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�¡Ñ¥¤¨´¥´´Ò° ̈ ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ̈ ¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�¡¸Ê¦¤ ¥É¸Ö ´¥¸É ´¤ ·É´Ò° ¶µ¤Ìµ¤ ± ¶µ¸É·µ¥´¨Õ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, ´ ¢¥Ö´-
´Ò° ¨¤¥¥° Œ.�.Œ ·±µ¢  µ ±µ´¥Î´µ¸É¨ ¸¶¥±É·  ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í.

A non-standard approach to construction of quantum field theory is discussed which was
inspired by M.A.Markov's idea of finiteness of the elementary-particle mass spectrum.

 1. ‚ 1956 £. Œ.�.Œ ·±µ¢ ¢Ò¤¢¨´Ê² ¨¤¥Õ µ ±µ´¥Î´µ¸É¨ ¸¶¥±É·  ³ ¸¸
Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¸¢Ö§ ¢ ¢¥·Ì´ÕÕ £· ´¨ÍÊ ÔÉµ£µ ¸¶¥±É·  ¸ ®¶² ´±µ¢-
¸±µ° ³ ¸¸µ°¯ [1]:

Mp = √ hc
G

 ' 1019 ƒÔ‚ (1)

(G Å £· ¢¨É Í¨µ´´ Ö ¶µ¸ÉµÖ´´ Ö).
— ¸É¨Í ³ ¶·¥¤¥²Ó´µ° ³ ¸¸Ò m = mp , ´ §¢ ´´Ò³  ¢Éµ·µ³ ®³ ±¸¨³µ´ -

³¨¯, µÉ¢µ¤¨² ¸Ó µ¸µ¡ Ö ·µ²Ó ¢ ³¨·¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í [2]. Šµ´Í¥¶Í¨Ö
³ ±¸¨³µ´  ¡Ò²  ¶µ²µ¦¥´  ¢ µ¸´µ¢Ê ³ ·±µ¢¸±µ£µ ¸Í¥´ ·¨Ö · ´´¥° ‚¸¥²¥´-
´µ° [3].

‘ ³µ ¶µ´ÖÉ¨¥ ®Ô²¥³¥´É ·´ Ö Î ¸É¨Í ¯ ¶·¥¤¶µ² £ ¥É, ÎÉµ ¤ ´´Ò°
µ¡Ñ¥±É ´¥ ¨³¥¥É ¸µ¸É ¢´µ° ¸É·Ê±ÉÊ·Ò. �¤´ ±µ ÔÉµÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò°
Ë ±É, ± ± ´¥µ¤´µ±· É´µ ¶µ¤Î¥·±¨¢ ² Œµ¨¸¥° �²¥±¸ ´¤·µ¢¨Î, ³µ¦¥É ¡ÒÉÓ
Ê¸É ´µ¢²¥´ ²¨ÏÓ ¸ µ¶·¥¤¥²¥´´µ° ÉµÎ´µ¸ÉÓÕ.

�  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ±¢ ·±¨ ¨ ²¥¶Éµ´Ò, ¡¥§³ ¸¸µ¢Ò¥ ËµÉµ´Ò ¨ £²Õµ-

´Ò, ³ ¸¸¨¢´Ò¥ ¢¥±Éµ·´Ò¥ ¡µ§µ´Ò W ¨ Z 0 ¢¶²µÉÓ ¤µ · ¸¸ÉµÖ´¨°

10−16 − 10−17 ¸³ ´¥ µ¡´ ·Ê¦¨¢ ÕÉ ¸²µ¦´µ£µ ¸É·µ¥´¨Ö. �µÔÉµ³Ê ¢¸¥ ÔÉ¨
Î ¸É¨ÍÒ ¸ Ê± § ´´µ° ÉµÎ´µ¸ÉÓÕ · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± Ô²¥³¥´É ·´Ò¥ ¨ ¢
· ³± Ì ¨§¢¥¸É´µ° ¸É ´¤ ·É´µ° ³µ¤¥²¨ (‘Œ) µ¶¨¸Ò¢ ÕÉ¸Ö ²µ± ²Ó´Ò³¨
±¢ ´Éµ¢Ò³¨ ¶µ²Ö³¨.

Š¢ ·±¨ ¨ ²¥¶Éµ´Ò, ¡Ê¤ÊÎ¨ Ë¥·³¨µ´ ³¨, ¢Ò¸ÉÊ¶ ÕÉ ¢ ·µ²¨ ËÊ´¤ ³¥´-
É ²Ó´ÒÌ ¸µ¸É ¢²ÖÕÐ¨Ì ³ É¥·¨¨. Š ± ¨§¢¥¸É´µ, µ´¨ £·Ê¶¶¨·ÊÕÉ¸Ö ¢ É·¨ ¸¥-
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³¥°¸É¢  Å ¶µ±µ²¥´¨Ö. —¥³ ¢ÒÏ¥ ´µ³¥· ¶µ±µ²¥´¨Ö, É¥³ ³ ¸¸¨¢´¥¥ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨¥ Ë¥·³¨µ´Ò. ‘ ³Ò³ ÉÖ¦¥²Ò³ ¨§ ´¨Ì, ¨, ¢µµ¡Ð¥, ¸ ³µ° ÉÖ¦¥²µ° ¨§
¨§¢¥¸É´ÒÌ ´Ò´¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, Ö¢²Ö¥É¸Ö t-±¢ ·±: 

mt ' 175 ƒÔ‚. (2)

‚ ¸¶¨¸µ± Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, Ë¨£Ê·¨·ÊÕÐ¨Ì ¢ ‘Œ, ¢Ìµ¤¨É É ±¦¥
Ì¨££cµ¢¸±¨° ¡µ§µ´ �, ³ ¸¸Ê ±µÉµ·µ£µ ³µ¤¥²Ó ´¥ ¶·¥¤¸± §Ò¢ ¥É. �µ ¶µ¸²¥¤-
´¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ 

mH > 77 ƒÔ‚. (3)

�¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ¤ ´´ Ö Î ¸É¨Í  ³µ¦¥É µ± § ÉÓ¸Ö §´ Î¨É¥²Ó´µ ÉÖ¦¥-
²¥¥ t-±¢ ·± . ‡ ³¥É¨³ ¢ ÔÉµ° ¸¢Ö§¨, ÎÉµ Í¥´É· ²Ó´Ò³ ¶Ê´±Éµ³ ¶·µ£· ³³Ò
¨¸¸²¥¤µ¢ ´¨° ´  �µ²ÓÏµ³  ¤·µ´´µ³ ± ²µ·¨³¥É·¥ (LHC) ¢ –…�� Ö¢²Ö¥É¸Ö
¶µ¨¸± Ì¨££¸µ¢¸±µ£µ ¡µ§µ´  ¢ ¤¨ ¶ §µ´¥ §´ Î¥´¨° ³ ¸¸ ¤µ 1 ’Ô‚.

