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

Œμ¸±μ¢¸±¨° Ë¨§¨±μ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ

(´ Í¨μ´ ²Ó´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° Ê´¨¢¥·¸¨É¥É), „μ²£μ¶·Ê¤´Ò°, �μ¸¸¨Ö

�μ± § ´μ, ± ± μ¡ÒÎ´ Ö ¶·μÍ¥¤Ê·  R-μ¶¥· Í¨¨ 	μ£μ²Õ¡μ¢  · ¡μÉ ¥É ¢ ´¥¶¥·¥´μ·-
³¨·Ê¥³ÒÌ É¥μ·¨ÖÌ. Š²ÕÎ¥¢Ò³ ³μ³¥´Éμ³ Ö¢²Ö¥É¸Ö § ³¥´  ³Ê²ÓÉ¨¶²¨± É¨¢´μ° ¶¥·¥-
´μ·³¨·μ¢±¨, ¶·¨³¥´Ö¥³μ° ¢ ¶¥·¥´μ·³¨·Ê¥³ÒÌ É¥μ·¨ÖÌ, ´  μ¶¥· Í¨Õ, ±μ£¤  ±μ´¸É ´É 
¶¥·¥´μ·³¨·μ¢±¨ § ¢¨¸¨É μÉ ¨³¶Ê²Ó¸μ¢, ¶μ ±μÉμ·Ò³ ¶·μ¨¸Ìμ¤¨É ¨´É¥£·¨·μ¢ ´¨¥ ¢ ¶μ¤-
£· Ë Ì. �·¨ ÔÉμ³ Ê¸²μ¢¨¥ ²μ± ²Ó´μ¸É¨ ±μ´É·Î²¥´μ¢, ¢ ÉμÎ´μ¸É¨ ± ± ¢ ¶¥·¥´μ·³¨·Ê-
¥³ÒÌ É¥μ·¨ÖÌ, ¶·¨¢μ¤¨É ± ·¥±Ê··¥´É´Ò³ ¸μμÉ´μÏ¥´¨Ö³, ¸¢Ö§Ò¢ ÕÐ¨³ ²¨¤¨·ÊÕÐ¨¥,
¶μ¤²¨¤¨·ÊÕÐ¨¥ ¨ É. ¤. “”-· ¸Ìμ¤¨³μ¸É¨ ¢μ ¢¸¥Ì ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. �Éμ
¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ μ¡μ¡Ð¥´´Ò¥ Ê· ¢´¥´¨Ö ·¥´μ·³£·Ê¶¶Ò ¤²Ö  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö,
±μÉμ·Ò¥ ¨³¥ÕÉ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´Ò° ¢¨¤ ¨ ¶·¨¢μ¤ÖÉ ± ¸Ê³³¨·μ¢ ´¨Õ ²¨¤¨·Ê-
ÕÐ¨Ì  ¸¨³¶ÉμÉ¨±, ± ± ¨ ¢ ¶¥·¥´μ·³¨·Ê¥³ÒÌ É¥μ·¨ÖÌ.

It is shown how the usual procedure of the Bogolyubov R-operation works in non-
renormalizable theories. The key point is the replacement of the multiplicative renormal-
ization used in renormalized theories with an operation where the renormalization constant
depends on momenta for which the integration occurs in subgraphs. In this case, the
condition of locality of counter-members, exactly as in renormalized theories, leads to
recurrence relations that connect leading, subleading, etc., divergences in all orders of per-
turbation theory. This allows us to obtain generalized renormalization group equations for
scattering amplitudes, which have an integro-differential form and lead to the summation
of leading asymptotics as in renormalized theories.
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‘É ´¤ ·É´ Ö ³μ¤¥²Ó ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í μ¸´μ¢ ´  ´  ¶¥·¥-
´μ·³¨·Ê¥³ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ. ˆ¤¥Ö ¶¥·¥´μ·³¨·Ê¥³μ¸É¨ ¶μ¸²Ê¦¨²  μ¶·¥-
¤¥²ÖÕÐ¨³ ´ Î ²μ³ ¤²Ö ¶μ¸É·μ¥´¨Ö ‘É ´¤ ·É´μ° ³μ¤¥²¨, ¢±²ÕÎ Ö ³¥Ì ´¨§³
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¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨. ‚ Éμ ¦¥ ¢·¥³Ö É¥μ·¨Ö £· ¢¨É Í¨¨ ¶·¨´ ¤-
²¥¦¨É ± ´¥¶¥·¥´μ·³¨·Ê¥³μ³Ê ±² ¸¸Ê É¥μ·¨° ¨ É·¥¡Ê¥É  ¤¥±¢ É´μ£μ μ¶¨¸ ´¨Ö.
�·¨Î¨´ , ¶μ ±μÉμ·μ° ´¥¶¥·¥´μ·³¨·Ê¥³Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸Î¨É ÕÉ¸Ö ´¥¶·¨-
¥³²¥³Ò³¨, ¤¢μÖ± . ‚μ-¶¥·¢ÒÌ, Ê²ÓÉ· Ë¨μ²¥Éμ¢Ò¥ · ¸Ìμ¤¨³μ¸É¨ ¶μ·μ¦¤ ÕÉ
¡¥¸±μ´¥Î´Ò° ±² ¸¸ ´μ¢ÒÌ ¸É·Ê±ÉÊ·, Ë¨±¸ Í¨Ö ±μÉμ·ÒÌ ¶·¨¢μ¤¨É ± ¡¥¸±μ´¥Î-
´μ³Ê ¶·μ¨§¢μ²Ê. ‚μ-¢Éμ·ÒÌ,  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢ É ±¨Ì É¥μ·¨ÖÌ · ¸ÉÊÉ
¸É¥¶¥´´Ò³ μ¡· §μ³, ´ ·ÊÏ Ö Ê´¨É ·´μ¸ÉÓ.

