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�µ¸¸¨°¸±¨° Ë¥¤¥· ²Ó´Ò° Ö¤¥·´Ò° Í¥´É· ‚�ˆˆ�”, ‘ ·µ¢

„ ´µ Ë¨§¨Î¥¸±µ¥ ¨¸Éµ²±µ¢ ´¨¥ Ê¸²µ¢¨Ö ¶¥·¥´µ·³¨·Ê¥³µ¸É¨. �µ± § ´µ, ÎÉµ ¶¥·¥´µ·³¨·Ê-
¥³Ò¥ ±¢ ´Éµ¢Ò¥ É¥µ·¨¨ ¶µ²Ö µ¶¨¸Ò¢ ÕÉ É ±¨¥ ¸¨¸É¥³Ò, ¤²Ö ±µÉµ·ÒÌ É¥´¤¥´Í¨Ö ± ±µ²² ¶¸Ê,
¸¢Ö§ ´´ Ö ¸ ¢ ±ÊÊ³´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶µ¤ ¢²Ö¥É¸Ö ¢ ±ÊÊ³´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨
±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨. ˆ§ ±² ¸¸¨Ë¨± Í¨¨ Éµ¶µ²µ£¨Î¥¸±¨Ì É¨¶µ¢ Ô¢µ²ÕÍ¨¨ Î ¸É¨Í ¨  ´ ²¨§ 
§ ¤ Î¨ µ ¶ ¤¥´¨¨ ´  Í¥´É· ¶µ²ÊÎ¥´ µ¡Ð¨° ±·¨É¥·¨° ¶·¥¤µÉ¢· É¨³µ¸É¨ ±µ²² ¶¸ , ¸µ£² ¸´µ ±µ-
Éµ·µ³Ê ¸¶¥±É· £ ³¨²ÓÉµ´¨ ´  ¤µ²¦¥´ ¡ÒÉÓ µ£· ´¨Î¥´ ¸´¨§Ê. ƒµ²µ£· Ë¨Î¥¸±¨° ¶·¨´Í¨¶ ¨¸-
¶µ²Ó§Ê¥É¸Ö ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¶·¨·µ¤Ò  ´µ³ ²¨° ¨ ÊÉµÎ´¥´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓÕ ¨
µ¡· É¨³µ¸ÉÓÕ ¢µ ¢·¥³¥´¨.

A plausible physical interpretation of the renormalizability condition is given. It is shown
that renormalizable quantum ˇled theories describe such systems wherein the tendency to collapse
associated with vacuum �uctuations of the interaction is suppressed by vacuum �uctuations of kinetic
energy. Relaying on the classiˇcation of topological types of the particle evolution and analysis of
the problem of the fall to the centre, we obtain a general criterion for the preventability of collapse
wich states that the Hamiltonian spectrum must be bounded from below. A holographic principle is
used to explain the origin of anomalies and make precise the relation between renormalizability and
reversibility in time.

1. ‚‚…„…�ˆ…

‚µ²´ÊÕÐ¨³ ¸µ¡ÒÉ¨¥³ ¢ ¸µ¢·¥³¥´´µ° ¨¸Éµ·¨¨ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨
Ö¢¨²µ¸Ó ¶·¨¸Ê¦¤¥´¨¥ �µ¡¥²¥¢¸±µ° ¶·¥³¨¨ ¶µ Ë¨§¨±¥ §  1999 £. ƒ¥· ·¤Ê
'É •µµËÉÊ ¨ Œ ·É¨´Ê¸Ê ‚¥²É³ ´Ê ®... §  ¶·µÖ¸´¥´¨¥ ±¢ ´Éµ¢µ° ¸É·Ê±ÉÊ·Ò
Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í¯. ‘¶¥Í¨ ²¨-
¸É ³ ¨§¢¥¸É´µ, ÎÉµ µË¨Í¨ ²Ó´ Ö Ëµ·³Ê²¨·µ¢±  Šµ·µ²¥¢¸±µ°  ± ¤¥³¨¨ ´ Ê±
˜¢¥Í¨¨ ¶µ¤· §Ê³¥¢ ¥É ¢¶µ²´¥ ±µ´±·¥É´ÊÕ § ¸²Ê£Ê Å ¤µ± § É¥²Ó¸É¢o ¶¥·¥-
´µ·³¨·Ê¥³µ¸É¨ ³µ¤¥²¨ Ÿ´£ ÄŒ¨²²¸ Ä•¨££¸ . —Éµ ¦¥ ± ¸ ¥É¸Ö Ï¨·µ±µ° Ë¨-
§¨Î¥¸±µ°  Ê¤¨Éµ·¨¨, Éµ ¤²Ö ´¥¥ §´ Î¥´¨¥ ÔÉµ£µ ¤µ¸É¨¦¥´¨Ö ¥¤¢  ²¨ Í¥²¨±µ³
¶µ´ÖÉ´µ, ¶µ¸±µ²Ó±Ê Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ¤µ ¸¨Ì ¶µ· ³ ²µ
µ¸¢¥Ð ²¸Ö ¢ ²¨É¥· ÉÊ·¥. ‚µ§³µ¦´µ, ´ ¸ÉÊ¶¨² ÉµÉ ³µ³¥´É, ±µ£¤  Ê³¥¸É´µ µ¡-
¸Ê¦¤¥´¨¥ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ´  Ê·µ¢´¥, ¡²¨§±µ³ ± ®¨´ÉÊ¨É¨¢´µ³Ê¯.

‘²¥¤Ê¥É Î¥É±µ · §²¨Î ÉÓ ¶µ´ÖÉ¨Ö ¶¥·¥´µ·³¨·µ¢±¨ ¨ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨.
� Ï  Í¥²Ó Å ¶µ¤·µ¡´µe µ¡¸Ê¦¤¥´¨e ¢Éµ·µ£µ ¨§ ´¨Ì. ”¨§¨Î¥¸±¨° ¸³Ò¸² ¶¥·-
¢µ£µ ¤µ¸É ÉµÎ´µ ¶·µ§· Î¥´; µ£· ´¨Î¨³¸Ö ¶µ ÔÉµ³Ê ¶µ¢µ¤Ê ²¨ÏÓ ¸²¥¤ÊÕÐ¨³
±·aÉ±¨³ § ³¥Î ´¨e³.
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O ¶¥·¥´µ·³¨·µ¢±e ³ ¸¸Ò ¢ ¸¨¸É¥³ Ì ¸ ¡¥¸±µ´¥Î´Ò³ Î¨¸²µ³ ¸É¥¶¥´¥°
¸¢µ¡µ¤Ò §´ ²¨ ¤ ¢´µ Å ¥Ð¥ ¢ XIX ¢¥±¥. �·¥¤¸É ¢¨³ ¸¥¡¥ ¸Ë¥·¨Î¥¸±µ¥ É¥²µ
³ ¸¸µ° M0, ±µÉµ·µ¥ ¤¢¨¦¥É¸Ö ¸µ ¸±µ·µ¸ÉÓÕ v ¢ ¨¤¥ ²Ó´µ° ¦¨¤±µ¸É¨. ˆ§
£¨¤·µ¤¨´ ³¨±¨ ¨§¢¥¸É´µ, ÎÉµ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¸¨¸É¥³Ò, ¸µ¸ÉµÖÐ¥° ¨§
ÔÉµ£µ É¥²  ¨ Ê¢²¥± ¥³µ° ¨³ ¦¨¤±µ¸É¨, · ¢´a (1/2)Mv2, £¤¥ M = M0 + δM ,
¶·¨Î¥³ δM Å ¶·¨¸µ¥¤¨´¥´´ Ö ³ ¸¸ , · ¢´ Ö ¶µ²µ¢¨´¥ ³ ¸¸Ò ¦¨¤±µ¸É¨, ¢Ò-
É¥¸´Ö¥³µ° É¥²µ³, a c¨² , ¶·¨²µ¦¥´´ Ö ± É¥²Ê, ¸µ§¤ ¥É Ê¸±µ·¥´¨¥, µ¡· É´µ
¶·µ¶µ·Í¨µ´ ²Ó´µ¥ M . ’ ±¨³ µ¡· §µ³, ¤¨´ ³¨Î¥¸±¨¥ § ±µ´Ò ¢ ¦¨¤±µ¸É¨
µ¸É ÕÉ¸Ö É¥³¨ ¦¥, ÎÉµ ¨ ¢ ¢ ±ÊÊ³¥, ´µ ³ ¸¸  ³µ¦¥É ¨§³¥´¨ÉÓ¸Ö ¢¥¸Ó³  §´ -
Î¨É¥²Ó´µ. � ¶·¨³¥·, ¶µ³¥Ð Ö Ï ·¨± ¶¨´£-¶µ´£  ¢ ¸µ¸Ê¤ ¸ ·ÉÊÉÓÕ, ³Ò ¨³¥¥³
¤¥²µ ¸ µ¡Ñ¥±Éµ³, ¢ 80 · § ¡µ²¥¥ ³ ¸¸¨¢´Ò³, Î¥³ ÉµÉ, ±µÉµ·Ò³ ¶·¨¢Ò±²¨
¨£· ÉÓ ¢ µ¡ÒÎ´ÒÌ Ê¸²µ¢¨ÖÌ. …¸²¨ É¥²µ ´¥²Ó§Ö ¨§¢²¥ÎÓ ¨§ ¦¨¤±µ¸É¨, Éµ ¥£µ
¨´¥·É´Ò¥ ¸¢µ°¸É¢  Ì · ±É¥·¨§ÊÕÉ¸Ö ¶¥·¥´µ·³¨·µ¢ ´´µ° ³ ¸¸µ° M ,   ¨§³¥-
·¥´¨¥ M0 ¸É ´µ¢¨É¸Ö ´¥¢µ§³µ¦´Ò³. ˆ¸Ìµ¤Ö ¨§  ´ ²µ£¨¨ ³¥¦¤Ê £¨¤·µ¤¨´ -
³¨Î¥¸±µ° ¸·¥¤µ° ¨ ÔË¨·µ³, „¦.„¦.’µ³¸µ´ ¢¢¥² ¶µ´ÖÉ¨¥ Ô²¥±É·µ³ £´¨É´µ°
³ ¸¸Ò Ô²¥±É·µ´  δm, ±µÉµ·ÊÕ ´Ê¦´µ ¤µ¡ ¢¨ÉÓ ± ¥£µ ³¥Ì ´¨Î¥¸±µ° ³ ¸¸¥ m0,
ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ´ ¡²Õ¤ ¥³ÊÕ ³ ¸¸Ê m. (O ¤ ²Ó´¥°Ï¥³ · §¢¨É¨¨ ÔÉµ° ¨¤¥¨ ¢
É·Ê¤ Ì ’µ³¸µ´ , ‹µ·¥´Í  ¨ Š· ³¥·¸  ¸³. ¢ [1].)

‚ ·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ³Ò ¢¸É·¥Î ¥³¸Ö ¸ ¶·µÍ¥¸¸ ³¨ ·µ¦¤¥-
´¨Ö ¨  ´´¨£¨²ÖÍ¨¨ Î ¸É¨Í. �´¨ ¶µ·µ¦¤ ÕÉ ¸¶¥Í¨Ë¨Î¥¸±µ¥ ¤²Ö ±¢ ´Éµ¢µ°
É¥µ·¨¨ ¶µ²Ö Ö¢²¥´¨¥ ¶µ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³ , µÉ¢¥É¸É¢¥´´µ¥ §  ¶¥·¥´µ·³¨·µ¢±Ê
±µ´¸É ´É ¸¢Ö§¨. „¥°¸É¢¨É¥²Ó´µ, ¶µ¶ÒÉ ¥³¸Ö ²µ± ²¨§µ¢ ÉÓ Ô²¥±É·µ´ ¢ µ¡² -
¸É¨, ¨³¥ÕÐ¥° · §³¥· ³¥´ÓÏ¥ ¶µ²µ¢¨´Ò ¥£µ ±µ³¶Éµ´µ¢¸±µ° ¤²¨´Ò ¢µ²´Ò.
‘µ£² ¸´µ ¶·¨´Í¨¶Ê ´¥µ¶·¥¤¥²¥´´µ¸É¨, ÔÉµ ¶·¨¢µ¤¨É ± Ë²Ê±ÉÊ Í¨Ö³ Ô´¥·-
£¨¨, ¤µ¸É ÉµÎ´Ò³ ¤²Ö ·µ¦¤¥´¨Ö ¢¨·ÉÊ ²Ó´µ° ¶ ·Ò Ô²¥±É·µ´Ä¶µ§¨É·µ´. —¥³
³¥´ÓÏ¥ µ¡² ¸ÉÓ ²µ± ²¨§ Í¨¨, É¥³ ¸¨²Ó´¥¥ Ë²Ê±ÉÊ Í¨¨ Ô´¥·£¨¨,   §´ Î¨É, É¥³
¡µ²ÓÏ¥ ¶ · §¤¥¸Ó ³µ¦¥É ·µ¤¨ÉÓ¸Ö ¨  ´´¨£¨²¨·µ¢ ÉÓ. �²¥±É·µ´ ¶·¨ÉÖ£¨¢ ¥É
± ¸¥¡¥ ¢¨·ÉÊ ²Ó´Ò¥ ¶µ§¨É·µ´Ò ¨ µÉÉ ²±¨¢ ¥É ¢¨·ÉÊ ²Ó´Ò¥ Ô²¥±É·µ´Ò, ¶µ-
ÔÉµ³Ê ¤¨¶µ²¨ ¶·µ¸É· ´¸É¢¥´´µ · §¤¥²¥´´ÒÌ ¶ · Ô±· ´¨·ÊÕÉ ¥£µ § ·Ö¤. ‡ ·Ö¤
Ô²¥±É·µ´  e, ¨§³¥·¥´´Ò° ´  · ¸¸ÉµÖ´¨¨, ¡o²ÓÏ¥³ ¥£µ ±µ³¶Éµ´µ¢¸±µ° ¤²¨´Ò
¢µ²´Ò, ¶¥·¥´µ·³¨·µ¢ ´ §  ¸Î¥É Ô±· ´¨·µ¢±¨ ¶µ ¸· ¢´¥´¨Õ ¸ ®§ É· ¢µÎ´Ò³¯
§ ·Ö¤µ³ e0. Š·µ³¥ Éµ£µ, ³ ¸¸  m Ô²¥±É·µ´ , Ê±ÊÉ ´´µ£µ ¢ ®ÏÊ¡Ê¯ ¢¨·ÉÊ ²Ó-
´ÒÌ ¶ ·, µ± §Ò¢ ¥É¸Ö ¶¥·¥´µ·³¨·µ¢ ´´µ° ¶µ ¸· ¢´¥´¨Õ ¸ ¥£µ ®§ É· ¢µÎ´µ°¯
³ ¸¸µ° m0.

’ ±¨³ µ¡· §µ³, ¢ ±ÊÊ³ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö (Š’�) ¨£· ¥É ·µ²Ó ¸·¥¤Ò,
±µÉµ· Ö ¶¥·¥´µ·³¨·Ê¥É ³ ¸¸Ò ¨ ±µ´¸É ´ÉÒ ¸¢Ö§¨. 	¥¤ , µ¤´ ±µ, ¢ Éµ³, ÎÉµ
¤²Ö Ë¨§¨Î¥¸±¨ ¨´É¥·¥¸´ÒÌ ² £· ´¦¨ ´µ¢ É ±¨¥ ¶¥·¥´µ·³¨·µ¢±¨ µ± §Ò¢ ÕÉ¸Ö
¡¥¸±µ´¥Î´Ò³¨ ¨²¨, ¢Ò· ¦ Ö¸Ó ¡µ²¥¥ É¥Ì´¨Î¥¸±¨, ¢ÒÎ¨¸²¥´¨e ¶µ¶· ¢µ± ± ³ ¸-
¸ ³ ¨ ±µ´¸É ´É ³ ¸¢Ö§¨ ¶µ Ë¥°´³ ´µ¢¸±¨³ ¶· ¢¨² ³ ´ É ²±¨¢ ¥É¸Ö ´  Ê²Ó-
É· Ë¨µ²¥Éµ¢Ò¥ · ¸Ìµ¤¨³µ¸É¨.

‘ ³aÉ¥³ É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ´ ²¨Î¨¥ ÔÉ¨Ì · ¸Ìµ¤¨³µ¸É¥° µ¡Ö§ ´µ
Éµ³Ê Ë ±ÉÊ (¢¶¥·¢Ò¥ Ê± § ´´µ³Ê �.�.	µ£µ²Õ¡µ¢Ò³ [3]), ÎÉµ ¶·µ¨§¢¥¤¥´¨¥
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µ¡µ¡Ð¥´´ÒÌ ËÊ´±Í¨° Å ¶²µÌµ µ¶·¥¤¥²¥´´ Ö µ¶¥· Í¨Ö. ’¥µ·¨Ö ¶¥·¥´µ·-
³¨·µ¢µ±, ¶µ§¢µ²ÖÕÐ Ö ¶µ£²µÉ¨ÉÓ Ê²ÓÉ· Ë¨µ²¥Éµ¢Ò¥ · ¸Ìµ¤¨³µ¸É¨ §  ¸Î¥É
¡¥¸±µ´¥Î´µ° ¶¥·¥´µ·³¨·µ¢±¨ ³ ¸¸ ¨ ±µ´¸É ´É ¸¢Ö§¨, ¤ ¥É µ¤´µ§´ Î´Ò° ·¥-
Í¥¶É, ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ ¶·µ¨§¢¥¤¥´¨¥ ¶·µ¶ £ Éµ·µ¢ ¢ ÉµÎ± Ì ¸µ¢¶ ¤¥´¨Ö ¨Ì
 ·£Ê³¥´Éµ¢. �µ É ±µ° ·¥Í¥¶É ¶·¨³¥´¨³ ¤ ²¥±µ ´¥ ¢¸¥£¤ . ‘µ£² ¸´µ É¥µ·¨¨
¶¥·¥´µ·³¨·µ¢µ±, ¢¸¥ ²µ± ²Ó´Ò¥ ±¢ ´Éµ¢Ò¥ É¥µ·¨¨ ¶µ²Ö · §¡¨¢ ÕÉ¸Ö ´  ¤¢ 
±² ¸¸  Å ¶¥·¥´µ·³¨·Ê¥³Ò¥ ¨ ´¥¶¥·¥´µ·³¨·Ê¥³Ò¥. ‚µ§Ó³¥³, ± ¶·¨³¥·Ê, ¸¨-
¸É¥³Ê, Ì · ±É¥·¨§Ê¥³ÊÕ ¶µ²Ö³¨ ¸µ ¸¶¨´ ³¨ 0 ¨ 1/2. �Ê¸ÉÓ ² £· ´¦¨ ´ ¢§ -
¨³µ¤¥°¸É¢¨Ö LI ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¶µ²¨´µ³  ¶µ ¶µ²Ö³, ¶·¨Î¥³ ³µ´µ³
n-° ¸É¥¶¥´¨ ¸µ¤¥·¦¨É ¶·µ¨§¢¥¤¥´¨¥ bn ¸± ²Ö·´ÒÌ, fn ¤¨· ±µ¢¸±¨Ì ¶µ²¥°
¨ kn ¶·µ¨§¢µ¤´ÒÌ. �· ¢¨²µ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ¶µ ¸Î¥ÉÊ ¸É¥¶¥´¥°, ÉµÎ´¥¥
¸± § ÉÓ, ¶µ ¨´¤¥±¸Ê

ωn = bn +
3
2

fn + kn − 4 (1)

£² ¸¨É: É¥µ·¨Ö ¸Ê¶¥·¶¥·¥´µ·³¨·Ê¥³ , ¥¸²¨ ωn < 0 ¤²Ö ¢¸¥Ì n, ¶¥·¥´µ·³¨·Ê¥-
³ , ¥¸²¨ ωn ≤ 0, ¨ ´¥¶¥·¥´µ·³¨·Ê¥³ , ¥¸²¨ ωn > 0 ÌµÉÖ ¡Ò ¤²Ö µ¤´µ£µ n∗.

�  ¸¥£µ¤´Ö ¶·µÍ¥¤Ê·  ¶¥·¥´µ·³¨·µ¢µ±, ±µÉµ·ÊÕ ¢ ³ É¥³ É¨§¨·µ¢ ´´ÒÌ
É¥±¸É Ì ¨³¥´ÊÕÉ R-µ¶¥· Í¨¥° 	µ£µ²Õ¡µ¢ , · §¢¨É  ¸ ¤µ²¦´µ° ¸É·µ£µ¸ÉÓÕ ¨
¢µ ¢¸¥Ì ¤¥É ²ÖÌ (¶ÊÉÓ ¥¥ · §· ¡µÉ±¨ ¨ ¸µ¢·¥³¥´´Ò° ¸É ÉÊ¸ µ¶¨¸ ´Ò ¢ [4]).
� ¶¨¸ ´Ò ±´¨£¨, ¨§² £ ÕÐ¨¥ ÔÉÊ ¶·µÍ¥¤Ê·Ê µ¡¸ÉµÖÉ¥²Ó´µ ¨ ¸ ¡µ²ÓÏ¨³ ¶¥-
¤ £µ£¨Î¥¸±¨³ É ±Éµ³, ´ ¶·¨³¥·, [5Ä8]. �·µ¤µ²¦ ÕÉ ¸µ¢¥·Ï¥´¸É¢µ¢ ÉÓ¸Ö ¥¥
¶·¨±² ¤´Ò¥  ¸¶¥±ÉÒ Å ±µ´±·¥É´µ¥ ¢ÒÎ¨¸²¥´¨¥ ³´µ£µ¶¥É²¥¢ÒÌ ¤¨ £· ³³ ¢
¶¥·¥´µ·³¨·Ê¥³ÒÌ É¥µ·¨ÖÌ [4, 9]. “£²Ê¡²Ö¥É¸Ö ¶µ´¨³ ´¨¥ ³ É¥³ É¨Î¥¸±µ°
¶·¨·µ¤Ò R-µ¶¥· Í¨¨, ±µÉµ· Ö, ± ± ´¥¤ ¢´µ ¢ÒÖ¸´¨²µ¸Ó, ¥¸ÉÓ Î ¸É´Ò° ¸²ÊÎ °
¶·µÍ¥¤Ê·Ò ³Ê²ÓÉ¨¶²¨± É¨¢´µ£µ ¨§¢²¥Î¥´¨Ö ±µ´¥Î´ÒÌ ¢¥²¨Î¨´, µ¸´µ¢ ´´µ°
´  ·¥Ï¥´¨¨ ¶·µ¡²¥³Ò �¨³ ´ Äƒ¨²Ó¡¥·É  [10].

—Éµ ± ¸ ¥É¸Ö ¶µ´ÖÉ¨Ö ¶¥·¥´µ·³¨·Ê¥³µ¸É¨, Éµ µ´µ ¶·µÏ²µ ¤µ²£¨°, ´µ ¶µ± 
´¥ § ¢¥·Ï¥´´Ò° ¶ÊÉÓ · §¢¨É¨Ö (§ ¶¥Î É²¥´´Ò° ¢ ·Ö¤¥ ¶·¥±· ¸´ÒÌ µ¡§µ·µ¢,
´ ¶·¨³¥· [11Ä14, 59], ¨ ±´¨£ [2, 15]). OÉ¸Ò² Ö Î¨É É¥²Ö §  ¶µ¤·µ¡´µ¸ÉÖ³¨
¨ ¡¨¡²¨µ£· Ë¨¥° ± ÔÉ¨³ ¨ Í¨É¨·Ê¥³Ò³ ´¨¦¥ · ¡µÉ ³, ´ ¶µ³´¨³ ²¨ÏÓ ´¥-
±µÉµ·Ò¥ Ë ±ÉÒ, ¶·Ö³µ µÉ´µ¸ÖÐ¨¥¸Ö ± ´ Ï¥° É¥³¥. � Ï ±· É±¨° Ô±¸±Ê·¸ ¢
¨¸Éµ·¨Õ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨, · §Ê³¥¥É¸Ö, ´¨ ¢ ³ ²µ° ¸É¥¶¥´¨ ´¥ ¶·¥É¥´¤Ê¥É
´  ·µ²Ó Ô±¸¶·¥¸¸- ´ ²¨§  µ¸´µ¢´ÒÌ ¸µ¡ÒÉ¨° ¢ Š’� §  ¶µ¸²¥¤´¨¥ ¶µ²¸Éµ²¥-
É¨Ö,   Ê¶µ³¨´ ´¨Ö µÉ¤¥²Ó´ÒÌ ¨³¥´ ¨²¨ · ¡µÉ ´¥ ¸¢Ö§ ´Ò ¸ ¶·¨µ·¨É¥É´Ò³

∗�Éµ ¶· ¢¨²µ ³µ¦´µ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¨´ Î¥: É¥µ·¨Ö ¶¥·¥´µ·³¨·Ê¥³ , ¥¸²¨ ¶µ²¥¢ Ö · §-
³¥·´µ¸ÉÓ ² £· ´¦¨ ´  ¢§ ¨³µ¤¥°¸É¢¨Ö LI , ¢Ò· ¦¥´´ Ö Î¥·¥§ · §³¥·´µ¸ÉÓ ³ ¸¸Ò µ (´¨¦¥ ¢¸Õ¤Ê,
¥¸²¨ ´¥ µ£µ¢µ·¥´µ ¶·µÉ¨¢´µ¥, ¨¸¶µ²Ó§Ê¥É¸Ö ¸¨¸É¥³  ¥¤¨´¨Í, £¤¥ � = c = 1), · ¢´  µ4+ω c ω ≤ 0,
  §´ Î¨É, ±µ´¸É ´ÉÒ ¸¢Ö§¨ ²¨¡µ ¡¥§· §³¥·´Ò, ²¨¡µ ¨³¥ÕÉ · §³¥·´µ¸ÉÓ ³ ¸¸Ò ¢ ¶µ²µ¦¨É¥²Ó´ÒÌ
¸É¥¶¥´ÖÌ.
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¶·¥¤¶µÎÉ¥´¨¥³ ¨²¨ µÍ¥´±µ° §´ Î¨³µ¸É¨ ± ±¨Ì-²¨¡µ ¤µ¸É¨¦¥´¨°. � ³ ÌµÉ¥-
²µ¸Ó ¡Ò ²¨ÏÓ · §µ¡· ÉÓ¸Ö ¢ ³µÉ¨¢¨·µ¢± Ì ®¸É ·ÒÌ¯ ¨ ®´µ¢ÒÌ¯ · §· ¡µÉµ±,
É ± ¨²¨ ¨´ Î¥ § É· £¨¢ ÕÐ¨Ì ¶µ´ÖÉ¨¥ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨.

B 1949 £. ”. „ °¸µ´ [16] ¶µ± § ², ÎÉµ ¤²Ö Ê¸É· ´¥´¨Ö Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ
· ¸Ìµ¤¨³µ¸É¥° ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥ (Š�„) ¤µ¸É ÉµÎ´µ ¶¥·¥´µ·³¨-
·µ¢ ÉÓ ³ ¸¸Ê ¨ § ·Ö¤ Ô²¥±É·µ´ . �´ µ¡´ ·Ê¦¨² É ±¦¥, ÎÉµ ¶µ£²µÉ¨ÉÓ ¢¸¥
¡¥¸±µ´¥Î´µ¸É¨ §  ¸Î¥É ¶¥·¥µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ ¢ ² £· ´¦¨ ´¥ Ê¤ ¥É¸Ö
²¨ÏÓ ¢ µ¸µ¡µ£µ ·µ¤  ±¢ ´Éµ¢µ-¶µ²¥¢ÒÌ É¥µ·¨ÖÌ, ±µÉµ·Ò¥ µ´ ´ §¢ ² ¶¥·¥´µ·-
³¨·Ê¥³Ò³¨. ‘ É¥Ì ¶µ· ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ ¸É ²a ±·¨É¥·¨¥³ µÉ¡µ·  É¥µ·¨°.
‚ 70-e ££. ÔÉµÉ ±·¨É¥·¨° ¡Ò² ´¥¸±µ²Ó±µ ÊÉµÎ´¥´: É¥µ·¨Õ ¸²¥¤Ê¥É ¸Î¨É ÉÓ
´¥¶·µÉ¨¢µ·¥Î¨¢µ°, ¥¸²¨ µ´  ´¥ Éµ²Ó±µ ¶¥·¥´µ·³¨·Ê¥³ , ´µ ¨ ¸¢µ¡µ¤´  µÉ
 ´µ³ ²Ó´µ£µ ´ ·ÊÏ¥´¨Ö ²µ± ²Ó´ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¸¨³³¥É·¨° (ÌµÉÖ  ´µ³ -
²¨¨ £²µ¡ ²Ó´ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¸¨³³¥É·¨° ¤µ¶Ê¸É¨³Ò ¨ ¤ ¦¥ ¦¥² É¥²Ó´Ò).
’ ±¨³ µ¡· §µ³, ± Ê²ÓÉ· Ë¨µ²¥Éµ¢Ò³ · ¸Ìµ¤¨³µ¸ÉÖ³ ¶¥·¥¸É ²¨ µÉ´µ¸¨ÉÓ¸Ö
µ¤´µ§´ Î´µ ´¥£ É¨¢´µ: ®�  · ¸Ìµ¤¨³µ¸É¨ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ´¥ ´Ê¦´µ
¸³µÉ·¥ÉÓ ± ± ´  Ö¢´Ò° ¤¥Ë¥±É; ´ ¶·µÉ¨¢, µ´¨ ¸µµ¡Ð ÕÉ ´ ³ ±·¨É¨Î¥¸±¨
¢ ¦´Ò¥ ¸¢¥¤¥´¨Ö µ Ë¨§¨Î¥¸±µ° ¸¨ÉÊ Í¨¨, ¡¥§ ±µÉµ·ÒÌ ¡µ²ÓÏ¨´¸É¢µ ´ Ï¨Ì
É¥µ·¨° ¡Ò²¨ ¡Ò Ë¨§¨Î¥¸±¨ ´¥¶·¨¥³²¥³Ò [ . . . ] �¥²Ó§Ö µÉ¤¥² ÉÓ¸Ö µÉ ¢¶¥-
Î É²¥´¨Ö, ÎÉµ ¶·¨·µ¤  ´ ·ÊÏ ¥É ¸¨³³¥É·¨¨ ¸ ¶µ³µÐÓÕ  ´µ³ ²¨°, ¢µ§´¨± Õ-
Ð¨x ¢ ²µ± ²Ó´µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, ¡² £µ¤ ·Ö ¡¥¸±µ´¥Î´µ¸ÉÖ³, ±µÉµ·Ò¥
§ É ¨²¨¸Ó ¢ ³ É¥³ É¨Î¥¸±µ³ µ¶¨¸ ´¨¨¯ [17].

�¡· É¨³ ¢´¨³ ´¨¥ ´  ¨´¸É·Ê³¥´É ²Ó´Ò° Ì · ±É¥· ±·¨É¥·¨Ö. ‚ ´¥³ µÉ· -
¦¥´  ÉµÎ±  §·¥´¨Ö ´  ¶·¨¥³²¥³ÊÕ Š’� ± ± ´  ´ ¡µ· ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¶· ¢¨²,
¸µ¢³¥¸É¨³ÒÌ ¸ ¶¥·¥´µ·³¨·µ¢µÎ´µ° ¶·µÍ¥¤Ê·µ°. �¥¶¥·¥´µ·³¨·Ê¥³ Ö É¥µ·¨Ö
¸Î¨É ¥É¸Ö ¶²µÌµ° ´¥ ¶µÉµ³Ê, ÎÉµ ¢ ee µ¸´µ¢¥ ²¥¦aÉ ± ±¨¥-Éµ Ë¨§¨Î¥¸±¨¥ ®¶ -
Éµ²µ£¨¨¯,   ¶·µ¸Éµ ¶µÉµ³Ê, ÎÉµ ³Ò ´¥ §´ ¥³, ± ± ¸ ´¥° µ¡· Ð ÉÓ¸Ö. ‚¸¥
¶·¥¢· É´µ¸É¨ ¸Ê¤Ó¡Ò ±·¨É¥·¨Ö ¸¢Ö§ ´Ò ¨³¥´´µ ¸ ÔÉµ° ¥£µ µ¸µ¡¥´´µ¸ÉÓÕ. � 
· §´ÒÌ ÔÉ ¶ Ì · §²¨Î´  µÍ¥´±  §´ Î¥´¨Ö ¶¥·¥´µ·³¨·Ê¥³µ¸É¨: µÉ ·¥Ï¨É¥²Ó-
´µ£µ ´¥¶·¨ÖÉ¨Ö ¢¸¥Ì ²µ± ²Ó´ÒÌ É¥µ·¨°, ± ± ¶¥·¥´µ·³¨·Ê¥³ÒÌ, É ± ¨ ´¥¶¥-
·¥´µ·³¨·Ê¥³ÒÌ, ¤µ ¶µ²´µ° É¥·¶¨³µ¸É¨ ¶µ µÉ´µÏ¥´¨Õ ± ²Õ¡Ò³ É¥µ·¨Ö³,
¢±²ÕÎ Ö ´¥¶¥·¥´µ·³¨·Ê¥³Ò¥ (¶·¨ ÔÉµ³, µ¤´ ±µ, ±· °´¥ ·¥¤±¨ ¶µ¶ÒÉ±¨ ¢Ò-
Ö¸´¨ÉÓ, Î¥³ ¶¥·¥´µ·³¨·Ê¥³ Ö É¥µ·¨Ö µÉ²¨Î ¥É¸Ö µÉ ´¥¶¥·¥´µ·³¨·Ê¥³µ° ¶µ
¸¢µ¥° Ë¨§¨Î¥¸±µ° ¸ÊÉ¨).

K·¨§¨¸ 50Ä60-x ££. ¢ Š’� · §· §¨²¸Ö ¢ ¸¢Ö§¨ ¸ µÉ±·ÒÉ¨¥³ Ö¢²¥´¨Ö ®´Ê²Ó-
§ ·Ö¤ ¯ ‹.„.‹ ´¤ Ê ¨ ˆ.Ÿ.�µ³¥· ´ÎÊ±µ³ [18] ¨ ´¥§ ¢¨¸¨³µ ….‘.”· ¤±¨´Ò³
[19]. Š ± µ± § ²µ¸Ó, ¶µ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³  ¢ Š�„ ¨ ¤·Ê£¨Ì ³µ¤¥²ÖÌ ¸Éµ²Ó
¸¨²Ó´a, ÎÉµ ´ ¡²Õ¤ ¥³Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¶µ¤¢¥·£aÕÉ¸Ö ¶µ²´µ° Ô±· ´¨·µ¢±¥,
´¥§ ¢¨¸¨³µ µÉ ¢¥²¨Î¨´ § É· ¢µÎ´ÒÌ ±µ´¸É ´É ¸¢Ö§¨. „·Ê£¨³ ´¥¶·¨ÖÉ´Ò³ ¸Õ·-
¶·¨§µ³ Ö¢¨²µ¸Ó µÉ±·ÒÉ¨¥ ®¤ÊÌµ¢µ£µ¯ ¸µ¸ÉµÖ´¨Ö ËµÉµ´  [20]. ‹ ´¤ Ê · ¸-
Í¥´¨² ´Ê²¨Ë¨± Í¨Õ § ·Ö¤  ± ± ¸¢¨¤¥É¥²Ó¸É¢µ ²µ£¨Î¥¸±µ° ¶·µÉ¨¢µ·¥Î¨¢µ¸É¨
Š�„,   ¢³¥¸É¥ ¸ ´¥° ¨ ¢¸¥° ±µ´Í¥¶Í¨¨ ²µ± ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö [21]. �·¨´-
Í¨¶ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ¡Ò² ´ ¤µ²£µ ¶µ£·¥¡¥´ ¶µ¤ ·Ê¨´ ³¨ ² £· ´¦¥¢¸±µ£µ
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Ëµ·³ ²¨§³ . ®�µ¤ ¢²¨Ö´¨¥³ ‹ ´¤ Ê ¨ �µ³¥· ´ÎÊ±  É¥µ·¨Ö ¶µ²Ö µ± § ² ¸Ó
¶µ¤ § ¶·¥Éµ³ ¤²Ö Í¥²µ£µ ¶µ±µ²¥´¨Ö Ë¨§¨±µ¢ ¯ [13].

‚ 70-e ££. ¶·µ¨¸Ìµ¤¨É ®± ²¨¡·µ¢µÎ´ Ö ·¥¢µ²ÕÍ¨Ö¯ ¨ ´ ¸ÉÊ¶ ¥É ®§µ²µ-
Éµ° ¢¥±¯ ¶¥·¥´µ·³¨·Ê¥³ÒÌ É¥µ·¨°. �·µ·Ò¢ ¡Ò² ¸¢Ö§ ´ ¸ ¤µ± § É¥²Ó¸É¢µ³
¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ³µ¤¥²¨ Ÿ´£ ÄŒ¨²²¸ Ä•¨££¸  [22] ¨ µÉ±·ÒÉ¨¥³ Ö¢²¥´¨Ö
 ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò [23]. 	Ò²  ¸µ§¤ ´  ¶¥·¥´µ·³¨·Ê¥³ Ö ± ²¨¡·µ¢µÎ-
´ Ö SU(3)×SU(2)×U(1)-É¥µ·¨Ö ¸¨²Ó´ÒÌ ¨ Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°,
±µÉµ·ÊÕ ¸É ²¨ ¨³¥´µ¢ ÉÓ ¸É ´¤ ·É´µ° ³µ¤¥²ÓÕ. ˆ¤¥Ö µ ¸²¨Ö´¨¨ ¡¥£ÊÐ¨Ì
±µ´¸É ´É ¸¢Ö§¨ ¢ · °µ´¥ 1016 ƒÔ‚ ¨´¨Í¨¨·µ¢ ²  ¶µ¶ÒÉ±¨ ¶µ¸É·µ¥´¨Ö É¥µ-
·¨¨ ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö É·¥Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ · ³± Ì
± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ ¸ ¶·µ¸Éµ° £·Ê¶¶µ° ¢´ÊÉ·¥´´¥° ¸¨³³¥É·¨¨, ´ ¶·¨³¥·,
SU(5) ¨²¨ O(10). ‚¸¥ ÔÉ¨ Ë ±ÉÒ ´Ò´¥ Ï¨·µ±µ ¨§¢¥¸É´Ò ¨ µÉ· ¦¥´Ò ¢
ÊÎ¥¡´¨± Ì.