Œµ¦´µ ¸± § ÉÓ, ÎÉµ ¢ ‘Œ ·¥ ²¨§Ê¥É¸Ö ³ ·±µ¢¸± Ö ¨¤¥Ö µ ±µ´¥Î´µ¸É¨
¸¶¥±É·  ³ ¸¸ Î ¸É¨Í, µ¤´ ±µ ³ ±¸¨³µ´ ¶·¨ ÔÉµ³ µ± §Ò¢ ¥É¸Ö ¶·¨³¥·´µ ¢

1016 · § ²¥£Î¥, Î¥³ ®¶² ´±µ¢¸± Ö ³ ¸¸ ¯ (1)*.

‘¶¥±É· ³ ¸¸ µ¡·Ò¢ ¥É¸Ö ¨ ¢ ·Ö¤¥ ¢ ·¨ ´Éµ¢ É¥µ·¨¨, Ö¢²ÖÕÐ¨Ì¸Ö µ¡µ¡-
Ð¥´¨¥³ ¸É ´¤ ·É´µ° ³µ¤¥²¨, ´ ¶·¨³¥·, ¢ ¥¥ ³¨´¨³ ²Ó´µ³ ¸Ê¶¥·¸¨³³¥É-
·¨Î´µ³ · ¸Ï¨·¥´¨¨. � ÎÉµ ¥¸²¨ ±µ´¥Î´µ¸ÉÓ ÔÉµ£µ ¸¶¥±É·  ¶·¥¤¸É ¢²Ö¥É ¸µ-
¡µ° ËÊ´¤ ³¥´É ²Ó´Ò° Ë¨§¨Î¥¸±¨° ¶·¨´Í¨¶, ±µÉµ·Ò°, ¶µ¤µ¡´µ ·¥²ÖÉ¨-
¢¨¸É¸±µ³Ê ¨ ±¢ ´Éµ¢µ³Ê ¶µ¸ÉÊ² É ³, ¤µ²¦¥´ ¡ÒÉÓ ¶µ²µ¦¥´ ¢ µ¸´µ¢Ê É¥µ·¨¨
Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í? �·¨£¨´ ²Ó´µ¥ Ê¸²µ¢¨¥ Œ.�.Œ ·±µ¢  Ë ±É¨Î¥¸±¨
¨³¥²µ Î¨¸Éµ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨° Ì · ±É¥·, ¨ ¤ ¦¥ ¤²Ö µ¶¨¸ ´¨Ö ³ ±¸¨³µ-
´  µ´ ¨¸¶µ²Ó§µ¢ ² ¸É ´¤ ·É´Ò° É¥µ·¥É¨±µ-¶µ²¥¢µ°  ¶¶ · É. ŒÒ, ± ± ¡Ò²µ
¸± § ´µ, ¶·¥¤² £ ¥³ ¡µ²¥¥ · ¤¨± ²Ó´Ò° ¶µ¤Ìµ¤. �·¥¤¸É ¢²ÖÖ Ê¸²µ¢¨¥ ±µ-
´¥Î´µ¸É¨ ¸¶¥±É·  ³ ¸¸ Î ¸É¨Í ¢ ¢¨¤¥

m ≤ M, (4)

£¤¥ ¶ · ³¥É· M ≥ 1 ’Ô‚ Å ´¥± Ö ËÊ´¤ ³¥´É ²Ó´ Ö ³ ¸¸ , ³µ¦´µ ¶µ¶Ò-
É ÉÓ¸Ö § ´µ¢µ · §¢¨ÉÓ Ëµ·³ ²¨§³ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö (Š’�), ¸µ£² ¸ÊÖ
¥£µ ¸ É·¥¡µ¢ ´¨¥³ (4).

„ ´´ Ö ¶·µ£· ³³  Î ¸É¨Î´µ ·¥ ²¨§µ¢ ´  ¢ [4Å13]. �± § ²µ¸Ó, ÎÉµ ´µ-
¢ Ö Ëµ·³Ê²¨·µ¢±  Š’�, ´¥¸³µÉ·Ö ´  ¶·¨¸ÊÉ¸É¢¨¥ ¢ ´¥° ËÊ´¤ ³¥´É ²Ó´µ°
³ ¸¸Ò Œ, µ¸É ¥É¸Ö ²µ± ²Ó´µ° ̧ Ì¥³µ°, ¤µ¶Ê¸± ÕÐ¥° ̈ ¸¶µ²Ó§µ¢ ´¨¥ ± ²¨¡·µ-
¢µÎ´ÒÌ £·Ê¶¶ ¸¨³³¥É·¨¨.

*”µ·³ ²Ó´µ ¢ ‘Œ ¨ ¢ ¤·Ê£¨Ì ³µ¤¥²ÖÌ, ´¥ ÊÎ¨ÉÒ¢ ÕÐ¨Ì £· ¢¨É Í¨Õ, m
p
 = ∞.
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‚ ¶µ²´µ³ ² £· ´¦¨ ´¥ ´µ¢µ° ¢¥·¸¨¨ ‘Œ ¢µ§´¨± ¥É ·Ö¤ ´µ¢ÒÌ Î²¥´µ¢ ¸

±µ´¸É ´É ³¨ ¸¢Ö§¨, ¶·µ¶µ·Í¨µ´ ²Ó´Ò³¨ 
1
M

 ¨ 
1

M 2
 , ÎÉµ ± ·¤¨´ ²Ó´µ ³¥´Ö¥É

± ·É¨´Ê ¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ E ≥ M. ‘Éµ¨É ¶µ¤-

Î¥·±´ÊÉÓ, ÎÉµ ¢ ¸¨²Ê (5) ±µ³¶Éµ´µ¢¸± Ö ¤²¨´  ¢µ²´Ò Î ¸É¨ÍÒ λc = 
h

mc
 ´¥

³µ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ ËÊ´¤ ³¥´É ²Ó´µ° ¤²¨´Ò 
h

Mc
 = 1. ‘µ£² ¸´µ �ÓÕÉµ´Ê ¨

‚¨£´¥·Ê [14] ¶ · ³¥É· λc Ì · ±É¥·¨§Ê¥É · §³¥·Ò µ¡² ¸É¨ ¶·µ¸É· ´¸É¢ , ¢

±µÉµ·µ° ³µ¦´µ ²µ± ²¨§µ¢ ÉÓ ·¥²ÖÉ¨¢¨¸É¸±ÊÕ Î ¸É¨ÍÊ c ³ ¸¸µ° m. ‘²¥¤µ¢ -
É¥²Ó´µ, ËÊ´¤ ³¥´É ²Ó´ Ö ¤²¨´  l ¢´µ¸¨É ¢ É¥µ·¨Õ Ê´¨¢¥·¸ ²Ó´µ¥
µ£· ´¨Î¥´¨¥ ´  ÉµÎ´µ¸ÉÓ ¶·µ¸É· ´¸É¢¥´´µ° ²µ± ²¨§ Í¨¨ Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í.

‚ ´ ¸ÉµÖÐ¥° ¸É ÉÓ¥ ³Ò µ¡¸Ê¤¨³ ´¥±µÉµ·Ò¥ Ì · ±É¥·´Ò¥ µ¸µ¡¥´´µ¸É¨
´µ¢µ£µ ¶µ¤Ìµ¤ , ¨¸¶µ²Ó§ÊÖ ¶·µ¸ÉÒ¥ ³µ¤¥²Ó´Ò¥ ¶·¨³¥·Ò.

