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�¡§μ· ¶μ¸¢ÖÐ¥´ ¢μ¶·μ¸ ³ μ¶·¥¤¥²¥´¨Ö ¸¨¸É¥³ μÉ¸Î¥É  ¢ μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨
(�’�) ¢ É¥É· ¤´μ³ Ëμ·³ ²¨§³¥. ’¥É· ¤Ò Ö¢²ÖÕÉ¸Ö ±μÔËË¨Í¨¥´É ³¨ · §²μ¦¥´¨Ö ±μ³¶μ´¥´É μ·-
Éμ£μ´ ²Ó´μ£μ ·¥¶¥·  ¶μ ¤¨ËË¥·¥´Í¨ ² ³ ±μμ·¤¨´ É´μ£μ ¶·μ¸É· ´¸É¢ . ‚ É¥·³¨´ Ì ÔÉ¨Ì ¨´¢ -
·¨ ´É´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ëμ·³ ¶·¥¤¸É ¢²¥´  £ ³¨²ÓÉμ´μ¢  ±μ¸³μ²μ£¨Î¥¸± Ö É¥μ·¨Ö ¢μ§³Ê-
Ð¥´¨°, ¢ ±μÉμ·μ° ´¥É ¤¢μ°´μ£μ ¸Î¥É  ¶¥·¥³¥´´μ° ¤¥É¥·³¨´ ´É  ¶·μ¸É· ´¸É¢¥´´μ° ³¥É·¨±¨, ¢
μÉ²¨Î¨¥ μÉ ¸É ´¤ ·É´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ‹¨ËÏ¨Í Ä	 ·¤¨´ . „ ¥É¸Ö Ö¢´Ò° ¢¨¤ ²μ·¥´Íe¢c±¨Ì
¶·¥μ¡· §μ¢ ´¨° ±μ³¶μ´¥´É μ·Éμ£μ´ ²Ó´μ£μ ·¥¶¥·  μÉ ¸¨¸É¥³Ò μÉ¸Î¥É  ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö ±
¸¨¸É¥³¥ ¶μ±μÖ ´ ¡²Õ¤ É¥²Ö, ±μÉμ· Ö ¤¢¨¦¥É¸Ö ¸ ¶μ¸ÉμÖ´´μ° ¸±μ·μ¸ÉÓÕ μÉ´μ¸¨É¥²Ó´μ ·¥²¨±Éμ-
¢μ£μ ¨§²ÊÎ¥´¨Ö. �¡¸Ê¦¤ ÕÉ¸Ö ¢μ§³μ¦´Ò¥ ´ ¡²Õ¤ É¥²Ó´Ò¥ ¸²¥¤¸É¢¨Ö £ ³¨²ÓÉμ´μ¢μ° ±μ¸³μ²μ£¨-
Î¥¸±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, ±μÉμ·Ò¥ ¢±²ÕÎ ÕÉ ±¢ ´Éμ¢ÊÕ  ´μ³ ²¨Õ £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥£· ² 
¨ ¸¤¢¨£ ´ Î ²  ±μμ·¤¨´ É ¢ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ B¸¥²¥´´μ° ± ± μ¤¨´ ¨§ ³¥Ì ´¨§³μ¢ Ëμ·³¨·μ¢ -
´¨Ö ±·Ê¶´μ³ ¸ÏÉ ¡´μ° ¸É·Ê±ÉÊ·Ò B¸¥²¥´´μ° ¨  ´¨§μÉ·μ¶¨¨ ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö.

The review is devoted to problems of deˇning the frames of reference in the tetrad formalism of
General Relativity. The tetrads are the decomposition coefˇcients of components of orthogonal basis
over the differentials of a coordinate space. The Hamiltonian cosmological perturbation theory is
presented in the terms of these invariant differential forms, and this theory doesn't contain the double
counting of variable of spatial metric determinant in contrast to the standard Lifshits cosmological
perturbation theory. The Lorentz transformations of components of orthogonal basis are given.
Possible observational consequences of the Hamiltonian cosmological perturbation theory are discussed
including quantum anomaly of geometrical interval and a shift of the coordinate origin in the process
of the Universe evolution as a source of anisotropy of CMBR.

‚‚…„…�ˆ…

‘μ ¢·¥³¥´ �ÓÕÉμ´  É¥μ·¨Ö μ¶¨¸Ò¢ ¥É ´ ¡²Õ¤ ¥³Ò¥ Ë¨§¨Î¥¸±¨¥ ¶·μ-
Í¥¸¸Ò, μ¸´μ¢Ò¢ Ö¸Ó ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¨ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ, ±μÉμ·Ò¥
´¥μ¡Ìμ¤¨³Ò ¤²Ö μ¤´μ§´ Î´μ£μ ·¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨°. � Î ²Ó´Ò¥ ¤ ´´Ò¥
¨§³¥·ÖÕÉ¸Ö ¸μ¢μ±Ê¶´μ¸ÉÓÕ ¶·¨¡μ·μ¢, μÉμ¦¤¥¸É¢²Ö¥³ÒÌ ¸ μ¶·¥¤¥²¥´´μ° ¸¨-
¸É¥³μ° μÉ¸Î¥É . �Ê±μ¢μ¤ÖÐ¨³ ¶·¨´Í¨¶μ³ ¸μ¢·¥³¥´´ÒÌ Ë¨§¨Î¥¸±¨Ì É¥μ·¨°

∗1) � Í¨μ´ ²Ó´Ò¥  ¸É·μ´μ³¨Î¥¸±¨¥ μ¡¸¥·¢ Éμ·¨¨, Š¨É °¸± Ö  ± ¤¥³¨Ö ´ Ê±, �¥±¨´;
2) ˆ´¸É¨ÉÊÉ É¥μ·¥É¨Î¥¸±μ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨, Œμ¸±¢ ;
3) �¸É·μ±μ¸³¨Î¥¸±¨° Í¥´É· ”¨§¨Î¥¸±μ£μ ¨´¸É¨ÉÊÉ  ¨³. �.�. ‹¥¡¥¤¥¢  ���, Œμ¸±¢ .
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Ö¢²Ö¥É¸Ö μ¶·¥¤¥²¥´¨¥ £·Ê¶¶ ¶·¥μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É  ± ± ¢¸¥£μ ³´μ£μ-
μ¡· §¨Ö ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ, μ¸É ¢²ÖÕÐ¨Ì ¡¥§ ¨§³¥´¥´¨Ö Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö.
‡¤¥¸Ó ³μ¦´μ Ê± § ÉÓ £·Ê¶¶Ê ƒ ²¨²¥Ö ¢ ³¥Ì ´¨±¥ �ÓÕÉμ´  ¨ £·Ê¶¶Ê ‹μ·¥´Í Ä
�Ê ´± ·¥ ¢ ¸¶¥Í¨ ²Ó´μ° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ (‘’�).

‚ ÔÉμ³ ±μ´É¥±¸É¥ ¢ ¦´μ Ê¸É ´μ¢¨ÉÓ ¸³Ò¸² £·Ê¶¶Ò μ¡Ð¥±μμ·¤¨´ É´ÒÌ
¶·¥μ¡· §μ¢ ´¨° ¢ μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ (�’�) [1]. ‘ ³ �°´-
ÏÉ¥°´ ¶·¥¤¶μ² £ ², ÎÉμ £·Ê¶¶  μ¡Ð¥±μμ·¤¨´ É´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¥¸ÉÓ ¶·Ö-
³μ¥ μ¡μ¡Ð¥´¨¥ £·Ê¶¶Ò ¶·¥μ¡· §μ¢ ´¨° �Ê ´± ·¥, ¶·¨ ±μÉμ·μ° ¨´¥·Í¨ ²Ó´Ò¥
¸¨¸É¥³Ò μÉ¸Î¥É  § ³¥´ÖÕÉ¸Ö ´  ¸¨¸É¥³Ò ±μμ·¤¨´ É, ®¤¢¨¦ÊÐ¨¥¸Ö ´¥· ¢´μ-
³¥·´μ μÉ´μ¸¨É¥²Ó´μ ¤·Ê£ ¤·Ê£ ¯ [2].

�¤´ ±μ ¢ ¤ ²Ó´¥°Ï¥³ É ± Ö ¨´É¥·¶·¥É Í¨Ö μ¡Ð¥±μμ·¤¨´ É´ÒÌ ¶·¥μ¡· -
§μ¢ ´¨° ¡Ò²  ¶¥·¥¸³μÉ·¥´  ¢ ¸¢Ö§¨ ¸ μÉ±·ÒÉ¨¥³ ƒ. ‚¥°²¥³ ¨ ‚.�.”μ±μ³
´μ¢μ£μ £¥μ³¥É·¨Î¥¸±μ£μ ¶·¨´Í¨¶  ¶μ¸É·μ¥´¨Ö Ë¨§¨Î¥¸±μ° É¥μ·¨¨ Å ¶·¨´-
Í¨¶  ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨, ¶·¨Î¥³ μÉ±·ÒÉ¨¥ ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨
¸É¨³Ê²¨·μ¢ ²  ¸ ³  �’�∗.

”μ± μ¡· É¨² ¢´¨³ ´¨¥ [6] ´a Éo, ÎÉμ £·Ê¶¶  μ¡Ð¥±μμ·¤¨´ É´ÒÌ ¶·¥-
μ¡· §μ¢ ´¨° ¢ �’� ¨£· ¥É ¸μ¢¥·Ï¥´´μ ¤·Ê£ÊÕ Ë¨§¨Î¥¸±ÊÕ ·μ²Ó, Î¥³ £·Ê¶¶ 
�Ê ´± ·¥ ¢ ‘’�. “É¢¥·¦¤ Ö É ±, ‚.�.”μ± μÉ· §¨² É¥´¤¥´Í¨Õ, ±μÉμ· Ö ¶μ-
²ÊÎ¨²  · §¢¨É¨¥ ¢ · ¡μÉ Ì Ÿ´£ , Œ¨²²¸  [7,8], “É¨Ö³Ò [9], Š¨¡¡²  [10] ¨ ¤·.,
¶μ¤£μÉμ¢¨¢Ï¨Ì ¸μ¢·¥³¥´´μ¥ ¶μ´¨³ ´¨¥ ·μ²¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°
¨, ¢ Î ¸É´μ¸É¨, μ¡Ð¥±μμ·¤¨´ É´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¢ �’�. ‘μ£² ¸´μ ÔÉμ³Ê
¶μ´¨³ ´¨Õ, ²μ± ²Ó´ Ö ± ²¨¡·μ¢μÎ´ Ö ¸¨³³¥É·¨Ö ·¥§±μ μÉ²¨Î ¥É¸Ö μÉ ¸¨³-
³¥É·¨¨ ¸¨¸É¥³ μÉ¸Î¥É , ±μÉμ· Ö  ¸¸μÍ¨¨·Ê¥É¸Ö ¸ ´ ¡μ·μ³ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ
¨ ¸μÌ· ´ÖÕÐ¨Ì¸Ö ¨´É¥£· ²μ¢ ¤¢¨¦¥´¨Ö. …¸²¨ μ¡´ ·Ê¦¥´¨¥ ´μ¢μ° ¸¨³³¥-
É·¨¨ ¸¨¸É¥³ μÉ¸Î¥É  ¢¥¤¥É ± ´μ¢Ò³ ´ Î ²Ó´Ò³ ¤ ´´Ò³, ÎÉμ Ê¢¥²¨Î¨¢ ¥É ¨Ì
Î¨¸²μ, Éμ μ¡´ ·Ê¦¥´¨¥ ²μ± ²Ó´μ° ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨ ¢¥¤¥É ± ´μ¢Ò³
Ê¸²μ¢¨Ö³ ´  ´ Î ²Ó´Ò¥ ¤ ´´Ò¥, ÎÉμ Ê³¥´ÓÏ ¥É ¨Ì Î¨¸²μ∗∗. �É¨ ¸²¥¤¸É¢¨Ö,
± ±μÉμ·Ò³ ¶·¨¢μ¤ÖÉ ¸¢μ°¸É¢  ¨´¢ ·¨ ´É´μ¸É¨ ¶μ²¥¢μ° É¥μ·¨¨ ¶·¨ ± ²¨-
¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨ÖÌ ±μμ·¤¨´ É ¨ ¶μ²¥¢ÒÌ ËÊ´±Í¨°, ± ± ¶μ± § ´μ
¢ · ¡μÉ¥ [14], Ê¦¥ ¸μ¤¥·¦ ²¨¸Ó ¢ ¤μ±² ¤¥ „. ƒ¨²Ó¡¥·É  ®�¸´μ¢ ´¨Ö Ë¨§¨±¨¯
20 ´μÖ¡·Ö 1915 £. [15, 16], ¸¤¥² ´´o³ ¨³ ¢ ƒeÉÉ¨´£¥´¸±μ³ ³ É¥³ É¨Î¥¸±μ³
μ¡Ð¥¸É¢¥, £¤¥ ¢¶¥·¢Ò¥ ¡Ò²μ ¶·¥¤¸É ¢²¥´μ ¤¥°¸É¢¨¥ �’� ¨ ¢¶¥·¢Ò¥ ¤ ´ ¢Ò-
¢μ¤ Ê· ¢´¥´¨° �’� ¶ÊÉ¥³ ¢ ·¨ Í¨¨ ÔÉμ£μ ¤¥°¸É¢¨Ö. ‚ ÔÉμ° · ¡μÉ¥ ƒ¨²Ó¡¥·É

∗� ¶μ³´¨³, ÎÉμ ´ Î¨´ Ö ¸ 1918 £. ‚¥°²Ó [3], ¨¸¶μ²Ó§ÊÖ  ´ ²μ£¨Õ ¸ �’�, ¶ÒÉ ²¸Ö ´ °É¨
£¥μ³¥É·¨Î¥¸±¨¥ ¶·¨´Í¨¶Ò ¶μ¸É·μ¥´¨Ö Ô²¥±É·μ¤¨´ ³¨±¨. �μ¶ÒÉ±¨ ‚¥°²Ö Ê¢¥´Î ²¨¸Ó Ê¸¶¥Ìμ³ [4]
Éμ²Ó±μ ¶μ¸²¥ ¸μ§¤ ´¨Ö ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨. ˆ¸Ìμ¤´Ò³ ¶Ê´±Éμ³ ± Ëμ·³Ê²¨·μ¢±¥ £¥μ³¥É·¨Î¥-
¸±μ£μ ¶·¨´Í¨¶a ¶μ¸É·μ¥´¨Ö Ô²¥±É·μ¤¨´ ³¨±¨ (¨§¢¥¸É´μ£μ ¸¥°Î ¸ ± ± ¶·¨´Í¨¶ ²μ± ²Ó´μ° ± ²¨-
¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨) ¤²Ö ‚¥°²Ö Ö¢¨²μ¸Ó ¶¥·¥μ¶·¥¤¥²¥´¨¥ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ£μ μ¶¥· Éμ· 
¨³¶Ê²Ó¸  ¢ ¶·¨¸ÊÉ¸É¢¨¨ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö. ’ ±μ¥ ¶¥·¥μ¶·¥¤¥²¥´¨¥ ¡Ò²μ ¤ ´μ ”μ±μ³ ¢
1926 £. [5].

∗∗‘³., ´ ¶·¨³¥·, ¢§ ¨³μμÉ´μÏ¥´¨¥ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³¨
¶·¥μ¡· §μ¢ ´¨Ö³¨ ¸¨¸É¥³ μÉÎ¥É  ¢ Š�„ ¢ [11Ä13].
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É ±¦¥ ¢¶¥·¢Ò¥ ¤ ² Ëμ·³Ê²¨·μ¢±Ê É¥μ·¥³Ò, ¶μ²ÊÎ¨¢Ï¥° ¢¶μ¸²¥¤¸É¢¨¨ ´ §¢ -
´¨¥ ¢Éμ·μ° É¥μ·¥³Ò �¥É¥· [17Ä19], ¨§ ±μÉμ·μ° ¸²¥¤Ê¥É ¨´É¥·¶·¥É Í¨Ö μ¡Ð¥-
±μμ·¤¨´ É´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ± ± ± ²¨¡·μ¢μÎ´ÒÌ ¸μ ¢¸¥³¨ ¢ÒÉ¥± ÕÐ¨³¨ ¨§
ÔÉμ£μ Ê¸²μ¢¨Ö³¨ ´  ´ Î ²Ó´Ò¥ ¤ ´´Ò¥ [14] ¨ Ê³¥´ÓÏ¥´¨¥ Î¨¸²  ´¥§ ¢¨¸¨³ÒÌ
¸É¥¶¥´¥° ¸¢μ¡μ¤Ò [20].

Œμ¦´μ ¸± § ÉÓ, ÎÉμ ¢ · ¡μÉ¥ ƒ¨²Ó¡¥·É  [15,16] ¢¶¥·¢Ò¥ ¸Ëμ·³Ê²¨·μ¢ ´Ò
¶·¨´Í¨¶Ò ¶μ¸É·μ¥´¨Ö ¸μ¢·¥³¥´´ÒÌ Ë¨§¨Î¥¸±¨Ì É¥μ·¨°, ¸μ£² ¸´μ ±μÉμ·Ò³
μ¸´μ¢´Ò¥ ¶μ´ÖÉ¨Ö ±² ¸¸¨Î¥¸±μ° Ë¨§¨±¨: ËÊ´±Í¨μ´ ² ¤¥°¸É¢¨Ö, ¸¨³³¥É·¨Ö
´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤μ¶μ²´ÖÕÉ¸Ö £¥μ³¥É·¨Î¥¸±¨³¨ ¶μ-
´ÖÉ¨Ö³¨ ¨´¢ ·¨ ´É´μ£μ ¨´É¥·¢ ² , ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨ ¨ Ê· ¢´¥´¨°
¸¢Ö§¨ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¸μμÉ¢¥É¸É¢¥´´μ. �É¨ ¶·¨´Í¨¶Ò ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö
μ¶·¥¤¥²¥´¨¥ „¨· ±μ³ [11] ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ É¥μ·¨¨, ¢ Î ¸É´μ¸É¨ ´ Î ²Ó-
´ÒÌ ¤ ´´ÒÌ, ³¥´ÖÕÐ¨Ì¸Ö ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ ¸¨¸É¥³ μÉ¸Î¥É , ± ± ¨´¢ -
·¨ ´Éμ¢ μÉ´μ¸¨É¥²Ó´μ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°. „²Ö μ¶·¥¤¥²¥´¨Ö ¨´-
¢ ·¨ ´É´ÒÌ μÉ´μ¸¨É¥²Ó´μ ¤¨ËË¥μ³μ·Ë¨§³μ¢ ´ ¡²Õ¤ ¥³ÒÌ∗, ¨ É¥³ ¸ ³Ò³
Ê¸É· ´¥´¨Ö ± ²¨¡·μ¢μÎ´μ£μ ¶·μ¨§¢μ²  ¢ ·¥Ï¥´¨ÖÌ Ê· ¢´¥´¨° É¥μ·¨¨, ´¥μ¡-
Ìμ¤¨³μ μÉ¤¥²¨ÉÓ ± ²¨¡·μ¢μÎ´Ò¥ (É. ¥. μ¡Ð¥±μμ·¤¨´ É´Ò¥) ¶·¥μ¡· §μ¢ ´¨Ö μÉ
¶·¥μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É .

‚μ¶·μ¸ μ¡ μÉ¤¥²¥´¨¨ μ¡Ð¥±μμ·¤¨´ É´ÒÌ ¶·¥μ¡· §μ¢ ´¨° μÉ ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì ¶·¥μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É  ¢ �’� ¡Ò² ·¥Ï¥´ ”μ±μ³ [21] ¢¢¥-
¤¥´¨¥³ μ·Éμ£μ´ ²Ó´μ£μ ¡ §¨¸  ¨ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´, ¶·¥μ¡· §ÊÕÐ¨Ì¸Ö ¶μ
¶·¥¤¸É ¢²¥´¨Õ £·Ê¶¶Ò ‹μ·¥´Í . ’ ±¨³¨ ¢¥²¨Î¨´ ³¨ Ö¢²ÖÕÉ¸Ö ²¨´¥°´Ò¥ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´Ò¥ Ëμ·³Ò Œ Ê·e· ÄŠ ·É ´ , ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ ¤¢¨¦¥´¨¥ μ·-
Éμ£μ´ ²Ó´ÒÌ ·¥¶¥·μ¢ ¢ Ë¨§¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨°. ŠμÔËË¨Í¨¥´É ³¨
· §²μ¦¥´¨Ö Ëμ·³ Œ Ê·e· ÄŠ ·É ´  ¶μ ¤¨ËË¥·¥´Í¨ ² ³ ±μμ·¤¨´ É´μ£μ ¶·μ-
¸É· ´¸É¢  Ö¢²ÖÕÉ¸Ö ±μ³¶μ´¥´ÉÒ É¥É· ¤Ò, μ¶·¥¤¥²Ö¥³μ° ± ± ®±μ·¥´Ó¯ ¨§ ³¥-
É·¨Î¥¸±μ£μ É¥´§μ· . „¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ëμ·³Ò Œ Ê·e· ÄŠ ·É ´ , ±μÉμ·Ò¥
¶μ μ¶·¥¤¥²¥´¨Õ Ö¢²ÖÕÉ¸Ö ¨´¢ ·¨ ´É ³¨ μÉ´μ¸¨É¥²Ó´μ μ¡Ð¥±μμ·¤¨´ É´ÒÌ
¶·¥μ¡· §μ¢ ´¨°, ¨³¥ÕÉ ¸³Ò¸² ¨§³¥·Ö¥³ÒÌ £¥μ³¥É·¨Î¥¸±¨Ì ¢¥²¨Î¨´ Ë¨§¨-
Î¥¸±μ£μ ¶·μ¸É· ´¸É¢ ,   ¨´É¥£·¨·Ê¥³Ò¥ ´¥¨´¢ ·¨ ´É´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ò ±μ-
μ·¤¨´ É´μ£μ ¶·μ¸É· ´¸É¢  · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¢¸¶μ³μ£ É¥²Ó´Ò¥ ³ É¥³ É¨-
Î¥¸±¨¥ ¢¥²¨Î¨´Ò É¨¶  Ô²¥±É·μ³ £´¨É´ÒÌ ¶μÉ¥´Í¨ ²μ¢.

‚Ò¡μ·Ê ¸¨¸É¥³ μÉ¸Î¥É  ¢ �’� ¶μ¸¢ÖÐ¥´μ μ£·μ³´μ¥ Î¨¸²μ · ¡μÉ (¸³.,
´ ¶·¨³¥·, ³μ´μ£· Ë¨Õ [22] ¨ ¸¸Ò²±¨ ¢ ´¥°). ‚ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ ³Ò μ£· -
´¨Î¨³¸Ö ±² ¸¸μ³ ¸¨¸É¥³ μÉ¸Î¥É , ¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö μ¶¨¸ ´¨Ö Ô¢μ²ÕÍ¨¨ ³¥-
É·¨±¨ ¨ ¶μ²¥° ¢ Ëμ·³¥ £ ³¨²ÓÉμ´μ¢μ° ¤¨´ ³¨±¨ [20, 23, 24]. �ÉμÉ ±² ¸¸ ¸¨-
¸É¥³ μÉ¸Î¥É  ¡Ò² μ¶·¥¤¥²¥´ „¨· ±μ³ [23] ± ± · ¸¸²μ¥´¨¥ 4-³¥·´μ£μ ±μμ·¤¨-
´ É´μ£μ ³´μ£μμ¡· §¨Ö ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨ ´  ¸¥³¥°¸É¢μ ´¥¶¥·¥¸¥± ÕÐ¨Ì¸Ö
¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´ÒÌ £¨¶¥·¶μ¢¥·Ì´μ¸É¥° [22]. ƒ·Ê¶¶  μ¡Ð¥±μμ·¤¨´ É-

∗‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ ´ §Ò¢ ÉÓ É ±¨¥ ¢¥²¨Î¨´Ò ¨ ´ ¡²Õ¤ ¥³Ò¥ ¤¨ËË¥μ-¨´¢ ·¨ ´É´Ò³¨.
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´ÒÌ ¶·¥μ¡· §μ¢ ´¨° �’� (¨²¨ £·Ê¶¶  ¤¨ËË¥μ³μ·Ë¨§³μ¢), ¸μÌ· ´ÖÕÐ Ö É -
±μ¥ · ¸¸²μ¥´¨¥, ¡Ò²  Ê± § ´  ¢ · ¡μÉ Ì ‡¥²Ó³ ´μ¢  [25], ±μÉμ·Ò° ´ §¢ ² ¥¥
£·Ê¶¶μ° ±¨´¥³¥É·¨Î¥¸±¨Ì ¶·¥μ¡· §μ¢ ´¨°, ÔÉ  £·Ê¶¶  ¸μ¤¥·¦¨É ¶μ¤£·Ê¶¶Ê
·¥¶ · ³¥É·¨§ Í¨¨ ±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨. �Éμ μ§´ Î ¥É, ÎÉμ
¤¨ËË¥μ-´¥¨´¢ ·¨ ´É´μ¥ ±μμ·¤¨´ É´μ¥ ®¢·¥³Ö¯ ´¥´ ¡²Õ¤ ¥³μ [26Ä28]. ‚μ§-
´¨± ÕÉ ¶·μ¡²¥³  ¢Ò¡μ·  ¢ �’� Ë¨§¨Î¥¸±¨Ì ¤¨ËË¥μ-¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´-
´ÒÌ ¨ ´ ¡²Õ¤ ¥³ÒÌ ¢ ±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É , ¢±²ÕÎ Ö ¢·¥³Ö, Ô´¥·£¨Õ
¨ ¶μÉ¥´Í¨ ²Ò ¢§ ¨³μ¤¥°¸É¢¨Ö. �ÊÉÓ ·¥Ï¥´¨Ö  ´ ²μ£¨Î´ÒÌ ¶·μ¡²¥³ ¢ É¥μ·¨¨
± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ¡Ò² ´ ³¥Î¥´ ¥Ð¥ „¨· ±μ³ ± ± £ ³¨²ÓÉμ´μ¢  ·¥¤Ê±Í¨Ö
(¸³. [11Ä13]), ¶μ´¨³ ¥³ Ö ± ± ¢ÒÎ¨¸²¥´¨¥ ¤¥°¸É¢¨Ö ¨ ¤·Ê£¨Ì ¢¥²¨Î¨´ É¥μ·¨¨
´  ¶μ¢¥·Ì´μ¸É¨ ¸¢Ö§¥°, ¸ Í¥²ÓÕ μÉ¤¥²¥´¨Ö ¤¨´ ³¨Î¥¸±μ£μ ¸μ¤¥·¦ ´¨Ö É¥μ·¨¨
μÉ ²¨Ï´¨Ì ¶¥·¥³¥´´ÒÌ ¨ ± ²¨¡·μ¢μÎ´μ£μ ¶·μ¨§¢μ² .

ˆ³¥´´μ ÔÉ¨³ ¶·μ¡²¥³ ³ £ ³¨²ÓÉμ´μ¢μ° ·¥¤Ê±Í¨¨ �’� ± ± ³¥Éμ¤  μ¶·¥-
¤¥²¥´¨Ö ¥¥ Ë¨§¨Î¥¸±¨Ì ¤¨ËË¥μ-¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ ¨ ´ ¡²Õ¤ ¥³ÒÌ ¢
±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ¨ ¶·¨³¥´¥´¨Õ ÔÉ¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¤²Ö ¶μ¸É·μ¥´¨Ö
±¢ ´Éμ¢μ° £· ¢¨É Í¨¨, μ¶·¥¤¥²¥´´μ° ± ± ¶¥·¢¨Î´μ¥ ¨ ¢Éμ·¨Î´μ¥ ±¢ ´Éμ¢ -
´¨¥ Ô´¥·£¥É¨Î¥¸±μ° ¸¢Ö§¨, ¨ ¶μ¸¢ÖÐ¥´ ´ ¸ÉμÖÐ¨° μ¡§μ·. ‚ μ¡§μ·¥ ¶·μ¢¥¤¥´μ
¸· ¢´¥´¨¥ ¤¨ËË¥μ-¨´¢ ·¨ ´É´μ£μ ³¥Éμ¤  μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¶μ²¥° [26Ä28]
¸ ´¥¨´¢ ·¨ ´É´Ò³¨ ³¥Éμ¤ ³¨, É¨¶  μ¸É·μ¢´μ° ¢¸¥²¥´´μ° [20], ¨²¨ É ± ´ -
§Ò¢ ¥³μ° É¥μ·¨¨ £²μ¡ ²Ó´μ£μ ¢·¥³¥´¨ [29], ¢ ±μÉμ·ÒÌ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ
±μμ·¤¨´ É´μ¥ ¢·¥³Ö ¸É ´μ¢¨É¸Ö ´ ¡²Õ¤ ¥³Ò³.

‘μ¤¥·¦ ´¨¥ μ¡§μ·  ¸²¥¤ÊÕÐ¥¥. ‚ · §¤. 1 · ¸¸³μÉ·¥´Ò ¶μ´ÖÉ¨¥ ¸¨¸É¥³Ò
μÉ¸Î¥É  ¢ ³¥Ì ´¨±¥ ¨ £ ³¨²ÓÉμ´μ¢  ·¥¤Ê±Í¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ° ³¥Ì ´¨±¨ ¸μ
¸¢Ö§Ö³¨ ´  Ô±¢¨¢ ²¥´É´ÊÕ ¸¨¸É¥³Ê ¡¥§ ¸¢Ö§¥°. � §¤¥² 2 ¶μ¸¢ÖÐ¥´ £ ³¨²ÓÉμ-
´μ¢μ° ·¥¤Ê±Í¨¨ �’�, · ¸¸³ É·¨¢ ¥³μ° ¢ μ¤´μ·μ¤´μ³ ¶·¨¡²¨¦¥´¨¨. ‚ · §¤. 3
¤ ´ μ¡§μ· ·¥§Ê²ÓÉ Éμ¢ · ¡μÉ „¨· ± , ‡¥²Ó³ ´μ¢ , ‹¨Ì´¥·μ¢¨Î  ¨ ¤·. ¶μ μ¶·¥-
¤¥²¥´¨Õ ¸¨¸É¥³ μÉ¸Î¥É  ¢ �’� ¸ Í¥²ÓÕ £ ³¨²ÓÉμ´μ¢μ° ·¥¤Ê±Í¨¨ �’� ¢ É¥·-
³¨´ Ì ¤¨ËË¥μ-¨´¢ ·¨ ´É´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ ¢ ±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ¨
¶·¨³¥´¥´¨Õ ÔÉ¨Ì ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ·¥Ï¥´¨Ö  ±ÉÊ ²Ó´ÒÌ ¶·μ¡²¥³ ¸μ¢·¥³¥´´μ°
±μ¸³μ²μ£¨¨. ‚ · §¤. 4 ¸¨¸É¥³Ò μÉ¸Î¥É  ¢ �’� · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ É¥É· ¤´μ³
Ëμ·³ ²¨§³¥ ¤²Ö ¶μ¸É·μ¥´¨Ö £ ³¨²ÓÉμ´μ¢μ° ±μ¸³μ²μ£¨Î¥¸±μ° É¥μ·¨¨ ¢μ§³Ê-
Ð¥´¨Ö ¨ ¥¥ ²μ·¥´Í¥¢¸±¨Ì ¶·¥μ¡· §μ¢ ´¨°. ‚ μ¡§μ·¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¨¸É¥³ 
¥¤¨´¨Í c = � = 1.

1. ‘ˆ‘’…Œ› �’‘—…’� ‚ Œ…•��ˆŠ…

1.1. Œ¥Ì ´¨±  �ÓÕÉμ´ . � ¶μ³´¨³ ¢´ Î ²¥ ¨¸Ìμ¤´Ò¥ ¶μ´ÖÉ¨Ö, ¨¸¶μ²Ó-
§ÊÖ ¶·μ¸Éμ° ¶·¨³¥· μ¤´μ³¥·´μ° ³¥Ì ´¨±¨ �ÓÕÉμ´ , § ¤ ´´μ° ËÊ´±Í¨μ´ ²μ³
¤¥°¸É¢¨Ö

SL =
∫

dtL(X(t), dX(t)/dt), L(X(t), dX(t)/dt) =
[
dX(t)

dt

]2
m

2
, (1)
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£¤¥ X(t) Å ¶¥·¥³¥´´ Ö, μ¶¨¸Ò¢ ÕÐ Ö É· ¥±Éμ·¨Õ Î ¸É¨ÍÒ; t Å ±μμ·¤¨´ É 
¢·¥³¥´¨; m Å ³ ¸¸ , · ¸¸³ É·¨¢ ¥³ Ö ± ± ËÊ´¤ ³¥´É ²Ó´Ò° ¶ · ³¥É· É¥μ-
·¨¨.

‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö (1) δSL = 0 ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ £· ´¨Î´ÒÌ Ê¸²μ¢¨ÖÌ
δX(t0) = δX(t1) = 0 ¤ ¥É Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö

m
d2X(t)

dt2
= 0, (2)

μ¡Ð¥¥ ·¥Ï¥´¨¥ ±μÉμ·μ£μ

X(t) = XI +
PI

m
(t − tI) (3)

§ ¢¨¸¨É μÉ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ X(tI) = XI , dX(tI)/dtI = PI/m, § ¤ ´´ÒÌ ¢
³μ³¥´É ¢·¥³¥´¨ tI . � Î ²Ó´Ò¥ ¤ ´´Ò¥ ¨§³¥·ÖÕÉ¸Ö ´ ¡μ·μ³ Ë¨§¨Î¥¸±¨Ì ¶·¨-
¡μ·μ¢ (¢ ¤ ´´μ³ ¸²ÊÎ ¥ Å ²¨´¥°±μ° ¨ Î ¸ ³¨, μÉ´μ¸¨É¥²Ó´μ Ë¨±¸¨·μ¢ ´´ÒÌ
ÉμÎ±¨ ¶·μ¸É· ´¸É¢  ¨ ³μ³¥´É  ¢·¥³¥´¨) ¨  ¸¸μÍ¨¨·ÊÕÉ¸Ö ¸ ¸¨¸É¥³μ° μÉ-
¸Î¥É . ‘¨¸É¥³Ò μÉ¸Î¥É , ¤¢¨¦ÊÐ¨¥¸Ö μÉ´μ¸¨É¥²Ó´μ ¤·Ê£ ¤·Ê£  ¸ ¶μ¸ÉμÖ´´Ò³¨
¸±μ·μ¸ÉÖ³¨, ´ §Ò¢ ÕÉ¸Ö ¨´¥·Í¨ ²Ó´Ò³¨, ¨ ³μ¦´μ ´ ¶¨¸ ÉÓ ¶·¥μ¡· §μ¢ ´¨Ö
¶¥·¥³¥´´ÒÌ X → X̃ = X +Xg + vg(t− tI), ±μÉμ·Ò¥ ¶¥·¥¢μ¤ÖÉ ´¥¶μ¤¢¨¦´ÊÕ
¸¨¸É¥³Ê μÉ¸Î¥É , § ¤ ´´ÊÕ ¢ ÉμÎ±¥ X(tI) = XI , ¢ ¸¨¸É¥³Ê μÉ¸Î¥É , ¤¢¨¦ÊÐÊ-
Õ¸Ö ¸μ ¸±μ·μ¸ÉÓÕ vg , ¸ ´ Î ²μ³ μÉ¸Î¥É  Xg(tI) = XI + Xg . ƒ·Ê¶¶  É ±¨Ì
¶·¥μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É  ¢ ³¥Ì ´¨±¥ �ÓÕÉμ´  ´ §Ò¢ ¥É¸Ö £·Ê¶¶μ° ƒ -
²¨²¥Ö. “· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö (2) ´¥ § ¢¨¸ÖÉ μÉ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¨, ¸²¥¤μ¢ -
É¥²Ó´μ, μÉ ¸¨¸É¥³Ò μÉ¸Î¥É . �¥§ ¢¨¸¨³μ¸ÉÓ Ê· ¢´¥´¨° ± ± § ±μ´μ¢ ¶·¨·μ¤Ò
μÉ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ´ §Ò¢ ÕÉ ¶·¨´Í¨¶μ³ μÉ´μ¸¨É¥²Ó´μ¸É¨ [30Ä32].

‚ £ ³¨²ÓÉμ´μ¢μ³ μ¶¨¸ ´¨¨ ¤¥°¸É¢¨¥ (1) ¶·¨´¨³ ¥É ¢¨¤

SH =
∫

dt

[
P (t)

dX(t)
dt

− H

]
, (4)

£¤¥ P (t) Å ¨³¶Ê²Ó¸; {P, X} Å Ë §μ¢oe ¶·μ¸É· ´¸É¢μ,

H(P ) =
P 2

2m
(5)

´ §Ò¢ ¥É¸Ö £ ³¨²ÓÉμ´μ¢μ° ËÊ´±Í¨¥°,   ¥¥ §´ Î¥´¨Ö ´  É· ¥±Éμ·¨¨ Å Ô´¥·-
£¨¥°: E = H(PI). ‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö (4) ¢¥¤¥É ± ¸¨¸É¥³¥ Ê· ¢´¥´¨° ¶¥·¢μ£μ
¶μ·Ö¤± 

P (t) = m
dX(t)

dt
,

dP (t)
dt

= 0 (6)

¢³¥¸Éμ Ê· ¢´¥´¨Ö ¢Éμ·μ£μ ¶μ·Ö¤±  (2). ‘μ£² ¸´μ ³¥Ì ´¨±¥ �ÓÕÉμ´ , ¢¸¥ ´ -
¡²Õ¤ É¥²¨ ¢ · §´ÒÌ ¸¨¸É¥³ Ì μÉ¸Î¥É  ¶μ²Ó§ÊÕÉ¸Ö μ¤´¨³ ¨ É¥³ ¦¥  ¡¸μ²ÕÉ´Ò³
¢·¥³¥´¥³ t.
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1.2. ‘¶¥Í¨ ²Ó´ Ö É¥μ·¨Ö μÉ´μ¸¨É¥²Ó´μ¸É¨ ± ± ³μ¤¥²Ó �’�. 1.2.1. �¥-
²ÖÉ¨¢¨¸É¸± Ö ³¥Ì ´¨±  ± ± ¸²¥¤¸É¢¨¥ Ô²¥±É·μ¤¨´ ³¨±¨. ŒÒ ¢¨¤¥²¨ ¢ÒÏ¥,
ÎÉμ ¢ ´ÓÕÉμ´μ¢¸±μ° ³¥Ì ´¨±¥ ¶μ´ÖÉ¨¥ ¶·μ¸É· ´¸É¢¥´´ÒÌ ±μμ·¤¨´ É Î ¸É¨Í
Xi, i = 1, 2, 3, ± ± ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ Î¥É±μ μÉ¤¥²Ö¥É¸Ö μÉ  ¡¸μ²ÕÉ-
´μ£μ ¢·¥³¥´¨ t ± ± ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ ÔÉ¨Ì ¶¥·¥³¥´´ÒÌ.

�¥²ÖÉ¨¢¨¸É¸± Ö ³¥Ì ´¨±  μ¸´μ¢ ´  ´  £·Ê¶¶¥ ¸¨³³¥É·¨¨ Ô²¥±É·μ¤¨´ -
³¨±¨ ” · ¤¥ÖÄŒ ±¸¢¥²² ∗, ¶μ²ÊÎ¥´´μ° ‹μ·¥´Í¥³ ¨ �Ê ´± ·¥, ±μÉμ· Ö · ¸-
¸³ É·¨¢ ¥É ¢·¥³Ö t = X(0) ¨ ¶·μ¸É· ´¸É¢¥´´Ò¥ ±μμ·¤¨´ ÉÒ X(i), i = 1, 2, 3,
± ± ¥¤¨´μ¥ ¶·μ¸É· ´¸É¢μ ¸μ¡ÒÉ¨° ¨²¨ ¶·μ¸É· ´¸É¢μ-¢·¥³Ö Œ¨´±μ¢¸±μ£μ
X(α), α = 0, i, ¸ (¶¸¥¢¤μ)¸± ²Ö·´Ò³ ¶·μ¨§¢¥¤¥´¨¥³ ²Õ¡ÒÌ ¤¢ÊÌ ¢¥±Éμ·μ¢
(A(α)B(α) = A(0)B(0) − A(i)B(i)) [32].

�¥²ÖÉ¨¢¨¸É¸± Ö Î ¸É¨Í  ¢ ‘’� μ¶¨¸Ò¢ ¥É¸Ö ¤¥°¸É¢¨¥³

SCTO = −m

∫
dτ

√(
dX(α)

dτ

)2

. (7)

�Éμ ¤¥°¸É¢¨¥ ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° £·Ê¶¶Ò �Ê ´± ·¥:
X(α) = X(α)p

+ Λ(α)(β)X(β), ±μÉμ· Ö ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¨ ¥¸ÉÓ £·Ê¶¶  ¶·¥μ¡· -
§μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É . � ¶μ¤£·Ê¶¶  ¶μ¢μ·μÉμ¢ Λ(α)(β)X(β) ´μ¸¨É ´ §¢ ´¨¥
¸¢Ö§´μ° ±μ³¶μ´¥´ÉÒ £·Ê¶¶Ò ‹μ·¥´Í . ”¨±¸ Í¨Ö ¨´¤¥±¸μ¢ (0), (i) ¢ ÔÉμ³ ¶·μ-
¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° [X(0)|X(i)] ¨ μ§´ Î ¥É ¢Ò¡μ· μ¶·¥¤¥²¥´´μ° ²μ·¥´Í¥¢¸±μ°
¸¨¸É¥³Ò μÉ¸Î¥É  ¢ ‘’�.

‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¢ ‘’� ¢μ§´¨± ¥É ¶·¨´Í¨¶¨ ²Ó´μ ´μ¢ Ö ¸¨³-
³¥É·¨Ö É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨°, ±μÉμ·Ò¥ ´¥ ³¥´ÖÕÉ ´ Î ²Ó´ÒÌ
¤ ´´ÒÌ,   ¨³¥´´μ ¤¥°¸É¢¨¥ (7) ¨´¢ ·¨ ´É´μ μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨
±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨

τ → τ̃ = τ̃(τ), (8)

ÎÉμ ¢¥¤¥É ± ¶μÖ¢²¥´¨Õ ¸¢Ö§¥° ³¥¦¤Ê ¶¥·¥³¥´´Ò³¨. ƒ·Ê¶¶  É ±¨Ì ¶·¥μ¡· §μ-
¢ ´¨° (¤¨ËË¥μ³μ·Ë¨§³μ¢ Å ¢ ¡μ²¥¥ μ¡Ð¥³ ¸²ÊÎ ¥) ¢ ²¨É¥· ÉÊ·¥ ´ §Ò¢ ¥É¸Ö
± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ°,   ´ ¡²Õ¤ ¥³Ò³¨ ´ §Ò¢ ÕÉ¸Ö ¢¥²¨Î¨´Ò, ¨´¢ ·¨ ´É-
´Ò¥ μÉ´μ¸¨É¥²Ó´μ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°. ‚ ± Î¥¸É¢¥ É ±μ° ´ ¡²Õ-
¤ ¥³μ°, ¨´¢ ·¨ ´É´μ° μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨ ¢·¥³¥´¨, ³μ¦´μ ¢§ÖÉÓ
¢Ò· ¦¥´¨¥ £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ²  ¢·¥³¥´¨

s(τ) =
∫ τ

0

dτ̃

√(
dX(α)

dτ̃

)2

(9)

∗‚¶¥·¢Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö, μ¸É ¢²ÖÕÐ¨¥ ¨´¢ ·¨ ´É´Ò³¨ Ê· ¢´¥´¨Ö Ô²¥±É·μ¤¨´ ³¨±¨, ¡Ò²¨
· ¸¸³μÉ·¥´Ò ”μ£Éμ³ ¢ 1887 £. [33].
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´  ³¨·μ¢μ° ²¨´¨¨ Î ¸É¨ÍÒ ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° X(α). �ÉμÉ ¨´É¥·¢ ²
¨§³¥·Ö¥É ´ ¡²Õ¤ É¥²Ó, ¸μ¶ÊÉ¸É¢ÊÕÐ¨° Î ¸É¨Í¥. ‚·¥³¥´´ Ö ¶¥·¥³¥´´ Ö ¶·μ-
¸É· ´¸É¢  ¸μ¡ÒÉ¨° X(0) ¥¸ÉÓ ¢·¥³Ö, ¨§³¥·Ö¥³μ¥ ¢´¥Ï´¨³ ´ ¡²Õ¤ É¥²¥³.