ŒÒ ¶·¥¤² £ ¥³ ¶μ¸³μÉ·¥ÉÓ ´  ÔÉÊ ¸¨ÉÊ Í¨Õ ´¥¸±μ²Ó±μ ¨´ Î¥ ¨ ´¥ É·¥¡μ-
¢ ÉÓ Ë¨±¸ Í¨¨ ¶·μ¨§¢μ²  Ê ± ¦¤μ£μ ´μ¢μ£μ ¸² £ ¥³μ£μ,   § Ë¨±¸¨·μ¢ ÉÓ ¢¸¥
¢Ò· ¦¥´¨¥ ¢ Í¥²μ³. �·¨ ÔÉμ³ μ¡ÒÎ´ Ö BPHZ R-μ¶¥· Í¨Ö [1], ´ ¶· ¢²¥´´ Ö
´  Ê¸É· ´¥´¨¥ “”-· ¸Ìμ¤¨³μ¸É¥°, μ¸É ¥É¸Ö ´¥¨§³¥´´μ°. � ¸Ìμ¤¨³μ¸É¨ ¶μ-
¶·¥¦´¥³Ê Ê¸É· ´ÖÕÉ¸Ö ¢¢¥¤¥´¨¥³ ²μ± ²Ó´ÒÌ ±μ´É·Î²¥´μ¢, ´μ, ¢ μÉ²¨Î¨¥ μÉ
¶¥·¥´μ·³¨·Ê¥³μ£μ ¸²ÊÎ Ö, ÔÉ  ¶·μÍ¥¤Ê·  ´¥ Ô±¢¨¢ ²¥´É´  ³Ê²ÓÉ¨¶²¨± É¨¢´μ°
¶¥·¥´μ·³¨·μ¢±¥ ËÊ´±Í¨° ƒ·¨´  ¨ ¶ · ³¥É·μ¢,   ¸μμÉ¢¥É¸É¢Ê¥É ¡μ²¥¥ ¸²μ¦-
´μ° μ¶¥· Í¨¨, ±μ£¤  ±μ´¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨ ¶¥·¥¸É ¥É ¡ÒÉÓ ±μ´¸É ´Éμ°,
  § ¢¨¸¨É μÉ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ.

—Éμ ± ¸ ¥É¸Ö ¢Éμ·μ° ¶·μ¡²¥³Ò, Éμ, μ¸´μ¢Ò¢ Ö¸Ó ´  É¥μ·¥³¥ 	μ£μ²Õ¡μ¢ Ä
� · ¸Õ±  [1] μ ²μ± ²Ó´μ¸É¨ ±μ´É·Î²¥´μ¢, ÎÉμ · ¢´μ ¸¶· ¢¥¤²¨¢μ ¢ ¶¥·¥-
´μ·³¨·Ê¥³μ³ ¨ ´¥¶¥·¥´μ·³¨·Ê¥³μ³ ¸²ÊÎ ¥, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ·¥±Ê··¥´É´Ò¥
¸μμÉ´μÏ¥´¨Ö, ±μÉμ·Ò¥ ¸¢Ö§Ò¢ ÕÉ ³¥¦¤Ê ¸μ¡μ° “”-· ¸Ìμ¤¨³μ¸É¨ ¢ n-³ ¨
(n − 1)-³ ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (’‚), ÎÉμ ¶μ§¢μ²¨É ´ °É¨ ¢¥¤ÊÐ¨¥
· ¸Ìμ¤¨³μ¸É¨ ¢ ²Õ¡μ³ ¶μ·Ö¤±¥ ’‚, ¨¸Ìμ¤Ö ¨§ μ¤´μ¶¥É²¥¢ÒÌ ¢Ò· ¦¥´¨°. �É¨
·¥±Ê··¥´É´Ò¥ ¸μμÉ´μÏ¥´¨Ö § É¥³ ±μ´¢¥·É¨·ÊÕÉ¸Ö ¢ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢-
´¥´¨Ö ¤²Ö ¶μ²´μ° ¸Ê³³Ò ·Ö¤  ’‚, ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö μ¡μ¡Ð¥´¨¥³ Ê· ¢´¥´¨°
·¥´μ·³£·Ê¶¶Ò ´  ´¥¶¥·¥´μ·³¨·Ê¥³Ò° ¸²ÊÎ °. �¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨° ¸μμÉ-
¢¥É¸É¢ÊÕÉ ¸Ê³³¨·μ¢ ´¨Õ ¢¥¤ÊÐ¨Ì  ¸¨³¶ÉμÉ¨±, ÎÉμ ¶μ§¢μ²Ö¥É ¨§ÊÎ¨ÉÓ Ô´¥·£¥-
É¨Î¥¸±ÊÕ § ¢¨¸¨³μ¸ÉÓ  ³¶²¨ÉÊ¤ ¢ ±μ´±·¥É´ÒÌ É¥μ·¨ÖÌ.

1. �…�…���Œˆ��‚Š�, ‡�‚ˆ‘Ÿ™�Ÿ �’ Šˆ�…Œ�’ˆŠˆ

‚ ´¥¶¥·¥´μ·³¨·Ê¥³ÒÌ É¥μ·¨ÖÌ ¢ ± ¦¤μ³ ¶μ·Ö¤±¥ ’‚ ¢μ§´¨± ÕÉ ´μ¢Ò¥
¸É·Ê±ÉÊ·Ò, ¸μ¤¥·¦ Ð¨¥ ¢Ò¸Ï¨¥ ¶·μ¨§¢μ¤´Ò¥ ¨²¨ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¶μ²Ö. �μ-
ÔÉμ³Ê ¢μ§´¨± ÕÐ¨¥ ±μ´É·Î²¥´Ò ´¥²Ó§Ö ¶μ£²μÉ¨ÉÓ ¢ ¶¥·¥´μ·³¨·μ¢±Ê ¨¸Ìμ¤-
´μ£μ ² £· ´¦¨ ´ . ’¥³ ´¥ ³¥´¥¥ Ëμ·³ ²Ó´μ ¶·μÍ¥¤Ê·Ê Ê¸É· ´¥´¨Ö · ¸Ìμ¤¨³μ-
¸É¥° ¨ ¢ ´¥¶¥·¥´μ·³¨·Ê¥³μ³ ¸²ÊÎ ¥ ³μ¦´μ ¸Ëμ·³Ê²¨·μ¢ ÉÓ ± ± Ê³´μ¦¥´¨¥
 ³¶²¨ÉÊ¤Ò Γ4 ´  ±μ´¸É ´ÉÊ ¶¥·¥´μ·³¨·μ¢±¨ Z4, ±μÉμ· Ö § ¢¨¸¨É μÉ ±¨´¥-
³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ ¨ ¤¥°¸É¢Ê¥É ± ± μ¶¥· Éμ· [2], ¨ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ
¶¥·¥´μ·³¨·μ¢±Ê ±μ´¸É ´ÉÒ ¸¢Ö§¨ g:

