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‘¢μ°¸É¢¥´´ Ö ¤²Ö Ë¨§¨±¨ Î ¸É¨Í μ£·μ³´ Ö ¢¥²¨Î¨´  ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¨ ¨´Ë²ÖÍ¨Ö
· ´´¥° ‚¸¥²¥´´μ° ¸¢Ö§ ´Ò ¶μ ¸¢μ¥° ¶·¨·μ¤¥: ¸ÊÐ¥¸É¢Ê¥É ¸Ê¶¥·¶μÉ¥´Í¨ ², ±μÉμ·Ò° ¶μ¸²¥ ÊÎ¥É 
¶μ¶· ¢μ± §  ¸Î¥É ¸Ê¶¥·£· ¢¨É Í¨¨ ¶·¨¢μ¤¨É ± ¶μÉ¥´Í¨ ²Ê ¨´Ë² Éμ´  ¸ ¶μ¸ÉμÖ´´μ°, ´¥ § ¢¨¸ÖÐ¥° μÉ
¶μ²Ö ¶²μÉ´μ¸ÉÓÕ Ô´¥·£¨¨ V = Λ4, É ± ÎÉμ ¶μ¸²¥ ¢¢¥¤¥´¨Ö μÉ´μ¸¨É¥²Ó´μ ³ ²ÒÌ ±¢ ´Éμ¢ÒÌ ¶¥É²¥¢ÒÌ
¶μ¶· ¢μ± ± ¶ · ³¥É· ³ É ±μ£μ ¸Ê¶¥·¶μÉ¥´Í¨ ²  ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¢μ§´¨± ¥É ¤¨´ ³¨Î¥¸± Ö
´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¢ ¢¨¤¥ ¨´Ë²ÖÍ¨μ´´μ£μ ·¥¦¨³  ·¥² ±¸ Í¨¨ ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°, ¶·¨Î¥³
Ë¥´μ³¥´μ²μ£¨Î¥¸±¨ É ± Ö ± ·É¨´  ¸μ£² ¸Ê¥É¸Ö ¸ ´ ¡²Õ¤ É¥²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨ Λ ∼ 1016 ƒÔ‚.

A huge value of cosmological constant characteristic for the particle physics and the in	ation of
early Universe are inherently related to each other: one can construct a superpotential, which produces
a 	at potential of in	aton with a constant density of energy V = Λ4 after taking into account of leading
effects due to the supergravity, so that an introduction of small quantum loop corrections to parameters
of this superpotential naturally results in the dynamical instability relaxing the primary cosmological
constant by means of in	ationary regime. The model phenomenologically agrees with observational
data at Λ ∼ 1016 GeV.
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‚ ¸μ¢·¥³¥´´μ° ±μ¸³μ²μ£¨¨  ±ÉÊ ²Ó´Ò ¶·μ¡²¥³Ò ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° [1] ¨
¨´Ë²ÖÍ¨¨ [2Ä6]. ˆ³¥´´μ, ¥¸²¨ £μ¢μ·¨ÉÓ μ Éμ³, ÎÉμ ± ¸ ¥É¸Ö ¶¥·¢μ£μ ¨§ Ê¶μ³Ö´ÊÉÒÌ
¢ÒÏ¥ ¢μ¶·μ¸μ¢, Éμ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¥¸É¥¸É¢¥´´μ ¡Ò²μ ¡Ò μ¦¨¤ ÉÓ, ÎÉμ ³ ¸ÏÉ ¡
¢ ±ÊÊ³´μ° Ô´¥·£¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ°, Ì · ±É¥·´μ° ¤²Ö ¢§ ¨³μ¤¥°¸É¢¨° Ô²¥³¥´É ·-
´ÒÌ Î ¸É¨Í, É ± ÎÉμ ±μ¸³μ²μ£¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö ¶·¨´¨³ ¥É μ£·μ³´μ¥ §´ Î¥´¨¥, ±μÉμ·μ¥
§ ¤ ¥É¸Ö ¥¸²¨ ´¥ ³ ¸¸μ° �² ´± , Éμ ¶μ ³¥´ÓÏ¥° ³¥·¥ É ±¨³ ³ ¸ÏÉ ¡μ³, ± ± Ï± ²  ´ ·Ê-
Ï¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨ ¢ Ë¨§¨±¥ Î ¸É¨Í, É. ¥. Ï± ²μ° ¢¥²¨±μ£μ μ¡Ñ¥¤¨´¥´¨Ö,
³ ¸ÏÉ ¡μ³ ´ ·ÊÏ¥´¨Ö Ô²¥±É·μ¸² ¡μ° ¸¨³³¥É·¨¨ ¨²¨ ±¢ ·±-£²Õμ´´Ò³¨ ±μ´¤¥´¸ É ³¨.
�¤´ ±μ ¢ ± ¦¤μ³ ¨§ ¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ ¸²ÊÎ ¥¢ ±μ¸³μ²μ£¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö ¸ÊÐ¥-
¸É¢¥´´μ ¶·¥¢ÒÏ ¥É μ£· ´¨Î¥´¨Ö, ¸²¥¤ÊÕÐ¨¥ ¨§ ´ ¡²Õ¤¥´¨°  ´¨§μÉ·μ¶¨¨ ·¥²¨±Éμ¢μ£μ
¨§²ÊÎ¥´¨Ö (CMBR Å Cosmic Microwave Background Radiation) [7Ä9], ´¥μ¤´μ·μ¤´μ¸É¨
· ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¢μ ‚¸¥²¥´´μ° (LSS Å Large Scale Structure) [10], § ¢¨¸¨³μ¸É¨
Ö·±μ¸É¨ ¸¢¥·Ì´μ¢ÒÌ É¨¶  Ia μÉ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö (SnIa Å Supernova Ia) [11Ä14], ¸μ-
£² ¸´μ ±μÉμ·Ò³ ¤μ¶Ê¸É¨³ Ö ¶²μÉ´μ¸ÉÓ ¢ ±ÊÊ³´μ° Ô´¥·£¨¨ ¨³¥¥É ³ ¸ÏÉ ¡ 10−3 Ô‚, ÎÉμ
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´¥ ¢¶¨¸Ò¢ ¥É¸Ö ¢ ±μ´Í¥¶Í¨Õ Ì · ±É¥·´ÒÌ Ô´¥·£¨°, ¸¢μ°¸É¢¥´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨Õ ¶μ-
²¥°. �μÔÉμ³Ê ¢ ²¨É¥· ÉÊ·¥ μ¡¸Ê¦¤ ÕÉ¸Ö ³¥Ì ´¨§³Ò É· ´¸Ëμ·³ Í¨¨ ¨¸Ìμ¤´μ°, ¡μ²ÓÏμ°
¶μ ¸¢μ¥³Ê ³ ¸ÏÉ ¡Ê ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¢ ·¥¤ÊÍ¨·μ¢ ´´μ¥ §´ Î¥´¨¥, ¡²¨§±μ¥ ±
´ ¡²Õ¤ ¥³μ³Ê.

‘·¥¤¨ ³μ¤¥²¥° ¸²¥¤Ê¥É ¢Ò¤¥²¨ÉÓ ·¥´μ·³£·Ê¶¶μ¢μ° ¶μ¤Ìμ¤ ¸ ®¡¥£ÊÐ¥°¯ ±μ¸³μ²μ£¨Î¥-
¸±μ° ¶μ¸ÉμÖ´´μ°, Ô¢μ²ÕÍ¨μ´¨·ÊÕÐ¥° ¢ § ¢¨¸¨³μ¸É¨ μÉ ¸±μ·μ¸É¨ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´μ°,
É. ¥. ¶ · ³¥É·  • ¡¡²  [15Ä23]. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³¨´¨³Ê³ ·¥´μ·³¨´¢ ·¨ ´É´μ£μ ÔËË¥±É¨¢-
´μ£μ ¶μÉ¥´Í¨ ² , É. ¥. ¶²μÉ´μ¸ÉÓ ¢ ±ÊÊ³´μ° Ô´¥·£¨¨, § ¢¨¸¨É μÉ ±μ´¸É ´É ¸¢Ö§¨, § ¤ ´´ÒÌ
§´ Î¥´¨Ö³¨ ¶μ²¥°, ±μÉμ·Ò¥ ¸¢Ö§ ´Ò ¸ Ì ¡¡²μ¢¸±¨³ ³ ¸ÏÉ ¡μ³, ÎÉμ ¶·¨¢μ¤¨É ± ³¥¤-
²¥´´μ° ²μ£ ·¨Ë³¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨ ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¸μ£² ¸´μ Ê· ¢´¥´¨Ö³
·¥´μ·³£·Ê¶¶Ò.

‚ ¤·Ê£μ³ ¶μ¤Ìμ¤¥ ¸·¥¤¨ ´¥¶¥·¥´μ·³¨·Ê¥³ÒÌ É¥μ·¨°, ± ±μÉμ·Ò³ ¶·¨´ ¤²¥¦¨É ¨ Ô°´-
ÏÉ¥°´μ¢¸± Ö £· ¢¨É Í¨Ö, ¢Ò¤¥²ÖÕÉ μ¸μ¡Ò° ±² ¸¸  ¸¨³¶ÉμÉ¨Î¥¸±¨ ÉμÎ´ÒÌ É¥μ·¨° (as-
ymptotically safe theory) [24] ¸μ ¸²¥¤ÊÕÐ¨³¨ ¸¢μ°¸É¢ ³¨: ¤²Ö ¸Î¥É´μ£μ Î¨¸²  ²μ± ²Ó´ÒÌ
μ¶¥· Éμ·μ¢ ´¥¶¥·¥´μ·³¨·Ê¥³μ° É¥μ·¨¨ ¸ ¶·μ¨§¢μ²Ó´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ ¢Ò¤¥²ÖÕÉ · §-
³¥·´Ò¥ Ë ±Éμ·Ò ¢ ¢¨¤¥ ¸É¥¶¥´¥° ´¥±μÉμ·μ£μ ³ ¸ÏÉ ¡ , É ± ÎÉμ ¤²Ö μ¸É ¢Ï¨Ì¸Ö ¡¥§· §-
³¥·´ÒÌ ±μ´¸É ´É-§ ·Ö¤μ¢ ¨³¥ÕÉ ³¥¸Éμ ·¥´μ·³£·Ê¶¶μ¢Ò¥ Ê· ¢´¥´¨Ö ¸ Ë¨±¸¨·μ¢ ´´Ò³¨
ÉμÎ± ³¨, ³´μ¦¥¸É¢μ ±μÉμ·ÒÌ ±μ´¥Î´μ, Éμ£¤  É¥μ·¨Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¶·¨μ¡·¥É ¥É ¶·¥¤-
¸± § É¥²Ó´ÊÕ ¸¨²Ê ¢¡²¨§¨ ÉμÎ¥± ¶·¨ÉÖ¦¥´¨Ö. �¸¨³¶ÉμÉ¨Î¥¸±¨ ÉμÎ´ Ö £· ¢¨É Í¨Ö ³μ¦¥É
¢±²ÕÎ ÉÓ ¢ ¸¥¡Ö ¨ Ô¢μ²ÕÍ¨Õ ±μ¸³μ²μ£¨Î¥¸±μ£μ Î²¥´ , ¸± ¦¥³, ± ¥£μ ´Ê²¥¢μ³Ê §´ Î¥´¨Õ,
¨ ¨´Ë²ÖÍ¨Õ [25].

� ¸¸³ É·¨¢ ¥É¸Ö É ±¦¥ ¢μ§³μ¦´μ¸ÉÓ ¶·¨³¥´¥´¨Ö ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ£μ ³¥Ì ´¨§³ 
³ ²μ£μ ¶¥·¥³¥Ï¨¢ ´¨Ö ¤¢ÊÌ ´¥¸É Í¨μ´ ·´ÒÌ ¸μ¸ÉμÖ´¨° (seesaw) ¸ · §²¨Î´Ò³¨, ¸¢μ°-
¸É¢¥´´Ò³¨ Ë¨§¨±¥ Î ¸É¨Í §´ Î¥´¨Ö³¨ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨, ÎÉμ ¶·¨¢μ¤¨É ± ¸É Í¨μ´ ·-
´μ³Ê ¢ ±ÊÊ³Ê, ±μ¸³μ²μ£¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö ±μÉμ·μ£μ ¨³¥¥É ·¥¤ÊÍ¨·μ¢ ´´Ò° ³ ²Ò° ³ ¸-
ÏÉ ¡ [26Ä33].

‚ Éμ ¦¥ ¢·¥³Ö ¨´Ë²ÖÍ¨μ´´ Ö ³μ¤¥²Ó, ·¥Ï ÕÐ Ö ³´μ£¨¥ ¶·μ¡²¥³Ò ´ ¡²Õ¤ É¥²Ó´μ°
±μ¸³μ²μ£¨¨, ¶·¨¢μ¤¨É ± ¶μÉ¥´Í¨ ²Ê ¸± ²Ö·´μ£μ ¶μ²Ö ¨´Ë² Éμ´ , ±μÉμ·Ò° Ì · ±É¥·¨§Ê-
¥É¸Ö ³ ¸¸μ° m ≈ 1,5 · 1013 ƒÔ‚, ¡μ²ÓÏ¨³ §´ Î¥´¨¥³ ¢ ±ÊÊ³´μ£μ ¸·¥¤´¥£μ, §´ Î¨É¥²Ó´μ
¶·¥¢ÒÏ ÕÐ¥£μ ¶² ´±μ¢¸±¨° ³ ¸ÏÉ ¡ Ô´¥·£¨°, μÎ¥´Ó ³ ²Ò³ §´ Î¥´¨¥³ ¸ ³μ¤¥°¸É¢¨Ö
¶μ²Ö (±μ´¸É ´É  ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö Î¥É¢¥·Éμ° ¸É¥¶¥´¨ λ ∼ 10−13) ¨ ´ ²¨Î¨¥³ ¶²μ¸±μ£μ
¶² Éμ ´  Ê·μ¢´¥ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ Λ4 ¶·¨ Λ ∼ 1016 ƒÔ‚. �·¨ ÔÉμ³ ¢μ§´¨± ¥É ¢μ¶·μ¸
μ ¥¸É¥¸É¢¥´´μ¸É¨ ¶ · ³¥É·μ¢ É ±μ£μ Ô±§μÉ¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  (¸³. μ¡Ï¨·´Ò° μ¡§μ· ¶μ
¢μ¶·μ¸ ³ ¸¢Ö§¨ ¨´Ë²ÖÍ¨¨ ¸ Ë¨§¨±μ° Î ¸É¨Í ¨ ³¥Ì ´¨§³μ³ · §μ£·¥¢  ¨ É¥·³ ²¨§ Í¨¨
‚¸¥²¥´´μ° ¶μ¸²¥ ¨´Ë²ÖÍ¨¨1 ¢ [34]).

‚ ± Î¥¸É¢¥ μÉ¢¥É  ´  ÔÉμÉ ¢μ¶·μ¸ ¸¥°Î ¸  ±É¨¢´μ ¨¸¸²¥¤Ê¥É¸Ö ³μ¤¥²Ó ¸± ²Ö·´μ£μ ¡μ-
§μ´  •¨££¸  ΦH ¢ ¸É ´¤ ·É´μ° ³μ¤¥²¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, μ¡² ¤ ÕÐ¥£μ ´¥³¨´¨³ ²Ó-
´μ° ¸¢Ö§ÓÕ ¸ £· ¢¨É Í¨¥° (¸± ²Ö·´μ° ±·¨¢¨§´μ° R) ¢ ¢¨¤¥ Î²¥´  ² £· ´¦¨ ´  Lint =
ξR Φ†

HΦH , £¤¥ ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö ¨³¥¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤±  ξ ∼ 104, ÎÉμ ¶·¨ ¶¥·¥-
Ìμ¤¥ ¶μ¸·¥¤¸É¢μ³ ±μ´Ëμ·³´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ± ÔËË¥±É¨¢´μ³Ê ¶μ²Õ ¨´Ë² Éμ´ , ³¨´¨-

1�¥ ²¨¸É¨Î¥¸±¨¥ ³μ¤¥²¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° ¨´Ë²ÖÍ¨¨ ¸ ÊÎ¥Éμ³ μ£· ´¨Î¥´¨°, ¸²¥¤ÊÕÐ¨Ì ¨§ ¶¥·¢¨Î´μ£μ
´Ê±²¥μ¸¨´É¥§ ,  ´¨§μÉ·μ¶¨¨ ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö ¨ ´¥μ¤´μ·μ¤´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¢ ±·Ê¶´μ³ ¸-
ÏÉ ¡´μ° ¸É·Ê±ÉÊ·¥ ‚¸¥²¥´´μ°, ¶·¥¤¸É ¢²¥´Ò ¢ [35Ä37], £¤¥ ¨¸¸²¥¤Ê¥É¸Ö ¸Ê¶¥·¸¨³³¥É·¨Î´ Ö ¢¥·¸¨Ö ¸É ´¤ ·É´μ°
³μ¤¥²¨ ¢§ ¨³μ¤¥°¸É¢¨° Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¸ ÊÎ¥Éμ³ ¶²μ¸±¨Ì ´ ¶· ¢²¥´¨° ¢ ¸Ê¶¥·¶μÉ¥´Í¨ ²¥.
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³ ²Ó´μ ¸¢Ö§ ´´μ£μ ¸ £· ¢¨É Í¨¥°, ± ± · § ¶·¨¢μ¤¨É ± ¤μ¸É ÉμÎ´μ ¶²μ¸±μ³Ê ¶μÉ¥´Í¨ ²Ê ¸
´¥μ¡Ìμ¤¨³Ò³ Ê·μ¢´¥³ ¶² Éμ [38Ä47]. “Î¥É ¦¥ ¢ É ±μ³ ¶μ¤Ìμ¤¥ ·¥´μ·³£·Ê¶¶μ¢ÒÌ ¶μ¶· -
¢μ± ¶·¨¢μ¤¨É ± ¦¥¸É±μ³Ê μ£· ´¨Î¥´¨Õ ´  ³ ¸¸Ê ¡μ§μ´  •¨££¸ : 135,6 < mH < 184,5 ƒÔ‚.


μ§μ´ •¨££¸  ¸É ´¤ ·É´μ° ³μ¤¥²¨ ¶·¨ ³¨´¨³ ²Ó´μ° ¸¢Ö§¨ ÔÉμ£μ ¸± ²Ö·´μ£μ ¶μ²Ö ¸
£· ¢¨É Í¨¥° (ξ → 0) É ±¦¥ ³μ¦¥É ¨£· ÉÓ ¸ÊÐ¥¸É¢¥´´ÊÕ ·μ²Ó ¢ ¤¨´ ³¨±¥ · ´´¥° ‚¸¥-
²¥´´μ° [48]. ˆ³¥´´μ ¸ÊÐ¥¸É¢Ê¥É ±·¨É¨Î¥¸±μ¥ §´ Î¥´¨¥ ³ ¸¸Ò ¡μ§μ´  •¨££¸ , ±μÉμ·μ¥ ¸
ÊÎ¥Éμ³ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ± [49] · ¢´μ mcrit

H ≈ (153±3) ƒÔ‚, É ± ÎÉμ ¸± ²Ö· •¨££¸  ¸
´ ¤±·¨É¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨ ³ ¸¸Ò ´¥ ¸¶μ¸μ¡¥´ ¢Ò§¢ ÉÓ ¨´Ë²ÖÍ¨Õ ‚¸¥²¥´´μ°, ¨ ¥¸²¨
Î ¸É¨Í  •¨££¸  Å ¥¤¨´¸É¢¥´´μ¥ ¸± ²Ö·´μ¥ ¶μ²¥ ¢ É¥μ·¨¨ ¢¶²μÉÓ ¤μ ¶² ´±μ¢¸±¨Ì ³ ¸ÏÉ -
¡μ¢ Ô´¥·£¨¨, Éμ ¡μ§μ´ •¨££¸  ¸ ¸Ê¡±·¨É¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨ ³ ¸¸Ò § ¶·¥Ð¥´, ¶μ¸±μ²Ó±Ê
¢Ò§Ò¢ ¥³ Ö ¨³ ¨´Ë²ÖÍ¨Ö ¶μ·μ¦¤ ²  ¡Ò ‚¸¥²¥´´ÊÕ ¸ ¸μ¢¥·Ï¥´´μ ¨´μ°, μÉ²¨Î´μ° μÉ
´ ¡²Õ¤ ¥³μ° ±·Ê¶´μ³ ¸ÏÉ ¡´μ° ¸É·Ê±ÉÊ·μ° · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¢μ ‚¸¥²¥´´μ°. �·¨
ÔÉμ³, μ¤´ ±μ, ¶·¨ ´ ¤±·¨É¨Î¥¸±¨Ì §´ Î¥´¨ÖÌ ³ ¸¸Ò ¡μ§μ´  •¨££¸  · ¸¶·¥¤¥²¥´¨¥ ´¥μ¤-
´μ·μ¤´μ¸É¨ ¢¥Ð¥¸É¢  μ¡ÑÖ¸´Ö²μ¸Ó ¡Ò ²¨ÏÓ Éμ´±μ° ¶μ¤¸É·μ°±μ° ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ, Î¥£μ
± ± · § ¶μ§¢μ²Ö¥É ¨§¡¥¦ ÉÓ É¥μ·¨Ö ¨´Ë²ÖÍ¨¨. ‘²¥¤μ¢ É¥²Ó´μ, ¸Ê¡±·¨É¨Î¥¸±¨¥ §´ Î¥´¨Ö
³ ¸¸Ò ¡μ§μ´  •¨££¸  ¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ É·¥¡ÊÕÉ ¢¢¥¤¥´¨Ö ¤μ¶μ²´¨É¥²Ó´μ£μ ¸ ÉμÎ±¨ §·¥-
´¨Ö ¸É ´¤ ·É´μ° ³μ¤¥²¨ ¸± ²Ö·´μ£μ ¶μ²Ö ¨´Ë² Éμ´ , ±μÉμ·Ò° ¤¨´ ³¨Î¥¸±¨ μ¡¥¸¶¥Î¨¢ ²
¡Ò Ëμ·³¨·μ¢ ´¨¥ ´¥μ¡Ìμ¤¨³ÒÌ ¸¢μ°¸É¢ ±·Ê¶´μ³ ¸ÏÉ ¡´μ° ¸É·Ê±ÉÊ·Ò ‚¸¥²¥´´μ° [50].

Šμ¸³μ²μ£¨Î¥¸±¨¥ μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ¡μ§μ´  •¨££¸  ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨ ¢ ¤·Ê£¨Ì
¶μ¤Ìμ¤ Ì, ´ ¶·¨³¥· ¶·¨ · ¸¸³μÉ·¥´¨¨ ÔÉμ£μ ¸± ²Ö·  ¸μ¢³¥¸É´μ ¸ ¤·Ê£¨³ ¶μ²¥³, ± ± ÔÉμ
¡Ò²μ ¸¤¥² ´μ ¢ [51], £¤¥ ¢Ò¢¥¤¥´μ Ê¸²μ¢¨¥ mH < 134 ƒÔ‚.

