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(Š ¸Éµ²¥É¨Õ ¸µ ¤´Ö ·µ¦¤¥´¨Ö)

�.‚.�µ¢µ¦¨²µ¢, ‚.�.�µ¢µ¦¨²µ¢

‘ ´±É-(¥É¥·¡Ê·£¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É

„ ´ ±· É±¨° µ¡§µ· ´ ÊÎ´µ° ¤¥ÖÉ¥²Ó´µ¸É¨ ‚² ¤¨³¨·  �²¥±¸ ´¤·µ¢¨Î  ”µ±  ¨ ¥¥ §´ Î¥´¨Ö
¤²Ö ¸µ¢·¥³¥´´µ° Ë¨§¨±¨. 5µ²¥¥ ¶µ¤·µ¡´µ µ¡¸Ê¦¤ ¥É¸Ö ¢±² ¤ ‚.�.”µ±  ¢ · §¢¨É¨¥ ±¢ ´Éµ¢µ°
É¥µ·¨¨ ¶µ²Ö ¨ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö.

A short review is given on research activity of Vladimir A. Fock and its role in modern physics.
V.Fock's contribution to the development of quantum ˇeld theory and theory of gravity is discussed
in more detail.

‚‚…„…�ˆ…

ˆ¸¶µ²´¨²µ¸Ó 100 ²¥É ¸µ ¤´Ö ·µ¦¤¥´¨Ö ‚² ¤¨³¨·  �²¥±¸ ´¤·µ¢¨Î  ”µ± .
„ ´´ Ö ¸É ÉÓÖ ¶µ¸¢ÖÐ¥´  ¦¨§´¨ ¨ ¤¥ÖÉ¥²Ó´µ¸É¨ ‚.�.”µ±  ¨ ¥£µ ¢±² ¤Ê

¢ ¸µ§¤ ´¨¥ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¨, µ¸µ¡¥´´µ, ³¥Éµ¤µ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö.
 §¤¥² 1 ¸µ¤¥·¦¨É ±· É±¨° µ¡§µ· ´ ÊÎ´µ° ¤¥ÖÉ¥²Ó´µ¸É¨ ‚.�.”µ± . ŒÒ ¶·¥¤-
¶µ¸Ò² ¥³ µ¡¸Ê¦¤¥´¨Õ · ¡µÉ ‚.�.”µ±  · §¤¥² µ ·µ²¨ ³ É¥³ É¨Î¥¸±µ£µ  ¶-
¶ · É  ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥, ÎÉµ¡Ò · ¸Ï¨·¨ÉÓ ±·Ê£ Î¨É É¥²¥° ¨ ¸¤¥² ÉÓ
ÔÉÊ ¸É ÉÓÕ ¡µ²¥¥ ¶µ´ÖÉ´µ° É¥³, ±Éµ · ¡µÉ ¥É ¢ µ¡² ¸É¨ ±¢ ´Éµ¢µ° Ë¨§¨±¨ ¨
É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö.

‚ · §¤¥² Ì 2 ¨ 3 · ¸¸± §Ò¢ ¥É¸Ö ¡µ²¥¥ ¶µ¤·µ¡´µ µ¡ µ¸´µ¢´ÒÌ · ¡µ-
É Ì ‚.�.”µ±  ¶µ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¨ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨, § 
¨¸±²ÕÎ¥´¨¥³ · ¡µÉ ¶µ ¸µ§¤ ´¨Õ ¨ ¶·¨³¥´¥´¨Õ ³¥Éµ¤  ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ
¶µ²Ö • ·É·¨Å”µ± .

1. Š	
’Šˆ‰ �‡	 �
“—�‰ „…Ÿ’…‹œ�‘’ˆ ‚.
.”Š


	µ²Ó ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥. „µ ¸¨Ì ¶µ· ¥Ð¥
· ¸¶·µ¸É· ´¥´µ ´¥¶· ¢¨²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ ·µ²¨ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ -
· É  ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥ ¨ µ Éµ³ ¸³Ò¸²¥, ±µÉµ·Ò° ¶·¨ ÔÉµ³ ¢±² ¤Ò¢ ¥É¸Ö
¢ ÔÉµ ¶µ´ÖÉ¨¥.

�¡ÒÎ´µ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ·µ²Ó ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ÌµÉÖ ¨ ¢ ¦´ ,
´µ ¢Éµ·µ¸É¥¶¥´´  ¨ ¸¢µ¤¨É¸Ö ± ±µ²¨Î¥¸É¢¥´´µ³Ê µ¶¨¸ ´¨Õ Ö¢²¥´¨°; ¶¥·¢µ¥
¦¥ ³¥¸Éµ ¢¸¥£¤  µÉ¢µ¤¨É¸Ö É¥³ ¨¤¥Ö³, ±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ ¶µ´ÖÉÓ Ö¢²¥´¨¥ ± -
Î¥¸É¢¥´´µ. ˆ¤¥Ö ¨²¨ ± ·É¨´  Ö¢²¥´¨Ö µ¡ÒÎ´µ Ëµ·³Ê²¨·Ê¥É¸Ö ¶·¨ ¶µ³µÐ¨
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´ £²Ö¤´ÒÌ ¶·¥¤¸É ¢²¥´¨°, ¡¥§ ¶·¨³¥´¥´¨Ö ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É . ’ ±,
´ ¶·¨³¥·, ±µ£¤  £µ¢µ·ÖÉ µ ¶µ²¥É¥ ¸¶ÊÉ´¨± , Éµ ¸Î¨É ¥É¸Ö µÎ¥¢¨¤´Ò³, ÎÉµ
§ ¤ Î  ³ É¥³ É¨Î¥¸±µ£µ  ¶¶¶ · É  §¤¥¸Ó § ±²ÕÎ ¥É¸Ö ²¨ÏÓ ¢ ÉµÎ´µ³ µ¶·¥¤¥-
²¥´¨¨ É· ¥±Éµ·¨¨ ¸¶ÊÉ´¨±  ¸ ÊÎ¥Éµ³ ¢¸¥Ì ¢µ§¤¥°¸É¢¨° Å ¨ ¸¨²Ò ÉÖ£µÉ¥´¨Ö,
¨ ¸µ¶·µÉ¨¢²¥´¨Ö ¢µ§¤ÊÌ , ¢ Éµ ¢·¥³Ö ± ± ¶·¨¡²¨§¨É¥²Ó´Ò° ¢¨¤ É· ¥±Éµ·¨¨
¨ Ì · ±É¥· ¢²¨Ö´¨Ö ÔÉ¨Ì ¢µ§¤¥°¸É¢¨° (®± Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥¯) ³µ£ÊÉ ¡ÒÉÓ
¶µ´ÖÉÒ ¡¥§ µ¡· Ð¥´¨Ö ± ³ É¥³ É¨±¥. ˆ ¤¥°¸É¢¨É¥²Ó´µ, ± Î¥¸É¢¥´´ Ö ± ·É¨´ 
¶µ²¥É  ¸¶ÊÉ´¨±  ´ ³ ¶µ´ÖÉ´ , µ´  ¢¶µ²´¥ ´ £²Ö¤´ , É ± ± ± ´  µ¸´µ¢ ´¨¨
µ¶ÒÉ  ´ ¡²Õ¤¥´¨° ¨ Ï±µ²Ó´µ£µ ±Ê·¸  Ë¨§¨±¨ ³Ò Ìµ·µÏµ §´ ¥³ ¤¥°¸É¢¨¥
¸¨² ÉÖ£µÉ¥´¨Ö ¨ ¸µ¶·µÉ¨¢²¥´¨Ö ¢µ§¤ÊÌ .

�µ ´ £²Ö¤´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¶·¨³¥´¨³Ò ¤ ²¥±µ ´¥ ¢¸¥£¤ . �µ¦ ²Ê°, ¢ ´µ-
¢µ° Ë¨§¨±¥ ¤ ¦¥ É·Ê¤´µ ´ °É¨ É ±ÊÕ µ¡² ¸ÉÓ, £¤¥ µ¡Ð¥¶·¨´ÖÉÒ¥ ´ £²Ö¤´Ò¥
¶·¥¤¸É ¢²¥´¨Ö ¨ ®§¤· ¢Ò°¯ ¸³Ò¸² ¶·¨¢¥²¨ ¡Ò ± ®§¤· ¢Ò³¯ ·¥§Ê²ÓÉ É ³.
�¡¸É· ±É´µ¸ÉÓ ¶·¥¤¸É ¢²¥´¨° Å Ì · ±É¥·´ Ö Î¥·É  ¸µ¢·¥³¥´´ÒÌ Ë¨§¨Î¥-
¸±¨Ì ¢µ§§·¥´¨°. ‚ ÔÉµ³ § ±²ÕÎ ¥É¸Ö µ¤´  ¨§ ¶·¨Î¨´ ´¥Ê¤ Î ³´µ£µÎ¨¸²¥´´ÒÌ
¶·¥É¥´¤¥´Éµ¢ ´  µ¡ÑÖ¸´¥´¨¥ Ö¢²¥´¨° ¸µ¢·¥³¥´´µ° Ë¨§¨±¨ (£² ¢´Ò³ µ¡· -
§µ³, ±¢ ´Éµ¢µ° Ë¨§¨±¨) ¸ ÉµÎ±¨ §·¥´¨Ö ´ £²Ö¤´ÒÌ ¶·¥¤¸É ¢²¥´¨°. ˆ ¨³¥´´µ
¢¸²¥¤¸É¢¨¥ ÔÉµ£µ µ¡¸ÉµÖÉ¥²Ó¸É¢  ¢ ´µ¢µ° Ë¨§¨±¥ ³ É¥³ É¨Î¥¸±µ³Ê  ¶¶ · ÉÊ
¶·¨´ ¤²¥¦¨É ·¥Ï ÕÐ¥¥ ³¥¸Éµ. ‚ µÉ²¨Î¨¥ µÉ ´ÓÕÉµ´µ¢¸±µ°, ¢ ¸µ¢·¥³¥´´µ°
Ë¨§¨±¥ Ë ±É¨Î¥¸±¨ ´¥¢µ§³µ¦´µ µ¶¨¸ ÉÓ Ö¢²¥´¨¥ ± Î¥¸É¢¥´´µ, ´¥ ¶µ²Ó§ÊÖ¸Ó
³ É¥³ É¨Î¥¸±¨³  ¶¶ · Éµ³. Œ É¥³ É¨Î¥¸±¨¥ ³¥Éµ¤Ò µ¡· §ÊÕÉ µ¸´µ¢Ê ¸µ¢·¥-
³¥´´ÒÌ Ë¨§¨Î¥¸±¨Ì É¥µ·¨°, ¨ ¤ ¦¥ Ë¨§¨Î¥¸±µ¥ Éµ²±µ¢ ´¨¥ µ¶¨· ¥É¸Ö ´  ´¨Ì.
µ²Ó ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ¢ ´µ¢µ° Ë¨§¨±¥ ¨, ¢ Î ¸É´µ¸É¨, ¢ Ë¨§¨±¥
Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, É ±¨³ µ¡· §µ³, §´ Î¨É¥²Ó´µ Ï¨·¥ Éµ° ·µ²¨, ±µÉµ· Ö
¥³Ê µ¡ÒÎ´µ ¶·¨¶¨¸Ò¢ ¥É¸Ö.  §Ê³¥¥É¸Ö, µ¡¸Ê¦¤ Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ë ±ÉÒ,
ÊÎ¥´Ò¥ ¢¶µ²´¥ ¢ ¸µ¸ÉµÖ´¨¨ ¤ ÉÓ ± Î¥¸É¢¥´´µ¥ µ¡ÑÖ¸´¥´¨¥ ®´  ¶ ²ÓÍ Ì¯, ´¥
µ¡· Ð Ö¸Ó ± Ê· ¢´¥´¨Ö³. �¤´ ±µ ¸²µ¢  ¨ Ë· §Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ± ·É¨´Ê Ö¢²¥-
´¨Ö, ¶µ ¸ÊÐ¥¸É¢Ê, ´¥ ÎÉµ ¨´µ¥, ± ± ¶¥·¥¸± § ¨ Éµ²±µ¢ ´¨¥ ³ É¥³ É¨Î¥¸±µ°
É¥µ·¨¨ ÔÉµ£µ Ö¢²¥´¨Ö. (ˆ§¢¥¸É´µ, ÎÉµ ³ É¥³ É¨Î¥¸±¨° Ö§Ò± Å ´ ¨¡µ²¥¥ ¸¦ -
ÉÒ° ¨ ÉµÎ´Ò° Ö§Ò±.)

‚ ¦´ Ö ·µ²Ó ³ É¥³ É¨Î¥¸±¨Ì ³¥Éµ¤µ¢ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í
¢¨¤´  É ±¦¥ ¨ ¢ Éµ³, ÎÉµ ¸ ³¨ µ¸´µ¢´Ò¥ ¶µ´ÖÉ¨Ö µ± §Ò¢ ÕÉ¸Ö ¶·¥¤³¥Éµ³
³ É¥³ É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¢ É¥µ·¨¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¢ Éµ ¢·¥³Ö ± ±
µ¸´µ¢´Ò¥ ¶µ´ÖÉ¨Ö ´ÓÕÉµ´µ¢¸±µ° Ë¨§¨±¨ Ö¢²ÖÕÉ¸Ö Î ¸ÉÓÕ ´ Ï¨Ì ´ £²Ö¤´ÒÌ
¶·¥¤¸É ¢²¥´¨°. ’ ±, ¶µ´ÖÉ¨¥ µ ±µµ·¤¨´ É Ì ¸¶ÊÉ´¨±  ¶µ µÉ´µÏ¥´¨Õ ± ‡¥³²¥
¢±²ÕÎ ÕÉ¸Ö ´ ³¨ ¢ ¸Ì¥³Ê ´ £²Ö¤´ÒÌ ¶·¥¤¸É ¢²¥´¨°,   ¶µ´ÖÉ¨Ö µ ¢¥²¨Î¨´ Ì,
¶·¨ ¶µ³µÐ¨ ±µÉµ·ÒÌ µ¶¨¸Ò¢ ¥É¸Ö ¤¢¨¦¥´¨¥ ±¢ ´Éµ¢ÒÌ ¶µ²¥° (´ ¶·¨³¥·,
®¸Éµ²¡¥Í ”µ± ¯), ¸µ¸É ¢²ÖÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ Î ¸ÉÓ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É 
±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö.

 §¢¨É¨¥ Ë¨§¨±¨ ¨¤¥É ¶µ ¶ÊÉ¨ Ê¸²µ¦´¥´¨Ö ¥¥ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É .
Š¢ ´Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É É ±¨¥ · §¤¥²Ò ³ É¥³ É¨±¨, ± ±
É¥µ·¨Õ £·Ê¶¶, É¥µ·¨Õ µ¡µ¡Ð¥´´ÒÌ ËÊ´±Í¨° ¨ É¥µ·¨Õ µ¶¥· Éµ·µ¢, ¨ É.¤.
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—¥³  ¡¸É· ±É´¥¥ ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É, É¥³ ´¥µ¡ÒÎ´¥¥ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
Ë¨§¨Î¥¸±¨¥ É¥µ·¨¨. �µ  ¡¸É· ±É´µ¸É¨ ¶·¥¤¸É ¢²¥´¨° ±¢ ´Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö
§ ´¨³ ¥É ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥, ¡¥§Ê¸²µ¢´µ, ¶¥·¢µ¥ ³¥¸Éµ.

‘²¥¤Ê¥É ¶µ³´¨ÉÓ, ÎÉµ  ¡¸É· ±É´µ¸ÉÓ ¨ ´ £²Ö¤´µ¸ÉÓ µÉ´µ¸¨É¥²Ó´Ò. ‚ ¸ -
³µ³ ¤¥²¥, ´ £²Ö¤´µ¥ ¶·¥¤¸É ¢²¥´¨¥ Å ÔÉµ ¶·¥¤¸É ¢²¥´¨¥ ¶µ¸·¥¤¸É¢µ³ ¶·¨-
¢ÒÎ´ÒÌ ³µ¤¥²¥° ¨ ¶µ´ÖÉ¨°. Šµ£¤  ± ± Ö-²¨¡µ µ¡² ¸ÉÓ ´ Ê±¨ Ìµ·µÏµ ¨§Ê-
Î¥´ , ¢Ò· ¡ ÉÒ¢ ¥É¸Ö ¸¨¸É¥³  ¶·¥¤¸É ¢²¥´¨°, ¶µ§¢µ²ÖÕÐ Ö µ¡ÑÖ¸´¨ÉÓ ®´ -
£²Ö¤´µ¯ ¢¸¥ Ö¢²¥´¨Ö ¢ ÔÉµ° µ¡² ¸É¨. ‘µ¢¥·Ï¥´´µ µÎ¥¢¨¤´µ, ÎÉµ ´ £²Ö¤´Ò³
¶ÊÉ¥³ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ Éµ²Ó±µ Ö¢²¥´¨Ö, ´¥ ¢ÒÌµ¤ÖÐ¨¥ §  · ³±¨ ¶·¨¢ÒÎ´ÒÌ
É¥µ·¨°. …¸²¨ ¦¥ ´µ¢Ò¥ Ë ±ÉÒ ¢ÒÌµ¤ÖÉ §  · ³±¨ ¨§¢¥¸É´ÒÌ É¥µ·¨°, Éµ ¡¥¸-
¸³Ò¸²¥´´µ µ¡ÑÖ¸´ÖÉÓ ¨Ì ¸ ÉµÎ±¨ §·¥´¨Ö ¸É ·ÒÌ ¶·¥¤¸É ¢²¥´¨° ´ £²Ö¤´Ò³
µ¡· §µ³. ’µ£¤  ´Ê¦´µ ¸µ§¤ ¢ ÉÓ ´µ¢ÊÕ ¸¨¸É¥³Ê ¶·¥¤¸É ¢²¥´¨°.

Œ´¥´¨Ö · §´ÒÌ ²Õ¤¥° µ ´ £²Ö¤´µ¸É¨ ¨²¨  ¡¸É· ±É´µ¸É¨ µ¡ÑÖ¸´¥´¨° Ë¨-
§¨Î¥¸±µ£µ Ö¢²¥´¨Ö Î ¸Éµ ¡Ò¢ ÕÉ · §²¨Î´Ò, É ± ± ± Ê·µ¢¥´Ó ®´ £²Ö¤´µ¸É¨¯
µ¶·¥¤¥²Ö¥É¸Ö §´ ´¨Ö³¨. �¶¨· Ö¸Ó ´  Ï±µ²Ó´Ò° ±Ê·¸ Ë¨§¨±¨ ¨ ¶µ¢¸¥¤´¥¢´Ò°
µ¶ÒÉ, ¡µ²ÓÏ¨´¸É¢µ ²Õ¤¥° ³Ò¸²¨É ¸¥°Î ¸ ¶·¨ ¶µ³µÐ¨ ³¥Ì ´¨Î¥¸±¨Ì ³µ¤¥²¥°.
‡´ Î¨É¥²Ó´µ ³¥´ÓÏ¥¥ Î¨¸²µ ²Õ¤¥° ³µ¦¥É ¸± § ÉÓ, ÎÉµ µ´¨ ´ £²Ö¤´µ ¶·¥¤-
¸É ¢²ÖÕÉ ¸¥¡¥ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥, ¨ Ê¦¥ ¸µ¢¸¥³ ´¨ÎÉµ¦´ Ö ¤µ²Ö ³µ¦¥É
§ Ö¢¨ÉÓ, ÎÉµ ¤²Ö ´¨Ì ´ £²Ö¤´Ò ±¢ ´Éµ¢Ò¥ ¶µ´ÖÉ¨Ö. Œ¥Ì ´¨Î¥¸±¨¥, ±¢ ´Éµ¢Ò¥
¶·¥¤¸É ¢²¥´¨Ö ¨ ¶·¥¤¸É ¢²¥´¨Ö µ¡ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥ µ¡· §ÊÕÉ (± ¦¤µ¥
¢ µÉ¤¥²Ó´µ¸É¨) ¢¶µ²´¥ ¸É·µ°´ÊÕ ¸¨¸É¥³Ê, ¸¶µ¸µ¡´ÊÕ µ¡ÑÖ¸´¨ÉÓ Ö¢²¥´¨Ö ¢
ÔÉµ° µ¡² ¸É¨. �µ´ÖÉÓ ¦¥ ±¢ ´Éµ¢Ò¥ § ±µ´µ³¥·´µ¸É¨ ´  µ¸´µ¢¥ ³¥Ì ´¨Î¥¸±¨Ì
¶·¥¤¸É ¢²¥´¨° ¨²¨ ¶·¥¤¸É ¢²¥´¨° µ ¶µ²¥ ´¥¢µ§³µ¦´µ É ± ¦¥, ± ± ´¥²Ó§Ö ¶µ-
´ÖÉÓ Ô²¥±É·µ³ £´¨É´Ò¥ Ö¢²¥´¨Ö ¶·¨ ¶µ³µÐ¨ ³¥Ì ´¨Î¥¸±¨Ì ³µ¤¥²¥°.

‚¥¸Ó³  ¶µÊÎ¨É¥²Ó´  Ìµ·µÏµ ¨§¢¥¸É´ Ö ¨§ ¨¸Éµ·¨¨ Ë¨§¨±¨ ¶µ¶ÒÉ±  ¢Ò-
¢µ¤  ¸¢µ°¸É¢ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ´  µ¸´µ¢¥ ³¥Ì ´¨Î¥¸±¨Ì ¢µ§§·¥´¨°. ‚µ
¢·¥³Ö · §¢¨É¨Ö Ô²¥±É·µ³ £´¨É´µ° É¥µ·¨¨ ³¥Ì ´¨±  ¤µ¸É¨£²  Ê¦¥ ¨§¢¥¸É´µ°
§ ¢¥·Ï¥´´µ¸É¨, Ìµ·µÏµ µ¡ÑÖ¸´Ö²  ³´µ£µÎ¨¸²¥´´Ò¥ Ö¢²¥´¨Ö, ¶·¥¤¸É ¢²¥´¨Ö
¥¥ ¡Ò²¨ ¶·¨¢ÒÎ´Ò, ¨ ³´µ£¨³ ± § ²µ¸Ó, ÎÉµ ¨ ¢¸¥ µ¸É ²Ó´µ¥ ¤µ²¦´µ Ê±² ¤Ò-
¢ ÉÓ¸Ö ¢ · ³±¨ ³¥Ì ´¨Î¥¸±¨Ì ¢µ§§·¥´¨°. „²Ö µ¡ÑÖ¸´¥´¨Ö Ô²¥±É·µ³ £´¥É¨§³ 
¡Ò²µ ¢¢¥¤¥´µ ¶µ´ÖÉ¨¥ µ¡ Ê´¨¢¥·¸ ²Ó´µ° Ê¶·Ê£µ° ¸·¥¤¥, § ¶µ²´ÖÕÐ¥° ¢¸¥ ¶Ê-
¸Éµ¥ ¶·µ¸É· ´¸É¢µ, Å ³¨·µ¢µ³ ÔË¨·¥. ‚¸¥ É¥²  ¸Î¨É ²¨¸Ó ¶µ£·Ê¦¥´´Ò³¨ ¢
ÔË¨· ¨ ¶·µ´¨§ ´´Ò³¨ ÔË¨·µ³. �²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ¶µ ÔÉµ° ³µ¤¥²¨ ¤¥°-
¸É¢µ¢ ²µ ¢ ÔË¨·¥; µ´µ ¡Ò²µ, ¶µ Éµ£¤ Ï´¨³ ¶·¥¤¸É ¢²¥´¨Ö³, ´¥ Î¥³ ¨´Ò³, ± ±
³¥Ì ´¨Î¥¸±¨³¨ ´ ¶·Ö¦¥´¨Ö³¨ ¢ ÔË¨·¥. ‘¢¥É · ¸¸³ É·¨¢ ²¸Ö ± ± · ¸¶·µ¸É· -
´¥´¨¥ Ê¶·Ê£¨Ì ±µ²¥¡ ´¨° ¢ ÔË¨·¥.

‘ · §¢¨É¨¥³ Ô²¥±É·µ³ £´¨É´µ° É¥µ·¨¨, ¸ µÉ±·ÒÉ¨¥³ ´µ¢ÒÌ µ¶ÒÉ´ÒÌ Ë ±-
Éµ¢ ¶·¨ É ±µ° É· ±Éµ¢±¥ ¢µ§´¨± ²µ ¢¸¥ ¡µ²ÓÏ¥ É·Ê¤´µ¸É¥°. �Ë¨· ¶·¨Ìµ¤¨-
²µ¸Ó ´ ¤¥²ÖÉÓ ¸ ³Ò³¨ ¶·µÉ¨¢µ·¥Î¨¢Ò³¨ ¸¢µ°¸É¢ ³¨: µ´ ¤µ²¦¥´ ¡Ò² ¢¥¸É¨
¸¥¡Ö ± ± É¢¥·¤µ¥ É¥²µ ¶·¨ ¡Ò¸É·ÒÌ ±µ²¥¡ ´¨ÖÌ ¨ ´¥ ¸µ¶·µÉ¨¢²ÖÉÓ¸Ö ¤¢¨¦¥-
´¨Õ ¶² ´¥É; ÔË¨· ¸· ¢´¨¢ ²¸Ö ¸ ¦¨¤±µ¸ÉÓÕ, ¸µ ¸³µ²µ° ¨ É.¤.

‚ ¤ ²Ó´¥°Ï¥³, ¢ ¸¢Ö§¨ ¸ ÔÉ¨³¨ É·Ê¤´µ¸ÉÖ³¨, ¸É ²¨ · ¸¸³ É·¨¢ ÉÓ ÔË¨·
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± ± µ¸µ¡ÊÕ ³ É¥·¨ ²Ó´ÊÕ ¸·¥¤Ê, ´ ¤¥²¥´´ÊÕ ¸¢µ°¸É¢ ³¨, ´¥ ¨³¥ÕÐ¨³¨ ´¨-
Î¥£µ µ¡Ð¥£µ ¸µ ¸¢µ°¸É¢ ³¨ µ¡ÒÎ´ÒÌ É¥². �·¥¤¶µ² £ ²µ¸Ó Éµ²Ó±µ, ÎÉµ ÔË¨·
³µ¦¥É ¸²Ê¦¨ÉÓ ¸¨¸É¥³µ° µÉ¸Î¥É , É.¥., ÎÉµ ³µ¦´µ £µ¢µ·¨ÉÓ µ ¸±µ·µ¸É¨ ‡¥³²¨
µÉ´µ¸¨É¥²Ó´µ ÔË¨· . �µ ¨ É ±¨¥ ¶·¥¤¸É ¢²¥´¨Ö µ¡ ÔË¨·¥ µ± § ²¨¸Ó ´¥Ê¤µ¢²¥-
É¢µ·¨É¥²Ó´Ò³¨. ‚ µ¶ÒÉ¥ Œ °±¥²Ó¸µ´  ¨ ¢ ¤·Ê£¨Ì µ¶ÒÉ Ì ¡Ò²µ Ê¸É ´µ¢²¥´µ,
ÎÉµ ´¥²Ó§Ö µ¶·¥¤¥²¨ÉÓ ¤¢¨¦¥´¨¥ ‡¥³²¨ µÉ´µ¸¨É¥²Ó´µ ÔË¨· . �µ´ÖÉ¨¥ ÔË¨· 
± ± ´¥±µÉµ·µ° ¸Ê¡¸É ´Í¨¨ ¶µÉ¥·Ö²µ ¸³Ò¸². �¥²¥¶µ ¡Ò²µ ¶ÒÉ ÉÓ¸Ö µ¡ÑÖ¸´¨ÉÓ
Ô²¥±É·µ³ £´¨É´Ò¥ Ö¢²¥´¨Ö ¶µ¸·¥¤¸É¢µ³ Ê¶·Ê£¨Ì ¸¢µ°¸É¢ ¸·¥¤Ò (ÔË¨· ), ±µÉµ-
· Ö ´¥ ³µ£²  ¡ÒÉÓ µ¡´ ·Ê¦¥´ . �µ´ÖÉ¨¥ µ¡ ÔË¨·¥ ¡Ò²µ ¶µ²´µ¸ÉÓÕ Ê¸É· ´¥´µ
¨§ Ô²¥±É·µ³ £´¥É¨§³  ¢ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ �°´ÏÉ¥°´ , ¨ É¥¶¥·Ó µ´µ
µ§´ Î ¥É ´¥ ¡µ²¥¥ Î¥³ ¶µÔÉ¨Î¥¸±¨° µ¡· § (®· ¤¨µ¢µ²´Ò ¢ ÔË¨·¥¯ ¨ É.¤.).

�µ ¥¸²¨ ¶·¨ ¶µ³µÐ¨ ³¥Ì ´¨Î¥¸±¨Ì ³µ¤¥²¥° ¨ ´¥²Ó§Ö ¸¤¥² ÉÓ ´ £²Ö¤-
´Ò³ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥, Éµ µÉ¸Õ¤  ¢µ¢¸¥ ´¥ ¸²¥¤Ê¥É, ÎÉµ Ô²¥±É·µ³ £´¨É-
´µ¥ ¶µ²¥ ´¥¤µ¸ÉÊ¶´µ ¤²Ö ´ £²Ö¤´µ£µ ¢µ¸¶·¨ÖÉ¨Ö. ŒÒ ¸³µ¦¥³ ¶·¥¤¸É ¢¨ÉÓ
¸¥¡¥ ´ £²Ö¤´µ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥, ¥¸²¨ ¨§ÊÎ¨³ ¶µ¤·µ¡´µ ¥£µ ¸¢µ°¸É¢ 
¨ ¶·¨¢Ò±´¥³ ± ´¨³. Š Î¥¸É¢¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö, ¢ÒÉ¥± ÕÐ¨¥ ¨§ Ê· ¢´¥´¨°
¶µ²Ö, ¨ ¡Ê¤ÊÉ Ì · ±É¥·¨§µ¢ ÉÓ ¶µ²¥ ®´ £²Ö¤´Ò³ µ¡· §µ³¯. ŒÒ ³µ¦¥³, ´ ¶·¨-
³¥·, ¶·¥¤¸É ¢¨ÉÓ Ô²¥±É·µ¸É É¨Î¥¸±µ¥ ¶µ²¥ ¶·¨ ¶µ³µÐ¨ ²¨´¨° ´ ¶·Ö¦¥´´µ¸É¨
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¨ ¶µ¢¥·Ì´µ¸É¥° · ¢´µ£µ ¶µÉ¥´Í¨ ² ; ³µ¦¥³ ¨§µ¡· §¨ÉÓ
³ £´¨É´µ¥ ¶µ²¥ ¶µ¸·¥¤¸É¢µ³ ³ £´¨É´ÒÌ ¸¨²µ¢ÒÌ ²¨´¨° ¨ É.¤.

ŒÒ ¢¨¤¥²¨, ÎÉµ Î¥³ ´¥µ¡ÒÎ´¥¥ § ±µ´µ³¥·´µ¸É¨ ¶·¨·µ¤Ò, É¥³ ¡ho²ÓÏÊÕ
·µ²Ó ¨£· ¥É ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É É¥µ·¨¨. ‚ ¸µ§¤ ´¨¨ ¥£µ £² ¢´Ò³ ¸É¨-
³Ê²µ³ ¸²Ê¦¨É ¸É·¥³²¥´¨¥ ´ °É¨ É ±µ¥ ³ É¥³ É¨Î¥¸±µ¥ µËµ·³²¥´¨¥ É¥µ·¨¨,
±µÉµ·µ¥ ´ ¨²ÊÎÏ¨³ µ¡· §µ³ µÉ· ¦ ¥É ¶µ²µ¦¥´¨¥ ¢¥Ð¥°. ˆ´µ° · § ¶·µÌµ¤ÖÉ
£µ¤Ò ¨ ¤ ¦¥ ¤¥¸ÖÉ¨²¥É¨Ö, ¶·¥¦¤¥ Î¥³ Ë¨§¨± ³ Ê¤ ¥É¸Ö ¸µ§¤ ÉÓ µ±µ´Î É¥²Ó-
´ÊÕ ³ É¥³ É¨Î¥¸±ÊÕ Ëµ·³Ê²¨·µ¢±Ê É¥µ·¨¨ ¨²¨, ± ± £µ¢µ·ÖÉ, ¶·¨¤ ÉÓ É¥µ·¨¨
¶·µ¸Éµ° ¨ ¨§ÖÐ´Ò° ¢¨¤.

Œ´µ£µ ¶¥·¢µ´ Î ²Ó´ÒÌ ´¥¸µ¢¥·Ï¥´´ÒÌ ¶µ¸É·µ¥´¨° ¶·¨ ÔÉµ³ µÉ¶ ¤ ¥É.
’¥³ ¡µ²¥¥ Ê¤¨¢¨É¥²Ó´µ° ± ¦¥É¸Ö ®¦¨¢ÊÎ¥¸ÉÓ¯ ´¥¡µ²ÓÏo£µ Î¨¸²  ³¥Éµ¤µ¢,
· §· ¡µÉ ´´ÒÌ ¥Ð¥ ¢ ´ Î ²¥ 30-Ì £µ¤µ¢, Å ³¥Éµ¤µ¢, ¢ ±µÉµ·ÒÌ  ¢Éµ· ³ Ê¤ -
²µ¸Ó ¸· §Ê ¦¥ ¸Ì¢ É¨ÉÓ ®²µ£¨±Ê¯ ¶·¨·µ¤Ò ¨ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¥¥ ´µ¢Ò¥ ´¥-
µ¡ÒÎ´Ò¥ ¶µ´ÖÉ¨Ö.

‚.
.”µ± ¨ ¸µ¢·¥³¥´´ Ö Ë¨§¨± . � ÊÎ´ Ö ¤¥ÖÉ¥²Ó´µ¸ÉÓ ‚.�.”µ±  µÌ¢ -
ÉÒ¢ ²  Ï¨·µ±¨° ±·Ê£ ¶·µ¡²¥³ É¥µ·¥É¨Î¥¸±µ° ¨ ³ É¥³ É¨Î¥¸±µ° Ë¨§¨±¨,  
É ±¦¥ ¶·¨±² ¤´µ° Ë¨§¨±¨ ¨ ³ É¥³ É¨±¨. �·¨¡²¨¦¥´´µ ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¸²¥-
¤ÊÕÐ¨¥ ¶¥·¨µ¤Ò ´ ÊÎ´µ° ¤¥ÖÉ¥²Ó´µ¸É¨ ‚.�.”µ± :

• Š¢ ´Éµ¢ Ö ³¥Ì ´¨±  ¨ ±¢ ´Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö Å 1926Ä1937 ¨ 1940Ä
1941 ££.

• �¡Ð Ö É¥µ·¨Ö µÉ´µ¸¨É¥²Ó´µ¸É¨ Å 1938Ä1941 ¨ 1949Ä1961 ££.

• Œ É¥³ É¨±  Å 1942Ä1944 ££.

• „¨Ë· ±Í¨Ö Å 1944Ä1951 ££.
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• �¡¸Ê¦¤¥´¨¥ ¶·¨´Í¨¶¨ ²Ó´ÒÌ ¢µ¶·µ¸µ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¨ É¥µ·¨¨ µÉ-
´µ¸¨É¥²Ó´µ¸É¨ Å ¢¶²µÉÓ ¤µ 1974 £., · ¡µÉ  ´ ¤ ±´¨£µ° ®�·µ¡²¥³Ò ¤¨-
Ë· ±Í¨¨ ¨ · ¸¶·µ¸É· ´¥´¨Ö · ¤¨µ¢µ²´¯ (1970) ¨ ´ ¤ ¢Éµ·Ò³ ¨§¤ ´¨¥³
±´¨£¨ ®� Î ²  ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨¯ (1973).

ˆ§ ÔÉµ° ±² ¸¸¨Ë¨± Í¨¨ ¢Ò¶ ²¨ · ¡µÉÒ ¶µ ³ É¥³ É¨Î¥¸±µ° Ë¨§¨±¥ ¨
¶·¨±² ¤´µ° Ë¨§¨±¥, ¢Ò¶µ²´¥´´Ò¥ ¢ · §²¨Î´Ò¥ £µ¤Ò.

� ¨¡µ²¥¥ §´ Î¨É¥²¥´ ¢±² ¤ ‚.�.”µ±  ¢ ±¢ ´Éµ¢ÊÕ Ë¨§¨±Ê. �´ ¡Ò² µ¤´¨³
¨§ ¸µ§¤ É¥²¥° ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. ‚µ°´  § ¤¥·¦ ² 
´ Î ²µ ´ ÊÎ´µ° ¤¥ÖÉ¥²Ó´µ¸É¨ ³µ²µ¤µ£µ ”µ± . ‚±²ÕÎ¨¢Ï¨¸Ó ¢ ¤¥ÖÉ¥²Ó´µ¸ÉÓ
¶µ ¶µ¸É·µ¥´¨Õ ±¢ ´Éµ¢µ° Ë¨§¨±¨ ´¥¸±µ²Ó±¨³¨ £µ¤ ³¨ ¶µ§¤´¥¥ ¶¥·¢µ¶·µÌµ¤-
Í¥¢ ¤¥ 5·µ°²Ö, ƒ¥°§¥´¡¥·£ , ˜·¥¤¨´£¥·  ¨ „¨· ± , ‚.�.”o± ¸Ê³¥² ¸· §Ê ¦¥
¢Ò¤¢¨´ÊÉÓ¸Ö ¢ Î¨¸²µ ¢¥¤ÊÐ¨Ì É¥µ·¥É¨±µ¢ ³¨·  ¨ µÉ±·ÒÉÓ ¶µ¤Ìµ¤Ò ± ´µ¢Ò³
Ö¢²¥´¨Ö³ ¨ ³¥Éµ¤Ò · ¸Î¥É , ±µÉµ·Ò¥ ¸µÌ· ´ÖÕÉ §´ Î¥´¨¥ ¨ ¸¥°Î ¸. …£µ ¢¨-
¤¥´¨¥ Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨° ¨ µ¶¨¸Ò¢ ÕÐ¥£µ ¨Ì ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ¸
¡ §¨¸´Ò³¨ ¶µ´ÖÉ¨Ö³¨ ¡Ò²µ Ê¤¨¢¨É¥²Ó´Ò³ ¨ µ¶¥·¥¦ ²µ · §¢¨É¨¥ Ë¨§¨±¨ ´ 
¤¥¸ÖÉ¨²¥É¨Ö. �µ¤Ìµ¤ ‚.�.”µ±  ¢ ·Ö¤¥ · ¡µÉ ³µ¦´µ É ±¦¥ µ¶¨¸ ÉÓ ¸²µ¢ ³¨
¸ ³µ£µ ‚.�., ¸± § ´´Ò³¨ ¶µ ¶µ¢µ¤Ê „¨· ± : ®�¢Éµ· ¸É·µ¨É É¥µ·¨Õ ¶µ ³¥-
Éµ¤Ê ®³ É¥³ É¨Î¥¸±µ° £¨¶µÉ¥§Ò¯: ¸¶¥·¢  ¢¢µ¤¨É¸Ö ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É,
  § É¥³ ¤²Ö ´¥£µ ¶µ¤Ò¸±¨¢ ¥É¸Ö Ë¨§¨Î¥¸±µ¥ Éµ²±µ¢ ´¨¥¯. ˆ´µ£¤  ÔÉµ ¤ ¦¥
³¥Ï ²µ ¶µ¶Ê²Ö·´µ¸É¨ ¥£µ · ¡µÉ ¸·¥¤¨ É¥Ì, ±Éµ ¶·¨¢Ò± · ¡µÉ ÉÓ ¶µ £µÉµ¢Ò³
·¥Í¥¶É ³ ¨ ´¥ ³µ£ ¢µ¸¶·¨´ÖÉÓ ´µ¢µ¥, ¢ÒÌµ¤ÖÐ¥¥ §  · ³±¨ ¸É ´¤ ·É´ÒÌ ¨¤¥°.

Œ¥¸Éµ · ¡µÉ ‚.�.”µ±  ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥ ²¥£Î¥ ¢¸¥£µ µ¡ÑÖ¸´¨ÉÓ, ¥¸²¨
¶·µ¸²¥¤¨ÉÓ ¨¸Éµ·¨Õ ¥¥ · §¢¨É¨Ö.

ƒµ¤Ò 1923Ä1927 ¢ ¸µ§¤ ´¨¨ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¡Ò²¨ ±·¨É¨Î¥¸±¨³¨. Š
ÔÉµ³Ê ¢·¥³¥´¨ ¡Ò² ´ ±µ¶²¥´ ¤µ¸É ÉµÎ´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ², ±µ-
Éµ·Ò° ´¥ ³µ£ ¡ÒÉÓ µ¡ÑÖ¸´¥´ É¥µ·¨¥° 5µ· , ¥£µ ¶·¨´Í¨¶µ³ ¸µµÉ¢¥É¸É¢¨Ö
¨ µ¡µ²µÎ¥Î´µ° ³µ¤¥²ÓÕ  Éµ³ , ¶·¥¤¸É ¢²¥´¨Ö³¨ µ ¢¥·µÖÉ´µ¸ÉÖÌ ¶¥·¥Ìµ¤µ¢
¸¶µ´É ´´µ£µ ¨ ¢Ò´Ê¦¤¥´´µ£µ ¨§²ÊÎ¥´¨Ö �°´ÏÉ¥°´ . �´µ³ ²Ó´Ò° ÔËË¥±É
‡¥¥³ ´ , ¸¢Ö§ ´´Ò° ¸ ´¥¨§¢¥¸É´Ò³ ¥Ð¥ Éµ£¤  ¸¶¨´µ³, ¢³¥¸É¥ ¸ Ö¢²¥´¨Ö³¨,
¶µ´ÖÉÒ³¨ ¶µ§¦¥ ¸ ¶µ³µÐÓÕ ¶·¨´Í¨¶  § ¶·¥É , ¨ ¤Ê ²¨§³µ³ Î ¸É¨Í Å¢µ²´ 
¸µ§¤ ¢ ²¨ Ë¨§¨Î¥¸±ÊÕ ± ·É¨´Ê, É·Ê¤´ÊÕ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¢ · ³± Ì µ¤´µ° É¥µ-
·¨¨. ˆ ¤¥°¸É¢¨É¥²Ó´µ, ±¢ ´Éµ¢ Ö É¥µ·¨Ö ¡Ò²  ¸µ§¤ ´  ¶µ¸²¥ Éµ£µ, ± ± ¸¶¥·¢ 
¡Ò²¨ ´ °¤¥´Ò É·¨ ±²ÕÎ  ± µ¡ÑÖ¸´¥´¨Õ µ¶ÒÉµ¢ Å ¤Ê ²¨§³, ¶·¨´Í¨¶ § ¶·¥É ,
¸¶¨´,   § É¥³ µ¡Ñ¥¤¨´¥´Ò ¢ ¸µ¢·¥³¥´´ÊÕ ±¢ ´Éµ¢ÊÕ É¥µ·¨Õ. „¥ 5·µ°²Ó ¶¥·-
¢Ò³ ¶µ´Ö² [1] ¢ 1925 £., ÎÉµ ¢ µ¸´µ¢¥ ¢¥Ð¥° ´ Ìµ¤ÖÉ¸Ö ®¢µ²´Ò ³ É¥·¨¨¯. ‚
Éµ³ ¦¥ £µ¤Ê � Ê²¨ [2] µ¶Ê¡²¨±µ¢ ² ¶·¨´Í¨¶ § ¶·¥É ,   ƒ¥°§¥´¡¥·£ [3] ¸Ëµ·-
³Ê²¨·µ¢ ² ³ É·¨Î´ÊÕ ³¥Ì ´¨±Ê, · §¢¨ÉÊÕ ¢ · ¡µÉ Ì 5µ·´  ¨ ‰µ·¤ ´  [4]
¨ 5µ·´ , ‰µ·¤ ´  ¨ ƒ¥°§¥´¡¥·£  [5]. ˆ¤¥¨ ¤¥ 5·µ°²Ö ¡Ò²¨ · §¢¨ÉÒ ¨ ¶·¥-
¢· Ð¥´Ò ¢ ¢µ²´µ¢ÊÕ ³¥Ì ´¨±Ê ˜·¥¤¨´£¥·µ³, Î¥ÉÒ·¥ ¸µµ¡Ð¥´¨Ö ±µÉµ·µ£µ
¶µÖ¢¨²¨¸Ó ¢ 1926 £. ¢ ¦Ê·´ ²¥ ®Annalen der Physik¯ [6] ¶µ¤ µ¡Ð¨³ § £² -
¢¨¥³ ®Š¢ ´Éµ¢ ´¨¥ ± ± ¶·µ¡²¥³  ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨°¯ (®Quantisierung als
Eigenwertproblem¯).
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‚.�.”µ± ¢±²ÕÎ¨²¸Ö ¢ ¢¥²¨±µ¥ ±¢ ´Éµ¢µ¥ ¸É·µ¨É¥²Ó¸É¢µ ¢ 1926 £. [7], ¸· §Ê
¦¥ ¶µ¸²¥ ¶µÖ¢²¥´¨Ö ¶¥·¢µ° (¨§ Î¥ÉÒ·¥Ì) ¸É ÉÓ¨ �.˜·¥¤¨´£¥· . ‚ ¸É ÉÓ¥ [7]
”µ± µ¡µ¡ÐaeÉ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ´  ¸²ÊÎ ° ¸¨², § ¢¨¸ÖÐ¨Ì µÉ ¸±µ·µ¸É¨.
�´ µ¶Ê¡²¨±µ¢ ² ¥¥ ¶µÎÉ¨ ¢ Éµ ¦¥ ¢·¥³Ö, ±µ£¤  ¢ÒÏ¥² ¦Ê·´ ² ¸µ ¢Éµ·Ò³
¸µµ¡Ð¥´¨¥³ ˜·¥¤¨´£¥· .

“· ¢´¥´¨¥ Š²¥°´ Å”µ±  ¨ Ë §µ¢µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¢µ²´µ¢µ° ËÊ´±-
Í¨¨ [8,9]. B Éµ³ ¦¥ 1926 £. ‚.�.”µ± ¨ �.Š²¥°´ ´¥§ ¢¨¸¨³µ ¤ ÕÉ Ë¨§¨±¥
·¥²ÖÉ¨¢¨¸É¸±µ¥ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥ Å Ê· ¢´¥´¨¥ ¤²Ö Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ 0.
Š ± ¢¸¥£¤  Ê ”µ± , ÔÉµ ¸¤¥² ´µ µ¸´µ¢ É¥²Ó´µ Å ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¨Ì
Ô²¥±É·µ³ £´¨É´µ£µ ¨ £· ¢¨É Í¨µ´´µ£µ ¶µ²¥°, ¶ÊÉ¥³ ¨§ÊÎ¥´¨Ö ¨´¢ ·¨ ´É´ÒÌ
¸¢µ°¸É¢ ¤¥°¸É¢¨Ö. ‡¤¥¸Ó · ¸¸³ É·¨¢ ¥É¸Ö É ±¦¥ £· ¤¨¥´É´µ¥ (± ²¨¡·µ¢µÎ´µ¥)
¶·¥µ¡· §µ¢ ´¨¥ Ô²¥±É·µ³ £´¨É´ÒÌ ¶µÉ¥´Í¨ ²µ¢ ¨, ¢¶¥·¢Ò¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
Ë §µ¢µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ. ‚ ÔÉµ° · -
¡µÉ¥ ‚.�.”µ± ¨¸¶µ²Ó§Ê¥É ¶¥·¥Ìµ¤ ± ¶·µ¸É· ´¸É¢Ê ¶ÖÉ¨ ¨§³¥·¥´¨° ¸ ³¥É·¨±µ°,
§ ¢¨¸ÖÐ¥° µÉ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. �É  · ¡µÉ , ¡¥§Ê¸²µ¢´µ, ¶·¥¢µ¸Ìµ¤¨É
Ê·µ¢¥´Ó É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ Éµ£µ ¢·¥³¥´¨. �¥¤ ·µ³ ³´µ£¨¥ Ë¨§¨±¨ ¶·¥¤-
¶µÎ²¨ ¸¸Ò² ÉÓ¸Ö ´  µ¶Ê¡²¨±µ¢ ´´ÊÕ ¶µ§¤´¥¥ · ¡µÉÊ ƒµ·¤µ´  [10], £¤¥ ¡Ò²µ
¶·¥¤²µ¦¥´µ Éµ²Ó±µ  ´ ²µ£¨Î´µ¥ ·¥²ÖÉ¨¢¨¸É¸±µ¥ Ê· ¢´¥´¨¥ ¤²Ö ¸¢µ¡µ¤´µ° Î -
¸É¨ÍÒ. �¥·¥Ìµ¤ ¢ ¶ÖÉ¨³¥·´µ¥ ¶·µ¸É· ´¸É¢µ, ¨¸¶µ²Ó§µ¢ ´´Ò° ± ± ”µ±µ³, É ±
¨ Š²¥°´µ³, ¡Ò² ¢¶¥·¢Ò¥ · ¸¸³µÉ·¥´ Š ²Ê§µ° [11]. —¥·¥§ 40Ä50 ²¥É ¶¥·¥Ìµ¤
± ¶·µ¸É· ´¸É¢ ³ ¸ ¤µ¶µ²´¨É¥²Ó´Ò³¨ ¨§³¥·¥´¨Ö³¨ ¸É ² ¢¥¸Ó³  ¶µ¶Ê²Ö·¥´,
¨ µ¤´µ ¨§ ´ ¶· ¢²¥´¨° ¢ É ±µ³ ¤ÊÌ¥ ¶µ²ÊÎ¨²µ ´ §¢ ´¨¥ ¶µ¤Ìµ¤  Š ²Ê§ÒÅ
Š²¥°´ .

‚ ÔÉµ ¦¥ ¢·¥³Ö ¡Ò²¨ ¸¤¥² ´Ò ¤·Ê£¨¥ ¡µ²ÓÏ¨¥ µÉ±·ÒÉ¨Ö. ”¥·³¨ ¶·¥¤²µ-
¦¨² [12] ¸É É¨¸É¨±Ê, ¸µ¢³¥¸É´ÊÕ ¸ ¶·¨´Í¨¶µ³ § ¶·¥É  � Ê²¨. „¨· ± ¸Ëµ·-
³Ê²¨·µ¢ ² ¶·¨´Í¨¶ § ¶·¥É  ´  Ö§Ò±¥  ´É¨¸¨³³¥É·¨Î´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
[13]. 5µ·´ [14] ¤ ² ´µ¢µ° É¥µ·¨¨ ¢¥·µÖÉ´µ¸É´µ¥ ¨¸Éµ²±µ¢ ´¨¥. ƒ¨¶µÉ¥§ 
“²¥´¡¥±  ¨ ƒ Ê¤¸³¨É  µ ¸¶¨´¥ [15] ¡Ò²  ¶·¨´ÖÉ  Ë¨§¨± ³¨. �ÉµÉ ¶¥·¢Ò°
ÔÉ ¶ ¶µ¸É·µ¥´¨Ö ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ § ¢¥·Ï¨²¸Ö µÉ±·ÒÉ¨¥³ ƒ¥°§¥´¡¥·£µ³
[16] ¸µµÉ´µÏ¥´¨° ´¥µ¶·¥¤¥²¥´´µ¸É¥°.

5·¥¤¸É ¢²¥´¨¥ ”µ± . ‚ 1927 £. „¨· ± [17] ¸µ§¤ ¥É ±¢ ´Éµ¢ÊÕ É¥µ·¨Õ
¨¸¶Ê¸± ´¨Ö ¨ ¶µ£²µÐ¥´¨Ö ¸¢¥É , ±µÉµ· Ö ¥¤¨´Ò³ µ¡· §µ³ µ¶¨¸Ò¢ ¥É ± ± ¨´-
É¥·Ë¥·¥´Í¨µ´´Ò¥ Ö¢²¥´¨Ö, É ± ¨ ¶·µÍ¥¸¸Ò ¨¸¶Ê¸± ´¨Ö ¨ ·µ¦¤¥´¨Ö ±¢ ´Éµ¢
¸¢¥É . ‚.�.”µ± § ³¥Î ¥É, ÎÉµ ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É ÔÉµ° § ³¥Î É¥²Ó´µ° É¥-
µ·¨¨ ´¥ ¸µµÉ¢¥É¸É¢Ê¥É Ë¨§¨±¥ Ö¢²¥´¨Ö, ¨ ¢ 1928 £. ¶·¥¤² £ ¥É ¤·Ê£ÊÕ ³ É¥³ -
É¨Î¥¸±ÊÕ µ¸´µ¢Ê É¥µ·¨¨ [18] Å Éµ, ÎÉµ „¨· ± ´ §Ò¢ ¥É [19] ¶·¥¤¸É ¢²¥´¨¥³
”µ± . �Éµ ¶·¥¤¸É ¢²¥´¨¥ µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö ¨ ¶µ£²µÐ¥´¨Ö ¢ £¨²Ó¡¥·Éµ¢µ³
¶·µ¸É· ´¸É¢¥ É¥¶¥·Ó ¨¸¶µ²Ó§Ê¥É¸Ö ¶µ¢¸¥³¥¸É´µ; µ´µ ¢Ìµ¤¨É ¢ ²Õ¡µ° ÊÎ¥¡´Ò°
±Ê·¸ ¶µ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥. �¤´ ±µ ·¥¤±¨ É¥  ¢Éµ·Ò, ±µÉµ·Ò¥ ¶·¨ ÔÉµ³
Ê¶µ³¨´ ÕÉ ¨³Ö ‚.�.”µ± .

“· ¢´¥´¨¥ „¨· ±  ¢ ¶µ²¥ ÉÖ£µÉ¥´¨Ö ¨ ¶ · ²²¥²Ó´Ò° ¶¥·¥´µ¸ ± ± ¸¶µ-
¸µ¡ § ¤ ´¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ 1928 £. „¨· ± ¶·¥¤²µ¦¨²
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[20] Ê· ¢´¥´¨¥ ¤²Ö Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ 1/2. ‚ 1929 £. ¢ · ¡µÉ¥ ‚.�. ”µ± 
¨ „.„. ˆ¢ ´¥´±µ [21] ¡Ò²µ ¢Ò¸± § ´µ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ³ É·¨ÍÒ „¨· ± 
¨³¥ÕÉ Î¨¸Éµ £¥µ³¥É·¨Î¥¸±¨° ¸³Ò¸²,   ¢ ¸²¥¤ÊÕÐ¥° · ¡µÉ¥ ÔÉ¨Ì  ¢Éµ·µ¢ [21a]
¡Ò²µ ¢¢¥¤¥´µ ¶µ´ÖÉ¨¥ ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸  ¡¨¸¶¨´µ· . ‘²¥¤ÊÕÐ¨³ Ï £µ³
¢ £¥µ³¥É·¨§ Í¨¨ É¥µ·¨¨ „¨· ±  ¡Ò²µ ¶µ²ÊÎ¥´¨¥ ”µ±µ³ [22] Ê· ¢´¥´¨Ö ¤²Ö
Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ 1/2 ¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥, ¶¥·¥Ìµ¤ÖÐ¥£µ ¢ Ê· ¢´¥´¨¥ „¨-
· ±  ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ. �¡ ÔÉµ³ Ê· ¢´¥´¨¨ £µ¢µ·ÖÉ ± ± µ¡ Ê· ¢´¥-
´¨¨ „¨· ±  ¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥; µ´µ · ¸¸³ É·¨¢ ²µ¸Ó É ±¦¥ ‚¥°²¥³ [23].
�·¨ ¶ · ²²¥²Ó´µ³ ¶¥·¥´µ¸¥ ¸¶¨´µ·  ¢ ±µ¢ ·¨ ´É´µ° ¶·µ¨§¢µ¤´µ° ¶µÖ¢²Ö¥É¸Ö
¤µ¶µ²´¨É¥²Ó´µ¥ ¸² £ ¥³µ¥, ¨³¥ÕÐ¥¥ ¸³Ò¸² Ô²¥±É·µ³ £´¨É´µ£µ ¶µÉ¥´Í¨ ² .
� · ²²¥²Ó´Ò° ¶¥·¥´µ¸ ¢Ò¸ÉÊ¶ ¥É ± ± ¸¶µ¸µ¡ § ¤ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ µ¡¥¸-
¶¥Î¥´¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê § ·Ö¦¥´´Ò³¨
¨ ÉÖ£µÉ¥ÕÐ¨³¨ É¥² ³¨. ’ ± Ö £¥µ³¥É·¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö
¨³¥¥É ¸µ¢¥·Ï¥´´µ µ¡Ð¨° Ì · ±É¥· ¨ ¶·¨²µ¦¨³  ±µ ¢¸¥³ ¢¨¤ ³ ¢§ ¨³µ¤¥°-
¸É¢¨Ö (¸  ¡¥²¥¢µ° ¨²¨ ´¥ ¡¥²¥¢µ° £·Ê¶¶µ° ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨°).
�É¨ · ¡µÉÒ ¶µ± §Ò¢ ÕÉ, ± ± ¶µÖ¢²ÖÕÉ¸Ö ± ²¨¡·µ¢µÎ´Ò¥ É¥µ·¨¨, ¶·¥¤¸É ¢²Ö-
ÕÐ¨¥ ¸µ¡µ° µ¸´µ¢Ê ¸µ¢·¥³¥´´µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. ‡´ Î¥´¨¥ ÔÉµ£µ
·¥§Ê²ÓÉ É  ¡Ò²µ µ¸µ§´ ´µ ¶·¨³¥·´µ Î¥·¥§ 50 ²¥É.

Œ¥Éµ¤ • ·É·¨Å”µ± . �µ¸²¥ ¶µ¸É·µ¥´¨Ö ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ µ¤´µ° Î -
¸É¨ÍÒ ¢µ ¢´¥Ï´¥³ ¶µ²¥ ¨ Ê¸É ´µ¢²¥´¨Ö ¸É É¨¸É¨Î¥¸±¨Ì ¸¢µ°¸É¢ ËÊ´¤ ³¥´-
É ²Ó´µ° ¶·µ¡²¥³µ° ¸É ²  ³´µ£µÔ²¥±É·µ´´ Ö § ¤ Î  ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨
· ¸Î¥É ¸É·µ¥´¨Ö  Éµ³ . B 1928 £. • ·É·¨ [24] ¸¤¥² ² ¶¥·¢Ò° Ï £ ± ·¥Ï¥´¨Õ,
¶µ¸É·µ¨¢ ¸¨¸É¥³Ê ¸ ³µ¸µ£² ¸µ¢ ´´ÒÌ Ê· ¢´¥´¨° ¤²Ö µ¤´µÔ²¥±É·µ´´ÒÌ ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨°. ‚.�.”µ± ¶µ¸É ¢¨² ¸É·µ£µ ³´µ£µÔ²¥±É·µ´´ÊÕ § ¤ ÎÊ µ ¢µ²´µ-
¢µ° ËÊ´±Í¨¨ ¸¨¸É¥³Ò Ô²¥±É·µ´µ¢, ¶µ¤Î¨´ÖÕÐ¥°¸Ö Ê· ¢´¥´¨Õ ˜·¥¤¨´£¥· ,
¶·¨´Í¨¶Ê � Ê²¨ ¨ ¨³¥ÕÐ¥° § ¤ ´´Ò° ³µ³¥´É ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö. �·¨-
¡²¨¦¥´´µ¥ ·¥Ï¥´¨¥ [25] ÔÉµ° § ¤ Î¨ ¢ É¥·³¨´ Ì µ¤´µÔ²¥±É·µ´´ÒÌ ËÊ´±-
Í¨° ¸ ¶µ³µÐÓÕ ¢ ·¨ Í¨µ´´µ£µ ¶·¨´Í¨¶  ¤ ¥É ¸ ³µ¸µ£² ¸µ¢ ´´Ò¥ Ê· ¢´¥´¨Ö
• ·É·¨Å”µ± , µÉ²¨Î ÕÐ¨¥¸Ö µÉ ¸¨¸É¥³Ò • ·É·¨ ´ ²¨Î¨¥³ µ¡³¥´´ÒÌ Î²¥-
´µ¢. ‚.�.”µ± ¢ ¸µ¡¸É¢¥´´ÒÌ · ¸Î¥É Ì [26] ¨ ¢ · ¸Î¥É Ì ¸ Œ.ˆ.�¥É· Ï¥´Ó [27]
¶µ± § ² ÔËË¥±É¨¢´µ¸ÉÓ É ±µ£µ ¶µ¤Ìµ¤ . ˆ³¥´´µ ³¥Éµ¤ • ·É·¨Å”µ±  [25]
¸²Ê¦¨É µ¸´µ¢µ° ¢ÒÎ¨¸²¥´¨° ¢ ³´µ£µÎ ¸É¨Î´ÒÌ § ¤ Î Ì ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨
¸ ³µ³¥´É  ¸µ§¤ ´¨Ö ¶µ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö. Œ¥Éµ¤ ÊÎ¥É  ¶ ·´ÒÌ ±µ··¥²ÖÍ¨°
¡Ò² ¶µ§¤´¥¥ · §· ¡µÉ ´ ‚.�.”µ±µ³, Œ.ƒ.‚¥¸¥²µ¢Ò³ ¨ Œ.ˆ.�¥É· Ï¥´Ó [28].

Œ´µ£µ¢·¥³¥´´o° Ëµ·³ ²¨§³ „¨· ± Å”µ± Å5µ¤µ²Ó¸±µ£µ. �¥·¢ Ö É¥µ-
·¨Ö ±¢ ´Éµ¢µ£µ ¶µ²Ö ¶·¨´ ¤²¥¦¨É ƒ¥°§¥´¡¥·£Ê ¨ � Ê²¨ [30]. �É  É¥µ·¨Ö
¢¸É·¥É¨² ¸Ó ¸ ·Ö¤µ³ É·Ê¤´µ¸É¥°, ±µÉµ·Ò¥, ± ± ¢ÒÖ¸´¨²µ¸Ó ¶µ§¤´¥¥, ¡Ò²¨ É¨-
¶¨Î´Ò ¶·¨ ¶·¨³¥´¥´¨¨ ± ´µ´¨Î¥¸±µ£µ Ëµ·³ ²¨§³  ¢ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ-
·¨ÖÌ. �·µ¡²¥³  ¢¢¥¤¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö c
§ ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨ ¨ ¶·µ¨¸Ìµ¦¤¥´¨Ö ±Ê²µ´µ¢¸±¨Ì ¸¨² µ¸É ¢ ² ¸Ó µÉ-
±·ÒÉµ°. „¨· ± [31] ¢Ò¤¢¨´Ê² ¨¤¥Õ (¨ ¶·µ¨²²Õ¸É·¨·µ¢ ² ¥¥ ¢ µ¤´µ³¥·´µ³
¸²ÊÎ ¥), ÎÉµ ±Ê²µ´µ¢¸±¨¥ ¸¨²Ò ¢µ§´¨± ÕÉ ¢ ·¥§Ê²ÓÉ É¥ µ¡³¥´  ¸± ²Ö·´Ò³¨
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±¢ ´É ³¨. ¥²ÖÉ¨¢¨¸É¸±ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ É¥µ·¨¨ ¶·¥¤² £ ²µ¸Ó µ¡¥¸¶¥Î¨ÉÓ
¢¢¥¤¥´¨¥³ µÉ¤¥²Ó´µ£µ ¢·¥³¥´¨ ¤²Ö ± ¦¤µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ. ”µ± ¨ �µ-
¤µ²Ó¸±¨° [32] · ¸¸³µÉ·¥²¨ ¸²ÊÎ ° É·¥Ì³¥·´µ£µ ¶·µ¸É· ´¸É¢  ¨ ¶µ²ÊÎ¨²¨ ·¥-
 ²Ó´Ò° ±Ê²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ². ˆÌ ¸µ¢³¥¸É´ Ö ¸É ÉÓÖ ¸ „¨· ±µ³ [29] ¶·¨-
¤ ²  É¥µ·¨¨ § ±µ´Î¥´´Ò° ¢¨¤. Œ´µ£µ¢·¥³¥´´µ° Ëµ·³ ²¨§³ „¨· ± Å”µ± Å
�µ¤µ²Ó¸±µ£µ Å ÔÉµ Ô²¥£ ´É´ Ö ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´ Ö Ëµ·³Ê²¨·µ¢± 
±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¸ § ¤ ´´Ò³ Î¨¸²µ³ § ·Ö¦¥´´ÒÌ ¸¶¨´µ·´ÒÌ Î -
¸É¨Í. ‡¤¥¸Ó ¢¶¥·¢Ò¥ ¢¢¥¤¥´µ ¶·¥¤¸É ¢²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö ¶µ²Ö. �µ²¥
¨ ± ¦¤ Ö Î ¸É¨Í  µ¶¨¸Ò¢ ÕÉ¸Ö · §¤¥²Ó´Ò³¨ ±µµ·¤¨´ É ³¨ ¨ ¢·¥³¥´ ³¨. �É 
É¥µ·¨Ö ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢ ¦´Ò° ÔÉ ¶ ¢ ¸µ§¤ ´¨¨ ¸µ¢·¥³¥´´µ° ±¢ ´Éµ¢µ°
É¥µ·¨¨ ¶µ²Ö. �µ¢¥°Ï¥¥ · §¢¨É¨¥ ³´µ£µ¢·¥³¥´´µ£µ Ëµ·³ ²¨§³  ¸¢Ö§ ´µ ¸
¨³¥´ ³¨ Š. ’µ³µ´ £¨ [33] ¨ `. ˜¢¨´£¥·  [34].

5·µ¸É· ´¸É¢µ ”µ± . Œ¥Éµ¤ ¢Éµ·¨Î´µ£µ ±¢ ´Éµ¢ ´¨Ö ¡Ò² · §¢¨É „¨· ±µ³
[17], ‰µ·¤ ´µ³ ¨ � Ê²¨ [35], ‰µ·¤ ´µ³ ¨ ‚¨£´¥·µ³ [36]. ‚ ´¥³ ¢µ²´µ¢ Ö
ËÊ´±Í¨Ö Î ¸É¨ÍÒ · ¸¸³ É·¨¢ ² ¸Ó ¢ ± Î¥¸É¢¥ µ¶¥· Éµ· . ‚µ§´¨± ² ¢µ¶·µ¸ µ
Éµ³, ¢ ± ±µ³ µÉ´µÏ¥´¨¨ ¶µ²ÊÎ¥´´ Ö É¥µ·¨Ö ¸µµÉ´µ¸¨É¸Ö ¸ ±¢ ´Éµ¢µ° ³¥Ì ´¨-
±µ°. �É¢¥É ´  ÔÉµÉ ¢µ¶·µ¸ ¡Ò² ¤ ´ ¢ · ¡µÉ¥ ‚.�.”µ±  ®‚Éµ·¨Î´µ¥ ±¢ ´Éµ¢ -
´¨¥ ¨ ±µ´Ë¨£Ê· Í¨µ´´µ¥ ¶·µ¸É· ´¸É¢µ¯ [37]. �ÉµÉ µÉ¢¥É ¢±²ÕÎ ² ¨ ¢¢¥¤¥´¨¥
´µ¢µ£µ ¶µ´ÖÉ¨Ö, ±µÉµ·µ¥ ¶µ²ÊÎ¨²µ ´ §¢ ´¨¥ ¶·µ¸É· ´¸É¢  ”µ± . ‚ ÔÉµ³ ¶·µ-
¸É· ´¸É¢¥ ¦¨¢ÊÉ ±¢ ´Éµ¢Ò¥ ¸¨¸É¥³Ò ¸ ¢§ ¨³µ¤¥°¸É¢¨¥³, ¨§³¥´ÖÕÐ¨³ Î¨¸²µ
Î ¸É¨Í. �Éµ ¶·µ¸É· ´¸É¢µ Ê´¨¢¥·¸ ²Ó´µ, É ± ± ± µ´µ ´¥ § ¢¨¸¨É µÉ ±µ´-
±·¥É´µ° ¤¨´ ³¨±¨, µ¶·¥¤¥²Ö¥³µ° £ ³¨²ÓÉµ´¨ ´µ³. …£µ µ¡² ¸ÉÓÕ ¶·¨³¥´¥´¨Ö
Ö¢²Ö¥É¸Ö ¢¸Ö ±¢ ´Éµ¢ Ö Ë¨§¨± .

‘¨³³¥É·¨Ö  Éµ³  ¢µ¤µ·µ¤  ¨ ¤¨´ ³¨Î¥¸± Ö ¸¨³³¥É·¨Ö. • · ±É¥· ¢Ò-
·µ¦¤¥´¨Ö Ê·µ¢´¥°  Éµ³  ¢µ¤µ·µ¤  ¸¢¨¤¥É¥²Ó¸É¢µ¢ ² µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ´¥±µ-
Éµ·µ°, ¥Ð¥ ´¥¨§¢¥¸É´µ° ¸¨³³¥É·¨¨. Œ´µ£µÎ¨¸²¥´´Ò¥ ¶µ¶ÒÉ±¨ ¢ÒÖ¢¨ÉÓ ÔÉÊ
¸¨³³¥É·¨Õ ¡Ò²¨ ´¥Ê¤ Î´Ò. ‚.�.”µ± ¶µ± § ² [38] ¸ ¶µ³µÐÓÕ ¨§ÖÐ´µ£µ
¶·¥µ¡· §µ¢ ´¨Ö, ÎÉµ  Éµ³ ¢µ¤µ·µ¤  µ¡² ¤ ¥É Î¥ÉÒ·¥Ì³¥·´µ° ¸¨³³¥É·¨¥° ¢
¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥. �É  ¸¨³³¥É·¨Ö ´¥µ¡ÒÎ´ , É ± ± ± µ´  ¸³¥Ï¨¢ ¥É
±µµ·¤¨´ ÉÒ ¨ ¨³¶Ê²Ó¸Ò, É.¥. ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤¨´ ³¨Î¥¸±ÊÕ ¸¨³³¥É·¨Õ.
‘¶Ê¸ÉÖ 25 ²¥É ÔÉ  · ¡µÉ  ¶µ¸²Ê¦¨²  ´ Î ²Ó´Ò³ Éµ²Î±µ³ ± µ¡Ï¨·´µ° ¤¥ÖÉ¥²Ó-
´µ¸É¨ ¨ ± ¶µÖ¢²¥´¨Õ ¸µÉ¥´ · ¡µÉ, ¶µ¸¢ÖÐ¥´´ÒÌ ³µ¤¥²Ö³ ¤¨´ ³¨Î¥¸±µ°
¸¨³³¥É·¨¨, ¢ ±µÉµ·ÒÌ ¸¶¥±É· ¸¨¸É¥³Ò £¥´¥·¨·Ê¥É¸Ö £·Ê¶¶µ° ¸¨³³¥É·¨¨
[39Ä41].

Œ¥Éµ¤ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨ ”µ± . ‚.�.”µ± [42] ¸Ê³¥² ´ °É¨ É ±µ¥
· ¸Ï¨·¥´¨¥ Ê· ¢´¥´¨Ö „¨· ±  ¸ ¢´¥Ï´¨³ ¶µ²¥³ ¢ ¶ÖÉ¨³¥·´µ¥ ¶·µ¸É· ´¸É¢µ,
±µ£¤  ¶ÖÉµ° ±µµ·¤¨´ É¥ ³µ¦´µ ¶·¨¤ ÉÓ ¸³Ò¸² ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨, É¥³ ¸ -
³Ò³ µ¡¥¸¶¥Î¨¢ ·¥²ÖÉ¨¢¨¸É¸±ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ ¢ÒÎ¨¸²¥´¨° ´  ¢¸¥Ì ÔÉ ¶ Ì
¨ ¥¤¨´¸É¢¥´´µ¸ÉÓ ·¥Ï¥´¨Ö § ¤ Î¨ ŠµÏ¨,   É ±¦¥ ¢Ò¤¥²¥´¨Ö ¶µÖ¢²ÖÕÐ¨Ì¸Ö
¡¥¸±µ´¥Î´µ¸É¥°, É.¥. ·¥Ï¨² µ¤´¨³ ³ Ìµ³ É·¨ ¶·µ¡²¥³Ò. �ÉµÉ ³¥Éµ¤ Î¥·¥§
15 ²¥É ¡Ò² · §¢¨É ˜¢¨´£¥·µ³ [43] ¨ ¶µ§¤´¥¥ ¤¥ ‚¨ÉÉµ³ [44]. Œ¥Éµ¤ ¸ Ê¸¶¥Ìµ³
¶·¨³¥´Ö²¸Ö � ³¡Ê [45], 5µ£µ²Õ¡µ¢Ò³ ¨ ˜¨·±µ¢Ò³ [46]. �´ ¸É ² µ¸´µ¢´Ò³
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¸¶µ¸µ¡µ³ ·¥£Ê²Ö·¨§ Í¨¨ ±µ´É¨´Ê ²Ó´ÒÌ ¨´É¥£· ²µ¢ (É.¥. ¸¢Ö§ ´´ÒÌ ¸ ´¨³¨
µ¶·¥¤¥²¨É¥²¥°). ‚ ÔÉµ° ¦¥ · ¡µÉ¥ ‚.�.”µ± ¶·¥¤²µ¦¨² ´µ¢µ¥ ± ²¨¡·µ¢µÎ-
´µ¥ Ê¸²µ¢¨¥ ¤²Ö ¶µÉ¥´Í¨ ²µ¢, ±µÉµ·µ¥ ¢¸¥ Î Ð¥ ¶·¨³¥´Ö¥É¸Ö ¢ ´ Ï¨ ¤´¨,
µ¸µ¡¥´´µ Éµ£¤ , ±µ£¤  ´Ê¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¢µ°¸É¢  ¸ ³µ¤Ê ²Ó´µ¸É¨ [47,48].

Œ¥Éµ¤ ËÊ´±Í¨µ´ ²µ¢ ”µ±  [49,50]. ®Œ¥Éµ¤ ËÊ´±Í¨µ´ ²µ¢¯ Å ÔÉµ
´ §¢ ´¨¥ ¡Ò²µ ¤ ´µ ¸ ³¨³ ‚.�. ¢ ¸¢µ¥° · ¡µÉ¥ [50], µ¡Ñ¥¤¨´ÖÕÐ¥° ¸ ¥¤¨-
´µ° ÉµÎ±¨ §·¥´¨Ö ¥£µ É· ±Éµ¢±Ê ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨, ´ Î ÉÊÕ ¢ 1928
£. ¸É ÉÓ¥°, £¤¥ ¡Ò²µ ¤ ´µ ®¶·¥¤¸É ¢²¥´¨¥ ”µ± ¯.  §Ê³¥¥É¸Ö, ÔÉ  É· ±Éµ¢± 
¢ Ê¶·µÐ¥´´µ³ ¢¨¤¥ ¶·¨³¥´¨³  ¨ ± ¸± ²Ö·´Ò³ ³¥§µ´´Ò³ ¶µ²Ö³. ‚ ³¥Éµ¤¥
ËÊ´±Í¨µ´ ²µ¢ ‚.�. ¢Ò¤¢¨£ ¥É ´  ¶¥·¢Ò° ¶² ´ ¨¤¥Õ µ ¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±-
Í¨µ´ ²¥, § ¢¨¸ÖÐ¥³ µÉ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ËÊ´±Í¨°, · §²µ¦¥´¨¥ ±µÉµ·µ£µ ¢ ·Ö¤
¤ ¥É  ³¶²¨ÉÊ¤Ò ¢¥·µÖÉ´µ¸É¨. ˆ¤¥Ö µ ¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥ µ± § ² ¸Ó
¢¥¸Ó³  ¶²µ¤µÉ¢µ·´µ° ¢ ´µ¢¥°Ï¥³ · §¢¨É¨¨ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, £¤¥ ¢¸¶µ-
³µ£ É¥²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ ¸²Ê¦ É ¨¸ÉµÎ´¨±¨ (¢´¥Ï´¨¥ Éµ±¨), · §²µ¦¥´¨¥ ¶µ
¸É¥¶¥´Ö³ ±µÉµ·ÒÌ ¤ ¥É ËÊ´±Í¨¨ ƒ·¨´ . Œ¥Éµ¤ ËÊ´±Í¨µ´ ²µ¢ ¡Ò² ¢±²ÕÎ¥´ ¢
¶·µ£· ³³Ê ¶¥·¥´µ·³¨·µ¢±¨ [51] . �ÉµÉ ³¥Éµ¤ µ± § ²¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ ÔË-
Ë¥±É¨¢´Ò³ ¢ ±¢ ´Éµ¢µ° µ¶É¨±¥ [52] ¨ ¶·¨ ¶µ¸É·µ¥´¨¨ É¥µ·¨¨ µ¡² Î¥´´ÒÌ
Î ¸É¨Í [53].

“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ³ ¸¸ ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. “· ¢´¥-
´¨Ö �°´ÏÉ¥°´  ¢±²ÕÎ ÕÉ ± ± Ê· ¢´¥´¨Ö ¶µ²Ö ÉÖ£µÉ¥´¨Ö, É ± ¨ Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö ³ ¸¸. �ÉµÉ ¶·¨´Í¨¶¨ ²Ó´Ò° ¢Ò¢µ¤ ¡Ò² ¸¤¥² ´ �°´ÏÉ¥°´µ³ ¸ ¸µ-
É·Ê¤´¨± ³¨ [54] ¥Ð¥ ¢ 1927 £., ´µ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ´¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò.
�°´ÏÉ¥°´ ¨ ”µ± ´¥§ ¢¨¸¨³µ ¢Ò¢¥²¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¨§ Ê· ¢´¥´¨° �°´-
ÏÉ¥°´  · §²¨Î´Ò³¨ ³¥Éµ¤ ³¨ [55,56] ¢ 1938 ¨ 1939 ££. �Éµ ¡Ò² ±·Ê¶´¥°Ï¨°
·¥§Ê²ÓÉ É ¢ · §¢¨É¨¨ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¶µ¸²¥ µ¸´µ¢µ¶µ² £ Õ-
Ð¨Ì · ¡µÉ �°´ÏÉ¥°´ .

„¨Ë· ±Í¨Ö. ¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ‚.�. ¢ ÔÉµ° µ¡² ¸É¨, ¨§²µ¦¥´Ò
¢ ¥£µ ±´¨£ Ì [58Ä60]. �¡§µ· ¢±² ¤  ‚.�. ¢ ¶·µ¡²¥³Ê ¤¨Ë· ±Í¨¨ ¸¤¥² ²
‚.ˆ.‘³¨·´µ¢ [61]. ‹.„.” ¤¤¥¥¢ ¶¨Ï¥É [62]: ®‡¤¥¸Ó ‚.�.”µ± ¸µ§¤ ² ³µÐ´¥°-
Ï¨¥  ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ³¥Éµ¤Ò, · ¢´ÒÌ ±µÉµ·Ò³ ¢ ³ É¥³ É¨Î¥¸±µ° Ë¨§¨±¥ ´¥
¡Ò²µ¯, ¨ ¶·µ¤µ²¦ ¥É: ® ¡µÉÒ ¶µ ¤¨Ë· ±Í¨¨ ¶·µ¤µ²¦ ÕÉ¸Ö. ˆ ¶µÎÉ¨ ± ¦-
¤ Ö ¨§ ´¨Ì ´ Î¨´ ¥É¸Ö ¸²µ¢ ³¨ µ Éµ³, ÎÉµ  ¢Éµ· ¨¸¶µ²Ó§Ê¥É ¨¤¥¨ ¨ ³¥Éµ¤Ò,
· §· ¡µÉ ´´Ò¥ ‚.�.”µ±µ³¯.

5·¨±² ¤´Ò¥ § ¤ Î¨. Œ É¥³ É¨Î¥¸± Ö ³µÐÓ ¨ Ë¨§¨Î¥¸± Ö ¨´ÉÊ¨Í¨Ö ¶·¥-
¤µ¶·¥¤¥²¨²¨ Ê¸¶¥Ì ‚.�.”µ±  ¶·¨ ¥£µ µ¡· Ð¥´¨¨ ± § ¤ Î ³ ¶·¨±² ¤´µ£µ Ì -
· ±É¥· . ‘·¥¤¨ ´¨Ì ¨³¥ÕÉ ¶¥·¢µ¸É¥¶¥´´µ¥ §´ Î¥´¨¥ ¸²¥¤ÊÕÐ¨¥. ’¥µ·¨Ö µ¸¢¥-
Ð¥´´µ¸É¨ [63,64]: ¢¢¥¤¥´Ò µ¸´µ¢´Ò¥ ¶µ´ÖÉ¨Ö ¨ ´ ¶¨¸ ´Ò Ê· ¢´¥´¨Ö É¥µ·¨¨
¢¥±Éµ·´µ£µ ¸¢¥Éµ¢µ£µ ¶µ²Ö. ‡ ²µ¦¥´Ò µ¸´µ¢Ò ¸µ¢·¥³¥´´µ° ¸¢¥ÉµÉ¥Ì´¨±¨. ’¥-
µ·¨Ö ± ·µÉ ¦  [65]: ¤ ´  ³ É¥³ É¨Î¥¸± Ö É¥µ·¨Ö µ¶·¥¤¥²¥´¨Ö ¸µ¶·µÉ¨¢²¥´¨Ö
£µ·´ÒÌ ¶µ·µ¤ ¶µ ¸¶µ¸µ¡Ê ± ·µÉ ¦ . ’¥µ·¨Ö ¤µ¢¥¤¥´  ¤µ É ¡²¨Í ¨ £· Ë¨±µ¢
¤²Ö ¶µ²Ó§µ¢ É¥²¥°.
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Š´¨£¨ ®’¥µ·¨Ö ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö¯ [66, 67] ¨ ®� Î ² 
±¢ ´Éµ¢µ° ³¥Ì ´¨±¨¯ [68, 69]. �É¨ ±´¨£¨ Ê´¨± ²Ó´Ò. �µ µ¡Ñ¥³Ê µ·¨£¨-
´ ²Ó´µ£µ ³ É¥·¨ ²  ËÊ´¤ ³¥´É ²Ó´µ£µ Ì · ±É¥· , ¸µ¤¥·¦ Ð¥£µ¸Ö ¢ ´¨Ì, µ´¨
¸²¥¤ÊÕÉ ´¥¶µ¸·¥¤¸É¢¥´´µ §  ±´¨£µ° �.�°´ÏÉ¥°´  ¶µ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨-
É¥²Ó´µ¸É¨ ¨ ±´¨£µ° �.�.Œ.„¨· ±  ¶µ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥. �É¨ ±´¨£¨ µÉ-
²¨Î ÕÉ¸Ö É ±¦¥ ÉÐ É¥²Ó´µ¸ÉÓÕ  ´ ²¨§  Ë¨§¨Î¥¸±µ£µ ¨¸Éµ²±µ¢ ´¨Ö É¥µ·¨¨.
‚ ¸¢Ö§¨ ¸ µ¸µ¡µ° ·µ²ÓÕ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥
Ë¨§¨Î¥¸±µ¥ ¨¸Éµ²±µ¢ ´¨¥ ´µ¢ÒÌ É¥µ·¨° ¢³¥¸É¥ ¸ ¢¢¥¤¥´¨¥³ µ¸´µ¢´ÒÌ ¶µ-
´ÖÉ¨° ¶·¨µ¡·¥É ²µ ËÊ´¤ ³¥´É ²Ó´µ¥ §´ Î¥´¨¥. ‚ ÔÉµ° ¤¥ÖÉ¥²Ó´µ¸É¨ ¶µ¤Ìµ¤
‚.�.”µ± , · ¡µÉ ¢Ï¥£µ ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ ¶µ ³¥Éµ¤Ê ³ É¥³ É¨Î¥¸±µ° £¨¶µ-
É¥§Ò, ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ²¸Ö µÉ ¶µ¤Ìµ¤  Ë¨§¨± , ´¥ ¢¥·ÖÐ¥£µ, ÎÉµ ³ É¥³ É¨± 
¥¸ÉÓ Î ¸ÉÓ �·¨·µ¤Ò. Œ É¥³ É¨Î¥¸±¨°  ¶¶ · É ´µ¢µ° É¥µ·¨¨ · ¸¸³ É·¨¢ ¥É¸Ö
‚.�.”µ±µ³, ± ± ¥¸²¨ ¡Ò ÔÉµ ¡Ò²  ¢µ²Ö �·¨·µ¤Ò, ¶µ¤²¥¦ Ð Ö µ¡ÑÖ¸´¥´¨Õ
¶·¥¦¤¥ ¢¸¥£µ ¢ ¶µ´ÖÉ¨ÖÌ ´µ¢µ° É¥µ·¨¨,   § É¥³ Ê¦¥ ¶¥·¥¢µ¤Ê ´  ¶·¨¢ÒÎ´Ò°
¤µ ÔÉµ£µ Ö§Ò±. ”¨§¨±¨ ¤·Ê£µ£µ É¨¶  ¶µ¶ÒÉ ²¨¸Ó ¡Ò ¶·¥¦¤¥ ¢¸¥£µ ¸Ëµ·³Ê-
²¨·µ¢ ÉÓ ¸³Ò¸² ´µ¢µ° É¥µ·¨¨ ¸ ¶µ³µÐÓÕ ¤¥Ëµ·³¨·µ¢ ´´ÒÌ ¶µ´ÖÉ¨° ¸É ·µ°
É¥µ·¨¨, ¨ ²¨ÏÓ ¸¶Ê¸ÉÖ ¤²¨É¥²Ó´µ¥ ¢·¥³Ö, ¨²¨ ¤ ¦¥ ¢ ´µ¢µ³ ¶µ±µ²¥´¨¨, ¢µ¸-
¶·¨´Ö²¨ ¡Ò ´µ¢ÊÕ É¥µ·¨Õ ¨ ´µ¢Ò¥ ¶µ´ÖÉ¨Ö ± ± ¶¥·¢¨Î´Ò¥ ¨ ´¥ ¸¢µ¤¨³Ò¥ ±
¸É ·Ò³ ¶µ´ÖÉ¨Ö³. �É´µ¸¨É¥²Ó´µ¸ÉÓ ± ¸·¥¤¸É¢ ³ ´ ¡²Õ¤¥´¨Ö Å ÔÉµ ¶µ´ÖÉ¨¥
¡Ò²µ ¢¢¥¤¥´µ ‚.�.”µ±µ³ ± ± Ê´¨¢¥·¸ ²Ó´µ¥ ¨ ¶·¥¤¸É ¢²ÖÕÐ¥¥ ¸µ¡µ° µ¸´µ¢Ê
µ¶¨¸ ´¨Ö Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨° ± ± ¢ ±¢ ´Éµ¢µ° Ë¨§¨±¥, É ± ¨ ¢ É¥µ·¨¨ µÉ´µ-
¸¨É¥²Ó´µ¸É¨.

‡ Ð¨É  ´ Ê±¨. „¥ÖÉ¥²Ó´µ¸ÉÓ ‚.�.”µ±  ¶µ ¨¸Éµ²±µ¢ ´¨Õ ±¢ ´Éµ¢µ° ³¥-
Ì ´¨±¨ ¨ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¸²Ê¦¨²  É ±¦¥ Ð¨Éµ³, § Ð¨Ð ¢Ï¨³
´ Ê±Ê µÉ ´ ¶ ¤µ± ´¥¢¥¦¥¸É¢¥´´ÒÌ Ë¨²µ¸µËµ¢ ¨ ¶·¨³±´Ê¢Ï¨Ì ± ´¨³ Ë¨§¨-
±µ¢, Î¨´µ¢´¨±µ¢ ¨ ²¨Ì¨Ì ¦Ê·´ ²¨¸Éµ¢. Ö¤ ¸É É¥° ‚.�. ´ ¶¨¸ ², ¨³¥Ö ¢ ¢¨¤Ê
± ± · § É ±¨Ì Î¨É É¥²¥°,   É ±¦¥ ¢Ê²Ó£ ·¨§ Éµ·µ¢ ´ Ê±¨ É ±µ£µ ¦¥ Éµ²± .
� ¶ ¤±¨ ´  ´ Ê±Ê ´¥²Ó§Ö ¡Ò²µ µ¡Ìµ¤¨ÉÓ ³µ²Î ´¨¥³, É ± ± ± ¶·¨ µÉ¸ÊÉ¸É¢¨¨
µÉ¶µ·  ³µ£²¨ ¶µ¸²¥¤µ¢ ÉÓ ¶µ²¨É¨Î¥¸±¨¥ ¢Ò¢µ¤Ò Å Ê¢µ²Ó´¥´¨Ö,  ·¥¸ÉÒ.

‘µ¢¥É¸± Ö ´ Ê±  ¶¥·¥¦¨²  É·Ê¤´Ò¥ £µ¤Ò ·¥¶·¥¸¸¨° 30-Ì £µ¤µ¢,   ¢ ±µ´Í¥
40-Ì Å ´ Î ²¥ 50-Ì ¢¸ÉÊ¶¨²  ¢ ´µ¢ÊÕ ¶µ²µ¸Ê ¨¸¶ÒÉ ´¨° Å ¢·¥³Ö · §£·µ³ 
¡¨µ²µ£¨¨, ¡µ·Ó¡Ò ¸ É¥µ·¨¥° µÉ´µ¸¨É¥²Ó´µ¸É¨ ¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±µ°, ¸ ®±µ¸-
³µ¶µ²¨É¨§³µ³¯. ‹Ò¸¥´±µ¢Ð¨´  ¸É ²  É¨¶¨Î´Ò³ ³¥Éµ¤µ³ ¨¸É·¥¡²¥´¨Ö ²ÊÎ-
Ï¥° Î ¸É¨ ´ Ê±¨. “´¨ÎÉµ¦¨¢ ¸µ¢·¥³¥´´ÊÕ ¡¨µ²µ£¨Õ, ²Ò¸¥´±µ¢Ð¨´  ¸É ² 
· ¸¶µ²§ ÉÓ¸Ö ¶µ ¤·Ê£¨³ ´ Ê± ³. ¥¶·¥¸¸¨¨ ¨ ²Ò¸¥´±µ¢Ð¨´  ´ ´¥¸²¨ ¶µÉ¥·¨ ¨
Ë¨§¨± ³-É¥µ·¥É¨± ³ Ê´¨¢¥·¸¨É¥É . 5Ò²¨  ·¥¸Éµ¢ ´Ò ¨ ¡¥§¢·¥³¥´´µ ¶µ£¨¡²¨
Œ.�.5·µ´ÏÉ¥°´, ‚..5Ê·¸¨ ´, ‚.Š.”·¥¤¥·¨±¸, `.�.Š·ÊÉ±µ¢. ‹.�.ƒÊ·¥¢¨Î
¡Ò² Ê¢µ²¥´ ¨§ Ê´¨¢¥·¸¨É¥É . ‘ ³ ‚.�.”µ± ¢ 1938 £. ¡Ò²  ·¥¸Éµ¢ ´ ¨ µÉ¶· -
¢²¥´ ¢ Œµ¸±¢Ê, ´µ µ¸¢µ¡µ¦¤¥´ ¡² £µ¤ ·Ö ¢³¥Ï É¥²Ó¸É¢Ê �.‹.Š ¶¨ÍÒ.

‚.�.”µ±  ±É¨¢´µ ¡µ·µ²¸Ö ¸ ²Ò¸¥´±µ¢Ð¨´µ°. ”¨²µ¸µË¸±¨¥ ¸¥³¨´ ·Ò Ë¨-
§¨Î¥¸±µ£µ Ë ±Ê²ÓÉ¥É  ¢ ´ Î ²¥ 50-Ì £µ¤µ¢ ¡Ò²¨ µ¤´¨³ ¨§ µ¶²µÉµ¢ ¡µ·Ó¡Ò § 
µ¡ÐÊÕ É¥µ·¨Õ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¨ ±¢ ´Éµ¢ÊÕ ³¥Ì ´¨±Ê.
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1898, 22 ¤¥± ¡·Ö ·µ¤¨²¸Ö ¢ ‘.-�¥É¥·¡Ê·£¥ ¢ ¸¥³Ó¥ ¨´¸¶¥±Éµ·  ²¥¸µ¢, ÊÎ¥´µ£µ
²¥¸µ¢µ¤  �²¥±¸ ´¤·  �²¥±¸ ´¤·µ¢¨Î  ”µ± .

1916 �±µ´Î¨² ·¥ ²Ó´µ¥ ÊÎ¨²¨Ð¥ ¢ �¥É·µ£· ¤¥ ¨ ¶µ¸ÉÊ¶¨² ´  Ë¨§¨±µ-³ É¥³ -
É¨Î¥¸±¨° Ë ±Ê²ÓÉ¥É �¥É·µ£· ¤¸±µ£µ Ê´¨¢¥·¸¨É¥É . ‡ Î¨¸²¥´ ¤µ¡·µ¢µ²Ó-
Í¥³ ¢  ·É¨²²¥·¨°¸±µ¥ ÊÎ¨²¨Ð¥ ¢ �¥É·µ£· ¤¥.

1917 ‚µ¥´´ Ö ¸²Ê¦¡  ´  Ë·µ´É¥.

1918 „¥³µ¡¨²¨§ Í¨Ö ¨ ¢µ§¢· Ð¥´¨¥ ¢ Ê´¨¢¥·¸¨É¥É.

1919 ‹ ¡µ· ´É ƒµ¸Ê¤ ·¸É¢¥´´µ£µ µ¶É¨Î¥¸±µ£µ ¨´¸É¨ÉÊÉ  (ƒ�ˆ). �± ¤¥³¨±
„.‘.µ¦¤¥¸É¢¥´¸±¨° ´ ¡· ² £·Ê¶¶Ê ¨§ Î¨¸²  ´ ¨¡µ²¥¥ Ê¸¶¥¢ ÕÐ¨Ì ¸ÉÊ-
¤¥´Éµ¢ ¨ § Î¨¸²¨² ¨Ì ¢ ÏÉ É ƒ�ˆ ± ± ² ¡µ· ´Éµ¢ ¶·¨ ³ ¸É¥·¸±¨Ì,
ÎÉµ¡Ò ¶µ³µÎÓ ¨³ ÊÎ¨ÉÓ¸Ö. ‘É¨¶¥´¤¨° ¢ Éµ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢µ¢ ²µ; ² -
¡µ· ´ÉÒ ¶µ²ÊÎ ²¨ ¶·µ¤µ¢µ²Ó¸É¢¥´´Ò¥ ± ·ÉµÎ±¨ ¶¥·¢µ° ± É¥£µ·¨¨. � -
ÊÎ´Ò³ ·Ê±µ¢µ¤¨É¥²¥³ ‚.�.”µ±  ¡Ò² `·¨° �²¥±¸ ´¤·µ¢¨Î Š·ÊÉ±µ¢,
ÊÎ¥´¨± �.�·¥´Ë¥¸É . ‘·¥¤¨ ²¥±Éµ·µ¢: �.�.Š·Ò²µ¢ Å ¶·¨¡²¨¦¥´´Ò¥
¢ÒÎ¨¸²¥´¨Ö, Ÿ.„.’ ³ ·±¨´ Å É¥µ·¨Ö µ¶¥· Éµ·µ¢, ¨´É¥£· ²Ó´Ò¥ Ê· ¢´¥-
´¨Ö. ‘·¥¤¨ ¶·µË¥¸¸µ·µ¢ Å �.�.”·¨¤³ ´.

1922 �±µ´Î ´¨¥ Ê´¨¢¥·¸¨É¥É ,  ¸¶¨· ´É Ê´¨¢¥·¸¨É¥É  (µ¸É ¢²¥´´Ò° ¶·¨ Ê´¨-
¢¥·¸¨É¥É¥ ¤²Ö ¶µ¤£µÉµ¢±¨ ± ¶·µË¥¸¸µ·¸±µ³Ê §¢ ´¨Õ), ¸µÉ·Ê¤´¨± ƒ�ˆ.

1923 �¥·¢ Ö ¸É ÉÓÖ ¢ ®Zs. f. Phys.¯ [70] (¸µ¢³¥¸É´µ ¸ `.�.Š·ÊÉ±µ¢Ò³). ‘µ-
±· Ð¥´¨¥ ÏÉ Éµ¢ É¥µ·¥É¨Î¥¸±µ£µ µÉ¤¥²  ƒ�ˆ, ‚.�.”µ± ¶µ±¨¤ ¥É ƒ�ˆ.

1924 �¥·¥Ìµ¤ ¨§  ¸¶¨· ´Éµ¢ ¢  ¸¸¨¸É¥´ÉÒ Ê´¨¢¥·¸¨É¥É . ‚ÒÌµ¤ ¢ ¸¢¥É · ¡µÉÒ
¶µ É¥µ·¨¨ µ¸¢¥Ð¥´´µ¸É¨, ¢ ±µÉµ·µ° ‚.�.”µ± § ²µ¦¨² µ¸´µ¢Ò É¥µ·¨¨
¢¥±Éµ·´µ£µ ¸¢¥Éµ¢µ£µ ¶µ²Ö. ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î  ±É¨¢´µ ¨§ÊÎ ¥É
±¢ ´Éµ¢ÊÕ Ë¨§¨±Ê ¨ · ¡µÉÒ �¨²Ó¸  5µ· , µ Î¥³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É Ì¢ -
²¥¡´ Ö µ¤  5µ·Ê, ¸µÎ¨´¥´´ Ö ¨³ ¢ ÔÉµ ¢·¥³Ö.

1924Ä1925 Šµ´¸Ê²ÓÉ ´É ƒ² ¢´µ° £¥µË¨§¨Î¥¸±µ° µ¡¸¥·¢ Éµ·¨¨ (ƒƒ�). ˆ§ ¢µ¸-
¶µ³¨´ ´¨° �.�.‘Éµ¦ ·µ¢  [71]: ®‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î µ¦¨¤ ²
¶·¨¥³  Ê ¤¨·¥±Éµ·  �.�.”·¨¤³ ´  ¢³¥¸É¥ ¸ ´ Î ²Ó´¨±µ³ ¢ÒÎ¨¸²¨É¥²Ó-
´µ£µ ¡Õ·µ ƒƒ�, ±µÉµ·µ¥ § ´¨³ ²µ¸Ó ¢ÒÎ¨¸²¥´¨¥³ ³¥¤²¥´´µ ¸Ìµ¤ÖÐ¥-
£µ¸Ö ·Ö¤ . ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î §  ³¨´ÊÉÒ µ¦¨¤ ´¨Ö ¤µ± § ², ÎÉµ
·Ö¤ ¸Ìµ¤¨É¸Ö ± ´Ê²Õ. �.�.”·¨¤³ ´ ¶·¨£² ¸¨² ‚.�. ¸É ÉÓ ±µ´¸Ê²ÓÉ ´-
Éµ³¯.

1924Ä1936 O¤´µ¢·¥³¥´´µ ´ ÊÎ´Ò° ¸µÉ·Ê¤´¨± ”¨§¨±µ-É¥Ì´¨Î¥¸±µ£µ ¨´¸É¨-
ÉÊÉ , ¢µ§£² ¢²Ö¥³µ£µ �.”.ˆµËË¥. �±É¨¢´µ ÊÎ ¸É¢Ê¥É ¢ · ¡µÉ¥ É¥µ·¥É¨-
Î¥¸±µ£µ ¸¥³¨´ · .
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1926 �Ê¡²¨±Ê¥É ¢ ®Zs. f. Phys.¯ ¸É ÉÓÕ [7] ¢ · §¢¨É¨¥ ¶¥·¢µ° · ¡µÉÒ ˜·¥-
¤¨´£¥·  ¶µ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥. ‚Éµ· Ö ¸É ÉÓÖ ‚.�.”. ¢ ®Zs. f. Phys.¯
[9] ¸µ¤¥·¦¨É Ê· ¢´¥´¨¥ Š²¥°´ Å”µ± , ¨§¢¥¸É´µ¥ É ±¦¥ ± ± Ê· ¢´¥´¨¥
Š²¥°´ Åƒµ·¤µ´ . ‡¤¥¸Ó É ±¦¥ ¢¢¥¤¥´µ ± ²¨¡·µ¢µÎ´µ¥ (£· ¤¨¥´É´µ¥)
¶·¥µ¡· §µ¢ ´¨¥ Ô²¥±É·µ³ £´¨É´ÒÌ ¶µÉ¥´Í¨ ²µ¢ ¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨
§ ·Ö¦¥´´µ° Î ¸É¨ÍÒ.

1927 �µ²ÊÎ ¥É ¸É¨¶¥´¤¨Õ µ±Ë¥²²¥·µ¢¸±µ£µ Ëµ´¤  ¨ µÉ¶· ¢²Ö¥É¸Ö ¢ ƒ¥·³ -
´¨Õ.  ¡µÉ ¥É Ê Œ ±¸  5µ·´ . ‘µ¢³¥¸É´ Ö ¸É ÉÓÖ [72] ¸ ¤µ± § É¥²Ó¸É¢µ³
 ¤¨ ¡ É¨Î¥¸±µ° £¨¶µÉ¥§Ò, ¶·¥¤²µ¦¥´´µ° 5µ·´µ³.

1928  ¡µÉ  ®�¡µ¡Ð¥´¨¥ ¨ ·¥Ï¥´¨¥ ¸É É¨¸É¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö „¨· ± ¯ [18],
¢ ±µÉµ·µ° ¤ ´µ ®¶·¥¤¸É ¢²¥´¨¥ ”µ± ¯ (É¥·³¨´µ²µ£¨Ö „¨· ±  [19]) ¤²Ö
µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö ¨ ¶µ£²µÐ¥´¨Ö ¨ ¢¢¥¤¥´  ¶·µ¨§¢µ¤ÖÐ Ö ËÊ´±Í¨Ö
± ± ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¢ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥. ‚µ§¢· Ð¥´¨¥ ¢
�¥É·µ£· ¤. �·¥¶µ¤ ¢ ´¨¥ ¢ Ê´¨¢¥·¸¨É¥É¥ ¢ ± Î¥¸É¢¥ ¤µÍ¥´É . ‚µ§µ¡´µ-
¢²¥´¨¥ · ¡µÉÒ ¢ ƒ�ˆ. „.‘. µ¦¤¥¸É¢¥´¸±¨° ¢µ¸¸É ´ ¢²¨¢ ¥É É¥µ·¥É¨-
Î¥¸±ÊÕ £·Ê¶¶Ê ¨ ¶·¨£² Ï ¥É ‚.�.”µ±  ¢µ§£² ¢¨ÉÓ ¥¥. ‡ ¤ Î  £·Ê¶¶Ò Å
· ¸Î¥É ¸¨² µ¸Í¨²²ÖÉµ·µ¢.

1929 ƒ¥µ³¥É·¨§ Í¨Ö É¥µ·¨¨ „¨· ±  ¨ ¢Ò¢µ¤ Ê· ¢´¥´¨Ö „¨· ±  ¢ £· ¢¨É Í¨µ´-
´µ³ ¶µ²¥ [21,22]. ”Ê´¤ ³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É: ¶ · ²²¥²Ó´Ò° ¶¥·¥´µ¸
¥¸ÉÓ ¸¶µ¸µ¡ § ¤ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê § ·Ö¦¥´´Ò³¨ ¨ ÉÖ£µÉ¥Õ-
Ð¨³¨ É¥² ³¨; ÔÉµ ¶µ´ÖÉ¨¥ ¢±²ÕÎ ¥É ¨ ± ²¨¡·µ¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ.
� Î ²µ ¨¸¸²¥¤µ¢ ´¨° ¶µ § ¤ Î¥ ³´µ£¨Ì É¥².

1930 ‘É ÉÓ¨ ®�·¨¡²¨¦¥´´Ò° ¸¶µ¸µ¡ ·¥Ï¥´¨Ö ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ° § ¤ Î¨
³´µ£¨Ì É¥²¯ ¨ ®‘ ³µ¸µ£² ¸µ¢ ´´µ¥ ¶µ²¥ ¸ µ¡³¥´µ³ ¤²Ö ´ É·¨Ö¯ [26],
¢ ±µÉµ·ÒÌ ¤ ´µ µ¡µ¡Ð¥´¨¥ ³¥Éµ¤  • ·É·¨ ¸ ¢¢¥¤¥´¨¥³ µ¡³¥´´ÒÌ Î²¥-
´µ¢ Å ÔÉµ ·µ¦¤¥´¨¥ ³¥Éµ¤  • ·É·¨Å”µ± .

1932 ‚ÒÌµ¤ ¢ ¸¢¥É ±´¨£ ®Œ¥Ì ´¨±  ¸¶²µÏ´ÒÌ ¸·¥¤¯ ¨ ®� Î ²a ±¢ ´Éµ¢µ° ³¥-
Ì ´¨±¨¯. ‹¥±Í¨¨ ¶µ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ ¡Ò²¨ ¶¥·¢Ò³ ±Ê·¸µ³, ¨§¤ ´-
´Ò³ ¢ ‘‘‘. � ÊÎ´µ¥ ¶·¨§´ ´¨¥: ¨§¡· ´¨¥ Î²¥´µ³-±µ··¥¸¶µ´¤¥´Éµ³
�± ¤¥³¨¨ ´ Ê± ¨ ¶·µË¥¸¸µ·µ³ ‹¥´¨´£· ¤¸±µ£µ Ê´¨¢¥·¸¨É¥É . ‘É ÉÓ¨ ¸
5.�µ¤µ²Ó¸±¨³ [32], · §¢¨¢ ÕÐ¨¥ ¤²Ö ·¥ ²Ó´µ£µ ¸²ÊÎ Ö ¨¤¥Õ �.�.Œ.„¨-
· ±  [31] µ Éµ³, ÎÉµ ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢µ§´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥
µ¡³¥´  ¸± ²Ö·´Ò³¨ ±¢ ´É ³¨. ‘µ§¤ ´¨¥ ³´µ£µ¢·¥³¥´´µ£µ Ëµ·³ ²¨§³ 
„¨· ± Å”µ± Å�µ¤µ²Ó¸±µ£µ [29]. ‘É ÉÓÖ ®‚Éµ·¨Î´µ¥ ±¢ ´Éµ¢ ´¨¥ ¨
±µ´Ë¨£Ê· Í¨µ´´µ¥ ¶·µ¸É· ´¸É¢µ¯ [37], ¢ ±µÉµ·µ° ¡Ò²µ ¢¢¥¤¥´µ ¶·µ-
¸É· ´¸É¢µ ”µ± .

1933Ä1934 �·µ¤µ²¦¥´¨¥ · ¡µÉ ¶µ ³´µ£µÎ ¸É¨Î´µ° § ¤ Î¥, ¸µ§¤ ´¨¥ £·Ê¶¶Ò
 Éµ³´ÒÌ · ¸Î¥Éµ¢ ¨ ¶Ê¡²¨± Í¨Ö ¶¥·¢ÒÌ · ¸Î¥Éµ¢ ¸µ¢³¥¸É´µ ¸ Œ.ˆ.�¥É-
· Ï¥´Ó [26, 27]. �¤´µ¢·¥³¥´´µ ¶·µ¤µ²¦ ÕÉ¸Ö · ¡µÉÒ ¶µ ¶·¨±² ¤´Ò³
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¶·µ¡²¥³ ³ ¨ ³ É¥³ É¨Î¥¸±µ° Ë¨§¨±¥. ‚ÒÌµ¤¨É ±´¨£  ®’¥µ·¨Ö µ¶·¥-
¤¥²¥´¨Ö ¸µ¶·µÉ¨¢²¥´¨Ö £µ·´ÒÌ ¶µ·µ¤ ¶µ ¸¶µ¸µ¡Ê ± ·µÉ ¦ ¯ [65] ¨
¶Ê¡²¨±ÊÕÉ¸Ö ¸É ÉÓ¨ µ¡  ¸¨³¶ÉµÉ¨±¥ ¡¥¸¸¥²¥¢ÒÌ ËÊ´±Í¨° [73].

1935  ¸Î¥ÉÒ ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ ¶µ²Ö ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¤²Ö  Éµ³  ²¨É¨Ö
¨  Éµ³µ¢ É¨¶  ¡¥·¨²²¨Ö ¸µ¢³¥¸É´µ ¸ Œ.ˆ.�¥É· Ï¥´Ó [74]. �É±·ÒÉ¨¥
¤¨´ ³¨Î¥¸±µ° ¸¨³³¥É·¨¨ ´  ¶·¨³¥p¥  Éµ³  ¢µ¤µ·µ¤  ¢ ¸É ÉÓ¥ ®�Éµ³
¢µ¤µ·µ¤  ¨ ´¥¥¢±²¨¤µ¢  £¥µ³¥É·¨Ö¯ [38].

1936 �·¨§´ ´¨¥ · ¡µÉ ¶µ ³¥Éµ¤Ê • ·É·¨Å”µ± : ¶·¨¸Ê¦¤¥´¨¥ ¶·¥³¨¨ ¨³¥´¨
„.ˆ.Œ¥´¤¥²¥¥¢ . ‚.�.”µ± ¨´Ëµ·³¨·Ê¥É Ë¨§¨±µ¢ ‘‘‘ µ ¤¨¸±Ê¸¸¨¨
�°´ÏÉ¥°´  ¨ 5µ·  ¶µ ¶·¨´Í¨¶¨ ²Ó´Ò³ ¢µ¶·µ¸ ³ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨
[75, 76]. ‘É ÉÓÖ ®�·¨´Í¨¶¨ ²Ó´µ¥ §´ Î¥´¨¥ ¶·¨¡²¨¦¥´´ÒÌ ³¥Éµ¤µ¢ ¢
É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¥¯ [77].

1937 ‘É ÉÓÖ ®‘µ¡¸É¢¥´´µ¥ ¢·¥³Ö ¢ ±² ¸¸¨Î¥¸±µ° ¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥¯ [42],
¶µ¸²Ê¦¨¢Ï Ö ´ Î ²µ³ ³¥Éµ¤a ”µ± Å˜¢¨´£¥· Å¤¥ ‚¨ÉÉ  ¢ ±¢ ´Éµ¢µ°
É¥µ·¨¨ ¶µ²Ö. ‘É ÉÓÖ ®Œ¥Éµ¤ ËÊ´±Í¨µ´ ²µ¢ ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ -
³¨±¥¯ [50], § ¢¥·Ï ÕÐ Ö ¸µ§¤ ´¨¥ ³¥Éµ¤  ËÊ´±Í¨µ´ ²µ¢ ”µ± .

1938 �·¥¸É ¢ ‹¥´¨´£p ¤¥. „µ¸É ¢²¥´ ¢ Œµ¸±¢Ê ± ´ ·±µ³Ê ¢´ÊÉ·¥´´¨x ¤¥²
�.…¦µ¢Ê, ´µ µ¸¢µ¡µ¦¤¥´ ¶µ¸²¥ ¢³¥Ï É¥²Ó¸É¢  �.‹. Š ¶¨ÍÒ ¨ �.�.Š·Ò-
²µ¢ . � Î ²µ · ¡µÉ ¶µ µ¡Ð¥° É¥µp¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨.

1939 ‘É ÉÓÖ ®� ¤¢¨¦¥´¨¨ ±µ´¥Î´ÒÌ ³ ¸¸ ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨¯
[58], ¢ ±µÉµ·µ° ‚.�.”µ±, ´¥§ ¢¨¸¨³µ µÉ �°´ÏÉ¥°´  ¸ ¸µÉ·Ê¤´¨± ³¨,
·¥Ï¨² ¶·µ¡²¥³Ê ¢Ò¢µ¤  Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ³ ¸¸ ¨§ Ê· ¢´¥´¨° �°´-
ÏÉ¥°´ . ˆ§¡· ´¨¥ ¤¥°¸É¢¨É¥²Ó´Ò³ Î²¥´µ³ �± ¤¥³¨¨ ´ Ê± ‘‘‘.

1940 ‘É ÉÓ¨ ¶µ ³´µ£µÔ²¥±É·µ´´Ò³ ¸¨¸É¥³ ³:
Å ³¥Éµ¤ ´¥¶µ²´µ£µ · §¤¥²¥´¨Ö ¶¥·¥³¥´´ÒÌ ‚.�.”µ± , Œ.ƒ.‚¥¸¥²µ¢ 

¨ Œ.ˆ.�¥É· Ï¥´Ó [28], ¢ ±µÉµ·µ³ ¢¶¥·¢Ò¥ ÊÎ¨ÉÒ¢ ²¨¸Ó ¶ ·´Ò¥
¤¨´ ³¨Î¥¸±¨¥ ±µ··¥²ÖÍ¨¨ Ô²¥±É·µ´µ¢;

Å ¸¢µ°¸É¢  ¸¨³³¥É·¨¨ ±µµ·¤¨´ É´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ô²¥±É·µ´µ¢
¶·¨ § ¤ ´´µ³ ¸Ê³³ ·´µ³ ¸¶¨´¥ ¸¨¸É¥³Ò [78].

1941 ‘É ÉÓÖ ¶µ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ µ¡ ¨´É¥£· ² Ì ¤¢¨¦¥´¨Ö Í¥´-
É·  ¤¢ÊÌ ±µ´¥Î´ÒÌ ³ ¸¸ [79,80]. �¢ ±Ê Í¨Ö ¢³¥¸É¥ ¸ Ê´¨¢¥·¸¨É¥Éµ³ ¢
…² ¡Ê£Ê ¢ ¸¢Ö§¨ ¸ ´ Î ²µ³ ¢µ°´Ò.

1942Ä1943 †¨§´Ó ¢ Ô¢ ±Ê Í¨¨.  ¡µÉ  ¢ µ¡² ¸É¨ ³ É¥³ É¨Î¥¸±µ° Ë¨§¨±¨: ¨¸-
¸²¥¤µ¢ ´¨¥ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° [81] ¨ ¸¢µ°¸É¢ ËÊ´±Í¨° ‹¥¦ ´¤· 
¸ ±µ³¶²¥±¸´Ò³ §´ Î±µ³ [82].
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1943Ä1946 �¥·e¥§¤ ¨§ …² ¡Ê£¨ ¢ Œµ¸±¢Ê.  ¡µÉ  ¢ ”¨§¨Î¥¸±µ³ ¨´¸É¨ÉÊÉ¥
¨³.�.‹¥¡¥¤¥¢  �± ¤¥³¨¨ ´ Ê±. ‚.�.”µ± § ´¨³ ¥É¸Ö ¶·µ¡²¥³µ° · ¸¶·µ-
¸É· ´¥´¨Ö · ¤¨µ¢µ²´ ¢µ±·Ê£ §¥³´µ£µ Ï · . ”Ê´¤ ³¥´É ²Ó´Ò° ¢±² ¤ ¢
É¥µ·¨Õ ¤¨Ë· ±Í¨¨ ¨ ¢ÒÌµ¤ ³µ´µ£· Ë¨¨ ®„¨Ë· ±Í¨Ö · ¤¨µ¢µ²´ ¢µ±·Ê£
§¥³´µ° ¶µ¢¥·Ì´µ¸É¨¯. �·¨¸Ê¦¤¥´¨¥ ƒµ¸Ê¤ ·¸É¢¥´´µ° ¶·¥³¨¨ 1 ¸É¥¶¥´¨
§  ´ ÊÎ´Ò¥ · ¡µÉÒ ¶µ · ¸¶·µ¸É· ´¥´¨Õ · ¤¨µ¢µ²´.  §¢¨É¨¥ ³¥Éµ¤ 
¶ · ¡µ²¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö ¢ ¸µ¢³¥¸É´µ° · ¡µÉ¥ ¸ Œ.�.‹¥µ´Éµ¢¨Î¥³
®¥Ï¥´¨¥ § ¤ Î¨ µ · ¸¶·µ¸É· ´¥´¨¨ Ô²¥±É·µ³ £´¨É´ÒÌ ¢µ²´ ´ ¤ ¶µ-
¢¥·Ì´µ¸ÉÓÕ ‡¥³²¨ ¶µ ³¥Éµ¤Ê ¶ · ¡µ²¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö¯ [83].

1946 ‚µ§¢· Ð¥´¨¥ ¢ ‹¥´¨´£· ¤ ¨ ¶·µ¤µ²¦¥´¨¥ · ¡µÉÒ ¢ Ê´¨¢¥·¸¨É¥É¥ ¢ ± -
Î¥¸É¢¥ § ¢¥¤ÊÕÐ¥£µ ± Ë¥¤·µ° É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨. �·µ¤µ²¦¥´¨¥ ¨¸-
¸²¥¤µ¢ ´¨° ¶µ É¥µ·¨¨ ¤¨Ë· ±Í¨¨ [84].

1947 ‘µ¢³¥¸É´ Ö · ¡µÉ  cµ ¸¢µ¨³ ÊÎ¥´¨±µ³ �.‘.Š·Ò²µ¢Ò³ [85] µ ¸µµÉ´µÏ¥-
´¨¨ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¤²Ö Ô´¥·£¨¨ ¨ ¢·¥³¥´¨ ¨ µ § ±µ´¥ · ¸¶ ¤ .

1949 ”¨²µ¸µË¸± Ö ¤¨¸±Ê¸¸¨Ö ¶µ ¢µ¶·µ¸ ³ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨ É¥µ·¨¨ µÉ-
´µ¸¨É¥²Ó´µ¸É¨. ‘.�.”·¨Ï ¢¸¶µ³¨´ ¥É [86]: ®5Ò² ³µ³¥´É, ±µ£¤  ¶µ-
²¥³¨±  ¶·¨´Ö²  µÎ¥´Ó µ¸É·Ò° Ì · ±É¥·. ƒ·Ê¶¶  ¶·µÉ¨¢´¨±µ¢ É¥µ-
·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¶ÒÉ ² ¸Ó ¶µ²ÊÎ¨ÉÓ µË¨-
Í¨ ²Ó´ÊÕ ¶µ¤¤¥·¦±Ê ¸¢µ¥° ÉµÎ±¨ §·¥´¨Ö. ’·¥¡µ¢ ²µ¸Ó µ¶·¥¤¥²¥´´µ¥
£· ¦¤ ´¸±µ¥ ³Ê¦¥¸É¢µ, ÎÉµ¡Ò ¢Ò¸ÉÊ¶ ÉÓ ¶·µÉ¨¢ ´¨Ì. ˆ ‚² ¤¨³¨·
�²¥±¸ ´¤·µ¢¨Î ÔÉµ ³Ê¦¥¸É¢µ ¶·µÖ¢¨²¯. 5¥§¢·¥³¥´´ Ö ±µ´Î¨´  26-²¥É-
´¥£µ �.‘.Š·Ò²µ¢ , ´¥§ ¤µ²£µ § Ð¨É¨¢Ï¥£µ ¤µ±Éµ·¸±ÊÕ ¤¨¸¸¥·É Í¨Õ ¶µ
¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¥. ‚.�.”µ± ¨§¤ ¥É ¨ ·¥¤ ±É¨·Ê¥É ¨¸c²¥¤µ¢ ´¨Ö
�.‘.Š·Ò²µ¢  [87] ¨ ¶¨Ï¥É ¸É ÉÓÕ ¢³¥¸É¥ ¸ �.5.Œ¨£¤ ²µ³ [88], ¸µ±Ê·¸-
´¨±µ³ ¨ ¤·Ê£µ³ �.‘.Š·Ò²µ¢ .

1950  ¡µÉ  ®� ¶·¨³¥´¥´¨¨ ¤¢ÊÌÔ²¥±É·µ´´ÒÌ ËÊ´±Í¨° ¢ É¥µ·¨¨ Ì¨³¨Î¥¸±µ°
¸¢Ö§¨¯ [89], ¤ ¢Ï Ö ´ Î ²µ ³¥Éµ¤Ê £¥³¨´ ²¥° ¢ ±¢ ´Éµ¢µ° Ì¨³¨¨.

1951Ä1953 ‚.�.”µ± Ê¤¥²Ö¥É ³´µ£µ ¢·¥³¥´¨ · ¸Ï¨·¥´¨Õ ¢²¨Ö´¨Ö ±Ê·¸µ¢ ¶µ
É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¥ ´  Ë¨§¨Î¥¸±µ³ Ë ±Ê²ÓÉ¥É¥ ‹ƒ“. ‚ ÔÉµ ¢·¥³Ö ¤¥-
± ´µ³ Ë ±Ê²ÓÉ¥É  ¡Ò² ‘.�.”·¨Ï,   ´  ± Ë¥¤·¥ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨,
±·µ³¥ ‚.�.”µ± , · ¡µÉ ²¨ ¶·µË¥¸¸µ·  Œ.ƒ.‚¥¸¥²µ¢ ¨ �.�.� ¢¨´¸±¨°,
¤µÍ¥´ÉÒ ƒ.”.„·Ê± ·¥¢ ¨ ‚.ƒ.�¥¢§£²Ö¤µ¢,  ¸¸¨¸É¥´ÉÒ `.�.„¥³±µ¢ ¨
`.‚.�µ¢µ¦¨²µ¢. „¨¸±Ê¸¸¨Ö ¸ Ë¨²µ¸µË ³¨ ¶µ ¢µ¶·µ¸ ³ ¨¸Éµ²±µ¢ ´¨Ö
±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¶·µ¤µ²¦ ¥É¸Ö. ‚.�.”µ±
¶¨Ï¥É ¸É ÉÓÕ ®�·µÉ¨¢ ´¥¢¥¦¥¸É¢¥´´µ° ±·¨É¨±¨ ¸µ¢·¥³¥´´ÒÌ Ë¨§¨Î¥-
¸±¨Ì É¥µ·¨°¯ [90] ¢ ¦Ê·´ ² ®‚µ¶·µ¸Ò Ë¨²µ¸µË¨¨¯.

1954  ¡µÉ ¥É ´ ¤ ±´¨£µ° ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö, ¢ ±µÉµ·ÊÕ ¢±²ÕÎ ²¨¸Ó µ·¨-
£¨´ ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ÔÉ¨Ì ²¥É, ¨ Î¨É ¥É ±Ê·¸ ¶µ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó-
´µ¸É¨ ¨ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ´  Ë¨§¨Î¥¸±µ³ Ë ±Ê²ÓÉ¥É¥ Ê´¨¢¥·¸¨É¥É .
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1954 ‘É ÉÓÖ ®�¡ Ê· ¢´¥´¨¨ ˜·¥¤¨´£¥·  ¤²Ö  Éµ³  £¥²¨Ö¯ [91], ¢ ±µÉµ·µ°
¤ ´µ ÉµÎ´µ¥ ·¥Ï¥´¨¥ ¤²Ö £¥²¨µ¶µ¤µ¡´ÒÌ  Éµ³µ¢ ¢ ¢¨¤¥ ¡¥¸±µ´¥Î´µ£µ
·Ö¤ , µ¡² ¤ ÕÐ¥£µ Ìµ·µÏ¥° ¸Ìµ¤¨³µ¸ÉÓÕ.

1955 ‚ÒÌµ¤ ¢ ¸¢¥É ±´¨£¨ ®’¥µ·¨Ö ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö¯, ¢ ±µ-
Éµ·µ° µ¡ÒÎ´ Ö É¥µ·¨Ö µÉ´µ¸¨É¥²Ó´µ¸É¨, É¥µ·¨Ö ÉÖ£µÉ¥´¨Ö �°´ÏÉ¥°´  ¨
µ·¨£¨´ ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ‚.�.”µ±  ¨§² £ ÕÉ¸Ö ¸ ¥¤¨´µ° ÉµÎ±¨ §·¥-
´¨Ö  ¢Éµ· , µÉ· ¦¥´´µ° ¢ § £² ¢¨¨ ±´¨£¨.

1956 �·¨¸Ê¦¤¥´¨¥ ¶¥·¢µ° ¶·¥³¨¨ ‹¥´¨´£· ¤¸±µ£µ Ê´¨¢¥·¸¨É¥É  §  ±´¨£Ê
®’¥µ·¨Ö ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö¯.

1957 �·µ¤µ²¦¥´¨¥ · ¡µÉ ¶µ ¨´É¥·¶·¥É Í¨¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨: ¸É ÉÓÖ ¢
“”� [92]. ‘É ÉÓÖ ¢ ®Rev. Mod. Phys.¯ ®’·¨ ²¥±Í¨¨ ¶µ É¥µ·¨¨ µÉ´µ-
¸¨É¥²Ó´µ¸É¨¯ [93]. ‚ÒÌµ¤ ¢ ¸¢¥É ¸¡µ·´¨±  · ¡µÉ ¶µ ±¢ ´Éµ¢µ° É¥µ·¨¨
¶µ²Ö [94] ¢ ¨§¤ É¥²Ó¸É¢¥ ‹¥´¨´£· ¤¸±µ£µ Ê´¨¢¥·¸¨É¥É . �µ¥§¤±  ¢ Šµ-
¶¥´£ £¥´ ¨ ¤¨¸±Ê¸¸¨¨ ¸ �¨²Ó¸µ³ 5µ·µ³.

1958 �¶Ê¡²¨±µ¢ ´¨¥ ¢ “”� ¸É É¥° �.5µ·  ¶µ Ë¨²µ¸µË¸±¨³ ¶·µ¡²¥³ ³ ±¢ ´-
Éµ¢µ° ³¥Ì ´¨±¨ [95,96] ¨ § ³¥Î ´¨° ‚.�.”µ±  [97]. ˆ§¡· ´¨¥ ¨´µ-
¸É· ´´Ò³ Î²¥´µ³ �µ·¢¥¦¸±µ£µ Šµ·µ²¥¢¸±µ£µ o¡Ð¥¸É¢  ¢ ’·µ´x¥°³¥.

1959 ‚ÒÌµ¤  ´£²¨°¸±µ£µ ¨§¤ ´¨Ö ±´¨£¨ ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ¢ ¶¥·¥¢µ¤¥
�.Š¥³³¥·  ®Theory of Space, Time and Gravitation¯.

1960 �·¨¸Ê¦¤¥´¨¥ ‹¥´¨´¸±µ° ¶·¥³¨¨ §  ±´¨£Ê ® ¡µÉÒ ¶µ ±¢ ´Éµ¢µ° É¥µ·¨¨
¶µ²Ö¯. �·¨ ± Ë¥¤·¥ ¶µÖ¢²ÖÕÉ¸Ö ´ ÊÎ´Ò¥ ¸µÉ·Ê¤´¨±¨ ¨ ¸µ§¤ ¥É¸Ö µÉ-
¤¥² É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨. ‚ Î¨¸²¥ ´ ÊÎ´ÒÌ ¸µÉ·Ê¤´¨±µ¢ ‚.�.”· ´±¥,
‚.ˆ.�Î±Ê·, ‹.‚.�·µÌµ·µ¢,   É ±¦¥ ‚.ˆ.‘¢¨¤¥·¸±¨°, ¨§£´ ´´Ò° ¥Ð¥ · -
´¥¥ ®§  ¥·¥¸Ó¯ c Ë¨²µ¸µË¸±µ£µ Ë ±Ê²ÓÉ¥É  ‹ƒ“. ‘É ÉÓ¨ µ · §²¨Î´ÒÌ
±µµ·¤¨´ É´ÒÌ Ê¸²µ¢¨ÖÌ ¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö [98] �°´ÏÉ¥°´  ¨ Ô°´ÏÉ¥°-
´µ¢¸±µ° ¸É É¨±¥ ¢ ±µ´Ëµ·³´µ³ ¶·µ¸É· ´¸É¢¥ [99], ´ ¶¨¸ ´´Ò¥ ¶·¨ ¶µ¤-
£µÉµ¢±¥ ¢Éµ·µ£µ ¨§¤ ´¨Ö ±´¨£¨ ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö. �µÖ¢²¥´¨¥ ´¥³¥Í-
±µ£µ ¨§¤ ´¨Ö ±´¨£¨ ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö.

1961 ‚Éµ·µ¥ ¨§¤ ´¨¥ ±´¨£¨ ®’¥µ·¨Ö ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö¯.
‚.�.”µ± ¶µ¤· §¤¥²Ö¥É ± Ë¥¤·Ê É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ‹ƒ“ ´  ¤¢¥ Å ± -
Ë¥¤·Ê ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨ ± Ë¥¤·Ê ±¢ ´Éµ¢µ° É¥µp¨¨ ¶µ²Ö Å ¨ ¶¥p¥-
¤ ¥É ¨Ì ¸¢µ¨³ ÊÎ¥´¨± ³ Œ.ƒ.‚¥¸¥²µ¢Ê ¨ `.‚.�µ¢µ¦¨²µ¢Ê. ‚ � ÊÎ´µ-
¨¸¸²¥¤µ¢ É¥²Ó¸±µ³ ¨´¸É¨ÉÊÉ¥ Ë¨§¨±¨ ‹ƒ“ µ¡· §Ê¥É¸Ö µÉ¤¥² É¥µ·¥É¨-
Î¥¸±µ° Ë¨§¨±¨, µ¡Ñ¥¤¨´ÖÕÐ¨° ´ ÊÎ´ÊÕ ¤¥ÖÉ¥²Ó´µ¸ÉÓ µ¡¥¨Ì ± Ë¥¤·.
‚.�.”µ± ¸É ´µ¢¨É¸Ö ·Ê±µ¢µ¤¨É¥²¥³ µÉ¤¥²  É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨.
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1962Ä1966 �Ê¡²¨± Í¨Ö ¸¥·¨¨ ¸É É¥° ¸ ¨§²µ¦¥´¨¥³ ¢§£²Ö¤µ¢ ´  ¨¸Éµ²±µ¢ ´¨¥
±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨ Ë¨§¨Î¥¸±¨¥ ¶·¨´Í¨¶Ò É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö �°´-
ÏÉ¥°´ . ‚ Î¨¸²¥ · ¡µÉ ®„¨¸±Ê¸¸¨Ö ¸ �¨²Ó¸µ³ 5µ·µ³¯ [100] ¨ ¡·µÏÕ· 
®Š¢ ´Éµ¢ Ö Ë¨§¨±  ¨ ¸É·µ¥´¨¥ ³ É¥·¨¨¯ [101]. ‚² ¤¨³¨· �²¥±¸ ´¤·µ-
¢¨Î ¶µ¤£µÉ ¢²¨¢ ¥É ±´¨£Ê ¶µ ¤¨Ë· ±Í¨¨ ¨ · ¸¶·µ¸É· ´¥´¨Õ · ¤¨µ¢µ²´
¨ ¶Ê¡²¨±Ê¥É ¥¥ ¢ ¨§¤ É¥²Ó¸É¢¥ ®Pergamon Press¯.

1965 ‚Éµ·µ¥  ´£²¨°¸±µ¥ ¨§¤ ´¨¥ ±´¨£¨ ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö.

1965 ˆ§¡· ´¨¥ ¨´µ¸É· ´´Ò³ Î²¥´µ³ „ É¸±µ£µ Šµ·µ²¥¢¸±µ£µ o¡Ð¥¸É¢ .

1966 ˆ§¡· ´¨¥ ¶µÎ¥É´Ò³ ¤µ±Éµ·µ³ „¥²¨°¸±µ£µ Ê´¨¢¥·¸¨É¥É . ‹¥±Í¨¨ ¢ ¨´-
¤¨°¸±¨Ì Ê´¨¢¥·¸¨É¥É Ì. „¨¸±Ê¸¸¨¨ ¢ � ·¨¦¥.

1967Ä1968 �Ê¡²¨± Í¨Ö µ¡§µ·µ¢ ¸¢µ¨Ì · ¡µÉ ¶µ ±¢ ´Éµ¢µ° § ¤ Î¥ ³´µ£¨Ì É¥²
¨ ³¥Éµ¤Ê ¶ · ¡µ²¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö ¢ É¥µ·¨¨ ¤¨Ë· ±Í¨¨. 5·µÏÕ· 
®’¥µ·¨Ö �°´ÏÉ¥°´  ¨ Ë¨§¨Î¥¸± Ö µÉ´µ¸¨É¥²Ó´µ¸ÉÓ¯, ¶·¥¤´ §´ Î¥´´ Ö
¤²Ö Ï¨·µ±µ£µ ±·Ê£  Ë¨§¨±µ¢. �·¨¸¢µ¥´¨¥ §¢ ´¨Ö ƒ¥·µÖ ‘µÍ¨ ²¨¸É¨Î¥-
¸±µ£µ ’·Ê¤ .

1967 ˆ§¡· ´¨¥ ¶µÎ¥É´Ò³ ¤µ±Éµ·µ³ Œ¨Î¨£ ´¸±µ£µ Ê´¨¢¥·¸¨É¥É .

1969 �µ¤£µÉµ¢±  ·Ê¸¸±µ£µ ¨§¤ ´¨Ö ±´¨£¨ ®�·µ¡²¥³Ò ¤¨Ë· ±Í¨¨ ¨ · ¸¶·µ-
¸É· ´¥´¨Ö Ô²¥±É·µ³ £´¨É´ÒÌ ¢µ²´¯ (1970 £.).

1972 ˆ§¡· ´¨¥ ¶µÎ¥É´Ò³ ¤µ±Éµ·µ³ ‹¥°¶Í¨£¸±µ£µ Ê´¨¢¥·¸¨É¥É .

1973 �µ¤£µÉµ¢±  ¢Éµ·µ£µ ¨§¤ ´¨Ö ±´¨£¨ ®� Î ²  ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨¯.

‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î ”µ± ¸±µ´Î ²¸Ö 27 ¤¥± ¡·Ö 1974 £.
Œµ£¨²  ‚.�.”µ±  ´ Ìµ¤¨É¸Ö ´  ¸¥²Ó¸±µ³ ±² ¤¡¨Ð¥ µ±µ²µ ™ÊÎÓ¥£µ µ§¥· 

¢¡²¨§¨ ¶µ¸¥²±  Šµ³ ·µ¢µ (50 ±³ µÉ ‘.-�¥É¥·¡Ê·£ ).

2. 	
�’› 5 Š‚
�’‚‰ ’…	ˆˆ 5‹Ÿ

¡µ¡Ð¥´¨¥ Êp ¢´¥´¨Ö ˜p¥¤¨´£¥p  ¨ Êp ¢´¥´¨¥ Š²¥°´ Å”µ± .
‚ ¸¢µ¥° ¶¥·¢µ° p ¡µÉ¥ ¶µ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ [7], ±µÉµpÊÕ ‚² ¤¨³¨·
�²¥±¸ ´¤·µ¢¨Î µÉ¶p ¢¨² ¢ ¦Êp´ ² Î¥p¥§ ´¥¤¥²Õ ¶µ¸²¥ ¶µ²ÊÎ¥´¨Ö ¦Êp´ ² 
¸µ ¸É ÉÓ¥° ˜p¥¤¨´£¥p , µ´ µ¡µ¡Ð ¥É Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ´  ¸²ÊÎ ° ³ £-
´¨É´µ£µ ¶µ²Ö ¨ ¢ ± Î¥¸É¢¥ ¶·¨²µ¦¥´¨Ö ¢Ò¢µ¤¨É Ëµ·³Ê²Ê ¤²Ö ´µ·³ ²Ó´µ£µ
· ¸Ð¥¶²¥´¨Ö Ê·µ¢´¥° ¢ ³ £´¨É´µ³ ¶µ²¥. Š·µ³¥ Éµ£µ, ¢ ÔÉµ° ¸É ÉÓ¥ ‚² ¤¨³¨·
�²¥±¸ ´¤·µ¢¨Î ´ Ìµ¤¨É · ¸Ð¥¶²¥´¨¥ Ê·µ¢´¥° ¢µ¤µ·µ¤´µ£µ  Éµ³  ¢ Ô²¥±É·¨-
Î¥¸±µ³ ¶µ²¥. ‚µ ¢Éµ·µ° p ¡µÉ¥ [9] ‚.�.”µ± ¤ ¥É ·¥²ÖÉ¨¢¨¸É¸±µ¥ µ¡µ¡Ð¥´¨¥
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Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¤²Ö Î ¸É¨ÍÒ ¢ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥,   É ±¦¥ § -
¶¨¸Ò¢ ¥É ¥£µ ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. �.Š²¥°´ [8] ¶Ê¡²¨±Ê¥É c¢µ¥
µ¡µ¡Ð¥´¨¥ p ´¥¥ ‚.�.”µ± , ´µ ¸É ÉÓÖ ‚.�.”µ±  ¡Ò²  ¸¤ ´  ¢ ¶¥Î ÉÓ ¤µ ¶µ-
Ö¢²¥´¨Ö ¸É ÉÓ¨ Š²¥°´ . ‡ É¥³, Ê¦¥ ¶µ¸²¥ ¸É ÉÓ¨ ‚.�.”µ± , ¶µÖ¢²Ö¥É¸Ö ¸É ÉÓÖ
ƒµ·¤µ´  ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³ Ê· ¢´¥´¨¥³ ¤²Ö ¸¢µ¡µ¤´µ° Î ¸É¨ÍÒ. ’¥³ ´¥ ³¥´¥¥
¢µ ³´µ£¨Ì ÊÎ¥¡´¨± Ì Ê· ¢´¥´¨¥ ¤²Ö Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ ´Ê²Ó ¨³¥´Ê¥É¸Ö ´¥
Ê· ¢´¥´¨¥³ Š²¥°´ Å”µ± ,   Ê· ¢´¥´¨¥³ Š²¥°´ Åƒµ·¤µ´ . �£²Ö¤Ò¢ Ö¸Ó ´ -
§ ¤, ³µ¦´µ ¤Ê³ ÉÓ, ÎÉµ, ¡² £µ¤ ·Ö ¸¢µ¥° ´µ¢¨§´¥ ¨ ´¥¸É ´¤ ·É´µ³Ê ¶µ¤Ìµ¤Ê,
ÔÉ  ¸É ÉÓÖ ‚.�.”µ±  [9] ¡Ò²  É·Ê¤´  ¤²Ö ¢µ¸¶·¨ÖÉ¨Ö Ë¨§¨± ³, ¨³¥¢Ï¨³ Ê§-
±µ¥ µ¡· §µ¢ ´¨¥. „¥²µ ¢ Éµ³, ÎÉµ ¢ ¸É ÉÓ¥ [9] ¶·¥¤² £ ¥É¸Ö ´¥ Éµ²Ó±µ ´µ¢µ¥
±¢ ´Éµ¢µ¥ ·¥²ÖÉ¨¢¨¸É¸±µ¥ Ê· ¢´¥´¨¥ ¤²Ö Î ¸É¨ÍÒ, ´µ ¨ ·Ö¤ ¤·Ê£¨Ì ´µ¢¨´µ±.
�É  ¸É ÉÓÖ oÉ· ¦ ²  É ±¦¥  ±É¨¢´Ò° ¨´É¥·¥¸ ‚² ¤¨³¨·  �²¥±¸ ´¤·µ¢¨Î  ±
µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨, ¥¥ ¢µ§³µ¦´Ò³ · ¸Ï¨·¥´¨Ö³ ´  ³´µ£µ³¥·´Ò¥
¶·µ¸É· ´¸É¢  ¨ ± ¥¤¨´Ò³ É¥µ·¨Ö³ ¶µ²Ö. �É  · ¡µÉ  § ³¥Î É¥²Ó´  ´¥ Éµ²Ó±µ
¶µ²ÊÎ¥´¨¥³ Ê· ¢´¥´¨Ö Š²¥°´ Å”µ±  ¤²Ö § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¢ Ô²¥±É·µ-
³ £´¨É´µ³ ¶µ²¥ ¨ ¢ ¶µ²¥ ÉÖ£µÉ¥´¨Ö, ´µ ¨ É¥³, ÎÉµ ¢ ´¥° ¨¸¶µ²Ó§Ê¥É¸Ö ¢Ò-
Ìµ¤ ¢ ¶·µ¸É· ´¸É¢µ ¡µ²ÓÏ¥£µ Î¨¸²  ¨§³¥·¥´¨° D > 4, ¥¤¨´µµ¡· §´Ò° ¤²Ö
±² ¸¸¨Î¥¸±µ° ¨ ±¢ ´Éµ¢µ° É¥µ·¨°. ‚ ÔÉµ° · ¡µÉ¥ ¢¶¥·¢Ò¥ Ê¸É ´ ¢²¨¢ ¥É¸Ö § -
±µ´ ¶·¥µ¡· §µ¢ ´¨Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¶·¨ £· ¤¨¥´É´µ³
¶·¥µ¡· §µ¢ ´¨¨.

 ¸¸³µÉ·¨³ µ¸´µ¢´Ò¥ ÔÉ ¶Ò ÔÉµ° · ¡µÉÒ. ‚.�.”µ± ´ Ìµ¤¨É ¶ÖÉ¨³¥·-
´ÊÕ Ëµ·³Ê²¨·µ¢±Ê § ±µ´  ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ± ± ¢ ±² ¸¸¨Î¥¸±µ°, É ± ¨ ¢
±¢ ´Éµ¢µ° Ë¨§¨±¥. �´ ¢¢µ¤¨É ¶ÖÉ¨³¥·´µ¥ ¶·µ¸É· ´¸É¢µ ¸ ³¥É·¨±µ°

dσ2 = gµν dxµdxν −
e2

m2c4
(Aνdxν + du)2,

£¤¥ Aν Å ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ², u Å ¤µ¶µ²´¨É¥²Ó´ Ö ±µµ·¤¨´ É . Œ¥É·¨± 
§ ¢¨¸¨É µÉ µÉ´µÏ¥´¨Ö § ·Ö¤  ± ³ ¸¸¥ e/m. ‚ ±² ¸¸¨Î¥¸±µ° Ë¨§¨±¥ É· ¥±Éµ-
·¨Ö § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¥¸ÉÓ ´Ê²¥¢ Ö £¥µ¤¥§¨Î¥¸± Ö ²¨´¨Ö dσ = 0 ¢ É ±µ³
¶·µ¸É· ´¸É¢¥. ”Ê´±Í¨Ö ¤¥°¸É¢¨Ö S, ¤ ÕÐ Ö É ±ÊÕ É· ¥±Éµ·¨Õ, ¨³¥¥É ±¢ -
¤· É £· ¤¨¥´É  ¢ ¶ÖÉ¨³¥·´µ³ ¶·µ¸É· ´¸É¢¥, · ¢´Ò° ´Ê²Õ. �·¨ ÔÉµ³ µ¡ÒÎ´ Ö
ËÊ´±Í¨Ö ¤¥°¸É¢¨Ö W ¶µ²ÊÎ ¥É¸Ö ¨§ S ¢Ò¤¥²¥´¨¥³ ¤µ¶µ²´¨É¥²Ó´µ° ±µµ·¤¨-
´ ÉÒ:

S =
e

c
u+W.

‚ ¦´Ò° ¢Ò¢µ¤ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ Ê· ¢´¥´¨Ö ¢ ¶ÖÉ¨³¥·´µ° Ëµ·³Ê²¨·µ¢±¥
¨´¢ ·¨ ´É´Ò ¶µ µÉ´µÏ¥´¨Õ ± ¶·¥µ¡· §µ¢ ´¨Ö³

A = A′ + grad f, Φ = Φ′ − 1
c

∂f

∂t
, u = u′ − f,

±µÉµ·Ò¥ ‚.�.”µ± ´ §Ò¢ ¥É £· ¤¨¥´É´Ò³¨ [124].
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Š¢ ´Éµ¢Ò¥ § ±µ´µ³¥·´µ¸É¨ ¤¥°¸É¢ÊÕÉ ¢ Éµ³ ¦¥ ¶·µ¸É· ´¸É¢¥ ¸ ³¥É·¨±µ°,
ÎÉµ ¨ ±² ¸¸¨Î¥¸±¨¥, ¨ ‚.�.”µ± ¶µ²ÊÎ¨² ±¢ ´Éµ¢µ¥ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥ ¤²Ö
Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ ´Ê²Ó ± ± Ê· ¢´¥´¨¥ „'A² ³¡¥·  ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ ψ
¢ ¶ÖÉ¨³¥·´µ³ ¶·µ¸É· ´¸É¢¥:

1√−g
∂

∂xµ
(
√
−ggµν ∂Ψ

∂xν
)− 2Aν ∂2Ψ

∂u∂xν
+ (AνA

ν − m2c4

e2
)
∂2Ψ
∂2u

= 0.

�¥·¥Ìµ¤Ö ± Î¥ÉÒ·¥Ì³¥·´µ³Ê ¶·µ¸É· ´¸É¢Ê ¨ ¢Ò¤¥²ÖÖ § ¢¨¸¨³µ¸ÉÓ µÉ u ¢
¢µ²´µ¢µ° ËÊ´±Í¨¨ Ψ:

Ψ = ei
e

hcu ψ ,

£¤¥ Î¥ÉÒ·¥Ì³¥·´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ψ µÉ u ´¥ § ¢¨¸¨É, ¶µ²ÊÎ ¥³ Ê· ¢´¥-
´¨¥ Š²¥°´ Å”µ±  ¤²Ö § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ ´Ê²Ó ¢ ¨¸±·¨¢²¥´´µ³
¶·µ¸É· ´¸É¢¥. ”µ± Ê¸É ´ ¢²¨¢ ¥É § ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ ψ
¶·¨ £· ¤¨¥´É´µ³ ¶·¥µ¡· §µ¢ ´¨¨:

ψ
′
= e−i

ef
hc ψ.

‚ ÔÉµ° · ¡µÉ¥ ‚.�.”µ±  ¶·µÖ¢¨²¨¸Ó Ì · ±É¥·´Ò¥ ¤²Ö ´¥£µ ³ É¥³ É¨Î¥-
¸± Ö ³µÐÓ ¨ Ë¨§¨Î¥¸± Ö ¨´ÉÊ¨Í¨Ö, ¶µ§¢µ²¨¢Ï¨¥ Ê£ ¤ ÉÓ ¶ÖÉ¨³¥·´ÊÕ Ëµ·³Ê-
²¨·µ¢±Ê ± ± ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ Ë¨§¨Î¥¸±µ° § ¤ Î¥.

�É¨ ¤¢¥ ¸É ÉÓ¨ ¸¤¥² ²¨ ¨³Ö ”µ±  ¨§¢¥¸É´Ò³ ³¨·Ê É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨.
�´ ¶µ²ÊÎ¨² ¸É¨¶¥´¤¨Õ µ±Ë¥²²¥·µ¢¸±µ£µ Ëµ´¤  ¤²Ö ¸É ¦¨·µ¢±¨ ¢ ƒ¥ÉÉ¨´-
£¥´¥ ¨ � ·¨¦¥. ‚ ƒ¥ÉÉ¨´£¥´¥ ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î · ¡µÉ ² ¸ Œ ±¸µ³
5µ·´µ³. 5µ·´ ¶·¥¤²µ¦¨² ® ¤¨ ¡ É¨Î¥¸±¨° ¶·¨´Í¨¶¯ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥.
‚ ¨Ì ¸µ¢³¥¸É´µ° · ¡µÉ¥ [72]  ¤¨ ¡ É¨Î¥¸± Ö É¥µ·¥³  ¡Ò²  ¤µ± § ´ .

’¥µ·¨Ö ¨§²ÊÎ¥´¨Ö „¨· ±  ¨ ¶·¥¤¸É ¢²¥´¨¥ ”µ± . ‚ 1926 £. „¨· ± µ¶Ê-
¡²¨±µ¢ ² § ³¥Î É¥²Ó´ÊÕ · ¡µÉÊ [17] ®Š¢ ´Éµ¢ Ö É¥µ·¨Ö ¨§²ÊÎ¥´¨Ö ¨ ¶µ£²µ-
Ð¥´¨Ö ¸¢¥É ¯. „²Ö ¨§ÊÎ¥´¨Ö ¶¥·¥Ìµ¤µ¢ ³¥¦¤Ê Ô´¥·£¥É¨Î¥¸±¨³¨ Ê·µ¢´Ö³¨ ¨
¨§³¥´¥´¨Ö Î¨¸¥² § ¶µ²´¥´¨Ö „¨· ± ¶·¥¤² £ ¥É · ¸¸³ Ép¨¢ ÉÓ Î¨¸²µ ¸¨¸É¥³
ns ¢ ¸µ¸ÉµÖ´¨¨ s ¨ Ë §Ê Θs ± ± ± ´µ´¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥.

‚ ¶·µ¸É· ´¸É¢¥ ÔÉ¨Ì ¶¥·¥³¥´´ÒÌ „¨· ± Ê¸É ´ ¢²¨¢ ¥É Ê· ¢´¥´¨¥ ¤²Ö ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨° ± ± ËÊ´±Í¨° µÉ Î¨¸²  ns ¨ ¢·¥³¥´¨. ‚.�.”µ± ¢ · ¡µÉ¥ [18],
1928 £., ®�¡µ¡Ð¥´¨¥ ¨ ·¥Ï¥´¨¥ ¸É É¨¸É¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö „¨· ± ¯ ´ §Ò¢ ¥É
ÔÉµ ¶·µ¸É· ´¸É¢µ ¶·µ¸É· ´¸É¢µ³ „¨· ±  ¨ ¶¥·¥Ëµ·³Ê²¨·Ê¥É É¥µ·¨Õ „¨· ± 
¢ ±µ³¶²¥±¸´µ³ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥, ¸¢µ°¸É¢¥´´µ³ ±¢ ´Éµ¢µ° É¥µ·¨¨,
¨ § É¥³ ·¥Ï ¥É Ê· ¢´¥´¨¥ „¨· ±  ¢ µ¡Ð¥³ ¢¨¤¥. ‚.�.”µ± ¶µ± §Ò¢ ¥É, ÎÉµ ¤²Ö
Ëµ·³Ê²¨·µ¢±¨ É¥µ·¨¨ ¢ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ ´¥µ¡Ìµ¤¨³ ¨´µ° ¢Ò¡µ·
± ´µ´¨Î¥¸±¨Ì ±µµ·¤¨´ É Q ¨ ¨³¶Ê²Ó¸  P ,   ¨³¥´´µ

Qr = yr, Pr =
h

i
yr,
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Qr = yr, Pr = −h

i
yr,

£¤¥ µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö y ¨ ¶µ£²µÐ¥´¨Ö y ¸¢Ö§ ´Ò ¸ ¤¨· ±µ¢¸±¨³¨ ¶¥·¥³¥´-
´Ò³¨ ns ¨ Θs ± ´µ´¨Î¥¸±¨³ ¶·¥µ¡· §µ¢ ´¨¥³

ys =
√
nse

i
hΘs = e

i
hΘs

√
ns + 1,

ys =
√
ns + 1e−

i
hΘs = e−

i
hΘs

√
ns,

¨²¨
ys =

√
nse
− ∂

∂ns = e−
∂

∂ns

√
ns + 1,

ys =
√
ns + 1e

∂
∂ns = e

∂
∂ns

√
ns.

’ ±¨³ µ¡· §µ³, ‚.�.”µ± ¶·¥¤² £ ¥É · ¡µÉ ÉÓ ²¨¡µ ¢ ¶·¥¤¸É ¢²¥´¨¨, £¤¥
µ¶¥· Éµ· ·µ¦¤¥´¨Ö ¥¸ÉÓ µ¶¥· Éµ· Ê³´µ¦¥´¨Ö ´  ¢¸¶µ³µ£ É¥²Ó´ÊÕ ËÊ´±Í¨Õ
yr,   µ¶¥· Éµ· ¶µ£²µÐ¥´¨Ö µ§´ Î ¥É ¨§³¥´¥´¨¥ §´ ±  ¨ ¤¨ËË¥·¥´Í¨·µ¢ ´¨¥
¶µ yr:

yr → yr; yr → − ∂

∂yr
,

²¨¡µ ¢ ¶·¥¤¸É ¢²¥´¨¨, £¤¥ µ¶¥· Éµ· ¶µ£²µÐ¥´¨Ö ¥¸ÉÓ µ¶¥· Éµ· Ê³´µ¦¥´¨Ö ´ 
yr,   µ¶¥· Éµ· ·µ¦¤¥´¨Ö µ§´ Î ¥É ¤¨ËË¥·¥´Í¨pµ¢ ´¨¥ ¶µ yr:

yr → yr; yr →
∂

∂yr
.

�·¨ ÔÉµ³ yy = n ¥¸ÉÓ µ¶¥· Éµ· Î¨¸²  Î ¸É¨Í, ¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö
±µÉµ·µ£µ ¨³¥¥É ¢¨¤

f(n, z) =
zn√
n!

,

  · §²µ¦¥´¨¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢ ¶·µ¸É· ´¸É¢¥ „¨· ±  ¨³¥¥É ¢¨¤

Ω(y1, y2, ...) =
∑

n1,n2,...

ψ(n1, n2, ...)
y1

n1y2
n2 ...√

n1!
√
n2!...

.

ŠµÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö ψ(n1, n2, ...) ¥¸ÉÓ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¢ ¶·µ¸É· ´-
¸É¢¥ „¨· ± . ”µ·³Ê²Ò, ¢Ò¢¥¤¥´´Ò¥ ‚.�.”µ±µ³ ¢ 1928 £., Ö¢²ÖÕÉ¸Ö ´Ò´¥
¸É ´¤ ·É´Ò³¨ ¨ ³µ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ ²Õ¡µ³ ÊÎ¥¡´¨±¥ ¶µ ±¢ ´Éµ¢µ° É¥µ·¨¨.
Š ¸µ¦ ²¥´¨Õ, ¸¸Ò²±  ´  ”µ±  µ¡ÒÎ´µ µÉ¸ÊÉ¸É¢Ê¥É. ‚ ¨§¢¥¸É´µ° ±´¨£¥ [19]
„¨· ± ´ §Ò¢ ¥É ¤ ¢ ¥³ÊÕ ¨³¨ ± ·É¨´Ê ¶·¥¤¸É ¢²¥´¨¥³ ”µ± .

�É  · ¡µÉ  ´¥ ¡Ò²  ¶µ¤Ì¢ Î¥´  É¥µ·¥É¨± ³¨ Éµ£µ ¢·¥³¥´¨, ÌµÉÖ ¶µ ¡µ£ É-
¸É¢Ê ¨¤¥° µ´  Ê´¨± ²Ó´ . …¥ ´¥¶µ¸·¥¤¸É¢¥´´µ¥ · §¢¨É¨¥ ¡Ò²µ µ¸ÊÐ¥¸É¢²¥´µ
¸ ³¨³ ‚.�.”µ±µ³. �´  µ± § ² ¸Ó ¶·¥¤Ï¥¸É¢¥´´¨Í¥° ·Ö¤  ¨§¢¥¸É´ÒÌ ³¥Éµ¤µ¢.
ˆ ¶·µ¸É· ´¸É¢µ ”µ± , ¨ ³¥Éµ¤ ËÊ´±Í¨µ´ ²µ¢ ”µ±  ¸ ·µ¤¸É¢¥´´Ò³ ³¥Éµ¤µ³
’ ³³ Å„ ´±µ¢  [107, 108] , ¨ ±µ£¥·¥´É´Ò¥ ¸µ¸ÉµÖ´¨Ö [52, 53] ¢Ò·µ¸²¨ ¢
±µ´Í¥ ±µ´Íµ¢ ¨§ ÔÉµ° · ¡µÉÒ (¸³. µ¡§µ· [109]).
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Š¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨±  ¨ ³´µ£µ¢·¥³¥´´µ° Ëµ·³ ²¨§³ „¨· ± Å
”µ± Å5µ¤µ²Ó¸±µ£µ. ƒµ¤ 1932 ¡Ò² µÎ¥´Ó ¶²µ¤µÉ¢µ·´Ò³ ¢ É¢µ·Î¥¸É¢¥
‚.�. ”µ± . ‚ ÔÉµ³ £µ¤Ê ¢ÒÏ²¨ ¢ ¸¢¥É ¥£µ ±´¨£¨ ®Œ¥Ì ´¨±  ¸¶²µÏ´ÒÌ ¸·¥¤¯ ¨
±Ê·¸ ²¥±Í¨° ®� Î ²  ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨¯, ¤¢¥ · ¡µÉÒ ¶µ ³ É¥³ É¨Î¥¸±µ°
Ë¨§¨±¥, ¤¢¥ · ¡µÉÒ µ É¥µ·¥³¥ ¢¨·¨ ² , É·¨ · ¡µÉÒ ¶µ ±¢ ´Éµ¢µ° Ô²¥±É·µ-
¤¨´ ³¨±¥ ¸µ¢³¥¸É´µ ¸ 5.�µ¤µ²Ó¸±¨³, ¸É ¢Ï Ö ±² ¸¸¨Î¥¸±µ° · ¡µÉ  „¨· ± ,
”µ±  ¨ �µ¤µ²Ó¸±µ£µ µ ³´µ£µ¢·¥³¥´´µ³ Ëµ·³ ²¨§³¥ ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨-
´ ³¨±¥ ¨ ¢¥²¨±µ²¥¶´ Ö · ¡µÉ  ¶µ ¢Éµ·¨Î´µ³Ê ±¢ ´Éµ¢ ´¨Õ ¨ ±µ´Ë¨£Ê· Í¨-
µ´´µ³Ê ¶·µ¸É· ´¸É¢Ê Å ¶·µ¸É· ´¸É¢Ê ”µ± . ‚.�.”µ± · ¡µÉ ¥É ¨´É¥´¸¨¢´µ,
¶·µ¤µ²¦ Ö § ´¨³ ÉÓ¸Ö ´ ¨¡µ²¥¥  ±ÉÊ ²Ó´Ò³¨ ¨ É·Ê¤´Ò³¨ ¶·µ¡²¥³ ³¨ É¥µ-
·¥É¨Î¥¸±µ° Ë¨§¨±¨. ’¥³¶ · §¢¨É¨Ö ±¢ ´Éµ¢µ° É¥µ·¨¨ ¢ É¥ £µ¤Ò ¶·µ¤µ²¦ ¥É
¡ÒÉÓ ¢Ò¸µ±¨³.

Š¢ ´Éµ¢ Ö É¥µ·¨Ö ¨§²ÊÎ¥´¨Ö „¨· ±  [17] ¨ ±¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨± 
ƒ¥°§¥´¡¥·£  ¨ � Ê²¨ [30] ¸µ¤¥·¦ ²¨ ¢§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´  ¸ Ô²¥±É·µ-
³ £´¨É´Ò³ ¶µ²¥³. ‚µ¶·µ¸ µ ¶·µ¨¸Ìµ¦¤¥´¨¨ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
§ ·Ö¤µ¢ µ¸É ¢ ²¸Ö µÉ±·ÒÉÒ³. �¥ ¡Ò²¨ É ±¦¥ ¢ÒÖ¸´¥´Ò ¢µ¶·µ¸Ò É· ±Éµ¢±¨
¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö ¨ ·¥²ÖÉ¨¢¨¸É¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ É¥µ·¨¨ ¢ ¶·¨¸ÊÉ-
¸É¢¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í. ‚ ´ Î ²¥ 1932 £. „¨· ± µ¶Ê¡²¨±µ¢ ² ¸É ÉÓÕ [31], ¢
±µÉµ·µ° ¢Ò¤¢¨´Ê² ¨¤¥Õ, ÎÉµ ±Ê²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ² ³¥¦¤Ê Î ¸É¨Í ³¨ ¢µ§´¨-
± ¥É ¢ ·¥§Ê²ÓÉ É¥ µ¡³¥´  ¸± ²Ö·´Ò³¨ ±¢ ´É ³¨. „¨· ± ¶µÖ¸´¨² ¸¢µÕ ¨¤¥Õ ´ 
¶·¨³¥·¥ ¤¢¨¦¥´¨Ö ¢ µ¤´µ³ ¨§³¥·¥´¨¨, ¶µ²ÊÎ¨¢ ²µ£ ·¨Ë³¨Î¥¸±¨° ¶µÉ¥´Í¨ ².
‚ ±· É±µ° § ³¥É±¥ ‚.�.”µ± ¨ 5.�µ¤µ²Ó¸±¨° [32] ´¥³¥¤²¥´´µ ¸¤¥² ²¨ · ¸Î¥É
¤²Ö É·¥Ì³¥·´µ£µ ¸²ÊÎ Ö, µ£· ´¨Î¨¢Ï¨¸Ó ¸± ²Ö·´Ò³ ¶µÉ¥´Í¨ ²µ³, ¨ ¶µ²ÊÎ¨²¨
·¥ ²Ó´µ¥ ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥.

‚ ¶µ¤·µ¡´µ° · ¡µÉ¥ ®� ±¢ ´Éµ¢ ´¨¨ Ô²¥±É·µ³ £´¨É´ÒÌ ¢µ²´ ¨ ¢§ ¨³µ-
¤¥°¸É¢¨¨ § ·Ö¤µ¢ ¶µ É¥µ·¨¨ „¨· ± ¯ [32], ¶µ¸¢ÖÐ¥´´µ° ¸¨¸É¥³ É¨Î¥¸±µ³Ê
¨§²µ¦¥´¨Õ ¶·µ¡²¥³Ò, ‚.�.”µ±Ê ¨ 5.�µ¤µ²Ó¸±µ³Ê ¶·¨Ï²µ¸Ó ¶·¥µ¤µ²¥¢ ÉÓ
¤µ¶µ²´¨É¥²Ó´Ò¥ É·Ê¤´µ¸É¨. ‚µ-¶¥·¢ÒÌ, ¶·¨ ±¢ ´Éµ¢ ´¨¨ Ô²¥±É·µ³ £´¨É´µ£µ
¶µ²Ö ¢ ¢ ±ÊÊ³¥ ¸ ¶µ³µÐÓÕ ± ´µ´¨Î¥¸±µ£µ Ëµ·³ ²¨§³  ¨³¶Ê²Ó¸, ¸µ¶·Ö¦¥´´Ò°
¸± ²Ö·´µ³Ê ¶µÉ¥´Í¨ ²Ê, · ¢¥´ ´Ê²Õ, ¨, ¢µ-¢Éµ·ÒÌ, Ê¦¥ ¢ § ¤ Î¥ µ ¢§ ¨³µ¤¥°-
¸É¢¨¨ ¤¢ÊÌ Ô²¥±É·µ´µ¢ ¸ ¶µ²¥³, ¢§ÖÉÒÌ ¶·¨ µ¤¨´ ±µ¢ÒÌ ¢·¥³¥´ Ì, ÊÉ· Î¨¢ -
¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸± Ö Ëµ·³  É¥µ·¨¨.

�¥·¢ÊÕ É·Ê¤´µ¸ÉÓ ”µ± ¨ �µ¤µ²Ó¸±¨° µ¡µÏ²¨, ¢¢¥¤Ö ¢ ËÊ´±Í¨Õ ‹ £· ´¦ 
Î²¥´, Ë¨±¸¨·ÊÕÐ¨° ± ²¨¡·µ¢±Ê:

1
2
(div A+

1
c

·
Φ)2.

�·¨ ÔÉµ³ ¶·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨° µ± § ²µ¸Ó Ï¨·¥ Ë¨§¨Î¥¸±µ£µ. „µ¶µ²´¨-
É¥²Ó´µ¥ Ê¸²µ¢¨¥ P0 = 0 ´  ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ψ ¢Ò¤¥²Ö²µ Ë¨§¨Î¥¸±µ¥ ¶·µ-
¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨°, ¢ ±µÉµ·µ³ ¢Ò¶µ²´ÖÕÉ¸Ö Ê· ¢´¥´¨Ö Œ ±¸¢¥²² . ’ ± Ö
É· ±Éµ¢±  Ê¸²µ¢¨Ö ‹µ·¥´Í  ¸µÌ· ´¨² ¸Ó ¨ ¢ ¸µ¢p¥³¥´´µ° É¥µ·¨¨. –¨É¨·Ê¥-
³ Ö É¥¶¥·Ó · ¡µÉ  ”¥·³¨ [110] ¢ ®Rev.Mod.Phys.¯, 1932 £., ¢ ÔÉµ ¢·¥³Ö ¥Ð¥
´¥ ¡Ò²  ¨§¢¥¸É´ .
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‚Éµ· Ö É·Ê¤´µ¸ÉÓ ¡Ò²  ¶·¥µ¤µ²¥´ , É ± ± ± µ´¨ ¸²¥¤µ¢ ²¨ § ³¥Î ´¨Õ
„¨· ±  µ ´¥µ¡Ìµ¤¨³µ¸É¨ ¶·¨¶¨¸Ò¢ ÉÓ · §¤¥²Ó´µ¥ ¢·¥³Ö ± ¦¤µ³Ê Ô²¥±É·µ´Ê
¨ ¶µ²Õ.

�ÉµÉ Í¨±² ¨¸¸²¥¤µ¢ ´¨° ¡Ò² § ¢¥·Ï¥´ ¸µ¢³¥¸É´µ° · ¡µÉµ° „¨· ± , ”µ± 
¨ �µ¤µ²Ó¸±µ£µ. ‚ ´¥° ´µ¢ Ö Ëµ·³  ·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¸
Ë¨±¸¨·µ¢ ´´Ò³ Î¨¸²µ³ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¡Ò²  ¶·¨¢¥¤¥´  ¢ µ±µ´Î É¥²Ó-
´Ò° ¢¨¤. ‚ · ¡µÉ¥ ¡Ò²  ¤µ± § ´  ¥¥ Ô±¢¨¢ ²¥´É´µ¸ÉÓ É¥µ·¨¨ ƒ¥°§¥´¡¥·£  ¨
� Ê²¨. ƒ² ¢´Ò³ Ï £µ³ ¢¶¥·¥¤ ¡Ò²µ ¢¢¥¤¥´¨¥ ³´µ£µ¢·¥³¥´´µ£µ Ëµ·³ ²¨§³ 
¨ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·¥¤¸É ¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö.
‚µ²´µ¢Ò¥ Ê· ¢´¥´¨Ö ¤²Ö µ¡Ð¥° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸¨¸É¥³Ò Î ¸É¨Í ¨ Ô²¥±-
É·µ³ £´¨É´µ£µ ¶µ²Ö ¨³¥ÕÉ ¢¨¤

(Rs − ih
∂

∂ts
)ψ∗ = 0,

£¤¥
Rs = cαs · ps +msc

2βs + εs[Φ(rs, ts)− αs ·A(rs, ts)] .

‡¤¥¸Ó ± ¦¤ Ö Î ¸É¨Í  µ¶¨¸Ò¢ ¥É¸Ö ¸µ¡¸É¢¥´´Ò³ µ¶¥· Éµ·µ³ „¨· ±  Rs ¸
Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³, § ¢¨¸ÖÐ¨³ µÉ ±µµ·¤¨´ É ¨ ¢·¥³¥´¨ Î ¸É¨ÍÒ. “· ¢-
´¥´¨Ö Ô²¥±É·µ¤¨´ ³¨±¨ ¨³¥ÕÉ ¢¨¤ Ê· ¢´¥´¨° ¸¢µ¡µ¤´µ£µ ¶µ²Ö ¸ ¸µ¡¸É¢¥´´µ°
±µµ·¤¨´ Éµ°:

E = −grad Φ− 1
c

·
A; H = curl A,

∆Φ− 1
c2
··
Φ= 0; ∆A− 1

c2
··
A= 0.

„µ¶µ²´¨É¥²Ó´µ¥ Ê¸²µ¢¨¥ É¥¶¥·Ó § ¢¨¸¨É ± ± µÉ ±µµ·¤¨´ É Î ¸É¨Í, É ± ¨ µÉ
±µµ·¤¨´ É ¶µ²Ö:

C(r, t)ψ = 0,

£¤¥

C(r, t) = div A+
1
c

∂Φ
∂t

−
n∑

s=1

εs
4π

∆(X −Xs),

∆(X) Å ËÊ´±Í¨Ö ‰µ·¤ ´ Å� Ê²¨:

∆(X) =
1
r
[δ(r + ct)− δ(r − ct)].

‚ µ¡Ð¥° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¨´É¥·¢ ²Ò ³¥¦¤Ê Î ¸É¨Í ³¨ ¤µ²¦´Ò ¡ÒÉÓ ¶·µ-
¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò³¨ ¢ ¸¨²Ê Ê¸²µ¢¨Ö ¶·¨Î¨´´µ¸É¨.