‡ ¤ Î¥° É¥μ·¨¨ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥ Ê· ¢´¥´¨° ¤²Ö μ¶¨¸ ´¨Ö É· ¥±Éμ·¨¨
Î ¸É¨ÍÒ ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° ¢ É¥·³¨´ Ì ± ²¨¡·μ¢μÎ´ÒÌ ¨´¢ ·¨ ´Éμ¢.

‚ ²¨É¥· ÉÊ·¥ ¨¸¶μ²Ó§ÊÕÉ ¤¢  μ¶¨¸ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ:
1) ¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò ¡¥§ ¸¢Ö§¨, ± ± ÔÉμ ¤¥² ²¨ �Ê ´± ·¥ ¨ �°´ÏÉ¥°´ ¢
1904Ä1905 ££. [34, 35]; 2) ¢ · ³± Ì ¸¨¸É¥³Ò ¸μ ¸¢Ö§Ö³¨, ¶μ  ´ ²μ£¨¨ ¸ �’�,
¸Ëμ·³Ê²¨·μ¢ ´´μ° ¢ 1915 £. ¢ · ¡μÉ Ì ƒ¨²Ó¡¥·É  ¨ �°´ÏÉ¥°´  [1,15].

1.2.2. „¨´ ³¨±  ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ ¶μ �Ê ´± ·¥Ä�°´ÏÉ¥°´Ê. ‘¨-
¸É¥³  μÉ¸Î¥É  ¢ ‘’� § ¤ ¥É¸Ö ¥¤¨´¨Î´Ò³ ¢·¥³¥´¨¶μ¤μ¡´Ò³ ¢¥±Éμ·μ³ l2(μ) =
l2(0) − l2(i) = 1, ±μÉμ·Ò° ¡Ê¤¥³ ´ §Ò¢ ÉÓ μ¸ÓÕ ¢·¥³¥´¨. ‘μ¢μ±Ê¶´μ¸ÉÓ É ±¨Ì
¢¥±Éμ·μ¢ ¤ ¥É ¶μ²´Ò° ´ ¡μ· ²μ·¥´Í¥¢¸±¨Ì ¸¨¸É¥³ μÉ¸Î¥É . ‚ ± ¦¤μ° É ±μ°
¸¨¸É¥³¥ μÉ¸Î¥É  ¢·¥³Ö ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ X(μ) μ¶·¥¤¥²Ö¥É¸Ö ± ±
¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¢¥±Éμ·  μ¸¨ ¢·¥³¥´¨ ´  ±μμ·¤¨´ ÉÊ: X(0) = l(μ)X(μ).
� ¶·μ¸É· ´¸É¢¥´´Ò¥ ±μμ·¤¨´ ÉÒ § ¤ ´Ò ´  É·¥Ì³¥·´μ° £¨¶¥·¶μ¢¥·Ì´μ¸É¨
X⊥

(μ) = X(μ) − l(μ)(l(ν)X(ν)), ±μÉμ· Ö ¶¥·¶¥´¤¨±Ê²Ö·´  ¢Ò¡· ´´μ° μ¸¨ ¢·¥-
³¥´¨ l(ν).

	¥§ μ£· ´¨Î¥´¨Ö μ¡Ð´μ¸É¨ ³μ¦´μ ¢Ò¡· ÉÓ μ¸Ó ¢·¥³¥´¨ ¢ ¢¨¤¥ l(μ) =
(1, 0, 0, 0), ÎÉμ ´ §Ò¢ ¥É¸Ö ¸¨¸É¥³μ° ¶μ±μÖ ´ ¡²Õ¤ É¥²Ö,   § É¥³ ¶μ¸²¥ ·¥-
Ï¥´¨Ö Ê· ¢´¥´¨° ¶¥·¥°É¨ ¢ ²Õ¡ÊÕ ¤·Ê£ÊÕ ²μ·¥´Í¥¢c±ÊÕ ¸¨¸É¥³Ê μÉ¸Î¥É .
„¥°¸É¢¨¥ ¤²Ö ‘’� ¢ ¢¥·¸¨¨ 1905 £. ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¢Ò´μ¸Ö ¢ ¤¥°¸É¢¨¨ (7)
dX(0)/dτ §  §´ ± ±μ·´Ö:

SCTO:1905 = −m

∫
dτ

dX(0)

dτ

√
1 −
(

dX(i)

dX(0)

)2

=

= −m

∫
dX(0)

√
1 −
(

dX(i)

dX(0)

)2

. (10)

‚Ò· ¦ Ö ¨³¶Ê²Ó¸ Î¥·¥§ ¸±μ·μ¸ÉÓ V(i) = dX(i)/dX(0) ¸ ¶μ³μÐÓÕ ¢ ·¨ Í¨¨

² £· ´¦¨ ´  L = −m
√

1 − V 2
(i)

P(i) = ∂L/∂(V(i)) = mV(i)/
√

1 − V 2
(k), (11)

³μ¦´μ ¶μ²ÊÎ¨ÉÓ £ ³¨²ÓÉμ´μ¢Ê ËÊ´±Í¨Õ

H(P(i)) = P(i)V(i) − L =
√

m2 + P 2
(i)(X(0)) (12)

¨ ¤¥°¸É¢¨¥ (10) ¢ £ ³¨²ÓÉμ´μ¢μ° Ëμ·³¥

SCTO:1905 =
∫

dX(0)

[
P(i)

dX(i)

dX(0)
− H(P(i))

]
. (13)
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�´¥·£¨Ö μ¶·¥¤¥²Ö¥É¸Ö ± ± §´ Î¥´¨Ö £ ³¨²ÓÉμ´μ¢μ° ËÊ´±Í¨¨ ´  É· ¥±Éμ·¨¨

E = H(PI(i)) =
√

m2 + P 2
I(i). ‡´ ³¥´¨É Ö Ëμ·³Ê²  E = mc2 (§¤¥¸Ó ¨ ´¨¦¥

¶·¨´¨³ ¥³ c = 1) ¥¸ÉÓ ¸²¥¤¸É¢¨¥ μ¶·¥¤¥²¥´¨Ö Ë¨§¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¸ ¶μ-
³μÐÓÕ ¶·¨´Í¨¶  ¸μμÉ¢¥É¸É¢¨Ö ¸ ±² ¸¸¨Î¥¸±μ° ³¥Ì ´¨±μ°, Ê¸É ´ ¢²¨¢ ¥³μ£μ
´¨§±μÔ´¥·£¥É¨Î¥¸±¨³ · §²μ¦¥´¨¥³ £ ³¨²ÓÉμ´μ¢μ° ËÊ´±Í¨¨ ¶μ ¸É¥¶¥´Ö³ ¤¨-
´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ:

H(P(i)) =
√

m2 + P 2
(i) = m +

P 2
(i)

2m
+ . . . (14)

‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö (13) ¶μ ± ´μ´¨Î¥¸±¨³ ¨³¶Ê²Ó¸ ³ P(i) ¤ ¥É ¢Ò· ¦¥´¨¥ ¤²Ö
¸±μ·μ¸É¥° ± ± ËÊ´±Í¨° ¨³¶Ê²Ó¸μ¢

V(i) =
P(i)√

m2 + P 2
(i)

, (15)

  ¢ ·¨ Í¨Ö ¶μ ¶¥·¥³¥´´Ò³ X(i) ¤ ¥É § ±μ´ ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸μ¢:
dP(i)/dX(0) = 0. �¥Ï¥´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° μ¶·¥¤¥²Ö¥É É· ¥±Éμ·¨Õ Î ¸É¨ÍÒ ¢
¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨°:

X(i)(X(0)) = X(i)(XI(0)) + V(i)[X(0) − XI(0)], (16)

£¤¥ XI(0) ¥¸ÉÓ ´ Î ²Ó´μ¥ §´ Î¥´¨¥ ¢·¥³¥´¨ ¢ ¸¨¸É¥³¥ ¶μ±μÖ ´ ¡²Õ¤ É¥²Ö.
�¥·¥Ìμ¤ ± ²Õ¡μ° ¤·Ê£μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ¸μ¢¥·Ï ¥É¸Ö ¸ ¶μ³μÐÓÕ ²μ-

·¥´Í¥¢¸±¨Ì ¶·¥μ¡· §μ¢ ´¨°, ¨ ÔÉμÉ ¶¥·¥Ìμ¤ Ô±¢¨¢ ²¥´É¥´ ¢Ò¡μ·Ê ¤·Ê£μ° μ¸¨
¢·¥³¥´¨. ‚ ± ¦¤μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ¡Ê¤¥É ¸¢μ¥ ¢·¥³Ö ¨ ¸¢μ¨ Ô´¥·£¨Ö ¨ ¨³-
¶Ê²Ó¸Ò. ‘¢Ö§Ó ³¥¦¤Ê ¤¨´ ³¨Î¥¸±¨³¨ ¶¥·¥³¥´´Ò³¨ ¨ ¢·¥³¥´ ³¨ ¢ · §²¨Î´ÒÌ
¸¨¸É¥³ Ì μÉ¸Î¥É  É· ±ÉÊÕÉ ± ± ·¥²ÖÉ¨¢¨¸É¸±¨° ¶·¨´Í¨¶ μÉ´μ¸¨É¥²Ó´μ¸É¨,
Ö¸´ Ö Ëμ·³Ê²¨·μ¢±  ±μÉμ·μ£μ ¤ ´  ¢ · ¡μÉ¥ �°´ÏÉ¥°´  [35]. ‘μ£² ¸´μ ·¥²Ö-
É¨¢¨¸É¸±μ³Ê ¶·¨´Í¨¶Ê μÉ´μ¸¨É¥²Ó´μ¸É¨ �°´ÏÉ¥°´ , ¶·¥μ¡· §μ¢ ´¨Ö ‹μ·¥´Í 
¸¨¸É¥³ μÉ¸Î¥É  ¸μ¤¥·¦ É ¤μ¶μ²´¨É¥²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ É¨¶  ·¥²ÖÉ¨¢¨¸É¸±¨Ì
ÔËË¥±Éμ¢ ¶μ ¸· ¢´¥´¨Õ ¸ ·¥Ï¥´¨Ö³¨ (16) ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°, ¶μ²ÊÎ -
¥³ÒÌ ¢ ·¨ Í¨¥° ¤¥°¸É¢¨Ö (13).

ˆ ¢ ÔÉμ³ ¶Ê´±É¥ ¶μÖ¢²¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢ ± ± ¸²¥¤¸É¢¨¥ ±¨-
´¥³ É¨Î¥¸±¨Ì ¶·¥μ¡· §μ¢ ´¨° ‹μ·¥´Í  (É. ¥. ¶·¥μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É )
¢¥¤¥É ± ¸ÊÐ¥¸É¢¥´´μ³Ê μÉ²¨Î¨Õ É¥μ·¨¨ �°´ÏÉ¥°´  μÉ ³¥Ì ´¨±¨ �ÓÕÉμ´ ,
£¤¥ ¢¸¥ Ë¨§¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¢Ò¢μ¤ÖÉ¸Ö ¨§ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¸ ¶μ³μÐÓÕ
¢ ·¨ Í¨μ´´μ£μ ¶·¨´Í¨¶  ¸ ÊÎ¥Éμ³ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ,   £·Ê¶¶  ƒ ²¨²¥Ö ¶·¥-
μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É  ¢ ³¥Ì ´¨±¥ �ÓÕÉμ´  ´¥ ¸μ¤¥·¦¨É ´¨Î¥£μ ´μ¢μ£μ
¶μ ¸· ¢´¥´¨Õ ¸ ·¥Ï¥´¨Ö³¨ ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°.

‚μ§´¨± ¥É ¢μ¶·μ¸, ³μ¦´μ ²¨ ¸Ëμ·³Ê²¨·μ¢ ÉÓ É ±ÊÕ É¥μ·¨Õ ·¥²ÖÉ¨¢¨¸É-
¸±μ° Î ¸É¨ÍÒ, ¢ ±μÉμ·μ° ¢¸¥ Ë¨§¨Î¥¸±¨¥ ¸²¥¤¸É¢¨Ö, ¢±²ÕÎ Ö ·¥²ÖÉ¨¢¨¸É¸±¨¥
ÔËË¥±ÉÒ, μ¶¨¸Ò¢ ²¨¸Ó ¡Ò ¢ ·¨ Í¨μ´´Ò³¨ Ê· ¢´¥´¨Ö³¨.
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�μ± ¦¥³, ÎÉμ É ± Ö É¥μ·¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ Ëμ·³Ê²¨·Ê¥É¸Ö ¢
¶μ²´μ°  ´ ²μ£¨¨ ¸ ®�¸´μ¢ ´¨Ö³¨ Ë¨§¨±¨¯ [15] ƒ¨²Ó¡¥·É , É. ¥. ± ± £¥μ³¥É·μ-
¤¨´ ³¨± , ¸μ£² ¸´μ ±μÉμ·μ° μ¶¨¸ ´¨¥ Ë¨§¨Î¥¸±μ° ¸¨¸É¥³Ò μ¸´μ¢Ò¢ ¥É¸Ö ´ 
ËÊ´±Í¨μ´ ²¥ ¤¥°¸É¢¨Ö ¨ £¥μ³¥É·¨Î¥¸±μ³ ¨´É¥·¢ ²¥, ¸¨³³¥É·¨¨ ¸¨¸É¥³ μÉ-
¸Î¥É  ¨ ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨, Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¨ Ê· ¢´¥´¨ÖÌ ¸¢Ö§¨
´ Î ²Ó´ÒÌ ¤ ´´ÒÌ.

1.2.3. ƒ¥μ³¥É·μ¤¨´ ³¨±  ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ. ‘μ£² ¸´μ ƒ¨²Ó¡¥·ÉÊ
[15] £¥μ³¥É·μ¤¨´ ³¨±  ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ μ¸´μ¢ ´  ´  ¤¢ÊÌ ¡ §¨¸´ÒÌ
¶μ¸ÉÊ² É Ì: ¤¥°¸É¢¨¨ [27,28]

SCTO:1915 ≡
∫

dτLCTO:1915 = −m

2

∫
dτe(τ)

[(
dX(α)

e(τ)dτ

)2

+ 1

]
(17)

¤²Ö ¶¥·¥³¥´´ÒÌ X(α) = [X(0)|X(i)], μ¡· §ÊÕÐ¨Ì ¶·μ¸É· ´¸É¢μ ¸μ¡ÒÉ¨°, £¤¥
¤¢¨¦¥É¸Ö Î ¸É¨Í , ¨ £¥μ³¥É·¨Î¥¸±μ³ ¨´É¥·¢ ²¥

ds = e(τ)dτ (18)

μ¤´μ³¥·´μ£μ ·¨³ ´μ¢  ¶·μ¸É· ´¸É¢  ´  ³¨·μ¢μ° ²¨´¨¨, μ¶¨¸Ò¢ ¥³μ° ÔÉμ°
Î ¸É¨Í¥° ¢ ÔÉμ³ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° (¸³. ·¨¸. 1). ‡¤¥¸Ó e(τ) Å ¥¤¨´¸É¢¥´-
´ Ö ±μ³¶μ´¥´É  ³¥É·¨±¨, ´ §Ò¢ ¥³ Ö ¸³¥Ð¥´¨¥³ ±μμ·¤¨´ É´μ£μ ¶ · ³¥É· 
Ô¢μ²ÕÍ¨¨.

�¨¸. 1. „¢¨¦¥´¨¥ ¶μ ³¨·μ¢μ° ²¨´¨¨ ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° ·¥²ÖÉ¨¢¨¸É¸±μ° ´¥¸É -
¡¨²Ó´μ° Î ¸É¨ÍÒ, ¶μ²´μ¥ μ¶¨¸ ´¨¥ ±μÉμ·μ° ¤ ¥É¸Ö ¤¢Ê³Ö ´ÓÕÉμ´μ¶μ¤μ¡´Ò³¨ ´ ¡μ-
· ³¨ ´ ¡²Õ¤ ¥³ÒÌ: ¤¨´ ³¨Î¥¸±¨³ ¨ £¥μ³¥É·¨Î¥¸±¨³, ± ¦¤Ò° ¨§ ±μÉμ·ÒÌ ¨³¥¥É ¸¢μ¥
¢·¥³Ö ¨ ¸¢μÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ Ψ. „¢  ¨§³¥·Ö¥³ÒÌ ¢·¥³¥´¨ ¦¨§´¨ Î ¸É¨ÍÒ (¢·¥³Ö
± ± ¤¨´ ³¨Î¥¸± Ö ¶¥·¥³¥´´ Ö X(0) ¨ ¢·¥³Ö ± ± £¥μ³¥É·¨Î¥¸±¨° ¨´É¥·¢ ² s) ¸¢Ö§ ´Ò
´¥ ¶·¥μ¡· §μ¢ ´¨Ö³¨ ‹μ·¥´Í ,   Ê· ¢´¥´¨¥³ ¤¢¨¦¥´¨Ö, ¶μ²ÊÎ¥´´Ò³ ¢ ·¨ Í¨¥° ¤¥°-
¸É¢¨Ö £¥μ³¥É·μ¤¨´ ³¨±¨ É¨¶  ƒ¨²Ó¡¥·É 
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‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö ¶μ ËÊ´±Í¨¨ e(τ) ¤ ¥É Ê· ¢´¥´¨e £¥μ³¥É·μ¤¨´ ³¨±¨

[e(τ)dτ ]2 = dX2
(α) ≡ dX2

(0) − dX2
(1) − dX2

(2) − dX2
(3). (19)

�¥Ï Ö ÔÉμ Ê· ¢´¥´¨e μÉ´μ¸¨É¥²Ó´μ e(τ), ¶μ²ÊÎ ¥³

e(τ) = ±

√(
dX(α)

dτ

)2

. (20)

�¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ¤¥°¸É¢¨¥ £¥μ³¥É·μ¤¨´ ³¨±¨ (17) ´  ÔÉ¨Ì ·¥Ï¥´¨ÖÌ ¸μ-
¢¶ ¤ ¥É ¸ ¨¸Ìμ¤´Ò³ ¤¥°¸É¢¨¥³ ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ (7) ¸ ÉμÎ´μ¸ÉÓÕ ¤μ
§´ ± . �É·¨Í É¥²Ó´Ò° §´ ± e(τ) ¢ (20) μ§´ Î ¥É ¨§³¥´¥´¨¥ §´ ±  ³ ¸¸Ò ¢ ¤¥°-
¸É¢¨¨ (7), ÎÉμ μÉ´μ¸¨É¸Ö ± μ¶¨¸ ´¨Õ  ´É¨Î ¸É¨ÍÒ. “· ¢´¥´¨¥ (19) ´ §Ò¢ ¥É¸Ö
Ê· ¢´¥´¨¥³ ¸¢Ö§¨.

‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¤¥°¸É¢¨¥ £ ³¨²ÓÉμ´μ¢μ° É¥μ·¨¨ ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨-
ÍÒ ¸μ ¸¢Ö§ÓÕ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ (17), ¢¢μ¤Ö ± ´μ´¨Î¥¸±¨¥ ¨³¶Ê²Ó¸Ò Pα =
∂LCTO:1915/∂Ẋ(α):

SCTO:1915 =

τ2∫
τ1

dτ

[
−P(α)

dX(α)

dτ
+

e(τ)
2m

(
P 2

(α) − m2
)]

, (21)

£¤¥ ËÊ´±Í¨Ö e(τ) ¸³¥Ð¥´¨Ö ±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ τ μ¶·¥¤¥²Ö¥É,
± ± ¡Ò²μ ¸± § ´μ ¢ÒÏ¥, £¥μ³¥É·¨Î¥¸±¨° ¨´É¥·¢ ² (18)

ds = e(τ)dτ −→ s(τ) =

τ∫
0

dτe(τ). (22)

„¥°¸É¢¨¥ (21) ¨ ¨´É¥·¢ ² (18) ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨
±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ τ :

τ −→ τ̃ = τ̃ (τ). (23)

‚ ÔÉμ³ ¸³Ò¸²¥ ‘’� ³μ¦´μ ´ §¢ ÉÓ μ¤´μ³¥·´μ° �’�, £¤¥ ·μ²Ó £·Ê¶¶Ò ± ²¨-
¡·μ¢μÎ´ÒÌ (μ¡Ð¥±μμ·¤¨´ É´ÒÌ) ¶·¥μ¡· §μ¢ ´¨° ¨£· ¥É £·Ê¶¶  ·¥¶ · ³¥É·¨-
§ Í¨¨ ±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ (23). “· ¢´¥´¨¥ ¤²Ö ¢¸¶μ³μ£ É¥²Ó-
´μ° ËÊ´±Í¨¨ ¸³¥Ð¥´¨Ö δSCTO/δe = 0 ¤ ¥É Ô´¥·£¥É¨Î¥¸±ÊÕ ¸¢Ö§Ó ¨³¶Ê²Ó¸μ¢
Î ¸É¨ÍÒ P(0), P(i):

P 2
(0) − P 2

(i) = m2, (24)

´ §Ò¢ ¥³ÊÕ ¸μμÉ´μÏ¥´¨¥³ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.
“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¶¥·¥³¥´´ÒÌ P(α), X(α), ¶μ²ÊÎ¥´´Ò¥ ¢ ·¨ Í¨¥°

¤¥°¸É¢¨Ö (21),

P(α) = m
dX(α)

edτ
≡ m

dX(α)

ds
;

dP(α)

ds
= 0 (25)
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¤¨ËË¥μ-¨´¢ ·¨ ´É´Ò. �¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨° ¢ É¥·³¨´ Ì £¥μ³¥É·¨Î¥¸±μ£μ
¨´É¥·¢ ²  (22) ¨³¥ÕÉ ¢¨¤ μ¡μ¡Ð¥´¨Ö ·¥Ï¥´¨Ö Ê· ¢´¥´¨° �ÓÕÉμ´  (3) ´ 
¶·μ¸É· ´¸É¢μ Œ¨´±μ¢¸±μ£μ:

X(α)(s) = XI(α) +
PI(α)

m
s, (26)

£¤¥ ·μ²Ó ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ ¨£· ¥É £¥μ³¥É·¨Î¥¸±¨° ¨´É¥·¢ ² ¢·¥³¥´¨,  
PI(α), XI(α) ¥¸ÉÓ ´ Î ²Ó´Ò¥ ¤ ´´Ò¥ ¢¸¥Ì Î¥ÉÒ·¥Ì ¶¥·¥³¥´´ÒÌ ¢ ÉμÎ±¥ s = 0:

X(α)(s = 0) = XI(α). (27)

�μ¢Ò³¨ Ë ±É ³¨, ¶μ ¸· ¢´¥´¨Õ ¸ ³¥Ì ´¨±μ° �ÓÕÉμ´ , Ö¢²ÖÕÉ¸Ö ¸¢Ö§Ó ¨³-
¶Ê²Ó¸μ¢ (24), ¢·¥³¥´´ Ö ±μ³¶μ´¥´É  ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨° (26) ¨
´ Î ²Ó´Ò¥ ¤ ´´Ò¥ XI(0) ¢·¥³¥´¨ ± ± ¶¥·¥³¥´´μ°.

1.2.4. �¥¤Ê±Í¨Ö £¥μ³¥É·μ¤¨´ ³¨±¨ ± É¥μ·¨¨ �°´ÏÉ¥°´  1905 £. „¥°¸É¢¨¥
(21) ¨ ¨´É¥·¢ ² (22) ³Ò ´ §¢ ²¨ £¥μ³¥É·μ¤¨´ ³¨±μ° Î ¸É¨ÍÒ. �¸μ¡¥´´μ-
¸ÉÓÕ É ±μ° £¥μ³¥É·μ¤¨´ ³¨±¨ Î ¸É¨ÍÒ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¢ ± ¦¤μ° ¸¨¸É¥³¥
μÉ¸Î¥É  ¤¢ÊÌ ¤¨ËË¥μ-¨´¢ ·¨ ´É´ÒÌ ¢·¥³¥´¨¶μ¤μ¡´ÒÌ ¢¥²¨Î¨´: ¢·¥³¥´¨ ± ±
£¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ² , ¨§³¥·Ö¥³μ£μ ´ ¡²Õ¤ É¥²¥³ ´  ³¨·μ¢μ° ²¨´¨¨, ¨
¢·¥³¥´¨ ± ± ¤¨´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ°, ¨§³¥·Ö¥³μ° ¢´¥Ï´¨³ ´ ¡²Õ¤ É¥²¥³.

”¨§¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ·¥Ï¥´¨° Ê· ¢´¥´¨° £¥μ³¥É·μ¤¨´ ³¨±¨ (24) ¨
(26) μ¶·¥¤¥²Ö¥É¸Ö ¢Ò¡μ·μ³ ±μ´±·¥É´μ° ²μ·¥´Íe¢¸±μ° ¸¨¸É¥³Ò μÉ¸Î¥É  Pμ =
(P(0), P(i)), ´ §Ò¢ ¥³μ° ¸¨¸É¥³μ° ¶μ±μÖ ´ ¡²Õ¤ É¥²Ö. ‚ ÔÉμ° ¸¨¸É¥³¥ ¶μ±μÖ
·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¸¢Ö§¨ (24) μÉ´μ¸¨É¥²Ó´μ ´Ê²¥¢μ° ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸ 

P(0)± = ±
√

P 2
(i) + m2 = ±H (28)

Ö¢²Ö¥É¸Ö £ ³¨²ÓÉμ´μ¢μ° ËÊ´±Í¨¥° ¤²Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì ¶¥-
·¥³¥´´ÒÌ [P(i), X(i)], ´ §Ò¢ ¥³Òx ·¥¤ÊÍ¨·μ¢ ´´Ò³ Ë §μ¢Ò³ ¶·μ¸É· ´¸É¢μ³,
¸μ£² ¸´μ ¶·¨´Í¨¶Ê ¸μμÉ¢¥É¸É¢¨Ö ¸ ³¥Ì ´¨±μ° �ÓÕÉμ´ ,   ¸μμÉ¢¥É¸É¢ÊÕÐ Ö
¶¥·¥³¥´´ Ö X(0) Ö¢²Ö¥É¸Ö ¢·¥³¥´¥³ Ô¢μ²ÕÍ¨¨ ÔÉ¨Ì ¶·μ¸É· ´¸É¢¥´´ÒÌ ¶¥·¥-
³¥´´ÒÌ, ¨§³¥·Ö¥³Ò³ ´ ¡²Õ¤ É¥²¥³ ¢ ¥£μ ¸¨¸É¥³¥ ¶μ±μÖ.

‚ ¤ ´´μ° ²μ·¥´Íe¢¸±μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ¢·¥³¥´´ Ö ±μ³¶μ´¥´É  ·¥Ï¥-
´¨Ö (26)

X(0)(s) − XI(0) =
P(0)±

m
s (29)

· ¸Ï¨·¥´´μ° ¸¨¸É¥³Ò, ´ §¢ ´´μ° ´ ³¨ ¢ÒÏ¥ £¥μ³¥É·μ¤¨´ ³¨±μ°, ´¥ ¨³¥¥É
 ´ ²μ£  ¢ ³¥Ì ´¨±¥ �ÓÕÉμ´ , Ëμ·³Ê²  (29) μ¶¨¸Ò¢ ¥É Î¨¸Éμ ·¥²ÖÉ¨¢¨¸É¸±¨°
ÔËË¥±É μÉ´μÏ¥´¨Ö ¤¢ÊÌ Ê± § ´´ÒÌ ¢ÒÏ¥ ¢·¥³¥´¨¶μ¤μ¡´ÒÌ ¢¥²¨Î¨´: ¢·¥³¥´¨
± ± ¤¨´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ° X(0) ¨ ¢·¥³¥´¨ ± ± £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·-
¢ ²  s:

s = [X(0) − XI(0)]
m

P(0)±
. (30)
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ŒÒ ¡Ê¤¥³ ´ §Ò¢ ÉÓ ÔÉμ Ê· ¢´¥´¨¥ ®£¥μ³¥É·¨Î¥¸±¨³ ¸μμÉ´μÏ¥´¨¥³¯ ¤¢ÊÌ ¢·¥-
³¥´ ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ: ¢·¥³¥´¨ ± ± ¶¥·¥³¥´´μ° [X(0)] ¨ ¢·¥³¥´¨ ± ±
¨´É¥·¢ ²  s.

�μ¤¸É ´μ¢±  £¥μ³¥É·¨Î¥¸±μ£μ ¸μμÉ´μÏ¥´¨Ö (30) ¢ ¶·μ¸É· ´¸É¢¥´´ÊÕ
Î ¸ÉÓ ·¥Ï¥´¨Ö (26)

X(i)(s) = XI(i) +
P(i)

m
s (31)

¤ ¥É μ¶¨¸ ´¨¥ ¤¨´ ³¨±¨ ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ ¢ ·¥¤ÊÍ¨·μ¢ ´´μ³ Ë §μ¢μ³
¶·μ¸É· ´¸É¢¥ [P(i), X(i)] μÉ´μ¸¨É¥²Ó´μ ¢·¥³¥´¨ ± ± ¶¥·¥³¥´´μ° [X(0)]:

X(i) = XI(i) +
P(i)

P(0)+
[X(0) − XI(0)]. (32)

’ ±¨³ μ¡· §μ³, £¥μ³¥É·μ¤¨´ ³¨±  ¢ μ¶·¥¤¥²¥´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  · §-
¤¥²Ö¥É¸Ö ´  ¤¨´ ³¨±Ê Î ¸É¨ÍÒ ¡¥§ ¸¢Ö§¥° (32) ¨ £¥μ³¥É·¨Õ (31), ±μÉμ· Ö
μ¶¨¸Ò¢ ¥É Î¨¸Éμ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ ¤¨´ ³¨Î¥¸±¨³¨ Ê· ¢´¥´¨Ö³¨ ¤¢¨-
¦¥´¨Ö Éμ²Ó±μ ¢ ÔÉμ° ¸¨¸É¥³¥ μÉ¸Î¥É  [27,28].

1.2.5. —Éμ ´¥ ³μ£ §´ ÉÓ �°´ÏÉ¥°´ ¢ 1905 £.? „¥°¸É¢¨¥ (13), μ¶¨¸Ò¢ Õ-
Ð¥¥ ¤¨´ ³¨±Ê Î ¸É¨ÍÒ, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶μ¤¸É ´μ¢±μ° ¢ ¤¥°¸É¢¨¥ £¥μ³¥É·μ-
¤¨´ ³¨±¨ (21) ·¥Ï¥´¨Ö ¸¢Ö§¨ (28). ’ ± Ö ¶μ¤¸É ´μ¢±  ¤ ¥É É ±¦¥ ¤¥°¸É¢¨¥
Î ¸É¨ÍÒ ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° ¢ (28):

SCTO:1915|P(0)=P(0)− =

XI(0)∫
X(0)

dX0

[
−P(i)

dX(i)

dX(0)

−
√

P 2
(i) + m2

]
. (33)

�¥Ï¥´¨¥ Ê· ¢´¥´¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ÔÉμ³Ê ¤¥°¸É¢¨Õ, ¨³¥¥É ¢¨¤

Xi = XI(i) +
m

P(0)−
[XI(0) − X(0)(s)] = XI(i) +

m

P(0)+
[X(0)(s) − XI(0)]. (34)

�¥Ï¥´¨¥ ¶·μ¡²¥³Ò μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¨ ¤ ¥É¸Ö ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨
¶μ²Ö [19].

� ¶μ³´¨³, ÎÉμ ±¢ ´Éμ¢ Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ³¥Ì ´¨±  μ¶·¥¤¥²Ö¥É¸Ö ± ±
±¢ ´Éμ¢ ´¨¥ Ô´¥·£¥É¨Î¥¸±μ° ¸¢Ö§¨ (24): (P(0))2 − (P(i))2 = m2 ¸ ¶μ³μÐÓÕ

§ ³¥´Ò ¨³¶Ê²Ó¸μ¢ Î ¸É¨ÍÒ P(α) = (P(0), P(i)) ¨Ì μ¶¥· Éμ· ³¨: P̂(α) = −i∂(α).
�¥§Ê²ÓÉ É É ±μ£μ ±¢ ´Éμ¢ ´¨Ö μ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³ Š²¥°´ Äƒμ·¤μ´ Ä”μ± 
´  ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ

[(P̂(α))2 − m2]Ψ[P(α)|X(α)] = 0 (35)

± ± ±¢ ´Éμ¢μ£μ  ´ ²μ£  Ê· ¢´¥´¨Ö ¸¢Ö§¨ (24). �μ·³¨·μ¢ ´´μ¥ ·¥Ï¥´¨¥ ÔÉμ£μ
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Ê· ¢´¥´¨Ö ¨³¥¥É ¢¨¤ ¸Ê³³Ò ¤¢ÊÌ ¸² £ ¥³ÒÌ:

Ψ[P(α)|X(α)] =

= (2|P(0)|)−1/2
[
a+ΨP(0)+θ(X(0) − XI(0)) + a−Ψ∗

P(0)−
θ(XI(0) − X(0))

]
(36)

¸ ±μÔËË¨Í¨¥´É ³¨ a+, a− ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¤¢Ê³Ö ±² ¸¸¨Î¥¸±¨³¨ ·¥Ï¥´¨Ö³¨
Ê· ¢´¥´¨Ö ¸¢Ö§¨ (24) c ¶μ²μ¦¨É¥²Ó´μ° ¨ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° (28), £¤¥
θ Å ¸ÉÊ¶¥´Î É Ö ËÊ´±Í¨Ö •Ô¢¨¸ °¤ ; Ψ Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö.

‚ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö (±μÉμ· Ö Ëμ·³Ê²¨·Ê¥É¸Ö ± ± ±¢ ´Éμ¢ ´¨¥ ±μ-
ÔËË¨Í¨¥´Éμ¢ a+, a−, É. ¥. ± ± ¢Éμ·¨Î´μ¥ ±¢ ´Éμ¢ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±μ° Î -
¸É¨ÍÒ [18, 19]), ÎÉμ¡Ò Ê¡· ÉÓ μÉ·¨Í É¥²Ó´Ò¥ Ô´¥·£¨¨ −|P(0)| ¨ É¥³ ¸ ³Ò³
μ¡¥¸¶¥Î¨ÉÓ ¸É ¡¨²Ó´μ¸ÉÓ ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò, ±μÔËË¨Í¨¥´É a+ É· ±ÉÊÕÉ ± ±
μ¶¥· Éμ· ·μ¦¤¥´¨Ö Î ¸É¨ÍÒ ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥°,   ±μÔËË¨Í¨¥´É a− Å
± ± μ¶¥· Éμ· Ê´¨ÎÉμ¦¥´¨Ö Î ¸É¨ÍÒ É ±¦¥ ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥°∗.

’ ± Ö É· ±Éμ¢±  Ô±¢¨¢ ²¥´É´  ¶μ¸ÉÊ² ÉÊ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³  ± ±
¸μ¸ÉμÖ´¨Ö ¸ ´ ¨´¨§Ï¥° Ô´¥·£¨¥° ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨°. �μ¸ÉÊ² É μ ¸ÊÐ¥-
¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³  μ§´ Î ¥É μ£· ´¨Î¥´¨¥ ±² ¸¸¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¢
¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨°, É ± ÎÉμ Î ¸É¨Í  ¸ P(0)+ ¤¢¨¦¥É¸Ö ¢¶¥·¥¤,   Î ¸É¨Í  ¸
P(0)− Å ´ § ¤:

P(0)+ → XI(0) � X(0); P(0)− → XI(0) � X(0). (37)

‚μ§´¨± ¥É ¢μ¶·μ¸: ± ±¨¥ ¸²¥¤¸É¢¨Ö ¤²Ö £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ²  (22) s
¨³¥¥É ¶·¨Î¨´´μ¥ ±¢ ´Éμ¢ ´¨¥ (36) ¸ Ê± § ´´Ò³ ¢ÒÏ¥ μ£· ´¨Î¥´¨¥³ ¤¢¨¦¥´¨Ö
Î ¸É¨ÍÒ (37)?

1.2.6. Š¢ ´Éμ¢ Ö  ´μ³ ²¨Ö £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ² . —Éμ¡Ò μÉ¢¥É¨ÉÓ
´  ¢μ¶·μ¸ μ ¸²¥¤¸É¢¨¨ ¶·¨Î¨´´μ£μ ±¢ ´Éμ¢ ´¨Ö ¤²Ö £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·-
¢ ² , ¸¤¥² ¥³ ¶·¥μ¡· §μ¢ ´¨Ö ‹μ·¥´Í  ±μμ·¤¨´ É Î ¸É¨ÍÒ ¢ ¸¨¸É¥³¥ ¶μ±μÖ ±
¸μ¶ÊÉ¸É¢ÊÕÐ¥° ¸¨¸É¥³¥ ±μμ·¤¨´ É [X(0)|X(i)], £¤¥ P (i) = 0, P (0)± = ±m.

ˆ§ (30) ¨ (37) ¸²¥¤Ê¥É, ÎÉμ ¸μ¶ÊÉ¸É¢ÊÕÐ¥¥ ¢·¥³Ö X(0) ¸¢Ö§ ´μ ¸ £¥μ³¥-
É·¨Î¥¸±¨³ ¨´É¥·¢ ²μ³ s ¸μμÉ´μÏ¥´¨¥³

s(X(0)|XI(0))=(X(0) − XI(0))θ(X(0) − XI(0))θ(P (0))+

+ (XI(0) − X0)θ(XI(0) − X(0))θ(−P (0)). (38)

∗�·¨ ÔÉμ³ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ § μ¤´μ ¤ ¥É¸Ö ¨ ¨´É¥·¶·¥É Í¨Ö ¶μ²μ¦¥´¨Ö XI(0) ± ± ÉμÎ±¨,

£¤¥ Î ¸É¨Í  ·μ¦¤ ¥É¸Ö ¨²¨ Ê´¨ÎÉμ¦ ¥É¸Ö.
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�μ²ÊÎ¥´´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ²  s ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨
¶μ²Ö ¢Ò£²Ö¤¨É ± ± ¶·¨Î¨´´ Ö ËÊ´±Í¨Ö ƒ·¨´  μÉ ¸μ¶ÊÉ¸É¢ÊÕÐ¥£μ ¢·¥³¥´¨:

d2s(X(0)|XI(0))

dX
2

(0)

= δ(X(0) − XI(0)). (39)

�É¸Õ¤  ¢¨¤´μ, ÎÉμ ¸²¥¤¸É¢¨¥³ ¶μ¸ÉÊ² É  o ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³  ± ±
¸μ¸ÉμÖ´¨Ö ¸ ³¨´¨³ ²Ó´μ° Ô´¥·£¨¥° Ö¢²Ö¥É¸Ö ¶μ²μ¦¨É¥²Ó´ Ö ¸É·¥²  £¥μ³¥É·¨-
Î¥¸±μ£μ ¢·¥³¥´¨ s � 0, ±μÉμ· Ö ¢¥¤¥É ± ¸ÊÐ¥¸É¢μ¢ ´¨Õ  ¡¸μ²ÕÉ´μ° ÉμÎ±¨
μÉ¸Î¥É  ÔÉμ£μ ¢·¥³¥´¨ s = 0. �μ²μ¦¨É¥²Ó´ Ö ¸É·¥²  μ§´ Î ¥É ´ ·ÊÏ¥´¨¥
¸¨³³¥É·¨¨ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨Ö s ¢ −s. � ·Ê-
Ï¥´¨¥ ¸¨³³¥É·¨¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¢ ¸· ¢´¥´¨¨ ¸ ±² ¸¸¨Î¥¸±μ° ¸¨³³¥É·¨¥°
´ §Ò¢ ¥É¸Ö ±¢ ´Éμ¢μ°  ´μ³ ²¨¥°∗ [37].

‚Éμ·¨Î´μ¥ ±¢ ´Éμ¢ ´¨¥ ²Õ¡μ° ·¥²ÖÉ¨¢¨¸É¸±μ° ¸¨¸É¥³Ò ¸ ¶μ¸ÉÊ² Éμ³ ¸Ê-
Ð¥¸É¢μ¢ ´¨Ö ¢ ±ÊÊ³  (± ± Ë¨§¨Î¥¸±μ£μ ¸μ¸ÉμÖ´¨Ö ¸ ³¨´¨³ ²Ó´μ° Ô´¥·£¨¥°)
¢¥¤¥É ±  ¡¸μ²ÕÉ´μ° ÉμÎ±¥ μÉ¸Î¥É  £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ²  ¢·¥³¥´¨ s = 0 ¢
ÔÉμ° ¸¨¸É¥³¥. ‚μ¶·μ¸ μ Éμ³, ÎÉμ ¡Ò²μ ¤μ ·μ¦¤¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ,
¸É·Ê´Ò ¨²¨ ¢¸¥²¥´´μ°, ¤²Ö ´ ¡²Õ¤ É¥²Ö, ¨§³¥·ÖÕÐ¥£μ ÔÉμ ¢·¥³Ö, ´¥ ¨³¥¥É
Ë¨§¨Î¥¸±μ£μ ¸³Ò¸² , É ± ± ± ¢ ±¢ ´Éμ¢μ° ·¥²ÖÉ¨¢¨¸É¸±μ° ¢¸¥²¥´´μ° ¢·¥³Ö
·μ¦¤ ¥É¸Ö ¢³¥¸É¥ ¸ ´¥° ± ± ¸²¥¤¸É¢¨¥ ¸É ¡¨²Ó´μ¸É¨ ¢¸¥²¥´´μ°.

1.2.7. —¥³ μÉ²¨Î ¥É¸Ö ¨´¢ ·¨ ´É´ Ö ·¥¤Ê±Í¨Ö μÉ ¢Ò¡μ·  ± ²¨¡·μ¢±¨?
‘· ¢´¨³ ¤¨ËË¥μ-¨´¢ ·¨ ´É´Ò° ³¥Éμ¤ μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¶μ²¥° [27, 28] ¸
¤¨ËË¥μ-´¥¨´¢ ·¨ ´É´Ò³ ³¥Éμ¤μ³, ¢ ±μÉμ·μ³ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ±μμ·¤¨´ É-
´μ¥ ¢·¥³Ö x0 ¸É ´μ¢¨É¸Ö ´ ¡²Õ¤ ¥³Ò³∗∗. �·¥¤¶μ²μ¦¥´¨¥ o ´ ¡²Õ¤ ¥³μ¸É¨
±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ x0 ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ‘’� μ§´ Î ¥É ¨¸¶μ²Ó-
§μ¢ ´¨¥ ¸¨´Ì·μ´´μ° ± ²¨¡·μ¢±¨ e(x0) = 1, ±μÉμ· Ö ¶μ¤¸É ¢²Ö¥É¸Ö ¶·Ö³μ ¢
¤¥°¸É¢¨¥ (21):

SCTO =

τ2∫
τ1

dτ

[
−P(α)

dX(α)

dτ
+

e(τ)
2m

(
P 2

(α) − m2
)]

. (40)

∗�´μ³ ²¨Ö, ¸¢Ö§ ´´ Ö ¸ ¤¨· ±μ¢¸±¨³¨ ¶μ²Ö³¨, É ±¦¥ ¸²¥¤Ê¥É ¨§ ¶μ¸ÉÊ² É  o ¸ÊÐ¥¸É¢μ¢ ´¨¨
¢ ±ÊÊ³ . ‚¶¥·¢Ò¥ ÔÉμÉ Ë ±É ¡Ò² μ¡´ ·Ê¦¥´ �.‰μ·¤ ´μ³ [36] ¨ § É¥³ ¶¥·¥μÉ±·ÒÉ ³´μ£¨³¨  ¢-
Éμ· ³¨ (¸³. [37]). �μ¸ÉÊ² É o ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³  ¶μ¤É¢¥·¦¤ ¥É¸Ö Í¥²Ò³ ·Ö¤μ³ Ô±¸¶¥·¨³¥´-
É ²Ó´μ ´ ¡²Õ¤ ¥³ÒÌ Ö¢²¥´¨°, ¢ Éμ³ Î¨¸²¥  ´μ³ ²Ó´Ò³¨ · ¸¶ ¤ ³¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ¸¢Ö§ ´´ÒÌ
¸μ¸ÉμÖ´¨° (´¥°É· ²Ó´μ£μ ¶¨μ´  ¨ ¶ · ¶μ§¨É·μ´¨Ö) ´  ¤¢  ËμÉμ´ .