‚ · ¡μÉ¥ [52] ¶μ¸É·μ¥´  ¨´Ë²ÖÍ¨μ´´ Ö ³μ¤¥²Ó ¢ · ³± Ì ¸Ê¶¥·£· ¢¨É Í¨¨ ¶ÊÉ¥³ ¶μ¤-
¡μ·  ¶μ¤Ìμ¤ÖÐ¥£μ ¢¨¤  ±¥²¥·μ¢  ¶μÉ¥´Í¨ ²  ¸ ¤μ¶μ²´¨É¥²Ó´μ° ¸¨³³¥É·¨¥° Å ´¥§ ¢¨¸¨-
³μ¸ÉÓÕ ¶μÉ¥´Í¨ ²  Š¥²¥·  μÉ ³´¨³μ° Î ¸É¨ ¸± ²Ö·´μ£μ ¶μ²Ö. �¤´ ±μ ´  ¡μ²¥¥ £²Ê¡μ±μ³
Ê·μ¢´¥ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´ ´¥ Ê¤ ¥É¸Ö ´ °É¨ ¶ÊÉÓ, ¢¥¤ÊÐ¨° ± ³μ¤¥²Ö³ É¨¶  [52]. ‚ [53]
¶·¥¤²μ¦¥´  ·¥ ²¨¸É¨Î¥¸± Ö ³μ¤¥²Ó ¨´Ë²ÖÍ¨¨ ¢ · ³± Ì É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´, ¢ ±μÉμ·μ°
Ê¤ ¥É¸Ö ¶·¥μ¤μ²¥ÉÓ ¶·μ¡²¥³Ò ´¥Ê¸Éμ°Î¨¢μ¸É¨, ¢μ§´¨± ÕÐ¨¥ ¢ Ìμ¤¥ ±μ³¶ ±É¨Ë¨± Í¨¨ ¤μ-
¶μ²´¨É¥²Ó´ÒÌ · §³¥·´μ¸É¥°, ¨ ¶¥·¥°É¨ μÉ  ´É¨¤¥¸¸¨Éμ·μ¢¸±μ£μ ¢ ±ÊÊ³  ¨¸Ìμ¤´μ£μ ¸μ¸Éμ-
Ö´¨Ö ± ³¨´¨³Ê³Ê ¶μÉ¥´Í¨ ²  ¨´Ë² Éμ´  ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥° (¢ ±ÊÊ³ ¤¥ ‘¨ÉÉ¥· ).
�¤´ ±μ, ´  ´ Ï ¢§£²Ö¤, · §¢¨É¨¥ ¨´Ë²ÖÍ¨¨ ³μ¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ ¢ μ¡² ¸É¨ É ±¨Ì ¶²μÉ´μ-
¸É¥° Ô´¥·£¨¨, £¤¥ ¸Ê¶¥·£· ¢¨É Í¨Ö § ¢¥¤μ³μ ´ ·ÊÏ¥´  ¨ ¸ ³μ¸μ£² ¸μ¢ ´´ÊÕ É¥μ·¨Õ ¶μ²Ö
¸Ê¡¶² ´±μ¢¸±¨Ì Ô´¥·£¨° ¸²¥¤Ê¥É ¸É·μ¨ÉÓ ´  μ¸´μ¢¥ ¶·¨´Í¨¶  ¶¥·¥´μ·³¨·Ê¥³μ¸É¨, ¢ Éμ
¢·¥³Ö ± ± ¶μÉ¥´Í¨ ²Ò, ¶μ²ÊÎ ¥³Ò¥ ¢ · ³± Ì ¶μ²´μ°, ÉμÎ´μ° É¥μ·¨¨ ¸Ê¶¥·£· ¢¨É Í¨¨
¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¢±² ¤Ò ¢Ò¸Ï¨Ì ¸É¥¶¥´¥° ¶μ ´ÓÕÉμ´μ¢¸±μ° ±μ´¸É ´É¥ £· ¢¨É Í¨μ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö G, ±μÉμ·Ò¥ § ¢¥¤μ³μ ´¥¶¥·¥´μ·³¨·Ê¥³Ò ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¸±μ·¥¥ ¢¸¥£μ,
¤μ²¦´Ò ÔËË¥±É¨¢´μ ¸μ±· Ð ÉÓ¸Ö ¶μ¸²¥ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·£· ¢¨É Í¨¨, É ± ÎÉμ ¢ ÔËË¥±-
É¨¢´μ³ ² £· ´¦¨ ´¥ μ¸É ÕÉ¸Ö Éμ²Ó±μ É¥ Î²¥´Ò, ±μÉμ·Ò¥ ´¥ ¶·μÉ¨¢μ·¥Î É É·¥¡μ¢ ´¨Õ
¶¥·¥´μ·³¨·Ê¥³μ¸É¨, É. ¥. ´ Ìμ¤ÖÉ¸Ö ¶μ¤ ±μ´É·μ²¥³ ±¢ ´Éμ¢ÒÌ ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ±. ‚ ¶·μ-
É¨¢´μ³ ¸²ÊÎ ¥ É¥μ·¨Ö ¶μ²Ö ¶·¨ Ô´¥·£¨ÖÌ ¸ÊÐ¥¸É¢¥´´μ ´¨¦¥ ¶² ´±μ¢¸±¨Ì É¥·Ö¥É ¢¸Ö±ÊÕ
¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê. ‚ ÔÉμ³ ¸³Ò¸²¥ ¸²¥¤μ¢ ²μ ¡Ò μ£· ´¨Î¨ÉÓ · ¸¸³μÉ·¥´¨¥ ¸Ê¶¥·£· -
¢¨É Í¨μ´´ÒÌ ¶μ¶· ¢μ± ± ¶μÉ¥´Í¨ ²Ê ²¨ÏÓ ¢¥¤ÊÐ¨³¨ Î²¥´ ³¨, ²¨´¥°´Ò³¨ ¶μ ´ÓÕÉμ´μ¢-
¸±μ° ¶μ¸ÉμÖ´´μ° G, ± ± ÔÉμ ¶·¥¤¸É ¢²¥´μ Ê ‘. ‚ °´¡¥·£  ¢ [54], ¤μ¡ ¢¨¢ ± ÔÉμ³Ê ¥Ð¥ ¨
É·¥¡μ¢ ´¨¥ ¶μ ¸É¥¶¥´¨ ¸ ³μ¤¥°¸É¢¨Ö ¸± ²Ö·´μ£μ ¶μ²Ö, ±μÉμ· Ö ¤μ²¦´  ¡ÒÉÓ ´¥ ¢ÒÏ¥ 4.

�É¤¥²Ó´μ ³μ¦´μ £μ¢μ·¨ÉÓ μ ¶·μ¡²¥³ Ì ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¨ ¨´Ë²ÖÍ¨μ´´μ°
¤¨´ ³¨±¥ ¢ · ³± Ì μ¡μ¡Ð¥´¨° μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨, ´ ¶·¨³¥· ¢ ±μ´Ëμ·³´μ°
É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ [55].
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‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ¶·¥¤² £ ¥³ ¢§£²Ö´ÊÉÓ ´  ¶·μ¡²¥³Ê ·¥² ±¸ Í¨¨ ±μ¸³μ²μ£¨Î¥¸±μ°
¶μ¸ÉμÖ´´μ° ¨ ¥¸É¥¸É¢¥´´μ¸É¨ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ¸± ²Ö·´μ£μ ¶μ²Ö, ¢Ò§Ò¢ ÕÐ¥£μ ¨´-
Ë²ÖÍ¨Õ, ¸ ¥¤¨´μ° ÉμÎ±¨ §·¥´¨Ö ´  μ¸´μ¢¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ¢¢¥¤¥´¨Ö ¤¨´ ³¨Î¥¸±μ£μ
¶μ²Ö, ¶μÉ¥´Í¨ ² ±μÉμ·μ£μ Ö¢²Ö¥É¸Ö ¶μ¸ÉμÖ´´Ò³: V = const, É. ¥. ¶²μ¸±¨³, ¸ ÉμÎ´μ¸ÉÓÕ
¤μ ¢±² ¤μ¢ ´¥ ¢ÒÏ¥ ´¥±μÉμ·μ° ¸É¥¶¥´¨ ¶μ μ¡· É´μ° ³ ¸¸¥ �² ´± , É ± ÎÉμ ÔÉμ §´ Î¥´¨¥
¶μÉ¥´Í¨ ²  § ¤ ¥É ±μ¸³μ²μ£¨Î¥¸±ÊÕ ¶μ¸ÉμÖ´´ÊÕ. �Éμ ¶μ²¥ μ¡² ¤ ¥É ´¥ Éμ²Ó±μ ´Ê²¥¢μ°
³ ¸¸μ°, ´μ ¨ ´Ê²¥¢Ò³ ¸ ³μ¤¥°¸É¢¨¥³. �μ¤μ¡´Ò¥ ¶μ²Ö ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¢μ§´¨± ÕÉ
¢ É¥μ·¨¨ ¸Ê¶¥·¸É·Ê´ ¨ ´μ¸ÖÉ ´ §¢ ´¨¥ ³μ¤Ê²¥°: μ´¨ μ¶·¥¤¥²ÖÕÉ ®¶²μ¸±¨¥ ´ ¶· ¢²¥´¨Ö¯
ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ² .

ŒÒ ¢¢μ¤¨³ É ±μ¥ ¶μ²¥ ± ± ¸± ²Ö·´ÊÕ ±μ³¶μ´¥´ÉÊ ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö ¢ É¥μ·¨¨
¸Ê¶¥·¸¨³³¥É·¨¨. „ ²¥¥ ¸É ¢¨³ § ¤ ÎÊ μ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·μ¢ ¸Ê¶¥·¶μÉ¥´Í¨ ²  ¶μ²Ö,
É ± ÎÉμ ¶μ¸²¥ ÊÎ¥É  ¢¥¤ÊÐ¨Ì ¶μ¶· ¢μ± §  ¸Î¥É ¸Ê¶¥·£· ¢¨É Í¨¨ ¢ ¸² ¡ÒÌ £· ¢¨É Í¨μ´-
´ÒÌ ¶μ²ÖÌ, É. ¥. ¶μ¶· ¢μ±, ²¨´¥°´ÒÌ ¶μ ±μ´¸É ´É¥ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö,
·¥§Ê²ÓÉ¨·ÊÕÐ¨° ¶¥·¥´μ·³¨·Ê¥³Ò° ¶μÉ¥´Í¨ ² ¶μ²Ö ¸É ´μ¢¨²¸Ö ¡Ò ¶²μ¸±¨³,   §´ Î¨É,
¶μ²¥ ¡Ò²μ ¡Ò ¤¥°¸É¢¨É¥²Ó´μ ³μ¤Ê²¥³. ’ ±ÊÕ ¶·μÍ¥¤Ê·Ê μ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·μ¢ ¨¸Ìμ¤-
´μ£μ ¸Ê¶¥·¶μÉ¥´Í¨ ²  ³Ò ´ §Ò¢ ¥³ ±μ¸³μ²μ£¨Î¥¸±¨³ ¡ÊÉ¸É· ¶μ³, É ± ± ± ¨³¥¥É ³¥¸Éμ
§ Ï´Ê·μ¢±  ¨¸Ìμ¤´ÒÌ ³ ¸¸Ò ¨ ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö ¸μ£² ¸´μ É·¥¡μ¢ ´¨Õ ¸μ±· Ð¥´¨Ö ¨Ì
¢±² ¤μ¢ ¢¥¤ÊÐ¨³¨ ¶μ¶· ¢± ³¨ §  ¸Î¥É ¸Ê¶¥·£· ¢¨É Í¨¨.

�·¨ ÔÉμ³ ³Ò ¶·¥¤¶μ² £ ¥³, ÎÉμ ³ ¸ÏÉ ¡ ¶² Éμ ¶μÉ¥´Í¨ ²  ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥
¶² ´±μ¢¸±μ£μ, ´μ ¤μ¸É ÉμÎ´μ ¢¥²¨±, ÎÉμ¡Ò ¢¶¨¸Ò¢ ÉÓ¸Ö ¢ ±μ´Í¥¶Í¨Õ ¢§ ¨³μ¤¥°¸É¢¨Ö
Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í; ´ ¶·¨³¥·, ¶μ² £ ¥³ ¥£μ ¶μ ¶μ·Ö¤±Ê ¢¥²¨Î¨´Ò ¡²¨§±¨³ ± Ï± ²¥
¢¥²¨±μ£μ μ¡Ñ¥¤¨´¥´¨Ö ± ²¨¡·μ¢μÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. ’μ£¤  μ± §Ò¢ ¥É¸Ö, ÎÉμ ¡ÊÉ¸É· ¶
¢μ§³μ¦¥´,   ¨¸Ìμ¤´Ò¥ ¶ · ³¥É·Ò ¶μ²Ö ¡²¨§±¨ ± ³ ¸¸¥ ¨ ¸ ³μ¤¥°¸É¢¨Õ ¨´Ë² Éμ´ , μ¡¥¸-
¶¥Î¨¢ ÕÐ¥£μ ´ ¡²Õ¤ ¥³ÊÕ ±·Ê¶´μ³ ¸ÏÉ ¡´ÊÕ ¸É·Ê±ÉÊ·Ê ‚¸¥²¥´´μ°.

‘²¥¤ÊÕÐ¨° Ï £ Å ³ ²μ¥ ´ ·ÊÏ¥´¨¥ ¸μμÉ´μÏ¥´¨° ¡ÊÉ¸É· ¶  ¤²Ö ³ ¸¸Ò ¨ ¸ ³μ¤¥°-
¸É¢¨¥ ¶μ²Ö, ±μÉμ·μ¥ ³μ¦¥É ¡ÒÉÓ ¢Ò§¢ ´μ ÊÎ¥Éμ³ ¢Ò¸Ï¨Ì ¶μ¶· ¢μ± ¶μ μ¡· É´μ° ³ ¸¸¥
�² ´± , ´ ¶·¨³¥· ¶¥É²¥¢Ò³¨ ¶μ¶· ¢± ³¨ ¶·¨ ÊÎ¥É¥ ÉÖ¦¥²ÒÌ Î ¸É¨Í ¸ ³ ¸¸ ³¨ ¶μ·Ö¤± 
¶² ´±μ¢¸±¨Ì. ’ ±μ¥ ´ ·ÊÏ¥´¨¥ ¶·¨¢μ¤¨É ± ¤¨´ ³¨Î¥¸±μ° ´¥¸É ¡¨²Ó´μ¸É¨ ¶²μ¸±μ£μ ¶μ-
É¥´Í¨ ²  ¨ ·¥² ±¸ Í¨¨ ¨¸Ìμ¤´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¢ ¶·μÍ¥¸¸¥ ¨´Ë²ÖÍ¨¨,
¢Ò§¢ ´´μ° ¶μ²¥³, ±μÉμ·μ¥ ¶¥·¢μ´ Î ²Ó´μ ¡Ò²μ ³μ¤Ê²¥³. ’μ£¤  ¶ · ³¥É·Ò ¨´Ë²ÖÍ¨¨
¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ § ¤ ÕÉ¸Ö ³ ²Ò³ ´ ·ÊÏ¥´¨¥³ ¡ÊÉ¸É· ¶  ¨ ¸μ£² ¸ÊÕÉ¸Ö ¶μ ¶μ·Ö¤±Ê
¢¥²¨Î¨´Ò ¸ ´ ¡²Õ¤ ¥³Ò³¨. ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ³ ¸¸ , ¢ ±ÊÊ³´μ¥ ¸·¥¤´¥¥ ¶μ²Ö ¨ ¥£μ
¸ ³μ¤¥°¸É¢¨¥ ¶μ ¸ÊÉ¨ μ¶·¥¤¥²ÖÕÉ¸Ö ¢¢¥¤¥´¨¥³ μ¤´μ£μ ¶ · ³¥É·  Å ³ ¸ÏÉ ¡μ³ ¨¸Ìμ¤´μ°
±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°, ¢¥²¨Î¨´  ±μÉμ·μ° Ö¢²Ö¥É¸Ö Ì · ±É¥·´μ° ¢ Ë¨§¨±¥ Î ¸É¨Í.

1. �“’‘’���

‚ É¥μ·¨¨ £· ¢¨É Í¨¨ ¸ · §³¥·´μ° ±μ´¸É ´Éμ° ¸¢Ö§¨ G ¥¸É¥¸É¢¥´´μ ¡Ò²μ ¡Ò μ¦¨-
¤ ÉÓ, ÎÉμ ¢ ±ÊÊ³´ Ö Ô´¥·£¨Ö ρG, § ¤ ÕÐ Ö ±μ¸³μ²μ£¨Î¥¸±ÊÕ ¶μ¸ÉμÖ´´ÊÕ, μ¶·¥¤¥²Ö¥É¸Ö
¶² ´±μ¢¸±¨³ ³ ¸ÏÉ ¡μ³1 m̃Pl = 1/

√
8πG ≈ 2,4 · 1018 ƒÔ‚, É ± ÎÉμ

ρG = M4, (1)

1ŒÒ ¨¸¶μ²Ó§Ê¥³ ¶·¨¢¥¤¥´´ÊÕ ³ ¸¸Ê �² ´± .
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£¤¥ M ∼ m̃Pl. �¤´ ±μ ¸Ê¶¥·¸¨³³¥É·¨Ö ³μ¦¥É ¡ÒÉÓ ¤¨´ ³¨Î¥¸±¨ ¸¢Ö§ ´  ¸ ¤·Ê£¨³ ³ ¸-
ÏÉ ¡μ³ Ô´¥·£¨¨ Λ, ±μÉμ·Ò° ³Ò ¡Ê¤¥³ ¸Î¨É ÉÓ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¨³, Î¥³ ¶² ´±μ¢¸±¨°:

Λ � M. (2)

‘ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö, É. ¥. ´¥ ¢¤ ¢ Ö¸Ó ¢ ³¥Ì ´¨§³ ¢¢¥¤¥´¨Ö ³ ¸ÏÉ ¡  Λ
´ ·Ö¤Ê ¸ m̃Pl, ¡Ê¤¥³ ¶μ² £ ÉÓ, ÎÉμ ¢ É¥μ·¨¨ ¥¸ÉÓ ¶ ·  · §³¥·´ÒÌ ¢¥²¨Î¨´ ¸ ¢¶μ²´¥ μ¶·¥-
¤¥²¥´´μ° ¨¥· ·Ì¨¥° (2). �·¨ ÔÉμ³ ¥¸É¥¸É¢¥´´μ ¸Î¨É ÉÓ, ÎÉμ ²μ± ²Ó´ Ö ¸Ê¶¥·¸¨³³¥É·¨Ö,
É. ¥. ¸Ê¶¥·£· ¢¨É Í¨Ö, ¶·¨¢μ¤¨É ± ¢ ±ÊÊ³´μ° Ô´¥·£¨¨

ρS = Λ4. (3)

’ ± Ö ±μ´¥Î´ Ö ¶¥·¥´μ·³¨·μ¢± 1 μÉ (1) ± (3) ¢¶μ²´¥ ¢μ§³μ¦´  ¢ ¸Ê¶¥·£· ¢¨É Í¨¨, É ±
± ± ¢¢¥¤¥´¨¥ ¸Ê¶¥·¶μÉ¥´Í¨ ²  ¢ ¢¨¤¥ ±μ´¸É ´ÉÒ

W0 = iω3
0 (4)

¶·¨¢μ¤¨É ± ¤μ¶μ²´¨É¥²Ó´μ³Ê ¢±² ¤Ê2 ¢ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ¢ ±ÊÊ³ , É ± ÎÉμ [54]

V0 = ρG − 24πG|W0|2 = M4 − 24πGω6
0 , (5)

¨ Ê¸²μ¢¨¥ V0 = ρS Ö¢²Ö¥É¸Ö μ¶·¥¤¥²¥´¨¥³ ³ ¸ÏÉ ¡  ω0. �¶¨¸ ´´ Ö ¢ÒÏ¥ ¶·μÍ¥¤Ê· 
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ®´Ê²¥¢μ°¯ Ï £ ¡ÊÉ¸É· ¶ : ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ μ¶·¥¤¥²¥´¨Ö ¶ · ³¥-
É·μ¢ É¥μ·¨¨ Î¥·¥§ ¨§´ Î ²Ó´μ § ¤ ´´Ò¥ ¢¥²¨Î¨´Ò, ¢ Î ¸É´μ¸É¨ ¶μ¸ÉμÖ´´μ£μ Î²¥´  ¢
¸Ê¶¥·¶μÉ¥´Í¨ ²¥ Î¥·¥§ ¶¥·¢¨Î´Ò¥ ³ ¸ÏÉ ¡Ò3 M ¨ Λ. �·¨ ÔÉμ³ ´ Ï  Í¥²Ó Å μ¶¨¸ ´¨¥
±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ± ± ¶²μ¸±μ£μ ¶μÉ¥´Í¨ ² .