Œ´µ£µ¢·¥³¥´´µ° Ëµ·³ ²¨§³ „¨· ± Å”µ± Å�µ¤µ²Ó¸±µ£µ ¡Ò² µ¡µ¡Ð¥´
¢ 1946Ä1948 ££. ´¥§ ¢¨¸¨³µ Š.’µ³µ´ £µ° [33] ¨ `.˜¢¨´£¥pµ³ [34]. ‚ ´µ¢µ°
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µ¡µ¡Ð¥´´µ° É¥µ·¨¨ ¨ Ô²¥±É·µ³ £´¥É¨§³, ¨ Ô²¥±É·µ´Ò ¸ ¶µ§¨É·µ´ ³¨ µ¶¨-
¸Ò¢ ÕÉ¸Ö ±¢ ´Éµ¢Ò³¨ ¶µ²Ö³¨. ‚ Ëµ·³ ²¨§³¥ ’µ³µ´ £¨ ¨ ˜¢¨´£¥·  ± ¦¤µ°
ÉµÎ±¥ ¶·µ¸É· ´¸É¢  ¸µ¶µ¸É ¢²Ö¥É¸Ö ¸¢µ¥ ¢·¥³Ö,   ¸µ¸ÉµÖ´¨¥ § ¤ ¥É¸Ö ´  ¶·µ-
¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ° ¶µ¢¥·Ì´µ¸É¨, ¶·¥¤¸É ¢²ÖÕÐ¥° ¸µ¡µ° ·¥²ÖÉ¨¢¨¸É¸±¨-
¨´¢ ·¨ ´É´µ¥ µ¡µ¡Ð¥´¨¥ É·¥Ì³¥·´µ£µ ¶·µ¸É· ´¸É¢  ¢ ¤ ´´µ¥ ¢·¥³Ö. ˆ¸-
¶µ²Ó§µ¢ ´¨¥ ¶·¥¤¸É ¢²¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ± ± µ¡µ¡Ð¥´¨Ö ³´µ£µ¢·¥³¥´´µ£µ
Ëµ·³ ²¨§³  Ö¢²Ö¥É¸Ö ±²ÕÎ¥¢Ò³ ¶Ê´±Éµ³ ¶·¨ ¶µ¸É·µ¥´¨¨ É¥µ·¨¨ ’µ³µ´ £¨
¨ ˜¢¨´£¥· . …¸²¨ ¦¥ Î¨¸²µ § ·Ö¦¥´´ÒÌ Î ¸É¨Í µ¸É ¥É¸Ö ´¥¨§³¥´´Ò³, Éµ
³´µ£µ¢·¥³¥´´µ° Ëµ·³ ²¨§³ „¨· ± Å”µ± Å�µ¤µ²Ó¸±µ£µ µ¸É ¥É¸Ö µ¸´µ¢´Ò³
· ¡µÎ¨³ ¨´¸É·Ê³¥´Éµ³ É¥µ·¥É¨±  ¨ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö. …£µ µ¡µ¡Ð¥´¨¥ ´ 
´¥ ¡¥²¥¢Ò ¶µ²Ö É¨¶  ¶µ²¥° Ÿ´£ ÅŒ¨²²¸  ¢¶µ²´¥ É·¨¢¨ ²Ó´µ.

Œ¥Éµ¤ ËÊ´±Í¨µ´ ²µ¢ ”µ± . �ÉµÉ ³¥Éµ¤ ¡¥p¥É ´ Î ²µ ¢ ¸É ÉÓ¥ 1926 £.
®�¡µ¡Ð¥´¨¥ ¨ p¥Ï¥´¨¥ ¤¨p ±µ¢¸±µ£µ ¸É É¨¸É¨Î¥¸±µ£µ Êp ¢´¥´¨Ö¯ [9], ¢
±µÉµpµ° ¡Ò²µ ¸Ëµp³Ê²¨pµ¢ ´µ ¶p¥¤¸É ¢²¥´¨¥ ”µ± , £¤¥ µ¶¥· Éµ· ·µ¦¤¥-
´¨Ö ¡µ§¥-Î ¸É¨Í ¥¸ÉÓ µ¶¥· Éµ· Ê³´µ¦¥´¨Ö ´  ¢¸¶µ³µ£ É¥²Ó´ÊÕ ±µ³¶²¥±¸´ÊÕ
ËÊ´±Í¨Õ,   µ¶¥· Éµ· ¶µ£²µÐ¥´¨Ö ¥¸ÉÓ ËÊ´±Í¨µ´ ²Ó´ Ö ¶·µ¨§¢µ¤´ Ö ¶µ ÔÉµ°
ËÊ´±Í¨¨. ‚ · ¡µÉ Ì ‚.�.”µ±  ®� ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥¯ [49] ¨ ®Œ¥-
Éµ¤ ËÊ´±Í¨µ´ ²µ¢ ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥¯ [50] ¸µ¤¥p¦¨É¸Ö ¸¨¸É¥³ -
É¨Î¥¸±µ¥ ¨§²µ¦¥´¨¥ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨
¢ ÔÉµ³ ¶·¥¤¸É ¢²¥´¨¨, ±µ£¤  ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶·µ¨§-
¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¤²Ö  ³¶²¨ÉÊ¤ ¢¥·µÖÉ´µ¸É¥° ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ Î¨¸²¥
Î ¸É¨Í. ” ±É¨Î¥¸±¨ ¶¥·¢ Ö ¨§ ÔÉ¨Ì · ¡µÉ ¡Ò²  § ¢¥·Ï¥´  ¸· §Ê ¦¥ ¶µ¸²¥
¸É ÉÓ¨ ¸ „¨· ±µ³ ¨ �µ¤µ²Ó¸±¨³ ¨ ¤µ²µ¦¥´  ¢ ´µÖ¡·¥ Éµ£µ ¦¥ 1932 £. ´  É¥µ-
·¥É¨Î¥¸±µ³ ¸¥³¨´ ·¥ ¢ ‹¥´¨´£· ¤¥, ´µ ¥¥ ¶Ê¡²¨± Í¨Ö § ¤¥·¦ ² ¸Ó. ‚Éµ· Ö
¸É ÉÓÖ µÉ²¨Î ¥É¸Ö µÉ ¶¥·¢µ° ¡µ²¥¥ ¶µ¤·µ¡´Ò³ ¨§²µ¦¥´¨¥³ ¨¤¥¨ µ ¶·µ¨§¢µ-
¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥.

‚ ÔÉµ³ ³¥Éµ¤¥ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¶µ²Ö ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶·µ¨§¢µ¤ÖÐ¨°
ËÊ´±Í¨µ´ ² Ω ¤²Ö  ³¶²¨ÉÊ¤ ¢¥·µÖÉ´µ¸É¨ ¸µ¸ÉµÖ´¨° ¸ µ¶·¥¤¥²¥´´Ò³ Î¨¸²µ³
Î ¸É¨Í:

Ω =
∞∑
n=0

Ωn ,

£¤¥

Ωn =
1√
n!

∫
...

∫
ψ(x1...xn)b(x1)...b(xn)dx1...dxn,

b(x) Å ¢¸¶µ³µ£ É¥²Ó´ Ö ËÊ´±Í¨Ö. �¶¥· Éµ·Ò ·µ¦¤¥´¨Ö ¨ ¶µ£²µÐ¥´¨Ö b(k)
¨ b+(k) ¨³¥ÕÉ ¢¨¤

b(k)Ω =
δΩ
δb(k)

, b+(k)Ω = b(k)Ω .

‘± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ËÊ´±Í¨µ´ ²µ¢ Ω ¨ Ω′ ³µ¦¥É ¡ÒÉÓ µ¶·¥-
¤¥²¥´µ ¶·¨ ¶µ³µÐ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¢ ¶µ¤¶·µ¸É· ´¸É¢ Ì ¸ µ¶·¥¤¥²¥´´Ò³
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Î¨¸²µ³ Î ¸É¨Í

(Ω,Ω′) = ψ0ψ
′
0 +

∞∑
n=1

∫
ψ(x1...xn)ψ′(x1...xn)dx1...dxn,

Ê¸²µ¢¨¥ µ·Éµ£µ´ ²Ó´µ¸É¨ ¥¸ÉÓ

(Ω,Ω′) = 0.

‡ ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ É· ±ÉÊÕÉ¸Ö ¢ ¤ÊÌ¥ ³´µ£µ¢·¥³¥´´µ£µ Ëµ·³ ²¨§³  ¸
Ê¸²µ¢¨¥³ ‹µ·¥´Í , · ¸¸³ É·¨¢ ¥³Ò³ ¢ ± Î¥¸É¢¥ ¤µ¶µ²´¨É¥²Ó´µ£µ Ê¸²µ¢¨Ö ´ 
ËÊ´±Í¨µ´ ², ±µÉµ·µ¥ ¨³¥¥É ¢¨¤ ¸¨¸É¥³Ò ¤¢ÊÌ Ê· ¢´¥´¨° ¶¥·¢µ£µ ¶µ·Ö¤±  ¢
ËÊ´±Í¨µ´ ²Ó´ÒÌ ¶·µ¨§¢µ¤´ÒÌ. ‚.�.”µ± ´ Ìµ¤¨É ·¥Ï¥´¨¥ ÔÉµ° ¸¨¸É¥³Ò ¸
¶µ³µÐÓÕ ´¥Ê´¨É ·´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ËÊ´±Í¨µ´ ² 

Ψ = eχΩ(B(k)) .

�¥Ê´¨É ·´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ Ê· ¢´¥´¨° ¶·¨¢µ¤¨É ± ¨¸±²ÕÎ¥´¨Õ ¶·µ¤µ²Ó´µ°
¨ ¸± ²Ö·´µ° ±µ³¶µ´¥´É ¨ ¶µÖ¢²¥´¨Õ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

“· ¢´¥´¨¥ „¨· ±  ¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥. �.�.Œ.„¨· ± ¶·¥¤²µ¦¨²
[20] ¢ 1928 £. ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ¥ Ê· ¢´¥´¨¥ ¤²Ö Ô²¥±É·µ´  ¢ ¶²µ¸-
±µ³ ¶·µ¸É· ´¸É¢¥, ¢±²ÕÎ¨¢ É¥³ ¸ ³Ò³ Ô²¥±É·µ´Ò ¢ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ¥
µ¶¨¸ ´¨¥. �¤´ ±µ Ê¸¶¥Ì ´¥ ¡Ò² ¡Ò ´ ¸ÉµÖÐ¨³, ¥¸²¨ ¡Ò Ê· ¢´¥´¨¥ „¨· ± 
´¥²Ó§Ö ¡Ò²µ µ¡µ¡Ð¨ÉÓ ´  ¸²ÊÎ ° ¢´¥Ï´¥£µ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö, É.¥. § -
¶¨¸ ÉÓ ¢ ¶·µ¸É· ´¸É¢¥ ¨³ ´ . ’ ±µ¥ µ¡µ¡Ð¥´¨¥ ¡Ò²µ ´ °¤¥´µ ¢ 1929 £.
‚.�.”µ±µ³ [22] ¢ · ¡µÉ¥ ®ƒ¥µ³¥É·¨§ Í¨Ö ¤¨· ±µ¢¸±µ° É¥µ·¨¨ Ô²¥±É·µ´ ¯.

�¡µ¡Ð¥´¨¥ ´  £¥µ³¥É·¨Õ ¨³ ´  ¤µ²¦´µ µÉ¢¥Î ÉÓ ¤¢Ê³ É·¥¡µ¢ ´¨Ö³.
‚µ-¶¥·¢ÒÌ, ± ± ¨ ²Õ¡µ¥ Ê· ¢´¥´¨¥ ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨, Ê· ¢-
´¥´¨¥ ¤²Ö Ô²¥±É·µ´  ¤µ²¦´µ ¡ÒÉÓ ±µ¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ¶·µ¨§¢µ²Ó´ÒÌ
¶·¥µ¡· §µ¢ ´¨° ±µµ·¤¨´ É. ‚µ-¢Éµ·ÒÌ, £·Ê¶¶  ‹µ·¥´Í , ¶µ ¸¶¨´µ·´µ³Ê ¶·¥¤-
¸É ¢²¥´¨Õ ±µÉµ·µ° ¶·¥µ¡· §Ê¥É¸Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ô²¥±É·µ´ , ¤µ²¦´  µÉ-
´µ¸¨ÉÓ¸Ö Éµ²Ó±µ ± ²µ± ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É, § ¤ ´´µ° ¢ ± ¦¤µ° ÉµÎ±¥
¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. ¥²ÖÉ¨¢¨¸É¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ Ê· ¢´¥´¨Ö „¨· ±  ¢
¶²µ¸±µ³ ¶·µ¸É· ´¸É¢¥ ¤µ²¦´  ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ¨´¢ ·¨ ´É´µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ
²µ± ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í  ¢ ¶·µ¸É· ´¸É¢¥ ¨³ ´ .

‹µ± ²Ó´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í  § ¤ ¥É¸Ö ¢ ²µ± ²Ó´µ° ¶·Ö³µÊ£µ²Ó´µ°
¸¨¸É¥³¥ µ¸¥°, µ¶¨¸Ò¢ ¥³ÒÌ É¥É· ¤µ° haµ(x), ¶·¨Î¥³ ´ ¶· ¢²¥´¨Ö µ¸¥° ¸µ¢-
¶ ¤ ÕÉ ¸ ´ ¶· ¢²¥´¨Ö³¨ ± ¸ É¥²Ó´ÒÌ ± Î¥ÉÒ·¥³ µ·Éµ£µ´ ²Ó´Ò³ ¸¥³¥°¸É¢ ³
±·¨¢ÒÌ a = 1, ...4, ¶·µÌµ¤ÖÐ¨Ì Î¥·¥§ ÉµÎ±Ê x. ’ ±¨³ µ¡· §µ³, ±µ³¶µ´¥´É 
É¥É· ¤Ò ¨³¥¥É ¤¢  ¨´¤¥±¸ , µ¤¨´ ¨§ ±µÉµ·ÒÌ (£·¥Î¥¸±¨°) µÉ´µ¸¨É¸Ö ± ¸¨¸É¥³¥
±µµ·¤¨´ É,   ¤·Ê£µ° (² É¨´¸±¨°) Å ± ²µ± ²Ó´µ° ²µ·¥´Í¥¢¸±µ° (É¥É· ¤´µ°)
¸¨¸É¥³¥. Œ¥É·¨±  ¢ É¥É· ¤´µ° ¸¨¸É¥³¥ ¥¸ÉÓ

gµνhaµh
b
ν = ηab, ηab = (1,−1,−1,−1)
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¨ ¸¢Ö§ ´  ¸ ³¥É·¨±µ° gµν ¶·µ¸É· ´¸É¢  ¨³ ´  ¸µµÉ´µÏ¥´¨¥³

gµν = ηabh
a
µh

b
ν .

�·¨ ²µ± ²Ó´µ³ ²µ·¥´Í¥¢¸±µ³ ¶·¥µ¡· §µ¢ ´¨¨ Λb
a(x) ± ¦¤ Ö µ-±µ³¶µ´¥´Éa

¶·¥µ¡· §Ê¥É¸Ö ´¥§ ¢¨¸¨³µ:

hµa(x) = Λb
a(x)h

µ
b (x), Λb

aΛ
b′

a′ηbb′ = ηaa′ .

‚¥±Éµ· ³µ¦¥É ¡ÒÉÓ § ¤ ´ ¸¢µ¨³¨ ±µ³¶µ´¥´É ³¨ Aµ(x) ± ± ¢ ¸¨¸É¥³¥ ±µµ·-
¤¨´ É x, É ± ¨ ¢ ²µ± ²Ó´µ° ¸¨¸É¥³¥ A′a. �Î¥¢¨¤´µ, ÎÉµ Aµ = haµA

′
a. �·¨

¶ · ²²¥²Ó´µ³ ¶¥·¥´µ¸¥ ¨§³¥´¥´¨¥ ±µµ·¤¨´ É´ÒÌ ±µ³¶µ´¥´É ¢¥±Éµ·  Aµ ¢Ò-
· ¦ ¥É¸Ö Î¥·¥§ ¸±µ¡±¨ Š·¨¸ÉµËË¥²Ö Γλ

µν , ±µÉµ·Ò¥ § ¢¨¸ÖÉ Éµ²Ó±µ µÉ ³¥É·¨±¨
¢ ¶·µ¸É· ´¸É¢¥ ¨³ ´  gσρ:

δAµ = Γλ
µνAλdx

ν , Γλ
µν =

{µν
λ

}
.

‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¨§³¥´¥´¨¥ É¥É· ¤´ÒÌ ±µ³¶µ´¥´É ¥¸ÉÓ

δA′a = γabcA
′bdsc, dsc = hcµdx

µ,

£¤¥ dsc Å É¥É· ¤´Ò¥ ±µ³¶µ´¥´ÉÒ ¡¥¸±µ´¥Î´µ ³ ²µ£µ ¸¤¢¨£  dxµ,   γabc Å
±µÔËË¨Í¨¥´ÉÒ ¢· Ð¥´¨Ö ¨ÎÎ¨. ‘¶¨´µ· ψ Ì · ±É¥·¨§Ê¥É¸Ö ¸¢µ¨³¨ É· ´¸-
Ëµ·³ Í¨µ´´Ò³¨ ¸¢µ°¸É¢ ³¨ ¶·¨ ²µ·¥´Í¥¢¸±¨Ì ¶·¥µ¡· §µ¢ ´¨ÖÌ, ¨ ¶µÔÉµ³Ê
³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´ Éµ²Ó±µ ¢ ²µ± ²Ó´µ° ²µ·¥´Í¥¢¸±µ° ¸¨¸É¥³¥. Œ É·¨ÍÒ
„¨· ±  γa ¢ ²µ± ²Ó´µ° ¸¨¸É¥³¥ ¶µ¸ÉµÖ´´Ò ¨ ¨³¥ÕÉ ÉµÉ ¦¥ ¢¨¤, ÎÉµ ¨ ¢
¶²µ¸±µ³ ¶·µ¸É· ´¸É¢¥:

{γa, γb} = 2ηab.

‡ ¢¨¸ÖÐ¨¥ µÉ x ³ É·¨ÍÒ γµ ¨³¥ÕÉ ¢¨¤ γµ(x) = haµγa.
�·¨· Ð¥´¨¥ ¸¶¨´µ·  ψ ¶·¨ ¶ · ²²¥²Ó´µ³ ¶¥·¥´µ¸¥ ¸ É¥É· ¤´Ò³¨ ±µ³-

¶µ´¥´É ³¨ dsa ¥¸ÉÓ
δψ = Cads

aψ,

£¤¥ 4 × 4-³ É·¨ÍÒ Ca ¤µ²¦´Ò ¡ÒÉÓ ´ °¤¥´Ò ¨§ É·¥¡µ¢ ´¨Ö, ÎÉµ¡Ò ¡¨²¨´¥°-
´Ò¥ ±µ³¡¨´ Í¨¨ ψγµψ, ψψ, ψγ5ψ ¨³¥²¨ µ¡ÒÎ´Ò° ¸³Ò¸² ±µ³¶µ´¥´É ¢¥±Éµ· 
¨ ¨´¢ ·¨ ´Éµ¢ ¢ ±µµ·¤¨´ É´µ° ¸¨¸É¥³¥. „²Ö ±µ³¶²¥±¸´µ£µ ¸¶¨´µ·  ÔÉµ É·¥-
¡µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö, ¥¸²¨ ³ É·¨ÍÒ Ca ¨³¥ÕÉ ¢¨¤

Ca =
1
4
γbγcγbac + iΦa,

É.¥., ±·µ³¥ ¸¶¨´µ·´µ° Î ¸É¨, ¸µ¤¥·¦ É É ±¦¥ Ô²¥±É·µ³ £´¨É´Ò° ¶µÉ¥´Í¨ ²
Φa. ˆ´ Î¥ £µ¢µ·Ö, ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö µÉ ¸¶¨´µ·  D′aψ ¢ ´ ¶· ¢²¥´¨¨
É¥É· ¤´µ° µ¸¨ a ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥

D′aψ =
∂ψ

∂sa
− Caψ,

∂ψ

∂sa
= hµa

∂ψ

∂xµ
.
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‘²¥¤µ¢ É¥²Ó´µ, ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö µÉ ¸¶¨´µ·  ¶µ ±µµ·¤¨´ É¥Dµψ
¥¸ÉÓ

Dµψ =
∂ψ

∂xµ
− Γµψ,

£¤¥ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥ Γµ = hµaCa.
’¥¶¥·Ó ³µ¦´µ ´ ¶¨¸ ÉÓ Ê· ¢´¥´¨¥ „¨· ±  ¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥, § ³¥-

´ÖÖ ¶·µ¨§¢µ¤´Ò¥ µÉ ¸¶¨´µ·  ¢ ¶²µ¸±µ³ ¶·µ¸É· ´¸É¢¥ ´  ±µ¢ ·¨ ´É´Ò¥ ¶·µ-
¨§¢µ¤´Ò¥: (1

i
γµDµ +m

)
ψ = 0.

‚.�. ”µ± ´ Ìµ¤¨É É ±¦¥ ¤¥°¸É¢¨¥ ¨ É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¤²Ö ¸¶¨´µ· 
¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥, µ¡² ¤ ÕÐ¨¥ ´¥µ¡Ìµ¤¨³Ò³¨ ¸¢µ°¸É¢ ³¨ Ô·³¨Éµ¢µ¸É¨
¨ ¨´¢ ·¨ ´É´µ¸É¨.

‚ µÉ¸ÊÉ¸É¢¨¥ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö, ±µ£¤  ±µÔËË¨Í¨¥´ÉÒ ¨ÎÎ¨ · ¢´Ò
´Ê²Õ, γabc = 0, ¢¥²¨Î¨´Ò Γµ ¶·¥¢· Ð ÕÉ¸Ö ¢ ±µ³¶µ´¥´ÉÒ Ô²¥±É·µ³ £´¨É-
´µ£µ ¶µÉ¥´Í¨ ² . ’¥³ ¸ ³Ò³ ¶·¨¤ ¥É¸Ö £¥µ³¥É·¨Î¥¸±¨° ¸³Ò¸² ¢±²ÕÎ¥´¨Õ
¶µÉ¥´Í¨ ²  ¢ Ê· ¢´¥´¨¥ „¨· ± . ‡´ Î¥´¨¥ ÔÉµ£µ ·¥§Ê²ÓÉ É  ¸É ²¨ ¶µ´¨³ ÉÓ
§´ Î¨É¥²Ó´µ ¶µ§¦¥. …¸²¨ ¶·¨³¥´¨ÉÓ ÔÉµÉ ¶µ¤Ìµ¤ ± ¸²ÊÎ Õ ¡µ²¥¥ ¸²µ¦´ÒÌ
¢´ÊÉ·¥´´¨Ì ¸¨³³¥É·¨°, µÉ±·ÒÉÒÌ Î¥·¥§ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ²¥É, Éµ ³Ò ¶µ²Ê-
Î¨³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¶¨´µ·  ¸ ± ²¨¡·µ¢µÎ´Ò³¨ ¶µ²Ö³¨ É¨¶  ¶µ²¥° Ÿ´£ Å
Œ¨²²¸ . ’ ±µ¥ £¥µ³¥É·¨Î¥¸±µ¥ ¨¸Éµ²±µ¢ ´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ³µ¦¥É µ± § ÉÓ¸Ö
±²ÕÎµ³ ± É¥µ·¨Ö³ ¡Ê¤ÊÐ¥£µ.

Š ± ¶¨Ï¥É ‚.�.”µ± ¢ 1929 £. [22]: ®‚±²ÕÎ¥´¨¥ ¢ Ëµ·³Ê²Ê ¤²Ö ¶ · ²-
²¥²Ó´µ£µ ¶¥·¥´µ¸  4-¶µÉ¥´Í¨ ²  ´ ·Ö¤Ê ¸ ±µÔËË¨Í¨¥´É ³¨ ¨ÎÎ¨, ¸ µ¤´µ°
¸Éµ·µ´Ò, ¶·¨¢µ¤¨É ± ¶·µ¸Éµ³Ê £¥µ³¥É·¨Î¥¸±µ³Ê µ¡µ¸´µ¢ ´¨Õ ¶µÖ¢²¥´¨Ö ¢
¢µ²´µ¢µ³ Ê· ¢´¥´¨¨ ¢Ò· ¦¥´¨Ö pµ − ( ec )Φµ,   ¸ ¤·Ê£µ° ¸Éµ·µ´Ò, ¶µ± §Ò¢ ¥É,
ÎÉµ §¤¥¸Ó ¢ µÉ²¨Î¨¥ µÉ Ô°´ÏÉ¥°´µ¢¸±µ£µ ¶µ¤Ìµ¤  ¶µÉ¥´Í¨ ²Ò Φµ ¨£· ÕÉ
¸ ³µ¸ÉµÖÉ¥²Ó´ÊÕ ·µ²Ó ¢ £¥µ³¥É·¨Î¥¸±µ° ± ·É¨´¥ ³¨·  ¨ ´¥ µ¡Ö§ ´Ò ¡ÒÉÓ
ËÊ´±Í¨Ö³¨ ±µÔËË¨Í¨¥´Éµ¢ γabc¯.

5·µ¸É· ´¸É¢µ ”µ±  [37]. �Éµ µ¤´  ¨§ ´ ¨¡µ²¥¥ ¨§¢¥¸É´ÒÌ · ¡µÉ
‚.�.”µ± . …¥ ¨§¢¥¸É´µ¸ÉÓ ¸· §Ê ¶µ¸²¥ µ¶Ê¡²¨±µ¢ ´¨Ö ¡Ò²  ¢Ò§¢ ´  ´¥ Éµ²Ó±µ
É¥³, ÎÉµ ¢ ´¥° ¡Ò²µ ¤ ´µ ¶¥·¢µ¥ Ö¸´µ¥ ¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ¥ ¨§²µ¦¥´¨¥ ³¥Éµ¤ 
¢Éµ·¨Î´µ£µ ±¢ ´Éµ¢ ´¨Ö „¨· ±  [17], ‰µ·¤ ´ , Š²¥°´  ¨ ‚¨£´¥·  [35, 36]
¢ ¸¢Ö§¨ ¸ ±¢ ´Éµ¢µ° ³¥Ì ´¨±µ° ¸¨¸É¥³Ò Î ¸É¨Í ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ-
¸É· ´¸É¢¥, ´µ ¨ É¥³, ÎÉµ ¤µ ¶µÖ¢²¥´¨Ö ÔÉµ° · ¡µÉÒ ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ³¥Éµ¤
¢Éµ·¨Î´µ£µ ±¢ ´Éµ¢ ´¨Ö ¢ÒÌµ¤¨É §  · ³±¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨.

�É  ±² ¸¸¨Î¥¸± Ö ¸É ÉÓÖ ³µ¦¥É ¸²Ê¦¨ÉÓ ¨ ¸¥°Î ¸ µ¸´µ¢´Ò³ ¶µ¸µ¡¨¥³
¤²Ö ¨§ÊÎ ÕÐ¨Ì ¢Éµ·¨Î´µ¥ ±¢ ´Éµ¢ ´¨¥. �·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨° ¸ ´¥µ¶·¥¤¥-
²¥´´Ò³ Î¨¸²µ³ Î ¸É¨Í, ¢¢¥¤¥´´µ¥ ¢ ¸É ÉÓ¥, ¶µ²ÊÎ¨²µ ´ §¢ ´¨¥ ¶·µ¸É· ´¸É¢ 
”µ± . ‡ ¤ Î¨ ¸ ¶¥·¥³¥´´Ò³ Î¨¸²µ³ Î ¸É¨Í ¢¸É·¥Î ÕÉ¸Ö ¢µ ¢¸¥Ì µ¡² ¸ÉÖÌ
±¢ ´Éµ¢µ° Ë¨§¨±¨ Å ± ± ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ°, É ± ¨ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ-
·¨¨, ± ± ¢ ¸²ÊÎ ¥ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¨²¨ £· ¢¨É Í¨¨, É ± ¨ ¢ ¸²ÊÎ ¥
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³ ¸¸¨¢´ÒÌ Î ¸É¨Í ¨ ¶¸¥¢¤µÎ ¸É¨Í; ¸Éµ²Ó ¦¥ Ê´¨¢¥·¸ ²Ó´µ ¶µ´ÖÉ¨¥ ¶·µ¸É· ´-
¸É¢  ”µ± .  ¡µÉ  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶·¥±· ¸´Ò° µ¡· §¥Í ³ É¥³ É¨Î¥¸±µ£µ
¢¨¤¥´¨Ö Ë¨§¨Î¥¸±µ° ¶·µ¡²¥³Ò. ¥§Ê²ÓÉ É ¡Ò² ¶µ¤£µÉµ¢²¥´ ¶·¥¤Ò¤ÊÐ¨³¨
· ¡µÉ ³¨ ‚.�.”µ± ,   ¨³¥´´µ ¸µ§¤ ´¨¥³ ¶·¥¤¸É ¢²¥´¨Ö ”µ±  [9] ¨ ³¥Éµ¤ 
• ·É·¨Å”µ±  [25].

‚.�.”µ± ¶·¥¤² £ ¥É ¶·¥¤¸É ¢¨ÉÓ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ¸¨¸É¥³Ò ¸ ´¥µ¶·¥-
¤¥²¥´´Ò³ Î¨¸²µ³ Î ¸É¨Í ¢ ¢¨¤¥ ¸Éµ²¡Í 

const
ψ(x1)

ψ(x1, x2)
ψ(x1, x2, x3)

....

 ,

£¤¥ ± ¦¤ Ö ¸É·µ±  µÉ´µ¸¨É¸Ö ± ¸µ¸ÉµÖ´¨Õ ¸ µ¶·¥¤¥²¥´´Ò³ Î¨¸²µ³ Î ¸É¨Í:
¢¥·Ì´ÖÖ ¸É·µ±  µÉ´µ¸¨É¸Ö ± ¢ ±ÊÊ³Ê, ¢Éµ· Ö ¸É·µ±  Å ± ¸µ¸ÉµÖ´¨Õ ¸ µ¤´µ°
Î ¸É¨Í¥° ¨ É.¤. ‚¸¥ ¶¥·¥³¥´´Ò¥ Î ¸É¨ÍÒ µ¡µ§´ Î¥´Ò ¸¨³¢µ²¨Î¥¸±¨ ¶µ¸·¥¤-
¸É¢µ³ x. Œ´µ£µÎ ¸É¨Î´Ò¥ ËÊ´±Í¨¨ ¸¨³³¥É·¨Î´Ò ¢ ¸²ÊÎ ¥ ¸É É¨¸É¨±¨ 5µ§¥ ¨
 ´É¨¸¨³³¥É·¨Î´Ò ¢ ¸²ÊÎ ¥ ¸É É¨¸É¨±¨ ”¥·³¨Å„¨· ± . �¶¥· Éµ·Ò ·µ¦¤¥´¨Ö
¨ ¶µ£²µÐ¥´¨Ö ¸¤¢¨£ ÕÉ ¸Éµ²¡¥Í ¢´¨§ ¨ ¢¢¥·Ì ´  ¥¤¨´¨ÍÊ; ¢ ±ÊÊ³ Ê´¨ÎÉµ¦ -
¥É¸Ö µ¶¥· Éµ·µ³ ¶µ£²µÐ¥´¨Ö:

Ψ(x)


const
ψ(x1)

ψ(x1, x2)
ψ(x1, x2, x3)

....

 =


ψ(x)√

2ψ(x, x1)√
(3)ψ(x, x1, x2)

.......

.......

 .

�·µ¸É· ´¸É¢µ ¸µ¸ÉµÖ´¨°, ¶µ¸É·µ¥´´µ¥ ´  ¸Éµ²¡Í Ì ”µ± , ´ §Ò¢ ¥É¸Ö ¶·µ-
¸É· ´¸É¢µ³ ”µ± . ˆ³¥´´µ ¢ ÔÉµ³ ¶·µ¸É· ´¸É¢¥ · §¢¨¢ ¥É¸Ö ¤¨´ ³¨±  ¸¨¸É¥³,
¢ ±µÉµ·ÒÌ ¢§ ¨³µ¤¥°¸É¢¨¥ ³µ¦¥É ¨§³¥´ÖÉÓ Î¨¸²µ Î ¸É¨Í.

ˆ§ ¸µµÉ´µÏ¥´¨°, ±µÉµ·Ò¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¥¦¥¤´¥¢´µ, ´µ ¶·µ¨¸Ìµ¦¤¥´¨¥
±µÉµ·ÒÌ § ¡ÒÉµ, ¢ ÔÉµ° · ¡µÉ¥ ¨§³¥´¥´¨¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢µ ¢·¥³¥´¨
¢¶¥·¢Ò¥ ¶·¥¤¸É ¢²¥´µ ¶·¨ ¶µ³µÐ¨ Ê´¨É ·´µ£µ µ¶¥· Éµ· :

ψ(•, t) = S(t)ψ(•, 0),

£¤¥ ÉµÎ±µ° µ¡µ§´ Î¥´Ò ¶¥·¥³¥´´Ò¥ ¸¨¸É¥³Ò, ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¤ ´µ ¢Ò· -
¦¥´¨¥ Î¥·¥§ S(t) ¤²Ö µ¶¥· Éµ·  ƒ ³¨²ÓÉµ´ 

i
•
S (t)S+(t) = −iS(t)

•
S
+

(t) =
1
h
H

¨ ¶·µ¨§¢µ¤´µ° µÉ Ï·¥¤¨´£¥·µ¢¸±µ£µ µ¶¥· Éµ· 

dL

dt
ψ(•, t) = S(t)

•
S
+

(t)Lψ(•, t) + d

dt
[Lψ(•, t)].
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—Éµ¡Ò ¶µ´ÖÉÓ ¸ ¸µ¢·¥³¥´´µ° ÉµÎ±¨ §·¥´¨Ö, ´ ¸±µ²Ó±µ ÔÉ  (´Ò´¥ ¶·µ¸É Ö)
¢¥ÐÓ ¡Ò²  ´µ¢µ°, ¶·¨¢¥¤¥³ ¶µÖ¸´¥´¨¥ ‚.�.”µ±  ± ÔÉµ° Ëµ·³Ê²¥: ®¥§Ê²ÓÉ É
¶·¨³¥´¥´¨Ö µ¶¥· Éµ·  dL/dt ± ¢µ²´µ¢µ° ËÊ´±Í¨¨ ψ(•.t) ¢ Ï·¥¤¨´£¥·µ¢¸±µ³
¶·¥¤¸É ¢²¥´¨¨ ¶µ²ÊÎ ¥É¸Ö ¶ÊÉ¥³ ¢Ò¶µ²´¥´¨Ö ¸²¥¤ÊÕÐ¨Ì µ¶¥· Í¨°:
1. �·¨³¥´¥´¨¥ µ¶¥· Éµ·  L.
2. �·µ¤µ²¦¥´¨¥ ¢µ ¢·¥³¥´¨ ´  ¢¥²¨Î¨´Ê t ¢ µÉ·¨Í É¥²Ó´µ³ ´ ¶· ¢²¥´¨¨.
3. „¨ËË¥·¥´Í¨·µ¢ ´¨¥ ¶µ t.
4. �·µ¤µ²¦¥´¨¥ ¢µ ¢·¥³¥´¨ ´  ¢¥²¨Î¨´Ê t ¢ ¶µ²µ¦¨É¥²Ó´µ³ ´ ¶· ¢²¥´¨¨¯.

Cµ¡¸É¢¥´´µ¥ ¢·¥³Ö ¢ ±² ¸¸¨Î¥¸±µ° ¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ [42]. Š ²¨-
¡·µ¢±  ”µ± . –¥²Ó · ¡µÉÒ ¸µ¸ÉµÖ²  ¢ · §¢¨É¨¨ ·¥²ÖÉ¨¢¨¸É¸±¨- ¨ ± ²¨¡·µ-
¢µÎ´µ-¨´¢ ·¨ ´É´µ£µ ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ³¥Éµ¤  ¨´É¥£·¨·µ¢ ´¨Ö Ê· ¢´¥´¨Ö
„¨· ±  ¸ ¢´¥Ï´¨³ ¶µ²¥³. ‚µ ¢·¥³Ö ´ ¶¨¸ ´¨Ö · ¡µÉÒ ÔÉ  ¶·µ¡²¥³  ¸É -
´µ¢¨² ¸Ó  ±ÉÊ ²Ó´µ° ¤²Ö É¥µ·¨¨ ¶µ§¨É·µ´µ¢ ¶µ „¨· ±Ê. ‚´¥Ï´¥¥ Ô²¥±É·µ-
³ £´¨É´µ¥ ¶µ²¥ ¨¸± ¦ ¥É Ô²¥±É·µ´´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ± ± ¤²Ö ¸µ¸ÉµÖ-
´¨° ¸ ¶µ²µ¦¨É¥²Ó´Ò³¨ Ô´¥·£¨Ö³¨, É ± ¨ ¤²Ö ¤¨· ±µ¢¸±µ£µ ®¶µ¤¢ ² ¯. �µ-
ÔÉµ³Ê ¤ ¦¥ ¢ µÉ¸ÊÉ¸É¢¨¥ Î ¸É¨Í ¶µÖ¢²ÖÕÉ¸Ö ¨´¤ÊÍ¨·µ¢ ´´Ò¥ Éµ±¨ ¨ § ·Ö¤Ò
(¢¨·ÉÊ ²Ó´Ò¥ Ô²¥±É·µ´-¶µ§¨É·µ´´Ò¥ ¶ ·Ò) ¢ ¢ ±ÊÊ³¥, ¶·µ¨¸Ìµ¤¨É ¶µ²Ö·¨§ -
Í¨Ö ¢ ±ÊÊ³ . �µ¸²¥ µÉ±·ÒÉ¨Ö ¶µ§¨É·µ´  ¢ 1932 £. ¶·¨Ìµ¤¨²µ¸Ó ¶·¨§´ ¢ ÉÓ
¨ ·¥ ²Ó´µ¸ÉÓ ¢ ±ÊÊ³´µ° ¶µ²Ö·¨§ Í¨¨. ‚µ§´¨±²  ¶·µ¡²¥³  ·¥²ÖÉ¨¢¨¸É¸±¨- ¨
± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ° É· ±Éµ¢±¨ ÔÉµ£µ ÔËË¥±É  ¨ µ¤´µ§´ Î´µ£µ ¢Ò¤¥-
²¥´¨Ö ±µ´¥Î´ÒÌ ¢Ò· ¦¥´¨° ¨§ ·¥§Ê²ÓÉ Éµ¢ ¢ÒÎ¨¸²¥´¨°, ¸µ¤¥·¦ Ð¨Ì ¡¥¸±µ-
´¥Î´µ¸É¨. Š ± ¶µ± § ² ‚a°¸±µ¶Ë [113], · ¸Ìµ¤¨³µ¸É¨ ¢ ¶·µ¡²¥³¥ ¢ ±ÊÊ³´µ°
¶µ²Ö·¨§ Í¨¨ ¨³¥ÕÉ ²µ£ ·¨Ë³¨Î¥¸±¨° Ì · ±É¥·. � ¨¡µ²¥¥ ¶·µ¸Éµ° ¸¶µ¸µ¡
µ¡¥¸¶¥Î¥´¨Ö ¨´¢ ·¨ ´É´µ¸É¨ ¢ÒÎ¨¸²¥´¨° ¸µ¸Éµ¨É ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ Éµ²Ó±µ
¨´¢ ·¨ ´É´ÒÌ ¢¥²¨Î¨´. „²Ö Ê· ¢´¥´¨Ö „¨· ±  ¸ ¢´¥Ï´¨³ Ô²¥±É·µ³ £´¨É´Ò³
¶µ²¥³ ÔÉµ µ§´ Î ¥É Î¥ÉÒ·¥Ì³¥·´ÊÕ Ëµ·³Ê²¨·µ¢±Ê Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¡¥§
¢Ò¤¥²¥´´µ° ·µ²¨ ¢·¥³¥´¨ ¨ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶µÉ¥´Í¨ ²µ¢, ±µÉµ·Ò¥ µ¶·¥¤¥²Ö-
ÕÉ¸Ö µ¤´µ§´ Î´µ ¶µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò³ ´ ¶·Ö¦¥´´µ¸ÉÖ³ ¶µ²Ö. ‚
¸¢µ¥° · ¡µÉ¥ [42] ‚.�.”µ± ¶·¥¤² £ ¥É É ±ÊÕ Ëµ·³Ê²¨·µ¢±Ê. O´ ¢¢µ¤¨É ¢
Ê· ¢´¥´¨¥ „¨· ±  ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö ¨ ´ Ìµ¤¨É Ê¤µ¡´µ¥ ± ²¨¡·µ¢µÎ´µ¥ Ê¸²µ-
¢¨¥ ¤²Ö ¶µÉ¥´Í¨ ² . ‚ ¤ ²Ó´¥°Ï¥³ ÔÉµÉ ¶µ¤Ìµ¤ ¶µ²ÊÎ¨² · §¢¨É¨¥ ¢ · ¡µÉ Ì
˜¢¨´£¥·  [43] ¨ ¤¥ ‚¨ÉÉ  [44], ¨ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³¥Éµ¤ ¸µ¡¸É¢¥´´µ£µ
¢·¥³¥´¨ ”µ± Å˜¢¨´£¥· Å¤¥ ‚¨ÉÉ  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¸´µ¢´µ° ¶µ¤Ìµ¤ ±
·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò³ ¢ÒÎ¨¸²¥´¨Ö³ ËÊ´±Í¨° ƒ·¨´  ¨ ¤¥É¥·³¨´ ´Éµ¢
¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö (¸³., ´ ¶·¨³¥·, [114]).

ˆ§ÊÎ¥´¨¥ Ê· ¢´¥´¨Ö „¨· ±  ¢Éµ·µ£µ ¶µ·Ö¤±  ¸ ¢´¥Ï´¨³ Ô²¥±É·µ³ £´¨É-
´Ò³ ¶µ²¥³ ‚.�.”µ± § ³¥´Ö¥É ¨§ÊÎ¥´¨¥³ Ê· ¢´¥´¨Ö „¨· ±  ¸ ¸µ¡¸É¢¥´´Ò³
¢·¥³¥´¥³. ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î ¢¢µ¤¨É ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö ¢ ± Î¥¸É¢¥ ¤µ-
¶µ²´¨É¥²Ó´µ° ¶¥·¥³¥´´µ° ´ ·Ö¤Ê ¸ Î¥ÉÒ·Ó³Ö ±µµ·¤¨´ É ³¨, ¨³¥Ö ¢ ¢¨¤Ê,
¶µ³¨³µ ·¥²ÖÉ¨¢¨¸É¸±µ° ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, ¥Ð¥ ¨ Éµ µ¡¸Éµ-
ÖÉ¥²Ó¸É¢µ, ÎÉµ ¢ ¶·µ¸É· ´¸É¢¥ ´¥Î¥É´µ£µ Î¨¸²  ¨§³¥·¥´¨° ËÊ´¤ ³¥´É ²Ó´µ¥
·¥Ï¥´¨¥ µ¶·¥¤¥²Ö¥É¸Ö ¥¤¨´¸É¢¥´´Ò³ µ¡· §µ³. ‚ ¸²ÊÎ ¥ ¦¥ Î¥É´µ£µ Î¨¸² 
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¨§³¥·¥´¨° ¸ÊÐ¥¸É¢Ê¥É ¡¥¸Î¨¸²¥´´µ¥ ³´µ¦¥¸É¢µ ËÊ´¤ ³¥´É ²Ó´ÒÌ ·¥Ï¥´¨°;
ÔÉ¨ ·¥Ï¥´¨Ö ¨³¥ÕÉ ²µ£ ·¨Ë³¨Î¥¸±ÊÕ µ¸µ¡¥´´µ¸ÉÓ, ¶·¨Î¥³ ±µÔËË¨Í¨¥´É ¶·¨
²µ£ ·¨Ë³¥ µ¶·¥¤¥²Ö¥É¸Ö µ¤´µ§´ Î´µ. ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î ¢¢µ¤¨É ´µ¢µ¥
± ²¨¡·µ¢µÎ´µ¥ Ê¸²µ¢¨¥ ¤²Ö Ô²¥±É·µ³ £´¨É´ÒÌ ¶µÉ¥´Í¨ ²µ¢ A ¨ Φ:

(r− r0) ·A′ − c(t− t0)Φ′ = 0 .

�É  ± ²¨¡·µ¢±  ¶·¥¤¶µ² £ ¥É µÉ¸ÊÉ¸É¢¨¥ µ¸µ¡¥´´µ¸É¥° Ê ¶µÉ¥´Í¨ ²µ¢. ‚ ± -
²¨¡·µ¢±¥ ”µ±  ¶µÉ¥´Í¨ ²Ò ¢Ò· ¦ ÕÉ¸Ö µ¤´µ§´ Î´µ Î¥·¥§ ¶µ²¥. …¸²¨ µ¡µ-
§´ Î¨ÉÓ ¤¢Ê³Ö Î¥·É ³¨ ¸¢¥·ÌÊ Ê¸·¥¤´¥´¨¥ ³¥¦¤Ê ÉµÎ± ³¨ (r0, t0) ¨ (r, t),
¶·µ¨§¢¥¤¥´´µ¥ ¶µ Ëµ·³Ê²¥

f = 2
∫ 1

0

f [r0 + (r− r0)u, t0 + (t− t0)u]udu ,

Éµ ¶µÉ¥´Í¨ ²Ò · ¢´Ò

A′ = −1
2
[(r − r0)×H]− 1

2
c(t− t0)E ,

Φ′ = −1
2
(r − r0)E .

Š ²¨¡·µ¢±  ”µ±  Ê¤µ¡´  ¶·¨ ¨§ÊÎ¥´¨¨ ¸ ³µ¤Ê ²Ó´ÒÌ ¶µ²¥° ¨ ¶·¨ · §-
²µ¦¥´¨¨ ¶µ É ±¨³ ¶µ²Ö³. ‚ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¢ ÔÉµ° ± ²¨¡·µ¢±¥ ¤ÊÌ¨
” ¤¤¥¥¢ Å�µ¶µ¢  µÉÐ¥¶²ÖÕÉ¸Ö [47,48].

 §¢¨¢ Ö ³¥Éµ¤ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨, ‚.�.”µ± ¢´ Î ²¥ ¶µ± §Ò¢ ¥É, ÎÉµ
¢ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¥, É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ µ¡ÒÎ´Ò¥ Ê· ¢´¥´¨Ö ‹ -
£· ´¦  ³µ¦´µ ¶µ²ÊÎ¨ÉÓ É ±¦¥ ¨§ ¢¨¤µ¨§³¥´¥´´µ£µ ¤¥°¸É¢¨Ö ¢ ¶ÖÉ¨³¥·´µ³
¶·µ¸É· ´¸É¢¥ É ±, ÎÉµ¡Ò ¤µ¶µ²´¨É¥²Ó´ Ö ±µµ·¤¨´ É  ¨³¥²  ¸³Ò¸² ¸µ¡¸É¢¥´-
´µ£µ ¢·¥³¥´¨. ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î ¢¢µ¤¨É ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö ¢ Ê· ¢´¥-
´¨¥ „¨· ±  ¢Éµ·µ£µ ¶µ·Ö¤±  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. …¸²¨

{
P2 +m2c2 − T 2

c2
+
eh

c
(σ ·H)− ieh

c
(α · E)

}
Ψ = 0 ,

£¤¥ T Å µ¶¥· Éµ· ¤²Ö ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨

T = ih
∂

∂t
+ eΦ

¥¸ÉÓ Ê· ¢´¥´¨¥ „¨· ±  ¢Éµ·µ£µ ¶µ·Ö¤±  ¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥, Éµ
ÔÉµ Ê· ¢´¥´¨¥ ³µ¦´µ ´ ¶¨¸ ÉÓ ¢ ¢¨¤¥

h2ΛΨ = 0 ,

£¤¥ Λ Å µ¶¥· Éµ· ¢Éµ·µ£µ ¶µ·Ö¤± .
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¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ³µ¦´µ ¨¸± ÉÓ ¢ ¢¨¤¥ µ¶·¥¤¥²¥´´µ£µ ¨´É¥£· ² 

Ψ =
∫
C

F dτ ,

¢§ÖÉµ£µ ¶µ ¢¸¶µ³µ£ É¥²Ó´µ° ¶¥·¥³¥´´µ° τ ¢ ´¥±µÉµ·ÒÌ ¶µ¸ÉµÖ´´ÒÌ ¶·¥¤¥² Ì
(¨²¨ ¶µ ´¥±µÉµ·µ³Ê ±µ´ÉÊ·Ê ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨) τ .

”Ê´±Í¨Ö F Ê¤µ¢²¥É¢µ·ÖeÉ Ê· ¢´¥´¨Õ „¨· ±  ¸ ¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³ τ

h2

2m
ΛF = ih

∂F

∂τ
,

  ËÊ´±Í¨¨ F ¨ ∂F
∂τ ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨¥³∫

C

∂F

∂τ
dτ = F |C ,

£¤¥ ¨´É¥£· ² ¡¥·¥É¸Ö ¶µ É ±µ³Ê ±µ´ÉÊ·Ê C, ´  ±µÉµ·µ³ F |C = 0. ‚.�.”µ± ¶µ-
± §Ò¢ ¥É, ÎÉµ ´µ¢ Ö ¶¥·¥³¥´´ Ö ¨³¥¥É ¸³Ò¸² ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨. ¥Ï¥´¨¥
Ê· ¢´¥´¨Ö „¨· ±  ¸ ¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ±¢ §¨±² ¸¸¨Î¥-
¸±µ³ ¢¨¤¥, £¤¥ ±² ¸¸¨Î¥¸±µ¥ ¤¥°¸É¢¨¥ S Ê¤µ¢²¥É¢µ·Ö¥É ±² ¸¸¨Î¥¸±µ³Ê Ê· ¢-
´¥´¨Õ ¸ ¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³. ˆ´É¥£·¨·µ¢ ´¨¥ ¶µ ¸µ¡¸É¢¥´´µ³Ê ¢·¥³¥´¨
¤µ²¦´µ ¡ÒÉÓ µÉ²µ¦¥´µ ´  ±µ´¥Í ¢ÒÎ¨¸²¥´¨°. ‚¸¥ · ¸Ìµ¤¨³µ¸É¨ ¸¢µ¤ÖÉ¸Ö Éµ-
£¤  Éµ²Ó±µ ± · ¸Ìµ¤¨³µ¸ÉÖ³ ¢ ¨´É¥£· ² Ì ¶µ ¸µ¡¸É¢¥´´µ³Ê ¢·¥³¥´¨, ±µÉµ·Ò¥
´¥ § ¢¨¸ÖÉ µÉ ± ²¨¡·µ¢±¨ ¨ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò ¶µ ¸¢µ¥³Ê µ¶·¥¤¥-
²¥´¨Õ.

‘¨³³¥É·¨Ö  Éµ³  ¢µ¤µ·µ¤  ¨ ¤¨´ ³¨Î¥¸±¨¥ £·Ê¶¶Ò. �²¥£ ´É´ Ö · -
¡µÉ  ‚.�.”µ±  [40] ®�Éµ³ ¢µ¤µ·µ¤  ¨ ´¥¥¢±²¨¤µ¢  £¥µ³¥É·¨Ö¯ µ ¸¨³³¥É·¨¨
¢µ¤µ·µ¤o¶µ¤µ¡´ÒÌ  Éµ³µ¢ ´¥ Éµ²Ó±µ µ¡ÑÖ¸´¨²  ¸²ÊÎ °´µ¥ ¢Ò·µ¦¤¥´¨¥  Éµ³-
´ÒÌ Ê·µ¢´¥°, ´µ ¨ ¶µ¸²Ê¦¨²  ´ Î ²µ³ ± ± ´µ¢µ£µ ³¥Éµ¤  · ¸Î¥É   Éµ³´ÒÌ
¸¢µ°¸É¢, É ± ¨ ¶µ¨¸±  É ± ´ §Ò¢ ¥³ÒÌ ¤¨´ ³¨Î¥¸±¨Ì £·Ê¶¶ ¨²¨ ¤¨´ ³¨Î¥¸±µ°
¸¨³³¥É·¨¨. ˆ§¢¥¸É´µ, ÎÉµ ¢ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ³ ¶µ²¥ Ê·µ¢´¨ Ô´¥·£¨¨
Ô²¥±É·µ´  µ¶·¥¤¥²ÖÕÉ¸Ö ¤¢Ê³Ö ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ Å £² ¢´Ò³ ±¢ ´Éµ¢Ò³
Î¨¸²µ³ ¨ ¸µ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö. �¤´ ±µ
Ê·µ¢´¨ Ô´¥·£¨¨  Éµ³  ¢µ¤µ·µ¤  § ¢¨¸ÖÉ Éµ²Ó±µ µÉ £² ¢´µ£µ ±¢ ´Éµ¢µ£µ Î¨¸² .
�µ¸±µ²Ó±Ê ¢Ò·µ¦¤¥´¨¥ Ê·µ¢´¥° ¸¢Ö§ ´µ ¸ ¸¨³³¥É·¨¥° § ¤ Î¨, Éµ ¢µ§´¨± ¥É
¢µ¶·µ¸: ± ±µ¢  É  ¤µ¶µ²´¨É¥²Ó´ Ö ¸¨³³¥É·¨Ö ±Ê²µ´µ¢¸±µ£µ ¶µ²Ö, ±µÉµ· Ö
¢Ò¤¥²Ö¥É ÔÉµ ¶µ²¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨ ¶µ²Ö³¨ ¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¨?
�É  ¶·µ¡²¥³  µ¡¸Ê¦¤ ² ¸Ó É¥µ·¥É¨± ³¨ ¤µ ‚.�.”µ±  ¨ ¸Î¨É ² ¸Ó ¸²µ¦´µ°.
‚.�.”µ± ·¥Ï¨² ¥¥ ¶·µ¸ÉÒ³ ¨ ¨§ÖÐ´Ò³ ¸¶µ¸µ¡µ³, £¤¥ £² ¢´ÊÕ ·µ²Ó ¨£· ²¨
Ë¨§¨Î¥¸± Ö ¨´ÉÊ¨Í¨Ö ¨ ³ É¥³ É¨Î¥¸± Ö ¨§µ¡·¥É É¥²Ó´µ¸ÉÓ.

‚.�.”µ± § ¶¨¸Ò¢ ¥É Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¸ ±Ê²µ´µ¢¸±µ° ¶µÉ¥´Í¨ ²Ó-
´µ° Ô´¥·£¨¥° ¢ ¶·µ¸É· ´¸É¢¥ ¨³¶Ê²Ó¸µ¢

1
2m

p2ψ(p) = − Ze2

2π2�

∫
ψ(p′)

|p− p′|2 (dp
′) ,
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£¤¥ µ´µ ¨³¥¥É ¢¨¤ ¨´É¥£· ²Ó´µ£µ Ê· ¢´¥´¨Ö. „²Ö ÉµÎ¥Î´µ£µ ¸¶¥±É·  ¸·¥¤´¨°
±¢ ¤· É¨Î´Ò° ¨³¶Ê²Ó¸ ¥¸ÉÓ

p0 =
√
−2mE .

„ ²¥¥ ‚.�.”µ± ¶¥·¥Ìµ¤¨É ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ± ´µ¢Ò³ ¶·Ö³µ-
Ê£µ²Ó´Ò³ ±µµ·¤¨´ É ³ ´  £¨¶¥·¶²µ¸±µ¸É¨, ±µÉµ· Ö ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸É¥-
·¥µ£· Ë¨Î¥¸±ÊÕ ¶·µ¥±Í¨Õ Ï ·  ¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥

ξ =
2p0px
p20 + p2

= sinα sinϑ cosϕ ,

η =
2p0py
p20 + p2

= sinα sinϑ sinϕ ,

ζ =
2p0py
p20 + p2

= sinα cos θ ,

χ =
p20 − p2

p20 + p2
= cosα ,

· ¤¨Ê¸ ±µÉµ·µ£µ · ¢¥´ ¥¤¨´¨Í¥:

ζ2 + η2 + ξ2 + χ2 = 1 .

“£²Ò α, θ ¨ ϕ Ö¢²ÖÕÉ¸Ö ¸Ë¥·¨Î¥¸±¨³¨ ±µµ·¤¨´ É ³¨ ´  £¨¶¥·¸Ë¥·¥, ¶·¨Î¥³
Ê£²Ò Ö¢²ÖÕÉ¸Ö µ¤´µ¢·¥³¥´´µ µ¡ÒÎ´Ò³¨ ¸Ë¥·¨Î¥¸±¨³¨ Ê£² ³¨ ¢ É·¥Ì³¥·´µ³
¶·µ¸É· ´¸É¢¥ ¨³¶Ê²Ó¸µ¢. ‚ ´µ¢ÒÌ ±µµ·¤¨´ É Ì Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¶·¨-
´¨³ ¥É ¢¨¤

Ψ(α, θ, ϕ) =
λ

2π2

∫
Ψ(α′, θ′, ϕ′)
4 sin2 ω

2

dΩ′ , (1)

£¤¥

λ =
Zme2

�p0
=

Zme2

�
√
−2mE

.

”Ê´±Í¨Ö ´  £¨¶¥·¸Ë¥·¥ ¸¢Ö§ ´  ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥° ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ-
¸É· ´¸É¢¥ ¸µµÉ´µÏ¥´¨¥³

Ψ(α, θ, ϕ) =
π√
8
p
−3/2
0 (p20 + p2)2ψ(p) .

‚¥²¨Î¨´  2 sin ω
2 ¥¸ÉÓ ¤²¨´  Ìµ·¤Ò, ¸µ¥¤¨´ÖÕÐ¥° ÉµÎ±¨ α, θ, ϕ ¨ α′, θ′, ϕ′ ´ 

Î¥ÉÒ·¥Ì³¥·´µ³ Ï ·¥, É ± ÎÉµ

4 sin2
ω

2
= (ξ − ξ′)2 + (η − η′)2 + (ζ − ζ′)2 + (χ− χ′)2 .
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“· ¢´¥´¨¥ (1) ¥¸ÉÓ ¨´É¥£· ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö Ï ·µ¢ÒÌ ËÊ´±Í¨° Î¥ÉÒ-
·¥Ì³¥·´µ£µ Ï · .

�·¥¤¸É ¢²¥´¨¥ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¢ ¢¨¤¥ (1) ¥¸ÉÓ µ¸´µ¢´µ° ·¥§Ê²ÓÉ É
· ¡µÉÒ [40]. �´µ ´¥¸¥É ³´µ£µ ¢ ¦´µ° ¨´Ëµ·³ Í¨¨.

1. ƒ·Ê¶¶  ¨´¢ ·¨ ´É´µ¸É¨ ¢µ¤µ·µ¤µ¶µ¤µ¡´µ£µ  Éµ³  ¸µ¢¶ ¤ ¥É ¸ £·Ê¶-
¶µ° Î¥ÉÒ·¥Ì³¥·´ÒÌ ¢· Ð¥´¨°. �Éµ µ¡ÑÖ¸´Ö¥É ´¥§ ¢¨¸¨³µ¸ÉÓ Ê·µ¢´¥° Ô´¥·-
£¨¨ µÉ  §¨³ÊÉ ²Ó´µ£µ ±¢ ´Éµ¢µ£µ Î¨¸²  ¨ ¢¢µ¤¨É £¨¶¥·¸Ë¥·¨Î¥¸±¨¥ ËÊ´±Í¨¨
¢ · ¸Î¥ÉÒ É ±¨Ì ¸¨¸É¥³. ”µ±µ¢¸± Ö £·Ê¶¶  µ¸µ¡µ ¶µ²¥§´ , ±µ£¤  ´¥µ¡Ìµ¤¨³µ
Ê¸·¥¤´ÖÉÓ ¨²¨ ¸Ê³³¨·µ¢ ÉÓ ¢´ÊÉ·¨ µ¤´µ£µ ¸²µÖ ¸ § ¤ ´´Ò³ §´ Î¥´¨¥³ £² ¢-
´µ£µ ±¢ ´Éµ¢µ£µ Î¨¸² .

2. ‚ ¸²ÊÎ ¥ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¢µ¤µ·µ¤µ¶µ¤µ¡´µ£µ  Éµ³   ´ ²µ£¨Î´ Ö
É· ±Éµ¢±  ¶·¨¢µ¤¨É ± ¸¨³³¥É·¨¨ £·Ê¶¶Ò ‹µ·¥´Í  ´  ¶µ¢¥·Ì´µ¸É¨ Î¥ÉÒ·¥Ì-
³¥·´µ£µ £¨¶¥·¡µ²µ¨¤ .

3. �É  £·Ê¶¶  µÉ²¨Î ¥É¸Ö µÉ ±¨´¥³ É¨Î¥¸±µ° £·Ê¶¶Ò É¥³, ÎÉµ ¥¥ ¶·¥-
µ¡· §µ¢ ´¨Ö ¸¢Ö§Ò¢ ÕÉ ËÊ´±Í¨¨ ¸ · §²¨Î´µ° Ô´¥·£¨¥° E (¢· Ð¥´¨Ö ´  Ê£µ²
α). ’ ±¨¥ £·Ê¶¶Ò ¶µ²ÊÎ¨²¨ ´ §¢ ´¨¥ ¤¨´ ³¨Î¥¸±¨Ì. �µ¨¸±¨ ¤¨´ ³¨Î¥¸±¨Ì
£·Ê¶¶ ¸µ¸É ¢²ÖÕÉ µ¤´µ ¨§ ¢ ¦´ÒÌ ´ ¶· ¢²¥´¨° ¸µ¢·¥³¥´´µ° Ë¨§¨±¨.

4. ‚.�.”µ± ¶µ± § ², ÎÉµ ¢ ¶·µ¸É· ´¸É¢¥ ¨³¶Ê²Ó¸µ¢ ¢µ¤µ·µ¤µ¶µ¤µ¡´ÒÌ
 Éµ³µ¢ ¨³¥¥É ³¥¸Éµ ´¥¥¢±²¨¤µ¢  £¥µ³¥É·¨Ö,   ¨³¥´´µ £¥µ³¥É·¨Ö ¨³ ´  ¸ ¶µ-
¸ÉµÖ´´µ° ¶µ²µ¦¨É¥²Ó´µ° ±·¨¢¨§´µ° ¢ ¸²ÊÎ ¥ ÉµÎ¥Î´µ£µ ¸¶¥±É·  ¨ £¥µ³¥É·¨Ö
‹µ¡ Î¥¢¸±µ£µ ¸ ¶µ¸ÉµÖ´´µ° µÉ·¨Í É¥²Ó´µ° ±·¨¢¨§´µ° ¢ ¸²ÊÎ ¥ ¸¶²µÏ´µ£µ
¸¶¥±É· .

5·µ¡²¥³Ò ¨¸Éµ²±µ¢ ´¨Ö ±¢ ´Éµ¢µ° É¥µ·¨¨. ‚.�.”µ± ¢¸¥£¤  Ê¤¥²Ö² §´ -
Î¨É¥²Ó´µ¥ ¢´¨³ ´¨¥ ¢µ¶·µ¸ ³ ¨¸Éµ²±µ¢ ´¨Ö ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨. �´ µ¶Ê¡²¨-
±µ¢ ² µ±µ²µ 30 · ¡µÉ, ¢ ±µÉµ·ÒÌ · §¢¨¢ ² ±µ¶¥´£ £¥´¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ
±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨ ¶µ²¥³¨§¨·µ¢ ² ¸µ ¸Éµ·µ´´¨± ³¨ ¤·Ê£µ£µ ¨¸Éµ²±µ¢ -
´¨Ö. „¨¸±Ê¸¸¨¨ µ ¸³Ò¸²¥ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ´ Î ²¨¸Ó µ¤´µ¢·¥³¥´´µ ¸
¥¥ ¸µ§¤ ´¨¥³. ’µ²±µ¢ ´¨¥ 5µ·  (±µ¶¥´£ £¥´¸± Ö ¨´É¥·¶·¥É Í¨Ö) ¶µ¸É¥¶¥´´µ
¶·¨µ¡·¥É ²o Ö¸´µ¸ÉÓ, ´µ µ¸É ¢ ²¨¸Ó É·Ê¤´Ò¥ ¢µ¶·µ¸Ò § ³±´ÊÉµ¸É¨ ¨ ´¥¶·µ-
É¨¢µ·¥Î¨¢µ¸É¨ É¥µ·¨¨. �  ‘µ²Ó¢¥¥¢¸±µ³ ±µ´£·¥¸¸¥ ¢ 1927 £. £² ¢´Ò³¨ µ¶¶µ-
´¥´É ³¨ 5µ·  ¡Ò²¨ �°´ÏÉ¥°´ ¨ ‹µ·¥´Í. ‚ 1936 £. �°´ÏÉ¥°´, �µ¤µ²Ó¸±¨° ¨
µ§¥´ ¢Ò¸ÉÊ¶¨²¨ ¸µ ¸É ÉÓ¥° ®Œµ¦´µ ²¨ ¸Î¨É ÉÓ, ÎÉµ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ¥
µ¶¨¸ ´¨¥ Ë¨§¨Î¥¸±µ° ·¥ ²Ó´µ¸É¨ Ö¢²Ö¥É¸Ö ¶µ²´Ò³?¯ [75], ¶·µ¤µ²¦¨¢ É¥³
¸ ³Ò³ ¤¨¸±Ê¸¸¨Õ ¸ 5µ·µ³. „¨¸±Ê¸¸¨¨ �°´ÏÉ¥°´  ¸ 5µ·µ³ ¨³¥²¨ ËÊ´¤ ³¥´-
É ²Ó´µ¥ §´ Î¥´¨¥ ¢ ¶µ´¨³ ´¨¨ ¶·¨´Í¨¶¨ ²Ó´ÒÌ ¢µ¶·µ¸µ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨.
‚.�.”µ± ¢ Éµ³ ¦¥ 1936 £. µ¶Ê¡²¨±µ¢ ² ¶¥·¥¢µ¤ ¤¨¸±Ê¸¸¨¨ �°´ÏÉ¥°´  ¸ 5µ·µ³
¨ ´ ¶¨¸ ² ¢¸ÉÊ¶¨É¥²Ó´ÊÕ ¸É ÉÓÕ [76]. �Éµ ¡Ò²µ ´ Î ²µ³ ¥£µ ¤¥ÖÉ¥²Ó´µ¸É¨ ¶µ
¶·µ¡²¥³ ³ É¥µ·¨¨ ¶µ§´ ´¨Ö ¢ Ë¨§¨±¥ ³¨±·µ³¨· . —¨¸²µ Ë¨§¨±µ¢, ¢´¥¸Ï¨Ì
¢±² ¤ ¢ ÔÉ¨ ¢µ¶·µ¸Ò, ´¥¢¥²¨±µ ¨ ¨¸Î¨¸²Ö¥É¸Ö ¥¤¨´¨Í ³¨. „²Ö ÔÉµ£µ ´Ê¦´µ
¡Ò²µ ¨³¥ÉÓ Ë¨§¨Î¥¸±ÊÕ ¨´ÉÊ¨Í¨Õ ¨ ³ É¥³ É¨Î¥¸±ÊÕ ³µÐÓ ”µ±  ¢³¥¸É¥ ¸
¶·¨¸ÊÐ¨³¨ ¥³Ê ¢´ÊÉ·¥´´¥° ¶µÉ·¥¡´µ¸ÉÓÕ ± ²µ£¨Î¥¸±µ° Ö¸´µ¸É¨ É¥µ·¨¨ ¨
´¥¶·¨ÖÉ¨¥³ ¸É¨²Ö ·¥Í¥¶Éµ¢ ¨ § ±²¨´ ´¨°. �É  ¤¥ÖÉ¥²Ó´µ¸ÉÓ ‚.�.”µ±  µ± § -
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² ¸Ó ¢¥¸Ó³  ¶µ²¥§´µ° É ±¦¥ ¤²Ö Éµ£µ, ÎÉµ¡Ò µ£· ¤¨ÉÓ ±¢ ´Éµ¢ÊÕ ³¥Ì ´¨±Ê µÉ
´ ¸±µ±µ¢ Î ¸É¨ Ë¨²µ¸µËµ¢.

‚Ò¸ÉÊ¶²¥´¨e ¶·µÉ¨¢´¨±µ¢ ±µ¶¥´£ £¥´¸±µ° ¨´É¥·¶·¥É Í¨¨ ±¢ ´Éµ¢µ° ³¥-
Ì ´¨±¨ ¶µ± §Ò¢ ²µ, ÎÉµ É·Ê¤´µ¸É¨ ¢µ¸¶·¨ÖÉ¨Ö ¨³¨ ±¢ ´Éµ¢ÒÌ § ±µ´µ³¥·´µ-
¸É¥° ¡Ò²¨ ¢µ ³´µ£µ³ ¸¢Ö§ ´Ò ¸ ¥¥ ´¥¤µ¸É ÉµÎ´µ° ²µ£¨Î¥¸±µ° ¤¥É ²¨§ Í¨¥°.

‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î ”µ± ¢µ¸¶µ²´¨² ¶·µ¡¥²Ò, µ¸É ¢²¥´´Ò¥ µ¡Ð¥°
±µ´Í¥¶Í¨¥° ¤µ¶µ²´¨É¥²Ó´µ¸É¨ �¨²Ó¸  5µ· . ‹µ£¨Î¥¸±¨°  ´ ²¨§ ”µ±  µ¶¨· -
¥É¸Ö ´  É·¨ ¢¢¥¤¥´´ÒÌ ¨³ ¶µ´ÖÉ¨Ö:

• ¶µ´ÖÉ¨¥ µÉ´µ¸¨É¥²Ó´µ¸É¨ ± ¸·¥¤¸É¢ ³ ´ ¡²Õ¤¥´¨Ö;

• ¢¥·µÖÉ´µ¸ÉÓ ± ± ËÊ´¤ ³¥´É ²Ó´µ¥ ¶µ´ÖÉ¨¥, µÉ´µ¸ÖÐ¥¥¸Ö ± µ¶¨¸ ´¨Õ ¢
É¥·³¨´ Ì;

• ¶µ´ÖÉ¨¥ µ ¶µÉ¥´Í¨ ²Ó´µ° ¢µ§³µ¦´µ¸É¨.

�¥·¢µ¥ ¨§ ÔÉ¨Ì ¶µ´ÖÉ¨° µ¡µ¡Ð ¥É ¶µ´ÖÉ¨¥ µÉ´µ¸¨É¥²Ó´µ¸É¨ ± ¸¨¸É¥³¥ µÉ-
¸Î¥É . �´µ ´¥µ¡Ìµ¤¨³µ, É ± ± ± ¢ µ¸´µ¢¥ ±¢ ´Éµ¢µ£µ µ¶¨¸ ´¨Ö ´ Ìµ¤¨É¸Ö
 ±É ¢§ ¨³µ¤¥°¸É¢¨Ö µ¡Ñ¥±É  ¸ ¶·¨¡µ·µ³, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¸ ÉµÎ±¨ §·¥´¨Ö
±² ¸¸¨Î¥¸±µ° Ë¨§¨±¨ µ¶¨¸ ´¨¥ ³¨±·µµ¡Ñ¥±É  ¶·¨ ¶µ³µÐ¨ ¢µ²´µ¢µ° ËÊ´±-
Í¨¨ Ö¢²Ö¥É¸Ö ®´¥ ¡¸µ²ÕÉ´Ò³¯. ‚ ±² ¸¸¨Î¥¸±µ° Ë¨§¨±¥ µÉ´µ¸¨É¥²Ó´µ¸ÉÓ ±
¸·¥¤¸É¢ ³ ´ ¡²Õ¤¥´¨Ö ¸µ¢¶ ¤ ¥É ¸ µÉ´µ¸¨É¥²Ó´µ¸ÉÓÕ ± ¸¨¸É¥³¥ µÉ¸Î¥É . �µ-
´ÖÉ¨Ö ËÊ´¤ ³¥´É ²Ó´µ° ¢¥·µÖÉ´µ¸É¨ ¨ ¶µÉ¥´Í¨ ²Ó´µ° ¢µ§³µ¦´µ¸É¨ ¢µ§´¨-
± ÕÉ ± ± § ³¥´  ² ¶² ¸µ¢¸±µ£µ ¤¥É¥·³¨´¨§³  ¨ ¢¥·µÖÉ´µ¸É¨ ±² ¸¸¨Î¥¸±µ°
Ë¨§¨±¨, µÉ· ¦ ¢Ï¥° ´¥¶µ²´µÉÊ §´ ´¨° µ Ë¥´µ³¥´¥. ®Š² ¸¸¨Î¥¸± Ö¯ ´¥¶µ²-
´µÉ  ³µ¦¥É ¡ÒÉÓ ¨¸±²ÕÎ¥´  ÊÉµÎ´¥´¨¥³ Ê¸²µ¢¨°, ®´¥¶µ²´µÉ ¯ ±¢ ´Éµ¢µ°
É¥µ·¨¨ ¸ ÉµÎ±¨ §·¥´¨Ö ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ´¥ ³µ¦¥É ¡ÒÉÓ Ê¸É· ´¥´ , É ±
± ± µ´  ¶·¨¸ÊÐ  ±¢ ´Éµ¢µ³Ê µ¶¨¸ ´¨Õ, µ¶¨· ÕÐ¥³Ê¸Ö ´   ±É ¢§ ¨³µ¤¥°-
¸É¢¨Ö. Š¢ ´Éµ¢ Ö É¥µ·¨Ö Å ÔÉµ É¥µ·¨Ö ¶·µ£´µ§µ¢, ¢ ±µÉµ·µ° ¶µ´ÖÉ¨¥ ¢¥·µ-
ÖÉ´µ¸É¨ ¶¥·¢¨Î´µ. ’ ±µ¥ µ¶¨¸ ´¨¥ ´¥ ¶·µÉ¨¢µ·¥Î¨É ¶·¨´Í¨¶Ê ¶·¨Î¨´´µ¸É¨.
„¥°¸É¢¨É¥²Ó´µ, ¶·¨´Í¨¶ ¶·¨Î¨´´µ¸É¨ ± ± µ¤´µ ¨§ ´ Î ² ´ ÊÎ´µ£µ µ¡ÑÖ¸´¥´¨Ö
´¥ ¤µ²¦¥´ µÉµ¦¤¥¸É¢²ÖÉÓ¸Ö ¸ µ¤´µ§´ Î´µ° ¤¥É¥·³¨´¨·µ¢ ´´µ¸ÉÓÕ ±² ¸¸¨Î¥-
¸±µ° Ë¨§¨±¨. ‚.�.”µ± ¶¨Ï¥É: ®‚¸¥ Ö¢²¥´¨Ö ¶·µ¨¸Ìµ¤ÖÉ ¢ ¶·µ¸É· ´¸É¢¥ ¨
¢·¥³¥´¨ (¢¥¤Ó ´¥ ¢ ¶µÉÊ¸Éµ·µ´´¥³ ¦¥ ³¨·¥ µ´¨ ¶·µ¨¸Ìµ¤ÖÉ),   ÎÉµ ± ¸ ¥É¸Ö
¶·¨Î¨´´µ¸É¨, Éµ ¶·¥¤³¥Éµ³ É¥µ·¨¨, ¢ Î ¸É´µ¸É¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨, ± ± · §
¨ Ö¢²Ö¥É¸Ö µÉÒ¸± ´¨¥ ¶·¨Î¨´´µ° ¸¢Ö§¨ ³¥¦¤Ê Ö¢²¥´¨Ö³¨; ±·µ³¥ Éµ£µ, ´¥²Ó§Ö
¸³¥Ï¨¢ ÉÓ ¶·¨Î¨´´µ¸ÉÓ ¸ µ¤´µ§´ Î´µ° ¤¥É¥·³¨´¨·µ¢ ´´µ¸ÉÓÕ, ±µÉµ· Ö ³µ-
¦¥É ¨ ´¥ ¨³¥ÉÓ ³¥¸Éµ¯ [113].

‚.�.”µ±  ´ ²¨§¨·Ê¥É Ô±c¶¥·¨³¥´É ´ ¤  Éµ³´µ° ¸¨¸É¥³µ°, ¶µ¤· §¤¥²ÖÖ
¥£µ ´  ¤¢  µ¶ÒÉ : ´ Î ²Ó´Ò° (¶·¨£µÉµ¢¨É¥²Ó´Ò°) ¨ ±µ´¥Î´Ò° (¶·µ¢¥·µÎ´Ò°).
� Î ²Ó´Ò° µ¶ÒÉ ¢±²ÕÎ ¥É ¶·¨£µÉµ¢²¥´¨¥ ¨ ¸µ§¤ ´¨¥ ¢´¥Ï´¨Ì Ê¸²µ¢¨°, ±µÉµ-
·Ò¥ µ¶¨¸Ò¢ ÕÉ¸Ö ±² ¸¸¨Î¥¸±¨. � Î ²Ó´Ò° µ¶ÒÉ µ¡· Ð¥´ ± ¡Ê¤ÊÐ¥³Ê, É ± ± ±
¢µ²´µ¢ Ö ËÊ´±Í¨Ö, µÉ¶· ¢²ÖÖ¸Ó µÉ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ ´ Î ²Ó´µ³ µ¶ÒÉ¥,
¶µ§¢µ²Ö¥É ¤¥² ÉÓ ¶·µ£´µ§Ò, µÉ´µ¸ÖÐ¨¥¸Ö ± ¶·µ¢¥·µÎ´µ³Ê µ¶ÒÉÊ. ‚µ²´µ¢ Ö
ËÊ´±Í¨Ö µ¶¨¸Ò¢ ¥É ¶µÉ¥´Í¨ ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö ·¥§Ê²ÓÉ Éµ¢ ¨§³¥·¥´¨Ö
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´ ¤ ¸¨¸É¥³µ°. ‘µ¢µ±Ê¶´µ¸ÉÓ ¶µÉ¥´Í¨ ²Ó´ÒÌ ¢µ§³µ¦´µ¸É¥° ¤²Ö ¶·µ¢¥·µÎ´µ£µ
µ¶ÒÉ , ¢ÒÉ¥± ÕÐ¨Ì ¨§ ¤ ´´µ£µ ´ Î ²Ó´µ£µ µ¶ÒÉ , ¥¸ÉÓ Ì · ±É¥·¨¸É¨±  ¸µ¸Éµ-
Ö´¨Ö ¸¨¸É¥³Ò. Œ ±¸¨³ ²Ó´µ ¶µ²´ Ö Ì · ±É¥·¨¸É¨±  ´ §Ò¢ ¥É¸Ö ¸µ¸ÉµÖ´¨¥³
¸¨¸É¥³Ò. ˆ§³¥´¥´¨¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢µ ¢·¥³¥´¨ ¶µ Ê· ¢´¥´¨Õ ˜·¥¤¨´-
£¥·  µÉµ¡· ¦ ¥É ¨§³¥´¥´¨¥ ÔÉ¨Ì ¶·µ£´µ§µ¢. �·µ¢¥·µÎ´Ò° µ¶ÒÉ µ¡· Ð¥´ ¢
¶·µÏ²µ¥. ‚ ´¥³ ¶µÉ¥´Í¨ ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ · §²¨Î´ÒÌ ¨§³¥·¥´¨° ¶·¥¢· -
Ð ÕÉ¸Ö ¢ ¤¥°¸É¢¨É¥²Ó´µ¸ÉÓ. ‚µ²´µ¢ Ö ËÊ´±Í¨Ö ¨³¥¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸²
Éµ²Ó±µ ¢¶²µÉÓ ¤µ ³µ³¥´É  ¶·µ¢¥·µÎ´µ£µ µ¶ÒÉ . Š ± ¢ ´ Î ²Ó´µ³, É ± ¨ ¢
±µ´¥Î´µ³ µ¶ÒÉ¥ Ê¸É·µ°¸É¢µ ¨ ¤¥°¸É¢¨¥ ¶·¨¡µ·  µ¶¨¸Ò¢ ÕÉ¸Ö ±² ¸¸¨Î¥¸±¨.
‘µ¢µ±Ê¶´µ¸ÉÓ ´ Î ²Ó´µ£µ ¨ ¶·µ¢¥·µÎ´µ£µ µ¶ÒÉµ¢, ¶µ¢Éµ·¥´´ÒÌ ³´µ£µ · §,
¤ ¥É ¶µ²´Ò°, ¨²¨ § ¢¥·Ï¥´´Ò°, µ¶ÒÉ, ¶µ§¢µ²ÖÕÐ¨° ¸· ¢´¥´¨¥ ¸ É¥µ·¨¥°.
Š´¨£  ‚.�.”µ±  ®� Î ²  ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨¯ (2 ¨§¤ ´¨¥) ¸µ¤¥·¦¨É Ö¸´µ¥
¨ ¸¨¸É¥³ É¨Î¥¸±µ¥ ¨§²µ¦¥´¨¥ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨ ± ¸·¥¤¸É¢ ³ ´ ¡²Õ-
¤¥´¨Ö ¶·¨³¥´¨É¥²Ó´µ ± ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥, ¢¥·µÖÉ´µ¸É´µ£µ ¨¸Éµ²±µ¢ ´¨Ö ¨
¶µ´ÖÉ¨Ö ¶µÉ¥´Í¨ ²Ó´ÒÌ ¢µ§³µ¦´µ¸É¥°.

3. 	
�’› ‚.
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„¢¨¦¥´¨¥ ±µ´¥Î´ÒÌ ³ ¸¸ ¢ µ¡Ð¥° É¥µp¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. ‡´ Î¨É¥²Ó-
´µ¥ ³¥¸Éµ ¢ ¸¢µ¥³ ´ ÊÎ´µ³ É¢µ·Î¥¸É¢¥ ‚.�.”µ± ¶µ¸¢ÖÉ¨² É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö.
‚ ¸¥·¥¤¨´¥ 30-Ì £µ¤µ¢ µ¸´µ¢´µ° ¶·µ¡²¥³µ° µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨
¡Ò²  ¶·µ¡²¥³  ¢Ò¢µ¤  Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ³ ¸¸ ¨§ Ê· ¢´¥´¨° �°´ÏÉ¥°´ .

“p ¢´¥´¨Ö ÉÖ£µÉ¥´¨Ö �°´ÏÉ¥°´  ¤²Ö ³¥É·¨±¨ gµν ¢ ¶·¨¸ÊÉ¸É¢¨¨ ³ ¸¸
¸µ¤¥p¦ É É¥´§µp ³ É¥·¨¨ Tµν :

Rµν −
1
g
gµνR = −8πγ

c2
Tµν ,

£¤¥ R ¥¸ÉÓ ¨´¢ ·¨ ´É É¥´§µ·  ±·¨¢¨§´Ò ¢Éµ·µ£µ · ´£  Rµν ¶·µ¸É· ´¸É¢  ¸
³¥É·¨±µ° gµν ¨ γ Å ´ÓÕÉµ´µ¢¸± Ö ¶µ¸ÉµÖ´´ Ö ÉÖ£µÉ¥´¨Ö. ’¥´§µ· Tµν µÉ²¨-
Î¥´ µÉ ´Ê²Ö ¢ µ¡² ¸ÉÖÌ, § ´¨³ ¥³ÒÌ ³ ¸¸ ³¨, ¨ É ±¦¥ § ¢¨¸¨É µÉ ³¥É·¨±¨.
“· ¢´¥´¨Ö ÉÖ£µÉ¥´¨Ö �°´ÏÉ¥°´  ±µ¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¶·µ¨§¢µ²Ó´µ£µ
¶·¥µ¡· §µ¢ ´¨Ö ±µµ·¤¨´ É:

xµ → x
′µ,

g
′

µνdx
′µdx

′ν = gµνdx
µdxν ,

ÎÉµ µÉ· ¦ ¥É ¤µ¶Ê¸É¨³µ¸ÉÓ ²Õ¡ÒÌ ±µµ·¤¨´ É´ÒÌ ¸¨¸É¥³ ¤²Ö µ¶¨¸ ´¨Ö
Ö¢²¥´¨°.

“· ¢´¥´¨Ö �°´ÏÉ¥°´  ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ´¥ Éµ²Ó±µ Ê· ¢´¥´¨Ö ¶µ²Ö,
´µ ¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ³ ¸¸. „¢¨¦¥´¨¥ ³ ¸¸ ´¥²Ó§Ö § ¤ ÉÓ ¶·µ¨§¢µ²Ó-
´Ò³ µ¡· §µ³ ´¥§ ¢¨¸¨³µ µÉ Ê· ¢´¥´¨° ¶µ²Ö. „¥°¸É¢¨É¥²Ó´µ, É¥´§µ· ³ É¥·¨¨
¸µ¤¥·¦¨É, ¢ ± Î¥¸É¢¥ ´¥¨§¢¥¸É´ÒÌ ËÊ´±Í¨°, ¸µ¸É ¢²ÖÕÐ¨¥ ³¥É·¨Î¥¸±µ£µ É¥´-
§µ· , µÉ ±µÉµ·ÒÌ § ¢¨¸ÖÉ Ì · ±É¥·¨¸É¨±¨ ¸µ¸ÉµÖ´¨Ö ¨ ¤¢¨¦¥´¨Ö ³ É¥·¨¨.
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�ÉµÉ ¢µ¶·µ¸ ¶·¨´Í¨¶¨ ²Ó´µ£µ Ì · ±É¥·  ¡Ò² ¢ÒÖ¸´¥´ �°´ÏÉ¥°´µ³ ¨
ƒ·µ³³¥·µ³ [55] ¨ �°´ÏÉ¥°´µ³ [56] ¢ 1927 £. �´¨ · ¸¸³ É·¨¢ ²¨ ³ ¸¸Ò
± ± µ¸µ¡¥´´Ò¥ ÉµÎ±¨ ¶µ²Ö ¨ ¶µ± § ²¨, ÎÉµ ¤¢¨¦¥´¨¥ ÔÉ¨Ì ÉµÎ¥± ¤µ²¦´µ
¢ÒÉ¥± ÉÓ ¨§ Ê· ¢´¥´¨° ÉÖ£µÉ¥´¨Ö. ‚.�.”µ± ¶¨¸ ² ¢ 1939 £. [58]: ®�¥¸³µÉ·Ö
´  µ£·µ³´ÊÕ ¢ ¦´µ¸ÉÓ ÔÉµ£µ ·¥§Ê²ÓÉ É , µ´ Ö¢²Ö¥É¸Ö, ¶µ ´ Ï¥³Ê ³´¥´¨Õ,
µ¤´¨³ ¨§ £² ¢´ÒÌ µ¡µ¸´µ¢ ´¨° µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ Å Ê± § ´´Ò¥
¤¢¥ · ¡µÉÒ �°´ÏÉ¥°´  ¶·µÏ²¨ ³ ²µ§ ³¥Î¥´´Ò³¨ ¨ ´¥ ¶µ²ÊÎ¨²¨ ´ ¤²¥¦ Ð¥£µ
· §¢¨É¨Ö¯. �·µ¡²¥³  ¢Ò¢µ¤  § ±µ´  ¤¢¨¦¥´¨Ö ³ ¸¸ ¨§ Ê· ¢´¥´¨° �°´ÏÉ¥°´ 
µ¸É ¢ ² ¸Ó µÉ±·ÒÉµ°.

�°´ÏÉ¥°´ ¢µ§¢· É¨²¸Ö ± ÔÉµ° ¶·µ¡²¥³¥ Î¥·¥§ 10 ²¥É. �· ±É¨Î¥¸±¨ µ¤-
´µ¢·¥³¥´´µ ‚.�.”µ± § ³¥É¨², ÎÉµ ¸Éµ²Ó ¢ ¦´ Ö ¶·µ¡²¥³  ¥Ð¥ ´¥ ·¥Ï¥´ , ¨
´ Î ² ¨¸± ÉÓ ¥¥ ·¥Ï¥´¨¥. �°´ÏÉ¥°´ ¸ ¸µÉ·Ê¤´¨± ³¨ (�°´ÏÉ¥°´, ˆ´Ë¥²Ó¤
¨ ƒµË³ ´ [57]) ¨ ‚.�.”µ± [58] ´¥§ ¢¨¸¨³µ ·¥Ï¨²¨ ¶·µ¡²¥³Ê · §²¨Î´Ò³¨
³¥Éµ¤ ³¨. �°´ÏÉ¥°´ µ¶Ê¡²¨±µ¢ ² ¸¢µÕ ¶¥·¢ÊÕ · ¡µÉÊ ¶µ Ê· ¢´¥´¨Õ ¤¢¨¦¥-
´¨Ö ³ ¸¸ · ´ÓÏ¥ ‚.�.”µ±  Å ¢ 1938 £. ‚.�.”µ± µ§´ ±µ³¨²¸Ö ¸ ´¥°, µ¦¨¤ Ö
µ¶Ê¡²¨±µ¢ ´¨Ö ¸¢µ¥° ¸É ÉÓ¨ ¢ †�’”, ¨ ´ ¶¨¸ ² ¤µ¡ ¢²¥´¨¥ ¢ ±µ··¥±-
ÉÊ·¥ [58].

‚.�.”µ± · ¸¸³ É·¨¢ ² ¸¨¸É¥³Ê ³ ¸¸ µ¸É·µ¢´µ£µ É¨¶  ± ± ´ ¨¡µ²¥¥ Ì -
· ±É¥·´ÊÕ ¤²Ö  ¸É·µ´µ³¨Î¥¸±¨Ì § ¤ Î. ’ ± Ö ¸¨¸É¥³  ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ¨§µ²¨·µ¢ ´´ Ö. �  ¡µ²ÓÏ¨Ì Ê¤ ²¥´¨ÖÌ µÉ ³ ¸¸ ¶·µ¸É· ´¸É¢µ-¢·¥³Ö ¸É -
´µ¢¨É¸Ö ¥¢±²¨¤µ¢Ò³, ¢ ´¥³ · §²¨Î´Ò¥ ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ ¸¢Ö§ ´Ò ¶·¥-
µ¡· §µ¢ ´¨Ö³¨ ‹µ·¥´Í .  ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ ¢ ´¥¡¥¸´ÒÌ É¥² Ì ¶·¥¤-
¶µ² £ ¥É¸Ö ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´Ò³. �·¥¤¶µ² £ ¥É¸Ö É ±¦¥, ÎÉµ ²¨´¥°´Ò¥
· §³¥·Ò É¥² ¢¥¸Ó³  ¢¥²¨±¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¨Ì £· ¢¨É Í¨µ´´Ò³¨ · ¤¨Ê¸ ³¨,
´µ ¢ Éµ ¦¥ ¢·¥³Ö ¤µ¸É ÉµÎ´µ ³ ²Ò ¶µ ¸· ¢´¥´¨Õ ¸ ¨Ì ¢§ ¨³´Ò³¨ · ¸¸Éµ-
Ö´¨Ö³¨. ‘±µ·µ¸É¨ É¥² ³ ²Ò ¶µ ¸· ¢´¥´¨Õ ¸µ ¸±µ·µ¸ÉÓÕ ¸¢¥É .  ¸¶µ²µ¦¥-
´¨¥ ¨ ¤¢¨¦¥´¨¥ ¶² ´¥É, É.¥. µ¡² ¸É¥°, £¤¥ É¥´§µ· ³ É¥·¨¨ µÉ²¨Î¥´ µÉ ´Ê²Ö,
µ¶·¥¤¥²Ö¥É¸Ö ³¥É·¨Î¥¸±¨³ É¥´§µ·µ³, ±µÉµ·Ò°, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ¶·¥¤¥²Ö¥É¸Ö
· ¸¶µ²µ¦¥´¨¥³ ¨ ¤¢¨¦¥´¨¥³ ¶² ´¥É´ÒÌ ³ ¸¸. ‚.�.”µ±µ³ ¸É ¢¨² ¸Ó § ¤ Î 
µ¶·¥¤¥²¨ÉÓ ¶·¨¡²¨¦¥´´µ ³¥É·¨Î¥¸±¨° É¥´§µ· ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¨³¥¥É¸Ö µ¤´ 
¨²¨ ´¥¸±µ²Ó±µ ³ ¸¸ ±µ´¥Î´µ° ¢¥²¨Î¨´Ò, ¨ ¶·¨ ·¥Ï¥´¨¨ ÔÉµ° § ¤ Î¨ ¶µ-
¶ÊÉ´µ ¶µ²ÊÎ¨ÉÓ ¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ³ ¸¸ ± ± Ê¸²µ¢¨Ö · §·¥Ï¨³µ¸É¨
Ê· ¢´¥´¨° �°´ÏÉ¥°´ . �É  ´¥²¨´¥°´ Ö § ¤ Î  µ¡²¥£Î ¥É¸Ö É¥³, ÎÉµ ¢ ¸²Ê-
Î ¥ µ¸É·µ¢´ÒÌ ³ ¸¸ É¥´§µ· ³ É¥·¨¨ ®³ ²µÎÊ¢¸É¢¨É¥²¥´¯ ± ³¥É·¨±¥, ¨ ³µ¦´µ
· §¢¨ÉÓ ³¥Éµ¤ ¶·¨¡²¨¦¥´¨°, ±µ£¤  ¢ ¨¸Ìµ¤´µ³ ¶·¨¡²¨¦¥´¨¨ É¥´§µ· ³ É¥·¨¨
É ±µ¢, ± ± ¥¸²¨ ¡Ò ÉÖ£µÉ¥´¨¥ ´¥ ¢µ§¤¥°¸É¢µ¢ ²µ ´  ´¥£µ. �·¨ ·¥Ï¥´¨¨ § -
¤ Î¨ ‚.�.”µ± ¶·¨³¥´Ö² É ±¦¥ ®¶µ²Êµ¡· É´Ò°¯ ³¥Éµ¤: ¨¸± ÉÓ ¤²Ö ³¥É·¨±¨
gµν É ±¨¥ §´ Î¥´¨Ö, ±µÉµ·Ò¥, ¡Ê¤ÊÎ¨ ¶µ¤¸É ¢²¥´Ò ¢ ²¥¢ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨°
�°´ÏÉ¥°´ , ¤ ¤ÊÉ ¤²Ö É¥´§µ·  ³ É¥·¨¨ ¢ ¶· ¢µ° Î ¸É¨ ¢Ò· ¦¥´¨Ö, ³µ£ÊÐ¨¥
¡ÒÉÓ ¨¸Éµ²±µ¢ ´´Ò³¨ Ë¨§¨Î¥¸±¨.

‚.�.”µ± ¢Ò¡¨· ¥É ±µµ·¤¨´ É´ÊÕ ¸¨¸É¥³Ê É ±, ÎÉµ¡Ò Ê· ¢´¥´¨Ö ¶µ ¢µ§-
³µ¦´µ¸É¨ Ê¶·µ¸É¨²¨¸Ó,   ¸ ³  ¸¨¸É¥³  ±µµ·¤¨´ É ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ
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µÉ ³ ¸¸ ¶¥·¥Ìµ¤¨²  ¡Ò ¢ ¤¥± ·Éµ¢Ê. ’ ±µ³Ê ±·¨É¥·¨Õ Ê¤µ¢²¥É¢µ·Ö¥É £ ·³µ-
´¨Î¥¸± Ö ¸¨¸É¥³  ±µµ·¤¨´ É gµν , ¶µ¤Î¨´¥´´ Ö Ê¸²µ¢¨Õ £ ·³µ´¨Î´µ¸É¨

∂µg
µν = 0. (2)

’ ±¨³ µ¡· §µ³, É¥´§µ· ³ É¥·¨¨ µ¶·¥¤¥²Ö¥É¸Ö µ¤´µ¢·¥³¥´´µ ¸ ³¥É·¨±µ° ¨§
Ê· ¢´¥´¨° �°´ÏÉ¥°´  ¨ Ê¸²µ¢¨Ö £ ·³µ´¨Î´µ¸É¨. ¥Ï¥´¨¥ ¶·¥¤¸É ¢²Ö²µ¸Ó ¢
¢¨¤¥ · §²µ¦¥´¨Ö ¶µ µ¡· É´Ò³ ¸É¥¶¥´Ö³ ¸±µ·µ¸É¨ ¸¢¥É .

‚ ¸É ÉÓ¥ [58], µ¶Ê¡²¨±µ¢ ´´µ° ¢ 1939 £., ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î ¶µ²Ê-
Î¨² Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢ ¶¥·¢µ³, ´ÓÕÉµ´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ± ± Ê¸²µ¢¨¥
· §·¥Ï¨³µ¸É¨ Ê· ¢´¥´¨° �°´ÏÉ¥°´  ¢µ ¢Éµ·µ³ ¶·¨¡²¨¦¥´¨¨. �ÉµÉ ·¥§Ê²ÓÉ É
¶µ¤É¢¥·¦¤ ² ÊÉ¢¥·¦¤¥´¨¥ �°´ÏÉ¥°´ , ¸µ£² ¸´µ ±µÉµ·µ³Ê Ê· ¢´¥´¨Ö ¤¢¨¦¥-
´¨Ö Ê¦¥ ¸µ¤¥·¦ É¸Ö ¢ ¥£µ Ê· ¢´¥´¨ÖÌ ÉÖ£µÉ¥´¨Ö. ”µ± Ê¸É ´ ¢²¨¢ ¥É É ±¦¥
¸¢Ö§Ó ³¥¦¤Ê § ±µ´µ³ Ô±¢¨¢ ²¥´É´µ¸É¨ ³ ¸¸Ò ¨ Ô´¥·£¨¨ ¨ Ê· ¢´¥´¨Ö³¨ �°´-
ÏÉ¥°´ . ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î µÉ³¥Î ¥É µ¸µ¡µ¥ ¶µ²µ¦¥´¨¥ · ¸¸³µÉ·¥´-
´µ£µ ¨³ ¢Éµ·µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ³¥É·¨Î¥¸±µ£µ É¥´§µ·  ± ± ´ ¨¢Ò¸Ï¥£µ
¶·¨¡²¨¦¥´¨Ö, ¢ ±µÉµ·µ³ ³µ¦´µ § ³¥´¨ÉÓ µ¡µ¡Ð¥´´Ò° µ¶¥· Éµ· „'A² ³¡¥· 
¥¢±²¨¤µ¢Ò³ µ¶¥· Éµ·µ³ „'A² ³¡¥· . ’ ± Ö § ³¥´  ³µ¦¥É ¡ÒÉÓ ¨¸Éµ²±µ¢ ´ 
± ± § ³¥´  ·¥ ²Ó´µ£µ ·¨³ ´µ¢  ¶·µ¸É· ´¸É¢  ´  Ë¨±É¨¢´µ¥ ¥¢±²¨¤µ¢µ ¶·µ-
¸É· ´¸É¢µ, ¢ ±µÉµ·µ³ ¶µ²¥ ÉÖ£µÉ¥´¨Ö · ¸¸³ É·¨¢ ¥É¸Ö ¢ ± Î¥¸É¢¥ ¢´¥Ï´¥£µ.
�µ ¢ ¢Ò¸Ï¨Ì ¶·¨¡²¨¦¥´¨ÖÌ ¶µ¤µ¡´ Ö § ³¥´  ´¥¢µ§³µ¦´ . ‚¸¥ ¸¢µ¨ ¢ÒÎ¨¸²¥-
´¨Ö ‚.�.”µ± ¶µ¤·µ¡´µ ¨§² £ ¥É ¢ ¸É ÉÓ¥ [58].

‚ · ¡µÉ¥ �°´ÏÉ¥°´ , ˆ´Ë¥²Ó¤  ¨ ƒµË³ ´  [57] ¶·µ¡²¥³  ¢Ò¢µ¤  Ê· ¢-
´¥´¨° ¤¢¨¦¥´¨Ö · ¸¸³ É·¨¢ ² ¸Ó ¢ ¨´µ° ¶µ¸É ´µ¢±¥, ¢ÒÉ¥± ÕÐ¥° ¨§ ÉµÎ±¨
§·¥´¨Ö �°´ÏÉ¥°´ , ¸µ£² ¸´µ ±µÉµ·µ° Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ ¸ÊÉÓ µ¸µ¡¥´´Ò¥
ÉµÎ±¨ ¶µ²Ö. ‚ ´¥° ¶µ²ÊÎ¥´Ò Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢µ ¢Éµ·µ³ ¶·¨¡²¨¦¥´¨¨,
  ¶·µ¡²¥³Ò É¥´§µ·  ³ É¥·¨¨ ¢´ÊÉ·¨ ³ ¸¸ ´¥ ¸ÊÐ¥¸É¢Ê¥É. ‚ÒÎ¨¸²¥´¨Ö  ¢-
Éµ·µ¢ · ¡µÉÒ [57] ´ ¸Éµ²Ó±µ ¸²µ¦´Ò, ÎÉµ ¢ ¦Ê·´ ²Ó´µ° ¸É ÉÓ¥ ¤²Ö ´¨Ì ´¥
´ Ï²µ¸Ó ³¥¸É , ¨ Î¨É É¥²Õ ¶·¥¤² £ ²µ¸Ó µ¡· É¨ÉÓ¸Ö ± ¸¥±·¥É ·Õ ˆ´¸É¨ÉÊÉ 
¢ �·¨´¸Éµ´¥, £¤¥ Ì· ´¨É¸Ö ¶µ²´ Ö ·Ê±µ¶¨¸Ó.

‚Éµ·µ¥ ¶·¨¡²¨¦¥´¨¥ ± Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö ¶µ ³¥Éµ¤Ê ”µ±  ¡Ò²µ ¶µ-
²ÊÎ¥´µ ¢ 1940 £. ¢ · ¡µÉ¥ �.Œ.�¥É·µ¢µ° [115],  ¸¶¨· ´É±¨ ‚² ¤¨³¨·  �²¥±-
¸ ´¤·µ¢¨Î . ‚µ°´  § ¤¥·¦ ²  ¶Ê¡²¨± Í¨Õ ¸É ÉÓ¨ �¥É·µ¢µ° ¤µ 1949 £., ´µ ¥¥
·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¨ ¶·¨¢¥¤¥´Ò ‚² ¤¨³¨·µ³ �²¥±¸ ´¤·µ¢¨Î¥³ ¢
¥£µ · ¡µÉ¥ [79], 1941 £.  §¢¨É¨¥ ¶µ¤Ìµ¤  ”µ±  ± Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö ¸µ-
¤¥·¦¨É¸Ö ¢ · ¡µÉ Ì ÊÎ¥´¨±µ¢ ‚² ¤¨³¨·  �²¥±¸ ´¤·µ¢¨Î  [116,117],   É ±¦¥
¢ [118,119].

”Ê´¤ ³¥´É ²Ó´ Ö ¸É ÉÓÖ ‚.�. ”µ±  µ¡ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ³ ¸¸ ¸ÊÐ¥-
¸É¢¥´´µ µ¦¨¢¨²  ³¨·µ¢ÊÕ ´ ÊÎ´ÊÕ  ±É¨¢´µ¸ÉÓ ¢ µ¡² ¸É¨ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö
�°´ÏÉ¥°´  ¨ ¶µ²µ¦¨²  ´ Î ²µ ¨´É¥´¸¨¢´Ò³ £· ¢¨É Í¨µ´´Ò³ ¨¸¸²¥¤µ¢ ´¨Ö³
¢ ‘‘‘.

‚ ¤ ²Ó´¥°Ï¥³ ‚.�. ”µ± µ¡µ¡Ð ¥É Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ´  ¸²ÊÎ ° ¢· -
Ð ÕÐ¨Ì¸Ö É¥², ´ Ìµ¤¨É ¶·¨¡²¨¦¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° ÉÖ£µÉ¥´¨Ö ¨ ¨¸-
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¸²¥¤Ê¥É  ¸¨³¶ÉµÉ¨Î¥¸±¨° ¢¨¤ ·¥Ï¥´¨°. �¸µ¡µ¥ §´ Î¥´¨¥ µ´ ¶·¨¤ ¥É ¢µ¶·µ¸Ê
µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¸¨¸É¥³Ò ±µµ·¤¨´ É, µ¶·¥¤¥²Ö¥³µ° µ¤´µ§´ Î´µ ¸ ÉµÎ´µ¸ÉÓÕ
¤µ ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í . ‚.�. ”µ± ¸É·¥³¨É¸Ö ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¢ É¥µ·¨¨
ÉÖ£µÉ¥´¨Ö ¶· ¢¨²Ó´ÊÕ ³ É¥³ É¨Î¥¸±ÊÕ ¶µ¸É ´µ¢±Ê § ¤ Î¨, µ¡¥¸¶¥Î¨¢ ÕÐÊÕ
¥¤¨´¸É¢¥´´µ¸ÉÓ ·¥Ï¥´¨Ö. �´ ¶µ± §Ò¢ ¥É, ÎÉµ ¢ ¸²ÊÎ ¥ µ¸É·µ¢´µ£µ · ¸¶µ²µ¦¥-
´¨Ö ³ ¸¸ £ ·³µ´¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶·¨¢¨²¥£¨·µ¢ ´´ÊÕ
¸¨¸É¥³Ê ±µµ·¤¨´ É, ¶µ¤µ¡´µ Éµ³Ê, ± ± ¨´¥·Í¨ ²Ó´ Ö ¸¨¸É¥³  ±µµ·¤¨´ É µ± -
§Ò¢ ¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ° ¢ µÉ¸ÊÉ¸É¢¨¥ ÉÖ£µÉ¥´¨Ö. �´ ¤µ± §Ò¢ ¥É ¥¤¨´-
¸É¢¥´´µ¸ÉÓ £ ·³µ´¨Î¥¸±µ° ¸¨¸É¥³Ò, Ì · ±É¥·¨§Ê¥³µ° ¤¨ËË¥·¥´Í¨ ²Ó´Ò³¨
Ê· ¢´¥´¨Ö³¨ (1) ¨ ¶·¥¤¥²Ó´Ò³¨ Ê¸²µ¢¨Ö³¨. “¸²µ¢¨¥ £ ·³µ´¨Î´µ¸É¨ (2) ´ §Ò-
¢ ÕÉ É ±¦¥ Ê¸²µ¢¨¥³ ¤¥ „µ´¤¥· Å”µ± , ¶µ¸±µ²Ó±Ê ¢¶¥·¢Ò¥ ¥£µ ³µ¦´µ ´ °É¨
Ê ¤¥ „µ´¤¥·  [116],   ”µ± ¨¸Î¥·¶Ò¢ ÕÐ¥ ¨§ÊÎ¨² ¥£µ ¨ Ê± § ² ´  ¢ ¦´¥°Ï¨¥
¶·¨³¥´¥´¨Ö.

Š´¨£  ®’¥µ·¨Ö ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö¯. ‚ ¶·¥¤¨¸²µ¢¨¨
± ±´¨£¥ ‚.�. ”µ± ¶¨Ï¥É: ®¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶·¨¢¥²¨ ´ ¸ ±
Ê¡¥¦¤¥´¨Õ µ ¢µ§³µ¦´µ¸É¨, ¶µ ±· °´¥° ³¥·¥ ¤²Ö ´ ¨¡µ²¥¥ ¢ ¦´µ£µ ±² ¸¸ 
Ë¨§¨Î¥¸±¨Ì § ¤ Î, ¤µ¸É¨£´ÊÉÓ µ¤´µ§´ Î´µ¸É¨ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ÉÖ£µÉ¥´¨Ö
¶ÊÉ¥³ ´ ²µ¦¥´¨Ö ¸µ¢³¥¸É´ÒÌ ¸ ´¨³¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ Ê¸²µ¢¨°. �Éµ Ê¡¥¦¤¥-
´¨¥ ¶µ¸²Ê¦¨²µ µ¸´µ¢ ´¨¥³ ¤²Ö ´µ¢µ° ÉµÎ±¨ §·¥´¨Ö ´  ¢¸Õ É¥µ·¨Õ ÉÖ£µÉ¥´¨Ö.
�µÔÉµ³Ê ¢µ§´¨±²  ¶µÉ·¥¡´µ¸ÉÓ ¢ ¨§²µ¦¥´¨¨ ¢¸¥° É¥µ·¨¨ ¶·µ¸É· ´¸É¢ , ¢·¥-
³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö ¸ ÔÉµ°, ¢´µ¢Ó ¢Ò· ¡µÉ ´´µ°, ÉµÎ±¨ §·¥´¨Ö, ÎÉµ ¨ ¸¤¥² ´µ ¢
ÔÉµ° ±´¨£¥¯.

‚.�. ”µ± ¶·¨¤ ¥É ¡µ²ÓÏµ¥ §´ Î¥´¨¥ Ö¸´µ³Ê ¶¥¤ £µ£¨Î¥¸±µ³Ê ¨§²µ¦¥´¨Õ
³ É¥·¨ ² , ÎÉµ É¥³ ¡µ²¥¥ ´¥µ¡Ìµ¤¨³µ, É ± ± ± ¢ ¶µ£µ´¥ §  ¤µ¸ÉÊ¶´µ¸ÉÓÕ ¢
¶µ´¨³ ´¨¨ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥±µÉµ·Ò¥ ¢Ê²Ó£ ·¨§ Éµ·Ò ´ Ê±¨
¦¥·É¢µ¢ ²¨ ´ ÊÎ´µ° ¤µ¸Éµ¢¥·´µ¸ÉÓÕ. ‚µ ³´µ£¨Ì ¶µ¶Ê²Ö·´ÒÌ ¨§²µ¦¥´¨ÖÌ
µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ±µ¢ ·¨ ´É´µ¸ÉÓ ¸³¥Ï¨¢ ² ¸Ó ¸ ¨´¢ ·¨ ´É-
´µ¸ÉÓÕ, ¢µ§³µ¦´µ¸ÉÓ ¶·µ¨§¢µ²Ó´µ£µ ¢Ò¡µ·  ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò µÉµ¦¤¥-
¸É¢²Ö² ¸Ó ¸ Ë¨§¨Î¥¸±¨³ ¸µ¤¥·¦ ´¨¥³ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨, µ¸´µ¢-
´µ° ±·¨É¥·¨° ´ ²¨Î¨Ö ÉÖ£µÉ¥´¨Ö Å µÉ²¨Î¨¥ µÉ ´Ê²Ö É¥´§µ·  ±·¨¢¨§´Ò Î¥É-
¢¥·Éµ£µ · ´£  Å Ê¶µ³¨´ ²¸Ö ²¨ÏÓ ³¨³µÌµ¤µ³.

‚.�. ”µ± ¢±²ÕÎ ¥É ¢ ±´¨£Ê ¨§²µ¦¥´¨¥ Î ¸É´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¢
¶·µ¨§¢µ²Ó´ÒÌ ±µµ·¤¨´ É Ì, ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨,
¨ ¶µ¤Î¥·±¨¢ ¥É, ÎÉµ ±µ¢ ·¨ ´É´µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ ¸ ³µ£µ µ¡Ð¥£µ ¶·¥µ¡· §µ-
¢ ´¨Ö ±µµ·¤¨´ É ( ®µ¡Ð¥±µ¢ ·¨ ´É´µ¸ÉÓ¯) ¥¸ÉÓ É·¥¡µ¢ ´¨¥ ± ²Õ¡µ° É¥µ·¨¨,
  ´¥ Éµ²Ó±µ ± É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö. �¡Ð¥±µ¢ ·¨ ´É´µ¸ÉÓ ¢³¥¸É¥ ¸ ²µ± ²Ó´µ¸ÉÓÕ
² £· ´¦¨ ´  ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° £² ¢´Ò¥ ¶·¨´Í¨¶Ò ¸µ¢·¥³¥´´µ° É¥µ·¨¨.
�¸´µ¢´µ° ³ É¥·¨ ² ±´¨£¨ ‚.�. ”µ± ¨§² £ ² ³´µ£µ±· É´µ ¢ ¸¢µ¨Ì ²¥±Í¨ÖÌ
´  Ë¨§¨Î¥¸±µ³ Ë ±Ê²ÓÉ¥É¥ ‹ƒ“. ‚.�. ”µ± ¶µ¤Î¥·±¨¢ ¥É, ÎÉµ Ë¨§¨Î¥¸±µ° ¨´-
¢ ·¨ ´É´µ¸ÉÓÕ ³µ£ÊÉ µ¡² ¤ ÉÓ Éµ²Ó±µ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° �°´ÏÉ¥°´ , ±µ£¤ 
Ê¸É· ´¥´  ´¥µ¤´µ§´ Î´µ¸ÉÓ ¢ µ¶·¥¤¥²¥´¨¨ ±µµ·¤¨´ É ¸ ¶µ³µÐÓÕ ¤µ¶µ²´¨-
É¥²Ó´ÒÌ, ±µµ·¤¨´ É´ÒÌ Ê¸²µ¢¨°, ¸µ¢³¥¸É´ÒÌ ¸ Ê· ¢´¥´¨Ö³¨ �°´ÏÉ¥°´ . �¡-
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Ð¥±µ¢ ·¨ ´É´µ¸ÉÓ (¨²¨ ± ²¨¡·µ¢µÎ´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ) ¥¸ÉÓ ¢¸¥µ¡Ð¥¥ É·¥¡µ-
¢ ´¨¥, Ë¨§¨Î¥¸± Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ¨ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ-
·¨ÖÌ µÉ´µ¸¨É¸Ö ± ¤ ´´µ³Ê ·¥Ï¥´¨Õ. �¡Ð¥±µ¢ ·¨ ´É´µ¸ÉÓ ¥¸ÉÓ ³ É¥³ É¨Î¥-
¸±µ¥ ¢Ò· ¦¥´¨¥ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨ ± ¸·¥¤¸É¢ ³ ´ ¡²Õ¤¥´¨Ö. ƒ·Ê¶¶ 
Ë¨§¨Î¥¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ §´ Î¨É¥²Ó´µ hÊ¦¥, Î¥³ £·Ê¶¶  µ¡Ð¥±µ¢ ·¨ ´É´µ-
¸É¨: ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö ´ ·ÊÏ ÕÉ µ¡Ð¥±µ¢ ·¨ ´É´µ¸ÉÓ. �¡Ð¥±µ¢ ·¨-
 ´É´µ¸ÉÓ µÉ´µ¸¨É¸Ö ± · §´µ³Ê µ¶¨¸ ´¨Õ µ¤´µ£µ ¨ Éµ£µ ¦¥ Ö¢²¥´¨Ö, ¢ ¸²ÊÎ ¥
Ë¨§¨Î¥¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ ¸ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ¡ §¨¸Ò ¨ ®¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨¥ Ö¢²¥´¨Ö¯. ˆ³¥´´µ ¸¨³³¥É·¨Ö ·¥Ï¥´¨°, ²¥¦ Ð Ö ¢ µ¸´µ¢¥ Ë¨§¨Î¥¸±µ°
¨´¢ ·¨ ´É´µ¸É¨, Ì · ±É¥·¨§Ê¥É µ¸´µ¢´Ò¥ Î¥·ÉÒ Ö¢²¥´¨°. �É¨ ¨¤¥¨ ‚.�. ”µ± 
¨³¥ÕÉ ¢¥¸Ó³  µ¡Ð¨° Ì · ±É¥·, ¨ ¨Ì ¶·¨³¥´¥´¨¥ ´¥ µ£· ´¨Î¨¢ ¥É¸Ö Éµ²Ó±µ
É¥µ·¨¥° ÉÖ£µÉ¥´¨Ö ¨ ± ²¨¡·µ¢µÎ´Ò³¨ É¥µ·¨Ö³¨. ‚ ¦´µ¸ÉÓ ¨§ÊÎ¥´¨Ö ¸¨³³¥É-
·¨¨ ·¥Ï¥´¨° ¨ ¶²µ¤µÉ¢µ·´µ¸ÉÓ ¥¥ ¶·¨³¥´¥´¨Ö ¢ Ë¨§¨±¥ ¶·µ¤¥³µ´¸É·¨·µ¢ ´a
�.Œ.5 ²¤¨´Ò³ ¨ �.�.5 ²¤¨´Ò³ [120].

Š´¨£  ®’¥µ·¨Ö ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö¯ µ¸´µ¢ ´  ´  µ£·µ³-
´µ³ µ·¨£¨´ ²Ó´µ³ ³ É¥·¨ ²¥. ‚ ´¥° ¨§² £ ÕÉ¸Ö ´¥ Éµ²Ó±µ ËÊ´¤ ³¥´É ²Ó´Ò¥
¨¸¸²¥¤µ¢ ´¨Ö ‚.�. ”µ±  ¶µ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨, ´µ ¶¥·¥· ¡ ÉÒ-
¢ ÕÉ¸Ö ¸ ¥¤¨´µ° ¨ µ·¨£¨´ ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö ¨§¢¥¸É´Ò¥ £² ¢Ò, ¢ ±µÉµ·ÒÌ
¤ ¥É¸Ö ¡µ²¥¥ ¸µ¢¥·Ï¥´´Ò° ¢Ò¢µ¤ ¨ ´µ¢µ¥ µ¸¢¥Ð¥´¨¥. ‚.�. ”µ± ¶µ²ÊÎ ¥É Ë¨-
§¨Î¥¸±µ¥ Éµ²±µ¢ ´¨¥ ±µµ·¤¨´ É, · ¸¸³ Ép¨¢ Ö · ¸¶·µ¸É· ´¥´¨¥ Ë·µ´É  ¸¢¥-
Éµ¢µ° ¢µ²´Ò. �´ ÉÐ É¥²Ó´µ ¸²¥¤¨É §  ²µ£¨Î¥¸±µ° ¸É·µ°´µ¸ÉÓÕ ¨§²µ¦¥´¨Ö
¨ ¶·¨¢µ¤¨É ¢ ±´¨£¥ ´µ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¨³ ¶·¨ ¸µ¡¸É¢¥´´µ³ ¶·µ-
· ¡ ÉÒ¢ ´¨¨ Î ¸É´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. ‚ Î ¸É´µ¸É¨, µ´ ¤ ¥É ´µ¢µ¥
¤µ± § É¥²Ó¸É¢µ ²¨´¥°´µ¸É¨ ¶·¥µ¡· §µ¢ ´¨Ö, ¸¢Ö§Ò¢ ÕÐ¥£µ ¤¢¥ ¨´¥·Í¨ ²Ó´Ò¥
¸¨¸É¥³Ò, ¨ ¨¸¸²¥¤Ê¥É ¢µ¶·µ¸ µ¡  ¸É·µ´µ³¨Î¥¸±µ°  ¡¥·· Í¨¨ ´  µ¸´µ¢¥ ¶µ´Ö-
É¨Ö µ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° ‹µ¡ Î¥¢¸±µ£µÅ�°´ÏÉ¥°´ . ‚ ±´¨£¥ ¨§²µ¦¥´Ò
¨¸¸²¥¤µ¢ ´¨¥ µ ËÊ´±Í¨¨ ‹ £· ´¦  ¤²Ö ¸¨¸É¥³Ò § ·Ö¤µ¢, µ¶¨¸Ò¢ ÕÐ¥° ·¥²Ö-
É¨¢¨¸É¸±µ¥ ¶·¨¡²¨¦¥´¨¥,   É ±¦¥ µ·¨£¨´ ²Ó´Ò° ¢Ò¢µ¤ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö.

Š´¨£  ¶µ¸¢ÖÐ¥´  ¢ µ¸´µ¢´µ³ É¥µ·¨¨ ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö
¤²Ö µ¸É·µ¢´µ£µ · ¸¶µ²µ¦¥´¨Ö ³ ¸¸, É.¥. ¤²Ö ¨§µ²¨·µ¢ ´´µ° ¸¨¸É¥³Ò ³ ¸¸ É¨¶ 
‘µ²´¥Î´µ° ¸¨¸É¥³Ò, ¶µ£·Ê¦¥´´µ°  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¢ ¶²µ¸±µ¥ ¶·µ¸É· ´¸É¢µ-
¢·¥³Ö. ‚.�. ”µ± ¶µ² £ ², ÎÉµ É¥µ·¨Ö ¶·µ¸É· ´¸É¢ , ¢·¥³¥´¨ ¨ ÉÖ£µÉ¥´¨Ö ¢
ÔÉµ³ ¸²ÊÎ ¥ ¨³¥¥É § ¢¥·Ï¥´´Ò° ¢¨¤, ¢ Éµ ¢·¥³Ö ± ± ¨§ÊÎ¥´¨¥ ±µ¸³µ²µ£¨¨
Éµ²Ó±µ ´ Î¨´ ¥É¸Ö. ˆ§ 96 ¶ · £· Ëµ¢ ±´¨£¨ Éµ²Ó±µ ¢ ¤¢ÊÌ · ¸¸³ É·¨¢ -
¥É¸Ö ¨´µ¥ ¶·µ¸É· ´¸É¢µ ¸ ¨´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ³ ¸¸,   ¨³¥´´µ ¨§µÉ·µ¶´µ¥
¶·µ¸É· ´¸É¢µ, ¶·µ¸É· ´¸É¢µ ”·¨¤³ ´ Å‹µ¡ Î¥¢¸±µ£µ, ¸ · ¢´µ³¥·´µ° ¶²µÉ-
´µ¸ÉÓÕ ³ ¸¸.

‚ ¸²ÊÎ ¥ µ¸É·µ¢´µ£µ · ¸¶·¥¤¥²¥´¨Ö ³ ¸¸ ¨ µÉ¸ÊÉ¸É¢¨Ö ¢µ§¤¥°¸É¢¨°, ¶·¨-
Ìµ¤ÖÐ¨Ì ¨§¢´¥, ¶·µ¸É· ´¸É¢µ, ¡Ê¤ÊÎ¨ ´¥µ¤´µ·µ¤´Ò³ ¢¡²¨§¨ ³ ¸¸, ¸É ´µ¢¨É¸Ö
¥¢±²¨¤µ¢Ò³  ¸¨³¶ÉµÉ¨Î¥¸±¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢Ê¥É ¶·¨¢¨²¥£¨·µ¢ ´´ Ö
¸¨¸É¥³  ±µµ·¤¨´ É Å £ ·³µ´¨Î¥¸± Ö, ¶¥·¥Ìµ¤ÖÐ Ö ´  ¡¥¸±µ´¥Î´µ¸É¨ ¢ £ -
²¨²¥¥¢¸±ÊÕ ¨ µ¶·¥¤¥²¥´´ Ö µ¤´µ§´ Î´µ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶·¥µ¡· §µ¢ ´¨Ö ‹µ-



42 ��‚�†ˆ‹�‚ `.‚., ��‚�†ˆ‹�‚ ‚.`.

·¥´Í . �Éµ µ§´ Î ¥É, ÎÉµ ¢ ¸²ÊÎ ¥ µ¸É·µ¢´µ£µ · ¸¶µ²µ¦¥´¨Ö ³ ¸¸ ¢µ§³µ¦´ 
Ë¨§¨Î¥¸± Ö µÉ´µ¸¨É¥²Ó´µ¸ÉÓ: ¥¸²¨ ¶·µ¨§¢¥¸É¨ ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í  ¨
¸µ¶·µ¢µ¤¨ÉÓ ¥£µ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¨§³¥´¥´¨¥³ ¢ · ¸¶µ²µ¦¥´¨¨ ¨ ¤¢¨¦¥´¨¨
³ ¸¸, Éµ ³¥É·¨Î¥¸±¨° É¥´§µ· ¶·¨³¥É ¸¢µ° ¶¥·¢µ´ Î ²Ó´Ò° ¢¨¤. ‘ ÔÉµ° ÉµÎ±¨
§·¥´¨Ö µÉÒ¸± ´¨¥ ¶·¨¢¨²¥£¨·µ¢ ´´µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É, µÉ¢¥Î ÕÐ¥° ¶·¨-
·µ¤¥ Ö¢²¥´¨Ö, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶¥·¢Ò° Ï £ ± ¶µ´¨³ ´¨Õ Ë¨§¨Î¥¸±µ° ¨´¢ -
·¨ ´É´µ¸É¨, ¶·¨¸ÊÐ¥° ÔÉµ³Ê Ö¢²¥´¨Õ. Œ É¥³ É¨Î¥¸±¨ É ± Ö ¸¨¸É¥³  ¤µ²¦´ 
¢Ò¤¥²ÖÉÓ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò³¨ Ê¸²µ¢¨Ö³¨, Ê¸É· ´ÖÕÐ¨³¨ ´¥µ¤´µ§´ Î´µ¸ÉÓ ¢
µ¶·¥¤¥²¥´¨¨ ±µµ·¤¨´ É ¨ ¸µ¢³¥¸É´Ò³¨ ¸ Ê· ¢´¥´¨Ö³¨ �°´ÏÉ¥°´ . ‚.�. ”µ±
¶¨Ï¥É ¢ § ±²ÕÎ¥´¨¨ ± ±´¨£¥: ®‡´ Î¥´¨¥ ¶·¨¢¨²¥£¨·µ¢ ´´µ° ¸¨¸É¥³Ò ±µ-
µ·¤¨´ É § ±²ÕÎ ¥É¸Ö ´¥ Éµ²Ó±µ ¢ Éµ³, ÎÉµ µ´  Å ¸É ´¤ ·É´ Ö ¨ ¶µ§¢µ²Ö¥É
¸· ¢´¨¢ ÉÓ ·¥Ï¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ · §´Ò³¨ ¸¶µ¸µ¡ ³¨. ‘ÊÐ¥¸É¢µ¢ ´¨¥ ¶·¨¢¨-
²¥£¨·µ¢ ´´µ° ¸¨¸É¥³Ò ¨³¥¥É ¨ ¶·¨´Í¨¶¨ ²Ó´µ¥ §´ Î¥´¨¥, É ± ± ± µÉ· ¦ ¥É
µ¡Ñ¥±É¨¢´Ò¥ ¸¢µ°¸É¢  ¶·µ¸É· ´¸É¢ ¯. ‚.�. ”µ± ´¥ ¡Ò² Ê¡¥¦¤¥´, ÎÉµ É¥µ·¨Ö
ÉÖ£µÉ¥´¨Ö �°´ÏÉ¥°´  ¶·¨³¥´¨³  ¢ ³ ¸ÏÉ ¡ Ì ‚¸¥²¥´´µ°, ¥¥ Ô±¸É· ¶µ²ÖÍ¨Õ
´  É ±¨¥ ³ ¸ÏÉ ¡Ò µ´ ¸Î¨É ² ·¨¸±µ¢ ´´µ°. �µ µ´ ¶¨¸ ²: ®‡ ³¥É¨³ Éµ²Ó±µ,
ÎÉµ É¥µ·¨Ö ÉÖ£µÉ¥´¨Ö �°´ÏÉ¥°´  Ö¢²Ö¥É¸Ö ¶·¨³¥·µ³ É ±µ° Ë¨§¨Î¥¸±µ° É¥µ-
·¨¨, Ê¡¥¤¨É¥²Ó´µ¸ÉÓ ±µÉµ·µ° µ¸´µ¢ ´  ´¥ Éµ²Ó±µ ´  ¥¥ ¸µ£² ¸¨¨ ¸ µ¶ÒÉµ³,
´µ ¨ ´  ¥¥ ¢´ÊÉ·¥´´¥³ ¸µ¢¥·Ï¥´¸É¢¥ ¨ ¨§ÖÐ¥¸É¢¥. ‚ ÔÉµ³ µÉ´µÏ¥´¨¨ É¥µ·¨Ö
�°´ÏÉ¥°´  Ö¢²Ö¥É¸Ö ´¥¶·¥¢§µ°¤¥´´µ°¯.

5·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ 5Éµ²e³¥ÖÅŠµ¶¥·´¨±  ¨ ¶·¨´Í¨¶ µÉ´µ¸¨-
É¥²Ó´µ¸É¨ ƒ ²¨²¥Ö. ‚.�. ”µ± Ê¤¥²¨² ¸· ¢´¥´¨Õ ÔÉ¨Ì ¶·¨´Í¨¶µ¢ §´ Î¨É¥²Ó-
´µ¥ ³¥¸Éµ, ¢±²ÕÎ¨¢ ÔÉÊ É¥³Ê ¢ ¸¢µ¨ ¤µ±² ¤Ò ´  ·Ö¤¥ ±µ´Ë¥·¥´Í¨° ¨ µ¶Ê-
¡²¨±µ¢ ¢ ¸¥³Ó ¸É É¥° ´  · §²¨Î´ÒÌ Ö§Ò± Ì [121Ä123]. �  ÔÉµ³ ¶·¨³¥·¥ ¨§
¨¸Éµ·¨¨ ´ Ê±¨ ‚² ¤¨³¨· �²¥±¸ ´¤·µ¢¨Î µ¡ÊÎ ² ¶µ¶Ê²Ö·¨§ Éµ·µ¢ ´ Ê±¨ ¨
Ë¨²µ¸µËµ¢, ¢ Î¥³ ¸µ¸Éµ¨É · §²¨Î¨¥ ³¥¦¤Ê ¶µ´ÖÉ¨Ö³¨ ±µ¢ ·¨ ´É´µ¸É¨ ¨ Ë¨-
§¨Î¥¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ± ± ¢ ¦´µ Î¥É±µ ¶·¨¤ ¢ ÉÓ ¸³Ò¸² Ê¶µÉ·¥¡²Ö¥³Ò³
¶µ´ÖÉ¨Ö³.

Š ± ¨§¢¥¸É´µ, �Éµ²e³¥° ¸Î¨É ¥É¸Ö  ¢Éµ·µ³ É ±µ£µ µ¶¨¸ ´¨Ö ‘µ²´¥Î´µ°
¸¨¸É¥³Ò, ¢ ±µÉµ·µ³ ´¥¶µ¤¢¨¦´Ò³ Í¥´É·µ³ ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö ‡¥³²Ö. ‚ ¸¨-
¸É¥³¥ Šµ¶¥·´¨±  ¢ ± Î¥¸É¢¥ ´¥¶µ¤¢¨¦´µ£µ Í¥´É·  ¢Ò¡· ´µ ‘µ²´Í¥, ¢µ±·Ê£
±µÉµ·µ£µ ¢· Ð ÕÉ¸Ö ‡¥³²Ö ¨ ¤·Ê£¨¥ ¶² ´¥ÉÒ. �·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨
�Éµ²e³¥ÖÅŠµ¶¥·´¨±  ¥¸ÉÓ ¶·¨§´ ´¨¥ Éµ£µ, ÎÉµ µ¡¥ ÔÉ¨ ¸¨¸É¥³Ò, ± ± £¥µÍ¥´-
É·¨Î¥¸± Ö ¸¨¸É¥³  �Éµ²e³¥Ö, É ± ¨ £¥²¨µÍ¥´É·¨Î¥¸± Ö ¸¨¸É¥³  Šµ¶¥·´¨± ,
³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö µ¶¨¸ ´¨Ö µ¤´µ£µ ¨ Éµ£µ ¦¥ Ö¢²¥´¨Ö, ¶µ¤Î¥·-
±¨¢ ¥³ Å µ¤´µ£µ ¨ Éµ£µ ¦¥ Ö¢²¥´¨Ö, ±µÉµ·µ¥, ¢ Î ¸É´µ¸É¨, ³µ¦¥É ¶·µ¨¸Ìµ-
¤¨ÉÓ ´  ‡¥³²¥. �ÉµÉ ¶·¨´Í¨¶ ¸²Ê¦¨É £ · ´É¨¥° ´¥¶·µÉ¨¢µ·¥Î¨¢µ¸É¨ µ¶¨¸ -
´¨Ö Ö¢²¥´¨Ö ¢ · §´ÒÌ ¸¨¸É¥³ Ì µÉ¸Î¥É , ¨ Ê· ¢´¥´¨Ö, ´ ¶¨¸ ´´Ò¥ ¢ · §´ÒÌ
¸¨¸É¥³ Ì, ¤µ²¦´Ò Ê¤µ¢²¥É¢µpÖÉÓ ¥³Ê. ’ ±µ¥ ¸¢µ°¸É¢µ Ê· ¢´¥´¨° ´ §Ò¢ ÕÉ
±µ¢ ·¨ ´É´µ¸ÉÓÕ. �·¨´Í¨¶ ¨³¥¥É ´¥ Ë¨§¨Î¥¸±¨°,   ²µ£¨Î¥¸±¨° Ì · ±É¥·.

�·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ƒ ²¨²¥Ö ¶·µÖ¢²Ö¥É¸Ö ¢ Éµ³, ÎÉµ ¢ ¤¢ÊÌ ¨´¥·Í¨-
 ²Ó´ÒÌ ¸¨¸É¥³ Ì µÉ¸Î¥É  ( ´ ¶·¨³¥·, ¢ ¤¢ÊÌ ±µ· ¡²ÖÌ), ¤¢¨¦ÊÐ¨Ì¸Ö ¶·Ö³µ²¨-
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´¥°´µ ¨ · ¢´µ³¥·´µ ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£ , ¢¸¥ Ë¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò ¶·µ-
É¥± ÕÉ µ¤¨´ ±µ¢Ò³ µ¡· §µ³, É.¥. ÔÉµÉ ¶·¨´Í¨¶ µÉ´µ¸¨É¸Ö ± · §´Ò³ Ö¢²¥´¨Ö³.
�·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ƒ ²¨²¥Ö ¤µ¶Ê¸± ¥É µ¶ÒÉ´ÊÕ ¶·µ¢¥·±Ê. ‘µ£² ¸´µ
ÔÉµ³Ê ¶·¨´Í¨¶Ê, ²Õ¡µ³Ê Ö¢²¥´¨Õ ¢´ÊÉ·¨ µ¤´µ£µ ±µ· ¡²Ö ³µ¦´µ ¸µ¶µ¸É ¢¨ÉÓ
É ±µ¥ ¦¥ Ö¢²¥´¨¥ ¢´ÊÉ·¨ ¤·Ê£µ£µ ±µ· ¡²Ö. ‚µ§³µ¦´µ¸ÉÓ ¸µ¶µ¸É ¢²¥´¨Ö Ö¢²¥-
´¨° ¥¸ÉÓ ¢µ§³µ¦´µ¸ÉÓ Ë¨§¨Î¥¸±µ°  ¤ ¶É Í¨¨ Ö¢²¥´¨Ö ± ´µ¢Ò³ ±µµ·¤¨´ É ³,
ÎÉµ ¢±²ÕÎ ¥É ±µ¢ ·¨ ´É´µ¸ÉÓ Ê· ¢´¥´¨° ¨  ¤ ¶É Í¨Õ ´ Î ²Ó´ÒÌ ¨ ¶·¥¤¥²Ó-
´ÒÌ Ê¸²µ¢¨°, É.¥. ¨§³¥´¥´¨¥ Ë¨§¨Î¥¸±¨Ì Ê¸²µ¢¨°. �·¨ ÔÉµ³ ¸²¥¤Ê¥É ¶µ³´¨ÉÓ,
ÎÉµ ÔÉ¨ ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö ´¥ Ö¢²ÖÕÉ¸Ö ±µ¢ ·¨ ´É´Ò³¨. ”¨§¨Î¥¸± Ö
¨´¢ ·¨ ´É´µ¸ÉÓ ¸ÊÐ¥¸É¢Ê¥É, ¥¸²¨ ¢µ§³µ¦´   ¤ ¶É Í¨Ö.
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‹.‚. �·µÌµ·µ¢

� ÊÎ´µ-¨¸¸²¥¤µ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ë¨§¨±¨

‘ ´±É-(¥É¥·¡Ê·£¸±µ£µ £µ¸Ê¤ ·¸É¢¥´´µ£µ Ê´¨¢¥·¸¨É¥É , ‘ ´±É-(¥É¥·¡Ê·£

„ ´ µ¡§µ· ´¥±µÉµ·ÒÌ µÉ±·ÒÉ¨°, ¸¤¥² ´´ÒÌ ‚.�.”µ±µ³ ¢ 1926Å1937 ££. ¨ ¨£· ÕÐ¨Ì
¢ ¦´ÊÕ ·µ²Ó ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥. �¡¸Ê¦¤ ÕÉ¸Ö ± ± ´¥§ ¸²Ê¦¥´´µ § ¡ÒÉÒ¥ · ¡µÉÒ (Éµ¦¤¥-
¸É¢  ”µ± Å”¨·Í , ±¢ ´Éµ¢ ´¨¥ ³ £´¨É´µ£µ ¶µÉµ± , É¥µ·¨Ö Š ²ÊÍÒÅŠ²¥°´ Å”µ± ), É ± ¨ ´¥
¢¶µ²´¥ ±µ··¥±É´µ Í¨É¨·Ê¥³Ò¥ (Ê· ¢´¥´¨¥ Š²¥°´ Å”µ± Åƒµ·¤µ´ , ± ²¨¡·µ¢±  ”µ± ). �µ± -
§ ´  ¸¢Ö§Ó ³¥Éµ¤  ¶ÖÉµ£µ ¶ · ³¥É·  ”µ±  (³¥Éµ¤ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨) ¸ ¸µ¢·¥³¥´´µ° É¥µ·¨¥°
¸É·Ê´ ¨ ³¥³¡· ´.

A review of some papers by V.A.Fock published in 1926Å1937 and playing an important role in
modern physics is given. The papers both unjustly forgotten (the FockÅFierz identities, quantization
of magnetic �ow, the KaluzaÅKleinÅFock theory), and not quite correctly cited (KleinÅFockÅ
Gordon equation, the Fock gauge) are discussed. Connection between the Fock 5th parameter method
(the proper time method) and the modern theory of strings and membranes is elucidated.

�É±·ÒÉ¨Ö, ± ± ¨ ²Õ¤¨, ¨³¥ÕÉ ¸¢µ¨ ¸Ê¤Ó¡Ò: ¸Î ¸É²¨¢Ò¥, ¤· ³ É¨Î¥-
¸±¨¥, ±Ê·Ó¥§´Ò¥. ˆ ÔÉµ ´¥ § ¢¨¸¨É µÉ ´ ÊÎ´µ£µ  ¢Éµ·¨É¥É  ¨Ì  ¢Éµ·µ¢. �¥-
¸±µ²Ó±µ ¢ ¦´ÒÌ Ë ±Éµ¢, µ¡´ ·Ê¦¥´´ÒÌ ‚² ¤¨³¨·µ³ �²¥±¸ ´¤·µ¢¨Î¥³ ”µ-
±µ³ ¢ 1926Å1937 £µ¤ Ì, ¸²Ê¦ É Éµ³Ê ¶·¨³¥·µ³.

1. ’†„…‘’‚
 ”Š
Å”ˆ	–


‚ · ¡µÉ¥ [1] ‚.�.”µ± ¢¢¥² ¶µ´ÖÉ¨¥ ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸  ¸¶¨´µ·  ¢ ·¨-
³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¨ µ¡µ¡Ð¨² Ê· ¢´¥´¨¥ „¨· ±  ´  ¸²ÊÎ ° µ¡Ð¥° É¥µ·¨¨
µÉ´µ¸¨É¥²Ó´µ¸É¨. �¶·¥¤¥²¨¢ (¢ ¸µ¢·¥³¥´´ÒÌ µ¡µ§´ Î¥´¨ÖÌ) ¢¥±Éµ·, ¸± ²Ö· ¨
¶¸¥¢¤µ¸± ²Ö·:

V̄µ = ψ̄γµψ, S̄ = ψ̄ψ, P̄ = ψ̄γ5ψ, (1.1)

‚.�.”µ± µÉ³eÉ¨² ´ ²¨Î¨¥ Éµ¦¤¥¸É¢ 

V̄ 2
µ + P̄ 2 = S̄2. (1.2)

‚ ¤ ²Ó´¥°Ï¥³ ± ÔÉµ³Ê Éµ¦¤¥¸É¢Ê ´¥ µ¡· Ð ²¨¸Ó, µ´µ ¡Ò²µ § ¡ÒÉµ. Œ¥¦¤Ê
É¥³, ¸µµÉ´µÏ¥´¨¥ (1.2) ¥¸ÉÓ Î ¸É´Ò° ¸²ÊÎ ° Éµ¦¤¥¸É¢ ”¨·Í , ¨£· ÕÐ¨Ì ¢ ¦-
´ÊÕ ·µ²Ó ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥. ‚ 1937 £. Œ.”¨·Í, ¡Ê¤ÊÎ¨  ¸¶¨· ´Éµ³
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‚.� Ê²¨, µ¶Ê¡²¨±µ¢ ² · ¡µÉÊ [3], ¢ ±µÉµ·µ° Ê¸É ´µ¢¨² ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´µ-
¸ÖÐ¨Ì ¥£µ ¨³Ö Éµ¦¤¥¸É¢:

(ψ̄aOnψb)(ψ̄cOnψd) =
1
4

∑
k

Cnk(ψ̄aOkψd)(ψ̄cOkψb), (1.3)

£¤¥ ψa, ..., ψd Å ¸¶¨´µ·Ò „¨· ±  ¶µ²¥° a, ..., d; Ok µ¡· §ÊÕÉ ¶µ²´Ò° ´ ¡µ·
³ É·¨Í „¨· ± : 1, γµ, σµν/

√
2, γµγ5, γ5, ¤ ÕÐ¨Ì ¢ ¸¶¨´µ·´ÒÌ µ¡±² ¤± Ì

¸µµÉ¢¥É¸É¢¥´´µ ¸± ²Ö·, ¢¥±Éµ·,  ´É¨¸¨³³¥É·¨Î´Ò° É¥´§µ·, ¶¸¥¢¤µ¢¥±Éµ· ¨
¶¸¥¢¤µ¸± ²Ö·. ˆ¸¶µ²Ó§Ê¥É¸Ö ¸É ´¤ ·É´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ³ É·¨Í „¨· ± :

γ0 =
(

1 0
0 −1

)
, γi =

(
0 σi

−σi 0

)
, σµν =

1
2
[γµ, γν ]−, (1.4)

γ5 = iγ0γ1γ2γ3 =
(

0 −1
−1 0

)
,

£¤¥ σi Å É·¨ ³ É·¨ÍÒ � Ê²¨. —¨¸²¥´´Ò¥ ±µÔËË¨Í¨¥´ÉÒ Cnk ¶·¨¢¥¤¥´Ò ¢
É ¡²¨Í¥.

’ ¡²¨Í 

ST V T T T AT P T

S 1 1 Ä1 Ä1 1
V 4 Ä2 0 Ä2 Ä4
T Ä6 0 Ä2 0 Ä6
A Ä4 Ä2 0 Ä2 4
P 1 Ä1 Ä1 1 1

‹¥¢Ò¥ Î ¸É¨ (1.3) µ¡µ§´ Î¥´Ò ¢ É ¡²¨Í¥ Î¥·¥§ S, V, T,A, P ,   ¶· ¢Ò¥ (¸
¶¥·¥¸É ¢²¥´´Ò³¨ ¸¶¨´µ· ³¨ ψb ¨ ψd) Å Î¥·¥§ ST , V T ¨ É.¤. �·¨¢¥¤¥´´ Ö
É ¡²¨Í  µÉ²¨Î ¥É¸Ö µÉ É ±µ¢µ° · ¡µÉÒ [3] ²¨ÏÓ §´ ± ³¨ ¢ ´¥±µÉµ·ÒÌ ±²¥É± Ì,
ÎÉµ ¸¢Ö§ ´µ ¸ ¢Ò¡µ·µ³ ±µ´±·¥É´µ£µ ¢¨¤  ³ Ép¨Í „¨· ± . ’µ¦¤¥¸É¢  (1.3)
¤µ¸É ÉµÎ´µ Î ¸Éµ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥ (¢ Î ¸É´µ¸É¨, ¢ ³µ¤¥²ÖÌ
®B¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö¯ ¸ É¥Ì´¨Í¢¥Éµ³ [4]). ˆ§ (1.3) ¨ É ¡²¨ÍÒ ´ Ìµ¤¨³

V −A = 2(ST − PT ), V +A = −V T −AT (1.5)

¨, ¶µ² £ Ö ψa = ... = ψd (É¥¶¥·Ó V = V̄ 2
µ = V T , S = S̄2 = ST ¨ É.¤.),

¶µ²ÊÎ ¥³ V̄ 2
µ = −Ā2µ ¨ V̄ 2

µ + P̄ 2 = S̄2. �µ¸²¥¤´¥¥ Éµ¦¤¥¸É¢µ ¨¤¥´É¨Î´µ Éµ¦-
¤¥¸É¢Ê (1.2). ’ ±¨³ µ¡· §µ³, ‚.�.”µ± ¡Ò² ¶¥·¢Ò³, ±Éµ µ¡´ ·Ê¦¨² ´ ²¨Î¨¥
Éµ¦¤¥¸É¢¥´´ÒÌ ¸µµÉ´µÏ¥´¨° ³¥¦¤Ê ¶·µ¨§¢¥¤¥´¨Ö³¨ Î¥ÉÒ·¥Ì ¸¶¨´µ·µ¢.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ Éµ¦¤¥¸É¢  (1.3) É·¨¢¨ ²Ó´µ ¸²¥¤ÊÕÉ ¨§ Éµ¦¤¥¸É¢ 
� Ê²¨

16∑
A=1

γAαβγ
A
ρσ = 4δασδβρ, (1.6)

´  ±µÉµ·µ¥ ”¨·Í µ¶¨· ²¸Ö. ‚ · ¡µÉ¥ [3] ´¥É ¸¸Ò²±¨ ´  ¸É ÉÓÕ ”µ±  [1].
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2. Š‚
�’ Œ
ƒ�ˆ’�ƒ 5’Š
 ‰	„
�
Å”Š


‚ ´¥¡µ²ÓÏµ°, ´µ ¸µ¤¥·¦ É¥²Ó´µ° · ¡µÉ¥ [5] ¢¶¥·¢Ò¥ ¡Ò² ±µ··¥±É´µ µ¶·¥-
¤¥²¥´ ±¢ ´É ³ £´¨É´µ£µ ¶µÉµ±  Φ0.  ¡µÉ  § ³¥Î É¥²Ó´  ¸¢µ¥° ¶·µ¸ÉµÉµ° ¨
Ö¸´µ¸ÉÓÕ ¨§²µ¦¥´¨Ö.

ˆ¤¥Ö É ±µ¢ . ˆ§ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¸ § ·Ö¤µ³ e ¨ ³ ¸¸µ° m ¢
³ £´¨É´µ³ ¶µ²¥ H (c = 1)

mẍ = e[ẋ,H]

¢ÒÉ¥± ¥É ¸²¥¤ÊÕÐ¥¥ · ¢¥´¸É¢µ:

mv2

R
= evHz . (2.1)

‡¤¥¸Ó R Å · ¤¨Ê¸ µ±·Ê¦´µ¸É¨, ¶µ ±µÉµ·µ° ¤¢¨¦¥É¸Ö Î ¸É¨Í , ¥¥ ¸±µ·µ¸ÉÓ
v ± ¸ É¥²Ó´  ± µ±·Ê¦´µ¸É¨; ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ³ £´¨É´µ¥ ¶µ²¥ ´ ¶· ¢²¥´µ
¶µ µ¸¨ z. ˆ§ ¸µµÉ´µÏ¥´¨Ö eHz = mv/R ¨³¥¥³ ¤²Ö ´¥µ¶·¥¤¥²¥´´µ¸É¨ ³ £-
´¨É´µ£µ ¶µ²Ö ∆Hz = ∆py/(eR). �µ² £ Ö, ÎÉµ R ∼ ∆x (´¥µ¶·¥¤¥²¥´´µ¸ÉÓ
x-±µµ·¤¨´ ÉÒ), ¨ ÊÎ¨ÉÒ¢ Ö ¸µµÉ´µÏ¥´¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ∆py∆y ≥ �,
¶·¨Ìµ¤¨³ ± ´¥· ¢¥´¸É¢Ê

∆Hz ≥
�

e∆x∆y
. (2.2)

�ÉµÉ ¸²ÊÎ ° ¨³¥´Ê¥É¸Ö ¢ [5] ¤¢¨¦¥´¨¥³ ¶µ µ±·Ê¦´µ¸É¨ ³ ²µ£µ · ¤¨Ê¸  (R ≈
≈ ∆x). ’ ³ ¦¥ · §µ¡· ´ ¸²ÊÎ ° ®¡µ²ÓÏµ£µ¯ · ¤¨Ê¸  µ±·Ê¦´µ¸É¨, R  ∆x
(· §Ê³¥¥É¸Ö, ¸ É¥³ ¦¥ ·¥§Ê²ÓÉ Éµ³). �¢Éµ·Ò µÉ³¥Î ÕÉ, ÎÉµ ³ £´¨É´Ò° ¶µÉµ±

Φ =
∫

HdS (2.3)

´¥ ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´ ¸ ÉµÎ´µ¸ÉÓÕ, ¶·¥¢µ¸Ìµ¤ÖÐ¥° �/e:

∆Φ ≥ �

e
(2.4)

(¢ £ Ê¸¸µ¢¸±¨Ì ¥¤¨´¨Í Ì). Š ± ¨§¢¥¸É´µ, ±¢ ´É ³ £´¨É´µ£µ ¶µÉµ±  ¢ ¸¢¥·Ì-
¶·µ¢µ¤´¨± Ì ¢Éµ·µ£µ ·µ¤  · ¢¥´ �/e∗, £¤¥ e∗ Å § ·Ö¤ ´µ¸¨É¥²¥° ¸¢¥·Ì¶·µ-
¢µ¤ÖÐ¥£µ Éµ±  (e∗ = 2e) [6]. ‚.�.”µ± ¶µ´¨³ ² ¢ ¦´µ¸ÉÓ ÔÉµ£µ ·¥§Ê²ÓÉ É  ¨
¶·¨ ¸²ÊÎ ¥ µ ´¥³ Ê¶µ³¨´ ². Œ¥¦¤Ê É¥³, · ¡µÉ  [5] ¡Ò²  ¶·¥¤ ´  § ¡¢¥´¨Õ ¨
¢ ¸¢Ö§¨ ¸ ±¢ ´Éµ¢ ´¨¥³ ³ £´¨É´µ£µ ¶µÉµ±  ´¥ Ê¶µ³¨´ ¥É¸Ö.

�É³¥É¨³, ÎÉµ ¢ [5] ¡Ò²µ ¶µ²ÊÎ¥´µ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ´¥· ¢¥´¸É¢µ ¨ ¤²Ö
´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö E. �¡  ´¥· ¢¥´¸É¢  ³µ¦´µ µ¡Ñ¥¤¨´¨ÉÓ
¢ µ¤´µ° Ëµ·³Ê²¥:

∆Fµν ≥
�

e∆xµ∆xν
, µ �= ν, (2.5)

£¤¥ Fµν = ∂µAν − ∂νAµ Å É¥´§µ· Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö.
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�É³¥É¨³ É ±¦¥, ÎÉµ ±¢ ´É ³ £´¨É´µ£µ ¶µÉµ±  µ¶·¥¤¥²Ö¥É § ·Ö¤ ³ £´¨É-
´µ£µ ³µ´µ¶µ²Ö g, É.¥. ¨§ (2.4) ¸²¥¤Ê¥É eg ≥ �. �µ§¤´¥¥ �.�.Œ.„¨· ± [7,8]
¶µ²ÊÎ¨² µ¡Ð¥¥ Ê¸²µ¢¨¥ ¤²Ö Ô²¥±É·¨Î¥¸±¨Ì ¨ ³ £´¨É´ÒÌ § ·Ö¤µ¢ (eg = �n/2,
n = 1, 2, ...),   `.˜¢¨´£¥· (¸³. ¸É ÉÓÕ ¢ ¸¡. [8]) ¨§ É·¥¡µ¢ ´¨Ö ·¥²ÖÉ¨¢¨¸É-
¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ ¶·¨Ï¥² ± Ê¸²µ¢¨Õ eg = �n.

3. “	
‚�…�ˆ… ˜	…„ˆ�ƒ…	
ÅŠ‹…‰�
Å”Š
Åƒ	„�
Å...

Š ± ¨§¢¥¸É´µ [9], �.˜·¥¤¨´£¥· ¶¥·¢µ´ Î ²Ó´µ ´ ¶¨¸ ² ·¥²ÖÉ¨¢¨¸É¸±µ¥
¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥ (®Ê· ¢´¥´¨¥ Š²¥°´ Åƒµ·¤µ´ ¯ ¸ ±Ê²µ´µ¢¸±¨³ ¶µÉ¥´-
Í¨ ²µ³). �´µ ¡Ò²µ ¨³ § ¡· ±µ¢ ´µ, É ± ± ± ´¥ ¢µ¸¶·µ¨§¢µ¤¨²µ Éµ´±ÊÕ ¸É·Ê±-
ÉÊ·Ê ¸¶¥±É·   Éµ³  ¢µ¤µ·µ¤ . �µ¸²¥ ¶Ê¡²¨± Í¨¨ [10], ¢ ±µÉµ·µ° ¡Ò²µ ¤ ´µ
¸É ´¤ ·É´µ¥ (´¥·¥²ÖÉ¨¢¨¸É¸±µ¥) Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥· , ¶µÖ¢¨²¨¸Ó · ¡µÉÒ,
¶µ¸¢ÖÐ¥´´Ò¥ ¥£µ ·¥²ÖÉ¨¢¨¸É¸±µ³Ê µ¡µ¡Ð¥´¨Õ [11Ä14]. “· ¢´¥´¨Ö (¢ ¸µ¢·¥-
³¥´´ÒÌ µ¡µ§´ Î¥´¨ÖÌ) Ë¨£Ê·¨·µ¢ ²¨ ¢ · §´ÒÌ Ëµ·³ Ì:

(✷−m2)ψ = 0, ✷ = −∂2t +∆, (3.1)

[−(∂t + ieA0)2 +∆−m2]ψ = 0, (3.2)

[−(∂µ + ieAµ)2 −m2]ψ = 0 (3.3)

¨²¨ ¢ ¢¨¤¥ ¢ÒÉ¥± ÕÐ¨Ì µÉ¸Õ¤  ¸É Í¨µ´ ·´ÒÌ Ê· ¢´¥´¨° (∂t → −iE; §¤¥¸Ó
� = c = 1). ‚ ¸¢µ¥ ¢·¥³Ö Ê· ¢´¥´¨¥ (3.1) ´¥ ¶µ²ÊÎ¨²µ ¶·¨§´ ´¨Ö, ¶µ¸±µ²Ó±Ê
µ´µ ¸µ¤¥·¦¨É ¢Éµ·ÊÕ ¶·µ¨§¢µ¤´ÊÕ ¶µ ¢·¥³¥´¨, ¨ ¶·¨Ìµ¤¨É¸Ö § ¤ ¢ ÉÓ ´ Î ²Ó-
´µ¥ §´ Î¥´¨¥ ´¥ Éµ²Ó±µ ¢µ²´µ¢µ° ËÊ´±Í¨¨, ´µ ¨ ¥¥ ¶¥·¢µ° ¶·µ¨§¢µ¤´µ° ¶µ
¢·¥³¥´¨ ϕ̇. �É ϕ̇ § ¢¨¸¨É ¨ ¶²µÉ´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ (w ∼ i(ϕ∗ϕ̇−ϕ̇∗ϕ)), ¢¸²¥¤-
¸É¢¨¥ Î¥£µ ¶µ¸²¥¤´ÖÖ ³µ¦¥É µ± § ÉÓ¸Ö µÉ·¨Í É¥²Ó´µ° ¢ ´¥±µÉµ·ÒÌ µ¡² ¸ÉÖÌ
¶·µ¸É· ´¸É¢ . �µ§¤´¥¥ Ê· ¢´¥´¨¥ (3.1) ¡Ò²µ ¨´É¥·¶·¥É¨·µ¢ ´µ ± ± Ê· ¢´¥´¨¥
¤²Ö ¸¢µ¡µ¤´µ£µ ¡µ§µ´´µ£µ ¶µ²Ö ¸ ³ ¸¸µ° m [15]. �É³¥É¨³, ÎÉµ ¢ ¸µ¢·¥³¥´-
´µ° Ë¨§¨±¥ ¶·¨ µ¶¨¸ ´¨¨ ¶·µÍ¥¸¸µ¢ · ¸¸¥Ö´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í (3.1)
¨¸¶µ²Ó§Ê¥É¸Ö ¨ ± ± Ê· ¢´¥´¨¥ ¤²Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ³ ¸¸¨¢´ÒÌ ¨²¨ ¡¥§³ ¸-
¸µ¢ÒÌ (m = 0) Î ¸É¨Í ¸ Í¥²Ò³¨ ¸¶¨´ ³¨ (´ ¶·¨³¥·, ¶¨µ´µ¢, ËµÉµ´µ¢ ¨ É.¤.).
“· ¢´¥´¨¥ (3.1) ¨³¥¥É É ±µ° ¦¥ ËÊ´¤ ³¥´É ²Ó´Ò° Ì · ±É¥·, ± ± ¨ Ê· ¢´¥´¨¥
„¨· ± .

•·µ´µ²µ£¨Ö ¶µ²ÊÎ¥´¨Ö ·¥¤ ±Í¨Ö³¨ ¨ ¢ÒÌµ¤  ¢ ¸¢¥É ¸É É¥° [11Ä14] ¢
1926 £. É ±µ¢  (¸µµÉ¢¥É¸É¢¥´´µ, ¶¥·¢ Ö ¨ ¢Éµ· Ö ¤ ÉÒ Å ¤¥´Ó, ³¥¸ÖÍ)

�.Š²¥°´ [11] 28.04 10.07
‚.”µ± [12] 11.06 28.07
‚.”µ± [13] 30.07 02.10
‚.ƒµ·¤µ´ [14] 29.09 29.11.
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�Ê¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ [12] ´¥ Éµ²Ó±µ ¢Ò¶¨¸ ´µ Ê· ¢´¥´¨¥, ´µ ¨ ´ °¤¥´Ò
·¥Ï¥´¨Ö ¤²Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢ ±Ê²µ´µ¢¸±µ³ ¶µ²¥ (Ê¸É ´µ¢²¥´µ ´ ²¨Î¨¥
Éµ´±µ° ¸É·Ê±ÉÊ·Ò ¸¶¥±É· ),   É ±¦¥ ¢ ¶µ¸ÉµÖ´´ÒÌ ³ £´¨É´µ³ ¨ Ô²¥±É·¨Î¥¸±µ³
¶µ²ÖÌ (ÔËË¥±ÉÒ ‡¥¥³ ´  ¨ ˜É ·± ).

ˆ¸Éµ·¨Ö Ê· ¢´¥´¨° (3.1)Ä(3.3) ¨§²µ¦¥´  ¢ [9]. ˜·¥¤¨´£¥· ¶µ²ÊÎ¨² ·¥²Ö-
É¨¢¨¸É¸±µ¥ Ê· ¢´¥´¨¥ ¢ ¸¥·¥¤¨´¥ ¤¥± ¡·Ö 1925 £. ®�  ·Ê¡¥¦¥ 1925/26 £. µ´ ´ -
¶· ¢¨² ¢ ·¥¤ ±Í¨Õ ®Annalen der Physik¯ ·Ê±µ¶¨¸Ó, ¢ ±µÉµ·µ° ... ¶·¨¢µ¤¨²µ¸Ó
·¥²ÖÉ¨¢¨¸É¸±µ¥ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥. ... �¤´ ±µ ¢¸¥£µ Î¥·¥§ ´¥¸±µ²Ó±µ ¤´¥°
˜·¥¤¨´£¥· § ¡· ² ·Ê±µ¶¨¸Ó ¨§ ·¥¤ ±Í¨¨¯ ([16], ¸.43). ‚ µ¸´µ¢´µ° · ¡µÉ¥
[10] µ´ ²¨ÏÓ Ê¶µ³Ö´Ê² µ¡ ÔÉµ³ Ê· ¢´¥´¨¨. ’µ²Ó±µ ¢ · ¡µÉ¥ [17], ¤ É¨·µ¢ ´-
´µ° 21 ¨Õ´Ö∗, ˜·¥¤¨´£¥· µ¶Ê¡²¨±µ¢ ² ·¥²ÖÉ¨¢¨¸É¸±µ¥ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥
¤²Ö ³ ¸¸¨¢´µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¢ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥. ‘É Í¨µ´ ·´µ¥
Ê· ¢´¥´¨¥, µÉ¢¥Î ÕÐ¥¥ (3.1), ¶¨¸ ² ‹. ¤¥ 5·µ°²Ó [18] (Ë¥¢· ²Ó 1925 £.).
�µ É ³ ·¥ÎÓ Ï²  µ¡ Ô²¥±É·µ³ £´¨É´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨,  ¸¸µÍ¨¨·µ¢ ´´µ°
¸ Ô²¥±É·µ´µ³ (É.¥. ´¥ ¨³¥² ¸Ó ¢ ¢¨¤Ê ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ô²¥±É·µ´ ). ‚ ¨Õ²¥
1926 £. [19] ¤¥ 5·µ°²Ó µ¶Ê¡²¨±µ¢ ² ±µ··¥±É´µ¥ ·¥²ÖÉ¨¢¨¸É¸±µ¥ Ê· ¢´¥´¨¥ ¤²Ö
Î ¸É¨ÍÒ ¢ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥. ’µ£¤  ¦¥ �.�.Œ.„¨· ± [20] (29  ¶·¥²Ö)
´ ¶¨¸ ² µ¶¥· Éµ· Ê· ¢´¥´¨Ö (3.3),   ¢ [21] (26  ¢£Ê¸É ) Ê· ¢´¥´¨¥ (3.1) ¡Ò²µ
¢Ò¶¨¸ ´µ ¢ Ö¢´µ³ ¢¨¤¥.

’ ±¨³ µ¡· §µ³, ¨³¥´´µ ¢ · ¡µÉ¥ Š²¥°´  [11] ¢¶¥·¢Ò¥ ¡Ò²µ µ¶Ê¡²¨±µ¢ ´µ
·¥²ÖÉ¨¢¨¸É¸±µ¥ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥ ¤²Ö Î ¸É¨Í ¸ Í¥²Ò³ ¸¶¨´µ³. �¤´ ±µ Í¥²Ó
· ¡µÉÒ [11] ¡Ò²  ¤·Ê£ Ö Å ¶µ¸É·µ¥´¨¥ 5-³¥·´µ° É¥µ·¨¨ £· ¢¨É Í¨µ´´µ£µ ¨
Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²¥° (¶µ¤·µ¡´¥¥ ¸³. [9]).

‚ ¤ ²Ó´¥°Ï¥³ ¶µÖ¢¨²¸Ö Í¥²Ò° ·Ö¤ · ¡µÉ, ¢ ±µÉµ·ÒÌ Ë¨£Ê·¨·µ¢ ²µ µ¡-
¸Ê¦¤ ¥³µ¥ Ê· ¢´¥´¨¥ [22Ä25]. �É³¥É¨³, ÎÉµ ¢ [23] (5 ¨Õ´Ö) Ê· ¢´¥´¨¥ ´¥
¸¢Ö§Ò¢ ²µ¸Ó Ö¢´Ò³ µ¡· §µ³ ¸ ±¢ ´Éµ¢µ° É¥µ·¨¥°. �Éµ ¡Ò²µ ¸¤¥² ´µ Éµ²Ó±µ
¢ [24] (µ±ÉÖ¡·Ó). ‚ ¶µ¸²¥¤ÊÕÐ¥³ ¤ ´´µ¥ Ê· ¢´¥´¨¥ ¶Ê¡²¨±µ¢ ²µ¸Ó ¤ ¦¥ ¢
¦Ê·´ ² Ì §  1927 £. (¸³. [9]).

ˆ§  ¢Éµ·µ¢ ´¥µ¶Ê¡²¨±µ¢ ´´ÒÌ · ¡µÉ Ê¶µ³Ö´¥³ ‚.� Ê²¨, ±µÉµ·Ò° · ¸¸³ -
É·¨¢ ² ·¥²ÖÉ¨¢¨¸É¸±µ¥ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥ ¢¥¸´µ° 1926 £. (µ´µ ¢µ¸¶·µ¨§¢µ-
¤¨É¸Ö ¢ ¶¨¸Ó³¥ ‚.ƒ¥°§¥´¡¥·£  „¨· ±Ê µÉ 26 ³ Ö [26], Í¨É¨·Ê¥É¸Ö ¶µ [9]).
�¤´ ±µ � Ê²¨ µÉ ´¥£µ µÉ± § ²¸Ö. ‚ ¶¨¸Ó³¥ ± ƒ.‚¥´ÉÍ¥²Õ ([27], c.333) µ´ ¶¨-
¸ ², ÎÉµ ®... ¶µ²´µ¸ÉÓÕ ¶µÉ¥·Ö² ¢¥·Ê ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥¯ (3.2)
(¢ ¸É Í¨µ´ ·´µ³ ¢ ·¨ ´É¥).

‡ ±²ÕÎ ¥³: Ê· ¢´¥´¨¥ (3.1) ¨ ¥£µ µ¡µ¡Ð¥´¨Ö ¡Ò²¨ ¶µ²ÊÎ¥´Ò ³´µ£¨³¨  ¢-
Éµ· ³¨. �µ ´ §Ò¢ ÉÓ ¥£µ Ê· ¢´¥´¨¥³ Š²¥°´ Åƒµ·¤µ´ , µ¶Ê¸± Ö ¨³Ö ”µ± , Å
´µ´¸¥´¸.

∗‡¤¥¸Ó ¨ ¤ ²¥¥ Ê± § ´Ò ¤ ÉÒ ¶µ¸ÉÊ¶²¥´¨Ö · ¡µÉ ¢ ·¥¤ ±Í¨¨.
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ƒ² ¢´Ò³ ¢ · ¡µÉ¥ [13], Í¨É¨·Ê¥³µ° µ¡ÒÎ´µ ¢ ¸¢Ö§¨ ¸ Ê· ¢´¥´¨¥³ Š²¥°´ Å
”µ± Åƒµ·¤µ´a, ¡Ò²µ ´¥ ÔÉµ Ê· ¢´¥´¨¥ (´ ¶¨¸ ´´µ¥, ±¸É É¨, ¨ ¢ µ¡Ð¥±µ-
¢ ·¨ ´É´µ³ ¢¨¤¥). ƒ² ¢´Ò³ ¡Ò²µ µ¡Ñ¥¤¨´¥´¨¥ £· ¢¨É Í¨µ´´µ£µ ¨ Ô²¥±É·µ-
³ £´¨É´µ£µ ¶µ²¥° ¢ · ³± Ì 5-³¥·´µ£µ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨. �´´µÉ Í¨Ö · -
¡µÉÒ [13] £² ¸¨É: ®‚µ²´µ¢µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¶·¥¤¸É ¢²¥´µ ± ± ¨´-
¢ ·¨ ´É´µ¥ Ê· ¢´¥´¨¥ ‹ ¶² ¸ ,   Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Å ± ± £¥µ¤¥§¨Î¥¸±¨¥
¢ ¶ÖÉ¨³¥·´µ³ ¶·µ¸É· ´¸É¢¥. ‹¨Ï´¨° ¶ÖÉÒ° ±µµ·¤¨´ É´Ò° ¶ · ³¥É· ´ Ìµ-
¤¨É¸Ö ¢ É¥¸´µ° ¸¢Ö§¨ ¸ ²¨´¥°´µ° ¤¨ËË¥·¥´Í¨ ²Ó´µ° Ëµ·³µ° Ô²¥±É·µ³ £-
´¨É´µ£µ ¶µÉ¥´Í¨ ² ¯. ‚ ¶¥·¢µ° ¦¥ ¸É·µ±¥ ‚.�.”µ± ¸¸Ò² ¥É¸Ö ´  ¥Ð¥ ´¥
µ¶Ê¡²¨±µ¢ ´´ÊÕ · ¡µÉÊ ¶¥É¥·¡Ê·£¸±µ£µ Ë¨§¨±  ƒ¥´·¨Ì  Œ ´¤¥²Ö∗ ¨ ¡² £µ¤ -
·¨É ¶µ¸²¥¤´¥£µ §  ¶·¥¤µ¸É ¢²¥´´ÊÕ ¢µ§³µ¦´µ¸ÉÓ µ§´ ±µ³¨ÉÓ¸Ö ¸ ·Ê±µ¶¨¸ÓÕ
· ¡µÉÒ. ‚.�.”µ± É ±¦¥ µÉ³¥Î ¥É ¢ ¸´µ¸±¥, ÎÉµ ¨¤¥Ö · ¡µÉÒ ¢µ§´¨±²  ¢ · §£µ-
¢µ·¥ ¸ ¶·µË¥¸¸µ·µ³ ‚.”·¨¤¥·¨±¸µ³. � ±µ´¥Í, ¢ ¶·¨³¥Î ´¨¨ ¶·¨ ±µ··¥±ÉÊ·¥
£µ¢µ·¨É¸Ö ¸²¥¤ÊÕÐ¥¥: ®‚ Éµ ¢·¥³Ö, ± ± ÔÉ  § ³¥É±  ¡Ò²  ¢ ¶¥Î É¨, ¢ ‹¥´¨´-
£· ¤¥ ¡Ò²  ¶µ²ÊÎ¥´  ¶·¥±· ¸´ Ö · ¡µÉ  �¸± ·  Š²¥°´ ¯ [11], ®¢ ±µÉµ·µ°
 ¢Éµ· ¶·¨Ï¥² ± ·¥§Ê²ÓÉ É ³, ¢ £² ¢´µ³ ¸µ¢¶ ¤ ÕÐ¨³ ¸ É ±µ¢Ò³¨ ¤ ´´µ°
§ ³¥É±¨. �¤´ ±µ, ¢¢¨¤Ê ¢ ¦´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢, ¨Ì ¢Ò¢µ¤ ¤·Ê£¨³ ¶ÊÉ¥³ (µ¡µ¡-
Ð¥´¨¥  ´§ Í , ¨¸¶µ²Ó§µ¢ ´´µ£µ ¢ ³µ¥° ¡µ²¥¥ · ´´¥° · ¡µÉ¥) ³µ¦¥É ¶·¥¤¸É -
¢²ÖÉÓ ¨´É¥·¥¸¯. ‚ ¦´µ¸ÉÓ ÔÉ¨Ì ¨¤¥° ¸É ²  Ö¸´µ° Éµ²Ó±µ ¢ ¶µ¸²¥¤´¨¥ ¤¥¸Ö-
É¨²¥É¨Ö, µÉÎ ¸É¨ ¢ ¸¢Ö§¨ ¸ ¶·µ£· ³³µ° ¸Ê¶¥·¸É·Ê´, ¡ §¨·ÊÕÐ¥°¸Ö ´  ¨¤¥ÖÌ
³´µ£µ³¥·¨Ö.