∗∗ˆ³¥´´μ ÔÉμ ¶·¥¤¶μ²μ¦¥´¨¥ ´ ¡²Õ¤ ¥³μ¸É¨ ±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ x0 ¨¸¶μ²Ó§Ê¥É¸Ö ¢
�’� ¢ ³μ¤¥²¨ μ¸É·μ¢´μ° ¢¸¥²¥´´μ° [20], ¨²¨ ¢ É ± ´ §Ò¢ ¥³μ° É¥μ·¨¨ £²μ¡ ²Ó´μ£μ ¢·¥³¥´¨ [29].
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‚ ·¥§Ê²ÓÉ É¥ ¢μ§´¨± ¥É É¥μ·¨Ö ¡¥§ ¸¢Ö§¨

SCTO|[e=1] =

τ2∫
τ1

dτ

[
P(i)

dX(i)

dτ
− P(0)

dX(0)

dτ
− 1

2m

(
−P 2

(0) + P 2
(i) + m2

)]
.

(41)
’¥μ·¨Ö (41) ¸ ÉμÎ±¨ §·¥´¨Ö ±¢ ´Éμ¢ ´¨Ö μ¶¨¸Ò¢ ¥É ´¥¸É ¡¨²Ó´ÊÕ ¸¨¸É¥³Ê,
Éa± ±a± ¨³¥¥É ¶¥·¥³¥´´ÊÕ X(0) ¸ μÉ·¨Í É¥²Ó´Ò³ ¢±² ¤μ³ ¢ Ô´¥·£¨Õ E =
(−P 2

(0) + P 2
(i) + m2)/2m, μ¡² ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ±μÉμ·μ° § ¤ ´  ¢ ¨´É¥·¢ ²¥

(−∞ < E < ∞). „¥°¸É¢¨¥ Î ¸É¨ÍÒ ´  É·¥Ì³¥·´μ° £¨¶¥·¶μ¢¥·Ì´μ¸É¨, ¶μ-
²ÊÎ¥´´μ° ´ ²μ¦¥´¨¥³ Ê¸²μ¢¨Ö P(0) = 0 (¢ �’�  ´ ²μ£¨Î´μ¥ μ£· ´¨Î¥´¨¥
´ §Ò¢ ¥É¸Ö ³¨´¨³ ²Ó´μ° ¶μ¢¥·Ì´μ¸ÉÓÕ [20]), ¸μ¢¶ ¤ ¥É, ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ´¥-
¸ÊÐ¥¸É¢¥´´μ° ±μ´¸É ´ÉÒ, ¸ ¤¥°¸É¢¨¥³ �ÓÕÉμ´ 

SCTO|[e=1,P(0)=0] = SNewton =

τ2∫
τ1

dτ

[
P(i)Ẋ(i) −

P 2
(i)

2m

]
(42)

¨ ¸ ¤¥°¸É¢¨¥³ �°´ÏÉ¥°´  ¢ ‘’� (13) ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥, ±μ£¤ 
¢·¥³Ö ¢ ¶μ±μ¥ X(0) ¸μ¢¶ ¤ ¥É ¸ ¨´É¥·¢ ²μ³ ¢·¥³¥´¨ s. �·¨ μ£· ´¨Î¥´¨¨
P 2

(0) = P 2
(i) + m2 É¥μ·¨Ö (41) ¶·¥¢· Ð ¥É¸Ö ¢ ‘’�, £¤¥ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö

± ²¨¡·μ¢μÎ´ Ö ¸¨³³¥É·¨Ö.
1.2.8. �É´μ¸¨É¥²Ó´μ¸ÉÓ ± ± ¶·¨´Í¨¶ ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨. �Ê ´-

± ·¥ [34] ¨ �°´ÏÉ¥°´μ³ [35] ¡Ò²μ ¢¶¥·¢Ò¥ Ê± § ´μ, ÎÉμ ¢ ·¥²ÖÉ¨¢¨¸É¸±μ°
³¥Ì ´¨±¥, ¢ μÉ²¨Î¨¥ μÉ ±² ¸¸¨Î¥¸±μ° Ë¨§¨±¨, ¤²Ö ¶μ²´μ£μ μ¶¨¸ ´¨Ö ¤¢¨¦¥-
´¨Ö Î ¸É¨ÍÒ ´Ê¦´μ ¤¢  ´ ¡²Õ¤ É¥²Ö: μ¤¨´ ¶μ±μ¨É¸Ö, ¢Éμ·μ° ¤¢¨¦¥É¸Ö ¢³¥¸É¥
¸ Î ¸É¨Í¥°. � ¶·¨³¥·, ± ¦¤Ò° ¨§ Ô°´ÏÉ¥°´μ¢¸±¨Ì ´ ¡²Õ¤ É¥²¥° ¨§³¥·Ö¥É
¸¢μ¥ ¢·¥³Ö ¦¨§´¨ ´¥¸É ¡¨²Ó´μ° Î ¸É¨ÍÒ. ‚·¥³Ö Ö¢²Ö¥É¸Ö μÉ´μ¸¨É¥²Ó´Ò³ ±
¸¨¸É¥³¥ μÉ¸Î¥É .

�°´ÏÉ¥°´ μ¶¨¸Ò¢ ² ÔÉÊ μÉ´μ¸¨É¥²Ó´μ¸ÉÓ ¤¢ÊÌ ¢·¥³¥´ ± ± Î¨¸Éμ ·¥²Ö-
É¨¢¨¸É¸±¨° ÔËË¥±É ±¨´¥³ É¨Î¥¸±¨, ¸ ¶μ³μÐÓÕ ²μ·¥´Í-¶·¥μ¡· §μ¢ ´¨Ö ¶¥·¥-
³¥´´ÒÌ ¨§ ´¥¶μ¤¢¨¦´μ° ¸¨¸É¥³Ò μÉ¸Î¥É  ¢ ¤¢¨¦ÊÐÊÕ¸Ö ¢³¥¸É¥ ¸ Î ¸É¨Í¥°.

ŒÒ Ê¡¥¤¨²¨¸Ó, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É É ±μ¥ £¥μ³¥É·μ¤¨´ ³¨Î¥¸±μ¥ μ¡μ¡Ð¥´¨¥
¤¨´ ³¨±¨ �Ê ´± ·¥Ä�°´ÏÉ¥°´  ´  ± ²¨¡·μ¢μÎ´ÊÕ É¥μ·¨Õ ¸μ ¸¢Ö§ÓÕ (21),
±μÉμ·oe ¶μ§¢μ²Ö¥É μ¶¨¸ ÉÓ ÔÉÊ μÉ´μ¸¨É¥²Ó´μ¸ÉÓ ¤¢ÊÌ ¢·¥³¥´ ± ± ¸²¥¤¸É¢¨¥
·¥Ï¥´¨Ö ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°,   ´¥ ±¨´¥³ É¨Î¥¸±¨Ì ²μ·¥´Í¥¢¸±¨Ì ¶·¥-
μ¡· §μ¢ ´¨°. ’ ±μ¥ £¥μ³¥É·μ¤¨´ ³¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¤ ¥É ¶·¨´Í¨¶¨ ²Ó´μ ´μ-
¢Ò° ¸³Ò¸² μÉ´μ¸¨É¥²Ó´μ¸É¨ ¤¢ÊÌ ¢·¥³¥´ ± ± μÉ´μÏ¥´¨Ö ¤¨´ ³¨Î¥¸±μ£μ ¶ -
· ³¥É·  Ô¢μ²ÕÍ¨¨ Î ¸É¨ÍÒ X(0) ¨ ¥¥ £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ²  s (22).

�·μ¤¥³μ´¸É·¨·Ê¥³ ¸¶· ¢¥¤²¨¢μ¸ÉÓ ÔÉμ£μ ¢Ò¢μ¤  ´  ¶·¨³¥·¥ ³¥Ì ´¨±¨
³¨´¨-¢¸¥²¥´´μ°, ±μ£¤  ´¥ ¸ÊÐ¥¸É¢Ê¥É ±¨´¥³ É¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö Î¨¸Éμ ·¥²Ö-
É¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢ ¶μ¸·¥¤¸É¢μ³ ¶·¥μ¡· §μ¢ ´¨° ¶¥·¥³¥´´ÒÌ É¨¶  ²μ·¥´-
Í¥¢¸±¨Ì.
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2. �…‹Ÿ’ˆ‚ˆ‘’‘Š�Ÿ Š‚��’�‚�Ÿ Œˆ�ˆ-‚‘…‹…���Ÿ

2.1. �¤´μ·μ¤´μ¥ ¶·¨¡²¨¦¥´¨¥ �’�. ‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¡Ò²μ ¶μ-
± § ´μ, ÎÉμ ¤¨´ ³¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢ ¸ ¶μ³μÐÓÕ
·¥Ï¥´¨° ¢ ·¨ Í¨μ´´ÒÌ Ê· ¢´¥´¨° ³μ¦¥É ¡ÒÉÓ ¤ ´μ ¢ ¢¥·¸¨¨ ‘’�, ¸Ëμ·-
³Ê²¨·μ¢ ´´μ° ¶μ  ´ ²μ£¨¨ ¸ ¢ ·¨ Í¨μ´´Ò³ μ¶¨¸ ´¨¥³ �’�, ¶·¥¤²μ¦¥´´Ò³
ƒ¨²Ó¡¥·Éμ³ ¢ 1915 £. [15]. ‘μ£² ¸´μ ƒ¨²Ó¡¥·ÉÊ, £¥μ³¥É·μ¤¨´ ³¨±  �’� μ¸´μ-
¢ ´  ´  ¤¢ÊÌ ¡ §¨¸´ÒÌ ¶μ¸ÉÊ² É Ì: ¤¥°¸É¢¨¨

SOTO =
∫

d4x
√
−g

[
−ϕ2

0

6
R(g) + Lmatter

]
, ϕ2

0 =
3
8π

M2
Pl, (43)

¤²Ö ¶¥·¥³¥´´ÒÌ, μ¡· §ÊÕÐ¨Ì ¶μ²¥¢μ¥ ¶·μ¸É· ´¸É¢μ ¸μ¡ÒÉ¨°, ¨ £¥μ³¥É·¨-
Î¥¸±μ³ ¨´É¥·¢ ²¥ ¶¸¥¢¤μ·¨³ ´μ¢  ±μμ·¤¨´ É´μ£μ ³´μ£μμ¡· §¨Ö

ds2 = gμνdxμdxν . (44)

ˆ ¤¥°¸É¢¨¥ (43), ¨ ¨´É¥·¢ ² (44) ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ μ¡Ð¥±μμ·¤¨´ É-
´ÒÌ ¶·¥μ¡· §μ¢ ´¨°

xμ → x̃μ = x̃μ(x0, x1, x2, x3) (45)

¨ Ö¢²ÖÕÉ¸Ö μ¡μ¡Ð¥´¨¥³ · ¸¸³μÉ·¥´´μ£μ ¢ÒÏ¥ ¤¥°¸É¢¨Ö ¨ ¨´É¥·¢ ²  ¤²Ö ·¥²Ö-
É¨¢¨¸É¸±μ° Î ¸É¨ÍÒ, ¨´¢ ·¨ ´É´ÒÌ μÉ´μ¸¨É¥²Ó´μ £·Ê¶¶Ò ·¥¶ · ³¥É·¨§ Í¨¨
±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨. …¸²¨ μ£· ´¨Î¨ÉÓ¸Ö μ¤´μ·μ¤´Ò³ ¶·¨¡²¨¦¥´¨¥³ ¨´-
É¥·¢ ² 

ds2 = a2(x0)
[
N2

0 (x0)(dx0)2 − (dxi)2
]
, (46)

Éμ ¤¥°¸É¢¨¥ �’� ¸¢μ¤¨É¸Ö ± ¤¥°¸É¢¨Õ £ ³¨²ÓÉμ´μ¢μ° ±μ¸³μ²μ£¨¨ [40Ä42]:

Scosm−1915 =
∫

dx0

[
−Pϕ∂0ϕ + N0

(
P 2

ϕ

4V0
− ρ0(ϕ)V0

)]
, (47)

£¤¥ V0 Å μ¡Ñ¥³ ¶·μ¸É· ´¸É¢ ,   ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ³ É¥·¨¨  ¶¶·μ±¸¨³¨·Ê¥É¸Ö
μ¤´μ·μ¤´μ° ¶²μÉ´μ¸ÉÓÕ ρ0(ϕ), § ¢¨¸ÖÐ¥° Éμ²Ó±μ μÉ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ· 

ϕ(x0) = ϕ0a(x0). (48)

’ ±μ¥ μ¤´μ·μ¤´μ¥ ¶·¨¡²¨¦¥´¨¥ ¸μÌ· ´Ö¥É ¸¨³³¥É·¨Õ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö
�’� ¨ ±μ´Ëμ·³´μ£μ ¨´É¥·¢ ²  ¢·¥³¥´¨

dη = N0(x0)dx0, η =

x0∫
0

dx0N0(x0) (49)
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μÉ´μ¸¨É¥²Ó´μ £·Ê¶¶Ò ·¥¶ · ³¥É·¨§ Í¨° ±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  x0 → x0 =
x0(x0), ¢Ò¸ÉÊ¶ ÕÐ¨Ì ¢ ·μ²¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°. Š ± ³Ò ¢¨¤¥²¨
¢ÒÏ¥, £·Ê¶¶  ·¥¶ · ³¥É·¨§ Í¨¨ ±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ μ§´ -
Î ¥É, ÎÉμ μ¤´  ¨§ ¶¥·¥³¥´´ÒÌ, ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¥¤¨´¸É¢¥´´ Ö ¶¥·¥³¥´´ Ö ϕ,
μÉμ¦¤¥¸É¢²Ö¥É¸Ö ¸ ¢·¥³¥´¥³ ± ± ¶¥·¥³¥´´μ° ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨°,   ¥¥ ¨³-
¶Ê²Ó¸ Pϕ Å ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° £ ³¨²ÓÉμ´μ¢μ° ËÊ´±Í¨¥°, §´ Î¥´¨Ö ±μÉμ·μ°
´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¸É ´μ¢ÖÉ¸Ö Ô´¥·£¨¥° ¸μ¡ÒÉ¨°.

2.2. ‚ ·¨ Í¨μ´´Ò° ¶·¨´Í¨¶ ƒ¨²Ó¡¥·É . ‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö (47) ¶μ
ËÊ´±Í¨¨ ¸³¥Ð¥´¨Ö N0: δScosm/δN0 = 0 ¢¥¤¥É ± Ê· ¢´¥´¨Õ Ô´¥·£¥É¨Î¥¸±μ°
¸¢Ö§¨

P 2
ϕ = E2(ϕ), (50)

£¤¥
E(ϕ) = 2V0

√
ρ0(ϕ) (51)

É· ±ÉÊ¥É¸Ö ´ ¡²Õ¤ É¥²¥³ ´  ‡¥³²¥ ± ± ¨§³¥·Ö¥³ Ö ¨³ Ô´¥·£¨Ö B¸¥²¥´´μ°.
� §·¥Ï¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ° ¸¢Ö§¨ (50) ¤ ¥É ¤¢  §´ Î¥´¨Ö Ô´¥·£¨¨ ·¥²ÖÉ¨-

¢¨¸É¸±μ° ¢¸¥²¥´´μ°, ¶μ²μ¦¨É¥²Ó´μ¥ ¨ μÉ·¨Í É¥²Ó´μ¥:

P±
ϕ = ±E(ϕ) = ±2V0

√
ρ0(ϕ). (52)

‚ ·¨ Í¨Ö ¤¥°¸É¢¨Ö (47) ¶μ ¨³¶Ê²Ó¸Ê Pϕ: δScosm/δPϕ = 0 ¤ ¥É £¥μ³¥É·¨Î¥-
¸±μ¥ μÉ´μÏ¥´¨¥ ³¥¦¤Ê ¤¢Ê³Ö ¢·¥³¥´ ³¨ ¢ Ëμ·³¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ Ê· ¢-
´¥´¨Ö ”·¨¤³ ´ 

P±
ϕ = 2V0

dϕ

dη
≡ 2V0ϕ

′ = ±2V0

√
ρ0(ϕ). (53)

�¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö ¢ ¢¨¤¥ ¨´É¥£· ² 

η(ϕI |ϕ) = 2V0

ϕ∫
ϕI

dϕ̃

P±
ϕ (ϕ̃)

= ±
ϕ∫

ϕI

dϕ̃√
ρ0(ϕ̃)

(54)

´ §Ò¢ ÕÉ ¢ ±μ¸³μ²μ£¨¨ § ±μ´μ³ • ¡¡²  [38,39].
2.3. �¥¤Ê±Í¨Ö ¤¥°¸É¢¨Ö. �¥¤Ê±Í¨Ö ¤¥°¸É¢¨Ö ƒ¨²Ó¡¥·É  (47) μ§´ Î ¥É ¢Ò-

Î¨¸²¥´¨¥ ¥£μ §´ Î¥´¨° ´  ·¥Ï¥´¨ÖÌ (52) Ê· ¢´¥´¨Ö ¸¢Ö§¨ (50)

Scosm−1915|Pϕ=P±
ϕ

= S±
cosm−1905 = ∓2V0

∫
dϕ
√

ρ0(ϕ). (55)

“· ¢´¥´¨Ö ·¥¤ÊÍ¨·μ¢ ´´μ£μ ¤¥°¸É¢¨Ö (55) Ê¦¥ ´¥ ¸μ¤¥·¦ É £¥μ³¥É·¨Î¥¸±¨°
¨´É¥·¢ ². —Éμ¡Ò ¶μ²ÊÎ¨ÉÓ ¢¸¥ ¸²¥¤¸É¢¨Ö ¨¸Ìμ¤´μ° £¥μ³¥É·μ¤¨´ ³¨±¨, ·¥¤ÊÍ¨-
·μ¢ ´´ Ö É¥μ·¨Ö ¤μ²¦´  ¡ÒÉÓ ¤μ¶μ²´¥´  μÉ´μÏ¥´¨¥³ £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·-
¢ ²  ¸ ¢·¥³¥´¥³ ± ± ¶¥·¥³¥´´μ° (54). Š ± ³Ò Ê¢¨¤¨³ ¢ ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì,
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ÔÉμ μÉ´μÏ¥´¨¥ (54) μ¶¨¸Ò¢ ¥É ±² ¸¸¨Î¥¸±ÊÕ ±μ¸³μ²μ£¨Õ, É. ¥. § ±μ´ • ¡¡² ,
¨ Ö¢²Ö¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò³ ± ±¢ ´Éμ¢μ° ±μ¸³μ²μ£¨¨ “¨²¥· Ä„¥‚¨ÉÉ , ¥¸²¨
μ¶·¥¤¥²¨ÉÓ ¶μ¸²¥¤´ÕÕ ± ± ±¢ ´Éμ¢ ´¨¥ Ê· ¢´¥´¨Ö ¸¢Ö§¨ (50) ¶ÊÉ¥³ § ³¥´Ò
¶¥·¥³¥´´ÒÌ ´  ¨Ì μ¶¥· Éμ·Ò Pϕ → P̂ϕ = −id/dϕ, ¤¥°¸É¢ÊÕÐ¨¥ ´  ¢μ²´μ¢ÊÕ
ËÊ´±Í¨Õ “¨²¥· Ä„¥‚¨ÉÉ  Ψ [40]:

P̂ 2
ϕΨ − E2(ϕ)Ψ = 0. (56)

ŒÒ Ê¢¨¤¨³ ´¨¦¥, ÎÉμ ¨§ £¥μ³¥É·μ¤¨´ ³¨±¨ ƒ¨²Ó¡¥·É  ¸²¥¤ÊÕÉ ¸· §Ê ¨ ±² ¸-
¸¨Î¥¸± Ö ±μ¸³μ²μ£¨Ö [38], ¨ ±¢ ´Éμ¢ Ö [40Ä42], ÎÉμ ¶μ§¢μ²Ö¥É ¨Ì μ¡Ñ¥¤¨´¨ÉÓ,
·¥Ï Ö ¶·μ¡²¥³Ò μ¡e¨Ì, ¶μ¸±μ²Ó±Ê ¢ ±² ¸¸¨Î¥¸±μ° ±μ¸³μ²μ£¨¨ ´¥ §´ ÕÉ, ± ±
±¢ ´Éμ¢ ÉÓ,   ¢ ±¢ ´Éμ¢μ° Å ± ± μ¶¨¸Ò¢ ÉÓ § ±μ´ • ¡¡² .

2.4. “· ¢´¥´¨Ö ”·¨¤³ ´  ¨ ±² ¸¸¨Î¥¸± Ö ±μ¸³μ²μ£¨Ö. � ¸¸³μÉ·¨³
Ê· ¢´¥´¨¥ Ô¢μ²ÕÍ¨¨ B¸¥²¥´´μ° (53)

ϕ2
0a

′2 = ρ0(a), (57)

£¤¥ a = ϕ/ϕ0, ¢ ¶²μ¸±μ³ ¶·μ¸É· ´¸É¢¥ ¤²Ö B¸¥²¥´´μ°, § ¶μ²´¥´´μ° μ¤´μ·μ¤-
´μ° ³ É¥·¨¥°, ¸ § ¢¨¸¨³μ¸ÉÓÕ ±μ´Ëμ·³´μ° ¶²μÉ´μ¸É¨ ρ0 μÉ ³ ¸ÏÉ ¡  a(η)
¸²¥¤ÊÕÐ¥£μ ¢¨¤ :

ρ0(a) = ρrigida−2 + ρrad + ρMa + ρΛa4, (58)

£¤¥ ρrigid, ± ± ¡Ê¤¥É ¶μ± § ´μ ´¨¦¥ ¢ · §¤. 4 ´  ¶·¨³¥·¥ ±μ´±·¥É´μ° ¶μ²¥¢μ°
³μ¤¥²¨ ³ ¸¸¨¢´μ° Ô²¥±É·μ¤¨´ ³¨±¨, μ¶¨¸Ò¢ ¥É ¢±² ¤ ¶·¥¤¥²Ó´μ ¦¥¸É±μ£μ
Ê· ¢´¥´¨Ö ¸μ¸ÉμÖ´¨Ö, ¤²Ö ±μÉμ·μ£μ ¶²μÉ´μ¸ÉÓ · ¢´  ¤ ¢²¥´¨Õ: ρrigid = prigid;
¶²μÉ´μ¸É¨ ρrad, ρM ¨ ρΛ μ¶¨¸Ò¢ ÕÉ ¢±² ¤Ò · ¤¨ Í¨¨, ³ É¥·¨¨ ¨ Λ-Î²¥´ 
¸μμÉ¢¥É¸É¢¥´´μ.

Œμ¦´μ ´ °É¨ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (57) ¤²Ö ± ¦¤μ£μ ¨§ ÔÉ¨Ì ¸μ¸ÉμÖ´¨° ¢
É¥·³¨´ Ì ±μ´Ëμ·³´μ£μ ¢·¥³¥´¨ η ¸ ´ Î ²Ó´Ò³¨ ¤ ´´Ò³¨ a(η0) = 1,
a′(η0) = H0:

arigid(η) =
√

1 − 2H0r, arad(η) = 1 − H0r,

aM (η) =
[
1 − 1

2
H0r

]2
, aΛ(η) =

1
1 + H0r

,
(59)

£¤¥ r = η0 − η. ‚ ´ ¡²Õ¤ É¥²Ó´μ° ±μ¸³μ²μ£¨¨ ±μ´Ëμ·³´μ¥ ¢·¥³Ö dη μ¶·¥-
¤¥²Ö¥É¸Ö ± ± ¢·¥³Ö ËμÉμ´ , ¨¸¶ÊÐ¥´´μ£μ  Éμ³μ³ ´  ±μ¸³¨Î¥¸±μ³ μ¡Ñ¥±É¥ ¨
²¥ÉÖÐ¥£μ ¸μ ¸±μ·μ¸ÉÓÕ c = 1 ¶μ £¥μ¤¥§¨Î¥¸±μ° ´  ³¨·μ¢μ³ ±μ´Ê¸¥:

(ds)2 = a2(η)[(dη)2 − (dr)2] = 0, (60)
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£¤¥ r =
√

x2
1 + x2

2 + x2
3 Å · ¤¨ ²Ó´ Ö ±μμ·¤¨´ É . �É¸Õ¤  ³μ¦´μ ´ °É¨

¸¢Ö§Ó ³¥¦¤Ê ±μμ·¤¨´ É´Ò³ · ¸¸ÉμÖ´¨¥³

r(η) =

η0∫
η

dη̃ ≡ η0 − η, (61)

±μÉμ·μ¥ ¶·μ²¥É ¥É ËμÉμ´, ¨ ±μ´Ëμ·³´Ò³ ¢·¥³¥´¥³ É ±μ£μ ¶·μ²¥É  η0 − η,
£¤¥ η0 Å ¸μ¢·¥³¥´´μ¥ §´ Î¥´¨¥ ±μ´Ëμ·³´μ£μ ¢·¥³¥´¨ (É. ¥. ¢·¥³e´¨ ·¥£¨-
¸É· Í¨¨ ËμÉμ´  §¥³´Ò³ ´ ¡²Õ¤ É¥²¥³), ¶·¨ ±μÉμ·μ³ ¶·¨´ÖÉμ a(η0) = 1;
η Å ¢·¥³Ö ¨§²ÊÎ¥´¨Ö ËμÉμ´   Éμ³μ³ ´  ±μ¸³¨Î¥¸±μ³ μ¡Ñ¥±É¥, ´ Ìμ¤ÖÐ¥³¸Ö
´  ±μμ·¤¨´ É´μ³ · ¸¸ÉμÖ´¨¨ r μÉ ‡¥³²¨. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ η · ¢´μ · §-
´μ¸É¨ ¸μ¢·¥³¥´´μ£μ ±μ´Ëμ·³´μ£μ ¢·¥³¥´¨ η0 ¨ ¢·¥³¥´¨ ¶·μ²¥É  ËμÉμ´  ¤μ
‡¥³²¨, ¸μ¢¶ ¤ ÕÐ¥£μ ¸ ±μμ·¤¨´ É´Ò³ · ¸¸ÉμÖ´¨¥³. ˆ§ (61) ¨³¥¥³

η = η0 − r. (62)

‚ ´ ¡²Õ¤ É¥²Ó´μ° ±μ¸³μ²μ£¨¨ [38] ¶²μÉ´μ¸ÉÓ (58) ¢Ò· ¦ ¥É¸Ö ¢ É¥·³¨-
´ Ì ¸μ¢·¥³¥´´μ£μ §´ Î¥´¨Ö ±·¨É¨Î¥¸±μ° ¶²μÉ´μ¸É¨ ρcr = ϕ′2 ≡ ϕ2(ϕ′/ϕ)2 =
ϕ2

0H
2
0 :

ρ0(a) = ρcrΩ(a), Ω(a) = Ωrigida
−2 + Ωrad + ΩMa + ΩΛa4 (63)

¨ μÉ´μ¸¨É¥²Ó´ÒÌ ¶²μÉ´μ¸É¥° Ωrigid, Ωrad, ΩM , ΩΛ, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Ê¸²μ¢¨Õ
Ωrigid + Ωrad + ΩM + ΩΛ = 1.

Š² ¸¸¨Î¥¸± Ö ±μ¸³μ²μ£¨Ö μ¶¨¸Ò¢ ¥É § ¢¨¸¨³μ¸ÉÓ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö
¸¶¥±É·   Éμ³μ¢ E(η) ´  ±μ¸³¨Î¥¸±¨Ì μ¡Ñ¥±É Ì μÉ´μ¸¨É¥²Ó´μ ¸¶¥±É·   Éμ-
³μ¢ E(η0) ´  ‡¥³²¥, μ¶·¥¤¥²Ö¥³μ£μ ³ ¸ÏÉ ¡´Ò³ Ë ±Éμ·μ³

E(η)
E(η0)

= a(η) = (1 + z)−1, (64)

μÉ ±μμ·¤¨´ É´μ£μ · ¸¸ÉμÖ´¨Ö ¤μ ÔÉμ£μ μ¡Ñ¥±É , ±μÉμ·μ¥ § ¤ ¥É¸Ö ±μ´Ëμ·³´Ò³
¢·¥³¥´¥³ (62).

“Î¨ÉÒ¢ Ö ÔÉ¨ ¸μμÉ´μÏ¥´¨Ö, Ê· ¢´¥´¨¥ Ô¢μ²ÕÍ¨¨ ³ ¸ÏÉ ¡  (57) ´  £¥μ-
¤¥§¨Î¥¸±μ° ¸¢¥Éμ¢μ£μ ²ÊÎ  dr/dη = −1 ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨ a = 1/(1 + z) ¨
η = η0 − r ³μ¦¥³ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

1
H0

dz

dr
= (1+z)2

√
ρcr [Ωrigid(1+z)2+Ωrad+ΩM (1+z)−1+ΩΛ(1+z)−4],

£¤¥ H0 =
√

ρcr/ϕ0. �¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö (±μÉμ·μ¥ ¸μ¢¶ ¤ ¥É ¸ ·¥Ï¥-
´¨¥³ (54))

H0r(z) =

1+z∫
1

dx√
Ωrigidx6 + Ωradx4 + ΩMx3 + ΩΛ

(65)
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μ¶·¥¤¥²Ö¥É ±μμ·¤¨´ É´μ¥ · ¸¸ÉμÖ´¨¥ ± ± ËÊ´±Í¨Õ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö z, ¨§
±μÉμ·μ£μ ¸²¥¤ÊÕÉ Ëμ·³Ê²Ò (59) ¤²Ö ± ¦¤μ£μ ¸μ¸ÉμÖ´¨Ö. ”μ·³Ê²  (65) Ö¢²Ö-
¥É¸Ö μ¸´μ¢μ° ´ ¡²Õ¤ É¥²Ó´μ° ±μ¸³μ²μ£¨¨ (¸³., ´ ¶·¨³¥·, [38]), ¥¥ ¨¸¶μ²Ó-
§ÊÕÉ ¤²Ö μ¶·¥¤¥²¥´¨Ö Ê· ¢´¥´¨Ö ¸μ¸ÉμÖ´¨Ö ³ É¥·¨¨ ¢μ B¸¥²¥´´μ° ¶μ ¤ ´´Ò³
 ¸É·μË¨§¨Î¥¸±¨Ì ¨§³¥·¥´¨° ±· ¸´μ£μ ¸³¥Ð¥´¨Ö ¢ ¶·¥¤¶μ²μ¦¥´¨¨ ¶²μ¸±μ£μ
¶·μ¸É· ´¸É¢ . � ¸ ¨´É¥·¥¸ÊÕÉ ¸²¥¤¸É¢¨Ö ±¢ ´Éμ¢ ´¨Ö ¤²Ö § ±μ´  • ¡¡²  (54)
¢ ¢¥·¸¨¨ ´ ¡²Õ¤ É¥²Ó´μ° ±μ¸³μ²μ£¨¨ (65), ±μÉμ·Ò¥ ¶·μ¨¸Ìμ¤ÖÉ ¨§ £ ³¨²ÓÉμ-
´μ¢μ° ·¥¤Ê±Í¨¨ ¤¥°¸É¢¨Ö ¨ ±μ¸³μ²μ£¨Î¥¸±μ£μ ¨´É¥·¢ ²  ¢·¥³¥´¨.

2.5. Š¢ ´Éμ¢ Ö ±μ¸³μ²μ£¨Ö ± ± ±¢ ´Éμ¢ ´¨¥ ¸¢Ö§¨. 2.5.1. �¥·¢¨Î´μ¥
±¢ ´Éμ¢ ´¨¥. �¥·¢¨Î´μ¥ ±¢ ´Éμ¢ ´¨¥ ±μ¸³μ²μ£¨Î¥¸±μ£μ ³ ¸ÏÉ ¡´μ£μ Ë ±-
Éμ·  ϕ

i[Pϕ, ϕ] = 1 (66)

¶·¥¤¶μ² £ ¥É, ÎÉμ Ô´¥·£¥É¨Î¥¸± Ö ¸¢Ö§Ó (50) É· ´¸Ëμ·³¨·Ê¥É¸Ö ¢ Ê· ¢´¥´¨¥
“¨²¥· Ä„¥‚¨ÉÉ  (“„‚) (56) ¤²Ö ¢¸¥²¥´´μ°, ¤¢¨¦ÊÐ¥°¸Ö ¢ ¶·μ¸É· ´¸É¢¥ ¸μ-
¡ÒÉ¨° [ϕ]:

∂2
ϕΨ + E2(ϕ)Ψ = 0. (67)

“· ¢´¥´¨¥ “„‚ ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ ¶ÊÉ¥³ ¢ ·Ó¨·μ¢ ´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ É¨¶  ¶μ²Ö Š²¥°´ Äƒμ·¤μ´ :

SU =
1
2

∫
dϕ
[
(∂ϕΨ)2 − E2(ϕ)Ψ2

]
≡
∫

dϕLU . (68)

’ ±μ° ¶μ¤Ìμ¤ ³μ¦´μ ¡Ò²μ ¡Ò ´ §¢ ÉÓ É¥μ·¨¥° ¶μ²Ö ¤²Ö ¢¸¥²¥´´ÒÌ.
�É·¨Í É¥²Ó´ Ö Ô´¥·£¨Ö ¢ ·¥Ï¥´¨ÖÌ (52) μ§´ Î ¥É, ÎÉμ · ¸¸³ É·¨¢ ¥³ Ö

·¥²ÖÉ¨¢¨¸É¸± Ö ¸¨¸É¥³  ´¥ ¨³¥¥É ³¨´¨³ ²Ó´μ° Ô´¥·£¨¨, ¨ ²Õ¡μ¥ ¸±μ²Ó Ê£μ¤´μ
³ ²μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸¤¥² ¥É ÔÉÊ ¸¨¸É¥³Ê ´¥¸É ¡¨²Ó´μ°. ‘¨¸É¥³  ³μ¦¥É ¡ÒÉÓ
¸É ¡¨²Ó´μ° ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö, ¢μ§´¨± ÕÐ¥° ¢ ·¥§Ê²ÓÉ É¥ ¢Éμ·¨Î´μ£μ
±¢ ´Éμ¢ ´¨Ö “„‚-¶μ²Ö Ψ, ¥¸²¨ ¤μ¶μ²´¨É¥²Ó´μ ¶μ¸ÉÊ²¨·Ê¥É¸Ö ¸ÊÐ¥¸É¢μ¢ ´¨¥
¢ ±ÊÊ³  ± ± ¸μ¸ÉμÖ´¨Ö ¸ ´ ¨³¥´ÓÏ¥° Ô´¥·£¨¥°. Š ± ¡Ò²μ ¶μ± § ´μ ¢ÒÏ¥
´  ¶·¨³¥·¥ ¢Éμ·¨Î´μ£μ ±¢ ´Éμ¢ ´¨Ö Î ¸É¨ÍÒ, É ±μ° ¢ ±ÊÊ³ ¢μ§´¨± ¥É, ¥¸²¨
·μ¦¤¥´¨¥ ¢¸¥²¥´´μ° ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° É· ±Éμ¢ ÉÓ ± ± Ê´¨ÎÉμ¦¥´¨¥
¢¸¥²¥´´μ° ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥°.

2.5.2. ‚Éμ·¨Î´μ¥ ±¢ ´Éμ¢ ´¨¥. ‚¢μ¤Ö ± ´μ´¨Î¥¸±¨¥ ¨³¶Ê²Ó¸Ò PΨ =
∂LU/∂(∂ϕΨ), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ £ ³¨²ÓÉμ´μ¢Ê Ëμ·³Ê ¤¥°¸É¢¨Ö ÔÉμ° É¥μ·¨¨

SU =
∫

dϕ {PΨ∂ϕΨ − HU} , (69)

£¤¥

HU =
1
2
[
P 2

Ψ + E2(ϕ)Ψ2
]

(70)

¥¸ÉÓ £ ³¨²ÓÉμ´¨ ´. �¶·¥¤¥²¥´¨¥ Ô´¥·£¨¨ E(ϕ) ¤²Ö μ¤´μ° μÉ¤¥²Ó´μ° ¢¸¥-
²¥´´μ° ¤ ¥É ´ ³ ¢μ§³μ¦´μ¸ÉÓ ¶·¥¤¸É ¢¨ÉÓ £ ³¨²ÓÉμ´¨ ´ HU ¢ ¸É ´¤ ·É´μ°
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Ëμ·³¥ ¶·μ¨§¢¥¤¥´¨Ö Ô´¥·£¨¨ E(ϕ) ¨ Î¨¸²  Î ¸É¨Í¥¶μ¤μ¡´ÒÌ ¢μ§¡Ê¦¤¥´¨°
¶μ²Ö “¨²¥· Ä„¥‚¨ÉÉ , μÉμ¦¤¥¸É¢²Ö¥³μ£μ ¸ Î¨¸²μ³ ·μ¦¤¥´´ÒÌ ¢¸¥²¥´´ÒÌ

N̂U = A+A−, (71)

HU =
1
2
E(ϕ)

[
A+A− + A−A+

]
= E(ϕ)

[
NU − 1

2

]
(72)

¶ÊÉ¥³ ¶¥·¥Ìμ¤  ± £μ²μ³μ·Ë´Ò³ ¶¥·¥³¥´´Ò³ [43]

Ψ =
1√

2E(ϕ)
{A+ + A−}, PΨ = i

√
E(ϕ)

2
{A+ − A−}, (73)

£¤¥ A+, A− Å μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¢¸¥²¥´´μ° ¸μμÉ¢¥É-
¸É¢¥´´μ. „²Ö Ê¸É· ´¥´¨Ö μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¨ ´Ê¦´μ ¡Ò²μ ¡Ò ¶μ¸ÉÊ²¨·μ-
¢ ÉÓ, ÎÉμ A− Ö¢²Ö¥É¸Ö μ¶¥· Éμ·μ³  ´´¨£¨²ÖÍ¨¨ ¢¸¥²¥´´μ° ¸ ¶μ²μ¦¨É¥²Ó´μ°
Ô´¥·£¨¥°; ÔÉμ ¶·¥¤¶μ² £ ¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¢ ±ÊÊ³´μ£μ ¸μ¸ÉμÖ´¨Ö ± ± ¸μ¸ÉμÖ-
´¨Ö ¸ ³¨´¨³ ²Ó´μ° Ô´¥·£¨¥°:

A−|0〉A = 0. (74)

�¤´ ±μ Î¨¸²μ ¢¸¥²¥´´Òx NU = A+A− ´¥ ¸μÌ· ´Ö¥É¸Ö, ¶μ¸±μ²Ó±Ê Ô´¥·£¨Ö
E(ϕ) § ¢¨¸¨É μÉ ϕ. ˆ³¥´´μ ÔÉ  § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ E(ϕ) μÉ ϕ ¢¥¤¥É ± ¤μ-
¶μ²´¨É¥²Ó´μ³Ê ¸² £ ¥³μ³Ê ¢ ¤¥°¸É¢¨¨, § ¶¨¸ ´´μ³ ¢ É¥·³¨´ Ì £μ²μ³μ·Ë´ÒÌ
¶¥·¥³¥´´ÒÌ ¢ ËÊ´±Í¨μ´ ²Ó´μ³ ¶·μ¸É· ´¸É¢¥:

PΨ∂ϕΨ =
[

i

2
(A+

q ∂ϕA− − A+∂ϕA−) − i

2
(A+A+ − A−A−)�(ϕ)

]
, (75)

£¤¥

�(ϕ) =
∂ϕE(ϕ)
2E(ϕ)

. (76)

�μ¸²¥¤´¨° Î²¥´ ¢ ¢Ò· ¦¥´¨¨ (75) μ¶¨¸Ò¢ ¥É ±μ¸³μ²μ£¨Î¥¸±μ¥ ·μ¦¤¥´¨¥ ¢¸¥-
²¥´´ÒÌ ¨§ ¢ ±ÊÊ³ , ¥¸²¨ ∂ϕE(ϕ) 	= 0.

2.5.3. �·¥μ¡· §μ¢ ´¨¥ 	μ£μ²Õ¡μ¢  ¨ ·μ¦¤¥´¨¥ ‚¸¥²¥´´μ°. —Éμ¡Ò μ¶·¥-
¤¥²¨ÉÓ ¢ ±ÊÊ³ ¨ ´ ¡μ· ¸μÌ· ´ÖÕÐ¨Ì¸Ö Î¨¸¥², ´ §Ò¢ ¥³ÒÌ ¨´É¥£· ² ³¨ ¤¢¨-
¦¥´¨Ö, ³Ò ³μ¦¥³ ¨¸¶μ²Ó§μ¢ ÉÓ (¶μ¤μ¡´μ ¸²ÊÎ Õ ±μ¸³μ²μ£¨Î¥¸±μ£μ ·μ¦¤¥´¨Ö
Î ¸É¨Í [43]) ¶·¥μ¡· §μ¢ ´¨Ö 	μ£μ²Õ¡μ¢  [44] ¶¥·¥³¥´´ÒÌ (A+, A−):

A+ = αB++β∗B−, A− = α∗B−+βB+ (|α|2 − |β|2 = 1), (77)

ÎÉμ¡Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ê· ¢´¥´¨Ö, ¢Ò· ¦¥´´Ò¥ ¢ É¥·³¨´ Ì ¢¸¥²¥´´ÒÌ
(A+, A−):

(i∂ϕ + E)A+ = iA−�(ϕ), (i∂ϕ − E)A− = iA+�(ϕ), (78)
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¶·¨´Ö²¨ ¤¨ £μ´ ²Ó´ÊÕ Ëμ·³Ê ¢ É¥·³¨´ Ì ±¢ §¨¢¸¥²¥´´ÒÌ B+, B−:

(i∂ϕ + EB)B+ = 0, (i∂ϕ − EB)B− = 0. (79)

�Éμ μ§´ Î ¥É, ÎÉμ ±μÔËË¨Í¨¥´ÉÒ ¶·¥μ¡· §μ¢ ´¨Ö 	μ£μ²Õ¡μ¢  Ê¤μ¢²¥É¢μ·ÖÕÉ
Ê· ¢´¥´¨Ö³ 	μ£μ²Õ¡μ¢ 

(i∂ϕ + E)α = iβ�(ϕ), (i∂ϕ − E)β∗ = iα∗�(ϕ). (80)

…¸²¨ § ¶¨¸ ÉÓ ±μÔËË¨Í¨¥´ÉÒ ¶·¥μ¡· §μ¢ ´¨Ö 	μ£μ²Õ¡μ¢  ¢ ¢¨¤¥

α = eiθ(ϕ)ch r(ϕ), β∗ = eiθ(ϕ)sh r(ϕ), (81)

£¤¥ ¢¥²¨Î¨´Ò r, θ ´ §Ò¢ ÕÉ¸Ö ¶ · ³¥É· ³¨ ¸¤¢¨£  ¨ ¢· Ð¥´¨Ö ¸μμÉ¢¥É¸É¢¥´´μ,
Éμ ÔÉ¨ Ê· ¢´¥´¨Ö ¶·¨´¨³ ÕÉ Ëμ·³Ê

(i∂ϕθ − E(ϕ)) sh 2r = −�(ϕ) ch 2r · sin 2θ, ∂ϕr = �(ϕ) cos 2θ, (82)

¢ Éμ ¢·¥³Ö ± ± Ô´¥·£¨Ö ±¢ §¨¢¸¥²¥´´ÒÌ ¢ Ê· ¢´¥´¨ÖÌ (79) μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· -
¦¥´¨¥³

EB(ϕ) =
E(ϕ) − ∂ϕθ

ch 2r
. (83)

‚ ¸¨²Ê Ê· ¢´¥´¨° (79) Î¨¸²μ ±¢ §¨¢¸¥²¥´´ÒÌ NB = (B+B−) ¸μÌ· ´Ö¥É¸Ö:

dNB

dϕ
≡ d(B+B−)

dϕ
= 0. (84)

‘²¥¤μ¢ É¥²Ó´μ, ³Ò ¶μ²ÊÎ ¥³ μ¶·¥¤¥²¥´¨¥ ¢ ±ÊÊ³  ± ± ¸μ¸ÉμÖ´¨Ö ±¢ §¨¢¸¥-
²¥´´ÒÌ ¢ ¢¨¤¥

B−|0〉U = 0. (85)

—¨¸²μ ·μ¦¤¥´´ÒÌ ¢¸¥²¥´´ÒÌ ¨§ ÔÉμ£μ ¡μ£μ²Õ¡μ¢¸±μ£μ ¢ ±ÊÊ³  ³μ¦´μ ´ °É¨,
¢ÒÎ¨¸²¨¢ ¸·¥¤´¥¥ μÉ μ¶¥· Éμ·  Î¨¸²  ¢¸¥²¥´´ÒÌ (71) ¶μ ¡μ£μ²Õ¡μ¢¸±μ³Ê
¢ ±ÊÊ³Ê. Œμ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ÔÉμ Î¨¸²μ ¶·μ¶μ·Í¨μ´ ²Ó´μ ±¢ ¤· ÉÊ ±μÔËË¨-
Í¨¥´É  	μ£μ²Õ¡μ¢ , ¤ ´´μ£μ ¢ Ê· ¢´¥´¨¨ (77):

NU (ϕ) = U〈0|A+A−|0〉U ≡ |β|2. (86)

�ÉÊ ¢¥²¨Î¨´Ê ³μ¦´μ ´ §¢ ÉÓ Î¨¸²μ³ ¢¸¥²¥´´ÒÌ NU (ϕ), ¢ Éμ ¢·¥³Ö ± ± ¢¥²¨-
Î¨´Ê

RU (ϕ) =
(

i

2

)
U〈0[A+A+−A−A−]|0〉U = i(α∗β∗−αβ) = −sh 2r·sin 2θ (87)

¡μ£μ²Õ¡μ¢¸±¨³ ±μ´¤¥´¸ Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ.
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“· ¢´¥´¨Ö 	μ£μ²Õ¡μ¢ , ¢Ò· ¦¥´´Òe Î¥·¥§ ¢¥²¨Î¨´Ò Î¨¸²  ¢¸¥²¥´´ÒÌ
NU (ϕ) ¨ ¡μ£μ²Õ¡μ¢¸±μ£μ ±μ´¤¥´¸ É  RU (ϕ), ¶·¨´¨³ ÕÉ ¢¨¤⎧⎪⎪⎨⎪⎪⎩

dNU

dϕ
= �(ϕ)

√
4NU (NU + 1) − R2

U ,

dRU

dϕ
= −2E(ϕ)

√
4NU(NU + 1) − R2

U

(88)

¸ ´ Î ²Ó´Ò³¨ ¤ ´´Ò³¨ NU (ϕ = ϕI) = RU (ϕ = ϕI) = 0.
”Ê´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¢¸¥²¥´´ÒÌ (86) NU ¢ ³μ¤¥²¨ ¦¥¸É±μ£μ Ê· ¢´¥-

´¨Ö ¸μ¸ÉμÖ´¨Ö, £¤¥ Ô´¥·£¨Ö ¸μ¡ÒÉ¨° ¶·¨´¨³ ¥É ¢¨¤ E(ϕ) = Q/ϕ, ³μ¦´μ
´ °É¨ Ö¢´μ, ¶μ¸±μ²Ó±Ê Ê· ¢´¥´¨Ö (88) ¨³¥ÕÉ ÉμÎ´μe  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥.
”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¨³¥¥É ¢¨¤

NU =
1

4Q
RU =

1
4Q2 − 1

sin2

[√
Q2 − 1

4
ln

ϕ

ϕI

]
	= 0, (89)

£¤¥ ϕ = ϕI

√
1 + 2HIη ¨ ϕI , HI = ϕ′

I/ϕI = Q/(2V0ϕ
2
I) Å ´ Î ²Ó´Ò¥ ¤ ´´Ò¥.