� ²¨Î¨¥  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò, ± § ²µ¸Ó, ·¥ ¡¨²¨É¨·µ¢ ²µ Î¥ÉÒ·¥Ì-
³¥·´ÊÕ (4D) ±¢ ´Éµ¢ÊÕ É¥µ·¨Õ ¶µ²Ö. ®‚  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¸¢µ¡µ¤´ÒÌ É¥µ·¨ÖÌ
³µ¦´o ¤µ¢¥·ÖÉÓ É¥µ·¨¨ ¶¥·¥´µ·³¨·µ¢µ± . . . É ± ± ± ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ
·¥¦¨³ ¸É ´µ¢¨É¸Ö ¢¸¥ ²ÊÎÏ¥ ¨ ²ÊÎÏ¥¯ [13]. �¦¨¤ ²µ¸Ó, ÎÉµ S-³ É·¨Í  ¸¢µ-
¡µ¤´  µÉ ®¤ÊÌ ¯ ‹ ´¤ Ê,   §´ Î¨É, ¢¸Ö ¸Ì¥³  ´¥¶·µÉ¨¢µ·¥Î¨¢ . �µ, ± ± ¢¸±µ·¥
¸É ²µ Ö¸´µ, ®¤ÊÌ¯ ¶·µ¸Éµ ¶¥·¥±µÎ¥¢ ² ¨§ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ° µ¡² ¸É¨ ¢ ¨´-
Ë· ±· ¸´ÊÕ. „²Ö ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ ÔÉµ µ§´ Î ²µ ¢¸¥£µ ²¨ÏÓ, ÎÉµ
±µ´Ë °´³¥´É Å ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ÔËË¥±É. ’¥³ ´¥ ³¥´¥¥ ¸ ´ ¤¥¦¤µ° ´  Éµ,
ÎÉµ  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¸¢µ¡µ¤´Ò¥ É¥µ·¨¨ µ± ¦ÊÉ¸Ö ´¥¶·µÉ¨¢µ·¥Î¨¢Ò³¨ Ê¦¥ ¢
· ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¶·¨Ï²µ¸Ó · ¸¸É ÉÓ¸Ö.

	²¨§µ¸ÉÓ Ô´¥·£¥É¨Î¥¸±µ£µ ³ ¸ÏÉ ¡  É¥µ·¨¨ ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö
∼ 1016 ƒÔ‚ ¨ ³ ¸¸Ò �² ´±  MPl ≡ k−1/2 ≈ 1019 ƒÔ‚ ¶µ¸²Ê¦¨²  ¸É¨³Ê-
²µ³ ± µ¡Ñ¥¤¨´¥´¨Õ ¢¸¥Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¸¨², ¢±²ÕÎ Ö £· ¢¨É Í¨Õ. �¤´ ±µ
¶¥·¥´µ·³¨·µ¢oÎ´ Ö ¨¤¥µ²µ£¨Ö ¤µ¢µ²Ó´µ ¸±µ·µ § Ï²  ¢ ÉÊ¶¨± ¨§-§  ´¥¶¥·¥-
´µ·³¨·Ê¥³µ¸É¨ £· ¢¨É Í¨¨.

Š ±µ´ÍÊ 70-Ì ££. ¸É·¥³¨É¥²Ó´o · §¢¨¢ ¥É¸Ö ¸Ê¶¥·£· ¢¨É Í¨Ö [24]. ‡ ³¥Î -
É¥²Ó´ Ö µ¸µ¡¥´´µ¸ÉÓ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨° Ÿ´£ ÄŒ¨²²¸  Å ¸µ±· Ð¥-
´¨¥ · ¸Ìµ¤¨³µ¸É¥° ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ (´¥±µÉµ·Ò¥ É¥µ·¨¨ µ± § -
²¨¸Ó ±µ´¥Î´Ò³¨ ¤ ¦¥ ¢µ ¢¸¥Ì ¶µ·Ö¤± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°) Å ¶·¨¢µ¤¨É ±
± ·¤¨´ ²Ó´µ³Ê ¨§³¥´¥´¨Õ ¢§£²Ö¤  ´  Éµ, ± ±µ£µ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ ¶µ¢¥¤¥-
´¨Ö ´Ê¦´µ É·¥¡µ¢ ÉÓ µÉ ´¥¶·µÉ¨¢µ·¥Î¨¢µ° É¥µ·¨¨ ¶µ²Ö. “¸²µ¢¨¥ ¶¥·¥´µ·³¨-
·Ê¥³µ¸É¨ § ³¥´ÖÕÉ Ê¸²µ¢¨¥³ ±µ´¥Î´µ¸É¨ [25]. �µ¤Î¥·±´¥³, ÎÉµ ·¥ÎÓ ¨¤¥É ´¥
µ¡ µ¡·¥§ ´¨¨ ´  ¶² ´±µ¢¸±µ° ¤²¨´¥ lPl ≈ 10−33 ¸³,   µ ¸µ±· Ð¥´¨¨ · ¸Ìµ¤¨-
³µ¸É¥°, ±µÉµ·µ¥ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ®¶· ¢¨²Ó´Ò³¯ ´ ¡µ·µ³ ¶µ²¥°. 	µ²ÓÏ¨¥ ´ -
¤¥¦¤Ò ¢µ§² £ ÕÉ ´  µ¤¨´´ ¤Í É¨³¥·´ÊÕ N = 1-¸Ê¶¥·£· ¢¨É Í¨Õ, ¨¡µ 11 ¥¸ÉÓ
¨ ³¨´¨³ ²Ó´µ¥ Î¨¸²µ ¨§³¥·¥´¨°, ´¥µ¡Ìµ¤¨³µ¥, ÎÉµ¡Ò SU(3)×SU(2)×U(1)
³µ£²  ¸²Ê¦¨ÉÓ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ°, ¨ ³ ±¸¨³ ²Ó´µ¥ Î¨¸²µ ¨§³¥·¥´¨°,
¸µ¢³¥¸É¨³µ¥ ¸ É·¥¡µ¢ ´¨¥³ ¸Ê¶¥·¸¨³³¥É·¨¨ ¤²Ö ¶µ²¥° ¸µ ¸¶¨´µ³ J ≤ 2.
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� °¤¥´ ¤¨´ ³¨Î¥¸±¨° ³¥Ì ´¨§³ ±µ³¶ ±É¨Ë¨± Í¨¨ 7 ¨§³¥·¥´¨° ¨§ 11 ¢ ¤ÊÌ¥
¨¤¥µ²µ£¨¨ Š ²ÊÍÒÄŠ²¥°´ .

ˆ ¢¸¥ ¦¥ ¶·µ¥±É ¶µÉ¥·¶¥² ´¥Ê¤ ÎÊ: 4D-¸Ê¶¥·£· ¢¨É Í¨Ö µ± § ² ¸Ó ±µ´¥Î-
´µ° ´  ³ ¸¸µ¢µ° µ¡µ²µÎ±¥ Éµ²Ó±µ ¢ ¤¢ÊÌ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨
‚ 11D-¸Ê¶¥·£· ¢¨É Í¨¨ ´¥ ¸µ±· Ð ÕÉ¸Ö ¤ ¦¥ µ¤´µ¶¥É²¥¢Ò¥ · ¸Ìµ¤¨³µ¸É¨.
Š·µ³¥ Éµ£µ, ²Õ¡ Ö ´¥Î¥É´µ³¥·´ Ö É¥µ·¨Ö ´¥ ³µ¦¥É ¡ÒÉÓ ±¨· ²Ó´µ°,   É¥Ì´µ-
²µ£¨Ö ±µ³¶ ±É¨Ë¨± Í¨¨ Š ²ÊÍÒÄŠ²¥°´  ´¥ ¶µ§¢µ²Ö¥É ¢Ò¢¥¸É¨ ¨§
11D-¸Ê¶¥·£· ¢¨É Í¨¨ ±¨· ²Ó´ÊÕ 4D-É¥µ·¨Õ, ±µÉµ· Ö µ¶¨¸Ò¢ ¥É ´ ¡²Õ¤ ¥-
³Ò° ³¨· ¸ ¶·¨¸ÊÐ¥° ¥³Ê  ¸¨³³¥É·¨¥° ³¥¦¤Ê ¶· ¢Ò³ ¨ ²¥¢Ò³.

‚§µ· É¥µ·¥É¨±µ¢ ¶¥·¥±²ÕÎ¨²¸Ö ´  ¸Ê¶¥·¸É·Ê´Ò [26Ä29]. K¢ ´Éµ¢ Ö É¥µ-
·¨Ö ¸É·Ê´ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¸¢µ¡µ¤´  µÉ Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°, o¤-
´ ±µ ¸É· ¤ ¥É µÉ  ´µ³ ²¨°. 	Ò²µ ´ °¤¥´µ 5 ¸Ê¶¥·¸É·Ê´ ¡¥§  ´µ³ ²¨°: µÉ±·Ò-
É Ö ¸É·Ê´  ¸ N = 1-¸Ê¶¥·¸¨³³¥É·¨¥° ¨ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° SO(32) Å
¸É·Ê´a É¨¶  I, ¤¢¥ § ³±´ÊÉÒ¥ ¸É·Ê´Ò ¸ N = 2-¸Ê¶¥·¸¨³³¥É·¨¥° (±¨· ²Ó´ Ö ¨
´¥±¨· ²Ó´ Ö) Å ¸É·Ê´Ò É¨¶  IIA ¨ IIB, ¨ ¤¢¥ § ³±´ÊÉÒ¥ ¸É·Ê´Ò ¸ · §´µ° ±µ´-
¸É·Ê±Í¨¥° ¶· ¢µ£µ ¨ ²¥¢µ£µ ¸¥±Éµ·µ¢, µ¡² ¤ ÕÐ¨¥ ± ²¨¡·µ¢µÎ´µ° E8×E8- ¨
SO(32)-¸¨³³¥É·¨¥°, Å £¥É¥·µÉ¨Î¥¸±¨¥ ¸É·Ê´Ò. �¥¶·µÉ¨¢µ·¥Î¨¢µ¥ ±¢ ´Éµ¢ -
´¨¥ ¸Ê¶¥·¸É·Ê´ ¢µ§³µ¦´µ ²¨ÏÓ ¢ 10 ¨§³¥·¥´¨ÖÌ. �¸µ¡Ò° ¨´É¥·¥¸ ¢Ò§Ò¢ ² 
£¥É¥·µÉ¨Î¥¸± Ö E8 × E8-¸É·Ê´ , ¢ ¸¢Ö§¨ ¸ ´ ¤¥¦¤µ° ¢¸É·µ¨ÉÓ ¢ ´ee ¸É ´¤ ·É-
´ÊÕ ³µ¤¥²Ó; ´Ê¦´µ ¡Ò²µ ²¨ÏÓ ±µ³¶ ±É¨Ë¨Í¨·µ¢ ÉÓ ¶·µ¸É· ´¸É¢µ-¢·¥³Ö ¤µ
4 ¨§³¥·¥´¨° ¨ ¸´¨§¨ÉÓ Î¥·¥¸ÎÊ· ¢Ò¸µ±ÊÕ ¸Ê¶¥·¸¨³³¥É·¨Õ. �¥·¸¶¥±É¨¢Ò ·¥-
Ï¥´¨Ö ÔÉ¨Ì § ¤ Î µÉ±·Ò¢ ²¨¸Ó ¢ ³´µ£µµ¡· §¨ÖÌ Š ² ¡¨ÄŸµ ¨ µ·¡¨Ëµ²¤ Ì. ‚
¨Éµ£¥ ¢µ§´¨±²  ´¥¶·µÉ¨¢µ·¥Î¨¢ Ö É¥µ·¨Ö, ±µÉµ· Ö ¢ ¶·¥¤¥²¥ ´¨§±¨Ì Ô´¥·£¨°
¸µ¤¥·¦¨É ±¢ §¨±² ¸¸¨Î¥¸±ÊÕ ¸Ê¶¥·£· ¢¨É Í¨Õ ¨ É¥µ·¨Õ ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥-
´¨Ö ¸ ±¨· ²Ó´Ò³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ ¤²Ö ±¢ ·±µ¢ ¨ ²¥¶Éµ´µ¢. O´  ¡Ò²  ´ §¢ ´ 
®É¥µ·¨¥° ¢¸¥£µ ¸ÊÐ¥£µ¯.

�µÎ¥³Ê ¦¥ ¸É·Ê´Ò ¨§¡ ¢²¥´Ò µÉ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ ´¥¤Ê£ ? ‘Ê¶¥·¸¨³-
³¥É·¨Î´µ¥ ¸µ±· Ð¥´¨¥ · ¸Ìµ¤¨³µ¸É¥° §¤¥¸Ó ®¶µÎÉ¨ ´¨ ¶·¨ Î¥³¯ (±µ´¥Î´Ò
¨ ¡µ§µ´´Ò¥ ¸É·Ê´Ò, ´µ ¢ ¨Ì ¸¶¥±É·¥ ¨³¥¥É¸Ö É Ì¨µ´, Ê¤ ²Ö¥³Ò° ¸ ¶µ³µÐÓÕ
¸Ê¶¥·¸¨³³¥É·¨¨). Šµ´¥Î´µ¸ÉÓ É¥µ·¨¨ ¸É·Ê´ Î ¸Éµ ¸¢Ö§Ò¢ ÕÉ ¸ ´¥²µ± ²Ó´µ-
¸ÉÓÕ. CÉ·Ê´  Å ¶·µÉÖ¦¥´´Ò° µ¡Ñ¥±É, ¨ ÔÉ¨³ Ö±µ¡Ò ¤µ²¦´µ µ¡¥¸¶¥Î¨¢ ÉÓ¸Ö
µ¡·¥§ ´¨¥ Ô´¥·£¨° ¢ · °µ´¥ MPl. �µ, ± ± ¨§¢¥¸É´µ, ¢§ ¨³µ¤¥°¸É¢¨¥ ¸É·Ê´
Ê¸É·µ¥´µ ²µ± ²Ó´µ, ´ ¶·¨³¥·, ¤¢¥ µÉ±·ÒÉÒ¥ ¸É·Ê´Ò ¸²¨¢ ÕÉ¸Ö ¢ µ¤´Ê, Éµ²Ó±µ
±µ£¤  ¸µ¶·¨± ¸ ÕÉ¸Ö ¨Ì ±µ´ÍÒ. Œ¥¦¤Ê É¥³ µ¡·¥§ ´¨¥ ¶·¨ ¶µ³µÐ¨ ´¥²µ-
± ²Ó´µ£µ Ëµ·³Ë ±Éµ·  µ§´ Î ¥É · §³ §Ò¢ ´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ ±µ´¥Î´µ°
µ¡² ¸É¨ [30]. …¸²¨ ¢§ ¨³µ¤¥°¸É¢¨¥ ´¥ · §³ § ´µ, Éµ, ± ± ¶µ± § ´µ ¢ [31],
· ¸Ìµ¤¨³µ¸É¨ ´¨±Ê¤  ´¥ ¨¸Î¥§ ÕÉ∗. �·¨Î¨´  Ìµ·µÏ¥£µ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ
¶µ¢¥¤¥´¨Ö ¸É·Ê´ ¸µ¸Éµ¨É, ¶µ-¢¨¤¨³µ³Ê, ¢ Éµ³, ÎÉµ ·¥ÎÓ ¨¤¥É µ ²µ± ²Ó´µ°
±µ´Ëµ·³´µ° Š’� ´  ¤¢Ê³¥·´µ³ ³´µ£µµ¡· §¨¨, ±µÉµ·µ¥ µ¡· §Ê¥É ³¨·µ¢µ°

∗K µ¡¸Ê¦¤¥´¨Õ ÔÉµ£µ ¶µÊÎ¨É¥²Ó´µ£µ ·¥§Ê²ÓÉ É  ³Ò ¥Ð¥ ¢¥·´¥³¸Ö.
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²¨¸É, § ³¥É ¥³Ò° ¸É·Ê´µ° ¢ Ìµ¤¥ ¥¥ Ô¢µ²ÕÍ¨¨. B ´¥±µÉµ·ÒÌ ¸²ÊÎ ÖÌ É ± Ö
¤¢Ê³¥·´ Ö ±µ´Ëµ·³´ Ö É¥µ·¨Ö Å ÔÉµ Ë ±É¨Î¥¸±¨ ¢¸¥, Î¥³ ³Ò · ¸¶µ² £ ¥³.
� ¶·¨³¥·, ¢ £¥É¥·µÉ¨Î¥¸±µ° ±µ´¸É·Ê±Í¨¨ Xµ Ö¢²Ö¥É¸Ö ¡µ§µ´´Ò³ ¶µ²¥³, ±µ-
Éµ·µ¥ ´¥¢µ§³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± ±µµ·¤¨´ ÉÊ ¸É·Ê´Ò ¢ µ¡Ñ¥³²ÕÐ¥³
¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨. � Éµ³, ÎÉµ ¶·µÉÖ¦¥´´µ¸ÉÓ µ¡Ñ¥±É  ´¥ £ · ´É¨·Ê¥É Ê²Ó-
É· Ë¨µ²¥Éµ¢µ£µ µ¡·¥§ ´¨Ö, ³µ¦´µ ¶µ´ÖÉÓ ¨ ¨§ ¸· ¢´¥´¨Ö ¸É·Ê´Ò ¸ ³¥³¡· -
´µ°. „¥°¸É¢¨É¥²Ó´µ, ¶µ¶ÒÉ±  ¶µ¸É·µ¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ²µ± ²Ó´µ° Š’�
´  É·¥Ì³¥·´µ³ ³¨·µ¢µ³ µ¡Ñ¥³¥ ³¥³¡· ´Ò ¢´µ¢Ó ¢µ§¢· Ð ¥É ´ ¸ ± ¶·µ¡²¥³¥
Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°.

ˆÉ ±, É¥µ·¨Ö ¸É·Ê´ ¸¢µ¡µ¤´  µÉ Ê²ÓÉ· Ë¨µ²¥Éµ¢Òx · ¸Ìµ¤¨³µ¸É¥°. �µ ´ 
¸³¥´Ê ¨³ ¶·¨Ï²¨ ¨´Ò¥ ±µ´Í¥¶ÉÊ ²Ó´Ò¥ É·Ê¤´µ¸É¨. � ¨¡µ²¥¥ ¸¥·Ó¥§´ Ö ¨§
´¨Ì Å ¶·µ¡²¥³  ¥¤¨´¸É¢¥´´µ¸É¨. �µ ¸ ³µ³Ê ¸¢µ¥³Ê § ³Ò¸²Ê ®É¥µ·¨Ö ¢¸¥£µ
¸ÊÐ¥£µ¯ ¤µ²¦´  ¡ÒÉÓ ¥¤¨´¸É¢¥´´µ°. �´  ¤µ²¦´  ¢Ò¤¥²ÖÉÓ¸Ö ¸·¥¤¨ ¢µ§³µ¦-
´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¸Ì¥³ ´¥ ¶·µ¸Éµ ´ ¨²ÊÎÏ¨³ µÉ· ¦¥´¨¥³ Ë¥´µ³¥´µ²µ£¨¨,
´µ ¨ É¥³, ÎÉµ ²¨ÏÓ µ´  µ¤´  ²¨Ï¥´  ³ É¥³ É¨Î¥¸±¨Ì ¶·µÉ¨¢µ·¥Î¨°. ‚³¥¸Éµ
ÔÉµ£µ ³Ò ¨³¥¥³ 5 ´¥¶·µÉ¨¢µ·¥Î¨¢ÒÌ É¥µ·¨°. Kµ³¶ ±É¨Ë¨± Í¨Ö 6 ²¨Ï´¨Ì ¨§-
³¥·¥´¨° ¤¥² ¥É ¸¨ÉÊ Í¨Õ ¥Ð¥ ÌÊ¦¥: ¨§¢¥¸É´µ £¨£ ´É¸±µ¥ ±µ²¨Î¥¸É¢µ ±µ´Ë¨-
£Ê· Í¨° Š ² ¡¨ÄŸµ, ±µÉµ·Ò¥ µ¶¨¸Ò¢ ÕÉ ¢ ±ÊÊ³´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ µ¤¨´ ±µ¢µ°
Ô´¥·£¨¥°, ¨ ´¥ Ö¸´µ, ± ± ¸Ê§¨ÉÓ ±·Ê£ ¶·¨¥³²¥³ÒÌ É¥µ·¨°.

ˆ´µ° ¶ÊÉÓ ·¥Ï¥´¨Ö ÔÉµ° ¶·µ¡²¥³Ò Å ¶µ± § ÉÓ, ÎÉµ ¢¸¥ ÔÉ¨ É¥µ·¨¨ ¸Ê-
Ð¥¸É¢ÊÕÉ ± ± ¶·µÖ¢²¥´¨Ö µ¤´µ° ¨ Éµ° ¦¥ Ë¨§¨±¨ (´µ ¢ · §´ÒÌ ±µ´É¥±¸É Ì,
´ ¶·¨³¥·, ¢ ·¥¦¨³ Ì ¸¨²Ó´µ° ¨ ¸² ¡µ° ¸¢Ö§¨), É.¥. ²Õ¡Ò¥ ¤¢¥ ¨§ ´¨Ì ¸¢Ö§ ´Ò
¶·¥µ¡· §µ¢ ´¨¥³ ¤Ê ²Ó´µ¸É¨ [32]. �¥¸±µ²Ó±µ ²¥É ´ § ¤ ¸É ²µ Ö¸´µ, ÎÉµ ÔÉµ
¤¥°¸É¢¨É¥²Ó´µ É ±: ¢¸¥ ¸Ê¶¥·¸É·Ê´Ò ¨ ¸µ²¨Éµ´µ¶µ¤µ¡´Ò¥ µ¡Ñ¥±ÉÒ 11D-¸Ê-
¶¥·£· ¢¨É Í¨¨ (¡· ´Ò, Î¥·´Ò¥ ¤Ò·Ò ¨ É.¶.) ÉÊ£µ µ¶ÊÉ ´Ò ¶ ÊÉ¨´µ° ¤Ê ²Ó´µ-
¸É¥° ¢ ¥¤¨´ÊÕ ¸Ì¥³Ê, ±µÉµ· Ö ¶µ²ÊÎ¨²  ´ §¢ ´¨¥ M -É¥µ·¨¨ [33]. (‘É·µ£µ¥
¤µ± § É¥²Ó¸É¢µ ¤Ê ²Ó´µ¸É¥° ¡Ò²µ ¡Ò ¢µ§³µ¦´µ, ¥¸²¨ ¡Ò ³Ò §´ ²¨ ¢¸¥ ´¥¶¥·-
ÉÊ·¡ É¨¢´Ò¥ ·¥Ï¥´¨Ö · ¸¸³ É·¨¢ ¥³ÒÌ É¥µ·¨°. Š ¸µ¦ ²¥´¨Õ, ´ °É¨ ·¥Ï¥´¨Ö
¢ ·¥¦¨³¥ ¸¨²Ó´µ° ¸¢Ö§¨ ¶µ±  ´¥ Ê¤ ¥É¸Ö, ¶µÔÉµ³Ê ³´µ£¨¥ ¤Ê ²Ó´µ¸É¨ µ¸É ÕÉ¸Ö
¶· ¢¤µ¶µ¤µ¡´Ò³¨ ¶·¥¤¶µ²µ¦¥´¨Ö³¨.) �¤´o ¨§ ¸¢µ°¸É¢ M -É¥µ·¨¨ ¸µ¸Éµ¨É ¢
Éµ³, ÎÉµ µ´  µ¶¨¸Ò¢ ¥É 11-³¥·´Ò° ³¨·, ¶·¨Î¥³ ±¨· ²Ó´ Ö E8 × E8-¸É·Ê´a
¢µ§´¨± ¥É ¶·¨ ±µ³¶ ±É¨Ë¨± Í¨¨ µ¤´µ£µ ¨§³¥·¥´¨Ö ´  ¸¥£³¥´É¥. „·Ê£µ¥ ¸¢µ°-
¸É¢µ Å ´ ²¨Î¨¥ ¶·µÉÖ¦¥´´ÒÌ µ¡Ñ¥±Éµ¢ c · §´Ò³ Î¨¸²µ³ ¨§³¥·¥´¨°, ¸¶µ-
¸µ¡´ÒÌ ± ¢§ ¨³´Ò³ ¶·¥¢· Ð¥´¨Ö³. �µ±  ´¥ Ö¸´µ, ± ±¨¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò
ËÊ´¤ ³¥´É ²Ó´Ò ¢ M -É¥µ·¨¨, ¢µ ¢¸Ö±µ³ ¸²ÊÎ ¥, ÔÉµ ´¥ ¸É·Ê´Ò ¨ ´¥ ¡· ´Ò
(¶µ¤·µ¡´¥¥ µ¡ M -É¥µ·¨¨ ¸³. ¢ [34]).

ˆÉ ±, ¶¥·¥¤ ´ ³¨ µÉ±·Ò¢ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶µ¸É·µ¥´¨Ö ±µ´¥Î´µ°, ¸¢µ-
¡µ¤´µ° µÉ  ´µ³ ²¨°, ¥¤¨´¸É¢¥´´µ° É¥µ·¨¨∗, µ¶¨¸Ò¢ ÕÐ¥° ¶¥·¢µµ¸´µ¢Ò ³¨· .

∗‚¶·µÎ¥³, ´¥ ¸Éµ¨É § ¡Ò¢ ÉÓ µ ¤·Ê£¨Ì ¶µ¤Ìµ¤ Ì, ´ ¶·¨³¥·, ¶¥É²¥¢µ° ±¢ ´Éµ¢µ° £· ¢¨É -
Í¨¨ [35].
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�Ê¦´  ²¨ ´ ³ ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ ± ± ËÊ´¤ ³¥´É ²Ó´Ò° ¶·¨´Í¨¶? Mµ¦¥É,
¶µ·  ¸ ´¥° ¶·µ¸É¨ÉÓ¸Ö? �  ÔÉµ ¨³¥¥É¸Ö, ¶µ ±· °´¥° ³¥·¥, ¤¢  ¢µ§· ¦¥-
´¨Ö. ‚µ-¶¥·¢ÒÌ, M -É¥µ·¨Ö Ö¢²Ö¥É¸Ö ¶·µ¥±Éµ³ ¡µ²¥¥ £· ´¤¨µ§´Ò³, Î¥³ ¢¸¥
¶·¥¤Ò¤ÊÐ¨¥. …¤¢  ²¨ ³µ¦´µ · c¸Î¨ÉÒ¢ ÉÓ ´  Ê¸¶¥Ì ¢ ¥£µ ·¥Ï¥´¨¨, ¥¸²¨ ´¥
¨§¢²¥Î¥´ Ê·µ± ¨§ ´¥Ê¤ Î ¤µ¸É·Ê´´ÒÌ ¶µ¶ÒÉµ± µ¶¨¸ ´¨Ö ¸¨¸É¥³ ¸ ¡¥¸±µ´¥Î-
´Ò³ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò (¡Ò²¨ ²¨ ÔÉ¨ ¶µ¶ÒÉ±¨ ¤¥°¸É¢¨É¥²Ó´µ µ¡·¥Î¥´Ò
´  ´¥Ê¤ ÎÊ?). ‚µ-¢Éµ·ÒÌ, ± ± § ³¥É¨² �. „¦Ô±¨¢ [17]: ®•µÉ¥² ¡Ò Ö §´ ÉÓ, £¤¥
¢ Í¥²¨±µ³ ±µ´¥Î´µ° ¨ ´¥²µ± ²Ó´µ° ¤¨´ ³¨±¥ µÉÒÐ¥É¸Ö ÉµÉ ³¥Ì ´¨§³ ´ ·Ê-
Ï¥´¨Ö ¸¨³³¥É·¨¨, ±µÉµ·Ò° ´ ³ ´Ê¦¥´, ÎÉµ¡Ò µ¡ÑÖ¸´¨ÉÓ ³¨· ¢µ±·Ê£ ´ ¸¯. ‚
¸ ³µ³ ¤¥²¥, ± ± ³µ¦´µ ¡Ò²µ ¡Ò ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ µ¡ÑÖ¸´¨ÉÓ ´ ·ÊÏ¥´¨¥
¸¨³³¥É·¨° ¨´ Î¥, Î¥³ ¸Î¨É ÉÓ ¨Ì ®·Ê¡Í ³¨¯ µÉ § ¦¨¢²¥´´ÒÌ Ê²ÓÉ· Ë¨µ²¥Éµ-
¢ÒÌ ®· ´¯? ‚ ¶·µ¡²¥³¥ ´ ·ÊÏ¥´´ÒÌ ¸¨³³¥É·¨° ±µ´¥Î´µ¸ÉÓ ¶¥·¥¸É ¥É ¡ÒÉÓ
¡² £µ³.

ˆ³¥¥É¸Ö ¨ ¡µ²¥¥ ®§¥³´ Ö¯, É¥Ì´¨Î¥¸± Ö ¶·µ¡²¥³ . �¶Ê¸± Ö¸Ó ¨§ ¶² ´-
±µ¢¸±¨Ì ¢Ò¸¥° ¢ µ¡² ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸Ö£ ¥³ÒÌ Ô´¥·£¨°, ³Ò ´¥ ³µ-
¦¥³ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ±µ´¥Î´µ¸ÉÓÕ ¸É·Ê´´µ° É¥µ·¨¨ ¤²Ö · ¸Î¥É  ¶·µÍ¥¸¸µ¢,
¶·µ¨¸Ìµ¤ÖÐ¨Ì ¸ µ¡ÒÎ´Ò³¨ Î ¸É¨Í ³¨, ´ ¶·¨³¥· ¸ ±¢ ·± ³¨, ¶µ¸±µ²Ó±Ê ´¥
§´ ¥³ ¨¸É¨´´µ£µ ³¥Ì ´¨§³  ·¥¤Ê±Í¨¨ µÉ 10 ± 4 ¨§³¥·¥´¨Ö³. „²Ö ¸· ¢´¥´¨Ö
´ ¶µ³´¨³, ÎÉµ ±² ¸¸¨Î¥¸± Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ³¥Ì ´¨±  ¶µ§¢µ²Ö¥É · ¸¸Î¨É ÉÓ
¤¢¨¦¥´¨¥ Î ¸É¨Í ± ± ¸µ ¸±µ·µ¸ÉÖ³¨, ¡²¨§±¨³¨ ± ¸±µ·µ¸É¨ ¸¢¥É , É ± ¨ c ³ -
²Ò³¨ ¸±µ·µ¸ÉÖ³¨, ¶·¨Î¥³ ¨´µ£¤  (´ ¶·¨³¥·, ¶·¨ ¤¢¨¦¥´¨¨ ¢ ¶µ²¥ ¶²µ¸±µ°
Ô²¥±É·µ³ £´¨É´µ° ¢µ²´Ò) É ±µ° · ¸Î¥É µ± §Ò¢ ¥É¸Ö ¤ ¦¥ ¡µ²¥¥ ¶·µ¸ÉÒ³, Î¥³
¢ ´ÓÕÉµ´µ¢¸±µ° ³¥Ì ´¨±¥.

�¡· É¨³¸Ö ± ¶µ¸²¥¤´¨³ ¸É· ´¨Í ³ ¨¸Éµ·¨¨ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ¨ ¶µ¶Ò-
É ¥³¸Ö ´ °É¨ ¢ ´¨Ì µÉ¢¥É ´  ®´ ¨¢´Ò°¯ ¢µ¶·µ¸: ¶µÎ¥³Ê É·¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨Ö Å ¸¨²Ó´µ¥, Ô²¥±É·µ³ £´¨É´µ¥ ¨ ¸² ¡µ¥ Å ¶¥·¥´µ·³¨·Ê¥³Ò?
	Ò²µ ¡Ò ´¥²¥¶µ ¤Ê³ ÉÓ, ¡Ê¤Éµ ¶·¨·µ¤  ¨£· ¥É ¸ ´ ³¨ ¢ ®¶µ¤¤ ¢±¨¯, Ê¸É· ¨¢ Ö
¸¢µ¨ § ±µ´Ò É ±, ÎÉµ¡Ò ³Ò ³µ£²¨ ¢ ´¨Ì · §µ¡· ÉÓ¸Ö ¸ ¶µ³µÐÓÕ ¶¥·ÉÊ·¡ É¨¢-
´ÒÌ ¢ÒÎ¨¸²¥´¨°.

‚ 70-¥ ££. · §¢¨¢ ÕÉ¸Ö ¶µ¤Ìµ¤Ò, µ·¨¥´É¨·µ¢ ´´Ò¥ ´  ´¨¢¥²¨·µ¢±Ê · §²¨-
Î¨° ³¥¦¤Ê ¶¥·¥´µ·³¨·Ê¥³Ò³¨ ¨ ´¥¶¥·¥´µ·³¨·Ê¥³Ò³¨ É¥µ·¨Ö³¨. Š. ‚¨²Ó¸µ´
¢µ§·µ¦¤ ¥É ¨´É¥·¥¸ ± ·¥´µ·³ ²¨§ Í¨µ´´µ° £·Ê¶¶¥ ± ± ¸·¥¤¸É¢Ê, ¶µ§¢µ²ÖÕ-
Ð¥³Ê  ´ ²¨§¨·µ¢ ÉÓ ¸¨ÉÊ Í¨Õ ¢ Š’� ¢´¥ · ³µ± É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (µ¡ ¨¸Éµ-
·¨¨ ¨ ¸µ¢·¥³¥´´µ³ ¸µ¸ÉµÖ´¨¨ ·¥´µ·³£·Ê¶¶µ¢ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸³., ´ ¶·¨³¥·,
[36]). �µ  ´ ²µ£¨¨ ¸ ±·¨É¨Î¥¸±µ° ÉµÎ±µ° ¢ Ë §µ¢µ³ ¶¥·¥Ìµ¤¥ ¢Éµ·µ£µ ·µ¤ ,
£¤¥ Ë²Ê±ÉÊ Í¨¨ ¢¸¥Ì ³ ¸ÏÉ ¡µ¢ µ± §Ò¢ ÕÉ¸Ö ¸· ¢´¨³Ò³¨, ³µ¦´µ µ¶·¥¤¥²¨ÉÓ
¶µ´ÖÉ¨¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ° Ë¨±¸¨·µ¢ ´´µ° ÉµÎ±¨, ¶·¨¡²¨¦ Ö¸Ó ± ±µÉµ·µ°
±¢ ´Éµ¢ ´´Ò¥ ¶µ²Ö ¸É ´µ¢ÖÉ¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨ ±µ´Ëµ·³´µ-¨´¢ ·¨ ´É´Ò³¨
(¶µ¤·µ¡´¥¥ µ¡ ÔÉµ³ ¸³. ¢ [37]). �Éµ ¶µ´ÖÉ¨¥ ¸²Ê¦¨É µÉ¶· ¢´Ò³ ¶Ê´±Éµ³
¢ ¶·µ£· ³³¥ ® ¸¨³¶ÉµÉ¨Î¥¸±µ° ¡¥§µ¶ ¸´µ¸É¨¯ C. ‚ °´¡¥·£ , ¸µ£² ¸´µ ±µÉµ-
·µ° ¶ · ³¥É·Ò ¸¢Ö§¨ ¤µ¸É¨£ ÕÉ Ë¨±¸¨·µ¢ ´´µ° ÉµÎ±¨, ±µ£¤  Ô´¥·£¥É¨Î¥¸±¨°
³ ¸ÏÉ ¡ ¨Ì ´µ·³¨·µ¢±¨ ¸É·¥³¨É¸Ö ± ¡¥¸±µ´¥Î´µ¸É¨ [38]. „²Ö £ Ê¸¸µ¢¸±¨Ì
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Ë¨±¸¨·µ¢ ´´ÒÌ ÉµÎ¥±  ¸¨³¶ÉµÉ¨Î¥¸± Ö ¡¥§µ¶ ¸´µ¸ÉÓ Ô±¢¨¢ ²¥´É´  ¶¥·¥´µ·-
³¨·Ê¥³µ¸É¨ ¢ µ¡ÒÎ´µ³ ¸³Ò¸²¥ (¶·¨Î¥³ § ¢¥¤µ³µ µÉ¸ÊÉ¸É¢Ê¥É ¶·µ¡²¥³  ®´Ê²Ó-
§ ·Ö¤ ¯), ¢ µ¡Ð¥³ ¦¥ ¸²ÊÎ ¥ µ´  ¶·¨§¢ ´  µ¡µ¡Ð¨ÉÓ Ê¸²µ¢¨¥ ¶¥·¥´µ·³¨·Ê¥-
³µ¸É¨. Š ¸µ¦ ²¥´¨Õ, ¤µ± § ÉÓ ´ ²¨Î¨¥ ¨²¨ µÉ¸ÊÉ¸É¢¨¥ Ë¨±¸¨·µ¢ ´´ÒÌ ÉµÎ¥±
¤²Ö 4D-± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨° É ± ¨ ´¥ Ê¤ ²µ¸Ó.

