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

�·¥¤¸É ¢²¥´ μ¡§μ· ´ ¨¡μ²¥¥ ¡ §μ¢ÒÌ ¶·μ¡²¥³, ¢μ§´¨± ÕÐ¨Ì ¶·¨ ¶·¨³¥´¥´¨¨
´ ¨¡μ²¥¥ ±μ´¸¥·¢ É¨¢´ÒÌ ¶μ¤Ìμ¤μ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨. 	μ²ÓÏ Ö Î ¸ÉÓ · -
¡μÉÒ ¶μ¸¢ÖÐ¥´  ¶·μ¡²¥³ ³ ¶¥·ÉÊ·¡ É¨¢´μ£μ ±¢ ´Éμ¢ ´¨Ö, μ¸´μ¢ ´´μ£μ ´  É¥Ì´¨±¥
ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ² . �¡¸Ê¦¤¥´  ¶·μ£· ³³  ± ´μ´¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö ¢ ±μ´-
É¥±¸É¥ ¥¥ ¶·¨³¥´¥´¨Ö ± É¥μ·¨¨ £· ¢¨É Í¨¨. �·¥¤¸É ¢²¥´μ ±· É±μ¥ μ¡¸Ê¦¤¥´¨¥ ¶·¨³¥-
´¥´¨Ö ³¥Éμ¤μ¢ ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö ¢ ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨.

Review of the most basic issues appearing in the most conservative approaches to
quantum theory of gravity is given. The most part of the review is devoted to issues of
perturbative quantization based on functional integral technique. Canonical quantization
program in the context of quantum gravity is presented. Discussion of effective ˇeld
theory methods implementation for quantum gravity is given.

PACS: 04.60.-m; 04.20.Cv; 11.10.Gh
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‘μ§¤ ´¨¥ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ¶μ ¶· ¢Ê ¸Î¨É ¥É¸Ö μ¤´μ° ¨§ ´ ¨-
¡μ²¥¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ § ¤ Î ¸μ¢·¥³¥´´μ° É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨. �´  ¢μ¸-
Ìμ¤¨É ± ´ Î ²Ê ¶·μÏ²μ£μ ¢¥± , ¢μ§´¨± Ö ¢ μ¤´μ ¢·¥³Ö ¸ μ¡Ð¥° É¥μ·¨¥° μÉ-
´μ¸¨É¥²Ó´μ¸É¨ (�’�). ‘ ³ �°´ÏÉ¥°´ ¶μ´¨³ ² ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¸μ§¤ ´¨Ö μÉ-
¤¥²Ó´μ° É¥μ·¨¨ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³. ’ ±,
Ê¦¥ ¢ 1916 £. [1] μ´ ¶¨¸ ² ¸²¥¤ÊÕÐ¥¥ ∗∗:

∗E-mail: latosh@theor.jinr.ru
∗∗®’¥³ ´¥ ³¥´¥¥  Éμ³Ò, ¸²¥¤ÊÖ § ±μ´ ³ ¤¢¨¦¥´¨Ö Ô²¥±É·μ´μ¢, ¤μ²¦´Ò ¨§²ÊÎ ÉÓ ´¥ Éμ²Ó±μ

Ô²¥±É·μ³ £´¨É´ÊÕ, ´μ É ±¦¥ ¨ £· ¢¨É Í¨μ´´ÊÕ Ô´¥·£¨Õ, ¶Ê¸ÉÓ ¨ ¢ ³ ²ÒÌ ±μ²¨Î¥¸É¢ Ì. ’ ± ± ±
¢ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¢ ¶·¨·μ¤¥ ÔÉμ£μ ³μ¦¥É ´¥ ¶·μ¨¸Ìμ¤¨ÉÓ, ¶μÌμ¦¥, ±¢ ´Éμ¢ Ö É¥μ·¨Ö ¤μ²¦´ 
¡Ê¤¥É ¨§³¥´¨ÉÓ ´¥ Éμ²Ó±μ Ê· ¢´¥´¨Ö Œ ±¸¢¥²² , ´μ ¨ Ê· ¢´¥´¨Ö £· ¢¨É Í¨μ´´μ° É¥μ·¨¨¯.
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®Gleichwohl méu
ten die Atome zufolge der inneratomischen Elektronenbe-
wegung nicht nur elektromagnetische, sondern such Gravitationsenergie ausstrah-
len, wenn auch in winzigem Betrage. Da dies in Wahrheit in der Natur nicht zutre-
ffen déurfte, so seheint es, da
 die Quantentheorie nicht nur die Maxwellsehe Elek-
trodynamik, sondern auch die neue Gravitationstheorie wird modifziren méussen¯.

� §¢¨É¨¥ ¶·¥¤¸É ¢²¥´¨° μ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¨ ¥¥ ¶·¨³¥´¥´¨¥ ¤²Ö μ¶¨¸ -
´¨Ö £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨¢¥²μ ± ¸μ§¤ ´¨Õ ³´μ¦¥¸É¢  ¸²μ¦-
´¥°Ï¨Ì É¥Ì´¨± ¨ ³μ¤¥²¥°, É ±¨Ì ± ± AdS/CFT ¸μμÉ¢¥É¸É¢¨¥, ³μ¤¥²¨ ¸ ¤μ¶μ²-
´¨É¥²Ó´Ò³¨ ¨§³¥·¥´¨Ö³¨, ¶¥É²¥¢ Ö ±¢ ´Éμ¢ Ö £· ¢¨É Í¨Ö, ¸Ê¶¥·£· ¢¨É Í¨Ö ¨
É¥μ·¨Ö ¸Ê¶¥·¸É·Ê´. �μ¤·μ¡´Ò° μ¡§μ· ¨¸Éμ·¨Î¥¸±μ£μ · §¢¨É¨Ö ¨¤¥° μ ±¢ ´-
Éμ¢μ° £· ¢¨É Í¨¨ ¢³¥¸É¥ ¸ μ¡¸Ê¦¤¥´¨¥³ £¥´¥ ²μ£¨¨ ¸μ¢·¥³¥´´ÒÌ ¶μ¤Ìμ¤μ¢
¶·¨¢μ¤¨É¸Ö ¢ [2,3].

Šμ²μ¸¸ ²Ó´Ò° ¶·μ£·¥¸¸, ¤μ¸É¨£´ÊÉÒ° ¢ ÔÉμ° μ¡² ¸É¨, ± ± ´¨ ¶ · ¤μ±-
¸ ²Ó´μ, ¤μ¢μ²Ó´μ ¶²μÌμ μ¶¨¸ ´ ¢ ¸μ¢·¥³¥´´μ° ²¨É¥· ÉÊ·¥. ‡´ Î¨É¥²Ó´ Ö Î ¸ÉÓ
±´¨£, É ± ¨²¨ ¨´ Î¥ ¶μ¸¢ÖÐ¥´´ÒÌ ¶·μ¡²¥³¥ ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨,   ¨³¥´-
´μ [2, 4-13], ´¥ μ¸¢¥Ð ¥É ´ ¨¡μ²¥¥ ¡ §μ¢ÒÌ ¶·μ¡²¥³, ¶·¥¶ÖÉ¸É¢ÊÕÐ¨Ì ¶μ¸É·μ-
¥´¨Õ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ¸É ´¤ ·É´Ò³¨ ³¥Éμ¤ ³¨ ±¢ ´Éμ¢μ° É¥μ·¨¨
¶μ²Ö (Š’�). � ¸±μ²Ó±μ ´ ³ ¨§¢¥¸É´μ, ¢ ±μ´É¥±¸É¥ ¸μ¢·¥³¥´´μ° ±¢ ´Éμ¢μ°
É¥μ·¨¨ ¶μ²Ö ÔÉ¨ ¶·μ¡²¥³Ò ¶μ¤·μ¡´μ μ¸¢¥Ð¥´Ò ²¨ÏÓ ¢ ±´¨£ Ì [2, 14Ä16], ¨§
±μÉμ·ÒÌ [2,14,15] ´  ·Ê¸¸±μ³ Ö§Ò±¥ ´¥ ¨§¤ ¢ ²¨¸Ó.

–¥²Ó ÔÉμ£μ μ¡§μ·  Å μ¸¢¥É¨ÉÓ ¡ §μ¢Ò¥ ¶·μ¡²¥³Ò, ¶·¥¶ÖÉ¸É¢ÊÕÐ¨¥ ¶μ-
¸É·μ¥´¨Õ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ¶μ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ¨§¢¥¸É´Ò³¨
±¢ ´Éμ¢Ò³¨ É¥μ·¨Ö³¨ ¶μ²Ö, É ±¨³¨ ± ± ±¢ ´Éμ¢ Ö Ô²¥±É·μ¤¨´ ³¨±  ¨²¨ ±¢ ´-
Éμ¢ Ö Ì·μ³μ¤¨´ ³¨± . � ¨³¥´´μ, ³Ò μ¡¸Ê¤¨³ ¶·μ¡²¥³Ò, ¢μ§´¨± ÕÐ¨¥ ¶·¨
¶·¨³¥´¥´¨¨ Ëμ·³ ²¨§³  Š’� ± É¥μ·¨¨ £· ¢¨É Í¨¨ ¢ Î¥ÉÒ·¥Ì³¥·´μ³ ¶·μ-
¸É· ´¸É¢¥-¢·¥³¥´¨. �É³¥É¨³ É ±¦¥, ÎÉμ ¢¸¥ É¥μ·¨¨, Ö¢²ÖÕÐ¨¥¸Ö ± ´¤¨¤ É ³¨
´  ·μ²Ó ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨, ¨³¥ÕÉ ¸¢μ¨ ËÊ´¤ ³¥´É ²Ó´Ò¥ ¶·μ-
¡²¥³Ò, Î ¸ÉÓ ¨§ ±μÉμ·ÒÌ ¶·¨´Í¨¶¨ ²Ó´μ μÉ²¨Î ¥É¸Ö μÉ ¶·μ¡²¥³, μ¡¸Ê¦¤ ¥-
³ÒÌ ¢ ¤ ´´μ³ μ¡§μ·¥.

ŒÒ ¶·μ¸²¥¤Ê¥³ ¶μ ¤¢Ê³ ´ ¨¡μ²¥¥ ¶·μ¸ÉÒ³ ¨ ±μ´¸¥·¢ É¨¢´Ò³ ¶·μ£· ³-
³ ³ ±¢ ´Éμ¢ ´¨Ö ¨ ¶μ± ¦¥³, ÎÉμ μ´¨ ´¥ ³μ£ÊÉ ¡ÒÉÓ ¶·¨§´ ´Ò Ê¤μ¢²¥É¢μ-
·¨É¥²Ó´Ò³¨. ‚ · §¤. 1 ³Ò ¶·¥¤¸É ¢¨³ ¤¢¥ ¶·μ¸É¥°Ï¨¥ ¶·μ£· ³³Ò ±¢ ´Éμ-
¢ ´¨Ö £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Å ¶¥·ÉÊ·¡ É¨¢´ÊÕ ¨ ± ´μ´¨Î¥¸±ÊÕ.
‚ · §¤. 2 μ¡¸Ê¤¨³ ¶·¨³¥´¥´¨¥ ¶¥·ÉÊ·¡ É¨¢´μ£μ ±¢ ´Éμ¢ ´¨Ö ± �’�. �¥·ÉÊ·-
¡ É¨¢´Ò° ³¥Éμ¤ ±¢ ´Éμ¢ ´¨Ö μ¸´μ¢Ò¢ ¥É¸Ö ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ËÊ´±Í¨μ´ ²Ó-
´μ£μ ¨´É¥£· ²  ¨ ³¥Éμ¤  ±¢ ´Éμ¢ ´¨Ö ¢μ ¢´¥Ï´¥³ ¶μ²¥, ÎÉμ ¶μ§¢μ²Ö¥É ¶μ-
¸É·μ¨ÉÓ ±¢ ´Éμ¢ÊÕ ³μ¤¥²Ó ³ ²ÒÌ ³¥É·¨Î¥¸±¨Ì ¢μ§³ÊÐ¥´¨° ´  Ëμ´¥ ¶²μ¸±μ£μ
¶·μ¸É· ´¸É¢ -¢·¥³¥´¨. ‚ · §¤. 3 ³Ò μ¡¸Ê¤¨³ ¶·μ¡²¥³Ò ¶¥·ÉÊ·¡ É¨¢´μ£μ ±¢ ´-
Éμ¢ ´¨Ö É¥μ·¨¨ £· ¢¨É Í¨¨,   ¨³¥´´μ, ´¥¶¥·¥´μ·³¨·Ê¥³μ¸ÉÓ ±¢ ´Éμ¢μ° �’�,
¤ÊÌμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ¢ ¸¶¥±É·¥ ±¢ ´Éμ¢ÒÌ ³μ¤¥²¥° £· ¢¨É Í¨¨ ¨ ¶·μ¡²¥³Ê ±μ¸-
³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°. ‚ · §¤. 4 ³Ò μ¡¸Ê¤¨³ ± ´μ´¨Î¥¸±¨° ¶μ¤Ìμ¤ ± ±¢ ´-
Éμ¢ ´¨Õ £· ¢¨É Í¨¨ ¨ ¢μ§´¨± ÕÐ¨¥ ¶·¨ ÔÉμ³ ¶·μ¡²¥³Ò. � ±μ´¥Í, ¢ · §¤. 5
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μ¡¸Ê¤¨³ ÔËË¥±É¨¢´ÊÕ ±¢ ´Éμ¢ÊÕ £· ¢¨É Í¨Õ Å ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  ³¥-
Éμ¤¥ ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö, ¶μ§¢μ²ÖÕÐ¨° ¸μ£² ¸μ¢ ´´μ μ¶¨¸ ÉÓ ¢²¨Ö-
´¨¥ ±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢ ´  ³ ±·μ¸±μ¶¨Î¥¸±μ¥ ¶·μÖ¢²¥´¨¥ £· ¢¨É Í¨μ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ § ±²ÕÎ¥´¨¨ ³Ò ¸Ê³³¨·Ê¥³ ¢¸¥ ¶·μ¡²¥³Ò, ¢μ§´¨± ÕÐ¨¥
¶·¨ ¶μ¶ÒÉ±¥ ±μ´¸¥·¢ É¨¢´μ£μ ¶μ¸É·μ¥´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨μ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö, ¨ μ¡¸Ê¤¨³ ¨Ì ·μ²Ó ¢ ¸μ¢·¥³¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ±¢ ´Éμ¢μ°
£· ¢¨É Í¨¨.

‚ · §¤. 2, 3 ¨ 5 ³Ò ¨¸¶μ²Ó§Ê¥³ ³¥É·¨±Ê ¸ ¸¨£´ ÉÊ·μ° (+ −−−); ¢ · §¤. 4
¨¸¶μ²Ó§Ê¥³ ¸¨£´ ÉÊ·Ê (− + ++), ÎÉμ¡Ò É·¥Ì³¥·´Ò¥ · ¸¸ÉμÖ´¨Ö ¨³¥²¨ ¶μ²μ-
¦¨É¥²Ó´ÊÕ ¤²¨´Ê. ‚μ ¢¸¥Ì · §¤¥² Ì ³Ò ¨¸¶μ²Ó§Ê¥³ É¥´§μ·Ò �¨³ ´  ¨ �¨ÎÎ¨,
μ¶·¥¤¥²¥´´Ò¥ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Rμν
α

β = ∂μΓα
νβ − ∂νΓα

μβ + Γα
μλΓλ

νβ − Γα
νλΓλ

μβ ,

Rμν = Rσμ
σ

ν .
(1)

ƒ·¥Î¥¸±¨¥ ¨´¤¥±¸Ò ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö μÉ 0 ¤μ 3. ‹ É¨´¸±¨¥ ¨´¤¥±¸Ò ¨¸-
¶μ²Ó§ÊÕÉ¸Ö Éμ²Ó±μ ¢ · §¤. 4, ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö μÉ 1 ¤μ 3 ¨ ¸¢Ö§Ò¢ ÕÉ¸Ö
¸ ±μμ·¤¨´ É ³¨ xa ´  ¶·μ¸É· ´¸É¢¥´´μ-¶μ¤μ¡´ÒÌ ¸²μÖÌ.

1. Š��‘…�‚�’ˆ‚�›… ��„•�„›
Š Š‚��’�‚�‰ ƒ��‚ˆ’�–ˆˆ

‚ ±μ´É¥±¸É¥ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ¶·¥¦¤¥ ¢¸¥£μ ´¥μ¡Ìμ¤¨³μ μ¡-
¸Ê¤¨ÉÓ ¢μ¶·μ¸ μ Éμ³, ± ±μ° ¨³¥´´μ ¸³Ò¸² ¢±² ¤Ò¢ ¥É¸Ö ¢ ¶·μÍ¥¤Ê·Ê ±¢ ´Éμ-
¢ ´¨Ö. �ÉμÉ ¢μ¶·μ¸ ¢ ¦¥´ ¸ ³¥Éμ¤μ²μ£¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö, É ± ± ± μ´
μ¶·¥¤¥²Ö¥É ¸¶μ¸μ¡ ¸μ§¤ ´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨. Š¢ ´Éμ¢ Ö ¨ ±² ¸¸¨Î¥¸± Ö
É¥μ·¨¨ ¶·¥¤μ¸É ¢²ÖÕÉ · §²¨Î´Ò¥ ¸¶μ¸μ¡Ò μ¶¨¸ ´¨Ö Ë¨§¨Î¥¸±μ° ·¥ ²Ó´μ-
¸É¨. ‚ · ³± Ì ±² ¸¸¨Î¥¸±μ° Ë¨§¨±¨ ´¥¢μ§³μ¦´μ μ¶¨¸ ÉÓ Ö¢²¥´¨Ö, ¸¢Ö§ ´-
´Ò¥ ¸ ´¥²μ± ²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨ ³ É¥·¨¨, É ±¨³¨ ± ± ¤¨Ë· ±Í¨Ö Ô²¥±É·μ-
´μ¢ [17, 18], ´¥· ¢¥´¸É¢  	¥²²  [19] ¨ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ®±¢ ´Éμ¢μ£μ ² ¸É¨± ¯
(quantum eraser) [20]. �μÔÉμ³Ê ±¢ ´Éμ¢ Ö É¥μ·¨Ö ¸Î¨É ¥É¸Ö ¡μ²¥¥ ËÊ´¤ ³¥´-
É ²Ó´μ°, ¢ Éμ ¢·¥³Ö ± ± ±² ¸¸¨Î¥¸± Ö ¨£· ¥É ·μ²Ó ¶·¨¡²¨¦¥´´μ£μ μ¶¨¸ ´¨Ö.
�¤´ ±μ ±² ¸¸¨Î¥¸±¨¥ ³μ¤¥²¨ ¶μ²¥° ¡μ²¥¥ ¨´ÉÊ¨É¨¢´μ ¶μ´ÖÉ´Ò ¨ Î ¸Éμ ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¸μ§¤ ´¨Ö ±¢ ´Éμ¢ÒÌ ³μ¤¥²¥°.

‚ ·¥§Ê²ÓÉ É¥ É ±μ£μ ¶μ¤Ìμ¤  ³μ¦¥É ¸²μ¦¨ÉÓ¸Ö ²μ¦´μ¥ ¢¶¥Î É²¥´¨¥, ÎÉμ
¤²Ö ¶μ¸É·μ¥´¨Ö ±¢ ´Éμ¢μ° ³μ¤¥²¨ ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ± ±ÊÕ-²¨¡μ ±² ¸-
¸¨Î¥¸±ÊÕ ³μ¤¥²Ó. �Éμ Ê¡¥¦¤¥´¨¥ ²μ¦´μ, ÎÉμ ³μ¦¥É ¡ÒÉÓ ¶μ± § ´μ ´  ¶·¨³¥·¥
±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¢μ§³μ¦´μ ¸μ§¤ ÉÓ ³μ¤¥²Ó ´¥-
¸±μ²Ó±¨Ì ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥°, ¨³¥ÕÐ¨Ì ± ²¨¡·μ¢μÎ´ÊÕ SU(3)-¸¨³³¥É·¨Õ,
´¥¢μ§³μ¦´μ ¶μ²´μ¸ÉÓÕ ¢μ¸¸É ´μ¢¨ÉÓ Ë¥´μ³¥´μ²μ£¨Õ ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ -
³¨±¨. �·¥¶ÖÉ¸É¢Ê¥É ÔÉμ³Ê ±μ´Ë °´³¥´É ±¢ ·±μ¢ Å ±¢ ´Éμ¢μ¥ Ö¢²¥´¨¥, ´¥
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¨³¥ÕÐ¥¥  ´ ²μ£μ¢ ¢ ±² ¸¸¨Î¥¸±μ° Ë¨§¨±¥ [21, 22]. ˆ§-§  ±μ´Ë °´³¥´É 
±¢ ·±¨ ´¥ ³μ£ÊÉ μ± § ÉÓ¸Ö ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ³ ¸¢μ¡μ¤´μ³ ¸μ¸ÉμÖ´¨¨ ¨
³μ£ÊÉ ²¨ÏÓ Ëμ·³¨·μ¢ ÉÓ ¸¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö, ´ ¶·¨³¥·,  ¤·μ´Ò. �μ ÔÉμ°
¶·¨Î¨´¥ ¢ ·¥¦¨³¥ ´¨§±¨Ì Ô´¥·£¨° ±¢ ·±¨ ´¥ ¸³μ£ÊÉ ¸Ëμ·³¨·μ¢ ÉÓ ±² ¸¸¨Î¥-
¸±μ¥ ±¢ ·±μ¢μ¥ ¶μ²¥,   ¡Ê¤ÊÉ Ëμ·³¨·μ¢ ÉÓ ¸¢Ö§´Ò¥ ¸μ¸ÉμÖ´¨Ö. ‚ ÔÉμ³ ¸³Ò¸²¥
±¢ ´Éμ¢ Ö Ì·μ³μ¤¨´ ³¨±  ´¥ ¨³¥¥É ±² ¸¸¨Î¥¸±μ£μ ¶·¥¤¥² , É ± ± ± ±² ¸¸¨Î¥-
¸±μ¥ (´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥) ¶μ²¥ ±¢ ·±μ¢ ´¥ ³μ¦¥É ·¥ ²¨§μ¢ ÉÓ¸Ö ¢ ¶·¨·μ¤¥.

�´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ³μ¦¥É ·¥ ²¨§μ¢Ò¢ ÉÓ¸Ö ¨ ¢ £· ¢¨É Í¨μ´´μ³ ¸¥±-
Éμ·¥. �μ¤ ¢²ÖÕÐ¥¥ ¡μ²ÓÏ¨´¸É¢μ Ô³¶¨·¨Î¥¸±¨Ì ¤ ´´ÒÌ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö
¸ �’�, μ¤´ ±μ ÔÉμ ´¥ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´Ò³ μ¸´μ¢ ´¨¥³ ¶μ² £ ÉÓ, ÎÉμ ±¢ ´Éμ-
¢ Ö É¥μ·¨Ö £· ¢¨É Í¨¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ·¥§Ê²ÓÉ É ¶·¨³¥´¥´¨Ö ´¥±μ° Ëμ·-
³ ²Ó´μ° ¶·μÍ¥¤Ê·Ò ±¢ ´Éμ¢ ´¨Ö ± �’�. � ¨¡μ²¥¥ ¨§¢¥¸É´Ò³ ¶·¨³¥·μ³ ¶μ-
¤μ¡´μ£μ ¶μ¤Ìμ¤  Ö¢²ÖÕÉ¸Ö ¸É·Ê´´Ò¥ ³μ¤¥²¨. ‚ ¨Ì · ³± Ì ËÊ´¤ ³¥´É ²Ó´μ¥
μ¶¨¸ ´¨¥ ¢¸¥Ì Ë¨§¨Î¥¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ¤ ¥É¸Ö ¢ É¥·³¨´ Ì ¸Ê¶¥·¸É·Ê´ Å
μ¡Ñ¥±Éμ¢, ´¨± ± ´¥ ¸¢Ö§ ´´ÒÌ ´¨ ¸ ±² ¸¸¨Î¥¸±μ° Ë¨§¨±μ°, ´¨ ¸ �’�. ‘ ³ 
¦¥ �’�, ± ± ¸Î¨É ¥É¸Ö, ¢μ§´¨± ¥É ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¢ ¶·¥¤¥²¥ ´¨§±¨Ì
Ô´¥·£¨°. ’ ±¨³ μ¡· §μ³, ´¥É μ¸´μ¢ ´¨Ö ¶μ² £ ÉÓ, ÎÉμ ±μ··¥±É´ Ö ±¢ ´Éμ¢ Ö
É¥μ·¨Ö £· ¢¨É Í¨¨ ¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¤μ²¦´  μ¸´μ¢Ò¢ ÉÓ¸Ö ´  �’�.

‘²¥¤ÊÖ ÔÉμ° ²μ£¨±¥, ´¥μ¡Ìμ¤¨³μ ¢Ò¤¥²ÖÉÓ ¤¢  É¨¶  ±¢ ´Éμ¢ÒÌ ³μ¤¥²¥°
£· ¢¨É Í¨¨. �¥·¢Ò¥, ±μÉμ·Ò³ ¶μ¸¢ÖÐ¥´ ¤ ´´Ò° μ¡§μ·, ¸²¥¤Ê¥É ´ §Ò¢ ÉÓ ±μ´-
¸¥·¢ É¨¢´Ò³¨, É ± ± ± μ´¨ ¨¸Ìμ¤ÖÉ ¨§ ¶·¥¤¶μ²μ¦¥´¨Ö μ Éμ³, ÎÉμ ±¢ ´Éμ¢ Ö
É¥μ·¨Ö £· ¢¨É Í¨¨ ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¨§ �’� (¨²¨ ¤·Ê£μ° ±² ¸¸¨Î¥¸±μ°
³μ¤¥²¨ £· ¢¨É Í¨¨) ¶·¨ ¶μ³μÐ¨ Ëμ·³ ²Ó´μ° ¶·μÍ¥¤Ê·Ò ±¢ ´Éμ¢ ´¨Ö. Œμ-
¤¥²¨ ¤·Ê£μ£μ É¨¶ , ±μÉμ·Ò¥ ²¨ÏÓ Ê¶μ³¨´ ÕÉ¸Ö ¢ ÔÉμ³ μ¡§μ·¥, ¨¸Ìμ¤ÖÉ ¨§ Éμ£μ,
ÎÉμ ±¢ ´Éμ¢ Ö É¥μ·¨Ö £· ¢¨É Í¨¨ ¤μ²¦´  ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ¢ ´  ´  μ¸´μ¢ ´¨¨
¶·¨´Í¨¶¨ ²Ó´μ ´μ¢ÒÌ Ë¨§¨Î¥¸±¨Ì μ¡Ñ¥±Éμ¢. Š ³μ¤¥²Ö³ É ±μ£μ É¨¶  μÉ´μ-
¸ÖÉ¸Ö, ´ ¶·¨³¥·, Ê¶μ³Ö´ÊÉÒ¥ ¢ÒÏ¥ ¸É·Ê´´Ò¥ ³μ¤¥²¨ ¨²¨ ¶¥É²¥¢ Ö ±¢ ´Éμ¢ Ö
£· ¢¨É Í¨Ö. ˆ³¥´´μ ¡ §μ¢Ò¥ ¶·μ¡²¥³Ò ±μ´¸¥·¢ É¨¢´ÒÌ ¶μ¤Ìμ¤μ¢ ¶·¨¢¥²¨
± ¢μ§´¨±´μ¢¥´¨Õ ´¥±μ´¸¥·¢ É¨¢´ÒÌ ³μ¤¥²¥° ¨, ¢ ±μ´¥Î´μ³ ¸Î¥É¥, ± Ëμ·³¨-
·μ¢ ´¨Õ ¸μ¢·¥³¥´´ÒÌ ¢μ§§·¥´¨° ´  ¶·μ¡²¥³Ò ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨.

‘ÊÐ¥¸É¢Ê¥É ¤¢  ¶·μ¸É¥°Ï¨Ì ±μ´¸¥·¢ É¨¢´ÒÌ ¸¶μ¸μ¡  ¸μ§¤ ´¨Ö ±¢ ´Éμ¢ÒÌ
¶μ²¥¢ÒÌ ³μ¤¥²¥°. �¥·¢Ò° ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¶¥·ÉÊ·¡ É¨¢´Ò³ ±¢ ´Éμ¢ ´¨¥³
¨ ¢ ¥£μ μ¸´μ¢Ê ¶μ²μ¦¨³ É¥Ì´¨±Ê ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ² . ‚Éμ·μ° ¶μ¤Ìμ¤
³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ± ´μ´¨Î¥¸±¨³ ¨ ¢ ¥£μ · ³± Ì ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ  ²£¥-
¡· ¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³, ¤ ´´μ¥ Î¥·¥§  ²£¥¡·Ê μ¶¥· Éμ·μ¢ ¨
¸¢μ°¸É¢  ¶·μ¸É· ´¸É¢  ¸μ¸ÉμÖ´¨°. �É¨ ¶μ¤Ìμ¤Ò μ¸´μ¢Ò¢ ÕÉ¸Ö ´  ³¨´¨³ ²Ó-
´μ³ Î¨¸²¥ ¶·¥¤¶μ²μ¦¥´¨° ¨ ¶·¥¤μ¸É ¢²ÖÕÉ ¶·μ¸ÉÒ¥  ²£μ·¨É³Ò ¤²Ö ¸μ§¤ ´¨Ö
±¢ ´Éμ¢ÒÌ ³μ¤¥²¥° ¶μ ±² ¸¸¨Î¥¸±¨³  ´ ²μ£ ³. Š·μ³¥ Éμ£μ, μ´¨ μÉ· ¦ ÕÉ
¤¢¥ ±μ³¶²¥³¥´É ·´Ò¥ É¥´¤¥´Í¨¨ ¢ · §¢¨É¨¨ ¶·¥¤¸É ¢²¥´¨° μ ±¢ ´Éμ¢μ° £· -
¢¨É Í¨¨.

‘ÊÉÓ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤  § ±²ÕÎ ¥É¸Ö ¢ ¸μ§¤ ´¨¨ ±¢ ´Éμ¢μ° É¥μ-
·¨¨ ³ ²ÒÌ ¢μ§³ÊÐ¥´¨° Ëμ´μ¢ÒÌ Ë¨§¨Î¥¸±¨Ì ¶μ²¥°. �ÉμÉ ¶μ¤Ìμ¤ ¶μ²ÊÎ¨²
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´ ¨¡μ²ÓÏ¥¥ · ¸¶·μ¸É· ´¥´¨¥ ¢ ¸μ¢·¥³¥´´μ° Ë¨§¨±¥ ¨§-§  ¶·μ¸ÉμÉÒ ¶·¨³¥-
´¥´¨Ö ± ¶·¨±² ¤´Ò³ § ¤ Î ³. �¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤ Ëμ·³Ê²¨·Ê¥É¸Ö ¶·¨
¶μ³μÐ¨ É¥Ì´¨±¨ ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ²  ¨ ¨¸¶μ²Ó§Ê¥É ³¥Éμ¤ ±¢ ´Éμ¢ -
´¨Ö ¢μ ¢´¥Ï´¥³ ¶μ²¥ [23Ä33].

