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� ¸ÉµÖÐ¨° µ¡§µ· ¶µ¸¢ÖÐ¥´ ¨§²µ¦¥´¨Õ µ¸´µ¢´ÒÌ Ëµ·³Ê²¨·µ¢µ± ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ -
³¨±¨. �·¨ ÔÉµ³ · ¸¸³µÉ·¥´¨¥ µ£· ´¨Î¨¢ ¥É¸Ö Éµ²Ó±µ Ê· ¢´¥´¨Ö³¨ ¤²Ö µ¶¥· Éµ·µ¢ ¶µ²Ö ¨ ´¥
§ É· £¨¢ ¥É Ê· ¢´¥´¨° ¤²Ö ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö, ËÊ´±Í¨° ƒ·¨´  ¨ É. ¤. �É³¥Î ÕÉ¸Ö É·Ê¤´µ¸É¨
¸ ±¢ ´Éµ¢ ´¨¥³ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¨ ¢¢µ¤¨É¸Ö · §²µ¦¥´¨¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ² , ±µÉµ·µ¥ ¸²Ê-
¦¨É µ¸´µ¢µ° ¢¸¥£µ ¤ ²Ó´¥°Ï¥£µ ¨§²µ¦¥´¨Ö. � ¸¸³ É·¨¢ ¥É¸Ö ´ ¨¡µ²¥¥ ¸É · Ö Ëµ·³Ê²¨·µ¢± 
Ô²¥±É·µ¤¨´ ³¨±¨ Å Ô²¥±É·µ¤¨´ ³¨±  ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. �É  ¶¥·¢ Ö Ëµ·³Ê²¨·µ¢±  Ô²¥±-
É·µ¤¨´ ³¨±¨ ¡Ò²  ¸µ§¤ ´  „¨· ±µ³ ¨ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´  ƒ¥°§¥´¡¥·£µ³ ¨ � Ê²¨. �¡¸Ê¦¤ ÕÉ¸Ö
´¥²µ± ²Ó´Ò¥ Ëµ·³Ê²¨·µ¢±¨ Ô²¥±É·µ¤¨´ ³¨±¨ ¢ É¥·³¨´ Ì ´ ¶·Ö¦¥´´µ¸É¥°. „ ´ ¶µ²´Ò°  ´ ²¨§
¸ ³µ° Ê¤µ¡´µ° ¨ ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´µ° Ëµ·³Ê²¨·µ¢±¨ Ô²¥±É·µ¤¨´ ³¨±¨ ¸ ¶µ¶¥·¥Î´µ° ± -
²¨¡·µ¢±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö, ±µÉµ· Ö µ¡² ¤ ¥É Ö¢´µ° ±µ¢ ·¨ ´É´µ¸ÉÓÕ. �·µ¢¥¤¥´µ ¸· ¢´¥´¨¥
¢¸¥Ì Ëµ·³Ê²¨·µ¢µ± ¸ Ëµ·³Ê²¨·µ¢±µ° ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö.

The review is devoted to the exposition of basic formulations of quantum electrodynamics.
We consider only equations for the ˇeld operators, but not equations for vectors of states and the
Green functions. Difˇculties with the quantization of the Maxwell equations are discussed, and
the expansion of vector Å potential is introduced as the basis of the following exposition. The
most old formulation of electrodynamics in the radiation gauge is considered. This ˇrst formulation
of electrodynamics was created by Dirac and was improved by Heisenberg and Pauli. Nonlocal
formulations of electrodynamics in terms tensions are discussed. And the complete analysis of the
electrodynamics with the transverse gauge of vector states is given. We compare all these formulations
with the one of the radiation gauge.

�·¥¤¨¸²µ¢¨¥ ´ ÊÎ´µ£µ ·¥¤ ±Éµ· 

“¢ ¦ ¥³Ò¥ Î¨É É¥²¨! �¥·¥¤ ¢ ³¨ µ¡§µ·, ´ ¶¨¸ ´´Ò° ¥Ð¥ ¢ 1965 £. ±·Ê¶´Ò³
¸¶¥Í¨ ²¨¸Éµ³ ¢ µ¡² ¸É¨ É¥µ·¨¨ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° Å ˆ£µ·¥³ ‚ ¸¨²Ó¥¢¨Î¥³ �µ-
²Ê¡ ·¨´µ¢Ò³ (1929Ä1998). �¡§µ· ¡Ò² µ¶Ê¡²¨±µ¢ ´ ¢ ¢¨¤¥ ¶·¥¶·¨´É  �ˆŸˆ (�-2421.
„Ê¡´ , 1965). ˆ. ‚. �µ²Ê¡ ·¨´µ¢ ¢ É¥Î¥´¨e 1967Ä1969 ££. ¶ÒÉ ²¸Ö · ¸Ï¨·¨ÉÓ ÔÉµÉ
µ¡§µ·, ¤µ¶µ²´ÖÖ ¥£µ ´µ¢Ò³¨ ·¥§Ê²ÓÉ É ³¨ ¶µ ±¢ ´Éµ¢ ´¨Õ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°. �µ-
¢Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¤¨± ²Ó´µ ¨§³¥´¨²¨ ¸³Ò¸² ¨ ¨´É¥·¶·¥É Í¨Õ É ±µ£µ ±¢ ´Éµ¢ ´¨Ö.
�§´ ±µ³¨¢Ï¨¸Ó ¸ µ¡§µ·µ³, ³µ¦´µ µ¡´ ·Ê¦¨ÉÓ, ÎÉµ Í¥²Ò° ·Ö¤ Ìµ·µÏµ ¨§¢¥¸É´ÒÌ
Ë ±Éµ¢ ¨ ¢Ò¢µ¤µ¢ Š�„ ¨´É¥·¶·¥É¨·µ¢ ²¨¸Ó ±² ¸¸¨± ³¨ ¢µ¢¸¥ ´¥ É ±, ± ± ÔÉµ ¶·¨-
´ÖÉµ ¢ ¸µ¢·¥³¥´´µ° ²¨É¥· ÉÊ·¥. ŠÊ²µ´µ¢¸±µ¥ ¶µ²¥ ¥¸ÉÓ ÉµÎ´µ¥ ¸²¥¤¸É¢¨¥ ·¥Ï¥´¨Ö
µ¤´µ£µ ¨§ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° (Ê· ¢´¥´¨Ö ƒ Ê¸¸ ),   ´¥ ¶·¨¡²¨¦¥´¨Ö ¡µ²ÓÏ¨Ì
³ ¸¸. „¥°¸É¢¨¥ Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ±Ê²µ´µ¢¸±µ° ± ²¨¡·µ¢±¥ ¥¸ÉÓ µ¤´µ§´ Î´µ¥ ¸²¥¤-
¸É¢¨¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ƒ Ê¸¸  ¢ É¥·³¨´ Ì ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ÒÌ ¤¨· ±µ¢¸±¨Ì
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¶¥·¥³¥´´ÒÌ (1927, 1955), ¶µ²ÊÎ¥´´ÒÌ ¶µ§¤´¥¥ ” ¤¤¥¥¢Ò³ ¨ „¦ ±¨¢µ³ (1988),   ´¥ ·¥-
§Ê²ÓÉ É ¢Ò¡µ·  µ¤´µ° ¨§ ³´µ£¨Ì ± ²¨¡·µ¢µ±. �·µÉµ´ ¨ Ô²¥±É·µ´ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨ ¤¢¨-
¦ÊÐ¥³¸Ö  Éµ³¥ µ¡· §ÊÕÉ ÔÉµÉ  Éµ³ ¡² £µ¤ ·Ö ±Ê²µ´µ¢¸±µ³Ê ¶µ²Õ, ¶·¥µ¡· §µ¢ ´´µ³Ê
¢ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ²µ·¥´Íe¢¸±ÊÕ ¸¨¸É¥³Ê µÉ¸Î¥É ,   ´¥ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö,
µ¶¨¸Ò¢ ¥³µ£µ ¤µ¶µ²´¨É¥²Ó´µ ÊÎÉ¥´´Ò³¨ ¤¨ £· ³³ ³¨ ”¥°´³ ´ .

„²Ö ²ÊÎÏ¥£µ ¶µ´¨³ ´¨Ö µ¡§µ·  ˆ. ‚. �µ²Ê¡ ·¨´µ¢  ¶µ²¥§´µ ¶µÖ¸´¨ÉÓ ¨¸¶µ²Ó-
§Ê¥³Ò¥ ˆ£µ·¥³ ‚ ¸¨²Ó¥¢¨Î¥³ ¶µ´ÖÉ¨Ö: ´¥Ö¢´ Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ±µ¢ ·¨ ´É´µ¸ÉÓ,
§ ¢¨¸ÖÐ Ö µÉ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò µÉ¸Î¥É , ¨ ±Ê²µ´µ¢¸± Ö ± ²¨¡·µ¢±  ± ± ¸²¥¤-
¸É¢¨¥ ·¥Ï¥´¨Ö µ¤´µ£µ ¨§ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨°, ´ §Ò¢ ¥³µ£µ Ê· ¢´¥´¨¥³ ¸¢Ö§¨.
—Éµ¡Ò ¶µÖ¸´¨ÉÓ ÔÉ¨ ¶µ´ÖÉ¨Ö, ´ ¶µ³´¨³, ÎÉµ § ¤ Î¨ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¸¢µ¤ÖÉ¸Ö
± ·¥Ï¥´¨Õ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ ´ Î ²Ó´Ò³¨ ¤ ´´Ò³¨, ¨§³¥·Ö¥³Ò³¨ ´ -
¡µ·µ³ Ë¨§¨Î¥¸±¨Ì ¶·¨¡µ·µ¢, ±µÉµ·Ò¥ Šµ¶¥·´¨± ¨ ƒ ²¨²¥°,   §  ´¨³¨ ¢¸¥ Ë¨§¨±¨,
¢±²ÕÎ Ö �°´ÏÉ¥°´ , µÉµ¦¤¥¸É¢²Ö²¨ ¸ ¸¨¸É¥³µ° µÉ¸Î¥É . ƒ·Ê¶¶Ò ¶·¥µ¡· §µ¢ ´¨°
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ · §¤¥²ÖÕÉ¸Ö ´  ¤¢  É¨¶ :
C-¶·¥µ¡· §µ¢ ´¨Ö, ±µÉµ·Ò¥ ³¥´ÖÕÉ ´ Î ²Ó´Ò¥ ¤ ´´Ò¥, É. ¥. ¸¨¸É¥³Ê µÉ¸Î¥É ; ¨
K-¶·¥µ¡· §µ¢ ´¨Ö, ±µÉµ·Ò¥ ´¥ ³¥´ÖÕÉ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¨  ¸¸µÍ¨¨·ÊÕÉ¸Ö ¸ ± -
²¨¡·µ¢±µ° Ë¨§¨Î¥¸±¨Ì ¶·¨¡µ·µ¢. ‚ ± ¦¤µ° ±µ´±·¥É´µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ´ ¡µ· ¢¸¥Ì
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° · §¤¥²Ö¥É¸Ö ´  Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, ¤²Ö ·¥Ï¥´¨Ö ±µÉµ-
·ÒÌ É·¥¡Ê¥É¸Ö ¨§³¥·¥´¨¥ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ, ¨ ´  Ê· ¢´¥´¨Ö ¸¢Ö§¨, ±µÉµ·Ò¥ ¸¢Ö§Ò¢ ÕÉ
´ Î ²Ó´Ò¥ ¤ ´´Ò¥.

� Ìµ¦¤¥´¨¥ C-±µ¢ ·¨ ´É´ÒÌ ¨ K-¨´¢ ·¨ ´É´ÒÌ ·¥Ï¥´¨° ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨° ¨ C-±µ¢ ·¨ ´É´µ¥ ¨ K-¨´¢ ·¨ ´É´µ¥ ±¢ ´Éµ¢ ´¨¥ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°
¡Ò²¨ £¥´¥· ²Ó´µ° ²¨´¨¥° · §¢¨É¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨, ´ Î¨´ Ö ¸ · ¡µÉ „¨· ±  ¨
±µ´Î Ö · ¡µÉ ³¨ ˜¢¨´£¥·  ¢ 60-Ì £µ¤ Ì, ±µÉµ·Ò° ´ §Ò¢ ¥É ÔÉµ ±¢ ´Éµ¢ ´¨¥ ËÊ´¤ -
³¥´É ²Ó´Ò³. ‘É· É¥£¨Ö ÔÉµ£µ ËÊ´¤ ³¥´É ²Ó´µ£µ ±¢ ´Éµ¢ ´¨Ö, ¨§² £ ¥³ Ö ¢ µ¡§µ·¥
ˆ£µ·Ö ‚ ¸¨²Ó¥¢¨Î , ¡Ò²  ¸²¥¤ÊÕÐ¥°.

1) ˆ¸¶µ²Ó§µ¢ ÉÓ Ê· ¢´¥´¨Ö ¸¢Ö§¨ ¨ ± ²¨¡·µ¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ, ÎÉµ¡Ò Ê¡· ÉÓ
²¨Ï´¨¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¨ ¶µ¸É·µ¨ÉÓ K-¨´¢ ·¨ ´É´Ò¥ ´¥²µ± ²Ó´Ò¥ ¶¥·¥³¥´´Ò¥
(¸³. Ëµ·³Ê²Ò (37), (38)), ±µÉµ·Ò¥ ¢ µ¡§µ·¥ �µ²Ê¡ ·¨´µ¢  ´ §Ò¢ ÕÉ¸Ö ±Ê²µ´µ¢¸±µ°
± ²¨¡·µ¢±µ°, ¨²¨ ± ²¨¡·µ¢±µ° ¨§²ÊÎ¥´¨Ö.

2) „µ± § ÉÓ C-±µ¢ ·¨ ´É´µ¸ÉÓ ´  Ê·µ¢´¥  ²£¥¡·Ò £¥´¥· Éµ·µ¢ £·Ê¶¶Ò �Ê ´± ·¥
¤²Ö K-¨´¢ ·¨ ´É´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ. ‡ ¢¨¸¨³µ¸ÉÓ K-¨´¢ ·¨ ´É´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ µÉ
¶ · ³¥É·µ¢ ¸¨¸É¥³Ò µÉ¸Î¥É , ¢ Î ¸É´µ¸É¨, µÉ µ¸¨ ¢·¥³¥´¨, ´ §Ò¢ ¥É¸Ö ´¥Ö¢´µ° ·¥²Ö-
É¨¢¨¸É¸±µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ.

3) �µ¸É·µ¨ÉÓ C-±µ¢ ·¨ ´É´ÊÕ S-³ É·¨ÍÊ ¢ É¥·³¨´ Ì K-¨´¢ ·¨ ´É´ÒÌ ´ ¡²Õ¤ -
¥³ÒÌ.

�¤´ ±µ µ¸´µ¢´Ò³ ³¥Éµ¤µ³ ±¢ ´Éµ¢ ´¨Ö ¢ É¥µ·¨ÖÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ± ±µ´ÍÊ
60-Ì ¸É ²µ ¤·Ê£µ¥, Ô¢·¨¸É¨Î¥¸±µ¥ ±¢ ´Éµ¢ ´¨¥, ¶·¥¤²µ¦¥´´µ¥ ”¥°´³ ´µ³. ‚ÒÎ¨¸²ÖÖ
· ¤¨ Í¨µ´´Ò¥ ¶µ¶· ¢±¨ ± · ¸¸¥Ö´¨Õ, ”¥°´³ ´ µ¡· É¨² ¢´¨³ ´¨¥, ÎÉµ  ³¶²¨ÉÊ¤Ò · ¸-
¸¥Ö´¨Ö Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨Ö ´¥ § ¢¨¸ÖÉ µÉ ¸¨¸É¥³Ò µÉ¸Î¥É  ¨ ¢Ò-
¡µ·  ± ²¨¡·µ¢±¨ (Phys. Rev. 1949. V. 76. P. 769). ˆ¸¶µ²Ó§ÊÖ ÔÉµÉ Ë ±É, ³µ¦´µ ¤ ¦¥
¨§³¥´¨ÉÓ ¸ ³ ² £· ´¦¨ ´ Ô²¥±É·µ¤¨´ ³¨±¨, ¶·¥¢· É¨¢ ¥¥ ¢ É¥µ·¨Õ ¡¥§ ¸¢Ö§¥°. �¥§ ¢¨-
¸¨³µ¸ÉÓ µÉ ¸¨¸É¥³Ò µÉ¸Î¥É  (C-¨´¢ ·¨ ´É´µ¸ÉÓ) ¸É ²¨ ´ §Ò¢ ÉÓ ¶·µ¸Éµ ·¥²ÖÉ¨¢¨¸É-
¸±µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ,   ¢Ò¡µ· ± ²¨¡·µ¢±¨ ¶·¥¢· É¨²¸Ö ¢ Ëµ·³ ²Ó´ÊÕ ¶·µÍ¥¤Ê·Ê
¢Ò¡µ·  ± ²¨¡·µ¢µÎ´µ-´¥¨´¢ ·¨ ´É´ÒÌ ¶µ²¥¢ÒÌ ¶¥·¥³¥´´ÒÌ. ’ ± Ö ´¥§ ³¥É´ Ö ¶µ¤-
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³¥´  ¸³Ò¸²  ¶µ´ÖÉ¨° ¢ ³¥Éµ¤¥ K-±µ¢ ·¨ ´É´µ£µ ¨ C-¨´¢ ·¨ ´É´µ£µ Ô¢·¨¸É¨Î¥¸±µ£µ
±¢ ´Éµ¢ ´¨Ö, ± § ²µ¸Ó ¡Ò, ¶µ²´µ¸ÉÓÕ µ¡¥¸Í¥´¨²  Í¥²¨ ¨ § ¤ Î¨ C-±µ¢ ·¨ ´É´µ£µ ¨
K-¨´¢ ·¨ ´É´µ£µ ËÊ´¤ ³¥´É ²Ó´µ£µ ±¢ ´Éµ¢ ´¨Ö. ‡ Î¥³ ¤µ± §Ò¢ ÉÓ ®·¥²ÖÉ¨¢¨¸É-
¸±ÊÕ ±µ¢ ·¨ ´É´µ¸ÉÓ ´  Ê·µ¢´¥  ²£¥¡·Ò £¥´¥· Éµ·µ¢ £·Ê¶¶Ò �Ê ´± ·¥ ¤²Ö K-¨´¢ -
·¨ ´É´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ¯, ¥¸²¨ ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö C-¨´¢ -
·¨ ´É¥´, É. ¥. ´¥ § ¢¨¸¨É µÉ ¸¨¸É¥³Ò µÉ¸Î¥É ? ˆ § Î¥³ ´Ê¦´Ò K-¨´¢ ·¨ ´É´Ò¥ ´ -
¡²Õ¤ ¥³Ò¥, ¥¸²¨ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ²Õ¡Ò¥ ¶¥·¥³¥´´Ò¥, ¢ Éµ³ Î¨¸²¥ ¤²Ö ·¥Ï¥´¨Ö
¶·µ¡²¥³ ¶µ¸É·µ¥´¨Ö Ê´¨É ·´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨Ö ¨ ¤µ± § É¥²Ó¸É¢  ¶¥·¥´µ·³¨·Ê-
¥³µ¸É¨ ¸É ´¤ ·É´µ° ³µ¤¥²¨? ”µ·³Ê²¨·µ¢±  ¨ ·¥Ï¥´¨¥ ÔÉ¨Ì  ±ÉÊ ²Ó´ÒÌ ¶·µ¡²¥³,
¢Ò¶µ²´¥´´Ò¥ ¢ · ³± Ì Ô¢·¨¸É¨Î¥¸±µ£µ ±¢ ´Éµ¢ ´¨Ö, ¶·¨¢¥²¨ ± Éµ³Ê, ÎÉµ ÔÉµ ±¢ ´Éµ-
¢ ´¨¥ ¸É ²µ Ë ±É¨Î¥¸±¨ ¥¤¨´¸É¢¥´´Ò³ ³¥Éµ¤µ³, ¸ ±µÉµ·Ò³ ¸¢Ö§Ò¢ ÕÉ ·¥Ï¥´¨Ö ¢¸¥Ì
¶·µ¡²¥³ ¸µ¢·¥³¥´´µ° É¥µ·¨¨ ¶µ²Ö. �¤´ ±µ ¶·¨ ÔÉµ³ § ¡Ò¢ ÕÉ, ÎÉµ µ¡² ¸ÉÓ ¶·¨-
³¥´¨³µ¸É¨ Ô¢·¨¸É¨Î¥¸±µ£µ ±¢ ´Éµ¢ ´¨Ö ¥¸ÉÓ Éµ²Ó±µ § ¤ Î¨ · ¸¸¥Ö´¨Ö Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í, £¤¥ ÔÉµ ±¢ ´Éµ¢ ´¨¥ ¨ ¢µ§´¨±²µ. „²Ö Ë¨§¨±¨ ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°,  ¤·µ´¨§ -
Í¨¨ ¨ ±µ´Ë °´³¥´É , ¤²Ö µ¶¨¸ ´¨Ö ±¢ ´Éµ¢µ° ¢¸¥²¥´´µ°, ± ± ¶·¥¤¸± §Ò¢ ² ˜¢¨´-
£¥·, ¡µ²¥¥  ¤¥±¢ É´µ ËÊ´¤ ³¥´É ²Ó´µ¥ ±¢ ´Éµ¢ ´¨¥, ±µÉµ·µ³Ê ¨ ¶µ¸¢ÖÐ¥´ µ¡§µ·
ˆ. ‚. �µ²Ê¡ ·¨´µ¢ .

� ¤¥Õ¸Ó, ÎÉµ §´ ±µ³¸É¢µ ¸ ÔÉ¨³ µ¡§µ·µ³, £¤¥ ¤ ´µ ¨¸Î¥·¶Ò¢ ÕÐ¥¥ ¨§²µ¦¥´¨¥
¶¨µ´¥·¸±¨Ì · ¡µÉ „¨· ±  ¶µ ±¢ ´Éµ¢ ´¨Õ Ô²¥±É·µ³ £´¨É´ÒÌ ¶µ²¥° ¨ · ¡µÉ ¶µ ·¥²Ö-
É¨¢¨¸É¸±µ³Ê µ¡µ¡Ð¥´¨Õ ÔÉµ£µ ±¢ ´Éµ¢ ´¨Ö, ¤ ¢´µ ¸É ¢Ï¨Ì ¡¨¡²¨µ£· Ë¨Î¥¸±µ° ·¥¤-
±µ¸ÉÓÕ, ¶µ³µ¦¥É ²ÊÎÏ¥ µ¸¢µ¨ÉÓ ³¥Éµ¤Ò ±² ¸¸¨±µ¢ ¨ ¶·¨³¥´¨ÉÓ ¨Ì ¤²Ö ·¥Ï¥´¨Ö  ±-
ÉÊ ²Ó´ÒÌ ¶·µ¡²¥³ ¸µ¢·¥³¥´´µ° Ë¨§¨±¨.

�Ê±µ¶¨¸Ó ¶µ¤£µÉµ¢²¥´  ± ¶¥Î É¨ �. �. ƒÊ¸¥¢Ò³.

‚. H. �¥·¢ÊÏ¨´

‚‚…„…�ˆ…

“¸¶¥Ì ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¢ µ¡ÑÖ¸´¥´¨¨ Ï¨·µ±µ£µ ±·Ê£  Ë¨§¨-
Î¥¸±¨Ì Ö¢²¥´¨° ¸¤¥² ² ¥¥ ¢ ¦´¥°Ï¨³ § ¢µ¥¢ ´¨¥³ ·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ°
É¥µ·¨¨. �´  ¡Ò²  ¸µ§¤ ´  · ´ÓÏ¥ ¤·Ê£¨Ì ±¢ ´Éµ¢ÒÌ ¶µ²¥¢ÒÌ É¥µ·¨° ¨ ¸²Ê-
¦¨²  ¤²Ö ´¨Ì ¶·µµ¡· §µ³. �¤´ ±µ ¨ ¸ ³  ±¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨±  ¸µ ¢·¥-
³¥´¨ ¸¢µ¥£µ ¢µ§´¨±´µ¢¥´¨Ö ¶·¥É¥·¶¥²  §´ Î¨É¥²Ó´Ò¥ ¨§³¥´¥´¨Ö. ‘µ§¤ ´¨¥
É¥µ·¨¨ ¶¥·¥´µ·³¨·µ¢µ± ¸ÊÐ¥¸É¢¥´´µ · ¸Ï¨·¨²µ µ¡² ¸ÉÓ ¥¥ ¶·¨³¥´¥´¨°.

� ·Ö¤Ê ¸ ÔÉ¨³ ¸µ¢¥·Ï¥´¸É¢µ¢ ² ¸Ó Ëµ·³Ê²¨·µ¢±  ¥¥ µ¸´µ¢´ÒÌ Ê· ¢´¥-
´¨°, ÌµÉÖ, · §Ê³¥¥É¸Ö, §¤¥¸Ó ¶·µ£·¥¸¸ ¡Ò² ³¥´¥¥ § ³¥É¥´. � ¢¥´¸É¢µ ´Ê²Õ
³ ¸¸Ò ¶µ±µÖ ËµÉµ´  ¸ ¸ ³µ£µ ´ Î ²  ¢Ò§¢ ²µ µ¶·¥¤¥²¥´´Ò¥ É·Ê¤´µ¸É¨ ¶·¨
±¢ ´Éµ¢ ´¨¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. ‚Ò· ¡µÉ±  Ê¤µ¡´µ£µ ¨ Ö¢´µ ±µ¢ ·¨-
 ´É´µ£µ Ëµ·³ ²¨§³  ¶·µ¤µ²¦ ² ¸Ó ¢¶²µÉÓ ¤µ ´¥¤ ¢´¥£µ ¢·¥³¥´¨.

� ¸ÉµÖÐ¨° µ¡§µ· ¶µ¸¢ÖÐ¥´ ¨§²µ¦¥´¨Õ µ¸´µ¢´ÒÌ Ëµ·³Ê²¨·µ¢µ± ±¢ ´Éµ-
¢µ° Ô²¥±É·µ¤¨´ ³¨±¨. �·¨ ÔÉµ³ · ¸¸³µÉ·¥´¨¥ µ£· ´¨Î¨¢ ¥É¸Ö Éµ²Ó±µ Ê· ¢-
´¥´¨Ö³¨ ¤²Ö µ¶¥· Éµ·µ¢ ¶µ²Ö ¨ ´¥ § É· £¨¢ ¥É Ê· ¢´¥´¨° ¤²Ö ¢¥±Éµ·µ¢ ¸µ-
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¸ÉµÖ´¨Ö, ËÊ´±Í¨° ƒ·¨´  ¨ É. ¤. ‚ · §¤. 1 µÉ³¥Î ÕÉ¸Ö É·Ê¤´µ¸É¨ ¸ ±¢ ´Éµ¢ -
´¨¥³ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¨ ¢¢µ¤¨É¸Ö · §²µ¦¥´¨¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ² , ±µ-
Éµ·µ¥ ¸²Ê¦¨É µ¸´µ¢µ° ¢¸¥£µ ¤ ²Ó´¥°Ï¥£µ ¨§²µ¦¥´¨Ö. ‚ · §¤. 2 · ¸¸³ É·¨-
¢ ¥É¸Ö ´ ¨¡µ²¥¥ ¸É · Ö Ëµ·³Ê²¨·µ¢±  Ô²¥±É·µ¤¨´ ³¨±¨ Å Ô²¥±É·µ¤¨´ ³¨± 
¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. �É  ¶¥·¢ Ö Ëµ·³Ê²¨·µ¢±  Ô²¥±É·µ¤¨´ ³¨±¨ ¡Ò² 
¸µ§¤ ´  „¨· ±µ³ [1] ¨ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´  ƒ¥°§¥´¡¥·£µ³ ¨ � Ê²¨ [2]. �´  ´¥
ÊÉ· É¨²  ¸¢µ¥£µ §´ Î¥´¨Ö ¨ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö, ´µ ´¥¸±µ²Ó±µ ´¥Ê¤µ¡´  ¨§-§ 
µÉ¸ÊÉ¸É¢¨Ö Ö¢´µ° ±µ¢ ·¨ ´É´µ¸É¨ Ê· ¢´¥´¨°. ‚ · §¤. 3 µ¡¸Ê¦¤ ÕÉ¸Ö Ëµ·³Ê²¨-
·µ¢±¨ Ô²¥±É·µ¤¨´ ³¨±¨ ¢ É¥·³¨´ Ì ´ ¶·Ö¦¥´´µ¸É¥°. ‚ É ±¨Ì Ëµ·³Ê²¨·µ¢-
± Ì ´¥É É·Ê¤´µ¸É¥° ¸ ¢Ò¡µ·µ³ ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨°, µ¤´ ±µ µ´¨
É ±¦¥ ´¥Ê¤µ¡´Ò, É ± ± ± ¨³¥ÕÉ ´¥²µ± ²Ó´Ò° ¢¨¤. � §¤¥² 4 ¶µ¸¢ÖÐ¥´ Ô²¥±-
É·µ¤¨´ ³¨±¥ ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö, ±µÉµ· Ö µ¡² -
¤ ¥É Ö¢´µ° ±µ¢ ·¨ ´É´µ¸ÉÓÕ ¨ ¶µÉµ³Ê ¨¸¶µ²Ó§Ê¥É¸Ö ´ ¨¡µ²¥¥ Ï¨·µ±µ. �´ 
¡Ò²  ¸µ§¤ ´  ¢ 1932 £. ”¥·³¨ [3], ±µÉµ·Ò° ¶·¥µ¤µ²¥² É·Ê¤´µ¸ÉÓ ¸ É· ±Éµ¢±µ°
Ê¸²µ¢¨Ö ‹µ·¥´Í  ¢ µ¶¥· Éµ·´µ³ ¸³Ò¸²¥ ¶ÊÉ¥³ ´ ²µ¦¥´¨Ö ÔÉµ£µ Ê¸²µ¢¨Ö ´ 
¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö. ”µ·³Ê²¨·µ¢±  ”¥·³¨ ´¥µ¤´µ±· É´µ ¶µ¤¢¥·£ ² ¸Ó ±·¨-
É¨±¥ ¨ ¶¥·¥¸³µÉ·Ê. ’ ±, ¢ 1949Ä1950 ££. µ¡´ ·Ê¦¨²µ¸Ó, ÎÉµ ¤µ¶µ²´¨É¥²Ó´µ¥
Ê¸²µ¢¨¥ ”¥·³¨ ¶·µÉ¨¢µ·¥Î¨¢µ [4Ä6]. �µ¸²¥ ÔÉµ£µ ¢ 1950 £. ƒÊ¶É  [7] (¸³.
É ±¦¥ [8]) ¶·¨¤ ² ¤µ¶µ²´¨É¥²Ó´µ³Ê Ê¸²µ¢¨Õ ±µ··¥±É´ÊÕ Ëµ·³Ê, ¨, ÎÉµ µÎ¥´Ó
¸ÊÐ¥¸É¢¥´´µ, ¢ÒÖ¸´¨², ÎÉµ Ëµ·³Ê²¨·µ¢±  ”¥·³¨ ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ¢¥¤¥É ±
´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±¥ ¢ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸µ¸ÉµÖ´¨°. �¤´ ±µ ¨
ÔÉµÉ Ëµ·³ ²¨§³ ¶µ¤¢¥·£¸Ö ±·¨É¨±¥ ¸ 1958 £., ±µ£¤  ‘Ê´ ± ¢  [9] Ê± § ², ÎÉµ
µ´ ´¥±µ¢ ·¨ ´É¥´∗. ”µ·³ ²¨§³ ƒÊ¶ÉÒ ¡Ò² Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´ ¨ ¢³¥¸É¥ ¸ É¥³
Ê¶·µÐ¥´ (¸³. [10, 11] ¨ [12]), ¨ É¥¶¥·Ó Ô²¥±É·µ¤¨´ ³¨±  ¸ ¶µ¶¥·¥Î´µ° ± -
²¨¡·µ¢±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö ¶·¨´Ö²  § ±µ´Î¥´´ÊÕ Ëµ·³Ê. �Ê´±ÉÒ 1Ä6
¨ 10 · §¤. 4 ¶·¥¤¸É ¢²ÖÕÉ ¶µ²´Ò°  ´ ²¨§ ÔÉµ° ¸ ³µ° Ê¤µ¡´µ° ¨ ´ ¨¡µ²¥¥
· ¸¶·µ¸É· ´¥´´µ° Ëµ·³Ê²¨·µ¢±¨. ‚ Î ¸É´µ¸É¨, ¢ ¶. 4.5 ¶µ²ÊÎ¥´ ¶·µ¸Éµ° ·¥-
Í¥¶É ¶µ¸É·µ¥´¨Ö ¢ ±µ³¶ ±É´µ° Ëµ·³¥ ¸µ¸ÉµÖ´¨°, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì Ê¸²µ¢¨Õ
‹µ·¥´Í Ä”¥·³¨ÄƒÊ¶ÉÒ ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö,   ¢ ¶. 4.6 ¨§ÊÎ¥´µ
¢²¨Ö´¨Ö ÔÉµ£µ Ê¸²µ¢¨Ö ´  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ S-³ É·¨ÍÒ. �¤´µ¢·¥³¥´´µ
¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ¤ ´´µ° Ëµ·³Ê²¨·µ¢±¨ ¸ Ëµ·³Ê²¨·µ¢±µ° ¢ ± ²¨¡·µ¢±¥
¨§²ÊÎ¥´¨Ö. �±¢¨¢ ²¥´É´Ò°  ´ ²¨§ Ê· ¢´¥´¨° ¢ £¥°§¥´¡¥·£µ¢¸±µ³ ¶·¥¤¸É ¢²¥-
´¨¨ ¤ ´ ¢ ¶¶. 4.2 ¨ 4.3.

‘·¥¤¸É¢µ³, ¶µ§¢µ²ÖÕÐ¨³ ¸¢Ö§ ÉÓ · §²¨Î´Ò¥ Ëµ·³Ê²¨·µ¢±¨ ¨ ¶µ´ÖÉÓ ¢¸¥
Ì · ±É¥·´Ò¥ ¸¢µ°¸É¢  Ô²¥±É·µ¤¨´ ³¨±¨, ¸²Ê¦¨É ¸¶¥Í¨ ²Ó´Ò° 4-³¥·´Ò° ¡ §¨¸
¢ p-¶·µ¸É· ´¸É¢¥, ±µÉµ·Ò° ¢¢µ¤¨É¸Ö ¢ ¶. 1.2. �´ ¤ ¥É £¥µ³¥É·¨Î¥¸±µ¥ ¶·¥¤¸É -
¢²¥´¨¥ Ìµ·µÏµ ¨§¢¥¸É´µ³Ê · §²µ¦¥´¨Õ 4-¢¥±Éµ·-¶µÉ¥´Í¨ ²  ´  ¶µ¶¥·¥Î´Ò¥,
¶·µ¤µ²Ó´ÊÕ ¨ ¢·¥³¥´´ÊÕ (¸± ²Ö·´ÊÕ) Î ¸É¨.

∗�  ¸ ³µ³ ¤¥²¥, ± ± ¶µ± § ´µ ¢ ¶. 4.6, ¸É ·Ò° Ëµ·³ ²¨§³ ƒÊ¶ÉÒ ±µ¢ ·¨ ´É¥´, ´µ Éµ²Ó±µ
¥£µ ±µ¢ ·¨ ´É´µ¸ÉÓ ´¥ Ö¢²Ö¥É¸Ö Ö¢´µ° ÉµÎ´µ É ± ¦¥, ± ± ¢ ¸²ÊÎ ¥ ± ²¨¡·µ¢±¨ ¨§²ÊÎ¥´¨Ö (· §¤. 2).
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‚ · §¤. 5 § É·µ´ÊÉÒ ´¥±µÉµ·Ò¥ ¢µ¶·µ¸Ò É¥µ·¨¨ ¶·¥µ¡· §µ¢ ´¨° ¢ £¨²Ó-
¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥. ‚ ¶·¨²µ¦¥´¨¨ 1 ¶·µ¢¥¤¥´µ ¸µ¶µ¸É ¢²¥´¨¥ ¸ É¥µ·¨¥°
³ ¸¸¨¢´µ£µ ¢¥±Éµ·´µ£µ ¶µ²Ö,   ¢ ¶·¨²µ¦¥´¨¨ 2 ¨§²µ¦¥´ ¸É ·Ò° Ëµ·³ ²¨§³
„¨· ± , ¢ ±µÉµ·µ³ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ¸¢µ¤¨É¸Ö ± ´ ¡µ·Ê µ¸Í¨²²ÖÉµ·µ¢.

„ ´´Ò° µ¡§µ·, ¥¸É¥¸É¢¥´´µ, ´¥ Ö¢²Ö¥É¸Ö ¶µ²´Ò³. � ¶·¨³¥·, ´¥ µ¡¸Ê-
¦¤ ÕÉ¸Ö Ô²¥±É·µ¤¨´ ³¨±  ¢ β-Ëµ·³ ²¨§³¥ [13] ¨ ¸¶¨´µ·´ Ö Ëµ·³Ê²¨·µ¢± 
Ô²¥±É·µ¤¨´ ³¨±¨ (¸³. [14]). �¤´ ±µ µ¡§µ· ³µ¦¥É ¡ÒÉÓ ¶µ²¥§¥´ ¨ ¤²Ö ¶µ-
´¨³ ´¨Ö ÔÉ¨Ì Ëµ·³Ê²¨·µ¢µ±. �¡¸Ê¦¤ ¥³Ò¥ ¢ µ¡§µ·¥ ¢µ¶·µ¸Ò É ± ¨²¨ ¨´ Î¥
§ É· £¨¢ ²¨¸Ó ´¥ Éµ²Ó±µ ¢ ¦Ê·´ ²Ó´ÒÌ ¸É ÉÓÖÌ, ´µ ¨ ¢ ³µ´µ£· Ë¨ÖÌ [15Ä22].
ŒÒ ¸É · ²¨¸Ó ¨§²µ¦¨ÉÓ ¨Ì ¡µ²¥¥ ¶µ²´µ, ¸ ¥¤¨´µ° ÉµÎ±¨ §·¥´¨Ö.

1. “��‚�…�ˆŸ Œ�Š‘‚…‹‹� „‹Ÿ ‚…Š’��-��’…�–ˆ�‹�
�‹…Š’��Œ�ƒ�ˆ’��ƒ� ��‹Ÿ

1.1. ’·Ê¤´µ¸É¨ ¸ ±¢ ´Éµ¢ ´¨¥³ ¢¥±Éµ·-¶µÉ¥´Í¨ ² . �²¥±É·µ³ £´¨É´µ¥
¶µ²¥ ³Ò ¡Ê¤¥³ µ¶¨¸Ò¢ ÉÓ ¶·¨ ¶µ³µÐ¨ ¢¥±Éµ·-¶µÉ¥´Í¨ ²  Aµ,   Ô²¥±É·µ´´µ-
¶µ§¨É·µ´´µ¥ ¶µ²¥ Å ¶·¨ ¶µ³µÐ¨ ¤¨· ±µ¢¸±µ£µ ¸¶¨´µ·  ψ. ’µ£¤  ¨¸Ìµ¤´Ò°
² £· ´¦¨ ´ É¥µ·¨¨ Œ ±¸¢¥²²  ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

L = −1
4
Fµν Fµν + jµAµ − ψ̄(γ∂ + M)ψ (γ∂ = γµ∂µ), (1)

£¤¥

Fµν = ∂µAν − ∂νAµ, (2)

jµ = ıψ̄γµψ, (3)

a e Å § ·Ö¤ Ô²¥±É·µ´ . ˆ§ ² £· ´¦¨ ´  (1) ¸²¥¤ÊÕÉ Ê· ¢´¥´¨Ö

∂λ Fλν = −jν , (4)

(γ∂ + M)ψ = −ıeγµψAµ. (5)

‹ £· ´¦¨ ´ (1) ¨ Ê· ¢´¥´¨Ö (4) ¨ (5) µ¡² ¤ ÕÉ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ-
¸ÉÓÕ, É. ¥. ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨°

AΛ
µ = Aµ + ∂µΛ, ψ ⇒ ψΛ = exp [ıeΛ]ψ (6)

¸ ¸µ¢¥·Ï¥´´µ ¶·µ¨§¢µ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ Λ(x). ’ ± Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¥¸ÉÓ
¸·¥¤¸É¢µ ¶·¨ ´Ê²¥¢µ° ³ ¸¸¥ ¢¥±Éµ·´µ£µ ¶µ²Ö Aµ ¨¸±²ÕÎ¨ÉÓ ¸¶¨´ 0 ¨ ¶µ-
§¢µ²¨ÉÓ ¢§ ¨³µ¤¥°¸É¢µ¢ ÉÓ Éµ²Ó±µ ¸¶¨´Ê 1 (¸³.  ´ ²¨§ ÔÉµ£µ ¢µ¶·µ¸  ¢ [23]).
�¡ÒÎ´ Ö ¶·µÍ¥¤Ê·  ± ´µ´¨Î¥¸±µ£µ ±¢ ´Éµ¢ ´¨Ö [2]∗ ¸µ¸Éµ¨É ¢ ¢Ò· ¦¥´¨¨ ¶¥-
·¥³¥´´ÒÌ ¶µ²Ö ´  Ö§Ò±¥ ¸µ¶·Ö¦¥´´ÒÌ ±µµ·¤¨´ É q ¨ ¨³¶Ê²Ó¸µ¢ p, ´  ±µÉµ·Ò¥

∗‘³. É ±¦¥ [17]. „·Ê£¨¥ ¸¶µ¸µ¡Ò ±¢ ´Éµ¢ ´¨Ö ¸³. ¢ [16, 18, 24Ä26].
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´ ±² ¤Ò¢ ÕÉ¸Ö ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö

[q, q′] = 0, [p, p′] = 0, [q, p] = ıl. (7)

…¸²¨ ¢ ² £· ´¦¨ ´¥ (1) ¢ ± Î¥¸É¢¥ ±µµ·¤¨´ É Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¶·¨´ÖÉÓ
Amu(x), Éµ ¨³ ¡Ê¤ÊÉ ± ´µ´¨Î¥¸±¨ ¸µ¶·Ö¦¥´Ò ¨³¶Ê²Ó¸Ò

Πµ = − δL(x)
δ∂4Aµ

= F4µ. (8)

�¥¶µ¸·¥¤¸É¢¥´´µ¥ ±¢ ´Éµ¢ ´¨¥ ¸µ£² ¸´µ (7), É. ¥. ¶µ¸ÉÊ²¨·µ¢ ´¨¥ µ¤´µ-
¢·¥³¥´´ÒÌ (x0 = y0) ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨°

[Aµ(x), Aν(y)] = 0, [F4µ(x), F4ν(y)] = 0,

(9)
[Aµ(x), F4ν(y)] = δµνδ(x − y),

[Aµ(x), ψ(y)] = 0, [Fµν(x), ψ(y)] = 0, (10)

[ψ(x), ψ(y)] = 0, [ψ(x), ψ̄(y)] = γ4δ(x − y), (11)

´¥¢µ§³µ¦´µ [2,27], ¶µ¸±µ²Ó±Ê

Π4 = F44 = 0. (12)

‚ Éµ ¦¥ ¢·¥³Ö ¸·¥¤¨ Ê· ¢´¥´¨° (4) ´¥É É ±µ£µ Ê· ¢´¥´¨Ö, ±µÉµ·µ¥ ¶µ§¢µ²¨²µ
¡Ò ¶·Ö³µ ¢Ò· §¨ÉÓ A4 Î¥·¥§ ¤·Ê£¨¥ ±µµ·¤¨´ ÉÒ ¨ ¨³¶Ê²Ó¸Ò∗, ± ±, ´ ¶·¨-
³¥·, ¢ ¸²ÊÎ ¥ ¢¥±Éµ·´µ£µ ¶µ²Ö Aµ ¸ ´¥´Ê²¥¢µ° ³ ¸¸µ°∗∗ (¸³. [17],   É ±¦¥
¶·¨²µ¦¥´¨¥ 1). ’ ±¨³ µ¡· §µ³, ¥¸²¨ ¨¸Ìµ¤¨ÉÓ ¨§ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¤²Ö
¢¥±Éµ·-¶µÉ¥´Í¨ ² , Éµ ´¥ Ê¤ ¥É¸Ö ´ °É¨ µ¤´µ¢·¥³¥´´Ò¥ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µ-
µÉ´µÏ¥´¨Ö ¤²Ö ¢¸¥Ì Î¥ÉÒ·¥Ì ±µ³¶µ´¥´É ¢¥±Éµ·-¶µÉ¥´Í¨ ²  Aµ [2, 27] (ÎÉµ
¸¢Ö§ ´µ ¸ ± ²¨¡·µ¢µÎ´Ò³ ¶·µ¨§¢µ²µ³ Aµ). �µÔÉµ³Ê ´¥µ¡Ìµ¤¨³  É  ¨²¨ ¨´ Ö
³µ¤¨Ë¨± Í¨Ö ¨¸Ìµ¤´ÒÌ Ê· ¢´¥´¨°.

1.2. � §²µ¦¥´¨¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ² . ‚ ¤ ²Ó´¥°Ï¥³ ¢ ¦´ÊÕ ·µ²Ó ¡Ê¤¥É
¨£· ÉÓ · §¡¨¥´¨¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ²  ´  ¸µ¸É ¢²ÖÕÐ¨¥ ¸ ¡µ²¥¥ ¶·Ö³Ò³ Ë¨-
§¨Î¥¸±¨³ ¸³Ò¸²µ³, Î¥³ ±µ³¶µ´¥´ÉÒ Aµ, µÉ´µ¸ÖÐ¨¥¸Ö ± ¸µ¢¥·Ï¥´´µ ¶·µ¨§-
¢µ²Ó´µ³Ê ¡ §¨¸Ê. �¥·¥°¤¥³ ¢ p-¶·µ¸É· ´¸É¢µ:

Ãµ(p) =
∫

d4x e−ıpxAµ(x). (13)

∗�  ¸ ³µ³ ¤¥²¥, A4 ¨¸±²ÕÎ¨ÉÓ ³µ¦´µ, ¥¸²¨ ¤µ¶Ê¸É¨ÉÓ ´¥²µ± ²Ó´Ò¥ µ¶¥· Í¨¨. �ÉµÉ ¶ÊÉÓ
¢¥¤¥É ± Ëµ·³Ê²¨·µ¢±¥ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö, ±µÉµ· Ö ¡Ê¤¥É µ¡¸Ê¦¤ ÉÓ¸Ö ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥.