K ¸¥·¥¤¨´¥ 70-Ì ££. ¢ ±µ´¸É·Ê±É¨¢´µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¶·µ¨¸Ìµ¤¨É
·Ö¤ µÉ±·ÒÉ¨°, ¶·µ²¨¢ ÕÐ¨Ì ¸¢¥É ´  ¸É·Ê±ÉÊ·Ê ´¥¶¥·¥´µ·³¨·Ê¥³ÒÌ É¥µ·¨°
¨ Ê¸²µ¢¨Ö, ¶·¨ ±µÉµ·ÒÌ É ±¨¥ É¥µ·¨¨ µ¡·¥É ÕÉ ³ É¥³ É¨Î¥¸±¨° ¸³Ò¸². ‚
Î ¸É´µ¸É¨, ´ °¤¥´µ, ÎÉµ ´¥±µÉµ·Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ·¥Ï¥´¨Ö É ±¨Ì É¥µ·¨°
³µ£ÊÉ Ì · ±É¥·¨§µ¢ ÉÓ¸Ö ±µ´¥Î´Ò³ Î¨¸²µ³ ¶·µ¨§¢µ²Ó´ÒÌ ¶ · ³¥É·µ¢, ¢ µÉ²¨-
Î¨¥ µÉ ¸¨ÉÊ Í¨¨ ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (¤µ¸É¨¦¥´¨Ö³ ¢ ÔÉµ° µ¡² ¸É¨ ¶µ¸¢ÖÐ¥´
µ¡§µ· [39]). ˆ¤¥Ö µ¸² ¡¨ÉÓ É·¥¡µ¢ ´¨¥ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨, p ¸Ï¨·ÖÖ ±² ¸¸
Ë¨§¨Î¥¸±¨ ´¥¶·µÉ¨¢µ·¥Î¨¢ÒÌ É¥µ·¨°, ¸¥£µ¤´Ö ÊÉ· É¨²  ¸¢µÕ µ¸É·µÉÊ, É¥³ ´¥
³¥´¥¥ µ´  ´¥ ¶·¥¤ ´  ¶µ²´µ³Ê § ¡¢¥´¨Õ [40].

„·Ê£ Ö ²¨´¨Ö · §¢¨É¨Ö ·¥´µ·³£·Ê¶¶µ¢ÒÌ ¨¤¥° ¶·¨¢¥²  ± ¤µ± § É¥²Ó¸É¢Ê
É¥µ·¥³Ò µ¡ µÉ¤¥²¥´¨¨, cµ£² ¸´µ ±µÉµ·µ° ¢ ¶¥·¥´µ·³¨·Ê¥³µ° É¥µ·¨¨ ¸ ¶µ²¥³,
¨³¥ÕÐ¨³ ³ ¸¸Ê M ³´µ£µ ¡
µ²ÓÏ¥ ³ ¸¸ ¤·Ê£¨Ì ¶µ²¥°, ³µ¦´µ ´ °É¨ É ±µ¥ ¶¥-
·¥´µ·³¨·µ¢µÎ´µ¥ ¶·¥¤¶¨¸ ´¨¥, ÎÉµ ¢ ± ·É¨´¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì Ö¢²¥´¨°
ÉÖ¦¥²Ò¥ ¶µ²Ö µÉ¤¥²ÖÕÉ¸Ö ¨ ¤ ÕÉ µ ¸¥¡¥ §´ ÉÓ ²¨ÏÓ ¢ ¢¨¤¥ ¶µ¶· ¢µ± ± ² £· ´-
¦¨ ´Ê, ¶µ¤ ¢²¥´´ÒÌ ¸É¥¶¥´Ö³¨ E/M , £¤¥ E Å Ì · ±É¥·´ Ö ¢ ¤ ´´µ° µ¡² ¸É¨
Ô´¥·£¨Ö (¶µ¤·µ¡´¥¥ ¸³. ¢ £². 8 ±´¨£¨ [8]). ‚ ¦´µ¥ ¸²¥¤¸É¢¨¥ É¥µ·¥³Ò ¸µ¸Éµ¨É
¢ Éµ³, ÎÉµ ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö Ë¨§¨±  µ¶¨¸Ò¢ ¥É¸Ö ÔËË¥±É¨¢´µ° É¥µ·¨¥°,
¸µ¤¥·¦ Ð¥° Éµ²Ó±µ É¥ Î ¸É¨ÍÒ, ±µÉµ·Ò¥ ¤¥°¸É¢¨É¥²Ó´µ ¢ ¦´Ò ¢ · ¸¸³ É·¨-
¢ ¥³µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨°. Œ ¸¸  M ¨£· ¥É, É ±¨³ µ¡· §µ³, ·µ²Ó Ê²ÓÉ· Ë¨µ-
²¥Éµ¢µ£µ µ¡·¥§ ´¨Ö ¢ ÔËË¥±É¨¢´µ° É¥µ·¨¨; ¥¸²¨ E → M , Éµ ÔËË¥±É¨¢´ Ö
É¥µ·¨Ö ¶¥·¥¸É ¥É ¡ÒÉÓ ¶·¨³¥´¨³µ° ¨ ¤µ²¦´  ¡ÒÉÓ § ³¥´¥´  ´  ´µ¢ÊÕ ÔË-
Ë¥±É¨¢´ÊÕ É¥µ·¨Õ ¸ ¡
µ²ÓÏ¨³ µ¡·¥§ ´¨¥³. �·¨ E � M ÉÖ¦¥²Ò¥ Î ¸É¨ÍÒ
³µ£ÊÉ ¶·µÖ¢¨ÉÓ ¸¥¡Ö ²¨ÏÓ Î¥·¥§ ¶·µÍ¥¸¸Ò (´ ¶·¨³¥·, ¸² ¡Ò¥ · ¸¶ ¤Ò), ±µÉµ-
·Ò¥ § ¶·¥Ð¥´Ò ¸¨³³¥É·¨Ö³¨ (´ ¶·¨³¥·, ¸µÌ· ´¥´¨¥³ Î¥É´µ¸É¨) ¢ µÉ¸ÊÉ¸É¢¨¥
ÉÖ¦¥²ÒÌ Î ¸É¨Í (´ ¶·¨³¥·, W -¡µ§µ´µ¢), µ¸ÊÐ¥¸É¢²ÖÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¸
´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°. �É¨ ³ ²Ò¥ ÔËË¥±ÉÒ ¸µµÉ¢¥É¸É¢ÊÕÉ ´¥¶¥·¥´µ·³¨-
·Ê¥³Ò³ Î²¥´ ³ ² £· ´¦¨ ´ , ¶µ¸±µ²Ó±Ê µ´¨ Ê³´µ¦ ÕÉ¸Ö ´  µ¡· É´Ò¥ ¸É¥-
¶¥´¨ M ,   §´ Î¨É, ¨³¥ÕÉ µ¶¥· Éµ·´ÊÕ · §³¥·´µ¸ÉÓ ¶µ²µ¦¨É¥²Ó´µ° ¸É¥¶¥´¨
³ ¸¸Ò. ®’ ±¨³ µ¡· §µ³, ¶·¨ µ¡ÒÎ´ÒÌ Ô´¥·£¨ÖÌ ³Ò ³µ¦¥³ ´ ¡²Õ¤ ÉÓ ²¨ÏÓ
É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·Ò¥ ¶¥·¥´µ·³¨·Ê¥³Ò ¢ µ¡ÒÎ´µ³ ¸³Ò¸²¥, ¶²Õ¸ ²Õ¡Ò¥
´¥¶¥·¥´µ·³¨·Ê¥³Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶·µ¨§¢µ¤ÖÐ¨¥ ÔËË¥±ÉÒ, ÌµÉÖ ¨ Éµ´±¨¥,
´µ ¢ Î¥³-Éµ ¸Éµ²Ó Ô±§µÉ¨Î´Ò¥, ÎÉµ ¨Ì ´¥²Ó§Ö ´¥ § ³¥É¨ÉÓ¯ [41]. H ¶·¨³¥·,
´¥¶¥·¥´µ·³¨·Ê¥³µ¥ Î¥ÉÒ·¥ÌË¥·³¨µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ (G/

√
2)J · J ¶µ¤ ¢-

²¥´µ ¶·¨ E � MW ³ ²µ¸ÉÓÕ Ë¥·³¨¥¢¸±µ° ±µ´¸É ´ÉÒ G (¶·µ¶µ·Í¨µ´ ²Ó´µ°
M−2

W ) ¨ ¢¸¥ ¦¥ ´ ¡²Õ¤ ¥³µ, ¡² £µ¤ ·Ö ±¨· ²Ó´µ¸É¨ ¸² ¡ÒÌ ¶·µÍ¥¸¸µ¢.
—¥³ ¦¥ µ¡ÑÖ¸´Ö¥É¸Ö ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¢ ±µ´É¥±¸É¥

ÔËË¥±É¨¢´ÒÌ É¥µ·¨°? �É¢¥É ¤µ¢µ²Ó´µ µÎ¥¢¨¤¥´: ¸É ´¤ ·É´ Ö ³µ¤¥²Ó ¥¸ÉÓ ÔË-
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Ë¥±É¨¢´ Ö ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö É¥µ·¨Ö, ±µÉµ· Ö ¢Ò¢µ¤¨É¸Ö ¨§ É¥µ·¨¨ ¡µ²¥¥
¢Ò¸µ±µ£µ Ê·µ¢´Ö, ´ ¶·¨³¥· É¥µ·¨¨ ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö, ¥¸²¨ ¶·µ¨´É¥£·¨-
·µ¢ ÉÓ ¢ ±µ´É¨´Ê ²Ó´µ³ ¨´É¥£· ²¥ ¢¸¥ ÉÖ¦¥²Ò¥ ¶µ²Ö, ´ ¶·¨³¥· X-¡µ§µ´Ò.
� É ± ± ± ¶µ¤· §Ê³¥¢ ¥É¸Ö ³¨·, ¤µ¸ÉÊ¶´Ò° ´ ¡²Õ¤¥´¨Õ, Éµ ² £· ´¦¨ ´ ´¥
¤µ²¦¥´ ¡ÒÉÓ ¶µ¤ ¢²¥´ ¸É¥¶¥´Ö³¨ 1/MX , µÉ±Ê¤  ¶µ · §³¥·´Ò³ ¸µµ¡· ¦¥´¨Ö³
¸²¥¤Ê¥É e£µ ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ.

E¸²¨ ¸²¥¤µ¢ ÉÓ ÔÉµ° ²µ£¨±¥, Éµ ² £· ´¦¨ ´ £· ¢¨É Í¨¨ (ÔËË¥±É¨¢´µ°
É¥µ·¨¨, ¢Ò¢µ¤¨³µ° ¨§ É¥µ·¨¨ ¸Ê¶¥·¸É·Ê´ ¢ ¶·¥¤¥²¥ ´¨§±¨Ì Ô´¥·£¨°) ¤µ²¦¥´
¡ÒÉÓ ¶µ¤ ¢²¥´ ¸É¥¶¥´Ö³¨ 1/MPl =

√
k, ¨¡µ £· ¢¨É Í¨Ö ´¥¶¥·¥´µ·³¨·Ê¥³ .

�µ, ± ± ¨§¢¥¸É´µ, ÔÉµ ´¥ É ±: £¨²Ó¡¥·Éµ¢¸±¨° ² £· ´¦¨ ´
√−gR/16πk ´¥

¶µ¤¥²¥´,   Ê³´µ¦¥´ ´  M2
Pl. XµÉÖ £· ¢¨É Í¨Ö ¢µ§´¨± ¥É ± ± ´¨§±µÔ´¥·£¥É¨-

Î¥¸±¨° ¶·¥¤¥² É¥µ·¨¨ ¸É·Ê´, ¢ µÉ²¨Î¨¥ µÉ µ¸É ²Ó´ÒÌ É·¥Ì ¢§ ¨³µ¤¥°¸É¢¨°,
·¥ÎÓ ´¥ ¨¤eÉ µ¡ ÔËË¥±É¨¢´µ° É¥µ·¨¨.

ˆÉ ±, ¢ · ³± Ì ¨¤¥µ²µ£¨¨ ÔËË¥±É¨¢´ÒÌ É¥µ·¨° ³Ò ´ Ìµ¤¨³ ²¨ÏÓ Î ¸ÉÓ
(´¥ µÎ¥´Ó Ê¡¥¤¨É¥²Ó´µ£µ) µÉ¢¥É  ´  ¶µ¸É ¢²¥´´Ò° ¢ÒÏ¥ ¢µ¶·µ¸. Š·µ³¥ Éµ£µ,
É ± ¨ µ¸É ²a¸Ó ´¥¢¥¤µ³µ° ¤¨´ ³¨Î¥¸± Ö ¶·¨Î¨´ , ¢ ¸¨²Ê ±µÉµ·µ° ´¥¶¥·¥-
´µ·³¨·Ê¥³Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö µÉ¢¥·£ ÕÉ¸Ö ¨²¨ ÌµÉÖ ¡Ò ¶µ¤ ¢²ÖÕÉ¸Ö ³ ²Ò³¨
±µÔËË¨Í¨¥´É ³¨. �¥¶µ´ÖÉ´µ ¤ ¦¥, ¢ ± ±µ³ ¸³Ò¸²¥ ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ Ö¢²Ö-
¥É¸Ö  ´É¨¶µ¤µ³ ´¥¶¥·¥´µ·³¨·Ê¥³µ¸É¨.

�¨¦¥ ³Ò µ¡¸Ê¤¨³ ¨³¥´´µ ÔÉ¨ ¸Éµ·µ´Ò ¶·µ¡²¥³Ò ¶¥·¥´µ·³¨·Ê¥³µ¸É¨.
‚´¨³ ´¨¥ ¡Ê¤¥É ¸µ¸·¥¤µÉµÎ¥´µ ´  ±¢ ´Éµ¢µ° Ë¨§¨±¥ ³ ²ÒÌ ¶µ ³ ±·µ¸±µ-
¶¨Î¥¸±¨³ ³¥·± ³ · ¸¸ÉµÖ´¨°, ´µ §´ Î¨É¥²Ó´µ ¡
µ²ÓÏ¨Ì ¶² ´±µ¢¸±µ° ¤²¨´Ò
lPl. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ £· ¢¨É Í¨Ö ± ± ±¢ ´Éµ¢µ¥ Ö¢²¥´¨¥ ¢ ÔÉµ° µ¡² -
¸É¨ ´¥ ¨£· ¥É µ¸µ¡µ° ·µ²¨, a ¥¥ ÔËË¥±ÉÒ ¸¢µ¤ÖÉ¸Ö ± Î¨¸Éµ ±² ¸¸¨Î¥¸±µ³Ê
¨¸±·¨¢²¥´¨Õ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. ‚ · §¤. 4 ³Ò ¢ÒÖ¸´¨³, ÎÉµ Ê¸²µ¢¨¥ ¶¥·¥-
´µ·³¨·Ê¥³µ¸É¨ Ô±¢¨¢ ²¥´É´µ Ê¸²µ¢¨Õ ¶·¥¤µÉ¢· É¨³µ¸É¨ ±µ²² ¶¸a. K ÔÉµ³Ê
¢Ò¢µ¤Ê ³Ò ¡Ê¤¥³ ¤¢¨£ ÉÓ¸Ö Ï £ §  Ï £µ³. B · §¤. 2 ·¥ÎÓ ¶µ°¤¥É µ Éµ¶µ-
²µ£¨Î¥¸±¨Ì É¨¶ Ì Ô¢µ²ÕÍ¨¨ ±² ¸¸¨Î¥¸±¨Ì ÉµÎ¥Î´ÒÌ Î ¸É¨Í, ÎÉµ ¶µ§¢µ²Ö¥É
¢§£²Ö´ÊÉÓ ´  ±µ²² ¶¸ ¸ Éµ¶µ²µ£¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö. (— ¸Éµ ¸Î¨É ÕÉ, ÎÉµ
±² ¸¸¨Î¥¸± Ö É¥µ·¨Ö ¢µµ¡Ð¥ ´¥ ¨³¥¥É µÉ´µÏ¥´¨Ö ± ¢µ¶·µ¸Ê µ ¶¥·¥´µ·³¨·Ê¥-
³µ¸É¨, ¨¡µ ¢ ´¥° µÉ¸ÊÉ¸É¢ÊÕÉ ¶·µÍ¥¸¸Ò ·µ¦¤¥´¨Ö ¨  ´´¨£¨²ÖÍ¨¨ Î ¸É¨Í,  
§´ Î¨É, ±µ´¸É ´ÉÒ ¸¢Ö§¨ ´¥ ¶µ¤²¥¦ É ¶¥·¥´µ·³¨·µ¢±¥. ‘²µ¦¨²µ¸Ó Ê¡¥¦¤¥´¨¥,
ÎÉµ ±² ¸¸¨Î¥¸± Ö ¸µ¡¸É¢¥´´ Ö Ô´¥·£¨Ö δm · ¸Ìµ¤¨É¸Ö ¨´ Î¥, Î¥³ ±¢ ´Éµ¢ Ö
¸µ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Σ. �Éµ, ± § ²µ¸Ó ¡Ò, ¨¸±²ÕÎ ¥É ¢¸Ö±ÊÕ ¸¢Ö§Ó ³¥¦¤Ê
Ê²ÓÉ· Ë¨µ²¥Éµ¢Ò³¨ ´¥¤Ê£ ³¨ ¢ ±² ¸¸¨Î¥¸±µ° ¨ ±¢ ´Éµ¢µ° É¥µ·¨ÖÌ. �¤´ ±µ
¶·¨ ¢¸¥³ · §²¨Î¨¨ ¡µ²¥§´¥° ±·¨É¥·¨° ¦¨§´¥¸¶µ¸µ¡´µ¸É¨ µ¡¥¨Ì É¥µ·¨° µ¤¨-
´ ±µ¢ Å ¶·¥¤µÉ¢· É¨³µ¸ÉÓ ±µ²² ¶¸a. 	µ²¥¥ Éµ£µ, ¢ · §¤. 6 ¡Ê¤¥É ¶µ± § ´µ,
ÎÉµ ¸É¥¶¥´¨ · ¸Ìµ¤¨³µ¸É¥° ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¥²¨Î¨´ ¢ ¤Ê ²Ó´ÒÌ ±² ¸¸¨-
Î¥¸±µ° ¨ ±¢ ´Éµ¢µ° ± ·É¨´ Ì ´  ¸ ³µ³ ¤¥²¥ ¸µ¢¶ ¤ ÕÉ. ’ ±¨³ µ¡· §µ³,
 ´ ²¨§ Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ ¸¢µ°¸É¢ ±² ¸¸¨Î¥¸±µ° ± ·É¨´Ò ¤ ¥É ³´µ£µ¥ ¤²Ö ¶µ-
´¨³ ´¨Ö Éµ£µ, ÎÉµ ¶·µ¨¸Ìµ¤¨É ¢ ³¥´¥¥ ´ £²Ö¤´µ° ±¢ ´Éµ¢µ° ± ·É¨´¥.) �·µ-
¸É¥°Ï Ö · §´µ¢¨¤´µ¸ÉÓ ±µ²² ¶¸  Å ¶ ¤¥´¨¥ Î ¸É¨ÍÒ ´  Í¥´É·, µ¡¸Ê¦¤ ¥³ Ö
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¢ · §¤. 3, ¶µ§¢µ²Ö¥É ¸Ëµ·³Ê²¨·µ¢ ÉÓ ±·¨É¥·¨° ¶·¥¤µÉ¢· É¨³µ¸É¨ ±µ²² ¶¸  ¢
µ¡Ð¥³ ¢¨¤¥: ±µ²² ¶¸ ¶·¥¤µÉ¢· Ð ¥É¸Ö, ¥¸²¨ ¸¶¥±É· £ ³¨²ÓÉµ´¨ ´  µ£· ´¨Î¥´
¸´¨§Ê. ‚ · §¤. 5 ·¥ÎÓ ¶µ°¤¥É µ ¸Ìµ¤¸É¢¥ ¨ · §²¨Î¨¨ ¶µ´ÖÉ¨° ¶¥·¥´µ·³¨·Ê¥-
³µ¸É¨, ±¨´¥É¨Î¥¸±µ£µ ¶·¥µ¡² ¤ ´¨Ö ¨ ¶·¥¤µÉ¢· É¨³µ¸É¨ ±µ²² ¶¸ . ‚ · §¤. 6
³Ò ¨¸¶µ²Ó§Ê¥³ £µ²µ£· Ë¨Î¥¸±¨° ¶·¨´Í¨¶ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¶·¨·µ¤Ò  ´µ³ ²¨°
¨ ÊÉµÎ´¥´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓÕ ¨ µ¡· É¨³µ¸ÉÓÕ ¢µ ¢·¥³¥´¨.
‚ · §¤. 7 ¡Ê¤ÊÉ ¶µ¤¢¥¤¥´Ò ¨Éµ£¨ ¢¸¥£µ µ¡¸Ê¦¤¥´¨Ö.

2. ’���‹�ƒˆ—…‘Šˆ… ’ˆ�› �‚�‹�–ˆˆ

ˆ³¥ÕÉ¸Ö ¤¢¥ ÉµÎ±¨ §·¥´¨Ö ´  Éµ, ± ±µ° µ¡Ñ¥±É ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ¶µ²Ö
¸²¥¤Ê¥É ¸Î¨É ÉÓ ËÊ´¤ ³¥´É ²Ó´Ò³. ‘µ£² ¸´µ µ¤´µ° ¨§ ´¨Ì, ¶µ²Ö ËÊ´¤ ³¥´-
É ²Ó´Ò,   Î ¸É¨ÍÒ ¢µ§´¨± ÕÉ ± ± ²µ± ²Ó´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö ¶µ²¥°. „·Ê£ Ö ¨¸-
Ìµ¤¨É ¨§ ËÊ´¤ ³¥´É ²Ó´µ¸É¨ Î ¸É¨Í, ¶µ²Ö³ ¦¥ µÉ¢µ¤¨É¸Ö ·µ²Ó ±µ¤¨·µ¢ ´´ÒÌ
¶· ¢¨² ¶µ¢¥¤¥´¨Ö Î ¸É¨Í. ‚ ±² ¸¸¨Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±¥ µ¡¥ ÉµÎ±¨ §·¥-
´¨Ö Ô±¢¨¢ ²¥´É´Ò (¸³. [42]). Š¢ ´Éµ¢ ´¨¥ ¶·¨¢µ¤¨É ± µ¡Ñ¥¤¨´¥´¨Õ ¢§£²Ö¤µ¢,
¶µ¸±µ²Ó±Ê ³Ò ¨³¥¥³ ¤¥²µ ¸ ¸¨´É¥§¨·µ¢ ´´Ò³ µ¡Ñ¥±Éµ³ Å ±¢ ´Éµ¢Ò³ ¶µ²¥³.

� Ï¥ µ¡¸Ê¦¤¥´¨¥ Ê¤µ¡´µ ´ Î ÉÓ ¢ · ³± Ì ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨, µ¡· Ð -
Ö¸Ó ± ¶µ´ÖÉ¨Ö³ ¨´ÉÊ¨É¨¢´o Ö¸´Ò³ ¨ µ¤´µ¢·¥³¥´´µ µÎ¥´Ó £²Ê¡µ±¨³ Å ¶µ-
´ÖÉ¨Ö³ Éµ¶µ²µ£¨¨. �·¨³¥³ ÉµÎ±Ê §·¥´¨Ö, ¨¸Ìµ¤ÖÐÊÕ ¨§ ËÊ´¤ ³¥´É ²Ó´µ¸É¨
Î ¸É¨Í, ¨ · ¸¸³µÉ·¨³ ± ·É¨´Ê ¨Ì Ô¢µ²ÕÍ¨¨. …¤¨´¸É¢¥´´Ò³ Éµ¶µ²µ£¨Î¥¸±¨³
¶ÊÉ¥¢µ¤¨É¥²¥³ ¢ É ±µ° ± ·É¨´¥ Ö¢²Ö¥É¸Ö ±·¨É¥·¨° ±µ³¶ ±É´µ¸É¨. �´ ¤¥²¨É
¤¢¨¦¥´¨Ö ´  Ë¨´¨É´Ò¥ ¨ ¨´Ë¨´¨É´Ò¥, ¨´ Î¥ £µ¢µ·Ö, ¢¸¥ ¸¨¸É¥³Ò ¶µ¤· §¤¥²Ö-
ÕÉ¸Ö ´  ¸¢Ö§ ´´Ò¥ ¨ ´¥¸¢Ö§ ´´Ò¥. ’ ±¨³ µ¡· §µ³, · ¸¶ ¤Ò ¨ ·¥±µ³¡¨´ Í¨¨
Ö¢²ÖÕÉ¸Ö Éµ¶µ²µ£¨Î¥¸±¨ §´ Î¨³Ò³¨ ¸µ¡ÒÉ¨Ö³¨,   Ê¶·Ê£¨¥ p ¸¸¥Ö´¨Ö É ±µ-
¢Ò³¨ ´¥ Ö¢²ÖÕÉ¸Ö.

�  ·¨¸. 1 ¸Ì¥³ É¨Î¥¸±¨ ¨§µ¡· ¦¥´Ò Ô²¥³¥´É ·´Ò¥ Éµ¶µ²µ£¨Î¥¸±¨¥ É¨¶Ò
Ô¢µ²ÕÍ¨¨. „²Ö ¶·µ¸ÉµÉÒ ¶µ± § ´Ò ³¨·µ¢Ò¥ ²¨´¨¨ Éµ²Ó±µ ¤¢ÊÌ Î ¸É¨Í, ÌµÉÖ
¶µ¤· §Ê³¥¢ ¥É¸Ö ¸¨¸É¥³  ¸ ²Õ¡Ò³ Î¨¸²µ³ Î ¸É¨Í. ˆ¸Éµ·¨Ö ´¥¸¢Ö§ ´´µ° ¸¨-
¸É¥³Ò, ¸µ¢¥·Ï ÕÐ¥° ¨´Ë¨´¨É´µ¥ ¤¢¨¦¥´¨¥, ¶·¥¤¸É ¢²¥´  ¤¨ £· ³³µ° 1.

ˆ¸Éµ·¨Õ ¸É ¡¨²Ó´µ° ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò ¸¨³¢µ²¨§¨·Ê¥É ¤¨ £· ³³  2; ¥¥
¤¢¨¦¥´¨¥ ¶·µ¨¸Ìµ¤¨É ¢ ±µ³¶ ±É´µ° µ¡² ¸É¨ ¶·µ¸É· ´¸É¢ . �·¨ ´¥±µÉµ·ÒÌ

�¨¸. 1. �²¥³¥´É ·´Ò¥ Éµ¶µ²µ£¨Î¥¸±¨¥ É¨¶Ò Ô¢µ²ÕÍ¨¨
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¢¨¤ Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¢Ö§ ´´Ò¥ ¸¨¸É¥³Ò ¸ÊÐ¥¸É¢ÊÕÉ ¢ É¥Î¥´¨¥ ¶µ²Ê¡¥¸±µ-
´¥Î´µ£µ ¶¥·¨µ¤ , ´µ ¢¸¥ ¦¥ · ¸¶ ¤ ÕÉ¸Ö ¢ ´¥±µÉµ·Ò° ³µ³¥´É, ± ± ¶µ± § ´µ
´  ¤¨ £· ³³¥ 3. ‡¤¥¸Ó ³Ò ´ ¡²Õ¤ ¥³ Éµ¶µ²µ£¨Î¥¸±ÊÕ ¸³¥´Ê ·¥¦¨³  ¤¢¨¦¥-
´¨Ö Å µÉ Ë¨´¨É´µ£µ ± ¨´Ë¨´¨É´µ³Ê. ŒÒ¸²¨³  ¨ ¶·µÉ¨¢µ¶µ²µ¦´ Ö ¨¸Éµ·¨Ö,
¶µ± § ´´ Ö ´  ¤¨ £· ³³e 4,   ¨³¥´´µ: ¢ µ¶·¥¤¥²¥´´Ò° ³µ³¥´É µ¡· §Ê¥É¸Ö
¸¢Ö§ ´´ Ö ¸¨¸É¥³ , ¸ ±µÉµ·µ° ¢ ¤ ²Ó´¥°Ï¥³ ´¨Î¥£µ ´¥ ¶·µ¨¸Ìµ¤¨É. ‡¤¥¸Ó
·¥¦¨³Ò ¸³¥´ÖÕÉ¸Ö ¢ µ¡· É´µ³ ¶µ·Ö¤±¥ Å µÉ ¨´Ë¨´¨É´µ£µ ± Ë¨´¨É´µ³Ê.
� ±µ´¥Í, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸¥¡¥ µ¡· §µ¢ ´¨¥ ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò, ±µÉµ· Ö
· ¸¶ ¤ ¥É¸Ö Î¥·¥§ ±µ´¥Î´Ò° ¶·µ³¥¦ÊÉµ± ¢·¥³¥´¨. C¨ÉÊ Í¨Ö ¨§µ¡· ¦¥´  ´ 
¤¨ £· ³³¥ 5. ‡¤¥¸Ó ³Ò ¨³¥¥³ ¤¥²µ ¸ ¤¢µ°´Ò³ Éµ¶µ²µ£¨Î¥¸±¨³ ¨§³¥´¥´¨¥³ Å
µÉ ´¥±µ³¶ ±É´µ£µ ± ±µ³¶ ±É´µ³Ê ¨ ´ µ¡µ·µÉ∗. ‘µ¢µ±Ê¶´µ¸ÉÓ ¢ ·¨ ´Éµ¢ 1Ä5
¶µÎÉ¨ ¨¸Î¥·¶Ò¢ ¥É ¢¸¥ ¢µ§³µ¦´Ò¥ Éµ¶µ²µ£¨Î¥¸±¨¥ É¨¶Ò Ô¢µ²ÕÍ¨¨. ˆ§ ´¨Ì
¸É·µÖÉ¸Ö ¶µÎÉ¨ ²Õ¡Ò¥ ±² ¸¸¨Î¥¸±¨¥ ± ·É¨´Ò.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¢µµ¡· §¨³ ³¨·, £¤¥ ¢¸¥ Î ¸É¨ÍÒ ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ¸É ¢¥
±² ¸É¥·µ¢, ±µÉµ·Ò¥ ´¨±µ£¤  ´¥ · ¸¶ ¤ ÕÉ¸Ö ´  µÉ¤¥²Ó´Ò¥ Î ¸É¨ÍÒ, ´µ ³µ-
£ÊÉ µ¡³¥´¨¢ ÉÓ¸Ö ¸¢µ¨³¨ ¸µ¸É ¢´Ò³¨ Î ¸ÉÖ³¨ ¶·¨ ¸Éµ²±´µ¢¥´¨ÖÌ. ˆ³¥´´µ
É ±µ¢a ¸¨ÉÊ Í¨Ö ¢ Ìµ²µ¤´µ³ ¸Ê¡ÑÖ¤¥·´µ³ ³¨·¥, £¤¥ ±¢ ·±¨ ´¥ ¸ÊÐ¥¸É¢ÊÕÉ
¢ ¨§µ²¨·µ¢ ´´µ³ ¢¨¤¥,   § ±²ÕÎ¥´Ò ¢´ÊÉ·¨  ¤·µ´µ¢. Š ± ¨§¢¥¸É´µ, ¡
µ²ÓÏ Ö
Î ¸ÉÓ  ¤·µ´´µ° Ë¥´µ³¥´µ²µ£¨¨ µ¶¨¸Ò¢ ¥É¸Ö ¶² ´ ·´Ò³¨ ¤¨ £· ³³ ³¨ [43].
�  ÔÉ¨Ì ¤¨ £· ³³ Ì ¢ ²¥´É´Ò¥ ±¢ ·±¨ ¸µÌ· ´ÖÕÉ ¸¢µÕ ¨´¤¨¢¨¤Ê ²Ó´µ¸ÉÓ ¢
É¥Î¥´¨¥ ¢¸¥£µ ¶¥·¨µ¤  ¶·¥¡Ò¢ ´¨Ö ¢  ¤·µ´¥. �µ¤µ¡´µ¥ ¸µÌ· ´¥´¨¥ ¨´¤¨¢¨-
¤Ê ²Ó´µ¸É¨ Ì · ±É¥·´µ ¤²Ö ±² ¸¸¨Î¥¸±¨Ì Î ¸É¨Í. �µÔÉµ³Ê  ¤·µ´´ Ö Ë § 
Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö ±¢ §¨±² ¸¸¨Î¥¸±¨. �² ´ ·´Ò¥ ¤¨ £· ³³Ò ¢ µ¸´µ¢´µ³
¸µ¸É ¢²¥´Ò ¨§ ¤¨ £· ³³ 1Ä5. ‚ ¤µ¶µ²´e´¨¥ É·¥¡Ê¥É¸Ö ²¨ÏÓ ¤¨ £· ³³  É¨¶ 
®Î °±¨¯, ¢ ±µÉµ·µ° ¤¢¥ ¶µ²Ê¡¥¸±µ´¥Î´Ò¥ ¢·¥³¥´¨¶µ¤µ¡´Ò¥ ³¨·µ¢Ò¥ ²¨´¨¨
¢ÒÌµ¤ÖÉ ¨§ µ¤´µ° ÉµÎ±¨ ¨²¨ § ± ´Î¨¢ ÕÉ¸Ö ¢ ´¥°. ’ ± Ö ¤¨ £· ³³  ¸¨³¢µ-
²¨§¨·Ê¥É ·µ¦¤¥´¨¥ ¨²¨  ´´¨£¨²ÖÍ¨Õ ±¢ ·±- ´É¨±¢ ·±µ¢µ° ¶ ·Ò. ‚ ±² ¸¸¨-
Î¥¸±µ° É¥µ·¨¨ É ± Ö ±µ´Ë¨£Ê· Í¨Ö ³¨·µ¢ÒÌ ²¨´¨° § ¶·¥Ð¥´  ¨§-§  ´¥¶·¨-
³¥´¨³µ¸É¨ ± ´¥° ¶·¨´Í¨¶  ´ ¨³¥´ÓÏ¥£µ ¤¥°¸É¢¨Ö. �µ¦¤¥´¨e ¨  ´´¨£¨²ÖÍ¨Ö
¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢´ÊÉ·¨  ¤·µ´µ¢ ¤¥°¸É¢¨É¥²Ó´µ ¶µ¤ ¢²¥´Ò ¢ ¸¨²Ê ¶· ¢¨² 
�±Ê¡µÄ–¢¥°£ Äˆ¨¤§Ê±¨ (¸³., ´ ¶·¨³¥·, [44]), ´µ ´¥¡µ²ÓÏ Ö ¤µ²Ö É ±¨Ì ¶·µ-
Í¥¸¸µ¢ ¢¸¥ ¦¥ ¤µ¶Ê¸É¨³  ¢  ¤·µ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

ˆ§ ¢ ·¨ ´Éµ¢ 1Ä5 ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¶µ¤¢ ·¨ ´ÉÒ, ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ
µ¸µ¡Ò³ ¸µ¸ÉµÖ´¨Ö³, ±µ£¤  µ¡² ¸ÉÓ Ë¨´¨É´µ£µ ¤¢¨¦¥´¨Ö ¸¦¨³ ¥É¸Ö ¤µ ÉµÎ±¨
(´ ¶µ³´¨³, ÎÉµ ³´µ¦¥¸É¢µ, ¸µ¸ÉµÖÐ¥¥ ¨§ ¥¤¨´¸É¢¥´´µ° ÉµÎ±¨, Ö¢²Ö¥É¸Ö ±µ³-
¶ ±É´Ò³). �É¨ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ ¨§µ¡· ¦ ÕÉ¸Ö ¤¨ £· ³³ ³¨, ¶µ¤µ¡´Ò³¨ ¤¨ -
£· ³³ ³ 1Ä5 ¸ § ³¥´µ° ¤¢ÊÌ ¢¥·É¨± ²Ó´ÒÌ ²¨´¨° ´  µ¤´Ê (·¨¸. 2), ¨ ´Ê³¥·Ê-
ÕÉ¸Ö Í¨Ë· ³¨ ¸µ Ï²Ö¶± ³¨.

∗„¨ £· ³³  5 ¶¥·¥Ìµ¤¨É ¢ ¤¨ £· ³³Ê 1, ¥¸²¨ ¢·¥³Ö ¦¨§´¨ ¸¨¸É¥³Ò ¸É·¥³¨É¸Ö ± ´Ê²Õ.
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�¨¸. 2. �¸µ¡Ò¥ ¢ ·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨

�¸µ¡Ò° ¢ ·¨ ´É å4 ³µ¦¥É ¡ÒÉÓ (  ³µ¦¥É
¨ ´¥ ¡ÒÉÓ) ¨¸Éµ²±µ¢ ´ ± ± ±µ²² ¶¸. …¸²¨
ÔÉµ É ±, Éµ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ · ¤¨± ²Ó´µ µÉ-
²¨Î ÕÉ¸Ö µÉ µ¡ÒÎ´ÒÌ. „¥°¸É¢¨É¥²Ó´µ, ¥¸²¨
¤µ¶Ê¸É¨³µ µ¡· §µ¢ ´¨¥ ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò
(¢ ·¨ ´É 4), Éµ ¸ ÊÎ¥Éµ³ µ¡· É¨³µ¸É¨ ± ·-
É¨´Ò ¢µ ¢·¥³¥´¨ ³µ¦´µ ¸¤¥² ÉÓ § ±²ÕÎ¥-
´¨¥ ¨ µ ¢µ§³µ¦´µ¸É¨ · ¸¶ ¤  É ±µ° ¸¨-
¸É¥³Ò (¢ ·¨ ´ÉÒ 3 ¨ 5). ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
± ± ¡Ê¤¥É ¶µ± § ´µ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥,
· §´µ¢¨¤´µ¸ÉÓ ±µ²² ¶¸ , ¨³¥´Ê¥³ Ö ¶ ¤¥-
´¨¥³ ´  Í¥´É·, µ± §Ò¢ ¥É¸Ö ´¥¨§¡¥¦´µ°, ¥¸²¨ ¶µÉ¥´Í¨ ² ¶·¨ÉÖ¦¥´¨Ö ¡µ²¥¥
¸¨´£Ê²Ö·¥´, Î¥³ Í¥´É·µ¡¥¦´Ò° Î²¥´. B ÔÉµ³ ¸²ÊÎ ¥ Î ¸É¨ÍÒ ¸²¨¢ ÕÉ¸Ö ¢
µ¤´Ê, µ¸É ¢ Ö¸Ó ¢ ¸²¨Éµ³ ¸µ¸ÉµÖ´¨¨ ´ ¢¸¥£¤ . ’ ±¨³ µ¡· §µ³, ¸ ³µ ´ ²¨Î¨¥
¢ ·¨ ´Éa å4 ¤¥² ¥É ´¥¢µ§³µ¦´Ò³ µ¡· É´Ò° ± ´¥³Ê ¢ ·¨ ´É å3 (Î¨¸Éµ Éµ¶µ²µ-
£¨Î¥¸±¨ ÔÉ¨ ¢ ·¨ ´ÉÒ µÉ²¨Î ÕÉ¸Ö Î¨¸²µ³ ®¢É¥± ÕÐ¨Ì¯ ¨ ®¢ÒÉ¥± ÕÐ¨Ì¯ ¨§
¢¥·Ï¨´Ò ²¨´¨°),   É ±¦¥ ¢ ·¨ ´ÉÒ å1 ¨ å5. �Éµ µ§´ Î ¥É Éµ¶µ²µ£¨Î¥¸±µ¥ ´ -
·ÊÏ¥´¨¥ µ¡· É¨³µ¸É¨ ¢µ ¢·¥³¥´¨. Š ·É¨´Ê ³µ¦´µ ±¢ ²¨Ë¨Í¨·µ¢ ÉÓ ± ± å1-,
å3- ¨ å5-ÊÐ¥·¡´ÊÕ.