 2. �Ê¸ÉÓ ϕ(p0, p) Å ¸± ²Ö·´µ¥ ¶µ²¥, µ¶¨¸Ò¢ ÕÐ¥¥ ¢ ¸É ´¤ ·É´µ°

É¥µ·¨¨ ¡¥¸¸¶¨´µ¢Ò¥ Î ¸É¨ÍÒ ¸ ³ ¸¸µ° m. ‚ ¸¢µ¡µ¤´µ³ ¸²ÊÎ ¥, µÎ¥¢¨¤´µ,
¨³¥¥³

(p
0
2 − p2 − m2) ϕ(p

0
, p) = 0, (5)

µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ ϕ(p
0
, p) ≠ 0 ²¨ÏÓ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨

p
0
2 − p2 = m2. (6)

C £¥µ³¥É·¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö (6) ¥¸ÉÓ ¤¢Ê¶µ²µ¸É´Ò° £¨¶¥·¡µ²µ¨¤, ¶µ-
£·Ê¦¥´´Ò° ¢ ¨³¶Ê²Ó¸´µ¥ 4-¶·µ¸É· ´¸É¢µ. ‚ ¸É ´¤ ·É´µ° Š’� ÔÉµ ¶·µ¸É-
· ´¸É¢µ ¶¸¥¢¤µ¥¢±²¨¤µ¢µ, É.¥. µ¤´µ·µ¤´µ ¨ ¡¥¸±µ´¥Î´µ. ‘²¥¤µ¢ É¥²Ó´µ, ¢
´¥³ ³µ¦´µ · §³¥¸É¨ÉÓ £¨¶¥·¡µ²µ¨¤Ò (6) ¸ ¶·µ¨§¢µ²Ó´µ ¡µ²ÓÏ¨³ · ¤¨Ê-
¸µ³ m. „·Ê£¨³¨ ¸²µ¢ ³¨, ±¢ ´ÉÒ ¶µ²Ö ϕ ³µ£ÊÉ ¡ÒÉÓ ± ± Ê£µ¤´µ ÉÖ¦¥²Ò³¨.

…¸²¨, µ¤´ ±µ, ¶µ¦¥·É¢µ¢ ÉÓ ¶¸¥¢¤µ¥¢±²¨¤µ¢µ¸ÉÓÕ p-¶·µ¸É· ´¸É¢  ¨ ¶µ-
¸ÉÊ²¨·µ¢ ÉÓ, ÎÉµ ¢  ¶¶ · É¥ Š’� ¨³¶Ê²Ó¸´µ¥ 4-¶·µ¸É· ´¸É¢µ ¶·¥¤¸É ¢²Ö¥É
¸µ¡µ° ¶·µ¸É· ´¸É¢µ ¤¥ ‘¨ÉÉ¥·  ¸ · ¤¨Ê¸µ³ ±·¨¢¨§´Ò Œ, Éµ µ£· ´¨Î¥´¨¥ (4)
³µ¦¥É ¡ÒÉÓ § ²µ¦¥´µ ¢ É ±ÊÕ É¥µ·¨Õ ¸ ¸ ³µ£µ ´ Î ² .

„¥°¸É¢¨É¥²Ó´µ, · ¸¸³µÉ·¨³ 5-£¨¶¥·¡µ²µ¨¤

p
0
2 − p

1
2 − p

2
2 − p

3
2 + p

5
2 = M 2, (7)

¶µ¢¥·Ì´µ¸ÉÓ ±µÉµ·µ£µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ·¥ ²¨§ Í¨Õ 4-¶·µ¸É· ´¸É¢ 
¶µ¸ÉµÖ´´µ° ±·¨¢¨§´Ò, ¨²¨ ¶·µ¸É· ´¸É¢  ¤¥ ‘¨ÉÉ¥· . „²Ö ¸¢µ¡µ¤´µ°

Î ¸É¨ÍÒ, ¢ ¸¨²Ê (6), m2 + p
5
2 + M 2, É.¥. (4) ¢Ò¶µ²´Ö¥É¸Ö  ¢Éµ³ É¨Î¥¸±¨.
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�µ¸²¥  ¶¥·¥Ìµ¤   µÉ  p-¶·µ¸É· ´¸É¢   Œ¨´±µ¢¸±µ£µ  ±  p-¶·µ¸É· ´¸É¢Ê
¤¥ ‘¨ÉÉ¥·  (7) Ê¤µ¡´µ ¢³¥¸Éµ ϕ(p0, p) · ¡µÉ ÉÓ ¸ ¢¥²¨Î¨´µ° 

δ(p
0
2 − p2 + p

5
2 − M 2) ϕ(p

0
, p, p

5
). (8)

Ÿ¸´µ, ÎÉµ § ¤ ´¨¥ ¢ (8) µ¤´µ° ËÊ´±Í¨¨ ϕ(p
0
, p, p

5
) ¶ÖÉ¨ ¶¥·¥³¥´´ÒÌ

(pµ, p5
) Ô±¢¨¢ ²¥´É´µ § ¤ ´¨Õ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ ËÊ´±Í¨° ϕ

1
(p) ¨ ϕ

2
(p) µÉ

4-¨³¶Ê²Ó¸  pµ:

ϕ(p, p
5
) = 







 

ϕ(p, | p
5
| )

ϕ(p, − | p
5
| ) 







 ≡ 







  

ϕ
1
(p)

ϕ
2
(p) 







 ,     | p

5
| = √M 2 − p2 . (9)

�µÖ¢²¥´¨¥ ´µ¢µ° ¤¨¸±·¥É´µ° ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò 
p5

| p5|
 ¨ ¸¢Ö§ ´´µ¥ ¸ ´¥°

Ê¤¢µ¥´¨¥ Î¨¸²  ¶µ²¥¢ÒÌ ¶¥·¥³¥´´ÒÌ Å ¢ ¦´¥°Ï Ö µ¸µ¡¥´´µ¸ÉÓ · §¢¨¢ ¥-
³µ£µ ¶µ¤Ìµ¤ . …¥ ´Ê¦´µ ÊÎ¨ÉÒ¢ ÉÓ Ê¦¥ ¶·¨ µÉÒ¸± ´¨¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö
¤²Ö ¸¢µ¡µ¤´µ£µ ¶µ²Ö ¢ p-¶·µ¸É· ´¸É¢¥ ¤¥ ‘¨ÉÉ¥· . ‘ µ¤´µ° ¸Éµ·µ´Ò, ¶µ-
¸±µ²Ó±Ê ´¥É ´¨± ±¨Ì µ¸´µ¢ ´¨° É¥µ·¥É¨Î¥¸±µ£µ ¨²¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
Ì · ±É¥·  ¤²Ö µÉ± §  µÉ ¸É ´¤ ·É´µ£µ ·¥²ÖÉ¨¢¨¸É¸±µ£µ ¸µµÉ´µÏ¥´¨Ö (6)
³¥¦¤Ê Ô´¥·£¨¥°, ¨³¶Ê²Ó¸µ³ ¨ ³ ¸¸µ°, ¶·¥¦´¥¥ Ê· ¢´¥´¨¥ Š²¥°´  Å ƒµ·¤µ-
´  (5) ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö ¨ ¤²Ö ¶µ²Ö ϕ(p0, p, p5):