∗∗’o ¥¸ÉÓ ±µ£¤  ¢ ² £· ´¦¨ ´ (1) ¤µ¡ ¢²¥´ Î²¥´ −(1/2)m2AµAµ.
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”¨§¨Î¥¸±¨° ¸³Ò¸² ¨³¥ÕÉ ´¥¨§µÉ·µ¶´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥ Ãµ(p), µ·Éµ£µ´ ²Ó´Ò¥
± ¢¥±Éµ·Ê pµ:

pµÃµ(p) = 0. (14)

ˆ³¥´´µ ´¥¨§µÉ·µ¶´Ò¥ ¢¥±Éµ·Ò Ãµ(p), Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ Ê¸²µ¢¨Õ (14), µ¶¨-
¸Ò¢ ÕÉ ¸µ¸ÉµÖ´¨Ö ¶µ²Ö·¨§ Í¨¨, µÉ¢¥Î ÕÐ¨¥ ¸¶¨´Ê 1 ¨ ¶·¨ ¢·¥³¥´¨¶µ¤µ¡´µ³
¨³¶Ê²Ó¸¥, ¨ ¶·¨ ¨§µÉ·µ¶´µ³. �´ ²¨§¨·ÊÖ (14), Í¥²¥¸µµ¡· §´µ ¢¢¥¸É¨ ¡ §¨¸,
µ¤´¨³ ¨§ µ·Éµ¢ ±µÉµ·µ£µ ¡Ò² ¡Ò ¨³¶Ê²Ó¸ pµ. �·¨ ÔÉµ³ ´Ê¦´µ µÌ¢ É¨ÉÓ
¸²ÊÎ ° ¨§µÉ·µ¶´µ£µ ¢¥±Éµ·  p, É ± ± ± ¨³¥´´µ É ±µ° ¨³¶Ê²Ó¸ ¸µµÉ¢¥É¸É¢Ê¥É
¨§²ÊÎ ¥³Ò³ ËµÉµ´ ³. �¤´ ±µ ¸¨ÉÊ Í¨Ö ¸ ¨§µÉ·µ¶´Ò³ ¢¥±Éµ·µ³ pµ ´¥ ¸µ¢¸¥³
¶·¨¢ÒÎ´ Ö.

„²Ö ²Õ¡µ£µ (¢·¥³¥´¨¶µ¤µ¡´µ£µ, ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ£µ ¨²¨ ¨§µÉ·µ¶-
´µ£µ) ²µ·¥´Íe¢¸±µ£µ ¢¥±Éµ·  pµ ¢¸¥£¤  ³µ¦´µ ¶µ¸É·µ¨ÉÓ ¤¢  µ·Éµ£µ´ ²Ó´ÒÌ

± ´¥³Ê ¨ ³¥¦¤Ê ¸µ¡µ° ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´ÒÌ ¢¥±Éµ·  e
(1)
µ ¨ e

(2)
µ

∗:

pe(i) = 0, e(i)e(j) = δij . (15)

„ ²¥¥, ¶µ²¥§´µ µÉ³¥É¨ÉÓ, ÎÉµ
a) É·¥É¨° µ·Éµ£µ´ ²Ó´Ò° ± pµ, e

(1)
µ , e

(2)
µ ¢¥±Éµ·∗∗ eµ ¡Ê¤¥É ¶·µ¸É· ´¸É¢¥´-

´µ¶µ¤µ¡´Ò³, ¥¸²¨ pµ Å ¢·¥³¥´¨¶µ¤µ¡´Ò°;
¢·¥³¥´¨¶µ¤µ¡´Ò³, ¥¸²¨ pµ Å ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò°;
¨§µÉ·µ¶´Ò³ ¨ ±µ²²¨´¥ ·´Ò³ pµ, ¥¸²¨ pµ Å ¨§µÉ·µ¶´Ò°.
¡) ‚¸Ö±¨° ¢¥±Éµ· vµ, µ·Éµ£µ´ ²Ó´Ò° ± ¨§µÉ·µ¶´µ³Ê ¢¥±Éµ·Ê pµ, ²¨´¥°´µ

¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¸ ³ ÔÉµÉ ¢¥±Éµ· pµ ¨ ¤¢  ´¥¨§µÉ·µ¶´ÒÌ (¶·µ¸É· ´¸É¢¥´´µ-

¶µ¤µ¡´ÒÌ) ¢¥±Éµ· , µ·Éµ£µ´ ²Ó´ÒÌ ¥³Ê∗∗∗ (e(1)
µ ¨ e

(2)
µ ):

vµ = ae(1)
µ + be(2)

µ + cpµ. (16)

ŠµÔËË¨Í¨¥´É c ´¥ ³µ¦¥É ¡ÒÉÓ Ë¨±¸¨·µ¢ ´´Ò³ ¨ µ¸É ¥É¸Ö ¸µ¢¥·Ï¥´´µ ¶·µ-
¨§¢µ²Ó´Ò³ [29].

�·µ¸É· ´¸É¢µ ¢¥±Éµ·µ¢ vµ Å ¶µ¢¥·Ì´µ¸ÉÓ, ± ¸ É¥²Ó´ Ö ± ¸¢¥Éµ¢µ³Ê ±µ-
´Ê¸Ê [29]. ’·¥Ì³¥·´ Ö ³µ¤¥²Ó ¶·µ¸É· ´¸É¢  É ±¨Ì ¢¥±Éµ·µ¢ v = ae + cp
¨§µ¡· ¦¥´  ´  ·¨¸Ê´±¥. Šµ£¤  ¨³¶Ê²Ó¸ ¶·µ¡¥£ ¥É ¢¸¥ §´ Î¥´¨Ö ´  ¸¢¥Éµ¢µ³
±µ´Ê¸¥, £¨¶¥·¶²µ¸±µ¸ÉÓ µ·Éµ£µ´ ²Ó´ Ö ± ´¥³Ê, ¢Ò³¥É ¥É ¶µ¤¶·µ¸É· ´¸É¢µ,
¸µ¤¥·¦ Ð¥¥ ¢¸¥ ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò¥ ¨ ¨§µÉ·µ¶´Ò¥ ¢¥±Éµ·Ò (É. ¥. ¢¸¥
¶·µ¸É· ´¸É¢µ ¢´¥ ±µ´Ê¸  ¨ ¸ ³ ±µ´Ê¸). ‚´ÊÉ·¥´´ÖÖ Î ¸ÉÓ ±µ´Ê¸ , ¸µ¤¥·¦ Ð Ö
¢¸¥ ¢·¥³¥´¨¶µ¤µ¡´Ò¥ ¢¥±Éµ·Ò, µ¸É ¥É¸Ö ¸µ¢¥·Ï¥´´µ ´¥ § É·µ´ÊÉµ°.

∗’ ± ± ± ¢¸Ö±¨° ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò°, ¢·¥³¥´¨¶µ¤µ¡´Ò° ¨²¨ ¨§µÉ·µ¶´Ò° ¢¥±Éµ·
³µ¦´µ ¶·¥µ¡· §µ¢ ÉÓ ± ¢¨¤Ê (0, 0, p3, p4).

∗∗�ÉµÉ Î¥É¢¥·ÉÒ° ¢¥±Éµ· ³µ¦´µ ¶µ¸É·µ¨ÉÓ ¢ ¢¨¤¥ e
(3)
µ = εµνλρe

(1)
ν e

(2)
λ pρ, ¶·¨Î¥³ ³µ¦´µ

¤µ± § ÉÓ, ÎÉµ ±µ£¤  ¢¥±Éµ· pµ ¨§µÉ·µ¶¥´, Éµ É ± ¶µ¸É·µ¥´´Ò° ¢¥±Éµ· e
(3)
µ = −pµ.

∗∗∗�Éµ ÊÉ¢¥·¦¤¥´¨¥ Å Î ¸É´Ò° ¸²ÊÎ ° É¥µ·¥³Ò, ¶·¨¢¥¤¥´´µ° Ê �°§¥´Ì ·É  [28].
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¢) �¥É ´¨ µ¤´µ£µ ¢·¥³¥´¨¶µ¤µ¡´µ-
£µ ¢¥±Éµ· , µ·Éµ£µ´ ²Ó´µ£µ ± ¨§µÉ·µ¶-
´µ³Ê,   ²Õ¡µ° ¢¥±Éµ· vµ (16) ²¨¡µ ¶·µ-
¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò°, ²¨¡µ ¨§µÉ·µ¶-
´Ò° (¶µ¸²¥¤´¥¥ Éµ²Ó±µ ¶·¨ a = b = 0).

ˆÉ ±, ÌµÉÖ ²Õ¡µ° ¢¥±Éµ· pµ ³µ¦´µ
¤µ¶µ²´¨ÉÓ É·µ°±µ° µ·Éµ£µ´ ²Ó´ÒÌ ±
´¥³Ê ¨ ³¥¦¤Ê ¸µ¡µ° ¢¥±Éµ·µ¢, ´µ µ´¨
¢³¥¸É¥ ¸µ¸É ¢ÖÉ µ·Éµ£µ´ ²Ó´Ò° ¡ §¨¸
4-³¥·´µ£µ ¶·µ¸É· ´¸É¢  Éµ²Ó±µ Éµ£¤ ,
±µ£¤  pµ ´¥¨§µÉ·µ¶¥´. �·¨ ´¥¨§µÉ·µ¶-
´µ³ pµ ³Ò, µÎ¥¢¨¤´µ, ³µ¦¥³ § ¶¨¸ ÉÓ
Ê¸²µ¢¨¥ ¶µ²´µÉÒ ¡ §¨¸  ¢ ¢¨¤¥

3∑
i=0

e(i)
µ e(i)

ν +
pµpν

p2
= δµν . (17)

�¤´ ±µ, ¥¸²¨ pµ ¨§µÉ·µ¶¥´, Éµ ¢ Ê¶µ³Ö´ÊÉÊÕ É·µ°±Ê ¢Ìµ¤¨É µ´ ¸ ³. �µÔÉµ³Ê
¡ §¨¸, ¸µ¤¥·¦ Ð¨° ¨§µÉ·µ¶´Ò° ¢¥±Éµ·, ´¥ ³µ¦¥É ¡ÒÉÓ µ·Éµ£µ´ ²Ó´Ò³. “¤µ¡-
´Ò° ´¥µ·Éµ£µ´ ²Ó´Ò° ¡ §¨¸, ¶·¨£µ¤´Ò° ´¥ Éµ²Ó±µ ¶·¨ ¨§µÉ·µ¶´µ³, ´µ É ±¦¥
¶·¨ ¢·¥³¥´¨¶µ¤µ¡´µ³ ¨²¨ ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ³ ¢¥±Éµ·¥ pµ, ¶µ²ÊÎ ¥É¸Ö,

¥¸²¨ ¤µ¶µ²´¨ÉÓ e
(1)
µ , e

(2)
µ ¨ pµ ± ±¨³-²¨¡µ ´¥§ ¢¨¸¨³Ò³ ¢·¥³¥´¨¶µ¤µ¡´Ò³

¢¥±Éµ·µ³ nµ ¸µ ¸¢µ°¸É¢ ³¨

ne(i) = 0 (i = 1, 2), n2 = −1. (18)

‘µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ ¤²Ö É ±µ° Î¥É¢¥·±¨ ¢¥±Éµ·µ¢ ¨³¥¥É ¢¨¤∗

3∑
i=0

e(i)
µ e(i)

ν +
[pµ + (np)nµ][pν + (np)nν ]

p2 + (np)2
− nµnν = δµν . (19)

‘ ¶µ³µÐÓÕ ÔÉµ£µ ¸µµÉ´µÏ¥´¨Ö ¸· §Ê ¦¥ ¶µ²ÊÎ ¥É¸Ö ´Ê¦´µ¥ ´ ³ · §²µ¦¥´¨¥
¢¥±Éµ·-¶µÉ¥´Í¨ ² 

Ãµ =
3∑

i=0

e(i)
µ (e(i)Ã) +

[pµ + (np)nµ][(pÃ) + (np)(nÃ)]
p2 + (np)2

− nµ(nÃ). (20)

∗…£µ ³µ¦´µ ¢Ò¢¥¸É¨ ¶·Ö³µ ¨²¨ ¦¥, ¸²¥¤ÊÖ Œ¨Ï¥²Õ [30], ¶·¨¡¥£´ÊÉÓ ± µ·Éµ£µ´ ²¨§ Í¨¨,

¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¶µ²ÊÎ¨³ 4 ¢§ ¨³´µ µ·Éµ£µ´ ²Ó´ÒÌ ¢¥±Éµ·  e
(1)
µ , e

(2)
µ , nµ ¨ pµ + (np)nµ. ‚

É¥·³¨´ Ì É ±¨Ì ¢¥±Éµ·µ¢ ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ (10), ± ± ³Ò ¢¨¤¨³, ¢Ò£²Ö¤¨É ÉµÎ´µ É ± ¦¥, ± ±
¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ (17).
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…¸²¨ ¢¢¥¸É¨ ¸µ¸É ¢²ÖÕÐÊÕ

Ãr
µ =

3∑
i=0

e(i)
µ (e(i)Ã), (21)

Éµ ³µ¦´µ § ¶¨¸ ÉÓ · §²µ¦¥´¨¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ²  ¢ ¢¨¤¥

Ãµ = Ãr
µ +

[pµ + (np)nµ][(pÃ) + (np)(nÃ)]
p2 + (np)2

− nµ(nÃ), (22)

¨²¨ ¢ x-¶·¥¤¸É ¢²¥´¨¨

Aµ = Ar
µ +

[∂µ + nµ(n∂)][(pA) + (np)(nA)]
� + (n∂)2

− nµ(n A). (23)

’ ±µ¥ · §²µ¦¥´¨¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ²  ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¢ ²¨É¥· ÉÊ·¥ ³´µ-
£¨³¨ [6,31Ä33]∗. „²Ö Ar

µ Ì · ±É¥·´Ò ¸¢µ°¸É¢ 

∂µAr
µ = 0, nµAr

µ = 0. (24)

�·¨ Î ¸É´µ³ ¢Ò¡µ·¥ ¢¥±Éµ·  nµ ¢ ¢¨¤¥ nµ = [0, 0, 0, ı] ¸µµÉ´µÏ¥´¨Ö (23) ¨
(24) ¶·¨³ÊÉ ¢¨¤

Aµ = Ar
µ + δµm∆−1∂m∂nAn + δµ4A4 = 0, (25)

∂kAr
k = 0, Ar

4 = 0, (26)

£¤¥ ² É¨´¸±¨¥ ¨´¤¥±¸Ò ¶·µ¡¥£ ÕÉ Éµ²Ó±µ §´ Î¥´¨Ö 1, 2, 3; ∆ = ∂k∂k Å
µ¶¥· Éµ· ‹ ¶² ¸ . ‚¥²¨Î¨´Ò Ar

n, ∂nAn ¨ A4 Î ¸Éµ ´ §Ò¢ ÕÉ ¶µ¶¥·¥Î´µ°,
¶·µ¤µ²Ó´µ° (¢ É·¥Ì³¥·´µ³ ¸³Ò¸²¥) ¨ ¢·¥³¥´´µ° (¸± ²Ö·´µ°∗∗) ¸µ¸É ¢²ÖÕ-
Ð¨³¨ Aµ.

�·¨¢¥¤¥³ ¶·¨³¥· ¶·¨³¥´¥´¨Ö ¸µµÉ´µÏ¥´¨° ¶µ²´µÉÒ (17) ¨ (19). �Ê¸ÉÓ
¨³¥¥É¸Ö ´¥°É· ²Ó´µ¥ ¢¥±Éµ·´µ¥ ¶µ²¥ Aµ(x), ¶µ¤Î¨´ÖÕÐ¥¥¸Ö Ê· ¢´¥´¨Õ Š²¥°-
´ Äƒµ·¤µ´ 

(� − m2)Aµ = 0.

∗�¥·¥Ìµ¤ ± Ëµ·³Ê²¥ (23) ¶µ¤· §Ê³¥¢ ¥É, ÎÉµ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ pµ ¨¸¶µ²Ó§Ê¥É¸Ö µ¤¨´ ¨
ÉµÉ ¦¥ ¢¥±Éµ· nµ ¨ ÎÉµ ¢¥±Éµ· nµ ´¥ § ¢¨¸¨É µÉ ÉµÎ±¨ xµ. ‚ ¸¢Ö§¨ ¸ ¡¥¸±µ´¥Î´µ-¢·¥³¥´´Ò³
Ëµ·³ ²¨§³µ³ ’µ³µ´ £  [34] · ¸¸³ É·¨¢ ²¨ É ±¦¥ ¨ ¢¥±Éµ·Ò, § ¢¨¸ÖÐ¨¥ µÉ ÉµÎ±¨ [31]. ’ ±µ¥
µ¡µ¡Ð¥´¨¥ ´¥É·Ê¤´µ ¶·µ¨§¢¥¸É¨, ´µ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Éµ²Ó±µ ¶µ¸ÉµÖ´´Ò¥ ¢¥±Éµ·Ò nµ.

∗∗ŒÒ ¶·¨³¥´Ö¥³ ´¨¦¥ É¥·³¨´ ®¢·¥³¥´´ Ö¯ ¸µ¸É ¢²ÖÕÐ Ö [21] ¢³¥¸Éµ ¡µ²¥¥ · ¸¶·µ¸É· -
´¥´´µ£µ É¥·³¨´  ®¸± ²Ö·´ Ö¯ ¸µ¸É ¢²ÖÕÐ Ö (¢ É·¥Ì³¥·´µ³ ¸³Ò¸²¥), ·¥§¥·¢¨·ÊÖ ´ §¢ ´¨¥ ®¸± -
²Ö·´ Ö¯ ¸µ¸É ¢²ÖÕÐ Ö ¨ ¸± ²Ö·´Ò¥ ËµÉµ´Ò ¤²Ö ¢¥²¨Î¨´Ò ∂µAµ (Î¥ÉÒ·¥Ì³¥·´µ£µ ¸± ²Ö· ) ¨
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¥° ¸± ²Ö·´ÒÌ ±¢ ´Éµ¢.



“��‚�…�ˆŸ Š‚��’�‚�‰ �‹…Š’��„ˆ��ŒˆŠˆ 747

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö Š²¥°´ Äƒµ·¤µ´  ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´µ ¢ ¢¨¤¥

Aµ =
∫

dp√
(2π)32p0

{aµ(p) eıpx + a∗
µ(p) e−ıpx},

£¤¥ p2 = −m2, a∗
µ = {a∗

1, a
∗
2, a

∗
3, ıa

∗
0},   ¸µÌ· ´ÖÕÐ¨°¸Ö 4-¨³¶Ê²Ó¸ ¶µ²Ö Aµ(x),

µÉ¢¥Î ÕÐ¨° ÔÉµ³Ê Ê· ¢´¥´¨Õ, § ¶¨¸Ò¢ ¥É¸Ö ± ±

Pρ = −ı

∫
T4ρdx =

∫
dppρa

∗
µ(p)aµ(p).

� ²µ¦¨³ É¥¶¥·Ó ´  Aµ(x) Ê¸²µ¢¨¥ ‹µ·¥´Í 

∂µAµ(x) = 0,

¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ±µÉµ·Ò³

pµaµ(p) = 0, pµa∗
µ(p) = 0.

ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨Ö ¶µ²´µÉÒ (17) ¨ (19) ¨ ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÔÉ¨
¤µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö, ´ Ìµ¤¨³, ¸µµÉ¢¥É¸É¢¥´´µ,

Pρ =
∫

dppρ

{
3∑

i=1

(e(i)a)(e(i)a∗) − 1
m2

(pa)(pa∗)

}
=

=
∫

dppρ

{
3∑

i=1

(e(i)a)(e(i)a∗)

}
,

Pρ =
∫

dppρ

{
2∑

i=1

(e(i)a)(e(i)a∗) +

+
[pa + (np)(na)][(pa∗) + (np)(na∗)]

−m2 + (np)2
− (na)(na∗)

}
=

=
∫

dppρ

{
2∑

i=1

(e(i)a)(e(i)a∗) +
m2

−m2 + (np)2
(na)(na∗)

}
.

�¡  ¢Ò· ¦¥´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ Ô´¥·£¨Ö ¥¸ÉÓ ¸Ê³³  ¢±² ¤µ¢ µÉ É·¥Ì ¸É¥¶¥´¥°
¸¢µ¡µ¤Ò,   ´¥ µÉ Î¥ÉÒ·¥Ì, ± ± ¢ µÉ¸ÊÉ¸É¢¨¥ Ê¸²µ¢¨Ö ‹µ·¥´Í .

‚ ¸²ÊÎ ¥ m = 0 ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ ¢ Ëµ·³¥ (17) ´¥¶·¨³¥´¨³µ,  
¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ ¢ Ëµ·³¥ (19) ¤ ¥É

Pρ =
∫

dppρ

{
2∑

i=1

(e(i)a)(e(i)a∗)

}
,
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É. ¥. Ô´¥·£¨Ö µ± §Ò¢ ¥É¸Ö ¸Ê³³µ° ¢±² ¤µ¢ ¢¸¥£µ µÉ ¤¢ÊÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. Š
É ±µ³Ê ¦¥ ¢Ò¢µ¤Ê ³µ¦´µ ¶·¨°É¨ ¨ µÉ´µ¸¨É¥²Ó´µ ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨-
¦¥´¨Ö. �É¨³ ¨²²Õ¸É·¨·Ê¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ¡¥§³ ¸¸µ¢µ¥ ¢¥±Éµ·´µ¥ ¶µ²¥,
¶µ¤Î¨´ÖÕÐ¥¥¸Ö Ê¸²µ¢¨Õ ‹µ·¥´Í , µ¶¨¸Ò¢ ¥É Éµ²Ó±µ ¤¢¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò,
¤¢  ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨Ö.

2. Š‚��’�‚�Ÿ �‹…Š’��„ˆ��ŒˆŠ� ‚ Š�‹ˆ���‚Š…
ˆ‡‹“—…�ˆŸ (”��Œ“‹ˆ��‚Š� „ˆ��Š� )

�¥·¢µ° Ëµ·³Ê²¨·µ¢±µ° ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ³Ò µ¡Ö§ ´Ò „¨· -
±Ê [1]. �¥·¢µ´ Î ²Ó´ Ö É· ±Éµ¢±  „¨· ±µ³ ¶µ²Ö ¨§²ÊÎ¥´¨Ö ± ± ¸µ¢µ±Ê¶´µ¸É¨
±¢ ´Éµ¢ÒÌ µ¸Í¨²²ÖÉµ·µ¢ (¸³. ¶·¨²µ¦¥´¨¥ 2) ¡Ò²  Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´  ƒ¥°-
§¥´¡¥·£µ³ ¨ � Ê²¨ [2] ¨ ¸Ëµ·³Ê²¨·µ¢ ´  ¢ É¥·³¨´ Ì ±µ³¶µ´¥´É ¶µ²Ö. ‚
Ëµ·³Ê²¨·µ¢±¥ ”¥·³¨ [3] ±¢ ´Éµ¢ ²µ¸Ó ²¨ÏÓ ¶µ¶¥·¥Î´µ¥ (¢ É·¥Ì³¥·´µ³ ¸³Ò-
¸²¥) ¶µ²¥ ¨§²ÊÎ¥´¨Ö Ar

m, µ¸É ¢ ¢Ï¥¥¸Ö ¶µ¸²¥ ¢Ò¤¥²¥´¨Ö ±Ê²µ´µ¢¸±µ£µ ¢§ -
¨³µ¤¥°¸É¢¨Ö. �µÔÉµ³Ê É¥¶¥·Ó ÔÉÊ Ëµ·³Ê²¨·µ¢±Ê ´ §Ò¢ ÕÉ Ëµ·³Ê²¨·µ¢±µ°
Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö, ¨²¨ ¢ ±Ê²µ´µ¢¸±µ° ± ²¨¡·µ¢±¥.

�¥¤µ¸É É± ³¨ Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö Ö¢²ÖÕÉ¸Ö:

1) · §¤¥²Ó´µ¥ · ¸¸³µÉ·¥´¨¥ ¶µ¶¥·¥Î´µ£µ ¨ ¶·µ¤µ²Ó´µ£µ ¶µ²¥° ¢ µÉ²¨Î¨¥
µÉ É¥µ·¨¨ Œ ±¸¢¥²² , £¤¥ µ´¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¥¤¨´µ¥ Í¥²µ¥;

2) ¶·¨¸ÊÉ¸É¢¨¥ ³£´µ¢¥´´µ£µ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, Éµ£¤  ± ± ¢
É¥µ·¨¨ Œ ±¸¢¥²²  ¸±µ·µ¸ÉÓ · ¸¶·µ¸É· ´¥´¨Ö Ô²¥±É·µ³ £´¨É´µ£µ ¢µ§¡Ê¦¤¥´¨Ö
±µ´¥Î´  ¨ · ¢´  c;

3) ´¥±µ¢ ·¨ ´É´ Ö § ¶¨¸Ó µ¸´µ¢´ÒÌ Ê· ¢´¥´¨°. �  ¸ ³µ³ ¤¥²¥, É¥µ·¨Ö
±µ¢ ·¨ ´É´ , ´µ ´¥Ö¢´µ. ‚ Î ¸É´µ¸É¨, ¨¸Ìµ¤Ö ¨§ ¥¥ ®´¥±µ¢ ·¨ ´É´ÒÌ¯ Ê· ¢-
´¥´¨°, ³µ¦´µ ¶µ²ÊÎ ÉÓ ±µ¢ ·¨ ´É´ÊÕ S-³ É·¨ÍÊ ”¥°´³ ´ Ä„ °¸µ´ .

�¤´ ±µ Ê ÔÉµ° Ëµ·³Ê²¨·µ¢±¨ ¥¸ÉÓ ¢ ¦´µ¥ ¶·¥¨³ÊÐ¥¸É¢o Å ¶µ²µ¦¨É¥²Ó-
´ Ö µ¶·¥¤¥²¥´´µ¸ÉÓ ³¥É·¨±¨ £¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢  ¸µ¸ÉµÖ´¨°, Éµ£¤  ± ±
¢ ¡µ²¥¥ · ¸¶·µ¸É· ´¥´´µ° ¨ Ê¤µ¡´µ° Ëµ·³Ê²¨·µ¢±¥ ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢-
±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö (· §¤. 4) ¶·¨Ìµ¤¨É¸Ö ¨³¥ÉÓ ¤¥²µ ¸ ´¥µ¶·¥¤¥²¥´´µ°
³¥É·¨±µ°.

�¥·¥°¤¥³ ± ¶µ²ÊÎ¥´¨Õ µ¸´µ¢´ÒÌ Ê· ¢´¥´¨° ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö.

2.1. ˆ¸±²ÕÎ¥´¨¥ 3-¶·µ¤µ²Ó´µ° ¨ ¢·¥³¥´´µ° ¸µ¸É ¢²ÖÕÐ¨Ì ¢ É¥µ·¨¨
Œ ±¸¢¥²² . ˆ§ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ³µ¦´µ ¨¸±²ÕÎ¨ÉÓ ¢¸¥ ¸µ¸É ¢²ÖÕÐ¨¥,
±·µ³¥ Ar

µ. „²Ö ¶·µ¸ÉµÉÒ ¸¶¥·¢  ¢Ò¡¥·¥³ ¢¥±Éµ· nµ ¢ ¢¨¤¥ nµ = [0, 0, 0, ı] ¨
¨¸¶µ²Ó§Ê¥³ ¸µµÉ´µÏ¥´¨Ö (25) ¨ (26).

� ¸¸³µÉ·¨³ · §¤¥²Ó´µ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ É·¥Ì³¥·´µ-¶·µ¤µ²Ó´µ° ¨ É·¥Ì³¥·-
´µ-¶µ¶¥·¥Î´µ° Î ¸ÉÖ³¨ Éµ± . „²Ö ÔÉµ£µ ¸¢¥·´¥³ Ê· ¢´¥´¨¥ (4) µ¤¨´ · § ¸
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µ¶¥· Éµ·µ³ δkn − ∂k∂n

� ,   ¢Éµ·µ° Å ¸ ∂n ¨ ¢Ò¶¨Ï¥³ µÉ¤¥²Ó´µ Ê· ¢´¥´¨¥ (4).

(
δkn − ∂k∂n

�

)
∂µ Fµn = −

(
δkn − ∂k∂n

�

)
jn, (27)

∂n∂λFλn = −∂njn, (28)

∂λFλ4 = −j4. (29)

‚µ-¶¥·¢ÒÌ, § ³¥É¨³, ÎÉµ Ê· ¢´¥´¨Ö (27) ¨ (28) ¢³¥¸É¥ Ô±¢¨¢ ²¥´É´Ò Ê· ¢´¥-
´¨Ö³ (4). —Éµ¡Ò Ê¡¥¤¨ÉÓ¸Ö ¢ ÔÉµ³, ¸²¥¤Ê¥É Ê³´µ¦¨ÉÓ (28) ´  ∂k/� ¨ ¸²µ¦¨ÉÓ
¸ (27). ‚µ-¢Éµ·ÒÌ, ´  Éµ³ µ¸´µ¢ ´¨¨, ÎÉµ

∂n∂λFλn = ∂n∂mFmn + ∂n∂4F4n = −∂4∂λFλ4, (30)

§ ±²ÕÎ ¥³, ÎÉµ Ê· ¢´¥´¨¥ (28) ¸ ÊÎ¥Éµ³ § ±µ´  ¸µÌ· ´¥´¨Ö Éµ± 

∂µjµ = 0 (31)

Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Ê· ¢´¥´¨Ö (29) ¨ ¨§ · ¸¸³µÉ·¥´¨Ö ³µ¦¥É ¡ÒÉÓ ¨¸±²ÕÎ¥´µ.
�¸É ¢Ï¨¥¸Ö Ê· ¢´¥´¨Ö (27) ¨ (29) § ¶¨¸Ò¢ ÕÉ¸Ö Î¥·¥§ ¢¥±Éµ·-¶µÉ¥´Í¨ ² ¸²¥-
¤ÊÕÐ¨³ µ¡· §µ³:

�

(
δkn − ∂k∂n

�

)
∂µAn = −

(
δkn − ∂k∂n

�

)
jn, (32)

�A4 − ∂4∂kAk = −j4. (33)

‚³¥¸É¥ µ´¨ Ô±¢¨¢ ²¥´É´Ò Ê· ¢´¥´¨Ö³ (4). ˆ§ ¶µ¶¥·¥Î´µ°

(
δkn − ∂k∂n

�

)
,

¶·µ¤µ²Ó´µ° ∂kAk ¨ ¢·¥³¥´´µ° A4 ¸µ¸É ¢²ÖÕÐ¨Ì Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö
¶µ¸²¥¤´¨¥ ¤¢¥ ´¥ ³µ£ÊÉ ¡ÒÉÓ § ¤ ´Ò ´¥§ ¢¨¸¨³µ∗ ¢ ´ Î ²Ó´Ò° ³µ³¥´É ¢·¥³¥´¨
t0 (É. ¥. ´¥²Ó§Ö ´¥§ ¢¨¸¨³µ § ¤ ÉÓ (Ak(x, t), A4(x, t), ∂kAk(x, t) ¨ ∂4Ak(x, t)),
± ± ÔÉµ ¢¨¤´µ ¨§ Ê· ¢´¥´¨Ö (33), ´µ¸ÖÐ¥£µ Ì · ±É¥· ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö.
�¤´ ±µ ¨§ Ê· ¢´¥´¨Ö (33) ³µ¦´µ ´¥²µ± ²Ó´Ò³ µ¡· §µ³ ¢Ò· §¨ÉÓ A4(x, t):

A4 = �−1(∂4∂kAk − j4). (34)

’¥¶¥·Ó ¸ ¶µ³µÐÓÕ (34) ³µ¦´µ ¨¸±²ÕÎ¨ÉÓ ±µ³¶µ´¥´ÉÊ A4(x, t) ¨§ ¤·Ê£¨Ì
Ê· ¢´¥´¨° ¨ É¥³ ¸ ³Ò³ Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ. �µ¸²¥
ÔÉµ£µ µ¸É ÕÉ¸Ö Ê· ¢´¥´¨Ö

�

(
δkn − ∂k∂n

�

)
∂µAn = −

(
δkn − ∂k∂n

�

)
jn, (35)

∗�·¨ ´¥§ ¢¨¸¨³µ³ § ¤ ´¨¨ ψ(x, t).
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(γ∂ + M)ψ = ıeγnψAn + ıeγ4ψ�−1(∂4∂kAk − j4), (36)

Ô±¢¨¢ ²¥´É´Ò¥ ¨¸Ìµ¤´Ò³ Ê· ¢´¥´¨Ö³ (4), (5).
� ±µ´¥Í, ¶µ¸²¥ ¶·¥µ¡· §µ¢ ´¨Ö

ψ = exp (ıe�−1∂kAk)ψr, (37)

¨¸±²ÕÎ ÕÐ¥£µ ¨§ Ê· ¢´¥´¨Ö „¨· ±  ¶·µ¤µ²Ó´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ, ¢ Ê· ¢´¥´¨ÖÌ
¤¢¨¦¥´¨Ö µ¸É ¥É¸Ö Éµ²Ó±µ ¶µ¶¥·¥Î´µ¥ ¶µ²¥

Ar
k =

(
δkn − ∂k∂n

�

)
An. (38)

2.2. �¸´µ¢´Ò¥ Ê· ¢´¥´¨Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. �¸´µ¢´Ò¥ Ê· ¢´¥´¨Ö
¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö, É ±¨³ µ¡· §µ³, ¨³¥ÕÉ ¢¨¤

�∂µAr
n = −

(
δkn − ∂k∂n

�

)
jn, (39)

(γ∂ + M)ψr = ıeγnψAr
n − ıeγ4{ψ,�−1j4}. (40)

�µ¸²¥¤´¨° Î²¥´ ¢ (40) Å ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, µ¸É ¢Ï¥¥¸Ö ¶µ¸²¥
¨¸±²ÕÎ¥´¨Ö ¢·¥³¥´´µ° ¨ ¶·µ¤µ²Ó´µ° ±µ³¶µ´¥´É∗.

Š Ê· ¢´¥´¨Ö³ (39) ¨ (40) ´Ê¦´µ ¤µ¡ ¢¨ÉÓ ± ± µ¶·¥¤¥²¥´¨¥ Ar
k ¤µ¶µ²´¨-

É¥²Ó´µ¥ Ê¸²µ¢¨¥

∂nAr
n = 0. (41)

“· ¢´¥´¨Ö (39), (40) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ ¢ ·¨ Í¨µ´´µ£µ ¶·¨´Í¨¶ , ¶µ¤µ-
¡· ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ² £· ´¦¨ ´

L(x) = −1
2
∂µAr

k∂µAr
k + Ar

kjr
k − 1

2
jr
4�−1jr

4 − ψ̄r(γ∂ + M)ψr.

„µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ (41) ¤µ²¦´µ ÊÎ¨ÉÒ¢ ÉÓ¸Ö µÉ¤¥²Ó´µ. ‚ Î ¸É´µ¸É¨, ¤²Ö
¶µ²ÊÎ¥´¨Ö Ê· ¢´¥´¨° (38), (41) ´Ê¦´µ ¨¸± ÉÓ Ê¸²µ¢´Ò° Ô±¸É·¥³Ê³ ¤¥°¸É¢¨Ö
W =

∫
d4xL(x). „²Ö ÔÉµ£µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ³¥Éµ¤µ³ ³´µ¦¨É¥²¥° ‹ £· ´¦ 

¤µ¡ ¢¨³ ± ² £· ´¦¥¢µ° ¶²µÉ´µ¸É¨ L(x) Î²¥´ λ∂nAr
n, £¤¥ λ(x) Å ¢¸¶µ³µ-

£ É¥²Ó´µ¥ ¶µ²¥, ¨ ¡Ê¤¥³ ¨¸± ÉÓ ¡¥§Ê¸²µ¢´Ò° ³¨´¨³Ê³ ¢Ò· ¦¥´¨Ö W ′ =∫
d4x(L(x) + λ∂nAr

n). ‚ ·Ó¨·µ¢ ´¨¥ ¶µ²¥° Ar ¨ λ ¤ ¥É Ê· ¢´¥´¨Ö

�Ar
m = −jr

m − ∂mλ; ∂mAr
m = 0.

∗�´É¨±µ³³ÊÉ Éµ· ¢ (40) ¶·¨µ¡·¥É ¥É ¶· ¢¨²Ó´Ò° ¸³Ò¸² ¶µ¸²¥ ±¢ ´Éµ¢ ´¨Ö.
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„¥°¸É¢ÊÖ ´  ¶¥·¢µ¥ Ê· ¢´¥´¨¥ µ¶¥· Éµ·µ³

(
δkn − ∂k∂n

�

)
, ¨¸±²ÕÎ ¥³

¢¸¶µ³µ£ É¥²Ó´µ¥ ¶µ²¥ λ(x) ¨ ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨Ö (39) ¨ (41). “· ¢´¥´¨¥ ¤²Ö
¶µ²Ö ψr(x) ´ Ìµ¤¨É¸Ö µ¡ÒÎ´Ò³ ¶ÊÉ¥³.

„µ ¸¨Ì ¶µ· ¢¸¥ Ê· ¢´¥´¨Ö ¶µ´¨³ ²¨¸Ó ± ± ´¥±¢ ´Éµ¢ ´´Ò¥. ˆ¸Ìµ¤Ö ¨§
ÔÉµ° ² £· ´¦¥¢µ° ¶²µÉ´µ¸É¨, ¸ ¶µ³µÐÓÕ ¶·µÍ¥¤Ê·Ò ± ´µ´¨Î¥¸±µ£µ ±¢ ´Éµ-
¢ ´¨Ö ¶µ²ÊÎ ¥³ µ¤´µ¢·¥³¥´´Ò¥ (x0 = y0) ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö

[Ar
m(x), Ar

n(y)] = 0, [Ar
m(x), ∂4An(y)] =

(
δkn − ∂k∂n

�

)
δµνδ(x − y),

{ψr(x), ψr(y)} = 0, {ψr(x), ψ̄r(y)} = γ4δ(x − y), (42)

[Ar
mu(x), ψr(y)] = 0, [∂4An(x), ψr(y)] = 0.

“· ¢´¥´¨Ö (39), (40) ¨ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (42) ¨ ¸µ¸É ¢²ÖÕÉ Ëµ·-
³Ê²¨·µ¢±Ê ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö.

�É³¥É¨³, ÎÉµ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö (e = 0) ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µ-
µÉ´µÏ¥´¨Ö (42) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ´  ²Õ¡Ò¥ ¢·¥³¥´  x0

¨ y0:

{ψr(x), ψ̄r(y)} = ı(−γ∂ + M)�M (x − y),
(43)

[Ar
m(x), Ar

n(y)] =
(

δmn − ∂m∂n

�

)
�0(x − y),

£¤¥

�M (x − y) =
∫

d4p e(ıpx)δ(p2 + M2ε(p0)). (44)

‘µµÉ´µÏ¥´¨Ö, ¸ÉµÖÐ¨¥ ¢ ¶µ¸²¥¤´¥° ¸É·µ±¥ (42), µ¸É ÕÉ¸Ö ¡¥§ ¨§³¥´¥´¨Ö.
2.3. ®Šµ¢ ·¨ ´É´ Ö¯ § ¶¨¸Ó Ê· ¢´¥´¨° ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. “· ¢-

´¥´¨Ö (39)Ä(41) ³µ¦´µ, ¨¸¶µ²Ó§ÊÖ ¶·µ¨§¢µ²Ó´Ò° ¶µ²µ¦¨É¥²Ó´Ò° ¢·¥³¥´¨¶µ-
¤µ¡´Ò° ¢¥±Éµ·, § ¶¨¸ ÉÓ Ëµ·³ ²Ó´µ ±µ¢ ·¨ ´É´µ [31Ä33]:

�∂µAr
n = −jr

µ − nµ� + (n∂)∂µ

� + (n∂)2
nνjr

ν , (45)

(γ∂ + M)ψr = eγµψAr
µ + ıenµγµ

{
ψr,

1
� + (n∂)2

nνjr
ν

}
, (46)

∂µAr
µ = 0, nµAr

µ = 0. (47)
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‚Ò¢µ¤ ÔÉµ° ¡µ²¥¥ µ¡Ð¥° Ëµ·³Ò Ê· ¢´¥´¨° ¡Ê¤¥É ¶·µ¸Éµ ¶µ¢Éµ·¥´¨¥³ Éµ£µ,
ÎÉµ ¤¥² ²µ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ ¶Ê´±É¥. �Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ µ¡Ð¥£µ · §²µ¦¥´¨Ö
(23) ¨ ¸¢¥·´¥³ Ê· ¢´¥´¨Ö (4) ¸

δµν − [∂µ + nµ(n∂)][∂ν + nν(n∂)]
� + (n∂)2

+ nµ, ∂ν + nν(n∂), nν .

’µ£¤  ¢³¥¸Éµ (27)Ä(29) ¶µ²ÊÎ¨³

�∂µAr
n = −jr

µ − nµ� + (n∂)∂µ

� + (n∂)2
nνjr

ν , (48)

(n∂)(∂λFλνnν) = −[∂νjν + (n∂)(nj)], (49)

∂λFλνnν = −nj, (50)

£¤¥ Ê· ¢´¥´¨¥ (49) ¸ ÊÎ¥Éµ³ § ±µ´  ¸µÌ· ´¥´¨Ö Éµ±  ¥¸ÉÓ ¸²¥¤¸É¢¨¥ Ê· ¢´¥´¨Ö
(50). “· ¢´¥´¨¥ (50) ³µ¦´µ § ¶¨¸ ÉÓ ¢ Ëµ·³¥

[� + (n∂)2](nA) = (n∂)[(∂A) + (n∂)(nA)] − nj, (51)

±µÉµ· Ö ¶µ§¢µ²Ö¥É ¢Ò· §¨ÉÓ (´¥²µ± ²Ó´µ) ¢·¥³¥´´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ (nA) Î¥-
·¥§ ¶·µ¤µ²Ó´ÊÕ [(∂A) + (n∂)(nA)] ¨ (nj):

(nA) = [� + (n∂)2]−1{(n∂)[(∂A) + (n∂)(nA)] − nj}. (52)

…¸²¨ ¨¸±²ÕÎ¨ÉÓ ¸ ¶µ³µÐÓÕ (52) ¨§ Ê· ¢´¥´¨Ö „¨· ±  (5), Éµ § É¥³ ¸
¶µ³µÐÓÕ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö

ψr = exp
[
ıe

∂µ + nµ(n∂)
� + (n∂)2

Aµ

]
ψ (53)

(µ¡µ¡Ð¥´¨¥ (37)) ¨¸±²ÕÎ ¥É¸Ö ¨ ¶·µ¤µ²Ó´ Ö ¸µ¸É ¢²ÖÕÐ Ö. ‚ ·¥§Ê²ÓÉ É¥ É -
±µ£µ ¶¥·¥Ìµ¤  ± ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¨ ¶·¨´¨³ ÕÉ ®±µ-
¢ ·¨ ´É´Ò°¯ ¢¨¤ (45)Ä(47). �¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö É ±¦¥ ´¥É·Ê¤´µ
§ ¶¨¸ ÉÓ ®±µ¢ ·¨ ´É´µ¯.

2.4. ‹µ·¥´Í-¨´¢ ·¨ ´É´µ¸ÉÓ. ‘¨¸É¥³  Ê· ¢´¥´¨° (45)Ä(47) ²µ·¥´Í-¨´¢ -
·¨ ´É´ , ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¢ Ê· ¢´¥´¨Ö ¢Ìµ¤¨É ¶µ¸Éµ·µ´´¨° ¢¥±Éµ· (nµ).
‹µ·¥´Í-¨´¢ ·¨ ´É´µ¸ÉÓ £ · ´É¨·Ê¥É¸Ö ¢µ§³µ¦´µ¸ÉÓÕ ¢§ÖÉÓ ¢ ± Î¥¸É¢¥ (nµ)
²Õ¡µ° ¢·¥³¥´¨¶µ¤µ¡´Ò° ¢¥±Éµ·∗ ¨, ¥¸²¨ ¶µ´ ¤µ¡¨É¸Ö, µÉ ¤ ´´µ£µ ¢¥±Éµ· 
(nµ) ¶¥·¥°É¨ ± ²Õ¡µ³Ê ¤·Ê£µ³Ê ¢·¥³¥´¨¶µ¤µ¡´µ³Ê ¢¥±Éµ·Ê (n′

µ). “¸É ´µ¢¨³
¸¢Ö§Ó ³¥¦¤Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ (Aµ) ¨ (A′

µ).

∗‚ ± Î¥¸É¢¥ É ±µ£µ ¢¥±Éµ·  ³µ¦´µ ¢Ò¡· ÉÓ ¢¥±Éµ· ´µ·³ ²¨ ± ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ°
¶µ¢¥·Ì´µ¸É¨ [31], ´  ±µÉµ·µ° § ¤ ÕÉ¸Ö ´ Î ²Ó´Ò¥ ¤ ´´Ò¥. „·Ê£µ° ¢Ò¡µ· Å 4-¨³¶Ê²Ó¸ Éµ° ¨²¨
¨´µ° ´ Î ²Ó´µ° ¨²¨ ±µ´¥Î´µ° Î ¸É¨ÍÒ [33].
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‘¶¥·¢  ¸ ¶µ³µÐÓÕ (52) ¨¸±²ÕÎ¨³ ¨§ (23), ± ± ¨ ¢¸Õ¤Ê, nA:

Ar
µ = Aµ − [� + (n∂)2]−1{∂µ[(∂A) + (n∂)(nA)] + nµ(nj)}. (54)

‚Ìµ¤ÖÐ Ö ¸Õ¤  ¶·µ¤µ²Ó´ Ö ¸µ¸É ¢²ÖÕÐ Ö [(∂A)+(n∂)(nA)] ´¥ µ¶·¥¤¥²Ö¥É¸Ö
Ê· ¢´¥´¨Ö³¨ Œ ±¸¢¥²²  (¤²Ö ´¥¥ Ê ´ ¸ ´¥ ¶µ²ÊÎ¨²µ¸Ó ´¨± ±µ£µ Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö), É ± ÎÉµ ³Ò ³µ¦¥³ ¥¥ ¢Ò¡¨· ÉÓ ± ± Ê£µ¤´µ. �¥§Ê²ÓÉ É ¤¥°¸É¢¨Ö ´ 
´¥¥ µ¶¥· Éµ·  „ ² ³¡¥·  ³µ¦´µ ¸ ¶µ³µÐÓÕ (51) § ¶¨¸ ÉÓ ± ±

�[(∂A) + (n∂)(nA)] = [� + (n∂)2](∂A){∂µ − (n∂)(nj)}, (55)

¨, ¸²¥¤µ¢ É¥²Ó´µ, ¶·µ¤µ²Ó´ÊÕ Î ¸ÉÓ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

(∂A) + (n∂)(nA) = [(∂A) + (n∂)(nA)]0 +

+ �−1{[� + (n∂)2](∂A) − (n∂)(nj)}, (56)

£¤¥ [(∂A) + (n∂)(nA)]0 Å É  Î ¸ÉÓ ¶·µ¤µ²Ó´µ° ¸µ¸É ¢²ÖÕÐ¥°, ±µÉµ· Ö Ö¢²Ö-
¥É¸Ö ·¥Ï¥´¨¥³ µ¤´µ·µ¤´µ£µ Ê· ¢´¥´¨Ö „ ² ³¡¥· 

�[(∂A) + (n∂)(nA)]0 = 0. (57)

�µ¸²¥ ¶µ¤¸É ´µ¢±¨ (56) ¢Ò· ¦¥´¨¥ (54) ¤²Ö Ar
µ ¶·¨´¨³ ¥É ¢¨¤

Ar
µ = Aµ − [� + (n∂)2]−1{∂µ[(∂A) + (n∂)(nA)]0 +

+ [nµ − �−1∂µ(n∂)](nj)} − �−1∂µ(∂A). (58)

�É¸Õ¤  ¶µ²ÊÎ ¥³ ¨¸±µ³ÊÕ ¸¢Ö§Ó ³¥¦¤Ê ¸µ¸É ¢²ÖÕÐ¨³¨ Ar
µ ¨ A′r

µ , ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³¨ nµ ¨ n′

µ:

A′r
µ = Aµ + [� + (n∂)2]−1{∂µ[(∂A) + (n∂)(nA)]0 +

+ [nµ − �−1∂µ(n∂)](nj)} − [� + (n′∂)2]−1 ×

× {∂µ[(∂A) + (n′∂)(nA)]0 + [nµ − �−1∂µ(n′∂)](n′j)}. (59)

‚ ÔÉµ ¸µµÉ´µÏ¥´¨¥, ± ± ³Ò ¢¨¤¨³, ¢µÏ²¨ Éµ²Ó±µ ¶·µ¤µ²Ó´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥
¸¢µ¡µ¤´µ£µ Ê· ¢´¥´¨Ö „ ² ³¡¥· , ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ § ¤ ´Ò ¶·µ¨§¢µ²Ó´µ. ‚
Éµ ¦¥ ¢·¥³Ö

�A′r
µ = �Aµ +

nµ� + ∂µ(n∂)
� + (n∂)2

(njr) −
n′

µ� + ∂µ(n′∂)
� + (n′∂)2

(n′jr) . (60)



754 ��‹“���ˆ��‚ ˆ. ‚.