2.5.4. Š¢ ´Éμ¢ Ö  ´μ³ ²¨Ö ±μ´Ëμ·³´μ£μ ¢·¥³¥´¨. �μ¸ÉÊ² É μ ¸ÊÐ¥¸É¢μ-
¢ ´¨¨ ¢ ±ÊÊ³  μ£· ´¨Î¨¢ ¥É ¤¢¨¦¥´¨¥ ¢¸¥²¥´´μ° ¢ ¶μ²¥¢μ³ ¶·μ¸É· ´¸É¢¥ ¸μ-
¡ÒÉ¨° ¨ ¶μ¤· §Ê³¥¢ ¥É, ÎÉμ ¤²Ö ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¨ ¸μ¡ÒÉ¨° Pϕ � 0
¢¸¥²¥´´ Ö ¤¢¨¦¥É¸Ö ¢¶¥·¥¤, ϕ > ϕI ,   ¤²Ö μÉ·¨Í É¥²Ó´μ° Pϕ � 0 ¤¢¨¦¥É¸Ö
´ § ¤, ϕ < ϕI , £¤¥ ϕI ¥¸ÉÓ ´ Î ²Ó´Ò¥ ¤ ´´Ò¥. ‚ ±¢ ´Éμ¢μ° É¥μ·¨¨ ϕI · ¸¸³ -
É·¨¢ ¥É¸Ö ± ± ÉμÎ±  ·μ¦¤¥´¨Ö ¢¸¥²¥´´μ° ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥° Pϕ � 0,
¨²¨ ± ± ÉμÎ±   ´´¨£¨²ÖÍ¨¨  ´É¨¢¸¥²¥´´μ° ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥°, ±μ£¤ 
Ô´¥·£¨Ö ¸μ¡ÒÉ¨° Ê³¥´ÓÏ ¥É¸Ö (Pϕ � 0). ŒÒ ³μ¦¥³ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ÉμÎ± 
¸¨´£Ê²Ö·´μ¸É¨ ϕ = 0 ¶·¨´ ¤²¥¦¨É  ´É¨¢¸¥²¥´´μ°: Pϕ < 0. ‚¸¥²¥´´ Ö ¸ ¶μ-
²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥° ¸μ¡ÒÉ¨° ´¥ ¸μ¤¥·¦¨É ±μ¸³μ²μ£¨Î¥¸±μ° ¸¨´£Ê²Ö·´μ¸É¨
ϕ = 0.

�¥Ï¥´¨¥ (54) ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶μ¸ÉÊ² Éμ³ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³ 
¨³¥¥É ¢¨¤

η(ϕI , ϕ0) =

= θ(Pϕ)

ϕ0∫
ϕI

dϕ√
ρ0(ϕ)

θ(ϕ0 − ϕI) + θ(−Pϕ)

ϕI∫
ϕ0

dϕ√
ρ0(ϕ)

θ(ϕI − ϕ0) � 0. (90)

ŒÒ ¢¨¤¨³, ÎÉμ ¢ ±ÊÊ³´Ò° ¶μ¸ÉÊ² É ¢¥¤¥É ± ¶μ²μ¦¨É¥²Ó´μ³Ê §´ Î¥´¨Õ ±μ´-
Ëμ·³´μ£μ ¢·¥³¥´¨ (90) ± ± ¤²Ö ¢¸¥²¥´´μ°, Pϕ > 0, ϕ > ϕI , É ± ¨ ¤²Ö  ´É¨-
¢¸¥²¥´´μ°, Pϕ < 0, ϕI < ϕ, É. ¥. ¢¥¤¥É ± ¸É·¥²¥ ±μ´Ëμ·³´μ£μ ¢·¥³¥´¨ (90)
η > 0.
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2.6. �·¥μ¡· §μ¢ ´¨Ö ‹¥¢¨Ä—¨¢¨É  ¨ ¸É ÉÊ¸ § ±μ´  • ¡¡² . Œμ¦´μ ¢¢¥-
¸É¨ ±μ´Ëμ·³´μ¥ ¢·¥³Ö η ¢ ± Î¥¸É¢¥ ´μ¢μ° ¶μ²¥¢μ° ¶¥·¥³¥´´μ°,   ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨° ¨³¶Ê²Ó¸ Π Å ¢ ± Î¥¸É¢¥ ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨ £¥μ³¥É·¨Î¥¸±μ£μ
¶·μ¸É· ´¸É¢  ¸μ¡ÒÉ¨°, ¥¸²¨ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ± ´μ´¨Î¥¸±¨³¨ ¶·¥μ¡· §μ¢ ´¨-
Ö³¨ ‹¥¢¨Ä—¨¢¨É  [27, 45]: (Pϕ|ϕ) → (Π|η) ¤²Ö ¶·¥¢· Ð¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ°
¸¢Ö§¨ (50) ¢ ´μ¢Ò° ± ´μ´¨Î¥¸±¨° ¨³¶Ê²Ó¸ Π. � ¸¸³μÉ·¨³ ÔÉμ ¶·¥μ¡· §μ-
¢ ´¨¥, ¨¸¶μ²Ó§ÊÖ ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¸²ÊÎ ° ¢¸¥²¥´´μ°, § ¶μ²´¥´´μ° ËμÉμ-
´ ³¨, ±μ£¤  ρ0(ϕ) = const. ‚ ÔÉμ³ ¸²ÊÎ ¥ ÔÉμ ¶·¥μ¡· §μ¢ ´¨¥ ¶·¨´¨³ ¥É ¢¨¤
Pϕ = ±2

√
ΠV0, ϕ = ±(1/2)

√
Π/V0η.

„¥°¸É¢¨¥ (47) ¸É ´μ¢¨É¸Ö Sc =
∫

dx0 [−Π∂0η + N0 (Π − ρ0V0)] . � §·¥-
Ï¥´¨¥ Ê· ¢´¥´¨Ö ¸¢Ö§¨ Π − V0ρ0 = 0 μ§´ Î ¥É, ÎÉμ ±μ´Ëμ·³´μ³Ê ¢·¥³¥´¨
¸μμÉ¢¥É¸É¢Ê¥É ´¥´Ê²¥¢ Ö Ô´¥·£¨Ö Π = V0ρ0.

�¥¤ÊÍ¨·μ¢ ´´μ¥ ¤¥°¸É¢¨¥ ¶·¨´¨³ ¥É ¢¨¤ S = −V0

η0∫
0

dηρ0 = −V0ρ0η0.

‚ ±¢ ´Éμ¢μ° É¥μ·¨¨, £¤¥ £¥μ³¥É·¨Î¥¸± Ö Ô´¥·£¨Ö Π § ³¥´Ö¥É¸Ö μ¶¥· Éμ·μ³
Π̂ = id/dη, £¥μ³¥É·¨Î¥¸± Ö Ô¢μ²ÕÍ¨Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¨§
±¢ ´Éμ¢μ° ¢¥·¸¨¨ Ê· ¢´¥´¨Ö ¸¢Ö§¨ [Π̂ − V0ρ0]ψgeom(η) = 0, ·¥Ï¥´¨¥³ ±μÉμ-
·μ£μ Ö¢²Ö¥É¸Ö ËÊ´±Í¨Ö

ψgeom(η) = e−iV0ρ η θ(η). (91)

• ¡¡²μ¢¸± Ö Ô¢μ²ÕÍ¨Ö ϕ = ϕ(η) ³μ¦¥É ¡ÒÉÓ · ¸¸³μÉ·¥´  ± ± ·¥²ÖÉ¨¢¨¸É-
¸±¨° ÔËË¥±É μÉ´μÏ¥´¨Ö ³¥¦¤Ê ¤¢Ê³Ö ¤μ¶μ²´¨É¥²Ó´Ò³¨ μ¶¨¸ ´¨Ö³¨ ·¥²ÖÉ¨-
¢¨¸É¸±μ° ¢¸¥²¥´´μ° ¸ ¶μ³μÐÓÕ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°: ¶μ²¥¢μ° exp [−iPϕϕ] ¨
£¥μ³¥É·¨Î¥¸±μ° (91).

2.7. ˆÉμ£¨ ±¢ ´Éμ¢ ´¨Ö. ’ ±¨³ μ¡· §μ³, ¥¤¨´ Ö £¥μ³¥É·μ¤¨´ ³¨Î¥¸± Ö
Ëμ·³Ê²¨·μ¢±  μ¡¥¨Ì É¥μ·¨° (‘’� ¨ �’�) ¸ μ¤´¨³ ¨ É¥³ ¦¥ ¢ ·¨ Í¨μ´´Ò³
¶·¨´Í¨¶μ³ ƒ¨²Ó¡¥·É  [15] ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ±¢ ´Éμ¢ ´¨Ö ±μ¸³μ²μ£¨Î¥¸±¨Ì
³μ¤¥²¥° ¶μ  ´ ²μ£¨¨ ¸ ¶¥·¢¨Î´Ò³ ¨ ¢Éμ·¨Î´Ò³ ±¢ ´Éμ¢ ´¨¥³ ·¥²ÖÉ¨¢¨¸É¸±μ°
Î ¸É¨ÍÒ, ´  ±μÉμ·μ³ μ¸´μ¢ ´  ¢¸Ö ¸μ¢·¥³¥´´ Ö ±¢ ´Éμ¢ Ö É¥μ·¨Ö ¶μ²Ö [18],
¶μ¤É¢¥·¦¤ ¥³ Ö μ£·μ³´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ³ É¥·¨ ²μ³ ¶μ Ë¨§¨±¥ ¢Ò¸μ-
±¨Ì Ô´¥·£¨°. ‚¶¥·¢Ò¥ ¶μ¤μ¡´ Ö ¨¤¥Ö ±¢ ´Éμ¢ ´¨Ö ´  Ê·μ¢´¥ �’� ¶μ  ´ ²μ£¨¨
¸ ±¢ ´Éμ¢ ´¨¥³ ‘’� ¡Ò²  ¸Ëμ·³Ê²¨·μ¢ ´  ¢ · ¡μÉ Ì “¨²¥·  ¨ „¥‚¨ÉÉ  [40],
£¤¥ μ´¨ μÉμ¦¤¥¸É¢¨²¨ ¢ ±μ¸³μ²μ£¨¨ ¢·¥³Ö ± ± ¶¥·¥³¥´´ÊÕ ¸ ±μ¸³μ²μ£¨Î¥¸±¨³
³ ¸ÏÉ ¡´Ò³ Ë ±Éμ·μ³ ¨ ¢¢¥²¨ ¢ �’� ¶μ´ÖÉ¨¥ ¶μ²¥¢μ£μ ¶·μ¸É· ´¸É¢  ¸μ¡Ò-
É¨°, ¢ ±μÉμ·μ³ ¤¢¨¦¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ¢¸¥²¥´´ Ö, ¶μ  ´ ²μ£¨¨ ¸ ¶μ´ÖÉ¨¥³
¶·μ¸É· ´¸É¢  ¸μ¡ÒÉ¨° Œ¨´±μ¢¸±μ£μ, £¤¥ ¤¢¨¦¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸± Ö Î ¸É¨Í .
�¤´ ±μ Ëμ·³Ê²¨·μ¢±  “¨²¥·  ¨ „¥‚¨ÉÉ  [40] É¥·Ö¥É ¢·¥³Ö ± ± £¥μ³¥É·¨Î¥-
¸±¨° ¨´É¥·¢ ² ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¥£μ § ¢¨¸¨³μ¸ÉÓ μÉ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ· ,
±μÉμ· Ö ¨´É¥·¶·¥É¨·Ê¥É¸Ö ¢ ±² ¸¸¨Î¥¸±μ° ±μ¸³μ²μ£¨¨ ”·¨¤³ ´  ± ± § ±μ´
• ¡¡² . ‚ ·¥§Ê²ÓÉ É¥, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥, ¢ ±² ¸¸¨Î¥¸±μ° ±μ¸³μ²μ-
£¨¨ [38] ´¥ §´ ÕÉ ± ± ±¢ ´Éμ¢ ÉÓ,   ¢ ±¢ ´Éμ¢μ° [40Ä42] Å ± ± μ¶¨¸Ò¢ ÉÓ
§ ±μ´ • ¡¡² .
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‚ ´ ¸ÉμÖÐ¥³ · §¤¥²¥, ÎÉμ¡Ò ¢μ¸¸É ´μ¢¨ÉÓ ¸¢Ö§Ó ´ ¡²Õ¤ É¥²Ó´μ° ±μ¸³μ²μ-
£¨¨ (É. ¥. § ±μ´  • ¡¡² ) ¸ ¶¥·¢¨Î´Ò³ ¨ ¢Éμ·¨Î´Ò³ ±¢ ´Éμ¢ ´¨¥³ ‚¸¥²¥´´μ°
¨ ¢ÒÎ¨¸²¨ÉÓ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ·μ¦¤¥´´ÒÌ ¢¸¥²¥´´ÒÌ, ³Ò ¶·¨³¥´¨²¨
¨´¢ ·¨ ´É´ÊÕ ·¥¤Ê±Í¨Õ [45] ±μ¸³μ²μ£¨¨ “¨²¥· Ä„¥‚¨ÉÉ . ’ ± Ö ·¥¤Ê±Í¨Ö
¤ ¥É ´ ³ ¢μ§³μ¦´μ¸ÉÓ ·¥Ï¨ÉÓ ¶·μ¡²¥³Ò ¸É ÉÊ¸  Ì ¡¡²μ¢¸±μ° Ô¢μ²ÕÍ¨¨, ·μ-
¦¤¥´¨Ö ‚¸¥²¥´´μ° ¨§ ¢ ±ÊÊ³ , ¸É·¥²Ò ¢·¥³¥´¨, ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¨ Ê¸É· ´¥-
´¨Ö ±μ¸³μ²μ£¨Î¥¸±μ° ¸¨´£Ê²Ö·´μ¸É¨ ¨§ É·¥¡μ¢ ´¨Ö ¤¨ £μ´ ²¨§ Í¨¨ £ ³¨²Ó-
Éμ´¨ ´  ¨ ¸É ¡¨²Ó´μ¸É¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ‚¸¥²¥´´μ°, É. ¥. ´  Éμ³ Ê·μ¢´¥
Ë¨§¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö ³¨· , ±μÉμ·Ò° ¢ Ë¨§¨±¥ Î ¸É¨Í ´ §Ò¢ ¥É¸Ö ±¢ ´Éμ-
¢μ° É¥μ·¨¥° ¶μ²Ö. ‚ ¤ ²Ó´¥°Ï¥³ ³Ò · ¸¸³μÉ·¨³  ´ ²μ£¨Î´ÊÕ ¨´¢ ·¨ ´É´ÊÕ
·¥¤Ê±Í¨Õ ¢ �’� ¤²Ö μ¶·¥¤¥²¥´¨Ö Ë¨§¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ, ±¢ ´Éμ¢ ´¨Ö
£· ¢¨É Í¨¨ ¨ ¶μ¸É·μ¥´¨Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°.

3. ‘ˆ‘’…Œ� �’‘—…’� �’� ‚ Œ…’�ˆ—…‘Š�Œ ”��Œ�‹ˆ‡Œ…

3.1. „¨´ ³¨±  ¨ £¥μ³¥É·¨Ö �’�. ˆ§²μ¦¨³ ¢´ Î ²¥ μ¡ÐÊÕ ¸Ì¥³Ê ¤¨Ë-
Ë¥μ-¨´¢ ·¨ ´É´μ° Ëμ·³Ê²¨·μ¢±¨ �’� ¢ ³¥É·¨Î¥¸±μ³ Ëμ·³ ²¨§³¥, £¤¥ �’�
§ ¤ ´  ¤¥°¸É¢¨¥³ ƒ¨²Ó¡¥·É  ¸ ±μ´±·¥É´Ò³ ² £· ´¦¨ ´μ³ ³ É¥·¨¨ (μ¤¨´ ¨§
¶·¨³¥·μ¢ ¡Ê¤¥É · ¸¸³μÉ·¥´ ´¨¦¥ ¢ · §¤. 4)

S[ϕ0|F ] =
∫

d4x
√
−g

[
−ϕ2

0

6
R(g) + Lmatter(ϕ0|g, f)

]
, (92)

§ ¢¨¸ÖÐ¨³ μÉ ¶μ²¥° F = (g, f), ¨ £¥μ³¥É·¨Î¥¸±¨³ ¨´É¥·¢ ²μ³

ds2 = gμνdxμdxν ; (93)

§¤¥¸Ó ±μ´¸É ´É  �ÓÕÉμ´ 

ϕ2
0 =

3
8π

M2
Pl

μ¶·¥¤¥²Ö¥É Ï± ²Ê ³ ¸¸.
„¥°¸É¢¨¥ (92) ¨ ¨´É¥·¢ ² (93) ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ μ¡Ð¥±μμ·¤¨-

´ É´ÒÌ ¶·¥μ¡· §μ¢ ´¨°

xμ → x̃μ = x̃μ(x0, x1, x2, x3). (94)

…¸²¨ É· ±Éμ¢ ÉÓ ÔÉ¨ ¶·¥μ¡· §μ¢ ´¨Ö ± ± ± ²¨¡·μ¢μÎ´Ò¥,   ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
Î¥ÉÒ·¥ Ê· ¢´¥´¨Ö ´  g0α Å ± ± Î¥ÉÒ·¥ Ê· ¢´¥´¨Ö ¸¢Ö§¨, É¨¶  Ê· ¢´¥´¨°
ƒ Ê¸¸  ¢ Ô²¥±É·μ¤¨´ ³¨±¥, Éμ ±μμ·¤¨´ ÉÒ xμ, ± ± ³Ò ¢¨¤¥²¨ ¢ÒÏ¥ ´  ¶·¨-
³¥·¥  ´ ²μ£¨Î´μ° Ëμ·³Ê²¨·μ¢±¨ ‘’�, ´¥ ³μ£ÊÉ ¡ÒÉÓ · ¸¸³μÉ·¥´Ò ± ± ´¥-
¶μ¸·¥¤¸É¢¥´´μ ¨§³¥·Ö¥³Ò¥ ¢¥²¨Î¨´Ò. —Éμ¡Ò ´ °É¨ ¨¸É¨´´Ò¥ ¨§³¥·Ö¥³Ò¥
±μμ·¤¨´ ÉÒ, ´Ê¦´μ ·¥Ï¨ÉÓ Ê· ¢´¥´¨Ö ¸¢Ö§¨, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö ¢ ±μ´-
±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É .
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‘¨¸É¥³Ò μÉ¸Î¥É  ¢ ·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨  ¸¸μÍ¨¨·ÊÕÉ¸Ö ¸ ´ ¡μ·μ³ ¨´-
¸É·Ê³¥´Éμ¢ ¤²Ö ¨§³¥·¥´¨Ö ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ [22], ¨ ¢Ò¡μ· ±μ´±·¥É´μ° ¸¨-
¸É¥³Ò μÉ¸Î¥É  μ§´ Î ¥É, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥, ±² ¸¸¨Ë¨± Í¨Õ ±μ³¶μ´¥´É
¶¥·¥³¥´´ÒÌ, ±μμ·¤¨´ É ¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ´  ¶·μ¸É· ´¸É¢¥´´Ò¥ ¨ ¢·¥-
³¥´´Ò¥ ±μ³¶μ´¥´ÉÒ; Î¨¸²μ ¶¥·¥³¥´´ÒÌ ¢ ¤¥°¸É¢¨¨ ¶·¨ ÔÉμ³ ¸μÌ· ´Ö¥É¸Ö.
‚ £ ³¨²ÓÉμ´μ¢μ³ ¶μ¤Ìμ¤¥ ¢·¥³¥´´Ò¥ ±μ³¶μ´¥´ÉÒ ³¥É·¨±¨ ¸É ´μ¢ÖÉ¸Ö, ± ±
¶· ¢¨²μ, ³´μ¦¨É¥²Ö³¨ ‹ £· ´¦ , ¢ ·¨ Í¨Ö ¤¥°¸É¢¨Ö ¶μ É ±¨³ ³´μ¦¨É¥²Ö³ ¨
¤ ¥É Ê¶μ³Ö´ÊÉÒ¥ ¢ÒÏ¥ Ê· ¢´¥´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ´ Î ²Ó´Ò³¨ ¤ ´´Ò³¨.

3.2. ƒ ³¨²ÓÉμ´μ¢  Ëμ·³Ê²¨·μ¢±  „¨· ± . „μ ¸¨Ì ¶μ· ¶μ¤ ¢²ÖÕÐ¥¥ Î¨-
¸²μ £ ³¨²ÓÉμ´μ¢ÒÌ ¶μ¤Ìμ¤μ¢ ± �’� ¸²¥¤Ê¥É ¢ μ¸´μ¢´ÒÌ Î¥·É Ì Ëμ·³Ê²¨·μ¢±¥
„¨· ±  (¸³. [23,24]). ‘μ£² ¸´μ ÔÉμ° Ëμ·³Ê²¨·μ¢±¥ ´ §μ¢¥³ ¢Ò¡μ·μ³ ¸¨¸É¥³Ò
μÉ¸Î¥É  É ±ÊÕ ±² ¸¸¨Ë¨± Í¨Õ ±μμ·¤¨´ É ¨ ¶¥·¥³¥´´ÒÌ, ¢ É¥·³¨´ Ì ±μÉμ·ÒÌ
¨´É¥·¢ ² (93) ¨³¥¥É ¢¨¤

ds2 = gμνdxμdxν = [
√

γNddx0]2 − γij(dxi + N idx0)(dxj + N jdx0), (95)

£¤¥ γij Å ³¥É·¨±  É·¥Ì³¥·´μ£μ £¨¶¥·¶·μ¸É· ´¸É¢ , ¢²μ¦¥´´μ£μ ¢ Î¥ÉÒ·¥Ì-
³¥·´μ¥ ³´μ£μμ¡· §¨¥; N j Å ¢¥±Éμ· ¸¤¢¨£  ´ Î ²  ±μμ·¤¨´ É É·¥Ì³¥·´μ£μ
£¨¶¥·¶·μ¸É· ´¸É¢  ¢ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ ¶μ ¢·¥³¥´¨ ¨ Nd Å ËÊ´±Í¨Ö ¸³¥-
Ð¥´¨Ö ¢·¥³¥´¨ ¶μ „¨· ±Ê [23] (¸³. ¡μ²¥¥ ¶μ¤·μ¡´μ¥ μ¡¸Ê¦¤¥´¨¥ ¢ ³μ´μ£· -
Ë¨¨ [22]). „¥°¸É¢¨¥ (92) ¢ ÔÉ¨Ì ¶¥·¥³¥´´ÒÌ ¶·¨´¨³ ¥É Ëμ·³Ê [23,24]

S[ϕ0|F ] =
∫

d4x

[
K(ϕ0|g)−P(ϕ0|g)+S(ϕ0|g)+

√
−gLmatter(ϕ0|g, f)

]
, (96)

£¤¥⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

K(ϕ0|g) = Nd
ϕ2

0

6
[
Sp D2−(SpD)2

]
=P ij

γ Dij−Nd
6
ϕ2

0

[
Sp P 2

γ − 1
2
(Sp Pγ)2

]
,

P(ϕ0|g) = Nd
ϕ2

0

6
|γ|R(3),

S(ϕ0|g) =
ϕ2

0

3
[
∂0D − ∂k(NkD)

]
− ϕ2

0

3
∂i

(√
γ∂i(

√
γNd)

)
(97)

¥¸ÉÓ ±¨´¥É¨Î¥¸±¨°, ¶μÉ¥´Í¨ ²Ó´Ò° ¨ ¶μ¢¥·Ì´μ¸É´Ò° Î²¥´Ò ¸μμÉ¢¥É¸É¢¥´´μ;

Dij =
1

2Nd

(
∂0γij −∇iNj −∇jNi

)
=

1
2Nd

(
∂̂0γij − γil∂jN

l − γjl∂iN
l
)

(98)

Å ±μ¢ ·¨ ´É´Ò¥ ¸±μ·μ¸É¨ ¨§³¥´¥´¨Ö ³¥É·¨±¨ (É. ¥. ¢Éμ·Ò¥ ±¢ ¤· É¨Î´Ò¥
Ëμ·³Ò);

P k
γi =

ϕ2
0

6
[
Dk

i − δk
i Sp D

] (
P k

γk ≡ Sp Pγ = −ϕ2
0

3
Sp D

)
(99)



T…’��„�›‰ ”��Œ�‹ˆ‡Œ ˆ ‘ˆ‘’…Œ› �’‘—…’� 209

¥¸ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³¶Ê²Ó¸Ò ¶·μ¸É· ´¸É¢¥´´μ° ³¥É·¨±¨; ÎÉμ¡Ò ¢¢¥¸É¨ ÔÉ¨
¨³¶Ê²Ó¸Ò, ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¢ ±¨´¥É¨Î¥¸±μ³ Î²¥´¥ K (97) ¶·¥μ¡· §μ¢ ´¨¥
‹¥¦ ´¤·  É¨¶  zD2/2 = PD − z−1P 2/2, R(3) Å É·¥Ì³¥·´ Ö ±·¨¢¨§´ .

‚ ¸¨²Ê ¸¨³³¥É·¨¨ �’� (92) μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° (94), ±μÉμ-
·Ò¥, ± ± ³Ò Ê± §Ò¢ ²¨ ¢ÒÏ¥, É· ±ÉÊÕÉ ± ± ± ²¨¡·μ¢μÎ´Ò¥, É¥μ·¨Ö ¸μ¤¥·¦¨É
²¨Ï´¨¥ Î¨¸Éμ ± ²¨¡·μ¢μÎ´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò. �É¨ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ³μ¦´μ
Ê¡· ÉÓ, ¨¸¶μ²Ó§ÊÖ ± ²¨¡·μ¢μÎ´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö. “¸²μ¢¨¥, Ê³¥´ÓÏ ÕÐ¥¥
Î¨¸²μ ¶μ²¥° ¨ ±μ³¶μ´¥´É ³¥É·¨±¨ ¸ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨° £·Ê¶¶ ¸¨³-
³¥É·¨¨ ¨´É¥·¢ ²  ¨ ¤¥°¸É¢¨Ö, ´ §Ò¢ ¥É¸Ö ± ²¨¡·μ¢±μ°. �·¨³¥·μ³ Ö¢²ÖÕÉ¸Ö
Ê¸²μ¢¨¥ ¶μ¶¥·¥Î´μ¸É¨ ∂j

(
|γ|1/3γij

)
� 0 ¨ ± ²¨¡·μ¢±  „¨· ±  [23]:

Sp Pγ = −ϕ2
0

3
Sp D ≡ − ϕ2

0

3Nd
√

γ

[
∂0
√

γ − ∂k

(√
γNk
) ]

� 0, (100)

±μÉμ· Ö μ§´ Î ¥É ³¨´¨³ ²Ó´ÊÕ ¶·μ¸É· ´¸É¢¥´´ÊÕ £¨¶¥·¶μ¢¥·Ì´μ¸ÉÓ.
ˆ§ Ëμ·³Ê² (97) ¨ (98) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ £ ³¨²ÓÉμ´μ¢Ê Ëμ·³Ê ¤¥°¸É¢¨Ö [23]:

Sh[ϕ0|F ] =

x0
2∫

x0
1

dx0

{∫
d3x

[∑
F

PF ∂0F + C − Nd T 0
0 (ϕ0|F )

]}
, (101)

£¤¥
∑
F

PF ∂0F = P ij
γ ∂0γij +

∑
f

Pf∂0f ;

C = NkT 0
k (ϕ0|F ) + C0D + Ci∂j

(
|γ|1/3γij

)
(102)

¥¸ÉÓ ¸Ê³³  ¸¢Ö§¥° ¸ ³´μ¦¨É¥²Ö³¨ ‹ £· ´¦  Nk, C0, Ci;

T 0
0 (ϕ0|F ) =

6
ϕ2

0

[
Sp P 2

γ − 1
2
(Sp Pγ)2

]
+ |γ|ϕ

2
0

6
R(3) + T 0

0matter (103)

Å ¤¨· ±μ¢¸±¨° £ ³¨²ÓÉμ´¨ ´;

T 0
k (ϕ0|F ) = 2∇jP

j
γ k + T 0

k matter =
ϕ2

0

3

[
∇jD

j
k − ∂kSp D

]
+ T 0

k matter (104)

Å ´¥¤¨ £μ´ ²Ó´ Ö ±μ³¶μ´¥´É  É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸ . �Éμ¦¤¥¸É¢²¥´¨¥
ÔÉ¨Ì É¥´§μ·μ¢ Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¸ ´ ¡²Õ¤ ¥³Ò³¨ ¶·¥¤¶μ² £ ¥É, ÎÉμ ´ ¡²Õ¤ -
¥³Ò° ¶ · ³¥É· Ô¢μ²ÕÍ¨¨ ¸μ¢¶ ¤ ¥É ¸ ´¥¨´¢ ·¨ ´É´Ò³ ±μμ·¤¨´ É´Ò³ ¢·¥³¥-
´¥³ x0. ‚ ÔÉμ³ ¸²ÊÎ ¥, ± ± ¶μ± § ´μ ¢ [20], É¥μ·¨Ö ¢μ§³ÊÐ¥´¨Ö ´ Î¨´ ¥É¸Ö ¸
¶²μ¸±μ° ³¥É·¨±¨ Nd = 1, γij = δij ¨ ³μ¦¥É ¡ÒÉÓ ¢μ¸¶·μ¨§¢¥¤¥´  ÔËË¥±É¨¢-
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´Ò³ ¤¥°¸É¢¨¥³

S[ϕ0|F ]|√
g(3)Nd�1

= SBjern =

=

x0
2∫

x0
1

dx0

{∫
d3x

[∑
F

PF ∂0F + C − |γ|−1/2T 0
0 (ϕ0|F )

]}
, (105)

±μÉμ·μ¥ ¡Ò²μ ´ ¶¨¸ ´μ ¢¶¥·¢Ò¥ ¢ ´ Î ²¥ ¶·μÏ²μ£μ ¢¥±  	Ó¥·´μ³ (± ± ÊÉ¢¥·-
¦¤ ¥É¸Ö ¢ [29]). �Éμ ¤¥°¸É¢¨¥ ¢μ§´¨± ¥É ¨§ ¤¥°¸É¢¨Ö �’� ¢ É ± ´ §Ò¢ ¥³μ°
¸¨´Ì·μ´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É 

√
γNd � 1. (106)

�  ¸ ³μ³ ¤¥²¥, ÔÉμ Ê¸²μ¢¨¥ ¸¨´Ì·μ´´μ° ¸¨¸É¥³Ò μÉ¸Î¥É  ¤μ²¦´μ · ¸¸³ É·¨-
¢ ÉÓ¸Ö, ¸²¥¤ÊÖ „¨· ±Ê [26], ± ± μ¤´  ¨§ ± ²¨¡·μ¢μ±, ±μÉμ·ÊÕ ³μ¦´μ ¶μ¤-
¸É ¢²ÖÉÓ Éμ²Ó±μ ¢ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ± ± · ¢¥´¸É¢μ ¢ ¸² ¡μ³ ¸³Ò¸²¥. …¸²¨
± ²¨¡·μ¢±Ê (106) ¶μ¤¸É ¢¨ÉÓ ¢ ¤¥°¸É¢¨¥ (101), ± ± ÔÉμ ¡Ò²μ ¸¤¥² ´μ ¢ÒÏ¥,
Éμ ¶μ²ÊÎ ¥³ ¸μ¢¥·Ï¥´´μ ¤·Ê£ÊÕ É¥μ·¨Õ (105), ±μÉμ· Ö, ¢μμ¡Ð¥ £μ¢μ·Ö, ´¥
Ô±¢¨¢ ²¥´É´  ¨¸Ìμ¤´μ° (101) ¨ ³μ¦¥É ¸μ¢¶ ¤ ÉÓ ¸ ´¥° Éμ²Ó±μ ¢ ´¥·¥²ÖÉ¨-
¢¨¸É¸±μ³ ¶·¥¤¥²¥, ÎÉμ ³Ò ¨ ¢¨¤¥²¨ ¢ ¶. 1.2.7 ´  ¶·¨³¥·¥  ¡¸μ²ÕÉ´μ£μ ¢·¥-
³¥´¨ ¢ ‘’�. Š ± μ¡ÒÎ´ Ö É¥μ·¨Ö ¢μ§³ÊÐ¥´¨Ö, ±μÉμ· Ö ´ Î¨´ ¥É¸Ö ¸ ¶²μ¸±μ°
³¥É·¨±¨ Nd = 1, γij = δij , É ± ¨ É¥μ·¨Ö (105) ´¥ ¸μ¤¥·¦ É Ô´¥·£¥É¨Î¥¸±μ°
¸¢Ö§¨ ¨ É¥·ÖÕÉ ¢μ§³μ¦´μ¸ÉÓ ·¥Ï¥´¨Ö · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥ ¶·μ¡²¥³ ´ Î ²Ó-
´ÒÌ ¤ ´´ÒÌ, ²μ± ²¨§ Í¨¨ Ô´¥·£¨¨, μ¡μ¸´μ¢ ´¨Ö ¸É·¥²Ò ¢·¥³¥´¨ ¨ Ê¸É· ´¥´¨Ö
±μ¸³μ²μ£¨Î¥¸±μ° ¸¨´£Ê²Ö·´μ¸É¨. •μ·μÏμ ¨§¢¥¸É´μ [20], ÎÉμ ¨³¥´´μ ¸ ÔÉ¨³¨
¶·μ¡²¥³ ³¨ ¸Éμ²±´Ê² ¸Ó · ¸¸³μÉ·¥´´ Ö ¢ÒÏ¥ £ ³¨²ÓÉμ´μ¢  Ëμ·³Ê²¨·μ¢± 
„¨· ±  �’�. 	μ²¥¥ Éμ£μ, Ê¸²μ¢¨¥ ³¨´¨³ ²Ó´μ° ¶μ¢¥·Ì´μ¸É¨ (100) ¶·μÉ¨¢μ-
·¥Î¨É ´ ¡²Õ¤ É¥²Ó´Ò³ ¤ ´´Ò³ ¶μ § ¢¨¸¨³μ¸É¨ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö ¸¶¥±É· 
 Éμ³μ¢ ´  ±μ¸³¨Î¥¸±μ³ μ¡Ñ¥±É¥ μÉ · ¸¸ÉμÖ´¨Ö ¤μ ÔÉμ£μ μ¡Ñ¥±É  (É. ¥. § ±μ´Ê
• ¡¡² ), ¥¸²¨ ¸¢Ö§Ò¢ ÉÓ ÔÉÊ § ¢¨¸¨³μ¸ÉÓ ¸ · ¸Ï¨·¥´¨¥³ ³ ¸ÏÉ ¡ , ¸±μ·μ¸ÉÓ
±μÉμ·μ£μ ¶·μ¶μ·Í¨μ´ ²Ó´  ¢Éμ·μ° ±¢ ¤· É¨Î´μ° Ëμ·³¥: Sp D ∼ H0 	= 0, £¤¥
H0 Å ¶ · ³¥É· • ¡¡² .

Š ± ¶μ± § ´μ ¢ · ¡μÉ Ì [27, 28, 46Ä48], ÎÉμ¡Ò ·¥Ï¨ÉÓ ÔÉ¨ ¶·μ¡²¥³Ò,
´Ê¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö μ¶ÒÉμ³ ·¥Ï¥´¨Ö  ´ ²μ£¨Î´ÒÌ ¶·μ¡²¥³ ¢ ·¥²ÖÉ¨¢¨¸É-
¸±μ° ³¥Ì ´¨±¥ ¨ ±μ¸³μ²μ£¨¨, · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥. �ÉμÉ μ¶ÒÉ ¢±²ÕÎ ¥É
Ê¸É ´μ¢²¥´¨¥ ¤¨ËË¥μ³μ·Ë¨§³μ¢ (¨²¨ ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨) ¸¨¸É¥³Ò
μÉ¸Î¥É  �’�, £¤¥ ¤ ¥É¸Ö ¥¥ £ ³¨²ÓÉμ´μ¢  Ëμ·³Ê²¨·μ¢±  (101), μ¶·¥¤¥²¥´¨¥
¤¨ËË¥μ-¨´¢ ·¨ ´É´ÒÌ ¶ · ³¥É·μ¢ Ô¢μ²ÕÍ¨¨ ¨ ¤¨ËË¥μ-¨´¢ ·¨ ´É´ÊÕ ·¥¤Ê±-
Í¨Õ É¥μ·¨¨ ¢ μ¶·¥¤¥²¥´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É .

3.3. Š ²¨¡·μ¢μÎ´ Ö ¸¨³³¥É·¨Ö ¸¨¸É¥³Ò μÉcÎ¥É  ¢ �’�. Š ²¨¡·μ¢μÎ-
´ Ö £·Ê¶¶  £ ³¨²ÓÉμ´μ¢a ¶μ¤Ìμ¤  ¢ · ¸¸³ É·¨¢ ¥³μ° ¢ÒÏ¥ ¸¨¸É¥³¥ μÉ¸Î¥É 
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Ö¢²Ö¥É¸Ö £·Ê¶¶μ° ¶·¥μ¡· §μ¢ ´¨° (¤¨ËË¥μ³μ·Ë¨§³μ¢) ¶ · ³¥É·¨§ Í¨¨ ³¥-
É·¨±¨ (95) [22,25]:

x0 → x̃0 = x̃0(x0), xi → x̃i = x̃i(x0, x1, x2, x3), (107)

Ñ = N
dx0

dx̃0
, Ñk = N i ∂x̃k

∂xi

dx0

dx̃0
− ∂x̃k

∂xi

∂xi

∂x̃0
. (108)

�É  £·Ê¶¶  ¶·¥μ¡· §μ¢ ´¨° ¸μÌ· ´Ö¥É ¸¥³¥°¸É¢μ £¨¶¥·¶μ¢¥·Ì´μ¸É¥° x0 =
const ¨ ´ §Ò¢ ¥É¸Ö ±¨´¥³¥É·¨Î¥¸±μ° ¶μ¤£·Ê¶¶μ° [22, 43] £·Ê¶¶Ò μ¡Ð¨Ì ±μ-
μ·¤¨´ É´ÒÌ ¶·¥μ¡· §μ¢ ´¨° (94). ƒ·Ê¶¶  ±¨´¥³¥É·¨Î¥¸±¨Ì ¶·¥μ¡· §μ¢ ´¨°
¸μ¤¥·¦¨É ·¥¶ · ³¥É·¨§ Í¨¨ ±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ (107).

3.4. Š² ¸¸ ËÊ´±Í¨° ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ. ‘ÊÐ¥¸É¢ÊÕÉ ¤¢  Ë¨§¨-
Î¥¸±¨Ì ¸²¥¤¸É¢¨Ö ¨´¢ ·¨ ´É´μ¸É¨ �’� μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨ ±μ-
μ·¤¨´ É´μ£μ ¢·¥³¥´¨ (107). ‚μ-¶¥·¢ÒÌ, É ± Ö ¨´¢ ·¨ ´É´μ¸ÉÓ μ§´ Î ¥É, ÎÉμ
´¥ ¨³¥¥É¸Ö ´¨± ±¨Ì Ë¨§¨Î¥¸±¨Ì ¨´¸É·Ê³¥´Éμ¢, ±μÉμ·Ò³¨ ³μ¦´μ ¡Ò²μ ¡Ò
¨§³¥·¨ÉÓ ÔÉμ ±μμ·¤¨´ É´μ¥ ¢·¥³Ö x0. …¸²¨ ·¥¶ · ³¥É·¨§ Í¨μ´´ÊÕ ¨´¢ ·¨-
 ´É´μ¸ÉÓ É· ±Éμ¢ ÉÓ ± ± ± ²¨¡·μ¢μÎ´Ò° ¶·¨´Í¨¶, Éμ, ± ± ³Ò ¢¨¤¥²¨ ¢ÒÏ¥ ´ 
¶·¨³¥·¥ ‘’�, £ ³¨²ÓÉμ´¨ ´ „¨· ±  ± ± ¸Ê³³  ¸¢Ö§¥° ´¥ Ö¢²Ö¥É¸Ö ± ²¨¡·μ-
¢μÎ´Ò³ ¨´¢ ·¨ ´Éμ³, ÉμÎ´μ É ± ¦¥, ± ± ´¥ Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´Éμ³ ±μμ·¤¨´ É-
´Ò° ¶ · ³¥É· Ô¢μ²ÕÍ¨¨ x0. ‚ · ¡μÉ Ì [27, 28, 46Ä48] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¨´-
¢ ·¨ ´É´μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨ ±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ ¢ �’�
μ§´ Î ¥É, ÎÉμ ¸¨¸É¥³  μÉ¸Î¥É  (95) ¤μ²¦´  ¡ÒÉÓ ¤μμ¶·¥¤¥²¥´  Ê± § ´¨¥³ ¢Ò-
¡μ·  ¤¢ÊÌ ¨´¢ ·¨ ´É´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ ®¢·¥³¥´¯: ¢·¥³¥´¨ ± ± ¶¥·¥³¥´´μ° ¨
¢·¥³¥´¨ ± ± ¨´É¥·¢ ² . �  ¶·¨³¥·¥ ‘’� ³Ò ¢¨¤¥²¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥,
ÎÉμ μ¤´μ·μ¤´ Ö ¸É¥¶¥´Ó ¸¢μ¡μ¤Ò ¶μ§¢μ²Ö¥É ¢¢¥¸É¨ ¤¨ËË¥μ-¨´¢ ·¨ ´É´Ò° ¤¨-
´ ³¨Î¥¸±¨° ¶ · ³¥É· Ô¢μ²ÕÍ¨¨ �’�, É. ¥. ¢·¥³Ö ± ± ¶¥·¥³¥´´ÊÕ.