A4 = Z4(g2)Abare
4 |g2

bare→ g2Z4
, (1)

g2
bare = μεZ4(g2)g2. (2)
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�·¨ ÔÉμ³ ±μ´¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨ Z4 ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ¤¨ £· ³³´μ ¸ ¶μ³μ-
ÐÓÕ ¸É ´¤ ·É´μ° Ëμ·³Ê²Ò [3]

Z = 1 −
∑

i

KR′Gi, (3)

£¤¥ ´¥¶μ²´ Ö R-μ¶¥· Í¨Ö (R′-μ¶¥· Í¨Ö) ¢ÒÎ¨É ¥É Éμ²Ó±μ ¶μ¤· ¸Ìμ¤¨³μ¸É¨
¢ ¤ ´´μ³ £· Ë¥,   ¶μ²´ Ö R-μ¶¥· Í¨Ö μ¶·¥¤¥²¥´  ¸μμÉ´μÏ¥´¨¥³

RG = (1 −K)R′G. (4)

�·μ¤¥³μ´¸É·¨·Ê¥³ ´  ¶·μ¸Éμ³ ¶·¨³¥·¥, ± ± · ¡μÉ ¥É É ± Ö μ¶¥· Í¨Ö.
� ¸¸³μÉ·¨³ ¸Ê¶¥·¸¨³³¥É·¨Î´ÊÕ ± ²¨¡·μ¢μÎ´ÊÕ É¥μ·¨Õ ¢ ¢μ¸Ó³¨ ¨§³¥·¥-
´¨ÖÌ [4]. ’ ±μ° Ô±§μÉ¨Î¥¸±¨° ¢Ò¡μ· ¸¢Ö§ ´ ¸ É¥³, ÎÉμ ¢ ¸¶¨´μ·´μ-±¨· ²Ó´μ³
Ëμ·³ ²¨§³¥ [5] ÔÉ  É¥μ·¨Ö ¸¢μ¤¨É¸Ö ± ¸± ²Ö·´Ò³ ³ ¸É¥·-¨´É¥£· ² ³ ¤²Ö  ³-
¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö, ± ± ÔÉμ ¨§μ¡· ¦¥´μ ´  ·¨¸. 1, ¨ ¸μ¤¥·¦¨É ³ ²μ¥ Î¨¸²μ
¤¨ £· ³³. ‚ · ³± Ì · §³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¨ μ¤´μ¶¥É²¥¢ Ö ¤¨ £· ³³  · ¸-
Ìμ¤¨É¸Ö ± ± 1/ε ¨ ±μ´¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨ ¨³¥¥É ¢¨¤

Z4 = 1 + g2 st

ε
(5)

¨, ± ± ¢¨¤´μ, § ¢¨¸¨É μÉ ±¨´¥³ É¨±¨. �·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¢ÊÌ¶¥É²¥¢μ£μ ±μ´É·-
Î²¥´  ´Ê¦´μ ÊÎ¨ÉÒ¢ ÉÓ Ê³´μ¦¥´¨¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ g2, ¸ÉμÖÐ¥° ¶¥·¥¤ μ¤´μ-
¶¥É²¥¢μ° ¤¨ £· ³³μ°, ´  Z4, ± ± ÔÉμ ¸²¥¤Ê¥É ¨§ (2). �μ É ± ± ± ±μ´¸É ´É 
¶¥·¥´μ·³¨·μ¢±¨ § ¢¨¸¨É μÉ ±¨´¥³ É¨±¨, ÔÉμ ´¥ ¥¸ÉÓ ¶·μ¸Éμ¥ Ê³´μ¦¥´¨¥. Š¨-
´¥³ É¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¶·μ´¨± ÕÉ ¢´ÊÉ·Ó μ¤´μ¶¥É²¥¢μ° ¤¨ £· ³³Ò, ± ± ¶μ-
± § ´μ ´  ·¨¸. 2 [2].

“³´μ¦¥´¨¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ ´  Ë ±Éμ· Z, § ¢¨¸ÖÐ¨° μÉ ±¨´¥³ É¨±¨,
¸²¥¤Ê¥É ¶μ´¨³ ÉÓ ± ± ¶μ·μ¦¤¥´¨¥ ´μ¢μ° ¢¥·Ï¨´Ò ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨.

�¨¸. 1. �¤´μ- ¨ ¤¢ÊÌ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò, ¤ ÕÐ¨¥ ¢±² ¤ ¢ Î¥ÉÒ·¥ÌÉμÎ¥Î´ÊÕ  ³¶²¨ÉÊ¤Ê
¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¢ ¸¶¨´μ·´μ-±¨· ²Ó´μ³ Ëμ·³ ²¨§³¥