ˆ³Ö ‚.�.”µ±  (· ¢´µ ± ± ¨ ƒ.Œ ´¤¥²Ö) ¢ ¸¢Ö§¨ ¸ µ¡Ñ¥¤¨´¥´¨¥³ £· ¢¨É -
Í¨¨ ¨ Ô²¥±É·µ³ £´¥É¨§³  µ¡ÒÎ´µ ´¥ Ê¶µ³¨´ ¥É¸Ö. Œ¥¦¤Ê É¥³, �.�°´ÏÉ¥°´ ¢
¶¨¸Ó³¥ ± ƒ.‹µ·¥´ÍÊ (µÉ 16 Ë¥¢· ²Ö 1927 £.) ¶¨¸ ² ([29], ¸.318): ®Š ¦¥É¸Ö, ÎÉµ
£· ¢¨É Í¨Õ ¨ É¥µ·¨Õ Œ ±¸¢¥²²  Ê¤ ²µ¸Ó µ¡Ñ¥¤¨´¨ÉÓ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó-
´Ò³ µ¡· §µ³ ¢ · ³± Ì ¶ÖÉ¨³¥·´µ° É¥µ·¨¨ (Š ²ÊÍÒÅŠ²¥°´ Å”µ± )¯. ’ -
±µ¥ ±·¥Ð¥´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ Ê¡¥¤¨É¥²Ó´Ò³: É¥µ·¨Ö ¤µ²¦´  ´ §Ò-
¢ ÉÓ¸Ö ®É¥µ·¨¥° Š ²ÊÍÒÅŠ²¥°´ Å”µ± ¯ (¨²¨ ®É¥µ·¨¥° Š ²ÊÍÒÅŠ²¥°´aÅ
Œ ´¤¥²ÖÅ”µ± ¯). ‘Éµ²¥É¨¥ ¸µ ¤´Ö ·µ¦¤¥´¨Ö ‚.�.”µ±  Å Ìµ·µÏ¨° ¶µ¢µ¤
¤²Ö ¢µ¸¸É ´µ¢²¥´¨Ö ¨¸Éµ·¨Î¥¸±µ° ¸¶· ¢¥¤²¨¢µ¸É¨.

 ¡µÉ  [13] ¸µ¤¥·¦ ²  ¥Ð¥ µ¤´Ê ËÊ´¤ ³¥´É ²Ó´ÊÕ ¨¤¥Õ Å ¶·¨´Í¨¶ ± -
²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨. ‚ ¦´µ¸ÉÓ ÔÉµ£µ ¶·¨´Í¨¶  ¢ÒÖ¸´¨² ¸Ó Éµ²Ó±µ
¢ ´ Ï¨ ¤´¨: ¢¸¥ ¨§¢¥¸É´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö (£· ¢¨É Í¨µ´´µ¥, Ô²¥±É·µ¸² ¡µ¥,
¸¨²Ó´µ¥) µ¡² ¤ ÕÉ ¸¢µ°¸É¢µ³ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨. �ÉµÉ ¶·¨´-
Í¨¶ ²¥¦¨É ¨ ¢ µ¸´µ¢¥ É¥µ·¨¨ ¸Ê¶¥·¸É·Ê´. ‘ ³ É¥·³¨´ ®± ²¨¡·µ¢µÎ´ Ö ¨´-
¢ ·¨ ´É´µ¸ÉÓ¯ ¢µ¸Ìµ¤¨É ± · ¡µÉ¥ [30], ¢ ±µÉµ·µ° ¡Ò²  ¸¤¥² ´  ¶µ¶ÒÉ± 

∗�´  ´ ¶¥Î É ´  ¢ Éµ³ ¦¥ Éµ³¥ [28].
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£¥µ³¥É·¨§ Í¨¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. ƒ.‚¥°²Ó ¶·¥¤¶µ² £ ², ÎÉµ ¶·¨ ¶ -
· ²²¥²Ó´µ³ ¶¥·¥´µ¸¥ ¢¥±Éµ·  ¢ ¨¸±·¨¢²¥´´µ³ ¶·µ¸É· ´¸É¢¥ ³µ¦¥É ³¥´ÖÉÓ¸Ö
´¥ Éµ²Ó±µ ¥£µ ´ ¶· ¢²¥´¨¥, ´µ ¨ ¤²¨´ . �·¥¤¶µ² £ ²µ¸Ó É ±¦¥, ÎÉµ ¨§³¥´¥-
´¨¥ ¤²¨´Ò ¢¥±Éµ·  µ¶·¥¤¥²Ö¥É¸Ö ´¥±µÉµ·Ò³ ¢¥±Éµ·´Ò³ ¶µ²¥³ Aµ(x). �Ê¸ÉÓ
ds2 = gµν(x)dxµdxν Å ±¢ ¤· É ¨´É¥·¢ ² , A = Aµ(x)dxµ Å 1-Ëµ·³ . �µ-
¸ÉÊ²¨·µ¢ ²µ¸Ó, ÎÉµ ¶·¨ ¨´Ë¨´¨É¥§¨³ ²Ó´µ³ ¶ · ²²¥²Ó´µ³ ¶¥·¥´µ¸¥

d(ds2) = −A(ds2). (4.1)

’µ£¤  ¶·¨ ¶¥·¥´µ¸¥ ´  ±µ´¥Î´µ¥ · ¸¸ÉµÖ´¨¥ ¨§ ÉµÎ±¨ 1 ¢ ÉµÎ±Ê 2 ¢¤µ²Ó ¶ÊÉ¨
C(12) ±¢ ¤· É ¨´É¥·¢ ²  ³¥´Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

(ds2)2 = exp

− ∫
C(12)

Aµdx
µ

 (ds2)1. (4.2)

�µ²¥ Aµ µÉµ¦¤¥¸É¢²Ö²µ¸Ó ¸ ¢¥±Éµ·µ³-¶µÉ¥´Í¨ ²µ³ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö.
…¸²¨ dA = Fµνdx

µ∧dxν �= 0, Éµ ¨§³¥´¥´¨¥ ¤²¨´Ò ¨´É¥·¢ ²  § ¢¨¸¨É µÉ ¶ÊÉ¨
¨ ¨³¥ÕÐ¥£µ¸Ö Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. �·¥µ¡· §µ¢ ´¨¥

Aµ → Aµ + ∂µf(x), (4.3)

£¤¥ f Å ¶·µ¨§¢µ²Ó´ Ö ËÊ´±Í¨Ö, ¨¸Î¥§ ÕÐ Ö ´  ¡¥¸±µ´¥Î´µ¸É¨, ¢²¥Î¥É ¨§³¥-
´¥´¨¥ ¨´É¥·¢ ² 

ds2 → e−fds2, (4.4)

¢ ¸¢Ö§¨ ¸ Î¥³ µ´µ ¨ ¸É ²µ ¨³¥´µ¢ ÉÓ¸Ö ®± ²¨¡·µ¢µÎ´Ò³¯. …¸²¨ dA = 0
(Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ µÉ¸ÊÉ¸É¢Ê¥É, A = df ), Éµ

(ds2)2 = exp [f(1)− f(2)](ds2)1. (4.5)

ƒ.‚¥°²Ó ¶µ¸ÉÊ²¨·µ¢ ² ¨´¢ ·¨ ´É´µ¸ÉÓ Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ µÉ´µ¸¨É¥²Ó´µ
µ¡Ð¥±µ¢ ·¨ ´É´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¨ ¶·¥µ¡· §µ¢ ´¨° (4.3). ”µ·³Ê²Ò (4.4),
(4.5) µ§´ Î ÕÉ, ÎÉµ ¢ É¥µ·¨¨, § ¤ ¢ ¥³µ° Ê¸²µ¢¨Ö³¨ (4.1), (4.2), ¶µ´ÖÉ¨¥ ¨´-
É¥·¢ ²  (¤²¨´Ò) É¥·Ö¥É ¸³Ò¸².

‚¶¥·¢Ò¥ ±µ··¥±É´µ¥ ± ²¨¡·µ¢µÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¸Ëµ·³Ê²¨·µ¢ ²
‚.�.”µ± [13]:

Aµ → Aµ + ∂µf(x), ψ(x)→ exp
(
ie

�
f(x)
)
ψ(x), (4.6)

£¤¥ ψ Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö, f Å ¶·µ¨§¢µ²Ó´ Ö ËÊ´±Í¨Ö, e Å Ô²¥±É·¨Î¥-
¸±¨° § ·Ö¤. ˆ³¥´´µ ¢ É ±µ° Ëµ·³¥ ÔÉ¨ ¶·¥µ¡· §µ¢ ´¨Ö ¢µÏ²¨ ¢ Ë¨§¨±Ê (¸³.,
´ ¶·¨³¥·, [31]), ´µ ¡¥§ ¸¸Ò²µ± ´  ”µ± . �µ¸²¥ ¶µÖ¢²¥´¨Ö · ¡µÉÒ [13] ¨Ì
¸É ²¨ ´ §Ò¢ ÉÓ É ±¦¥ £· ¤¨¥´É´Ò³¨ (¸³. [32, ¸.91]; ”µ± £µ¢µ·¨² µ ¤µ¡ -
¢²¥´¨¨ ± Aµ ®£· ¤¨¥´Éµ¢¯). �·¨² £ É¥²Ó´µ¥ ®± ²¨¡·µ¢µÎ´µ¥¯, µÎ¥¢¨¤´µ,
µ± § ²µ¸Ó ²¨Ï¥´´Ò³ ¸³Ò¸² . �·¥µ¡· §µ¢ ´¨Ö É¨¶  (4.4) (É.¥. ¶·¥µ¡· §µ¢ ´¨Ö
gµν → e−fgµν) ¨³¥´ÊÕÉ¸Ö ´Ò´¥ ¢¥°²¥¢¸±¨³¨.
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�¤¨´´ ¤Í ÉÓÕ £µ¤ ³¨ ¶µ§¦¥ ‚.�.”µ± ¢¥·´Ê²¸Ö ± ¨¤¥¥ ¶ÖÉµ£µ ¶ · ³¥É· 
([33,34], ¸.141). ˆ´É¥·¥¸ ± ¶ÖÉ¨³¥·´µ° É¥µ·¨¨ Ê¦¥ §´ Î¨É¥²Ó´µ Ê³¥´ÓÏ¨²¸Ö,
´µ ”µ± ¸Ê³¥² ¢§£²Ö´ÊÉÓ ´  ¶·µ¡²¥³Ê ¸ ´µ¢µ° ÉµÎ±¨ §·¥´¨Ö. �´ ¶·¨³¥´¨²
É· ±Éµ¢±Ê, µ± § ¢ÏÊÕ¸Ö, ± ± É¥¶¥·Ó ¸É ²µ Ö¸´µ, ´¥ ³¥´¥¥ ¶²µ¤µÉ¢µ·´µ°, Î¥³
¨¤¥Ö 5-³¥·´µ£µ ¶¸¥¢¤µ·¨³ ´µ¢  ¶·µ¸É· ´¸É¢ .

ˆ§ÊÎ Ö ¤¢¨¦¥´¨¥ ±² ¸¸¨Î¥¸±µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¸µ ¸É ´¤ ·É´Ò³
² £· ´¦¨ ´µ³

L0 = −m
√
1− (dx/dt)2dt+ eAµ

dxµ

dt
, µ = 0, 1, 2, 3, x0 = t, (5.1)

‚.�.”µ± µÉ³¥Î ¥É, ÎÉµ ¶µ¶ÒÉ±  ¶¥·¥°É¨ ± Ö¢´µ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ³Ê
µ¶¨¸ ´¨Õ ¸ ¶·¨¢²¥Î¥´¨¥³ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨:

τ =

t∫
t0

√
1− (dx/dt)2dt, (5.2)

´ É ²±¨¢ ¥É¸Ö ´  µÎ¥¢¨¤´µ¥ § É·Ê¤´¥´¨¥: § ¤ ¢ ¥³Ò° (5.2) ¶ · ³¥É· ´¥ ¥¸ÉÓ
´¥§ ¢¨¸¨³ Ö ¶¥·¥³¥´´ Ö (µ´ § ¢¨¸¨É µÉ ¶ÊÉ¨ Î ¸É¨ÍÒ). �·¥¤² £ ¥É¸Ö ¢µ¸-
¶µ²Ó§µ¢ ÉÓ¸Ö ¤·Ê£¨³ ² £· ´¦¨ ´µ³:

L̃ = −m

2
(ẋ2 + 1) + eAµẋ

µ, ẋµ =
dxµ

dτ
, gµν = ηµν(+ −−−), (5.3)

£¤¥ τ Å ´¥§ ¢¨¸¨³Ò° ¨´¢ ·¨ ´É´Ò° ¶ · ³¥É·. ‹ £· ´¦¨ ´ (5.3) ¤µ¶Ê¸± ¥É
¨´É¥£· ² ¤¢¨¦¥´¨Ö ẋ2 = const. …¸²¨ ¶µ²µ¦¨ÉÓ ẋ2 = 1, Éµ ¶ · ³¥É· τ
¸µ¢¶ ¤ ¥É ¸ ¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³ ·¥²ÖÉ¨¢¨¸É¸±µ° Î ¸É¨ÍÒ (5.2). �·¨ ÔÉµ³
±² ¸¸¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö µ¡µ¨Ì ² £· ´¦¨ ´µ¢ É ±¦¥ ¸µ¢¶ ¤ ÕÉ.

‘ ¸µ¢·¥³¥´´µ° ÉµÎ±¨ §·¥´¨Ö ¸ÊÐ¥¸É¢µ ¤¥²  ¢ ¸²¥¤ÊÕÐ¥³. „¥°¸É¢¨¥

S0 =
∫

L0dt =
∫

L0
dt

dτ
dτ = −m

∫
(
√
ẋ2 − e

m
Aµẋ

µ)dτ ≡
∫

Ldτ (5.4)

¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ·¥¶ · ³¥É·¨§ Í¨¨ τ → τ ′ = τ ′(τ). �Éµ ¥¸ÉÓ ²µ-
± ²Ó´µ¥ ± ²¨¡·µ¢µÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥, ¶µÔÉµ³Ê ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ¤¢¨¦¥-
´¨Ö ¸µ¤¥·¦ É ¶·µ¨§¢µ². ‹ £· ´¦¨ ´ (5.1) µÉ¢¥Î ¥É ¢Ò¡µ·Ê ± ²¨¡·µ¢±¨ τ = t,
ÎÉµ ¨ ¢¥¤¥É ± ¶µÉ¥·¥ Ö¢´µ° ·¥²ÖÉ¨¢¨¸É¸±µ° ¨´¢ ·¨ ´É´µ¸É¨.

‹ £· ´¦¨ ´ (5.3) Ê¦¥ ´¥ µ¡² ¤ ¥É ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ, É.¥.
¶¥·¥Ìµ¤ ± ´¥³Ê ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¸¶µ¸µ¡ Ë¨±¸ Í¨¨ ± ²¨¡·µ¢±¨. ‚Ò-
¡¨· ¥É¸Ö ¤¨´ ³¨Î¥¸± Ö ± ²¨¡·µ¢±  [35], ¶µ¸±µ²Ó±Ê ´¥Ë¨§¨Î¥¸± Ö ¸É¥¶¥´Ó
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¸¢µ¡µ¤Ò ¶µ¤Î¨´Ö¥É¸Ö É¥¶¥·Ó Ê· ¢´¥´¨Õ ¤¢¨¦¥´¨Ö ¢Éµ·µ£µ ¶µ·Ö¤±  ¶µ ¢·¥-
³¥´¨. ’ ±¨³ µ¡· §µ³, ¸µ¢¥·Ï ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Ï £¨:
1) Ë¨±¸¨·Ê¥É¸Ö ± ²¨¡·µ¢±  (¶¥·¥Ìµ¤ L→ L̃);
2) É·¥¡Ê¥É¸Ö ¢Ò¶µ²´¥´¨¥ ¸¢Ö§¥° (Ê¸²µ¢¨¥ ẋ2 = 1).

‚¸¥ ÔÉµ ¢Ò£²Ö¤¨É µÎ¥´Ó ¶·µË¥¸¸¨µ´ ²Ó´µ ¸ ¸µ¢·¥³¥´´µ° ÉµÎ±¨ §·¥´¨Ö,
´ Î ²µ Ëµ·³¨·µ¢ ´¨Õ ±µÉµ·µ° ¶µ²µ¦¨²¨ · ¡µÉÒ �.ƒ.5¥·£³ ´  ¨ �.�.Œ.„¨-
· ±  [36,37], ¢Ò¶µ²´¥´´Ò¥ ¤¢Ê³Ö ¤¥¸ÖÉ¨²¥É¨Ö³¨ ¶µ§¦¥ (¸³. É ±¦¥ [38]). ‚
· §²¨Î´ÒÌ ¢ ·¨ Í¨ÖÌ ¨ ¢ ¶·¨³¥´¥´¨¨ ± · §²¨Î´Ò³ § ¤ Î ³ ÔÉ  ¨¤¥Ö ¨¸¶µ²Ó-
§Ê¥É¸Ö ¢¶²µÉÓ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨.

5.1. 	¥²ÖÉ¨¢¨¸É¸± Ö Î ¸É¨Í . „¥°¸É¢¨¥, µÉ¢¥Î ÕÐ¥¥ ² £· ´¦¨ ´Ê (5.3)
¶·¨ Aµ = 0, § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

S∗ = −1
2

∫
dτe(τ)[e−2(τ)ẋ2 +m2] ≡

∫
dτL̃(ẋ, e), (5.5)

£¤¥ e(τ) Å ®µ¤´µ³¥·´ Ö É¥É· ¤ ¯ (einbein). ‚ ·Ó¨·µ¢ ´¨¥ S∗ ¶µ e ¨ xµ ¤ ¥É
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¸¢µ¡µ¤´µ° Î ¸É¨ÍÒ (¶¥·¢µ¥ ¨§ ´¨Ì Å ² £· ´¦¥¢¸± Ö
¸¢Ö§Ó):

δS∗

δe
=

1
2
(e−2ẋ2 −m2) = 0,

δS∗

δxµ
=

d

dτ
(e−1ẋµ) = 0. (5.6)

�·¨ τ = t µ´¨ ¸µ¢¶ ¤ ÕÉ ¸ É ±µ¢Ò³¨, ¢ÒÉ¥± ÕÐ¨³¨ ¨§ ² £· ´¦¨ ´  (5.1)
(¶·¨ Aµ = 0).

5.2. ‘É·Ê´ . „¥°¸É¢¨¥ ¤²Ö ¸É·Ê´Ò � ³¡ÊÅƒµÉµ ¶µ²ÊÎ ¥É¸Ö ¨§ ¤¥°¸É¢¨Ö
¤²Ö ·¥²ÖÉ¨¢¨¸É¸±µ° Î ¸É¨ÍÒ ®· §³ §Ò¢ ´¨¥³¯ ³ ¸¸Ò ¶µ ´¥±µÉµ·µ° ²¨´¨¨
[39]:

SNG = −γ
∫

dτdσ
√
(ẋx′)2 − ẋ2x′2, ẋ =

dx

dτ
, x′ =

dx

dσ
, (5.7)

£¤¥ σ ¶ · ³¥É·¨§Ê¥É ÉµÎ±¨ ¸É·Ê´Ò, γ = const (· §³¥·´µ¸ÉÓ: [γ] = M2). „¥°-
¸É¢¨¥ (5.7) ¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ·¥¶ · ³¥É·¨§ Í¨¨ τ → τ ′ = τ ′(τ, σ),
σ → σ′ = σ′(τ, σ), É.¥. µ´µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ. „¥°¸É¢¨¥

SP = − c

2

∫
d2u
√
|g|gijXµ

,iX
µ
,j (u1 = τ, u2 = σ), (5.8)

¶·¥¤²µ¦¥´´µ¥ �.�µ²Ö±µ¢Ò³ [40],  ´ ²µ£¨Î´µ ¤¥°¸É¢¨Õ (5.5). ‚ ·Ó¨·µ¢ ´¨¥
¶·µ¨§¢µ¤¨É¸Ö ¶µ gij ¨ Xµ:

δSP
δgij

= 0,
δSP
δXµ

= 0. (5.9)

“· ¢´¥´¨Ö (5.9)∗ Ô±¢¨¢ ²¥´É´Ò Ê· ¢´¥´¨Ö³, ¢ÒÉ¥± ÕÐ¨³ ¨§ (5.7). �´ ²µ£¨Ö
¸ ¶¥·¥Ìµ¤µ³ µÉ (5.4) ± (5.5) µÎ¥¢¨¤´ .

∗�´¨ ´¥ · ¸Ï¨Ë·µ¢Ò¢ ÕÉ¸Ö, É ± ± ± ´¨¦¥ (¶.5.4) ¶·¨¢¥¤¥´Ò ¢Ò±² ¤±¨ ¤²Ö µ¡Ð¥£µ ¸²ÊÎ Ö.
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5.3. p-¡· ´Ò. ‚ Ë¨§¨±¥ ¶·¥¤¶² ´±µ¢¸±¨Ì · ¸¸ÉµÖ´¨° ¢¸¥ ¡µ²¥¥ ¢ ¦´ÊÕ
·µ²Ó ´ Î¨´ ÕÉ ¨£· ÉÓ ³¥³¡· ´Ò (¤¢Ê³¥·´Ò¥ µ¡µ¡Ð¥´¨Ö ¸É·Ê´Ò) ¨ p-¡· ´Ò
(¥¥ p-³¥·´Ò¥ µ¡µ¡Ð¥´¨Ö) [39,41]. ˆÌ ¤¥°¸É¢¨¥ § ¤ ¥É¸Ö ¨´É¥£· ²µ³∗

S = −c
∫

dmu
√
−g, gij = ηµνX

µ
,iX

ν
,j, g = det gij , (5.10)

£¤¥ Xµ Å ±µµ·¤¨´ ÉÒ ¢ n-³¥·´µ³ ¶·µ¸É· ´¸É¢¥, µ, ν = 1, ..., n; i, j = 1, ...,m;
ηµν(+ − ...−), c = const, m = p + 1. ‚ ·Ó¨·ÊÖ (5.10) ¶µ Xµ, ´¥¸²µ¦´µ
¶µ²ÊÎ¨ÉÓ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö

1√−g∂i(
√
−ggij∂jXµ(u)) = 0. (5.11)

ˆ §¤¥¸Ó ¶µ¸ÉÊ¶ ÕÉ  ´ ²µ£¨Î´Ò³ µ¡· §µ³: ¶¥·¥Ìµ¤ÖÉ µÉ S ± S̃:

S̃ = − c

2

∫
dmu

√
−g[gijXµ

,iX
ν
,j + (2−m)], g = det gij . (5.12)

‚ ·Ó¨·µ¢ ´¨¥ S̃ ¶µ gij ¨ Xµ ¤ ¥É ±² ¸¸¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, Ô±¢¨¢ -
²¥´É´Ò¥ (5.11):

δS̃

δgij
= 0,

δS̃

δXµ
= 0

(¤¥É ²¨ ¸³. ¢ ¶.5.4).
5.4. ¡µ¡Ð¥´¨¥. �¥¨§¢¥¸É´µ, ± ±¨¥ ¸µµ¡· ¦¥´¨Ö ¶·¨¢¥²¨ ‚.�.”µ±  ±

¢Ò¡µ·Ê ² £· ´¦¨ ´  (5.3). �·¥¤¸É ¢²Ö¥É¸Ö ¶· ¢¤µ¶µ¤µ¡´Ò³, ÎÉµ §¤¥¸Ó ¸Ò-
£· ²  ·µ²Ó ¨¤¥Ö ¶ÖÉ¨³¥·¨Ö, ±µ£¤  (5.3) · ¸¸³ É·¨¢ ¥É¸Ö ± ± ®´¥·¥²ÖÉ¨¢¨¸É-
¸±¨° ¶·¥¤¥²¯ 5-³¥·´µ£µ ² £· ´¦¨ ´  (τ Å ¶ÖÉÒ° ¶ · ³¥É·). ‡ ³¥Î É¥²Ó´µ,
ÎÉµ ÔÉ  ¨¤¥Ö µ± §Ò¢ ¥É¸Ö ¶²µ¤µÉ¢µ·´µ° ¨ ¢µ ¢¸¥Ì ¢ÒÏ¥¶·¨¢¥¤¥´´ÒÌ ¸²ÊÎ ÖÌ,
¥¸²¨ ¢ ¤µ¶µ²´¥´¨¥ ± n-¨§³¥·¥´¨Ö³ ¤µ¡ ¢¨ÉÓ ´¥ µ¤¨´ (®¶ÖÉÒ°¯) ¶ · ³¥É·,  
´¥¸±µ²Ó±µ, É.¥. ¶¥·¥°É¨ ± ¶·µ¸É· ´¸É¢Ê n + l-¨§³¥·¥´¨°, ¢ ±µÉµ·µ³ ¤¢¨¦¥É-
¸Ö p-¡· ´ .

‚ ¸ ³µ³ ¤¥²¥, ¢ ¤µ¶µ²´¥´¨¥ ± Xµ(u), µ = 1, ..., n ¢¢¥¤¥³ ξa(u), a =
= n+1, ..., n+ l, É.¥. p-³¥·´ Ö ³¥³¡· ´  ¤¢¨¦¥É¸Ö ¢ (n+ l)-³¥·´µ³ ¶·µ¸É· ´-
¸É¢¥. ˆ´¤ÊÍ¨·µ¢ ´´ Ö ³¥É·¨±  ¨ ¤¥°¸É¢¨¥ É ±µ¢Ò:

g∗ij = ξa,iξ
a
,j + ηµνX

µ
,iX

ν
,j ≡ g̃ij + gij i, j = 1, ...,m, (5.13)

S∗ = −c
∫

dmu
√
−g∗, g∗ = det g∗ij . (5.14)

∗�¥·¢Ò³ ³¥³¡· ´Ò ¸ ¤¥°¸É¢¨¥³ (5.10) (m = 3, ¶·µ¸É· ´¸É¢µ Œ¨´±µ¢¸±µ£µ) · ¸¸³ É·¨¢ ²
�.�.Œ.„¨· ± ¢ ¸¢µ¥° É¥µ·¨¨ ¶·µÉÖ¦¥´´µ£µ Ô²¥±É·µ´  [42,43].
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 §²µ¦¨³ g∗ ¶µ ¸É¥¶¥´Ö³ gij :

g∗ = g̃ +
∂g∗

∂g̃ij
gij + ... = g̃(1 + g̃ijgij + ...) (dg = ggijdgij). (5.15)

’µ£¤  ¨³¥¥³ ¶·¨¡²¨¦¥´´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö S∗:

S∗ ≈ −c
∫

dmu
√
−g̃(1 + 1

2
g̃ij(u)ηµνX

µ
,iX

ν
,j) ≡ S̃. (5.16)

‚ ·Ó¨·ÊÖ (5.16) ¶µ g̃ij ¨ Xµ, ´ Ìµ¤¨³

δS̃

δg̃ij
=

c
√
−g̃
2

[g̃ij(1 +
1
2
g̃klηµνX

µ
,kX

ν
,l)− ηµνX

µ
,iX

ν
,j] = 0, (5.17)

δS̃

δXµ
=

c

2
∂

∂ui
(
√
−g̃g̃ij ∂

∂uj
Xµ) = 0. (5.18)

ˆÐ¥³ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (5.17) ¢ ¢¨¤¥

g̃ij = f(u)ηµνX
µ
,iX

ν
,j,

£¤¥ f(u) Å ´¥¨§¢¥¸É´ Ö ËÊ´±Í¨Ö. �µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (5.17), ´ Ìµ-
¤¨³

g̃ij(1 +
1
2
g̃klf−1g̃kl)− f−1g̃ij = 0,

É.¥. f−1 = 1 +m/(2f) ¨ f = (2−m)/2. ’ ±¨³ µ¡· §µ³,

g̃ij =
2−m

2
gij (5.19)

¨ Ê· ¢´¥´¨Ö (5.18) ¶·¥¢· Ð ÕÉ¸Ö ¢ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö p-¡· ´Ò (5.11), ¢Ò-
É¥± ÕÐ¨¥ ¨§ ¤¥°¸É¢¨Ö (5.10). �µ¤¸É ´µ¢±  (5.19) ¢ (5.16) ¤ ¥É

S̃|g̃ij=fgij = − c

2

(
2

2−m

) 2−m
2
∫

dmu
√
−g[gijηµνXµ

,iX
ν
,j + (2 −m)], (5.20)

ÎÉµ, §  ¨¸±²ÕÎ¥´¨¥³ ´¥ ¢²¨ÖÕÐ¥£µ ´  Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ³´µ¦¨É¥²Ö ¶¥·¥¤
¨´É¥£· ²µ³, ¸µ¢¶ ¤ ¥É ¸ ¤¥°¸É¢¨¥³ (5.12) (¢±²ÕÎ Ö ¸² £ ¥³µ¥ (2 − m); ³Ò
´¥ µ¡¸Ê¦¤ ¥³ §¤¥¸Ó ¸³Ò¸² ³´µ¦¨É¥²Ö ¶¥·¥¤ ¨´É¥£· ²µ³ ¨ ¤·Ê£¨¥ Éµ´±µ¸É¨).
 §Ê³¥¥É¸Ö, ¶·¨ ¦¥² ´¨¨ ¶¥·¥Ìµ¤ ± (n+ l)-³¥·´µ³Ê ¶·µ¸É· ´¸É¢Ê ³µ¦¥É · ¸-
¸³ É·¨¢ ÉÓ¸Ö ± ± Ô¢·¨¸É¨Î¥¸±¨° ¶·¨¥³, ÌµÉÖ §  ´¨³, ±µ´¥Î´µ, ¸Éµ¨É ´¥ÎÉµ
¡µ²ÓÏ¥¥. ˆÉ ±, ¨¤¥Ö ³´µ£µ³¥·¨Ö, ¢Ò¤¢¨´ÊÉ Ö ¢ · ¡µÉ Ì Š ²ÊÍÒ, Š²¥°´ ,
Œ ´¤¥²Ö, ”µ± , µ± § ² ¸Ó ´¥ Éµ²Ó±µ ¦¨¢ÊÎ¥°, ´µ ¨ ¶²µ¤µÉ¢µ·´µ°.

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¨¤¥Ö ¨´¢ ·¨ ´É´µ£µ ¶ · ³¥É·  ¶µ²¥§´  ¨ ¢
¸É ´¤ ·É´µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. ’ ±, ˜¢¨´£¥· [44] ¢µ¸¶µ²Ó§µ¢ ²¸Ö ¥Õ
¶·¨ ¢ÒÎ¨¸²¥´¨¨ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¥,   ¢
³µ´µ£· Ë¨¨ [46] µ´  ¶·¨³¥´Ö² ¸Ó ¶·¨ ¨§ÊÎ¥´¨¨ ³µ¤¥²¨ 5²µÌ Å�µ·¤¸¨± .
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6. Š
‹ˆ�	‚Š
 ”Š


‚ Éµ° ¦¥ · ¡µÉ¥ [33] ¸µ¤¥·¦ ² ¸Ó ¥Ð¥ µ¤´  ¢¥²¨±µ²¥¶´ Ö ¨¤¥Ö, ¢ ¦´µ¸ÉÓ
±µÉµ·µ° ¸É ´µ¢¨É¸Ö ¶µ´ÖÉ´µ° ²¨ÏÓ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö. ¥Ï Ö Ê· ¢´¥´¨¥
„¨· ±  ¤²Ö Ô²¥±É·µ´  ¢µ ¢´¥Ï´¥³ ¶µ²¥, ‚.�.”µ± ¨¸¶µ²Ó§µ¢ ² ± ²¨¡·µ¢±Ê

(xµ − xµ0 )Aµ(x) = 0, (6.1)

£¤¥ x0 Å Ë¨±¸¨·µ¢ ´´ Ö ÉµÎ± . 5µ²¥¥ Éµ£µ, ¢ [33] ¢Ò¶¨¸ ´µ ¨ ·¥Ï¥´¨¥ ÔÉµ£µ
Ê· ¢´¥´¨Ö:

Aµ(x) =

1∫
0

s(xν − xν0)Fµν(x0 + s(x − x0))ds. (6.2)

‡¤¥¸Ó § ¸²Ê¦¨¢ ÕÉ ¢´¨³ ´¨Ö ¤¢  µ¡¸ÉµÖÉ¥²Ó¸É¢ .
6.1. ‹¥³³  5Ê ´± ·¥. ”µ·³Ê²  (6.2) Ö¢²Ö¥É ¸µ¡µ° Î ¸É´Ò° ¸²ÊÎ ° ¨´É¥-

£·¨·µ¢ ´¨Ö ¢ É¥µ·¨¨ ¢´¥Ï´¨Ì ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ëµ·³ [47]. „²Ö m-Ëµ·³Ò
ω ¨³¥¥É ³¥¸Éµ Éµ¦¤¥¸É¢µ

ω = d(Iω) + I(dω), (6.3)

¢ ±µÉµ·µ³ µ¶¥· Éµ· ¨´É¥£·¨·µ¢ ´¨Ö I § ¤ ´ · ¢¥´¸É¢µ³

Iω =
∑
{i}

m∑
r=1

(−1)r−1
1∫
0

dttm−1ωi1...im(tx)x
ir [dxi1 ∧ ... ∧ dxim ]r. (6.4)

‡¤¥¸Ó {i} ¸¨³¢µ²¨§¨·Ê¥É ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¢¸¥³ ik, k = 1, ...,m ¢ ¶·¥¤¥² Ì
1 ≤ i1 < ... < im ≤ n; ¨´¤¥±¸ r Ê ±¢ ¤· É´µ° ¸±µ¡±¨ µ§´ Î ¥É µÉ¸ÊÉ¸É¢¨¥
¤¨ËË¥·¥´Í¨ ²  dxir . ‚ ¸²ÊÎ ¥ §¢¥§¤´µ° µ¡² ¸É¨ § ³±´ÊÉ Ö Ëµ·³  (dω = 0)
Ö¢²Ö¥É¸Ö ÉµÎ´µ° (ω = dΩ); µ¡² ¸ÉÓ S ∈ Rn ´ §Ò¢ ¥É¸Ö §¢¥§¤´µ°, ¥¸²¨ ¨§
x ∈ S ¸²¥¤Ê¥É tx ∈ S, 0 ≤ t ≤ 1. ‚ Ô²¥±É·µ¤¨´ ³¨±¥ É¥´§µ· ´ ¶·Ö¦¥´´µ-
¸É¥° Fµν ¥¸ÉÓ 2-Ëµ·³  F = Fµνdx

µ ∧ dxν . �¶·¥¤¥²ÖÖ 1-Ëµ·³Ê A = Aµdx
µ,

¨³¥¥³ F = dA, É.¥. F Å ÉµÎ´ Ö 2-Ëµ·³ . ‘²¥¤µ¢ É¥²Ó´µ, Ëµ·³Ê²  ‚.�.”µ± 
(6.2) ¥¸ÉÓ Î ¸É´Ò° ¸²ÊÎ ° Ëµ·³Ê² �Ê ´± ·¥ (6.3), (6.4) ¸µ ¸¤¢¨´ÊÉÒ³ ´ Î -
²µ³ ±µµ·¤¨´ É [35,48]: A = IF, d(IA) = 0 (¶µ¸²¥¤´¥¥ · ¢¥´¸É¢µ Ë¨±¸¨·Ê¥É
± ²¨¡·µ¢±Ê). ‘¢Ö§Ó ± ²¨¡·µ¢±¨ ”µ±  ¸ É¥µ·¨¥° ¢´¥Ï´¨Ì ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ Ëµ·³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¥¥ ËÊ´¤ ³¥´É ²Ó´µ³ Ì · ±É¥·¥. �¡ ÔÉµ³ ¦¥
¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¨ ÉµÉ Ë ±É, ÎÉµ µ´  ¶·¨³¥´¨³  ¨ ¢ É¥µ·¨ÖÌ ¸ ´¥ ¡¥²¥¢µ°
± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ°.

6.2. ‘¢Ö§Ó ¸ ¤·Ê£¨³¨ ± ²¨¡·µ¢± ³¨. �  ¶¥·¢Ò° ¢§£²Ö¤ ± ²¨¡·µ¢±  (6.1)
´¥ ± ¦¥É¸Ö ¥¸É¥¸É¢¥´´µ°: ´ ²¨Î¨¥ ¢Ò¤¥²¥´´µ° ÉµÎ±¨ x0 ¢ ¶·µ¸É· ´¸É¢¥ ´ -
·ÊÏ ¥É É· ´¸²ÖÍ¨µ´´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ É¥µ·¨¨. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ÔÉµ Å
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±²ÕÎ ± ¥¥ ¶µ´¨³ ´¨Õ. �µ¤µ¡´µ ¢Ò¡µ·Ê ±µµ·¤¨´ É, ¢Ò¡µ· ± ²¨¡·µ¢±¨ ¸¢Ö§ ´
¸ Ë¨§¨±µ° § ¤ Î¨.

�·¨ ± ²¨¡·µ¢µÎ´µ³ (£· ¤¨¥´É´µ³) ¶·¥µ¡· §µ¢ ´¨¨ A′µ = Aµ+∂µf ¢Ò¡µ·
f ¢ ¢¨¤¥ [33]

f =

x0∫
x

Aµdx
µ =

1∫
0

Aµ(x + s(x0 − x))(xµ0 − xµ)ds, (6.5)

£¤¥ ¨´É¥£·¨·µ¢ ´¨¥ ¢¥¤¥É¸Ö ¶µ ¶·Ö³µ°, ¸µ¥¤¨´ÖÕÐ¥° ÉµÎ±¨ x0, x, µ¶·¥¤¥²Ö¥É
¢¥±Éµ·-¶µÉ¥´Í¨ ² A′µ, Ê¤µ¢²¥É¢µ·ÖÕÐ¨° Ê¸²µ¢¨Õ (6.1). �µ²¥ ψ ¸ § ·Ö¤µ³ e
¶·¨µ¡·¥É ¥É Ë ±Éµ·

ψ′ = eiefψ, (6.6)

É.¥. ¸É¥¶¥´Ó ¸¢µ¡µ¤Ò Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö f µ± § ² ¸Ó  ¸¸µÍ¨¨·µ¢ ´´µ° ¸
¶µ²¥³ ψ. ’¥³ ¸ ³Ò³ µ´µ ¨¸±²ÕÎ ¥É¸Ö ¨§ ¤¨´ ³¨±¨ ¶µ²Ö A′µ. �É¸Õ¤  ¸²¥¤Ê¥É,
ÎÉµ ± ²¨¡·µ¢±  ”µ±  Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´µ° ¢ § ¤ Î Ì ¸ § ·Ö¦¥´´Ò³¨ Î ¸É¨-
Í ³¨: ´ ·ÊÏ ÕÐ¨° É· ´¸²ÖÍ¨µ´´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ ¶ · ³¥É· x0 Ë¨±¸¨·Ê¥É
±µµ·¤¨´ ÉÒ ³ ¸¸¨¢´µ£µ ÉµÎ¥Î´µ£µ § ·Ö¤ . Š ²¨¡·µ¢±  ”µ±  ²¥¦¨É ¢ µ¸´µ¢¥
Ë¨§¨Î¥¸±¨ ¢ ¦´ÒÌ ± ²¨¡·µ¢µ±.

(i) Š ²¨¡·µ¢±  Œ ±¸¢¥²²  [35] ∂A = 0 (· ¤¨ Í¨µ´´ Ö ¨²¨ ±Ê²µ´µ¢¸± Ö
± ²¨¡·µ¢± ). �·¨ ¶¥·¥Ìµ¤¥ ± ÔÉµ° ± ²¨¡·µ¢±¥ ¶µ²¥ ψ ¶·¥µ¡· §Ê¥É¸Ö ¸µ£² ¸´µ
(6.6), £¤¥ f = −∆−1∂A, É.¥.

ψ′ = exp(−ie∆−1∂A)ψ. (6.7)

•µ·µÏµ ¨§¢¥¸É´µ [49, §80], ÎÉµ Ô±¸¶µ´¥´É  ¢ (6.7) µ¶¨¸Ò¢ ¥É ±Ê²µ´µ¢¸±µ¥
¶µ²¥ § ·Ö¤ . ‚¸¶µ³¨´ Ö ¢Ò· ¦¥´¨¥ ¤²Ö Ö¤·  µ¶¥· Éµ·  ∆−1(x, y) =
= −(4π|x− y|)−1 ¨ ¨´É¥£·¨·ÊÖ ¢ ¶µ± § É¥²¥ Ô±¸¶µ´¥´ÉÒ (6.7) ¶µ Î ¸ÉÖ³,
´ Ìµ¤¨³

ψ′(x) = exp
[
ie

∫
d3y

4π
(x− y)A(y)
|x− y|3

]
ψ(x). (6.8)

‚¨¤´µ, ÎÉµ ¶µ± § É¥²Ó Ô±¸¶µ´¥´ÉÒ µÉ¢¥Î ¥É ± ²¨¡·µ¢±¥ ”µ±  (6.1) ¢ ¸²ÊÎ ¥,
±µ£¤  ±µ´ÉÊ· ¨´É¥£·¨·µ¢ ´¨Ö ¢ (6.5) ¡¥·¥É¸Ö ¶·¨ t = t0. �Éµ ¸É ´µ¢¨É¸Ö ¥Ð¥
¡µ²¥¥ µÎ¥¢¨¤´Ò³, ¥¸²¨ ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥, ÎÉµ µ¶¨¸Ò¢ ÕÐ¨° ±Ê²µ´µ¢¸±µ¥
¶µ²¥ Ë ±Éµ· ¢ (6.7) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ ¡¥¸±µ´¥Î´µ£µ ¶·µ¨§¢¥-
¤¥´¨Ö ²¨´¥°´ÒÌ Ô±¸¶µ´¥´É ¸ ¶µ± § É¥²Ö³¨ É¨¶  (6.5), ¢ ±µÉµ·ÒÌ ¨´É¥£·¨·µ-
¢ ´¨¥ ¢¥¤¥É¸Ö ¶µ ¶·Ö³Ò³ ¨§ ÉµÎ±¨, £¤¥ · ¸¶µ²µ¦¥´ § ·Ö¤, ¤µ ¡¥¸±µ´¥Î´µ¸É¨
[38, 50, 51]:

N∏
i,j

exp

−ie x∫
−∞

Aµ(yij)dy
µ
ij

→ exp(−ie∆−1∂A), N →∞. (6.9)
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ˆ´¤¥±¸Ò i, j ´Ê³¥·ÊÕÉ ¶²µÐ ¤±¨, ¶µ±·Ò¢ ÕÐ¨¥ ¥¤¨´¨Î´ÊÕ ¸Ë¥·Ê, Î¥·¥§ ±µ-
Éµ·Ò¥ ¶·µÌµ¤ÖÉ ¶·Ö³Ò¥ (§ ·Ö¤ · ¸¶µ²µ¦¥´ ¢ Í¥´É·¥ ¸Ë¥·Ò, ¶·¨ N → ∞
¶²µÐ ¤±¨ ¸ÉÖ£¨¢ ÕÉ¸Ö ¢ ÉµÎ±¨).

(ii) „·Ê£¨¥ ± ²¨¡·µ¢±¨. �·¨ ¨§ÊÎ¥´¨¨ ¶·µ¡²¥³Ò ¨´Ë· ±· ¸´ÒÌ · ¸Ìµ¤¨-
³µ¸É¥° ¶¥·¥Ìµ¤ÖÉ ± ¶µ²Ö³ ψ′, ¢ ±µÉµ·ÒÌ Ô±¸¶µ´¥´Í¨ ²Ó´Ò° Ë ±Éµ· ¨³¥¥É
¢¨¤ [52]

exp

ie ∞∫
0

dt

∫
d3xAQ

µ Jµ

 ≡ exp(ieχ), (6.10)

£¤¥ Jµ = (epµ/Ep)δ(x − tp/Ep) ¥¸ÉÓ ±² ¸¸¨Î¥¸±¨° Éµ± (E2
p = p2 + m2) ¨

AQ
µ Å µ¶¥· Éµ·:

AQ
µ (x) =

∫
|q|<Q

d3q

(2π)32|q| [cµ(q)e
−iqx + c+µ (q)e

iqx]. (6.11)

ˆÉ ±, §¤¥¸Ó ¸ ¶µ²¥³ ψ  ¸¸µÍ¨¨·µ¢ ´Ò ³Ö£±¨¥ ËµÉµ´Ò ¸ Ô´¥·£¨¥° ω < Q.
’¥³ ¸ ³Ò³ µ´¨ ¨§Ò³ ÕÉ¸Ö ¨§ ¤¨´ ³¨±¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. S-³ É·¨Í ,
µ¶¨¸Ò¢ ÕÐ Ö · ¸¸¥Ö´¨¥ ±¢ ´Éµ¢ ¶µ²Ö ψ′ = exp(ieχ)ψ, ¸¢µ¡µ¤´  µÉ ¨´Ë· -
±· ¸´ÒÌ · ¸Ìµ¤¨³µ¸É¥° [52,53]. �µ± § É¥²Ó Ô±¸¶µ´¥´ÉÒ ¢ (6.10) ³µ¦´µ ¶¥-
·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

χ =

∞∫
0

AQ
µ (npt)n

µ
pdt =

∫
np

AQ
µ dx

µ, (6.12)

£¤¥ np = p/Ep = dx/dt, p2 = m2,   ¢ ¶µ¸²¥¤´¥³ ¢Ò· ¦¥´¨¨ ¨´É¥£·¨·Ê¥É¸Ö
¶µ ¶·Ö³µ°, § ¤ ¢ ¥³µ° ¢¥±Éµ·µ³ np. �µ ¸ÊÐ¥¸É¢Ê, ¨¸¶µ²Ó§Ê¥É¸Ö ± ²¨¡·µ¢± 
”µ±  ¤²Ö ¶µ²Ö AQ

µ ¨²¨, ¥¸²¨ Ê£µ¤´µ, ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö ± ²¨¡·µ¢±  ”µ± .
�µ É¥Ì´¨±  ³Ö£±¨Ì ËµÉµ´µ¢ ¶·¨³¥´¨³  ¨ ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ¦¥¸É±¨Ì

ËµÉµ´µ¢ (ω > m), ¥¸²¨ Ô´¥·£¨Ö Î ¸É¨ÍÒ Ep → ∞. ‚ ÔÉµ³ ¸²ÊÎ ¥ n2p =
= m2/E2

p → 0, |p| → ∞, ¨ ³Ò ¶·¨Ìµ¤¨³ ± ± ²¨¡·µ¢±¥ ¸¢¥Éµ¢µ£µ ±µ´Ê¸ 
AQ
µ n

µ = 0, n2 = 0 (Ep  Q m).
’ ±¨³ µ¡· §µ³, ± ²¨¡·µ¢±  ”µ±  (6.1) Ê¤µ¡´  ¢ § ¤ Î Ì ¸ ³ ¸¸¨¢´Ò³¨

ÉµÎ¥Î´Ò³¨ Î ¸É¨Í ³¨ ¨²¨ ¸ Î ¸É¨Í ³¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° (Ep  m), É.¥. Éµ£¤ ,
±µ£¤  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ·¥ ±Í¨¥° ¨§²ÊÎ¥´¨Ö ´  Î ¸É¨ÍÊ.

‚¸¥ ÔÉ¨ µ¸µ¡¥´´µ¸É¨ ± ²¨¡·µ¢±¨ ”µ± , ¢ ¦´Ò¥ ¸ ³¨ ¶µ ¸¥¡¥, ¸É ´µ¢ÖÉ¸Ö
¢ ¦´Ò³¨ ¢¤¢µ°´¥, ¥¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ · ¢¥´¸É¢  (6.1), (6.2) ¸µÌ· ´ÖÕÉ¸Ö ¨ ¢
´¥ ¡¥²¥¢ÒÌ É¥µ·¨ÖÌ. …¥ ¶·¨³¥´¥´¨¥ (¢µ§³µ¦´µ, ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ³ ¢¨¤¥)
¶µ§¢µ²Ö¥É µ¶¨¸Ò¢ ÉÓ · ¸¸¥Ö´¨¥  ¤·µ´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨°.
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7. „�
 ˆ‡ 5‘‹…„�ˆ• 5“�‹ˆŠ
–ˆ‰ ‚.
.”Š


‚ 1971 £. ‚.�.”µ± µ¶Ê¡²¨±µ¢ ² ±· É±ÊÕ § ³¥É±Ê ®‚µ§³µ¦´µ¥ µ¡µ¡Ð¥´¨¥
¶µ´ÖÉ¨Ö Ë¨§¨Î¥¸±µ£µ ¶·µ¸É· ´¸É¢ ¯ [54]. ‘ÊÉÓ ¥¥ ¸¢µ¤¨² ¸Ó ± ¸²¥¤ÊÕÐ¥³Ê.
�µ´ÖÉ¨¥ Ë¨§¨Î¥¸±µ£µ ¶·µ¸É· ´¸É¢  É¥¸´µ ¸¢Ö§ ´µ ¸µ ¸¢µ°¸É¢ ³¨ ¤¢¨¦¥´¨Ö
Ë¨§¨Î¥¸±¨Ì É¥², ¶µ¸±µ²Ó±Ê Éµ²Ó±µ ¶µ ¤¢¨¦¥´¨Õ É¥² ³Ò ¸Ê¤¨³ µ ¸¢µ°¸É¢ Ì
¶·µ¸É· ´¸É¢ . � ¶·¨³¥·, · §³¥·´µ¸ÉÓ ¶·µ¸É· ´¸É¢  µÉµ¦¤¥¸É¢²Ö¥É¸Ö ¸ Î¨¸²µ³
¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ³ É¥·¨ ²Ó´µ° ÉµÎ±¨. ‚ ±¢ ´Éµ¢µ° Ë¨§¨±¥ ³µ¦´µ ¶·¥¤¶µ-
²µ¦¨ÉÓ, ÎÉµ ¶·µ¸É¥°Ï¨° Ë¨§¨Î¥¸±¨° µ¡Ñ¥±É (³ É¥·¨ ²Ó´ Ö ÉµÎ± ) µ¡² ¤ ¥É
¸¢µ°¸É¢ ³¨ Ô²¥±É·µ´ . �µ Ê Ô²¥±É·µ´  ¶µ³¨³µ É·¥Ì ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ³ -
É¥·¨ ²Ó´µ° ÉµÎ±¨ ¨³¥¥É¸Ö ¥Ð¥ µ¤´  Å ¸¶¨´. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ´¥§ ¢¨¸¨³ Ö
¶¥·¥³¥´´ Ö ¸¶µ¸µ¡´  ¶·¨´¨³ ÉÓ ²¨ÏÓ ¤¢  §´ Î¥´¨Ö. ’µ, ÎÉµ ´¥·¥²ÖÉ¨¢¨¸É-
¸±¨° Ô²¥±É·µ´ Ì · ±É¥·¨§Ê¥É¸Ö ²¨ÏÓ ±µµ·¤¨´ Éµ° x ¨ ¸¶¨´µ¢µ° ¶¥·¥³¥´´µ°
σ = ±1 (¢ ¥¤¨´¨Í Ì �/2), ¶µ¤Î¥·±¨¢ ¥É ¨ ÉµÉ Ë ±É, ÎÉµ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö
 ´É¨¶¥·¥¸É ´µ¢µÎ´  ¶µ µÉ´µÏ¥´¨Õ ±µ ¢¸¥³ Î¥ÉÒ·¥³ ¶¥·¥³¥´´Ò³:

ψ(...xj , σj ; ...xk, σk; ...) = −ψ(...xkσk; ...xjσj ; ...). (7.1)

�µ¸²¥ ÔÉµ£µ ‚.�.”µ± § ³¥Î ¥É: ®�·¨³¥´ÖÖ ± ¤ ´´µ³Ê ¸²ÊÎ Õ (³µ²Î ²¨¢µ ¤µ-
¶Ê¸± ¥³µ¥) ±² ¸¸¨Î¥¸±µ¥ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ Ë¨§¨Î¥¸±µ¥ ¶·µ¸É· ´¸É¢µ µ¶·¥-
¤¥²Ö¥É¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓÕ ¶¥·¥³¥´´ÒÌ, µ¶¨¸Ò¢ ÕÐ¨Ì ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¶·µ-
¸É¥°Ï¥£µ Ë¨§¨Î¥¸±µ£µ É¥²  (¨³¥´Ê¥³µ£µ µ¡ÒÎ´µ ³ É¥·¨ ²Ó´µ° ÉµÎ±µ°), ³Ò
¶·¨Ìµ¤¨³ ± § ±²ÕÎ¥´¨Õ, ÎÉµ, ¥¸²¨ ³Ò ¶·¨³¥³ Ô²¥±É·µ´ §  ¶·µ¸É¥°Ï¥¥ Ë¨-
§¨Î¥¸±µ¥ É¥²µ, ³Ò ¤µ²¦´Ò ¤µ¶Ê¸É¨ÉÓ, ÎÉµ ÉµÎ±  ¢ Ë¨§¨Î¥¸±µ³ ¶·µ¸É· ´¸É¢¥
µ¶·¥¤¥²Ö¥É¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓÕ Î¥ÉÒ·¥Ì ¶¥·¥³¥´´ÒÌ (x, y, z, σ). �Éµ ¢¥¤¥É ±
µ¡µ¡Ð¥´¨Õ Ë¨§¨Î¥¸±µ£µ ¶·µ¸É· ´¸É¢ . �¶·¥¤¥²¥´´µ¥ ¢ÒÏ¥ µ¡µ¡Ð¥´´µ¥ Ë¨-
§¨Î¥¸±µ¥ ¶·µ¸É· ´¸É¢µ ³µ¦¥É ¡ÒÉÓ ´ §¢ ´µ ¸¶¨´µ·´Ò³ ¶·µ¸É· ´¸É¢µ³¯. ˆ
¤ ²¥¥: ®’ ±¨³ µ¡· §µ³, ¢¢¥¤¥´¨¥ ¸¶¨´µ¢µ° ¶¥·¥³¥´´µ°, ¤µ¶Ê¸± ÕÐ¥° ±µ´-
¸É·Ê¨·µ¢ ´¨¥ ¸¶¨´µ·µ¢ (allowing the costruction of spinors), ¸µ¸É ¢²Ö¥É ¢ ¦-
´Ò° Ï £ ¢ ¨§ÊÎ¥´¨¨ ¸¢µ°¸É¢ ¶·µ¸É· ´¸É¢  ¨ ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± µ¡µ¡-
Ð¥´¨¥ ¶µ´ÖÉ¨Ö Ë¨§¨Î¥¸±µ£µ ¶·µ¸É· ´¸É¢ ¯.

Š ¸± § ´´µ³Ê ³µ¦´µ ¸¤¥² ÉÓ ¤¢  § ³¥Î ´¨Ö.
1. �¸É ²µ¸Ó ¸¤¥² ÉÓ ²¨ÏÓ Ï £, ÎÉµ¡Ò ¶·¨°É¨ ± ¶µ´ÖÉ¨Õ ¸Ê¶¥·¶·µ¸É· ´-

¸É¢  Å ´ ¨¡µ²¥¥ ´¥µ¡ÒÎ´µ³Ê ¨ ¢ ¦´µ³Ê ¶µ´ÖÉ¨Õ ¸µ¢·¥³¥´´µ° Ë¨§¨±¨, ¶µ-
Ö¢¨¢Ï¥³Ê¸Ö, ±¸É É¨, Éµ£¤  ¦¥ [55,56]. ˆ³¥´´µ, µ¸É ²µ¸Ó ¤µ¶Ê¸É¨ÉÓ, ÎÉµ ´µ¢ Ö
¸¶¨´µ¢ Ö ¶¥·¥³¥´´ Ö (µ¡µ§´ Î¨³ ¥¥ θ) ¶·¨´¨³ ¥É §´ Î¥´¨Ö ¨§ £· ¸¸³ ´µ¢-
¸±µ°  ²£¥¡·Ò ¨ ¶·¥µ¡· §Ê¥É¸Ö ± ± ¸¶¨´µ·. ’µ£¤  ¶µ²Ö ¤µ²¦´Ò § ¢¨¸¥ÉÓ µÉ
¤¢ÊÌ ¶¥·¥³¥´´ÒÌ (x, θ), É.¥. ³Ò ¶·¨Ìµ¤¨³ ± ¶µ´ÖÉ¨Õ ¸Ê¶¥·¶µ²Ö Φ(x, θ) [57].

2.  ¡µÉ  [54] ¶·¥¤¢µ¸Ì¨É¨²  ¨¤¥¨ É ± ´ §Ò¢ ¥³µ° ´¥±µ³³ÊÉ É¨¢´µ°
£¥µ³¥É·¨¨ [58]. �Éµ ¨´É¥´¸¨¢´µ · §¢¨¢ ÕÐ¥¥¸Ö µ¡µ¡Ð¥´¨¥ ±² ¸¸¨Î¥¸±µ°
£¥µ³¥É·¨¨ · ¸¸³ É·¨¢ ¥É, ¢ Î ¸É´µ¸É¨, ¶·µ¸É· ´¸É¢ , ¸µ¸ÉµÖÐ¨¥ ¨§ ´¥¸±µ²Ó-
±¨Ì Ô±§¥³¶²Ö·µ¢ ¥¢±²¨¤µ¢ÒÌ, ¨²¨ ·¨³ ´µ¢ÒÌ, ¨²¨ · ¸¸²µ¥´´ÒÌ ¶·µ¸É· ´¸É¢.
�µ¸²¥¤´¨¥ µ± § ²¨¸Ó ¶µ²¥§´Ò³¨ ¶·¨ Ëµ·³Ê²¨·µ¢ ´¨¨, ´ ¶·¨³¥·, ³µ¤¥²¨
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‚ °´¡¥·£ Å‘ ² ³  [59], ³µ¤¥²¨ ®‚¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö¯ [60]. �·¨ ÔÉµ³
¤µ¸É¨£ ¥É¸Ö £¥µ³¥É·¨§ Í¨Ö ¶µ²Ö •¨££¸ . �¡Ð Ö ¸Ì¥³  É ±µ¢ .

 ¸¸³µÉ·¨³ ¶·µ¸É· ´¸É¢µ, ¸µ¸ÉµÖÐ¥¥ ¨§ ¤¢ÊÌ ²¨¸Éµ¢ Å ¶·µ¸É· ´¸É¢ Œ¨´-
±µ¢¸±µ£µ. „µ¶Ê¸É¨³, ÎÉµ ¨³¥¥É¸Ö ²µ± ²Ó´ Ö ± ²¨¡·µ¢µÎ´ Ö ¸¨³³¥É·¨Ö. ’µ£¤ 
¤²Ö ´¥É·¨¢¨ ²Ó´µ£µ £¥µ³¥É·¨Î¥¸±µ£µ µ¡Ñ¥±É  ψ(x, i), µ¶·¥¤¥²¥´´µ£µ ´  ± ¦-
¤µ³ ¨§ ²¨¸Éµ¢ (i = 1, 2; ¶µ²Ö ψ(x, 1) ¨ ψ(x, 2) ³µ£ÊÉ ¨³¥ÉÓ · §´ÊÕ £¥µ³¥É-
·¨Î¥¸±ÊÕ ¶·¨·µ¤Ê, ¸± ¦¥³, ¨§µ¸± ²Ö· ¨ ¨§µ¸¶¨´µ·), ³µ¦´µ § ¤ ÉÓ µ¶¥· Í¨¨
¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸ .
1. � · ²²¥²Ó´Ò° ¶¥·¥´µ¸ ¢ ¶·¥¤¥² Ì µ¤´µ£µ ²¨¸É  ¢¤µ²Ó ¶ÊÉ¨ C(2, 1) ≡
≡ C(x2, x1):

ψ̃(x2, i) = P (C(2, 1); i)ψ(x1, i). (7.2)

2. � · ²²¥²Ó´Ò° ¶¥·¥´µ¸ ¸ µ¤´µ£µ ²¨¸É  ´  ¤·Ê£µ° ¢ ¤ ´´µ° ÉµÎ±¥ x:

ψ̃(x, i) = H(x, i, j)ψ(x, j), i �= j, H(x, i, j) = H+(x, j, i). (7.3)

‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ³µ¦´µ · ¸¸³µÉ·¥ÉÓ ¶¥·¥´µ¸ ¢ ¡¥¸±µ´¥Î´µ ¡²¨§±ÊÕ ÉµÎ±Ê:

P (x+ dx, x; i) ≈ 1 + iAµ(x, i)dxµ, (7.4)

£¤¥ Aµ Å ¸¢Ö§´µ¸ÉÓ, Ô²¥³¥´É  ²£¥¡·Ò ‹¨ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò. �·¨ ± ²¨-
¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ ¶µ²Ö ³¥´ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

ψ′(x, i) = U(x, i)ψ(x, i), P ′(C(2, 1); i) = U(x2, i)P (C(2, 1); i)U−1(x1, i),
(7.5)

A′µ(x, i) = U(x, i)Aµ(x, i)U−1(x, i) + iU(x, i)∂µU−1(x, i), (7.6)

H ′(x, i, j) = U(x, i)H(x, i, j)U−1(x, j). (7.7)

�µ² £ Ö H(x, i, j) = 1 + B(x, i, j), ¶µ²ÊÎ ¥³

B′(x, i, j) = U(x, i)B(x, i, j)U−1(x, j)+U(x, i)(U−1(x, j)−U−1(x, i)) (7.8)

¢ ¶µ²´µ°  ´ ²µ£¨¨ ¸ ¶·¥µ¡· §µ¢ ´¨¥³ (7.6). ‘²¥¤µ¢ É¥²Ó´µ, B(x, i, j) ¨£· ¥É
·µ²Ó ¸¢Ö§´µ¸É¨, § ¤ ÕÐ¥° ¶ · ²²¥²Ó´Ò° ¶¥·¥´µ¸ ¸ µ¤´µ£µ ²¨¸É  ´  ¤·Ê£µ°.
’¥¶¥·Ó ³µ¦´µ ¢ÒÎ¨¸²ÖÉÓ ®É¥´§µ·Ò ±·¨¢¨§´¯. ‚µ§³µ¦´Ò ±µ´ÉÊ·Ò É·¥Ì É¨¶µ¢.

1. ˆ´Ë¨´¨É¥§¨³ ²Ó´Ò¥ § ³±´ÊÉÒ¥ ±µ´ÉÊ·Ò ´  ± ¦¤µ³ ¨§ ²¨¸Éµ¢; É¥´§µ·
±·¨¢¨§´Ò ¤ ¥É¸Ö ¸É ´¤ ·É´Ò³ ¢Ò· ¦¥´¨¥³ F̂µν(x) = −i[D̂µ(x, i), D̂ν(x, i)],
£¤¥ D̂µ(x, i) = ∂µ + iÂµ(x, i) Å ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö.

2. —¥ÉÒ·¥ÌÊ£µ²Ó´Ò¥ ±µ´ÉÊ·Ò ¸ ¨´Ë¨´¨É¥§¨³ ²Ó´Ò³¨ ¶¥·¥´µ¸ ³¨ ´  ± ¦-
¤µ³ ¨§ ²¨¸Éµ¢ ¨ ¤¢Ê³Ö ¶¥·¥´µ¸ ³¨ ¸ µ¤´µ£µ ²¨¸É  ´  ¤·Ê£µ° ¢ ÉµÎ± Ì x ¨
x+ dx. �Éµ ¤ ¥É ¢ ± Î¥¸É¢¥ É¥´§µ·  ±·¨¢¨§´Ò FµH = D̂µH(x, i, j).

3. � ±µ´¥Í, ®¤¢ÊÊ£µ²Ó´Ò°¯ ±µ´ÉÊ· ¢ ¤ ´´µ° ÉµÎ±¥ x: 1 → 2 → 1 ¤ ¥É
FHH = 1−HH+ (H(x, i, i) = 1, ¶µ¤·µ¡´¥¥ ¸³. [59,60]).
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�µ² £ Ö ² £· ´¦¨ ´ ²¨´¥°´µ° ±µ³¡¨´ Í¨¥° ±¢ ¤· Éµ¢ É·¥Ì É¨¶µ¢ ±·¨-
¢¨§´, ¶µ²ÊÎ ¥³ ² £· ´¦¨ ´ ¡µ§µ´´µ° Î ¸É¨ ³µ¤¥²¨ •¨££¸ . �· ¢¨²Ó´µ¥ ¢Ò-
· ¦¥´¨¥ ¶µ²ÊÎ ¥É¸Ö ¨ ¤²Ö Ë¥·³¨µ´´µ° Î ¸É¨ [59,60]. �·µ¸É· ´¸É¢µ ”µ± 
¸ ¤¢Ê³Ö ²¨¸É ³¨ (x,+), (x,−) µ± §Ò¢ ¥É¸Ö ¶µ²¥§´Ò³ ¨ ¶·¨ Ëµ·³Ê²¨·µ¢ ´¨¨
¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ ¢ · ³± Ì ¨¤¥° ´¥±µ³³ÊÉ É¨¢´µ° £¥µ³¥É·¨¨ [61]. ’ ±¨³
µ¡· §µ³, ¨ §¤¥¸Ó ¨¤¥¨ ‚.�.”µ±  ¶·¥¤¢µ¸Ì¨É¨²¨ ¸µ¢·¥³¥´´µ¥ · §¢¨É¨¥ ¨ £¥µ-
³¥É·¨¨, ¨ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í.

8. ‡
Š‹}—ˆ’…‹œ�›… ‡
Œ…—
�ˆŸ

1. ‚ · ¡µÉ¥ [1] ¸µ¤¥·¦ ² ¸Ó ¥Ð¥ µ¤´  ¢ ¢Ò¸Ï¥° ¸É¥¶¥´¨ ¢ ¦´ Ö ¨¤¥Ö: ¶·¨
¶ · ²²¥²Ó´µ³ ¶¥·¥´µ¸¥ ¸¶¨´µ·  ¢ ·¨³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥  ¢Éµ³ É¨Î¥¸±¨ ¶µ-
Ö¢²Ö²µ¸Ó ¢¥±Éµ·´µ¥ ¶µ²¥ Aµ, ±µÉµ·µ¥ µÉµ¦¤¥¸É¢²Ö²µ¸Ó ¸ Ô²¥±É·µ³ £´¨É´Ò³
¶µ²¥³. �´µ  ¤¤¨É¨¢´µ ¢Ìµ¤¨²µ ¢ ¸¢Ö§´µ¸ÉÓ, µ¶·¥¤¥²ÖÕÐÊÕ ¶· ¢¨²µ ¶ · ²-
²¥²Ó´µ£µ ¶¥·¥´µ¸  ¸¶¨´µ· , ¨ ¶µ² £ ²µ¸Ó ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ¥¤¨´¨Î´µ° ³ -
É·¨Í¥ „¨· ± . �·¨ ÔÉµ³ µ± §Ò¢ ²µ¸Ó, ÎÉµ É¥´§µ· ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·µ³ £-
´¨É´µ£µ ¶µ²Ö Fµν ±µ³¡¨´¨·Ê¥É¸Ö ¸ É¥´§µ·µ³ ±·¨¢¨§´Ò ¨ÎÎ¨ Rµν , É.¥. É ±¦¥
³µ¦¥É É· ±Éµ¢ ÉÓ¸Ö ± ± É¥´§µ· ±·¨¢¨§´Ò. ’¥³ ¸ ³Ò³ ¤µ¸É¨£ ² ¸Ó £¥µ³¥É·¨-
§ Í¨Ö Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. �Éµ ´  ³´µ£µ ²¥É ¶·¥¤¢µ¸Ì¨É¨²µ ¸µ¢·¥³¥´´ÊÕ
É· ±Éµ¢±Ê ¶µ²Ö Aµ ± ± ¸¢Ö§´µ¸É¨ ¢ · ¸¸²µ¥´´µ³ (§ ·Ö¤µ¢µ³) ¶·µ¸É· ´¸É¢¥.

5µ²¥¥ Éµ£µ, ¢ [1] ¸µ¤¥·¦ ²¸Ö ´ ³¥± ´  ¢µ§³µ¦´µ¸ÉÓ ¢¢¥¤¥´¨Ö ¶µ²¥°
Ÿ´£ ÅŒ¨²²¸ . ‚.�.”µ± ¶¨¸ ² ([2], ¸.419): ®…¸²¨ µ£· ´¨Î¨ÉÓ¸Ö Î¥ÉÒ·¥Ì·Ö¤-
´Ò³¨ ³ É·¨Í ³¨ [„¨· ± ], Éµ ±µ³³ÊÉ É¨¢´µ¸ÉÓ [¶µ²Ö Aµ] ¸µ ¢¸¥³¨ α-³ É·¨-
Í ³¨ µ§´ Î ¥É ¶·µ¶µ·Í¨µ´ ²Ó´µ¸ÉÓ [Aµ] ¥¤¨´¨Î´µ° ³ É·¨Í¥. …¸²¨ ¦¥ · ¸¸³ É-
·¨¢ ÉÓ ³ É·¨ÍÒ ¸ ¡ho²ÓÏ¨³ Î¨¸²µ³ ¸É·µ± ¨ ¸Éµ²¡Íµ¢, Éµ ³ É·¨ÍÒ Φ′l [É.¥. Aµ]
´¥ ¡Ê¤ÊÉ µ¡Ö§ É¥²Ó´µ ¶·µ¶µ·Í¨µ´ ²Ó´Ò³¨ ¥¤¨´¨Î´µ° ³ É·¨Í¥¯. �µ¸²¥ ¸²µ¢ 
®¸Éµ²¡Íµ¢¯ Å ¸´µ¸± : ®’ ±¨¥ ³ É·¨ÍÒ ³µ£²¨ ¡Ò ¢µ§´¨±´ÊÉÓ ¶·¨ ´¥±µÉµ·ÒÌ
µ¡µ¡Ð¥´¨ÖÌ Ê· ¢´¥´¨Ö „¨· ±  (´ ¶·¨³¥·, ´  ¸²ÊÎ ° § ¤ Î¨ ¤¢ÊÌ É¥²)¯.

‚ ÔÉµ° ¦¥ · ¡µÉ¥ ¡Ò²µ ¶µ¤Î¥·±´ÊÉµ, ÎÉµ ®... ¢ µÉ²¨Î¨¥ µÉ Ô°´ÏÉ¥°-
´µ¢¸±µ£µ ¶µ¤Ìµ¤  ¶µÉ¥´Í¨ ²Ò ϕl [É.¥. Aµ] ¨£· ÕÉ ¸ ³µ¸ÉµÖÉ¥²Ó´ÊÕ ·µ²Ó ¢
£¥µ³¥É·¨Î¥¸±µ° ± ·É¨´¥ ³¨·  ¨ ´¥ µ¡Ö§ ´Ò ¡ÒÉÓ ËÊ´±Í¨Ö³¨ ±µÔËË¨Í¨¥´Éµ¢
γikl [¸¨³¢µ²µ¢ ¨ÎÎ¨, É.¥. ¸¢Ö§´µ¸É¨]¯. „²Ö Éµ£µ ¢·¥³¥´¨ Å ¢¥¸Ó³  µÉ¢¥É-
¸É¢¥´´µ¥ § Ö¢²¥´¨¥.

2. ƒ.‚¥°²Ó ¢µ ¢Éµ·µ³ ¨§¤ ´¨¨ ¸¢µ¥° ±´¨£¨ ®’¥µ·¨Ö £·Ê¶¶ ¨ ±¢ ´Éµ¢ Ö ³¥-
Ì ´¨± ¯ [62] ´ §¢ ² Ê· ¢´¥´¨¥ (3.2) (¢ ¸É Í¨µ´ ·´µ³ ¢ ·¨ ´É¥) ®Ê· ¢´¥´¨¥³
¤¥ 5·µ°²Ö¯. �Éµ ¢Ò§¢ ²µ ´¥Ê¤µ¢µ²Ó¸É¢¨¥ ˜·¥¤¨´£¥· . ‚ ¶¨¸Ó³¥ ± ‚¥°²Õ µÉ
1  ¶·¥²Ö 1931 £., µ¡µ¸´µ¢Ò¢ Ö ¸¢µ° ¶·¨µ·¨É¥É, µ´, ¢ Î ¸É´µ¸É¨, ¶¨¸ ²: ®Ÿ
´¨±µ£¤  ´¥ ¢µ§· ¦ ² ¶·µÉ¨¢ Éµ£µ, ÎÉµ ÔÉµ Ê· ¢´¥´¨¥ ¸¥°Î ¸ µ¡ÒÎ´µ ¸¢Ö§Ò-
¢ ¥É¸Ö ¸ ¨³¥´¥³ ƒµ·¤µ´ , ¶µÉµ³Ê ÎÉµ ÔÉµ µÎ¥´Ó Ê¤µ¡´µ ¤²Ö ¥£µ · §²¨Î¥´¨Ö
(as a distinction)¯ ([9], c.1025). �µÌµ¦¥, ÔÉµÉ ´¥¸±µ²Ó±µ ±Ê·Ó¥§´Ò°  ·£Ê³¥´É
µÉ· ¦ ¥É ³´¥´¨¥ Ë¨§¨Î¥¸±µ° µ¡Ð¥¸É¢¥´´µ¸É¨ Éµ£µ ¢·¥³¥´¨.
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3. ’¥µ·¨Ö 5-³¥·¨Ö ¶¥·¥¦¨²  ¢§²¥ÉÒ ¨ ¶ ¤¥´¨Ö. ‚ 1927 £. �.�°´ÏÉ¥°´
¸Î¥² ¥¥ Ê¸¶¥Ï´µ° (¸³. · §¤.4). 5µ²¥¥ Éµ£µ, ¢ Éµ³ ¦¥ £µ¤Ê µ´ µ¶Ê¡²¨±µ¢ ² ´ 
ÔÉÊ É¥³Ê ¤¢¥ § ³¥É±¨ [63]. �µ §¤¥¸Ó ´ Î¨´ ÕÉ¸Ö § £ ¤±¨. ‚ § ³¥Î ´¨¨ ± µ¡µ¨³
¸µµ¡Ð¥´¨Ö³ ¶·¨ ±µ··¥±ÉÊ·¥ Î¨É ¥³ ([64], ¸.197): ®ƒ.Œ ´¤¥²Ó ¸µµ¡Ð¨² ³´¥,
ÎÉµ ¨§²µ¦¥´´Ò¥ §¤¥¸Ó ·¥§Ê²ÓÉ ÉÒ ´¥ ´µ¢Ò ¨ ¸µ¤¥·¦ É¸Ö ¢ · ¡µÉ Ì Š²¥°´ 
[Z. Phys., 1926, 37, 12, 895]. ‘·. É ±¦¥ · ¡µÉÊ ‚.�.”µ±  [Z. Phys., 1926, 39,
226]¯. “¤¨¢¨É¥²Ó´µ Éµ, ÎÉµ ¢ ¶¨¸Ó³¥ ± �.�·¥´Ë¥¸ÉÊ µÉ 3 ¸¥´ÉÖ¡·Ö 1926 £. �°´-
ÏÉ¥°´ ¶¨¸ ² ([29], ¸.318): ®‘É ÉÓÖ Š²¥°´  µÎ¥´Ó ¨§ÖÐ´  ¨ Ê¡¥¤¨É¥²Ó´ ...¯.
�µ¸²¥ ¶µÖ¢²¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  Š²¥°´ · §µÎ ·µ¢ ²¸Ö ¢ 5-³¥·´µ° É¥µ·¨¨.
�´ ¢¸¶µ³¨´ ² ([9], c.1029): ®‚ Éµ ¢·¥³Ö Ö ¶µ² £ ², ÎÉµ ´¥ ¡Ò²µ ¶·¨Î¨´ ¤²Ö
ÔÉµ° ¶ÖÉ¨³¥·´µ° É¥µ·¨¨, ¨ Ö ¥¥ µ¸É ¢¨². Ÿ ¢¸¶µ³¨´ Õ, ÎÉµ ¢¥¸´µ° 28 £µ¤ 
¶µ¸²¥ ³µ¥£µ ¢µ§¢· Ð¥´¨Ö ¨§ Še³¡·¨¤¦  � Ê²¨ ¡Ò² ¢ Šµ¶¥´£ £¥´¥ ¨ µ¡¥¤ ² ¸
´ ³¨. “ ´ ¸ ¡Ò²  ¡ÊÉÒ²±  ¢¨´ , ¨ ³Ò ¢Ò¶¨²¨ §  ±µ´Î¨´Ê ¶ÖÉµ£µ ¨§³¥·¥´¨Ö¯.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸¨ÉÊ Í¨Ö · ¤¨± ²Ó´µ ¨§³¥´¨² ¸Ó. 5.„¥ ‚¨ÉÉ ¶µ± § ²
([65], Ê¶·.77), ÎÉµ ¢ · ³± Ì ³´µ£µ³¥·´µ° É¥µ·¨¨ £· ¢¨É Í¨Õ ³µ¦´µ µ¡Ñ-
¥¤¨´¨ÉÓ ´¥ Éµ²Ó±µ ¸ Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³, ´µ ¨ ¸ ¶µ²Ö³¨ Ÿ´£ ÅŒ¨²²¸ 
(É ±¦¥ ¢¶¥·¢Ò¥ µ¡¸Ê¦¤ ¢Ï¨³¨¸Ö �.Š²¥°´µ³ [66]). �µ¸²¥¤´¨¥ ²¥¦ É ¢ µ¸´µ¢¥
¸µ¢·¥³¥´´µ° Ë¨§¨±¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶µ²¥°. ˆ¤¥Ö ³´µ£µ³¥·¨Ö ²¥¦¨É ¨ ¢
µ¸´µ¢¥ ¶·µ£· ³³Ò ¸Ê¶¥·¸É·Ê´ [41] Å ´ ¨¡µ²¥¥ ¶¥·¸¶¥±É¨¢´µ° ¨§ ¨³¥ÕÐ¨Ì¸Ö
¥¤¨´ÒÌ É¥µ·¨°.

�É³¥É¨³, ¢¶·µÎ¥³, ÎÉµ ³µ¤¥²Ó É¨¶  ®‚¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö¯ [67Ä69]
¨ ³µ¤¥²Ó É¨¶  Š ²ÊÍÒÅŠ²¥°´ Å”µ±  ¶·¨ ¥¥ ¶·Ö³µ²¨´¥°´µ³ µ¡µ¡Ð¥´¨¨
´¥ ¢¶µ²´¥ ¸µ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³. …¸²¨ ¢ ¶¥·¢µ° Î¨¸²µ ± ²¨¡·µ¢µÎ´ÒÌ
¢¥±Éµ·´ÒÌ ¶µ²¥° · ¢´µ · §³¥·´µ¸É¨ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶Ò, Éµ ¢µ ¢Éµ·µ°
µ´µ · ¢´µ · §³¥·´µ¸É¨ ¤µ¶µ²´¨É¥²Ó´µ£µ ¶µ¤¶·µ¸É· ´¸É¢  (É.¥. n− 4), £·Ê¶¶ 
¸¨³³¥É·¨¨ ±µÉµ·µ£µ ¨³¥¥É · §³¥·´µ¸ÉÓ (n−4)(n−5)/2. �·¨¢¥¤¥´´Ò¥ Î¨¸² 
¸µ¢¶ ¤ ÕÉ ²¨ÏÓ ¶·¨ n = 7 (¢  ¡¥²¥¢µ³ ¸²ÊÎ ¥ É¥µ·¨¨ ¸µ£² ¸ÊÕÉ¸Ö ¶·¨ n = 5).

4. ‹ £· ´¦¨ ´Ò (5.3), (5.4) ¢¸É·¥Î ²¨¸Ó ¨ · ´¥¥ [22]; ¡µ²¥¥ Éµ£µ, µÉ-
³¥Î ²µ¸Ó, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° (5.4) £ ³¨²ÓÉµ´¨ ´ · ¢¥´ ´Ê²Õ. �¤´ ±µ ¢
¤ ²Ó´¥°Ï¥³ ÔÉ¨ ¨¤¥¨ ŠÊ¤ ·µ³ ´¥ · §¢¨¢ ²¨¸Ó.

5. ‚µ ¢·¥³Ö ´ ÊÎ´µ° ±µ³ ´¤¨·µ¢±¨ ¢ ƒ¥·³ ´¨Õ (1927Å1928 ££.) ´  ¸¥-
³¨´ ·¥ ¢ ƒ¥ÉÉ¨´£¥´¥ ‚.�.”µ± ¤µ²µ¦¨² · ¡µÉÊ µ · ¸¸¥Ö´¨¨ ´  ±Ê²µ´µ¢¸±µ³
Í¥´É·¥. 5Ò²µ ´ °¤¥´µ ÉµÎ´µ¥ ·¥Ï¥´¨¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´-
£¥·  ¢ ¶ · ¡µ²¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì. �µ¸²¥ ¸¥³¨´ ·  ‚.ƒµ·¤µ´ § Ö¢¨², ÎÉµ ¨³
¢Ò¶µ²´¥´  ÉµÎ´µ É ± Ö · ¡µÉ  ¨ ¸É ÉÓÖ Ê¦¥ µÉ¶· ¢²¥´  ¢ ¶¥Î ÉÓ ([69], ¶µ¸ÉÊ-
¶¨²  4 ³ ·É ). ”µ± ·¥Ï¨² ¸¢µÕ · ¡µÉÊ ´¥ ¶Ê¡²¨±µ¢ ÉÓ. �µ§¤´¥¥ ¢ÒÖ¸´¨²µ¸Ó,
ÎÉµ Ê¶µ³Ö´ÊÉ Ö ¸É ÉÓÖ ¡Ò²  ¶µ¸² ´  ¢ ¦Ê·´ ² ¶µ¸²¥ ¸¥³¨´ · ,   § ¤ Î  ·¥Ï -
² ¸Ó ¢ ¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì. ‚ Éµ³ ¦¥ £µ¤Ê ¡Ò²  µ¶Ê¡²¨±µ¢ ´  · ¡µÉ 
[71] (¶µ¸ÉÊ¶¨²  22 ¸¥´ÉÖ¡·Ö) ¸ ·¥Ï¥´¨¥³ ¢ ¶ · ¡µ²¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì.

ˆ§ ¶¨¸¥³ ”µ±  [72]: ®8.02.1928 £. ... ·¥Ï¨² ¸É·µ£µ § ¤ ÎÊ, µ ±µÉµ·µ°
5µ·´ Ê¶µ³¨´ ² ´  ²¥±Í¨¨. �µ²ÊÎ¨²µ¸Ó ¤·Ê£µ¥, Î¥³ Ê ´¥£µ, ¨ Ö ¸ ´¨³ µ¦¥¸Éµ-
Î¥´´µ ¸¶µ·¨². ‡ ¤ Î  É ± Ö: ¥§¥·Ëµ·¤µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ¶µ ´µ¢µ° ±¢ ´Éµ¢µ°
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³¥Ì ´¨±¥¯. ˆ ¤ ²¥¥: ®26.02.1928 £. ... „µ²£µ ¢µ§¨²¸Ö ¸ ¢Ò¢µ¤µ³ Ëµ·³Ê² ¤²Ö
§ ¤ Î¨ µ ¸Éµ²±´µ¢¥´¨¨ α-Î ¸É¨Í ¸  Éµ³µ³, µ ±µÉµ·µ° Ö ¶¨¸ ². �µ Ë¨§¨Î¥¸± Ö
Î ¸ÉÓ § ¤ Î¨, É.¥. ·¥Í¥¶É ¶µ²ÊÎ¥´¨Ö ¨§ Ï·¥¤¨´£¥·µ¢¸±µ° ¢µ²´Ò Î¨¸²  Î ¸É¨Í,
· ¸¸¥Ö´´ÒÌ ¢ ¤ ´´µ³ ´ ¶· ¢²¥´¨¨, ³´¥ ¤µ ¸¨Ì ¶µ· ´¥ Ö¸´ . ‚¸¥ £µ¢µ·ÖÉ ¶µ-
· §´µ³Ê,   5µ·´ £µ¢µ·¨É Éµ É ±, Éµ ÔÉ ±¯. ’·Ê¤´µ¸ÉÓ § ±²ÕÎ ² ¸Ó ¢ Éµ³,
ÎÉµ ±Ê²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ² Ê¡Ò¢ ¥É ¸²¨Ï±µ³ ³¥¤²¥´´µ, ¶µÔÉµ³Ê ¶ ¤ ÕÐÊÕ
¨ · ¸¸¥Ö´´ÊÕ ¢µ²´Ò ´¥²Ó§Ö ¸Î¨É ÉÓ ´¥¢µ§³ÊÐ¥´´Ò³¨ ´  ¸±µ²Ó Ê£µ¤´µ ¡µ²Ó-
Ï¨Ì · ¸¸ÉµÖ´¨ÖÌ. �·µÏ²¨ ¤¥¸ÖÉ¨²¥É¨Ö, ¶·¥¦¤¥ Î¥³ ¶·µ¡²¥³  ¶µ¸É·µ¥´¨Ö
µ¶¥· Éµ·  · ¸¸¥Ö´¨Ö ¤²Ö ¶µÉ¥´Í¨ ²  ŠÊ²µ´  ¶µ²ÊÎ¨²  Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥
·¥Ï¥´¨¥ [52,73]. ¥Ï¥´¨¥ ‚.�.”µ±  ¶·¨¢¥¤¥´µ ¢ ¥£µ ±´¨£¥ [74].

6. ‚ · ¡µÉ¥ ”µ±  [75], ¢Ò¶µ²´¥´´µ° ¢ ƒ¥ÉÉ¨´£¥´¥ (1928 £., ¶µ¸ÉÊ¶¨² 
12 Ö´¢ ·Ö), · ¸¸³µÉ·¥´ µ¸Í¨²²ÖÉµ· ¢ ³ £´¨É´µ³ ¶µ²¥. ‚Ò¶¨¸ ´µ ·¥Ï¥´¨¥,
´ °¤¥´Ò Ê·µ¢´¨ Ô´¥·£¨¨. ‹ ´¤ Ê ¤¢  £µ¤  ¸¶Ê¸ÉÖ [76] · ¸¸³ É·¨¢ ² Î ¸É´Ò°
¸²ÊÎ ° Å ¤¢¨¦¥´¨¥ ¸¢µ¡µ¤´µ° Î ¸É¨ÍÒ ¢ ³ £´¨É´µ³ ¶µ²¥, ¶·¨Î¥³ ¡Ò² ´ °¤¥´
²¨ÏÓ ¸¶¥±É· Ô´¥·£¨¨. �¨ ¢ [76], ´¨ ¢ ÊÎ¥¡´¨± Ì ´  · ¡µÉÊ [75] ´¥ ¸¸Ò² ÕÉ¸Ö.
�  ´¥¥ µ¡· É¨²¨ ¢´¨³ ´¨¥ Éµ²Ó±µ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶·¨ ¨§ÊÎ¥´¨¨ ´ ´µ¸É·Ê±-
ÉÊ· ¢ É¢¥·¤µ³ É¥²¥ (¸³., ´ ¶·¨³¥·, ’·Ê¤Ò 38-° ‹¥É´¥° Ï±µ²Ò ÏµÉ² ´¤¸±¨Ì
Ê´¨¢¥·¸¨É¥Éµ¢ ([77], ¸.31, 251, 287)). ‚ ·¥§Ê²ÓÉ É¥ É¥±¸É ¨´µ£¤  ¢Ò£²Ö¤¨É É ±.
‚ ²¥±Í¨¨ ‚.• ´¸¥´  ([77], ¸.287) ¶µ¸²¥ Ëµ·³Ê²Ò ¤²Ö Ô´¥·£¨¨ ¨§ · ¡µÉÒ ”µ± 
[75] En,l = �(2n+ |l|+1)(Ω2 + 1

4ω
2
c)1/2 +

1
2�lωc (Ω ¨ ωc Å µ¸Í¨²²ÖÉµ·´ Ö ¨

² ·³µ·µ¢¸± Ö Î ¸ÉµÉÒ, l Å µ·¡¨É ²Ó´Ò° ³µ³¥´É, n = 0, 1, ...) Î¨É ¥³: ®�·¨
±µ´¥Î´ÒÌ ¶µ²ÖÌ [É.¥. ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ωc = 0 ± ±µ´¥Î´Ò³ ωc] Ê·µ¢´¨ Ô´¥·£¨¨
³¥´ÖÕÉ¸Ö É ±, ÎÉµ µ¡· §ÊÕÉ Ê·µ¢´¨, ¡²¨§±¨¥ ± Ô´¥·£¨Ö³ ‹ ´¤ Ê ... ¢ ¶·¥¤¥²¥
¸¨²Ó´ÒÌ ¶µ²¥° [ωc → ∞]¯. Šµ³³¥´É ·¨¨ §¤¥¸Ó ¨§²¨Ï´¨. Šµ´¥Î´µ, ”µ± ´¥
³µ£ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¶¥·¥Ìµ¤ ¢ Ëµ·³Ê²¥ ¤²Ö En,l ± ¶·¥¤¥²Ê Ω → 0 ¨²¨ ±
¶·¥¤¥²Ê ¸¨²Ó´ÒÌ ¶µ²¥° ³µ¦¥É ¢Ò§¢ ÉÓ § É·Ê¤´¥´¨Ö.

7. ‚ · ¡µÉ¥ [78] ¶µ³¨³µ ËÊ´¤ ³¥´É ²Ó´µ£µ ·¥§Ê²ÓÉ É  Å ¶µ²ÊÎ¥´¨Ö
Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¨§ Ê· ¢´¥´¨° �°´ÏÉ¥°´  Å ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ ¢Ò¤¥-
²¥´´µ¸É¨ £ ·³µ´¨Î¥¸±¨Ì ±µµ·¤¨´ É (É¥·³¨´ ¶·¥¤²µ¦¥´ ”µ±µ³). ‡¤¥¸Ó ¶·¥¦-
¤¥ ¢¸¥£µ µ¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ·¥ ²¨¸É¨Î´µ¸ÉÓ ¶µ¸É ´µ¢±¨ § ¤ Î¨. ‚
µÉ²¨Î¨¥ µÉ · ¡µÉÒ [79], ¢ ±µÉµ·µ° ¨§ÊÎ ²µ¸Ó ¤¢¨¦¥´¨¥ ÉµÎ¥Î´ÒÌ Î ¸É¨Í (δ-
µ¡· §´ÒÌ µ¸µ¡¥´´µ¸É¥°), ”µ±µ³ ·¥Ï ² ¸Ó § ¤ Î  ¤¢¨¦¥´¨Ö ¶·µÉÖ¦¥´´ÒÌ É¥².
Œ É¥·¨ ²Ó´ Ö ÉµÎ±  Å µ¡Ñ¥±É, ÎÊ¦¤Ò° É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö; ¨³¥´´µ ÔÉµ µ¡¸ÉµÖ-
É¥²Ó¸É¢µ ¶µ¡Ê¤¨²µ „¨· ±  § ´ÖÉÓ¸Ö É¥µ·¨¥° ¶·µÉÖ¦¥´´µ£µ Ô²¥±É·µ´  [42,43].
�´ ¸Î¨É ² [43], ÎÉµ ®¸ Ë¨§¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ¶µ²¥ �°´ÏÉ¥°´ ¯ ´¥ ³µ¦¥É
¨³¥ÉÓ ®...ÉµÎ¥Î´ÒÌ ¸¨´£Ê²Ö·´µ¸É¥°. Š ¦¤ Ö Î ¸É¨Í  ¤µ²¦´  ¨³¥ÉÓ ±µ´¥Î´Ò°
· §³¥·, ´¥ ³¥´ÓÏ¨° · ¤¨Ê¸  ˜¢ ·ÍÏ¨²Ó¤ ¯.

‚ ¸µ¢·¥³¥´´µ° ³µ´µ£· Ë¨Î¥¸±µ° ²¨É¥· ÉÊ·¥ ¢Ò¤¥²¥´´µ¸ÉÓ £ ·³µ´¨Î¥-
¸±¨Ì ±µµ·¤¨´ É, ¶µ·µ¤¨¢ÏÊÕ ¸Éµ²Ó±µ ¸¶µ·µ¢, ¶µ² £ ÕÉ Î¥³-Éµ ¸ ³µ ¸µ¡µ°
· §Ê³¥ÕÐ¨³¸Ö, ¨´µ£¤  ¤ ¦¥ ´¥ ¸¸Ò² Ö¸Ó ´  ”µ±  (¸³., ´ ¶·¨³¥·, ([80], ¸.177),
£¤¥ ¶·µ¸Éµ ±µ´¸É É¨·Ê¥É¸Ö: ®�¸µ¡¥´´µ Ê¤µ¡´Ò Ê¸²µ¢¨Ö £ ·³µ´¨Î´µ¸É¨ ±µµ·-
¤¨´ É¯).
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„·Ê£µ° ¢ ¦´Ò° ¢Ò¢µ¤, ¸¤¥² ´´Ò° ‚.�.”µ±µ³ [81], ± ¸ ¥É¸Ö ¶µ´ÖÉ¨Ö ®µÉ-
´µ¸¨É¥²Ó´µ¸ÉÓ¯ ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ (�’�) ¨ ¸¶¥Í¨ ²Ó´µ° É¥µ-
·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ (‘’�). ”µ± µ¡· É¨² ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ¸²µ¢µ ®µÉ´µ¸¨-
É¥²Ó´µ¸ÉÓ¯ ¨³¥¥É ¸µ¢¥·Ï¥´´µ · §´Ò° ¸³Ò¸² ¢ ÔÉ¨Ì É¥µ·¨ÖÌ. �  ¸µ¢·¥³¥´´µ³
Ö§Ò±¥ Ê± § ´´µ¥ · §²¨Î¨¥ Ëµ·³Ê²¨·Ê¥É¸Ö ¶·µ¸Éµ: ¨´¢ ·¨ ´É´µ¸ÉÓ É¥µ·¨¨ µÉ-
´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í  ¢¥¤¥É ± ¸ÊÐ¥¸É¢µ¢ ´¨Õ § ±µ´µ¢ ¸µÌ· ´¥-
´¨Ö, ¨´¢ ·¨ ´É´µ¸ÉÓ ¦¥ µÉ´µ¸¨É¥²Ó´µ µ¡Ð¥±µ¢ ·¨ ´É´ÒÌ ¶·¥µ¡· §µ¢ ´¨° Å
± ¸¢Ö§Ö³. �µ¤Î¥·±¨¢ ´¨¥ ‚.�.”µ±µ³ ÔÉµ£µ µÎ¥¢¨¤´µ£µ Ë ±É  ¢Ò§Ò¢ ²µ µÉ-
·¨Í É¥²Ó´ÊÕ, ¨´µ£¤  ¶·Ö³µ-É ±¨ ¡µ²¥§´¥´´ÊÕ ·¥ ±Í¨Õ ´¥±µÉµ·ÒÌ Ë¨§¨±µ¢
(¸³. ([82], ¸.192, 194): ®‚¸¥ ¨§¢¥¸É´Ò¥ Ë¨§¨±¨ ¢ ‘µ¢¥É¸±µ³ ‘µÕ§¥ ... ¡Ò²¨
¶·µÉ¨¢ Ô±¸¶¥·¨³¥´Éµ¢(!) ”µ± . ... ‚¸¥ Ë¨§¨±¨, ÎÓ¨ ¨³¥´  ÌµÉÓ ÎÉµ-Éµ §´ Î É
¢ ³¨·¥, ¥¤¨´µ¤ÊÏ´µ ¢Ò¸ÉÊ¶¨²¨ ¢ § Ð¨ÉÊ(?) �°´ÏÉ¥°´ ¯ ). �¤´ ±µ ´ ÊÎ´Ò¥
¨¸É¨´Ò ´¥ Ê¸É ´ ¢²¨¢ ÕÉ £µ²µ¸µ¢ ´¨¥³. Šµ´¥Í ¸¶µ· ³ ¶µ²µ¦¨² ….‚¨£´¥·.
‚ �µ¡¥²¥¢¸±µ° ²¥±Í¨¨ µ´ ¶µ¤Î¥·±´Ê² ([83], ¸.52): ®... Ö, · §¤¥²ÖÖ ¢§£²Ö¤Ò
”µ± , ´¥ ¸Î¨É Õ ¶·¥µ¡· §µ¢ ´¨Ö ±·¨¢µ²¨´¥°´ÒÌ ±µµ·¤¨´ É µ¡Ð¥° É¥µ·¨¨ µÉ-
´µ¸¨É¥²Ó´µ¸É¨ ¶·¥µ¡· §µ¢ ´¨Ö³¨ ¸¨³³¥É·¨¨...¯. ‚¨£´¥· ´ §Ò¢ ² ²µ± ²Ó´Ò¥
± ²¨¡·µ¢µÎ´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö (± ± ¢ �’�) ¤¨´ ³¨Î¥¸±¨³¨,   £²µ¡ ²Ó´Ò¥
¶·¥µ¡· §µ¢ ´¨Ö (± ± ¢ ‘’�) Å £¥µ³¥É·¨Î¥¸±¨³¨.

8. ‚Ò¢µ¤ ¸µµÉ´µÏ¥´¨Ö (2.2) ¤²Ö ³ £´¨É´µ£µ ¶µ²Ö ¨ ¶µ²ÊÎ¥´¨¥ ³¨´¨-
³ ²Ó´µ£µ §´ Î¥´¨Ö (2.4) ¤²Ö ³ £´¨É´µ£µ ¶µÉµ±  (®Ë² ±¸µ´ ‰µ·¤ ´ Å”µ± ¯)
¶·¨³¥·´µ ¨§ É¥Ì ¦¥ ¸µµ¡· ¦¥´¨° ¶·µ¤µ²¦ ²¸Ö ¸¶Ê¸ÉÖ ¤¥¸ÖÉ¨²¥É¨Ö (¸³., ´ -
¶·¨³¥·, [84]).

9. ‘Ê¤Ó¡Ò µ¡¸Ê¦¤ ¢Ï¨Ì¸Ö ¢ÒÏ¥ · ¡µÉ µ± § ²¨¸Ó ¡µ²ÓÏ¥° Î ¸ÉÓÕ ´¥
µÎ¥´Ó ¸Î ¸É²¨¢Ò³¨.  §Ê³¥¥É¸Ö, ¢ É¥Î¥´¨¥ · §¡¨· ¥³µ£µ ¤¥¸ÖÉ¨²¥É¨Ö ‚.�. ”µ±
µ¶Ê¡²¨±µ¢ ² ¨ ¤·Ê£¨¥ · ¡µÉÒ, ±µÉµ·Ò¥ ¶µ²ÊÎ¨²¨ ¢¸¥µ¡Ð¥¥ ¶·¨§´ ´¨¥: ³¥Éµ¤
• ·É·¨Å”µ± , ¶·µ¸É· ´¸É¢µ ”µ± , ³¥Éµ¤ ËÊ´±Í¨µ´ ²µ¢ ”µ± , ¶·¥¤¸É ¢²¥-
´¨¥ ”µ± , ¸¨³³¥É·¨Ö  Éµ³  ¢µ¤µ·µ¤  ¶µ ”µ±Ê, Ê· ¢´¥´¨¥ „¨· ±  ¢ ¶·µ¸É· ´-
¸É¢¥ ¨³ ´  ¨ ¤·. �µ ¨³¥´´µ ¶µÔÉµ³Ê ¨³¥¥É ¸³Ò¸² ¢¸¶µ³´¨ÉÓ µ · ¡µÉ Ì,
¢µÏ¥¤Ï¨Ì ¢ µ¡¨Ìµ¤ ¸µ¢·¥³¥´´µ° Ë¨§¨±¨, ´µ ÊÉ· É¨¢Ï¨Ì, ¥¸²¨ ³µ¦´µ É ±
¢Ò· §¨ÉÓ¸Ö, ®·µ¤µ¢µ¥ ¨³Ö¯.

10. �µ ¤ ¦¥ ¸ Ìµ·µÏµ ¨§¢¥¸É´Ò³¨ · ¡µÉ ³¨ ¶·µ¨¸Ìµ¤ÖÉ Ê¤¨¢¨É¥²Ó´Ò¥
¢¥Ð¨. �µ¨¸É¨´¥  ´¥±¤µÉ¨Î¥¸± Ö ¨¸Éµ·¨Ö ¸¢Ö§ ´  ¸ ± ²¨¡·µ¢±µ° ”µ± . �´ 
´¥µ¤´µ±· É´µ ¶¥·¥µÉ±·Ò¢ ² ¸Ó ¨ ± ¦¤Ò° · § ¶µ²ÊÎ ²  ´µ¢µ¥ ¨³Ö.

˜¢¨´£¥· ¢ ¸¢µ¥° ±´¨£¥ ([85], ¸.342) ¤ ² ¥¥ ¶µ¤·µ¡´µ¥ ¨§²µ¦¥´¨¥, ´¥ ¸µ-
¸² ¢Ï¨¸Ó ´  ”µ± . ‚ ¶·¥¤¨¸²µ¢¨¨ µ´ µÉ³¥É¨²: ®�·¨ ´ ¶¨¸ ´¨¨ ±´¨£¨ Ö ´¥
¸É · ²¸Ö ¤ ¢ ÉÓ ¶µ Ìµ¤Ê ¨§²µ¦¥´¨Ö ... ¨¸Éµ·¨Î¥¸±¨¥ ±µ³³¥´É ·¨¨ ¸µ ¸¸Ò²-
± ³¨ ´  Éµ, ±Éµ, ÎÉµ ¨ ±µ£¤  ¸¤¥² ² ¶¥·¢Ò³¯. „²Ö ÔÉµ£µ ¶µ³¨³µ ¶·¨Î¨´Ò
²¨Î´µ£µ ¸¢µ°¸É¢  ®... ¨³¥¥É¸Ö ¨ ¡µ²¥¥ ¢¥¸± Ö ¶·¨Î¨´ . ... ¥¸²¨ ¡Ò · §¢¨É¨¥
´µ¢µ£µ ¶µ¤Ìµ¤  ¸µ¶·µ¢µ¦¤ ²µ¸Ó ¶µ¸ÉµÖ´´Ò³¨ ¸¸Ò²± ³¨ ´   ¶¶ · É, ±µÉµ·Ò°
¶·¥¤¶µ² £ ¥É¸Ö Ê¸É ·¥¢Ï¨³, ÔÉµ ¸²¨Ï±µ³ · ¸¸¥¨¢ ²µ ¡Ò ¢´¨³ ´¨¥¯.(!). �µ-
¸²¥ ÔÉµ£µ ± ²¨¡·µ¢±  (6.1) ¸É ²  ¨³¥´µ¢ ÉÓ¸Ö ± ²¨¡·µ¢±µ° ”µ± Å˜¢¨´£¥· 
[86], ˜¢¨´£¥· Å”µ±  ¨ ¤ ¦¥ ± ²¨¡·µ¢±µ° ˜¢¨´£¥·  ([87], ¸.115). „ ²¥¥, ¢
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· ¡µÉ¥ [88] µ´  Ë¨£Ê·¨·Ê¥É ¶µ¤ ¨³¥´¥³ ®± ²¨¡·µ¢±¨ Ë¨±¸¨·µ¢ ´´µ° ÉµÎ±¨¯,
  ¢ ¸É ÉÓ¥ [48] Ê¸²µ¢¨¥ (6.1) ¶·¨ x0 = 0 ´ §Ò¢ ²µ¸Ó ®± ²¨¡·µ¢±µ° �Ê ´± -
·¥¯. �¤´ ±µ µ´  ¡Ò²  ¶¥·¥µÉ±·ÒÉ  ¥Ð¥ · ´ÓÏ¥ ¢ ¸É ÉÓÖÌ [89,90], É ± ÎÉµ
¢ µ¡§µ·¥ [91] ¨³¥´Ê¥É¸Ö ®³Ê²ÓÉ¨¶µ²Ö·´µ° ± ²¨¡·µ¢±µ°¯,   · ¡µÉÒ [89,90]
±¢ ²¨Ë¨Í¨·ÊÕÉ¸Ö ± ± ¶¨µ´¥·¸±¨¥.

‚¶·µÎ¥³, µ¦¨¤ ÉÓ ¸¶· ¢¥¤²¨¢µ¸É¨ ¢ ¢µ¶·µ¸ Ì ¶·¨µ·¨É¥Éµ¢ ¨ ¸¢Ö§ ´´µ° ¸
´¨³¨ É¥·³¨´µ²µ£¨¨ (É.¥. ¸ µ¡Ð¥¶·¨´ÖÉÒ³ ¶·¨§´ ´¨¥³ ÔÉ¨Ì ¶·¨µ·¨É¥Éµ¢) Å
¤¥²µ, ¶µ-¢¨¤¨³µ³Ê, ¡¥§´ ¤¥¦´µ¥. � ¤µ ¶µ² £ ÉÓ, ÔÉ¨ ¶·µ¡²¥³Ò ¸ÊÐ¥¸É¢µ¢ ²¨
¢¸¥£¤ .  ¸¸± §Ò¢ ÕÉ ¸²¥¤ÊÕÐÊÕ ¨¸Éµ·¨Õ. Š ± ¨§¢¥¸É´µ, ˆ.5¥·´Ê²²¨ ÊÎ¨²
³ ·±¨§  ƒ.‹µ¶¨É ²Ö ¨¸Î¨¸²¥´¨Õ ¡¥¸±µ´¥Î´µ ³ ²ÒÌ. ‚ Î ¸É´µ¸É¨, µ´ µÉ±·Ò²
¥³Ê ¶· ¢¨²µ · §·¥Ï¥´¨Ö ´¥µ¶·¥¤¥²¥´´µ¸É¥°. ‹µ¶¨É ²Ó ¶µ¤¥²¨²¸Ö ¸¢µ¨³¨ §´ -
´¨Ö³¨ ¸ ¤·Ê£¨³¨ ³ É¥³ É¨± ³¨, ¶µ¸²¥ Î¥£µ ÔÉµ ¶· ¢¨²µ ¸É ²¨ ¸¢Ö§Ò¢ ÉÓ ¸ ¥£µ
¨³¥´¥³ (®¶· ¢¨²µ ‹µ¶¨É ²Ö¯). 5¥·´Ê²²¨ ¡Ò² ´¥¤µ¢µ²¥´. �´ · §µ¸² ² ¶¨¸Ó³ ,
¢ ±µÉµ·ÒÌ Ê± §Ò¢ ² ´  ¸¢µ° ¶·¨µ·¨É¥É ¨ µÉ³¥Î ², ÎÉµ ÔÉµ ´¥ ¥¤¨´¸É¢¥´´Ò°
¸¶µ¸µ¡ ·¥Ï¥´¨Ö § ¤ Î¨, ÎÉµ ¥³Ê ¨§¢¥¸É´µ ¥Ð¥ ¨ ¤·Ê£µ¥ ¶· ¢¨²µ, ± ±µ¢µ¥ µ´ ¨
¢µ¸¶·µ¨§¢µ¤¨² ´  ¸É· ´¨Í Ì ¸¢µ¨Ì ¶µ¸² ´¨°. ‚ ·¥§Ê²ÓÉ É¥ ÔÉµ ´µ¢µ¥ ¶· ¢¨²µ
¸É ²¨ ¨³¥´µ¢ ÉÓ ®¢Éµ·Ò³ ¶· ¢¨²µ³ ‹µ¶¨É ²Ö¯.

�¢Éµ· £²Ê¡µ±µ ¡² £µ¤ ·¥´ ‚.‚.�¥¸É¥·¥´±µ ¨ ‚.”.�¸¨¶µ¢Ê §  Í¥´´Ò¥
§ ³¥Î ´¨Ö.
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Š ¸Éµ²¥É¨Õ ¸µ ¤´Ö ·µ¦¤¥´¨Ö  ± ¤¥³¨± 
‚² ¤¨³¨·   ²¥±¸ ´¤·µ¢¨Î  ”µ± 

�µ¤·µ¡´µ µ¡¸Ê¦¤ ÕÉ¸Ö ËÊ´¤ ³¥´É ²Ó´Ò¥ · ¡µÉÒ ‚.�.”µ±  ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö. �µ± § ´µ,
ÎÉµ ¥£µ µ¸´µ¢´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö ´ Ìµ¤ÖÉ µÉ· ¦¥´¨¥ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ £· ¢¨-
É Í¨¨, ¢ ±µÉµ·µ° £· ¢¨É Í¨µ´´µ¥ ¶µ²¥, ± ± ¨ ¢¸¥ ¤·Ê£¨¥ ¶µ²Ö, · ¸¸³ É·¨¢ ¥É¸Ö ¢ ¶·µ¸É· ´¸É¢¥
Œ¨´±µ¢¸±µ£µ.

The fundamental works by V.A.Fock on gravitation theory are discussed in detail. It is also
shown that his basic physical ideas are represented in the relativistic theory of gravitation where the
gravitational ˇeld is treated in Minkowski space as any other ˇelds.

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò ÌµÉ¥²¨ ¡Ò µÉ¤ ÉÓ ¤ ´Ó £²Ê¡µ±µ£µ Ê¢ ¦¥´¨Ö ±·Ê¶-
´¥°Ï¥³Ê ÊÎ¥´µ³Ê Å  ± ¤¥³¨±Ê ‚.�.”µ±Ê, ¢´¥¸Ï¥³Ê ¢Ò¤ ÕÐ¨°¸Ö ¢±² ¤ ¢
É¥µ·¥É¨Î¥¸±ÊÕ ¨ ³ É¥³ É¨Î¥¸±ÊÕ Ë¨§¨±Ê. ŒÒ µ¸É ´µ¢¨³¸Ö Éµ²Ó±µ ´  · ¡µ-
É Ì ‚.�.”µ±  ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ¨ ÉµÎ´µ ¢µ¸¶·µ¨§¢¥¤¥³ ¥£µ µ¸´µ¢´Ò¥ ¶µ²µ-
¦¥´¨Ö ¨ ¢Ò¢µ¤Ò ¶µ ´ ¨¡µ²¥¥ ¶·¨´Í¨¶¨ ²Ó´Ò³ ¶·µ¡²¥³ ³ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö,
¢ ¸µ§¤ ´¨¥ ±µÉµ·µ° µ´ ¢´¥¸ ´¥µÍ¥´¨³Ò° ¢±² ¤. ‚.�.”µ± ¸É·¥³¨²¸Ö · ¸±·ÒÉÓ
Ë¨§¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö µ ÉÖ£µÉ¥´¨¨, ¸±·ÒÉÒ¥ ¶µ¤ ¶µ±·µ¢µ³ Ëµ·³ ²Ó´µ-
 ¡¸É· ±É´µ£µ  ¶¶ · É  µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ (�’�). �Éµ ¥³Ê ¢ §´ -
Î¨É¥²Ó´µ° ¸É¥¶¥´¨ Ê¤ ²µ¸Ó, µ¤´ ±µ ¶·¨ ÔÉµ³ µ´ ¢ÒÏ¥² §  ¶·¥¤¥²Ò Ô°´ÏÉ¥°-
´µ¢¸±µ° µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. ‚.�.”µ± ¸Î¨É ² ´¥µ¡Ìµ¤¨³Ò³ (¤²Ö
µ¸É·µ¢´ÒÌ ¸¨¸É¥³) ± ¸¨¸É¥³¥ Ê· ¢´¥´¨° ƒ¨²Ó¡¥·É Å�°´ÏÉ¥°´  ¤µ¡ ¢¨ÉÓ ¥Ð¥
£ ·³µ´¨Î¥¸±¨¥ Ê¸²µ¢¨Ö ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì. ‚¢¥¤¥´¨¥ ¤¥-
± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ë ±É¨Î¥¸±¨ µ§´ Î ²µ ¢¢¥¤¥´¨¥ ¢ É¥µ·¨Õ ÉÖ£µÉ¥´¨Ö ¨´¥·-
Í¨ ²Ó´ÒÌ ¸¨¸É¥³ ±µµ·¤¨´ É, ÎÉµ ¨ µ¡¥¸¶¥Î¨¢ ²µ  ¡¸µ²ÕÉ´Ò° Ì · ±É¥· Ê¸±µ-
·¥´¨Ö. ‘É·µ£µ £µ¢µ·Ö, �’� �°´ÏÉ¥°´  ¨ É¥µ·¨Ö ÉÖ£µÉ¥´¨Ö ‚.�.”µ±  Å
· §²¨Î´Ò¥ É¥µ·¨¨. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ µ¸µ¡µ µÉ³¥Î ² ‹.ˆ´Ë¥²Ó¤, ±µÉµ·Ò°
¶¨¸ ²: ®’¥³ ¸ ³Ò³ ¤²Ö ”µ±  ¢Ò¡µ· £ ·³µ´¨Î¥¸±µ£µ ±µµ·¤¨´ É´µ£µ Ê¸²µ¢¨Ö
¸É ´µ¢¨É¸Ö ´¥±µÉµ·Ò³ ËÊ´¤ ³¥´É ²Ó´Ò³ § ±µ´µ³ ¶·¨·µ¤Ò, ¨§³¥´ÖÕÐ¨³ ¸ ³
Ì · ±É¥· Ô°´ÏÉ¥°´µ¢¸±µ° µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¨ ¶·¥¢· Ð ÕÐ¨³
¥¥ ¢ É¥µ·¨Õ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö, ¸¶· ¢¥¤²¨¢ÊÕ Éµ²Ó±µ ¢ ¨´¥·Í¨ ²Ó´ÒÌ
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¸¨¸É¥³ Ì ±µµ·¤¨´ É¯. �¤´ ±µ ´  ¸ ³µ³ ¤¥²¥ ¢¢¥¤¥´¨¥ ¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³
±µµ·¤¨´ É ¢ É¥µ·¨Õ ÉÖ£µÉ¥´¨Ö ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ É·¥¡Ê¥É ±µ·¥´´µ£µ µÉÌµ¤  µÉ
¢¸¥° ±µ´Í¥¶Í¨¨ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. �µ ´  ÔÉµ³ ³Ò µ¸É ´µ¢¨³¸Ö
¶µ§¤´¥¥. �¡· É¨³¸Ö É¥¶¥·Ó ´¥¶µ¸·¥¤¸É¢¥´´µ ± · ¡µÉ ³ [1] ¨ [2]. �·¥¦¤¥
¢¸¥£µ µ¸É ´µ¢¨³¸Ö ´  ¶·¨´Í¨¶¥ µÉ´µ¸¨É¥²Ó´µ¸É¨, ¡¥§ ¶µ´¨³ ´¨Ö ¸ÊÉ¨ ±µÉµ-
·µ£µ ´¥¢µ§³µ¦´µ µ¸³Ò¸²¨ÉÓ, ÎÉµ É ¨É¸Ö §  ¸²µ¢ ³¨ ®µ¡Ð Ö µÉ´µ¸¨É¥²Ó´µ¸ÉÓ¯.
‚.�.”µ± ¤ ² ¶·¥¤¥²Ó´µ Ö¸´ÊÕ Ëµ·³Ê²¨·µ¢±Ê ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨. ’ ±,
µ´ ¶¨¸ ² ([1], ¸. 242): ®“¸É ´µ¢¨³ É¥¶¥·Ó, ÎÉµ ¶µ´¨³ ¥É¸Ö ¢ Ëµ·³Ê²¨-
·µ¢±¥ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨ ¶µ¤ · ¢´µ¶· ¢¨¥³ ¸¨¸É¥³ µÉ¸Î¥É . „¢¥
¸¨¸É¥³Ò µÉ¸Î¥É  (x) ¨ (x′) ³µ¦´µ ´ §¢ ÉÓ Ë¨§¨Î¥¸±¨ · ¢´µ¶· ¢´Ò³¨, ¥¸²¨
¢ ´¨Ì Ö¢²¥´¨Ö ¶·µÉ¥± ÕÉ µ¤¨´ ±µ¢Ò³ µ¡· §µ³. �µ¸²¥¤´¥¥ µ§´ Î ¥É, ÎÉµ
¥¸²¨ ¢µ§³µ¦¥´ ¶·µÍ¥¸¸, µ¶¨¸Ò¢ ¥³Ò° ¢ ±µµ·¤¨´ É Ì x ËÊ´±Í¨Ö³¨

ϕ1(x), ϕ2(x)...............ϕn(x), (49.∗03)

Éµ ¢µ§³µ¦¥´ ¨ ¤·Ê£µ° ¶·µÍ¥¸¸, ±µÉµ·Ò° µ¶¨¸Ò¢ ¥É¸Ö ¢ ±µµ·¤¨´ É Ì (x′)
É¥³¨ ¦¥ ¸ ³Ò³¨ ËÊ´±Í¨Ö³¨

ϕ1(x′), ϕ2(x′)...............ϕn(x′), (49.∗04)

¨ µ¡· É´µ, ¢¸Ö±µ³Ê ¶·µÍ¥¸¸Ê ¢¨¤  (49.∗04) ¢µ ¢Éµ·µ° ¸¨¸É¥³¥ ¸µµÉ¢¥É-
¸É¢Ê¥É ¢µ§³µ¦´Ò° ¶·µÍ¥¸¸ ¢¨¤  (49.∗03) ¢ ¶¥·¢µ° ¸¨¸É¥³¥¯. ˆ ¤ ²¥¥ µ´
¶µ¤Î¥·±´Ê²: ®’ ±¨³ µ¡· §µ³, ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¥¸ÉÓ ÊÉ¢¥·¦¤¥´¨¥
µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¸µµÉ¢¥É¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ¸¨¸É¥³ Ì µÉ¸Î¥É  µ¶·¥¤¥-
²¥´´µ£µ ±² ¸¸ , ± ±µ¢Ò¥ ¸¨¸É¥³Ò ¶·¨§´ ÕÉ¸Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ · ¢´µ¶· ¢´Ò³¨.
ˆ§ ÔÉµ£µ µ¶·¥¤¥²¥´¨Ö Ö¸´µ, ÎÉµ ± ± ¸ ³Ò° ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨, É ±
¨ · ¢´µ¶· ¢¨¥ ¤¢ÊÌ ¸¨¸É¥³ µÉ¸Î¥É , ¶·¥¤¸É ¢²ÖÕÉ ¶µ´ÖÉ¨Ö Ë¨§¨Î¥¸±¨¥, ¨
ÊÉ¢¥·¦¤¥´¨¥, ÎÉµ Éµ ¨ ¤·Ê£µ¥ ¨³¥¥É ³¥¸Éµ, § ±²ÕÎ ¥É ¢ ¸¥¡¥ µ¶·¥¤¥²¥´´ÊÕ
Ë¨§¨Î¥¸±ÊÕ £¨¶µÉ¥§Ê,   ´¥ Ö¢²Ö¥É¸Ö ¶·µ¸Éµ Ê¸²µ¢´Ò³¯.

�  Ö§Ò±¥ É¥µ·¨¨ ¶µ²Ö ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ³µ¦´µ ¸Ëµ·³Ê²¨·µ-
¢ ÉÓ É ±: Ê· ¢´¥´¨Ö ¶µ²Ö, µ¶¨¸Ò¢ ÕÐ¨¥ Ë¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò, ¤µ²¦´Ò
¡ÒÉÓ Ëµ·³¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í  µÉ µ¤´µ°
£ ²¨²¥¥¢µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É x ± ¤·Ê£µ° ¸¨¸É¥³¥ x′.

ˆ³¥´´µ É ±µ¥ Ö¸´µ¥ ¶µ´¨³ ´¨¥ Ë¨§¨Î¥¸±µ° ¸ÊÉ¨ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó-
´µ¸É¨ ¨ Ö¢¨²µ¸Ó ¤²Ö ‚.�.”µ±  ¨¸Ìµ¤´Ò³ ¶µ²µ¦¥´¨¥³ ¤²Ö ±·¨É¨Î¥¸±µ£µ  ´ -
²¨§  ¶µ´ÖÉ¨Ö ®µ¡Ð¥° µÉ´µ¸¨É¥²Ó´µ¸É¨¯. ‚ ÔÉµ° ¸¢Ö§¨ µ´ ¶¨¸ ² ([1], ¸. 17):
®’¥·³¨´ ®µ¡Ð Ö É¥µ·¨Ö µÉ´µ¸¨É¥²Ó´µ¸É¨¯ ¨²¨ ®µ¡Ð¨° ¶·¨´Í¨¶ µÉ´µ¸¨-
É¥²Ó´µ¸É¨¯ Ê¶µÉ·¥¡²Ö¥É¸Ö (¶·¥¦¤¥ ¢¸¥£µ ¸ ³¨³ 3°´ÏÉ¥°´µ³) ¥Ð¥ ¨ ¢
¸³Ò¸²¥ Ê¸²µ¢´µ£µ ´ ¨³¥´µ¢ ´¨Ö ¤²Ö É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö. “¦¥ µ¸´µ¢´ Ö · -
¡µÉ  3°´ÏÉ¥°´  ¶µ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö (1916 £.) µ§ £² ¢²¥´  ®8¸´µ¢Ò µ¡-
Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨¯. 3Éµ ¥Ð¥ ¡µ²ÓÏ¥ § ¶ÊÉÒ¢ ¥É ¤¥²µ, É ± ± ±
¸²µ¢ ³ ®µ¡Ð¨°¯ ¨ ®µÉ´µ¸¨É¥²Ó´Ò°¯ ¶·¨¤ ¥É¸Ö §¤¥¸Ó ´¥¸¢µ°¸É¢¥´´Ò° ¨³
¸³Ò¸². ’ ±, ¶µ¸±µ²Ó±Ê ¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ¶·µ¸É· ´¸É¢µ ¶·¥¤¶µ² £ ¥É¸Ö
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´¥µ¤´µ·µ¤´Ò³,   µÉ´µ¸¨É¥²Ó´µ¸ÉÓ ¸¢Ö§ ´  ¸ µ¤´µ·µ¤´µ¸ÉÓÕ, Éµ ¢ÒÌµ¤¨É,
ÎÉµ ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥É, ¢µµ¡Ð¥ £µ¢µ·Ö, ´¨± ±µ° µÉ´µ¸¨-
É¥²Ó´µ¸É¨¯.

ˆ ¤ ²¥¥ µ´ µÉ³¥Î ² ([1], ¸. 244): ®�µ¸±µ²Ó±Ê ´ ¨¡µ²ÓÏ Ö ¢µ§³µ¦´ Ö
µ¤´µ·µ¤´µ¸ÉÓ ¢Ò· ¦ ¥É¸Ö ¶·¥µ¡· §µ¢ ´¨Ö³¨ ‹µ·¥´Í , ¡µ²¥¥ µ¡Ð¥£µ ¶·¨´-
Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨, Î¥³ ÉµÉ, ±µÉµ·Ò° · ¸¸³ É·¨¢ ¥É¸Ö ¢ µ¡ÒÎ´µ° É¥-
µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨, ¡ÒÉÓ ´¥ ³µ¦¥É. ’¥³ ¡µ²¥¥ ´¥ ³µ¦¥É ¡ÒÉÓ µ¡Ð¥£µ
¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨, ± ± Ë¨§¨Î¥¸±µ£µ ¶·¨´Í¨¶ , ±µÉµ·Ò° ¨³¥² ¡Ò
³¥¸Éµ ¶µ µÉ´µÏ¥´¨Õ ± ¶·µ¨§¢µ²Ó´Ò³ ¸¨¸É¥³ ³ µÉ¸Î¥É . —Éµ¡Ò ÊÖ¸´¨ÉÓ
¸¥¡¥ ÔÉµÉ Ë ±É, ´¥µ¡Ìµ¤¨³µ Î¥É±µ · §²¨Î ÉÓ ³¥¦¤Ê Ë¨§¨Î¥¸±¨³ ¶·¨´Í¨-
¶µ³, ÊÉ¢¥·¦¤ ÕÐ¨³ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¸µµÉ¢¥É¸É¢¥´´ÒÌ Ö¢²¥´¨° ¢ · §´ÒÌ ¸¨-
¸É¥³ Ì µÉ¸Î¥É , ¨ ¶·µ¸ÉÒ³ É·¥¡µ¢ ´¨¥³ ±µ¢ ·¨ ´É´µ¸É¨ Ê· ¢´¥´¨° ¶·¨
¶¥·¥Ìµ¤¥ µÉ µ¤´µ° ¸¨¸É¥³Ò µÉ¸Î¥É  ± ¤·Ê£µ°. Ÿ¸´µ, ÎÉµ ¨§ ¶·¨´Í¨¶  µÉ´µ-
¸¨É¥²Ó´µ¸É¨ ¢ÒÉ¥± ¥É ±µ¢ ·¨ ´É´µ¸ÉÓ Ê· ¢´¥´¨°, ´µ µ¡· É´µ¥ ´¥ ¨³¥¥É
³¥¸É : ±µ¢ ·¨ ´É´µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¢µ§³µ¦´  ¨ Éµ£¤ , ±µ-
£¤  ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥ ¢Ò¶µ²´Ö¥É¸Ö¯. ƒ²Ê¡µ±µ¥ ¶µ´¨³ ´¨¥ µ¸´µ¢
Ë¨§¨Î¥¸±µ° É¥µ·¨¨ ¶µ§¢µ²¨²µ ‚.�.”µ±Ê ¸¤¥² ÉÓ µ¤´µ§´ Î´Ò° ¢Ò¢µ¤: ®¡-
Ð¨° ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨, ± ± Ë¨§¨Î¥¸±¨° ¶·¨´Í¨¶, ±µÉµ·Ò° ¨³¥²
¡Ò ³¥¸Éµ ¶µ µÉ´µÏ¥´¨Õ ± ¶·µ¨§¢µ²Ó´Ò³ ¸¨¸É¥³ ³ µÉ¸Î¥É , ´¥¢µ§³µ¦¥´¯.

„·Ê£¨³ ËÊ´¤ ³¥´É ²Ó´Ò³ ¢µ¶·µ¸µ³ ¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ¡Ò² ¢µ¶·µ¸ µ
¸ÊÐ¥¸É¢µ¢ ´¨¨ ¶·¨¢¨²¥£¨·µ¢ ´´ÒÌ ¸¨¸É¥³ ±µµ·¤¨´ É. �µ ÔÉµ³Ê ¶µ¢µ¤Ê
‚.�.”µ± ¶¨¸ ² ([1], ¸. 473): ®�µ 3°´ÏÉ¥°´Ê, ´¨± ±¨Ì ¶·¨¢¨²¥£¨·µ¢ ´´ÒÌ
¸¨¸É¥³ ±µµ·¤¨´ É ´¥ ¸ÊÐ¥¸É¢Ê¥É, ¨ ¸¨¸É¥³  ±µµ·¤¨´ É µ¸É ¥É¸Ö ´¥µ¶·¥-
¤¥²¥´´µ° ¤µ ±µ´Í . ‘Éµ·µ´´¨±¨ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ¢µ§¢µ¤ÖÉ ÔÉÊ ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓ ¢ ¤µ¸Éµ¨´¸É¢µ ¨ Ê¸³ É·¨¢ ÕÉ ¢ ´¥° £²Ê¡µ±¨° ¸³Ò¸²,   ¨³¥´´µ
¢Ò· ¦¥´¨¥ ´¥±µ¥£µ ®µ¡Ð¥£µ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨¯, ¢ ¸¨²Ê Î¥£µ ¨ ¢¸Ö
É¥µ·¨Ö 3°´ÏÉ¥°´  ´ §¢ ´  ¨³ ®µ¡Ð¥° É¥µ·¨¥° µÉ´µ¸¨É¥²Ó´µ¸É¨¯. ‘ É ±µ°
ÉµÎ±µ° §·¥´¨Ö ³Ò ¸µ£² ¸¨ÉÓ¸Ö ´¨± ± ´¥ ³µ¦¥³¯.

„ ²¥¥ µ´ µÉ³¥Î ¥É ([1], ¸. 475): ®ŒÒ ´¥µ¤´µ±· É´µ ¶µ¤Î¥·±¨¢ ²¨ ¶·¨´-
Í¨¶¨ ²Ó´µ¥ §´ Î¥´¨¥ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¶·¨¢¨²¥£¨·µ¢ ´´µ° ±µµ·¤¨´ É´µ° ¸¨-
¸É¥³Ò, µ¶·¥¤¥²Ö¥³µ° ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í . 8´µ ¶·µ-
Ö¢²Ö¥É¸Ö ¨ ¢ ¸²¥¤ÊÕÐ¥³. ’µ²Ó±µ ¶·¨§´ ¢ ¥£µ, ³µ¦´µ £µ¢µ·¨ÉÓ µ ¶· ¢¨²Ó-
´µ¸É¨ £¥²¨µÍ¥´É·¨Î¥¸±µ° ¸¨¸É¥³Ò Šµ¶¥·´¨± , ¢ Éµ³ ¦¥ ¸³Ò¸²¥, ¢ ± ±µ³
ÔÉµ ¡Ò²µ ¢µ§³µ¦´µ ¢ ³¥Ì ´¨±¥ �ÓÕÉµ´ . �¥¶·¨§´ ´¨¥ ¦¥ ¶·¨¢¨²¥£¨·µ¢ ´-
´ÒÌ ±µµ·¤¨´ É´ÒÌ ¸¨¸É¥³ ¢¥¤¥É ± Éµ° ÉµÎ±¥ §·¥´¨Ö, ¸µ£² ¸´µ ±µÉµ·µ° £¥-
²¨µÍ¥´É·¨Î¥¸± Ö ¸¨¸É¥³  Šµ¶¥·´¨±  ¨ £¥µÍ¥´É·¨Î¥¸± Ö ¸¨¸É¥³  �Éµ²e³¥Ö
¡Ê¤Éµ ¡Ò · ¢´µ¶· ¢´Ò. ’ ± Ö ÉµÎ±  §·¥´¨Ö ¶·µÉ¨¢µ·¥Î¨É ¤ ´´µ³Ê ¢ §49
µ¶·¥¤¥²¥´¨Õ · ¢´µ¶· ¢¨Ö ¸¨¸É¥³ µÉ¸Î¥É  ¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ³ ´¥¶· -
¢¨²Ó´µ°¯ (¸³. Ëµ·³Ê²Ò (49.∗03) ¨ (49.∗04) Å  ¢Éµ·Ò). ‚Ò¤¢¨£ Ö ¨¤¥Õ
µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¶·¨¢¨²¥£¨·µ¢ ´´ÒÌ ¸¨¸É¥³ ±µµ·¤¨´ É, ‚.�.”µ± ·Ê±µ¢µ¤-
¸É¢µ¢ ²¸Ö £²Ê¡µ±µ° Ë¨§¨Î¥¸±µ° ¨´ÉÊ¨Í¨¥°, ¶µ¸±µ²Ó±Ê µ´ Ö¸´µ ¶µ´¨³ ², ÎÉµ
Éµ²Ó±µ ¢ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦´µ £µ¢µ·¨ÉÓ µ¡ ® ¡¸µ²ÕÉ´µ¸É¨ Ê¸±µ·¥´¨Ö¯. ’ ±, µ´
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¶¨¸ ² ([1], ¸. 499): ®�·¥¤¥²Ó´Ò¥ ¨²¨ ¨´Ò¥ Ê¸²µ¢¨Ö, Ì · ±É¥·¨§ÊÕÐ¨¥ ¶·µ-
¸É· ´¸É¢µ ¢ Í¥²µ³, ¸µ¢¥·Ï¥´´µ ´¥µ¡Ìµ¤¨³Ò,   ¶µÔÉµ³Ê ¨ ¶µ´ÖÉ¨¥ ®Ê¸±µ-
·¥´¨¥ ¶µ µÉ´µÏ¥´¨Õ ± ¶·µ¸É· ´¸É¢Ê¯ ¸µÌ· ´Ö¥É ¢ Éµ° ¨²¨ ¨´µ° Ëµ·³¥
¸¢µ° ¸³Ò¸². —Éµ ± ¸ ¥É¸Ö ¶ · ¤µ±¸  Œ Ì , Éµ µ´ µ¸´µ¢ ´, ± ± ¨§¢¥¸É´µ, ´ 
· ¸¸³µÉ·¥´¨¨ ¢· Ð ÕÐ¥£µ¸Ö ¦¨¤±µ£µ É¥² , ¨³¥ÕÐ¥£µ Ëµ·³Ê Ô²²¨¶¸µ¨¤ , ¨
´¥¢· Ð ÕÐ¥£µ¸Ö, ¨³¥ÕÐ¥£µ Ëµ·³Ê Ï · . � · ¤µ±¸ ¢µ§´¨± ¥É §¤¥¸Ó Éµ²Ó±µ
¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ ¸Î¨É ÉÓ ²¨Ï¥´´Ò³ ¸³Ò¸²  ¶µ´ÖÉ¨¥ ®¢· Ð¥´¨Ö ¶µ µÉ-
´µÏ¥´¨Õ ± ¶·µ¸É· ´¸É¢Ê¯, Éµ£¤  ¤¥°¸É¢¨É¥²Ó´µ µ¡  É¥²  (¢· Ð ÕÐ¥¥¸Ö
¨ ´¥¢· Ð ÕÐ¥¥¸Ö) ¶·¥¤¸É ¢²ÖÕÉ¸Ö · ¢´µ¶· ¢´Ò³¨, ¨ ¸É ´µ¢¨É¸Ö ´¥¶µ´ÖÉ-
´Ò³, ¶µÎ¥³Ê µ¤´µ ¨§ ´¨Ì Ï ·µ¢¨¤´µ,   ¤·Ê£µ¥ Å ´¥É. �µ ¶ · ¤µ±¸ ¨¸Î¥§ ¥É,
±µ²Ó ¸±µ·µ ³Ò ¶·¨§´ ¥³ § ±µ´´µ¸ÉÓ ¶µ´ÖÉ¨Ö ®Ê¸±µ·¥´¨Ö ¶µ µÉ´µÏ¥´¨Õ ±
¶·µ¸É· ´¸É¢Ê¯.

Š ± ¦¥ ‚.�.”µ± ¢Ò¡¨· ¥É ¶·¨¢¨²¥£¨·µ¢ ´´Ò¥ ¸¨¸É¥³Ò ±µµ·¤¨´ É? „¥-
É ²¨§¨·ÊÖ ¢Ò· ¦¥´¨¥ ¤²Ö É¥´§µ·  Rµν ([1], ¤µ¶. ƒ-35), µ´ ´ Ìµ¤¨É

Rµν = −1
2
gαβ

∂2gµν

∂xα∂xβ
− Γµν + Γµ,αβ · Γν

αβ . (1)

‡¤¥¸Ó

Γµν =
1
2

(
gµα

∂Γν

∂xα
+ gνα

∂Γµ

∂xα
− ∂gµν

∂xα
Γα

)
, Γν = − 1√−g

∂

∂xσ
(
√
−ggνσ) ,

(2)

Γν
αβ =

1
2
gνλ(∂αgβλ + ∂βgαλ − ∂λgαβ) , Γµ,αβ = gαρgβσΓµ

ρσ . (3)

‚¸¥ ÔÉ¨ ¢Ò· ¦¥´¨Ö § ¶¨¸ ´Ò ¢ ¶·µ¨§¢µ²Ó´ÒÌ ±µµ·¤¨´ É Ì. …¸²¨ ¨³¥¥É ³¥¸Éµ
Ê¸²µ¢¨¥ £ ·³µ´¨Î´µ¸É¨

Γν = − 1√−g
∂

∂xσ
(√
−ggνσ

)
= 0 , (4)

Éµ Γµν = 0,   ¸²¥¤µ¢ É¥²Ó´µ, ¢Ò· ¦¥´¨¥ ¤²Ö Rµν ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É¸Ö:

Rµν = −1
2
gαβ

∂2gµν

∂xα∂xβ
+ Γµ,αβ · Γν

αβ . (5)

�É¨³ ¸ ³Ò³ ¤µ¸É¨£ ¥É¸Ö, ± ± ¶¨¸ ² ‚.�.”µ± ([2], c. 382): ®...Éµ µ£·µ³-
´µ¥ ¶·¥¨³ÊÐ¥¸É¢µ, ±µÉµ·µ¥ ¨³¥¥É £ ·³µ´¨Î¥¸± Ö ¸¨¸É¥³  ±µµ·¤¨´ É ¶¥·¥¤
¢¸¥³¨ ¤·Ê£¨³¨. „¥°¸É¢¨É¥²Ó´µ, ¢ £ ·³µ´¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¢ ± -
¦¤µ¥ ¨§ ¤¥¸ÖÉ¨ Ê· ¢´¥´¨° ÉÖ£µÉ¥´¨Ö ¢Ìµ¤ÖÉ (± ± ³Ò Ê¦¥ ´¥µ¤´µ±· É´µ
µÉ³¥Î ²¨) ¢Éµ·Ò¥ ¶·µ¨§¢µ¤´Ò¥ Éµ²Ó±µ µÉ µ¤´µ° ±µ³¶µ´¥´ÉÒ ËÊ´¤ ³¥´-
É ²Ó´µ£µ É¥´§µ· , ¶·¨Î¥³ ÔÉ¨ ¢Éµ·Ò¥ ¶·µ¨§¢µ¤´Ò¥ £·Ê¶¶¨·ÊÕÉ¸Ö ¢ ¢¨¤¥
µ¶¥· Éµ·  „ ² ³¡¥· ¯. ˆ ¤ ²¥¥ µ´ µÉ³¥Î ¥É ([2], c. 382): ®�·¨ ¶µ³µÐ¨ £ ·-
³µ´¨Î¥¸±µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É ¢ Ê· ¢´¥´¨ÖÌ ÉÖ£µÉ¥´¨Ö ¤µ¸É¨£ ¥É¸Ö ®· §-
¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ¯ ¢ µÉ´µÏ¥´¨¨ ¢Ò¸Ï¨Ì (É.¥. ¢Éµ·ÒÌ) ¶·µ¨§¢µ¤´ÒÌ. 8´µ
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¶·¥¤¸É ¢²Ö¥É  ´ ²µ£¨Õ ¸ É¥³, ±µÉµ·µ¥ ¤µ¸É¨£ ¥É¸Ö ¢ § ¤ Î Ì Ô²¥±É·µ¤¨-
´ ³¨±¨ ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ¤¥± ·Éµ¢ÒÌ ±µ³¶µ´¥´É ¢¥±Éµ·´µ£µ ¶µÉ¥´Í¨ ² . ‚
¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ì ¨§¢¥¸É´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ¶µÉ¥´Í¨ ²µ¢ ¨³¥ÕÉ ¢¨¤

∆Ak −
1
c2
∂2Ak

∂t2
= −4π jk

c
, ∆ϕ− 1

c2
∂2ϕ

∂t2
= −4πρ , (6)

∂Ai

∂xi
+

1
c

∂ϕ

∂t
= 0 . (7)

’ ±¨³ µ¡· §µ³, ± ¦¤µ¥ ¨§ ÔÉ¨Ì Ê· ¢´¥´¨° ¸µ¤¥·¦¨É Éµ²Ó±µ µ¤´Ê ±µ³¶µ-
´¥´ÉÊ ¤²Ö ¶µÉ¥´Í¨ ² . �µ ¥¸²¨ ¶¥·¥°É¨ µÉ ¤¥± ·Éµ¢ÒÌ ± ¶·µ¨§¢µ²Ó´Ò³
±·¨¢µ²¨´¥°´Ò³ ±µµ·¤¨´ É ³, Éµ ± ¦¤µ¥ ¨§ Ê· ¢´¥´¨°, ¸¢Ö§Ò¢ ÕÐ¥¥ ¶µÉ¥´-
Í¨ ²Ò ¸ Éµ±µ³, ¡Ê¤¥É Ê¦¥ ¸µ¤¥·¦ ÉÓ, ¢µµ¡Ð¥ £µ¢µ·Ö, ´¥ µ¤´Ê,   ´¥¸±µ²Ó±µ
±·¨¢µ²¨´¥°´ÒÌ ±µ³¶µ´¥´É ¢¥±Éµ·´µ£µ ¶µÉ¥´Í¨ ² . @ §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ
¢ Ê· ¢´¥´¨ÖÌ ³µ¦´µ, ¸²¥¤µ¢ É¥²Ó´µ, · ¸¸³ É·¨¢ ÉÓ ± ± µ¤´µ ¨§ ¸¢µ°¸É¢
¤¥± ·Éµ¢µ° ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò¯. “¸²µ¢¨¥ £ ·³µ´¨Î´µ¸É¨ (4) ¨³¥¥É ³¥-
¸Éµ ¤²Ö ²Õ¡ÒÌ ±µµ·¤¨´ É´ÒÌ ¸¨¸É¥³, ¨ Ê¶·µÐ¥´¨¥ É¥´§µ·  Rµν ¤µ¸É¨£ ¥É¸Ö
¢ ²Õ¡ÒÌ ¶·µ¨§¢µ²Ó´ÒÌ ±µµ·¤¨´ É Ì. �µÔÉµ³Ê ¶·µ¢µ¤¨ÉÓ ¶ · ²²¥²Ó ³¥¦¤Ê
Ê¸²µ¢¨¥³ £ ·³µ´¨Î´µ¸É¨ ¨ ¢Ò¡µ·µ³ ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É ¢ Ô²¥±É·µ¤¨´ -
³¨±¥ ´¥ ¸µ¢¸¥³ ¶· ¢µ³¥·´µ. �µ ‚.�.”µ± ¤¥² ¥É ¸²¥¤ÊÕÐ¨° ¢ ¦´Ò° Ï £: µ´
Ë ±É¨Î¥¸±¨ § ¶¨¸Ò¢ ¥É Ê¸²µ¢¨Ö £ ·³µ´¨Î´µ¸É¨ ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ)
±µµ·¤¨´ É Ì, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¢ ·¨³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥ É ±¨Ì ±µµ·¤¨-
´ É ´¥É. ’ ±, ´ ¶·¨³¥·, µ´ µ¸µ¡µ µÉ³¥Î ¥É ([1], c. 296): ®...¸¤¥² ¥³ µ¤´µ
§ ³¥Î ´¨¥ ¶µ ¢µ¶·µ¸Ê µ¡ µ¶·¥¤¥²¥´¨¨ ¶·Ö³µ° ²¨´¨¨ ¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö.
Š ± ¸²¥¤Ê¥É µ¶·¥¤¥²ÖÉÓ ¶·Ö³ÊÕ: ± ± ²ÊÎ ¸¢¥É  ¨²¨ ± ± ¶·Ö³ÊÕ ¢ Éµ³
¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥, ¢ ±µÉµ·µ³ ¤¥± ·Éµ¢Ò³¨ ±µµ·¤¨´ É ³¨ ¸²Ê¦aÉ
£ ·³µ´¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ x1, x2, x3? � ³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´´µ
¶· ¢¨²Ó´Ò³ ¢Éµ·µ¥ µ¶·¥¤¥²¥´¨¥¯. ’ ± ¢ É¥µ·¨¨ ‚.�.”µ±  ¢µ§´¨± ÕÉ ¤¥-
± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ. ” ±É¨Î¥¸±¨, ´¥Ö¢´µ ”µ± ¨³¥² ¤¥²µ ¸ ¶·µ¸É· ´¸É¢µ³
Œ¨´±µ¢¸±µ£µ ¢ £ ²¨²¥¥¢ÒÌ ±µµ·¤¨´ É Ì, ¨³¥´´µ ¶µ ÔÉµ° ¶·¨Î¨´¥ Ê ´¥£µ ¨
¶µÖ¢¨²¨¸Ó ¶·¨¢¨²¥£¨·µ¢ ´´Ò¥ ¸¨¸É¥³Ò ±µµ·¤¨´ É. ‘ÊÉÓ ¤¥² , É ±¨³ µ¡· §µ³,
´¥ Éµ²Ó±µ ¢ £ ·³µ´¨Î¥¸±¨Ì Ê¸²µ¢¨ÖÌ, ´µ ¨ ¢ Éµ³, ÎÉµ ÔÉ¨ Ê¸²µ¢¨Ö § ¶¨¸Ò¢ -
ÕÉ¸Ö ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì:

∂g̃µν

∂xµ
= 0, g̃µν =

√
−ggµν , (8)

xµ Å ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ. ‚ É ±µ° Ëµ·³¥ ÔÉ¨
Ê¸²µ¢¨Ö ´¥²Ó§Ö ¶·¨³¥´ÖÉÓ ¢ ¸²ÊÎ ¥ ±·¨¢µ²¨´¥°´ÒÌ ±µµ·¤¨´ É, ´ ¶·¨³¥· ¸Ë¥-
·¨Î¥¸±¨Ì. ‘ ÉµÎ±¨ §·¥´¨Ö ·¨³ ´µ¢  ¶·µ¸É· ´¸É¢  £ ·³µ´¨Î¥¸±¨¥ Ê¸²µ¢¨Ö ´¥
µ¡Ð¥±µ¢ ·¨ ´É´Ò. ‚.�.”µ± ¶µ ÔÉµ³Ê ¶µ¢µ¤Ê ¶¨Ï¥É: ®“¶µ³Ö´ÊÉÒ¥ ¤µ¶µ²-
´¨É¥²Ó´Ò¥ Ê· ¢´¥´¨Ö (¨³¥ÕÉ¸Ö ¢ ¢¨¤Ê £ ·³µ´¨Î¥¸±¨¥ Ê¸²µ¢¨Ö Å  ¢Éµ·Ò) ´¥
Ö¢²ÖÕÉ¸Ö µÎ¥¢¨¤´µ µ¡Ð¥±µ¢ ·¨ ´É´Ò³¨¯. �µ, É ± ± ± ‚.�.”µ± Ë ±É¨Î¥-
¸±¨, ÌµÉÖ ¨ ´¥Ö¢´µ, ¨³¥² ¤¥²µ ¸ ¶·µ¸É· ´¸É¢µ³ Œ¨´±µ¢¸±µ£µ ¢ ¤¥± ·Éµ¢ÒÌ
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(£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì, ¸¨ÉÊ Í¨Ö ¨§³¥´Ö¥É¸Ö, ¨ £ ·³µ´¨Î¥¸±¨¥ Ê¸²µ¢¨Ö (8)
³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ µ¡Ð¥±µ¢ ·¨ ´É´µ° Ëµ·³¥. „¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ µÉ
¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ ¶¥·¥°É¨ ± ¶·µ¨§¢µ²Ó´Ò³
±·¨¢µ²¨´¥°´Ò³ ±µµ·¤¨´ É ³ y, Éµ Ê· ¢´¥´¨¥ (8) ¶·¨´¨³ ¥É (¸³. ¤µ¶. A.10)
µ¡Ð¥±µ¢ ·¨ ´É´Ò° ¢¨¤:

Dµg̃
µν = ∂µg̃

µν(y) + γναβ(y)g̃
αβ(y) = 0 . (9)

‡¤¥¸Ó γναβ Å ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ ¢ ±µµ·¤¨´ -
É Ì y. “· ¢´¥´¨¥ (9) ³µ¦´µ § ¶¨¸ ÉÓ (¸³. ¤µ¶. C.14) ¨ ¢ Ëµ·³¥

yλ = −γλαβ(y)gαβ(y) , (10)

£¤¥ Î¥·¥§ µ¡µ§´ Î¥´ µ¶¥· Éµ·

=
1√
−g(z)

· ∂

∂zν

(
g̃νσ

∂

∂zσ

)
. (11)

’ ±¨³ µ¡· §µ³, § ¶¨¸Ó £ ·³µ´¨Î¥¸±µ£µ Ê¸²µ¢¨Ö (8) ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ)
±µµ·¤¨´ É Ì ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ  ¢Éµ³ É¨Î¥¸±¨ ¶·¨¢µ¤¨É ± µ¡Ð¥±µ-
¢ ·¨ ´É´Ò³ Ê· ¢´¥´¨Ö³ ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ ¢ Ëµ·³¥ (9) ¨²¨ (10).
�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ Ê· ¢´¥´¨Ö (9) Ö¢²ÖÕÉ¸Ö ´¥ ±µµ·¤¨´ É´Ò³¨ Ê¸²µ¢¨Ö³¨,  
¶µ²¥¢Ò³¨ Ê· ¢´¥´¨Ö³¨.

‚.�.”µ± ¢Ò¡¨· ¥É ±µµ·¤¨´ ÉÒ yλ, Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ Ê· ¢´¥´¨Õ

yλ = 0, (10a)

¨ É·¥¡Ê¥É, ÎÉµ¡Ò ·¥Ï¥´¨¥ ÔÉµ£µ Ê· ¢´¥´¨Ö Ê¤µ¢²¥É¢µ·Ö²µ ¥¢±²¨¤µ¢µ¸É¨ ´ 
¡¥¸±µ´¥Î´µ¸É¨ ¨ ´¥±µÉµ·Ò³ ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨Ö³. �É¨³ ¶ÊÉ¥³ µ´ Ë ±-
É¨Î¥¸±¨ ´ Ìµ¤¨É ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ, ¤²Ö ±µÉµ·ÒÌ ¸¨³¢µ²Ò Š·¨¸ÉµË-
Ë¥²Ö γναβ ¢¸¥£¤  · ¢´Ò ´Ê²Õ, ¶µÔÉµ³Ê Ê· ¢´¥´¨¥ (10) ¸¢µ¤¨É¸Ö ± Ê· ¢´¥´¨Õ
(10a). �µ É ±¨¥ ±µµ·¤¨´ ÉÒ ¢µ§³µ¦´Ò ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ,   ´¥
¢ ·¨³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥. ˆ³¥´´µ §¤¥¸Ó ‚.�.”µ± ´¥Ö¢´µ ¨¸¶µ²Ó§µ¢ ² ¶·µ-
¸É· ´¸É¢µ Œ¨´±µ¢¸±µ£µ ¨ ¢ÒÏ¥² §  · ³±¨ Ô°´ÏÉ¥°´µ¢¸±µ° µ¡Ð¥° É¥µ·¨¨
µÉ´µ¸¨É¥²Ó´µ¸É¨.

‚ ¸²ÊÎ ¥ ±·¨¢µ²¨´¥°´ÒÌ ±µµ·¤¨´ É ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö γναβ(y) µÉ-
²¨Î´Ò µÉ ´Ê²Ö, ¶µÔÉµ³Ê Ê¸²µ¢¨¥ £ ·³µ´¨Î´µ¸É¨ Ê¦¥ ´¥²Ó§Ö § ¶¨¸ ÉÓ ¢ Ëµ·³¥
(8),   ´¥µ¡Ìµ¤¨³µ § ¶¨¸Ò¢ ÉÓ ¢ Ëµ·³¥ (9). ‚.�.”µ± ´¥ ¶µ²ÊÎ ² Ê· ¢´¥´¨°
´¨ ¢ Ëµ·³¥ (9), ´¨ ¢ Ëµ·³¥ (10), ¶µÔÉµ³Ê ¸ ³µ ¶·µ¸É· ´¸É¢µ Œ¨´±µ¢¸±µ£µ
¶·¨¸ÊÉ¸É¢µ¢ ²µ ¢ ¥£µ · ¸¸Ê¦¤¥´¨ÖÌ ¨ · ¸Î¥É Ì ´¥Ö¢´µ. �´ Ï¥² ± ¤¥± ·Éµ-
¢Ò³ ±µµ·¤¨´ É ³ Î¥·¥§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (10a), Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ ´¥±µ-
Éµ·Ò³ ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨Ö³. �´ ¸É·¥³¨²¸Ö ¢¢¥¸É¨ ¶·¨¢¨²¥£¨·µ¢ ´´Ò¥
¸¨¸É¥³Ò ±µµ·¤¨´ É, ¶µ¤µ¡´Ò¥ É¥³, ± ±¨¥ ¨³¥ÕÉ ³¥¸Éµ ¢ ±² ¸¸¨Î¥¸±µ° ³¥-
Ì ´¨±¥ ¨ ¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. ˆ³¥´´µ Éµ²Ó±µ ¶·¨ ´ ²¨Î¨¨
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É ±¨Ì ¸¨¸É¥³ ±µµ·¤¨´ É ¨ ³µ¦´µ £µ¢µ·¨ÉÓ µ¡  ¡¸µ²ÕÉ´µ¸É¨ Ê¸±µ·¥´¨Ö. ‘µ-
¢¥·Ï¥´´µ µÎ¥¢¨¤´µ, ÎÉµ, µ¸É ¢ Ö¸Ó ¢ · ³± Ì µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨,
É ±¨Ì ¸¨¸É¥³ ¢¢¥¸É¨ ´¥²Ó§Ö. ‚ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ Ê¸±µ·¥´¨¥,
± ± ¨ ¸±µ·µ¸ÉÓ, µÉ´µ¸¨É¥²Ó´Ò, ¶µ¸±µ²Ó±Ê µÉ¸ÊÉ¸É¢Ê¥É ¶µ´ÖÉ¨¥ ¸¨²Ò ÉÖ£µÉ¥-
´¨Ö. ˆ³¥´´µ ¢¸¥ ÔÉµ ‚.�.”µ± ± ± Ë¨§¨± ¨ ´¥ ÌµÉ¥² ¶·¨´ÖÉÓ. �É¸Õ¤ , ¢
¶·¨´Í¨¶¥, ³µ¦´µ ¡Ò²µ ¶·¨°É¨ ± · ¸¸³µÉ·¥´¨Õ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö ± ±
Ë¨§¨Î¥¸±µ£µ ¶µ²Ö É¨¶  ” · ¤¥ÖÅŒ ±¸¢¥²²  ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ.
�  ÔÉµ³ ¦¥ ¶ÊÉ¨ ³µ¦´µ ¡Ò²µ ¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ¸µÌ· ´¨ÉÓ ËÊ´¤ ³¥´É ²Ó´Ò¥
§ ±µ´Ò ³ É¥·¨¨ Å § ±µ´Ò ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¨ ³µ³¥´É  ±µ²¨Î¥-
¸É¢  ¤¢¨¦¥´¨Ö. �ÒÉ ²¸Ö ²¨ ‚.�.”µ± · ¸¸³ É·¨¢ ÉÓ £· ¢¨É Í¨µ´´µ¥ ¶µ²¥ ¢
¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ? �¥É, É ±ÊÕ ³Ò¸²Ó µ´ ´¥ · §¤¥²Ö². �´ ¶¨¸ ² µ¡
ÔÉµ³ ([2], ¸. 409): ®ŒÒ Ê¶µ³¨´ ¥³ §¤¥¸Ó µ ´¥° Éµ²Ó±µ ¢ ¸¢Ö§¨ ¸ ´ ¡²Õ¤ ¥³Ò³
¨´µ£¤  ¸É·¥³²¥´¨¥³ (±µÉµ·µ£µ ³Ò µÉ´Õ¤Ó ´¥ · §¤¥²Ö¥³) Ê²µ¦¨ÉÓ É¥µ·¨Õ
ÉÖ£µÉ¥´¨Ö ¢ · ³±¨ ¥¢±²¨¤µ¢µ£µ ¶·µ¸É· ´¸É¢ ¯.

‚ · ¡µÉ¥ ([2], ¸. 409) µ´ µÉ³¥Î ²: ®�·¨ ·¥Ï¥´¨¨ Ê· ¢´¥´¨° 3°´ÏÉ¥°´ 
³Ò ¶µ²Ó§µ¢ ²¨¸Ó ±µµ·¤¨´ É´µ° ¸¨¸É¥³µ°, ±µÉµ·ÊÕ ³Ò ´ §Ò¢ ²¨ £ ·³µ´¨Î¥-
¸±µ°, ´µ ±µÉµ· Ö § ¸²Ê¦¨¢ ¥É ´ §¢ ´¨Ö ¨´¥·Í¨ ²Ó´µ°¯. ˆ ¤ ²¥¥ µ´ ¶¨Ï¥É
([2], ¸. 409): ®� ³ ± ¦¥É¸Ö, ÎÉµ ¢µ§³µ¦´µ¸ÉÓ ¢¢¥¤¥´¨Ö ¢ µ¡Ð¥° É¥µ·¨¨
µÉ´µ¸¨É¥²Ó´µ¸É¨ µ¤´µ§´ Î´Ò³ µ¡· §µ³ µ¶·¥¤¥²¥´´µ° ¨´¥·Í¨ ²Ó´µ° ±µµ·¤¨-
´ É´µ° ¸¨¸É¥³Ò § ¸²Ê¦¨¢ ¥É ¡ÒÉÓ µÉ³¥Î¥´´µ°¯. �µ, ± ± ³Ò Ê¦¥ µÉ³¥Î ²¨,
¸ÊÉÓ ¤¥²  ´¥ ¸Éµ²Ó±µ ¢ Ê¸²µ¢¨ÖÌ £ ·³µ´¨Î´µ¸É¨,   ¶·¥¦¤¥ ¢¸¥£µ ¢ Éµ³, ÎÉµ
ÔÉ¨ Ê¸²µ¢¨Ö § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì, ÎÉµ, ¶µ-
¸ÊÐ¥¸É¢Ê, ¨ µ§´ Î ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É ¢ ¶·µ-
¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ, ¶µ¸±µ²Ó±Ê ¢ ·¨³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¨´¥·Í¨ ²Ó´µ°
¸¨¸É¥³Ò ±µµ·¤¨´ É ¢ ¶·¨´Í¨¶¥ ´¥ ³µ¦¥É ¡ÒÉÓ. ‚ ¶·µ¨§¢µ²Ó´ÒÌ ±µµ·¤¨´ É Ì
¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ ¢µ§´¨± ÕÉ ¸¨²Ò ¨´¥·Í¨¨, µ¡Ö§ ´´Ò¥ ¶µÖ¢²¥´¨Õ
¸¨³¢µ²µ¢ Š·¨¸ÉµËË¥²Ö γναβ(y). ‚ £ ²¨²¥¥¢ÒÌ ±µµ·¤¨´ É Ì ¸¨³¢µ²Ò Š·¨-
¸ÉµËË¥²Ö µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ¨ ¸¨²Ò ¨´¥·Í¨¨ µÉ¸ÊÉ¸É¢ÊÕÉ,   Ê· ¢´¥´¨¥ (9)
¸¢µ¤¨É¸Ö ± Ê¸²µ¢¨Õ £ ·³µ´¨Î´µ¸É¨ (8) ¢ ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ì. ˆ³¥´´µ
´  ÔÉµ³ µ¸´µ¢ ´¨¨ ¨ ³µ¦´µ Î ¸É¨Î´µ ¸µ£² ¸¨ÉÓ¸Ö ¸ ‚.�.”µ±µ³ ([1], ¸. 306):
®�·µ¨§¢µ²Ó´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ±µµ·¤¨´ É, ¶µ¸·¥¤¸É¢µ³ ±µÉµ·ÒÌ ¢¢µ¤ÖÉ¸Ö
Ë¨±É¨¢´Ò¥ ¶µ²Ö ÉÖ£µÉ¥´¨Ö, ´ ·ÊÏ ÕÉ Ê¸²µ¢¨Ö £ ·³µ´¨Î´µ¸É¨ ¨ ¶·¥¤¥²Ó´Ò¥
Ê¸²µ¢¨Ö. �µÔÉµ³Ê ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ¢¢¥¤¥´¨¥ £ ·³µ´¨Î¥¸±¨Ì ±µµ·¤¨´ É
¨¸±²ÕÎ ¥É ¢¸¥ Ë¨±É¨¢´Ò¥ ¶µ²Ö ÉÖ£µÉ¥´¨Ö¯.

‚µ-¶¥·¢ÒÌ, ¶·µ¨§¢µ²Ó´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö, ± ± ³Ò ¶µ± § ²¨ (¸³. ¤µ¶. A),
¶·¥¢· Ð ÕÉ £ ·³µ´¨Î¥¸±¨¥ Ê¸²µ¢¨Ö ¢ ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ì (8) ¢ µ¡Ð¥±µ-
¢ ·¨ ´É´Ò¥ Ê· ¢´¥´¨Ö (9). ‚µ-¢Éµ·ÒÌ, ¢Ò¡µ· ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É ¤¥°¸É¢¨-
É¥²Ó´µ ¶·¥¢· Ð ¥É Ê· ¢´¥´¨¥ (9) ¢ (8), ¶µ¸±µ²Ó±Ê ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö γναβ
¢ ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ì · ¢´Ò ´Ê²Õ. �¡· Ð¥´¨¥ ¢ ´Ê²Ó ¸¨³¢µ²µ¢ Š·¨-
¸ÉµËË¥²Ö ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ ¤¥°¸É¢¨É¥²Ó´µ Ê¸É· ´Ö¥É ¸¨²Ò ¨´¥·-
Í¨¨, É.¥. ¨¸±²ÕÎ ¥É ¢¸¥ Ë¨±É¨¢´Ò¥ ¶µ²Ö ÉÖ£µÉ¥´¨Ö. „ ²¥¥ ‚.�.”µ± ¶¨Ï¥É
([1], ¸. 475): ®’ ±¨³ µ¡· §µ³, ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨, ¢Ò· ¦ ¥³Ò° ¶·¥-
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µ¡· §µ¢ ´¨Ö³¨ ‹µ·¥´Í , ¢µ§³µ¦¥´ ¨ ¢ ´¥µ¤´µ·µ¤´µ³ ¶·µ¸É· ´¸É¢¥, µ¡Ð¨°
¦¥ ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥¢µ§³µ¦¥´¯. …¸²¨ µ¸É ¢ ÉÓ¸Ö ¢ ·¨³ ´µ¢µ³
¶·µ¸É· ´¸É¢¥,   ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ (�’�) ¤·Ê£µ£µ ¶·µ¸É· ´-
¸É¢  ¨ ´¥É, Éµ ¶¥·¢ Ö Î ¸ÉÓ ÊÉ¢¥·¦¤¥´¨Ö ¶·µÉ¨¢µ·¥Î¨É ¶· ¢¨²Ó´µ³Ê ¢Ò¢µ¤Ê
‚.�.”µ± , ÎÉµ ®¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥É, ¢µµ¡Ð¥ £µ¢µ·Ö, ´¨-
± ±µ° µÉ´µ¸¨É¥²Ó´µ¸É¨¯. �µ ¥¸²¨ ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥, ÎÉµ ‚.�.”µ± Ë ±-
É¨Î¥¸±¨ ¨³¥² ¤¥²µ ¸ ¤¥± ·Éµ¢Ò³¨ (£ ²¨²¥¥¢Ò³¨) ±µµ·¤¨´ É ³¨ ¶·µ¸É· ´¸É¢ 
Œ¨´±µ¢¸±µ£µ, Éµ ÔÉµ ÊÉ¢¥·¦¤¥´¨¥ ¶· ¢¨²Ó´µ, ¶µ¸±µ²Ó±Ê ¶¥·¥Ìµ¤ µÉ µ¤´µ°
¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò ± ¤·Ê£µ° µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨Ö
‹µ·¥´Í . �µ ÔÉµ µ§´ Î ¥É, ÎÉµ ”µ± ¢ ¶µ¨¸± Ì Ë¨§¨Î¥¸±µ° ¨¸É¨´Ò ¢ÒÏ¥²
§  ¶·¥¤¥²Ò �’�. ‚¸¥ ÔÉµ µ¸µ¡µ Ö¸´µ ¢¨¤´µ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ £· -
¢¨É Í¨¨ [3]. ŒÒ ¤ ²¥¥ ¶µ± ¦¥³ ´  ¶·¨³¥·¥ ¶µ²ÊÎ¥´¨Ö ¸É·µ£µ£µ ·¥Ï¥´¨Ö
Ê· ¢´¥´¨° ÉÖ£µÉ¥´¨Ö ¤²Ö µ¤´µ° ¸µ¸·¥¤µÉµÎ¥´´µ° ³ ¸¸Ò ¸ ³ Ë ±É ¨¸¶µ²Ó§µ-
¢ ´¨Ö ¸¨³¢µ²µ¢ Š·¨¸ÉµËË¥²Ö ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ ¶·¨ ´ ¶¨¸ ´¨¨
£ ·³µ´¨Î¥¸±¨Ì Ê¸²µ¢¨° ¢ ¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì.

ˆ´É¥·¢ ² ¢ ·¨³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥ ([1], ¸. 279) ¨³¥¥É ¢¨¤

ds2 = c2V 2dt2 − 1
V 2

dσ2, (12)

£¤¥

dσ2 = F 2d
∗
r
2
+ρ2(dΘ2 + sin2ΘdΦ2). (13)

ˆ´É¥·¢ ² ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ ¢ ¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì ¡Ê¤¥É
· ¢¥´

dΣ2 = c2dt2 − d
∗
r
2
− ∗r

2
(dΘ2 + sin2ΘdΦ2). (14)

�É¸Õ¤  ´¥¶µ¸·¥¤¸É¢¥´´µ ¸²¥¤Ê¥É

γ00 = 1, γ11 = −1, γ22 = − ∗r
2
, γ33 = − ∗r

2
sin2Θ . (15)

ˆ¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¨³¢µ²  Š·¨¸ÉµËË¥²Ö ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ

γλµν =
1
2
γλσ(∂µγνσ + ∂νγµσ − ∂σγµν) , (16)

´ Ìµ¤¨³

γ122 = − ∗r, γ133 = − ∗r sin2Θ, γ212 = γ313 =
1
∗
r
,

γ233 = − sinΘ cosΘ, γ323 = ctgΘ , (17)

¢¸¥ µ¸É ²Ó´Ò¥ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö · ¢´Ò ´Ê²Õ.
�  µ¸´µ¢ ´¨¨ (17) Ê· ¢´¥´¨¥ (9) ¤²Ö ν = 1 ¶·¨´¨³ ¥É ¢¨¤

d

d
∗
r

(
ρ2

F

)
= 2

∗
r F , (18)
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¶·¨ ÔÉµ³ ³Ò Ö¢´µ ¨¸¶µ²Ó§µ¢ ²¨ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö γλµν . ‚¢¥¤Ö ´µ¢ÊÕ
¶¥·¥³¥´´ÊÕ

dr = Fd
∗
r , (19)

Ê· ¢´¥´¨¥ (18) ³µ¦´µ § ¶¨¸ ÉÓ ¢ Ëµ·³¥

d

dr

(
ρ2
d
∗
r

dr

)
= 2

∗
r, (20)

´µ ÔÉµ ± ± · § ¨ ¸µ¢¶ ¤ ¥É ¸ Ê· ¢´¥´¨Ö³¨ (57.14) · ¡µÉÒ ‚.�.”µ±  ([1],
¸. 280). ’ ±¨³ µ¡· §µ³, ”µ± Ë ±É¨Î¥¸±¨ ¨¸¶µ²Ó§Ê¥É ¶·µ¸É· ´¸É¢µ Œ¨´±µ¢-
¸±µ£µ ¢ ¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì (14),   £ ·³µ´¨Î¥¸±µ¥ Ê¸²µ¢¨¥ (8) Å ¢
¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ.