‚μ-¢Éμ·ÒÌ, ±² ¸¸ ËÊ´±Í¨°, ´  ±μÉμ·μ³ § ¤ ´Ò ¶ · ³¥É·Ò ¶·¥μ¡· §μ-
¢ ´¨° Ë¨§¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ, ´¥ ¤μ²¦¥´ μÉ²¨Î ÉÓ¸Ö μÉ ±² ¸¸  ËÊ´±Í¨°,
´  ±μÉμ·μ³ § ¤ ´Ò ¸ ³¨ Ë¨§¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥. �Éμ §´ Î¨É, ÎÉμ Ë¨§¨Î¥-
¸±¨¥ ¶¥·¥³¥´´Ò¥ ¢ ¸¨¸É¥³¥ μÉ¸Î¥É  (95) ¸μ¤¥·¦ É ±² ¸¸ μ¤´μ·μ¤´ÒÌ ËÊ´±-
Í¨° (107), § ¢¨¸ÖÐ¨Ì Éμ²Ó±μ μÉ ±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ f(x0). ‚ É¥μ·¨¨
¢μ§³ÊÐ¥´¨° ÔÉ¨ μ¤´μ·μ¤´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ³μ¦´μ É· ±Éμ¢ ÉÓ ± ± ´Ê²¥¢Ò¥
ËÊ·Ó¥-£ ·³μ´¨±¨, ±μÉμ·Ò¥ μÉ¤¥²ÖÕÉ¸Ö ¸ ¶μ³μÐÓÕ Ê¸·¥¤´¥´¨Ö ¶μ ¶·μ¸É· ´-
¸É¢¥´´μ³Ê μ¡Ñ¥³Ê V0 =

∫
d3x.

‚ Î ¸É´μ¸É¨, ¶¥·¥³¥´´Ò¥ ²μ£ ·¨Ë³  ¤¥É¥·³¨´ ´É  ¶·μ¸É· ´¸É¢¥´´μ° ³¥-
É·¨±¨ log γ(x0, xi) ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¸Ê³³Ò:

log γ(x0, xi) ≡ 6 log a (x0) + log γ(x0, xi), (109)

£¤¥

6 log a = 〈log γ〉 (x0) =
1
V0

∫
V0

d3x log γ(x0, xi) (110)
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¥¸ÉÓ ¸·¥¤´¥¥ ¶μ ¶·μ¸É· ´¸É¢¥´´μ³Ê μ¡Ó¥³Ê V0 =
∫

d3x (É. ¥. ´Ê²¥¢ Ö ËÊ·Ó¥-
£ ·³μ´¨± ) ¨ log γ = log γ − 〈log γ〉 ¥¸ÉÓ ®μÉ±²μ´¥´¨¥¯ μÉ ´¥¥, Ê¤μ¢²¥É¢μ·ÖÕ-
Ð¥¥ ¸¨²Ó´μ³Ê Ê¸²μ¢¨Õ∫

d3x log γ ≡
∫

d3x [log γ − 〈log γ〉] ≡ 0 (111)

¶μ μ¶·¥¤¥²¥´¨Õ (110).
�´ ²μ£¨Î´ Ö ´Ê²¥¢ Ö ËÊ·Ó¥-£ ·³μ´¨±  ¨³¥¥É¸Ö ¨ ¢ Ï¶Ê·¥ ± ´μ´¨Î¥¸±¨Ì

¨³¶Ê²Ó¸μ¢ ±μ³¶μ´¥´É ³¥É·¨±¨

Sp Pγ = 〈Sp Pγ〉 + Sp Pγ , (112)

£¤¥

P k
γi =

ϕ2
0

6

[
Dk

i − δk
i Sp D

] (
Sp Pγ = −ϕ2

0

3
Sp D

)
. (113)

� ¶μ³´¨³, ÎÉμ ¨´Ë· ±· ¸´Ò° ¸¥±Éμ· 〈Pγ〉 ¢ ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨ÖÌ ´μ-
¸¨É, ± ± ¶· ¢¨²μ, ´¥¶¥·ÉÊ·¡ É¨¢´Ò° Ì · ±É¥·, ¢ Éμ ¢·¥³Ö ± ± ®μÉ±²μ´¥´¨Ö¯
μÉ ´¥£μ Pγ · ¸¸³ É·¨¢ ÕÉ¸Ö ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°.

3.5. Šμ¸³¨Î¥¸± Ö Ô¢μ²ÕÍ¨Ö ± ± ´Ê²¥¢ Ö ³μ¤  ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¸¢Ö§¨.
�É¤¥²¥´¨¥ ¨¸É¨´´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ É¥μ·¨¨ μÉ ´¥¤¨´ ³¨Î¥¸±¨Ì
¥¸ÉÓ ±·¨É¨Î¥¸±¨° Ï £ ¢ ¨§¢²¥Î¥´¨¨ Ë¨§¨Î¥¸±μ° ¨´Ëμ·³ Í¨¨,  ¤¥±¢ É´μ°
¶·¨´Í¨¶ ³ ¸¨³³¥É·¨¨ É¥μ·¨¨ ¨ ¢ ·¨ Í¨μ´´Ò³ Ê· ¢´¥´¨Ö³, ¢±²ÕÎ ÕÐ¨³ ± ±
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, É ± ¨ Ê· ¢´¥´¨Ö ¸¢Ö§¨. Š ± ³Ò ¢¨¤¥²¨ ¢ÒÏ¥, ¤²Ö ¤μ¸É¨-
¦¥´¨Ö ÔÉμ° Í¥²¨ ¸ÊÐ¥¸É¢ÊÕÉ ¤¢  ³¥Éμ¤ : μ¡ÒÎ´Ò° ³¥Éμ¤ ´ ²μ¦¥´¨Ö ± ²¨¡·μ-
¢μÎ´ÒÌ Ê¸²μ¢¨° [23] É¨¶  Ê¸²μ¢¨Ö „¨· ±  ³¨´¨³ ²Ó´μ° ¶μ¢¥·Ì´μ¸É¨ (100) ¨
Ö¢´μ¥ ·¥Ï¥´¨¥ ¢ ·¨ Í¨μ´´ÒÌ Ê· ¢´¥´¨° ¸¢Ö§¥°, ±μÉμ·μ¥ · §¢¨¢ ² „¨· ± ´ 
¶·¨³¥·¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ƒ Ê¸¸  ¢ Š�„ [11].

Ÿ¢´μ¥ ·¥Ï¥´¨¥ ¢ ·¨ Í¨μ´´ÒÌ Ê· ¢´¥´¨° ¸¢Ö§¥° É¨¶  Ê¸²μ¢¨Ö ƒ Ê¸¸  ¢
Ô²¥±É·μ¤¨´ ³¨±¥ ¨²¨ Ê¸²μ¢¨Ö T 0

k (ϕ0|F ) = 0 ¢ �’� ¶μ§¢μ²Ö¥É ´ ¨¡μ²¥¥
¶μ²´μ ÊÎ¥¸ÉÓ ¤¨´ ³¨±Ê É¥μ·¨¨ ¢ Éμ³ ±² ¸¸¥ ËÊ´±Í¨°, ±μÉμ·Ò° § ¤ ¥É £·Ê¶¶ 
± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°, ¨ Ê¸²μ¢¨¥ ±μ´¥Î´μ¸É¨ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨.
� ¶·¨³¥·, Ö¢´μ¥ ·¥Ï¥´¨¥ Ê¸²μ¢¨Ö ƒ Ê¸¸  ∂1E(x0, x1) = 0 ¢ ¤¢Ê³¥·´μ° Ô²¥±-
É·μ¤¨´ ³¨±¥ ˜¢¨´£¥· , ± ± ¶μ± § ´μ ¢ [49], ¤ ¥É ´¥É·¨¢¨ ²Ó´μ¥ μ¤´μ·μ¤´μ¥
·¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö E(x0, x1) = E0(x0), ±μÉμ·μ¥ μ¶·¥¤¥²Ö¥É Éμ¶μ²μ-
£¨Î¥¸±ÊÕ ¸É·Ê±ÉÊ·Ê ¨ ¸¶¥±É· ³ ¸¸ ÔÉμ° É¥μ·¨¨ ¨ ´ §Ò¢ ¥É¸Ö ´Ê²¥¢μ° ³μ¤μ°.
�´ ²μ£¨Î´μ¥ ´¥É·¨¢¨ ²Ó´μ¥ μ¤´μ·μ¤´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ƒ Ê¸¸ 

δSOTO

δNk
≡ T 0

k = 2∇iPγ
i
k = 0 (114)

¸ÊÐ¥¸É¢Ê¥É ¨ ¢ �’�, £¤¥ SOTO Å ¤¥°¸É¢¨¥ ³¥É·¨±¨ ¢ �’� (92).
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Œμ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ´Ê²¥¢ Ö ËÊ·Ó¥-±μ³¶μ´¥´É  ¨³¶Ê²Ó¸  ³¥É·¨±¨ (112)[
Pγ

i
k

]
part

=
1
3
δi
k 〈Sp Pγ〉 	= 0 (115)

¢μ§´¨± ¥É ± ± Î ¸É´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ƒ Ê¸¸ 

T 0
k =

2
3
∇i

[
δi
k 〈Sp Pγ〉

]
=

2
3
∂k 〈Sp Pγ〉 = 0. (116)

‘ÊÐ¥¸É¢μ¢ ´¨¥ É ±μ£μ μ¤´μ·μ¤´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ƒ Ê¸¸  ¢ �’� ³μ¦´μ
Ê¢¨¤¥ÉÓ ¨§ ¨´¢ ·¨ ´É´μ¸É¨ ÔÉμ£μ Ê· ¢´¥´¨Ö

T 0
k (ϕ0|F ) = T 0

k (ϕ|F̃ ) = 0 (117)

μÉ´μ¸¨É¥²Ó´μ ³ ¸ÏÉ ¡´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ³¥É·¨±¨ ¨ ¢¸¥Ì ¶μ²¥° ¸ ³ ¸ÏÉ -
¡μ³, § ¤ ´´Ò³ ¢ ±² ¸¸¥ μ¤´μ·μ¤´ÒÌ ËÊ´±Í¨°:

(n)F = (n)F̃ an(x0), gμν = g̃μνa2(x0), (118)

£¤¥ (n) ¥¸ÉÓ ±μ´Ëμ·³´Ò° ¢¥¸,   ϕ(x0) = ϕ0a(x0) Å ¡¥£ÊÐ Ö Ï± ²  ³ ¸¸.
…¸²¨ ¶·¥´¥¡·¥ÎÓ ¢¸¥³¨ ¶¥·¥³¥´´Ò³¨, ±·μ³¥ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  a(x0),

Éμ É¥´§μ· T 0
k (ϕ|F̃ ) Éμ¦¤¥¸É¢¥´´μ · ¢¥´ ´Ê²Õ, ¶μÔÉμ³Ê ³ ¸ÏÉ ¡´Ò° Ë ±Éμ·

a(x0) É ±¦¥ ³μ¦´μ ´ §Ò¢ ÉÓ ´Ê²¥¢μ° ³μ¤μ° ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¸¢Ö§¨ (117).
ˆ³¥´´μ ÔÉμÉ Ë ±Éμ· a(x0), ± ± ³Ò ¢¨¤¥²¨ ¢ · §¤. 2, μ¤´μ§´ Î´μ ¸¢Ö§Ò-

¢ ¥É¸Ö ¢ ±μ¸³μ²μ£¨¨ ¸ ±μ¸³μ²μ£¨Î¥¸±μ° Ô¢μ²ÕÍ¨¥° ¨ ¸ ¢·¥³¥´¥³ ± ± ¤¨-
´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ° [46]. —Éμ¡Ò ¨§¡¥¦ ÉÓ ¤¢μ°´μ£μ ¸Î¥É  ¶¥·¥³¥´´ÒÌ
¢ ¸É ´¤ ·É´μ° ±μ¸³μ²μ£¨Î¥¸±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° [50], ´¥μ¡Ìμ¤¨³μ ´ ²μ-
¦¨ÉÓ ¸¨²Ó´μ¥ Ê¸²μ¢¨¥ [48]

∫
d3xD ≡ 0 (£¤¥ D § ¤ ´μ Ê· ¢´¥´¨¥³ (98), a

D = D − 〈D〉 Å Ê· ¢´¥´¨¥³ É¨¶  (111)), ±μÉμ·μ¥ ¸μÌ· ´Ö¥É Î¨¸²μ ¶¥·¥³¥´-
´ÒÌ �’�.

ŒÒ Ê¢¨¤¨³ ¤ ²ÓÏ¥, ÎÉμ ÊÎ¥É ´Ê²¥¢μ° ³μ¤Ò Ê¸²μ¢¨Ö ƒ Ê¸¸  T 0
k (ϕ|F̃ ) = 0

¶μ§¢μ²Ö¥É μ¡Ñ¥¤¨´¨ÉÓ É·¨ ¢¥É¢¨ �’�: ´¥¨´¢ ·¨ ´É´ÊÕ É¥μ·¨Õ μ¸É·μ¢´μ°
¢¸¥²¥´´μ° [20] (£¤¥ ±μ¸³μ²μ£¨Î¥¸±¨° ³ ¸ÏÉ ¡´Ò° Ë ±Éμ· Éμ¦¤¥¸É¢¥´´μ · -
¢¥´ ¥¤¨´¨Í¥ ¨ ´ ·ÊÏ ¥É¸Ö ¸¨³³¥É·¨Ö É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨
±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ ¥£μ £²μ¡ ²Ó´μ° ¸¨´Ì·μ´¨§ Í¨¥°), £ ³¨²ÓÉμ´μ¢Ê ±μ¸-
³μ²μ£¨Õ [42] (£¤¥ ±μ¸³μ²μ£¨Î¥¸±¨° ³ ¸ÏÉ ¡´Ò° Ë ±Éμ· · ¸¸³ É·¨¢ ¥É¸Ö ± ±
¤¨´ ³¨Î¥¸± Ö ¶¥·¥³¥´´ Ö) ¨ ±μ¸³μ²μ£¨Î¥¸±ÊÕ É¥μ·¨Õ ¢μ§³ÊÐ¥´¨° [50Ä52]
(£¤¥ ¶¥·¥³¥´´ Ö É¨¶  ±μ¸³μ²μ£¨Î¥¸±μ£μ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  ÊÎ¨ÉÒ¢ ¥É¸Ö
¤¢  · § ).

3.6. �É¤¥²¥´¨¥ ´Ê²¥¢μ° ³μ¤Ò ¨ ·¥¤Ê±Í¨Ö ¤¥°¸É¢¨Ö. �μ¸²¥ ¶·¥μ¡· §μ¢ -
´¨Ö (118) ¤¥°¸É¢¨¥ (92) ¶·¨´¨³ ¥É ¢¨¤

S[ϕ0|F ] = S[ϕ|F̃ ] −
∫

dx0 (∂0ϕ)2

N0
, (119)
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£¤¥ Sh[ϕ|F̃ ] ¸μ¢¶ ¤ ¥É ¶μ Ëμ·³¥ ¸ ¤¥°¸É¢¨¥³ „¨· ±  (101), £¤¥ ¶μ²Ö F § ³¥-
´¥´Ò ¶μ²Ö³¨ F̃ ¸ ¡¥£ÊÐ¨³¨ ³ ¸¸ ³¨ ϕ (120);

ϕ(x0) = ϕ0a(x0) (120)

Å ¡¥£ÊÐ Ö Ï± ²  ³ ¸¸;

N0(x0)
−1

= V −1
0

∫
V0

d3xN−1
d (x0, xi) ≡

〈
N−1

d

〉
(121)

¥¸ÉÓ Ê¸·¥¤´¥´¨¥ μ¡· É´μ° ËÊ´±Í¨¨ ¸¤¢¨£  N−1
d ¶μ ¶·μ¸É· ´¸É¢¥´´μ³Ê μ¡Ñ-

¥³Ê V0 =
∫

d3x. B¨¤´o, ÎÉμ ËÊ´±Í¨Ö ¸¤¢¨£  N0 μ¶·¥¤¥²Ö¥É £¥μ³¥É·¨Î¥¸±μ¥
¢·¥³Ö ζ:

dζ = N0(x0)dx0, ζ(x0) =

x0∫
dx0N0(x0). (122)

ƒ ³¨²ÓÉμ´μ¢μ ¤¥°¸É¢¨¥ (c ÉμÎ´μ¸ÉÓÕ ¤μ ¶μ²´μ° ¶·μ¨§¢μ¤´μ°) ¶·¨´¨-
³ ¥É ¢¨¤

Sh[ϕ0|F ] = Sh[ϕ|F̃ ] −
∫

dx0

[
Pϕ∂0ϕ − N0

P 2
ϕ

4V0

]
, (123)

£¤¥ ± ´μ´¨Î¥¸±¨° ¨³¶Ê²Ó¸

Pϕ = 2V0ϕ
′ ≡ 2V0dϕ/dζ

μ¶·¥¤¥²Ö¥É Ô´¥·£¨Õ ¸¨¸É¥³Ò ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° [ϕ|F̃ ].

�´¥·£¥É¨Î¥¸± Ö ¸¢Ö§Ó
δS[ϕ|F̃ ]

δNd
= 0 ¤ ¥É Ê· ¢´¥´¨¥

N2
0 P 2

ϕ

N2
d

= T 0
0 (ϕ|F̃ ), (124)

£¤¥ T 0
0 (ϕ|F̃ ) ¸μ¢¶ ¤ ¥É ¶μ Ëμ·³¥ c ¢Ò· ¦¥´¨¥³ (103) ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¥°

§ ³¥´μ° ¶¥·¥³¥´´ÒÌ (ϕ0|F ) → (ϕ|F̃ ). �Éμ Ê· ¢´¥´¨¥ ¨³¥¥É ·¥Ï¥´¨¥

Nd = N0

〈√
T 0

0 (ϕ|F̃ )
〉

√
T 0

0 (ϕ|F̃ )
, (125)

Pϕ(±) = ±2V0ϕ
′ = ±2V0

〈√
T 0

0 (ϕ|F̃ )
〉

= ±Eϕ. (126)
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…¸²¨ ¶μ¤¸É ¢¨ÉÓ ÔÉμ ·¥Ï¥´¨¥ ¢ ¤¥°¸É¢¨¥ (123), Éμ ¶μ²ÊÎ¨³ ¤¥°¸É¢¨¥ ·¥²ÖÉ¨-
¢¨¸É¸±μ° ¢¸¥²¥´´μ°:

S[ϕI |ϕ0]|Pϕ=±Eϕ =

ϕ0∫
ϕI

dϕ

⎧⎨⎩
∫

d3x

⎡⎣∑
F

P̃F ∂ϕF̃ + C̃ ± 2
√

T 0
0 (ϕ|F̃ )

⎤⎦⎫⎬⎭ ,

(127)
¤¢¨¦ÊÐ¥°¸Ö ¢ ¶μ²¥¢μ³ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° [ϕ|F̃ ], §¤¥¸Ó C̃ = C/∂0ϕ, ϕI ¥¸ÉÓ
ÉμÎ±  ·μ¦¤¥´¨Ö (¨²¨ Ê´¨ÎÉμ¦¥´¨Ö) ¢¸¥²¥´´μ°. “· ¢´¥´¨Ö É¥μ·¨¨ (127) μ¤´μ-
§´ Î´μ μ¶·¥¤¥²ÖÕÉ ¢¸¥ ¶μ²Ö F̃ (ϕ, xi) ± ± ËÊ´±Í¨¨ ¤¨´ ³¨Î¥¸±μ£μ ¶ · ³¥É· 
Ô¢μ²ÕÍ¨¨ ϕ ¨ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ÔÉ¨Ì ¶μ²¥° ¢ ³μ³¥´É ·μ¦¤¥´¨Ö ¢¸¥²¥´´μ°
ϕ(ζ = 0) = ϕI . ƒ¥μ³¥É·¨Î¥¸±μ¥ ¢·¥³Ö ³μ¦´μ ´ °É¨ ¸μ£² ¸´μ Ê· ¢´¥´¨Õ
(126) [27]:

ζ(ϕ0|ϕI) =

= θ(ϕ0 − ϕI)

ϕ0∫
ϕI

dϕ〈√
T 0

0 (ϕ|F̃ )
〉 + θ(ϕI − ϕ0)

ϕI∫
ϕ0

dϕ〈√
T 0

0 (ϕ|F̃ )
〉 � 0, (128)

£¤¥ ÊÎÉ¥´  ±¢ ´Éμ¢ Ö  ´μ³ ²¨Ö £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ² , ±μÉμ· Ö ¸²¥¤Ê¥É,
± ± ³Ò ¢¨¤¥²¨ ¢ÒÏ¥ ´  ¶·¨³¥· Ì ‘’� ¨ ±μ¸³μ²μ£¨¨, ¨§ Ê¸²μ¢¨Ö ¸É ¡¨²Ó-
´μ¸É¨ ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò. Š¢ ´Éμ¢ Ö  ´μ³ ²¨Ö μ§´ Î ¥É  ¡¸μ²ÕÉ´μ¥ ´ Î ²μ
£¥μ³¥É·¨Î¥¸±μ£μ ¢·¥³¥´¨.

3.7. �¥Ï¥´¨¥ ¶·μ¡²¥³ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¢ �’�. � Î ²Ó´Ò¥ ¤ ´´Ò¥
ϕI , HI = ϕ′

I/ϕI ³μ¦´μ É· ±Éμ¢ ÉÓ ± ± ÉμÎ±Ê ·μ¦¤¥´¨Ö ¢¸¥²¥´´μ° ¸ ¶μ²μ¦¨-
É¥²Ó´μ° Ô´¥·£¨¥° Pϕ � 0 ¨²¨ ÉμÎ±Ê Ê´¨ÎÉμ¦¥´¨Ö ¢¸¥²¥´´μ° ¸ μÉ·¨Í É¥²Ó´μ°
Ô´¥·£¨¥° Pϕ � 0.

�·μ¡²¥³  ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¢ �’� Å ÔÉμ ¶·μ¡²¥³  μ¶·¥¤¥²¥´¨Ö § ¢¨¸¨-
³μ¸É¨ ³¥É·¨±¨ ¨ ¶μ²¥° μÉ ±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ ¶ÊÉ¥³ ·¥Ï¥´¨Ö Ê· ¢´¥´¨°
É¥μ·¨¨, ¨´¢ ·¨ ´É´ÒÌ μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨ ÔÉμ£μ ¢·¥³¥´¨. —Éμ¡Ò
·¥Ï¨ÉÓ ÔÉÊ ¶·μ¡²¥³Ê, ³Ò μÉ¤¥²¨²¨ ¨´¢ ·¨ ´É´Ò° ¤¨´ ³¨Î¥¸±¨° ¶ · ³¥É·
Ô¢μ²ÕÍ¨¨ ϕ ± ± ³ ¸ÏÉ ¡´Ò° Ë ±Éμ· ¨ ¶μ± § ²¨, ÎÉμ ¤¥°¸É¢¨¥ ¸μ¤¥·¦¨É
¸μμÉ¢¥É¸É¢ÊÕÐ¨° ÔÉμ³Ê ¶ · ³¥É·Ê ¨´¢ ·¨ ´É´Ò° μ¤´μ·μ¤´Ò° £¥μ³¥É·¨Î¥-
¸±¨° ¨´É¥·¢ ² dζ = N0dx0. �É¤¥²¥´¨¥ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  a = ϕ/ϕ0

(ϕ2
0 = M2

Pl3/8π) ±μ´Ëμ·³´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³ F (n) = anF̃ (n), £¤¥ n Å ¥¸ÉÓ
±μ´Ëμ·³´Ò° ¢¥¸, μÉ±·Ò¢ ¥É ´ ³ ¤¢¨¦¥´¨¥ ¢¸¥²¥´´μ° (·¨¸. 2), § ³¥É ÕÐ¥¥
£¨¶¥·¶μ¢¥·Ì´μ¸ÉÓ ¢ ¶μ²¥¢μ³ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° [ϕ|F̃ ].

“· ¢´¥´¨Ö É¥μ·¨¨ ¶μ§¢μ²ÖÕÉ μ¤´μ§´ Î´μ μ¶·¥¤¥²¨ÉÓ § ¢¨¸¨³μ¸ÉÓ ¶μ²¥°
F̃ μÉ ¤¨´ ³¨Î¥¸±μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ ϕ, ¥¸²¨ § ¤ ´Ò ´ Î ²Ó´Ò¥ ¤ ´´Ò¥
F̃I(xi) = F̃ (ϕI , x

i), PFI(xi) = PFI(ϕI , x
i), £¤¥ ϕI , PϕI ¨´É¥·¶·¥É¨·ÊÕÉ¸Ö ± ±

±μμ·¤¨´ ÉÒ ÉμÎ±¨ ·μ¦¤¥´¨Ö ¢¸¥²¥´´μ° ¢ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¨²¨ Ê´¨ÎÉμ-
¦¥´¨Ö ¢¸¥²¥´´μ° ¸ ¶μ²μ¦¨É¥²Ó´Ò³¨ Ô´¥·£¨Ö³¨ E = Pϕ � 0.
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�¨¸. 2. “¸²μ¢´μe ¤¢¨¦¥´¨¥ ‚¸¥²¥´´μ° ¶μ ¥¥ £¨¶¥·¶μ¢¥·Ì´μ¸É¨ ¢ ³¨·μ¢μ³ ¶μ²¥¢μ³
¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨°. Š ¦¤Ò° ´ ¡²Õ¤ É¥²Ó ¢μ ‚¸¥²¥´´μ° ¨³¥¥É ¤¢  ´ ¡μ·  ¨§³¥·Ö¥-
³ÒÌ ¢¥²¨Î¨´: ¶μ²¥¢μ° (³ ¸¸  ϕ ¨ ¶²μÉ´μ¸É¨ Î¨¸²  Î ¸É¨Í aq, a

+
q ¸ ´ ¡μ·μ³ ±¢ ´Éμ¢ÒÌ

Î¨¸¥² q) ¨ £¥μ³¥É·¨Î¥¸±¨° (¨´É¥·¢ ² ¢·¥³¥´¨ η ¨ ´ Î ²Ó´Ò¥ ¤ ´´Ò¥ ¶²μÉ´μ¸É¨ ¡μ£μ-
²Õ¡μ¢¸±¨Ì ±¢ §¨Î ¸É¨Í bq, b

+
q ) [55]

	Ê¤¥³ ¤ ²¥¥ ¶·¥¤¶μ² £ ÉÓ, ÎÉμ �’�, ± ± ¨ ‘’�, ¨³¥¥É ¶μ¸²¥¤μ¢ É¥²Ó´ÊÕ
¨´É¥·¶·¥É Í¨Õ Éμ²Ó±μ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¸ ¶μ¸ÉÊ² Éμ³ o ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ -
±ÊÊ³  ± ± ¸μ¸ÉμÖ´¨Ö ¸ ³¨´¨³ ²Ó´μ° Ô´¥·£¨¥°. “¸²μ¢¨¥ ¸É ¡¨²Ó´μ¸É¨ ¢¸¥²¥´-
´μ° ¢ ¢¨¤¥ ¶μ¸ÉÊ² É  o ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³  ± ± ¸μ¸ÉμÖ´¨Ö ¸ ³¨´¨³ ²Ó´μ°
Ô´¥·£¨¥° ¢¥¤¥É ± ±¢ ´Éμ¢μ°  ´μ³ ²¨¨ ¨  ¡¸μ²ÕÉ´μ³Ê ´ Î ²Ê £²μ¡ ²Ó´μ£μ ¢·¥-
³¥´¨ ζ = 0. ‡ ¤ Î  ±μ¸³μ²μ£¨¨ ¸μ¸Éμ¨É ¢ μ¶·¥¤¥²¥´¨¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨°
·μ¦¤¥´¨Ö ¢¸¥²¥´´μ° ϕ(ζ = 0) = ϕI , Pϕ(ζ = 0) = PϕI , ¢³¥¸É¥ ¸ ±μÉμ·μ°
·μ¦¤ ¥É¸Ö ¢·¥³Ö, ³ É¥·¨Ö ¨ É¥³¶¥· ÉÊ·  ± ± Ì · ±É¥·¨¸É¨±  ¤¢¨¦¥´¨Ö ³ É¥-
·¨¨. —Éμ¡Ò ·¥Ï¨ÉÓ ÔÉÊ § ¤ ÎÊ, ´ ¤μ μÉμ¦¤¥¸É¢¨ÉÓ É¥μ·¥É¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ¸
´ ¡²Õ¤ ¥³Ò³¨ ¢ ¸μ£² ¸¨¨ ¸ ¶·¨´Í¨¶μ³ ¸μμÉ¢¥É¸É¢¨Ö ¸ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¥°
¢ ¶²μ¸±μ³ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨.

3.8. „¨´ ³¨±  ´¨§±¨Ì Ô´¥·£¨° ¨ ¶·¨´Í¨¶ ¸μμÉ¢¥É¸É¢¨Ö. ŒÒ ¢¨¤¨³,
ÎÉμ ¢μ§´¨± ¥É ¶·Ö³ Ö  ´ ²μ£¨Ö �’� [40] ¸ É¥μ·¨¥° ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ,
· ¸¸³μÉ·¥´´μ° ¢ · §¤. 1. ’ ±ÊÕ  ´ ²μ£¨Õ ³μ¦´μ · ¸¶·μ¸É· ´¨ÉÓ ´  μ¶·¥¤¥²¥-
´¨¥ ´ ¡²Õ¤ ¥³ÒÌ (É¨¶  ¢·¥³¥´¨, Î¨¸²  Î ¸É¨Í ¨ ¨Ì μ¤´μÎ ¸É¨Î´μ° Ô´¥·£¨¨)
¸ ¶μ³μÐÓÕ ¶·¨´Í¨¶  ¸μμÉ¢¥É¸É¢¨Ö �’� ¸ É¥μ·¨¥° ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥° F̃
¢ ¶²μ¸±μ³ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨, Ô´¥·£¨Ö ±μÉμ·ÒÌ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³
±μ²μ¸¸ ²Ó´ Ö Ô´¥·£¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö μ¤´μ·μ¤´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶²μÉ-
´μ¸É¨ ρ0(ϕ).

‹μ± ²Ó´ Ö ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ T 0
t0(ϕ|F̃ ) (103) ³μ¦¥É ¡ÒÉÓ ¤ ´  ± ± ¸Ê³³ 

μ¤´μ·μ¤´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶²μÉ´μ¸É¨ ρ0(ϕ) ¨ ²μ± ²Ó´μ° ¶²μÉ´μ¸É¨ Î ¸É¨-
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Í¥¶μ¤μ¡´ÒÌ ¢μ§³ÊÐ¥´¨° ¢ É¥μ·¨¨ ¶μ²Ö

T 0
t0(ϕ|F̃ ) = ρ0(ϕ) + T 0

t0(ϕ|F̃ ). (129)

ˆ¸¶μ²Ó§ÊÖ · §²μ¦¥´¨¥
√

T 0
t0 ¢ ·¥¤ÊÍ¨·μ¢ ´´μ³ ¤¥°¸É¢¨¨ (127) ¶μ ²μ± ²Ó´μ°

¶²μÉ´μ¸É¨∗

dϕ2
√

ρ0(ϕ) + T 0
t0 = dϕ

[
2
√

ρ0(ϕ) +
T 0

t0√
ρ0(ϕ)

]
+ . . . (130)

¨ μ¶·¥¤¥²¥´¨¥ ±μ´Ëμ·³´μ£μ ¢·¥³¥´¨ dη = dϕ/
√

ρ0(ϕ) (±μÉμ·μ¥ ¸μ¢¶ ¤ ¥É
¢ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ¸ £¥μ³¥É·¨Î¥¸±¨³ ζ), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ·¥¤ÊÍ¨·μ¢ ´´μ¥
¤¥°¸É¢¨¥ (127) ¢ Ëμ·³¥ ¸Ê³³Ò

S[ϕI |ϕ0]|Pϕ=±Eϕ = S(±)
cosm + S

(±)
field + . . . , (131)

£¤¥ ¶¥·¢Ò° Î²¥´ Ö¢²Ö¥É¸Ö ±μ¸³μ²μ£¨Î¥¸±¨³ ¤¥°¸É¢¨¥³ (47)

S(±)
cosm[ϕI |ϕ0] = ∓2V0

ϕ0∫
ϕI

dϕ
√

ρ0(ϕ), (132)

· ¸¸³μÉ·¥´´Ò³ ¢ÒÏ¥ ¢ · §¤. 1,   ¢Éμ·μ° Å ÔÉμ μ¡ÒÎ´μ¥ ¤¥°¸É¢¨¥ ¶μ²¥°
É¥μ·¨¨ ¢ É¥·³¨´ Ì ±μ´Ëμ·³´μ£μ ¢·¥³¥´¨

S
(±)
field =

η0∫
ηI

dη

∫
d3x

[∑
F

PF ∂ηF + C̃ − |γ|−1/2T 0
t0

]
(133)

¸ ¡¥£ÊÐ¨³¨ ³ ¸¸ ³¨ m(η) = a(η)m0, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ ±μ¸³μ²μ£¨Î¥¸±μ¥
·μ¦¤¥´¨¥ Î ¸É¨Í ¨§ ¢ ±ÊÊ³  [56]. ‚ ¶·¥¤¥²¥, ±μ£¤  Ô¢μ²ÕÍ¨¥° ¢¸¥²¥´´μ° ¨
·μ¦¤¥´¨¥³ Î ¸É¨Í ³μ¦´μ ¶·¥´¥¡·¥ÎÓ: ϕ � ϕ0, ¶μ²ÊÎ¥´´μ¥ ¤¥°¸É¢¨¥ (133) ¢
ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ �’� ¢ ± ²¨¡·μ¢±¥ ¸¨´Ì·μ´´μ£μ ¢·¥³¥´¨ (105):

SBjern

[
x0

synchr = η, T 0
t0synchr = T 0

t0

]
= S

(±)
field[ϕ(η) = ϕ0]. (134)

ˆ§ ¸· ¢´¥´¨Ö ¨´¢ ·¨ ´É´μ£μ ¤¥°¸É¢¨Ö (133) ¨ ¤¥°¸É¢¨Ö ¢ ± ²¨¡·μ¢±¥ ¸¨´-
Ì·μ´´μ£μ ¢·¥³¥´¨ (105) ³Ò ¢¨¤¨³, ÎÉμ ·μ²Ó ³¨·μ¢μ£μ ´ ¡²Õ¤ ¥³μ£μ ¢·¥³¥´¨
¨£· ¥É ±μ´Ëμ·³´μ¥ ¢·¥³Ö η, ÉμÎ´μ É ± ¦¥, ± ± ·μ²Ó  ¡¸μ²ÕÉ´μ£μ ´ ¡²Õ¤ -
¥³μ£μ ¢·¥³¥´¨ ¢ ³¥Ì ´¨±¥ �ÓÕÉμ´  (42) ¨£· ¥É £¥μ³¥É·¨Î¥¸±¨° ¨´É¥·¢ ².
’ ±¨³ μ¡· §μ³, ¶·¨´Í¨¶ ¸μμÉ¢¥É¸É¢¨Ö μÉμ¦¤¥¸É¢²Ö¥É ¨§³¥·Ö¥³μ¥ ±μ¸³μ²μ-
£¨Î¥¸±μ¥ ¢·¥³Ö ¸ ±μ´Ëμ·³´Ò³ ¢·¥³¥´¥³ dη,   ´¥ ¸ ¢·¥³¥´¥³ ”·¨¤³ ´ 
dt = a(η)dη.

∗‡ ³¥É¨³, ÎÉμ ¢ ±¢ ´Éμ¢μ-¶μ²¥¢μ° É¥μ·¨¨ ¢´ Î ²¥ μÉ¤¥²Ö¥É¸Ö ¢§ ¨³μ¤¥°¸É¢¨¥√
ρ0 + T(2) + TI =

√
ρ0 + T(2) + TI/

√
ρ0 + T(2), ÎÉμ ¢¥¤¥É ± Ëμ·³Ë ±Éμ·Ê, Ê¸É· ´ÖÕÐ¥³Ê,

± ± ³¨´¨³Ê³, Î ¸ÉÓ Ê²ÓÉ· Ë¨μ²¥Éμ¢ÒÌ · ¸Ìμ¤¨³μ¸É¥° [27].
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3.9. �É´μ¸¨É¥²Ó´Ò¥ ¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö. �Éμ¦¤¥¸É¢²¥´¨¥ ¨§³¥·Ö¥³ÒÌ
¢¥²¨Î¨´ ¸ ±μ´Ëμ·³´Ò³¨ ¸μμÉ¢¥É¸É¢Ê¥É ¢Ò¡μ·Ê μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í ¨§³¥-
·¥´¨Ö ¤²¨´. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ë ±É μ¤´μ·μ¤´μ£μ · ¸Ï¨·¥´¨Ö ¢¸¥Ì ¶·μ¸É· ´-
¸É¢¥´´ÒÌ ¨´É¥·¢ ²μ¢ L = aLc μ§´ Î ¥É μ¤´μ¢·¥³¥´´μ ¨ · ¸Ï¨·¥´¨¥ ¥¤¨´¨Í
¨§³¥·¥´¨Ö l = alc ¨´É¥·¢ ²μ¢, É ± ÎÉμ ¸ ³ ¨§³¥·Ö¥³Ò° ¨´É¥·¢ ², ± ± μÉ´μ-
Ï¥´¨¥ Lr = aLc/alc = Lc/lc ¤¢ÊÌ · ¸Ï¨·ÖÕÐ¨Ì¸Ö ¢¥²¨Î¨´, ´¥ · ¸Ï¨·Ö¥É¸Ö.

‚ ·¥§Ê²ÓÉ É¥ ¢μ§´¨± ¥É ±μ¸³μ²μ£¨Î¥¸± Ö ³μ¤¥²Ó Ô¢μ²ÕÍ¨¨ ‚¸¥²¥´´μ°, £¤¥
¢¸¥ ¨§³¥·Ö¥³Ò¥ ¢¥²¨Î¨´Ò μÉμ¦¤¥¸É¢²ÖÕÉ¸Ö ¸ ±μ´Ëμ·³´Ò³¨: ±μ´Ëμ·³´Ò³
¢·¥³¥´¥³ dη (¢³¥¸Éμ Ë·¨¤³ ´μ¢¸±μ£μ dt = a(η)dη), ±μμ·¤¨´ É´Ò³ · ¸¸ÉμÖ-
´¨¥³ r (¢³¥¸Éμ R = r/(1 + z)), ¡¥£ÊÐ¨³¨ ³ ¸¸ ³¨ m = m0/(1 + z) (¢³¥¸Éμ
¶μ¸ÉμÖ´´ÒÌ m0), ¨ ±μ´Ëμ·³´μ° É¥³¶¥· ÉÊ·μ° Tc(z) = T (z)/(1 + z) (¢³¥¸Éμ
¸É ´¤ ·É´μ° T (z)). ‚ ÔÉμ³ ¸²ÊÎ ¥ ±· ¸´μ¥ ¸³¥Ð¥´¨¥ ¸¶¥±É· ²Ó´ÒÌ ²¨´¨°
 Éμ³μ¢ ±μ¸³¨Î¥¸±¨Ì μ¡Ñ¥±Éμ¢

Eemis

E0
=

matom(η0 − r)
matom(η0)

≡ ϕ(η0 − r)
ϕ0

= a(η0 − r) =
1

1 + z
(135)

μ¡ÑÖ¸´Ö¥É¸Ö ¨§³¥´¥´¨¥³ ³ ¸¸. ‚ ±μ´Ëμ·³´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ³μ¤¥²¨ ±μ´-
Ëμ·³´μ¥ ´ ¡²Õ¤ ¥³μ¥ · ¸¸ÉμÖ´¨¥ r É¥·Ö¥É ³´μ¦¨É¥²Ó a ¢ ¸· ¢´¥´¨¨ ¸ Ë·¨¤-
³ ´μ¢¸±¨³ R = ar. ‚ ÔÉμ³ ¸²ÊÎ ¥, ± ± ¶μ± § ´μ ¢ [39], ¶μ¸²¥¤´¨¥ ¤ ´´Ò¥
¶μ § ¢¨¸¨³μ¸É¨ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö μÉ · ¸¸ÉμÖ´¨Ö ¤μ ¸¢¥·Ì´μ¢ÒÌ É¨¶  Ia [53]
¸μ£² ¸ÊÕÉ¸Ö ¸ ¶·¥¤¥²Ó´μ ¦¥¸É±¨³ Ê· ¢´¥´¨¥³ ¸μ¸ÉμÖ´¨Ö

p = ρ(ϕ) =
Q2

4V 2
0 ϕ2

(136)

¨ § ¢¨¸¨³μ¸ÉÓÕ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  ± ± ±¢ ¤· É´μ£μ ±μ·´Ö μÉ ±μ´Ëμ·³-
´μ£μ (É. ¥. ´ ¡²Õ¤ ¥³μ£μ) ¢·¥³¥´¨ a(η) =

√
1 + 2H0(η − η0). ˆ³¥´´μ É ± Ö

§ ¢¨¸¨³μ¸ÉÓ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö μ¡ÑÖ¸´¥´¨Ö Ì¨³¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨ ³ É¥·¨¨ ¢μ
‚¸¥²¥´´μ° [54].

	Ò²μ ¶μ± § ´μ, ÎÉμ μÉ´μ¸¨É¥²Ó´Ò¥ ¥¤¨´¨ÍÒ ¤ ÕÉ ¤·Ê£ÊÕ ± ·É¨´Ê Ô¢μ-
²ÕÍ¨¨ B¸¥²¥´´μ°, Î¥³  ¡¸μ²ÕÉ´Ò¥ ¥¤¨´¨ÍÒ ¸É ´¤ ·É´μ° ±μ¸³μ²μ£¨¨. ’¥³-
¶¥· ÉÊ·´ Ö ¨¸Éμ·¨Ö · ¸Ï¨·ÖÕÐ¥°¸Ö ‚¸¥²¥´´μ° ¢ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í Ì
¢Ò£²Ö¤¨É ± ± ¨¸Éμ·¨Ö Ô¢μ²ÕÍ¨¨ ³ ¸¸ ¢ Ìμ²μ¤´μ° B¸¥²¥´´μ° ¸ ¶μ¸ÉμÖ´´μ°
É¥³¶¥· ÉÊ·μ° ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö [39,55,56].