(p
0
2 − p2 − m2) ϕ(p

0
, p, p

5
) = 0. (10)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, Ê· ¢´¥´¨¥ (10) µ¡² ¤ ¥É ¤¢Ê³Ö µÎ¥¢¨¤´Ò³¨ ¤¥Ë¥±-
É ³¨:

1) ¢ ´¥³ ´¥ µÉ· ¦¥´µ Ê¸²µ¢¨¥ (4);

2) ¨§ ÔÉµ£µ Ê· ¢´¥´¨Ö ´¥²Ó§Ö µ¶·¥¤¥²¨ÉÓ § ¢¨¸¨³µ¸ÉÓ ¶µ²Ö µÉ ´µ¢µ£µ

±¢ ´Éµ¢µ£µ Î¨¸²  
p5

| p5|
 , ÎÉµ¡Ò · §²¨Î ÉÓ ±µ³¶µ´¥´ÉÒ ϕ1(p) ¨ ϕ2(p).

‡ ³¥É¨³, µ¤´ ±µ, ÎÉµ ¢ ¸¨²Ê (7) Ê· ¢´¥´¨¥ (10) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥-
´µ ± ± 

(M cos µ + p5)(M cos µ − p5) ϕ(p, p5) = 0,

cos µ ≡ √1 − 
m2

M 2
 . (11)
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’¥¶¥·Ó, ¶µ¤· ¦ Ö ±² ¸¸¨Î¥¸±µ³Ê ¶·¨¥³Ê „¨· ± , ¶µ¸ÉÊ²¨·Ê¥³ ¨¸±µ³µ¥
Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¢ ¢¨¤¥

2M(M cos µ − p
5
) ϕ(p, p

5
) = 0. (12)

Ÿ¸´µ, ÎÉµ ¢ (12) Ê¦¥ ´¥É ¤¥Ë¥±Éµ¢, ¶·¨¸ÊÐ¨Ì Ê· ¢´¥´¨Õ (10), ÌµÉÖ ¶µ-
¸²¥¤´¥¥ ¶µ-¶·¥¦´¥³Ê ¶·µ¤µ²¦ ¥É ¢Ò¶µ²´ÖÉÓ¸Ö.

ˆ§ (12) ¨ (9) ¸²¥¤Ê¥É, ÎÉµ

2M(M cos µ − | p
5
| ) ϕ

1
(p) = 0, (13)

2M(M cos µ + | p
5
| ) ϕ

2
(p) = 0, (14)

µÉ±Ê¤  ´ Ìµ¤¨³

ϕ
1
(p) ' δ(m2 − p2) ϕ~

1
(p), (15)

ϕ
2
(p) = 0. (16)

’ ±¨³  µ¡· §µ³,  ¸¢µ¡µ¤´µ¥  ¶µ²¥  ϕ(p, p
5
),  § ¤ ´´µ¥  ¢  ·-¶·µ¸É· ´¸É¢¥

¤¥ ‘¨ÉÉ¥·  (7), µ¶¨¸Ò¢ ¥É É¥ ¦¥ ̧  ³Ò¥ ̧ ± ²Ö·´Ò¥ Î ¸É¨ÍÒ ¸ ³ ¸¸µ° m, ÎÉµ
¨ ¶µ²¥ ϕ(p) ¢ ·-¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ, ¸ Éµ° ²¨ÏÓ · §´¨Í¥°, ÎÉµ
É¥¶¥·Ó µ¡Ö§ É¥²Ó´µ m ≤ M. „¢ÊÌ±µ³¶µ´¥´É´ Ö ¸É·Ê±ÉÊ·  (9) ´µ¢µ£µ ¶µ²Ö ¢
¸¨²Ê (16) ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ´¥ ¶·µÖ¢²Ö¥É¸Ö. �É  ¸É·Ê±ÉÊ· , µ¤´ -
±µ, ¨£· ¥É ¢ ¦´ÊÕ ·µ²Ó ¶·¨ · ¸¸³µÉ·¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²¥°, É.¥. ¢´¥
³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨.

’¥¶¥·Ó ´ Ï¥° § ¤ Î¥° Ö¢²Ö¥É¸Ö ¶µ¸É·µ¥´¨¥ ¨´É¥£· ²  ¤¥°¸É¢¨Ö, µÉ¢¥Î -
ÕÐ¥£µ Ê· ¢´¥´¨Õ (12), ¨ ¶¥·¥Ìµ¤ ± ±µ´Ë¨£Ê· Í¨µ´´µ³Ê ¶µ¸É·µ¥´¨Õ. ˆ§
¸µµ¡· ¦¥´¨° Ê¤µ¡¸É¢  ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¤ ²¥¥ ¥¢±²¨¤µ¢Ê Ëµ·³Ê²¨·µ¢-
±Ê É¥µ·¨¨, ¢µ§´¨± ÕÐÊÕ ¶·¨  ´ ²¨É¨Î¥¸±µ³ ¶·µ¤µ²¦¥´¨¨ ± Î¨¸Éµ ³´¨³Ò³
Ô´¥·£¨Ö³

p
0
 → − ip

4
. (17)

�·¨ ÔÉµ³ ¢³¥¸Éµ (7) ¡Ê¤¥³ ¨³¥ÉÓ

p
5
2 − pn

2 = M 2,     n = 1, 2, 3, 4, (18)

µÉ±Ê¤ 

p
5
 = ± √M 2 + pn

2  . (19)
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…¢±²¨¤µ¢ µ¶¥· Éµ· Š²¥°´  Å ƒµ·¤µ´  (m2 + pn
2) ¸ ÊÎ¥Éµ³ (18) ¶·¥¤¸É ¢²Ö-

¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ Ë ±Éµ·¨§µ¢ ´´µ³ ¢¨¤¥ (¸·. (11)):

m2 + pn
2 = (p

5
 + M cos µ)(p

5
 − M cos µ). (20)

Ÿ¸´µ, ÎÉµ ´¥µÉ·¨Í É¥²Ó´Ò° ËÊ´±Í¨µ´ ²

S = 2πM ∫ d
 4p

| p5|
 [ϕ1

+(p) 2M(| p5| − M cos µ) ϕ1(p) +

+ ϕ2
+(p) 2M(| p5| + M cos µ) ϕ2(p)],

£¤¥

ϕ
1,2

(p) = ϕ(p, ± | p
5
| ), (21)

³µ¦¥É ¶·¥É¥´¤µ¢ ÉÓ ´  ·µ²Ó ¨´É¥£· ²  ¤¥°¸É¢¨Ö ¸¢µ¡µ¤´µ£µ ¥¢±²¨¤µ¢ 
¶µ²Ö ϕ(p, p

5
). �´ ²¥£±µ ¶·¥¤¸É ¢²Ö¥É¸Ö ¨ ¢ ¢¨¤¥ 5-¨´É¥£· ² :

S = 4πM ∫ ε(p5) δ(pL p
L − M 2) d 5p[ϕ+(p, p5) ×

× 2M(p5 − M cos µ) ϕ(p, p5)],

L = 1, 2, 3, 4, 5, (22)

£¤¥

ε(p
5
) = 

p
5

| p
5
|
 .