ŒÒ ¶µ²ÊÎ¨²¨ Ê· ¢´¥´¨¥ (20) ´  µ¸´µ¢¥ Ê· ¢´¥´¨Ö ¢ Ëµ·³¥ (9), ±µ£¤  ¶·¨-
Ï²µ¸Ó Ö¢´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ
¢ ¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì. ’µÉ ¦¥ ·¥§Ê²ÓÉ É ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, ¥¸²¨ ¨¸¶µ²Ó-
§µ¢ ÉÓ Ê· ¢´¥´¨¥ ¢ Ëµ·³¥ (10). „¥°¸É¢¨É¥²Ó´µ, ¤²Ö ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ)
±µµ·¤¨´ É ®y¯ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö γλαβ(y) ¢¸¥ · ¢´Ò ´Ê²Õ, ¨ Ê· ¢´¥´¨¥
(10) ¶·¨´¨³ ¥É ¢¨¤

yλ =
1√
−g(z)

∂

∂zν

(
g̃νσ

∂yλ

∂zσ

)
= 0 . (21)

ˆ³¥´´µ É ±µ¥ Ê· ¢´¥´¨¥ ¨¸¶µ²Ó§Ê¥É ‚.�.”µ±. ‘²¥¤Ê¥É µ¸µ¡µ ¶µ¤Î¥·±´ÊÉÓ,
ÎÉµ µ´µ ¢µ§´¨± ¥É Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ¢¸¥ γλαβ(y) · ¢´Ò ´Ê²Õ. �Éµ
µ¡¸ÉµÖÉ¥²Ó¸É¢µ ”µ±µ³ ´¥ ¡Ò²µ µÉ³¥Î¥´µ. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ¢Ò· ¦¥´¨Ö
(12) ¨ (13), ´ Ìµ¤¨³

√
−g =

Fρ2

V 2
sinΘ , g̃00 =

Fρ2

V 4
sinΘ , g̃11 = −ρ2 sinΘ

F
,

g̃22 = −F sinΘ, g̃33 = − F

sinΘ
. (22)

‚ ± Î¥¸É¢¥ zν ¢Ò¡¥·¥³ ¶¥·¥³¥´´Ò¥ z0 = y0 = ct,
∗
r,Θ,Φ. �  µ¸´µ¢ ´¨¨

(22),   É ±¦¥ ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ËÊ´±Í¨¨ V , F ¨

ρ § ¢¨¸ÖÉ Éµ²Ó±µ µÉ
∗
r, Ê· ¢´¥´¨¥ (21) ¶·¨´¨³ ¥É Ëµ·³Ê

1
F

∂

∂
∗
r

(
ρ2

F

∂yi

∂
∗
r

)
+

1
sinΘ

· ∂

∂Θ

(
sinΘ

∂yi

∂Θ

)
+

1
sin2Θ

· ∂
2yi

∂Φ2
= 0 . (23)

‚¢¥¤¥³ ´µ¢ÊÕ ¶¥·¥³¥´´ÊÕ r:

Fd
∗
r= dr ,
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Éµ£¤  Ê· ¢´¥´¨¥ (23) ¶·¨´¨³ ¥É ¢¨¤

∂

∂r

(
ρ2
∂yi

∂r

)
+

1
sinΘ

· ∂

∂Θ

(
sinΘ

∂yi

∂Θ

)
+

1
sin2Θ

· ∂
2yi

∂Φ2
= 0 . (24)

�·Ö³µ° ¶µ¤¸É ´µ¢±µ° ³µ¦´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¸²¥¤ÊÕÐ¨¥ ËÊ´±Í¨¨:

y1(
∗
r,Θ,Φ) =

∗
r (r) sinΘ cosΦ ,

y2(
∗
r,Θ,Φ) =

∗
r (r) sinΘ sinΦ , (25)

y3(
∗
r,Θ,Φ) =

∗
r (r) cos Θ ,

Ê¤µ¢²¥É¢µ·ÖÕÉ (24), ¥¸²¨ Éµ²Ó±µ
∗
r (r) Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö

d

dr

(
ρ2
d
∗
r

dr

)
= 2

∗
r,

É.¥. ¤²Ö
∗
r ³Ò µ¶ÖÉÓ ¶·¨Ï²¨ ± Ê· ¢´¥´¨Õ (20). …¸²¨ ¶·¨ ¶µ²ÊÎ¥´¨¨ Ê· ¢´¥´¨Ö

(20) ¨§ Ê· ¢´¥´¨° (9) ¶·¨Ìµ¤¨É¸Ö ¶·Ö³µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö
¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ, Éµ ¶·¨ ´ Ìµ¦¤¥´¨¨ ÔÉ¨Ì Ê· ¢´¥´¨° ¨§ Ê· ¢´¥-
´¨° (10) ÔÉµÉ Ë ±É ´¥¸±µ²Ó±µ ¸±·ÒÉ ¨ ¶·µÖ¢²Ö¥É¸Ö Éµ²Ó±µ ´  ¸É ¤¨¨ ¢Ò¢µ¤ 
Ê· ¢´¥´¨° (21).

ˆ¤¥¨ ‚.�.”µ±  µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³ ±µµ·¤¨´ É, µ¡
 ¡¸µ²ÕÉ´µ¸É¨ Ê¸±µ·¥´¨Ö ®µÉ´µ¸¨É¥²Ó´µ ¶·µ¸É· ´¸É¢ ¯, µ ´¥µ¡Ìµ¤¨³µ¸É¨ ¶µ-
¸É·µ¥´¨Ö ¶µ²´µ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö, µ Ëµ·³¨´¢ ·¨ ´É-
´µ¸É¨ Ê· ¢´¥´¨° É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í 
ÉµÎ´µ ·¥ ²¨§ÊÕÉ¸Ö ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ £· ¢¨É Í¨¨ (’ƒ) [3]. �·¨ ¶µ-
¸É·µ¥´¨¨ ’ƒ ± ± ±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö ³Ò ¨¸Ìµ¤¨²¨
¨§ ¸²¥¤ÊÕÐ¨Ì µ¡Ð¨Ì Ë¨§¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨°, ¢µ¸Ìµ¤ÖÐ¨Ì ± ÉµÎ±¥ §·¥´¨Ö
�Ê ´± ·¥. �·µ¸É· ´¸É¢µ-¢·¥³Ö µÉ±·Ò¢ ¥É¸Ö ¶ÊÉ¥³ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ¨ § ±µ´µ¢
· §¢¨É¨Ö ³ É¥·¨ ²Ó´µ£µ ³¨· . �·µ¸É· ´¸É¢µ-¢·¥³Ö, ± ± ´¥µÉÑ¥³²¥³ Ö ¸ÊÐ-
´µ¸ÉÓ ³ É¥·¨¨, µÉ· ¦ ¥É µ¡Ð¨¥ ¸¢µ°¸É¢ , ¶·¨¸ÊÐ¨¥ ²Õ¡µ³Ê ¢¨¤Ê ³ É¥·¨¨. ’ -
±¨³¨ µ¡Ð¨³¨ ¸¢µ°¸É¢ ³¨ ³ É¥·¨¨ Ö¢²ÖÕÉ¸Ö ¨´É¥£· ²Ó´Ò¥ § ±µ´Ò ¸µÌ· ´¥´¨Ö
Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¨ ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö. ˆ³¥´´µ µ´¨ ¨ ¶·¥¤µ¶·¥-
¤¥²¨²¨ ¶¸¥¢¤µ¥¢±²¨¤µ¢Ê ¸É·Ê±ÉÊ·Ê ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ ± ± Ê´¨¢¥·¸ ²Ó´ÊÕ.
•µÉÖ ¶¸¥¢¤µ¥¢±²¨¤µ¢  ¸É·Ê±ÉÊ·  ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ ¨ µÉ±·Ò² ¸Ó ¶ÊÉ¥³
¨§ÊÎ¥´¨Ö ¤¢¨¦¥´¨Ö ³ É¥·¨¨ (µ¸µ¡¥´´µ Ô²¥±É·µ³ £´¥É¨§³ ), ´µ ¢ ¸¨²Ê Ê´¨¢¥·-
¸ ²Ó´µ¸É¨ ¨ ´¥§ ¢¨¸¨³µ¸É¨ ¥¥ µÉ Ëµ·³ ³ É¥·¨¨ µ´  ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö
 ¡¸É· ±É´µ, ¢ µÉ·Ò¢¥ µÉ ³ É¥·¨¨, ± ± ¸¢µ¥µ¡· §´ Ö  ·¥´ , ´  Ëµ´¥ ±µÉµ·µ°
¶·µÉ¥± ÕÉ ¢¸¥ Ë¨§¨Î¥¸±¨¥ Ö¢²¥´¨Ö ¶·¨·µ¤Ò. �·¨ É ±µ³ ¶·¥¤¸É ¢²¥´¨¨ ¶¸¥¢-
¤µ¥¢±²¨¤µ¢  ¸É·Ê±ÉÊ·  ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ ± ± ¡Ò ³Ò¸²¥´´µ ¨³¥¥É ³¥¸Éµ ¨
¢ µÉ¸ÊÉ¸É¢¨e ¢¸¥° ³ É¥·¨¨. ’ ±¨³ ¶ÊÉ¥³ ¤µ¸É¨£ ¥É¸Ö µÉ¤¥²¥´¨¥ µ¡Ð¨Ì ¸¢µ°¸É¢
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³ É¥·¨¨, ´ Ï¥¤Ï¨Ì µÉ· ¦¥´¨¥ ¢ ¸É·Ê±ÉÊ·¥ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨, µÉ ¤·Ê£¨Ì
¸¢µ°¸É¢, ¶·¨¸ÊÐ¨Ì ¤ ´´µ³Ê ±µ´±·¥É´µ³Ê ¢¨¤Ê ³ É¥·¨¨.

“´¨¢¥·¸ ²Ó´µ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨¥ ¶µ²Ö (É ±¨¥, ´ ¶·¨³¥·, ± ± ÉÖ£µÉ¥´¨¥),
¨³¥ÕÐ¨¥¸Ö ¢ ¶·¨·µ¤¥, ¢¸¥£¤  ³µ£ÊÉ ´ °É¨ µÉ· ¦¥´¨¥ ¢ ¸É·Ê±ÉÊ·¥ ¶·µ¸É· ´-
¸É¢ -¢·¥³¥´¨, ´µ Ê¦¥ ¢ ¢¨¤¥ ÔËË¥±É¨¢´µ£µ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨, µ¡Ö§ ´´µ£µ
´ ²¨Î¨Õ ¤ ´´µ£µ Ê´¨¢¥·¸ ²Ó´µ£µ ¶µ²Ö.

ˆ³¥´´µ ¢ ’ƒ ÔËË¥±É¨¢´µ¥ ·¨³ ´µ¢µ ¶·µ¸É· ´¸É¢µ ¸µ§¤ ¥É¸Ö ¡² £µ-
¤ ·Ö ¸ÊÐ¥¸É¢µ¢ ´¨Õ Ê´¨¢¥·¸ ²Ó´µ£µ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö ¢ ¶·µ¸É· ´¸É¢¥
Œ¨´±µ¢¸±µ£µ.

…¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¶·µ¸É· ´¸É¢µ-¢·¥³Ö ¨¸±·¨¢²¥´µ ¨ ¢ µÉ¸ÊÉ¸É¢¨e
¢¸¥Ì Ëµ·³ ³ É¥·¨¨, Éµ, ¢ ¶·¨´Í¨¶¥, ´¥¢µ§³µ¦´µ ¸ ÉµÎ±¨ §·¥´¨Ö Ë¨§¨±¨
´ °É¨ ¶·¨Î¨´Ê ÔÉµ° ¨¸±·¨¢²¥´´µ¸É¨, ¶µ¸±µ²Ó±Ê ¡¥§ ³ É¥·¨¨ ´¥É ¨ Ë¨§¨±¨.

‚ µ¸´µ¢Ê ’ƒ ¶µ²µ¦¥´µ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ¨¸ÉµÎ´¨±µ³ £· ¢¨É Í¨µ´-
´µ£µ ¶µ²Ö Ö¢²Ö¥É¸Ö ¸µÌ· ´ÖÕÐ¨°¸Ö É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¢¸¥° ³ É¥·¨¨,
¢±²ÕÎ Ö ¨ £· ¢¨É Í¨µ´´µ¥ ¶µ²¥. ƒ· ¢¨É Í¨µ´´µ¥ ¶µ²¥, ± ± ¨ ¢¸¥ ¤·Ê£¨¥
¶µ²Ö ³ É¥·¨¨, · §¢¨¢ ¥É¸Ö ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ. ƒ· ¢¨É Í¨µ´´µ¥ ¶µ²¥
µ¡² ¤ ¥É ¸¶¨´ ³¨ 2 ¨ 0, ¨, ÎÉµ µ¸µ¡¥´´µ ¸ÊÐ¥¸É¢¥´´µ, µ´µ ¨³¥¥É ³ ¸¸Ê ¶µ±µÖ
mg . ¨³ ´µ¢µ ¶·µ¸É· ´¸É¢µ ¢µ§´¨± ¥É ± ± ÔËË¥±É¨¢´µ¥ ¶·µ¸É· ´¸É¢µ ¨§-§ 
¤¥°¸É¢¨Ö £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö. ‘¨²Ò ¨´¥·Í¨¨ ¨ £· ¢¨É Í¨¨ · §¤¥²¥´Ò: µ´¨
¨³¥ÕÉ · §´ÊÕ ¶·¨·µ¤Ê. �µ²´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ’ƒ µ¡Ð¥±µ¢ ·¨ ´É´  µÉ-
´µ¸¨É¥²Ó´µ ¶·µ¨§¢µ²Ó´ÒÌ ±µµ·¤¨´ É´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¨ Ëµ·³¨´¢ ·¨ ´É´ 
µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í . ‚ ÔÉÊ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ´¥¶µ¸·¥¤-
¸É¢¥´´µ ¢Ìµ¤¨É ³¥É·¨Î¥¸±¨° É¥´§µ· ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ. “· ¢´¥´¨Ö
(9) Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨Ö³¨ Ê· ¢´¥´¨° £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö ¨ Ê· ¢´¥´¨° ¤¢¨-
¦¥´¨Ö ¢¥Ð¥¸É¢ . ‚ ’ƒ ·¥ ²¨§Ê¥É¸Ö ¶·¨´Í¨¶ Œ Ì  Å ¨´¥·Í¨ ²Ó´ Ö ¸¨¸É¥³ 
±µµ·¤¨´ É µ¶·¥¤¥²Ö¥É¸Ö · ¸¶·¥¤¥²¥´¨¥³ ¢¥Ð¥¸É¢  ¨ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö.
‚ ’ƒ Ê¸±µ·¥´¨¥ ¨³¥¥É  ¡¸µ²ÕÉ´Ò° ¸³Ò¸². �·¨ ¢ÒÎ¨¸²¥´¨¨ ÔËË¥±Éµ¢ £· -
¢¨É Í¨¨ ¢ ‘µ²´¥Î´µ° ¸¨¸É¥³¥ ¢ Ê· ¢´¥´¨ÖÌ ’ƒ (¢ £ ²¨²¥¥¢ÒÌ ±µµ·¤¨´ É Ì
¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò) ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢²¨Ö´¨¥³ ³ ¸¸Ò £· ¢¨Éµ´ , ¨ Éµ£¤ 
¶·¨¡²¨¦¥´´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ¸µ¢¶ ¤ ¥É ¸ ¸¨¸É¥³µ° Ê· ¢´¥´¨°, ±µÉµ·ÊÕ
¨§ÊÎ ² ‚.�.”µ±.

¥Ï Ö ÔÉÊ ¸¨¸É¥³Ê Ê· ¢´¥´¨°, ”µ± · §· ¡µÉ ² ¨§ÖÐ´Ò° ¨ ÔËË¥±É¨¢´Ò°
³¥Éµ¤ ´ Ìµ¦¤¥´¨Ö ¶µ¸É´ÓÕÉµ´µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö. �Éµ ¸É ²µ ¢µ§³µ¦´Ò³
¡² £µ¤ ·Ö Ê¤ Î´µ³Ê ¢Ò¡µ·Ê ¢ ± Î¥¸É¢¥ ´¥§ ¢¨¸¨³µ° ¶¥·¥³¥´´µ° ¶²µÉ´µ¸É¨
É¥´§µ·  g̃µν ,   É ±¦¥ ¨¸¶µ²Ó§µ¢ ´¨Õ £ ·³µ´¨Î¥¸±¨Ì Ê¸²µ¢¨° ¢ ¤¥± ·Éµ¢ÒÌ
±µµ·¤¨´ É Ì. ˆ³¥´´µ ¢ ¸¨²Ê ÔÉ¨Ì µ¡¸ÉµÖÉ¥²Ó¸É¢ Î·¥§¢ÒÎ °´µ Ê¶·µ¸É¨²¸Ö
¢¥¸Ó ¢ÒÎ¨¸²¨É¥²Ó´Ò° ¶·µÍ¥¸¸, ¶µ¸±µ²Ó±Ê Ê¦¥ ¢µ ¢Éµ·µ³ ¶·¨¡²¨¦¥´¨¨ ¨§
¢¸¥Ì ¤¥¸ÖÉ¨ ±µ³¶µ´¥´É g̃µν µ¸É ² ¸Ó Éµ²Ó±µ µ¤´  ±µ³¶µ´¥´É  g̃00 [3]. ’ -
±µ¥ ´ °¤¥´´µ¥ É¥Ì´¨Î¥¸±µ¥ Ê¶·µÐ¥´¨¥, µ± §Ò¢ ¥É¸Ö, ± ± ÔÉµ ¢¨¤´µ ¨§ ’ƒ,
¨³¥¥É ¶µ¤ ¸µ¡µ° Ë¨§¨Î¥¸±ÊÕ µ¸´µ¢Ê: ¢µ-¶¥·¢ÒÌ, ¶¥·¥³¥´´ Ö g̃µν ¥¸É¥¸É¢¥´´µ
¢µ§´¨± ¥É ¶·¨ ¶µ¸É·µ¥´¨¨ ’ƒ, ¢µ-¢Éµ·ÒÌ, ¢ ¶¥·¢µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ G ¢¸¥
±µ³¶µ´¥´ÉÒ gµν , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ³Ê ¸É É¨Î¥¸±µ³Ê
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¶µ²Õ, ¸µ§¤ ¢ ¥³µ³Ê É¥²µ³ ³ ¸¸Ò M , µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ ¥¤¨´¸É¢¥´´µ° ±µ³-
¶µ´¥´Éµ° É¥´§µ·  ¢¥Ð¥¸É¢  T 00 [3], ¨ ¨´É¥·¢ ² ÔËË¥±É¨¢´µ£µ ·¨³ ´µ¢  ¶·µ-
¸É· ´¸É¢  ¨³¥¥É ¢¨¤

ds2 = c2
(
1− 2MG

c2r

)
dt2 −

(
1 +

2MG

c2r

)
(dx2 + dy2 + dz2) .

‚²¨Ö´¨¥ ³ ¸¸Ò £· ¢¨Éµ´  ¸ÊÐ¥¸É¢¥´´µ, ±µ£¤  · ¤¨Ê¸ É¥²  ¶·¨¡²¨¦ ¥É¸Ö
± · ¤¨Ê¸Ê ˜¢ ·ÍÏ¨²Ó¤ . ‚ ´¥¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¶·¥´¥¡·¥£ ÉÓ
³ ¸¸µ° £· ¢¨Éµ´  É ±¦¥ ´¥²Ó§Ö. ‡ ³¥É¨³, ÎÉµ ¤ ¦¥ ¥¸²¨ Ëµ·³ ²Ó´µ µ¶Ê¸É¨ÉÓ
³ ¸¸Ê £· ¢¨Éµ´ , Éµ ¸¨¸É¥³  Ê· ¢´¥´¨° ’ƒ ¸µ¢¶ ¤ ¥É ¸ ¸¨¸É¥³µ° Ê· ¢´¥´¨°,
±µÉµ·ÊÕ ¨§ÊÎ ² ‚.�.”µ±, Éµ²Ó±µ ¢ £ ²¨²¥¥¢ÒÌ ±µµ·¤¨´ É Ì ¨´¥·Í¨ ²Ó´µ°
¸¨¸É¥³Ò, ¢ ²Õ¡µ° ¤·Ê£µ° ¸¨¸É¥³¥, ´ ¶·¨³¥· ´¥¨´¥·Í¨ ²Ó´µ°, µ´¨ Ê¦¥ ¸ÊÐ¥-
¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö. �Éµ ¶·µ¨¸Ìµ¤¨É ¶µÉµ³Ê, ÎÉµ ¸¨¸É¥³  Ê· ¢´¥´¨° ”µ±  ´¥
µ¡Ð¥±µ¢ ·¨ ´É´ , Éµ£¤  ± ± ¸¨¸É¥³  Ê· ¢´¥´¨° ’ƒ µ¡Ð¥±µ¢ ·¨ ´É´ . ’ƒ
¨§³¥´Ö¥É ¶·¥¤¸É ¢²¥´¨Ö µ¡ Ô¢µ²ÕÍ¨¨ ‚¸¥²¥´´µ° ¨ ±µ²² ¶¸¥. ‚¢¥¤¥´¨¥ ³ ¸¸Ò
£· ¢¨Éµ´  ¨³¥¥É ¶·¨´Í¨¶¨ ²Ó´µ¥ §´ Î¥´¨¥ ¤²Ö ¤ ´´µ° É¥µ·¨¨, ¶µ¸±µ²Ó±Ê
Éµ²Ó±µ ¸ ¥¥ ¢¢¥¤¥´¨¥³ ¢µ§³µ¦´µ ¶µ¸É·µ¥´¨¥ É¥µ·¨¨, ¢ ±µÉµ·µ° £· ¢¨É Í¨µ´-
´µ¥ ¶µ²¥ · ¸¸³ É·¨¢ ¥É¸Ö ± ± Ë¨§¨Î¥¸±µ¥ ¶µ²¥ ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ.
�µ²¥¢Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ É·¥¡ÊÕÉ ¢¢¥¤¥´¨Ö ³ ¸¸Ò £· ¢¨Éµ´ 
¨, ± ± ¸²¥¤¸É¢¨¥, ¢ Ê· ¢´¥´¨ÖÌ ’ƒ ¶µÖ¢²Ö¥É¸Ö ¨ ³¥É·¨Î¥¸±¨° É¥´§µ· ¶·µ-
¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ. ˆ³¥´´µ ÔÉµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶µ§¢µ²Ö¥É Ë¨±¸¨·µ¢ ÉÓ
¨´¥·Í¨ ²Ó´ÊÕ ¸¨¸É¥³Ê ¨ É¥³ ¸ ³Ò³ Ê¸É ´µ¢¨ÉÓ ¸¢Ö§Ó ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò
¸ · ¸¶·¥¤¥²¥´¨¥³ ¢¥Ð¥¸É¢  ¨ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö, É.¥. ·¥ ²¨§µ¢ ÉÓ ¶·¨´Í¨¶
Œ Ì : ¨´¥·Í¨ ²Ó´ Ö ¸¨¸É¥³  µ¶·¥¤¥²Ö¥É¸Ö · ¸¶·¥¤¥²¥´¨¥³ ³ É¥·¨¨. 5¥§ ¢¥-
Ð¥¸É¢  ´¥ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ £· ¢¨É Í¨µ´´µ¥ ¶µ²¥. � ²¨Î¨¥ ¢ Ê· ¢´¥´¨ÖÌ
’ƒ ³¥É·¨Î¥¸±µ£µ É¥´§µ·  ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ ¶µ§¢µ²Ö¥É µ¤´µ§´ Î-
´Ò³ µ¡· §µ³ ¢ÒÎ¨¸²¨ÉÓ £· ¢¨É Í¨µ´´Ò° ÔËË¥±É. ‘µ£² ¸´µ ’ƒ ¨´¥·Í¨-
 ²Ó´Ò¥ ¸¨¸É¥³Ò É ± ¦¥, ± ± ¢ ¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨, ¨³¥ÕÉ
 ¡¸µ²ÕÉ´Ò° ¸³Ò¸².

’ƒ ¢µ§¢· Ð ¥É ¢ Ë¨§¨±Ê ¨´¥·Í¨ ²Ó´Ò¥ ¸¨¸É¥³Ò ±µµ·¤¨´ É, ±µÉµ·Ò¥
¡Ò²¨ µÉ¢¥·£´ÊÉÒ �’�, É ± ± ± ¢ ÔÉµ° É¥µ·¨¨ µ´¨ ´¥ ¸ÊÐ¥¸É¢ÊÕÉ. �°´ÏÉ¥°´ ¢
1955 £. ¶¨¸ ²: ®‘ÊÐ¥¸É¢¥´´µ¥ ¤µ¸É¨¦¥´¨¥ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨
§ ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ µ´  ¨§¡ ¢¨²  Ë¨§¨±Ê µÉ ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢µ¤¨ÉÓ
®¨´¥·Í¨ ²Ó´ÊÕ ¸¨¸É¥³Ê¯ (¨²¨ ®¨´¥·Í¨ ²Ó´Ò¥ ¸¨¸É¥³Ò¯)¯. ˆ´¥·Í¨ ²Ó´Ò¥
¸¨¸É¥³Ò ¢ ’ƒ ¢µ§´¨± ÕÉ ¨§-§  · ¸¸³µÉ·¥´¨Ö £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö ± ± Ë¨-
§¨Î¥¸±µ£µ ¶µ²Ö, · §¢¨¢ ÕÐ¥£µ¸Ö, ± ± ¨ ¢¸¥ ¤·Ê£¨¥ ¶µ²Ö ³ É¥·¨¨, ¢ ¶·µ¸É· ´-
¸É¢¥ Œ¨´±µ¢¸±µ£µ. 5² £µ¤ ·Ö ÔÉµ³Ê ¶µ²Õ ¨ ¸µ§¤ ¥É¸Ö ÔËË¥±É¨¢´µ¥ ·¨³ ´µ¢µ
¶·µ¸É· ´¸É¢µ ¶µ²¥¢µ£µ ¶·µ¨¸Ìµ¦¤¥´¨Ö. �·¨ É ±µ³ ¶µ¤Ìµ¤¥ ¶µ²´µ¸ÉÓÕ ¸µ-
Ì· ´Ö¥É¸Ö ¤¥¸ÖÉ¨¶ · ³¥É·¨Î¥¸± Ö £·Ê¶¶  ¤¢¨¦¥´¨Ö ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ Å
£·Ê¶¶  �Ê ´± ·¥. ˆ³¥´´µ ¶µÔÉµ³Ê ¢ É¥µ·¨¨ ¨³¥ÕÉ ³¥¸Éµ § ±µ´Ò ¸µÌ· ´¥´¨Ö
Ô´¥·£¨¨-¨³¶Ê²Ó¸ , ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö ¢¥Ð¥¸É¢  ¨ £· ¢¨É Í¨µ´´µ£µ
¶µ²Ö ¢³¥¸É¥ ¢§ÖÉÒÌ. ‘¶¥Í¨ ²Ó´ Ö É¥µ·¨Ö µÉ´µ¸¨É¥²Ó´µ¸É¨ ÉµÎ´µ ¢Ò¶µ²´Ö¥É¸Ö
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¤²Ö ¢¸¥Ì Ë¨§¨Î¥¸±¨Ì ¶µ²¥°, ¢ Éµ³ Î¨¸²¥ ¨ ¤²Ö £· ¢¨É Í¨µ´´µ£µ. �µÔÉµ³Ê
¸²µ¢µ ®¸¶¥Í¨ ²Ó´ Ö¯ ³µ¦´µ ¡Ò²µ ¡Ò µ¶Ê¸É¨ÉÓ ¨ ¶¨¸ ÉÓ ¶·µ¸Éµ Å É¥µ·¨Ö
µÉ´µ¸¨É¥²Ó´µ¸É¨, ¶µ´¨³ Ö ¶µ¤ ÔÉ¨³ Ëµ·³¨´¢ ·¨ ´É´µ¸ÉÓ Ê· ¢´¥´¨° µÉ´µ¸¨-
É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í . 5µ²¥¥ µ¡Ð¥£µ ¶·¨´Í¨¶  µÉ´µ¸¨É¥²Ó´µ¸É¨,
Î¥³ ÔÉµÉ, ¡ÒÉÓ ´¥ ³µ¦¥É. �¥·¥°¤¥³ É¥¶¥·Ó ± ¨§ÊÎ¥´¨Õ Ô¢µ²ÕÍ¨¨ ‚¸¥²¥´´µ°
¨ ±µ²² ¶¸ .

‘µ£² ¸´µ ’ƒ µ¤´µ·µ¤´ Ö ¨ ¨§µÉ·µ¶´ Ö ‚¸¥²¥´´ Ö Ö¢²Ö¥É¸Ö ®¶²µ¸±µ°¯ ¨
· §¢¨¢ ¥É¸Ö Í¨±²¨Î¥¸±¨ µÉ ´¥±µÉµ·µ° ³ ±¸¨³ ²Ó´µ° ¶²µÉ´µ¸É¨ ¤µ ³¨´¨³ ²Ó-
´µ° ¨ É.¤. „²Ö µ¤´µ·µ¤´µ° ¨§µÉ·µ¶´µ° ‚¸¥²¥´´µ° Ê· ¢´¥´¨Ö ’ƒ ¢ £ ²¨²¥¥¢ÒÌ
±µµ·¤¨´ É Ì ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò ¶·¨´¨³ ÕÉ ¢¨¤(

1
R

dR

dτ

)2
=

8πG
3

ρ(τ) − ω

R6

(
1− 3R4

R4max
+ 2R6

)
, (26)

1
R

d2R

dτ2
= −4πG

3

(
ρ+

p

c2

)
− 2ω

(
1− 1

R6

)
. (27)

‡¤¥¸Ó G Å £· ¢¨É Í¨µ´´ Ö ¶µ¸ÉµÖ´´ Ö, R Å ³ ¸ÏÉ ¡´Ò° Ë ±Éµ·,

ω =
1
12

(
mgc

2

�

)2
. (28)

ˆ§ Ê· ¢´¥´¨Ö (26) ¢¨¤´µ, ÎÉµ ¶·¨ Ê³¥´ÓÏ¥´¨¨ R µÉ·¨Í É¥²Ó´Ò° Î²¥´ ω
R6 ¢

¶· ¢µ° Î ¸É¨ Ê· ¢´¥´¨Ö · ¸É¥É ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¡Ò¸É·¥¥, Î¥³ ¶²µÉ-
´µ¸ÉÓ ¢¥Ð¥¸É¢  ¤²Ö · ¤¨ Í¨µ´´µ-¤µ³¨´ ´É´µ° ¸É ¤¨¨. �µ, É ± ± ± ²¥¢ Ö Î ¸ÉÓ
Ê· ¢´¥´¨Ö (26) ¶µ²µ¦¨É¥²Ó´ , ¸¦ É¨¥ ¤µ²¦´µ µ¸É ´µ¢¨ÉÓ¸Ö ¶·¨ ´¥±µÉµ·µ³
³¨´¨³ ²Ó´µ³ §´ Î¥´¨¨ Rmin, µÉ¢¥Î ÕÐ¥³ §´ Î¥´¨Õ dR

dτ = 0. �·¨ Ê¢¥²¨Î¥-
´¨¨ R µÉ·¨Í É¥²Ó´Ò° Î²¥´ ω ¢ ¶· ¢µ° Î ¸É¨ Ê· ¢´¥´¨Ö ¸É ´µ¢¨É¸Ö ¡µ²ÓÏ¥,
Î¥³ ¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ´  ¸É ¤¨¨ ¤µ³¨´ ´É´µ¸É¨ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ³ É¥-
·¨¨, ¶µÔÉµ³Ê ¢ ¸¨²Ê ¶µ²µ¦¨É¥²Ó´µ° ²¥¢µ° Î ¸É¨ Ê· ¢´¥´¨Ö (26) ¶·µ¨§µ°¤¥É
µ¸É ´µ¢±  · ¸Ï¨·¥´¨Ö ¶·¨ §´ Î¥´¨¨ Rmax, µÉ¢¥Î ÕÐ¥³ §´ Î¥´¨Õ dR

dτ = 0.
’ ±¨³ µ¡· §µ³, µ¤´µ·µ¤´ Ö ¨ ¨§µÉ·µ¶´ Ö ‚¸¥²¥´´ Ö · §¢¨¢ ¥É¸Ö Í¨±²¨-
Î¥¸±¨ µÉ ´¥±µÉµ·µ° ³ ±¸¨³ ²Ó´µ° ¶²µÉ´µ¸É¨ ¢¥Ð¥¸É¢  ¤µ ³¨´¨³ ²Ó´µ° ρmin,
· ¢´µ°

ρmin =
1

16πG

(
mgc

2

�

)2
, (29)

mg Å ³ ¸¸  £· ¢¨Éµ´ , § É¥³ µ¶ÖÉÓ ¤µ ³ ±¸¨³ ²Ó´µ° ¨ É.¤. �É¸Õ¤  ¸²¥¤Ê¥É,
ÎÉµ ´¨± ±µ£µ �µ²ÓÏµ£µ ¢§·Ò¢ , ¢ ¶·¨´Í¨¶¥, ´¥ ³µ£²µ ¡ÒÉÓ. ˆ§ Ê· ¢´¥´¨Ö
(26) ¶·¨ R >> 1 ¸²¥¤Ê¥É, ÎÉµ ¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ¢µ ‚¸¥²¥´´µ° · ¢´ 

ρ(τ) = ρc(τ) +
1

16πG

(
mgc

2

�

)2
. (30)
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‡¤¥¸Ó ρc(τ)Å ±·¨É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ, µ¶·¥¤¥²Ö¥³ Ö ®¶µ¸ÉµÖ´´µ°¯ • ¡¡² H :

ρc(τ) =
3H2(τ)
8πG

, H(τ) =
1
R
· dR
dτ

. (31)

‚Ìµ¤ÖÐ Ö ¢ Ê· ¢´¥´¨¥ (26) ¢¥²¨Î¨´  Rmax ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ³ ±-
¸¨³ ²Ó´ÊÕ ¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ¢µ ‚¸¥²¥´´µ°:

R4max =
1
8E

(
mgc

2

�

)2
, (32)

£¤¥ E · ¢´µ

E = 7, 4 · 104 ·


(
mgc

2

�

)10
(16πG)2ρmax


1/3

, (33)

ρmax Å Ë ±É¨Î¥¸±¨ Ö¢²Ö¥É¸Ö ¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö. ˆ§ Ê· ¢´¥´¨° (26) ¨ (27)
³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ¶ · ³¥É·  § ³¥¤²¥´¨Ö ‚¸¥²¥´´µ° q(τ). � 
¸µ¢·¥³¥´´µ° ¸É ¤¨¨ ¤µ³¨´ ´É´µ¸É¨ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ³ É¥·¨¨ (¤ ¢²¥´¨¥ p
· ¢´µ ´Ê²Õ)

q(τ) = − 1
H2

· R̈
R

=
1
2
+

1
4H2

(
mgc

2

�

)2
. (34)

‘µµÉ´µÏ¥´¨¥ (34) ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²¨ÉÓ ³ ¸¸Ê £· ¢¨Éµ´  mg ¶µ ¤¢Ê³
´ ¡²Õ¤ ¥³Ò³ ¢¥²¨Î¨´ ³ H ¨ q. �´  µ± §Ò¢ ¥É¸Ö µ£· ´¨Î¥´  ¸²¥¤ÊÕÐ¨³
´¥· ¢¥´¸É¢µ³ [4]:

mg ≤ 4, 5 · 10−66£ . (35)

�  µ¸´µ¢ ´¨¨ (30) ¨ (35) ¢¨¤´µ, ÎÉµ ¸µ¢·¥³¥´´ Ö ¶²µÉ´µ¸ÉÓ ρ(τ) ¡²¨§± 
± ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ ρc, µ¶·¥¤¥²Ö¥³µ° ®¶µ¸ÉµÖ´´µ°¯ • ¡¡² . �É¸Õ¤ 
¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ¸²¥¤Ê¥É ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢µ ‚¸¥²¥´´µ° ¡µ²ÓÏµ° ¸±·ÒÉµ°
³ ¸¸Ò ®É¥³´µ° ³ É¥·¨¨¯, ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ ¸µ¢·¥³¥´´Ò³¨ ´ ¡²Õ¤ É¥²Ó´Ò³¨
¤ ´´Ò³¨. ‚·¥³Ö · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´µ° µÉ ³ ±¸¨³ ²Ó´µ° ¶²µÉ´µ¸É¨ ρmax ¤µ
³¨´¨³ ²Ó´µ° ρmin µ¶·¥¤¥²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ ¸É ¤¨¥° ¤µ³¨´ ´É´µ¸É¨ ´¥·¥²Ö-
É¨¢¨¸É¸±µ° ³ É¥·¨¨ ¨ · ¢´µ [5]

τmax =

√
2
3
· π�

mgc2
. (36)

‘ ÉµÎ±¨ §·¥´¨Ö ’ƒ ±· ¸´µ¥ ¸³¥Ð¥´¨¥ ¶·µ¨¸Ìµ¤¨É ´¥ ¨§-§  ÔËË¥±É  „µ¶-
²¥· ,   ¢¸²¥¤¸É¢¨¥ ¨§³¥´¥´¨Ö £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö ¢µ ¢·¥³¥´¨, ¶µ¸±µ²Ó±Ê
¢¥Ð¥¸É¢µ ‚¸¥²¥´´µ° ¶µ±µ¨É¸Ö ¢ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É. ˆ´¥·-
Í¨ ²Ó´ Ö ¸¨¸É¥³  ¢Ò¤¥²¥´  ¸ ³µ° �·¨·µ¤µ°. ‘²¥¤Ê¥É É ±¦¥ µÉ³¥É¨ÉÓ, ÎÉµ, ¢
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µÉ²¨Î¨¥ µÉ �’�, ¸µ£² ¸´µ ’ƒ £· ¢¨É Í¨µ´´µ¥ ¶µ²¥ ´¥ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ
¡¥§ ¶µ·µ¦¤ ÕÐ¥£µ ¥£µ ¢¥Ð¥¸É¢ . �µ¤ ¢¥Ð¥¸É¢µ³ ¨³¥¥É¸Ö ¢ ¢¨¤Ê ¢¸Ö ³ É¥·¨Ö,
§  ¨¸±²ÕÎ¥´¨¥³ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö.

�¥·¥°¤¥³ ± · ¸¸³µÉ·¥´¨Õ ±µ²² ¶¸ . ‘µ£² ¸´µ ’ƒ ±µ²² ¶¸ ´¥¢µ§³µ¦¥´,
  ¶µÔÉµ³Ê ´¥ ³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ ¨ ®Î¥·´Ò¥ ¤Ò·Ò¯. ‘¨ÉÊ Í¨Ö §¤¥¸Ó ± ·¤¨-
´ ²Ó´µ µÉ²¨Î ¥É¸Ö µÉ �’�, ¶µ¸±µ²Ó±Ê ¨§-§  ´ ²¨Î¨Ö ³ ¸¸Ò £· ¢¨Éµ´  ·¥Ï¥-
´¨¥ Ê· ¢´¥´¨° ’ƒ ¢ µ¡² ¸É¨, ¡²¨§±µ° ± ¸Ë¥·¥ ˜¢ ·ÍÏ¨²Ó¤ , ¸ÊÐ¥¸É¢¥´´µ
µÉ²¨Î ¥É¸Ö µÉ ·¥Ï¥´¨Ö ˜¢ ·ÍÏ¨²Ó¤ . „²Ö ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ£µ ¸É -
É¨Î¥¸±µ£µ É¥²  ¨´É¥·¢ ² ¢ ÔËË¥±É¨¢´µ³ ·¨³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¨³¥¥É ¢¨¤

ds2 = U(z)dt2 − V (z)dz2 − z2(dΘ2 + sin2ΘdΦ2). (37)

…¸²¨ ¶¥·¥°É¨ ¢ ¸¨´Ì·µ´´ÊÕ ¸¨¸É¥³Ê ¸¢µ¡µ¤´µ ¶ ¤ ÕÐ¨Ì ¶·µ¡´ÒÌ Î ¸É¨Í,
¨³¥ÕÐ¨Ì ´  ¡¥¸±µ´¥Î´µ¸É¨ ´Ê²¥¢ÊÕ ¸±µ·µ¸ÉÓ, ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨°

τ = t+
∫

dz

[
V (1− U)

U

]1/2
, R = t+

∫
dz

[
V

U(1− U)

]1/2
, (38)

Éµ ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¨´É¥·¢ ² :

ds2 = dτ2 − (1− U)dR2 − z2(dΘ2 + sin2ΘdΦ2) . (39)

 ¤¨ ²Ó´ Ö ¸±µ·µ¸ÉÓ Î ¸É¨ÍÒ, ¶ ¤ ÕÐ¥° ¢¤µ²Ó · ¤¨Ê¸ , · ¢´ 

dz

dτ
= −
√

1− U

UV
. (40)

„²Ö ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ£µ ¸É É¨Î¥¸±µ£µ É¥²  ³¥É·¨Î¥¸±¨¥ ±µÔËË¨-
Í¨¥´ÉÒ ·¨³ ´µ¢  ¶·µ¸É· ´¸É¢  ¨³¥ÕÉ ¢ µ¡² ¸É¨, ¡²¨§±µ° ± ¸Ë¥·¥ ˜¢ ·Í-
Ï¨²Ó¤ , ¸²¥¤ÊÕÐ¨° ¢¨¤ [6]:

U(z) =
z − zg
z

+ qm2
gM

2, V (z) =
z

z − zg
. (41)

‡¤¥¸Ó q Å ´¥±µÉµ· Ö ¶µ²µ¦¨É¥²Ó´ Ö ¶µ¸ÉµÖ´´ Ö. �µ¤¸É ¢²ÖÖ (41) ¢ (40),
¶µ²ÊÎae³

dz

dτ
� − 1

√
qmgM

√
z − zg
z

. (42)

�É¸Õ¤  µÎ¥¢¨¤´µ, ÎÉµ ´ ²¨Î¨¥ ³ ¸¸Ò £· ¢¨Éµ´  mg ¶·¨¢µ¤¨É ± Ö¢²¥´¨Õ µÉ-
É ²±¨¢ ´¨Ö Î ¸É¨Í ¢¥Ð¥¸É¢  µÉ ¸Ë¥·Ò, ¡²¨§±µ° ± ¸Ë¥·¥ ˜¢ ·ÍÏ¨²Ó¤ . ’µÎ± 
z = zg Ö¢²Ö¥É¸Ö ÉµÎ±µ° ¶µ¢µ·µÉ . ‘Ë¥·  · ¤¨Ê¸  z = zg ¸É ´µ¢¨É¸Ö ¸¨´£Ê²Ö·-
´µ°, ¶·¨Î¥³ ÔÉÊ µ¸µ¡¥´´µ¸ÉÓ ´¥²Ó§Ö Ê¸É· ´¨ÉÓ ¢Ò¡µ·µ³ ¸¨¸É¥³Ò ±µµ·¤¨´ É.
�µ¸±µ²Ó±Ê ¢´¥Ï´¥¥ ·¥Ï¥´¨¥ ´¥µ¡Ìµ¤¨³µ ¸Ï¨ÉÓ ¸ ¢´ÊÉ·¥´´¨³ ·¥Ï¥´¨¥³, Éµ
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ÔÉµ µ§´ Î ¥É, ÎÉµ ¸Ë¥·  ¸ · ¤¨Ê¸µ³ z = zg ´¥ ³µ¦¥É ´ Ìµ¤¨ÉÓ¸Ö ¢´¥ ¢¥Ð¥¸É¢ .
‚ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ´¥¢µ§³µ¦´µ ¡Ò²µ ¡Ò µ¸ÊÐ¥¸É¢¨ÉÓ ¸Ï¨¢ ´¨¥ ·¥Ï¥´¨°.

‘ ÉµÎ±¨ §·¥´¨Ö �’� µ¡Ñ¥±ÉÒ ¡µ²ÓÏ¨Ì ³ ¸¸ (M > 3M
), ¥¸²¨ ¶·¨ Ô¢µ-
²ÕÍ¨¨ µ´¨ ´¥ ¶µÉ¥·Ö²¨ §´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ ³ ¸¸Ò, µ¡Ö§ É¥²Ó´µ ¤µ²¦´Ò ¸É ÉÓ
®Î¥·´Ò³¨ ¤Ò· ³¨¯. �·¨ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ°  ±±·¥Í¨¨ ¢¥Ð¥¸É¢  ´ 
®Î¥·´ÊÕ ¤Ò·Ê¯ ²¨ÏÓ ´¥¡µ²ÓÏ Ö Î ¸ÉÓ ³ ¸¸Ò ¶µ±µÖ ¶ ¤ ÕÐ¥£µ ¢¥Ð¥¸É¢  ³µ-
¦¥É ¨¤É¨ ´  ¨§²ÊÎ¥´¨¥, ¶µ¸±µ²Ó±Ê ± ¦¤ Ö Î ¸É¨Í  ¢¥Ð¥¸É¢ , ¶ ¤ Ö, Ê´µ¸¨É ¢¸Õ
Ô´¥·£¨Õ ¢ ®Î¥·´ÊÕ ¤Ò·Ê¯. ‘ ÉµÎ±¨ §·¥´¨Ö ’ƒ ®Î¥·´Ò¥ ¤Ò·Ò¯, ¢ ¶·¨´Í¨¶¥,
´¥¢µ§³µ¦´Ò,   ¶µÔÉµ³Ê µ¡Ñ¥±ÉÒ ¡µ²ÓÏ¨Ì ³ ¸¸, ¢¸É·¥Î ÕÐ¨¥¸Ö ¢ ¶·¨·µ¤¥ ¨
´ Ìµ¤ÖÐ¨¥¸Ö ´  § ±²ÕÎ¨É¥²Ó´µ° ¸É ¤¨¨ Ô¢µ²ÕÍ¨¨, ´¥ Ö¢²ÖÕÉ¸Ö ®Î¥·´Ò³¨ ¤Ò-
· ³¨¯. ‚Ò¤¥²¥´¨¥ Ô´¥·£¨¨ ¶·¨  ±±·¥Í¨¨ ¢¥Ð¥¸É¢  ´  É ±¨¥ µ¡Ñ¥±ÉÒ ¸¢Ö§ ´µ
¸ ¶ ¤¥´¨¥³ ¢¥Ð¥¸É¢  ´  ¶µ¢¥·Ì´µ¸ÉÓ µ¡Ñ¥±É , É.¥. ¢ ÔÉµ³ ¸²ÊÎ ¥ ¤¥°¸É¢Ê¥É ÉµÉ
¦¥ ³¥Ì ´¨§³ ¢Ò¤¥²¥´¨Ö Ô´¥·£¨¨, ÎÉµ ¨ ¶·¨  ±±·¥Í¨¨ ¢¥Ð¥¸É¢  ´  ´¥°É·µ´´ÊÕ
§¢¥§¤Ê. �Éµ µ§´ Î ¥É, ÎÉµ ¨ ¶·¨ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ°  ±±·¥Í¨¨ ¤µ²¦´µ
¡ÒÉÓ §´ Î¨É¥²Ó´µ¥ ¢Ò¤¥²¥´¨¥ Ô´¥·£¨¨. �·¨ ÔÉµ³, ±µ´¥Î´µ, ´¥µ¡Ìµ¤¨³µ ÊÎ¨-
ÉÒ¢ ÉÓ Ê³¥´ÓÏ¥´¨¥ Ê´µ¸¨³µ° Ô´¥·£¨¨ ¨§-§  ±· ¸´µ£µ ¸³¥Ð¥´¨Ö.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶µ¸±µ²Ó±Ê ÔËË¥±É¨¢´µ¥ ·¨³ ´µ¢µ ¶·µ¸É· ´¸É¢µ ¢
’ƒ ¢µ§´¨± ¥É ´  µ¸´µ¢¥ Ë¨§¨Î¥¸±µ£µ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö, ±µÉµ·µ¥ µ¶¨¸Ò-
¢ ¥É¸Ö ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ, Éµ µÉ¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ µ´µ ¨³¥¥É ¶·µ-
¸ÉÊÕ Éµ¶µ²µ£¨Õ ¨ µ¶·¥¤¥²Ö¥É¸Ö ¢ µ¤´µ° ± ·É¥. ‚ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ‚.�.”µ± ,
¤ ¦¥ ¤²Ö µ¸É·µ¢´ÒÌ ¸¨¸É¥³, ËÊ´¤ ³¥´É ²Ó´ Ö ·µ²Ó Ê¸²µ¢¨Ö £ ·³µ´¨Î´µ¸É¨ ¢
¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ì ¸±µ·¥¥ ¡Ò²  ¨´ÉÊ¨É¨¢´µ Ê£ ¤ ´ , Î¥³ ¤µ± § ´ .

‚µ-¶¥·¢ÒÌ, Ê¸²µ¢¨¥ £ ·³µ´¨Î´µ¸É¨ ¢µ§´¨±²µ ± ± É¥Ì´¨Î¥¸±µ¥ ¸·¥¤¸É¢µ,
Ê¶·µÐ ÕÐ¥¥ Ê· ¢´¥´¨Ö ƒ¨²Ó¡¥·É Å�°´ÏÉ¥°´ . �µ ÔÉµ Ê¶·µÐ¥´¨¥ ¤µ¸É¨£ -
¥É¸Ö ¢ ²Õ¡ÒÌ ±·¨¢µ²¨´¥°´ÒÌ ±µµ·¤¨´ É Ì ·¨³ ´µ¢  ¶·µ¸É· ´¸É¢ . �µÎ¥³Ê
¨Ì ´¥µ¡Ìµ¤¨³µ § ¶¨¸Ò¢ ÉÓ ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì? ‚¥¤Ó
É ±¨Ì ±µµ·¤¨´ É ¢ ·¨³ ´µ¢µ³ ¶·µ¸É· ´¸É¢¥ ´¥É. ‡¤¥¸Ó ¶·µÖ¢¨² ¸Ó £²Ê¡µ-
± Ö Ë¨§¨Î¥¸± Ö ¨´ÉÊ¨Í¨Ö ‚.�.”µ± , µ¸´µ¢ ´´ Ö ´  Ö¸´µ³ ¶µ´¨³ ´¨¨, ÎÉµ
Ê¸±µ·¥´¨¥  ¡¸µ²ÕÉ´µ, µ´µ ´¥ ³µ¦¥É ¡ÒÉÓ µÉ´µ¸¨É¥²Ó´Ò³. ˆ³¥´´µ ¶µÔÉµ³Ê
¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ”µ± , ¶µ ±· °´¥° ³¥·¥ ¤²Ö µ¸É·µ¢´ÒÌ ¸¨¸É¥³, ¢µ§´¨±²¨
¶·¨¢¨²¥£¨·µ¢ ´´Ò¥ ¸¨¸É¥³Ò ±µµ·¤¨´ É, ¶µ¤µ¡´Ò¥ É¥³, ± ±¨¥ ¨³¥ÕÉ ³¥¸Éµ
¢ ¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. ” ±É¨Î¥¸±¨ ‚.�.”µ± ¨³¥² ¤¥²µ ¸
¶·µ¸É· ´¸É¢µ³ Œ¨´±µ¢¸±µ£µ ¢ £ ²¨²¥¥¢ÒÌ ±µµ·¤¨´ É Ì.

‚µ-¢Éµ·ÒÌ, ¶µÎ¥³Ê ´¥²Ó§Ö ¡Ò²µ ¡Ò ¢§ÖÉÓ ¢³¥¸Éµ Ê¸²µ¢¨° £ ·³µ´¨Î´µ¸É¨
± ±¨¥-²¨¡µ ¤·Ê£¨¥ Ê¸²µ¢¨Ö ¨ § ¶¨¸ ÉÓ ¨Ì É ±¦¥ ¢ ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ì?
�µÎ¥³Ê ¨³¥´´µ Ê¸²µ¢¨Ö £ ·³µ´¨Î´µ¸É¨ ¢ ¤¥± ·Éµ¢ÒÌ ±µµ·¤¨´ É Ì ¶·¨µ¡·¥-
É ÕÉ ¢ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ‚.�.”µ±  ËÊ´¤ ³¥´É ²Ó´ÊÕ ·µ²Ó? �´¨ ¢¥¤Ó ´¥
Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨Ö³¨ ¶·¨´Í¨¶  ´ ¨³¥´ÓÏ¥£µ ¤¥°¸É¢¨Ö, µ´¨ ¶·¨¢´µ¸ÖÉ¸Ö ¸µ
¸Éµ·µ´Ò. ˆ³¥´´µ ¶µÔÉµ³Ê ”µ± ´¥ ¸Î¨É ² £ ·³µ´¨Î¥¸±¨¥ Ê¸²µ¢¨Ö Ê´¨¢¥·-
¸ ²Ó´Ò³¨. �´ µ¸µ¡µ µÉ³¥Î ², ÎÉµ ®£ ·³µ´¨Î¥¸±¨¥ ±µµ·¤¨´ ÉÒ ¸ÊÐ¥¸É¢ÊÕÉ
´¥ ¤²Ö ²Õ¡ÒÌ · ¸¶·¥¤¥²¥´¨° ³ ¸¸¯. ‚¸¥ ÔÉµ ¶·µÖ¸´Ö¥É¸Ö ¢ ’ƒ, £¤¥ µ¡Ð¥±µ-
¢ ·¨ ´É´Ò¥ Ê· ¢´¥´¨Ö (9) ÉµÎ´µ ¸²¥¤ÊÕÉ ¨§ ¶·¨´Í¨¶  ´ ¨³¥´ÓÏ¥£µ ¤¥°¸É¢¨Ö
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± ± ¶µ²¥¢Ò¥ Ê· ¢´¥´¨Ö. �´¨ Ê´¨¢¥·¸ ²Ó´Ò ¨ ¸¶· ¢¥¤²¨¢Ò ¤²Ö ²Õ¡µ£µ · ¸-
¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢ . ‚ ÔÉµ³ ¨Ì µÉ²¨Î¨¥ µÉ £ ·³µ´¨Î¥¸±¨Ì Ê¸²µ¢¨°, ±µÉµ·Ò¥
‚.�.”µ± ¶·¨³¥´Ö² Éµ²Ó±µ ¤²Ö µ¸É·µ¢´ÒÌ ¸¨¸É¥³. “· ¢´¥´¨Ö (9) ¨¸±²ÕÎ ÕÉ
¨§ É¥´§µ·´µ£µ £· ¢¨É Í¨µ´´µ£µ ¶µ²Ö ¶·¥¤¸É ¢²¥´¨Ö ¸µ ¸¶¨´ ³¨ 1 ¨ 0′ ¨ µ¸É ¢-
²ÖÕÉ ¶·¥¤¸É ¢²¥´¨Ö ¸µ ¸¶¨´ ³¨ 2 ¨ 0. ‚ ’ƒ ¸¨²Ò ¨´¥·Í¨¨ ¨ £· ¢¨É Í¨¨
· §¤¥²¥´Ò, µ´¨ ¸µ¢¥·Ï¥´´µ · §´µ° ¶·¨·µ¤Ò. ‘¨²Ò ¨´¥·Í¨¨ ³µ¦´µ Ê´¨ÎÉµ-
¦¨ÉÓ ¢Ò¡µ·µ³ ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É, Éµ£¤  ± ± £· ¢¨É Í¨µ´´µ¥
¶µ²¥ ± ± Ë¨§¨Î¥¸±ÊÕ ·¥ ²Ó´µ¸ÉÓ ´¨±µ£¤  ´¥²Ó§Ö Ê´¨ÎÉµ¦¨ÉÓ ¢Ò¡µ·µ³ ¸¨-
¸É¥³Ò ±µµ·¤¨´ É. ˆ§¢¥¸É´µ¥ · ¢¥´¸É¢µ ¨´¥·É´µ° ¨ £· ¢¨É Í¨µ´´µ° ³ ¸¸
Ö¢²Ö¥É¸Ö ¶·Ö³Ò³ ¸²¥¤¸É¢¨¥³ ¶·¥¤¶µ²µ¦¥´¨Ö, ÎÉµ ¨¸ÉµÎ´¨±µ³ £· ¢¨É Í¨µ´-
´µ£µ ¶µ²Ö Ö¢²Ö¥É¸Ö ¸µÌ· ´ÖÕÐ¨°¸Ö É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¢¸¥° ³ É¥·¨¨,
¢±²ÕÎ Ö ¨ £· ¢¨É Í¨µ´´µ¥ ¶µ²¥. ˆ³¥´´µ ¶µÔÉµ³Ê · ¢¥´¸É¢µ ¨´¥·É´µ° ¨ ÉÖ-
¦¥²µ° ³ ¸¸ ´¥ ³µ¦¥É Ö¢²ÖÉÓ¸Ö  ·£Ê³¥´Éµ³ ¢ ¶µ²Ó§Ê µ¡Ð¥£µ ¶·¨´Í¨¶  µÉ´µ-
¸¨É¥²Ó´µ¸É¨, ¶µ¸±µ²Ó±Ê ¶·¨Î¨´  · ¢¥´¸É¢  ³ ¸¸ ¸µ¢¥·Ï¥´´µ ¤·Ê£ Ö.  ¡µÉÒ
‚.�.”µ±  Î·¥§¢ÒÎ °´µ ¸µ¤¥·¦ É¥²Ó´Ò, ¨ ¨³¥´´µ ¥£µ Ë¨§¨Î¥¸±¨¥ ¶µ²µ¦¥´¨Ö,
±µÉµ·Ò¥ µ´ § ±² ¤Ò¢ ² ¢ µ¸´µ¢Ê É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö, ´ Ï²¨ ¶µ²´µ¥ µÉ· ¦¥´¨¥
¢ ’ƒ. O¤´ ±µ ¶·¨ ÔÉµ³ ¶·¨Ï²µ¸Ó ¶µ²´µ¸ÉÓÕ µÉ± § ÉÓ¸Ö µÉ ±µ´Í¥¶Í¨¨ �’�
¨ ¢¢¥¸É¨ ¶·¥¤¸É ¢²¥´¨¥ µ £· ¢¨É Í¨µ´´µ³ ¶µ²¥ ± ± Ë¨§¨Î¥¸±µ³ ¶µ²¥ É¨¶ 
” · ¤¥Ö Å Œ ±¸¢¥²²  ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ. �µ¸±µ²Ó±Ê ‚.�.”µ±
¶·¨ · §¢¨É¨¨ É¥µ·¨¨ ÉÖ£µÉ¥´¨Ö ¸µ¢¥·Ï¨² ·Ö¤ ¶·¨´Í¨¶¨ ²Ó´ÒÌ Ï £µ¢, ±µ-
Éµ·Ò¥ ¢ÒÌµ¤¨²¨ §  · ³±¨ Ô°´ÏÉ¥°´µ¢¸±µ° µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¨
Ê£²Ê¡²Ö²¨ Ë¨§¨Î¥¸±ÊÕ ¸ÊÉÓ É¥µ·¨¨, ³Ò ¸µÎ²¨ ´¥µ¡Ìµ¤¨³Ò³ ´¥µ¤´µ±· É´µ, ¢
± ¦¤µ³ ¸²ÊÎ ¥ µ¸µ¡µ ¶µ¤Î¥·±´ÊÉÓ ÔÉ¨ µ¡¸ÉµÖÉ¥²Ó¸É¢ .

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ ‘.‘.ƒ¥·ÏÉ¥°´Ê ¨ ‚.�.�¥É·µ¢Ê §  Í¥´-
´Ò¥ µ¡¸Ê¦¤¥´¨Ö.

„µ¶µ²´¥´¨¥ 


‡ ¶¨Ï¥³ £ ·³µ´¨Î¥¸±µ¥ Ê¸²µ¢¨¥ ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì:

∂g̃µν

∂xµ
= 0, g̃µν(x) =

√
−ggµν(x) . (A.1)

‡¤¥¸Ó xµ Å ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ. ‚ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥¥¢ÒÌ) ±µµ·¤¨´ É Ì
¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ

γ(x) = detγµν = −1 . (A.2)

‘µ£² ¸´µ É¥´§µ·´µ³Ê § ±µ´Ê ¶·¥µ¡· §µ¢ ´¨Ö ¨³¥¥³

g̃µν(x) =
∂xµ

∂yα
· ∂x

ν

∂yβ
· g̃αβ(y)√

−γ(y)
, (A.3)

y Å ¶·µ¨§¢µ²Ó´Ò¥ ±µµ·¤¨´ ÉÒ.
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‡ ¶¨Ï¥³ Ê· ¢´¥´¨¥ (A.1) ¢ Ëµ·³¥

∂µg̃
µν(x) =

∂yτ

∂xµ
· ∂g̃

µν(x)
∂yτ

. (A.4)

„²Ö ¤ ²Ó´¥°Ï¨Ì ¢ÒÎ¨¸²¥´¨° ¶·¨¢¥¤¥³ Ëµ·³Ê²Ò

γναβ(y) =
∂2xσ

∂yα∂yβ
· ∂y

ν

∂xσ
,

∂

∂yτ

(
1√
−γ(y)

)
= − 1√

−γ(y)
γλτλ(y) . (A.5)

�µ¤¸É ¢²ÖÖ (A.3) ¢ ¶· ¢ÊÕ Î ¸ÉÓ (A.4), ¶µ²ÊÎae³

∂µg̃
µν(x) =

1√
−γ(y)

· ∂x
ν

∂yσ
· ∂g̃

ασ

∂yα
+

1√
−γ(y)

g̃αβ
∂2xν

∂yα∂yβ
= 0 . (A.6)

Œ´µ¦¨É¥²Ó ¢Éµ·µ£µ Î²¥´  § ¶¨Ï¥³ ¢ Ëµ·³¥

∂2xν

∂yα∂yβ
=

∂xν

∂yσ
· ∂y

σ

∂xτ
· ∂2xτ

∂yα∂yβ
=

∂xν

∂yσ
γσαβ(y) . (A.7)

�µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (A.6), ¶µ²ÊÎae³

∂µg̃
µν(x) =

1√
−γ(y)

· ∂x
ν

∂yσ

(
∂g̃ασ

∂yα
+ γσαβ(y)g̃

αβ

)
= 0 , (A.8)

É.¥. ¨³¥¥³

∂µg̃
µν(x) =

1√
−γ(y)

· ∂x
ν

∂yσ
Dαg̃

ασ(y) = 0 . (A.9)

‡¤¥¸Ó Dα Å ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ. ˆÉ ±,
´ ³¨ Ê¸É ´µ¢²¥´µ, ÎÉµ ¶²µÉ´µ¸ÉÓ É¥´§µ·  g̃αβ(y) ¢ ¶·µ¨§¢µ²Ó´ÒÌ ±µµ·¤¨´ É Ì
y Ê¤µ¢²¥É¢µ·Ö¥É µ¡Ð¥±µ¢ ·¨ ´É´µ³Ê Ê· ¢´¥´¨Õ

Dν g̃
νµ = ∂ν g̃

νµ(y) + γµαβ(y)g̃
αβ(y) = 0 , (A.10)

¥¸²¨ ¨¸Ìµ¤´µ¥ £ ·³µ´¨Î¥¸±µ¥ Ê¸²µ¢¨¥ (A.1) § ¶¨¸ ´µ ¢ ¤¥± ·Éµ¢ÒÌ (£ ²¨²¥-
¥¢ÒÌ) ±µµ·¤¨´ É Ì x.

„µ¶µ²´¥´¨¥ �

‡ ¶¨Ï¥³ Ê· ¢´¥´¨¥ (A.10) ¢ ´¥¸±µ²Ó±µ ¤·Ê£µ° Ëµ·³¥. „²Ö ÔÉµ° Í¥²¨,
¨¸¶µ²Ó§µ¢ ¢ µ¶·¥¤¥²¥´¨¥ ¤²Ö ¸¨³¢µ²  Š·¨¸ÉµËË¥²Ö:

Γν
αβ(y) =

1
2
gνσ(∂αgσβ + ∂βgσα − ∂σgαβ) , (C.1)
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´ °¤¥³

Γν
αβ(y)g̃

αβ(y) =
√
−g
(
gνσgαβ∂αgσβ −

1
2
gνσgαβ∂σgαβ

)
. (C.2)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ · ¢¥´¸É¢ 

Γλ
σλ =

1
2
gαβ∂σgαβ =

1√−g∂σ
√
−g, ∂αg

αν = −gνσgαβ∂αgσβ , (C.3)

¶¥·¥¶¨¸Ò¢ ¥³ (C.2) ¢ ¢¨¤¥

Γν
αβ(y)g̃

αβ(y) = −
√
−g∂σgσν − gνσ∂σ

√
−g = −∂g̃σν

∂yσ
. (C.4)

‘ ÊÎ¥Éµ³ ÔÉµ£µ · ¢¥´¸É¢  Ê· ¢´¥´¨¥ (A.10) ¶·¨´¨³ ¥É ¢¨¤

(Γµ
αβ(y)− γµαβ(y))g

αβ = 0 . (C.5)

…¸²¨ µÉ ±µµ·¤¨´ É y ¶¥·¥°É¨ ± ¤·Ê£¨³ ±·¨¢µ²¨´¥°´Ò³ ±µµ·¤¨´ É ³ z, Éµ
¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö ¶·¨´¨³ ÕÉ ¢¨¤

Γλ
µν(y) =

∂yλ

∂zσ
· ∂z

α

∂yµ
· ∂z

β

∂yν
Γσ
αβ(z) +

∂2zσ

∂yµ∂yν
· ∂y

λ

∂zσ
. (C.6)

ˆ¸¶µ²Ó§ÊÖ ÔÉµ ¢Ò· ¦¥´¨¥, ´ Ìµ¤¨³

Γλ
µν(y)g

µν(y) =
∂yλ

∂zσ

[
Γσ
αβ(z)g

αβ(z) +
∂2zσ

∂yµ∂yν
∂yµ

∂zα
· ∂y

ν

∂zβ
gαβ(z)

]
. (C.7)

�  µ¸´µ¢ ´¨¨ (C.4) ¢Ò· ¦¥´¨¥ (C.7) § ¶¨Ï¥³ ¢ Ëµ·³¥

Γλ
µν(y)g

µν(y) = − 1√−g
∂

∂zµ

(
g̃µσ

∂yλ

∂zσ

)
+

+gµσ
∂2yλ

∂zµ∂zσ
+
∂yλ

∂zσ
· ∂2zσ

∂yµ∂yν
∂yµ

∂zα
· ∂y

ν

∂zβ
gαβ(z) . (C.8)

�·µ¤¨ËË¥·¥´Í¨·µ¢ ¢ · ¢¥´¸É¢µ

∂zσ

∂yµ
· ∂y

µ

∂zα
= δσα (C.9)

¶µ zβ, ¶µ²ÊÎ¨³

∂2zσ

∂yµ∂yν
∂yµ

∂zα
· ∂y

ν

∂zβ
= −∂zσ

∂yµ
· ∂2yµ

∂zα∂zβ
. (C.10)
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“Î¨ÉÒ¢ Ö ÔÉµ · ¢¥´¸É¢µ, ¢ É·¥ÉÓ¥³ Î²¥´¥ (C.8) ´ Ìµ¤¨³

Γλ
µν(y)g

µν(y) = − 1√
−g(z)

∂

∂zµ

(
g̃µσ

∂yλ

∂zσ

)
. (C.11)

�µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (C.5), ¶µ²ÊÎ ¥³

1√
−g(z)

∂

∂zµ

(
g̃µσ

∂yλ

∂zσ

)
= −γλαβ(y)gαβ(y) . (C.12)

‚¢µ¤Ö µ¡µ§´ Î¥´¨¥

yλ =
1√
−g(z)

∂

∂zµ

(
g̃µσ

∂yλ

∂zσ

)
, (C.13)

³Ò ³µ¦¥³ § ¶¨¸ ÉÓ Ê· ¢´¥´¨¥ (C.12) ¢ Ëµ·³¥

yλ = −γλαβ(y)gαβ(y) . (C.14)

’ ±¨³ µ¡· §µ³, ¢³¥¸Éµ Ê· ¢´¥´¨Ö (A.10) ´ ³¨ ¶µ²ÊÎ¥´µ Éµ ¦¥ Ê· ¢´¥´¨¥ ¢
Ëµ·³¥ (C.14). ‘µ£² ¸´µ (C.14) Ê· ¢´¥´¨¥ £ ·³µ´¨Î´µ¸É¨ ”µ± 

yλ = 0 (C.15)

¨³¥¥É ³¥¸Éµ, ¥¸²¨ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö γλαβ ¢¸Õ¤Ê · ¢´Ò ´Ê²Õ. �Éµ ¢µ§-
³µ¦´µ, ¥¸²¨ ¨´É¥·¢ ² dσ ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ ¨³¥¥É ¢¨¤

dσ2 = γµνdx
µdxν ,

£¤¥ γµν Å ¶·µ¨§¢µ²Ó´Ò¥ ¶µ¸ÉµÖ´´Ò¥ Î¨¸² .
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and

Yildiz Technical University, Istanbul, Turkey

It is shown that Fock's theory of hydrogen atom gives an example of the nonrelativistic Snyder-
like Quantum Geometry (QG).

�µ± § ´µ, ÎÉµ É¥µ·¨Ö ”µ±   Éµ³  ¢µ¤µ·µ¤  Ö¢²Ö¥É¸Ö ¶·¨³¥·µ³ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ°
£¥µ³¥É·¨¨ ¸´ °¤¥·µ¢¸±µ£µ É¨¶ .

1. INTRODUCTON

Fock's theory of hydrogen atom [1] is a very bright landmark in the history
of quantum theory. Many physicists trust that the meaning of this theory is much
more general and important than the explanation of the symmetry of one speciˇc
atomic system though very important one. They believe that its actual meaning
still must be understood, that it contains some ªsignal from the futureª, some
features of the true quantum theory of particle interactions. The search for this
more general sense of [1] can only be based on attempts to develop Fock's idea
in this or in that way, making ªexperimentsª on it, for example, generalizing it to
the case of the relativistic quantum (ˇeld) theory. And attempts to interpret [1]
in a new sense take place indeed. Works based on the historical paper [1] have
permanently appeared since the time it was published in 1935, certifying the faith
of the authors in its more profound destination.

In the present paper an attempt has been made to look at Fock's approach
from the point of view of Quantum Geometry and noncommutative differential
calculus. This work is a development of the article [9].

There are no grounds to transfer the geometric notions derived from the
macroscopic experience to small (microscopic) distances. From the philosophical
point of view this question has been discussed since ancient times. The term

∗This work is partly supported by INTAS grant 93-127
∗∗e-mail:< mirkr@thsun1.jinr.dubna.su >
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ª′αµερosª has been introduced simultaneously with ª′ατoµosª and denotes the
smallest, indivisible portion of the space.

The suggestions to consider geometry as a subject of quantization naturally
appeared almost simultaneously with quantum theory itself. So, Quantum Geom-
etry (QG) is as old as quantum theory itself. One of the ˇrst QG models was
suggested by H.Snyder [2,3]. In this approach usual commuting position operators
were changed for the noncommuting quantities of a concrete form. W.Pauli [3]
stressed that new Snyder's coordinate operators could be considered as boosts of
the momentum space of constant curvature (De Sitter or Anti De Sitter momen-
tum space). In other words, the Snyder quantization of space-time is based on
the substitution of the pseudo-Euclidean geometry of the momentum space by the
De Sitter geometry.

To be more exact, actually Snyder didn't use the connection of his quantum
coordinates with generators of the isometry group of the curved momentum space
(see [3]). The idea to consider the momentum space with non-Euclidean geometry
as a cornerstone of the theory with quantum space-time belongs to Yu.A.Golfand
[5] and was developed by I.E.Tamm [6] and others [7Ä12].

Such a change of the geometry of the momentum space leads to the modi-
ˇcation of the procedure of extension of the S matrix off the mass shell [11], i.e.,
to the different dynamical description. In fact, the statement on the geometry of
the momentum space off the mass shell is an additional axiom of quantum ˇeld
theory (QFT). Actually in the standard QFT, this axiom is accepted without saying.
In the nonrelativistic theory, the extension off the energy shell on the ground of
Schréodinger equation in the momentum space and LippmannÄSchwinger equation
must be considered.

We can think that some background interaction exists, which modiˇes the
geometry of the momentum space. See in this connection Ref. 8. As we have
stressed above, all other axioms are fulˇlled, including the standard translation
invariance. The last means that there are relative coordinates (properly deˇned)
which are the subjects of quantization [11]. In consequence of the change of the
geometry of the p space, the space-time becomes quantum (noncommutative).

We stress that physical meaning of the geometry and topology of the mo-
mentum space has not obtained clear physical interpretation yet. The space-time
groups considered in QFT as the covariance groups are the isometry groups of
space-time.

It is worth mentioning a series of recent papers [14Ä16] where it has been
shown that the curved momentum space and the corresponding Snyder-like quan-
tum space naturally arise when considering the 2+1 model of gravity interacting
with the scalar ˇeld. (The canonical momenta belong to the hyperboloid in
four-dimensional projective hyperboloid.)

The explicit character of Snyder's approach to space-time quantization has
a remarkable consequence: we can deˇne the spectrum of a commutative set
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of operators constructed from
∧
xµ and other generators of the De Sitter group.

As was shown in [11], the formulation of the generalized causality condition
and QFT in terms of the points of this new numerical quantum space-time is as
comprehensive procedure as it is in the usual QFT with the Minkovskian space-
time. In this approach the structure of the singular ˇeld-theoretic functions is
entirely reconstructed as compared to the standard QFT, and the corresponding
perturbation theory is free of ultraviolet divergences.

In the present paper, we shall use Fock's theory of hydrogen atom symme-
try to show that it is in fact the realization of the picture described above in the
nonrelativistic case: The Coulomb ˇeld fulˇlls the role of the background interac-
tion mentioned above, which provides the non-Euclidean geometry of momentum
space. The modiˇed shifts of the last (which are up to some similarity transfor-
mation the RungeÄLenz vector's components) can be considered as nonrelativistic
analogs of Snyder's coordinates (2).

The paper is organized as follows. In Section 2, we consider Snyder's
theory. In Section 3, we recall brie�y the necessary moments of Fock's theory
of hydrogen atom. Sections 4, 5 are devoted to the analysis of the spectrum
and matrix elements of unitary irreducible representations of the isometry group
of momentum space and the interpretation of the spectrum as quantum space
(QS) is given. It is shown that the Schréodinger equation in QS is a differential-
difference equation with the increment equal to Bohr's radius. In Section 6, an
introduction to the noncommutative differential calculus with impact to apply it
to the Schréodinger equation in QS is given. Section 7 contains the theory of the
Schréodinger equation in QS as a noncommutative differential equation in QS. In
the last 8th Section an example of integrable case (q-oscillator) of the generalized
Schréodinger equation is given.

2. SNYDER APPROACH

In this approach the usual quantum mechanical coordinate operators

xµ = i�
∂

∂pµ
, µ = 0, 1, 2, 3, gµν = diag(1,−1,−1,−1), (1)

i.e., the generators of translations of the Minkovski momentum space, are substi-

tuted by Snyder quantum coordinates
∧
xµ, i.e., the generators of De Sitter boosts:

∧
xµ= il0

(
p4

∂

∂pµ
− pµ

∂

∂p4

)
,

[∧
xµ,
∧
xν

]
= −il20

∧
Mµν , (2)

where l0 , the ªfundamental lengthª, indicates the scale at which the effects of
QG become appreciable. A plausible candidate for this role is Planck's length

lPlanck =
√

c�

G .
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3. FOCK'S THEORY OF HYDROGEN ATOM

The Schréodinger equation for Hydrogen atom (we limit ourselves with the
case of continuum part of spectrum)

Hψ(
→
x) =

Ep −
e2∣∣∣→x ∣∣∣
ψ(

→
x) = Eqψ(

→
x ) =

q2

2µ
ψ(
→
x ), (3)

where Ep = p2

2µ , Eq = q2

2µ , in the momentum representation takes the form

(
p2 − q2

)
ψ(
→
p ) =

�

π2a

∫
d3p′ ψ(

→
p′)∣∣∣→p′ − →p ∣∣∣2 , (4)

where a is the atomic unit of length (Bohr's radius)

a =
�2

µe2
. (5)

Recall that atomic units of energy, momentum and time are correspondingly

ea =
µe4

�2
, πa =

µe2

�
, τa =

�3

µe4
. (6)

Following V.A.Fock [1] we take into account the non-Euclidean geome-
try of momentum space, naturally arising here. For the continuous part of
the energy spectrum it is pseudo-Euclidean 3-dimensional space of negative
curvature (Lobachevsky space). Introducing 4-dimensional projective momenta
Pµ (µ = 0, 1, 2, 3) we have

→
P=

2q
→
p

→
p
2

−q2
, P0 =

→
p
2

+q2
→
p
2

−q2
, q =

√
2µE , (7)

P 20−
→
P
2

= 1 , (8)

or inverse relation
→
p=

q
→
P

P0 − 1
, p2 = q2

P0 + 1
P0 − 1

. (9)

Equation (8) describes the two-sheet hyperboloid (the upper sheet corresponds
to 1 ≤ P0 < +∞; the lower pole, to −∞ < P0 ≤ −1 ).
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It is convenient to use the hyperspherical coordinates

→
P= sinhα

→
n, P0 = ± coshα,

→
n=

→
P∣∣∣→P ∣∣∣ = (sin θ cosφ, sin θ sinφ, cos θ) . (10)

The volume element in the Lobachevsky space is

dΩP =
d3P

|P0|
= sinh 2α sin θdαdθdφ. (11)

The distance s(P, P ′) of two points of the Lobachevsky space (8) is
given by

cosh s(P, P ′) =

∣∣∣∣∣1− (P − P ′)2

2

∣∣∣∣∣ . (12)

In terms of Pµ equation (4) takes the form

Φr(P ) =
r

2π2a

∫
dΩP ′

(P − P ′)2
Φr(P ′), (13)

where

Φr(P ) = (p2 − q2)2ψ(
→
p ), r =

�

q
. (14)

This equation is manifestly invariant under the group of motions of the
Lobachevsky momentum space which is Lorentz group. The generators of the
Lorentz group boosts

∧
xi= −i

[
P0

∂

∂P i
− Pi

∂

∂P 0

]
(15)

up to some similarity transformation coincide with the additional integrals of
motion of the Coulomb problem, i.e., RungeÄLenz invariants. From the other
side their similarity to Snyder coordinates (2) is evident.

4. WAVE FUNCTIONS AND DIFFERENTIAL-DIFFERENCE
SCHRéODINGER EQUATION IN QUANTUM SPACE

As was shown by V.A.Fock [1] the solutions of the Schréodinger equation in
momentum space (13) are the eigen-functions of the LaplaceÄBeltrami operator
on the Lobachevsky space (8), or the Casimir operator of the Lorentz group:(

→
x
2
− 1

�2

→
L
2
)
Φr(P ) =

(
1 +

r2

a2

)
Φr(P ), (16)
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where
→
L is the vector of angular momentum operators. The solutions of (16) are

the matrix elements of unitary irreducible (inˇnite dimensional) representations
of the Lorentz group. For the principal series of unitary representations of the
Lorentz group the parameter r runs over the interval

0 ≤ r <∞ (17)

which coincides with the physically admissible region of variation (see (14)).
From the other side the interval (17) is the range of variation of the relative
distance in the three-dimensional Euclidean space. Taking these properties of r
into account we interpret the parameter r as the relative distance in the quantum
space [8,10].

Let us consider the quantities

Φr(P ) =<
→
r |
→
P>=

∣∣∣P0− →P →nr∣∣∣−1−i r
a

, (18)

where
→
r= r

→
nr,

→
nr

2
= 1. (19)

Expression (18) from the one hand is the solution of the equation (16),
from the other hand it is the generating function for the radial solutions of the
Schréodinger equation in the momentum space (13). The expression (18) plays the
role of the plane wave in quantum r space. The radial solutions of the Schréodinger
equation in the momentum space can be obtained from the expansion in spherical
harmonics:

<
→
r |
→
P>= 4π

∞∑
l=0

m=l∑
m=−l

il < ρ, l, | α ><
→
nr| l,m >< l,m |→n>, (20)

where ρ is the dimensionless parameter:

ρ =
r

a
(21)

and

< l,m |→n>=< l,m | θ, φ >= Ylm(
→
n), <

→
n | l,m >= Y ∗lm(

→
n). (22)

The functions < ρ, l | α > are the radial wave functions of the Coulomb
problem in the momentum space. They can be obtained also as the Fourier trans-
forms of the radial solutions in conˇgurational space. We present the different

representations of < ρ, l | α > in terms of Legendre functions P
−l− 1

2
iρ− 1

2
(coshα) :

< ρ, l | α >= (−i)l
√

π

2 sinhα
Γ(iρ+ l+ 1)
Γ(iρ+ 1)

P
−l− 1

2
iρ− 1

2
(coshα) , (23)
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the Gegenbauer functions Cl+1
iρ−l−1 (coshα) :

< ρ, l | α >=

(−i)l
√

π

2 sinhα

(
sinhα
2

)l+ 1
2 Γ (2l+ 2)Γ(iρ− l)
Γ(iρ+ 1)Γ(l + 3

2 )
Cl+1
iρ−l−1 (coshα) , (24)

and hypergeometric function 2F1 (α, β; γ; z) :

< ρ, l | α >= (−i)l
√

π

2 sinhα

(
sinhα
2

)l+ 1
2 Γ(iρ+ l + 1)
Γ(iρ+ 1)Γ(l + 3

2 )
×

(25)

×2F1
(
iρ+ l + 1,−iρ+ l + 1; l+

3
2
;− sinh 2

α

2

)
=

= (−i)l
√

π

2 sinhα

(
sinhα
2

)l+ 1
2 Γ(iρ+ l + 1)
Γ(iρ+ 1)Γ(l + 3

2 )
eα(iρ−l−1)×

(26)

× 2F1
(
−iρ+ l + 1, l + 1; 2l+ 2; 2e−α sinhα

)
=

=
√

π

2

(
−i sinhα

2

)l Γ(iρ+ l + 1)
Γ(iρ+ 1)Γ(l+ 3

2 )
×

(27)

×2F1
(
iρ+ l + 1

2
,
−iρ+ l + 1

2
; l +

3
2
;− sinh 2α

)
.

These different representations are convenient for performing the contraction
limit when we consider in the next section the correspondence with usual (non-
quantum) space limit. The following orthogonality and completeness conditions
for the radial solutions are valid

2
π

∫ ∞
0

sinh 2α dα < ρ, l | α >< α | ρ′, l >= δ (ρ− ρ′)
ρ2

, (28)

2
π

∫ ∞
0

ρ2dρ < α | ρ, l >< ρ, l | α′ >= δ (α− α′)
sinh 2α

, (29)
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and corresponding conditions for the plane waves (18):

1
(2π)3

∫
<
→
r |
→
P><

→
P |
→
r′> dΩP = δ

(
→
r −

→
r′
)
, (30)

1
(2π)3

∫
<
→
P |
→
r ><

→
r |
→
P ′> d3r = δ

(
→
P −

→
P ′
)
P0. (31)

The plane wave in quantum space and its radial part obey the following
equations off the energy shell, i.e., for Ep �= Eq or p �= q:

ea

[
cosh

(
i
∂

∂ρ

)
+

i

ρ
sinh
(
i
∂

∂ρ

)
− ∆θ,φ

ρ2
ei

∂
∂ρ − 1

]
<
→
r |
→
P>=

=
∧
H0<

→
r |
→
P>= EP <

→
r |
→
P>, (32)

ea

[
cosh

(
i
∂

∂ρ

)
+

i

ρ
sinh
(
i
∂

∂ρ

)
− l(l+ 1)

ρ2
ei

∂
∂ρ − 1

]
< ρ, l | α >=

=
(
∧
H0l −EP

)
< ρ, l | α >, (33)

where EP = ea (|P0| − 1) = 2ea sinh 2 α2 , ea = µe4

�2 is the atomic unit of

energy. The strong argument for the idea that plane wave <
→
r |
→
P> describes the

free motion in the quantum r space is the existence of three more differential-

difference operators
∧
pi for which <

→
r |
→
P> is the eigenfunction with eigenvalues

equal to the momentum components

∧
pi<

→
r |
→
P>= pi <

→
r |
→
P>, (34)

where

∧
p1= πa

{
sin θ cosφ

(
ei

∂
∂ρ−

∧
H0

)
− i

(
cos θ cosφ

ρ

∂

∂θ
− sinφ
ρ sin θ

∂

∂φ

)
ei

∂
∂ρ

}
∧
p2= πa

{
sin θ sinφ

(
eiρ

∂
∂ρ−

∧
H0

)
− i

(
cos θ sinφ

ρ

∂

∂θ
+

cosφ
ρ sin θ

∂

∂φ

)
ei

∂
∂ρ

}
∧
p3= πa

{
− cos θ

(
ei

∂
∂ρ−

∧
H0

)
+ i

sin θ
ρ

∂

∂θ
ei

∂
∂ρ

}
(35)

πa = µe2

�
is the atomic unit of momentum.

It looks now quite natural to make the next step and introduce the interaction
term V (r) into the free differential-difference Schréodinger equation in quantum
space (32). From the usual point of view this corresponds to some perturbations
for the Coulomb potential. We stress that there are even integrable cases for such
differential-difference equations (see [13] and references therein).
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5. CONTRACTION

The important requirement to the theory with curved momentum space is
its correspondence with the usual theory. In the physical regime, when we can
neglect the effects of curvature, all relations must go over into the usual ones.
Let us ˇrst analyse this problem in the momentum space (7). The vicinities of
the tops of both poles

P0 ≈ ±1 (36)

carry the �at geometry. For these regions we are in the regime when the InéonéuÄ
Wigner contraction [17] is an actual approach. For example Snyder's quantum
coordinate operators (15) go over into usual coordinate operators (1) in these
regions.

The tops of the hyperboloid (8) are:

P0 = 1 or q ∼= 0, i.e. ρ πa∣∣∣→p ∣∣∣ , (37)

P0 = −1 or q →∞, i.e.
∣∣∣→p ∣∣∣� πa

ρ
. (38)

In classical physics the small p-s correspond to great impact parameters. In
this regime the scattered particle slightly feels the Coulomb ˇeld. In the case
of the bound states we must consider the orbits corresponding to big values of
principal quantum number n. In the contraction limit all ˇnite-difference relations
reduce to standard differential relations of Quantum Mechanics. For example the
differential-difference operators of momentum (35) reduce to usual momentum
operators

∧
pi e

i
→
r

→
P

� = −i� ∂

∂xi
e

i
→
r

→
p

� = pie
i
→
r

→
p

� , (39)

and the plane wave (18) converts to usual exponential function:∣∣∣P0− →P →nr∣∣∣−1−i r
a

<
→
r |
→
P>= exp

{
−
(
1 + i

r

a

)
ln
(
P0−

→
P
→
nr

)}
≈

(40)

≈ exp
{
−
(
1 + i

r

a

)
ln
(
1−

→
P
→
nr + · ··

)}
≈

≈ exp
{
i
r

a

→
P
→
nr + · ··

}
≈ ei

→
P

→
x

� .
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6. NONCOMMUTATIVE DIFFERENTIAL CALCULUS AND
FINITE-DIFFERENCE DERIVATIVES

We start this section with an historical remark. Referring to the second
Snyder's paper on quantum space (the second paper of [2]) we invite the reader
to convince that his generalization of Maxwell's equations for the case of QG is
based, in fact, on a version of the noncommutative differential calculus.

Let us show that the ˇnite-difference Schréodinger equation (33) is natu-
rally described in terms of noncommutative differential calculus [18Ä23]. This
calculus can be naturally and most easily introduced on a ground of the theory of
differential forms as its deformation. We shall limit ourselves with the differential
calculus over the associative algebra A over R or C. In our case the necessity
to consider an algebra over C follows from the form of the ˇnite-difference
Schréodinger equation, containing shifts by the imaginary quantity ia. This is
general property of the ˇnite-difference Schréodinger equation (33) corresponding
to the continuous part of the spectrum of hydrogen atom, requiring to consider the
wave functions in the complex ρ plane. Finite linear combinations of elements of
A and ˇnite products are again elements of A. The multiplication is associative.
A differential calculus on A is a Z-graded associative algebra over C

Ω (A) =
∑
r=0

⊕ Ωr (A) , (41)

Ω0 (A) = A, Ωr (A) = {0} ∀r < 0. (42)

The elements of Ωr (A) are called r forms. There exist an exterior derivative
operator d which satisˇes the following conditions

d2 = 0 (43)

and
d (ωω′) = (dω)ω′ + (−1)rωdω′, (44)

where ω and ω′ are r and r′ forms, respectively. A is the commutative algebra
generated by the coordinate functions xi, i = 1, ...n. In the standard differential
calculus on usual manifolds differentials commute with functions:[

xi, dxj
]
= 0, i, j = 1, ...n (45)

in terms of real coordinates xi . For us it is essential that (45) can be generalized
(deformed) in different ways with (41)Ä(44) still true. Let us consider in more
detail the deformation of (45) of the form[

xi, xj
]
= 0, (46)
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xi, dxj

]
=

n∑
k=1

dxkCij
k, (47)

where the Cij
k are (complex) constants which are constrained by the requirement

of a consistent differential calculus.
• Let us apply d to (46) and use (47), this gives

d
[
xi, xj

]
= −
[
xj , d xi

]
+
[
xi, d xj

]
=

(48)

= −
n∑

k=1

dxkCji
k +

n∑
k=1

dxkCij
k = 0,

or
Cij

k = Cji
k. (49)

This means in particular [
xi, dxj

]
=
[
xj , dxi

]
. (50)

The last relation can be proved directly:[
xi, dxj

]
=
(
dxi
)
xj − xjdxi =

(51)

= d
(
xixj − xjxi

)︸ ︷︷ ︸
=0

+xjdxi − xidxj =
[
xj , dxi

]
.

• Taking the commutator of dxi with (46) we obtain[[
xi, dxj

]
, dxk

]
=

= xi

{
dxkxj +

n∑
l=1

dxlCjk
l

}
− xj

{
dxkxi +

n∑
l=1

dxlCik
l

}
−

−dxk
(
xixj − xjxi

)
={

dxkxi +
n∑

m=1

dxmCik
m

}
xj +

n∑
l=1

{
dxlxi +

n∑
m=1

dxmCil
m

}
Cjk

l− (52)

{
dxkxj +

n∑
m=1

dxmCjk
m

}
xi −

n∑
l=1

{
dxlxj +

n∑
m=1

dxmCjl
m

}
Cik

l−
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dxk
(
xixj − xjxi

)
=

n∑
l,m=1

dxm
(
Cil

mC
jk

l − Cjl
mC

ik
m

)
= 0,

or
n∑

l=1

Cik
lC

jl
m =

n∑
l=1

Cjk
l C

il
m, (53)

using (49) the last equation can also be written in a form

n∑
l=1

Ck[i
lC

j]l
m = 0. (54)

This means that n matrices Ci with entries Cik
l mutually commute.

• Taking the commutator of xk with (47) also yields (53) and therefore no
additional conditions.

Acting with d on (47) and using the Leibniz rule (44) we obtain the classical
commutation rule

dxidxj = −dxjdxi (55)

for differentials. The equations obtained by commuting xk through these relations
are identically satisˇed.

The Hodge ∗ operator (or duality transformation) for the noncommutative
differential forms is introduced by the standard formula

∗
(
dxi1 · · · dxik

)
=

1
(n− k)!

∑
εi1 ···ikik+1 ···indx

ik+1 · · · dxin . (56)

For convenience we shall make difference between right
→∗ and left

←∗ Hodge

operators. By deˇnition
→∗ acts on the forms of the type∑(

dxi1 · · · dxik f(x)
)
, (57)

←∗ acts on the forms of the type∑(
f(x) dxi1 · · · dxik

)
(58)

in both cases by the standard formula (56). Action of the operator
→∗ on the forms

of the type (58) and action of the operator
←∗ on the forms of the type (57) gives

0. Correspondingly we introduce right and left δ operations

→
δ=
→∗ d

→∗ ,
←
δ=
←∗ d

←∗ . (59)

Let A be the algebra of all functions on C. In what follows we consider
the one-dimensonal case. It is generated by canonical coordinate function of one
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variable ψ(ρ) = ρ. One of the simplest deformations of the ordinary differential
calculus on A is

[dρ, ρ] =
i

2
dρ, (60)

where i (in dimensional units ia) is the step in the ˇnite-difference Schréodinger
equation. To establish the connection between the noncommutative differen-
tial calculus and ˇnite-difference operations (in Schréodinger eq.) is our goal
here. This is a special case of the commutation structure (47) considered above.
Similar relations are encountered when considering the differential calculus on
the lattice [18Ä23]. Equation (60) can be rewritten in a form

dρ ρ =
(
ρ+

i

2

)
dρ , (61)

which can be generalized to the total algebra A as

dρ ψ(ρ) = ψ

(
ρ+

i

2

)
dρ . (62)

Then we can introduce the generalized derivatives (left and right) correspond-
ing to our deformed differential calculus. For the left derivative we write

dψ(ρ) =
(→
∂ ψ(ρ)

)
dρ. (63)

From Leibniz rule (44) we have

d (ψ(ρ) ϕ(ρ)) = dρ
(→
∂ (ψ(ρ) ϕ(ρ))

)
= (dψ(ρ)) ϕ(ρ) + ψ(ρ) (dϕ(ρ)) =

= dρ
(→
∂ ψ(ρ)

)
ϕ(ρ) + ψ(ρ) dρ

(→
∂ ϕ(ρ)

)
(64)

after using (62)

d (ψ(ρ) ϕ(ρ)) = dρ
(→
∂ ψ(ρ)

)
ϕ(ρ) + dρ ψ(ρ+

i

2
)
(→
∂ ϕ(ρ)

)
. (65)

Now from the commutativity rule (46)

ψ(x) ϕ(x) = ϕ(x) ψ(x) (66)

it follows also that equivalent Leibniz rule is valid

d (f(x) g(x)) = dx
(→
∂ (f(x) g(x))

)
= (dg(x)) f(x) + g(x) (df(x)) =

= dx
(→
∂ g(x)

)
f(x) + dx g(x+ i

2 )
(→
∂ f(x)

)
.

(67)
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Equalizing (65) and (67) we obtain(→
∂ ψ(ρ)

) [
ϕ(ρ+ i

a

2
)− ϕ(ρ)

]
=
(→
∂ ϕ(ρ)

) [
ψ(ρ+

I

2
)− ψ(ρ)

]
, (68)

or →
∂ ψ(ρ)

ψ(ρ+ i
2 )− ψ(ρ)

=
→
∂ ϕ(ρ)

ϕ(ρ+ i
2 )− ϕ(ρ)

= const, (69)

where const is the same for any function under differentiation. To calculate this
const we choose

ψ(ρ) = ρ. (70)

This gives

dρ = dρ
(→
∂ ρ
)
=⇒
(→
∂ ρ
)
= 1 (71)

and

const =
→
∂ ρ

(ρ+ i
2 )− ρ

=
2
i
. (72)

The ultimate expression for the left partial derivative is

→
∂ ψ(ρ) =

ψ(ρ+ i
2 )− ψ(ρ)
i
2

. (73)

The expression for the right derivative
←
∂ ψ(ρ) is obtained in a similar way

and has the form
←
∂ ψ(ρ) =

ψ(ρ)− ψ(ρ− i
2 )

i
2

. (74)

7. NONCOMMUTATIVE DIFFERENTIAL CALCULUS AND
SCHRéODINGER EQUATION IN QUANTUM SPACE

In this section we shall apply the noncommutative differential calculus of
previous section to the Schréodinger equation (33). Let us exclude the ªˇrst
ˇnite-difference radial derivativeª from this equation making a substitution

ψl(ρ) =
< ρ, l | α >

ρ
. (75)

Recall that similar substitution excludes the ˇrst radial derivative in the usual
Schréodinger (differential) equation. Taking into account the following rules for

ˇnite-difference operations sinh
(
i ∂
∂ρ

)
and cosh

(
i ∂
∂ρ

)
:

sinh i
∂

∂ρ
ψ(ρ)ϕ(ρ) =
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= sinh i
∂

∂ρ
ψ(ρ) cosh i

∂

∂ρ
ϕ(ρ) + cosh i

∂

∂ρ
ψ(ρ) sinh i

∂

∂ρ
ϕ(ρ) (76)

cosh i
∂

∂ρ
ψ(ρ)ϕ(ρ) =

= cosh i
∂

∂ρ
ψ(ρ) cosh i

∂

∂ρ
ϕ(ρ) + sinh i

∂

∂ρ
ψ(ρ) sinh i

∂

∂ρ
ϕ(ρ) (77)

and relations

cosh i
∂

∂ρ

1
ρ
=

ρ

ρ2 + 1
, sinh i

∂

∂ρ

1
ρ
=

−i
ρ2 + 1

, (78)

we obtain

ea

[
cosh

(
i
∂

∂ρ

)
− l(l + 1)

2ρ
ei

∂
∂ρ
1
ρ
− 1 + V (ρ)− EP

]
ψl(ρ) =

= ea

[
2 sinh 2

(
i

2
∂

∂ρ

)
− l(l + 1)

2ρ
ei

∂
∂ρ
1
ρ
+ V (ρ)− EP

]
ψl(ρ) = (79)

=
(
ρ
∧
H0l

1
ρ
+ V (ρ)− EP

)
ψl(ρ) = 0.

Let us consider the expression

1
2

(→
δ d+

←
δ d
)
ψ(ρ) =

1
2

(→
δ +

←
δ
)
dψ(ρ) =

1
2

(→∗ d
→∗ d+

←∗ d
←∗ d
)
ψ(ρ) =

=
1
2

(→
δ +

←
δ
)((→

∂ ψ(ρ)
)
dρ+ dρ

(←
∂ ψ(ρ)

))
=

=
1
2

(→
δ +

←
δ
)[(ψ(ρ+ i

2 )− ψ(ρ)
i
2

)
dρ+ dρ

(
ψ(ρ)− ψ(ρ− i

2 )
i
2

)]
=

=
1
2

(→∗ +
←∗
)
d

[
ψ(ρ+ i

2 )− ψ(ρ− i
2 )

i
2

]
= (80)

−
(→∗ +

←∗
)[(

ψ(ρ+ i)− ψ(ρ)− ψ(ρ+
i

2
) + ψ(ρ− i

2
)
)
dρ +

+dρ
(
ψ(ρ− i)− ψ(ρ) + ψ(ρ+

i

2
)− ψ(ρ− i

2
)
)]

=

= −2
(
cosh i

∂

∂ρ
− 1
)
ψ(ρ) = −4 sinh 2 i

2
∂

∂ρ
ψ(ρ).
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Using this result we can deˇne left and right momentum operators in the
form →

p= −i� →∗ d,
←
p= −i� ←∗ d (81)

and free particle momentum operator

∧
p=

1
2

(→
p +

←
p
)
, (82)

where
→
p is not a vector but the right momentum operator! So, the ˇrst term in

(79) takes the form
∧
p
2

2µ
=

1
2µ

(
−2π0 sinh

i

2
∂

∂ρ

)2
. (83)

The centrifugal term in (79) can be written in the form

l(l+ 1)
ρ(ρ+ i)

ei
∂

∂ρ =
1
ρ

→
λ
2 1
ρ
, (84)

where
→
λ=
√
l(l + 1)

(
1−

→
p

2π0

)
. (85)

Ultimately we obtain the Schréodinger equation in quantum space in terms of
noncommutative differential calculus as

Hψl(ρ) =

 ∧p2
2µ

+
1
ρ

→
λ
2 1
ρ
+ V (ρ)

ψl(ρ) = EPψl(ρ). (86)

8. LINEAR OSCILLATOR= q-OSCILLATOR IN QUANTUM SPACE

From the usual point of view the interaction term V (ρ) in the differential-
difference Schréodinger equation (32) corresponds to the perturbed Coulomb po-
tential. Let us consider an example of integrable case for the Schréodinger equation
with interaction. We write the ladder operators

a± = ∓ i√
2πa cos r

2l0

e
± 1

2

(
r

λ0

)2 (∧
p

)
e
∓ 1

2

(
r

λ0

)2

(87)

= ± i
√
2

cos r
2l0

e
± 1

2

(
ρ

λ0

)2 (
sinh

ia

2
∂

∂r

)
e
∓ 1

2

(
r

λ0

)2

,
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∧
p is the noncommutative differential operator of radial momentum introduced in
previous section, ω is the frequency, λ0 is a parameter of dimension of length:

λ0 =

√
�

µω
. (88)

The ladder operators (87) obey the deformed commutation relation[
a−, a+

]
q
= qa−a+ − q−1a+a− = 2

(
q−1 − q

)
, (89)

which guarantees the exact solubility of this ˇnite-difference problem, q is a
dimensionless quantity, parameter of deformation, which is expressed in terms of
physical parameters:

q = e
− a2

4λ2
0 = e−

�ω
4ea = e

− ω�
3

4µe4 . (90)

We introduce the Hamiltonian

∧
H=

1
2
{
a−, a+

}
q
=

1
2
{
qa−a+ + q−1a+a−

}
(91)

obeying deformed commutation relations with ladder operators[
a±,

∧
H

]
q∓1

= ±
(
q2 − q−2

)
a±, (92)

which in fact guarantee the integrability, and obtain the energy spectrum

En = 2ea

(
e

�ω
2ea

(n+ 1
2 ) − cosh

�ω

4ea

)
. (93)

This integrable case can be easily identiˇed with the well-known q oscillator.
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TOPOLOGICAL EFFECTS IN MEDIUM
A.N.Sissakian, O.Yu.Shevchenko∗, S.B.Solganik∗∗

Joint Institute for Nuclear Research, Dubna

Developing Fock's ideas, we consider here the topological effects in the gauge ˇeld theory. Two
closely related topological phenomena are studied at ˇnite density and temperature. These are chiral
anomaly and the ChernÄSimons term. It occurs that the chiral anomaly doesn't depend on density
and temperature. The ChernÄSimons term appearance in even dimensions is studied under two types
of constraints: chiral and usual charges conservation. In odd dimensions, by using different methods,
it is shown that µ2 = m2 is the crucial point for ChernÄSimons at zero temperature. So when
µ2 < m2, µ in�uence disappears and we get the usual ChernÄSimons term. On the other hand, when
µ2 > m2, the ChernÄSimons term vanishes because of nonzero density of background fermions. The
connection between parity anomalous ChernÄSimons in odd dimension and chiral anomaly in even
dimension is established at arbitrary density and temperature. These results hold in any dimension
both in Abelian and in non-Abelian cases.

 §¢¨¢ Ö ¨¤¥¨ ”µ± , ³Ò · ¸¸³ É·¨¢ ¥³ §¤¥¸Ó Éµ¶µ²µ£¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¢ É¥µ·¨¨ ± ²¨¡·µ-
¢µÎ´ÒÌ ¶µ²¥°. ˆ§ÊÎ ÕÉ¸Ö ¤¢  É¥¸´µ ¸¢Ö§ ´´ÒÌ Éµ¶µ²µ£¨Î¥¸±¨Ì ÔËË¥±É  ¶·¨ ±µ´¥Î´ÒÌ ¶²µÉ´µ¸É¨
¨ É¥³¶¥· ÉÊ·¥. �Éµ ±¨· ²Ó´ Ö  ´µ³ ²¨Ö ¨ Î¥·´-¸ °³µ´µ¢¸±¨° Î²¥´. �± §Ò¢ ¥É¸Ö, ÎÉµ ±¨· ²Ó´ Ö
 ´µ³ ²¨Ö ´¥ § ¢¨¸¨É µÉ É¥³¶¥· ÉÊ·Ò ¨ ¶²µÉ´µ¸É¨. ƒ¥´¥· Í¨Ö Î¥·´-¸ °³µ´µ¢¸±µ£µ Î²¥´  ¨§ÊÎ -
¥É¸Ö ¢ Î¥É´µ³¥·´ÒÌ ¶·µ¸É· ´¸É¢ Ì ¶·¨ ¤¢ÊÌ É¨¶ Ì ¸¢Ö§¥°, µÉ· ¦ ÕÐ¨Ì ¸µÌ· ´¥´¨¥ ±¨· ²Ó´µ£µ
¨ µ¡ÒÎ´µ£µ § ·Ö¤µ¢. ‚ ´¥Î¥É´µ³¥·´ÒÌ ¶·µ¸É· ´¸É¢ Ì ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ · §²¨Î´ÒÌ ³¥Éµ¤µ¢
¶µ± §Ò¢ ¥É¸Ö, ÎÉµ µ2 = m2 Ö¢²Ö¥É¸Ö ±·¨É¨Î¥¸±µ° ÉµÎ±µ° ¤²Ö Î¥·´-¸ °³µ´µ¢¸±µ£µ Î²¥´  ¶·¨
´Ê²¥¢µ° É¥³¶¥· ÉÊ·¥. ’ ±, ¢ ¸²ÊÎ ¥, ±µ£¤  µ2 < m2, µ-§ ¢¨¸¨³µ¸ÉÓ ¨¸Î¥§ ¥É ¨ ³Ò ¶µ²ÊÎ ¥³
µ¡ÒÎ´Ò° Î¥·´-¸ °³µ´µ¢¸±¨° Î²¥´. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ±µ£¤  µ2 > m2, Î¥·´-¸ °³µ´µ¢¸±¨° Î²¥´
¨¸Î¥§ ¥É ¡² £µ¤ ·Ö ´¥´Ê²¥¢µ° ¶²µÉ´µ¸É¨ Ëµ´µ¢ÒÌ Ë¥·³¨µ´µ¢. “¸É ´ ¢²¨¢ ¥É¸Ö ¸¢Ö§Ó ³¥¦¤Ê
P - ´µ³ ²Ó´Ò³ Î¥·´-¸ °³µ´µ¢¸±¨³ Î²¥´µ³ ¢ ´¥Î¥É´µ³¥·´ÒÌ ¨ ±¨· ²Ó´µ°  ´µ³ ²¨¥° ¢ Î¥É´µ-
³¥·´ÒÌ ¶·µ¸É· ´¸É¢ Ì ¶·¨ ¶·µ¨§¢µ²Ó´ÒÌ ¶²µÉ´µ¸ÉÖÌ ¨ É¥³¶¥· ÉÊ·¥. �É¨ ·¥§Ê²ÓÉ ÉÒ ¨³¥ÕÉ ¸¨²Ê
¶·¨ ²Õ¡µ° · §³¥·´µ¸É¨ ± ± ¢  ¡¥²¥¢µ³, É ± ¨ ¢ ´¥ ¡¥²¥¢µ³ ¸²ÊÎ ÖÌ.

1. INTRODUCTION

Famous Russian theorist V.A. Fock was one of the ˇrst physicists who
realized [1] the whole importance of topological phenomenons both in gauge
ˇeld theory and in general relativity (which, as is well known, may also be
viewed as a gauge theory). Namely this interesting subject is the topic of our
review article.

∗E-mail: shevch@nusun.jinr.ru
∗∗E-mail: solganik@thsun1.jinr.ru
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There is a lot of physical processes where density and temperature play
essential role. These are processes occurred under large density background, for
example, in quark-gluon plasma or in neutron stars. On the other hand, there exist
processes where even negligible density or temperature may give rise to principal
effects. One of the most interesting areas, where density and temperature in�uence
could be considerable, is the area of topological effects. Here, even negligible
density or temperature could change the topology of the problem as a whole,
what could lead to considerable in�uence. In particular, here we are interested
in the ChernÄPontriagin and the ChernÄSimons secondary characteristic classes.
That corresponds to chiral anomaly in even dimensions and to ChernÄSimons
(parity anomaly) in odd dimensions. Both phenomena are very important in
quantum physics. So, chiral anomalies in quantum ˇeld theory have certain direct
applications to the decay of π0 into two photons (π0 → γγ), in the understanding
and solution of the U(1) problem and so on. On the other hand, there are many
effects caused by the ChernÄSimons secondary characteristic class. These are, for
example, gauge particles mass appearance in quantum ˇeld theory, applications
to condense matter physics such as the fractional quantum Hall effect and high
Tc superconductivity, possibility of free of metric tensor theory construction, etc.

It must be emphasized that these two phenomena are closely related. As was
shown (at zero density) in [2Ä4] the trace identities connect even dimensional
anomaly with the odd dimensional ChernÄSimons. The main goal of this article
is to consider these anomalous objects at ˇnite density and temperature.

It was shown [5, 6] in a conventional zero density and temperature gauge
theory that the ChernÄSimons term is generated in the EulierÄHeisenberg effective
action by quantum corrections. Since the chemical potential term µψ̄γ0ψ is
odd under charge conjugation we can expect that it would contribute to P -
and CP -nonconserving quantity Å the ChernÄSimons term. As we will see,
this expectation is completely justiˇed. The zero density approach usually is
a good quantum ˇeld approximation when the chemical potential is small as
compared with characteristic energy scale of physical processes. Nevertheless,
for investigation of topological effects it is not the case. As we will see below,
even a small density could lead to principal effects.

In the excellent paper by Niemi [2] it was emphasized that the charge density
at µ �= 0 becomes nontopological object, i.e., contains both topological part
and nontopological one. The charge density at µ �= 0 (nontopological, neither
parity odd nor parity even object)∗ in QED3 at ˇnite density was calculated and
exploited in [8]. It must be emphasized that in [8] charge density (calculated in
the constant pure magnetic ˇeld) contains as well parity odd part corresponding to

∗For abbreviation, speaking about parity invariance properties of local objects, we will keep in
mind symmetries of the corresponding action parts.
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the ChernÄSimons term, so as parity even part, which can't be covariantized and
don't contribute to the mass of the gauge ˇeld. Here we are interested in ˇnite
density and temperature in�uence on covariant parity odd form in action leading
to the gauge ˇeld mass generation Å the ChernÄSimons topological term. Deep
insight on these phenomena at small densities was done in [2, 4]. The result for
the ChernÄSimons term coefˇcient in QED3 is[

th
1
2
β(m− µ) + th

1
2
β(m+ µ)

]
,

see [4], formulas (10.18). However, to get this result it was heuristically supposed
that at small densities index theorem could still be used and only odd in energy
part of spectral density is responsible for parity nonconserving effect. Because of
this in [4] it had been stressed that the result holds only for small µ. However,
as we'll see below this result holds for any values of chemical potential. Thus,
to obtain trustful result at any values of µ one has to use transparent and free of
any restrictions on µ procedure, which would allow one to perform calculations
with arbitrary non-Abelian background gauge ˇelds.

It was shown at zero chemical potential in [2, 4, 5] that the ChernÄSimons
term in odd dimensions is connected with chiral anomaly in even dimensions
by trace identities. As we'll see below generalization of the trace identity on
nonzero density is not trivial. It connects chiral anomaly with the ChernÄSimons
term, which has µ- and T -dependent coefˇcient. We will see below that despite
chemical potential and temperature give rise to a coefˇcient in front of the ChernÄ
Simons term [9] they don't in�uence chiral anomaly [10,11]. Indeed, anomaly is
a short distance phenomenon, which should not be affected by medium (density
and temperature) effects, or more quantitatively, so as the anomaly has ultraviolet
nature, temperature and chemical potential should not give any ultraviolet effect
since distribution functions decrease exponentially with energy in the
ultraviolet limit.

The paper is organized as follows. In section 2 we brie�y discuss the intro-
ducing of the chemical potential, chiral chemical potential and temperature to a
theory. Section 3 is devoted to qualitative consideration of chiral anomaly in 2
and 4 dimensions. The rigorous proof of density and temperature independence
of axial anomaly is presented in section 4. Also, it is shown in 2-dimensional
Schwinger model that chiral anomaly is not in�uenced not only by chemical po-
tential µ, but also by Lagrange multiplier κ at the constraint of chiral charge
conservation. Section 5 is concerned to the ChernÄSimons term in even dimen-
sions and its reduction to odd dimension in high temperature limit. In section 6
we obtain the ChernÄSimons term in 3-dimensional theory at ˇnite density and
temperature by use of a few different methods. In section 7 we evaluate ChernÄ
Simons term in the presence of nonzero temperature and density in 5-dimensional
theory and generalize this result on arbitrary non-Abelian odd-dimensional theory.
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Nonrelativistic consideration is presented in section 8. In section 9 we generalize
trace identity on arbitrary density of background fermions on the basis of the
previous calculations. Section 10 is devoted to concluding remarks.

2. CHEMICAL POTENTIAL

As is well known, chemical potential can be introduced in a theory as La-
grange multiplier at corresponding conservation laws. In nonrelativistic physics
this is conservation of full number of particles. In relativistic quantum ˇeld theory
these are conserving charges. The ground state energy can be obtained by use of
variational principle

〈ψ∗Ĥψ〉 = min (1)

under charge conservation constraint for relativistic equilibrium system

〈ψ∗Q̂ψ〉 = const, (2)

where Ĥ and Q̂ are Hamiltonian and charge operators. Instead, we can use
method of undetermined Lagrange multipliers and seek absolute minimum of
expression

〈ψ∗(Ĥ − µQ̂)ψ〉, (3)

where µ is Lagrange multiplier. Since Q̂ commute with the Hamiltonian, 〈Q̂〉 is
conserved.

On the other hand, we can impose another constraint, which implies chiral
charge conservation

〈ψ∗Q̂5ψ〉 = const, (4)

or in Lagrange approach we have

〈ψ∗(Ĥ − κQ̂5)ψ〉 = min, (5)

where κ arises as Lagrange multiplier at 〈Q̂5〉 = const constraint. Thus, µ
corresponds to nonvanishing fermion density (number of particles minus number
of antiparticles) in background. Meanwhile, κ is responsible for conserving
asymmetry in numbers of left- and right-handed background fermions.

It must be emphasized that the formal addition of a chemical potential in
the theory looks like a simple gauge transformation with the gauge function
µt. However, it doesn't only shift the time component of a vector potential but
also gives corresponding prescription for handling Green's function poles. The
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correct introduction of a chemical potential redeˇnes the ground state (Fermi
energy), which leads to a new spinor propagator with the correct ε prescription
for poles. So, for the free spinor propagator we have (see, for example, [12,13])

G(p;µ) =
˜�p+m

(p̃0 + iε sgnp0)2 − Rp 2 −m2
, (6)

where p̃ = (p0+µ, Rp). Thus, when µ = 0 one at once gets the usual ε prescription
because of the positivity of p0 sgn p0. In the presence of a background YangÄ
Mills ˇeld we consequently have for the Green function operator (in Minkovski
space)

Ĝ = (γπ̃ −m)
1

(γπ̃)2 −m2 + iε(p0 + µ) sgn(p0)
, (7)

where π̃ν = πν + µδν0 , πν = pν − gAν(x).
In Euclidian metric one has

G(p;µ) =
˜�p+m

p̃0
2 + Rp 2 +m2

, (8)

where p̃ = (p0 + iµ, Rp).
For temperature introduction we will use a standard Matzubara approach valid

for systems in equilibrium. That is Euclidian generating functional with temper-
ature instead of time, and antiperiodic conditions on fermion ˇelds ψ(0, Rx) =
−ψ(β, Rx) and periodic for boson ones A(0, Rx) = A(β, Rx) . Thus, for transfer to
ˇnite temperature case we will use∫

dDx→ i

∫ β

0

dx0

∫
dD−1x,

∫
dDk

(2π)D
→ i

β

∞∑
n=−∞

∫
dD−1k

(2π)D−1
,

together with p0 → ωn = (2n+ 1)π/β. Here, the chemical potential also can be
introduced by adding it to a Matzubara frequency p0 → ωn = (2n+ 1)π/β + iµ.

3. CHIRAL ANOMALY. QUALITATIVE CONSIDERATION

First of all let us consider simple but rather intuitive than rigorous derivation
of axial anomaly [14]. Let us start with 2Ädimensional right-handed Weyl fermion
theory coupled to a uniform electric ˇeld Ȧ1 = E in the temporal gauge. The
one component right-handed Weyl equation for ψR = 1/2(1 + γ5)ψ reads

iψ̇R(x) = (−i∂x −A1)ψR(x). (9)
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The dispersion law is ω(P ) = P . Corresponding to the classical equation of a
charged particle in the presence of an electric ˇeld where Ṗ = eE, the acceleration
of the right-handed particles in quantum theory is given by ω̇ = Ṗ = eE.
The creation rate of the right-handed particles per unit time and unit length is
determined by a charge of the Fermi surface, which distinguishes the ˇlled and
unˇlled states. Let the quantization length be L; the density of states per length
L is L/2π and the rate of change of right-handed particle number NR is

ṄR = L−1(L/2π)ω̇ = (e/2π)E. (10)

This particle creation is the axial anomaly. Consequently the chiral charge QR is
not conserved and Q̇R = ṄR = (e/2π)E. It follows from an analogous reasoning
that the annihilation rate of left-handed particles with the dispersion law ω = −P
is

ṄL = −(e/2π)E. (11)

Therefore the anomaly for the Dirac particles is

ṄR − ṄL = (e/π)E, (12)

which gives Q̇5 = (e/π)E.
In 4 dimensions we ˇrst calculate the energy levels of the right-handed Weyl

fermion in the presence of the applied uniform magnetic ˇeld along the third
direction given by

A2 = Hx1 and Aµ = 0 otherwise.

The solution to the equation for two-component right-handed ˇeld ψR of the form

[i∂/∂t− (P− eA)σ]ψR(x) = 0 (13)

is expressed in terms of a solution of the auxiliary equation

[i∂/∂t− (P− eA)σ] [i∂/∂t+ (P− eA)σ] Φ = 0 (14)

as

ψR = [i∂/∂t+ (P− eA)σ] Φ. (15)

From Eq. (14) the energy and the P2, P3 eigenfunction satisˇes an equation of
the harmonic oscillator type[

−(∂/∂1)2 + (eH)2(x1 + P2/eH) + (P3)2 + eHσ
]
Φ = ω2Φ,
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where σ = ±1. The energy levels are given by the Landau levels,

ω(n, σ, P3) = ±
[
eH(2n+ 1) + (P3)2 + eHσ

]1/2
, (16)

(n = 0, 1, 2, ...)

except for the n = 0 and σ = −1 mode, where

ω(n = 0, σ = −1, P3) = ±P3. (17)

The eigenfunction takes the form

Φnσ(x) = Nnσ exp(−iP2x2 − iP3x
3)

exp
[
−1/2eH(x1 + P2/eH)2

]
Hn(x1 + P2/eH)ξ(σ), (18)

with Nnσ as the normalization constant. Here ξ(σ) denotes the eigenfunctions
of the Pauli spin σ3 which can be taken as ξ(1) =

(
1
0

)
and ξ(−1) =

(
0
1

)
. The

solution of (14) is obtained by inserting (18) into (15). This leads to the relations

ψ
(n+1,σ=−1)
R = (Nn+1,σ=−1/Nn,σ=1)ψ

(n,σ=1)
R , n = 0, 1, ...

and

ψ
(n=0,σ=−1)
R = 0, with ω = −P3.

Thus the energy levels of ψR are (16) and

ω(n = 0, σ = −1, P3) = P3. (19)

Next a uniform electric ˇeld is turned on along the third direction parallel to
H . As for the zero mode (n = 0, σ = −1) the dispersion law is the same as that
for 2 dimensions and the creation rate of the particles is calculated in a similar
manner. It should be noted that when E varies adiabatically there is no particle
creation in the n= 0 modes. The density of the state per length L is LeH/4π2

and the creation rate is given by

ṄR = L−1(LeH/4π2)ω̇(n = 0, σ = −1, P3) = (e2/4π2)EH, (20)

which equals to Q̇R.
For the left-handed fermions the annihilation rate of the left-handed particles

is

ṄL = −(e2/4π2)EH, (21)

which is Q̇L.
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We then have for the Dirac ˇeld

Q̇5 = Q̇R − Q̇L = (e2/2π2)EH, (22)

that is the chiral anomaly.
Now we can easily estimate in�uence of background density on the anomaly

in this approach. From the above consideration we can see that the anomaly
is proportional to the time derivative of the zero mode energy. Taking into
account that nonzero fermion density in�uence just reduces to the shift of the
Landau levels on µ which doesn't depend on time, we can conclude that ˇnite
density doesn't in�uence the chiral anomaly. The same arguments are just for
the Lagrange multiplier at the axial charge κ, the only difference is that κ makes
shift for left- and right-handed fermions with opposite sign. So, until µ (κ) is
time independent it won't affect the chiral anomaly. We would like to stress that
here there was made adiabatic approximation, when we turn on electric ˇeld. So,
this consideration is just a plot and it needs a strict proof.

4. CHIRAL ANOMALY AT FINITE TEMPERATURE AND DENSITY

4.1. Two Dimensions. Since anomaly term originates from the ultraviolet
divergent part, it is not expected to be changed by the temperature. Indeed, it
was shown in several papers (see [10] and references therein). Moreover, the
same can be said about the in�uence of background fermion density that has been
checked in the works [11].

To clear understand the nature of anomaly µ independence we'll ˇrst consider
the simplest case Å 2-dimensional QED by the use of the Schwinger nonpertur-
bative method [16]. Thus, following Schwinger one writes

Jµ = −ig tr
[
γµG(x, x

′
) exp

(
−ig
∫ x

x′
dξµAµ(ξ)

)]
x′→x

, (23)

where G(x, x
′
) is a propagator satisfying the following equation

γµ
(
∂xµ − igAµ(x)

)
G(x, x

′
) = δ(x− x

′
). (24)

Further we use Schwinger's anzats

G(x, x
′
) = G0(x, x

′
) exp

[
ig(φ(x) − φ(x

′
))
]
, (25)

where G0(x, x
′
) is a free propagator

γµ∂xµG
0(x, x

′
) = δ(x− x

′
).
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Thus, for φ we can write γµ∂µφ = γµAµ. At ˇnite density G0(x, x
′
) has the

form

G0(x, x
′
) =
∫

d2p

(2π)2
eip(x−x

′
) �p
p2 + iε(p0 + µ) sgnp0

=

= −i �∂
[∫

d2p

(2π)2
eip(x−x

′
) 1
p2 + iε

−

−2
∫ +∞

−∞

dp1
2π

∫ +∞

−∞

dp0
2π

θ(−p̃0 sgnp0) eip(x−x
′
)�m 1

p2 + iε

]
. (26)

So, beside the usual zero density part µÄdependent one appears. Further, we have
to regularize current by use of symmetrical limit x → x

′
. After some simple

algebra it is clearly seen that all µÄdependent terms after taking off the limit will
disappear. Thus, contribution to the current arises from the Schwinger part only,
so

Jµ = i
g2

2π

(
δµν − ∂µ∂ν

∂2

)
Aν

Jµ
5 = i

g2

2π

(
εµν − εµα

∂α∂ν

∂2

)
Aν , (27)

and we get usual anomaly in chiral current

∂µJ
µ = 0 , ∂µJ

µ
5 = i

g2

2π
εµν∂µAν = i

g2

4π
∗F. (28)

It is natural to introduce Lagrange multiplier κ at corresponding constraint
to support the conservation of the Q5 charge, i.e., the difference of left and
right fermion densities QL − QR. Since κ and µ are Lagrange multipliers at
corresponding conservation laws they, in principle, have to in�uence some way a
symmetry violation by a quantum corrections, i.e., anomalies. However, the rather
amazing situation occurs. The demand of chiral charge conservation (instead of
the usual charge conservation) on the quantum level doesn't in�uence the chiral
anomaly. Really, in 2-dimensions introduction of Lagrange multiplier κ at the
chiral charge conservation gives the term κψ̄γ5γ0ψ = κψ̄γ1ψ in Lagrangian. So,
κ affects in the same way as µ, i.e., κ doesn't in�uence the chiral anomaly (it is
also seen in direct calculations, which are similar to presented above for the case
with µ). That could be explained due to ultraviolet nature of the chiral anomaly,
while κ (µ) doesn't introduce new divergences in the theory.

From the calculations it is clearly seen the principal difference of the chiral
anomaly and ChernÄSimons. The ultraviolet regulator Å P exponent Å gives
rise to the anomaly, but (as we'll see below) doesn't in�uence ChernÄSimons.
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Thus, it is natural that the anomaly doesn't depend on µ, κ, and T because it
has ultraviolet regularization nature, while neither density nor temperature does
in�uence ultraviolet behavior of the theory. The general and clear proof of axial
anomaly temperature independence in any even dimension will be presented in
section 9 on the basis of the trace identities.

4.2. Four Dimensions. In [11] direct calculations of axial anomaly at ˇnite
temperature and density in 4-dimensional gauge theory were performed by using
imaginary and real time formalism by Fujikawa method [15]. Here we present
the derivation of the axial anomaly using the elegant Fujikawa procedure. Con-
sidering a system of fermions and gauge bosons in thermodynamical equilibrium
at temperature T = β−1 and nonzero chemical potential µ in the imaginary time
formalism one reads the generating functional of correlation functions

Z[Jν , η, η̄] =
∫
DADcDc̄DψDψ̄

exp

[∫ β

0

dτ

∫
d3x
(
L(Rx, τ) + JνA

ν + ψ̄η + ψη̄
)]

, (29)

where
L(Rx, τ) = Lψ + LYM + Lc + LGF

represents the effective Lagrangian density of the SU(N) YangÄMills ˇeld A =
= (Aj

ρ) coupled to fermion ˇelds ψ = (ψa
α), ψ̄ = (ψ̄a

α) and to FaddeevÄPopov
ghost ˇelds c = (cα), c̄ = (c̄α). η = (ηaα), η̄ = (η̄aα) and J = (Jj

ρ) are external
sources. Aj

ρ, J
j
ρ , cα, c̄α are periodic in τ with period β, while ψa

α, ψ̄
a
α, η

a
α, η̄

a
α

are antiperiodic. Upper latin indices and lower Greek ones indicate �avor and
SU(N) internal (color) indices respectively, and j = 1, ..., N2−1, the number of
standard SU(N) generators (T j). LYM and Lc are standard Lagrangian densities
for YangÄMills bosons and ghosts, while LGF describes gauge ˇxing. On the
other hand, one has

Lψ =
Nf∑
a=1

ψ̄a(i �Da
T,µ −ma)ψa

(lower color indices being also implicitly contracted), with Nf the number of
�avors,

i �Da
T,µ = i �DT + µaγ0

and
�DT = iγ0(∂/∂τ +A4)− γk(∂/∂xk +Ak),

where iAρ = gT jAj
ρ and the Wick rotation has been performed in the imaginary

time formalism (x0 → τ = ix0, A0 → A4 = −iA0) so that �DT becomes
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Hermitian. It is considered a chemical potential µa for each �avor (there is no
�avor mixing).

Following Fujikawa [15] we are interested in the chiral transformation of the
fermion ˇelds:

ψa
α → exp[iδ(Rx, τ)γ5]ψa

α , ψ̄a
α → ψ̄a

α exp[iδ(Rx, τ)γ5],

which produces a change in the fermion measure DψDψ̄ → CDψDψ̄, giving
rise to the anomaly factor in the chiral current conservation law, C, which is
the direct ˇnite temperature and density extension of the zero temperature and
density factor appearing in [15]. The chemical potential term is invariant under
the above chiral transformation. Then the only possible ˇnite temperature and
density effects must be contained in C. In order to display them, let us expand

ψa(Rx, τ) =
∑
n

anφ
a
n(Rx, τ) , ψ̄a(Rx, τ) =

∑
n

b̄nφ
a
n
+(Rx, τ),

an, b̄n being elements of the Grassmann algebra. On the other hand, φan(Rx, τ),
which is antiperiodic in τ , is an eigenfunction of the Hermitian operator �Da

T,µ =
= �DT + µaγ0, i.e., �Da

T,µφ
a
n = λnφ

a
n, (λn being real and color indices being

omitted) and it fulˇlls ∫ β

0

dτ

∫
d3xφan

+φar = δnr.

Moreover, it can be FourierÄexpanded as

φan(Rx, τ) =
1
β

∞∑
j=−∞

∫
d3k eiωnτ e−i7k7xφaj (Rk), (30)

ωn =
(2n+ 1)π

β
.

Then, the measure DψDψ̄ becomes
∏

n dan
∏

m db̄m, and by extending directly
the zero temperature and density calculations [15], one ˇnds

C = exp

[
−2i
∫ β

0

dτ

∫
d3xδ(Rx, τ)a(Rx, τ)

]
(31)

with

a(Rx, τ) =
Nf∑
a=1

∑
n

φan
+(Rx, τ)γ5φan(Rx, τ). (32)
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The ˇnite temperature and density anomaly a(Rx, τ) can be regularized by extend-
ing again Fujikawa's trick as

a(Rx, τ) = lim
M→∞

Nf∑
a=1

∑
n

φan
+(Rx, τ)γ5 exp

[
−M−2(�Da

T,µ)
2
]
φan(Rx, τ), (33)

and by changing the basis vectors to ªplane wavesª with (30). We remark that
�Da
T,µ is equivalent to �DT provided that, in the latter, one replaces A4 by A4− iµa.

This replacement leaves Fρν invariant (Fρν = ∂ρAν − ∂νAρ + [Aρ, Aν ]): notice
that µa is constant and [µa, T j] = 0 for a = 1...Nf , j = 1...N2− 1. One obtains

a(Rx, τ) = Nf lim
M→∞

tr
(
γ5 {[γρ, γν ]Fρν}2

) 1
8M2

1
β

∞∑
n=−∞

∫
d3k

(2π)3
exp

[
−
(
ω2n + Rk2

M2

)]
, (34)

where the trace tr runs over both internal and γ matrices indices.
The inˇnite series on the right-hand side of (34) displays what is, quite likely,

the most important difference between the actual ˇnite temperature and density
case and the zero temperature and density one treated in [15]. We recall the
following formula valid for any M :

1
β

∞∑
n=−∞

exp
[
− π2

M2β2
(2n+ 1)2

]
=
∫ ∞
−∞

dk0

2π
exp

[
−
(
k0

M

)2]
. (35)

A simple derivation of (35) can be found in [25].
By using (35) in (34) and taking the trace over the γ matrices, we arrive at

the ˇnal formula:

a(Rx, τ) = − Nf

16π2
tr
(
1
2
εσνρλFρλFσν

)
, (36)

where the trace now runs only over internal indices. We can see that there are
no ˇnite temperature and density corrections to the chiral anomaly, as we have
expected from the previous considerations.

5. CHERNÄSIMONS IN EVEN DIMENSIONAL THEORY

It will be natural to introduce in Lagrangian the classical conservation law
Å the conservation of the Q5 charge, i.e., the difference of left and right fermion
densities QL −QR. Thus the Lagrangian with constraint on Q5 has the form

L =
1
8
trFF + ψ̄

(
i∂̂ − gÂ+ iκγ0γ5

)
ψ. (37)
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Thus, if we will deal with such a Lagrangian we must get theory in which Q5-
charge is conserved. To get effective action only background ˇeld dependent
we have to take over dψ̄ dψ integration. There are two ways to do it: one can
calculate straight forward by using the perturbation theory and get the effective
action, another one is proper time method. Certainly, we have to take into
account that at high temperatures dimensional reduction takes place. Thus, for
example, vacuum polarization tensor in reduced Å 3-dimensional Å theory can
be written as

Πij(p2) =
(
gijp

2 − pipj
)
Π(1)(p2) + ieijkp

kΠ(2)(p2) + pipjΠ(3)(p2). (38)

The part of the vacuum polarization tensor containing LeviÄChivita tensor
ieijkp

kΠ(2)(p2) gives rise to the ChernÄSimons term.
It is convenient to rewrite Lagrangian in more appropriate form using pro-

jection operators

L =
1
2
trFF + ψ̄L

(
i∂̂ − gÂ+ iκγ0

)
ψL + ψ̄R

(
i∂̂ − gÂ− iκγ0

)
ψR, (39)

where we have used I = P+ + P− , γ5 = P+ − P− , P+ = 1+γ5

2 , P− = 1−γ5

2 .
So, now we can evaluate JL and JR separately. One can easily see that the

Lagrangian we have got is absolutely analogous to ˇnite temperature and density
Lagrangian with left(right)-handed fermions which was considered in [17] using
perturbative expansion.

Thus we can immediately write the answer for JL and JR currents

Jµ
(L/R) = (±) κ

4π
βW [A], (40)

where W [A] is the ChernÄSimons term. And consequently for full current and
chiral current we'll get correspondingly

Jµ = 0, (41)

Jµ
5 = 2

κ

4π
βW [A]. (42)

It is also possible to obtain ChernÄSimons at zero temperature for κ �= 0 with
clear physical sense (see, for example, [18] where chiral fermions are considered at
ˇnite density and [14] where Weyl particles are considered). In the 2-dimensional
Schwinger model there is chiral anomaly

∂µJ
5
µ = − 1

π
εµνF

µν . (43)

It could be derived by using the picture of energy levels crossing, see for example
[14,19]. Here, we will exploit this method for consideration of the ChernÄSimons
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term. Thus we will consider the Schwinger model (37) on a ring with periodic
for Aµ and antiperiodic for ψ boundary conditions

A(x = −L/2, t) = A(x = L/2, t),
ψ(x = −L/2, t) = −ψ(x = L/2, t). (44)

Thus, ˇelds A and ψ could be expanded in Fourier modes exp(ikx2π/L) for
bosons and exp(i[k+1/2]x2π/L) for fermions. The Lagrangian (37) is invariant
under local gauge transformations:

ψ → ψ eiα(x,t) , Aµ → Aµ + ∂µα(x, t).

It is easily seen that due to local gauge transformations, we can put all modes
of A1 to be zero except for the zero-mode. Thus, we can consider A1 to be
x-independent. There exists another type of gauge transformations (large gauge
transformations)

α =
2π
L
nx,

where n is an integer number. Nevertheless, this gauge is not periodic, it satisˇes
condition (44). Really, ∂α/∂x = const and ∂α/∂t = 0, thus periodicity of Aµ

is conserved, the same is also true for ψ. So, we can consider the model on
the circle [0, 2π/L]. Further, we use adiabatic approximation, putting that A1
is independent of time (to a slight time dependence we will turn on later), and
that A0 = 0. This adiabatic approximation is quite natural from the physical
point of view, see for example elegant consideration by Shifman [19]. We now
calculate number density of real left(right) fermions nL/R[A1] and fermionic

energy density εL/R[A1], assuming that number density nL/R at Ȧ1 = 0 is ˇxed.
Note that system with ˇxed nL/R can be prepared by inserting fermions into the
box, which is initially empty.

It is straightforward to calculate the fermionic spectrum at A1 �= 0,

EL/R =
2π
L
(k ∓NCS) , k = 0,±1,±2, ... , (45)

where

NCS =
1
2π

∫
A1dx

1 (46)

is the ChernÄSimons number in (1+1) dimensions. As the gauge ˇeld changes
from zero to some ˇxed A1, [NCS ] levels of left-handed fermions cross zero
from above and the same number of right-handed fermionic levels cross zero
from below. This means that [NCS ] left-handed fermions ˇll the negative energy
levels in the Dirac sea, see Fig.1, and the same number of right-handed fermions
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leave it. We would like to stress, that in this physical clear picture it is essential
to use the adiabatic approximation. The number densities for left(right)-handed
fermions are

nL/R[A1] = n0L/R ∓ nCS +O(L−1), (47)

where nCS = NCS/L is the average ChernÄSimons density.

Fig. 1. Behaviour of the left(right)-handed fermionic levels

Note that equation (47) is essentially the integral form of the anomaly equa-
tion (43). The average energy density of real fermions is

εL/R =
2
L

N0
L/R/2∑

[NCS]+1

εk =
π

2
(n0CS ∓ nCS)2 +O(L−2). (48)

We can introduce chemical potential for left(right)-handed fermions in a
standard way

µL/R =
∂εL/R

∂nL/R
(49)

and we obtain

µL/R = π(nL/R ∓ nCS). (50)

Introducing the standard Legendre transform

ẼL/R[µL/R, A1] = EL/R ∓ µL/RNL/R (51)
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we ˇnd

∆E = (µR − µL)NCS, (52)

so, for the case when µR = µL = µ we'll get energy unchanged. On the other
hand, for chiral fermions [18] sign of term µR will change and

∆E = −2µNCS. (53)

If we impose conservation of the left- and right-handed fermions (with Lagrangian
multiple κ) instead of separate conservation of left (right)-fermions, we'll get

∆E = −2κNCS. (54)

Thus, the same result arises both for chiral fermions at ˇnite density, and for
usual fermions under conservation of chiral charge. One should notice that here
there were used two approximations. The ˇrst one is time independence of A0,
the second is adiabatic approximation. Nevertheless, this consideration is valuable
due to construction of clear physical picture of the phenomenon.

The ChernÄSimons term appearance in even dimensional theory could be
shown in simple and clear way. The only thing we need for it is temperature
and density independence of chiral anomaly (see previous sections). From the
deˇnition one has

∂Ieff
∂κ

=
∫

dDx〈J05 〉. (55)

Since axial anomaly doesn't depend on κ, effective action contains the term
proportional to anomalous Q5 charge with κ as a coefˇcient. The same is for a
chiral theory, there effective action contains the term proportional to anomalous
Q charge with µ as a coefˇcient, see for example [17,18,20]. So, we have

∆Ieff = −κ
∫

dx0W [A] (56)

in conventional gauge theory and

∆Ichiraleff = −µ
∫

dx0W [A] (57)

in the chiral theory. Here W [A] is the ChernÄSimons term. Thus we get ChernÄ
Simons with Lagrange multiplier as a coefˇcient.

It is well known that at nonzero temperature in β → 0 limit the dimensional
reduction effect occurs. So, extra t-dependence of ChernÄSimons term in (56)
disappears and ChernÄSimons can be treated as a mass term in 3-dimensional
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theory with iκ/T coefˇcient (the same for chiral theory with µ, see [17]). For
anomalous parts of effective action we have

∆Ieff = −iκβW [A] , ∆Ichiraleff = −iµβW [A] (58)

in conventional and chiral gauge theories correspondingly. The only problem
arises in treating ChernÄSimons as a mass term is that the coefˇcient is imaginary,
see discussions on the theme in [17,20]. The other problem is that the coefˇcient
is not the integer function, see discussions in conclusion. One can notice, that
results (56), (57) and (58) hold in arbitrary even dimension. Let us stress, that
we don't need any complicated calculations to obtain (56)Ä(58). The only thing
we need is the knowledge of chiral anomaly independence on µ, κ, and β.

This result also can be derived by use of the proper-time method. Chiral
current reads as follows

Jµ
5 = −ig tr

[
γ5γµG(x, x

′
)
]
= −ig tr

[
γ5γµ

1
i �∂ − g �A+ γ5γ0κ

]
=

= −ig tr
[
γµ

1
i �∂ − gγ5 �A+ γ0κ

]
. (59)

The propagator has the following form

G(x, x
′
) =
[
i �∂ − gγ5 �A

]
(−i)

∫ 0

−∞
dτU(x, x

′
; τ), (60)

where U(x, x
′
; τ) is the evolution operator in a proper time. The propagator after

substitution of the evolution operator can be rewritten as

G(x, x
′
) = exp

(
−igγ5

∫ x

x′
dζµA

µ

)∫
d4p

(2π)4
eip(x−x

′
)G(p), (61)

where G(p) has the form

G(p) = −iad
∫ 0

−∞

dτ

τd/2
exp
(
−1
2
tr ln
[
i

4τ
ch(gFτ)

]
−

−ip(gF )−1 th(gFτ)p
) [

γ5γα ( th(gFτ))αν pν− �p
]

exp
(
i
g

2
γ5σµνF

µντ
)
, (62)

where ad = eiπd/4/(2π)d/2. Substituting expression for the propagator in (59),
we will get for the chiral current

Jµ
5 = gad

∫ 0

−∞

dτ

τd/2
exp
(
−1
2
tr ln
[
i

4τ
ch(gFτ)

])
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d4p

(2π)4
exp
(
−ip(gF )−1 th(gFτ)p

)
pν

tr
[(
γµγ5γα [ th(gFτ)]αν − γµγαgαν

)
exp
(
i
g

2
γ5σµνF

µντ
)]
. (63)

Taking into account that p integration is at ˇnite density and temperature, i.e.,
integral in p0 is changed on sum, and extracting the LeviÄChivita tensor containing
part (it is really simple, if one takes traces in covariant form) we obtain

Jµ
5 =

g2

8π2
β

∫
dτ

τ2

∞∑
m=1

(−1)mm exp
(
i
β2m2

4τ

)
sh(βmκ) ∗Fµ0. (64)

To regulate this expression we use dimensional regularization, which can be
expressed in terms of generalized Riemann zeta functions. Also, we take high
temperature limit, i.e., β → 0, and ˇnally get

Jµ
5 = iκ

g2

2π2
∗Fµ0. (65)

6. CHERNÄSIMONS IN THREE-DIMENSIONAL THEORY

6.1. Constant Magnetic Field. Let us ˇrst consider a (2+1)-dimensional
Abelian theory in the external constant magnetic ˇeld. We will evaluate fermion
density by performing the direct summation over Landau levels. As a starting
point, we will use the formulae for fermion number at ˇnite density and temper-
ature [2]

N = −1
2

∑
n

sgn(λn) +
∑
n

[ θ(λn)
exp(−β(µ− λn)) + 1

−

− θ(−λn)
exp(−β(λn − µ)) + 1

]
=

=
1
2

∑
n

th
1
2
β(µ− λn)

β→∞−→ 1
2

∑
n

sgn(µ− λn). (66)

Landau levels in the constant magnetic ˇeld have the form [21]

λ0 = −m sgn(eB) , λn = ±
√
2n|eB|+m2, (67)

where n=1,2, ... It is also necessary to take into account in (66) the degeneracy
of Landau levels. Namely, the number of degenerate states for each Landau level
is |eB|/2π per unit area. Even now we can see that only zero modes (because of
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sgn(eB)) could contribute to the parity odd quantity. So, for zero temperature,
by using the identity

sgn(a− b) + sgn(a+ b) = 2 sgn(a)θ(|a| − |b|),
one gets for zero modes

|eB|
4π

sgn (µ+m sgn(eB)) =
|eB|
4π

sgn(µ)θ(|µ| − |m|) +

+
|eB|
4π

sgn(eB) sgn(m)θ(|m| − |µ|), (68)

and for nonzero modes

1
2
|eB|
2π

∞∑
n=1

sgn(µ−
√
2n|eB|+m2) + sgn(µ+

√
2n|eB|+m2) =

=
|eB|
2π

sgn(µ)
∞∑
n=1

θ(|µ| −
√
2n|eB|+m2). (69)

Combining contributions of all modes we get for fermion density

ρ =
|eB|
2π

sgn(µ)
∞∑
n=1

θ
(
|µ| −

√
2n|eB|+m2

)
+

+
1
2
|eB|
2π

sgn(µ)θ(|µ| − |m|) + 1
2
eB

2π
sgn(m)θ(|m| − |µ|) =

=
|eB|
2π

sgn(µ)
(
Int
[
µ2 −m2

2|eB|

]
+

1
2

)
θ(|µ| − |m|) +

+
eB

4π
sgn(m)θ(|m| − |µ|). (70)

Here we see that zero modes contribute both to parity odd and to parity even
part, while nonzero modes contribute to the parity even part only (note that under
parity transformation B → −B). Thus, fermion density contains both ChernÄ
Simons part and parity even part. At ˇnite temperature it is also possible to get
ChernÄSimons. Substituting zero modes into (66) one gets

N0 =
|eB|
2π

1
2
th
[
1
2
β (µ+m sgn(eB))

]
=

=
|eB|
4π

[
sh(βµ)

ch(βµ) + ch(βm)
+ sgn(eB)

sh(βm)
ch(βµ) + ch(βm)

]
, (71)

so, excluding parity odd part, one gets for ChernÄSimons at ˇnite temperature
and density

NCS =
eB

4π
sh(βm)

ch(βµ) + ch(βm)
=

eB

4π
th(βm)

1
1 + ch(βµ)/ ch(βm)

. (72)
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So, the result coincides with the result for ChernÄSimons term coefˇcient by
Niemi and Semenoff [4] obtained for small µ[

th
1
2
β(m− µ) + th

1
2
β(m+ µ)

]
.

It is obviously the limit to zero temperature. The lack of this method is that it
works only for Abelian and constant ˇeld case.

This result at zero temperature can be obtained using the Schwinger properÄ
time method. Consider (2+1)-dimensional theory in the Abelian case and choose
background ˇeld in the form

Aµ =
1
2
xνF

νµ, F νµ = const.

To obtain the ChernÄSimons term in this case, it is necessary to consider the
background current

〈Jµ〉 = δSeff
δAµ

rather than the effective action itself. This is because the ChernÄSimons term
formally vanishes for such the choice of Aµ but its variation with respect to Aµ

produces a nonvanishing current. So, consider

〈Jµ〉 = −ig tr
[
γµG(x, x

′
)
]
x→x′ , (73)

where

G(x, x
′
) = exp

(
−ig
∫ x

x′
dζµA

µ(ζ)
)
〈x|Ĝ|x′〉. (74)

Let us rewrite Green function (7) in a more appropriate form

Ĝ = (γπ̃ −m)
[θ((p0 + µ) sgn(p0))

(γπ̃)2 −m2 + iε
+
θ(−(p0 + µ) sgn(p0))
(γπ̃)2 −m2 − iε

]
. (75)

Now, we use the well-known integral representation of denominators

1
α± i0

= ∓i
∫ ∞
0

ds e±iαs,

which corresponds to introducing the ªproperÄtimeª s into the calculation of the
EulierÄHeisenberg Lagrangian by the Schwinger method [22]. We obtain

Ĝ = i(γπ̃ −m)
∫ ∞
0

ds
[
− exp

(
is
[
(γπ̃)2 −m2 + iε

])
θ((p0 + µ) sgn(p0)) +

+ exp
(
−is
[
(γπ̃)2 −m2 − iε

])
θ(−(p0 + µ) sgn(p0))

]
. (76)
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For simplicity, we restrict ourselves only to the magnetic ˇeld case, where A0 =
0, [π̃0, π̃µ] = 0. Then we easily can factorize the time dependent part of Green
function

G(x, x
′
) =
∫

d3p

(2π)3
Ĝ eip(x−x

′
) =

=
∫

d2p

(2π)2
Ĝ7x ei7p(7x−7x

′
)

∫
dp0
2π

Ĝx0 e
ip0(x0−x

′
0). (77)

By using the obvious relation

(γπ̃)2 = (p0 + µ)2 − Rπ2 +
1
2
gσµνF

µν (78)

one gets

G(x, x
′
)|x→x′ = −i

∫
dp0
2π

d2p

(2π)2
(γπ̃ −m)

∫ ∞
0

ds[
eis(p̃

2
0−m

2) e−is7π
2
eisgσF/2 − θ(−(p0 + µ) sgn(p0))

(
eis(p̃

2
0−m

2) e−is7π
2
eisgσF/2 + e−is(p̃

2
0−m

2) eis7π
2
e−isgσF/2

)]
. (79)

Here the ˇrst term corresponds to the usual µÄindependent case and there are
two additional µÄdependent terms. In the calculation of the current the following
trace arises:

tr
[
γµ(γπ̃ −m) eisgσF/2

]
= 2πνgνµ cos(g|∗F |s) +

+2
πνF νµ

|∗F | sin(g|∗F |s)− 2im
∗Fµ

|∗F | sin(g|
∗F |s),

where ∗Fµ = εµαβFαβ/2 and |∗F | =
√
B2 − E2. Since we are interested in

calculation of the parity odd part ( ChernÄSimons term) it is enough to consider
only terms proportional to the dual strength tensor ∗Fµ. On the other hand the
term 2πνgνµ cos (g|∗F |s) at ν = 0 (see expression for the trace, we take in mind
that here there is only magnetic ˇeld) also gives nonzero contribution to the
current J0 [8]

J0even = g
|gB|
2π

(
Int
[
µ2 −m2

2|gB|

]
+

1
2

)
θ(|µ| − |m|). (80)

This part of current is parity invariant because under parity B → −B. It is clear
that this parity even object does contribute neither to the parity anomaly nor to
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the mass of the gauge ˇeld. Moreover, this term has been obtained [8] in the
pure magnetic background and scalar magnetic ˇeld occurs in the argument's
denominator of the cumbersome function Å integer part. So, the parity even
term seems to be ªnoncovariantizableª, i.e., it can't be converted in covariant
form in effective action. For a pity, in papers [8] charge density consisting
of both parity odd and parity even parts is dubbed ChernÄSimons, what leads to
misunderstanding. The main goal of this article is to explore the parity anomalous
topological ChernÄSimons term in the effective action at ˇnite density. So, just
the term proportional to the dual strength tensor ∗Fµ will be considered. The
relevant part of the current reads

Jµ
CS =

g

2π

∫
dp0

∫
d2p

(2π)2

∫ ∞
0

ds
2im∗Fµ

|∗F | sin (g|∗F |s)[
eis(p̃

2
0−m

2) e−is7π
2 − θ(−(p0 + µ) sgn(p0))

(
eis(p̃

2
0−m

2) e−is7π
2
− e−is(p̃

2
0−m

2) eis7π
2
)]

. (81)

Evaluating integral over spatial momentum we derive

Jµ
CS =

g2

4π2
m∗Fµ

∫ +∞

−∞
dp0

∫ ∞
0

ds

[
eis(p̃

2
0−m

2) −

−θ(−p̃0 sgn(p0))
(
eis(p̃

2
0−m2) + e−is(p̃

2
0−m2)m

)]
. (82)

Thus, we have got besides the usual ChernÄSimons part [6], also the µÄdependent
one. It is easy to calculate it by use of the formula∫ ∞

0

ds eis(x
2−m2) = π

(
δ(x2 −m2) +

i

π
P 1
x2 −m2

)
and we get eventually

Jµ
CS =

m

|m|
g2

4π
∗Fµ
[
1− θ(−(m+ µ) sgn(m))− θ(−(m− µ) sgn(m))

]
=

m

|m|θ(m
2 − µ2)

g2

4π
∗Fµ. (83)

Let us now discuss the non-Abelian case. Then Aµ = TaA
µ
a and current

reads
〈Jµ

a 〉 = −ig tr
[
γµTaG(x, x

′
)
]
x→x′ .
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It is well known [6,23] that there exist only two types of the constant background
ˇelds. The ˇrst is the ªAbelianª type (it is easy to see that the selfÄinteraction
fabcAµ

bA
ν
c disappears under that choice of the background ˇeld)

Aµ
a = ηa

1
2
xνF

νµ, (84)

where ηa is an arbitrary constant vector in the color space, F νµ = const. The
second is the pure ªnon-Abelianª type

Aµ = const. (85)

Here the derivative terms (Abelian part) vanish from the strength tensor and it
contains only the selfÄinteraction part Fµν

a = gfabcAµ
bA

ν
c . It is clear that to catch

the Abelian part of the ChernÄSimons term we should consider the background
ˇeld (84), whereas for the non-Abelian (derivative noncontaining, cubic in A)
part we have to use the case (85).

Calculations in the ªAbelianª case reduces to the previous analysis, except
the trivial adding of the color indices in the formula (83):

Jµ
a =

m

|m|θ(m
2 − µ2)

g2

4π
∗Fµ

a . (86)

In the case (85) all calculations are similar. The only difference is that the origin
of term σµνF

µν in (78) is not the linearity A in x (as in Abelian case) but the
pure non-Abelian Aµ = const. Here term σµνF

µν in (78) becomes quadratic in
A and we have

Jµ
a =

m

|m|θ(m
2 − µ2)

g3

4π
εµαβ tr

[
TaA

αAβ
]
. (87)

Combining formulas (86) and (87) and integrating over ˇeld Aµ
a we obtain even-

tually

SCSeff =
m

|m|θ(m
2 − µ2)πW [A], (88)

where W [A] is the ChernÄSimons term

W [A] =
g2

8π2

∫
d3xεµνα tr

(
FµνAα −

2
3
gAµAνAα

)
.

It may seem that covariant notation is rather artiˇcial. However, it helps us to
extract the LeviÄChivita tensor containing part of action, i.e., parity anomalous
ChernÄSimons term.
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6.2. Arbitrary External Field. One can see that the methods we have
used above for calculation of the ChernÄSimons term are noncovariant. Indeed,
both of them use the constant magnetic background. Therefore, here we will use
completely covariant approach, which allows an arbitrary initial ˇeld conˇguration
and non-Abelian ˇelds. We will employ the perturbative expansion at once in the
non-Abelian case.

Let us ˇrst consider non-Abelian 3-dimensional gauge theory. The only
graphs whose P-odd parts contribute to the parity anomalous ChernÄSimons term
are shown in Fig. 2.

Fig. 2. Graphs whose P-odd parts contribute to the ChernÄSimons term in non-Abelian 3D
gauge theory

Thus, the part of effective action containing the ChernÄSimons term looks as

ICS
eff =

1
2

∫
x

Aµ(x)
∫
p

e−ixpAν(p)Πµν(p)

+
1
3

∫
x

Aµ(x)
∫
p,r

e−ix(p+r)Aν(p)Aα(r)Πµνα(p, r), (89)

where polarization operator and vertices have a standard form

Πµν(p) = g2
∫
k

tr [γµS(p+ k;µ)γνS(k;µ)]

Πµνα(p, r) = g3
∫
k

tr [γµS(p+ r + k;µ)γνS(r + k;µ)γαS(k;µ)] , (90)

here, under integration we understand∫
x

= i

∫ β

0

dx0

∫
dRx and

∫
k

=
i

β

∞∑
n=−∞

∫
dRk

(2π)2
.

First consider the second order term (Fig. 2, graph (a)). It is well known that the
only object giving us the possibility of constructing P - and T -odd form in action
is LeviÄChivita tensor∗. Thus, we will drop all terms noncontaining LeviÄChivita

∗In three dimensions it arises as a trace of three γ matrices (Pauli matrices).
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tensor. Signal for the mass generation ( ChernÄSimons term) is Πµν(p2 = 0) �= 0.
So we get

Πµν = g2
∫
k

(−i2meµναpα)
1

(k̃2 +m2)2
. (91)

After some simple algebra one obtains

Πµν = −i2mg2eµναpα
i

β

∞∑
n=−∞

∫
d2k

(2π)2
1

(k̃2 +m2)2
=

= −i2mg2eµναpα
i

β

∞∑
n=−∞

i

4π
1

ω2n +m2
, (92)

where ωn = (2n+ 1)π/β + iµ. Performing summation we get

Πµν = i
g2

4π
eµναpα th(βm)

1
1 + ch(βµ)/ ch(βm)

. (93)

It is easily seen that at β →∞ limit we'll get zero temperature result [9]

Πµν = i
m

|m|
g2

4π
eµναpαθ(m2 − µ2). (94)

In the same manner handling the third order contribution (Fig. 2b) one gets

Πµνα = −2g3ieµνα i

β

∞∑
n=−∞

∫
d2k

(2π)2
m(k̃2 +m2)
(k̃2 +m2)3

=

= −i2mg3eµνα
i

β

∞∑
n=−∞

∫
d2k

(2π)2
1

(k̃2 +m2)2
(95)

and further all calculations are identical to the second order

Πµνα = i
g3

4π
eµνα th(βm)

1
1 + ch(βµ)/ ch(βm)

. (96)

Substituting (93), (96) in the effective action (89) we get eventually

ICS
eff = th(βm)

1
1 + ch(βµ)/ ch(βm)

g2

8π

∫
d3xeµνα

tr
(
Aµ∂νAα −

2
3
gAµAνAα

)
. (97)

Thus, we get ChernÄSimons term with temperature and density dependent
coefˇcient.
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7. CHERNÄSIMONS TERM IN ARBITRARY ODD DIMENSION

Let's now consider 5-dimensional gauge theory. Here the LeviÄChivita tensor
is 5-dimensional eµναβγ and the relevant graphs are shown in Fig. 3.

Fig. 3. Graphs whose P -odd parts contribute to the ChernÄSimons term in non-Abelian
5D theory

The part of effective action containing the ChernÄSimons term reads

ICS
eff =

1
3

∫
x

Aµ(x)
∫
p,r

e−ix(p+r)Aν(p)Aα(r)Πµνα(p, r)

+
1
4

∫
x

Aµ(x)
∫
p,r

e−ix(p+r+s)Aν(p)Aα(r)Aβ(s)Πµναβ(p, r, s)

+
1
5

∫
x

Aµ(x)
∫
p,r

e−ix(p+r+s+q)Aν(p)Aα(r)Aβ(s)Aγ(s)

×Πµναβγ(p, r, s, q). (98)

All calculations are similar to 3-dimensional case. First consider third order
contribution (Fig. 3a)

Πµνα(p, r) = g3
∫
k

tr [γµS(p+ r + k;µ)γνS(r + k;µ)γαS(k;µ)] . (99)

Taking into account that trace of ˇve γ matrices in 5-dimensions is

tr
[
γµγνγαγβγρ

]
= 4ieµναβρ,

we extract the parity odd part of the vertices

Πµνα = g3
i

β

∞∑
n=−∞

∫
d4k

(2π)4
(i4meµναβσpβrσ)

1
(k̃2 +m2)3

, (100)

or in more transparent way

Πµνα = i4mg3eµναβσpαrσ
i

β

+∞∑
n=−∞

∫
d4k

(2π)4
1

(ω2n + Rk2 +m2)3
=
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= i4mg3eµναβσpαrσ
i

β

+∞∑
n=−∞

−i
64π2

1
ω2n +m2

. (101)

Evaluating summation one comes to

Πµνα = i th(βm)
1

1 + ch(βµ)/ ch(βm)
g3

16π2
eµναβσpαrσ. (102)

In the same way operating graphs (b) and (c) (Fig. 3) one will obtain

Πµναβ = i th(βm)
1

1 + ch(βµ)/ ch(βm)
g4

8π2
eµναβσsσ (103)

and

Πµναβγ = i th(βm)
1

1 + ch(βµ)/ ch(βm)
g5

16π2
eµναβσ. (104)

Substituting (102)Ä(104) in the effective action (98) we get the ˇnal result for
ChernÄSimons in 5-dimensional theory

ICS
eff = th(βm)

1
1 + ch(βµ)/ ch(βm)

g3

48π2

∫
x

eµναβγ

tr
(
Aµ∂νAα∂βAγ +

3
2
gAµAνAα∂βAγ +

3
5
g2AµAνAαAβAγ

)
. (105)

It is remarkable that all parity odd contributions are ˇnite both in 3-dimen-
sional and in 5-dimensional cases. Thus, all values in the effective action are
renormalized in a standard way, i.e., the renormalizations are determined by
conventional (parity even) parts of vertices.

From the above direct calculations it is clearly seen that the chemical potential
and temperature-dependent coefˇcient is the same for all parity odd parts of
diagrams and doesn't depend on space dimension. So, the in�uence of ˇnite
density and temperature on the ChernÄSimons term generation is the same in any
odd dimension:

ICSeff = th(βm)
1

1 + ch(βµ)/ ch(βm)
πW [A]

β→∞−→ m

|m|θ(m
2 − µ2)πW [A],

(106)
where W [A] is the ChernÄSimons secondary characteristic class in any odd di-
mension. Since only the lowest orders of perturbative series contribute to the
ChernÄSimons term at ˇnite density and temperature (the same situation is well
known at zero density), the result obtained by using formally perturbative tech-
nique appears to be nonperturbative. Thus, the µ- and T -dependent ChernÄSimons
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term coefˇcient reveals the amazing property of universality. Namely, it does de-
pend on neither dimension of the theory nor Abelian or non-Abelian gauge theory
is studied.

The arbitrariness of µ gives us the possibility to see ChernÄSimons coefˇcient
behaviour at any masses. It is very interesting that µ2 = m2 is the crucial point
for ChernÄSimons at zero temperature. Indeed, it is clearly seen from (106) that
when µ2 < m2, µ in�uence disappears and we get the usual ChernÄSimons term

ICSeff = πW [A].

On the other hand, when µ2 > m2, the situation is absolutely different. One can
see that here the ChernÄSimons term disappears because of nonzero density of
background fermions. We would like to emphasize the important massless case
m = 0 considered in many papers, see for example [4,6,24]. Here even negligible
density or temperature, which always take place in any physical processes, leads
to vanishing of the parity anomaly. Let us stress again that we nowhere have used
any restrictions on µ. Thus we not only conˇrm result of [4] for ChernÄSimons
in QED3 at small density, but also expand it on arbitrary µ, non-Abelian case
and arbitrary odd dimension.

8. NONRELATIVISTIC CONSIDERATION

Here, we will show that in nonrelativistic case there is no ChernÄSimons term,
there is only pseudo ChernÄSimons, which is even under parity transformation. It
is also presented the possibility of getting mixed ChernÄSimons term in nontrivial
external ˇeld.

First, we would like to notice that there are two approaches in fermion number
deˇnition. The ˇrst one is (see for example [32])

〈Q〉β,µ =
∑
n

1
eβ(λn−µ) + 1

, (107)

and a normal ordering is performed at the given value of the chemical potential
µ. (This normal ordering is suppressed here since it is inessential to the present
discussion.) The other deˇnition (see [2]) is related to the above by

〈Q〉β,µ = 〈N〉β,µ +
1
2
ζH(0), (108)

where ζH is the Riemann ζ function related to the even part of the spectral density
of the Hamiltonian H

ζH(s) =
∫ ∞
0

dλ [ρH(λ) + ρH(−λ)]λ−s. (109)
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So, the difference in the deˇnitions is given by a β and µ independent con-
stant, ζH(0). Indeed, one can easily check that at the operator level, these two
deˇnitions are related as

Q = N+
1
2

∫
dx
{
ψ+(x), ψ(x)

}
, N =

1
2

∫
dx
[
ψ+(x), ψ(x)

]
. (110)

As we have seen above, the fermion number density has the following form

N =
1
2

∑
n

th
1
2
β(µ− λn)

β→∞−→ 1
2

∑
n

sgn(µ− λn). (111)

Landau levels in the relativistic case are

λ0 = −m sgn(eB) , λn = ±
√
2n|eB|+m2, (112)

where n = 1, 2, ... . On the other hand, in the nonrelativistic case energy levels
have the form

λn = (n+
1
2
)Ω, (113)

where Ω = |eB|/m cyclotron frequency, n = 0, 1, 2,...
As we have seen above in the relativistic case fermion density has the form

N =
|eB|
2π

sgn(µ)
(
Int
[
µ2 −m2

2|eB|

]
+

1
2

)
θ(|µ| − |m|) +

+
eB

4π
sgn(m)θ(|m| − |µ|). (114)

Thus we can see that in the relativistic case there is especial zero mode, the only
mode which contributes to parity-odd part of fermion number. On the contrary,
in the nonrelativistic case there is no special zero mode, all modes contribute to
the parity even part only. Thus, we have at zero temperature

Q =
|eB|
2π

∑
n

θ

(
µ− (n+

1
2
)Ω
)
=
|eB|
2π

Int
[
µm

|eB| +
1
2

]
. (115)

One can see that fermion number in the nonrelativistic case is parity even (B →
−B under parity). Therefore, it does not give rise to the parity-odd ChernÄSimons
term in action. Instead of being variational derivative of the true ChernÄSimons,
fermion number is the derivative of the pseudo ChernÄSimons [26]

〈Q〉 = δ

δA0
IpseudoCS . (116)
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In the same manner it is possible to get fermion number with temperature
introduced. For example, such calculations were done in [27], there was used
another method. There the pseudo- ChernÄSimons term coefˇcient has the form

ΠE
1 =

1
π

∑
n

(expβ(λn − µ) + 1)−1 −

− 1
8π

β

ml2

∑
n

(2n+ 1)sech2
(
1
2
β(λn − µ))

)
. (117)

It is clearly seen that this expression can be rewritten in the way

ΠE
1 =

1
π

∑
n

[ 1
expβ(λn − µ) + 1

−

− βλn
expβ(λn − µ) + exp(−β(λn − µ)) + 2

]
. (118)

After taking β →∞ limit one gets

ΠE
1 =

1
π

∑
n

θ(µ− λn), (119)

that coincides with the above calculations.
Another paper is [26]. There was also considered chemical potential in�uence

on fermion number in nonrelativistic case. In this section we treat a nonrelativistic
electron gas conˇned to a plane. We expect that some new qualitative features
arise from the fact that in this case the spin degree of freedom is not enslaved
by the dynamics. We continue to use a relativistic notation with ∂µ = (∂0,∇,
∂µ = (∂0,−∇), where ∇ is the gradient operator, and Aµ = (A0,A).

Let us consider the Lagrangian

L = Ψ†(i∂0 + µ−HP)Ψ + bΨ†
σ3

2
Ψ (120)

which governs the dynamics of the Pauli spinor ˇeld Ψ, with Grassmann com-
ponents ψ↑ and ψ↓ describing the electrons with spin-↑ and ↓. The role of
the chemical potential µ and the spin source b is the same as in the previous
calculation. The Pauli Hamiltonian

HP =
1
2m

(i∇+ eA)2 − g0µB
σ3

2
B + eA0, (121)

with µB = e/2m Å the Bohr magneton and g0 Å the electron g-factor, contains
a Zeeman term which couples the electron spins to the background magnetic ˇeld.
Usually this term is omitted. The reason is that in realistic systems the g factor
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is much larger than two, the value for a free electron. In strong magnetic ˇelds
relevant to the QHE the energy levels of spin-↓ electrons are too high and cannot
be occupied; the system is spin polarized, and the electron spin is irrelevant to
the problem. Setting again A0 = A1 = 0, A2 = Bx1, one ˇnds as eigenvalues
for HP

En,± =
|eB|
m

(n+
1
2
)− eB

m
S±, (122)

with S± = ± 1
2 for spin-↑ and spin-↓ electrons, respectively. We note that in the

nonrelativistic limit, corresponding to taking m → +∞, the relativistic Landau
levels reduce to

E+n → const +
|eB|
m

(n+
1
2
)− eB

2m
, (123)

where we omitted the negative energy levels which have no meaning in this limit.
The main difference with (122) stems from the fact that there the spin degree of
freedom is considered as an independent quantity, not enslaved by the dynamics
as is the case in the relativistic problem.

The induced fermion number density and spin density may be obtained in a
similar calculation as in the preceding section. From the effective action,

Seff = −i tr ln(i∂0 −HP + µ+
b

2
σ3), (124)

one obtains

Leff =
|eB|
2π

∞∑
n=0

∫
dk0
2πi

[
ln(k0 − En,+ + µ+

b

2
) +

+ ln(k0 − En,− + µ− b

2
)
]
. (125)

The resulting value of the induced fermion number density is

ρ =
|eB|
2π

(N+ +N−), (126)

with N± the number of ˇlled Landau levels for spin-↑ and spin-↓ electrons,

N± =
[
mµ±
|eB| +

1
2

]
, (127)

and

µ± = µ+
eB

m
S± (128)

their effective chemical potentials. The square brackets denote again the integer-
part function. Implicit in this framework is the assumption that, just like in
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the relativistic case, the chemical potential lies between two Landau levels. The
induced fermion number density (126) is related to a ChernÄSimons term in the
effective action, with a coefˇcient

θ = sgn(eB)
1
2π

(N+ +N−). (129)

Because of the presence of the sgn(eB) factor, which changes sign under a parity
transformation, this ChernÄSimons term is invariant under such transformations.
The induced spin density turns out to be independent of N±, viz.

s =
eB

4π
. (130)

This follows from the symmetry in the spectrum En+1,+ = En,− (eB > 0), or
En,+ = En+1,− (eB < 0). The magnetic moment, M can be obtained from
(130) by multiplying s with twice the Bohr magneton, µB. This leads to the
text-book result for the magnetic spin susceptibility χP

χP =
∂M

∂B
=

e2

4πm
= 2µ2B ν2D(0), (131)

with ν2D(0) = m/(2π) the density of states per spin degree of freedom in two
space dimensions.

At zero ˇeld, ρ reduces to the standard fermion number density in two space
dimensions ρ → µm/π = k2F/(2π), where kF denotes the Fermi momentum. A
single �uxon carries according to (130) a spin S⊗ = 1

2 and, since for small ˇelds

ρ→ µm

π
+
|eB|
2π

, (132)

also one unit of fermion charge. That is, in the nonrelativistic electron gas the
�uxon may be thought of as a fermion in that it has both the spin and charge of
a fermion. However, the close connection between spin of a �uxon and induced
ChernÄSimons term for arbitrary ˇelds that we found in the relativistic case is
lost. This can be traced back to the fact that in the nonrelativistic case the electron
spin is an independent degree of freedom. In the next section we point out that
the spin of the �uxon does not derive from the ordinary ChernÄSimons term,
but from the so-called mixed ChernÄSimons term. Such a term is absent in the
relativistic case.