Š¢ ´Éμ¢ ´¨¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸μ£² ¸´μ ¸²¥¤ÊÕÐ¥³Ê  ²£μ·¨É³Ê. �·¥¦¤¥
¢¸¥£μ, § ¤ ¥É¸Ö ´ ¡μ· Ë¨§¨Î¥¸±¨Ì ¶μ²¥° {Ψ} ¨ ËÊ´¤ ³¥´É ²Ó´μ¥ (³¨±·μ¸±μ-
¶¨Î¥¸±μ¥) ¤¥°¸É¢¨¥ A[Ψ], μ¶·¥¤¥²ÖÕÐ¥¥ ¤¨´ ³¨±Ê ¢¸¥° ¸¨¸É¥³Ò. Š ¦¤μ¥
Ë¨§¨Î¥¸±μ¥ ¶μ²¥ · §¡¨¢ ¥É¸Ö ´  ¤¢¥ Î ¸É¨: μ¤´  μ¶¨¸Ò¢ ¥É Ëμ´μ¢ÊÕ ¸É·Ê±-
ÉÊ·Ê ¶μ²Ö Ψ, ¤·Ê£ Ö Å ³ ²Ò¥ ¢μ§³ÊÐ¥´¨Ö ÔÉμ£μ Ëμ´  ψ. � ±μ´¥Í, § ¤ ¥É¸Ö
£¥´¥·¨·ÊÕÐ¨° ËÊ´±Í¨μ´ ² ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò (¶·¨¢μ¤¨³Ò° §¤¥¸Ó ¸ ÉμÎ´μ-
¸ÉÓÕ ¤μ ¡¥¸±μ´¥Î´μ£μ ´μ·³¨·ÊÕÐ¥£μ ³´μ¦¨É¥²Ö):

Z[ Ψ ] def=
∫

D[ψ] exp
[
iA

[
Ψ + ψ

]]
=

=
∫

D[ψ] exp

[
iA[Ψ] + i

δA[ Ψ ]

δΨ
ψ + i

δ2A[ Ψ ]

δΨ
2 ψ2 + O(ψ3)

]
. (2)

‚¸Ö ¨´Ëμ·³ Í¨Ö μ ¶μ¢¥¤¥´¨¨ Ë¨§¨Î¥¸±μ° ¸¨¸É¥³Ò ¸μ¤¥·¦¨É¸Ö ¢ ÔÉμ³ £¥´¥-
·¨·ÊÕÐ¥³ ËÊ´±Í¨μ´ ²¥. �μ²ÊÎ¨ÉÓ ¥¥ ³μ¦´μ ¶·¨ ¶μ³μÐ¨ ¢ÒÎ¨¸²¥´¨Ö ³´μ-
£μÎ ¸É¨Î´ÒÌ ËÊ´±Í¨°, ¸²¥¤ÊÖ ¸É ´¤ ·É´μ³Ê  ²£μ·¨É³Ê [26,27,34].

”μ´μ¢ Ö Î ¸ÉÓ ¶μ²¥° Ψ μ¶¨¸Ò¢ ¥É ³ ±·μ¸±μ¶¨Î¥¸±μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò,
¢ ±μÉμ·μ³ · ¸¶·μ¸É· ´ÖÕÉ¸Ö ³ ²Ò¥ ±¢ ´Éμ¢Ò¥ Ë²Ê±ÉÊ Í¨¨ ψ. …¸²¨ Ëμ´ Ψ
¢ μÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¨Ì ¨¸ÉμÎ´¨±μ¢ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥-
´¨° ¶μ²Ö, É. ¥. ¤μ¸É ¢²Ö¥É ³¨´¨³Ê³ ³¨±·μ¸±μ¶¨Î¥¸±μ³Ê ¤¥°¸É¢¨Õ, Éμ ¥£μ ¸²¥-
¤Ê¥É ¨´É¥·¶·¥É¨·μ¢ ÉÓ ± ± μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ¶μ²¥° ¤ ´´μ° ³μ¤¥²¨. …£μ ¢μ§-
³ÊÐ¥´¨Ö ¤μ²¦´Ò ¡ÒÉÓ ¨´É¥·¶·¥É¨·μ¢ ´Ò ± ± ËÊ´¤ ³¥´É ²Ó´Ò¥ ¢μ§³ÊÐ¥´¨Ö
μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¶μ²¥°, É. ¥. ± ± ËÊ´¤ ³¥´É ²Ó´Ò¥ Î ¸É¨ÍÒ-¶¥·¥´μ¸Î¨±¨
¶μ²Ö. �¤´ ±μ ¥¸²¨ Ëμ´ Ψ ¥¸ÉÓ ·¥Ï¥´¨¥ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¢ ¶·¨¸ÊÉ-
¸É¢¨¨ ¢´¥Ï´¨Ì ¨¸ÉμÎ´¨±μ¢, Éμ ¥£μ ¸²¥¤Ê¥É ¨´É¥·¶·¥É¨·μ¢ ÉÓ ± ± ±μ´Ë¨£Ê· -
Í¨Õ ¶μ²Ö, · ¢´μ¢¥¸´ÊÕ ¸μ ¢´¥Ï´¨³¨ ¨¸ÉμÎ´¨± ³¨. ‚ É ±μ³ ¸²ÊÎ ¥ ¢μ§³ÊÐ¥-
´¨Ö ¶μ²Ö ¡Ê¤ÊÉ μ¶¨¸Ò¢ ÉÓ ¢μ§³ÊÐ¥´¨Ö ÔÉμ° · ¢´μ¢¥¸´μ° ±μ´Ë¨£Ê· Í¨¨ ¶μ²Ö
¨ ¤μ²¦´Ò ¡ÒÉÓ ¨´É¥·¶·¥É¨·μ¢ ´Ò, ¸±μ·¥¥, ± ± ±¢ §¨Î ¸É¨ÍÒ, ¢μ§´¨± ÕÐ¨¥
¢ ¸·¥¤¥, ¶μ²Ö·¨§μ¢ ´´μ° ¢´¥Ï´¨³¨ ¨¸ÉμÎ´¨± ³¨. ’ ±μ° ¶μ¤Ìμ¤ ¶μ§¢μ²Ö¥É
¨§ÊÎ ÉÓ ±¢ ´Éμ¢Ò¥ ¸¨¸É¥³Ò ¢μ ¢´¥Ï´¨Ì ±² ¸¸¨Î¥¸±¨Ì ¶μ²ÖÌ, ´ ¶·¨³¥·, Ô²¥±-
É·μ³ £´¨É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´μ¢ ¢ ¶μ²¥ Ö¤·   Éμ³  ¢μ¤μ·μ¤  [35],
¨²¨ ¢ ¶μ²¥ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ É¢¥·¤μ£μ É¥²  [36]. �´ ²μ£¨Î´μ ³μ¦´μ
¶μ¸É ¢¨ÉÓ § ¤ ÎÊ μ¡ ¨§ÊÎ¥´¨¨ ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ ´  ´¥É·¨¢¨ ²Ó´μ³
Ëμ´¥ [37, 38]. �μ¤Î¥·±´¥³ μÉ¤¥²Ó´μ, ÎÉμ ¶·¨ ¶¥·ÉÊ·¡ É¨¢´μ³ ±¢ ´Éμ¢ ´¨¨
Ëμ´μ¢μ¥ ¶μ²¥ Ψ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢´¥Ï´¨° Ë ±Éμ·, ´¥ § ¢¨¸ÖÐ¨° μÉ ¤¨-
´ ³¨±¨ ¸ ³μ° ¸¨¸É¥³Ò. �¡¸Ê¦¤¥´¨¥ μ¡· É´μ° ·¥ ±Í¨¨ ±² ¸¸¨Î¥¸±μ£μ Ëμ´ ,
¢Ò§¢ ´´μ° ¤¨´ ³¨±μ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò, É·¥¡Ê¥É μ¸μ¡μ£μ ¨§ÊÎ¥´¨Ö ¨ ¢ÒÌμ-
¤¨É §  · ³±¨ ÔÉμ£μ μ¡§μ· .
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�ÉÊ ²μ£¨±Ê ¶·μÐ¥ ¢¸¥£μ ¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ ´  ¶·¨³¥·¥ Ô²¥±É·μ¤¨´ -
³¨±¨. �·¨ ¶μ¸É·μ¥´¨¨ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ ´  Ëμ´¥ ¶Ê¸Éμ£μ ¶·μ-
¸É· ´¸É¢ -¢·¥³¥´¨ ³Ò ¨´É¥·¶·¥É¨·Ê¥³ ³ ²Ò¥ ±¢ ´Éμ¢Ò¥ ¢μ§³ÊÐ¥´¨Ö Ô²¥±-
É·μ³ £´¨É´μ£μ ¶μ²Ö ± ± ËμÉμ´Ò, ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³¨ Î -
¸É¨Í ³¨. ˆ§-§  ²¨´¥°´μ° ¶·¨·μ¤Ò Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ³Ò ³μ¦¥³ ¶·¨-
³¥´¨ÉÓ ÉμÎ´μ É ±ÊÕ ¦¥ ¨´É¥·¶·¥É Í¨Õ ¨ ± Ô²¥±É·μ¤¨´ ³¨±¥ ¢μ ¢´¥Ï´¥³
¶μ²¥. � ¶·¨³¥·, ¶·¨ ¨§ÊÎ¥´¨¨ Ô²¥±É·μ¤¨´ ³¨±¨ ¢ ¶μ²¥ Ö¤·   Éμ³  ¢μ¤μ·μ¤ 
³Ò É ±¦¥ ¨´É¥·¶·¥É¨·Ê¥³ ¢μ§³ÊÐ¥´¨Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ± ± ËμÉμ´Ò.
‚ É¥μ·¨ÖÌ ¦¥ ¸ ´¥²¨´¥°´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ É ± Ö ¨´É¥·¶·¥É Í¨Ö ´¥¶·¨-
³¥´¨³ . � ¶·¨³¥·, ¢ · ³± Ì ±¢ ´Éμ¢μ° É¥μ·¨¨ Ô²¥±É·μ´μ¢ ¢ É¢¥·¤μ³ É¥²¥
´¥¢μ§³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ¢¸¥ ¢μ§³ÊÐ¥´¨Ö ¶μ²Ö Ô²¥±É·μ´μ¢ ± ± ËÊ´¤ -
³¥´É ²Ó´Ò¥ Î ¸É¨ÍÒ. � ¨³¥´´μ, ³μ¦´μ ¢¢¥¸É¨ ¸μ¸ÉμÖ´¨Ö ¢μ§³ÊÐ¥´¨Ö ¶μ²Ö
Ô²¥±É·μ´μ¢, ´ §Ò¢ ¥³Ò¥ ®¤Ò·± ³¨¯, ±μÉμ·Ò¥ ´¥ Ö¢²ÖÕÉ¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³¨
Î ¸É¨Í ³¨. �´ ²μ£¨Î´μ ³μ¦´μ ¢¢¥¸É¨ ¸μ¸ÉμÖ´¨Ö ¢μ§³ÊÐ¥´¨Ö ·¥Ï¥É±¨ É¢¥·-
¤μ£μ É¥² , ´ §Ò¢ ¥³Ò¥ ®Ëμ´μ´ ³¨¯, ±μÉμ·Ò¥ É ±¦¥ ´¥²Ó§Ö ¸Î¨É ÉÓ ËÊ´¤ ³¥´-
É ²Ó´Ò³¨ Î ¸É¨Í ³¨ [36].

Š ´μ´¨Î¥¸±¨° ¶μ¤Ìμ¤ ± ±¢ ´Éμ¢μ° É¥μ·¨¨ μ¸´μ¢Ò¢ ¥É¸Ö ´  ¨§ÊÎ¥´¨¨  ²-
£¥¡·Ò μ¶¥· Éμ·μ¢, ¶μ¸É·μ¥´´μ° ¶μ  ²£¥¡·¥ �Ê ¸¸μ´  ±² ¸¸¨Î¥¸±μ° ¸¨¸É¥³Ò
[39Ä41]. Š¢ ´Éμ¢ Ö É¥μ·¨Ö μ¶¨¸Ò¢ ¥É Ë¨§¨Î¥¸±¨¥ ¸¨¸É¥³Ò ¢ É¥·³¨´ Ì ¸μ¸Éμ-
Ö´¨° |state〉 ¨ μ¶¥· Éμ·μ¢ Ψ̂, ¶μ¤Î¨´¥´´ÒÌ  ²£¥¡·¥, μ¡· §μ¢ ´´μ° ±μ³³ÊÉ -
Éμ· ³¨ [·, ·]. ‚ ¶μ²´μ° ³¥·¥ μ¶¨¸ ÉÓ ±¢ ´Éμ¢ÊÕ ¸¨¸É¥³Ê ³μ¦´μ, ¥¸²¨ § ¤ ÉÓ
μ¶¥· Éμ· ƒ ³¨²ÓÉμ´  Ĥ , ¸μμÉ¢¥É¸É¢ÊÕÐ¨° £¥´¥· Éμ·Ê ¸¤¢¨£  ¶μ ¢·¥³¥´¨, É ±
ÎÉμ ¤²Ö ²Õ¡μ£μ μ¶¥· Éμ·  F̂ ¡Ê¤¥É ¢Ò¶μ²´ÖÉÓ¸Ö Ê· ¢´¥´¨¥ ƒ¥°§¥´¡¥·£ 

i
∂

∂t
F̂ = [Ĥ, F̂ ]. (3)

“· ¢´¥´¨¥ ƒ¥°§¥´¡¥·£  ¶μ§¢μ²Ö¥É ¢¢¥¸É¨ μ¶¥· Éμ· Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò Ŝ(t, t′)
(¨²¨ S-³ É·¨ÍÊ), Ê¤μ¢²¥É¢μ·ÖÕÐ¨° Ê· ¢´¥´¨Õ ƒ¥°§¥´¡¥·£  ¶μ ¶¥·¢μ° ¶¥·¥-
³¥´´μ°

i
∂

∂t
Ŝ(t − t′) = [Ĥ(t), Ŝ(t − t′)]. (4)

‚ É ±μ³ ¶μ¤Ìμ¤¥, ÎÉμ¡Ò ¶μ²´μ¸ÉÓÕ μ¶¨¸ ÉÓ Ë¨§¨Î¥¸±ÊÕ ¸¨¸É¥³Ê, ´¥μ¡Ìμ¤¨³μ
§ ¤ ÉÓ  ²£¥¡·Ê μ¶¥· Éμ·μ¢ ¨ ²¨¡μ μ¶¥· Éμ· ƒ ³¨²ÓÉμ´ , ²¨¡μ μ¶¥· Éμ· Ô¢μ-
²ÕÍ¨¨. �ÉμÉ ³¥Éμ¤ ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´ ¤²Ö ·¥Ï¥´¨Ö ¶· ±É¨Î¥¸±¨Ì § ¤ Î,
¥¸²¨ μ¶·¥¤¥²¨ÉÓ μ¶¥· Éμ· Ô¢μ²ÕÍ¨¨ Î¥·¥§ ¶²μÉ´μ¸ÉÓ ² £· ´¦¨ ´ :

Ŝ(t, t′) def= exp

⎡⎣ i

t∫
t′

dt

∫
d3V L̂

⎤⎦ . (5)

‡¤¥¸Ó dV Å ¨´¢ ·¨ ´É´Ò° Ô²¥³¥´É μ¡Ñ¥³ ,   L̂ Å ¶²μÉ´μ¸ÉÓ ² £· ´¦¨ ´ ,
μ¶·¥¤¥²¥´´ Ö Î¥·¥§ ±¢ ´Éμ¢Ò¥ μ¶¥· Éμ·Ò.
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�μ¤Î¥·±´¥³, ÎÉμ ¢ · ³± Ì ÔÉμ£μ ¶μ¤Ìμ¤  ´¥É ´¥μ¡Ìμ¤¨³μ¸É¨ ´¨ ¢¢μ¤¨ÉÓ
Ëμ´, ¶μ μÉ´μÏ¥´¨Õ ± ±μÉμ·μ³Ê ¡Ê¤ÊÉ μ¶·¥¤¥²¥´Ò ³ ²Ò¥ ¢μ§³ÊÐ¥´¨Ö, ´¨
Ê¸É ´ ¢²¨¢ ÉÓ ± ±μ° ¡Ò Éμ ´¨ ¡Ò²μ ³ ²Ò° ¶ · ³¥É·. 	μ²¥¥ Éμ£μ, μ¶¥· Éμ·Ò
·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¸μ¸ÉμÖ´¨° (¢´¥ § ¢¨¸¨³μ¸É¨ μÉ Éμ£μ, μ¶¨¸Ò¢ ÕÉ ÔÉ¨
¸μ¸ÉμÖ´¨Ö Î ¸É¨ÍÒ ¨²¨ ±¢ §¨Î ¸É¨ÍÒ) ´¥ μ£· ´¨Î¥´Ò ³ ²Ò³¨ ¢μ§³ÊÐ¥´¨Ö³¨.
�¥μ¡Ìμ¤¨³μ¸ÉÓ μ£· ´¨Î¨ÉÓ¸Ö ²¨ÏÓ ³ ²Ò³¨ ¢μ§³ÊÐ¥´¨Ö³¨ ¸¢Ö§ ´  ¸ ³ É¥³ -
É¨Î¥¸±¨³¨ ¸¢μ°¸É¢ ³¨ ·Ö¤μ³ μ¶¥· Éμ·μ¢. �¶¥· Éμ· Ô¢μ²ÕÍ¨¨ É· ¤¨Í¨μ´´μ
μ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ ¡¥¸±μ´¥Î´Ò° ·Ö¤ μ¶¥· Éμ·μ¢. „²Ö Éμ£μ ÎÉμ¡Ò ÔÉμ Ëμ·-
³ ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¸Ìμ¤¨²μ¸Ó, ´¥μ¡Ìμ¤¨³μ ¢¢μ¤¨ÉÓ μ£· ´¨Î¥´¨Ö ´  μ¶¥· -
Éμ·Ò ¢§ ¨³μ¤¥°¸É¢¨Ö, ÎÉμ Ë¨§¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´μ ¨§ÊÎ¥´¨Õ ²¨ÏÓ ³ ²ÒÌ
¢μ§³ÊÐ¥´¨° ¨ ¢μ§¢· Ð ¥É ´ ¸ ± ¶¥·ÉÊ·¡ É¨¢´μ³Ê μ¶¨¸ ´¨Õ. �¤´ ±μ ÔÉμ
μ£· ´¨Î¥´¨¥ ´¨± ± ´¥ ¸¢Ö§ ´μ ´¨ ¸ ¸ ³¨³ ³¥Éμ¤μ³, ´¨ ¸ ¥£μ Ë¨§¨Î¥¸±¨³
¸μ¤¥·¦ ´¨¥³,   ¸¢Ö§ ´μ ²¨ÏÓ ¸ ³ É¥³ É¨Î¥¸±¨³¨ É·¥¡μ¢ ´¨Ö³¨, μ¡¥¸¶¥Î¨-
¢ ÕÐ¨³¨ Ëμ·³ ²Ó´ÊÕ ¸Ìμ¤¨³μ¸ÉÓ ·Ö¤μ¢.

Š ´μ´¨Î¥¸±¨° ¶μ¤Ìμ¤ ± ±¢ ´Éμ¢ ´¨Õ £· ¢¨É Í¨¨ ¶·¨¢μ¤¨É ± ·Ö¤Ê ¸¶¥-
Í¨Ë¨Î¥¸±¨Ì ¶·μ¡²¥³. ‚ μÉ²¨Î¨¥ μÉ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤ , μ¸²μ¦´¥´¨Ö
¢μ§´¨± ÕÉ, ± ± Éμ²Ó±μ ³Ò ¶ÒÉ ¥³¸Ö ¶·¨³¥´¨ÉÓ ³¥Éμ¤ ± ´μ´¨Î¥¸±μ£μ ±¢ ´Éμ-
¢ ´¨Ö. ’¥μ·¨Ö £· ¢¨É Í¨¨ Ö¢²Ö¥É¸Ö ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¥°, ¢ ±μÉμ·μ° ·μ²Ó
± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¨£· ¥É ¸³¥´  ±μμ·¤¨´ É [42]. �μÔÉμ³Ê  ´ -
²μ£¨Î´μ ¤·Ê£¨³ ± ²¨¡·μ¢μÎ´Ò³ ¸¨¸É¥³ ³ É¥μ·¨Ö £· ¢¨É Í¨¨ μ¶¨¸Ò¢ ¥É ¤¨-
´ ³¨Î¥¸±ÊÕ ¸¨¸É¥³Ê ¸μ ¸¢Ö§Ö³¨ [43Ä45]. � ²¨Î¨¥ ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨
¶·¨¢μ¤¨É ± ¸²μ¦´μ¸É¨ μ¶¨¸ ´¨Ö ¶·μ¸É· ´¸É¢  Ë¨§¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨° É¥μ·¨¨,
É ± ± ± ¡ §¨¸, ¶μ¸É·μ¥´´Ò° ´  ¸μ¡¸É¢¥´´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ μ¶¥· Éμ·  ¶μ²Ö, ¶¥-
·¥μ¶·¥¤¥²¥´. �É¤¥²Ó´ÊÕ ËÊ´¤ ³¥´É ²Ó´ÊÕ ¶·μ¡²¥³Ê ¶·¥¤¸É ¢²Ö¥É ¢¢¥¤¥´¨¥
¢·¥³¥´¨ ¢ ± ´μ´¨Î¥¸±ÊÕ É¥μ·¨Õ £· ¢¨É Í¨¨, É ± ± ± ¸μ£² ¸´μ ´ Ï¨³ ¶·¥¤-
¸É ¢²¥´¨Ö³ ¢·¥³Ö ´¥ ³μ¦¥É ¡ÒÉÓ ¶ · ³¥É·μ³ Ô¢μ²ÕÍ¨¨, ¢´¥Ï´¨³ ¶μ μÉ´μ-
Ï¥´¨Õ ± ¸¨¸É¥³¥,   ¤μ²¦´μ ¢μ§´¨± ÉÓ ¤¨´ ³¨Î¥¸±¨ [46]. � ±μ´¥Í, ´ ¨¡μ²¥¥
¶·μ¸Éμ° ¶μ¤Ìμ¤ ± ± ´μ´¨Î¥¸±μ³Ê ±¢ ´Éμ¢ ´¨Õ £· ¢¨É Í¨¨ ¨³¥¥É É¥Ì´¨Î¥¸±¨¥
¶·μ¡²¥³Ò, ¸¢Ö§ ´´Ò¥ ¸ É¥³, ÎÉμ Ê· ¢´¥´¨¥ “¨²¥·  Ä ¤¥ ‚¨ÉÉ  Å  ´ ²μ£ Ê· ¢-
´¥´¨Ö ˜·¥¤¨´£¥·  Å ¨³¥¥É ¶·μ¸É· ´¸É¢μ ·¥Ï¥´¨°, ´  ±μÉμ·μ³ ´¥²Ó§Ö ¢¢¥¸É¨
¶μ²μ¦¨É¥²Ó´ÊÕ ´μ·³Ê. ‘μ¢μ±Ê¶´μ¸ÉÓ ÔÉ¨Ì Ë ±Éμ·μ¢ ´¥ ¶μ§¢μ²Ö¥É ¶·¨§´ ÉÓ
¶·¨¥³²¥³Ò³ ¸μ¢·¥³¥´´Ò° ± ´μ´¨Î¥¸±¨° ¶μ¤Ìμ¤ ± ±¢ ´Éμ¢ ´¨Õ £· ¢¨É Í¨¨.

’ ±¨³ μ¡· §μ³, ¤¢  ´ ¨¡μ²¥¥ ¶·μ¸ÉÒÌ ¶μ¤Ìμ¤  ± ±¢ ´Éμ¢μ³Ê μ¶¨¸ ´¨Õ
£· ¢¨É Í¨¨ ¸μ¤¥·¦ É ·Ö¤ ´¥¤μ¸É É±μ¢. Š ± ³Ò ¶μ± ¦¥³ ¤ ²¥¥, ´¥¤μ¸É É±¨
ÔÉ¨Ì ³¥Éμ¤μ¢ Ö¢²ÖÕÉ¸Ö ±·¨É¨Î¥¸±¨ ¢ ¦´Ò³¨ ¨ ´¥ ¶μ§¢μ²ÖÕÉ ¶μ¸É·μ¨ÉÓ ±¢ ´-
Éμ¢ÊÕ É¥μ·¨Õ £· ¢¨É Í¨¨ ¨³¥ÕÐ¨³¨¸Ö ¸É ´¤ ·É´Ò³¨ ³¥Éμ¤ ³¨.

2. �…�’“���’ˆ‚��… Š‚��’�‚��ˆ… ƒ��‚ˆ’�–ˆˆ

	Ê¤¥³ ¸²¥¤μ¢ ÉÓ ¶·μ£· ³³¥ ¶¥·ÉÊ·¡ É¨¢´μ£μ ±¢ ´Éμ¢ ´¨Ö, ¶·¨¢¥¤¥´´μ°
¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¨ ¶μ¸É·μ¨³ ¶¥·ÉÊ·¡ É¨¢´ÊÕ ±¢ ´Éμ¢ÊÕ �’�. � ¸¸³μ-
É·¨³ ¢μ§³ÊÐ¥´¨Ö ³¥É·¨±¨ hμν ´ ¤ Ëμ´μ¢Ò³ ¶·μ¸É· ´¸É¢μ³-¢·¥³¥´¥³ ḡμν .



	�‡�‚›… ���	‹…Œ› Š��‘…�‚�’ˆ‚�›• ��„•�„�‚ 991

Œ¥É·¨±Ê, μ¶¨¸Ò¢ ÕÐÊÕ ¸μ¢μ±Ê¶´μ¸ÉÓ Ëμ´  ¨ ¢μ§³ÊÐ¥´¨°, § ¤ ¤¨³ ¸²¥¤ÊÕ-
Ð¥° Ëμ·³Ê²μ°:

gμν = ḡμν + κhμν . (6)

� §³¥·´ Ö ±μ´¸É ´É  κ μ¶·¥¤¥²¥´  Î¥·¥§ ¶μ¸ÉμÖ´´ÊÕ �ÓÕÉμ´ :

κ2 = 32πG. (7)

�μ¤Î¥·±´¥³, ÎÉμ ¢Ò· ¦¥´¨¥ (6) ´¥ Ö¢²Ö¥É¸Ö · §²μ¦¥´¨¥³ ¢ ·Ö¤ ¨ ¤ ¥É ÉμÎ´ÊÕ
¸¢Ö§Ó ³¥¦¤Ê ¶μ²´μ° ³¥É·¨±μ° gμν ¨ ¢μ§³ÊÐ¥´¨Ö³¨ hμν .

‚Ò· ¦¥´¨¥ ¤²Ö μ¡· É´μ° ³¥É·¨±¨ ¤ ´μ ²¨ÏÓ ¢ ¢¨¤¥ Ëμ·³ ²Ó´μ£μ ·Ö¤ :

gμν = ḡμν +
∞∑

n=1

(−κ)n(hn)μν = ḡμν − κhμν + κ2hμσh ν
σ + . . . (8)

‘²¥¤ÊÖ Ëμ·³ ²Ó´Ò³ ¶· ¢¨² ³ Ê³´μ¦¥´¨Ö ³ É·¨Í ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ (8)
¤¥°¸É¢¨É¥²Ó´μ ¨£· ¥É ·μ²Ó μ¡· É´μ° ³¥É·¨±¨:

(ḡμσ + κhμσ)

[
ḡσν +

∞∑
n=1

(−κ)n(hn)μν

]
= δν

μ. (9)

’¥³ ´¥ ³¥´¥¥ ¤²Ö Éμ£μ, ÎÉμ¡Ò ¢Ò· ¦¥´¨¥ (8) ¸Ìμ¤¨²μ¸Ó ± ± ¸É¥¶¥´´μ° ·Ö¤,
´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò ¢μ§³ÊÐ¥´¨Ö hμν ¡Ò²¨ ¤μ¸É ÉμÎ´μ ³ ²Ò μÉ´μ¸¨É¥²Ó´μ
κ−1. �  Ë¨§¨Î¥¸±μ³ Ê·μ¢´¥ ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É Éμ³Ê, ÎÉμ ³Ò · ¸¸³ É·¨¢ ¥³
¸² ¡μ ¢μ§³ÊÐ¥´´μ¥ £· ¢¨É Í¨μ´´μ¥ ¶μ²¥, ÎÓ¨ ¢μ§³ÊÐ¥´¨Ö ³ ²Ò ¶μ ¸· ¢´¥´¨Õ
¸ ³ ¸¸μ° �² ´± . ‚ ¶μ²´μ³ ¸μ£² ¸¨¨ ¸ ²μ£¨±μ°, ¶·¨¢¥¤¥´´μ° ¢ · §¤. 1, ÔÉμÉ
Ëμ·³ ²¨§³ ¤ ¥É ¶¥·ÉÊ·¡ É¨¢´μ¥ μ¶¨¸ ´¨¥ ¸² ¡μ£μ £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö, ´μ
´¥ ¶·¨³¥´¨³ ¤²Ö ¸¨²Ó´ÒÌ ¶μ²¥°.