�·¥µ¡· §µ¢ ´¨¥ ”Ê·Ó¥ ¨ ±µ´Ë¨£Ê· Í¨µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¢ · §¢¨¢ ¥-
³µ³ ¶µ¤Ìµ¤¥ ¨³¥ÕÉ ¸¢µÕ ¸¶¥Í¨Ë¨±Ê. �·¥¦¤¥ ¢¸¥£µ µ¡· É¨³ ¢´¨³ ´¨¥ ´ 
Éµ, ÎÉµ ¢ µ¸´µ¢´µ³ Ê· ¢´¥´¨¨ (18), µ¶·¥¤¥²ÖÕÐ¥³ ·-¶·µ¸É· ´¸É¢µ ¤¥ ‘¨ÉÉ¥-
· , ¢¸¥ ±µ³¶µ´¥´ÉÒ 5-¨³¶Ê²Ó¸  ¢Ò¸ÉÊ¶ ÕÉ ± ± · ¢´µ¶· ¢´Ò¥. �µÔÉµ³Ê ¢Ò-

· ¦¥´¨¥ δ(pL p
L − M2) ϕ(p, p5), § ³¥´ÖÕÐ¥¥ É¥¶¥·Ó (8), ³µ¦´µ ¶µ¤¢¥·£´ÊÉÓ

5-¶·¥µ¡· §µ¢ ´¨Õ ”Ê·Ó¥:

2M

(2π)36 2
 ∫ e

− ip
K
 x

K

 δ(pL p
L − M 2) ϕ(p, p5) d 5p ≡ ϕ(x, x5),

K, L = 1, 2, 3, 4, 5. (23)
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�Î¥¢¨¤´µ, (23) Ê¤µ¢²¥É¢µ·Ö¥É ¸²¥¤ÊÕÐ¥³Ê ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê Ê· ¢´¥-
´¨Õ ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ 5-¶·µ¸É· ´¸É¢¥:







 

∂2

∂x
5
2
 − tu + M 2 







 ϕ(x, x

5
) ≡ 0. (24)

ˆ´É¥£· Í¨Ö ¢ (23) ¶µ p
5
 ¤ ¥É

ϕ(x, x
5
) = 

M

(2π)3 6 2
 ∫  e

ip
n
 x

n 
d 4p
| p

5
|
 [e

− i | p
5
| x

5 ϕ
1
(p) + e

i | p
5
| x

5 ϕ
2
(p)], (25)

µÉ±Ê¤ 

i
M

 
∂ϕ(x, x

5
)

∂x
5

 = 
1

(2π)3 6 2
 ∫  e

ip
n
 x

n d 4p [e
− i | p

5
| x

5 ϕ
1
(p) − e

i | p
5
| x

5 ϕ
2
(p)]. (26)

—¥ÉÒ·¥Ì³¥·´Ò¥ ¨´É¥£· ²Ò (25), (26) ¨£· ÕÉ ·µ²Ó ¶·¥µ¡· §µ¢ ´¨°
”Ê·Ó¥, ¶¥·¥¢µ¤ÖÐ¨Ì ¶µ²Ö ϕ1(p) ¨ ϕ2(p) ¢ ±µ´Ë¨£Ê· Í¨µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥.

�¡· É´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ¨³¥ÕÉ ¢¨¤

ϕ
1
(p) = 

− i

2M(2π)5 6 2
 ∫ d 4x e

− ip
n
 x

n 

 ϕ(x, x

5
) ∂
↔

∂x
5

 e
i | p

5
| x

5 

 , (27)

ϕ
2
(p) = 

i

2M(2π)5 6 2
 ∫ d 4x e

− ip
n
 x

n 

 ϕ(x, x

5
) ∂
↔

∂x
5

 e
− i | p

5
| x

5 

 , (28)

£¤¥ ¨¸¶µ²Ó§µ¢ ´µ µ¡µ§´ Î¥´¨¥ f
1
 

∂
↔

∂x
5
 f
2
 ≡ f

1
 
∂f

2

∂x
5
 − 

∂f
1

∂x
5
 f
2
. �· ¢Ò¥ Î ¸É¨ (27),

(28) ́ ¥ § ¢¨¸ÖÉ µÉ x
5
 ¢ ¸¨²Ê (24). �É³¥É¨³, ÎÉµ ´¥§ ¢¨¸¨³Ò¥ ¶µ²¥¢Ò¥ ¶¥·¥-

³¥´´Ò¥

ϕ(x, 0) ≡ ϕ(x) = 
M

(2π)3 6 2
 ∫  e

ip
n
 x

n d 4p 
ϕ

1
(p) + ϕ

2
(p)

| p
5
|

 , (29)
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i
M

 
∂ϕ(x, 0)

∂x
5

 = 
1

(2π)3 6 2
 ∫  e

ip
n
 x

n
 d 4p [ϕ

1
(p) − ϕ

2
(p)] (30)

³Ò ¢¶· ¢¥ Éµ²±µ¢ ÉÓ ± ± ´ Î ²Ó´Ò¥ ¤ ´´Ò¥ ŠµÏ¨ ´  ¶²µ¸±µ¸É¨ x
5
 = 0 ¤²Ö

Ê· ¢´¥´¨Ö £¨¶¥·¡µ²¨Î¥¸±µ£µ É¨¶  (24).
�µ¤¸É ¢²ÖÖ É¥¶¥·Ó (27), (28) ¢ ¨´É¥£· ² (21), ¨³¥¥³

S = ∫ d 4x 






 






 
∂ϕ(x, x5)

∂xn
 







 2

 + m2ϕ(x, x5)2 +

+ 






 i 

∂ϕ(x, x
5
)

∂x
5

 − M cos µ ϕ(x, x
5
) 








 2

 






 ≡ ∫ L(x, x

5
) d 4x. (31)

�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¡² £µ¤ ·Ö (24) ¤¥°¸É¢¨¥ (31) ´¥ § ¢¨¸¨É µÉ x
5
:

∂S
∂x

5

 = 0. (32)

‘²¥¤µ¢ É¥²Ó´µ, ¶¥·¥³¥´´ÊÕ x
5
 ¢ (31) ³µ¦´µ Ë¨±¸¨·µ¢ ÉÓ ¶·µ¨§¢µ²Ó´Ò³

µ¡· §µ³ ¨ · ¸¸³ É·¨¢ ÉÓ S ± ± ËÊ´±Í¨µ´ ² µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´ Î ²Ó-
´ÒÌ ¤ ´´ÒÌ ŠµÏ¨. � ¶·¨³¥·, ¶·¨ x

5
 = 0

S = ∫ d 4x 






 

 
∂ϕ(x)
∂xn

 


 2
 + m2ϕ(x)2 +

+ M 2χ(x) − cos µϕ(x)2 

 ≡ ∫ L(x) d 4x. (33)

ˆÉ ±, ³Ò Ê¡¥¤¨²¨¸Ó ¢ Éµ³, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¶µ¤Ìµ¤¥ ¸¢µ°¸É¢µ ²µ-
± ²Ó´µ¸É¨ É¥µ·¨¨ ´¥ Éµ²Ó±µ ´¥ ¨¸Î¥§ ¥É, ´µ ¸É ´µ¢¨É¸Ö ¤ ¦¥ ¡µ²¥¥ £²Ê-
¡µ±¨³, É.±. µ´µ · ¸¶·µ¸É· ´Ö¥É¸Ö ´  § ¢¨¸¨³µ¸ÉÓ µÉ ¤µ¶µ²´¨É¥²Ó´µ£µ ¶Ö-
Éµ£µ ¨§³¥·¥´¨Ö x

5
.