ˆ³¥¥É¸Ö ¥Ð¥ μ¤¨´  ·£Ê³¥´É ¢ ¶μ²Ó§Ê μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í: ¡μ²ÓÏμ°
¤¥Ë¨Í¨É ³ ¸¸ ¸¢¥É¨³μ¸É¨ M/ML � 10, £¤¥ ML μ¡μ§´ Î ¥É ³ ¸¸Ê ¸¢¥ÉÖÐ¥°¸Ö
³ É¥·¨¨, ¢μ ¢¸¥Ì ¸¢¥·Ì¸±μ¶²¥´¨ÖÌ ¸ ³ ¸¸μ° ¶μ·Ö¤±  M � 1015M�, · §³¥·o³
R � 5 Œ¶± [57], £¤¥ ´ÓÕÉμ´μ¢¸± Ö ¸±μ·μ¸ÉÓ ¸É ´μ¢¨É¸Ö ´  ¶μ·Ö¤μ± ³¥´ÓÏ¥
±μ¸³¨Î¥¸±μ°. ‚ ¸²ÊÎ ¥ μÉ´μ¸¨É¥²Ó´ÒÌ ¥¤¨´¨Í ÔÉμÉ ¤¥Ë¨Í¨É ³ ¸¸ ³μ¦¥É ¡ÒÉÓ
μ¡ÑÖ¸´¥´ [57] Éμ·³μ¦¥´¨¥³ £ ² ±É¨± ¢ ¶·μÍ¥¸¸¥ ±μ¸³μ²μ£¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨
¨Ì ³ ¸¸ (135).
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�¢μ²ÕÍ¨Õ B¸¥²¥´´μ° ¢ ± Î¥¸É¢¥ ³¥Ì ´¨§³  Éμ·³μ¦¥´¨Ö ±μ¸³¨Î¥¸±¨Ì
μ¡Ñ¥±Éμ¢ ¢ Í¥´É· ²Ó´μ³ £· ¢¨É Í¨μ´´μ³ ¶μ²¥, ¶μ-¢¨¤¨³μ³Ê, ¢¶¥·¢Ò¥ ¶·¥¤-
²μ¦¨²¨ �°´ÏÉ¥°´ ¨ ˜É· Ê¸¸ ¢ 1945 £. [58]. �É  ¨¤¥Ö ¡Ò²  · §¢¨É  ¢ É¥·-
³¨´ Ì ±μ´Ëμ·³´ÒÌ ¶¥·¥³¥´´ÒÌ ¨ ±μμ·¤¨´ É ¢ [57], £¤¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ
±μ¸³¨Î¥¸± Ö Ô¢μ²ÕÍ¨Ö ³μ¦¥É ¢¥¸É¨ ± Ê³¥´ÓÏ¥´¨Õ Ô´¥·£¨¨ ¨ ¡ÒÉÓ ¶·¨Î¨´μ°
μ¡· §μ¢ ´¨Ö £ ² ±É¨± ¨ ¨Ì ±² ¸É¥·μ¢ ¡² £μ¤ ·Ö § Ì¢ ÉÊ ±μ¸³¨Î¥¸±¨Ì μ¡Ñ¥±-
Éμ¢ Í¥´É· ²Ó´Ò³ £· ¢¨É Í¨μ´´Ò³ ¶μ²¥³. „¥°¸É¢¨É¥²Ó´μ, ¨§ μ¶·¥¤¥²¥´¨Ö ±μ´-
Ëμ·³´μ° μ¤´μÎ ¸É¨Î´μ° Ô´¥·£¨¨ Î ¸É¨ÍÒ ¸ ¡¥£ÊÐ¥° ³ ¸¸μ° m(η) = a(η)m0

¨ ´ÓÕÉμ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  ¸²¥¤Ê¥É μ¶·¥¤¥²¥´¨¥ ¶μ²´μ° Ô´¥·£¨¨ Î ¸É¨ÍÒ:

E(η) =
p2

2m0a(η)
− αm

r
(£¤¥ p Å ¨³¶Ê²Ó¸ ¨ α = GM�m = rgm/2 Å ´ÓÕÉμ-

´μ¢¸± Ö ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö). ˆ§ ÔÉμ£μ μ¶·¥¤¥²¥´¨Ö ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ
Ô´¥·£¨Ö ´¥ ¸μÌ· ´Ö¥É¸Ö ¢ μÉ²¨Î¨¥ μÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ ¸ ¶μ¸ÉμÖ´´μ° ³ ¸¸μ°
¢ ³¥Ì ´¨±¥ �ÓÕÉμ´ . …¸²¨ ³ ¸ÏÉ ¡´Ò° Ë ±Éμ· a(η) Ê¢¥²¨Î¨¢ ¥É¸Ö, Ô´¥·£¨Ö
¨§³¥´Ö¥É¸Ö μÉ ¶μ²μ¦¨É¥²Ó´ÒÌ §´ Î¥´¨° ± μÉ·¨Í É¥²Ó´Ò³. ‘ÊÐ¥¸É¢Ê¥É ³μ-
³¥´É ¢·¥³¥´¨ η = ηI , ±μ£¤  Ô´¥·£¨Ö · ¢´  ´Ê²Õ. �Éμ ¨ ¥¸ÉÓ ³μ³¥´É § Ì¢ É 
£ ² ±É¨±, μ¶¨¸ ´´Ò° ¢ [57]. �ÉμÉ § Ì¢ É ³μ¦¥É μÉ¢¥É¨ÉÓ ´  μ¤¨´ ¨§ ËÊ´¤ ³¥´-
É ²Ó´ÒÌ ¢μ¶·μ¸μ¢ ¸μ¢·¥³¥´´μ° É¥μ·¨¨ Ëμ·³¨·μ¢ ´¨Ö £ ² ±É¨±: ± ± ¸¨¸É¥³ 
´¥¸¢Ö§ ´´ÒÌ ®Î ¸É¨Í¯ (£ ² ±É¨±) ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥° ¶·¥¢· Ð ¥É¸Ö ¢
¸¨¸É¥³Ê ¸¢Ö§ ´´ÒÌ ®Î ¸É¨Í¯ ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥°?

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ±μ¸³¨Î¥¸± Ö Ô¢μ²ÕÍ¨Ö ¤ ¥É ´ ³ £· ´¨ÍÒ μ¡² ¸É¨ ¶·¨-
³¥´¨³μ¸É¨ ³¥Ì ´¨±¨ �ÓÕÉμ´  ¤²Ö μ¶¨¸ ´¨Ö £ ² ±É¨±. �É¨ £· ´¨ÍÒ μ¶·¥¤¥-
²ÖÕÉ¸Ö ±·¨É¨Î¥¸±¨³ · ¤¨Ê¸μ³ Rcr � 1020 (M/M�)1/3 c³, ¶·¨ ±μÉμ·μ³ §´ -
Î¥´¨¥ ´ÓÕÉμ´μ¢¸±μ° μ·¡¨É ²Ó´μ° ¸±μ·μ¸É¨ ¢  ¡¸μ²ÕÉ´ÒÌ ¥¤¨´¨Í Ì ¸μ¢¶ -
¤ ¥É ¸μ ¸±μ·μ¸ÉÓÕ Ì ¡¡²μ¢¸±μ£μ · ¸Ï¨·¥´¨Ö £ ² ±É¨±¨ μÉ´μ¸¨É¥²Ó´μ Í¥´É· 
¸¢¥·Ì¸±μ¶²¥´¨Ö, £¤¥ ÔÉ  £ ² ±É¨±  ´ Ìμ¤¨É¸Ö. 	Ò²μ ¶μ± § ´μ [57], ÎÉμ ´ÓÕ-
Éμ´μ¢¸± Ö § ¢¨¸¨³μ¸ÉÓ μ·¡¨É ²Ó´μ° ¸±μ·μ¸É¨ μÉ · ¸¸ÉμÖ´¨Ö ¤μ Í¥´É·  ¸±μ¶-
²¥´¨Ö ¤²Ö ±·Ê£μ¢ÒÌ É· ¥±Éμ·¨° Ṙcircle = R̈circle = 0 (Rcircle = a(t)r, dt =
a(η)dη):

vNewt. orb(Rcircle) =
√

rg

2Rcircle
,

¥¸²¨ ÊÎ¥¸ÉÓ ±μ¸³¨Î¥¸±ÊÕ Ô¢μ²ÕÍ¨Õ, ¨§³¥´Ö¥É¸Ö ´  § ¢¨¸¨³μ¸ÉÓ

vcosm. orb(Rcircle) =
√

rg

2Rcircle
+ γ(RcircleH)2, (137)

£¤¥ γ =
[
2 −
(

3
2
Ωmatter + 3ΩΛ

)]
. ‚ ¢¥·¸¨¨ ±μ¸³μ²μ£¨¨, £¤¥ ´ ¡²Õ¤ ¥³Ò¥

¢¥²¨Î¨´Ò μÉμ¦¤¥¸É¢²ÖÕÉ¸Ö ¸ ±μ´Ëμ·³´Ò³¨, ³Ò ¨³¥¥³

γ(Ωstiff = 1) = 2,
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¨ ¶μÔÉμ³Ê ¤¥Ë¨Í¨É ¢¨¤¨³μ° ³ É¥·¨¨ Ê³¥´ÓÏ ¥É¸Ö, ¢ Éμ ¢·¥³Ö ± ± ¸É ´¤ ·É´ Ö
±μ¸³μ²μ£¨Î¥¸± Ö ³μ¤¥²Ó ¢¥¤¥É ± μÉ·¨Í É¥²Ó´μ³Ê §´ Î¥´¨Õ

γ(ΩΛ = 0,7, Ωmatter = 0,3) � −1/2

¨ É·¥¡Ê¥É ¥Ð¥ ¡μ²ÓÏ¥ É¥³´μ° ³ É¥·¨¨. 	μ²¥¥ Éμ£μ, ± ± ¢¨¤´μ ¨§ Ëμ·³Ê²Ò
(137), μ·¡¨É ²Ó´ Ö ¸±μ·μ¸ÉÓ ¢ ¸É ´¤ ·É´μ° ³μ¤¥²¨ ¸  ¡¸μ²ÕÉ´Ò³¨ ¥¤¨´¨Í ³¨
¨§³¥·¥´¨Ö ³μ¦¥É ¸É ÉÓ ¤ ¦¥ ³´¨³μ°.

3.10. �μ¦¤¥´¨¥ B¸¥²¥´´μ°. ’ ±¨³ μ¡· §μ³, ¤²Ö μ¶·¥¤¥²¥´¨Ö ´ Î ²Ó´ÒÌ
¤ ´´ÒÌ ·μ¦¤¥´¨Ö B¸¥²¥´´μ° ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ³μ¤¥²Ó Ô¢μ²ÕÍ¨¨ B¸¥-
²¥´´μ° ¢ É¥μ·¨¨ ¸ μÉ´μ¸¨É¥²Ó´Ò³¨ ¥¤¨´¨Í ³¨ ¨§³¥·¥´¨Ö, £¤¥ ·μ²Ó ¶¥·¢¨Î´μ°
¢ ±ÊÊ³´μ° É¥³´μ° Ô´¥·£¨¨∗ ¢ ®¶Ê¸Éμ°¯ B¸¥²¥´´μ° ³μ¦¥É ¢Ò¶μ²´ÖÉÓ ±¨´¥É¨-
Î¥¸± Ö Ô´¥·£¨Ö ³¨´¨³ ²Ó´μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ¸± ²Ö·´μ£μ ¶μ²Ö, ±μÉμ· Ö
¢¥¤¥É ± § ±μ´Ê Ô¢μ²ÕÍ¨¨ ¶·¥¤¥²Ó´μ ¦¥¸É±μ£μ Ê· ¢´¥´¨Ö ¸μ¸ÉμÖ´¨Ö (136).

�Éμ Ê· ¢´¥´¨¥ ¸μ¸ÉμÖ´¨Ö (136) Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ ¸¨´£Ê²Ö·´Ò³. �μÔÉμ³Ê
¥¸É¥¸É¢¥´´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ÔÉμ ¦¥ ¸μ¸ÉμÖ´¨¥ ¡Ò²μ ¨ ¢ ³μ³¥´É ·μ¦¤¥-
´¨Ö B¸¥²¥´´μ°. „μ ·μ¦¤¥´¨Ö B¸¥²¥´´μ° ´¥ ¡Ò²μ ´¨ ¢·¥³¥´¨, ´¨ Î ¸É¨Í,
´¨ É¥³¶¥· ÉÊ·Ò. � ¶μ³´¨³, ÎÉμ É¥³¶¥· ÉÊ·  Ö¢²Ö¥É¸Ö Ì · ±É¥·¨¸É¨±μ° ¸¨-
¸É¥³Ò Î ¸É¨Í, ¢μ§´¨±Ï¥° ¢ ·¥§Ê²ÓÉ É¥ ¨Ì ¸Éμ²±´μ¢¥´¨° ¨ · ¸¸¥Ö´¨°. …¸²¨
´¥É Î ¸É¨Í, Éμ ´¥É ¨ ¨Ì É¥³¶¥· ÉÊ·Ò.

Š¢ ´Éμ¢μ¥ ·μ¦¤¥´¨¥ ¢¸¥²¥´´ÒÌ ¢ o¡Ð¥° É¥μ·¨¨ oÉ´μ¸¨É¥²Ó´μ¸É¨ ¡Ê¤¥³
μ¶¨¸Ò¢ ÉÓ ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨, · ¸¸³μÉ·¥´´μ³ ¢ ¶. 3.8, ±μ-
£¤  ¤¥°¸É¢¨¥ �’� · §¤¥²Ö¥É¸Ö ´  ¤¢¥ Î ¸É¨: (47) (¨²¨ (132)), ±μÉμ· Ö μ¶¨¸Ò-
¢ ¥É ¢¸¥²¥´´Ò¥, ¨ (133), ±μÉμ· Ö μ¶¨¸Ò¢ ¥É Î ¸É¨ÍÒ.

‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ¥¸É¥¸É¢¥´´μ ¢μ§´¨± ¥É μ¤¨´ ¨ ÉμÉ ¦¥ μ¡Ð¨° ³¥-
Éμ¤ μ¶¨¸ ´¨Ö ±μ¸³μ²μ£¨Î¥¸±μ£μ ·μ¦¤¥´¨Ö ± ± ¢¸¥²¥´´ÒÌ (47), É ± ¨ Î ¸É¨Í
(133), Å ÔÉμ ¢Éμ·¨Î´μ¥ ±¢ ´Éμ¢ ´¨¥ ¸¨¸É¥³Ò ¸ ¶μ¸ÉÊ² Éμ³ o ¸ÊÐ¥¸É¢μ¢ ´¨¨
¢ ±ÊÊ³  ± ± ¸μ¸ÉμÖ´¨Ö ¸ ³¨´¨³ ²Ó´μ° Ô´¥·£¨¥° [43].

‚ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ¶·¥¤¥²Ó´μ ¦¥¸É±μ£μ Ê· ¢´¥´¨Ö ¸μ¸ÉμÖ´¨Ö (136)
Ô´¥·£¨Ö ¨³¥¥É ¢¨¤ E(ϕ) = Q/ϕ, £¤¥ ¶ · ³¥É· Q ¸μ¢¶ ¤ ¥É ¸ ¨´É¥£· ²μ³
¤¢¨¦¥´¨Ö Q = 2V0ϕ

2
IHI = 2V0ϕ

2
0H0, ±μÉμ·Ò° §¤¥¸Ó ¨³¥¥É ¸³Ò¸² ´ §¢ ÉÓ

³ ¸ÏÉ ¡´Ò³ § ·Ö¤μ³.
…¸²¨ ³ ¸ÏÉ ¡´Ò° § ·Ö¤ ¢ ±ÊÊ³  · ¢¥´ ´Ê²Õ, Éμ μ¤´μ¢·¥³¥´´μ ·μ¦¤ ÕÉ¸Ö

¤¢¥ ¢¸¥²¥´´Ò¥ ¸ ¶μ²μ¦¨É¥²Ó´Ò³ ¨ μÉ·¨Í É¥²Ó´Ò³ §´ Î¥´¨Ö³¨ ³ ¸ÏÉ ¡´μ£μ
§ ·Ö¤  ±|Q|, ±μÉμ·Ò¥ ´  Ö§Ò±¥ ¸É ´¤ ·É´μ° ³μ¤¥²¨ ¸μμÉ¢¥É¸É¢ÊÕÉ · ¸Ï¨·Ö-
ÕÐ¥°¸Ö (+) ¨ ¸¦¨³ ÕÐ¥°¸Ö (−) ¢¸¥²¥´´Ò³:

ϕ2
±Q = ϕ2

I ± Q

2V0
η. (138)

∗‚ ¸μ¢·¥³¥´´μ° ²¨É¥· ÉÊ·¥ ¢ ±ÊÊ³´ Ö É¥³´ Ö Ô´¥·£¨Ö ´ §Ò¢ ¥É¸Ö ®±¢¨´ÉÔ¸¸¥´Í¨¥°¯ [39].
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‚ ±ÊÊ³´Ò° ¶μ¸ÉÊ² É (85) ³μ¦¥É Ê¸É· ´¨ÉÓ μÉ·¨Í É¥²Ó´ÊÕ Ô´¥·£¨Õ, ´μ ´¥
μÉ·¨Í É¥²Ó´Ò° ¶ · ³¥É· • ¡¡² .

”Ê´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¢¸¥²¥´´ÒÌ (86) NU ¢ ÔÉμ° ³μ¤¥²¨, £¤¥ Ô´¥·£¨Ö
¸μ¡ÒÉ¨° ¶·¨´¨³ ¥É ¢¨¤ E(ϕ) = Q/ϕ, ³μ¦´μ ´ °É¨, ¶μ¸±μ²Ó±Ê Ê· ¢´¥´¨Ö
(88) ÉμÎ´μ ·¥Ï ÕÉ¸Ö. ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¨³¥¥É ¢¨¤

NU =
1

4Q2 − 1
sin2

[√
Q2 − 1

4
ln

ϕ

ϕI

]
	= 0. (139)

„ ²¥¥ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ £² ¢´Ò³ μ¡· §μ³ ·¥Ï¥´¨¥ (+).
3.11. �μ¦¤¥´¨¥ ³ É¥·¨¨ ¨§ ¢ ±ÊÊ³ . ‚ · ¡μÉ Ì [55,56,59] ¢ · ³± Ì · ¸-

¸³μÉ·¥´´μ° ¢ÒÏ¥ ±μ´Ëμ·³´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ³μ¤¥²¨ ¡Ò²μ ¶μ± § ´μ, ÎÉμ
¢ · ´´¥° B¸¥²¥´´μ° ¢ ³μ³¥´É, ±μ£¤  ¥¥ £μ·¨§μ´É H−1

I = a2
IH

−1
0 ¸μ¢¶ ¤ ¥É ¸

±μ³¶Éμ´μ¢¸±μ° ¤²¨´μ° ¢μ²´Ò ¢¥±Éμ·´ÒÌ W -, Z-¡μ§μ´μ¢ M−1
I = a−1

I M−1
W , ¸Ê-

Ð¥¸É¢Ê¥É ÔËË¥±É ¨´É¥´¸¨¢´μ£μ ·¥§μ´ ´¸´μ£μ ·μ¦¤¥´¨Ö ÔÉ¨Ì ¡μ§μ´μ¢ ¨§ ¢ ±Ê-
Ê³ , É ± ± ± ¢¥±Éμ·´Ò¥ W -, Z-¡μ§μ´Ò Å ¥¤¨´¸É¢¥´´Ò¥ Î ¸É¨ÍÒ ¢ ‘É ´¤ ·É-
´μ° ³μ¤¥²¨ (CM), ±μÉμ·Ò¥ ¨³¥ÕÉ ¸¨´£Ê²Ö·´μ¸ÉÓ ·μ¦¤¥´¨Ö ¶·¨ ´Ê²¥¢μ° ³ ¸¸¥.
� Î ²Ó´Ò¥ ¤ ´´Ò¥ ·μ¦¤¥´¨Ö ¶ ·Ò ¡μ§μ´μ¢ a2

I = [H0/MW ]2/3 = 10−29 ¸²¥-
¤ÊÕÉ ¨§ ¸μμÉ´μÏ¥´¨Ö ´¥μ¶·¥¤¥²¥´´μ¸É¨ ΔEΔη = 1 ¶·¨ ·μ¦¤¥´¨¨ ¶ ·Ò ¡μ§μ-
´μ¢ c Ô´¥·£¨¥° 2MI §  ¢·¥³Ö ¦¨§´¨ B¸¥²¥´´μ° (2HI)−1. �Éμ ¸μμÉ¢¥É¸É¢Ê¥É
§´ Î¥´¨Õ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö zI �

√
1029. � ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ ¡Ò¸É·μ¥

Ê¸É ´μ¢²¥´¨¥ ¶²μÉ´μ¸É¨ ¡μ§μ´μ¢ ¢ ¥¤¨´¨Í Ì ¶¥·¢¨Î´μ£μ §´ Î¥´¨Ö ¶ · ³¥É· 
• ¡¡²  ¨ ¤μ³¨´¨·ÊÕÐ¨° ¢±² ¤ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¡μ§μ´μ¢ (¸³. ·¨¸. 3) [55, 56]
¨ ¤ ÕÉ É¥³¶¥· ÉÊ·Ê ¡μ§μ´μ¢

Tbos ∼ (M2
I HI)1/3 = (M2

W0H0)1/3 ∼ 3 K (140)

± ± ¨´É¥£· ² ¤¢¨¦¥´¨Ö ±μ¸³¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨, μ¶¨¸Ò¢ ÕÐ¥° c¢¥·Ì´μ¢Ò¥
[53]. �μ¸²¥ · ¸¶ ¤  ¡μ§μ´μ¢ ¨Ì É¥³¶¥· ÉÊ·  ´ ¸²¥¤Ê¥É¸Ö ·¥²¨±Éμ¢Ò³ ¨§²Ê-
Î¥´¨¥³.

‚·¥³Ö ¦¨§´¨ ¡μ§μ´μ¢ [56]

τW = 2HIηW �
(

2
αg

)2/3

� 16, τZ ∼ 22/3τW ∼ 25 (141)

μ¶·¥¤¥²ÖeÉ ¸μ¢·¥³¥´´μ¥ §´ Î¥´¨¥ ¡ ·¨μ´´μ° ¶²μÉ´μ¸É¨

Ωb ∼ αg = αQED/ sin2 θW ∼ 0,03. (142)

„ ²¥¥, μ± §Ò¢ ¥É¸Ö, ÎÉμ μÉ´μÏ¥´¨¥ ¶²μÉ´μ¸É¨ ·μ¦¤¥´´μ° ³ É¥·¨¨ ρv(ηI)
± ¶²μÉ´μ¸É¨ ¤¢¨¦¥´¨Ö ¶¥·¢¨Î´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö (±¢¨´ÉÔ¸¸¥´Í¨¨) ρcr(ηI) =
H2

I ϕ2
I ¨³¥¥É Ô±¸É·¥³ ²Ó´μ ³ ²μ¥ §´ Î¥´¨¥:

ρv(ηI)
ρcr(ηI)

∼ M2
I

ϕ2
I

=
M2

W

ϕ2
0

∼ 10−34. (143)
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�¨¸. 3. �·μ¤μ²Ó´Ò¥ (NZ(x)) ±μ³¶μ´¥´ÉÒ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Î¨¸²  ¡μ§μ´μ¢ ¢
§ ¢¨¸¨³μ¸É¨ μÉ ¡¥§· §³¥·´μ£μ ¢·¥³¥´¨ τ = 2ηHI ¨ ¡¥§· §³¥·´μ£μ ¨³¶Ê²Ó¸  x =
q/MI , ¢ÒÎ¨¸²¥´´Ò¥ ¢ [55, 56, 59] ¤²Ö ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ MI = HI (γv = 1)

�μ¶¥·¥Î´Ò¥ ¡μ§μ´Ò ¢ É¥Î¥´¨¥ ¨Ì ¢·¥³¥´¨ ¦¨§´¨ Ëμ·³¨·ÊÕÉ ¡ ·¨μ´´ÊÕ
 ¸¨³³¥É·¨Õ B¸¥²¥´´μ° ± ± ¸²¥¤¸É¢¨¥ ®¶μ²Ö·¨§ Í¨¨¯ ÔÉ¨³¨ ¡μ§μ´ ³¨ ¢ ±Ê-
Ê³´μ£μ ³μ·Ö „¨· ±  ²¥¢ÒÌ Ë¥·³¨μ´μ¢ ¶μ ¶· ¢¨² ³ μÉ¡μ·  CM [60], ¸μ£² ¸´μ
±μÉμ·Ò³ · §´μ¸ÉÓ Î¨¸²  ¡ ·¨μ´μ¢ ¨ ²¥¶Éμ´μ¢ ¸μÌ· ´Ö¥É¸Ö,   ¨Ì ¸Ê³³  ´¥ ¸μ-
Ì· ´Ö¥É¸Ö. �±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ¥ ¸¢¥·Ì¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ [61],
μÉ¢¥É¸É¢¥´´μ¥ §  ´ ·ÊÏ¥´¨¥ CP -¸¨³³¥É·¨¨ ¸ ±μ´¸É ´Éμ° XCP ∼ 10−9, § -
³μ· ¦¨¢ ¥É ¡ ·¨μ´´ÊÕ  ¸¨³³¥É·¨Õ B¸¥²¥´´μ° ¸ ¶²μÉ´μ¸ÉÓÕ

ρb(η = ηL) � 10−9 · 10−34ρcr(η = ηL). (144)

‚¸Ö ¶μ¸²¥¤ÊÕÐ Ö Ô¢μ²ÕÍ¨Ö ³ É¥·¨¨ ¢ ¶μ¸ÉμÖ´´μ° Ìμ²μ¤´μ° B¸¥²¥´´μ°
¶μ¢Éμ·Ö¥É ¨§¢¥¸É´Ò° ¸Í¥´ ·¨° £μ·ÖÎ¥° B¸¥²¥´´μ° [54], ¶μ¸±μ²Ó±Ê ÔÉ  Ô¢μ-
²ÕÍ¨Ö μ¶·¥¤¥²¥´  ±μ´Ëμ·³´μ-¨´¢ ·¨ ´É´Ò³¨ μÉ´μÏ¥´¨Ö³¨ ³ ¸¸ ¨ É¥³¶¥-
· ÉÊ·Ò m/T . 	 ·¨μ´´ Ö ¶²μÉ´μ¸ÉÓ Ê¢¥²¨Î¨¢ ¥É¸Ö ± ± ³ ¸¸ ,   ¶²μÉ´μ¸ÉÓ
¶¥·¢¨Î´μ° ±¢¨´ÉÔ¸¸¥´Í¨¨ Ê³¥´ÓÏ ¥É¸Ö ± ± μ¡· É´Ò° ±¢ ¤· É ³ ¸¸Ò, ¶μÔÉμ³Ê
¸μ¢·¥³¥´´μ¥ §´ Î¥´¨¥ ¡ ·¨μ´´μ° ¶²μÉ´μ¸É¨, ¶μ²ÊÎ ¥³μ¥ ¨§ (141), (143) ¨
(144), · ¢´μ

Ωb(η0) =
[

ϕ0

ϕL

]3
10−43 ∼ 1043

[
ηI

ηL

]3/2

10−43 ∼
[

αQED

sin2 θW

]
∼ 0,03, (145)

¨ ÔÉμ ¤ ¥É Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ ¤ ´´Ò³¨ ´ ¡²Õ¤¥´¨°.
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’ ±¨³ μ¡· §μ³, ¸ÊÐ¥¸É¢Ê¥É ·¥¶ · ³¥É·¨§ Í¨μ´´μ-¨´¢ ·¨ ´É´μ¥ ·¥Ï¥´¨¥
¶·μ¡²¥³ £ ³¨²ÓÉμ´μ¢μ° Ëμ·³Ê²¨·μ¢±¨ �’� „¨· ±  ¨ ±μ¸³μ²μ£¨¨ ¢ · ³± Ì
³¥É·¨Î¥¸±μ£μ Ëμ·³ ²¨§³ .

3.12. �¥§Ê²ÓÉ ÉÒ. �¥¶ · ³¥É·¨§ Í¨μ´´μ-¨´¢ ·¨ ´É´μ¥ μ¶¨¸ ´¨¥ ¸¨¸É¥³Ò
μÉ¸Î¥É  ¢ �’� ¤ ¥É ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ.

1. „μ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢μ¢ ´¨¥ ´Ê²¥¢μ° ³μ¤Ò ·¥Ï¥´¨Ö ¢ ·¨ Í¨μ´´μ£μ
Ê· ¢´¥´¨Ö ¸¢Ö§¨ ¢ �’� T 0

k (ϕ0|F ) = 0 ¢ ±² ¸¸¥ ËÊ´±Í¨°, ±μÉμ·Ò° § -
¤ ¥É £·Ê¶¶  ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨° £ ³¨²ÓÉμ´μ¢  μ¶¨¸ ´¨Ö, ¨
Ê¸²μ¢¨¥ ±μ´¥Î´μ¸É¨ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨.

2. �Éμ¦¤¥¸É¢²¥´¨¥ ÔÉμ° ´Ê²¥¢μ° ³μ¤Ò Ê¸²μ¢¨Ö ƒ Ê¸¸  T 0
k = 0 ¸ ±μ¸³μ²μ£¨-

Î¥¸±¨³ ³ ¸ÏÉ ¡´Ò³ Ë ±Éμ·μ³ ¶μ§¢μ²Ö¥É μ¡Ñ¥¤¨´¨ÉÓ ´¥¨´¢ ·¨ ´É´ÊÕ
É¥μ·¨Õ μ¸É·μ¢´μ° ¢¸¥²¥´´μ° [20], £¤¥ ±μ¸³μ²μ£¨Î¥¸±¨° ³ ¸ÏÉ ¡´Ò°
Ë ±Éμ· Éμ¦¤¥¸É¢¥´´μ · ¢¥´ ¥¤¨´¨Í¥ ¨ ´ ·ÊÏ ¥É¸Ö ¸¨³³¥É·¨Ö É¥μ·¨¨
μÉ´μ¸¨É¥²Ó´μ ·¥¶ · ³¥É·¨§ Í¨¨ ±μμ·¤¨´ É´μ£μ ¢·¥³¥´¨ ¥£μ £²μ¡ ²Ó´μ°
¸¨´Ì·μ´¨§ Í¨¥°, ¨ £ ³¨²ÓÉμ´μ¢Ê ±μ¸³μ²μ£¨Õ [42], £¤¥ ±μ¸³μ²μ£¨Î¥¸±¨°
³ ¸ÏÉ ¡´Ò° Ë ±Éμ· · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¤¨´ ³¨Î¥¸± Ö ¶¥·¥³¥´´ Ö.

3. �Éμ¦¤¥¸É¢²¥´¨¥ ±μ¸³μ²μ£¨Î¥¸±μ£μ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  ¸ ¨´¢ ·¨ ´É-
´Ò³ ¶ · ³¥É·μ³ Ô¢μ²ÕÍ¨¨ ¨ ± ´μ´¨Î¥¸±μ£μ ¨³¶Ê²Ó¸  ³ ¸ÏÉ ¡´μ£μ Ë ±-
Éμ·  ¸ Ô´¥·£¨¥° B¸¥²¥´´μ° ¨ ¶μ¸ÉÊ² É o ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³  ¢ ±¢ ´-
Éμ¢μ° É¥μ·¨¨ ± ± ¸μ¸ÉμÖ´¨Ö ¸ ´ ¨´¨§Ï¥° Ô´¥·£¨¥° B¸¥²¥´´μ° ¶μ§¢μ²Ö¥É
μ¡μ¸´μ¢ ÉÓ  ¡¸μ²ÕÉ´μ¥ ´ Î ²μ £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ²  s. �μ¸ÉÊ² É
o ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¢ ±ÊÊ³  Ê¸É· ´Ö¥É ±μ¸³μ²μ£¨Î¥¸±ÊÕ ¸¨´£Ê²Ö·´μ¸ÉÓ ¢μ
B¸¥²¥´´μ° ¸ ¶μ²μ¦¨É¥²Ó´μ° ·¥¶ · ³¥É·¨§ Í¨μ´´μ-¨´¢ ·¨ ´É´μ° Ô´¥·-
£¨¥° ¸μ¡ÒÉ¨° [28].

4. �·μ¡²¥³  μ¤´μ·μ¤´μ¸É¨ ±μ¸³μ²μ£¨¨ ·¥Ï ¥É¸Ö ¶ÊÉ¥³ μ¶·¥¤¥²¥´¨Ö ±μ¸-
³μ²μ£¨Î¥¸±¨Ì Ê· ¢´¥´¨° Ê¸·¥¤´¥´¨¥³ ÉμÎ´ÒÌ Ê· ¢´¥´¨° �’� ¶μ ¶·μ-
¸É· ´¸É¢¥´´μ³Ê μ¡Ñ¥³Ê ¢ ±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  [55,56].

5. ‚Ò¡μ· ·¥¶ · ³¥É·¨§ Í¨μ´´μ-¨´¢ ·¨ ´É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ ϕ ¢
±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ¨  ¡¸μ²ÕÉ´ Ö ÉμÎ±  μÉ¸Î¥É  £¥μ³¥É·¨Î¥-
¸±μ£μ ¨´É¥·¢ ²  ζ = 0 ¤ ÕÉ ·¥Ï¥´¨¥ ¶·μ¡²¥³Ò ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ-
²¥¢ÒÌ ¶¥·¥³¥´´ÒÌ F (ϕ, x) ¢ �’�: FI = F (ϕI , x), £¤¥ ϕI=ϕ(ζ)|ζ=0.

6. ’¥μ·¥É¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ·μ¦¤¥´¨Ö ³ É¥·¨¨ ¢μ B¸¥²¥´´μ°, ¥¥ Ô´¥·£¥-
É¨Î¥¸±μ£μ ¡Õ¤¦¥É , ·Ö¤  ±μ¸³μ²μ£¨Î¥¸±¨Ì ´ ¡²Õ¤¥´¨° ¨  ¸É·μË¨§¨-
Î¥¸±¨Ì ¤ ´´ÒÌ ¢ É¥·³¨´ Ì ¶ · ³¥É·μ¢ ‘Œ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í [55,
56] ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ´ Î ²Ó´μ£μ §´ Î¥´¨Ö ³ ¸ÏÉ ¡-
´μ£μ Ë ±Éμ·  ϕI , ±μÉμ·Ò° ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö
z2 ∼ 1029.

�¤´ ±μ ¢ ³¥É·¨Î¥¸±μ³ Ëμ·³ ²¨§³¥ μÉ¸ÊÉ¸É¢Ê¥É μ¶·¥¤¥²¥´¨¥ ±² ¸¸  ¨´¥·Í¨-
 ²Ó´ÒÌ ¸¨¸É¥³ μÉ¸Î¥É , ¸¢Ö§ ´´ÒÌ ²μ·¥´Í¥¢¸±¨³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨. ’ ±μ£μ
·μ¤  ¶·¥μ¡· §μ¢ ´¨Ö ³μ¦´μ ¤ ÉÓ Éμ²Ó±μ ¢ É¥É· ¤´μ³ Ëμ·³ ²¨§³¥ �’�.
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4. ‘ˆ‘’…Œ› �’‘—…’� ‚ ’…’��„��Œ ”��Œ�‹ˆ‡Œ…

4.1. ‘¨¸É¥³Ò μÉ¸Î¥É . Š ± ³Ò ¢¨¤¥²¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¸ÊÐ¥-
¸É¢ÊÕÉ ¤¢¥ ¢Ò¤¥²¥´´Ò¥ ¸¨¸É¥³Ò μÉ¸Î¥É : ±μ¸³¨Î¥¸± Ö, £¤¥ ·μ¦¤ ¥É¸Ö B¸¥-
²¥´´ Ö ¢³¥¸É¥ ¸ ³ É¥·¨¥°, ±μÉμ· Ö § ¶μ³¨´ ¥É¸Ö É¥³¶¥· ÉÊ·μ° ·¥²¨±Éμ¢μ£μ
¨§²ÊÎ¥´¨Ö, ¨ ¸¨¸É¥³  μÉ¸Î¥É  ´ ¡²Õ¤ É¥²Ö ¸ ¶·¨¡μ· ³¨, μÉμ¦¤¥¸É¢²Ö¥³ Ö ¸
¸¨¸É¥³μ° μÉ¸Î¥É  ‡¥³²¨. � ¶μ³´¨³ ¨¥· ·Ì¨Õ ¤¢¨¦¥´¨°, ¢ ±μÉμ·ÒÌ ¶·¨´¨-
³ ¥É ÊÎ ¸É¨¥ ´ Ï  ¶² ´¥É , É ±, ± ± ÔÉ  ¨¥· ·Ì¨Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö [62, 63]. ‚ £ ² ±É¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É∗ l = 90◦, b = 0◦ ‡¥³²Ö
¢· Ð ¥É¸Ö ¢μ±·Ê£ ‘μ²´Í  ¸μ ¸±μ·μ¸ÉÓÕ 30 ±³/c; ‘μ²´Í¥ ¤¢¨¦¥É¸Ö ¸μ ¸±μ·μ-
¸ÉÓÕ 220 ±³/c ¢μ±·Ê£ Í¥´É·  ´ Ï¥° ƒ ² ±É¨±¨. ‚ ¸¢μÕ μÎ¥·¥¤Ó, Í¥´É· ´ Ï¥°
ƒ ² ±É¨±¨ ¤¢¨¦¥É¸Ö ¸μ ¸±μ·μ¸ÉÓÕ (316 ± 11) ±³/c ± Í¥´É·Ê Œ¥¸É´μ° ƒ·Ê¶¶Ò
£ ² ±É¨±∗∗ ¢ ´ ¶· ¢²¥´¨¨ l = (93 ± 2)◦, b = (−4 ± 1)◦. ‚ ¨Éμ£¥ ¶μ²ÊÎ ¥³,
ÎÉμ ¸±μ·μ¸ÉÓ £ ² ±É¨Î¥¸±μ£μ Í¥´É·  μÉ´μ¸¨É¥²Ó´μ Í¥´É·  M¥¸É´μ° ƒ·Ê¶¶Ò
¸μ¸É ¢²Ö¥É 91 ±³/c ¢ ´ ¶· ¢²¥´¨¨ l = 163◦, b = −19◦.

–¥´É·Ò ´ Ï¥° ƒ ² ±É¨±¨ ¨ ÉÊ³ ´´μ¸É¨ �´¤·μ³¥¤Ò (£ ² ±É¨±a Œ31) ¶μ¤
¤¥°¸É¢¨¥³ £· ¢¨É Í¨μ´´μ£μ ¶·¨ÉÖ¦¥´¨Ö ¸¡²¨¦ ÕÉ¸Ö ¸μ ¸±μ·μ¸ÉÓÕ 120 ±³/c.
�·¥¤¶μ² £ Ö, ÎÉμ ´ Ï  ƒ ² ±É¨±  ¨ �´¤·μ³¥¤  ¤ ÕÉ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢
μ¡ÐÊÕ ³ ¸¸Ê Œ¥¸É´μ° ƒ·Ê¶¶Ò ¨ ³ ¸¸  ´ Ï¥° ƒ ² ±É¨±¨ ¢ ¤¢  · §  ³¥´ÓÏ¥,
Î¥³ ³ ¸¸  �´¤·μ³¥¤Ò, ¶μ²ÊÎ ¥³, ÎÉμ ´ Ï  ƒ ² ±É¨±  ¤¢¨¦¥É¸Ö ± �´¤·μ³¥¤¥
¸μ ¸±μ·μ¸ÉÓÕ 80 ±³/c.

ˆ§³¥·¥´¨¥ ¤¨¶μ²Ó´μ°  ´¨§μÉ·μ¶¨¨ ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö, μ¸ÊÐ¥¸É¢²¥´-
´μ¥  ³¥·¨± ´¸±¨³ ±μ¸³¨Î¥¸±¨³  ¶¶ · Éμ³ COBE, ¶μ± § ²¨ ¸±μ·μ¸ÉÓ ‘μ²´Í 
μÉ´μ¸¨É¥²Ó´μ ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö ¶μ·Ö¤±  (370 ± 3) ±³/c ¢ ´ ¶· ¢²¥´¨¨
l = (266, 4 ± 0, 3)◦, b = (48,4 ± 0,5)◦ [65]. �É   ´¨§μÉ·μ¶¨Ö μ¡Ê¸²μ¢²¥´ 
¤¢¨¦¥´¨¥³ ´ ¡²Õ¤ É¥²Ö μÉ´μ¸¨É¥²Ó´μ ®£²μ¡ ²Ó´μ° ( ¡¸μ²ÕÉ´μ°)¯ ¸¨¸É¥³Ò
μÉ¸Î¥É .

�μ¸±μ²Ó±Ê ¤¢¨¦¥´¨¥ ‘μ²´Í  μÉ´μ¸¨É¥²Ó´μ Œ¥¸É´μ° ƒ·Ê¶¶Ò ¨ ¥£μ ¤¢¨-
¦¥´¨¥ μÉ´μ¸¨É¥²Ó´μ  ¡¸μ²ÕÉ´μ° ¸¨¸É¥³Ò μÉ¸Î¥É , ¸¢Ö§ ´´μ° ¸ ·¥²¨±Éμ¢Ò³
¨§²ÊÎ¥´¨¥³, ¨³¥ÕÉ ¶· ±É¨Î¥¸±¨ ¶·μÉ¨¢μ¶μ²μ¦´o¥ ´ ¶· ¢²¥´¨e, Éμ ¸±μ·μ¸ÉÓ
Í¥´É·  Œ¥¸É´μ° ƒ·Ê¶¶Ò μÉ´μ¸¨É¥²Ó´μ ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö μ± §Ò¢ ¥É¸Ö
¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ°: ¶μ·Ö¤±  (634 ± 12) ±³/c ¢ ´ ¶· ¢²¥´¨¨ l = (269 ± 3)◦,
b = (48,4 ± 0,5)◦ [65].

∗� ¶μ³´¨³, ÎÉμ ´Ê²¥¢ Ö Ï¨·μÉ  (b) ¢ £ ² ±É¨Î¥¸±¨Ì ±μμ·¤¨´ É Ì ¸μμÉ¢¥É¸É¢Ê¥É £ ² ±É¨Î¥-
¸±μ° Ô±¢ Éμ·¨ ²Ó´μ° ¶²μ¸±μ¸É¨,   ´Ê²¥¢ Ö ¤μ²£μÉ  (l) Å ´ ¶· ¢²¥´¨Õ ´  £ ² ±É¨Î¥¸±¨° Í¥´É·,
´ Ìμ¤ÖÐ¨°¸Ö ¢ ¸μ§¢¥§¤¨¨ ‘É·¥²ÓÍ . ƒ ² ±É¨Î¥¸± Ö Ï¨·μÉ  ¨§³¥·Ö¥É¸Ö μÉ £ ² ±É¨Î¥¸±μ£μ Ô±¢ -
Éμ·  ´  ¸¥¢¥· (+) ¨ ´  Õ£ (−), £ ² ±É¨Î¥¸± Ö ¤μ²£μÉ  ¨§³¥·Ö¥É¸Ö ¢ ´ ¶· ¢²¥´¨¨ ´  § ¶ ¤ ¢¤μ²Ó
£ ² ±É¨Î¥¸±μ° ¶²μ¸±μ¸É¨ μÉ £ ² ±É¨Î¥¸±μ£μ Í¥´É· .

∗∗Œ¥¸É´ Ö ƒ·Ê¶¶  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ´ ÏÊ ƒ ² ±É¨±Ê, 	μ²ÓÏμ¥ ¨ Œ ²μ¥ Œ £¥²² ´μ¢Ò
�¡² ± , £¨£ ´É¸±ÊÕ £ ² ±É¨±Ê �´¤·μ³¥¤Ê (Œ31) ¨ ¶μ·Ö¤±  2Ä3 ¤¥¸ÖÉ±μ¢ ± ·²¨±μ¢ÒÌ £ ² ±É¨±.
�¡Ð¨° · §³¥· Œ¥¸É´μ° ƒ·Ê¶¶Ò ¶μ·Ö¤±  1 Œ¶± [63, 64].
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’ ±¨³ μ¡· §μ³, Í¥´É· Œ¥¸É´μ° ƒ·Ê¶¶Ò ¤¢¨¦¥É¸Ö ¢ ¸²¥¤ÊÕÐ¨Ì ´ ¶· ¢²¥-
´¨ÖÌ [62]:

 ) ¢ ´ ¶· ¢²¥´¨¨ ¸±μ¶²¥´¨Ö „¥¢Ò l = 274◦, b = 75◦ ¸μ ¸±μ·μ¸ÉÓÕ
139 ±³/c;

¡) ¢ ´ ¶· ¢²¥´¨¨ 	μ²ÓÏμ£μ �ÉÉ· ±Éμ·  l = 291◦, b = 17◦, ´ Ìμ¤ÖÐ¥£μ¸Ö
´  · ¸¸ÉμÖ´¨¨ 44 Œ¶±, ¸μ ¸±μ·μ¸ÉÓÕ 289 ±³/c;

¢) ¢ ´ ¶· ¢²¥´¨¨, ¶·μÉ¨¢μ¶μ²μ¦´μ³ ³¥¸É´μ° ¶Ê¸Éμ° μ¡² ¸É¨, l = 228◦,
b = −10◦ ¸μ ¸±μ·μ¸ÉÓÕ 200 ±³/c.