ˆ¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ê (6), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì £¥μ³¥É·¨-
Î¥¸±¨Ì ¢¥²¨Î¨´ ¢ ²Õ¡μ³ ¶μ·Ö¤±¥ ¶μ hμν , ´ ¡μ· ´Ê¦´ÒÌ Ëμ·³Ê² ¶·¨¢¥¤¥´
¢ ¶·¨²μ¦¥´¨¨ 1. ŒÒ ¨¸¶μ²Ó§Ê¥³ μ¡μ§´ Î¥´¨Ö ¨§ · ¡μÉÒ [47]. ”μ´μ¢Ò¥ ¢¥-
²¨Î¨´Ò ³Ò ¡Ê¤¥³ ¶μ³¥Î ÉÓ Î¥·Éμ° ´ ¤ ¸¨³¢μ²μ³. ‚¥²¨Î¨´Ò ¶¥·¢μ£μ ¶μ·Ö¤± 
¶μ hμν ¡Ê¤¥³ μ¡μ§´ Î ÉÓ μ¤¨´ ·´Ò³ ¶μ¤Î¥·±¨¢ ´¨¥³; ¢¥²¨Î¨´Ò ¢Éμ·μ£μ ¶μ-
·Ö¤±  Å ¤¢μ°´Ò³ ¶μ¤Î¥·±¨¢ ´¨¥³. ’ ±¨³ μ¡· §μ³, ¢ ´ Ï¨Ì μ¡μ§´ Î¥´¨ÖÌ
ḡμν ¥¸ÉÓ Ëμ´μ¢ Ö ³¥É·¨± ; gμν = −κhμν , ¥¸²¨ Î ¸ÉÓ gμν ²¨´¥°´ Ö ¶μ hμν ;
  É ±¦¥ gμν = κ2hμσh ν

σ . ‚¸¥ ³ ´¨¶Ê²ÖÍ¨¨ ¸ ¨´¤¥±¸ ³¨ ¶·μ¨§¢μ¤ÖÉ¸Ö ¶·¨

¶μ³μÐ¨ Ëμ´μ¢μ° ³¥É·¨±¨ ḡμν .
”¨§¨Î¥¸±¨° ¸³Ò¸² ÔÉ¨Ì ¤¥°¸É¢¨° ¸μ¸Éμ¨É ¢ ¸²¥¤ÊÕÐ¥³. ‚ É· ¤¨Í¨μ´´μ°

Ëμ·³Ê²¨·μ¢±¥ �’� ¤¨´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ°, μ¶¨¸Ò¢ ÕÐ¥° £· ¢¨É Í¨μ´-
´μ¥ ¶μ²¥, ¸²Ê¦¨É ³¥É·¨±  gμν . ‚ ¤ ´´μ³ ¶μ¤Ìμ¤¥ ¤¨´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ°
¸²Ê¦¨É ³ É·¨Í  ¢μ§³ÊÐ¥´¨° Ëμ´μ¢μ£μ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨ hμν . ‘É·μ£μ
£μ¢μ·Ö, ÔÉμÉ Ëμ·³ ²¨§³ ¶·¥¤¸É ¢²Ö¥É �’� ± ± É¥μ·¨Õ ¶μ²Ö ¸¨³³¥É·¨Î´μ£μ
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É¥´§μ·  ¢Éμ·μ£μ · ´£  ´ ¤ ¨¸±·¨¢²¥´´Ò³ ¶·μ¸É· ´¸É¢μ³-¢·¥³¥´¥³ ¸ ³¥É·¨±μ°
ḡμν . ’¥³ ¸ ³Ò³ ³Ò ¶¥·¥Ï²¨ μÉ £¥μ³¥É·¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö, ¤ ´´μ£μ ¢ É¥·³¨-
´ Ì ¨¸±·¨¢²¥´´μ° £¥μ³¥É·¨¨, ± ¶μ²¥¢μ³Ê, ¤ ´´μ³Ê ¢ É¥·³¨´ Ì Ë¨§¨Î¥¸±¨Ì
¶μ²¥° ´ ¤ Ëμ´μ¢Ò³ ¶·μ¸É· ´¸É¢μ³-¢·¥³¥´¥³. ’ ±μ° ¶¥·¥Ìμ¤ μ¶· ¢¤ ´ ¨ ´¥
¶·μÉ¨¢μ·¥Î¨É ¡ §μ¢Ò³ ¶μ¸ÉÊ² É ³ �’�, É ± ± ± μ¡  ¸¶μ¸μ¡  μ¶¨¸ ´¨Ö, ¸²¥¤ÊÖ
�°´ÏÉ¥°´Ê, Ô±¢¨¢ ²¥´É´Ò, É. ¥. μ¶¨¸Ò¢ ÕÉ μ¤´Ê ¨ ÉÊ ¦¥ Ë¨§¨Î¥¸±ÊÕ ± ·É¨´Ê
³¨·  · §´Ò³¨ ¸¶μ¸μ¡ ³¨. �¤´ ±μ, ¢ μÉ²¨Î¨¥ μÉ £¥μ³¥É·¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö,
¶μ²¥¢μ¥ μ¶¨¸ ´¨¥ ²¥£Î¥ ¶μ¤¤ ¥É¸Ö ±¢ ´Éμ¢ ´¨Õ.

�·¨ ¶μ³μÐ¨ ÔÉμ£μ Ëμ·³ ²¨§³  ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μ¶¨¸ ´¨¥ ¤¨´ ³¨±¨ ³ -
²ÒÌ ³¥É·¨Î¥¸±¨Ì ¢μ§³ÊÐ¥´¨° ¢ ²Õ¡μ° ³μ¤¥²¨ £· ¢¨É Í¨¨. ‚ ÔÉμ³ · §¤¥²¥ ³Ò
μ£· ´¨Î¨³¸Ö �’� ± ± ´ ¨¡μ²¥¥ ·¥²¥¢ ´É´μ° É¥μ·¨¥°. ‚ ¥¥ ¤¥°¸É¢¨¨ ¨³¥ÕÉ¸Ö
¸²¥¤ÊÕÐ¨¥ ±μ³¶μ´¥´ÉÒ:

A[gμν ] def= −
1

16πG

∫
d4x

√
−g(R − 2Λ), (10)

A =
κ

16πG

∫
d4x

√
−ḡ

[
R̄μν −

1
2
R̄ ḡμν + Λ ḡμν

]
hμν , (11)

A = −
κ2

16πG

∫
d4x

√
−ḡ

[
1
4
hμν�hμν −

1
4
h�h +

1
2
hμν∇μνh−

−
1
2
hμν∇σ

μhνσ −
1
4

(
h2

μν −
1
2

h2

)
(R̄ − 2Λ) +

(
hμσhσ

ν −
1
2
h hμν

)
R̄μν

]
.

(12)

”μ´μ¢Ò° Î²¥´ S̄ ´¥ § ¢¨¸¨É μÉ ¢μ§³ÊÐ¥´¨° ¨ ¢±²ÕÎ¥´ ¢ ¡¥¸±μ´¥Î´Ò° ´μ·-
³¨·ÊÕÐ¨° ³´μ¦¨É¥²Ó. ‹¨´¥°´Ò° ¶μ hμν Î²¥´ (11) ¨£· ¥É ·μ²Ó Î²¥´  ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¸ ²¨´¥°´Ò³ ¢´¥Ï´¨³ ¨¸ÉμÎ´¨±μ³:

J̄μν [ḡ] =
2
κ

[
R̄μν −

1
2
R̄ḡμν + Λḡμν

]
. (13)

Š¢ ¤· É¨Î´Ò° ¶μ ¢μ§³ÊÐ¥´¨Ö³ Î²¥´ S μ¶¨¸Ò¢ ¥É ¸μ¡¸É¢¥´´ÊÕ ¤¨´ ³¨±Ê ¢μ§-
³ÊÐ¥´¨° ¨ ¨£· ¥É ·μ²Ó ±¨´¥É¨Î¥¸±μ£μ Î²¥´ ; ´ ±μ´¥Í, Î²¥´Ò O(h3

μν) μ¶¨¸Ò-
¢ ÕÉ ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥¸±μ²Ó±¨Ì £· ¢¨Éμ´μ¢. � §²μ¦¥´¨¥ ¤¥°¸É¢¨Ö �’� ¤μ
É·¥ÉÓ¥£μ ¨ Î¥É¢¥·Éμ£μ ¶μ·Ö¤±  ¶μ hμν ¶·¨¢¥¤¥´μ ¢ · ¡μÉ¥ [48].

’¥¶¥·Ó Ê ´ ¸ ¨³¥¥É¸Ö ¢¸¥ ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö ±¢ ´Éμ¢ ´¨Ö ³ ²ÒÌ ³¥É·¨-
Î¥¸±¨Ì ¢μ§³ÊÐ¥´¨° ´ ¤ Ëμ´μ¢Ò³ ¶·μ¸É· ´¸É¢μ³-¢·¥³¥´¥³. ‘ÊÐ¥¸É¢μ¢ ´¨¥
´¥´Ê²¥¢μ£μ ±μ¸³μ²μ£¨Î¥¸±μ£μ Î²¥´  ¶·¨¢μ¤¨É ± Í¥²μ³Ê ·Ö¤Ê ¸¶¥Í¨Ë¨Î¥¸±¨Ì
¶·μ¡²¥³, ±μÉμ·Ò¥ ³Ò ¶μ¤·μ¡´¥¥ μ¡¸Ê¤¨³ ¢ ¸²¥¤ÊÕÐ¥³ · §¤. 3. �μÔÉμ³Ê ¤μ
±μ´Í  ÔÉμ£μ · §¤¥²  ³Ò μ£· ´¨Î¨³¸Ö ¶·μ¸ÉÒ³ ¸²ÊÎ ¥³ Λ = 0 ¨ § Ë¨±¸¨-
·Ê¥³ Ëμ´μ¢ÊÕ ³¥É·¨±Ê ´  ¢ ±ÊÊ³´ÒÌ Ê· ¢´¥´¨ÖÌ �°´ÏÉ¥°´ . �Éμ ¶μ§¢μ²¨É
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´ ³ ¢§ÖÉÓ ¢ ± Î¥¸É¢¥ Ëμ´  ¶²μ¸±μ¥ ¶·μ¸É· ´¸É¢μ-¢·¥³Ö ¨ ¸μ§¤ ÉÓ ±¢ ´Éμ¢ÊÕ
É¥μ·¨Õ ³ ²ÒÌ ¢μ§³ÊÐ¥´¨° ´  ¥£μ Ëμ´¥.

“¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ´ ¡μ· ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ μ¶¥· Éμ·μ¢, μ¶·¥¤¥²¥´-
´ÒÌ ¢ · ¡μÉ Ì �¨¢¥·¸  ¨ Ëμ´ �ÓÕ¥´Ì °§¥´  [49, 50], μ¡· §ÊÕÐ¨Ì ¶μ²´Ò°
¡ §¨¸ ¶·μ¥±É¨¢´ÒÌ μ¶¥· Éμ·μ¢. ŒÒ ¶·¨¢μ¤¨³ ¨Ì ¨³¶Ê²Ó¸´μ¥ ¶·¥¤¸É ¢²¥´¨¥
¨  ²£¥¡·Ê ¢ ¶·¨²μ¦¥´¨¨ 2. —¥·¥§ μ¶¥· Éμ·Ò �¨¢¥·¸  Ä Ëμ´ �ÓÕ¥´Ì °§¥´ 
±¢ ¤· É¨Î´ Ö Î ¸ÉÓ ¤¥°¸É¢¨Ö ¤²Ö �’� ´  ¶²μ¸±μ³ Ëμ´¥ (12) ¤ ´  ¸²¥¤ÊÕÐ¨³
¢Ò· ¦¥´¨¥³:

A = −
1
2

∫
d4x hμν

[
P 2

μναβ − 2P 0
μναβ

]
�hαβ . (14)

ƒ¥´¥·¨·ÊÕÐ¨° ËÊ´±Í¨μ´ ² ¦¥ ÔÉμ° ¸¨¸É¥³Ò § ¤ ´ ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³
(¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¡¥¸±μ´¥Î´μ£μ ´μ·³¨·ÊÕÐ¥£μ ³´μ¦¨É¥²Ö):

Z =
∫

D[h] exp [i A[ημν + κhμν ]] =

=
∫

D[h] exp

[
−

i

2

∫
d4x hμν

[
P 2

μναβ − 2P 0
μναβ

]
�hαβ + O

(
h3

μν

)]
.

(15)

Š¢ ¤· É¨Î´ Ö Î ¸ÉÓ ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° ¨ ´¥
³μ¦¥É ¡ÒÉÓ μ¡· Ð¥´ . �É  ¸¨ÉÊ Í¨Ö ¸É ´¤ ·É´  ¤²Ö ¢¸¥Ì ± ²¨¡·μ¢μÎ´ÒÌ ³μ-
¤¥²¥°, ¨ μ´  ³μ¦¥É ¡ÒÉÓ · §·¥Ï¥´  ¸ ¶μ³μÐÓÕ É¥Ì´¨±¨ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä
�μ¶μ¢  [51, 52]. ŒÒ ´¥ ¡Ê¤¥³ ¶·¨¢μ¤¨ÉÓ ¶μ¤·μ¡´μ¥ μ¡¸Ê¦¤¥´¨¥ ÔÉμ° É¥Ì-
´¨±¨, É ± ± ± ¥¥ ¶·¨³¥´¥´¨¥ ¢ ¤ ´´μ³ ±μ´É¥±¸É¥ ¶μ²´μ¸ÉÓÕ  ´ ²μ£¨Î´μ ¸²Ê-
Î Õ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° (¡μ²¥¥ ¶μ¤·μ¡´μ¥ μ¡¸Ê¦¤¥´¨¥ ³μ¦¥É ¡ÒÉÓ ´ °¤¥´μ
¢ · ¡μÉ¥ [52]). ŒÒ ¨¸¶μ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¨° Î²¥´, Ë¨±¸¨·ÊÕÐ¨° Ë¥°´³ ´μ¢-
¸±ÊÕ ± ²¨¡·μ¢±Ê:

Agf =
∫

d4x

(
∂μhμν −

1
2

∂νh

)2

. (16)

‚ ÔÉμ° ± ²¨¡·μ¢±¥ ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¶μ²´μ¸ÉÓÕ μÉ¤¥²¥´Ò μÉ £· ¢¨-
É Í¨μ´´μ£μ ¸¥±Éμ·  ¨ ³μ£ÊÉ ¡ÒÉÓ ¢±²ÕÎ¥´Ò ¢ ¡¥¸±μ´¥Î´Ò° ´μ·³¨·ÊÕÐ¨°
³´μ¦¨É¥²Ó. ƒ¥´¥·¨·ÊÕÐ¨° ËÊ´±Í¨μ´ ² ¦¥ ¶·¨´¨³ ¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

Z =
∫

D[h]

Ë¨§¨Î¥¸±¨¥
¸μ¸ÉμÖ´¨Ö

exp

[
−

i

2

∫
d4x hμν Cμναβ

2
�hαβ + iAint

]
, (17)

ÉÊÉ ¸¨³¢μ²Ò Cμναβ § ¤ ´Ò ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³:

Cμναβ
def= ημαηνβ + ημβηνα − ημνηαβ . (18)
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�μ¤Î¥·±´¥³ μÉ¤¥²Ó´μ, ÎÉμ ¤¥°¸É¢¨¥ Aint, μ¶¨¸Ò¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ £· -
¢¨Éμ´μ¢, ¨³¥¥É ¡¥¸±μ´¥Î´μ¥ Î¨¸²μ Î²¥´μ¢. —Éμ¡Ò § ¢¥·Ï¨ÉÓ ±¢ ´Éμ¢ ´¨¥,
´Ê¦´μ ¢¢¥¸É¨ Ëμ·³ ²Ó´Ò° ¢´¥Ï´¨° Éμ± Jμν , ¢ ¶·¨¸ÊÉ¸É¢¨¨ ±μÉμ·μ£μ £¥´¥·¨-
·ÊÕÐ¨° ËÊ´±Í¨μ´ ² (¢ ± ²¨¡·μ¢±¥ Ë¥°´³ ´ ) ¡Ê¤¥É ¢Ò£²Ö¤¥ÉÓ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³ [26,34]:

Z[J ] =
∫

D[h]

Ë¨§¨Î¥¸±¨¥
¸μ¸ÉμÖ´¨Ö

exp

[
−

i

2

∫
d4x hμν Cμναβ

2
�hαβ + iAint[h] + i Jμνhμν

]
=

= exp

[
iAint

[
1
i

δ

δJ

]]
exp

[
i

2
Jμν Cμναβ

2
�−1Jαβ

]
. (19)

�μ¤·μ¡´Ò°  ²£μ·¨É³ ¤¥°¸É¢¨°, Ë¨±¸¨·ÊÕÐ¨Ì ± ²¨¡·μ¢±Ê ¤²Ö �’� ¨ ±¢ ¤· -
É¨Î´ÒÌ ³μ¤¥²¥° £· ¢¨É Í¨¨, ¶·¨¢¥¤¥´ ¢ · ¡μÉ¥ [53].

ƒ¥´¥·¨·ÊÕÐ¨° ËÊ´±Í¨μ´ ² (19) ¶μ§¢μ²Ö¥É ´ ³ ¶μ²ÊÎ ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö
¢¸¥Ì ³´μ£μÎ ¸É¨Î´ÒÌ ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° ¢ ²Õ¡μ³ ¶μ·Ö¤±¥ ¶μ É¥μ·¨¨
¢μ§³ÊÐ¥´¨°. ‚ Î ¸É´μ¸É¨, ¢ ¤·¥¢¥¸´μ³ ¶·¨¡²¨¦¥´¨¨ ¶·μ¶ £ Éμ· £· ¢¨Éμ´ 
¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ § ¤ ´ ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³:

〈0|hμνhαβ |0〉 =
1
i

δ

δJμν

1
i

δ

δJαβ

Z[J ]
Z[0]

∣∣∣∣∣
J=0

=
i

2
Cμναβ

k2
+ O(κ2). (20)

Œ É¥·¨ ²Ó´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¢±²ÕÎ ÕÉ¸Ö ¢ ¶μ¸É·μ¥´´ÊÕ ±¢ ´Éμ¢ÊÕ
É¥μ·¨Õ ¶μ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ³ É¥·¨ ²Ó´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò ¢ ± ²¨¡·μ-
¢μÎ´ÒÌ É¥μ·¨ÖÌ. ‚ ± Î¥¸É¢¥ ¶·μ¸É¥°Ï¥£μ ¶·¨³¥·  ³μ¦´μ ¶·¨¢¥¸É¨ £¥´¥·¨-
·ÊÕÐ¨° ËÊ´±Í¨μ´ ² ¤²Ö ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¥° ¨§ ³ ²ÒÌ ³¥É·¨Î¥¸±¨Ì ¢μ§³Ê-
Ð¥´¨° (¢ Ë¥°´³ ´μ¢¸±μ° ± ²¨¡·μ¢±¥) ¨ ¸± ²Ö·´μ£μ ¶μ²Ö:

Z =
∫

D[h]︸︷︷︸
Ë¨§¨Î¥¸±¨¥
¸μ¸ÉμÖ´¨Ö

D[φ] exp

[∫
d4x

{
−

i

2
hμν Cμναβ

2
�hαβ −

i

2
φ(� + m2)φ−

−i
κ

4
hμν

(
Cμναβ∂αφ∂βφ + ημνm2φ2

)
+ . . .

}]
. (21)

‚ ¤ ´´μ³ ¢Ò· ¦¥´¨¨ ¨§ ¸¥±Éμ·  ¢§ ¨³μ¤¥°¸É¢¨Ö ³Ò μ¸É ¢¨²¨ ²¨ÏÓ ¢¥¤Ê-
Ð¨° Î²¥´ ¢§ ¨³μ¤¥°¸É¢¨Ö £· ¢¨Éμ´μ¢ ¸ É¥´§μ·μ³ Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¸± ²Ö·-
´μ£μ ¶μ²Ö.

’ ±¨³ μ¡· §μ³, ¢μ¶·¥±¨ · ¸¶·μ¸É· ´¥´´μ³Ê Ê¡¥¦¤¥´¨Õ, ³μ¦´μ ¶μ¸É·μ-
¨ÉÓ ±¢ ´Éμ¢ÊÕ É¥μ·¨Õ ³ ²ÒÌ ³¥É·¨Î¥¸±¨Ì ¢μ§³ÊÐ¥´¨° ´ ¤ ¶²μ¸±¨³ ¶·μ-
¸É· ´¸É¢μ³-¢·¥³¥´¥³ ¢ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨. �¤´ ±μ, ± ± ¸± § ´μ ¢ÒÏ¥,
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¶μ¶ÒÉ±  · ¸Ï¨·¨ÉÓ ¶·¨³¥´¥´¨¥ ÔÉμ£μ ¶μ¤Ìμ¤  ´  Ê·μ¢¥´Ó ¶¥·¢μ° · ¤¨ Í¨-
μ´´μ° ¶μ¶· ¢±¨ ´¥ ¶·¨¢μ¤¨É ± Ê¤μ¢²¥É¢μ·¨É¥²Ó´Ò³ ·¥§Ê²ÓÉ É ³. Š ± ³Ò
¶μ± ¦¥³ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥, ¸ÊÐ¥¸É¢μ¢ ´¨¥ · §³¥·´μ° ±μ´¸É ´ÉÒ ¢§ ¨-
³μ¤¥°¸É¢¨Ö Å ³ ¸¸Ò �² ´±  Å ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ É¥μ·¨Õ ´¥¢μ§³μ¦´μ
¶¥·¥´μ·³¨·μ¢ ÉÓ ¸É ´¤ ·É´Ò³¨ ³¥Éμ¤ ³¨, ¢¸²¥¤¸É¢¨¥ Î¥£μ ¸É ´¤ ·É´ Ö ¶·μ-
£· ³³  ±¢ ´Éμ¢ ´¨Ö ¢·Ö¤ ²¨ ³μ¦¥É ¡ÒÉÓ ¶·¨§´ ´  Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ°.

3. ����‹…Œ› �…�’“���’ˆ‚��ƒ�
Š‚��’�‚��ˆŸ ƒ��‚ˆ’�–ˆˆ

�¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤ ± ±¢ ´Éμ¢ ´¨Õ £· ¢¨É Í¨¨ ¨³¥¥É ¤¢¥ μ¸´μ¢´Ò¥
¶·μ¡²¥³Ò. ‚μ-¶¥·¢ÒÌ, ¶¥·ÉÊ·¡ É¨¢´ Ö ±¢ ´Éμ¢ Ö �’� ´¥ ³μ¦¥É ¡ÒÉÓ ¶¥·¥-
´μ·³¨·μ¢ ´  ¤ ¦¥ ´  Ëμ´¥ ¶²μ¸±μ£μ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨. ‚μ-¢Éμ·ÒÌ, ¶¥-
·¥´μ·³¨·Ê¥³Ò¥ É¥μ·¨¨ ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨, ¶μ¸É·μ¥´´Ò¥ ¶¥·ÉÊ·¡ É¨¢´Ò³
³¥Éμ¤μ³, ¸μ¤¥·¦ É ¤ÊÌμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö. �É¤¥²Ó´ÊÕ ¶·μ¡²¥³Ê ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° ±μ¸³μ²μ£¨Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö.

�¥¶¥·¥´μ·³¨·Ê¥³μ¸ÉÓ ±¢ ´Éμ¢μ° �’� ´  Ê·μ¢´¥ ¶¥·¢μ° · ¤¨ Í¨μ´´μ°
¶μ¶· ¢±¨ ¡Ò²  ¶μ± § ´  ¢ · ¡μÉ¥ [47]. ‚ μÉ¸ÊÉ¸É¢¨¥ ³ É¥·¨¨ ±¢ ´Éμ¢ Ö
�’� ³μ¦¥É ¡ÒÉÓ ¶¥·¥´μ·³¨·Ê¥³  Éμ²Ó±μ ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥. �·¨ ¢±²ÕÎ¥-
´¨¨ ¢ ³μ¤¥²Ó ³ É¥·¨¨ ¶¥·¥´μ·³¨·Ê¥³μ¸ÉÓ É¥·Ö¥É¸Ö ¤ ¦¥ ´  Ê·μ¢´¥ ³ ¸¸μ¢μ°
μ¡μ²μÎ±¨. �±μ´Î É¥²Ó´μ ¢μ¶·μ¸ μ ´¥¶¥·¥´μ·³¨·Ê¥³μ¸É¨ �’� ¡Ò² · §·¥Ï¥´
¢ [48], £¤¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ´  Ê·μ¢´¥ ¤¢ÊÌ ¶¥É¥²Ó �’� ´¥¶¥·¥´μ·³¨·Ê¥³ 
¤ ¦¥ ´  Ê·μ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ (¸³. É ±¦¥ [54,55]).

�μ± § ÉÓ ´¥¶¥·¥´μ·³¨·Ê¥³μ¸ÉÓ ±¢ ´Éμ¢μ° ¶¥·ÉÊ·¡ É¨¢´μ° �’� ³μ¦´μ
¸²¥¤ÊÕÐ¨³¨ ¶·Ö³Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨. „²Ö ¶·μ¸ÉμÉÒ μ£· ´¨Î¨³¸Ö ¸¨¸É¥³μ°
¨§ £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö ¨ ¡¥§³ ¸¸μ¢μ£μ ¸± ²Ö· . �· ¢¨²  ”¥°´³ ´  ´  ¤·¥-
¢¥¸´μ³ Ê·μ¢´¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶μ £¥´¥·¨·ÊÕÐ¥³Ê ËÊ´±Í¨-
μ´ ²Ê (21) (¢ ± ²¨¡·μ¢±¥ ”¥°´³ ´ ):

=
i

2
Cμναβ

k2
, =

i

k2
,

μν = −i
κ

4
Cμναβ pα qβ .

(22)

‘ ¨Ì ¶μ³μÐÓÕ ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¶¥·¢ÊÕ · ¤¨ Í¨μ´´ÊÕ ¶μ¶· ¢±Ê ± ¸μ¡-
¸É¢¥´´μ° Ô´¥·£¨¨ £· ¢¨Éμ´  (μ¶·¥¤¥²¥´¨¥ ¸¨³¢μ²μ¢ Θμν ¶·¨¢¥¤¥´μ ¢ ¶·¨-
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²μ¦¥´¨¨ 2):

μν αβ = iΠμναβ(q2) =

= − i κ2q4

7670π2
[ΘμαΘνβ + ΘμβΘνα + 6ΘμνΘαβ ]

1
d − 4

+ O(1). (23)

‹ £· ´¦¨ ´ ±μ´É·Î²¥´μ¢, É·¥¡Ê¥³ÒÌ ¤²Ö ¶¥·¥´μ·³¨·μ¢±¨ ÔÉμ° ¤¨ £· ³³Ò,
¢Ò· ¦ ¥É¸Ö Î¥·¥§ μ¶¥· Éμ·Ò, £¥´¥·¨·Ê¥³Ò¥ ¢±² ¤ ³¨, ±¢ ¤· É¨Î´Ò³¨ ¶μ ±·¨-
¢¨§´¥:

ΔL = hμνΠμναβhαβ =
1

960π2

(
R2

μν +
1
2
R2

)
1

d − 4
+ O(1). (24)

’ ± ± ± ³Ò · ¡μÉ ²¨ ¸ ³μ¤¥²ÓÕ, ¸μ¤¥·¦ Ð¥° ³ É¥·¨Õ, ´¨ É¥´§μ· �¨ÎÎ¨,
´¨ ¸± ²Ö·´ Ö ±·¨¢¨§´  ´¥ μ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ (´ 
Ê· ¢´¥´¨ÖÌ ¶μ²Ö), ¢¸²¥¤¸É¢¨¥ Î¥£μ ² £· ´¦¨ ´ ±μ´É·Î²¥´μ¢ ´¥ μ¡· Ð ¥É¸Ö
¢ ´Ê²Ó. �¥¢μ§³μ¦´μ¸ÉÓ ±μ³¶¥´¸¨·μ¢ ÉÓ ¡¥¸±μ´¥Î´Ò° ¢±² ¤ ±μ´É·Î²¥´μ¢,
¸¢Ö§ ´´ÒÌ ¸ ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¥° £· ¢¨Éμ´ , ¨ μ§´ Î ¥É ´¥¢μ§³μ¦´μ¸ÉÓ ¶¥-
·¥´μ·³¨·μ¢±¨ É¥μ·¨¨ ¸É ´¤ ·É´Ò³ ³¥Éμ¤μ³.

Š ± Ê¦¥ ¡Ò²μ μÉ³¥Î¥´μ, ¢¶¥·¢Ò¥ ¶·μ¡²¥³Ò ¸ ¶¥·¥´μ·³¨·Ê¥³μ¸ÉÓÕ ±¢ ´-
Éμ¢μ° ¢¥·¸¨¨ �’� ¡Ò²¨ ´ °¤¥´Ò ¢ · ¡μÉ¥ 'É •μμËÉ  ¨ ‚¥²ÓÉ³ ´  [47]. �´¨
¶μ± § ²¨, ÎÉμ ¢ · ³± Ì ±¢ ´Éμ¢μ° ¢¥·¸¨¨ �’� ¢ μÉ¸ÊÉ¸É¢¨¥ ³ É¥·¨¨ ¶¥·¢ Ö
¶¥É²¥¢ Ö ¶μ¶· ¢±  ± ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨ Ô²¥±É·μ´  É ±¦¥ É·¥¡Ê¥É Î²¥´μ¢,
±¢ ¤· É¨Î´ÒÌ ¶μ ±·¨¢¨§´¥ ¤²Ö ¶¥·¥´μ·³¨·μ¢±¨:

→ ΔL ∼
[

1
72

R2 +
1
60

(
R2

μν −
1
3
R2

)]
1

d − 4
+ O(1). (25)

‚ · ³± Ì �’� ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥ (´  ¢ ±ÊÊ³´ÒÌ ·¥Ï¥´¨ÖÌ Ê· ¢´¥´¨°
�°´ÏÉ¥°´ ) É¥´§μ· �¨ÎÎ¨ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó, ¢¸²¥¤¸É¢¨¥ Î¥£μ É·¥¡Ê¥³Ò°
±μ´É·Î²¥´ Éμ¦¤¥¸É¢¥´´μ · ¢¥´ ´Ê²Õ ¨ ´¥ É·¥¡Ê¥É ¶¥·¥´μ·³¨·μ¢±¨. �¤´ ±μ
´  Ê·μ¢´¥ ¢Éμ·μ° ¶¥É²¥¢μ° ¶μ¶· ¢±¨, ± ± ¡Ò²μ ¶μ± § ´μ ƒμ·μ¢Ò³ ¨ ‘ -
´ÓμÉÉ¨ [48], ¶μ¤μ¡´μ¥ Ö¢²¥´¨¥ ´¥ ·¥ ²¨§Ê¥É¸Ö. „²Ö ¶¥·¥´μ·³¨·μ¢±¨ ¢Éμ·μ°
¶¥É²¥¢μ° ¶μ¶· ¢±¨ É·¥¡ÊÕÉ¸Ö Î²¥´Ò ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨ ¢¨¤  R�R,
±μÉμ·Ò¥ ´¥ μ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ¤ ¦¥ ´  ·¥Ï¥´¨ÖÌ ¢ ±ÊÊ³´ÒÌ Ê· ¢´¥´¨° �°´-
ÏÉ¥°´ . ’ ±¨³ μ¡· §μ³, ±¢ ´Éμ¢ÊÕ ¶¥·ÉÊ·¡ É¨¢´ÊÕ ¢¥·¸¨Õ �’� ´¥²Ó§Ö ¶¥-
·¥´μ·³¨·μ¢ ÉÓ ¸É ´¤ ·É´Ò³¨ ³¥Éμ¤ ³¨.

