤¨´ ³¨Î¥¸±¨³ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥³ ³ ¸¸Ò ¨ § ·Ö¤  ´¥²μ-
± ²Ó´μ£μ ¶μ²Ö ¨ ¥£μ ´ ¡²Õ¤ ¥³Ò³¨ Ë· £³¥´É ³¨. ’ ±¨¥ §´ Î¨É¥²Ó´Ò¥ ¨§³¥´¥´¨Ö ´¥ ³μ-
£ÊÉ ¡ÒÉÓ ±μ··¥±É´μ ÊÎÉ¥´Ò ¢ Ëμ·³ É¥ ²μ± ²Ó´μ£μ ² £· ´¦¥¢  ¶μ¤Ìμ¤  ¨ ¨¸¶μ²Ó§μ¢ ´¨Ö
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É· ¤¨Í¨μ´´ÒÌ ³¥Éμ¤μ¢ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°,   ¸²¥¤μ¢ É¥²Ó´μ, ´¥¢μ§³μ¦´μ¸É¨ ±μ··¥±É-
´μ£μ μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ É¥·³¨´ Ì S-³ É·¨ÍÒ. �¡¥¸¶¥Î¥´¨¥ É·¥¡μ-
¢ ´¨° ¶·¨Î¨´´μ¸É¨ ¨  ´ ²¨É¨Î´μ¸É¨ ¢  ³¶²¨ÉÊ¤¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö
¸ ´¥²μ± ²Ó´Ò³¨ ¶μ²Ö³¨ ´  ³ É¥³ É¨Î¥¸±μ³ Ö§Ò±¥ É·¥¡Ê¥É ¸±μ··¥²¨·μ¢ ´´μ£μ μ¶¨¸ ´¨Ö
É· ´¸²ÖÍ¨° ¢ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ³ ±μ´É¨´ÊÊ³¥ ¨ ¶·μ¸É· ´¸É¢¥ ¢´ÊÉ·¥´´¨Ì ¸¨³-
³¥É·¨°,   ¸ Ë¨§¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö μ§´ Î ¥É ¤¨´ ³¨Î¥¸±μ¥ ¸μ£² ¸μ¢ ´¨¥ ¢  ³¶²¨ÉÊ¤¥
¤¥°¸É¢¨° § ±μ´μ¢ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¨ § ·Ö¤ . Š ± ¡Ò²μ ¶μ± § ´μ [7], ¤²Ö ÔÉ¨Ì Í¥²¥°
´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ± ²¨¡·μ¢μÎ´ÊÕ ®§¢¥§¤Ê¯

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

〈
P

⎛
⎝φ(z) exp

⎛
⎝ie1

z∫
x

drρA
ρ(r)

⎞
⎠φ+

1 (x)×

× exp

⎛
⎝ie2

z∫
y

drσAσ(r)

⎞
⎠φ+

2 (y)

⎞
⎠〉

. (5)

‘É·Ê±ÉÊ·  (5) ¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° φ(z) → φ(z) e−ie α(z),
φ+

1 (x) → φ+
1 (x) eie1 α(x), φ+

2 (y) → φ+
2 (y) eie2 α(y), Aμ(r) → Aμ(r) + ∂μα(r) ¶·¨ Ê¸²μ¢¨¨

e = e1 + e2. ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ± ²¨¡·μ¢μÎ´ Ö ¸¨³³¥É·¨Ö ¢Ò· ¦¥´¨Ö (5) μ¡¥¸¶¥-
Î¥´  ¡¥§μÉ´μ¸¨É¥²Ó´μ μÉ ´¥μ¡Ìμ¤¨³μ¸É¨ ±μ´±·¥É¨§ Í¨¨ ¢¨¤  ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¸μ¸É ¢²ÖÕÐ¨Ì Ë· £³¥´Éμ¢ ´¥²μ± ²Ó´μ£μ ¶μ²Ö φ(z). �Éμ ¸²¥¤¸É¢¨¥ ¸¢μ°¸É¢  ¨´¤¨ËË¥-
·¥´É´μ¸É¨ �Œ-¸¨² ¶μ μÉ´μÏ¥´¨Õ ±μ ¢¸¥³ ¢¨¤ ³ ¢§ ¨³μ¤¥°¸É¢¨°, ¨§¢¥¸É´Ò³ ¢ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö. ‚ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¢Ò· ¦¥´¨¥ (5) μ¶·¥¤¥²Ö¥É ¸¨²Ó´μ¸¢Ö§´ÊÕ ¢¥·Ï¨´-
´ÊÕ Î ¸ÉÓ (·¨¸. 4), ±μÉμ· Ö ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ μ¶·¥¤¥²Ö¥É ·¥£Ê²Ö·´ÊÕ Î ¸ÉÓ
 ³¶²¨ÉÊ¤Ò [7] ¢§ ¨³μ¤¥°¸É¢¨Ö �Œ-¶μ²Ö ¸ ´¥²μ± ²Ó´Ò³ ¸± ²Ö·´Ò³ ¶μ²¥³ φ(z) ¨ ¥£μ
¸μ¸É ¢²ÖÕÐ¨³¨ φ+

1 (z) ¨ φ+
2 (z).