“Î¨ÉÒ¢ Ö ¢¸¥ ÔÉ¨ ¤¢¨¦¥´¨Ö, ³μ¦´μ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ Œ¥¸É´ Ö ƒ·Ê¶¶ 
¤¢¨¦¥É¸Ö ¸μ ¸±μ·μ¸ÉÓÕ 166 ±³/c ¢ ´ ¶· ¢²¥´¨¨ l = 281◦, b = 43◦. �μ-
¸±μ²Ó±Ê μÏ¨¡±¨ μ¶·¥¤¥²¥´¨Ö ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ¸±μ·μ¸É¥° ¸μ¸É ¢²ÖÕÉ ¶μ·Ö¤± 
120 ±³/c [66], Éμ Œ¥¸É´ Ö ƒ·Ê¶¶  ³μ¦¥É ¸Î¨É ÉÓ¸Ö ¶· ±É¨Î¥¸±¨ ¢ ¶μ±μ¥ μÉ-
´μ¸¨É¥²Ó´μ ¤ ²¥±¨Ì £ ² ±É¨±.

‚μ ¢¸¥Ì ÔÉ¨Ì ¸²ÊÎ ÖÌ ´Ê¦´μ μ¶·¥¤¥²¨ÉÓ Ö¢´Ò° ¢¨¤ ¶·¥μ¡· §μ¢ ´¨° Ë¨§¨-
Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ, ¢ Éμ³ Î¨¸²¥ ¨´É¥·¢ ² , μÉ ±μ¸³¨Î¥¸±¨Ì ¸¨¸É¥³ μÉ¸Î¥É 
± ¸¨¸É¥³¥ μÉ¸Î¥É  ¶·¨¡μ·μ¢ ´ ¡²Õ¤ É¥²Ö. ’ ±¨¥ ¶·¥μ¡· §μ¢ ´¨Ö ¶μ§¢μ²Ö¥É
¶μ²ÊÎ¨ÉÓ ¢ μ¡Ð¥³ ¢¨¤¥ Ëμ·³Ê²¨·μ¢±  �’� ¢ É¥É· ¤´μ³ Ëμ·³ ²¨§³¥.

4.2. „¥°¸É¢¨¥, ²¨´¥°´Ò¥ Ëμ·³Ò ¨ ¸¨³³¥É·¨Ö. ’¥É· ¤Ò ¶μ§¢μ²ÖÕÉ ¢±²Õ-
Î¨ÉÓ Ë¥·³¨μ´Ò ¨ ¤·Ê£¨¥ ¶μ²Ö ³ É¥·¨¨ f ¢ É¥μ·¨Õ £· ¢¨É Í¨¨ ¸ ¤¥°¸É¢¨¥³ ¢
¢¨¤¥ ¸Ê³³Ò ¤¥°¸É¢¨° �’� ¨ ‘Œ

S = SOTO + SCM, (146)

¨ μÉ¤¥²¨ÉÓ μ¡Ð¥±μ¢ ·¨ ´É´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö μÉ ¶·¥μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ-
¸Î¥É  [67].

	Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ¤¥°¸É¢¨¥ ƒ¨²Ó¡¥·É Ä�°´ÏÉ¥°´  (92) § ¤ ´μ ¢ ¶·μ-
¸É· ´¸É¢¥ ¸ ¨´É¥·¢ ²μ³

ds2 = ηαβω(α)ω(β) ≡ gμνdxμdxν , (147)

ηab = diag (1,−1,−1,−1), (148)

£¤¥
ω(α) = e(α)μdxμ (149)

Å ²¨´¥°´Ò¥ Ëμ·³Ò Š ·É ´  [20, 21],   ±μÔËË¨Í¨¥´ÉÒ · §²μ¦¥´¨Ö ¶μ ¤¨Ë-
Ë¥·¥´Í¨ ² ³ ±μμ·¤¨´ É´μ£μ ¶·μ¸É· ´¸É¢  e(α)μ ´ §Ò¢ ÕÉ¸Ö É¥É· ¤ ³¨.

”μ·³Ò Š ·É ´  ω(α) ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ μ¡Ð¨Ì ±μμ·¤¨´ É´ÒÌ
¶·¥μ¡· §μ¢ ´¨°

xμ → x̃μ = x̃μ(x0, x1, x2, x3), (150)

· ¸¸³ É·¨¢ ¥³ÒÌ ¢ ± Î¥¸É¢¥ ± ²¨¡·μ¢μÎ´ÒÌ, ¨ ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ ¢¥±Éμ·´μ³Ê
¶·¥¤¸É ¢²¥´¨Õ £·Ê¶¶Ò ‹μ·¥´Í , · ¸¸³ É·¨¢ ¥³μ° ± ± £·Ê¶¶  ¶·¥μ¡· §μ¢ ´¨°
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¸¨¸É¥³ μÉ¸Î¥É . �·¨³¥·μ³ É ±¨Ì ¶·¥μ¡· §μ¢ ´¨° Ö¢²Ö¥É¸Ö ¶¥·¥Ìμ¤ μÉ μ¤´μ°
¸¨¸É¥³Ò μÉ¸Î¥É  ± ¤·Ê£μ°, ¤¢¨¦ÊÐ¥°¸Ö μÉ´μ¸¨É¥²Ó´μ ´¥¥ ¸μ ¸±μ·μ¸ÉÓÕ V :⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ω̄(0) =
ω(0) − V ω(1)√

1 − V 2
,

ω̄(1) =
ω(1) − V ω(0)√

1 − V 2
,

ω̄(2) = ω(2),

ω̄(3) = ω(3).

(151)

� ¶μ³´¨³, ÎÉμ ¶·¥μ¡· §μ¢ ´¨Ö ¸¨¸É¥³ μÉ¸Î¥É  ´¥ ³¥´ÖÕÉ Î¨¸²μ ¶¥·¥³¥´-
´ÒÌ, Éμ£¤  ± ± ± ²¨¡·μ¢μÎ´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ¢¥¤ÊÉ ± ¸¢Ö§Ö³ [23], ±μÉμ·Ò¥
Ê³¥´ÓÏ ÕÉ Î¨¸²μ ¶¥·¥³¥´´ÒÌ.

‚Ò¡μ· ²μ·¥´Í¥¢c±μ° ¸¨¸É¥³Ò μÉ¸Î¥É  ¢ �’� μ§´ Î ¥É Ë¨±¸ Í¨Õ ²μ·¥´-
Í¥¢¸±¨Ì ¨´¤¥±¸μ¢ (α) ¢ Ëμ·³ Ì Š ·É ´  (149) ¨ ±² ¸¸¨Ë¨± Í¨Õ ¨Ì ±μ³¶μ-
´¥´É ´  ¢·¥³¥´¨¶μ¤μ¡´Ò¥ ω(0) ¨ ¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´Ò¥ ω(a).

ƒ ³¨²ÓÉμ´μ¢  ¤¨´ ³¨±  Ëμ·³Ê²¨·Ê¥É¸Ö ¢ ¸¶¥Í¨ ²Ó´μ° ²μ·¥´Í¥¢c±μ° ¸¨-
¸É¥³¥ μÉ¸Î¥É , ±μÉμ· Ö Ì · ±É¥·¨§Ê¥É¸Ö ¸¥³¥°¸É¢μ³ £¨¶¥·¶μ¢¥·Ì´μ¸É¥° x0 =
const ¸ ¥¤¨´¨Î´Ò³ ´μ·³ ²Ó´Ò³ ¢¥±Éμ·μ³ να = (1/N,−Nk/N) ± £¨¶¥·¶μ-
¢¥·Ì´μ¸É¨ ¨ § ¤ ¥É¸Ö ²¨´¥°´Ò³¨ Ëμ·³ ³¨ Œ Ê·e· ÄŠ ·É ´  [22Ä24]:

ω(0) = Ndx0, (152)

ω(a) = e(a)i(dxi + N idx0); (153)

§¤¥¸Ó É·¨ ¤Ò e(a)i μ¡· §ÊÕÉ ±μÔËË¨Í¨¥´ÉÒ ¶·μ¸É· ´¸É¢¥´´μ° ³¥É·¨±¨

γij = e(a)ie(a)j, γij=ej
(a)e

i
(a).

‘²¥¤ÊÖ „¨· ±Ê [23], ³μ¦´μ μÉ¤¥²¨ÉÓ ¤¥É¥·³¨´ ´É ¶·μ¸É· ´¸É¢¥´´μ° ³¥É·¨±¨
¶ÊÉ¥³ ¢Ò¤¥²¥´¨Ö ³´μ¦¨É¥²Ö ψ2 ¨§ É·¨ ¤ e(a)i ¨ ËÊ´±Í¨¨ ¸³¥Ð¥´¨Ö N :

e(a)i = ψ2e(a)i, det |e| = 1, (154)

N = Ndψ
6. (155)

„ ²¥¥ ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¨³³¥É·¨Î¥¸±ÊÕ ¶ · ³¥É·¨§ Í¨Õ Ëμ·³ Š ·É ´ 
w(a) = e(a)idxi (±μÉμ· Ö ¢μ§´¨± ¥É ± ± ´¥²¨´¥°´ Ö ·¥ ²¨§ Í¨Ö Ô±¢¨ ËË¨´-
´μ° ¸¨³³¥É·¨¨ [67]).

‚ ÔÉμ³ ¸²ÊÎ ¥ ¤¥°¸É¢¨¥ �’� ¶·¨´¨³ ¥É ¢¨¤ ¸Ê³³Ò

SOTO =
∫

dx0d3x (K[ϕ0|e] − P[ϕ0|e] + S[ϕ0|e]) (156)
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±¨´¥É¨Î¥¸±μ£μ K, ¶μÉ¥´Í¨ ²Ó´μ£μ P, ¨ ¶μ¢¥·Ì´μ¸É´μ£μ S Î²¥´μ¢:

K[ϕ0|e] = Ndϕ
2
0

[
−4vψ

2 +
v2
(ab)

6

]
, (157)

P[ϕ0|e] =
Ndϕ

2
0ψ

12

6
(3)R(e), (158)

S[ϕ0|e] = 2ϕ2
0

[
∂0vψ − ∂l(N lvψ)

]
− ϕ2

0

3
∂j [ψ2∂j(ψ6Nd)]; (159)

§¤¥¸Ó ¨¸¶μ²Ó§μ¢ ´Ò μ¶·¥¤¥²¥´¨Ö ¸±μ·μ¸É¥° v(ab) =
1
2

(
e(a)iv

i
(b) + e(b)iv

i
(a)

)
,

£¤¥

v(a)i =
1

Nd

[(
∂0 − N l∂l

)
e(a)i +

1
3
e(a)i∂lN

l − e(a)l∂iN
l

]
, (160)

vψ =
1

Nd

[(
∂0 − N l∂l

)
ln ψ − 1

6
∂lN

l

]
, (161)

±μÉμ·Ò¥ ¶μ± §Ò¢ ÕÉ ´ ³, ± ± £¨¶¥·¶μ¢¥·Ì´μ¸ÉÓ ¢²μ¦¥´  ¢ 4-³¥·´μ¥ ¶·μ-
¸É· ´¸É¢μ-¢·¥³Ö.

’·¥Ì³¥·´ Ö ¸± ²Ö·´ Ö ±·¨¢¨§´  (3)R(e) ¶μ¸²¥ ¶·¥μ¡· §μ¢ ´¨Ö (154) ¶·¨-
´¨³ ¥É ¢¨¤

(3)R(e) =
1
ψ4

(3)R(e) +
8
ψ5

�ψ, (162)

£¤¥ �ψ = ∂i

(
ei
(a)e

j
(a)∂jψ

)
,   (3)R(e) Ö¢²Ö¥É¸Ö ±·¨¢¨§´μ°, ¢Ò· ¦¥´´μ° ¢

É·¨ ¤ Ì e(a)i:

(3)R(e) = −2∂i

[
ei
(b)σ(c)|(b)(c)

]
− σ(c)|(b)(c)σ(a)|(b)(a) + σ(c)|(d)(f)σ(f)|(d)(c),

(163)
£¤¥

σ(a)|(b)(c) = ej
(c)∇ie(a)ke k

(b) =
1
2
e(a)j

[
∂(b)e

j
(c) − ∂(c)e

j
(b)

]
(164)

Å ±μÔËË¨Í¨¥´É ¸¶¨´μ¢μ° ¸¢Ö§´μ¸É¨ [68], §¤¥¸Ó ¨¸¶μ²Ó§μ¢ ´Ò μ¶·¥¤¥²¥´¨¥
±μ¢ ·¨ ´É´μ° ¶·μ¨§¢μ¤´μ° Î¥·¥§ ¸¨³¢μ²Ò Š·¨¸ÉμËË¥²Ö

∇ie(a)j = ∂ie(a)j − Γk
ije(a)k, Γk

ij =
1
2
ek
(b)

(
∂ie(b)j + ∂je(b)i

)
¨ Éμ¦¤¥¸É¢μ ei

(b)∂je(a)i = −e(a)i∂jei
(b),   É ±¦¥ μ¡μ§´ Î¥´¨¥

A(b) = ej
(b)Aj = e(b)iA

i.

“¸²μ¢¨¥ ¶μ¶¥·¥Î´μ¸É¨ É·¨ ¤
∂iei

(b) = 0 (165)

μ§´ Î ¥É Ê¸²μ¢¨¥ ´  ±μÔËË¨Í¨¥´ÉÒ ¸¶¨´μ¢μ° ¸¢Ö§´μ¸É¨: σ(b)|(b)(c) = 0.
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4.3. ˆ´¢ ·¨ ´É´Ò° ¶ · ³¥É· Ô¢μ²ÕÍ¨¨. ƒ·Ê¶¶  ¤¨ËË¥μ³μ·Ë¨§³μ¢ £ -
³¨²ÓÉμ´μ¢  ¶μ¤Ìμ¤  [22,25], ± ± ³Ò ¢¨¤¥²¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ (¸³. (107)),
¢±²ÕÎ ¥É ¶μ¤£·Ê¶¶Ê ·¥¶ · ³¥É·¨§ Í¨° ±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨
x0 → x̃0 = x̃0(x0), ±μÉμ· Ö μ§´ Î ¥É, ÎÉμ ±μμ·¤¨´ É´Ò° ¶ · ³¥É· Ô¢μ²ÕÍ¨¨
x0 ´¥²Ó§Ö · ¸¸³ É·¨¢ ÉÓ ¢ ± Î¥¸É¢¥ ´ ¡²Õ¤ ¥³μ° ¢¥²¨Î¨´Ò.

‘’� ¨ ±μ¸³μ²μ£¨Ö ¤ ²¨ ´ ³ ·Ö¤  ·£Ê³¥´Éμ¢ ¢ ¶μ²Ó§Ê μÉμ¦¤¥¸É¢²¥´¨Ö
É ±μ£μ ´ ¡²Õ¤ ¥³μ£μ ¤¨ËË¥μ-¨´¢ ·¨ ´É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨ ¢ �’� ¸
±μ¸³μ²μ£¨Î¥¸±¨³ μ¤´μ·μ¤´Ò³ ³ ¸ÏÉ ¡´Ò³ Ë ±Éμ·μ³. Šμ¸³μ²μ£¨Î¥¸±¨° ³ ¸-
ÏÉ ¡´Ò° Ë ±Éμ· ³μ¦¥É ¡ÒÉÓ ¢¢¥¤¥´ ¢ É¥μ·¨Õ (146) ¸ ¶μ³μÐÓÕ ±μ´Ëμ·³-
´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¢¸¥Ì ¶μ²¥° ¸ ±μ´Ëμ·³´Ò³ ¢¥¸μ³ (n): F (n) = anF̃ (n),
¢±²ÕÎ Ö ±μ³¶μ´¥´ÉÒ ³¥É·¨±¨

gμν = a2g̃μν → Nd = a−2Ñd, ψ2 = aψ̃2. (166)

”μ·³Ê²  (166) ¨¸¶μ²Ó§Ê¥É¸Ö ± ± μ¶·¥¤¥²¥´¨¥ ±μ¸³μ²μ£¨Î¥¸±μ° É¥μ·¨¨ ¢μ§-
³ÊÐ¥´¨Ö [51,52].

„²Ö μ¤´μ§´ Î´μ£μ μ¶·¥¤¥²¥´¨Ö ¶μ²´μ£μ ´ ¡μ·  ± ´μ´¨Î¥¸±¨Ì ¨³¶Ê²Ó-
¸μ¢ £ ³¨²ÓÉμ´μ¢  μ¶¨¸ ´¨Ö ¸²¥¤Ê¥É ¢μ¸¸É ´μ¢¨ÉÓ Î¨¸²μ ¶¥·¥³¥´´ÒÌ ¨¸Ìμ¤´μ°
�’�, Ê¡¨· Ö μ¤´μ·μ¤´ÊÕ ±μ³¶μ´¥´ÉÊ ¨§ ¤¥É¥·³¨´ ´É  ³¥É·¨±¨

√
g̃ = ψ̃6 ± ±

´Ê²¥¢ÊÕ ËÊ·Ó¥-£ ·³μ´¨±Ê ¥£μ ²μ£ ·¨Ë³  ψ̃ ¸ ¶μ³μÐÓÕ Ê¸²μ¢¨Ö ¸¢Ö§¨, ÎÉμ¡Ò
¶¥·¥³¥´´ Ö

log ψ = log
√

a(x0) + log ψ̃ (167)

´¥ ¨³¥²  ¸· §Ê ¤¢¥ ´Ê²¥¢Ò¥ ËÊ·Ó¥-£ ·³μ´¨±¨. —Éμ¡Ò μ¶·¥¤¥²¨ÉÓ ÔÉμ Ê¸²μ-
¢¨¥ ¸¢Ö§¨, ¶μ¤¸É ¢¨³ ¶·¥μ¡· §μ¢ ´¨Ö (166) ¢ ¤¥°¸É¢¨¥ (146), ÎÉμ ¶·¨¢μ¤¨É ±
¢Ò· ¦¥´¨Õ

S = S̃ − V0

∫
dx0 (∂0ϕ)2

N0
, (168)

£¤¥ V0 =
∫

d3x Å μ¡Ñ¥³ ±μμ·¤¨´ É´μ£μ ¶·μ¸É· ´¸É¢ ,   Ê¸·¥¤´¥´´ Ö ËÊ´±Í¨Ö
Ìμ¤  N0(x0)

N0(x0)
−1

= V −1
0

∫
V0

d3xÑ−1
d (x0, xi) ≡

〈
Ñ−1

d

〉
(169)

μ¶·¥¤¥²Ö¥É ¤¨ËË¥μ-¨´¢ ·¨ ´É´μ¥ £¥μ³¥É·¨Î¥¸±μ¥ ¢·¥³Ö ζ:

dζ = N0(x0)dx0, (170)

S̃ = S̃OTO + S̃CM ¥¸ÉÓ ¸Ê³³  ¤¥°¸É¢¨° �’�

S̃OTO =
∫

dx0d3x (K[ϕ|e] − P[ϕ|e] + S[ϕ|e]) (171)
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¨ CM S̃CM, £¤¥ ¢¸¥ ³ ¸¸Ò Ê³´μ¦ ÕÉ¸Ö ´  ³ ¸ÏÉ ¡´Ò° Ë ±Éμ·, ¢±²ÕÎ Ö ³ ¸¸Ê
�² ´± : ϕ = ϕ0a; ¤¥°¸É¢¨¥ (171) ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¸Ê³³Ò ±¨´¥É¨Î¥¸±μ£μ
K, ¶μÉ¥´Í¨ ²Ó´μ£μ P, ¨ ±¢ §¨¶μ¢¥·Ì´μ¸É´μ£μ S Î²¥´μ¢

K[ϕ|e] = Ñdϕ
2

[
−4ṽ2

ψ +
v2
(ab)

6

]
, (172)

P[ϕ|e] =
Ñdϕ

2ψ̃12

6
(3)R(e), (173)

S[ϕ|e] = 2ϕ2

[
∂0ṽψ − ∂l(N lṽψ)

]
− ϕ2

3
∂j [ψ̃2∂j(ψ̃6Ñd)], (174)

±μÉμ·Ò¥ ¸μ¢¶ ¤ ÕÉ ¸ (157), (158) ¨ (159) ¸ ÉμÎ´μ¸ÉÓÕ ¤μ § ³¥´Ò ϕ0 → ϕ =
ϕ0a, ψ → ψ̃, Nd → Ñd,

vψ → ṽψ = (Ñd)−1

[(
∂0 − N l∂l

)
log ψ̃ − 1

6
∂lN

l

]
(175)

¥¸ÉÓ ¸±μ·μ¸ÉÓ ²μ£ ·¨Ë³  ¶·μ¸É· ´¸É¢¥´´μ£μ ¤¥É¥·³¨´ ´É .
4.4. �Ê²¥¢ Ö μ¤´μ·μ¤´ Ö ¸±μ·μ¸ÉÓ ²μ± ²Ó´μ° ³¥É·¨±¨. � ¸¸³μÉ·¨³ ¶μ± 

¡¥§ ¢¸Ö±¨Ì ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¸²μ¢¨° ÉÊ Î ¸ÉÓ ¤¥°¸É¢¨Ö (171), ±μÉμ· Ö μ¶¨¸Ò-
¢ ¥É Éμ²Ó±μ ¶·μ¸É· ´¸É¢¥´´Ò° ¤¥É¥·³¨´ ´É (167) ¨ ±μÉμ· Ö ¶μ¸²¥ μÉ¤¥²¥´¨Ö
³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  (166) ¶·¨´¨³ ¥É ¢¨¤

SD = −
∫

d4xÑd

[
4ϕ2(ṽψ)2 + 4ϕ∂0ϕṽψ +

(∂0ϕ)2

N0

]
=
∫

dx0LD =
∫

d4xLD,

(176)
£¤¥ ¶¥·¢Ò° Î²¥´ ¢μ§´¨± ¥É ¨§ ±¨´¥É¨Î¥¸±μ° Î ¸É¨ K[ϕ|e], ¢Éμ·μ° ¶·μ¨¸Ìμ¤¨É
¨§ ±¢ §¨¶μ¢¥·Ì´μ¸É´μ° Î ¸É¨ S[ϕ|e], ±μÉμ· Ö ´¥ Ö¢²Ö¥É¸Ö ¶μ²´μ° ¶·μ¨§¢μ¤´μ°
¢¢¨¤Ê § ¢¨¸¨³μ¸É¨ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  μÉ ¢·¥³¥´¨,   É·¥É¨° Å ±¢ ¤· É¨Î-
´oe ¤¥°¸É¢¨¥ ¤²Ö ¸ ³μ£μ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ· .

Œ ¸ÏÉ ¡´Ò° Ë ±Éμ· §¤¥¸Ó Ö¢²Ö¥É¸Ö ¤¨´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ°, ¨ ¥£μ ± -
´μ´¨Î¥¸±¨° ³μ³¥´É ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´ ¶ÊÉ¥³ ¢ ·Ó¨·μ¢ ´¨Ö ² £· ´¦¨ ´ 
(176) μÉ´μ¸¨É¥²Ó´μ ¶·μ¨§¢μ¤´μ° ¶μ ¢·¥³¥´¨ ∂0ϕ:

Pϕ ≡ ∂LD

∂(∂0ϕ)
= −
∫

d3x

[
4ϕ ṽψ + 2

(∂0ϕ)
N0

]
≡ −2V0

[
2ϕ〈ṽψ〉 +

(∂0ϕ)
N0

]
,

(177)
¢ Éμ ¢·¥³Ö ± ± ¸·¥¤´¥¥ §´ Î¥´¨¥ ²μ± ²Ó´μ£μ ± ´μ´¨Î¥¸±μ£μ ¨³¶Ê²Ó¸  ¶·μ-
¸É· ´¸É¢¥´´μ£μ ¤¥É¥·³¨´ ´É  ψ̃

P
˜ψ ≡ −

∫
d3x

∂LD

∂(∂0 log ψ̃)
= −
∫

d3xp̃ψ = −4ϕV0

[
2ϕ〈ṽψ〉 +

(∂0ϕ)
N0

]
= 2ϕPϕ

(178)
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¸μ¢¶ ¤ ¥É ¸ ±μ¸³μ²μ£¨Î¥¸±¨³ ¨³¶Ê²Ó¸μ³ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ³´μ¦¨É¥²Ö. ‹¥£±μ
Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ ¸±μ·μ¸É¨ ∂0ϕ/N0, 〈ṽψ〉 ´¥ ³μ£ÊÉ ¡ÒÉÓ ¢Ò· ¦¥´Ò ¢ É¥·³¨´ Ì
± ´μ´¨Î¥¸±¨Ì ¨³¶Ê²Ó¸μ¢ Pϕ, Pψ, ¶μ¸±μ²Ó±Ê ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¸¨¸É¥³  Ê· ¢-
´¥´¨° (177) ¨ (178) ¢Ò·μ¦¤¥´  ¨ ´¥ ¨³¥¥É ·¥Ï¥´¨Ö.

�Éμ §´ Î¨É, ÎÉμ ¤¥°¸É¢¨¥ (176) ¸¨´£Ê²Ö·´μ ¨§-§  ¤¢μ°´μ£μ ¸Î¥É  μ¤´μ·μ¤-
´μ° ¶¥·¥³¥´´μ° ¶·μ¸É· ´¸É¢¥´´μ£μ ¤¥É¥·³¨´ ´É .

„²Ö Ê¸É· ´¥´¨Ö ¤¢μ°´μ£μ ¸Î¥É  ´Ê¦´μ Ê¡· ÉÓ μ¤´μ·μ¤´ÊÕ ±μ³¶μ´¥´ÉÊ
¶¥·¥³¥´´μ° log ψ̃ ¢ Ê· ¢´¥´¨¨ (167), μ¶·¥¤¥²ÖÖ ÔÉÊ ¶¥·¥³¥´´ÊÕ ¢ ±² ¸¸¥
ËÊ´±Í¨° ¸ ´Ê²¥¢Ò³¨ ¸·¥¤´¨³¨∫

V0

d3x log ψ̃ ≡ 0,

∫
V0

d3xṽψ ≡ 0. (179)

‚ ÔÉμ³ ¸²ÊÎ ¥ ²μ£ ·¨Ë³ ±¢ ¤· É´μ£μ ±μ·´Ö ¨§ μ¤´μ·μ¤´μ£μ ³ ¸ÏÉ ¡´μ£μ Ë ±-
Éμ·  ¢ ¸Ê³³¥ (167) μ¶·¥¤¥²Ö¥É¸Ö ± ± Ê¸·¥¤´¥´¨¥ ¶μ ¶·μ¸É· ´¸É¢¥´´μ³Ê μ¡Ñ¥³Ê
μÉ ²μ£ ·¨Ë³  ¤¥É¥·³¨´ ´É  ¶·μ¸É· ´¸É¢¥´´μ° ³¥É·¨±¨ log

√
a = 〈log ψ〉. ˆ

Éμ£¤  Ê¸²μ¢¨Ö (179) ¥¸ÉÓ ´e ÎÉμ ¨´μ¥, ± ± μ·Éμ£μ´ ²Ó´μ¸ÉÓ ±μ¸³μ²μ£¨Î¥¸±μ£μ
³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  ¨ ¥£μ ¸±μ·μ¸É¨ ± ¶¥·¥³¥´´μ° ²μ£ ·¨Ë³  ²μ± ²Ó´μ£μ
¶·μ¸É· ´¸É¢¥´´μ£μ ¤¥É¥·³¨´ ´É  log ψ̃ ¨ ¸±μ·μ¸É¨ ṽψ ¸μμÉ¢¥É¸É¢¥´´μ.

�μ¸²¥ Ê¸É· ´¥´¨Ö μ¤´μ·μ¤´μ° ±μ³¶μ´¥´ÉÒ ²μ± ²Ó´μ° ³¥É·¨±¨ g̃αβ ¸ ¶μ-
³μÐÓÕ Ê¸²μ¢¨° (179) ¤¥°¸É¢¨¥ (168) ¶·¨´¨³ ¥É ¢¨¤

S =
∫

d4x (K[ϕ|e] − P[ϕ|e] + LCM(ϕ|F )) − V0

∫
dx0ϕ(x0)

(∂0ϕ)2

N0
, (180)

£¤¥ LCM Å ¶²μÉ´μ¸ÉÓ ² £· ´¦¨ ´  ³ É¥·¨¨, N0 μ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³
(121), K[ϕ|e] ¨ P[ϕ|e] ¤ ÕÉ¸Ö Ê· ¢´¥´¨Ö³¨ (172) ¨ (173) ¸μμÉ¢¥É¸É¢¥´´μ.

“¸²μ¢¨Ö (179) ¶μ§¢μ²ÖÕÉ ´ ³ ¸Ëμ·³Ê²¨·μ¢ ÉÓ £ ³¨²ÓÉμ´μ¢ ¶μ¤Ìμ¤ ± É¥μ-
·¨¨ £· ¢¨É Í¨¨, ¢ ±μÉμ·μ³ ²μ± ²Ó´ Ö £ ³¨²ÓÉμ´μ¢  ¶²μÉ´μ¸ÉÓ T 0

0 = −δS̃/δÑd

´¥ § ¢¨¸¨É μÉ μ¤´μ·μ¤´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¸±μ·μ¸É¨, ´ §Ò¢ ¥³μ° ¶ · ³¥É·μ³
• ¡¡² .

4.5. Œμ¤¥²Ó ³ ¸¸¨¢´μ° Ô²¥±É·μ¤¨´ ³¨±¨. ‚ ± Î¥¸É¢¥ ³μ¤¥²¨ ³ É¥·¨¨
· ¸¸³μÉ·¨³ ³ ¸¸¨¢´ÊÕ Ô²¥±É·μ¤¨´ ³¨±Ê ¢ �’�:

S =
∫

d4x
√
−g

[
−ϕ2

0

6
R(g) + Lm

]
, (181)

£¤¥ Lm Å ² £· ´¦¨ ´ ³ ¸¸¨¢´ÒÌ ¢¥±Éμ·´ÒÌ ¨ ¸¶¨´μ·´ÒÌ ¶μ²¥°:

Lm = −1
4
FμνFαβgμαgνβ−M2

0 AμAνgμν−Ψiγσ(Dσ−ieAσ)Ψ−m0ΨΨ̂, (182)

Fμν = ∂μAν − ∂νAμ Å É¥´§μ· ´ ¶·Ö¦¥´´μ¸É¨,

Dδ = ∂δ − i
1
2
[γ(α)γ(β)]σδ(α)(β) (183)
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Å ±μ¢ ·¨ ´É´ Ö ¶·μ¨§¢μ¤´ Ö ”μ±  [21], γ(β) = γμe(β)μ Å £ ³³ -³ É·¨ÍÒ
„¨· ± , ¸¢¥·´ÊÉÒ¥ ¸ É¥É· ¤ ³¨ e(β)ν; σσ(α)(β) = eν

(β)(∇μe(α)ν) Å ±μÔËË¨Í¨-
¥´ÉÒ ¸¶¨´μ¢μ° ¸¢Ö§´μ¸É¨ [21,68]; M0, m0 Å ³ ¸¸Ò ¢¥±Éμ·´ÒÌ Aμ ¨ ¸¶¨´μ·-
´ÒÌ ¶μ²¥° Ψ ¸μμÉ¢¥É¸É¢¥´´μ.

‹ £· ´¦¨ ´ ³ ¸¸¨¢´ÒÌ ¶μ²¥° (182) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ É¥·³¨´ Ì ¶¥·¥-
³¥´´ÒÌ ‹¨Ì´¥·μ¢¨Î  [70Ä72]

AL
μ = Aμ, ΨL = a3/2ψ̃3Ψ, (184)

ÎÉμ ¶·¨¢μ¤¨É ± ¶μ²Ö³ ¸ ³ ¸¸ ³¨, § ¢¨¸ÖÐ¨³¨ μÉ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  aψ̃2:

m(L) = m0aψ̃2 = mψ̃2, M(L) = M0aψ̃2 = Mψ̃2, (185)

´ Ìμ¤ÖÐ¨³¸Ö ¢ ¶·μ¸É· ´¸É¢¥, § ¤ ´´μ³ ±μ³¶μ´¥´É ³¨ ·¥¶¥· 

ω
(L)
(0) = ψ̃4Ñddx0, (186)

ω
(L)
(a) = e(a)i(dxi + N idx0) (187)

¸ ¥¤¨´¨Î´Ò³ ¤¥É¥·³¨´ ´Éμ³ ³¥É·¨±¨ |e| = 1.
‚ ·¥§Ê²ÓÉ É¥ ² £· ´¦¨ ´ ¶μ²¥° ³ É¥·¨¨ (182) ¶·¨´¨³ ¥É ¢¨¤

√
−gLm(A, Ψ, Ψ) =

1
i
Ψ

L
γ0

(
∂0 − Nk∂k +

1
2
∂lN

l − ieA0

)
ΨL−

− ÑdHΨ + Nd

[
− J5(c)v[ab]ε(c)(a)(b)+

+
ψ̃4

2

(
vk(A)v

k
(A) −

1
2
FkjF

kj − M2
(L)A

2
(b) +

π2
0

M2
(L)

)]
− π0

[
A0 + NkAk

]
,

(188)

£¤¥ ¤²Ö ²¨´¥ ·¨§ Í¨¨ ³ ¸¸μ¢μ£μ Î²¥´  ¨¸¶μ²Ó§μ¢ ´μ ¶·¥μ¡· §μ¢ ´¨¥ ‹¥¦ ´-
¤·  A2

0/(2N) = Nπ2
0/2 − π0A0 ¸ ¢¸¶μ³μ£ É¥²Ó´Ò³ ¶μ²¥³ π0;

HΨ = −ψ4

[
iΨ

L
γ(b)D(b)ΨL + J0

5σ − ∂kJk + m(L)Ψ
L
ΨL

]
(189)

¥¸ÉÓ £ ³¨²ÓÉμ´μ¢  ¶²μÉ´μ¸ÉÓ Ë¥·³¨μ´μ¢,

v[ab] =
1
2

(
e(a)kvk

(b) − e(b)kvk
(a)

)
, (190)

D(b)ΨL =
[
∂(b) −

1
2
∂kek

(b) − ieA(b)

]
ΨL (191)

vk(A) =
1

ψ4Ñd

[
∂0Ak − ∂kA0 + FkjN

j
]

(192)
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Å ¸±μ·μ¸É¨ ¶μ²¥¢ÒÌ ¶¥·¥³¥´´ÒÌ,   ¢¥²¨Î¨´Ò

J5(c) =
i

2

(
Ψ

L
γ5γ(c)ΨL

)
, J0

5 =
i

2

(
Ψ

L
γ5γ

0ΨL

)
, Jk =

i

2
Ψ

L
γkΨL (193)

Ö¢²ÖÕÉ¸Ö Éμ± ³¨, σ = σ(a)(b)|(c)ε(a)(b)(c), £¤¥ ε(a)(b)(c) μ¡μ§´ Î ¥É É¥´§μ· ‹¥¢¨Ä
—¨¢¨É .

4.6. „¥°¸É¢¨¥ ¢ £ ³¨²ÓÉμ´μ¢μ° Ëμ·³¥. �¥·¥°¤¥³ μÉ ¸±μ·μ¸É¥° ± ± ´μ´¨-
Î¥¸±¨ ¸μ¶·Ö¦¥´´Ò³ ¨³¶Ê²Ó¸ ³ ¶¥·¥³¥´´ÒÌ ‹¨Ì´¥·μ¢¨Î  (184):

Pϕ = −2V0
∂0ϕ

N0
= −2V0

dϕ

dζ
≡ −2V0ϕ

′, (194)

p̃ψ =
∂K[ϕ|e]

∂(∂0 ln ψ̃)
= −8ϕ2ṽψ, (195)

p̃k
(b) =

∂[K[ϕ|e] + √−gLm]
∂(∂0e(a)k)

= ek
(a)

[
ϕ2

3
v(ab) − J5(c)ε(c)(a)(b)

]
, (196)

P k
(A) =

∂[
√−gLm]
∂(∂0Ak)

= ψ̃4vk
(A), (197)

P(Ψ) =
∂[
√−gLm]

∂(∂0ΨL)
=

1
i
Ψ

L
γ0. (198)

’μ£¤  ¤¥°¸É¢¨¥ (181) ³μ¦´μ § ¶¨¸ ÉÓ ¢ £ ³¨²ÓÉμ´μ¢μ° Ëμ·³¥

S =
∫

dx0

[
−Pϕ∂0ϕ + N0

P 2
ϕ

4V0
+
∫

d3x

(∑
F

P̃F ∂0F̃ + C − ÑdT
0
0t

)]
,

(199)
£¤¥ P̃F Å ´ ¡μ· ¶μ²¥¢ÒÌ ¨³¶Ê²Ó¸μ¢ (195)Ä(198),

T 0
0t = ψ̃7�̂ψ̃ +

∑
I=0,4,6,8

ψ̃IτI (200)

¥¸ÉÓ ¸Ê³³  £ ³¨²ÓÉμ´μ¢ÒÌ ¶²μÉ´μ¸É¥°, ¢±²ÕÎ Ö ¶²μÉ´μ¸ÉÓ £· ¢¨É Í¨¨

ψ̃7�̂ψ̃ ≡ ψ̃7 4ϕ2

3
∂(b)∂(b)ψ̃, (201)

τI=0 =
6p̃(ab)p̃(ab)

ϕ2
− 16

ϕ2
p2

ψ − π2
0

2M2
, (202)

τI=4 =
Pk(A)P

k
(A) + FkjF

kj

2
−
[
iΨ̃Lγ(b)D(b)ΨL + J0

5σ − ∂kJk

]
, (203)

τI=6 = mΨ
L
ΨL, (204)

τI=8 =
ϕ2

6
R(3)(e), (205)
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£¤¥ p̃(ab) =
1
2

(
ek
(a)p̃(b)k + ek

(b)p̃(a)k

)
, p̃(b)k = p(b)k + e(a)kε(c)(a)(b)J(c),

C = A0

[
∂kP k

(A) + eJ0 − π0

]
+ N(b)T

0
(b)t + λ0pψ + λ(a)∂kek

(a) (206)

(£¤¥ J0 = Ψ
L
γ0ΨL Å ´Ê²¥¢ Ö ±μ³¶μ´¥´É  Éμ± ; A0, Nd, N

i, λ0, λ(a) Ö¢²ÖÕÉ¸Ö
³´μ¦¨É¥²Ö³¨ ‹ £· ´¦ ) μ¡μ§´ Î ¥É ¸Ê³³Ê ¸¢Ö§¥°, ¢±²ÕÎ ÕÐÊÕ Ê¸²μ¢¨¥ „¨-
· ±  ³¨´¨³ ²Ó´μ° É·¥Ì³¥·´μ° £¨¶¥·¶μ¢¥·Ì´μ¸É¨ [23]

p̃ψ = ṽψ = 0 → (∂0 − N l∂l) log ψ̃ =
1
6
∂lN

l, (207)

μ§´ Î ÕÐ¥e ¶μ²μ¦¨É¥²Ó´ÊÕ μ¶·¥¤¥²¥´´μ¸ÉÓ ¶²μÉ´μ¸É¨ £ ³¨²ÓÉμ´¨ ´  (202).
…¸²¨ μ¡μ§´ Î¨ÉÓ ±μ³¶μ´¥´ÉÒ ¶μ²´μ£μ É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  T 0

(a) =
T 0

i ei
(a), Éμ

T 0
(a)t

= −p̃ψ∂(a)ψ̃ +
1
6
∂(a)(p̃ψψ̃) + 2p(b)(c)γ(b)|(a)(c) − ∂(b)p(b)(a)−

− 1
i
Ψ

I
γ0∂(a)ΨI − 1

2i
∂(a)

(
Ψ

I
γ0ΨI

)
− P j

(A)Fjkek
(a) − π0A(a). (208)

4.7. ƒ ³¨²ÓÉμ´μ¢  ·¥¤Ê±Í¨Ö. Š ± ³Ò ¢¨¤¥²¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ (¸³.
Ëμ·³Ê²Ò (124)Ä(127)), Ô´¥·£¥É¨Î¥¸± Ö ¸¢Ö§Ó δS[ϕ|F̃ ]/δNd = 0 ¢ ¢¨¤¥ Ê· ¢´¥-
´¨Ö N2

0 P 2
ϕ/(Ñd)2 = T 0

0 (ϕ|F̃ ) (124) ¨³¥¥É ÉμÎ´μ¥ ·¥Ï¥´¨¥

P 2
ϕ = E2

ϕ,
N0

Ñd

=

√
T 0

0t

〈
√

T 0
0t 〉

, (209)

£¤¥
Eϕ = 2V0

〈√
T 0

0t

〉
, (210)

¨ ¶μ¤¸É ´μ¢±  ÔÉμ£μ ·¥Ï¥´¨Ö Pϕ(±) = ±Eϕ ¢ ¤¥°¸É¢¨¥ (199) ¤ ¥É ·¥¤ÊÍ¨·μ-
¢ ´´μ¥ ¤¥°¸É¢¨¥

S[ϕI |ϕ0]|Pϕ=±Eϕ =

ϕ0∫
ϕI

dϕ

⎧⎨⎩
⎡⎣∫ d3x

⎛⎝∑
˜F

P̃F ∂ϕF̃ + C̃

⎞⎠± Eϕ

⎤⎦⎫⎬⎭ (211)

¢ ¶μ²¥¢μ³ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° [ϕ|F̃ ], §¤¥¸Ó C̃ = C/∂0ϕ, ϕI Å ÔÉμ ÉμÎ± 
·μ¦¤¥´¨Ö (¨²¨ Ê´¨ÎÉμ¦¥´¨Ö) ¢¸¥²¥´´μ°.