	μ²¥¥ Éμ£μ, ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ¢±² ¤ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¢ ¸μ¡¸É¢¥´´ÊÕ Ô´¥·£¨Õ ²Õ¡μ° Î ¸É¨ÍÒ ³μ¦¥É É·¥¡μ¢ ÉÓ ±μ´É·Î²¥´Ò, ¸μ¤¥·-
¦ Ð¨¥ ¢Ò¸Ï¨¥ ¶·μ¨§¢μ¤´Ò¥. ˆ¸Ìμ¤Ö ¨§ ¸μμ¡· ¦¥´¨° · §³¥·´μ¸É¨, ¸É·Ê±ÉÊ·Ê
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¢±² ¤  ³μ¦´μ ± Î¥¸É¢¥´´μ ¢μ¸¸É ´μ¢¨ÉÓ ´  μ¸´μ¢ ´¨¨ Éμ£μ, ÎÉμ £· ¢¨É Í¨-
μ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ±¢ ¤· É¨Î´μ ¶μ ¨³¶Ê²Ó¸ ³ ¨ É·¥ÌÎ ¸É¨Î´μ¥ ¢§ ¨³μ-
¤¥°¸É¢¨¥ ¶μ¤ ¢²¥´μ Ë ±Éμ·μ³ κ. �·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¨³¶Ê²Ó¸ , ¶¥·¥´μ-
¸¨³μ£μ ¢¨·ÉÊ ²Ó´Ò³ £· ¢¨Éμ´μ³, ÔÉ  ¶μ¶· ¢±  ¡Ê¤¥É ¨³¥ÉÓ ±¢ ¤· É¨Î´ÊÕ ¶μ
¨³¶Ê²Ó¸Ê · ¸Ìμ¤¨³μ¸ÉÓ:

� κ2

∫
d4k

(2π)4
p2(p − k)2

k2(p − k)2
→

k→∞
p2κ2

∫
k dk. (26)

‚ ¸¨²Ê · §³¥·´μ¸É¨ ÔÉμ£μ ¢±² ¤  ² £· ´¦¨ ´ É·¥¡Ê¥³ÒÌ ±μ´É·Î²¥´μ¢ ¤μ²¦¥´
¡ÒÉÓ ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ κ2�2. ‘ Ëμ·³ ²Ó´μ° ÉμÎ±¨ §·¥´¨Ö ´¥¶¥·¥´μ·³¨·Ê-
¥³μ¸ÉÓ ¢μ§´¨± ¥É ¨§-§  Éμ£μ, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ £· ¢¨Éμ´ ³¨ ±¢ ¤· É¨Î´μ
¶μ ¨³¶Ê²Ó¸ ³. „²Ö Éμ£μ ÎÉμ¡Ò É ±μ° Î²¥´ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨³¥² ±μ··¥±É´ÊÕ
· §³¥·´μ¸ÉÓ, ´¥μ¡Ìμ¤¨³μ ¢¢μ¤¨ÉÓ · §³¥·´ÊÕ ¶μ¸ÉμÖ´´ÊÕ κ. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ
¨³¥´´μ ¨³¶Ê²Ó¸´ Ö ¸É·Ê±ÉÊ·  ¢§ ¨³μ¤¥°¸É¢¨Ö £¥´¥·¨·Ê¥É μ¶¥· Éμ·Ò ¸ ¢Ò¸-
Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨ ´  Ê·μ¢´¥ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±.

‚Éμ· Ö ¶·μ¡²¥³ , Ê± § ´´ Ö ¢ÒÏ¥, ¢μ§´¨± ¥É ¶·¨ ¶μ¶ÒÉ±¥ Ê²ÊÎÏ¨ÉÓ ¶¥-
·¥´μ·³¨·Ê¥³μ¸ÉÓ É¥μ·¨¨, ¢±²ÕÎ¨¢ ¢ ³¨±·μ¸±μ¶¨Î¥¸±¨° ² £· ´¦¨ ´ Î²¥´Ò
¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¶¥·¥´μ·³¨·μ¢±¨:

AGR → AStelle =
∫

d4x
√
−g

[
−

1
16πG

R + c1R
2 + c2R

2
μν

]
. (27)

‚ ¤ ´´μ³ ¢Ò· ¦¥´¨¨ ³Ò ¸Î¨É ¥³ c1 ¨ c2 ¶·μ¨§¢μ²Ó´Ò³¨ ¶μ¸ÉμÖ´´Ò³¨. ‡ -
³¥É¨³, ÎÉμ ¶μ¸É·μ¥´´ Ö É ±¨³ μ¡· §μ³ ³μ¤¥²Ó ¡Ê¤¥É μÉ²¨Î ÉÓ¸Ö μÉ �’� Ê¦¥
´  ¤·¥¢¥¸´μ³ Ê·μ¢´¥, ÎÉμ ¶μ¤´¨³ ¥É ¢μ¶·μ¸ μ ¥¥ ¨´É¥·¶·¥É Í¨¨.

�¥·ÉÊ·¡ É¨¢´μ¥ ±¢ ´Éμ¢ ´¨¥ ³μ¤¥²¨ (27) ¡Ò²μ ¶·μ¢¥¤¥´μ ¢ · ¡μÉ Ì
˜ÉÔ²²¥ [56, 57], £¤¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ³μ¤¥²Ó Ö¢²Ö¥É¸Ö ¶¥·¥´μ·³¨·Ê¥³μ°,
ÎÉμ · §·¥Ï ¥É Î ¸ÉÓ ¶·μ¡²¥³ ±¢ ´Éμ¢μ° �’�. �μ ¢ Éμ ¦¥ ¢·¥³Ö ¸¶¥±É·
¸μ¸ÉμÖ´¨° ³μ¤¥²¨ ¸μ¤¥·¦¨É ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò. „ ¦¥ ¢ ¤·¥¢¥¸´μ³
¶·¨¡²¨¦¥´¨¨ ¶·μ¶ £ Éμ· ³¥É·¨Î¥¸±¨Ì ¢μ§³ÊÐ¥´¨°, μ¶¨¸Ò¢ ¥³ÒÌ ¤¥°¸É¢¨¥³
(27), ¨³¥¥É ¸²¥¤ÊÕÐÊÕ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÊÕ Î ¸ÉÓ (¢Ò¢μ¤ μ¡¸Ê¦¤ -
¥É¸Ö ¢ ¶·¨²μ¦¥´¨¨ 3 ¨ ¢ · ¡μÉ¥ [53]):

− i〈0|hμνhαβ|0〉 =

=
1
k2

[
P 2

μναβ −
1
2
P 0

μναβ

]
−

P 2
μναβ

k2 − m2
2

+
P 0

μναβ

k2 − m2
0

+ O(κ2). (28)



998 ‹�’�˜ 	.�.

� §³¥·´Ò¥ ±μ´¸É ´ÉÒ m0 ¨ m2 μ¶·¥¤¥²¥´Ò Î¥·¥§ c1 ¨ c2 ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:⎧⎪⎪⎨⎪⎪⎩
m2

2 = −
2

c2κ2
,

m2
0 =

1
κ2(3c1 − c2)

.

(29)

�·μ¶ £ Éμ· ¨³¥¥É ´μ¢Ò¥ ¶μ²Õ¸Ò, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ ´μ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ-
¡μ¤Ò. ’ ±¨³ μ¡· §μ³, ³μ¤¥²Ó (27) μ¶¨¸Ò¢ ¥É ¸É ´¤ ·É´Ò° £· ¢¨Éμ´ (¡¥§³ ¸-
¸μ¢Ò¥ ¢μ§³ÊÐ¥´¨Ö ¸μ ¸¶¨´μ³ 2), ¸± ²Ö·Ò ¸ ³ ¸¸μ° m0 ¨ ¤ÊÌ¨ ¸μ ¸¶¨´μ³ 2
¨ ³ ¸¸μ° m2. „ ´´Ò° ·¥§Ê²ÓÉ É ³μ¦¥É ¡ÒÉÓ É ±¦¥ ¶μ²ÊÎ¥´ ¨ ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò³¨ ³¥Éμ¤ ³¨ [58, 59]. �μ¤Î¥·±´¥³ μ¸μ¡μ, ÎÉμ ¤ ´´Ò¥ ¤ÊÌμ¢Ò¥ ¸μ¸Éμ-
Ö´¨Ö ´¨± ± ´¥ ¸¢Ö§ ´Ò ´¨ ¸ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸ÉÓÕ, ´¨ ¸ ¤ÊÌ ³¨
” ¤¤¥¥¢ Ä�μ¶μ¢ . Š ± ¸²¥¤¸É¢¨¥, ÔÉ¨ ¸μ¸ÉμÖ´¨Ö ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö ± ±
·¥ ²Ó´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö ¸¨¸É¥³Ò, ¶¥·¥´μ¸ÖÐ¨¥ μÉ·¨Í É¥²Ó´ÊÕ ±¨´¥É¨Î¥¸±ÊÕ
Ô´¥·£¨Õ, ÎÉμ ¤¥² ¥É ³μ¤¥²Ó ´¥¶·¨³¥´¨³μ°.

„²Ö ¶μ²´μÉÒ ¨§²μ¦¥´¨Ö ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¥¸ÉÓ ¢μ§³μ¦´μ¸ÉÓ ¸μ-
£² ¸μ¢ ´´μ ¨¸±²ÕÎ¨ÉÓ ¤ÊÌμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ¨§ É¥μ·¨¨. �·¥¦¤¥ ¢¸¥£μ, § ³¥É¨³,
ÎÉμ ´¥ ¢¸¥ Î²¥´Ò ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¤ ÕÉ ¢±² ¤ ¢ ¶·μ¶ £ Éμ· ¢μ§³Ê-
Ð¥´¨° ´  Ëμ´¥ ¶²μ¸±μ£μ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨. —²¥´Ò, ¸μ¤¥·¦ Ð¨¥ É·¥ÉÓÕ
¨ ¡μ²¥¥ ¢Ò¸μ±¨¥ ¸É¥¶¥´¨ É¥´§μ·  �¨³ ´ , ´¥ ¸μ¤¥·¦ É Î²¥´μ¢ O

(
h2

μν

)
[60].

Š ± ¸²¥¤¸É¢¨¥, ¢ ¸ ³μ³ μ¡Ð¥³ ¸²ÊÎ ¥ ¤²Ö ¶·μ¨§¢μ²Ó´μ° É¥μ·¨¨ £· ¢¨É Í¨¨
³¨±·μ¸±μ¶¨Î¥¸±μ¥ ¤¥°¸É¢¨¥, μ¶·¥¤¥²ÖÕÐ¥¥ ¸¶¥±É· ¢μ§³ÊÐ¥´¨° É¥μ·¨¨ ´ ¤
¶²μ¸±¨³ ¶·μ¸É· ´¸É¢μ³-¢·¥³¥´¥³, ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

Aquadratic =
∫

d4x
√
−g

[
− 1

16πG
R + Rf1(�)R+

+Rμνf2(�)Rμν + Rμναβf3(�)Rμναβ

]
. (30)

„¥°¸É¢¨Ö É ±μ£μ ¢¨¤   ±É¨¢´μ ¨§ÊÎ ÕÉ¸Ö ¢ · ³± Ì ³μ¤¥²¥° £· ¢¨É Í¨¨ ¸ ¡¥¸-
±μ´¥Î´Ò³ Î¨¸²μ³ ¶·μ¨§¢μ¤´ÒÌ [61Ä71].

…¸²¨ ËÊ´±Í¨¨ f1, f2 ¨ f3 ¶μ¤μ¡· ´Ò μ¸μ¡Ò³ μ¡· §μ³, Éμ ¤¥°¸É¢¨¥ (30)
³μ¦¥É ´¥ ¸μ¤¥·¦ ÉÓ ¤ÊÌμ¢ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò [62,64,69,72], ÎÉμ · §·¥Ï ¥É
¶·μ¡²¥³Ê ¤ÊÌμ¢ ¸ Ëμ·³ ²Ó´μ° ÉμÎ±¨ §·¥´¨Ö. ’¥³ ´¥ ³¥´¥¥ ´¥É ´¨ μ¸´μ¢ -
´¨° ¶μ² £ ÉÓ, ÎÉμ ³¨±·μ¸±μ¶¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ ¤²Ö £· ¢¨É Í¨¨ ¤μ²¦´μ ¨³¥ÉÓ
¢¨¤ (30), ´¨ Ë¨§¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨°, ¸¶μ¸μ¡´ÒÌ μ¤´μ§´ Î´μ § Ë¨±¸¨·μ¢ ÉÓ
¢¨¤ ËÊ´±Í¨° fi. ’ ±¨³ μ¡· §μ³, ´  ¤ ´´Ò° ³μ³¥´É ´¥É μ¸´μ¢ ´¨° ¶μ² £ ÉÓ,
ÎÉμ ¶μ¤μ¡´Ò° ¸Í¥´ ·¨° ·¥ ²¨§Ê¥É¸Ö ¢ ¶·¨·μ¤¥.

‘Éμ¨É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¶·μ¡²¥³  ¤ÊÌμ¢ ¸É ²   ±ÉÊ ²Ó´μ° ¢ ¶μ¸²¥¤´¨¥
£μ¤Ò. „ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¶μÖ¢²ÖÕÉ¸Ö ¢ ³μ¤¥²ÖÌ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤-
´Ò³¨ ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¨§-§  ´¥Ê¸Éμ°Î¨¢μ¸É¨ �¸É·μ£· ¤¸±μ£μ [73, 74].
„μ²£μ¥ ¢·¥³Ö ¸Î¨É ²μ¸Ó, ÎÉμ ¸¨¸É¥³Ò ¸ ¤ÊÌμ¢Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò ¨³¥ÕÉ
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¸μ¸ÉμÖ´¨Ö ¸ μÉ·¨Í É¥²Ó´μ° ¢¥·μÖÉ´μ¸ÉÓÕ. �¤´ ±μ ¢ 2002 £. •μ±¨´£μ³ ¨
•¥·Éμ£μ³ ¡Ò²  ´ °¤¥´  ¸¨¸É¥³  ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³ ¨ ¨³¥ÕÐ Ö ´¥
Ê´¨É ·´ÊÕ Ô¢μ²ÕÍ¨Õ, ´μ ¨ ´¥ ¸μ¤¥·¦ Ð Ö ´¨ ¸μ¸ÉμÖ´¨° ¸ μÉ·¨Í É¥²Ó´μ°
´μ·³μ°, ´¨ μÉ·¨Í É¥²Ó´ÒÌ ¢¥·μÖÉ´μ¸É¥° ¶¥·¥Ìμ¤  [75]. ‚¸²¥¤ §  ÔÉ¨³ ¡Ò²μ
¶μ± § ´μ, ÎÉμ μÉ·¨Í É¥²Ó´Ò¥ ¢¥·μÖÉ´μ¸É¨ ³μ¦´μ ¨¸±²ÕÎ¨ÉÓ ¨§ ³μ¤¥²¨ μ¸Í¨²-
²ÖÉμ·  ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨ (μ¸Í¨²²ÖÉμ· �Ô°¸ Ä“²¥³¡¥± ) ¶·¨ ¶μ³μÐ¨
PT -¸¨³³¥É·¨¨ [76]. � ±μ´¥Í, · ¡μÉÒ [77Ä79] ¶μ¤´Ö²¨ ¢μ¶·μ¸ μ ¢μ§³μ¦´μ-
¸É¨ ¸μ£² ¸μ¢ ´¨Ö Ê´¨É ·´μ° Ô¢μ²ÕÍ¨¨ ¸ ¤ÊÌμ¢Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò. � 
¤ ´´Ò° ³μ³¥´É ±μ´¸¥´¸Ê¸ μÉ´μ¸¨É¥²Ó´μ ¢μ§³μ¦´μ¸É¨ Ê´¨É ·´μ£μ μ¶¨¸ ´¨Ö
¤ÊÌμ¢ ´¥ ¤μ¸É¨£´ÊÉ. ’¥³ ´¥ ³¥´¥¥ ¤ ¦¥ ¥¸²¨ É ±μ¥ μ¶¨¸ ´¨¥ ¢μ§³μ¦´μ, Éμ
³μ¤¥²¨ ¸ ¤ÊÌμ¢Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò É ±¦¥ ¡Ê¤ÊÉ ¨³¥ÉÓ ±·¨É¨Î¥¸±ÊÕ ´¥-
Ê¸Éμ°Î¨¢μ¸ÉÓ ¨ ´¥ ³μ£ÊÉ ¡ÒÉÓ ¶·¨§´ ´Ò ·¥ ²¨¸É¨Î´Ò³¨ [74]. 	μ²¥¥ ¶μ¤·μ¡´μ
¶·μ¡²¥³  ¤ÊÌμ¢ μ¡¸Ê¦¤ ¥É¸Ö ¢ · ¡μÉ Ì [74,80,81].

‡ ¢¥·Ï Ö μ¡¸Ê¦¤¥´¨¥ ¶·μ¡²¥³ ±¢ ´Éμ¢μ° �’� μ¸μ¡μ ¸Éμ¨É μÉ³¥É¨ÉÓ ·μ²Ó
±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° ¢ ¶¥·ÉÊ·¡ É¨¢´μ° ±¢ ´Éμ¢μ° �’�. Šμ¸³μ²μ£¨-
Î¥¸± Ö ¶μ¸ÉμÖ´´ Ö Ö¢²Ö¥É¸Ö ¸¢μ¡μ¤´Ò³ ¶ · ³¥É·μ³ É¥μ·¨¨ [82,83], ¨ ¢ ¸ ³μ³
μ¡Ð¥³ ¸²ÊÎ ¥ ´¥É μ¸´μ¢ ´¨° ¸Î¨É ÉÓ ¥¥ ´Ê²¥¢μ°. �³¶¨·¨Î¥¸±¨¥ ¤ ´´Ò¥ Ö¢´μ
Ê± §Ò¢ ÕÉ ´  Éμ, ÎÉμ ¥¥ ¢¥²¨Î¨´  μÉ²¨Î´  μÉ ´Ê²Ö [84]. ‘ ³  ¶μ ¸¥¡¥ ¶·μ-
¡²¥³  ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° μ¡¸Ê¦¤ ¥É¸Ö ¢μ ³´μ¦¥¸É¢¥ · ¡μÉ, ´ ¶·¨-
³¥· ¢ [85Ä87]; §¤¥¸Ó ³Ò ²¨ÏÓ ±· É±μ μ¡¸Ê¤¨³ ¥¥ ¸ÊÉÓ.

‚¢¥¤¥´¨¥ ¢ ³¨±·μ¸±μ¶¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ ´¥´Ê²¥¢μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ-
¸ÉμÖ´´μ° ¸ÊÐ¥¸É¢¥´´μ § É·Ê¤´Ö¥É ¶·¨³¥´¥´¨¥ ¶·μ£· ³³Ò ¶¥·ÉÊ·¡ É¨¢´μ£μ
±¢ ´Éμ¢ ´¨Ö. ‘²¥¤ÊÖ μ¡μ§´ Î¥´´μ° · ´¥¥ ²μ£¨±¥, ±μ¸³μ²μ£¨Î¥¸±ÊÕ ¶μ¸Éμ-
Ö´´ÊÕ, ¸ÊÐ¥¸É¢ÊÕÐÊÕ ´  Ê·μ¢´¥ ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö, ¸²¥¤Ê¥É · ¸-
¸³ É·¨¢ ÉÓ ± ± ¢´¥Ï´¨° ¨¸ÉμÎ´¨± £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö. �¤´ ±μ ÔÉμÉ ¨¸-
ÉμÎ´¨± ´¥ ²μ± ²¨§μ¢ ´ ¢ ¶·μ¸É· ´¸É¢¥ ¨, ± ± ¸²¥¤¸É¢¨¥, £¥´¥·¨·Ê¥É ´μ¢Ò¥
¢μ§³ÊÐ¥´¨Ö ¢ ± ¦¤μ° ÉμÎ±¥ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨. ˆ§-§  ÔÉμ£μ ¤ ¦¥ ¸±μ²Ó
Ê£μ¤´μ ³ ²ÊÕ ±μ¸³μ²μ£¨Î¥¸±ÊÕ ¶μ¸ÉμÖ´´ÊÕ ´¥²Ó§Ö ¸Î¨É ÉÓ ¶¥·ÉÊ·¡ É¨¢´Ò³
¢μ§³ÊÐ¥´¨¥³, μ¤´ ±μ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ³ ²Ò¥ ¢μ§³ÊÐ¥´¨Ö ´  ³ ±·μ¸±μ-
¶¨Î¥¸±μ³ Ëμ´¥, μ¶·¥¤¥²¥´´μ³ ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°.

”μ´μ¢μ¥ ¶·μ¸É· ´¸É¢μ-¢·¥³Ö ¢ É ±μ³ ¸²ÊÎ ¥ ¡Ê¤¥É ¨³¥ÉÓ ¶μ¸ÉμÖ´´ÊÕ
±·¨¢¨§´Ê, μ¶·¥¤¥²Ö¥³ÊÕ ¢¥²¨Î¨´μ° ±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ°. …¸²¨ ¶·μ-
¸É· ´¸É¢μ-¢·¥³Ö ¨³¥¥É μÉ·¨Í É¥²Ó´ÊÕ ±·¨¢¨§´Ê, Éμ μ´μ μ¶¨¸Ò¢ ¥É¸Ö ¶·μ-
¸É· ´¸É¢μ³  ´É¨-¤¥ ‘¨ÉÉ¥· , ±μÉμ·μ¥ ´¥ Ö¢²Ö¥É¸Ö £²μ¡ ²Ó´μ-£¨¶¥·¡μ²¨Î´Ò³.
�Éμ μ§´ Î ¥É, ÎÉμ § ¤ Î  ŠμÏ¨ ´¥ ³μ¦¥É ¡ÒÉÓ μ¤´μ§´ Î´μ ·¥Ï¥´  ´  ¢¸¥³
¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨ [14, 88],   É¥μ·¨Ö É¥·Ö¥É ¶·¥¤¸± § É¥²Ó´ÊÕ ¸¶μ¸μ¡-
´μ¸ÉÓ. …¸²¨ ¶·μ¸É· ´¸É¢μ-¢·¥³Ö ¨³¥¥É ¶μ²μ¦¨É¥²Ó´ÊÕ ±·¨¢¨§´Ê, Éμ ÔÉμ ¶·μ-
¸É· ´¸É¢μ ¤¥ ‘¨ÉÉ¥· , ¢ ±μÉμ·μ³ ´¥¢μ§³μ¦´μ ¢¢¥¸É¨ S-³ É·¨ÍÊ [89,90]. ‘¢Ö-
§ ´μ ÔÉμ, μÉÎ ¸É¨, ¸ ´¥¢μ§³μ¦´μ¸ÉÓÕ ¢¢¥¤¥´¨Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨°.
‚ ¶²μ¸±μ³ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨ ¢¸¥£¤  ¢μ§³μ¦´μ ¢Ò¡· ÉÓ ¸μ¸ÉμÖ´¨Ö, ¨³¥-
ÕÐ¨¥ Ìμ·μÏμ μ¶·¥¤¥²¥´´Ò° ¨³¶Ê²Ó¸ ´  ¶·μ¸É· ´¸É¢¥´´μ° ¡¥¸±μ´¥Î´μ¸É¨.
�·μ¸É· ´¸É¢μ ¤¥ ‘¨ÉÉ¥· , ¢ ¸¢μÕ μÎ¥·¥¤Ó, μ¶¨¸Ò¢ ¥É Ê¸±μ·¥´´μ · ¸Ï¨·ÖÕ-
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ÐÊÕ¸Ö ‚¸¥²¥´´ÊÕ. ‚ É ±μ° ‚¸¥²¥´´μ° ¶·¨ Ê¤ ²¥´¨¨ ´  ¡¥¸±μ´¥Î´μ¸ÉÓ Ô´¥·-
£¨Ö ²Õ¡μ£μ ¸μ¸ÉμÖ´¨Ö ¡Ê¤¥É ´¥μ£· ´¨Î¥´´μ · ¸É¨. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¨ ¶·¥-
¶ÖÉ¸É¢Ê¥É ¢¢¥¤¥´¨Õ ¡ §¨¸´ÒÌ ¸μ¸ÉμÖ´¨° ¨ S-³ É·¨ÍÒ.

� ±μ´¥Í, ¢ · ³± Ì ±¢ ´Éμ¢μ° É¥μ·¨¨ ¢μ§´¨± ¥É ¶·μ¡²¥³ , ¢¶¥·¢Ò¥ ´ °-
¤¥´´ Ö ¢ · ¡μÉ¥ Ÿ±μ¢  	μ·¨¸μ¢¨Î  ‡¥²Ó¤μ¢¨Î  [85]. ‚¥²¨Î¨´  Λ, ÉμÎ´μ É ±
¦¥ ¨ ¢¥²¨Î¨´Ò ¢¸¥Ì ¤·Ê£¨Ì ±μ´¸É ´É, ¨¸¶ÒÉÒ¢ ¥É ¢²¨Ö´¨¥ ±¢ ´Éμ¢ÒÌ ¶μ¶· -
¢μ± ¨, ± ± ¸²¥¤¸É¢¨¥, ´ Î¨´ ¥É § ¢¨¸¥ÉÓ μÉ Ô´¥·£¨¨ ¨§³¥·¥´¨Ö. ”μ·³Ê²  ¤²Ö
¢¥²¨Î¨´Ò Λ ¤ ´  ¸²¥¤ÊÕÐ¨³ ·Ö¤μ³:

. . . (31)

‘μμ¡· ¦¥´¨Ö · §³¥·´μ¸É¨ ¨ ¶·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö [85,86] ¶μ± §Ò¢ ÕÉ, ÎÉμ ÔÉμ
¢Ò· ¦¥´¨¥ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [87]:

Λ1−loop ∼ m4

[
1
ε

+ finite part − ln

(
m2

μ2

)]
, (32)

£¤¥ m μ¡μ§´ Î ¥É ³ ¸¸Ê ´ ¨¡μ²¥¥ ÉÖ¦¥²μ° Î ¸É¨ÍÒ, ¶·¨¸ÊÉ¸É¢ÊÕÐ¥° ¢ ³μ-
¤¥²¨. �¥·¢μ¥ § É·Ê¤´¥´¨¥ ¢μ§´¨± ¥É ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉμ ¢¥²¨Î¨´  ±μ´¥Î´μ°
Î ¸É¨ ¢Ò· ¦¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö Î¥É¢¥·Éμ° ¸É¥¶¥´ÓÕ ³ ¸¸Ò m. �¥ ²¨¸É¨Î´Ò¥
μÍ¥´±¨ ¢¥²¨Î¨´Ò m4, ¸¤¥² ´´Ò¥ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ³ ¸¸Ò t-±¢ ·±  ¨ Ô²¥±-
É·μ´ , ´  ¸μÉ´¨ ¶μ·Ö¤±μ¢ μÉ²¨Î ÕÉ¸Ö μÉ ´ ¡²Õ¤ ¥³μ° ¢¥²¨Î¨´Ò Λ-Î²¥´ .
‚¸²¥¤¸É¢¨¥ ÔÉμ£μ ¶·μÍ¥¤Ê·  ¢ÒÎ¨É ´¨Ö ¤μ²¦´  ¡ÒÉÓ ¶·μ¢¥¤¥´  ¸ ´¥¢¥·μÖÉ-
´μ° ÉμÎ´μ¸ÉÓÕ, ÎÉμ Î ¸Éμ ´ §Ò¢ ¥É¸Ö ¶·μ¡²¥³μ° Éμ´±μ° ´ ¸É·μ°±¨ ³μ¤¥²¨.
‚Éμ·μ¥: ¨§³¥·¥´¨Ö ¢¥²¨Î¨´Ò Λ-Î²¥´  ¨ ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¶·μ¨§¢μ-
¤ÖÉ¸Ö ´  · §²¨Î´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ³ ¸ÏÉ ¡ Ì. ‚¥²¨Î¨´  ±μ¸³μ²μ£¨Î¥¸±μ£μ
Î²¥´  ¨§³¥·¥´  ¢ ¸μ¢·¥³¥´´μ° ‚¸¥²¥´´μ°, É. ¥. ¶·¨ ±· °´¥ ³ ²ÒÌ Ô´¥·£¨ÖÌ,
¢ Éμ ¢·¥³Ö ± ± ¢¥²¨Î¨´Ò ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨§³¥·ÖÕÉ¸Ö ¢ ·¥¦¨³¥
¢Ò¸μ±¨Ì Ô´¥·£¨°. ˆ´Ò³¨ ¸²μ¢ ³¨, ³Ò ³μ¦¥³ ¢ÒÎ¨¸²¨ÉÓ ¢¥²¨Î¨´Ê Λ-Î²¥´ 
¢ Éμ° μ¡² ¸É¨, ±μÉμ·ÊÕ ´¥ ³μ¦¥³ ¨§³¥·¨ÉÓ, ¨ ´ μ¡μ·μÉ.

‡ ¢¥·Ï Ö · §¤¥², ¸Éμ¨É ¸Ê³³¨·μ¢ ÉÓ ¡ §μ¢Ò¥ ¶·μ¡²¥³Ò ¶·μ£· ³³Ò ¶¥·-
ÉÊ·¡ É¨¢´μ£μ ±¢ ´Éμ¢ ´¨Ö £· ¢¨É Í¨¨. ‚μ-¶¥·¢ÒÌ, · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨
± ±¢ ´Éμ¢μ° �’� É·¥¡ÊÕÉ ±μ´É·Î²¥´μ¢, μÉ¸ÊÉ¸É¢ÊÕÐ¨Ì ¢ ¨¸Ìμ¤´μ³ ³¨±·μ¸±μ-
¶¨Î¥¸±μ³ ¤¥°¸É¢¨¨. Š ± ¸²¥¤¸É¢¨¥, ¶¥·ÉÊ·¡ É¨¢´ Ö ±¢ ´Éμ¢ Ö �’� ´¥ ³μ¦¥É
¡ÒÉÓ ¶¥·¥´μ·³¨·μ¢ ´  ¸É ´¤ ·É´Ò³¨ ³¥Éμ¤ ³¨ ±¢ ´Éμ¢μ° É¥μ·¨¨. ‚μ-¢Éμ·ÒÌ,
¤²Ö ¶¥·¥´μ·³¨·μ¢±¨ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± É·¥¡ÊÕÉ¸Ö Î²¥´Ò, ¸μ¤¥·¦ Ð¨¥
¢Ò¸Ï¨¥ ¶·μ¨§¢μ¤´Ò¥. ‚±²ÕÎ¥´¨¥ É ±¨Ì Î²¥´μ¢ ¢ ³¨±·μ¸±μ¶¨Î¥¸±μ¥ ¤¥°¸É¢¨¥
¶·¨¢¥¤¥É ± ¢μ§´¨±´μ¢¥´¨Õ ¤ÊÌμ¢ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò. ‚-É·¥ÉÓ¨Ì, ¶·μ£· ³³ 
¶¥·ÉÊ·¡ É¨¢´μ£μ ±¢ ´Éμ¢ ´¨Ö ¨¸¶ÒÉÒ¢ ¥É ¶·μ¡²¥³Ò ¸ ´¥´Ê²¥¢μ° ±μ¸³μ²μ£¨-
Î¥¸±μ° ¶μ¸ÉμÖ´´μ°. ‚ § ¢¨¸¨³μ¸É¨ μÉ ¥¥ ¢¥²¨Î¨´Ò É¥μ·¨Ö ¨²¨ ¨¸¶ÒÉÒ¢ ¥É
¶·μ¡²¥³Ò ¸ ¶·¥¤¸± § É¥²Ó´μ° ¸¶μ¸μ¡´μ¸ÉÓÕ, ¨²¨ ¤¥² ¥É ´¥¢μ§³μ¦´Ò³ ¨¸-
¶μ²Ó§μ¢ ´¨¥ S-³ É·¨ÍÒ. � ±μ´¥Í, ¢²¨Ö´¨¥ ±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢ ´  ¢¥²¨Î¨´Ê
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±μ¸³μ²μ£¨Î¥¸±μ° ¶μ¸ÉμÖ´´μ° É·¥¡Ê¥É ÉμÎ´μ° ´ ¸É·μ°±¨ ¶ · ³¥É·μ¢ ¢ÒÎ¨É -
´¨Ö. �μ ¸μ¢μ±Ê¶´μ¸É¨ ÔÉ¨Ì ¶·¨Î¨´ ¶·μ£· ³³  ¶¥·ÉÊ·¡ É¨¢´μ£μ ±¢ ´Éμ¢ ´¨Ö
£· ¢¨É Í¨¨ ¢ ¸μ¢·¥³¥´´μ³ ¢¨¤¥ ´¥ ³μ¦¥É ¡ÒÉÓ ¶·¨§´ ´  Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ°.