�µ¢ Ö ² £· ´¦¥¢  ¶²µÉ´µ¸ÉÓ L(x, x5) (¸³. (31)) Ö¢²Ö¥É¸Ö Ô·³¨Éµ¢µ° Ëµ·-

³µ°, ±µÉµ· Ö ¸É·µ¨É¸Ö ¨§ ϕ(x, x5) ¨ ±µ³¶µ´¥´É  5-£· ¤¨¥´É   
∂ϕ(x, x5)

∂xL

(L = 1, 2,3,4,5). ˆ ÌµÉÖ L(x, x5) Ö¢´µ § ¢¨¸¨É µÉ x5, · §¢¨¢ ¥³ Ö É¥µ·¨Ö ¶µ

¸¢µ¥° ¸ÊÉ¨ µ¸É ¥É¸Ö Î¥ÉÒ·¥Ì³¥·´µ° (¸³. (32), (33)).
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Š ± ¢¨¤´µ ¨§ ¶·µ¢¥¤¥´´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, § ¢¨¸¨³µ¸ÉÓ ¤¥°¸É¢¨Ö (33)
µÉ ¤¢ÊÌ ËÊ´±Í¨µ´ ²Ó´ÒÌ  ·£Ê³¥´Éµ¢ ϕ(x) ¨ χ(x) ¥¸ÉÓ ¶·Ö³µ¥ ¸²¥¤¸É¢¨¥ Éµ£µ
Ë ±É , ÎÉµ ¢ ¨³¶Ê²Ó¸´µ° ± ·É¨´¥ ¨§-§  ¤¢Ê§´ Î´µ¸É¨ p5 ¶µ²¥ ¨³¥¥É ¤Ê¡²¥É-

´ÊÕ ¸É·Ê±ÉÊ·Ê 






 
ϕ1(p)
ϕ2(p) 







 .

�µ¸±µ²Ó±Ê ² £· ´¦¨ ´ L(x) ¨§ (33) ´¥ ¸µ¤¥·¦¨É ±¨´¥É¨Î¥¸±µ£µ Î²¥´ ,
µÉ¢¥Î ÕÐ¥£µ ¶µ²Õ χ(x), ÔÉ  ¶¥·¥³¥´´ Ö ´µ¸¨É ¢¸¶µ³µ£ É¥²Ó´Ò° Ì · ±É¥·, ¨
¥¥ §´ Î¥´¨¥ ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²Ö¥É¸Ö §´ Î¥´¨¥³ Ë¨§¨Î¥¸±µ£µ ¶µ²Ö ϕ(x).

Šµ´Ë¨£Ê· Í¨µ´´µ³Ê 5-¶·µ¸É· ´¸É¢Ê ¢ ´µ¢µ³ Ëµ·³ ²¨§³¥ ¶·¨´ ¤²¥¦¨É
µ¸µ¡µ ¢ ¦´ Ö ·µ²Ó, ¨¡µ ¨³¥´´µ ¢ ´¥³ É¥¶¥·Ó ²µ± ²¨§ÊÕÉ¸Ö ± ²¨¡·µ¢µÎ´Ò¥
¶·¥µ¡· §µ¢ ´¨Ö ¸¨³³¥É·¨¨. “± § ´´Ò³ ¶·¥µ¡· §µ¢ ´¨Ö³ ¶µ¤¢¥·£ ÕÉ¸Ö ´ -
Î ²Ó´Ò¥ ¤ ´´Ò¥ µ¸´µ¢´µ£µ Ê· ¢´¥´¨Ö (24):










 

ϕ1(x, x5)
i
M

 
∂ϕ
∂x5

 (x, x5) 









 .

                           x
5
 = Ë¨±¸. (34)

� ¸¸³µÉ·¨³ ÔÉµÉ ¢µ¶·µ¸ ¡µ²¥¥ ¤¥É ²Ó´µ. �·¨ ´ ²¨Î¨¨ £·Ê¶¶Ò ¢´ÊÉ·¥´-
´¥° ¸¨³³¥É·¨¨ ± ¦¤µ³Ê ¶µ²Õ ¸µ¶µ¸É ¢²Ö¥É¸Ö ´¥±µÉµ·Ò° § ±µ´ £²µ¡ ²Ó´µ£µ
¶·¥µ¡· §µ¢ ´¨Ö*

ϕ′ = Uϕ.

�·¨ ²µ± ²¨§ Í¨¨ £·Ê¶¶Ò ¢ 5-³¥·´µ³ Ì-¶·µ¸É· ´¸É¢¥ 

U → U(x, x
5
) (35)

¤²Ö ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ (29), (30) ́   ¶²µ¸±µ¸É¨ x
5
 = 0 ¢µ§´¨± ¥É ¸²¥¤ÊÕÐ¨°

§ ±µ´ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°:

ϕ′(x) = U(x, 0) ϕ(x),

χ′(x) = 
i
M

 
∂U(x, 0)

∂x
5

 ϕ(x) + U(x, 0) χ(x). (36)

ƒ·Ê¶¶µ¢Ò¥ ¸¢µ°¸É¢  (36) Ö¢²ÖÕÉ¸Ö µÎ¥¢¨¤´Ò³¨. Šµ´±·¥É´Ò° ¢¨¤ ³ É·¨ÍÒ
U(x, x

5
) ³µ¦¥É ¡ÒÉÓ Ê¸É ´µ¢²¥´ ¢ É¥µ·¨¨ ¢¥±Éµ·´ÒÌ ¶µ²¥°, Ö¢²ÖÕÐ¥°¸Ö

µ¡µ¡Ð¥´¨¥³ ¸É ´¤ ·É´µ° É¥µ·¨¨ ¢ ¤ÊÌ¥ ´µ¢µ£µ ¶µ¤Ìµ¤  (¸³. · §¤.3).