To see how the spin contribution (131) to the magnetic susceptibility com-
pares to the orbital contribution we evaluate the k0-integral in the effective action
(125) with b = 0 to obtain

Leff =
|eB|
2π

∞∑
n=0

∑
ς=±

(µ− En,ς)θ(µ− En,ς). (133)
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The summation over n is easily carried out with the result for small ˇelds

Leff =
1
4π

∑
ς=±

[
µ2ςm− (eB)2

4m

]
=

µ2m

2π
+

(eB)2

8πm
[(2σ)2 − 1], (134)

where σ = 1
2 and µ± is given by (128). The ˇrst term in the right-hand side of

(134), which is independent of the magnetic ˇeld, is the free particle contribution

µ2m

2π
= −2

∫
d2k

(2π)2

(
k2

2m
− µ

)
θ

(
µ− k2

2m

)
. (135)

The second term yields the low-ˇeld susceptibility

χ = (−1)2σ+12µ2B ν2D(0)
[
(2σ)2 − 1)

]
. (136)

Equation (136) shows that the ratio of orbital to spin contribution to χ is different
from the three-dimensional case. Also, whereas a 3D electron gas is paramagnetic
(χ > 0) because of the dominance of the spin contribution, the 2D gas is not
magnetic (χ = 0) at small ˇelds since the orbital and spin contributions to χ
cancel.

8.1. Mixed ChernÄSimons Term. As we have seen above, in the non-
relativistic case there are no true ChernÄSimons terms. Now, we will present
consideration of this problem in nontrivial background ˇeld.

In this section we investigate the origin of the induced spin density (130) we
found in the nonrelativistic electron gas. To this end we slightly generalize the
theory (120) and consider the Lagrangian

L = Ψ†
[
i∂0 − eA0 + µ− 1

2m
(i∇+ eA)2

]
Ψ+

e

m
BaΨ†

σa

2
Ψ. (137)

It differs from (120) in that the spin source term is omitted, and in that the
magnetic ˇeld in the Zeeman term is allowed to point in any direction in some
internal space labelled by latin indices a, b, c = 1, 2, 3. As a result also the spin
will have components in this space. It is convenient to consider a magnetic ˇeld
whose direction in the internal space varies in space-time. We set

Ba(x) = Bna(x), (138)

with na a unit vector in the internal space. The gauge potential Aµ appearing in
the ˇrst term of (137) still gives εij∂iAj = B. Equation (138) allows us to make
the decomposition

Ψ(x) = S(x)χ(x) ; S†S = 1, (139)

with S(x) a local SU(2) matrix which satisˇes

σ · n(x) = S(x)σ3S†(x). (140)
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In terms of these new variables the Lagrangian (137) becomes

L = χ†
[
i∂0 − eA0 − V0 + µ− 1

2m
(i∇+ eA+V)2

]
χ+

eB

2m
χ†σ3χ, (141)

where the 2 × 2 matrix Vµ = −iS†(∂µS) represents an element of the SU(2)
algebra, which can be written in terms of (twice) the generators σa as

Vµ = V a
µ σ

a. (142)

In this way the theory takes formally the form of a gauge theory with gauge
potential V a

µ . In terms of the new ˇelds the spin density operator,

ja0 = Ψ†
σa

2
Ψ, (143)

becomes [29]

ja0 = Rabχ
† σ

b

2
χ = −1

2
Rab

∂L
∂V b

0

. (144)

In deriving the ˇrst equation we employed the identity

S†(θ)σaS(θ) = Rab(θ)σb, (145)

which relates the SU(2) matrices in the j = 1
2 representation, S(θ) = exp( i2θ ·σ),

to those in the adjoint representation (j = 1), R(θ) = exp(iθ · Jadj). The matrix
elements of the generators in the latter representation are

(
Jadja

)
bc
= −iεabc.

The projection of the spin density ja0 onto the spin quantization axis, i.e. the
direction na of the applied magnetic ˇeld [29],

n · j0 = −1
2
∂L
∂V 3

0

, (146)

only involves the spin gauge ˇeld V 3
µ . So when calculating the induced spin

density s = 〈n · j0〉 we may set the ˇelds V 1
µ and V 2

µ equal to zero and consider
the simpler theory

L =
∑
ς=±

χ†ς

[
i∂0 − eAς

0 + µς −
1
2m

(i∇+ eAς)2
]
χς , (147)

where the effective chemical potentials for the spin-↑ and spin-↓ electrons are
given in (128) and eA±µ = eAµ ± V 3

µ . Both components χ↑ and χ↓ induce a
ChernÄSimons term, so that in total we have

LCS =
e2

2
εµνλ(θ+A+µ ∂νA

+
λ + θ−A

−
µ ∂νA

−
λ ) (148)

=
θ+ + θ−

2
εµνλ(e2Aµ∂νAλ + V 3

µ ∂νV
3
λ ) + e(θ+ − θ−)εµνλV 3

µ ∂νAλ,
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where the last term involving two different vector potentials is a mixed ChernÄ
Simons term. The coefˇcients are given by

θ± =
1
2π

sgn(eB)N±, (149)

assuming that |eB| > 1
2 |εij∂iV 3

j |, so that the sign of eB is not changed by spin
gauge contributions. The integers N± are the number of ˇlled Landau levels for
spin-↑ and spin-↓ electrons given by (127). Since N+ − N− = sgn(eB), we
obtain for the induced spin density s precisely the result (130) we found in the
preceding section,

s = 〈n · j0〉 = −1
2
∂Leff
∂V 3

0

∣∣∣∣
V 3

µ=0

=
eB

4π
. (150)

The present derivation clearly shows that the induced spin in the nonrelativistic
electron gas originates not from the standard ChernÄSimons term, but from the
mixed ChernÄSimons term involving the electromagnetic and spin gauge potential.

The ˇrst term in (148) is a standard ChernÄSimons term, the combination
θ++θ− precisely reproduces the result (129) and is related to the induced fermion
number density (126).

9. TRACE IDENTITY

As was shown in [2Ä4] the trace identities connect the ChernÄSimons term
and chiral anomaly. These identities may be derived for Hamiltonians of the form

H =
[
m D
D+ −m

]
. (151)

Here m is a constant; D, a differential operator of the form D = iPi∂i +Q(x);
and D+, the hermitian conjugate of D. The Pi are constant matrices that satisfy
P+i Pj+P+j Pi = 2δij and PiP

+
j +PjP

+
i = 2δij and Q(x) includes all background

ˇelds. It is assumed that these background ˇelds are static, so

H = H0 +mΓc = iΓi∂i +K(x) +mΓc, (152)

where

Γi =
[
0 Pi

P+i 0

]
,Γc =

[
1 0
0 −1

]
,K(x) =

[
0 Q(x)
Q+(x) 0

]
, (153)

here Γmatrices satisfy the Euclidian Dirac algebra and the operatorH0 anticommu-
tes with Γc. As a consequence H2 = H2

0 +m2 ≥ m2 and all eigenvalues of H

HΨ = H

[
u
v

]
= λ

[
u
v

]
= λΨ (154)



144 SISSAKIAN A.N., SHEVCHENKO O.YU., SOLGANIK S.B.

satisfy λ2 ≥ m2. Using (151) we obtain the ˇrst-order equations

D+u = (λ+m)v, Dv = (λ−m)u (155)

and by iterating, we ˇnd

DD+u = (λ2 −m2)u, (156)

D+Dv = (λ2 −m2)v. (157)

If u is a solution of (156) with eigenvalue λ2 − m2 = χ �= 0, then D+u is a
solution of (157) with the same eigenvalue χ. However, if u is a zero mode of
D+, in general it is not a zero mode of D. Every solution of (156) or (157)
yields two solutions of (154) if λ �= ±m and one if λ = ±m, and consequently
the Dirac problem (154) is equivalent to (156), (157).

The fermion number operator has the form (for discussion on fermion number
deˇnition see beginning of section 8)

N =
1
2

∫
dx
[
Ψ+(x),Ψ(x)

]
. (158)

At the time t = 0 the second quantized fermion ˇeld operator can be expanded as

Ψ(x) =
∑
n

bnωn(x) +
∑
n

d+nφn(x) +
∫

dk
(
bkωk(x) + b+k φk(x)

)
, (159)

where ωn(x) and φn(x) are the positive and negative energy bound state solutions
of the eigenvalue equation

Hψn = λnψn, (160)

and ωk(x) and φk(x) are the positive and negative energy continuum solutions.
Thus, the fermion number operator can be rewritten as follows

N = N0 −
1
2
ηH , (161)

where we have deˇned

N0 =
∑
n

[
b+n bn − d+n dn

]
+
∫

dk
[
b+k bk − d+k dk

]
,

ηH =
∑
k

sgn(λk). (162)
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The summation extends over both the discrete and continuum portions of the
spectrum, and if a continuum spectrum is present, we rather write as

ηH =
∫

dλρH(λ) sgn(λ). (163)

Here ρH(λ) is the spectral density function of the Hamiltonian H , and we may
express it in terms of its even and odd parts:

ρH(λ) =
1
2
[ρH(λ) + ρH(−λ)] +

1
2
[ρH(λ)− ρH(−λ)] = τH(λ) + σH(λ). (164)

If we substitute it in (163) we obtain

ηH =
∫

dλσH(λ) sgn(λ) (165)

since only the odd part of ρH(λ) can contribute to ηH . So, ηH yields the differ-
ence in the number of positive and negative energy eigenstates of the Hamiltonian
H , and thus it is a measure of its spectral asymmetry. However, the sum is not
absolutely convergent and it needs to be regulated: the AtiyahÄPatodiÄSinger η
invariant of the Hamiltonian H is deˇned by

ηH(s) =
∑
k

sgn(λk)|λ|−s =
∫

dλσH(λ) sgn(λ)|λ|−s. (166)

For a large class of Hamiltonians the residue at s = 0 vanishes, and we assume
that s = 0 is a regular point of ηH(s), so we can deˇne

ηH = lim
s→0

ηH(s) =
∑
k

sgn(λk) ≡
∫

dλσH (λ) sgn(λ). (167)

We shall now show how the spectral density ρH(λ) of the Hamiltonian (151)
can be represented in terms of the spectral densities ρDD+(χ) and ρD+D(χ) of the
operators DD+ and D+D, respectively. For this we ˇrst consider the following
Stieltjes transformation of the even part of ρH(λ):∫ ∞

−∞
dλρH(λ)

1
λ2 + z2

= 2
∫ ∞
|m|

dλτH(λ)
1

λ2 + z2
. (168)

Here z2 is an arbitrary complex number which does not belong to the spectrum
of H . Introducing the coordinate representation we obtain

2
∫ ∞
|m|

dλτH(λ)
1

λ2 + z2
=
∫

dx tr〈x| 1
H2 + z2

|x〉

=
∫

dx

(
tr〈x| 1

DD+ +m2 + z2
|x〉+ tr〈x| 1

D+D +m2 + z2
|x〉
)

=
∫

dχ (ρDD+(χ) + ρD+D(χ))
1

χ+m2 + z2
≡ F (m2 + z2). (169)



146 SISSAKIAN A.N., SHEVCHENKO O.YU., SOLGANIK S.B.

Comparing (168) with (169) we conclude that

τH(λ) = |λ|
(
ρDD+(λ2 −m2) + ρD+D(λ2 −m2)

)
. (170)

Similarly, we ˇnd a representation for the odd part of ρH(λ) by considering

2
∫ ∞
|m|

dλσH(λ)
λ

λ2 + z2
=
∫

dx tr〈x| H

H2 + z2
|x〉

=
∫

dx

(
tr〈x| m

DD+ +m2 + z2
|x〉 − tr〈x| m

D+D +m2 + z2
|x〉
)

=
∫

dχ (ρDD+(χ)− ρD+D(χ))
m

χ+m2 + z2
≡ mG(m2 + z2). (171)

We conclude that the odd spectral density, which contributes to (167), is given
by

σH(λ) = m sgn(λ)
[
ρDD+(λ2 −m2)− ρD+D(λ2 −m2)

]
. (172)

Since the fermion number is essentially a Mellin transformation of the odd
spectral density, we ˇnd the following spectral representation for the fermion
number

N = −m
∫ ∞
0

dλ
[
ρDD+(λ2 −m2)− ρD+D(λ2 −m2)

]
=

= −1
2

∫ ∞
0

dχ [ρDD+(χ)− ρD+D(χ)]
m√

χ+m2
=

= −m

π

∫ ∞
0

dωG(m2 + ω2), (173)

where G(m2 + ω2) is deˇned by (171). We shall now show how the axial
anomaly is connected with fermion number. First notice that

tr〈x| m

DD+ +m2 + ω2
|y〉 − tr〈x| m

D+D +m2 + ω2
|y〉 =

= tr〈x|Γc m

H2 + ω2
|y〉. (174)

Further, we get

tr〈x|Γc m

H2 + ω2
|y〉 = i

m

σ
tr〈x|Γc 1

H0 + iσ
|y〉, (175)

where σ =
√
m2 + ω2. Let's now consider

tr〈x|iΓi∂iΓc 1
H0 + iσ

− Γc 1
H0 + iσ

iΓi∂i|y〉 =

= 2iσ tr〈x|Γc 1
H0 + iσ

|y〉+ tr
(
[K(y)−K(x)]〈x|Γc 1

H0 + iσ
|y〉
)
. (176)
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Combining (175) and (176) we then obtain the following trace identity

i
m

σ
tr〈x|Γc 1

H0 + iσ
|y〉 = m

2σ2
[∂x + ∂y] tr〈x|iΓiΓc 1

H0 + iσ
|y〉+

+
m

2σ2
tr
(
[K(y)−K(x)]〈x|Γc 1

H0 + iσ
|y〉
)
. (177)

Notice that (177) has the structure of the standard axial anomaly equation for the
Dirac operator H0 + iσ. Thus, when we take x→ y limit we need to discuss
two cases:

First, if the space dimension D is odd the second term on the right-hand side
of (177) vanishes, since there are no axial anomaly in this case, and the only
contribution to fermion number gives the ˇrst term (boundary term).

Second, if the space dimension D is even, the second term on the right-hand
side of (177) gives the axial anomaly, and taking in mind (173) we get for fermion
number

N = − 1
2π

∫ ∞
0

dω
m

m2 + ω2

(
2TD +

∫
dSi tr〈x|iΓiΓc 1

H0 + iσ
|x〉
)
, (178)

here TD is the Pontryagin index of the background gauge ˇelds that arises from
the space integral of anomaly term. There is also boundary term, which vanishes
for a trivial gauge background.

Let us consider 2-dimensional case, for the Hamiltonian

H0 = −iσ2 d

dx
+ σ1φ(x). (179)

Since this Hamiltonian can be interpreted as a one-dimensional Dirac oper-
ator, and since there are no anomalies in one dimension, the fermion number is
given by

N = − 1
2π

∫ ∞
0

dω
m

m2 + ω2

∫ +∞

−∞
dx

d

dx
tr〈x|iΓ1Γc 1

H0 + iσ
|x〉 =

=
1
2π

∫ ∞
0

dω
m

m2 + ω2

[
tr〈∞|σ1 1

H0 + iσ
|∞〉 −

− tr〈−∞|σ1 1
H0 + iσ

| −∞〉
]
, (180)

where we have used the representation Γ1 = σ2 and Γc = σ3 of the Dirac algebra.
We assume that the soliton ˇeld φ(x) has the asymptotes φ(±∞) = φ̂±. Taking
in mind that

tr〈±∞|σ1 1
H0 + iσ

| ±∞〉 =
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= tr〈±∞| 1
−σ3∂ − φ(x) − iσ2σ3

√
m2 + ω2

| ±∞〉 =

2 tr〈±∞| φ(x)
∂2 − φ2(x)−m2 − ω2

| ±∞〉 =

= −2φ̂±
∫ +∞

−∞

dk

2π
1

k2 + φ̂2± +m2 + ω2
, (181)

we ˇnd for fermion number

N = − 1
2π

[
arctan

[
φ̂+
m

]
− arctan

[
φ̂−
m

]]
. (182)

This result [4, 31] is obtained without the use of any speciˇc soliton proˇle.
However, at the presence of nonzero density (µ), fermion number depends not
only on asymptotic properties of soliton proˇle, but also it depends on the local
properties of the soliton proˇle such as the width of the soliton [32].

The result for fermion number at the presence of density and temperature can
be found in [32]. There was studied the Hamiltonian [33]

H0 = σ2
d

dx
+ σ1φ(x) + σ3ε. (183)

This Hamiltonian has the following positive- and negative-energy continuum so-
lutions and a bound state solution (assuming a soliton proˇle which has only one
bound state)

ψkα =
[
[(αE + ε)/2αE]1/2uk
[2αE(αE + ε)]1/2(∂x + φ)uk

]
,

ψs = N0

[
exp[−

∫ x
dx′φ(x′)]

0

]
, (184)

where N0 is a normalization factor, α = ±1 distinguishes positive and negative
energy solutions. In the ground state the soliton charge is deˇned as

Q =
∫ ∞
−∞

dx
∑[

ρsi (x)− ρ0i (x)
]
, (185)

where ρsi (x) and ρ
0
i (x) are the fermion number density at a point x in the presence

and absence of the soliton, due to occupied state i.
The generalization of (185) to ˇnite µ and T is straightforward since we have

a noninteracting sea of fermions

Q(µ, T ) =
∫ ∞
−∞

dx
∑[

ρsi (x)− ρ0i (x)
]
n(εi − µ), (186)
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where n(ε−µ) = [exp[β(ε− µ)] + 1]−1 is the Fermi distribution function. Thus,
substitution of ρ yields

Q =
∫ ∞
−∞

dx
∑
α=±1

∫ ∞
−∞

dk

2π
(|usk|2 − |u0k|2)n(αE − µ)

+
∑
α=±1

∫ ∞
−∞

dk

2π

[
(∂x|usk|2 + 2|uk|2φ)|x=+∞x=−∞

4αE(αE + ε)

]
n(αE − µ) + n(ε− µ). (187)

The square bracket in the second term of the above expression can be simpliˇed
further using (∂x|usk|2+2|uk|2φ)|x=+∞x=−∞ = 2. For T = 0 and µ = 0 the ˇrst term
is easily evaluated using the completeness properties of uk. But for ˇnite µ we
have to choose a soliton proˇle. So, we take φ(x) = φ0 th(φ0x), for which the
eigenfunctions usk(x) are known exactly [33] to be

uk(x) = − exp(ikx)
[
thφ0x− (ik/φ0)
1 + (ik/φ0)

]
. (188)

Substitution of the uk in (187) yields

Q(µ, T ) = −2φ0
∑
α=±1

∫ ∞
−∞

dk

2π
n(αE − µ)
k2 + φ20

+

+2φ0
∑
α=±1

∫ ∞
−∞

dk

2π
n(αE − µ)

2αE(αE + ε)
+ n(ε− µ). (189)

In particular, this integrals can be evaluated exactly for zero temperature and
ˇnite µ to get [32]

Q(µ, 0) = − sgn(µ)Q0(ε)− θ(µ)G(kF , ε) + θ(−µ)G(kF ,−ε) (190)

for |µ| > m, where

Q0(ε) = − 1
π
tan−1

[
φ0
ε

]
,

G(kF , ε) =
w

π
tan−1

[
φ0tan[12 tan

−1(kF /m)]
m+ ε

]
,

kF = (µ2 −m2)1/2 , m = (φ20 + ε2)1/2.

As we have seen above, the boundary term is dependent on soliton proˇle at
ˇnite density. Thus, the generalization of the trace identities on ˇnite density and
temperature is hardly possible because of nontopological part of it.

At ˇnite temperature and zero density trace identity still holds and one has
for fermion number [2, 4]
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〈N〉β = − 1
2β

+∞∑
−∞

m

m2 + ω2n(∫
dx(anomaly) +

∫
dx∂i tr〈x|iΓiΓc 1

H0 + i
√
m2 + ω2n

〉
)
. (191)

Now we'll prove that chiral anomaly doesn't depend on temperature at any
even dimension. The second term at left-hand side of (191) is a surface term,
which doesn't contribute to topological part of the trace identity [2, 4]. So, we
won't consider nontopological part of the trace identity, i.e., nontopological part
of fermion density and surface term. Thus for topological part trace identity takes
the form

〈N〉topologicalβ = − 1
2β

+∞∑
−∞

m

m2 + ω2n

(∫
dx(anomaly)

)
. (192)

The result for left-hand side of Eq. (192) we know in arbitrary odd dimension.
Really, from (106) we have

〈N〉CSβ = 〈N〉topologicalβ =
δIC.Seff

gδA0
. (193)

By using the fact that

1
2β

+∞∑
n=−∞

m

ω2n +m2
=

1
4

sh(βm)
1 + ch(βm)

, (194)

one can see that the only possibility to reconcile left and right sides of Eq. (192) is
to put temperature independence of anomaly. Thus, we proof that axial anomaly
doesn't depend on temperature in any even-dimensional theory.

Moreover, now we can generalize trace identity on arbitrary ˇnite density.
Really, taking in mind (106) and (193) one can see

〈N〉CSβ,µ = −1
4
th(βm)

1
1 + ch(βµ)/ ch(βm)

∫
dx (anomaly) , (195)

where 〈N〉CSβ,µ Å odd part of fermion number in D-dimensional theory at ˇnite
density and temperature, (anomaly) Å axial anomaly in (D − 1)-dimensional
theory. On the other hand, as we have seen above, the anomaly doesn't depend
on µ in 2- and 4-dimensions and doesn't depend on T in any even-dimensional
theory. Our comprehension of the problem allows us to generalize these on arbi-
trary even dimension. Indeed, anomaly is the result of ultraviolet regularization,
while µ and T don't effect on ultraviolet behavior of a theory. Taking in mind
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(195) and that at ˇnite density

1
2β

+∞∑
n=−∞

m

ω2n +m2
=

1
4
th(βm)

1
1 + ch(βµ)/ ch(βm)

(196)

we can identify 〈N〉topologicalβ,µ and 〈N〉CSβ,µ. So, we get generalized on ˇnite
density trace identity

〈N〉CSβ,µ = 〈N〉topologicalβ,µ = − 1
2β

+∞∑
−∞

m

m2 + ω2n

(∫
dx(anomaly)

)
. (197)

Let us take, for example, 3-dimensions. We know that chiral anomaly in
2-dimensions has the form ∫

d2x
e

4π2
εijFij , (198)

substituting this in (197) we'll get for fermion number

〈N〉CSβ,µ =
e

16π2
th(βm)

1
1 + ch(βµ)/ ch(βm)

∫
d2xεijFij . (199)

Covariantizing fermion number we get for the ChernÄSimons term in action

ICSeff = th(βm)
1

1 + ch(βµ)/ ch(βm)
g2

16π

∫
x

eµνα tr (AµFνα) . (200)

Really, we've seen that only zero modes contribute to P -odd part in contrast
to P -even part which is contributed by all modes. Therefore, index theorem and
trace identities hold only for parity odd part of fermion number. Thus, the main
result of this section is Eq. (197) which connects the ChernÄSimons term and
chiral anomaly in arbitrary-dimensional theory at ˇnite density and temperature.

10. CONCLUSIONS

Thus, there is obtained ˇnite temperature and density in�uence on the ChernÄ
Simons term generation in any odd-dimensional theory both for Abelian, and for
non-Abelian case. It is very interesting that µ2 = m2 is the crucial point for
ChernÄSimons at zero temperature. Indeed, it is clearly seen from (106) that
when µ2 < m2, µ in�uence disappears and we get the usual ChernÄSimons term
ICSeff = πW [A]. On the other hand, when µ2 > m2, the ChernÄSimons term
disappears because of nonzero density of background fermions. The coefˇcient
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at the ChernÄSimons term is the same in any odd dimension. It must be stressed
that at m = 0 even negligible density or temperature, which always take place in
any physical processes, lead to vanishing of the parity anomaly.

It is shown that the chiral anomaly is not in�uenced by medium effects such
as chemical potential and temperature in any even-dimensional theory. Moreover,
even if we introduce conservation of chiral charge on quantum level, the chiral
anomaly arises and isn't affected.

The appearance of the ChernÄSimons number in even-dimensional theories
is discussed under two types of constraints. So, it is shown both for conserved
charge, i.e., ˇnite density of the background fermions, and for conserved ax-
ial charge what corresponds to conservation of the left(right)-handed fermions
asymmetry in the background.

The topological part of the trace identity is generalized on ˇnite density.
Thus, the connection between the ChernÄSimons term and chiral anomaly at
ˇnite density and temperature is obtained in arbitrary dimensional theory.

In conclusion we would like to touch the problem, which has attracted re-
cently a wide interest [34, 35]. This is gauge invariance of the effective action
under large gauge transformations. Really, the ChernÄSimons term coefˇcient
has to be ªtopologically quantizedª for gauge invariance of the effective action
under large gauge transformations. But as we have seen above (56), (57), (58),
even in nonperturbative calculations of ChernÄSimons in even dimensions (due
to existence of the chiral anomaly), it gets chemical potential (temperature) as
a coefˇcient, which is not an integer function. This fact is hardly understand-
able. One can treat these that density or temperature just break invariance under
large gauge transformations, leaving action invariant under local ones. On the
other hand, one can hope that the whole effective action will be gauge invari-
ant [34,35]. But, for example, essentially nonperturbative and simple calculations
in one dimension [34] do not give understandable contradiction between fermion
number and effective action. That is the fermion number here is not a functional
derivative of the effective action, what is very strange.

The amazing fact is that at zero temperature and ˇnite density the ChernÄ
Simons term coefˇcient does not break gauge invariance. Indeed, theta function
gives us 0 or 1 as the coefˇcient, and we have two topological domains µ2 > m2

and µ2 < m2 connected by large gauge transformations.
Thus, this area is yet an open ˇeld for research.
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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�·¥¤¸É ¢²¥´Ò ´¥±µÉµ·Ò¥  ¸¶¥±ÉÒ Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¤²Ö ¢¸É·¥Î´ÒÌ ËµÉµ´-ËµÉµ´´ÒÌ
±µ²² °¤¥·µ¢. ‘·¥¤¨ ´¨Ì Å ¶·µÍ¥¸¸Ò ¸ µ¡· §µ¢ ´¨¥³ ÉÖ¦¥²ÒÌ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢, ¡µ§µ´  •¨££¸ ,
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ¨´É¥£· ²Ó´Ò¥ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¸¥Î¥´¨Ö³¨ (¶· ¢¨²  ¸Ê³³) ¤²Ö · §²¨Î´ÒÌ
¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨°, ¶·µÍ¥¸¸Ò µ¡· §µ¢ ´¨Ö  ¤·µ´µ¢, Ë¨§¨±  ¶µ³¥·µ´ . �É¨ ¢µ¶·µ¸Ò
¨§²µ¦¥´Ò ±µ´¸¶¥±É¨¢´µ. �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ ´¥²¨´¥°´Ò³ ÔËË¥±É ³ ¢ µ¡· É´µ³ ±µ³¶-
Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ ËµÉµ´µ¢ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° ² §¥·´µ° ¢µ²´Ò, ¸Ëµ±Ê¸¨·µ¢ ´´µ°
´  ¶ÊÎ±¥ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ô²¥±É·µ´µ¢.  ¸¸³µÉ·¥´µ É ±¦¥ ´ ¨-
¡µ²¥¥ Î ¸Éµ ¢¸É·¥Î ÕÐ¥¥¸Ö ¢ ²¨É¥· ÉÊ·¥ ²¨´¥°´µ¥ ¶·¨¡²¨¦¥´¨¥ ¢ ÔÉµ³ ³¥Ì ´¨§³¥ ±µ´¢¥·¸¨¨.
„µ¸É ÉµÎ´µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ µ¶¨¸ ´¨Õ ± ²¨¡·µ¢µÎ´ÒÌ ¶·µÍ¥¸¸µ¢, ¶·¥¤² £ ¥³ÒÌ ¤²Ö Í¥²¥°
³µ´¨Éµ·¨·µ¢ ´¨Ö Å ´¥¶·¥·Ò¢´µ£µ ±µ´É·µ²Ö §  ¸¢¥É¨³µ¸ÉÓÕ γγ-±µ²² °¤¥·µ¢ ¨ ¸É¥¶¥´ÓÕ ¶µ²Ö-
·¨§ Í¨¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢. „²Ö ÔÉµ° Í¥²¨ · ¸¸³µÉ·¥´Ò ¶·µÍ¥¸¸Ò µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ²¥¶Éµ´´ÒÌ
¶ · ¢ ±¨´¥³ É¨±¥ Ê§±¨Ì ¸É·Ê°, ²¥ÉÖÐ¨Ì ¢¤µ²Ó µ¸¨ ¶ÊÎ±µ¢, ¨ ¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö ¶ ·Ò § ·Ö-
¦¥´´ÒÌ ²¥¶Éµ´µ¢ ¨²¨ ¡µ§µ´µ¢, ²¥ÉÖÐ¨Ì ´  ¡µ²ÓÏ¨¥ Ê£²Ò. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ
 ´ ²¨§µ¢.

We present some aspects of the physical program of photon-photon colliders. Among them
Å the proccesses with creation of heavy vector mesons, Higgs boson, heavy quarks, the integral rela-
tions between the cross sections (sum rules) for different states of polarization, processes of hadron's
production, the pomeron physics. These questions are considered in the conspective form. The main
attention is paid to the nonlinear effects in the process of backward Compton scattering of the circu-
larly polarized laser beam, focused on the bunch of ultrarelativistic longitudinally polarized electrons.
We consider as well the most popular in the literature the linear approximation in this conversion
mechanism. We consider the calibration processes, which supposed to be used for monitoring pur-
poses Å check the luminosity and to measure the degree of polarization of photon beams. For these
aims we consider the processes of two lepton pair creation in the kinematics of jets, moving along
the beams directions and the process of creation a pair of charged leptons or vector bosons, moving
at large angles. We present the results of numerical analysis.

1. ‚‚…„…�ˆ…

� Î¨´ Ö ¸ ±µ´Í  80-Ì £µ¤µ¢ ¨ ¶µ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ · §´ÒÌ ¸É· ´ Ì ¢¥-
¤ÊÉ¸Ö · ¡µÉÒ ¶µ ¶·µ¥±É¨·µ¢ ´¨Õ ¨ · §· ¡µÉ±¥ Ë¨§¨Î¥¸±¨Ì ¶·µ£· ³³ ¤²Ö γe-
¨ γγ-±µ²² °¤¥·µ¢. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨³¥ÕÉ¸Ö ¶·µ¥±ÉÒ ¶µ ¨Ì ¸µ§¤ ´¨Õ ¢

∗ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ���5, Œ¨´¸±, 5¥²µ·Ê¸¸¨Ö
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‘˜�, ”ƒ, Ÿ¶µ´¨¨. ”¨§¨Î¥¸±¨¥ ¶·µ£· ³³Ò ¤²Ö ÔÉ¨Ì ±µ²² °¤¥·µ¢, ¸µ§¤ ´-
´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ³´µ£µ²¥É´¥£µ ¸µÉ·Ê¤´¨Î¥¸É¢  ¶·¥¤¸É ¢¨É¥²¥° ³´µ£¨Ì ´ ÊÎ-
´ÒÌ Í¥´É·µ¢ ¶µ Ë¨§¨±¥ Î ¸É¨Í ¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ´ ¨¡µ²¥¥ ¶µ²´µ ¨§²µ¦¥´Ò
¢ ®Conceptual Design Reports¯ [1Ä3]. ‚ ÔÉ¨Ì ¶·µ¥±É Ì ËµÉµ´-ËµÉµ´´Ò¥ ¨
ËµÉµ´-Ô²¥±É·µ´´Ò¥ ¶ÊÎ±¨ ¶·¥¤¶µ² £ ¥É¸Ö ¸µ§¤ ¢ ÉÓ ´  µ¸´µ¢¥ ¨¸¶µ²Ó§µ¢ ´¨Ö
²¨´¥°´ÒÌ Ê¸±µ·¨É¥²¥° ¸µ ¢¸É·¥Î´Ò³¨ e+e−-¶ÊÎ± ³¨.

ˆ¸¸²¥¤µ¢ ´¨¥ ¤¢ÊÌËµÉµ´´ÒÌ ¶·µÍ¥¸¸µ¢ γγ → X ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢ ¦-
´Ò° · §¤¥² ¸µ¢·¥³¥´´µ° Ë¨§¨±¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° [4]. ’· ¤¨Í¨µ´´µ ¢ Ô±¸-
¶¥·¨³¥´É¥ µ´¨ ¨§ÊÎ ÕÉ¸Ö ´  ¢¸É·¥Î´ÒÌ e+e−-¶ÊÎ± Ì ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨
¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢, ±µÉµ·Ò¥ ¨¸¶Ê¸± ÕÉ¸Ö ´ Î ²Ó´Ò³¨ Î ¸É¨Í ³¨ (É.¥. ¢
·¥ ±Í¨¨ e+e− → e+e−γ∗γ∗ → e+e−X). �·¨ ÔÉµ³ µ¡· §Ê¥É¸Ö ¸¨¸É¥³  Î -
¸É¨Í X ¸ ¨´¢ ·¨ ´É´µ° ³ ¸¸µ° W ,   ¸¥Î¥´¨¥ ÔÉµ£µ ¶·µÍ¥¸¸  ¢ ¶·¨¡²¨¦¥´¨¨
Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢ ¨³¥¥É ¢¨¤

dσe+e−→e+e−X(s) = dn1dn2dσγγ→X(W 2) , (1)

£¤¥ dni Å ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢:

dni =
α

π

dωi

ωi

d(−q2i )
(−q2i )

[
1− ωi

ε
+

ω2i
2ε2

+
m2ω2i
q2i ε

2

]
. (2)

‡¤¥¸Ó ε Å Ô´¥·£¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (‘–Œ) ¶ÊÎ±  Ô²¥±É·µ´µ¢ (¶µ§¨-
É·µ´µ¢), m Å ³ ¸¸  Ô²¥±É·µ´ , ωi ¨ qi Å Ô´¥·£¨Ö ¨ 4-¨³¶Ê²Ó¸ ¢¨·ÉÊ ²Ó´µ£µ
ËµÉµ´  (i = 1, 2), W =

√
4ω1ω2.

Š ¸µ¦ ²¥´¨Õ, ¢µ§³µ¦´µ¸É¨ ¨§ÊÎ¥´¨Ö ¤¢ÊÌËµÉµ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ e+e−-
¸µÊ¤ ·¥´¨ÖÌ µ£· ´¨Î¥´Ò É¥³, ÎÉµ ÔËË¥±É¨¢´Ò¥ Ô´¥·£¨¨ ¨ µ¸µ¡¥´´µ ¸¢¥É¨-
³µ¸É¨ ¸µÊ¤ ·¥´¨° ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢ ¸ÊÐ¥¸É¢¥´´µ ´¨¦¥, Î¥³ ¢ e+e−-¸µ-
Ê¤ ·¥´¨ÖÌ. �µÔÉµ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´µ ¢ ¦´µ° § ¤ Î  ¶µ²ÊÎ¨ÉÓ
¶·Ö³Ò¥ γe- ¨ γγ-¶ÊÎ±¨ ¸ ¢Ò¸µ±¨³¨ Ô´¥·£¨Ö³¨ ¨ ¸¢¥É¨³µ¸ÉÖ³¨. �  É ±¨Ì
Ê¸É ´µ¢± Ì ³µ¦´µ ¡Ò²µ ¡Ò ´¥ Éµ²Ó±µ ¡µ²¥¥ ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ÉÓ É¥ ¦¥ ¢µ-
¶·µ¸Ò, ÎÉµ ¨ ¢ ¸µÊ¤ ·¥´¨ÖÌ ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢, ´µ ¨ ¨§ÊÎ ÉÓ ¸µ¢¥·Ï¥´´µ
´µ¢Ò¥ µ¡Ñ¥±ÉÒ, ´¥¤µ¸ÉÊ¶´Ò¥ ¤²Ö ¨§ÊÎ¥´¨Ö ¤·Ê£¨³¨ ³¥Éµ¤ ³¨.

�¤´¨³ ¨§ ´ ¨²ÊÎÏ¨Ì ³¥Éµ¤µ¢ ¶µ²ÊÎ¥´¨Ö ¨´É¥´¸¨¢´ÒÌ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢
Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ µ¡· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö (�Š) ² §¥·-
´µ£µ ¸¢¥É  ´  Ô²¥±É·µ´´µ³ ¶ÊÎ±¥ ²¨´¥°´µ£µ Ê¸±µ·¨É¥²Ö [5Ä9]. ‚ ±· É±¨Ì
¸µµ¡Ð¥´¨ÖÌ [5] ¡Ò²µ ¢¶¥·¢Ò¥ ¶µ± § ´µ, ÎÉµ ´  ¡ §¥ ²¨´¥°´ÒÌ µ¤´µ¶·µ²¥É-
´ÒÌ Ê¸±µ·¨É¥²¥° ¸µ ¢¸É·¥Î´Ò³¨ e+e−-¶ÊÎ± ³¨ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ ¢¸É·¥Î´Ò¥
γe- ¨ γγ-¶ÊÎ±¨ ¶·¨³¥·´µ ¸ É¥³¨ ¦¥ Ô´¥·£¨Ö³¨ ¨ ¸¢¥É¨³µ¸ÉÖ³¨, ÎÉµ ¨ ¤²Ö ¨¸-
Ìµ¤´ÒÌ Ê¸±µ·¨É¥²¥°. �¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ÔÉµ£µ ¨´É¥´¸¨¢´Ò¥ ¶ÊÎ±¨ γ-±¢ ´Éµ¢
¡Ò²µ ¶·¥¤²µ¦¥´µ ¶µ²ÊÎ ÉÓ ¶·¨ · ¸¸¥Ö´¨¨ ³µÐ´µ° ² §¥·´µ° ¢¸¶ÒÏ±¨ ´ 
Ô²¥±É·µ´´ÒÌ ¶ÊÎ± Ì ÔÉ¨Ì Ê¸±µ·¨É¥²¥°.

Œ ²Ò¥ · §³¥·Ò ¶ÊÎ±µ¢ ²¨´¥°´ÒÌ ±µ²² °¤¥·µ¢ ¤¥² ÕÉ ¢µ§³µ¦´Ò³ ¶µ²Ê-
Î¥´¨¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´É  ±µ´¢¥·¸¨¨ (µÉ´µÏ¥´¨Ö Î¨¸²  ¢Ò¸µ±µÔ´¥·£¥É¨-
Î¥¸±¨Ì ËµÉµ´µ¢ ± Î¨¸²Ê Ô²¥±É·µ´µ¢) k = Nγ/Ne ∼ 1 ¶·¨ Ô´¥·£¨ÖÌ ² §¥·´µ°
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¨¸. 1. ‘Ì¥³  ¶µ²ÊÎ¥´¨Ö ¢¸É·¥Î´ÒÌ γe- ¨ γγ-¶ÊÎ±µ¢

¢¸¶ÒÏ±¨ ¢ ´¥¸±µ²Ó±µ ¤¦µÊ²¥°, É.¥. ¶·¨ · §Ê³´µ³ ¢Ò¡µ·¥ ¶ · ³¥É·µ¢ ³µ¦´µ
±µ´¢¥·É¨·µ¢ ÉÓ ¡µ²ÓÏÊÕ Î ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ ËµÉµ´Ò ¢Ò¸µ±¨Ì Ô´¥·£¨°.

‘ÊÐ¥¸É¢¥´´ Ö ³µ´µÌ·µ³ É¨§ Í¨Ö ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£-
´ÊÉ  §  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í.
—Éµ ± ¸ ¥É¸Ö ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸¢µ°¸É¢ ¸ ³¨Ì ËµÉµ´´ÒÌ ¶ÊÎ±µ¢, Éµ µ´¨ µ¶·¥-
¤¥²ÖÕÉ¸Ö ¸µ¸ÉµÖ´¨¥³ ¶µ²Ö·¨§ Í¨¨ ´ Î ²Ó´ÒÌ Î ¸É¨Í, ³µ£ÊÉ ¡ÒÉÓ ¶· ±É¨Î¥¸±¨
¶µ²´µ¸ÉÓÕ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥, ¨, ±·µ³¥ Éµ£µ, ¨Ì §´ ±
³µ¦¥É ·¥£Ê²¨·µ¢ ÉÓ¸Ö.

„¥É ²Ó´µ¥ µ¶¨¸ ´¨¥ ¸Ì¥³Ò ±µ´¢¥·¸¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ γ-¶ÊÎµ±,
µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¢¸É·¥Î´ÒÌ γe- ¨ γγ-¸µÊ¤ ·¥´¨°, ¢µ¶·µ¸Ò Ëµ´  ¨
± ²¨¡·µ¢±¨ ¸¢¥É¨³µ¸É¨,   É ±¦¥ ´¥É·¨¢¨ ²Ó´Ò¥ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ÔËË¥±ÉÒ
¢ É ±¨Ì γe- ¨ γγ-¸µÊ¤ ·¥´¨ÖÌ ¡Ò²¨ ¶µ¤·µ¡´µ · ¸¸³µÉ·¥´Ò ¢ [6, 7]. �µ ¸ÊÉ¨
¤¥² , ¢ · ¡µÉ Ì [6, 7] ¡Ò²µ ¤ ´µ ¨§²µ¦¥´¨¥ ¸µ¢¥·Ï¥´´µ ´µ¢µ° ±µ´Í¥¶Í¨¨
¶µ ¸µ§¤ ´¨Õ ËµÉµ´´ÒÌ ²¨´¥°´ÒÌ ±µ²² °¤¥·µ¢ (”‹Š). �´  µ± § ² ¸Ó ¶·¨-
¢²¥± É¥²Ó´µ° ¶µ ³´µ£¨³ ¶·¨Î¨´ ³, ¶·µ¤µ²¦ ²  µ¡¸Ê¦¤ ÉÓ¸Ö ¨ · §¢¨¢ ÉÓ¸Ö ¢
³´µ£µÎ¨¸²¥´´ÒÌ · ¡µÉ Ì ¤·Ê£¨Ì  ¢Éµ·µ¢ [10Ä21]. ‚ [11] ¤²Ö ·¥ ²¨§ Í¨¨ Ê± -
§ ´´µ° ¢ [5] ¸Ì¥³Ò ¶·¥¤² £ ²µ¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ ² §¥· ´  ¸¢µ¡µ¤´ÒÌ Ô²¥±É·µ´ Ì
Éµ£µ ¦¥ ¶ÊÎ± .

‘Ì¥³  ·¥ ²¨§ Í¨¨ ËµÉµ´´ÒÌ ±µ²² °¤¥·µ¢ (”Š) ¶µ± § ´  ´  ·¨¸. 1. „¢ 
¸Ëµ±Ê¸¨·µ¢ ´´ÒÌ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±  ¤¢¨¦ÊÉ¸Ö ´ ¢¸É·¥ÎÊ ¤·Ê£ ¤·Ê£Ê ± ÉµÎ±¥
¢§ ¨³µ¤¥°¸É¢¨Ö O ¨ ´  · ¸¸ÉµÖ´¨¨ ¶·¨³¥·´µ 1 ¸³ µÉ ´¥¥ ¸É ²±¨¢ ÕÉ¸Ö ¸
Ëµ±Ê¸¨·µ¢ ´´Ò³ ² §¥·´Ò³ ¶ÊÎ±µ³ ¢ ÉµÎ±¥ C. ‚ ·¥§Ê²ÓÉ É¥ �Š ² §¥·-
´Ò¥ ËµÉµ´Ò ¶·¥¢· Ð ÕÉ¸Ö ¢ ¶ÊÎµ± ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ËµÉµ´µ¢ (¨³¥Õ-
Ð¨Ì Ô´¥·£¨Õ, ¸· ¢´¨³ÊÕ ¸ Ô´¥·£¨¥° ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢ ε), · ¸-
¶·µ¸É· ´ÖÕÐ¨Ì¸Ö ¸ ´¥¡µ²ÓÏ¨³ Ê£²µ¢Ò³ · §¡·µ¸µ³ (¶µ·Ö¤±  m/ε) ¶· ±É¨Î¥-
¸±¨ ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ´ Î ²Ó´ÒÌ Ô²¥±É·µ´µ¢, É.¥. Ëµ±Ê¸¨·ÊÕÉ¸Ö
¢ ÉµÎ±¥ ¢¸É·¥Î¨, £¤¥ ¸É ²±¨¢ ÕÉ¸Ö ¸ ¨¤ÊÐ¨³ ´ ¢¸É·¥ÎÊ Ô²¥±É·µ´´Ò³ ¨²¨ É -
±¨³ ¦¥ γ-¶ÊÎ±µ³. �²¥±É·µ´Ò ¶·µ¤µ²¦ ÕÉ ¤¢¨£ ÉÓ¸Ö ± ÉµÎ±¥ ¢¸É·¥Î¨, ¨³¥Ö
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Ï¨·µ±µ¥ Ô´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ ε′ = (1 ÷ 0, 02)ε ¢ ·¥§Ê²ÓÉ É¥ ³´µ-
£µ±· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö, ²¨¡µ µÉ±²µ´ÖÕÉ¸Ö ³ £´¨É´Ò³ ¶µ²¥³
B ∼ 1 T² µÉ ÉµÎ±¨ ¢¸É·¥Î¨.

 §³¥·Ò ËµÉµ´´µ£µ ¶ÊÎ±  ¢ ÉµÎ±¥ ¢¸É·¥Î¨ ³µ£ÊÉ ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÉÓ
¸ · §³¥· ³¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± , ¶µÔÉµ³Ê ¸¢¥É¨³µ¸ÉÓ γe- ¨ γγ-¸Éµ²±´µ¢¥´¨°
³µ¦¥É ¨³¥ÉÓ É ±µ° ¦¥ ¶µ·Ö¤µ±, ± ± ¨ ®£¥µ³¥É·¨Î¥¸± Ö¯ ¸¢¥É¨³µ¸ÉÓ ¨¸Ìµ¤´ÒÌ
e+e−-¶ÊÎ±µ¢ (¶·¨ ÔÉµ³ ´ ²¨Î¨¥ ¶µ§¨É·µ´µ¢ ¢µ¢¸¥ ´¥ µ¡Ö§ É¥²Ó´µ ¤²Ö ”Š).

Œ¥Éµ¤ ¶µ²ÊÎ¥´¨Ö γ-±¢ ´Éµ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¸ ¶µ³µÐÓÕ �Š Ìµ·µÏµ
¨§¢¥¸É¥´ [22], µ´ ¨¸¶µ²Ó§µ¢ ²¸Ö ¢µ ³´µ£¨Ì ² ¡µ· Éµ·¨ÖÌ [23]. �¤´ ±µ ±µÔË-
Ë¨Í¨¥´É ±µ´¢¥·¸¨¨ Ô²¥±É·µ´µ¢ ¢ ËµÉµ´Ò ¶·¨ ÔÉµ³ ¡Ò² ³ ² ¨ ¨³¥² ¶µ·Ö¤µ±:
k ∼ 10−7 − 10−5.

”µÉµ´´Ò¥ (É.¥. γe¨ γγ) ²¨´¥°´Ò¥ ±µ²² °¤¥·Ò µ¡² ¤ ÕÉ ¡µ£ ÉÒ³ Ë¨§¨-
Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ ¨ ·Ö¤µ³ ¶·¥¨³ÊÐ¥¸É¢ ¶µ ¸· ¢´¥´¨Õ ¸ µ¡ÒÎ´Ò³¨ e+e−-
±µ²² °¤¥· ³¨. �¤´µ ¨§ ´¨Ì § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ”Š µ¡² ¤ ÕÉ ¢Ò¸µ±µ°
³µ´µÌ·µ³ É¨Î´µ¸ÉÓÕ. ’¨¶¨Î´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°
¨³¥¥É µ¸É·Ò° ¶¨± ¢¡²¨§¨ ³ ±¸¨³ ²Ó´µ ¤µ¸É¨¦¨³ÒÌ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ Wγγ

¸É ²±¨¢ ÕÐ¨Ì¸Ö ËµÉµ´µ¢ ¸ Ï¨·¨´µ° δWγγ/Wγγ
∼= 0, 15.

‚¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö ·¥§±µ° £· ´¨ÍÒ ¢ ¸¶¥±É· Ì ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±-
´µ¢¥´¨° ¢ µ¡² ¸É¨ ³ ±¸¨³ ²Ó´ÒÌ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¶µ¨¸±¨ · §²¨Î´ÒÌ ³µ¤
· ¸¶ ¤  Ì¨££¸µ¢¸±µ£µ ¡µ§µ´  (•5) ¢ ¢¨¤¥ Ê§±¨Ì µ¤¨´µÎ´ÒÌ ·¥§µ´ ´¸µ¢, ¨§³¥-
·¥´¨¥ ¥£µ ³ ¸¸Ò ¶ÊÉ¥³ ¸± ´¨·µ¢ ´¨Ö ¶µ Ô´¥·£¨¨ ¢ ‘–Œ ³µ£ÊÉ ¡ÒÉÓ ²ÊÎÏ¥
¶·µ¢¥¤¥´Ò ´  ”‹Š, Î¥³ ¸ ¶µ³µÐÓÕ pp̄- ¨²¨ e+e−-¸Éµ²±´µ¢¥´¨° [21]. ˆ§³¥-
·¥´¨¥ ¤¢ÊÌËµÉµ´´µ° Ï¨·¨´Ò · ¸¶ ¤  •5 Γ(H → γγ) ³µ¦¥É µ± § ÉÓ¸Ö ¶µ-
²¥§´Ò³ ¶·¨ ¶µ¨¸±¥ ¢µ§³µ¦´µ£µ Î¥É¢¥·Éµ£µ ¶µ±µ²¥´¨Ö ²¥¶Éµ´µ¢ ¨ ±¢ ·±µ¢,
¶µ¸±µ²Ó±Ê ¡² £µ¤ ·Ö ¶¥É²¥¢Ò³ ¤¨ £· ³³ ³ ¢¸¥ ³ ¸¸¨¢´Ò¥ (¤ ¦¥ Ê²ÓÉ· -
ÉÖ¦¥²Ò¥) § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¤ ÕÉ ¢±² ¤ ¢ ÔÉÊ Ï¨·¨´Ê · ¸¶ ¤ , ¥¸²¨ ¨Ì
³ ¸¸  µ¡Ê¸²µ¢²¥´  ³¥Ì ´¨§³µ³ •¨££¸ .

‘¢¥É¨³µ¸ÉÓ γγ-±µ²² °¤¥·µ¢ ¶µÉ¥´Í¨ ²Ó´µ ¢ÒÏ¥ ¸¢¥É¨³µ¸É¨ e+e−-¸Éµ²±-
´µ¢¥´¨°. Š ± ¶µ± § ´µ ¢ · ¡µÉ¥ [16], ¤²Ö ”Š ¸ÊÐ¥¸É¢Ê¥É ¶·¨´Í¨¶¨ ²Ó´ Ö ¢µ§-
³µ¦´µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ¶·¥¤¥²Ó´ÒÌ ¸¢¥É¨³µ¸É¥° ´  Ê·µ¢´¥ 1034−1035 ¸³−2· ¸−1
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ µ¡² ¸É¨ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¢¡²¨§¨ ¶¨±  ¸¢¥É¨³µ¸É¨ (z =
= Wγγ/2ε > 0, 65).

‘¥Î¥´¨Ö ·µ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ ¶ · Î ¸É¨Í ¸µ ¸¶¨´µ³ 0 ¨ 1/2 ¢
γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¥¢ÒÏ ÕÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¥Î¥´¨Ö ¢ e+e−-¸Éµ²±´µ¢¥-
´¨ÖÌ ¶·¨³¥·´µ ¢ 5 · § (¸³. ·¨¸. 2); ¤²Ö ·µ¦¤¥´¨Ö ¶ · W -³¥§µ´µ¢ ÔÉµÉ Ë ±Éµ·
¤ ¦¥ ¡µ²ÓÏ¥, µ´ · ¢¥´ ¶·¨³¥·´µ 10Ä20. ‘²¥¤µ¢ É¥²Ó´µ, ¸É É¨¸É¨±  ¸µ¡ÒÉ¨°
Éµ£µ ¦¥ ¶µ·Ö¤± , ÎÉµ ¨ ¤µ¸É¨¦¨³ Ö ´  e+e−-±µ²² °¤¥· Ì, ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£-
´ÊÉ  ´  γγ-±µ²² °¤¥· Ì ¶·¨ ¸¢¥É¨³µ¸ÉÖÌ, ± ± ³¨´¨³Ê³, ¢ ¶ÖÉÓ · § ³¥´ÓÏ¨Ì.
Š·µ³¥ Éµ£µ, ÔÉ¨ ¸¥Î¥´¨Ö Ê¡Ò¢ ÕÉ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ §´ Î¨É¥²Ó´µ ³¥¤²¥´´¥¥,
Î¥³ ´  e+e−-±µ²² °¤¥·¥ (¸³. ·¨¸. 2). Š ± ¢¶¥·¢Ò¥ ¶µ± § ´µ ¢ · ¡µÉ¥ [21],
 ´ ²µ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ ¨ ¶·¨ µ¡· §µ¢ ´¨¨ ¡µ§µ´  •¨££¸  ¢ γγ-
¸Éµ²±´µ¢¥´¨ÖÌ.
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¨¸. 2. ‘· ¢´¥´¨¥ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö § ·Ö¦¥´´ÒÌ ¶ · Î ¸É¨Í ¢ e+e−- ¨ γγ- ¸Éµ²±-
´µ¢¥´¨ÖÌ. �´¨ ¨³¥ÕÉ ¢¨¤ [14]: σ = (πα2/M2)fp(X), £¤¥ p = S (¸± ²Ö·), p = F
(Ë¥·³¨µ´), p = W (W -¡µ§µ´Ò); M Å ³ ¸¸  Î ¸É¨ÍÒ; X = Wpp̄/4M

2

”µÉµ´´Ò¥ ±µ²² °¤¥·Ò ¶·¥¤µ¸É ¢²ÖÕÉ ´ ¨²ÊÎÏÊÕ ¢µ§³µ¦´µ¸ÉÓ ¤²Ö ¨§ÊÎ¥-
´¨Ö t-±¢ ·±µ¢. �·¨ Ô´¥·£¨ÖÌ, ¤µ¸É ÉµÎ´µ ¤ ²¥±¨Ì µÉ ¶µ·µ£  ·µ¦¤¥´¨Ö tt̄-¶ ·,
γγ-±µ²² °¤¥·Ò ¶µ§¢µ²ÖÉ ¶µ²ÊÎ ÉÓ ¶·¨³¥·´µ 105 tt̄-¶ · ¢ £µ¤ [2]. �·µ¤Ê±ÉÒ
¨Ì · ¸¶ ¤  ¡Ê¤ÊÉ ¸² ¡µ ¶¥·¥±·Ò¢ ÉÓ¸Ö, ¨, É ±¨³ µ¡· §µ³, ³µ¦´µ ¡Ê¤¥É ¨§ÊÎ ÉÓ
´¥±µÉµ·Ò¥ ·¥¤±¨¥ · ¸¶ ¤Ò.

�ÉµÉ ¤ ²¥±µ ´¥ ¶µ²´Ò° ¸¶¨¸µ± ¤µ¸Éµ¨´¸É¢ ¨ ¶·¥¨³ÊÐ¥¸É¢ ”‹Š Ö¢²Ö¥É¸Ö
¶¥·¥Î´¥³ µÎ¥´Ó ¸¨²Ó´ÒÌ  ·£Ê³¥´Éµ¢ ¢ ¶µ²Ó§Ê ¸µ§¤ ´¨Ö γe- ¨ γγ-±µ²² °¤¥·µ¢.
�É³¥É¨³, ÎÉµ µ¤´µ° ¨§ ¸ ³ÒÌ £² ¢´ÒÌ Í¥²¥° ¶·µ¥±É¨·Ê¥³ÒÌ γγ-±µ²² °¤¥·µ¢
Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥ ±²ÕÎ¥¢µ° ¶·µ¡²¥³Ò ¸É ´¤ ·É´µ° ³µ¤¥²¨ (‘Œ) Å µÉ±·ÒÉ¨¥
¨ ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¡µ§µ´  •¨££¸ .

‚ ¶¥·¢µ³ · §¤¥²¥ µ¡§µ·  · ¸¸³aÉ·¨¢ ¥É¸Ö ¸Ì¥³  ±µ´¢¥·¸¨¨ ² §¥·´ÒÌ Ëµ-
Éµ´µ¢. �·¨ ÔÉµ³ ¨§ÊÎ ¥É¸Ö ¢²¨Ö´¨¥ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ´  ¸¶¥±É·Ò, ¶µ-
²Ö·¨§ Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢,   É ±¦¥
¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°.

‚µ ¢Éµ·µ³ · §¤¥²¥ ±· É±µ · ¸¸³ É·¨¢ ÕÉ¸Ö µ¸´µ¢´Ò¥  ¸¶¥±ÉÒ Ë¨§¨Î¥-
¸±µ° ¶·µ£· ³³Ò ËµÉµ´-ËµÉµ´´ÒÌ ±µ²² °¤¥·µ¢.

‚ É·¥ÉÓ¥³ · §¤¥²¥ ¨¸¸²¥¤ÊÕÉ¸Ö ¶·µÍ¥¸¸Ò, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó-
§µ¢ ´Ò ¤²Ö ± ²¨¡·µ¢±¨ ¸¢¥É¨³µ¸É¨ γγ-±µ²² °¤¥·µ¢,   É ±¦¥ µ¶·¥¤¥²¥´¨Ö
¸É¥¶¥´¨ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢. �Éµ ¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ²¥¶-
Éµ´´ÒÌ ¶ · ¤¢Ê³Ö ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´ ³¨ ¨ ¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö µ¤´µ°
¶ ·Ò ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ ¡µ§µ´µ¢ ¨²¨ ¦¥ Ë¥·³¨µ´µ¢.
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2.1. Š¨´¥³ É¨±  ¶·µÍ¥¸¸  γ0e → γe. �¸´µ¢´Ò¥ ±¨´¥³ É¨Î¥¸±¨¥ ¸µµÉ-
´µÏ¥´¨Ö ¤²Ö ¶·µÍ¥¸¸  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ² §¥·´µ£µ ¸¢¥É  ´  ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ô²¥±É·µ´ Ì ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ [22]:

γ(k0) + e−(p)→ γ(k) + e−(p′). (3)

�´¨ ¸µ¸É ¢²ÖÕÉ ¶·¨´Í¨¶¨ ²Ó´ÊÕ µ¸´µ¢Ê ³¥Éµ¤  £¥´¥· Í¨¨ γ-±¢ ´Éµ¢ ¢Ò¸µ-
±¨Ì Ô´¥·£¨° ¸ ¶µ³µÐÓÕ �Š. �¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µ´¥Î´ÒÌ Ô²¥±É·µ-
´µ¢ ¨ ËµÉµ´µ¢, É ±¨¥ ± ± Ô´¥·£¥É¨Î¥¸±µ¥ ¨ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥, ¨Ì ¶µ²Ö-
·¨§ Í¨¨,   É ±¦¥ ¤·Ê£¨¥, ¸ ´¨³¨ ¸¢Ö§ ´´Ò¥, µ¶·¥¤¥²ÖÕÉ¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò³
¸¥Î¥´¨¥³ ¶·µÍ¥¸¸  (3). ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ ¸¢Ö§¨ ¸ ¸µ§¤ ´¨¥³ ”‹Š ´¥µ¡-
Ìµ¤¨³ ¶µ²´Ò° · ¸Î¥É ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° ± ± ±µ´¥Î´ÒÌ ËµÉµ´µ¢,
É ± ¨ Ô²¥±É·µ´µ¢. �Éµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, É·¥¡Ê¥É §´ ´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö ¶·µÍ¥¸¸  (3) ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§ Í¨° ± ± ´ Î ²Ó´ÒÌ, É ± ¨ ±µ´¥Î´ÒÌ
Î ¸É¨Í. ‚¶¥·¢Ò¥ É ±µ° · ¸Î¥É ¡Ò² ¶·µ¢¥¤¥´ ¢ · ¡µÉ¥ [24] (1954 £.) ¢ ¸²ÊÎ ¥,
±µ£¤  ´ Î ²Ó´Ò° Ô²¥±É·µ´ ¶µ±µ¨É¸Ö (¸³. É ±¦¥ [25,26]). 5µ²¥¥ Î¥³ ¸µ·µ± ²¥É
´ § ¤ ÔÉ  § ¤ Î  ¶·¥¤¸É ¢²Ö²  Î¨¸Éµ  ± ¤¥³¨Î¥¸±¨° ¨´É¥·¥¸, ´µ ¢ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö (Ê¤¨¢¨É¥²Ó´µ, ´µ Ë ±É!) µ´ ¶¥·¥·µ¸ ¢ Î·¥§¢ÒÎ °´µ ¢ ¦´Ò° ¶· ±É¨Î¥-
¸±¨°. �É³¥É¨³, ÎÉµ ¤·Ê£¨³ µ¸´µ¢´Ò³ ¶·µÍ¥¸¸ ³ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨
(Š�„) ¢ ÔÉµ³ ¸³Ò¸²¥ ¶µ¢¥§²µ ´¥ É ± ¸¨²Ó´µ.

�·µÍ¥¸¸ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ËµÉµ´  ´  Ô²¥±É·µ´¥ ¢ ¶·µ¨§¢µ²Ó´µ°
¸¨¸É¥³¥ µÉ¸Î¥É  ¨ ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§ Í¨° Î ¸É¨Í · ¸¸³ É·¨¢ ²¸Ö ¢ ¡µ²ÓÏµ³
±µ²¨Î¥¸É¢¥ · ¡µÉ. ŒÒ ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò¥, ´  ´ Ï ¢§£²Ö¤,
Ìµ·µÏµ ¨§¢¥¸É´Ò¥ Ëµ·³Ê²Ò ¤²Ö ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö, ±µÉµ·Ò¥ ¡Ò²¨
¶µ²ÊÎ¥´Ò ¢ · ¡µÉ Ì [6, 7]. �·¨ ÔÉµ³ ¢¥§¤¥ ¡Ê¤¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸¨¸É¥³ 
¥¤¨´¨Í, ¢ ±µÉµ·µ° ¸±µ·µ¸ÉÓ ¸¢¥É  c ¨ ¶µ¸ÉµÖ´´ Ö �² ´±  � · ¢´Ò ¥¤¨´¨Í¥:
� = c = 1.

‚ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ ¶·µ¨¸Ìµ¤¨É · ¸¸¥Ö´¨¥ ËµÉµ´µ¢ ¸ Ô´¥·£¨¥°
ω0 ∼ 1 Ô‚ ´  Ô²¥±É·µ´¥ ¸ Ô´¥·£¨¥° ε ¶·¨ ´¥¡µ²ÓÏµ³ Ê£²¥ ¢¸É·¥Î¨ α0
(¸³. ·¨¸. 1). ŒÒ ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ § ¢¨¸¨³µ¸ÉÓÕ µÉ ÔÉµ£µ Ê£²  α0 ¨ ¸Î¨-
É ÉÓ ¸Éµ²±´µ¢¥´¨¥ ²µ¡µ¢Ò³. �´¥·£¨Ö ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  ω § ¢¨¸¨É µÉ
¥£µ Ê£²  · ¸¸¥Ö´¨Ö ϑ ¶µ µÉ´µÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ
Ô²¥±É·µ´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

ω =
ωm

1 + (ϑ/ϑ0)2
, ωm =

x

x+ 1
ε, ϑ0 =

m

ε

√
x+ 1, x =

4ω0ε
m2

, (4)

£¤¥ ωm Å ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ËµÉµ´ , m Å ³ ¸¸  Ô²¥±É·µ´ . �·¨ ÔÉµ³
Ê£²Ò · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ Ö¢²ÖÕÉ¸Ö Ê´¨± ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ µÉ
Ô´¥·£¨¨ ËµÉµ´ :
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ϑγ(y) = ϑ0

√
ym
y
− 1 , ϑe(y) = ϑγ(y)

y

1− y
, ym =

ωm

ε
=

x

1 + x
, (5)

£¤¥ y = ω/ε Å ¡¥§· §³¥·´ Ö Ô´¥·£¥É¨Î¥¸± Ö ¶¥·¥³¥´´ Ö,   ym Å ¥¥ ³ ±¸¨-
³ ²Ó´µ¥ §´ Î¥´¨¥. � ¶·¨³¥·, ¤²Ö ε = 250 ƒÔ‚ ¨ ω0 = 117 Ô‚ (´¥µ¤¨³µ¢Ò°
² §¥·) ¨³¥¥³: x = 45 ¨ ym ≈ 0, 818. �·¨ ÔÉµ³ µ±µ²µ ¶µ²µ¢¨´Ò ¢¸¥Ì ËµÉµ´µ¢
²¥É¨É ¢ ¨´É¥·¢ ² Ê£²µ¢ ϑ < ϑ0 � 10−5 · ¤ ∗,   ¨Ì Ô´¥·£¨Ö ω > ωm/2. ‘
·µ¸Éµ³ x (Éµ ¥¸ÉÓ ¸ ·µ¸Éµ³ ω0 ²¨¡µ ε) ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ±µ³¶Éµ´µ¢¸±µ£µ
ËµÉµ´  ωm É ±¦¥ Ê¢¥²¨Î¨¢ ¥É¸Ö. �·¨ ÔÉµ³ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ ¸É ´µ¢ÖÉ¸Ö
¢µ§³µ¦´Ò³¨ ¤·Ê£¨¥ ¶·µÍ¥¸¸Ò [6, 13]. � ¨¡µ²¥¥ ¢ ¦´Ò³ ¨§ ´¨Ì Ö¢²Ö¥É¸Ö
¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö e+e−-¶ · ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ±µ³¶Éµ´µ¢¸±¨Ì ËµÉµ´µ¢ ¸
ËµÉµ´ ³¨ Éµ° ¦¥ ² §¥·´µ° ¢µ²´Ò. �µ·µ£ ÔÉµ° ·¥ ±Í¨¨: ωmω0 > m2, É.¥.
x = 2(1 +

√
2) ≈ 4, 828. ‚ÒÏ¥ ÔÉµ£µ ¶µ·µ£  (x ∼ 8 ÷ 20) ¸¥Î¥´¨¥ ·µ¦¤¥-

´¨Ö ¶ · ¢ 1,5Ä2 · §  ¶·¥¢ÒÏ ¥É ¸¥Î¥´¨¥ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö [13, 14].
‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ³ ±¸¨³Ê³ ±µÔËË¨Í¨¥´É  ±µ´¢¥·¸¨¨ ¶·¨ ¡µ²ÓÏ¨Ì x µ£· -
´¨Î¥´ §´ Î¥´¨¥³ 25Ä35%. �µ ÔÉµ° ¶·¨Î¨´¥ ¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó´µ · ¡µÉ ÉÓ
¶·¨ x = 4, 8 (ym ≈ 0, 828), ÌµÉÖ ÔÉµÉ ¢Ò¡µ· ´¥  ¡¸µ²ÕÉ¥´. �É³¥É¨³, ÎÉµ
µ¡² ¸ÉÓ ¡µ²¥¥ ¢Ò¸µ±¨Ì x É ±¦¥ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢,
¢ ±µÉµ·ÒÌ É·¥¡Ê¥É¸Ö ¶·¥¤¥²Ó´ Ö ³µ´µÌ·µ³ É¨§ Í¨Ö γγ-¸Éµ²±´µ¢¥´¨°. �¨¦¥,
¤²Ö ¶µ´¨³ ´¨Ö É¥´¤¥´Í¨°, ³Ò É ±¦¥ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¡µ²¥¥ Ï¨·µ±ÊÕ
µ¡² ¸ÉÓ x.

‚ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ e+e−-¶ ·Ò ³µ£ÊÉ µ¡· §µ¢ ÉÓ¸Ö É ±¦¥ ¶·¨ ¸Éµ²±´µ-
¢¥´¨¨ Ô²¥±É·µ´  ¸ ² §¥·´Ò³ ËµÉµ´µ³ ¢ ¡¥É¥-£ °É²¥·µ¢¸±µ³ ¶·µÍ¥¸¸¥ e+γ0 →
e + e+e−. �¤´ ±µ ¶·¨ x < 20 ¥£µ ¸¥Î¥´¨¥ ¶µ ±· °´¥° ³¥·¥ ´  ¤¢  ¶µ·Ö¤± 
³¥´ÓÏ¥ ¸¥Î¥´¨Ö ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö [6].

2.2. �´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ËµÉµ´µ¢. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· · ¸¸¥-
Ö´´ÒÌ ËµÉµ´µ¢ f(x, y) µ¶·¥¤¥²Ö¥É¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¸¥Î¥´¨¥³ ¶·µÍ¥¸¸ 
[6,7]:

f(x, y) ≡ 1
σc

dσc
dy

=
2σ0
xσc

[
1

1− y
+ 1− y − 4r(1− r) + λeλrx(1 − 2r)(2 − y)

]
,

(6)

y ≤ ym =
x

x+ 1
; r =

y

x(1 − y)
≤ 1; σ0 = π

(
e2

m

)2
= 2, 5 · 10−25c³2,

∗„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í ¢¡²¨§¨ ϑ = 0
(¢ ´ ¶· ¢²¥´¨¨ ¨³¶Ê²Ó¸  ´ Î ²Ó´µ£µ Ô²¥±É·µ´ ) ¨³¥¥É µÎ¥´Ó µ¸É·Ò° ¶¨± [6]:

dσc

dΩγ
=

dσc(0)

dΩγ

(
1 −Dϑ2

ϑ2
0

)
, D ≈ x + 6 ,

Éµ ¥¸ÉÓ Ê£²µ¢µ° · §³¥· µ¡² ¸É¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ ËµÉµ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö Ê£²µ³ [6]
ϑ ∼ ϑ0/

√
x + 6.
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¨¸. 3. ‘¶¥±É·Ò �Š, ¶µ¸É·µ¥´´Ò¥ ¤²Ö x = 4, 8 ¨ §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨
ξ2 Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° Ô²¥±É·µ³ £´¨É´µ° ¢µ²´Ò (17), · ¢´ÒÌ:  ) ξ2 = 0;
¡) ξ2 = 0, 3; ¢) ξ2 = 1, 0, ± ± ËÊ´±Í¨Ö µÉ y = ω/ε. ‹¨´¨¨ 1, 2, 3 ¸µµÉ¢¥É¸É¢ÊÕÉ
¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´µ£µ Ô²¥±É·µ´  (λe) ¨ ËµÉµ´  ² §¥·´µ°
¢µ²´Ò (λ): 1) λe = 0, λ = 1; 2) λe = 1, λ = −1; 3) λe = 1, λ = 1. ‹¨´¨Ö
4 ´  ·¨¸. 3,¡ µÉ¢¥Î ¥É µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ ¢ ¸²ÊÎ ¥, ±µ£¤  ¸¶¨´Ò
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¶ · ²²¥²Ó´Ò

£¤¥ λe ¨ λ Å Ê¤¢µ¥´´ Ö ¸¶¨· ²Ó´µ¸ÉÓ ´ Î ²Ó´µ£µ Ô²¥±É·µ´  ¨ ¸¶¨· ²Ó´µ¸ÉÓ
² §¥·´µ£µ ËµÉµ´  (λe = ±1, λ = ±1). �µ²´µ¥ ¸¥Î¥´¨¥ ±µ³¶Éµ´µ¢¸±µ£µ
¶·µÍ¥¸¸ :

σc = σnpc + λeλ σ1 ,
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σnpc =
2σ0
x

[(
1− 4

x
− 8
x2

)
ln(x+ 1) +

1
2
+

8
x
− 1

2(x+ 1)2

]
,

σ1 =
2σ0
x

[(
1 +

2
x

)
ln(x+ 1)− 5

2
+

1
x+ 1

− 1
2(x+ 1)2

]
,

£¤¥ σnpc Å ¸¥Î¥´¨¥ ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢. ‚ µ¡² ¸É¨ x = 1 ÷ 10
µÉ´µÏ¥´¨¥ |σ1/σc| < 0, 2,   ¶·¨ x ≈ 2, 5 ¢¥²¨Î¨´  σ1 = 0, É.¥. ¶µ²´µ¥
¸¥Î¥´¨¥ σc ¸² ¡µ § ¢¨¸¨É µÉ ¶µ²Ö·¨§ Í¨¨ (λλe) ¨ ³ ²µ µÉ²¨Î ¥É¸Ö µÉ ¶µ²´µ£µ
¸¥Î¥´¨Ö ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢.

‚ µÉ²¨Î¨¥ µÉ ¶µ²´µ£µ ¸¥Î¥´¨Ö, Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¢¥¸Ó³  ¸ÊÐ¥-
¸É¢¥´´µ § ¢¨¸¨É µÉ §´ Î¥´¨Ö λλe. �·¨ λλe < 0 Î¨¸²µ ´ ¨¡µ²¥¥ ¦¥¸É±¨Ì
ËµÉµ´µ¢ (y > x/(x+2)) ¢µ§· ¸É ¥É,   Î¨¸²µ ³Ö£±¨Ì ËµÉµ´µ¢ (¸ y < x/(x+2))
Ê³¥´ÓÏ ¥É¸Ö. ˆ´Ò³¨ ¸²µ¢ ³¨, ¸ ·µ¸Éµ³ ¢¥²¨Î¨´Ò (−λλe), É ± ¦¥, ± ± ¨ ¸
·µ¸Éµ³ x, ¶·µ¨¸Ìµ¤¨É ÔËË¥±É¨¢´ Ö ®¶¥·¥± Î± ¯ ³Ö£±¨Ì ËµÉµ´µ¢ ¢ ¦¥¸É±¨¥.
�¸µ¡¥´´µ¸É¨ ¶µ¢¥¤¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶¥·¥³¥´-
´µ° y = ω/ε ¤²Ö x = 4, 8 ¢ ¸²ÊÎ ¥, ±µ£¤ 

1) → λλe = 0 , 2) → λλe = −1 , 3) → λλe = 1 , (7)

¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3, . ˆ³ µÉ¢¥Î ÕÉ ²¨´¨¨ 1, 2 ¨ 3 ¸µµÉ¢¥É¸É¢¥´´µ. Šµ£¤ 
λλe = −1 (¸¶¨´Ò Ê ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ² §¥·´µ° ¢µ²´Ò
¶ · ²²¥²Ó´Ò), Î¨¸²µ ¦¥¸É±¨Ì ËµÉµ´µ¢ ¶µÎÉ¨ Ê¤¢ ¨¢ ¥É¸Ö ¶µ ¸· ¢´¥´¨Õ ¸
´¥¶µ²Ö·¨§µ¢ ´´Ò³ ¸²ÊÎ ¥³ (¸·. ±·¨¢Ò¥ 2 ¨ 1 ´  ·¨¸. 3, ). �Éµ ¶·¨¢µ¤¨É ±
¸ÊÐ¥¸É¢¥´´µ³Ê Ê²ÊÎÏ¥´¨Õ ³µ´µÌ·µ³ É¨Î´µ¸É¨ ¸¶¥±É·µ¢ ¨ γγ-¸µÊ¤ ·¥´¨°.
� µ¡µ·µÉ, ¶·¨  ´É¨¶ · ²²¥²Ó´ÒÌ ¸¶¨´ Ì Ê Ô²¥±É·µ´µ¢ ¨ ² §¥·´ÒÌ ËµÉµ´µ¢
(λλe = +1) Î¨¸²µ ¦¥¸É±¨Ì ËµÉµ´µ¢ Ê³¥´ÓÏ ¥É¸Ö (±·¨¢ Ö 3 ´  ·¨¸. 3, ). ‘µ-
µÉ¢¥É¸É¢¥´´µ ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¸µÊ¤ ·¥´¨° ÊÌÊ¤Ï ¥É¸Ö.

�É³¥É¨³, ÎÉµ ÉµÎ±¥ ¶¥·¥¸¥Î¥´¨Ö ²¨´¨° 1, 2, 3 ´  ·¨¸. 3,  ¸µµÉ¢¥É¸É¢Ê¥É
§´ Î¥´¨¥ y = x/(x + 2) = 0, 706 ¤²Ö x = 4, 8. Š·µ³¥ Éµ£µ, ¢ · ¸¸³ É·¨¢ ¥-
³µ³ (²¨´¥°´µ³) ¶·¨¡²¨¦¥´¨¨, ±µ£¤  ¨´É¥´¸¨¢´µ¸ÉÓÕ ² §¥·´µ° ¢µ²´Ò ³µ¦´µ
¶·¥´¥¡·¥ÎÓ, ¸¶¥±É·Ò �Š, ± ± ÔÉµ ¢¨¤´µ ¨§ ·¨¸. 3, , ¨³¥ÕÉ ·¥§±ÊÕ, Î¥É±ÊÕ
£· ´¨ÍÊ (¶·¨ ym = 0, 828), ÎÉµ ¨³¥¥É µÎ¥´Ó ¢ ¦´µ¥ §´ Î¥´¨¥ ¤²Ö ¶µ¨¸±  •5
¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ [21].

2.3. 5µ²Ö·¨§ Í¨Ö ±µ´¥Î´ÒÌ ËµÉµ´µ¢. ‘ ¶µ³µÐÓÕ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´ -
Î ²Ó´ÒÌ Ô²¥±É·µ´´ÒÌ ¨ ² §¥·´ÒÌ ¶ÊÎ±µ¢ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¢Ò¸µ±µÔ´¥·-
£¥É¨Î¥¸±¨¥ ËµÉµ´Ò · §²¨Î´µ° ¶µ²Ö·¨§ Í¨¨. �¡Ð¨¥ Ëµ·³Ê²Ò, ¨¸¶µ²Ó§Ê¥³Ò¥
´¨¦¥ ¤²Ö ¶µ²Ö·¨§ Í¨° · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢, ¶·µ¸Ê³³¨·µ¢ ´´Ò¥ ¶µ ¶µ²Ö·¨-
§ Í¨Ö³ ±µ´¥Î´ÒÌ Ô²¥±É·µ´µ¢, ¤ ´Ò ¢ [7]. �·¨ ÔÉµ³ ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ°
¶µ²Ö·¨§ Í¨¨ ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

λfγ(y) =
λexr[1 + (1− y)(1− 2r)2] + λ(1− 2r)((1 − y)−1 + 1− y)
(1− y)−1 + 1− y − 4r(1 − r) + λλerx(1 − 2r)(2 − y)

. (8)
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¨¸. 4. �´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³µ¸É¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ �Š-ËµÉµ´µ¢,
¢ÒÎ¨¸²¥´´Ò¥ ¤²Ö x = 4, 8 ¶·¨ ξ2 = 0, 0, 3 ( Ä¢) ¨ ξ2 = 1 (£) ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶µ²Ö·¨-
§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í: a) λe = 0, λ = 1; ¡) λe = 1, λ = −1;
¢) λe = 1, λ = 1. ˜É·¨Ìµ¢Ò¥ ²¨´¨¨ ´  ·¨¸. Ä¢ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê
· ¸¸¥Ö´¨Õ

‡ ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ λfγ ¤²Ö x = 4, 8
¶µ± § ´  ´  ·¨¸. 4, Ä¢ ÏÉ·¨Ìµ¢Ò³¨ ²¨´¨Ö³¨ (¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ · ¸¸³ É·¨-
¢ ¥³µ³Ê ¸²ÊÎ Õ µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö). �É³¥É¨³, ÎÉµ ´  £· -
´¨Í¥ ¸¶¥±É·  (¶·¨ ÉµÎ´µ³ · ¸¸¥Ö´¨¨ ´ § ¤), ±µ£¤  y = ym, λfγ = −λ. �Éµ
¸µµÉ´µÏ¥´¨¥ Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ¸²¥¤¸É¢¨¥³ É·¥¡µ¢ ´¨Ö ¸µÌ· ´¥´¨Ö ¸¶¨-
· ²Ó´µ¸É¨ ¢ ¸²ÊÎ ¥ ²µ¡µ¢µ£µ ¸Éµ²±´µ¢¥´¨Ö Î ¸É¨Í.

…¸²¨ λλe = −1 (¸²ÊÎ ° ¸ ´ ¨²ÊÎÏ¥° ³µ´µÌ·µ³ É¨Î´µ¸ÉÓÕ), Éµ ËµÉµ´Ò
¢ µ¡² ¸É¨ y ∼ ym ¨³¥ÕÉ ¢Ò¸µ±ÊÕ, ¶µÎÉ¨ 100% ¸É¥¶¥´Ó ¶µ²Ö·¨§ Í¨¨.  ¸-
¸¥Ö´´Ò¥ ËµÉµ´Ò ¨³¥ÕÉ É ±¦¥ ¢Ò¸µ±ÊÕ ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¢
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Ï¨·µ±µ° µ¡² ¸É¨ Ô´¥·£¨° ¢¡²¨§¨ ym ¤ ¦¥ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  λe = 0. �É-
³¥É¨³, ÎÉµ ¶·¨ ´¨§±¨Ì y ¸¶¨· ²Ó´µ¸ÉÓ ±µ´¥Î´ÒÌ ËµÉµ´µ¢ λfγ § ¢¨¸¨É µÉ λe
µÎ¥´Ó ¸² ¡µ.

‚Ò¸µ± Ö ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¤µ²¦´  ¸Ò£· ÉÓ ·¥-
Ï ÕÐÊÕ ·µ²Ó ¢ ¶µ¤ ¢²¥´¨¨ Ëµ´µ¢ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨ µ¡· §µ¢ ´¨¨ Ì¨££¸µ¢¸±¨Ì
Î ¸É¨Í, ¶µ¸±µ²Ó±Ê ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö •5 ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ,
±µÉµ·Ò° · ¸¶ ¤ ¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ ´  bb̄-¶ ·Ò, σ(γγ → H → bb̄) ∝
∝ 1 + λγ1λγ2, ¢ Éµ ¢·¥³Ö ± ± ¸¥Î¥´¨¥ £² ¢´µ£µ Ëµ´µ¢µ£µ ¶·µÍ¥¸¸ 
σ(γγ → bb̄) ∝ 1− λγ1λγ2 [18].

‘É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ±µ³¶Éµ´µ¢¸±¨Ì ËµÉµ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

plγ =
2r2pl

(1− y)−1 + 1− y − 4r(1− r) + λλerx(1 − 2r)(2− y)
, (9)

£¤¥ pl Å ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ² §¥·´ÒÌ ËµÉµ´µ¢. (‚ ¸²ÊÎ ¥ ¶µ²´µ°
¶µ²Ö·¨§ Í¨¨ pl ¨ ¸¶¨· ²Ó´µ¸ÉÓ λ ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨¥³ p2l + λ2 = 1.)

ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ [14], ÎÉµ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¡µ²ÓÏ¨¥ §´ Î¥´¨Ö plγ ,
¢¶²µÉÓ ¤µ plγ = 1, ¢ ¸²ÊÎ ¥, ±µ£¤  λλe ≈ +1, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ²¨´¨¨ 3 ´ 
·¨¸.3,a, ±µ£¤  Î¨¸²µ ËµÉµ´µ¢ ¸ Ô´¥·£¨¥° ¢¡²¨§¨ ωm ³ ²µ.

‹¨´¥°´ Ö ¶µ²Ö·¨§ Í¨Ö ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ³µ¦¥É ¡ÒÉÓ µÎ¥´Ó ¶µ²¥§´µ° ¶·¨
µ¶·¥¤¥²¥´¨¨ CP -Î¥É´µ¸É¨ Ì¨££¸µ¢¸±¨Ì Î ¸É¨Í, ¶µ¸±µ²Ó±Ê ¸¥Î¥´¨¥ ¥£µ µ¡· -
§µ¢ ´¨Ö ¤¢Ê³Ö ËµÉµ´ ³¨ σ(γγ → H) ∝ 1 ± plγ1

plγ2
¤²Ö CP = ±1 ¸µµÉ¢¥É-

¸É¢¥´´µ.

 ¸¸³µÉ·¥´´Ò¥ ¢ÒÏ¥ Ëµ·³Ê²Ò ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°, Ô´¥·-
£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢, ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ �Š-ËµÉµ´  ¸¶· -
¢¥¤²¨¢Ò Éµ²Ó±µ ¤²Ö µ¤´µ±· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. Œ¥¦¤Ê É¥³
¶·¨ · ¸¸¥Ö´¨¨ ² §¥·´µ° ¢µ²´Ò ¸ ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ ËµÉµ´µ¢ ¢µ§· ¸É ¥É
¢¥·µÖÉ´µ¸ÉÓ ³´µ£µ±· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö, ±µÉµ· Ö ¶·¨¢µ¤¨É ±
¶µ¤Ñ¥³Ê Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢ ¢ µ¡² ¸É¨ ´¨§±¨Ì ¨
¸·¥¤´¨Ì Ô´¥·£¨° [14]. „²Ö ¶µ²´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ³´µ£µ±· É´µ£µ ±µ³¶Éµ-
´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¶µ²Ö·¨§ Í¨Õ Ô²¥±É·µ´  ¢ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨¨, ÎÉµ, µ¤´ ±µ, ´¥ ¡Ò²µ ¸¤¥² ´µ ¢ [14], ¶µ¸±µ²Ó±Ê ´¥ ¡Ò²¨ ¨§¢¥¸É´Ò
Ëµ·³Ê²Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ¨§³¥´¥´¨¥ ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¢ ¶·µÍ¥¸¸¥ �Š.
�É  ¶·µ¡²¥³  ¢ ¸²ÊÎ ¥, ±µ£¤  ´¥²¨´¥°´Ò³¨ ÔËË¥±É ³¨ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨
³µ¦´µ ¶·¥´¥¡·¥ÎÓ, ¡Ò²  ´¥¤ ¢´µ · ¸¸³µÉ·¥´  ¢ [27]. ŒÒ É ±¦¥ ¥¥ · ¸¸³µ-
É·¨³ ´¨¦¥, ´µ ´¥ ¢ ²¨´¥°´µ³ ¶·¨¡²¨¦¥´¨¨,   ¸ ÊÎ¥Éµ³ ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ
ÔËË¥±Éµ¢ ¢ �Š, £¤¥ ÔÉµ µ¶¨¸ ´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ³ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò³ ¨
¶µ²´Ò³.

2.4. ‘¢¥É¨³µ¸ÉÓ, ³µ´µÌ·µ³ É¨§ Í¨Ö γγ-¸Éµ²±´µ¢¥´¨°. ‘¢¥É¨³µ¸ÉÓ L Ö¢-
²Ö¥É¸Ö µ¤´µ° ¨§ µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± Ê¸±µ·¨É¥²Ö ¸µ ¢¸É·¥Î´Ò³¨ ¶ÊÎ± ³¨.
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‚ ¸²ÊÎ ¥ £ Ê¸¸µ¢¸±¨Ì e+e−-¶ÊÎ±µ¢ µ´  µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³:

Lee =
νNe+Ne−

4πσxσy
, (10)

£¤¥ Ne− (Ne+) Å Î¨¸²µ Ô²¥±É·µ´µ¢ (¶µ§¨É·µ´µ¢) ¢ ¶ÊÎ±¥, ν Å Î ¸ÉµÉ  ¸Éµ²±-
´µ¢¥´¨°,   4πσxσy ¥¸ÉÓ ¶²µÐ ¤Ó ¶¥·¥±·ÒÉ¨Ö ¶ÊÎ±µ¢ ¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥-
· ³¨ σx ¨ σy. ‚ ²¨É¥· ÉÊ·¥ ¢¥²¨Î¨´Ê Lee Î ¸Éµ ´ §Ò¢ ÕÉ ®£¥µ³¥É·¨Î¥¸±µ°
¸¢¥É¨³µ¸ÉÓÕ¯ [2,14]. …¸²¨ ¨§¢¥¸É´  ¸¢¥É¨³µ¸ÉÓ Ê¸±µ·¨É¥²Ö L, Éµ Î¨¸²µ ¸µ¡Ò-
É¨° ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ Ṅ ¤²Ö ¶·µÍ¥¸¸  ¸ ¨§¢¥¸É´Ò³ ¸¥Î¥´¨e³ σ µ¶·¥¤¥²Ö¥É¸Ö
¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³: Ṅ = L σ.

”¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò ¨ É·¥¡µ¢ ´¨Ö ± ¸¢¥É¨³µ¸É¨. ‘ ÉµÎ±¨ §·¥´¨Ö É·¥¡µ-
¢ ´¨° ± ¸¢¥É¨³µ¸É¨ ¨ ¥¥ ¸¶¥±É· ²Ó´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¢ γe- ¨ γγ-¸µÊ¤ ·¥´¨ÖÌ
³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢¥ £·Ê¶¶Ò ¶·µÍ¥¸¸µ¢ [6,7].

 ) �·µÍ¥¸¸Ò, ¢ ±µÉµ·ÒÌ ±µ´¥Î´Ò¥ Î ¸É¨ÍÒ ¢Ò²¥É ÕÉ ´  ¡µ²ÓÏ¨¥ Ê£²Ò,
É ± ÎÉµ ¶µ ¶·µ¤Ê±É ³ ·¥ ±Í¨¨ ³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ ¨´¢ ·¨ ´É´ÊÕ ³ ¸¸Ê ¸¨-
¸É¥³Ò. ’ ±¨¥ ¶·µÍ¥¸¸Ò µ¡Ê¸²µ¢²¥´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ´  ³ ²ÒÌ · ¸¸ÉµÖ-
´¨ÖÌ. ˆÌ ¸¥Î¥´¨Ö ´¥¢¥²¨±¨: ∼ (α/E)2, (α/MW )2 ∼ 10−36 ÷ 10−34 c³2 ¨
¨³¥ÕÉ ¶² ¢´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ (¨¸±²ÕÎ Ö ¶µ·µ£µ¢ÊÕ µ¡² ¸ÉÓ). „²Ö
¨Ì ¨§ÊÎ¥´¨Ö É·¥¡Ê¥É¸Ö ³ ±¸¨³ ²Ó´µ ¤µ¸ÉÊ¶´ Ö ¸¢¥É¨³µ¸ÉÓ,   ³µ´µÌ·µ³ É¨§ -
Í¨Ö ´¥µ¡Ö§ É¥²Ó´ .

¡) �·µÍ¥¸¸Ò, ¢ ±µÉµ·ÒÌ ¶µ²¥§´µ ¨³¥ÉÓ Ìµ·µÏÊÕ ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¸µ-
Ê¤ ·¥´¨°. ’ ±µ¢Ò, ´ ¶·¨³¥·, ¶·µÍ¥¸¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ´ 
¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¸¥Î¥´¨Ö ±µÉµ·ÒÌ ¡µ²ÓÏ¨¥, ´µ ¡Ò¸É·µ ¶ ¤ ÕÉ ¸ ·µ¸Éµ³
¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í. �µ²´ Ö ·¥£¨¸É· Í¨Ö ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨, ²¥-
ÉÖÐ¨Ì ¶µ¤ ³ ²Ò³¨ Ê£² ³¨, Ö¢²Ö¥É¸Ö µÎ¥´Ó ¸²µ¦´µ° § ¤ Î¥°. �µÔÉµ³Ê §¤¥¸Ó
´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ³µ´µÌ·µ³ É¨Î´Ò¥ ¶ÊÎ±¨, ´µ ¢µ¢¸¥ ´¥ ´Ê¦´  ¢Ò¸µ± Ö ¸¢¥-
É¨³µ¸ÉÓ. „·Ê£¨³ ¶·¨³¥·µ³ Ö¢²ÖÕÉ¸Ö ¶·µÍ¥¸¸Ò ·µ¦¤¥´¨Ö ´µ¢ÒÌ Î ¸É¨Í ¸
Ö·±µ ¢Ò· ¦¥´´Ò³ ¶µ·µ£µ¢Ò³ ¨²¨ ·¥§µ´ ´¸´Ò³ ¶µ¢¥¤¥´¨¥³. ’ ±, ´ ¶·¨³¥·, ¢
·¥ ±Í¨¨ γγ → W+W− ¢µ§· ¸É ´¨¥ ¸¥Î¥´¨Ö ¤µ ¶µ²µ¢¨´Ò  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ
§´ Î¥´¨Ö ¶·µ¨¸Ìµ¤¨É ´  ¨´É¥·¢ ²¥ Ô´¥·£¨¨ µ±µ²µ 10% µÉ ¶µ·µ£ .

Š ± ¶µ± § ´µ ¢ [6, 7], É·¥¡µ¢ ´¨Ö (a) ¨ (¡), ¶¥·¥Î¨¸²¥´´Ò¥ ¢ÒÏ¥,
¶·¥¤ÑÖ¢²Ö¥³Ò¥ ± ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-±µ²² °¤¥·µ¢, ³µ£ÊÉ ¡ÒÉÓ
·¥ ²¨§µ¢ ´Ò ¢ ¸²ÊÎ ÖÌ, ±µ£¤  ÉµÎ±¨ ±µ´¢¥·¸¨¨ C ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö O
(¸³. ·¨¸. 1) ¸µ¢¶ ¤ ÕÉ ( ) ¨ · §´¥¸¥´Ò ¢ ¶·µ¸É· ´¸É¢¥ (¡) ¸µµÉ¢¥É¸É¢¥´´µ.
�·¨ ÔÉµ³ ¤²Ö ¡µ²¥¥ ±µ³¶²¥±¸´µ£µ Ê²ÊÎÏ¥´¨Ö ³µ´µÌ·µ³ É¨Î´µ¸É¨ γ-¶ÊÎ±µ¢,
¥¸É¥¸É¢¥´´µ, ¤µ²¦´Ò ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¶µ²Ö·¨§µ¢ ´´Ò¥ ¶ÊÎ±¨ ¸É ²±¨¢ Õ-
Ð¨Ì¸Ö ² §¥·´ÒÌ ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢.

‚ ¶¥·¢µ³ ¸²ÊÎ ¥, ±µ£¤  ¦¥¸É±¨¥ γ-±¢ ´ÉÒ ¸É ²±¨¢ ÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³
¸· §Ê ¦¥ ¶µ¸²¥ ±µ³¶Éµ´µ¢¸±µ° ±µ´¢¥·¸¨¨, ¸¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¢¥-
É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° Lγγ ¶µ ¨´¢ ·¨ ´É´µ° ³ ¸¸¥ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ëµ-
Éµ´µ¢ Wγγ =

√
4ω1ω2 ¢ÒÎ¨¸²Ö¥É¸Ö Î¥·¥§ Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ËµÉµ´µ¢
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f(x, y) (6) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

1
Lγγ

dLγγ

dz
= 2z

∫ zm

z2/zm

f(x, y) f(x,
z2

y
)
dy

y
, (11)

z ≡Wγγ/2ε , 0 ≤ z ≤ zm = ym = x/(1 + x) ,

²¨¡µ

1
Lγγ

dLγγ

dz
= 2z

∫ +ηm

−ηm

f(x, ze+η) f(x, ze−η) dη , (12)

η ≡ ln
√
y1/y2 , −ηm ≤ η ≤ +ηm , ηm = ln(ym/z) ,

£¤¥ yi = ωi/ε Å ¤µ²¨ Ô´¥·£¨°, Ê´µ¸¨³Ò¥ ËµÉµ´ ³¨, ¤¢¨¦ÊÐ¨³¨¸Ö ¢ ¶·µÉ¨¢µ-
¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ 1 ¨ 2; η Å ¡Ò¸É·µÉ  γγ-¸¨¸É¥³Ò. ‡¤¥¸Ó z ¨§³¥´Ö¥É¸Ö
µÉ 0 ¤µ zm =Wm/2ε = ym, £¤¥ Wm Å ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¨´¢ ·¨ ´É´µ°
³ ¸¸Ò Wγγ , Wm = 2ωm,   η µ£· ´¨Î¥´  ¢ µ¡² ¸É¨ |η| ≤ ln(ym/z). �É³¥É¨³,
ÎÉµ Ëµ·³Ê²Ò (12) ¨ (11) Ô±¢¨¢ ²¥´É´Ò ³¥¦¤Ê ¸µ¡µ°.

‚ ¸²ÊÎ ¥, ±µ£¤  ÉµÎ±¨ ±µ´¢¥·¸¨¨ ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö C ¨ O · §´¥¸¥´Ò
³¥¦¤Ê ¸µ¡µ° ¢ ¶·µ¸É· ´¸É¢¥ (É.¥. · ¸¸ÉµÖ´¨¥ b �= 0, ¸³. ·¨¸. 1), · ¸¶·¥-
¤¥²¥´¨¥ ¸¢¥É¨³µ¸É¨ ¶µ ¨´¢ ·¨ ´É´µ° ³ ¸¸¥ γγ-¸¨¸É¥³Ò Wγγ , ¸¶· ¢¥¤²¨¢µ¥
¤²Ö  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´ÒÌ, £ Ê¸¸µ¢¸±¨Ì ¶ÊÎ±µ¢, ¶·¨´¨³ ¥É ¡µ²¥¥ ¸²µ¦´Ò°
¢¨¤ [6,7, 14]:

dLγγ

dz
= 2zk2Lee

∫ ym

z2/ym

f(x, y)f(x, z2/y)I0(v)×

×exp
(
−
(
ym
y

+
ymy

z2
− 2
)
(x + 1)ρ2

2

)
dy

y
, (13)

v = ρ2(x+ 1)

√(
ym
y
− 1
)(ymy

z2
− 1
)
, z =

Wγγ

2ε
, ρ =

b

γae
, Lee =

νN2
e

2πa2e
,

£¤¥ I0(v) Å ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö ËÊ´±Í¨Ö 5¥¸¸¥²Ö µÉ  ·£Ê³¥´É  v, γ = ε/m Å
²µ·¥´Í-Ë ±Éµ·, ae Å · ¤¨Ê¸ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ ÉµÎ±¥ ¢§ ¨³µ¤¥°¸É¢¨° O,
Lee Å £¥µ³¥É·¨Î¥¸± Ö ¸¢¥É¨³µ¸ÉÓ ¡ §¨¸´ÒÌ ee-¸Éµ²±´µ¢¥´¨°, k Å ±µÔËË¨-
Í¨¥´É ±µ´¢¥·¸¨¨. ’ ±¨³ µ¡· §µ³, ¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨°
§ ¢¨¸¨É Éµ²Ó±µ µÉ ¶ · ³¥É·µ¢ ρ, x, λλe ¨ ´¥ § ¢¨¸¨É µÉ ¤·Ê£¨Ì ¶ · ³¥É·µ¢
Ê¸É ´µ¢±¨. �Î¥¢¨¤´µ, ÎÉµ ¶·¨ ρ � 1 Ëµ·³Ê²  (13) ¶¥·¥Ìµ¤¨É ¢ (11), ¥¸²¨
ÊÎ¥¸ÉÓ, ÎÉµ ¶µ²´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨° ¸¢Ö§ ´  ¸ £¥µ³¥É·¨Î¥¸±µ°
¸¢¥É¨³µ¸ÉÓÕ ee-¸Éµ²±´µ¢¥´¨° ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:
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¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° µÉ ¨Ì ¨´¢ ·¨ ´É´µ°
³ ¸¸Ò Wγγ , z = Wγγ/2ε, ¶µ¸É·µ¥´´ Ö ¤²Ö x = 4, 8 ( ) ¨ x = 10 (¡). Š·¨¢Ò¥ 1,
2, 3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¢Ò¡µ·Ê ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í: 1) λe = 0, λ = 1;
2) λe = 1, λ = −1; 3) λe = 1, λ = 1

Lγγ = k2 Lee . (14)

‘¶¥±É· ²Ó´Ò¥ ¸¢¥É¨³µ¸É¨ γγ-¸µÊ¤ ·¥´¨°, · ¸cÎ¨É ´´Ò¥ ¶µ Ëµ·³Ê²¥ (11), ±µ-
£¤  x = 4, 8 ¨ x = 10, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 5,  ¨ ¡ ¸µµÉ¢¥É¸É¢¥´´µ. �·¨ ÔÉµ³
²¨´¨Ö³ 1, 2, 3 ´  ± ¦¤µ³ ¨§ ÔÉ¨Ì ·¨¸Ê´±µ¢ µÉ¢¥Î ¥É µ¤¨´ ±µ¢Ò° ¢Ò¡µ· ¶µ-
²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° (7) ¤²Ö µ¡µ¨Ì ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±µ¢. Š ± ¨ ¢
¸²ÊÎ ¥ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢, ²¨´¨Ö³ 1, 3 ´  ·¨¸. 5, ,¡ µÉ¢¥Î ÕÉ ¸ ³Ò¥
´¥³µ´µÌ·µ³ É¨Î´Ò¥ · ¸¶·¥¤¥²¥´¨Ö. ’µÎ¥Î´Ò¥ ²¨´¨¨ ´  ÔÉ¨Ì ·¨¸Ê´± Ì (¸
λλe = −1, λ̃λ̃e = −1) ¨³¥ÕÉ Ì · ±É¥·´Ò° ¶¨± ¢¡²¨§¨ zm. ‚ ¸²ÊÎ ¥ x = 4, 8
(ym = 0, 828) ¨ x = 10 (ym = 0, 909) ±µµ·¤¨´ ÉÒ ¶¨±µ¢ ´  ·¨¸.5,  ¨ ¡ · ¢´Ò,
¸µµÉ¢¥É¸É¢¥´´µ, (0,786, 2,519) ¨ (0,882, 3,689). �Î¥¢¨¤´µ, ÎÉµ ¨Ì ¢Ò¸µÉ ,  
¢³¥¸É¥ ¸ ´¥° ¨ ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¦¥¸É±¨Ì γγ-¸Éµ²±´µ¢¥´¨°, · ¸É¥É ¸ x,  
Ï¨·¨´  ¶¨±µ¢, ¸µµÉ¢¥É¸É¢¥´´µ, Ê³¥´ÓÏ ¥É¸Ö. �É´µÏ¥´¨¥ ¸¢¥É¨³µ¸É¥° ¶·¨
x = 10 ¨ x = 4, 8 ¢ ¸¨²Ê (14) µ¶·¥¤¥²Ö¥É¸Ö µÉ´µÏ¥´¨¥³ ±¢ ¤· Éµ¢ ±µÔË-
Ë¨Í¨¥´Éµ¢ ±µ´¢¥·¸¨¨, ³ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ±µÉµ·ÒÌ ´¨¦¥ ¨ ¢ÒÏ¥ ¶µ·µ£ 
·µ¦¤¥´¨Ö e+e−-¶ · · ¢´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, k = 0, 63 ¨ k = 0, 35 [13, 14],
¶µÔÉµ³Ê Lγγ(x = 10)/Lγγ(x = 4, 8) = (0, 35/0, 63)2 = 0, 3. �¤´ ±µ, ± ±
¶µ± § ´µ ¢ [14], ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¸¶¥±É·  ¶·¨ x = 10 ¢ 1,7 · §  ¢ÒÏ¥, Î¥³
¶·¨ x = 4, 8.

�  ·¨¸. 6 ¶µ± § ´  ¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ
(λλe = 0) ¨ ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ (¸ λλe = −1) ¶·¨ x = 4, 8 ¤²Ö µ¡µ¨Ì
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¨¸. 6. ‘¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨° ± ± ËÊ´±Í¨Ö ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò
Wγγ , z = Wγγ/2ε, ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¶ · ³¥É· ρ2 = (b/γae)

2 · ¢¥´ 0 ¨ 1 (ÉµÎ±¨
±µ´¢¥·¸¨¨ C ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö O ¸µ¢¶ ¤ ÕÉ ¨ · §´¥¸¥´Ò ¢ ¶·µ¸É· ´¸É¢¥). ‘¶²µÏ´Ò¥
¨ ÉµÎ¥Î´Ò¥ ±·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ±·¨¢Ò³ 1 ¨ 2 ´  ·¨¸. 3,a

¶ÊÎ±µ¢, ±µ£¤  ¶ · ³¥É· ρ = 0 ¨ 1. Š ± ¢¨¤´µ ¨§ ÔÉµ£µ ·¨¸Ê´± , ¶·¨ ρ = 1
¸¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ó´µ ¶µ¤ ¢²¥´µ ¢ µ¡² ¸É¨ ³ ²ÒÌ ¨ ¸·¥¤´¨Ì
¨´¢ ·¨ ´É´ÒÌ ³ ¸¸,   ¶µ²´ Ö Ï¨·¨´  ¶µ²µ¢¨´Ò ³ ±¸¨³Ê³  ¸µ¸É ¢²Ö¥É ¶·¨-
³¥·´µ 10% ¤²Ö ¶µ²Ö·¨§µ¢ ´´µ£µ ¨ 20% ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±a.

2.5. �¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ Š	. �·¨ ¤µ¸É ÉµÎ´µ° ³µÐ´µ¸É¨ ² §¥·´µ°
¢¸¶ÒÏ±¨ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ ¸É ´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·µÍ¥¸¸Ò, ¨¤ÊÐ¨¥
§  ¸Î¥É µ¤´µ¢·¥³¥´´µ£µ ¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ´¥¸±µ²Ó±¨Ì ² §¥·´ÒÌ ËµÉµ-
´µ¢ [28]:

e−(p) + nγ(k0) → e−(p′) + γ(k) , n ≥ 1 , (15)

γ (k) + sγ(k0) → e+(p+) + e−(p−) , s ≥ 1 . (16)

�·µÍ¥¸¸Ò (15) ¨ (16) ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ´¥²¨´¥°´Ò¥ ¶µ ¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö
¶·µÍ¥¸¸Ò ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ¸ ¶µ²¥³ Ô²¥±É·µ³ £´¨É´µ°
¢µ²´Ò (�Œ‚). �¥·¢Ò° ¨§ ÔÉ¨Ì ´¥²¨´¥°´ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨-
·¥´¨Õ ¸¶¥±É·µ¢ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ËµÉµ´µ¢, ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ
¶¨±µ¢ ¢ ¸¶¥±É· Ì · ¸¸¥Ö´´µ£µ ¨§²ÊÎ¥´¨Ö §  ¸Î¥É ¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ´¥-
¸±µ²Ó±¨Ì ² §¥·´ÒÌ ËµÉµ´µ¢,   ¢Éµ·µ° ÔËË¥±É¨¢´µ ¸´¨¦ ¥É ¶µ·µ£ ·µ¦¤¥´¨Ö
e+e−-¶ · [28]. ‚§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢ ¸ ¶µ²¥³ �Œ‚ ¶·¨-
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¢µ¤¨É ± ÔËË¥±É¨¢´µ³Ê Ê¢¥²¨Î¥´¨Õ ¨Ì ³ ¸¸Ò:

m2 → m2
∗ = m2 (1 + ξ2) ,

±µÉµ·µ¥ Ì · ±É¥·¨§Ê¥É¸Ö ¶ · ³¥É·µ³ ¨´É¥´¸¨¢´µ¸É¨ ² §¥·´µ° ¢µ²´Ò ξ2:

ξ2 = nγ

(
4πα
m2ω0

)
= −e2 a2

m2
, (17)

£¤¥ nγ Å ¶²µÉ´µ¸ÉÓ ËµÉµ´µ¢ ¢ ¢µ²´¥, ω0 Å ¨Ì Ô´¥·£¨Ö, a Å  ³¶²¨ÉÊ¤  ±² ¸-
¸¨Î¥¸±µ£µ 4-¶µÉ¥´Í¨ ²  Ô²¥±É·µ³ £´¨É´µ° ¢µ²´Ò, e ¨ m Å § ·Ö¤ ¨ ³ ¸¸ 
Ô²¥±É·µ´ , α Å ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò. ‘¨¸É¥³ É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ -
´¨¥ ´¥²¨´¥°´ÒÌ ¡·¥°É-Ê¨²¥·µ¢¸±µ£µ ¨ ±µ³¶Éµ´µ¢¸±µ£µ ¶·µÍ¥¸¸µ¢ ¡Ò²µ ¶·µ-
¢¥¤¥´µ ¢ · ¡µÉ Ì [29,30].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µ¡² ¸ÉÓ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢, µ¶·¥¤¥²Ö¥³ Ö Ê¸²µ-
¢¨¥³ ξ2 ≥ 1, Ö¢²Ö¥É¸Ö ¢¥¸Ó³   ±ÉÊ ²Ó´µ° ¨ ¶·¥¤¸É ¢²Ö¥É ¡µ²ÓÏµ° ¨´É¥·¥¸,
¶µ¸±µ²Ó±Ê ¢ ´¥° ¸É ´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·µÍ¥¸¸Ò ¨§²ÊÎ¥´¨Ö, ¨¤ÊÐ¨¥ § 
¸Î¥É µ¤´µ¢·¥³¥´´µ£µ ¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ËµÉµ´µ¢,  
¨Ì ¢¥·µÖÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³¨ ËÊ´±Í¨Ö³¨ ´ ¶·Ö¦¥´-
´µ¸É¨ ¶µ²Ö. ‚ ÔÉµ° ¸¢Ö§¨ ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ´¥¤ ¢´µ ´  Ê¸±µ·¨É¥²¥
SLAC [31] § ±µ´Î¨² ¸Ó ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢ …-144 ¶µ ¶·µ¢¥·±¥ ¶·¥¤¸± § ´¨°
´¥²¨´¥°´µ° Š�„ ¢ µ¡² ¸É¨ ¶ · ³¥É·  ξ ∼ 1, ÎÉµ ¸É ²µ ¢µ§³µ¦´Ò³ §  ¸Î¥É
¨¸¶µ²Ó§µ¢ ´¨Ö ¸¢¥·Ì±µ·µÉ±¨Ì ¨ ¦¥¸É±µ ¸Ëµ±Ê¸¨·µ¢ ´´ÒÌ ² §¥·´ÒÌ ¨³¶Ê²Ó-
¸µ¢. �É³¥É¨³, ÎÉµ ¶·¨ ÔÉµ³ ¡Ò² ¢¶¥·¢Ò¥ ¶µ¸É ¢²¥´ Ô±¸¶¥·¨³¥´É, ¢ ±µÉµ·µ³
¶·µÍ¥¸¸ ·µ¦¤¥´¨Ö e+e−-¶ · ¡Ò² µ¸ÊÐ¥¸É¢²¥´ ¶·¨ ÊÎ ¸É¨¨ Éµ²Ó±µ ·¥ ²Ó´ÒÌ
(¦¥¸É±µ£µ ±µ³¶Éµ´µ¢¸±µ£µ ¨ ² §¥·´ÒÌ),   ´¥ ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢.

�µ²Ö·¨§ Í¨µ´´Ò¥ Ö¢²¥´¨Ö ¢ ¶·µÍ¥¸¸¥ ´¥²¨´¥°´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸-
¸¥Ö´¨Ö ¡Ò²¨ ¶µ¤·µ¡´µ ¨§ÊÎ¥´Ò ¢ · ¡µÉ Ì [32, 33]. �·¨ ÔÉµ³ ¢ [32] · ¸¸³ -
É·¨¢ ²¨¸Ó ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ µ¡² ¸É¨ §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨
¢µ²´Ò ´¥ Éµ²Ó±µ ξ2 < 1, ´µ ¨ ξ2 ≥ 1. �É³¥É¨³, ÎÉµ Î¨¸²¥´´Ò° · ¸Î¥É ¸¶¥±-
É·µ¢ ¨§²ÊÎ¥´¨Ö ¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ (ξ2 ≥ 1) ¡Ò² ¢¶¥·¢Ò¥ ¶·µ¢¥¤¥´
¢ · ¡µÉ¥ [28], ¶·¨ ÔÉµ³ ¶µ²Ö·¨§ Í¨¨ Î ¸É¨Í ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó.

8¸´µ¢´Ò¥ Ëµ·³Ê²Ò. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ¨§²ÊÎ¥´¨Ö Ëµ-
Éµ´  Ô²¥±É·µ´µ³ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ ¢ ¸²ÊÎ ¥, ±µ£¤ 
¢¸¥ Î ¸É¨ÍÒ, ÊÎ ¸É¢ÊÕÐ¨¥ ¢ ·¥ ±Í¨¨, Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨,
¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [32Ä34]:

dσc
du

=
πα2

2xm2ξ2(u+ 1)2

∞∑
n=1

((1 + λeλ
′
e)F1n + λ(λe + λ′e)F2n+

+λ′(λF3n + λeF4n) + λeλ
′
eF5n) , (18)
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F1n = −4 J2n + ξ2
(
2 +

u2

u+ 1

)
(J2n−1 + J2n+1 − 2J2n) ,

F2n = ξ2
(2 + u)u
u+ 1

(
1− 2

u

un

)
(J2n−1 − J2n+1) ,

F3n = ξ2
(
2 +

u2

u+ 1

) (
1− 2

u

un

)
(J2n−1 − J2n+1) , (19)

F4n =
u

u+ 1
(−4 J2n + ξ2 (2 + u) (J2n−1 + J2n+1 − 2J2n) ) ,

F5n = −4 J2n
u2

1 + u
,

£¤¥

u =
k0k

k0p′
, un =

2nk0p
m2
∗

=
nx

1 + ξ2
, x =

2k0p
m2

,

zn =
2nξ√
1 + ξ2

√
u

un

(
1− u

un

)
, (20)

Jn Å ËÊ´±Í¨¨ 5¥¸¸¥²Ö n-£µ ¶µ·Ö¤±  µÉ  ·£Ê³¥´É  zn. �·¨ ÔÉµ³ ¶¥·¥³¥´´ Ö u
¨§³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì 0 ≤ u ≤ un. ‚Ò· ¦¥´¨¥, ¸ÉµÖÐ¥¥ ¶µ¤ §´ ±µ³ ¸Ê³³Ò ¢
(18), µ¶·¥¤¥²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö n-° £ ·³µ´¨±¨ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ-
²Ö·¨§µ¢ ´´µ° �Œ‚ ¢ ¸²ÊÎ ¥, ±µ£¤  ¶µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ´ Î ²Ó´µ£µ ¨
±µ´¥Î´µ£µ Ô²¥±É·µ´µ¢,   É ±¦¥ ¨¸¶ÊÐ¥´´µ£µ ËµÉµ´ , Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´Ò³¨,
¶·¨ ÔÉµ³ λe = ±1, λ′e = ±1, λ = ±1, λ′ = ±1. �É³¥É¨³, ÎÉµ É¥·³¨´µ³ n-°
£ ·³µ´¨±¨ ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ¶µ¤¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ËµÉµ´  Ô²¥±É·µ´µ³, ¶·¨
±µÉµ·µ³ ¨§ ¢µ²´Ò ¶µ£²µÐ ¥É¸Ö n ² §¥·´ÒÌ ËµÉµ´µ¢.

…¸²¨ ¶µ²Ö·¨§ Í¨Ö ±µ´¥Î´µ£µ Ô²¥±É·µ´  ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö, Éµ, ¤¥°¸É¢ÊÖ
¶µ ¨§¢¥¸É´Ò³ ¶· ¢¨² ³, ¸ ¶µ³µÐÓÕ (18) ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¸É¥¶¥´¨
Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ λfγ :

λfγ =
∞∑
n=1

(λ F3n + λe F4n ) /
∞∑
n=1

( F1n + λλe F2n ) . (21)

�´ ²µ£¨Î´Ò³ µ¡· §µ³ ¸ ¶µ³µÐÓÕ (18) ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ¸É¥-
¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ λfe ¢ ¸²ÊÎ ¥,
±µ£¤  ¶µ²Ö·¨§ Í¨Ö ±µ´¥Î´µ£µ ËµÉµ´  ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö:

λfe =
∞∑
n=1

(λe F1n + λe F5n + λ F2n) /
∞∑
n=1

( F1n + λλe F2n ) . (22)

‚ ¸²ÊÎ ¥ ²µ¡µ¢µ£µ ¸Éµ²±´µ¢¥´¨Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·µ´µ¢ ¸ ËµÉµ-
´ ³¨ ² §¥·´µ° ¢µ²´Ò Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥-
´¨Ö dσc/dy µÉ ¶¥·¥³¥´´µ° y = ω/ε , ε Å Ô´¥·£¨Ö Ô²¥±É·µ´µ¢, ¶µ²ÊÎ ¥É¸Ö ¨§
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¢Ò· ¦¥´¨Ö (18) ¸ ¶µ³µÐÓÕ § ³¥´Ò: u → y/(1 − y) [30]. �·¨ ÔÉµ³ ¨§³¥´¥-
´¨Õ ¶¥·¥³¥´´µ° u ¢ ¶·¥¤¥² Ì 0 ≤ u ≤ un ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·¥¤¥²Ò ¨§³¥´¥´¨Ö
¶¥·¥³¥´´µ° y : 0 ≤ y ≤ yn, £¤¥

yn =
un

1 + un
=

nx

nx+ 1 + ξ2
, x =

2k0p
m2

=
4ω0ε
m2

. (23)

‚²¨Ö´¨¥ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´ Ö
Ô´¥·£¨Ö ËµÉµ´µ¢ ¶¥·¢µ° £ ·³µ´¨±¨ (n = 1, ξ2 �= 0) Ê³¥´ÓÏ ¥É¸Ö ¶µ ¸· ¢-
´¥´¨Õ ¸ ³ ±¸¨³ ²Ó´µ° Ô´¥·£¨¥° ËµÉµ´µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ µ¡ÒÎ´µ³ ±µ³¶Éµ-
´µ¢¸±µ³ · ¸¸¥Ö´¨¨ (n = 1, ξ2 = 0 ), ¶µ¸±µ²Ó±Ê ¤²Ö ¶¥·¢µ° £ ·³µ´¨±¨ ¨³¥¥³
y1max ≡ y1 = x/(1 + x + ξ2) < x/(1 + x). �´¥·£¨Ö ¦¥ γ-±¢ ´Éµ¢, ¨¸¶ÊÐ¥´-
´ÒÌ ¶·¨ ¶µ£²µÐ¥´¨¨ ´¥¸±µ²Ó±¨Ì ËµÉµ´µ¢ (n > 1 + ξ2), ¶·¥¢ÒÏ ¥É Ô´¥·£¨Õ,
¤µ¸É¨¦¨³ÊÕ ¢ µ¡ÒÎ´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨.

�·µ¨§¢µ¤Ö § ³¥´Ê: u → y/(1 − y) ¢ ¢Ò· ¦¥´¨ÖÌ (18), (19), ¤²Ö ¤¨ËË¥-
·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  �Š ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° ² -
§¥·´µ° ¢µ²´Ò ¶µ²ÊÎ¨³ · ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢ y = ω/ε
[32Ä34]:

dσc
dy

=
πα2

2xm2ξ2

∞∑
n=1

((1 + λeλ
′
e)F1n + λ(λe + λ′e)F2n+

+λ′(λF3n + λeF4n) + λeλ
′
eF5n) , (24)

F1n = −4 J2n + ξ2
(
1− y +

1
1− y

)
(J2n−1 + J2n+1 − 2J2n) ,

F2n = ξ2
(
−1 + y +

1
1− y

) (
1− 2

y

yn

(1− yn)
(1− y)

)
(J2n−1 − J2n+1) ,

F3n = ξ2
(
1− y +

1
1− y

) (
1− 2

y

yn

(1− yn)
(1− y)

)
(J2n−1 − J2n+1) , (25)

F4n = −4y J2n + ξ2
(
−1 + y +

1
1− y

)
(J2n−1 + J2n+1 − 2J2n ) ,

F5n = 4J2n

(
1 + y − 1

1− y

)
,

zn =
2nξ√
1 + ξ2

√
αn, αn =

y

yn

(
1− y

yn

)
(1− yn)
(1− y)2

. (26)
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�É³¥É¨³ µ¤´Ê Î·¥§¢ÒÎ °´µ ¢ ¦´ÊÕ µ¸µ¡¥´´µ¸ÉÓ, ±µÉµ·µ° µ¡² ¤ ÕÉ ËÊ´±-
Í¨¨ Fin (25), µ¶·¥¤¥²ÖÕÐ¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  �Š (24).
�·¨ ÉµÎ´µ³ · ¸¸¥Ö´¨¨ ´ § ¤, ±µ£¤  y = yn, zn = 0, ¢¸¥ ËÊ´±Í¨¨ Fin ¶·¨
n > 1 µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó. �Éµ µ§´ Î ¥É, ÎÉµ Éµ²Ó±µ ËµÉµ´Ò ¶¥·¢µ° £ ·³µ-
´¨±¨ ³µ£ÊÉ ¨§²ÊÎ ÉÓ¸Ö ¢ ´ ¶· ¢²¥´¨¨ ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢.
”µÉµ´ ³ ¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ´¨± É ±µ¥ ¶µ¢¥¤¥´¨¥ § ¶·¥Ð¥´µ É·¥¡µ¢ ´¨¥³
¸µÌ· ´¥´¨Ö ¸¶¨· ²Ó´µ¸É¨ ¸¨¸É¥³Ò Î ¸É¨Í e+ nγ0 ¤µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ e+ γ
¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö [32]. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ËµÉµ´µ¢
¢Ò¸µ±¨Ì £ ·³µ´¨± ¸É ´µ¢¨É¸Ö ¡µ²¥¥ Ï¨·µ±¨³ ¨ ¢ ±µ´¥Î´µ³ ¸Î¥É¥ ¶·¨¢µ¤¨É
± Ê³¥´ÓÏ¥´¨Õ ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°. �µ µ¡ ÔÉµ³ ·¥ÎÓ ¶µ°¤¥É ´¨¦¥.

�·¨ ξ2 � 1 £² ¢´Ò° ¢±² ¤ ¢ ¢¥·µÖÉ´µ¸ÉÓ ¶·µÍ¥¸¸  (15) ¤ ÕÉ ´¥¸±µ²Ó±µ
¶¥·¢ÒÌ £ ·³µ´¨±. ‚ · ¡µÉ¥ [32] ¡Ò²µ ¶·µ¢¥¤¥´µ · §²µ¦¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´µ£µ ¸¥Î¥´¨Ö (24) ¤²Ö ¶¥·¢ÒÌ É·¥Ì £ ·³µ´¨± ¶µ ¶ · ³¥É·Ê ³ ²µ¸É¨
∆ = ξ2/(1 + ξ2), ¶·¨ ÔÉµ³ ¢Ò¶µ²´Ö²µ¸Ó · §²µ¦¥´¨¥ Éµ²Ó±µ ¤²Ö ËÊ´±Í¨°
5¥¸¸¥²Ö,   ¤²Ö ¢¥²¨Î¨´ yn (23) ¨¸¶µ²Ó§µ¢ ²¨¸Ó ÉµÎ´Ò¥ Ëµ·³Ê²Ò. �¨¦¥ ³Ò
¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÔÉ¨ · §²µ¦¥´¨Ö ¤²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ Ô´¥·£¥É¨Î¥¸±¨Ì
¸¶¥±É·µ¢ (1/σc) dσc/dy (£¤¥ σc Å ¶µ²´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸ : σc =

∑nmax
n=1 σnc ),

¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°, ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° λfγ (21) ¨ ¶·µ¤µ²Ó´µ° ¶µ-

²Ö·¨§ Í¨¨ λfe (22) ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨.
‚ Éµ ¦¥ ¢·¥³Ö ¶·¨ ξ2 ≥ 1 ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÉµÎ´Ò¥ ¢Ò· ¦¥´¨Ö (24),

(25). �É³¥É¨³, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ³ ±¸¨³ ²Ó´µ¥ Î¨¸²µ ËµÉµ´µ¢ nmax, ¶µ£²µ-
Ð ¥³µ¥ ¨§ ¢µ²´Ò, µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ¸Ìµ¤¨³µ¸É¨ ·Ö¤  (24).

8¡¸Ê¦¤¥´¨¥ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¢ ¶·µÍ¥¸¸¥ 8Š@. �¥·¥°¤¥³ ± ¡µ²¥¥
¤¥É ²Ó´µ³Ê  ´ ²¨§Ê ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ´  Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±-
É·Ò ËµÉµ´µ¢ ¢ �Š, ¸¶¥±É· ²Ó´ÊÕ ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨°,   É ±¦¥ ´ 
¶µ²Ö·¨§ Í¨Õ · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢. ‚¸¥ ÔÉ¨ ¢µ¶·µ¸Ò ¸¢Ö§ ´Ò
³¥¦¤Ê ¸µ¡µ°, ¨³¥ÕÉ ¤µ¢µ²Ó´µ Éµ´±¨° Ì · ±É¥·, ¨Ì ´¥²Ó§Ö ´¥ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨
¸µ§¤ ´¨¨ γγ-±µ²² °¤¥·µ¢.

1) ¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ËµÉµ´µ¢ ¶·¨
x = 4, 8 ¶·¥¤¸É ¢²¥´Ò £· Ë¨± ³¨ ´  ·¨¸.3,¡ ¨ 3,¢, ¶µ¸É·µ¥´´Ò³¨, ¸µµÉ¢¥É-
¸É¢¥´´µ, ¤²Ö §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨ ξ2, · ¢´ÒÌ 0,3 ¨ 1. �·¨
ÔÉµ³ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö Ê Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´  ¢Ò¡· ´Ò
É ±¨³¨ ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö:

1)→ λe = 0, λ = 1; 2)→ λe = 1, λ = −1; 3)→ λe = 1 , λ = 1. (27)

�  ·¨¸. 3,¡ ¨ 3,¢ ¨³ µÉ¢¥Î ÕÉ ²¨´¨¨ 1, 2 ¨ 3 ¸µµÉ¢¥É¸É¢¥´´µ. Š·¨¢ Ö 4 ´ 
·¨¸. 3,¡ ¸µµÉ¢¥É¸É¢Ê¥É ξ2 = 0, λλe = −1. �´  ¶·¨¢¥¤¥´  ¤²Ö ¡µ²¥¥ Ê¤µ¡´µ£µ
¸· ¢´¥´¨Ö ¸¶¥±É·µ¢ ¢ ²¨´¥°´µ³ ¨ ´¥²¨´¥°´µ³ ¸²ÊÎ ÖÌ.

Š ± ¢¨¤´µ ¨§ ÔÉ¨Ì ·¨¸Ê´±µ¢, ÊÎ¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 �= 0) ¶·¨-
¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´Ò³ ¨§³¥´¥´¨Ö³ ¸¶¥±É·µ¢ ¶µ ¸· ¢´¥´¨Õ ¸µ ¸¶¥±É· ³¨ ¢
µ¡ÒÎ´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ (ξ2 = 0). ‚µ-¶¥·¢ÒÌ, µ¤´µ¢·¥³¥´´µ¥
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¶µ£²µÐ¥´¨¥ ¨§ ¢µ²´Ò ´¥¸±µ²Ó±¨Ì ËµÉµ´µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨·¥´¨Õ ¸¶¥±É-
·µ¢ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢, ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¨±µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¨§²ÊÎ¥´¨Õ £ ·³µ´¨± ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± . �Éµ ÊÏ¨·¥´¨¥ ¶·¨ µ¤´µ³ ¨
Éµ³ ¦¥ ¶ · ³¥É·¥ x É¥³ ¡µ²ÓÏ¥, Î¥³ ¡µ²ÓÏ¥ ¨´É¥´¸¨¢´µ¸ÉÓ ¢µ²´Ò. �·¨
ÔÉµ³ £· ´¨Í  ¸¶¥±É·  ymax ≡ ym µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥ (23) ¤²Ö yn ¶·¨
n = nmax. ’ ±, ¶·¨ ξ2 = 0, 3 ¸¶¥±É· µ£· ´¨Î¥´ ¸¢¥·ÌÊ ³ ±¸¨³ ²Ó´Ò³ §´ -
Î¥´¨¥³ ymax ≈ 0, 917 (nmax = 3),   ¶·¨ ξ2 = 1 ymax ≈ 0, 991. “Ï¨·¥´¨¥
¸¶¥±É·µ¢ ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¢Ò¸µÉÒ ¶¨±  ¶¥·¢µ° £ ·³µ´¨±¨ ¶µ ¸· ¢-
´¥´¨Õ ¸ ¶¨±µ³ ¢ µ¡ÒÎ´µ³ · ¸¸¥Ö´¨¨. �Éµ ´ £²Ö¤´µ ¢¨¤´µ ¨§ ¸· ¢´¥´¨Ö ¤¢ÊÌ
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ²¨´¨° 2 ¨ 4 ´  ·¨¸. 3,¡.

‚µ-¢Éµ·ÒÌ, ÔËË¥±É¨¢´µ¥ ÊÉÖ¦¥²¥´¨¥ Ô²¥±É·µ´  m2 → m2
∗ =

= m2(1 + ξ2) ¶·¨¢µ¤¨É ± ¸¦ É¨Õ ¸¶¥±É·µ¢, É.¥. ± ¸¤¢¨£Ê ¶¥·¢µ° £ ·³µ´¨±¨
¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì §´ Î¥´¨° y (¸³. (23)). �ÉµÉ ¸¤¢¨£ ¶¨±µ¢ ´  ·¨¸. 3,¡ ¤²Ö
²¨´¨° 2 ¨ 4 ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 5%. ‘ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  x µÉ´µ¸¨-
É¥²Ó´µ¥ ¸¦ É¨¥ ¶¥·¢µ° £ ·³µ´¨±¨ Ê³¥´ÓÏ ¥É¸Ö [32].

�·¨ ¸· ¢´¨É¥²Ó´µ ´¥¡µ²ÓÏµ° ¨´É¥´¸¨¢´µ¸É¨ ² §¥·´µ° ¢µ²´Ò (ξ2 = 0, 3)
µ¸´µ¢´µ° ¢±² ¤ ¢ ¨§²ÊÎ¥´¨¥ ¤ ÕÉ ËµÉµ´Ò ¶¥·¢µ° £ ·³µ´¨±¨, ¢ÒÌµ¤ ËµÉµ-
´µ¢ ¤²Ö £ ·³µ´¨± ¸ n > 1 ´¥§´ Î¨É¥²¥´. �·¨ §´ Î¥´¨ÖÌ ξ ∼ 1 ÊÏ¨·¥´¨¥
¸¶¥±É·µ¢ §  ¸Î¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¸µ¶·µ¢µ¦¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥³ ¢¥·µÖÉ-
´µ¸É¨, ¢ÒÌµ¤ ¦¥¸É±¨Ì ËµÉµ´µ¢ ¸É ´µ¢¨É¸Ö ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³. ˆ, ´ ±µ´¥Í,
¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ (ξ2  1) ¨§²ÊÎ¥´¨¥ §  ¸Î¥É ´¥²¨´¥°´ÒÌ ¶·µ-
Í¥¸¸µ¢ ³´µ£µËµÉµ´´ÒÌ ¶µ£²µÐ¥´¨° ¸É ´µ¢¨É¸Ö ¸· ¢´¨³Ò³ ¸ µ¤´µËµÉµ´´Ò³
¨ ¤ ¦¥ ¶·¥µ¡² ¤ ÕÐ¨³, É.¥. ¶·µÍ¥¸¸ �Š ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°-
´Ò³ [30,32].

‚¸¥ ¸± § ´´µ¥ ¢ÒÏ¥ µ ¶µ¢¥¤¥´¨¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ µÉ´µ¸¨²µ¸Ó
¸· §Ê ±µ ¢¸¥³ É·¥³ ²¨´¨Ö³ 1, 2 ¨ 3. —Éµ ± ¸ ¥É¸Ö ¨Ì ¢§ ¨³´µ£µ · ¸¶µ²µ-
¦¥´¨Ö, Éµ, ± ± ¢¨¤´µ ¨§ ·¨¸. 3,¡ ¨ ¢, ´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´Ò¥ ¸¶¥±É·Ò ¸µµÉ-
¢¥É¸É¢ÊÕÉ ¸²ÊÎ Õ, ±µ£¤  ¸¶¨´Ò Ê Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´  ¶ · ²²¥²Ó´Ò
(λλe = −1),   ´ ¨³¥´¥¥ ¨´É¥´¸¨¢´Ò¥ µÉ¢¥Î ÕÉ  ´É¨¶ · ²²¥²Ó´Ò³ ¸¶¨´ ³
(λλe = 1), ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö.

�É³¥É¨³ É ±¦¥, ÎÉµ · §´¨Í  ³¥¦¤Ê ¸¶¥±É· ³¨, ¶µ¸É·µ¥´´Ò³¨ ¤²Ö É·¥Ì
· ¸¸³µÉ·¥´´ÒÌ ¸²ÊÎ ¥¢ ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´ , ¸Éµ²Ó
¸ÊÐ¥¸É¢¥´´ Ö ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨ (ξ2 = 0, 3),
¸É ´µ¢¨É¸Ö ´¥§´ Î¨É¥²Ó´µ° ¶·¨ ξ2  1 (É.¥. ¸ ·µ¸Éµ³ ¨´É¥´¸¨¢´µ¸É¨ ² §¥·´µ°
¢µ²´Ò ¢²¨Ö´¨¥ ¶µ²Ö·¨§ Í¨° § ³¥É´µ Ê³¥´ÓÏ ¥É¸Ö [32]).

2) �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¸É¥¶¥´¨ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ¦¥¸É±µ£µ
�Š-ËµÉµ´  ¶µ± § ´  £· Ë¨± ³¨ ´  ·¨¸. 4, Ä£, ¶µ¸É·µ¥´´Ò³¨ ¤²Ö x = 4, 8.
�  ·¨¸. 4, Ä¢ ¶ · ³¥É· ¨´É¥´¸¨¢´µ¸É¨ ξ2 = 0, 3,   ´  ·¨¸. 4,£ ξ2 = 1. „ ²¥¥,
¢Ò¡µ· ¶µ²Ö·¨§ Í¨° ´  ·¨¸. 4, Ä¢ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Ö³ 1, 2, 3 ¢ (27), ¶·¨
ÔÉµ³ ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê · ¸¸¥Ö´¨Õ. �  ·¨¸. 4,£ ±·¨¢Ò¥ 1,
2, 3 É ±¦¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ²Ö·¨§ Í¨µ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ (27).
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¨¸. 7. ‘¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨° ± ± ËÊ´±Í¨Ö ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò
Wγγ , z = Wγγ/2ε, ¶µ¸É·µ¥´´ Ö ¤²Ö x = 4, 8 ( ) ¨ x = 10 (¡). ‹¨´¨¨ 1Ä4 ¸µµÉ-
¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨³ §´ Î¥´¨Ö³ ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨: 1) ξ2 = 0, 2) ξ2 = 0, 3,
3) ξ2 = 1, 4) ξ2 = 2. �µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ± ¦¤µ£µ ¨§ ¸É ²±¨¢ ÕÐ¨Ì¸Ö
γ-¶ÊÎ±µ¢ ¶µ²ÊÎ¥´Ò ¶·¨ ¸Éµ²±´µ¢¥´¨¨ Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ¸ ¶ · ²²¥²Ó´Ò³¨ ¸¶¨-
´ ³¨: λλe = −1, λ̃λ̃e = −1

Š ± ¢¨¤´µ ¨§ ·¨¸. 4, Ä¢, ÊÎ¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 �= 0) Ê³¥´Ó-
Ï ¥É ¸É¥¶¥´Ó ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ¢ ¶¥·¢µ³ ¶¨±¥. ‚±² ¤ ¡µ²¥¥ ¢Ò¸µ±¨Ì
£ ·³µ´¨± ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¨±µ¢, ¶·¨Î¥³ ´  £· ´¨Í¥
¸¶¥±É·  (¶·¨ y → ymax), ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ · ¸¸¥Ö´¨Ö, ¸¶· ¢¥¤²¨¢µ
¸µµÉ´µÏ¥´¨¥: λfγ = −λ. ‘²¥¤Ê¥É, µ¤´ ±µ, § ³¥É¨ÉÓ, ÎÉµ ¢ÒÌµ¤ É ±¨Ì ËµÉµ´µ¢
´¥§´ Î¨É¥²¥´, ¶µ¸±µ²Ó±Ê ¸¶¥±É·Ò ¶· ±É¨Î¥¸±¨ µ¡·Ò¢ ÕÉ¸Ö ¶·¨ §´ Î¥´¨ÖÌ
y < ymax (¶·¨ ξ2 = 1 ¢¥·µÖÉ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ËµÉµ´µ¢ ¸ y > 0, 973 ¶· ±-
É¨Î¥¸±¨ · ¢´  ´Ê²Õ, ÌµÉÖ ymax ≈ 0, 991). � ¨¡µ²¥¥ ¡² £µ¶·¨ÖÉ´µ° ¢ ÔÉµ³
µÉ´µÏ¥´¨¨ µ± §Ò¢ ¥É¸Ö ¸¨ÉÊ Í¨Ö ¸ λλe = −1, ±µ£¤  ¢¥²¨± ¨´É¥·¢ ² Ô´¥·-
£¨° ¦¥¸É±¨Ì γ-±¢ ´Éµ¢, ¢ ±µÉµ·µ³ ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ | λfγ |
¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö ¨ ´ ¨¡µ²¥¥ ¡²¨§±  ± ¥¤¨´¨Í¥.

3) —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° ¶µ Ëµ·-
³Ê²¥ (11) ¢ ¸²ÊÎ ¥, ±µ£¤  ÉµÎ±  ±µ´¢¥·¸¨¨ C ¨ ÉµÎ±  ¢¸É·¥Î¨ O ¸µ¢¶ ¤ ÕÉ,
¡Ò²¨ ¶·µ¢¥¤¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¤²Ö ¶·µÍ¥¸¸ 
�Š ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ (24). ¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢
¶·¥¤¸É ¢²¥´Ò £· Ë¨± ³¨ ´  ·¨¸. 7,  ¨ ¡, ¶µ¸É·µ¥´´Ò³¨ ¤²Ö ¶ · ³¥É·  x = 4, 8
¨ x = 10 ¸µµÉ¢¥É¸É¢¥´´µ. �·¨ ÔÉµ³ ³Ò · ¸¸³ É·¨¢ ²¨ ¶µ²Ö·¨§ Í¨µ´´Ò¥
¸µ¸ÉµÖ´¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö γ-¶ÊÎ±µ¢, ±µÉµ·Ò¥ ¶·¨£µÉ ¢²¨¢ ÕÉ¸Ö ´ ¨¡µ²¥¥
µ¶É¨³ ²Ó´Ò³ µ¡· §µ³ (É.¥. λλe = −1, λ̃λ̃e = −1). ‹¨´¨¨ 1Ä4 ± ± ´  ·¨¸. 7, ,
É ± ¨ ´  ·¨¸. 7,¡ ¶µ¸É·µ¥´Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ-



176 Š“�…‚ �.A., ƒ�‹›�‘Šˆ‰ M.‚., ‹…‚—“Š Œ.ˆ.

¨¸. 8. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· (´¥¶·¥·Ò¢-
´ Ö ²¨´¨Ö) ¨ ¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ
γγ-¸Éµ²±´µ¢¥´¨° (ÉµÎ¥Î´ Ö ²¨´¨Ö) ¢§ÖÉÒ
¨§ ·¨¸. 3,¢ (±·¨¢ Ö 2) ¨ ·¨¸. 7,  (±·¨¢ Ö 3) ¸µ-
µÉ¢¥É¸É¢¥´´µ. ‘µ¢¶ ¤¥´¨¥ ¶¨±  ¶¥·¢µ° £ ·-
³µ´¨±¨ ¨ ¶·µ¢ ²  ¢ ¶µ¢¥¤¥´¨¨ ¸¶¥±É· ²Ó´µ°
¸¢¥É¨³µ¸É¨ ´ £²Ö¤´µ µ¡ÑÖ¸´Ö¥É ¶·¨Î¨´Ê ¶µ-
Ö¢²¥´¨Ö ¶·µ¢ ²µ¢ ¢ ¸¢¥É¨³µ¸É¨

¸É¨ ² §¥·´µ° ¢µ²´Ò: 1 → ξ2 = 0;
2 → ξ2 = 0, 3; 3 → ξ2 = 1;
4 → ξ2 = 2. ƒ· Ë¨±¨ ´  ·¨¸. 7, 
¨ ¡ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ
¸¶¥±É· ²Ó´Ò³ ¸¢¥É¨³µ¸ÉÖ³ ¶·¨-
¸ÊÐ¨ É¥ ¦¥ § ±µ´µ³¥·´µ¸É¨, ±µ-
Éµ·Ò³¨ µ¡² ¤ ²¨ Ô´¥·£¥É¨Î¥¸±¨¥
¸¶¥±É·Ò ËµÉµ´µ¢: c ·µ¸Éµ³ ¨´-
É¥´¸¨¢´µ¸É¨ ¢Ò¸µÉ  ¶¨±µ¢ ²¨´¨°
2Ä4 ¸µµÉ¢¥É¸É¢¥´´µ Ê¡Ò¢ ¥É, ¶¥-
·¥³¥Ð ¥É¸Ö ¢ ¸Éµ·µ´Ê ¢¸¥ ¡µ²¥¥
´¨§±¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸.  ¸-
Ï¨·¥´¨¥ ¸¶¥±É·µ¢ ¸¢¥É¨³µ¸É¨ ¶µ
¸· ¢´¥´¨Õ ¸ ²¨´¥°´Ò³ ¸²ÊÎ ¥³,
´  ¶¥·¢Ò° ¢§£²Ö¤, ´¥ ¨³¥¥É ¡µ²Ó-
Ïµ£µ §´ Î¥´¨Ö. �´µ ¶·¨¢µ¤¨É
± ¶µÖ¢²¥´¨Õ ´¥¡µ²ÓÏµ£µ ¶µ ¶²µ-
Ð ¤¨ ®É·¥Ê£µ²Ó´¨± ¯ ´  ·¨¸. 7, ,¡,
· ¸¶µ²µ¦¥´´µ£µ ¢´¨§Ê, ¶· ¢¥¥ £· -
´¨ÍÒ ¸¶¥±É·  ¤²Ö ξ2 = 0. Š·µ³¥
Éµ£µ, ¸ÊÐ¥¸É¢¥´´µ ³¥´Ö¥É¸Ö ´ -
±²µ´ ²¨´¨° ¸¢¥É¨³µ¸É¨ ¶µ µÉ´µ-
Ï¥´¨Õ ± µ¸¨  ¡¸Í¨¸¸. ‚ ·¥§Ê²Ó-
É É¥ ÔÉµ£µ ¨¸Î¥§ ¥É ·¥§± Ö, Î¥É-
± Ö £· ´¨Í  ¸¶¥±É· ²Ó´µ° ¸¢¥É¨-
³µ¸É¨, ¶·¨¸ÊÐ Ö µ¡ÒÎ´µ³Ê ±µ³¶-
Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ, ÎÉµ µÉ·¨-

Í É¥²Ó´µ ¸± §Ò¢ ¥É¸Ö ´  ³µ´µÌ·µ³ É¨Î´µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°. ‘ ·µ¸Éµ³ ¨´-
É¥´¸¨¢´µ¸É¨ ¢µ²´Ò ¸¶¥±É·Ò ¸¢¥É¨³µ¸É¨ ¸É ´µ¢ÖÉ¸Ö ¢¸¥ ¡µ²¥¥ Ï¨·µ±¨³¨ § 
¸Î¥É ¶µ¤Ñ¥³  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° Î ¸É¨ ¨ ¶µÖ¢²¥´¨Ö ¤²¨´´µ£µ Ì¢µ¸É  ¢ µ¡² -
¸É¨ ¡µ²ÓÏ¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸. ‚¸¥ ÔÉ¨ µÉ·¨Í É¥²Ó´Ò¥ ³µ³¥´ÉÒ ¸± §Ò¢ -
ÕÉ¸Ö §´ Î¨É¥²Ó´µ ¸² ¡¥¥ ¸ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  x Å ÔÉµ ¢¨¤´µ ¨§ ¸· ¢-
´¥´¨Ö ·¨¸. 7,  ¨ ¡. �¥µ¦¨¤ ´´Ò³ Ö¢²Ö¥É¸Ö ¶µÖ¢²¥´¨¥ ¶·µ¢ ²µ¢ ´  ·¨¸. 7,  ¨
¡, É.¥. ¶¨±µ¢, ¸µ¸ÉµÖÐ¨Ì ¨§ ¤¢ÊÌ £µ·¡µ¢, µ¸µ¡¥´´µ § ³¥É´ÒÌ ¶·¨ ξ2 = 1 ¨
ξ2 = 2. �¤´ ±µ ¨Ì ¶·µ¨¸Ìµ¦¤¥´¨¥ ¢¥¸Ó³  ¶·µ¸Éµ µ¡ÑÖ¸´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ
·¨¸. 8. �  ´¥³ µ¤´µ¢·¥³¥´´µ ¶µ¸É·µ¥´Ò Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ËµÉµ´µ¢ ¨
¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  x = 4, 8, ξ2 = 1, λλe = −1. �Éµ
µ± § ²µ¸Ó ¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö Éµ³Ê, ÎÉµ µ¡² ¸É¨ ¨§³¥´¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì
¶¥·¥³¥´´ÒÌ y = ω/ε ¨ z = Wγγ/2ε ¸µ¢¶ ¤ ÕÉ: 0 < y, z ≤ ymax. ’ ±¨³
µ¡· §µ³, ¸µ¢¶ ¤¥´¨¥ ¶·µ¢ ²  ´  ±·¨¢µ° ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ¸ ¶¨±µ³
¶¥·¢µ° £ ·³µ´¨±¨ ± ± · § ¨ µ¡ÑÖ¸´Ö¥É Ì · ±É¥· ¶µ¢¥¤¥´¨Ö ¸¢¥É¨³µ¸É¨. �´
µ¡Ê¸²µ¢²¥´ ¢²¨Ö´¨¥³ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢.
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¨¸. 9. ‡ ¢¨¸¨³µ¸ÉÓ ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ · ¸¸¥Ö´´µ£µ Ô²¥±É·µ´  ¢ ¶·µ-
Í¥¸¸¥ �Š ± ± ËÊ´±Í¨Ö ¥£µ Ô´¥·£¨¨ ε′/ε = 1 − y, ¶µ¸É·µ¥´´ Ö ¤²Ö x = 4, 8, ±µ£¤ 
¶ · ³¥É· ¨´É¥´¸¨¢´µ¸É¨ ξ2 = 0, 0, 3 ( Ä¢) ¨ ξ2 = 1 (£). ¨¸Ê´± ³  Ä¢ µÉ¢¥Î ¥É ¸²¥-
¤ÊÕÐ¨° ¢Ò¡µ· ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í:  ) λe = 0, λ = 1; ¡) λe = 1,
λ = −1; ¢) λe = 1, λ = 1. ‘¶²µÏ´Ò¥ ²¨´¨¨ ´  ·¨¸.  Ä¢ ¸µµÉ¢¥É¸É¢ÊÕÉ ξ2 = 0, 3,
ÉµÎ¥Î´Ò¥ Å ξ2 = 0 (µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ). Š·¨¢Ò³ 1Ä3 ´  ·¨¸. £
¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö Î ¸É¨Í, É ±¨¥ ¦¥, ± ± ´  ·¨¸.  Ä¢

4) ¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ § ¢¨¸¨³µ¸É¨ ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨
· ¸¸¥Ö´´µ£µ Ô²¥±É·µ´  (22) µÉ ¥£µ Ô´¥·£¨¨ ε′/ε = 1 − y ¢ ¸²ÊÎ ¥, ±µ£¤ 
¶µ²Ö·¨§ Í¨Ö ±µ´¥Î´µ£µ ËµÉµ´  ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 9
¤²Ö ¶ · ³¥É·  x = 4, 8. ¨¸Ê´± ³ 9,  Ä¢ µÉ¢¥Î ¥É ¶ · ³¥É· ¨´É¥´¸¨¢´µ¸É¨
¢µ²´Ò ξ2 = 0, 3, ·¨¸. 9,£ Å ξ2 = 1. Š·µ³¥ Éµ£µ, ·¨¸. 9, Ä¢ ¸µµÉ¢¥É¸É¢Ê¥É
¢Ò¡µ· ¶µ²Ö·¨§ Í¨° 1Ä3 ¢ (27), ÉµÎ¥Î´Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ ²¨´¥°´µ³Ê ¸²Ê-
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Î Õ ¢ �Š. �¡µ§´ Î¥´¨Ö ±·¨¢ÒÌ 1Ä3 ´  ·¨¸. 9,£ ¢ ÉµÎ´µ¸É¨ ¶µ¢Éµ·Ö¥É ¢Ò¡µ·
¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° Ê ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¢ (27).

�·¥¦¤¥ ¢¸¥£µ, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ÉµÎ¥Î´Ò¥ ±·¨¢Ò¥ ´  ·¨¸. 9 ¢ ÉµÎ´µ¸É¨
¢µ¸¶·µ¨§¢µ¤ÖÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ²¨´¨¨ ¨§ · ¡µÉÒ [27]. ‘²¥¤µ¢ É¥²Ó´µ, £² ¢-
´Ò° ¢Ò¢µ¤ ÔÉµ° · ¡µÉÒ, § ±²ÕÎ ÕÐ¨°¸Ö ¢ Éµ³, ÎÉµ ´¥¶µ²Ö·¨§µ¢ ´´Ò° Ô²¥±É-
·µ´ ¢ ·¥§Ê²ÓÉ É¥ · ¸¸¥Ö´¨Ö ´  ¶µ²´µ¸ÉÓÕ ¶µ²Ö·¨§µ¢ ´´µ³ ² §¥·´µ³ ËµÉµ´¥
³µ¦¥É ¶·¨µ¡·¥¸É¨ §´ Î¨É¥²Ó´ÊÕ ¸É¥¶¥´Ó ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢ µ¡² ¸É¨
³¨´¨³ ²Ó´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ ε′, ¶µ²´µ¸ÉÓÕ ¶µ¤É¢¥·¦¤ ¥É¸Ö. —Éµ ¦¥ ´µ¢µ£µ
¶·¨¢´µ¸ÖÉ ¢ ÔÉÊ ± ·É¨´Ê ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ? ‚´¨³ É¥²Ó´µ³Ê Î¨É É¥²Õ µÉ-
¢¥É § · ´¥¥ µÎ¥¢¨¤¥´: ¢³¥¸Éµ µ¤´µ£µ ¶¨±  ´  ·¨¸.9, Ä¢ ¶µÖ¢²ÖÕÉ¸Ö É·¨, ¶·¨
ÔÉµ³ ¢Ò¸µÉ  ¶¥·¢µ£µ ¶¨± , µÉ¢¥Î ÕÐ Ö ¨§²ÊÎ¥´¨Õ 1-° £ ·³µ´¨±¨, Ê³¥´ÓÏ -
¥É¸Ö ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¨ ¸¤¢¨£ ¥É¸Ö ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°
· ¸¸¥Ö´´µ£µ Ô²¥±É·µ´ . �·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ ¢µ²´Ò (¸³. ·¨¸. 9,£) ¶µ-
¢¥¤¥´¨¥ ²¨´¨° 1Ä3 ¢Ò£²Ö¤¨É ¡µ²¥¥ ¸²µ¦´Ò³ ¨§-§  ³´µ£µËµÉµ´´µ¸É¨ ¶·µÍ¥¸¸ 
¨§²ÊÎ¥´¨Ö. �·¨ ÔÉµ³ ³¨´¨³ ²Ó´Ò¥ Ê´µ¸¨³Ò¥ Ô´¥·£¨¨ ¸É·¥³ÖÉ¸Ö ± ´Ê²Õ,   ¢
¡²¨¦ °Ï¥° µ±·¥¸É´µ¸É¨ ÔÉµ° µ¡² ¸É¨ |λfe | ¡²¨§±  ± ¸¢µ¥³Ê ³ ±¸¨³ ²Ó´µ³Ê
§´ Î¥´¨Õ, · ¢´µ³Ê ¥¤¨´¨Í¥.

‚Ò¢µ¤Ò. �·µÍ¥¸¸ �Š Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ ¨¸ÉµÎ´¨±µ³ ¶µ²ÊÎ¥´¨Ö ËµÉµ-
´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¶·¨ ¸µ§¤ ´¨¨ ¡Ê¤ÊÐ¨Ì γe- ¨ γγ-±µ²² °¤¥·µ¢. Š ± ³Ò
Ê¦¥ ¢¨¤¥²¨, ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ ´¥³ ¸¶µ¸µ¡¸É¢ÊÕÉ Ê¢¥²¨Î¥´¨Õ Ô´¥·£¨¨
· ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢. �¤´ ±µ ¸ Ê¢¥²¨Î¥´¨¥³ ¨´É¥´¸¨¢´µ¸É¨ ² §¥·´µ° ¢µ²´Ò
¶·µ¨¸Ìµ¤¨É ÊÌÊ¤Ï¥´¨¥ ³µ´µÌ·µ³ É¨Î´µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° ¨§-§  ¶µ¤Ñ¥³ 
¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ¢ µ¡² ¸É¨ ³ ²ÒÌ ¨ ¸·¥¤´¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸. ‚
ÔÉµ° ¸¢Ö§¨ µÉ³¥É¨³, ÎÉµ ¢ ²¨É¥· ÉÊ·¥ ¸ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ¸¶µ¸µ¡Ò Ê³¥´Ó-
Ï¥´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢. �·µ¸É¥°Ï¨° ¸¶µ¸µ¡ Ê³¥´ÓÏ¥´¨Ö ¶ · ³¥É·  ξ2

¶·¨ ´¥¨§³¥´´µ³ ±µÔËË¨Í¨¥´É¥ ±µ´¢¥·¸¨¨ ¸µ¸Éµ¨É ¢ Ê¢¥²¨Î¥´¨¨ Éµ²Ð¨´Ò
² §¥·´µ° ³¨Ï¥´¨ ¶ÊÉ¥³ µ¤´µ¢·¥³¥´´µ£µ Ê¢¥²¨Î¥´¨Ö ¤²¨É¥²Ó´µ¸É¨ ² §¥·´µ°
¢¸¶ÒÏ±¨ ¨ £²Ê¡¨´Ò Ëµ±Ê¸  (·Ô²¥¥¢¸±µ° ¤²¨´Ò), µ¤´ ±µ ¶·¨ ÔÉµ³ ´¥µ¡Ìµ-
¤¨³µ Ê¢¥²¨Î¨¢ ÉÓ Ô´¥·£¨Õ ² §¥·´µ° ¢¸¶ÒÏ±¨ ± ± A ∝ 1/ξ2 [13, 14]. „·Ê£µ°
¸¶µ¸µ¡ Å ÔÉµ · ¸ÉÖ£¨¢ ´¨¥ ¤²¨´Ò ² §¥·´µ° ³¨Ï¥´¨ ¶·¨ ¸µÌ· ´¥´¨¨ ¥¥ ¤¨ -
³¥É·  [17]. �·¨ ÔÉµ³ ξ2 ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö ¶·¨ ´¥¨§³¥´´µ° Ô´¥·£¨¨ ² §¥·´µ°
¢¸¶ÒÏ±¨. �Éµ ³µ¦´µ ¸¤¥² ÉÓ §  ¸Î¥É ´¥³µ´µÌ·µ³ É¨Î´µ¸É¨ ² §¥·´µ£µ ¨§²Ê-
Î¥´¨Ö,   ² §¥·´ Ö ³¨Ï¥´Ó Ë ±É¨Î¥¸±¨ ¡Ê¤¥É ¸µ¸ÉµÖÉÓ ¨§ ´¥¸±µ²Ó±¨Ì ² §¥·´ÒÌ
Ëµ±Ê¸µ¢, · ¸¶µ²µ¦¥´´ÒÌ ·Ö¤µ³ ¢¤µ²Ó ¶ÊÉ¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± .

3. ”ˆ‡ˆ—…‘Š
Ÿ 5	ƒ	
ŒŒ
 ”’��›• Š‹‹
‰„…	‚

”µÉµ´´Ò¥ ±µ²² °¤¥·Ò ¡Ê¤ÊÉ ¶·¥¤¸É ¢²ÖÉÓ ¸µ¡µ° ±µ³¶²¥±¸Ò, ¢±²ÕÎ Õ-
Ð¨¥, ´ ·Ö¤Ê ¸ ²¨´¥°´Ò³¨ e+e−-Ê¸±µ·¨É¥²Ö³¨, γe- ¨ γγ-±µ²² °¤¥·Ò ¸µ ¸²¥-
¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨ (ε ¨ Lee Å Ô´¥·£¨Ö Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¨ ¸¢¥É¨³µ¸ÉÓ
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¡ §µ¢µ£µ ee-±µ²² °¤¥·  ∗) [2, 35]:

• • · ±É¥·´ Ö Ô´¥·£¨Ö ËµÉµ´  ω ≈ 0, 8ε.
• ƒµ¤µ¢ Ö ¸¢¥É¨³µ¸ÉÓ Lγγ(z/zmax > 0, 8) ∼ 0, 1 Lee ∼ 10÷ 50 Ë¡−1

(50÷ 500 Ë¡−1 ¢ ¶¥·¸¶¥±É¨¢¥).
• ˜¨·¨´  ¶¨±  ¸¢¥É¨³µ¸É¨ ¢ µ¡² ¸É¨ zmax : ∆Wγγ/Wγγ ∼ 0, 15.
• ‘·¥¤´ÖÖ ¸¶¨· ²Ó´µ¸ÉÓ ËµÉµ´  < λγ >≈ 0, 95 ¸ ¶¥·¥³¥´´Ò³ §´ ±µ³.

• ‘É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ∼ 35÷ 80 % ¶·¨ x = 4, 5÷ 1.
’ ±¨³ µ¡· §µ³, µ¸´µ¢´µ° ¶ · ³¥É· Å ¨´É¥£· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ Lγγ =

=
∫
Ldt, ¶² ´¨·Ê¥³ Ö ´  γγ-±µ²² °¤¥· Ì, ¥¸ÉÓ ¢¥²¨Î¨´  ¶µ·Ö¤±  100·106 ´¡−1

¢ £µ¤. �É  ¢¥²¨Î¨´  ¸µµÉ¢¥É¸É¢Ê¥É Î¨¸²Ê ·¥ ±Í¨° µ¡· §µ¢ ´¨Ö  ¤·µ´µ¢ ¶µ-
·Ö¤±  ¤¥¸ÖÉ±  ¶·¨ ± ¦¤µ³ ¸Éµ²±´µ¢¥´¨¨ ¶ÊÎ±µ¢. „·Ê£¨³¨ ¶ · ³¥É· ³¨ Ö¢²Ö-
ÕÉ¸Ö Ô´¥·£¨Ö ³µ´µÌ·µ³ É¨Î¥¸±µ° Î ¸É¨ ¸¶¥±É·  ω = 0, 8ε, ¢Ò¸µ± Ö ¸É¥¶¥´Ó
³µ´µÌ·µ³ É¨Î´µ¸É¨ ¨ ¶µ²Ö·¨§ Í¨¨.

�¤´µ° ¨§ £² ¢´ÒÌ Í¥²¥° ¶·µ¥±É¨·Ê¥³ÒÌ γγ-±µ²² °¤¥·µ¢ Ö¢²Ö¥É¸Ö ·¥Ï¥-
´¨¥ ±²ÕÎ¥¢µ° ¶·µ¡²¥³Ò ‘Œ Å µÉ±·ÒÉ¨¥ ¨ ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¡µ§µ´  •¨££¸ .
”Š ¶·¥¤µ¸É ¢²ÖÕÉ É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ, ¨¸¶µ²Ó§ÊÖ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´Ò¥
ËµÉµ´´Ò¥ ¶ÊÎ±¨, µÉ²¨Î¨ÉÓ · ¸¶ ¤ •5 µÉ ¥£µ  ±¸¨ ²Ó´µ£µ ¶ ·É´¥· .

ˆ§ÊÎ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ´  LEP-1, ¶µ± § ²µ,
ÎÉµ ‘Œ Ö¢²Ö¥É¸Ö É¥µ·¨¥° ´ ¡²Õ¤ ¥³µ£µ ³¨· , ´µ ¥¥ ¶·µ¢¥·±  ¢ ¤·Ê£¨Ì µ¡² -
¸ÉÖÌ ´¥µ¡Ìµ¤¨³ ; ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ¥ §´ Î¥´¨¥ ³ ¸¸Ò ¡µ§µ´  •¨££¸ 
MH ∼ 130 ƒÔB. A´ ²µ£¨Î´µ¥ ÊÉ¢¥·¦¤¥´¨¥ µ Éµ³, ÎÉµ ¥£µ ³ ¸¸  ´¥ ¶·¥¢Ò-
Ï ¥É Ê¤¢µ¥´´ÊÕ ³ ¸¸Ê Z-¡µ§µ´ , ¸²¥¤Ê¥É ¨§ ³µ¤¥²¨ ³¨´¨³ ²Ó´µ£µ ¸Ê¶¥·¸¨³-
³¥É·¨Î´µ£µ · ¸Ï¨·¥´¨Ö ‘Œ (MSSM). ˆ§ ·¥§Ê²ÓÉ Éµ¢ ´¥¤ ¢´µ ¶·µ¢¥¤¥´´ÒÌ
¶·Ö³ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶µ¨¸±Ê •5 [36] ¸²¥¤Ê¥É, ÎÉµ ¸ 95% ¢¥·µÖÉ´µ¸ÉÓÕ
´¨¦´¨° ¶·¥¤¥² ³ ¸¸Ò ¡µ§µ´µ¢ •¨££¸  ¢ ‘Œ ¥¸ÉÓ 89,8 ƒÔ‚. Šµ¸¢¥´´µ¥ µ£· -
´¨Î¥´¨¥ ´  ¢¥·Ì´¨° ¶·¥¤¥² ³ ¸¸Ò •¨££¸  ¡Ò²µ ´¥¤ ¢´µ Ê³¥´ÓÏ¥´µ ¸µ 169
¤µ 110 ƒÔ‚ [37] ¨§  ´ ²¨§  ¶·¥Í¨§¨µ´´ÒÌ ¤ ´´ÒÌ ¶µ ¨§³¥·¥´¨Õ ¢²¨Ö´¨Ö
· ¤¨ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ´  Ï¨·¨´Ê · ¸¶ ¤  Z-¡µ§µ´ .

”µÉµ´´Ò¥ ±µ²² °¤¥·Ò ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¨§³¥·¥´¨Ö ¤¢ÊÌËµ-
Éµ´´µ° Ï¨·¨´Ò •5 ¢ ¸²ÊÎ ¥, ¥¸²¨ ¥£µ ³ ¸¸  MH ´¥ ¶·¥¢ÒÏ ¥É 500 ƒÔ‚.

¥§±¨° ±· ° ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ”Š ¢ µ¡² ¸É¨ ³ ±¸¨³ ²Ó´µ ¢µ§-
³µ¦´ÒÌ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¶µ§¢µ²¨É ¨§ÊÎ ÉÓ · §²¨Î´Ò¥ ³µ¤Ò · ¸¶ ¤  •5
(Ê§±¨° µ¤¨´µÎ´Ò° ·¥§µ´ ´¸) ¶ÊÉ¥³ ¸± ´¨·µ¢ ´¨Ö ¶µ Ô´¥·£¨¨ ËµÉµ´µ¢ ¢ ‘–Œ
[17,21,35].

∗�·¨³¥Î ´¨¥: §  ¸Î¥É µÉ¸ÊÉ¸É¢¨Ö ´  ”Š ´¥±µÉµ·ÒÌ ÔËË¥±Éµ¢ ¢§ ¨³µ¤¥°¸É¢¨°
(bremsstrahlung) Ô²¥±É·µ´´Ò¥ ¶ÊÎ±¨ ¤²Ö γγ-±µ²² °¤¥·µ¢ ³µ£ÊÉ ¨³¥ÉÓ £µ·¨§µ´É ²Ó´Ò° · §³¥·,
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¨°, Î¥³ ¢ ¸²ÊÎ ¥ e+e−-¸Éµ²±´µ¢¥´¨°. …¸²¨ ¤²Ö γγ- ¨ e+e−-¶ÊÎ±µ¢ ¨¸¶µ²Ó-
§Ê¥É¸Ö µ¤¨´ ¨ ÉµÉ ¦¥ ¨´¦¥±Éµ·, Éµ Lee ∼ 2Le+e− . ‚ ¸²ÊÎ ¥ ¸¶¥Í¨ ²Ó´µ£µ ¨´¦¥±Éµ·  ³µ¦´µ ¢
¶·¨´Í¨¶¥ ¨³¥ÉÓ Lee > 10 ÷ 30 Le+e− [35].
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‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö •5 ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ËµÉµ´µ¢ ¨³¥¥É ¢¨¤ [18,38]:

σ(γγ → H) =
4π2

MH
Γ(H → γγ)

MHΓt

(s−M2
H)2 +M2

HΓ
2
t

(1 + λ1λ2), (28)

£¤¥ λ1,2 = ±1 ¥¸ÉÓ ¸¶¨· ²Ó´µ¸É¨ ËµÉµ´µ¢, s, MH , Γt Å ±¢ ¤· É ¨´¢ ·¨ ´É´µ°
³ ¸¸Ò ËµÉµ´µ¢, ³ ¸¸  ¨ ¶µ²´ Ö Ï¨·¨´  •5 ¸µµÉ¢¥É¸É¢¥´´µ; Γ(H → γγ) Å
¥£µ ¤¢ÊÌËµÉµ´´ Ö Ï¨·¨´  · ¸¶ ¤ :

Γ(H → γγ) =
GFα

2M3
H

128
√
2π3

|
∑

N i
ce
2
iFi|2 , (29)

µ¶·¥¤¥²Ö¥³ Ö Ëµ·³Ë ±Éµ· ³¨ Fi(4m2
i /M

2
H), ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ¶¨¸Ò-

¢ ÕÉ¸Ö ¶¥É²¥¢Ò³¨ ¤¨ £· ³³ ³¨ ”¥°´³ ´  ¸µ ¢¸¥³¨ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨
¸ ³ ¸¸µ° mi, § ·Ö¤µ³ ei ¨ Î¨¸²µ³ Í¢¥É´ÒÌ ¸µ¸ÉµÖ´¨° N i

c Î ¸É¨Í ¢ ¶¥É²¥ [39].
‹¥£±¨¥ Î ¸É¨ÍÒ ´¥ ¤ ÕÉ ¸ÊÐ¥¸É¢¥´´µ£µ ¢±² ¤ , ¶µ¸±µ²Ó±Ê ±µ´¸É ´É  ¸¢Ö§¨
¶·µ¶µ·Í¨µ´ ²Ó´  ¨Ì ³ ¸¸¥, Éµ£¤  ± ± ¢±² ¤ ÉÖ¦¥²ÒÌ ¨ ¤ ¦¥ ¡µ²¥¥ ÉÖ¦¥-
²ÒÌ, Î¥³ •5, Î ¸É¨Í ¸ÊÐ¥¸É¢¥´. ’ ±¨³ µ¡· §µ³, ÔÉµÉ ¶·µÍ¥¸¸ ³µ¦¥É ¡ÒÉÓ
¶µ²¥§¥´ ¶·¨ ¶µ¨¸±¥ ¢µ§³µ¦´µ£µ Î¥É¢¥·Éµ£µ ¶µ±µ²¥´¨Ö ÉÖ¦¥²ÒÌ ²¥¶Éµ´µ¢ ¨
±¢ ·±µ¢ [40].