4. Š����ˆ—…‘Š�Ÿ Š‚��’�‚�Ÿ ƒ��‚ˆ’�–ˆŸ

‘μ§¤ ´¨¥ ± ´μ´¨Î¥¸±μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ¸²¥¤Ê¥É ¶·μ£· ³³¥
± ´μ´¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö, ¨§²μ¦¥´´μ° ¢ · ¡μÉ¥ „¨· ±  [40]. Š¢ ´Éμ¢μ¥
μ¶¨¸ ´¨¥ ¸¨¸É¥³Ò ¤ ¥É¸Ö ¶·¨ ¶μ³μÐ¨ μ¶¥· Éμ·μ¢, ±μÉμ·Ò¥ ¢ ÔÉμ³ · §¤¥²¥
³Ò μ¡μ§´ Î ¥³ Í¨·±Ê³Ë²¥±¸μ³ ·̂, ¨ ¸μ¸ÉμÖ´¨° |ψ〉. �¶¥· Éμ·Ò ¶μ¤Î¨´¥´Ò
±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³ [·, ·] ¨ μ¡· §ÊÕÉ § ³±´ÊÉÊÕ  ²£¥¡·Ê. ‚¸Ö ¤¨-
´ ³¨±  ¸¨¸É¥³Ò μ¶¨¸Ò¢ ¥É¸Ö μ¶¥· Éμ·μ³ Ô¢μ²ÕÍ¨¨ Ŝ(r, t′), ±μÉμ·Ò° ¶¥·¥-
¢μ¤¨É ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ |ψ(t′)〉 ¢ ¸μ¸ÉμÖ´¨¥
¢ ±μ´¥Î´Ò° ³μ³¥´É ¢·¥³¥´¨ |ψ(t)〉:

Ŝ(t, t′) |ψ(t′)〉 = |ψ(t)〉 . (33)

Œ¥Éμ¤ ± ´μ´¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö ¸ ³ ¶μ ¸¥¡¥ ´¥ ²¨Ï¥´ É·Ê¤´μ¸É¥°, ÎÉμ
¡Ò²μ μÉ³¥Î¥´μ ´  ¸ ³μ³ · ´´¥³ ÔÉ ¶¥ ¥£μ · §¢¨É¨Ö [40]. ƒ² ¢´μ° ¥£μ ¶·μ-
¡²¥³μ° Ö¢²Ö¥É¸Ö ´¥¢μ§³μ¦´μ¸ÉÓ μ¤´μ§´ Î´μ£μ ¶μ¸É·μ¥´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨
¶μ ±² ¸¸¨Î¥¸±μ° [40,41,91]. �É  ¶·μ¡²¥³  ¨³¥¥É ¤¢   ¸¶¥±É .

‚μ-¶¥·¢ÒÌ, ¸ÊÐ¥¸É¢Ê¥É ¶·μ¡²¥³  Ê¶μ·Ö¤μÎ¥´¨Ö μ¶¥· Éμ·μ¢, É ± ± ± ¶μ
±² ¸¸¨Î¥¸±¨³ ¢Ò· ¦¥´¨Ö³ ¤²Ö Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´ ´¥¢μ§³μ¦´μ μ¤´μ§´ Î´μ
μ¶·¥¤¥²¨ÉÓ ¶μ·Ö¤μ± ±¢ ´Éμ¢ÒÌ μ¶¥· Éμ·μ¢, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ±¢ ´Éμ¢μ° É¥μ-
·¨¨. �É  ¶·μ¡²¥³  Ìμ·μÏμ · ¸±·ÒÉ  ¢ ±² ¸¸¨Î¥¸±¨Ì ÊÎ¥¡´¨± Ì [34,92,93], ¨
³Ò ´¥ ¡Ê¤¥³ μ¡¸Ê¦¤ ÉÓ ¥¥ ¶μ¤·μ¡´μ.

‚μ-¢Éμ·ÒÌ, ¶μ ±² ¸¸¨Î¥¸±¨³ É¥μ·¨Ö³ ¸ ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¥°, ± ±μ-
Éμ·Ò³ μÉ´μ¸¨É¸Ö ¨ £· ¢¨É Í¨Ö, ´¥¢μ§³μ¦´μ μ¤´μ§´ Î´μ ¢μ¸¸É ´μ¢¨ÉÓ ¡ §¨¸
Ë¨§¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨°. �·μ¨²²Õ¸É·¨·μ¢ ÉÓ ÔÉÊ ¶·μ¡²¥³Ê ¶·μÐ¥ ¢¸¥£μ ´ 
¶·¨³¥·¥ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö. �²¥±É·μ³ £´¨É´μ¥ ¶μ²¥ ¨³¥¥É ± ²¨¡·μ-
¢μÎ´ÊÕ ¸¨³³¥É·¨Õ, ±μÉμ·μ° ³Ò ¸μ¶μ¸É ¢¨³ μ¶¥· Éμ· Ĝ. � ¸¸³μÉ·¨³ ¤¢ 
¸μ¡¸É¢¥´´ÒÌ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ·  Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö Âμ Å ¸μ¸ÉμÖ´¨Ö
|Aμ〉 ¨

∣∣A′
μ

〉
. …¸²¨ ÔÉ¨ ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¸¢Ö§ ´Ò ± ²¨¡·μ¢μÎ´μ° ¸¨³-

³¥É·¨¥° G |Aμ〉 =
∣∣A′

μ

〉
, Éμ, ¸²¥¤ÊÖ ²μ£¨±¥ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨, ³Ò ¤μ²¦´Ò

μ¦¨¤ ÉÓ, ÎÉμ ¢¸¥ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò ´  ¸μ¸ÉμÖ´¨ÖÌ |Aμ〉 ¨
∣∣A′

μ

〉
¤μ²¦´Ò

¸μ¢¶ ¤ ÉÓ. �¤´ ±μ ÔÉμ ¨ μ§´ Î ¥É, ÎÉμ ¸μ¸ÉμÖ´¨Ö |Aμ〉 ¨
∣∣A′

μ

〉
μ¶¨¸Ò¢ ÕÉ

μ¤´μ ¨ Éμ ¦¥ Ë¨§¨Î¥¸±μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò, ±μÉμ·μ³Ê Ëμ·³ ²Ó´μ ¶·¨¶¨-
¸ ²¨ · §´Ò¥ §´ Î¥´¨Ö Aμ. ˆ´Ò³¨ ¸²μ¢ ³¨, ¡ §¨¸ ¸μ¡¸É¢¥´´ÒÌ ¸μ¸ÉμÖ´¨°

μ¶¥· Éμ·  ¶μ²Ö Âμ ¶¥·¥μ¶·¥¤¥²¥´ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ μ¤´μ³Ê Ë¨§¨Î¥¸±μ³Ê
¸μ¸ÉμÖ´¨Õ ´¥¢μ§³μ¦´μ μ¤´μ§´ Î´μ ¶·¨¶¨¸ ÉÓ ¶μÉ¥´Í¨ ² ¶μ²Ö Aμ. ‚ ± ´μ-
´¨Î¥¸±μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ÔÉ  ¶·μ¡²¥³  · §·¥Ï ¥É¸Ö
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¸Ê¦¥´¨¥³ ¡ §¨¸  ¶·¨ ¶μ³μÐ¨ ±¢ ´Éμ¢ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ Ê¸²μ¢¨° [40]. ŒÒ
¢Ò¡¨· ¥³ ± ²¨¡·μ¢μÎ´Ò¥ Ê¸²μ¢¨Ö ¨ ¨¸±²ÕÎ ¥³ ¨§ · ¸¸³μÉ·¥´¨Ö ¢¸¥ ¸μ¸ÉμÖ-
´¨Ö, ±μÉμ·Ò¥ ¨³ ´¥ Ê¤μ¢²¥É¢μ·ÖÕÉ. � ¶·¨³¥·, ¢ ¸²ÊÎ ¥ Ô²¥±É·μ¤¨´ ³¨±¨ ³Ò
³μ¦¥³ ¢Ò¡· ÉÓ ± ²¨¡·μ¢μÎ´μ¥ Ê¸²μ¢¨¥ ‹μ·¥´Í  ∂μAμ = 0 ¨ · ¸¸³ É·¨¢ ÉÓ
²¨ÏÓ ¸μ¸ÉμÖ´¨Ö, Ê¤μ¢²¥É¢μ·ÖÕÐ¨¥ ±¢ ´Éμ¢Ò³ Ê¸²μ¢¨Ö³ ‹μ·¥´Í :

∂μÂμ |Ψ〉 = 0. (34)

�´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éμ ¨ ¢ ¸²ÊÎ ¥ £· ¢¨É Í¨¨. ‚ ± Î¥¸É¢¥ ¶μ-
É¥´Í¨ ²  ¶μ²Ö ¢Ò¸ÉÊ¶ ¥É ³¥É·¨±  gμν , ¢ ·μ²¨ ¦¥ ´ ¶·Ö¦¥´´μ¸É¥° ¢Ò¸ÉÊ¶ ÕÉ
¨²¨ ¸¨³¢μ²Ò Š·¨¸ÉμË¥²Ö Γα

μν , ¥¸²¨ ·¥ÎÓ ¨¤¥É μ £¥μ¤¥§¨Î¥¸±μ³ ¤¢¨¦¥´¨¨,
¨²¨ É¥´§μ· �¨³ ´ , ¥¸²¨ ·¥ÎÓ ¨¤¥É μ ¶μ²¥¢ÒÌ ³μ¤¥²ÖÌ. �μ²Ó ± ²¨¡·μ¢μÎ-
´μ° ¸¨³³¥É·¨¨ ¨£· ¥É § ³¥´  ±μμ·¤¨´ É ¢ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨ ¨ ¢Ò¡μ·
²μ± ²Ó´μ£μ ¡ §¨¸ . �  Ê·μ¢´¥ ³¥É·¨±¨ ± ²¨¡·μ¢μÎ´ Ö ¸¨³³¥É·¨Ö ¢Ò· ¦ ¥É¸Ö
¸²¥¤ÊÕÐ¨³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨:

gμν → gμν + ∂μζν + ∂νζμ, (35)

£¤¥ ζμ Å ¶·μ¨§¢μ²Ó´μ¥ ¢¥±Éμ·´μ¥ ¶μ²¥. ˆ§-§  ÔÉ¨Ì ¸¨³³¥É·¨° ³¥É·¨±  ¶·μ-
¸É· ´¸É¢ -¢·¥³¥´¨ ´¥ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  μ¤´μ§´ Î´μ, ¶μÔÉμ³Ê ¡ §¨¸ ¸μ-
¸ÉμÖ´¨°, ¶μ¸É·μ¥´´ÒÌ ´  ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨ÖÌ μ¶¥· Éμ·  ³¥É·¨±¨, É ±¦¥
¡Ê¤¥É ¶¥·¥μ¶·¥¤¥²¥´.

�·¨ ¶μ¶ÒÉ±¥ ¶μ¸É·μ¥´¨Ö ± ´μ´¨Î¥¸±μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨
± ÔÉ¨³ ¶·μ¡²¥³ ³ ¤μ¡ ¢²Ö¥É¸Ö ¶·μ¡²¥³  ¢·¥³¥´¨. �·¨ ¨§ÊÎ¥´¨¨ ¸¨¸É¥³ ¡¥§
ÊÎ¥É  £· ¢¨É Í¨¨ ¢·¥³Ö ¢Ò¸ÉÊ¶ ¥É ¢ ± Î¥¸É¢¥ ¢´¥Ï´¥£μ ¶ · ³¥É·  ¢ Éμ³ ¸³Ò-
¸²¥, ÎÉμ ´¨± ±¨¥ Ë¨§¨Î¥¸±¨¥ ¶·μÍ¥¸¸Ò, ¶·μÉ¥± ÕÐ¨¥ ¢´ÊÉ·¨ ¸¨¸É¥³Ò, ´¥
μ± §Ò¢ ÕÉ ´  ´¥£μ ¢²¨Ö´¨Ö. ‚ ¸²ÊÎ ¥ ¸ £· ¢¨É Í¨μ´´Ò³ ¶μ²¥³ (¸μ£² ¸´μ
´ Ï¨³ ´Ò´¥Ï´¨³ ¶·¥¤¸É ¢²¥´¨Ö³) Ê¸É ´μ¢¨ÉÓ ¢´¥Ï´ÕÕ ¢·¥³¥´´ÊÕ ¶ · ³¥-
É·¨§ Í¨Õ ¶·¨´Í¨¶¨ ²Ó´μ ´¥¢μ§³μ¦´μ [94]. �μÔÉμ³Ê ¤²Ö ±μ··¥±É´μ° ± ´μ-
´¨Î¥¸±μ° É¥μ·¨¨ ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨ ´¥μ¡Ìμ¤¨³μ § ´μ¢μ ¢¢μ¤¨ÉÓ ¶·¥¤¸É -
¢²¥´¨¥ μ ¢·¥³¥´¨. �·μ¡²¥³  ¢·¥³¥´¨ ¢ ± ´μ´¨Î¥¸±μ° ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨
§ ¸²Ê¦¨¢ ¥É μÉ¤¥²Ó´μ£μ μ¡¸Ê¦¤¥´¨Ö, ²¥¦ Ð¥£μ §  ¶·¥¤¥² ³¨ ÔÉμ£μ μ¡§μ· .
�μ¤·μ¡´Ò¥ μ¡§μ·Ò ¶·μ¡²¥³Ò ¢·¥³¥´¨ ³μ¦´μ ´ °É¨ ¢ · ¡μÉ Ì [46,95,96].

‚ ÔÉμ³ · §¤¥²¥ ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ±μ´¸¥·¢ É¨¢´Ò° ¶μ¤Ìμ¤ ± ¶·μ-
¡²¥³¥ ¢·¥³¥´¨, ´ §Ò¢ ¥³Ò° ¢¢¥¤¥´¨¥³ ¢·¥³¥´¨ ¤μ ±¢ ´Éμ¢ ´¨Ö. � ¨³¥´´μ,
¢ · ³± Ì ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ ³Ò ¢¢¥¤¥³ ¶·μ¨§¢μ²Ó´ÊÕ ¢·¥³¥´´ÊÕ ¶ · ³¥-
É·¨§ Í¨Õ, ¶μ¸²¥ Î¥£μ μ¡· É¨³¸Ö ± ¨¸¸²¥¤μ¢ ´¨Õ  ²£¥¡·Ò �Ê ¸¸μ´ , £¥´¥·¨·Ê-
¥³μ° ±² ¸¸¨Î¥¸±μ° É¥μ·¨¥°. �¸´μ¢´μ° ¶·μ¡²¥³μ° ¤ ´´μ£μ ¶μ¤Ìμ¤  Ö¢²Ö¥É¸Ö
¸μ§¤ ¢ ¥³μ¥ ¨³ ¸¶μ´É ´´μ¥ ´ ·ÊÏ¥´¨¥ ¸¨³³¥É·¨¨ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨. Š ±
μÉ³¥Î¥´μ ¢ÒÏ¥, ¢ · ³± Ì �’� ¢¸¥ ¢μ§³μ¦´Ò¥ ¶ · ³¥É·¨§ Í¨¨ ¢·¥³¥´¨ Ö¢²Ö-
ÕÉ¸Ö Ô±¢¨¢ ²¥´É´Ò³¨. ‚Ò¡¨· Ö μ¤´Ê ±μ´±·¥É´ÊÕ ¶ · ³¥É·¨§ Í¨Õ, ³Ò ¸¶μ´-
É ´´μ ´ ·ÊÏ ¥³ ¸¨³³¥É·¨Õ ³¥¦¤Ê ´¨³¨. �μ¸É·μ¥´´ Ö É ±¨³ μ¡· §μ³ ±¢ ´Éμ-
¢ Ö É¥μ·¨Ö ¡Ê¤¥É ¨³¥ÉÓ ¸¶μ´É ´´μ ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥ ¢·¥³¥´¨. �¸´μ¢-
´Ò³ ´¥¤μ¸É É±μ³ É ±μ£μ ¶μ¤Ìμ¤  Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ¸ ³ ³¥Ì ´¨§³ ¸¶μ´É ´´μ£μ



	�‡�‚›… ���	‹…Œ› Š��‘…�‚�’ˆ‚�›• ��„•�„�‚ 1003

´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ Å ¢´¥Ï´¨° ¶μ μÉ´μÏ¥´¨Õ ± ³μ¤¥²¨ ¨ ´¥ ¢μ§´¨± ¥É
¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³.

‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ μÉ ¶μ²´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ´Ê¦´μ
μ¦¨¤ ÉÓ ´ ²¨Î¨Ö ³¥Ì ´¨§³  ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ ³¥¦¤Ê ¶·μ-
¸É· ´¸É¢μ³ ¨ ¢·¥³¥´¥³. �³¶¨·¨Î¥¸±¨³ Ë ±Éμ³, Ê± §Ò¢ ÕÐ¨³ ´  ´¥μ¡Ìμ¤¨-
³μ¸ÉÓ ¥£μ ¸ÊÐ¥¸É¢μ¢ ´¨Ö, Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¢Ò¤¥²¥´´μ° ¸¨¸É¥³Ò μÉ-
¸Î¥É  ¢ ´ ¡²Õ¤ ¥³μ° ‚¸¥²¥´´μ°. ‘¨¸É¥³  μÉ¸Î¥É , ¸μ¶ÊÉ¸É¢ÊÕÐ Ö ³ É¥·¨¨
¶·¨ ±μ¸³μ²μ£¨Î¥¸±μ³ · ¸Ï¨·¥´¨¨, Ö¢²Ö¥É¸Ö ¸¶μ´É ´´μ ¢Ò¤¥²¥´´μ° ¸·¥¤¨
¶·μÎ¨Ì, É ± ± ± ¢ ´¥° ¢¸Ö ³ É¥·¨Ö ‚¸¥²¥´´μ° ¶μ±μ¨É¸Ö ± ± Í¥²μ¥. 	μ²¥¥
Éμ£μ, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¥Ð¥ ¸ ³¨³ �°´ÏÉ¥°´μ³ [97], ¢ · ¸Ï¨·ÖÕÐ¥°¸Ö
‚¸¥²¥´´μ° ¢·¥³Ö ³μ¦´μ ¸¢Ö§ ÉÓ ¸ ´ ¡²Õ¤ ¥³μ° ¢¥²¨Î¨´μ° Å ³ ¸ÏÉ ¡´Ò³
Ë ±Éμ·μ³, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¢·¥³Ö ¶¥·¥¸É ´¥É ¨£· ÉÓ ·μ²Ó ¶·μ¨§¢μ²Ó´μ° ±μ-
μ·¤¨´ ÉÒ ¨ ¸É ´¥É Ë¨§¨Î¥¸±μ° ¢¥²¨Î¨´μ°. ‘μ¢·¥³¥´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶·¥-
¤μ¸É ¢²ÖÕÉ ±μ´±·¥É´Ò¥ ³¥Éμ¤Ò ¢¢¥¤¥´¨Ö ¶ · ³¥É·¨§ Í¨μ´´μ-¨´¢ ·¨ ´É´μ£μ
¢·¥³¥´¨ ¢ ±μ¸³μ²μ£¨Î¥¸±¨Ì ³μ¤¥²ÖÌ [98Ä101]. �É¨ ¸μμ¡· ¦¥´¨Ö ¶·¥¤μ¸É -
¢²ÖÕÉ μ¸´μ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉμ ¶μ²´ Ö ±¢ ´Éμ¢ Ö É¥μ·¨Ö £· ¢¨É Í¨¨ ¡Ê¤¥É
¸μ¤¥·¦ ÉÓ ±μ´±·¥É´Ò° ³¥Ì ´¨§³ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ ³¥¦¤Ê
¶·μ¸É· ´¸É¢μ³ ¨ ¢·¥³¥´¥³, μÉ¢¥É¸É¢¥´´Ò° §  ±μ¸³μ²μ£¨Î¥¸±μ¥ · ¸Ï¨·¥´¨¥.

�¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¶μ¤Ìμ¤ ¢¢¥¤¥´¨Ö ¢·¥³¥´¨ ¤μ ±¢ ´Éμ¢ ´¨Ö ´¥ · §·¥-
Ï ¥É ¶·μ¡²¥³Ê ¢·¥³¥´¨ ¢ Í¥²μ³, μ´ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ±μ´±·¥É´Ò¥ ³ É¥-
³ É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¶·¨³¥´¥´¨Ö ¶·μ£· ³³Ò ± ´μ´¨Î¥-
¸±μ£μ ±¢ ´Éμ¢ ´¨Ö. �μ¸É·μ¥´´μ¥ É ±¨³ μ¡· §μ³ μ¶¨¸ ´¨¥ £· ¢¨É Í¨μ´´μ£μ
¶μ²Ö ¤μ²¦´μ ¡ÒÉÓ ¤ ´μ ¢ É¥·³¨´ Ì ¤¨´ ³¨Î¥¸±μ° £¥μ³¥É·¨¨ É·¥Ì³¥·´μ£μ
¶·μ¸É· ´¸É¢ . Œ¥Éμ¤ · §¡¨¥´¨Ö Î¥ÉÒ·¥Ì³¥·´μ£μ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨ ´  ¸¥-
·¨Õ É·¥Ì³¥·´ÒÌ ¶μ¢¥·Ì´μ¸É¥° ¡Ò² ¶·¥¤¸É ¢²¥´ ¢ · ¡μÉ¥ �·´μ¢¨ÉÉ , „¥§¥· 
¨ Œ¨§´¥·  [43] (¸Éμ¨É μÉ³¥É¨ÉÓ É ±¦¥ · ¡μÉÒ „¨· ±  [42, 102]). ‡¤¥¸Ó ³Ò
¶·¨¢¥¤¥³ ²¨ÏÓ ±· É±μ¥ μ¶¨¸ ´¨¥ ³¥Éμ¤  3 + 1 · §¡¨¥´¨Ö; ¤¥É ²Ó´Ò¥ ³ É¥³ -
É¨Î¥¸±¨¥ ¢Ò±² ¤±¨ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ [15]; ´¥μ¡Ìμ¤¨³Ò¥ ³ É¥³ É¨Î¥¸±¨¥
É¥μ·¥³Ò μ ±·¨¢¨§´¥ ¶μ¤³´μ£μμ¡· §¨Ö ¶·¨¢¥¤¥´Ò ¢ [103].

�·¥¦¤¥ ¢¸¥£μ ³Ò ¢¢¥¤¥³ ±μμ·¤¨´ ÉÒ ´  ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨. ‚·¥³¥´-
´ÊÕ ±μμ·¤¨´ ÉÊ ¡Ê¤¥³ μ¡μ§´ Î ÉÓ ¶¥·¥³¥´´μ° t ¨ ¢Ò¡¥·¥³ ±μμ·¤¨´ ÉÒ É ±,
ÎÉμ¡Ò ²Õ¡ Ö ¶μ¢¥·Ì´μ¸ÉÓ Σt ¸ Ë¨±¸¨·μ¢ ´´Ò³ t ¡Ò²  ¶μ¢¥·Ì´μ¸ÉÓÕ ŠμÏ¨.
ˆ´Ò³¨ ¸²μ¢ ³¨, ³Ò ¸Î¨É ¥³, ÎÉμ § ¤ Î  ŠμÏ¨ ³μ¦¥É ¡ÒÉÓ ±μ··¥±É´μ ¶μ-
¸É ¢²¥´  ¤²Ö ²Õ¡μ£μ ³μ³¥´É  ¢·¥³¥´¨. � · ³¥É·¨§ Í¨Ö ¢·¥³¥´¨ ¶μ§¢μ²Ö¥É
μ¶·¥¤¥²¨ÉÓ ¢·¥³¥´¨¶μ¤μ¡´Ò° ¢¥±Éμ· τμ, § ¤ ¢ ¥³Ò° ¶μ ¢·¥³¥´´μ° ¶¥·¥³¥´-
´μ° t ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

τμ∇μt = 1. (36)

’ ±¨³ μ¡· §μ³, ³Ò ¶μ¸É·μ¨²¨ ¸¥³¥°¸É¢μ ¶μ¢¥·Ì´μ¸É¥° Σt, ¶ · ³¥É·¨§Ê¥³ÒÌ
¢·¥³¥´¥³ t, ¨ ¢·¥³¥´¨¶μ¤μ¡´μ¥ ¢¥±Éμ·´μ¥ ¶μ²¥ τμ.

‚¥±Éμ·´μ¥ ¶μ²¥ τμ ´Ê¦´μ · §¡¨ÉÓ ´  ¤¢¥ ±μ³¶μ´¥´ÉÒ. �¥·¢ Ö ±μ³¶μ-
´¥´É  ´ §Ò¢ ¥É¸Ö ËÊ´±Í¨¥° Ìμ¤  N ¨ · ¢´Ö¥É¸Ö ¶·μ¥±Í¨¨ ¢¥±Éμ·´μ£μ ¶μ²Ö
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τμ ´  ¢¥±Éμ·, ´μ·³ ²Ó´Ò° ± ¶μ¢¥·Ì´μ¸ÉÖ³ Σt. ‚Éμ· Ö ±μ³¶μ´¥´É  ¶μ²Ö τμ

´ §Ò¢ ¥É¸Ö ¢¥±Éμ·μ³ ¸¤¢¨£  Ni, ¨ μ´  μ¶·¥¤¥²Ö¥É¸Ö ± ± ±μ³¶μ´¥´É  ¶μ²Ö τμ,
± ¸ É¥²Ó´ Ö ± ¶μ¢¥·Ì´μ¸ÉÖ³ Στ . ˆ´Ò³¨ ¸²μ¢ ³¨, ¢¥±Éμ· ¸¤¢¨£  Ni μ¶¨¸Ò-
¢ ¥É ¸μ¡¸É¢¥´´ÊÕ ¤¥Ëμ·³ Í¨Õ ¶·μ¸É· ´¸É¢¥´´ÒÌ ¸²μ¥¢,   ËÊ´±Í¨Ö Ìμ¤  Å
μÉ´μ¸¨É¥²Ó´Ò° ¸¤¢¨£ ¸²μ¥¢ ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨.

ƒ¥μ³¥É·¨Î¥¸±¨¥ ¸¢μ°¸É¢  ± ¦¤μ° ¶μ¢¥·Ì´μ¸É¨ Σt ³μ£ÊÉ ¡ÒÉÓ · §¤¥²¥´Ò
´  ¤¢  ±² ¸¸  Å ¢´¥Ï´ÕÕ ¨ ¸μ¡¸É¢¥´´ÊÕ £¥μ³¥É·¨¨ (extrinsic and intrinsic
geometries). Š ¸μ¡¸É¢¥´´μ° £¥μ³¥É·¨¨ μÉ´μ¸ÖÉ É¥ ¸¢μ°¸É¢ , ±μÉμ·Ò¥ ´¥ § ¢¨-
¸ÖÉ μÉ ±μ´±·¥É´μ£μ ¸¶μ¸μ¡  ¥¥ ¢²μ¦¥´¨Ö ¢ Î¥ÉÒ·¥Ì³¥·´μ¥ ¶·μ¸É· ´¸É¢μ; ±μ
¢´¥Ï´¥° ¦¥ £¥μ³¥É·¨¨, ´ ¶·μÉ¨¢, μÉ´μ¸ÖÉ ²¨ÏÓ É¥ ¸¢μ°¸É¢ , ÎÉμ μ¶·¥¤¥²Ö-
ÕÉ¸Ö ±μ´±·¥É´Ò³ ¸¶μ¸μ¡μ³ ¢²μ¦¥´¨Ö ¶μ¢¥·Ì´μ¸É¨ ¢ ¶·μ¸É· ´¸É¢μ ¡μ²ÓÏ¥°
· §³¥·´μ¸É¨. �  ¶· ±É¨Î¥¸±μ³ Ê·μ¢´¥ ¸¢μ°¸É¢  ¸μ¡¸É¢¥´´μ° £¥μ³¥É·¨¨ μ¶¨-

¸Ò¢ ÕÉ¸Ö É·¥Ì³¥·´Ò³ É¥´§μ·μ³ ±·¨¢¨§´Ò R
(3)
ij

a
b. ‘²¥¤ÊÖ ¶· ¢¨² ³ ¤¨ËË¥-

·¥´Í¨ ²Ó´μ° £¥μ³¥É·¨¨, É·¥Ì³¥·´Ò° É¥´§μ· ±·¨¢¨§´Ò μ¶·¥¤¥²Ö¥É ¸¢μ°¸É¢ 
¶ · ²²¥²Ó´μ£μ ¶¥·¥´μ¸  ¢¥±Éμ·μ¢, Ë¨±¸¨·μ¢ ´´ÒÌ ´  É·¥Ì³¥·´μ° ¶μ¢¥·Ì´μ-
¸É¨, ¶μ ÔÉμ° ¶μ¢¥·Ì´μ¸É¨. ‘¢μ°¸É¢  ¢´¥Ï´¥° £¥μ³¥É·¨¨ μ¶¨¸Ò¢ ÕÉ¸Ö É¥´§μ-
·μ³ ¢´¥Ï´¥° ±·¨¢¨§´Ò Kij . �ÉμÉ É¥´§μ· μ¶¨¸Ò¢ ¥É μÉ±²μ´¥´¨¥ ¢¥±Éμ·  τμ

μÉ ´μ·³ ²¨ ¶·¨ ¶ · ²²¥²Ó´μ³ ¶¥·¥´μ¸¥ ¢¤μ²Ó É·¥Ì³¥·´μ° ¶μ¢¥·Ì´μ¸É¨ [103].
’ ±¨³ μ¡· §μ³, Î¥ÉÒ·¥Ì³¥·´ÊÕ ³¥É·¨±Ê gμν É¥¶¥·Ó ¸²¥¤Ê¥É ¢Ò· §¨ÉÓ Î¥-

·¥§ ³¥É·¨±Ê É·¥Ì³¥·´ÒÌ ¸²μ¥¢ γij , ËÊ´±Í¨Õ Ìμ¤  N ¨ ¢¥±Éμ· ¸¤¢¨£  Ni. �É¨
¤¥¸ÖÉÓ ´¥§ ¢¨¸¨³ÒÌ ¢¥²¨Î¨´ μ¶·¥¤¥²ÖÕÉ ¸μ¡¸É¢¥´´ÊÕ ¨ ¢´¥Ï´ÕÕ £¥μ³¥É·¨¨
¶·μ¸É· ´¸É¢¥´´ÒÌ ¸²μ¥¢, ¶·¨Î¥³ É¥´§μ· É·¥Ì³¥·´μ° ±·¨¢¨§´Ò ¢Ò· ¦ ¥É¸Ö
Éμ²Ó±μ Î¥·¥§ É·¥Ì³¥·´ÊÕ ³¥É·¨±Ê. ˆ´Ò³¨ ¸²μ¢ ³¨, ¢¸Ö ¨´Ëμ·³ Í¨Ö μ ¢²μ-
¦¥´¨¨ É·¥Ì³¥·´ÒÌ ¶μ¢¥·Ì´μ¸É¥° ¢ Î¥ÉÒ·¥Ì³¥·´μ¥ ¶·μ¸É· ´¸É¢μ ¸μ¤¥·¦¨É¸Ö
¢ ËÊ´±Í¨¨ Ìμ¤  ¨ ¢¥±Éμ·¥ ¸¤¢¨£ .