�¨¸. 2. „¥°¸É¢¨¥ μ¶¥· Í¨¨ ¶¥·¥´μ·³¨·μ¢±¨, § ¢¨¸ÖÐ¥° μÉ ±¨´¥³ É¨±¨
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�·μ¨§¢μ² ¢ÒÎ¨É ´¨Ö ¨²¨ ±μ´¥Î´Ò° ¶·μ¨§¢μ² ¢ ¢Ò¡μ·¥ ±μ´¸É ´ÉÒ ¶¥·¥´μ·³¨-
·μ¢±¨ Z ¸μμÉ¢¥É¸É¢Ê¥É ¶·μ¨§¢μ²Ê ¢ ´μ·³¨·μ¢±¥ ¢´μ¢Ó ¢μ§´¨± ÕÐ¨Ì μ¶¥· Éμ-
·μ¢ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨. �ÉμÉ ¶·μ¨§¢μ² μ± §Ò¢ ¥É¸Ö ¡¥¸±μ´¥Î´Ò³, ´μ
³Ò ¶·¥¤² £ ¥³ ´¥ Ë¨±¸¨·μ¢ ÉÓ ¥£μ μÉ¤¥²Ó´μ ¤²Ö ± ¦¤μ£μ μ¶¥· Éμ· ,   Ë¨±-
¸¨·μ¢ ÉÓ ¥£μ μ¤¨´ · § ¤²Ö ¢¸¥°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢ Í¥²μ³. ‡¤¥¸Ó ¥¸ÉÓ
 ´ ²μ£¨Ö ¸ ¶¥·¥´μ·³¨·Ê¥³Ò³ ¸²ÊÎ ¥³. ’ ³ Éμ¦¥ ¨³¥¥É¸Ö ¡¥¸±μ´¥Î´μ¥ Î¨-
¸²μ ¶·μ¨§¢μ²Ó´ÒÌ ±μ´¸É ´É ¢ÒÎ¨É ´¨Ö, ¶μÖ¢²ÖÕÐ¨Ì¸Ö ¢ ± ¦¤μ³ ¶μ·Ö¤±¥ ’‚,
´μ ¶μÉμ³ ¢¸¥ μ´¨ ¸¢μ¤ÖÉ¸Ö ± ´μ·³¨·μ¢±¥ μ¤´μ£μ μ¶¥· Éμ· . ‚ ´¥¶¥·¥´μ·³¨-
·Ê¥³μ³ ¸²ÊÎ ¥ ÔÉ¨ ¶·μ¨§¢μ²Ó´Ò¥ ±μ´¸É ´ÉÒ ¶μÖ¢²ÖÕÉ¸Ö Ê ´μ¢ÒÌ μ¶¥· Éμ·μ¢,
¶μÔÉμ³Ê μ´¨ ¸¢μ¤ÖÉ¸Ö ´¥ ± ´μ·³¨·μ¢±¥ μ¤´μ£μ μ¶¥· Éμ· ,   ± ´μ·³¨·μ¢±¥
μ¤´μ°  ³¶²¨ÉÊ¤Ò.

2. ‹�Š�‹œ��‘’œ Š��’�—‹…��‚
ˆ �…Š“��…�’�›… ‘��’��˜…�ˆŸ

� ¸¸³μÉ·¨³ É¥¶¥·Ó ¶·μÍ¥¤Ê·Ê ¸Ê³³¨·μ¢ ´¨Ö ²¨¤¨·ÊÕÐ¨Ì · ¸Ìμ¤¨³μ¸É¥°
(²¨¤¨·ÊÕÐ¨Ì ²μ£ ·¨Ë³μ¢) ¶μ  ´ ²μ£¨¨ ¸ ¶¥·¥´μ·³¨·Ê¥³Ò³ ¸²ÊÎ ¥³. Š²ÕÎ¥-
¢Ò³ ³μ³¥´Éμ³ Ö¢²Ö¥É¸Ö ²μ± ²Ó´μ¸ÉÓ ±μ´É·Î²¥´μ¢ ¶μ¸²¥ ¶·¨³¥´¥´¨Ö ´¥¶μ²-
´μ° R-μ¶¥· Í¨¨ 	μ£μ²Õ¡μ¢ Ä� · ¸Õ± Ä•¥¶¶ Ä–¨³³¥·³ ´  [1]. „¥°¸É¢¨-
É¥²Ó´μ, ¶·¨³¥´ÖÖ R′-μ¶¥· Í¨Õ ± ¤ ´´μ³Ê £· ËÊ ¢ n-³ ¶μ·Ö¤±¥ ’‚, ³Ò ¶μ²Ê-
Î ¥³ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ Î²¥´μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ÊÎ¥ÉÊ μ¤´μ-, ¤¢ÊÌ- ¨ É. ¤.
¢¶²μÉÓ ¤μ (n − 1)-¶¥É²¥¢ÒÌ ±μ´É·Î²¥´μ¢. ‚ ¨Éμ£¥ ¶μ²ÊÎ ¥³ ¶μ¸²¥¤μ¢ É¥²Ó-
´μ¸ÉÓ ¢¨¤  (³Ò Ê¤¥·¦¨¢ ¥³ Éμ²Ó±μ ²¨¤¨·ÊÕÐ¨¥ · ¸Ìμ¤¨³μ¸É¨)

R′Gn =
A(n)

n (μ2)nε

εn
+

A(n)
n−1(μ

2)(n−1)ε

εn
+ . . . +

A(n)
1 (μ2)ε

εn
+

+ Î²¥´Ò ¡μ²¥¥ ´¨§±μ£μ ¶μ·Ö¤±  + ε0, (6)

£¤¥ Î²¥´Ò ¢¨¤  (A(n)
k (μ2)kε)/εn ¢μ§´¨± ÕÉ μÉ ¢±² ¤  k-¶¥É²¥¢ÒÌ ¶μ¤£· Ëμ¢,

±μÉμ·Ò¥ ¢Ò¦¨¢ ÕÉ ¶μ¸²¥ ¢ÒÎ¨É ´¨Ö (n− k)-¶¥É²¥¢μ£μ ±μ´É·Î²¥´ . ŠμÔËË¨-

Í¨¥´ÉÒ ¶·¨ · ¸Ìμ¤¨³μ¸ÉÖÌ A(n)
k Ö¢²ÖÕÉ¸Ö ±μ´¸É ´É ³¨ ¢ ¸²ÊÎ ¥ ¶¥·¥´μ·³¨-

·Ê¥³ÒÌ É¥μ·¨° ¨ ¶μ²¨´μ³ ³¨ ¶μ ¨³¶Ê²Ó¸´Ò³ ¶¥·¥³¥´´Ò³ ¢ ´¥¶¥·¥´μ·³¨-
·Ê¥³μ³ ¸²ÊÎ ¥.