*�¥ É¥·ÖÖ µ¡Ð´µ¸É¨, ³Ò µ£· ´¨Î¨¢ ¥³¸Ö §¤¥¸Ó ¸± ²Ö·´Ò³ ¸²ÊÎ ¥³.
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 3. “¡¥¤¨³¸Ö É¥¶¥·Ó, ÎÉµ · §¢¨ÉÒ° ¢  · §¤.2 Ëµ·³ ²¨§³ ²¥£±µ ³µ¦¥É
¡ÒÉÓ ¶·¨¸¶µ¸µ¡²¥´ ¤²Ö µ¶¨¸ ´¨Ö ¢¥±Éµ·´µ£µ ¶µ²Ö. ŒÒ · ¸¸³µÉ·¨³ §¤¥¸Ó
²¨ÏÓ  ¡¥²¥¢ ̧ ²ÊÎ °. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¢¥·¸¨Ö É¥µ·¨¨ ¶µ²¥° Ÿ´£  Å Œ¨²²¸ 
µ¡¸Ê¦¤ ¥É¸Ö ¢ [7].

�Ê¸ÉÓ Aµ(p, p5) Å Ô²¥±É·µ³ £´¨É´Ò° 4-¶µÉ¥´Í¨ ², § ¤ ´´Ò° ¢ ·-¶·µ¸É-

· ´¸É¢¥ ¤¥ ‘¨ÉÉ¥·  (7) ¨ ¶µ¤Î¨´ÖÕÐ¨°¸Ö ¸É ´¤ ·É´Ò³ Ê· ¢´¥´¨Ö³ Œ ±¸-
¢¥²² :

p2Aµ(p, p
5
) − pµ(p ⋅ A(p, p

5
)) = 0. (37)

Ÿ¸´µ, ÎÉµ ¨§ (37) ´¥¢µ§³µ¦´µ µ¶·¥¤¥²¨ÉÓ § ¢¨¸¨³µ¸ÉÓ ¶µ²Ö µÉ ´µ¢µ£µ

±¢ ´Éµ¢µ£µ Î¨¸²  
p
5

| p
5
|
 (¸·.¸ (10)). �µ  ´ ²µ£¨¨ ¸ (11), ¶·¥¤¸É ¢¨³ (37) ¢

Ë ±Éµ·¨§µ¢ ´´µ° Ëµ·³¥:

(M + p5) 






 (M + p5) Aµ(p, p5) − 

pµ(p ⋅ A(p, p5))
M + p5

 






 = 0.

‚¢µ¤Ö ¤ ²¥¥ µ¡µ§´ Î¥´¨¥ 
p ⋅ A(p, p

5
)

M + p
5

 ≡ A
5
(p, p

5
), ¶µ¸ÉÊ²¨·Ê¥³ ¨¸±µ³µ¥

µ¡µ¡Ð¥´¨¥ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

2M[(M − p5) Aµ(p, p5) − pµA5(p, p5)] = 0,

p ⋅ A(p, p
5
) − (p

5
 + M) A

5
(p, p

5
) = 0. (38)

’ ±¨³ µ¡· §µ³, ´  ¸Í¥´¥ ¶µÖ¢¨²¸Ö Ô²¥±É·µ³ £´¨É´Ò° 5-¶µÉ¥´Í¨ ²:

AL(p, p
5
) = (Aµ(p, p

5
), A

5
(p, p

5
)). (39)

…£µ Î¥ÉÒ·¥Ì³¥·´ Ö ¸µ¸É ¢²ÖÕÐ Ö Aµ(p, p
5
), ± ± ¢¨¤´µ ¨§ ´ Ï¥£µ ¶µ¸É·µ-

¥´¨Ö, ¶µ-¶·¥¦´¥³Ê Ê¤µ¢²¥É¢µ·Ö¥É ±² ¸¸¨Î¥¸±¨³ ³ ±¸¢¥²²µ¢¸±¨³ Ê· ¢´¥-
´¨Ö³ (37). „²Ö ¶µ¶¥·¥Î´µ£µ ¶µ²Ö

Aµ
⊥(p, p5) = Aµ(p, p5) − 

pµ(p ⋅ A)

p2

¨§ (38) ´ Ìµ¤¨³ ´µ¢µ¥ Ê· ¢´¥´¨¥ „ ² ³¡¥·  (¸·. (12) ¶·¨ µ = 0):

2M(M − p5) Aµ
⊥(p, p5) = 0.
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�ÖÉ Ö ±µ³¶µ´¥´É  A
5
(p, p

5
) ¢ (39), ¶µ¤µ¡´µ ¶·µ¤µ²Ó´µ³Ê ¶µ²Õ pµ 

(p ⋅ A)
p2

 ,

Ö¢²Ö¥É¸Ö Î¨¸Éµ ± ²¨¡·µ¢µÎ´µ° ¸É¥¶¥´ÓÕ ¸¢µ¡µ¤Ò. ‘ ³  £·Ê¶¶  ± ²¨¡·µ-
¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, µ¸É ¢²ÖÕÐ¨Ì ¨´¢ ·¨ ´É´Ò³¨ Ê· ¢´¥´¨Ö (38),
¢Ò£²Ö¤¨É É ±:

Aµ(p, p5) → Aµ(p, p5) − ipµ λ(p, p5),

A
5
(p, p

5
) → A

5
(p, p

5
) − i(M − p

5
) λ(p, p

5
). (40)

�¥·¥°¤¥³ É¥¶¥·Ó ± ¶µ¸É·µ¥´¨Õ ¨´É¥£· ²  ¤¥°¸É¢¨Ö, µÉ¢¥Î ÕÐ¥£µ Ê· ¢-
´¥´¨Ö³ (38) ¤²Ö 5-¶µÉ¥´Í¨ ²  AL(p, p5). ‡¤¥¸Ó ´ ³ ¸´µ¢  ¡Ê¤¥É Ê¤µ¡´µ ¸µ-

¢¥·Ï¨ÉÓ ¶¥·¥Ìµ¤ (17) ± ¥¢±²¨¤µ¢µ° Ëµ·³Ê²¨·µ¢±¥ ¨ · ¸¸³ É·¨¢ ÉÓ ¢ ± Î¥-
¸É¢¥ ·-¶·µ¸É· ´¸É¢  ¶µ¢¥·Ì´µ¸ÉÓ (18). �¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¤ ²¥¥, ÎÉµ ¨¸±µ-
³Ò° ¨´É¥£· ² ¤¥°¸É¢¨Ö ¨³¥¥É ¢¨¤ (¸·. (22)):

S = 2πM ∫ ε(p5) δ(pL p
L − M 2) d 5p 2M(p5 − M) 







 An(p, p5) − 

pn A5(p, p5)
p5 − M

 







 2

 ,

n = 1, 2, 3, 4. (41)

ˆ´¢ ·¨ ´É´µ¸ÉÓ (41) µÉ´µ¸¨É¥²Ó´µ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°

An(p, p
5
) → An(p, p

5
) − ipn λ(p, p

5
), (42)

A
5
(p, p

5
) → A

5
(p, p

5
) − i(M − p

5
) λ(p, p

5
)

¸µ¢¥·Ï¥´´µ µÎ¥¢¨¤´ .
�·¨³¥´ÖÖ ¶·¥µ¡· §µ¢ ´¨¥ ”Ê·Ó¥ (23) ± ± ¦¤µ° ¨§ ±µ³¶µ´¥´É AL(p, p5),

´ Ìµ¤¨³   5-¶µÉ¥´Í¨ ²  AL(x, x5)  ¢  ±µ´Ë¨£Ê· Í¨µ´´µ³  5-¶·µ¸É· ´¸É¢¥.