‚ É¥·³¨´ Ì ¢´¥Ï´¥° Kij ¨ ¸μ¡¸É¢¥´´μ° ±·¨¢¨§´Ò R(3) ¤¥°¸É¢¨¥ ¤²Ö �’�
§ ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [15]:

S =
1

16πG

∫
d4x

√
−gR =

=
1

16πG

∫
dt

∫
d3x N

[√
γR(3) + KmnGmnabK

ab
]
.

(37)

‚ ÔÉμ³ ¢Ò· ¦¥´¨¨ Gmnab μ¡μ§´ Î ¥É ³¥É·¨±Ê ¤¥ ‚¨ÉÉ 

Gmnab =
1

2
√

γ
(γmaγnb + γmbγna − γmnγab) ,

Gmnab =
√

γ

2
(
γmaγnb + γmbγna − 2γmnγab

)
;

(38)

¢´¥Ï´ÖÖ ±·¨¢¨§´  ¤ ´  ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²μ°:

Kij =
1

2N

(
γ̇ij −∇(3)

i Nj −∇(3)
j Ni

)
. (39)
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„¥°¸É¢¨¥ (37) ´¥ ¸μ¤¥·¦¨É ¢·¥³¥´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ μÉ ËÊ´±Í¨¨ Ìμ¤  ¨ ¢¥±-
Éμ·  ¸¤¢¨£ . Š ± ¸²¥¤¸É¢¨¥, ´  Ê·μ¢´¥ ¤¥°¸É¢¨Ö ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ¨§ ¤¥-
¸ÖÉ¨ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ Î¥ÉÒ·¥ Å ËÊ´±Í¨Ö Ìμ¤  ¨ ¢¥±Éμ· ¸¤¢¨£  Å
´¥ Ö¢²ÖÕÉ¸Ö ¤¨´ ³¨Î¥¸±¨³¨ ¨ ´¥ ³μ£ÊÉ ¡ÒÉÓ ¶·¨§´ ´Ò ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò ∗.
‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ê· ¢´¥´¨Ö ‹ £· ´¦  £¥´¥·¨·ÊÕÉ Î¥ÉÒ·¥ Ê· ¢´¥´¨Ö ¸¢Ö§¨,
±μÉμ·Ò¥ ¨¸±²ÕÎ É ¥Ð¥ Î¥ÉÒ·¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò. �ÉμÉ ¢Ò¢μ¤ ´ ¶·Ö³ÊÕ ¶μ¤-
É¢¥·¦¤ ¥É¸Ö £ ³¨²ÓÉμ´¨ ´μ³ �’�, ±μÉμ·Ò° ¸¢μ¤¨É¸Ö ± ¸Ê³³¥ ² £· ´¦¥¢ÒÌ
³´μ¦¨É¥²¥°:

H = γ̇mnπmn − L = N

[
16πG Gmnabπ

mnπab −
√

γR(3)

16πG

]
+ Nm∇nπmn.

(40)

“· ¢´¥´¨Ö ¸¢Ö§¨, £¥´¥·¨·Ê¥³Ò¥ £ ³¨²ÓÉμ´¨ ´μ³, ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

H = 16πG Gmnabπ
mnπab −

√
γR(3)

16πG
= 0,

Hn = ∇mπmn = 0.

(41)

�μ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ¤·Ê£¨³¨ ± ²¨¡·μ¢μÎ´Ò³¨ ¸¨¸É¥³ ³¨ £ ³¨²ÓÉμ´¨ ´
�’� Éμ¦¤¥¸É¢¥´´μ · ¢¥´ ´Ê²Õ ´  Ê· ¢´¥´¨ÖÌ ¸¢Ö§¨. ‚ ±μ´É¥±¸É¥ É¥μ·¨¨ £· -
¢¨É Í¨¨ ÔÉμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ É ±¦¥ Ê± §Ò¢ ¥É ´  ¶·μ¡²¥³Ê ¢·¥³¥´¨, É ± ± ±
¶μ²´Ò° £ ³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò ¤μ²¦¥´ ¡ÒÉÓ ¸¢Ö§ ´ ¸ μ¶¥· Éμ·μ³ ¸¤¢¨£  ¶μ
¢·¥³¥´¨ Î¥·¥§ Ê· ¢´¥´¨¥ ƒ¥°§¥´¡¥·£ . �ÉÊ ¶·μ¡²¥³Ê ³μ¦´μ · §·¥Ï¨ÉÓ, Ëμ·-
³ ²Ó´μ μ¶·¥¤¥²¨¢ μ¶¥· Éμ· ¸¤¢¨£  ¶μ ¢·¥³¥´¨ Î¥·¥§ μ¶¥· Éμ· Ĥ. ’ ±, ¶·μ-
¨§¢μ¤´ Ö ¶μ ¢·¥³¥´¨ μÉ ²Õ¡μ£μ μ¶¥· Éμ·  Ô ¡Ê¤¥É ¤ ´  ¸²¥¤ÊÕÐ¨³  ´ ²μ£μ³
Ê· ¢´¥´¨Ö ƒ¥°§¥´¡¥·£ :

i
∂

∂t
Ô = [Ĥ, Ô]. (42)

‘²¥¤ÊÕÐ Ö ¶·μ¡²¥³ , ¢μ§´¨± ÕÐ Ö ´  ¶ÊÉ¨ ·¥ ²¨§ Í¨¨ ¶·μ£· ³³Ò ± ´μ-
´¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö, ¸μ¸Éμ¨É ¢ ¸²μ¦´μ¸É¨ μ¶·¥¤¥²¥´¨Ö ¶·μ¸É· ´¸É¢  ¸μ-
¸ÉμÖ´¨°. �μ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ± ²¨¡·μ¢μÎ´Ò³¨ É¥μ·¨Ö³¨ ³Ò ¤μ²¦´Ò μ£· -
´¨Î¨ÉÓ ¶·μ¸É· ´¸É¢μ ¸μ¸ÉμÖ´¨°, Ê¸É ´μ¢¨¢ ±¢ ´Éμ¢Ò¥ ± ²¨¡·μ¢μÎ´Ò¥ Ê¸²μ-
¢¨Ö. ‚ ¸²ÊÎ ¥ £· ¢¨É Í¨¨ ÔÉ¨ Ê¸²μ¢¨Ö £¥´¥·¨·ÊÕÉ¸Ö ±² ¸¸¨Î¥¸±¨³¨ Ê· ¢´¥-
´¨Ö³¨ ¸¢Ö§¨ (41):

Ĥ |Ψ〉 = 0, Ĥn |Ψ〉 = 0. (43)

∗ˆ´Ò³¨ ¸²μ¢ ³¨, ¢²μ¦¥´¨¥ 3-³¥·´μ° ¶μ¢¥·Ì´μ¸É¨ ¢ 4-³¥·´μ¥ ¶·μ¸É· ´¸É¢μ-¢·¥³Ö ¶μ²´μ-
¸ÉÓÕ μ¶·¥¤¥²¥´μ ¸μ¡¸É¢¥´´μ° £¥μ³¥É·¨¥° ¶μ¢¥·Ì´μ¸É¨.
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�¥·¢μ¥ Ê· ¢´¥´¨¥ ¸¨¸É¥³Ò ´ §Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³ “¨²¥·  Ä ¤¥ ‚¨ÉÉ . ‚ ±μ-
μ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨ μ´μ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:[

−16πG Gmnab

δ

δγmn

δ

δγab
−

√
γR(3)

16πG

]
|ψ〉 = 0. (44)

�Éμ Ê· ¢´¥´¨¥ ¢Éμ·μ£μ ¶μ·Ö¤±  ¶μ ¢ ·¨ Í¨μ´´Ò³ ¶·μ¨§¢μ¤´Ò³, ÎÉμ ¤¥² ¥É
¥£μ  ´ ²μ£¨Î´Ò³ Ê· ¢´¥´¨Õ Š²¥°´ Äƒμ·¤μ´ Ä”μ± , ¥¸²¨ ¢ ± Î¥¸É¢¥  ´ ²μ£ 
¢·¥³¥´´μ° ¶¥·¥³¥´´μ° · ¸¸³ É·¨¢ ÉÓ É·¥Ì³¥·´ÊÕ ³¥É·¨±Ê. Œμ¦´μ ¡Ò²μ
μ¦¨¤ ÉÓ, ÎÉμ ¶μ¤μ¡´μ Ê· ¢´¥´¨Õ Š²¥°´ Äƒμ·¤μ´ Ä”μ±  ·¥Ï¥´¨Ö Ê· ¢´¥-
´¨Ö “¨²¥·  Ä ¤¥ ‚¨ÉÉ  ³μ¦´μ · §¡¨ÉÓ ´  ¤¢  ±² ¸¸ ,  ´ ²μ£¨Î´Ò¥ £ ·³μ-
´¨± ³ ¸ ¶μ²μ¦¨É¥²Ó´Ò³¨ ¨ μÉ·¨Í É¥²Ó´Ò³¨ Î ¸ÉμÉ ³¨. �¤´ ±μ É ±μ¥ · §-
¤¥²¥´¨¥ ´¥¢μ§³μ¦´μ, ÎÉμ ¶·¨¢μ¤¨É ± ´¥Ê¸Éμ°Î¨¢μ¸É¨ ·¥Ï¥´¨° Ê· ¢´¥´¨Ö
“¨²¥·  Ä ¤¥ ‚¨ÉÉ . ‘¢Ö§ ´μ ÔÉμ ¸ É¥³, ÎÉμ  ´ ²μ£ ¶μÉ¥´Í¨ ²Ó´μ£μ Î²¥´ , ¸μ-
¤¥·¦ Ð¨° É·¥Ì³¥·´ÊÕ ±·¨¢¨§´Ê, ´¥ μ£· ´¨Î¥´ ¸´¨§Ê ¨ ³μ¦¥É ¶·¨´¨³ ÉÓ
¸±μ²Ó Ê£μ¤´μ μÉ·¨Í É¥²Ó´Ò¥ §´ Î¥´¨Ö [104, 105] (¶μ¤·μ¡´μ¥ μ¡¸Ê¦¤¥´¨¥
¶·¨¢¥¤¥´μ ¢ [15, 46]). ‘²¥¤¸É¢¨¥³ É ±μ£μ ¸¢μ°¸É¢  ·¥Ï¥´¨° Ê· ¢´¥´¨Ö
“¨²¥·  Ä ¤¥ ‚¨ÉÉ  Ö¢²Ö¥É¸Ö ´¥¢μ§³μ¦´μ¸ÉÓ ¸μ§¤ ´¨Ö ¶·μ¸É· ´¸É¢  ¸μ¸ÉμÖ´¨°
¸ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´μ° ´μ·³μ°.

‘Ê³³¨·μ¢ ÉÓ ¶·μ¡²¥³Ò ± ´μ´¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ± ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨
¸²¥¤Ê¥É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚μ-¶¥·¢ÒÌ,  ´ ²μ£¨Î´μ ¤·Ê£¨³ ± ²¨¡·μ¢μÎ´Ò³
É¥μ·¨Ö³ ± ´μ´¨Î¥¸± Ö ±¢ ´Éμ¢ Ö É¥μ·¨Ö £· ¢¨É Í¨¨ ¨§´ Î ²Ó´μ Ëμ·³Ê²¨·Ê-
¥É¸Ö ¢ ¶¥·¥μ¶·¥¤¥²¥´´μ³ ¡ §¨¸¥. ‘μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ·  ³¥É·¨±¨
´¥ ³μ£ÊÉ ¸²Ê¦¨ÉÓ ¶μ¤Ìμ¤ÖÐ¨³ ¡ §¨¸μ³, É ± ± ± ³¥É·¨±  ´¥ μ¶·¥¤¥²¥´  μ¤-
´μ§´ Î´μ. �μÔÉμ³Ê ± ´μ´¨Î¥¸± Ö ±¢ ´Éμ¢ Ö É¥μ·¨Ö ´Ê¦¤ ¥É¸Ö ¢ ³¥Ì ´¨§³¥,
μ¤´μ§´ Î´μ μ¶·¥¤¥²ÖÕÐ¥³ ¡ §¨¸´Ò¥ ¸μ¸ÉμÖ´¨Ö. ‚μ-¢Éμ·ÒÌ, ¶·μ£· ³³  ± ´μ-
´¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö ´¥ ³μ¦¥É μ¤´μ§´ Î´μ · §·¥Ï¨ÉÓ ¶·μ¡²¥³Ê ¢·¥³¥´¨.
Š² ¸¸¨Î¥¸± Ö �’� ´¥ ¨³¥¥É ¢Ò¤¥²¥´´μ° ¶ · ³¥É·¨§ Í¨¨ ¨, ± ± ¸²¥¤¸É¢¨¥, μÉ
±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ¸²¥¤Ê¥É μ¦¨¤ ÉÓ ¤¨´ ³¨Î¥¸±μ£μ ¢μ§´¨±´μ¢¥´¨Ö
¢·¥³¥´¨. � ±μ´¥Í, ±¢ ´Éμ¢Ò¥ Ê· ¢´¥´¨Ö ¸¢Ö§¨ ´¥ ¶μ§¢μ²ÖÕÉ Ê¤μ¢²¥É¢μ·¨-
É¥²Ó´μ μ¶·¥¤¥²¨ÉÓ ¶·μ¸É· ´¸É¢μ ¸μ¸ÉμÖ´¨°. � ¨³¥´´μ, ¸É·Ê±ÉÊ·  Ê· ¢´¥´¨Ö
“¨²¥·  Ä ¤¥ ‚¨ÉÉ  ´¥ ¶μ§¢μ²Ö¥É ¢¢¥¸É¨ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´μ¥ ¸± ²Ö·´μ¥
¶·μ¨§¢¥¤¥´¨¥ ´  ³´μ¦¥¸É¢¥ ¸¢μ¨Ì ·¥Ï¥´¨°, ÎÉμ ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢μ¢ ´¨Õ
¢ É¥μ·¨¨ ¸μ¸ÉμÖ´¨° ¸ μÉ·¨Í É¥²Ó´μ° ´μ·³μ°. ‚¸²¥¤¸É¢¨¥ ÔÉ¨Ì ËÊ´¤ ³¥´É ²Ó-
´ÒÌ ´¥¤μ¸É É±μ¢ ¶·μ£· ³³  ± ´μ´¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö £· ¢¨É Í¨¨ ¢ ¨¸Ìμ¤-
´μ³ ¢¨¤¥ ´¥ ³μ¦¥É ¡ÒÉÓ ¶·¨§´ ´  ¶μ²´μ¸ÉÓÕ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ°.

5. �””…Š’ˆ‚��Ÿ Š‚��’�‚�Ÿ ƒ��‚ˆ’�–ˆŸ

�¥¸³μÉ·Ö ´  ¢¸¥ ¸²μ¦´μ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ¶μ¸É·μ¥´¨¥³ ±¢ ´Éμ¢μ° É¥μ·¨¨
£· ¢¨É Í¨¨, ¸ÊÐ¥¸É¢Ê¥É Ëμ·³ ²¨§³, ¶μ§¢μ²ÖÕÐ¨° ÊÎ¥¸ÉÓ ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥
¸ ±¢ ´Éμ¢μ° ¶·¨·μ¤μ° £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö. �Éμ Ëμ·³ ²¨§³ ÔËË¥±É¨¢´μ°
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É¥μ·¨¨ ¶μ²Ö, · §· ¡μÉ ´´Ò° ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤  ± ±¢ ´Éμ¢μ°
É¥μ·¨¨ ¶μ²Ö.

‘ÊÐ¥¸É¢Ê¥É ¤¢  ¶·¨´Í¨¶¨ ²Ó´ÒÌ ¶μ¤Ìμ¤  ± ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö,
¶¥·¢Ò° É· ¤¨Í¨μ´´μ ´ §Ò¢ ¥É¸Ö ¢¨²¸μ´μ¢¸±¨³ ¢ Î¥¸ÉÓ Š¥´´¥É  ‚¨²-
¸μ´  [106,107], ÎÓ¨ · ¡μÉÒ ¶μ¸²Ê¦¨²¨ μ¸´μ¢μ° ¤²Ö ¸μ§¤ ´¨Ö Ëμ·³ ²¨§³ 
ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö [108, 109]; ¢Éμ·μ° ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¶μ¤Ìμ¤μ³
ŠμÊ²³ ´ Ä‚ °´¡¥·£  ¶μ ¨³¥´ ³  ¢Éμ·μ¢, ¢¶¥·¢Ò¥ ¨§²μ¦¨¢Ï¨Ì ¥£μ ¢ ¸É -
ÉÓ¥ [110]. „¥É ²Ó´μ¥ μ¡¸Ê¦¤¥´¨¥ μ¡μ¨Ì ³¥Éμ¤μ¢ ²¥¦¨É §  ¶·¥¤¥² ³¨ ÔÉμ£μ
μ¡§μ· , É ± ± ± É¥Ì´¨±  ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö · ¸¶·μ¸É· ´¥´  ¤ ²¥±μ
§  ¶·¥¤¥² ³¨ É¥μ·¨¨ £· ¢¨É Í¨¨ [111]. �·¨³¥´¥´¨¥ ³¥Éμ¤  ÔËË¥±É¨¢´μ°
É¥μ·¨¨ ¶μ²Ö ¢ £· ¢¨É Í¨¨ ¶μ¤·μ¡´μ μ¡¸Ê¦¤¥´μ ¢ [112Ä114].

‚¥·´¥³¸Ö ± ¨§ÊÎ¥´¨Õ ¸¨¸É¥³Ò ¶μ²¥° {Ψ} ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤-
Ìμ¤  ± ±¢ ´Éμ¢ ´¨Õ. Š ¦¤μ¥ ¶μ²¥ ¸μ¤¥·¦¨É Ëμ´μ¢ÊÕ Î ¸ÉÓ Ψ ¨ ³ ²Ò¥ ¢μ§-
³ÊÐ¥´¨Ö Ëμ´  ψ:

Z[ Ψ ] =
∫

D[ψ] exp
[
iA

[
Ψ + ψ

]]
= (45)

=
∫

D[ψ] exp

[
iA[ Ψ] + i

δA[ Ψ ]

δΨ
ψ + i

δ2A[ Ψ ]

δΨ
2 ψ2 + O(ψ3) + . . .

]
.

‚ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤  ³Ò ¸Î¨É ¥³, ÎÉμ Ëμ´μ¢Ò¥ ¶μ²Ö Ψ ¶¥·-
¢¨Î´Ò ¶μ μÉ´μÏ¥´¨Õ ± ³ ²Ò³ ¢μ§³ÊÐ¥´¨Ö³ ψ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ ¨³¥´´μ
Ëμ´μ¢Ò¥ ¶μ²Ö μ¶·¥¤¥²ÖÕÉ ¸¢μ°¸É¢  ³ ²ÒÌ ¢μ§³ÊÐ¥´¨°.

‚¨²¸μ´μ¢¸±¨° ¶μ¤Ìμ¤ ± ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö ¸μ¸Éμ¨É ¢ ¶μ¸É·μ¥-
´¨¨ μ¶¨¸ ´¨Ö ¤ ´´μ° ¸¨¸É¥³Ò ¶μ²¥° ¢ ·¥¦¨³¥ ³ ²ÒÌ Ô´¥·£¨°. �·¥¦¤¥ ¢¸¥£μ,
¢Ò¤¥²Ö¥É¸Ö ³ ¸ÏÉ ¡ Ô´¥·£¨¨ Λ, μ¶·¥¤¥²ÖÕÐ¨° £· ´¨ÍÊ ³¥¦¤Ê ¢Ò¸μ±μ- ¨ ´¨§-
±μÔ´¥·£¥É¨Î¥¸±¨³¨ ¶·μÍ¥¸¸ ³¨. ‚¸¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¢ ¸¨¸É¥³¥ {Ψ} · §¡¨-
¢ ÕÉ¸Ö ´  ²¥£±¨¥ ¨ ÉÖ¦¥²Ò¥ ¶μ μÉ´μÏ¥´¨Õ ± ³ ¸ÏÉ ¡Ê Λ, ¶μ¸²¥ Î¥£μ ¢¸¥
ÉÖ¦¥²Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¨¸±²ÕÎ ÕÉ¸Ö ¨§ ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ¸μ¸ÉμÖ-
´¨°. �μ²ÊÎ¥´´ Ö É¥μ·¨Ö μ¶¨¸Ò¢ ¥É ¢§ ¨³μ¤¥°¸É¢¨¥ ²¨ÏÓ ²¥£±¨Ì ¸É¥¶¥´¥°
¸¢μ¡μ¤Ò, ´μ ÉÖ¦¥²Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¶μ-¶·¥¦´¥³Ê μ± §Ò¢ ÕÉ ´  ´¥¥ ¢²¨-
Ö´¨¥ ´  Ê·μ¢´¥ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±. ’ ±¨³ μ¡· §μ³, ¨§ ¸¨¸É¥³Ò ²¥£±¨Ì
{ΨL} ¨ ÉÖ¦¥²ÒÌ {ΨH} ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ³Ò ¨¸±²ÕÎ¨²¨ ¢¸¥ ÉÖ¦¥²Ò¥ ¸É¥¶¥´¨
¸¢μ¡μ¤Ò ¨ ¶μ²ÊÎ¨²¨ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ Γ, μ¶¨¸Ò¢ ÕÐ¥¥ ¤¨´ ³¨±Ê ²¥£±¨Ì
¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¶·¨ Ô´¥·£¨ÖÌ, ³´μ£μ ³¥´ÓÏ¨Ì Λ:∫

D[ΨL] D[ΨH ] exp [iA[ΨL, ΨH ]] =
∫

D[ΨL] exp [i Γ[ΨL]] . (46)

�ÉμÉ ¶μ¤Ìμ¤ ¶μ²ÊÎ¨² Ï¨·μ±μ¥ · ¸¶·μ¸É· ´¥´¨¥ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î -
¸É¨Í, É ± ± ± μ´ ¶μ§¢μ²Ö¥É ¸μ£² ¸μ¢ ´´μ ÊÎ¥¸ÉÓ ¢²¨Ö´¨¥ ÉÖ¦¥²ÒÌ ¸É¥¶¥´¥°
¸¢μ¡μ¤Ò ¸É ´¤ ·É´μ° ³μ¤¥²¨, ´ ¶·¨³¥·, ¸² ¡ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢, ´ 
²¥£±¨¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, ´ ¶·¨³¥·, ´  Ô²¥±É·μ´Ò [109,115,116].
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�μ¤Ìμ¤ ŠμÊ²³¥´ Ä‚ °´¡¥·£ , ´ ¶·μÉ¨¢, ´¥ É·¥¡Ê¥É ¨¸±²ÕÎ¥´¨Ö ¸É¥¶¥-
´¥° ¸¢μ¡μ¤Ò,   ¨§ÊÎ ¥É ³ ±·μ¸±μ¶¨Î¥¸±ÊÕ ¤¨´ ³¨±Ê ¸¨¸É¥³Ò ¶μ²¥°, £¥´¥-
·¨·Ê¥³ÊÕ ±¢ ´Éμ¢Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨. ‚ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤ 
¸Î¨É ¥É¸Ö, ÎÉμ ¤¨´ ³¨±  ³ ²ÒÌ ¢μ§³ÊÐ¥´¨° ¸¨¸É¥³Ò μ¶·¥¤¥²Ö¥É¸Ö Ëμ´μ³
¸¨¸É¥³Ò, ¢ Éμ ¢·¥³Ö ± ± Ëμ´ μ¸É ¥É¸Ö ´¥§ ¢¨¸¨³Ò³ μÉ ³ ²ÒÌ ¢μ§³ÊÐ¥´¨°.
�μ¤Ìμ¤ ŠμÊ²³¥´ Ä‚ °´¡¥·£  ¶·¥¤² £ ¥É · ¸¸³ É·¨¢ ÉÓ ³ ²Ò¥ ±¢ ´Éμ¢Ò¥ ¢μ§-
³ÊÐ¥´¨Ö ± ± ËÊ´¤ ³¥´É ²Ó´Ò° μ¡Ñ¥±É, ¶μ·μ¦¤ ÕÐ¨° ±² ¸¸¨Î¥¸±¨° Ëμ´.
ˆ´Ò³¨ ¸²μ¢ ³¨, ¢ £¥´¥·¨·ÊÕÐ¥³ ËÊ´±Í¨μ´ ²¥ ¸²¥¤Ê¥É ¶·μ¨§¢¥¸É¨ ¨´É¥£·¨-
·μ¢ ´¨¥ ¶μ ¢¸¥³ ³ ²Ò³ ¢μ§³ÊÐ¥´¨Ö³, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥
Γ
[
Ψ

]
, μ¶¨¸Ò¢ ÕÐ¥¥ ¤¨´ ³¨±Ê ±² ¸¸¨Î¥¸±μ£μ Ëμ´ :

Z
[

Ψ
]

=
∫

D[ψ] exp
[
iA

[
Ψ + ψ

]] def= exp
[
i Γ[ Ψ ]

]
. (47)

�ÉÊ ²μ£¨±Ê ³μ¦´μ ¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ ¶·¨ ¶μ³μÐ¨ μ·¨£¨´ ²Ó´μ° · -
¡μÉÒ [110], £¤¥ · ¸¸³ É·¨¢ ²μ¸Ó ¸± ²Ö·´μ¥ ¶μ²¥ ¸ Î¥ÉÒ·¥ÌÎ ¸É¨Î´Ò³ ¢§ ¨-
³μ¤¥°¸É¢¨¥³. �  ¤·¥¢¥¸´μ³ Ê·μ¢´¥ ¸¥±Éμ· ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¤¥²¨ μ¶¨¸Ò¢ ¥É
²¨ÏÓ Î¥ÉÒ·¥ÌÎ ¸É¨Î´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥. �¤´ ±μ ´  Ê·μ¢´¥ ¶¥·¢μ° · ¤¨ Í¨-
μ´´μ° ¶μ¶· ¢±¨ ¸¥±Éμ· ¢§ ¨³μ¤¥°¸É¢¨Ö · ¤¨± ²Ó´μ ³¥´Ö¥É¸Ö, É ± ± ± · ¤¨-
 Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ¨´¤ÊÍ¨·ÊÕÉ ´μ¢Ò¥ ³´μ£μÎ ¸É¨Î´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨,
± ± ¸²¥¤¸É¢¨¥, ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·ÊÕÉ ´μ¢Ò° Ô´¥·£¥É¨Î¥¸±¨° ³ ¸ÏÉ ¡. �Éμ
´ Ìμ¤¨É ¸¢μ¥ μÉ· ¦¥´¨¥ ¢ Éμ³, ÎÉμ ¸²¥¤ÊÕÐ¨° ·Ö¤ ¤¨ £· ³³ ³μ¦¥É ¡ÒÉÓ
¶·μ¸Ê³³¨·μ¢ ´,   ¥£μ ¸Ê³³  ¶·¨¢´¥¸¥É ¤μ¶μ²´¨É¥²Ó´Ò° ¢±² ¤ ¢ ¸¥±Éμ· ¢§ ¨-
³μ¤¥°¸É¢¨Ö:

. . . → 1
2

∫
d4k

(2π)4
ln

(
1 +

λφ2

2k2

)
. (48)

’ ±¨³ μ¡· §μ³, ¢ ¶μ²´μ³ ¸μ£² ¸¨¨ ¸ Ê± § ´´μ° ²μ£¨±μ°, ³ ²Ò¥ ±¢ ´Éμ¢Ò¥
¢μ§³ÊÐ¥´¨Ö ¸± ²Ö·´μ£μ ¶μ²Ö ´  Ê·μ¢´¥ ¶¥·¢μ° ¶¥É²¥¢μ° ¶μ¶· ¢±¨ ¨´¤ÊÍ¨·μ-
¢ ²¨ ´μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨ ¨§³¥´¨²¨ ¤¨´ ³¨±Ê ±² ¸¸¨Î¥¸±μ£μ ¶μ²Ö.

�μ¤Ìμ¤ ŠμÊ²³¥´ Ä‚ °´¡¥·£  ¡μ²ÓÏ¥ μÉ¢¥Î ¥É ¨§ÊÎ¥´¨Õ £· ¢¨É Í¨¨, É ±
± ± ¢ · ³± Ì �’� £· ¢¨Éμ´Ò Ö¢²ÖÕÉ¸Ö ¡¥§³ ¸¸μ¢Ò³¨ ¨ ´¥ ³μ£ÊÉ § ¤ ÉÓ ¢Ò¤¥-
²¥´´Ò° ³ ¸ÏÉ ¡ Ô´¥·£¨¨. �¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ · ³± Ì ¤·Ê£¨Ì ¶μ¤Ìμ-
¤μ¢ ¢μ§³μ¦´μ ¨¸¶μ²Ó§μ¢ ´¨¥ ¨ ¢¨²¸μ´μ¢¸±μ£μ ¶μ¤Ìμ¤ . � ¶·¨³¥·, ¢ · ³± Ì
É¥μ·¨¨ ¸É·Ê´ (¢¨²¸μ´μ¢¸±μ¥) ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö £· ¢¨É Í¨¨ ³μ¦¥É
¡ÒÉÓ ¢ÒÎ¨¸²¥´μ Ö¢´μ [117Ä119]. �¤´ ±μ, ¢ ´ ¨¡μ²¥¥ μ¡Ð¥³ ¸²ÊÎ ¥, ³Ò ´¥
¤μ²¦´Ò μ£· ´¨Î¨¢ ÉÓ¸Ö μ¤´μ° É¥μ·¨¥° ¸É·Ê´,   ¤μ²¦´Ò ¨§ÊÎ ÉÓ ´ ¨¡μ²¥¥
μ¡ÐÊÕ Ëμ·³Ê ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö.