‘μ£² ¸´μ É¥μ·¥³¥ 	μ£μ²Õ¡μ¢ Ä� · ¸Õ±  [1] ¢ ·¥§Ê²ÓÉ É¥ ´¥¶μ²´μ° R′-
μ¶¥· Í¨¨ ¤μ²¦´μ ¶μ²ÊÎ ÉÓ¸Ö ¢Ò· ¦¥´¨¥, ±μÉμ·μ¥ Ö¢²Ö¥É¸Ö ²μ± ²Ó´Ò³, É. ¥.
´¥ ¸μ¤¥·¦¨É ¸¨´£Ê²Ö·´ÒÌ Î²¥´μ¢ ¢¨¤  logl μ2/εk, ¤²Ö ²Õ¡ÒÌ l ¨ k. �Éμ
É·¥¡μ¢ ´¨¥ ¶·¨¢μ¤¨É ± ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ¨§ n − 1 Ê· ¢´¥´¨° ¤²Ö n ¶¥-

·¥³¥´´ÒÌ A(n)
i , ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ · §·¥Ï¥´Ò ¢ É¥·³¨´ Ì ´¨§Ï¥£μ Î²¥´ 

·Ö¤  A(n)
1 :

A(n)
n = (−1)n+1A

(n)
1

n
. (7)
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�μ²¥§´μ É ±¦¥ ´ °É¨ ²μ± ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸Ê³³Ò ±μ´É·Î²¥´μ¢ KR′,
· ¢´μ¥

KR′Gn =
n∑

k=1

(
A(n)

k

εn

)
≡ A(n)′

n

εn
. (8)

ŠμÔËË¨Í¨¥´ÉÒ A(n)′

n ¤ ÕÉ¸Ö  ´ ²μ£¨Î´Ò³¨ Ëμ·³Ê² ³¨ [4]

A(n)′

n = (−1)n+1A(n)
n =

A(n)
1

n
. (9)

’¥³ ¸ ³Ò³ ¢¸¥ ±μÔËË¨Í¨¥´ÉÒ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ±μÔËË¨Í¨¥´É A(n)
1 , ±μ-

Éμ·Ò° μ¶·¥¤¥²Ö¥É¸Ö μ¤´μ¶¥É²¥¢Ò³¨ ¤¨ £· ³³ ³¨, μ¸É ¢Ï¨³¨¸Ö ¶μ¸²¥ ¸ÉÖ£¨-
¢ ´¨Ö ¢ ÉμÎ±Ê (n − 1)-¶¥É²¥¢ÒÌ · ¸Ìμ¤ÖÐ¨Ì¸Ö ¶μ¤£· Ëμ¢. „²Ö Î¥ÉÒ·¥ÌÉμÎ¥Î-
´μ°  ³¶²¨ÉÊ¤Ò Ê· ¢´¥´¨¥ (7) ¶·¨μ¡·¥É ¥É ¢¨¤ ·¥±Ê··¥´É´μ£μ ¸μμÉ´μÏ¥´¨Ö

. (10)

„ ´´μ¥ ·¥±Ê··¥´É´μ¥ ¸μμÉ´μÏ¥´¨¥ ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²ÖÉÓ ¢¸¥ ¢¥¤ÊÐ¨¥ · ¸-

Ìμ¤¨³μ¸É¨ A(n)
n , ´ Î¨´ Ö ¸ μ¤´μ¶¥É²¥¢μ£μ Î²¥´  A(1)

1 . Šμ´±·¥É´ÊÕ ·¥ ²¨§ -
Í¨Õ ¢ ·Ö¤¥ ³μ¤¥²¥° ³Ò · ¸¸³μÉ·¨³ ´¨¦¥.

„²Ö ¸Ê³³¨·μ¢ ´¨Ö ²¨¤¨·ÊÕÐ¨Ì · ¸Ìμ¤¨³μ¸É¥° (¨²¨, ÎÉμ Éμ ¦¥ ¸ ³μ¥,
²¨¤¨·ÊÕÐ¨Ì ²μ£ ·¨Ë³μ¢ ¢ ±μ´¥Î´μ° Î ¸É¨  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö) ´¥μ¡Ìμ-
¤¨³μ ·¥Ï¨ÉÓ ¶μ²ÊÎ¥´´μ¥ ·¥±Ê··¥´É´μ¥ ¸μμÉ´μÏ¥´¨¥, ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥
´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³. �Éμ ¤μ¸É¨£ ¥É¸Ö ¶¥·¥Ìμ¤μ³ ± ¤¨ËË¥·¥´Í¨ ²Ó-
´μ³Ê Ê· ¢´¥´¨Õ ¤²Ö ¸Ê³³Ò ·Ö¤ 

A(z) =
∞∑

n=1

(−z)nA(n)
n . (11)

„¥°¸É¢¨É¥²Ó´μ, Ê³´μ¦ Ö (10) ´  ³´μ¦¨É¥²Ó (−z)n ¨ ¸Ê³³¨·ÊÖ ¶μ n μÉ
n = 2 ¤μ ∞, ¶μ²ÊÎ ¥³ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ A(z) (11),
±μÉμ·μ¥ Ê¸²μ¢´μ ³μ¦´μ § ¶¨¸ ÉÓ ± ±

d

dz
A(z) = −1 − 2

∫
Δ

A(z) −
∫
©

A2(z), (12)

£¤¥ ¨´É¥£·¨·μ¢ ´¨¥ ¢¥¤¥É¸Ö ¶μ μ¸É ¢Ï¨³¸Ö μ¤´μ¶¥É²¥¢Ò³ ¤¨ £· ³³ ³. “· ¢-
´¥´¨¥ (12) ¨ ¥¸ÉÓ ¨¸±μ³μ¥ Ê· ¢´¥´¨¥ ·¥´μ·³£·Ê¶¶Ò. �¨¦¥ ³Ò ¶·¨¢¥¤¥³
¥£μ Ö¢´Ò° ¢¨¤ ¢ ±μ´±·¥É´μ³ ¸²ÊÎ ¥. ‡¤¥¸Ó ¦¥ μÉ³¥É¨³, ÎÉμ ¢ ¶¥·¥´μ·³¨·Ê¥-
³μ³ ¸²ÊÎ ¥ ¢¸¥ ¨´É¥£· ²Ò ¨¸Î¥§ ÕÉ ¨ ¶μ²ÊÎ ¥É¸Ö μ¡ÒÎ´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥
Ê· ¢´¥´¨¥,   ¢ ´¥¶¥·¥´μ·³¨·Ê¥³μ³ ¸²ÊÎ ¥ ¨³¥¥É ³¥¸Éμ ¨´É¥£·μ¤¨ËË¥·¥´Í¨-
 ²Ó´μ¥ Ê· ¢´¥´¨¥.
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�μ¤Î¥·±´¥³ ¥Ð¥ · §, ÎÉμ ¢ ¶¥·¥´μ·³¨·Ê¥³μ³ ¸²ÊÎ ¥ R-μ¶¥· Í¨Ö ¸¢μ-
¤¨É¸Ö ± μ¶¥· Í¨¨ Ê³´μ¦¥´¨Ö  ³¶²¨ÉÊ¤Ò ´  ±μ´¸É ´ÉÊ Z ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê
Ê³´μ¦¥´¨Õ ±μ´¸É ´ÉÒ ¸¢Ö§¨ g (¸³. (2)), ¶μÔÉμ³Ê £·Ê¶¶  ¶¥·¥´μ·³¨·μ¢μ± ¥¸ÉÓ
¶·μ¸Éμ £·Ê¶¶  Ê³´μ¦¥´¨Ö. ‚ ´¥¶¥·¥´μ·³¨·Ê¥³μ³ ¦¥ ¸²ÊÎ ¥, ± ± ¡Ò²μ ¶μ± -
§ ´μ ¢ÒÏ¥, R-μ¶¥· Í¨Ö ´¥ ¸¢μ¤¨É¸Ö ± ¶·μ¸Éμ³Ê Ê³´μ¦¥´¨Õ, ¶μÔÉμ³Ê £·Ê¶¶μ-
¢μ° Ì · ±É¥· ¨§³¥´Ö¥É¸Ö.