…¸²¨ ¦¥ ¶µÉ¥´Í¨ ² ¶·¨ÉÖ¦¥´¨Ö ³¥´¥¥ ¸¨´£Ê²Ö·¥´, Î¥³ Í¥´É·µ¡¥¦´Ò°
Î²¥´, Éµ ¶ ¤¥´¨¥ ´  Í¥´É· ¶·¥¤µÉ¢· Ð ¥É¸Ö ¨ ¢ ·¨ ´É å4 ¨¸Î¥§ ¥É. ‚³¥¸É¥ ¸
´¨³ ¨¸Î¥§ ÕÉ ¢ ·¨ ´ÉÒ å1, å2, å3 ¨ å5, ¨¡µ É¥¶¥·Ó ¨¸±²ÕÎ¥´  ¶·¥¤¶µ¸Ò²±  ¤²Ö
¶µÖ¢²¥´¨Ö  £·¥£ É  ¸²¨¢Ï¨Ì¸Ö Î ¸É¨Í. ŒÒ ¶·¨Ìµ¤¨³ ± µ¡¥¤´¥´´µ° ± ·É¨´¥,
¢ ±µÉµ·µ° µÉ¸ÊÉ¸É¢ÊÕÉ ¢¸¥ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ å1Äå5, ´µ § Éµ ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö
µ¡· É¨³µ¸ÉÓ ¢µ ¢·¥³¥´¨. ŒÒ Ê¢¨¤¨³ ¤ ²¥¥, ÎÉµ ¤¥²¥´¨¥ ±¢ ´Éµ¢ÒÌ É¥µ·¨°
¶µ²Ö ´  ¶¥·¥´µ·³¨·Ê¥³Ò¥ ¨ ´¥¶¥·¥´µ·³¨·Ê¥³Ò¥ ¢ÒÉ¥± ¥É ¨§ ±·¨É¥·¨Ö ¶µ¤ -
¢²Ö¥³µ¸É¨ ±µ²² ¶¸ , ¨´ Î¥ £µ¢µ·Ö, Ë¨§¨Î¥¸± Ö ´¥¶·µÉ¨¢µ·¥Î¨¢µ¸ÉÓ ¶¥·¥´µ·-
³¨·Ê¥³µ° É¥µ·¨¨ µ¡¥¸¶¥Î¨¢ ¥É¸Ö §  ¸Î¥É µ¡¥¤´¥´¨Ö Éµ¶µ²µ£¨Î¥¸±µ° ± ·É¨´Ò,
¨§ ±µÉµ·µ° ¨¸±²ÕÎ¥´Ò ¢¸¥ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨.

�·¨¢¥¤¥´´ Ö §¤¥¸Ó ±² ¸¸¨Ë¨± Í¨Ö Éµ¶µ²µ£¨Î¥¸±¨Ì É¨¶µ¢ Ô¢µ²ÕÍ¨¨ ³µ-
¦¥É ¡ÒÉÓ µ¤´µ§´ Î´µ ¢Ò· ¦¥´  ´  ¸¶¥±É· ²Ó´µ³ Ö§Ò±¥∗. „¥°¸É¢¨É¥²Ó´µ, ¢ -
·¨ ´ÉÒ 1 ¨ 2 µÉ¢¥Î ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, ´¥¶·¥·Ò¢´µ° ¨ ¤¨¸±·¥É´µ° Î ¸ÉÖ³
Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É· . B ·¨ ´É 3 ¶µ¤· §Ê³¥¢ ¥É ¶·¥¢· Ð¥´¨¥ ¤¨¸±·¥É´µ£µ
¸¶¥±É·  ¸µ¸ÉµÖ´¨° | in〉 ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· | out〉, a ¢ ·¨ ´É 4 ¸¨³¢µ²¨§¨-
·Ê¥É ¶·µÉ¨¢µ¶µ²µ¦´µ¥ ¶·¥¢· Ð¥´¨¥. ‚ ·¨ ´É 5  ¸¸µÍ¨¨·Ê¥É¸Ö ¸ ·¥§µ´ ´¸´µ°
²¨´¨¥°. �´ ¶¥·¥Ìµ¤¨É ¢ ¢ ·¨ ´É 1 ¶·¨ ¸É·¥³²¥´¨¨ ± ´Ê²Õ ¢·¥³¥´¨ ¦¨§´¨ ¸¢Ö-
§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É É ±µ³Ê ÊÏ¨·¥´¨Õ ²¨´¨¨, ¶·¨ ±µÉµ·µ³
µ´  ¶¥·¥¸É ¥É ¢µ¸¶·¨´¨³ ÉÓ¸Ö ± ± ²¨´¨Ö ¤¨¸±·¥É´µ£µ ¸¶¥±É· .

∗‡ ³¥É¨³, ÎÉµ ÔÉµÉ Ö§Ò± ¤µ¸É ÉµÎ´µ £¨¡µ±, ÎÉµ¡Ò ¶·¨ ¦¥² ´¨¨ ¢µµ¡Ð¥ ¨§¡ ¢¨ÉÓ¸Ö µÉ
Ê¶µ³¨´ ´¨Ö µ Î ¸É¨Í Ì, ±µÉµ·Ò¥ ¨£· ²¨ Í¥´É· ²Ó´ÊÕ ·µ²Ó ¢ ´ Î ²¥ ´ Ï¥£µ µ¡¸Ê¦¤¥´¨Ö.
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Œ¥´¥¥ É·¨¢¨ ²Ó´ Ö ¨²²Õ¸É· Í¨Ö ÔÉµ£µ ¸µµÉ¢¥É¸É¢¨Ö ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ
Ê¶µ³Ö´ÊÉµ¥ ¢ÒÏ¥ µ¶¨¸ ´¨¥  ¤·µ´´µ£µ ³¨·  ¶² ´ ·´Ò³¨ ¤¨ £· ³³ ³¨, ¶µ-
¢¨¤¨³µ³Ê, ³µ¦´µ µ¤´µ§´ Î´µ ¢Ò· §¨ÉÓ [45] ¢ É¥·³¨´ Ì ¸¶¥±É·µ¢, ¨§µ¡· ¦ -
¥³ÒÌ £· Ë¨±µ³ § ¢¨¸¨³µ¸É¨ ±¢ ¤· É  ³ ¸¸Ò m2 µÉ ¸¶¨´  J ¢ ¢¨¤¥ ¶·Ö³ÒÌ
É· ¥±Éµ·¨° �¥¤¦¥ ¸ ¶µ¸ÉµÖ´´Ò³ ´ ±²µ´µ³, ¶·¨ ÔÉµ³  ¤·µ´Ò, ¶·¨´ ¤²¥¦ Ð¨¥
²Õ¡µ° É· ¥±Éµ·¨¨, µÉ¤¥²¥´Ò ¨´É¥·¢ ² ³¨ ∆J = 2. �¨± ±µ£µ Ê¡¥¤¨É¥²Ó´µ£µ
µ¡ÑÖ¸´¥´¨Ö, ¶µÎ¥³Ê ± ·É¨´  Ô¢µ²ÕÍ¨¨ Î ¸É¨Í, ¨§µ¡· ¦ ¥³ Ö ¶² ´ ·´Ò³¨
¤¨ £· ³³ ³¨, ¸µµÉ¢¥É¸É¢Ê¥É Ô±¢¨¤¨¸É ´É´µ³Ê ¸¶¥±É·Ê �¥¤¦¥, ¤µ ¸¨Ì ¶µ·, Ê¢Ò,
´¥ ¶·¥¤²µ¦¥´µ.

�¸µ¡Ò¥ ¢ ·¨ ´ÉÒ ¸µµÉ¢¥É¸É¢ÊÕÉ ´¥¶·¥·Ò¢´µ³Ê ¸¶¥±É·Ê ¸o Ð¥²ÓÕ ³¥¦¤Ê
¢ ±ÊÊ³´Ò³ ¨ µ¤´µÎ ¸É¨Î´Ò³ Ê·µ¢´Ö³¨ Ô´¥·£¨¨, ¶·¨Î¥³ ¤²Ö  £·¥£ É  ¸²¨¢-
Ï¨Ì¸Ö Î ¸É¨Í ÔÉ  Ð¥²Ó ¡µ²ÓÏ¥, Î¥³ É , ÎÉµ ¡Ò²  ¤µ ¸²¨Ö´¨Ö. …¸²¨ ¢ ·¨ ´É
å4 ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ± ±µ²² ¶¸, Éµ ± ·É¨´ , ¨§ ±µÉµ·µ° ¨¸±²ÕÎ¥´Ò ¢¸¥ ¢ -
·¨ ´ÉÒ å1Äå5, ¸µµÉ¢¥É¸É¢Ê¥É µ£· ´¨Î¥´´µ³Ê ¸´¨§Ê ¸¶¥±É·Ê Ô´¥·£¨¨,   å1-, å3- ¨
å5-ÊÐ¥·¡´ Ö ± ·É¨´  Ì · ±É¥·´  ¤²Ö ¸¨¸É¥³, Ê ±µÉµ·ÒÌ ¸¶¥±É· ´¥ µ£· ´¨Î¥´
¸´¨§Ê.

3. ��„…�ˆ… �� –…�’�

‚ ± Î¥¸É¢¥ ¶·¥²Õ¤¨¨ ± µ¡¸Ê¦¤¥´¨Õ ±µ²² ¶¸  ¢ ¸¨¸É¥³ Ì ¸ ¡¥¸±µ´¥Î-
´Ò³ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ´ ¶µ³´¨³ ´¥±µÉµ·Ò¥  ¸¶¥±ÉÒ ·¥²ÖÉ¨¢¨¸É¸±µ°
±¥¶²¥·µ¢¸±µ° § ¤ Î¨. �É  ¤¢ÊÌÎ ¸É¨Î´ Ö § ¤ Î , ¸¢µ¤¨³ Ö ± § ¤ Î¥ µ ¤¢¨¦¥-
´¨¨ µ¤´µ° Î ¸É¨ÍÒ ¢ ¶µ²¥ ¶µÉ¥´Í¨ ²  U(r), Ì · ±É¥·¨§Ê¥É¸Ö £ ³¨²ÓÉµ´¨ ´µ³
(c³., ´ ¶·¨³¥·, [46], § 39):

H =

√
m2 +

p2
φ

r2
+ p2

r + U(r), (2)

£¤¥ pφ ¨ pr Å ¨³¶Ê²Ó¸Ò, ± ´µ´¨Î¥¸±¨ ¸µ¶·Ö¦¥´´Ò¥ ¶µ²Ö·´Ò³ ±µµ·¤¨´ É ³
φ ¨ r. �É³¥É¨³, ÎÉµ pφ Ö¢²Ö¥É¸Ö ¸µÌ· ´ÖÕÐ¥°¸Ö ¢¥²¨Î¨´µ° Å µ·¡¨É ²Ó´Ò³
³µ³¥´Éµ³ J . ®‚Ò±²ÕÎ¨¢¯ · ¤¨ ²Ó´ÊÕ ¤¨´ ³¨±Ê, É.¥. ¶µ²µ¦¨¢ pr = 0 ¢
(2), ¶µ²ÊÎ ¥³ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² U(r), ¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ Ê¤µ¡´µ
 ´ ²¨§¨·µ¢ ÉÓ ¶µ¢¥¤¥´¨¥ Î ¸É¨ÍÒ ¢ µ±·¥¸É´µ¸É¨ ´ Î ²  ±µµ·¤¨´ É:

U(r) =

√
m2 +

J2

r2
+ U(r). (3)

ˆ³¥ÕÉ¸Ö É·¨ ¢ ·¨ ´É . ‚µ-¶¥·¢ÒÌ, ¶µÉ¥´Í¨ ² ¶·¨ÉÖ¦¥´¨Ö U(r) ¡µ²¥¥
¸¨´£Ê²Ö·¥´ ¢ ´ Î ²¥ ±µµ·¤¨´ É, Î¥³ Í¥´É·µ¡¥¦´Ò° Î²¥´ J/r. �ËË¥±É¨¢´Ò°
¶µÉ¥´Í¨ ² U(r) ¨³¥¥É ¢¨¤, ¶µ± § ´´Ò° ´  ·¨¸. 3,a. — ¸É¨Í , ¢ ¶·¨´Í¨¶¥, ³µ-
¦¥É ´ Ìµ¤¨ÉÓ¸Ö ´  ±·Ê£µ¢µ° µ·¡¨É¥ ¸ · ¤¨Ê¸µ³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ²µ± ²Ó´µ³Ê
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�¨¸. 3. �ËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¨ ¸¶¥±É·

³ ±¸¨³Ê³Ê U 0 ¶µÉ¥´Í¨ ²  U(r). �µ ÔÉµ ¤¢¨¦¥´¨¥ ´¥Ê¸Éµ°Î¨¢µ ¨ ¶ ¤¥´¨¥ ´ 
Í¥´É· ¢¥¸Ó³  ¢¥·µÖÉ´µ. …¸²¨ ¦e E > U 0, Éµ ¶ ¤¥´¨¥ ´  Í¥´É· ´¥¨§¡¥¦´µ.

‚µ-¢Éµ·ÒÌ, ¶µÉ¥´Í¨ ² U(r) ³¥´¥¥ ¸¨´£Ê²Ö·¥´, Î¥³ J/r. ‚ Î ¸É´µ¸É¨, ¤²Ö
U(r) = −α/r ÔÉµ µ§´ Î ¥É, ÎÉµ α < J . ‚¨¤ U(r) ¶µ± § ´ ´  ·¨¸. 3,¡. — ¸É¨Í 
¸µ¢¥·Ï ¥É Ê¸Éµ°Î¨¢µ¥ Ë¨´¨É´µ¥ ¤¢¨¦¥´¨¥. � ¤¥´¨¥ ´  Í¥´É· ´¥¢µ§³µ¦´µ,
§  ¨¸±²ÕÎ¥´¨¥³ ¸²ÊÎ Ö J = 0, ±µÉµ·Ò° ¸µµÉ¢¥É¸É¢Ê¥É ²µ¡µ¢Ò³ ¸Éµ²±´µ¢¥-
´¨Ö³. �µ ¥¸²¨ Î ¸É¨ÍÒ ´ Ìµ¤ÖÉ¸Ö ´¥ ´  ¶·Ö³µ° ²¨´¨¨,   ´  ¶·µ¸É· ´¸É¢¥´-
´µ°  ·¥´e ¡µ²ÓÏ¥° · §³¥·´µ¸É¨, Éµ É ±¨¥ ¸Éµ²±´µ¢¥´¨Ö ¨³¥ÕÉ ´Ê²¥¢ÊÕ ³¥·Ê
¢¥·µÖÉ´µ¸É¨.

‚-É·¥ÉÓ¨Ì, ¸¨´£Ê²Ö·´µ¸É¨ U(r) ¨ J/r µ¤¨´ ±µ¢Ò, É.¥. U(r) = −α/r,
α = J . ƒ· Ë¨± U(r) ¨§µ¡· ¦¥´ ´  ·¨¸. 3,¢. — ¸É¨Í  ¤¢¨¦¥É¸Ö ¶µ Ê¸Éµ°Î¨¢µ°
µ·¡¨É¥, ±µÉµ· Ö ¶·µÌµ¤¨É Î¥·¥§ Í¥´É·, µ¤´ ±µ ÔÉµ ´¥ µ¸É ´ ¢²¨¢ ¥É ¤¢¨¦¥´¨Ö.

Š¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨°  ´ ²¨§ [47] ¢ µ¸´µ¢´µ³ ¶µ¤É¢¥·¦¤ ¥É ÔÉ¨ ¢Ò-
¢µ¤Ò. ˆ§ ·¥Ï¥´¨° ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¢µ²´µ¢ÒÌ Ê· ¢´¥´¨° ¤²Ö Î ¸É¨Í ¸µ ¸¶¨-
´ ³¨ 0 ¨ 1/2 ¸²¥¤Ê¥É, ÎÉµ ¢ ¸²ÊÎ ¥ ¤µ¸É ÉµÎ´µ ¸¨´£Ê²Ö·´ÒÌ ¶µÉ¥´Í¨ ²µ¢ U(r)
¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö µ¡· §ÊÕÉ ¤¨¸±·¥É´Ò° ¸¶¥±É·∗, ¶·µ¸É¨· ÕÐ¨°¸Ö µÉ ³¨-
´Ê¸ ¡¥¸±µ´¥Î´µ¸É¨ ¤µ ´Ê²Ö, ¶·¨Î¥³ ¢ E = m ´ ¡²Õ¤ ¥É¸Ö ÉµÎ±  ¸£ÊÐ¥´¨Ö
(·¨¸. 3,a). C¨¸É¥³a ¸É·¥³¨É¸Ö ¶¥·¥°É¨ ¢µ ¢¸¥ ¡µ²¥¥ ¢Ò£µ¤´Ò¥ ¸µ¸ÉµÖ´¨Ö, ±µ-
Éµ·Ò³ ¸µµÉ¢¥É¸É¢ÊÕÉ ¢¸¥ ¡µ²¥e ´¨§±¨¥ Ê·µ¢´¨ Ô´¥·£¨¨. �·¨ ÔÉµ³ ¤¨¸¶¥·¸¨Ö
¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸É·¥³¨É¸Ö ± ´Ê²Õ, ¶µ ³¥·¥ Éµ£µ ± ± En → −∞. �·µÍ¥¸¸
´ ¶µ³¨´ ¥É ¶ ¤¥´¨¥ ´  Í¥´É· ¢ ¥£µ É· ¤¨Í¨µ´´µ³ ¶µ´¨³ ´¨¨.

…¸²¨ ¶µÉ¥´Í¨ ² U(r) ³¥´¥¥ ¸¨´£Ê²Ö·¥´, Î¥³ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨° Í¥´-
É·µ¡¥¦´Ò° Î²¥´, Éµ ¸¨ÉÊ Í¨Ö µ¡ÒÎ´ Ö. ‘¶¥±É· µ£· ´¨Î¥´ ¸´¨§Ê (·¨¸. 3,¡).

∗�·¨³¥Î É¥²Ó´µ, ÎÉµ ¢ § ¤ Î¥ µ ¶ ¤¥´¨¨ ´  Í¥´É· ´¥ ¢µ§´¨± ¥É ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· , ±µ-
Éµ·Ò° ¸¢¨¤¥É¥²Ó¸É¢µ¢ ² ¡Ò µ Éµ³, ÎÉµ  £·¥£ É ¸²¨¢Ï¨Ì¸Ö Î ¸É¨Í Ö¢²Ö¥É¸Ö ¸¢µ¡µ¤´Ò³ µ¡Ñ¥±Éµ³,
´¥ ¨³¥ÕÐ¨³ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò. ‚ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ µ¡Ñ¥±ÉÒ ´¥ ¸µÌ· ´ÖÕÉ ¸¢µ¥° ¨´-
¤¨¢¨¤Ê ²Ó´µ¸É¨, ¶µÔÉµ³Ê ¢µ§³µ¦´  ¸Ê¶¥·¶µ§¨Í¨Ö ¸µ¸ÉµÖ´¨° ¤¢ÊÌ · §¤¥²Ó´ÒÌ Î ¸É¨Í ¨  £·¥£ É 
¸²¨¢Ï¨Ì¸Ö Î ¸É¨Í; ËÊ´¤ ³¥´É ²Ó´Ò³ ¶µ´ÖÉ¨¥³ §¤¥¸Ó Ö¢²Ö¥É¸Ö ´¥ ¸ ³ µ¡Ñ¥±É,   ¥£µ ¸É¥¶¥´¨ ¸¢µ-
¡µ¤Ò, ¢ Î ¸É´µ¸É¨, ¸¶¥±É· Ô´¥·£¨¨,   É ±¦¥ µ±·Ê¦ ÕÐ Ö µ¡¸É ´µ¢± , Ì · ±É¥·¨§Ê¥³ Ö, ´ ¶·¨³¥·,
¶µÉ¥´Í¨ ²µ³ U(r).
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…¤¨´¸É¢¥´´ Ö µÉ²¨Î¨É¥²Ó´ Ö µ¸µ¡¥´´µ¸ÉÓ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ° ¸¨ÉÊ Í¨¨
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É ¸É ¡¨²Ó´µ¥ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ J = 0. �Éµ,
µ¤´ ±µ, ´¥ ¢²¥Î¥É §  ¸µ¡µ° ¶ ¤¥´¨Ö ´  Í¥´É·, ¨¡µ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¢¥¤¥É
¸¥¡Ö £² ¤±µ ¢ µ±·¥¸É´µ¸É¨ ´ Î ²  ±µµ·¤¨´ É Å ¶·¨ÉÖ¦¥´¨¥ Ê· ¢´µ¢¥Ï¥´µ
´Ê²¥¢Ò³¨ ±µ²¥¡ ´¨Ö³¨.

…¸²¨ ¸¨´£Ê²Ö·´µ¸É¨ U(r) ¨ Í¥´É·µ¡¥¦´µ£µ Î²¥´  µ¤¨´ ±µ¢Ò, Éµ µ¶¨¸ ´¨¥
¸ ¶µ³µÐÓÕ µ¤´µÎ ¸É¨Î´ÒÌ ¢µ²´µ¢ÒÌ Ê· ¢´¥´¨° ¸É ´µ¢¨É¸Ö ¸²¨Ï±µ³ £·Ê¡Ò³.
�  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¢¸ÉÊ¶ ÕÉ ¢ ¤¥°¸É¢¨¥ ¶·µÍ¥¸¸Ò ·µ¦¤¥´¨Ö ¨  ´´¨£¨²Ö-
Í¨¨ Î ¸É¨Í, ¨ É¥¶¥·Ó ¸²¥¤Ê¥É ¶·¨¢²¥ÎÓ ³¥Éµ¤Ò ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. …¸²¨
±µ´¸É ´É  ¸¢Ö§¨ α ¸É·¥³¨É¸Ö ± ¸¢µ¥³Ê ±·¨É¨Î¥¸±µ³Ê §´ Î¥´¨Õ αc, Éµ ³µ-
¦¥É ¢µ§´¨±´ÊÉÓ Î·¥§¢ÒÎ °´µ ´¥É·¨¢¨ ²Ó´ Ö ± ·É¨´ , ±µÉµ· Ö ¨ ¶µ ¸¥° ¤¥´Ó
¶·µ¤µ²¦ ¥É § ¢µ· ¦¨¢ ÉÓ ¢´¨³ ´¨¥ É¥µ·¥É¨±µ¢ (¸³., ´ ¶·¨³¥·, · ¡µÉÊ [48] ¨
¸µ¤¥·¦ Ð¨¥¸Ö ¢ ´¥° ¸¸Ò²±¨).

—Éµ ± ¸ ¥É¸Ö ± Î¥¸É¢¥´´ÒÌ ¢Ò¢µ¤µ¢ ¨§ ¶·¥¤¸É ¢²¥´´µ£µ §¤¥¸Ó  ´ ²¨§ ,
Éµ µ´¨ ¢¶µ²´¥ ´ ¤¥¦´Ò ¤²Ö Ëµ·³Ê²¨·µ¢±¨ ¶·µ¸Éµ£µ ±·¨É¥·¨Ö, µÉ¤¥²ÖÕÐ¥£µ
¸¨¸É¥³Ò, ¢ ±µÉµ·ÒÌ ¶ ¤¥´¨¥ ´  Í¥´É· ¶µ¤ ¢²¥´µ, µÉ É¥Ì, ¢ ±µÉµ·ÒÌ µ´µ
´¥¨§¡¥¦´µ. Š·¨É¥·¨° £² ¸¨É: ¶ ¤¥´¨¥ ´  Í¥´É· ¶·¥¤µÉ¢· É¨³µ Éµ£¤  ¨ Éµ²Ó±µ
Éµ£¤ , ±µ£¤  ¸¶¥±É· £ ³¨²ÓÉµ´¨ ´  µ£· ´¨Î¥´ ¸´¨§Ê.

4. ��„�‚‹Ÿ…Œ�‘’œ Š�‹‹��‘�

�·¨³¥´¨É¥²Ó´µ ± ¸¨¸É¥³ ³ ¸ ¡¥¸±µ´¥Î´Ò³ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ±·¨-
É¥·¨° ¤µ²¦¥´ ¡ÒÉÓ µ¡µ¡Ð¥´ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: É¥´¤¥´Í¨Ö ± ±µ²² ¶¸Ê ¶µ-
¤ ¢²Ö¥É¸Ö, ¥¸²¨ ¸¶¥±É· £ ³¨²ÓÉµ´¨ ´  µ£· ´¨Î¥´ ¸´¨§Ê. „¥°¸É¢¨É¥²Ó´µ,
µÉ·¨Í É¥²Ó´Ò° Î²¥´ ¢ £ ³¨²ÓÉµ´¨ ´¥  ¸¸µÍ¨¨·Ê¥É¸Ö ¸ ¶µÉ¥´Í¨ ²µ³ ¶·¨ÉÖ¦¥-
´¨Ö,   ¸¨²Ò ¶·¨ÉÖ¦¥´¨Ö ¶·¨¢µ¤ÖÉ ± ±µ²² ¶¸Ê, ¥¸²¨ ¸¶¥±É· ¶·µ¸É¨· ¥É¸Ö ¤µ
³¨´Ê¸ ¡¥¸±µ´¥Î´µ¸É¨.

�¤´ ±µ Ê ¡µ²ÓÏ¨´¸É¢  ¨§ÊÎ ¥³ÒÌ ¶µ²¥¢ÒÌ ³µ¤¥²¥° ³Ò ´¥ ¢ ¸µ¸ÉµÖ´¨¨
§ · ´¥¥ ¶·¥¤¢¨¤¥ÉÓ ¸¶¥±É·. �¥²¨´¥°´µ¸ÉÓ ¤¨´ ³¨±¨ ³µ¦¥É ¶·¨¢¥¸É¨ ± ¶¥·¥-
¸É·µ°± ³ ¢ ±ÊÊ³ , ¶µÔÉµ³Ê ´ ¨¢´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ ¸¶¥±É·¥, ¶µ¤¸± § ´´µ¥
Ëµ·³ ²Ó´µ° ¸É·Ê±ÉÊ·µ° £ ³¨²ÓÉµ´¨ ´ , µ± §Ò¢ ¥É¸Ö ¤ ²¥±¨³ µÉ ¨¸É¨´´µ£µ.

�µÔÉµ³Ê ³Ò ¢Ò´Ê¦¤¥´Ò ¨§³¥´¨ÉÓ ¶µ¸É ´µ¢±Ê ¢µ¶·µ¸ . ŒÒ ³µ¦¥³ Ê¢¥-
·¥´´µ · ¡µÉ ÉÓ ¸ ±¢ ¤· É¨Î´Ò³ ¶µ ¶µ²Ö³ £ ³¨²ÓÉµ´¨ ´µ³. ‚ Ë¨§¨Î¥¸±¨ ¨´-
É¥·¥¸´ÒÌ ¸²ÊÎ ÖÌ µ´ ¨³¥¥É ¸¶¥±É·, µ£· ´¨Î¥´´Ò° ¸´¨§Ê. � §¡¨¢ Ö £ ³¨²ÓÉµ-
´¨ ´ ¨§ÊÎ ¥³µ° ³µ¤¥²¨ H =

∫
H(x) dx ´  ¤¢¥ Î ¸É¨: H = H0 + HI , £¤¥ H0

¸µ¤¥·¦¨É Î²¥´Ò ´¥ ¢ÒÏ¥ ±¢ ¤· É¨Î´ÒÌ ¶µ ¶µ²Ö³,   HI Å ¢¸¥ µ¸É ²Ó´Ò¥,
³µ¦´µ ¨¸Éµ²±µ¢ ÉÓ H0 ± ± £ ³¨²ÓÉµ´¨ ´, Ê¶· ¢²ÖÕÐ¨° ¶µ¢¥¤¥´¨¥³ ¸¢µ¡µ¤-
´ÒÌ ¶µ²¥°,   HI ± ± ¢¥²¨Î¨´Ê, µÉ¢¥É¸É¢¥´´ÊÕ §  ¢§ ¨³µ¤¥°¸É¢¨¥. „ ²¥¥, ³Ò
§´ ¥³, ÎÉµ ¢ ±ÊÊ³ ¨ µ¤´µÎ ¸É¨Î´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¢µ¡µ¤´µ£µ ¶µ²Ö ¸É ¡¨²Ó´Ò,
É.¥. ¢ ±ÊÊ³´Ò¥ Ë²Ê±ÉÊ Í¨¨ Ô´¥·£¨¨ ´¥ ´ ·ÊÏ ÕÉ ¸É·Ê±ÉÊ·Ò ¸¶¥±É· . …¸²¨
¶µÉ·¥¡µ¢ ÉÓ, ÎÉµ¡Ò ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ ¢ ±ÊÊ³´Ò¥ Ë²Ê±ÉÊ Í¨¨ HI ´¥ ¶·¥-
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¢ÒÏ ²¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ ¢ ±ÊÊ³´Ò¥ Ë²Ê±ÉÊ Í¨¨ H0, Éµ ¸¶¥±É·, µÎ¥¢¨¤´µ,
µ¸É ´¥É¸Ö µ£· ´¨Î¥´´Ò³ ¸´¨§Ê. �Éµ µ§´ Î ¥É, ÎÉµ Ê ¸¨¸É¥³, ¤²Ö ±µÉµ·ÒÌ

∆H0 > ∆HI , (4)

É¥´¤¥´Í¨Ö ± ±µ²² ¶¸Ê ¶µ¤ ¢²¥´ .
�´ ²µ£¨Ö ¸ ±¥¶²¥·µ¢¸±µ° § ¤ Î¥° ¤µ¢µ²Ó´µ µÎ¥¢¨¤´ : ¶·¨Î¨´  ¶·¥¤µÉ¢· -

Ð¥´¨Ö ¶ ¤¥´¨Ö ´  Í¥´É· ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶·µÖ¢²¥´¨Ö ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨
(Í¥´É·µ¡¥¦´Ò° Î²¥´ ¨²¨ ´Ê²¥¢Ò¥ ±µ²¥¡ ´¨Ö) ¶·¥µ¡² ¤ ÕÉ ´ ¤ ¸¨² ³¨ ¶·¨-
ÉÖ¦¥´¨Ö.

“¡¥¤¨³¸Ö É¥¶¥·Ó, ÎÉµ (4) Ô±¢¨¢ ²¥´É´µ Ê¸²µ¢¨Õ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ¶µ
¸Î¥ÉÊ ¸É¥¶¥´¥°. �µ¸±µ²Ó±Ê ¶µ²¥¢Ò¥ µ¶¥· Éµ·Ò ¢ H ¶·¥¤¶µ² £ ÕÉ¸Ö ´µ·-
³ ²Ó´µ Ê¶µ·Ö¤µÎ¥´´Ò³¨, ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥ 〈0|H0|0〉 ¨ 〈0|HI |0〉 ¨¸Î¥§ ÕÉ,
¨ (4) ¶·¨´¨³ ¥É ¢¨¤

〈0|H 2
0 |0〉 > 〈0|H 2

I |0〉. (5)

(�É³¥É¨³, ÎÉµ ÔÉµ ´¥· ¢¥´¸É¢µ ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ´¥µ¡Ìµ¤¨³µ¥ Ê¸²µ-
¢¨¥ ¤²Ö ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢ÒÎ¨¸²¥´¨°: ÎÉµ¡Ò Î²¥´Ò ·Ö¤  É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°
Ê¡Ò¢ ²¨ µÉ ¶µ·Ö¤±  ± ¶µ·Ö¤±Ê, ®´¥¢µ§³ÊÐ¥´´Ò°¯ £ ³¨²ÓÉµ´¨ ´ H0 ¤µ²¦e´ ¢
± ±µ³-Éµ ¸³Ò¸²¥ ¶·¥¢ÒÏ ÉÓ ®¢µ§³ÊÐ¥´¨¥¯ HI .)

‚ µ¡¥¨Ì Î ¸ÉÖÌ ´¥· ¢¥´¸É¢  (5) ¸ÉµÖÉ ¨´É¥£· ²Ò, ±µÉµ·Ò¥ ¢ µ¡Ð¥³ ¸²ÊÎ ¥
³ É¥³ É¨Î¥¸±¨ ¡¥¸¸³Ò¸²¥´´Ò ¨§-§  Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°. —Éµ¡Ò
¨¸¶· ¢¨ÉÓ ¶µ²µ¦¥´¨¥, ¢¢¥¤¥³ Ê²ÓÉ· Ë¨µ²¥Éµ¢ÊÕ ·¥£Ê²Ö·¨§ Í¨Õ, · §¤¢¨£ Ö  ·-
£Ê³¥´ÉÒ ¸µ³´µ¦¨É¥²¥°. Š·µ³¥ Éµ£µ, ¢¢¨¤Ê ¶µ²µ¦¨É¥²Ó´µ° µ¶·¥¤¥²¥´´µ¸É¨
¶µ¤Ò´É¥£· ²Ó´ÒÌ ¢Ò· ¦¥´¨°, ³Ò ³µ¦¥³ ¸· ¢´¨¢ ÉÓ ´¥ ·¥§Ê²ÓÉ ÉÒ ¨´É¥£·¨-
·µ¢ ´¨Ö,   ¸É¥¶¥´¨ ¸¨´£Ê²Ö·´µ¸É¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈0|H0(x)H0(y)|0〉 ¨
〈0|HI(x)HI(y)|0〉 ¶·¨ xµ → yµ.

P ¸Ìµ¤¨³µ¸É¨, ¢µ§´¨± ÕÐ¨¥ ¢ ÔÉµ³ ¶·¥¤¥²¥, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ¸¨´£Ê-
²Ö·´µ³ ¶µ¢¥¤¥´¨¨ ±¢ ´Éµ¢ ¶µ²¥° ´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥. �µ ÔÉµ ´¥ ¸µ¢¸¥³ Éµ,
ÎÉµ ´ ¸ ¨´É¥·¥¸Ê¥É. ‚ ¶·µ¡²¥³¥ ±µ²² ¶¸  ¢ ¦´Ò ³ ²Ò¥ ¥¢±²¨¤µ¢Ò,   ´¥
¶¸¥¢¤µ¥¢±²¨¤µ¢Ò ¨´É¥·¢ ²Ò. “²ÓÉ· Ë¨µ²¥Éµ¢Ò¥ · ¸Ìµ¤¨³µ¸É¨ ¡Ò²¨ ¡Ò ¸¢Ö-
§ ´´Ò³¨ ¸ ³ ²Ò³¨ ¥¢±²¨¤µ¢Ò³¨ · ¸¸ÉµÖ´¨Ö³¨, ¥¸²¨ ¡Ò x0 ¡Ò²µ § ³¥´¥´µ ´ 
ix0. „²Ö µ¡µ¸´µ¢ ´¨Ö É ±µ° § ³¥´Ò ¨¸¶µ²Ó§Ê¥É¸Ö  ´ ²¨É¨Î¥¸±µ¥ ¶·µ¤µ²¦¥´¨¥
x0 → ix0, ±µÉµ·µ¥ µ¸ÊÐ¥¸É¢¨³µ, ¥¸²¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ·¥£Ê²Ö·¨§µ¢ ´Ò
É ±, ÎÉµ ¶µ¢µ·µÉ ¢·¥³¥´´µ° µ¸¨ (¶µ¢µ·µÉ ‚¨± ) ´¥ § ¤¥¢ ¥É µ¸µ¡ÒÌ ÉµÎ¥±.
ˆ§¢¥¸É´µ, ÎÉµ ÔÉµ É ±, ¥¸²¨ ·¥£Ê²Ö·¨§ Í¨Ö ´¥ Éµ²Ó±µ · §¤¢¨£ ¥É  ·£Ê³¥´ÉÒ,
´µ ¨ Ì·µ´µ²µ£¨Î¥¸±¨ Ê¶µ·Ö¤µÎ¨¢ ¥É ¸µ³´µ¦¨É¥²¨.