„ ²¥¥, ¢ ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ ±ÊÊ³´ Ö Ô´¥·£¨Ö § ¤ ¥É¸Ö ¶μÉ¥´Í¨ ²μ³

VS =
∣∣∣∣∂W

∂Φ

∣∣∣∣
2

, (6)

£¤¥ ¢ ¸²ÊÎ ¥ ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°, É. ¥. ¶μÉ¥´Í¨ ² , ´¥ § ¢¨¸ÖÐ¥£μ μÉ ¶μ²Ö Φ,
¸Ê¶¥·¶μÉ¥´Í¨ ² ¸²¥¤Ê¥É § ¶¨¸ ÉÓ ¢ ¢¨¤¥

W �→ W1 = iω3
0 + Λ2Φ, (7)

É ± ÎÉμ
VS = Λ4. (8)

“Î¥É ¸Ê¶¥·£· ¢¨É Í¨¨ ¸ ²¨´¥°´Ò³¨ ¢±² ¤ ³¨ ¶μ ´ÓÕÉμ´μ¢¸±μ° ¶μ¸ÉμÖ´´μ° G ¶·¨¢μ¤¨É
¢ μ¡Ð¥³ ¢¨¤¥ ± ¶μÉ¥´Í¨ ²Ê [54]

V = ρG +
∣∣∣∣∂W

∂Φ

∣∣∣∣
2

− 24πG

∣∣∣∣W − 1
3
Φ

∂W

∂Φ

∣∣∣∣
2

+
16πG

3
|Φ|2

∣∣∣∣∂W

∂Φ

∣∣∣∣
2

. (9)

1‚ ÔÉμ° · ¡μÉ¥ ³Ò ´¥ ± ¸ ¥³¸Ö ¢μ¶·μ¸μ¢ ·¥£Ê²Ö·¨§ Í¨¨ ¡¥¸±μ´¥Î´μ¸É¥° ¨ ·¥´μ·³£·Ê¶¶Ò.
2‘²¥¤ÊÖ ‘. ‚ °´¡¥·£Ê, μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ ¶μ¶· ¢μ± ± ¶μÉ¥´Í¨ ²Ê, ²¨´¥°´ÒÌ ¶μ ±μ´¸É ´É¥ £· ¢¨-

É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö G.
3‡¤¥¸Ó, ±μ´¥Î´μ, ¶μ¤· §Ê³¥¢ ¥É¸Ö, ÎÉμ ¢¸¥ ¢¥²¨Î¨´Ò, μÉ²¨Î ÕÐ¨¥¸Ö ²¨ÏÓ ´  ±μÔËË¨Í¨¥´É ¶μ·Ö¤±  ¥¤¨´¨ÍÒ,

Ö¢²ÖÕÉ¸Ö Ô±¢¨¢ ²¥´É´Ò³¨.
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’μ£¤  ¶μ¤¸É ´μ¢±  ¸Ê¶¥·¶μÉ¥´Í¨ ²  ¢¨¤  (7) ¢ (9) ¤ ¥É

V �→ V1 = (M4 − 24πGω6
0) + Λ4 − 1

2
φ2 16πG

3
Λ4, (10)

¥¸²¨ ¶μ²μ¦¨ÉÓ ¶μ²¥ φ = Φ
√

2 ¢¥Ð¥¸É¢¥´´Ò³ (· ¸¸³μÉ·¥´¨¥ μ¡Ð¥£μ ¸²ÊÎ Ö ¶·μ¢μ¤¨É¸Ö ¢
¶·¨²μ¦¥´¨¨ 1). Š·μ³¥ Éμ£μ, ¢ ¤ ²Ó´¥°Ï¥³ ¤²Ö ¶·μ¸ÉμÉÒ ³Ò ¶μ² £ ¥³, ÎÉμ ¶μÉ¥´Í¨ ² ¸
ÊÎ¥Éμ³ ¶μ¶· ¢μ± ¸μ£² ¸´μ ¸Ê¶¥·£· ¢¨É Í¨¨ (9) μ¡² ¤ ¥É ¸¨³³¥É·¨¥° μÉ´μ¸¨É¥²Ó´μ ¤¨¸-
±·¥É´μ° μ¶¥· Í¨¨ μÉ· ¦¥´¨Ö φ ↔ −φ, É. ¥. ´¥ ¸μ¤¥·¦¨É ´¥Î¥É´ÒÌ ¸É¥¶¥´¥° ¶μ²Ö φ.
�  ÔÉμ³ Ï £¥ ¡ÊÉ¸É· ¶  ±μ¸³μ²μ£¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö ¶μ-¶·¥¦´¥³Ê § ¤ ¥É¸Ö ¶²μÉ´μ¸ÉÓÕ
Ô´¥·£¨¨ VS ¢ (8), ¥¸²¨ ´¥¸±μ²Ó±μ ¸±μ··¥±É¨·μ¢ ÉÓ ¶ · ³¥É· ω0, É ± ÎÉμ

M4 − 24πGω6
0 = 0. (11)

�¤´ ±μ ¶μÉ¥´Í¨ ² (10) ¸μ¤¥·¦¨É ´ ·Ö¤Ê ¸ ¶μ¸ÉμÖ´´μ° ¶²μÉ´μ¸ÉÓÕ Ô´¥·£¨¨ ¥Ð¥ ¨ ¢±² ¤,
§ ¢¨¸ÖÐ¨° μÉ ¶μ²Ö; ¡μ²¥¥ Éμ£μ, ¸Ê¶¥·£· ¢¨É Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ¶·¨¢μ¤ÖÉ ´  ÔÉμ³ ÔÉ ¶¥
± ´¥¸É ¡¨²Ó´μ¸É¨ ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°. �É  ´¥¸É ¡¨²Ó´μ¸ÉÓ ´  ¸ ³μ³ ¤¥²¥ ¸¨£-
´ ²¨§¨·Ê¥É ²¨ÏÓ μ Éμ³, ÎÉμ ¸Ê¶¥·£· ¢¨É Í¨Ö ¶¥·¥´μ·³¨·Ê¥É ±¢ ¤· É¨Î´Ò° ¶μ ¶μ²Õ Î²¥´
¶μÉ¥´Í¨ ² ,   §´ Î¨É, ±¢ ¤· É¨Î´μ¥ ¶μ ¶μ²Õ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸²¥¤Ê¥É ¢¢¥¸É¨ Ê¦¥ ´  ¸É -
¤¨¨ ¸Ê¶¥·¶μÉ¥Í¨ ²  W . Š·μ³¥ Éμ£μ, ³Ò ¢¨¤¨³, ÎÉμ ¶μ²¥ ³μ¤Ê²Ö ¢ É¥μ·¨¨ ¸ £²μ¡ ²Ó´μ°
¸Ê¶¥·¸¨³³¥É·¨¥° ÊÉ· Î¨¢ ¥É ÔÉμ ¸¢μ¥ ¸¢μ°¸É¢μ ¢ É¥μ·¨¨ ¸ ²μ± ²Ó´μ° ¸Ê¶¥·¸¨³³¥É·¨¥°,
É. ¥. ¢ ¸Ê¶¥·£· ¢¨É Í¨¨. �μÔÉμ³Ê ³Ò ¸É ¢¨³ § ¤ ÎÊ μ¶·¥¤¥²¥´¨Ö ´¥É·¨¢¨ ²Ó´μ£μ ¸Ê¶¥·-
¶μÉ¥´Í¨ ²  ¶μ²Ö, ±μÉμ·Ò° μÉ¢¥Î ¥É ¶μ²Õ ³μ¤Ê²Ö ¶·¨ ÊÎ¥É¥ ¢¥¤ÊÐ¨Ì ¶μ¶· ¢μ± §  ¸Î¥É
¸Ê¶¥·£· ¢¨É Í¨¨ (9).

‘²¥¤ÊÖ É ±μ° ³¥Éμ¤¨±¥ ¡ÊÉ¸É· ¶ , § ¶¨Ï¥³ ¸Ê¶¥·¶μÉ¥´Í¨ ² ¢ ¢¨¤¥

W = iω3
0 + Λ2Φ +

i

2
μ0Φ2 +

g0

3
Φ3. (12)

’μ£¤  ¸ ÉμÎ´μ¸ÉÓÕ ¤μ Î¥É¢¥·Éμ° ¸É¥¶¥´¨ ¶μ ¶μ²Õ, É. ¥. ¸ ÊÎ¥Éμ³ Éμ²Ó±μ ¶¥·¥´μ·³¨·Ê¥-
³ÒÌ Î²¥´μ¢, ¶μÉ¥´Í¨ ² V = V̂ Λ4 ¶·¨´¨³ ¥É ¢¨¤

V̂ = 1 − 1
2

μ̂2φ̂2 +
1
4

λ̂φ̂4, (13)

£¤¥ ³Ò ÊÎ²¨ ¸μ±· Ð¥´¨¥ §  ¸Î¥É (11) ´  ®´Ê²¥¢μ³¯ Ï £¥ ¡ÊÉ¸É· ¶  ¨ ¢¢¥²¨ μ¡μ§´ Î¥´¨Ö
¤²Ö ¡¥§· §³¥·´ÒÌ ¢¥²¨Î¨´ ¸μ ®Ï²Ö¶± ³¨¯:

φ̂2 =
32πG

3
|Φ|2, ĝ0 = − 3

16πGΛ2
g0,

ω̂6
0 =

16πG

3Λ4
ω6

0 , μ̂2
0 =

3
16πGΛ4

μ2
0,

(14)

É ± ÎÉμ

μ̂2 = 1 − μ̂2
0 + 2ĝ0 +

3
2

ω̂3
0μ̂0, λ̂ = ĝ2

0 − 2ĝ0 +
7
8

μ̂2
0. (15)

�μÉ¥´Í¨ ² (13) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶μ¸ÉμÖ´´ÊÕ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨, ¥¸²¨ ¨³¥¥É ³¥¸Éμ
¸μμÉ´μÏ¥´¨¥ ¡ÊÉ¸É· ¶ 

μ̂2 = 0, λ̂ = 0. (16)
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‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ω̂6
0 	 1, ²¥£±μ ´ °É¨ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (16) ¤²Ö ¶ · ³¥É·μ¢ μ̂0

¨ ĝ0: ¨³¥¥É¸Ö ¤¢  ´ ¡μ· , μÉ¢¥Î ÕÐ¨Ì ·¥Ï¥´¨Ö³ ±¢ ¤· É´μ£μ Ê· ¢´¥´¨Ö ¤²Ö ĝ0:

ĝ0 = 1 ±
√

1 − 7
8

μ̂2
0. (17)

ˆ³¥´´μ,

μ̂I
0 ≈ −2

3
1
ω̂3

0

, μ̂II
0 ≈ −10

3
1
ω̂3

0

,

ĝI
0 ≈ 7

16
{
μ̂I

0

}2
, ĝII

0 ≈ 2 − 7
16

{
μ̂II

0

}2
.

(18)

�μ¸²¥¤ÊÕÐ¨¥ ¶μ¶· ¢±¨ ¢ (18) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ Î¥É´Ò³ ¸É¥¶¥´Ö³
μÉ´μÏ¥´¨Ö Λ/m̃Pl, ¨ ¶μ¸±μ²Ó±Ê ±μÔËË¨Í¨¥´ÉÒ É ±μ£μ · §²μ¦¥´¨Ö ¸É·μ£μ μ¶·¥¤¥²¥´Ò,
³μ¦´μ £μ¢μ·¨ÉÓ, ¢μ-¶¥·¢ÒÌ, μ ®Éμ´±μ° ´ ¸É·μ°±¥¯ ¶ · ³¥É·μ¢ ¡ÊÉ¸É· ¶ ,   ¢μ-¢Éμ·ÒÌ,
μ Éμ³, ÎÉμ · ¸¸μ£² ¸μ¢ ´¨¥ ÔÉμ° Éμ´±μ° ´ ¸É·μ°±¨ ¶·¨¢¥¤¥É ± ´ ·ÊÏ¥´¨Õ ±μ¸³μ²μ£¨-
Î¥¸±μ£μ ¡ÊÉ¸É· ¶ . ˆ³¥´´μ É ±μ° ³¥Ì ´¨§³ ´ ·ÊÏ¥´¨Ö ³Ò ¨¸¸²¥¤Ê¥³ ¢ ´ Ï¥° · ¡μÉ¥:
¢¢¥¤¥´¨¥ ¶μ¶· ¢μ± ¶μ ¸É¥¶¥´Ö³ Λ/m̃Pl ± ®£μ²μ³Ê¯ ¸Ê¶¥·¶μÉ¥´Í¨ ²Ê ¸²Ê¦¨É ¶·¨Î¨´μ° ¤¨-
´ ³¨Î¥¸±μ° ´¥¸É ¡¨²Ó´μ¸É¨ ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¨ ¶·¨¢μ¤¨É ± ¨´Ë²ÖÍ¨μ´´μ³Ê
· ¸Ï¨·¥´¨Õ ‚¸¥²¥´´μ°.

� ¡μ·Ò (18) ´¥ Éμ²Ó±μ Ê¸É ´ ¢²¨¢ ÕÉ · §²¨Î´Ò¥ ¶μ ¸¢μ¥° ¨¥· ·Ì¨¨ §´ Î¥´¨Ö ¤²Ö ¨¸-
Ìμ¤´μ° ±μ´¸É ´ÉÒ ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö ĝ0, É ± ± ± ĝII

0 	 ĝI
0, ´μ ¨ ¶·¨¢μ¤ÖÉ ± ¸ÊÐ¥¸É¢¥´´μ

μÉ²¨Î ÕÐ¨³¸Ö Ë¨§¨Î¥¸±¨ ¨¸Ìμ¤´Ò³ ¶μÉ¥´Í¨ ² ³ ¶μ²Ö ¢ ¸Ê¶¥·¸¨³³¥É·¨¨ ¸μ£² ¸´μ (6).
„¥°¸É¢¨É¥²Ó´μ, ¨¸Ìμ¤´Ò° ¶μÉ¥´Í¨ ² VS = V̂S Λ4 ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

V̂S = 1 +
μ̂2

S

2
φ̂2 +

λ̂S

4
φ̂4, (19)

£¤¥
μ̂2

S = μ̂2
0 − 2ĝ0, λ̂S = ĝ2

0 . (20)

„²Ö ·¥Ï¥´¨° (18) ¨¸Ìμ¤´Ò° ¶μÉ¥´Í¨ ² ¸É ¡¨²¥´: ĝ2
0 > 0. 
μ²¥¥ Éμ£μ, ³μ¦´μ ¸ ÊÎ¥Éμ³

¶·¨¡²¨¦¥´¨Ö ω̂6
0 	 1 § ¶¨¸ ÉÓ ¢ Ö¢´μ³ ¢¨¤¥:

V̂ I
S ≈ 1 +

{
1
4

μ̂I
0

}2

φ̂2 +
{

7
32

μ̂I
0

}2

φ̂4,

V̂ II
S ≈ (1 − φ̂2)2 +

1
2

{
μ̂II

0

}2
.

(21)

• · ±É¥· § ¢¨¸¨³μ¸É¨ ¨¸Ìμ¤´μ£μ ¶μÉ¥´Í¨ ²  V̂S ¤²Ö ´ ¡μ·μ¢ ·¥Ï¥´¨° ¡ÊÉ¸É· ¶  I ¨ II
¶μ± § ´ ´  ·¨¸. 1, μÉ±Ê¤  ¢¨¤´μ, ÎÉμ ´ ¡μ· I ¸μμÉ¢¥É¸É¢Ê¥É ¸¨ÉÊ Í¨¨, ±μ£¤  ´ ·ÊÏ¥´¨¥ ¸Ê-
¶¥·¸¨³³¥É·¨¨ ¢ ¶μÉ¥´Í¨ ²¥ μÉ¢¥Î ¥É ¶²μÉ´μ¸É¨ ¢ ±ÊÊ³´μ° Ô´¥·£¨¨ Λ4 ¨ ¢ ±ÊÊ³´μ¥ μ¦¨-
¤ ´¨¥ ¶μ²Ö · ¢´μ ´Ê²Õ, ¢ Éμ ¢·¥³Ö ± ± ´ ¡μ· II ¶·¥¤¶μ² £ ¥É ´ ²¨Î¨¥ ·¥¤ÊÍ¨·μ¢ ´´μ£μ
¢±² ¤  ¶μ²Ö ¢ ´ ·ÊÏ¥´¨¥ ¸Ê¶¥·¸¨³³¥É·¨¨, ±μÉμ·μ¥ ¸μÎ¥É ¥É¸Ö É ±¦¥ ¸ ´ ·ÊÏ¥´¨¥³ ¶·¥¤-
¶μ² £ ¥³μ° ´ ³¨ ¢ÒÏ¥ ¸¨³³¥É·¨¨ μÉ´μ¸¨É¥²Ó´μ ¤¨¸±·¥É´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö φ ↔ −φ.
‚³¥¸É¥ ¸ É¥³ ¤²Ö ´ ¡μ·  II Ì · ±É¥·´Ò ®¥¸É¥¸É¢¥´´Ò¥¯ ¸±¥°²¨´£μ¢Ò¥ §´ Î¥´¨Ö ± ± ¤²Ö
³ ¸¸μ¢μ£μ ¶ · ³¥É· , É ± ¨ ¤²Ö ±μ´¸É ´ÉÒ ¸ ³μ¤¥°¸É¢¨Ö,   ¤²Ö ´ ¡μ·  I ÔÉ¨ ¶ · ³¥É·Ò
¨³¥ÕÉ ·¥¤ÊÍ¨·μ¢ ´´Ò¥ §´ Î¥´¨Ö.
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�¨¸. 1. ˆ¸Ìμ¤´Ò° ¶μÉ¥´Í¨ ² ¸± ²Ö·´μ£μ ¶μ²Ö ¤²Ö ´ ¡μ·μ¢ I ¨ II (¢ ¶·μ¨§¢μ²Ó´ÒÌ ¥¤¨´¨Í Ì)

� ·ÊÏ¥´¨¥ ¸μμÉ´μÏ¥´¨° ¡ÊÉ¸É· ¶  (16) §  ¸Î¥É ±¢ ´Éμ¢ÒÌ ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ± ¶·¨¢μ-
¤¨É ± ´¥¸É ¡¨²Ó´μ¸É¨ ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° V̂ = 1 ¨ ± ¨´Ë²ÖÍ¨μ´´μ³Ê · ¸Ï¨·¥-
´¨Õ ‚¸¥²¥´´μ°, ¥¸²¨ ³¨´¨³Ê³ ¶μÉ¥´Í¨ ²  μÉ¢¥Î ¥É ¶²μÉ´μ¸É¨ Ô´¥·£¨¨, ¶·¥´¥¡·¥¦¨³μ
³ ²μ° ¶μ ¸· ¢´¥´¨Õ ¸ ¥¤¨´¨Í¥°. ‚ ÔÉμ³ ¸²ÊÎ ¥ ±μ¸³μ²μ£¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö ·¥² ±¸¨·Ê¥É
¸ μ£·μ³´μ£μ §´ Î¥´¨Ö ¤μ ¢¥²¨Î¨´Ò, ±μÉμ·ÊÕ ³Ò ¡Ê¤¥³ ¸Î¨É ÉÓ · ¢´μ° ´Ê²Õ1.

2. ”…��Œ…��‹�ƒˆ—…‘Šˆ‰ ���‹ˆ‡

� ·ÊÏ¥´¨¥ ¸μμÉ´μÏ¥´¨° ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  ¶·μ¨¸Ìμ¤¨É §  ¸Î¥É ¢ ·¨ Í¨¨
¶ · ³¥É·μ¢ ω0, μ0 ¨ g0, ³¥Ì ´¨§³ ±μÉμ·μ° ³Ò ¢ ÔÉμ³ · §¤¥²¥ ´¥ ±μ´±·¥É¨§¨·Ê¥³, ¶μ² £ Ö
²¨ÏÓ ¢ ´ ¨¡μ²¥¥ μ¡Ð¥° Ëμ·³¥, ÎÉμ ±¢ ´Éμ¢Ò¥ ¶μ¶· ¢±¨ · ¸±² ¤Ò¢ ÕÉ¸Ö ¢ ·Ö¤ ¶μ ³ ²μ³Ê
¶ · ³¥É·Ê μÉ´μÏ¥´¨Ö Λ/m̃Pl. �·¨ ÔÉμ³ ¢μ§´¨± ¥É ·Ö¤ ¥¸É¥¸É¢¥´´ÒÌ É·¥¡μ¢ ´¨°.

‚μ-¶¥·¢ÒÌ, ¶μ¶· ¢±¨ ± ω0 ¤ ÕÉ ¢±² ¤ ¢ ¢ ±ÊÊ³´ÊÕ Ô´¥·£¨Õ, É ± ÎÉμ ¢ ¢¥¤ÊÐ¥³
¶·¨¡²¨¦¥´¨¨ μ´  ¶μ²ÊÎ ¥É ¢±² ¤ ¶μ·Ö¤±  δV0 ∼ Λ4,   §´ Î¨É, δω̂6

0 ∼ O(1), ¶μ¸±μ²Ó±Ê
¸μ£² ¸´μ ¢¢¥¤¥´´Ò³ μ¶·¥¤¥²¥´¨Ö³ δV0 ∼ Λ4δω̂6

0 . �μ ¶μ¸É·μ¥´¨Õ

ω̂3
0 ∼

(
m̃Pl

Λ

)2

⇒ δω̂3
0

ω̂3
0

∼
(

Λ
m̃Pl

)4

. (22)

�É  ¶μ¶· ¢±  ³μ¦¥É ¶·¨¢μ¤¨ÉÓ É ±¦¥ ± § ¢¨¸¨³μ° ¢ ·¨ Í¨¨ ¶ · ³¥É·  μ̂0 ∼ ω̂−3
0 , É ±

ÎÉμ
δ′μ̂0

μ̂0
∼

(
Λ

m̃Pl

)4

, (23)

¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¢ ·¨ Í¨¨ ±μ´¸É ´ÉÒ ¸ ³μ¤¥°¸É¢¨Ö δ′ĝ0, μ¤´ ±μ É ±μ° ¶¥·¥´μ¸ ¢ -
·¨ Í¨° ¶μ ¸μμÉ´μÏ¥´¨Ö³, ¢Ò¢¥¤¥´´Ò³ ¨§ ¡ÊÉ¸É· ¶ , ¢μμ¡Ð¥ £μ¢μ·Ö, ´¥ ¶·¨¢μ¤¨É ± ´ -

1‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ ¸²¥¤μ¢ ²μ ¡Ò ¢¢¥¸É¨ ¤¨´ ³¨Î¥¸±μ¥ ¶μ²¥, ±μÉμ·μ¥ μ¶ÖÉÓ ¢Ò§μ¢¥É ´¥¸É ¡¨²Ó´μ¸ÉÓ μ¸É -
ÉμÎ´μ°, ´¥ · ¢´μ° ´Ê²Õ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ¨ ¨´Ë²ÖÍ¨Õ, ¥¸²¨ μ¸É ÉμÎ´ Ö ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ¶μ²μ¦¨É¥²Ó´ .
�É·¨Í É¥²Ó´μ¥ ¦¥ §´ Î¥´¨¥ μ¸É ÉμÎ´μ° ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ¶·¨¢¥¤¥É ± ±μ²² ¶¸Ê ‚¸¥²¥´´μ°, Î¥£μ ´¥ ´ ¡²Õ¤ -
¥É¸Ö. ‘³. É ±¦¥ μ¡¸Ê¦¤¥´¨¥ ÔÉμ£μ ¢μ¶·μ¸  ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥.
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·ÊÏ¥´¨Õ ¡ÊÉ¸É· ¶ , ¨ ³Ò ¸Î¨É ¥³, ÎÉμ ÔÉ¨ ¶ · ³¥É·Ò ¨³¥ÕÉ ´¥§ ¢¨¸¨³Ò¥ ¨¸ÉμÎ´¨±¨
¶μ¶· ¢μ±.

‚μ-¢Éμ·ÒÌ, ¶ · ³¥É·Ò ¡ÊÉ¸É· ¶  ¨³¥ÕÉ ¶μ·Ö¤μ± ¢¥²¨Î¨´:

μ̂0 ∼
(

Λ
m̃Pl

)2

, ĝ0 ∼ O(1) +
(

Λ
m̃Pl

)4

, (24)

¨, ¸²¥¤μ¢ É¥²Ó´μ, ¢¥¤ÊÐ¨¥ ¶μ¶· ¢±¨ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

δμ̂0 ∼
(

Λ
m̃Pl

)2+q

, δĝ0 ∼
(

Λ
m̃Pl

)4+q̃

, (25)

£¤¥ Í¥²Ò¥ ¸É¥¶¥´¨ q, q̃ � 0. ’μ£¤  ´ ·ÊÏ¥´¨¥ ¡ÊÉ¸É· ¶  ¸μ£² ¸´μ (15) μ¡Ê¸²μ¢²¥´μ
´¥´Ê²¥¢Ò³¨ §´ Î¥´¨Ö³¨ ¢¥²¨Î¨´

μ̂2 = −2μ̂0δμ̂0 + 2δĝ0 +
3
2

ω̂3
0δμ̂0, λ̂ = 2(ĝ0 − 1)δĝ0 +

7
4

μ̂0δμ̂0, (26)

É ± ÎÉμ

μ̂2 ∼
(

Λ
m̃Pl

)q

+ O(1)
(

Λ
m̃Pl

)4+q̃

,

λ̂ ∼
(

Λ
m̃Pl

)4+q̃

+ O(1)
(

Λ
m̃Pl

)4+q

.