� §Ê³¥¥É¸Ö,







 

∂2

∂x
5
2
 − tu + M 2 







 AL(x, x

5
) = 0. (43)

�·¥µ¡· §µ¢ ´¨Ö (42) ¶·¨µ¡·¥É ÕÉ ¸²¥¤ÊÕÐÊÕ Ëµ·³Ê:

e
iMx

5AL(x, x
5
) → e

iMx
5AL(x, x

5
) − 

∂
∂xL

 (e
iMx

5 λ(x, x
5
)), (44)
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¶·¨ Ê¸²µ¢¨¨, ÎÉµ







 

∂2

∂x
5
2
 − tu + M 2 







 λ(x, x

5
) = 0. (45)

�µ²¥§´µ ¨³¥ÉÓ ¢ ¢¨¤Ê ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ®5-É¥´§µ· ´ ¶·Ö-
¦¥´´µ¸É¥°¯

FKL(x, x
5
) = 

∂(e
iMx

5AK (x, x
5
))

∂xL
 − 

∂(e
iMx

5AL(x, x
5
))

∂xK
 , (46)

±µÉµ·Ò° ¢Ò· ¦ ¥É¸Ö, µÎ¥¢¨¤´µ, Î¥·¥§ ±µ³³ÊÉ Éµ· 5-³¥·´ÒÌ ®±µ¢ ·¨ ´É-
´ÒÌ ¶·µ¨§¢µ¤´ÒÌ¯

DL = 
∂

∂xL
 − iq e

iMx
5AL(x, x

5
), (47)

q Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤.
�µ¸²¥ ´¥¸²µ¦´ÒÌ ¢ÒÎ¨¸²¥´¨° ¨´É¥£· ² (41) ¶·¨µ¡·¥É ¥É ¸²¥¤ÊÕÐ¨°

¢¨¤ (¸·. (31)):

S = ∫ d 4xL(x, x5) = 
1
4
 ∫ d 4x 







 FKL

 ∗ (x, x5) F KL(x, x5) +

+ 2 






 
∂(e

iMx
5AL(x, x

5
))

∂xL
 − 2iM e

iMx
5A

5
(x, x

5
) 








 2

 






 . (48)

Š ²¨¡·µ¢µÎ´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¢Éµ·µ£µ ¸² £ ¥³µ£µ ¢ ¶µ¤Ò´É¥£· ²Ó´µ³
¢Ò· ¦¥´¨¨ (48) µ¡¥¸¶¥Î¨¢ ¥É¸Ö Ê¸²µ¢¨¥³ (45).

‚ ¶µ²´µ°  ´ ²µ£¨¨ ¸µ ¸± ²Ö·´Ò³ ¸²ÊÎ ¥³ ¤¥°¸É¢¨¥ (48)  ´¥ § ¢¨¸¨É µÉ
x5, ¥¸²¨ ¢Ò¶µ²´Ö¥É¸Ö Ê· ¢´¥´¨¥ (43). ‘²¥¤µ¢ É¥²Ó´µ, ¢ ·µ²¨ ´¥§ ¢¨¸¨³ÒÌ

ËÊ´±Í¨µ´ ²Ó´ÒÌ ¶¥·¥³¥´´ÒÌ ¢ (48) ¢Ò¸ÉÊ¶ ÕÉ ´ Î ²Ó´Ò¥ ¤ ´´Ò¥ ŠµÏ¨
¤²Ö (43):












 

AL(x, x5)

i
M

 
∂AL

∂x5
 (x, x5)

 












 .

                            x5 = Ë¨±¸. (49)
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 4. ’¥¶¥·Ó ¶µ¤¢¥¤¥³ ´¥±µÉµ·Ò¥ ¨Éµ£¨. � §¢¨ÉÒ° ¢ · §¤.2Å3  ¶¶ · É
¶µ§¢µ²Ö¥É ¸Ëµ·³Ê²¨·µ¢ ÉÓ µ¤´µ§´ Î´Ò° ·¥Í¥¶É ¶µ¸É·µ¥´¨Ö ¨´É¥£· ² 
¤¥°¸É¢¨Ö ¤²Ö ¥¢±²¨¤µ¢µ° ¸± ²Ö·´µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ´ Ï¥³ ¶µ¤Ìµ¤¥, ¸µ-
£² ¸ÊÕÐ¨°¸Ö ¸ É·¥¡µ¢ ´¨Ö³¨ ²µ± ²Ó´µ¸É¨ ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É-
´µ¸É¨. �ÉµÉ ·¥Í¥¶É ¸¢µ¤¨É¸Ö ± ¸²¥¤ÊÕÐ¥³Ê:

1. ‚ ¨´É¥£· ²¥ (31) ´¥µ¡Ìµ¤¨³µ ¶·µ¨§¢¥¸É¨ ³¨´¨³ ²Ó´ÊÕ ¶µ¤¸É ´µ¢±Ê
(¸³. (47)):

∂
∂xL

 → 
∂

∂xL
 + iq e

iMx
5AL(x, x5)

¨ § É¥³ ¶µ²µ¦¨ÉÓ x
5
 = 0.

2. Š ¶µ²ÊÎ¥´´µ³Ê ¢Ò· ¦¥´¨Õ ´Ê¦´µ ¤µ¡ ¢¨ÉÓ ̈ ´É¥£· ² ¤¥°¸É¢¨Ö Ô²¥±É·µ-
³ £´¨É´µ£µ ¶µ²Ö (48), ¶·¥¤¢ ·¨É¥²Ó´µ ¶µ²µ¦¨¢ x5 = 0.

�µ²´Ò° ¨´É¥£· ² ¤¥°¸É¢¨Ö µ¸É ¥É¸Ö ¨´¢ ·¨ ´É´Ò³ ¶·¨ µ¤´µ¢·¥³¥´´ÒÌ
± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ (36) ¨ (44)*. ‡ ¢¨¸¨³µ¸ÉÓ ¶µ²´µ£µ ² £-

· ´¦¨ ´  µÉ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¶µ²¥° χ(x) ¨ 
i
M

 
∂AL(x, 0)

∂x5
 ¢ ¶·¨´Í¨¶¥ ¨ ¥¸ÉÓ

¶·¨Î¨´  ¶µÖ¢²¥´¨Ö ´¥¸É ´¤ ·É´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, µ ±µÉµ·ÒÌ Ï²  ·¥ÎÓ ¢Ò-
Ï¥ (¸³. · §¤.1).

�¢Éµ· ¢Ò· ¦ ¥É ¨¸±·¥´´ÕÕ ¡² £µ¤ ·´µ¸ÉÓ �.Œ.� ²¤¨´Ê ¨ „.ˆ.Š § ±µ-
¢Ê §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ·Ö¤  ¢µ¶·µ¸µ¢, § É· £¨¢ ¥³ÒÌ ¢ ¸É ÉÓ¥.
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