�¨¸. 4. �¥²μ± ²Ó´ Ö �Œ ± ²¨¡·μ¢μÎ´ Ö §¢¥§¤ 

�·μ¢μ¤Ö ¤¥°¸É¢¨Ö,  ´ ²μ£¨Î´Ò¥ ¢Ò· ¦¥´¨Õ (5), ± ± ¶·¨ ¶μ²ÊÎ¥´¨¨ ¢Ò· ¦¥´¨Ö (4),
¨³¥¥³ [7]:

Mreg = (2π)4δ(p + q − p1 − p2)εμ

1∫
0

dλ

{
e1

∂G(p1 − λq; p2)
∂(p1 − λq)μ

+ e2
∂G(p1; p2 − λq)

∂(p2 − λq)μ

}
. (6)
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�¨¸. 5. „¨ £· ³³Ò ¶·μÍ¥¸¸  ËμÉμ· ¸Ð¥¶²¥´¨Ö ¸± ²Ö·´μ£μ ¤¥°É·μ´ 

�· ¢¨²  (4) ¨ (6) μ¶·¥¤¥²ÖÕÉ μ¡μ¡Ð¥´´ÊÕ ± ²¨¡·μ¢μÎ´μ-§ ³±´ÊÉÊÕ  ³¶²¨ÉÊ¤Ê, ±μ-
Éμ· Ö ¤²Ö · ¸Ð¥¶²¥´¨Ö ËμÉμ´μ³ ´¥²μ± ²Ó´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö ´  ¤¢  ¸± ²Ö·´ÒÌ Ë· £-
³¥´É  ¨³¥¥É ¢¨¤ (¤²Ö μ¶·¥¤¥²¥´´μ¸É¨ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¸± ²Ö·´Ò° ¤¥°É·μ´, ¸μ¸ÉμÖ-
Ð¨° ¨§ ¸± ²Ö·´ÒÌ ´Ê±²μ´μ¢, ¨³¥ÕÐ¨Ì §´ Î¥´¨Ö ¢¥²¨Î¨´ ³ ¸¸ ¨ § ·Ö¤μ¢, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨Ì ·¥ ²Ó´Ò³ Î ¸É¨Í ³, ·¨¸. 5)

M = eεμJμ, e =
√

4πα, Jμ = Jμ
pol + Jμ

reg,

Jμ
pol = zs

(d + d′)μ

s − m2
d

Gs + zt
(p + p′)μ

t − m2
Gt + zu

(n + n′)μ

u − m2
Gu, (7)

Jμ
reg =

kμ

kq
(ztGt + zuGu − zsGs),

£¤¥ α = 1/137, zs,t,u Å § ·Ö¤Ò ¸± ²Ö·´μ£μ ¤¥°É·μ´ , ¶·μÉμ´  ¨ ´¥°É·μ´  ¢ ¥¤¨´¨Í Ì
e ¸μμÉ¢¥É¸É¢¥´´μ; kμ Å μÉ´μ¸¨É¥²Ó´Ò° ¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´Ò° 4-¨³¶Ê²Ó¸ pn-¶ ·Ò

k ≡ ks =
p − n

2

¸.Í.¨︷︸︸︷
= (0;p). ‚¥·Ï¨´´Ò¥ ËÊ´±Í¨¨ Gi ≡ G(−k2

i ), i = [s, t, u] § ¢¨¸ÖÉ μÉ

±¢ ¤· É  ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ± ´ ²Ó´μ£μ μÉ´μ¸¨É¥²Ó´μ£μ 4-¨³¶Ê²Ó¸ : kt =
p′ − n

2
= ks−

q

2
,

ku =
p − n′

2
= ks +

q

2
, q = (ω; ω), q2 = 0 Å 4-¨³¶Ê²Ó¸ ËμÉμ´ . �¥£Ê²Ö·´Ò° Éμ± Jμ

reg

¢ (7) ¶μ²ÊÎ¥´ ´  μ¸´μ¢¥ ¢Ò· ¦¥´¨Ö (6) ¤²Ö Ê± § ´´μ£μ ´ ¡μ·  μÉ´μ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸μ¢
(¢ ÔÉμ³ ¸²ÊÎ ¥ ¨´É¥£· ² ¢ (6) ¢ÒÎ¨¸²Ö¥É¸Ö). �¥É·Ê¤´μ Ê¡¥¤¨ÉÓ¸Ö ¢ Éμ³, ÎÉμ ¶μ²Õ¸´ Ö
Î ¸ÉÓ ´¥²μ± ²Ó´μ£μ Éμ±  ´¥ ¸μÌ· ´Ö¥É¸Ö: qμJμ

reg = zsGs − ztGt − zuGu 	= 0, ´¥¸³μÉ·Ö
´  Éμ, ÎÉμ § ·Ö¤ ¸μÌ· ´Ö¥É¸Ö: zs − zt − zu = 0. �¥£Ê²Ö·´ Ö ¸μ¸É ¢²ÖÕÐ Ö ¢ ¶μ²´μ³ Éμ±¥
¨¸¶· ¢²Ö¥É ÔÉÊ ¸¨ÉÊ Í¨Õ.