‘²¥¤µ¢ É¥²Ó´µ, Ê· ¢´¥´¨¥ (45) ¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨Ö
(59). � ±µ´¥Í, ¸ ¶µ³µÐÓÕ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö

ψ′r = exp
[
ıe

(
∂µ + n′

µ(n′∂)
� + (n′∂)2

− ∂µ + nµ(n∂)
� + (n∂)2

)
Aµ

]
ψr (61)

¶·µ¢¥·Ö¥É¸Ö ¨´¢ ·¨ ´É´µ¸ÉÓ Ê· ¢´¥´¨Ö „¨· ±  (46).
�É³¥É¨³, ÎÉµ ¶·¥µ¡· §µ¢ ´¨¥ (59) ³µ¦´µ ¸¤¥² ÉÓ ¡µ²¥¥ µ¶·¥¤¥²¥´´Ò³,

±µ´±·¥É¨§¨·µ¢ ¢ ¶·µ¤µ²Ó´Ò¥ Î ¸É¨ É¥³ ¨²¨ ¨´Ò³ Î ¸É´Ò³ ¸¶µ¸µ¡µ³. ’ ± ± ±
µ´¨ ¤µ²¦´Ò ²¨ÏÓ ¶µ¤Î¨´ÖÉÓ¸Ö Ê· ¢´¥´¨Õ „ ² ³¡¥· ,   ¢ µ¸É ²Ó´µ³ ¶·µ¨§-
¢µ²Ó´Ò, Éµ ³µ¦´µ, ´ ¶·¨³¥·, ±µ´±·¥É¨§¨·µ¢ ÉÓ ¨Ì ¶ÊÉ¥³ § ³¥´Ò ¢ ´¨Ì Ar

µ

´  ÉÊ Î ¸ÉÓ A′r
µ, ±µÉµ· Ö ¶µ¤Î¨´Ö¥É¸Ö ¸¢µ¡µ¤´µ³Ê Ê· ¢´¥´¨Õ „ ² ³¡¥· :

�Ar
µ0 = 0. (62)

’µ£¤  ¶·¥µ¡· §µ¢ ´¨¥ (59) ¶·¨³¥É ¸²¥¤ÊÕÐ¨° Î ¸É´Ò° ¢¨¤:

A′r
µ = Ar

µ + [� + (n∂)2]−1[nµ − �−1∂µ(n∂)](nj) −

− [� + (n∂)2]−1{∂µ[(∂A) + (n∂)(nA)]0 + [nµ − �−1∂µ(n∂)](nj)}. (63)

�·¥µ¡· §µ¢ ´¨¥ (61) ¶·¨ ÔÉµ³ ¶¥·¥°¤¥É ¢

ψ′r = exp {ıe[� + (n′∂)2]−1(n′∂)(n′Ar)0}ψr. (64)

ˆÉ ±, É¥¶¥·Ó ¢ ¶·¥µ¡· §µ¢ ´¨Ö ¢Ìµ¤¨É Éµ²Ó±µ Ar
µ, ´µ ´¥ Aµ.

Šµ¢ ·¨ ´É´µ¸ÉÓ Ê· ¢´¥´¨° (45)Ä(47) ´¥ Ö¢²Ö¥É¸Ö Ö¢´µ°, É ± ± ± ¶·¨ ¶·¥-
µ¡· §µ¢ ´¨ÖÌ ‹µ·¥´Í  ¢¥±Éµ· nµ ¨§³¥´Ö¥É¸Ö ¨ ¶¥·¥Ìµ¤¨É ¢ n′

µ. �¤´ ±µ ¢
´µ¢µ° ¸¨¸É¥³¥ ¢¸¥£¤  ³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ ¶¥·¢µ´ Î ²Ó´Ò° ¢¨¤ ¢¥±Éµ·  nµ

(´ ¶·¨³¥·, nµ = (0, 0, 0, ı)) ¸ ¶µ³µÐÓÕ ¶µ¤Ìµ¤ÖÐ¨Ì ¶·¥µ¡· §µ¢ ´¨° (59) ¨
(61). ‚ ÔÉµ° ¸¢Ö§¨ Í¥²¥¸µµ¡· §´µ ¢ ± Î¥¸É¢¥ ®¨¸É¨´´ÒÌ¯ µ¶¥· Éµ·µ¢ ¶·¥-
µ¡· §µ¢ ´¨Ö ‹µ·¥´Í  ¢Ò¡· ÉÓ µ¶¥· Éµ·Ò, ¢±²ÕÎ ÕÐ¨¥ ¨ ÔÉµ ¤µ¶µ²´¨É¥²Ó´µ¥
¶·¥µ¡· §µ¢ ´¨¥ [35].

�·¥¤¸É ¢²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö µ¡¸Ê¦¤ ¥É¸Ö ¢
¶¶. 4.4 ¨ 4.8.

3. �‹…Š’��„ˆ��ŒˆŠ� �� Ÿ‡›Š… ����Ÿ†…���‘’…‰

ƒ¥°§¥´¡¥·£ ¨ � Ê²¨ [2] ¶¥·¢Ò³¨ ¶ÒÉ ²¨¸Ó ¶·¥µ¤µ²¥ÉÓ Ê± § ´´Ò¥ ¢ · §¤. 2
´¥¤µ¸É É±¨ Ëµ·³Ê²¨·µ¢±¨ Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö ¶ÊÉ¥³
´¥¶µ¸·¥¤¸É¢¥´´µ£µ ±¢ ´Éµ¢ ´¨Ö Ê· ¢´¥´¨° Œ ±¸¢¥²²  (4). �´¨ µ¡· É¨²¨
¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ÌµÉÖ ¨ ´¥ Ê¤ ¥É¸Ö ´ °É¨ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥-
´¨Ö ³¥¦¤Ê ¢¸¥³¨ ±µ³¶µ´¥´É ³¨ ¢¥±Éµ·-¶µÉ¥´Í¨ ²  Aµ, µ¤´ ±µ ¸ ¶µ³µÐÓÕ
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± ´µ´¨Î¥¸±µ£µ ±¢ ´Éµ¢ ´¨Ö ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö
³¥¦¤Ê ´¥ § ¢¨¸ÖÐ¨³¨ µÉ ± ²¨¡·µ¢±¨ ±µ³¶µ´¥´É ³¨ É¥´§µ·  Ô²¥±É·µ³ £´¨É-
´µ£µ ¶µ²Ö. …¸²¨ ¨¸±²ÕÎ¨ÉÓ Aµ ¨§ Î¨¸²  ± ´µ´¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ,   ¤²Ö
µ¸É ²Ó´ÒÌ ¶·¨´ÖÉÓ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (9) (¤²Ö µ, ν = 1, 2, 3), Éµ
¨§ ´¨Ì ¸²¥¤Ê¥É

[Fµν(x), Fλρ(y)] =
{

δµν
4λ

∂

∂xρ
− δµν

4ρ

∂

∂xλ
+ δλρ

4µ

∂

∂xν
− δλρ

4ν

∂

∂xµ

}
δ(x − y),

(65)
δµν
λρ = δµλδνρ − δµρδνλ, x4 = y4.

„²Ö ¸¢µ¡µ¤´ÒÌ Ê· ¢´¥´¨° Œ ±¸¢¥²²  (e = 0) ²¥£±µ § ¶¨¸ ÉÓ ¶¥·¥¸É ´µ¢µÎ´Ò¥
¸µµÉ´µÏ¥´¨Ö ¸ ²Õ¡Ò³¨ (´¥ · ¢´Ò³¨) ¢·¥³¥´ ³¨:

[Fµν(x), Fλρ(y)] = −ı{δµλ∂ν∂ρ − δµρ∂ν∂λ +

+ δνρ∂µ∂λ − δνλ∂µ∂ρ}�0(x − y), (66)

£¤¥ ËÊ´±Í¨Ö �0(x − y) µ¶·¥¤¥²¥´  Ëµ·³Ê²µ° (44) ¸ M = 0. �·¨ x4 = y4

(66) ¸µ¢¶ ¤ ¥É ¸ (65).
‘ÊÐ¥¸É¢Ê¥É ³´µ£µ · ¡µÉ, ¢ ±µÉµ·ÒÌ  ¢Éµ·Ò, É ± ¦¥, ± ± ƒ¥°§¥´¡¥·£ ¨

� Ê²¨, ¸É·¥³ÖÉ¸Ö ¶·¥µ¤µ²¥ÉÓ É·Ê¤´µ¸É¨ ¸ ±¢ ´Éµ¢ ´¨¥³ Ê· ¢´¥´¨° Œ ±¸¢¥²² 
¶ÊÉ¥³ ¨¸¶µ²Ó§µ¢ ´¨Ö Éµ²Ó±µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ÒÌ ¢¥²¨Î¨´, ´ ¶·¨³¥·,
´ ¶·Ö¦¥´´µ¸É¥° ¶µ²Ö [20,26,35Ä43].

‚ ± Î¥¸É¢¥ ¶·¨³¥·  Ëµ·³Ê²¨·µ¢µ± Ô²¥±É·µ¤¨´ ³¨±¨ ¢ É¥·³¨´ Ì ´ ¶·Ö-
¦¥´´µ¸É¥° ³Ò ¶·¨¢¥¤¥³ Ëµ·³Ê²¨·µ¢±Ê ƒ ³³¥·  ¨ ƒÊ¤  [41].

3.1. ”µ·³Ê²¨·µ¢±  ƒ ³³¥·  ¨ ƒÊ¤ . ƒ ³³¥· ¨ ƒÊ¤ [41] ¶·¥¤²µ¦¨²¨ Ëµ·-
³Ê²¨·µ¢±Ê ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨, ¢ ±µÉµ·µ° ¤¥°¸É¢¨É¥²Ó´µ Ë¨£Ê·¨·ÊÕÉ
Éµ²Ó±µ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¨ ´¥ ¢Ìµ¤¨É ¢¥±Éµ·-¶µÉ¥´Í¨ ²
Aµ. „²Ö ¥¥ ¶µ²ÊÎ¥´¨Ö ¢ ¨¸Ìµ¤´ÒÌ Ê· ¢´¥´¨ÖÌ (4), (5) ¨§ Î¨¸²  ³´µ£µÎ¨¸²¥´-
´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ¶·¨³¥´Ö¢Ï¨Ì¸Ö ¶·¨ ¶µ²ÊÎ¥´¨¨ Ëµ·³Ê²¨·µ¢±¨ „¨· ± ,
´Ê¦´µ ¶·¨¢¥¸É¨ ²¨ÏÓ µ¤´µ ¶·¥µ¡· §µ¢ ´¨¥ (37):

ψ = exp (ıe�−1∂k Ak)ψr. (67)

’µ£¤  Ê· ¢´¥´¨Ö (4) ¨ (5) ¶¥·¥¶¨ÏÊÉ¸Ö É ±:

∂λFλν = −ıψ̄rγmuψr, (68)

(γ∂ + M)ψ = −ıeγµψrA′
µ, (69)

£¤¥ A′
µ Å ±· É±µ¥ µ¡µ§´ Î¥´¨¥ ¸²¥¤ÊÕÐ¨Ì ´¥²µ± ²Ó´ÒÌ ¢Ò· ¦¥´¨°:

A′
µ = Aµ − ∂µ∆−1∂kAk =

∂k

∆
(∂kAµ − ∂µAk) =

∂k

∆
Fkµ (70)
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¨²¨

A′
m = ıεmkn

∂k

∆
Hn, (71)

A′
4 = −ı

∂k

∆
Ek. (72)

—Éµ¡Ò ¢µµ¡Ð¥ ´¥ Ê¶µ³¨´ ÉÓ µ ¶µÉ¥´Í¨ ² Ì, Ê· ¢´¥´¨Ö (68) ¨ (69) ´Ê¦´µ
¤µ¶µ²´¨ÉÓ Ê¸²µ¢¨Ö³¨

∂µF̌µν = 0, F̌µν =
1
2
εµνλρFλρ, (73)

Fµν = −Fνµ. (74)

‘ Ê· ¢´¥´¨Ö³¨ (68)Ä(74) ¸µ¢³¥¸É¨³Ò ¸²¥¤ÊÕÐ¨¥ µ¤´µ¢·¥³¥´´Ò¥ ¶¥·¥¸É ´µ-
¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö∗:

[(Em + ıHm)(x), (Em + ıHm)(y)] = 0,

[(Em + ıHm)(x), (Em − ıHm)(y)] = 2εmnk
∂

∂xk
δ(x − y),

[ψr(x), ψr(y)] = 0, [ψr(x), ψ̄r(y)] = γ4δ(x − y), (75)

[ψr(x), (Em + ıHm)(y)] = [ψr(x), (Em − ıHm)(y)] =

= −eψr(x)∆−1 ∂

∂xm
δ(x − y) = eψr(x)

1
4π

∂

∂xm

1
|x − y| .

�´¨ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¶¥·¥¸É ´µ¢µÎ´Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨ (42). Šµ³¡¨´ Í¨¨ ¨§
´ ¶·Ö¦¥´´µ¸É¥° Em + ıHm ¨ Em − ıHm ¢Ò¸ÉÊ¶ ÕÉ §¤¥¸Ó ± ± ± ´µ´¨Î¥¸±¨
¸µ¶·Ö¦¥´´Ò¥ ¢¥²¨Î¨´Ò.

‚ ÔÉµ° Ëµ·³Ê²¨·µ¢±¥ ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ´¥ ¢Ò¤¥²¥´µ ¨, ¤¥°-
¸É¢¨É¥²Ó´µ, ¶·¨¸ÊÉ¸É¢ÊÕÉ Éµ²Ó±µ ´ ¶·Ö¦¥´´µ¸É¨. ‚ ´¥° ´¥ ¶·¨Ìµ¤¨É¸Ö µ¡· -
Ð ÉÓ¸Ö ± ´¥Ë¨§¨Î¥¸±µ° ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±¥. ‚³¥¸É¥ ¸ É¥³ µ´ , ± ± ¨
Ëµ·³Ê²¨·µ¢±  „¨· ± , ´¥ µ¡² ¤ ¥É Ö¢´µ° ±µ¢ ·¨ ´É´µ¸ÉÓÕ. ‘ÊÐ¥¸É¢ÊÕÉ ¨
±µ¢ ·¨ ´É´Ò¥ Ëµ·³Ê²¨·µ¢±¨ ¢ É¥·³¨´ Ì ´ ¶·Ö¦¥´µ¸É¨ [42,43]. �¤´ ±µ µ´¨
´¥²µ± ²Ó´Ò, ¶·¨Î¥³ ´¥ Éµ²Ó±µ ¶·µ¸É· ´¸É¢¥´´µ, ± ± Ëµ·³Ê²¨·µ¢±  ƒ ³³¥· 
¨ ƒÊ¤ , ´µ É ±¦¥ ¨ ¶µ ¢·¥³¥´¨.

∗�¥·¢Ò¥ ¤¢  Éµ¦¤¥¸É¢¥´´Ò ¸ (65).
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4. Š‚��’�‚�Ÿ �‹…Š’��„ˆ��ŒˆŠ�
‘ ���…�…—��‰ Š�‹ˆ���‚Š�‰ ‚…Š’���‚ ‘�‘’�Ÿ�ˆŸ

(”��Œ“‹ˆ��‚Š� ”…�Œˆ)

4.1. ’¥µ·¨Ö ¸ 4 ¸µ·É ³¨ ±¢ ´Éµ¢ (¡¥§ ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö). —Éµ¡Ò
¨§¡¥¦ ÉÓ Ê± § ´´ÒÌ ¢ · §¤. 2 ´¥¤µ¸É É±µ¢ Ëµ·³Ê²¨·µ¢±¨ ¢ ± ²¨¡·µ¢±¥ ¨§²Ê-
Î¥´¨Ö, ¶µ²µ¦¨³ ¢ µ¸´µ¢Ê Ô²¥±É·µ¤¨´ ³¨±¨ ´¥ ¶·¥¤¸É ¢²ÖÕÐ¨° É·Ê¤´µ¸É¥°
¤²Ö ± ´µ´¨Î¥¸±µ£µ ±¢ ´Éµ¢ ´¨Ö ² £· ´¦¨ ´∗

L = −1
2
∂µAν ∂µAν + jµAµ − ψ̄(γ∂ + M)ψ, (76)

¨, ¸²¥¤µ¢ É¥²Ó´µ, Ê· ¢´¥´¨Ö

�Aν = −jν , (77)

(γ∂ + M)ψ = −ıeγµψAµ. (78)

Š ´µ´¨Î¥¸±µ¥ ±¢ ´Éµ¢ ´¨¥ É¥µ·¨¨ ¸ ² £· ´¦¨ ´µ³ (76) ¤ ¥É ¸²¥¤ÊÕÐ¨¥
µ¤´µ¢·¥³¥´´Ò¥ (x4 = y4) ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

{ψ(x), ψ(y)} = 0, {ψ(x), ψ̄(y)} = γ4δ(x − y),

[Aµ(x), Aν (y)] = 0, [Aµ(x), ∂4Aν(y)] = δµνδ(x − y), (79)

[Aµ(x), ψ(y)] = 0, [∂4Aν(x), ψ(y)] = 0.

‚ ¸¢µ¡µ¤´µ³ ¸²ÊÎ ¥ (e = 0) ÔÉ¨ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¸²¥¤ÊÕÐ¨³
µ¡· §µ³ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ´  ²Õ¡Ò¥ x4 ¨ y4:

{ψ(x), ψ̄(y)} = ı(−γ∂ + M)�M (x − y), (80)

[Aµ(x), Aν(y)] = ıδµν�0(x − y). (81)

4.2. ‘· ¢´¥´¨¥ ¸ Ëµ·³Ê²¨·µ¢±µ° ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. „²Ö ¸· ¢´¥-
´¨Ö ¸ Ê· ¢´¥´¨Ö³¨ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö µ¡· É¨³¸Ö ± · §²µ¦¥´¨Õ (23) ¢
Ëµ·³¥ (25) ¨ ¶·µ¨§¢¥¤¥³ ¸²¥¤ÊÕÐ¨¥ ¶·¥µ¡· §µ¢ ´¨Ö.

1. „¥°¸É¢ÊÖ µ¶¥· Éµ· ³¨ δkn − ∂k∂n

∆
¨ ∂n ´  Ê· ¢´¥´¨¥ (77) ¤²Ö µ =

n ¨ ¢Ò¶¨¸Ò¢ Ö µÉ¤¥²Ó´µ Ê· ¢´¥´¨¥ (77) ¤²Ö µ = 4, § ¶¨Ï¥³ Ê· ¢´¥´¨Ö
¤²Ö É·¥Ì³¥·´ÒÌ ¶µ¶¥·¥Î´µ°, ¶·µ¤µ²Ó´µ° ¨ ¢·¥³¥´´µ° ¸µ¸É ¢²ÖÕÐ¨Ì ¢¥±Éµ·-
¶µÉ¥´Í¨ ² .

∗‘ Í¥²ÓÕ ¨§¡ ¢¨ÉÓ¸Ö µÉ É·Ê¤´µ¸É¥° ± ² £· ´¦¨ ´Ê (1) ¤µ¡ ¢²Ö²¨ Î²¥´ +1/2(∂µAµ)2

(¸³. [2]). ’ ±µ° ² £· ´¦¨ ´ · ¢´µÍ¥´¥´ ² £· ´¦¨ ´Ê (76), É ± ± ± µÉ²¨Î ¥É¸Ö µÉ (76) ²¨ÏÓ
´  ¤¨¢¥·£¥´Í¨Õ.
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2. “· ¢´¥´¨¥ ¤²Ö ¶·µ¤µ²Ó´µ° Î ¸É¨ § ³¥´¨³ Ê· ¢´¥´¨¥³

�∂µAµ = 0.

(“· ¢´¥´¨¥ ¤²Ö ¶·µ¤µ²Ó´µ° ¸µ¸É ¢²ÖÕÐ¥°

�∂nAn = −∂njn (82)

³µ¦´µ ¶µ²ÊÎ¨ÉÓ, ±µ³¡¨´¨·ÊÖ ÔÉµ Ê· ¢´¥´¨¥ ¸ Ê· ¢´¥´¨¥³ (77) ¨ § ±µ´µ³
¸µÌ· ´¥´¨Ö Éµ±  ∂µjµ = 0.)

3. � §·¥Ï¨³ Ê· ¢´¥´¨¥ (77) ¤²Ö µ = 4 µÉ´µ¸¨É¥²Ó´µ A4:

A4 =
1
� (−∂2

4A4 − j4) =
1
� (−∂4∂νAν + ∂4∂nAn − j4) (83)

¨ ¶µ¤¸É ¢¨³ ÔÉµ ¢Ò· ¦¥´¨¥ ¤²Ö A4 ¢ Ê· ¢´¥´¨¥ „¨· ±  (78).
4. ‘ ¶µ³µÐÓÕ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö (37) ¨¸±²ÕÎ¨³ ¨§ Ê· ¢´¥-

´¨Ö „¨· ±  ¶·µ¤µ²Ó´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ ∂nAn.
’µ£¤  ¶µ²ÊÎ¨³ ¸¨¸É¥³Ê Ê· ¢´¥´¨°

�∂µAr
m = −jr

m +
∂k∂n

� jr
n, (84)

∂nAr
n = 0, (85)

(γ∂ + M)ψr = ıeγnψAr
n − ıe

2
γ4{ψr,�−1j4} − ıeγ4ψ

r�−1∂4∂µAµ, (86)

�∂µAµ = 0. (87)

•µÉÖ ¶·µ¤µ²Ó´ Ö ¨ ¢·¥³¥´´ Ö ¸µ¸É ¢²ÖÕÐ¨¥ ¨¸±²ÕÎ¥´Ò, ´µ µÉ ´¨Ì µ¸É ²¸Ö
¸²¥¤ ∂µAµ Å ¸± ²Ö·´ Ö ¸µ¸É ¢²ÖÕÐ Ö.

“· ¢´¥´¨¥ (87) µ§´ Î ¥É, ÎÉµ ¸± ²Ö·´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ ∂µAµ ³µ¦´µ · ¸-
¸³ É·¨¢ ÉÓ ± ± ´¥±µÉµ·µ¥ ¸¢µ¡µ¤´µ¥ ¶µ²¥∗. ‚ÒÎ¨¸²¨³ µ¤´µ¢·¥³¥´´Ò¥ ¶¥·¥-
¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ÔÉµ£µ ®¶µ²Ö¯:[

∂Aµ

∂xµ
(x),

∂Aν

∂yν
(y)

]
= 0, (88.0)

[
∂Aµ

∂xµ
(x),

∂

∂y4

∂Aν

∂yν
(y)

]
=

[
∂Aµ

∂xµ
,

∂

∂yν

∂Aν

∂y4
+ (−∆A4 − j4)

]
= 0, (88.1)

[
∂Aµ

∂xµ
(x),

∂2

∂y2
4

∂Aν

∂yν
(y)

]
=

[
∂Aµ

∂xµ
,−∆

∂

∂yν
(y)

]
= 0, (88.2)

∗�´ ²¨§ ¸¢µ°¸É¢ µ¶¥· Éµ·  ∂µAµ § ¨³¸É¢µ¢ ´ ¨§ ¢Éµ·µ° · ¡µÉÒ [23].
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .[
∂Aµ

∂xµ
(x),

∂n

∂yλ1 · · · yλn

∂Aν

∂yν
(y)

]
= 0, (88.n)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

’ ±¨³ µ¡· §µ³, ¤²Ö ²Õ¡ÒÌ ¢·¥³¥´ x0 ¨ y0[
∂Aµ

∂xµ
(x),

∂Aν

∂yν
(y)

]
= 0. (88)

Šµ³³ÊÉ Éµ·Ò (88.2), . . . , (88.n), . . . ¸²¥¤ÊÕÉ ¨§ (88.0), (88.1) ¨ Ê· ¢´¥´¨Ö
(87). �É³¥É¨³, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¸¢µ°¸É¢¥´´Ò
c-Î¨¸²µ¢µ³Ê ¸± ²Ö·´µ³Ê ¶µ²Õ.

‚¥²¨Î¨´  ∂µAµ ±µ³³ÊÉ¨·Ê¥É ¸ ¢¥²¨Î¨´ ³¨∗ Ar
m ¨ ψr. ‚ ¸ ³µ³ ¤¥²¥,[

Ar
m(x),

∂Aν

∂yν
(y)

]
=

[
Am,

∂Aν

∂yν

]
−

[
∂

∂xm

1
∆

∂An

∂xn
,
∂Aν

∂xν

]
= 0, (89.0)

[
Ar

m(x),
∂

∂y4

∂Aν

∂yν
(y)

]
= 0, (89.1)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .[
Ar

m(x),
∂n

∂yλ1 · · · yλn

∂Aν

∂yν
(y)

]
= 0, (89.n)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

[Ar
m(x), ∂νAν(y)] = 0, (89)

[
ψr(x),

∂Aν

∂yν
(y)

]
= 0 (90.0)

[
ψr(x),

∂

∂y4

∂Aν

∂yν
(y)

]
=

[
exp

(
−ıe

1
∆

∂An

∂xn

)
,

∂

∂y4

∂Aν

∂yν
(y)

]
ψ +

+ exp
(
−ıe

1
∆

∂nAn

) [
ψ,

∂

∂y4

∂Aν

∂yν
(y)

]
= 0, (90.1)

∗∂µAµ ±µ³³ÊÉ¨·Ê¥É É ±¦¥ ¨ ¸ Î¥É¢¥·Éµ° ±µ³¡¨´ Í¨¥° ÔÉµ£µ É¨¶  A4 − ∂4∆−1∂A.
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .[
ψr(x),

∂n

∂yλ1 · · · yλn

∂Aν

∂yν
(y)

]
= 0, (90.n)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

[
ψr(x),

∂Aν

∂yν
(y)

]
= 0. (90)

Šµ³³ÊÉ Éµ·Ò (89.2), . . . , (89.n), . . . ¨ (90.2), . . . , (90.n), . . . ¸²¥¤ÊÕÉ ¨§
(89.0), (89.1) ¨ (90.0), (90.1) ¸µµÉ¢¥É¸É¢¥´´µ ¶·¨ ÊÎ¥É¥ Ê· ¢´¥´¨Ö (87) ¸²¥¤ÊÕÉ
¨§ Ê· ¢´¥´¨° (87), (88).

�¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (89) ¨ (90) ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ
¶µ²Ö Ar

m(x) ¨ ψr(x) ´¥§ ¢¨¸¨³Ò µÉ ∂µAµ, ÎÉµ ¶µ µÉ´µÏ¥´¨Õ ± ´¨³ ∂µAµ

¢Ò¸ÉÊ¶ ¥É ± ± ¢´¥Ï´¥¥ c-Î¨¸²µ¢µ¥ ¶µ²¥.
�É³¥É¨³, ÎÉµ ¥¸²¨ ± Ê· ¢´¥´¨Ö³ (84)Ä(87) ¤µ¡ ¢¨ÉÓ Ê· ¢´¥´¨Ö (82) ¨ (83)

¢ ± Î¥¸É¢¥ µ¶·¥¤¥²¥´¨° ¶·µ¤µ²Ó´µ° ∂mAm ¨ ¢·¥³¥´´µ° A4 Î ¸É¥°, Éµ µÉ
Ê· ¢´¥´¨° (84)Ä(87) ³µ¦´µ ¢¥·´ÊÉÓ¸Ö ± ¨¸Ìµ¤´Ò³ Ê· ¢´¥´¨Ö³ (77), (78).

‘¨¸É¥³  Ê· ¢´¥´¨° (84)Ä(86) µÉ²¨Î ¥É¸Ö µÉ Ê· ¢´¥´¨° (39)Ä(41) ¶·¨¸ÊÉ-
¸É¢¨¥³ ²¨Ï´¥£µ Î²¥´  ¢ (86). �ÉµÉ Î²¥´ Å ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ¶µ²¥³ ∂µAµ,
¶µ¤Î¨´ÖÕÐ¨³¸Ö ¸¢µ¡µ¤´µ³Ê Ê· ¢´¥´¨Õ (87) ¨, ± ± ¡Ò²µ ¶µ± § ´µ, Ö¢²ÖÕÐ¥-
³Ê¸Ö c-Î¨¸²µ³ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸µ¸ÉµÖ´¨°.

4.3. „µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥. „²Ö Éµ£µ ÎÉµ¡Ò Ê· ¢´¥´¨Ö (84)Ä(86) ¶¥·¥-
Ï²¨ ¢ Ê· ¢´¥´¨Ö (39)Ä(41), ´¥µ¡Ìµ¤¨³µ ´ ²µ¦¨ÉÓ Ê¸²µ¢¨¥ ‹µ·¥´Í 

∂µAµ = 0. (91)

�´µ ´¥ ¶·µÉ¨¢µ·¥Î¨É Ê· ¢´¥´¨Ö³, µ¤´ ±µ ¶·µÉ¨¢µ·¥Î¨É ¶·¨´ÖÉÒ³ ¶¥·¥¸É -
´µ¢µÎ´Ò³ ¸µµÉ´µÏ¥´¨¥³ (79), ¢ ±µÉµ·ÒÌ Ö¢´µ ¸µ¤¥·¦¨É¸Ö ¶·¥¤¶µ²µ¦¥´¨¥ µ
¶µ²´µ° ´¥§ ¢¨¸¨³µ¸É¨ ¢¸¥Ì Î¥ÉÒ·¥Ì ±µ³¶µ´¥´É µ¶¥· Éµ·  Aµ

∗.
”¥·³¨ [3] ¶·¥¤²µ¦¨² ´ ±² ¤Ò¢ ÉÓ µ£· ´¨Î¥´¨¥ ´  ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö

∂µAµΨ = 0. (92)

∗‚ ¶·¨´Í¨¶¥ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö, ¸µ¢³¥¸É¨³Ò¥ ¸ Ê¸²µ¢¨¥³ ‹µ·¥´Í  (²µ·¥´Í¥¢-
¸± Ö ± ²¨¡·µ¢± ), ³µ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò (¸³. [43]) ¢ ¸¢µ¡µ¤´µ³ ¸²ÊÎ ¥ ¢ ¢¨¤¥

[Aµ(x), Aν(y)] =

(
δµν − (∂µ∂ν)

�

)
ı∆0(x − y).

’ ±¨¥ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¢¢¥¤¥´Ò ¢ É¥µ·¨Õ ¤²Ö µ¶¥· Éµ·  AΛ = �−1∂νFνµ, ¨
¢¥¸Ó  ¶¶ · É, · §¢¨ÉÒ° ¢ [43] ¸ ¤·Ê£µ° Í¥²ÓÕ, µÎ¥¢¨¤´Ò³ µ¡· §µ³ ³µ¦¥É ¡ÒÉÓ ¨¸Éµ²±µ¢ ´ ± ±
 ¶¶ · É ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ²µ·¥´Í¥¢¸±µ° ± ²¨¡·µ¢±¥ ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö. �¤´ ±µ, ± ± ³Ò ¢¨¤¨³, ¢ µÉ²¨Î¨¥ µÉ µ¡ÒÎ´ÒÌ, ÔÉ¨ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¨³¥ÕÉ
´¥²µ± ²Ó´ÊÕ Ëµ·³Ê ¨ ´¥ ¨³¥ÕÉ µ¤´µ¢·¥³¥´´µ£µ ¶·¥¤¥² .
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�¤´ ±µ ¢¶µ¸²¥¤¸É¢¨¨ ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ÔÉµ Ê¸²µ¢¨¥ ¶·µÉ¨¢µ·¥Î¨¢µ [4Ä6].
ŒÒ ¶·µ¨²²Õ¸É·¨·Ê¥³ ÔÉµ ¢ ¶. 4.5 ´  ¶·¨³¥·¥ ¸¢µ¡µ¤´µ£µ ¸²ÊÎ Ö.

‚ ¸µ¢·¥³¥´´µ° Ëµ·³¥, ±µÉµ·ÊÕ ¥³Ê ¶·¨¤ ² ƒÊ¶É  [7,8,19], µ£· ´¨Î¥´¨¥,
µÉ¡¨· ÕÐ¥¥ Ë¨§¨Î¥¸±¨¥ ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö, ¢Ò£²Ö¤¨É É ±:

∂µA+
µ Ψ = 0, (93)

£¤¥ + µ§´ Î ¥É, ÎÉµ ¡¥·¥É¸Ö ¶µ²µ¦¨É¥²Ó´µ-Î ¸ÉµÉ´ Ö Î ¸ÉÓ ∂µAµ. „²Ö ¢¥±-
Éµ·´ÒÌ Î ¸É¨Í ¸ ´¥´Ê²¥¢µ° ³ ¸¸µ° ÔÉµ Ê¸²µ¢¨¥ µ§´ Î ²µ ¡Ò, ÎÉµ ¢ ¸µ¸ÉµÖ´¨ÖÌ
Ψ ´¥ ¸µ¤¥·¦¨É¸Ö ¸± ²Ö·´ÒÌ ±¢ ´Éµ¢ [23]. �¤´ ±µ ¶µ¸±µ²Ó±Ê ∂µAµ §¤¥¸Ó ¶µ¤-
Î¨´Ö¥É¸Ö ¸¢µ¡µ¤´µ³Ê Ê· ¢´¥´¨Õ (87) ¸ ³ ¸¸µ° ´Ê²Ó, Éµ ¸¨ÉÊ Í¨Ö µ± §Ò¢ ¥É¸Ö
¡µ²¥¥ ¸²µ¦´µ° (¸³. ´¨¦¥). ‘± ²Ö·´Ò¥ ±¢ ´ÉÒ ¢ ¸µ¸ÉµÖ´¨ÖÌ Ψ ¶·¨¸ÊÉ¸É¢µ¢ ÉÓ
³µ£ÊÉ, µ¤´ ±µ ´µ·³  ¸µ¸ÉµÖ´¨Ö, ¸µ¤¥·¦ Ð¥£µ ÌµÉÖ ¡Ò µ¤¨´ ¸± ²Ö·´Ò° ±¢ ´É,
· ¢´  ´Ê²Õ. Š·µ³¥ Éµ£µ, É ±¨¥ ¸µ¸ÉµÖ´¨Ö µ·Éµ£µ´ ²Ó´Ò ¤·Ê£¨³ (Ë¨§¨Î¥¸±¨³)
¸µ¸ÉµÖ´¨Ö³, Ê¤µ¢²¥É¢µ·ÖÕÐ¨³ (93). �µÔÉµ³Ê ¸µ¸ÉµÖ´¨Ö ¸µ ¸± ²Ö·´Ò³¨ ±¢ ´-
É ³¨ ¤ ÕÉ ´Ê²¥¢µ° ¢±² ¤ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ S-³ É·¨ÍÒ,
¨ ¶µÔÉµ³Ê, ¥¸²¨ ¢§ÖÉÓ ¶·µ¥±Í¨Õ Ê· ¢´¥´¨° (84)Ä(88) ´  ¶µ¤¶·µ¸É· ´¸É¢µ ¸µ-
¸ÉµÖ´¨° Ψ, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì (93), Éµ ²¨Ï´¨° Î²¥´ ¢ (86) ¢Ò¶ ¤ ¥É, ¨ µ´¨
¶·¥¢· Ð ÕÉ¸Ö ¢ Ê· ¢´¥´¨Ö (39)Ä(41).

’ ±¨³ µ¡· §µ³, ¶µ¤¶·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨° Ψ ¢¥¤¥É ¸ ³µ¸ÉµÖÉ¥²Ó´µ¥ ¸Ê-
Ð¥¸É¢µ¢ ´¨¥.

4.4. �¥·¥Ìµ¤ ¢ ¶·¥¤¸É ¢²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ÒÏ¥ ³Ò µ¡¸Ê¦¤ ²¨
Ê· ¢´¥´¨Ö ¤²Ö µ¶¥· Éµ·µ¢ ¶µ²Ö ¢ £¥°§¥´¡¥·£µ¢¸±µ³ ¶·¥¤¸É ¢²¥´¨¨: ¢ Ëµ·³Ê-
²¨·µ¢±¥ ”¥·³¨ Å Ê· ¢´¥´¨Ö (77) ¨ (78) ¨ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö Å Ê· ¢´¥-
´¨Ö (38)Ä(41) (¨²¨ (84)Ä(87) ¨ (93)). ‚¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö ¢ £¥°§¥´¡¥·£µ¢¸±µ³
¶·¥¤¸É ¢²¥´¨¨ ¶µ¤Î¨´ÖÕÉ¸Ö Ê· ¢´¥´¨Õ ¤¢¨¦¥´¨Ö

∂Ψr

∂t
= 0 ¨²¨

∂Ψr(σ)
∂σ(x)

= 0, (94)

£¤¥ σ Å ²Õ¡ Ö ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´ Ö ¶µ¢¥·Ì´µ¸ÉÓ [31], Î ¸É´Ò³ ¸²ÊÎ ¥³
±µÉµ·µ° Ö¢²Ö¥É¸Ö ¶µ¢¥·Ì´µ¸ÉÓ t = const . ’¥¶¥·Ó ³Ò ¶¥·¥°¤¥³ ¢ ¶·¥¤¸É ¢²¥-
´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¢ ±µÉµ·µ³ µ¶¥· Éµ·Ò ¶µ²Ö ¶µ µ¶·¥¤¥²¥´¨Õ ¶µ¤Î¨´ÖÕÉ¸Ö
¸¢µ¡µ¤´Ò³ Ê· ¢´¥´¨Ö³. ŒÒ µ¡¸Ê¤¨³ ¶¥·¥Ìµ¤ ¢ ¤¢ÊÌ Ëµ·³Ê²¨·µ¢± Ì: ¢ Ëµ·-
³Ê²¨·µ¢±¥ ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö ¨ ¢ ± ²¨¡·µ¢±¥
¨§²ÊÎ¥´¨Ö.

1) ”µ·³Ê²¨·µ¢±  ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö. ‚¶¥·-
¢Ò¥ ¶¥·¥Ìµ¤ ¨§ £¥°§¥´¡¥·£µ¢¸±µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¢ ¶·¥¤¸É ¢²¥´¨¥ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¡Ò² ¨¸¸²¥¤µ¢ ´ ˜¢¨´£¥·µ³ [31, 44] (¸³. É ±¦¥ [19]). �·¥µ¡· §µ¢ ´¨¥
¨§ µ¤´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¢ ¤·Ê£µ¥

AB
µ (x) = S(t, t0)Ar

µ(x)S(t, t0)−1, ψB
µ (x) = S(t, t0)ψr

µ(x)S(t, t0)−1,

(95)
ΨB(t) = S(t, t0)Ψr(t),
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£¤¥ x4 = t, µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ µ¶¥· Éµ· 

S(t, t0) = T exp


ı

t∫
t0

d4xjB
µ (x)AB

µ (x)


 , (96)

±µÉµ·Ò° µ¤´µ¢·¥³¥´´µ Ö¢²Ö¥É¸Ö S-³ É·¨Í¥° ”¥°´³ ´ Ä„ °¸µ´  [45Ä47]
(¸³. É ±¦¥ [19, 21]). �·¥µ¡· §µ¢ ´¨¥ Ê¤µ¡´µ ¶·µ¨§¢µ¤¨ÉÓ, ¨¸¶µ²Ó§ÊÖ ¸µµÉ-
´µÏ¥´¨Ö

S
∂Qr(x)

∂x4
S−1 =

∂QB(x)
∂x4

−
[

dS

dx4
, QB(x)

]
(x4 = t), (97)

dS

dx4
S−1 =

∫
dxjB

µ (x)AB
µ (x), (98)

£¤¥ Q(x) Å ²Õ¡µ° µ¶¥· Éµ·.
�·¥¦¤¥ ¢¸¥£µ, ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö

¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (79) ¸µÌ· ´ÖÉ ¸¢µÕ Ëµ·³Ê,   ¶·¨ ¶·µ¨§¢µ²Ó-
´ÒÌ ¢·¥³¥´ Ì § ¶¨ÏÊÉ¸Ö ¢ ¢¨¤¥ (80), (81). �¥É·Ê¤´µ ¤ ²¥¥ ¶·µ¢¥·¨ÉÓ, ÎÉµ
Ê· ¢´¥´¨Ö ¤²Ö µ¶¥· Éµ·µ¢ ¶µ²Ö ¶·¨³ÊÉ ¢¨¤

�AB
µ (x) = 0, (γ∂ + M)ΨB(x) = 0, (99)

  Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö (94) ¶¥·¥°¤¥É ¢

∂ΨB(t)
∂t

=
∫

dxjB
µ (x)AB

µ (x)ΨB(t). (100)

�·¨ ¶·¥µ¡· §µ¢ ´¨¨ ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö (93) ³Ò ¢µ¸¶µ²Ó§Ê¥³¸Ö ¶¥·¥-
¸É ´µ¢µÎ´Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨

[AB(+)
µ (x), AB(+)

ν (y)] = 0, (101)

[AB(+)
µ (x), AB(+)

ν (y)] = ıδµν∆(+)(x − y) =
1

(2π)3

∫
dp
|p| eıp(x−y). (102)

’µ£¤  ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ (83) ¶¥·¥°¤¥É [8] ¢∗
∂µAB(+)

µ (x) −
∫
σ

dσ′
µ∆(+)(x − x′)jB

µ (x′)


 Ψ(σ) = 0, (103)

∗‚¶¥·¢Ò¥ ÔÉµ ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²ÊÎ¨² ˜¢¨´-
£¥· [31]. �¤´ ±µ µ´ ¨¸Ìµ¤¨² ¨§ Ê¸²µ¢¨Ö ”¥·³¨ ¢ ¶¥·¢µ´ Î ²Ó´µ° Ëµ·³¥ (92) ¨ ¶µÔÉµ³Ê ¶·¨Ï¥²
± Ê¸²µ¢¨Õ 

∂µA
B(+)
µ (x) −

∫
σ

dσ′
µ∆0(x − x′)jB

µ (x′)


ΨB(σ) = 0.
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£¤¥ dσ′
µ Å 4-¢¥±Éµ· ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ô²¥³¥´Éµ¢ ¶µ¢¥·Ì´µ¸É¨:

dσ′
µ =

ı

6
εµνλρdxνdxλdxρ =

= (−dx2dx3dx4, dx1dx2dx4,−dx1dx2dx4,−ıdx1dx2dx3).

’µÎ±  x′ ¢¸¥£¤  ²¥¦¨É ´  ¶µ¢¥·Ì´µ¸É¨ σ, ´  ±µÉµ·µ° § ¤ ´µ ¸µ¸ÉµÖ´¨¥ Ψ(σ),  
ÉµÎ±  x Å £¤¥ Ê£µ¤´µ. …¸²¨ ¥¥ É ±¦¥ ¶µ³¥¸É¨ÉÓ ´  ¶µ¢¥·Ì´µ¸ÉÓ σ, Éµ Ê¸²µ¢¨¥
(103) Ê¶·µ¸É¨É¸Ö:

∂µAB(+)
µ (x)ΨB(σ) = 0 (x ∈ σ), (103′)

¨²¨ ¶·¨ ¢Ò¡µ·¥ σ ¢ ¢¨¤¥ t = const

∂µAB(+)
µ (x)ΨB(t) = 0 (x4 = t). (103′′)

�É³¥É¨³ ¶µ¶ÊÉ´µ, ÎÉµ ¸¨¸É¥³  Ê· ¢´¥´¨° (99), (100) ¨ (103) ¨´¢ ·¨ ´É´ 
µÉ´µ¸¨É¥²Ó´µ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨° [31]

Aµ(x) = A′
µ(x) + ∂µΛ(x), �Λ(x) = 0, (104)

Ψ(t) → Ψ′(t) = exp
(
−ı

∫
dσµjµ(x)Λ(x)

)
Ψ(t) =

= exp
(
−

∫
dxj4(x)Λ(x)

)
Ψ(t). (105)

�¶¥· Éµ·Ò ¶µ²Ö ψB ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥²Ó§Ö ¶µ¤¢¥·£ ÉÓ ± -
²¨¡·µ¢µÎ´Ò³ ¶·¥µ¡· §µ¢ ´¨Ö³, É ± ± ± ÔÉµ ¨§³¥´¨²µ ¡Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö (99).

2) Š ²¨¡·µ¢±  ¨§²ÊÎ¥´¨Ö. —Éµ¡Ò ¶¥·¥°É¨ ± ¶·¥¤¸É ¢²¥´¨Õ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¢ ¸²ÊÎ ¥ ± ²¨¡·µ¢±¨ ¨§²ÊÎ¥´¨Ö (± ±µÉµ·µ° ³Ò ¶¥·¥Ï²¨ ¢ ¶. 4.2), ¶µ¤-
¢¥·£´¥³ £¥°§¥´¡¥·£µ¢¸±¨¥ µ¶¥· Éµ·Ò A(rΓ)(x) ¨ ψ(rΓ)(x) ¶·¥µ¡· §µ¢ ´¨Õ

A(rB)
m (x) = S(t, t0)A(rΓ)

m (x)S(t, t0)−1,

ψ(rB)
m (x) = S(t, t0)ψ(rΓ)

m (x)S(t, t0)−1,
(106)

£¤¥ É¥¶¥·Ó µ¶¥· Éµ· S(t, t0) ¢Ò¡¥·¥³ ¢ Ëµ·³¥

S(t, t0) = T exp
{

ı

∫
d4x

[
jB
m(x)A(rB)

m (x) −

− 1
2
jB
4 (x)

1
∆

jB
4 (x) − jB

4 (x)∂4
1
∆

∂µAµ(x)
]}

. (107)
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�É¸Õ¤ 

dS

dx4
S−1 =

∫
dx

[
jB
m(x)A(rB)

m (x) −

− 1
2
jB
4 (x)

1
∆

jB
4 (x) − jB

4 (x)∂4
1
∆

∂µAµ(x)
]
. (108)

ˆ¸¶µ²Ó§ÊÖ (97) ¨ (108), ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥-
´¨Ö ¸µÌ· ´ÖÉ ¸¢µ° ¢¨¤ (42),   Ê· ¢´¥´¨Ö (84)Ä(86) ¶·¥¢· ÉÖÉ¸Ö ¢

�∂µArB
n = 0, ∂mArB

m = 0, (109)

(γ∂ + M)ψrB = 0. (110)

�Éµ ¨ ¥¸ÉÓ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö µ¶¥· Éµ·µ¢ ¶µ²Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö
¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö. “· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö £¥°§¥´¡¥·£µ¢¸±¨Ì
¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö (94) ¸ ÊÎ¥Éµ³ (109) ¶¥·¥Ìµ¤¨É ¢

∂ΨrB

∂x4
=

∫
dx

[
jB
m(x)A(rB)

m (x) −

− 1
2
jB
4 (x)

1
∆

jB
4 (x) − jB

4 (x)∂4
1
∆

∂µAµ(x)
]
ΨrB. (111)

Š ± ¢¨¤´µ ¨§ (111), µ¶¥· Éµ· S(t, t0) Ö¢²Ö¥É¸Ö S-³ É·¨Í¥° ¢ ± ²¨¡·µ¢±¥ ¨§-
²ÊÎ¥´¨Ö.