�¤´ ±µ Ì·µ´µ²µ£¨Î¥¸±µ¥ Ê¶µ·Ö¤µÎ¥´¨¥ ´¥ Ö¢²Ö¥É¸Ö µ¤´µ§´ Î´µ° µ¶¥· -
Í¨¥°. ‘ÊÐ¥¸É¢ÊÕÉ ¤¢  µ¶·¥¤¥²¥´¨Ö T -¶·µ¨§¢¥¤¥´¨Ö Å ¤ °¸µ´µ¢¸±µ¥ ¨ ¢¨±µ¢-
¸±µ¥. …¸²¨ ¢Ò¡· ÉÓ ¢¨±µ¢¸±µ¥ Tw-¶·µ¨§¢¥¤¥´¨¥ (±µÉµ·µ¥ ¡µ²¥¥ Ê¤µ¡´µ, ¨¡µ
¶¥·¥¸É ´µ¢µÎ´µ ¸ µ¶¥· Í¨¥° ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö), Éµ £ ³¨²ÓÉµ´¨ ´ ¸²¥¤Ê¥É
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§ ³¥´¨ÉÓ ´  ² £· ´¦¨ ´ [5,49]. ’¥¶¥·Ó ¢³¥¸Éµ (5) ¶µ²ÊÎ ¥³

〈0|Tw{L0(x)L0(y)}|0〉 > 〈0|Tw{LI(x)LI (y)}|0〉, (6)

£¤¥ L0 ¨ LI Å ¶²µÉ´µ¸É¨ ² £· ´¦¨ ´ , ¸¢Ö§ ´´Ò¥, ¸µµÉ¢¥É¸É¢¥´´µ, ¸ H0 ¨
HI . �µ¸±µ²Ó±Ê ³Ò · ¸¸³ É·¨¢ ¥³ ¸¨ÉÊ Í¨Õ, ±µ£¤  Ë²Ê±ÉÊ Í¨¨ ¸¢µ¡µ¤´ÒÌ
¶µ²¥° ¤µ³¨´¨·ÊÕÉ ´ ¤ Ë²Ê±ÉÊ Í¨Ö³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö, ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ
L0 ¨ LI § ¢¨¸ÖÉ µÉ ¸¢µ¡µ¤´ÒÌ ¶µ²¥°, É.¥. ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ± ·É¨´Ê ¢§ ¨-
³µ¤¥°¸É¢¨Ö.

�Ê¸ÉÓ ¸¨¸É¥³  ´ Ìµ¤¨É¸Ö ¢ ¶²µ¸±µ³ D-³¥·´µ³ ¶·o¸É· ´¸É¢¥-¢·¥³¥´¨ ¨
Ì · ±É¥·¨§Ê¥É¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓÕ N ¢¥Ð¥¸É¢¥´´µ§´ Î´ÒÌ ¶µ²¥°, µ¡µ§´ Î ¥³ÒÌ
µ¡Ð¨³ ¸¨³¢µ²µ³ χj(x), j = 1, . . . , N . (ŒÒ ¶µ±  µ¶Ê¸± ¥³ Éµ´±µ¸É¨, ¶·¨-
¸ÊÐ¨¥ ¸¨¸É¥³ ³ ¸µ ¸¢Ö§Ö³¨ [50]. B µ±µ´Î É¥²Ó´µ³ ·¥§Ê²ÓÉ É¥ µ´¨ ¤ ÕÉ µ
¸¥¡¥ §´ ÉÓ ²¨ÏÓ ±µ¸¢¥´´µ Å Î¥·¥§ ´ ²¨Î¨¥ ¨²¨ µÉ¸ÊÉ¸É¢¨¥ ± ²¨¡·µ¢µÎ´µ°
¨´¢ ·¨ ´É´µ¸É¨.) �µ²µ¦¨³

L0 =
N∑

j=1

:χj(x) �Lj(∂)χj(x):, (7)

£¤¥ �Lj(∂) Å ¤¨ËË¥·¥´Í¨ ²Ó´Ò° µ¶¥· Éµ· ¶¥·¢µ£µ ¶µ·Ö¤±  ¤²Ö Ë¥·³¨µ´µ¢ ¨
¢Éµ·µ£µ Å ¤²Ö ¡µ§µ´µ¢, a ¸¨³¢µ²µ³ : : µ¡µ§´ Î¥´µ ´µ·³ ²Ó´µ¥ ¶·µ¨§¢¥¤¥´¨¥.
� ¸¸³µÉ·¨³ ¶·µ¸É¥°Ï¨° ´¥É·¨¢¨ ²Ó´Ò° ² £· ´¦¨ ´ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¢¨¤¥
³µ´µ³  n-° ¸É¥¶¥´¨

LI = g :
n∏

i=1

P ki(∂)χi(x):, (8)

£¤¥ P ki(∂) Å ¤¨ËË¥·¥´Í¨ ²Ó´Ò° µ¶¥· Éµ· ki-£µ ¶µ·Ö¤± .
�µ¤¸É ´µ¢±  (7) ¨ (8) ¢ (6) ¶·¨¢µ¤¨É ± ¢Ò· ¦¥´¨Ö³, ¶µ¸É·µ¥´´Ò³ ¨§

Ë¥°´³ ´µ¢¸±¨Ì ¶·µ¶ £ Éµ·µ¢ ∆Fj(x),  ´ ²¨É¨Î¥¸±¨ ¶·µ¤µ²¦¥´´ÒÌ ¢ ¥¢±²¨-
¤µ¢µ ¶·µ¸É· ´¸É¢µ D ¨§³¥·¥´¨°. �·µ¶ £ Éµ· ∆Fj(x) Ê¤µ¢²¥É¢µ·Ö¥É
Ê· ¢´¥´¨Õ

�Lj(∂)∆Fj(x) = −δD(x),

¨ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

∆Fj(x) = Qrj (∂)∆F (x).

‡¤¥¸Ó Qrj (∂) Å ¤¨ËË¥·¥´Í¨ ²Ó´Ò° µ¶¥· Éµ· rj -£µ ¶µ·Ö¤± , Ì · ±É¥·´Ò° ¤²Ö
¶µ²Ö ¤ ´´µ£µ ¸¶¨´ , ∆F (x) Å Ö¤·µ µ¶¥· Éµ·  (∆ + m2

j)
−1, a ∆ µ¡µ§´ Î ¥É

D-³¥·´Ò° ² ¶² ¸¨ ´. � ¸ ¨´É¥·¥¸Ê¥É µ¡² ¸ÉÓ ³ ²ÒÌ · ¸¸ÉµÖ´¨° x2 = ε2, £¤¥
∆F (x) ¢¥¤¥É ¸¥¡Ö ± ± x2−D , ¶µÔÉµ³Ê

∆Fj(x) ∼ Qrj(∂)x2−D = O(ε 2−D−rj ).
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„²Ö µÍ¥´±¨ Ëµ·³ ²Ó´µ° ¢¥²¨Î¨´Ò δD(0) ¢ ¨´É¥£· ²e ”Ê·Ó¥

δD(x) =
1

(2π)D

∫
eikxdDk

¢¢¥¤¥³ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ µ¡·¥§ ´¨¥ Λ ∼ 1/ε, Éµ£¤ 

δD(0) = O(ε−D).

‘ ÊÎ¥Éµ³ ÔÉ¨Ì µÍ¥´µ± ¢ ¶·¥¤¥²¥ (x − y)2 = ε 2 → 0 ¶µ²ÊÎ ¥³

〈0|Tw{L0(x)L0(y)}|0〉 =
N∑

j=1

[�Lj(∂)∆Fj(x − y)]2 = O(ε−2D), (9)

〈0|Tw{LI(x)LI(y)}|0〉 = g2
n∏

i=1

P ki(∂x)P ki(∂y)∆Fi(x − y) =

= O

(
n∏

i=1

ε 2−D−ri−2ki

)
. (10)

C· ¢´¨¢ Ö ¸É¥¶¥´¨ ε ¢ (9) ¨ (10), ´ Ìµ¤¨³, ÎÉµ ´¥· ¢¥´¸É¢µ (6) ¢Ò¶µ²´Ö¥É¸Ö,
¥¸²¨

Ωn = D +
n∑

i=1

(1 − 1
2

D − 1
2

ri − ki) ≥ 0. (11)

�Î¥¢¨¤´µ, ´¥· ¢¥´¸É¢µ (11) ¥¸ÉÓ ´¥ ÎÉµ ¨´µ¥, ± ± Ê¸²µ¢¨¥ ¶¥·¥´µ·³¨·Ê¥³µ¸É¨
¶µ ¸Î¥ÉÊ ¸É¥¶¥´¥°. � ¶·¨³¥·, ¶·¨ D = 4, ÊÎ¨ÉÒ¢ Ö, ÎÉµ ¤²Ö ¸± ²Ö·´ÒÌ ¶µ²¥°
ri = 0,   ¤²Ö ¤¨· ±µ¢¸±¨Ì ¶µ²¥° ri = 1, ¨³¥¥³ Ωn = −ωn, £¤¥ ωn µ¶·¥¤¥²¥´
¸µ£² ¸´µ (1). ‡ ³¥É¨³ É ±¦¥, ÎÉµ ¶·µ¶ £ Éµ· ³ ¸¸¨¢´ÒÌ ¢¥±Éµ·´ÒÌ ¶µ²¥°
(ηµν −∂µ∂ν/m2)∆F ¢¥¤¥É ¸¥¡Ö ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ± ± x−D, ¢ µÉ²¨Î¨¥ µÉ
¶·µ¶ £ Éµ·  ¡¥§³ ¸¸µ¢µ£µ ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö (ηµν −∂µ∂ν/∂2)∆F , ±µÉµ·Ò°
¢¥¤¥É ¸¥¡Ö ± ± x2−D, µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ ±·¨É¥·¨° ¶µ¤ ¢²Ö¥³µ¸É¨ ±µ²² ¶¸ 
(11) ·¥ £¨·Ê¥É ´  ´ ²¨Î¨¥ ¨²¨ µÉ¸ÊÉ¸É¢¨¥ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨
Î¥·¥§ Ê± § ´¨¥ ¢¥²¨Î¨´Ò ri ¤²Ö ¢¥±Éµ·´ÒÌ ¶µ²¥°.

Šµ£¤  ¢ (11) ¸Éµ¨É §´ ± · ¢¥´¸É¢ , ±µ´¸É ´É  ¸¢Ö§¨ g µ± §Ò¢ ¥É¸Ö ¡¥§-
· §³¥·´µ°. �·¨ ÔÉµ³ Ê¸²µ¢¨¥ (6) ¢Ò¶µ²´Ö¥É¸Ö, ¥¸²¨ g ¤µ¸É ÉµÎ´µ ³ ²µ ¶µ
 ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥.

�·¥¤¸É ¢²¥´´Ò° §¤¥¸Ó  ´ ²¨§ ¸²¥¤Ê¥É ¸Î¨É ÉÓ ²¨ÏÓ ´ ¢µ¤ÖÐ¨³ ¸µµ¡· -
¦¥´¨¥³ µ ¶·¥¤µÉ¢· É¨³µ¸É¨ ±µ²² ¶¸ . ‚ µ¸´µ¢¥ ¡µ²¥¥ ¸É·µ£µ£µ · ¸¸³µÉ·¥-
´¨Ö ³µ£²¨ ¡Ò ²¥¦ ÉÓ, ´ ¶·¨³¥·, ¸¢µ°¸É¢  ÉµÎ´ÒÌ ·¥Ï¥´¨° Ê· ¢´¥´¨Ö 	¥É¥Ä
‘µ²¶¨É¥· , µ¶¨¸Ò¢ ÕÐ¥£µ ±¢ ´Éµ¢µ-¶µ²¥¢Ò¥ ¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö. Š ¸µ¦ ²¥-
´¨Õ, µ¤´ ±µ, ¶µ¶ÒÉ±¨ ¶·µ¤¢¨´ÊÉÓ¸Ö ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ (¸³., ´ ¶·¨³¥·, [51])
´¥²Ó§Ö ¶·¨§´ ÉÓ ¸±µ²Ó±µ-´¨¡Ê¤Ó Ê¸¶¥Ï´Ò³¨ ¨§-§  µÉ¸ÊÉ¸É¢¨Ö  ¤¥±¢ É´ÒÌ ³ -
É¥³ É¨Î¥¸±¨Ì ¸·¥¤¸É¢ ¤²Ö ·¥Ï¥´¨Ö ÔÉµ° Î·¥§¢ÒÎ °´µ É·Ê¤´µ° § ¤ Î¨.
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‘µ£² ¸´µ „ °¸µ´Ê, É¥µ·¨Ö ¶¥·¥´µ·³¨·Ê¥³ , ¥¸²¨ ¢¸¥ · ¸Ìµ¤¨³µ¸É¨ ¶µ£²µ-
Ð ÕÉ¸Ö §  ¸Î¥É ¶¥·¥µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ ² £· ´¦¨ ´ . „²Ö ¢Ò¶µ²´¥´¨Ö
ÔÉµ£µ Ê¸²µ¢¨Ö ´Ê¦´µ, ÎÉµ¡Ò ¢ ±ÊÊ³´Ò¥ Ë²Ê±ÉÊ Í¨¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨
¶·¥¢ÒÏ ²¨ ¢ ±ÊÊ³´Ò¥ Ë²Ê±ÉÊ Í¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö. �µÔÉµ³Ê ¶¥·¥´µ·³¨·Ê-
¥³µ¸ÉÓ ³µ¦´µ § ³¥´¨ÉÓ ´  Ô±¢¨¢ ²¥´É´µ¥, ´µ Ë¨§¨Î¥¸±¨ ¡µ²¥¥ ¶·µ§· Î´µ¥
Ê¸²µ¢¨¥ ±¨´¥É¨Î¥¸±µ£µ ¶·¥µ¡² ¤ ´¨Ö∗ .

‘ÊÐ¥¸É¢Ê¥É Ê¡¥¦¤¥´¨¥ (¸³., ´ ¶·¨³¥·, [53]), ÎÉµ ¢ ¶¥·¥´µ·³¨·Ê¥³µ° É¥µ-
·¨¨ Ë¨§¨±  ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ´¥ÎÊ¢¸É¢¨É¥²Ó´  ± ¢²¨Ö´¨Õ ³ ²ÒÌ · ¸-
¸ÉµÖ´¨°, ¶·¨Î¥³ ÔÉµ ¢²¨Ö´¨¥ ³µ¦¥É ¡ÒÉÓ ÔËË¥±É¨¢´µ ÊÎÉ¥´o ±µ´¥Î´Ò³ Î¨-
¸²µ³ ¶ · ³¥É·µ¢, Éµ£¤  ± ± ¢ ´¥¶¥·¥´µ·³¨·Ê¥³µ° É¥µ·¨¨ µ´µ ÊÎ¨ÉÒ¢ ¥É¸Ö
c ¶µ³µÐÓÕ ¡¥¸±µ´¥Î´µ£µ Î¨¸²  ¶ · ³¥É·µ¢. � Ï  ´ ²¨§ ¶µ¤É¢¥·¦¤ ¥É ÔÉÊ
ÉµÎ±Ê §·¥´¨Ö. „¥°¸É¢¨É¥²Ó´µ, ¢¥·´¥³¸Ö ± ±¥¶²¥·µ¢¸±µ° § ¤ Î¥. ‚ ¸¨ÉÊ Í¨¨,
±µ£¤  ¶ ¤¥´¨¥ ´  Í¥´É· ¶µ¤ ¢²¥´µ (·¨¸. 3,¡), ¢ µ±·¥¸É´µ¸É¨ ´ Î ²  ±µµ·¤¨-
´ É ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² U(r)  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¶·¨¡²¨¦ ¥É¸Ö ± J/r. �Éµ
µ§´ Î ¥É, ÎÉµ §µ´¤¨·µ¢ ´¨¥ ³ ²ÒÌ · ¸¸ÉµÖ´¨° ±µ´É·µ²¨·Ê¥É¸Ö ¥¤¨´¸É¢¥´´Ò³
¶ · ³¥É·µ³ J . � ¶·µÉ¨¢, ¢ ¸¨ÉÊ Í¨¨, ±µ£¤  ¶ ¤¥´¨¥ ´  Í¥´É· ´¥¨§¡¥¦´µ
(·¨¸. 3,a), U(r) ¸É·¥³¨É¸Ö ± U(r) ¶·¨ r → 0, É.¥. §µ´¤¨·µ¢ ´¨e ³ ²ÒÌ · ¸-
¸ÉµÖ´¨° · ¢´µ¸¨²Ó´µ µ¶·¥¤¥²¥´¨Õ ¡¥¸±µ´¥Î´µ£µ Î¨¸²  ±µÔËË¨Í¨¥´Éµ¢ ·Ö¤ 
‹µ· ´ , ¶·¥¤¸É ¢²ÖÕÐ¨Ì ËÊ´±Í¨Õ U(r).

’ ±¨³ µ¡· §µ³, ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ £ · ´É¨·Ê¥É ¸ ³µ¤µ¸É ÉµÎ´µ¸ÉÓ § -
±µ´µ¢, Ê¶· ¢²ÖÕÐ¨Ì ±·Ê¶´µ³ ¸ÏÉ ¡´Ò³¨ Ö¢²¥´¨Ö³¨. �· ¢¤ , µÉ¸Õ¤  ¢µ¢¸¥
´¥ ¸²¥¤Ê¥É, ÎÉµ ¢¸¥ ¶·µ¨¸Ìµ¤ÖÐ¥¥ ¢ ¤¨ ¶ §µ´¥ ³ ²ÒÌ ¤²¨´ ¢µ²´ É·¨¢¨ ²Ó´µ
¨²¨, ¶µ ±· °´¥° ³¥·¥, ¤µ¶Ê¸± ¥É Ê´¨Ë¨± Í¨Õ ¸ ¤²¨´´µ¢µ²´µ¢µ° ± ·É¨´µ°. ‚
·¥§Ê²ÓÉ É¥ ¶µ¤ ¢²¥´¨Ö ±µ²² ¶¸  ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö µ¡² ¸ÉÓ, ±µÉµ·ÊÕ ³Ò
¨¸¸²¥¤Ê¥³, µ± §Ò¢ ¥É¸Ö, ¶µ ¸ÊÐ¥¸É¢Ê, ¨§µ²¨·µ¢ ´´µ° µÉ µ¡² ¸É¨ ¢Ò¸µ±¨Ì
Ô´¥·£¨°.

‚¸¶µ³´¨³, µ¤´ ±µ, ÎÉµ ¨¸É¨´´oe Ê¸²µ¢¨¥ ¶·¥¤µÉ¢· É¨³µ¸É¨ ±µ²² ¶¸  ¸µ-
¸Éµ¨É ´¥ ¢ ±¨´¥É¨Î¥¸±o³ ¶·¥µ¡² ¤ ´¨¨,   ¢ µ£· ´¨Î¥´´µ¸É¨ ¸¶¥±É·  £ ³¨²Ó-
Éµ´¨ ´  ¸´¨§Ê. —¥³ Î·¥¢ É  § ³¥´  µ¤´µ£µ Ê¸²µ¢¨Ö ¤·Ê£¨³?

Š¨´¥É¨Î¥¸±oe ¶·¥µ¡² ¤ ´¨e ´¥µ¡Ìµ¤¨³o ¤²Ö ¶·¥¤µÉ¢· Ð¥´¨Ö ±µ²² ¶¸ ∗∗,
´µ ´¥ ¤µ¸É ÉµÎ´o. ‚ ¸ ³µ³ ¤¥²¥, Õ± ¢¸±¨° Î²¥´ LI = igψ̄γ5ψφ, ¢§ÖÉÒ° ¸ ³
¶µ ¸¥¡¥, ¶·¨ D = 4 ¤ ¥É ¶·¨³¥· ´¥¶¥·¥´µ·³¨·Ê¥³µ£µ ² £· ´¦¨ ´ , ´¥¸³µÉ·Ö
´  Éµ, ÎÉµ Ê¸²µ¢¨¥ (11) ¸µ¡²Õ¤¥´µ. �¥·¥´µ·³¨·Ê¥³µ¸É¨ ´¥¢µ§³µ¦´µ ¤µ¸É¨ÎÓ,
¶µ±  ´¥ ¤µ¡ ¢²¥´ Î²¥´ ¸± ²Ö·´µ£µ ¸ ³µ¤¥°¸É¢¨Ö LI = −λφ4. „·Ê£µ° ¨§¢¥¸É-

∗‚ ´¥¸±µ²Ó±µ Ê¶·µÐ¥´´µ³ ¨ ´¥Ö¢´µ³ ¢¨¤¥ ÔÉµ Ê¸²µ¢¨¥ ¡Ò²µ ¢¶¥·¢Ò¥ ¶·¥¤²µ¦¥´µ
„.ˆ.	²µÌ¨´Í¥¢Ò³ [52].

∗∗‹Õ¡µ¶ÒÉ´µ, ÎÉµ ¢ ¶·µ¡²¥³¥ £· ¢¨É Í¨µ´´µ° ¸¨´£Ê²Ö·´µ¸É¨ ·µ²Ó Ô´¥·£µ¤µ³¨´ ´É´µ¸É¨
¶·Ö³µ ¶·µÉ¨¢µ¶µ²µ¦´ : ´ ·ÊÏ¥´¨¥ Ô´¥·£µ¤µ³¨´ ´É´µ¸É¨ ¶·¥¤µÉ¢· Ð ¥É µ¡· §µ¢ ´¨¥ ¸¨´£Ê²Ö·-
´µ¸É¨ [54].
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´Ò° ¶·¨³¥· Å ± ²¨¡·µ¢µÎ´ Ö É¥µ·¨Ö É¨¶  Ÿ´£ ÄŒ¨²²¸ Ä•¨££¸ , ±µÉµ· Ö ¢
µ¡Ð¥³ ¸²ÊÎ ¥ ´¥¶¥·¥´µ·³¨·Ê¥³  ¨§-§  ´ ²¨Î¨Ö  ±¸¨ ²Ó´µ°  ´µ³ ²¨¨. �´µ³ -
²¨Ö ¢²¥Î¥É §  ¸µ¡µ° ´ ·ÊÏ¥´¨¥ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, ¡¥§ ±µÉµ·µ°
¶µ²Ö Ÿ´£ ÄŒ¨²²¸  ¨³¥ÕÉ ¶²µÌµ¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ ¶µ¢¥¤¥´¨¥, Ì · ±É¥·´µ¥
¤²Ö ³ ¸¸¨¢´ÒÌ ¢¥±Éµ·´ÒÌ ¶µ²¥°. �É¨ ¶·¨³¥·Ò £µ¢µ·ÖÉ µ ´ ²¨Î¨¨ ¸¨¸É¥³, ¤²Ö
±µÉµ·ÒÌ ´¥ ¢¸¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢Ò¥ · ¸Ìµ¤¨³µ¸É¨ ¶µ£²µÐ ÕÉ¸Ö ¶ · ³¥É· ³¨
² £· ´¦¨ ´ ,   §´ Î¨É, ±µ²² ¶¸ ´¥ ¶µ¤ ¢²¥´, ÌµÉÖ Ê¸²µ¢¨¥ (4) ¢Ò¶µ²´¥´µ.

� ¸¸Ê¦¤ Ö ´ ¨¢´µ, ³µ¦´µ Ê¸µ³´¨ÉÓ¸Ö ¤ ¦¥ ¢ ´¥µ¡Ìµ¤¨³o¸É¨ É·¥¡µ¢ ´¨Ö
±¨´¥É¨Î¥¸±o£µ ¶·¥µ¡² ¤ ´¨Ö. „¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ ± H0 ¤µ¡ ¢¨ÉÓ ®¢µ§³ÊÐ¥-
´¨¥¯ É¨¶  ¸± ²Ö·´µ£µ ¸ ³µ¤¥°¸É¢¨Ö HI = λφ2n ¸ λ > 0, ±µÉµ·µ¥, ´  ¶¥·-
¢Ò° ¢§£²Ö¤, ± ¦¥É¸Ö ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´Ò³, Éµ ¸¶¥±É· ¤µ²¦¥´ µ¸É ÉÓ¸Ö
µ£· ´¨Î¥´´Ò³ ¸´¨§Ê ¶·¨ ¶·µ¨§¢µ²Ó´µ³ n > 1. �µ §¤¥¸Ó Ê¶ÊÐ¥´µ ¨§ ¢¨¤Ê,
ÎÉµ ¶¥·¥´µ·³¨·µ¢ ´´ Ö ±µ´¸É ´É  ¸¢Ö§¨ λ ³µ¦¥É ± ·¤¨´ ²Ó´µ ¨§³¥´¨ÉÓ¸Ö,
¡² £µ¤ ·Ö ¶µ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³ , ¢ Î ¸É´µ¸É¨, ¶µ³¥´ÖÉÓ §´ ± ¶µ ¸· ¢´¥´¨Õ ¸
£µ²µ° ±µ´¸É ´Éµ° ¸¢Ö§¨. ‘Éµ²Ó ¸¨²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³  ´¥É ¢ ¤¢Ê³¥·-
´ÒÌ ¸Ê¶¥·¶¥·¥´µ·³¨·Ê¥³ÒÌ É¥µ·¨ÖÌ [55], ¶µÔÉµ³Ê ¶·¨ D = 2 Î¨¸²µ n ³µ¦¥É
¡ÒÉÓ ²Õ¡Ò³. —Éµ ¦¥ ± ¸ ¥É¸Ö ¸²ÊÎ Ö D = 4, Éµ §¤¥¸Ó µ£· ´¨Î¥´¨¥ n ≤ 2,
´ ² £ ¥³µ¥ Ê¸²µ¢¨¥³ (11), µ¸É ¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³. „·Ê£µ¥ ¸µ³´¥´¨¥ ³µ¦¥É
¢µ§´¨±´ÊÉÓ ¢ ¸¢Ö§¨ ¸ É ± ´ §Ò¢ ¥³µ° É¥µ·¥³µ° Ô±¢¨¢ ²¥´É´µ¸É¨, ¸µ£² ¸´µ ±µ-
Éµ·µ° ¤¢¥ ±¢ ´Éµ¢Ò¥ É¥µ·¨¨ ¶µ²Ö, ¸¢Ö§ ´´Ò¥ ´¥²¨´¥°´Ò³ ¶·¥µ¡· §µ¢ ´¨¥³
¶µ²Ö

χ = Φ + Φ2F (Φ), (12)

¨³¥ÕÉ µ¤´Ê ¨ ÉÊ ¦¥ S-³ É·¨ÍÊ. �Éµ §´ Î¨É, ÎÉµ ±µ²² ¶¸ ¶µ¤ ¢²¥´ ´¥ Éµ²Ó±µ
¤²Ö ¶µ²¨´µ³¨ ²Ó´ÒÌ ² £· ´¦¨ ´µ¢, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì ±·¨É¥·¨Õ (11), ´µ ¨
¤²Ö ²Õ¡ÒÌ, ¶µ²ÊÎ ¥³ÒÌ ¨§ ´¨Ì ¶ÊÉ¥³ ´¥²¨´¥°´ÒÌ ¶·¥µ¡· §µ¢ ´¨° (12). �¤-
´ ±µ, ¨¸¶µ²Ó§ÊÖ É¥Ì´¨±Ê ´¨²Ó¶µÉ¥´É´ÒÌ µ¶¥· Éµ·µ¢, ¶·¨³¥´Ö¥³ÊÕ ¢ ± ²¨-
¡·µ¢µÎ´ÒÌ É¥µ·¨ÖÌ, ³µ¦´µ ¶µ± § ÉÓ [56], ÎÉµ ¢¥¸Ó ÔËË¥±É, ¢Ò§Ò¢ ¥³Ò° ¢
² £· ´¦¨ ´¥ L ´¥²¨´¥°´µ° Î ¸ÉÓÕ ¶·¥µ¡· §µ¢ ´¨Ö (12), ¶µ¤µ¡¥´ Î²¥´Ê, ±µ-
Éµ·Ò° ®Ë¨±¸¨·Ê¥É ± ²¨¡·µ¢±Ê¯. ’ ±¨³ µ¡· §µ³, Ê¸²µ¢¨¥ (4) ¤¥°¸É¢¨É¥²Ó´µ
´¥µ¡Ìµ¤¨³µ ¤²Ö ¶µ¤ ¢²Ö¥³µ¸É¨ ±µ²² ¶¸ .

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, c± ²Ö·´µ¥ c ³µ¤¥°¸É¢¨¥ φ 3, ± § ²µ¸Ó ¡Ò, ¤µ¸É ¢²Ö¥É
±µ´É·¶·¨³¥· Î¥ÉÒ·¥Ì³¥·´µ° ¶¥·¥´µ·³¨·Ê¥³µ° É¥µ·¨¨ c £ ³¨²ÓÉµ´¨ ´µ³, ´¥
µ£· ´¨Î¥´´Ò³ ¸´¨§Ê. �Éµ ¢¶¥Î É²¥´¨¥ µ¡³ ´Î¨¢µ. „¥°¸É¢¨É¥²Ó´µ, Î²¥´ φ 3

¸É·¥³¨É¸Ö ± −∞ ¶·¨ φ → −∞, ¶·¥¢ÒÏ Ö ·µ¸É Î²¥´  (m2/2)φ 2, ¸µ¤¥·-
¦ Ð¥£µ¸Ö ¢ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ Î²¥´ . �·¨ ÔÉµ³, µ¤´ ±µ, Ê¶Ê¸± ¥É¸Ö ¨§
¢¨¤Ê, ÎÉµ ¢¥¤ÊÐ¨³ Î²¥´o³ ¢ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ Ö¢²Ö¥É¸Ö ´¥ (m2/2)φ 2,  
(1/2) (∂φ)2, ¸¨´£Ê²Ö·´µ¸ÉÓ ±µÉµ·µ£µ O(ε−4) ¸· ¢´¨³  ¸ ¸¨´£Ê²Ö·´µ¸ÉÓÕ φ 4

¨ § ¢¥¤µ³µ ¶·¥¢µ¸Ìµ¤¨É ¸¨´£Ê²Ö·´µ¸ÉÓ O(ε−3) Î²¥´  φ 3.
Š·¨É¥·¨° ±¨´¥É¨Î¥¸±o£µ ¶·¥µ¡² ¤ ´¨Ö µÉ´µ¸¨É¸Ö ± ¸¨¸É¥³ ³, ¶·¥¤· ¸-

¶µ²µ¦¥´´Ò³ ± ±µ²² ¶¸Ê. � É ±µ³ ¶·¥¤· ¸¶µ²µ¦¥´¨¨ ¶·¥¤Ê¶·¥¦¤ ÕÉ Ê²ÓÉ· -
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Ë¨µ²¥Éµ¢Ò¥ · ¸Ìµ¤¨³µ¸É¨. ‚ µ¤´¨Ì ¸¨¸É¥³ Ì É¥´¤¥´Í¨Ö ± ±µ²² ¶¸Ê ¶µ¤ ¢²Ö-
¥É¸Ö,   ¢ ¤·Ê£¨Ì ¡¥¸¶·¥¶ÖÉ¸É¢¥´´µ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö. ŒÒ ³µ¦¥³ ¸Ê¤¨ÉÓ µ Éµ³,
± ±µ° ¨§ ÔÉ¨Ì ¢ ·¨ ´Éµ¢ ¸¢µ°¸É¢¥´ ¤ ´´µ° ¸¨¸É¥³¥ ´¥ Éµ²Ó±µ ¶µ  ´ ²¨É¨Î¥-
¸±¨³, ´µ ¨ ¶µ Éµ¶µ²µ£¨Î¥¸±¨³ µ¸µ¡¥´´µ¸ÉÖ³ ¥¥ ¶µ¢¥¤¥´¨Ö. ’µ¶µ²µ£¨Î¥¸±ÊÕ
± ·É¨´Ê, ¢ ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¶ ¤¥´¨¥ ´  Í¥´É·, ³Ò ±¢ ²¨Ë¨Í¨·µ¢ ²¨ ± ±
å1-, å3- ¨ å5-ÊÐ¥·¡´ÊÕ. �Éµ ´ ¡²Õ¤¥´¨¥ ¢ µ¡ÒÎ´µ° ²µ± ²Ó´µ° Š’� ²¥£±µ · ¸-
¶·µ¸É· ´Ö¥É¸Ö ´  ¸²ÊÎ ° ¡µ²¥¥ µ¡Ð¨Ì É¥µ·¨° (É ±¨Ì, ´ ¶·¨³¥·, ± ± M -É¥µ-
·¨Ö) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �Ê¸ÉÓ ´  ±² ¸¸¨Î¥¸±µ³ Ê·µ¢´¥ ¢µ§³µ¦´Ò ¶·¥¢· Ð¥-
´¨Ö ¶·µ¸É· ´¸É¢¥´´µ ¶·µÉÖ¦¥´´ÒÌ µ¡Ñ¥±Éµ¢ ¢ µ¡Ñ¥±ÉÒ ³¥´ÓÏ¥° · §³¥·´µ¸É¨,
´ ¶·¨³¥·, ¸¦ É¨¥ ¸É·Ê´Ò ¢ ÉµÎ±Ê, ¸¢¥·ÉÒ¢ ´¨¥ ³¥³¡· ´Ò ¢ ¸É·Ê´Ê, ¸¶²Õ-
Ð¨¢ ´¨¥ ¸µ²¨Éµ´  ¢ ¶²µ¸±ÊÕ ¢µ²´Ê ¨ É.¶. ’ ±¨¥ ¶·¥¢· Ð¥´¨Ö  ´ ²µ£¨Î´Ò
µ¸µ¡µ³Ê ¢ ·¨ ´ÉÊ Ô¢µ²ÕÍ¨¨ å4, ¢ ±µÉµ·µ³ ¤¢¥ Î ¸É¨ÍÒ ¨¸Ìµ¤´µ ¨´É¥·¶·¥É¨·Ê-
ÕÉ¸Ö ± ± ±µ´ÍÒ ¸¦¨³ ÕÐ¥°¸Ö ¸É·Ê´Ò. …¸²¨ ÔÉ¨ ¶·¥¢· Ð¥´¨Ö µ¡· É¨³Ò, Éµ
¢ ± ·É¨´¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢¸¥ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨, ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥
± ·É¨´  ÊÐ¥·¡´ : ¸ ³µ ´ ²¨Î¨¥ ¢ ´¥° ´¥±µÉµ·µ£µ µ¸µ¡µ£µ ¢ ·¨ ´É  Ô¢µ²Õ-
Í¨¨ ´¥¸µ¢³¥¸É¨³o ¸ ´ ²¨Î¨¥³ ®¶·µÉ¨¢µ¶µ²µ¦´µ£µ¯ ¢ ·¨ ´É . �ÉÊ ÊÐ¥·¡-
´µ¸ÉÓ ± ·É¨´Ò ³Ò ¶·¨´¨³ ¥³ §  Éµ¶µ²µ£¨Î¥¸±µ¥ µ¶·¥¤¥²¥´¨¥ µ¸ÊÐ¥¸É¢¨³µ-
¸É¨ ±µ²² ¶¸ . ‘ Ë¨§¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ÊÐ¥·¡´µ¸ÉÓ ± ·É¨´Ò · ¢´µ¸¨²Ó´ 
´ ·ÊÏ¥´¨Õ µ¡· É¨³µ¸É¨ ¢µ ¢·¥³¥´¨. �  Ö§Ò±¥ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ Éµ¶µ²µ£¨-
Î¥¸± Ö ÊÐ¥·¡´µ¸ÉÓ µ§´ Î ¥É, ÎÉµ £¨²Ó¡¥·Éµ¢¸±¨¥ ¶·µ¸É· ´¸É¢  ¸µ¸ÉµÖ´¨° Hin

¨ Hout · §²¨Î´Ò, É.¥. Ê´¨É ·´µ¸ÉÓ ´ ·ÊÏ ¥É¸Ö. Š ± ¨§¢¥¸É´µ [57], ¸± ²Ö·´ Ö
É¥µ·¨Ö ¸ ² £· ´¦¨ ´µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö φ4 ¶·¨ D > 4 É·¨¢¨ ²Ó´ . �Éµ ¸²Ê¦¨É
´ ³¥±µ³ ´  Éµ, ÎÉµ ´¥¶¥·¥´µ·³¨·Ê¥³ Ö É¥µ·¨Ö ³µ¦¥É ¡ÒÉÓ Ê´¨É ·´µ° ²¨ÏÓ
¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ ±µ²² ¶¸ µÉ´µ¸¨É¸Ö ± ®¤µ¨¸Éµ·¨Î¥¸±¨³¯ ¢·¥³¥´ ³, a · -
¢¥´¸É¢µ Hin = Hout µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¤²Ö Éµ° Î ¸É¨ ¸¨¸É¥³Ò, ±µÉµ· Ö µ¸É ¥É¸Ö
¶µ¸²¥ ±µ²² ¶¸  ¨ Ê¦¥ ´¥ ¨¸¶ÒÉÒ¢ ¥É ¢§ ¨³µ¤¥°¸É¢¨Ö.

�µ¤ ¢²Ö¥³µ¸ÉÓ ±µ²² ¶¸  ¥¸ÉÓ ¸·¥¤¸É¢µ ¢µ¸¸É ´µ¢²¥´¨Ö µ¡· É¨³µ¸É¨. O¤-
´ ±µ §  ÔÉµ ¶·¨Ìµ¤¨É¸Ö ¶² É¨ÉÓ µ¡¥¤´¥´¨¥³ Éµ¶µ²µ£¨Î¥¸±µ° ± ·É¨´Ò, ¨§ ±µ-
Éµ·µ° ¨¸Î¥§ ÕÉ ¢¸¥ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨. �¥ ¨³¥¥³ ²¨ ³Ò ¤¥²µ ¸µ
¸Éµ²Ó ¸¨²Ó´µ¤¥°¸É¢ÊÕÐ¨³ ¸·¥¤¸É¢µ³, ÎÉµ ³´µ¦¥¸É¢µ ¶¥·¥´µ·³¨·Ê¥³Òx É¥µ-
·¨° ¸ ´¥É·¨¢¨ ²Ó´µ° S-³ É·¨Í¥° µ± §Ò¢ ¥É¸Ö ¶Ê¸ÉÒ³? �·¨³¥·Ò ´¥É·¨¢¨ ²Ó-
´ÒÌ ¸Ê¶¥·¶¥·¥´µ·³¨·Ê¥³ÒÌ É¥µ·¨°, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì ¢¸¥³  ±¸¨µ³ ³ ‚ °É-
³ ´ , ¡Ò²¨ ´ °¤¥´Ò [55] ¤²Ö D = 2 ¨ D = 3, ´µ ´¥ ¨¸±²ÕÎ¥´µ, ´ ¶·¨³¥·, ÎÉµ
¸± ²Ö·´µ¥ ¸ ³µ¤¥°¸É¢¨¥ φ4 (¢ ¦´ Ö ¸µ¸É ¢²ÖÕÐ Ö ¸É ´¤ ·É´µ° ³µ¤¥²¨) ¶·¨
D = 4 ¤ ¥É ¥¤¨´¨Î´ÊÕ S-³ É·¨ÍÊ. �É¸Õ¤  ¢µ§´¨± ¥É ¢µ¶·µ¸: ´¥ Ö¢²Ö¥É¸Ö
²¨ É·¨¢¨ ²¨§ Í¨Ö Éµ¶µ²µ£¨Î¥¸±µ° ± ·É¨´Ò ¸¢µ°¸É¢µ³, ¢´ÊÉ·¥´´¥ ¶·¨¸ÊÐ¨³
²Õ¡µ° ¶¥·¥´µ·³¨·Ê¥³µ° É¥µ·¨¨?