ƒ² ¢´Ò³ Ëµ´µ³ ± ¸¨£´ ²Ê µ ·µ¦¤¥´¨¨ •5 ¶µ ³¥Ì ´¨§³Ê ¸ µ¡· §µ¢ ´¨¥³
b-±¢ ·±µ¢ γγ → H → bb̄ Ö¢²Ö¥É¸Ö ¶·µÍ¥¸¸ ¨Ì ¶·Ö³µ£µ µ¡· §µ¢ ´¨Ö: γγ → bb̄.
�ÉµÉ Ëµ´, ± ¸Î ¸ÉÓÕ, ¶µ¤ ¢²¥´ ¢ ± ´ ²¥ ¸µ ¸¶¨· ²Ó´µ¸ÉÓÕ 0, ¢ ±µÉµ·µ³
µ¡· §Ê¥É¸Ö •5 ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ b-±¢ ·±µ¢ [18]:

dσ(γγ → bb̄)
d cos θ

=
12πα2e2b

s

β(1 − β4)
(1− β2 cos2 θ)2

, β =

√
1− 4m2

b

s
, Jz = 0 , (30)

£¤¥ θ Å Ê£µ² ¢Ò²¥É  b-±¢ ·±  ¶µ µÉ´µÏ¥´¨Õ ± µ¸¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ¢ ‘–Œ.
ˆ³¥Ö ¢ ¢¨¤Ê ¶µ¸É¥¶¥´´µ¥ Ê¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ ¢ ‘–Œ ¶ÊÎ±µ¢ ¤µ ¢¥²¨Î¨´Ò

¶µ·Ö¤±  2− 3 ’Ô‚, ¸¢Ö§ ´´µ¥ ¸ ¶µÔÉ ¶´Ò³ ¢±²ÕÎ¥´¨¥³ ´µ¢ÒÌ ¸¥±Í¨° ²¨´¥°-
´µ£µ ±µ²² °¤¥· , ³Ò µ¡¸Ê¤¨³ ¢µ§³µ¦´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò ´  · §´ÒÌ
¸É ¤¨ÖÌ. �µ¨¸± ´µ¢ÒÌ Î ¸É¨Í ¨ ´µ¢ÒÌ É¨¶µ¢ ¢§ ¨³µ¤¥°¸É¢¨° ¡Ê¤¥É £² ¢´µ°
§ ¤ Î¥° ´  ¢¸¥Ì ÔÉ ¶ Ì.

�  ¶¥·¢µ³ ÔÉ ¶¥ ¸ Ô´¥·£¨Ö³¨ ²¥¶Éµ´´ÒÌ ¶ÊÎ±µ¢ ¢ µ¡² ¸É¨ ¤µ 200 ƒÔ‚
(LC-200) £² ¢´µ° § ¤ Î¥° ¡Ê¤¥É ¶µ¨¸± •5, ¥¸²¨ ¥£µ ³ ¸¸  ´¥ ¶·¥¢ÒÏ ¥É
80 − 150 ƒÔ‚,   É ±¦¥ ¨§ÊÎ¥´¨¥ ¶·µÍ¥¸¸µ¢ ¸ µ¡· §µ¢ ´¨¥³ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢
(bb̄), ¨¸¸²¥¤µ¢ ´¨¥ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨° µÉ ¶µ²Ö·¨§ Í¨° Î ¸É¨Í, µ¡· §µ¢ -
´¨¥ µ¤¨´µÎ´ÒÌ W -¡µ§µ´µ¢ ¢ ¶·µÍ¥¸¸¥ eγ → Wν, ¨¸¸²¥¤µ¢ ´¨¥ ´¥±µÉµ·ÒÌ
CP -´ ·ÊÏ ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨°.

‘²¥¤ÊÕÐ¨³ ÔÉ ¶µ³, µ¸´µ¢ ´´Ò³ ´  e+e−-±µ²² °¤¥· Ì ¸ Ô´¥·£¨¥° ¤µ
500 ƒÔ‚ (LC-500), ¶µ-¢¨¤¨³µ³Ê, ¡Ê¤¥É Ê¸É ´µ¢±  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö t-±¢ ·±µ¢.
‚ ÔÉµ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´  Ë ¡·¨±  W -¡µ§µ´µ¢ ¸
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¨¸. 10. ‘¥Î¥´¨e ¶·µÍ¥¸¸µ¢ ‘Œ ¸ µ¡· §µ¢ ´¨¥³ •5 ¢ γγ- ¨ e+e−- ¸Éµ²±´µ¢¥´¨ÖÌ [21]
± ± ËÊ´±Í¨Ö ³ ¸¸Ò •5

¶·µ¨§¢µ¤¨É¥²Ó´µ¸ÉÓÕ ∼ 107 ¡µ§µ´µ¢ ¢ £µ¤, £¤¥ ¡Ê¤¥É ¢µ§³µ¦´µ ¤¥É ²Ó´µ¥
¨¸¸²¥¤µ¢ ´¨¥ ¢§ ¨³µ¤¥°¸É¢¨° ¨ · ¸¶ ¤µ¢ W -¡µ§µ´µ¢. ‚ ÔÉµ° ¸É ¤¨¨ ¢µ§-
³µ¦´µ ¨§ÊÎ¥´¨¥ ¶µ·µ£µ¢µ£µ ¶µ¢¥¤¥´¨Ö ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¶ ·Ò tt̄-±¢ ·±µ¢
¨ ¶µ¨¸± •5 ¢ µ¡² ¸É¨ ³ ¸¸ ¤µ 400 ƒÔ‚. �·¨ Ô´¥·£¨ÖÌ, ¶·¥¢ÒÏ ÕÐ¨Ì
1 ’Ô‚, ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¶·µÍ¥¸¸Ò ¸ ³´µ¦¥¸É¢¥´´Ò³ µ¡· §µ¢ ´¨¥³ W -
¨ Z-¡µ§µ´µ¢ ¨ ¶·µÖ¢²¥´¨Ö ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ Ì¨££¸µ¢¸±µ³ ¸¥±Éµ·¥.

�µ²´ Ö Ï¨·¨´  •5 ¶·¨ ¥£µ ³ ¸¸¥ ¤µ 400 ƒÔ‚ £µ· §¤µ ³¥´ÓÏ¥ Ì · ±É¥·´µ°
Ï¨·¨´Ò ¶¨±  ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° (∆Wγγ/Wγγ ∼
∼ 15%), ¶µÔÉµ³Ê ¸±µ·µ¸ÉÓ ¸Î¥É  ¸µ¡ÒÉ¨° γγ → H ¶·µ¶µ·Í¨µ´ ²Ó´  ¶·µ¨§-
¢µ¤´µ° ¸¢¥É¨³µ¸É¨ ¶µ ¨´¢ ·¨ ´É´µ° ³ ¸¸¥ [21]:

Ṅγγ→H =
dLγγ

dWγγ

4π2Γγγ
M2

H

≡ σeffLγγ, σeff ∼
dLγγ

dWγγ

MH

Lγγ

4π2Γγγ
M3

H

. (31)

‚ · ¡µÉ¥ [21] ¡Ò²µ ¢¶¥·¢Ò¥ ¶µ± § ´µ, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ µ¡² ¸É¨ ¶¨± 
¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ z = Wγγ/2ε > 0, 65 ¸ ¶ · ³¥É·µ³ x = 4, 8 ¨
(dLγγ/dWγγ)(MH/Lγγ) = 7, ÔËË¥±É¨¢´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö •5
¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¤²Ö MH = 100÷ 250 ƒÔ‚ ¶·¥¢µ¸Ìµ¤¨É ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
¸¥Î¥´¨¥ ¢ e+e−-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨³¥·´µ ¢ 5Ä30 · § (¸³. ·¨¸. 10). Š·µ³¥
Ê¶µ³Ö´ÊÉÒÌ ¢ÒÏ¥ ¶·µ¡²¥³ Ì¨££¸µ¢¸±µ£µ ¸¥±Éµ· , ´¨¦¥ ³Ò ¶¥·¥Î¨¸²¨³ ´¥-
±µÉµ·Ò¥  ¸¶¥±ÉÒ Ë¨§¨±¨ ± ²¨¡·µ¢µÎ´ÒÌ ¡µ§µ´µ¢ ‘Œ ¨ Ë¨§¨±¨  ¤·µ´µ¢,
¨¸¸²¥¤µ¢ ´¨¥ ±µÉµ·ÒÌ ´  γe- ¨ γγ-±µ²² °¤¥· Ì ¡Ò²µ ¡Ò  ±ÉÊ ²Ó´Ò³.
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1. �¡Ð Ö ¶·µ¡²¥³  ¶·µ¢¥·±¨ ¶ · ³¥É·µ¢ ‘Œ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ.
2. �µ¨¸± µÉ±²µ´¥´¨° µÉ ¶·¥¤¸± § ´¨° ‘Œ Å ¶·µÖ¢²¥´¨°  ´µ³ ²Ó´ÒÌ

¢§ ¨³µ¤¥°¸É¢¨° ¡µ§µ´µ¢, ²¥¦ Ð¨° ¢ ¨Ì µ¸´µ¢¥. �É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¶¨¸Ò-
¢ ÕÉ¸Ö ÔËË¥±É¨¢´Ò³¨ ² £· ´¦¨ ´ ³¨ ¨ ³µ£ÊÉ ¶·µÖ¢²ÖÉÓ¸Ö ¶·¨ ·µ¦¤¥´¨¨
´¥¸±µ²Ó±¨Ì ¡µ§µ´µ¢ ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¸ Ô´¥·£¨¥° ¡µ²¥¥ 500 ƒÔ‚.

3. �µ¨¸± ¶·µÖ¢²¥´¨° ¶· ¢ÒÌ Éµ±µ¢, µÉ¸ÊÉ¸É¢ÊÕÐ¨Ì ¢ ‘Œ, ¨ É¥¸ÉÒ
¶· ¢µ-²¥¢µ-¸¨³³¥É·¨Î´ÒÌ ³µ¤¥²¥°. „²Ö ÔÉµ° Í¥²¨ Ê¤µ¡¥´ ¶·µÍ¥¸¸ γe→Wν
µ¤¨´µÎ´µ£µ ·µ¦¤¥´¨Ö W -¡µ§µ´  ¶·¨ ËµÉµ´-Ô²¥±É·µ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

4. �µ¨¸± ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¶ ·É´¥·µ¢ W -¡µ§µ´µ¢, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò µ¡ÑÖ¸-
´¨ÉÓ CP -´ ·ÊÏ¥´¨¥, ¶·µÖ¢²ÖÕÐ¥¥¸Ö ¢ ´¥· ¢¥´¸É¢¥ Ï¨·¨´ · ¸¶ ¤  ¶µ²µ¦¨-
É¥²Ó´µ ¨ µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´ÒÌ W -¡µ§µ´µ¢.

5. �·¥Í¨§¨µ´´µ¥ ¨§³¥·¥´¨¥ Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ Šµ¡ ÖÏ¨ Å Œ ¸± ¢ , ¢
Éµ³ Î¨¸²¥ ¨ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  W -¡µ§µ´ ´ Ìµ¤¨É¸Ö ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨.

6. ˆ¸¸²¥¤µ¢ ´¨¥ ¶·µÖ¢²¥´¨° ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ Ì¨££co¢¸±µ³ ¸¥±-
Éµ·¥ ¢ ¶·µÍ¥¸¸¥ µ¡· §µ¢ ´¨Ö ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Z-¡µ§µ´µ¢ ¢
ËµÉµ´-ËµÉµ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ.

7. �·¥Í¨§¨µ´´µ¥ ¨§³¥·¥´¨¥ Ï¨·¨´Ò ¨ ³ ¸¸Ò W -¡µ§µ´  ¢ · §´ÒÌ ¶·µ-
Í¥¸¸ Ì.

3.1. 5·µ¡²¥³Ò ¸É ´¤ ·É´µ° ³µ¤¥²¨. �É±·ÒÉ¨¥ ¡µ§µ´  •¨££¸  ¨ ¨¸¸²¥-
¤µ¢ ´¨¥ ¥£µ ¸¢µ°¸É¢ Å ´ ¨¡µ²¥¥ ¢ ¦´ Ö ¶·µ¡²¥³  ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥
Î ¸É¨Í.

�  Ê¸É ´µ¢± Ì LEP-2 ¨  ¤·µ´´µ³ ±µ²² °¤¥·¥ LHC ³µ¦¥É ¡ÒÉÓ ¶·µ¸± ´¨-
·µ¢ ´  µ¡² ¸ÉÓ ³ ¸¸ ¢ÒÏ¥ 80 ƒÔ‚, £¤¥ •5 ³µ¦¥É ¡ÒÉÓ µÉ±·ÒÉ ²¨¡µ ´ ¤¥¦´µ
¨¸±²ÕÎ¥´. ‚ ¸²ÊÎ ¥ MH > 2Mz µ´ ³µ¦¥É ¡ÒÉÓ ´ °¤¥´ ¢ ¶·µÍ¥¸¸¥ H → ZZ.
‚ ²Õ¡µ³ ¸²ÊÎ ¥ ËµÉµ´´Ò¥ ±µ²² °¤¥·Ò ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¨§³¥·¥-
´¨Ö ¤¢ÊÌËµÉµ´´µ° Ï¨·¨´Ò •5 ¢ ¸²ÊÎ ¥, ¥¸²¨ ¥£µ ³ ¸¸  MH ´¥ ¶·¥¢ÒÏ ¥É
500 ƒÔ‚.

‚ ¸²ÊÎ ¥, ¥¸²¨ MH ¶µ·Ö¤±  ¤¢ÊÌ ³ ¸¸ t-±¢ ·± , Éµ ¨§³¥·¥´¨¥ ¨´É¥·-
Ë¥·¥´Í¨¨ ¢±² ¤µ¢ ¢  ³¶²¨ÉÊ¤Ê γγ → tt̄ Ô²¥±É·µ³ £´¨É´µ£µ ¨ ·¥§µ´ ´¸´µ£µ
¶·µ¨¸Ìµ¦¤¥´¨Ö Î¥·¥§ •5-¶·µ³¥¦ÊÉµÎ´µ¥ ¸µ¸ÉµÖ´¨¥ ³µ¦¥É ¤ ÉÓ ¨´Ëµ·³ Í¨Õ
µ ¢§ ¨³µ¤¥°¸É¢¨¨ •5 ¸ t-±¢ ·±µ³. �·¨ ³ ¸¸¥ •5 ¨§ ‘Œ, ¶·¥¢ÒÏ ÕÐ¥°
400 ƒÔ‚, ¥£µ ¨§ÊÎ¥´¨¥ ¡Ê¤¥É ´¥¤µ¸ÉÊ¶´µ ´  ”Š ¢¢¨¤Ê ¡µ²ÓÏµ£µ Ëµ´  µÉ ¶·µ-
Í¥¸¸µ¢ γγ → WW,ZZ [41]. ’¥³ ´¥ ³¥´¥¥ ´ ¡²Õ¤¥´¨¥ ¥£µ ¢ ÔÉµ° µ¡² ¸É¨
¡Ê¤¥É ¸¨£´ ²µ³ ²¨¡µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥±µÉµ·ÒÌ ¡µ²¥¥ ÉÖ¦¥²ÒÌ Î ¸É¨Í, ²¨¡µ
´¥¸É ´¤ ·É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö •5. ‘·¥¤¨ É ±¨Ì ¶·µÍ¥¸¸µ¢ ³µ£²¨ ¡Ò ¡ÒÉÓ
¶·µÍ¥¸¸Ò ¸ µ¡· §µ¢ ´¨¥³ ¤¢ÊÌ •5∗.

„·Ê£¨³ ±·Ê£µ³ ¶·µ¡²¥³ Ö¢²Ö¥É¸Ö Ë¨§¨±  ± ²¨¡·µ¢µÎ´ÒÌ ¡µ§µ´µ¢. ‘É·Ê±-
ÉÊ·  É·¥Ì- ¨ Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ² £· ´¦¨ ´¥ ‘Œ µ¡¥¸¶¥-
Î¨¢ ¥É µ£· ´¨Î¥´¨¥ ´  ·µ¸É ¸¥Î¥´¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¢ ¸µµÉ¢¥É¸É¢¨¨

∗�.5 ´¨´, Î ¸É´µ¥ ¸µµ¡Ð¥´¨¥.
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¸ É·¥¡µ¢ ´¨Ö³¨ Ê´¨É ·´µ¸É¨. ” ¡·¨±¨ W -¡µ§µ´µ¢ ¸ ¶·µ¨§¢µ¤¨É¥²Ó´µ¸ÉÓÕ
∼ 107 ¡µ§µ´µ¢ ¢ £µ¤ ³µ£²¨ ¡Ò ¡ÒÉÓ ² ¡µ· Éµ·¨Ö³¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¡µ§µ´µ¢.

‘·¥¤¨ ¶·µ¡²¥³ µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö W -¡µ§µ´µ¢ ³µ¦´µ µÉ³¥É¨ÉÓ ´¥-
µ¤´µ§´ Î´µ¸É¨ ¢ ¸¶µ¸µ¡¥ ¢µ¸¸É ´µ¢²¥´¨Ö Ê´¨É ·´µ¸É¨ ¶·¨ ¢¢¥¤¥´¨¨ ´¥´Ê²¥-
¢µ° Ï¨·¨´Ò ¡µ§µ´  Å §¤¥¸Ó ´¥µ¡Ìµ¤¨³µ ¸É·µ¨ÉÓ É¥µ·¨Õ ´¥¸É ¡¨²Ó´ÒÌ ¡µ-
§µ´µ¢ ¸ ¸ ³µ£µ ´ Î ² ∗.

�¸µ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¶·µ£· ³³  ¶·µ¢¥·±¨ ‘Œ ¢ ·¥ ±Í¨ÖÌ ·µ¦¤¥-
´¨Ö ± ²¨¡·µ¢µÎ´ÒÌ ¡µ§µ´µ¢. ‹ £· ´¦¨ ´ É·¥Ì¡µ§µ´´ÒÌ WWγ-
¨ WWZ-¢§ ¨³µ¤¥°¸É¢¨° ¢ ¸ ³µ³ µ¡Ð¥³ ¸²ÊÎ ¥ ³µ¦¥É ¢±²ÕÎ ÉÓ ¢ ¸¥¡Ö ¸¢Ö§¨,
µ¶¨¸Ò¢ ¥³Ò¥ ¶ÖÉÓÕ µ¶¥· Éµ· ³¨ ¸ · §³¥·´µ¸ÉÓÕ 4 ¨ ¤¢Ê³Ö µ¶¥· Éµ· ³¨ ¸
· §³¥·´µ¸ÉÓÕ 6 [42]:

LWWV /gWWV = −i
[
gV1 (W

†
µνW

µV ν −W †µVνW
µν) + κvW

†
µWνV

µν +

+
iλV
m2

W

W †λµW
µ
νV

νλ − gV4 W
†
µWν(∂µV ν + ∂νV µ) +

+gV5 ε
µνρσ(W †µ

↔
∂ ρWν)Vσ + iκ̃vW

†
µWν Ṽ

µν +

+
iλ̃V
m2

W

W †λµW
µ
ν Ṽ

νλ

]
. (32)

‡¤¥¸Ó Vµ Å ¶µ²¥ ËµÉµ´  ²¨¡µ Z-¡µ§µ´  (¸µµÉ¢¥É¸É¢¥´´µ, V = γ ²¨¡µ
Z), Wµ Å ¶µ²¥ W−-¡µ§µ´ , Wµν = ∂µWν − ∂νWµ, Vµν = ∂µVν − ∂νVµ,

Ṽµν = 1
2εµνρσV

ρσ , A
↔
∂ µ B = A(∂µB) − (∂µA)B. Šµ´¸É ´ÉÒ ¸¢Ö§¨ gWWV

Ë¨±¸¨·µ¢ ´Ò ± ±
gWWγ = e , gWWZ = e cos θW .

‚ ¸²ÊÎ ¥ WWγÄ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¥·¢Ò° Î²¥´ ¢ (32) µÉ¢¥Î ¥É ®³¨´¨³ ²Ó-
´µ°¯ ¸¢Ö§¨ (¶·¨ gγ1 = 1). ŠµÔËË¨Í¨¥´ÉÒ ¢Éµ·µ£µ ¨ É·¥ÉÓ¥£µ (® ´µ³ ²Ó´ÒÌ¯)
Î²¥´µ¢ ² £· ´¦¨ ´  (32) ¸¢Ö§ ´Ò ¸ ³ £´¨É´Ò³ µW ¨ Ô²¥±É·¨Î¥¸±¨³ ±¢ ¤·Ê-
¶µ²Ó´Ò³ QW ³µ³¥´É ³¨ W -¡µ§µ´  ¸µµÉ´µÏ¥´¨Ö³¨

µW =
e

2mW
(1 + κγ + λγ) , QW =

e

m2
W

(λγ − κγ).

�¥·¢Ò¥ É·¨ µ¶¥· Éµ·  ¢ ² £· ´¦¨ ´¥ (32) ¸µÌ· ´ÖÕÉ P - ¨ C-¸¨³³¥É·¨¨
¶µ µÉ¤¥²Ó´µ¸É¨. „¢  ¶µ¸²¥¤´¨Ì µ¶¥· Éµ·  ´ ·ÊÏ ÕÉ P -Î¥É´µ¸ÉÓ, ´µ ¨´¢ ·¨-
 ´É´Ò µÉ´µ¸¨É¥²Ó´µ C-¸µ¶·Ö¦¥´¨Ö. ˆÌ ±µÔËË¨Í¨¥´ÉÒ ¸¢Ö§ ´Ò ¸ Ô²¥±É·¨Î¥-
¸±¨³ ¤¨¶µ²Ó´Ò³ dW ¨ ³ £´¨É´Ò³ ±¢ ¤·Ê¶µ²Ó´Ò³ Q̃W ³µ³¥´É ³¨ W -¡µ§µ´ :

dW =
e

2mW
(κ̃γ + λ̃γ) , Q̃W =

e

m2
W

(λ̃γ − κ̃γ).

∗”.’± Î¥¢, Î ¸É´µ¥ ¸µµ¡Ð¥´¨¥ (¸³. hep-ph/9802307, 9710242).
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�¡  µ¶¥· Éµ·  ¸ ±µÔËË¨Í¨¥´É ³¨ gγ4 ¨ gγ5 ´ ·ÊÏ ÕÉ C-Î¥É´µ¸ÉÓ. �¤´ ±µ
¶·¨ ÔÉµ³ µ¶¥· Éµ· ¸ gγ4 ¸µÌ· ´Ö¥É P -Î¥É´µ¸ÉÓ,   µ¶¥· Éµ· ¸ gγ5 ´ ·ÊÏ ¥É
P -¸¨³³¥É·¨Õ É ±¨³ µ¡· §µ³, ÎÉµ ±µ³¡¨´¨·µ¢ ´´ Ö CP -Î¥É´µ¸ÉÓ ¢ ¶µ¸²¥¤´¥³
¸²ÊÎ ¥ ¸µÌ· ´Ö¥É¸Ö.

‚ · ³± Ì ‘Œ ¢¥·Ï¨´Ò WWγ- ¨ WWZ-¢§ ¨³µ¤¥°¸É¢¨° ¸É·µ£µ µ¶·¥-
¤¥²ÖÕÉ¸Ö SU(2)L × U(1)Y ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ. ‚ ¤·¥¢¥¸´µ³
¶·¨¡²¨¦¥´¨¨ ³µ£ÊÉ ¢µ§´¨± ÉÓ Éµ²Ó±µ C- ¨ T -¨´¢ ·¨ ´É´Ò¥ ¸¢Ö§¨, ¶·¨Î¥³
κV = 1 , λV = 0. ‘² ¡Ò¥ · ¤¨ Í¨µ´´Ò¥ ¶µ¶· ¢±¨, µ¡Ê¸²µ¢²¥´´Ò¥ ¶¥É²¥¢Ò³¨
¤¨ £· ³³ ³¨ ¸ ÉÖ¦¥²Ò³¨ § ·Ö¦¥´´Ò³¨ Ë¥·³¨µ´ ³¨, ³µ£ÊÉ ¤ ¢ ÉÓ ´¥´Ê²¥-
¢Ò¥ ¢±² ¤Ò ± ± ¢ ±µ´¸É ´ÉÒ κV ¨ λV , É ± ¨ ¢ ¸¢Ö§¨, ´ ·ÊÏ ÕÐ¨¥ C- ¨
T -¸¨³³¥É·¨¨. „¥É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¶ ·´µ£µ ·µ¦¤¥´¨Ö W -¡µ§µ´µ¢ ¢ ·¥-
 ±Í¨ÖÌ e+e− → W+W− [43] ¨ γγ → W+W− [44] ¸µ¢³¥¸É´µ ¸ ·¥ ±Í¨¥°
eγ → Wν [42] ´  Ê·µ¢´¥ ÔËË¥±Éµ¢ ¸² ¡ÒÌ · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ± ¶·¥¤¸É ¢-
²Ö¥É ¨´É¥·¥¸ ¸ ÉµÎ±¨ §·¥´¨Ö ¶·µ¢¥·±¨ ± ²¨¡·µ¢µÎ´µ° ¸É·Ê±ÉÊ·Ò Ô²¥±É·µ¸² -
¡µ° É¥µ·¨¨ ¨ ¢µ§³µ¦´µ¸É¨ ´ ¡²Õ¤¥´¨Ö ¢±² ¤  ´µ¢µ° Ë¨§¨±¨ ¢´¥ · ³µ± ‘Œ.
�¥·¥Î¨¸²¥´´Ò¥ ¶·µÍ¥¸¸Ò ¢¶¥·¢Ò¥ µ¡¸Ê¦¤ ²¨¸Ó ¢ ¤ ´´µ³ ±µ´É¥±¸É¥ ¢ · ¡µ-
É Ì [45].

5² £µ¤ ·Ö Ê´¨É ·´Ò³ ¸µ±· Ð¥´¨Ö³ ¢ ‘Œ ·¥ ±Í¨Ö e+e− →W+W− µ± -
§Ò¢ ¥É¸Ö µ¸µ¡¥´´µ ÎÊ¢¸É¢¨É¥²Ó´µ° ± µÉ±²µ´¥´¨Ö³ µÉ ‘Œ. �¤´ ±µ ¨§¢²¥Î¥-
´¨¥ É¥µ·¥É¨Î¥¸±¨Ì µ£· ´¨Î¥´¨° ¨§ ÔÉµ° ·¥ ±Í¨¨ § É·Ê¤´¥´µ É¥³ µ¡¸ÉµÖÉ¥²Ó-
¸É¢µ³, ÎÉµ ¢ ´¥¥ ¤ ÕÉ ¢±² ¤ ± ± Wγ-, É ± ¨ WZ-¸¢Ö§¨. �²ÓÉ¥·´ É¨¢´Ò¥
·¥ ±Í¨¨ eγ → Wν ¨ γγ → W+W− µ¡Ê¸²µ¢²¥´Ò Éµ²Ó±µ Wγ-¸¢Ö§Ö³¨. ‚
¶µ¸²¥¤´¨° ¶·µÍ¥¸¸ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥, ´ ·Ö¤Ê ¸ WWγ-¢¥·Ï¨´ ³¨, ³µ¦¥É
¤ ¢ ÉÓ ¢±² ¤ É ±¦¥ ¢¥·Ï¨´  WWγγ, ¸¢Ö§ ´´ Ö ¸µ ¸¶¥Í¨Ë¨Î¥¸±¨³¨ Î¥ÉÒ·¥Ì-
¡µ§µ´´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ [46], ¢µ§´¨± ÕÐ¨³¨ ¢¸²¥¤¸É¢¨¥ ´¥ ¡¥²¥¢µ¸É¨
SU(2)L × U(1)Y É¥µ·¨¨.

‚±² ¤ Î¥ÉÒ·¥Ì¡µ§µ´´µ° ¢¥·Ï¨´Ò WWγγ ¤¥² ¥É ¶·µÍ¥¸¸ γγ →W+W−

µ¸µ¡¥´´µ ¢ ¦´Ò³ ¢ ¨§³¥·¥´¨ÖÌ Ô²¥±É·µ³ £´¨É´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° W -¡µ§µ´ 
[47]. …¸²¨ · ¸¸³ É·¨¢ ÉÓ Éµ²Ó±µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¸µÌ· ´ÖÕÐ¨¥ P - ¨ C-
¸¨³³¥É·¨¨, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ² £· ´¦¨ ´ Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ WWγγ-¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¤¢  µ¶¥· Éµ·  c · §³¥·´µ¸ÉÓÕ 6:

L
(6)
Q = − πα

4m2
W

[a0FαβF
αβ(Wµ ·Wµ) + acFαµF

αν(Wµ ·Wν)], (33)

£¤¥ Fαβ Å É¥´§µ· ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö, Wµ µ¶¨¸Ò¢ ¥É
W -É·¨¶²¥É ¢ SU(2), a0 ¨ ac Å ±µ´¸É ´ÉÒ ¸¢Ö§¨. ‚ Ë¨§¨Î¥¸±µ³ ¡ §¨¸¥

(Wµ ·Wν)→ 2
(
W+

µ W−ν +
1

2c2W
ZµZν

)
,

£¤¥ cW ≡ cos θW . �¥·¢Ò° µ¶¥· Éµ· ¢ ² £· ´¦¨ ´¥ (33) ¶ · ³¥É·¨§Ê¥É µ¡³¥´
´¥°É· ²Ó´ÒÌ ¸± ²Ö·µ¢. �  µ¤´µ¶¥É²¥¢µ³ Ê·µ¢´¥ ÉÖ¦¥²Ò¥ § ·Ö¦¥´´Ò¥ Ë¥·³¨-
µ´Ò ¨´¤ÊÍ¨·ÊÕÉ ÔËË¥±É¨¢´Ò¥ Î¥ÉÒ·¥Ì¡µ§µ´´Ò¥ ¸¢Ö§¨, ±µÉµ·Ò¥ ¤ ÕÉ ¢±² ¤
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¢ µ¡  Î²¥´  ² £· ´¦¨ ´  (33), ¢ Éµ ¢·¥³Ö ± ± § ·Ö¦¥´´Ò¥ ¸± ²Ö·Ò ¤ ÕÉ
¢±² ¤ Éµ²Ó±µ ¢ ¶¥·¢Ò° Î²¥´, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ®´¥°É· ²Ó´µ³Ê¯ µ¶¥· Éµ·Ê ¸
±µ´¸É ´Éµ° ¸¢Ö§¨ a0.

‘¥Î¥´¨¥ ¶·µÍ¥¸¸  γγ → W+W− · ¸É¥É  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¤µ ¶µ¸ÉµÖ´´µ£µ
§´ Î¥´¨Ö

σasympt(γγ→WW ) ≈
8πα2

m2
W

≈ 93 ¶¡,

±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢Ê¥É ·µ¦¤¥´¨Õ ∼ 106 W+W−-¶ · ´  ± ¦¤Ò¥ 10 Ë¡−1 ¨´-
É¥£· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ²¨´¥°´µ£µ γγ-±µ²² °¤¥· . ‘¥Î¥´¨¥ ¶·µÍ¥¸¸  e+e− →
→ W+W− ¶ ¤ ¥É ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ± ± s−1. “¦¥ ¶·¨

√
s = 500 ƒÔ‚ ¸¥Î¥-

´¨¥ ·¥ ±Í¨¨ γγ →W+W− ¤µ¸É¨£ ¥É 77 ¶¡ ¨ ´  ¶µ·Ö¤µ± ¶·¥¢ÒÏ ¥É ¸¥Î¥´¨¥
¶·µÍ¥¸¸  e+e− →W+W−.

ˆ¸¶µ²Ó§ÊÖ ¶µ²Ö·¨§µ¢ ´´Ò¥ ËµÉµ´´Ò¥ ¶ÊÎ±¨, ³µ¦´µ ¨§ÊÎ ÉÓ ¶·µÍ¥¸¸
γγ →W+W− ¢ § ¢¨¸¨³µ¸É¨ ± ± µÉ ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´ÒÌ γ-±¢ ´Éµ¢, É ±
¨ µÉ ¸¶¨· ²Ó´µ¸É¥° W -¡µ§µ´µ¢, µ¶·¥¤¥²Ö¥³ÒÌ ¶µ ¨Ì · ¸¶ ¤ ³. Š ± ¶µ± § ´µ
¢ · ¡µÉ¥ [44], ·¥ ±Í¨Ö γγ → W+W− µ¡¥¸¶¥Î¨¢ ¥É ´ ¨¡µ²¥¥ ÉµÎ´ÊÕ ¶·µ-
¢¥·±Ê ‘Œ. �Í¥´±  ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥ ±Í¨° e+e− → W+W− ¶·µ¢µ¤¨² ¸Ó
¢ · ¡µÉ¥ [44] ¤²Ö Ô´¥·£¨¨

√
s = 500 ƒÔ‚ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ κZ = 1 ¨ λZ = λγ .

‚ ± Î¥¸É¢¥ ¨§³¥·Ö¥³ÒÌ ¢¥²¨Î¨´ (¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
µÏ¨¡± ³¨) · ¸¸³ É·¨¢ ²¨¸Ó ¶µ²´µ¥ ¸¥Î¥´¨¥,  ¸¨³³¥É·¨Ö ¢¶¥·¥¤-´ § ¤ χFB,
µÉ´µÏ¥´¨¥ ®inÄout¯ RIO ¨ µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¶·µ¤µ²Ó´µ ¨ ¶µ¶¥-
·¥Î´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ W -¡µ§µ´µ¢ L/T . ‚ ¸²ÊÎ ¥ ·¥ ±Í¨¨ eγ →Wν ¢ ± Î¥-
¸É¢¥ ¨§³¥·Ö¥³ÒÌ ¢¥²¨Î¨´ · ¸¸³ É·¨¢ ²¨¸Ó ¶µ²´µ¥ ¸¥Î¥´¨¥, ¶ · ³¥É·Ò χFB ¨
RIO ¨ µÉ´µÏ¥´¨¥ (1/3) ³¥¦¤Ê ±µ´Ë¨£Ê· Í¨Ö³¨ ¸µ §´ Î¥´¨Ö³¨ | Jz |= 1/2 ¨
| Jz |= 3/2 ¤²Ö ±µ³¶µ´¥´ÉÒ ¶µ²´µ£µ ¸¶¨´  ¢¤µ²Ó µ¸¨ ¶ÊÎ± . ‚ ¸²ÊÎ ¥ ·¥ ±Í¨¨
γγ → W+W− ±·µ³¥ ¶µ²´µ£µ ¸¥Î¥´¨Ö,  ¸¨³³¥É·¨¨ χFB ¨ µÉ´µÏ¥´¨Ö L/T
¨¸¸²¥¤µ¢ ²µ¸Ó É ±¦¥ µÉ´µÏ¥´¨¥ ¤²Ö ±µ´Ë¨£Ê· Í¨° ¸ | Jz |= 0 ¨ | Jz |= 2.

�´ ²µ£¨Î´Ò°  ´ ²¨§ ·¥ ±Í¨° e+e− → W+W−, γγ → W+W− ¨
eγ → Wν ¢ · ¡µÉ¥ [48] ¶µ± §Ò¢ ¥É, ÎÉµ ´  ¡Ê¤ÊÐ¨Ì ²¨´¥°´ÒÌ e+e−-±µ²² °-
¤¥· Ì ¸ Ô´¥·£¨¥° 500 ƒÔ‚ ¤µ¸É¨¦¨³Ò µ£· ´¨Î¥´¨Ö | 1 − κγ |≤ 0, 02 ¨
−0, 04 ≤ λγ ≤ 0, 05 ¶·¨ ¸µ¢³¥¸É´µ³ · ¸¸³µÉ·¥´¨¨ ¢¸¥Ì É·¥Ì Ê± § ´´ÒÌ ·¥-
 ±Í¨° (¢ ¶·¥¤¶µ²µ¦¥´¨¨ 1− κZ = λZ = 0).

‚µ§³µ¦´µ¸ÉÓ ¢Ò¤¥²¥´¨Ö ¢±² ¤µ¢ Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ® ´µ³ ²Ó´µ£µ¯ ¢§ ¨-
³µ¤¥°¸É¢¨Ö (33) ¨§ ·¥ ±Í¨¨ γγ → W+W− ¤¥É ²Ó´µ ¨§ÊÎ ² ¸Ó ¢ · ¡µÉ¥ [47].
�·¥¦¤¥ ¢¸¥£µ, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ Éµ ¢·¥³Ö ± ± ¢ ‘Œ µ¡· §µ¢ ¢Ï¨¥¸Ö
W -¡µ§µ´Ò ¢Ò²¥É ÕÉ ¢ µ¸´µ¢´µ³ ¶µ¤ ³ ²Ò³¨ Ê£² ³¨ ± µ¸¨ ¶ÊÎ± , ® ´µ³ ²Ó-
´Ò¥¯ W -¡µ§µ´Ò ¤ ÕÉ ³ ±¸¨³Ê³ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ ϑγW = 90◦. �µÔÉµ³Ê
¨¸¶µ²Ó§µ¢ ´¨¥ µ¡·¥§ ´¨Ö ¶µ Ê£²Ê · ¸¸¥Ö´¨Ö ¶µ§¢µ²Ö¥É ¸ÊÐ¥¸É¢¥´´µ ¶µ¤ ¢¨ÉÓ
¢±² ¤ ¶·µÍ¥¸¸µ¢ ‘Œ ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ γγ → W+W− ¨ É¥³ ¸ -
³Ò³ Ê²ÊÎÏ¨ÉÓ Ê¸²µ¢¨Ö ¤²Ö ¢Ò¤¥²¥´¨Ö ¸¨£´ ²  Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ® ´µ³ ²Ó´µ-
£µ¯ ¢§ ¨³µ¤¥°¸É¢¨Ö (¸³. É ¡²¨ÍÊ). ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¨
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’ ¡²¨Í . ‚²¨Ö´¨¥ µ¡·¥§ ´¨Ö ¶µ Ê£²Ê ϑγW ´  ¸¥Î¥´¨¥ ·¥ ±Í¨¨
γγ → W+W− (¢ ¶¡)

√
s, ’Ô‚ σtot cos ϑγW < 0, 8 cos ϑγW < 0, 6

0,5 77 9,7 3,1

1,0 88 2,9 0,86

2,0 91 0,78 0,22

¨§³¥·¥´¨¥ ¶µ²Ö·¨§ Í¨¨ W -¡µ§µ´µ¢ µ¡¥¸¶¥Î¨¢ ¥É ¢µ§³µ¦´µ¸ÉÓ ´¥ Éµ²Ó±µ ¤µ-
¶µ²´¨É¥²Ó´µ£µ Ê¸¨²¥´¨Ö ¸¨£´ ²  Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö (33), ´µ
¨ · §¤¥²¥´¨Ö ¢±² ¤µ¢ ® ´µ³ ²Ó´ÒÌ¯ ±µ´¸É ´É ¸¢Ö§¨ a0 ¨ ac.

ˆ§ ¨§³¥·¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ γγ → W+W− ¸ ÉµÎ´µ¸ÉÓÕ 3%
(¶·¨ µ¡·¥§ ´¨¨ | cosϑγW |< 0, 7) ³µ¦´µ ¤µ¸É¨ÎÓ ¸²¥¤ÊÕÐ¨Ì µ£· ´¨Î¥´¨° ´ 
±µ´¸É ´ÉÒ a0 ¨ ac ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ [47]:

−6, 0 · 10−2 ≤ a0 ≤ 3, 0 · 10−2 , −0, 1 ≤ ac ≤ 3, 5 · 10−2 ,

¢ Éµ ¢·¥³Ö ± ± ¤²Ö · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ ¶·¨ Éµ°
¦¥ ÉµÎ´µ¸É¨ ¨§³¥·¥´¨° ¸¥Î¥´¨° ³µ¦´µ ¶µ²ÊÎ¨ÉÓ µ£· ´¨Î¥´¨Ö∗

−5, 0 · 10−2 ≤ a0 ≤ 2, 0 · 10−2 , −0, 1 ≤ ac ≤ 3, 6 · 10−2 (Jz = 0) ,

−2, 0 · 10−2 ≤ ac ≤ 2, 0 · 10−2 (Jz = 2) .

‘ÊÐ¥¸É¢¥´´µ ²ÊÎÏ¨¥ µ£· ´¨Î¥´¨Ö ´  ±µ´¸É ´ÉÒ ® ´µ³ ²Ó´ÒÌ¯ Î¥ÉÒ·¥Ì¡µ-
§µ´´ÒÌ ¸¢Ö§¥° (33) ³µ¦´µ ¤µ¸É¨ÎÓ, ¨§ÊÎ Ö ¶·µÍ¥¸¸ γγ → ZZ, ¢ ±µÉµ·µ³
µÉ¸ÊÉ¸É¢ÊÕÉ ¢±² ¤Ò ‘Œ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥. ‚ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨
‘Œ ¶·¥¤¸± §Ò¢ ¥É ¤²Ö ¸¥Î¥´¨° γγ → ZZ Ê·µ¢¥´Ó ¶µÎÉ¨ ´  É·¨ ¶µ·Ö¤±  ´¨¦¥
¶µ ¸· ¢´¥´¨Õ ¸ γγ → W+W−, ´µ É¥³ ´¥ ³¥´¥¥ ¤µ¸É¨¦¨³Ò° ´  ”‹Š ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. ‚¶¥·¢Ò¥ · ¸Î¥ÉÒ ¶·µÍ¥¸¸  γγ → ZZ ¸ ÊÎ¥Éµ³ ´¥ Éµ²Ó±µ
Ë¥·³¨µ´´ÒÌ, ´µ ¨ W -¡µ§µ´´ÒÌ ¶¥É¥²Ó ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢ [41],   § É¥³ ·¥-
§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¢ÒÎ¨¸²¥´¨° ¶µ²ÊÎ¨²¨ ¶µ¤É¢¥·¦¤¥´¨¥ ¢ · ¡µÉ Ì [49]. ‚ [47]
(¡¥§ ÊÎ¥É  µ¤´µ¶¥É²¥¢µ£µ Ëµ´  ‘Œ) ¶·¨¢µ¤ÖÉ¸Ö µ£· ´¨Î¥´¨Ö ¤²Ö ® ´µ³ ²Ó-
´ÒÌ¯ ±µ´¸É ´É a0 ¨ ac ¨§ ·¥ ±Í¨¨ γγ → ZZ ¶µÎÉ¨ ´  ¶µ·Ö¤µ± ²ÊÎÏ¥, Î¥³
¨§ γγ → W+W−:

| a0 |≤ 4, 0 · 10−3 , | ac |≤ 7, 0 · 10−3

∗®‡ ·Ö¦¥´´Ò°¯ µ¶¥· Éµ· ¸ ±µ´¸É ´Éµ° ¸¢Ö§¨ ac ¤ ¥É ¢±² ¤ ¢ µ¡¥ ±µ´Ë¨£Ê· Í¨¨ Jz = 0
¨ Jz = 2, ¢ Éµ ¢·¥³Ö ± ± ®´¥°É· ²Ó´Ò°¯ µ¶¥· Éµ· ¸ ±µ´¸É ´Éµ° ¸¢Ö§¨ a0 ¤ ¥É ¢±² ¤ Éµ²Ó±µ ¢
±µ´Ë¨£Ê· Í¨¨ Jz = 0.
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¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ¨

| a0 |≤ 3, 0 · 10−3 , | ac |≤ 6, 0 · 10−3 (Jz = 0) ,
| ac |≤ 1, 0 · 10−2 , (Jz = 2)

¤²Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢. �É¨ µÍ¥´±¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ ¶·¥¤¶µ²µ¦¥´¨¨,
ÎÉµ ¶·¨ ¸¢¥É¨³µ¸É¨ 10 Ë¡−1 ¨ µ¡·¥§ ´¨¨ | cosϑγZ |≤ 0, 8∗ ·¥£¨¸É·¨·Ê-
ÕÉ¸Ö 10 ¸µ¡ÒÉ¨° ¸ Éµ¶µ²µ£¨¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥°  ¤·µ´´µ³Ê · ¸¶ ¤Ê µ¤´µ£µ
Z-¡µ§µ´  ¨ ´¥°É·¨´´µ³Ê · ¸¶ ¤Ê ¤·Ê£µ£µ. „²Ö ¶µ²ÊÎ¥´¨Ö ¡µ²¥¥ ·¥ ²¨¸É¨Î¥-
¸±¨Ì µÍ¥´µ± ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥ ±Í¨¨ γγ → ZZ ± ¸¨£´ ²Ê µÉ Î¥ÉÒ·¥Ì¡µ-
§µ´´ÒÌ ® ´µ³ ²Ó´ÒÌ¯ ±µ´¸É ´É ¸¢Ö§¥° a0 ¨ ac ´¥µ¡Ìµ¤¨³µ É ±¦¥  ±±Ê· É´µ¥
· ¸¸³µÉ·¥´¨¥ µ¤´µ¶¥É²¥¢µ£µ Ëµ´  ‘Œ.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ µ£· ´¨Î¥´¨Ö ´  ±µ´¸É ´ÉÒ a0 ¨ ac ¨§ e+e−-³µ¤
É·¥Ì¡µ§µ´´µ£µ ·µ¦¤¥´¨Ö, W+W−γ, ZZγ, Zγγ, ´  ´µ¢ÒÌ ²¨´¥°´ÒÌ ±µ²² °-
¤¥· Ì µ± §Ò¢ ÕÉ¸Ö ´  ¤¢  ¶µ·Ö¤±  ÌÊ¦¥, Î¥³ ¨§ ·¥ ±Í¨¨ γγ → ZZ [50].
‚ Éµ ¦¥ ¢·¥³Ö ¢ e+e−- ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ³µ¦´µ ¶·µ¢µ¤¨ÉÓ ¶·Ö³Ò¥ ¨§³¥·¥-
´¨Ö ±µ´¸É ´É Î¥ÉÒ·¥Ì¡µ§µ´´ÒÌ ¸¢Ö§¥° W+W−W+W−, W+W−ZZ, ZZZZ
(¸³. [50Ä52]), ÎÉµ ´¥¤µ¸ÉÊ¶´µ ¢ Ô±¸¶¥·¨³¥´É Ì ´  ËµÉµ´´ÒÌ ¶ÊÎ± Ì. ‘µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ Î¥ÉÒ·¥Ì¡µ§µ´´Ò¥  ´µ³ ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö
² £· ´¦¨ ´µ³, ¸µ¤¥·¦ Ð¨³ ¤¢  µ¶¥· Éµ·  ¸ · §³¥·´µ¸ÉÓÕ 4:

L
(a)
Q =

1
4
g2W

[
g0(Wµ ·Wµ)2 + gc(Wµ ·Wν)(Wµ ·Wν)

]
.

�¥·¢Ò° (®´¥°É· ²Ó´Ò°¯) µ¶¥· Éµ· ³µ¦¥É ¶ · ³¥É·¨§µ¢ ÉÓ µ¡³¥´ µÎ¥´Ó ÉÖ¦¥-
²Ò³ ´¥°É· ²Ó´Ò³ ¸± ²Ö·µ³, ¢ Éµ ¢·¥³Ö ± ± ¢Éµ·µ° (®§ ·Ö¦¥´´Ò°¯) µ¶¥· Éµ·
³µ¦¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ É·¨¶²¥ÉÊ ÉÖ¦¥²ÒÌ ¸± ²Ö·µ¢. ‘²ÊÎ °, ±µ£¤  ¢¥·Ï¨´ 
ZZZZ µÉ¸ÊÉ¸É¢Ê¥É, g0 = −gc, ³µ¦¥É ¡ÒÉÓ µ¡Ê¸²µ¢²¥´ µ¡³¥´ ³¨ ÉÖ¦¥²Ò³¨
¢¥±Éµ·´Ò³¨ Î ¸É¨Í ³¨. �£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò g0 ¨ gc ¨§ 3σ-µÉ±²µ´¥´¨°
¶·¨ ¨§³¥·¥´¨¨ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° e+e− → W+W−Z ¨ e+e− → ZZZ
µ¡¸Ê¦¤ ²¨¸Ó ¢ · ¡µÉ¥ [50].

‚ eγ-³µ¤ Ì ¤¢ÊÌ¡µ§µ´´µ£µ ·µ¦¤¥´¨Ö, W+W−e, Zγe, ZZe, W−γν,
W−Zν, ´ ·Ö¤Ê ¸  ´µ³ ²Ó´Ò³¨ Î¥ÉÒ·¥Ì¡µ§µ´´Ò³¨ ¢¥·Ï¨´ ³¨ WWγγ ¨
ZZγγ, µ¶¨¸Ò¢ ¥³Ò³¨ ² £· ´¦¨ ´µ³ (33), ³µ¦´µ É ±¦¥ ¨§ÊÎ ÉÓ ¢±² ¤Ò  ´µ-
³ ²Ó´µ° ¢¥·Ï¨´Ò WWZγ. ’ ±, ¢ · ¡µÉ¥ [53] ¡Ò²µ · ¸¸³µÉ·¥´µ ¢§ ¨³µ¤¥°-
¸É¢¨¥

L(6)n = i
πα

4m2
V

anWα · (Wν ·Wα
µ)F

µν , (34)

∗�Éµ µ¡·¥§ ´¨¥, ¢ Î ¸É´µ¸É¨, ¶µ§¢µ²Ö¥É Ê¸É· ´¨ÉÓ Ëµ´ ‘Œ, µ¡Ê¸²µ¢²¥´´Ò° ¶·µÍ¥¸¸µ³
eγ → eZ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  µ¤¨´ ¨§ Ô²¥±É·µ´µ¢ ´¥ ¡Ò² ¶µ²´µ¸ÉÓÕ ±µ´¢¥·É¨·µ¢ ´ ² §¥·´Ò³
¶ÊÎ±µ³.
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±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ µ¶¥· Éµ·µ³ c · §³¥·´µ¸ÉÓÕ 6, ¸µÌ· ´ÖÕÐ¨³ ¸¨³³¥É·¨¨
U(1)EM ,C,P ¨ SU(2)C , ´µ ´ ·ÊÏ ÕÐ¨³ ¸¨³³¥É·¨Õ SU(2)L×U(1)Y . 5Ò²µ
¶µ± § ´µ, ÎÉµ ·¥ ±Í¨¨ eγ → ZZe ¨ eγ →W+W−e ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ±
 ´µ³ ²Ó´Ò³ ¸¢Ö§Ö³ ¸ ±µ´¸É ´É ³¨ a0 ¨ ac. �£· ´¨Î¥´¨Ö ´  ÔÉ¨ ±µ´¸É ´ÉÒ ¨§
3σ-µÉ±²µ´¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° Ê± § ´´ÒÌ eγ-³µ¤ µ± §Ò¢ ÕÉ¸Ö ¶µÎÉ¨ ´  ¶µ-
·Ö¤µ± ²ÊÎÏ¥, Î¥³ ¨§ e+e−-³µ¤ [50], ¨ ´  Ë ±Éµ· 5 ÌÊ¦¥, Î¥³ ¨§ γγ-³µ¤ [47].
� ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò³ ±  ´µ³ ²Ó´µ° ±µ´¸É ´É¥ ¸¢Ö§¨ an Ö¢²Ö¥É¸Ö ¶·µ-
Í¥¸¸ eγ → W−Zν. ˆ§ 3σ-µÉ±²µ´¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° ÔÉµ° ·¥ ±Í¨¨ ´ 
²¨´¥°´ÒÌ e+e−-±µ²² °¤¥· Ì ¸ Ô´¥·£¨¥° 500 ƒÔ‚ ¶·¨ ¨´É¥£· ²Ó´µ° ¸¢¥É¨-
³µ¸É¨ 10Ë¡−1 ³µ¦´µ ¤µ¸É¨ÎÓ Ê·µ¢´Ö µ£· ´¨Î¥´¨° −1, 2 < an < 0, 74. ‚
· ¡µÉ¥ [54] · ¸¸³µÉ·¥´µ É ±¦¥ WWZγ-¢§ ¨³µ¤¥°¸É¢¨¥, µ¡Ê¸²µ¢²¥´´µ¥ µ¶¥-
· Éµ·µ³ εαβµνW−α W+

β ZµAν c · §³¥·´µ¸ÉÓÕ 6, ±µÉµ·Ò° ¸µÌ·a´Ö¥É ¸¨³³¥É·¨¨
SU(2)L × U(1)Y ¨ CP , ´µ ´ ·ÊÏ ¥É ¸¨³³¥É·¨¨ C,P ¨ SU(2)C .

‘¢Ö§¨ γγγZ ¨ γγγγ µÉ¸ÊÉ¸É¢ÊÕÉ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥ ‘Œ, ¢ · ³± Ì
±µÉµ·µ° ¶¥·¥Ìµ¤Ò γγ → γZ ¨ γγ → γγ ¢µ§´¨± ÕÉ ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨-
¡²¨¦¥´¨¨, ¢±²ÕÎ ÕÐ¥³ ± ± Ë¥·³¨µ´´Ò¥, É ± ¨ W -¡µ§µ´´Ò¥ ¶¥É²¨. ‚ · ¡µ-
É Ì [55] ¶µ± § ´µ, ÎÉµ, ¡² £µ¤ ·Ö ¡µ²ÓÏµ³Ê ¢±² ¤Ê W -¡µ§µ´´ÒÌ ¶¥É¥²Ó ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, ± ± ¨ ¢ ¸²ÊÎ ¥ γγ → ZZ, ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ γγ → γZ
¨ γγ → γγ ¤µ¸É¨£ ÕÉ Ê·µ¢´Ö, ¤µ¸ÉÊ¶´µ£µ Ô±¸¶¥·¨³¥´É ³ ´  ”Š. ‚ µ¡µ¨Ì
· ¸¸³ É·¨¢ ¥³ÒÌ ¶·µÍ¥¸¸ Ì ¢±² ¤Ò Ë¥·³¨µ´´ÒÌ ¶¥É¥²Ó ¤µ³¨´¨·ÊÕÉ ´¨¦¥
W -¶µ·µ£ ,   § É¥³ ¡Ò¸É·µ ¶ ¤ ÕÉ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¢ ‘–Œ. ‚±² ¤Ò W -
¡µ§µ´´ÒÌ ¶¥É¥²Ó ´ Î¨´ ÕÉ ¤µ³¨´¨·µ¢ ÉÓ ¶·¨

√
se+e− > 250 ƒÔ‚ ¨ ¸ ·µ¸Éµ³

Ô´¥·£¨¨ ¢ÒÌµ¤ÖÉ ¶µÎÉ¨ ´  ¶² Éµ. ‚ Î ¸É´µ¸É¨, Ê¦¥ ¶·¨
√
se+e− = 500 ƒÔ‚

¸¥Î¥´¨¥ ¶·µÍ¥¸¸  γγ → Zγ ¤µ¸É¨£ ¥É ¢¥²¨Î¨´Ò 50 Ë¡, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É
¢ÒÌµ¤Ê 500 ¸µ¡ÒÉ¨° ÔÉµ° ·¥ ±Í¨¨ ´  10Ë¡−1 ¨´É¥£· ²Ó´µ° ¸¢¥É¨³µ¸É¨. �·¨
Ô´¥·£¨ÖÌ

√
se+e− > 500 ƒÔ‚ ¸É ´µ¢¨É¸Ö ¢µ§³µ¦´Ò³ ¢Ò¤¥²¥´¨¥ ¨§ ¶·µÍ¥¸¸µ¢

γγ → γZ ¨ γγ → γγ ¢±² ¤µ¢ W -¡µ§µ´´ÒÌ ¶¥É¥²Ó, µ¡Ê¸²µ¢²¥´´ÒÌ É·¥Ì-
¨ Î¥ÉÒ·¥Ì¡µ§µ´´Ò³¨ ¢¥·Ï¨´ ³¨ γWW , ZWW , γγWW ¨ γZWW . ’ -
±¨³ µ¡· §µ³, ¨§ÊÎ¥´¨¥ ¶¥·¥Ìµ¤µ¢ γγ → γZ ¨ γγ → γγ ¢ Ô±¸¶¥·¨³¥´É Ì
´  ¡Ê¤ÊÐ¨Ì ”Š ¨³¥¥É ËÊ´¤ ³¥´É ²Ó´µ¥ §´ Î¥´¨¥, ¶µ¸±µ²Ó±Ê µ¡  ¶·µÍ¥¸¸ 
¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° Î¨¸Éµ µ¤´µ¶¥É²¥¢Ò¥ ÔËË¥±ÉÒ ‘Œ ± ± ¶¥·¥´µ·³¨·Ê¥³µ°
´¥ ¡¥²¥¢µ° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨.

3.2. 
¤·µ´´ Ö Ë¨§¨±  ¨ ¶·¥¤¸± § ´¨Ö Š•„ ¢ γγ-¶ÊÎ± Ì. ‘Éµ²±´µ¢¥´¨Ö
¢Ò¸µ±µÔ´¥·£¥É¨Î´ÒÌ ËµÉµ´µ¢ Ö¢²ÖÕÉ¸Ö ² ¡µ· Éµ·¨¥° ¤²Ö ¶·µ¢¥·±¨ ¶·¥¤¸± -
§ ´¨° ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨, Ô²¥±É·µ¸² ¡µ° É¥µ·¨¨ ¨ · §²¨Î´ÒÌ · ¸Ï¨-
·¥´¨° ‘Œ. �µ¸±µ²Ó±Ê ± ¦¤Ò° ¨§ ËµÉµ´µ¢ ³µ¦¥É ¶·¥¢· É¨ÉÓ¸Ö ¢ ¶ ·Ê ÉÖ-
¦¥²ÒÌ W -¡µ§µ´µ¢, Éµ ¶·¥¤o¸É ¢²Ö¥É¸Ö Ê´¨± ²Ó´ Ö ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ ÉÓ ¶·µ-
Í¥¸¸Ò ¸Éµ²±´µ¢¥´¨° ¨  ´´¨£¨²ÖÍ¨¨ W -¡µ§µ´µ¢. �·¨ Î ¸É¨Î´µ° ±µ´¢¥·¸¨¨
e±e−-±µ²² °¤¥·µ¢ ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¸µ§¤ ´¨Ö ËµÉµ´-Ô²¥±É·µ´´ÒÌ (¶µ-
§¨É·µ´´ÒÌ) ±µ²² °¤¥·µ¢. �¤´  ¨§ µ¸´µ¢´ÒÌ § ¤ Î ¶µ ¶·µ¢¥·±¥ ¶·¥¤¸± § -
´¨° Š•„ ¤²Ö É ±¨Ì ±µ²² °¤¥·µ¢ Å ¨§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ËµÉµ´ .
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‚ É ±¨Ì µ¶ÒÉ Ì ³µ¦¥É ¡ÒÉÓ ¨¸¸²¥¤µ¢ ´µ ± ± £²Ê¡µ±µ´¥Ê¶·Ê£µ¥ Ô²¥±É·µ´-
ËµÉµ´´µ¥ · ¸¸¥Ö´¨¥ eγ → eX , É ± ¨ ¶·µÍ¥¸¸ ¸ ÊÎ ¸É¨¥³ § ·Ö¦¥´´ÒÌ Éµ±µ¢
eγ → νX . „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  eγ → eX ¨³¥¥É ¢¨¤

dσeγ→eX

dE′d cos θ
=

4πα2E′

Q4y
[(1 + (1− y)2)F γ

2 (x,Q
2)− y2F γ

2 (x,Q
2)], (35)

Q2 = −q2 = 2EE′(1− cos θ), w2 = (q + p)2,

x = fracQ2Q2 + w2, y = 1− E′

E
cos2(θ/2) =

qp

kp
.

’ ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ e+e−-±µ²² °¤¥·µ¢, ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö F γ
L É·Ê¤´µ

¤µ¸É¨¦¨³  ¤²Ö ¨§³¥·¥´¨Ö, ¶µ¸±µ²Ó±Ê ´ ¤¥¦´µ¥ µÉ¤¥²¥´¨¥ µÉ Ëµ´µ¢ (¸± ¦¥³,
· ¸¸¥Ö´¨¥ e−-¶ÊÎ±  ´  µ¸É ÉµÎ´µ³ £ §¥) µ£· ´¨Î¨¢ ¥É µ¡² ¸ÉÓ ¨§³¥´¥´¨Ö y
³ ²Ò³¨ ¢¥²¨Î¨´ ³¨. ‘É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö F γ

2 ¡µ²¥¥ ¤µ¸ÉÊ¶´  ¤²Ö ¨§³¥·¥´¨°.
� ¶µ³´¨³, ÎÉµ F γ

2 ¢ · ³± Ì ´ ¨¢´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨

Fλ
2 (x,Q

2) =
∑
q

e2q · 2xDq
γ(x,Q

2) , Dq
γ(x) =

α

2π
e2q ln

Q2

m2
(x2 + (1− x)2)

(36)

µ¡´ ·Ê¦¨¢ ¥É ´ ·ÊÏ¥´¨¥ ¸±¥°²¨´£  Ê¦¥ ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨° [56]. “Î¥É ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ ¸µÌ· ´Ö¥É ± Î¥-
¸É¢¥´´µ É ±µ¥ ¶µ¢¥¤¥´¨¥ ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨:

xDq
γ(x,Q

2) =
(α/2π)
αs(Q2)

e2q · f(x), αs(Q2) ∼ 1
lnQ2/Λ2

. (37)

ˆ´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ¶·¥¤¥²¥´¨¥ ËÊ´±Í¨¨ f(x), É ± ¦¥,
± ± ¨ ¢µ¶·µ¸Ò ÊÎ¥É  Ô¢µ²ÕÍ¨¨ ´ ·ÊÏ¥´¨Ö ¸±¥°²¨´£  ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì É¥µ-
·¨¨ ¢µ§³ÊÐ¥´¨° [38,57]. ‡ ³¥É¨³, ÎÉµ, ¨§³¥·ÖÖ ´  µ¶ÒÉ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥
¸¥Î¥´¨¥, ¨, ¢ Î ¸É´µ¸É¨,  §¨³ÊÉ ²Ó´Ò¥ ±µ··¥²ÖÍ¨¨, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤µ¶µ²´¨-
É¥²Ó´ÊÕ, ¶µ ¸· ¢´¥´¨Õ ¸ ¨§³¥·¥´¨¥³ ¶µ²´ÒÌ ¸¥Î¥´¨°, ¨´Ëµ·³ Í¨Õ:

4π
dσeγ→eaX

dxdydΩa
=

2πα2

Q2

1 + (1− y2)
xy

[2xF̃T + ξ(y)F̃L − ρ(y)F̃A cosϕa+

+1/2ξ(y)F̃B cos 2ϕa], (38)

£¤¥ ξ(y) = 2(1 − y)/[1 + (1 − y)2] Å ¸É¥¶¥´Ó ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·-
ÉÊ ²Ó´µ£µ ËµÉµ´ , Ωa ¶·¥¤¸É ¢²Ö¥É ´ ¶· ¢²¥´¨¥  ¤·µ´  a ¢ ¸¨¸É¥³¥ ¶µ±µÖ
γγ∗-Î ¸É¨Í, ϕa Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ¢µ±·Ê£ γγ∗-µ¸¨ µÉ´µ¸¨É¥²Ó´µ ¶²µ¸-
±µ¸É¨, ¸µ¤¥·¦ Ð¥° · ¸¸¥Ö´´Ò° Ô²¥±É·µ´. ”Ê´±Í¨¨ ρ(y) ¨ ξ(y) ¡²¨§±¨ ±
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¥¤¨´¨Í¥ ¶·¨ ³ ²ÒÌ y. ‘É ´¤ ·É´Ò¥ ËÊ´±Í¨¨ F2, FL ¶µÖ¢ÖÉ¸Ö ¶µ¸²¥ ¨´-
É¥£·¨·µ¢ ´¨Ö ¶µ Ωa. ‚ Î ¸É´µ¸É¨, ¨§³¥·¥´¨¥ < cos 2ϕa > ¤ ¸É ÉÊ ¦¥ ¨´-
Ëµ·³ Í¨Õ, ÎÉµ ¨ F γ

L . �±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸É¨¦¨³ Ö µ¡² ¸ÉÓ ¢ ¶¥·¥³¥´´ÒÌ
ln(1/x − 1), lnQ2 (ƒÔ‚)2 ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶ · ²²¥²µ£· ³³ ¸ Q2

max � seγ
¨ Q2

min, µ¶·¥¤¥²Ö¥³Ò³ ¶·¥¤¥² ³¨ ¶·¨³¥´¨³µ¸É¨ Š•„ (Q2
min ≥ 5 ÷ 6 ƒÔ‚2).

Œ¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥
√
w2 Å ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò ·µ¦¤¥´´ÒÌ  ¤·µ´µ¢,

¢ ¶·¨´Í¨¶¥, · ¢´µ Ê¤¢µ¥´´µ° ³ ¸¸¥ ¶¨µ´µ¢, ´µ, Ë ±É¨Î¥¸±¨, µ¶·¥¤¥²Ö¥É¸Ö
´ ¡µ·µ³ ¸É É¨¸É¨±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¶·¨³¥´¨³µ¸ÉÓÕ Š•„. ’¨-
¶¨Î´Ò¥ §´ Î¥´¨Ö Q2

max ¨ xmin ¤²Ö Ê¸É ´µ¢µ± L‘-200 ¥¸ÉÓ 103 ƒÔ‚2 ¨ 10−3,  
¤²Ö ²¨´¥°´ÒÌ e+e−-±µ²² °¤¥·µ¢ (É ± ¦¥, ± ± ¨ ¤²Ö eγ-±µ²² °¤¥·µ¢) LC-500
105 ƒÔ‚2 ¨ 10−5.

Š ± ³Ò Ê¦¥ Ê¶µ³¨´ ²¨, ¢ ·¥§Ê²ÓÉ É¥  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò ËÊ´±-
Í¨Ö F γ

2 (x,Q
2) Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ lnQ2 ¨ ¶·¨ x → 1. µ¸É  ³¶²¨ÉÊ¤Ò

γ∗γ → q̄q ¶·¨ x → 1 ¶µ¤ ¢²Ö¥É¸Ö §  ¸Î¥É ¨§²ÊÎ¥´¨Ö £²Õµ´µ¢ (¶µ-¢¨¤¨³µ³Ê,
± ± 1/ ln(4/(1− x))), ¢ Éµ ¦¥ ¢·¥³Ö ¶·¨ ³ ²ÒÌ x ¸²¥¤Ê¥É µ¦¨¤ ÉÓ ·µ¸É  F γ

2

§  ¸Î¥É µ¡· §µ¢ ´¨Ö ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¶ · [58]. �É¨ ·¥§Ê²ÓÉ ÉÒ, ¶µ²Ê-
Î¥´´Ò¥ ¢ · ³± Ì Š•„ ¸ ÊÎ¥Éµ³ ´¥²¨¤¨·ÊÕÐ¨Ì ¢±² ¤µ¢, ¶µ¤²¥¦ É Ô±¸¶¥·¨-
³¥´É ²Ó´µ° ¶·µ¢¥·±¥. �¦¨¤ ¥³µ¥ (¶µ É¥µ·¨¨) §´ Î¥´¨¥ F2/α ¤²Ö §´ Î¥´¨°
< Q2 >= 200 ƒÔ‚2, 0, 2 < x < 0, 8 ¥¸ÉÓ ¢¥²¨Î¨´  ¶µ·Ö¤±  0, 5, ¶·¨Î¥³ É¥µ-
·¥É¨Î¥¸±¨¥ µÏ¨¡±¨ (§  ¸Î¥É ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¢Ò¡µ·¥ Λ) ´¥ ¶·¥¢ÒÏ ÕÉ
¸É É¨¸É¨Î¥¸±¨Ì ¶·¨ ¶² ´¨·Ê¥³µ° ¨´É¥£· ²Ó´µ° ¸¢¥É¨³µ¸É¨ LC-200, · ¢´µ°
500 ¶¡−1. �´ ²¨§ Ê· ¢´¥´¨° Ô¢µ²ÕÍ¨¨ ¤²Ö F γ

2 ¶µ± §Ò¢ ¥É  ¸¨³¶ÉµÉ¨Î¥¸±µ¥
Ê³¥´ÓÏ¥´¨¥  ¤·µ´´µ° ±µ³¶µ´¥´ÉÒ, Éµ£¤  ± ± ¢±² ¤ ±µ³¶µ´¥´ÉÒ, µÉ¢¥Î Õ-
Ð¥° ÉµÎ¥Î´µ³Ê Ì · ±É¥·Ê ¶¥·¥Ìµ¤  ËµÉµ´  ¢ q̄q-¶ ·Ê, · ¸É¥É ∼ lnQ2, ÎÉµ
¸µ£² ¸Ê¥É¸Ö ¸ ¨³¥ÕÐ¨³¨¸Ö ¤ ´´Ò³¨ ¸ Q2 < 103 ƒÔ‚2 [59]. � Î¨´ ÕÐ¥¥¸Ö
· ¸Ìµ¦¤¥´¨¥ ¢ µ¡² ¸É¨ Q2 < 103 ƒÔ‚2 ³µ¦¥É ¡ÒÉÓ ¤¥É ²Ó´µ ¶·µ¢¥·¥´µ ´ 
γe-±µ²² °¤¥· Ì.

‚ µ¶ÒÉ Ì ¸ ¤¥É¥±É¨·µ¢ ´¨¥³ c-±¢ ·±  (¨²¨ t-±¢ ·± ) ³µ¦´µ ¶·µ¢¥·¨ÉÓ,
¸µµÉ¢¥É¸É¢Ê¥É ²¨ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ · ¸Î¥É ¨Ì ¢±² ¤  ¢ F γ

2 , µ¸´µ¢ ´´Ò° ´ 
¡µ·´µ¢¸±µ°  ³¶²¨ÉÊ¤¥ ¨ ´¨§Ï¨Ì (µ¤´µ¶¥É²¥¢ÒÌ) ¶µ¶· ¢± Ì ± ´¥° ¢µ ¢¸¥°
µ¡² ¸É¨ x < xmax = Q2/(Q2 + 4m2

q). „²Ö Q2 = 5, 9 ƒÔ‚2 ¸· ¢´¥´¨¥ ¶µ± -
§Ò¢ ¥É · §Ê³´µ¥ ¸µ£² ¸¨¥ µ¶ÒÉ  [60] ¸ ¢¥¤ÊÐ¨³ ²µ£ ·¨Ë³¨Î¥¸±¨³ ¢±² ¤µ³
Š•„, ¶·¨ ÔÉµ³ ¢±² ¤ ¸µ¡ÒÉ¨° ¸ c-±¢ ·±µ³ µ± §Ò¢ ¥É¸Ö ³ ²Ò³. �É´µ¸¨É¥²Ó-
´Ò° ¢±² ¤  ¤·µ´´µ° ±µ³¶µ´¥´ÉÒ ¢ F γ

2 Ê³¥´ÓÏ ¥É¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨:

F γ
2 (Q

2) = [F γ
2 (Q

2
0)− F γ

2pt(Q
2
0)](

αs(Q2)
αs(Q2

0)
)dNS + F γ

2pt(Q
2), dNS > 0,

F γ
2pt(Q

2) =
4
9

dB
1 + dNS

ln
Q2

Q2
0

, (39)

¤²Ö Q2
0 ∼ 1 ƒÔ‚2 µ´ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´ ´  µ¸´µ¢¥ ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ-

¸É¨. ’µ£¤ , ¤ ¦¥ ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ∼ 50% ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ´¥°, ¤²Ö
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Q2 = 100 ƒÔ‚2 Ê¦¥ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¶ · ³¥É· Λ ¸ ÉµÎ´µ¸ÉÓÕ ±120ŒÔ‚
[38]. �·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Q2

0 ∼ 10, 3 ƒÔ‚2 ´ ¤µ ¶·¨´¨³ ÉÓ ¢µ ¢´¨³ ´¨¥
µ¡³¥´ Z-¡µ§µ´µ³,   É ±¦¥W -¡µ§µ´µ³ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨. ‚ ¶µ¸²¥¤-
´¥³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ ¤¥²µ ¸ ¶·µÍ¥¸¸µ³, ¨¤ÊÐ¨³ §  ¸Î¥É § ·Ö¦¥´´ÒÌ Éµ±µ¢:
e± + γ → ν + X . „²Ö eγ-±µ²² °¤¥·µ¢ ¸¥Î¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·µÍ¥¸¸µ¢
³ ²Ò: ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ Ë¥³Éµ¡ ·´, Éµ£¤  ± ± ¤²Ö LC-500 µ´µ Ê¦¥ ¡Ê¤¥É
¶µ·Ö¤±  ¶¨±µ¡ ·´ , ¨, É ±¨³ µ¡· §µ³, ³µ¦´µ · ¸¸Î¨ÉÒ¢ ÉÓ ´  ´¥¸±µ²Ó±µ ÉÒ-
¸ÖÎ ¸µ¡ÒÉ¨° ¢ £µ¤ ¢ ¸²ÊÎ ¥ ¶·¨³¥´¥´¨Ö ² §¥·´µ° ±µ´¢¥·¸¨¨. —Éµ ± ¸ ¥É¸Ö
¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ± Î¥¸É¢¥ ËµÉµ´´µ£µ ¶ÊÎ±  ®Ô±¢¨¢ ²¥´É´ÒÌ¯ ËµÉµ´µ¢ ¤·Ê-
£µ£µ ¶ÊÎ± , Éµ ¢ ¸¨²Ê ¶·µÉÖ¦¥´´µ¸É¨ ¨ ´¥¸¨´£Ê²Ö·´o£µ Ì · ±É¥·  ¸¶¥±É·µ¢
ÔÉ¨Ì ËµÉµ´µ¢  ´ ²¨§ y-§ ¢¨¸¨³µ¸É¨ ¡Ê¤¥É É·Ê¤´Ò³.

3.3. ”¨§¨±  ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨°. ’µÉ Ë ±É, ÎÉµ ¢ µ¸´µ¢-
´µ³ ¶·µÍ¥¸¸¥ ¶·¥¢· Ð¥´¨Ö ËµÉµ´  ¢ ±¢ ·±- ´É¨±¢ ·±µ¢ÊÕ ¶ ·Ê ¶µ¶¥·¥Î´Ò°
¨³¶Ê²Ó¸ ´¥ µ£· ´¨Î¥´, ¢¥¤¥É ± ¨´É¥·¥¸´Ò³ ¸²¥¤¸É¢¨Ö³ (µ¤´µ ¨§ ´¨Ì Ê¦¥ Ê¶µ-
³¨´ ²µ¸Ó ¢ÒÏ¥: F γ

2 ∼ lnQ2) ¤²Ö Ë¨§¨±¨ ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨°. ‚
ÔÉµ° µ¡² ¸É¨ ¶¥·¥³¥´´ Ö 5Ó¥·±¥´  x µÎ¥´Ó ³ ² ,   Q2 Å Ê³¥·¥´´µ ¢¥²¨±  (¤µ
´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ ƒÔ‚2). ‚ ÔÉµ° µ¡² ¸É¨ Ê¦¥ ´¥ · ¡µÉ ¥É ¦¥¸É±µ¥ Ê¶µ·Ö¤µ-
Î¥´¨¥ ¶µ ¶µ¶¥·¥Î´Ò³ ±µ³¶µ´¥´É ³ ¸É·Ê°, Ì · ±É¥·´µ¥ ¤²Ö £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì
¶·µÍ¥¸¸µ¢. � ¶·µÉ¨¢, §¤¥¸Ó ¸²¥¤Ê¥É µ¦¨¤ ÉÓ ¨Ì ¶µ¸É¥¶¥´´µ£µ Ê¢¥²¨Î¥´¨Ö µÉ
¢¥²¨Î¨´ ¶µ·Ö¤± 

√
Q2 ¤²Ö ¸É·Ê°, µ¸¨ ±µÉµ·ÒÌ ¡²¨§±¨ ± ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥-

´¨Ö Ô²¥±É·µ´ . µ¸É ¶·µ¤µ²¦ ¥É¸Ö ¢¶²µÉÓ ¤µ §´ Î¥´¨° ¡Ò¸É·µÉÒ, µÉ¢¥Î ÕÐ¨Ì
Í¥´É·Ê ¶² Éµ, ¨ § É¥³ ¶·µ¨¸Ìµ¤¨É Ê³¥´ÓÏ¥´¨¥ Ì · ±É¥·´ÒÌ ¶µ¶¥·¥Î´ÒÌ ¨³-
¶Ê²Ó¸µ¢ ¸É·Ê° ¤µ ¢¥²¨Î¨´ ¶µ·Ö¤±  1 ƒÔ‚ [61]. ‡¤¥¸Ó ¢µ§´¨± ¥É ¨´É¥·¥¸´ Ö
Ô±¸¶¥·¨³¥´É ²Ó´ Ö § ¤ Î  ¨¸¸²¥¤µ¢ ´¨Ö ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê Ô´¥·£¨¥° ¸É·Ê¨ ¨
¥¥ ¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸µ³.

‚ ¸µ¡ÒÉ¨ÖÌ ¸ ¡µ²ÓÏ¨³¨ ¶µ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ
¶ · ³µ¦¥É ¡ÒÉÓ ¨¸¸²¥¤µ¢ ´µ Ö¢²¥´¨¥ Ô±· ´¨·µ¢ ´¨Ö £²Õµ´µ¢ ´  ³ ²ÒÌ · ¸-
¸ÉµÖ´¨ÖÌ, ¸¢Ö§ ´´µ¥ ¸ Ë¨§¨±µ° ±µ´Ë °´³¥´É  ±¢ ·±µ¢ [62]. �·¨ µÎ¥´Ó ¡µ²Ó-
Ï¨Ì Ô´¥·£¨ÖÌ  ¤·µ´´ Ö ±µ³¶µ´¥´É  ËµÉµ´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±µ£¥·¥´É´ÊÕ
¸Ê³³Ê ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. „¥°¸É¢¨É¥²Ó´µ [56], ¢·¥³Ö ±µ£¥·¥´É´µ¸É¨ ËµÉµ´ ,
µ¶·¥¤¥²Ö¥³µ¥ ¨§ Ê¸²µ¢¨Ö ³ ²µ¸É¨  ·£Ê³¥´É  ¶²µ¸±µ° ¢µ²´Ò eiqx, qx ∼ 1, µ± -
§Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³ ∼ (1/M)(s/q2) ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¸µ¸ÉµÖ´¨°
¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. 5µ²ÓÏ Ö ¤²¨´  ±µ£¥·¥´É´µ¸É¨ ³¥¦¤Ê ËµÉµ´µ³ ¨ ¶·µ³¥-
¦ÊÉµÎ´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ± ±
µ¸´µ¢  µ¶¨¸ ´¨Ö  ¤·µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ËµÉµ´µ¢ ¶·¨ ³ ²ÒÌ ¶µ¶¥·¥Î´ÒÌ
¨³¶Ê²Ó¸ Ì.

‚ Î ¸É´µ¸É¨, ÔÉµÉ Ë ±É ¶µ§¢µ²Ö¥É ¶·¨³¥´¨ÉÓ É¥µ·¥³Ê Ë ±Éµ·¨§ Í¨¨,
µ¸´µ¢ ´´ÊÕ ´  £¨¶µÉ¥§¥ µ¡³¥´  ¶µ²Õ¸µ³ �µ³¥· ´ÎÊ±  ¢ ¶·µÍ¥¸¸ Ì ¸ ÊÎ -
¸É¨¥³ ËµÉµ´  σγγ = σ2γp/σpp ≈ 240 ´¡. ’ ±¨³ µ¡· §µ³, ³µ¦´µ ¶·µ¸²¥¤¨ÉÓ
³¥¤²¥´´Ò° ·µ¸É σγγ ¸ Ô´¥·£¨¥° ¢¸²¥¤¸É¢¨¥ ·µ¸É  ¸¥Î¥´¨° ËµÉµ´-¶·µÉµ´´µ£µ
¨ ¶·µÉµ´-¶·µÉµ´´µ£µ · ¸¸¥Ö´¨° (¡² £µ¤ ·Ö µ¡³¥´Ê ¶µ³¥·µ´µ³).
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ˆ´É¥·¥¸´Ò³ Ö¢²Ö¥É¸Ö ±·Ê£ Ë¨§¨Î¥¸±¨Ì § ¤ Î ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ, ¸¢Ö-
§ ´´ÒÌ ¸ ¤¢µ°´µ° ¤¨Ë· ±Í¨¥°, É.¥. ¶¥·¥Ìµ¤µ³ ± ¦¤µ£µ ¨§ ËµÉµ´µ¢ ¢ µ¤¨´
¨§ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ γγ → v1v2, v = ρ, ω, φ, J/Ψ,   É ±¦¥ ¶·µÍ¥¸¸Ò ¸
µ¡· §µ¢ ´¨¥³ µ¤¨´µÎ´ÒÌ ³¥§µ´µ¢ γγ → vX . ‚ µ¡² ¸É¨ ¤µ¸É ÉµÎ´µ ¡µ²Ó-
Ï¨Ì ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢

√
−t  Λ ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ÒÎ¨¸²¥´¨¥³

¢ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ Š•„ ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¤¢ÊÌ
±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¶ · γγ → qq̄qq̄ ¨ § É¥³ ¨¸¶µ²Ó§µ¢ ÉÓ  ³¶²¨ÉÊ¤Ò ¨Ì
¶¥·¥Ìµ¤  ¢ ¸µ¸ÉµÖ´¨Ö ¸ ¢¥±Éµ·´Ò³¨ ³¥§µ´ ³¨.

‚ · ¡µÉ Ì [63,64] ¶µ± § ´µ, ÎÉµ ¢ ·¥¤¦¥¢¸±µ³ ·¥¦¨³¥ ¤µ³¨´¨·Ê¥É µ¡³¥´
¤¢Ê³Ö £²Õµ´ ³¨ ¢ ± ´ ²¥ · ¸¸¥Ö´¨Ö, ¶·¨Î¥³ ¸¶· ¢¥¤²¨¢ ¢¨¤ ¸¥Î¥´¨°

dσ

dt
(γγ → V V ) ∼ α4s(t)/t

6 . (40)

‚ É ± ´ §Ò¢ ¥³µ° ¶µ²Ê¦¥¸É±µ° ±¨´¥³ É¨±¥ ¤²Ö ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¤¢ÊÌ
³¥§µ´µ¢ M = π0, η, η1, J/Ψ, A2, ρ0, γγ → MM , w2 = (p1γ + p2γ)2 
 p2⊥ = |t| = (pγ1 − pM )2  µ2, £¤¥ µ = 0, 3 ƒÔ‚, ³µ£ÊÉ ¡ÒÉÓ µ¤´µ¢·¥³¥´´µ
¨¸¶µ²Ó§µ¢ ´Ò ¶µ¤Ìµ¤ ¶¥·ÉÊ·¡ É¨¢´µ° ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ [61] ¨ Ë¥´µ-
³¥´µ²µ£¨Ö µ¡· §µ¢ ´¨Ö ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°. …¸²¨ ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ É¥µ·¨¨
¢µ§³ÊÐ¥´¨° ¸¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¶ ¤ ÕÉ ± ± w−4, Éµ ¢±² ¤ ¤¨ £· ³³ ¸
µ¡³¥´µ³ £²Õµ´ ³¨ ´¥ ¶ ¤ ¥É ¸ ·µ¸Éµ³ Ô´¥·£¨¨ w. �·¨ ÔÉµ³ ¢µ§´¨± ÕÉ ·Ö¤Ò
¢¨¤  1 +

∑∞
1 cnz

n, z = (3αs/2π) lnw2/w20 ¤²Ö Ì · ±É¥·´ÒÌ ¢ µ¶ÒÉ¥ §´ Î¥-
´¨°: 0, 25 < z < 0, 5. ‘¥Î¥´¨¥ ¤²Ö ¸²ÊÎ Ö µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ
³¥§µ´µ¢ ¨³¥¥É ¢¨¤ [65]:

dσ

dt
f(w, t)

(
w2

ω20

)2w0

, 2ω0 =
12αs(t)

π
4 ln 2, (41)

£¤¥ 1 + ω0 ¥¸ÉÓ ¨´É¥·¸¥¶É ¶µ³¥·µ´  5”Š‹ [61],   ËÊ´±Í¨Ö f(w, t) ¸² ¡µ
§ ¢¨¸¨É µÉ w. „²Ö ¸²ÊÎ Ö µ¡· §µ¢ ´¨Ö ¤¢ÊÌ J/Ψ-³¥§µ´µ¢ ¨³¥¥³, ¢ Î ¸É´µ¸É¨
[66],

dσ(J/Ψ, J/Ψ)
dp2⊥

= 16π2α2(αsCF )4
π3

4
exp(16z ln 2)
(7πξ(3)z)3

(
cψfψ
M2

ψ

)4
ln4
(
M2

ψ

p2⊥

)
,

(42)

cψ =
3
4
; fJ/Ψ = 0, 38 ƒÔ‚.

’ ±, ¤²Ö γγ-±µ²² °¤¥·µ¢ ¸ £µ¤µ¢µ° ¸¢¥É¨³µ¸ÉÓÕ 500 ¶¡−1 ¤²Ö Ì · ±É¥·´ÒÌ
Ê¸²µ¢¨° ·¥£¨¸É· Í¨¨ w0 ∼ 15 ƒÔ‚, | t |min= 4 ƒÔ‚2, θmin = 100³· ¤ ¸²¥¤Ê¥É
µ¦¨¤ ÉÓ ¶µ·Ö¤±  600 ¸µ¡ÒÉ¨° µ¡· §µ¢ ´¨Ö ¤¢ÊÌ J/Ψ-³¥§µ´µ¢. ‚±² ¤ É·¥Ì£²Õ-
µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ± ´ ²¥ · ¸¸¥Ö´¨Ö (¢±² ¤ o¤¤¥·µ´ ) ³µ¦¥É ¡ÒÉÓ µÉµ¦¤¥-
¸É¢²¥´ ¢ ¶·µÍ¥¸¸ Ì µ¡· §µ¢ ´¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¨ É¥´§µ·´ÒÌ Î ¸É¨Í [64].
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�·¥¤²µ¦¥´´ Ö ¢ ±µ´Í¥ 70-Ì £µ¤µ¢ ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ ÉÓ Ë¨§¨±Ê 5”Š‹
¶µ³¥·µ´  ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶·¨¢²¥± ¥É ¡µ²ÓÏµ¥ ¢´¨-
³ ´¨¥ ± ± É¥µ·¥É¨±µ¢, É ± ¨ Ô±¸¶¥·¨³¥´É Éµ·µ¢. ŒÒ µÉ¸Ò² ¥³ Î¨É É¥²Ö ±
²¨É¥· ÉÊ·¥, ¶·¨¢¥¤¥´´µ° ¢ [61].

3.4. ¡· §µ¢ ´¨¥ ¶ · ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ. ‘¥Î¥´¨¥
¶·Ö³µ£µ ± ´ ²  γγ → q̄q, σq̄q ∼ π(α2/M2

α) ¸µ¸É ¢²Ö¥É ∼ 130 ´¡ ¨ ∼ 0, 13
¤²Ö ¸²ÊÎ Ö ·µ¦¤¥´¨Ö cc̄ ¨ bb̄ ¸µµÉ¢¥É¸É¢¥´´µ; σtt̄ ≈ π/(α2/m2

t )/6 ≈ 0, 02 .
„²Ö ·µ¦¤¥´¨Ö cc̄ ¨ bb̄ ¢ ¶·µÍ¥¸¸ Ì ´  e+e−-±µ²² °¤¥· Ì ¢ µ¡² ¸É¨ Ô´¥·£¨° ¢
‘–Œ 200 <

√
seē < 500 ƒÔ‚ ¢ ¶·¨¡²¨¦¥´¨¨ Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢ ¸¥Î¥´¨Ö

¨³¥ÕÉ ¶µ·Ö¤µ± ´¥¸±µ²Ó±¨Ì ¶¨±µ¡ ·´ [67].
„·Ê£¨¥ ³¥Ì ´¨§³Ò ·µ¦¤¥´¨Ö ÉÖ¦¥²µ° ¶ ·Ò, ¸ ÊÎ ¸É¨¥³ µ¤´µ£µ ¨²¨ ¤¢ÊÌ

£²Õµ´µ¢, § ¢¨¸ÖÉ µÉ ¤¥É ²¥° ¶·¥¤¶µ² £ ¥³µ£µ · ¸¶·¥¤¥²¥´¨Ö £²Õµ´µ¢ ¢ Ëµ-
Éµ´¥. ‘µ£² ¸´µ µÍ¥´± ³, ¶µ²ÊÎ¥´´Ò³ ¢ [67], £²Õµ´-ËµÉµ´´Òe ¢±² ¤Ò ¸· ¢´¨-
¢ ÕÉ¸Ö ¸ ¢±² ¤µ³ ³¥Ì ´¨§³  ‹ ´¤ Ê Å ‹¨ËÏ¨Í  (¤¢ÊÌËµÉµ´´Ò° ³¥Ì ´¨§³)
²¨ÏÓ ¶·¨

√
s > 200 ƒÔ‚, Éµ£¤  ± ± ¢±² ¤ ¤¢ÊÌ£²Õµ´´µ£µ ³¥Ì ´¨§³  ´  ¶µ·Ö-

¤µ± ³¥´ÓÏ¥.
�É´µÏ¥´¨¥ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¤¢ÊÌ t-±¢ ·±µ¢ ¢ e+e−- ¨ ¸µµÉ¢¥É¸É¢ÊÕ-

Ð¨Ì γγ-±µ²² °¤¥· Ì (¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ² §¥·  ¸ Ô´¥·£¨¥° ËµÉµ´µ¢ 1, 26 Ô‚)
¥¸ÉÓ ¢¥²¨Î¨´  ¶µ·Ö¤±  0, 4 ÷ 0, 6 ¤²Ö

√
s ∼ 450 ƒÔ‚. �·¥¤¸± §Ò¢ ÕÉ¸Ö §´ -

Î¨É¥²Ó´Ò¥ ¶µ·µ£µ¢Ò¥ Ö¢²¥´¨Ö, ´µ µ¡· §µ¢ ´¨¥ Éµ¶µ´¨Ö ´¥ ¶·µ¨¸Ìµ¤¨É ¢¢¨¤Ê
³ ²µ£µ ¢·¥³¥´¨ ¦¨§´¨ t-±¢ ·±  [68].

3.5. 5µ²Ö·¨§ Í¨µ´´Ò¥ ÔËË¥±ÉÒ ¢ γe- ¨ γγ-±µ²² °¤¥· Ì. ”µÉµ´Ò, µ¡· -
§µ¢ ´´Ò¥ ¶·¨ γe-±µ´¢¥·¸¨¨ ² §¥·´µ£µ ¶ÊÎ± , ³µ£ÊÉ ´ Ìµ¤¨ÉÓ¸Ö ¢ · §²¨Î´ÒÌ
¸µ¸ÉµÖ´¨ÖÌ ¶µ²Ö·¨§ Í¨¨, Éµ£¤  ± ± Ô±¢¨¢ ²¥´É´Ò¥ ËµÉµ´Ò ¢¸¥£¤  ²¨´¥°´µ ¶µ-
²Ö·¨§µ¢ ´Ò ¢ ¶²µ¸±µ¸É¨ µ¡· §µ¢ ´¨Ö. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¢µ§´¨± ÕÉ Éµ²Ó±µ
³ ²µ¨´É¥·¥¸´Ò¥  §¨³ÊÉ ²Ó´Ò¥ ±µ··¥²ÖÍ¨¨.

1.  ¸¸³µÉ·¨³ ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥·±¨ ±² ¸¸¨Î¥¸±¨Ì ¶· ¢¨² ¸Ê³³ ËµÉµ-
 ¡¸µ·¡Í¨¨ ƒ¥· ¸¨³µ¢  Å „·¥²²  Å •¨·´  (ƒ„•) [69] ¢ µ¶ÒÉ Ì ¶µ ¸Éµ²±-
´µ¢¥´¨Õ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´´µ£µ ¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±µ¢. �· ¢¨²µ ¸Ê³³
ƒ„• ¢Ò¢¥¤¥´µ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¡¥§¢ÒÎ¨É É¥²Ó´ÒÌ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µ-
Ï¥´¨° ¤²Ö § ¢¨¸ÖÐ¥° µÉ ¸¶¨´  Î ¸É¨  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢
¸µÎ¥É ´¨¨ ¸ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ É¥µ·¥³ ³¨ ¤²Ö ´¥¥ ¨ ¨³¥¥É ¢¨¤

M2
a =

4π2sα
m2

(g − 2)2 =
∫ ∞
0

dw

w
∆σ(w), ∆σ(w) = σP (w) − σA(w), (43)

£¤¥ s, m, Å ¸¶¨´ ¨ ³ ¸¸  ³¨Ï¥´¨, σP,A(w) Å ¶µ²´µ¥ ¸¥Î¥´¨¥ ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ËµÉµ´  c Î ¸ÉµÉµ° w ´  ³¨Ï¥´¨ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¸¶¨´Ò
ËµÉµ´  ¨ ³¨Ï¥´¨ ¶ · ²²¥²Ó´Ò ¨²¨  ´É¨¶ · ²²¥²Ó´Ò; Ma Å  ´µ³ ²Ó´Ò° ³ £-
´¨É´Ò° ³µ³¥´É ³¨Ï¥´¨. ‚ · ¡µÉ Ì [70Ä72] ¨¸¸²¥¤µ¢ ´Ò ¶·¨³¥´¥´¨Ö ÔÉµ£µ
¶· ¢¨²  ¸Ê³³ ± ²Õ¡Ò³ ¶·µÍ¥¸¸ ³ ¢¨¤  γa → cd; a, c, d = γ, e, w, z,H, ν
¨ É.¤. ‡¤¥¸Ó ³Ò µÉ³¥É¨³ ¢¥·µÖÉ´ÊÕ ¸¢Ö§Ó ¶· ¢¨²  ¸Ê³³ ƒ„• ¸ ¶· ¢¨²µ³ ¸Ê³³
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¤²Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ËµÉµ´ 
∫
dxgγ(x) = 0; ¨´É¥·¥¸´Ò¥ ¸µµÉ´µÏ¥´¨Ö

¤²Ö ¸¥Î¥´¨° γe → Wν, γe → γe, γγ → WW, γγ → ZZ ¢ ¡µ·´µ¢¸±µ³
¶·¨¡²¨¦¥´¨¨, ¢ Î ¸É´µ¸É¨, ¶· ¢¨²  ¸Ê³³∫ ∞

0

dw

w
∆σγw(w) ≈ 0(α3) , (44)

µÉ¢¥Î ÕÐ¨¥ ¸²ÊÎ Õ g−2 = 0(α), ±µÉµ·Ò¥ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± É¥¸Éµ¢Ò¥
¸µµÉ´µÏ¥´¨Ö ¤²Ö ‘Œ. ‚¶¥Î É²Ö¥É ¨Ì ¢Ò¶µ²´¥´¨¥ ± ± ¢ · ³± Ì Š�„, É ± ¨
¢ ´¨§Ï¨Ì ¶µ·Ö¤± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ‘Œ. —Éµ ¦¥ ± ¸ ¥É¸Ö ³µ¤¨Ë¨± Í¨°
‘Œ, ¢ Î ¸É´µ¸É¨ É¥µ·¨°, ¶·¥¤¸± §Ò¢ ÕÐ¨Ì ´¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ‘Œ §´ Î¥-
´¨Ö ±¢ ¤·Ê¶µ²Ó´µ£µ ³µ³¥´É  W -¡µ§µ´  Q = −e(k−λ)/m2

W , µ = ge/2mW =
= e(1 + k + λ)/2mW , e2 = 4πα (‘Œ µÉ¢¥Î ¥É k = 1, λ = 0), Éµ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¨³ ¶· ¢¨²  ¸Ê³³ ƒ„• ´¥ ¢Ò¶µ²´ÖÕÉ¸Ö:

∆σγW (w) ∼ α2π

2M2
λ4
(

w

MW

)3
; − α2

8M2
W

(k − 1)4
(

w

MW

)
, w →∞. (45)

‚ µ¶ÒÉ Ì ¸ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´´Ò³¨ ¶ÊÎ± ³¨ ³µ£ÊÉ
¡ÒÉÓ, É ±¨³ µ¡· §µ³, ¶·µ ´ ²¨§¨·µ¢ ´Ò µÉ±²µ´¥´¨Ö µÉ ¶·¥¤¸± § ´¨° ‘Œ
¤²Ö É·¥Ì- ¨ Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ ËÊ´±Í¨° ƒ·¨´  ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢, ¶ · ³¥É·¨-
§Ê¥³ÒÌ λ ¨ k − 1 [70].

2. ‚ ¸²ÊÎ ¥ γe-· ¸¸¥Ö´¨Ö ¸ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´ ³¨ ¢µ§-
´¨± ÕÉ  §¨³ÊÉ ²Ó´Ò¥  ¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ ¥£µ ¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨
¨ ¶²µ¸±µ¸É¨ · ¸¸¥Ö´¨Ö (µ¶·¥¤¥²ÖÕÐ¥° ´ ¶· ¢²¥´¨¥ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨
Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢). �´¨ ¨³¥ÕÉ ¸±¥°²¨´£µ¢Ò° Ì · ±É¥· dσ/dφ ∼ ξ(y)×
×α

πx
3
∑

q e
4
q , £¤¥ ξ(y) Å ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ Ô±¢¨¢ ²¥´É´µ£µ Ëµ-

Éµ´ , y = ω/ε Å ¥£µ ¤µ²Ö Ô´¥·£¨¨, x Å ¶ · ³¥É· 5Ó¥·±¥´ , eq Å § ·Ö¤
±¢ ·±  ¢ ¶·µÍ¥¸¸¥ γe→ qq̄e [73].

3. ’ ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ¶µ²Ö·¨§µ¢ ´´µ£µ ep-· ¸¸¥Ö´¨Ö, ³µ¦´µ ¢¢¥¸É¨
¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ gγ1 (x,Q

2) ËµÉµ´ , ±µÉµ·ÊÕ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ, ¨§³¥·ÖÖ
 ¸¨³³¥É·¨Õ ²¥¢µ(¶· ¢µ)¶µ²Ö·¨§µ¢ ´´µ£µ Ô²¥±É·µ´  ´  Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ-
¢ ´´µ³ ËµÉµ´¥. �É  ËÊ´±Í¨Ö, ´  Ö§Ò±¥ ± ·É¨´Ò ”¥°´³ ´ , ¨§³¥·ÖÕÐ Ö · §-
´µ¸ÉÓ Î¨¸²  ²¥¢µ- ¨ ¶· ¢µ¶µ²Ö·¨§µ¢ ´´ÒÌ ±¢ ·±µ¢ ¢ ËµÉµ´¥, ÎÊ¢¸É¢¨É¥²Ó´  ±
³ ¸¸¥ ËµÉµ´  ³¨Ï¥´¨

√
|p2| [74]. ˆ³¥´´µ ¤²Ö ¥¥ ³ ²ÒÌ §´ Î¥´¨° (¶· ¢¨²µ

¸Ê³³ ƒ„•) ¨³¥¥³
∫ 1
0 dxg

γ
1 (x) = 0, Éµ£¤  ± ± ¤²Ö ¡µ²ÓÏ¨Ì §´ Î¥´¨° ³ ¸¸ ¶· -

¢¨²µ ¸Ê³³ ƒ„• ´¥¶·¨³¥´¨³µ, ¨ §´ Î¥´¨¥ ¨´É¥£· ²  µ¶·¥¤¥²Ö¥É¸Ö É·¥Ê£µ²Ó´µ°
 ´µ³ ²¨¥°

∫
dxgγ1 (x) = Nc(α/π)

∑
e4q .

4. Š
‹ˆ�	‚—�›… 5	–…‘‘›

�¤¨´ ¨§ £² ¢´ÒÌ ¶ · ³¥É·µ¢ Ê¸±µ·¨É¥²Ö ¸µ ¢¸É·¥Î´Ò³¨ ¶ÊÎ± ³¨ Å ¸¢¥-
É¨³µ¸ÉÓ L Å µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ Ṅ = Lσ, £¤¥ Ṅ Å Î¨¸²µ ¸µ¡ÒÉ¨°
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¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¤²Ö ¶·µÍ¥¸¸  ¸ ¸¥Î¥´¨¥³ σ. …¸²¨ ¨§¢¥¸É¥´ ¸ ¤µ¸É ÉµÎ´µ°
ÉµÎ´µ¸ÉÓÕ · ¸¸Î¨ÉÒ¢ ¥³Ò° ¶·µÍ¥¸¸, ¨³¥ÕÐ¨° ´¥ ¸²¨Ï±µ³ ³ ²µ¥ ¸¥Î¥´¨¥ σ,
Ô±¸¶¥·¨³¥´É ²Ó´µ Ìµ·µÏµ µÉ¤¥²¨³Ò° µÉ ¤·Ê£¨Ì ¶·µÍ¥¸¸µ¢ ¨ Ê¤µ¡´Ò° ¤²Ö ·¥-
£¨¸É· Í¨¨, Éµ ¥£µ ¨§³¥·¥´¨¥ ¶µ§¢µ²¨É ´¥§ ¢¨¸¨³Ò³ µ¡· §µ³ µ¶·¥¤¥²¨ÉÓ ¸¢¥-
É¨³µ¸ÉÓ Ê¸É ´µ¢±¨ L. ’ ±¨¥ ¶·µÍ¥¸¸Ò ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ± ²¨¡·µ¢µÎ´Ò³¨.
�·¨ ÔÉµ³ µÉ¶ ¤ ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ¤¥É ²Ó´ÒÌ ¸¢¥¤¥´¨ÖÌ µ É·Ê¤´µ¨§³¥·¨³µ³
· ¸¶·¥¤¥²¥´¨¨ ¶²µÉ´µ¸É¨ ¶ÊÎ±µ¢ ¢ µ¡² ¸É¨ ¢¸É·¥Î¨, ¨¸¶µ²Ó§Ê¥³µ³ ¶·¨ É· -
¤¨Í¨µ´´µ³ µ¶·¥¤¥²¥´¨¨ ¸¢¥É¨³µ¸É¨. ‚ ± Î¥¸É¢¥ ± ²¨¡·µ¢µÎ´ÒÌ ¶·µÍ¥¸¸µ¢
¤²Ö Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ ¸µÊ¤ ·¥´¨° ¨¸¶µ²Ó§Ê¥É¸Ö Ê¶·Ê£µ¥ e+e−-· ¸¸¥Ö´¨¥
´  ³ ²Ò¥ (¨²¨ ¡µ²ÓÏ¨¥) Ê£²Ò, µ¤´µ±· É´µ¥ ¨²¨ ¤¢Ê±· É´µ¥ ¨§²ÊÎ¥´¨¥ ¶·¨
e+e−-· ¸¸¥Ö´¨¨.

„²Ö ¢¸É·¥Î´ÒÌ γγ-¶ÊÎ±µ¢, ¶µ¸É·µ¥´´ÒÌ ´  µ¸´µ¢¥ ²¨´¥°´ÒÌ e+e−-±µ²-
² °¤¥·µ¢, ¢ ± Î¥¸É¢¥ ± ²¨¡·µ¢µÎ´ÒÌ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·µÍ¥¸¸Ò µ¡· §µ-
¢ ´¨Ö ¤¢ÊÌ ¶ · § ·Ö¦¥´´ÒÌ Î ¸É¨Í γγ → e+e−e+e−, e+e−µ+µ− ¨ É.¤. �É¨
¶·µÍ¥¸¸Ò ¤µ¸É ÉµÎ´µ Ìµ·µÏµ ¨§ÊÎ¥´Ò ¢ ²¨É¥· ÉÊ·¥ [75Ä79]. • · ±É¥·´µ°
Î¥·Éµ° ¨Ì Ö¢²Ö¥É¸Ö ´¥§ ¢¨¸¨³µ¸ÉÓ ¶µ²´ÒÌ ¸¥Î¥´¨° µÉ ¶µ²´µ° Ô´¥·£¨¨ ¢ ‘–Œ
ËµÉµ´µ¢

√
s ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ

√
s 2mµ. ‘¥Î¥´¨Ö ÔÉ¨ ¤µ-

¸É ÉµÎ´µ ¢¥²¨±¨. T ±, ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¤¢ÊÌ e+e−-¶ · ¸µ¸É ¢²Ö¥É 6, 4 ³±¡,
  ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ³Õµ´´µ° ¨ Ô²¥±É·µ´´µ° ¶ ·Ò 5, 67 ´¡∗. �·µÍ¥¸¸Ò ¸
µ¡· §µ¢ ´¨¥³ ³Õµ´µ¢ (¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ³Õµ´´ÒÌ ¶ · ¸µ¸É ¢²Ö¥É
0, 16 ´¡), ¶µ-¢¨¤¨³µ³Ê, Ö¢²ÖÕÉ¸Ö ¡µ²¥¥ Ê¤µ¡´Ò³¨ ¨§-§  µÉ´µ¸¨É¥²Ó´µ° ¶·µ-
¸ÉµÉÒ ·¥£¨¸É· Í¨¨ ³Õµ´µ¢ ¢ Ô±¸¶¥·¨³¥´É¥. �ÉµÉ ¶·µÍ¥¸¸ ³Ò ¨ · ¸¸³µÉ·¨³
¤¥É ²Ó´µ ´¨¦¥. �·¨ ¸¢¥É¨³µ¸É¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ Lγγ ≈ 1031 c³−2 · ¸−1
µ¡· §Ê¥É¸Ö ¶µ·Ö¤±  200 ¶ · ³Õµ´µ¢ ¨ Ô²¥±É·µ´µ¢ ¢ Î ¸ (¨, ¸µµÉ¢¥É¸É¢¥´´µ,
10 ¸µ¡ÒÉ¨° ¢ Î ¸ µ¡· §µ¢ ´¨Ö ¶ ·Ò τ -²¥¶Éµ´µ¢ ¨ Ô²¥±É·µ´´µ° ¶ ·Ò ¨ ¤¢ 
¸µ¡ÒÉ¨Ö ¢ Î ¸ µ¡· §µ¢ ´¨Ö ¶ ·Ò τ -²¥¶Éµ´µ¢ ¨ ¶ ·Ò µ-³¥§µ´µ¢). „²Ö Í¥²¥°
± ²¨¡·µ¢±¨ ¶·¥¤¸É ¢²ÖÕÉ, µ¤´ ±µ, ¨´É¥·¥¸ ´¥ ¶µ²´Ò¥ ¸¥Î¥´¨Ö ¨ ¸¶¥±É· ²Ó´Ò¥
· ¸¶·¥¤¥²¥´¨Ö,   ¨´±²Õ§¨¢´Ò¥ ¸¥Î¥´¨Ö ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì (¶µ ¸· ¢´¥´¨Õ ¸
³ ¸¸µ°) ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ²¥¶Éµ´µ¢. „ ²¥¥ ³Ò ¶·¥¤¶µ² £ ¥³ ËµÉµ´´Ò¥
¶ÊÎ±¨ ¶µ²Ö·¨§µ¢ ´´Ò³¨. �¨¦¥ ³Ò ¶·¨¢¥¤¥³ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö,
¨´±²Õ§¨¢´Ò¥ ¶µ µ− ¨ µ+µ−, ¨ ¤·Ê£¨¥ · ¸¶·¥¤¥²¥´¨Ö, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ
¶µ²¥§´Ò ¤²Ö µ¶ÒÉ . ‘¥Î¥´¨¥ ¶·µÍ¥¸¸ 

γ(k1) + γ(k2)→ µ+(p1) + µ−(p2) + e+(p3) + e−(p4) (46)

∗“É¢¥·¦¤¥´¨¥ µ ´¥§ ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨° µÉ s ¸¶· ¢¥¤²¨¢µ ¢ ¤ ²¥±µ°  ¸¨³¶ÉµÉ¨±¥. —Éµ¡Ò
µÍ¥´¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö s, ³Ò · ¸¸³µÉ·¨³ µÉ´µ¸¨É¥²Ó´ÊÕ ¢¥²¨Î¨´Ê ¶µ¶· ¢µÎ´ÒÌ
¸² £ ¥³ÒÌ: 
σ/σ = (σ(s) − σasympt)/σasympt = (m2

µ/36s) ln5(s/m2µ). �É  ¢¥²¨Î¨´  ¸É -

´µ¢¨É¸Ö ³ ²µ° (≤ 1%) ¤²Ö Ô´¥·£¨° ≥ 70 ƒÔ‚.
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¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Ô´¥·£¨° ¢ ‘–Œ ËµÉµ´µ¢
√
s =
√
(k1 + k2)2  m2

µ (¸³.
¸´µ¸±Ê ´  ¸.195) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê³³Ò

dσ = dσb + dσb; dσb = dσa(p1, p2, mµ → p3, p4, me) , (47)

µÉ¢¥Î ÕÐ¥° ±¨´¥³ É¨Î¥¸±¨³ ¸¨ÉÊ Í¨Ö³, ±µ£¤  ³Õµ´´ Ö ¶ ·  ²¥É¨É ¢ ´ ¶· -
¢²¥´¨¨ µ¤´µ£µ ¨§ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ (Ô²¥±É·µ´´ Ö ¶ ·  ¶·¨ ÔÉµ³ ²¥É¨É ¢ ¶·µ-
É¨¢µ¶µ²µ¦´µ³ ´ ¶· ¢²¥´¨¨):

dσa =
dσ1ds1
s1

dσ2ds2
s2

· d
2q⊥
4π4

, (48)

£¤¥ dσ1 Å ¸µµÉ¢¥É¸É¢ÊÕÉ ¸¥Î¥´¨Õ µ¡· §µ¢ ´¨Ö ¶ ·Ò ³Õµ´µ¢ ·¥ ²Ó´Ò³ Ëµ-
Éµ´µ³ ¸ ¨³¶Ê²Ó¸µ³ k1 ¨ ¢¥±Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ e1 ¨ ¢¨·ÉÊ ²Ó´Ò³ (±µÉµ·Ò³
µ¡³¥´¨¢ ÕÉ¸Ö ·µ¦¤¥´´Ò¥ ¶ ·Ò) ¸ ¶µ¶¥·¥Î´µ° ± ´ ¶· ¢²¥´¨Õ ¶ÊÎ±µ¢ ±µ³¶µ-
´¥´Éµ° ¨³¶Ê²Ó¸  q⊥ ¨ ¢¥±Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ (²¨´¥°´µ°) q⊥/ | q⊥ |;

√
s1 =

=
√
(p1 + p2)2 Å ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ¶ ·Ò ³Õµ´µ¢. ‚¥²¨Î¨´  (dσ1ds1)/s1

³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ¤µ²¨ Ô´¥·£¨° xi = 2poi/
√
s ¨ ¶µ¶¥·¥Î´Ò¥ ±µ³-

¶µ´¥´ÉÒ ¨³¶Ê²Ó¸µ¢ pi⊥ ³Õµ´µ¢ ¨ ¶ · ³¥É·Ò ‘Éµ±¸  ξ3, ξ1, Ì · ±É¥·¨§ÊÕÐ¨¥
¶µ²Ö·¨§ Í¨Õ ´ Î ²Ó´µ£µ ËµÉµ´ :

dσ1ds1
s1

= 2α2(1− 2x1x2G)
d2p1⊥d

2p2⊥dx1dx2
(p21⊥ + µ2)(p22⊥ + µ2)

×

×δ(2)(p1⊥ + p2⊥ − q⊥)δ(x1 + x2 − 1); (49)

G =
1

q2⊥

[
Q2 + (Q2

x −Q2
y)ξ3 + 2QxQyξ1

]
(p21⊥ + µ2)(p22⊥ + µ2),

Q =
p1⊥

p2
1⊥

+ µ2
+

p2⊥

p2
2⊥

+ µ2
.

‚¥²¨Î¨´  (dσ2ds2)/s2 ¶µ²ÊÎ¨É¸Ö ¨§ ¶·¨¢¥¤¥´´µ° (49) § ³¥´µ°:

dσ2ds2
s2

=
dσ1ds1
s1

×

×
(
p1,2⊥ → p3,4⊥ ,q⊥ → −q⊥,mµ → me, x1,2 → y1,2, ξ3 → ξ̃3, ξ1 → −ξ̃1

)
,

(50)

£¤¥ y1 = 2p30/
√
s, y2 = 2p40/

√
s, p3,4⊥ Å ¤µ²¨ Ô´¥·£¨° ¨ ¶µ¶¥·¥Î´Ò¥ ± µ¸¨

¶ÊÎ±µ¢ ±µ³¶µ´¥´ÉÒ 3-¨³¶Ê²Ó¸µ¢ Ô²¥±É·µ´µ¢, ξ̃3, ξ̃1, Å ¶ · ³¥É·Ò ‘Éµ±¸ 
¢Éµ·µ£µ ËµÉµ´ .
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�·¨¢¥¤¥´´ Ö Ëµ·³Ê²  µ¶·¥¤¥²Ö¥É ¶µ²´µ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
¶·µÍ¥¸¸  (46). �¡· É¨³ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
´¥ § ¢¨¸¨É µÉ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢. �¸´µ¢Ò¢ Ö¸Ó ´  ´¥°, ³µ¦´µ
¶µ²ÊÎ¨ÉÓ · §²¨Î´Ò¥ ¨´±²Õ§¨¢´Ò¥ · ¸¶·¥¤¥²¥´¨Ö [75].

�·µ¢µ¤Ö ¨´É¥£·¨·µ¢ ´¨¥ ¶µ ¶¥·¥¤ ´´µ³Ê ¨³¶Ê²Ó¸Ê ¨ Ë §µ¢µ³Ê ¶·µ¸É· ´-
¸É¢Ê Ô²¥±É·µ´´µ° ¶ ·Ò, ¶µ²ÊÎ¨³ ¨´±²Õ§¨¢´µ¥ ¶µ µ¡µ¨³ ³Õµ´ ³ ¸¥Î¥´¨¥:

dσa =
2α4

3π3
(1− 2x1x2G)

δ(x1 + x2 − 1)d2p⊥1 d2p⊥2 dx1dx2
(p1⊥ + p2⊥)2(p21⊥ + µ2)(p22⊥ + µ2)

× (51)

×
(
GF̃1 − F̃2 − (2F̃1 − F̃2)(ξ̃3 cos(2ϕq)− ξ̃1 sin(2ϕq))

)
,

£¤¥ ϕq Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ³¥¦¤Ê ¢¥±Éµ·µ³ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ¢Éµ·µ£µ
ËµÉµ´  ¨ ¢¥±Éµ·µ³ p1⊥ + p2⊥ = q⊥;

F̃i = Fi

(
| q⊥ |
2me

)
, F1(z) =

z√
z2 + 1

ln(z +
√
z2 + 1) , (52)

F2(z) =
2z2 + 1
z
√
z2 + 1

ln(z +
√
z2 + 1)− 1 .

„ ²¥¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨´±²Õ§¨¢´µ¥ ¶µ µ−-³¥§µ´Ê · ¸¶·¥¤¥²¥´¨¥

dσa =
2α4

3π3
J
d2p1⊥dx

m4
µ

; J = F0 + F3Σ3 + F−Σ− + F+Σ+ + F̃3Σ̃3 , (53)

£¤¥ ¢¥²¨Î¨´  J ¢ ¸É ·Ï¥³ ²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¨³¥¥É ¢¨¤

J =
L2 + 4LT+ 3T2

(1 + ρ)2

[
1− 2x1(1− x1)

(1 + ρ)2
(1 + ρ2 − 2ρΣ3)

]
, ρ =

p21⊥
m2

µ

 1 ,

(54)

L = ln
m2

µ

m2
e

, T = ln(1 + ρ), Σ3 = l1 cos 2γ1 , Σ̃3 = l2 cos 2γ2 ,

Σ± = l1l2 cos 2(γ1 ± γ2) , l2i = (ξi3)
2 + (ξi1)

2 .

‡¤¥¸Ó γi = (p̂1⊥ , Ti) Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ³ ±¸¨³ ²Ó-
´µ° ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  i ¨ ¶µ¶¥·¥Î´µ° ±µ³¶µ´¥´Éµ° ¨³¶Ê²Ó¸ 
µ−. ’µÎ´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö J ¶·¨¢¥¤¥´µ ¢ [75]. �É³¥É¨³, ÎÉµ § ¢¨¸¨³µ¸ÉÓ
¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö µÉ ¶ · ³¥É·µ¢ ‘Éµ±¸  ®ÎÊ¦µ£µ¯ ËµÉµ´  Ö¢²Ö¥É¸Ö ¸² -
¡µ° (F±/F0 ≈ F̃3/F0 ≤ 3 ·10−2), Éµ£¤  ± ± § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ²Ö·¨§ Í¨¨ ®¸¢µ-
¥£µ¯ ËµÉµ´  ¢¶µ²´¥ § ³¥É´ , ¨ ¶·¨ ρ = 1, 2 ¨ x1 = 1/2 ¢¥²¨Î¨´  § ¢¨¸ÖÐ¨Ì
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¨¸. 11. „µ²Ö ³Õµ´µ¢ ¸ p1⊥ > p1⊥min ¢ § ¢¨¸¨³µ¸É¨ µÉ p2
1⊥min/m

2
µ ¶·¨ x1 = 0 [75]

µÉ ¸¶¨´  ¸² £ ¥³ÒÌ ¢ J ¤µ¸É¨£ ¥É 20 %. ‘¶¥Í¨ ²Ó´Ò° ¨´É¥·¥¸ ³µ¦¥É ¶·¥¤-
¸É ¢²ÖÉÓ ¤µ²Ö δ É ±¨Ì ¸µ¡ÒÉ¨°, ±µ£¤  µ− ¢Ò²¥É ¥É ¸ ¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸µ³,
¡µ²ÓÏ¨³ ´¥±µÉµ·µ£µ ³¨´¨³ ²Ó´µ£µ. ƒ· Ë¨± ÔÉµ° ËÊ´±Í¨¨ δ(ρ0, x1) = N/D
¤²Ö ρ 1, £¤¥

N =
1
ρ

{
[1− 2x1(1− x1)](L2 + L(4T+ 5) + 3T2 + 8T+ 6)+

+2x1(1− x1)(2L+ 2T+ 3)
}
, (55)

D = 175− 239x1(1− x1) , (56)

¶·¨¢¥¤¥´ ´  ·¨¸. 11. �  ·¨c. 12 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ¸É¨ ´¥¶µ²Ö·¨§µ¢ ´´µ°
Î ¸É¨ ¸¥Î¥´¨Ö F0 ¨ µÉ´µÏ¥´¨Ö F3/F0 µÉ ρ = p21⊥/m

2
µ. �É³¥É¨³, ÎÉµ ¸¥Î¥´¨¥

¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¤¢ÊÌ e+e−-¶ · ¤²Ö ·¥ ²¨¸É¨Î¥¸±¨Ì §´ Î¥´¨° ρ  1
¶·¨¡²¨§¨É¥²Ó´µ ¢¤¢µ¥ ¡µ²ÓÏ¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ³Õµ´´µ° ¨ Ô²¥±É·µ´´µ°
¶ ·Ò [75].

‘É¥¶¥´Ó ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ξ2 ³µ¦¥É ¡ÒÉÓ ¨§³¥·¥´  ¢  §¨-
³ÊÉ ²Ó´ÒÌ ±µ··¥²ÖÍ¨ÖÌ ¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ µ¸¨ ¶ÊÎ±µ¢ (Rk1) ±µ³¶µ´¥´É ¨³-
¶Ê²Ó¸µ¢ ¶ ·Ò ²¥¶Éµ´µ¢, ¨, ± ± ¡Ò²µ ¶µ± § ´µ ¢ [80], ¶·µ¨¸Ìµ¤¨É µÉ ¨´É¥·Ë¥-
·¥´Í¨¨  ³¶²¨ÉÊ¤ ¡µ·´µ¢¸±µ£µ ¨ µ¤´µ¶¥É²¥¢µ£µ ¶·¨¡²¨¦¥´¨°. „²Ö µÉ´µÏ¥´¨Ö
¢±² ¤µ¢ ¢ ¸¥Î¥´¨¥ ¨³¥¥³

dσpol
dσ0

= α(ξ(1)2 A(1) sin(φ1) + ξ
(2)
2 A(2) sin(φ2)) , (57)

£¤¥ ¢¥²¨Î¨´Ò ¸ ¨´¤¥±¸ ³¨ 1 ¨ 2 µÉ¢¥Î ÕÉ ¶ · ³, ·µ¦¤¥´´Ò³, ¸µµÉ¢¥É¸É¢¥´´µ,
ËµÉµ´ ³¨ 1 ¨ 2, φ1 Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ³¥¦¤Ê ¶¥·¶¥´¤¨±Ê²Ö·´Ò³¨ ± µ¸¨
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¨¸. 12.  ) ‡ ¢¨¸¨³µ¸ÉÓ F0, F3 (53) µÉ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  µ−-³¥§µ´  [75]. ¡) ‡ -

¢¨¸¨³µ¸ÉÓ  ¸¨³³¥É·¨¨ F3/F0 = (dσ
‖
a − dσ⊥

a )/(dσ
‖
a + dσ⊥

a ) ¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö

·¥ ±Í¨¨ γγ → µ+µ−e+e− µÉ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  µ−-³¥§µ´  [75]; dσ‖
a (dσ⊥

a ) µÉ-
¢¥Î ÕÉ ¸²ÊÎ Õ, ±µ£¤  ´ ¶· ¢²¥´¨¥ ³ ±¸¨³ ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¶¥·¢µ£µ ËµÉµ´  ²¥¦¨É
¢ ¶²µ¸±µ¸É¨ pµ− , k1 (¶¥·¶¥´¤¨±Ê²Ö·´µ ± ´¥°)

¶ÊÎ±µ¢ ±µ³¶µ´¥´É ³¨ 3-¨³¶Ê²Ó¸µ¢ ¶ ·, 0 < φ1 < π, x = q10/ω1, y = 1− x =
= q20/ω1 Å ¤µ²¨ Ô´¥·£¨¨ ±µ³¶µ´¥´É ¶ ·Ò, z = |q1⊥|/|q2⊥|;

A =
z

2(x2 + y2)

(
2x
z2

(y − xc

z
) ln

x

d
− 2y(x− cyz) ln

z2y

d
+

xyz

(x+ yz2)2
×

×
(
x2

z3
− y2z3 + zy2 − x2

z
+ (

1
z
+ 2c+ z)(z2y2 − x2

z2
)
))

, (58)

c = cosφ, d = x2 + y2z2 − 2xyzc.

„²Ö §´ Î¥´¨° (z;x) = (0, 1; 0, 9), (10; 0, 1) ¢¥²¨Î¨´  αA ¤µ¸É¨£ ¥É ±3 %.
‘¶¥Í¨Ë¨±  · ¸¸³µÉ·¥´´ÒÌ ¢ÒÏ¥ ¶·µÍ¥¸¸µ¢ ¢ Î·¥§¢ÒÎ °´µ ³ ²ÒÌ Ê£² Ì

(≤ 10−3 ¤²Ö ω1 = ω2 ≥ 100 ƒÔ‚) ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ±µ³¶µ´¥´É µ¡· §µ-
¢ ¢Ï¨Ì¸Ö ¶ · ¨ µ¸ÓÕ ¶ÊÎ±µ¢ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´µ£µ Ê¸É·µ°¸É¢  ¤¥É¥±Éµ·µ¢
³Õµ´µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¢¤ ²¨ µÉ ÉµÎ±¨ ¸Éµ²±´µ¢¥´¨Ö ¨, ¶µ-¢¨¤¨³µ³Ê, ¨¸-
¶µ²Ó§µ¢ ´¨Ö ³ £´¨É´ÒÌ ¶µ²¥°.

„·Ê£µ° ¸¨¸É¥³µ° ± ²¨¡·µ¢µÎ´ÒÌ ¶·µÍ¥¸¸µ¢ Ö¢²ÖÕÉ¸Ö ¶·µÍ¥¸¸Ò µ¡· §µ-
¢ ´¨Ö ¶ ·Ò § ·Ö¦¥´´ÒÌ ¡µ§µ´µ¢ ¨²¨ ²¥¶Éµ´µ¢, ²¥ÉÖÐ¨Ì ¢ ‘–Œ ´  ¡µ²ÓÏ¨¥
Ê£²Ò [81]. ‘¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ Ê¡Ò¢ ÕÉ ¸ Ô´¥·£¨¥° ¨ ¨³¥ÕÉ ¶µ·Ö¤µ±
¢¥²¨Î¨´Ò σ ∼ 10−32c³2/s (ƒÔ‚2).
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�·¥¤¶µ²µ¦¨³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸É¨¦¨³µ ¤¥É¥±É¨·µ¢ ´¨¥ Î ¸É¨Í
¸ Ê£²µ³ ¢Ò²¥É  Î ¸É¨Í ¶µ µÉ´µÏ¥´¨Õ ± µ¸¨ ¶ÊÎ±  ϑ É ±¨³, ÎÉµ | cosϑ| ≤ a
(¢ ‘–Œ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢). ‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ²¥¶Éµ´´µ° ¶ ·Ò ¢ ÔÉ¨Ì
Ê¸²µ¢¨ÖÌ § ¢¨¸¨É µÉ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢. „²Ö ¸²ÊÎ Ö ¸µ¸ÉµÖ´¨°
ËµÉµ´µ¢ ¸ µ¤¨´ ±µ¢Ò³¨ ¸¶¨· ²Ó´µ¸ÉÖ³¨ (±±) ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ²¥¶Éµ´µ¢
³ ²µ (∼ α2m2/s2), ¨ ³Ò ¨³ ¶·¥´¥¡·¥£ ¥³.‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö W+W−-¶ -
·Ò ¨³¥¥É ¢¨¤

σ±±a (γγ→W+W−) =
2πα2

s
(3 + b2)(1 + 3b2)

(
1
2
ln

1 + ab

1− ab
+

ab

1− (ab)2

)
, (59)

£¤¥ b Å ¸±µ·µ¸ÉÓ W -¡µ§µ´ , ¨´¤¥±¸ a µ§´ Î ¥É | cosϑ| ≤ a. „²Ö ¸¥Î¥´¨Ö
µ¡· §µ¢ ´¨Ö W+W− ËµÉµ´ ³¨ · §´µ° ¸¶¨· ²Ó´µ¸É¨ ¨³¥¥³

σ±∓a (γγ→W+W−) =
2πα2

s
×

×
(
6ab+ (5− b2)(7− 3b2)

ab

1− a2b2
− 9 + 10b2 − 3b4

2
ln

1 + ab

1− ab

)
. (60)

„²Ö ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ²¥¶Éµ´µ¢ ËµÉµ´ ³¨ · §´µ° ¸¶¨· ²Ó´µ¸É¨ ¨³¥¥³

σ±∓a (γγ→l+l−) =
4πα2

s

(
5− b4

2
ln

1 + ab

1− ab
− ab

(
2 +

(1 − b2)(3 − b2)
1− a2b2

))
,

(61)

£¤¥ b Å ¸±µ·µ¸ÉÓ ²¥¶Éµ´ .
� ¶µ³´¨³, ÎÉµ ÔÉ¨ ¸¥Î¥´¨Ö ´ ¤µ Ê¸·¥¤´¨ÉÓ ¶µ ¸¶¥±É· ²Ó´Ò³ ¸¢¥É¨³µ-

¸ÉÖ³, ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, § ¢¨¸ÖÉ µÉ ³¥Ì ´¨§³  ±µ´¢¥·¸¨¨. —¨¸²¥´´µ ¤²Ö
Ô´¥·£¨¨ 500 <

√
s (ƒÔ‚) < 1500 ¨ a = 0, 9 ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö

W+W−-¶ · ËµÉµ´ ³¨ µ¤¨´ ±µ¢µ° ¸¶¨· ²Ó´µ¸É¨ ¨³¥ÕÉ ¶µ·Ö¤µ±
100 ¶¡ = 10−34 c³2, Éµ£¤  ± ± ¤²Ö ¸²ÊÎ Ö · §´ÒÌ ¸¶¨· ²Ó´µ¸É¥° ÔÉ  ¢¥²¨Î¨´ 
¨§³¥´Ö¥É¸Ö µÉ 70 ¤µ 10 ¶¡. �É¨ ¸¥Î¥´¨Ö ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 13. �É³¥É¨³,
ÎÉµ ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¶ ·Ò tt̄-±¢ ·±µ¢ ¢ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ³¥´Ö¥É¸Ö µÉ 1 ¤µ
0,01 ¶¡.

�É´µÏ¥´¨¥ ¸¥Î¥´¨° ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ Rl/W ¢ ¸²ÊÎ ¥ Î ¸É¨Î´µ ¶µ²Ö·¨§µ-
¢ ´´ÒÌ ¶ÊÎ±µ¢:

Rl/W =
σa(γγ→l+l−)

σa(γγ→W+W−)
=

1−P1P2
2 σ±∓a(γγ→l+l−)

1+P1P2
2 σ±±a(γγ→W+W−) +

1−P1P2
2 σ±∓a(γγ→W+W−)

,

£¤¥ P1, P2 Å ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢, ³µ¦¥É ¡ÒÉÓ ¨¸-
¶µ²Ó§µ¢ ´µ ¤²Ö µ¶·¥¤¥²¥´¨Ö P1, P2. „²Ö µ¶·¥¤¥²¥´¨Ö ¸¢¥É¨³µ¸É¨ ³µ¦´µ ¨¸-
¶µ²Ó§µ¢ ÉÓ ¸±µ·µ¸ÉÓ ¸Î¥É  ²¥¶Éµ´´ÒÌ ¶ · ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¸¥Î¥´¨¥ (Î¨¸²¨-
É¥²Ó ¢Ò· ¦¥´¨Ö Rl/W ) ¨²¨ ¦¥ ¸±µ·µ¸ÉÓ ¸Î¥É  § ·Ö¦¥´´ÒÌ ¡µ§µ´µ¢ ¨ ¸¥Î¥´¨¥,
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¨¸. 13. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ (¢ ‘–Œ) µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¶ ·Ò
²¥¶Éµ´µ¢ ¨ W -¡µ§µ´µ¢ ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ [81]. ˜É·¨Ìµ¢ Ö (¸¶²µÏ´ Ö) ²¨´¨Ö µÉ-
¢¥Î ¥É µ¤¨´ ±µ¢µ³Ê (¶·µÉ¨¢µ¶µ²µ¦´µ³Ê) §´ ±Ê ¸¶¨· ²Ó´µ¸É¨ ËµÉµ´ . Œ ¸¸  ¡µ§µ´ 
¢Ò¡· ´  · ¢´µ° W = 80 ƒÔ‚. “£µ² µ¡·¥§ ´¨Ö | cos ϑ| < 0, 9

¶·¨¢¥¤¥´´µ¥ ¢ §´ ³¥´ É¥²e ¢Ò· ¦¥´¨Ö ¤²Ö Rl/W . �·¨Î¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
¢¥²¨Î¨´Ò ¤µ²¦´Ò ¡ÒÉÓ · ¢´Ò.

�¢Éµ·Ò ¡² £µ¤ ·´Ò �. 5¥²Ó±µ¢Ê, ˆ. ˆ¢ ´µ¢Ê ¨ Œ. `·±µ¢Ê §  ¸É¨³Ê²¨·Ê-
ÕÐ¥¥ ¢²¨Ö´¨¥ ¨ ÊÎ ¸É¨¥ ¢ ´ Î ²Ó´µ° ¸É ¤¨¨ ´ ¶¨¸ ´¨Ö ´ ¸ÉµÖÐ¥£µ µ¡§µ· ,  
É ±¦¥ ‚. ’¥²Ó´µ¢Ê, ¶·µÎ¨É ¢Ï¥³Ê ·Ê±µ¶¨¸Ó ¨ ¸¤¥² ¢Ï¥³Ê ·Ö¤ Í¥´´ÒÌ § ³¥-
Î ´¨°, ‚. ‘¥·¡µ ¨ ˆ. ƒ¨´§¡Ê·£Ê §  ¤¨¸±Ê¸¸¨¨, 5. ˜ °Ì É¤¥´µ¢Ê §  ¶µ³µÐÓ ¢
µËµ·³²¥´¨¨.
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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

 ¸¸³µÉ·¥´µ ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨Ì ³¥Éµ¤µ¢ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨
¢ Ô±¸¶¥·¨³¥´É Ì ¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨ ¢ Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¥. �¶¨¸ ´Ò ¶ · ³¥É·Ò
É ±¨Ì Ô²¥³¥´Éµ¢ µ¶ÉµÔ²¥±É·µ´¨±¨, ± ± µ¶É¨Î¥¸±µ¥ ¢µ²µ±´µ, ¶¥·¥¤ ÉÎ¨±¨ ¨ ¶·¨¥³´¨±¨ µ¶É¨Î¥-
¸±µ£µ ¨§²ÊÎ¥´¨Ö. �·¨¢¥¤¥´Ò ¤ ´´Ò¥, Ì · ±É¥·¨§ÊÕÐ¨¥ ¨§³¥´¥´¨Ö ¶ · ³¥É·µ¢ µ¶ÉµÔ²¥±É·µ´¨±¨
¢ Ê¸²µ¢¨ÖÌ ¦¥¸É±µ° · ¤¨ Í¨¨.

 ¸¸³µÉ·¥´Ò ¶·¨³¥·Ò Ê¸¶¥Ï´µ£µ ¶·¨³¥´¥´¨Ö ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨Ì ¸¨¸É¥³ ¶¥·¥¤ Î¨ Í¨Ë-
·µ¢µ° ¨  ´ ²µ£µ¢µ° ¨´Ëµ·³ Í¨¨ ¤²Ö ±µ´É·µ²Ö ¨ Ê¶· ¢²¥´¨Ö ¨µ´´Ò³¨ ¨¸ÉµÎ´¨± ³¨ ²¨´¥°´ÒÌ
Ê¸±µ·¨É¥²¥° ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹‚� �ˆŸˆ.

Modern state of technology of the optical ˇbers for transmission of information in high-energy
physics experiments and in accelerator technique are considered. Characteristics of the optoelectronic
components such as ˇbers, transmitters and receivers are given. The data, which describe the change
of characteristics of the optoelectronic components depending on irradiation typical for the expiriments
at LHC are given.

Examples of successful use of digital and analog ˇber transmission for data control in ion sources
of the linear accelerator of the Laboratory of High Energy Physic are considered.

Š 40-²¥É¨Õ Ê¸±µ·¥´¨Ö ¶·µÉµ´µ¢
´  ¸¨´Ì·µË §µÉ·µ´¥ 8ˆŸˆ

‚‚…„…�ˆ…

Š·Ê¶´Ò¥ Ê¸¶¥Ì¨ ¢ · §· ¡µÉ±¥ µ¶ÉµÔ²¥±É·µ´´ÒÌ ¨ Î¨¸Éµ µ¶É¨Î¥¸±¨Ì ²µ£¨-
Î¥¸±¨Ì Ô²¥³¥´Éµ¢ ¨ ¸·¥¤¸É¢ ¸¢Ö§¨ ¸µ§¤ ²¨ ¶·¥¤¶µ¸Ò²±¨ ¤²Ö ¶µ¸É·µ¥´¨Ö µ¶É¨-
Î¥¸±¨Ì ¶·µÍ¥¸¸µ·µ¢, ¤¥É¥±Éµ·µ¢ ´µ¢µ£µ É¨¶  ¨ µ¶ÉµÔ²¥±É·µ´´ÒÌ Ê¸É·µ°¸É¢
·¥£¨¸É· Í¨¨ ¨ µ¡· ¡µÉ±¨ Ë¨§¨Î¥¸±µ° ¨´Ëµ·³ Í¨¨. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¢ Ë¨§¨-
Î¥¸±¨Ì Ô±¸¶¥·¨³¥´É Ì µ¶É¨Î¥¸±¨Ì ¶·¨¡µ·µ¢ ¨ ²¨´¨° ¶¥·¥¤ Î¨ ¤ ¥É ³´µ£µ
¶·¥¨³ÊÐ¥¸É¢, ¢ Î ¸É´µ¸É¨, µÉ¶ ¤ ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ Í¥¶ÖÌ · §¢Ö§±¨, ´¥ É·¥-
¡Ê¥É¸Ö §¥³²Ö´ Ö Ï¨´ , ·¥§±µ Ê³¥´ÓÏ ÕÉ¸Ö · §³¥·Ò, ¢¥¸ ¨ ¸Éµ¨³µ¸ÉÓ ± ´ -
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²µ¢ ¶¥·¥¤ Î¨. Š·µ³¥ Éµ£µ, ¶µÖ¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ·¥£¨¸É·¨·µ¢ ÉÓ ´¥¶µ¸·¥¤-
¸É¢¥´´µ ®µ¡· §Ò¯ ¸µ¡ÒÉ¨° ¨ ¸ÊÐ¥¸É¢¥´´µ ¶µ¢ÒÏ ¥É¸Ö ÉµÎ´µ¸ÉÓ ·¥£¨¸É· Í¨¨
¸µ¡ÒÉ¨°.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸²µ¦¨²µ¸Ó ´¥¸±µ²Ó±µ ´ ¶· ¢²¥´¨° ¢ Ô±¸¶¥·¨³¥´É Ì
¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ¢ ±µÉµ·ÒÌ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢µ²µ±µ´´Ò¥ µ¶É¨Î¥¸±¨¥
¸¢¥Éµ¢µ¤Ò (‚�‘) ¨ ¨Ì ³µ¤¨Ë¨± Í¨¨. �·¨³¥´¥´¨¥ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ‚�‘ ¢
¤¥É¥±Éµ· Ì Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í · ¸¸³µÉ·¥´µ ¢ µ¡§µ· Ì [1,2]. „ ´´Ò° µ¡§µ·
¶µ¸¢ÖÐ¥´ ¢µ¶·µ¸ ³ ¶·¨³¥´¥´¨Ö ‚�‘ ¤²Ö ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´-
É Ì ¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨ ¢ Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¥. „²Ö ¶µ¸É·µ¥-
´¨Ö ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ° ²¨´¨¨ ¸¢Ö§¨ (‚�‹‘) ¶µ³¨³µ ‚�‘ ´¥µ¡Ìµ¤¨³Ò
É ±¦¥ ¶·¨¥³µ¶¥·¥¤ ÕÐ¨¥ ¨ ¤·Ê£¨¥ µ¶ÉµÔ²¥³¥´ÉÒ, Ì · ±É¥·¨¸É¨±¨ ±µÉµ·ÒÌ
· ¸¸³µÉ·¥´Ò ¢ ¤ ´´µ³ µ¡§µ·¥.

‚µ²µ±µ´´µ-µ¶É¨Î¥¸±¨¥ ²¨´¨¨ ¸¢Ö§¨ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° µ¤´µ ¨§ ´ ¨¡µ-
²¥¥ ¶¥·¸¶¥±É¨¢´ÒÌ ´ ¶· ¢²¥´¨° ¢ ¸µ¢·¥³¥´´µ° µ¶ÉµÔ²¥±É·µ´¨±¥. �¡ÒÎ´Ò¥
±¢ ·Í¥¢Ò¥ ‚�‘ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö ¶¥·¥¤ Î¨ ¸¢¥Éµ¢ÒÌ ¸¨£´ ²µ¢ µÉ ¸Í¨´É¨²²Ö-
Éµ·µ¢ ± ”�“, ±µÉµ·Ò¥ · ¸¶µ² £ ÕÉ¸Ö ¢ É ±µ³ ³¥¸É¥, ÎÉµ¡Ò ´¥ ¸± §Ò¢ ²µ¸Ó
¢²¨Ö´¨¥ ³ £´¨É´µ£µ ¶µ²Ö ´  ¨Ì Ì · ±É¥·¨¸É¨±¨. „²¨´  É ±¨Ì ¸¢Ö§¥° ³µ¦¥É
´ Ìµ¤¨ÉÓ¸Ö ¢ Ï¨·µ±¨Ì ¶·¥¤¥² Ì. ‚ ¸¶¥±É·µ³¥É·¥ [3], ±µÉµ·Ò° ¡Ò² · §· -
¡µÉ ´ ¥Ð¥ ¢ ±µ´Í¥ 70-Ì ££., ¸Í¨´É¨²²ÖÍ¨µ´´Ò° £µ¤µ¸±µ¶ ´ Ìµ¤¨É¸Ö ´ 
· ¸¸ÉµÖ´¨¨ 1Ä1,5 ³ µÉ ”�“. „·Ê£¨³ ¢ ¦´Ò³ ´ ¶· ¢²¥´¨¥³ ¢ ¨¸¶µ²Ó§µ¢ ´¨¨
‚�‹‘ Ö¢²Ö¥É¸Ö Ê¸±µ·¨É¥²Ó´ Ö É¥Ì´¨± . ‚ 1966 £. ¡Ò²  É¥µ·¥É¨Î¥¸±¨ µ¡µ-
¸´µ¢ ´  ¢µ§³µ¦´µ¸ÉÓ ·¥ ²¨§ Í¨¨ ‚�‹‘ [4], ¨ ¢ 1970 £. ¢¶¥·¢Ò¥ ¶µ²ÊÎ¥´µ
´¥µ¡Ìµ¤¨³µ¥ ±¢ ·Í¥¢µ¥ ¢µ²µ±´µ [5]. �¶ÒÉ´Ò¥ µ¡· §ÍÒ ¸¢Ö§¨, · ¡µÉ ÕÐ¨¥
´  ¤²¨´¥ ¢µ²´Ò 0,85 ³±³, ¡Ò²¨ ¸µ§¤ ´Ò ¢ 1975 £. [6].

�¡§µ· ¸µ¸Éµ¨É ¨§ ¢¢¥¤¥´¨Ö, ¤¥¢ÖÉ¨ · §¤¥²µ¢ ¨ § ±²ÕÎ¥´¨Ö. ‚ ¶¥·¢µ³
· §¤e²¥ ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ‚�‘. ‚Éµ·µ° · §¤¥² µ¡§µ·  ¶µ-
¸¢ÖÐ¥´ É ±¨³ µ¶É¨Î¥¸±¨³ Ô²¥³¥´É ³, ± ± ¸¢¥Éµ¤¨µ¤Ò, ² §¥·´Ò¥ ¤¨µ¤Ò ¨ Ëµ-
Éµ¤¥É¥±Éµ·Ò. ‚ É·¥ÉÓ¥³ · §¤¥²¥ µ¡§µ·  ¤ ´Ò Ì · ±É¥·¨¸É¨±¨ ±µ³¶µ´¥´Éµ¢,
µ¶·¥¤¥²ÖÕÐ¨Ì ´ ¤¥¦´µ¸ÉÓ ‚�‹‘. ‚ Î¥É¢¥·Éµ³ · §¤¥²¥ µ¶¨¸ ´Ò ±µ´¸É·Ê±Í¨¨
¨ ¸¶µ¸µ¡Ò ¨§£µÉµ¢²¥´¨Ö ¶µ¸ÉµÖ´´ÒÌ ¨ · §Ñ¥³´ÒÌ ¸µ¥¤¨´¥´¨°. �·¨³¥´¥´¨Õ
³¨±·µ²¨´§ ¢ ¸¨¸É¥³ Ì ‚�‹‘ ¶µ¸¢ÖÐ¥´ ¶ÖÉÒ° · §¤¥² µ¡§µ· . Œ ¸¸µ¢µ¥ ¶·¨-
³¥´¥´¨¥ ‚�‹‘ ¢ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  LHC µ¶¨¸ ´µ ¢ Ï¥¸Éµ³ · §¤¥²¥
µ¡§µ· . ‚ ¸¥¤Ó³µ³ · §¤¥²¥ ¶·¨¢¥¤¥´Ò ¸É ´¤ ·ÉÒ, · §· ¡µÉ ´´Ò¥ ¤²Ö ‚�‹‘.
‚ ¶µ¸²¥¤´¨Ì ¤¢ÊÌ · §¤¥² Ì · ¸¸³ É·¨¢ ÕÉ¸Ö ¢µ¶·µ¸Ò · §· ¡µÉ±¨ ¨ ¨¸¶µ²Ó§µ-
¢ ´¨Ö ‚�‹‘ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹‚� �ˆŸˆ.

1. •
	
Š’…	ˆ‘’ˆŠˆ ‚‘

‚ [7] µÉ³¥Î ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¶µ²µ¦¨É¥²Ó´Ò¥ ± Î¥¸É¢  ‚�‘:

• Ï¨·µ± Ö ¶µ²µ¸  ¶·µ¶Ê¸± ´¨Ö, ÎÉµ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¢Ò¸µ±µ° Î ¸ÉµÉÒ
¶¥·¥¤ Î¨;
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• ³ ²Ò¥ · §³¥·Ò;

• ¸² ¡µ¥ § ÉÊÌ ´¨¥ ¸¨£´ ²µ¢;

• µÉ¸ÊÉ¸É¢¨¥ ´¥µ¡Ìµ¤¨³µ¸É¨ ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ §¥³²Ö´µ° Ï¨´Ò;

• ¶· ±É¨Î¥¸±µ¥ µÉ¸ÊÉ¸É¢¨¥ ¢²¨Ö´¨Ö Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¨ ¢§ ¨³´µ£µ
¢²¨Ö´¨Ö µÉ¤¥²Ó´ÒÌ ‚�‘ ¤·Ê£ ´  ¤·Ê£ ;

• ¤¨Ô²¥±É·¨Î¥¸±¨¥ ¸¢Ö§¨ ³¥¦¤Ê ¶¥·¥¤ ÉÎ¨± ³¨ ¨ ¶·¨¥³´¨± ³¨;

• ¢µ§³µ¦´µ¸ÉÓ · ¡µÉÒ ¢ ³Ê²ÓÉ¨³µ¤µ¢µ³ ·¥¦¨³¥ ¨ ¤·.

Š ´¥¤µ¸É É± ³ ³µ¦´µ µÉ´¥¸É¨:

• ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ÉµÎ´µ³ ¸µ£² ¸µ¢ ´¨¨ · §Ñ¥³µ¢ ¨ ‚�‘;

• Ì·Ê¶±µ¸ÉÓ ‚�‘ ¨ ¸²µ¦´µ¸ÉÓ ·¥³µ´É  ³ £¨¸É· ²Ó´ÒÌ ¸¢Ö§¥°;

• É·Ê¤´µ¸É¨ ¸ ¶¥·¥¤ Î ³¨  ´ ²µ£µ¢ÒÌ ¸¨£´ ²µ¢ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ¨§-
§  ´¥²¨´¥°´µ¸É¨ Ì · ±É¥·¨¸É¨± ‚�‘ ¨ Ô²¥±É·µµ¶É¨Î¥¸±¨Ì ¶·¨¥³µ¶¥-
·¥¤ ÉÎ¨±µ¢.

’¨¶¨Î´Ò° ± ´ ² ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¸µ¸Éµ¨É ¨§ Ô²¥±É·µµ¶É¨Î¥¸±µ£µ ¶·¥-
µ¡· §µ¢ É¥²Ö (���), ‚�‹‘ ¨ µ¡· É´µ£µ ¶·¥µ¡· §µ¢ É¥²Ö ¸¢¥Éµ¢ÒÌ ¸¨£´ ²µ¢
¢ Ô²¥±É·¨Î¥¸±¨¥.

¨¸. 1. ‘É·Ê±ÉÊ·  ±·¥³´¨¥¢µ£µ ‚�‘ ¸ ¶µÏ £µ¢Ò³ ¨´¤¥±¸µ³

�  ·¨¸. 1 ¶·¨¢¥¤¥´  ¸Ì¥³  ¸É¥±²Ö´´µ£µ ‚�‘ ¸ ¶µÏ £µ¢Ò³ ¨´¤¥±¸µ³ [7].
‘¥·¤¥Î´¨± ¢Ò¶µ²´¥´ ¨§ ±·¥³´¨¥¢µ£µ ¸É¥±²  ¸ ±µÔËË¨Í¨¥´Éµ³ µÉ· ¦¥´¨Ö
k1, ±µÉµ·Ò° µ±·Ê¦¥´ ¸É¥±²Ö´´µ° µ¡µ²µÎ±µ° ¸ ³¥´ÓÏ¨³ ±µÔËË¨Í¨¥´Éµ³ µÉ-
· ¦¥´¨Ö k2. �É¨ ¤¢  ´ ¶µ²´¥´¨Ö µ±·Ê¦¥´Ò ¢´¥Ï´¥° µ¡µ²µÎ±µ°. �·µÍ¥¸¸
· ¸¶·µ¸É· ´¥´¨Ö ¸¢¥Éµ¢µ£µ ¸¨£´ ²  ¢¤µ²Ó ‚�‘ ¨²²Õ¸É·¨·Ê¥É¸Ö ¸ ¶µ³µÐÓÕ
·¨¸. 2. “£µ² ¶µ²´µ£µ µÉ· ¦¥´¨Ö φ µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¢Ò· ¦¥´¨Ö

sinφmax = k1 cosφc = (n21 − n22)
1/2 = n1(2δ)1/2,

£¤¥ δ Å ±µ´¸É ´É .
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¨¸. 2.  ¸¶·µ¸É· ´¥´¨¥ ¸¢¥Éµ¢µ£µ ²ÊÎ  ¢ ±·¥³´¨¥¢µ³ ‚�‘

�µ²´µ¥ ¢´ÊÉ·¥´´¥¥ µÉ· ¦¥´¨¥ ¨³¥¥É ³¥¸Éµ ´  £· ´¨Í¥ ¸ ¢´¥Ï´¥° µ¡µ-
²µÎ±µ°, ¨ ¶µÔÉµ³Ê ¸¢¥Éµ¢µ° ¸¨£´ ² · ¸¶·µ¸É· ´Ö¥É¸Ö ¢¤µ²Ó Í¥´É· ²Ó´µ£µ
¢µ²µ±´ . ‚¥²¨Î¨´  sinφmax Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ ¶ · ³¥É·µ³ ‚�‘. �·¨ ¡µ²Ó-
Ïµ³ §´ Î¥´¨¨ Ê£²  φ ²¥£Î¥ ¢¢µ¤¨ÉÓ ¸¢¥Éµ¢µ° ¸¨£´ ² ¢ Éµ·¥Í ¢µ²µ±´ . Š·µ³¥
Éµ£µ, ¨³¥¥É ³¥¸Éµ ¸µµÉ´µÏ¥´¨¥, ¶µ§¢µ²ÖÕÐ¥¥ ¢ÒÎ¨¸²ÖÉÓ ®´µ·³ ²¨§µ¢ ´´ÊÕ
Î ¸ÉµÉÊ¯ f´:

f´ = 2π(a/λ)(k21 − k22). (1)

ˆ§ ¸µµÉ´µÏ¥´¨Ö (1) ¸²¥¤Ê¥É, ÎÉµ ®´µ·³ ²¨§µ¢ ´´ Ö Î ¸ÉµÉ ¯ f´ µ¶·¥¤¥-
²Ö¥É ¶µ¢¥¤¥´¨¥ ³µ¤. ’ ±, ¶·¨ 0 ≤ f´ ≤ 2, 405 ¢µ§³µ¦´  Éµ²Ó±µ µ¤´  ³µ¤ 
¶¥·¥¤ Î¨. �·¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ f´ ¨³¥¥É ³¥¸Éµ ³Ê²ÓÉ¨³µ¤µ¢ Ö ¸¨¸É¥³ 
¶¥·¥¤ Î¨. „²Ö µ¤´µ³µ¤µ¢ÒÌ ‚�‘ ¸ ¶µÏ £µ¢Ò³ ¨´¤¥±¸µ³ f´ < 2, 405, 2a =
= 10 ³±³ ¨ δ = 0, 001÷ 0, 01. �·¨ f > 2, 405 ¢¤µ²Ó ‚�‘ ³µ¦´µ ¶¥·¥¤ ¢aÉÓ
´¥¸±µ²Ó±µ ³µ¤. ’ ±¨¥ ¢µ²µ±´  ´ §Ò¢ ÕÉ¸Ö ³Ê²ÓÉ¨³µ¤µ¢Ò³¨ ‚�‘ ¸ ¶µÏ £µ-
¢Ò³ ¨´¤¥±¸µ³. Šµ²¨Î¥¸É¢µ ¶¥·¥¤ ¢ ¥³ÒÌ ³µ¤ m µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

m = f2/2.

’ ±, ¤²Ö ‚�‘ ¶·¨ a = 25 ³±³, δ = 0, 01, ¨¸¶µ²Ó§Ê¥³µ£µ ¶·¨ λ = 840 ´³,
f = 39 ¨ m = 760 [7].

‚ ¦´Ò³ ¶ · ³¥É·µ³ ¢µ²µ±µ´´µ£µ ¸¢¥Éµ¢µ¤  Ö¢²Ö¥É¸Ö Ï¨·µ±µ¶µ²µ¸´µ¸ÉÓ
(˜), ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ± ± ¶·µ¨§¢¥¤¥´¨¥ ¶µ²µ¸Ò ¶·µ¶Ê¸± ´¨Ö ´  ¥£µ
¤²¨´Ê. �´  µ¤´µ§´ Î´µ ¸¢Ö§ ´  ¸ ¤¨¸¶¥·¸¨¥° (· ¸¶²Ò¢ ´¨¥³, · ¸Ï¨·¥´¨¥³)
µ¶É¨Î¥¸±µ£µ ¸¨£´ ² . ‚ ³´µ£µ³µ¤µ¢ÒÌ ¸¢¥Éµ¢µ¤ Ì ³µ¤Ò (N = (2÷6)103) · ¸-
¶·µ¸É· ´ÖÕÉ¸Ö ¸ · §²¨Î´Ò³¨ £·Ê¶¶µ¢Ò³¨ ¸±µ·µ¸ÉÖ³¨, § ¢¨¸ÖÐ¨³¨ µÉ Ê£² 
¢µ§¡Ê¦¤¥´¨Ö, ¨ ¤µ¸É¨£ ÕÉ ËµÉµ¶·¨¥³´¨±  ¢ · §´Ò¥ ³µ³¥´ÉÒ ¢·¥³¥´¨. �Éµ
¨ ¥¸ÉÓ ³¥¦³µ¤µ¢ Ö ¤¨¸¶¥·¸¨Ö. ‚´ÊÉ·¨³µ¤µ¢ Ö ¤¨¸¶¥·¸¨Ö Ì · ±É¥·´  ¤²Ö µ¤-
´µ³µ¤µ¢ÒÌ ‚�‘. ‚ ³´µ£µ³µ¤µ¢ÒÌ ¸¢¥Éµ¢µ¤ Ì ³¥¦³µ¤µ¢ Ö ¤¨¸¶¥·¸¨Ö §´ Î¨-
É¥²Ó´µ ¶·¥¢ÒÏ ¥É ¢´ÊÉ·¨³µ¤µ¢ÊÕ. ‚ ´¨Ì ¸ÊÐ¥¸É¢¥´´µ µ¸² ¡²¥´  § ¢¨¸¨³µ¸ÉÓ
¤¨¸¶¥·¸¨¨ µÉ Ï¨·¨´Ò ¸¶¥±É·  µ¶É¨Î¥¸±µ£µ ¸¨£´ ²  [8]. „²Ö ±¢ ·Í¥¢µ£µ ³´µ-
£µ³µ¤µ¢µ£µ ‚�‘ (k2 = 1, 46; Î¨¸²µ¢ Ö  ¶¥·ÉÊ·  NA = 0, 2÷ 0, 3):

˜ = 17, 0÷ 38, 0 ŒƒÍ · ±³.
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„²Ö ¶¥·¥¤ Î¨  ´ ²µ£µ¢ÒÌ ¸¨£´ ²µ¢ ³µ£ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢Ò¸µ±µ ¶¥·ÉÊ·-
´Ò¥ £· ¤¨¥´É´Ò¥ ‚�‘ [9 ] ¨§ ¶µ²¨±µ³¶µ´¥´É´µ£µ ¸É¥±² , Ê ±µÉµ·ÒÌ ¶µ²´ Ö
¤¨¸¶¥·¸¨Ö · ¢´  2,5 ´¸/±³ ¨ § ÉÊÌ ´¨¥ ¸µ¸É ¢²Ö¥É 6 ¤5/±³ ´  ¤²¨´¥ ¢µ²´Ò
0,85 ³±³. ’ ±¨¥ ¸¢¥Éµ¢µ¤Ò ¶µ ¸· ¢´¥´¨Õ ¸µ ¸ÉÊ¶¥´Î ÉÒ³¨ µ¡² ¤ ÕÉ ¸ÊÐ¥-
¸É¢¥´´µ ³¥´ÓÏ¨³¨ ¶·Ö³Ò³¨ ¶µÉ¥·Ö³¨ ¨ ¶µÉ¥·Ö³¨ ¢ ³¨±·µ¨§£¨¡ Ì. �´¨ ÔË-
Ë¥±É¨¢´Ò ¢ É¥Ì´¨±¥ Ë¨§¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É  ¤²Ö Ê¶· ¢²¥´¨Ö Ê¸É ´µ¢± ³¨
¸¡µ·  ¨ ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¨ ¢ ²µ± ²Ó´ÒÌ ¸¥ÉÖÌ.

Š ± ¨§¢¥¸É´µ, Î¥³ ¡µ²ÓÏ¥  ¶¥·ÉÊ·  ¨ ¤¨ ³¥É· ¸¢¥Éµ¢µ¤´µ° ¦¨²Ò, ¶·¨
¸µ¶µ¸É ¢¨³ÒÌ ¶µÉ¥·ÖÌ, É¥³ ´¨¦¥ É·¥¡µ¢ ´¨Ö ± ÉµÎ´µ¸É¨ ¨ ±µ´¸É·Ê±Í¨¨ Ô²¥-
³¥´Éµ¢ ¸µ¶·Ö¦¥´¨Ö ¸¢¥Éµ¢µ¤  ¸ ¨¸ÉµÎ´¨±µ³ ¨ ¶·¨¥³´¨±µ³ ¨§²ÊÎ¥´¨Ö. ‚ ÔÉµ°
¸¢Ö§¨ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¸µµ¡Ð¥´¨¥ [10] µ · §· ¡µÉ±¥ ‚�‘ ¸ ¢Ò¸µ±µ° Î¨¸-
²µ¢µ°  ¶¥·ÉÊ·µ° (0, 5 ÷ 0, 56) É¨¶  ®¶µ²¨±µ³¶µ´¥´É´µ¥ ¸É¥±²µ-¶µ²¨³¥·¯ ¸
¶µÉ¥·Ö³¨ 50 ¤5/±³ ´  ¤²¨´¥ ¢µ²´Ò 0,85 ³±³. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ · §²¨Î´Ò¥
¤µ¡ ¢±¨ ¢ ±¢ ·Í¥¢Ò° ³ É¥·¨ ² ¸¥·¤Í¥¢¨´Ò, ± ± ¶· ¢¨²µ, ÊÌÊ¤Ï ÕÉ · ¤¨ Í¨-
µ´´ÊÕ ¸Éµ°±µ¸ÉÓ,   ¶µ²¨³¥·´Ò¥ µ¡µ²µÎ±¨ ¸´¨¦ ÕÉ É¥³¶¥· ÉÊ·´µ-Ë §µ¢ÊÕ
¸É ¡¨²Ó´µ¸ÉÓ ¨ ³µ·µ§µ¸Éµ°±µ¸ÉÓ ¸¢¥Éµ¢µ¤µ¢. Œ¨´¨³ ²Ó´Ò° É¥³¶¥· ÉÊ·´Ò°
±µÔËË¨Í¨¥´É (¶ · ³¥É·, ¸¢Ö§ ´´Ò° ¸ ¤²¨´µ° ‚�‘ ¨ ¶µ± § É¥²¥³ ¶·¥²µ³²¥-
´¨Ö ¸¥·¤Í¥¢¨´Ò, ¨§³¥´ÖÕÐ¨°¸Ö ¶·¨ ¨§³¥´¥´¨¨ µ±·Ê¦ ÕÐ¥° É¥³¶¥· ÉÊ·Ò ¨
¤·Ê£¨Ì Ë ±Éµ·µ¢) ¨³¥ÕÉ ±¢ ·Í-±¢ ·Í¥¢Ò¥ ¸¢¥Éµ¢µ¤Ò, ¸¢µ¡µ¤´µ Ê²µ¦¥´´Ò¥ ¢
¶µ²¨³¥·´ÊÕ É·Ê¡±Ê ¸ ¶µ³µÐÓÕ Ê¶·µÎ´ÖÕÐ¨Ì ´¨É¥°, ¸Ëµ·³¨·µ¢ ´´ÒÌ ¢ ± -
¡¥²Ó´ÊÕ µ¸´µ¢Ê. ‚ ±¢ ·Í-¶µ²¨³¥·´ÒÌ ‚�‘ ±¢ ·Í¥¢ Ö ¸¥·¤Í¥¢¨´  ´ Ìµ¤¨É¸Ö
¢ ¸¦ Éµ³ ¸µ¸ÉµÖ´¨¨, ÎÉµ ¶·¨¢µ¤¨É ± µ¸² ¡²¥´¨Õ ³µ·µ§µ¸Éµ°±µ¸É¨.

ŒÊ²ÓÉ¨³µ¤µ¢Ò¥ ‚‘ ¸ £· ¤¨¥´É´Ò³ ¨´¤¥±¸µ³. „ ´´Ò° É¨¶ ‚�‘ ¶µ-
§¢µ²Ö¥É ¶¥·¥¤ ¢ ÉÓ ¸¢¥Éµ¢Ò¥ ¸¨£´ ²Ò ¸ ¶µ²µ¸µ° ´  É·¨ ¶µ·Ö¤±  ¡µ²ÓÏ¥°,
´¥¦¥²¨ ‚�‘ ¸ ¶µÏ £µ¢Ò³ ¨´¤¥±¸µ³. �¤´ ±µ É ±µ¥ ± Î¥¸É¢µ ¤µ¸É¨£ ¥É¸Ö ¶Ê-
É¥³ Ê¸²µ¦´¥´¨Ö É¥Ì´µ²µ£¨¨ ¨§£µÉµ¢²¥´¨Ö µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ . ‘ÊÉÓ ¤ ´´µ°
É¥Ì´µ²µ£¨¨ § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ±µÔËË¨Í¨¥´É ¶µ²´µ£µ µÉ· ¦¥´¨Ö ‚�‘
Ö¢²Ö¥É¸Ö ¶¥·¥³¥´´µ° ¢¥²¨Î¨´µ° ¢ ´ ¶· ¢²¥´¨¨ · ¤¨Ê¸ , ¨ µ¸´µ¢´ Ö ¶·µ¡²¥³ 
¸µ¸Éµ¨É ¢ ÉµÎ´µ¸É¨ ¨§£µÉµ¢²¥´¨Ö (¡µ²¥¥ ¤¥É ²Ó´µ ¸³. [7]).

’·¥ÉÓ¨³ ¸ÊÐ¥¸É¢¥´´Ò³ ¶ · ³¥É·µ³ ‚�‘ Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´  § ÉÊÌ ´¨Ö,
±µÉµ· Ö ¨§³¥·Ö¥É¸Ö ¢ ¤5/±³:

P = 10 log10(Pi/P0),

£¤¥ Pi Å ¢Ìµ¤´ Ö ³µÐ´µ¸ÉÓ ¨ P0 Å ¢ÒÌµ¤´ Ö ³µÐ´µ¸ÉÓ ´  µ¤´µ³ ±¨²µ³¥É·¥
‚�‘. �·µ³ÒÏ²¥´´µ¸ÉÓÕ µ¸¢µ¥´Ò ¨ ¨§£µÉ ¢²¨¢ ÕÉ¸Ö ³´µ£µ³µ¤µ¢Ò¥ ‚�‘ ¤²Ö
¡²¨¦´¥£µ ¨´Ë· ±· ¸´µ£µ ¤¨ ¶ §µ´  0, 8÷1, 6 ³±³ ¸µ ¸ÉÊ¶¥´Î ÉÒ³ ¨ £· ¤¨¥´É-
´Ò³ ¶·µË¨²Ö³¨ ¶µ± § É¥²Ö ¶·¥²µ³²¥´¨Ö ¶µ ¸¥Î¥´¨Õ,   É ±¦¥ µ¤´µ³µ¤µ¢Ò¥
‚�‘ ¡¥§ ¸µÌ· ´¥´¨Ö ¶µ²Ö·¨§ Í¨¨. �  µ¸´µ¢¥ ±¢ ·Í¥¢ÒÌ ¸É¥±µ² ¸¥·¨°´µ ¶·µ-
¨§¢µ¤ÖÉ¸Ö ‚�‘, ±µÉµ·Ò¥ ¨³¥ÕÉ ³¨´¨³ ²Ó´Ò¥ ¶µÉ¥·¨ 0, 2÷0, 5 ¤5/±³ ´  ¤²¨´¥
¢µ²´Ò 1, 2÷ 1, 6 ³±³ ¨ ¤µ 1, 0÷ 5, 0 ¤5/±³ ´  ¤²¨´¥ ¢µ²´Ò 0, 8÷ 0, 9 ³±³,  
É ±¦¥ ³ ±¸¨³ ²Ó´ÊÕ ³¥Ì ´¨Î¥¸±ÊÕ ¶·µÎ´µ¸ÉÓ ¤µ 500 ±£/³±³ [12].
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�  ·¨¸. 3 ¶·¨¢¥¤¥´Ò ´ ¨¡µ²¥¥ ¨§¢¥¸É´Ò¥ ±µ¤Ò, ±µÉµ·Ò¥ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö
¶¥·¥¤ Î¨ Í¨Ë·µ¢ÒÌ ¸¨£´ ²µ¢. � ¨¡µ²¥¥ ´ ¤¥¦´Ò³ Ö¢²Ö¥É¸Ö ³ ´Î¥¸É¥·¸±¨°
±µ¤, ÌµÉÖ µ´ ¨³¥¥É ¢¤¢µ¥ ³¥´ÓÏÊÕ ¸±µ·µ¸ÉÓ ¶¥·¥¤ Î¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨
±µ¤ ³¨.

¨¸. 3. Šµ¤Ò, ¶·¨³¥´Ö¥³Ò¥ ¢ ‚�‹‘. ®Clock¯ Å É ±Éµ¢Ò¥ ¸¨£´ ²Ò

	 ¤¨ Í¨µ´´ Ö ¸Éµ°±µ¸ÉÓ µ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éµ¢. „²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ
Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° É·¥¡Ê¥É¸Ö ¸µ§¤ ´¨¥ · ¤¨ Í¨µ´´µ ¸Éµ°±¨Ì Ô²¥±É·µ´-
´ÒÌ ¨ µ¶É¨Î¥¸±¨Ì Ô²¥³¥´Éµ¢ ¨ ¸¨¸É¥³. �É¨ É·¥¡µ¢ ´¨Ö ± ¸ ÕÉ¸Ö ¶·¥¦¤¥
¢¸¥£µ É¥Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ±, ±µÉµ·Ò¥ ¡Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ´ 
LHC. Š ± µ¶ÉµÔ²¥±É·µ´´ Ö, É ± ¨ µ¡ÒÎ´ Ö ·¥£¨¸É·¨·ÊÕÐ Ö Ô²¥±É·µ´¨±  ¡Ê-
¤ÊÉ · ¸¶µ² £ ÉÓ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ´  ¤¥É¥±Éµ· Ì ¢¡²¨§¨ ¨µ´µ¶·µ¢µ¤ , £¤¥
¶²µÉ´µ¸ÉÓ  ¤·µ´µ¢ ¨ ´¥°É·µ´µ¢ ³µ¦¥É ¸µ¸É ¢²ÖÉÓ 1014  ¤·µ´µ¢ ¨ ¸Éµ²Ó±µ ¦¥
´¥°É·µ´µ¢ ´  1 ¸³2 ¶·¨ ¤µ§¥ 105 ƒ· ¢ É¥Î¥´¨¥ 10 ²¥É. ‚ ·Ö¤¥ · ¡µÉ ¶µ± -
§ ´µ, ÎÉµ ¨³¥¥É ³¥¸Éµ ÊÌÊ¤Ï¥´¨¥ Ì · ±É¥·¨¸É¨± µ¶ÉµÔ²¥±É·µ´´ÒÌ Ô²¥³¥´Éµ¢
¶µ¤ ¢µ§¤¥°¸É¢¨¥³ ¡µ²ÓÏ¨Ì ¤µ§ · ¤¨ Í¨¨. �µ¤ ¢µ§¤¥°¸É¢¨¥³ · ¤¨ Í¨¨ ‚�‘
É¥³´¥ÕÉ, ¨, ± ± ¸²¥¤¸É¢¨¥ ÔÉµ£µ, ¶µ¢ÒÏ ¥É¸Ö ¢¥²¨Î¨´  § ÉÊÌ ´¨Ö. �¸µ¡¥´´µ
ÉÏ É¥²Ó´µ ¨¸¸²¥¤ÊÕÉ¸Ö ¸¢¥Éµ¤¨µ¤Ò, ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ ± Î¥¸É¢¥ ¶¥·¥¤ ÉÎ¨±µ¢
¸¢¥É . �µÔÉµ³Ê ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢µ§´¨± ¥É ¶·µ-
¡²¥³  ¸µ§¤ ´¨Ö · ¤¨ Í¨µ´´µ ¸Éµ°±¨Ì µ¶É¨Î¥¸±¨Ì ¢µ²µ±µ´ ¨ ��� (¸³. ´¨¦¥).
„²Ö ¨§³¥·¥´¨Ö · ¤¨ Í¨µ´´ÒÌ ¨ ¤·Ê£¨Ì ¶µ¢·¥¦¤¥´¨° ¨¸¶µ²Ó§ÊÕÉ¸Ö ¸¶¥Í¨ ²Ó-
´Ò¥ ¶·¨¡µ·Ò Å ·¥Ë²¥±Éµ³¥É·Ò [11].