(27)

’μ£¤  ³¨´¨³Ê³ ¶μÉ¥´Í¨ ²  V̂ ¢ ÉμÎ±¥ φ̂2 = μ̂2/λ̂ ¨³¥¥É §´ Î¥´¨¥

V̂min = 1 − μ̂4

4λ̂
, (28)

¨ ·¥² ±¸ Í¨Ö ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°, É. ¥. ¸μ±· Ð¥´¨¥ ¢±² ¤μ¢ ¢ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨
¢ ±ÊÊ³  ¶μ·Ö¤±  Λ4, ¢μ§³μ¦´ , Éμ²Ó±μ ¥¸²¨

μ̂4

4λ̂
∼ O(1). (29)

“¸²μ¢¨¥ (29) μ§´ Î ¥É, ÎÉμ ¢ ¸²ÊÎ ¥ q � q̃

2q = 4 + q̃, (30)

É ± ÎÉμ ¨³¥¥É¸Ö ±μ´¥Î´μ¥ ³´μ¦¥¸É¢μ §´ Î¥´¨° ¤²Ö ¸É¥¶¥´¥° ¶μ¶· ¢μ±:

{q, q̃} �→ {2, 0}, {3, 2}, {4, 4}. (31)

…¸²¨ ¦¥ q < q̃, ¨³¥¥É¸Ö ·¥Ï¥´¨¥ q = 4 ¸ ¶·μ¨§¢μ²Ó´Ò³ §´ Î¥´¨¥³ q̃ � 5. ‚μ ¢¸¥Ì ÔÉ¨Ì
¸²ÊÎ ÖÌ ¸±¥°²¨´£μ¢μ¥ ¶μ¢¥¤¥´¨¥ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ¸¢μ¤¨É¸Ö ± ¢¨¤Ê

μ̂2 ∼
(

Λ
m̃Pl

)q

, λ̂ ∼
(

Λ
m̃Pl

)2q

, (32)

£¤¥ q = {2, 3, 4}.
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‚ ¨Éμ£¥ ³Ò ¶μ²ÊÎ¨²¨ μ¡Ð¥¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¶μ¶· ¢μ±, ´ ·ÊÏ ÕÐ¨Ì
±μ¸³μ²μ£¨Î¥¸±¨° ¡ÊÉ¸É· ¶. � ¶μ³´¨³ ¶·¨ ÔÉμ³, ÎÉμ ¶μ¶· ¢±¨ ± ¶ · ³¥É·Ê ω̂6

0 ¸¢μ¤ÖÉ¸Ö
± ¢ ·¨ Í¨¨ δV̂min ∼ O(1) É ±, ÎÉμ¡Ò ¶·μ¨¸Ìμ¤¨²μ ¶μ²´μ¥ ¸μ±· Ð¥´¨¥ ¢±² ¤μ¢ ¢ ¢ ±Ê-
Ê³´ÊÕ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ¶μ·Ö¤±  Λ4, É. ¥. ¸ ´¥μ¡Ìμ¤¨³μ° ¤²Ö ´ ¸ ÉμÎ´μ¸ÉÓÕ ¨³¥²μ ¡Ò
³¥¸Éμ Ê¸²μ¢¨¥ V̂min = 0. �Éμ É·¥¡μ¢ ´¨¥ ¢¶μ²´¥ ¥¸É¥¸É¢¥´´μ ¸ ÉμÎ±¨ §·¥´¨Ö ±μ´¸É·Ê±-
Í¨¨ ¡ÊÉ¸É· ¶ , É ± ± ± ®¢Ò¦¨¢ ´¨¥¯ ¢±² ¤μ¢ ¶μ·Ö¤±  Λ4 ¢ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ¢ ±ÊÊ³ 
¶·¨¢μ¤¨²μ ¡Ò ± ´¥μ¡Ìμ¤¨³μ¸É¨ ¤μ¶μ²´¨É¥²Ó´μ£μ ¢¢¥¤¥´¨Ö ¢Éμ·¨Î´μ£μ ¶μ²Ö ³μ¤Ê²Ö, ¨,
¸²¥¤μ¢ É¥²Ó´μ, ¥¸²¨ ³Ò · ¸¸³ É·¨¢ ¥³ μ±μ´Î É¥²Ó´μ¥ Ë¨§¨Î¥¸±μ¥ ¶μ²¥ ³μ¤Ê²Ö, Éμ ¸μ-
±· Ð¥´¨¥ ±μ¸³μ²μ£¨Î¥¸±μ£μ Î²¥´  ¶·¨ ´ ·ÊÏ¥´¨¨ ¡ÊÉ¸É· ¶  ¨ ¥¸ÉÓ ¸ ³μ μ¶·¥¤¥²¥´¨¥
É ±μ£μ ¶μ²Ö.

ˆÉ ±, ¶·¨´¨³ ¥³, ÎÉμ ´ ·ÊÏ¥´¨¥ ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  ¤²Ö ¶μ²Ö ³μ¤Ê²Ö ¶·¨-
¢μ¤¨É ± ¸±¥°²¨´£μ¢μ³Ê ¶μÉ¥´Í¨ ²Ê

V̂ =
(

1 − μ̂2

4
φ̂2

)2

. (33)

‡´ Î¨É, ¤²Ö Ë¨§¨Î¥¸±μ£μ ¢¥Ð¥¸É¢¥´´μ£μ ¶μ²Ö φ =
√

2|Φ| ³ ¸¸  ¨ ±μ´¸É ´É  ¸ ³μ¤¥°¸É¢¨Ö
¨³¥ÕÉ ¢¨¤

m2 =
32πG

3
Λ4μ̂2, λ =

(
8πG

3
Λ2

)2

μ̂4, (34)

  ¶μ ¶μ·Ö¤±Ê ¢¥²¨Î¨´

m ∼ m̃Pl

(
Λ

m̃Pl

)2+q/2

, λ ∼
(

Λ
m̃Pl

)4+2q

, (35)

¢ Éμ ¢·¥³Ö ± ± ¢ ±ÊÊ³´μ¥ ¸·¥¤´¥¥ ¶μ²Ö

v =
m√
2λ

∼ m̃Pl

(
m̃Pl

Λ

)q/2

. (36)

Œ ¸¸  ¨´Ë² Éμ´  ¤μ¸É ÉμÎ´μ ¦¥¸É±μ Ë¨±¸¨·μ¢ ´  ´ ¡²Õ¤ É¥²Ó´Ò³¨ ¤ ´´Ò³¨1, É ±
ÎÉμ, ¶μ² £ Ö m/m̃Pl ∼ 10−5, ³Ò ´ Ìμ¤¨³ Ì · ±É¥·´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ³μ¤¥²¨ ¶μ
¶μ·Ö¤±Ê ¢¥²¨Î¨´Ò (¸³. É ¡²¨ÍÊ).

q Λ/m̃Pl, 10−2 λ v/m̃Pl

2 2 4 · 10−14 50
3 4 5 · 10−14 150
4 6 10−15 300

�´ ²¨§ ¤ ´´ÒÌ WMAP ¶μ  ´¨§μÉ·μ¶¨¨ ·¥²¨±Éμ¢μ£μ ¨§²ÊÎ¥´¨Ö §  5 ²¥É [7] ¢ ³μ¤¥²¨
¨´Ë² Éμ´  ¸ ¶μÉ¥´Í¨ ²μ³ Ì¨££¸μ¢¸±μ£μ É¨¶  [56] ¶·¨¢μ¤¨É É ±¦¥ ± μ£· ´¨Î¥´¨Õ ´ 
¢ ±ÊÊ³´μ¥ μ¦¨¤ ´¨¥ ¶μ²Ö:

1ŒÒ ¨¸Ìμ¤¨³ ¨§  ´ ²¨§ , ¶·μ¢¥¤¥´´μ£μ ´ ³¨ ³¥Éμ¤μ³ ¤·¥°Ë   ÉÉ· ±Éμ·  ¢ Ë §μ¢μ° ¶²μ¸±μ¸É¨, ¸ ¶μ³μÐÓÕ
±μÉμ·μ£μ μ¶¨¸Ò¢ ¥É¸Ö ¨´Ë²ÖÍ¨μ´´ Ö ¤¨´ ³¨±  [56Ä58].
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• ¢ ¸Í¥´ ·¨¨ ´μ¢μ° ¨´Ë²ÖÍ¨¨ (¸± ÉÒ¢ ´¨¥ ¶μ²Ö ¢ ³¨´¨³Ê³ ¨§ ¸μ¸ÉμÖ´¨Ö, ¡²¨§±μ£μ ±
´¥¸É ¡¨²Ó´μ³Ê ³ ±¸¨³Ê³Ê ¶·¨ φ = 0, ®¸ ¢¥·Ï¨´Ò Ìμ²³ ¯, ®hilltop¯ in	ation):

v

m̃Pl
� 10, (37)

• ¢ ¸Í¥´ ·¨¨ Ì μÉ¨Î¥¸±μ° ¨´Ë²ÖÍ¨¨ (Ô¢μ²ÕÍ¨Ö ¶μ²Ö ¢ ³¨´¨³Ê³ ¸μ ¸Éμ·μ´Ò |φ| > v):

v

m̃Pl
� 100, (38)

É ± ÎÉμ ¸·¥¤¨ ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° ¶ · ³¥É· , Ì · ±É¥·¨§ÊÕÐ¥£μ ¢±² ¤ ¶μ¶· ¢μ±, ¶·¥¤-
¶μÎÉ¨É¥²Ó´Ò³, ¸ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, Ö¢²Ö¥É¸Ö q = 2, É ± ± ± ¡μ²ÓÏ¨¥ ¢ ±ÊÊ³´Ò¥ ¸·¥¤´¨¥
¶μ²Ö μÉ¢¥Î ÕÉ ¸¨ÉÊ Í¨¨ ¢Ò·μ¦¤¥´¨Ö ¶μÉ¥´Í¨ ²  ¢ ¶·¥¤¥²¥ V ∼ φ2, ±μÉμ·Ò° Ë ±É¨Î¥¸±¨
· ¸¶μ²μ¦¥´ ´  ±· Õ μ¡² ¸É¨ ¤μ¸Éμ¢¥·´μ¸É¨ ¸ ¨´É¥·¢ ²μ³ ¢ 1σ. „²Ö q = 2 ³ ¸ÏÉ ¡
¨¸Ìμ¤´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° Λ ∼ 5 · 1016 ƒÔ‚, ÎÉμ ¶μ ¸ÊÉ¨ ¸μ£² ¸Ê¥É¸Ö ¸
¶·¥¤¶μ²μ¦¥´¨¥³ μ Ï± ²¥, μÉ¢¥Î ÕÐ¥° ¢¥²¨±μ³Ê μ¡Ñ¥¤¨´¥´¨Õ ± ²¨¡·μ¢μÎ´ÒÌ ¢§ ¨³μ-
¤¥°¸É¢¨°.

�Éμ ´ ¡²Õ¤¥´¨¥ ¶μ²ÊÎ ¥É ¥Ð¥ ¡μ²ÓÏ¥¥ ¶μ¤É¢¥·¦¤¥´¨¥ ¶·¨ ÊÎ¥É¥ ¤ ´´ÒÌ ´ ¡²Õ¤¥´¨°
WMAP §  7 ²¥É [9], ±μÉμ·Ò¥ Ê¦¥ ¨¸±²ÕÎ ÕÉ ¸Í¥´ ·¨° ¨´Ë²ÖÍ¨¨ ¸± ÉÒ¢ ´¨Ö ¢ ¸Éμ·μ´Ê
³¨´¨³Ê³  ¶μÉ¥´Í¨ ²  ¨§ ¸μ¸ÉμÖ´¨Ö ¸μ §´ Î¥´¨¥³ ¶μ²Ö, ¡μ²ÓÏ¨³, Î¥³ ¥£μ ¢ ±ÊÊ³´μ¥
¸·¥¤´¥¥ |φ| > v, ´  Ê·μ¢´¥ ¤μ¸Éμ¢¥·´μ¸É¨ 1σ, ¨ Ê¸É ´ ¢²¨¢ ¥É, ÎÉμ:

• ³ ¸¸  ¶μ²Ö ¨´Ë² Éμ´ 

minf ≈ (1,30−1,74) · 1013 ƒÔ‚, (39)

• ¢ ±ÊÊ³´μ¥ ¸·¥¤´¥¥ ¨´Ë² Éμ´  〈φ〉 = v

2,5 mPl < v < 54 mPl, (40)

£¤¥ mPl =
√

8π m̃Pl Å ¶² ´±μ¢¸± Ö ³ ¸¸ ,
• ¨³¥¥É ³¥¸Éμ μ¸ÊÐ¥¸É¢²¥´¨¥ ´μ¢μ£μ ¸Í¥´ ·¨Ö Ì μÉ¨Î¥¸±μ° ¨´Ë²ÖÍ¨¨ Å ®hilltop¯ Å

¸± ÉÒ¢ ´¨¥ ¶μ²Ö ¸ ¶² Éμ ´  Ìμ²³¥ ¶μÉ¥´Í¨ ²  ¢μ§²¥ ®´Ê²¥¢μ£μ¯ §´ Î¥´¨Ö ¶μ²Ö ¢ ¸Éμ·μ´Ê
³¨´¨³Ê³  ¶μÉ¥´Í¨ ² , ¶·¨Î¥³ ¢Ò¸μÉ  ¶² Éμ § ¤ ¥É¸Ö ¶ · ³¥É·μ³ V (0) = Vhill = Λ4

hill,

Λhill = (1,2−6,0) · 1016 ƒÔ‚. (41)

�´ ²¨§ ¶ · ³¥É·μ¢ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 2, μÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉμ ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³ §´ Î¥-
´¨¥³ Ö¢²Ö¥É¸Ö q = 2.

’ ±¨³ μ¡· §μ³, ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ¢ ¦¨§´¥¸¶μ¸μ¡´μ° ³μ¤¥²¨ ¤²Ö ¶μ¶· ¢μ± ¶ · -
³¥É·Ò ¨¸Ìμ¤´μ£μ ¸Ê¶¥·¶μÉ¥´Í¨ ²  ¸³¥Ð ÕÉ¸Ö ¸μ£² ¸´μ

δμ2
0 ∼ −μ2

0

(
Λ

m̃Pl

)2

, δg0 ∼ ±
(

Λ
m̃Pl

)6

, (42)

£¤¥ §´ ± ¤²Ö δg0 μÉ¢¥Î ¥É ¸É ¡¨²Ó´μ¸É¨ ¶μÉ¥´Í¨ ²  (λ̃ > 0) ¤²Ö ´ ¡μ·μ¢ I ¨ II ¸μÉ¢¥É-
¸É¢¥´´μ.
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�¨¸. 2. ‘· ¢´¥´¨¥ ´ ¡²Õ¤ ¥³ÒÌ ¸ ÉμÎ´μ¸ÉÓÕ 1 ¨ 2σ ¤ ´´ÒÌ ¤²Ö ¸¶¥±É· ²Ó´μ£μ ¨´¤¥±¸  ¸± ²Ö·-

´ÒÌ Ë²Ê±ÉÊ Í¨° ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ns ¨ μÉ´μ¸¨É¥²Ó´μ£μ ¢±² ¤  É¥´§μ·´ÒÌ Ë²Ê±ÉÊ Í¨° r ¨§ · -
¡μÉÒ [9] ¸ ¶·¥¤¸± § ´¨Ö³¨ ³μ¤¥²¥° ¨´Ë²ÖÍ¨¨ ¤²Ö ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö ¢Éμ·μ° ¨ Î¥É¢¥·Éμ° ¸É¥¶¥´¥°,

  É ±¦¥ ³μ¤¥²¨ ¸ N ¸± ²Ö·´Ò³¨ ¶μ²Ö³¨ (N-	ation), ¶·¥¤¥²μ³ ³ ¸ÏÉ ¡´μ-¨´¢ ·¨ ´É´ÒÌ Ë²Ê±ÉÊ-

 Í¨° • ··¨¸μ´ Ä‡¥²Ó¤μ¢¨Î  (HZ) ¶·¨ £μ·¨§μ´É¥, Ê¤ ²¥´´μ³ μÉ ±μ´Í  ¨´Ë²ÖÍ¨¨ ´  ¥-±· É´ÊÕ
¸É¥¶¥´Ó · ¸Ï¨·¥´¨Ö N = 50 ¨ N = 60. �·¥¤¸± § ´¨Ö ®´μ¢μ£μ¯ ¸Í¥´ ·¨Ö ¨´Ë²ÖÍ¨¨ ¶μ± § ´Ò

·μ³¡ ³¨ ¶·¨ N = 60 ¨ ¢ ±ÊÊ³´μ³ ¸·¥¤´¥³ ¨´Ë² Éμ´  v/mPl = 2,5, 2,8, 4, 7,4, 24,6, 54 (¶μ Ìμ¤Ê

Ê¢¥²¨Î¥´¨Ö r)

3. �„���…’‹…‚�Ÿ ‘’�“Š’“��

‚ ¶·μ¸É¥°Ï¥³ ¸²ÊÎ ¥ ¶μ¸²¥ ´ ·ÊÏ¥´¨Ö ¸Ê¶¥·¸¨³³¥É·¨¨ ¢ ³μ¤¥²¨ ¨³¥¥É¸Ö μ¤´μ ²¥£-
±μ¥ ¸± ²Ö·´μ¥ ¢¥Ð¥¸É¢¥´´μ¥ ¶μ²¥, ¶·¨Î¥³ É¥·³¨´ ®²¥£±μ¥¯ μ§´ Î ¥É, ÎÉμ ³ ¸¸  ¶μ²Ö
¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ ³ ¸ÏÉ ¡  ¨¸Ìμ¤´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°:

m � Λ.

Š·μ³¥ Éμ£μ, ± ²¥£±¨³ ¶μ²Ö³ μÉ´μ¸ÖÉ¸Ö ¡¥§³ ¸¸μ¢Ò° £· ¢¨Éμ´ ¨ £· ¢¨É¨´μ, ³ ¸¸  ±μÉμ·μ£μ
¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨ § ¤ ¥É¸Ö Ëμ·³Ê²μ° [54]

m2
g =

8πG

3
Λ4 � Λ2. (43)

‚ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ ÉÖ¦¥²Ò¥ ¶μ²Ö ¨´Ë² É¨´μ ¨ ³´¨³μ° Î ¸É¨ ¸± ²Ö·-
´μ£μ ¶μ²Ö ´¥ · ¸¶·μ¸É· ´ÖÕÉ¸Ö. �·μ¶ £ Éμ·Ò ¨ ¢¥·Ï¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¨´Ë² Éμ´ 
¶·¨¢¥¤¥´Ò ¢ ¶·¨²μ¦¥´¨¨ 3. �´¨ μ¡Ê¸²μ¢²¥´Ò ´¥É·¨¢¨ ²Ó´Ò³ ¸Ê¶¥·¶μÉ¥´Í¨ ²μ³ ¨ ¸Ê-
¶¥·Éμ±μ³ ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö.

’μ£¤  μ¤´μ¶¥É²¥¢Ò¥ ¢±² ¤Ò ¢ ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² ¶μ²Ö ¨´Ë² Éμ´  ¢μ§´¨± ÕÉ § 
¸Î¥É ¶¥É¥²Ó:

1) ¸ ³μ£μ ¶μ²Ö,
2) £· ¢¨É¨´μ ¨§ ¸Ê¶¥·Éμ±  ¸ ÊÎ ¸É¨¥³ ¨´Ë² É¨´μ, ¶·μ¶ £ Éμ· ±μÉμ·μ£μ ·¥¤ÊÍ¨·Ê¥É¸Ö

¢ ±μ´¸É ´ÉÊ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ,
3) £· ¢¨Éμ´ .
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‚ ÔÉμ³ · §¤¥²¥ ³Ò ¶·μ¢¥¤¥³  ´ ²¨§ ³μ¤¥²¨ ¸ ±¨· ²Ó´Ò³ ¸Ê¶¥·¶μ²¥³ ¨ ·¥£Ê²Ö·¨§ Í¨¥°
¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¶μ¸·¥¤¸É¢μ³ ¢¢¥¤¥´¨Ö μ¡·¥§ ´¨Ö ¨³¶Ê²Ó¸  ¢ ¶¥É²¥.

3.1. ƒ¥´¥· Í¨Ö μ0. ˆ´É¥·¥¸´μ μÉ³¥É¨ÉÓ, ÎÉμ ¸ÉÖ£¨¢ ´¨¥ ¶·μ¶ £ Éμ·  ¨´Ë² É¨´μ ¢
ÉμÎ±Ê ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ §  ¸Î¥É ¶² ´±μ¢¸±μ£μ ³ ¸ÏÉ ¡  ³ ¸¸Ò ¨´Ë² É¨´μ m′ ¶·¨¢μ-
¤¨É ± ¥¸É¥¸É¢¥´´μ³Ê ¢¢¥¤¥´¨Õ ³ ¸¸μ¢μ£μ ¶ · ³¥É·  ¢ ¸Ê¶¥·¶μÉ¥´Í¨ ²¥ μ0, ¨§´ Î ²Ó´μ
· ¢´μ£μ ´Ê²Õ. ‚ ¸ ³μ³ ¤¥²¥, ¢¥·Ï¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¢¥Ð¥¸É¢¥´´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö ¸
¨´Ë² É¨´μ §  ¸Î¥É ±μ´¸É ´ÉÒ ¸ ³μ¤¥°¸É¢¨Ö g0 ¨ ¨´Ë² É¨´μ ¸ £· ¢¨É¨´μ §  ¸Î¥É ¢ ±ÊÊ³-
´μ° Ô´¥·£¨¨ ¸ ³ ¸ÏÉ ¡μ³ Λ ÔËË¥±É¨¢´μ ¸¢μ¤ÖÉ¸Ö ± ¢¥·Ï¨´¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸± ²Ö·´μ£μ
¶μ²Ö ¸ ¨´Ë² É¨´μ ¨ £· ¢¨É¨´μ (·¨¸. 3)1, É. ¥. ± £¥´¥· Í¨¨ μ0 ¢ ¢¨¤¥

μ0 = 2 g0
Λ2

m′ . (44)

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ ³ ¸ÏÉ ¡ ³ ¸¸Ò ¨´Ë² É¨´μ m′ ∼ m̃Pl, ¢¨¤¨³, ÎÉμ ±μ¸³μ²μ£¨-
Î¥¸±μ³Ê ¡ÊÉ¸É· ¶Ê μÉ¢¥Î ¥É ¸¨ÉÊ Í¨Ö, ±μ£¤  g0 ∼ (Λ/m̃Pl)2 ¨, ¸²¥¤μ¢ É¥²Ó´μ, μ0 ∼
m̃Pl(Λ/m̃Pl)4, ± ± ÔÉμ ¨ ¤μ²¦´μ ¡ÒÉÓ ¢ ·¥Ï¥´¨¨ ¸ ´ ¡μ·μ³ ¶ · ³¥É·μ¢ II.

�¨¸. 3. �ËË¥±É¨¢´ Ö ¢¥·Ï¨´  ¢§ ¨³μ¤¥°¸É¢¨Ö ¨´Ë² Éμ´  ¸ ¨´Ë² É¨´μ ¨ £· ¢¨É¨´μ ¶μ¸²¥ ¸ÉÖ-
£¨¢ ´¨Ö ¢ ÉμÎ±Ê ¶·μ¶ £ Éμ·  ¨´Ë² É¨´μ; ¸¶²μÏ´ Ö ²¨´¨Ö Å ¨´Ë² Éμ´, ¤¢μ°´ Ö Å ¨´Ë² É¨´μ,

ÏÉ·¨Ìμ¢ Ö Å £· ¢¨É¨´μ; ¢¥·Ï¨´  ¢§ ¨³μ¤¥°¸É¢¨Ö ¨´Ë² É¨´μ ¸ ¨´Ë² Éμ´μ³ ¸Ì¥³ É¨Î´μ ¶μ± § ´ 
¦¨·´μ° ÉμÎ±μ°,   ¢¥·Ï¨´  ¶¥·¥Ìμ¤  ¨´Ë² É¨´μ ¢ £· ¢¨É¨´μ Å ±·¥¸Éμ³

�μ Éμ£¤  ¨¸Ìμ¤´Ò° £μ²Ò° ¸Ê¶¥·¶μÉ¥´Í¨ ² ¸ ´Ê²¥¢Ò³ §´ Î¥´¨¥³ μ0 ¶·¨¢μ¤¨É ± ¶μ-
É¥´Í¨ ²Ê V 0

S = Λ4(φ̂2 − 1)2 (¸³. (21)), É. ¥. μÉ¢¥Î ¥É ´Ê²¥¢μ° Ô´¥·£¨¨ ¢ ±ÊÊ³ . Ÿ¸´μ, ÎÉμ
£¥´¥· Í¨Ö ÔËË¥±É¨¢´μ£μ ³ ¸¸μ¢μ£μ ¶ · ³¥É·  μ0 ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ, μ¶¨¸ ´´ Ö ¢ÒÏ¥,
¶·μ¨¸Ìμ¤¨É ´  ¤·¥¢¥¸´μ³ Ê·μ¢´¥ ¨, §´ Î¨É, ´¥ ¨§³¥´Ö¥É ¢ ±ÊÊ³´μ° Ô´¥·£¨¨, ±μÉμ· Ö
μ¸É ¥É¸Ö · ¢´μ° ´Ê²Õ.