�É³¥É¨³ ·Ö¤ μ¡Ð¨Ì ¸¢μ°¸É¢  ³¶²¨ÉÊ¤Ò (7), ±μÉμ·Ò¥ ¸μÌ· ´ÖÕÉ¸Ö ¤²Ö ¸¶¨´μ¢ Î ¸É¨Í,
μÉ²¨Î´ÒÌ μÉ ´Ê²Ö. ‚μ-¶¥·¢ÒÌ, ¢ ¸²ÊÎ ¥, ±μ£¤  ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö μÉ²¨Î´  μÉ ±μ´¸É ´ÉÒ,
 ³¶²¨ÉÊ¤  μ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³μ° ¶μ²Õ¸´μ° ¨ ·¥£Ê²Ö·´μ° Î ¸É¥°  ³¶²¨ÉÊ¤Ò.

‚μ-¢Éμ·ÒÌ, ¸μÌ· ´¥´¨¥ ´¥¨§³¥´´μ£μ ¢¨¤  ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ± ± ¤²Ö ²μ-
± ²Ó´ÒÌ, É ± ¨ ´¥²μ± ²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ´μ Í¥´μ° μÉ± §  μÉ ¨¸¶μ²Ó§μ¢ ´¨Ö ² £· ´-
¦¨ ´  ¶·¨¢¥²μ ± Éμ³Ê, ÎÉμ ¢¥·Ï¨´ ³ ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö μÉ¢¥¤¥´  ·μ²Ó ¸¢μ¡μ¤´ÒÌ
ËÊ´±Í¨μ´ ²Ó´ÒÌ ¶ · ³¥É·μ¢. „²Ö ´¥²μ± ²Ó´ÒÌ ¶μ²¥° ¸μÌ· ´¥´¨¥ ¸¢μ°¸É¢  Ê´¨¢¥·¸ ²Ó-
´μ¸É¨ (³¨´¨³ ²Ó´μ° Ëμ·³Ò) �Œ-¢§ ¨³μ¤¥°¸É¢¨° ¨¸¶μ²Ó§μ¢ ´μ ¸¢μ°¸É¢μ ¨´¤¨ËË¥·¥´É-
´μ¸É¨ �Œ-¸¨² ¶μ μÉ´μÏ¥´¨Õ ± ¶·¨¸ÊÉ¸É¢¨Õ ¨´ÒÌ ¢¨¤μ¢ ¸É·Ê±ÉÊ·oμ¡· §ÊÕÐ¨Ì ¸¨²,
¨§¢¥¸É´ÒÌ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö. �Éμ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¢Ò· ¦¥´¨° (3), (5). ˆ´ Î¥,
¸μ£² ¸μ¢ ´´Ò° ÊÎ¥É ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨ ¸ § ±μ´μ³ ¸μÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  μ¡¥¸-
¶¥Î¨² ¨´¢ ·¨ ´É´μ¸ÉÓ ¢¨¤  μ¡μ¡Ð¥´´μ°  ³¶²¨ÉÊ¤Ò μÉ´μ¸¨É¥²Ó´μ ¨¥· ·Ì¨Î¥¸±μ° Ô¢μ²Õ-
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Í¨¨ ¸É·Ê±ÉÊ·oμ¡· §ÊÕÐ¨Ì ¸¨² ¨ ¸μ¸É ¢²ÖÕÐ¨Ì ´¥²μ± ²Ó´μ£μ ¶μ²Ö ³ É¥·¨¨, ´¥ É·¥¡Ê-
ÕÐ¨Ì ¤μ¶μ²´¨É¥²Ó´μ£μ ¢¢¥¤¥´¨Ö ¶ · ³¥É·μ¢. �ÉμÉ ³μ³¥´É μ¶·¥¤¥²Ö¥É ¶·¨´Í¨¶¨ ²Ó´μ¥
μÉ²¨Î¨¥ μÉ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì [8] ´¥²μ± ²Ó´ÒÌ ¶μ¤Ìμ¤μ¢ ± �Œ-¢§ ¨³μ¤¥°¸É¢¨Ö³ ¸ ÊÎ ¸É¨¥³
´¥²μ± ²Ó´ÒÌ ¶μ²¥° ³ É¥·¨¨, ¢ ±μÉμ·ÒÌ ¢Ò¶μ²´¥´¨¥ ± ²¨¡·μ¢μÎ´ÒÌ ¸¢μ°¸É¢ ¨ § ±μ´  ¸μ-
Ì· ´¥´¨Ö § ·Ö¤  ¸É ¢ÖÉ¸Ö ¢ § ¢¨¸¨³μ¸ÉÓ μÉ ¶ · ³¥É·  ËÊ´¤ ³¥´É ²Ó´μ° ¤²¨´Ò, É. ¥. ¢¨¤ 
¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ´μ Í¥´μ° ¸μÌ· ´¥´¨Ö · ³μ± ² £· ´¦¥¢  μ¶¨¸ -
´¨Ö. ‚ ¶·¥¤² £ ¥³μ³ ¶μ¤Ìμ¤¥ Ê¤ ¥É¸Ö μÉ¤¥²¨ÉÓ �Œ- ¸¶¥±É ¶·μ¡²¥³Ò μÉ ¸É·Ê±ÉÊ·´μ°
¸μ¸É ¢²ÖÕÐ¥° ¨ ¢Ò¤¥²¨ÉÓ ¥¥ ¢ ´¥§ ¢¨¸¨³μ¥ ´ ¶· ¢²¥´¨¥, ¸¢Ö§ ´´μ¥ ¸ ¶μ¨¸±μ³ ·¥Ï¥´¨°
¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¨Ì Ê· ¢´¥´¨° ¨ § É¥³ ¨Ì É¥¸É¨·μ¢ ´¨¥³ ¢ �Œ-¶·μÍ¥¸¸ Ì.