6. ƒ�‹�ƒ��”ˆ—…‘Šˆ‰ ��ˆ�–ˆ� ˆ ���Œ�‹ˆˆ

—¨É É¥²Ó, ¢¥·µÖÉ´µ, Ê¸¶¥² µ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ¢ ´ Ï¥³ µ¡¸Ê¦-
¤¥´¨¨ ¶µ¸ÉµÖ´´µ ¢µ§´¨± ¥É ¶µ´ÖÉ¨e · §³¥·´µ¸É¨ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ D.
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� ¶·¨³¥·, D ¢Ìµ¤¨É ¢ ±·¨É¥·¨° ¶·¥¤µÉ¢· É¨³µ¸É¨ ±µ²² ¶¸  (11). ‡´ Î¥´¨Ö
D = 2 ¨ D = 3 ¶µÖ¢²Ö²¨¸Ó ¢ ¸¢Ö§¨ ¸ Ê¶µ³¨´ ´¨¥³ Ê¤¨¢¨É¥²Ó´ÒÌ ³¨·µ¢, £¤¥
¶µ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³  ¸² ¡ ,   É¥µ·¨¨ ¸Ê¶¥·¶¥·¥´µ·³¨·Ê¥³Ò. C ³µ µ¶·¥¤¥²¥-
´¨¥ ±µ²² ¶¸ , ¶·¥¤²µ¦¥´´µ¥ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, µ¸´µ¢ ´µ ´  ¶·¥¢· Ð¥-
´¨¨ ¶·µÉÖ¦¥´´ÒÌ µ¡Ñ¥±Éµ¢ ¢ µ¡Ñ¥±ÉÒ ³¥´ÓÏ¥° · §³¥·´µ¸É¨. (�É³¥É¨³ É ±¦¥,
ÎÉµ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨ÖÌ, £¤¥ · ¸Ìµ¤¨³µ¸É¨ ¸µ±· Ð ÕÉ¸Ö Î ¸É¨Î´µ
¨²¨ ¶µ²´µ¸ÉÓÕ, Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ ¡² £µ¶µ²ÊÎ¨¥ ¤µ¸É¨£ ¥É¸Ö §  ¸Î¥É ÔËË¥±-
É¨¢´µ£µ ¶µ´¨¦¥´¨Ö · §³¥·´µ¸É¨. „¥°¸É¢¨É¥²Ó´µ, ± ± ¶µ± § ²¨ ƒ.� ·¨§¨ ¨
�.‘Ê·²  [58], ¸Ê¶¥·¸¨³³¥É·¨Î´Ò¥ É¥µ·¨¨ ´  £· ¤Ê¨·µ¢ ´´µ³ ³´µ£µµ¡· §¨¨ ¸
µ¡ÒÎ´Ò³¨ ±µµ·¤¨´ É ³¨ x1, . . . , xD ¨ £· ¸¸³ ´µ¢¸±¨³¨ ±µµ·¤¨´ É ³¨ θ ¨ θ̄
Ô±¢¨¢ ²¥´É´Ò ´¥¸Ê¶¥·¸¨³³¥É·¨Î´Ò³ É¥µ·¨Ö³ ´  ³´µ£µµ¡· §¨¨ ¸ ±µµ·¤¨´ -
É ³¨ x1, . . . , xD−2, ¤·Ê£¨³¨ ¸²µ¢ ³¨, ¤²Ö Ö¢´µ° ·¥ ²¨§ Í¨¨ ¸Ê¶¥·¸¨³³¥É·¨¨
É·¥¡ÊÕÉ¸Ö ±µµ·¤¨´ ÉÒ θ µÉ·¨Í É¥²Ó´µ° · §³¥·´µ¸É¨. ‘Ê¶¥·¸¨³³¥É·¨Ö Å
ÔÉµ ²¨ËÉ, ¶¥·¥´µ¸ÖÐ¨° ¢ ´¨¦´¨¥ ÔÉ ¦¨ · §³¥·´µ¸É¨.)

„·Ê£¨³ ¢ ¦´Ò³ ¤²Ö ´ Ï¥° É¥³Ò ¶µ´ÖÉ¨¥³ Ö¢²Ö¥É¸Ö ¶µ´ÖÉ¨¥ µ¡· É¨³µ-
¸É¨. „µ ¸¨Ì ¶µ· ÔÉ¨ ¶µ´ÖÉ¨Ö ´¥ ¡Ò²¨ ¸¢Ö§ ´´Ò³¨. ŒÒ ³µ£²¨ ¡Ò §´ Î¨É¥²Ó´µ
¶·µ¤¢¨´ÊÉÓ¸Ö ¢ ¶µ´¨³ ´¨¨ ¶·¥¤³¥É , ¥¸²¨ ¡Ò ¢ ´ Ï¥³ · ¸¶µ·Ö¦¥´¨¨ ¡Ò²µ
¸·¥¤¸É¢µ, ¶µ§¢µ²ÖÕÐ¥¥ ¸¢Ö§ ÉÓ Ë¨§¨Î¥¸±¨¥ ± ·É¨´Ò ¶·¨ · §²¨Î´ÒÌ D. T -
±µ¥ ¸·¥¤¸É¢µ ¤¥°¸É¢¨É¥²Ó´µ ¨³¥¥É¸Ö Å ÔÉµ É ± ´ §Ò¢ ¥³Ò° £µ²µ£· Ë¨Î¥¸±¨°
¶·¨´Í¨¶. O´ ¶µ§¢µ²Ö¥É ¢§£²Ö´ÊÉÓ ´  ´¥µ¡· É¨³µ¸ÉÓ ± ± ´   ´µ³ ²¨Õ, ´ ·ÊÏ -
ÕÐÊÕ ¤Ê ²¨§³ ±¢ ´Éµ¢µ£µ ¨ ±² ¸¸¨Î¥¸±µ£µ µ¶¨¸ ´¨° ¢ ³¨· Ì ¸µ¶·¥¤¥²Ó´µ°
· §³¥·´µ¸É¨.

‘µ£² ¸´µ £µ²µ£· Ë¨Î¥¸±µ³Ê ¶·¨´Í¨¶Ê, ¶·µ¢µ§£² Ï¥´´µ³Ê ¢ ¶¨µ´¥·¸±¨Ì
· ¡µÉ Ì 'É •µµËÉa [59] ¨ ‘ ¸±¨´¤a [60], ¢¸Ö ¨´Ëµ·³ Í¨Ö µ ¸É¥¶¥´ÖÌ ¸¢µ¡µ¤Ò
¢´ÊÉ·¨ µ¡Ñ¥³  ³µ¦¥É ¡ÒÉÓ ¸¶·µ¥Í¨·µ¢ ´  ´  ¶µ¢¥·Ì´µ¸ÉÓ (´ §Ò¢ ¥³ÊÕ É ±¦¥
Ô±· ´µ³), ±µÉµ· Ö µ£· ´¨Î¨¢ ¥É ÔÉµÉ µ¡Ñ¥³. ˆ§-§  µÉ¸ÊÉ¸É¢¨Ö µ¡Ð¥¶·¨´ÖÉµ°
Ëµ·³Ê²¨·µ¢±¨ ³Ò ¡Ê¤¥³ ¶µ²Ó§µ¢ ÉÓ¸Ö · ¡µÎ¨³¨ ¢¥·¸¨Ö³¨ ÔÉµ£µ ¶·¨´Í¨¶ ,
µ¡¸Ê¦¤ ¥³Ò³¨ ¢ É¥±ÊÐ¥° ²¨É¥· ÉÊ·¥. ˆÌ ¸ÊÉÓ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ±² ¸¸¨Î¥¸-
± Ö É¥µ·¨Ö, µ¶¨¸Ò¢ ÕÐ Ö Ö¢²¥´¨Ö ¸ ÊÎ¥Éµ³ £· ¢¨É Í¨¨ ¢´ÊÉ·¨ µ¡Ñ¥³ , ³µ¦¥É
¡ÒÉÓ ¢Ò· ¦¥´  ¢ ¢¨¤¥ ±¢ ´Éµ¢µ° É¥µ·¨¨, ±µÉµ· Ö · ¸¸³ É·¨¢ ¥É É¥ ¦¥ Ö¢²¥-
´¨Ö ¡¥§ £· ¢¨É Í¨¨ ´  £· ´¨Í¥ µ¡Ñ¥³ . ‚ É ±µ³ ¢¨¤¥ £µ²µ£· Ë¨Î¥¸±¨° ¶·¨´-
Í¨¶ ¶µ¤É¢¥·¦¤¥´ Œ ²¤ Í¥´µ° [61], ±µÉµ·Ò° µ¡´ ·Ê¦¨² ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê
±¢ §¨±² ¸¸¨Î¥¸±µ° ¸Ê¶¥·£· ¢¨É Í¨¥° ¢  ´É¨¤¥¸¨ÉÉ¥·µ¢¸±µ³ ¶·µ¸É· ´¸É¢¥ ¨
±¢ ´Éµ¢µ° ±µ´Ëµ·³´µ° É¥µ·¨¥° Ÿ´£ ÄŒ¨²²¸  ´  £· ´¨Í¥ ¶·µ¸É· ´¸É¢ .

…¸ÉÓ µ¸´µ¢ ´¨Ö ¤Ê³ ÉÓ, ÎÉµ £µ²µ£· Ë¨Î¥¸±¨° ¶·¨´Í¨¶ µ¸É ¥É¸Ö ¢ ¸¨²¥ ¨
¶·¨ ¢Ò±²ÕÎ¥´¨¨ £· ¢¨É Í¨¨. ’µ£¤  ¥£µ ³µ¦´µ ¶·µ¸Éµ ·¥ ²¨§µ¢ ÉÓ ¶·¨ ¶µ-
³µÐ¨ § ³¥Î É¥²Ó´µ£µ ¤Ê ²¨§³  ¤¥ �²ÓË ·µ, ”Ê¡¨´¨ ¨ ”Ê·² ´  (�””) [62],
±µÉµ·Ò¥ ¶µ± § ²¨, ÎÉµ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¤²Ö ËÊ´±Í¨° ƒ·¨´  ¥¢±²¨-
¤µ¢µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¢ D ¨§³¥·¥´¨ÖÌ ¸µ¢¶ ¤ ¥É ¸ £¨¡¡¸µ¢¸±¨³ ¸·¥¤-
´¨³ ±² ¸¸¨Î¥¸±µ° ¸É É¨¸É¨Î¥¸±µ° ³¥Ì ´¨±¨ ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ D + 1
¨§³¥·¥´¨°. „·Ê£¨³¨ ¸²µ¢ ³¨, ¨³¥¥É¸Ö ¸µµÉ¢¥É¸É¢¨¥ (�””-¤Ê ²¨§³) ³¥¦¤Ê
±² ¸¸¨Î¥¸±µ° ± ·É¨´µ° ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ MD+1 ¨ ±¢ ´Éµ¢µ° ± ·É¨-
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´µ° ¢ D-³¥·´µ³ ¸¥Î¥´¨¨ MD+1 ¢ ²Õ¡µ° Ë¨±¸¨·µ¢ ´´Ò° ³µ³¥´É ¢·¥³¥´¨.
’ ±¨¥ ¸¥Î¥´¨Ö ¨£· ÕÉ ·µ²Ó D-³¥·´ÒÌ Ô±· ´µ¢, ´¥¸ÊÐ¨Ì £µ²µ£· ³³Ò Éµ£µ,
ÎÉµ ¶·µ¨¸Ìµ¤¨É ¢ Éµ²Ð¥ MD+1.

� ¶µ³´¨³ ¨¤¥Õ ¤¥ �²ÓË ·µ, ”Ê¡¨´¨ ¨ ”Ê·² ´  µ ¢µ§³µ¦´µ¸É¨ ¶·¥-
¢· Ð¥´¨Ö D-³¥·´µ° ±¢ ´Éµ¢µ° ± ·É¨´Ò ¢ D + 1-³¥·´ÊÕ ±² ¸¸¨Î¥¸±ÊÕ ´ 
¶·¨³¥·¥ ¸¨¸É¥³Ò, µ¶¨¸Ò¢ ¥³µ° ¸± ²Ö·´Ò³ ¶µ²¥³ φ(x). �Ê¸ÉÓ ¸¨¸É¥³  ¶µ-
³¥Ð¥´  ¢ D-³¥·´µ³ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¨ Ì · ±É¥·¨§Ê¥É¸Ö ² -
£· ´¦¨ ´µ³ L. ‚¢¥¤¥³ Ë¨±É¨¢´µ¥ ¢·¥³Ö t. �µ²e ¸É ´µ¢¨É¸Ö ËÊ´±Í¨¥° ¥¢-
±²¨¤µ¢Òx ±µµ·¤¨´ É x1, . . . , xD ¨ Ë¨±É¨¢´µ£µ ¢·¥³¥´¨ t, φ = φ(x, t). …¸²¨
(1/2)(∂φ/∂t)2 ¨¸Éµ²±µ¢ ÉÓ ± ± ±¨´¥É¨Î¥¸±¨° Î²¥´, a L ± ± Î²¥´ ¶µÉ¥´Í¨-
 ²Ó´µ° Ô´¥·£¨¨, Éµ ¢µ§´¨± ¥É ´µ¢Ò° ² £· ´¦¨ ´ L̃ = (1/2)(∂φ/∂t)2 − L,
¶µ·µ¦¤ ÕÐ¨° Ô¢µ²ÕÍ¨Õ ¢ Ë¨±É¨¢´µ³ ¢·¥³¥´¨ t. …³Ê ¸µµÉ¢¥É¸É¢Ê¥É £ -
³¨²ÓÉµ´¨ ´ H̃ = (1/2)π2 + L, £¤¥ π = ∂L̃/∂φ̇ = ∂φ/∂t µ¡µ§´ Î ¥É ¸µ¶·Ö-
¦¥´´Ò° ¨³¶Ê²Ó¸, ¤²Ö ±µÉµ·µ£µ ¶µ¸ÉÊ²¨·Ê¥É¸Ö ±² ¸¸¨Î¥¸± Ö ¸±µ¡±a �Ê ¸¸µ´ 
{φ(x, t), π(y, t)} = δD(x− y). ’¥¶¥·Ó ²¥£±µ Ê¢¨¤¥ÉÓ, ÎÉµ £¨¡¡¸µ¢¸±µ¥ ¸·¥¤´¥¥
¶µ  ´¸ ³¡²Õ c É¥³¶¥· ÉÊ·o° kT = �

Z[J ] =
∫

DπDφ exp

(
− 1

kT

∫
dDx (H̃ + Jφ)

)
(13)

¶·¥¢· Ð ¥É¸Ö ¢ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¤²Ö ±¢ ´Éµ¢ÒÌ ËÊ´±Í¨° ƒ·¨´ 

Z[J ] =
∫

Dφ exp

(
−1

�

∫
dDx (L + Jφ)

)
(14)

¶µ¸²¥ ¢§ÖÉ¨Ö £ Ê¸¸µ¢¸±µ£µ ¨´É¥£· ²  ¶µ π. ‡ ³¥É¨³, ÎÉµ £µ²µ£· Ë¨Î¥¸±µ¥
µÉµ¡· ¦¥´¨¥ ± ·É¨´Ò ¢ Éµ²Ð¥ MD+1 ´  Ô±· ´Ò, É.¥. ¸¥Î¥´¨Ö MD+1 ¢ ¶·µ-
¨§¢µ²Ó´Ò¥ ³µ³¥´ÉÒ ¢·¥³¥´¨, µ¡¥¸¶¥Î¨¢ ¥É¸Ö É¥µ·¥³µ° ‹¨Ê¢¨²²Ö. „¥°¸É¢¨-
É¥²Ó´µ, ÌµÉÖ φ(x, t) ¨ π(x, t) Ô¢µ²ÕÍ¨µ´¨·ÊÕÉ ¢µ ¢·¥³¥´¨ t, Ô²¥³¥´É Ë §µ¢µ£µ
µ¡Ñ¥³  DπDφ,   ¢³¥¸É¥ ¸ ´¨³ ¨ Z ´¥ § ¢¨¸ÖÉ µÉ t. (� ¤·Ê£¨Ì, ´ ¶·¨³¥· ± -
²¨¡·µ¢µÎ´ÒÌ, ¸¨¸É¥³ Ì ¸³. ¢ [62].)

’ ±¨³ µ¡· §µ³, ¡¥¸¸³Ò¸²¥´´µ ¸¶· Ï¨¢ ÉÓ: ± ±µ¢ ¤ ´´Ò° ³¨· Å ±² ¸-
¸¨Î¥¸±¨° ¨²¨ ±¢ ´Éµ¢Ò°? �´ ¨ ±² ¸¸¨Î¥¸±¨°, ¨ ±¢ ´Éµ¢Ò°, ´µ ÔÉ¨ ¤¢  ²¨± 
µÉ´µ¸ÖÉ¸Ö ± ¶·µ¸É· ´¸É¢ ³ ¸µ¶·¥¤¥²Ó´µ° · §³¥·´µ¸É¨∗. —Éµ¡Ò µÌ · ±É¥·¨§µ-
¢ ÉÓ ³¨·, ¸²¥¤Ê¥É ¶·µ¸Éµ Ê± § ÉÓ §´ Î¥´¨¥ D. � ¶·¨³¥·, ¶·¨¶¨¸Ò¢ Ö Ô²¥±-
É·µ³ £´¨É´µ³Ê ³¨·Ê §´ Î¥´¨¥ D = 4, ³Ò ¨³¥¥³ ¢ ¢¨¤Ê, ÎÉµ µ´ µ¶¨¸Ò¢ ¥É¸Ö

∗ˆ´É¥·¥¸´µ ¸· ¢´¨ÉÓ ÔÉµÉ ¢Ò¢µ¤ ¸ ¶µ§¨Í¨¥° 'É •µµËÉ , ¸Ëµ·³Ê²¨·µ¢ ´´µ° ´¥¤ ¢´µ [63]
¢ ¸¢Ö§¨ ¸ £µ²µ£· Ë¨Î¥¸±¨³ ¶·¨´Í¨¶µ³: ®‚ ´ Ï¥° É¥µ·¨¨ ±¢ ´Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö ´¥ Ö¢²ÖÕÉ¸Ö
¶¥·¢¨Î´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò. �¥·¢¨Î´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò Ö¢²ÖÕÉ¸Ö ¤¥É¥·³¨´¨¸É¨Î¥¸±¨¥
¸µ¸ÉµÖ´¨Ö¯.
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²¨¡µ Î¥ÉÒ·¥Ì³¥·´µ° ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±µ°, ²¨¡µ ¶ÖÉ¨³¥·´µ° ±² ¸¸¨-
Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±µ°.

H  ¶·µÍ¥¤Ê·Ê ±¢ ´Éµ¢ ´¨Ö ³µ¦´µ ¸³µÉ·¥ÉÓ ± ± ´  ¸³¥Ð¥´¨¥ ³¥¸É  ¤¥°-
¸É¢¨Ö ¢ ¤·Ê£µ° ³¨·: ¢³¥¸Éµ ¨¸Ìµ¤´µ° ±² ¸¸¨Î¥¸±µ° ¸¨¸É¥³Ò ¢ D ¨§³¥·¥´¨ÖÌ
¢µ§´¨± ¥É ´µ¢ Ö ±² ¸¸¨Î¥¸± Ö ¸¨¸É¥³  ¢ D+1 ¨§³¥·¥´¨ÖÌ. Š ± ¨§¢¥¸É´µ, ¸¨³-
³¥É·¨¨ ¤¥°¸É¢¨Ö ¨´µ£¤  ¡Ò¢ ÕÉ ÎÊ¢¸É¢¨É¥²Ó´Ò ± · §³¥·´µ¸É¨ ¶·µ¸É· ´¸É¢ -
¢·¥³¥´¨; ´¥±µÉµ·Ò¥ ¨§ ´¨Ì ³µ£ÊÉ ·¥ ²¨§µ¢ ÉÓ¸Ö ²¨ÏÓ ¶·¨ ¢Ò¤¥²¥´´µ³ §´ Î¥-
´¨¨ D�, ¤·Ê£¨¥ Éµ²Ó±µ ¶·¨ Î¥É´ÒÌ D = 2n. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¥¸²¨ § ¤ ´ 
±¢ ´Éµ¢ ´´ Ö D�-³¥·´ Ö É¥µ·¨Ö, Éµ ³Ò Ë ±É¨Î¥¸±¨ ¨³¥¥³ ¤¥²µ ¸ £µ²µ£· Ë¨-
Î¥¸±¨³ µ¡· §µ³ ±² ¸¸¨Î¥¸±µ° D�+1-³¥·´µ° É¥µ·¨¨, £¤¥ ÔÉa ¸¨³³¥É·¨Ö Ö¢´µ
µÉ¸ÊÉ¸É¢Ê¥É. ‚ ÔÉµ³ ¶·¨Î¨´  ¶µ·Î¨ ¸¨³³¥É·¨¨ µÉ ±¢ ´Éµ¢ ´¨Ö, ¨§¢¥¸É´µ°
¶µ¤ ´ §¢ ´¨¥³ ®±¢ ´Éµ¢ Ö  ´µ³ ²¨Ö¯. ’ ± Ö ¶µ·Î  ¸¢Ö§ ´  ¸ É¥³, ÎÉµ Ê ¤¢ÊÌ
¸· ¢´¨¢ ¥³ÒÌ ±² ¸¸¨Î¥¸±¨Ì µ¶¨¸ ´¨° · §²¨Î ÕÉ¸Ö · §³¥·´µ¸É¨.

‚ µ¡Ð¥³ ¸²ÊÎ ¥ �””-¤Ê ²¨§³ ´¥ µ§´ Î ¥É, ÎÉµ D + 1-³¥·´ Ö ±² ¸¸¨Î¥-
¸± Ö É¥µ·¨Ö Ô±¢¨¢ ²¥´É´  ¥¥ D-³¥·´µ³Ê ±¢ ´Éµ¢µ³Ê ¶ ·É´¥·Ê. ‚µ-¶¥·¢ÒÌ,
· ¢¥´¸É¢µ Z = Z, ¸É·µ£µ £µ¢µ·Ö, ´e ¨³¥¥É ¸³Ò¸²  ¨§-§  Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ
· ¸Ìµ¤¨³µ¸É¥°. ‚¢¨¤Ê · §²¨Î¨Ö ±² ¸¸¨Î¥¸±¨Ì ¨ ±¢ ´Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°,
¶¥·¥´µ·³¨·µ¢ ´´Òe ¢Ò· ¦¥´¨Ö ¤²Ö Z ¨ Z ³µ£ÊÉ ¡ÒÉÓ ´¥ · ¢´Ò³¨. �É¸Õ¤ 
¸²¥¤Ê¥É ´¥¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ±µÔËË¨Í¨¥´ÉÒ ±¢ ´Éµ¢ÒÌ  ´µ³ ²¨° ¶·Ö³Ò³
¸· ¢´¥´¨¥³ ±² ¸¸¨Î¥¸±¨Ì ¤¥°¸É¢¨° ¢ ¸µ¶·¥¤¥²Ó´ÒÌ · §³¥·´µ¸ÉÖÌ. MÒ Ê¢¨-
¤¨³, ÎÉµ ÔÉ¨³ ¦¥ µ¡ÑÖ¸´Ö¥É¸Ö  ´µ³ ²¨Ö µ¡· É¨³µ¸É¨, ¸¢Ö§ ´´ Ö ¸ ´ ·ÊÏ¥-
´¨¥³ ¨´¢ ·¨ ´É´µ¸É¨ ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ µ¡· Ð¥´¨Ö ¢·¥³¥´¨
t → −t, ´µ ¶·¨ ¸µ¡²Õ¤¥´¨¨ ÔÉµ° ¸¨³³¥É·¨¨ ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨.

‚µ-¢Éµ·ÒÌ, ¥¸²¨ ¡Ò £µ²µ£· Ë¨Î¥¸±µ¥ µÉµ¡· ¦¥´¨¥ ±² ¸¸¨Î¥¸±µ° ± ·É¨´Ò
´  ±¢ ´Éµ¢ÊÕ ¡Ò²µ ¢§ ¨³´µ µ¤´µ§´ Î´Ò³, Éµ ÔÉµ µ§´ Î ²µ ¡Ò, ÎÉµ µ¡· § ¸µ-
¤¥·¦¨É ´ ·ÊÏ¥´¨¥ ±² ¸¸¨Î¥¸±µ£µ ¤¥É¥·³¨´¨§³  (±µÉµ·Ò° ¢Ò· ¦ ¥É¸Ö ¢ ¥¤¨´-
¸É¢¥´´µ¸É¨ ·¥Ï¥´¨Ö § ¤ Î¨ ŠµÏ¨ ¤²Ö ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¨´ ³¨±¨),
¸¢Ö§ ´´µ¥ ¸ ¶µÉ¥·¥° Î ¸É¨ ¨´Ëµ·³ Í¨¨ µ¡ Ô¢µ²ÕÍ¨¨ ±² ¸¸¨Î¥¸±µ° ¸¨¸É¥³Ò∗.

�¨¦¥ ³Ò ±· É±µ µ¡¸Ê¤¨³ ¢¸¥ ÔÉ¨ ¢µ¶·µ¸Ò.

6.1. Šµ´Ëµ·³´ Ö  ´µ³ ²¨Ö. �””-¤Ê ²¨§³ ¶µ³µ£ ¥É ¶µ´ÖÉÓ ¶·¨·µ¤Ê  ´µ-
³ ²¨°, ¨¡µ ³Ò ³µ¦¥³ É¥¶¥·Ó ´¥ ¢ÒÌµ¤¨ÉÓ §  ¶·¥¤¥²Ò ±² ¸¸¨Î¥¸±µ£µ µ¶¨¸ -
´¨Ö. � ¸¸³µÉ·¨³, ´ ¶·¨³¥·, ±µ´Ëµ·³´ÊÕ  ´µ³ ²¨Õ ¢ É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ .
Šµ´Ëµ·³´Ò¥ ¨´Ë¨´¨Ée§¨³ ²Ó´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ³¥É·¨±¨

gµν → e2ε gµν (15)

∗ˆ³¥´´µ ¶·µ¡²¥³  ¶µÉ¥·¨ ¨´Ëµ·³ Í¨¨ ¶µ¡Ê¤¨²  'É •µµËÉ  Ê¸µ³´¨ÉÓ¸Ö ¢ ËÊ´¤ ³¥´É ²Ó-
´µ¸É¨ ±¢ ´Éµ¢µ£µ µ¶¨¸ ´¨Ö ¨ ¶·¥¤¶µ²µ¦¨ÉÓ [63]: ®�µ¸±µ²Ó±Ê ´  ²µ± ²Ó´µ³ Ê·µ¢´¥ ¨´Ëµ·³ Í¨Ö
¢ ÔÉ¨Ì (±² ¸¸¨Î¥¸±¨Ì) ¸µ¸ÉµÖ´¨ÖÌ ´¥ ¸µÌ· ´Ö¥É¸Ö, ¸µ¸ÉµÖ´¨Ö ±µ³¡¨´¨·ÊÕÉ¸Ö ¢ ±² ¸¸Ò Ô±¢¨¢ -
²¥´É´µ¸É¨. �µ ¶µ¸É·µ¥´¨Õ ¨´Ëµ·³ Í¨Ö, ¸ ¶µ³µÐÓÕ ±µÉµ·µ° · §²¨Î ÕÉ¸Ö · §´Ò¥ ±² ¸¸Ò Ô±¢¨¢ -
²¥´É´µ¸É¨,  ¡¸µ²ÕÉ´µ ¸µÌ· ´Ö¥É¸Ö. Š¢ ´Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¢²ÖÕÉ¸Ö ±² ¸¸ ³¨ Ô±¢¨¢ ²¥´É´µ¸É¨¯.
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¶µ·µ¦¤ ÕÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ´¥É¥·µ¢¸±¨° Éµ± Å É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

Θµν =
2√−g

δ

δgµν

√
−gL, (16)

¶·¨Î¥³ É¥µ·¨Ö ±µ´Ëµ·³´µ-¨´¢ ·¨ ´É´ , ¥¸²¨ δS = 2ε gµνΘµν = 0, É.¥.

Θµ
µ = 0. (17)

‘ ¶µ³µÐÓÕ (16) ´ Ìµ¤¨³, ÎÉµ ¢ D +1-³¥·´µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸  ¸ ² £· ´-
¦¨ ´µ³

L = − 1
4ΩD−1α

tr FαβFαβ

Θµν § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Θµν =
1

ΩD−1α
tr

(
FµαF ν

α +
1
4

ηµνFαβFαβ

)
. (18)

‡¤¥¸Ó ΩD−1 ¥¸ÉÓ ¶²µÐ ¤Ó D − 1-³¥·´µ° ¸Ë¥·Ò ¥¤¨´¨Î´µ£µ · ¤¨Ê¸ . ˆ§ (18)
¢¨¤´µ, ÎÉµ Ê¸²µ¢¨¥ (17) ¢Ò¶µ²´Ö¥É¸Ö ²¨ÏÓ ¶·¨ D + 1 = 4. “· ¢´¥´¨Ö Ÿ´£ Ä
Œ¨²²¸  ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° (15) Éµ²Ó±µ ¢ Î¥ÉÒ·¥Ì-
³¥·´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨. �Éµ ¸µ£² ¸Ê¥É¸Ö ¸ ³ ¸ÏÉ ¡´µ° ¨´¢ ·¨ ´É´µ-
¸ÉÓÕ É¥µ·¨¨, ¢µ¶²µÐ¥´´µ° ¢ Éµ³ Ë ±É¥, ÎÉµ ¶·¨ D + 1 = 4 ±µ´¸É ´É  ¸¢Ö§¨
α ¡¥§· §³¥·´ .

‘ ÊÎ¥Éµ³ £µ²µ£· Ë¨Î¥¸±µ£µ ¶·¨´Í¨¶  ±¢ ´Éµ¢ ´¨¥ 4D-±² ¸¸¨Î¥¸±µ° É¥µ-
·¨¨ Ÿ´£ ÄŒ¨²²¸  ¶·¨¢µ¤¨É ± 5D-±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ , ¢ ±µ-
Éµ·µ° ±µ´Ëµ·³´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ µÉ¸ÊÉ¸É¢Ê¥É, Θµ

µ �= 0. ’ ± ¢µ§´¨± ¥É
±µ´Ëµ·³´ Ö  ´µ³ ²¨Ö.

’¥Ì´¨Î¥¸±¨ ±µ´Ëµ·³´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ´ ·ÊÏa-
¥É¸Ö µÉ ¢¢¥¤¥´¨Ö ³ ¸ÏÉ ¡  ³ ¸¸ µ ¢ ÉµÎ±¥ ´µ·³¨·µ¢±¨ § ·Ö¤ . �Éµ Ö¢²¥´¨¥
´µ¸¨É ´ §¢ ´¨¥ · §³¥·´µ° É· ´¸³ÊÉ Í¨¨ [64]. B 3D-±¢ ´Éµ¢µ° É¥µ·¨¨ Ÿ´£ Ä
Œ¨²²¸  · §³¥·´ Ö É· ´¸³ÊÉ Í¨Ö µÉ¸ÊÉ¸É¢Ê¥É, Î¥³ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ±µ´Ëµ·³´ Ö
¨´¢ ·¨ ´É´µ¸ÉÓ ¤Ê ²Ó´µ° 4D-±² ¸¸¨Î¥¸±µ° É¥µ·¨¨. �µÎ¥³Ê ÔÉµ ¶·µ¨¸Ìµ¤¨É?
�¨¦¥ ³Ò Ê¢¨¤¨³, ÎÉµ ¢ 3D-±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³  ¸² ¡ Ö,
§¤¥¸Ó ´¥ É·¥¡Ê¥É¸Ö ¡¥¸±µ´¥Î´µ° ¶¥·¥´µ·³¨·µ¢±¨ α, ¨ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢¢¥¤¥´¨Ö
´µ·³¨·µ¢µÎ´µ£µ ¶ · ³¥É·  µ µÉ¶ ¤ ¥É.

—Éµ ± ¸ ¥É¸Ö 4D-±¢ ´Éµ¢µ° É¥µ·¨¨, Éµ §¤¥¸Ó ÔËË¥±ÉÒ ¶µ²Ö·¨§ Í¨¨ ¢ -
±ÊÊ³  ¸ÊÐ¥¸É¢¥´´Ò, ¶µÔÉµ³Ê α ¶·¥¢· Ð ¥É¸Ö ¢ ®¡¥£ÊÐÊÕ¯ ±µ´¸É ´ÉÊ ¸¢Ö§¨
α(q2/µ2), § ¢¨¸ÖÐÊÕ µÉ ±¢ ¤· É  ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  q2. ‘²¥¤ É¥´§µ· 
Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

Θµ
µ =

2gµν

α2

∂α

∂gµν

1
16π

tr F 2 =
1
8π

β(α)
α2

trF 2 (19)
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¢Ò· ¦ ¥É¸Ö Î¥·¥§ ËÊ´±Í¨Õ ƒ¥²²-Œ ´´ Ä‹µÊ β ≡ ∂α/∂ log q2. ‡¤¥¸Ó ±µÔË-
Ë¨Í¨¥´É ¶·¨ tr F 2 § ¢¨¸¨É µÉ q2, ¢ µÉ²¨Î¨¥ µÉ ±µÔËË¨Í¨¥´É  ¢ ´ ¨¢´µ³
¢Ò· ¦¥´¨¨

Θµ
µ =

1
8π2α

trF 2, (20)

±µÉµ·µ¥ ¸²¥¤Ê¥É ¨§ ±² ¸¸¨Î¥¸±µ£µ 5D-Ö´£-³¨²²¸µ¢¸±µ£µ ¤¥°¸É¢¨Ö. ’ ±¨³
µ¡· §µ³, £µ²µ£· Ë¨Î¥¸±¨° ¶·¨´Í¨¶ ± Î¥¸É¢¥´´µ µ¡ÑÖ¸´Ö¥É § ¢¨¸¨³µ¸ÉÓ
Θµ

µ ∝ trF 2, µ¤´ ±µ ÉµÎ´Ò° ±µÔËË¨Í¨¥´É ¢Ò· ¦¥´¨Ö (19) ´¥ ¢µ¸¶·µ¨§¢µ-
¤¨É¸Ö.

6.2. �¥µ¡· É¨³µ¸ÉÓ. � ·ÊÏ¥´¨¥ �””-Ô±¢¨¢ ²¥´É´µ¸É¨ ¶µ¸²¥ ¡¥¸±µ´¥Î-
´µ° ¶¥·¥´µ·³¨·µ¢±¨ ³µ¦¥É É ±¦¥ É· ±Éµ¢ ÉÓ¸Ö ± ± · §´µ¢¨¤´µ¸ÉÓ  ´µ³ ²¨¨.
‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³ ´ ·ÊÏ¥´¨¥ µ¡· É¨³µ¸É¨ ¢ ±² ¸¸¨Î¥¸±µ° ± ·-
É¨´¥, ±µÉµ·oe, µ¤´ ±µ, ´¥ ¸µ¶·µ¢µ¦¤ ¥É¸Ö ´ ·ÊÏ¥´¨¥³ µ¡· É¨³µ¸É¨ ¢ ¤Ê ²Ó-
´µ° ±¢ ´Éµ¢µ° ± ·É¨´¥. Kµ´±·¥É´µ µ¡· É¨³¸Ö ± D-³¥·´µ° ±¢ ´Éµ¢µ° ¸± ²Ö·-
´µ° Ô²¥±É·µ¤¨´ ³¨±¥, Ì · ±É¥·¨§Ê¥³µ° ² £· ´¦¨ ´µ³

L = (∂µ + ig0A
µ)φ (∂µ − ig0Aµ)φ̄ − m2

0φ φ̄ − λ0

4
(φ φ̄)2 − 1

4ΩD−2
FµνFµν .