3. ˆ‹‹�‘’��–ˆŸ

�·μ¤¥³μ´¸É·¨·Ê¥³ É¥¶¥·Ó, ± ± ¢ÒÏ¥¶·¨¢¥¤¥´´Ò¥ Ëμ·³Ê²Ò ·¥ ²¨§ÊÕÉ¸Ö
¢ ±μ´±·¥É´μ³ ¸²ÊÎ ¥ ¢ É¥μ·¨¨ gφ4

D ¤²Ö D = 4, 6, 8, 10 [6] ¨ ¢ ¸Ê¶¥·¸¨³³¥-
É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ SYMD ¤²Ö D = 6, 8, 10 [4, 7, 8]. � ¸¸³μÉ·¨³
Î¥ÉÒ·¥ÌÉμÎ¥Î´ÊÕ  ³¶²¨ÉÊ¤Ê ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨

Γ4(s, t, u) = g(1 + Γs(s, t, u) + Γt(s, t, u) + Γu(s, t, u)). (13)

� ·Í¨ ²Ó´Ò¥ ËÊ´±Í¨¨ Γi(s, t, u) · §² £ ÕÉ¸Ö ¢ ·Ö¤ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶μ
±μ´¸É ´É¥ ¸¢Ö§¨

Γs =
∞∑

n=1

(−z)nSn, Γt =
∞∑

n=1

(−z)nTn, Γu =
∞∑

n=1

(−z)nUn, z ≡ g

ε
, (14)

¶·¨Î¥³ ³Ò Ê¤¥·¦¨¢ ¥³ Éμ²Ó±μ ²¨¤¨·ÊÕÐ¨¥ ¶μ²Õ¸´Ò¥ Î²¥´Ò. ’μ£¤  ¤²Ö

 ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö A(n)
n = Sn + Tn + Un ¨³¥¥³ ·¥±Ê··¥´É´μ¥ ¸μμÉ´μÏ¥-

´¨¥ (10), ¶·¨Î¥³ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ μ¤´μ¶¥É²¥¢μ³Ê ¶μ¤£· ËÊ ³μ¦´μ ¢Ò¶μ²-
´¨ÉÓ Ö¢´μ ¢ μ¡Ð¥³ ¢¨¤¥, ¢¢μ¤Ö Ë¥°´³ ´μ¢¸±¨¥ ¶ · ³¥É·Ò. �¥§Ê²ÓÉ É ¨³¥¥É
¢¨¤

nSn(s, t, u) =
sD/2−2

Γ(D/2 − 1)

1∫
0

dx[x(1 − x)]D/2−2×

× (Sn−1(s, t′, u′) + Tn−1(s, t′, u′) + Un−1(s, t′, u′))+

+
1
2

sD/2−2

Γ(D/2 − 1)

1∫
0

dx[x(1 − x)]D/2−2
n−2∑
k=1

(D/2−2)k∑
p=0

p∑
l=0

1
p!(p + D/2 − 2)!

×

× dp

dt′l du′p−l
(Sk + Tk + Uk)

dp

dt′l du′p−l
(Sn−k−1 + Tn−k−1 + Un−k−1)sp×

× [x(1 − x)]ptlup−l, (15)

£¤¥ t′ = −xs, u′ = −(1 − x)s. ˆ Éμ ¦¥ ¸ ³μ¥ ¤²Ö μ¸É ²Ó´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ
 ³¶²¨ÉÊ¤ Tn ¨ Un ¸ Í¨±²¨Î¥¸±μ° § ³¥´μ°  ·£Ê³¥´Éμ¢.
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�¥±Ê··¥´É´μ¥ ¸μμÉ´μÏ¥´¨¥ (15) ³μ¦¥É ¡ÒÉÓ ¶·¥¢· Ð¥´μ ¢ ¤¨ËË¥·¥´Í¨-
 ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ Γs(s, t, u):

− dΓs(s, t, u)
dz

=
1
2

Γ(D/2 − 1)
Γ(D − 2)

sD/2−2 +
sD/2−2

Γ(D/2 − 1)

1∫
0

dx[x(1−x)]D/2−2 ×

× [Γs(s, t′, u′) + Γt(s, t′, u′) + Γu(s, t′, u′)]
∣∣∣ t′ = −xs,

u′ = −(1 − x)s

+

+
1
2

sD/2−2

Γ(D/2 − 1)

1∫
0

dx[x(1 − x)]D/2−2
∞∑

p=0

p∑
l=0

1
p!(p + D/2 − 2)!