—Éµ ± ¸ ¥É¸Ö ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö (93), Éµ µ´µ ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ´¥
¨§³¥´Ö¥É¸Ö [8] ¶·¨ ¶¥·¥Ìµ¤¥ ¢ ¶·¥¤¸É ¢²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö

∂µA+
µ ΨrB = 0, (112)

£¤¥ x4 ¨ t Å ²Õ¡Ò¥. �Éµ µ¡Ê¸²µ¢²¥´µ É¥³, ÎÉµ µ¶¥· Éµ· ∂µAµ(x) (  ¸²¥¤µ¢ -
É¥²Ó´µ, ¨ ¥£µ ¶µ²µ¦¨É¥²Ó´µ- ¨ µÉ·¨Í É¥²Ó´µ-Î ¸ÉoÉ´Ò¥ Î ¸É¨) ±µ³³ÊÉ¨·Ê¥É
¸µ ¢¸¥³¨ µ¶¥· Éµ· ³¨, ¢Ìµ¤ÖÐ¨³¨ ¢ S(t, t0) ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¸ S(t, t0), ± -
±µ¢Ò ¡Ò ´¨ ¡Ò²¨ ¢·¥³¥´  x4, t ¨ t0. �¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ Éµ, ÎÉµ ¢
µÉ²¨Î¨¥ µÉ Ê¸²µ¢¨Ö (103) §¤¥¸Ó ¢·¥³¥´  x4 ¨ t ¸µ¢¥·Ï¥´´µ ´¥§ ¢¨¸¨³Ò.

…Ð¥ µ¤´µ § ³¥Î ´¨¥ ¶µ ¶µ¢µ¤Ê ∂µAµ(x). �ÉµÉ µ¶¥· Éµ· µÉ¸ÊÉ¸É¢Ê¥É ¢
Ê· ¢´¥´¨¨ (112) ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö (36) ¨ ¢µ§´¨± Ê ´ ¸ ¢ Ê· ¢´¥´¨¨
(86). Š ± ¨ (86), Ê· ¢´¥´¨Ö (107), (108) ¨ (111) ³µ¦´µ ¸¶·µ¥Í¨·µ¢ ÉÓ ´  ¶µ¤-
¶·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨°, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì Ê¸²µ¢¨Õ (112), É. ¥. · ¸¸³ É·¨¢ ÉÓ
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Éµ²Ó±µ ³¥¦¤Ê É ±¨³¨ ¸µ¸ÉµÖ´¨Ö³¨. ’µ£¤  ¸ ÊÎ¥Éµ³ (112)
ÔÉµÉ Î²¥´ µÉµ¢¸Õ¤Ê ¢Ò¶ ¤ ¥É. �¶¥· Éµ· S(t, t0) (107), ¸µµÉ´µÏ¥´¨¥ (108) ¨

Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö (111) ¸ µ¶ÊÐ¥´´Ò³ Î²¥´µ³ j4∂4
1
∆

∂µAµ ¢³¥¸É¥ ¸ Ê· ¢-

´¥´¨Ö³¨ (108) ¨ (110) ¸µ¸É ¢²ÖÕÉ  ¶¶ · É ¶·¥¤¸É ¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö
Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö.
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ˆ´É¥·¥¸´µ, µ¸É ¢ Ö¸Ó ¢ · ³± Ì ¶·¥¤¸É ¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶¥·¥°É¨
µÉ ± ²¨¡·µ¢±¨ ¨§²ÊÎ¥´¨Ö ± Ëµ·³Ê²¨·µ¢±¥ ”¥·³¨. …¸²¨ ¡Ò ¶·¨ ÔÉµ³ ¢ (107),

(108) ¨ (111) Î²¥´ j4∂4
1
∆

∂µAµ µÉ¸ÊÉ¸É¢µ¢ ², Éµ ¥£µ ¶·¨Ï²µ¸Ó ¡Ò ¤µ¡ ¢¨ÉÓ,

ÎÉµ ¸ ¶·¨¢²¥Î¥´¨¥³ Ê¸²µ¢¨Ö (112) ¡¥§µ¶ ¸´µ ¨ ¡¥§¢·¥¤´µ. „²Ö ·¥ ²Ó´µ£µ µ¸Ê-
Ð¥¸É¢²¥´¨Ö ¶¥·¥Ìµ¤  ± Ëµ·³Ê²¨·µ¢±¥ ”¥·³¨ ¤µ¶µ²´¨³ ¶µ²¥ ArB

m ¢³¥¸É¥
∂µAµ ¤µ 4-¢¥±Éµ· . „²Ö ÔÉµ£µ µ¶·¥¤¥²¨³ ¶·µ¤µ²Ó´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ Ê· ¢´¥-
´¨¥³

�∂mArB
m = 0, (113)

  ¢·¥³¥´´ÊÕ ¸µ¸É ¢²ÖÕÐÊÕ AB
4 µ¶·¥¤¥²¨³ ± ±

AB
4 = ∆−1(−∂4∂νAν + ∂4∂mArB

m ), (114)

¨ ¢ Í¥²µ³ µ¶·¥¤¥²¨³ 4-¢¥±Éµ· AB
ν ¸ ¶µ³µÐÓÕ · §²µ¦¥´¨Ö ¢¨¤  (25)

ArB
µ = Ar

µ + δµm∆−1∂m∂nAB
n + δµ4A

B
4 = 0 (115)

¸ µ¡Ð¨³ Ê· ¢´¥´¨¥³ ¤¢¨¦¥´¨Ö

�ArB
m = 0 (116)

¨ ¶¥·¥¸É ´µ¢µÎ´Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨

[AB
µ (x), AB

ν (y)] = 0, [AB
µ (x), ∂4A

B
ν (y)] = δµνδ(x − y) (x4 = y4). (117)

�µ¤¸É ¢¨¢ ∂4
1
∆

∂µAµ ¨§ (114) ¢ (111), ¶µ²ÊÎ¨³

∂ΨrB

∂x4
=

∫
dx

[
jB
µ (x)ArB

µ − 1
2
jB
4

1
∆

jB
4 − jB

µ ∂µ
1
∆

∂mAB
m

]
ΨrB. (118)

’¥¶¥·Ó ¶µ¤¢¥·£´¥³ ΨrB ± ²¨¡·µ¢µÎ´µ³Ê ¶·¥µ¡· §µ¢ ´¨Õ

ΨrB(t) = V ΨrB(t) = eGΨrB(t) = exp
{∫

dxjB
4

1
∆

∂mAB
m

}
ΨrB(t). (119)

�·¨ ¶·¥µ¡· §µ¢ ´¨¨ Ê· ¢´¥´¨Ö ¸²¥¤Ê¥É ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö Ëµ·³Ê² ³¨

V
∂V −1

∂x4
= −∂G−1

∂x4
− 1

2!

[
G,

∂G−1

∂x4

]
+ . . . =

=
∫

dx∂µ
1
∆

∂mAB
m +

1
2
jB
4

1
∆

jB
4 , (120)
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V ∆−1∂µ∂mAB
mV −1 + δµ4[G, ∆−1∂µ∂mAB

m] =

= ∆−1∂µ∂mAB
m − δµ4∂x4V

−1 − jB
4

1
∆

jB
4 . (121)

‚ ·¥§Ê²ÓÉ É¥ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö ¶·¨´¨³ ¥É ¢¨¤

∂ΨB

∂x4
=

∫
dxjB

µ (x)AB
µ (x)ΨB,

¢ ÉµÎ´µ¸É¨ ¸µ¢¶ ¤ ÕÐ¨° ¸ (96).
�¸É ¥É¸Ö · ¸¸³µÉ·¥ÉÓ ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥. �·¥¦¤¥ ¢¸¥£µ, ¸µ¸É ¢²ÖÖ

∂µAB
µ = ∂nAB

n + ∂4A
B
4 ¨ ¶µ¤¸É ¢²ÖÖ ¸Õ¤  AB

4 ¢ Ëµ·³¥ (114), ¢ÒÖ¸´Ö¥³, ÎÉµ

∂µAµ = ∂µAB
µ . (122)

ˆ´É¥·¥¸´µ, ÎÉµ µ¶¥· Éµ· ∂µAB
µ ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö µ± § ²¸Ö ¢

ÉµÎ´µ¸É¨ É¥³ ¦¥, ÎÉµ ¨ ¢ £¥°§¥´¡¥·£µ¢¸±µ³ ¶·¥¤¸É ¢²¥´¨¨. �Éµ ¥¸É¥¸É¢¥´´µ,
É ± ± ± µ´ ¶µ¤Î¨´Ö¥É¸Ö ¸¢µ¡µ¤´µ³Ê Ê· ¢´¥´¨Õ (87), ¨ ¶¥·¥Ìµ¤ ¢ ¶·¥¤¸É -
¢²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¢ ±µÉµ·µ³ ¶µ µ¶·¥¤¥²¥´¨Õ ¢¸¥ ¶µ²Ö ¸¢µ¡µ¤´Ò¥, ´¥
¤µ²¦¥´ ¡Ò² ¥£µ ¨§³¥´¨ÉÓ. ’ ± ± ± ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö ¡Ò²¨ ¶µ¤¢¥·£´ÊÉÒ ¶·¥-
µ¡· §µ¢ ´¨Õ (119), Éµ ³Ò ¤µ²¦´Ò ¸¤¥² ÉÓ Éµ ¦¥ ¸ ³µ¥ ¨ ¢ ¤µ¶µ²´¨É¥²Ó´µ³
(112), ¶µ¸²¥ Î¥£µ µ´µ ¶·¨µ¡·¥É ¥É ¢¨¤

∂µAB(+)
µ (x) −

∫
σ

dσ′
µ∆(+)(x − x′)jB

µ (x′)


 Ψ(σ) = 0,

É. ¥. ³Ò ¸´µ¢  ¶·¨Ï²¨ ± Ê¸²µ¢¨Õ (103). �¥É·Ê¤´µ ¸µ¢¥·Ï¨ÉÓ µ¡· É´Ò° ¶¥-
·¥Ìµ¤ µÉ Ëµ·³Ê²¨·µ¢±¨ ”¥·³¨ ± ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. „²Ö ÔÉµ£µ ¢¥±Éµ·-
¶µÉ¥´Í¨ ² AB

µ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ (115), ¥£µ Î¥É¢¥·É Ö ±µ³¶µ´¥´É  ¨¸-
±²ÕÎ ¥É¸Ö ¸ ¶µ³µÐÓÕ Ëµ·³Ê²Ò (114),   ¶·µ¤µ²Ó´ Ö Î ¸ÉÓ ∂nAB

n Å ¸ ¶µ³µ-
ÐÓÕ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö, µ¡· É´µ£µ ± (110).

�¸É ²Ó´ Ö Î ¸ÉÓ ÔÉµ£µ · §¤¥²  ¶µ¸¢ÖÐ¥´  · §²¨Î´Ò³ ¢µ¶·µ¸ ³ ¶·¥¤¸É -
¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö. �·¨ ÔÉµ³ §´ Îµ± B, Ê± §Ò¢ ÕÏ¨° ´  ¶·¥¤¸É ¢²¥´¨¥
¢§ ¨³µ¤¥°¸É¢¨Ö, ¢ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥É µ¶Ê¸± ÉÓ¸Ö.

4.5. Š¢ ´Éµ¢ ´¨¥ ¸¢µ¡µ¤´µ£µ ¢¥±Éµ·´µ£µ ¶µ²Ö ¸ ´Ê²¥¢µ° ³ ¸¸µ°. „²Ö
¢¥±Éµ·-¶µÉ¥´Í¨ ²  ¸¢µ¡µ¤´µ£µ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ³µ¦´µ § ¶¨¸ ÉÓ · §-
²µ¦¥´¨¥

Aµ =
∫

dp√
(2π)32p0

{aµ(p) eıpx + a∗
µ(p) e−ıpx}, (123)

£¤¥ (p0 = |p|). �·¨ É ±µ° § ¶¨¸¨ ¸µ¸ÉµÖ´¨¥ ¶µ²Ö·¨§ Í¨¨ Ì · ±É¥·¨§Ê¥É¸Ö ¢¥±-
Éµ·´Ò³ ¨´¤¥±¸µ³ µ. ‡¤¥¸Ó ´ ³ Ê¤µ¡´¥¥ µÉ± § ÉÓ¸Ö µÉ ¥¢±²¨¤µ¢¸±µ° ³¥É·¨±¨
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Œ¨´±µ¢¸±µ£µ ¨ ¸¢Ö§ ´´µ° ¸ ÔÉ¨³ ³´¨³µ° Î¥É¢¥·Éµ° ±µ³¶µ´¥´Éµ° ²µ·¥´Í¥¢-
¸±¨Ì ¢¥±Éµ·µ¢. �µÔÉµ³Ê ¢ Ëµ·³Ê²¥ (123) ¨ ¢¸Õ¤Ê ¤ ²ÓÏ¥ ¢ ¤ ´´µ³ ¶Ê´±É¥ ³Ò
¸Î¨É ¥³, ÎÉµ µ ¶·¨´¨³ ¥É §´ Î¥´¨Ö 0, 1, 2, 3,   ³¥É·¨Î¥¸±¨° É¥´§µ· ¨³¥¥É ¢¨¤

gµν =

∥∥∥∥∥∥∥∥
−1 0 0 0

0 +1 0 0
0 0 +1 0
0 0 0 +1

∥∥∥∥∥∥∥∥
. (124)

’µ£¤  ¢¸¥ Î¥ÉÒ·¥ ±µ³¶µ´¥´ÉÒ Aµ ®¢¥Ð¥¸É¢¥´´Ò¯, É. ¥. µ¶¥· Éµ·Ò Aµ Ô·³¨-
Éµ¢Ò,   ¸²¥¤µ¢ É¥²Ó´µ, µ¶¥· Éµ·Ò a+

µ Ô·³¨Éµ¢µ ¸µ¶·Ö¦¥´Ò ± µ¶¥· Éµ· ³ a+
µ .

‘³Ò¸² µ¶¥· Í¨¨ Ô·³¨Éµ¢  ¸µ¶·Ö¦¥´¨Ö ÊÉµÎ´¥´ ´¨¦¥.
‘É ´¤ ·É´ Ö ¶·µÍ¥¤Ê·  ±¢ ´Éµ¢ ´¨Ö ¸¢µ¡µ¤´µ£µ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö,

µ¶¨¸Ò¢ ¥³µ£µ ² £· ´¦¨ ´µ³ (76) ¸ e = 0, ¶·¨¢µ¤¨É ± ¶¥·¥¸É ´µ¢µÎ´Ò³ ¸µ-
µÉ´µÏ¥´¨Ö³ [

aµ(p), a+
ν (q)

]
= δµνδ(p − q). (125)

 ) �¡Ð¨¥ µ¶·¥¤¥²¥´¨Ö ¤²Ö £¨²Ó¡¥·Éµ¢ÒÌ ¶·µ¸É· ´¸É¢ ¸ ¶µ²µ¦¨É¥²Ó´µ
µ¶·¥¤¥²¥´´µ° ¨ ¸ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ°. ‚´¥ § ¢¨¸¨³µ¸É¨ µÉ Éµ£µ, ¶µ²µ-
¦¨É¥²Ó´µ µ¶·¥¤¥²¥´  ³¥É·¨±  ¨²¨ ´¥É, ³µ¦´µ ¤ ÉÓ ¸²¥¤ÊÕÐ¨¥ µ¡Ð¨¥ µ¶·¥-
¤¥²¥´¨Ö [10].

i) ‘± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ¢¥±Éµ·µ¢ Ψ1 ¨ Ψ2:

Ψ+
1 Ψ2. (126)

Š·¥¸Éµ³ µÉ³¥Î ¥É¸Ö ¤Ê ²Ó´Ò° ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö, µ¡ µ¶¥· Í¨¨ ¤²Ö ¶µ²ÊÎ¥´¨Ö
±µÉµ·µ£µ ³Ò ¶µ±  ´¥ ¶·¥¤¶µ² £ ¥³ ´¨Î¥£µ, ±·µ³¥ Éµ£µ, ÎÉµ µ´  ¸µ¤¥·¦¨É ±µ³-
¶²¥±¸´µ¥ ¸µ¶·Ö¦¥´¨¥. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ´µ·³  ¢¥±Éµ·  Ψ+Ψ ¢¥Ð¥¸É¢¥´´ ,
´µ ¢ µ¸É ²Ó´µ³ ¶·µ¨§¢µ²Ó´ . ‚¥±Éµ·Ò ´ §Ò¢ ÕÉ¸Ö ´µ·³¨·µ¢ ´´Ò³, ¥¸²¨

Ψ+Ψ = ±1, 0. (127)

“¸²µ¢¨¥ µ·Éµ£µ´ ²Ó´µ¸É¨ § ¶¨¸Ò¢ ¥É¸Ö

Ψ+Φ = 0. (128)

ii) �·³¨Éµ¢µ-¸µ¶·Ö¦¥´´Ò° µ¶¥· Éµ· µ¶·¥¤¥²Ö¥É¸Ö ± ±

Ψ+a+ = (aΨ)+. (129)

iii) �·³¨Éµ¢ µ¶¥· Éµ· µ¶·¥¤¥²Ö¥É¸Ö µ¡ÒÎ´Ò³ É·¥¡µ¢ ´¨¥³, ÎÉµ¡Ò ¢¸¥ ¥£µ
¸·¥¤´¨¥ ¡Ò²¨ ¢¥Ð¥¸É¢¥´´Ò:

Ψ+aΨ = (Ψ+aΨ)∗ = Ψ+a+Ψ, (130)
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¨, ¸²¥¤µ¢ É¥²Ó´µ, µ¡² ¤ ¥É ¸¢µ°¸É¢µ³

a+ = a. (131)

…¸²¨ Ψ Å ¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö Ô·³¨Éµ¢a µ¶¥· Éµ·  a, Éµ ¨§

Ψ+aΨ = aΨ+Ψ (132)

¨

Ψ+aΨ = a∗Ψ+Ψ (133)

¶µ²ÊÎ ¥³

(a − a∗)Ψ+ = 0. (134)

�·¨ ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´µ° ³¥É·¨±¥ µÉ¸Õ¤  ¸²¥¤Ê¥É ¢¥Ð¥¸É¢¥´´µ¸ÉÓ
¢¸¥Ì ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° Ô·³¨Éµ¢a µ¶¥· Éµ· . …¸²¨ ³¥É·¨±  ¶µ²µ¦¨É¥²Ó´µ
´¥ µ¶·¥¤¥²¥´ , Éµ ¢¥±Éµ· Ψ ³µ¦¥É ¨³¥ÉÓ ´Ê²¥¢ÊÕ ´µ·³Ê,   Éµ£¤  ¨§ (134)
´¥²Ó§Ö ¸¤¥² ÉÓ ¢Ò¢µ¤ µ ¢¥Ð¥¸É¢¥´´µ¸É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¸µ¡¸É¢¥´´µ£µ §´ -
Î¥´¨Ö. ‘µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö Ô·³¨Éµ¢ÒÌ µ¶¥· Éµ·µ¢ ³µ£ÊÉ ¡ÒÉÓ ¤ ¦¥ ±µ³¶-
²¥±¸´Ò³¨.

iv) …¸²¨ {Ψm} Å ¶µ²´ Ö ¸¨¸É¥³  ¢¥±Éµ·µ¢, ¶µ¸É·µ¥´´ Ö ¨¸±²ÕÎ¨É¥²Ó´µ
¨§ ¢¥±Éµ·µ¢ ¸ ´¥´Ê²¥¢Ò³¨ ´µ·³ ³¨, ¨ ¥¸²¨

ηlm = Ψ+
l Ψm = ±δlm, (135)

Éµ Ê¸²µ¢¨¥ ¶µ²´µÉÒ § ¶¨Ï¥É¸Ö∑
l,m

ΨlηlmΨ+
m = 1. (136)

¡) �µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´ Ö ³¥É·¨± . � ¶µ³´¨³ µ¸´µ¢´Ò¥ Ë ±ÉÒ,
¸¢Ö§ ´´Ò¥ ¸ ±¢ ´Éµ¢ ´¨¥³ ¸µ£² ¸´µ ¶¥·¥¸É ´µ¢µÎ´Ò³ ¸µµÉ´µÏ¥´¨Ö³:

[a, a+] = 1 (137)

¶·¨ ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´µ° ³¥É·¨±¥. �·³¨Éµ¢o ¸µ¶·Ö¦¥´¨¥ ¶·¨ ÔÉµ³
¥¸ÉÓ ¶·µ¸Éµ ±µ³¶²¥±¸´µ¥ ¸µ¶·Ö¦¥´¨¥ ¨ É· ´¸¶µ´¨·µ¢ ´¨¥. ‡ ¤ ´¨¥ ¶¥·¥¸É -
´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° (137) ¨³¥¥É ¸²¥¤ÊÕÐÊÕ Í¥¶Ó ¸²¥¤¸É¢¨°.

i) �¶¥· Éµ· a+ Ö¢²Ö¥É¸Ö Ô·³¨Éµ¢Ò³ ¨, ±·µ³¥ Éµ£µ, µ´ ¥¸ÉÓ ¶·µ¨§¢¥¤¥´¨¥
¤¢ÊÌ Ô·³¨Éµ¢µ-¸µ¶·Ö¦¥´´ÒÌ µ¶¥· Éµ·µ¢. �µÔÉµ³Ê ¶·¨ ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥-
²¥´´µ° ³¥É·¨±¥ µ´ ¤µ²¦¥´ µ¡² ¤ ÉÓ ´¥ Éµ²Ó±µ ¢¥Ð¥¸É¢¥´´Ò³¨, ´µ ¨ ´¥µÉ·¨-
Í É¥²Ó´Ò³¨ ¤¨ £µ´ ²Ó´Ò³¨ Ô²¥³¥´É ³¨∗,   §´ Î¨É, ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¥£µ

∗’ ± ± ± 〈n|a+a|n〉 =
∑
m
〈n|a+|m〉〈m|a|n〉 =

∑
m

|〈m|a|n〉|2.
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¢¥Ð¥¸É¢¥´´Ò ¨ ´¥µÉ·¨Í É¥²Ó´Ò:

a+aΨλ = λΨλ, λ > 0. (138)

ii) �¶¥· Éµ·Ò a Ê³¥´ÓÏ ÕÉ,   µ¶¥· Éµ·Ò a+ Ê¢¥²¨Î¨¢ ÕÉ ¸µ¡¸É¢¥´´Ò¥
§´ Î¥´¨Ö a+ ´  ¥¤¨´¨ÍÊ:

(a+a)aΨλ = (λ − 1)aΨλ, (139)

(a+a)a+Ψλ = (λ + 1)a+Ψλ. (140)

iii) ˆ§ i ¨ ii ¸²¥¤Ê¥É, ÎÉµ µ¶¥· Éµ· a+ µ¡² ¤ ¥É Éµ²Ó±µ Í¥²µÎ¨¸²¥´´Ò³
¸¶¥±É·µ³ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨°∗

λ = 0, 1, 2, . . . (141)

�É¨ Ë ±ÉÒ ¶µ§¢µ²ÖÕÉ ¨´É¥·¶·¥É¨·µ¢ ÉÓ µ¶¥· Éµ·Ò a, a+ ¨ a+a ± ± µ¶¥· -
Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö, ·µ¦¤¥´¨Ö ¨ Î¨¸²  Î ¸É¨Í ¸µµÉ¢¥É¸É¢¥´´µ.

iv) �µ²´ Ö ¸¨¸É¥³  ´µ·³¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨° ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´ 

Ψλ =
(a+)λ

√
λ!

Ψ0, (142)

£¤¥ ´ ¨´¨§Ï¥¥ ¸µ¸ÉµÖ´¨¥ (¸µ¸ÉµÖ´¨¥ ¡¥§ Î ¸É¨Í) Ψ0, É. ¥. ¢ ±ÊÊ³, µ¡² ¤ ¥É
¸¢µ°¸É¢µ³

aΨ0 = 0. (143)

„²Ö  ´ ²¨§  ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° (125) ³Ò ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ aµ

¨ a+
µ ¶·¨´ ¤²¥¦ É µ¤´µ³Ê ¨³¶Ê²Ó¸Ê p = q, ¨ Ê¶·µÐ¥´´µ § ¶¨Ï¥³ (125) ± ±

[aµ, a+
ν ] = δµν . (144)

∗‚ ¸ ³µ³ ¤¥²¥, ¶Ê¸ÉÓ ¸ÊÐ¥¸É¢Ê¥É ± ±µ¥-Éµ λmin < 1 ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ψλmin �= 0.
� ¸¸³µÉ·¨³ ¢¥±Éµ· aψλmin :

(a+a)aΨλmin = (λmin − 1)aΨλmin .

’ ± ± ± ¶µ²ÊÎ¨¢Ï¥¥¸Ö ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ µÉ·¨Í É¥²Ó´µ, ÎÉµ ´¥¢µ§³µ¦´µ, Éµ

aΨλmin = 0.

�É¸Õ¤ , ¶µ¤¥°¸É¢µ¢ ¢ ´  ÔÉµ · ¢¥´¸É¢µ µ¶¥· Éµ·µ³ a+ , ´ Ìµ¤¨³

(a+a)Ψλmin = 0,

É. ¥. λmin = 0.
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�É¨ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¶·¨ µ, ν �= 4 É· ±ÉÊÕÉ¸Ö É ± ¦¥, ± ± ¶¥·¥-
¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (137). � ¶·¨³¥·, am Å µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö.
�¤´ ±µ ¤²Ö ¢·¥³¥´´ÒÌ µ¶¥· Éµ·µ¢ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¨³¥ÕÉ ¤·Ê-
£µ° ¢¨¤:

[a0, a+
0 ] = −1, (145)

¨, ¸²¥¤µ¢ É¥²Ó´µ, µ¶¥· Éµ· ³¨ Ê´¨ÎÉµ¦¥´¨Ö, ·µ¦¤¥´¨Ö ¨ Î¨¸²  Î ¸É¨Í ¡Ê¤ÊÉ,
¸µµÉ¢¥É¸É¢¥´´µ, a+

0 , a0 ¨ a0a
+
0 ,   ¢ ±ÊÊ³ ¡Ê¤¥É µ¡² ¤ ÉÓ ¸¢µ°¸É¢µ³

amΨ0 = 0, a+
0 Ψ0 = 0. (146)

’ ± Ö É¥µ·¨Ö ¸ · §²¨Î´Ò³ Éµ²±µ¢ ´¨¥³ ¶·µ¸É· ´¸É¢¥´´ÒÌ ¨ ¢·¥³¥´´ÒÌ µ¶¥-
· Éµ·µ¢ aµ ¢µ§³µ¦´ . �¤´ ±µ µ´ , ¶µ¤µ¡´µ Ëµ·³Ê²¨·µ¢±¥ „¨· ± , ´¥ ´µ¸¨É
´Ê¦´µ£µ Ö¢´µ ±µ¢ ·¨ ´É´µ£µ ¢¨¤ .

‡ ³¥Î ´¨¥. “É¢¥·¦¤¥´¨Ö iÄiv Ö¢²ÖÕÉ¸Ö ´¥µ¡Ìµ¤¨³Ò³¨ ¨ ¤µ¸É ÉµÎ´Ò³¨, ¨
¶µÔÉµ³Ê ¦¥² É¥²Ó´µ¥ ¸ ÉµÎ±¨ §·¥´¨Ö ±µ¢ ·¨ ´É´µ¸É¨ ¶·µÉ¨¢µ¶µ²µ¦´µ¥ ¤ ´-
´µ³Ê ¢ÒÏ¥ Éµ²±µ¢ ´¨¥ a+

0 ¨ a0 ± ± µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö ¨ Ê´¨ÎÉµ¦¥´¨Ö ¨
¶·¨¶¨¸Ò¢ ´¨¥ ¢ ±ÊÊ³Ê ¸¢µ°¸É¢ 

a0Ψ0 = 0 (147)

¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ¶·µÉ¨¢µ·¥Î¨¢µ. Š ¶·µÉ¨¢µ·¥Î¨Õ ²¥£±µ ¶·¨°É¨ ¨ ´¥¶µ¸·¥¤-
¸É¢¥´´µ. � ¨³¥´´µ, ¢§Ö¢ µÉ (145) ¸·¥¤´¥¥ ¶µ ¢ ±ÊÊ³Ê, ¸ ÊÎ¥Éµ³ (147) ¶µ²ÊÎ ¥³

(Ψ0, a0a
+
0 Ψ0) = −(Ψ0, Ψ0), (148)

£¤¥ ¶·¨ ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´µ° ³¥É·¨±¥ ²¥¢ Ö Î ¸ÉÓ µ¶·¥¤¥²¥´  ¶µ²µ-
¦¨É¥²Ó´µ,   ¶· ¢ Ö µÉ·¨Í É¥²Ó´µ∗.

¢) �¥µ¶·¥¤¥²¥´´ Ö ³¥É·¨±  ¨ ±¢ ´Éµ¢ ´¨¥ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö.
Ÿ¢´µ ±µ¢ ·¨ ´É´µ° ¡Ê¤¥É Éµ²Ó±µ É ± Ö Ëµ·³Ê²¨·µ¢± , ¢ ±µÉµ·µ° µ¤´µ¢·¥-
³¥´´µ ¢¸¥ aµ ¸ÊÉÓ µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö,   ¢¸¥ a+

µ Å µ¶¥· Éµ·Ò ·µ¦¤¥-
´¨Ö. Š ± ³Ò ¢¨¤¥²¨, ¶·¨ ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´µ° ³¥É·¨±¥ ÔÉµ ´¥ É ±.
�¡· É¨³¸Ö ± ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±¥ ¨ ¤µ¶µ²´¨É¥²Ó´µ ¶µ¸ÉÊ²¨·Ê¥³, ÎÉµ
¸ÊÐ¥¸É¢Ê¥É ¢ ±ÊÊ³ Å ¸µ¸ÉµÖ´¨¥ ¸µ ¸¢µ°¸É¢µ³

a0Ψ0 = 0. (149)

’ ±µ¥ ¸µ¸ÉµÖ´¨¥ ¡Ê¤¥É µ¡² ¤ ÉÓ ´ ¨´¨§Ï¥° Ô´¥·£¨¥°, ¨³¶Ê²Ó¸µ³ ¨ É. ¤. ‘µ-
¸ÉµÖ´¨Ö

Ψn =
(a+

0 )n0(a+
1 )n1(a+

2 )n2(a+
3 )n3

√
n0!n1!n2!n3!

Ψ0 (150)

∗�Éµ ¶·µÉ¨¢µ·¥Î¨¥ Å Ê¶·µÐ¥´´ Ö ¢¥·¸¨Ö ¶·µÉ¨¢µ·¥Î¨Ö, ¶·¨¢¥¤¥´´µ£µ ¢ [21, ¸. 98].
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¡Ê¤ÊÉ ¸µ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ µ¶¥· Éµ·µ¢ Î¨¸²  Î ¸É¨Í N = −a+
0 a0, N =

a+
1 a1, N = a+

2 a2, N = a+
3 a3 ¸ ¸µ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨

n0, n1, n2, n3 = 0, 1, 2, 3, . . . (151)

�É¨ ¸µ¸ÉµÖ´¨Ö ´¥ µ¡· §ÊÕÉ É¥¶¥·Ó ¡ §¨¸  ¶µ²´µ£µ £¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢ ,
É ± ± ± Ê µ¶¥· Éµ·µ¢ Î¨¸²  Î ¸É¨Í, ¢ ¶·¨´Í¨¶¥, ³µ£ÊÉ ¡ÒÉÓ ¸µ¡¸É¢¥´´Ò¥
ËÊ´±Í¨¨ ¸ ¤·Ê£¨³¨ ¸µ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨, ´ ¶·¨³¥·, µÉ·¨Í É¥²Ó´Ò³¨,
±µ³¶²¥±¸´Ò³¨. �¤´ ±µ ´  µ¸´µ¢ ´¨¨ £¨¶µÉ¥§Ò (148) ¸µ¢µ±Ê¶´µ¸ÉÓ ¸µ¸ÉµÖ-
´¨° Ψn µ¡· §Ê¥É ¨´¢ ·¨ ´É´µ¥ (µÉ´µ¸¨É¥²Ó´µ ¤¥°¸É¢¨Ö µ¶¥· Éµ·µ¢ aµ ¨ a+

µ )
¶µ¤¶·µ¸É· ´¸É¢µ ¢¸¥£µ £¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢ . �¨± ±¨¥ µ¶¥· Éµ·Ò ¢ É¥µ-
·¨¨ ¶µ²Ö, ´ ¶·¨³¥·, ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨²¨ ¢Ò· ¦¥´´Ò¥ Î¥·¥§
®in¯- ¨ ®out¯-µ¶¥· Éµ·Ò, ´¥ ¢Ò¢µ¤ÖÉ ¨§ ÔÉµ£µ ¶µ¤¶·µ¸É· ´¸É¢ .

‚ ¶µ²´µ³ ¸µ£² ¸¨¨ ¸ É¥³, ÎÉµ ¶·¨´ÖÉÒ¥ ¸µµÉ´µÏ¥´¨Ö ´¥¸µ¢³¥¸É¨³Ò ¸ ¶µ-
²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ°, ´µ·³  ¸µ¸ÉµÖ´¨° (150), ¤¥°¸É¢¨É¥²Ó´µ,
³µ¦¥É ¡ÒÉÓ ± ± ¶µ²µ¦¨É¥²Ó´µ°, É ± ¨ µÉ·¨Í É¥²Ó´µ°:

Ψ+
n Ψn = (−1)n0 . (152)

�·¨ ÔÉµ³ ´µ·³  ¢ ±ÊÊ³  ¸Î¨É ¥É¸Ö ¶µ²µ¦¨É¥²Ó´µ°:

Ψ+
0 Ψ0 = 1. (153)

�É  ´µ·³  Ö¢´µ ¨´¢ ·¨ ´É´  (¸³. [11]). ’ ±, ´ ¶·¨³¥·, · ¸¸³µÉ·¨³ Î¥ÉÒ·¥
¸µ¸ÉµÖ´¨Ö a+

µ Ψ0:

(a+
0 Ψ0, 0, 0, 0),

(0, a+
1 Ψ0, 0, 0),

(0, 0, a+
2 Ψ0, 0),

(0, 0, 0, a+
3 Ψ0).

(154)

Š ¦¤µ¥ ¨§ ´¨Ì Å ²µ·¥´Íe¢¸±¨° 4-¢¥±Éµ·. �¥·¢µ¥ Å ®¢·¥³¥´¨¶µ¤µ¡´µ¥¯
¸ µÉ·¨Í É¥²Ó´µ° ´µ·³µ° ¸µ¸ÉµÖ´¨¥,   É·¨ µ¸É ²Ó´Ò¥ Å ®¶·µ¸É· ´¸É¢¥´´µ-
¶µ¤µ¡´Ò¥¯ ¸ ¶µ²µ¦¨É¥²Ó´µ° ´µ·³µ°. �² £µ¤ ·Ö ¶¥·¥¸É ´µ¢µÎ´Ò³ ¸µµÉ´µÏ¥-
´¨Ö³ (144) ÔÉ¨ ¸¢µ°¸É¢  ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö (154) ´¥ § ¢¨¸ÖÉ µÉ ¸¨¸É¥³Ò
µÉ¸Î¥É .

‚ ÔÉµ³ ¸³Ò¸²¥ ¢¸¥ ¶·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨° a+
µ Ψ0 ¨´¢ ·¨ ´É´µ · §¡¨¢ -

¥É¸Ö ´  ¶µ¤¶·µ¸É· ´¸É¢µ ®¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´ÒÌ ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö¯ ¸
¶µ²µ¦¨É¥²Ó´µ° ´µ·³µ° ¨ ¶µ¤¶·µ¸É· ´¸É¢µ ®¢·¥³¥´¨¶µ¤µ¡´ÒÌ ¢¥±Éµ·µ¢ ¸µ-
¸ÉµÖ´¨Ö¯ ¸ µÉ·¨Í É¥²Ó´µ° ´µ·³µ°. �´ ²µ£¨Î´µ · §¡¨¢ ÕÉ¸Ö ´  ¨´¢ ·¨ ´É-
´Ò¥ ¶µ¤¶·µ¸É· ´¸É¢  (´µ Ê¦¥ ´  ¡µ²ÓÏ¥¥ Î¨¸²µ) ¤¢ÊÌÎ ¸É¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö
a+

µ a+
ν Ψ0 ¨ É. ¤.
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Œµ¦´µ ¸± § ÉÓ, ÎÉµ ´¥µ¶·¥¤¥²¥´´ Ö ³¥É·¨±  ¢ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´-
¸É¢¥ ¸µ¸ÉµÖ´¨° ¥¸ÉÓ µÉµ¡· ¦¥´¨¥ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±¨ ¢ ¶·µ¸É· ´¸É¢¥
Œ¨´±µ¢¸±µ£µ. ‚ ÔÉµ° ¸¢Ö§¨ ¢ ²¨É¥· ÉÊ·¥ µ¶¥· Éµ· ³ ¶µ²Ö, ¢¥±Éµ· ³ ¸µ¸ÉµÖ-
´¨° ¤ ¦¥ ¶·¨¶¨¸Ò¢ ²¨ ¢¥·Ì´¨¥ ¨ ´¨¦´¨¥ ¨´¤¥±¸Ò, µÉ´µ¸ÖÐ¨¥¸Ö ± £¨²Ó¡¥·-
Éµ¢Ê ¶·µ¸É· ´¸É¢Ê [12].

£) �µ²Ó ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö. — Ï¥ ¢¸¥£µ ³Ò · ¸¸³ É·¨¢ ¥³ É ±¨¥
§ ¤ Î¨, ±µ£¤  ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ (103′′) ´ ±² ¤Ò¢ ¥É¸Ö ´  ¢¥±Éµ·Ò ¸µ-
¸ÉµÖ´¨Ö Ψ, ´¥ § ¢¨¸ÖÐ¨¥ µÉ ¢·¥³¥´¨. �Éµ, ¢µ-¶¥·¢ÒÌ, É·¨¢¨ ²Ó´Ò° ¸²ÊÎ °
µÉ¸ÊÉ¸É¢¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µ£¤  Ê· ¢´¥´¨¥ (100) ¶·¥¢· Ð ¥É¸Ö ¢ Ê· ¢´¥´¨¥
¤²Ö ¸¢µ¡µ¤´µ£µ £¥°§¥´¡¥·£µ¢¸±µ£µ ¢¥±Éµ·  ¸µ¸ÉµÖ´¨Ö. ‚µ-¢Éµ·ÒÌ, ¤ ¦¥ ¢ ¸²Ê-
Î ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ´ Î ²Ó´Ò³¨ ¨ ±µ´¥Î´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ¸²Ê¦ É ¸¢µ¡µ¤´Ò¥
£¥°§¥´¡¥·£µ¢¸±¨¥ ¢¥±Éµ·Ò Ψin ¨ Ψout:

∂Ψin, out

∂t
= 0. (155)

‚ ÔÉ¨Ì ¸²ÊÎ ÖÌ 4-³¥·´Ò° ËÊ·Ó¥-µ¡· § µÉ Ê¸²µ¢¨Ö (103′′) ¥¸ÉÓ∗

pµaµ(p)Ψ = 0. (156)

�  ¸ ³µ³ ¤¥²¥, ÔÉµ Ê¸²µ¢¨¥ ¥¸ÉÓ ¡¥¸±µ´¥Î´ Ö ¸µ¢µ±Ê¶´µ¸ÉÓ ¤µ¶µ²´¨É¥²Ó´ÒÌ
Ê¸²µ¢¨°, ¢µ§´¨± ÕÐ Ö, ±µ£¤  ¨³¶Ê²Ó¸ p ¶·µ¡¥£ ¥É ¢¸¥ ¢µ§³µ¦´Ò¥ §´ Î¥´¨Ö.
�µ¤Î¥·±´¥³, ÎÉµ ¢ (156) p2 = 0, ¶·¨Î¥³ ¤ ¦¥ ¢ £¥°§¥´¡¥·£µ¢¸±µ³ ¶·¥¤¸É ¢²¥-
´¨¨ ¶·¨ · ¸¸³µÉ·¥´¨¨ ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö ´Ê¦´µ · ¸¸³ É·¨¢ ÉÓ Éµ²Ó±µ
¨§µÉ·µ¶´Ò¥ ¢¥±Éµ·Ò pµ, É ± ± ± ∂µAµ ¶µ¤Î¨´Ö¥É¸Ö Ê· ¢´¥´¨Õ „ ² ³¡¥· 
(87). �  ¶·¨³¥·¥ µ¤´µÎ ¸É¨Î´µ£µ ¸µ¸ÉµÖ´¨Ö

Ψ = vµa+
µ Ψ0, (157)

£¤¥ v Å ¶·µ¨§¢µ²Ó´Ò° ¢¥±Éµ·, ¢ÒÖ¸´Ö¥³, ÎÉµ Ê¸²µ¢¨¥ (156) ¸ ¶µ³µÐÓÕ ¶¥·¥-
¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨°

[aµ(p), aν(q)] = δµνδ(p − q) (158)

¸¢µ¤¨É¸Ö ± µ¡ÒÎ´µ³Ê Ê¸²µ¢¨Õ ‹µ·¥´Í 

pµvµ = 0. (159)

—Éµ¡Ò ¶µ¸É·µ¨ÉÓ µ¤´µÎ ¸É¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö, Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ (156), ¨²¨,
Ô±¢¨¢a²¥´É´µ, ¢¥±Éµ·Ò vµ, Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ (159), ´Ê¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¡ -
§¨¸, µ¤´¨³ ¨§ µ·Éµ¢ ±µÉµ·µ£µ ¸²Ê¦¨É ¨§µÉ·µ¶´Ò° ¢¥±Éµ· pµ. ’ ±µ° ¡ §¨¸

∗� Î¨´ Ö ¸ ÔÉµ£µ ¶Ê´±É  ³Ò ¢´µ¢Ó ¨¸¶µ²Ó§Ê¥³ e¢±²¨¤µ¢Ê ³¥É·¨±Ê ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨,
¶·¨Î¥³ Î¥É¢¥·ÉÒ¥ ±µ³¶µ´¥´ÉÒ ¢¥±Éµ·µ¢ ¶µ²ÊÎ ÕÉ¸Ö ¨§ ´Ê²¥¢ÒÌ ¶ÊÉ¥³ Ê³´µ¦¥´¨Ö ´  ı. ‘µµÉ-
¢¥É¸É¢¥´´µ αµ µ¡µ§´ Î ¥É ¢¥±Éµ· {a1, a2, a3, ıa0},   α+

µ Å ¢¥±Éµ· {a+
1 , a+

2 , a+
3 , ıa+

0 }.
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¡Ò² ¶µ¸É·µ¥´ ¢ ¶. 1.2 (Ëµ·³Ê²Ò (15) ¨ (18)). ˆ§ ¸± § ´´µ£µ É ³ ¢ÒÉ¥± ¥É
¸²¥¤ÊÕÐ¥¥.

1) � ¨¡µ²¥¥ µ¡Ð¨° ¢¥±Éµ· vµ, Ê¤µ¢²¥É¢µ·ÖÕÐ¨° Ê¸²µ¢¨Õ (159), § ¶¨¸Ò-
¢ ¥É¸Ö (¸³. ¶. 1.2)

vµ = ae(1)
µ + be(2)

µ + cpµ. (160)

’ ±¨³ µ¡· §µ³, ¶µ²´Ò° ´ ¡µ· µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì
(156) ¨ ¨³¥ÕÐ¨Ì ¨³¶Ê²Ó¸, ¥¸ÉÓ

(e(1)a+)Ψ0, (e(2)a+)Ψ0, (pa+)Ψ0. (161)

�´ ²µ£¨Î´µ, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥ (156) ³´µ£µËµÉµ´´µ¥ ¸µ-
¸ÉµÖ´¨¥, ´Ê¦´µ ¶µ¤¥°¸É¢µ¢ ÉÓ ´  ¢ ±ÊÊ³ É¥³ ¨²¨ ¨´Ò³ Î¨¸²µ³ µ¶¥· Éµ·µ¢
·µ¦¤¥´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì µ¤¨´ ±µ¢Ò³ ¨²¨ · §²¨Î´Ò³ §´ Î¥´¨Ö³ ¨³¶Ê²Ó¸ .

„¥°¸É¢¨É¥²Ó´µ, ´ ¨¡µ²¥¥ µ¡Ð¥¥ ¸µ¸ÉµÖ´¨¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ µ¤´µ³Ê ¨³-
¶Ê²Ó¸Ê, § ¶¨¸Ò¢ ¥É¸Ö É ±:

Ψ =
∑

m1,m2,m3,m0

c(m1, m2, m3, m0) ×

× (e1a+)m1(e2a+)m2(pa+)m3(na+)m0Ψ0. (162)

�µ¤¸É ´µ¢±  ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¢ (156) ¤ ¥É

pa+Ψ = (np)
∑

m1,m2,m3,m0

c(m1, m2, m3, m0)(e1a+)m1 ×

× (e2a+)m2(pa+)m3(na+)m0−1Ψ0. (163)

Š ± ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ ¶·¨ ²¨´¥°´µ ´¥§ ¢¨¸¨³ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¶µ²ÊÎ ¥³

c(m1, m2, m3, m0)m0 = 0, m0 ≥ 1, (164)

c(m1, m2, m3, m0) ²Õ¡Ò¥, m0 = 0. (165)

ˆÉ ±, ¢±² ¤ ¢ Ψ ¤ ÕÉ Éµ²Ó±µ ¸µ¸ÉµÖ´¨Ö ¸ m0 = 0. …¸²¨ ¸µ¸ÉµÖ´¨¥ Ψ µ¶¨¸Ò-
¢ ¥É ËµÉµ´Ò ¸ ´¥¸±µ²Ó±¨³¨ ¨³¶Ê²Ó¸ ³¨, Éµ, ¶·µ¢µ¤Ö ¶µ¤µ¡´Ò¥ · ¸¸Ê¦¤¥´¨Ö
´¥§ ¢¨¸¨³µ ¤²Ö ± ¦¤µ£µ ¨³¶Ê²Ó¸ , Ê¡¥¦¤ ¥³¸Ö, ÎÉµ ¸µ¸ÉµÖ´¨Ö, ¸µ¤¥·¦ Ð¨¥
²Õ¡µ¥ Î¨¸²µ ËµÉµ´µ¢, ¸É·µÖÉ¸Ö ¶ÊÉ¥³ ¤¥°¸É¢¨Ö ´  ¢ ±ÊÊ³ Éµ²Ó±µ É·¥³Ö ¸µ·-
É ³¨ µ¶¥· Éµ·µ¢: (e(1)a+), (e(2)a+), (pa+).