‹μ£¨±  ¶μ¸É·μ¥´¨Ö ÔËË¥±É¨¢´ÒÌ É¥μ·¨° ¶μ²Ö ¶μ§¢μ²Ö¥É ¢μ¸¸É ´μ¢¨ÉÓ
¢¨¤ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, ¨¸Ìμ¤Ö ¨§ ¸μμ¡· ¦¥´¨° ¸¨³³¥É·¨¨ ¨ · §³¥·´μ-
¸É¨, ¤ ¦¥ ¥¸²¨ ³¨±·μ¸±μ¶¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ ¤²Ö ¸¨¸É¥³Ò ´¥¨§¢¥¸É´μ [112].
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‚ ´ ¨¡μ²¥¥ ¶·μ¸Éμ³ ¨ ¶· ±É¨Î´μ³ ¶μ¤Ìμ¤¥ ± ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¸Éμ¨É
ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö £· ¢¨É Í¨¨ ´  Ê·μ¢´¥ ¶¥·¢μ° ¶¥-
É²¥¢μ° ¶μ¶· ¢±¨ ¸μ¸Éμ¨É ¨§ ¢¸¥Ì μ¶¥· Éμ·μ¢, £¥´¥·¨·Ê¥³ÒÌ μ¤´μ¶¥É²¥¢Ò³¨
¤¨ £· ³³ ³¨ [112Ä114,120] ¨ ± ± ¸²¥¤¸É¢¨¥, ¨³¥¥É

Γ1−loop =
∫

d4x
√
−g

[
−

1
16πG

R + c1R
2 + c2R

2
μν

]
. (49)

�¸μ¡μ ¸²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ · ¸Ìμ¤ÖÐ Ö¸Ö Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö
± ± ¤²Ö £· ¢¨É Í¨¨, É ± ¨ ¤²Ö ¤·Ê£¨Ì ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨° ³μ¦¥É ¡ÒÉÓ
¢μ¸¸É ´μ¢²¥´  μ¤´μ§´ Î´μ [120].

Š ± ³Ò μÉ³¥Î ²¨ ¢ · §¤. 3, ¤¥°¸É¢¨¥ É ±μ£μ ¢¨¤  ¸μ¤¥·¦¨É ¤ÊÌμ¢Ò¥ ¸É¥-
¶¥´¨ ¸¢μ¡μ¤Ò. �¤´ ±μ ¨§-§  Éμ£μ, ÎÉμ ³Ò · ¡μÉ ¥³ ¢ · ³± Ì ÔËË¥±É¨¢´μ°
É¥μ·¨¨, ¨´É¥·¶·¥É Í¨Ö ÔÉμ£μ ·¥§Ê²ÓÉ É  ¤μ²¦´  ¡ÒÉÓ ¶·¨´Í¨¶¨ ²Ó´μ ¨´μ°.
’¥³ ¡μ²¥¥, ÎÉμ ¤ ¦¥ ¢ · ³± Ì ¸É·Ê´´ÒÌ ³μ¤¥²¥° ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ³μ-
¦¥É ¸μ¤¥·¦ ÉÓ ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò [117]. ’μ²Ó±μ ³¨±·μ¸±μ¶¨Î¥¸±μ¥
¤¥°¸É¢¨¥ μ¶¨¸Ò¢ ¥É ËÊ´¤ ³¥´É ²Ó´Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò,   ¨Ì ¤¨´ ³¨±  μ¶·¥-
¤¥²Ö¥É ¢¨¤ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. Š ± ¸²¥¤¸É¢¨¥, ´¥É μ¸´μ¢ ´¨° ¸Î¨É ÉÓ,
ÎÉμ ´μ¢Ò¥ ¶μ²Õ¸Ò ¢ ¶·μ¶ £ Éμ·¥ ¢μ§³ÊÐ¥´¨°, μ¶¨¸Ò¢ ¥³ÒÌ ¤¥°¸É¢¨¥³ (49),
¸μμÉ´μ¸ÖÉ¸Ö ¸ ËÊ´¤ ³¥´É ²Ó´Ò³¨ Î ¸É¨Í ³¨. ‚ Î ¸É´μ¸É¨, ÔËË¥±É¨¢´μ¥ ¤¥°-
¸É¢¨¥ (49) £¥´¥·¨·Ê¥É¸Ö, ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¤¥°¸É¢¨¥ �’� ¢ ± Î¥¸É¢¥ ËÊ´-
¤ ³¥´É ²Ó´μ£μ. �μ²Õ¸, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¡¥§³ ¸¸μ¢Ò³ ¢μ§³ÊÐ¥´¨Ö³ ¸μ ¸¶¨-
´μ³ 2, ¤μ²¦¥´ ¡ÒÉÓ ¸¢Ö§ ´ ¸ £· ¢¨Éμ´μ³, É ± ± ± ÉμÎ´μ É ±μ° ¦¥ ¶μ²Õ¸
¶·¨¸ÊÉ¸É¢Ê¥É ¨ ¢ ËÊ´¤ ³¥´É ²Ó´μ³ ¤¥°¸É¢¨¨. „·Ê£¨¥ ¶μ²Õ¸Ò, μ¶¨¸Ò¢ ÕÐ¨¥
³ ¸¸¨¢´Ò¥ ¢μ§³ÊÐ¥´¨Ö ¸¶¨´  2 ¨ 0, ´ ¶·μÉ¨¢, ¶μÖ¢²ÖÕÉ¸Ö Éμ²Ó±μ ¡² £μ¤ ·Ö
· ¤¨ Í¨μ´´Ò³ ¶μ¶· ¢± ³, ¶μÔÉμ³Ê ¨Ì ´¥²Ó§Ö ¨´É¥·¶·¥É¨·μ¢ ÉÓ ± ± ËÊ´¤ -
³¥´É ²Ó´Ò¥ Î ¸É¨ÍÒ.

�·μÐ¥ ¢¸¥£μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ´μ¢Ò¥ ¶μ²Õ¸Ò ± ± Ê± § ´¨¥ ´  Éμ, ÎÉμ
¸¨¸É¥³  ¢Ìμ¤¨É ¢ ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ·¥¦¨³ [121]. �¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¨ ¸¢Ö-
§ ´´Ò¥ ¸ ´¥° ¤ÊÌμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö Ê± §Ò¢ ÕÉ ²¨ÏÓ ´  Éμ, ÎÉμ ¨¸¶μ²Ó§Ê¥³ Ö
´ ³¨ É¥μ·¨Ö ¢μ§³ÊÐ¥´¨° É¥·Ö¥É ¶·¨³¥´¨³μ¸ÉÓ. �  ÔÉμ Ê± §Ò¢ ¥É É ±¦¥ ¨
Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ, ÎÉμ ±¢ §¨±² ¸¸¨Î¥¸±¨¥ ·¥Ï¥´¨Ö, μ¶¨¸Ò¢ ¥³Ò¥ ÔËË¥±É¨¢-
´Ò³ ¤¥°¸É¢¨¥³ ¢¨¤  (49), ´¥ ¨³¥ÕÉ ¶·¥¤¥²  ¶·¨ � → 0 [122] (´¥¶¥·ÉÊ·¡ É¨¢-
´Ò ¶μ �).

�¤´ ±μ ´μ¢Ò¥ ¶μ²Õ¸Ò ¢ ¶·μ¶ £ Éμ·¥, £¥´¥·¨·Ê¥³Ò¥ ÔËË¥±É¨¢´Ò³ ¤¥°-
¸É¢¨¥³ (49), ³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ¨ ± ± £· ¢¨É Í¨μ´´μ ¸¢Ö§ ´´Ò¥ ¸μ-
¸ÉμÖ´¨Ö [123, 124]. �É  ¨´É¥·¶·¥É Í¨Ö μ¸´μ¢Ò¢ ¥É¸Ö ´  Éμ³, ÎÉμ ¤ÊÌμ¢Ò¥
¸μ¸ÉμÖ´¨Ö, μ¶¨¸Ò¢ ¥³Ò¥ ÔËË¥±É¨¢´μ° É¥μ·¨¥°, ÉμÎ´μ É ± ¦¥ ± ± ¸¢Ö§ ´-
´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¨³¥ÕÉ μÉ·¨Í É¥²Ó´ÊÕ Ô´¥·£¨Õ. ‚³¥¸É¥ ¸ ÔÉ¨³, ± ± ¶μ± § ´μ
¢ · §¤. 3, É ±¨¥ ¸μ¸ÉμÖ´¨Ö ¢μ§´¨± ÕÉ ²¨ÏÓ ´  Ê·μ¢´¥ ¶¥·¢μ° · ¤¨ Í¨μ´´μ°
¶μ¶· ¢±¨, É. ¥. ¢ ·¥¦¨³¥ ¸¨²Ó´μ£μ ¶μ²Ö, ±μ£¤  ´¥²¨´¥°´ Ö ¶·¨·μ¤  £· ¢¨É -
Í¨μ´´μ£μ ¶μ²Ö ¤μ²¦´  ¡ÒÉÓ ¶·¨´ÖÉ  ¢μ ¢´¨³ ´¨¥.
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‚ ¦´μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¤ÊÌμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ¨ ¸¢Ö§ ´´ Ö ¸ ´¨³¨ ´¥Ê¸Éμ°-
Î¨¢μ¸ÉÓ ³μ¦¥É ¡ÒÉÓ ¨¸±²ÕÎ¥´  ¨§ ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¢ ´¥¸±μ²Ó±¨Ì μ¸μ¡ÒÌ
¸²ÊÎ ÖÌ [121, 125]. ‚ · ¡μÉ¥ [125] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¢ ÔËË¥±É¨¢´μ³ ¤¥°-
¸É¢¨¨ ¤²Ö £· ¢¨É Í¨¨ ³μ¦´μ · §¤¥²¨ÉÓ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¸ · §´μ° ³ ¸¸μ° ¨
¸¶¨´μ³ ¨ ¶·¨¢¥¸É¨ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê (¢ ± ²¨¡·μ¢±¥
”¥°´³ ´ ):

Γ =
∫

d4x

[
−

1
2

φμν Cμναβ

2
�φαβ +

1
2

ψμν Cμναβ

2
�ψαβ +

m2
2

2
(
ψ2

μν − ψ2
)
−

−
1
2

σ(� + m2
0)σ + κ

(
φμν + ψμν +

1
√

3
σ

)
T μν

]
. (50)

‡¤¥¸Ó φμν , ψμν ¨ σ Å ¸μμÉ¢¥É¸É¢¥´´μ ¡¥§³ ¸¸μ¢Ò¥ £· ¢¨Éμ´Ò, ³ ¸¸¨¢´Ò¥
¤ÊÌ¨ ¸μ ¸¶¨´μ³ ¤¢  ¨ ³ ¸¸¨¢´Ò¥ ¸± ²Ö·Ò; T μν μ¡μ§´ Î ¥É É¥´§μ· Ô´¥·£¨¨-
¨³¶Ê²Ó¸  ³ É¥·¨¨,   ³ ¸¸Ò ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò μ¶·¥¤¥²¥´Ò Ëμ·³Ê²μ° (29).

�É³¥É¨³, ÎÉμ ³Ò ¨¸±²ÕÎ¨²¨ Î²¥´Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ¢§ ¨³μ¤¥°¸É¢¨¥ £· ¢¨-
É Í¨μ´´ÒÌ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò. ‘¢Ö§ ´μ ÔÉμ ¸ É¥³, ÎÉμ ¤ ¦¥ ¢ · ³± Ì ±² ¸¸¨Î¥-
¸±μ° �’� ¢§ ¨³μ¤¥°¸É¢¨¥ ¤¢ÊÌ ±¢ ¤·Ê¶μ²Ó´ÒÌ £· ¢¨É Í¨μ´´ÒÌ ¢μ²´ ³μ¦¥É
¶·¨¢¥¸É¨ ± μ¡· §μ¢ ´¨Õ £μ²μ° ¸¨´£Ê²Ö·´μ¸É¨ [126,127]. ‘²¥¤μ¢ É¥²Ó´μ, ¥¸ÉÓ
μ¸´μ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ ±² ¸¸¨Î¥¸±¨Ì £· ¢¨É Í¨μ´´ÒÌ ¸É¥¶¥-
´¥° ¸¢μ¡μ¤Ò Ö¢²Ö¥É¸Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ¶·μÍ¥¸¸μ³ ¨ ´¥ ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´μ
¢ · ³± Ì ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö.

‚ · ¡μÉ¥ [125] ¶μ± § ´μ, ÎÉμ Ê· ¢´¥´¨Ö ¶μ²Ö, £¥´¥·¨·Ê¥³Ò¥ ÔËË¥±É¨¢-
´Ò³ ¤¥°¸É¢¨¥³ (50), ¸μ¢¶ ¤ ÕÉ ¸ Ê· ¢´¥´¨Ö³¨ ¶μ²Ö, £¥´¥·¨·Ê¥³Ò³¨ ¤¥°-
¸É¢¨¥³, ¸¢μ¡μ¤´Ò³ μÉ ¤ÊÌμ¢ÒÌ ¸μ¸ÉμÖ´¨°:

Γ =
∫

d4x

[
−

1
2

φμν Cμναβ

2
�φαβ −

1
2

ψμν Cμναβ

2
� ψαβ −

m2
2

2
(
ψ2

μν − ψ2
)
−

−
1
2

σ(� + m2
0)σ + κ

(
φμν − ψμν +

1
√

3
σ

)
T μν

]
. (51)

�¥¸³μÉ·Ö ´  Éμ, ÎÉμ ÔÉμ ¤¥°¸É¢¨¥ ´¥ ¸μ¤¥·¦¨É ¤ÊÌμ¢ÒÌ ¸μ¸ÉμÖ´¨°, μ´μ μ¶¨-
¸Ò¢ ¥É £· ¢¨É Í¨μ´´μ¥ μÉÉ ²±¨¢ ´¨¥ ³ É¥·¨¨, É ± ± ± Î²¥´ ¢§ ¨³μ¤¥°¸É¢¨Ö
³¥¦¤Ê ³ ¸¸¨¢´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ¸μ ¸¶¨´μ³ 2 ¨³¥¥É ¶·μÉ¨¢μ¶μ²μ¦´Ò° §´ ±.
�ÉμÉ ·¥§Ê²ÓÉ É ³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ± ± Ê± § ´¨¥ ´  Éμ, ÎÉμ ¢ · ³± Ì
ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö μ¶¨¸ ´¨¥ ¸μ¸ÉμÖ´¨° ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° ´¥-
μÉ²¨Î¨³μ μÉ μ¶¨¸ ´¨Ö ¸μ¸ÉμÖ´¨° ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥°, ¨¸¶ÒÉÒ¢ ÕÐ¨Ì
£· ¢¨É Í¨μ´´μ¥ μÉÉ ²±¨¢ ´¨¥.

	μ²¥¥ Éμ£μ, ¥¸ÉÓ μ¸´μ¢ ´¨Ö ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ´¥
³μ£ÊÉ ¡ÒÉÓ ¢μ§¡Ê¦¤¥´Ò ¢ ·¥¦¨³¥ ´¨§±¨Ì Ô´¥·£¨°, £¤¥ ¶·¨³¥´¨³ Ëμ·³ ²¨§³
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ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö. ’ ±, ¢ · ¡μÉ Ì [114, 128, 129] ¡Ò²μ ¶μ± § ´μ,
ÎÉμ ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ É¥² ¸ ³ ¸¸ ³¨ M1 ¨ M2 ¢ ÔËË¥±É¨¢´μ°
É¥μ·¨¨ £· ¢¨É Í¨¨ ´  Ê·μ¢´¥ ¶¥·¢μ° · ¤¨ Í¨μ´´μ° ¶μ¶· ¢±¨ ¤ ´ ¸²¥¤ÊÕÐ¨³
¢Ò· ¦¥´¨¥³:

V (r) = −
GM1M2

r

[
1 + 3

G(M1 + M2)
r

+
41
10π

G�

r2

]
. (52)

�μ¶· ¢±¨ ± ¸É ´¤ ·É´μ³Ê ¶μÉ¥´Í¨ ²Ê £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ¤ -
¢²¥´Ò £· ¢¨É Í¨μ´´μ° ¶μ¸ÉμÖ´´μ° ¨ ¸¶ ¤ ÕÉ ¸ · ¸¸ÉμÖ´¨¥³ ¡Ò¸É·¥¥, Î¥³ r.
�ÉμÉ ·¥§Ê²ÓÉ É ¶μ± §Ò¢ ¥É, ÎÉμ · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ¸ÊÐ¥¸É¢¥´´Ò ¤²Ö ³ ¸-
¸¨¢´ÒÌ É¥² ¨ ¢§ ¨³μ¤¥°¸É¢¨° ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ, É. ¥. ¢ ·¥¦¨³¥ ¸¨²Ó´μ£μ
¶μ²Ö, £¤¥ μ¶¨¸ ´¨¥ £· ¢¨É Í¨¨ ³¥Éμ¤ ³¨ ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö ³μ¦¥É
¡ÒÉÓ ´¥¶·¨³¥´¨³μ.

�ÉμÉ ¦¥ ¢Ò¢μ¤ ¶μ¤¤¥·¦¨¢ ¥É¸Ö ·¥§Ê²ÓÉ É ³¨ ¨§ÊÎ¥´¨Ö £· ¢¨É Í¨μ´´μ£μ
¨§²ÊÎ¥´¨Ö ¤¢μ°´ÒÌ ¸¨¸É¥³ [125,130,131]. ‚ · ³± Ì ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö
³μÐ´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¤¢μ°´μ° ¸¨¸É¥³Ò ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ·¥¦¨³¥ ¶μ²ÊÎ ¥É
¤μ¶μ²´¨É¥²Ó´Ò° ¢±² ¤ μÉ ¨§²ÊÎ¥´¨Ö ³ ¸¸μ¢ÒÌ ¸μ¸ÉμÖ´¨° ¸μ ¸¶¨´μ³ 2:(

dE

dω

)
massive

=

(
dE

dω

)
massless

θ(ω − m2). (53)

ˆ§-§  Éμ£μ ÎÉμ ³ ¸¸¨¢´Ò¥ ¨ ¡¥§³ ¸¸μ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¸μ ¸¶¨´μ³ 2 ¨³¥ÕÉ
μ¤´Ê ¨ ÉÊ ¦¥ ¸É·Ê±ÉÊ·Ê ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ É¥´§μ·μ³ Ô´¥·£¨¨-¨³¶Ê²Ó¸  ³ É¥·¨¨,
μ´¨ Ê´μ¸ÖÉ ¨§ ¸¨¸É¥³Ò μ¤¨´ ±μ¢μ¥ ±μ²¨Î¥¸É¢μ Ô´¥·£¨¨. �¤´ ±μ ¨§-§  Ô´¥·£¥-
É¨Î¥¸±μ° Ð¥²¨ ¢ ¸¶¥±É·¥ ³ ¸¸¨¢´ÒÌ ³μ¤ ¨Ì ¨§²ÊÎ¥´¨¥ ´ Î¨´ ¥É¸Ö ²¨ÏÓ ¶·¨
Ê¸²μ¢¨¨, ÎÉμ ¢ ¸¨¸É¥³¥ ¤μ¸É ÉμÎ´μ Ô´¥·£¨¨ ¤²Ö ¨Ì ¢μ§¡Ê¦¤¥´¨Ö. �μ ÔÉμ° ¶·¨-
Î¨´¥ ¢ Ëμ·³Ê²¥ ¤²Ö ³μÐ´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¶·¨¸ÊÉ¸É¢Ê¥É ËÊ´±Í¨Ö •¥¢¨¸ °¤ ,
μ¶·¥¤¥²ÖÕÐ Ö ±·¨É¨Î¥¸±ÊÕ Î ¸ÉμÉÊ ¸¨¸É¥³Ò. ‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ·¥¦¨³¥
Î ¸ÉμÉ  ¢· Ð¥´¨Ö ¸¨¸É¥³Ò ¸¢Ö§ ´  ¸ · ¸¸ÉμÖ´¨¥³ ³¥¦¤Ê ±μ³¶μ´¥´É ³¨ d
¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [132,133]:

ω2 =
G(mA + mB)

d3
, (54)

£¤¥ mA ¨ mB Å ³ ¸¸Ò ±μ³¶μ´¥´Éμ¢ ¸¨¸É¥³Ò. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ´¸¥·-
¢ É¨¢´ÒÌ Ô³¶¨·¨Î¥¸±¨Ì μ£· ´¨Î¥´¨° ´  m2 [134] ¢ · ¡μÉ¥ [125] ¡Ò²μ ¶μ-
± § ´μ, ÎÉμ ¸¨¸É¥³  ³μ¦¥É ´ Î ÉÓ ¨§²ÊÎ ÉÓ ³ ¸¸¨¢´Ò¥ ³μ¤Ò ²¨ÏÓ ±μ£¤  ¥¥
±μ³¶μ´¥´ÉÒ ¸¡²¨§ÖÉ¸Ö ´  · ¸¸ÉμÖ´¨Ö ¶μ·Ö¤±  ¤¥¸ÖÉ±μ¢ ¸ ´É¨³¥É·μ¢. ’ ±¨³
μ¡· §μ³, ³ ¸¸μ¢Ò¥ ³μ¤Ò £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö ¡Ê¤ÊÉ ¢μ§¡Ê¦¤ ÉÓ¸Ö ²¨ÏÓ ´ 
¶μ¸²¥¤´¨Ì ÔÉ ¶ Ì ¸²¨Ö´¨Ö ¤¢ÊÌ Î¥·´ÒÌ ¤Ò·. …¸ÉÓ μ¸´μ¢ ´¨Ö ¶μ² £ ÉÓ, ÎÉμ
¢ ÔÉμ³ ·¥¦¨³¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Í¥´É· ²Ó´ÒÌ μ¡Ñ¥±Éμ¢ ¤¢μ°´ÒÌ ¸¨¸É¥³ ´¥
³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò ÔËË¥±É¨¢´μ° É¥μ·¨¥° ¶μ²Ö, É ± ± ± £· ¢¨É Í¨Ö ¢μ°¤¥É
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¢ ·¥¦¨³ ¸¨²Ó´μ° ¸¢Ö§¨. �μ ¤ ¦¥ ¥¸²¨ ÔËË¥±É¨¢´ Ö É¥μ·¨Ö ´¥ ¶μÉ¥·Ö¥É ¸¢μ¥°
¶·¨³¥´¨³μ¸É¨, ¥¸ÉÓ μ¸´μ¢ ´¨Ö ¶μ² £ ÉÓ, ÎÉμ ¨§²ÊÎ¥´¨¥ ³ ¸¸¨¢´ÒÌ ³μ¤ ´¥
μ± ¦¥É ¢²¨Ö´¨Ö ´  Ê¤ ²¥´´μ£μ ´ ¡²Õ¤ É¥²Ö, É ± ± ± ¸²¨¢ ÕÐ¨¥¸Ö μ¡Ñ¥±ÉÒ
¡Ê¤ÊÉ ¸μ±·ÒÉÒ £μ·¨§μ´Éμ³ ¸μ¡ÒÉ¨°.

’ ±¨³ μ¡· §μ³, Î ¸ÉÓ ¸²μ¦´μ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ ¸μ§¤ ´¨¥³ ±¢ ´Éμ¢μ° É¥-
μ·¨¨ £· ¢¨É Í¨¨, ´¥ ¢μ§´¨± ¥É ¢ · ³± Ì ÔËË¥±É¨¢´μ° É¥μ·¨¨. �¥¸³μÉ·Ö ´ 
Éμ, ÎÉμ ÔËË¥±É¨¢´ Ö É¥μ·¨Ö ´¥ ³μ¦¥É ¸Î¨É ÉÓ¸Ö ËÊ´¤ ³¥´É ²Ó´μ° ¨ μ¡² ¸ÉÓ
¥¥ ¶·¨³¥´¨³μ¸É¨ μ£· ´¨Î¥´  ·¥¦¨³μ³ ¸² ¡μ£μ ¶μ²Ö, μ´  ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ
¢¥·¨Ë¨Í¨·Ê¥³μ¥ μ¶¨¸ ´¨¥ £· ¢¨É Í¨μ´´ÒÌ Ö¢²¥´¨°, ÊÎ¨ÉÒ¢ ÕÐ¥¥ ±¢ ´Éμ¢ÊÕ
¶·¨·μ¤Ê ¢§ ¨³μ¤¥°¸É¢¨Ö (¸³. Ê¦¥ ¶¥·¥Î¨¸²¥´´Ò¥ · ¡μÉÒ,   É ±¦¥ [135Ä139]).
Š·μ³¥ Éμ£μ, ¶·μ¡²¥³  ¤ÊÌμ¢ÒÌ ¸μ¸ÉμÖ´¨°, ¢μ§´¨± ÕÐ Ö ¢ ±¢ ´Éμ¢μ³ μ¶¨¸ -
´¨¨ £· ¢¨É Í¨¨, ÌμÉÖ ¨ ¨³¥¥É ³¥¸Éμ ¢ · ³± Ì ÔËË¥±É¨¢´μ° É¥μ·¨¨, ´μ ³μ¦¥É
¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´μ μ¸² ¡²¥´ . …¸ÉÓ μ¸´μ¢ ´¨Ö ¶μ² £ ÉÓ, ÎÉμ ¸¢Ö§ ´´ Ö ¸ ¤Ê-
Ìμ¢Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ´¥ ·¥ ²¨§Ê¥É¸Ö ¢ Ë¨§¨Î¥¸±¨ ·¥²¥¢ ´É-
´ÒÌ ¸²ÊÎ ÖÌ. �  ÔÉμ ±μ¸¢¥´´μ Ê± §Ò¢ ¥É ¨ ÉμÉ Ë ±É, ÎÉμ ¤ÊÌ¨ ¢μ§´¨± ÕÉ ¨
¢ ÔËË¥±É¨¢´ÒÌ É¥μ·¨ÖÌ, £¥´¥·¨·Ê¥³ÒÌ ¸É·Ê´´Ò³¨ ³μ¤¥²Ö³¨ [117]. �μÔÉμ³Ê
ÔËË¥±É¨¢´ Ö ±¢ ´Éμ¢ Ö £· ¢¨É Í¨Ö Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ ´ ¨¡μ²¥¥ ¶·μ¸ÉÒÌ ¨
±μ´¸¥·¢ É¨¢´ÒÌ ¸¶μ¸μ¡μ¢ ¨§ÊÎ¥´¨Ö ±¢ ´Éμ¢ÒÌ £· ¢¨É Í¨μ´´ÒÌ ÔËË¥±Éμ¢.

‡�Š‹	—…�ˆ…

‚ ÔÉμ³ μ¡§μ·¥ ³Ò μ¸¢¥É¨²¨ ¡ §μ¢Ò¥ ¶·μ¡²¥³Ò, ¢μ§´¨± ÕÐ¨¥ ¶·¨ ¶μ-
¶ÒÉ± Ì ¶μ¸É·μ¥´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨. ŒÒ μ£· ´¨Î¨²¨ μ¡¸Ê¦¤¥-
´¨¥ ²¨ÏÓ ¤¢Ê³Ö ´ ¨¡μ²¥¥ ±μ´¸¥·¢ É¨¢´Ò³¨ ¶μ¤Ìμ¤ ³¨ ¨ ¶μ± § ²¨, ÎÉμ ¢ ¨Ì
· ³± Ì ¶μ¸É·μ¥´¨¥ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ´¥¢μ§³μ¦´μ ¶·¨ ¶μ³μÐ¨
¸É ´¤ ·É´ÒÌ ³¥Éμ¤μ¢.

�·¥¦¤¥ ¢¸¥£μ ³Ò μ¡¸Ê¤¨²¨ ¶¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤ ± ±¢ ´Éμ¢ ´¨Õ £· -
¢¨É Í¨¨. …£μ ¸ÊÉÓ ¸μ¸Éμ¨É ¢ ¸μ§¤ ´¨¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ³ ²ÒÌ ¢μ§³ÊÐ¥´¨°
£· ¢¨É Í¨μ´´μ£μ ¶μ²Ö ´  ±² ¸¸¨Î¥¸±μ³ Ëμ´¥. Š ± ³Ò ¶μ± § ²¨ ¢ · §¤. 2,
É ±μ° ¶μ¤Ìμ¤ ¶μ§¢μ²Ö¥É ¶μ¸É·μ¨ÉÓ ¸μ£² ¸μ¢ ´´ÊÕ ±¢ ´Éμ¢ÊÕ ³μ¤¥²Ó ´  ¤·¥-
¢¥¸´μ³ Ê·μ¢´¥. �·μ¡²¥³Ò ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤  ¢μ§´¨± ÕÉ ¶·¨ ¶μ¶ÒÉ± Ì
· ¸Ï¨·¨ÉÓ É¥μ·¨Õ ´  Ê·μ¢¥´Ó ¶¥·¢μ° · ¤¨ Í¨μ´´μ° ¶μ¶· ¢±¨. Š ± ³Ò μ¡-
¸Ê¤¨²¨ ¢ · §¤. 3, · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨ £· ¢¨Éμ´ 
¤¥² ÕÉ É¥μ·¨Õ ´¥¶¥·¥´μ·³¨·Ê¥³μ°,   ¨³¥´´μ, ¤²Ö ¥¥ ¶¥·¥´μ·³¨·μ¢±¨ É·¥¡Ê-
ÕÉ¸Ö ±μ´É·Î²¥´Ò, μÉ¸ÊÉ¸É¢ÊÕÐ¨¥ ¢ ¨¸Ìμ¤´μ³ ² £· ´¦¨ ´¥, ¢¸²¥¤¸É¢¨¥ Î¥£μ
¸É ´¤ ·É´Ò° ³¥Éμ¤ ¶¥·¥´μ·³¨·μ¢±¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ´¥ ³μ¦¥É ¡ÒÉÓ ¶·¨³¥-
´¥´,   ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ´¥ ³μ£ÊÉ ¡ÒÉÓ ¸μ£² ¸μ¢ ´´μ ¨´É¥·¶·¥É¨·μ¢ ´Ò.
�·¨ ¶μ¶ÒÉ±¥ ¶μ¸É·μ¥´¨Ö ¶¥·¥´μ·³¨·Ê¥³μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ´¥¨§¡¥¦´μ ¢μ§-
´¨± ÕÉ ¤ÊÌμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö. „ÊÌμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ¶μÖ¢²ÖÕÉ¸Ö ¢ ¸¶¥±É·¥ ³μ¤¥²¨
¨§-§  Î²¥´μ¢ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨, ¢¢¥¤¥´´Ò³¨ ¤²Ö Ê²ÊÎÏ¥´¨Ö ¸¢μ°¸É¢
¶¥·¥´μ·³¨·Ê¥³μ¸É¨. ”μ·³ ²Ó´ Ö ¶·¨Î¨´  ¢μ§´¨±´μ¢¥´¨Ö ÔÉ¨Ì Î²¥´μ¢ ¸¢Ö-
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§ ´  ¸μ ¸É·Ê±ÉÊ·μ° £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ·μ¥ ±¢ ¤· É¨Î´μ ¶μ
¨³¶Ê²Ó¸ ³. Š ± ³Ò ¶μ± § ²¨ ¢ · §¤. 3, ¶·μ¸Éμ° · §³¥·´Ò°  ´ ²¨§ ¢Ò§Ò¢ ¥É
´¥μ¡Ìμ¤¨³μ¸ÉÓ ¢¢¥¤¥´¨Ö ¢Ò¸Ï¨Ì ¶·μ¨§¢μ¤´ÒÌ ¢ ¶¥·ÉÊ·¡ É¨¢´ÊÕ ±¢ ´Éμ¢ÊÕ
³μ¤¥²Ó. ’ ±¨³ μ¡· §μ³, · ¸Ï¨·¨ÉÓ ¶¥·ÉÊ·¡ É¨¢´μ¥ ±¢ ´Éμ¢μ¥ μ¶¨¸ ´¨¥ £· -
¢¨É Í¨¨ ´  Ê·μ¢¥´Ó ¶¥·¢ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ´¥¢μ§³μ¦´μ ¶·¨ ¶μ³μÐ¨
¸É ´¤ ·É´ÒÌ ³¥Éμ¤μ¢ ¶¥·¥´μ·³¨·Ê¥³μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö.