×

×
(

dp

dt′l du′p−l
(Γs + Γt + Γu)

∣∣∣ t′ = −xs,
u′ = −(1 − x)s

)2

sp[x(1 − x)]ptlup−l, (16)

¸ £· ´¨Î´Ò³ Ê¸²μ¢¨¥³ Γs(z = 0) = 0, ¨  ´ ²μ£¨Î´μ ¤²Ö Γt ¨ Γu.
�μÌμ¦¨¥ Ê· ¢´¥´¨Ö ¶μ²ÊÎ ÕÉ¸Ö ¨ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ°

É¥μ·¨¨ [4, 7, 8]. ’ ³ Ê¤μ¡´μ ¶¥·¥°É¨ ± Ê¶μ·Ö¤μÎ¥´´Ò³ ¶μ Í¢¥ÉÊ  ³¶²¨ÉÊ¤ ³
¢ ± ´ ² Ì (s, t), (t, u) ¨ (u, s). ‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ·¥±Ê··¥´É´μ¥ ¸μμÉ´μÏ¥´¨¥
¢ (s, t)-± ´ ²¥ ¨³¥¥É ¢¨¤

D = 6 : nSn(s, t) = −2s

1∫
0

dx

x∫
0

dy (Sn−1(s, t′) + Tn−1(s, t′)), n � 4, (17)

£¤¥ t′ = tx + y, u = −s − t ¨ ´ Î ²Ó´Ò¥ §´ Î¥´¨Ö · ¢´Ò S3 = −s/3,
T3 = −t/3. (D = 6 Ö¢²Ö¥É¸Ö ¢Ò·μ¦¤¥´´Ò³ ¸²ÊÎ ¥³, §¤¥¸Ó · ¸Ìμ¤¨³μ¸É¨
´ Î¨´ ÕÉ¸Ö ¸ É·¥Ì ¶¥É¥²Ó.)

D = 8 : nSn(s, t) =

= −2s2

1∫
0

dx

x∫
0

dy y(1 − x)(Sn−1(s, t′) + Tn−1(s, t′))
∣∣
t′=tx+uy

+

+ s4

1∫
0

dxx2(1 − x)2
n−2∑
k=1

2k−2∑
p=0

1
p!(p + 2)!

dp

dt′p
(Sk(s, t′) + Tk(s, t′))×

× dp

dt′p
(Sn−1−k(s, t′) + Tn−1−k(s, t′))

∣∣
t′=−sx

(tsx(1 − x))p, (18)

¨ μ¤´μ¶¥É²¥¢Ò¥ §´ Î¥´¨Ö · ¢´Ò S1 = 1/12, T1 = 1/12.
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D = 10 : nSn(s, t) =

= −s3

1∫
0

dx

x∫
0

dy y2(1 − x)2 (Sn−1(s, t′) + Tn−1(s, t′))
∣∣
t′=tx+yu

+

+ s5

1∫
0

dxx3(1 − x)3
n−2∑
k=1

3k−2∑
p=0

1
p!(p + 3)!

dp

dt′p
(Sk(s, t′) + Tk(s, t′))×

× dp

dt′p
(Sn−1−k(s, t′) + Tn−1−k(s, t′))

∣∣
t′=−sx

(tsx(1 − x))p, (19)

£¤¥ S1 = s/5!, T1 = t/5!.
‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ¸Ê³³Ò ²¨¤¨·ÊÕÐ¨Ì

¢±² ¤μ¢ ¶·¨μ¡·¥É ÕÉ ¢¨¤

D = 6 :
d

dz
Σ(s, t, z) =

= s − 2
z
Σ(s, t, z) + 2s

1∫
0

dx

x∫
0

dy (Σ(s, t′, z) + Σ(t′, s, z))
∣∣
t′=xt+yu

. (20)

D = 8 :
d

dz
Σ(s, t, z) =

= − 1
12

+ 2s2

1∫
0

dx

x∫
0

dy y(1 − x) (Σ(s, t′, z) + Σ(t′, s, z))
∣∣
t′=tx+uy

−

− s4

1∫
0

dxx2(1 − x)2
∞∑

p=0

1
p!(p + 2)!

×

×
(

dp

dt′p
(Σ(s, t′, z) + Σ(t′, s, z))

∣∣∣
t′=−sx

)2

(tsx(1 − x))p. (21)

D = 10 :
d

dz
Σ(s, t, z) =

= − s

5!
+ s3

1∫
0

dx

x∫
0

dy y2(1 − x)2 (Σ(s, t′, z) + Σ(t′, s, z))
∣∣
t′=tx+yu

−

− s5

1∫
0

dxx3(1 − x)3
∞∑

p=0

1
p!(p + 3)!

×

×
(

dp

dt′p
(Σ(s, t′, z) + Σ(t′, s, z))

∣∣∣
t′=−sx

)2

(tsx(1 − x))p. (22)
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�·¨¢¥¤¥´´Ò¥ Ê· ¢´¥´¨Ö Ö¢²ÖÕÉ¸Ö ¨¸±μ³Ò³ μ¡μ¡Ð¥´´Ò³ Ê· ¢´¥´¨¥³ ·¥´μ·³-
£·Ê¶¶Ò ¤²Ö ´¥¶¥·¥´μ·³¨·Ê¥³ÒÌ É¥μ·¨°. � Ìμ¦¤¥´¨¥ ·¥Ï¥´¨° ÔÉ¨Ì Ê· ¢´¥-
´¨° ¶·¥¤¸É ¢²Ö¥É ¸²μ¦´ÊÕ § ¤ ÎÊ. ’¥³ ´¥ ³¥´¥¥ ¢ μÉ¤¥²Ó´ÒÌ ¸²ÊÎ ÖÌ ³μ¦´μ
¶μ²ÊÎ¨ÉÓ  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ¨²¨ ¨¸¸²¥¤μ¢ ÉÓ ¨Ì Î¨¸²¥´´μ.

’ ±, ¢ É¥μ·¨¨ φ4
D ·¥Ï¥´¨¥ ¤²Ö ¶μ²´μ° Î¥ÉÒ·¥ÌÎ ¸É¨Î´μ°  ³¶²¨ÉÊ¤Ò ¢ ·¥-

¦¨³¥, ±μ£¤  s ∼ t ∼ u ∼ E2, ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥ [6]

Γ4(s, t, u) =

= P g

1 +
1
2

Γ(D/2 − 1)
Γ(D − 2)

g(sD/2−2 + tD/2−2 + uD/2−2) log
(

μ2

E2

) , (23)

£¤¥ ¸¨³¢μ² P μ§´ Î ¥É Ê¶μ·Ö¤μÎ¥´¨¥ ¢ ¸³Ò¸²¥ (15). �É³¥É¨³ ¶·¨ ÔÉμ³ μ¤´μ-
§´ Î´μ¥ ¸μμÉ¢¥É¸É¢¨¥ ³¥¦¤Ê · ¸Ìμ¤¨³μ¸ÉÖ³¨ 1/ε ¨ ²μ£ ·¨Ë³ ³¨ log μ2.