2) “¸²µ¢¨¥ (159) § ¶·¥Ð ¥É ²Õ¡Ò¥ ¢·¥³¥´¨¶µ¤µ¡´Ò¥ vµ (´ ¶·¨³¥·, vµ =
nµ). ‘²¥¤µ¢ É¥²Ó´µ, Ê¸²µ¢¨¥ ‹µ·¥´Í  ¨¸±²ÕÎ ¥É ¨§ · ¸¸³µÉ·¥´¨Ö ¸µ¸ÉµÖ´¨Ö
¸ µÉ·¨Í É¥²Ó´µ° ´µ·³µ°, ¶µ·µ¦¤ ¥³Ò¥ µ¶¥· Éµ· ³¨ (na+), ´ ¶·¨³¥·, µ¤-
´µÎ ¸É¨Î´µ¥ ¸µ¸ÉµÖ´¨¥ (na+)Ψ0. ‚ ¨¸±²ÕÎ¥´¨¨ ¸µ¸ÉµÖ´¨° ¸ µÉ·¨Í É¥²Ó´µ°
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´µ·³µ°, ¶µ·µ¦¤ ¥³ÒÌ µ¶¥· Éµ· ³¨ (na+)Ψ, Å ¨¸É¨´´µ¥ ´ §´ Î¥´¨¥ Ê¸²µ¢¨Ö
‹µ·¥´Í .

3) “¸²µ¢¨¥ ‹µ·¥´Í  (156) ´¥ § ¶·¥Ð ¥É ¶·¨¸ÊÉ¸É¢µ¢ ÉÓ ¢ ¸µ¸ÉµÖ´¨¨ Ψ ²Õ-
¡µ³Ê Î¨¸²Ê ±¢ ´Éµ¢, ¶µ·µ¦¤ ¥³ÒÌ (pa+) (¸± ²Ö·´Ò¥ ±¢ ´ÉÒ). ’ ±¨³ µ¡· §µ³,
Ëµ´, ´  ±µÉµ·µ³ · §Ò£·Ò¢ ÕÉ¸Ö Ë¨§¨Î¥¸±¨¥ ¸µ¡ÒÉ¨Ö, ¸µ¸Éµ¨É ¨§ ¸µ¸ÉµÖ´¨°

Ψ0, (pa+)Ψ0, (p1a
+(p1))(p2a

+(p2))Ψ0, . . . , (pa+)nΨ0, . . . (166)

�¤´ ±µ ²Õ¡µ¥ ¸µ¸ÉµÖ´¨¥, ¸µ¤¥·¦ Ð¥¥ ÌµÉÖ ¡Ò µ¤¨´ ¸± ²Ö·´Ò° ±¢ ´É, ¨³¥¥É
´Ê²¥¢ÊÕ ´µ·³Ê ¨ µ·Éµ£µ´ ²Ó´µ µ¸É ²Ó´Ò³ · §·¥Ï¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³.

4) ˆ§ µ¡Ð¥£µ ¢Ò· ¦¥´¨Ö ¤²Ö vµ (160) Ö¸´µ, ÎÉµ Ê ¸¢µ¡µ¤´µ£µ ËµÉµ´ 

Éµ²Ó±µ ¤¢  Ë¨§¨Î¥¸±¨Ì ¸µ¸ÉµÖ´¨Ö, µ¶¨¸Ò¢ ¥³ÒÌ e
(1)
µ ¨ e

(2)
µ . —Éµ ± ¸ ¥É¸Ö

Î²¥´ , ¶·µ¶µ·Í¨µ´ ²Ó´µ£µ pµ, Éµ µ´ ¢¥¤¥É ± ´¥¸ÊÐ¥¸É¢¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³.
ŠµÔËË¨Í¨¥´É c ¶·¨ pµ ¢ · §²µ¦¥´¨¨ (160) µ¸É ¥É¸Ö ´¥µ¶·¥¤¥²¥´´Ò³, ¤¥³µ´-

¸É·¨·ÊÖ ± ²¨¡·µ¢µÎ´Ò° ¶·µ¨§¢µ² ¢ µ¶·¥¤¥²¥´¨¨ e
(1)
µ ¨ e

(2)
µ . �ÉµÉ ¶·µ¨§¢µ²

¶µ§¢µ²Ö¥É, ¥¸²¨ ´Ê¦´µ, ¶¥·¥Ìµ¤¨ÉÓ µÉ µ¤´µ£µ ¢·¥³¥´¨¶µ¤µ¡´µ£µ ¢¥±Éµ· , ¢Ìµ-
¤ÖÐ¥£µ ¢ µ¶·¥¤¥²¥´¨¥ ¡ §¨¸  (15), (18), ± ²Õ¡µ³Ê ¤·Ê£µ³Ê,   ÔÉµ, ± ± Ê¦¥
£µ¢µ·¨²µ¸Ó ¢ ¶. 2.4, £ · ´É¨·Ê¥É ²µ·¥´Í-¨´¢ ·¨ ´É´µ¸ÉÓ.

�¡Ð¨° ¢¨¤ ¶·¥µ¡· §µ¢ ´¨° ¶¥·¥Ìµ¤  µÉ µ¤´µ£µ ¢¥±Éµ·  aµ ± ¤·Ê£µ³Ê ¢
¸¢µ¡µ¤´µ³ ¸²ÊÎ ¥ (e = 0) ¶µ²ÊÎ¨É¸Ö ¨§ (59) ¨ (61), ¥¸²¨ É ³ ¶µ²µ¦¨ÉÓ e = 0.
’µÎ´µ É¥³ ¦¥ ¶ÊÉ¥³ ¨§ (63) ¨ (64) ¸²¥¤Ê¥É Î ¸É´ Ö Ëµ·³  ¶·¥µ¡· §µ¢ ´¨°,
¸µµÉ¢¥É¸É¢ÊÕÐ Ö § ³¥´¥ ¢ (58) µ¡Ð¥£µ ¢¥±Éµ·-¶µÉ¥´Í¨ ²  Aµ ´  Î ¸ÉÓ Ar

µ

(�Ar
µ = 0):

A′r
µ = Ar

µ − ∂µ

n′∂
(n′Ar), (167)

ψ′r = ψr. (168)

ˆ³¥´´µ É ± ¶·¥µ¡· §ÊÕÉ¸Ö ¢¥±Éµ·Ò e
(i)
µ (i = 1, 2) [33]

e′µ = e′µ − pµ

n′p
(n′e) (169)

¶·¨ ¶¥·¥Ìµ¤¥ µÉ µ¤´µ£µ ¢¥±Éµ·  nµ, ±µ£¤ 

pe = 0, ne = 0, (170)

± ¤·Ê£µ³Ê n′
µ, ±µ£¤ 

pe′ = 0, n′e′ = 0. (171)

�É·¨Í É¥²Ó´Ò° ¢±² ¤ ¢ Ô´¥·£¨Õ ¢´µ¸¨²¨ ¸µ¸ÉµÖ´¨Ö, ¶µ·µ¦¤ ¥³Ò¥ µ¶¥· Éµ-
· ³¨ (na+) (´ ¶·¨³¥·, (na+)Ψ0). �µÔÉµ³Ê, Ê¸É· ´ÖÖ ¸µ¸ÉµÖ´¨Ö ¸ µÉ·¨Í É¥²Ó-
´µ° ´µ·³µ°, Ê¸²µ¢¨¥ ‹µ·¥´Í  ¤¥² ¥É Ô´¥·£¨Õ ¶µ²µ¦¨É¥²Ó´µ°. „¥°¸É¢¨É¥²Ó´µ,
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¤²Ö ¸·¥¤´¥£µ µÉ 4-¨³¶Ê²Ó¸  ¨³¥¥³

(Ψ, PρΨ) = (Ψpρ : a+
µ (p)aµ(p) : Ψ) =

(
Ψ,

∫
dpρ

{
2∑

i=1

(e(i)a+)(e(i)a) +

+
(pa+)(pa) + (np)[(pa+)(na) + (na+)(pa)]

(np)2

}
Ψ

)
=

=

(
Ψ,

∫
dppρ

2∑
i=1

(e(i)a+)(e(i)a)

)
, (172)

£¤¥ ¢µ ¢Éµ·µ° ¸É·µ±¥ ³Ò ¢µ¸¶µ²Ó§µ¢ ²¨¸Ó ¸µµÉ´µÏ¥´¨¥³ ¶µ²´µÉÒ (19) ¶·¨
p2 = 0,   ¢ É·¥ÉÓ¥° ÊÎ²¨ Ê¸²µ¢¨¥ ‹µ·¥´Í 

Ψ(pa) = 0, Ψ+(pa+) = 0. (173)

ˆÉ ±, Ô´¥·£¨Ö ¶µ²µ¦¨É¥²Ó´ ∗: ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´  ¤²Ö ¸µ¸ÉµÖ´¨°,
¶µ·µ¦¤ ¥³ÒÌ µ¶¥· Éµ· ³¨ e(1)a+, e(2)a+, ¨ · ¢´  ´Ê²Õ ¤²Ö ¸µ¸ÉµÖ´¨°, ¸µ-
¤¥·¦ Ð¨Ì ÌµÉÖ ¡Ò µ¤¨´ µ¶¥· Éµ· pa+. Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ Éµ²Ó±µ ¶µ¶¥-
·¥Î´Ò¥ ËµÉµ´Ò ¢´µ¸ÖÉ ¢±² ¤ ¢ ¸·¥¤´¨¥ ¨ µÉ ¤·Ê£¨Ì Ë¨§¨Î¥¸±¨Ì µ¶¥· Éµ·µ¢,
´ ¶·¨³¥·, µÉ µ¶¥· Éµ·  ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö.

’ ±¨³ µ¡· §µ³, Ê¸²µ¢¨¥ ‹µ·¥´Í  · §¡¨¢ ¥É £¨²Ó¡¥·Éµ¢µ ¶·µ¸É· ´¸É¢µ ¸µ-
¸ÉµÖ´¨° ËµÉµ´  ´  Ë¨§¨Î¥¸±µ¥ ¨ ´¥Ë¨§¨Î¥¸±µ¥ ¶µ¤¶·µ¸É· ´¸É¢ , ¨²¨, ÉµÎ´¥¥
£µ¢µ·Ö, ¤ ¦¥ ´  É·¨ Î ¸É¨: 1) Ë¨§¨Î¥¸±µ¥ ¶µ¤¶·µ¸É· ´¸É¢µ Å ¸µ¸ÉµÖ´¨Ö, ¶µ-
·µ¦¤ ¥³Ò¥ ¤¥°¸É¢¨¥³ ´  ¢ ±ÊÊ³ µ¶¥· Éµ· ³¨ e(1)a+ ¨ e(2)a+, 2) ¡¥§¢·¥¤´Ò°
®Ëµ´¯ Å ¸µ¸ÉµÖ´¨Ö, ¶µ·µ¦¤ ¥³Ò¥, ±·µ³¥ Éµ£µ, µ¶¥· Éµ· ³¨ pa+ (µÉ²¨Î¨-
É¥²Ó´ Ö ¨Ì Î¥·É  Å ´Ê²¥¢ Ö ´µ·³ ) ¨ 3) ´¥Ë¨§¨Î¥¸±µ¥ ¶µ¤¶·µ¸É· ´¸É¢µ Å
¢¸¥ ¸µ¸ÉµÖ´¨Ö, ¶µ·µ¦¤ ¥³Ò¥ µ¶¥· Éµ· ³¨ na+ (´¥§ ¢¨¸¨³µ ¨²¨ ´ ·Ö¤Ê ¸ ¤·Ê-
£¨³¨ µ¶¥· Éµ· ³¨ ·µ¦¤¥´¨Ö).

¤) �·µÉ¨¢µ·¥Î¨¢µ¸ÉÓ Ê¸²µ¢¨Ö ”¥·³¨. �·¥¤²µ¦¥´´µ¥ ”¥·³¨ ¢ 1932 £.
¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ ¢Ò£²Ö¤¥²µ É ±:

∂µAµ(x)Ψ = 0. (174)

‚ÒÎ¨¸²ÖÖ µ¤¨´ · § ¨´É¥£· ²
∫

d4x exp (−ıpx)∂µAµ(x),   ¢Éµ·µ° · § Å
∫

d4x
exp (ıpx)∂µAµ(x), ¶·¨Î¥³ ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ p0 = |p|, § ±²ÕÎ ¥³, ÎÉµ ¢ ¨³-
¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ Ê¸²µ¢¨¥ ”¥·³¨ ¸¢µ¤¨É¸Ö ± ¤¢Ê³ Ê¸²µ¢¨Ö³:

pµaµ(p)Ψ = 0, pµa+
µ (p)Ψ = 0. (175)

∗‘·. c ¶. 1.2, £¤¥  ´ ²µ£¨Î´Ò° ¢Ò¢µ¤ ¶µ²ÊÎ ²¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Ê¸²µ¢¨Ö ‹µ·¥´Í  ¤²Ö
¢¥±Éµ·-¶µÉ¥´Í¨ ² ,   ´¥ ¤²Ö ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨°.



776 ��‹“���ˆ��‚ ˆ. ‚.

’¥¶¥·Ó ¶·µ ´ ²¨§¨·Ê¥³ ¤¢¥ ¢µ§³µ¦´µ¸É¨.
1) �Ê¸ÉÓ ¨³¥¥É¸Ö ¶µ²´ Ö ±µ¢ ·¨ ´É´µ¸ÉÓ. ’µ£¤  ³¥É·¨±  Å ´¥µ¶·¥¤¥-

²¥´´ Ö, ¢¸¥ µ¶¥· Éµ·Ò aµ ¸ÊÉÓ µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö, ¢¸¥ µ¶¥· Éµ·Ò a+
µ Å

µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö,   ¢ ±ÊÊ³ µ¶·¥¤¥²Ö¥É¸Ö ¸µ£² ¸´µ (149). �¥·¢µ¥ ¨§ ÔÉ¨Ì
Ê¸²µ¢¨° ¸µ¸ÉµÖÉ¥²Ó´µ ¨ ¶·µ ´ ²¨§¨·µ¢ ´µ ¢ÒÏ¥. �µ¤¥°¸É¢Ê¥³ ´  ¢Éµ·µ¥ µ¶¥-
· Éµ·µ³ (na(p)). ’µ£¤  ¸ ¶µ³µÐÓÕ µ¶·¥¤¥²¥´¨Ö ¢ ±ÊÊ³  (148) ¨ ¶¥·¥¸É ´µ-
¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° (158) ¶µ²ÊÎ¨³

(an)(pa+)Ψ = (np)Ψ = 0. (176)

�µ ¶µ¸±µ²Ó±Ê ´¨ (np), ´¨ Ψ ´¥ · ¢´Ò ´Ê²Õ, Éµ Ê¸²µ¢¨¥ ”¥·³¨ ¶·µÉ¨¢µ·¥Î¨¢µ.
2) �Ê¸ÉÓ, µÉ± § ¢Ï¨¸Ó µÉ Ö¢´µ° ±µ¢ ·¨ ´É´µ¸É¨, ³Ò ¶·¨³¥³ ¶µ²µ¦¨-

É¥²Ó´µ µ¶·¥¤¥²¥´´ÊÕ ³¥É·¨±Ê, µ¶¥· Éµ·Ò am, a+
4 Å §  µ¶¥· Éµ·Ò Ê´¨ÎÉµ-

¦¥´¨Ö, µ¶¥· Éµ·Ò a+
m, a4 Å §  µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö,   ¢ ±ÊÊ³ µ¶·¥¤¥²¨³

¸µ£² ¸´µ (146). ‚Ò¡¥·¥³ ¢ ± Î¥¸É¢¥ Ψ ¢ ±ÊÊ³ Ψ0. ’µ£¤  ¸ ÊÎ¥Éµ³ (146)

(pa+ − p0a
+
0 )Ψ = pa+Ψ = 0, (pa − p0a0)Ψ = −p0a0Ψ = 0. (177)

�É¨ ¸µµÉ´µÏ¥´¨Ö ¶·µÉ¨¢µ·¥Î¨¢Ò. „¥°¸É¢¨¥ µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö a+
m, a0

´  ¢ ±ÊÊ³ ´¥ ³µ¦¥É ¤ ¢ ÉÓ ´Ê²Ó, ÎÉµ ¸²¥¤Ê¥É ¨§ µ¡Ð¥£µ  ´ ²¨§  (¶. 4.5, ¢).
‘µ¸ÉµÖÉ¥²Ó´ÊÕ É¥µ·¨Õ É ±µ£µ ·µ¤  ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, ¥¸²¨, ´ ¶·¨³¥·, ¶·¨´ÖÉÓ
¢³¥¸Éµ (175) ´¥±µ¢ ·¨ ´É´µ¥ Ê¸²µ¢¨¥ ¢¨¤ 

(pa+ − p0a
+
0 )Ψ = 0. (178)

…Ð¥ µ¤´  ¢µ§³µ¦´µ¸ÉÓ Å ¨§³¥´¨ÉÓ µ¶·¥¤¥²¥´¨¥ ¢ ±ÊÊ³  É ±, ÎÉµ¡Ò µ´ ¡Ò²
µ¡ÒÎ´Ò³ ¢ ±ÊÊ³µ³ Éµ²Ó±µ ¤²Ö ¶µ¶¥·¥Î´ÒÌ ËµÉµ´µ¢ (¸³. [4]):

(e(1)a)Ψ0 = 0, (e(2)a)Ψ0 = 0. (179)

‡¤¥¸Ó ¶·¨´ÖÉµ n = (0, 0, 0, ı). �·¨ ÔÉµ³ ³Ò ¥Ð¥ ¡µ²ÓÏ¥ Ê¤ ²Ö¥³¸Ö µÉ ±µ¢ -
·¨ ´É´µ° Ëµ·³Ê²¨·µ¢±¨. ‚¢¥¤¥³ ¶µ²´ÊÕ ¸¨¸É¥³Ê ¸µ¸ÉµÖ´¨°

Ψ(n1, n2, n3, n0) = (e(1)a+)n1(e(2)a+)n2(pa+)n3an0
0 Ψ0 (180)

¨ · §²µ¦¨³ ¶µ ´¥° ¶·µ¨§¢µ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥

Ψ =
∑

c(n1, n2, n3, n0)Ψ(n1, n2, n3, n0). (181)

’µ£¤  ¨§ Ê¸²µ¢¨Ö (175) ´¥É·Ê¤´µ ´ °É¨

c(n1, n2, n3, n0) = δn0n3c
′(n1, n2) (182)

¸ ¶·µ¨§¢µ²Ó´µ° § ¢¨¸¨³µ¸ÉÓÕ c′ µÉ n1, n2. �Éµ µ§´ Î ¥É, ÎÉµ ¸µ¸ÉµÖ´¨¥

ΨË¨§.¢ ± =
∞∑

n0=0

[(pa+)a0]n0Ψ0 (183)
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¨£· ¥É ·µ²Ó Ë¨§¨Î¥¸±µ£µ ¢ ±ÊÊ³ ,   Ë¨§¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö ¶µ·µ¦¤ ÕÉ¸Ö ¶Ê-
É¥³ ¤¥°¸É¢¨Ö ´  ´¥£µ µ¶¥· Éµ· ³¨ (e(1)a+) ¨ (e(2)a+). �¤´ ±µ, ´¥ £µ¢µ·Ö
Ê¦¥ µ¡ µÉ¸ÊÉ¸É¢¨¨ Ö¢´µ° ±µ¢ ·¨ ´É´µ¸É¨, ÔÉ  Ëµ·³  É¥µ·¨¨ ´¥Ê¤µ¢²¥É¢µ-
·¨É¥²Ó´  É¥³, ÎÉµ ¸µ¸ÉµÖ´¨¥ ΨË¨§.¢ ± ¨ ¢¸¥ µ¸É ²Ó´Ò¥ ¢µ§³µ¦´Ò¥ ¸µ¸ÉµÖ´¨Ö
´¥´µ·³¨·Ê¥³Ò [4]. �·¨Î¥³ ÔÉµ ´¥ ¸¢Ö§ ´µ ¸ ´¥¶·¥·Ò¢´µ¸ÉÓÕ ¸¶¥±É· , ¸µ¸ÉµÖ-
´¨Ö µ¡² ¤ ÕÉ ¡¥¸±µ´¥Î´µ° ´µ·³µ° ¢ ¶µ¤¶·µ¸É· ´¸É¢¥ ¸ µ¤´¨³ ¥¤¨´¸É¢¥´´Ò³
§´ Î¥´¨¥³ ¨³¶Ê²Ó¸ . ’ ±¨³ µ¡· §µ³, ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ Ê¸²µ¢¨¥ ”¥·³¨ ¢ ¶¥·-
¢µ´ Î ²Ó´µ° Ëµ·³¥ ¢¥¤¥É ± ¶·µÉ¨¢µ·¥Î¨Õ.

4.6. S-³ É·¨Í . �¡· É¨³¸Ö ± S-³ É·¨Í¥ ¢ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö
(96). …¥ ¢¸¥£¤  ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ´µ·³ ²Ó´µ° Ëµ·³¥ [21,22]

S =
∞∑

m,n=0

∫
dx1 · · ·dxndy1 · · · dymdz1 · · · dzmKµ1,... ,µn ×

× (x1, . . . , xn, y1, . . . , ym, z1, . . . , zm) ×
× : Aµ1(x1), . . . , Aµn(xn) :: ψ(y1), . . . , ψ(ym)ψ̄(z1) · · · ψ̄(zm) :, (184)

£¤¥ Aµ(x) ¨ ψµ(y) Å ¸¢µ¡µ¤´Ò¥ Ô²¥±É·µ³ £´¨É´Ò¥ ¨ Ô²¥±É·µ´´µ-¶µ§¨É·µ´´Ò¥
¶µ²Ö; Kµ1,... ,µn Å ±µÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ [21], ¨§¢¥¸É´Ò³ µ¡· §µ³ ¢Ò-
· ¦ ÕÐ¨¥¸Ö Î¥·¥§ ¸¶ ·¨¢ ´¨Ö (¸¢µ¡µ¤´Ò¥ µ¤´µÎ ¸É¨Î´Ò¥ ËÊ´±Í¨¨ · ¸¶·µ-
¸É· ´¥´¨Ö). ”Ê´±Í¨Ö · ¸¶·µ¸É· ´¥´¨Ö ËµÉµ´  ¢ Ëµ·³Ê²¨·µ¢±¥ ¸ ¶µ¶¥·¥Î´µ°
± ²¨¡·µ¢±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö ¡¥·¥É¸Ö ¢ ¢¨¤¥ [46]

Aµ(x)Aν(y) =
−ı

(2π)4

∫
d4p eıpx δµν

p2 − ıε
, ε > 0. (185)

�µ±  ¸¢µ¡µ¤´Ò¥ µ¶¥· Éµ·Ò Aµ(x) ¢ (184) µ¶¨¸Ò¢ ÕÉ ¢¸¥ 4 É¨¶  ¢¥±Éµ·´ÒÌ
±¢ ´Éµ¢. �µ¤¸É ¢¨³ ¢ S-³ É·¨ÍÊ (184) ¢¥±Éµ·-¶µÉ¥´Í¨ ² ¢ Ëµ·³¥ · §²µ¦¥´¨Ö
¶µ ¶²µ¸±¨³ ¢µ²´ ³

Aµ(x) =
∫

dp√
(2π)32p0

{aµ(p) eıpx + a+
µ (p) e−ıpx}, (186)

  §¤¥¸Ó, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¸ ¶µ³µÐÓÕ Ê¸²µ¢¨Ö ¶µ²´µÉÒ (19) ¶·¥¤¸É ¢¨³ µ¶¥· -
Éµ·Ò aµ ¨ a+

µ · §²µ¦¥´¨Ö³¨

aµ =
2∑

i=1

e(i)
µ (e(i)a) +

pµ

(pn)2
[(pa) + (pn)(na)] +

pµ

(pn)
(pa) (187)

(³Ò ÊÎ²¨, ÎÉµ p2 = 0). �² £µ¤ ·Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, É. ¥. ¢
¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨´¢ ·¨ ´É´µ¸É¨ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨°

Aµ → Aµ + ∂µΛ(x) (188)
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±µÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ µ¡² ¤ ÕÉ ¸¢µ°¸É¢µ³ [21]

∂

∂xi
µi

[Kµ1,... ,µn(x1, . . . , xn, y1, . . . , ym, z1, . . . , zm) ×

× : ψ(y1) · · ·ψ(ym), ψ̄(z1) · · · ψ̄(zm) :] = 0. (189)

‘ ÊÎ¥Éµ³ ÔÉµ£µ ¸¢µ°¸É¢  ¢ S-³ É·¨Í¥ ¨§ aµ (187) ³µ¦´µ µ¶Ê¸É¨ÉÓ Î²¥´, ¶·µ-
¶µ·Í¨µ´ ²Ó´Ò° pµ, É. ¥. É ³ ³µ¦´µ ¶·µ¨§¢¥¸É¨ § ³¥´Ê

aµ →
2∑

i=1

e(i)
µ (e(i)a) +

nµ

np
(pa) (190)

¨  ´ ²µ£¨Î´µ ¤²Ö a+
µ .

‚ Ëµ·³Ê²¨·µ¢±¥ ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢±µ° ¸µ¸ÉµÖ´¨° ³ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ S-³ É·¨ÍÒ,   ¸²¥¤µ¢ É¥²Ó´µ, ¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ

(Ψf , : Aµ1 (x1) · · ·Aµn(xn) : Ψi) (191)

¡¥·ÊÉ¸Ö Éµ²Ó±µ ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ Ψi ¨ Ψf , Ê¤µ¢²¥É¢µ·ÖÕÐ¨³¨ ¤µ¶µ²´¨-
É¥²Ó´µ³Ê Ê¸²µ¢¨Õ (156). � ¶µ³´¨³, ÎÉµ É ±¨¥ ¸µ¸ÉµÖ´¨Ö Ψi ¨ Ψf ¸É·µÖÉ¸Ö
¶ÊÉ¥³ ¤¥°¸É¢¨Ö ´  ¢ ±ÊÊ³ µ¶¥· Éµ· ³¨ e(i)a+ ¨ pa+, ´µ ´¥ na+. �µÔÉµ³Ê
¶µ¸²¥ § ³¥´Ò (190) ²Õ¡µ° µ¶¥· Éµ· pa (¨²¨ pa+) ±µ³³ÊÉ¨·Ê¥É ¸µ ¢¸¥³¨ µ¶¥-
· Éµ· ³¨: e(i)a, e(i)a+ (i = 1, 2), pa ¨ pa+, ¢¸É·¥Î ÕÐ¨³¨¸Ö ¢ ³ É·¨Î´µ³
Ô²¥³¥´É¥ (191)∗, ¢¶²µÉÓ ¤µ ²¥¢µ£µ ¨ ¶· ¢µ£µ ¢ ±ÊÊ³µ¢. �¶¥· Éµ·µ³ pa Ê¤µ¡´µ
¶µ¤¥°¸É¢µ¢ ÉÓ ´  ¶· ¢Ò° ¢ ±ÊÊ³, É ± ± ± ÔÉµ ¤ ¥É ´Ê²Ó. �¶¥· Éµ· pa+ ¤ ¸É
´Ê²Ó ¶·¨ ¤¥°¸É¢¨¨ ´  ²¥¢Ò° ¢ ±ÊÊ³. �Éµ µ§´ Î ¥É, ÎÉµ ³Ò ³µ¦¥³ § ³¥´¨ÉÓ
aµ ¢ (191) ´ 

aµ →
2∑

i=1

e(i)
µ (e(i)a), (192)

É. ¥. ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ¢ N -¶·µ¨§¢¥¤¥´¨¨ ¢ (191) ¨ ¢ S-³ É·¨Í¥ (184) ¢³¥¸Éµ
Aµ ¸ÉµÖÉ µ¶¥· Éµ·Ò

Ar
µ(x) =

∫
dp√

(2π)32p0

{aµ(p) eıpx + a+
µ (p) e−ıpx}. (193)

∗�¶¥· Éµ· pa ´¥ ±µ³³ÊÉ¨·Ê¥É Éµ²Ó±µ ¸ µ¶¥· Éµ·µ³ na+ .
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’ ±¨³ µ¡· §µ³, S-³ É·¨Í  § ¶¨Ï¥É¸Ö

S =
∞∑

m,n=0

∫
dx1 · · ·dxndy1 · · · dymdz1 · · · dzmKµ1,... ,µn ×

× (x1 · · ·xn, y1 · · · ym, z1 · · · zm) ×
× : Ar

µ1
(x1) · · ·Ar

µn
(xn) :: ψ(y1) · · ·ψ(ym)ψ̄(z1) · · · ψ̄(zm) : . (194)

ˆÉ ±, ±µ£¤  ·¥ÎÓ ¨¤¥É µ ¸¢µ¡µ¤´ÒÌ ±µ´Í Ì ¤¨ £· ³³Ò ”¥°´³ ´ , Éµ É ³ ¸²¥-
¤Ê¥É ¨¸¶µ²Ó§µ¢ ÉÓ ÉµÉ ¦¥ ¶µ¶¥·¥Î´Ò° ¢ 3-³¥·´µ³ ¸³Ò¸²¥ ¢¥±Éµ·-¶µÉ¥´Í¨ ²,
±µÉµ·Ò° · ¸¸³ É·¨¢ ¥É¸Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö (· §¤. 2). �Éµ µ§´ Î ¥É,
ÎÉµ ± ¦¤Ò° ¨§²ÊÎ ÕÐ¨°¸Ö ¨²¨ ¶µ£²µÐ ÕÐ¨°¸Ö ËµÉµ´ ¸ µ¶·¥¤¥²¥´´Ò³ ¨³-
¶Ê²Ó¸µ³ µ¡² ¤ ¥É Éµ²Ó±µ ¤¢Ê³Ö ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò: ¢¥±Éµ·-¶µÉ¥´Í¨ ² (193),

¢Ìµ¤ÖÐ¨° ¢ (194), µ¶¨¸Ò¢ ¥É Éµ²Ó±µ ¤¢  ¸µ¸ÉµÖ´¨Ö ËµÉµ´ : e
(1)
µ ¨ e

(2)
µ . ‚

Ô²¥±É·µ¤¨´ ³¨±¥ ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢±µ° ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö ÔÉµÉ Ë ±É Å
¸²¥¤¸É¢¨¥ ´¥ Éµ²Ó±µ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, ¨¸±²ÕÎ ÕÐ¥° ¶·µ¤µ²Ó-
´ÊÕ (¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¸³Ò¸²¥) ¸µ¸É ¢²ÖÕÐÊÕ Aµ, ´µ ¨ ¤µ¶µ²´¨É¥²Ó´µ£µ
Ê¸²µ¢¨Ö (156) ´  ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö, ±µÉµ·µ¥ ¨¸±²ÕÎ ¥É ¸µ¸ÉµÖ´¨Ö, ·µ¦¤ ¥-
³Ò¥ µ¶¥· Éµ· ³¨ na+.

„²Ö ¸· ¢´¥´¨Ö ´ ¶µ³´¨³, ÎÉµ ¢ ±² ¸¸¨Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±¥ ¸µ¸É -
¢²ÖÕÐ Ö ¢¥±Éµ·-¶µÉ¥´Í¨ ²  Aµ, ´ ¶· ¢²¥´´ Ö ¶µ nµ, É ±¦¥ ¨¸±²ÕÎ ¥É¸Ö:
¢ É¥µ·¨¨ Œ ±¸¢¥²²  Å ¸ ³¨³ Ê· ¢´¥´¨¥³ Œ ±¸¢¥²²  �Aµ − ∂µ∂νAν = 0,
¢ É¥µ·¨¨, ¨¸¶µ²Ó§ÊÕÐ¥° Ê· ¢´¥´¨¥ „ ² ³¡¥·  �Aµ = 0, ¤µ¶µ²´¨É¥²Ó´Ò³
Ê¸²µ¢¨¥³ ‹µ·¥´Í  ∂µAµ = 0. ‘µ¸É ¢²ÖÕÐ Ö Aµ, ´ ¶· ¢²¥´´ Ö ¶µ pµ, ± ± ¨
¢ÒÏ¥, ¨¸±²ÕÎ ¥É¸Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ.

4.7. ‘¢µ¤±  ·¥§Ê²ÓÉ Éµ¢ ¶µ Ëµ·³Ê²¨·µ¢±¥ ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢±µ°
¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö. ‚ Ëµ·³Ê²¨·µ¢±¥ ¸ ¶µ¶¥·¥Î´µ° ± ²¨¡·µ¢±µ° ¢¥±Éµ·µ¢
¸µ¸ÉµÖ´¨Ö ¨¸¶µ²Ó§ÊÕÉ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö (77) ¨ (78) (² £· ´¦¨ ´ (76)), ¶¥-
·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (79) ¨ ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ (93). �·µ¢¥¤¥´-
´Ò°  ´ ²¨§ ¶µ± § ² ¶µ²´ÊÕ Ô±¢¨¢ ²¥´É´µ¸ÉÓ ÔÉµ° ¸µ¢µ±Ê¶´µ¸É¨ Ê· ¢´¥´¨°
Ê· ¢´¥´¨Ö³ ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö.

‚ ¶·¥¤¸É ¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¨¸¶µ²Ó§ÊÕÉ¸Ö · §²µ¦¥´¨¥ ¢¥±Éµ·-
¶µÉ¥´Í¨ ²  Apµ(x) ¶µ ¶²µ¸±¨³ ¢µ²´ ³ (123), ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö
(158), ¤µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ ´  ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö (156), ËÊ´±Í¨Ö · ¸¶·µ-
¸É· ´¥´¨Ö (185) ¨ S-³ É·¨Í  ¢ Ëµ·³¥ (184). S-³ É·¨Í  ³µ¦¥É ¡ÒÉÓ ¶·¨¢¥-
¤¥´  ± ¢¨¤Ê (194), ±Ê¤  ¢Ìµ¤¨É ¢¥±Éµ·-¶µÉ¥´Í¨ ² (193). ‚Ìµ¤ÖÐ¨¥ ¢ (193)

¢¥±Éµ·Ò e
(1)
µ ¨ e

(2)
µ µ¶·¥¤¥²ÖÕÉ¸Ö (ÌµÉÖ ¨ ´¥µ¤´µ§´ Î´µ) Ê· ¢´¥´¨¥³ (159).

‚¸¥ ¶¥·¥Î¨¸²¥´´Ò¥ Ê· ¢´¥´¨Ö ¨ ¸µµÉ´µÏ¥´¨Ö Ö¢´µ ²µ·¥´Í-±µ¢ ·¨ ´É´Ò.
4.8. ‘É ·Ò° Ëµ·³ ²¨§³ ƒÊ¶ÉÒ. ‘¨³³¥É·¨Î´ÊÕ É· ±Éµ¢±Ê Î¥ÉÒ·¥Ì ±µ³-

¶µ´¥´É ¢¥±Éµ·-¶µÉ¥´Í¨ ²a ¢¶¥·¢Ò¥ Ê¤ ²µ¸Ó ¶·¥¤¸É ¢¨ÉÓ ¢ ±µ··¥±É´µ° Ëµ·³¥
ƒÊ¶É¥. „µ ÔÉµ£µ · ¢´µ¶· ¢´ Ö É· ±Éµ¢±  ¢¸¥Ì Î¥ÉÒ·¥Ì ±µ³¶µ´¥´É ¢¥±Éµ·-
¶µÉ¥´Í¨ ² , ¨´É¥´¸¨¢´µ ¨¸¶µ²Ó§µ¢ ¢Ï Ö¸Ö ¢ · ¡µÉ Ì ”¥°´³ ´  ¨ ˜¢¨´£¥· ,
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´¥ ¨³¥²  § ±µ´´ÒÌ ¶· ¢. ƒÊ¶É  ¶¥·¢Ò° µ¸µ§´ ², ÎÉµ · ¢´µ¶· ¢¨¥ ¢¸¥Ì Î¥ÉÒ-
·¥Ì ±µ³¶µ´¥´É ¢¥±Éµ·-¶µÉ¥´Í¨ ²  ¶µ¤· §Ê³¥¢ ¥É ´¥µ¶·¥¤¥²¥´´ÊÕ ³¥É·¨±Ê ¢
£¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸µ¸ÉµÖ´¨°.

ˆ¤¥Õ ¸É ·µ£µ Ëµ·³ ²¨§³  ƒÊ¶ÉÒ [7] (¸³. É ±¦¥ [8, 19]) ³µ¦´µ ¶µ´ÖÉÓ
É ±: ¢§ÖÉÓ ¢ ± Î¥¸É¢¥ ¸É·µ¨É¥²Ó´µ£µ ³ É¥·¨ ²  Ìµ·µÏµ §´ ±µ³µ¥ (¸ Ìµ·µÏµ
µ¶·¥¤¥²¥´´Ò³¨ ¶µ´ÖÉ¨Ö³¨) ¶·µ¸É· ´¸É¢µ ¸ ¶µ²µ¦¨É¥²Ó´µ° ³¥É·¨±µ°, ¶Ê¸ÉÓ
´¥ ²µ·¥´Í-¨´¢ ·¨ ´É´µ¥ ¨ ´¥ ¨³¥ÕÐ¥¥ Ë¨§¨Î¥¸±µ£µ ¸³Ò¸² , ¨ ¢ ¥£µ É¥·³¨´ Ì
¶µ¸É·µ¨ÉÓ ²µ·¥´Í-¨´¢ ·¨ ´É´µ¥ ¶·µ¸É· ´¸É¢µ ¸ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ°.
’ ±¨³ µ¡· §µ³, ¸É ·Ò° Ëµ·³ ²¨§³ ƒÊ¶ÉÒ ¥¸ÉÓ ²¨ÏÓ µ¤´  Î ¸É´ Ö ·¥ ²¨§ Í¨Ö
¶·µ¸É· ´¸É¢  ¸ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ°.

�¸´µ¢´Ò¥ µ¶·¥¤¥²¥´¨Ö, ± ¸ ÕÐ¨¥¸Ö ¤¢ÊÌ Ê¶µ³Ö´ÊÉÒÌ £¨²Ó¡¥·Éµ¢ÒÌ ¶·µ-
¸É· ´¸É¢, ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

’ ¡²¨Í  1

‚¥²¨Î¨´Ò
‚¸¶µ³µ£ É¥²Ó´µ¥ �¥ ²¨§ Í¨Ö £¨²Ó¡¥·Éµ¢ 
£¨²Ó¡¥·Éµ¢µ ¶·µ- ¶·µ¸É· ´¸É¢  ¸ ´¥µ¶·¥-
cÉ· ´¸É¢µ ¸ ¶µ²µ- ¤¥²¥´´µ° ³¥É·¨±µ°

¦¨É¥²Ó´µ° ³¥É·¨±µ°

Œ¥É·¨Î¥¸±¨° É¥´§µ· 1 (195.1) η (195.2)

‘µ¶·Ö¦¥´´µ¥ ¸µ¸ÉµÖ´¨¥ Ψ∗ (196.1) Ψ+ = Ψ∗η (196.2)

�µ·³  Ψ∗Ψ > 0 (197.1) Ψ+Ψ = Ψ∗ηΨ (197.2)

‘·¥¤´¥¥ µ¶¥· Éµ·  B Ψ∗BΨ (198.1) Ψ+BΨ = Ψ∗ηBΨ (198.2)

�¶¥· Éµ·, Ô·³¨Éµ¢µ-
¸µ¶·Ö¦¥´´Ò° ± B B∗ (199.1) B+ = ηB∗η−1 (199.2)

�·¨³¥·:
µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö aµ (200.1) aµ (200.2)

�¶¥· Éµ·Ò ·µ¦¤¥´¨Ö a∗
µ (201.1) a+

µ = ηa∗
µη−1 (201.2)

�¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ- [aµ, a∗
ν ] = δµν (202.1) [aµ, a∗

ν ] = δµν (202.2)
´µÏ¥´¨Ö ¤²Ö µ¶¥· Éµ·µ¢
·µ¦¤¥´¨Ö ¨ Ê´¨ÎÉµ¦¥´¨Ö [a0, a

∗
0] = 1 (203.1) [a0, a

∗
0] = −1 (203.2)

�¶·¥¤¥²¥´¨¥ ¢ ±ÊÊ³  aµΨ0 = 0 (204.1) aµΨ0 = 0 (204.2)

“¸²µ¢¨¥ Ô·³¨Éµ¢µ¸É¨ B∗ = B (205.1) B+ = ηB∗η−1 = B (205.2)

“¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ B∗ = B−1 (206.1) B+ = ηB∗η−1 = B−1 (206.2)

�µ ¶µ¢µ¤Ê ¶¥·¥¸É ´µ¢µÎ´µ£µ ¸µµÉ´µÏ¥´¨Ö (203.1) ´ ¶µ³´¨³, ÎÉµ ¶µ-
¸±µ²Ó±Ê ¶µ¤ a0 ¨ a∗

0 ³Ò ¶µ´¨³ ¥³ Ô·³¨Éµ¢µ-¸µ¶·Ö¦¥´´Ò¥ µ¶¥· Éµ·Ò Ê´¨ÎÉµ-
¦¥´¨Ö ¨ ·µ¦¤¥´¨Ö, Éµ ¤²Ö ´¨Ì ¢ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸ ¶µ²µ¦¨É¥²Ó´µ
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µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ° ¢µ§³µ¦´µ Éµ²Ó±µ É ±µ¥ ¶¥·¥¸É ´µ¢µÎ´µ¥ ¸µµÉ´µÏ¥-
´¨¥ (¸³. ¶. 4.5, ¡). �·¨ ¶µ¸É·µ¥´¨¨ £¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢  ¸ ´¥µ¶·¥¤¥²¥´-
´µ° ³¥É·¨±µ° ¢¢µ¤¨É¸Ö ³¥É·¨Î¥¸±¨° É¥´§µ· η ¨ µ¶·¥¤¥²Ö¥É¸Ö ¸µ¶·Ö¦¥´´µ¥
¸µ¸ÉµÖ´¨¥ Ψ+ = Ψ∗η. ‚¸¥ µ¸É ²Ó´µ¥ ¢ ÔÉµ° É ¡²¨Í¥ ¸²¥¤Ê¥É ¨§ µ¡Ð¨Ì µ¶·¥-
¤¥²¥´¨° ¶. 4.5 ¤²Ö £¨²Ó¡¥·Éµ¢ÒÌ ¶·µ¸É· ´¸É¢.

‘ÊÐ¥¸É¢¥´´Ò° ³µ³¥´É: ± ± ¸²¥¤¸É¢¨¥ Éµ£µ, ÎÉµ ³Ò ¨¸Ìµ¤¨³ ¨§ £¨²Ó¡¥·-
Éµ¢  ¶·µ¸É· ´¸É¢  ¸ ¶µ²µ¦¨É¥²Ó´µ° ³¥É·¨±µ°, µ¶·¥¤¥²¥´¨¥ ¢ ±ÊÊ³  (204.2)
¥¸ÉÓ ´¥ ¶·¥¤¶µ²µ¦¥´¨¥,   ·¥§Ê²ÓÉ É ¶µ¸É·µ¥´¨Ö. „ ²¥¥, ¨§ (202.1) ¨ (202.2),
(203.1) ¨ (203.2) § ±²ÕÎ ¥³, ÎÉµ

a+
m = a∗

m, (207)

a+
0 = −a∗

0 (208)

¨, ¸²¥¤µ¢ É¥²Ó´µ,

[η, a+
m] = 0, (209)

[η, a+
0 ] = 0. (210)

�É¸Õ¤ 

η = (−1)a∗
0a0 . (211)

� ±µ´¥Í, ¶·¨¢¥¤¥³ · §²µ¦¥´¨Ö ¢¥±Éµ·-¶µÉ¥´Í¨ ²  Aµ ¶µ ¶²µ¸±¨³ ¢µ²´ ³
(É ¡². 2).