4.8. „¨ËË¥μ-¨´¢ ·¨ ´É´ Ö É¥μ·¨Ö ¢μ§³ÊÐ¥´¨°. ‘μ£² ¸´μ Ê¸²μ¢¨Ö³ μÉ-
¤¥²¥´¨Ö ¶ · ³¥É·  ±μ¸³μ²μ£¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨, μ¶¨¸ ´´Ò³ Ëμ·³Ê² ³¨ (179)∫

d3x log ψ̃ = 0 ¨ (169)
∫

d3x(N0/Ñd) = 1, ±μ³¶μ´¥´ÉÒ ³¥É·¨±¨ (Ñd)−1, ψ̃
³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

N0

Ñd

= 1 + ν, ψ̃ = eμ (212)
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¸ ¶μ³μÐÓÕ ËÊ´±Í¨° ¸ ´Ê²¥¢Ò³¨ ¸·¥¤´¨³¨ ¶μ ¶·μ¸É· ´¸É¢¥´´μ³Ê μ¡Ñ¥³Ê

ν = ν − 〈ν〉, μ = μ − 〈μ〉 (〈μ〉 ≡ 0, 〈ν〉 ≡ 0). (213)

�É¨ ËÊ´±Í¨¨ μ¤´μ§´ Î´μ μ¶·¥¤¥²ÖÕÉ¸Ö ¸¨¸É¥³μ° Ê· ¢´¥´¨° ´  μ ¨ ν:

δS[ϕ]
δμ

= (1 + ν)−1

[∑
I

IeμIτI + 7e7μ�̂eμ

]
+ eμ�̂[e7μ(1 + ν)−1] = 0, (214)

1 + ν ≡
√

T 0
0

〈
√

T 0
0 〉

, (215)

¶μ²ÊÎ¥´´ÒÌ ¢ ·¨ Í¨¥° ¤¥°¸É¢¨Ö (211) ¸ £ ³¨²ÓÉμ´μ¢μ° ËÊ´±Í¨¥° (200)

T 0
0t ≡ e7μ�̂eμ +

∑
I

eμIτI , τI = 〈τI〉 + τ I , 〈τ I〉 ≡ 0. (216)

� §²μ¦¥´¨¥ £ ³¨²ÓÉμ´μ¢μ° ¶²μÉ´μ¸É¨ (216) ¢ ·Ö¤ ¶μ μ, ν ¨ ¢μ§³ÊÐ¥´¨Ö³
τ I = τI − 〈τI〉 ¶ ·Í¨ ²Ó´ÒÌ £ ³¨²ÓÉμ´μ¢ÒÌ ¶²μÉ´μ¸É¥° τI μ±μ²μ ¨Ì ¸·¥¤-
´¨Ì 〈τI〉:

T 0
0 = T0 + T1 + T2 + . . . , (217)

T0 = 〈τ(0)〉, (218)

T1 = τ (0) + (〈τ(1)〉 + �̂) · μ, (219)

T2 = μ

[
τ (1) + (〈τ(2)〉 + 14�̂)

μ

2

]
+

1
2
�̂(μ2), (220)

£¤¥ τ(n) =
∑

I InτI , ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¤¨ËË¥μ-¨´¢ ·¨ ´É´μ° £ ³¨²ÓÉμ´μ¢μ°
É¥μ·¨¥° ¢μ§³ÊÐ¥´¨Ö. “¸²μ¢¨¥ ³¨´¨³ ²Ó´μ° ¶μ¢¥·Ì´μ¸É¨ (¨²¨ ´Ê²¥¢μ° ¸±μ-
·μ¸É¨ ²μ± ²Ó´μ£μ ¤¥É¥·³¨´ ´É  ³¥É·¨±¨) (207) ¶·¨´¨³ ¥É ¢¨¤

∂(b)

(
e6μN(b)

)
= ∂ζ(e6μ). (221)

�¥·¢Ò° ¶μ·Ö¤μ± Ê· ¢´¥´¨Ö (215) ¨³¥¥É Ëμ·³Ê

1 + ν = 1 +
T1

2T0
= 1 +

τ (0) + (〈τ(1)〉 + �̂)μ
2〈τ(0)〉

. (222)

�μ¤¸É ´μ¢±  §´ Î¥´¨Ö ν, ¶μ²ÊÎ¥´´μ£μ ¨§ ÔÉμ£μ Ê· ¢´¥´¨Ö, ¢ Ê· ¢´¥´¨¥ ´  μ
(214) ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ · §²μ¦¥´¨Ö

τ (1) + (〈τ(2)〉 + 14�̂) · μ − (〈τ(1)〉 + �̂) · ν = 0 (223)
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¤ ¥É ν ¨ μ ¢ ¢¨¤¥ ¸Ê³³Ò

μ =
1

14β

∫
d3y
[
D(+)(x, y)T (+)(y) − D(−)(x, y)T (−)(y)

]
, (224)

ν =
1
2β

∫
d3y
[
(1+β)D(+)(x, y)T (+)(y) − (1−β)D(−)(x, y)T (−)(y)

]
, (225)

£¤¥

β =
√

1 + [〈τ(2)〉 − 14〈τ(1)〉]/(98〈τ(0)〉), T (±) = 7(1 ± β)τ (0) − τ (1) (226)

Å ²μ± ²Ó´Ò¥ Éμ±¨,   D(±) Å ËÊ´±Í¨¨ ƒ·¨´ , Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ Ê· ¢´¥´¨Ö³[
±m̂2

(±) − �̂
]
D(±)(x, y) = δ3(x − y), (227)

m̂2
(±) = 14(β ± 1)〈τ(0)〉 ∓ 〈τ(1)〉. (228)

�¥¤ÊÍ¨·μ¢ ´´ Ö £ ³¨²ÓÉμ´μ¢  ËÊ´±Í¨Ö ¢ ¤¥°¸É¢¨¨ (211) ¶μ¸²¥ · §²μ¦¥´¨Ö
(217) ¶·¨´¨³ ¥É Ëμ·³Ê ¢§ ¨³μ¤¥°¸É¢¨Ö ®Éμ± ´  Éμ±¯

Eϕ = 2
∫

d3x
√

T 0
0 = 2V0

√
〈T0〉
[
1 +

〈T2〉
2〈T0〉

− 〈T 2
1 〉

8〈T0〉2
+ . . .

]
=

= 2V0

√
〈τ(0)〉 +

1
14β
√
〈τ(0)〉

∫
d3x

∫
d3y

[
T (+)(x)D(+)(x, y)T (+)(y)+

+ T (−)(x)D(−)(x, y)T (−)(y)
]
. (229)

‚ ±² ¸¸¨Î¥¸±μ³ ¸²ÊÎ ¥ ÉμÎ¥Î´ÒÌ · ¸¶·¥¤¥²¥´¨° ³ ¸¸ ¢ ±μ´¥Î´μ³ μ¡Ñ¥³¥ ¸

´Ê²¥¢Ò³ ¤ ¢²¥´¨¥³ ¨ ¶²μÉ´μ¸ÉÓÕ τ (1) = τ (2)/6 ≡
∑

J

MJ

[
δ3(x − yJ) − 1/V0

]
·¥Ï¥´¨Ö (224) ¨ (225) ¶·¨´¨³ ÕÉ §´ Î¨³ÊÕ Ëμ·³Ê

μ(x) =
∑
J

rgJ

4rJ

[
γ1 e−m(+)(z)rJ + (1 − γ1) cosm(−)(z)rJ

]
, (230)

ν(x) =
∑

J

2rgJ

rJ

[
(1 − γ2) e−m(+)(z)rJ + γ2 cosm(−)(z)rJ

]
, (231)

£¤¥

γ1 =
1 + 7β

14β
, γ2 =

(1 − β)(7β − 1)
16β

, rgJ =
3MJ

4πϕ2
, rJ = |x − yJ |.

Œ¨´¨³ ²Ó´ Ö ¶μ¢¥·Ì´μ¸ÉÓ (221) ∂i[ψ̃6N i] − (ψ̃6)′ = 0 ¤ ¥É ¸¤¢¨£ ´ Î ²  ±μ-
μ·¤¨´ É ¢ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨, ±μÉμ·Ò° ¤²Ö ¸Ë¥·¨Î¥¸±¨Ì ±μμ·¤¨´ É ³μ¦´μ
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´ ¶¨¸ ÉÓ ¢ Ö¢´μ³ ¢¨¤¥:

N i =
(

xi

r

)(
∂ζV

∂rV

)
, V (ζ, r) =

r∫
0

dr̃ r̃2e6μ(ζ,r̃). (232)

‚ ¶·¥¤¥²¥ ¡¥¸±μ´¥Î´μ£μ μ¡Ñ¥³  〈τ(n)〉 = 0 ÔÉ¨ ·¥Ï¥´¨Ö ¶·¨´¨³ ÕÉ ¸É ´¤ ·É-
´ÊÕ ´ÓÕÉμ´μ¢¸±ÊÕ Ëμ·³Ê

μ = Dτ(0), ν = D[14τ(0) − τ(1)], N i = 0, (233)

£¤¥ �̂D(x)=−δ3(x). �¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ Ê· ¢´¥´¨¥ (214) ¢ ¢ ±ÊÊ³¥ τI = 0 ¢

¶·¥¤¥²¥ ¡¥¸±μ´¥Î´μ£μ μ¡Ñ¥³  ¸¢μ¤¨É¸Ö ± Ê· ¢´¥´¨Ö³ �̂eμ = 0, �̂ e7μ

1 + ν
= 0,

±μÉμ·Ò³ Ê¤μ¢²¥É¢μ·Ö¥É ¨§μÉ·μ¶´ Ö ¢¥·¸¨Ö ·¥Ï¥´¨Ö ˜¢ ·ÍÏ¨²Ó¤  ¢ �’�

eμ = 1 +
rg

4r
;

e7μ

1 + ν
= 1 − rg

4r
.

4.9. Š·Ê¶´μ³ ¸ÏÉ ¡´ Ö ¸É·Ê±ÉÊ·  B¸¥²¥´´μ°. Œμ¦´μ ¸· ¢´¨ÉÓ ¤¨ËË¥μ-
¨´¢ ·¨ ´É´ÊÕ É¥μ·¨Õ ¢μ§³ÊÐ¥´¨Ö ¸μ ¸É ´¤ ·É´μ° ±μ¸³μ²μ£¨Î¥¸±μ° É¥μ·¨¥°
¢μ§³ÊÐ¥´¨Ö [50] ds2 = a2(η)[(1+Φ)dη2− (1−Ψ)(dxi +N idη)2], Φ = ν −6μ,
Ψ = 2μ, N i = 0, £¤¥ ´Ê²¥¢Ò¥ ËÊ·Ó¥-£ ·³μ´¨±¨ ¶·μ¸É· ´¸É¢¥´´μ£μ ¤¥É¥·³¨-
´ ´É  ¶·¨´¨³ ÕÉ¸Ö ¢μ ¢´¨³ ´¨¥ ¤¢ ¦¤Ò (É. ¥. 〈μ〉 	= 0) ¨ ÔÉμ Ö¢²Ö¥É¸Ö ¶μ-
³¥Ìμ° ¶·¨ ¶μ¸É·μ¥´¨¨ £ ³¨²ÓÉμ´μ¢  ³¥Éμ¤  ¢ Ëμ·³ ²¨§³¥ „¨· ± . „¨ËË¥μ-
¨´¢ ·¨ ´É´ Ö É¥μ·¨Ö ¢μ§³ÊÐ¥´¨Ö ¶μ± §Ò¢ ¥É, ÎÉμ ¶·¨ Ê¸É· ´¥´¨¨ ¤¢μ°´μ£μ
¸Î¥É  (〈μ〉 = 0) Ê· ¢´¥´¨Ö ´  ¸± ²Ö·´Ò¥ ¶μÉ¥´Í¨ ²Ò μ ¨ ν (¸³. (215), (214))
´¥ ¸μ¤¥·¦ É ¶·μ¨§¢μ¤´ÒÌ ¶μ ¢·¥³¥´¨, ±μÉμ·Ò¥ μÉ¢¥Î ÕÉ §  μ¶¨¸ ´¨¥ ¶¥·-
¢¨Î´μ£μ ¸¶¥±É·  ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¨´Ë²ÖÍ¨μ´´μ° ³μ¤¥²¨ [51, 69].
�¤´ ±μ ¤¨ËË¥μ-¨´¢ ·¨ ´É´ Ö ¢¥·¸¨Ö £ ³¨²ÓÉμ´μ¢  ¶μ¤Ìμ¤  ± �’� ¢ Ëμ·³ -
²¨§³¥ „¨· ±  ¶·¥¤² £ ¥É ´ ³ ¤·Ê£ÊÕ ¢μ§³μ¦´μ¸ÉÓ μ¶¨¸ ´¨Ö ¸¶¥±É·  ·¥²¨±-
Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö ¨ μ¸É ²Ó´ÒÌ ¢ ¦´ÒÌ ¶·μ¡²¥³ ±μ¸³μ²μ£¨¨ ¶·¨ ¶μ³μÐ¨ ±μ¸-
³μ²μ£¨Î¥¸±μ£μ ·μ¦¤¥´¨Ö ¢¥±Éμ·´ÒÌ ¡μ§μ´μ¢, μ ±μÉμ·ÒÌ ¡Ò²μ ¸± § ´μ ¢ÒÏ¥.
“· ¢´¥´¨Ö, μ¶¨¸Ò¢ ÕÐ¨¥ ¶·μ¤μ²Ó´Ò¥ ¢¥±Éμ·´Ò¥ ¡μ§μ´Ò ¢ ‘Œ ¢ ÔÉμ³ ¸²Ê-
Î ¥, ¨³¥ÕÉ Ëμ·³Ê Ê· ¢´¥´¨°, ±μÉμ·Ò¥ ¶μ²ÊÎ ÕÉ¸Ö ¨§ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨Ö
‹¨ËÏ¨Í  ¨ ±μÉμ·Ò¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¨´Ë²ÖÍ¨μ´´μ° ³μ¤¥²¨ ¤²Ö μ¶¨¸ ´¨Ö
¶¥·¢¨Î´μ£μ ¸¶¥±É·  ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö.

‘²¥¤ÊÕÐ¨¥ μÉ²¨Î¨Ö μÉ ¸É ´¤ ·É´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨Ö § ±²ÕÎ ÕÉ¸Ö ¢
¸ÊÐ¥¸É¢μ¢ ´¨¨ ´¥´Ê²¥¢μ£μ ¢¥±Éμ·  ¸¤¢¨£  ¨ ¶·μ¸É· ´¸É¢¥´´ÒÌ μ¸Í¨²²ÖÍ¨°
¸± ²Ö·´ÒÌ ¶μÉ¥´Í¨ ²μ¢ ¸μ£² ¸´μ ¢Ò· ¦¥´¨Ö³ (228) ¨ (231). „¨ËËÊ§¨Ö ¸¨-
¸É¥³Ò Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¶·μ¸É· ´¸É¢¥ ¸ ¨´É¥·¢ ²μ³ ds2 = dη2 − (dxi +
N idη)2 ¸ ¶¥·¨μ¤¨Î¥¸±¨ ¨§³¥´ÖÕÐ¨³¸Ö ¢ ¶·μ¸É· ´¸É¢¥ ¢¥±Éμ·μ³ ¸¤¢¨£  ´ -
Î ²  ±μμ·¤¨´ É N i ¨ ¸ ´Ê²¥¢Ò³¨ ¨³¶Ê²Ó¸ ³¨, ³μ¦¥É ¡ÒÉÓ ¶μ´ÖÉ  ¨§  ´ -

²¨§  Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö dxi/dη = N i, N i ∼ xi

r
sin m̂(−)r, £¤¥ m̂(−) § ¤ ´μ
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�¨¸. 4. �¥´Ê²¥¢μ° ¢¥±Éμ· ¸¤¢¨£  ¨ ¶·μ¸É· ´¸É¢¥´´Ò¥ μ¸Í¨²²ÖÍ¨¨ ¸± ²Ö·´ÒÌ ¶μÉ¥´-
Í¨ ²μ¢, ¶·¨¢μ¤ÖÐ¨¥ ± Ì · ±É¥·´μ° ±² ¸É¥·¨§ Í¨¨ μ¤´μ·μ¤´μ° ¸¨¸É¥³Ò Î ¸É¨Í

¢ (228), · ¸¸³μÉ·¥´´μ£μ ¤²Ö ¤¢Ê³¥·´μ£μ ¸²ÊÎ Ö ¢ ³μ´μ£· Ë¨¨ [74], £¤¥ t =
m̂(−)η; ¶·μÍ¥¸¸ ¤¨ËËÊ§¨¨ ¨²²Õ¸É·¨·ÊeÉ¸Ö ·¨¸. 4, ¢§ÖÉÒ³ ¨§ ÔÉμ° ³μ´μ£· Ë¨¨.
„ ´´Ò¥ ¶μ ¸¢¥·Ì´μ¢Ò³ ¢ ±μ´Ëμ·³´μ° ±μ¸³μ²μ£¨¨ [39] ¸ ¤μ³¨´ ´É´μ¸ÉÓÕ
¦¥¸É±μ£μ Ê· ¢´¥´¨Ö ¸μ¸ÉμÖ´¨Ö Ωstiff ∼ 1 μ¶·¥¤¥²ÖÕÉ ¶ · ³¥É· ¶·μ¸É· ´¸É¢¥´-

´ÒÌ μ¸Í¨²²ÖÍ¨° ¢ ¢¨¤¥ m̂2
(−) =

6
7
H2

0

[
ΩR(z + 1)2 +

9
2
Ωmass(z + 1)

]
. ‡´ Î¥-

´¨¥ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö ¢ Ô¶μÌÊ ·¥±μ³¡¨´ Í¨¨  Éμ³μ¢ ¢μ¤μ·μ¤  zr ∼ 1100 ¨

¶ · ³¥É· ±² ¸É¥·¨§ Í¨¨ [73] rclust =
π

m̂(−)
∼ π

H0Ω
1/2
R (1 + zr)

∼ 130 M¶±,

´¥¤ ¢´μ μ¡´ ·Ê¦¥´´Ò° ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ ±·Ê¶´μ³ ¸ÏÉ ¡´μ° ¸É·Ê±ÉÊ·Ò ¢ · ¸-
¶·¥¤¥²¥´¨¨ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö [73], ¢¥¤ÊÉ ± · §Ê³´μ³Ê §´ Î¥´¨Õ ¶²μÉ´μ¸É¨
· ¤¨ Í¨¨ 10−4 < ΩR ∼ 3 · 10−3 < 5 · 10−2 ¢μ ¢·¥³¥´  ÔÉμ° Ô¶μÌ¨. ‚ ÔÉμ³
¸²ÊÎ ¥, ± ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ ·¨¸. 5, ±² ¸É¥·¨§ Í¨Ö μ¤´μ·μ¤´μ£μ · ¸¶·¥¤¥-
²¥´¨Ö ¸¨¸É¥³Ò Î ¸É¨Í ¸ ´Ê²¥¢Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¢¥¤¥É ± ·¥²Ó¥ËÊ B¸¥²¥´´μ°,
±μÉμ·Ò° ¨³¥¥É Î¥É±μ ¢Ò· ¦¥´´ÊÕ Ë· ±É ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê ¸ ´ ²¨Î¨¥³ ¶Ê¸ÉÒÌ
μ¡Ñ¥³μ¢. ƒ ² ±É¨±¨ ¸±ÊÎ¨¢ ÕÉ¸Ö ¢ ¢μ²μ±´¨¸ÉÒ¥ ¨ ¶²μ¸±¨¥ μ¡· §μ¢ ´¨Ö, μ¡-
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· ³²ÖÕÐ¨¥ ¶Ê¸ÉμÉÒ, ÎÉμ ¨ ´ ¡²Õ¤ ¥É¸Ö ¢ ±·Ê¶´μ³ ¸ÏÉ ¡´μ³ · ¸¶·¥¤¥²¥´¨¨
£ ² ±É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·, ¶μ± § ´´μ³ ´  ·¨¸. 5 [75].

�¨¸. 5. Š·Ê¶´μ³ ¸ÏÉ ¡´ Ö ¸É·Ê±ÉÊ·  B¸¥²¥´´μ° [75]

4.10. �·¥μ¡· §μ¢ ´¨¥ ¸¨¸É¥³ μÉ¸Î¥É . ‹μ·¥´Í-¨´¢ ·¨ ´É´μ¸ÉÓ Ê· ¢´¥-
´¨° �’� ¢ ±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ¶μ  ´ ²μ£¨¨ ¸
²μ·¥´Í-¨´¢ ·¨ ´É´μ¸ÉÓÕ Ê· ¢´¥´¨° Ô²¥±É·μ¤¨´ ³¨±¨, ± ± ÔÉμ c¤¥² ² �μ²Ê-
¡ ·¨´μ¢ [12]. �Éμ §´ Î¨É, ÎÉμ ¶·¨ ¶¥·¥Ìμ¤¥ ¢ ¤·Ê£ÊÕ ¸¨¸É¥³Ê μÉ¸Î¥É  ¸²¥¤Ê¥É
¢¥·´ÊÉÓ¸Ö ± ¨¸Ìμ¤´Ò³ ¶¥·¥³¥´´Ò³ ¨ ¨´É¥·¢ ²Ê

ds2 = ω2
(0) − ω2

(a) (234)

¨ ¢Ò¡· ÉÓ ´μ¢Ò¥ ¶¥·¥³¥´´Ò¥ ¨ ²¨´¥°´Ò¥ Ëμ·³Ò ω(0), ω(a), ¸¢Ö§ ´´Ò¥ ¸ ¶·¥¦-
´¨³¨ Ëμ·³ ³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨ ‹μ·¥´Í 

ω(0)(ζ, x1, x2, x3) =
1√

1 − V 2
ω(0)(ζ, x1, x2, x3) +

V√
1 − V 2

ω(1)(ζ, x1, x2, x3),

ω(1)(ζ, x1, x2, x3) =
1√

1 − V 2
ω(1)(ζ, x1, x2, x3) +

V√
1 − V 2

ω(0)(ζ, x1, x2, x3).

ˆ § É¥³ ¶μ¸É·μ¨ÉÓ ¢¸Õ £ ³¨²ÓÉμ´μ¢Ê ¸Ì¥³Ê μ¶¨¸ ´¨Ö ¤²Ö ¤¨· ±μ¢¸±¨Ì ¶¥-
·¥³¥´´ÒÌ ¨ ±μμ·¤¨´ É, £¤¥ ´μ¢Ò¥ Ëμ·³Ò ω § ¢¨¸ÖÉ μÉ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨
(ζ, x̄) ÉμÎ´μ É ± ¦¥, ± ± ¶·¥¦´¨¥ Ëμ·³Ò ω § ¢¨¸¥²¨ μÉ (ζ, x).



T…’��„�›‰ ”��Œ�‹ˆ‡Œ ˆ ‘ˆ‘’…Œ› �’‘—…’� 239

‡�Š‹�—…�ˆ…

�¡Ð Ö É¥μ·¨Ö μÉ´μ¸¨É¥²Ó´μ¸É¨ ¢¶¥·¢Ò¥ ¶·¨¢´¥¸²  ¢ Ë¨§¨Î¥¸±ÊÕ É¥μ·¨Õ
¤¨´ ³¨Î¥¸±¨Ì ¸¨¸É¥³ ´μ¢Ò¥ £¥μ³¥É·¨Î¥¸±¨¥ ¶·¨´Í¨¶Ò, Ö¸´μ ¸Ëμ·³Ê²¨·μ-
¢ ´´Ò¥ ¢ · ¡μÉ¥ ƒ¨²Ó¡¥·É  ®�¸´μ¢ ´¨Ö Ë¨§¨±¨¯ [15], ¢ ±μÉμ·μ° ËÊ´±Í¨μ´ ²
¤¥°¸É¢¨Ö ¤μ¶μ²´Ö²¸Ö μ¶·¥¤¥²¥´¨¥³ £¥μ³¥É·¨Î¥¸±μ£μ ¨´É¥·¢ ² , ¸¨³³¥É·¨Ö
¸¨¸É¥³ μÉ¸Î¥É  ¤μ¶μ²´Ö² ¸Ó ¸¨³³¥É·¨¥° μÉ´μ¸¨É¥²Ó´μ ¤¨ËË¥μ³μ·Ë¨§³μ¢, ±μ-
Éμ·Ò¥ ¢ ¤ ²Ó´¥°Ï¥³ ¶μ²ÊÎ¨²¨ ´ §¢ ´¨¥ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°,  
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤μ¶μ²´Ö²¨¸Ó Ê· ¢´¥´¨Ö³¨ ¸¢Ö§¨.

’ ± Ö ¦¥ £¥μ³¥É·¨Î¥¸± Ö Ëμ·³Ê²¨·μ¢±  ¸ÊÐ¥¸É¢Ê¥É ¨ ¤²Ö ¸¶¥Í¨ ²Ó´μ°
É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨, ¨, ± ± ¡Ò²μ ¶μ± § ´μ ¢ μ¡§μ·¥, ¨³¥´´μ ÔÉ  Ëμ·³Ê-
²¨·μ¢±  ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ μ¶¨¸ ÉÓ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ ¤¨´ ³¨Î¥¸±¨³¨
¢ ·¨ Í¨μ´´Ò³¨ Ê· ¢´¥´¨Ö³¨,   ´¥ ±¨´¥³ É¨Î¥¸±¨³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨ ‹μ-
·¥´Í . Š·μ³¥ Éμ£μ, ¸²¥¤Ê¥É ´ ¶μ³´¨ÉÓ, ÎÉμ ¢¸Ö ¸μ¢·¥³¥´´ Ö ±¢ ´Éμ¢ Ö É¥μ·¨Ö
¶μ²Ö [18,19] ¥¸ÉÓ ´¥ ÎÉμ ¨´μ¥, ± ± ¶¥·¢¨Î´μ¥ ¨ ¢Éμ·¨Î´μ¥ ±¢ ´Éμ¢ ´¨¥ Ê· ¢-
´¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ° ¸¢Ö§¨ ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ, ´ §Ò¢ ¥³μ£μ ³ ¸¸μ¢μ°
¶μ¢¥·Ì´μ¸ÉÓÕ.

‚ ±μ´É¥±¸É¥ ¥¤¨´μ° £¥μ³¥É·¨Î¥¸±μ° Ëμ·³Ê²¨·μ¢±¨ μ¡¥¨Ì É¥μ·¨° ‘’� ¨
�’� ¸ ¶μ³μÐÓÕ μ¤´μ£μ ¨ Éμ£μ ¦¥ ¢ ·¨ Í¨μ´´μ£μ ¶·¨´Í¨¶  ƒ¨²Ó¡¥·É  ¢μ§´¨-
± ¥É ¢μ¶·μ¸:   ´¥²Ó§Ö ²¨ ¶·¨³¥´¨ÉÓ ± �’� ¢ Ëμ·³Ê²¨·μ¢±¥ ƒ¨²Ó¡¥·É  μ¶ÒÉ
¶μ¸É·μ¥´¨Ö ¸μ¢·¥³¥´´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö, μ¸´μ¢ ´´μ° ´  £¥μ³¥É·μ¤¨-
´ ³¨±¥ ‘’�, ¨ É¥³ ¸ ³Ò³ ´ °É¨ ¶·Ö³μ° ¶ÊÉÓ ±¢ ´Éμ¢ ´¨Ö £¥μ³¥É·μ¤¨´ ³¨±¨
�’� ¶μ  ´ ²μ£¨¨ ¸ ¶¥·¢¨Î´Ò³ ¨ ¢Éμ·¨Î´Ò³ ±¢ ´Éμ¢ ´¨¥³ Ô´¥·£¥É¨Î¥¸±μ£μ
Ê· ¢´¥´¨Ö ¸¢Ö§¨ ¢ ‘’� ¢ ±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É ? �± § ²μ¸Ó, ÎÉμ ¶μ-
ÎÉ¨ ¢¸¥ Ô²¥³¥´ÉÒ É ±μ£μ ±¢ ´Éμ¢ ´¨Ö �’� Ê¦¥ ¡Ò²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò · §-
²¨Î´Ò³¨  ¢Éμ· ³¨, ±μÉμ·Ò¥ ¨¸¶μ²Ó§μ¢ ²¨ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¨ ± ²¨¡·μ¢μÎ´Ò¥
¸¨³³¥É·¨¨ ´¥ Éμ²Ó±μ ± ± ¶·¨´Í¨¶Ò ¶μ¸É·μ¥´¨Ö ¤¥°¸É¢¨Ö É¥μ·¨¨, ´μ ¨ ± ±
¶·¨´Í¨¶Ò ¶μ¸É·μ¥´¨Ö ¥¥ Ë¨§¨Î¥¸±¨Ì ¤¨ËË¥μ-¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ ¨
´ ¡²Õ¤ ¥³ÒÌ ¢ ±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É .

1. �É¤¥²¥´¨¥ ¶·¥μ¡· §μ¢ ´¨° ¸¨¸É¥³ μÉ¸Î¥É  ¢ �’� μÉ ± ²¨¡·μ¢μÎ´ÒÌ
¶·¥μ¡· §μ¢ ´¨° ¡Ò²μ ¸¤¥² ´μ ”μ±μ³ ¢ 1929 £. [21] ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ¤¨ËË¥μ-
¨´¢ ·¨ ´É´μ£μ μ·Éμ£μ´ ²Ó´μ£μ ·¥¶¥· , ¨§³¥´ÖÕÐ¥£μ¸Ö ¶·¨ ¶¥·¥Ìμ¤¥ ± ¤·Ê£μ°
¸¨¸É¥³¥ μÉ¸Î¥É .

2. Šμ´±·¥É´ Ö ¸¨¸É¥³  μÉ¸Î¥É , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ±¢ ´Éμ¢ ´¨Õ �’�, ¡Ò² 
μ¶·¥¤¥²¥´  ¢ 1958 £. „¨· ±μ³ [23].

3. ƒ·Ê¶¶  ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°, μ¸É ¢²ÖÕÐ¨Ì ¨´¢ ·¨ ´É´Ò³
£¥μ³¥É·¨Î¥¸±¨° ¨´É¥·¢ ² ¢ ±¨´¥³¥É·¨Î¥¸±μ° ¸¨¸É¥³¥ μÉ¸Î¥É , ¡Ò²  Ê± § ´ 
¢ 1976 £. ‡¥²Ó³ ´μ¢Ò³ [25]; ÔÉ  £·Ê¶¶  ¸μ¤¥·¦¨É ¶μ¤£·Ê¶¶Ê ¶·¥μ¡· §μ¢ -
´¨° ±μμ·¤¨´ É´μ£μ ¶ · ³¥É·  Ô¢μ²ÕÍ¨¨, ±μÉμ· Ö É·¥¡Ê¥É ¢ ‘’� ¢¢¥¤¥´¨Ö
¤¨ËË¥μ-¨´¢ ·¨ ´É´μ£μ ¢·¥³¥´¨ ± ± ¶¥·¥³¥´´μ° ¢ ¶μ²¥¢μ³ ¶·μ¸É· ´¸É¢¥ ¸μ-
¡ÒÉ¨°.
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5. “¨²¥· ¨ „¥‚¨ÉÉ [40] ¢ 1967 £. μÉμ¦¤¥¸É¢¨²¨ ¢ ±μ¸³μ²μ£¨¨ ¶ · ³¥É·
Ô¢μ²ÕÍ¨¨ ¸ ±μ¸³μ²μ£¨Î¥¸±¨³ ³ ¸ÏÉ ¡´Ò³ Ë ±Éμ·μ³ ¨ ¢¢¥²¨ ¢ �’� ¶μ´ÖÉ¨¥
¶μ²¥¢μ£μ ¶·μ¸É· ´¸É¢  ¸μ¡ÒÉ¨°, ¢ ±μÉμ·μ³ ¤¢¨¦¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ¢¸¥²¥´-
´ Ö, μ¶¨¸Ò¢ Ö ³¨·μ¢ÊÕ £¨¶¥·¶μ¢¥·Ì´μ¸ÉÓ ¸ £¥μ³¥É·¨Î¥¸±¨³ ¨´É¥·¢ ²μ³, ¨§-
³¥·Ö¥³Ò³ ¸μ¶ÊÉ¸É¢ÊÕÐ¨³ ´ ¡²Õ¤ É¥²¥³, ¶μ  ´ ²μ£¨¨ ¸ ¶μ´ÖÉ¨¥³ ¶·μ¸É· ´-
¸É¢  ¸μ¡ÒÉ¨° Œ¨´±μ¢¸±μ£μ, £¤¥ ¤¢¨¦¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸± Ö Î ¸É¨Í .

6. �·¥μ¡· §μ¢ ´¨¥, μÉ¤¥²ÖÕÐ¥¥ ÔÉμÉ ±μ¸³μ²μ£¨Î¥¸±¨° ³ ¸ÏÉ ¡´Ò° Ë ±-
Éμ·, · ¸¸³ É·¨¢ ¥³Ò° ± ± ´¥§ ¢¨¸¨³ Ö ¶¥·¥³¥´´ Ö ¢ �’� [27], μÉ ¢¸¥Ì ¶μ-
²¥¢ÒÌ ¶¥·¥³¥´´ÒÌ, ¡Ò²μ Ê± § ´μ ¥Ð¥ ¢ 1944 £. ‹¨Ì´¥·μ¢¨Î¥³ [70].

7. „²Ö μ¶·¥¤¥²¥´¨Ö ¤¨ËË¥μ-¨´¢ ·¨ ´É´ÒÌ Ë¨§¨Î¥¸±¨Ì ¨§³¥·Ö¥³ÒÌ ¢¥²¨-
Î¨´: ¢·¥³¥´¨, μ¤´μÎ ¸É¨Î´μ° Ô´¥·£¨¨, Î¨¸²  Î ¸É¨Í, Î¨¸²  ¢¸¥²¥´´ÒÌ ¨ É.¤.
¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò £ ³¨²ÓÉμ´μ¢  ·¥¤Ê±Í¨Ö [27, 28] ¨ ¶·¨´Í¨¶ ¸μμÉ¢¥É¸É¢¨Ö
¸ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¥° ¶μ²Ö, ¸Ëμ·³Ê²¨·μ¢ ´´Ò° �°´ÏÉ¥°´μ³ ¢ ‘’� ¶·¨
μ¶·¥¤¥²¥´¨¨ Ô´¥·£¨¨ Î ¸É¨ÍÒ [35]. � ¸±² ¤Ò¢ Ö ¸μ£² ¸´μ �°´ÏÉ¥°´Ê ·¥¤Ê-
Í¨·μ¢ ´´μ¥ ¤¥°¸É¢¨¥ ¶μ Ë¨§¨Î¥¸±¨³ ¶μ²Ö³, ³Ò ¶μ²ÊÎ ¥³ ¢ ´¨§Ï¥³ ¶μ·Ö¤±¥
±μ¸³μ²μ£¨Õ ¢ Ëμ·³Ê²¨·μ¢±¥ “¨²¥· Ä„¥‚¨ÉÉ  [40],   ¢ ¸²¥¤ÊÕÐ¥³ ¶μ·Ö¤±¥ Å
¸É ´¤ ·É´ÊÕ É¥μ·¨Õ ¶μ²Ö ¢ ±μ´Ëμ·³´μ-¶²μ¸±μ³ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨, £¤¥
¤¨ËË¥μ-¨´¢ ·¨ ´É´Ò¥ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò ¸μ¢¶ ¤ ÕÉ ¸ ±μ´Ëμ·³´Ò³¨
¨²¨ μÉ´μ¸¨É¥²Ó´Ò³¨ ±μμ·¤¨´ É ³¨ ¨ ¢·¥³¥´¥³, ¢¢¥¤¥´´Ò³¨ ¢¶¥·¢Ò¥ ¥Ð¥
”·¨¤³ ´μ³, ¤²Ö ±μÉμ·ÒÌ B¸¥²¥´´ Ö ¶μ±μ¨É¸Ö,   ¢¸¥ ³ ¸¸Ò · ¸ÉÊÉ ± ± ±μ¸³μ-
²μ£¨Î¥¸±¨° ³ ¸ÏÉ ¡´Ò° Ë ±Éμ· [38,39].

8. Š¢ ´Éμ¢ Ö É¥μ·¨Ö £· ¢¨É Í¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¸μ£² ¸´μ “¨²¥·Ê ¨ „¥-
‚¨ÉÉÊ [40] ± ± ¶¥·¢¨Î´μ¥ ¨ ¢Éμ·¨Î´μ¥ ±¢ ´Éμ¢ ´¨¥ Ô´¥·£¥É¨Î¥¸±μ° ¸¢Ö§¨
¢ ±μ´±·¥É´μ° ¸¨¸É¥³¥ μÉ¸Î¥É , ¢ ¶μ²´μ³ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¸μ¢·¥³¥´´μ° ±¢ ´-
Éμ¢μ° É¥μ·¨¥° ¶μ²Ö [18, 19], ¶μ¤É¢¥·¦¤ ¥³μ° μ£·μ³´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
³ É¥·¨ ²μ³ ¢ Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨°.

ŒÒ ¶μ± § ²¨, ÎÉμ ¶μ²ÊÎ¥´´ Ö É ±¨³ ¶ÊÉ¥³ ±¢ ´Éμ¢ Ö £· ¢¨É Í¨Ö ¤ ¥É
¢μ§³μ¦´μ¸ÉÓ ·¥Ï¨ÉÓ ¶·μ¡²¥³Ò ¸É ÉÊ¸  Ì ¡¡²μ¢¸±μ° Ô¢μ²ÕÍ¨¨, μ¤´μ·μ¤´μ-
¸É¨, £μ·¨§μ´É , ¸É·¥²Ò ¢·¥³¥´¨, ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ±μ¸³μ²μ£¨Î¥¸±μ° ¸¨´-
£Ê²Ö·´μ¸É¨. ŒÒ ¶·¨¢¥²¨ ·Ö¤ É¥μ·¥É¨Î¥¸±¨Ì ¨ ´ ¡²Õ¤ É¥²Ó´ÒÌ  ·£Ê³¥´Éμ¢ ¢
¶μ²Ó§Ê Éμ£μ, ÎÉμ ´  Ê·μ¢´¥ É ±μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ³μ¦´μ ¶μ-
²ÊÎ¨ÉÓ μÉ¢¥ÉÒ É ±¦¥ ´  ¢μ¶·μ¸Ò μ ±μ¸³μ²μ£¨Î¥¸±μ³ ·μ¦¤¥´¨¨ ¨§ ¢ ±ÊÊ³ 
B¸¥²¥´´μ° ¨ § ¶μ²´ÖÕÐ¥° ¥¥ ³ É¥·¨¨, μ ¶·¨·μ¤¥ É¥³´μ° Ô´¥·£¨¨ ¨ É¥³´μ°
³ É¥·¨¨, μ¶¨¸ ÉÓ ´ ¡²Õ¤ ¥³ÊÕ Ô¢μ²ÕÍ¨Õ ³ É¥·¨¨ ¢μ B¸¥²¥´´μ° ¨ Ô´¥·£¥-
É¨Î¥¸±¨° ¡Õ¤¦¥É B¸¥²¥´´μ° ¢ ¸μ£² ¸¨¨ ¸ ¸μ¢·¥³¥´´Ò³¨ ´ ¡²Õ¤ É¥²Ó´Ò³¨
¤ ´´Ò³¨.

�·¨ ÔÉμ³ ¡Ò²μ ¶μ± § ´μ, ÎÉμ μ¶¨¸ ´¨¥ ¶¥·¢¨Î´μ£μ ¸¶¥±É·  ¢μ§³ÊÐ¥´¨°
É¥³¶¥· ÉÊ·Ò ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¨´Ë²ÖÍ¨μ´´μ° ³μ¤¥²¨ [52, 69] ¸ÊÐ¥-
¸É¢¥´´μ μ¸´μ¢ ´μ ´  ¤¢μ°´μ³ ¸Î¥É¥ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  ¢ ±μ¸³μ²μ£¨Î¥¸±μ°
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, ¶·¥¤²μ¦¥´´μ° ¢ 1946 £. ‹¨ËÏ¨Í¥³. ‚ É ±μ° É¥μ·¨¨
¢μ§³ÊÐ¥´¨° ¶μ¸²¥¤μ¢ É¥²Ó´μ¥ ¶μ¸É·μ¥´¨¥ £ ³¨²ÓÉμ´μ¢  Ëμ·³ ²¨§³  ¨ ±¢ ´-
Éμ¢ ´¨Ö ´¥¢μ§³μ¦´μ. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¨³¥´´μ ±¢ ´Éμ¢ Ö £ ³¨²ÓÉμ´μ¢  É¥-
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μ·¨Ö, ± ± ³Ò ¢¨¤¥²¨ ¢ · §¤. 3, ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ μ¶¨¸ ´¨Ö ¢μ§´¨±´μ¢¥´¨Ö
·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö (¨ ¥£μ ¶¥·¢¨Î´μ£μ ¸¶¥±É·  ¢μ§³ÊÐ¥´¨° É¥³¶¥· ÉÊ·Ò)
± ± ¶·μ¤Ê±É  · ¸¶ ¤  ¶¥·¢¨Î´ÒÌ ¢¥±Éμ·´ÒÌ W -, Z-¡μ§μ´μ¢, ·μ¦¤¥´´ÒÌ ¨§
¸É ¡¨²Ó´μ£μ ¡μ£μ²Õ¡μ¢¸±μ£μ ¢ ±ÊÊ³ , ±μ£¤  ¨Ì ³ ¸¸  ¸μ¢¶ ¤ ²  ¸ ¶ · ³¥-
É·μ³ • ¡¡² . ‚ ÔÉμ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨Ö ´  ¶·μ¤μ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ W -, Z-
¡μ§μ´μ¢ [56] ¡²¨§±¨ ± É¥³ Ê· ¢´¥´¨Ö³ ¨´Ë²ÖÍ¨μ´´μ° ³μ¤¥²¨ [52], ±μÉμ·Ò³¨
μ´  μ¶¨¸Ò¢ ¥É Ê± § ´´Ò° ¢ÒÏ¥ ¶¥·¢¨Î´Ò° ¸¶¥±É· ¢μ§³ÊÐ¥´¨° É¥³¶¥· ÉÊ·Ò.

� ¸¸³μÉ·¥´´ Ö §¤¥¸Ó ¢¥·¸¨Ö ±¢ ´Éμ¢ ´¨Ö �’� ¸ ¶μ³μÐÓÕ μÉ¤¥²¥´¨Ö ³ ¸-
ÏÉ ¡´μ£μ Ë ±Éμ·  μ¡´ ·Ê¦¨¢ ¥É ¸±·ÒÉÊÕ ³ ¸ÏÉ ¡´ÊÕ ¸¨³³¥É·¨Õ �’� ¨
‘Œ, ¸μ£² ¸´μ ±μÉμ·μ° § ±μ´Ò ¶·¨·μ¤Ò, · ¸¸³ É·¨¢ ¥³Ò¥ ± ± Ê· ¢´¥´¨Ö ¤¢¨-
¦¥´¨Ö, ´¥ § ¢¨¸ÖÉ ´¥ Éμ²Ó±μ μÉ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ, ¨§³¥·Ö¥³ÒÌ ¢ ±μ´±·¥É´μ°
¸¨¸É¥³¥ μÉ¸Î¥É , ´μ ¨ μÉ ¥¤¨´¨Í ¨§³¥·¥´¨Ö ÔÉ¨Ì ¤ ´´ÒÌ. Œ ¸¸  �² ´±  ¨¸-
Î¥§ ¥É ¨§ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ± ± ËÊ´¤ ³¥´É ²Ó´Ò° ¶ · ³¥É· ¨ ¶μÖ¢²Ö¥É¸Ö
± ± ¸μ¢·¥³¥´´μ¥ §´ Î¥´¨¥ ¤¨´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ°, ±μÉμ·μ° μ´  ¤μ¸É¨£² 
§  ¢·¥³Ö Ô¢μ²ÕÍ¨¨ B¸¥²¥´´μ°, ¡Ê¤ÊÎ¨ § ¤ ´´μ° ± ± μ¤´μ ¨§ ¢μ§³μ¦´ÒÌ ´ -
Î ²Ó´ÒÌ ¤ ´´ÒÌ. ‚ ±μ´É¥±¸É¥ É ±μ° ³ ¸ÏÉ ¡´μ° ¸¨³³¥É·¨¨ �’� ³ É¥³ É¨-
Î¥¸±¨ Ô±¢¨¢ ²¥´É´  É¥μ·¨¨ ±μ´Ëμ·³´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö [76]. Œ ¸ÏÉ ¡´ Ö
¸¨³³¥É·¨Ö Ê± §Ò¢ ¥É ´  ¢μ§³μ¦´ÊÕ £¥μ³¥É·¨§ Í¨Õ Î ¸É¨ÍÒ •¨££¸ , ¢¢¥¤¥´¨¥
±μÉμ·μ° ¢³¥¸É¥ ¸ ¶μÉ¥´Í¨ ²μ³ •¨££¸  ¸É ´μ¢¨É¸Ö ´¥μ¡Ö§ É¥²Ó´Ò³, ¨ ´  μ¶·¥-
¤¥²¥´´Ò¥ Ë¨§¨Î¥¸±¨¥ ¸²¥¤¸É¢¨Ö É ±μ° £¥μ³¥É·¨§ Í¨¨ ¤²Ö Ë¨§¨±¨ Î ¸É¨Í [77],
Ô±¸¶¥·¨³¥´É ²Ó´μ ¶·μ¢¥·Ö¥³Òe ´  ¸μ¢·¥³¥´´ÒÌ Ê¸±μ·¨É¥²ÖÌ.

	² £μ¤ ·´μ¸É¨. ŒÒ ¡² £μ¤ ·¨³ 	.Œ. 	 ·¡ Ïμ¢ , „. 	² Ï±¥, �. 	μ·μ¢¥Ía,
‘.ˆ. ‚¨´¨Í±μ£μ, ….�.ˆ¢ ´μ¢ , �.�.ŠÊ· ¥¢ , �.�. ‹¨¶ Éμ¢ , ‚.‚.�¥¸É¥·¥´-
±μ, ‘.�. ‘³μ²Ö´¸±μ£μ ¨ �.�. ‘¨¸ ±Ö´  §  ¶²μ¤μÉ¢μ·´μ¥ μ¡¸Ê¦¤¥´¨¥ ¶·μ¡²¥³,
· ¸¸³ É·¨¢ ¥³ÒÌ ¢ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥. �¤¨´ ¨§  ¢Éμ·μ¢ (�.”. ‡.) ¢Ò· ¦ ¥É
¡² £μ¤ ·´μ¸ÉÓ � Í¨μ´ ²Ó´μ³Ê Ëμ´¤Ê ¶μ¤¤¥·¦±¨ ¥¸É¥¸É¢¥´´ÒÌ ´ Ê± (National
Natural Science Foundation of China (NNSFC)), £· ´É º10233050, ¨ � Í¨-
μ´ ²Ó´μ³Ê Ëμ´¤Ê ¶μ¤¤¥·¦±¨ ¢¥¤ÊÐ¨Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (Na-
tional Key Basic Research Foundation), £· ´É ºTG 2000078404, §  Î ¸É¨Î´ÊÕ
Ë¨´ ´¸μ¢ÊÕ ¶μ¤¤¥·¦±Ê ¤ ´´μ° · ¡μÉÒ.
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