(21)

‚ ¤Ê ²Ó´µ³ D + 1-³¥·´µ³ ±² ¸¸¨Î¥¸±µ³ ³¨·¥ ¸± ²Ö·´µ¥ ¶µ²¥ φ ³µ-
¦¥É · cc³ É·¨¢ ÉÓ¸Ö ± ± ² £· ´¦¥¢¸± Ö ±µµ·¤¨´ É  ´¥¶·¥·Ò¢´µ° § ·Ö¦¥´-
´µ° ¸·¥¤Ò, ±µÉµ· Ö Ô¢µ²ÕÍ¨µ´¨·Ê¥É ¢µ ¢·¥³¥´¨ t = xD+1. �¤´ ±µ É ± Ö
³µ¤¥²Ó ´¥Ê¤µ¡´  ¤²Ö  ´ ²¨§  Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ ¸¢µ°¸É¢, ¨ ³Ò µ¡¸Ê¤¨³ ¥¥
¤¨¸±·¥É´Ò°  ´ ²µ£ Å ¸¨¸É¥³Ê ¸ µÎ¥´Ó ¡µ²ÓÏ¨³ Î¨¸²µ³ (¸É·µ£µ £µ¢µ·Ö, ∞D)
ÉµÎ¥Î´ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. �·¥¤¶µ²µ¦¨³, ÎÉµ ¤¥°¸É¢¨¥ ¤²Ö ±² ¸¸¨Î¥¸±µ°
Î ¸É¨ÍÒ, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ¸ Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³, § ¶¨¸Ò¢ ¥É¸Ö µ¡ÒÎ-
´Ò³ µ¡· §µ³:

S = −
∫

dτ (m0

√
v · v + g v · A), (22)

£¤¥ vµ ≡ żµ ≡ dzµ/dτ ¥¸ÉÓ D + 1-¸±µ·µ¸ÉÓ Î ¸É¨ÍÒ, a τ Å ¸µ¡¸É¢¥´´µ¥
¢·¥³Ö.

‘¢µ°¸É¢  ¤Ê ²Ó´ÒÌ �””-¶ ·, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´¥¸±µ²Ó±¨³ §´ Î¥´¨Ö³
D, ¸Ê³³¨·µ¢ ´Ò ¢ É ¡². 1. C Ê¢¥²¨Î¥´¨¥³ D cÉ¥¶¥´Ó · ¸Ìµ¤¨³µ¸É¥° · ¸É¥É,
¶µÔÉµ³Ê ¤Ê ²¨§³ ¤µ²¦e´ ¶µ·É¨ÉÓ¸Ö ¢¸¥ ¸¨²Ó´¥¥, ¢¶²µÉÓ ¤µ ¥£µ ¶µ²´µ£µ · §-
·ÊÏ¥´¨Ö ¶·¨ D ≥ 4. �·µ±µ³³¥´É¨·Ê¥³ ¸´ Î ²  ¸É·µ±Ê ®“²ÓÉ· Ë¨µ²¥Éµ¢o¥
¶µ¢¥¤¥´¨¥¯, £¤¥ ·¥ÎÓ ¨¤¥É µ § ¢¨¸¨³µ¸É¨ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´ µÉ ¨³¶Ê²Ó¸a
Ê²ÓÉ· Ë¨µ²¥Éµ¢o£µ µ¡·¥§ ´¨Ö Λ. ‘·¥¤¨ D + 1-³¥·´ÒÌ ±² ¸¸¨Î¥¸±¨Ì ¢¥²¨-
Î¨´ µÉ Λ ³µ¦¥É § ¢¨¸¥ÉÓ Éµ²Ó±µ ¢¥±Éµ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  Ô²¥±É·µ³ £´¨É´µ£µ
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’ ¡²¨Í  1. „Ê ²Ó´µ¸É¨ ¢ ¸± ²Ö·´µ° Ô²¥±É·µ¤¨´ ³¨±¥

P §³¥·´µ¸ÉÓ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ ¢ ±¢ ´Éµ¢µ° ± ·É¨´¥

D = 1 D = 2 D = 3 D = 4

„Ê ²Ó´Ò¥ �””-¶ ·Ò

1Dquant Ä 2Dclass 2Dquant Ä 3Dclass 3Dquant Ä 4Dclass 4Dquant Ä 5Dclass

“²ÓÉ· Ë¨µ²¥Éµ¢o¥ ¶µ¢¥¤¥´¨¥

Λ0 Λ0 log Λ log Λ Λ Λ Λ2, log Λ Λ2 , log Λ

�¥·¥´µ·³¨·Ê¥³µ¸ÉÓ

’¥µ·¨Ö ’¥µ·¨Ö ‘Ê¶¥·- �¥·¥- ‘Ê¶¥·- �¥·¥- �¥·¥- �¥¶¥·¥-
±µ´¥Î´  ±µ´¥Î´  ¶¥·¥´µ·³. ´µ·³¨·. ¶¥·¥´µ·³. ´µ·³¨·. ´µ·³¨·. ´µ·³¨·.

�¡· É¨³µ¸ÉÓ ± ·É¨´Ò ¢µ ¢·¥³¥´¨

‘µ¡²Õ¤. ‘µ¡²Õ¤. ‘µ¡²Õ¤. ‘µ¡²Õ¤. ‘µ¡²Õ¤. ‘² ¡µ ‘µ¡²Õ¤. ’µ¶µ²µ£.
´ ·ÊÏ. ´ ·ÊÏ.

¶µ²Ö∗, ¶µ·µ¦¤ ¥³µ£µ ÉµÎ¥Î´µ° Î ¸É¨Í¥°,

Pµ =
∫

dσν Θµν , (23)

£¤¥ ¨´É¥£·¨·µ¢ ´¨¥ ¢¥¤¥É¸Ö ¶µ D-³¥·´µ° ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ° £¨¶¥·¶µ-
¢¥·Ì´µ¸É¨. ‚ ¸É É¨Î¥¸±µ³ ¸²ÊÎ ¥, ±µ£¤  Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ³µ¦´µ oÌ -
· ±É¥·¨§µ¢ ÉÓ ¶µÉ¥´Í¨ ²µ³ ϕ, Ê¤µ¢²¥É¢µ·ÖÕÐ¨³ Ê· ¢´¥´¨Õ �Ê ¸¸µ´ 

∆ϕ(x) = −ΩD−1 ρ(x), (24)

£¤¥

ρ(x) = g δD(x), (25)

¨³¥¥³

ϕ(x) = g

{
|x|2−D, D �= 2,

log |x|, D = 2.
(26)

ˆ§ (25) ¨ (26) ¸ ÊÎ¥Éµ³ ¢Ò· ¦¥´¨Ö ¤²Ö ¸µ¡¸É¢¥´´µ° Ô´¥·£¨¨ ¢ ¸É É¨Î¥¸±µ³
¸²ÊÎ ¥

δm =
1
2

∫
dDx ρ(x)ϕ(x) =

1
2

g2ϕ(0) (27)

¶µ²ÊÎ ÕÉ¸Ö £² ¢´Ò¥ § ¢¨¸¨³µ¸É¨ µÉ Λ, Ê± § ´´Ò¥ ¢ É ¡². 1.

∗Œµ³¥´É ¨³¶Ê²Ó¸  ¨³¥¥É  ´ ²µ£¨Î´µ¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ ¶µ¢¥¤¥´¨¥.
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�·¨ ³ ²µ³ µÉ±²µ´¥´¨¨ µÉ ¸É É¨Î´µ¸É¨ ¢Ò· ¦¥´¨¥ (23) ³µ¦´µ § ¶¨¸ ÉÓ
¢ ¢¨¤¥

Pµ = c1 vµ + c2 v̇µ + c3 v̈µ + . . . , (28)

£¤¥ ¢¥²¨Î¨´Ò vµ, v̇µ ¨ É.¶. µÉ´µ¸ÖÉ¸Ö ± ÉµÎ¥Î´µ³Ê ¨¸ÉµÎ´¨±Ê ¶µ²Ö ¢ ¤ ´´Ò°
³µ³¥´É. �Î¥¢¨¤´µ, ÎÉµ c1 = δm. ˆ§ ¸µµ¡· ¦¥´¨° · §³¥·´µ¸É¨ ´ Ìµ¤¨³
É ±¦¥, ÎÉµ ci/ci+1 ∼ Λ.

� Î´¥³ ¸ 5Dclass. �µ¸±µ²Ó±Ê ¨´É¥£·¨·µ¢ ´¨¥ ¢ (23) ¢¥¤¥É¸Ö ¶µ Î¥ÉÒ·¥Ì-
³¥·´µ° £¨¶¥·¶µ¢¥·Ì´µ¸É¨, µÉ²¨Î´Ò³¨ µÉ ´Ê²Ö µ± §Ò¢ ÕÉ¸Ö Éµ²Ó±µ Î¥É´Ò¥
¸É¥¶¥´¨ Λ:

c1 ∼ Λ2, c2 = 0, c3 ∼ log Λ. (29)

K¢ ¤· É¨Î´ Ö · ¸Ìµ¤¨³µ¸ÉÓ ¶µ£²µÐ ¥É¸Ö ¶¥·¥´µ·³¨·µ¢±µ° ³ ¸¸Ò, ´µ ¤²Ö ¶µ-
£²µÐ¥´¨Ö ²µ£ ·¨Ë³¨Î¥¸±µ° · ¸Ìµ¤¨³µ¸É¨ ¢ ¤¥°¸É¢¨¨ (22) ´¥É ¶µ¤Ìµ¤ÖÐ¨Ì
¶ · ³¥É·µ¢, ¶µÔÉµ³Ê É¥µ·¨Ö µ± §Ò¢ ¥É¸Ö ´¥¶¥·¥´µ·³¨·Ê¥³µ°. �¥·¥´µ·³¨·Ê¥-
³µ¸ÉÓ Ê¤ ¥É¸Ö ¢µ¸¸É ´µ¢¨ÉÓ, ¥¸²¨ ± ¤¥°¸É¢¨Õ (22) ¤µ¡ ¢¨ÉÓ Î²¥´ ¸ ¢Ò¸Ï¨³¨
¶·µ¨§¢µ¤´Ò³¨ [65]:

−κ0

∫
dτ

1√
v · v

(
d

dτ

vµ

√
v · v

)2

. (30)

—Éµ ± ¸ ¥É¸Ö D-³¥·´ÒÌ ±¢ ´Éµ¢ÒÌ ¢¥²¨Î¨´, Éµ ± µ¡¸Ê¦¤ ¥³µ³Ê ¶·¥¤³¥ÉÊ
¨³¥ÕÉ µÉ´µÏ¥´¨¥ ¶µ²Ö·¨§ Í¨µ´´Ò° µ¶¥· Éµ· Πµν , ¸µ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Σ ¨
¸ ³µ¤¥°¸É¢¨¥ Υ, µ¤´µ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò ±µÉµ·ÒÌ ¨§µ¡· ¦¥´Ò ´  ·¨¸. 4.

�¨¸. 4. �¤´µ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò ¸± ²Ö·´µ° Š�„

(� ¸¸¥Ö´¨¥ ¸¢¥É  ´  ¸¢¥É¥, ¨³¥ÕÐ¥¥ ¡µ²¥¥ ³Ö£±µ¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ ¶µ¢¥-
¤¥´¨¥, §¤¥¸Ó ´¥ ¸ÊÐ¥¸É¢¥´´µ.) �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É-
´µ° ·¥£Ê²Ö·¨§ Í¨¨ Πµν ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ Πµν(q) = (q2ηµν − qµqν)Π(q2).
‘²¥¤ÊÖ Ô²¥³¥´É ·´Ò³ ¶· ¢¨² ³ ¤¨ £· ³³´µ° É¥Ì´¨±¨, ´ Ìµ¤¨³

Σ ∼
∫

dDk

k2
, Π ∼

∫
dDk

(k2)2
, Υ ∼

∫
dDk

(k2)2
,
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µÉ±Ê¤ 

Σ ∼
{

ΛD−2, D �= 2,

log Λ, D = 2,
Π ∼

{
ΛD−4, D �= 4,

log Λ, D = 4,
Υ ∼

{
ΛD−4, D �= 4,

log Λ, D = 4.

(31)

‘· ¢´¥´¨¥ (26)Ä(27) ¨ (29) ¸ (31) ¶µ± §Ò¢ ¥É, ÎÉµ ¢ 5Dclass-É¥µ·¨¨ · ¸-
Ìµ¤¨³µ¸É¨ É ±¨¥ ¦¥, ± ± ¨ ¢ 4Dquant-É¥µ·¨¨. ’¥³ ´¥ ³¥´¥¥, ¶µ¸²¥¤´ÖÖ ¶¥-
·¥´µ·³¨·Ê¥³a [66], ¶µ¸±µ²Ó±Ê ¢¸¥ ¶·¨³¨É¨¢´µ · ¸Ìµ¤ÖÐ¨¥¸Ö ¤¨ £· ³³Ò ¸µ-
µÉ¢¥É¸É¢ÊÕÉ ¢¥²¨Î¨´ ³ Π, Σ ¨ Υ, ±µÉµ·Ò¥ ¶¥·¥´µ·³¨·ÊÕÉ g0, m0 ¨ λ0 ¢
² £· ´¦¨ ´¥ (21).

’ ± ± ± ¢ 4Dquant-É¥µ·¨¨ ¸É·Ê±ÉÊ·a £µ²µ£µ ² £· ´¦¨ ´  L ¨ ±µ´É·Î²¥´µ¢
µ¤´  ¨ É  ¦¥, a L ¨´¢ ·¨ ´É¥´ µÉ´µ¸¨É¥²Ó´µ µ¡· Ð¥´¨Ö ¢·¥³¥´¨ t → −t,
Éµ ¶¥·¥´µ·³¨·µ¢ ´´ Ö ±¢ ´Éµ¢ Ö ¤¨´ ³¨±  µ¡· É¨³ . Œ¥¦¤Ê É¥³ ¤Ê ²Ó´ Ö
5Dclass-É¥µ·¨Ö ´¥µ¡· É¨³  ¨§-§  ´¥¶µ¤ ¢²¥´´µ° É¥´¤¥´Í¨¨ ± ±µ²² ¶¸Ê (¥¸²¨
Éµ²Ó±µ ¤¥°¸É¢¨¥ ´¥ ³µ¤¨Ë¨Í¨·µ¢ ´µ ad hoc ¤µ¡ ¢²¥´¨¥³ Î²¥´  ¸ ¢Ò¸Ï¨³¨
¶·µ¨§¢µ¤´Ò³¨). „¥°¸É¢¨É¥²Ó´µ, ¢ ±¥¶²¥·µ¢¸±µ° § ¤ Î¥ ´¥¨§¡¥¦´µ ¶ ¤¥´¨¥
´  Í¥´É·, É ± ± ± ¶µÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö U(r) = −g2/r2 ¡µ²¥¥ ¸¨´£Ê²Ö·´a,
Î¥³ Í¥´É·µ¡¥¦´Ò° Î²¥´ J/r. � ¤¥´¨¥ ´  Í¥´É· ¥¸ÉÓ ´¥µ¡· É¨³µ¥ Ö¢²¥´¨¥,
¶·¨Î¥³ ´¥µ¡· É¨³µ¸ÉÓ ¨³¥¥É Ö¢´µ Éµ¶µ²µ£¨Î¥¸±¨° Ì · ±É¥·: ¸ ³µ ´ ²¨Î¨¥
Éµ¶µ²µ£¨Î¥¸±µ£µ ¢ ·¨ ´É  Ô¢µ²ÕÍ¨¨ å4 ¨¸±²ÕÎ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¡· É´µ£µ ¥³Ê
¢ ·¨ ´É  å3. � §·ÊÏ¥´¨¥ �””-¤Ê ²¨§³a 4Dquant−5Dclass ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¢
±² ¸¸¨Î¥¸±µ³ ³¨·¥ Î ¸É¨ÍÒ ´¥ ·µ¦¤ ÕÉ¸Ö ¨ ´¥  ´´¨£¨²¨·ÊÕÉ, ¶µÔÉµ³Ê §¤¥¸Ó
´¥¢µ§³µ¦´  ¶µ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³ , µÉ¢¥É¸É¢¥´´ Ö §  ¶¥·¥´µ·³¨·µ¢±Ê ±µ´¸É ´É
¸¢Ö§¨.

�¥·¥°¤¥³ ± ¸²ÊÎ Õ D = 3. ’¥¶¥·Ó Π ¨ Υ ±µ´¥Î´Ò, ¶µÔÉµ³Ê ±µ´¸É ´ÉÒ
¸¢Ö§¨ ´¥ ¶µ¤¢¥·£ ÕÉ¸Ö ¶¥·¥´µ·³¨·µ¢±¥. � ¸Ìµ¤¨³µ¸É¨ Σ ¨ δm ¶µ£²µÐ ÕÉ¸Ö
¶¥·¥´µ·³¨·µ¢±µ° ³ ¸¸Ò. ‚ ² £· ´¦¨ ´¥ ¤µ¸É ÉµÎ´µ ¶ · ³¥É·µ¢ ¤²Ö Ê¸É· ´¥-
´¨Ö ¢¸¥Ì · ¸Ìµ¤¨³µ¸É¥° ¨, ´  ¶¥·¢Ò° ¢§£²Ö¤, �””-Ô±¢¨¢ ²¥´É´µ¸ÉÓ ¸µ¡²Õ-
¤¥´ . Hµ ÔÉµ ´¥ É ±. �¥·¥´µ·³¨·µ¢±  ³ ¸¸Ò µ¸É ¢²Ö¥É ±µ´¥Î´Ò° ¸²¥¤, ±µÉµ·Ò°
¡µ²¥¥ £²Ê¡µ± ¢ ±² ¸¸¨Î¥¸±µ° ± ·É¨´¥, Î¥³ ¢ ±¢ ´Éµ¢µ°. �¥·¥´µ·³¨·µ¢ ´´ Ö
±¢ ´Éµ¢ Ö ¤¨´ ³¨±  µ¡· É¨³  ¢µ ¢·¥³¥´¨. � ¶·µÉ¨¢, ¢ ¶¥·¥´µ·³¨·µ¢ ´´µ°
±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¥ µ¡· É¨³µ¸ÉÓ ´ ·ÊÏ¥´ . „¥°¸É¢¨É¥²Ó´µ, ±µÔËË¨Í¨-
¥´ÉÒ ci ¢ (28) ¤ ÕÉ¸Ö cµµÉ´µÏ¥´¨Ö³¨ [67]:

c1 ∼ Λ, c2 = −2
3

g2, c3 ∼ Λ−1,

oÉ±Ê¤  ¶µ²ÊÎ eÉ¸Ö ¢Ò· ¦¥´¨¥ ¤²Ö 4-¨³¶Ê²Ó¸  ®µ¤¥Éµ°¯ Î ¸É¨ÍÒ

pµ = m vµ − 2
3

g2 v̇µ (32)
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(m Å ¶¥·¥´µ·³¨·µ¢ ´´ Ö ³ ¸¸ ) ¨ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ®µ¤¥Éµ°¯ Î ¸É¨ÍÒ

m v̇µ − 2
3

g2 (v̈µ + v̇2vµ) = fµ. (33)

�Éµ Ê· ¢´¥´¨¥ ‹µ·¥´Í Ä„¨· ± , ±µÉµ·µ¥, µÎ¥¢¨¤´µ, ´¥¨´¢ ·¨ ´É´µ µÉ´µ¸¨-
É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨Ö τ → −τ . �É  ´¥µ¡· É¨³µ¸ÉÓ ¸¢Ö§ ´  ¸ ¤¨¸¸¨¶ Í¨¥°
Ô´¥·£¨¨ ¶·¨ ¨§²ÊÎ¥´¨¨ Ô²¥±É·µ³ £´¨É´ÒÌ ¢µ²´ § ·Ö¦¥´´µ° Î ¸É¨Í¥°.

	Ò²µ § É· Î¥´µ ³´µ£µ Ê¸¨²¨°, ÎÉµ¡Ò ¢Ò¢¥¸É¨ Ê· ¢´¥´¨¥ ‹µ·¥´Í Ä„¨· ± 
¨§ ´¥±µÉµ·µ£µ ² £· ´¦¨ ´ , ´µ ¶µ¶ÒÉ±¨ ´¥ Ê¢¥´Î ²¨¸Ó Ê¸¶¥Ìµ³. ‚¥·µÖÉ´µ,
£¨¡¡¸µ¢¸±µ¥ ¸·¥¤´¥¥ Z (¢ ±µ´¸É·Ê±Í¨¨ ±µÉµ·µ£µ ¨¸¶µ²Ó§Ê¥É¸Ö £ ³¨²ÓÉµ´¨ ´,
ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¶µ¤· §Ê³¥¢ ¥É ´ ²¨Î¨¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ² £· ´¦¨ ´ ),
¢µµ¡Ð¥ ´¥ ¨³¥¥É µÉ´µÏ¥´¨Ö ± ¶¥·¥´µ·³¨·µ¢ ´´µ° ±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¥,
  ¤¨¸¸¨¶ É¨¢´Ò° ¨ ´¥µ¡· É¨³Ò° Ì · ±É¥· ±² ¸¸¨Î¥¸±µ° Ô¢µ²ÕÍ¨¨ ¢ Î¥ÉÒ-
·¥Ì³¥·´µ³ ³¨·¥ ÉÐ¥É´µ µ¡ÑÖ¸´ÖÉÓ Ô·£µ¤¨Î¥¸±µ° £¨¶µÉ¥§µ° Å µ´ ¸²¥¤Ê¥É ¨§
µ¸µ¡¥´´µ¸É¥° ¸ ³µ¤¥°¸É¢¨Ö ¢ ±² ¸¸¨Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±¥.

ˆÉ ±, µ¸µ¡¥´´µ¸ÉÓ 4Dclass-É¥µ·¨¨ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶¥·¥´µ·³¨·µ¢± 
¨§¡ ¢²Ö¥É ¥¥ µÉ ¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ µ¡· Ð¥´¨Ö ¢·¥³¥´¨, ±µÉµ· Ö ¶·µ-
É¨¢µ·¥Î¨É ¤ ´´Ò³ ³ ±·µ¸±µ¶¨Î¥¸±µ£µ µ¶ÒÉ . ‚ ¦´µ, ÎÉµ ¨§¡ÒÉµÎ´ Ö ¸¨³-
³¥É·¨Ö ´¥ ¡Ò²  ´ ·ÊÏ¥´  §  ¸Î¥É ´¥¨´¢ ·¨ ´É´ÒÌ Î²¥´µ¢ ² £· ´¦¨ ´ , ¨¡µ
¨Ì ´ ²¨Î¨¥ ¸± § ²µ¸Ó ¡Ò ´  ¨´¢ ·¨ ´É´µ¸É¨ ±¢ ´Éµ¢µ° É¥µ·¨¨. ‘² ¡µ¥ ´ -
·ÊÏ¥´¨¥ �””-¤Ê ²¨§³a 3Dquant −4Dclass  ¤¥±¢ É´µ Ë¨§¨Î¥¸±µ° ·¥ ²Ó´µ¸É¨.
…£µ ³µ¦´µ ¸· ¢´¨ÉÓ ¶µ §´ Î¥´¨Õ ¸ ±¨· ²Ó´µ°  ´µ³ ²¨¥°, ¶µ§¢µ²ÖÕÐ¥° ¶·¥-
µ¤µ²¥ÉÓ § ¶·¥É ´  · ¸¶ ¤ π0 → 2γ, µ¡Ê¸²µ¢²¥´´Ò° ¨§¡ÒÉµÎ´µ° ¸¨³³¥É·¨¥°
¸É ´¤ ·É´µ° ³µ¤¥²¨.

‚ ¸²ÊÎ ¥ D = 2 Ê²ÓÉ· Ë¨µ²¥Éµ¢ Ö ¸¨ÉÊ Í¨Ö ± Î¥¸É¢¥´´µ É ± Ö ¦¥, ± ± ¢
¸²ÊÎ ¥ D = 3: · ¸Ìµ¤¨³µ¸É¨ Σ ¨ δm ¶µ£²µÐ ÕÉ¸Ö ¶¥·¥´µ·³¨·µ¢±µ° ³ ¸¸Ò.
�¤´ ±µ ¶¥·¥´µ·³¨·µ¢ ´´ Ö 3Dclass-¤¨´ ³¨±  µ¡· É¨³  ¢µ ¢·¥³¥´¨. „¥°¸É¢¨-
É¥²Ó´µ, c1 ∼ log Λ, ¶µÔÉµ³Ê c2 ∼ Λ−1. �Éµ µ§´ Î ¥É, ÎÉµ ¶¥·¥´µ·³¨·µ¢± 
³ ¸¸Ò ´¥ µ¸É ¢²Ö¥É ±µ´¥Î´µ£µ ¸²¥¤  ¢ 3-¨³¶Ê²Ó¸¥ ®µ¤¥Éµ°¯ Î ¸É¨ÍÒ ¨ ee ¶µ-
¢¥¤¥´¨¥³ Ê¶· ¢²Ö¥É ´¥¤¨¸¸¨¶ É¨¢´Ò° ¢Éµ·µ° § ±µ´ �ÓÕÉµ´ . ’ ±¨³ µ¡· §µ³,
¶¥·¥´µ·³¨·µ¢±  ´¥ ´ ·ÊÏ ¥É �””-¤Ê ²¨§³  2Dquant − 3Dclass.

‚ ¸²ÊÎ ¥ D = 1 Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥° ´¥É ¢µµ¡Ð¥, ¢ ¸¢Ö§¨ ¸
Î¥³ �””-Ô±¢¨¢ ²¥´É´µ¸ÉÓ ´¥ ´ ·ÊÏ ¥É¸Ö. �ÉµÉ ¸²ÊÎ ° ¸Éµ¨É µ¡¸Ê¤¨ÉÓ ÎÊÉÓ
¡µ²¥¥ ¶µ¤·µ¡´µ.

6.3. ˆ´¤¥É¥·³¨´¨§³ ¢ ±² ¸¸¨Î¥¸±µ³ ³¨·¥. “²ÓÉ· Ë¨µ²¥Éµ¢Ò¥ · ¸Ìµ¤¨-
³µ¸É¨ Å ´¥ ¥¤¨´¸É¢¥´´ Ö ¶·¨Î¨´ , ¶µÎ¥³Ê �””-¤Ê ²¨§³ ´¥ Ö¢²Ö¥É¸Ö ÉµÎ´µ°
Ô±¢¨¢ ²¥´É´µ¸ÉÓÕ. „·Ê£ Ö ¶·¨Î¨´  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ±² ¸¸¨Î¥¸±µ¥ µ¶¨¸ ´¨¥
²¨Ï¥´µ ±¢ ´Éµ¢µ° ±µ£¥·¥´É´µ¸É¨, ¨´ Î¥ £µ¢µ·Ö, ±² ¸¸¨Î¥¸±¨° ¤¥É¥·³¨´¨§³
´¥¢µ§³µ¦´µ ¸µ£² ¸µ¢ ÉÓ ¸ ¶·¨´Í¨¶µ³ ¸Ê¶¥·¶µ§¨Í¨¨ ±¢ ´Éµ¢ÒÌ  ³¶²¨ÉÊ¤. �µ-
´ÖÉ¨¥ ¸É É¨¸É¨Î¥¸±µ° ¢¥·µÖÉ´µ¸É¨ ¢¢µ¤¨É¸Ö ¢ ±² ¸¸¨Î¥¸±ÊÕ ¸É É¨¸É¨Î¥¸±ÊÕ
³¥Ì ´¨±Ê ¨¸±Ê¸¸É¢¥´´µ, µ´µ ¢Ò· ¦ ¥É ³¥·Ê ´¥§´ ´¨Ö ¤¥É ²¥° ¤¥É¥·³¨´¨·µ-
¢ ´´µ° ± ·É¨´Ò Ô¢µ²ÕÍ¨¨, Éµ£¤  ± ±  ³¶²¨ÉÊ¤  ¢¥·µÖÉ´µ¸É¨ Ö¢²Ö¥É¸Ö ¸Ê-
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Ð¥¸É¢¥´´Ò³ Ô²¥³¥´Éµ³ ±¢ ´Éµ¢µ° É¥µ·¨¨. �·¨ µÉµ¡· ¦¥´¨¨ ±² ¸¸¨Î¥¸±µ£µ
µ¶¨¸ ´¨Ö ´  ±¢ ´Éµ¢µ¥ ¶·µ¨¸Ìµ¤¨É ¶µÉ¥·Ö ¨´Ëµ·³ Í¨¨, ³¥Ì ´¨§³ ±µÉµ·µ° ´¥
¶µ´ÖÉ¥´. ŒÒ ´ ³¥É¨³ §¤¥¸Ó ¢µ§³µ¦´Ò° ¶ÊÉÓ ·¥Ï¥´¨Ö ÔÉµ° ¶·µ¡²¥³Ò ¢ ¸²ÊÎ ¥
D = 1,   ¨³¥´´µ ¶µ± ¦¥³, ÎÉµ ¢ ¤¢Ê³¥·´µ³ ±² ¸¸¨Î¥¸±µ³ ³¨·¥ ¶µ¢¥¤¥´¨¥
Î ¸É¨Í ³µ¦¥É ¡ÒÉÓ ´¥¤¥É¥·³¨´¨·µ¢ ´´Ò³.

‡ ¶¨Ï¥³ ¤¨´ ³¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö µ¡¸Ê¦¤ ¥³µ° 2Dclass-É¥µ·¨¨:

∂λFλµ(x) = 2e

2∑
a=1

∫ ∞

−∞
dτa vµ

a (τa) δ(2)
(
x − z(τa)

)
, (34)

mav̇µ
a = eava

νFµν(za). (35)

�´¨ ÉµÎ´µ ¨´É¥£·¨·Ê¥³Ò. ˆ§ ¢¨¤  ·¥Ï¥´¨° ¸²¥¤ÊÕÉ ¤¢a ¶µ· §¨É¥²Ó´Òx ¸¢µ°-
¸É¢  2Dclass-³¨· . ‚µ-¶¥·¢ÒÌ, ¢ ÔÉµ³ ³¨·¥ ´¥É ¨§²ÊÎ¥´¨Ö Ô²¥±É·µ³ £´¨É´ÒÌ
¢µ²´,   §´ Î¨É, ´¥É ¤¨¸¸¨¶ Í¨¨ Ô´¥·£¨¨ [65]. ‚¸¥ ¤¢¨¦¥´¨Ö Î ¸É¨Í µ¡· -
É¨³Ò. ‚µ-¢Éµ·ÒÌ, ´¥¸±µ²Ó±µ Î ¸É¨Í ³µ£ÊÉ ¸²¨ÉÓ¸Ö ¢ ¥¤¨´Ò°  £·¥£ É, a § É¥³,
¶µ ¶·µÏ¥¸É¢¨¨ ´¥±µÉµ·µ£µ ¢·¥³¥´¨,  £·¥£ É ¸ ³µ¶·µ¨§¢µ²Ó´µ · ¸Ð¥¶¨É¸Ö ´ 
¨¸Ìµ¤´Ò¥ µ¡Ñ¥±ÉÒ.

„²Ö ¶·µ¸ÉµÉÒ µ£· ´¨Î¨³¸Ö ¸²ÊÎ ¥³ ¤¢ÊÌ Î ¸É¨Í ¸ µ¤¨´ ±µ¢Ò³¨ ³ ¸¸ ³¨
m ¨ § ·Ö¤ ³¨ e (µ¡µ§´ Î¨³ e2/m = a) ¨ ¡Ê¤¥³ ¢¥¸É¨ · ¸¸³µÉ·¥´¨¥ ¢ ¸¨-
¸É¥³¥ Í¥´É·  ³ ¸¸. �Ê¸ÉÓ Î ¸É¨ÍÒ ¤¢¨¦ÊÉ¸Ö ´ ¢¸É·¥ÎÊ ¤·Ê£ ¤·Ê£Ê, ¶·¨Î¥³
¶µ²´ Ö Ô´¥·£¨Ö É ±µ¢ , ÎÉµ ¢ ³µ³¥´É ¢¸É·¥Î¨ ¸±µ·µ¸É¨ Î ¸É¨Í ¢ ÉµÎ´µ¸É¨
µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó. ’µ£¤  ¸ÊÐ¥¸É¢Ê¥É ÉµÎ´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (34) ¨ (35),
µ¶¨¸Ò¢ ÕÐ¥¥ ³¨·µ¢Ò¥ ²¨´¨¨ zµ

1 (τ) ¨ zµ
2 (τ), ±µÉµ·Ò¥ ¸²¨¢ ÕÉ¸Ö ¢ ³µ³¥´É τ∗

¨ · §Ñ¥¤¨´ÖÕÉ¸Ö ¢ ³µ³¥´É τ∗∗ = τ∗ + T :

zµ
1 (τ) =




a−1{sha(τ − τ∗), 1 − ch a(τ − τ∗)}, τ < τ∗,

{τ − τ∗, 0}, τ∗ ≤ τ < τ∗∗,

a−1{aT + sha(τ − τ∗∗), ch a(τ − τ∗∗) − 1}, τ ≥ τ∗∗,

(36)

zµ
2 (τ) =




a−1{sha(τ − τ∗), ch a(τ − τ∗) − 1}, τ < τ∗,

zµ
1 (τ), τ∗ ≤ τ < τ∗∗,

a−1{aT + sha(τ − τ∗∗), 1 − cha(τ − τ∗∗)}, τ ≥ τ∗∗
(37)

¨ § ¶ §¤Ò¢ ÕÐ¥¥ ¶µ²¥ Fµν , ¢Ò· ¦ ÕÐ¥¥¸Ö Î¥·¥§ zµ
1 (τ) ¨ zµ

2 (τ) ¢ ¢¨¤¥

Fµν(x) = e

2∑
a=1

1
ρa

(Rµ
avν

a − Rν
avµ

a ). (38)
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‡¤¥¸Ó Rµ
a ≡ xµ − zµ

aret ¥¸ÉÓ ¨§µÉ·µ¶´Ò° ¢¥±Éµ·, ¶·µ¢¥¤¥´´Ò° ¨§ ÉµÎ±¨ ¨¸¶Ê¸-
± ´¨Ö zµ

aret ´  a-° ³¨·µ¢µ° ²¨´¨¨ ¢ ÉµÎ±Ê ´ ¡²Õ¤¥´¨Ö xµ, a ρa ≡ Ra · va Å
¨´¢ ·¨ ´É´µ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê xµ ¨ zµ

aret.
� · ³¥É·Ò τ∗ ¨ τ∗∗ ¶·µ¨§¢µ²Ó´Ò. …¸²¨ τ∗ ¨ τ∗∗ µÉ²¨Î´Ò ¤·Ê£ µÉ ¤·Ê£ 

¨ ±µ´¥Î´Ò, Éµ ±·¨¢Ò¥ (36) ¨ (37) ¸µµÉ¢¥É¸É¢ÊÕÉ µ¡· §µ¢ ´¨Õ  £·¥£ É  ¸ ±µ-
´¥Î´Ò³ ¢·¥³¥´¥³ ¦¨§´¨ (¢ ·¨ ´É å5). �·¨ τ∗∗ → ∞ o´¨ µ¶¨¸Ò¢ ÕÉ µ¡· §µ-
¢ ´¨e ¸É ¡¨²Ó´µ£µ, ´¨±µ£¤  ´¥ · ¸¶ ¤ ÕÐ¥£µ¸Ö  £·¥£ É  (¢ ·¨ ´É å4). �£·¥£ É,
µ¡· §µ¢ ´´Ò° ¢ ¡¥¸±µ´¥Î´µ ¤ ²¥±µ³ ¶·µÏ²µ³ ¨ · ¸¶ ¤ ÕÐ¨°¸Ö ¢ ±µ´¥Î´Ò°
³µ³¥´É ¢·¥³¥´¨ (¢ ·¨ ´É å3), ¶µ²ÊÎ ¥É¸Ö ¶·¨ τ∗ → −∞. …¸²¨ τ∗ → −∞ ¨
τ∗∗ → ∞, Éµ ±·¨¢Ò¥ ¢Ò·µ¦¤ ÕÉ¸Ö ¢ ¥¤¨´ÊÕ ¶·Ö³ÊÕ, ±µÉµ· Ö ¸µµÉ¢¥É¸É¢Ê¥É
 ¡¸µ²ÕÉ´µ ¸É ¡¨²Ó´µ³Ê  £·¥£ ÉÊ (¢ ·¨ ´É å2). �·¨ τ∗ = τ∗∗ µ´¨ µ¶¨¸Ò¢ ÕÉ
 £·¥£ É, ¸ÊÐ¥¸É¢ÊÕÐ¨° ²¨ÏÓ µ¤´µ ³£´µ¢¥´¨¥ (¢ ·¨ ´É å1). ’ ±¨³ µ¡· §µ³,
·¥Ï¥´¨¥ Ê· ¢´¥´¨° (34) ¨ (35) ¶·¨ Ê± § ´´ÒÌ ¤ ´´ÒÌ ŠµÏ¨ ´¥ ¥¤¨´¸É¢¥´´µ.
ŒÒ ¨³¥¥³ Í¥²Ò° ±µ´É¨´ÊÊ³ ·¥Ï¥´¨°, ¨¡µ ¶¥·¨µ¤ ¶·¥¡Ò¢ ´¨Ö ¢ ¸²¨Éµ³ ¸µ-
¸ÉµÖ´¨¨ T ³µ¦¥É ¢Ò· ¦ ÉÓ¸Ö ²Õ¡Ò³ ´¥µÉ·¨Í É¥²Ó´Ò³ Î¨¸²µ³. � ¸¶ ¤ ³µ¦¥É
¶·µ¨§µ°É¨ ¸µ¢¥·Ï¥´´µ ¸²ÊÎ °´µ ¢ ²Õ¡µ° ³µ³¥´É. ‡ ³¥É¨³, µ¤´ ±µ, ÎÉµ ¢ -
·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨ ¸ É ±¨³¨ ¤ ´´Ò³¨ ŠµÏ¨ µ¡· §ÊÕÉ ³´µ¦¥¸É¢µ ³¥·Ò ´Ê²Ó.