’ ¡²¨Í  2

‚µ ¢¸¶µ³µ£ É¥²Ó´µ³ £¨²Ó¡¥·Éµ¢µ³
¶·µ¸É· ´¸É¢¥ ¸ ¶µ²µ¦¨É¥²Ó´µ° ³¥É·¨±µ°

‚ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸
´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ°

Aµ =

∫
dp√

(2π)32p0

×

× [aµ(p) eıpx + a∗
µ(p) e−ıpx]

Aµ =

∫
dp√

(2π)32p0

×

× [aµ(p) eıpx + a+
µ (p) e−ıpx]

(Ô·³¨Éµ¢) (212.1) (Ô·³¨Éµ¢) (212.2)

A0 =

∫
dp√

(2π)32p0

×

× [a0(p) eıpx − a∗
0(p) e−ıpx]

A0 =

∫
dp√

(2π)32p0

×

× [a0(p) eıpx + a+
0 (p) e−ıpx]

( ´É¨Ô·³¨Éµ¢) (213.1) (Ô·³¨Éµ¢) (213.2)

‚µ ¢Éµ·¨Î´µ-±¢ ´Éµ¢ ´´µ° É¥µ·¨¨ ¶¥·¥Ìµ¤ ¨§ µ¤´µ° ¸¨¸É¥³Ò µÉ¸Î¥É  ¢
¤·Ê£ÊÕ ³µ¦´µ É· ±Éµ¢ ÉÓ ¤¢Ê³Ö Ô±¢¨¢ ²¥´É´Ò³¨ ¸¶µ¸µ¡ ³¨, · ¸¸³µÉ·¥´´Ò³¨
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¢ · §¤. 5. ŒÒ ¡Ê¤¥³ ¶·¨¤¥·¦¨¢ ÉÓ¸Ö µ¤´µ° ¨§ ÔÉ¨Ì É· ±Éµ¢µ±, ±µ£¤  ¶·¨
¶¥·¥Ìµ¤¥ ¨§ µ¤´µ° ¸¨¸É¥³Ò µÉ¸Î¥É  ¢ ¤·Ê£ÊÕ:

 ) ¶·¥µ¡· §µ¢ ´¨Õ ¶µ¤¢¥·£ ÕÉ¸Ö µ¶¥· Éµ·Ò;
¡) ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö Ψ, µ¶¨¸Ò¢ ÕÐ¨¥ Ë¨§¨Î¥¸±¨¥ ¸¨¸É¥³Ò, ´¥ ¨§³¥´Ö-

ÕÉ¸Ö∗;
  µÉ¸Õ¤ , ¢¸²¥¤¸É¢¨¥ ´¥§ ¢¨¸¨³µ¸É¨ ´µ·³Ò µÉ ¸¨¸É¥³Ò µÉ¸Î¥É :
¢) ´¥ ¨§³¥´Ö¥É¸Ö ³¥É·¨Î¥¸±¨° É¥´§µ· η.
‚¥±Éµ·-¶µÉ¥´Í¨ ² ¢ ¸É ·µ° ¸¨¸É¥³¥ µÉ¸Î¥É  Aµ ¨ ¢¥±Éµ·-¶µÉ¥´Í¨ ² ¢

´µ¢µ° ¸¨¸É¥³¥ µÉ¸Î¥É  A′
µ ¸¢Ö§ ´Ò ¶·¥µ¡· §µ¢ ´¨¥³ ‹µ·¥´Í 

A → A′ + n′n
′
µA′

µ − A0

1 + n′
0

. (214)

(ŒÒ ¶·¨¢¥²¨ µ¡· É´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í , ¶·Ö³µ¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¨§ (214) § ³¥´ ³¨ A → A′, n′ → −n′.) �¡ÒÎ´Ò° ¶ · ³¥É· ¶·¥µ¡· §µ¢ -
´¨Ö ‹µ·¥´Í  β ¶·¥¤¸É ¢²¥´ ¢ (214) ¸ ¶µ³µÐÓÕ ¥¤¨´¨Î´µ£µ, ¶µ²µ¦¨É¥²Ó´µ£µ
¢·¥³¥´¨¶µ¤µ¡´µ£µ ¢¥±Éµ·  n′:

β =
n′

n′
0

, n′2
µ = n′2 − n′2

0 = −1, n′
0 > 0. (215)

�µ § ±µ´Ê ¶·¥µ¡· §µ¢ ´¨Ö (214) ¶·¥µ¡· §ÊÕÉ¸Ö ¨ µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö ¨ Ê´¨-
ÎÉµ¦¥´¨Ö aµ ¨ a+

µ .
’ ± ± ± ³¥É·¨Î¥¸±¨° É¥´§µ· (211) ´¥ ¶·¥µ¡· §Ê¥É¸Ö, Éµ ¸ ¶µ³µÐÓÕ (214)

¢ ´µ¢µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ¥£µ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

(−1)
∫

dpa+
0 a0 = (−1)

∫
dpn′

µa′+
µ n′

νa′
ν . (216)

„ ²¥¥ ´¥É·Ê¤´µ ¢Ò¢¥¸É¨, ÎÉµ Ô±¢¨¢ ²¥´Éµ³ ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨°
(209) ¨ (210) ¢ ´µ¢µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ¡Ê¤¥É∗∗

[η, a′+
µ + n′

µ(n′a′+)] = 0, [η, (n′a′+)] = 0. (217)

∗’µÎ´¥¥ £µ¢µ·Ö, ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö Ö¢²Ö¥É¸Ö ¸± ²Ö·´µ° ËÊ´±Í¨¥° ¶¥·¥³¥´´ÒÌ, Ì · ±É¥·¨§Ê-
ÕÐ¨Ì Ë¨§¨Î¥¸±µ¥ ¸µ¸ÉµÖ´¨¥.

∗∗‚Ò¢µ¤. …¸²¨ ¢ (209) ¨ (210) ¶µ¤¸É ¢¨ÉÓ a+
µ , ¢Ò· ¦¥´´Ò³¨ ¸µ£² ¸´µ (214) Î¥·¥§ a′+

µ , Éµ
¶µ²ÊÎ¨³ [

η, a′+
m + n′

m

(n′a′+ − a′+
0 )

n′
0 + 1

]
= 0, {η, n′a′+} = 0.

‚Éµ·µ¥ ¸µµÉ´µÏ¥´¨¥ ¸· §Ê ¶µ²ÊÎ¨²µ¸Ó ¢ ®±µ¢ ·¨ ´É´µ°¯ Ëµ·³¥,   ¶¥·¢µ¥ ¤µ²¦´µ ¡ÒÉÓ ¶·¥µ¡· -

§µ¢ ´µ ¤ ²ÓÏ¥. ‘¢¥·´¥³ ¥£µ µ¤¨´ · § ¸ δmn +
(n′

nn′
m)

n′
0 + 1

¨ ¢Éµ·µ° ¸ n′. �Éµ ¤ ¸É, ¸µµÉ¢¥É¸É¢¥´´µ,

¤¢  ¸µµÉ´µÏ¥´¨Ö:

[η, a′+
m + n′

m(n′a′+)] = 0, [η, a′+
0 + n′

0(n′a′+)] = 0,

±µÉµ·Ò¥ Ê¦¥ ¨³¥ÕÉ ´Ê¦´Ò° ¢¨¤.
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’ ±¨³ µ¡· §µ³, ¶·¨Ìµ¤¨³ ± ¢Ò¢µ¤Ê, ÎÉµ Ëµ·³  ³¥É·¨Î¥¸±µ£µ É¥´§µ·  (211) ¨
¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° (208) ¨ (210) ¡Ò²  Î ¸É´µ°, ¢µ§³µ¦´µ° Éµ²Ó±µ
¢ µ¤´µ° ¸¨¸É¥³¥ µÉ¸Î¥É . �¡Ð¥°, ¸¶· ¢¥¤²¨¢µ° ¢ ²Õ¡µ° ¸¨¸É¥³¥ µÉ¸Î¥É  § -
¶¨¸ÓÕ ³¥É·¨Î¥¸±µ£µ É¥´§µ·  ¨ ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° ¸ η Ö¢²Ö¥É¸Ö

η = (−1)
∫

dp(na+)(na), (218)

[η, a+
µ + nµ(na+)] = 0, [η, (na+)] = 0. (219)

�¥·¢µ´ Î ²Ó´Ò¥ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (208) ¨ (210) ¸µµÉ¢¥É¸É¢ÊÕÉ
Éµ° ¸¨¸É¥³¥ µÉ¸Î¥É , ¢ ±µÉµ·µ° nµ = (0, 0, 0, ı).

�µÖ¢²¥´¨¥ ¢ É¥µ·¨¨ ¶µ¸Éµ·µ´´¥£µ ¢·¥³¥´¨¶µ¤µ¡´µ£µ ¢¥±Éµ·  nµ £µ¢µ·¨É
µ Éµ³, ÎÉµ ¢ É¥µ·¨¨, ¢µ ¢¸Ö±µ³ ¸²ÊÎ ¥, ´¥É Ö¢´µ° ²µ·¥´Í-¨´¢ ·¨ ´É´µ¸É¨.
’ ± Ö ¸¨ÉÊ Í¨Ö µ¡Ê¸²µ¢²¥´  ¨¸Ìµ¤´Ò³¨ ¶·¥¤¶µ²µ¦¥´¨Ö³¨. ‚ Éµ ¢·¥³Ö ± ±
a+

µ µ¡· §ÊÕÉ 4-¢¥±Éµ·,   ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (202.2), (203.2) Ö¢´µ
±µ¢ ·¨ ´É´Ò ([aµ, a+

ν ] = δµν), a∗
µ ²µ·¥´Íe¢¸±µ£µ 4-¢¥±Éµ·  ´¥ µ¡· §ÊÕÉ,  

¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (202.1) ¨ (203.1) Ö¢´µ° ±µ¢ ·¨ ´É´µ¸ÉÓÕ ´¥
µ¡² ¤ ÕÉ (¸³. ¢ ÔÉµ° ¸¢Ö§¨ · ¸¸Ê¦¤¥´¨Ö ¢ ¶. 4.5, ¡). …¸É¥¸É¢¥´´µ, ÎÉµ ³¥É·¨Î¥-
¸±¨° É¥´§µ· η, µ¸ÊÐ¥¸É¢²ÖÕÐ¨° ¸¢Ö§Ó ³¥¦¤Ê ÔÉ¨³¨ ¢¥²¨Î¨´ ³¨ ¨ ¸µµÉ´µÏ¥-
´¨Ö³¨, É ±¦¥ ´¥ µ¡² ¤ ¥É Ö¢´µ° ±µ¢ ·¨ ´É´µ¸ÉÓÕ. �·¨¸ÊÉ¸É¢¨¥ ¶µ¸Éµ·µ´´¥£µ
¢·¥³¥´¨¶µ¤µ¡´µ£µ ¢¥±Éµ·  nµ ¢µµ¡Ð¥ ³µ£²µ ¡Ò µ§´ Î ÉÓ µÉ¸ÊÉ¸É¢¨¥ ¢¸Ö±µ°
²µ·¥´Í-¨´¢ ·¨ ´É´µ¸É¨. “É¢¥·¦¤¥´¨¥ µ¡ µÉ¸ÊÉ¸É¢¨¨ ²µ·¥´Í-¨´¢ ·¨ ´É´µ¸É¨
¢ ¸É ·µ³ Ëµ·³ ²¨§³¥ ƒÊ¶ÉÒ ¢¶¥·¢Ò¥ ¡Ò²µ ¢Ò¸± § ´µ ‘Ê´ ± ¢µ° ¢ 1958 £. [9].
�µ¸²¥ ¥£µ ±·¨É¨±¨ ƒÊ¶É  [10, 11] ¨ Šµ´¨¸¨ ¨ �£¨³µÉµ ´ Ï²¨ ¢ÒÌµ¤ ¢ ¶¥·¥-
Ìµ¤¥ ± ´µ¢µ³Ê, Ê¶·µÐ¥´´µ³Ê ¨ ¢³¥¸É¥ ¸ É¥³ ¡µ²¥¥ µ¡Ð¥³Ê, ¨ Ö¢´µ ²µ·¥´Í-
¨´¢ ·¨ ´É´µ³Ê Ëµ·³ ²¨§³Ê, µ ±µÉµ·µ³ £µ¢µ·¨²µ¸Ó ¢ÒÏ¥ ¢ ¶¶. 4.5Ä4.7.

�¤´ ±µ ´  ¸ ³µ³ ¤¥²¥ ¨ ¸É · Ö Ëµ·³Ê²¨·µ¢±  ƒÊ¶ÉÒ ´¥ ¸Éµ²Ó Ê¦ ¶²µÌ .
�  ¸ ³µ³ ¤¥²¥ ¢ ´¥° ¸¨ÉÊ Í¨Ö É ± Ö ¦¥, ± ± ¢ Ëµ·³Ê²¨·µ¢±¥ „¨· ± : ´¥¸³µÉ·Ö
´  ¶·¨¸ÊÉ¸É¢¨¥ ¢¥±Éµ·  nmu, ²µ·¥´Í-¨´¢ ·¨ ´É´µ¸ÉÓ ¸ÊÐ¥¸É¢Ê¥É, ´µ Éµ²Ó±µ
µ´  ´¥ Ö¢²Ö¥É¸Ö Ö¢´µ°.

—Éµ¡Ò Ê¡¥¤¨ÉÓ¸Ö ¢ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ²µ·¥´Í-¨´¢ ·¨ ´É´µ¸É¨, ¤µ¸É ÉµÎ´µ
¤µ± § ÉÓ, ÎÉµ ¢¥±Éµ· nmu ³µ¦¥É ¡ÒÉÓ ¢Ò¡· ´ ²Õ¡Ò³, ¨ µÉ ´¥£µ, ¥¸²¨ Ê£µ¤´µ,
³µ¦´µ ¶¥·¥°É¨ ± ²Õ¡µ³Ê ¤·Ê£µ³Ê ¶µ²µ¦¨É¥²Ó´µ³Ê ¢·¥³¥´¨¶µ¤µ¡´µ³Ê ¢¥±-
Éµ·Ê. �¥·¥Ìµ¤ µÉ µ¤´µ£µ nmu ± ¤·Ê£µ³Ê ³µ¦´µ ¶·µ¨§¢¥¸É¨ ¸ ¶µ³µÐÓÕ ± ²¨-
¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö:

aµ = a′
µ +

pµ

(np)
(n′ − n, a). (220)

“³´µ¦¥´¨¥ µ¡¥¨Ì Î ¸É¥° ÔÉµ£µ · ¢¥´¸É¢  ´  nmu ¨ ´  n′
mu ¤ ¥É ¤¢  ¸µµÉ´µ-

Ï¥´¨Ö

na = n′a′, (n′ − n, a) =
n′p

np
(n′ − n, a′). (221)
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‚Éµ·µ¥ ¸µµÉ´µÏ¥´¨¥ £ · ´É¨·Ê¥É ¢§ ¨³´ÊÕ µ¤´µ§´ Î´µ¸ÉÓ ¶¥·¥Ìµ¤  µÉ amu
± a′

mu, ¨ ´ µ¡µ·µÉ,   ¶¥·¢µ¥ ¤ ¥É ´Ê¦´Ò° ´ ³ ¶¥·¥Ìµ¤ ± ´µ¢µ³Ê ¢·¥³¥´¨-
¶µ¤µ¡´µ³Ê ¢¥±Éµ·Ê

η = (−1)
∫

dp(na+)(na) = (−1)
∫

dp(n′a′+)(n′a′). (222)

‚ Î ¸É´µ¸É¨, ¢Ò¡· ¢ n′
mu ¢ ¢¨¤¥ n′

mu = (0, 0, 0, 1), ³Ò ³µ¦¥³ ¢¥·´ÊÉÓ
³¥É·¨Î¥¸±µ³Ê É¥´§µ·Ê Ëµ·³Ê (211). �¤´ ±µ ÔÉ¨³ ¢µ¶·µ¸ ·¥Ï ¥É¸Ö ¥Ð¥ ´¥
¶µ²´µ¸ÉÓÕ. ‚ ¸ ³µ³ ¤¥²¥, ± ²¨¡·µ¢µÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ (220) ¨§³¥´Ö¥É
¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö, ¨ µ´¨ ¶¥·¥Ìµ¤ÖÉ ¢

[a′
µ(p), a′

ν(q)] =
(

δµν − pµ

(n′p)
(n′ − n, a)ν − (n′ − n, a)µ ×

× pν

(n′p)
+

pµpν

(n′p)2
(n′ − n, n′ − n)

)
δ(p − q). (223)

�¥¸³µÉ·Ö ´  ÔÉµ, ¡² £µ¤ ·Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ¤µ¶µ²´¨É¥²Ó-
´µ³Ê Ê¸²µ¢¨Õ (156), ³Ò ¨³¥¥³ ¶· ¢µ ¨¸¶µ²Ó§µ¢ ÉÓ µ¡ÒÎ´Ò¥ ¶¥·¥¸É ´µ¢µÎ´Ò¥
¸µµÉ´µÏ¥´¨Ö

[a′
µ(p)a′

ν(q)] = δµνδ(p − q). (224)

„¥²µ ¢ Éµ³, ÎÉµ ¨ ¤µ, ¨ ¶µ¸²¥ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¢¥±Éµ·Ò ¸µ-
¸ÉµÖ´¨Ö Ê¤µ¢²¥É¢µ·ÖÕÉ ¤µ¶µ²´¨É¥²Ó´µ³Ê Ê¸²µ¢¨Õ (156):

apΨ = 0, Ψ+(a+p) = 0, (225)

a′pΨ = 0, Ψ+(a′+p) = 0 (226)

¨ ¶µÔÉµ³Ê ¸É·µÖÉ¸Ö ¶ÊÉ¥³ ¤¥°¸É¢¨Ö ´  ¢ ±ÊÊ³ Ψ0 µ¶¥· Éµ· ³¨ a+e(i) ¨
a′+e(i) ¸µµÉ¢¥É¸É¢¥´´µ. �² £µ¤ ·Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ S-³ É·¨Í 
É ±¦¥ ¶¥·¥¢Ò· ¦ ¥É¸Ö Éµ²Ó±µ Î¥·¥§ µ¶¥· Éµ·Ò ae(i) ¤µ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥-
µ¡· §µ¢ ´¨Ö (220) ¨ Î¥·¥§ a′e(i) ¶µ¸²¥. �¤´ ±µ ¤²Ö µ¸É ÕÐ¨Ì¸Ö ¢ ¨£·¥ µ¶¥-
· Éµ·µ¢ ae(i) ¨ a′e(i) ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö µ¤¨´ ±µ¢Ò:

[ae(i), a+e(j)] = δij , (227)

[a′e(i), a′+e(j)] = δij . (228)

�É¨ · ¸¸Ê¦¤¥´¨Ö µ¶· ¢¤Ò¢ ÕÉ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨°
(224) ¨ § ¢¥·Ï ÕÉ ¤µ± § É¥²Ó¸É¢µ ¢µ§³µ¦´µ¸É¨ ¶¥·¥°É¨ µÉ µ¤´µ£µ ¢¥±Éµ·  ±
²Õ¡µ³Ê ¤·Ê£µ³Ê.

�¸É ´µ¢¨³¸Ö ´¥³´µ£µ ´  ±·¨É¨±¥ ‘Ê´ ± ¢Ò [9]. �´ ¶·¨¤¥·¦¨¢ ²¸Ö ¢Éµ-
·µ° ÉµÎ±¨ §·¥´¨Ö, ¸µ£² ¸´µ ±µÉµ·µ° ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ ‹µ·¥´Í  ¶·¥µ¡· -
§ÊÕÉ¸Ö ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö (¸³. · §¤. 5)

Ψ′ = VLΨ = (1 + ıωµνMµν)Ψ, Ψ′∗ = Ψ∗V ∗
L . (229)
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‘Ê´ ± ¢  ¶·µ¤¥³µ´¸É·¨·µ¢ ², ÎÉµ µ¶¥· Éµ· VL Ê´¨É ·¥´ ¢ ¸³Ò¸²¥ ¶·µ¸É· ´-
¸É¢  ¸ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ° (¢ ¸³Ò¸²¥ (206.2))∗

V +
L ≡ η−1V ∗

L = V −1
L . (230)

“´¨É ·´µ¸ÉÓ ¢ ÔÉµ³ ¸³Ò¸²¥ ± ± · § Éµ ¸¢µ°¸É¢µ, ±µÉµ·µ¥ £ · ´É¨·Ê¥É ´¥§ ¢¨-
¸¨³µ¸ÉÓ ´µ·³Ò Ψ∗ηΨ µÉ ¸¨¸É¥³Ò µÉ¸Î¥É :

Ψ′∗ηΨ′ = Ψ∗ηΨ, (231)

¶·¨Î¥³ ³¥É·¨Î¥¸±¨° É¥´§µ· µ¸É ¥É¸Ö ´¥¨§³¥´´Ò³:

η′ = V ∗
LηVL = ηV −1

L VL = η. (232)

‘Ê´ ± ¢  ¸Î¨É ² § ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö η (232) ¶·µÉ¨¢µ·¥Î Ð¨³ ¶·¨´Í¨¶Ê

µÉ´µ¸¨É¥²Ó´µ¸É¨, ¶µ¸±µ²Ó±Ê (232) µ§´ Î ¥É, ÎÉµ η′ �= (−1)−a′+
0 a+

0 ¨, ¸²¥¤µ-
¢ É¥²Ó´µ, ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö (209) ¨ (210) ¶¥·¥¸É ÕÉ ¡ÒÉÓ ¢¥·-
´Ò³¨ ¤²Ö a′

µ ¨ η′. ‘Ê´ ± ¢  ´¥ § ³¥É¨², ÎÉµ ¨§³¥´¨¢Ï¨°¸Ö ¶µ¸²¥ ¶·¥µ¡· -
§µ¢ ´¨Ö ‹µ·¥´Í  ¢¥±Éµ· nµ ³µ¦´µ ¶·¥µ¡· §µ¢ ÉÓ ± ¶¥·¢µ´ Î ²Ó´µ³Ê ¢¨¤Ê
nµ = (0, 0, 0, ı) ¸ ¶µ³µÐÓÕ ¤µ¶µ²´¨É¥²Ó´µ£µ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö
(¸³. ¢ÒÏ¥). � ÔÉµ, ¢ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ ¢Ò¢µ¤Ê ‘Ê´ ± ¢Ò, ¨ ¤µ± §Ò¢ ¥É ±µ-
¢ ·¨ ´É´µ¸ÉÓ ¸É ·µ£µ Ëµ·³ ²¨§³  ƒÊ¶ÉÒ. • · ±É¥·¨§ÊÖ ¸É ·Ò° Ëµ·³ ²¨§³
ƒÊ¶ÉÒ, ¢ ¦´µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ §¤¥¸Ó µ¶·¥¤¥²¥´¨¥ ¢ ±ÊÊ³  (204) Å ¸²¥¤¸É¢¨¥
¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° (202.1), (203.1) (¸³. ¶. 4.5, ¡),   ´¥ ¶µ¸ÉÊ² É,
± ± ¢ ¶. 4.5, ¢. �² £µ¤ ·Ö ÔÉµ³Ê ¶µ¸É·µ¥´´µ¥ £¨²Ó¡¥·Éµ¢µ ¶·µ¸É· ´¸É¢µ ¸ ´¥-
µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ° ¨¸Î¥·¶Ò¢ ¥É¸Ö ¸¨¸É¥³µ° ¸µ¸ÉµÖ´¨° (150). �É  ¸¨-
¸É¥³  ¶µ²´ .

‘²¥¤µ¢ É¥²Ó´µ, ¸É ·Ò° Ëµ·³ ²¨§³ ƒÊ¶ÉÒ ¤¥³µ´¸É·¨·Ê¥É ¸µ¸ÉµÖÉ¥²Ó´µ¸ÉÓ
¶µ¸ÉÊ² É  (149) ¨ ¶·¨´Í¨¶¨ ²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¶µ¸É·µ¥´¨Ö ´¥µ¡Ìµ¤¨³µ£µ
£¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢  ¸ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ°.

‘É ·Ò° Ëµ·³ ²¨§³ ƒÊ¶ÉÒ ¢¶¥·¢Ò¥ µ¡¥¸¶¥Î¨² · ¢´µ¶· ¢¨¥ ¢¸¥Ì Î¥ÉÒ·¥Ì
±µ³¶µ´¥´É Aµ, µ¤´ ±µ §  ÔÉµ ¡Ò²  § ¶² Î¥´  ¤µ·µ£ Ö Í¥´ . ‘¢¥·Ì ´Ê¦´µ£µ
¶·µ¸É· ´¸É¢  ¸ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ° ¡Ò²µ ¢¢¥¤¥´µ ¥Ð¥ µ¤´µ, ¢¸¶µ³µ£ -
É¥²Ó´µ¥ ¶·µ¸É· ´¸É¢µ ¸ ¶µ²µ¦¨É¥²Ó´µ° ³¥É·¨±µ°. ‡  ¸Î¥É ÔÉµ£µ Ëµ·³ ²¨§³,
±µ¢ ·¨ ´É´Ò° ¢ Í¥²µ³, µ± § ²¸Ö ´¥ µ¡² ¤ ÕÐ¨³ Ö¢´µ° ±µ¢ ·¨ ´É´µ¸ÉÓÕ, ÎÉµ
¢Ò· §¨²µ¸Ó ¶·¥¦¤¥ ¢¸¥£µ ¢ § ¢¨¸¨³µ¸É¨ ³¥É·¨Î¥¸±µ£µ É¥´§µ·  (211) µÉ ¶µ-
¸Éµ·µ´´¥£µ ¢·¥³¥´¨¶µ¤µ¡´µ£µ ¢¥±Éµ· . ‚ Éµ ¦¥ ¢·¥³Ö ´µ¢Ò° µ¡Ð¨° Ëµ·³ -
²¨§³ ƒÊ¶ÉÒ ¸ ´¥µ¶·¥¤¥²¥´´µ° ³¥É·¨±µ°, ¨§²µ¦¥´´Ò° ¢ ¶. 4.5, Ö¢´µ ²µ·¥´Í-
¨´¢ ·¨ ´É¥´. ‚³¥¸É¥ ¸ É¥³ µ´ ¸ÊÐ¥¸É¢¥´´µ ¶·µÐ¥, É ± ± ± ¢ ´¥³ ³Ò ¨³¥¥³
¤¥²µ Éµ²Ó±µ ¸ µ¤´¨³ £¨²Ó¡¥·Éµ¢Ò³ ¶·µ¸É· ´¸É¢µ³,   ´¥ ¸ ¤¢Ê³Ö.

∗�Éµ ¸¢µ°¸É¢µ ¶·µ¢¥·Ö¥É¸Ö ¸ ¶µ³µÐÓÕ Ëµ·³Ê² (208), (210) ¨ ¢Ò· ¦¥´¨Ö (286) ¤²Ö Mµν ,
±µÉµ·µ¥ ¢ Ö¢´µ³ ¢¨¤¥ § ¶¨¸Ò¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ (301) ¨ (307) (· §¤. 5).
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4.9. �¥·¥Ìµ¤ ± ¶·¥¤¸É ¢²¥´¨Õ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥-
´¨Ö. ‚ ¶. 4.6 ¸Ëµ·³Ê²¨·µ¢ ´µ ¶·¥¤¸É ¢²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö É¥µ·¨¨ c
´ ²µ¦¥´¨¥³ ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö ´  ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö. �·¨ ÔÉµ³ ¡Ò²µ
¶µ± § ´µ, ÎÉµ S-³ É·¨Í  ³µ¦¥É ¡ÒÉÓ ¶·¨¢¥¤¥´  ± ¢¨¤Ê (194), ±Ê¤  ¢Ìµ¤¨É
¢¥±Éµ·-¶µÉ¥´Í¨ ² Ar

µ(x) ± ± · § ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. ‡ ¶¨¸Ò¢ Ö ¢Ò· -
¦¥´¨¥ (193) ¤²Ö Ar

µ(x) ¢ ¢¨¤¥

Ar
µ(x) =

∫
dp√

(2π)32p0

[bµ(p) eıpx + b+
µ (p) e−ıpx] (p2 = 0), (233)

³Ò ¢¢µ¤¨³ µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö bµ ¨ ·µ¦¤¥´¨Ö b+
µ :

bµ =
2∑

i=1

e(i)
µ (e(i)a), b+

µ =
2∑

i=1

e(i)
µ (e(i)a+), (234)

µÉ¢¥Î ÕÐ¨¥ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. ‘ ¶µ³µÐÓÕ ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µ-
Ï¥´¨° (158) ¨ Ê¸²µ¢¨Ö ¶µ²´µÉÒ (19) ´¥É·Ê¤´µ ¢ÒÎ¨¸²¨ÉÓ ¶¥·¥¸É ´µ¢µÎ´Ò¥
¸µµÉ´µÏ¥´¨Ö ¤²Ö µ¶¥· Éµ·µ¢ bµ ¨ b+

µ :

[bµ(p), bν(q)] =
(

δµν − nµpν + nνpµ

np
− pµpν

(np)2

)
δ(p − q), (235)

  bµ ¸ bν ¨ b+
µ ¸ b+

ν , ¥¸É¥¸É¢¥´´µ, ±µ³³ÊÉ¨·ÊÕÉ. ‡ ±µ´Î¥´´ÊÕ Ëµ·³Ê²¨-
·µ¢±Ê ¶·¥¤¸É ¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö ³Ò ¶µ²ÊÎ¨³,
¥¸²¨ ¢ S-³ É·¨Í¥ (194) ¶¥·¥°¤¥³ ± ¸µµÉ¢¥É¸É¢ÊÕÐ¥³Ê µ¶¨¸ ´¨Õ ¢¨·ÉÊ ²Ó´ÒÌ
ËµÉµ´µ¢, É. ¥. ¥¸²¨ ¢³¥¸Éµ ËÊ´±Í¨¨ · ¸¶·µ¸É· ´¥´¨Ö (185) ¢¢¥¤¥³ ËÊ´±Í¨Õ
· ¸¶·µ¸É· ´¥´¨Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. ’ ±µ° ¶¥·¥Ìµ¤ ¡Ò² µ¸ÊÐ¥¸É¢²¥´
”¥°´³ ´µ³ [46] ¶·¨ nµ = |0, 0, 0, ı|. ŒÒ ¸ ÔÉµ° Í¥²ÓÕ ¨¸¶µ²Ó§Ê¥³ ¸µµÉ-
´µÏ¥´¨¥ ¶µ²´µÉÒ (19), ¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ¢ ËÊ´±Í¨¨ · ¸¶·µ¸É· ´¥´¨Ö ¢
p-¶·¥¤¸É ¢²¥´¨¨ δµν/p2 ¸¨³¢µ² Š·µ´¥±¥·  ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

δµν = δµν − [pµ + (np)nµ][pν + (np)nν ]
p2 + (pn)2

+ nµnν +

+
[pµ + (np)nµ][pν + (np)nν ]

p2 + (pn)2
− nµnν . (236)

‡ É¥³ ¢ ¶µ¸²¥¤´¥° ¸É·µ±¥ µÉ¡·µ¸¨³ Î²¥´Ò, ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ pµ ¨²¨ pν . �Éµ
¶µ§¢µ²Ö¥É ± ²¨¡·µ¢µÎ´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ. �µ¸²¥ ¶·¨¢¥¤¥´¨Ö µ¸É ¢Ï¨Ì¸Ö ¢
ÔÉµ° ¸É·µ±¥ Î²¥´µ¢ ¶µ²ÊÎ ¥³, ÎÉµ Ë¥°´³ ´µ¢¸± Ö ËÊ´±Í¨Ö · ¸¶·µ¸É· ´¥´¨Ö
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¶¥·¥Ìµ¤¨É ¢

δµν

p2
→ 1

p2

{
δµν − [pµ + (np)nµ][pν + (np)nν ]

p2 + (np)2
+ nµnν

}
−

− nµnν

p2 + (pn)2
, (237)

£¤¥ ¶¥·¢ Ö ¸É·µ±  ¥¸ÉÓ ËÊ´±Í¨Ö · ¸¶·µ¸É· ´¥´¨Ö ¤²Ö ¶µ²Ö Amur,   ¢Éµ· Ö Å
µ¡µ¡Ð¥´´ Ö ´  ²Õ¡Ò¥ nµ § ¶¨¸Ó ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. „¥°¸É¢¨-
É¥²Ó´µ, ¶µ´¨³ Ö T -Ê¶µ·Ö¤µÎ¨¢ ´¨¥ ± ± Ê¶µ·Ö¤µÎ¨¢ ´¨¥ ¢ ´ ¶· ¢²¥´¨¨ nµ,
¨³¥¥³ ¤²Ö ËÊ´±Í¨¨ · ¸¶·µ¸É· ´¥´¨Ö ¤²Ö ¶µ²Ö Amur:

Ar
µ(x)Ar

ν (y) = 〈0|TAr
µ(x)Ar

ν (y)|0〉 =
−ı

(2π)4

∫
d4p

eıp(x−y)

p2 − ıε

2∑
i=1

e(i)
µ e(i)

ν =

=
−ı

(2π)4

∫
d4p

eıp(x−y)

p2 − ıε

{
δµν − [pµ+(np)nµ][pν+(np)nν ]

p2 + (np)2
+ nµnν

}
, (238)

£¤¥ ¶µ¸²¥¤´ÖÖ ¸É·µ±  ¶µ²ÊÎ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö ¶µ²´µÉÒ (19). ‚
Î ¸É´µ³ ¸²ÊÎ ¥ nµ = {0, 0, 0, ı} ³Ò ¨³¥¥³ µ¡ÒÎ´µ¥ T -Ê¶µ·Ö¤µÎ¨¢ ´¨¥ ¶µ µ¸¨
¢·¥³¥´¨ [47]:

Ar
µ(x)Ar

ν (y) = 〈0|TAr
µ(x)Ar

ν (y)|0〉 =

=




−ı

(2π)4

∫
d4p

eıp(x−y)

p2 − ıε

(
δmn − pmpn

p2

)
, µ = m �= 4

0, ν = n �= 4
. (238.1)

”Ê´±Í¨Ö · ¸¶·µ¸É· ´¥´¨Ö (238), ± ± µ¡ÒÎ´µ, Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° ƒ·¨´ 
¸¢µ¡µ¤´µ£µ (É. ¥. ¸ e = 0) Ê· ¢´¥´¨Ö (45):

�Ar
µ(x)Ar

ν (y) =

= −ı

{
δµν − [∂µ + nµ(n∂)][∂ν + nν(n∂)]

� + (n∂)2
+ nµnν

}
δ(x − y). (239)

� ±µ´¥Í, µÎ¥¢¨¤´µ, ÎÉµ ËÊ´±Í¨Ö · ¸¶·µ¸É· ´¥´¨Ö (238) ¶µ¤Î¨´Ö¥É¸Ö É¥³ ¦¥
¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨Ö³ (24), ÎÉµ ¨ ¸ ³ µ¶¥· Éµ· ¶µ²Ö Amur. ’µÎ´µ É ±
¦¥ (238.1) ¶µ¤Î¨´Ö¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨Ö³ (26).

‚Éµ·µ° ¸É·µ±¥ (237), ¶·¥¤¸É ¢²ÖÕÐ¥° ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ¸µ-
µÉ¢¥É¸É¢Ê¥É ¢ x-¶·¥¤¸É ¢²¥´¨¨ ¢Ò· ¦¥´¨¥

D0
µν(x − y) =

ı

(2π)4

∫
d4p eıp(x−y) nµnν

p2 + (pn)2
, (240)
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±µÉµ·µ¥ ¶·¨ Î ¸É´µ³ ¢Ò¡µ·¥ nµ = {0, 0, 0, ı} ¸¢µ¤¨É¸Ö ± µ¡ÒÎ´µ³Ê ±Ê²µ´µ¢-
¸±µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ

D0
µν =

−ı

(2π)4
δµ4δν4

∫
d4p eıp(x−y) 1

p2
=

= −ıδµ4δν4δ(x0 − y0)
1

4π|x − y| = ıδµ4δν4∆−1δ4(x − y). (240.1)

ˆÉ ±, ³Ò ¶·¨Ï²¨ ± ¶·¥¤¸É ¢²¥´¨Õ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö
¸ S-³ É·¨Í¥° ¢ Ëµ·³¥ (194), ¢ ±µÉµ·µ° ¢ ± Î¥¸É¢¥ ËÊ´±Í¨° · ¸¶·µ¸É· ´¥´¨Ö
ËµÉµ´µ¢ ¸ÉµÖÉ ¢Ò· ¦¥´¨Ö

Ar
µ(x)Ar

ν(y) + D0
µν . (241)

�¶¥· Éµ·Ò Ar(x), ¸ÉµÖÐ¨¥ ¶µ¤ §´ ±µ³ ´µ·³ ²Ó´µ£µ ¶·µ¨§¢¥¤¥´¨Ö, · §² -
£ ÕÉ¸Ö ¶µ ¶²µ¸±¨³ ¢µ²´ ³ ¸µ£² ¸´µ (233),   µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö b ¨
·µ¦¤¥´¨Ö b+ ¶µ¤Î¨´ÖÕÉ¸Ö ¶¥·¥¸É ´µ¢µÎ´Ò³ ¸µµÉ´µÏ¥´¨Ö³ (235). ’ ± Ö
S-³ É·¨Í  ¥¸ÉÓ ¢ ÉµÎ´µ¸É¨ S-³ É·¨Í  (107) (¡¥§ Î²¥´  jB∂4/�∂µAµ) ±µ-
Éµ· Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ¶µ²ÊÎ ¥É¸Ö ¢ ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö.

’µ²Ó±µ ËµÉµ´Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¶¥· Éµ· ³ ·µ¦¤¥´¨Ö e(1)a+ ¨ e(2)a+,
¶·¨¸ÊÉ¸É¢ÊÕÉ ¢ ¸¢µ¡µ¤´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ, ´ ¶·¨³¥·, ¢ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ.
�¤´ ±µ ¨ ËµÉµ´Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¶¥· Éµ· ³ pa+ ¨ na+, ´¥ ¨¸Î¥§²¨
¡¥¸¸²¥¤´µ. Šµ£¤  µ´¨ ´ Ìµ¤ÖÉ¸Ö ¢ ¢¨·ÉÊ ²Ó´µ³ ¸µ¸ÉµÖ´¨¨, Éµ ®µ¡³¥´¯ É -
±¨³¨ ËµÉµ´ ³¨ ¶µ·µ¦¤ ¥É ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥. „·Ê£¨³¨ ¸²µ¢ ³¨,
± ± ¢¨¤´µ ¨§ ¢ÒÎ¨¸²¥´¨° ¤ ´´µ£µ ¶Ê´±É , Ê ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¸¢¥·Ì ¤¢ÊÌ-
É·¥Ì ¶µ¶¥·¥Î´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, Éµ²Ó±µ ¨ ¸¢µ°¸É¢¥´´ÒÌ ¸¢µ¡µ¤´µ³Ê Ëµ-
Éµ´Ê, ¶µÖ¢²Ö¥É¸Ö ¥Ð¥ µ¤´  ¸É¥¶¥´Ó ¸¢µ¡µ¤Ò, µÉ¢¥É¸É¢¥´´ Ö §  ±Ê²µ´µ¢¸±µ¥ ¢§ -
¨³µ¤¥°¸É¢¨¥ (Î¥É¢¥·É Ö ¸É¥¶¥´Ó ¸¢µ¡µ¤Ò ¨¸±²ÕÎ ¥É¸Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨-
 ´É´µ¸ÉÓÕ). ’µ²Ó±µ ¢³¥¸É¥ ÔÉ¨ É·¨ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ²µ·¥´Í-¨´¢ ·¨ ´É´Ò∗.
ˆ ÔÉµ ´¥ Ê¤¨¢¨É¥²Ó´µ: ¶µ¸±µ²Ó±Ê ³ ¸¸  ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ´¥ · ¢´  ´Ê²Õ,
Ê ´¥£µ ± ± Ê Î ¸É¨ÍÒ [23] ¸µ ¸¶¨´µ³ 1 ¤µ²¦´µ ¡ÒÉÓ É·¨ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò.

4.10. ‘Ê³³¨·µ¢ ´¨¥ ¶µ ¸µ¸ÉµÖ´¨Ö³ ¶µ²Ö·¨§ Í¨¨ ¸¢µ¡µ¤´µ£µ ËµÉµ´ .
‘µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ (18) ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¶µÎÉ¨ ¢ ± ¦¤µ³ ¶Ê´±É¥. ‡¤¥¸Ó ³Ò
¥£µ ¶·¨³¥´¨³ ¥Ð¥ · § ¤²Ö ¢Ò¢µ¤  Ë¥°´³ ´µ¢¸±µ£µ ¶· ¢¨²  ¸Ê³³¨·µ¢ ´¨Ö ¶µ
¸µ¸ÉµÖ´¨Ö³ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´ .

ˆ§ § ¶¨¸¨ S-³ É·¨ÍÒ ¢ Ëµ·³¥ (194) ¸ ¢¥±Éµ·-¶µÉ¥´Í¨ ²µ³ Ar
µ (193) ¨ ¨§

Éµ£µ, ÎÉµ ¸µ¸ÉµÖ´¨Ö ËµÉµ´  µ¡· §ÊÕÉ¸Ö ¨§ ¢ ±ÊÊ³  Éµ²Ó±µ ¶·¨ ¶µ³µÐ¨ µ¶¥· -
Éµ·µ¢ e(1)a+ ¨ e(2)a+, Ö¸´µ, ÎÉµ ³ É·¨Î´Ò° Ô²¥³¥´É S-³ É·¨ÍÒ ¸ ËµÉµ´µ³

∗‚ Î ¸É´µ¸É¨, ¢ [48] ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢µ§´¨± ¥É ¨§
É·¥¡µ¢ ´¨Ö ²µ·¥´Í-¨´¢ ·¨ ´É´µ¸É¨.
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¢ ¸µ¸ÉµÖ´¨¨ e(1) ¢ ´ Î ²Ó´µ³ ¨²¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

〈f |S|i〉 = e(j)
µ (p)Mµ. (242)

�¡· §Ê¥³ ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥Ìµ¤  ¨ ¶·µ¸Ê³³¨·Ê¥³ ¥¥ ¶µ ¸µ¸ÉµÖ´¨Ö³ ËµÉµ´ 
j = 1, 2:

2∑
j=1

|〈f |S|i〉|2 =
2∑

j=1

e(j)
µ (p)e(j)

ν (p)MµM+
ν , (243)

£¤¥ M+
ν = {M∗

1 , M∗
2 , M∗

3 , ıM∗
0 }. ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ (19), ¶µ²Ê-

Î ¥³

2∑
j=1

|〈f |S|i〉|2 =

=
[
δµν − (np)(pµnν + pνnµ) + pµpν

(np)2

]
MµM+

ν (p2 = 0). (244)

‚ ¸¨²Ê ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨∗

pµMµ = 0 (245)

¨ ¶µÔÉµ³Ê

2∑
j=1

|〈f |S|i〉|2 = MµM+
µ . (246)

’ ±¨³ µ¡· §µ³, ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¤¢Ê³ ¸µ¸ÉµÖ´¨Ö³ ¶µ²Ö·¨§ Í¨¨ ¸¢µ¤¨É¸Ö ±
¸Ê³³¨·µ¢ ´¨Õ ¶µ Î¥ÉÒ·¥³ §´ Î¥´¨Ö³ ¢¥±Éµ·´µ£µ ¨´¤¥±¸  (”¥°´³ ´ [46]).
�Éµ ¶· ¢¨²µ, µÎ¥¢¨¤´µ, c¶· ¢¥¤²¨¢µ ¢ ¸²ÊÎ ¥ ²Õ¡µ£µ Î¨¸²  ËµÉµ´µ¢ ¢ ´ -
Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ.

‘µ¡² §´ ¨ ¤ ²ÓÏ¥ · ¢´µ¶· ¢´µ Éµ²±µ¢ ÉÓ ËµÉµ´Ò ¢¸¥Ì Î¥ÉÒ·¥Ì ¶µ²Ö-
·¨§ Í¨° ´  µ¸´µ¢¥ S-³ É·¨ÍÒ (184), É. ¥. · ¸¸³ É·¨¢ ÉÓ  ³¶²¨ÉÊ¤Ò M+

ν =
〈β|Sa+

µ |α〉 ¤²Ö ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ËµÉµ´µ¢ ¢ ¸µ¸ÉµÖ´¨ÖÌ a+
µ Ψ0(µ = 1, 2,

3, 4), ¶µ·µÎ¥´, É ± ± ±, ´¥ £µ¢µ·Ö Ê¦¥ µ¡ µÉ¸ÊÉ¸É¢¨¨ ¸µµÉ¢¥É¸É¢¨Ö ¸ É¥µ·¨¥°
Œ ±¸¢¥²² , ¶·¨ ÔÉµ³ µ± §Ò¢ ÕÉ¸Ö µÉ²¨Î´Ò³¨ µÉ ´Ê²Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ

∗ˆ§ÖÐ´Ò° ¸¶µ¸µ¡ ¶·µ¢¥·±¨ ÔÉµ£µ ¸µµÉ´µÏ¥´¨Ö ¢ ²Õ¡µ³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¤ ´
”¥°´³ ´µ³ ¢ p-¶·¥¤¸É ¢²¥´¨¨. �±¢¨¢ ²¥´É´µ¥ · ¸¸³µÉ·¥´¨¥ ¢ x-¶·¥¤¸É ¢²¥´¨¨ ³µ¦´µ ´ °É¨ ¢
±´¨£¥ �µ£µ²Õ¡µ¢  ¨ ˜¨·±µ¢  [21].
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nµMν = 〈β|Sna+|α〉 ¤²Ö ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¢·¥³¥´´ÒÌ ËµÉµ´µ¢ (¢ ¸µ-
¸ÉµÖ´¨¨ na+Ψ0)∗. �µÖ¢²¥´¨¥ ´¥´Ê²¥¢ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¤²Ö ¶·µÍ¥¸¸µ¢
¸ ¢·¥³¥´´Ò³¨ ËµÉµ´ ³¨ (¢ Î ¸É´µ¸É¨, ¤²Ö ±µ³¶Éµ´-ÔËË¥±É  É ±¨Ì ËµÉµ´µ¢),
µ¡² ¤ ÕÐ¨Ì µÉ·¨Í É¥²Ó´Ò³¨ Ô´¥·£¨Ö³¨ ¨ ´µ·³ ³¨ ¸µ¸ÉµÖ´¨°, ¥¸ÉÓ ´¥¨§¡¥¦-
´ Ö ¶² É  §  µÉ± § µÉ Ê¸²µ¢¨Ö ‹µ·¥´Í Ä”¥·³¨ÄƒÊ¶ÉÒ (156): ¤¥°¸É¢¨É¥²Ó´µ,
¸µ¸ÉµÖ´¨Ö a+

µ Ψ0 ¨ na+Ψ0 ´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ ÔÉµ³Ê Ê¸²µ¢¨Õ. ‘ ÊÎ¥Éµ³ ÔÉµ£µ
Ê¸²µ¢¨Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ S-³ É·¨ÍÒ µÉ²¨Î´Ò µÉ ´Ê²Ö Éµ²Ó±µ Éµ£¤ , ±µ-
£¤  ËµÉµ´Ò ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ¸ÉµÖ´¨ÖÌ e(1)a+Ψ0 ¨ e(2)a+Ψ0, É. ¥. ¸¶·µ¥Í¨·µ¢ ´Ò
¸µµÉ¢¥É¸É¢ÊÕÐ¨³ µ¡· §µ³:

M ′
µ =

2∑
i=1

e(i)
µ e(i)

ν Mν =
(

δµν − pµaν

np

)
Mν (247)

(£¤¥ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¶µ¸²¥¤´¥£µ ¢Ò· ¦¥´¨Ö ¨¸¶µ²Ó§µ¢ ´µ ¸µµÉ´µÏ¥´¨¥ ¶µ²-
´µÉÒ (19) ¨ ¸¢µ°¸É¢µ (245)), ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Ö³ (24).
Š ¢Ò· ¦¥´¨Õ (247)  ¢Éµ³ É¨Î¥¸±¨ ¢¥¤¥É S-³ É·¨Í  (194), ¢ ±µÉµ·µ° ¶µ²-
´µ¸ÉÓÕ ÊÎÉ¥´µ Ê¸²µ¢¨¥ ‹µ·¥´Í Ä”¥·³¨ÄƒÊ¶ÉÒ (156). �¤´ ±µ ¶· ±É¨Î¥¸±¨
¢¸¥£¤  ³Ò µÉ¤ ¥³ ¶·¥¤¶µÎÉ¥´¨¥ S-³ É·¨Í¥ (184), É ± ± ± µ´  Ö¢´µ ±µ¢ ·¨-
 ´É´ . �´  ¢¸¥£¤  ¤ ¸É ¶· ¢¨²Ó´Ò° ·¥§Ê²ÓÉ É, ¥¸²¨ ³Ò ¶µ§ ¡µÉ¨³¸Ö, ÎÉµ¡Ò
´ Î ²Ó´µ¥ ¨ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨Ö Ê¤µ¢²¥É¢µ·Ö²¨ Ê¸²µ¢¨Õ ‹µ·¥´Í Ä”¥·³¨Ä
ƒÊ¶ÉÒ, ±µÉµ·µ¥ É ±¦¥ ¨³¥¥É Ö¢´µ ±µ¢ ·¨ ´É´Ò° ¢¨¤.