‚-É·¥ÉÓ¨Ì, ± ± ¸²¥¤Ê¥É ¨§ ¸É·Ê±ÉÊ·Ò  ³¶²¨ÉÊ¤Ò (7), ¢ ¸²ÊÎ ¥, ±μ£¤  ¢¥·Ï¨´´ Ö ËÊ´±-
Í¨Ö · ¢´  ±μ´¸É ´É¥ Å G ≡ const, ·¥£Ê²Ö·´ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò μ¡· Ð ¥É¸Ö ¢ ´μ²Ó
(¸²¥¤¸É¢¨¥ § ±μ´  ¸μÌ· ´¥´¨Ö § ·Ö¤ ),   ¶μ²Õ¸´ Ö Î ¸ÉÓ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´  ¸ ³ 
¶μ ¸¥¡¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ ± ¦¤ Ö ¸μ¸É ¢²ÖÕÐ Ö ¶μ²Õ¸´μ°  ³¶²¨ÉÊ¤Ò ¢ ¸. Í. ¨. μ¶·¥¤¥²Ö¥É¸Ö
¶μ²Õ¸´Ò³ ³´μ¦¨É¥²¥³ G/(α2

0 − k2
i ), i = [s, t, u], α0 =

√
mTd Å ¶ · ³¥É· ¸¢Ö§¨ ´¥²μ-

± ²Ó´μ£μ ¶μ²Ö Å Ö¤·  ¤¥°É¥·¨Ö, ±μÉμ·μ³Ê ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¸μμÉ¢¥É¸É¢Ê¥É
Õ± ¢ -¶μ¤μ¡´ Ö ¸É·Ê±ÉÊ·  ¢ Ëμ·³¥ ¢μ²´μ¢μ° ËÊ´±Í¨¨ G/(α2

0−k2
i ) → Ψd(r) = G e−α0r/r.

‘²¥¤μ¢ É¥²Ó´μ, ¤²Ö G 	= const ·¥£Ê²Ö·´ Ö ¸μ¸É ¢²ÖÕÐ Ö μÉ²¨Î´  μÉ ´Ê²Ö ¨ ·¥£¨¸É·¨·Ê¥É
¤¨´ ³¨Î¥¸±μ¥ μÉ²¨Î¨¥ ¢μ²´μ¢μ° ËÊ´±Í¨¨ μÉ  ¸¨³¶ÉμÉ¨±¨ 
± ¢Ò (¨²¨ ¢¥·Ï¨´´μ° ËÊ´±-
Í¨¨ μÉ ±μ´¸É ´ÉÒ). �¥£Ê²Ö·´ Ö Î ¸ÉÓ ± ²¨¡·μ¢μÎ´μ-§ ³±´ÊÉμ°  ³¶²¨ÉÊ¤Ò μ¶·¥¤¥²Ö¥É
¢¥²¨Î¨´Ê ¤¨´ ³¨Î¥¸±μ£μ ¢±² ¤  Ô²¥±É·¨Î¥¸±¨Ì ³´μ£μÎ ¸É¨Î´ÒÌ ³¥Ì ´¨§³μ¢ ¢ ¤μ¶μ²´¥-
´¨¥ ± μ¤´μÎ ¸É¨Î´Ò³, ¸É·μ£μ ¸μ£² ¸μ¢ ´´Ò³ ³¥¦¤Ê ¸μ¡μ° É·¥¡μ¢ ´¨¥³ ± ²¨¡·μ¢μÎ´μ°
¨´¢ ·¨ ´É´μ¸É¨.

‚-Î¥É¢¥·ÉÒÌ, · §²μ¦¥´¨¥ ¢Ò· ¦¥´¨Ö (7) ¤²Ö ¶μ²´μ£μ �Œ-Éμ±  Jμ ¢ ¸. Í. ¨. [7] ¶μ
¸É¥¶¥´Ö³ ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö kq ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Jμ = −kμ(zt − zu)
[
G(−k2)
α2

0 − k2
− G′(−k2)

]
+ kμ (kq) (zt + zu)×

×
[

G(−k2)

(α2
0 − k2)2

− G′(−k2)
α2

0 − k2
+

1
2
G′′(−k2)

]
+ O

(
(kq)2

)
. (8)

�¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (8) Ö¢²Ö¥É¸Ö ¨§μÉ·μ¶´μ° Î ¸ÉÓÕ, É ± ± ± ´¥ ¸μ¤¥·¦¨É § ¢¨¸¨³μ¸É¨
μÉ Ô´¥·£¨¨ ËμÉμ´  (ω0), ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¶·μ¶μ·Í¨μ´ ²Ó´μ Ô´¥·£¨¨ ËμÉμ´  (ω1),   Î²¥´
· §²μ¦¥´¨Ö, ¶·μ¶μ·Í¨μ´ ²Ó´Ò° ω−1, μÉ¸ÊÉ¸É¢Ê¥É ¢¸²¥¤¸É¢¨¥ ¸μÌ· ´¥´¨Ö § ·Ö¤ . ‚±² ¤
μÉ ·¥£Ê²Ö·´μ° Î ¸É¨ ¢ (8) μ¶·¥¤¥²Ö¥É¸Ö Î²¥´ ³¨, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ ¶·μ¨§¢μ¤´Ò³ μÉ
¢¥·Ï¨´´μ° ËÊ´±Í¨¨, ´¥ ¸μ¤¥·¦ Ð¨³¨ ¶μ²Õ¸´ÒÌ μ¸μ¡¥´´μ¸É¥°. ‚±² ¤ ·¥£Ê²Ö·´μ° Î ¸É¨
¢  ³¶²¨ÉÊ¤Ê ¶·μ¶μ·Í¨μ´ ²¥´ ¶·μ¨§¢μ¤´Ò³ μÉ Ö¤¥·´μ° ¢¥·Ï¨´´μ° ËÊ´±Í¨¨; ¸ Ëμ·³ ²Ó-
´μ° ÉμÎ±¨ §·¥´¨Ö ·¥£Ê²Ö·´ Ö Î ¸ÉÓ ¢´μ¸¨É ¢  ³¶²¨ÉÊ¤Ê ¤μ¶μ²´¨É¥²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ
Ö¤¥·´μ° ¢¥·Ï¨´Ò, ÊÎ¨ÉÒ¢ ÕÐÊÕ ®¸±μ·μ¸ÉÓ¯ ¥¥ ¨§³¥´¥´¨Ö ¨ Ì · ±É¥· ±·¨¢μ° Å ¸É¥¶¥´Ó
¢μ£´ÊÉμ¸É¨; ¸ Ë¨§¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¢¸Ö± Ö Ö¤¥·´ Ö ¢¥·Ï¨´  ¶¥·¸μ´¨Ë¨Í¨·μ¢ ´´Ò³
μ¡· §μ³ μÉμ¡· ¦ ¥É ¨´¤¨¢¨¤Ê ²Ó´Ò¥ ¸¢μ°¸É¢  Ö¤¥·´μ£μ NN -¶μÉ¥´Í¨ ²  ± ± μ¸É ÉμÎ´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ·¥§Ê²ÓÉ É   ¤·μ´¨§ Í¨¨ ¨ ¸μ±·ÒÉ¨Ö Í¢¥Éμ¢ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò, ±μÉμ·Ò¥
¸ ¶μ³μÐÓÕ Ö¤¥·´μ° ¢¥·Ï¨´Ò ¸¡ ² ´¸¨·μ¢ ´´μ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢ ± ²¨¡·μ¢μÎ´μ-§ ³±´ÊÉμ°
¶μ²Õ¸´μ°  ³¶²¨ÉÊ¤¥. � ²¨Î¨¥ ³´μ¦¨É¥²Ö (zt − zu) Ê ¨§μÉ·μ¶´μ° Î ¸É¨ ¢ (8) ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É μ ¥£μ ¶·¨´ ¤²¥¦´μ¸É¨ ± Ô²¥±É·¨Î¥¸±μ³Ê ¤¨¶μ²Ó´μ³Ê ¶¥·¥Ìμ¤Ê ¢ ¸²ÊÎ ¥ · ¢¥´¸É¢ 
§ ·Ö¤μ¢ Ê Ë· £³¥´Éμ¢,   ÉμÎ´¥¥, · ¢¥´¸É¢  μÉ´μÏ¥´¨° § ·Ö¤μ¢ Ë· £³¥´Éμ¢ ± ¨Ì ³ ¸¸ ³
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¢ μ¡Ð¥³ ¸²ÊÎ ¥, ¨§μÉ·μ¶´ Ö Î ¸ÉÓ μ¡· Ð ¥É¸Ö ¢ ´μ²Ó. �Œ-Éμ± ¶¥·¥Ìμ¤  μ¶·¥¤¥²Ö¥É¸Ö
¢Éμ·Ò³ ¸² £ ¥³Ò³ Å ±¢ ¤·Ê¶μ²Ó´Ò° ¶¥·¥Ìμ¤.

…¸²¨ ¢Ò¶μ²´¨ÉÓ · ¸Î¥É ¶μ²´μ£μ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  (¸³. ·¨¸. 5) ËμÉμ· ¸Ð¥¶²¥´¨Ö Ê
¶μ·μ£ , £¤¥ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ Ë¨±¸¨·Ê¥³ ±μ´¸É ´Éμ° G = 8

√
2πmα0 (·¥£Ê²Ö·´ Ö

Î ¸ÉÓ ¢ (7) μÉ¸ÊÉ¸É¢Ê¥É), ÎÉμ μ¶·¥¤¥²Ö¥É ¸¢Ö§Ó ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ¸ ¢μ²´μ¢μ° ¢ μ¡² ¸É¨
¶μ·μ£  ¸μμÉ´μÏ¥´¨¥³

G

m2 − t
= 2

√
m

√
8πα0

α2
0 − k2

t

, (9)

±μÉμ·μ¥ ¢ ±μμ·¤¨´ É´μ³ ¶·μ¸É· ´¸É¢¥ ¨³¥¥É ¢¨¤ 4π
√

2md e−α0r/r Å ¢μ²´μ¢μ° ËÊ´±Í¨¨
μ¸´μ¢´μ£μ 3S1-¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ , Éμ ¤²Ö ¶μ²´μ£μ ¸¥Î¥´¨Ö ´  μ¸´μ¢¥  ³¶²¨ÉÊ¤Ò (7)
¶·¨ Ô²¥±É·¨Î¥¸±¨-¤¨¶μ²Ó´μ³ ¶μ£²μÐ¥´¨¨ ËμÉμ´μ¢ ¢¡²¨§¨ ¶μ·μ£  ¶μ²ÊÎ¨³ (H.A. Bethe,
R. Peierls) [9]:

σ(el)(ω) =
8π

3
α(zt − zu)2

√
Td(ω − Td)3/2

mω3
. (10)

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö ·μ²¨ ·¥£Ê²Ö·´μ° Î ¸É¨  ³¶²¨ÉÊ¤Ò ´  Ëμ·³¨·μ¢ ´¨¥ ¢Ò¸μ±μÔ´¥·£¥-
É¨Î¥¸±μ£μ ¶μ¢¥¤¥´¨Ö ¶μ²´μ£μ ¸¥Î¥´¨Ö ¶·¨ Ô´¥·£¨ÖÌ ËμÉμ´μ¢ ´¥¸±μ²Ó±μ ¤¥¸ÖÉ±μ¢ ƒÔ‚
¢Ò¶μ²´¨³ ¨²²Õ¸É· É¨¢´Ò° · ¸Î¥É. „²Ö ÔÉ¨Ì Í¥²¥° ¨¸¶μ²Ó§Ê¥³ ¢Ò· ¦¥´¨¥ ¨§μÉ·μ¶´μ°
Î ¸É¨ Éμ±  (8). �·¥¤¢ ·¨É¥²Ó´μ ¶μ§ ¡μÉ¨³¸Ö μ Éμ³, ÎÉμ¡Ò ¸μÌ· ´¨ÉÓ ¶· ¢¨²Ó´μ¥ ¶μ·μ£μ-
¢μ¥ ¶μ¢¥¤¥´¨¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö (10), ¶μÉ·¥¡μ¢ ¢ § ³¥´Ê ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ G(−k2

t ) ´ 

G(−k2
t ) → 8

√
2πmα0 F (−k2

i ) (11)

¸ Ê¸²μ¢¨¥³ F (−k2
i ) → 1, ±μ£¤  k2

i → 0. ‡¤¥¸Ó ´¥μ¡Ìμ¤¨³μ ¶μÖ¸´¨ÉÓ, ÎÉμ, ÊÎ¨ÉÒ¢ Ö
¨´¢ ·¨ ´É´μ¸ÉÓ ¢¨¤   ³¶²¨ÉÊ¤Ò (7) μÉ´μ¸¨É¥²Ó´μ ¨¥· ·Ì¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨ ¸É·Ê±ÉÊ·μ-
μ¡· §ÊÕÐ¨Ì ¸¨² ¨ ´ ¡μ·  ¸μ¸É ¢²ÖÕÐ¨Ì, ¤μ¸ÉÊ¶´ÒÌ ËμÉμ´Ê ¡μ²ÓÏμ° Ô´¥·£¨¨, ¡Ê¤¥³
¸Î¨É ÉÓ, ÎÉμ ³ É·¨Î´Ò° Ô²¥³¥´É (7) μ¶¨¸Ò¢ ¥É ¢§ ¨³μ¤¥°¸É¢¨¥ ËμÉμ´  ¸μ ¸¢Ö§ ´´μ° (´¥-
²μ± ²Ó´μ°) qq̄-¶ ·μ°,   ¢¥·Ï¨´  G(−k2

t ) Ëμ·³¨·Ê¥É¸Ö ±¢ ·±-£²Õμ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³.
�¥Ï¨ÉÓ Ê± § ´´ÊÕ § ¤ ÎÊ μÉ´μ¸¨É¥²Ó´μ ¢¥·Ï¨´Ò G(−k2

t ) ´  μ¸´μ¢¥ ·¥ ²¨¸É¨Î¥¸±¨Ì · ¸-
Î¥Éμ¢ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³,   ¶μ²ÊÎ¨ÉÓ ¡¥§³μ¤¥²Ó´μ¥ μ£· -
´¨Î¥´¨¥ ®¸¢¥·ÌÊ¯ ´  ¥¥ § ¢¨¸¨³μ¸ÉÓ μÉ ¶μ²´μ° Ô´¥·£¨¨, μ¡¥¸¶¥Î¨¢ ÕÐ¥° ¶μ¸ÉμÖ´¸É¢μ
¶μ²´μ£μ ¸¥Î¥´¨Ö, μÉ¢¥Î ÕÐ¥° Ô±¸¶¥·¨³¥´É ²Ó´μ° É¥´¤¥´Í¨¨ ¶μ¢¥¤¥´¨Ö ¶μ²´ÒÌ ¸¥Î¥´¨°
ËμÉμ¶μ£²μÐ¥´¨Ö ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ω � 2 ƒÔ‚ ´  ¤¥°É·μ´¥ ¨ ¶·μÉμ´¥, ¢μ§³μ¦´μ.
„²Ö ÔÉμ£μ ¨§μÉ·μ¶´ÊÕ Î ¸ÉÓ ¢ · §²μ¦¥´¨¨ (8) ¶·¨· ¢´Ö¥³ ±μ´¸É ´É¥,   ¤²Ö ¢¥·Ï¨´Ò (11)
¢ É¥·³¨´ Ì ËÊ´±Í¨¨ F (−k2

i ) ¶μ²ÊÎ¨³ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥

8
√

2(zt − zu)
√

πα0m

[
∂F (−k2

i )
∂(−k2

i )
− F (−k2

i )
α2

0 − k2
i

]
= const. (12)