�¥Ï¥´¨¥ (23) ¢μ¸¶·μ¨§¢μ¤¨É ·Ö¤ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¤²Ö ¢¥¤ÊÐ¨Ì ²μ£ -
·¨Ë³μ¢ ¨ ¢ Éμ ¦¥ ¢·¥³Ö ¶μ§¢μ²Ö¥É ´ °É¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥
ËÊ´±Í¨¨ Γ4, ¨§ÊÎ Ö ¸¨´£Ê²Ö·´μ¸É¨ ¶μ¤ §´ ±μ³ P-Ê¶μ·Ö¤μÎ¥´¨Ö. „¥°¸É¢¨-
É¥²Ó´μ, ± ± ²¥£±μ ¢¨¤¥ÉÓ, ¢ §´ ³¥´ É¥²¥ (23) ±μÔËË¨Í¨¥´É ¶·¨ ²μ£ ·¨Ë³¥
¢¸¥£¤  ¶μ²μ¦¨É¥²¥´ (¨¸±²ÕÎ¥´¨¥ ¸μ¸É ¢²Ö¥É ¸²ÊÎ ° D = 6, £¤¥ ¢ ¸¨²Ê Ê¸²μ-
¢¨Ö s + t + u = 0 ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¢¸¥ ²¨¤¨·ÊÕÐ¨¥ · ¸Ìμ¤¨³μ¸É¨
¸μ±· Ð ÕÉ¸Ö). �μÔÉμ³Ê ¶·¨ E → ∞ ¢μ§´¨± ¥É ¶μ²Õ¸, ±μÉμ·Ò° Ö¢²Ö¥É¸Ö ´¥
Î¥³ ¨´Ò³, ± ± ¶μ²Õ¸μ³ ‹ ´¤ Ê ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ D, ± ± ÔÉμ ¨³¥¥É ³¥¸Éμ
¶·¨ D = 4.

‚ ¸²ÊÎ ¥ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥μ·¨° ³μ¦´μ ¶μ²ÊÎ¨ÉÓ  ´ ²¨É¨Î¥¸±μ¥ ·¥-
Ï¥´¨¥ ¤²Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ²¥¸É´¨Î´ÒÌ ¤¨ £· ³³. ‚ D = 6 ¢ s-± ´ ²¥
μ´μ ¨³¥¥É ¢¨¤

ΣL(s, z) =
2

s2z2

(
esz − 1 − sz − s2z2

2

)
, (24)

¨ Éμ ¦¥ ¸ ³μ¥ ¢ t-± ´ ²¥. Š ± ¸²¥¤Ê¥É ¨§ (24),  ³¶²¨ÉÊ¤  Ô±¸¶μ´¥´Í¨ ²Ó´μ
· ¸É¥É ¢ μ¤´μ³ ´ ¶· ¢²¥´¨¨ ¨ ¶ ¤ ¥É ¢ ¤·Ê£μ³. �Éμ ¦¥ ¶μ¢¥¤¥´¨¥ ¸²¥¤Ê¥É ¨§
Î¨¸²¥´´μ£μ  ´ ²¨§  ¶μ²´μ£μ Ê· ¢´¥´¨Ö.

‚ D = 8 ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ²¥¸É´¨Î´ÒÌ ¤¨ £· ³³ ¢ s-± ´ ²¥ μ¶¨¸Ò¢ -
¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö �¨±± ÉÉ¨ ¨ ¨³¥¥É ¢¨¤

ΣL(s, z) = −
√

5
3

4 tan (zs2/(8
√

15))
1 − tan (zs2/(8

√
15))

√
5/3

. (25)

�μ²ÊÎ¨¢Ï Ö¸Ö ËÊ´±Í¨Ö ¨³¥¥É ¡¥¸±μ´¥Î´ÊÕ ¶¥·¨μ¤¨Î¥¸±ÊÕ ¶μ¸²¥¤μ¢ É¥²Ó-
´μ¸ÉÓ ¶μ²Õ¸μ¢ ‹ ´¤ Ê. —¨¸²¥´´μ¥ ·¥Ï¥´¨¥ ¶μ²´μ£μ Ê· ¢´¥´¨Ö ¶μ± §Ò¢ ¥É,
ÎÉμ É ±μ¥ ¶μ¢¥¤¥´¨¥ ¶·¨¸ÊÐ¥ ¨ μ¡Ð¥³Ê ·¥Ï¥´¨Õ [7,8].
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� Ï £² ¢´Ò° ¢Ò¢μ¤ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ´¥¶¥·¥´μ·³¨·Ê¥³Ò¥ É¥μ·¨¨ μÉ-
²¨Î ÕÉ¸Ö μÉ ¶¥·¥´μ·³¨·Ê¥³ÒÌ Éμ²Ó±μ ¢ É¥Ì´¨Î¥¸±μ³ ¢μ¶²μÐ¥´¨¨. ‚ ´¨Ì
³μ¦´μ ¶·μ¢¥¸É¨ ¶·μÍ¥¤Ê·Ê Ê¸É· ´¥´¨Ö · ¸Ìμ¤¨³μ¸É¥°, Ë¨±¸¨·μ¢ ÉÓ ¨³¥Õ-
Ð¨°¸Ö ¶·μ¨§¢μ² ¨ ¶·μ¸Ê³³¨·μ¢ ÉÓ ¢¥¤ÊÐ¨¥  ¸¨³¶ÉμÉ¨±¨, É ± ¦¥ ± ± ÔÉμ
¶·μ¨¸Ìμ¤¨É ¢ ¶¥·¥´μ·³¨·Ê¥³ÒÌ É¥μ·¨ÖÌ.

�² £μ¤ ·´μ¸É¨. �É  · ¡μÉ  ¶μ¤¤¥·¦ ´  �μ¸¸¨°¸±¨³ ´ ÊÎ´Ò³ Ëμ´¤μ³,
£· ´É º16-12-10306.
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