5. ’…��ˆŸ ��…����‡�‚��ˆ‰
‚ ƒˆ‹œ�…�’�‚�Œ ���‘’���‘’‚… ‘�‘’�Ÿ�ˆ‰

1. �·¥µ¡· §µ¢ ´¨Ö ¢¥±Éµ·-¶µÉ¥´Í¨ ² , ±µÉµ·Ò¥ ³Ò Ê¶µ³¨´ ²¨ ¢ÒÏ¥, ¢Ò-
£²Ö¤¥²¨ Î¨¸Éµ ±² ¸¸¨Î¥¸±¨. ‡¤¥¸Ó ³Ò ±· É±µ µ¡¸Ê¤¨³ ¶·¥µ¡· §µ¢ ´¨Ö ¢ £¨²Ó-
¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥, ¢ ±µÉµ·µ³ ¤¥°¸É¢ÊÕÉ ψ ¨ a+ ± ± µ¶¥· Éµ·Ò ¶µ²Ö.
ŒÒ ±· É±µ µ¡¸Ê¤¨³ µ¶¥· Éµ·Ò £¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢  VL, µ¸ÊÐ¥¸É¢²ÖÕ-
Ð¨¥ ¶·¥µ¡· §µ¢ ´¨Ö ´¥µ¤´µ·µ¤´µ° £·Ê¶¶Ò ‹µ·¥´Í . �´¨ ¤µ²¦´Ò µ¡² ¤ ÉÓ
¸¢µ°¸É¢µ³ Ê´¨É ·´µ¸É¨

V +
L = V −1

L

¨ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò Ê¸²µ¢¨Ö³¨

ψ′(x) = V −1
L ψ(x)VL = Sψ(a−1x − c) ≈ {1 − ıcλpλ + ıωρσmρσ}ψ(x), (248)

∗Š ²¨¡·µ¢µÎ´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ §¤¥¸Ó ´¥ ¶µ³µ£ ¥É. „ ¦¥ ¶µ¸²¥ ¥¥ ÊÎ¥É , ± ± ³Ò ¢¨¤¥²¨
¢ ¶. 4.6, ¢¸¥ ¥Ð¥ µ¸É ¥É¸Ö Î ¸ÉÓ ¢¥±Éµ·-¶µÉ¥´Í¨ ² , ´¥ ±µ³³ÊÉ¨·ÊÕÐ Ö ¸ na+: µÉ µ¶¥· Éµ·µ¢
aµ µ¸É ¥É¸Ö ¢Ò· ¦¥´¨¥ (190), ¢ ±µÉµ·µ³ ¶·¨¸ÊÉ¸É¢Ê¥É µ¶¥· Éµ· pa, ´¥ ±µ³³ÊÉ¨·ÊÕÐ¨° ¸ na+

([pa, na+] = np �= 0).
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A′
µ(x) = V −1

L Aµ(x)VL = aµνAnuψ(a−1x − c) ≈

≈ {(1 − ıcλpλ)δµν + ıωρσ(mρσ)µν}Anu(x), (249)

£¤¥ É·¥ÉÓ¨ ¨ Î¥É¢¥·ÉÒ¥ Î ¸É¨ · ¢¥´¸É¢ ¸µµÉ¢¥É¸É¢¥´´µ ±µ´¥Î´Ò¥ ¨ ¨´Ë¨´¨É¥-
§¨³ ²Ó´Ò¥ ±² ¸¸¨Î¥¸±¨¥ ¶·¥µ¡· §µ¢ ´¨Ö ψ(x) ¨ Aµ(x) ± ± ¸¶¨´µ·´µ° ¨ ¢¥±-
Éµ·´µ° ËÊ´±Í¨°. ‚ É·¥ÉÓ¨Ì Î ¸ÉÖÌ (248) ¨ (249): a ≡ ||aµν || Å µ·Éµ£µ´ ²Ó´Ò¥
aµνaνλ = δµλ ³ É·¨ÍÒ 4-¢· Ð¥´¨° (É. ¥. É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨° ¨ ¶·¥µ¡· §µ-

¢ ´¨° ‹µ·¥´Í ) 4-¢¥±Éµ· ; S = exp
( ı

2
ωρσσρσ

)
Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ³ É·¨ÍÒ

¶·¥µ¡· §µ¢ ´¨Ö ¸¶¨´µ· , σρσ = −ı(γρσγσ − δρσ). ˆ´Ë¨´¨É¥§¨³ ²Ó´µ

aµν = δµν + ωρσδρσ
µν , £¤¥ δρσ

µν = δρµδσν − δρνδσµν , (250)

S = 1 +
ı

2
ωρσσρσ. (251)

‚ Î¥É¢¥·ÉÒÌ Î ¸ÉÖÌ (248) ¨ (249): pλ =
1
ı

∂

∂xλ
£¥´¥· Éµ·Ò ¸¤¢¨£ ; mρσ Å

£¥´¥· Éµ·Ò 4-¢· Ð¥´¨°, ¨³¥ÕÐ¨¥ ¢¨¤ ¤²Ö ψ(x)

mρσ

(
xρ

∂

∂xσ
− xσ

∂

∂xρ

)
+ sρσ, sρσ =

1
2
σρσ (252)

¨ ¤²Ö Aµ(x)

(mρσ)µν =
1
ı
δµν

(
xρ

∂

∂xσ
− xσ

∂

∂xρ

)
+ (sρσ)µν , (sρσ)µν = −ıδρσ

µν . (253)

‡ ³¥É¨³, ÎÉµ ÔÉ¨ ¶·¨³¥·Ò ¨²²Õ¸É·¨·ÊÕÉ µ¡ÐÊÕ, ¸¶· ¢¥¤²¨¢ÊÕ ¤²Ö ²Õ¡µ£µ
¶µ²Ö q(x) Ëµ·³Ê ±² ¸¸¨Î¥¸±µ£µ ¨´Ë¨´¨É¥§¨³ ²Ó´µ£µ § ±µ´ ∗

δ∗q(x) = q′(x) − q(x) = (−ıcλpλ + ıωρσmρσ)q(x), (254)

£¤¥

pλ = −ı∂λ, mρσ = −ı(xρ∂σ − xρ∂σ∂ρ) + sρσ . (255)

�É¸Õ¤  ±² ¸¸¨Î¥¸±¨° µ¶¥· Éµ· ±µ´¥Î´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¤²Ö ²Õ¡µ£µ ¶µ²Ö
q(x) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

exp (−ıcλpλ + ıωρσmρσ). (256)

∗‚ ·¨ Í¨¨ (254) ´ §Ò¢ ÕÉ ²µ± ²Ó´Ò³¨ ¢ µÉ²¨Î¨¥ µÉ ¸Ê¡¸É ´Í¨µ´ ²Ó´ÒÌ ¢ ·¨ Í¨° δq =
q′(x′) − q(x) (¸³. [16]).
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�µ £·Ê¶¶µ¢Ò³ ¸µµ¡· ¦¥´¨Ö³ µ¶¥· Éµ·Ò VL (¤¥°¸É¢ÊÕÐ¨¥ ¢ £¨²Ó¡¥·Éµ¢µ³
¶·µ¸É· ´¸É¢¥) É ±¦¥ ¤µ²¦´Ò ¨³¥ÉÓ  ´ ²µ£¨Î´µ¥ ¶·¥¤¸É ¢²¥´¨¥:

VL = exp (−ıcλPλ + ıωρσMρσ), (257)

£¤¥ Pλ Å £¥´¥· Éµ·Ò ¸¤¢¨£µ¢; Mρσ Å £¥´¥· Éµ·Ò 4-¢· Ð¥´¨°, ¤¥°¸É¢ÊÕ-
Ð¨¥ ¢ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥. �¶¥· Éµ·Ò Pλ ¨ Mρσ ¸²Ê¦ É µ¶¥· Éµ· ³¨
¶µ²´ÒÌ 4-¨³¶Ê²Ó¸  ¨ ³µ³¥´É  [2,25].

Š ± ¨ ±² ¸¸¨Î¥¸±¨¥ µ¶¥· Éµ·Ò ¶·¥µ¡· §µ¢ ´¨Ö, µ¶¥· Éµ·Ò VL µ¡² ¤ ÕÉ
£·Ê¶¶µ¢Ò³ ¸¢µ°¸É¢µ³:

VL(3, 2)VL(2, 1) = VL(3, 1), (258)

£¤¥ VL(2, 1) , VL(3, 2) ¨ VL(3, 1) ¸µµÉ¢¥É¸É¢ÊÕÉ ¶¥·¥Ìµ¤Ê ¨§ ¶¥·¢µ° ¢µ ¢Éµ·ÊÕ,
¨§ ¢Éµ·µ° ¢ É·¥ÉÓÕ ¨ ¶·Ö³µ ¨§ ¶¥·¢µ° ¢ É·¥ÉÓÕ ¸¨¸É¥³Ê µÉ¸Î¥É .

‘· ¢´¨¢ Ö ¨´Ë¨´¨É¥§¨³ ²Ó´Ò¥ Ëµ·³Ò § ±µ´µ¢ ¶·¥µ¡· §µ¢ ´¨Ö, ´¥É·Ê¤´µ
¶µ²ÊÎ¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê £¥´¥· Éµ· ³¨ pλ ¨ Pλ,   É ±¦¥ mρσ ¨ Mρσ:

pλψ(x) = −[Pλ, ψ(x)], pλAµ(x) = −[Pλ, Aµ(x)], (259)

mρσψ(x) = −[Mρσ, ψ(x)], mρσAµ(x) = −[Mρσ, Aµ(x)]. (260)

…¸²¨ ¡Ò · ¸¸³ É·¨¢ ²¨¸Ó ¨ ± ±¨¥-²¨¡µ ¤·Ê£¨¥ ¶µ²Ö, Éµ  ´ ²µ£¨Î´Ò¥ ¸µµÉ´µ-
Ï¥´¨Ö ¸µ¡²Õ¤ ²¨¸Ó ¡Ò ¨ ¤²Ö ´¨Ì.

2. �Ê¸ÉÓ ´ ³ ¨§¢¥¸É´Ò µ¶¥· Éµ·Ò VL. ’µ£¤  ¶¥·¥Ìµ¤ ¨§ µ¤´µ° ¸¨¸É¥³Ò
±µµ·¤¨´ É ¢ ¤·Ê£ÊÕ ¤µ¶Ê¸± ¥É ´  Ö§Ò±¥ £¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢  ¤¢¥ ¸²¥¤Ê-
ÕÐ¨¥ É· ±Éµ¢±¨.

a) ‚ ¶¥·¢µ° ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö Ψ, µ¶¨¸Ò¢ ÕÐ¨¥ Ë¨§¨Î¥¸±¨¥ ¸¨¸É¥³Ò,
´¥ ¨§³¥´ÖÕÉ¸Ö:

Ψ′ = Ψ, (261)

  ¢¸¥ µ¶¥· Éµ·Ò ¶·¥µ¡· §ÊÕÉ¸Ö ¸µ£² ¸´µ

O′ = V −1OV. (262)

’ ± ¶·¥µ¡· §ÊÕÉ¸Ö µ¶¥· Éµ·Ò ¶µ²Ö ψ(x) ¨ Aµ(x) ¨ ²Õ¡Ò¥ ´ ¡²Õ¤ ¥³Ò¥ (µ´¨
³µ£ÊÉ ¡ÒÉÓ ¶µ¸É·µ¥´Ò ¨§ µ¶¥· Éµ·µ¢ ¶µ²Ö, ¸³. ´¨¦¥). �Ê¸ÉÓ ¤ ²¥¥ ¨³¥¥É¸Ö
¶µ²´Ò° ´ ¡µ· ´ ¡²Õ¤ ¥³ÒÌ Oi(i = 1, . . . , n) ¨ ¶µ²´ Ö ¸¨¸É¥³  ¨Ì ¸µ¡¸É¢¥´-
´ÒÌ ËÊ´±Í¨° Φλ:

OiΦλ = λiΦλ. (263)
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’µ£¤  µÎ¥¢¨¤´µ, ÎÉµ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¤´µ³Ê ¨ Éµ³Ê
¦¥ (Î¨¸²¥´´µ) ´ ¡µ·Ê ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° λ = λ1 · · ·λn

∗, ¢ ¸É ·µ° ¨ ´µ¢µ°
¸¨¸É¥³ Ì µÉ¸Î¥É  ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨¥³

Φ′
λ = V −1Φλ. (264)

’ ±¨³ µ¡· §µ³, ¢³¥¸É¥ ¸ µ¶¥· Éµ· ³¨ ¶·¥µ¡· §ÊÕÉ¸Ö ¨ ¨Ì ¸µ¡¸É¢¥´´Ò¥ ËÊ´±-
Í¨¨.

…¸²¨ ¢ ¸É ·µ° ¸¨¸É¥³¥ µÉ¸Î¥É  ³Ò ¨³¥²¨

Ψ =
∑

λ

cλΦλ ¸ cλ = (Φ+
λ , Ψ), (265)

Éµ ¢ ´µ¢µ° ¶µ²ÊÎ¨³

Ψ =
∑

λ

c′λΦ′
λ ¸ c′λ = (Φ′+

λ , Ψ). (266)

’ ±¨³ µ¡· §µ³,  ´ ²¨§ ¸µ¸ÉµÖ´¨Ö Ψ ¸ ¶µ³µÐÓÕ ¶µ²´µ£µ ´ ¡µ·  µ¶¥· Éµ·µ¢
¡Ê¤¥É ¤ ¢ ÉÓ · §´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢ · §´ÒÌ ¸¨¸É¥³ Ì µÉ¸Î¥É .

¡) ‚µ ¢Éµ·µ° É· ±Éµ¢±¥, ´ µ¡µ·µÉ, ¶·¨ ¶¥·¥Ìµ¤¥ ¨§ µ¤´µ° ¸¨¸É¥³Ò µÉ-
¸Î¥É  ¢ ¤·Ê£ÊÕ ¨§³¥´ÖÕÉ¸Ö ¸µ¸ÉµÖ´¨Ö:

Ψ′ = V Ψ, (267)

  µ¶¥· Éµ·Ò µ¸É ÕÉ¸Ö ´¥¨§³¥´´Ò³¨:

O′
i = Oi. (268)

‘µµÉ¢¥É¸É¢¥´´µ µ¸É ÕÉ¸Ö ´¥¨§³¥´´Ò³¨ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ µ¶¥· Éµ·µ¢

Φ′
λΦλ. (269)

�µÔÉµ³Ê, ¥¸²¨ ´ ³¨ · § ¨ ´ ¢¸¥£¤  Ë¨±¸¨·µ¢ ´ ´ ¡µ· µ¶¥· Éµ·µ¢ O1, Éµ ¶·¨
 ´ ²¨§¥ ¸µ¸ÉµÖ´¨Ö ¢µ ¢¸¥Ì ¸¨¸É¥³ Ì µÉ¸Î¥É  · §²µ¦¥´¨¥ ¢¥¤¥É¸Ö ¶µ µ¤´¨³ ¨

∗‡¤¥¸Ó ¶µ¤· §Ê³¥¢ ¥É¸Ö, ÎÉµ Ê ¢¥±Éµ·  Φλ ´ ¡µ· Î¨¸¥² λ = (λ1 · · ·λn) µÉ´¥¸¥´ ± µ¸Ö³
¸É ·µ° ¸¨¸É¥³Ò µÉ¸Î¥É ,   Ê ¢¥±Éµ·  Φ ÉµÉ ¦¥ ´ ¡µ· Î¨¸¥² λ = (λ1 · · · λn) µÉ´¥¸¥´ ± µ¸Ö³
´µ¢µ° ¸¨¸É¥³Ò µÉ¸Î¥É . � ¸¸³µÉ·¨³, ´ ¶·¨³¥·, µ¤´µÎ ¸É¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸± ²Ö·´µ° Î ¸É¨ÍÒ ¸
µ¶·¥¤¥²¥´´Ò³ ¨³¶Ê²Ó¸µ³ Å ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ µ¶¥· Éµ·  4-¨³¶Ê²Ó¸  Pµ, É. ¥. ¸ λ = p = pµ.
’µ£¤  ¢ Ê± § ´´µ³ ¸³Ò¸²¥ Ê Φp ±µ³¶µ´¥´ÉÒ 4-¨³¶Ê²Ó¸  pµ µÉ´µ¸ÖÉ¸Ö ± µ¸Ö³ ¸É ·µ° ¸¨¸É¥³Ò
µÉ¸Î¥É ,   Ê ±µ³¶µ´¥´ÉÒ Φ′

p p′µ, Î¨¸²¥´´µ · ¢´Ò¥ ¶·¥¦´¨³, µÉ´¥¸¥´Ò ± µ¸Ö³ ´µ¢µ° ¸¨¸É¥³Ò
µÉ¸Î¥É . �µ¤Î¥·±´¥³, ÎÉµ ¸µ¡¸É¢¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö Φ′

λ ¨ Φλ Ë¨§¨Î¥¸±¨ · §²¨Î´Ò. ’ ±, Ë¨§¨Î¥¸±¨
Éµ¦¤¥¸É¢¥´´Ò³ ¸ Φp (µ¶¨¸Ò¢ ÕÐ¨³ ÉÊ ¦¥ Ë¨§¨Î¥¸±ÊÕ ¸¨¸É¥³Ê) ¢ ´µ¢µ° ¸¨¸É¥³¥ ¡Ò²µ ¡Ò
¸µ¸ÉµÖ´¨¥ Φ′

p′ ¸ p′µ = aµνpν . ‘³. É ±¦¥ [49].
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É¥³ ¦¥ ¸µ¡¸É¢¥´´Ò³ ËÊ´±Í¨Ö³:

Ψ =
∑

λ

cλΦλ ¸ cλ = (Φ+
λ , Ψ), (270)

Ψ′ =
∑

λ

c′λΦλ ¸ c′λ = (Φ+
λ , Ψ′). (271)

ˆÉ ±, µ¡¥ É· ±Éµ¢±¨ ¤ ÕÉ µ¤¨´ ±µ¢Ò¥  ³¶²¨ÉÊ¤Ò ¢¥·µÖÉ´µ¸É¨.
“± ¦¥³ ´  Ëµ·³ ²Ó´µ¥ ¸Ìµ¤¸É¢µ ¶¥·¢µ° É· ±Éµ¢±¨ ¸ £¥°§¥´¡¥·£µ¢¸±¨³

¶·¥¤¸É ¢²¥´¨¥³, ¢ ±µÉµ·µ³ ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö ¶µ¸ÉµÖ´´Ò,   µ¶¥· Éµ·Ò ¨§-
³¥´ÖÕÉ¸Ö (¸µ ¢·¥³¥´¥³). �´ ²µ£¨Î´µ ¢Éµ· Ö É· ±Éµ¢±  ¶µÌµ¦  ´  Ï·¥¤¨´£¥-
·µ¢¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥, ¢ ±µÉµ·µ³ ¨§³¥´ÖÕÉ¸Ö Éµ²Ó±µ ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö,  
µ¶¥· Éµ·Ò ¶µ¸ÉµÖ´´Ò. ‚ ¶·¨´Í¨¶¥ ¢µ§³µ¦´Ò ¨ ¶·µ³¥¦ÊÉµÎ´Ò¥ É· ±Éµ¢±¨,
¶·¨ ±µÉµ·ÒÌ Î ¸É¨Î´µ ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö Å  ´ ²µ£¨ ¶·¥¤¸É ¢²¥´¨Ö ¢§ ¨³µ-
¤¥°¸É¢¨Ö.

3. �É³¥É¨³ ¢ ¦´µ¥ §´ Î¥´¨¥ µ¶¥· Éµ·µ¢ V ¤²Ö ¢Ò· ¦¥´¨Ö ·¥²ÖÉ¨¢¨¸É-
¸±µ° ¨´¢ ·¨ ´É´µ¸É¨. …¸²¨ Ψ Å ¢µ§³µ¦´µ¥ ¸µ¸ÉµÖ´¨¥ Ë¨§¨Î¥¸±µ° ¸¨¸É¥³Ò
¢ ¸¨¸É¥³¥ µÉ¸Î¥É  1, Éµ Ψ′ = V (2, 1)Ψ É ±¦¥ ¥¸ÉÓ ¢µ§³µ¦´µ¥ ¸µ¸ÉµÖ´¨¥ Ë¨-
§¨Î¥¸±µ° ¸¨¸É¥³Ò ¢ ¸¨¸É¥³¥ µÉ¸Î¥É  1, ¶·¨Î¥³, ¢µµ¡Ð¥ £µ¢µ·Ö, µÉ²¨Î´µ¥ µÉ
Ψ, a V (α, 1)Ψ ¶·µ¡¥£ ¥É ¢¸¥ ¢µ§³µ¦´Ò¥ ¸µ¸ÉµÖ´¨Ö Ë¨§¨Î¥¸±µ° ¸¨¸É¥³Ò µÉ-
¸Î¥É  1, ±µ£¤  α ¶·µ¡¥£ ¥É ¢¸¥ ¢µ§³µ¦´Ò¥ ²µ·¥´Í¥¢Ò ¸¨¸É¥³Ò µÉ¸Î¥É . �Éµ Å
±µ´¸É·Ê±É¨¢´Ò° ¸¶µ¸µ¡ ¢Ò· ¦¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ ¢ · ³± Ì
µ¤´µ° ¸¨¸É¥³Ò µÉ¸Î¥É  (¸³. [22], £² ¢  1, ¶. 4).

4. ‚ · ³± Ì ² £· ´¦¥¢  Ëµ·³ ²¨§³  ´¥É·Ê¤´µ ´ °É¨ Ö¢´Ò° ¢¨¤ µ¶¥· -
Éµ·µ¢ Pµ ¨ Mµν . ‘ ¶¥·¢ÒÌ · ¡µÉ „¨· ±  [1], ƒ¥°§¥´¡¥·£  ¨ � Ê²¨ [2]
¢µ ¢Éµ·¨Î´µ-±¢ ´Éµ¢ ´´µ° É¥µ·¨¨ £ ³¨²ÓÉµ´¨ ´Ò, ² £· ´¦¨ ´Ò, Ê· ¢´¥´¨Ö,
Ê¸²µ¢¨Ö ±¢ ´Éµ¢ ´¨Ö ¨ É. ¤. § ¶¨¸Ò¢ ²¨ ¶µ ¶·¨´Í¨¶Ê ¸µµÉ¢¥É¸É¢¨Ö ¸ ±² ¸¸¨Î¥-
¸±µ° É¥µ·¨¥° ¶µ²Ö. ‡ ³±´ÊÉÊÕ, ´¥ § ¢¨¸ÖÐÊÕ µÉ ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ¶µ²Ö,
Ëµ·³Ê ¤²Ö ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¶·¥¤²µ¦¨² ˜¢¨´£¥· [25]. �´ ¸Ëµ·³Ê²¨-
·µ¢ ² ±¢ ´Éµ¢Ò° ¤¨´ ³¨Î¥¸±¨° ¶·¨´Í¨¶, ¨§ ±µÉµ·µ£µ ³µ£ÊÉ ¡ÒÉÓ ¢Ò¢¥¤¥´Ò
¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, ¨ £¥´¥· Éµ·Ò · §²¨Î´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ¢ Éµ³ Î¨¸²¥
¨ £¥´¥· Éµ·Ò Pµ, Mµν ¨ ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö. Š¢ ´Éµ¢Ò° ¤¨´ ³¨-
Î¥¸±¨° ¶·¨´Í¨¶ (¶µ¸ÉÊ² É) ˜¢¨´£¥·  ¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³.

�Ê¸ÉÓ Φξ′
1
(σ1)∗|ξ′1σ1〉 Å ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¶µ²´µ£µ ´ ¡µ·  ±µ³³Ê-

É¨·ÊÕÐ¨Ì µ¶¥· Éµ·µ¢ ξ′1 ´  ¶·µ¸É· ´¸É¢¥´´µ-¶µ¤µ¡´µ° ¶µ¢¥·Ì´µ¸É¨ σ1,  
Φξ′

2
(σ2) = ξ′′2 σ2 Å ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¶µ²´µ£µ ´ ¡µ·  ±µ³³ÊÉ¨·ÊÕÐ¨Ì

µ¶¥· Éµ·µ¢ ξ′2 ´  ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ° ¶µ¢¥·Ì´µ¸É¨ σ2. �Ê¸ÉÓ ¤ ²¥¥
¡¥¸±µ´¥Î´µ ³ ²µ¥ ¨§³¥´¥´¨¥ ¨Ì ¸± ²Ö·´µ£µ ¶·µ¨§¢¥¤¥´¨Ö 〈ξ′2σ2|ξ′1σ1〉 ¶·¥¤-
¸É ¢²¥´µ ¢ ¢¨¤¥

δ〈ξ′′2 σ2|ξ′1σ1〉 = −ı〈ξ′′2 σ2|δW21|ξ′1σ1〉, (272)
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ÎÉµ ¢¸¥£¤  ³µ¦´µ ¸¤¥² ÉÓ. ’µ£¤  ¨³¥¥É¸Ö ±² ¸¸ ¢ ·¨ Í¨°, ¤²Ö ±µÉµ·ÒÌ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ µ¶¥· Éµ·Ò δW21 ¶µ²ÊÎ ÕÉ¸Ö ¶µ¤Ìµ¤ÖÐ¥° ¢ ·¨ Í¨¥° µ¤´µ£µ
¥¤¨´¸É¢¥´´µ£µ µ¶¥· Éµ·  Å µ¶¥· Éµ·  ¤¥°¸É¢¨Ö

W21 = L =
∫ σ2

σ1

d4xL(x), (273)

£¤¥ ² £· ´¦¥¢  ¶²µÉ´µ¸ÉÓ L(x) Å Ô·³¨Éµ¢ µ¶¥· Éµ·, ¶µ¸É·µ¥´´Ò° ¨§ µ¸´µ¢-
´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ Å µ¶¥· Éµ·µ¢ ¶µ²Ö.

� ¸¸³µÉ·¨³ ±² ¸¸ ¢ ·¨ Í¨°, ±µ£¤  ¢ ·Ó¨·ÊÕÉ¸Ö ¶µ²Ö q(x) ¨ ±µµ·¤¨´ ÉÒ
x,   ¶µ¢¥·Ì´µ¸É¨ σ1 ¨ σ2 ´¥ ¨§³¥´ÖÕÉ¸Ö. ’µ£¤  ¢ ·¨ Í¨Ö ¤¥°¸É¢¨Ö ³µ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´ 

δW21 = δL =
∫ σ2

σ1

dσνδ∗L(x) + ∂µ(L(x)δxµ). (274)

‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ L(x) § ¢¨¸¨É µÉ ¶µ²¥° ¨ Éµ²Ó±µ µÉ ¨Ì ¶¥·¢ÒÌ ¶·µ¨§-
¢µ¤´ÒÌ

δ∗L(x) =
∑

q

(
δL
δq

δ∗q +
δL

δ∂νq
∂νδ∗q

)
, (275)

£¤¥ ¸Ê³³  ¡¥·¥É¸Ö ¶µ ¢¸¥³ ¶µ²Ö³ ¨ ¶µ ¢¸¥³ ±µ³¶µ´¥´É ³ ± ¦¤µ£µ ¶µ²Ö∗,
¶µ¸²¥ ¶µ¤¸É ´µ¢±¨ (275) ¢ ·¨ Í¨Ö (274) ³µ¦¥É ¡ÒÉÓ ¶·¨¢¥¤¥´  ± ¢¨¤Ê

δW21 =
∫ σ2

σ1

dσν

∑
q

(
δL
δq

− ∂ν
δL

δ∂νq
= 0

)
δ∗q + G(σ2) − G(σ1), (276)

£¤¥

G(σ) =

(∑
q

δL
δ∂νq

δ∗q + Lδxν

)
=

∫
σ

dσνVν(x). (277)

“¸²µ¢¨¥ ¸É Í¨µ´ ·´µ¸É¨ ¤¥°¸É¢¨Ö µÉ´µ¸¨É¥²Ó´µ ²Õ¡ÒÌ ¢ ·¨ Í¨° ¶µ²¥° (¡¥§
¨§³¥´¥´¨Ö x) ¤ ¥É Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö µ¶¥· Éµ·µ¢ ¶µ²Ö

δL
δq

− ∂ν
δL

δ∂νq
= 0 (278)

Å Ê· ¢´¥´¨Ö �°²¥· . ‘ ÊÎ¥Éµ³ ÔÉ¨Ì Ê· ¢´¥´¨°

δW21 = G(σ2) − G(σ1). (279)

∗�Éµ ¢Ò· ¦¥´¨¥ ¤²Ö δ∗L(x), ¢µµ¡Ð¥ £µ¢µ·Ö, ´Ê¦´µ ¶µ´¨³ ÉÓ ¸¨³¢µ²¨Î¥¸±¨, ¢ Éµ³ ¸³Ò¸²¥,
ÎÉµ ¶µ·Ö¤µ± µ¶¥· Éµ·µ¢ L(x) ´¥ ¤µ²¦¥´ ³¥´ÖÉÓ¸Ö ¶·¨ ¶·µ¢¥¤¥´¨¨ ¢ ·¨ Í¨¨.
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’¥¶¥·Ó µ¶¥· Éµ·Ò G(σ1) ¨ G(σ2) ²¥£±µ ¨´É¥·¶·¥É¨·ÊÕÉ¸Ö ± ± £¥´¥· Éµ·Ò
¨§³¥´¥´¨Ö, ¸µµÉ¢¥É¸É¢¥´´µ, ´  ¨Ì ¶µ¢¥·Ì´µ¸ÉÖÌ σ1 ¨ σ2 [25]∗. „·Ê£¨³¨ ¸²µ-
¢ ³¨, ¢ ·¨ Í¨Ö (272) ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ± ·¥§Ê²ÓÉ É ¢ ·¨ Í¨°

δΦ∗
ξ′
1
(σ1) = +ıΦ∗

ξ′
1
(σ1)G(σ1), (280)

δΦ∗
ξ′′
2
(σ2) = −ıΦ∗

ξ′′
2
(σ2)G(σ2). (281)

�¶¥· Éµ· ±µ´¥Î´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö

V = eıG(σ). (282)

„²Ö ¶µ²ÊÎ¥´¨Ö, ´ ¶·¨³¥·, £¥´¥· Éµ·µ¢ ²µ·¥´Íe¢ÒÌ ¢· Ð¥´¨° ¨ ¸¤¢¨£µ¢
· ¸¸³µÉ·¨³ ±² ¸¸ ¢ ·¨ Í¨°, ±µ£¤  µ¶¥· Éµ·Ò ¶µ²Ö q(x) ¢ ·Ó¨·ÊÕÉ¸Ö ¸µ£² ¸´µ
(254),   ±µµ·¤¨´ ÉÒ x Å ¸µ£² ¸´µ

δxµ = cmu + 2ωµνxν . (283)

’µ£¤  µ¶¥· Éµ· G(σ) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

G(σ) = −cλPλ(σ) + ωρσMρσ(σ), (284)

£¤¥ Pλ Å £¥´¥· Éµ·Ò ¸¤¢¨£µ¢; Mρσ Å £¥´¥· Éµ·Ò 4-¢· Ð¥´¨°. ‚ ¸µµÉ¢¥É-
¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ G(σ) ¢ ¢¨¤¥ (277) £¥´¥· Éµ·Ò Pλ(σ) ¨ Mρσ(σ) É ±¦¥
§ ¶¨¸Ò¢ ÕÉ¸Ö  ´ ²µ£¨Î´µ:

Pλ(σ) =
∫

σ

dσνTνλ(x), (285)

Mρσ(σ) =
∫

σ

dσνMρσ,ν . (286)

‘ ¶µ³µÐÓÕ § ±µ´µ¢ ¶·¥µ¡· §µ¢ ´¨Ö (254) ¨ (283) ¨§ (277) ³µ¦´µ ´ °É¨ Tνλ

¨ Mρσ,ν ¢ ¢¨¤¥

Tνλ = −
∑

q

δL
δ∂νq

∂λq + δνλL, (287)

∗�É³¥É¨³, ÎÉµ ¤µ¡ ¢²¥´¨¥ ± ¶²µÉ´µ¸É¨ ² £· ´¦¨ ´  ¤¨¢¥·£¥´Í¨¨ ¶·µ¨§¢µ²Ó´µ£µ ¢¥±Éµ· 
´¥ ³¥´Ö¥É Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, ´µ ³µ¤¨Ë¨Í¨·Ê¥É £¥´¥· Éµ·, ¸¢Ö§ ´´Ò° ¸ ¤ ´´µ° ¶µ¢¥·Ì´µ¸ÉÓÕ.
�É  ´¥µ¤´µ§´ Î´µ¸ÉÓ ¢ ¢Ò¡µ·¥ ¶²µÉ´µ¸É¨ ² £· ´¦¨ ´  ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§³µ¦´µ¸É¨ ¶µ¤¢¥·£´ÊÉÓ
±µ³³ÊÉ¨·ÊÕÐÊÕ ¸µ¢µ±Ê¶´µ¸ÉÓ µ¶¥· Éµ·µ¢ ´  σ ¶·µ¨§¢µ²Ó´µ³Ê Ê´¨É ·´µ³Ê ¶·¥µ¡· §µ¢ ´¨Õ.
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Mρσ,ν = −xρTνσ + xσTνρ + ı
∑

q

δL
δ∂νq

sρσq. (288)

�É¨ µ¶¥· Éµ·Ò µ¶·¥¤¥²¥´Ò ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ®É·¥Ì³¥·´ÒÌ¯ ¤¨¢¥·£¥´Í¨°.
5. �Ê¸ÉÓ É¥µ·¨Ö ¨´¢ ·¨ ´É´  µÉ´µ¸¨É¥²Ó´µ ´¥±µÉµ·µ£µ ±² ¸¸  ¶·¥µ¡· -

§µ¢ ´¨°. ’µ£¤  µÉ´µ¸¨É¥²Ó´µ ´¨Ì ¨´¢ ·¨ ´É´µ ¤¥°¸É¢¨¥ (² £· ´¦¨ ´) (273),
É. ¥. · ¢´  ´Ê²Õ ¥£µ ¢ ·¨ Í¨Ö (276), ¨, ¸²¥¤µ¢ É¥²Ó´µ,

G(σ2) = G(σ1) (289)

´  ±² ¸¸¥ ·¥Ï¥´¨° Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö (278). �Éµ §´ Î¨É, ÎÉµ £¥´¥· Éµ·Ò
G(σ) ´¥ § ¢¨¸ÖÉ µÉ ¶µ¢¥·Ì´µ¸É¨ σ, ¨²¨, ¥¸²¨ ¢ ± Î¥¸É¢¥ σ ¢Ò¡¨· ÕÉ¸Ö ¶²µ¸±¨¥
¶µ¢¥·Ì´µ¸É¨ t = const, ÎÉµ £¥´¥· Éµ·Ò G(t) ´¥ § ¢¨¸ÖÉ µÉ ¢·¥³¥´¨:

∂G(t)
∂t

= 0. (289.1)

‡ ±µ´ ¸µÌ· ´¥´¨Ö (289) ³µ¦´µ ¢Ò· §¨ÉÓ ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ° Ëµ·³¥

∂µVµ(x) = 0, (290)

£¤¥ V (x) Å ¶²µÉ´µ¸ÉÓ, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö £¥´¥· Éµ·Ê G(σ) (277). ’ ±, ¨´¢ -
·¨ ´É´µ¸ÉÓ ¶·¥µ¡· §µ¢ ´¨° ¸¤¢¨£µ¢ ¨ 4-¢· Ð¥´¨°, ±µÉµ·Ò¥ ³Ò Éµ²Ó±µ ÎÉµ
µ¡¸Ê¦¤ ²¨, ¢²¥Î¥É ¸µÌ· ´¥´¨¥ µ¶¥· Éµ·µ¢ Pλ(σ) ¨ Mµν(σ) ¨ ´¥§ ¢¨¸¨³µ¸ÉÓ
¨Ì µÉ ¢·¥³¥´¨, É. ¥. ¸µÌ· ´¥´¨¥ Ô´¥·£¨¨, ¨³¶Ê²Ó¸  ¨ Î¥ÉÒ·¥Ì³¥·´µ£µ ³µ³¥´É 
±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö. �  Ö§Ò±¥ ¶²µÉ´µ¸É¥° Tµλ ¨ Mρσ,ν § ¶¨¸Ò¢ ¥É¸Ö ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´ Ö Ëµ·³  ÔÉ¨Ì § ±µ´µ¢ ¸µÌ· ´¥´¨Ö

∂νTµλ = 0, (290.1)

∂νMρσ,ν = 0. (290.2)

�´ ²µ£¨Î´µ ¨´¢ ·¨ ´É´µ¸ÉÓ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ ¥Ð¥ ± ±¨Ì-²¨¡µ ¶·¥µ¡· -
§µ¢ ´¨° ¢²¥Î¥É ´µ¢Ò¥ § ±µ´Ò ¸µÌ· ´¥´¨Ö ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸µÌ· ´ÖÕÐ¨¥¸Ö
¢¥²¨Î¨´Ò. � ¶·¨³¥·, ¨´¢ ·¨ ´É´µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ § ³¥´Ò ¢¸¥Ì § ·Ö¦¥´´ÒÌ
¶µ²¥° q(x) ´  eıαq(x) µ¡¥¸¶¥Î¨¢ ¥É ¸µÌ· ´¥´¨¥ § ·Ö¤  ¨ É. ¤.

ˆ§²µ¦¥´´ Ö §¤¥¸Ó ¸¢Ö§Ó ³¥¦¤Ê ¨´¢ ·¨ ´É´µ¸ÉÖ³¨ ¨ § ±µ´ ³¨ ¸µÌ· ´¥-
´¨Ö Ìµ·µÏµ ¨§¢¥¸É´  ¨§ ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ¶µ²Ö ¨ ¸µ¸É ¢²Ö¥É ¸µ¤¥·¦ ´¨¥
¶¥·¢µ° É¥µ·¥³Ò �. �¥É¥· [16, 50]. ’¥µ·¥³  µ¤¨´ ±µ¢µ Ìµ·µÏµ ¶·¨³¥´¨³  ¨
± ¸¢µ¡µ¤´µ³Ê ¸²ÊÎ Õ, ¨ ± ¸²ÊÎ Õ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ ¸µ-
Ì· ´ÖÕÐ¨¥¸Ö ¢¥²¨Î¨´Ò, ¥¸²¨ ´ ³ ¨§¢¥¸É¥´ ¶µ²´Ò° ² £· ´¦¨ ´ É¥µ·¨¨ ¨ ¢¨¤
¶·¥µ¡· §µ¢ ´¨°, µÉ´µ¸¨É¥²Ó´µ ±µÉµ·ÒÌ ² £· ´¦¨ ´ ¨´¢ ·¨ ´É¥´∗. � ¶·¨³¥·,

∗‚ É¥µ·¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¡µ²ÓÏ¨´¸É¢¥ ¨´É¥·¥¸ÊÕÐ¨Ì ¸²ÊÎ ¥¢ ³Ò ´¥ ¨³¥¥³ ·¥Ï¥´¨Ö
Ê· ¢´¥´¨° ¤²Ö µ¶¥· Éµ·µ¢ ¶µ²Ö. ’¥³ ´¥ ³¥´¥¥ ³Ò ³µ¦¥³ ¸ Ê¸¶¥Ìµ³ ¶·¨³¥´ÖÉÓ ¶µ¸É·µ¥´´Ò¥ ¶µ
É¥µ·¥³¥ �¥É¥· Ëµ·³ ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö ¶·¨ µ¡¸Ê¦¤¥´¨¨ ³´µ£¨Ì ¢µ¶·µ¸µ¢, £¤¥ ³µ¦´µ µ¡µ°É¨¸Ó ¡¥§
Ö¢´µ£µ ¢¨¤  µ¶¥· Éµ·µ¢ ¶µ²Ö (¢µ¶·µ¸Ò µ É· ´¸Ëµ·³ Í¨µ´´ÒÌ ¸¢µ°¸É¢ Ì · §²¨Î´ÒÌ ±µ³¡¨´ Í¨°,
¢µ¶·µ¸ ¶µ²µ¦¨É¥²Ó´µ° µ¶·¥¤¥²¥´´µ¸É¨ Ô´¥·£¨¨ ¨ É. ¤.).
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´ ³ Ìµ·µÏµ ¨§¢¥¸É¥´ ² £· ´¦¨ ´ Ô²¥±É·µ¤¨´ ³¨±¨,   ¶·¥µ¡· §µ¢ ´¨Ö ¸¤¢¨-
£µ¢ ¨ 4-¢· Ð¥´¨° (248), (249), (254) µ¤´¨ ¨ É¥ ¦¥ ¨ ¤²Ö ¸¢µ¡µ¤´ÒÌ, ¨ ¤²Ö
¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ²¥°. �µÔÉµ³Ê ³Ò ¢ ± Î¥¸É¢¥ ¶·¨²µ¦¥´¨Ö Ëµ·³Ê² (287)
¨ (288) ¡¥§ É·Ê¤  ³µ¦¥³ ´ °É¨ ¸µÌ· ´ÖÕÐ¨¥¸Ö (¢¸²¥¤¸É¢¨¥ Ê· ¢´¥´¨° ¤¢¨¦¥-
´¨Ö) ¶²µÉ´µ¸É¨ Tµλ ¨ Mρσ,ν . �É¨ ¶²µÉ´µ¸É¨ ¢ Ö¢´µ³ ¢¨¤¥ ¢Ò¶¨¸ ´Ò ´¨¦¥, ¢
ÔÉµ³ ¦¥ ¶Ê´±É¥.

�¥·¢ Ö É¥µ·¥³  �. �¥É¥· · ¸¸³ É·¨¢ ¥É ¨´¢ ·¨ ´É´µ¸É¨ ¸ ¶µ¸ÉµÖ´´Ò³¨
¶ · ³¥É· ³¨ (¶ · ³¥É· ³¨-Î¨¸² ³¨). �. �¥É¥· [50] µ¡¸Ê¦¤ ¥É É ±¦¥ ¢Éµ·ÊÕ
É¥µ·¥³Ê, ±µÉµ· Ö ± ¸ ¥É¸Ö ¨´¢ ·¨ ´É´µ¸É¥° µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ¸
¶ · ³¥É· ³¨-ËÊ´±Í¨Ö³¨, § ¢¨¸ÖÐ¨³¨ µÉ xµ. �É¨ ¨´¢ ·¨ ´É´µ¸É¨ ¢¥¤ÊÉ ´¥ ±
§ ±µ´ ³ ¸µÌ· ´¥´¨Ö,   ± Éµ¦¤¥¸É¢ ³ ¤²Ö ² £· ´¦¥¢µ° ¶²µÉ´µ¸É¨ L(x). •µÉÖ
ÔÉ  ¢Éµ· Ö É¥µ·¥³  ¨³¥¥É ¶·Ö³µ¥ µÉ´µÏ¥´¨¥ ± ± ²¨¡·µ¢µÎ´Ò³ ¶·¥µ¡· §µ-
¢ ´¨Ö³ ¢ Ô²¥±É·µ¤¨´ ³¨±¥, ³Ò ´  ´¥° ´¥ µ¸É ´ ¢²¨¢ ¥³¸Ö. ‚ ¦´µ ¥Ðe · §
¶µ¤Î¥·±´ÊÉÓ ·µ²Ó ¢¥²¨Î¨´ G(σ) ± ± £¥´¥· Éµ·µ¢ ¶·¥µ¡· §µ¢ ´¨°, ¶·¨Î¥³
¤ ¦¥ Éµ£¤ , ±µ£¤  µ´¨ ´¥ ¸µÌ· ´ÖÕÉ¸Ö. ‚¶¥·¢Ò¥ ÔÉ  ·µ²Ó ¡Ò²  µ¸µ§´ ´ 
¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, [2, 25], ´µ, · §Ê³¥¥É¸Ö, ÔÉµ É ± ¨ ¢ ±² ¸¸¨Î¥¸±µ°
É¥µ·¨¨.