‡´ Î¥´¨Ö ³ ¸¸ ¨ ¶ · ³¥É· ¸¢Ö§¨ ¸¢Ö§ ´Ò ¸ ±¢ ·±-£²Õμ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³. �¥Ï¥´¨¥
Ê· ¢´¥´¨Ö (12), ¸μ£² ¸μ¢ ´´μ¥ ¸ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³ ¶μ¢¥¤¥´¨¥³

G(−k2) = 8
√

2

⎡
⎢⎢⎣√α0πm −

(
α2

0 − k2
)

ln
(

1 − k2

α2
0

)
(zt − zu)m

⎤
⎥⎥⎦ , (13)
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�¨¸. 6. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ ¶μ²´μ£μ ¸¥Î¥´¨Ö (¸¶²μÏ´ Ö ±·¨¢ Ö) μÉ Ô´¥·£¨¨ ËμÉμ´  ¢

² ¡μ· Éμ·´μ° ¸¨¸É¥³¥. ’μÎ¥Î´ Ö ¨ ÏÉ·¨Ìμ¢ Ö ±·¨¢Ò¥ Å ¢±² ¤Ò Éμ²Ó±μ ¶μ²Õ¸´μ° ¨²¨ ·¥£Ê²Ö·´μ°
Î ¸É¥° μ¡μ¡Ð¥´´μ° ¶μ²Õ¸´μ°  ³¶²¨ÉÊ¤Ò. ˜É·¨Ìμ¢ ´´ Ö μ¡² ¸ÉÓ Å ±μ·¨¤μ· Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ

¤ ´´ÒÌ

¶·¨ ¶μ¤¸É ´μ¢±¥ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É (7) ¨ ¶·¨ · ¸Î¥É¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö ¶·¨¢μ¤¨É ±
·¥§Ê²ÓÉ ÉÊ ´  ·¨¸. 6.

‚Ò¸μ±μÔ´¥·£¥É¨Î¥¸± Ö  ¸¨³¶ÉμÉ¨±  ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ (13) μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕ-
Ð¥° § ¢¨¸¨³μ¸ÉÓÕ μÉ ¶μ²´μ° Ô´¥·£¨¨:

G(s) 
 2
√

2
zt − zu

s − m2
d

m
ln

s − m2
d

4α2
0

=
8
√

2
zt − zu

ω².¸
γ ln

ω².¸
γ

Td
, (14)

  ¶·¨ Ô´¥·£¨ÖÌ s � m2
d μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ lim

s�m2
d

G(s) ∼=
2
√

2
zt − zu

s

m
ln

s

4α2
0

(´ -

¶μ³´¨³, ÎÉμ ¢ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ°  ¸¨³¶ÉμÉ¨±¥ ¶·¨´ÖÉÒ¥ μ¡μ§´ Î¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÉ
md, m Å ³ ¸¸  ¸¢Ö§ ´´μ° qq̄ ¶ ·Ò ¨ ±¢ ·±μ¢ ¸μμÉ¢¥É¸É¢¥´´μ; Td Å Ê¤¥²Ó´ Ö Ô´¥·£¨Ö
¸¢Ö§¨ ¸¢Ö§ ´´μ° ±¢ ·±μ¢μ° ¶ ·Ò; zt = − zu Å § ·Ö¤Ò ±¢ ·±  ¨  ´É¨±¢ ·±  ¢ ¥¤¨´¨Í Ì
§ ·Ö¤  e).

�É³¥É¨³, ÎÉμ ¶μ²ÊÎ¥´´μ¥ ¢Ò· ¦¥´¨¥  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ ¶μ¢¥¤¥´¨Ö ¢¥·Ï¨´´μ° ËÊ´±-
Í¨¨ (14) Ëμ·³ ²Ó´μ ¸μ¢¶ ¤ ¥É ¶μ ¢¨¤Ê § ¢¨¸¨³μ¸É¨ μÉ ¶μ²´μ° Ô´¥·£¨¨ ¸  ¸¨³¶ÉμÉ¨Î¥-
¸±¨³ ¶μ¢¥¤¥´¨¥³ ¶μ²Ö·¨§ Í¨μ´´μ£μ μ¶¥· Éμ·  ¢ Š�„ ¢μ ¢·¥³¥´¨¶μ¤μ¡´μ° μ¡² ¸É¨ [9]

(s � 4m2
e): P (s) ∼= − α

3π
s ln

(
s

m2
e

)
¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ �Œ-±μ´¸É ´É¥ α.