2. 5’ˆ—…‘Šˆ… �‹…Œ…�’› ˆ „…’…Š’	›

˜¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¢ ¸¨¸É¥³ Ì ‚�‹‘ ¶µ²ÊÎ¨²¨ ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò¥
¨¸ÉµÎ´¨±¨ ¸¢¥É  ´  £¥É¥·µ¸É·Ê±ÉÊ· Ì [13]. �µ ¶·¨´Í¨¶Ê ¤¥°¸É¢¨Ö ¨ ±µ´-
¸É·Ê±Éµ·¸±µ³Ê ¨¸¶µ²´¥´¨Õ µ´¨ ¤¥²ÖÉ¸Ö ´  É·¨ £·Ê¶¶Ò: ¨§²ÊÎ É¥²¨ ¸¢¥Éµ-
¤¨µ¤´Ò¥ ¶µ¢¥·Ì´µ¸É´Ò¥ ¨ Éµ·Í¥¢Ò¥; ¨§²ÊÎ É¥²¨ ¸Ê¶¥·²Õ³¨´¥¸Í¥´É´Ò¥ (¶µ
ƒ�‘’ [14,15]) Å ¸¢¥·Ì²Õ³¨´e¸Í¥´É´Ò¥) Éµ·Í¥¢Ò¥; ¨§²ÊÎ É¥²¨ ² §¥·´Ò¥.
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‘¢¥Éµ¤¨µ¤Ò [14, 16] Ï¨·µ±µ ¶·¨³¥´ÖÕÉ¸Ö ¢ ¸¨¸É¥³ Ì ‚�‹‘. �´¨ ¶·¨-
¢²¥± É¥²Ó´Ò ³ ²Ò³¨ ÏÊ³ ³¨, ¢Ò¸µ±µ° ²¨´¥°´µ¸ÉÓÕ ¢ ÉÉ- ³¶¥·´µ° Ì · ±-
É¥·¨¸É¨±¨, ³ ²µ° ¤¥£· ¤ Í¨¥° ¸¢µ°¸É¢, ¸² ¡µ° É¥³¶¥· ÉÊ·´µ° ´¥¸É ¡¨²Ó´µ-
¸ÉÓÕ, ¶·µ¸ÉµÉµ° ¨§£µÉµ¢²¥´¨Ö ¨ ¨¸¶µ²Ó§µ¢ ´¨Ö, ¡µ²ÓÏ¨³ ¸·µ±µ³ ¸²Ê¦¡Ò.
�¤´ ±µ ¨§-§  Ï¨·µ±µ° ¤¨ £· ³³Ò ´ ¶· ¢²¥´´µ¸É¨ Ê ´¨Ì ±· °´¥ ³ ²  ÔËË¥±-
É¨¢´µ¸ÉÓ ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¢ ¸¢¥Éµ¢µ¤ [17],   ¸ ÊÎ¥Éµ³ ¸µµÉ´µÏ¥´¨Ö · §³¥·µ¢
¶²µÐ ¤±¨ ¨§²ÊÎ¥´¨Ö ¨ Éµ·Í  ¸¢¥Éµ¢µ¤  µ´  ¥Ð¥ ³¥´ÓÏ¥ [18]. „²Ö ¥¥ ¶µ¢ÒÏ¥-
´¨Ö ¨¸¶µ²Ó§ÊÕÉ ¸µ£² ¸ÊÕÐ¨¥ Ô²¥³¥´ÉÒ [18Ä20], ´ ¶·¨³¥·, ¶µ²Ê¸Ë¥·¨Î¥¸±¨¥
³¨±·µ²¨´§Ò, ¢Ò¶µ²´¥´´Ò¥ ¨´É¥£· ²Ó´µ ¸ ¢µ²µ±´µ³ ¶ÊÉ¥³ · §µ£·¥¢  ¸¢¥Éµ¢µ¤ 
¢ ¶² §³¥ Ô²¥±É·¨Î¥¸±µ£µ · §·Ö¤  [21, 22].

‚ Éµ·Í¥¢ÒÌ ¸¢¥Éµ¤¨µ¤ Ì ¶µ²µ¸hµ± ( ±É¨¢´Ò° ¸²µ°) ¢Ò¶µ²´Ö¥É¸Ö µÎ¥´Ó
Éµ´±¨³ (0,05 ³±³),   Éµ·ÍÒ ¶µ±·Ò¢ ÕÉ¸Ö ¶·µ¸¢¥É²ÖÕÐ¨³ ¶µ±·ÒÉ¨¥³. �·¨
¢Ò¸µ±¨Ì ¶²µÉ´µ¸ÉÖÌ Éµ±  ¢ Éµ´±µ³ ¶µ²µ¸±h¥ ¸¶µ´É ´´µ¥ ¨§²ÊÎ¥´¨¥ (Ì · ±É¥·-
´µ¥ ¤²Ö ¶µ¢¥·Ì´µ¸É´ÒÌ ¨§²ÊÎ É¥²¥°) Ê¸¨²¨¢ ¥É¸Ö, ¢¸²¥¤¸É¢¨¥ Î¥£µ ¢µ§´¨± ¥É
É ± ´ §Ò¢ ¥³ Ö ¸Ê¶¥·²Õ³¨´¥¸Í¥´Í¨Ö, ±µÉµ· Ö ¸µ¶·µ¢µ¦¤ ¥É¸Ö §´ Î¨É¥²Ó´µ
¡µ²¥¥ Ê§±µ° ¤¨ £· ³³µ° ´ ¶· ¢²¥´´µ¸É¨ ¢ ¤ ²Ó´¥° §µ´¥ ¨, ¸²¥¤µ¢ É¥²Ó´µ,
¡µ²ÓÏ¥° ÔËË¥±É¨¢´µ¸ÉÓÕ ¢¢µ¤  ¢ ¸¢¥Éµ¢µ¤.

‹ §¥·´Ò¥ ¤¨µ¤Ò ¨³¥ÕÉ ·Ö¤ ¶·¥¨³ÊÐ¥¸É¢ ¶¥·¥¤ ¸¢¥Éµ¤¨µ¤ ³¨: ¢¢µ¤¨É¸Ö
¡µ²ÓÏ¥ ¸¢¥É , ÎÉµ ¶µ§¢µ²Ö¥É ¸µ§¤ ¢ ÉÓ ²¨´¨¨ ¶¥·¥¤ Î¨ ¸ ³¥´ÓÏ¨³ Î¨¸²µ³
¶·µ³¥¦ÊÉµÎ´ÒÌ Ê¸¨²¨É¥²¥°; µ´¨ ¨³¥ÕÉ £µ· §¤µ ³¥´ÓÏÊÕ ¸¶¥±É· ²Ó´ÊÕ Ï¨-
·¨´Ê ¨ ¡µ²¥¥ ¢Ò¸µ±µ¥ ¡Ò¸É·µ¤¥°¸É¢¨¥. „²Ö ¡µ²ÓÏ¨´¸É¢  ² §¥·´ÒÌ ¤¨µ¤µ¢
Ì · ±É¥·´µ ¨§²ÊÎ¥´¨¥ ³µÐ´µ¸É¨ ¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ³¨²²¨¢ ÉÉ ¸ ¶µ²Ö·¨§ -
Í¨¥° ¶ · ²²¥²Ó´µ  ±É¨¢´µ³Ê ¸²µÕ (’…-³µ¤ ) ¨ ¤¨ £· ³³µ° ´ ¶· ¢²¥´´µ¸É¨
(20 × 40◦), ¸µµÉ¢¥É¸É¢¥´´µ, ¢ £µ·¨§µ´É ²Ó´µ° ¨ ¢¥·É¨± ²Ó´µ° ¶²µ¸±µ¸ÉÖÌ.
Š�„ ¤¨µ¤µ¢ ´  ¤²¨´¥ ¢µ²´Ò 1,3 ³±³ ³µ¦¥É ¶·¥¢ÒÏ ÉÓ 40% [20]. �ËË¥±É¨¢-
´µ¸ÉÓ ¢¢µ¤  ² §¥·´µ£µ ¨§²ÊÎ¥´¨Ö ³µ¦´µ ¶µ¢Ò¸¨ÉÓ ¸ ¶µ³µÐÓÕ ¸µ£² ¸ÊÕÐ¨Ì
²¨´§ ¤µ 70%. Š ´¥¤µ¸É É±a³ ² §¥·´ÒÌ ¤¨µ¤µ¢ µÉ´µ¸ÖÉ¸Ö: ¢Ò¸µ± Ö ¸Éµ¨³µ¸ÉÓ;
¡µ²¥¥ ¸²µ¦´Ò° ³µ¤Ê²ÖÉµ· ¨ É.¤. Š·µ³¥ Éµ£µ, ² §¥·´Ò¥ ¤¨µ¤Ò ¨³¥ÕÉ ´ ¨³¥´Ó-
Ï¨° ¸·µ± ¸²Ê¦¡Ò ¸·¥¤¨ ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¨§²ÊÎ É¥²¥°.

�¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢  ±É¨¢´µ° µ¡² ¸É¨ ¨´¦¥±Í¨µ´´ÒÌ ² §¥·µ¢ [23Ä
25] ¶·µÖ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ´¥²¨´¥°´µ¸É¨ ¨ £¨¸É¥·¥§¨¸  ¢ ÉÉ- ³¶¥·´µ° Ì · ±-
É¥·¨¸É¨±¨, ¨§³¥´¥´¨Ö Ê£²µ¢µ° ¤¨ £· ³³Ò ´ ¶· ¢²¥´´µ¸É¨ ¨ ¡²¨¦´¥£µ ¶µ²Ö
¨§²ÊÎ¥´¨Ö ¶·¨ ¨§³¥´¥´¨¨ ¶·Ö³µ£µ Éµ± . ‚ ·¥§Ê²ÓÉ É¥ ÔÉ¨Ì Ö¢²¥´¨° ÔËË¥±É¨¢-
´µ¸ÉÓ ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¢ ¸¢¥Éµ¢µ¤ ¸¨²Ó´µ § ¢¨¸¨É µÉ ·¥¦¨³  · ¡µÉÒ ² §¥· .
�¸´µ¢´Ò³¨ ¶·¨Î¨´ ³¨ É ±µ° § ¢¨¸¨³µ¸É¨, ¸¤¥·¦¨¢ ÕÐ¥° ¨Ì Ï¨·µ±µ¥ ¢´¥-
¤·¥´¨¥ ¢ Ë¨§¨Î¥¸±¨° Ô±¸¶¥·¨³¥´É, Ö¢²ÖÕÉ¸Ö ¨§³¥´¥´¨¥ ¶ · ³¥É·µ¢ ¢µ²´µ¢µ¤ 
¢ ¶²µ¸±µ¸É¨ p-n-¶¥·¥Ìµ¤  ¨§-§  ´¥· ¢´µ³¥·´µ£µ · §µ£·¥¢   ±É¨¢´µ° µ¡² ¸É¨
¨, ± ± ¸²¥¤¸É¢¨¥, ¨§³¥´¥´¨¥ ³µ¤µ¢µ£µ ¸µ¸É ¢  ¨§²ÊÎ¥´¨Ö, ¨§¡ÒÉµÎ´Ò° ÏÊ³
[24], ¸± Î±¨ ¨ ¤¨´ ³¨Î¥¸±µ¥ · ¸Ï¨·¥´¨¥ ¸¶¥±É·  [25], ·µ¸É ·¥² ±¸ Í¨µ´´ÒÌ
±µ²¥¡ ´¨°. �Î¥¢¨¤´µ, ÎÉµ É ±¨¥ ´¥¸É ¡¨²Ó´µ¸É¨ ³µ£ÊÉ ¸¨²Ó´µ ¢²¨ÖÉÓ ´  Ì -
· ±É¥·¨¸É¨±¨ ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ² §¥·  ¨ ÔËË¥±É¨¢´µ¸ÉÓ ¢¢µ¤  ¨§²ÊÎ¥´¨Ö
¢ ³´µ£µ³µ¤µ¢Ò° ¨, µ¸µ¡¥´´µ, µ¤´µ³µ¤µ¢Ò° ¸¢¥Éµ¢µ¤Ò. �·¨³¥´¨É¥²Ó´µ ±  ´ -
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²µ£µ¢Ò³ ¸¨¸É¥³ ³ ¶¥·¥¤ Î¨ [26Ä29] ´ §¢ ´´Ò¥ ¢ÒÏ¥ É·Ê¤´µ¸É¨ ¢Ò´Ê¦¤ ÕÉ
· §· ¡µÉÎ¨±µ¢ µÉ¤ ¢ ÉÓ ¶·¥¤¶µÎÉ¥´¨¥ ² §¥· ³ ¸ Ï¨·µ±¨³ ¸¶¥±É·µ³ £¥´¥· -
Í¨¨ ¨²¨ ¸¢¥Éµ¤¨µ¤ ³. „²Ö ¡µ²ÓÏ¨´¸É¢  ² §¥·´ÒÌ ¤¨µ¤µ¢ Ì · ±É¥·´µ ¨§²ÊÎ¥-
´¨¥ ³µÐ´µ¸É¨ ¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ³¨²²¨¢ ÉÉ ¸ ¶µ²Ö·¨§ Í¨¥° ¶ · ²²¥²Ó´µ
 ±É¨¢´µ³Ê ¸²µÕ.

”µÉµ¤¥É¥±Éµ·Ò. ”µÉµ¤¥É¥±Éµ·Ò, ¨¸¶µ²Ó§Ê¥³Ò¥ ¤²Ö ¸¢¥Éµ¢µ¤´ÒÌ ¸¨¸É¥³,
¨³¥ÕÉ µ¶·¥¤¥²¥´´Ò¥ µ¸µ¡¥´´µ¸É¨: ¢Ò¸µ±ÊÕ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ S ¶·¨ ³ ²µ°
¨´¥·Í¨µ´´µ¸É¨ τ . �É¨³  ²ÓÉ¥·´ É¨¢´Ò³ É·¥¡µ¢ ´¨Ö³ ¢ ¤¨ ¶ §µ´¥ λ = 0, 8÷
÷0, 9 ³±³ Ê¤µ¢²¥É¢µ·ÖÕÉ µ¡ÒÎ´Ò¥ p-n (S = 0, 2÷ 0, 3 �/‚É ¶·¨ τ > 10−5÷
÷10−6 ¸), p-i-n (S = 0, 35÷ 0, 6 A/BÉ ¶·¨ τ < 10−8÷ 10−9 ¸) ¨ ² ¢¨´´Ò¥ (¤µ
0,6 �/‚É ¶·¨ τ > 10−9 ÷ 10−10 ¸) ±·¥³´¨¥¢Ò¥ ËµÉµ¤¨µ¤Ò. Š¢ ´Éµ¢Ò° ¢Ò-
Ìµ¤ p-i-n-ËµÉµ¤¨µ¤µ¢ ¸µ¸É ¢²Ö¥É 85% ¶·¨ ¸±µ·µ¸É¨ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ ¤µ
1 ƒ¡¨É/¸ [17, 30]. ‹ ¢¨´´Ò¥ ±·¥³´¨¥¢Ò¥ ËµÉµ¤¨µ¤Ò · ¡µÉ ÕÉ ¶·¨ µ¡· É´ÒÌ
´ ¶·Ö¦¥´¨ÖÌ V = 20 ÷ 400 ‚ (µ¶É¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¸µµÉ¢¥É¸É¢Ê¥É ³ ±¸¨-
³ ²Ó´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¸ ÊÎ¥Éµ³ ±µÔËË¨Í¨¥´É  ² ¢¨´´µ£µ Ê³´µ¦¥´¨Ö ¶·¨
³¨´¨³ ²Ó´µ³ ÏÊ³ Ì [31Ä33]). ‚ ¸¶¥±É· ²Ó´µ³ ¤¨ ¶ §µ´¥ 1, 06 ÷ 1, 6 ³±³
¶·¨³¥´ÖÕÉ £¥·³ ´¨¥¢Ò¥ ² ¢¨´´Ò¥ ËµÉµ¤¨µ¤Ò. ’ ±, µ¸¢µ¥´´Ò¥ ¶·µ³ÒÏ²¥´-
´µ¸ÉÓÕ ‹”„-2 ¨³¥ÕÉ S = 0, 7 �/‚É ´  ¤²¨´¥ ¢µ²´Ò λ = 1, 3 ³±³, ¶·¨
τ = ¤µ 10−10 ¨ ¢´ÊÉ·¥´´e³ Ê¸¨²¥´¨¨ 10÷ 30 ¶·¨ 16÷ 25 ‚.

„ ²Ó´¥°Ï¥¥ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¥ ËµÉµ¶·¨¥³´¨±µ¢ ¤²Ö ¸¨¸É¥³ ‚�‹‘ ¸¢Ö-
§ ´µ ¸ ¸µ§¤ ´¨¥³ £¨¡·¨¤´ÒÌ ¸Ì¥³ (¢±²ÕÎ Ö Ê¸¨²¨É¥²Ó), ¶µ§¢µ²ÖÕÐ¨Ì ·¥§±µ
¶µ¤´ÖÉÓ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¨ ¡Ò¸É·µ¤¥°¸É¢¨¥ ËµÉµ¶·¨¥³´µ£µ Ê¸É·µ°¸É¢  § 
¸Î¥É µ¶É¨³¨§ Í¨¨ ¥£µ ¶µ ÏÊ³µ¢Ò³ Ì · ±É¥·¨¸É¨± ³, É¥³´µ¢µ³Ê Éµ±Ê, ¶ · -
§¨É´Ò³ ¥³±µ¸ÉÖ³. ‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢ ¸Ì¥³ ¢±²ÕÎ¥-
´¨Ö ËµÉµ¶·¨¥³´¨±µ¢ ¢ Ô²¥±É·µ´´Ò° É· ±É ¶·¨¢¥¤¥´ ¢ · ¡µÉ Ì [34, 35].

�·µ³ÒÏ²¥´´µ¸ÉÓÕ µ¸¢µ¥´Ò ¨ ¨§£µÉ ¢²¨¢ ÕÉ¸Ö ³´µ£µ³µ¤µ¢Ò¥ ¸¢¥Éµ¢µ¤Ò
¤²Ö ¡²¨¦´¥£µ ¨´Ë· ±· ¸´µ£µ ¤¨ ¶ §µ´  0, 8÷0, 6 ³±³ ¸µ ¸ÉÊ¶¥´Î ÉÒ³ £· ¤¨-
¥´É´Ò³ ¶·µË¨²¥³ ¶µ± § É¥²Ö ¶·¥²µ³²¥´¨Ö ¶µ ¸¥Î¥´¨Õ,   É ±¦¥ µ¤´µ³µ¤µ¢Ò¥
¸¢¥Éµ¤¨µ¤Ò ¡¥§ ¸µÌ· ´¥´¨Ö ¶µ²Ö·¨§ Í¨¨.

3. •
	
Š’…	ˆ‘’ˆŠˆ ŠŒ5�…�’‚,
5	…„…‹Ÿ}™ˆ• �
„…†�‘’œ ‚‹‘

Œ ²Ò¥ ¤¨ ³¥É·Ò ‚�‘ ¶µ·µ¦¤ ÕÉ ¶·µ¡²¥³Ò ¶·¥Í¨§¨µ´´µ° ¸ÉÒ±µ¢±¨
‚�‘ ³¥¦¤Ê ¸µ¡µ° ¨ ¤·Ê£¨³¨ Ô²¥³¥´É ³¨. „²Ö ÔÉµ° Í¥²¨ ¶·¨³¥´ÖÕÉ¸Ö ¸¶¥-
Í¨ ²Ó´Ò¥ ¶·¨¡µ·Ò ¨ ¶·¨¸¶µ¸µ¡²¥´¨Ö. ‚ µ¸´µ¢´µ³ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤¢  ³¥Éµ¤ 
¸ÉÒ±µ¢±¨: ¸¢ ·±  ¨ ¸±²¥¨¢ ´¨¥ ¸ ¶µ³µÐÓÕ Ô¶µ±¸¨¤´µ° ¸³µ²Ò.

‚µ¶·µ¸Ò ´ ¤¥¦´µ¸É¨. �  ´ ¤¥¦´µ¸ÉÓ · ¡µÉÒ ‚�‹‘ [36] µ± §Ò¢ ÕÉ ¢²¨-
Ö´¨¥ ¶ · ³¥É·Ò ¨ Ì · ±É¥·¨¸É¨±¨ ¨§²ÊÎ É¥²¥°, µ¶É¨Î¥¸±¨Ì ¸µ¥¤¨´¨É¥²¥°,
µ¶É¨Î¥¸±µ£µ ¢µ²µ±´  ¨ ËµÉµ¶·¨¥³´¨± . „²Ö ¶µ²ÊÎ¥´¨Ö µ¶É¨³ ²Ó´µ£µ ¸µ£² -
¸µ¢ ´¨Ö ¨§²ÊÎ É¥²Ö ¸ µ¶É¨Î¥¸±¨³ ¢µ²µ±´µ³ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¨§²ÊÎ É¥²Ó
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µÉ¢¥Î ² ·Ö¤Ê É·¥¡µ¢ ´¨°. �Éµ ¶·¥¦¤¥ ¢¸¥£µ ³ ² Ö ¨§²ÊÎ ÕÐ Ö ¶²µÐ ¤± , ¸µ-
¨§³¥·¨³ Ö ¸ ¤¨ ³¥É·µ³ ¢µ²µ±´ , ÎÉµ µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¸µ±ÊÕ Ô´¥·£¥É¨Î¥¸±ÊÕ
Ö·±µ¸ÉÓ ¨¸ÉµÎ´¨± ; ¤²¨´  ¢µ²´Ò ¨§²ÊÎ É¥²Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ³¨´¨³ ²Ó´µ³Ê
¶µ£²µÐ¥´¨Õ ¸¢¥É  ¶·¨ ¥£µ ¶·µÌµ¦¤¥´¨¨ ¶µ ¢µ²µ±´Ê; ¢µ§³µ¦´µ¸ÉÓ ¶·µ¸Éµ°
¸ÉÒ±µ¢±¨ ¨§²ÊÎ É¥²Ö ¸ ¢µ²µ±´µ³; ¸µÌ· ´¥´¨¥ ¨§²ÊÎ ÕÐ¨Ì Ì · ±É¥·¨¸É¨± ¢
§ ¤ ´´µ³ ¤¨ ¶ §µ´¥ É¥³¶¥· ÉÊ· ¨ ¸µÌ· ´Ö¥³µ¸ÉÓ ¨§¤¥²¨Ö ¶·¨ ¢µ§¤¥°¸É¢¨¨ · §-
²¨Î´ÒÌ ³¥Ì ´¨Î¥¸±¨Ì Ë ±Éµ·µ¢. �¸´µ¢´Ò³ ¶ · ³¥É·µ³ ¶·¨ ¸ÉÒ±µ¢±¥ ¢¢µ¤ 
¨§²ÊÎ¥´¨Ö Ö¢²Ö¥É¸Ö

µ = µSµφ,

£¤¥ µS = SB/Sn Å ±µÔËË¨Í¨¥´É ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¶µ ¶²µÐ ¤¨;

µφ =
α±·∫
0

Qv(α) sinαdα/
π/2∫
0

Qv(α) sinαdα Å ±µÔËË¨Í¨¥´É ¢¢µ¤  ¨§²ÊÎ¥´¨Ö

¶µ Ê£²Ê; SB Å ¶²µÐ ¤Ó ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ¢µ²µ±´ ; Sn Å ¶²µÐ ¤Ó ¨§²Ê-
Î ÕÐ¥° ¶²µÐ ¤±¨ ¤¨µ¤ ; Qv(α) Å ¸¢¥Éµ¢ Ö Ô´¥·£¨Ö; α Å Ê£µ².

ŒµÐ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö, ¢¢¥¤¥´´µ£µ ¢ ¢µ²µ±´µ, ¸¨²Ó´µ § ¢¨¸¨É µÉ Î¨¸²µ¢µ°
 ¶¥·ÉÊ·Ò ¢µ²µ±´ :

Pc = F“

(
n+ 1
2

)
S¸Í

S¨¸É
(NA)2P¨¸É,

£¤¥ Pc Å ³µÐ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö, ¢¢µ¤¨³ Ö ¢ ¸¢¥Éµ¢µ¤; P¨¸É Å ³µÐ´µ¸ÉÓ, ¨§-
²ÊÎ ¥³ Ö ¨¸ÉµÎ´¨±µ³; F“ Å ±µÔËË¨Í¨¥´É § ¶µ²´¥´¨Ö; S¸Í Å ¶²µÐ ¤Ó ¸¥·¤-
Í¥¢¨´Ò ¢µ²µ±µ´´µ£µ ¸¢¥Éµ¢µ¤ ; S¨¸É Å  ±É¨¢´ Ö ¶²µÐ ¤Ó ¨¸ÉµÎ´¨± ; n Å
¶µ± § É¥²Ó ¤¨ £· ³³Ò ¨§²ÊÎ¥´¨Ö; NA = n sinα = (n22 − n21)

1/2 Å Î¨¸²µ¢ Ö
 ¶¥·ÉÊ· ; n1 Å ±µÔËË¨Í¨¥´É ¶·¥²µ³²¥´¨Ö µ¡µ²µÎ±¨ ¢µ²µ±´ ; n2 Å ±µÔË-
Ë¨Í¨¥´É ¶·¥²µ³²¥´¨Ö ¸¥·¤Í¥¢¨´Ò ¢µ²µ±´ . ‡´ Î¥´¨Ö NA µ¡ÒÎ´µ ²¥¦ É ¢
¶·¥¤¥² Ì 0, 15÷ 0, 50. ‘ Ê¢¥²¨Î¥´¨¥³ NA · ¸É¥É ¤¨¸¶¥·¸¨Ö ¤²Ö ¸¢¥Éµ¢µ¤µ¢,
ÎÉµ µ£· ´¨Î¨¢ ¥É ¶· ±É¨Î¥¸±¨ ¤µ¸É¨¦¨³Ò¥ §´ Î¥´¨Ö ÔËË¥±É¨¢´µ¸É¨ ¢¢µ¤ 
¨§²ÊÎ¥´¨Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´ÒÌ §´ Î¥´¨° n.

�µ± § É¥²Ó n ¤²Ö ¸¢¥Éµ¤¨µ¤µ¢ · ¢¥´ ¥¤¨´¨Í¥,   ¤²Ö ² §¥·µ¢ ¨ ‘ˆ„ ¸µ
¢¸É·µ¥´´Ò³¨ ²¨´§ ³¨ n ³µ¦¥É ¶·¨´¨³ ÉÓ §´ Î¥´¨¥ 2÷ 4, ¶µ¸±µ²Ó±Ê ¨´¦¥±-
Í¨µ´´Ò¥ ² §¥·Ò ¨³¥ÕÉ ¸Ê¦¥´´Ò¥ ¤¨ £· ³³Ò ´ ¶· ¢²¥´´µ¸É¨. �µ¢Ò¸¨ÉÓ ±µ-
ÔËË¨Í¨¥´É ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ‘ˆ„ ³µ¦´µ É ±¦¥ ¶ÊÉ¥³ ¨§³¥´¥´¨Ö £¥µ³¥É·¨¨
¨§²ÊÎ É¥²Ö. ‚ÒÌµ¤´ Ö ³µÐ´µ¸ÉÓ ¨§²ÊÎ É¥²Ö ¸µ¸·¥¤µÉµÎ¥´  ¢ ¶ÊÎ±¥ ¸ Ê£²µ-
¢Ò³¨ · §³¥· ³¨ 120◦ × 40◦ (¤²Ö ¤¨µ¤µ¢ ¸  ±É¨¢´µ° ±· ¥¢µ° ¶µ¢¥·Ì´µ¸ÉÓÕ)
¨²¨ ¸µµÉ¢¥É¸É¢Ê¥É ² ³¡¥·Éµ¢¸±µ° ¤¨ £· ³³¥ ´ ¶· ¢²¥´´µ¸É¨ (¤²Ö ¤¨µ¤µ¢ ¸
 ±É¨¢´µ° ¶²µ¸±µ° ¶µ¢¥·Ì´µ¸ÉÓÕ). �µÉ¥·¨ ´  ¢¢µ¤ ¨§²ÊÎ¥´¨Ö ¢ µ¶É¨Î¥¸±µ¥ ¢µ-
²µ±´µ ¤µ¸É¨£ ÕÉ §´ Î¨É¥²Ó´µ° ¢¥²¨Î¨´Ò, ´ ¶·¨³¥·, ¤²Ö µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ 
¸ Î¨¸²µ¢µ°  ¶¥·ÉÊ·µ° 0,14 ¶µÉ¥·¨ ¸µ¸É ¢²ÖÕÉ µ±µ²µ 14 ¤5 ¤²Ö ¨§²ÊÎ É¥²¥° ¸
¢¢µ¤µ³ ¨§²ÊÎ¥´¨Ö ¢¤µ²Ó p-n-¶¥·¥Ìµ¤  (¤²Ö ±· ¥¢ÒÌ ¨§²ÊÎ É¥²¥°) ¨ 19 ¤5 ¤²Ö
¶µ¢¥·Ì´µ¸É´ÒÌ ¨§²ÊÎ É¥²¥°. Š· ¥¢Ò¥ ¨§²ÊÎ É¥²¨ ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ ÉÓ ¡µ²¥¥
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¢Ò¸µ±ÊÕ ÔËË¥±É¨¢´µ¸ÉÓ ¸µ¶·Ö¦¥´¨Ö ¸ ¢µ²µ±´µ³, Î¥³ ¤¨µ¤Ò ¸  ±É¨¢´µ° ¶²µ¸-
±µ° ¶µ¢¥·Ì´µ¸ÉÓÕ, µ¤´ ±µ ³¥´ÓÏ Ö ÔËË¥±É¨¢´µ¸ÉÓ ¸µ¶·Ö¦¥´¨Ö ¸ ¢µ²µ±´µ³
¸ ¨§¡ÒÉ±µ³ ±µ³¶¥´¸¨·Ê¥É¸Ö ¨Ì ¡µ²¥¥ ¢Ò¸µ±µ° ³µÐ´µ¸ÉÓÕ ¨§²ÊÎ¥´¨Ö. �  ¶µ-
É¥·¨ ¢ ‚�‹‘ ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ µ± §Ò¢ ÕÉ µ¶É¨Î¥¸±¨¥ ¸µ¥¤¨´¨É¥²¨ [37].
�É¨ ¶µÉ¥·¨ µ¡Ê¸²µ¢²¥´Ò ¤µ¶Ê¸± ³¨ ´  ¨§£µÉµ¢²¥´¨¥ µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö (¤¨ -
³¥É·,  ¶¥·ÉÊ· , ¸É¥¶¥´Ó µ¤´µ·µ¤´µ¸É¨ ³ É¥·¨ ² ), ÉµÎ´µ¸ÉÓÕ ¢Ò· ¢´¨¢ ´¨Ö
¸¥·¤Í¥¢¨´Ò ± ¡¥²Ö, ¶µ¤£µÉµ¢±µ° ¸ÉÒ±µ¢µÎ´µ£µ ±µ´Í  ± ¡¥²Ö. �µÉ¥·¨, µ¡Ê-
¸²µ¢²¥´´Ò¥ µÉ· ¦¥´¨¥³ µÉ £· ´¨ÍÒ ³¥¦¤Ê ¢µ²µ±´µ³ ¨ ¢µ§¤ÊÌµ³, µ¡ÒÎ´µ ´¥
¶·¥¢ÒÏ ÕÉ 0,3 ¤5. �µÉ¥·¨ ¢ µ¶É¨Î¥¸±µ³ ¢µ²µ±´¥ ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸ÖÉ µÉ
Ê¸²µ¢¨° Ô±¸¶²Ê É Í¨¨. �·¨ ¶·µ±² ¤±¥ µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö ´¥µ¡Ìµ¤¨³µ ÊÎ¨-
ÉÒ¢ ÉÓ ¥£µ ³¥Ì ´¨Î¥¸±ÊÕ ¶·µÎ´µ¸ÉÓ ´  · §·Ò¢ ¨ ±·¨É¨Î¥¸±¨° · ¤¨Ê¸ ¨§£¨¡ 
± ¡¥²Ö.

4. 	
‡š…Œ�›… ‘…„ˆ�…�ˆŸ

5µ¸ÉµÖ´´Ò¥ (´¥· §Ñ¥³´Ò¥) µ¶É¨Î¥¸±¨¥ ¸µ¥¤¨´¥´¨Ö. ‚ ¢µ²µ±µ´´µ-µ¶É¨-
Î¥¸±¨Ì ²¨´¨ÖÌ ¸¢Ö§¨ ¢ ¦´ÊÕ ·µ²Ó ¨£· ÕÉ ¸µ¥¤¨´¨É¥²Ó´Ò¥ Ô²¥³¥´ÉÒ, µ¡¥¸¶¥-
Î¨¢ ÕÐ¨¥ ¡Ò¸É·µ¥ ¨ ´ ¤¥¦´µ¥ ¸· Ð¨¢ ´¨¥ µÉ·¥§±µ¢ ‚�‹‘ ¸ ³ ²Ò³¨ ¶µÉ¥-
·Ö³¨. ‘µ¥¤¨´¥´¨¥ Éµ²¸ÉÒÌ ¦£ÊÉµ¢ (¤¨ ³¥É·µ³ µ±µ²µ 0,5 ³±³ ¨ ¡µ²¥¥) ¶·µ¨§-
¢µ¤¨É¸Ö ¢¸ÉÒ± ¸ ¶·¨³¥´¥´¨¥³ Õ¸É¨·µ¢µÎ´ÒÌ ¢ÉÊ²µ±. �É  ¶·µÍ¥¤Ê·  ´¥ ¶·¥¤-
¸É ¢²Ö¥É §´ Î¨É¥²Ó´µ° É·Ê¤´µ¸É¨, É ± ± ± ´¥µ¡Ìµ¤¨³ Ö ¢¥²¨Î¨´  ³¥Ì ´¨Î¥-
¸±µ£µ ¤µ¶Ê¸±  (0,1 ³±³) ²¥£±µ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¸É ´¤ ·É´µ°  ¶¶ · ÉÊ·µ° ¤²Ö
³¥Ì ´¨Î¥¸±µ° µ¡· ¡µÉ±¨. �·¨ ¸µÎ²¥´¥´¨¨ ±µ´ÍÒ ¢ µ¶É¨Î¥¸±¨Ì ¸µ¥¤¨´¨É¥²ÖÌ
´¥ ¤µ²¦´Ò ¸µ¶·¨± ¸ ÉÓ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³, ¨´ Î¥ ¶·¨ ¶µ¢Éµ·´ÒÌ ¸µ¥¤¨´¥´¨ÖÌ,
¢¨¡· Í¨ÖÌ ¨²¨ Ê¤ · Ì ¡Ê¤ÊÉ ¢µ§´¨± ÉÓ ¸±µ²Ò ¨ Í · ¶¨´Ò, ¸´¨¦ ÕÐ¨¥ ÔË-
Ë¥±É¨¢´µ¸ÉÓ ¸¢Ö§¨. �¤´ ±µ § §µ· ³¥¦¤Ê Éµ·Í ³¨ ´¥ ¤µ²¦¥´ ¡ÒÉÓ ¸²¨Ï±µ³
¡µ²ÓÏ¨³, ÎÉµ¡Ò ¸¢Ö§Ó ´¥ Ê³¥´ÓÏ ² ¸Ó ¨§-§  ¤¨Ë· ±Í¨µ´´µ° · ¸Ìµ¤¨³µ¸É¨.
’ ±, ¤²Ö µ¡¥¸¶¥Î¥´¨Ö ¤¨Ë· ±Í¨µ´´ÒÌ ¶µÉ¥·Ó ´¥ ¢ÒÏ¥ 0,2 ¤5 · ¸¸ÉµÖ´¨¥
³¥¦¤Ê Éµ·Í ³¨ ´¥ ¤µ²¦´µ ¶·¥¢ÒÏ ÉÓ 10% ¤¨ ³¥É·  ¸¥·¤Í¥¢¨´Ò ¦£ÊÉ  ¨²¨
³µ´µ¢µ²µ±´ , ÎÉµ ¤²Ö ¢µ²µ±´  ¤¨ ³¥É·µ³ 1 ³±³ ¸µ¸É ¢²Ö¥É 100 ³±³,   ¤²Ö
³µ´µ¢µ²µ±´  ¸ ¤¨ ³¥É·µ³ ¸¥·¤Í¥¢¨´Ò 75 ³±³ Å ´¥ ³¥´¥¥ 7 ³±³. �µÉ¥·¨ ¶·¨
¸µ¥¤¨´¥´¨¨ ¦£ÊÉµ¢, ± ± ¶· ¢¨²µ, ¸µ¸É ¢²ÖÕÉ (2, 5÷3, 5) ¤5 ¨ § ¢¨¸ÖÉ µÉ Î¨¸² 
¨ ¤¨ ³¥É·  ¢µ²µ±µ´ ¢ ¦£ÊÉ¥, ±µÔËË¨Í¨¥´É  § ¶µ²´¥´¨Ö (µÉ´µÏ¥´¨¥ µ¡Ð¥°
¶²µÐ ¤¨ ¸¥·¤Í¥¢¨´ ± ¶²µÐ ¤¨ ¸¥Î¥´¨Ö ¢¸¥£µ ¦£ÊÉ ) ¨ µÉ Î¨¸²µ¢µ°  ¶¥·-
ÉÊ·Ò ¢µ²µ±µ´. �·µÍ¥¸¸ ¸· Ð¨¢ ´¨Ö ¦£ÊÉµ¢ ¢¥¸Ó³  ¶·µ¸É ¨ ¸µ¸Éµ¨É µ¡ÒÎ´µ ¢
¸±²¥°±¥ ¨Ì Éµ·Íµ¢ ¢ Õ¸É¨·µ¢µÎ´µ° ¢ÉÊ²±¥.

‘· Ð¨¢ ´¨¥ ³µ´µ¢µ²µ±´  §´ Î¨É¥²Ó´µ ¸²µ¦´¥¥ [37, 38]. —Éµ¡Ò ¶µ¤£µÉµ-
¢¨ÉÓ ±µ´ÍÒ ¢µ²µ±´  ± ¸µ¥¤¨´¥´¨Õ, ´¥µ¡Ìµ¤¨³µ Ê¤ ²¨ÉÓ ¡ÊË¥·´ÊÕ ¨ § Ð¨É-
´ÊÕ µ¡µ²µÎ±¨,   É ±¦¥ ¶·µ¨§¢¥¸É¨ ´ ¸¥Î±Ê ¨ ¸± ²Ò¢ ´¨¥ ¢µ²µ±´  ¶µ¤ ´ £·Ê§-
±µ°, ÎÉµ µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¸µ±µ¥ ± Î¥¸É¢µ Éµ·Í¥¢µ° ¶µ¢¥·Ì´µ¸É¨. � ¨¡µ²¥¥
±·¨É¨Î´Ò³ ¶ · ³¥É·µ³ ¶·¨ ¸µ¥¤¨´¥´¨¨ ³µ´µ¢µ²µ±µ´ Ö¢²Ö¥É¸Ö ¶µ¶¥·¥Î´ Ö
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Õ¸É¨·µ¢± . �¥¡µ²ÓÏµ¥ ¶µ¶¥·¥Î´µ¥ ¸³¥Ð¥´¨¥ Éµ·Íµ¢ ·¥§±µ Ê¢¥²¨Î¨¢ ¥É ¶¥-
·¥Ìµ¤´Ò¥ ¶µÉ¥·¨. �·¨ ¸· Ð¨¢ ´¨¨ ³µ´µ¢µ²µ±µ´ É·¥¡µ¢ ´¨Ö ± ¤µ¶Ê¸± ³ ¥Ð¥
¡µ²¥¥ Ê¦¥¸ÉµÎ ÕÉ¸Ö. „²Ö ´ ¤¥¦´µ£µ ¸µ¥¤¨´¥´¨Ö µÉ¤¥²Ó´ÒÌ ±Ê¸±µ¢ ± ¡¥²Ö
¶·¨³¥´Ö¥É¸Ö ¸¢ ·µÎ´µ¥ Ê¸É·µ°¸É¢µ, ¶µ§¢µ²ÖÕÐ¥¥ ¸¢ ·¨¢ ÉÓ µ¶É¨Î¥¸±¨¥ ¢µ-
²µ±´  ¸ ¶µ³µÐÓÕ Ô²¥±É·¨Î¥¸±µ° ¤Ê£¨. �·¨Î¥³ ¸¢µ°¸É¢  ¸¢ ·´ÒÌ ¸µ¥¤¨´¥´¨°,
¢ µÉ²¨Î¨¥ µÉ ±²¥¥¢ÒÌ, ´¥ ÊÌÊ¤Ï ÕÉ¸Ö ¸µ ¢·¥³¥´¥³. Š·µ³¥ Éµ£µ, ¶·¨ ¸¢ ·±¥
¶·µ¨¸Ìµ¤¨É ¸ ³µÕ¸É¨·µ¢±  ¢µ²µ±µ´, µ¡Ê¸²µ¢²¥´´ Ö ¸¨² ³¨ ¶µ¢¥·Ì´µ¸É´µ£µ
´ ÉÖ¦¥´¨Ö ¢ · ¸¶² ¢¥. „²Ö ¶µ¢ÒÏ¥´¨Ö ³¥Ì ´¨Î¥¸±µ° ¶·µÎ´µ¸É¨ ¸¢ ·´µ£µ ¸µ-
¥¤¨´¥´¨Ö ¢Ò¶µ²´ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ µ¶¥· Í¨¨ [39, 40]:

Å · ¡µÉ  ¶·µ¢µ¤¨É¸Ö ¢ ¶¥·Î É± Ì ¨ ¶·¨ ³¨´¨³ ²Ó´µ³ ¢·¥³¥´¨ · §µ£·¥¢ 
¢µ²µ±µ´;

Å ±µ´ÍÒ ¢µ²µ±µ´ § Î¨Ð ÕÉ¸Ö ´¥ ³¥Ì ´¨Î¥¸±¨,   Ì¨³¨Î¥¸±¨, ¶ÊÉ¥³ ¸É· -
¢²¨¢ ´¨Ö ¶µ±·ÒÉ¨Ö ¢ £µ·ÖÎ¥° ¸¥·´µ° ±¨¸²µÉ¥ ¸ ¶·µ³Ò¢±µ° ¢  Í¥Éµ´¥;

Å § Ì¢ É ¢µ²µ±µ´ ¶·¨ ¡ ´¤ ¦¥ ¶µ¸²¥ ¢Ò¶µ²´¥´¨Ö ¸¢ ·´µ£µ ¸µ¥¤¨´¥´¨Ö
µ¸ÊÐ¥¸É¢²Ö¥É¸Ö Éµ²Ó±µ §  ¶µ±·ÒÉ¨¥.

¨¸. 4. Šµ´¸É·Ê±Í¨Ö  ¶¶ · É  ¤²Ö Ô²¥±É·µ¤Ê£µ¢µ° ¸¢ ·±¨ µ¶É¨Î¥¸±¨Ì ¢µ²µ±µ´: 1, 2 Å
Ë¨±¸ Éµ·Ò µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ ; 3 Å ¢µ²ÓË· ³µ¢Ò¥ Ô²¥±É·µ¤Ò; 4 Å ³¨±·µ¸±µ¶; 5 Å
µ¶É¨Î¥¸±µ¥ ¢µ²µ±´µ; 6 Å ¶·¨¢µ¤ ¢¥·É¨± ²Ó´µ£µ ¶¥·¥³¥Ð¥´¨Ö Ô²¥±É·µ¤µ¢; 7 Å ¶·¨¢µ¤
£µ·¨§µ´É ²Ó´µ£µ Ë¨±¸ Éµ·  µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ ; 8 Å ·ÊÎ±  Ê¶· ¢²¥´¨Ö ¶·¨¢µ¤ ³¨

„²Ö ¸¢ ·±¨ ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·µ³ÒÏ²¥´-
´ Ö Ê¸É ´µ¢±  ‘‚-1 ¸ ³µ´µ±Ê²Ö·´Ò³ ³¨±·µ¸±µ¶µ³ ®Œˆ-3¯, ¸ ³¥Ì ´¨§³µ³
Ë¨±¸ Í¨¨ ¨ Õ¸É¨·µ¢±¨ ¢µ²µ±´ . �µ¤£µÉµ¢²¥´´Ò¥ ± ¸¢ ·±¥ µ¶É¨Î¥¸±¨¥ ¢µ-
²µ±´  § ±·¥¶²ÖÕÉ¸Ö ¢ V-µ¡· §´ÒÌ ± ´ ¢± Ì (·¨¸. 4) Ê¸É·µ°¸É¢  Ë¨±¸ Í¨¨
¸¢¥Éµ¢µ¤µ¢, ¶·¨Î¥³ · ¸¶µ²µ¦¥´¨¥ Éµ·Íµ¢ ¢µ²µ±µ´´ÒÌ ¸¢¥Éµ¢µ¤µ¢ ±µ´É·µ²¨-
·ÊeÉ¸Ö ¶µ¤ ³¨±·µ¸±µ¶µ³. Œ¥Ì ´¨§³µ³ Õ¸É¨·µ¢±¨ µ¶É¨Î¥¸±¨¥ ¢µ²µ±´  Ê¸É ´ -
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¢²¨¢ ÕÉ¸Ö ¸µµ¸´µ ¸ ÉµÎ´µ¸ÉÓÕ 1 ³±³. ‡ É¥³ Éµ·ÍÒ ¸¡²¨¦ ÕÉ¸Ö ´  · ¸¸ÉµÖ´¨¥
20 ³±³. „²Ö ¶µ²ÊÎ¥´¨Ö Î¨¸Éµ£µ ¸µ¥¤¨´¥´¨Ö ¨ Ê²ÊÎÏ¥´¨Ö Õ¸É¨·µ¢±¨ ³¥¦¤Ê
Éµ·Í ³¨ ¢µ²µ±µ´´ÒÌ ¸¢¥Éµ¢µ¤µ¢ (·¨¸. 5) ¢¢µ¤¨É¸Ö ± ¶²Ö µ¶É¨Î¥¸±¨ ¶·µ§· Î-

¨¸. 5. ’¥Ì´µ²µ£¨Î¥¸±¨° ¶·µÍ¥¸¸
¸¢ ·±¨ ¸¢¥Éµ¢µ¤µ¢: a Å ´ Î ²Ó´µ¥ ¸µ-
¸ÉµÖ´¨¥; ¡ Å ¢¢¥¤¥´¨¥ ¸³¥¸¨; ¢ Å
¸¡²¨¦¥´¨¥; £ Å µ¶² ¢²¥´¨¥ Éµ·Íµ¢;
¤ Å ¸¡²¨¦¥´¨¥ ¨ ¸¢ ·± ; e Å µ±µ´Î -
´¨¥ ¸¢ ·±¨

´µ° ¸³¥¸¨, ¸µ¸ÉµÖÐ¥° ¨§ 50% £²¨Í¥-
·¨´  ¨ 50% ÔÉ¨²µ¢µ£µ ¸¶¨·É . ‚¢¥¤¥´¨¥
± ¶²¨ ¸³¥¸¨ ¶µ§¢µ²Ö¥É ¤µ¡¨ÉÓ¸Ö µ¶É¨-
³ ²Ó´µ° Õ¸É¨·µ¢±¨ ¢µ²µ±µ´´ÒÌ ¸¢¥Éµ-
¢µ¤µ¢ ¶µ ³ ±¸¨³Ê³Ê ¸¨£´ ²  µÉ £¥²¨°-
´¥µ´µ¢µ£µ ² §¥· . �µ¸²¥ Õ¸É¨·µ¢±¨ ¢µ-
²µ±µ´´Ò¥ ¸¢¥Éµ¢µ¤Ò ¸¡²¨¦ ÕÉ¸Ö ´  · ¸-
¸ÉµÖ´¨¥ 10 ³±³, ¨, µ¤´µ¢·¥³¥´´µ ¸
¨¸¶ ·¥´¨¥³ ¸³¥¸¨, µ¶² ¢²ÖÕÉ¸Ö Éµ·ÍÒ
¢µ²µ±µ´ ¤Ê£µ¢Ò³ · §·Ö¤µ³, ¢µ§´¨± Õ-
Ð¨³ ³¥¦¤Ê ¢µ²ÓË· ³µ¢Ò³¨ Ô²¥±É·µ-
¤ ³¨. ’µ± · §·Ö¤  ¶·¨ ¨¸¶ ·¥´¨¨ ¸³¥¸¨
· ¢¥´ 8 − 10 ³�, ¢·¥³Ö µ¶² ¢²¥´¨Ö ´ -
Ìµ¤¨É¸Ö ¢ ¶·¥¤¥² Ì 0, 2 ÷ 0, 3 ¸. �É 
µ¶¥· Í¨Ö ¶µ§¢µ²Ö¥É ¨§¡¥¦ ÉÓ µ¡· §µ¢ -
´¨Ö ¶Ê§Ò·Ó±µ¢ ¢ ¸·µ¸É±¥ ¢µ²µ±µ´´ÒÌ
¸¢¥Éµ¢µ¤µ¢ ¨ Ê³¥´ÓÏ¨ÉÓ ¢²¨Ö´¨¥ ¢µ§-
´¨± ÕÐ¨Ì ¤¥Ë¥±Éµ¢ ¶·¨ ¸±µ²¥ ‚�‘
´  ± Î¥¸É¢µ ¸¢ ·±¨. �µ¸²¥ µ¶² ¢²¥´¨Ö
Éµ·ÍÒ ‚�‘ ¶¥·¥³¥Ð ÕÉ¸Ö ¢ ¶·µ¤µ²Ó-
´µ³ ´ ¶· ¢²¥´¨¨ ¤µ ¢§ ¨³´µ£µ ¸µ¶·¨-
±µ¸´µ¢¥´¨Ö ¨ ¸¢ ·¨¢ ÕÉ¸Ö. �·¨ ¶·µ¢¥-
¤¥´¨¨ ¸¢ ·±¨ §µ´  · §µ£·¥¢  ‚�‘ ¸µ¸É -
¢²Ö¥É 2 − 2, 5 ¤¨ ³¥É·  ¢¤µ²Ó ± ¦¤µ£µ
¨§ ¸¢ ·¨¢ ¥³ÒÌ ¢µ²µ±µ´. ’ ± Ö Ï¨·¨´ 
§µ´Ò ¤Ê£¨ ¶µ²ÊÎ ¥É¸Ö ¶·¨ · ¸¸ÉµÖ´¨¨
³¥¦¤Ê Ô²¥±É·µ¤ ³¨ 1, 5÷1, 8 ³³, Ê£²¥ § -
ÉµÎ±¨ Ô²¥±É·µ¤  30◦ ¨ Éµ±¥ ¤Ê£¨ 20 ³�.
‚·¥³Ö £µ·¥´¨Ö ¤Ê£¨ µ± §Ò¢ ¥É µ¸´µ¢-
´µ¥ ¢²¨Ö´¨¥ ´  ¶·µÎ´µ¸ÉÓ ¸¢ ·´µ£µ Ï¢ .
“¸É ´µ¢²¥´µ, ÎÉµ ¶·¨ ¤²¨É¥²Ó´µ¸É¨ ³¥-
´¥¥ 1 ¸ ¶·µÎ´µ¸ÉÓ ¸µ¥¤¨´¥´¨Ö ¢µ²µ±µ´
·¥§±µ ¸´¨¦ ¥É¸Ö. �¶É¨³ ²Ó´µ° ¸²¥¤Ê¥É
¸Î¨É ÉÓ ¤²¨É¥²Ó´µ¸ÉÓ £µ·¥´¨Ö ¤Ê£¨ ¶µ-
·Ö¤±  3 ¸.

„²Ö Ê¢¥²¨Î¥´¨Ö ³¥Ì ´¨Î¥¸±µ° ¶·µÎ´µ¸É¨ ¸¢ ·´µ£µ ¸µ¥¤¨´¥´¨Ö ¥£µ Ê¸¨²¨-
¢ ÕÉ. “¶·µÎ´ÖÕÐ¨° Ô²¥³¥´É ¨§£µÉ ¢²¨¢ ¥É¸Ö ¨§ Éµ´±µ° ³¥É ²²¨Î¥¸±µ° ¶² -
¸É¨´Ò, ¨§ ±µÉµ·µ° Ëµ·³¨·Ê¥É¸Ö V-µ¡· §´Ò° ¡ ´¤ ¦´Ò° ¶·µË¨²Ó, ±Ê¤  Ê±² -
¤Ò¢ ¥É¸Ö ¸¢ ·´µ¥ ¸µ¥¤¨´¥´¨¥. ‘ ¶µ³µÐÓÕ ¸¶¥Í¨ ²Ó´µ£µ ¨´¸É·Ê³¥´É  ±µ´ÍÒ
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Ê¶·µÎ´ÖÕÐ¥£µ Ô²¥³¥´É  ¸ Ê²µ¦¥´´Ò³ ¢´ÊÉ·¨ ¸¢ ·´Ò³ ¸µ¥¤¨´¥´¨¥³ Ëµ·³¨-
·ÊÕÉ¸Ö É ±¨³ µ¡· §µ³, ÎÉµ¡Ò µ¡¥¸¶¥Î¨ÉÓ ´ ¤¥¦´ÊÕ Ë¨±¸ Í¨Õ ¸ ¶µ±·ÒÉ¨¥³
¢µ²µ±´ . ‡ É¥³ ÔÉµ ¸¡µ·´µ-¸¢ ·´µ¥ ¸µ¥¤¨´¥´¨¥ Ê±² ¤Ò¢ ¥É¸Ö ¢ ¶µ²µ¸ÉÓ § -
Ð¨É´µ° ³¥É ²²¨Î¥¸±µ° ³ÊËÉÒ [39]. �µ¸²¥¤´ÖÖ ¸¢µ¨³¨ ·¥§Ó¡µ¢Ò³¨ Î ¸ÉÖ³¨
´ ¤¥¦´µ Ë¨±¸¨·Ê¥É § Ð¨É´ÊÕ µ¡µ²µÎ±Ê ± ¡¥²Ö, µ¡· §ÊÖ, É ±¨³ µ¡· §µ³,
³¥Ìa´¨Î¥¸±¨ ¶·µÎ´µ¥ ´¥· §Ñ¥³´µ¥ ¸µ¥¤¨´¥´¨¥. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥-
¤µ¢ ´¨Ö ´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ É ±¨Ì ¸µ¥¤¨´¥´¨° ¶µ± § ²¨, ÎÉµ ¶µÉ¥·¨ ¢ ´¨Ì
¢¥¸Ó³  ³ ²Ò ¨ ¸µ¸É ¢²ÖÕÉ 0, 3÷ 1, 1 ¤5.

	 §Ñ¥³´Ò¥ µ¶É¨Î¥¸±¨¥ ¸µ¥¤¨´¥´¨Ö.  §Ñ¥³´Ò¥ µ¶É¨Î¥¸±¨¥ ¸µ¥¤¨´¥´¨Ö
(�‘) Ö¢²ÖÕÉ¸Ö ´¥µÉÑ¥³²¥³µ° Î ¸ÉÓÕ ²Õ¡µ° ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ° ¸¨¸É¥³Ò
¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨. � §´ Î¥´¨¥ · §Ñ¥³´ÒÌ �‘ Å µ¡¥¸¶¥Î¨ÉÓ ³´µ£µ±· É-
´Ò¥ ¸µ¥¤¨´¥´¨Ö ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨Ì ± ¡¥²¥° (‚�Š) ¤·Ê£ ¸ ¤·Ê£µ³ ¨ ¸
µ¶ÉµÔ²¥±É·µ´´Ò³¨ ¨ µ¶É¨Î¥¸±¨³¨ Ê¸É·µ°¸É¢ ³¨. ‚ [37] µ¶¨¸ ´Ò ¸²¥¤ÊÕÐ¨¥
É¨¶Ò �‘, ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ ¸¨¸É¥³ Ì ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³-
¶²¥±¸¥ ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°: µ¤´µ¢µ²µ±µ´´Ò¥ ¨ ³´µ£µ¢µ²µ±µ´´Ò¥;
®± ¡¥²Ó Å ± ¡¥²Ó¯ ¨ ®± ¡¥²Ó Å ¶·¨¡µ·¯.

ˆ¸Ìµ¤´Ò³¨ ¤ ´´Ò³¨ ¤²Ö · §· ¡µÉ±¨ ±µ´¸É·Ê±Í¨¨ �‘ Ö¢²ÖÕÉ¸Ö µ¶É¨Î¥-
¸±¨¥ ¨ ±µ´¸É·Ê±É¨¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ³µ´µ¢µ²µ±µ´´µ£µ ± ¡¥²Ö: ¤¨ ³¥É·
¸¥·¤Í¥¢¨´Ò ¨ µ¡µ²µÎ¥± µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ ; Ê£²µ¢ Ö  ¶¥·ÉÊ·  ¢µ²µ±´ ; ¤¨ -
£· ³³  ¨§²ÊÎ É¥²Ö µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ ; ¤µ¶Ê¸É¨³µ¥ µÉ±²µ´¥´¨¥ Ëµ·³Ò ¸¥·¤-
Í¥¢¨´Ò ¨ µ¡µ²µÎ¥± µ¶É¨Î¥¸±µ£µ ¢µ²µ±´  µÉ µ±·Ê¦´µ¸É¨; ±µ²¨Î¥¸É¢µ ³ É¥·¨-
 ²  ¨ · §³¥·Ò § Ð¨É´ÒÌ µ¡µ²µÎ¥± µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö. Š·µ³¥ Éµ£µ, ´¥µ¡Ìµ-
¤¨³µ §´ ÉÓ Ì · ±É¥·¨¸É¨±¨ ¨¸ÉµÎ´¨±  ¨ ¤¥É¥±Éµ·  ¨§²ÊÎ¥´¨Ö, Ëµ·³Ê, · §³¥·
¨§²ÊÎ ÕÐ¥° ¶µ¢¥·Ì´µ¸É¨ ¨ · §³¥·Ò ¸¢¥ÉµÎÊ¢¸É¢¨É¥²Ó´µ° ¶²µÐ ¤±¨ ¨ ¤¨ -
£· ³³Ò ¨§²ÊÎ¥´¨Ö ¨ ¶·¨¥³ . �¸´µ¢´Ò³ Ô²¥³¥´Éµ³, µ¶·¥¤¥²ÖÕÐ¨³ ± Î¥¸É¢µ
¸¢¥Éµ¢µ¤´µ° ²¨´¨¨ ¸¢Ö§¨, Ö¢²Ö¥É¸Ö µ¶É¨Î¥¸±µ¥ ¢µ²µ±´µ. �¥·¥¤ Î  ¨§²ÊÎ¥´¨Ö
¶µ µ¶É¨Î¥¸±µ³Ê ± ¡¥²Õ µÉ ¶¥·¥¤ ÉÎ¨±  ± ¶·¨¥³´¨±Ê ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¶µÉ¥-
·Ö³¨. ˆ¸ÉµÎ´¨±¨ ¶µÉ¥·Ó ¢ ¸µ¥¤¨´¥´¨ÖÌ ³µ£ÊÉ ¡ÒÉÓ · §¤¥²¥´Ò ´  ¤¢¥ £·Ê¶¶Ò:
¶µÉ¥·¨ ¨§-§  ¸¢µ°¸É¢ ¢µ²µ±µ´ (¸µ¡¸É¢¥´´Ò¥ ¶µÉ¥·¨) ¨ ¶µÉ¥·¨ ¨§-§  ¤¥Ë¥±Éµ¢
¢µ ¢´¥Ï´¥³ ¸µ¥¤¨´ÖÕÐ¥³ ³¥Ì ´¨§³¥ (´¥¸µ¡¸É¢¥´´Ò¥ ¶µÉ¥·¨). ‘µ¡¸É¢¥´´Ò¥
¶µÉ¥·¨ § ¢¨¸ÖÉ µÉ ¸¥Î¥´¨Ö ± ¡¥²Ö, ³ É¥·¨ ²  ¢µ²µ±´ , ¶µ± § É¥²Ö ¶·¥²µ³-
²¥´¨Ö ¨ ¨§³¥´¥´¨Ö ¤¨ ³¥É·  ¶µ ¤²¨´¥ ± ¡¥²Ö. „µ¶Ê¸É¨³Ò¥ ¨§³¥´¥´¨Ö ÔÉ¨Ì
¶µÉ¥·Ó µ¶·¥¤¥²ÖÕÉ¸Ö ´  ¸É ¤¨¨ ¨§£µÉµ¢²¥´¨Ö. �¥¸µ¡¸É¢¥´´Ò¥ ¶µÉ¥·¨ ¢ µ¸´µ¢-
´µ³ § ¢¨¸ÖÉ µÉ ´¥ÉµÎ´µ£µ ¸µ¢³¥Ð¥´¨Ö µ¶É¨Î¥¸±¨Ì µ¸¥°, µÉ · ¸¸ÉµÖ´¨Ö ¨ Ê£² 
³¥¦¤Ê ¸ÉÒ±Ê¥³Ò³¨ Éµ·Í ³¨ µ¶É¨Î¥¸±µ£µ ¢µ²µ±´  ¨ Ë·¥´¥²¥¢¸±¨Ì ¶µÉ¥·Ó ´ 
µÉ· ¦¥´¨¥ µÉ Éµ·Íµ¢ ¸¢¥Éµ¢µ¤µ¢. ”·¥´¥²¥¢¸±¨¥ ¶µÉ¥·¨, ±µÉµ·Ò¥ § ¢¨¸ÖÉ µÉ
Î¨¸ÉµÉÒ µ¡· ¡µÉ±¨ Éµ·Íµ¢ ¸¢¥Éµ¢µ¤µ¢, ¸· ¢´¨É¥²Ó´µ ³ ²Ò ¨ ±µ²¥¡²ÕÉ¸Ö ¢
¶·¥¤¥² Ì 0, 1÷ 0, 4 ¤5.

�¥§´ Î¨É¥²Ó´µ¥ ¸³¥Ð¥´¨¥ Éµ·Íµ¢ ¤¢ÊÌ µ¶É¨Î¥¸±¨Ì ³µ´µ¢µ²µ±µ´ ¢Ò§Ò-
¢ ¥É ·¥§±µ¥ Ê¢¥²¨Î¥´¨¥ ¶µÉ¥·Ó [37]. „²Ö ¤µ¸É¨¦¥´¨Ö ±µÔËË¨Í¨¥´É  ¸¢Ö§¨,
· ¢´µ£µ 90%, Ê£µ² ³¥¦¤Ê ¤¢Ê³Ö µ¸Ö³¨ µ¶É¨Î¥¸±¨Ì ¢µ²µ±µ´ ¤µ²¦¥´ ¡ÒÉÓ
³¥´ÓÏ¥ 2◦,   · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Éµ·Í ³¨ ´¥ ¤µ²¦´µ ¶·¥¢ÒÏ ÉÓ 4 ³±³ [32].
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�¸¥¢µ¥ ¸³¥Ð¥´¨¥, · ¢´µ¥ ¶µ²µ¢¨´¥ ¤¨ ³¥É·  ‚�‘, ¢Ò§Ò¢ ¥É ¶µÉ¥·¨ ¡µ²¥¥
4 ¤5. ’ ±µ° ¦¥ § §µ· ³¥¦¤Ê Éµ·Í ³¨ ‚�‘ ¤ ¥É µ¸² ¡²¥´¨¥ 6 ¤5. ‚ Éµ ¦¥
¢·¥³Ö ¢ ¦´µ, ÎÉµ¡Ò ¶µ¤£µÉµ¢²¥´´Ò¥ Éµ·ÍÒ µ¶É¨Î¥¸±¨Ì ¢µ²µ±µ´ ´¥ ± ¸ ²¨¸Ó
¤·Ê£ ¤·Ê£ , É ± ± ± ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ ¨Ì ³´µ£µ±· É´µ¥ ¸µ¶·¨±µ¸´µ¢¥´¨¥
¢ ·¥§Ê²ÓÉ É¥ ¢¨¡· Í¨¨ ¨ Ê¤ ·µ¢ ³µ¦¥É ¶·¨¢¥¸É¨ ± · ¸± ²Ò¢ ´¨Õ ¨ ¢µ§´¨±-
´µ¢¥´¨Õ Í · ¶¨´ ´  ¶µ¢¥·Ì´µ¸É¨ Éµ·Íµ¢ ‚�‘ ¨ ¸´¨¦¥´¨Õ ÔËË¥±É¨¢´µ¸É¨
µ¶É¨Î¥¸±µ° ¸¢Ö§¨ [41, 42].

‚ ¦´µ° Ì · ±É¥·¨¸É¨±µ° �‘ Ö¢²Ö¥É¸Ö Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ÒÌµ¤Ö-
Ð¥£µ ¨§ ´¥£µ ¸¢¥Éµ¢µ£µ ¶µÉµ±  Å  ¶¥·ÉÊ· , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É ¸¢¥Éµ¸µµ¡-
Ð ÕÐÊÕ ¨ ¸¢¥Éµ¶·µ¶Ê¸± ÕÐÊÕ ¸¶µ¸µ¡´µ¸ÉÓ Å ¸¢¥Éµ¸¨²Ê. �¸µ¡µ¥ §´ Î¥´¨¥
ÔÉ  Ì · ±É¥·¨¸É¨±  ¨³¥¥É ¶·¨ ¸ÉÒ±µ¢±¥ ‚�‘ ¸ ¶·¨¥³´¨± ³¨ ¨ ¨¸ÉµÎ´¨-
± ³¨ ¨§²ÊÎ¥´¨Ö. „¨ ³¥É· ¸µ¥¤¨´Ö¥³ÒÌ ¸¢¥Éµ¢µ¤µ¢ µ¶·¥¤¥²Ö¥É ± ± · §³¥·Ò,
É ± ¨ ±µ´¸É·Ê±Í¨Õ �‘. ‘¶µ¸µ¡ ¢¢µ¤  ¨ ¢Ò¢µ¤  ¨§²ÊÎ¥´¨Ö É ±¦¥ µ¶·¥¤¥²Ö¥É
³´µ£¨¥ ±µ´¸É·Ê±É¨¢´µ-É¥Ì´µ²µ£¨Î¥¸±¨¥ ¶ · ³¥É·Ò �‘. �¸µ¡¥´´µ ¸²µ¦´Ò³
Ö¢²Ö¥É¸Ö ¢¢µ¤ ³ ±¸¨³ ²Ó´µ£µ ±µ²¨Î¥¸É¢  ¸¢¥Éµ¢µ° Ô´¥·£¨¨ ¢ µ¶É¨Î¥¸±ÊÕ ²¨-
´¨Õ. �¥±µ£¥·¥´É´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¨ Ï¨·µ±¨° Ê£µ² ¶ÊÎ±  ¸¢¥É  ¸µ¢·¥³¥´´ÒÌ
¸¢¥Éµ¢µ¤µ¢ ¶µ§¢µ²ÖÕÉ ¢¢µ¤¨ÉÓ ¢ ‚�‘ ¢¸¥£µ 1Ä2% µ¡Ð¥° ³µÐ´µ¸É¨. Š·µ³¥
Éµ£µ, ¤¨ ³¥É· ¶²µÐ ¤¨ ¨§²ÊÎ¥´¨Ö ¸¢¥Éµ¢µ¤µ¢ ´ ³´µ£µ ¡µ²ÓÏ¥ ¤¨ ³¥É·  ¸¥Î¥-
´¨Ö µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ , ÎÉµ ¤µ¶µ²´¨É¥²Ó´µ Ê¢¥²¨Î¨¢ ¥É ¶µÉ¥·¨ ¢ µ¡² ¸É¨
¸ÉÒ±µ¢±¨.

‘µ¥¤¨´¥´¨¥ ‚�‘ Å ¤¥É¥±Éµ· ¨§²ÊÎ¥´¨Ö, ´ ¶·µÉ¨¢, µ± §Ò¢ ¥É¸Ö ¶·µ¸ÉÒ³,
É ± ± ± · §³¥·Ò ÎÊ¢¸É¢¨É¥²Ó´µ° ¶²µÐ ¤±¨ ËµÉµ¤¨µ¤µ¢ ²¨¡µ · ¢´Ò, ²¨¡µ §´ -
Î¨É¥²Ó´µ ¶·¥¢ÒÏ ÕÉ ¤¨ ³¥É· ¸¥·¤Í¥¢¨´Ò ¢µ²µ±´ ,   ¤¨ £· ³³  ¶·¨¥³  ËµÉµ-
¤¨µ¤µ¢ Ï¨·¥, Î¥³ ¤¨ £· ³³  ¨§²ÊÎ¥´¨Ö ‚�‘. �·¨ ¸µ¥¤¨´¥´¨¨ ±µ³¶µ´¥´Éµ¢
²Õ¡Ò³ ³¥Éµ¤µ³ ¡µ²ÓÏµ¥ §´ Î¥´¨¥ ¨³¥ÕÉ ± Î¥¸É¢µ Éµ·Í¥¢ÒÌ ¶µ¢¥·Ì´µ¸É¥°
µ¶É¨Î¥¸±µ£µ ¢µ²µ±´ . �µ¤£µÉµ¢±  ¨Ì ± ³µ´É ¦Ê ¸µ¸É ¢²Ö¥É ¥Ð¥ µ¤´Ê ¸¥·Ó¥§-
´ÊÕ ¶·µ¡²¥³Ê.

�¸´µ¢´µ° ¶µ± § É¥²Ó µ¶É¨Î¥¸±µ£µ ¸µ¥¤¨´¨É¥²Ö Å ÔÉµ ¢´µ¸¨³Ò¥ ¶µÉ¥·¨.
�  ¤µ²Õ �‘ ¢ ‚�‹‘ ¶·¨Ìµ¤ÖÉ¸Ö µ¸´µ¢´Ò¥ ¶µÉ¥·¨ ¶·¨ ¥¥ ¸µ¶·Ö¦¥´¨¨.
“³¥´ÓÏ¥´´µ¥ § ÉÊÌ ´¨¥ ¢ �‘ ¶µ§¢µ²Ö¥É Ê¢¥²¨Î¨¢ ÉÓ ¸É·µ¨É¥²Ó´ÊÕ ¤²¨´Ê
¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö. „²Ö µ¡¥¸¶¥Î¥´¨Ö ´¨§±µ£µ Ê·µ¢´Ö ¶µÉ¥·Ó ¢
‚�‘ ¶µ£·¥Ï´µ¸ÉÓ ¨§£µÉµ¢²¥´¨Ö Ô²¥³¥´Éµ¢ ÉµÎ´µ° Õ¸É¨·µ¢±¨ ¢µ²µ±µ´ ´¥
¤µ²¦´  ¶·¥¢ÒÏ ÉÓ 5 ³±³, ÎÉµ ±µ´¸É·Ê±É¨¢´µ ¨ É¥Ì´µ²µ£¨Î¥¸±¨ É·Ê¤´µ ¢Ò-
¶µ²´¨ÉÓ. Š·µ³¥ Éµ£µ, �‘ ¤²Ö ‚�‹‘ ¤µ²¦´Ò µ¡² ¤ ÉÓ ¸Éµ°±µ¸ÉÓÕ ± ³¥Ì -
´¨Î¥¸±¨³ ¢µ§¤¥°¸É¢¨Ö³, ¢Ò¤¥·¦¨¢ ÉÓ ³´µ¦¥¸É¢µ Í¨±²µ¢ ¸µÎ²¥´¥´¨° Å · ¸-
Î²¥´¥´¨° ¡¥§ §´ Î¨É¥²Ó´ÒÌ Ê¸¨²¨° ¸µ ¸Éµ·µ´Ò µ¶¥· Éµ·  ¨ ¡¥§ § ³¥É´µ£µ
ÊÌÊ¤Ï¥´¨Ö ¸¢µ°¸É¢, ¨³¥ÉÓ ¤¥Ï¥¢ÊÕ ¨ ´ ¤¥¦´ÊÕ ±µ´¸É·Ê±Í¨Õ, ´¥ ¶·¥¢µ¸Ìµ-
¤¨ÉÓ ¶µ · §³¥· ³ ¨ ³ ¸¸¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô²¥±É·¨Î¥¸±¨¥ · §Ñ¥³Ò.

 §· ¡µÉ ´´Ò¥ µ¶É¨Î¥¸±¨¥ ¸µ¥¤¨´¨É¥²¨ ¸µ¸ÉµÖÉ ¨§ ¸²¥¤ÊÕÐ¨Ì µ¸´µ¢´ÒÌ
Ê§²µ¢: ± ¡¥²Ó´ Ö Î ¸ÉÓ, ¸µ¤¥·¦ Ð Ö ¶·¥Í¨§¨µ´´Ò° ´ ±µ´¥Î´¨±, ¢ ±µÉµ·µ³
· §³¥Ð¥´Ò ¸µ¥¤¨´Ö¥³Ò¥ µ¶É¨Î¥¸±¨¥ ¢µ²µ±´ ; ¸µ¥¤¨´¨É¥²Ó´ Ö ³ÊËÉ , ¸µ¤¥·-
¦ Ð Ö ¶·¥Í¨§¨µ´´Ò¥ Ô²¥³¥´ÉÒ µ·¨¥´É¨·µ¢ ´¨Ö ¨ Ë¨±¸ Í¨¨ ¸µ¥¤¨´Ö¥³ÒÌ
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¢µ²µ±µ´ ¨ ¸µ£² ¸ÊÕÐ¨Ì Ô²¥³¥´Éµ¢ µ¶ÉµÔ²¥±É·µ´´ÒÌ ¶·¨¡µ·µ¢; ¶·¨¡µ·´ Ö
Î ¸ÉÓ, ¸µ¤¥·¦ Ð Ö ¶·¥Í¨§¨µ´´Ò° ´ ±µ´¥Î´¨±, ¢ ±µÉµ·µ³ · §³¥Ð¥´Ò ¸µ£² -
¸ÊÕÐ¨¥ Ô²¥³¥´ÉÒ.

Š ¡¥²Ó´ Ö ¨ ¶·¨¡µ·´ Ö Î ¸É¨ ¨ ¸µ¥¤¨´¨É¥²Ó´ Ö ³ÊËÉ  �‘ ¨³eÕÉ ±µ³-
¶²¥±É  ·³ ÉÊ·´ÒÌ ¤¥É ²¥°, µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì § ±·¥¶²¥´¨¥ µ¡µ²µÎ¥± ¢µ²µ±µ´´µ-
µ¶É¨Î¥¸±¨Ì ± ¡¥²¥°,   É ±¦¥ ±µ·¶Ê¸µ¢ µ¶ÉµÔ²¥±É·µ´´ÒÌ ¶·¨¡µ·µ¢ ¨ § Ð¨ÉÊ
¶·¥Í¨§¨µ´´ÒÌ Ê§²µ¢ µÉ ¢µ§¤¥°¸É¢¨Ö ¢´¥Ï´¨Ì Ë ±Éµ·µ¢ ¶·¨ Ô±¸¶²Ê É Í¨¨. ‚
¸µ¥¤¨´¨É¥²ÖÌ É¨¶  ®± ¡¥²Ó Å ¶·¨¡µ·¯ ¸µ¥¤¨´¨É¥²Ó´ÊÕ ³ÊËÉÊ ¨´µ£¤  Ê¤µ¡´¥¥
±µ´¸É·Ê±É¨¢´µ µ¡Ñ¥¤¨´¨ÉÓ ¸ ¶·¨¡µ·´µ° Î ¸ÉÓÕ · §Ñ¥³ .

�·¥Í¨§¨µ´´Ò¥ ´ ±µ´¥Î´¨±¨ ¨ Ô²¥³¥´ÉÒ ¨Ì µ·¨¥´É¨·µ¢ ´¨Ö ¨ Ë¨±¸ Í¨¨
Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ ¸²µ¦´Ò³¨ Ê§² ³¨ �‘, µ¡¥¸¶¥Î¨¢ ÕÐ¨³¨ ¤µ¸É¨¦¥´¨¥ § -
¤ ´´ÒÌ ¢ÒÌµ¤´ÒÌ ¶ · ³¥É·µ¢ ¸µ¥¤¨´¥´¨Ö: ¶µÉ¥·Ó µ¶É¨Î¥¸±µ£µ ¸¨£´ ² , ¶¥·¥-
Ìµ¤´µ£µ § ÉÊÌ ´¨Ö. „²Ö § ¤¥²±¨ ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö ¨¸¶µ²Ó§µ¢ -
²¨¸Ó ´ ±µ´¥Î´¨±¨ Í¨²¨´¤·¨Î¥¸±µ° Ëµ·³Ò ¤¢ÊÌ É¨¶µ· §³¥·µ¢ c ¤¨ ³¥É·µ³ 2,5
¨ 3,6 ³³. ”µ·³  ´ ¶· ¢²ÖÕÐ¥£µ ± ´ ²  ¤²Ö ´ ±µ´¥Î´¨±  c ¤¨ ³¥É·µ³ 2,5 ³³
¶·¨¢¥¤¥´  ´  ·¨¸. 6. ˆ§£¨¡Ò ¢ ± ´ ²¥ ¶·¨ µ¡· ¡µÉ±¥ µ±·Ê£²ÖÕÉ¸Ö, ¤¥² ÕÉ¸Ö
¶² ¢´Ò³¨, ¢ ´¨Ì ´¥ ¤µ²¦´µ ¡ÒÉÓ ¢Ò¸ÉÊ¶µ¢ ¢µ ¨§¡¥¦ ´¨¥ ¶µ¢·¥¦¤¥´¨Ö µ¶É¨-
Î¥¸±µ£µ ¢µ²µ±´  ¶·¨ ³µ´É ¦¥. � ±µ´¥Î´¨±¨ ¢Ò¶µ²´ÖÕÉ¸Ö ¨§ ¨§´µ¸µ¸Éµ°±¨Ì
±µ··µ§µÊ¸Éµ°Î¨¢ÒÌ ³ É¥·¨ ²µ¢ (¢ µ¸´µ¢´µ³ ¨§ Ì·µ³µ¸µ¤¥·¦ Ð¨Ì ´¥·¦ ¢¥Õ-
Ð¨Ì ¸É ²¥°). ’¥Ì´µ²µ£¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò, ¶·¨³¥´Ö¥³Ò¥ ¶·¨ ·¥§±¥ ± ¡¥²Ö ¨

¨¸. 6. �²¥³¥´ÉÒ µ·¨¥´É¨·µ¢ ´¨Ö µ¶É¨Î¥¸±µ£µ ¢µ²µ±´  ¢ ´ ±µ´¥Î´¨± Ì c ¤¨ ³¥É·µ³
3,6 ³³

Ê¤ ²¥´¨¨ µ¡µ²µÎ¥±, ¢ µ¸´µ¢´µ³ ¸µ¢¶ ¤ ÕÉ ¸  ´ ²µ£¨Î´Ò³¨ ¶·µÍ¥¸¸ ³¨ ¤²Ö
Ô²¥±É·¨Î¥¸±¨Ì ± ¡¥²¥°, µ¤´ ±µ Ì·Ê¶±µ¸ÉÓ ‚�‘ É·¥¡Ê¥É ¸µ§¤ ´¨Ö ¸¶¥Í¨ ²Ó-
´ÒÌ ¶·¨¸¶µ¸µ¡²¥´¨° ¨ ´¥µ¡Ìµ¤¨³µ£µ µ¡µ·Ê¤µ¢ ´¨Ö. � ¨¡µ²ÓÏ¨¥ ¸²µ¦´µ¸É¨
¢µ§´¨± ÕÉ ¶·¨ Ê¤ ²¥´¨¨ § Ð¨É´µ° µ¡µ²µÎ±¨ ¸ ‚�‘ ¢ ¶·¥Í¨§¨µ´´ÒÌ ¸µ¥¤¨-
´¨É¥²ÖÌ.

‘ ³µ° É·Ê¤µ¥³±µ° µ¶¥· Í¨¥° Ö¢²Ö¥É¸Ö ¸¡µ·±  ± ¡¥²Ó´µ° Î ¸É¨ ´ ±µ´¥Î-
´¨± . �¶É¨Î¥¸±¨° ± ¡¥²Ó § ±·¥¶²Ö¥É¸Ö ¢ ´ ¶· ¢²ÖÕÐ¥³ ± ´ ²¥ ´ ±µ´¥Î´¨± 
¸ ¶µ³µÐÓÕ ±²¥Ö ´  Ô¶µ±¸¨¤´µ° µ¸´µ¢¥. ‚·¥³Ö ¶µ²¨³¥·¨§ Í¨¨ É ±µ£µ ±²¥Ö,
´¥µ¡Ìµ¤¨³µ¥ ¤²Ö ¤µ¸É¨¦¥´¨Ö É·¥¡Ê¥³ÒÌ Ë¨§¨±µ-³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢, ¶·¨-
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³¥·´µ ¸ÊÉ±¨. ‡ É¥³ ¶·µ¨§¢µ¤¨É¸Ö ¸¶¥Íµ¡· ¡µÉ±  (Ï²¨Ëµ¢± , ¶µ²¨·µ¢±  ¨
³ÒÉÓ¥ ¢ ¡¥´§¨´¥ ¨ ³Ò²Ó´µ° ¢µ¤¥) Éµ·Í¥¢µ° ¶µ¢¥·Ì´µ¸É¨ ´ ±µ´¥Î´¨± . �·¥-
Í¨§¨µ´´Ò¥ ¤¥É ²¨ ´ ¨¡µ²¥¥ É·Ê¤µ¥³±¨ ¢ ¨§£µÉµ¢²¥´¨¨, ¶µÔÉµ³Ê ±µ´¸É·Ê±Í¨Ö
¨ É¥Ì´µ²µ£¨Î¥¸±¨° ¶·µÍ¥¸¸ ¨§£µÉµ¢²¥´¨Ö �‘ ¤µ²¦´Ò · §· ¡ ÉÒ¢ ÉÓ¸Ö É ±¨³
µ¡· §µ³, ÎÉµ¡Ò ±µ²¨Î¥¸É¢µ ¶·¥Í¨§¨µ´´ÒÌ ¤¥É ²¥° ¡Ò²µ ´ ¨³¥´ÓÏ¨³. ’·¥¡µ-
¢ ´¨Ö ± ÉµÎ´µ¸É¨ ¸µ¥¤¨´¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö, ¢ µ¸´µ¢´µ³, ¢¥²¨Î¨´µ° ¤µ¶Ê¸É¨-
³ÒÌ ¶µÉ¥·Ó ¸¨£´ ²  ¨ ¤¨ ³¥É·µ³ ¸¥·¤Í¥¢¨´ ¸µ¥¤¨´Ö¥³ÒÌ ‚�‘. ‚ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö ´ ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§ÊÕÉ¸Ö ‚�‘ ¸ ¤¨ ³¥É·µ³ ¸¥·¤Í¥¢¨´Ò 50 ³±³
(ŠŠ125/50). „²Ö ¡µ²ÓÏ¨´¸É¢  ¸¨¸É¥³ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ ¤µ¶Ê¸É¨³Ò¥ ¶µ-
É¥·¨ ¢ �‘ ´¥ ¤µ²¦´Ò ¶·¥¢ÒÏ ÉÓ 1,2Ä2,0 ¤5/±³, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¤µ¶Ê¸É¨-
³µ³Ê Ô±¸Í¥´É·¨¸¨É¥ÉÊ ¸¥·¤Í¥¢¨´ ¸µ¥¤¨´Ö¥³ÒÌ ‚�‘ ´¥ ¡µ²¥¥ 5Ä10 ³±³.

‘ÊÐ¥¸É¢¥´´µ¥ ¸´¨¦¥´¨¥ É·¥¡µ¢ ´¨° ± ÉµÎ´µ¸É¨ ¨§£µÉµ¢²¥´¨Ö ¤¥É ²¥°
¨ Ê¶·µÐ¥´¨Õ ±µ´¸É·Ê±Í¨¨ �‘ ¢µ§³µ¦´µ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ‚�‘ ¸ ¶µ²¨-
³¥·´µ° µ¡µ²µÎ±µ°, ¨³¥ÕÐ¨Ì ¸¥·¤Í¥¢¨´Ê ¨§ ±¢ ·Í  ¤¨ ³¥É·µ³ 200 ¨ 400
³±³. �¤´ ±µ ¶·¨³¥´¥´¨¥ µ¶É¨Î¥¸±¨Ì ± ¡¥²¥° Š�200 ¨ Š�400 ¤²Ö ¶µ¸É·µ¥-
´¨Ö Ï¨·µ±µ¶µ²µ¸´ÒÌ ‚�‹‘ ¢¥¸Ó³  µ£· ´¨Î¥´µ ¨§-§  ¡µ²ÓÏµ£µ § ÉÊÌ ´¨Ö ¢
ÔÉ¨Ì ± ¡¥²ÖÌ 20 ÷ 40 ¤5/±³ ¨ ¡µ²¥¥ ´¨§±µ° ´ ¤¥¦´µ¸É¨ ‚�Š ¢ ¸¨¸É¥³ Ì ´ 
Ô²¥±É·µË¨§¨Î¥¸±¨Ì Ê¸É ´µ¢± Ì.

„·Ê£µ° ¶ÊÉÓ Å Ê¸²µ¦´¥´¨¥ ±µ´¸É·Ê±Í¨¨ �‘ ¨ ´ ²¨Î¨¥ ±µ´É·µ²Ö µ¶É¨Î¥-
¸±µ£µ ¸¨£´ ²  ¢ ¶·µÍ¥¸¸¥ ·¥£Ê²¨·µ¢±¨. ‘µµ¸´µ¸ÉÓ ¸µ¥¤¨´Ö¥³ÒÌ ¢µ²µ±µ´ §¤¥¸Ó
¤µ¸É¨£ ¥É¸Ö ´¥ §  ¸Î¥É ÉµÎ´µ¸É¨ ¨§£µÉµ¢²¥´¨Ö ¤¥É ²¥° �‘,   §  ¸Î¥É ¢¢¥¤¥´¨Ö ¢
´¥£µ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¤µ¸É ÉµÎ´µ ÉµÎ´ÒÌ ¤¥É ²¥°, µ¡· §ÊÕÐ¨Ì ³¥Ì ´¨§³ ¤²Ö
·¥£Ê²¨·µ¢±¨ ¢§ ¨³´µ£µ ¶µ²µ¦¥´¨Ö µ¸¥° ¢µ²µ±µ´ (Õ¸É¨·Ê¥³Ò° µ¶É¨Î¥¸±¨°
¸µ¥¤¨´¨É¥²Ó). ˆ¸¶µ²Ó§µ¢ ´¨¥ Í¥´É·¨·ÊÕÐ¨Ì ´ ¶· ¢²ÖÕÐ¨Ì ¢ÉÊ²µ± ¤²Ö �‘ ¸
±·Ê£²Ò³¨ ´ ±µ´¥Î´¨± ³¨ ¶µ§¢µ²Ö¥É ¸´¨§¨ÉÓ É·¥¡µ¢ ´¨Ö ± ÉµÎ´µ¸É¨ ¶µ²ÊÎ¥-
´¨Ö ´ ·Ê¦´µ£µ ¤¨ ³¥É·  ´ ±µ´¥Î´¨±µ¢ ¨ ¢´ÊÉ·¥´´¥£µ ¤¨ ³¥É·  ¢ÉÊ²µ±. �·¨-
³¥´¥´¨¥³ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¤¥É ²¥° ¤²Ö § ±·¥¶²¥´¨Ö ¢µ²µ±´  ¢ ´ ±µ´¥Î´¨±¥
Ê¤ ²µ¸Ó Ê¢¥²¨Î¨ÉÓ ¤¨ ³¥É· ´ ¶· ¢²ÖÕÐ¨Ì ± ´ ²µ¢ ¤µ ¢¥²¨Î¨´Ò, ´¥ É·¥¡ÊÕ-
Ð¥° ¨§£µÉµ¢²¥´¨Ö ¸¶¥Í¨ ²Ó´µ£µ ¨´¸É·Ê³¥´É . ˆ¸¶µ²Ó§µ¢ ´¨¥ ¸É¥±²Ö´´ÒÌ ³¨-
±·µ± ¶¨²²Ö·µ¢ §´ Î¨É¥²Ó´µ Ê²ÊÎÏ ¥É Ê¸²µ¢¨Ö Ï²¨Ëµ¢±¨ ¨ ¶µ²¨·µ¢±¨ Éµ·Íµ¢
´ ±µ´¥Î´¨±µ¢ ¶µ¸²¥ ¸¡µ·±¨ ¨ Ê¶·µÐ ¥É ¶·µÍ¥¸¸ ¸¡µ·±¨ ± ¡¥²Ó´µ° Î ¸É¨ �‘.
’ ±¨³ µ¡· §µ³, ¶·¥Í¨§¨µ´´Ò¥ ¸É¥±²Ö´´Ò¥ ³¨±·µ± ¶¨²²Ö·Ò Ö¢²ÖÕÉ¸Ö ¢ ¦-
´Ò³ ³¨±·µµ¶É¨Î¥¸±¨³ ±µ³¶µ´¥´Éµ³ Ô²¥³¥´Éµ¢ ‚�‹‘. ‚ ·Ö¤¥ ¸²ÊÎ ¥¢ ³µ¦´µ
¨³¨É¨·µ¢ ÉÓ ¶·¥Í¨§¨µ´´µ¥ µÉ¢¥·¸É¨¥ ´¥µ¡Ìµ¤¨³µ£µ ¤¨ ³¥É·  (·¨¸. 6). �·¨
ÔÉµ³ ¸µµÉ´µÏ¥´¨¥ ¤¨ ³¥É·µ¢ ·µ²¨±µ¢ ¨ µ¶É¨Î¥¸±µ£µ ¢µ²µ±´  ¸²¥¤ÊÕÐ¥¥: ¤²Ö
É·¥Ì ·µ²¨±µ¢ D·µ² = 6, 47α¢µ²; ¤²Ö Î¥ÉÒ·¥Ì ·µ²¨±µ¢ D·µ² = 2, 4α¢µ². �¡ 
¢ ·¨ ´É  ¨¸¶µ²Ó§µ¢ ´Ò ¢ ´ ±µ´¥Î´¨± Ì ¤¨ ³¥É·µ³ 3,6 ³³, ¶·¨Î¥³ £ ¡ ·¨ÉÒ
¸µ¥¤¨´¨É¥²Ö ¸ Î¥ÉÒ·Ó³Ö ·µ²¨± ³¨ ¡Ê¤ÊÉ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥.

�¤´ ±µ ¶·¨ ¢Ò¡µ·¥ ±µ´¸É·Ê±Í¨¨ �‘ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ·¥ ²Ó´µ¸ÉÓ
¨§£µÉµ¢²¥´¨Ö ·µ²¨±µ¢ ´Ê¦´µ£µ ¤¨ ³¥É· . �É¨ ¨ ¤·Ê£¨¥ ¶·¨¥³Ò ¶µ§¢µ²ÖÕÉ
¸ÊÐ¥¸É¢¥´´µ ¸´¨§¨ÉÓ É·¥¡µ¢ ´¨Ö ± ÉµÎ´µ¸É¨ ¨§£µÉµ¢²¥´¨Ö ¶·¥Í¨§¨µ´´ÒÌ ¤¥-
É ²¥°, µ¤´ ±µ ¸ ³  ±µ´¸É·Ê±Í¨Ö �‘ ¶·¨ ÔÉµ³ Ê¸²µ¦´Ö¥É¸Ö. �¨¦¥ ¶·¨¢¥¤¥´Ò
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¨¸. 7. �±É¨¢´Ò° · §Ñ¥³´Ò° ¸µ¥¤¨´¨É¥²Ó ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô²¥±É·¨Î¥¸±µ£µ · §Ñ¥³ 
®LEMO¯: 1 Å ±µ·¶Ê¸; 2 Å ËµÉµ¤¨µ¤; 3, 4 Å ÉµÎ±¨ Ô²¥±É·¨Î¥¸±¨Ì ¢¢µ¤µ¢; 5 Å
± ¶¨²²Ö·; 6 − 12 Å ´ ±µ´¥Î´¨±¨; 7 Å ±µ·¶Ê¸ ¶·¨¡µ·´µ° Î ¸É¨; 8 Å µÉ¢¥·¸É¨Ö ¢
Ì¢µ¸Éµ¢¨±¥ ¤²Ö ´ ´¥¸¥´¨Ö ±²¥Ö; 9 Å ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨° ± ¡¥²Ó; 10 Å § Ð¨É´Ò°
±¥³¡·¨±; 11 Å ¸¢¥Éµ¤¨µ¤

¨¸. 8. “´¨¢¥·¸ ²Ó´Ò° Õ¸É¨·Ê¥³Ò° · §Ñ¥³´Ò° ¸µ¥¤¨´¨É¥²Ó: 1 Å ¢¨²± ; 2 Å Ì¢µ¸Éµ-
¢¨±; 3 Å¸É¥±²Ö´´Ò° ± ¶¨²²Ö·; 4, 5 Å ¶µ²µ¸ÉÓ; 6 Å µ¡µ²µÎ±  ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ
¸¢¥Éµ¢µ¤ ; 7 Å ·µ§¥É± ; 8 Å £ °±  (Ë¨±¸ Éµ·); 9 Å µ¸´µ¢ ´¨¥; 10 Å µÉ¢¥·¸É¨¥ ¤²Ö
±·¥¶²¥´¨Ö; 11 Å ±µ³¶µ´¥´ÉÒ ‚�‹‘: ¸Ê¶¥·²Õ³¨´¥¸Í¥´É´Ò° ¸¢¥Éµ¤¨µ¤ ¨²¨ ËµÉµ¤¨µ¤

µ¸´µ¢´Ò¥ ±µ´¸É·Ê±É¨¢´µ-É¥Ì´µ²µ£¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ´¥¸É ´¤ ·É´ÒÌ �‘, ¢ ±µ-
Éµ·ÒÌ ‚�‘ ¸µ£² ¸ÊÕÉ¸Ö ³¥Ì ´¨Î¥¸±¨. �  ·¨¸. 7 ¶µ± § ´  ±É¨¢´Ò° · §Ñ¥³´Ò°
¸µ¥¤¨´¨É¥²Ó ¸ ¶µ¸ÉµÖ´´Ò³ µ¶É¨Î¥¸±¨³ ±µ´É ±Éµ³ [37, 43], ¢Ò¶µ²´¥´´Ò° ´ 
¡ §¥ ¸Ê¡³¨´¨ ÉÕ·´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ±µ ±¸¨ ²Ó´µ£µ · §Ñ¥³  É¨¶  ®LEMO¯.
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¨¸. 9. `¸É¨·Ê¥³Ò° µ¶É¨Î¥¸±¨° ¸µ¥¤¨´¨É¥²Ó ®± ¡¥²Ó Å ± ¡¥²Ó¯: 1 Å Ì¢µ¸Éµ¢¨±; 2 Å
¢ÉÊ²±  Ô±¸Í¥´É·¨±µ¢ Ö; 3 Å ¢ÉÊ²±  Ë¨±¸¨·ÊÕÐ Ö; 4 Å ´ ±¨¤´ Ö £ °± ; 5 Å ±µ·¶Ê¸
£¨²Ó§Ò; 6 Å ¶ ´¥²Ó ¶·¨¡µ· ; 7 Å £ °±  ±·¥¶¥¦´ Ö; 8 Å ± ¶¨²²Ö·; 9 Å µ¡µ²µÎ± 
¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö; 10 Å ¸¢¥Éµ¢µ¤

¨¸. 10. ˆ¸¶µ²Ó§µ¢ ´¨¥ Õ¸É¨·Ê¥³ÒÌ µ¶É¨Î¥¸±¨Ì ¸µ¥¤¨´¨É¥²¥° ¢ ¢Ò¸µ±µ¸±µ·µ¸É´µ°
²¨´¨¨ ¸¢Ö§¨ (F = 100 ŒƒÍ): 1 Å ¶ ´¥²Ó Š�Œ�Š 2Œ; 2, 4 Å ±µ·¶Ê¸ �‘; 3 Å
² §¥·´Ò° ¤¨µ¤; 5 Å ËµÉµ¶·¨¥³´¨±; 6 Å Õ¸É¨·Ê¥³ Ö ¢ÉÊ²± ; 7 Å ±·ÒÏ± -Ë¨±¸ Éµ·
�‘; 8 Å Ô²¥³¥´ÉÒ ±·¥¶²¥´¨Ö; 9 Å ´ ±¨¤´ Ö £ °± ; 10 Å Ì¢µ¸Éµ¢¨±; 11 Å ‚�C

‘ÉÒ±Ê¥³Ò¥ ¸ ‚�‘ ±µ³¶µ´¥´ÉÒ Õ¸É¨·ÊÕÉ¸Ö ¢ ¶·µÍ¥¸¸¥ ³µ´É ¦  ‚�‹‘ ¶µ
³¨´¨³Ê³Ê ¶µÉ¥·Ó ¢ ²¨´¨¨ ¨ § É¥³ Ë¨±¸¨·ÊÕÉ¸Ö. �·¨ ÔÉµ³ ¶µÉ¥·¨, ¢´µ¸¨-
³Ò¥ µ¶É¨Î¥¸±¨³ ±µ´É ±Éµ³, ´¥ ¶·¥¢ÒÏ ÕÉ 2 ¤5, · §Ñ¥³´µ¥ ¸µ¥¤¨´¥´¨¥ ¸
Ô²¥±É·µ´´Ò³ µ¡· ³²¥´¨¥³ ‚�‹‘ µ¡¥¸¶¥Î¨¢ ¥É¸Ö Ô²¥±É·¨Î¥¸±¨³¨ ¢Ò¢µ¤ ³¨
· §Ñ¥³ .
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¨¸. 11. Œ´µ£µ±µ´É ±É´Ò° µ¶É¨Î¥¸±¨° ¸µ¥¤¨´¨É¥²Ó: a Å · §Ñ¥³; ¡ Å · §Ñ¥³ ¢
· §·¥§¥; 1 Å ±µ·¶Ê¸ (¶·¨¡µ·´ Ö Î ¸ÉÓ); 2 Å ¶¥·¥¤´ÖÖ ¶ ´¥²Ó ³µ¤Ê²Ö Š�Œ�Š; 3, 4 Å
µ¶É¨Î¥¸±¨¥ Ô²¥³¥´ÉÒ; 5 Å ¨§µ²¨·ÊÕÐ Ö ¢ÉÊ²± ; 6 Å ´ ¶· ¢²ÖÕÐ¨¥ ÏÉ¨ËÉÒ; 7 Å
Ê§¥² ±·¥¶²¥´¨Ö; 8 Å Õ¸É¨·µ¢µÎ´ Ö ¶² ¸É¨´ ; 9 Å £·¥¡¥´± ; 10 Å ´ ±µ´¥Î´¨±;
11 Å ±µ·¶Ê¸ (± ¡¥²Ó´ Ö Î ¸ÉÓ �‘); 12 Å Ë¨±¸ Éµ· ‚�C; 13 Å ±·ÒÏ± ; 14 Å
¢¨´É-Ë¨±¸ Éµ·; 15 Å Ô²¥³¥´É ±·¥¶²¥´¨Ö; 16 Å ± ¶¨²²Ö·; 17 Å µ¶É¨Î¥¸±µ¥ ¢µ²µ±´µ

�´ ²µ£¨Î´µ ¢Ò¶µ²´¥´ ³´µ£µ±µ´É ±É´Ò°  ±É¨¢´Ò° ¸µ¥¤¨´¨É¥²Ó ¸ ¶µ¸Éµ-
Ö´´Ò³¨ µ¶É¨Î¥¸±¨³¨ ±µ´É ±É ³¨, ¨§£µÉµ¢²¥´´Ò° ´  ¡ §¥ Ô²¥±É·¨Î¥¸±µ£µ
· §Ñ¥³  �-15-15, ¸ ³¥Ì ´¨Î¥¸±¨³ Ë¨±¸ Éµ·µ³  ±É¨¢´µ° Î ¸É¨ ¸µ¥¤¨´¨É¥²Ö
[37, 44]. “´¨¢¥·¸ ²Ó´Ò° Õ¸É¨·Ê¥³Ò° ¸µ¥¤¨´¨É¥²Ó ®± ¡¥²Ó Å ¶·¨¡µ·¯ ¶µ± -
§ ´ ´  ·¨¸. 8. ‘ÉÒ±ÊÕÐ¨¥¸Ö Î ¸É¨ ¸µ¥¤¨´¨É¥²Ö Õ¸É¨·ÊÕÉ¸Ö ¢ ¶·µÍ¥¸¸¥ ³µ´-
É ¦  ‚�‹‘ ¶µ ³¨´¨³Ê³Ê ¶µÉ¥·Ó ¢ ²¨´¨¨ ¸¢Ö§¨. �·¨ ÔÉµ³ ³¥Éµ¤¥ ¸ÉÒ±µ¢±¨
¶µÉ¥·¨, ¢´µ¸¨³Ò¥ ¸µ¥¤¨´¨É¥²¥³, ³µ£ÊÉ ¡ÒÉÓ Ê³¥´ÓÏ¥´Ò ¤µ Ê·µ¢´Ö ³¥´¥¥
1 ¤5. �µ¤µ¡´µ¥ É¥Ì´¨Î¥¸±µ¥ ·¥Ï¥´¨¥ ¨¸¶µ²Ó§µ¢ ´µ ¨ ¢ Õ¸É¨·Ê¥³µ³ ¸µ¥¤¨-
´¨É¥²¥ ®± ¡¥²Ó Å ± ¡¥²Ó¯ (·¨¸. 9). �±¸Í¥´É·¨¸¨É¥É Ô±¸Í¥´É·¨±µ¢ ¸µ¸É ¢¨²
0,1 ³³, ÎÉµ µ¡¥¸¶¥Î¨²µ ÉµÎ´µ¸ÉÓ ¨Ì Ê¸É ´µ¢±¨ ´¥ ÌÊ¦¥ 1 ³±³/£· ¤. �µÉ¥·¨
¢ É ±µ³ ¸µ¥¤¨´¨É¥²¥ ´¥ ¶·¥¢ÒÏ ÕÉ 1,8 ¤5 ´  ¸ÉÒ±. �  ·¨¸. 10 ¢ ± Î¥¸É¢¥
¶·¨³¥·  ¶µ± § ´µ ¶·¨³¥´¥´¨¥ Õ¸É¨·Ê¥³ÒÌ �‘ ¢ ¢Ò¸µ±µ¸±µ·µ¸É´µ° ¸¢¥Éµ¢µ¤-
´µ° ²¨´¨¨ ¸¢Ö§¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ² §¥·  ˆ‹��-102 ¨
² ¢¨´´µ£µ ËµÉµ¤¨µ¤  ‹”„-2. �  ·¨¸. 11 ¶µ± § ´ ³´µ£µ±µ´É ±É´Ò° �‘ ®± -
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¡¥²Ó Å ¶·¨¡µ·¯, ¨§£µÉµ¢²¥´´Ò° ¶µ ¶·¨´Í¨¶Ê ³ É·¨Í. Œ¥Ì ´¨Î¥¸± Ö µ¸´µ¢ 
¶·¨¡µ·  ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ ³ É·¨Í Å ¶² ¸É¨´ ¸ ÉµÎ´µ ¢Ò¶µ²´¥´´Ò³¨ µÉ¢¥·-
¸É¨Ö³¨ ¤²Ö µ¶Éµ¢µ²µ±µ´ ¨ µ¶É¨Î¥¸±¨Ì ±µ³¶µ´¥´Éµ¢. �É¢¥·¸É¨Ö ¨³¥ÕÉ ÉµÎ´µ
¢Ò¤¥·¦ ´´Ò° Ï £ (¨§£µÉµ¢²¥´Ò ¢ ¥¤¨´µ³ É¥Ì´µ²µ£¨Î¥¸±µ³ Í¨±²¥), µ¶É¨Î¥-
¸±¨¥ ±µ³¶µ´¥´ÉÒ ¸µ¢³¥Ð ÕÉ¸Ö ¸ ¶µ³µÐÓÕ ÏÉ¨ËÉµ¢ ¨ ¸¶¥Í¨ ²Ó´ÒÌ £·¥¡¥´µ±.
�¶É¨Î¥¸±¨¥ ¶µÉ¥·¨ ¢ É ±µ³ ¸µ¥¤¨´¨É¥²¥ ´¥ ¶·¥¢ÒÏ ÕÉ 0, 8÷ 1, 8 ¤5 ´  ±µ´-
É ±É. ˆ¸¶µ²Ó§ÊÖ ¶·¥Í¨§¨µ´´Ò¥ ´ ±µ´¥Î´¨±¨ ¨ Ô²¥³¥´ÉÒ µ·¨¥´É¨·µ¢ ´¨Ö ¨
Ë¨±¸ Í¨¨ ‚�‘, ³µ¦´µ ¸ÊÐ¥¸É¢¥´´µ Ê¶·µ¸É¨ÉÓ ¸µ¥¤¨´¨É¥²¨ ®± ¡¥²Ó Å ± -
¡¥²Ó¯ (·¨¸. 9), µ¡Ñ¥¤¨´ÖÖ ¨Ì ¢ µ¤´µ³ ±µ·¶Ê¸¥ ¸ ¶µ³µÐÓÕ ¸µ¥¤¨´¨É¥²Ó´µ°
³ÊËÉÒ [39, 44]. �µÉ¥·¨ ´¥ ¶·¥¢ÒÏ ÕÉ 3, 0 ÷ 5, 0 ¤5. ‚ ´¥±µÉµ·ÒÌ ¸²ÊÎ ÖÌ
¶µ¢µ·µÉµ³ ´ ±µ´¥Î´¨±µ¢ ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£  Ê¤ ¥É¸Ö Ê³¥´ÓÏ¨ÉÓ ¶µÉ¥·¨
¢ ²¨´¨¨ ¸¢Ö§¨ ¤µ 2, 0÷ 2, 5 ¤5.

5. 5	ˆŒ…�…�ˆ… ŒˆŠ	‹ˆ�‡

„²Ö ¶µ¢ÒÏ¥´¨Ö ÔËË¥±É¨¢´µ¸É¨ ¢¢µ¤  µ¶É¨Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö µÉ ¶µ²Ê¶·µ-
¢µ¤´¨±µ¢µ£µ ² §¥·  ¢ ³´µ£µ³µ¤µ¢Ò° ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨° ¸¢¥Éµ¢µ¤ ¨¸¶µ²Ó-
§ÊÕÉ¸Ö ³¨±·µ²¨´§Ò. �¥¸³µÉ·Ö ´  ¶·µ¸ÉµÉÊ ±µ´¸É·Ê±Í¨¨ ¶µ¸²¥¤´¨Ì, É¥Ì´µ²µ-
£¨Ö ¨§£µÉµ¢²¥´¨Ö ÔÉ¨Ì Ô²¥³¥´Éµ¢ ¤µ¸É ÉµÎ´µ ¸²µ¦´  ¨ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´µ£µ
µ¡µ·Ê¤µ¢ ´¨Ö ¤²Ö · §µ£·¥¢  ¸¢¥Éµ¢µ¤  ¢ ¶² §³¥ Ô²¥±É·¨Î¥¸±µ£µ · §·Ö¤  [40].
�¤´ ±µ ²µ± ²Ó´Ò° · §µ£·¥¢ ¸¢¥Éµ¢µ¤  ¤µ É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö ³ É¥·¨ ² 
´  ÊÎ ¸É±¥ · §µ£·¥¢  ¸É¥±²  ¶·¨¢µ¤¨É ± ¢µ§´¨±´µ¢¥´¨Õ ¸¨²Ó´ÒÌ ´ ¶·Ö¦¥-
´¨°, ¸´¨¦ ÕÐ¨Ì Ô±¸¶²Ê É Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸µ£² ¸ÊÕÐ¨Ì Ô²¥³¥´Éµ¢,
¨§£µÉµ¢²¥´´ÒÌ É ±¨³ ¸¶µ¸µ¡µ³.

¨¸. 12. Šµ´¸É·Ê±Í¨Ö ¢¨²µÎ´µ° Î ¸É¨ Õ¸É¨·Ê¥³µ£µ µ¶É¨Î¥¸±µ£µ ¸µ¥¤¨´¨É¥²Ö ¤²Ö ³µ-
´µ¢µ²µ±µ´´µ£µ ± ¡¥²Ö ¸ ±²¥¥¢µ° ³¨±·µ²¨´§µ°: 1 Å Ì¢µ¸Éµ¢¨±; 2 Å ´ ±µ´¥Î´¨±; 3 Å
´ ±¨¤´ Ö £ °± ; 4 Å Ë¨±¸ Éµ·; 5 Å ¶ § ¤²Ö ±²¥Ö; 6 Å ± ¶¨²²Ö· ¸É¥±²Ö´´Ò°; 7 Å
¶µ²¨³¥·´µ¥ ¶µ±·ÒÉ¨¥; 8 Å ±¢ ·Í¥¢ Ö µ¡µ²µÎ± ; 9 Å ¸¥·¤Í¥¢¨´ ; 10 Å ¸É· ¢²¥´´Ò°
ÊÎ ¸Éµ±; 11 Å ±²¥¥¢ Ö ³¨±·µ²¨´§ 

�·¨ ¸µ§¤ ´¨¨ ¸¢¥Éµ¢µ¤´µ£µ ± ´ ²  ¶¥·¥¤ Î¨ ¢¨¤¥µ¸¨£´ ²µ¢ ¨¸¸²¥¤µ¢ ´  ¨
¨¸¶µ²Ó§µ¢ ´  ¡µ²¥¥ ¶·µ¸É Ö É¥Ì´µ²µ£¨Ö ¨§£µÉµ¢²¥´¨Ö ¸µ£² ¸ÊÕÐ¨Ì Ô²¥³¥´Éµ¢
´  Éµ·Í Ì ¢µ²µ±µ´´µ£µ ¸¢¥Éµ¢µ¤  ŠŠ125/50 ¸ Ê²ÊÎÏ¥´´Ò³¨ Ì · ±É¥·¨¸É¨-
± ³¨. �  ·¨¸. 12 ¶·¨¢¥¤¥´  ±µ´¸É·Ê±Í¨Ö ¸µ£² ¸ÊÕÐ¥£µ Ô²¥³¥´É , ¸³µ´É¨·µ-
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¢ ´´µ£µ ¢ ±µ·¶Ê¸¥ ÏÉ¥±¥·  (¢¨²µÎ´ Ö Î ¸ÉÓ) Õ¸É¨·Ê¥³µ£µ �‘. �¸´µ¢Ê ¸µ£² -
¸ÊÕÐ¥£µ Ô²¥³¥´É  ¸µ¸É ¢²Ö¥É ±²¥¥¢ Ö ³¨±·µ²¨´§ , ¸Ëµ·³¨·µ¢ ´´ Ö ´  Éµ·Í¥
ÊÎ ¸É±  ¸¢¥Éµ¢µ¤  ¸ Ê³¥´ÓÏ¥´´Ò³ ¤¨ ³¥É·µ³ µ¡µ²µÎ±¨. „¨ ³¥É· ³¨±·µ²¨´§Ò
¸µ¢¶ ¤ ¥É ¸ ¤¨ ³¥É·µ³ Ê± § ´´µ£µ ÊÎ ¸É±  ¸¢¥Éµ¢µ¤ . „²Ö ¶·¨¤ ´¨Ö Ô²¥³¥´ÉÊ
³¥Ì ´¨Î¥¸±µ° ¶·µÎ´µ¸É¨, ´¥µ¡Ìµ¤¨³µ° ¤²Ö ¥£µ ¤ ²Ó´¥°Ï¥° Ô±¸¶²Ê É Í¨¨, ¸µ-
£² ¸ÊÕÐ¨° Ô²¥³¥´É ¢±²¥¨¢ ¥É¸Ö ¢ ¸É¥±²Ö´´Ò° ± ¶¨²²Ö·, ¸³µ´É¨·µ¢ ´´Ò° ¢
¢¨²µÎ´µ° Î ¸É¨ �‘.

¨¸. 13. ‡ ¢¨¸¨³µ¸É¨ ÔËË¥±É¨¢´µ¸É¨ ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¸¢¥Éµ¤¨µ¤  (a) ¨ ² §¥·´µ£µ
¤¨µ¤  (¡) µÉ ¤¨ ³¥É·  ³¨±·µ²¨´§Ò ¨ µ¸¥¢µ£µ ¸³¥Ð¥´¨Ö ¸¢¥Éµ¤¨µ¤ : a Å ¸¢¥Éµ¤¨µ¤:
1 Å 150 ³±³; 2 Å 40 ³±³; ¡ Å ² §¥·´Ò° ¤¨µ¤: 1 Å 55 ³±³; 2 Å 75 ³±³; 3 Å
100 ³±³, 4 Å 150 ³±³ (Éµ·¥Í ¸¢¥Éµ¢µ¤  ¡¥§ ³¨±·µ²¨´§Ò)

�·µÍ¥¸¸ ¨§£µÉµ¢²¥´¨Ö ¸µ£² ¸ÊÕÐ¥£µ Ô²¥³¥´É  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸²¥¤ÊÕ-
Ð¨¥ É¥Ì´µ²µ£¨Î¥¸±¨¥ µ¶¥· Í¨¨ [45]: Ì¨³¨Î¥¸±µ¥ É· ¢²¥´¨¥ ¤²Ö ¶µ²ÊÎ¥´¨Ö
¢Ò¡· ´´µ£µ §´ Î¥´¨Ö ¤¨ ³¥É·  µ¡µ²µÎ±¨, ¸±µ² ¨ Ëµ·³¨·µ¢ ´¨¥ ±²¥¥¢µ° ³¨-
±·µ²¨´§Ò. ‡ É¥³ ±µ´¸É·Ê±Í¨Ö ¸ ¸µ£² ¸ÊÕÐ¨³ Ô²¥³¥´Éµ³ ³µ´É¨·Ê¥É¸Ö ¢ ¢¨-
²µÎ´ÊÕ Î ¸ÉÓ Õ¸É¨·Ê¥³µ£µ µ¶É¨Î¥¸±µ£µ ¸µ¥¤¨´¨É¥²Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±²¥Ö
´  Ô¶µ±¸¨¤´µ° µ¸´µ¢¥.

�·¨ ¨¸¸²¥¤µ¢ ´¨¨ ÔËË¥±É¨¢´µ¸É¨ ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¢ ¸¢¥Éµ¢µ¤ ŠŠ125/50
µÉ ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ² §¥·  ¡Ò²µ µÉ³¥Î¥´µ, ÎÉµ ³ ±¸¨³Ê³ ÔËË¥±É¨¢´µ-
¸É¨ ¢¢µ¤  ¤µ¸É¨£ ¥É¸Ö ¶·¨ ¸³¥Ð¥´¨¨ ¨§²ÊÎ É¥²Ö ¨§ Ëµ± ²Ó´µ° ¶²µ¸±µ¸É¨ ¢
¸Éµ·µ´Ê ³¨±·µ²¨´§Ò (·¨¸. 13). Œ ±¸¨³Ê³ ÔËË¥±É¨¢´µ¸É¨ ¶·¨ ¶µ¶ ¤ ´¨¨
µ¸´µ¢´µ° ¤µ²¨ ¸¢¥Éµ¢µ£µ ¶µÉµ±  ¢ ¸¥·¤Í¥¢¨´Ê ¸¢¥Éµ¢µ¤  ¤µ¸É¨£ ¥É¸Ö ¶ÊÉ¥³
Õ¸É¨·µ¢ ´¨Ö ¢¨²µÎ´µ° Î ¸É¨ [40]. ˆ§£µÉµ¢²¥´´Ò° ¸µ£² ¸ÊÕÐ¨° Ô²¥³¥´É ¸
Ê²ÊÎÏ¥´´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ ¶µ§¢µ²¨² ¸ÊÐ¥¸É¢¥´´µ Ê¢¥²¨Î¨ÉÓ ÔËË¥±É¨¢-
´µ¸ÉÓ ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¸¢¥Éµ¢µ¤ : ¤µ 70% ³µÐ´µ¸É¨ ¨§²ÊÎ¥´¨Ö µÉ ¶µ²Ê¶·µ-
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¢µ¤´¨±µ¢µ£µ ² §¥·  ¨ ¤µ 20% ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ´¥±µ£¥·¥´É´ÒÌ ¨§²ÊÎ É¥²¥°,
´ ¶·¨³¥·, ¸¢¥Éµ¢µ¤µ¢ ˆŠ-¤¨ ¶ §µ´  (É¨¶  �‹107, �‹115) ¶µ ¸· ¢´¥´¨Õ ¸
¢¢µ¤µ³ ¨§²ÊÎ¥´¨Ö ¢ ¶²µ¸±¨° Éµ·¥Í ¸¢¥Éµ¢µ¤ .

6. ‘�…��‘’ˆ 5’ˆ—…‘Šˆ• ‘ˆ‘’…Œ 5…	…„
—ˆ ‚
�Š‘5…	ˆŒ…�’
• 5 ”ˆ‡ˆŠ… ‚›‘Šˆ• ��…	ƒˆ‰

‚ ¸µ¢·¥³¥´´ÒÌ ¨ µ¸µ¡¥´´µ ¢ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  LHC, £¤¥ Î¨¸-
²µ ± ´ ²µ¢ ·¥£¨¸É· Í¨¨ ¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ¸µÉ¥´ ÉÒ¸ÖÎ, ‚�‹‘ Ö¢²ÖÕÉ¸Ö
µ¸´µ¢´Ò³¨ ¸·¥¤¸É¢ ³¨ ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ± ± ¢  ´ ²µ£µ¢µ°, É ± ¨ ¢ Í¨Ë·µ-
¢µ° Ëµ·³¥. ‡¤¥¸Ó É·¥¡Ê¥É¸Ö Ï¨·µ± Ö ¶µ²µ¸  ¶·µ¶Ê¸± ´¨Ö ± ´ ² , ¶µ¸±µ²Ó±Ê
¤ ´´Ò¥ ¥³±µ¸ÉÓÕ 10 Œ¡ °É/¸µ¡ÒÉ¨¥, § ·¥£¨¸É·¨·µ¢ ´´Ò¥ ¢ ¤¥É¥±Éµ· Ì, ¶µ-
¸ÉÊ¶ ÕÉ ¸ Î ¸ÉµÉµ° 40 ŒƒÍ ¨ ³ ²µ° ¶µÉ·¥¡²Ö¥³µ° ³µÐ´µ¸ÉÓÕ. ‚ É ¡². 1 ¶·¨-
¢¥¤¥´Ò ¤ ´´Ò¥ µ¡ µ¶É¨Î¥¸±¨Ì ¸¨¸É¥³ Ì ¸¢Ö§¨, ±µÉµ·Ò¥ ¡Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö
¢ Ê¸É ´µ¢± Ì ATLAS ¨ CMS. ‚ µ¸´µ¢´µ³ ¶·¥¤¶µÎÉ¥´¨¥ µÉ¤ ¥É¸Ö  ´ ²µ£µ¢µ³Ê
¸¶µ¸µ¡Ê ¶¥·¥¤ Î¨ ¤ ´´ÒÌ, ¶µ¸±µ²Ó±Ê É ±¨¥ ¸¨£´ ²Ò É·¥¡Ê¥É¸Ö ¶¥·¥¤ ¢ ÉÓ µÉ
·¥£¨¸É·¨·ÊÕÐ¥° Ô²¥±É·µ´¨±¨ ± É·¨££¥·´Ò³ ¸¨¸É¥³ ³, ±µÉµ·Ò¥ · ¸¶µ²µ¦¥´Ò
´  · ¸¸ÉµÖ´¨¨ ´¥ ¡µ²¥¥ 100 ³¥É·µ¢.

’ ¡²¨Í  1. • · ±É¥·¨¸É¨±¨ µ¶É¨Î¥¸±¨Ì ²¨´¨° ¸¢Ö§¨ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ´  LHC

„¥É¥±Éµ· Šµ²¨Î¥¸É¢µ ŒÊ²ÓÉ¨- ‘±µ·µ¸ÉÓ ¶¥·¥- „¨´ ³¨Î. Šµ²¨Î¥¸É- �/–

± ´ ²µ¢ ¶²¥±¸µ· ¤ Î¨, Œ¡¨É/¸ ¤¨ ¶ §µ´ ¢µ ¸¢Ö§¥°

�.„. 3 · 106 512 20-40 10 · 103 6 · 103 –
ATLAS
’·¥±. „. 16 · 106 256 40 Œ£– 200 60 · 103 A
CMS
„.�.ˆ 0, 5 · 106 512 1 ƒ¡¨É/¸ 103 –
ATLAS
†.�.Š. 30 · 103 50 Œ£– 5000 30 · 103 A
„.Š.„. 50 · 106 5000 10 15 · 103 �/–
CMS

�·¨³¥Î ´¨¥: �.„. Å ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò¥ É·¥±µ¢Ò¥ ¤¥É¥±Éµ·Ò; ’·¥±. „. Å É·¥±µ¢Ò¥ ¤¥É¥±-

Éµ·Ò; „.�.ˆ. Å ¤¥É¥±Éµ· ¶¥·¥Ìµ¤´µ£µ ¨§²ÊÎ¥´¨Ö; †.�.Š. Å ¦¨¤±µ ·£µ´´ Ö ± ³¥· ;

„.Š.„. Å ¤¢ÊÌ±µµ·¤¨´ É´Ò¥ (¶¨±¸¥²Ó) ¤¥É¥±Éµ·Ò

‚�‹‘ · ¡µÉ ÕÉ ¢ ³ £´¨É´µ³ ¶µ²¥ 4 ’², ¨ ¶µÔÉµ³Ê µ¶ÉµÔ²¥³¥´ÉÒ ´¥
¤µ²¦´Ò ¸µ¤¥·¦ ÉÓ ³¥É ²²¨Î¥¸±¨Ì ±µ³¶µ´¥´Éµ¢. ‚ ¸·¥¤´¥³ ¤²Ö ¡µ²ÓÏ¨´¸É¢ 
¤¥É¥±Éµ·µ¢ ²¨´¥°´µ¸ÉÓ ³¥´ÓÏ¥ 2%, ¨ ¤¨´ ³¨Î¥¸±¨° ¤¨ ¶ §µ´ 7÷8 ¡¨É ¸Î¨É -
¥É¸Ö ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò³. �¤´ ±µ ¤²Ö µ¡· ¡µÉ±¨ ¤ ´´ÒÌ, ·¥£¨¸É·¨·Ê-
¥³ÒÌ ¢ ± ²µ·¨³¥É· Ì, É·¥¡Ê¥É¸Ö ¡µ²¥¥ ¢Ò¸µ± Ö ²¨´¥°´µ¸ÉÓ ¨ ¤¨´ ³¨Î¥¸±¨°
¤¨ ¶ §µ´. Š·µ³¥ Éµ£µ, ÊÎ¨ÉÒ¢ Ö ¡µ²ÓÏµ¥ Î¨¸²µ ± ´ ²µ¢ ¶¥·¥¤ Î¨, ´¥µ¡Ìµ-
¤¨³µ ¶·¥¤ÑÖ¢¨ÉÓ ¢Ò¸µ±¨¥ É·¥¡µ¢ ´¨Ö ± ¸Éµ¨³µ¸É¨ ‚�‹‘ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
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¨´É¥·Ë¥°¸µ¢.  ¸¸³ É·¨¢ ÕÉ¸Ö ¤¢¥ ¡ §µ¢Ò¥ ¸Ì¥³Ò µ¶É¨Î¥¸±µ° ¸¢Ö§¨, ±µÉµ·Ò¥
¡Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ Ô±¸¶¥·¨³¥´É Ì ´  LHC. �¥·¢ Ö ¨ ¡µ²¥¥ ¶·µ¸É Ö ¸Ì¥³ 
¡ §¨·Ê¥É¸Ö ´  ¶·Ö³µ° ³µ¤Ê²ÖÍ¨¨ ¸¢¥Éµ¢µ£µ ¨²¨ ² §¥·´µ£µ ¤¨µ¤  ¨ ¸¢¥Éµ¶·¨-
¥³´¨± . ‚µ ¢Éµ·µ° ¸Ì¥³¥, ¶·¥¤´ §´ Î¥´´µ° ¤²Ö ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ´  ¡µ²Ó-
Ï¨¥ · ¸¸ÉµÖ´¨Ö, µ¶Éµ¶¥·¥¤ ÉÎ¨± ¸µ¸Éµ¨É ¨§ µ¶ÉµÔ²¥±É·µ´´µ£µ ³µ¤Ê²ÖÉµ· -
·¥Ë²¥±Éµ· ,   ´  ¶·¨¥³´µ° ¸Éµ·µ´¥ · ¸¶µ²µ¦¥´ Ô²¥±É·µµ¶É¨Î¥¸±¨° Ê¸¨²¨-
É¥²Ó, ¸µ¸ÉµÖÐ¨° ¨§ ¶·¨¥³µ¶¥·¥¤ ÉÎ¨±  ¨ ¤¢ÊÌ ² §¥·´ÒÌ ¤¨µ¤µ¢.

ˆ´É¥´¸¨¢´Ò¥ · §· ¡µÉ±¨ ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ ‚�‘ ¤²Ö ¶¥·¥¤ Î¨ ¤ ´´ÒÌ µÉ
”�“ ´ Î ²¨¸Ó ¥Ð¥ ¢ 1993 £. �¸´µ¢´ Ö ¶·µ¡²¥³ , ±µÉµ· Ö ·¥Ï ² ¸Ó ¸ ¶µ-
³µÐÓÕ ‚�‘, Å ÔÉµ ¸ÊÐ¥¸É¢¥´´µ¥ Ê³¥´ÓÏ¥´¨¥ ¶µ³¥Ì ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ°
 ¶¶ · ÉÊ·¥, ¸µ¸ÉµÖÐ¥° ¨§ ¤¢ÊÌ Ô²¥±É·µ¸É É¨Î¥¸±¨Ì  ´ ²¨§ Éµ·µ¢, ¢±²ÕÎ¥´-
´ÒÌ ´  ¸µ¢¶ ¤¥´¨¥ [46]. ‘¨£´ ²Ò ¶¥·¥¤ ¢ ²¨¸Ó ´  · ¸¸ÉµÖ´¨¥ 5 ³ ¸ ¶µ³µÐÓÕ
‚�‘, ¨³¥ÕÐ¥£µ ¤¨ ³¥É· 50/125 ³±³ ¨ · ¡µÉ ÕÐ¥£µ ¢ ³´µ£µ³µ¤µ¢µ³ ·¥¦¨³¥.
‚ [47] µ¶¨¸ ´   ´ ²µ£¨Î´ Ö ¸¨¸É¥³  ¶¥·¥¤ Î¨, ´µ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê µ¡Ñ¥±-
É ³¨ ¸µ¸É ¢²Ö¥É 2 ±³. ‘ÊÐ¥¸É¢¥´´µ¥ Ê¢¥²¨Î¥´¨¥ ¤²¨´Ò ¶¥·¥¤ Î¨ ¤µ¸É¨£´ÊÉµ
§  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö ¸¢¥Éµ¤¨µ¤  ¸ Ô³¨¸¸¨¥° ´  ¢µ²´¥ 1300 ´³. ‘¨£´ ²Ò ¶µ-
¸ÉÊ¶ ÕÉ µÉ ²¨¢´¥¢µ£µ ¤¥É¥±Éµ·  ¨ Ê¸¨²¨¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ ”�“. ‚ É ¡². 2
[47] ¶·¨¢¥¤¥´Ò ¸· ¢´¨É¥²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ É¨¶¨Î´µ£µ ±µ ±¸¨ ²Ó´µ£µ ± -
¡¥²Ö ¨ ‚�‘, ¨¸¶µ²Ó§Ê¥³µ£µ ¢ ¤ ´´µ³ Ô±¸¶¥·¨³¥´É¥.

’ ¡²¨Í  2. ’¨¶¨Î´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µ ±¸¨ ²Ó´µ£µ ± ¡¥²Ö ¨ ³Ê²ÓÉ¨³µ¤µ¢µ£µ
‚‘

’¨¶ ± ¡¥²Ö Šµ ±¸¨ ²Ó´Ò° ± ¡¥²Ó ŒÊ²ÓÉ¨³µ¤µ¢Ò° ‚�‘
RG 58 C/U λ = 1300 ´³; 62,5/125 ³±³

‡ ÉÊÌ ´¨¥ 174 ¤5/±³; f = 100 ŒƒÍ 10 ¤5/±³; f = 500 ŒƒÍ
‚ec 36 ±£/±³ 1,8 ±£/±³
„¨ ³¥É· 4,95 ³³ 0,25 ³³
‚§ ¨³´Ò¥ ¶µ³¥Ì¨ ‚µ§³µ¦´Ò H¥É

‚µ¶·µ¸Ò ¢²¨Ö´¨Ö ¢§ ¨³´ÒÌ ´¥²¨´¥°´ÒÌ ¶µ³¥Ì ³¥¦¤Ê ¶·µ¤µ²Ó´Ò³¨ ³µ-
¤ ³¨ ³Ê²ÓÉ¨³µ¤µ¢ÒÌ ¨³¶Ê²Ó¸µ¢ ² §¥·´µ£µ ¨¸ÉµÎ´¨±  ¢ ³´µ£µ± ´ ²Ó´ÒÌ ¸¨-
¸É¥³ Ì ¸¢Ö§¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ · ¡µÉ¥ [48]. ‘ÊÉÓ ¤¥²  ¢ Éµ³, ÎÉµ ÔÉ  ´¥-
²¨´¥°´µ¸ÉÓ ¸ÊÐ¥¸É¢¥´´µ ¢²¨Ö¥É ´  ¸±µ·µ¸É´Ò¥ Ì · ±É¥·¨¸É¨±¨ µ¶É¨Î¥¸±¨Ì
¸¨¸É¥³ ¶¥·¥¤ Î¨. �·¨ ÔÉµ³ ¢ ¦´µ §´ ÉÓ, ¸±µ²Ó±µ ¤µ¶µ²´¨É¥²Ó´ÒÌ ³µ¤ ¶¥-
·¥¤ Î¨ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ, ¶·¨³¥´ÖÖ ³Ê²ÓÉ¨¶²¥±¸´Ò° ·¥¦¨³. Š·µ³¥ Éµ£µ,
É ±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ§¢µ²ÖÕÉ ¡µ²¥¥ ¤¥É ²Ó´µ ¶µ´ÖÉÓ ´¥²¨´¥°´Ò¥ µ¶É¨Î¥¸±¨¥
¶·µÍ¥¸¸Ò, ¶·µÉ¥± ÕÐ¨¥ ¢ ‚�‘.

5·¨³¥´¥´¨¥ ‚‘ ¤²Ö ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¢ ³´µ£µ± ´ ²Ó´ÒÌ ¤¥É¥±Éµ· Ì.
Ö¤ ¨¸¸²¥¤µ¢ ´¨° ¶µ¸¢ÖÐ¥´ ¨¸¶µ²Ó§µ¢ ´¨Õ ‚�‘ ¢ ³´µ£µ± ´ ²Ó´ÒÌ ¤¥É¥±-
Éµ· Ì Ê¸É ´µ¢µ± CMS [49Ä51] ¨ ATLAS [52], £¤¥ ´¥µ¡Ìµ¤¨³µ µ¡¥¸¶¥Î¨ÉÓ
¤¢Ê¸Éµ·µ´´ÕÕ ¶¥·¥¤ ÎÊ ¤ ´´ÒÌ ¨ ³ ²µ¥ ¶µÉ·¥¡²¥´¨¥ ³µÐ´µ¸É¨. –¥´É· ²Ó-
´Ò° ¤¥É¥±Éµ· ¸µ¸Éµ¨É ¨§ ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¨ ³¨±·µ¶µ²µ¸±µ¢ÒÌ £ §µ´ ¶µ²-
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´¥´´ÒÌ ¤¥É¥±Éµ·µ¢, ±µÉµ·Ò¥ · ¸¶µ²µ¦¥´Ò ¢´ÊÉ·¨ ¸µ²¥´µ¨¤  ¸ ³ £´¨É´Ò³
¶µ²¥³ 4 ’². �¡Ð¥¥ Î¨¸²µ ± ´ ²µ¢ ·¥£¨¸É· Í¨¨ ¸µ¸É ¢²Ö¥É 11 · 106 ¤²Ö ³¨-
±·µ¶µ²µ¸±µ¢ÒÌ £ §µ´ ¶µ²´¥´´ÒÌ ¤¥É¥±Éµ·µ¢ ¨ 3 ·106 ¤²Ö ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ
¤¥É¥±Éµ·µ¢. ’  Î ¸ÉÓ Ô²¥±É·µ´´ÒÌ ¸¨¸É¥³ ·¥£¨¸É· Í¨¨, ±µÉµ· Ö · ¸¶µ²µ¦¥´ 
¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ ¶ ¢¨²Óµ´¥, ´ Ìµ¤¨É¸Ö ´  · ¸¸ÉµÖ´¨¨ 100 ³ µÉ ¸Ê¡¤¥-
É¥±Éµ·µ¢. ‘¨£´ ² µÉ ± ¦¤µ° ³¨±·µ¶µ²µ¸±¨ ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¤¥É¥±Éµ·µ¢
Ê¸¨²¨¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ § ·Ö¤µÎÊ¢¸É¢¨É¥²Ó´µ£µ Ê¸¨²¨É¥²Ö ¸ ¶µ¸ÉµÖ´´µ° ¢·¥-
³¥´¨ 50 ´¸, ¸É·µ¡¨·Ê¥É¸Ö ¸ Î ¸ÉµÉµ° 40 ŒƒÍ ¨ ¸¤¢¨£ ¥É¸Ö ¸ ¶µ³µÐÓÕ 128-
· §·Ö¤´µ£µ  ´ ²µ£µ¢µ£µ ·¥£¨¸É· . �  ¸Éµ·µ´¥ ¶·¨¥³´¨±  ¨³¥¥É¸Ö 256 → 1
³Ê²ÓÉ¨¶²¥±¸µ·, ¢ÒÌµ¤ ±µÉµ·µ£µ ¶µ¤±²ÕÎ¥´ ± ¢Ìµ¤Ê �–�. �µ¸±µ²Ó±Ê  ´ ²µ-
£µ¢ Ö ¢¥²¨Î¨´  ¸µµÉ¢¥É¸É¢Ê¥É 6÷ 8 ¡¨É ³, Éµ ÔËË¥±É¨¢´ Ö Î ¸ÉµÉ  ¶¥·¥¤ Î¨
¸µ¸É ¢²Ö¥É 300 Œ¡¨É/¸.

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶ ¸¸¨¢´µ£µ ·¥Ë²¥±É¨¢´µ£µ ³µ¤Ê²ÖÉµ·  ¶µ§¢µ²Ö¥É ¸ÊÐ¥-
¸É¢¥´´µ Ê³¥´ÓÏ¨ÉÓ · ¸¸¥¨¢ ¥³ÊÕ ³µÐ´µ¸ÉÓ ¢ µ¡² ¸É¨ ¸Ê¡¤¥É¥±Éµ·µ¢. �¥·¥-
¤ ÕÐ¥¥ Ê¸É·µ°¸É¢µ ¸µ¸Éµ¨É ¨§ ² §¥·´µ£µ ¨¸ÉµÎ´¨± , ±µÉµ·Ò° µ¡²ÊÎ ¥É ´¥-
¸±µ²Ó±µ ³µ¤Ê²ÖÉµ·µ¢, ¸¢¥Éµ¢µ¤ , ¸¶²¨ÉÉ¥·  ¨ ¸¢¥Éµ¤¨µ¤ . �·¨³¥´¥´¨¥ ³Ê²Ó-
É¨³µ¤µ¢µ£µ ‚�‘ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ³¥´¥¥ ÉµÎ´Ò¥ ¨ ¤¥Ï¥¢Ò¥ µ¶É¨Î¥¸±¨¥
· §Ñ¥³Ò. 5µ²¥¥ ¤¥É ²Ó´µ Ô²¥±É·µµµ¶É¨Î¥c±¨° ³µ¤Ê²ÖÉµ· µ¶¨¸ ´ ¢ [50].  §-
· ¡µÉÎ¨±¨ ¸É ¢¨²¨ Í¥²ÓÕ ¸µ§¤ ´¨¥ ³´µ£µ± ´ ²Ó´µ£µ, · ¤¨ Í¨µ´´µ ¸Éµ°±µ£µ,
¸ ³ ²µ° ¶µÉ·¥¡²Ö¥³µ° ³µÐ´µ¸ÉÓÕ ± ´ ²  ¶¥·¥¤ Î¨  ´ ²µ£µ¢ÒÌ ¸¨£´ ²µ¢. ‚
µÉ²¨Î¨¥ µÉ ¸¢¥Éµ¤¨µ¤µ¢ ¨²¨ ² §¥·´ÒÌ ¤¨µ¤µ¢, · §· ¡µÉ ´´Ò° ³µ¤Ê²ÖÉµ· Ö¢²Ö-
¥É¸Ö ¶ ¸¸¨¢´Ò³ Ô²¥³¥´Éµ³. �  ·¨¸. 14 ¶·¨¢¥¤¥´  ¡²µ±-¸Ì¥³  ¶·¨¥³µ¶¥·¥¤ -
ÕÐ¥£µ Ê¸É·µ°¸É¢ . ‚µµ¡Ð¥, ± ± ÔÉµ µÉ³¥Î ¥É¸Ö ¢ [54], ¨´É¥·Ë¥°¸Ò (µ¶Éµ-
· §Ñ¥³Ò) ¸µ¸É ¢²ÖÕÉ µÉ 60 ¤µ 90 % ¸Éµ¨³µ¸É¨ µ¶É¨Î¥¸±µ° ¸¢Ö§¨. „ ´´ Ö
· ¡µÉ  ¶µ¸¢ÖÐ¥´  · §· ¡µÉ±¥ ³´µ£µ± ´ ²Ó´ÒÌ ¨´É¥·Ë¥°¸µ¢ ¢ ¨´É¥£· ²Ó´µ³
¨¸¶µ²´¥´¨¨.

‚ · ¡µÉ¥ [53] µ¶¨¸ ´  µ¶É¨Î¥¸± Ö ¸¢Ö§Ó, ¶·¥¤´ §´ Î¥´´ Ö ¤²Ö ¶¥·¥¤ Î¨
 ´ ²µ£µ¢ÒÌ ¸¨£´ ²µ¢ µÉ ¦¨¤±µ ·£µ´´µ£µ ± ²µ·¨³¥É·  Ê¸É ´µ¢±¨ ATLAS. �µ-
²ÊÎ¥´ ¤¨´ ³¨Î¥¸±¨° ¤¨ ¶ §µ´ 12 ¡¨É. ‚ ¤ ²Ó´¥°Ï¥³ ¢µ§³µ¦´  ¢¥·¸¨Ö µ¶É¨-
Î¥¸±µ° ¸¢Ö§¨ ¸ ¤¨ ¶ §µ´µ³ ¢¶²µÉÓ ¤µ 16 ¡¨É.  §· ¡µÉ ´´Ò° ¶·µÉµÉ¨¶ ¨³¥¥É
64 ± ´ ² .

‚µ¶·µ¸Ò · ¤¨ Í¨µ´´µ° ¸Éµ°±µ¸É¨. ‚ Ô±¸¶¥·¨³¥´É Ì ¶µ Ë¨§¨±¥ ¢Ò¸µ-
±¨Ì Ô´¥·£¨° ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ · ¤¨ Í¨µ´´µ ¸Éµ°±¨¥ ‚�‘ ¨ Ô²¥³¥´ÉÒ
µ¶É¨Î¥¸±µ° ¸¢Ö§¨.  ¸¶µ²µ¦¥´´Ò¥ ¢´ÊÉ·¨ ¤¥É¥±Éµ·  ��� ¨ Î ¸É¨Î´µ ‚�‘ ¡Ê-
¤ÊÉ ´ Ìµ¤¨ÉÓ¸Ö ¶µ¤ ¢µ§¤¥°¸É¢¨¥³ · ¤¨ Í¨¨ ¶µ ±· °´¥° ³¥·¥ 20 ³· ¤ ¨ ´¥°É·µ-
´µ¢ ¸ Ô´¥·£¨¥° ¶µ·Ö¤±  ŒÔ‚, ÎÉµ Ô±¢¨¢ ²¥´É´µ ¶µÉµ±Ê ´¥°É·µ´µ¢ 1014 ¸³−2.
�µÔÉµ³Ê ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ± Î¥¸É¢¥ ¶¥·¥¤ ÉÎ¨±µ¢ ÉÐ -
É¥²Ó´µ ¨¸¸²¥¤ÊÕÉ¸Ö · ¤¨ Í¨µ´´µ ¸Éµ°±¨¥ ¸¢¥Éµ¤¨µ¤Ò ¨ ² §¥·´Ò¥ ¤¨µ¤Ò, ±µ-
Éµ·Ò¥ ¡Ê¤ÊÉ · ¡µÉ ÉÓ ¢ É ±¨Ì Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ ¢ É¥Î¥´¨¥ 10 ²¥É. ‚µ-
µ¡Ð¥ £µ¢µ·Ö, Ê³¥´ÓÏ¥´¨¥ ¸¢¥ÉµµÉ¤ Î¨ ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ´ ¡²Õ¤ ¥É¸Ö ¨ ¢
µ¡ÒÎ´ÒÌ Ê¸²µ¢¨ÖÌ, µ¤´ ±µ ÔÉµ ¢·¥³Ö ¸²¨Ï±µ³ ¢¥²¨±µ ¨ ¸µ¸É ¢²Ö¥É 106− 107

Î ¸µ¢. �·¨Î¨´µ° ¤¥£· ¤ Í¨¨ ¸¢¥Éµ¤¨µ¤µ¢ ¶µ¤ ¢µ§¤¥°¸É¢¨¥³ ¸¨²Ó´µ° · ¤¨ Í¨¨
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¨¸. 14. —¥ÉÒ·¥Ì± ´ ²Ó´ Ö ¸¨¸É¥³  ¶¥·¥¤ Î¨ ´  µ¸´µ¢¥ ¶ ¸¸¨¢´µ£µ ³µ¤Ê²ÖÉµ· 

Ö¢²Ö¥É¸Ö ´¥· ¢´µ³¥·´µ¥ · §¢¨É¨¥ ¤¥Ë¥±Éµ¢ ¢ ±·¨¸É ²² Ì, ±µÉµ·Ò¥ ¤¥°¸É¢ÊÕÉ
± ± Í¥´É·Ò ¤²Ö ·¥±µ³¡¨´ Í¨¨. �·¨ ¡µ²ÓÏµ³ Ê¢¥²¨Î¥´¨¨ µ´¨ ¢Ò£²Ö¤ÖÉ ± ±
É¥³´Ò¥ ¶µ²µ¸±¨ ¨ ¶µÔÉµ³Ê ´ §Ò¢ ÕÉ¸Ö ¤¥Ë¥±É ³¨ ¶·Ö³ÒÌ ²¨´¨°. ‚µµ¡Ð¥
£µ¢µ·Ö, ¶¥·¢µ´ Î ²Ó´Ò¥ ¤¥Ë¥±ÉÒ ¸¢Ö§ ´Ò ¶·¥¦¤¥ ¢¸¥£µ ¸ ¢·¥¤´Ò³¨ ¶·¨³¥-
¸Ö³¨ ¢ ¨¸Ìµ¤´µ³ ¢¥Ð¥¸É¢¥. �µ¸±µ²Ó±Ê ·¥ ²Ó´Ò° Ô±¸¶¥·¨³¥´É ¶µ ¨§³¥·¥´¨Õ
¢·¥³¥´¨ ¶·µ¤µ²¦¨É¥²Ó´µ¸É¨ ¸¢¥Éµ¤¨µ¤µ¢ ´¥ ³µ¦¥É ¶·µ¤µ²¦ ÉÓ¸Ö ¸²¨Ï±µ³
¤µ²£µ, Éµ ¢¢µ¤¨É¸Ö Ê¸±µ·ÖÕÐ¨° Ë ±Éµ·: ¶µ¢ÒÏ ¥É¸Ö É¥³¶¥· ÉÊ· , ¢ ±µÉµ·µ°
´ Ìµ¤¨É¸Ö ¸¢¥Éµ¤¨µ¤, ¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢¥²¨Î¨´  ¶·Ö³µ£µ Éµ±  [55]. ‚ É ¡². 3
¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ · ¤¨ Í¨µ´´µ ¸Éµ°±µ£µ ¸¢¥Éµ¤¨µ¤  ®AAB Hafo¯,
±µÉµ·Ò° ¨¸¶µ²Ó§µ¢ ²¸Ö ¤²Ö ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ-
¢¨ÖÌ. ‘ Í¥²ÓÕ  ¢Éµ³ É¨§ Í¨¨ ¨§³¥·¥´¨° ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ¸¢¥Éµ¤¨µ¤µ¢

’ ¡²¨Í  3. • · ±É¥·¨¸É¨±¨ · ¤¨ Í¨µ´´µ ¸Éµ°±¨Ì ¸¢¥Éµ¤¨µ¤µ¢ ¸¥·¨¨ ®AAB Hafo¯

’¨¶ ¸¢¥Éµ¤¨µ¤  P/N GCA-90-0174
‚ÒÌµ¤´µ° Éµ± ¨§ ‚�‘ 10 ³�, 10Ä30 ³±‚É
�¨±µ¢ Ö Î ¸ÉµÉ  820 ´³
”·µ´É ¸¨£´ ²  4 ´¸ ¶·¨ 10 ³�
Šµ·¶Ê¸ Œ¥É ²²¨Î¥¸±¨° Í¨²¨´¤·

L = 7, 5; f = 2, 5 ³³

(¤µ 448 ÏÉ.) · §· ¡µÉ ´ ¸± ´¨·ÊÕÐ¨°  ¢Éµ³ É [57]. �·¨Î¥³ ´ ·Ö¤Ê ¸µ ¸¢¥-
Éµ¤¨µ¤ ³¨ ¨¸¸²¥¤µ¢ ²¨¸Ó ² §¥·´Ò¥ ¸¢¥Éµ¤¨µ¤Ò É¨¶  ®Vertical Cavity Surface
Emitting Laser Diodes¯(VCSEL) (¤ ²¥¥ Å ² §¥·´Ò¥ ¤¨µ¤Ò). �  ·¨¸. 15 ¶·¨-
¢¥¤¥´  £·Ê¶¶  ¸¢¥Éµ¤¨µ¤µ¢, ¸³µ´É¨·µ¢ ´´ÒÌ ´  ±¥· ³¨Î¥¸±µ° ¶µ¤²µ¦±¥.
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¨¸. 15. ”µÉµ£· Ë¨Ö £·Ê¶¶Ò ¸¢¥Éµ¤¨µ¤µ¢, ¸³µ´É¨·µ¢ ´´ÒÌ ´  ±¥· ³¨Î¥¸±µ° ¶µ¤²µ¦±¥

¨¸. 16. �É´µ¸¨É¥²Ó´Ò° ¸¢¥Éµ¢ÒÌµ¤ ¸¢¥Éµ¤¨µ¤  ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¶µÉµ±µ³ ¶·µÉµ´µ¢
1, 6 · 104 ¸³−2 ± ± ËÊ´±Í¨Ö ¢·¥³¥´¨ ¢ ·¥¦¨³¥ ¶µ¸ÉµÖ´´µ£µ Éµ± 

‡¤¥¸Ó ¢¨¤´Ò É ±¦¥ ¢³µ´É¨·µ¢ ´´Ò¥ ¸¢¥Éµ²¨´§Ò (Î¥·´Ò¥ ÉµÎ±¨). ’¨¶¨Î´ Ö
±·¨¢ Ö, Ì · ±É¥·¨§ÊÕÐ Ö µÉ´µ¸¨É¥²Ó´Ò° ¸¢¥Éµ¢ÒÌµ¤ ¶µ¸²¥ ¤µ§Ò µ¡²ÊÎ¥´¨Ö
1, 6 · 1014 p/¸³2 ¸¢¥Éµ¤¨µ¤ , ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò ¶·Ö³µ£µ Éµ±  ¶·¨¢¥-
¤¥´  ´  ·¨¸. 16. ˆ§³¥·¥´¨Ö ¶µ± § ²¨, ÎÉµ ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¸¢¥Éµ¢ÒÌµ¤ Ê³¥´Ó-
Ï¨²¸Ö ¢¸¥£µ ´  ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢ ¶·¨ Éµ±¥ ¸³¥Ð¥´¨Ö 10 ³�. �¤´ ±µ ¸
Ê¢¥²¨Î¥´¨¥³ Éµ±  ¤µ 50 ³� ´ ¡²Õ¤ ¥É¸Ö ¡Ò¸É·µ¥ ´ £·¥¢ ´¨¥, ¨ ¢ É¥Î¥´¨¥ ´¥-
¸±µ²Ó±¨Ì Î ¸µ¢ ¸¢¥Éµ¢ÒÌµ¤ Ê³¥´ÓÏ¨²¸Ö ¤µ 40%. �  ·¨¸. 17 ¶·¨¢¥¤¥´  ±·¨¢ Ö
¤²Ö ¤·Ê£µ£µ ¸¢¥Éµ¤¨µ¤ , ±µÉµ·Ò° µ¡²ÊÎ ²¸Ö ¶µÉµ±µ³ ´¥°É·µ´µ¢ 3, 2 · 1014. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¶·µ¦¨£ ´¨¥ ¨³¥¥É ³¥¸Éµ ¶·¨ Éµ±¥ 10 ³�, ¨ ¢¥²¨Î¨´  ¸¢¥Éµ¢ÒÌµ¤ 
¢µ§· ¸É ¥É ¤µ 10 ÷ 60%. �¤´ ±µ ¸ Ê¢¥²¨Î¥´¨¥³ Éµ±  µÉ 10 ¤µ 30 ³� Î¥·¥§
Ï¥¸ÉÓ ¤´¥° ´ ¡²Õ¤ ¥É¸Ö µ¡· É´Ò° ¶·µÍ¥¸¸, ±µÉµ·Ò° Ê³¥´ÓÏ ¥É ¸¢¥Éµ¢ÒÌµ¤
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¨¸. 17. �É´µ¸¨É¥²Ó´Ò° ¸¢¥Éµ¢ÒÌµ¤ ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¶µÉµ±µ³ ´¥°É·µ´µ¢
3, 2 · 1014 ¸³−2

¨¸. 18. ‡ ¢¨¸¨³µ¸ÉÓ ¸¢¥Éµ¢ÒÌµ¤  ¤²Ö ¸¢¥Éµ¤¨µ¤µ¢ ¨ ² §¥·´ÒÌ ¤¨µ¤µ¢ µÉ Ô´¥·£¨¨
µ¡²ÊÎ¥´¨Ö ¶·µÉµ´µ¢

´  40%. ‡ ¢¨¸¨³µ¸ÉÓ ¸¢¥Éµ¢ÒÌµ¤  ¤²Ö ¸¢¥Éµ¤¨µ¤µ¢ ¨ ² §¥·´ÒÌ ¤¨µ¤µ¢ ¢ § -
¢¨¸¨³µ¸É¨ µÉ ¶µÉµ±  Î ¸É¨Í ¶·¨¢¥¤¥´  ´  ·¨¸. 18. ‡¤¥¸Ó ³ ²¥´Ó±¨¥ ÉµÎ±¨
µ¡µ§´ Î ÕÉ ¶¥·¢Ò¥ ¨§³¥·¥´¨Ö ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö. 5µ²ÓÏ¨¥ ¸¨³¢µ²Ò ¶µ± §Ò-
¢ ÕÉ µÉ´µ¸¨É¥²Ó´Ò° ¢ÒÌµ¤ ¸¢¥É  ¶µ¸²¥ Éµ£µ, ± ± ¨¸Î¥§ ¥É ÔËË¥±É ¶·µ¦¨£ -
´¨Ö. ‚ [56] ¨¸¸²¥¤µ¢ ´  ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ² §¥·´ÒÌ ¸¢¥Éµ¤¨µ¤µ¢
¸ ¶·Ö³µ° ³µ¤Ê²ÖÍ¨¥° ¤²Ö ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¢ Ê¸É ´µ¢±¥ CMS. ‘ ÔÉµ° Í¥²ÓÕ
¡Ò²¨ ¢Ò¡· ´Ò 100 ¤¨µ¤µ¢ ¸ · §²¨Î´Ò³¨ Î ¸ÉµÉ ³¨ Ô³¨¸¸¨¨. 5Ò²¨ µÉµ¡· ´Ò
16 µ¡· §Íµ¢, ±µÉµ·Ò¥ µ¡²ÊÎ ²¨¸Ó ¡µ²ÓÏ¨³ ¶µÉµ±µ³ ´¥°É·µ´µ¢ 1, 1 ·1014 ¸³−2

¶·¨ Ô´¥·£¨¨ 6 ŒÔ‚. �µ²ÊÎ¥´Ò Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ.
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5 ¸¸¨¢´Ò¥ µ¶É¨Î¥¸±¨¥ ³ £¨¸É· ²¨. �¶É¨Î¥¸±¨¥ ¸¨¸É¥³Ò ¶¥·¥¤ Î¨ Ìµ-
·µÏµ  ¤ ¶É¨·ÊÕÉ¸Ö ¤²Ö ¶¥pe¤ Î¨ ¤ ´´ÒÌ µÉ ¸É ´Í¨¨ ± ¸É ´Í¨¨ (point-to-point
links). ˆ§¢¥¸É´Ò¥ ¸¢µ°¸É¢  ‚�‘ ¶µ§¢µ²ÖÕÉ µÉ´µ¸¨É¥²Ó´µ ¶·µ¸Éµ · §³´µ¦ ÉÓ
¸¨£´ ²Ò µÉ ³µÐ´µ£µ ¨¸ÉµÎ´¨±  ¸¢¥É  ¨²¨ µ¡Ñ¥¤¨´ÖÉÓ ¨Ì ¤²Ö ¶¥·¥¤ Î¨ ¶µ
µ¤´µ³Ê ¢µ²µ±´Ê. �¥±µÉµ·Ò¥ ¶·¨³¥·Ò · §²¨Î´ÒÌ É¨¶µ¢ T -¸µ¥¤¨´¨É¥²¥° ¶·¨-
¢¥¤¥´Ò ´  ·¨¸. 19. …¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ Ë¨²ÓÉ·Ò, Éµ ³µ¦´µ ¶¥·¥¤ ¢ ÉÓ ¤ ´´Ò¥
¶µ µ¤´µ³Ê ¢µ²µ±´Ê µÉ ´¥¸±µ²Ó±¨Ì ± ´ ²µ¢ ¶¥·¥¤ Î¨, · ¡µÉ ÕÐ¨Ì ´  · §²¨Î-
´ÒÌ Î ¸ÉµÉ Ì.

¨¸. 19.  §²¨Î´Ò¥ ¸¶µ¸µ¡Ò µ¡Ñ¥¤¨´¥´¨Ö ¸¢¥Éµ¢ÒÌ ¸¨£´ ²µ¢: 1 Å ¸ÉÒ±µ¢± ; 2 Å
µÉ¢¥É¢²¥´¨¥; 3 Å ¸¢ ·± ; 4 Å ¨¸¶µ²Ó§µ¢ ´¨¥ ²¨´§

¶É¨Î¥¸±¨° ± ´ ² (Fiber Channel). �·µÉµ±µ² µ¶É¨Î¥¸±µ£µ ± ´ ²  · §-
· ¡µÉ ´ ¸ Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö ¢Ò¸µ±µ¸±µ·µ¸É´µ° ¤Ê¶²¥±¸´µ° ¸¢Ö§¨ ¤²Ö ¶¥·¥¤ Î¨
¤ ´´ÒÌ ¡²µ± ³¨ ³¥¦¤Ê ¶·µÍ¥¸¸µ· ³¨ ¨ ¢´¥Ï´¨³¨ Ê¸É·µ°¸É¢ ³¨. ‚ ¤ ²Ó´¥°-
Ï¥³ ÔÉµÉ ¶·µÉµ±µ² ¡Ò² Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´ ¸ Í¥²ÓÕ ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¶ ±¥É ³¨
[58, 59]. �·¨ ÔÉµ³ µ¶·¥¤¥²¥´Ò ¶ÖÉÓ Ê·µ¢´¥° ¶·µÉµ±µ²µ¢ (¸²µ¥¢) FC0Å FC4.
 ¸¸³µÉ·¨³ ´ §´ Î¥´¨¥ ± ¦¤µ£µ ¨§ ¸²µ¥¢.

C²µ° FC0 µ¶·¥¤¥²Ö¥É Ë¨§¨Î¥¸±ÊÕ ¸·¥¤Ê, É¨¶Ò ¸µ¥¤¨´¥´¨° ¨ ¸±µ·µ¸ÉÓ
¶¥·¥¤ Î¨ ¨³¶Ê²Ó¸µ¢ ¶µ µ¡µ¨³ ¢µ²µ±´ ³ (µ¤¨´ ¤²Ö ¶·Ö³µ° ¶¥·¥¤ Î¨ ¨ ¤·Ê-
£µ° Å ¤²Ö µ¡· É´µ°). ‘É ´¤ ·É´Ò³¨ ¸±µ·µ¸ÉÖ³¨ Ö¢²ÖÕÉ¸Ö 132,8; 265,6; 531,25;
¨ 1062,5 Œ¡¨É/¸. �·¨Î¥³ ¢ ± Î¥¸É¢¥ ¶¥·¥¤ ÕÐ¥° ¸·¥¤Ò ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ
Ô±· ´¨·µ¢ ´´Ò¥ ¸±·ÊÎ¥´´Ò¥ ¶ ·Ò ¶·µ¢µ¤µ¢, ±µ ±¸¨ ²Ó´Ò¥ ± ¡¥²¨, µ¤´µ³µ-
¤µ¢Ò¥ ¨ ³´µ£µ³µ¤µ¢Ò¥ ‚�‘.
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‘²µ° FC1 § ¤ ¥É É ±Éµ¢ÊÕ Î ¸ÉµÉÊ, ¸¶µ¸µ¡ ¤¥±µ¤¨·µ¢ ´¨Ö ¨ ¤¥É¥±É¨·µ-
¢ ´¨Ö µÏ¨¡µ± ¢ ¶·µÍ¥¸¸¥ ¶¥·¥¤ Î¨ ¤ ´´ÒÌ. ‚ ¸²µ¥ FC2 µ¶·¥¤¥²¥´ ³¥Ì ´¨§³
¶¥·¥¤ Î¨ ¤ ´´ÒÌ ³¥¦¤Ê Ê§² ³¨ ¸¥É¨. �·¨ ÔÉµ³ ¨³¶Ê²Ó¸Ò ³µ£ÊÉ ¶¥·¥¤ ¢ ÉÓ¸Ö
± ± ¸ ¶µ³µÐÓÕ ±µ³³ÊÉ Éµ·µ¢, É ± ¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ, µÉ Ê§²  ± Ê§²Ê. �·¨
ÔÉµ³ ¢µ§³µ¦´Ò É·¨ ³µ¤Ò µ¡¸²Ê¦¨¢ ´¨Ö. �¥·¢ Ö ³µ¤  µ¡¥¸¶¥Î¨¢ ¥É ¶¥·¥-
¤ ÎÊ ¨´Ëµ·³ Í¨¨ ¡µ²ÓÏ¨³¨ ¡²µ± ³¨ ¸ ´ ¨¡µ²ÓÏ¥° ¸±µ·µ¸ÉÓÕ. Œµ¤Ò 2 ¨ 3
¶·¥¤´ §´ Î¥´Ò ¤²Ö ¶ ±¥É´µ£µ ¸¶µ¸µ¡  ¸¢Ö§¨.

	 ¸¶·¥¤¥²¥´´Ò° µ¶É¨Î¥¸±¨° ¨´É¥·Ë¥°¸ [59] (FDDI).  ¸¶·¥¤¥²¥´´Ò°
µ¶É¨Î¥¸±¨° ¨´É¥·Ë¥°¸ (�ˆ) ¶·¥¤´ §´ Î¥´ ¤²Ö ¢Ò¸µ±µ¸±µ·µ¸É´µ° ¶¥·¥¤ Î¨
¤ ´´ÒÌ ¶µ µ¶É¨Î¥¸±µ³Ê ± ´ ²Ê ¸µ ¸±µ·µ¸ÉÓÕ 45÷ 150 Œ¡¨É/¸. „ ´´Ò¥ ³µ£ÊÉ
¶¥·¥¤ ¢ ÉÓ¸Ö ± ± ¢ ²µ± ²Ó´ÒÌ ¸¥ÉÖÌ, É ± ¨ ³¥¦¤Ê µ¡Ñ¥±É ³¨, · ¸¶µ²µ¦¥´-
´Ò³¨ ´  ¡µ²ÓÏ¨Ì ¶²µÐ ¤ÖÌ. 5 §µ¢ Ö  ·Ì¨É¥±ÉÊ·  ¸É ´¤ ·É  ¢¥¸Ó³  ¶·µ¸É .
�´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸¤¢µ¥´´µ¥ ±µ²ÓÍµ, ¢ µ¶·¥¤¥²¥´´ÒÌ ÉµÎ± Ì ±µÉµ·µ£µ
· ¸¶µ² £ ÕÉ¸Ö Ê§²Ò ¸¥É¨. �·¨Î¥³ ¢ ¸²ÊÎ ¥ ¶µ¢·¥¦¤¥´¨Ö µ¤´µ£µ ±µ²ÓÍ  ¢¸¥
¤ ´´Ò¥ ³µ£ÊÉ ¶¥·¥¤ ¢ ÉÓ¸Ö ¶µ ¤·Ê£µ³Ê ±µ²ÓÍÊ. ‘¨£´ ²Ò, ¶·µÌµ¤ÖÐ¨¥ ¸±¢µ§Ó
Ê§²Ò ¸¥É¨, ·¥£¥´¥·¨·ÊÕÉ¸Ö ¸ ¶µ³µÐÓÕ Ô²¥±É·µµ¶É¨Î¥¸±¨Ì Ê¸¨²¨É¥²¥°. �µ-
ÔÉµ³Ê ¶µÉµ± ¤ ´´ÒÌ ³µ¦¥É ¨²¨ ¶¥·¥¤ ¢ ÉÓ¸Ö ¶µ ±µ²ÓÍÊ, ¨²¨ ±µ³³ÊÉ¨·µ¢ ÉÓ¸Ö
± ¶·¨¥³´¨±Ê ¤ ´´µ£µ Ê§² .

ˆ¸¶µ²Ó§ÊÖ µ¡  ±µ²ÓÍ  ¤²Ö ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¢ µ¤´µ³ ´ ¶· ¢²¥´¨¨, ³µ¦´µ
¤µ¸É¨£´ÊÉÓ ¸±µ·µ¸É¨ ¶¥·¥¤ Î¨ 200 Œ¡¨É/¸. ˆ§¢¥¸É´  É ±¦¥ ³µ¤¨Ë¨± Í¨Ö
¨´É¥·Ë¥°¸  FDDI Å FDDI-II, ¸ ¶µ³µÐÓÕ ±µÉµ·µ° ¶¥·¥¤ ÕÉ¸Ö ·¥ÎÓ ¨ ¢¨¤¥µ-
¨´Ëµ·³ Í¨Ö ¸µ ¸±µ·µ¸ÉÓÕ 6,144 Œ¡¨É/¸.

	 ¸¶·¥¤¥²¥´´ Ö ¸¤¢µ¥´´ Ö ³ £¨¸É· ²Ó (IEEE 802,6).  ¸¶·¥¤¥²¥´´ Ö
¸¤¢µ¥´´ Ö ³ £¨¸É· ²Ó, ¨³¥ÕÐ Ö ¸±µ·µ¸ÉÓ ¶¥·¥¤ Î¨ 150 Œ¡¨É (¤²Ö µ¤´µ£µ
± ´ ² ), ¸µ¸Éµ¨É ¨§ ´ ¶· ¢²¥´´ÒÌ ¢ ¶·µÉ¨¢µ¶µ²µ¦´Ò¥ ¸Éµ·µ´Ò µ¶É¨Î¥¸±¨Ì
³ £¨¸É· ²¥°, ³¥¦¤Ê ±µÉµ·Ò³¨ · ¸¶µ² £ ÕÉ¸Ö Ê§²Ò ¸¥É¨. „ ´´Ò¥ µÉ Ê§²  ± Ê§²Ê
¸¥É¨ ¶¥·¥¤ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ ¢·¥³¥´´ÒÌ µ±µ´, ±µÉµ·Ò¥ § ¤ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ
£²µ¡ ²Ó´µ£µ  ²£µ·¨É³ , µ¶·¥¤¥²ÖÕÐ¥£µ µÎ¥·¥¤´µ¸ÉÓ ¸¢Ö§¨. ‚µµ¡Ð¥ £µ¢µ·Ö, ¸
¶µ³µÐÓÕ · §Ñ¥³µ¢ p ¸¶·¥¤¥²¥´´ÊÕ ¸¤¢µ¥´´ÊÕ ³ £¨¸É· ²Ó ³µ¦´µ ¶·¥¢· É¨ÉÓ
¢ ±µ²ÓÍ¥¢ÊÕ.

5µ¢ÒÏ¥´¨¥ ¸±µ·µ¸É¨ ¶¥·¥¤ Î¨. �·Ö³µ° ¶ÊÉÓ Ê¢¥²¨Î¥´¨Ö ¸±µ·µ¸É¨ ¶¥-
·¥¤ Î¨ Å ¨¸¶µ²Ó§µ¢ ´¨¥ ¡µ²¥¥ ¡Ò¸É·ÒÌ ±µ³¶µ´¥´Éµ¢ Å ¶·¨¢µ¤¨É ± Ê¢¥²¨-
Î¥´¨Õ ¸Éµ¨³µ¸É¨ ¸¥É¨. Š ± ¶µ± § ´µ ¢ [59], ¶µ¢Ò¸¨ÉÓ ¸±µ·µ¸ÉÓ ¶¥·¥¤ Î¨ ¢
µ¡e¨Ì ¸¥ÉÖÌ ³µ¦´µ ¶ÊÉ¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¥¤¨´¥´¨° ¨¸Ìµ¤´ÒÌ ¸¥É¥°, É.¥.
¶ÊÉ¥³ É· ´¸Ëµ·³ Í¨¨ ¨Ì ¢ ³´µ£µ± ´ ²Ó´Ò¥ ±µ²ÓÍ¥¢Ò¥ ¸¥É¨. ‚ ¤ ´´µ° · ¡µÉ¥
µ¶¨¸Ò¢ ¥É¸Ö ´¥¸±µ²Ó±µ Éµ¶µ²µ£¨° É ±¨Ì ¸¥É¥°. �  ·¨¸. 20 ¢ ± Î¥¸É¢¥ ¶·¨³¥· 
¶·¨¢¥¤¥´  Éµ¶µ²µ£¨Ö É¨¶  ®Shuf�e¯, ¸µ¸ÉµÖÐ Ö ¨§ 24 ¨´É¥·Ë¥°¸µ¢ ¨ 6 ‚�‹‘.

„²Ö ±µ´É·µ²Ö µ¶É¨Î¥¸±¨Ì ³ £¨¸É· ²¥° ¨¸¶µ²Ó§ÊÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò¥ É¥¸Éµ-
¢Ò¥ ¸¨¸É¥³Ò [61].