‚ ·¨ Í¨Ö £μ²μ£μ §´ Î¥´¨Ö (44) ¶·¨ ¢¢¥¤¥´¨¨ ¶μ¶· ¢μ± ¨³¥¥É ¤¢  ¨¸ÉμÎ´¨±  Å δg0 ¨
δΛ2, É ± ÎÉμ

δμ0 = μ0

(
δg0

g0
+

δΛ2

Λ2

)
≈ μ0

δΛ2

Λ2
, (45)

£¤¥ ¶·¨¡²¨¦¥´¨¥ ¸¤¥² ´μ ¢ ¸μ£² ¸¨¨ ¸μ ¸Ì¥³μ° II, ±μ£¤  μÉ´μ¸¨É¥²Ó´Ò° ¢±² ¤ ¢ ·¨ Í¨¨
±μ´¸É ´ÉÒ ¸ ³μ¤¥°¸É¢¨Ö g0 ¶μ¤ ¢²¥´. ‡´ Î¨É, ¨¸Ìμ¤Ö ¨§ (42) ¨ (45), ¸²¥¤Ê¥É μ¦¨¤ ÉÓ
¶μ¶· ¢±Ê É¨¶ 

δΛ2

Λ2
∼ −

(
Λ

m̃Pl

)2

. (46)

1ŒÒ ÊÎ¨ÉÒ¢ ¥³ ±¨· ²Ó´Ò° ¶μ¢μ·μÉ ¤²Ö ¨´Ë² É¨´μ (¸³. ¶·¨²μ¦¥´¨¥ 2),   É ±¦¥ ¶· ¢¨²  ”¥°´³ ´  (¸³.
¶·¨²μ¦¥´¨¥ 3).
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�μ¤Î¥·±´¥³, ÎÉμ ¸μμÉ´μÏ¥´¨¥ (44) ¢ ¸²ÊÎ ¥ ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  μ§´ Î ¥É, ÎÉμ
¨³¥¥É¸Ö ¸¢Ö§Ó ³ ¸¸Ò ¨´Ë² É¨´μ ¸ ¶¥·¢¨Î´μ° ¶²μÉ´μ¸ÉÓÕ Ô´¥·£¨¨ ¢ ±ÊÊ³  ¶² ´±μ¢¸±μ£μ
³ ¸ÏÉ ¡ , ¶μ¸±μ²Ó±Ê ¶ · ³¥É· μ0 ¸ ´ ¡μ·μ³ II § ¤ ¥É¸Ö §´ Î¥´¨¥³ ¶ · ³¥É·  ω0 (¸³.
(18)) ¨ ¥£μ §´ Î¥´¨¥³ ´  ¶¥·¢μ³ Ï £¥ ¡ÊÉ¸É· ¶  (¸³. (11)), É. ¥. ¸μ±· Ð¥´¨¥³ ¶² ´±μ¢¸±¨Ì
¢±² ¤μ¢ ¢ ¢ ±ÊÊ³´ÊÕ Ô´¥·£¨Õ, É ± ÎÉμ ¢ ¨Éμ£¥ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ³ ²ÒÌ ¶μ¶· ¢μ± ´ Ìμ¤¨³

m′ =
16

5
√

6
M2

√
π G ∼ m̃Pl. (47)

�É  ¸¢Ö§Ó μÉ¢¥Î ¥É É·¥¡μ¢ ´¨Õ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¶²μ¸±μ£μ ¶μÉ¥´Í¨ ²  ¶μ²Ö ³μ¤Ê²Ö, ¨ ³Ò
· ¸¸³ É·¨¢ ¥³ ¥¥ ´¥ ± ± Ê¸²μ¢¨¥ ®Éμ´±μ° ´ ¸É·μ°±¨¯ ¶ · ³¥É·μ¢ ³μ¤¥²¨,   ¸±μ·¥¥ ¢
± Î¥¸É¢¥ μ¶·¥¤¥²¥´¨Ö ¸ ³μ£μ ¶μ²Ö ³μ¤Ê²Ö, É. ¥. ¨¸Ìμ¤´μ£μ ¶μ²μ¦¥´¨Ö ´ Ï¥° ³μ¤¥²¨.

3.2. ‚ ±ÊÊ³´Ò¥ ³μ¤Ò ¶μ²Ö ¨ ·¥£Ê²Ö·¨§ Í¨Ö. ‘¢μ¡μ¤´μ¥ ¸± ²Ö·´μ¥ ¢¥Ð¥¸É¢¥´´μ¥
¶μ²¥ μ¡² ¤ ¥É ± ´μ´¨Î¥¸±¨³ É¥´§μ·μ³ Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

Tμν = ∂μφ∂νφ − 1
2

gμν(∂αφ∂αφ − m2φ2), (48)

¨ ¢ ±ÊÊ³´Ò¥ ³μ¤Ò ¶μ²Ö ¤ ÕÉ ¢±² ¤ §  ¸Î¥É ³´¨³μ° Î ¸É¨ ¶·μ¶ £ Éμ·  ¢ ¶¥É²¥ (·¨¸. 4):

〈Tμν〉0 =
∫

d4p

(2π)4

{
pμpν − 1

2
gμν(p2 − m2)

}
(i)2 Im

1
p2 − m2 + i0

. (49)

�¨¸. 4. ‚ ±ÊÊ³´ Ö ¶¥É²Ö ¢¥Ð¥¸É¢¥´´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö ¸μ ¢¸É ¢±μ° μ¶¥· Éμ·  pμpν −
1/2 gμν(p2 − m2)

‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ

Im
1

p2 − m2 + i0
= −πδ(p2 − m2), (p2 − m2)δ(p2 − m2) = 0,

´ Ìμ¤¨³, ÎÉμ ¢±² ¤ ¢ ¢ ±ÊÊ³´μ¥ ¸·¥¤´¥¥ É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  §  ¸Î¥É ² £· ´¦¨ ´ 
¶μ²Ö ¸ Ë ±Éμ·μ³ ¢ ¢¨¤¥ ³¥É·¨±¨ § ´Ê²Ö¥É¸Ö1,   ¢Ò· ¦¥´¨¥

〈Tμν〉0 =
∫

d4p

(2π)4
pμpνπδ(p2 − m2) (50)

1‚ μ¡Ð¥³ ¸²ÊÎ ¥, ±μ´¥Î´μ, ÔÉμÉ ¢±² ¤ ¤ ¥É ±² ¸¸¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ Å §´ Î¥´¨¥ ¶μÉ¥´Í¨ ²  ¢ ³¨´¨³Ê³¥,
±μÉμ·Ò° ¤²Ö ¸¢μ¡μ¤´μ£μ ¶μ²Ö · ¢¥´ ´Ê²Õ.
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¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ ¸¢μ¤¨É¸Ö ± ¸É ´¤ ·É´μ³Ê ¢±² ¤Ê ¢ ±ÊÊ³´ÒÌ ³μ¤ ¶μ²Ö ¶μ¸²¥
¸´ÖÉ¨Ö ¤¥²ÓÉ -ËÊ´±Í¨¨ ¨´É¥£·¨·μ¢ ´¨¥³ ¶μ ´Ê²¥¢μ° ±μ³¶μ´¥´É¥ ¨³¶Ê²Ó¸ 

〈Tμν〉0 = π

∫
d3p

(2π)42|p0|
pμpν

∣∣∣∣
p0=±|p0|

. (51)

�É  Ëμ·³Ê²  μ¡·¥É ¥É ¸³Ò¸² ¶μ¸²¥ ¢¢¥¤¥´¨Ö ·¥£Ê²Ö·¨§ Í¨¨, ´ ¶·¨³¥· §  ¸Î¥É μ¡·¥§ ´¨Ö
¨´É¥£· ²  ¶μ ³μ¤Ê²Õ É·¥Ì³¥·´μ£μ ¨³¶Ê²Ó¸  ´  ³ ¸ÏÉ ¡¥ ΛM , ¶·¨Î¥³ ¢ ¸¨²Ê ¸Ë¥·¨-
Î¥¸±μ° ¸¨³³¥É·¨¨ ¶μ²ÊÎ ÕÐ¨°¸Ö Ê¸·¥¤´¥´´Ò° É¥´§μ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  μÉ¢¥Î ¥É Ê²Ó-
É· ·¥²ÖÉ¨¢¨¸É¸±μ° ³ É¥·¨¨ ¢ ¸²ÊÎ ¥, ¥¸²¨ μ¡·¥§ ´¨¥ ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥ ³ ¸¸Ò ¶μ²Ö:
ΛM 	 m, ¨²¨ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ³ É¥·¨¨, ®¶Ò²¨¯, ¥¸²¨ ³ ¸¸  ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥ μ¡-
·¥§ ´¨Ö: m 	 ΛM . „¥°¸É¢¨É¥²Ó´μ,

〈T00〉0 =
∫

d3p

(2π)3
1
2
|p0|, 〈Tα0〉0 = 〈T0α〉0 = 0,

〈Tαβ〉0 =
∫

d3p

(2π)32|p0|
pαpβ =

1
3

δαβ

∫
d3p

(2π)32|p0|
p2.

�¤´ ±μ ¶μ¤μ¡´Ò° ·¥§Ê²ÓÉ É ¶·¥¤¸É ¢²Ö¥É¸Ö ´¥Ë¨§¨Î¥¸±¨³, É ± ± ± ¢ ±ÊÊ³´Ò¥ ³μ¤Ò μ¡² -
¤ ÕÉ É¥´§μ·μ³ Ô´¥·£¨¨-¨³¶Ê²Ó¸ , μÉ²¨Î´Ò³ μÉ ¢ ±ÊÊ³´μ£μ, É. ¥. ¶·μ¶μ·Í¨μ´ ²Ó´μ£μ ³¥-
É·¨Î¥¸±μ³Ê É¥´§μ·Ê. �Éμ Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ ·¥£Ê²Ö·¨§ Í¨Õ ¸²¥¤Ê¥É ¸μ£² ¸μ¢ ÉÓ ¸ Ë¨§¨-
Î¥¸±¨³¨ É·¥¡μ¢ ´¨Ö³¨ (¸³. [59]). ’·¨¢¨ ²Ó´Ò³ Ê¸²μ¢¨¥³ Ö¢²Ö¥É¸Ö ¢¢¥¤¥´¨¥ ´μ·³ ²Ó´μ£μ
Ê¶μ·Ö¤μÎ¨¢ ´¨Ö μ¶¥· Éμ·μ¢ ¢ μ¶·¥¤¥²¥´¨¥ É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸ , ÎÉμ ¶·μ¸Éμ ¸¢μ¤¨É
¢±² ¤ ¢ ±ÊÊ³´ÒÌ ³μ¤ ± ´Ê²Õ. ŒÒ ¸²¥¤Ê¥³ ¤·Ê£¨³ ¶ÊÉ¥³, ¢¢μ¤Ö ·¥£Ê²Ö·¨§ Í¨Õ ¢ ¥¢±²¨¤μ-
¢μ³ ¶·μ¸É· ´¸É¢¥ ¶μ¸²¥ ¶μ¢μ·μÉ  ‚¨± : p0 = ip4, ¢¸²¥¤¸É¢¨¥ Î¥£μ ¢Ò· ¦¥´¨¥ ¤²Ö ¢±² ¤ 
¢ ±ÊÊ³´ÒÌ ³μ¤ ¢ Ê¸·¥¤´¥´´Ò° É¥´§μ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¸É ´μ¢¨É¸Ö · ¢´Ò³

〈Tμν〉E0 =
∫

i d4pE

(2π)4
−i

p2
E + m2

pE
μ pE

ν =
1
4
gE

μν

∫
d4pE

(2π)4
p2

E

p2
E + m2

, (52)

£¤¥ ³Ò ÊÎ²¨ ¸Ë¥·¨Î¥¸±ÊÕ ¸¨³³¥É·¨Õ ¥¢±²¨¤μ¢  ¶·μ¸É· ´¸É¢ . ‚ ¨Éμ£¥ ¢±² ¤ μ¤´μ° ¢¥-
Ð¥¸É¢¥´´μ° ¸± ²Ö·´μ° ¢ ±ÊÊ³´μ° ³μ¤Ò ¤ ¥É

〈Tμν〉E0 = −gμν
1

(16π)2

{
1
2

p4
E − m2p2

E + m4 ln
p2

E + m2

m2

} ∣∣∣∣∣
Λ2

u

Λ2
d

, (53)

£¤¥ Λu,d μ¡μ§´ Î ÕÉ ¢¥·Ì´ÕÕ ¨ ´¨¦´ÕÕ £· ´¨ÍÒ μ¡·¥§ ´¨Ö ¶μ  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´¥
¥¢±²¨¤μ¢  ¨³¶Ê²Ó¸  ¸μμÉ¢¥É¸É¢¥´´μ.

„²Ö ³ °μ· ´μ¢¸±μ£μ Ë¥·³¨μ´  ¸ É¥´§μ·μ³ Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

T ′
μν =

1
2

ψ̄pμγνψ − 1
2

gμν ψ̄(p̂ − m′)ψ (54)

 ´ ²μ£¨Î´ Ö ¶·μÍ¥¤Ê·  ¸ ÊÎ¥Éμ³ Ô²¥³¥´É ·´μ£μ ¢ÒÎ¨¸²¥´¨Ö ¸²¥¤  £ ³³ -³ É·¨Í „¨· ± 
tr [γν(p̂ + m′)] = 4pν ¨ §´ ±  ³¨´Ê¸ ¤²Ö Ë¥·³¨μ´´μ° ¶¥É²¨ ¶·¨¢μ¤¨É ± ¢Ò· ¦¥´¨Õ ¤²Ö
¢±² ¤  ¢ ±ÊÊ³´ÒÌ ³μ¤:

〈T ′
μν〉E0 = gμν

2
(16π)2

{
1
2

p4
E − m′2p2

E + m′4 ln
p2

E + m′2

m′2

} ∣∣∣∣∣
Λ2

u

Λ2
d

, (55)



194 Š¨¸¥²¥¢ ‚. ‚., ’¨³μË¥¥¢ ‘. �.

£¤¥ Ë ±Éμ· 2 ¢ ¸· ¢´¥´¨¨ ¸ ¢±² ¤μ³ ¸± ²Ö·´μ£μ ¶μ²Ö μÉ¢¥Î ¥É ÊÎ¥ÉÊ ¤¢ÊÌ, ²¥¢ÒÌ ¨ ¶· ¢ÒÌ,
³μ¤ ³ °μ· ´μ¢¸±μ° Î ¸É¨ÍÒ.

‘Ê³³¨·μ¢ ´¨¥ ¢±² ¤μ¢ ±μ³¶μ´¥´É ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö ¢ É¥´§μ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
¢ ±ÊÊ³  ¤ ¥É ´Ê²Ó, ¥¸²¨ ¨³¥¥É ³¥¸Éμ ÉμÎ´ Ö ¸Ê¶¥·¸¨³³¥É·¨Ö (¢¸¥ ³ ¸¸Ò ¢ ¸Ê¶¥·³Ê²ÓÉ¨-
¶²¥É¥ · ¢´Ò),   ¶·¨ ´ ·ÊÏ¥´¨¨ ¸Ê¶¥·¸¨³³¥É·¨¨ ÊÎ¥É ¶· ¢¨² ¸Ê³³

∑
(−1)F = 0,

∑
(−1)F m2 = 0

¶·¨¢μ¤¨É ± ¢Ò· ¦¥´¨Õ1

〈Tμν〉E = gμν
1

(16π)2

{
2m′4 ln

p2
E + m′2

m′2 − m̃4 ln
p2

E + m̃2

m̃2

} ∣∣∣∣∣
Λ2

u

Λ2
d

, (56)

£¤¥ ³Ò ¶·¥´¥¡·¥£ ¥³ ¢±² ¤μ³ ¢¥Ð¥¸É¢¥´´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö, ¶μ² £ Ö ¥£μ ³ ¸¸Ê · ¢´μ°
´Ê²Õ, ´μ Éμ£¤  ¨§ ¶· ¢¨² ¸Ê³³ m̃2 = 2m′2 ¨ μ±μ´Î É¥²Ó´μ

〈Tμν〉E = gμν
2

(16π)2

{
m′4 ln

p2
E + m′2

m′2 − 2m′4 ln
p2

E + 2m′2

2m′2

} ∣∣∣∣∣
Λ2

u

Λ2
d

,

= gμν
2m′4

(16π)2
ln

1 + p2
E

m′2(
1 + p2

E

2m′2

)2

∣∣∣∣∣
Λ2

u

Λ2
d

.

(57)

�μ¸±μ²Ó±Ê ²μ£ ·¨Ë³ ¢ Ëμ·³Ê²¥ (57) ¶·¨´¨³ ¥É μÉ·¨Í É¥²Ó´Ò¥ §´ Î¥´¨Ö, ³μ¦´μ ¸¤¥² ÉÓ
¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò:

• ¥¸²¨ ¢¥·Ì´ÖÖ £· ´¨Í  ¨´É¥£·¨·μ¢ ´¨Ö ¶·¨´¨³ ¥É §´ Î¥´¨Ö ¶μ·Ö¤±  ¶² ´±μ¢¸±μ£μ
³ ¸ÏÉ ¡ , Λu ∼ m̃Pl, Éμ μ´  ¤ ¥É μÉ·¨Í É¥²Ó´Ò° ¢±² ¤ ¢ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ¢ ±ÊÊ³ , ÎÉμ
μÉ¢¥Î ¥É ¸μ±· Ð¥´¨Õ ¨¸Ìμ¤´μ£μ £μ²μ£μ §´ Î¥´¨Ö ¢ ±ÊÊ³´μ° Ô´¥·£¨¨ M4 §  ¸Î¥É ¢¢¥¤¥´¨Ö
¶ · ³¥É·  ω0 ¢ ¸Ê¶¥·¶μÉ¥´Í¨ ²;

• ¥¸²¨ ´¨¦´ÖÖ £· ´¨Í  Λd � m′, Éμ ÔÉμ ¶·¨¢μ¤¨É ± ¶·¥¤¥²Ê

〈Tμν〉Eu = gμν
1

(16π)2
1
2

Λ4
d ∼ gμν Λ4, (58)

ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¢¢¥¤¥´¨Õ ¢ ±Ê³´μ° Ô´¥·£¨¨ ¶μ·Ö¤±  Λ4 ¶·¨ Λd ∼ Λ.
‡´ Î¨É, ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ±¢ ¤· ÉÊ ¥¢±²¨¤μ¢  ¨³¶Ê²Ó¸  ¢ ¶·¥¤¥² Ì [Λ2

E , M2
E] ¶·¨

ΛE ∼ Λ ¨ ME ∼ m̃Pl ¸μμÉ¢¥É¸É¢Ê¥É Ëμ·³¨·μ¢ ´¨Õ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¢¢¥¤¥´¨Ö ±¨· ²Ó-
´μ£μ ¸Ê¶¥·¶μ²Ö ¤²Ö ¶μ²Ö ³μ¤Ê²Ö. ˆ´É¥·¢ ² ¨´É¥£·¨·μ¢ ´¨Ö [0, ΛE ], É. ¥. ·¥£Ê²Ö·¨§ Í¨Ö ¢
¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¸ μ¡·¥§ ´¨¥³ ΛE, μÉ¢¥Î ¥É ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³Ê ¢±² ¤Ê ²¥£-
±¨Ì ¶μ²¥°. ˆ³¥´´μ É ±¨¥ ¨´É¥£· ²Ò ¶μ ¶¥É²Ö³ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ² 
³Ò ¨ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¢ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥É Ì.

1‡¤¥¸Ó m̃ Å ³ ¸¸  ³´¨³μ° Î ¸É¨ ¸± ²Ö·´μ£μ ¸Ê¶¥·¶μ²Ö.
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’μ£¤  ¶μ¶· ¢±  ± É¥´§μ·Ê Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¢ ±ÊÊ³  §  ¸Î¥É ¢ ±ÊÊ³´ÒÌ ³μ¤ ¶·¨´¨³ ¥É
¢¨¤1

δT E
μν = −gμν

1
(16π)2

1
2

Λ4
E. (59)

‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ¶·μ¢¥¤¥´´μ¥ ´ ³¨ ¢Ò¤¥²¥´¨¥ μ¡·¥§ ´¨Ö ¸ · §¡¨¥´¨¥³ ¶² ´±μ¢-
¸±μ£μ ¨´É¥·¢ ²  ¨´É¥£·¨·μ¢ ´¨Ö ¢¢¥¤¥´¨¥³ ¶·μ³¥¦ÊÉμÎ´μ° ÉμÎ±¨ ΛE μ§´ Î ¥É: ¶·μ¨¸Ìμ-
¤¨É ÉμÎ´μ¥ ¸μ±· Ð¥´¨¥ ¢ ±ÊÊ³´μ° Ô´¥·£¨¨ ¶μ·Ö¤±  Λ4! Š·μ³¥ Éμ£μ, Ö¸´μ, ÎÉμ ¢±²ÕÎ¥´¨¥
¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ²¥° ¸ ±μ´¸É ´É ³¨ ¢ ¢¨¤¥ ¸É¥¶¥´´ÒÌ ¶μ¶· ¢μ± ¶μ Λ/m̃Pl ´¥ ³¥´Ö¥É
¸¤¥² ´´ÒÌ ´ ³¨ ÊÉ¢¥·¦¤¥´¨°.

3.3. ƒ¥´¥· Í¨Ö g0. …¸²¨ ¶·μ¨¸Ìμ¦¤¥´¨¥ ³ ¸¸μ¢μ£μ ¶ · ³¥É·  μ0 ¢¶μ²´¥ ¥¸É¥¸É¢¥´´μ
μ¡ÑÖ¸´Ö¥É¸Ö ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ÔËË¥±É¨¢´μ° ±μ´¸É ´ÉÒ ¶·¨ ¸¦ É¨¨ ¶·μ¶ £ Éμ·  ¨´Ë² É¨´μ
¶·¨ ´ ²¨Î¨¨ ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö, Éμ ¢μ§´¨±´μ¢¥´¨¥ ¸ ³μ£μ ¸ ³μ¤¥°¸É¢¨Ö ¸ ±μ´¸É ´Éμ° g0,
±μÉμ· Ö μÉ¢¥Î ¥É ±μ¸³μ²μ£¨Î¥¸±μ³Ê ¡ÊÉ¸É· ¶Ê, Ö¢²Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´Ò³, ¶μ¸±μ²Ó±Ê ·¥ÎÓ
¨¤¥É μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¶μ²Ö ³μ¤Ê²Ö ± ± É ±μ¢μ£μ ¨§´ Î ²Ó´μ. �¤´ ±μ ¨ ¢ ÔÉμÉ ¢μ¶·μ¸ Ê¤ -
¥É¸Ö ¢´¥¸É¨ ´¥±μÉμ·ÊÕ Ö¸´μ¸ÉÓ, ¥¸²¨ § ³¥É¨ÉÓ, ÎÉμ ³μ¤¨Ë¨± Í¨Ö ± ´μ´¨Î¥¸±μ£μ É¥´§μ· 
Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¸¢μ¡μ¤´μ£μ ¸± ²Ö·´μ£μ ¢¥Ð¥¸É¢¥´´μ£μ ¶μ²Ö, ¸μ£² ¸´μ Ëμ·³Ê²¥2

T mod
μν = φpμpν φ − 1

2
gμνφ(p2 − m2)φ, (60)

¶·¨ ÊÎ¥É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ £· ¢¨Éμ´μ³ ¶·¨¢μ¤¨É ± ±¢ ¤· É¨Î´μ³Ê Î²¥´Ê ¢§ ¨³μ¤¥°¸É¢¨Ö
¸± ²Ö·´μ£μ ¶μ²Ö ¢ ÔËË¥±É¨¢´μ³ ¶μÉ¥´Í¨ ²¥ (¤¨ £· ³³  ´  ·¨¸. 5).