ˆÉ ±, D + 1-³¥·´ Ö ±² ¸¸¨Î¥¸± Ö ± ·É¨´  ³µ¦¥É ¡ÒÉÓ Ô±¢¨¢ ²¥´É´ 
D-³¥·´µ° ±¢ ´Éµ¢µ° ± ·É¨´¥ Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ±µ£¤  D = 1. „¥°-
¸É¢¨É¥²Ó´µ, 1Dquant-É¥µ·¨Ö ¸¢µ¡µ¤´  µÉ Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°.
ˆ³¥´´µ ¢ ¤¢Ê³¥·´µ³ ±² ¸¸¨Î¥¸±µ³ ³¨·¥ ´¥É ¨§²ÊÎ¥´¨Ö, ¶µÔÉµ³Ê §¤¥¸Ó µÉ¸ÊÉ-
¸É¢ÊeÉ ¶·µ¡²¥³  ¤¨¸¸¨¶ Í¨¨ Ô´¥·£¨¨ ¨ ´¥É  ´µ³ ²¨¨ µ¡· É¨³µ¸É¨. ’µ²Ó±µ ¢
ÔÉµ³ ³¨·¥ § ¶ §¤Ò¢ ÕÐ¥¥ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ (38) ´¥ µ¡· Ð ¥É¸Ö ¢ ¡¥¸-
±µ´¥Î´µ¸ÉÓ ´  ³¨·µ¢ÒÌ ²¨´¨ÖÌ ¨¸ÉµÎ´¨±µ¢, ¨ µ¸µ¡Ò° ¢ ·¨ ´É å4 ´¥ µ§´ Î ¥É
¶ ¤¥´¨Ö ´  Í¥´É·. ‹¨ÏÓ ÔÉµ³Ê ³¨·Ê ¶·¨¸ÊÐ¨ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨,
µ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ¨£·Ê ¸²ÊÎ Ö Ê¦¥ ´  ±² ¸¸¨Î¥¸±µ³ Ê·µ¢´¥ (¢ ¡µ²¥¥ ¢Ò¸µ-
±¨Ì · §³¥·´µ¸ÉÖÌ µ¸µ¡Ò¥ ¢ ·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨ ²¨¡µ µ¡· §ÊÕÉ Éµ¶µ²µ£¨Î¥¸±¨
ÊÐ¥·¡´ÊÕ ± ·É¨´Ê, ²¨¡µ ¢µµ¡Ð¥ ¨¸Î¥§ ÕÉ). ’ ± ± ± Ë §µ¢Ò° µ¡Ñ¥³ É ±¨Ì
¢ ·¨ ´Éµ¢ · ¢¥´ ´Ê²Õ, Éµ µ´¨ ´¥ ¸± §Ò¢ ÕÉ¸Ö ´  ¢Ò¶µ²´¥´¨¨ É¥µ·¥³Ò ‹¨-
Ê¢¨²²Ö,   §´ Î¨É, ¶¥·¥³¥´´ Ö t ¢Ò¶ ¤ ¥É ¨§ 1Dquant-µ¶¨¸ ´¨Ö, ¢ ±µÉµ·µ³
µ¸É ¥É¸Ö ²¨ÏÓ § ¢¨¸¨³µ¸ÉÓ µÉ ¶¥·¥³¥´´µ° ix0, ¨£· ÕÐ¥° ·µ²Ó ®¥¢±²¨¤µ-
¢ ¯ ¢·¥³¥´¨. …¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ ±² ¸É¥·Ò ±² ¸¸¨Î¥¸±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢
2Dclass-³¨·¥ ¨³¨É¨·ÊÕÉ µ¤´µ³¥·´Ò¥ µ¡Ñ¥±ÉÒ, Éµ ¸É ´µ¢¨É¸Ö Ö¸´µ, ÎÉµ ¶µ¢¥-
¤¥´¨¥ ±² ¸¸¨Î¥¸±¨Ì ¸É·Ê´ µ± §Ò¢ ¥É¸Ö § ±µ¤¨·µ¢ ´´Ò³ ¢ ¶µ¢¥¤¥´¨¨ ±¢ ´Éµ-
¢ÒÌ ÉµÎ¥Î´ÒÌ Î ¸É¨Í.

7. ‡�Š‹�—…�ˆ…

MÒ ¶µ¶ÒÉ ²¨¸Ó · §¢¨ÉÓ ¨¤¥Õ µ Éµ³, ÎÉµ ¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ ¸ Ë¨§¨Î¥-
¸±µ° ÉµÎ±¨ §·¥´¨Ö · ¢´µ§´ Î´  ±¨´¥É¨Î¥¸±µ³Ê ¶·¥µ¡² ¤ ´¨Õ. �µ¸²¥¤´¥¥
´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¶µ¤ ¢¨ÉÓ É¥´¤¥´Í¨Õ ± ±µ²² ¶¸Ê. ‚ Î¥³ µ¶ ¸´µ¸ÉÓ ±µ²-
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² ¶¸ ? Š ·É¨´ , ¢ ±µÉµ·µ° ¢µ§³µ¦¥´ ±µ²² ¶¸, ´¥µ¡· É¨³  ¢µ ¢·¥³¥´¨, ¶·¨-
Î¥³ ´¥µ¡· É¨³µ¸ÉÓ ¨³¥¥É Éµ¶µ²µ£¨Î¥¸±¨° Ì · ±É¥· Å ± ·É¨´  Éµ¶µ²µ£¨Î¥¸±¨
ÊÐ¥·¡´a; ¢ ¶¥·¥¢µ¤¥ ´  Ö§Ò± ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¶·µ¸É· ´¸É¢   ¸¨³¶ÉµÉ¨Î¥-
¸±¨Ì ¸µ¸ÉµÖ´¨° Hin ¨ Hout µ± §Ò¢ ÕÉ¸Ö · §´Ò³¨, ¨ Ê´¨É ·´µ¸ÉÓ (¶µ ±· °´¥°
³¥·¥, ¢ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°) ´ ·ÊÏ ¥É¸Ö.

MÒ µ¡¸Ê¤¨²¨ ± Î¥¸É¢¥´´Ò¥ µ¸µ¡¥´´µ¸É¨ ±µ²² ¶¸  ¨ ¢µ§³µ¦´µ¸ÉÓ ¥£µ
¶·¥¤µÉ¢· Ð¥´¨Ö ´  ¶·¨³¥·¥ ¶ ¤¥´¨Ö Î ¸É¨ÍÒ ´  Í¥´É·. „²Ö ¶·¥¤µÉ¢· Ð¥´¨Ö
¶ ¤¥´¨Ö ´  Í¥´É· ´¥µ¡Ìµ¤¨³µ ¨ ¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò ¸¶¥±É· £ ³¨²ÓÉµ´¨ ´  ¡Ò²
µ£· ´¨Î¥´ ¸´¨§Ê.

‹Õ¡µ¶ÒÉ´µ, ÎÉµ £ ³¨²ÓÉµ´¨ ´ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´µ° É¥µ·¨¨ Ëµ·³ ²Ó´µ
¢¸¥£¤  ¶µ²µ¦¨É¥²¥´, ¶µ¸±µ²Ó±Ê Ô´¥·£¨Ö ´¨¦´¥£µ Ê·µ¢´Ö · ¢´  ´Ê²Õ. CÊ¶¥·-
¸¨³³¥É·¨Î´ Ö ¸¨¸É¥³  § ¢¥¤µ³µ ¨§¡ ¢²¥´  µÉ ±µ²² ¶¸ , ¥¸²¨ ee µ¸´µ¢´µ¥ ¸µ-
¸ÉµÖ´¨¥ ¸É ¡¨²Ó´µ. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸Ê¶¥·¸¨³³¥É·¨Ö ¶µ§¢µ²Ö¥É ¸µ±· É¨ÉÓ
· ¸Ìµ¤¨³µ¸É¨ ¨ ¤ ¦¥ ¨´µ£¤  ¤¥² ¥É É¥µ·¨Õ ±µ´¥Î´µ°. Œµ¦´µ ¶µ¶ÒÉ ÉÓ¸Ö ¸¢Ö-
§ ÉÓ ÔÉ¨ Ë ±ÉÒ, ¶·¥¤¶µ²µ¦¨¢, ÎÉµ ¸Ê¶¥·¸¨³³¥É·¨Ö ¶¥·¥´µ¸¨É ³¥¸Éµ ¤¥°¸É¢¨Ö
¢ ³¨· ³¥´ÓÏ¥° · §³¥·´µ¸É¨, £¤¥ É¥´¤¥´Í¨Ö ± ±µ²² ¶¸Ê µ¸² ¡²Ö¥É¸Ö ¨²¨ ¸µ-
¢¸¥³ ¨¸Î¥§ ¥É. �Éµ ¶·¥¤¶µ²µ¦¥´¨¥ ±µ¸¢¥´´µ ¶µ¤É¢¥·¦¤ ÕÉ É ± ´ §Ò¢ ¥³Ò¥
É¥µ·¥³Ò µ ´¥¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ É¥µ·¨ÖÌ. „¥°¸É¢¨-
É¥²Ó´µ, µ¡· Ð¥´¨¥ ¢ ´Ê²Ó ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ± ± ±µ´¸É ´É ³ ¸¢Ö§¨ µ§´ Î ¥É
±¢ §¨±² ¸¸¨Î´µ¸ÉÓ ± ·É¨´Ò (¸² ¡µ¸ÉÓ ÔËË¥±Éµ¢ ¶µ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³ ), ÎÉµ
¢µ§³µ¦´µ ²¨ÏÓ ¶·¨ ¤µ¸É ÉµÎ´µ ´¨§±µ° · §³¥·´µ¸É¨.

‡ ³¥´  Ê¸²µ¢¨Ö ¶¥·¥´µ·³¨·Ê¥³µ¸É¨ Ê¸²µ¢¨¥³ ¶µ¤ ¢²Ö¥³µ¸É¨ ±µ²² ¶¸  Å
Ï £ µ¶· ¢¤ ´´Ò° ¸ ¶µ§´ ¢ É¥²Ó´µ° ÉµÎ±¨ §·¥´¨Ö. �´, ¢¥·µÖÉ´µ, ¶·¨¡²¨§¨É
´ ¸ ± · §£ ¤±¥ Éµ£µ Ê¤¨¢¨É¥²Ó´µ£µ Ë ±É , ÎÉµ É·¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨Ö µ± § ²¨¸Ó ¶¥·¥´µ·³¨·Ê¥³Ò³¨,   µ¤´µ Å ´¥¶¥·¥´µ·³¨·Ê¥³Ò³.

�¤´ ±µ ± ± Ö ¶· ±É¨Î¥¸± Ö ¶µ²Ó§  µÉ ÔÉµ° § ³¥´Ò? ˆ´ÉÊ¨É¨¢´µ¥ ¶µ´¨-
³ ´¨¥ ¶µ²¥¢µ° ¤¨´ ³¨±¨ ¶µ§¢µ²Ö¥É ¨§¡¥¦ ÉÓ ³´µ£¨Ì § ¡²Ê¦¤¥´¨°, ´¥ ¶·¨¡¥-
£ Ö ± ¸²µ¦´Ò³ ¢ÒÎ¨¸²¥´¨Ö³. � ¶·¨³¥·, ¸²µ¦¨²µ¸Ó ¸Éµ°±µ¥ Ê¡¥¦¤¥´¨¥, ¡Ê¤Éµ
¸µ¡¸É¢¥´´ Ö Ô´¥·£¨Ö δm ¢ ±² ¸¸¨Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±¥ · ¸Ìµ¤¨É¸Ö ¸¨²Ó-
´¥¥, Î¥³ ¸µ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Σ ¢ Š�„. �´µ µ¸´µ¢ ´µ ´  Éµ³, ÎÉµ ¢ ¸²ÊÎ ¥
D = 4 · ¸Ìµ¤¨³µ¸ÉÓ δm ²¨´¥°´ Ö, a · ¸Ìµ¤¨³µ¸ÉÓ Σ ²µ£ ·¨Ë³¨Î¥¸± Ö. �Éµ
¤ ²µ µ¸´µ¢ ´¨¥ ¤²Ö ¸¶¥±Ê²ÖÍ¨°, ¨¸Ìµ¤ÖÐ¨Ì ¨§ Éµ£µ, ÎÉµ ±¢ ´Éµ¢ ´¨¥ Ê²ÊÎ-
Ï ¥É Ê²ÓÉ· Ë¨µ²¥Éµ¢µ¥ ¶µ¢¥¤¥´¨¥ É¥µ·¨¨. �µ ÔÉµ Ê¡¥¦¤¥´¨¥ µÏ¨¡µÎ´µ. ‚µ-
¶¥·¢ÒÌ, ¸¢µ°¸É¢  ¡¥¸¸¶¨´µ¢µ° Î ¸É¨ÍÒ ¢ ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ´Ê¦´µ ¸· ¢-
´¨¢ ÉÓ ¸µ ¸¢µ°¸É¢ ³¨ ¸± ²Ö·´µ£µ (  ´¥ ¸¶¨´µ·´µ£µ) ¶µ²Ö ¢ ±¢ ´Éµ¢µ° É¥µ-
·¨¨, ¶·¨ ÔÉµ³ · ¸Ìµ¤¨³µ¸ÉÓ Σ µ± §Ò¢ ¥É¸Ö ±¢ ¤· É¨Î´µ°, µÉ±Ê¤  µÎ¥¢¨¤´µ,
ÎÉµ ±¢ ´Éµ¢ ´¨¥ Éµ²Ó±µ ÊÌÊ¤Ï ¥É Ê²ÓÉ· Ë¨µ²¥Éµ¢ÊÕ ¸¨ÉÊ Í¨Õ. ‚µ-¢Éµ·ÒÌ,
D + 1-³¥·´ Ö ±² ¸¸¨Î¥¸± Ö É¥µ·¨Ö ¶µ²Ö £µ²µ£· Ë¨Î¥¸±¨ ¸¢Ö§ ´  ¸ D-³¥·´µ°
±¢ ´Éµ¢µ° É¥µ·¨¥° ¶µ²Ö ¨, ± ± ¸²¥¤Ê¥É ¨§ ¶. 6.2, ¢ É ±¨Ì ¤Ê ²Ó´o ¸¢Ö§ ´´ÒÌ
É¥µ·¨ÖÌ ¢¥²¨Î¨´Ò δm ¨ Σ · ¸Ìµ¤ÖÉ¸Ö µ¤¨´ ±µ¢µ.

„µ²£µ¥ ¢·¥³Ö ¶µ² £ ²¨, ÎÉµ, ¢¢µ¤Ö ¤¨¸±·¥É´ÊÕ ·¥Ï¥É±Ê ¢³¥¸Éµ ±µ´É¨´Ê-
 ²Ó´µ£µ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨, ³Ò  ¢Éµ³ É¨Î¥¸±¨ ¨§¡ ¢²Ö¥³¸Ö µÉ Ê²ÓÉ· Ë¨µ-
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²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥°. ‚ 1988 £. ÔÉ  ¨²²Õ§¨Ö ¡Ò²  · §¢¥Ö´  ¸²¥¤ÊÕÐ¨³
±µ´É·¶·¨³¥·µ³ [31]. �Ê¸ÉÓ ¢ L0 ¶·µ¨§¢µ¤´Ò¥ ¸± ²Ö·´µ£µ ¨ ¤¨· ±µ¢¸±µ£µ ¶µ-
²¥° § ³¥´¥´Ò ´  ±µ´¥Î´Ò¥ · §´µ¸É¨,   LI § ¤ ´ ¢ ¢¨¤¥ LI = −λφ3 + igψ̄ψφ,
£¤¥  ·£Ê³¥´ÉÒ ¢¸¥Ì ¶µ²¥° ¸µ¢¶ ¤ ÕÉ. �¤´µ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò É ±µ° ·¥Ï¥-
ÉµÎ´µ° ³µ¤¥²¨ µ± §Ò¢ ÕÉ¸Ö · ¸Ìµ¤ÖÐ¨³¨¸Ö,   ¸ ³  ³µ¤¥²Ó Å ´¥¶¥·¥´µ·³¨-
·Ê¥³µ°!

�µ ¸Éµ¨É ¢¸¶µ³´¨ÉÓ ¶·¨´Í¨¶ ±¨´¥É¨Î¥¸±µ£µ ¶·¥µ¡² ¤ ´¨Ö, ± ± ÔÉµÉ ¢Ò-
¢µ¤ ´¥ ¶µ± ¦¥É¸Ö ¸Éµ²Ó ¸¥´¸ Í¨µ´´Ò³. „¥°¸É¢¨É¥²Ó´µ, É¥µ·¨Ö ´  ·¥Ï¥É±¥
¥¸ÉÓ Î ¸É´Ò° ¸²ÊÎ ° É¥µ·¨° ¸ ´¥²µ± ²Ó´Ò³¨ Ëµ·³Ë ±Éµ· ³¨. ‡ ¤ ¢ ±µ´¥Î-
´Ò¥ · §´µ¸É¨ χ(x + l n̂) − χ(x), ³Ò · §³ §Ò¢ ¥³ ¸¢µ¡µ¤´Ò° ² £· ´¦¨ ´ L0

´¥²µ± ²Ó´Ò³¨ µ¶¥· Éµ· ³¨ ¢¨¤  exp (l n̂ · ∂) − 1, ¶·¨Î¥³ · §³ §Ò¢ ´¨e ¶·µ-
¨¸Ìµ¤¨É ¢ ±µ´¥Î´µ° µ¡² ¸É¨ · §³¥·µ³ l. ‚¥²¨Î¨´  O(ε−2D) ¢ ¢Ò· ¦¥´¨¨
(9) § ³¥´Ö¥É¸Ö ´  O(l−2D). A É ± ± ± ¶µ²Ö ¢ LI ²µ± ²¨§µ¢ ´Ò ¢ µ¤´¨Ì ¨
É¥Ì ¦¥ ÉµÎ± Ì, Éµ ¸¨´£Ê²Ö·´µ¸ÉÓ ¢Ò· ¦¥´¨Ö (10) µ¸É ¥É¸Ö ´¥¨§³¥´´µ°. „·Ê-
£¨³¨ ¸²µ¢ ³¨, ³Ò ¨³¥¥³ ¤¥²µ ¸ É ±µ° ³µ¤¥²ÓÕ, ¢ ±µÉµ·µ° ¸¨´£Ê²Ö·´µ¸É¨ ¢
±¨´¥É¨Î¥¸±¨Ì Î²¥´ Ì · §³ § ´Ò,   ¢ Î²¥´ Ì ¢§ ¨³µ¤¥°¸É¢¨Ö µ¸É ¢²¥´Ò ´¥-
¨§³¥´´Ò³¨. “¸²µ¢¨¥ ¶µ¤ ¢²Ö¥³µ¸É¨ ±µ²² ¶¸  (6) µ± § ²µ¸Ó ´ ·ÊÏ¥´´Ò³ Å
±µ²² ¶¸ ´¥³¨´Ê¥³.

ŒÒ ¢ÒÖ¸´¨²¨, ÎÉµ ËÊ´¤ ³¥´É ²Ó´µ¥ µÉ²¨Î¨¥ ¶¥·¥´µ·³¨·Ê¥³ÒÌ É¥µ·¨°
µÉ ´¥¶¥·¥´µ·³¨·Ê¥³ÒÌ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µ´¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¸µ¢¥·Ï¥´´µ
· §´Ò³ Éµ¶µ²µ£¨Î¥¸±¨³ ± ·É¨´ ³ Ô¢µ²ÕÍ¨¨. H¥¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ ¢Ò· ¦ -
¥É¸Ö ¢ Éµ³, ÎÉµ ´ ²¨Î¨¥ ´¥±µÉµ·µ£µ µ¸µ¡µ£µ ¢ ·¨ ´É  Ô¢µ²ÕÍ¨¨ ¨¸±²ÕÎ ¥É
¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö µ¡· É´µ£µ ± ´¥³Ê ¢ ·¨ ´É . �¥·¥´µ·³¨·Ê¥³ Ö
É¥µ·¨Ö ¸¢µ¡µ¤´  µÉ É ±µ°  ¸¨³³¥É·¨¨. B ´¥° µ¡· É¨³µ¸ÉÓ ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö
§  ¸Î¥É µ¡¥¤´¥´¨Ö Éµ¶µ²µ£¨Î¥¸±µ° ± ·É¨´Ò, ¨§ ±µÉµ·µ° ¨¸Î¥§ ÕÉ ¢¸¥ µ¸µ-
¡Ò¥ ¢ ·¨ ´ÉÒ Ô¢µ²ÕÍ¨¨. �¸É ¥É¸Ö, µ¤´ ±µ, µÉ±·ÒÉÒ³ ¢µ¶·µ¸: ´¥ ¢¥¤¥É ²¨
ÔÉµ µ¡¥¤´¥´¨¥ ± Éµ³Ê, ÎÉµ ¢¸¥ Î¥ÉÒ·¥Ì³¥·´Ò¥ ¶¥·¥´µ·³¨·Ê¥³Ò¥ É¥µ·¨¨ (¢
´¥±µÉµ·µ³ ®ÉµÎ´µ³¯ ´¥¶¥·ÉÊ·¡ É¨¢´µ³ ¸³Ò¸²¥) É·¨¢¨ ²Ó´Ò?

‚µ¶·µ¸Ò, § É·µ´ÊÉÒ¥ ¢ ÔÉµ° ¸É ÉÓ¥ ¨²¨ ¡²¨§±µ ¸¢Ö§ ´´Ò¥ ¸ ´¨³¨, ¢ · §-
´µ¥ ¢·¥³Ö µ¡¸Ê¦¤ ²¨¸Ó ¸µ ³´µ£¨³¨ ²Õ¤Ó³¨. �¸µ¡¥´´µ ¶µ²¥§´Ò³¨ ¡Ò²¨ ¤ ¢-
´¨¥ ¡¥¸¥¤Ò ¸ Ÿ.	.‡¥²Ó¤µ¢¨Î¥³, �.�.Œµ·µ§µ¢Ò³ ¨ ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´¨¥ Å
¸ �.•  £µ³, „.‚.˜¨·±µ¢Ò³ ¨ ƒ.‚.…Ë¨³µ¢Ò³. ‚¸¥³ ¨³ Ö £²Ê¡µ±µ ¶·¨§´ É¥-
²¥´. � ¸ÉµÖÐ Ö · ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Î ¸É¨Î´µ° ¶µ¤¤¥·¦±¥ Œ¥¦¤Ê´ ·µ¤´µ£µ
´ ÊÎ´µ-É¥Ì´¨Î¥¸±µ£µ Í¥´É·  ¢ · ³± Ì ¶·µ¥±É  840.

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Dresden M. Renormalization in Historical Perspective Ä The First Stage // Renormalization: From
Lorentz to Landau (and beyond). Berlin: Springer, 1993. P.29Ä55.

2. Renormalization: From Lorentz to Landau (and beyond) / Ed. by L.M.Brown. Berlin: Springer,
1993.



944 KO‘ŸŠ�‚ 	.�.

3. �µ£µ²Õ¡µ¢ �.�. “· ¢´¥´¨Ö ¢ ¢ ·¨ Í¨ÖÌ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö // „��. 1952. T. LXXXII,
C. 217Ä220. English translation in: In the Intermissions.... / Ed. by Yu.A.Trutnev. Singapore:
World Scientiˇc, 1998. P. 71Ä75.

4. ‡ ¢ÓÖ²µ¢ �.ˆ. R-µ¶¥· Í¨Ö 	µ£µ²Õ¡µ¢  ¨ É¥µ·¥³  	µ£µ²Õ¡µ¢ Ä� · ¸Õ± . // “Œ�. 1994.
T.49. ‚Ò¶.5(299). C.61-70.

5. �µ£µ²Õ¡µ¢ �.�., ˜¨·±µ¢ „.‚. ‚¢¥¤¥´¨¥ ¢ É¥µ·¨Õ ±¢ ´Éµ¢ ´´ÒÌ ¶µ²¥°. Œ.: � Ê± , 1976.
ƒ².5.

6. ‡ ¢ÓÖ²µ¢ �.ˆ. �¥·¥´µ·³¨·µ¢ ´´Ò¥ ¤¨ £· ³³Ò ”¥°´³ ´ . Œ.: � Ê± , 1979. �¥·¥¢µ¤: Za-
vialov O.I. Renormalized Quantum Field Theory. Dordrecht: Kluwer, 1989.

7. Itzykson C., Zuber J.-B. Quantum Field Theory. New York: McGraw-Hill, 1980. Chap. 8.
�¥·¥¢µ¤: ˆÍ¨±¸µ´ Š., ‡Õ¡¥· †.-�. Š¢ ´Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö. Œ.: Œ¨·, 1984. ƒ². 8.

8. Collins J.C. Renormalization. Cambridge: Cambridge U. P., 1984. �¥·¥¢µ¤: Šµ²²¨´§ „¦. �¥-
·¥´µ·³¨·µ¢± . Œ.: Œ¨·, 1988.

9. ’± Î¥¢ ”. ‚. �µ¢Ò¥ ³¥Éµ¤Ò ¨¸¸²¥¤µ¢ ´¨Ö · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ±. ’¥µ·¨Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ°
µ¶¥· Í¨¨ // �—�Ÿ. 1994. ’.25. C.649Ä695.

10. Connes A., Kreimer D. Renormalization in Quantum Field Theory and the RiemannÄHilbert
Problem. // J. High Energy. 1999. V.9. P.24Ä31; hep-th/9909126, 9912092.

11. Weinberg S. Conceptual Foundations of the Uniˇed Theory of Weak and Electromagnetic In-
teractions // Rev. Mod. Phys. 1980. V.52. P.515Ä524. �¥·¥¢µ¤: “”�. 1980. ’.132. ‚Ò¶. 2.
‘.201Ä217.

12. 't Hooft G. When was Asymptotic Freedom Discovered? or The Rehabilitation of Quantum Field
Theory // Nucl. Phys. Proc. Suppl. 1999. V.74. P.413Ä425; hep-th/9808154.

13. Gross D.J. Twenty Five Years of Asymptotic Freedom // Nucl. Phys. Proc. Suppl. 1999. V.74.
P.426Ä446; hep-th/9809060.

14. Gell-Mann M. From Renormalizability to Calculability? Shelter Island II / Ed. by R. Jackiw et
al. Cambridge, 1985. �¥·¥¢µ¤: “”�. 1987. ’.151. ‚Ò¶.4. ‘.683Ä698.

15. Schweber S.S. QED and the Men Who Made It. Princeton, 1994.

16. Dyson F.J. The S Matrix in Quantum Electrodynamics // Phys. Rev. 1949. V.75. P.1736Ä1755.

17. Jackiw R. The Unreasonable Effectiveness of Quantum Field Theory. hep-th/9602122.

18. ‹ ´¤ Ê ‹., �µ³¥· ´ÎÊ± ˆ. � ÉµÎ¥Î´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨ ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥ // „��.
1955. T.102. C.489Ä492.

19. ”· ¤±¨´ ….‘. Š ¢µ¶·µ¸Ê µ¡  ¸¨³¶ÉµÉ¨±¥ ËÊ´±Í¨° ƒ·¨´  ¢ É¥µ·¨¨ ³¥§µ´µ¢ ¸µ ¸² ¡µ° ¶¸¥¢-
¤µ¸± ²Ö·´µ° ¸¢Ö§ÓÕ // †�’”. 1955. ’.29. ‚Ò¶.39. ‘.377Ä379.

20. Landau L.D., Abrikosov A.A., Khalatnikov I.M. On the Quantum Theory of Fields // Nuovo
Cimento Suppl. 1955. V.3. P.80Ä104.

21. Landau L.D. Fundamental Problems // Theoretical Physics in the Twentieth Century. Pauli Memo-
rial Volume. New York, 1960. P.245Ä249. �¥·¥¢µ¤: ’¥µ·¥É¨Î¥¸± Ö Ë¨§¨±  20 ¢¥± . M., 1962.
C.285Ä289.

22. 't Hooft G. Renormalization of Massless YangÄMills Fields // Nucl. Phys. 1971. V.B33. P.173Ä
199; Renormalizable Lagrangians for Massive YangÄMills Fields // ibid. 1971. V.B35. P.167Ä188;
't Hooft G., Veltman M. Renormalization and Regularization of Gauge Fields // ibid. 1972. V.B44.
P.189Ä213.

23. Gross D.J., Wilczek F. Ultraviolet Behavior of Non-Abelian Gauge Theories // Phys. Rev. Lett.
1973. V.30. P.1343Ä1346; Politzer H.D. Reliable Perturbative Results for Strong Interactions? //
ibid. 1973. V.30. P.1346Ä1349.



� ”ˆ‡ˆ—…‘Š�Œ ‘Œ›‘‹… �…�…���Œˆ�“…Œ�‘’ˆ 945

24. van Nieuwenhuizen P. Supergravity // Phys. Rep. 1981. V.68. P.189Ä398.

25. Duff M. Ultraviolet Divergences in Extended Supergravity // Supergravity'81 / Ed. by S.Ferrara
and J.G.Taylor. Cambridge: Cambridge U.P., 1984. �¥·¥¢µ¤: ‚¢¥¤¥´¨¥ ¢ ¸Ê¶¥·£· ¢¨É Í¨Õ. Œ.:
Œ¨·, 1985.

26. Green M.B., Schwarz J.H., Witten E. Superstring Theory. Cambridge: Cambridge U.P., 1987.
Vol. 1,2. �¥·¥¢µ¤: ƒ·¨´ Œ., ˜¢ ·Í „¦., ‚¨ÉÉ¥´ �. ’¥µ·¨Ö ¸Ê¶¥·¸É·Ê´. Œ.: Œ¨·, 1990. ’.
1,2.

27. Kaku M. Introduction to Superstrings. Berlin: Springer, 1988. �¥·¥¢µ¤: Š ±Ê Œ. ‚¢¥¤¥´¨¥ ¢
É¥µ·¨Õ ¸Ê¶¥·¸É·Ê´. Œ.: Œ¨·, 1999.

28. Kiritsis E. Introduction to Superstring Theory. Leuven: Leuven U. P., 1998; hep-th/9709062.

29. Polchinski J. String Theory. Cambridge: Cambridge U. P., 1999. Vol. 1,2.

30. …Ë¨³µ¢ ƒ. ‚. �¥²µ± ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ ´Éµ¢ ´´ÒÌ ¶µ²¥°. Œ.: � Ê± , 1977.

31. Trivedi A.K. Evidence of Ultraviolet Divergence on the Lattice // Phys. Rev. Lett. 1988. V.61.
P.907Ä910.

32. Polchinski J. String Duality // Rev. Mod. Phys. 1996. V.68. P.1245Ä1258. hep-th/9607050.

33. Witten E. String Theory Dynamics in Various Dimensions // Nucl. Phys. 1995. V.B 443. P.85;
hep-th/9503124.

34. Duff M.J. A Layman's Guide to M -Theory. hep-th/9805177.

35. Rovelli C. Loop Quantum Gravity. gr-qc/9710008.

36. Shirkov D.V. Historical Remarks on the Renormalization Group // Renormalization: From Lorentz
to Landau (and beyond) / Ed. by L.M.Brown. Berlin: Springer, 1993. P.167Ä186; ˜¨·±µ¢ „.‚.
�¥´µ·³£·Ê¶¶  	µ£µ²Õ¡µ¢  // “Œ�. 1994. ’.49. ‚Ò¶. 5(299). �.147Ä164.

37. Wilson K.G. Problems in Physics with Many Scales of Length // Sci. Amer. 1979. V.241. P.158Ä
179.

38. Weinberg S. Ultraviolet Divergences in Quantum Theories of Gravitation // General Relativity:
An Einstein Centenary Survey / Ed. by S.W.Hawking, W.Israel. Cambridge: Cambridge U.P.
1979. P.790Ä831. �¥·¥¢µ¤: �¡Ð Ö É¥µ·¨Ö µÉ´µ¸¨É¥²Ó´µ¸É¨. Œ.: Œ¨·, 1983. C.405Ä455.

39. Wightman A.S. Some Lessons of Renormalization Theory // The Lesson of Quantum Theory /
Ed. by J. de Boer, E. Dal, D. Ulfbeck. Amsterdam: Elsevier, 1986. P.201Ä225.

40. Gomis J., Weinberg S. Are Nonrenormalizable Gauge Theories Renormalizable? // Nucl. Phys.
1996. V.B 469. P.473Ä487.

41. Weinberg S. Effective Gauge Theories. // Phys. Lett. B. 1980. V.91. P.51Ä55.

42. Feynman R.P. The Development of the Space-Time View of Quantum Mechanics. Nobel Lecture //
Phys. Today. 1966. V.19. P.31Ä40. �¥·¥¢µ¤: • · ±É¥· Ë¨§¨Î¥¸±¨Ì § ±µ´µ¢. Œ.: Œ¨·, 1968.
‘.193Ä231.

43. Witten E. Baryons in the 1/N Expansion // Nucl. Phys. 1979. V.B 160. P.57Ä115.

44. Ogawa S., Sawada S., Nakagawa M. Constituent Models of Elementary Particles. Tokyo, 1980.
Chap. 4. (In Japanese). �¥·¥¢µ¤: Co¸É ¢´Ò¥ ³µ¤¥²¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. Œ.: Œ¨·, 1983.
§ 4.5.

45. Ne'eman Y., �Sija�cki Dj. Hadrons in an SL(4, R) Classiˇcation // Phys. Rev. D. 1988. V.37.
P.3267Ä3283.

46. ‹ ´¤ Ê ‹.„., ‹¨ËÏ¨Í ….Œ. ’¥µ·¨Ö ¶µ²Ö. Œ.: � Ê± , 1967.

47. Case K.M. Singular Potentials // Phys. Rev. 1950. V.80. P.797Ä806.



946 KO‘ŸŠ�‚ 	.�.

48. Dagotto E., Koci�c A., Kogut J.B. Collapse of the Wave Function, Anomalous Dimensions and
Continuum Limits in Model Scalar Field Theories // Phys. Lett. 1990. V.B 237. P. 268Ä273.

49. � ¢²µ¢ ‚.�., ’ ¢²Ê¥¢ ƒ.	. ƒ ³¨²ÓÉµ´¨ ´ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö // ’Œ”.
1971. ’.9. ‘.80Ä87.

50. ƒ¨É³ ´ „.Œ., ’ÕÉ¨´ ˆ.‚. Š ´µ´¨Î¥¸±µ¥ ±¢ ´Éµ¢ ´¨¥ ¶µ²¥° ¸µ ¸¢Ö§Ö³¨. Œ.: � Ê± , 1986.

51. Halpern M.B. Nonrenormalizable Field Theories // Ann. Phys. (NY). 1966. V.39. P.351Ä375.

52. �²µÌ¨´Í¥¢ „.ˆ. ‘ÊÐ¥¸É¢¥´´µ-´¥²¨´¥°´Ò¥ ¶µ²Ö ¨ ¶µ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³  // ’Œ”. 1974. ’.21.
‘.155Ä159.

53. �µ£µ²Õ¡µ¢ �.�., ˜¨·±µ¢ „.‚. Š¢ ´Éµ¢Ò¥ ¶µ²Ö. Œ.: � Ê± , 1976. § 33.

54. ‡¥²Ó¤µ¢¨Î Ÿ.�. ’¥µ·¨Ö ¢ ±ÊÊ³ , ¡ÒÉÓ ³µ¦¥É, ·¥Ï ¥É § £ ¤±Ê ±µ¸³µ²µ£¨¨ // “”�. 1981. T.133.
‚Ò¶.3. C.479Ä504.

55. Glimm J., Jaffe A. Quantum Physics: A Functional Integral Point of View. Heidelberg: Springer,
1981. �¥·¥¢µ¤: ƒ²¨³³ „¦., „¦ ËË¥ 	. Œ É¥³ É¨Î¥¸±¨¥ ³¥Éµ¤Ò ±¢ ´Éµ¢µ° Ë¨§¨±¨. �µ¤Ìµ¤
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£· ² . M.: Œ¨·, 1984.

56. Blasi A. et al. Renormalizability of Nonrenormalizable Field Theories. // Phys. Rev. D. 1999.
V.59. P.121701(1Ä3).

57. Aizenman M. Proof of the Triviality of ϕ4
d Field Theory and Some Mean-Field Features of Ising

Models for d > 4 // Phys. Rev. Lett. 1981. V.47. P.1Ä4.

58. Parisi G., Sourlas N. Random Magnetic Fields, Supersymmetry, and Negative Dimensions. //
Phys. Rev. Lett. 1979. V.43. P.744Ä745.

59. 't Hooft G. Dimensional Reduction in Quantum Gravity // Salamfestschrift / Ed. by A.Ali, J.Ellis,
S.Randjbar-Daemi. Singapore: World Scientiˇc, 1993. P.284Ä296. gr-qc/9310006.

60. Susskind L. The World as a Hologram // J. Math. Phys. 1995. V.36. P.6377Ä6396. hep-th/9409089.

61. Maldacena J. The Large N Limit of Superconformal Field Theories and Supergravity // Adv.
Theor. Phys. 1998. V.2. P.231Ä252. hep-th/9711200.

62. de Alfaro V., Fubini S., Furlan G. Gibbs Average in the Functional Formulation of Quantum
Field Theory // Phys. Lett. 1981. V.105B. P.462Ä466.

63. 't Hooft G. Quantum Gravity as a Dissipative Deterministic System // Class. Quant. Grav. 1999.
V.16. P.3263Ä3279. gr-qc/9903084.

64. Coleman S., Weinberg E. Radiative Corrections as the Origin of Symmetry Breaking // Phys.
Rev. D. 1973. V. 7. P.1888Ä1910.

65. Šµ¸Ö±µ¢ �.�. ’µÎ´Ò¥ ·¥Ï¥´¨Ö ¢ ±² ¸¸¨Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±¥ ¨ É¥µ·¨¨ Ÿ´£ ÄŒ¨²²¸ Ä
‚µ´£  ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ Î¥É´µ£µ Î¨¸²  ¨§³¥·¥´¨° // ’Œ”. 1999. T.119. C.119Ä135.

66. Salam A. Renormalized S-Matrix for Scalar Electrodynamics // Phys. Rev. 1952. V.86. P.731Ä
744.

67. Teitelboim C. Splitting of Maxwell Tensor: Radiation Reaction without Advanced Fields // Phys.
Rev. D. 1970. V.1. P.1572Ä1582.