5·¨³¥´¥´¨¥ · ¸¶·¥¤¥²¥´´µ£µ µ¶É¨Î¥¸±µ£µ ¨´É¥·Ë¥°¸ . �µ¸±µ²Ó±Ê µ¶É¨-
Î¥¸±¨¥ ¸¥É¨ ¸µ¤¥·¦ É 2 × 2-±µ³³ÊÉ Éµ·Ò, Éµ µ´¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ ± Î¥¸É¢¥
¡Ò¸É·µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ¸É·µ¨É¥²¥° ¸µ¡ÒÉ¨° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ Ë¨§¨±¥ ¢Ò-
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¨¸. 20. Œ´µ£µ¸¢Ö§´µ¥ ±µ²ÓÍµ, ¸µ¸ÉµÖÐ¥¥ ¨§ 24 Ê§²µ¢ ¸¥É¨

¸µ±¨Ì Ô´¥·£¨°. ‚ [60] ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö µ¤´µ± ¸± ¤´µ£µ
¨ ¤¢ÊÌ± ¸± ¤´µ£µ ¶µ¸É·µ¨É¥²¥° ¸µ¡ÒÉ¨°, ¨³¥ÕÐ¨Ì ¶µ 256 ¢Ìµ¤µ¢/¢ÒÌµ¤µ¢.
�¥§ ¢¨¸¨³µ µÉ Î¨¸²  ± ¸± ¤µ¢ ³µ¤¥²Ó ¨³¥¥É n ¢Ìµ¤µ¢, ´  ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ
¶µ¸ÉÊ¶ ÕÉ k-· §·Ö¤´Ò¥ Ë· £³¥´ÉÒ ¸µ¡ÒÉ¨° µÉ É·¨££¥·´µ° ¸¨¸É¥³Ò ¶¥·¢µ£µ
Ê·µ¢´Ö. ‡ ¤ Î  ¶µ¸É·µ¨É¥²Ö ¸µ¡ÒÉ¨° ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò Ë· £³¥´ÉÒ µ¤-
´µ¨³¥´´ÒÌ ¸µ¡ÒÉ¨° ¶µ¸ÉÊ¶ ²¨ ± µ¤´µ³Ê ¨§ ¶·¨¥³´¨±µ¢ ¤ ´´ÒÌ. �·¨Î¥³
¸¢Ö§¨ ³¥¦¤Ê ¶¥·¥¤ ÉÎ¨± ³¨ ¨ ¶·¨¥³´¨± ³¨ ¤ ´´ÒÌ ³µ£ÊÉ ¤¨´ ³¨Î¥¸±¨ ³¥-
´ÖÉÓ¸Ö ¢ ± ¦¤µ³ É ±É¥. �µ¸²¥ Ê¸É ´µ¢²¥´¨Ö ¸¢Ö§¨ ¢·¥³Ö ¶¥·¥¤ Î¨ Ë· £³¥´Éµ¢
³µ¦´µ ¶µ² £ ÉÓ ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ¢¥²¨Î¨´¥ ¸µµ¡Ð¥´¨Ö. �µ± § ´µ, ÎÉµ ¶·¨
§´ Î¥´¨¨ 1000 ±¡ °É ´  ¸µ¡ÒÉ¨¥ ¶·µ¶Ê¸±´ Ö ¸¶µ¸µ¡´µ¸ÉÓ µ¤´µ± ¸± ¤´µ£µ
¶µ¸É·µ¨É¥²Ö ¸µ¡ÒÉ¨° · ¢´  1200 ¸µ¡./¸. �¤´ ±µ ¢µ¶·µ¸ µ¡ ¨¸¶µ²Ó§µ¢ ´¨¨
¸É ´¤ ·É´ÒÌ ¸¥É¥° ¢ ± Î¥¸É¢¥ ¶µ¸É·µ¨É¥²¥° ¸µ¡ÒÉ¨° µ¸É ¥É¸Ö µÉ±·ÒÉÒ³ ¢
¸¢Ö§¨ ¸ É¥³, ÎÉµ ¶·µÉµ±µ²Ò ¸É ´¤ ·É´ÒÌ ¸¥É¥° µÉ²¨Î ÕÉ¸Ö µÉ ¶·µÉµ±µ²µ¢,
´¥µ¡Ìµ¤¨³ÒÌ ¤²Ö ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¢ É·¨££¥·´ÒÌ ¸¨¸É¥³ Ì.

—¨É É¥²Õ, ¨´É¥·¥¸ÊÕÐ¥³Ê¸Ö ¸¨´Ì·µ´´µ° ¸¨¸É¥³µ° µ¶É¨Î¥¸±µ° ¸¢Ö§¨,
·¥±µ³¥¤Ê¥³ µ§´ ±µ³¨ÉÓ¸Ö ¸ · ¡µÉ ³¨ [58, 59].

8. 5	ˆŒ…�…�ˆ… ‚‹‘ ‚ “‘Š	ˆ’…‹œ�‰ ’…•�ˆŠ…

‚Ò¸µ±¨¥ Ê·µ¢´¨ ¨³¶Ê²Ó¸´µ£µ Ô²¥±É·µ³ £´¨É´µ£µ ¨ · ¤¨ Í¨µ´´µ£µ ¨§²Ê-
Î¥´¨°, ¢Ò¸µ± Ö · §´µ¸ÉÓ ¶µÉ¥´Í¨ ²µ¢ ¨¸ÉµÎ´¨±µ¢ µÉ´µ¸¨É¥²Ó´µ ®§¥³²¨¯ (¶µ-
·Ö¤±  750 ±‚) ¤¥² ÕÉ ¸¢¥Éµ¢µ¤´Ò¥ ¸¨¸É¥³Ò ¥¤¨´¸É¢¥´´µ ¢µ§³µ¦´Ò³ ± ´ ²µ³
¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ ®¨¸ÉµÎ´¨± Å ¶Ê²ÓÉ Ê¶· ¢²¥´¨Ö¯ ¨ µ¡· É´µ. ‚ ¤ ´-



236 �ˆŠˆ’`Š �.Œ., �Œ���‚ `.ˆ.

´µ³ · §¤¥²¥ ¡Ê¤ÊÉ µ¶¨¸ ´Ò · §· ¡µÉ ´´Ò¥ ¨ ¢´¥¤·¥´´Ò¥ ¸¨¸É¥³Ò ¢µ²µ±µ´´µ-
µ¶É¨Î¥¸±¨Ì ²¨´¨° ¸¢Ö§¨ ´  Ê¸±µ·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹‚� �ˆŸˆ. ‘µ§¤ ´¨¥
 ¢Éµ³ É¨§¨·µ¢ ´´ÒÌ ¸¨¸É¥³ Ê¶· ¢²¥´¨Ö ¨ ±µ´É·µ²Ö ¨µ´´ÒÌ ¨¸ÉµÎ´¨±µ¢ ²¨-
´¥°´ÒÌ Ê¸±µ·¨É¥²¥° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨Ì ²¨´¨° ¸¢Ö§¨
¶µ§¢µ²¨²µ Ê²ÊÎÏ¨ÉÓ ¶·µ¸É· ´¸É¢¥´´Ò¥ ¨ ¢·¥³¥´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨µ´´ÒÌ
¶ÊÎ±µ¢, ¸ÊÐ¥¸É¢¥´´µ ¸µ±· É¨ÉÓ ¢·¥³Ö ´ ¸É·µ°±¨ ¨¸ÉµÎ´¨±µ¢ ¨ Ê¶·µ¸É¨ÉÓ ¨Ì
Ô±¸¶²Ê É Í¨Õ. ˆ§£µÉµ¢²¥´´ Ö ³´µ£µ± ´ ²Ó´ Ö  ¶¶ · ÉÊ·  ¶µ§¢µ²Ö¥É ¶¥·¥-
¤ ¢ ÉÓ ³ ¸¸¨¢Ò ¨´Ëµ·³ Í¨¨ ¶µ ‚�‹‘, ¨³¥ÕÐ¨Ì ± ± ¶ · ²²¥²Ó´ÊÕ, É ± ¨
¶µ¸²¥¤µ¢ É¥²Ó´ÊÕ ¸É·Ê±ÉÊ·Ò. � · ²²¥²Ó´ Ö µ·£ ´¨§ Í¨Ö ¸¢¥Éµ¢µ¤´ÒÌ ± ´ -
²µ¢ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¸µ§¤ ´¨Ö ³µ´É ¦´ÒÌ, ¶µ¸²¥¤µ¢ É¥²Ó´ Ö Å ¤²Ö ¢´ÊÉ·¨-
µ¡Ñ¥±É´ÒÌ ¨ ³¥¦µ¡Ñ¥±É´ÒÌ ‚�‹‘ ¸ ¶·¨³¥´¥´¨¥³ ± ´ ²µµ¡· §ÊÕÐ¨Ì ¸¨¸É¥³
®Ê¶²µÉ´¥´¨¥ Å · §Ê¶²µÉ´¥´¨¥¯ ¶¥·¥¤ ¢ ¥³µ° ¨´Ëµ·³ Í¨¨.

¡Ð¨¥ ¢µ¶·µ¸Ò · §· ¡µÉ±¨ ¨ ¸µ§¤ ´¨Ö ±µ·µÉ±µ³¥É· ¦´ÒÌ (³µ´É ¦-
´ÒÌ) ‚‹‘ ¸·¥¤´¥£µ ¡Ò¸É·µ¤¥°¸É¢¨Ö ¤²Ö Ô²¥±É·µË¨§¨Î¥¸±¨Ì Ê¸É ´µ¢µ±
(�”“). ‚ ¸¨¸É¥³ Ì Ê¶· ¢²¥´¨Ö �”“ ¨¸¶µ²Ó§Ê¥É¸Ö, ± ± ¶· ¢¨²µ, ¤µ ¤¥¸ÖÉ± 
¨ ¡µ²¥¥ µ¤´µ± ´ ²Ó´ÒÌ ‚�‹‘ ¸·¥¤´¥£µ ¡Ò¸É·µ¤¥°¸É¢¨Ö (0,1Ä10 ŒƒÍ). ’ -
± Ö ³´µ£µ²¨´¥°´ Ö ¸É·Ê±ÉÊ·  µ¶ÉµÔ²¥±É·µ´´ÒÌ ± ´ ²µ¢ ¸µ§¤ ¥É¸Ö ¶ÊÉ¥³ ¶·µ-
±² ¤±¨ ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö ¶µ¢¥·Ì µ£· ¦¤¥´¨Ö �”“ ¤²Ö µ¡¥¸¶¥Î¥-
´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ¡²µ± ³¨  ¶¶ · ÉÊ·Ò, · ¸¶µ²µ¦¥´´Ò³¨ ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³
É¥·³¨´ ²¥ ¨´¦¥±Éµ· , ¨ ¶Ê²ÓÉµ³ Ê¶· ¢²¥´¨Ö. Š ´ ²Ò ‚�‹‘ ³ ²µ° ¶·µÉÖ-
¦¥´´µ¸É¨ 5 ÷ 10 ³ Í¥²¥¸µµ¡· §´µ ¨§£µÉ ¢²¨¢ ÉÓ µ¶É¨Î¥¸±¨ ´¥· §Ñ¥³´Ò³¨.
ˆ¸±²ÕÎ¥´¨¥ ¸µ¸É ¢²ÖÕÉ µÉ¤¥²Ó´Ò¥ ¸²ÊÎ ¨, ±µ£¤  ¢¢¥¤¥´¨¥ ¢ ²¨´¥°´Ò° É· ±É
¤µ·µ£µ¸ÉµÖÐ¨Ì µ¶É¨Î¥¸±¨Ì ¸µ¥¤¨´¨É¥²¥° ¤¨±ÉÊ¥É¸Ö Ê¸²µ¢¨Ö³¨ ¶·¨³¥´¥´¨Ö
(´ ¶·¨³¥·, ¶·¨ ¶·µÌµ¦¤¥´¨¨ É·Ê¡, ¸É¥´, ¢¸¥¢µ§³µ¦´ÒÌ ¶¥·¥£µ·µ¤µ± ¨ É.¤.).
�Í¥´±  ÔËË¥±É¨¢´µ¸É¨ ¶·¨³¥´¥´¨Ö ±µ·µÉ±µ³¥É· ¦´ÒÌ ‚�‹‘ ´  �”“ ¶µ-
± §Ò¢ ¥É, ÎÉµ µÉ± § µÉ ¨¸¶µ²Ó§µ¢ ´¨Ö �‘ ¢ ´¥¸±µ²Ó±µ · § ¸´¨¦ ¥É ¸Éµ¨³µ¸ÉÓ
± ´ ²  ‚�‹‘ ¨ ¢³¥¸É¥ ¸ É¥³ ¶µ¢ÒÏ ¥É ¥£µ ´ ¤¥¦´µ¸ÉÓ. ‘É·¥³²¥´¨¥ ¸µÌ· -
´¨ÉÓ ¢ ¸µ¸É ¢¥ µ¶ÉµÔ²¥±É·µ´´ÒÌ ± ´ ²µ¢ · §Ñ¥³´µ¸ÉÓ ±µ´¸É·Ê±Í¨¨ ¶·¨¢¥²µ
± ¸µ§¤ ´¨Õ ¡µ²¥¥ ¤¥Ï¥¢ÒÌ ¨ ¶·µ¸ÉÒÌ ® ±É¨¢´ÒÌ¯ ¸µ¥¤¨´¨É¥²¥°.

�·¨ ¨§£µÉµ¢²¥´¨¨ ³µ´É ¦´ÒÌ ‚�‹‘ ¨¸¶µ²Ó§µ¢ ²µ¸Ó Ì · ±É¥·´µ¥ ¤²Ö
®ËµÉµ´´ÒÌ¯ ²¨´¨° ¸¢Ö§¨ ¸µÎ¥É ´¨¥ GaAS-¸¢¥Éµ¤¨µ¤ , p-n-ËµÉµ¤¨µ¤  ¨ ³´µ-
£µ³µ¤µ¢µ£µ µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö, ÎÉµ µ¡¥¸¶¥Î¨¢ ¥É ´¨§±ÊÕ ¸Éµ¨³µ¸ÉÓ, ¢Ò¸µ±ÊÕ
¤µ²£µ¢¥Î´µ¸ÉÓ ¨ ´ ¤¥¦´µ¸ÉÓ ÔÉ¨Ì Ê¸É·µ°¸É¢. ‘ ÉµÎ±¨ §·¥´¨Ö Ê¢¥²¨Î¥´¨Ö ¶µ-
³¥Ìµ§ Ð¨Ð¥´´µ¸É¨ µ¶É¨Î¥¸±¨Ì ± ´ ²µ¢ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ ´  �”“ ¶¥·-
¸¶¥±É¨¢¥´ ³¥Éµ¤ ¶µ¸É·µ¥´¨Ö ËµÉµ¶·¨¥³´¨±µ¢ ¸ £ ²Ó¢ ´¨Î¥¸±¨³¨ ¸¢Ö§Ö³¨,
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ µ¶¥· Í¨µ´´ÒÌ Ê¸¨²¨É¥²¥°. „²Ö ¶µ¢ÒÏ¥´¨Ö · §·¥Ï ÕÐ¥°
¸¶µ¸µ¡´µ¸É¨ ËµÉµ¶·¨¥³´¨±  ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¸¨£´ ²Ó´Ò° Éµ± ËµÉµ¤ É-
Î¨±  ¶·¥¢ÒÏ ² §´ Î¥´¨¥ ¢Ìµ¤´µ£µ Éµ±  µ¶¥· Í¨µ´´µ£µ Ê¸¨²¨É¥²Ö. �Éµ³Ê ¨
¤·Ê£¨³ É·¥¡µ¢ ´¨Ö³, ¢ µ¸´µ¢´µ³, µÉ¢¥Î ÕÉ ¢Ò¸µ±µ¸±µ·µ¸É´Ò¥ µ¶¥· Í¨µ´´Ò¥
Ê¸¨²¨É¥²¨ ¸ ¶µ²¥¢Ò³¨ É· ´§¨¸Éµ· ³¨ ´  ¢Ìµ¤¥, ¢±²ÕÎ¥´´Ò¥ ¶µ ¸Ì¥³¥ ¸ µÉ·¨-
Í É¥²Ó´µ° µ¡· É´µ° ¸¢Ö§ÓÕ. ”µÉµ¶·¨¥³´¨±, ¶µ¸É·µ¥´´Ò° ¶µ ¸Ì¥³¥ ®Éµ± Å
´ ¶·Ö¦¥´¨¥¯, ¨³¥¥É ¶·¥¨³ÊÐ¥¸É¢  ¶¥·¥¤ ¢Ò¸µ±µ¨³¶¥¤ ´¸´µ° ¸Ì¥³µ° ¢±²ÕÎ¥-
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´¨Ö, É ± ± ± ËµÉµ¤¨µ¤ ´ £·Ê¦ ¥É¸Ö ´  ³ ²Ò° ¢Ìµ¤´µ° ¨³¶¥¤ ´¸ Ê¸¨²¨É¥²Ö,
ÎÉµ µ¡¥¸¶¥Î¨¢ ¥É µ¶É¨³ ²Ó´Ò°, µÉ´µ¸¨É¥²Ó´µ ¡Ò¸É·µ¤¥°¸É¢¨Ö, ·¥¦¨³ ËµÉµ-
¤¨µ¤  ¨ · ¸Ï¨·Ö¥É ¨´Ëµ·³ Í¨µ´´ÊÕ ¶µ²µ¸Ê ¶·¨´¨³ ¥³ÒÌ ¸¨£´ ²µ¢.

‘ÊÐ¥¸É¢¥´´Ò³ Ê¸¶¥Ìµ³ ¢ · §¢¨É¨¨ ³µ´É ¦´ÒÌ ‚�‹‘ ¸É ²  · §· ¡µÉ± 
´µ¢µ£µ ¨§¤¥²¨Ö Ô²¥±É·µ´´µ° É¥Ì´¨±¨ Å ®¢µ²¸É·µ´ ¯, ¸µ¤¥·¦ Ð¥£µ ¢ ± Î¥¸É¢¥
± ´ ²  ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ µÉ·¥§µ± ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ ± ¡¥²Ö, ±µÉµ-
·Ò° µ¶É¨Î¥¸±¨ ¨ ³¥Ì ´¨Î¥¸±¨ ´¥· §Ñ¥³´µ ¸µ¥¤¨´¥´ ¸ µ±µ´¥Î´Ò³¨ Ê¸É·µ°-
¸É¢ ³¨, µ¤´µ ¨§ ±µÉµ·ÒÌ ¢Ò¶µ²´Ö¥É ËÊ´±Í¨Õ ¶·¥µ¡· §µ¢ ´¨Ö Ô²¥±É·¨Î¥¸±µ£µ
¸¨£´ ²  ¢ µ¶É¨Î¥¸±¨°,   ¤·Ê£µ¥ Å ¶·¥µ¡· §µ¢ ´¨Ö Ô²¥±É·¨Î¥¸±µ£µ ¸¨£´ ²  ¢
µ¶É¨Î¥¸±¨°. „·Ê£¨³¨ ¸²µ¢ ³¨, ¢µ²¸É·µ´ Å ³¥Ì ´¨Î¥¸±¨ ´¥· §Ñ¥³´µ¥ Ê¸É·µ°-
¸É¢µ, ¢¸¥ Ô²¥³¥´ÉÒ ±µÉµ·µ£µ, ± ± µ¶É¨Î¥¸±¨¥, É ± ¨ Ô²¥±É·µ´´µ£µ µ¡· ³²¥-
´¨Ö, ¨´É¥£·¨·µ¢ ´Ò ¢ ¶·µÍ¥¸¸¥ ¥£µ ¨§£µÉµ¢²¥´¨Ö. �Éµ µÉ²¨Î¨¥ ´µ¸¨É ¶·¨´-
Í¨¶¨ ²Ó´Ò° Ì · ±É¥·, É ± ± ± ¢µ²¸É·µ´, ¢ µÉ²¨Î¨¥ µÉ ‚�‹‘, µ¸´ Ð¥´´µ°
·a§Ñ¥³´Ò³¨ ¸µ¥¤¨´¨É¥²Ö³¨, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ´¥ ´ ¡µ· Ô²¥³¥´Éµ¢,   ¥¤¨-
´Ò° ¶·¨¡µ· (·¨¸. 21).

¨¸. 21. ‚´¥Ï´¨° ¢¨¤ ± ¡¥²Ó´µ£µ ¢µ²¸É·µ´ 

�µ ¸· ¢´¥´¨Õ ¸ ‚�‹‘, ¢ ±µÉµ·µ° ¨¸¶µ²Ó§ÊÕÉ¸Ö µ¶É¨Î¥¸±¨¥ ¸µ¥¤¨´¨-
É¥²¨, ¢µ²¸É·µ´ µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¨£·ÒÏ ¢ Ô´¥·£¥É¨±¥ ¸¢¥ÉµµÉ¤ Î¨ ¢¸²¥¤¸É¢¨¥
²ÊÎÏ¨Ì Ê¸²µ¢¨° ¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¢ ¢µ²µ±´µ ¨ µÉ¸ÊÉ¸É¢¨Ö ¶µÉ¥·Ó ´  · §Ñ¥³-
´ÒÌ ¸µ¥¤¨´¨É¥²ÖÌ. �ÉµÉ ¢Ò¨£·ÒÏ ³µ¦¥É ¤µ¸É¨£ ÉÓ 4 ÷ 6 ¤5, ÎÉµ ¶µ§¢µ²Ö¥É
¸´¨§¨ÉÓ Éµ± ¢µ§¡Ê¦¤¥´¨Ö ¨§²ÊÎ É¥²Ö ¨ ¶µ¢Ò¸¨ÉÓ ´ ¤¥¦´µ¸ÉÓ · ¡µÉÒ ¶¥·¥¤ -
ÕÐ¥£µ µ¶É¨Î¥¸±µ£µ ³µ¤Ê²Ö. �· ±É¨±  ¨¸¶µ²Ó§µ¢ ´¨Ö ¢µ²¸É·µ´µ¢ ´  �”“ ¢
¸¨¸É¥³¥ Ê¶· ¢²¥´¨Ö ¨´¦¥±Éµ·µ³ Ê¸±µ·¨É¥²Ö [43, 61] ¶µ¤É¢¥·¤¨²  ¢Ò¸µ±¨¥
Ô±¸¶²Ê É Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ · §· ¡µÉ ´´ÒÌ ¶·¨¡µ·µ¢.


¶¶ · ÉÊ·  ³´µ£µ± ´ ²Ó´ÒÌ Í¨Ë·µ¢ÒÌ ‚‹‘ ¤²Ö ¸¨¸É¥³Ò Ê¶· ¢²¥-
´¨Ö ¨ ±µ´É·µ²Ö ¨µ´´ÒÌ ¨¸ÉµÎ´¨±µ¢. �´ ²¨§ § ¤ Î, ·¥Ï ¥³ÒÌ ¢ ¶·µÍ¥¸¸¥
 ¢Éµ³ É¨§ Í¨¨ �”“, ¶µ± §Ò¢ ¥É, ÎÉµ ¸¢¥Éµ¢µ¤´Ò¥ ¸¨¸É¥³Ò Í¥²¥¸µµ¡· §´µ
¸É·µ¨ÉÓ ¶µ ³µ¤Ê²Ó´µ³Ê ¶·¨´Í¨¶Ê, ¢Ò¤¥²ÖÖ ¢ ¨Ì ¸µ¸É ¢¥  ¶¶ · ÉÊ·Ê ¶¥·¥¤ Î¨
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¨³¶Ê²Ó¸µ¢ ¸¨´Ì·µ´¨§ Í¨¨ [43, 62Ä65], ¸µ¡¸É¢¥´´µ ¶·µ£· ³³´µ- ¶¶ · É´ÊÕ
¸¨¸É¥³Ê ¸¡µ·  ¤ ´´ÒÌ [35, 65Ä69], ¢¸¶µ³µ£ É¥²Ó´ÊÕ ¨ ¸²Ê¦¥¡´ÊÕ  ¶¶ · ÉÊ·Ê
[70, 71], · ¸Ï¨·ÖÕÐÊÕ ¢µ§³µ¦´µ¸É¨ ³´µ£µ± ´ ²Ó´ÒÌ ‚�‹‘. �Éµ ¶µ§¢µ²Ö¥É
¤²Ö ± ¦¤µ£µ ¨§ ¶·¨³¥´¥´¨° ¨¸¶µ²Ó§µ¢ ÉÓ µ¶É¨³ ²Ó´Ò° ¶µ ¸µ¸É ¢Ê ¨ ±µ´Ë¨-
£Ê· Í¨¨ ´ ¡µ· ³µ¤Ê²¥° ¨§ ¨Ì ËÊ´±Í¨µ´ ²Ó´µ ¶µ²´µ£µ ´ ¡µ· .

 §· ¡µÉ ´´Ò¥ ¢ ‹‚� �ˆŸˆ ¶¥·¢Ò¥ ³µ¤Ê²Ó´Ò¥ ¸¨¸É¥³Ò ¸¡µ·  ¤ ´´ÒÌ
¨µ´´ÒÌ ¨¸ÉµÎ´¨±µ¢ [35, 66] ¶µ§¢µ²ÖÕÉ ±µ´É·µ²¨·µ¢ ÉÓ ¨ µÉµ¡· ¦ ÉÓ ¸ ¶µ-
³µÐÓÕ Í¨Ë·µ¢ÒÌ ¨´¤¨± Éµ·µ¢ Î¥ÉÒ·¥ µ¤´µ¢·¥³¥´´µ ¨§³¥´ÖÕÐ¨Ì¸Ö ¶ · -
³¥É· ,   É ±¦¥ ´ ¡²Õ¤ ÉÓ Ëµ·³Ê ¨³¶Ê²Ó¸µ¢ ¸ ¶µ³µÐÓÕ µ¸Í¨²²µ£· Ë : ¨µ´-
´µ£µ Éµ±  ¨ Ô²¥±É·µ´´µ£µ Éµ± . �¥·¥¤ Î  ÔÉ¨Ì ¶ · ³¥É·µ¢ ¨¤¥É ¶µ¶¥·¥³¥´´µ,
¸ Î ¸ÉµÉµ° ¸¨´Ì·µ¨³¶Ê²Ó¸µ¢ § ¶Ê¸±  ¨¸ÉµÎ´¨± . ‚ É¥²¥³¥É·¨Î¥¸±¨Ì ¸¨¸É¥³ Ì
¶·¨³¥´Ö¥É¸Ö ¢·¥³¥´´µ¥ · §¤¥²¥´¨¥ ± ´ ²µ¢. Šµ¤¨·µ¢ ´¨¥  ´ ²µ£µ¢µ° ¨´Ëµ·-
³ Í¨¨, ¶µ¸ÉÊ¶ ÕÐ¥° µÉ ¤ ÉÎ¨±µ¢ ¨¸ÉµÎ´¨± , ¶·µ¨§¢µ¤¨É¸Ö ¸¶µ¸µ¡µ³ �ˆŒ
( ³¶²¨ÉÊ¤´µ-¨³¶Ê²Ó¸´ Ö ³µ¤Ê²ÖÍ¨Ö) Å ‚ˆŒ (¢·¥³Ö-¨³¶Ê²Ó¸´ Ö ³µ¤Ê²ÖÍ¨Ö)
¸ ¶µ¸²¥¤ÊÕÐ¨³ ¶·¥µ¡· §µ¢ ´¨¥³ ¥¥ ¢ ¤¢µ¨Î´µ-¤¥¸ÖÉ¨Î´Ò° ±µ¤ ¢ ¶·¨¥³´µ³
Ê¸É·µ°¸É¢¥. ‚ ± Î¥¸É¢¥ ±µ³³Ê´¨± Í¨µ´´µ° ¸·¥¤Ò ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ¨¸¶µ²Ó-
§Ê¥É¸Ö É·¥Ì³¥É·µ¢Ò° ¦£ÊÉµ¢Ò° ¸¢¥Éµ¢µ¤´Ò° ± ¡¥²Ó [35],   ¢ ¡µ²¥¥ · ´´¨Ì
· ¡µÉ Ì [66] Å ± ´ ² ‘‚—.

„²Ö ¸¨´Ì·µ´¨§ Í¨¨ ·¥¦¨³µ¢ É¥Ì´µ²µ£¨Î¥¸±¨Ì ¸¨¸É¥³ ¨µ´´ÒÌ ¨¸ÉµÎ´¨±µ¢
· §· ¡µÉ ´ ³´µ£µ± ´ ²Ó´Ò° ¶·µ£· ³³´µ-Ê¶· ¢²Ö¥³Ò° É °³¥· [64]. �·¨¡µ·
¨¸¶µ²Ó§µ¢ ²¸Ö ¢ ¸µ¸É ¢¥ ¸¨¸É¥³Ò ¸¨´Ì·µ´¨§ Í¨¨ ±·¨µ£¥´´µ£µ Ô²¥±É·µ´´µ-
²ÊÎ¥¢µ£µ ¨µ´¨§ Éµ·  ®Šˆ��-1¯ ¢ ¸¥ ´¸ Ì Ê¸±µ·¥´¨Ö Ö¤¥· Ê£²¥·µ¤  ¨ ´¥µ´ .
‘¨¸É¥³  ÎÉ¥´¨Ö ¨´Ëµ·³ Í¨¨ ¸ ¢Ò¢µ¤µ³ ´  ¤¨¸¶²¥° µ¸ÊÐ¥¸É¢²Ö²  ¢¨§Ê ²Ó´Ò°
±µ´É·µ²Ó ¢·¥³¥´´ÒÌ Ê¸É ´µ¢µ± ¶Ê¸±µ¢ÒÌ ¸¨£´ ²µ¢, ¶¥·¥¤ ¢ ¥³ÒÌ ¶µ
10-± ´ ²Ó´µ° ‚�‹‘.

ˆ´É¥£· Í¨Ö ±µ·µÉ±µ³¥É· ¦´ÒÌ ‚�‹‘ ´  ¶¥·¢µ³ ÔÉ ¶¥ ¢´¥¤·¥´¨Ö ´  ¢Ò-
¸µ±µ¢µ²ÓÉ´ÒÌ �”“ Ì · ±É¥·¨§Ê¥É¸Ö ´ · Ð¨¢ ´¨¥³ Î¨¸²  ¸¢¥Éµ¢µ¤´ÒÌ ± ´ -
²µ¢ ¢ ¶ · ²²¥²Ó. � · ²²¥²Ó´ Ö µ·£ ´¨§ Í¨Ö ± ´ ²µ¢ ‚�‹‘ Ô±µ´µ³¨Î¥¸±¨
µ¶· ¢¤ ´´  ¸ ÉµÎ±¨ §·¥´¨Ö ¶µ¢ÒÏ¥´¨Ö ¸±µ·µ¸É¨ ¶¥·¥¤ Î¨ Í¨Ë·µ¢µ° ¨´Ëµ·-
³ Í¨¨ ´  ³ ²Ò¥ ¨ ¸·¥¤´¨¥ · ¸¸ÉµÖ´¨Ö. �¸µ¡¥´´µ ´ £²Ö¤´µ ÔÉµÉ ¶·¨´Í¨¶
µ·£ ´¨§ Í¨¨ ¸¢¥Éµ¢µ¤´ÒÌ ± ´ ²µ¢ ¡Ò² § Ë¨±¸¨·µ¢ ´ ¶·¨ ¶µ¸É·µ¥´¨¨ ¸¨-
¸É¥³ ¤¨¸É ´Í¨µ´´µ£µ Ê¶· ¢²¥´¨Ö ¨ ±µ´É·µ²Ö („“Š) ¨¸ÉµÎ´¨±µ¢ ®��‹Ÿˆ‘¯
[43] ¨ ®„Êµ¶² §³ É·µ´¯ Ê¸É ´µ¢±¨ ‘�ˆ� [69]. ‘¨¸É¥³  „“Š Ê¸É ´µ¢±¨
‘�ˆ� · §³¥Ð¥´  ¢ ¤¢ÊÌ ±·¥°É Ì Š�Œ�Š. �¤¨´ ¨§ ´¨Ì · ¸¶µ²µ¦¥´ ´ 
¶Ê²ÓÉ¥ Ê¶· ¢²¥´¨Ö ¨¸ÉµÎ´¨± , ¤·Ê£µ° Å ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨´ ²¥. ‘¢Ö§Ó
³¥¦¤Ê ±·¥°É ³¨ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ ¢µ¸Ó³¨ 10-³¥É·µ¢Ò³ ¶ · ²²¥²Ó´Ò³ ± ´ -
² ³ ‚�‹‘, ¸²Ê¦ Ð¨³ ¤²Ö ¶¥·¥¤ Î¨ Í¨Ë·µ¢µ° ¨  ´ ²µ£µ¢µ° ¨´Ëµ·³ Í¨¨. � 
·¨¸. 22 ¶·¨¢¥¤¥´  ¡²µ±-¸Ì¥³  ¸¨¸É¥³Ò É¥²¥³¥É·¨¨, ±µÉµ· Ö ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ
¸Ê¡¸¨¸É¥³: Ê¶· ¢²Ö¥³µ£µ  ´ ²µ£µ¢µ£µ ±µ³³ÊÉ Éµ· , £¥´¥· Éµ·  Ê¶· ¢²Ö¥³µ£µ
´ ¶·Ö¦¥´¨Ö ¨ ¤ ÉÎ¨±µ¢, · ¸¶µ²µ¦¥´´ÒÌ ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨´ ²¥, £¥-
´¥· Éµ·   ¤·¥¸  ± ´ ²  ¨ Í¨Ë·µ¢µ£µ Î ¸ÉµÉµ³¥·  Å ´  ¶Ê²ÓÉ¥ Ê¶· ¢²¥´¨Ö
Ê¸É ´µ¢±µ°.
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¨¸. 22. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  ¸¨¸É¥³Ò ¤¨¸É ´Í¨µ´´µ£µ Ê¶· ¢²¥´¨Ö. �Ê²ÓÉ Ê¶· ¢²¥´¨Ö:
’ Å É °³¥·; ”Š Å Ëµ·³¨·µ¢ É¥²Ó ±µ³ ´¤ Ê¶· ¢²¥´¨Ö ·¥¦¨³ ³¨ · ¡µÉ ¨µ´´µ£µ
¨¸ÉµÎ´¨±  ¸ ¶Ê²ÓÉµ³ ¤¨¸É ´Í¨µ´´µ£µ Ê¶· ¢²¥´¨Ö (�„“); ’Œ Å ¡²µ±¨ É¥²¥³¥É·¨¨;
ƒ‘ Å Ê¸É·µ°¸É¢µ ¤Ê¶²¥±¸´µ° £·µ³±µ° ¸¢Ö§¨; ’Œ Å Ê¸É·µ°¸É¢µ ¶·¨¥³  ¢¨¤¥µ¸¨£´ ² 
´  É¥²¥³µ´¨Éµ·. ‚Ò¸µ±µ¢µ²ÓÉ´Ò° É¥·³¨´ ²: Š Å ¡²µ± ¶·¨¢µ¤  ±² ¶ ´  ´ É¥± É¥²Ö;
Œ Å ¡²µ± § ¶Ê¸±  ³µ¤Ê²ÖÉµ·  ¤Ê£¨; „˜Š Å ¤¥Ï¨Ë· Éµ· ±µ³ ´¤ Ê¶· ¢²¥´¨Ö Ô²¥±-
É·µ¶·¨¢µ¤ ³¨; ’Œ Å ¡²µ±¨ É¥²¥³¥É·¨¨; ƒ‘ Å Ê¸É·µ°¸É¢µ ¤Ê¶²¥±¸´µ° £·µ³±µ° ¸¢Ö§¨;
’Š Å Ê¸É·µ°¸É¢µ ¶¥·¥¤ Î¨ ¢¨¤¥µ¸¨£´ ²µ¢ µÉ É¥²¥¢¨§¨µ´´µ° ± ³¥·Ò

�¶¥· Éµ· ¸ ¶Ê²ÓÉ  Ê¶· ¢²¥´¨Ö ¤¨¸É ´Í¨µ´´µ Ê¸É ´ ¢²¨¢ ¥É  ¤·¥¸ ¨´Ëµ·-
³ Í¨µ´´µ£µ ± ´ ²  ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨´ ²¥ ¨ ¶µ²ÊÎ ¥É ¥£µ É¥±ÊÐ¥¥
§´ Î¥´¨¥ ´  Í¨Ë·µ¢µ³ É ¡²µ Î ¸ÉµÉµ³¥· . ‚ Ê¸É·µ°¸É¢¥ ¨¸¶µ²Ó§µ¢ ´  ¤¢ÊÌ-
¶·µ¢µ¤´ Ö ¶·¨¥³µ¶¥·¥¤ ÕÐ Ö ‚�‹‘. �µ²µ¦¨É¥²Ó´Ò³ ± Î¥¸É¢µ³ É ±µ° É¥²¥-
³¥É·¨¨ Ö¢²ÖÕÉ¸Ö ¶·µ¸ÉµÉ  ¨ ´ ¤¥¦´µ¸ÉÓ, ´¥¤µ¸É É±µ³ Å ¢Ò¡µ·µÎ´Ò° ±µ´-
É·µ²Ó ¨´Ëµ·³ Í¨µ´´µ£µ ± ´ ² , ¸µ§¤ ÕÐ¨° µ¶·¥¤¥²¥´´Ò¥ ´¥Ê¤µ¡¸É¢  ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ´  �”“ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ¤ ÉÎ¨±µ¢. 5µ²¥¥ ¸µ¢¥·Ï¥´´ Ö
¸¢¥Éµ¢µ¤´ Ö ¸¨¸É¥³  ¤¨¸É ´Í¨µ´´µ£µ ¨§³¥·¥´¨Ö ¶ · ³¥É·µ¢ ¨µ´´µ£µ ¨¸ÉµÎ-
´¨±  ¸ ¢Ò¢µ¤µ³ ¨´Ëµ·³ Í¨¨ ´  ¤¨¸¶²¥° ¶µ¸É·µ¥´  ´  µ¸´µ¢¥ ¡²µ±µ¢ Š�Œ�Š
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[68]. �´  ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ Î ¸É¥° (·¨¸. 23): ¨§³¥·¨É¥²Ó´µ°, ´ Ìµ¤ÖÐ¥°¸Ö ´ 
¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨´ ²¥, ¨ Ê¶· ¢²ÖÕÐ¥°, · ¸¶µ²µ¦¥´´µ° ¶µ¤ ¶µÉ¥´Í¨ -
²µ³ ®§¥³²Ö¯ ´  ¶Ê²ÓÉ¥ Ê¶· ¢²¥´¨Ö ‹“-20. ˆ§³¥·¨É¥²Ó´ Ö Î ¸ÉÓ, · ¸¶µ²µ¦¥´-
´ Ö ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨´ ²¥ ¨ · ¡µÉ ÕÐ Ö ¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ
(¸¨²Ó´Ò¥ Ô²¥±É·µ³ £´¨É´Ò¥ ¶µ³¥Ì¨ Ï¨·µ±µ£µ ¸¶¥±É·  Î ¸ÉµÉ, £¥´¥·¨·Ê¥³Ò¥
¤¥°¸É¢ÊÕÐ¨³ µ¡µ·Ê¤µ¢ ´¨¥³ Ê¸±µ·¨É¥²Ö ¨ ¢Ò¸µ±¨³ ´ ¶·Ö¦¥´¨¥³ (750 ±‚),
¶¥·¥¶ ¤Ò É¥³¶¥· ÉÊ·, ¸²µ¦´ Ö · ¤¨ Í¨µ´´ Ö µ¡¸É ´µ¢± , ³ ²µ³µÐ´Ò° ¨¸-
ÉµÎ´¨± ¶¨É ´¨Ö ¨ É.¤.), ³ ±¸¨³ ²Ó´µ Ê¶·µÐ¥´ . �´  ¸µ¤¥·¦¨É ´¥µ¡Ìµ¤¨³Ò¥
 ´ ²µ£µ¢Ò¥ ¡²µ±¨, ¶·¥µ¡· §ÊÕÐ¨¥  ´ ²µ£µ¢Ò¥ ¸¨£´ ²Ò ¢ ¨³¶Ê²Ó¸´Ò¥, ÎÉµ ¶µ-
§¢µ²Ö¥É Ê²ÊÎÏ¨ÉÓ ¶µ³¥ÌµÊ¸Éµ°Î¨¢µ¸ÉÓ ¸¨¸É¥³Ò ¨ Ê¶·µ¸É¨ÉÓ ¶¥·¥¤ ÎÊ ¸¨£´ -
²µ¢ ¶µ ²¨´¨¨ ‚�‹‘ ´  ¶µÉ¥´Í¨ ² ®§¥³²Ö¯. ‘ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö ±µ²¨Î¥¸É¢ 
¶ · ²²¥²Ó´ÒÌ ± ´ ²µ¢, µ¡· §µ¢ ´´ÒÌ ²¨´¨Ö³¨ ‚�‹‘, ¢Ò¡· ´ ¶µ¸²¥¤µ¢ É¥²Ó-
´Ò° ¸¶µ¸µ¡ µ¶·µ¸  ¨ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ ¸ ¤ ÉÎ¨±µ¢. �Éµ ¸¶µ¸µ¡ ´Ê¦¤ ¥É¸Ö
¢ ¨¸¶µ²Ó§µ¢ ´¨¨  ´ ²µ£µ¢µ£µ ³Ê²ÓÉ¨¶²¥±¸µ· , ´µ § Éµ ´¥µ¡Ìµ¤¨³ Éµ²Ó±µ µ¤¨´
¡Ò¸É·µ¤¥°¸É¢ÊÕÐ¨° ¶·¥µ¡· §µ¢ É¥²Ó Ê¶· ¢²Ö¥³µ£µ ´ ¶·Ö¦¥´¨Ö. Šµ²¨Î¥¸É¢µ
¶ · ²²¥²Ó´ÒÌ ± ´ ²µ¢ ¸µ±· Ð ¥É¸Ö ¸ 16 ¤µ 2 (µ¤¨´ ¤²Ö ¤ ´´ÒÌ ¨ µ¤¨´ ¤²Ö
¸¨´Ì·µ´¨§ Í¨¨).

¨¸. 23. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  É¥²¥³¥É·¨Î¥¸±µ° ¸¨¸É¥³Ò. ‚Ò¸µ±µ¢µ²ÓÉ´Ò° É¥·³¨´ ²:
1 Å ´µ·³¨·ÊÕÐ¨¥ Ê¸¨²¨É¥²¨; 2 Å  ´ ²µ£µ¢Ò° ³Ê²ÓÉ¨¶²¥±¸µ·; 3 Å ¶·¥µ¡· §µ¢ É¥²Ó
´ ¶·Ö¦¥´¨¥ Å Î ¸ÉµÉ ; 4 Å ³µ¤Ê²ÖÉµ· ¸¢¥Éµ¤¨µ¤ ; 10 Å µ¶É¨Î¥¸±¨° ¶·¨¥³´¨±; 11 Å
¸Î¥ÉÎ¨±; �‘ Å µ¶É¨Î¥¸±¨° ¸µ¥¤¨´¨É¥²Ó. �Ê²ÓÉ Ê¶· ¢²¥´¨Ö ¨µ´´Ò³ ¨¸ÉµÎ´¨±µ³:
5 Å ¶·¨¥³´Ò° µ¶É¨Î¥¸±¨° ³µ¤Ê²Ó; 6 Å Ô²¥±É·µ´´Ò° Î ¸ÉµÉµ³¥·; 7 Å Í¨Ë·µ¢µ°
¨´¤¨± Éµ·; 8 Å Ê¸É·µ°¸É¢µ ¢Ò¡µ·  ¤ ÉÎ¨± ; 9 Å µ¶É¨Î¥¸±¨° ¶¥·¥¤ ÉÎ¨±

5µ³¥Ìµ§ Ð¨Ð¥´´Ò¥ Í¨Ë·µ¢Ò¥ ¸¨¸É¥³Ò ¤²Ö · ¡µÉÒ ¢ Ô±¸É·¥³ ²Ó´ÒÌ
Ê¸²µ¢¨ÖÌ. ‘¢¥Éµ¢µ¤´ Ö ¸¨¸É¥³  ¸µ ¸É·µ¨É¥²Ó´µ° ¤²¨´µ° 50 ³. ‚ ·¥§Ê²ÓÉ É¥
¢Ò¶µ²´¥´¨Ö Í¨±²  · ¡µÉ ¶µ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Õ ¨ ¸µ§¤ ´¨Õ ± ´ ²µ¢ ‚�‹‘
¤²Ö · ¡µÉÒ ¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ ¡Ò²¨ ¸µ§¤ ´Ò ¶µ³¥Ìµ§ Ð¨Ð¥´´Ò¥ ¸¨-
¸É¥³Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ ± Î¥¸É¢¥´´µ ¨´µ° ¶µ¤Ìµ¤ ± ·¥Ï¥´¨Õ ¶µ¸É ¢²¥´´µ°
§ ¤ Î¨, ÎÉµ ¤µ¸É¨£ ¥É¸Ö ¶ÊÉ¥³ ¨¸¶µ²Ó§µ¢ ´¨Ö · ¤¨ Í¨µ´´µ ¸Éµ°±µ£µ µ¶É¨-
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Î¥¸±µ£µ ¢µ²µ±´  É¨¶  ±¢ ·Í Å ¶µ²¨³¥· ¸ ¤¨ ³¥É·µ³ 200 ³±³, Î¨¸²µ¢µ°
 ¶¥·ÉÊ·µ° N > 0, 2 ¨ ¶·¨³¥´¥´¨¥³ Î¨¸²µ-¨³¶Ê²Ó¸´µ£µ ±µ¤  ¸ § Ð¨Éµ° ¨
¶µ¢Éµ·¥´¨¥³. �±¸¶¥·¨³¥´É ²Ó´µ Ê¸É ´µ¢²¥´µ [72], ÎÉµ ¤²Ö Ê¸Éµ°Î¨¢µ° · -
¡µÉÒ ¸¨¸É¥³Ò ¸¨´Ì·µ´¨§ Í¨¨ (µÉ´µÏ¥´¨¥ ¸¨£´ ²/ÏÊ³ > 10), ³¨´¨³ ²Ó´ Ö
¢¥²¨Î¨´  ¸¨£´ ²  ¢ Í¥¶¨ ËµÉµ¤¨µ¤  ¤µ²¦´  ¡ÒÉÓ ´¥ ³¥´¥¥ 5 ³±�. „²Ö ¶µ²Ê-
Î¥´¨Ö É ±µ£µ Éµ± , ¶·µÉ¥± ÕÐ¥£µ Î¥·¥§ ËµÉµ¤¨µ¤-¶·¨¥³´¨± (”�), ³µÐ´µ¸ÉÓ
¨§²ÊÎ¥´¨Ö, ¶ ¤ ÕÐ¥£µ ´  ¸¢¥ÉµÎÊ¢¸É¢¨É¥²Ó´ÊÕ ¶²µÐ ¤±Ê ”�, ¤µ²¦´  ¡ÒÉÓ
¡µ²ÓÏ¥ 15 ³±‚É. �¤´ ±µ ¸ ÊÎ¥Éµ³ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¨§²ÊÎ É¥²Ö ¨
´¥µ¡Ìµ¤¨³µ¸É¨ µ¡¥¸¶¥Î¥´¨Ö ´µ·³ ²Ó´µ£µ ËÊ´±Í¨µ´¨·µ¢ ´¨Ö ¸¨¸É¥³Ò ¢ ¤¨ -
¶ §µ´¥ 263÷323Š ³µÐ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¶µ¢Ò¸¨ÉÓ ¢ 1,5Ä2 · § .

¨¸. 24. ‡ ¢¨¸¨³µ¸ÉÓ P (I¨) ¤²Ö
¸¢¥Éµ¤¨µ¤  �‹1075 ¶·¨ ¤²¨É¥²Ó-
´µ¸É¨ ¨³¶Ê²Ó¸µ¢ 1 ³±¸

ˆ§ ¤µ¸ÉÊ¶´ÒÌ ¨§²ÊÎ É¥²¥° ¸¢¥Éµ¤¨µ¤
�‹1075 Ö¢²Ö¥É¸Ö ´¥¤µ·µ£¨³ ±µ³¶²¥±ÉÊÕ-
Ð¨³ ¨§¤¥²¨¥³ ¨, ¡² £µ¤ ·Ö ¸¢µ¥° ±µ´¸É·Ê±-
Í¨¨, Ê¤µ¡´Ò³ ¤²Ö Ê¸É ´µ¢±¨ ¢ µ¶É¨Î¥¸±¨°
¸µ¥¤¨´¨É¥²Ó [68]. �·¨ Éµ±¥ ´ ± Î±¨ 100 ³�
µ´ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ µ¶É¨Î¥¸±ÊÕ ³µÐ´µ¸ÉÓ
¤µ 10 ³‚É. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ‚�‘ É¨¶ 
®±¢ ·Í Å ±¢ ·Í¯ ¤¨ ³¥É·µ³ 125/50 ³±³ ¨
¸¢¥Éµ¤¨µ¤  �‹1075 ¶µÉ¥·¨ ¶·¨ ¨Ì ¸ÉÒ±µ¢±¥
¸µ¸É ¢²ÖÕÉ 30 ¤5. ‘ ÊÎ¥Éµ³ ÔÉ¨Ì ¶µÉ¥·Ó
¢¢¥¤¥´´ Ö ¢ ‚�‘ µ¶É¨Î¥¸± Ö ³µÐ´µ¸ÉÓ ¸µ-
¸É ¢²Ö¥É 10 ³±‚É, ÎÉµ Ö¢´µ ´¥¤µ¸É ÉµÎ´µ
¤²Ö ´ ¤¥¦´µ° · ¡µÉÒ ¸¨¸É¥³Ò. „²Ö ¶µ²Ê-
Î¥´¨Ö ¶µ¢ÒÏ¥´´µ° ³µÐ´µ¸É¨ ¨§²ÊÎ¥´¨Ö ·¥-
¦¨³ · ¡µÉÒ ¸¢¥Éµ¤¨µ¤  ´¥µ¡Ìµ¤¨³µ Ëµ·¸¨-
·µ¢ ÉÓ. �  ·¨¸. 24 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ
P (I) ¤²Ö ¸¢¥Éµ¤¨µ¤  É¨¶  �‹1075 [14, 16]
¶·¨ ¤²¨É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸µ¢ 1 ³±¸. ‚ÒÌµ¤-
´µ° ± ¸± ¤, ¸µ¡· ´´Ò° ¶µ ¸Ì¥³¥ £¥´¥· Éµ· 
Éµ± , µ¡¥¸¶¥Î¨¢ ¥É ¸¢¥Éµ¢µ¤ ¨³¶Ê²Ó¸´Ò³ Éµ-
±µ³ ¶¨É ´¨Ö c  ³¶²¨ÉÊ¤µ° ∼ 16 �. �·¨ ÔÉµ³ ¤µ¶Ê¸É¨³ Ö ´ £·Ê§±  µ¶·¥¤¥-
²Ö¥É¸Ö ³ ±¸¨³ ²Ó´µ° É¥³¶¥· ÉÊ·µ° p − n-¶¥·¥Ìµ¤  ¸¢¥Éµ¨§²ÊÎ ÕÐ¥£µ ¤¨µ¤ 
(‘ˆ„) ¨ ´ £·Ê§µÎ´µ° ¸¶µ¸µ¡´µ¸ÉÓÕ ±µ´É ±É´ÒÌ ¢Ò¢µ¤µ¢. Œ¨´¨³ ²Ó´Ò° ¨´-
É¥·¢ ² ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¢µ ¢·¥³Ö µÉ· ¡µÉ±¨ ³ ±¥É  ¡Ò² ¶·¨´ÖÉ · ¢´Ò³
100 ³±¸. ˆ§³¥·¥´¨Ö ¶µ± § ²¨, ÎÉµ ¸É·Ê±ÉÊ·  ¶¥·¥Ìµ¤  ¸¢¥Éµ¢µ¤  ´¥ ¶·¥-
É¥·¶¥¢ ²  ´¥µ¡· É¨³ÒÌ ¨§³¥´¥´¨°,   ´ £·¥¢ Éµ±µ¢¢µ¤µ¢ ´¥ ¸± §Ò¢ ²¸Ö ´ 
· ¡µÉ¥ ¶·¨¡µ· . ’ ±¨³ µ¡· §µ³, ¶µ¤¡¨· Ö ´¥µ¡Ìµ¤¨³ÊÕ ¸±¢ ¦´µ¸ÉÓ, ³µ¦´µ
µ¡¥¸¶¥Î¨ÉÓ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±ÊÕ ³µÐ´µ¸ÉÓ, ´  µ¤¨´-¤¢  ¶µ·Ö¤±  ¶·¥¢ÒÏ Õ-
ÐÊÕ ´µ³¨´ ²Ó´ÊÕ ³µÐ´µ¸ÉÓ ‘ˆ„. �¤´ ±µ ¤²¨É¥²Ó´µ¸ÉÓ ¸¢¥Éµ¢ÒÌ ¨³¶Ê²Ó¸µ¢
µ£· ´¨Î¥´  ¡Ò¸É·µ¤¥°¸É¢¨¥³ ËµÉµ¶·¨¥³´¨± . …¸²¨ ËµÉµÉµ± Ê¸¶¥¢ ¥É Ê¸É ´µ-
¢¨ÉÓ¸Ö §  3 − 4 τË, Éµ τ¨ > 3 − 4 τË, £¤¥ τË Å ¶µ¸ÉµÖ´´ Ö ¢·¥³¥´¨ ËµÉµ-
¶·¨¥³´¨± . �µ¸²¥ ³ ±¥É¨·µ¢ ´¨Ö ¡Ò² ¢Ò¡· ´ ·¥¦¨³ · ¡µÉÒ ‘ˆ„ ¸ Éµ±µ³
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´ ± Î±¨ 4 � ¶·¨ ¤²¨É¥²Ó´µ¸É¨ ¨³¶Ê²Ó¸  3 ³±¸. — ¸ÉµÉ  ¸²¥¤µ¢ ´¨Ö ¨³¶Ê²Ó-
¸µ¢ ¸¨´Ì·µ´¨§ Í¨¨ �”“ ´ Ìµ¤¨É¸Ö ¢ ¤¨ ¶ §µ´¥ 1÷0, 1 ƒÍ, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É
´µ·³ ²Ó´Ò³ Ê¸²µ¢¨Ö³ Ô±¸¶²Ê É Í¨¨  ¶¶ · ÉÊ·Ò ‚�‹‘.

�·¨ ´ ¸É·µ°±¥ ·¥¦¨³µ¢ · ¡µÉÒ ¨µ´´µ£µ ¨¸ÉµÎ´¨±  ¤²Ö ²¨´¥°´µ£µ Ê¸±µ-
·¨É¥²Ö ‹“-20 Ì · ±É¥·´µ ¨¸¶µ²Ó§µ¢ ´¨¥ ¸²¥¤ÊÕÐ¨Ì ·¥£Ê²¨·µ¢µ±: Éµ± ³ £´¨É 
¨¸ÉµÎ´¨± ; ´ ¶·Ö¦¥´¨¥ ´  ± Éµ¤¥; ´ ¶·Ö¦¥´¨¥ Ô±¸É· ±Í¨¨ ¨µ´µ¢; ´ ¶·Ö¦¥-
´¨¥ § ·Ö¤  ²¨´¨¨; ¸±µ·µ¸ÉÓ ´ É¥± ´¨Ö £ § ; ´ ¶·Ö¦¥´¨¥ ´  Ëµ±Ê¸¨·ÊÕÐ¥³
Ô²¥±É·µ¤¥. ¥£Ê²¨·ÊÕÐ¨³¨ Ô²¥³¥´É ³¨ Ö¢²ÖÕÉ¸Ö Ê§²Ò ®³µÉµ· Å ² ¡µ· Éµ·-
´Ò° É· ´¸Ëµ·³ Éµ·¯ ¸ ¶µÉ¥´Í¨µ³¥É·¨Î¥¸±¨³¨ ¤ ÉÎ¨± ³¨ ¶µ²µ¦¥´¨Ö. „²Ö
Ê¶· ¢²¥´¨Ö Ï¥¸ÉÓÕ ®¨´É¥£·¨·µ¢ ´´Ò³¨¯ É ±¨³ ¸¶µ¸µ¡µ³ Ê§² ³¨, Ê¸É ´µ¢-
²¥´´Ò³¨ ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ° ¶² ÉËµ·³¥, ¨¸¶µ²Ó§Ê¥É¸Ö ¢µ²µ±µ´´µ-µ¶É¨Î¥¸± Ö
²¨´¨Ö ¸¢Ö§¨ ¸ ¶µ¸²¥¤µ¢ É¥²Ó´µ° ¶¥·¥¤ Î¥° ±µ³ ´¤ [39]. ‘¢¥Éµ¢µ¤´Ò° ± ´ ²
Ê¶· ¢²¥´¨Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö § ¤ ÕÐÊÕ ¨ ¨¸¶µ²´¨É¥²Ó´ÊÕ Î ¸É¨.

‡ ¤ ÕÐ Ö Î ¸ÉÓ ¸µ¸Éµ¨É ¨§ Ê¸É·µ°¸É¢   ¢Éµ³ É¨Î¥¸±µ£µ ¢Ò¡µ·  ± ´ ² 
Ê¶· ¢²¥´¨Ö (�‚Š“), ±µ¤¨·ÊÕÐ¥£µ Ê¸É·µ°¸É¢  (±µ¤¥· ) ¨ ¶¥·¥¤ ÕÐ¥£µ µ¶É¨-
Î¥¸±µ£µ ³µ¤Ê²Ö (��Œ) ¸ µ¶É¨Î¥¸±¨³ ¸µ¥¤¨´¨É¥²¥³ (�‘). Šµ³³Ê´¨± Í¨µ´´µ°
¸·¥¤µ° ¸¢¥Éµ¢µ¤´µ£µ ± ´ ²  ¸²Ê¦¨É ‚�C Š�200. �‚Š“ ¶·¥¤´ §´ Î¥´µ ¤²Ö
¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¶µ¤±²ÕÎ¥´¨Ö ± ´ ²µ¢ (1÷ 14) ¨ Ê¶· ¢²¥´¨Ö ¨³¨. Šµ¤¨·µ-
¢ ´¨¥ ±µ³ ´¤Ò Ê¶· ¢²¥´¨Ö ¶·µ¨§¢µ¤¨É¸Ö ±µ¤¥·µ³, ¶·¨Î¥³ ¢ÒÌµ¤´µ° Î¨¸²µ-
¨³¶Ê²Ó¸´Ò° ±µ¤ ¸µ¶µ¸É ¢²Ö¥É¸Ö ¢ Ê§²¥ ¸· ¢´¥´¨Ö ¸ ±µ¤µ³ ¶·¥¤Ò¤ÊÐ¥° ¶µ-
¸Ò²±¨, § ¶¨¸ ´´µ° ¢ ·¥£¨¸É· ¶ ³ÖÉ¨ Ê¸É·µ°¸É¢ . …¸²¨ ÔÉ¨ ±µ¤Ò ¨¤¥´É¨Î´Ò,
Éµ ¶µ¸²¥ µ±µ´Î ´¨Ö ¶µ¸²¥¤´¥£µ ¨³¶Ê²Ó¸  ¢ ¶ Î±¥ Ê¸É·µ°¸É¢o ¤ ¥É · §·¥Ï¥´¨¥
´  ¢Ò¤ ÎÊ ±µ³ ´¤Ò ´  ¢ÒÌµ¤.

ˆ¸¶µ²´¨É¥²Ó´ Ö Î ¸ÉÓ ¸µ¸Éµ¨É ¨§ ¶·¨¥³´µ£µ µ¶É¨Î¥¸±µ£µ ³µ¤Ê²Ö (��Œ)
¸ µ¶É¨Î¥¸±¨³ ¸µ¥¤¨´¨É¥²¥³ ¤²Ö ¶µ¤±²ÕÎ¥´¨Ö ‚�C ¨ ¤¥±µ¤¨·ÊÕÐ¥£µ Ê¸É·µ°-
¸É¢ . �µ¸²¥¤´ee · ¡µÉ ¥É É ±¨³ µ¡· §µ³, ÎÉµ ±µ³ ´¤´Ò° ¸¨£´ ² ¶µ¸ÉÊ¶ ¥É
´  ¶·¨¢µ¤ ·¥²¥ Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ Î¨¸²µ ¨³¶Ê²Ó¸µ¢ ¢ ¶·¨´ÖÉµ° ±µ-
³ ´¤´µ° ¶µ¸Ò²±¥ É ±µ¥ ¦¥, ± ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥°. ˆ§³¥·¥´´ Ö ÔËË¥±É¨¢´µ¸ÉÓ
¢¢µ¤  ¨§²ÊÎ¥´¨Ö ¢ ¢µ²µ±´µ ¸µ¸É ¢¨²  (1±0, 1)%, ÎÉµ ¡²¨§±µ ± · ¸Î¥É´µ°. �·¨
³µÐ´µ¸É¨ ¨§²ÊÎ¥´¨Ö ¸¢¥Éµ¢µ¤  ��Œ, · ¢´µ° 8 ³‚É, ³µÐ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ´ 
¢ÒÌµ¤¥ ±¢ ·Í-¶µ²¨³¥·´µ£µ ‚�C ¤²¨´µ° 50 ³ ¸µ¸É ¢¨²  65 ³±‚É, ÎÉµ ¢¶µ²´¥
¤µ¸É ÉµÎ´µ ¤²Ö ´ ¤¥¦´µ° · ¡µÉÒ ‚�‹‘.

Œ´µ£µ± ´ ²Ó´ Ö Í¨Ë·µ¢ Ö ¶µ³¥Ìµ§ Ð¨Ð¥´´ Ö ¸¢¥Éµ¢µ¤´ Ö ¸¨¸É¥³  ¸µ
¸É·µ¨É¥²Ó´µ° ¤²¨´µ° 630 ³ [73]. ‚ [60] µ¶¨¸ ´  19-± ´ ²Ó´ Ö ¸¨¸É¥³  ¸¢Ö§¨
¸ ¡µ²ÓÏ¨³¨ ¸É·µ¨É¥²Ó´Ò³¨ ¤²¨´ ³¨: 100 ÷ 1000 ³. ‘ ÔÉµ° Í¥²ÓÕ · §· ¡µ-
É ´ ¸¨´Ì·µ´´Ò° ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨° ³Ê²ÓÉ¨¶²¥±¸µ· (‚�Œ) ¸ Í¨±²¨Î¥¸±¨³
µ¶·µ¸µ³.  ¡µÉ  ¸¨¸É¥³Ò µ¸´µ¢ ´  ´  ¢·¥³¥´´µ³ Ê¶²µÉ´¥´¨¨ Í¨Ë·µ¢ÒÌ ¸¨£-
´ ²µ¢ ¸ ¶·¨³¥´¥´¨¥³ ³ ´Î¥¸É¥·¸±µ£µ ±µ¤ M , ¸µ¤¥·¦ Ð¥£µ ¨´Ëµ·³ Í¨µ´´ÊÕ
¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¨ ¸¨´Ì·µ¸¨£´ ²Ò.

�¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ¶·¨³¥´¥´¨¨ ³ ´Î¥¸É¥·¸±µ£µ ±µ¤  ¢µ§´¨± ¥É ¨§-§  ¡µ²Ó-
Ïµ£µ Î¨¸²  ´Ê²¥° ¨²¨ ¥¤¨´¨Í ¢ ¶¥·¥¤ ¢ ¥³µ° ¨´Ëµ·³ Í¨¨, ÎÉµ ³µ¦¥É ¶·¨-
¢¥¸É¨ ± ´¥µ¶· ¢¤ ´´µ³Ê · ¸Ìµ¤Ê ·¥¸Ê·¸  µ¶É¨Î¥¸±µ£µ ¶¥·¥¤ ÉÎ¨± . �²¥±É·¨-
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Î¥¸±¨¥ ¸¨£´ ²Ò, ¶·¥¤´ §´ Î¥´´Ò¥ ¤²Ö ¶¥·¥¤ Î¨, ¶·¥µ¡· §ÊÕÉ¸Ö ¢ ³ ´Î¥¸É¥·-
¸±¨° ±µ¤ ¸ ¶µ³µÐÓÕ ¶ · ²²¥²Ó´µ-¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ·¥£¨¸É·  ¨ Ï¨Ë· Éµ· .
‚ µ¶É¨Î¥¸±µ³ ¶¥·¥¤ ÉÎ¨±¥ ÔÉ¨ ¸¨£´ ²Ò Ëµ·³¨·ÊÕÉ ¸¢¥Éµ¢Ò¥ ¨³¶Ê²Ó¸Ò, ¢¢µ-
¤¨³Ò¥ ¢ ‚�C ¤²Ö ¶¥·¥´µ¸  ¨´Ëµ·³ Í¨¨ ´  ¶·¨¥³´ÊÕ Î ¸ÉÓ ¸Ì¥³Ò. ‚ µ¶É¨-
Î¥¸±µ³ ¶·¨¥³´¨±¥ ¸¢¥Éµ¢Ò¥ ¨³¶Ê²Ó¸Ò ¶·¥µ¡· §ÊÕÉ¸Ö ¢ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ
Ô²¥±É·¨Î¥¸±¨Ì ¸¨£´ ²µ¢ ¢ ³ ´Î¥¸É¥·¸±µ³ ±µ¤¥. „¥Ï¨Ë· Éµ· ¢Ò¤¥²Ö¥É É ±-
Éµ¢Ò¥ ¨³¶Ê²Ó¸Ò ¨ ¡¨ÉÒ ¨´Ëµ·³ Í¨¨ ¤²Ö § ¶¨¸¨ ¨Ì ¢ ¸¤¢¨£µ¢Ò° ·¥£¨¸É·.
�µ²ÊÎ¥´´Ò° ± ¤· § ¶¨¸Ò¢a¥É¸Ö ¢ ¢ÒÌµ¤´µ° ¡ÊË¥· ¢ ³µ³¥´É ¶·¨Ìµ¤  ¸¨´Ì·µ-
¨³¶Ê²Ó¸ , ±µÉµ·Ò° ¢Ò· ¡ ÉÒ¢ ¥É¸Ö ¤¥Ï¨Ë· Éµ·µ³ ¢ ±µ´Í¥ ¨´Ëµ·³ Í¨µ´´µ°
¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨.

’ ±¨³ µ¡· §µ³, ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢¥ µ¸´µ¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ¶·µÉÖ¦¥´-
´ÒÌ ‚�‹‘. �¥·¢ Ö § ±²ÕÎ ¥É¸Ö ¢ ´¥µ¡Ìµ¤¨³µ¸É¨ ¨¸¶µ²Ó§µ¢ ´¨Ö ¡²µ±  ¤²Ö
¶·¥µ¡· §µ¢ ´¨Ö ¶ · ²²¥²Ó´µ£µ ¢Ìµ¤´µ£µ ±µ¤  ¢ ¶µ¸²¥¤µ¢ É¥²Ó´Ò°,   É ±¦¥
¦¥¸É±µ° ¶·¨¢Ö§±¨ Ë·µ´Éµ¢ ¸¨´Ì·µ¨³¶Ê²Ó¸µ¢ ¨ ¨´Ëµ·³ Í¨µ´´ÒÌ ± ¤·µ¢ ´ 
¢Ìµ¤¥ ¤¥³Ê²ÓÉ¨¶²¥±¸µ· . ‚Éµ· Ö µ¸µ¡¥´´µ¸ÉÓ µÉ´µ¸¨É¸Ö ± ¸Ì¥³ ³ Ô²¥±É·µ´-
´µ£µ µ¡· ³²¥´¨Ö ¨ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢ µÉ¸ÊÉ¸É¢¨¥ ¨´Ëµ·³ Í¨µ´´ÒÌ ¸²µ¢ ´ 
³µ¤Ê²ÖÉµ· µ¶É¨Î¥¸±µ£µ ¶¥·¥¤ ÉÎ¨±  ¶µ¤ ¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸µ¢
¸ Î ¸ÉµÉµ° É ±Éµ¢µ£µ £¥´¥· Éµ· . �Éµ ¶µ§¢µ²Ö¥É ¤¥·¦ ÉÓ ¶¥·¥¤ ÕÐ¨° ¨ ¶·¨-
¥³´Ò° ³µ¤Ê²¨ ‚�‹‘ ¢ · ¡µÎ¥³ ¸µ¸ÉµÖ´¨¨ ¨ ´¥ ¶·µ¶Ê¸É¨ÉÓ ¨´Ëµ·³ Í¨µ´´Ò°
· §·Ö¤. ‚ ¶·¥¤²µ¦¥´´µ° ¸¨¸É¥³¥ ‚�Œ ¸ Í¥²ÓÕ ¶µ¢ÒÏ¥´¨Ö ¶µ³¥ÌµÊ¸Éµ°Î¨-
¢µ¸É¨ ·¥ ²¨§µ¢ ´ ³¥Éµ¤ ¶µ¢Éµ·´µ° ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨, ±µÉµ·Ò° ±µ³¶¥´-
¸¨·Ê¥É ± ± ¢µ§³µ¦´Ò¥ ¸¡µ¨ ¢ · ¡µÉ¥ Ô²¥±É·µ´´ÒÌ ¡²µ±µ¢ ¸¨¸É¥³Ò, É ± ¨
¶µ³¥Ì¨, ´ ¢µ¤¨³Ò¥ ¢ ‚�C ¢ ¨³¶Ê²Ó¸´ÒÌ, · ¤¨ Í¨µ´´ÒÌ ¨ Ô²¥±É·µ³ £´¨É-
´ÒÌ ¶µ²ÖÌ.

‚¸¥ ¶·µÍ¥¸¸Ò ¸¨´Ì·µ´¨§ Í¨¨ ¶·¨ ¶·¨¥³¥ Í¨Ë·µ¢µ° ¨´Ëµ·³ Í¨¨ ¢Ò¶µ²-
´ÖÕÉ¸Ö ´  Ê·µ¢´¥ · §·Ö¤µ¢,   É ±¦¥ ´  Ê·µ¢´¥ ± ¤·µ¢. �·¨ ÔÉµ³ ¸µÌ· ´Ö¥É¸Ö
µ¸´µ¢´µ° ¶·¨´Í¨¶ ¸¨´Ì·µ´´µ£µ ³¥Éµ¤  Ê¶²µÉ´¥´¨Ö: ¢ µÉ¸ÊÉ¸É¢¨¥ ¨´Ëµ·³ Í¨-
µ´´ÒÌ ¸²µ¢ ´  ¶¥·¥¤ ÕÐ¨° µ¶É¨Î¥¸±¨° ³µ¤Ê²Ó ¶µ¸ÉÊ¶ ¥É ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ
¨³¶Ê²Ó¸µ¢ É ±Éµ¢µ£µ £¥´¥· Éµ·  (¨´Ëµ·³ Í¨µ´´Ò° ´Ê²Ó),   ± ¦¤µ¥ ¸²µ¢µ ´ -
Î¨´ ¥É¸Ö ¸ ¸¨´Ì·µ¶ Ê§Ò. Œ ±¸¨³ ²Ó´ÊÕ Î ¸ÉµÉÊ ¸²¥¤µ¢ ´¨Ö ¨´Ëµ·³ Í¨µ´-
´ÒÌ ¸²µ¢ ¤²Ö ¤ ´´µ° ¸É·Ê±ÉÊ·Ò ³Ê²ÓÉ¨¶²¥±¸µ·  (¸ ¶µ¢Éµ·´µ° ¶¥·¥¤ Î¥° ¨´-
Ëµ·³ Í¨¨) ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¨§ ¢Ò· ¦¥´¨Ö [73]:

F = fT /2K(M + 1) +m,

£¤¥ M Å µ¡Ð¥¥ ±µ²¨Î¥¸É¢µ · §·Ö¤µ¢ ¸²µ¢ , fT Å É ±Éµ¢ Ö Î ¸ÉµÉ  £¥´¥-
· Éµ· , m Å ¤²¨É¥²Ó´µ¸ÉÓ ¸¨´Ì·µ¶ Ê§Ò (· ¢´ Ö Î¨¸²Ê ¶¥·¨µ¤µ¢ É ±Éµ¢µ°
Î ¸ÉµÉÒ), K = (1, 1÷ 1, 4) Å ±µÔËË¨Í¨¥´É § ¶ ¸ .

‘¢¥Éµ¢µ° ¶µ¸²¥¤µ¢ É¥²Ó´Ò°  ¸¨´Ì·µ´´Ò° ± ´ ² ¸¢Ö§¨ [74]. �±¸¶²Ê-
 É Í¨Ö ¸¢¥Éµ¢µ¤´ÒÌ ²¨´¨° ´  �”“ ¶·¥¤¶µ² £ ¥É · ¡µÉÊ  ¶¶ · ÉÊ·Ò ‚�‹‘
¸ · §²¨Î´Ò³¨ ¨¸ÉµÎ´¨± ³¨ Í¨Ë·µ¢µ° ¨´Ëµ·³ Í¨¨. „²Ö ¡µ²ÓÏ¨´¸É¢  ¸·¥¤-
´¥¸±µ·µ¸É´ÒÌ ¸¨¸É¥³, ¸µ§¤ ¢ ¥³ÒÌ ¤²Ö Ê¶· ¢²¥´¨Ö ¨ ±µ´É·µ²Ö �”“, ¢¥¸Ó³ 
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¶¥·¸¶¥±É¨¢´µ ¨¸¶µ²Ó§µ¢ ´¨¥  ¸¨´Ì·µ´´µ° ¶¥·¥¤ Î¨ ¤ ´´ÒÌ [74], ¶·¨ ±µÉµ-
·µ° ¨´Ëµ·³ Í¨Ö ¢ ± ´ ² ¸¢Ö§¨ ¶¥·¥¤ ¥É¸Ö ¶µ µ¤´µ³Ê ¸¨³¢µ²Ê, ¸µ¤¥·¦ Ð¥³Ê
¸É ·Éµ¢Ò° ¡¨É, ¤ ´´Ò¥, ±µ´É·µ²Ó´Ò° · §·Ö¤ ¶µ Î¥É´µ¸É¨ ¨ ¸Éµ¶µ¢Ò¥ ¡¨ÉÒ.
�·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ÔÉµ£µ ¸¶µ¸µ¡  ¶¥·¥¤ Î¨ ¤ ´´ÒÌ ³ ±¸¨³ ²Ó´ Ö ¤²¨´  ¶¥-
·¥¤ ¢ ¥³µ£µ ¸²µ¢  ¶µ ± ´ ²Ê ‚�‹‘ ¸µ¸É ¢²Ö¥É 19 ÷ 20 ¡¨É. ‘¨´Ì·µ´¨§ Í¨Ö
¶¥·¥¤ ÕÐ¥° ¨ ¶·¨¥³´µ° Î ¸É¨ ¸¨¸É¥³Ò µ¸ÊÐ¥¸É¢²Ö¥É¸Ö µÉ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ
£¥´¥· Éµ·µ¢ ¸¨´Ì·µ¨³¶Ê²Ó¸µ¢, ¸É ¡¨²¨§¨·µ¢ ´´ÒÌ ±¢ ·Í¥³. ‚Ò¡¨· Ö Î ¸ÉµÉÊ
ÔÉ¨Ì £¥´¥· Éµ·µ¢ §´ Î¨É¥²Ó´µ ¢ÒÏ¥ ¸±µ·µ¸É¨ ¶¥·¥¤ Î¨ ¤ ´´ÒÌ, ³µ¦´µ ²¥£±µ
¸¨´Ì·µ´¨§µ¢ ÉÓ ee ¶µ ± ´ ²Ê ± ¦¤µ£µ ¸¨³¢µ² . �¥·¥¤ Î  ¸¨³¢µ²  ´ Î¨´ ¥É¸Ö
¸¨£´ ²µ³ ®‘É ·É¯ ¨ § ± ´Î¨¢ ¥É¸Ö ¸¨£´ ²µ³ ®‘Éµ¶¯.

„²Ö µ·£ ´¨§ Í¨¨ ¸¢Ö§¨ ®Ê¤ ²¥´´Ò° µ¡Ñ¥±É Å �‚Œ¯,   É ±¦¥ ®�‚Œ Å
�‚Œ¯ ¡Ò²¨ ¨§£µÉµ¢²¥´Ò ¡²µ±¨ ¤¢ÊÌ¢µ²µ±µ´´µ° ¸¢¥Éµ¢µ¤´µ° ²¨´¨¨ ¸¢Ö§¨,
µ¸ÊÐ¥¸É¢²ÖÕÐ¨¥ ¶·¨¥³ ¨ ¶¥·¥¤ ÎÊ Í¨Ë·µ¢ÒÌ ¤ ´´ÒÌ ³¥¦¤Ê ¤¢Ê³Ö ¶·¨¥-
³µ¶¥·¥¤ ÕÐ¨³¨ Ê¸É·µ°¸É¢ ³¨ ‚�‹‘. �¡³¥´ ¶·µ¨§¢µ¤¨É¸Ö 16-· §·Ö¤´Ò³¨
¸²µ¢ ³¨, ¶·¥µ¡· §Ê¥³Ò³¨ ¨§ ¶ · ²²¥²Ó´µ£µ ±µ¤  ¢ ¶µ¸²¥¤µ¢ É¥²Ó´Ò°, ¨ ´ -
µ¡µ·µÉ (¢ § ¢¨¸¨³µ¸É¨ µÉ ´ ¶· ¢²¥´¨Ö µ¡³¥´ ). �¶ÉµÔ²¥±É·µ´´Ò¥ ³µ¤Ê²¨ ¨
Ô²¥±É·µ´´µ¥ µ¡µ·Ê¤µ¢ ´¨¥ ¸¨¸É¥³Ò ¢Ò¶µ²´¥´Ò ¢ ¸É ´¤ ·É¥ Š�Œ�Š.

‚ [70, 71, 75, 76] µ¶¨¸ ´  · §· ¡µÉ±  ¨ ¨¸¶µ²Ó§µ¢ ´¨¥  ¢Éµ³ É¨§¨·µ¢ ´-
´µ° ³µ¤Ê²Ó´µ° ¸¨¸É¥³Ò Ê¶· ¢²¥´¨Ö ¨ ±µ´É·µ²Ö ¨µ´´µ£µ ¨¸ÉµÎ´¨± 
®Š·¨µ´-‘¯. ‘¨¸É¥³  ¸µ§¤ ´  ´  ¡ §¥ ¶¥·¸µ´ ²Ó´µ£µ ±µ³¶ÓÕÉ¥·  IBM PC ¨
¤¢ÊÌ ±·¥°Éµ¢ Š�Œ�Š Å ® ±É¨¢´µ£µ¯ ¨ ®¶ ¸¸¨¢´µ£µ¯, · ¸¶µ²µ¦¥´´ÒÌ ´ 
¶Ê²ÓÉ¥ Ê¶· ¢²¥´¨Ö ²¨´¥°´µ£µ Ê¸±µ·¨É¥²Ö ‹“-20 ¨ ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨-
´ ²¥ ¨´¦¥±Éµ·  Ê¸±µ·¨É¥²Ö, ´ Ìµ¤ÖÐ¥£µ¸Ö ¶µ¤ ¶µÉ¥´Í¨ ²µ³ 700 ±‚. �·µ-
£· ³³´µ¥ µ¡¥¸¶¥Î¥´¨¥ ±µ³¶ÓÕÉ¥· , ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸ ® ±É¨¢´Ò³ ±·¥°-
Éµ³¯ ´  ‹“-20, ´ ¶¨¸ ´µ ´  Ö§Ò±¥ ��‘Š�‹œ. �¸µ¡¥´´µ¸ÉÓ ËÊ´±Í¨µ´¨-
·µ¢ ´¨Ö ¸¨¸É¥³Ò ±µ´É·µ²Ö ¨µ´¨§ Éµ·  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µ¶·µ¸ ¤ ÉÎ¨±µ¢,
· ¸¶µ²µ¦¥´´ÒÌ ¶µ¤ ¢Ò¸µ±µ¢µ²ÓÉ´Ò³ ¶µÉ¥´Í¨ ²µ³, ¢Ò¶µ²´Ö¥É¸Ö ·¥£¨¸É·¨·Ê-
ÕÐ¥°  ¶¶ · ÉÊ·µ° Š�Œ�Š, · ¡µÉ ÕÐ¥° ¶µ ¦¥¸É±µ § ¤ ´´µ³Ê  ²£µ·¨É³Ê ¨
¡¥§ ÊÎ ¸É¨Ö ±µ³¶ÓÕÉ¥· .

‚¢¨¤Ê ´¥±·¨É¨Î´µ¸É¨ ¸¨¸É¥³Ò ±µ´É·µ²Ö ± ¡Ò¸É·µ¤¥°¸É¢¨Õ ¨ ¢ Í¥²ÖÌ
Ê¶·µÐ¥´¨Ö ËÊ´±Í¨µ´¨·µ¢ ´¨Ö ¢¢¥¤¥´ ¶·µ£· ³³´Ò° ·¥¦¨³ · ¡µÉÒ ¸  ¶¶ -
· ÉÊ·µ° Š�Œ�Š. ‚ ± Î¥¸É¢¥ ±µ³³Ê´¨± Í¨µ´´µ° ¸·¥¤Ò ¤²Ö ¸µ§¤ ´¨Ö ± ´ -
²µ¢ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨ ®É¥·³¨´ ²¯ Å ¶Ê²ÓÉ ‹“-20 ¨¸¶µ²Ó§µ¢ ´ ‚�C
¸µ ¸É·µ¨É¥²Ó´µ° ¤²¨´µ° 50 ³. “¶· ¢²¥´¨¥ ¨¸¶µ²´¨É¥²Ó´Ò³¨ Ê¸É·µ°¸É¢ ³¨
¨µ´´µ£µ ¨¸ÉµÎ´¨±  µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ³´µ£µ± ´ ²Ó´µ£µ É °³¥· , ¢
±·¥°É¥ Š�Œ�Š ¶µ¤ ¶µÉ¥´Í¨ ²µ³ ®§¥³²Ö¯. ‘É·Ê±ÉÊ·  É °³¥·  ¶·¥¤Ê¸³ É-
·¨¢ ¥É · ¡µÉÊ ¨¸ÉµÎ´¨±  ¢ ¤¢ÊÌ ·¥¦¨³ Ì: ¢ ·¥¦¨³¥ ´ ² ¤±¨ (¸ § ¶Ê¸±µ³
µÉ ¨³¨É Éµ· ) ¨ ¢ ·¥¦¨³¥ ¸¨´Ì·µ´¨§ Í¨¨ ¸ Í¨±²µ³ Ê¸±µ·¨É¥²Ö. ‡ ¤¥·-
¦ ´´Ò¥ ¨³¶Ê²Ó¸Ò ¶¥·¥¤ ÕÉ¸Ö ´  ®¶µÉ¥´Í¨ ²¯ ¸ ¶µ³µÐÓÕ ³´µ£µ± ´ ²Ó´µ£µ
¢µ²µ±µ´´µ-µ¶É¨Î¥¸±µ£µ ³Ê²ÓÉ¨¶²¥±¸µ· . �¤´¨³ ¨§ § ¤¥·¦ ´´ÒÌ ¨³¶Ê²Ó¸µ¢
¨´¨Í¨¨·Ê¥É¸Ö Í¨±² µ¶·µ¸  15 £ ²Ó¢ ´¨Î¥¸±¨ · §¢Ö§ ´´ÒÌ ¤ ÉÎ¨±µ¢ [69] ¸¨-
¸É¥³ ±µ´É·µ²Ö ¨µ´¨§ Éµ· . –¨±² ¨§³¥·¥´¨Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö µÍ¨Ë·µ¢±Ê ± ¦-
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¤µ£µ ¨§ ¶ · ³¥É·µ¢ ¨ ¶¥·¥¤ ÎÊ ¨Ì ¶µ ¸¢¥Éµ¢µ¤´µ³Ê  ¸¨´Ì·µ´´µ³Ê ± ´ ²Ê
¸¢Ö§¨ ´  ¶Ê²ÓÉ Ê¶· ¢²¥´¨Ö ‹“-20. ‘ ¶µ³µÐÓÕ ¶¥·¸µ´ ²Ó´µ° �‚Œ ¤ ´´Ò¥
¶·¨¢µ¤ÖÉ¸Ö ± Ë¨§¨Î¥¸±¨³ · §³¥·´µ¸ÉÖ³ ¨ µÉµ¡· ¦ ÕÉ¸Ö ´  Ô±· ´¥ Í¢¥É´µ£µ
¤¨¸¶²¥Ö. Š·µ³¥ µÉµ¡· ¦¥´¨Ö ¨´Ëµ·³ Í¨¨ ¢Ò¶µ²´Ö¥É¸Ö ±µ´É·µ²Ó ¨ ¶·¥¤Ê-
¶·¥¦¤¥´¨¥ ¤¥¦Ê·´µ£µ ¶¥·¸µ´ ²  µ ¢ÒÌµ¤¥ ¶ · ³¥É·µ¢ ¨µ´´µ£µ ¨¸ÉµÎ´¨±  § 
Ê¸É ´µ¢²¥´´Ò¥ ¶·¥¤¥²Ò. �¨¦´¨¥ ¨ ¢¥·Ì´¨¥ ¶·¥¤¥²Ò ¤²Ö ¢¸¥Ì ¨§³¥·¥´¨°
¢¥²¨Î¨´ Ê¸É ´ ¢²¨¢ ÕÉ¸Ö µ¶¥· Éµ·µ³ ¢ ¤¨ ²µ£µ¢µ³ ·¥¦¨³¥ ¶·¨ § ¶Ê¸±¥ ¶·µ-
£· ³³Ò ²¨¡µ ¸Î¨ÉÒ¢ ÕÉ¸Ö ¨§ Ë °² . ‚µ§³µ¦¥´ É ±¦¥ ¶µ²´Ò° ¨²¨ Î ¸É¨Î´Ò°
µÉ± § µÉ ±µ´É·µ²Ö §´ Î¥´¨° ¨§³¥·Ö¥³ÒÌ ¢¥²¨Î¨´. ‘¨¸É¥³  ±µ´É·µ²¨·Ê¥É ¨
µÉµ¡· ¦ ¥É ¸²¥¤ÊÕÐ¨¥ ¢¥²¨Î¨´Ò: ³ £´¨É´µ¥ ¶µ²¥ ¸µ²¥´µ¨¤  (¸ ÉµÎ´µ¸ÉÓÕ ¤µ
5%); ¢ ±ÊÊ³ (¨´¤¨± Éµ·´Ò° ·¥¦¨³); ±·¨µ£¥´´Ò¥ É¥³¶¥· ÉÊ·Ò (¸ ÉµÎ´µ¸ÉÓÕ
¤µ 0,2%); Ô²¥±É·µ´´Ò° Éµ±, ¶µÉ¥´Í¨ ² ± Éµ¤ , · ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ²µ¢ ´ 
¸¥±Í¨ÖÌ ¤·¥°Ëµ¢ÒÌ ¸É·Ê±ÉÊ· ¨¸ÉµÎ´¨±  (¸ ÉµÎ´µ¸ÉÓÕ ¤µ 0,1%).

9. ’…‹…‚ˆ‡ˆ��
Ÿ ’…‹…Œ…’	ˆŸ �
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“‘Š	ˆ’…‹… ‘ ˆ‘5‹œ‡‚
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‘¢¥Éµ¢µ¤´Ò¥ ¸¨¸É¥³Ò ¸¢Ö§¨ ¤²Ö ¶¥·¥¤ Î¨ É¥²¥¢¨§¨µ´´µ° ¨´Ëµ·³ Í¨¨
´  ¢Ò¸µ±µ¢µ²ÓÉ´ÒÌ �”“ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¤¨¸É ´Í¨µ´´µ£µ ´ ¡²Õ¤¥´¨Ö ´ 
Ô±· ´¥ É¥²¥¢¨§¨µ´´µ£µ ³µ´¨Éµ·  Î¥·´µ-¡¥²µ£µ ¨²¨ Í¢¥É´µ£µ ¨§µ¡· ¦¥´¨Ö ¶·¨
¶·µ¢¥¤¥´¨¨ ´ ÊÎ´o-É¥Ì´¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¨ ´¥±µ´É ±É´ÒÌ ¨§³¥·¥´¨°
É¥²¥¢¨§¨µ´´Ò³¨ ³¥Éµ¤ ³¨. �¥·¸¶¥±É¨¢´µ¸ÉÓ ¶·¨³¥´¥´¨Ö ‚�‹‘ ´  �”“ ¢
µ¸´µ¢´µ³ µ¶·¥¤¥²Ö¥É¸Ö Ê¸¶¥Ï´Ò³ ¸µÎ¥É ´¨¥³ ¤µ¸Éµ¨´¸É¢ ¢µ²µ±µ´´ÒÌ ¸¢¥Éµ-
¢µ¤µ¢ ¨ Í¨Ë·µ¢ÒÌ ³¥Éµ¤µ¢ ¶¥·¥¤ Î¨ ¨´Ëµ·³ Í¨¨, ÎÉµ µ¡Ê¸²µ¢²¥´µ ¸¥·Ó¥§-
´Ò³¨ ¶·¥¨³ÊÐ¥¸É¢ ³¨ Í¨Ë·µ¢ÒÌ ¸¨¸É¥³ ¸¢Ö§¨ ¶¥·¥¤  ´ ²µ£µ¢Ò³¨: ¢Ò¸µ±µ°
¶µ³¥ÌµÊ¸Éµ°Î¨¢µ¸ÉÓÕ ± ¢µ§¤¥°¸É¢¨Õ ¢´¥Ï´¨Ì ¶µ³¥Ì ¨  ¶¶ · ÉÊ·´ÒÌ ¨¸± -
¦¥´¨°. �¤´ ±µ ¶·¨ ´ ²¨Î¨¨ ¨¸ÉµÎ´¨±   ´ ²µ£µ¢µ° ¨´Ëµ·³ Í¨¨ ¨¸¶µ²Ó§µ¢ -
´¨¥ Í¨Ë·µ¢ÒÌ ³¥Éµ¤µ¢ ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ³Ê · ¸Ï¨·¥´¨Õ Î ¸ÉµÉ´µ£µ
¸¶¥±É·  ¶¥·¥¤ ¢ ¥³µ£µ ¸¨£´ ² . �Éµ µ¸µ¡¥´´µ ¶·µÖ¢²Ö¥É¸Ö ¶·¨ ±µ¤¨·µ¢ ´¨¨
Ï¨·µ±µ¶µ²µ¸´ÒÌ ¸¨£´ ²µ¢ ¸ ¡µ²ÓÏ¨³ ¤¨´ ³¨Î¥¸±¨³ ¤¨ ¶ §µ´µ³. ’ ±, ¤²Ö
¶¥·¥¤ Î¨ É¥²¥¢¨§¨µ´´µ£µ ¢¨¤¥µ¸¨£´ ²  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Í¨Ë·µ¢µ° ˆŠŒ-
¸¨¸É¥³Ò ‚�‹‘ ´¥µ¡Ìµ¤¨³ Ö ¶µ²µ¸  ¶·µ¶Ê¸± ´¨Ö ¤µ²¦´  ¡ÒÉÓ ¢ 8 ÷ 20 · §
Ï¨·¥ [3].

“¸±µ·¨ÉÓ · §· ¡µÉ±Ê ¸¢¥Éµ¢µ¤´µ£µ ± ´ ²  ¸¢Ö§¨ ¤²Ö ¶¥·¥¤ Î¨ ¢¨¤¥µ¸¨£-
´ ²µ¢ ³µ¦´µ, ¥¸²¨ ¶µ°É¨ ¶µ ¶ÊÉ¨ ¸µ§¤ ´¨Ö  ´ ²µ£µ¢µ° ‚�‹‘ ¸ ¨¸¶µ²Ó§µ-
¢ ´¨¥³ ³µ¤Ê²ÖÍ¨¨ ¶µ ¨´É¥´¸¨¢´µ¸É¨. ’ ±¨¥ ¸¨¸É¥³Ò ¤¥Ï¥¢²¥, Î¥³ Í¨Ë·µ-
¢Ò¥, ¶·µÐ¥ ¸µ¶·Ö£ ÕÉ¸Ö ¸ µ¡ÒÎ´Ò³¨ É· ±É ³¨ ¶¥·¥¤ Î¨  ´ ²µ£µ¢ÒÌ ¸¨£´ ²µ¢,
É ± ± ± ´¥ É·¥¡ÊÕÉ ¢±²ÕÎ¥´¨Ö ¢ ± ´ ² ¸¢Ö§¨ �–� ¨ –��. �¸µ¡¥´´µ¸ÉÖ³¨
 ´ ²µ£µ¢µ° ¶¥·¥¤ Î¨ ¶µ ¸· ¢´¥´¨Õ ¸ Í¨Ë·µ¢µ° Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶µ-
²ÊÎ¥´¨Ö ¡µ²ÓÏµ£µ µÉ´µÏ¥´¨Ö ¸¨£´ ²/ÏÊ³ ´  ¢ÒÌµ¤¥ ¶·¨¥³´¨±  ¨ ¢Ò¸µ±µ°
²¨´¥°´µ¸É¨ Ì · ±É¥·¨¸É¨± ¨§²ÊÎ É¥²Ö ¶µ ¢¸¥³Ê É· ±ÉÊ. �·¨ ÔÉµ³ ¸´¨¦¥-
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´¨¥ ¨¸± ¦¥´¨° ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´µ ± ± ¶ÊÉ¥³ Ê¸É ´µ¢±¨ ¨§²ÊÎ É¥²¥° ¸
²ÊÎÏ¨³¨ ¢ ÉÉ- ³¶¥·´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨, É ± ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¸Ì¥-
³µÉ¥Ì´¨Î¥¸±¨³¨ ³¥Éµ¤ ³¨. �·¥¤¶µ¸Ò²± ³¨ ¤²Ö ¸µ§¤ ´¨Ö  ´ ²µ£µ¢ÒÌ ‚�‹‘
Ö¢²ÖÕÉ¸Ö ¸µ±· Ð¥´¨¥ ¶µ²µ¸Ò ¶·µ¶Ê¸± ´¨Ö ¨ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö
¢ ± ´ ²¥ ¸¢Ö§¨: ³´µ£µ³µ¤µ¢ÒÌ ³´µ£µ¦¨²Ó´ÒÌ (¦£ÊÉµ¢ÒÌ ¢µ²µ±µ´´ÒÌ) ¸¢¥-
Éµ¢µ¤µ¢ ¸ ¡µ²ÓÏ¨³ ¤¨ ³¥É·µ³ ¸¢¥Éµ¢¥¤ÊÐ¥£µ ¦£ÊÉ  ¡¥§ ¶·¨³¥´¥´¨Ö ¸µ£² -
¸ÊÕÐ¨Ì Ô²¥³¥´Éµ¢ [44]; ³´µ£µ³µ¤µ¢ÒÌ µ¤´µ¦¨²Ó´ÒÌ ¸¢¥Éµ¢µ¤µ¢ ¸ ³ ²Ò³
¤¨ ³¥É·µ³ ¸¢¥Éµ¢¥¤ÊÐ¥° ¦¨²Ò ¨ ¸µ£² ¸ÊÕÐ¨³¨ Ô²¥³¥´É ³¨ ´  Éµ·Í Ì [71].

¨¸. 25. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  · §³¥-
Ð¥´¨Ö Ô²¥³¥´Éµ¢ É¥²¥¢¨§¨µ´´µ° É¥-
²¥³¥É·¨¨ ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨-
´ ²¥ ¨µ´´µ£µ ¨¸ÉµÎ´¨±  (µ¡µ§´ Î¥´¨Ö
¢ É¥±¸É¥)

‚ [50] µ¶¨¸ ´  ¸¨¸É¥³  É¥²¥¢¨§¨µ´-
´µ° É¥²¥³¥É·¨¨, ¨§£µÉµ¢²¥´´ Ö ´  ¡ §¥
¶·¨³¥´¥´¨Ö ¶·µ³ÒÏ²¥´´µ° É¥²¥¢¨§¨µ´-
´µ° Ê¸É ´µ¢±¨ [43] ¨ ¡²µ±µ¢ ‚�‹‘,
¢Ò¶µ²´ÖÕÐ¨Ì ¶¥·¥¤ ÎÊ ¢¨¤¥µ¸¨£´ ²µ¢
¢  ´ ²µ£µ¢µ³ ¢¨¤¥ µÉ ¢Ò¸µ±µ¢µ²ÓÉ´µ£µ
É¥·³¨´ ²  ´  ¶Ê²ÓÉ Ê¶· ¢²¥´¨Ö ¸¨´-
Ì·µË §oÉ·µ´µ³. ˆ´Ëµ·³ Í¨Ö, ¢µ¸¶·µ¨§-
¢µ¤¨³ Ö ´  Ô±· ´¥ É¥²¥³µ´¨Éµ· , ¶µ-
§¢µ²Ö¥É ¤¥¦Ê·´µ³Ê µ¶¥· Éµ·Ê ¤¨¸É ´Í¨-
µ´´µ ±µ´É·µ²¨·µ¢ ÉÓ · ¡µÎ¨¥ ¶ · ³¥-
É·Ò ¶µ¤¸¨¸É¥³ ¨µ´´µ£µ ¨¸ÉµÎ´¨± . �¤-
´¨³ ¨§ ¢ ¦´ÒÌ ¢µ¶·µ¸µ¢, É·¥¡ÊÕÐ¨Ì
¸¢µ¥£µ ·¥Ï¥´¨Ö ¶·¨ · §· ¡µÉ±¥ É¥²¥¢¨-
§¨µ´´µ° É¥²¥³¥É·¨¨ ´  ‹“-20, Ö¢²Ö¥É¸Ö
¸µ§¤ ´¨¥ ³ ²µ£ ¡ ·¨É´µ£µ É¥²¥³µ´¨Éµ· 
¤²Ö · ¡µÉÒ ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ³ É¥·³¨-
´ ²¥ ¨µ´´µ£µ ¨¸ÉµÎ´¨±  ¢ ¶¥·¨µ¤ ´ -

¸É·µ°±¨ ¸¨¸É¥³Ò ¢ Ê¸²µ¢¨ÖÌ ´¨§±µ° µ¸¢¥Ð¥´´µ¸É¨ ¨ ¦¥¸É±µ ²¨³¨É¨·µ¢ ´´µ£µ
¶·µ¸É· ´¸É¢ . ‚¶¥·¢Ò¥ ¡Ò²µ ¸µ§¤ ´µ Ê¸É·µ°¸É¢µ Ëµ·³¨·µ¢ ´¨Ö É¥²¥¢¨§¨µ´-
´µ£µ ¨§µ¡· ¦¥´¨Ö (“”’ˆ), ¶µ§¢µ²ÖÕÐ¥¥ ¨¸¶µ²Ó§µ¢ ÉÓ ²Õ¡µ° µ¸Í¨²²µ£· Ë,
¨³¥ÕÐ¨° ¢Ìµ¤ ®Z¯ ¤²Ö É¥²¥¢¨§¨µ´´µ£µ ¨§µ¡· ¦¥´¨Ö. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³ 
· §³¥Ð¥´¨Ö µ¸´µ¢´ÒÌ Ô²¥³¥´Éµ¢ Ê¸É·µ°¸É¢  ¶·¨¢¥¤¥´  ´  ·¨¸. 25. �¶¶ -
· ÉÊ· , · §³¥Ð¥´´ Ö ´  ¢Ò¸µ±µ¢µ²ÓÉ´µ° ¶² ÉËµ·³¥, ¢±²ÕÎ ¥É ¢ ¸¥¡Ö: 1 Å
µ¸Í¨²²µ£· Ë; 2 Å É¥²¥± ³¥·Ê; 3 Å ¶¥·¥¤ ÉÎ¨± ‚�‹‘; 4 Å “”’ˆ; 5 Å
³¨±·µÉ¥²¥³µ´¨Éµ·. �  ¶Ê²ÓÉ¥ Ê¶· ¢²¥´¨Ö ¨µ´´Ò³ ¨¸ÉµÎ´¨±µ³ · ¸¶µ²µ¦¥´Ò:
6 Å ¶·¨¥³´¨± ‚�‹‘; 7 Å É¥²¥³µ´¨Éµ· ‚Š50‚60. ‚ ± ´ ²¥ ¶¥·¥¤ Î¨ ¨´-
Ëµ·³ Í¨¨ ¨¸¶µ²Ó§Ê¥É¸Ö 30 ³ ¦£ÊÉµ¢µ° ‚�‘ ¸¢Ö§¨ (8).

‘¨¸É¥³  · ¡µÉ ¥É ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �´ ²µ£µ¢Ò° ¸¨£´ ² ¨§³¥·Ö¥É¸Ö
¸ ¶µ³µÐÓÕ µ¸Í¨²²µ£· Ë  ‘8-17 ¸ ®¶ ³ÖÉÓÕ¯. ’¥²¥¢¨§¨µ´´ Ö ± ³¥·  É¨¶ 
Š’�-39 [43], Ê¸É ´µ¢²¥´´ Ö ´  · ¸¸ÉµÖ´¨¨ 0,5 ³ µÉ Ô±· ´  ¶µ¸²¥¤´¥£µ, ¢Ò-
¶µ²´Ö¥É ¸Î¨ÉÒ¢ ´¨¥ ¨´Ëµ·³ Í¨¨. ‚¨¤¥µ¸¨£´ ² µÉ É¥²¥± ³¥·Ò ¶µ¸ÉÊ¶ ¥É ´ 
¢Ìµ¤Ò: ¶¥·¥¤ ÉÎ¨±  ‚�‹‘, £¤¥ µ´ ¶·¥µ¡· §Ê¥É¸Ö ¢ ¸¢¥Éµ¢µ° ¶µÉµ±, ³µ¤Ê²¨·µ-
¢ ´´Ò° ¶µ ¨´É¥´¸¨¢´µ¸É¨; ¡²µ±  “”’ˆ, ¶µ¤±²ÕÎ¥´´µ£µ ± ³ ²µ£ ¡ ·¨É´µ³Ê
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µ¸Í¨²²µ£· ËÊ, ±µÉµ·Ò° ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ± Î¥¸É¢¥ ³¨±·µÉ¥²¥³µ´¨Éµ·  ¨ ¸²Ê-
¦¨É ¤²Ö ±µ´É·µ²Ö ± Î¥¸É¢  ¶¥·¥¤ ¢ ¥³µ£µ ¨§µ¡· ¦¥´¨Ö ¢ Ê¸²µ¢¨ÖÌ ´¨§±µ°
µ¸¢¥Ð¥´´µ¸É¨ ¨ ¦¥¸É±µ ²¨³¨É¨·µ¢ ´´µ£µ ¶·µ¸É· ´¸É¢  [50]; ËµÉµ¶·¨¥³´µ£µ
Ê¸É·µ°¸É¢  ‚�‹‘, · ¸¶µ²µ¦¥´´µ£µ ´  ¶Ê²ÓÉ¥ Ê¶· ¢²¥´¨Ö ²¨´¥°´µ£µ
Ê¸±µ·¨É¥²Ö.

�  ·¨¸. 26 ¶·¨¢¥¤¥´  ËµÉµ£· Ë¨Ö ¸ Ô±· ´  É¥²¥³µ´¨Éµ· , Ê¸É ´µ¢²¥´´µ£µ
´  ¶Ê²ÓÉ¥ Ê¶· ¢²¥´¨Ö, ¶·¨ ·¥£¨¸É· Í¨¨ ¤¢ÊÌ ¨³¶Ê²Ó¸´ÒÌ ¸¨£´ ²µ¢: ¨³¶Ê²Ó¸ 
±µ´É·µ²Ó´µ£µ ´ ¶·Ö¦¥´¨Ö ³µ¤Ê²ÖÉµ·  ¨ ¨³¶Ê²Ó¸  Éµ±  ¤Ê£¨ ¨¸ÉµÎ´¨± .

¨¸. 26. ˆ³¶Ê²Ó¸´Ò¥ ¸¨£´ ²Ò ´  Ô±· ´¥ É¥²¥³µ´¨Éµ· 

ˆ¸¶µ²Ó§µ¢ ´¨¥ É¥²¥¢¨§¨µ´´µ° É¥²¥³¥É·¨¨ ¤²Ö ·¥£¨¸É· Í¨¨ ¨³¶Ê²Ó¸´ÒÌ
¶·µÍ¥¸¸µ¢, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ¶µ¤¸¨¸É¥³ Ì ¨µ´´µ£µ ¨¸ÉµÎ´¨±  ´  ¢Ò¸µ±µ¢µ²ÓÉ-
´µ³ É¥·³¨´ ²¥, ¨³¥¥É ·Ö¤ ¶·¥¨³ÊÐ¥¸É¢: ¨¸¶µ²Ó§µ¢ ´¨¥ ‚�‹‘ ¢ ± Î¥¸É¢¥ ± -
´ ²  ¸¢Ö§¨ ¢ Ê¸²µ¢¨ÖÌ ¢Ò¸µ±µ£µ Ê·µ¢´Ö Ô²¥±É·µ³ £´¨É´ÒÌ ¨ ¨³¶Ê²Ó¸´ÒÌ · -
¤¨ Í¨µ´´ÒÌ ¶µ²¥° ¸´¨³ ¥É §´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ ÔÉ¨Ì ¶·µ¡²¥³ ¨ µ¡¥¸¶¥Î¨¢ ¥É
£ ²Ó¢ ´¨Î¥¸±ÊÕ · §¢Ö§±Ê; ·¥ ²¨§Ê¥É¸Ö ¶¥·¥¤ Î  ¸¨£´ ²µ¢ ¢ Ï¨·µ±µ³ Î ¸ÉµÉ-
´µ³ ¤¨ ¶ §µ´¥, É.±. ¨¸¶µ²Ó§Ê¥³Ò° µ¸Í¨²²µ£· Ë ¨³¥¥É ¶µ²µ¸Ê ¶·µ¶Ê¸± ´¨Ö µÉ
0 ¤µ 5 ŒƒÍ; ¶µ¢ÒÏ ¥É¸Ö ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö, ¶µ¸±µ²Ó±Ê ´  É¥²¥³µ´¨Éµ·¥
µ¶¥· Éµ·  ¨§³¥·¥´¨¥ ¶·µ¨§¢µ¤¨É¸Ö ¶µ ¢¨¤¨³µ° ³ ¸ÏÉ ¡´µ° ¸¥É±¥ µ¸Í¨²²µ-
£· Ë ; ¶µ¢ÒÏ ¥É¸Ö ¶µ³¥ÌµÊ¸Éµ°Î¨¢µ¸ÉÓ ± ´ ²  ¸¢Ö§¨, É.±. ¸Ñ¥³ ¨´Ëµ·³ Í¨¨,
¡² £µ¤ ·Ö ¨¸¶µ²Ó§µ¢ ´¨Õ µ¸Í¨²²µ£· Ë  ¸ ®¸ ¶ ³ÖÉÓÕ¯, ¶·µ¨¸Ìµ¤¨É ¢ ¶ Ê§¥
³¥¦¤Ê ³µÐ´Ò³¨ · ¡µÎ¨³¨ ¨³¶Ê²Ó¸ ³¨ ¨µ´´µ£µ ¨¸ÉµÎ´¨± ; µ¡¥¸¶¥Î¨¢ ¥É¸Ö
´¥µ¡Ìµ¤¨³ Ö  ¶¶ · É´ Ö £¨¡±µ¸ÉÓ. �·µ¸É Ö § ³¥´  µ¸Í¨²²µ£· Ë  ‘8-17 ´ 
¨´É¥·Ë¥°¸ ¸É·¥²µÎ´ÒÌ ¶·¨¡µ·µ¢, ¶µ¤±²ÕÎ¥´´ÒÌ ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¤ ÉÎ¨-
± ³, ¶µ§¢µ²Ö¥É µ¸ÊÐ¥¸É¢¨ÉÓ É¥²¥¢¨§¨µ´´Ò° ±µ´É·µ²Ó µ¸´µ¢´ÒÌ ³¥¤²¥´´µ ¨§-
³¥´ÖÕÐ¨Ì¸Ö ¶ · ³¥É·µ¢ ¨µ´´µ£µ ¨¸ÉµÎ´¨± .

�±¸¶¥·¨³¥´ÉÒ ¶µ ´¥±µ´É ±É´Ò³ ¨§³¥·¥´¨Ö³ É¥²¥¢¨§¨µ´´Ò³¨ ³¥Éµ¤ ³¨
¢¶¥·¢Ò¥ ¶·µ¢µ¤¨²¨¸Ó ¢ ‹‚� �ˆŸˆ ¢ 1985 £. �´¨ ¡Ò²¨ ¸¢Ö§ ´Ò ¸ ¤¨¸É ´Í¨-
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µ´´Ò³ ±µ´É·µ²¥³ · ¡µÎ¨Ì ¶ · ³¥É·µ¢ ¢Ò¸µ±µ¢µ²ÓÉ´µ£µ Ê¸±µ·¨É¥²Ö [54, 56].
‘ ¶µ²ÊÎ¥´¨¥³ ´µ¢µ£µ µ¡µ·Ê¤µ¢ ´¨Ö ¨ · §¢¨É¨¥³ Ô²¥³¥´É´µ° ¡ §Ò ‚�‹‘ ÔÉ¨
· ¡µÉÒ ¡Ò²¨ ¶·µ¤µ²¦¥´Ò. ‚ [71] µ¶¨¸ ´  50 ³  ´ ²µ£µ¢ Ö ‚�‹‘ ¤²Ö ¶¥·¥-
¤ Î¨ ¢¨¤¥µ¸¨£´ ²µ¢ ¸ ¢Ò¸µ±µ¢µ²ÓÉ´µ£µ É¥·³¨´ ²  ¨µ´´µ£µ ¨¸ÉµÎ´¨±  ²¨´¥°-
´µ£µ Ê¸±µ·¨É¥²Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ² §¥·  ¨ µ¶É¨Î¥¸±µ£µ
¢µ²µ±´  ¸ ¤¨ ³¥É·µ³ ¸¥·¤Í¥¢¨´Ò 50 ³±³. „²Ö ÔËË¥±É¨¢´µ£µ ¢¢µ¤  ¨§²ÊÎ¥-
´¨Ö ¢ ¸¢¥Éµ¢µ¤ ŠŠ125/50 µÉ ² §¥·´µ£µ ¤¨µ¤  ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¸µ£² ¸ÊÕÐ¨¥
³¨±·µ²¨´§Ò. �¥¤µ¸É É±¨, ¸¢µ°¸É¢¥´´Ò¥  ´ ²µ£µ¢Ò³ ‚�‹‘, µ¡Ê¸²µ¢²¥´Ò ´¥-
¸É ¡¨²Ó´µ¸ÉÖ³¨ ¶µÉ¥·Ó ¢ ¸¢¥Éµ¢µ¤ Ì ¨ µ¶É¨Î¥¸±¨Ì ¸µ¥¤¨´¨É¥²ÖÌ,   É ±¦¥
¢µ§³µ¦´Ò³ ¨§³¥´¥´¨¥³ Ê·µ¢´Ö ¨§²ÊÎ ¥³µ° ³µÐ´µ¸É¨ ¶¥·¥¤ ÉÎ¨± . �É¨ ¨
¤·Ê£¨¥ É·Ê¤´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ · §· ¡µÉ±µ° ¨ ±µ´¸É·Ê¨·µ¢ ´¨¥³ ¤ ´´µ° ¸¢¥-
Éµ¢µ¤´µ° ¸¨¸É¥³Ò, ³µ¦´µ ·¥Ï¨ÉÓ, ¢ µ¸´µ¢´µ³, ¶ÊÉ¥³ · Í¨µ´ ²Ó´µ£µ ¢Ò¡µ· 
±µ³¶µ´¥´Éµ¢.

‘¨¸É¥³  ¤²Ö ´¥±µ´É ±É´ÒÌ ¨§³¥·¥´¨° É¥²¥¢¨§¨µ´´Ò³¨ ³¥Éµ¤ ³¨ ¢±²ÕÎ -
¥É ¢ ¸¥¡Ö: ¶¥·¥¤ ÕÐ¨° µ¶É¨Î¥¸±¨° ³µ¤Ê²Ó ¸ ² §¥·´Ò³ ¤¨µ¤µ³ ˆ‹��-102
[17], ¶·¨¥³´Ò° µ¶É¨Î¥¸±¨° ³µ¤Ê²Ó ¸ £¥É¥·µËµÉµÉ· ´§¨¸Éµ·µ³, ¢µ²µ±µ´´µ-
µ¶É¨Î¥¸±ÊÕ ²¨´¨Õ ¸¢Ö§¨ ¸ ¸µ£² ¸ÊÕÐ¨³¨ ³¨±·µ²¨´§ ³¨, É¥²¥± ³¥·Ê Š’�-79
´  �‡‘-³ É·¨Í¥ ¨ É¥²¥³µ´¨Éµ·. ‘ÊÐ¥¸É¢¥´´Ò³ ³µ³¥´Éµ³, ±µÉµ·Ò° ´¥µ¡-
Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ ¶·µ¥±É¨·µ¢ ´¨¨ ¸¨¸É¥³ É¥²¥¢¨§¨µ´´µ° É¥²¥³¥É·¨¨ ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ É¢¥·¤µÉ¥²Ó´ÒÌ ¶·¨¥³´¨±µ¢ ¨§µ¡· ¦¥´¨Ö, Ö¢²Ö¥É¸Ö ¨Ì ¸· ¢-
´¨É¥²Ó´µ ´¨§± Ö · ¤¨ Í¨µ´´ Ö ¸Éµ°±µ¸ÉÓ. „µ§  · ¤¨ Í¨¨, ¢Ò§Ò¢ ÕÐ Ö § ³¥É-
´Ò¥ ¶µ¢·¥¦¤¥´¨Ö ¢ ±µ³³¥·Î¥¸±¨Ì �‡‘ ¸ ¶µ¢¥·Ì´µ¸É´Ò³ ± ´ ²µ³, µÍ¥´¨¢ -
¥É¸Ö ¢ 103 · ¤,   ¸¨²Ó´ Ö ¤¥£· ¤ Í¨Ö ¶·µ¨¸Ìµ¤¨É ¶·¨ 104 · ¤. ‘²¥¤µ¢ É¥²Ó´µ,
¸µ¸ÉµÖ´¨¥ �‡‘-³ É·¨ÍÒ ³µ¦¥É ¸²Ê¦¨ÉÓ ¨´¤¨± Éµ·µ³ ¢¥·Ì´¥£µ ¶·¥¤¥²  ¤µ§Ò
µ¡²ÊÎ¥´¨Ö.

 ¡µÉ Ö ¢ ¤ ´´µ³ ¸µ¸É ¢¥  ¶¶ · ÉÊ·Ò, ¶·¨±² ¤´ Ö É¥²¥¢¨§¨µ´´ Ö Ê¸É -
´µ¢±  Š’�-79 ®Œ É·¨Í ¯ [43] ¶·µÌµ¤¨²  ¶·µ¢¥·±Ê ´  · ¤¨ Í¨µ´´ÊÕ ¸Éµ°-
±µ¸ÉÓ. �É²¨Î¨É¥²Ó´ Ö µ¸µ¡¥´´µ¸ÉÓ ÔÉµ° ± ³¥·Ò Å ¨¸¶µ²Ó§µ¢ ´¨¥ ¢ ´¥° ¢
± Î¥¸É¢¥ ¶·¥µ¡· §µ¢ É¥²Ö ®¸¢¥ÉÅ¸¨£´ ²¯ ³ É·¨ÍÒ ¶·¨¡µ·µ¢ ¸ § ·Ö¤µ¢µ°
¸¢Ö§ÓÕ ¸ Î¨¸²µ³ Ô²¥³¥´Éµ¢ 288 × 256. ‚ ± ³¥·¥ ·¥ ²¨§Ê¥É¸Ö ¶·¨´Í¨¶ ¸ -
³µ¸± ´¨·Ê¥³µ° · §¢¥·É±¨ ¨ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·µ¸É· ´¸É¢¥´´ Ö ¤¨¸±·¥É¨§ Í¨Ö
¶µÉ¥´Í¨ ²Ó´µ£µ ·¥²Ó¥Ë  (§ ·Ö¤µ¢µ£µ ¨§µ¡· ¦¥´¨Ö) ± ± ¶µ ¢¥·É¨± ²¨, É ± ¨ ¶µ
£µ·¨§µ´É ²¨. �µÔÉµ³Ê ± ³¥·  µ¡¥¸¶¥Î¨¢ ¥É ¦¥¸É±¨° · ¸É· ¸ Ë¨±¸¨·µ¢ ´´µ°
£¥µ³¥É·¨¥°. �¥²¨´¥°´Ò¥ ¨¸± ¦¥´¨Ö ¢ ± ³¥·¥ µÉ¸ÊÉ¸É¢ÊÕÉ,   £¥µ³¥É·¨Î¥¸±¨¥
Å µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ µ¡Ñ¥±É¨¢µ³. ¥§Ê²ÓÉ ÉÒ ¨¸¶ÒÉ ´¨° É¥²¥± ³¥·Ò ¢
· ¤¨ Í¨µ´´ÒÌ Ê¸²µ¢¨ÖÌ ¶µ± § ²¨, ÎÉµ § ³¥É´µ° ¤¥£· ¤ Í¨¨, ¸¢Ö§ ´´µ° ¸ ´ -
±µ¶²¥´¨¥³ § ·Ö¤  ¢ ¸²µ¥ ¤¨Ô²¥±É·¨±  �‡‘-¸É·Ê±ÉÊ·Ò ¢ É¥Î¥´¨¥ 100 Î ¸µ¢
´ · ¡µÉ±¨ ´  ‹“-20 ¶·¨ Ê¸±µ·¥´¨¨ ¶·µÉµ´µ¢, ´¥ µ¡´ ·Ê¦¥´µ.  §·¥Ï ÕÐ Ö
¸¶µ¸µ¡´µ¸ÉÓ ¸¨¸É¥³Ò ¶µ± § ´  ´  ·¨¸. 27. �µ É¥¸Éµ¢µ° É ¡²¨Í¥ µ´  ¸µµÉ-
¢¥É¸É¢Ê¥É 120Å130 É¥²¥¢¨§¨µ´´Ò³ ²¨´¨Ö³ ¶µ £µ·¨§µ´É ²¨ ¨ ¢¥·É¨± ²¨ ¶·¨
µ¸¢¥Ð¥´´µ¸É¨ 4 ²±.
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¨¸. 27.  §·¥Ï ÕÐ Ö ¸¶µ¸µ¡´µ¸ÉÓ É¥²¥¢¨§¨µ´´µ° ¸¨¸É¥³Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ‚�‹‘

10. ‡
Š‹}—…�ˆ…

‚µ²µ±µ´´µ-µ¶É¨Î¥c±¨¥ ¸¨¸É¥³Ò ¸¢Ö§¨ Ï¨·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ Ô±¸¶¥·¨-
³¥´É Ì ¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨ ¢ Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¥. �´¨ É ±¦¥
´¥§ ³¥´¨³Ò ¢ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  LH‘. �¶¨¸ ´´Ò¥ ¢ ¤ ´´µ³ µ¡§µ·¥
· §· ¡µÉ±¨ µ¶É¨Î¥¸±¨Ì ¸¨¸É¥³ ¸¢Ö§¨, ±µÉµ·Ò¥ Ê¸¶¥Ï´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ´  Ê¸±µ-
·¨É¥²Ó´µ³ ±µ³¶²¥±¸¥ ‹‚�, ³µ£ÊÉ ¡ÒÉÓ ¶·¨³¥´¥´Ò ¨ ¢ ¤·Ê£¨Ì Ë¨§¨Î¥¸±¨Ì
Ô±¸¶¥·¨³¥´É Ì.
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ON SYMMETRY IN MODERN PHYSICS
(Dedicated to the 100th anniversary of the birth

of Academician V.A.Fock)
A.M.Baldin

Joint Institute for Nuclear Research, Dubna

The development of the gauge symmetry has resulted in a complete determination of the
Lagrangians for electromagnetic, weak, strong and gravitational interactions and has created
illusions about the construction of ®the theory of everything¯. However, in just the same way
as in classical physics, it became clear that the deductive obtaining of solutions (laws of Nature) is
based not only on the principles of the Lagrangian symmetry. To ˇnd unambiguously solutions some
additional conditions are needed without which the solutions of the Lagrange equations are ambigu-
ous. The additional conditions such as hypotheses about the integral symmetries of solutions, the
boundary and initial conditions, the constants entering Lagrangians, and so on are essential so that in
a number of cases it is possible to construct models (solutions, laws of Nature) without the recourse
to the Lagrange method. An example of using such an approach in one of the rapidly developing
domains of modern physics, namely relativistic nuclear physics, is given. An exact mathematical
language of the gauge symmetry is the differential geometry and that of the additional conditions
is the topology, the parameter space properties as a whole. In the present paper the fundamental
contribution of V.A.Fock to the development of the concept of space, the primary concept of physics,
is given.

 §· ¡µÉ±  ± ²¨¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨ ¶·¨¢¥²  ± ¶µ²´µ³Ê µ¶·¥¤¥²¥´¨Õ ² £· ´¦¨ ´µ¢ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¤²Ö Ô²¥±É·µ³ £´¨É´ÒÌ, ¸² ¡ÒÌ, ¸¨²Ó´ÒÌ ¨ £· ¢¨É Í¨µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¨ ¸µ§¤ ² 
¨²²Õ§¨¨ µ ¶µ¸É·µ¥´¨¨ ®É¥µ·¨¨ ¢¸¥£µ¯. �¤´ ±µ, É ± ¦¥, ± ± ¨ ¢ ±² ¸¸¨Î¥¸±µ° Ë¨§¨±¥, ¸É ²µ Ö¸´µ,
ÎÉµ ¢ µ¸´µ¢¥ ¤¥¤Ê±É¨¢´µ£µ ¶µ²ÊÎ¥´¨Ö ·¥Ï¥´¨° (§ ±µ´µ¢ ¶·¨·µ¤Ò) ²¥¦ É ´¥ Éµ²Ó±µ ¶·¨´Í¨¶Ò
¸¨³³¥É·¨¨ ² £· ´¦¨ ´µ¢. „²Ö µ¤´µ§´ Î´µ£µ µ¶·¥¤¥²¥´¨Ö ·¥Ï¥´¨Ö ´¥µ¡Ìµ¤¨³Ò ¤µ¶µ²´¨É¥²Ó´Ò¥
Ê¸²µ¢¨Ö, ¡¥§ ±µÉµ·ÒÌ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ‹ £· ´¦  ´¥µ¤´µ§´ Î´Ò. „µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö:
¶·¥¤¶µ²µ¦¥´¨Ö µ ±µ´¸É ´É Ì, ¢Ìµ¤ÖÐ¨Ì ¢ ² £· ´¦¨ ´Ò, ¨´É¥£· ²Ó´Ò¥ ¸¨³³¥É·¨¨ ·¥Ï¥´¨°, ±· -
¥¢Ò¥ ¨ ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö ¨ É.¶., ¸Éµ²Ó ¸ÊÐ¥¸É¢¥´´Ò, ÎÉµ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ³µ¦´µ ±µ´¸É·Ê¨·µ-
¢ ÉÓ ³µ¤¥²¨ (·¥Ï¥´¨Ö, § ±µ´Ò ¶·¨·µ¤Ò), ´¥ µ¶¨· Ö¸Ó ´  ² £· ´¦¥¢ ³¥Éµ¤. ‚ ± Î¥¸É¢¥ ¶·¨³¥· 
¶·¨¢µ¤¨É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ É ±µ£µ ¶µ¤Ìµ¤  ¢ µ¤´µ³ ¨§ ´ ¨¡µ²¥¥ ¡Ê·´µ · §¢¨¢ ÕÐ¨Ì¸Ö · §¤¥²µ¢
¸µ¢·¥³¥´´µ° Ë¨§¨±¨ Å ·¥²ÖÉ¨¢¨¸É¸±µ° Ö¤¥·´µ° Ë¨§¨±¥. ’µÎ´Ò° ³ É¥³ É¨Î¥¸±¨° Ö§Ò± ± ²¨¡·µ-
¢µÎ´µ° ¸¨³³¥É·¨¨ Å ¤¨ËË¥·¥´Í¨ ²Ó´ Ö £¥µ³¥É·¨Ö,   ÉµÎ´Ò° Ö§Ò± ¤²Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ Ê¸²µ¢¨°
Å Éµ¶µ²µ£¨Ö, ¸¢µ°¸É¢  ¶·µ¸É· ´¸É¢  ¶ · ³¥É·µ¢ ¢ Í¥²µ³. ‚ ´ ¸ÉµÖÐ¥° ¸É ÉÓ¥ µÉ³¥Î ¥É¸Ö ËÊ´¤ -
³¥´É ²Ó´Ò° ¢±² ¤ ‚.�.”µ±  ¢ · §· ¡µÉ±Ê ¶µ´ÖÉ¨Ö ¶·µ¸É· ´¸É¢  Å ¶¥·¢¨Î´µ£µ ¶µ´ÖÉ¨Ö Ë¨§¨±¨.

At the beginning of the '50s, at an all-union conference, Vladimir Alexan-
drovich Fock presented a large talk on the theory of gravitation. During the
discussion, a very competent physicist said that Fock in his talk gave the well-
known Einstein equations (by implying the absence of novelty). Then Fock
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replied: ®I have known your philosophy for a long time: if the equations are
the same, then the theory is also the same¯. As we presently know, at that time
V.A.Fock was working on a fundamental monograph ®The Theory of Space, Time
and Gravitation¯ [1]. In the preface to the ˇrst edition of the book he writes:
®The results of these investigations have led us to the conviction that, at least
for the most important class of physical problems, it is possible to obtain unam-
biguous solutions for the gravitation equations by imposing additional conditions
compatible with them. This idea has underlain a new point of view on the whole
of the theory of gravitation. Therefore, there arises the necessity of formulating
the whole of the theory of space, time and gravitation from this newly elaborated
point of view, which has just been done in this book¯.

Fock's point of view on the theory of relativity and the theory of gravitation
was after all generally recognized. Fock stressed that the theory of gravitation
and, generally speaking, any theory cannot be formulated by conˇning oneself to
the local consideration. It is necessary to consider the ®space as a whole¯, its
global structure, and its topology. Otherwise, it is impossible to formulate the
problem unambiguously. The equations of any ˇeld are the equations in partial
derivatives the solutions of which are unambiguous only in the presence of initial,
boundary and limiting conditions.

The laws of Nature are relations between invariants, as far as they should not
be dependent on symmetry transformations. The hypothesis about the symmetry
possessed by a system are axioms determining the state of the system and its
behaviour. Starting from symmetry principles it is possible to derive new laws
of Nature deductively, and not only by observing physical objects or solving
equations. Weyl wrote that as far as he could judge, all a priori ideas in physics
have a symmetry origin. The symmetry of the ®space as a whole¯ essentially
supplements the symmetry and invariance deˇning the Lagrangian density, and,
in many cases, enables us to construct models (solutions, laws of Nature) starting
from the ˇrst principles, not using the Lagrange method.

For a long time, mathematicians have paid attention to the integral invariants
in topology and to the connection between differential geometry and the theory
of surfaces. This trend was initiated by the famous Gauss-Bonnet theorem which
says that the integral of the Gaussian curvature over an entire surface is a topo-
logical invariant and is integer multiple of 2π. For a sphere, no matter how
distorted, the integral curvature is 4π, for a torus it is zero, while for the ®double-
holed torus¯ it is 4π, and so on. The Gaussian curvature is a local parameter.
It can be measured by measuring the angles and the sides of small triangles. For
example, to show the Earth to be round it is not necessary to circumnavigate
the globe and to take photographs from outer space. Eratosphenes did it by
comparing shadows in Alexandria and Syene.

Auxiliary spaces are useful in studying ordinary surfaces and their higher-
dimensional analogs. One example is the space consisting of the tangent planes to



254 BALDIN A.M.

a surface. Such spaces are called ®ˇber bundles¯. The ®ˇbers¯ are the auxiliary
spaces Å the tangent planes. The ˇber bundles are an appropriate framework for
gauge theories, developed to deal in a uniˇed way with electromagnetic, weak
and strong interactions.

Noting V.A.Fock's contribution to contemporary physics it is necessary to
stress (this was also emphasized by Chen Ning Yang, one of the principal archi-
tects of the gauge theory) that the gauge theory is a generalization of ®the gauge
symmetry in electromagnetism known from the papers by Fock and Weyl¯.

In the 1930s and 1940s L.S.Pontrjagin and other mathematicians have found,
without undergoing the in�uence of physical models, interesting topological in-
variants playing an ever-growing role in modern physics. The integral geometry
makes it possible to study classical solutions for gauge ˇelds. The merging of
the newest areas of mathematics and theoretical physics enables us to hope that
along this way one will succeed in ˇnding methods for obtaining nonperturba-
tive solutions of the Lagrange equations for gauge ˇelds. The nonperturbative
methods in the Standard Model take one of the central places in modern
theoretical physics. Among them of special interest are multiboson processes
in electroweak physics. These phenomena are associated with the violation of the
sum of the baryon (B) and the lepton (L) numbers in the Standard Model [3].
Therefore such processes determine the evolution of (B+L) at high temperature
in the early universe, that is, the origin of the baryons Å baryosynthesis. Also
speciˇc calculations show [5] that the processes with (B + L) violation and pro-
duction of many electroweak bosons might be in principle observable in collisions
at energies higher than 18 TeV. The initial and the ˇnal states containing many
bosons (many→ many scattering) are described by quasi-classical methods with
the use of nontrivial classical solutions of the ˇeld theory periodic Å instantons.
The (B + L) violation is caused by tunnel transitions between the states with
different topological charges q for the electroweak gauge ˇelds and is described
by the formula:

∆(B + L) = 6q.

The peaks of these potential barriers Å sphalerons Å (the energy E is ordinarily
plotted against q) are, in the order of magnitude, equal to mw/αw ∼ 10 TeV,
where mw is the mass of an intermediate boson, and αw is the electroweak
interaction constant. The treatment of the auxiliary conditions describing the
initial states of multiple interactions with the use of the topological properties
of gauge ˇelds has resulted in fundamental conclusions for elementary particle
physics, cosmology [4] and even for designing a new generation of accelerators
at superhigh energies [6].

In 1931, when solving the one-dimensional Heisenberg model of a ferro-
magnet, Bethe [7] formulated a hypothesis about a wave function of the model.
In 1967 Ch.N.Yang has generalized [8] this hypothesis by imposing on matri-
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ces A(u) and B(v), which occurred in the development of the hypothesis, the
following conditions:

A(u) ·B(u + v) ·A(v) = B(v) · A(u+ v) · B(u). (1)

Many one-dimensional quantum mechanical problems, in which the Bethe
hypothesis is valid, are known. In each case, the consistency condition is Eq. (1),
where the operators A(u) and B(v) and the one-dimensional coordinates u and
v take different forms in different problems. During the past ten or ˇfteen years,
a large number of developments in physics and mathematics have led to the con-
clusion that Eq. (1) is a fundamental mathematical structure. Equation (1) has the
generally accepted name Å the YangÄBaxter equation.

Ch.N.Yang shows [9] how Eq. (1) affected modern physics and mathematics:

®Physics:

• One-dimensional quantum mechanical problems

• Two-dimensional classical statistical mechanical problems

• Conformal ˇeld theory

Mathematics:

• Knot theory, braid theory

• Operator theory

• Kopf algebra

• ®Quantum groups¯

• Topology of 3-manyfold

• Monodromy of differential equations

There is an explosion of literature on these subjects. In order to ˇnd these, one
could consult the three recent review volumes and reprint collections
listed in the footnote∗.

Why does the YangÄBaxter equation enter into so many different areas of
mathematics and physics? I believe the answer is that the equation is a kind of
generalization of the structure of the permutation group¯.

∗120 Braid Group, Knot Theory and Statistical mechanics, eds. C.N.Yang and M.L.Ge (World
Scientiˇc, Singapore, 1989); YangÄBaxter Equation in Integrable Systems, ed. M.Jimbo (World
Scientiˇc, Singapore, 1990); YangÄBaxter Equations, Conformal Invariance and Integrability in Sta-
tistical Mechanics and Field Theory, eds. B.Barber and P.Pearce (World Scientiˇc, Singapore, 1990).
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A particular role of the one-dimensional problem is due to the possibility of
establishing a deˇnite order in the particle disposition in a one-dimensional space.

As a hypothesis about the properties of the solutions of statistical physics
N.N. Bogolubov has formulated the correlation depletion principle [10]. The
principle is based on the intuitive idea that the correlation between spatially
separated groups of particles of a macroscopic system practically vanishes. The
correlation depletion principle was successfully applied to the development of the
theory of ferromagnetism, super�uidity and superconductivity. Also it is possible
to formulate the notion of quasi-averages and the properties of the solutions that
afterwards were given the name of spontaneous symmetry breaking.

It is interesting that the well-known attempt of Dirac to formulate a relativistic
theory of dynamical systems [11] led him to the realization that it was possible to
state only the necessary but not the sufˇcient conditions for this theory to exist. At
the end of his remarkable article, Dirac writes, ®Some further condition is needed
to ensure that the interaction between two physical objects becomes small when
the objects become far apart. It is not clear how this condition can be formulated
mathematically¯. The correlation depletion principle of Bogolubov is formulated
as an asymptotic form of the Green functions as universal (independent of the
speciˇc features of the system) linear forms from averages of the product of
ˇeld functions. This principle gives mathematical formulation for the additional
condition of the relativistic theory (Poisson's brackets) developed by Dirac.

In Refs. 12, 13 the correlation depletion principle is formulated both in relative
4-velocity space and the Lobachevsky space. The application of this principle to
quantum chromodynamics of large distances (or, more precisely, of small relative
velocities), to the description of multiple production processes, and, particularly,
to relativistic nuclear physics was found to be especially productive. In these
areas, the perturbative approach does not work, thus hypotheses of a fundamental
character, i.e., auxiliary conditions, are needed. A collision of relativistic nuclei
results in the production of many particles, and the interaction picture is very
complicated. Both nucleon and quark-gluon degrees of freedom participate in the
same collision. The number of the parameters of the problem is extremely large,
and it is particularly important to discover the invariants [13]. Relativistic nuclear
physics that was born at the beginning of the '70s in Dubna became one of the
most intensively developed areas of high energy physics in many laboratories of
the world.

The discovery of the laws of relativistic nuclear physics is a part of the
general search for the laws describing relativistic multiparticle systems, including
macroscopic systems. These problems were studied by outstanding scientists
of the 20th century. The ˇrst studies were devoted to the transport equations
which allowed the formulation of the thermodynamical properties of dilute relati-
vistic multiple systems. The great success of quantum ˇeld theory in describing
multiparticle systems on the basis of the Hamiltonian method has not resulted
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however in great progress in the development of the problems of relativistic
nuclear physics. In Refs. 12, 13, it is shown that the approach to relativistic
nuclear physics based on the geometry of velocity space and hypotheses about
the asymptotic nature of the laws in this space allows us to put in order an
enormous amount of experimental data and make quantitative predictions. Some
of these predictions make many experiments on huge accelerators unnecessary and
even condemned to failure. The methods of symmetry of the solutions utilized in
these papers are analogous to the methods of the mechanics of continuous media
and consist of the following:

1. The parameters describing the problem Å the space deˇning parameters Å
are selected.

2. The symmetry of this space is seen or guessed, and the corresponding
invariants are determined.

3. The laws of Nature are treated as relations between invariants. The math-
ematical language of symmetry Å group theory Å is especially effective
here.

4. Additional principles Å the correlation depletion principles, the interme-
diate asymptotics, the hypothesis of the analyticity of physical laws are
used.

In the case of relativistic nuclear physics, the deˇning parameters are the cross
sections, quantities derived from them, and the invariant dimensionless intervals
in relative 4-velocity space ui = pi/mi; u0i = Ei/mi:

bik = −(ui − uk)2 = 2[(ui · uk)− 1] = 2
[
Ei · Ek − pi · pk

mi ·mk
− 1
]
.

As far as the energies Ei and the momenta pi are linked by the known relation
E2
i − p 2

i = m2
i , then (ui)2 = (u0)2 − (ui)2 = 1. Instead of 4-dimensional space

it is possible to introduce 3-dimensional one, with the 4th coordinate expressed
in terms of the other three:

u0i = ±
√
1 + u2x + u2y + u2z. (2)

This equation is a two-sheeted hyperboloid. The geometry on the surface of the
hyperboloid is the geometry of 3-dimensional Lobachevsky space, analogous to
the geometry on the surface of a sphere. The interval between points on the
surface of a sphere is given by the cosine of the angle of the great circle, and the
interval on the surface of the hyperboloid is given by the hyperbolic cosine of
the rapidity

ρ =
1
2
ln
E + |p |
E − |p | .
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The relation between the intervals bik and ρik is of the form:

bik = 2[(ui · uk)− 1] = 2[chρik − 1].

The number of the parameters of bik is n(n−1)/2. The most complete description
of the ˇnal states of nuclear collisions is connected with the use of triangulation
and the construction of polyhedra in velocity space.

The introduction of the variable NI and NII characterizing the effective
numbers of nucleons participating in the collisions of nuclei I and II has proved
very productive. In a wide interval of relative velocities the additional variables
NI and NII turned out to be continuous and smooth. The invariant that is
employed to express a large number of the laws of relativistic nuclear physics
has the meaning of the minimal mass

min[m2
0(uINI + uIINII)2]1/2 = 2m0Π

under the condition of conservation of the 4-momentum:

m0uINI +m0uIINII =
∑
i

pi.

Here UI and UII are the 4-velocities of the nucleus as a whole, m0 is the mass of
one nucleon. The introduction of the single self-similarity parameter (invariant)

Π =
1
2

√
(uINI + uIINII)2

allowed a quantitative description of the cumulative effect, deep-subthreshold,
near-threshold phenomena, and antimatter production in nucleus-nucleus
collisions [14].

The equation

E
d3σ

dp
= C1A

α(NI)
I ·Aα(NII )

II · f(Π), (3)

where AI and AII are the atomic weights of colliding nuclei, C1 is the constant,
describes a variety of nuclear reactions as the cross section changes by eight
orders of magnitude. However, to ˇnd the limits of the parameter space, where
the description of physical processes on the basis of this model becomes invalid,
some auxiliary work is needed. Of special interest is the prediction [15] on
this basis of the results of projected experiments on presently designed nuclear
colliders. For collider energies the interval between the points I and II is:

(uI · uII) = chρI II >> 1.
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The relation between the sides of the Lobachevsky triangle is of the form:

(uI · uk) = u0I · u0k − RuI · Ruk = chρI k =
= chρI II · chρII k − shρI II · shρII k · ρII k · cos θI k ≈
≈ chρI II(chρII k − shρII k · cos θI k) = chρI II · xk.

Here xk is a known light cone variable. At large relative velocities Eq. (2) turns
into the light cone equation which is used in constructing models of high energy
physics in velocity space.

After discovering non-Euclidean geometry Lobachevsky posed the problem
of using it to describe real physical phenomena. The hypothesis that at large
distances the relations between the sides and angles of triangles might satisfy a
new geometry was not conˇrmed by his analysis of astronomical data.

V.A.Fock demonstrated the validity of the Lobachevsky geometry in relative
velocity space by considering the phenomenon of astronomical aberration [1].
The phenomenon is that in two moving relatively each other frames of reference
the directions to the same star do not coincide, but differ by the magnitude of
aberration. To ˇnd this value it is necessary to construct a Lobachevsky triangle
with vertices in the points v1, v2 and v3 = aC, where v1 and v2 are the velocities
of the bodies to which both the frames are related. Here a is a unit vector in
the direction of the light wave going from the star. In astronomical observations
visible positions of a star are compared for different directions of motion of the
globe along the orbit (annual aberration).

By analyzing the concept of physical space, Fock stresses that this primary
concept is obtained by means of appropriate abstractions of space-time relations
between material processes. The relations are established on the basis of the
hypothesis about applicability of the Euclidean geometry to a real physical space
as well as on the suppositions about the existence of solid bodies and rectilinear
propagation of light.

Thus, the properties of the light and those of solid bodies (distance measure-
ments) play the fundamental part in establishing the geometry of a real physical
space. Another feasible way of determining the location of objects in space,
which in principle differs from triangulation, is radiolocation or radiogeodesy.
However, in any case, the deˇnition of the concept of physical space depends on
precision of measuring procedures. The correspondence of it to the mathematical
concept of space requires some reservations. Fock also notes that the terms ®the
space as a whole¯, ®conditions at inˇnity¯, and so on, are employed by him in the
mathematical sense admitted in ˇeld theory. The space as a whole implies an area
which is large enough for the ˇeld induced by a body system to be negligible on
its boundaries. Depending on the character of the problem the dimensions of the
area are very different. A micron compared with the atom may be thought of as
an inˇnitely large quantity, the light year for the Sun system and billions of light
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years for galaxy accumulation are inˇnitely large quantities. When formulating
a theory, new generalizations are introduced, as a result of which the law may
become approximate, but this does not diminish its fundamental importance.

Complicated real physical situations require simpliˇed descriptions by means
of symbolic, and even verbal, models based on experimentally testable hypothe-
ses. However the correspondence of the physical space to the mathematical one
appears not only as a result of generalization of experience and measuring pro-
cedures. The correspondence of the velocity space to the Lobachevsky space is
a result of a deduction. More striking example is the introduction by Einstein
of the Riemann space in the theory of gravitation which is of a particularly de-
ductive nature. As Fock notices, this requires that the properties of the ®space
as a whole¯ should be considered. Otherwise, it is impossible to formulate the
problem in an unambiguous manner. V.A.Fock analyses various suppositions
and gives much attention to the theory of a space homogeneous at inˇnity. He
attaches great importance to the possibility of introducing in this case a privileged
frame of reference determined with an accuracy up to the Lorentz transformation
(harmonic coordinates). All concrete problems of the theory of gravitation are
solved in Ref. 1 in harmonic coordinates.

Special attention should be paid to Fock's formulation of the Hilbert space
in quantum theory of radiations. In Ref. 16 Fock notices that the mathemati-
cal apparatus of quantum theory of emission and absorption of photons created
by Dirac does not correspond to the physics of this phenomenon and suggests
a mathematical basis of the theory. In his book ®The Principles of Quantum
Mechanics¯ Dirac called it ®Fock's representation¯. Finally ®Fock's space¯ sug-
gested for mathematical description of the systems with an interaction Lagrangian
changing the particle number became the generally recognized concept of quan-
tum ˇeld theory. It is of far reaching importance in present-day applications of
quantum chromodynamics, in particular, in quark-parton model.
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è ìåìáðàí.

Òàáë.1. Áèáëèîãð.: 91.

ÓÄÊ 539.12.01
Èíåðöèàëüíûå ñèñòåìû è îáùèé ïðèíöèï îòíîñèòåëüíîñòè â òåîðèè òÿãîòåíèÿ.
������������
������������������ Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà,
2000, òîì 31, âûï.1, ñ.71.

Íàñòîÿùèé îáçîð ïîñâÿùåí ïàìÿòè âûäàþùåãîñÿ ó÷åíîãî íàøåãî âåêà — àêàäå-
ìèêà Â.À. Ôîêà, âíåñøåãî îãðîìíûé âêëàä â òåîðåòè÷åñêóþ è ìàòåìàòè÷åñêóþ ôèçè-
êó. Â ñòàòüå îáñóæäàþòñÿ ðàáîòû Â.À. Ôîêà ïî òåîðèè òÿãîòåíèÿ, ïðè÷åì îñíîâíîå
âíèìàíèå óäåëÿåòñÿ àíàëèçó íàèáîëåå ïðèíöèïèàëüíûõ ïðîáëåì è âûâîäîâ, êîòîðûå
ðàñêðûëè ôèçè÷åñêóþ ñóùíîñòü òåîðèè òÿãîòåíèÿ. Â ðåçóëüòàòå ýòèõ èññëåäîâàíèé
Â.À. Ôîêó ïðèøëîñü âûéòè çà ðàìêè ÎÒÎ Ýéíøòåéíà. Òàê, îí â òåîðèè òÿãîòåíèÿ äëÿ
çàäà÷ îñòðîâíîãî òèïà ââîäèò èíåðöèàëüíûå ñèñòåìû îòñ÷åòà (ïðèâèëåãèðîâàííûå
ñèñòåìû). Â òåîðèè òÿãîòåíèÿ Â.À. Ôîêà óñêîðåíèå ÿâëÿåòñÿ àáñîëþòíûì, à íå îòíî-
ñèòåëüíûì, êàê â ÎÒÎ. Â.À. Ôîê ñïðàâåäëèâî îòðèöàåò ñóùåñòâîâàíèå êàêîé-ëèáî îá-
ùåé îòíîñèòåëüíîñòè, êðîìå òîé, êîòîðàÿ âûðàæàåòñÿ â ïðåîáðàçîâàíèÿõ Ëîðåíöà.

Îòìå÷àåòñÿ, ÷òî èäåè Â.À. Ôîêà î ñóùåñòâîâàíèè èíåðöèàëüíûõ ñèñòåì êîîðäè-
íàò, îá àáñîëþòíîñòè óñêîðåíèÿ, î íåîáõîäèìîñòè ïîñòðîåíèÿ ïîëíîé ñèñòåìû óðàâ-
íåíèé òåîðèè òÿãîòåíèÿ è ôîðìèíâàðèàíòíîñòè ýòèõ óðàâíåíèé îòíîñèòåëüíî ïðå-
îáðàçîâàíèé Ëîðåíöà òî÷íî ðåàëèçîâàíû â ÐÒÃ.

Áèáëèîãð.: 6.
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ÓÄÊ 539.12.01
Òåîðèÿ Ôîêà àòîìà âîäîðîäà è êâàíòîâîå ïðîñòðàíñòâî. ��������������� Ôè-
çèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31, âûï.1, ñ.91.

Â ïåðâîé ÷àñòè ðàáîòû äàí êðàòêèé îáçîð òåîðèè êâàíòîâîãî ïðîñòðàíñòâà Ñíàé-
äåðà. Â ýòîé òåîðèè êâàíòîâîå ïðîñòðàíñòâî êàíîíè÷åñêè ñîïðÿæåíî èñêðèâëåííîìó
èìïóëüñíîìó ïðîñòðàíñòâó. Ïîêàçàíî, ÷òî êâàíòîâàíèå ïðîñòðàíñòâà èìååò äèíàìè-
÷åñêîå ïðîèñõîæäåíèå, èñòî÷íèêîì åãî ñëóæèò íåêîòîðîå âçàèìîäåéñòâèå, ìîäèôèöè-
ðóþùåå ãðóïïó èçîìåòðèé ïðîñòðàíñòâà èìïóëüñîâ.

Âòîðàÿ ÷àñòü ïîñâÿùåíà óñòàíîâëåíèþ ñâÿçè ìåæäó òåîðèåé Ôîêà äèíàìè÷åñêîé
ñèììåòðèè àòîìà âîäîðîäà è êâàíòîâûì ïðîñòðàíñòâîì. Ýòî ïîçâîëÿåò ïðîÿñíèòü ôè-
çè÷åñêèé ñìûñë êîíöåïöèè êâàíòîâàíèÿ ïðîñòðàíñòâà. Ïîñêîëüêó òåîðèÿ Ôîêà ñâÿçà-
íà ñ íååâêëèäîâîé ãåîìåòðèåé èìïóëüñíîãî ïðîñòðàíñòâà, òî êóëîíîâñêîå ïîëå ìîæåò
ðàññìàòðèâàòüñÿ êàê èñòî÷íèê êâàíòîâàíèÿ êîíôèãóðàöèîííîãî ïðîñòðàíñòâà (ñíàé-
äåðîâñêîãî òèïà) â íåðåëÿòèâèñòñêîé òåîðèè. Âîëíîâûå ôóíêöèè êóëîíîâñêîé ïðîáëå-
ìû â äàííîì êîíòåêñòå îòâå÷àþò ñâîáîäíîìó äâèæåíèþ â êâàíòîâîì ïðîñòðàíñòâå.

Áèáëèîãð.: 23.

ÓÄÊ 539.12.01
Òîïîëîãè÷åñêèå ýôôåêòû â ñðåäå. ����� ������
�!��"�����#���
������������$�
Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31, âûï.1, ñ.109.

Èññëåäóþòñÿ äâà òåñíî ñâÿçàííûõ òîïîëîãè÷åñêèõ îáúåêòà, êèðàëüíàÿ àíîìàëèÿ
è ÷åðí-ñàéìîíîâñêèé ÷ëåí ïðè êîíå÷íîé ïëîòíîñòè è òåìïåðàòóðå. Êèðàëüíàÿ àíîìà-
ëèÿ íå çàâèñèò íè îò òåìïåðàòóðû, íè îò ïëîòíîñòè. Ðàññìîòðåíà ãåíåðàöèÿ ÷åðí-ñàé-
ìîíîâñêãî ÷ëåíà â ÷åòíûõ ðàçìåðíîñòÿõ ïðè óñëîâèè ñîõðàíåíèÿ êèðàëüíîãî èëè
îáû÷íîãî çàðÿäîâ. Â íå÷åòíûõ ðàçìåðíîñòÿõ ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ìåòîäîâ

ïîêàçàíî, ÷òî µ2 2=m ÿâëÿåòñÿ êðèòè÷åñêîé òî÷êîé äëÿ ãåíåðàöèè ×åðíà—Ñàéìîíñà

ïðè íóëåâîé òåìïåðàòóðå. Òàê, ïðè µ2 2< m µ-çàâèñèìîñòü èñ÷åçàåò, è ìû ïîëó÷àåì

îáû÷íûé ÷åðí-ñàéìîíîâñêèé ÷ëåí. Ñ äðóãîé ñòîðîíû, ïðè µ2 2>m ÷åðí-ñàéìîíîâñêèé
÷ëåí èñ÷åçàåò èç-çà íåíóëåâîé ïëîòíîñòè ôîíîâûõ ôåðìèîíîâ. Óñòàíîâëåíà ñâÿçü ìå-
æäó àíîìàëèåé ÷åòíîñòè â íå÷åòíûõ ðàçìåðíîñòÿõ è êèðàëüíîé àíîìàëèåé â ÷åòíûõ
ðàçìåðíîñòÿõ ïðè ïðîèçâîëüíûõ ïëîòíîñòÿõ è òåìïåðàòóðå. Ýòè ðåçóëüòàòû ñïðàâåä-
ëèâû â ëþáîé ðàçìåðíîñòè êàê â àáåëåâîì, òàê è â íåàáåëåâîì ñëó÷àÿõ.

Èë.3. Áèáëèîãð.: 35.

ÓÄÊ 539.12;539.123.17
Î ïðèíöèïàõ è ôèçè÷åñêîé ïðîãðàììå γγ-êîëëàéäåðîâ. ����� %���
 &��'��
���(���	�
����"�����)� Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31,
âûï.1, ñ.155.

Ïðåäñòàâëåíû íåêîòîðûå àñïåêòû ôèçè÷åñêîé ïðîãðàììû äëÿ âñòðå÷íûõ ôî-
òîííûõ êîëëàéäåðîâ. Ñðåäè íèõ – ïðîöåññû ñ îáðàçîâàíèåì òÿæåëûõ âåêòîðíûõ
ìåçîíîâ, áîçîíà Õèããñà, òÿæåëûõ êâàðêîâ, èíòåãðàëüíûå ñîîòíîøåíèÿ ìåæäó
ñå÷åíèÿìè (ïðàâèëà ñóìì) äëÿ ðàçëè÷íûõ ïîëÿðèçàöèîííûõ ñîñòîÿíèé, ïðîöåññû
îáðàçîâàíèÿ àäðîíîâ, ôèçèêà ïîìåðîíà. Ýòè âîïðîñû èçëîæåíû êîíñïåêòèâíî.

Îñîáîå âíèìàíèå óäåëåíî íåëèíåéíûì ýôôåêòàì â îáðàòíîì êîìïòîíîâñêîì
ðàññåÿíèè ôîòîíîâ öèðêóëÿðíî ïîëÿðèçîâàííîé ëàçåðíîé âîëíû, ñôîêóñèðîâàííîé íà
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ïó÷êå óëüòðàðåëÿòèâèñòñêèõ ïðîäîëüíî ïîëÿðèçîâàííûõ ýëåêòðîíîâ. Ðàññìîòðåíî
òàêæå íàèáîëåå ÷àñòî âñòðå÷àþùååñÿ â ëèòåðàòóðå ëèíåéíîå ïðèáëèæåíèå â ýòîì ìå-
õàíèçìå êîíâåðñèè. Äîñòàòî÷íîå âíèìàíèå óäåëåíî îïèñàíèþ êàëèáðîâî÷íûõ ïðî-
öåññîâ, ïðåäëàãàåìûõ äëÿ öåëåé ìîíèòîðèðîâàíèÿ — íåïðåðûâíîãî êîíòðîëÿ çà ñâå-
òèìîñòüþ γγ-êoëëaéäåðîâ è ñòåïåíüþ ïîëÿðèçàöèè ôîòîííûõ ïó÷êîâ. Äëÿ ýòîé öåëè
ðàññìîòðåíû ïðîöåññû îáðàçîâàíèÿ äâóõ ëåïòîííûõ ïàð â êèíåìàòèêå óçêèõ ñòðóé,
ëåòÿùèõ âäîëü îñè ïó÷êîâ, è ïðîöåññ îáðàçîâàíèÿ ïàðû çàðÿæåííûõ ëåïòîíîâ èëè áî-
çîíîâ, ëåòÿùèõ íà áîëüøèå óãëû. Ïðåäñòàâëåíû ðåçóëüòàòû ÷èñëåííûõ àíàëèçîâ.

Òàáë.1. Èë.13. Áèáëèîãð.: 81.

ÓÄÊ 621.3.038;612
Ïðèìåíåíèå âîëîêîííî-îïòè÷åñêèõ ñâåòîâîäîâ â ýêñïåðèìåíòàõ ïî ôèçèêå âûñî-
êèõ ýíåðãèé è â óñêîðèòåëüíîé òåõíèêå. �����*������
�����������)� Ôèçèêà
ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31, âûï.1, ñ.206.

Ðàññìîòðåíî ñîâðåìåííîå ñîñòîÿíèå òåõíèêè âîëîêîííî-îïòè÷åñêèõ ìåòîäîâ ïå-
ðåäà÷è èíôîðìàöèè â ýêñïåðèìåíòàõ ïî ôèçèêå âûñîêèõ ýíåðãèé è â óñêîðèòåëüíîé
òåõíèêå. Îïèñàíû ïàðàìåòðû òàêèõ ýëåìåíòîâ îïòîýëåêòðîíèêè, êàê îïòè÷åñêîå âî-
ëîêíî, ïåðåäàò÷èêè è ïðèåìíèêè îïòè÷åñêîãî èçëó÷åíèÿ. Ïðèâåäåíû äàííûå, èëëþ-
ñòðèðóþùèå èçìåíåíèÿ ïàðàìåòðîâ îïòîýëåêòðîíèêè â óñëîâèÿõ æåñòêîé ðàäèàöèè,
õàðàêòåðíîé äëÿ áóäóùèõ ýêñïåðèìåíòîâ íà LHC.

Ðàññìîòðåíû ïðèìåðû óñïåøíîãî ïðèìåíåíèÿ âîëîêîííî-îïòè÷åñêèõ ñèñòåì ïå-
ðåäà÷è öèôðîâîé è àíàëîãîâîé èíôîðìàöèè äëÿ êîíòðîëÿ è óïðàâëåíèÿ èîííûõ èñòî÷-
íèêîâ ëèíåéíûõ óñêîðèòåëåé íà óñêîðèòåëüíîì êîìïëåêñå ËÂÝ ÎÈßÈ.

Òàáë.3. Èë.27. Áèáëèîãð.: 76.

ÓÄÊ 539.71.1
Î ñèììåòðèè â ñîâðåìåííîé ôèçèêå (ê ñòîëåòèþ ñî äíÿ ðîæäåíèÿ àêàäåìèêà
Â.À.Ôîêà). $��+������� Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 2000, òîì 31,
âûï.1, ñ.252.

Ðàçðàáîòêà êàëèáðîâî÷íîé ñèììåòðèè ïðèâåëà ê ïîëíîìó îïðåäåëåíèþ ëàãðàí-
æèàíîâ âçàèìîäåéñòâèÿ äëÿ ýëåêòðîìàãíèòíûõ, ñëàáûõ, ñèëüíûõ è ãðàâèòàöèîííûõ
âçàèìîäåéñòâèé è ñîçäàëà èëëþçèè î ïîñòðîåíèè «òåîðèè âñåãî». Îäíàêî, òàê æå, êàê
è â êëàññè÷åñêîé ôèçèêå, ñòàëî ÿñíî, ÷òî â îñíîâå äåäóêòèâíîãî ïîëó÷åíèÿ ðåøåíèé
(çàêîíîâ ïðèðîäû) ëåæàò íå òîëüêî ïðèíöèïû ñèììåòðèè ëàãðàíæèàíîâ. Äëÿ îäíî-
çíà÷íîãî îïðåäåëåíèÿ ðåøåíèÿ íåîáõîäèìû äîïîëíèòåëüíûå óñëîâèÿ, áåç êîòîðûõ
ðåøåíèÿ óðàâíåíèé Ëàãðàíæà íåîäíîçíà÷íû. Äîïîëíèòåëüíûå óñëîâèÿ: ïðåäïîëîæå-
íèÿ î êîíñòàíòàõ, âõîäÿùèõ â ëàãðàíæèàíû, èíòåãðàëüíûå ñèììåòðèè ðåøåíèé, êðàå-
âûå è íà÷àëüíûå óñëîâèÿ è ò.ï., ñòîëü ñóùåñòâåííû, ÷òî â ðÿäå ñëó÷àåâ ìîæíî
êîíñòðóèðîâàòü ìîäåëè (ðåøåíèÿ, çàêîíû ïðèðîäû), íå îïèðàÿñü íà ëàãðàíæåâ ìåòîä.
Â êà÷åñòâå ïðèìåðà ïðèâîäèòñÿ èñïîëüçîâàíèå òàêîãî ïîäõîäà â îäíîì èç íàèáîëåå
áóðíî ðàçâèâàþùèõñÿ ðàçäåëîâ ñîâðåìåííîé ôèçèêè — ðåëÿòèâèñòñêîé ÿäåðíîé
ôèçèêå. Òî÷íûé ìàòåìàòè÷åñêèé ÿçûê êàëèáðîâî÷íîé ñèììåòðèè — äèôôåðåíöèàëü-
íàÿ ãåîìåòðèÿ, à òî÷íûé ÿçûê äëÿ äîïîëíèòåëüíûõ óñëîâèé — òîïîëîãèÿ, ñâîéñòâà
ïðîñòðàíñòâà ïàðàìåòðîâ â öåëîì. Â íàñòîÿùåé ñòàòüå îòìå÷àåòñÿ ôóíäàìåíòàëüíûé
âêëàä Â.À.Ôîêà â ðàçðàáîòêó ïîíÿòèÿ ïðîñòðàíñòâà — ïåðâè÷íîãî ïîíÿòèÿ ôèçèêè.

Áèáëèîãð.: 16.
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Ê ÑÂÅÄÅÍÈÞ ÀÂÒÎÐÎÂ

Â æóðíàëå «Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà» (Ý×Àß) ïå÷àòàþòñÿ îáçîðû ïî
àêòóàëüíûì ïðîáëåìàì òåîðåòè÷åñêîé è ýêñïåðèìåíòàëüíîé ôèçèêè ýëåìåíòàðíûõ ÷àñòèö è
àòîìíîãî ÿäðà, ïðîáëåìàì ñîçäàíèÿ íîâûõ óñêîðèòåëüíûõ è ýêñïåðèìåíòàëüíûõ óñòàíîâîê, àâ-
òîìàòèçàöèè îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ. Ñòàòüè ïå÷àòàþòñÿ íà ðóññêîì è àíãëèé-
ñêîì ÿçûêàõ. Ðåäàêöèÿ ïðîñèò àâòîðîâ ïðè íàïðàâëåíèè ñòàòüè â ïå÷àòü ðóêîâîäñòâîâàòüñÿ èçëî-
æåííûìè íèæå ïðàâèëàìè.

1. Òåêñò ñòàòüè äîëæåí áûòü íàïå÷àòàí íà ìàøèíêå ÷åðåç äâà èíòåðâàëà íà îäíîé ñòîðîíå
ëèñòà (îáÿçàòåëüíî ïðåäñòàâëÿåòñÿ ïåðâûé ìàøèíîïèñíûé ýêçåìïëÿð). Ïîëÿ ñ îäíîé ñòîðîíû
äîëæíû áûòü íå óæå 3—4 ñì, ðóêîïèñíûå âñòàâêè íå äîïóñêàþòñÿ. Ýêçåìïëÿð ñòàòüè äîëæåí
âêëþ÷àòü àííîòàöèè è íàçâàíèå íà ðóññêîì è àíãëèéñêîì ÿçûêàõ, ðåôåðàò íà ðóññêîì ÿçûêå,
ÓÄÊ, ñâåäåíèÿ îá àâòîðàõ: ôàìèëèÿ è èíèöèàëû (íà ðóññêîì è àíãëèéñêîì ÿçûêàõ), íàçâàíèå èí-
ñòèòóòà, àäðåñ è òåëåôîí. Âñå ñòðàíèöû òåêñòà äîëæíû áûòü ïðîíóìåðîâàíû. Ñòàòüÿ äîëæíà
áûòü ïîäïèñàíà âñåìè àâòîðàìè. Òåêñò ñòàòüè ìîæåò áûòü íàïå÷àòàí íà ïðèíòåðå ñ ñîáëþäåíèåì
òåõ æå ïðàâèë.

2. Ôîðìóëû è îáîçíà÷åíèÿ äîëæíû áûòü âïèñàíû êðóïíî, ÷åòêî, îò ðóêè òåìíûìè ÷åðíè-
ëàìè (ëèáî íàïå÷àòàíû íà ïðèíòåðå è îáÿçàòåëüíî ðàçìå÷åíû). Æåëàòåëüíî íóìåðîâàòü òîëüêî òå
ôîðìóëû, íà êîòîðûå èìåþòñÿ ññûëêè â òåêñòå. Íîìåð ôîðìóëû óêàçûâàåòñÿ ñïðàâà â êðóãëûõ
ñêîáêàõ. Îñîáîå âíèìàíèå ñëåäóåò îáðàòèòü íà àêêóðàòíîå èçîáðàæåíèå èíäåêñîâ è ïîêàçàòåëåé
ñòåïåíåé: íèæíèå èíäåêñû îòìå÷àþòñÿ çíàêîì ïîíèæåíèÿ ∩, âåðõíèå — çíàêîì ïîâûøåíèÿ ∪ ;
øòðèõè íåîáõîäèìî ÷åòêî îòëè÷àòü îò åäèíèöû, à åäèíèöó — îò çàïÿòîé. Ñëåäóåò, ïî âîçìîæ-
íîñòè, èçáåãàòü ãðîìîçäêèõ îáîçíà÷åíèé è óïðîùàòü íàáîð ôîðìóë (íàïðèìåð, ïðèìåíÿÿ exp,
äðîáü ÷åðåç êîñóþ ÷åðòó).

Âî èçáåæàíèå íåäîðàçóìåíèé è îøèáîê ñëåäóåò äåëàòü ÿñíîå ðàçëè÷èå ìåæäó ïðîïèñíûìè
è ñòðî÷íûìè áóêâàìè, îäèíàêîâûìè ïî íà÷åðòàíèþ (V è v, U è u, W è w, O è o, K è k, S è s, C è c,
P è p, Z è z), ïðîïèñíûå ïîä÷åðêèâàþòñÿ äâóìÿ ÷åðòàìè ñíèçó, ñòðî÷íûå — äâóìÿ ÷åðòàìè
ñâåðõó (S è s, C è c). Íåîáõîäèìî äåëàòü ÷åòêîå ðàçëè÷èå ìåæäó áóêâàìè å, l , O (áîëüøîé) è î (ìà-
ëîé) è 0 (íóëåì), äëÿ ÷åãî áóêâû Î è î îòìå÷àþò äâóìÿ ÷åðòî÷êàìè, à íóëü îñòàâëÿþò áåç ïîä÷åð-
êèâàíèÿ. Ãðå÷åñêèå áóêâû ïîä÷åðêèâàþòñÿ êðàñíûì êàðàíäàøîì, âåêòîðû — ñèíèì, ëèáî çíà-
êîì ñíèçó ÷åðíèëàìè. Íå ðåêîìåíäóåòñÿ èñïîëüçîâàòü äëÿ îáîçíà÷åíèÿ âåëè÷èí áóêâû ãîòè-
÷åñêîãî, ðóêîïèñíîãî è äðóãèõ ìàëîóïîòðåáèìûõ â æóðíàëüíûõ ñòàòüÿõ øðèôòîâ, îäíàêî åñëè
òàêóþ áóêâó íåëüçÿ çàìåíèòü áóêâîé ëàòèíñêîãî èëè ãðå÷åñêîãî àëôàâèòà, òî åå ðàçìå÷àþò ïðî-
ñòûì êàðàíäàøîì (îáâîäÿò êðóæêîì). Â ñëó÷àå, åñëè íàïèñàíèå ìîæåò âûçâàòü ñîìíåíèå, íåîá-
õîäèìî íà ïîëÿõ äàòü ïîÿñíåíèå, íàïðèìåð, ζ — «äçåòà», ξ — «êñè», k — ëàò., ê — ðóññê.

3. Ðèñóíêè ïðåäñòàâëÿþò íà îòäåëüíûõ ëèñòàõ áåëîé áóìàãè èëè êàëüêè ñ óêàçàíèåì íà
îáîðîòå íîìåðà ðèñóíêà è íàçâàíèÿ ñòàòüè. Òîíîâûå ôîòîãðàôèè äîëæíû áûòü ïðåäñòàâëåíû â
äâóõ ýêçåìïëÿðàõ, íà îáîðîòå êàðàíäàøîì óêàçàòü: «âåðõ», «íèç». Ãðàôèêè äîëæíû áûòü òùà-
òåëüíî âûïîëíåíû òóøüþ èëè ÷åðíûìè ÷åðíèëàìè: íå ðåêîìåíäóåòñÿ çàãðîìîæäàòü ðèñóíîê íå-
íóæíûìè äåòàëÿìè: áîëüøèíñòâî íàäïèñåé âûíîñèòñÿ â ïîäïèñü, à íà ðèñóíêå çàìåíÿåòñÿ
öèôðàìè èëè áóêâàìè. Æåëàòåëüíî, ÷òîáû ðèñóíêè áûëè ãîòîâû ê ïðÿìîìó ðåïðîäóöèðîâàíèþ.
Ïîäïèñè ê ðèñóíêàì ïðåäñòàâëÿþòñÿ íà îòäåëüíûõ ëèñòàõ.

4. Òàáëèöû äîëæíû áûòü íàïå÷àòàíû íà îòäåëüíûõ ëèñòàõ, êàæäàÿ òàáëèöà äîëæíà èìåòü
çàãîëîâîê. Ñëåäóåò óêàçûâàòü åäèíèöû èçìåðåíèÿ âåëè÷èí â òàáëèöàõ.

5. Ñïèñîê ëèòåðàòóðû ïîìåùàåòñÿ â êîíöå ñòàòüè. Ññûëêè â òåêñòå äàþòñÿ ñ óêàçàíèåì íî-
ìåðà ññûëêè íà ñòðîêå â êâàäðàòíûõ ñêîáêàõ. Â ëèòåðàòóðíîé ññûëêå äîëæíû áûòü óêàçàíû: äëÿ
êíèã — ôàìèëèè àâòîðîâ, èíèöèàëû, íàçâàíèå êíèãè, ãîðîä, èçäàòåëüñòâî (èëè îðãàíèçàöèÿ), ãîä



èçäàíèÿ, òîì (÷àcòü, ãëàâà), öèòèðóåìàÿ ñòðàíèöà, åñëè íóæíî; äëÿ ñòàòåé — ôàìèëèè àâòîðîâ,
èíèöèàëû, íàçâàíèå æóðíàëà, ñåðèÿ, ãîä èçäàíèÿ, òîì (íîìåð, âûïóñê, åñëè ýòî íåîáõîäèìî),
ïåðâàÿ ñòðàíèöà ñòàòüè. Åñëè àâòîðîâ áîëåå ïÿòè, òî óêàçàòü òîëüêî ïåðâûå òðè ôàìèëèè.
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