�¨¸. 5. ƒ· ¢¨É Í¨μ´´ Ö ¶μ¶· ¢±  ± ±¢ ¤· É¨Î´μ³Ê ¢±² ¤Ê ¢ ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² ¶μ²Ö ¨´Ë² -
Éμ´  (¢μ²´¨¸É Ö ²¨´¨Ö Å £· ¢¨Éμ´)

„¥°¸É¢¨É¥²Ó´μ, ¢ÒÎ¨¸²¥´¨¥ ¶¥É²¨ ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¸ ²¨¤¨·ÊÕÐ¥° ÉμÎ´μ-
¸ÉÓÕ3 ¤ ¥É

−i 2g0Λ2 =
∫

i d4pE

(2π)4
4πG ⇒ g0 = − G

16π

cgΛ4
E

Λ2
, (61)

£¤¥ ³Ò ¢¢¥²¨ ¡¥§· §³¥·´ÊÕ ¶μ¸ÉμÖ´´ÊÕ cg , ÎÉμ¡Ò ¶ · ³¥É·¨§μ¢ ÉÓ ¶·μ¨§¢μ² ¢ ¢Ò¡μ·¥
Ê²ÓÉ· Ë¨μ²¥Éμ¢μ£μ μ¡·¥§ ´¨Ö ¸μ£² ¸´μ ¶·μÍ¥¤Ê·¥ ¶¥·¥´μ·³¨·μ¢μ±, ¶·¨Î¥³ §¤¥¸Ó ¸Î¨-
É ¥³, ÎÉμ cg ¶μ ¶μ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸· ¢´¨³  ¸ ¥¤¨´¨Í¥°. ‘²¥¤μ¢ É¥²Ó´μ, ¢μ-¶¥·¢ÒÌ,

1�É  ¶μ¶· ¢± , ±μ´¥Î´μ, μÉ¢¥Î ¥É ²¨¤¨·ÊÕÐ¥³Ê ¢±² ¤Ê ¸± ²Ö·´μ£μ ¢¥Ð¥¸É¢¥´´μ£μ ¶μ²Ö Å ¥¤¨´¸É¢¥´´μ£μ ¨§
±μ³¶μ´¥´É ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö ¸ ³ ¸¸μ°, ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥° μ¡·¥§ ´¨Ö; ¸ É ±¨³ μ¡·¥§ ´¨¥³ ®ÉÖ¦¥²Ò¥¯
¶μ²Ö ¶·¨¢μ¤ÖÉ ± ³ ²Ò³ ¶μ¶· ¢± ³ ¤²Ö δT E

μν ¶μ·Ö¤±  (Λ/m̃Pl)
2.

2�¶¥· Éμ· ¨³¶Ê²Ó¸  ¤¥°¸É¢Ê¥É ´  μ¤´μ ¨§ ¸± ²Ö·´ÒÌ ¶μ²¥°, ´ ¶·¨³¥· ´ ¶· ¢μ. Šμ´¥Î´μ, ³μ¦´μ ¶¥·¥°É¨ ±
§ ¶¨¸¨ ¢ É¥·³¨´ Ì Î ¸É´ÒÌ ¶·μ¨§¢μ¤´ÒÌ, ±μÉμ·Ò¥ ¸¨³³¥É·¨Î´μ ¤¥°¸É¢ÊÕÉ ¤¢ ¦¤Ò: ± ± ´  ¶μ²¥ ¸²¥¢ , É ± ¨
´  ¶μ²¥ ¸¶· ¢ .

3ŒÒ ¶·¥´¥¡·¥£ ¥³ §¤¥¸Ó ¢±² ¤μ³ ³ ¸¸μ¢μ£μ Î²¥´ .
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¢μ§´¨± ÕÐ Ö É ±¨³ μ¡· §μ³ ¨¸Ìμ¤´ Ö ¢¥²¨Î¨´  g0 ¨³¥¥É ¢¥·´Ò° ¶μ·Ö¤μ± ³ ²μ¸É¨ ¶μ
μÉ´μÏ¥´¨Õ ± Λ/m̃Pl, ¨, ¢μ-¢Éμ·ÒÌ, μ´  ¶·¨´¨³ ¥É ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö ¡ÊÉ¸É· ¶  §´ Î¥´¨¥
¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨, ¥¸²¨ ¶μ²μ¦¨ÉÓ μ¡·¥§ ´¨¥ · ¢´Ò³

cgΛ4
E =

2
3

(16πΛ2)2 ⇒ g0 = −32πG

3
Λ2. (62)

‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ¶· ¢±  ± ¢ ±ÊÊ³´μ° Ô´¥·£¨¨ §  ¸Î¥É ¶¥É²¨ ¢ ±ÊÊ³´ÒÌ ³μ¤ ¶·¨´¨³ ¥É
¢¨¤

δT E
μν = − 1

3cg
gμν Λ4, (63)

ÎÉμ ¶μ± §Ò¢ ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¢±² ¤  ¤·Ê£¨Ì ¶μ²¥° ¢ ¢ ±ÊÊ³´ÊÕ Ô´¥·£¨Õ ¶μ·Ö¤±  Λ4,
¥¸²¨ cg = 1/3. �·¨ ÔÉμ³ ¸Éμ¨É, μ¤´ ±μ, § ³¥É¨ÉÓ, ÎÉμ ³Ò ¨¸Ìμ¤¨²¨ ¨§ ¶·¥¤¶μ²μ¦¥´¨Ö,
¸μ£² ¸´μ ±μÉμ·μ³Ê · ¸¸³μÉ·¥´´ Ö ¶¥É²Ö ¢´μ¸¨É ¢±² ¤ Éμ²Ó±μ ¢ ±μ´¸É ´ÉÊ ±¢ ¤· É¨Î´μ£μ
¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö, μ¸É ¢²ÖÖ ´¥¨§³¥´´μ° ´μ·³¨·μ¢±Ê ¶μ²Ö, ÌμÉÖ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥μ¡Ìμ-
¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¢μ§³μ¦´μ¸ÉÓ É ±μ° ¶¥·¥´μ·³¨·μ¢±¨ ¸É¥¶¥´´Ò³¨ ¶μ¶· ¢± ³¨ Λ/m̃Pl.

ˆ§ ¶·μ¢¥¤¥´´μ£μ ´ ³¨ ¸¥°Î ¸ ¨¸¸²¥¤μ¢ ´¨Ö ¸²¥¤Ê¥É, ÎÉμ ¨¸Ìμ¤´Ò¥ ¶ · ³¥É·Ò ³μ¤¥²¨
³μ£ÊÉ ¡ÒÉÓ ¸£¥´¥·¨·μ¢ ´Ò ¶·¨ ¢¢¥¤¥´¨¨ μ¤´μ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ± ¸ ÊÎ ¸É¨¥³ £· ¢¨Éμ´μ¢,  
§´ Î¨É, ¨ £· ¢¨É¨´μ ¤²Ö ¸¢μ¡μ¤´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö, ¥¸²¨ μ¡·¥§ ´¨¥ ¸Î¨É ÉÓ ¶μ ¶μ·Ö¤±Ê
¢¥²¨Î¨´Ò ¸· ¢´¨³Ò³ ¸μ Ï± ²μ° ¶¥·¢¨Î´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° Λ. �¤´ ±μ
μÉ¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¶¥É²¨ ¸ ÊÎ ¸É¨¥³ £· ¢¨Éμ´  ¨ £· ¢¨É¨´μ ´¥ ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¶·¨
· ¸¸³μÉ·¥´¨¨ ´ ·ÊÏ¥´¨Ö ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  §  ¸Î¥É ¶¥É¥²Ó ¸ É ±¨³ μ¡·¥§ ´¨¥³,
²¨¡μ ÔÉμ μ¡·¥§ ´¨¥ ¸²¥¤Ê¥É ¢ ¶¥É²ÖÌ ¸ £· ¢¨Éμ´μ³ ¨ £· ¢¨É¨´μ ¶μ² £ ÉÓ ¶μ¤ ¢²¥´´Ò³
(Î¥É´Ò³¨) ¸É¥¶¥´Ö³¨ Λ/m̃Pl, É ± ± ± ¨´ Î¥ ´¥ ¡Ê¤¥É · §¤¥²¥´¨Ö ¶μ´ÖÉ¨° ¢¥¤ÊÐ¥£μ ¢±² ¤ 
¨ ¶μ¶· ¢μ±. Š É ±μ³Ê ¦¥ ¢Ò¢μ¤Ê ³μ¦´μ ¶·¨°É¨, ¥¸²¨ · ¸¸³μÉ·¥ÉÓ ¢±² ¤Ò ¢ ±ÊÊ³´ÒÌ ³μ¤
£· ¢¨Éμ´  ¨ £· ¢¨É¨´μ ¢ ¢ ±ÊÊ³´ÊÕ Ô´¥·£¨Õ: ¶·¨ μ¡·¥§ ´¨¨ ´  ³ ¸ÏÉ ¡¥ ¶μ·Ö¤±  Λ
ÔÉ¨ ¢±² ¤Ò μ± §Ò¢ ÕÉ¸Ö ´¥¤μ¶Ê¸É¨³μ ¢¥²¨±¨, É. ¥. Éμ£μ ¦¥ ¶μ·Ö¤±  Λ4, ÎÉμ ¨ ¤²Ö ¶μ²¥°
³ É¥·¨¨, ÌμÉÖ ¸²¥¤μ¢ ²μ ¡Ò μ¦¨¤ ÉÓ, ÎÉμ £· ¢¨É Í¨μ´´Ò¥ ¶μ²Ö ¤ ÕÉ ¶μ¶· ¢±¨ ± Ô´¥·£¨¨
¢ ±ÊÊ³ , ¶μ¤ ¢²¥´´Ò¥ ³ ²Ò³ μÉ´μÏ¥´¨¥³ (Λ/m̃Pl)2 ± ± ³¨´¨³Ê³. „ ²¥¥ ³Ò Ê¡¥¤¨³¸Ö ¢
Éμ³, ÎÉμ ³μ¤¥²Ó ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  μ¸É ¥É¸Ö μ¸³Ò¸²¥´´μ° ¨³¥´´μ Éμ£¤ , ±μ£¤ 
μ¤´μ¶¥É²¥¢Ò¥ ¢±² ¤Ò ¤²Ö ¶μ¶· ¢μ± ¸ ÊÎ ¸É¨¥³ £· ¢¨Éμ´  ¨ £· ¢¨É¨´μ ¨³¥ÕÉ μ¡·¥§ ´¨¥
¸ Ê¶μ³Ö´ÊÉÒ³ Ë ±Éμ·μ³ ¶μ¤ ¢²¥´¨Ö ¶μ Λ/m̃Pl.

3.4. �¥É²¨ ¨´Ë² Éμ´ . �¤´μ¶¥É²¥¢Ò¥ ¶μ¶· ¢±¨, ¢ ±μÉμ·ÒÌ ÊÎ ¸É¢Ê¥É Éμ²Ó±μ ¸± ²Ö·-
´μ¥ ¢¥Ð¥¸É¢¥´´μ¥ ¶μ²¥ ¨´Ë² Éμ´ , ¸μμÉ¢¥É¸É¢ÊÕÉ ¢±² ¤ ³ ¢ ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ²
¸μ£² ¸´μ ¤¨ £· ³³ ³, ¶μ± § ´´Ò³ ´  ·¨¸. 6, É. ¥. ¶μ¶· ¢± ³ ± ¸ ³μ¤¥°¸É¢¨Õ ¶μ²Ö ¢Éμ·μ°
¨ Î¥É¢¥·Éμ° ¸É¥¶¥´¥°. �´¨ ¶·¨¢μ¤ÖÉ ± ¢Ò· ¦¥´¨Ö³ ¤²Ö  ³¶²¨ÉÊ¤

−iL1 = −3
g2
0

16π2
i c2Λ2

E , −iL2 = 54
g4
0

16π2
i ln

c4Λ2
E

Λ2
reg

, (64)

μÉ¢¥Î ÕÐ¨³ ¶μ¶· ¢± ³ ¢ ² £· ´¦¨ ´¥

δ1L =
1
2

L1 φ2 +
1
4!

L2 φ4,

¶·¨Î¥³ ¢ (64) ¢¢¥¤¥´  Ï± ²  ´μ·³¨·μ¢±¨ ²μ£ ·¨Ë³¨Î¥¸±¨Ì ¶μ¶· ¢μ± Λreg,   É ±¦¥ ¡¥§-
· §³¥·´Ò¥ ¶μ¸ÉμÖ´´Ò¥ c2,4, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢ ·¨ Í¨¨ ¶ · ³¥É·  μ¡·¥§ ´¨Ö ¤²Ö · §²¨Î-
´ÒÌ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´ ¶·¨ ·¥£Ê²Ö·¨§ Í¨¨ ¨ ¶¥·¥´μ·³¨·μ¢±¥.
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�¨¸. 6. �¤´μ¶¥É²¥¢Ò¥ ¶μ¶· ¢±¨ ± ÔËË¥±É¨¢´μ³Ê ¶μÉ¥´Í¨ ²Ê ¨´Ë² Éμ´ : ¸ ³μ¤¥°¸É¢¨¥ ¢Éμ·μ£μ ¨

Î¥É¢¥·Éμ£μ ¶μ·Ö¤±  ¶μ ¶μ²Õ

’μ£¤  L2 μ¡¥¸¶¥Î¨¢ ¥É ¸É ´¤ ·É´ÊÕ ¶¥·¥´μ·³¨·μ¢±Ê ±μ´¸É ´ÉÒ g0:

δg0 = −9
g3
0

32π2
ln

c4Λ2
E

Λ2
reg

⇒ dg0

d ln Λreg
= 9

g3
0

16π2
, (65)

ÎÉμ ¶·¨ Λreg < ΛE ¨ g0 < 0 ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ

δg0 ∼
(

Λ
m̃Pl

)6

> 0,

± ± ÔÉμ ¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ ¢ ³μ¤¥²¨ ¡ÊÉ¸É· ¶ , ¸Í¥´ ·¨° II (¸³. (42)).
„ ²¥¥, L1 ¥¸É¥¸É¢¥´´μ É· ±Éμ¢ ÉÓ ± ± ¶μ¶· ¢±Ê ± ¨¸Ìμ¤´μ° ¢¥²¨Î¨´¥ 2g0Λ2, μ¶·¥¤¥-

²ÖÕÐ¥° ±¢ ¤· É¨Î´μ¥ ¸ ³μ¤¥°¸É¢¨¥ ¶μ²Ö, ¶·¨Î¥³, ¶μ¸±μ²Ó±Ê ¢ ·¨ Í¨Ö g0, ± ± ³Ò Éμ²Ó±μ
ÎÉμ Ê¸É ´μ¢¨²¨, ¨³¥¥É ¡μ²ÓÏÊÕ ¸É¥¶¥´Ó ³ ²μ¸É¨ ¶μ Λ/m̃Pl, ¸²¥¤Ê¥É ¶μ²μ¦¨ÉÓ

L1 = 2g0δΛ2,

μÉ±Ê¤ 

δΛ2 =
3
2

g0

16π2
c2Λ2

E < 0. (66)

‘μ£² ¸´μ (45) ´ Ìμ¤¨³

δμ0

μ0
=

3
2

g0

16π2

c2Λ2
E

Λ2
∼ −

(
Λ

m̃Pl

)2

< 0. (67)

’¥¶¥·Ó ¶¥·¥μ¶·¥¤¥²¨³ ¡¥§· §³¥·´Ò¥ ¢¥²¨Î¨´Ò ¸μ ®Ï²Ö¶± ³¨¯ ¢ (14) ¶μ¸·¥¤¸É¢μ³
¶μ¤¸É ´μ¢±¨ Λ2 �→ Λ2 + δΛ2. ’ ± Ö ¶·μÍ¥¤Ê·  ¤ ¸É ´ ³ ¶μÉ¥´Í¨ ² ¸± ²Ö·´μ£μ ¶μ²Ö
¢ ¢¨¤¥

V = (Λ2 + δΛ2)2
(

1 − μ̂2

2
φ̂2 +

λ̂

4
φ̂4

)
, (68)
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£¤¥

μ̂2 = −5
δμ0

μ0
= −15

2
g0

16π2

c2Λ2
E

Λ2
,

λ̂ = 4
δg0

g0
= −9

g2
0

4π2
ln

ΛE
√

c4

Λreg
,

(69)

¶·¨Î¥³ ¸μ¢¥·Ï¥´´μ Ö¸´μ, ÎÉμ ²¥£±μ ¶μ¤μ¡· ÉÓ ¢¶μ²´¥ · §Ê³´μ¥ §´ Î¥´¨¥ ÉμÎ±¨ ´μ·-
³¨·μ¢±¨ Λreg, ±μÉμ·μ¥ μ¡¥¸¶¥Î¨¢ ²μ ¡Ò ´Ê²¥¢μ¥ §´ Î¥´¨¥ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ¢ ±ÊÊ³ :

μ̂4 = 4λ̂. �·¨ ÔÉμ³ Ê¸²μ¢¨¨ ÉμÎ±  ´μ·³¨·μ¢±¨ ¸É ´μ¢¨É¸Ö ¡²¨§±μ° ± ¢ ±ÊÊ³´μ³Ê §´ Î¥-
´¨Õ ¸ ³μ£μ ¶μ²Ö:

〈φ〉2 =
3

16πG
〈φ̂〉2 =

3
4πGμ̂2

∼ Λ2
reg. (70)

’ ±¨³ μ¡· §μ³, · ¸¸³μÉ·¥´´Ò¥ ´ ³¨ ¸¥°Î ¸ ¢±² ¤Ò μ¡¥¸¶¥Î¨¢ ÕÉ ¥¸É¥¸É¢¥´´μ¥ Ê¸²μ-
¢¨¥ ·¥ ²¨§ Í¨¨ ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶ .

�¤´ ±μ ¶¥É²¨ ¸± ²Ö·´μ£μ ¶μ²Ö ¶·¨¢μ¤ÖÉ É ±¦¥ ± ¶μ¶· ¢± ³ ¤²Ö ¢¥·Ï¨´ ±μ´É ±É´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ¨´Ë² Éμ´  ¸ £· ¢¨É¨´μ ¨ ¨´Ë² É¨´μ ¶·¨ ¢¢¥¤¥´¨¨ ¸Ê¶¥·Éμ± , ¶·¨Î¥³
ÔÉ¨ ¶¥É²¨ ¢¶μ²´¥  ´ ²μ£¨Î´Ò · ¸¸³μÉ·¥´´Ò³ ´ ³¨ ¢ÒÏ¥. ‚³¥¸É¥ ¸ É¥³ ¸²¥¤Ê¥É ¶·¨-
´ÖÉÓ ¢μ ¢´¨³ ´¨¥, ÎÉμ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¨´Ë² É¨´μ ¸ ³ ¸¸μ° ¶² ´±μ¢¸±μ£μ ³ ¸ÏÉ ¡ 
®§ ³μ·μ¦¥´μ¯,   §´ Î¨É, ¢´¥Ï´¨¥ ¶μ²Ö ¨´Ë² É¨´μ · ¢´Ò ´Ê²Õ, ¨, ¸É ²μ ¡ÒÉÓ, ¶¥É²¨
¸± ²Ö·´μ£μ ¶μ²Ö ¢ Ê¶μ³Ö´ÊÉÒÌ ´ ³¨ ¢¥·Ï¨´ Ì ¸Ê¶¥·Éμ±  ´¥ ¨³¥ÕÉ μÉ´μÏ¥´¨Ö ± · ¸¸³ -
É·¨¢ ¥³Ò³ ¢±² ¤ ³, É ± ± ± ¢´¥Ï´¨¥ ±μ´ÍÒ ¨´Ë² É¨´μ ¢ É ±¨Ì ¤¨ £· ³³ Ì ¶·¨¢μ¤ÖÉ ±
´Ê²¥¢Ò³ §´ Î¥´¨Ö³ ÔÉ¨Ì ¶μ¶· ¢μ±.

3.5. �¥É²¨ £· ¢¨É¨´μ ¨ £· ¢¨Éμ´ . „²Ö ´ Ìμ¦¤¥´¨Ö ¶μ¶· ¢±¨, ±¢ ¤· É¨Î´μ° ¶μ ¶μ²Õ
¨´Ë² Éμ´ , · ¸¸³μÉ·¨³ ¶¥É²¥¢ÊÕ ¤¨ £· ³³Ê1 ¸ ÊÎ ¸É¨¥³ £· ¢¨É¨´μ ¨ ¨´Ë² É¨´μ (·¨¸. 7)

�¨¸. 7. ‚±² ¤ ¶¥É²¨ ¸ ¨´Ë² É¨´μ ¢ ±¢ ¤· É¨Î´μ¥ ¸ ³μ¤¥°¸É¢¨¥ ¨´Ë² Éμ´ 

¶μ ¶· ¢¨² ³ ”¥°´³ ´  (¸³. ¶·¨²μ¦¥´¨¥ 3), ¢ ±μÉμ·μ° ¶μ² £ ¥³ ¢Ìμ¤ÖÐ¨¥ ¨ ¢ÒÌμ¤ÖÐ¨¥
¨³¶Ê²Ó¸Ò ¨´Ë² Éμ´  · ¢´Ò³¨ ´Ê²Õ,   Í¨·±Ê²¨·ÊÕÐ¨° ¶μ ¶¥É²¥ ¨³¶Ê²Ó¸ Å k. ’μ£¤ 

δμ2 = −μ2
0(8πG)

4

∫
d4k

(2π)4
Tr

{
P (k)μν

k2 + m2
g

γνγ5−iγk + m′

k2 + m′2 γμγ5

}
=

= − (8πG)μ2
0cmΛ4

E

24π2mg

(
1

m′ + O
(

1
m′2

))
.

(71)

1‡¤¥¸Ó ¢¸¥ ¨´É¥£· ²Ò ¡¥·ÊÉ¸Ö ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥.
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‡¤¥¸Ó ¢¢¥¤¥´  ¶μ¸ÉμÖ´´ Ö cm ± ± ¶ · ³¥É· Ê²ÓÉ· Ë¨μ²¥Éμ¢μ£μ μ¡·¥§ ´¨Ö. �μ¸±μ²Ó±Ê ¢
¶¥É²¥ · ¸¶·μ¸É· ´Ö¥É¸Ö £· ¢¨É¨´μ, ¸²¥¤Ê¥É ¶μ²μ¦¨ÉÓ cm � 1, É ± ÎÉμ ¸ ÊÎ¥Éμ³ ¢Ò· ¦¥-
´¨Ö ¤²Ö ³ ¸¸Ò £· ¢¨É¨´μ ´ Ìμ¤¨³, ÎÉμ ÔÉμÉ ¢±² ¤ ¶μ¤ ¢²¥´ ± ±

δμ2

μ2
0

∼ −cm

(
Λ

m̃Pl

)2

,

¨ μ´ ´¥¸ÊÐ¥¸É¢¥´¥´ ¶·¨ · ¸¸³μÉ·¥´¨¨ ´ ·ÊÏ¥´¨Ö ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶ .

�μ¶· ¢±  ± g0 ¤ ¥É¸Ö ¤¢Ê³Ö ¤¨ £· ³³ ³¨ ¸ ´Ê²¥¢Ò³¨ ¢Ìμ¤ÖÐ¨³¨ ¨³¶Ê²Ó¸ ³¨ ¨ Í¨·-
±Ê²¨·ÊÕÐ¨³ ¨³¶Ê²Ó¸μ³ k (·¨¸. 8).

‘μ£² ¸´μ ¶¥·¢μ° ¤¨ £· ³³e ´  ·¨¸. 8 ¨³¥¥³

g0δg0 =
3
12

g2
0(8πG)

2

∫
d4k

(2π)4
Tr

{
P (k)μν

k2 + m2
g

γν
−iγk + m′

k2 + m′2 γμ

}
=

= −
(8πG)g2

0c
′
gΛ4

E

48π2mg

(
1
m′ + O

(
1

m′2

))
∼ −g2

0c
′
g

(
Λ

m̃Pl

)2

.

(72)

ˆ§ ¢Éμ·μ° ¤¨ £· ³³Ò ´  ·¨¸. 8 ¢Ò¢μ¤¨³ ¸²¥¤ÊÕÐ¥¥  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥:

g0δg0 =
6
12

μ4
0(8πG)2

16

∫
d4k

(2π)4
×

× Tr
{

P (k)μν

k2 + m2
g

γνγ5−iγk + m′

k2 + m′2 γσγ5 P (k)σρ

k2 + m2
g

γργ
5−iγk + m′

k2 + m′2 γμγ5

}
≈

≈
μ4

0(8πG)2c′′gΛ2
E

8m′2 + O
(

1
m′3

)
∼ −g0c

′′
g

(
Λ

m̃Pl

)12

. (73)

ˆ§ (72) ¸²¥¤Ê¥É, ÎÉμ ¶μ¸ÉμÖ´´ Ö μ¡·¥§ ´¨Ö ¶·¨ ´ ²¨Î¨¨ ¢ ¶¥É²¥ £· ¢¨É¨´μ ¤μ²¦´  ¡ÒÉÓ
¶μ¤ ¢²¥´  ± ± c′g ∼ (Λ/m̃Pl)2. ’μ£¤  ³μ¤¥²Ó ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  μ¸É ¥É¸Ö ¸ ³μ-
¸μ£² ¸μ¢ ´´μ°, ´μ ¨´Ë² É¨´μ ¢´μ¸¨É ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¢ ·¨ Í¨Õ ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö,
¸· ¢´¨³ÊÕ ¸ ²μ£ ·¨Ë³¨Î¥¸±μ° ¶¥·¥´μ·³¨·μ¢±μ°, ¨, ¢μ§³μ¦´μ, ¨£· ¥É μ¶·¥¤¥²ÖÕÐÊÕ
·μ²Ó, ÎÉμ, ¢¶·μÎ¥³, ´¥ ¨§³¥´Ö¥É μÍ¥´μÎ´ÒÌ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¶μ ¶μ·Ö¤±Ê ¢¥²¨Î¨´Ò,
¶·μ¤¥² ´´ÒÌ · ´¥¥. ˆ§ (73) ¸²¥¤Ê¥É, ÎÉμ ·μ²Ó ¶μ¸ÉμÖ´´μ° c′′g ´¥¸ÊÐ¥¸É¢¥´´ .

�μ¶· ¢±¨, μ¡Ê¸²μ¢²¥´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨¥³ ± ´μ´¨Î¥¸±μ£μ É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
¸ £· ¢¨Éμ´μ³, ¤ ÕÉ¸Ö ¤¨ £· ³³ ³¨ ´  ·¨¸. 9.

�¥·¢ Ö ¤¨ £· ³³  ·¨¸. 9 ¤ ¥É ²μ£ ·¨Ë³¨Î¥¸±ÊÕ ¶μ¶· ¢±Ê ± ³ ¸¸¥ ¢¨¤ 

δμ2 = −(8πG)(μ2
0 + 2g0Λ2)2ημν(ημμ′

ηνν′
+ ημν′

ηνμ′
− ημνημν′

)ημ′ν′×

×
∫

d4k

(2π)4
1

2k2

1
k2

=
(8πG)(μ2

0 + 2g0Λ2)2

4π2
ln

c′mΛ2
E

Λ2
reg

∼ Λ2

(
Λ

m̃Pl

)6

ln
c′mΛ2

E

Λ2
reg

, (74)
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�¨¸. 8. ‚±² ¤ ¶¥É²¨ ¸ ¨´Ë² É¨´μ
¢ ¸ ³μ¤¥°¸É¢¨¥ ¨´Ë² Éμ´  Î¥É¢¥·Éμ°

¸É¥¶¥´¨

�¨¸. 9. ‚±² ¤ ¶¥É¥²Ó ¸ £· ¢¨Éμ´μ³ (¢μ²´¨-
¸É Ö ²¨´¨Ö) ¢ ¸ ³μ¤¥°¸É¢¨¥ ¨´Ë² Éμ´ 

  ¢Éμ· Ö ¤¨ £· ³³  Å ¶μ¶· ¢±Ê ± ±μ´¸É ´É¥ ¸ ³μ¤¥°¸É¢¨Ö

g0δg0 = − 6
12

(8πG)2(μ2
0 + 2g0Λ2)4ημν(ημμ′

ηνν′
+ ημν′

ηνμ′ − ημνημν′
)ημ′ν′×

× ημ1ν1(η
μ1μ′

1ην1ν′
1 + ημ1ν′

1ην1μ′
1 − ημ1ν1ημ1ν′

1)ημ′
1ν′

1

∫
d4k

(2π)4
1

4k4

1
(k2)2

=

=
(8πG)2(μ2

0 + 2g0Λ2)4

4π2

{
1

c̃gΛ4
E

− 1
Λ4

reg

}
∼ −g0

1
c̃g

(
Λ

m̃Pl

)10

. (75)

‚±² ¤ (74) ³μ¦´μ μÉ´¥¸É¨ ± ± ± ¶μ¤ ¢²¥´´μ° ²μ£ ·¨Ë³¨Î¥¸±μ° ¶μ¶· ¢±¥ ± ³ ¸ÏÉ ¡Ê
Λ2 ¢¨¤  g0δΛ2, ÎÉμ ´¥¸ÊÐ¥¸É¢¥´´μ, É ± ¨ ±  ´ ²μ£¨Î´μ° ¢ ·¨ Í¨¨ δg0, ±μÉμ· Ö ³μ¦¥É
¡ÒÉÓ ¸· ¢´¨³  ¸ ²μ£ ·¨Ë³¨Î¥¸±μ° ¶μ¶· ¢±μ° §  ¸Î¥É ¶¥É²¨ ¨´Ë² Éμ´ , · ¸¸Î¨É ´´μ°
· ´¥¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸ ÊÎ¥Éμ³ cm ∼ Λ/m̃Pl ´ Ìμ¤¨³, ÎÉμ  ·£Ê³¥´É ²μ£ ·¨Ë³  ¨³¥¥É
¤μ¶μ²´¨É¥²Ó´ÊÕ ¸É¥¶¥´Ó ³ ²μ£μ ¶ · ³¥É· , ÎÉμ É¥³ ´¥ ³¥´¥¥ μ¸É ¢²Ö¥É ¥£μ ¢¥²¨Î¨´μ°
μ¤´μ£μ ¶μ·Ö¤±  ¸ ·¥´μ·³£·Ê¶¶μ¢μ° ¶μ¶· ¢±μ°. �·¨ ÔÉμ³ ¶μ¶· ¢±  ¢ (74) ¨³¥¥É ¤·Ê£μ°
§´ ±, É ± ÎÉμ ³μ¦¥É ¨³¥ÉÓ ³¥¸Éμ ±μ³¶¥´¸ Í¨Ö ¢±² ¤μ¢. �Éμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ
μ¸´μ¢´μ° ¢±² ¤, ¢¨¤¨³μ, § ¤ ¥É¸Ö (72).

ˆ§ (75) § ±²ÕÎ ¥³, ÎÉμ ¤ ¦¥ ¶·¨ c̃g ∼ (Λ/m̃Pl)2 ÔÉμÉ ¢±² ¤ ´¥¸ÊÐ¥¸É¢¥´¥´ ¤²Ö ´ Ï¥£μ
· ¸¸³μÉ·¥´¨Ö.

‚ ¨Éμ£¥, ³Ò ¶μ± § ²¨, ÎÉμ μ¤´μ¶¥É²¥¢ Ö ¸É·Ê±ÉÊ·  É¥μ·¨¨ ¸μ£² ¸Ê¥É¸Ö ¸ ¸μμÉ´μÏ¥´¨-
Ö³¨, ´¥μ¡Ìμ¤¨³Ò³¨ ¤²Ö · §Ê³´μ£μ ´ ·ÊÏ¥´¨Ö ±μ¸³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶ .
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‡�Š‹	—…�ˆ…

ŒÒ Ê¸É ´μ¢¨²¨ ¢μ§³μ¦´μ¸ÉÓ ¶μ¸É·μ¥´¨Ö ·¥ ²¨¸É¨Î¥¸±μ° ³μ¤¥²¨, ¢ ±μÉμ·μ°:

• ¶¥·¢¨Î´ Ö ±μ¸³μ²μ£¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö ¸ Ì · ±É¥·´Ò³ ³ ¸ÏÉ ¡μ³ ¶μ·Ö¤±  Ô´¥·£¨¨
¢¥²¨±μ£μ μ¡Ñ¥¤¨´¥´¨Ö μÉ¢¥Î ¥É ¶²μ¸±μ³Ê ¶μÉ¥´Í¨ ²Ê ¢¥Ð¥¸É¢¥´´μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö
³μ¤Ê²Ö, μ¡² ¤ ÕÐ¥£μ ´¥É·¨¢¨ ²Ó´Ò³ ¸Ê¶¥·¶μÉ¥´Í¨ ²μ³, ¶μ¸²¥ ÊÎ¥É  ¢¥¤ÊÐ¨Ì ¶μ¶· ¢μ±
¶μ £· ¢¨É Í¨μ´´μ° ±μ´¸É ´É¥ ¢ ¸Ê¶¥·£· ¢¨É Í¨¨,

• Éμ´± Ö ¶μ¤¸É·μ°±  ¶ · ³¥É·μ¢ ¸Ê¶¥·¶μÉ¥´Í¨ ²  ´ ·ÊÏ ¥É¸Ö §  ¸Î¥É ±¢ ´Éμ¢ÒÌ ¶¥-
É²¥¢ÒÌ ¶μ¶· ¢μ±, ÎÉμ ¶·¨¢μ¤¨É ± ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¨¸Ìμ¤´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°,

• ¨³¥¥É ³¥¸Éμ ·¥² ±¸ Í¨Ö ¶¥·¢¨Î´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° §  ¸Î¥É ¨´Ë²ÖÍ¨¨,
¢Ò§¢ ´´μ° ´¥Ê¸Éμ°Î¨¢μ¸ÉÓÕ ¶μÉ¥´Í¨ ²  ¶μ²Ö ³μ¤Ê²Ö, ¨£· ÕÐ¥£μ ·μ²Ó ¨´Ë² Éμ´ ,

• ¶ · ³¥É·Ò ¶μÉ¥´Í¨ ²  ¶μ¸²¥ ÊÎ¥É  ¶¥É²¥¢ÒÌ ±¢ ´Éμ¢ÒÌ ¶μ¶· ¢μ± ¶μ ¶μ·Ö¤±Ê ¢¥-
²¨Î¨´Ò ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¢¥²¨Î¨´ ³¨, Ë¥´μ³¥´μ²μ£¨Î¥¸±¨ ´ ¡²Õ¤ -
¥³Ò³¨ ¶·¨ μ¶¨¸ ´¨¨ ±·Ê¶´μ³ ¸ÏÉ ¡´μ° ¸É·Ê±ÉÊ·Ò ´ Ï¥° ‚¸¥²¥´´μ°.

‘ÊÐ¥¸É¢μ¢ ´¨¥ ´¥É·¨¢¨ ²Ó´μ£μ ¶¥·¢¨Î´μ£μ ¸Ê¶¥·¶μÉ¥´Í¨ ²  ¶μ²Ö ³μ¤Ê²Ö μ¡Ê¸²μ-
¢²¥´μ ¸¢Ö§ÓÕ ¥£μ ¶ · ³¥É·μ¢ Å ±μ¸³μ²μ£¨Î¥¸±¨³ ¡ÊÉ¸É· ¶μ³.

‚ ¶μ¸É·μ¥´´μ° ³μ¤¥²¨ ¨³¥¥É¸Ö ²¨ÏÓ ¤¢  ³ ¸ÏÉ ¡  Ô´¥·£¨¨: ³ ¸¸  �² ´±  m̃Pl ¨
Ï± ²  ¶¥·¢¨Î´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¶μ·Ö¤±  Ô´¥·£¨¨ ¢¥²¨±μ£μ μ¡Ñ¥¤¨´¥´¨Ö
Λ ¸μ ¸É·μ£μ° ¨¥· ·Ì¨¥° Λ/m̃Pl � 1. �Éμ£μ μ± §Ò¢ ¥É¸Ö ¤μ¸É ÉμÎ´μ ¤²Ö ·¥ ²¨§ Í¨¨ ±μ¸-
³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  ¨ ¥¸É¥¸É¢¥´´μ£μ μ¡ÑÖ¸´¥´¨Ö ¶ · ³¥É·μ¢ ·¥ ²Ó´μ£μ ¨´Ë² Éμ´ .

‚ · §¤. 3 ³Ò ¶·μ¢¥²¨ · ¸Î¥ÉÒ μ¤´μ¶¥É²¥¢μ° ¸É·Ê±ÉÊ·Ò É¥μ·¨¨, ¸μ£² ¸´μ ±μÉμ·Ò³
¡Ò²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò Ê¸²μ¢¨Ö, ¶μ§¢μ²ÖÕÐ¨¥ ¶μ²ÊÎ¨ÉÓ ´¥μ¡Ìμ¤¨³ÊÕ ¤²Ö ±μ¸³μ²μ£¨Î¥-
¸±μ£μ ¡ÊÉ¸É· ¶  ¨¥· ·Ì¨Õ ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ±, ´ ·ÊÏ ÕÐ¨Ì Éμ´±ÊÕ ´ ¸É·μ°±Ê ¶¥·¢¨Î-
´μ£μ ¸Ê¶¥·¶μÉ¥´Í¨ ² : ¶ · ³¥É· μ¡·¥§ ´¨Ö ¨³¶Ê²Ó¸  ¢ ¶¥É²¥ ¸ ¨´Ë² Éμ´μ³ ¤μ²¦¥´ ¡ÒÉÓ
³ ¸ÏÉ ¡  Λ,   ¢ ¶¥É²ÖÌ ¸ £· ¢¨Éμ´μ³, £· ¢¨É¨´μ ¨²¨ ¨´Ë² É¨´μ ´¥μ¡Ìμ¤¨³μ μ¡·¥§ ´¨¥
¸ Ë ±Éμ·μ³ ¶μ¤ ¢²¥´¨Ö ¤¨ £· ³³ ¶μ·Ö¤±  (Λ/m̃Pl)2.

‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ ´¥±μÉμ·Ò¥ É¥Ì´¨Î¥¸±¨¥ ¢μ¶·μ¸Ò: ¢μ-¶¥·¢ÒÌ, ³Ò · ¸¸³ É·¨-
¢ ²¨ ¶μ¶· ¢±¨ ± ¶μÉ¥´Í¨ ²Ê §  ¸Î¥É ¸Ê¶¥·£· ¢¨É Í¨¨ ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ¶μ ±μ´¸É ´É¥
£· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö; ¢μ-¢Éμ·ÒÌ, ³Ò ÊÎ¨ÉÒ¢ ²¨ ¢±² ¤Ò Éμ²Ó±μ ¢ ¶¥·¥´μ·-
³¨·Ê¥³Ò¥ Î²¥´Ò ¸ ³μ¤¥°¸É¢¨Ö ¸± ²Ö·´μ£μ ¶μ²Ö, É. ¥. ¸ ³μ¤¥°¸É¢¨¥ ´¥ ¢ÒÏ¥ Î¥É¢¥·Éμ°
¸É¥¶¥´¨ ¶μ²Ö. �·¨ ÔÉμ³ ³Ò ¸Î¨É ²¨, ÎÉμ ¸ ³μ¤¥°¸É¢¨¥ ¢Ò¸Ï¨Ì ¸É¥¶¥´¥° ¶μ ¨´Ë² Éμ´Ê
´ Ìμ¤¨É¸Ö ¢´¥ ±μ´É·μ²Ö, É ± ± ± ¶μ¤μ¡´Ò¥ Î²¥´Ò ² £· ´¦¨ ´  ¤μ¶Ê¸± ÕÉ ¶·μ¨§¢μ²Ó-
´ÊÕ ±μ´¥Î´ÊÕ ¶¥·¥´μ·³¨·μ¢±Ê, ¶μÔÉμ³Ê ³Ò ¶μ² £ ²¨ ¨Ì ¶·¥´¥¡·¥¦¨³μ ³ ²Ò³¨ ¢ ´ Ï¥°
³μ¤¥²¨. ‚-É·¥ÉÓ¨Ì, ¸ ³  ¸Ì¥³  Éμ´±μ° ´ ¸É·μ°±¨ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  Å ±μ¸³μ²μ£¨-
Î¥¸±¨° ¡ÊÉ¸É· ¶ Å ¢±²ÕÎ ¥É ¢ ¸¥¡Ö É ±¦¥ ¨ Ë¨±¸¨·μ¢ ´´μ¥ · §²μ¦¥´¨¥ ÔÉ¨Ì ¶ · ³¥É·μ¢
¶μ ¢Ò¸Ï¨³ ¸É¥¶¥´Ö³ ³ ²μ£μ μÉ´μÏ¥´¨Ö ³ ¸ÏÉ ¡  ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ± ³ ¸¸¥
�² ´± : Λ/m̃Pl. �μÔÉμ³Ê ¢¢¥¤¥´¨¥ ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ± ¶μ Λ/m̃Pl · §·ÊÏ¥É ¸É·Ê±ÉÊ·Ê ±μ¸-
³μ²μ£¨Î¥¸±μ£μ ¡ÊÉ¸É· ¶  ¨ ¸μ§¤ ¥É Ê¸²μ¢¨Ö ¤²Ö ¨´Ë²ÖÍ¨¨. �É¸Õ¤  ³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ
¢ Í¥²μ³ ¶·¥¤²μ¦¥´´ Ö ¸Ì¥³  ¸¢Ö§¨ ¶¥·¢¨Î´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¸ ¨´Ë²ÖÍ¨¥°
¶·¥¤¸É ¢²Ö¥É¸Ö ¢¶μ²´¥ μ¡μ¸´μ¢ ´´μ°.

„ ´´ Ö · ¡μÉ  Î ¸É¨Î´μ ¶μ¤¤¥·¦ ´  £· ´É ³¨ �””ˆ 10-02-00061, ”–� ®� ÊÎ´Ò¥
¨ ¶¥¤ £μ£¨Î¥¸±¨¥ ± ¤·Ò¯ £· ´É ��– 2009-1.1-125-055-008; ±·μ³¥ Éμ£μ, · ¡μÉ  ‘.�. ’.
¶μ¤¤¥·¦ ´  £· ´Éμ³ ¶·¥§¨¤¥´É  �” MK-406.2010.2.
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�·¨²μ¦¥´¨¥ 1

Œ�ˆŒ�Ÿ —�‘’œ ‘Š�‹Ÿ���ƒ� ��‹Ÿ
ˆ ��™ˆ‰ ‚ˆ„ ��’…�–ˆ�‹�


¥§ μ£· ´¨Î¥´¨Ö μ¡Ð´μ¸É¨ ¢ ¸Ê¶¥·¶μÉ¥´Í¨ ²¥ (12) ³μ¦´μ ¸Î¨É ÉÓ ¶ · ³¥É· Λ ¢¥Ð¥-
¸É¢¥´´Ò³, ¢ Éμ ¢·¥³Ö ± ± μ0 ¨ g0, ¢μμ¡Ð¥ £μ¢μ·Ö, ´Ê¦´μ · ¸¸³ É·¨¢ ÉÓ ±μ³¶²¥±¸´Ò³¨.
’μ£¤  ¶μÉ¥´Í¨ ² ¨³¥¥É ¢¨¤

VS =
∣∣∣∣∂W

∂Φ

∣∣∣∣
2

= Λ4 + g0g
∗
0(Φ∗Φ)2 + μ0μ

∗
0Φ

∗Φ + Λ2
{
g∗0(Φ∗)2 + g0Φ2

}
+

+ i
{
μ0Φ − μ∗

0Φ
∗} + iΛ2Φ∗Φ

{
μ0g

∗
0Φ

∗ − μ∗
0g0Φ

}
, (�1.1)

É ± ÎÉμ ¤¨¸±·¥É´ Ö ¸¨³³¥É·¨Ö μÉ´μ¸¨É¥²Ó´μ ¨´¢¥·¸¨¨ Φ ↔ −Φ∗ ¸· §Ê ¶·¨¢μ¤¨É ± Ê¸²μ-
¢¨Ö³ ¢¥Ð¥¸É¢¥´´μ¸É¨:

μ∗
0 = μ0, g∗0 = g0 (�1.2)

¨ ¶μÉ¥´Í¨ ²Ê

VS = Λ4 +
1
2
{
μ2

0 + 2g0Λ2
}
φ2 +

1
4

g2
0φ

4 + ΔVS , (�1.3)

£¤¥ ¤μ¡ ¢± 
ΔVS = μ0

{
g0φ

2 − 2Λ2
}
φ̃ − 4g0Λ2φ̃2, (�1.4)

¢ É¥·³¨´ Ì ¢¥Ð¥¸É¢¥´´ÒÌ ¶μ²¥°

φ =
√

2|Φ|, φ̃ = Im Φ, (�1.5)

  §´ Î¨É, ¨³¥¥É ³¥¸Éμ μ£· ´¨Î¥´¨¥

|φ̃| � 1√
2

φ. (�1.6)

‚ ¨¸¸²¥¤Ê¥³μ° ³μ¤¥²¨ g0 < 0, É ± ÎÉμ ¤μ¡ ¢±  ΔVS ¨³¥¥É ³¨´¨³Ê³ ¶μ φ̃ ¶·¨ Ë¨±¸¨·μ-
¢ ´´μ³  ¡¸μ²ÕÉ´μ³ §´ Î¥´¨¨ ¶μ²Ö Φ ¨ ¶·¨ ÔÉμ³ ´Ê²¥¢ Ö ¢¥²¨Î¨´  ³´¨³μ° Î ¸É¨ ¶μ²Ö
´¥¸É ¡¨²Ó´ .