‡�Š‹	—…�ˆ…

�μ± § ´  ¢μ§³μ¦´μ¸ÉÓ ¶¥·¥Ëμ·³Ê²¨·μ¢ ´¨Ö ¸¶μ¸μ¡  ¢¢¥¤¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨° ± ²¨-
¡·μ¢μÎ´μ£μ ¶μ²Ö ¸ ËÊ´¤ ³¥´É ²Ó´Ò³¨ ¶μ²Ö³¨ ³ É¥·¨¨ ¢ Š�„ ¸ Ö§Ò±  ² £· ´¦¥¢  ¶μ¤-
Ìμ¤  ´  Ö§Ò±  ´ ²μ£μ¢ ± ²¨¡·μ¢μÎ´ÒÌ ¸É·Ê±ÉÊ· Š•„ Å ¢ É¥·³¨´ Ì �Œ-± ²¨¡·μ¢μÎ´μ°
®¸É·Ê´Ò¯ ¨ ®§¢¥§¤Ò¯, ÎÉμ ¶μ§¢μ²¨²μ ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³μÉ·¥´¨¥ ´¥²μ± ²Ó´Ò¥ ¶μ²Ö, ´¥
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´ ·ÊÏ Ö ¶·¨´Í¨¶  ²μ± ²Ó´μ° ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨ ¨ É¥³ ¸ ³Ò³ ´¥ ¸É ¢Ö ¢ § ¢¨-
¸¨³μ¸ÉÓ ¢Ò¶μ²´¥´¨¥ § ±μ´  ¸μÌ· ´¥´¨Ö § ·Ö¤  (´¥²μ± ²Ó´μ£μ Éμ± ) μÉ ¸É·Ê±ÉÊ·μμ¡· -
§ÊÕÐ¨Ì ¢§ ¨³μ¤¥°¸É¢¨°. ‚ ÔÉμ³ ³μ³¥´É¥ ¸μ¸Éμ¨É ¶·¨´Í¨¶¨ ²Ó´μ¥ μÉ²¨Î¨¥ μÉ ¸ÊÐ¥-
¸É¢ÊÕÐ¨Ì ¶μ¤Ìμ¤μ¢ ± �Œ-¢§ ¨³μ¤¥°¸É¢¨Ö³ ¸ ÊÎ ¸É¨¥³ ´¥²μ± ²Ó´ÒÌ ¶μ²¥° ³ É¥·¨¨, ¢
±μÉμ·ÒÌ ¢Ò¶μ²´¥´¨¥ ± ²¨¡·μ¢μÎ´ÒÌ ¸¢μ°¸É¢ ¨ § ±μ´  ¸μÌ· ´¥´¨Ö § ·Ö¤  ¸É ¢ÖÉ¸Ö ¢ § -
¢¨¸¨³μ¸ÉÓ μÉ ¢¢¥¤¥´¨Ö ¤μ¶μ²´¨É¥²Ó´μ£μ ¶ · ³¥É· , ´ ¶·¨³¥·, ËÊ´¤ ³¥´É ²Ó´μ° ¤²¨´Ò,
É. ¥. ¢¨¤  ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ´μ Í¥´μ° ¸μÌ· ´¥´¨Ö · ³μ± ² £· ´¦¥¢ 
μ¶¨¸ ´¨Ö. ‚ ¶·¥¤² £ ¥³μ³ ¶μ¤Ìμ¤¥ ´  μ¸´μ¢¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ÊÎ¥É  ¸É·Ê±ÉÊ·Ò ±μ´-
Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢  ¨ ¶μ´ÖÉ¨Ö μ ± ²¨¡·μ¢μÎ´μ³ ¶μ²¥ ± ± ¸¢Ö§´μ¸É¨ Ê¤ ¥É¸Ö
μÉ¤¥²¨ÉÓ �Œ- ¸¶¥±É ¶·μ¡²¥³Ò μÉ ¸É·Ê±ÉÊ·´μ° ¸μ¸É ¢²ÖÕÐ¥° ¨ ¢Ò¤¥²¨ÉÓ ¥¥ ¢ ´¥§ ¢¨¸¨-
³μ¥ ´ ¶· ¢²¥´¨¥, ¸¢Ö§ ´´μ¥ ¸ ¶μ¨¸±μ³ ·¥Ï¥´¨° ¸É·Ê±ÉÊ·μμ¡· §ÊÕÐ¨Ì Ê· ¢´¥´¨° ¨ ¨Ì
É¥¸É¨·μ¢ ´¨¥³ ¢ �Œ-¶·μÍ¥¸¸ Ì.

‘μÌ· ´¥´¨¥ ¸¢μ°¸É¢  Ê´¨¢¥·¸ ²Ó´μ¸É¨ �Œ-¢§ ¨³μ¤¥°¸É¢¨° ¢ Ëμ·³ É¥ ³¨´¨³ ²Ó´μ°
¸¢Ö§¨ μ¸´μ¢ ´μ ´  ¶·¨´Í¨¶¥ ¨´¤¨ËË¥·¥´É´μ¸É¨, μ¡¥¸¶¥Î¨¢ ÕÐ¥³ ¢Ò¶μ²´¥´¨¥ ± ²¨¡·μ-
¢μÎ´ÒÌ ¸¢μ°¸É¢ ¡¥§μÉ´μ¸¨É¥²Ó´μ ± ¶·¨¸ÊÉ¸É¢¨Õ ¤·Ê£¨Ì ¢¨¤μ¢ ¢§ ¨³μ¤¥°¸É¢¨°, ¨§¢¥¸É´ÒÌ
¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö.

�¢Éμ· ¸Î¨É ¥É ¶·¨ÖÉ´Ò³ ¤μ²£μ³ ¢Ò· §¨ÉÓ ¡² £μ¤ ·´μ¸ÉÓ �. „μ·μÌμ¢Ê, �.ŠÊ· ¥¢Ê ¨
‚.’± ÎÊ §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¨ ¸μ¤¥°¸É¢¨¥ ¢ μ¶Ê¡²¨±μ¢ ´¨¨ · ¡μÉÒ.
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