6. Šµ²¥³ ´ [51] ´¥¤ ¢´µ ¶µ± § ², ÎÉµ ¨§ ¨´¢ ·¨ ´É´µ¸É¨ Éµ²Ó±µ ¢ ±ÊÊ³ 
µÉ´µ¸¨É¥²Ó´µ ± ±¨Ì-²¨¡µ ¶·¥µ¡· §µ¢ ´¨° ¸²¥¤Ê¥É ¸µÌ· ´¥´¨¥ £¥´¥· Éµ·µ¢
ÔÉ¨Ì ¶·¥µ¡· §µ¢ ´¨°. � ¶·¨³¥·, ¨§ ¨´¢ ·¨ ´É´µ¸É¨ ¢ ±ÊÊ³  µÉ´µ¸¨É¥²Ó´µ
¶·¥µ¡· §µ¢ ´¨° ´¥µ¤´µ·µ¤´µ° £·Ê¶¶Ò ‹µ·¥´Í  ¸²¥¤Ê¥É ¸µÌ· ´¥´¨¥ £¥´¥· Éµ-
·µ¢ Pλ ¨ Mrh0σ. �·£Ê³¥´ÉÒ Šµ²¥³ ´  ¸²¥¤ÊÕÐ¨¥. �Ê¸ÉÓ ¢ ±ÊÊ³ ¨´¢ ·¨ ´É¥´
µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ¸ £¥´¥· Éµ·µ³

∫
dxV0(x, t). ’µ£¤  ¸µ¡¸É¢¥´´µ¥

§´ Î¥´¨¥ ÔÉµ£µ £¥´¥· Éµ·  ¤²Ö ¢ ±ÊÊ³  · ¢´µ ´Ê²Õ:∫
dxV0(x, t)|0〉 = 0 (291)

¨ ¤ ²¥¥

〈n|
∫

dxV0(x, t)|0〉 = 0, (292)

£¤¥ 〈n| Å ²Õ¡µ¥ ¸µ¸ÉµÖ´¨¥. ŒÒ ¢¸¥£¤  ³µ¦¥³ ¡¥§ ¶µÉ¥·¨ µ¡Ð´µ¸É¨ µ£· ´¨-
Î¨ÉÓ¸Ö · ¸¸³µÉ·¥´¨¥³ ¸µ¸ÉµÖ´¨° 〈n| ¸ µ¶·¥¤¥²¥´´Ò³ ¨³¶Ê²Ó¸µ³ ¨ ¶·¨ Éµ³
Î ¸É´µ£µ ¢¨¤ : p = (0, ıp0). �µ¤¸É ¢²ÖÖ ¢ ¶µ¸²¥¤´¥¥ ¸µµÉ´µÏ¥´¨¥

〈n|V0(x)|0〉 = e−ıpx〈n|V0(0)|0〉 = eıp0t〈n|V0(0)|0〉, (293)

¶µ²ÊÎ ¥³

eıp0t〈n|V0(0)|0〉
∫

dx = 0. (294)
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�µ¸²¥ ¸µ±· Ð¥´¨Ö ´ 
∫

dx ¨ ¶¥·¥Ìµ¤  ¢ ¶·µ¨§¢µ²Ó´ÊÕ ¸¨¸É¥³Ê µÉ¸Î¥É  ´ -
Ìµ¤¨³

〈n|∂µVµ(x)|0〉 = 0, (295)

¢ ¸¨²Ê ¶µ²´µÉÒ ¸¨¸É¥³Ò ¸µ¸ÉµÖ´¨° |nn〉

∂µVµ(x)|0〉 = 0. (296)

�µ É¥µ·¥³¥ ”¥¤¥·¡ÊÏ Ä„¦µ´¸µ´  [52] ¨§ É¥µ·¨¨ ËÊ´±Í¨° “ °É³ ´  ²Õ¡µ°
²µ± ²Ó´Ò° µ¶¥· Éµ·, ¤ ÕÐ¨° ´Ê²Ó ¶·¨ ¤¥°¸É¢¨¨ ´  ¢ ±ÊÊ³, · ¢¥´ ´Ê²Õ. ’ -
±¨³ µ¡· §µ³, ³Ò ¶·¨Ìµ¤¨³ ± ¤¨ËË¥·¥´Í¨ ²Ó´µ° Ëµ·³¥ § ±µ´  ¸µÌ· ´¥´¨Ö

∂µVµ(x) = 0 (297)

¨, ´ ±µ´¥Í, ± ¨´É¥£· ²Ó´µ°

∂

∂t

∫
dxV0(x, t) = 0. (298)

ˆÉ ±, ¨´¢ ·¨ ´É´µ¸ÉÓ ¢ ±ÊÊ³  ¥¸ÉÓ ¨´¢ ·¨ ´É´µ¸ÉÓ ³¨·  [51].
7. ’¥´§µ· Tµλ ´ §Ò¢ ÕÉ ± ´µ´¨Î¥¸±¨³ É¥´§µ·µ³ Ô´¥·£¨¨-¨³¶Ê²Ó¸ . �´,

¢µµ¡Ð¥ £µ¢µ·Ö, ´¥ ¸¨³³¥É·¨Î¥´ ¶µ ¨´¤¥±¸ ³ µλ. ‘µ£² ¸´µ �¥²¨´Ë ´É¥ [53]
(¸³. É ±¦¥ [54]) ¢ ²Õ¡µ° É¥µ·¨¨, ¢ ±µÉµ·µ° ¸µÌ· ´Ö¥É¸Ö ³µ³¥´É ±µ²¨Î¥-
¸É¢  ¤¢¨¦¥´¨Ö (É. ¥. Mρσ,ν), ³µ¦´µ ¶µ¸É·µ¨ÉÓ ¸¨³³¥É·¨Î´Ò° É¥´§µ· Ô´¥·£¨¨-
¨³¶Ê²Ó¸ 

Θνλ =
1
2
(Tνλ + Tλν) +

ı

2
∂σ

(
δL

δ∂νq
sσλq +

δL
δ∂λq

sσλq

)
. (299)

�´ µÉ²¨Î ¥É¸Ö µÉ ± ´µ´¨Î¥¸±µ£µ Éµ²Ó±µ ´  É·¥Ì³¥·´ÊÕ ¤¨¢¥·£¥´Í¨Õ, É ± ÎÉµ∫
dσνΘνλ =

∫
dσνTνλ. (300)

’¥´§µ· Θνλ ¨´É¥·¥¸¥´ É¥³, ÎÉµ µ¶¥· Éµ· Mρσ,ν § ¶¨¸Ò¢ ¥É¸Ö Î¥·¥§ ´¥£µ ¢
¢¨¤¥

Mρσ = −xρΘσν + xσΘρν . (301)

8. �·¨¢¥¤¥³ ¢Ò· ¦¥´¨Ö ¤²Ö ± ´µ´¨Î¥¸±µ£µ ¨ ¸¨³³¥É·¨Î´µ£µ É¥´§µ·µ¢
Ô´¥·£¨¨ ¨³¶Ê²Ó¸ , ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¢Ê³ Ëµ·³ ³ § ¶¨¸¨ ² £· ´¦¨ ´  ¢ Ô²¥±-
É·µ¤¨´ ³¨±¥.

a) ‹ £· ´¦¨ ´

L = −1
4
FµνFµν + jµAµ − 1

2
ψ̄(γ∂ + M)ψ − 1

2
ψ̄(−γ

←−
∂ + M)ψ

(302)
(Fµν = ∂µAν − ∂νAµ).
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Š ´µ´¨Î¥¸±¨° É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

Tµν = Fνλ∂µAλ +
1
2
ψ̄γµ∂νψ − 1

2
∂µψ̄γνψ + δµνL. (303)

‘¨³³¥É·¨Î´Ò° É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

Θµν = FµλFνλ − 1
4
δµνFλρFλρ +

1
4
[ψ̄γµ(∂ν − ıeAν)ψ + ψ̄γν(∂µ − ıeAµ)ψ −

− (∂µ + ıeAµ)ψ̄γνψ − (∂ν + ıeAν)ψ̄γµψ]. (304)

¡) ‹ £· ´¦¨ ´

L′ =
1
2
∂µAν∂νAµ + jµAµ − 1

2
ψ̄(γ∂ + M)ψ − 1

2
ψ̄(−γ

←−
∂ + M)ψ. (305)

Š ´µ´¨Î¥¸±¨° É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

T ′
µν = ∂µAλ∂νAλ +

1
2
ψ̄γν∂µψ − 1

2
∂µψ̄γνψ + δµνL. (306)

‘¨³³¥É·¨Î´Ò° É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

Θ′
µν = ∂µAλ∂νAλ − 1

2
δµν∂λAρ∂λAρ −

− 1
2
∂λ[∂µAλAν + ∂νAλAµ − (∂µAν + ∂νAµ)Aλ] +

+
1
4
[ψ̄γµ∂νψ + ψ̄γν∂µψ − ∂µψ̄γνψ − ∂νψ̄γµψ]. (307)

�µ ¶µ¢µ¤Ê Θµν ¢ (304) µÉ³¥É¨³, ÎÉµ 4-±µ³¶µ´¥´É  µÉ´µ¸ÖÐ¥°¸Ö ± Ô²¥±É·µ-
³ £´¨É´µ³Ê ¶µ²Õ Î ¸É¨

Θµν = FµλFνλ − 1
4
δµνFλρFλρ

³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ Ìµ·µÏµ ¨§¢¥¸É´µ° Ëµ·³¥

Θ00 = −Θ44 =
1
2
(H2 + E2)

(
Hk =

1
2
εklmFmn, Ek = F0k

)
,

µÉ±Ê¤ , ¢ Î ¸É´µ¸É¨, ¢¨¤´µ, ÎÉµ Ô´¥·£¨Ö Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¶µ²µ¦¨-
É¥²Ó´µ µ¶·¥¤¥²¥´ .

‘²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ ¢Ò· ¦¥´¨Ö (303), (304), (306) ¨ (307) ¤²Ö
µ¡¥¸¶¥Î¥´¨Ö ¸¢µ°¸É¢ Ô·³¨Éµ¢µ¸É¨ ¤µ²¦´Ò ¡ÒÉÓ ¸¨³³¥É·¨§µ¢ ´Ò ¶µ · ¸¶µ²µ-
¦¥´¨Õ ¢ ´¨Ì µ¶¥· Éµ·µ¢ Aµ. � ¶µ³´¨³, µ¤´ ±µ, ÎÉµ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¨§-
¡¥£ ÕÉ ¨¸¶µ²Ó§µ¢ ÉÓ ² £· ´¦¨ ´ (302) ¨§-§  É·Ê¤´µ¸É¥°, µÉ³¥Î¥´´ÒÌ ¢ ¶. 1.1.
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’¥³ ´¥ ³¥´¥¥ ¢µ§³µ¦´µ¸ÉÓ ¶·¨¢¥¸É¨ É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  (306) ¨²¨ (307)
± ¢¨¤Ê (303) · ¸Í¥´¨¢ ¥É¸Ö ± ± µ¤´µ ¨§ ¸¢¨¤¥É¥²Ó¸É¢ ¸µµÉ¢¥É¸É¢¨Ö ¸ É¥µ·¨¥°
Œ ±¸¢¥²² . „¥°¸É¢¨É¥²Ó´µ, É¥´§µ·Ò Θ′

µν ¨ Θµν ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨¥³

Θ′
µν = Θµν +

1
2
∂λ[FµλAν + ∂µAνAλ − ∂λAµAν +

+(δνλδµρ−δµνδλρ)Aσ∂σAρ]+
1
2
(∂λAλ∂νAµ−∂µAν∂λAλ)+

1
2
δµνAρ∂ρ∂λAλ+

+
1
2
Aµ(∂λFλν + ıeψ̄γνψ) +

1
2
Aν(∂λFλµ + ıeψ̄γµψ), (308)

É. ¥. µÉ²¨Î ÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£  Éµ²Ó±µ É·¥Ì³¥·´µ° ¤¨¢¥·£¥´Í¨¥°, ´¥ ¤ ÕÐ¥°
¢±² ¤  ¢ ¨´É¥£· ² (300), ¨ Î²¥´ ³¨, ¸µ¤¥·¦ Ð¨³¨ ∂µAµ, ±µÉµ·Ò¥ ¶·µ¶ ¤ ÕÉ
¶·¨ ÊÎ¥É¥ Ê¸²µ¢¨Ö ‹µ·¥´Í  ¢ Éµ° ¨²¨ ¨´µ° Ëµ·³¥. ‚ (308) É ±¦¥ ¶µ¤· §Ê³¥-
¢ ¥É¸Ö ¸¨³³¥É·¨§ Í¨Ö ¶µ · ¸¶µ²µ¦¥´¨Õ µ¶¥· Éµ·µ¢ Aµ.

�µ¸²¥¤µ¢ É¥²Ó´ Ö ¸¨³³¥É·¨Î´ Ö É· ±Éµ¢±  Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  É·¥-
¡Ê¥É, ÎÉµ¡Ò ¢¸¥ Ë¨§¨Î¥¸±¨¥ µ¶¥· Éµ·Ò ¡Ò²¨ § ¶¨¸ ´Ò ¸¨³³¥É·¨Î´µ µÉ´µ¸¨-
É¥²Ó´µ ψ ¨ § ·Ö¤µ¢µ-¸µ¶·Ö¦¥´´µ£µ ± ´¥³Ê ¸¶¨´µ·  ψc:

ψ0 = Cψ̄, ψ̄0 = C−1ψ. (309)

�Éµ ¡Ê¤¥É ¶µ²ÊÎ ÉÓ¸Ö  ¢Éµ³ É¨Î¥¸±¨, ¥¸²¨ ¢ ¸µ£² ¸¨¨ ¸ ÔÉ¨³ É·¥¡µ¢ ´¨¥³
§ ¶¨¸ ÉÓ ² £· ´¦¨ ´. � ¨³¥´´µ ¢³¥¸Éµ (305) (¨²¨ (76)) ¸²¥¤Ê¥É ¶·¨´ÖÉÓ ² -
£· ´¦¨ ´ [31]

L′ = −1
2
∂µAν∂µAν +

ıe

2
(ψ̄γµψ − ψ̄cγµψc) − 1

4
ψ̄(γ∂ + M)ψ −

− 1
4
ψ̄(−γ

←−
∂ + M)ψ − 1

4
ψ̄0(γ∂ + M)ψ0 − 1

4
ψ̄0(−γ

←−
∂ + M)ψ0. (310)

‘µµÉ¢¥É¸É¢¥´´µ ¢ ± Î¥¸É¢¥ ¸¨³³¥É·¨Î´µ£µ É¥´§µ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¶µ²ÊÎ¨³

Θ′
µν =

1
2
[∂µAλ∂νAλ + ∂νAλ∂µAλ − ∂λAρ∂λAρδµν ] −

− 1
4
∂[∂µAλAν + Aν∂µAλ + ∂νAλAµ + Aµ∂νAλ −

− (∂µAν + ∂νAµ)Aλ − Aλ(∂µAν + ∂νAµ)] +

+
1
8
[ψ̄γµ∂νψ + ψ̄γν∂µψ − ∂µψ̄γνψ − ∂νψ̄γµψ + ψ̄cγµ∂νψc +

+ ψ̄cγν∂µψc − ∂µψ̄cγνψc − ∂ν ψ̄cγµψc], (311)

£¤¥ É ±¦¥ Ö¢´µ ¶·µ¨§¢¥¤¥´  ¸¨³³¥É·¨§ Í¨Ö ¶µ · ¸¶µ²µ¦¥´¨Õ µ¶¥· Éµ·µ¢ Aµ.
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�´ ²µ£¨Î´µ ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¨ É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  (304)

Θµν =
1
2

(
FµλFνλ + FνλFµλ − 1

2
δµνFλρFλρ

)
+

+
1
8
[ψ̄γµ(∂ν−ıeAν)ψ+ψ̄γν(∂µ−ıeAµ)ψ−(∂µ+ıeAµ)ψ̄γνψ−(∂ν+ıeAν)ψ̄γµψ]+

+
1
8
[ψ̄0γµ(∂ν + ıeAν)ψ0 + ψ̄0γν(∂µ + ıeAµ)ψ0 −

− (∂µ − ıeAµ)ψ̄0γνψ0 − (∂ν − ıeAν)ψ̄0γµψ0]. (312)

�¥¸¨³³¥É·¨Î´ Ö µÉ´µ¸¨É¥²Ó´µ Ψ ¨ Ψ0 Ëµ·³  É¥µ·¨¨ ¢¥¤¥É ± É·Ê¤´µ¸ÉÖ³ ¸
· ¢´µ¶· ¢´Ò³ µ¶¨¸ ´¨¥³ Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  (¶·¨³¥· ¡Ê¤¥É ¤ ´ ´¨¦¥ ¢
¸¢Ö§¨ ¸ µ¡¸Ê¦¤¥´¨¥³ µ¶¥· Éµ·  § ·Ö¤ ).

9. ‹ £· ´¦¨ ´Ò (302), (305) ¨ (310) ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ £·Ê¶¶Ò
Ë §µ¢ÒÌ ¶·¥µ¡· §µ¢ ´¨° § ·Ö¦¥´´µ£µ ¸¶¨´µ·´µ£µ ¶µ²Ö

ψ → ψ′ = eıαψ, ψ̄ → ψ̄′ = e−ıαψ̄, (313)

£¤¥ α Å ¶·µ¨§¢µ²Ó´ Ö ±µ´¸É ´É . ˆ¸¶µ²Ó§ÊÖ ¨´Ë¨´¨É¥§¨³ ²Ó´Ò° ¢¨¤ ¶·¥-
µ¡· §µ¢ ´¨°

δ∗ψ = ıαψ, δ∗ψ̄ = −ıαψ̄, (314)

´¥É·Ê¤´µ ¢ÒÎ¨¸²¨ÉÓ £¥´¥· Éµ· (277) ¢ ÔÉµ³ ¸²ÊÎ ¥ (¶·¨ ÔÉµ³ xµ ´¥ ¢ ·Ó¨·Ê-
¥É¸Ö, δxµ = 0). ŒÒ ¢Ò¶µ²´¨³ ¢ÒÎ¨¸²¥´¨Ö ¸ ¶µ³µÐÓÕ ² £· ´¦¨ ´  (310)

G(σ) =
∫

σ

dσµ

(
δL

δ∂µψ
δ∗ψ − δ∗ψ̄

δL
δ∂µψ̄

)
=

=
ıα

2

∫
σ

dσµ(ψ̄(x)γµψ(x) − ψ̄0(x)γµψ0(x)). (315)

�·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¤µ²¦´  ¶·¨´¨³ ÉÓ¸Ö ¢µ ¢´¨³ ´¨¥ ¸¢Ö§Ó (308). �µ¸²¥ ¸µ±· -
Ð¥´¨Ö ´  ¶ · ³¥É· ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ´µ·³¨·µ¢±¨ ÔÉµÉ £¥´¥· Éµ·, ¸²Ê¦ Ð¨°
µ¶¥· Éµ·µ³ § ·Ö¤ , ¶·¨´¨³ ¥É ¸É ´¤ ·É´Ò° ¢¨¤

Q(σ) =
ıe

2

∫
σ

dσµ(ψ̄(x)γµψ(x) − ψ̄0(x)γµψ0(x)). (316)

…£µ ¶²µÉ´µ¸ÉÓÕ ¸²Ê¦¨É 4-¢¥±Éµ· Éµ±  [31]∗

jµ =
ıe

2
(ψ̄γµψ − ψ̄0γµψ0) (317)

∗‚¶¥·¢Ò¥ ÔÉµÉ Éµ± ¡Ò² ¢¢¥¤¥´ ƒ¥°§¥´¡¥·£µ³ ¢ Ëµ·³¥ jµ = (ıe)/2[ψ̄, γµψ].
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¸ § ±µ´µ³ ¸µÌ· ´¥´¨Ö

∂µjµ = 0. (318)

�·¨ ¢Ò¡µ·¥ σ ¢ ¢¨¤¥ t = const µ¶¥· Éµ· § ·Ö¤  µ¶·¥¤¥²Ö¥É¸Ö Î¥É¢¥·Éµ° ±µ³-
¶µ´¥´Éµ° ÔÉµ£µ Éµ± 

Q =
e

2

∫
dx(ψ+ψ − ψ0+ψ0), ψ+ = ψ̄γ4. (319)

�¶¥· Éµ· ψ+ψ ± ± Ô·³¨Éµ¢ ¨ ¶·µ¨§¢¥¤¥´¨¥ µ¶¥· Éµ·  ´  ¥³Ê Ô·³¨Éµ¢µ-
¸µ¶·Ö¦¥´´Ò° ¨³¥¥É Éµ²Ó±µ ¶µ²µ¦¨É¥²Ó´Ò¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö. ’µ ¦¥
µÉ´µ¸¨É¸Ö ¨ ± µ¶¥· Éµ·Ê ψ0+ψ0.

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¸¶¥±É· ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° µ¶¥· Éµ·  § ·Ö¤  ´¥
µ¡² ¤ ¥É µ¶·¥¤¥²¥´´Ò³ §´ ±µ³.

‡¤¥¸Ó Ê³¥¸É´µ µÉ³¥É¨ÉÓ, ÎÉµ Î ¸Éµ (¢ Éµ³ Î¨¸²¥ ¨ ¢ ¤ ´´µ° ¸É ÉÓ¥) ¤²Ö
±· É±µ¸É¨ ¨¸¶µ²Ó§ÊÕÉ Éµ± jµ = ıeψ̄γµψ, ±µÉµ·µ³Ê ¸µµÉ¢¥É¸É¢Ê¥É µ¶¥· Éµ· § -
·Ö¤  Q′ = e

∫
dxψ+ψ ¨ ¢³¥¸É¥ ¸ É¥³ ÊÉ¢¥·¦¤ ÕÉ, ÎÉµ ¢ ¸¢Ö§¨ ¸µ ¸É É¨¸É¨±µ°

”¥·³¨Ä„¨· ±  § ·Ö¤ ´¥ ¨³¥¥É µ¶·¥¤¥²¥´´µ£µ §´ ± . …¸²¨ ¶·¨´ÖÉÓ ¶·¨¢¥¤¥´-
´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö § ·Ö¤  ¢¸¥·Ó¥§, Éµ Ê± § ´´µ¥ ¢ÒÏ¥ ¸¢µ°¸É¢µ ψ+ψ ¢µ¶·¥±¨
ÊÉ¢¥·¦¤¥´¨Õ £ · ´É¨·Ê¥É ¶µ²µ¦¨É¥²Ó´µ¸ÉÓ § ·Ö¤ . ˆ ¤¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ ¢Ò-
Î¨¸²¨ÉÓ ¸·¥¤´¥¥ µÉ Q′ ¢ ¸¢µ¡µ¤´µ³ µ¤´µÔ²¥±É·µ´´µ³ ¨ ¢ ¸¢µ¡µ¤´µ³ µ¤´µ¶µ§¨-
É·µ´´µ³ ¸µ¸ÉµÖ´¨ÖÌ, Éµ ³Ò ¶µ²ÊÎ¨³∗ 〈Q〉Ô²¥±É·µ´ = 2e, 〈Q〉¶µ§¨É·µ´ = 0. ’ ± Ö
¸¨ÉÊ Í¨Ö ¸µ¢³¥¸É¨³  Éµ²Ó±µ ¸ É¥µ·¨¥° ¤Ò·µ±. „²Ö · ¢´µ¶· ¢´µ£µ µ¶¨¸ ´¨Ö
Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢ µ¶¥· Éµ· § ·Ö¤  ¤µ²¦¥´ ¨³¥ÉÓ ¢¨¤ (316) ¨²¨ (310).
‚ ÔÉµ³ ¸²ÊÎ ¥ 〈Q〉Ô²¥±É·µ´ = e, 〈Q〉¶µ§¨É·µ´ = −e.

10. ŒÒ µ¡¸Ê¤¨²¨ ±² ¸¸Ò ¢ ·¨ Í¨°, ±µÉµ·Ò¥ ¶·¨¢µ¤¨²¨ ± £¥´¥· Éµ· ³
¶·¥µ¡· §µ¢ ´¨° ´¥µ¤´µ·µ¤´µ° £·Ê¶¶Ò ‹µ·¥´Í  ¨ µ¶¥· Éµ· § ·Ö¤ . …Ð¥ µ¤¨´
±² ¸¸ ¢ ·¨ Í¨° ¢¥¤¥É ± ¶¥·¥¸É ´µ¢µÎ´Ò³ ¸µµÉ´µÏ¥´¨Ö³ [25].

∗ˆ¸Ìµ¤Ö ¨§ µ¡ÒÎ´µ£µ · §²µ¦¥´¨Ö

ψ(x) = (2π)−3/2
∫

dp
2∑

s=1

[b(p, s)u(p, s) eıpx + c+(p, s)Cū(p, s) e−ıpx],

£¤¥ b Å µ¶¥· Éµ· Ê´¨ÎÉµ¦¥´¨Ö Ô²¥±É·µ´ ; c+ Å µ¶¥· Éµ· ·µ¦¤¥´¨Ö ¶µ§¨É·µ´ ; u(p, s) Å
·¥Ï¥´¨¥ ¸¢µ¡µ¤´µ£µ Ê· ¢´¥´¨Ö „¨· ±  ¢ p-¶·µ¸É· ´¸É¢¥ ¤²Ö ¸¶¨´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö s, a ū(p, s) =
u+(p, s)γ4, ¨³¥¥³

Q′ = e

∫
dxψ+ψ =

∫
dp

2∑
s

{b+(p, s)b(p, s) eıpx + c(p, s)c+(p, s) e−ıpx}.

‘µ¸ÉµÖ´¨Ö Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  µ¶·¥¤¥²ÖÕÉ¸Ö ± ± |Ô²¥±É·µ´〉 = b+(p, s)Ψ0; |¶µ§¨É·µ´〉 =
c+(p, s)Ψ0.
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�·¨²µ¦¥´¨¥ 1

��ˆŒ…� ‚…Š’����ƒ� ��‹Ÿ ‘ �…�“‹…‚�‰ Œ�‘‘�‰

‚¥±Éµ·´µ¥ ¶µ²¥ ¸ ³ ¸¸µ° ³µ¦¥É ¸²Ê¦¨ÉÓ ¶·¨³¥·µ³ ¸¨ÉÊ Í¨¨, ±µ£¤ , ´¥-
¸³µÉ·Ö ´  (12), ±¢ ´Éµ¢ ´¨¥ ¢µ§³µ¦´µ ¡¥§ ¢¸Ö±¨Ì µ¸²µ¦´¥´¨°. ‚ ÔÉµ³ ¸²ÊÎ ¥
² £· ´¦¨ ´

L(x) = −1
4
FµνFµν − m2

2
AµAµ + jµAµ − ψ̄(γ∂ + M)ψ (�.1)

(£¤¥ Fµν ¨ jµ ¸´µ¢  ¤ ÕÉ¸Ö Ëµ·³Ê² ³¨ (2) ¨ (3)) µÉ²¨Î ¥É¸Ö µÉ (1) Éµ²Ó±µ
¶·¨¸ÊÉ¸É¢¨¥³ ³ ¸¸µ¢µ£µ Î²¥´ , É ± ¦¥, ± ± ¨ Ê· ¢´¥´¨¥

∂µFµν − m2Aν = −jν (�.2)

(Ê· ¢´¥´¨¥ „¨· ±  ¸µÌ· ´Ö¥É ¶·¥¦´¨° ¢¨¤ (5)). ‚ ÔÉµ³ ¸²ÊÎ ¥ É ±¦¥ ¸¶· -
¢¥¤²¨¢Ò ¸µµÉ´µÏ¥´¨Ö (8) ¨ (12), ¨, ¸²¥¤µ¢ É¥²Ó´µ, É ±¦¥ ´¥²Ó§Ö ¶·¨´ÖÉÓ A4

§  ´¥§ ¢¨¸¨³ÊÕ ± ´µ´¨Î¥¸±ÊÕ ¶¥·¥³¥´´ÊÕ, É ± ± ± · ¢¥´¸É¢µ [A4, Π4] = 1
´¥¢µ§³µ¦´µ. �¤´ ±µ, ¢ µÉ²¨Î¨¥ µÉ ¡¥§³ ¸¸µ¢µ£µ ¸²ÊÎ Ö, §¤¥¸Ó ²¥£±µ Ê¸É ´µ-
¢¨ÉÓ, ÎÉµ A4, ¤¥°¸É¢¨É¥²Ó´µ, § ¢¨¸¨³ Ö ¶¥·¥³¥´´ Ö. ‚ ¸ ³µ³ ¤¥²¥, ¨§ (Π.2)
¶·¨ ν = 4 ´ Ìµ¤¨³

A4 =
1

m2
(∂kFk4 + j4) =

1
m2

(∂kΠk + j4), (�.3)

É. ¥. A4 ¢Ò· §¨²µ¸Ó Î¥·¥§ ¤·Ê£¨¥ ± ´µ´¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥. ∂4A4 É ±¦¥ ³µ¦´µ
¢Ò· §¨ÉÓ Î¥·¥§ Ak, ¨¡µ ¨§ (Π.2) ¶µ¸²¥ ¢§ÖÉ¨Ö ¤¨¢¥·£¥´Í¨¨ ¸²¥¤Ê¥É

∂muAµ = 0. (�.4)

ˆÉ ±, §  ± ´µ´¨Î¥¸±¨-¸µ¶·Ö¦¥´´Ò¥ ±µµ·¤¨´ ÉÒ ¨ ¨³¶Ê²Ó¸Ò ³µ¦´µ ¶·¨-
´ÖÉÓ Éµ²Ó±µ Ak ¨ Πk (k = 1, 2, 3), ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¢Ò¡· ÉÓ ¶¥·¥¸É ´µ¢µÎ´Ò¥
¸µµÉ´µÏ¥´¨Ö (9mn) ¨ (10m) ¸ m, n = 1, 2, 3. ‘ ¶µ³µÐÓÕ ÔÉ¨Ì ¸µµÉ´µÏ¥´¨°
¨ (Π.3) ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ µ¤´µ¢·¥³¥´´Ò¥ (x0 = y0) ¶¥·¥¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µ-
Ï¥´¨Ö ¤²Ö ¢¸¥Ì ±µ³¶µ´¥´É ¢¥±Éµ·-¶µÉ¥´Í¨ ² :

[Aµ(x), Aν (y)] =
1

m2
(δµkδν4 + δµ4δνk)

∂

∂x
δ(x − y),[

Aµ(x),
∂

∂y4
Aν(y)

]
=

=
{

δµν − 1
m2

[
δµkδνn

∂

∂xk

∂

∂xn
− δµkδν4(∆ − m2)

]}
δ(x − y), (�.5)

[ψ(x), Aν (y)] = δµ4
ıe

m2
ψ(x)δ(x − y),[

ψ(x),
∂

∂y4
Aν(y)

]
=

ıe

m2
ψ(x)δµmδ(x − y).
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“ ÔÉ¨Ì ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° ¤ ²¥±µ ´¥ É ±µ° ¶·µ¸Éµ° ¢¨¤, ± ± Ê
¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö ´¥§ ¢¨¸¨³ÒÌ ± ´µ´¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ
(9mn) ¨ (10m). �É³¥É¨³, ÎÉµ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö (e = 0) ¶¥·¥-
¸É ´µ¢µÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö Aµ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ´ 
²Õ¡Ò¥ x′

0 ¨ y0:

[Aµ(x), Aν(y)] = ı

(
δµν − 1

m2

∂

∂xµ

∂

∂xν

)
∆m(x − y), (�.6)

£¤¥ ∆m ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (44).

�·¨²µ¦¥´¨¥ 2

�‹…Š’��Œ�ƒ�ˆ’��… ��‹…
Š�Š ‘�‚�Š“���‘’œ �‘–ˆ‹‹Ÿ’���‚

‡¤¥¸Ó, ÎÉµ¡Ò Ê¸É ´µ¢¨ÉÓ ¸¢Ö§Ó ¸µ ¸É ·Ò³¨ Ëµ·³ ³¨ Ô²¥±É·µ¤¨´ ³¨±¨ [1,
15, 17] ¨ ¸ ±² ¸¸¨Î¥¸±µ°  ´ ²¨É¨Î¥¸±µ° ³¥Ì ´¨±µ°, ³Ò ±· É±µ · ¸¸³µÉ·¨³
¶¥·¢µ´ Î ²Ó´ÊÕ Ëµ·³Ê²¨·µ¢±Ê ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨.

‚ ± Î¥¸É¢¥ ¶²µÉ´µ¸É¨ ² £· ´¦¨ ´  ³Ò ¶·¨³¥³ ¢Ò· ¦¥´¨¥ (305) ¨ ¤ ²¥¥
¶·¥¤¸É ¢¨³ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ¢ ¢¨¤¥

Aµ(x) =
1

(2π)3/2

∫
dkaµ(k, t) eıkx + a∗

µ(k, t) e−ıkx =

=
1

(2π)3/2

∫
dkbµ(k, t) eıkx. (�.7)

� ·Ö¤Ê ¸ bµ(k, t) ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ É ±¦¥ ¢¥²¨Î¨´Ò

b∗µ(k, t) = aµ(−k, t) + a∗
µ(k, t) = bµ(−k, t), u(k, t)γ4, (�.8)

´¥ Ö¢²ÖÕÐ¨¥¸Ö ´¥§ ¢¨¸¨³Ò³¨. �´ ²µ£¨Î´µ ¶·¥¤¸É ¢¨³ ¸¶¨´µ·´µ¥ ¶µ²¥:

ψ(x) =
1

(2π)3/2

∫
dku(k, t) eıkx, (�.9)

ψ̄(x) =
1

(2π)3/2

∫
dkū(k, t) e−ıkx. (�.10)

‚ ÔÉ¨Ì É¥·³¨´ Ì ² £· ´¦¨ ´ L =
∫

dxL(x) ¸ ² £· ´¦¥¢µ° ¶²µÉ´µ¸ÉÓÕ (305)
§ ¶¨Ï¥É¸Ö

L =
∫

dt

∫
dk

{
1
2
[ḃ∗µ(k, t)ḃµ(k, t)− k2b∗µ(k, t)bµ(k, t)] + ıū(k, t)γ4u̇(k, t)−

− ıū(k, t)γku(k, t) +
ıe

(2π)3/2
bµ(k, t)

∫
dk′ū(k + k′, t)γµu(k′, t)

}
, (�.11)



806 ��‹“���ˆ��‚ ˆ. ‚.

£¤¥ ÉµÎ±  µ§´ Î ¥É ¶·µ¨§¢µ¤´ÊÕ ¶µ ¢·¥³¥´¨. ‚Ò¡· ¢ §  ± ´µ´¨Î¥¸±¨¥ ±µµ·-
¤¨´ ÉÒ q

b∗µ(k, t) = bµ(−k, t), u(k, t)γ4, (�.12)

´ °¤¥³ ¤²Ö ± ´µ´¨Î¥¸±¨Ì ¨³¶Ê²Ó¸µ¢ p

ḃ∗µ(k, t) = ḃµ(−k, t), u+(k, t) = ū(k, t)γ4. (�.13)

ƒ ³¨²ÓÉµ´¨ ´ ³µ¦´µ ¶µ¸É·µ¨ÉÓ ²¨¡µ ¶µ ¶· ¢¨² ³  ´ ²¨É¨Î¥¸±µ° ³¥Ì ´¨±¨

P0 = H =
∑

pq̇ − L, (�.14)

²¨¡µ ¶·Ö³µ ¢ÒÎ¨¸²ÖÖ P0 = −
∫

dxT44(x) ¸ ¶²µÉ´µ¸ÉÓÕ (306):

P0 =
∫

dt

∫
dk

{
1
2
[ḃ∗µ(k, t)ḃµ(k, t) + k2b∗µ(k, t)bµ(k, t)] + ū(k, t) ×

× (ıγk + M)u(k, t) − ıe

(2π)3/2
bµ(k, t)

∫
dk′ū(k + k′, t)γµu(k′, t)

}
. (�.15)

’¥¶¥·Ó ¥Ð¥ · § µ¡· É¨³¸Ö ± · §²µ¦¥´¨Õ ¶µ ¡ §¨¸Ê (15), (18) ¨ ¸ ¶µ³µÐÓÕ
¸µµÉ´µÏ¥´¨Ö ¶µ²´µÉÒ (19) ¸ nµ = (0, 0, 0, 1) ¶·¥¤¸É ¢¨³ bµ(k, t) ¢ ¢¨¤¥

bµ(k, t) = br
µ(k, t) + δµm

km

k2
(kb(k, t)) + δµ4b4(k, t), (�.16)

£¤¥

br
m(k, t) =

2∑
i=1

e(i)
m (k)(e(i)(k)b(k, t)), br

4(k, t) = 0. (�.17)

„ ²¥¥, ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ ¢Ò¡¥·¥³ ± ´µ´¨Î¥¸±¨-¸µ¶·Ö¦¥´´Ò¥ ±µµ·¤¨´ ÉÒ
¨ ¨³¶Ê²Ó¸Ò:

±µµ·¤¨´ ÉÒ ¨³¶Ê²Ó¸Ò

Q0(k, t) = b0(k, t), Π0(k, t) = ḃ∗0(k, t),

Qi(k, t) = e(i)b(k, t), Πi(k, t) = e(i)ḃ∗(k, t),

Q3(k, t) =
1
|k|kb(k, t), Π3(k, t) =

1
|k|kḃ∗(k, t),

u(k, t), π(k, t) = u+(k, t).

(�.18)
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‚ ÔÉ¨Ì µ¡µ§´ Î¥´¨ÖÌ £ ³¨²ÓÉµ´¨ ´ § ¶¨¸Ò¢ ¥É¸Ö

P0 =
∫

dk

{
1
2

[
2∑

i=1

(Π∗
i (k, t)Πi(k, t) + k2Q∗

i (k, t)Qi(k, t))+

+ Π∗
3(k, t)Π3(k, t) + k2Q∗

3(k, t)Q3(k, t) − Π∗
0(k, t)Π0(k, t) −

− k2Q∗
0(k, t)Q0(k, t)

]
+π(k, t)γ4u(k, t)− ıe

(2Π)3/2

2∑
i=1

Qi(k, t)e(i)
m jm(k, t)−

− ıe

(2Π)3/2
Q3(k, t)

km

|k| jm(k, t) +
e

(2Π)3/2
Q0(k, t)j4(k, t)

}
, (�.19)

£¤¥

jµ(k, t) =
∫

dk′π(k − k′, t)γ4γµu(k′, t). (�.20)

’¥¶¥·Ó ³Ò ¸´µ¢  ¶¥·¥°¤¥³ ± ± ²¨¡·µ¢±¥ ¨§²ÊÎ¥´¨Ö. �Éµ ³µ¦´µ ¸¤¥² ÉÓ
²¨¡µ ¸ ¶µ³µÐÓÕ § ³¥´ ¶¥·¥³¥´´ÒÌ ¶µ²Ö, ±µÉµ·Ò¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ ¶. 4.2,
²¨¡µ ¸ ¶µ³µÐÓÕ ± ´µ´¨Î¥¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö. ŒÒ §¤¥¸Ó ¶µ°¤¥³, ¸²¥¤ÊÖ
ƒ °É²¥·Ê [15], ¶µ ¢Éµ·µ³Ê ¶ÊÉ¨.

�µ¸±µ²Ó±Ê £ ³¨²ÓÉµ´¨ ´ ´¥ § ¢¨¸¨É Ö¢´µ µÉ ¢·¥³¥´¨, Éµ µ´ ´¥ ¨§³¥´¨É¸Ö
¶·¨ ± ´µ´¨Î¥¸±µ³ ¶·¥µ¡· §µ¢ ´¨¨ Å ´Ê¦´µ Éµ²Ó±µ ¸É ·Ò¥ ¶¥·¥³¥´´Ò¥ ¢Ò-
· §¨ÉÓ ¢ ´¥³ Î¥·¥§ ´µ¢Ò¥ (¸³., ´ ¶·¨³¥·, [55]). Š ´µ´¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥
Ê¤µ¡´µ ¸¤¥² ÉÓ ¸ ¶µ³µÐÓÕ ¶·µ¨§¢µ¤ÖÐ¥£µ ËÊ´±Í¨µ´ ²  (¸³. [55]), ¢ ¤ ´´µ³
¸²ÊÎ ¥ ¸ ¶µ³µÐÓÕ ËÊ´±Í¨µ´ ²  F (q, p′), § ¢¨¸ÖÐ¥£µ µÉ ¸É ·ÒÌ ±µµ·¤¨´ É q
¨ ´µ¢ÒÌ ¨³¶Ê²Ó¸µ¢ p′. ”Ê´±Í¨µ´ ² F (q, p′) ³µ¦´µ ¢Ò¡· ÉÓ ¢ ¢¨¤¥

F (q, p′) =
∫

dk

{
2∑

i=1

Π′∗
i (k, t)Qi(k, t) − |k|Q∗

3(k, t)Q0(k, t) +

+
1

(2Π)3

∫
dx eıkx e−ıe∆−1∂kAk(x)

∫
dk′ e−ık′xπ′(k′, t)u(k, t)

}
, (�.21)

£¤¥

∂kAk(x) =
ı

(2Π)3/2

∫
dk eıkx|k|Q3(k, t).
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‘ ¶µ³µÐÓÕ ¶·µ¨§¢µ¤ÖÐ¥£µ ËÊ´±Í¨µ´ ²  ¶µ²ÊÎ ¥³

Π∗
0(k, t) =

δF

δQ0(k, t)
= −|k|Q∗

3(k, t), Q′
0(k, t) =

δF

δΠ′∗
0 (k, t)

= 0,

Π∗
1(k, t) =

δF

δQ1(k, t)
= Π′∗

1(k, t), Q′
1(k, t) =

δF

δΠ′∗
1 (k, t)

= Q1(k, t),

Π∗
2(k, t) =

δF

δQ2(k, t)
= Π′∗

2(k, t), Q′
2(k, t) =

δF

δΠ′∗
2 (k, t)

= Q2(k, t),

Π∗
3(k, t) =

δF

δQ3(k, t)
= Q′

3(k, t) =
δF

δΠ′∗
3 (k, t)

= 0,

= −|k|Q∗
0(k, t) − e

(2π)3/2|k|j4(k, t),

π(k, t) =
δF

δu(k, t)
=

1
(2π)3

∫
dx eıkx e−ıe∆−1∂kAk(x)

∫
dk′ e−ık′xπ′(k′, t),

u′(k, t) =
δF

δπ′(k, t)
=

1
(2π)3

∫
dx e−ıkx e−ıe∆−1∂kAk(x)

∫
dk′ eık′xu(k′, t).

(�.22)

‚ ¶·¥µ¡· §µ¢ ´¨ÖÌ π ¨ u ´¥É·Ê¤´µ Ê§´ ÉÓ ± ²¨¡·µ¢µÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ (37),
±µÉµ·µ¥, ± ± ³Ò ¢¨¤¨³, ¶·µÐ¥ ¨ ¥¸É¥¸É¢¥´´¥° ¢Ò¶µ²´ÖÉÓ ¢ x-¶·µ¸É· ´¸É¢¥.
’ ± ± ± ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ (37)

ψ̄(x)γµψ(x) = ψ̄′(x)γµψ′(x),

Éµ µÎ¥¢¨¤´µ, ÎÉµ ¶·¨ ¶µ²ÊÎ¥´´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ π ¨ u

jmu(k, t) = j′mu(k, t) =
∫

dk′π′(k + k′, t)γ4γµu′(k′, t). (�.23)

„ ²¥¥,

∫
dkπ(k, t)γ4(ıγk + M)u(k, t) =

∫
dkπ′(k, t)γ4(ıγk + M)u′(k, t) +

+
ıe

(2π)3/2

∫
dkQ3(k, t)

km

|k| j
′
m(k, t). (�.24)

�ÉÊ Ëµ·³Ê²Ê É ±¦¥ ²¥£Î¥ ¶µ²ÊÎ¨ÉÓ, ¢µ§¢· Ð Ö¸Ó ¢ x-¶·µ¸É· ´¸É¢µ. Š ´µ¢µ³Ê
£ ³¨²ÓÉµ´¨ ´Ê ³Ò ¶·¨Ìµ¤¨³, ¢Ò· §¨¢ ¢ ¸É ·µ³ ¸É ·Ò¥ ¶¥·¥³¥´´Ò¥ Î¥·¥§ ´µ-
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¢Ò¥. �Éµ ¤ ¥É

P ′
0 =

∫
dk

{
1
2

2∑
i=1

(Π′∗
i (k, t)Π′

i(k, t) + k2Q′∗
i (k, t)Q′

i(k, t)) +

+ π′(k, t)γ4(ıγk + M)u′(k, t) − ıe

(2Π)3/2
×

×
2∑

i=1

Q′
i(k, t)e(i)

m j′m(k, t) +
e2

(2Π)3k2
j′4(k, t)j′4(−k, t)

}
. (�.25)

�É³¥É¨³, ÎÉµ ¢Ò¶µ²´¥´´µ¥ ± ´µ´¨Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ Ö¢²Ö¥É¸Ö µ¸µ¡¥´-
´Ò³, É ± ± ± µ´µ Ê³¥´ÓÏ ¥É Î¨¸²µ ± ´µ´¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ.

’ ±¨³ µ¡· §µ³, Ê Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö µ¸É ²¨¸Ó ¤¢¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò,
¶·¥¤¸É ¢²Ö¥³Ò¥ ±µ³¶²¥±¸´Ò³¨ ±µµ·¤¨´ É ³¨ Qi(k, t) ¨ ±µ³¶²¥±¸´Ò³¨ ¨³-
¶Ê²Ó¸ ³¨ Π(k, t). �É µ¸É ²Ó´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò µ¸É ²µ¸Ó Éµ²Ó±µ Î¥ÉÒ·¥Ì-
Ë¥·³¨µ´´µ¥ ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥. �·¨ ± ¦¤µ³ §´ Î¥´¨¨ ¨³¶Ê²Ó¸  k
¸¢µ¡µ¤´Ò° £ ³¨²ÓÉµ´¨ ´ ¤²Ö Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¨³¥¥É ¢¨¤ ¸Ê³³Ò £ -
³¨²ÓÉµ´¨ ´µ¢ ¤²Ö ¤¢ÊÌ ±µ³¶²¥±¸´ÒÌ µ¸Í¨²²ÖÉµ·µ¢ ¸ ¸µ¡¸É¢¥´´µ° Î ¸ÉµÉµ°
|k|. …¸²¨ ¶¥·¥°É¨ ± ¢¥Ð¥¸É¢¥´´Ò³ ¶¥·¥³¥´´Ò³, ± ± ÔÉµ µ¡ÒÎ´µ ¤¥² ÕÉ [15],
Éµ Î¨¸²µ µ¸Í¨²²ÖÉµ·µ¢ Ê¤¢µ¨É¸Ö. �·¨ ¸µ§¤ ´¨¨ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨
É ±µ¥ ¶·¥¤¸É ¢²¥´¨¥ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ± ± ±µ´É¨´ÊÊ³  µ¸Í¨²²ÖÉµ·µ¢
Ê± §Ò¢ ²µ ¢µ§³µ¦´Ò° ¶ÊÉÓ ±¢ ´Éµ¢ ´¨Ö Ô²¥±É·µ¤¨´ ³¨±¨. �¥·¥¸É ´µ¢µÎ´Ò¥
¸µµÉ´µÏ¥´¨Ö ¤²Ö ±µµ·¤¨´ ÉÒ ¨³¶Ê²Ó¸  ±¢ ´Éµ¢µ£µ µ¸Í¨²²ÖÉµ·  ¡Ò²¨ Ê¦¥
Ìµ·µÏµ ¨§¢¥¸É´Ò, ¨ ¥¸É¥¸É¢¥´´µ ¡Ò²µ ¶·µ±¢ ´Éµ¢ ÉÓ Ô²¥±É·µ¤¨´ ³¨±Ê ¶ÊÉ¥³
´ ²µ¦¥´¨Ö ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° ¢¨¤ 

[Q′
i(k, t), Π′

i
8(k′, t)] = ıδijδ(k − k′). (�.26)

�·¥¤¸É ¢²¥´¨¥ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¢ ¢¨¤¥ ¸µ¢µ±Ê¶´µ¸É¨ µ¸Í¨²²ÖÉµ·µ¢
Ê¸¶¥Ï´µ ¶·¨³¥´Ö²µ¸Ó ´¥ Éµ²Ó±µ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨, ´µ ¨ ¢ ±² ¸¸¨Î¥-
¸±µ° [1,15,56].

�ÉµÉ ³¥Éµ¤ ¶µ§¢µ²¨² Ê¸¶¥Ï´µ ¶·¨³¥´¨ÉÓ ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥
£ ³¨²ÓÉµ´µ¢ Ëµ·³ ²¨§³ [2, 17]. �¤´ ±µ ¸ÊÐ¥¸É¢¥´´Ò° ´¥¤µ¸É Éµ± É ±µ£µ
¶µ¤Ìµ¤  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ±µ¢ ·¨ ´É´µ¸ÉÓ §¤¥¸Ó £²Ê¡µ±µ ¸¶·ÖÉ ´ , ¨ ¢¸Ö
¶·µÍ¥¤Ê·  ¢ Í¥²µ³ ´µ¸¨É ´¥±µ¢ ·¨ ´É´Ò° Ì · ±É¥·. ‚ ¤ ²Ó´¥°Ï¥³ ¡Ò²µ
§ É· Î¥´µ ¤µ¢µ²Ó´µ ³´µ£µ Ê¸¨²¨°, ÎÉµ¡Ò ¶·¨¤ ÉÓ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥
Ö¢´µ ±µ¢ ·¨ ´É´Ò° ¢¨¤.

�¢Éµ· £²Ê¡µ±µ ¡² £µ¤ ·¥´ �. �. �¸ ´µ¢Ê §  ¸É¨³Ê²¨·ÊÕÐ¨¥ ¤¨¸±Ê¸¸¨¨,
‚. ˆ. �£¨¥¢¥Í±µ³Ê §  ³´µ£µÎ¨¸²¥´´Ò¥ ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ¶· ±É¨Î¥¸±¨ ¢¸¥Ì
¢µ¶·µ¸µ¢, § É·µ´ÊÉÒÌ ¢ µ¡§µ·¥, Œ. �. Œ ·±µ¢Ê ¨ Ÿ. �. ‘³µ·µ¤¨´¸±µ³Ê §  ¨´-
É¥·¥¸ ¨ ¶µ¤¤¥·¦±Ê.
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