Œ¨´¨³Ê³ ¶μ φ̃ ¤μ¸É¨£ ¥É¸Ö ¢ ÉμÎ±¥

φ̃� = μ0
g0φ

2 − 2Λ2

8g0Λ2
, (�1.7)

  ¸²¥¤μ¢ É¥²Ó´μ, ÔÉμ ¶μ²¥ ³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ±μ´¸É ´Éμ°

φ̃� ≈ − μ0

4g0
(�1.8)

¢ μ¡² ¸É¨

φ2 � −Λ2

g0
, (�1.9)
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¥¸²¨ φ2 > μ2
0/8g2

0. ‚ ·¥ ²¨¸É¨Î¥¸±μ° ³μ¤¥²¨ g0 ∼ −(Λ/m̃Pl)6, ¨ μ£· ´¨Î¥´¨¥ (�1.9)
¸¢μ¤¨É¸Ö ± φ � m̃Pl(m̃Pl/Λ)2, É. ¥. ± Ê¸²μ¢¨Õ: ¶μ²¥ § ¢¥¤μ³μ ³¥´ÓÏ¥ ¸¢μ¥£μ ¢ ±ÊÊ³´μ£μ
¸·¥¤´¥£μ.

�μ¤¸É ´μ¢±  (�1.7) ¤ ¥É ¶μÉ¥´Í¨ ² ¤²Ö ¶μ²Ö φ ¢ ¢¨¤¥

VS �→ λ0

4
(
φ2 − φ2

0

)2
, (�1.10)

£¤¥

φ2
0 = −2Λ2

g0
, λ0 = g0

(
g0 +

μ2
0

4Λ2

)
, (�1.11)

É. ¥. ¶μÉ¥´Í¨ ² ¸ ´Ê²¥¢Ò³ §´ Î¥´¨¥³ ¢ ±ÊÊ³´μ° Ô´¥·£¨¨, ± ± ÔÉμ ¨ ¤μ²¦´μ ¡ÒÉÓ ¢ ¸²Ê-
Î ¥ μ¤´μ£μ ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö, ±μ£¤  ¢¸¥£¤  ¸ÊÐ¥¸É¢Ê¥É ±μ³¶²¥±¸´μ§´ Î´μ¥ ·¥Ï¥´¨¥
±¢ ¤· É´μ£μ Ê· ¢´¥´¨Ö ∂W/∂Φ = 0 ¤²Ö ¶μ²Ö Φ, ¸μ¢¶ ¤ ÕÐ¥¥, ±μ´¥Î´μ, ¸ φ0 = |Φ|.

‚ ¨Éμ£¥ ³Ò ¶·¨Ï²¨ ± ¢Ò¢μ¤Ê μ Éμ³, ÎÉμ ¢ ¸²ÊÎ ¥ ·¥ ²Ó´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ·μ²¨ ¸± -
²Ö·´μ£μ ¶μ²Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±μ¥ É·¥¡μ¢ ´¨¥ ®¢Ò±²ÕÎ¥´¨Ö¯ ¥£μ ³´¨³μ° Î ¸É¨ ¨§ ¤¨´ -
³¨±¨ μ§´ Î ¥É ¢¢¥¤¥´¨¥ ´ ·ÊÏ ÕÐ¥£μ ¸Ê¶¥·¸¨³³¥É·¨Õ Î²¥´ , μ¡¥¸¶¥Î¨¢ ÕÐ¥£μ φ̃ → 0.
�Éμ£μ ³μ¦´μ ¤μ¸É¨ÎÓ, ´ ¶·¨³¥·, ¤μ¡ ¢²¥´¨¥³ ®³ ¸¸μ¢μ£μ Î²¥´ ¯ ¢¨¤ 

ΔṼ = m̃2

(
φ̃ + C μ0

Λ2

m̃2

)2

+ const, (�1.12)

£¤¥ ³ ¸¸  ¶·¨´¨³ ¥É §´ Î¥´¨Ö ¶μ·Ö¤±  ¶² ´±μ¢¸±¨Ì m̃ ∼ m̃Pl. �¥·¢Ò° ¢ ·¨ ´É ΔṼ
¸ C = 0 ´¥ ¸μ¤¥·¦¨É ¶ · ³¥É·μ¢ Éμ´±μ° ´ ¸É·μ°±¨ ¨ ¤ ¥É ¶·¥´¥¡·¥¦¨³μ ³ ²μ¥ §´ -
Î¥´¨¥ ³´¨³μ° Î ¸É¨ ¸± ²Ö·´μ£μ ¶μ²Ö φ̃� ∼ μ0Λ2/m̃2

Pl → 0, ¸² ¡μ § ¢¨¸ÖÐ¥¥ μÉ ¶μ²Ö
φ, Éμ£¤  ± ± ¢Éμ·μ° ¢ ·¨ ´É ¸ C = 1 ¶·¨¢μ¤¨É ± ¸μ±· Ð¥´¨Õ ²¨´¥°´μ£μ ¶μ ¶μ²Õ φ̃
Î²¥´  ¶μÉ¥´Í¨ ² , ´¥ § ¢¨¸ÖÐ¥£μ μÉ ¢¥Ð¥¸É¢¥´´μ° Î ¸É¨ ¶μ²Ö, ¨ ± ¥Ð¥ ¡μ²ÓÏ¥³Ê ¶μ-
¤ ¢²¥´¨Õ ³´¨³μ° Î ¸É¨ ¨ ¸ÊÐ¥¸É¢¥´´μ · ¸Ï¨·Ö¥É μ¡² ¸ÉÓ ¶·¨³¥´¨³μ¸É¨ ¶·¨¡²¨¦¥´¨Ö
¸ ´Ê²¥¢Ò³ §´ Î¥´¨¥³ ¶μ²Ö φ̃. � ±μ´¥Í, ¢ É·¥ÉÓ¥³ ¢ ·¨ ´É¥ ¶·¨ C = 2 + μ2

0/(2g0Λ2)
³´¨³ Ö Î ¸ÉÓ ¶μ²Ö ¸É ´μ¢¨É¸Ö · ¢´μ° ´Ê²Õ ¢ ¢ ±ÊÊ³¥, É. ¥. ¢ ³¨´¨³Ê³¥ ¶μÉ¥´Í¨ ²  ¤²Ö
¢¥Ð¥¸É¢¥´´μ° Î ¸É¨ ¶μ²Ö ¶·¨ φ2

� = −2Λ2/g0 − μ2
0/g2

0 > 0, É ± ÎÉμ ¢ ÔÉμ³ Ë¥´μ³¥´μ²μ-
£¨Î¥¸±¨  ±ÉÊ ²Ó´μ³ ¸²ÊÎ ¥ ¢ ±ÊÊ³´μ¥ ¸μ¸ÉμÖ´¨¥ ¸É ´μ¢¨É¸Ö ¨´¢ ·¨ ´É´Ò³ μÉ´μ¸¨É¥²Ó´μ
μ¶¥· Í¨¨ ±μ³¶²¥±¸´μ£μ ¸μ¶·Ö¦¥´¨Ö ¶μ²Ö Φ. �·¨ ÔÉμ³ ¤¨´ ³¨±  ³´¨³μ° Î ¸É¨ ¶μ²Ö
¸É ´μ¢¨É¸Ö ¸μ¢¥·Ï¥´´μ ´¥¸ÊÐ¥¸É¢¥´´μ° ¶·¨ Ô´¥·£¨ÖÌ § ³¥É´μ ´¨¦¥ ¶² ´±μ¢¸±¨Ì, É. ¥.
¶·¨ ±² ¸¸¨Î¥¸±μ³ μ¶¨¸ ´¨¨ £· ¢¨É Í¨¨.

’ ±¨³ μ¡· §μ³, ¢±²ÕÎ¥´¨¥ ¸± ²Ö·´μ£μ ¶μ²Ö ¢ ±μ¸³μ²μ£¨Î¥¸±ÊÕ ³μ¤¥²Ó ¤¥°¸É¢¨É¥²Ó´μ
¶μ§¢μ²Ö¥É ¸Î¨É ÉÓ ÔÉμ ¶μ²¥ ¢¥Ð¥¸É¢¥´´Ò³.

� ±μ´¥Í, μÉ³¥É¨³, ÎÉμ ¢¢¥¤¥´¨¥ ³ ¸¸Ò ¤²Ö ³´¨³μ° Î ¸É¨ ¸± ²Ö·´μ£μ ¶μ²Ö ¸ ´ ·Ê-
Ï¥´¨¥³ ¸Ê¶¥·¸¨³³¥É·¨¨ ¶·¨¢μ¤¨É ± ¸É ´¤ ·É´Ò³ ¶· ¢¨² ³ ¸Ê³³ ¤²Ö ±¢ ¤· Éμ¢ ³ ¸¸
±μ³¶μ´¥´É ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö ¸ Ë¥·³¨μ´´Ò³ Î¨¸²μ³ F = {0, 1}:

∑
(−1)F m2 = 0 ⇒ m2 + m̃2 = 2m′2, (�1.13)

£¤¥ m′ Å ³ ¸¸  ¸Ê¶¥·¶ ·É´¥·  ¸± ²Ö·´μ£μ ¶μ²Ö Å ³ °μ· ´μ¢¸±μ£μ ¶μ²Ö ¨´Ë² É¨´μ.
‚ ¨Éμ£¥ ¨´Ë² É¨´μ ¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¶·¨μ¡·¥É ¥É ³ ¸¸Ê ¶μ·Ö¤±  ¶² ´±μ¢¸±μ°.
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�·¨²μ¦¥´¨¥ 2

Šˆ��‹œ�›‰ ��‚���’

‘Ê¶¥·¶ ·É´¥· ¸± ²Ö·´μ£μ ¶μ²Ö Å ¨´Ë² É¨´μ Å μ¶¨¸Ò¢ ¥É¸Ö ³ °μ· ´μ¢¸±¨³ ¸¶¨-
´μ·μ³ ψ, É. ¥. § ·Ö¤μ¢μ-¸ ³μ¸μ¶·Ö¦¥´´Ò³ ¤¨· ±μ¢¸±¨³ ¸¶¨´μ·μ³, ¸ ²¥¢Ò³¨ ¨ ¶· ¢Ò³¨
±μ³¶μ´¥´É ³¨ ¢ ±¨· ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨:

ψ =
(

ψL

ψR

)
=

(
χ
χ̄

)
, (�2.1)

£¤¥ ¤¢ÊÌ±μ³¶μ´¥´É´Ò¥ ¸¶¨´μ·Ò § ·Ö¤μ¢μ ¸μ¶·Ö¦¥´Ò: χ̄ = iσ2χ
∗, É ± ÎÉμ ¸Ê¶¥·¶μÉ¥´Í¨ ²

(12) ¶·¨¢μ¤¨É ± ±¢ ¤· É¨Î´Ò³ ¶μ ¨´Ë² É¨´μ Î²¥´ ³ ² £· ´¦¨ ´  ¢ ¢¨¤¥

L2 = −1
2

(iμ0χχ − iμ0χ̄χ̄ + 2g0Φχχ + 2g0Φ∗χ̄χ̄) . (�2.2)

�ÉμÉ ² £· ´¦¨ ´ ³μ¦´μ ¸¢¥¸É¨ ± ¸É ´¤ ·É´μ³Ê ¢¨¤Ê ¸ ¢¥Ð¥¸É¢¥´´μ° ³ ¸¸μ° ³ °μ· ´μ¢-
¸±μ£μ ¶μ²Ö, ¥¸²¨ ¸¤¥² ÉÓ ±¨· ²Ó´μ¥ ¢· Ð¥´¨¥:

ψu = eiγ5uψ ⇒ χu = eiuχ, χ̄u = e−iuχ̄ (�2.3)

¸ ¶ · ³¥É·μ³ u = −π/4, É ± ÎÉμ

L2 = −1
2

(μ0χuχu + μ0χ̄uχ̄u − 2ig0Φχuχu + 2ig0Φ∗χ̄uχ̄u) , (�2.4)

= −1
2

(
μ0ψ̄RψL + μ0ψ̄LψR − 2ig0Φψ̄RψL + 2ig0Φ∗ψ̄LψR

)
, (�2.5)

= −1
2

(
μ0ψ̄ψ −

√
2 i g0φψ̄γ5ψ + 2g0φ̃ψ̄γ5ψ

)
, (�2.6)

£¤¥ ³Ò ¤²Ö ±· É±μ¸É¨ μ¡μ§´ Î¥´¨° μ¶Ê¸É¨²¨ ´¥¸ÊÐ¥¸É¢¥´´Ò° ¤²Ö ¤ ²Ó´¥°Ï¥£μ ¨§²μ¦¥´¨Ö
¨´¤¥±¸ u Ê ¡¨¸¶¨´μ·μ¢.

’ ±¨³ μ¡· §μ³, ¶μ¸²¥ ±¨· ²Ó´μ£μ ¶μ¢μ·μÉ  ¨³¥¥³ ³ °μ· ´μ¢¸±μ¥ ¶μ²¥ ¸ ¢¶μ²´¥ μ¶·¥-
¤¥²¥´´Ò³¨ ¢¥·Ï¨´ ³¨ Õ± ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¢¥Ð¥¸É¢¥´´Ò³ ¨ ³´¨³Ò³ ¸± ²Ö·´Ò³¨
¶μ²Ö³¨ ±¨· ²Ó´μ£μ ¸Ê¶¥·¶μ²Ö. �·¨ ÔÉμ³ ¢ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ±¨´¥É¨Î¥¸±¨¥ Î²¥´Ò ¤²Ö
²¥¢ÒÌ ¨ ¶· ¢ÒÌ ±μ³¶μ´¥´É ¸¶¨´μ·  μ¸É ÕÉ¸Ö ¨´¢ ·¨ ´É´Ò³¨ μÉ´μ¸¨É¥²Ó´μ ±¨· ²Ó´μ£μ
¢· Ð¥´¨Ö. 
μ²¥¥ Éμ£μ, ¨´¢ ·¨ ´É´Ò³¨ μ¸É ÕÉ¸Ö ¨ ±μ´É ´±É´Ò¥ Î²¥´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö
¨´Ë² É¨´μ ¸ £· ¢¨É¨´μ ¨ ¸± ²Ö·´Ò³ ¶μ²¥³; ÔÉμ μ¡Ê¸²μ¢²¥´μ É¥³, ÎÉμ £· ¢¨É¨´μ É ±¦¥
μ¶¨¸Ò¢ ¥É¸Ö ³ °μ· ´μ¢¸±¨³ ¶μ²¥³,   ±μ´É ±É´Ò¥ Î²¥´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¸μÌ· ´ÖÕÉ ±¨-
· ²Ó´μ¸ÉÓ.

�·¨²μ¦¥´¨¥ 3

���‚ˆ‹� ”…‰�Œ���

�¶¨Ï¥³ ¶· ¢¨²  ¤¨ £· ³³´μ° É¥Ì´¨±¨. ŒÒ ¨¸¶μ²Ó§Ê¥³ μ¶·¥¤¥²¥´¨¥ ³¥É·¨±¨ ¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨Ì ³ É·¨Í „¨· ±  ¶μ ‚ °´¡¥·£Ê [54]:

ημν = diag (−1, +1, +1, +1), {γμ, γν} = 2ημν . (�3.1)
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�·μ¶ £ Éμ· ¨´Ë² Éμ´  μ¡μ§´ Î ¥³ ¸¶²μÏ´μ° ²¨´¨¥° ¨ ¸μ¶μ¸É ¢²Ö¥³ ¢Ò· ¦¥´¨¥:

(−i)
1

p2 + m2
, (�3.2)

£¤¥ m Å ³ ¸¸  ¨´Ë² Éμ´ , ±μÉμ·ÊÕ ³Ò ¶μ² £ ¥³ · ¢´μ° ´Ê²Õ.
„²Ö μ¡μ§´ Î¥´¨Ö ¨´Ë² É¨´μ ¨¸¶μ²Ó§Ê¥³ ¤¢μ°´ÊÕ ²¨´¨Õ ¨  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥

¤²Ö ¶·μ¶ £ Éμ·  ¢¨¤ 

(−i)
−iγp + m′

p2 + m′2 , (�3.3)

£¤¥ m′ Å ³ ¸¸  ¨´Ë² É¨´μ.
„²Ö £· ¢¨É¨´μ Å ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö ¨ ¶·μ¶ £ Éμ·:

(−i)
Pμν(p)
p2 + m2

g

= (−i)
1

p2 + m2
g

{(
ημν +

pμpν

m2
g

)
(−iγp + mg)−

−1
3

(
γμ − i

pμ

mg

)
(iγp + mg)

(
γν − i

pν

mg

)}
, (�3.4)

£¤¥ mg =

√
(8πG)

12
Λ4 Å ³ ¸¸  £· ¢¨É¨´μ.

‚Ò· ¦¥´¨Ö ¤²Ö ¢¥·Ï¨´ ¶μÖ¢²ÖÕÉ¸Ö ¶·¨ · ¸¸³μÉ·¥´¨¨ ¸Ê¶¥·¸¨³³¥É·¨¨: £· ¢¨É¨´μ
¢§ ¨³μ¤¥°¸É¢Ê¥É ¸ ¸Ê¶¥·Éμ±μ³ Î¥·¥§ Î²¥´ ¢ ² £· ´¦¨ ´¥:

√
8πG

∫
d4x

1
2
S

μ
ψμ, (�3.5)

£¤¥ ψμ Å ¶μ²¥ £· ¢¨É¨´μ,   ¸Ê¶¥·Éμ±

Sμ =
√

2
[
γν∂νφγμψR + γν∂νφ∗γμψL +

(
∂W

∂φ

)
γμψL +

(
∂W

∂φ

)∗
γμψR

]
,

¶·¨Î¥³ §¤¥¸Ó φ Å ¨´Ë² Éμ´, ψ Å ¨´Ë² É¨´μ,   W Å ¸Ê¶¥·¶μÉ¥´Í¨ ².
’ ±¦¥ ¢ ² £· ´¦¨ ´¥ ¨³¥ÕÉ¸Ö ¶μÉ¥´Í¨ ²Ó´Ò¥ Î²¥´Ò, μÉ¢¥Î ÕÐ¨¥ §  ¸ ³μ¤¥°¸É¢¨¥

¶μ²Ö ¨´Ë² Éμ´  ¨ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨´Ë² Éμ´  ¸ ¨´Ë² É¨´μ, ¢¨¤ 

∫
dx4 1

2

(
∂2W

∂Φ2

)
(ψLψL) +

1
2

(
∂2W

∂Φ2

)∗
(ψLψL)∗ +

(
∂W

∂Φ

) (
∂W

∂Φ

)∗
. (�3.6)
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‚ É¥μ·¨¨ ¸ÊÐ¥¸É¢Ê¥É É·¨ É¨¶  ¢¥·Ï¨´, ¸²¥¤ÊÕÐ¨Ì ¨§ ¸Ê¶¥·Éμ± :
• ¢ ¶¥·¢μ° ¸Ìμ¤ÖÉ¸Ö É·¨ ²¨´¨¨: ¨´Ë² Éμ´ , ¨´Ë² É¨´μ ¨ £· ¢¨É¨´μ; ¸μμÉ¢¥É¸É¢¥´´μ,

¢¥·Ï¨´  ¨  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ ¢Ò£²Ö¤ÖÉ É ±:

(i)(i)
1
2
μ0

√
8πGγνγ5 = −1

2
μ0

√
8πGγνγ5, (�3.7)

£¤¥ γ5 = iγ0γ1γ2γ3;
• ¢μ ¢Éμ·μ³ É¨¶¥ ¢¥·Ï¨´, ±μÉμ·Ò° ¸É ´μ¢¨É¸Ö ¢μ§³μ¦´Ò³ ¢¸²¥¤¸É¢¨¥ · ¸¸³μÉ·¥´¨Ö

¸ ³μ¤¥°¸É¢ÊÕÐ¥£μ ¶μ²Ö, ¸Ìμ¤ÖÉ¸Ö Î¥ÉÒ·¥ ²¨´¨¨: ¨´Ë² É¨´μ, £· ¢¨É¨´μ ¨ ¤¢  ¨´Ë² Éμ´ ;
¢¥·Ï¨´  ¨ ¥¥  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ ¨³¥ÕÉ ¢¨¤

(i)
1√
2
g0

√
8πGγν ; (�3.8)

• ¢ É·¥ÉÓ¥³ É¨¶¥ ¨´Ë² É¨´μ ¶¥·¥Ìμ¤¨É ¢ £· ¢¨É¨´μ:

i
1√
2

√
8πGΛ2γν . (�3.9)

�·μ¶ £ Éμ· ¤²Ö £· ¢¨Éμ´  ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

Gμν,μ′ν′
= (−i)

1
2p2

(ημμ′
ηνν′

+ ημν′
ηνμ′

− ημνημν′
). (�3.10)

‚¥·Ï¨´  ¢§ ¨³μ¤¥°¸É¢¨Ö £· ¢¨Éμ´  ¨ ¸± ²Ö·´μ° Î ¸É¨ÍÒ ¸²¥¤Ê¥É ¨§ Î²¥´  ² £· ´¦¨-
 ´ 

√
8πG

∫
d4xT μνhμν , £¤¥ T μν Å É¥´§μ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ ,   ¶μ¶· ¢±  hμν § ¤ ¥É¸Ö

¸²¥¤ÊÕÐ¨³ μ¡· §μ³: gμν = ημν + 2
√

8πGhμν ¨ · ¢´ 

(−i)
√

8πGημν(μ2
0 + 2g0Λ2). (�3.11)
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‚¸²¥¤¸É¢¨¥ ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö Î¥É¢¥·Éμ£μ ¶μ·Ö¤±  ¶μ ¶μ²Õ ¨³¥¥É¸Ö ¢¥·Ï¨´ 

−iλ0 = −6ig2
0, (�3.12)

  ¢¥·Ï¨´  ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ²Ö ¨´Ë² Éμ´  ¸ ¨´Ë² É¨´μ ¢μ§´¨± ¥É ¨§ Î²¥´  ² £· ´¦¨ ´ 
¶μ¸²¥ ±¨· ²Ó´μ£μ ¶μ¢μ·μÉ  (¶·¨²μ¦¥´¨¥ 2):

−
√

2g0γ
5. (�3.13)

‚ ± ¦¤μ° ¢¥·Ï¨´¥ ¤μ²¦¥´ ¢Ò¶μ²´ÖÉÓ¸Ö § ±μ´ ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸ : ¢Ìμ¤ÖÐ¨° ¨³-
¶Ê²Ó¸ · ¢¥´ ¢ÒÌμ¤ÖÐ¥³Ê. �μ ¨³¶Ê²Ó¸ ³ ¢´ÊÉ·¥´´¨Ì ²¨´¨°, μ¸É ÕÐ¨Ì¸Ö ´¥Ë¨±¸¨·μ¢ ´-
´Ò³¨ ¶μ¸²¥ ÊÎ¥É  ¢¸¥Ì § ±μ´μ¢ ¸μÌ· ´¥´¨Ö, ¶·μ¨§¢μ¤¨É¸Ö ¨´É¥£·¨·μ¢ ´¨¥ ¶μ d4p/(2π)4.
Š ¦¤ Ö Ë¥·³¨μ´´ Ö ¶¥É²Ö ¤μ¡ ¢²Ö¥É ³´μ¦¨É¥²Ó (−1). ‚¨±μ¢¸±¨° ¶μ¢μ·μÉ ¸μμÉ¢¥É¸É¢Ê¥É
§ ³¥´¥ p0 → ip4 ¶·¨ ¶¥·¥Ìμ¤¥ ¢ ¥¢±²¨¤μ¢Ò ±μμ·¤¨´ ÉÒ.
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