‚ · §¤. 4 ³Ò μ¡· É¨²¨¸Ó ± ± ´μ´¨Î¥¸±μ³Ê ±¢ ´Éμ¢ ´¨Õ £· ¢¨É Í¨¨. �¤-
´¨³ ¨§ ¢ ¦´¥°Ï¨Ì ´¥¤μ¸É É±μ¢ ¶·μ£· ³³Ò ±¢ ´Éμ¢ ´¨Ö Ö¢²Ö¥É¸Ö ¶·μ¡²¥³ 
¢·¥³¥´¨. �·¨ ± ´μ´¨Î¥¸±μ³ ±¢ ´Éμ¢ ´¨¨ ¸¨¸É¥³ ¡¥§ £· ¢¨É Í¨μ´´μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¢·¥³Ö Ö¢²Ö¥É¸Ö ¢´¥Ï´¨³ ¶μ μÉ´μÏ¥´¨Õ ± ¸¨¸É¥³¥ ¶ · ³¥É·μ³
Ô¢μ²ÕÍ¨¨. �·¨ ± ´μ´¨Î¥¸±μ³ ±¢ ´Éμ¢ ´¨¨ £· ¢¨É Í¨¨ ¶·¨´Í¨¶¨ ²Ó´μ ´¥¢μ§-
³μ¦´μ Ê¸É ´μ¢¨ÉÓ ¢·¥³Ö ± ± ¢´¥Ï´¨° ¶ · ³¥É·, ¢¸²¥¤¸É¢¨¥ Î¥£μ ´¥μ¡Ìμ¤¨³μ
§ ´μ¢μ μ¶·¥¤¥²¨ÉÓ ¶·¥¤¸É ¢²¥´¨¥ μ ¢·¥³¥´¨ ± ± μ ¤¨´ ³¨Î¥¸±¨ ¢μ§´¨± ÕÐ¥°
¢¥²¨Î¨´¥. �  ¤ ´´Ò° ³μ³¥´É ´¥É μ¡Ð¥¶·¨§´ ´´μ£μ · §·¥Ï¥´¨Ö ¶·μ¡²¥³Ò
¢·¥³¥´¨, ¶μÔÉμ³Ê ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¶μ¤Ìμ¤, ´ §Ò¢ ¥³Ò° ¢¢¥¤¥´¨¥³ ¢·¥³¥´¨
¤μ ±¢ ´Éμ¢ ´¨Ö. �´ ²μ£¨Î´μ ¤·Ê£¨³ ± ²¨¡·μ¢μÎ´Ò³ É¥μ·¨Ö³ ¶·μ£· ³³  ± -
´μ´¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö ¶·¨¢μ¤¨É ± ¶¥·¥μ¶·¥¤¥²¥´´μ³Ê ¡ §¨¸Ê ¸μ¸ÉμÖ´¨°.
�¤´ ±μ ¥¸²¨ ³Ò ¶μ¶·μ¡Ê¥³ Ê¸É· ´¨ÉÓ ÔÉÊ ¶·μ¡²¥³Ê ¸É ´¤ ·É´Ò³ ³¥Éμ¤μ³ ¶·¨
¶μ³μÐ¨ ¢¢¥¤¥´¨Ö ±¢ ´Éμ¢ÒÌ Ê¸²μ¢¨° ¸¢Ö§¨ Å Ê· ¢´¥´¨° “¨²¥·  Ä ¤¥ ‚¨ÉÉ ,
Éμ ´¥ ¶μ²ÊÎ¨³ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ£μ ·¥§Ê²ÓÉ É . “· ¢´¥´¨¥ “¨²¥·  Ä ¤¥ ‚¨ÉÉ 
 ´ ²μ£¨Î´μ Ê· ¢´¥´¨Õ Š²¥°´ Äƒμ·¤μ´ Ä”μ± , É ± ± ± μ´μ Ö¢²Ö¥É¸Ö Ê· ¢´¥-
´¨¥³ ¢ ¢ ·¨ Í¨μ´´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¢Éμ·μ£μ ¶μ·Ö¤± . �¤´ ±μ, ¢ μÉ²¨Î¨¥ μÉ
Ê· ¢´¥´¨Ö Š²¥°´ Äƒμ·¤μ´ Ä”μ± , ´  ·¥Ï¥´¨ÖÌ Ê· ¢´¥´¨Ö “¨²¥·  Ä ¤¥ ‚¨ÉÉ 
´¥¢μ§³μ¦´μ ¢¢¥¸É¨ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´ÊÕ ´μ·³Ê. Š ± ¸²¥¤¸É¢¨¥, ¶·μ-
¸É· ´¸É¢μ ¸μ¸ÉμÖ´¨° ´¥¨§¡¥¦´μ ¡Ê¤¥É ¸μ¤¥·¦ ÉÓ ¸μ¸ÉμÖ´¨Ö ¸ μÉ·¨Í É¥²Ó´μ°
´μ·³μ°, ±μÉμ·Ò¥ ´¥ ³μ£ÊÉ ¡ÒÉÓ ¨´É¥·¶·¥É¨·μ¢ ´Ò ¢ · ³± Ì ¸É ´¤ ·É´μ£μ ¶μ¤-
Ìμ¤ . ’ ±¨³ μ¡· §μ³, ¶·μ£· ³³  ± ´μ´¨Î¥¸±μ° ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨ ¢ ¨¸-
Ìμ¤´μ° Ëμ·³Ê²¨·μ¢±¥ É ±¦¥ ´¥ ¶·¨¢μ¤¨É ± ¶·¨¥³²¥³μ³Ê ·¥§Ê²ÓÉ ÉÊ.

� ±μ´¥Í, ³Ò μ¡¸Ê¤¨²¨ ´ ¨¡μ²¥¥ ¶·μ¸Éμ° ³¥Éμ¤ ¸μ£² ¸μ¢ ´´μ£μ ÊÎ¥É 
±¢ ´Éμ¢ÒÌ ÔËË¥±Éμ¢ ¢ É¥μ·¨¨ £· ¢¨É Í¨¨ Å ÔËË¥±É¨¢´ÊÕ ±¢ ´Éμ¢ÊÕ £· ¢¨-
É Í¨Õ, μ¸´μ¢ ´´ÊÕ ´  ³¥Éμ¤¥ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö, · §· ¡μÉ ´´μ£μ ¢ · ³-
± Ì Ë¨§¨±¨ Î ¸É¨Í. �ÉμÉ ³¥Éμ¤ ¶μ§¢μ²Ö¥É Ê¸É ´μ¢¨ÉÓ ¢¨¤ ÔËË¥±É¨¢´μ£μ ¤¥°-
¸É¢¨Ö, μ¶·¥¤¥²ÖÕÐ¥£μ ¤¨´ ³¨±Ê ¢μ§³ÊÐ¥´¨° £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö ¢ ·¥¦¨³¥
³ ²ÒÌ Ô´¥·£¨°. ’ ± ± ± ´ ³ ´¥¨§¢¥¸É´  ¨¸É¨´´ Ö É¥μ·¨Ö ±¢ ´Éμ¢μ° £· ¢¨-
É Í¨¨, ¢ÒÎ¨¸²¨ÉÓ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ ´¥¢μ§³μ¦´μ, μ¤´ ±μ ¥£μ ¢¨¤ ³μ¦´μ
¢μ¸¸É ´μ¢¨ÉÓ, ¨¸Ìμ¤Ö ¨§ ´ ¨¡μ²¥¥ μ¡Ð¨Ì ¸μμ¡· ¦¥´¨° ¸¨³³¥É·¨¨. �ËË¥±-
É¨¢´μ¥ ¤¥°¸É¢¨¥ ¤²Ö ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨ ´  Ê·μ¢´¥ ¶¥·¢ÒÌ · ¤¨ Í¨μ´´ÒÌ
¶μ¶· ¢μ± μ¶¨¸Ò¢ ¥É ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, μ¤´ ±μ ¢ · ³± Ì ³¥Éμ¤  ÔË-
Ë¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö ¨Ì ¸ÊÐ¥¸É¢μ¢ ´¨¥ Ö¢²Ö¥É¸Ö ³¥´¥¥ ¶·μ¡²¥³ É¨Î´Ò³.
�·¥¦¤¥ ¢¸¥£μ, ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, μ¶¨¸Ò¢ ¥³Ò¥ ÔËË¥±É¨¢´Ò³ ¤¥°-
¸É¢¨¥³, ´¥ Ö¢²ÖÕÉ¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢μ¡μ¤Ò É¥μ·¨¨. 	μ²¥¥
Éμ£μ, ± ± ³Ò ¶μ± § ²¨ ¢ · §¤. 5, ¶·¨ μ¶·¥¤¥²¥´´ÒÌ Ê¸²μ¢¨ÖÌ ÔËË¥±É¨¢´μ¥
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¤¥°¸É¢¨¥ ¤²Ö £· ¢¨É Í¨¨, ¸μ¤¥·¦ Ð¥¥ ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò, £¥´¥·¨·Ê¥É
É¥ ¦¥ Ê· ¢´¥´¨Ö ¶μ²Ö, ÎÉμ ¨ ¤¥°¸É¢¨¥, ¸¢μ¡μ¤´μ¥ μÉ ¤ÊÌμ¢, ´μ ¸μ¤¥·¦ Ð¥¥ £· -
¢¨É Í¨μ´´μ¥ μÉÉ ²±¨¢ ´¨¥. ˆ´Ò³¨ ¸²μ¢ ³¨, μÉ·¨Í É¥²Ó´ÊÕ Ô´¥·£¨Õ ¤ÊÌμ¢ÒÌ
¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ± ± ¶·μÖ¢²¥´¨¥ £· ¢¨É Í¨μ´´μ£μ
μÉÉ ²±¨¢ ´¨Ö. ’ ±¦¥ ¸Éμ¨É μÉ³¥É¨ÉÓ, ÎÉμ ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ÔËË¥±-
É¨¢´μ° É¥μ·¨¨ ³μ£ÊÉ ´¥ ¡ÒÉÓ ¢μ§¡Ê¦¤¥´Ò ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì ¶·μÍ¥¸¸ Ì.
‚ Î ¸É´μ¸É¨, ¶· £³ É¨Î¥¸±¨¥ μÍ¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ-
¡μ¤Ò ¢ ¶·μÍ¥¸¸ Ì ¸²¨Ö´¨Ö Î¥·´ÒÌ ¤Ò· ¢μ§¡Ê¦¤ ÕÉ¸Ö ²¨ÏÓ ±μ£¤  · ¸¸ÉμÖ´¨¥
³¥¦¤Ê ±μ³¶μ´¥´É ³¨ ¸¨¸É¥³Ò ¤μ¸É¨£ ¥É ¤¥¸ÖÉ±μ¢ ¸ ´É¨³¥É·μ¢. ’ ±¨¥ · ¸¸Éμ-
Ö´¨Ö ¤μ¸É¨£ ÕÉ¸Ö ´  ¶μ¸²¥¤´¨Ì ÔÉ ¶ Ì ¸²¨Ö´¨Ö, ±μ£¤  £· ¢¨É Í¨μ´´μ¥ ¶μ²¥
³μ¦¥É ´ Ìμ¤¨ÉÓ¸Ö ¢ ·¥¦¨³¥ ¸¨²Ó´μ° ¸¢Ö§¨, ÎÉμ ¸¤¥² ¥É ÔËË¥±É¨¢´ÊÕ É¥μ-
·¨Õ ¶μ²Ö ´¥¶·¨³¥´¨³μ°,   ¸ ³¨ £· ¢¨É¨·ÊÕÐ¨¥ μ¡Ñ¥±ÉÒ ¡Ê¤ÊÉ ¸±·ÒÉÒ μÉ
Ê¤ ²¥´´μ£μ ´ ¡²Õ¤ É¥²Ö £μ·¨§μ´Éμ³ ¸μ¡ÒÉ¨°. ’ ±¨³ μ¡· §μ³, ¢ · ³± Ì ÔË-
Ë¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ³μ£ÊÉ ¡ÒÉÓ ±μ´É·μ²¨·Ê¥³Ò,
  ¸¢Ö§ ´´Ò¥ ¸ ´¨³¨ ´¥¸É ¡¨²Ó´μ¸É¨ ³μ£ÊÉ ´¥ ¡ÒÉÓ ¢μ§¡Ê¦¤¥´Ò ¢ ·¥ ²¨¸É¨Î-
´ÒÌ Ê¸²μ¢¨ÖÌ.

‚ · §¤. 2, 3 ¨ 4 ³Ò μ¶¨¸Ò¢ ²¨ ¸ ³Ò¥ ¡ §μ¢Ò¥ É·Ê¤´μ¸É¨, ¢μ§´¨± ÕÐ¨¥ ¶·¨
¶μ¶ÒÉ±¥ ¶μ¸É·μ¥´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨. ‘μ¢·¥³¥´´Ò¥ ³¥Éμ¤Ò ¨¸-
¸²¥¤μ¢ ´¨Ö ±¢ ´Éμ¢μ° £· ¢¨É Í¨¨, É ±¨¥ ± ±  ¸¨³¶ÉμÉ¨Î¥¸± Ö ¡¥§μ¶ ¸´μ¸ÉÓ,
AdS/CFT ¸μμÉ¢¥É¸É¢¨¥, ¸Ê¶¥·£· ¢¨É Í¨Ö, É¥μ·¨Ö ¸É·Ê´ ¨ ¶¥É²¥¢ Ö ±¢ ´Éμ-
¢ Ö £· ¢¨É Í¨Ö, ¶·¥¤μ¸É ¢²ÖÕÉ · §²¨Î´Ò¥ ³¥Éμ¤Ò · §·¥Ï¥´¨Ö ÔÉ¨Ì ¶·μ¡²¥³.
�¤´ ±μ, ´¥¸³μÉ·Ö ´  ¶·μ£·¥¸¸, ¤μ¸É¨£´ÊÉÒ° ¢ μ¡² ¸É¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· -
¢¨É Í¨¨, μ¡Ð¥¶·¨§´ ´´ Ö ±¢ ´Éμ¢ Ö É¥μ·¨Ö £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¥Ð¥ ´¥ ¸μ§¤ ´ . �μÔÉμ³Ê ¢¸¥ μ¸¢¥Ð¥´´Ò¥ ¢ ÔÉμ³ μ¡§μ·¥ ¶·μ¡²¥³Ò μ¦¨¤ ÕÉ
¸¢μ¥£μ · §·¥Ï¥´¨Ö.

�·¨²μ¦¥´¨¥ 1
”��Œ“‹› „‹Ÿ Œ�‹›• Œ…’�ˆ—…‘Šˆ• ‚�‡Œ“™…�ˆ‰

„²Ö ³¥É·¨±¨ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨, ¤ ´´μ° Ëμ·³Ê²μ° (6), ¸¶· ¢¥¤²¨¢
¸²¥¤ÊÕÐ¨° ´ ¡μ· Ëμ·³Ê²:

gμν = ḡμν +
∞∑

n=1

(−κ)n(hn)μν ,

√
−g =

√
−ḡ exp

[
1
2

tr ln(1 + κ hμν)

]
=

=
√
−g

[
1 +

κ

2
h −

κ2

4

(
h2

μν −
1
2

h2

)]
+ O(κ3),
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Γα
μν = Γ̄α

μν +
κ

2
(∇μhν

α + ∇νhμ
α −∇αhμν)−

−
1
2

∞∑
n=2

(−κ)n(hn−1)αβ (∇μhνβ + ∇νhμβ −∇βhμν) , (55)

Γα
μν =

κ

2
[
∇μhα

ν + ∇νhα
μ −∇αhμν

]
,

Γα

μν
= −

κ2

2
hαβ [∇μhνβ + ∇νhμβ −∇βhμν ] ,

Rμν
α

β =∇μΓα
νβ −∇νΓα

μβ ,

R
μν

α
β =∇μΓα

νβ
−∇νΓα

μβ
+ Γα

μσΓσ
νβ − Γα

νσΓσ
μβ ,

Rμν
α

β =
κ

2
[
[∇μ,∇μ]hα

β −∇μ∇αhνβ −∇ν∇βh α
μ + ∇ν∇αhμβ + ∇μ∇βh α

ν

]
,

Rμν
def= Rσμ

σ
ν =

κ

2
[∇σ∇μhσν + ∇σ∇νhσμ −∇μ∇νh − �hμν ] , (56)

R
def= Rμνgμν = κ[∇μνhμν − �h] − κR̄μνhμν .

…¸²¨ ¢μ§³ÊÐ¥´¨Ö ³¥É·¨±¨ hμν ³ ²Ò ¶μ ¸· ¢´¥´¨Õ ¸ κ, ÔÉ¨ ¢Ò· ¦¥´¨Ö ³μ¦´μ
¸Î¨É ÉÓ ÉμÎ´Ò³¨,   ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ·Ö¤Ò ¸Ìμ¤ÖÐ¨³¨¸Ö. …¸²¨ ¢μ§³ÊÐ¥´¨Ö
hμν ´¥ ³ ²Ò, Éμ ¤ ´´Ò¥ Ëμ·³Ê²Ò ³μ¦´μ ¶μ¸²¥¤μ¢ É¥²Ó´μ · ¸¸³ É·¨¢ ÉÓ ²¨ÏÓ
± ± Ëμ·³ ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö. ‡ ³¥É¨³ É ±¦¥, ÎÉμ ´¥±μÉμ·Ò¥ Ëμ·³Ê²Ò, ¸μ¤¥·-
¦ Ð¨¥ · §²μ¦¥´¨Ö ¤μ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢, ¶·¨¢¥¤¥´Ò ¢ [48].

�·¨²μ¦¥´¨¥ 2
��…��’��› �ˆ‚…�‘� Ä ”�� �œ	…�•�‰‡…��

�¶¥· Éμ·Ò �¨¢¥·¸  Ä Ëμ´ �ÓÕ¥´Ì °§¥´  μ¶·¥¤¥²¥´Ò ¢ · ¡μÉ Ì [49, 50].
ŒÒ ¶·¨¢¥¤¥³ ¢Ò· ¦¥´¨Ö ¨§ · ¡μÉÒ [53], ¡μ²¥¥ Ê¤μ¡´Ò¥ ¤²Ö ´ Ï¨Ì Í¥²¥°:

P 1
μναβ =

1
2
(Θμαωνβ + Θμβωνα + Θνβωμα + Θναωμβ) ,

P 2
μναβ =

1
2
(ΘμαΘνβ + ΘμβΘνα) −

1
3

ΘμνΘαβ ,

P 0
μναβ =

1
3

ΘμνΘαβ,

P̄ 0
μναβ = ωμνωαβ ,

¯̄P 0
μναβ = Θμνωαβ + Θαβωμν .

(57)
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‡¤¥¸Ó ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö:

Θμν = ημν −
kμkν

k2
, ωμν =

kμkν

k2
. (58)

�¶¥· Éμ·Ò �¨¢¥·¸  Ä Ëμ´ �ÓÕ¥´Ì °§¥´  Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¥°  ²£¥¡·¥:

P 0
μνρσP 1ρσαβ = 0, P 0

μνρσP 0ρσαβ = P 0
μν

αβ ,

P 1
μνρσP 2ρσαβ = 0, P 1

μνρσP 1ρσαβ = P 1
μν

αβ ,

P 0
μνρσP 2ρσαβ = 0, P 2

μνρσP 2ρσαβ = P 2
μν

αβ ,
(59)

¯̄P 0
μνρσP 0ρσαβ = ωμνΘαβ, P̄ 0

μνρσP 0ρσαβ = 0, P̄ 0
μνρσP̄ 0ρσαβ = ωμνωαβ,

¯̄P 0
μνρσP 1ρσαβ = 0, P̄ 0

μνρσP 1ρσαβ = 0, ¯̄P 0
μνρσ

¯̄P 0ρσαβ = ΘμνΘαβ+

+3ωμνωαβ ,

¯̄P 0
μνρσP 2ρσαβ = 0, P̄ 0

μνρσP 2ρσαβ = 0, P̄ 0
μνρσ

¯̄P 0ρσαβ = ωμνΘαβ.

�·¨²μ¦¥´¨¥ 3
�����ƒ�’�� Š‚�„��’ˆ—��‰ ƒ��‚ˆ’�–ˆˆ

�¡· É¨³¸Ö ± ±¢ ¤· É¨Î´μ° £· ¢¨É Í¨¨, ¤ ´´μ° ¸²¥¤ÊÕÐ¨³ ¤¥°¸É¢¨¥³:

AStelle =
∫

d4x
√
−g

[
−

2
κ2

R + c1 R2 + c2 R2
μν

]
. (60)

�μ± ¦¥³, ÎÉμ μ´μ μ¶¨¸Ò¢ ¥É ¤ÊÌμ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ´ ¤ ¶²μ¸±¨³ ¶·μ-
¸É· ´¸É¢μ³-¢·¥³¥´¥³.

‚Ò¤¥²¨³ ¨§ ¤¥°¸É¢¨Ö Î ¸ÉÓ, ±¢ ¤· É¨Î´ÊÕ ¶μ ¢μ§³ÊÐ¥´¨Ö³:

AStelle =
∫

d4x

[
−

1
2

hμν (OStelle)μναβ �hαβ + O
(
h3

μν

)]
. (61)

�¶¥· Éμ· OStelle ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ μ¶¥· Éμ·Ò
�¨¢¥·¸  Ä Ëμ´ �ÓÕ¥´Ì °§¥´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(OStelle)μναβ =

(
1 +

c2 κ2

2
k2

)
P 2

μναβ − 2
(
1 − (3c1 + c2)κ2k2

)
P 0

μναβ . (62)

‚¢¥¤¥³ Ë¨±¸¨·ÊÕÐ¨° ± ²¨¡·μ¢±Ê ”¥°´³ ´  Î²¥´:

Agf =
∫

d4x

(
∂μhμν −

1
2
∂νh

)2

=
∫

d4x

[
−

1
2
hμν (Ogf)μναβ �hαβ

]
,

(Ogf)μναβ = P 1
μναβ +

3
2
P 0

μναβ +
1
2

P̄ 0
μναβ −

1
2

¯̄P 0
μναβ .

(63)
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’ ±¨³ μ¡· §μ³, ¤¥°¸É¢¨¥ ¸ Ë¨±¸¨·μ¢ ´´μ° ± ²¨¡·μ¢±μ° ¨³¥¥É ¢¨¤

AStelle =
∫

d4x
√
−g

[
−

1
2
hμν (OStelle+gf)μναβ �hαβ + O

(
h3

μν

)]
, (64)

(OStelle+gf)μναβ =

(
1 +

c2κ
2

2
k2

)
P 2

μναβ +

(
−

1
2

+ 2κ2k2(3c1 + c2)

)
P 0

μναβ +

+ P 1
μναβ +

1
2

P̄ 0
μναβ −

1
2

¯̄P 0
μναβ . (65)

�¶¥· Éμ· OStelle+gf μ¡· É¨³, ¸ ¥£μ ¶μ³μÐÓÕ ³μ¦´μ § ¶¨¸ ÉÓ ¨¸Ìμ¤´μ¥ ¤¥°-
¸É¢¨¥ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

AStelle+gf =
∫

d4k

(2π)4

{
1
2
hμνG−1

μναβhαβ + O
(
h3

μν

)}
, (66)

Gμναβ =
1
2
Cμναβ

k2
−

P 2
μναβ

k2 − m2
2

+
1
2

P 0
μναβ + 3P̄ 0

μναβ + ¯̄P 0
μναβ

k2 − m2
0

. (67)

‚Ò· ¦¥´¨¥ (67) μ¶·¥¤¥²Ö¥É ¢¨¤ ¶·μ¶ £ Éμ·  ¢μ§³ÊÐ¥´¨°, μ¶¨¸Ò¢ ¥³ÒÌ ÔÉμ°
É¥μ·¨¥°. ‚Éμ·μ° Î²¥´ (67) ¨³¥¥É ´¥¶· ¢¨²Ó´Ò° §´ ± ¨ μ¶¨¸Ò¢ ¥É ¤ÊÌμ¢Ò¥
¢μ§³ÊÐ¥´¨Ö.

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Einstein A. Approximative Integration of the Field Equations of Gravitation //
Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys.). 1916. V. 1916. P. 688Ä696.

2. Rovelli C. Quantum Gravity. Cambridge Monographs on Mathematical Physics. Cam-
bridge: Cambridge Univ. Press, 2004.

3. Rovelli C. Notes for a Brief History of Quantum Gravity // Proc. of the 9th Marcel
Grossmann Meeting (MG'9) ©Recent Developments in Theoretical and Experimental
General Relativity, Gravitation and Relativistic Field Theoriesª, Rome, July 2Ä8,
2000. P. 742Ä768.

4. Smolin L. How Far Are We from the Quantum Theory of Gravity? hep-th/0303185.

5. Ashtekar A. Lectures on Nonperturbative Canonical Gravity // Adv. Ser. Astrophys.
Cosmol. 1991. V. 6. P. 1Ä334.

6. Thiemann T. Modern Canonical Quantum General Relativity. Cambridge Univ. Press,
2008; gr-qc/0110034.

7. Zwiebach B. A First Course in String Theory. New York: Cambridge Univ. Press,
2004.



1018 ‹�’�˜ 	.�.

8. Becker K., Becker M., Schwarz J. H. String Theory and M-Theory: A Modern Intro-
duction. Cambridge Univ. Press, 2006.

9. Green M. B., Schwarz J. H., Witten E. Superstring Theory. V. 1. Cambridge Mono-
graphs on Mathematical Physics. Cambridge Univ. Press, 2012.

10. Green M. B., Schwarz J. H., Witten E. Superstring Theory. V. 2. Cambridge Mono-
graphs on Mathematical Physics. Cambridge Univ. Press, 2012.

11. Polchinski J. String Theory. V. 1: An Introduction to the Bosonic String. Cambridge
Monographs on Mathematical Physics. Cambridge Univ. Press, 2007.

12. Polchinski J. String Theory. V. 2: Superstring Theory and Beyond. Cambridge Mono-
graphs on Mathematical Physics. Cambridge Univ. Press, 2007.

13. Smolin L. Three Roads to Quantum Gravity. Science Masters. Orion, 2014.
14. Birrell N.D., Davies P. C.W. Quantum Fields in Curved Space. Cambridge, Cam-

bridgeshire; New York: Cambridge Univ. Press, 1982. P. ix, 340 p.
15. Kiefer C. Quantum Gravity. International Series of Monographs on Physics. 3rd ed.

Oxford: Oxford Univ. Press, 2012. P. xii, 393 p.
16. ‚¥·£¥²¥¸ ‘.�. ‹¥±Í¨¨ ¶μ É¥μ·¨¨ £· ¢¨É Í¨¨. Œμ¸±. Ë¨§.-É¥Ì´. ¨´-É (£μ¸. Ê´-É).

Œ., 2001.
17. Thomson G. P., Reid A. Diffraction of Cathode Rays by a Thin Film // Nature. 1927.

V. 119, No. 3007. P. 890; https://doi.org/10.1038/119890a0.
18. Davisson C. J., Germer L.H. Re�ection of Electrons by a Crystal of

Nickel // Proc. of the Nat. Acad. Sci. 1928. V. 14, No. 4. P. 317Ä322;
https://www.pnas.org/content/14/4/317.full.pdf.

19. Braunstein S. L., Caves C. M. Wringing out Better Bell Inequalities // Ann. Phys.
1990. V. 202, No. 1. P. 22Ä56; Access mode:
http://www.sciencedirect.com/science/article/pii/000349169090339P.

20. Walborn S. P., Terra Cunha M. O., Padua S., Monken C.H. Double-Slit Quantum
Eraser // Phys. Rev. A. 2002. V. 65. P. 033818; quant-ph/0106078.

21. Wilson K.G. Conˇnement of Quarks // Phys. Rev. D. 1974. V. 10. P. 2445Ä2459;
Access mode: https://link.aps.org/doi/10.1103/PhysRevD.10.2445.

22. Greensite J. An Introduction to the Conˇnement Problem // Lect. Notes Phys. 2011.
V. 821. P. 1Ä211.

23. DeWitt B. S. Quantum Theory of Gravity. 1. The Canonical Theory // Phys. Rev.
1967. V. 160. P. 1113Ä1148.

24. DeWitt B. S. Quantum Theory of Gravity. 2. The Manifestly Covariant Theory // Ibid.
V. 162. P. 1195Ä1239.

25. DeWitt B. S. Quantum Theory of Gravity. 3. Applications of the Covariant Theory //
Ibid. P. 1239Ä1256.

26. Zinn-Justin J. Path Integrals in Quantum Mechanics. Oxford Univ. Press, 2011.
27. Zinn-Justin J. Quantum Field Theory and Critical Phenomena. Clarendon Press, 2012.
28. Kluberg-Stern H., Zuber J. B. Renormalization of Nonabelian Gauge Theories in a

Background Field Gauge. 1. Green Functions // Phys. Rev. D. 1975. V. 12. P. 482Ä
488.

29. Kluberg-Stern H., Zuber J. B. Renormalization of Nonabelian Gauge Theories in a
Background Field Gauge. 2. Gauge Invariant Operators // Ibid. P. 3159Ä3180.



	�‡�‚›… ���	‹…Œ› Š��‘…�‚�’ˆ‚�›• ��„•�„�‚ 1019

30. Abbott L. F., Grisaru M. T., Schaefer R. K. The Background Field Method and the S
Matrix // Nucl. Phys. B. 1983. V. 229. P. 372Ä380.

31. Hart C. F. Theory and Renormalization of the Gauge Invariant Effective Action //
Phys. Rev. D. 1983. V. 28. P. 1993Ä2006.

32. Boulware D.G. Gauge Dependence of the Effective Action // Phys. Rev. D. 1981.
V. 23. P. 389.

33. Denner A., Weiglein G., Dittmaier S. Application of the Background Field Method
to the Electroweak Standard Model // Nucl. Phys. B. 1995. V. 440. P. 95Ä128; hep-
ph/9410338.

34. Peskin M. E. An Introduction to Quantum Field Theory. Cambridge, Mass.: Perseus
Books, 1995.

35. Schwinger J. S. On Gauge Invariance and Vacuum Polarization // Phys. Rev. 1951.
V. 82. P. 664Ä679.

36. Kittel C. Introduction to Solid State Physics. 8th ed., Intern. ed. Hoboken, NJ: Wiley,
2005.

37. Novikov V. A., Shifman M. A., Vainshtein A. I., Zakharov V. I. Calculations in External
Fields in Quantum Chromodynamics. Technical Review // Fortsch. Phys. 1984. V. 32.
P. 585.

38. Brower R., Rossi P., Tan C. The External Field Problem for QCD // Nucl. Phys. B.
1981. V. 190. P. 699Ä718.

39. Dirac P. A.M. The Fundamental Equations of Quantum Mechanics // Proc. Roy. Soc.
London. A. 1925. V. 109. P. 642Ä653.

40. Dirac P. A.M. The Principles of Quantum Mechanics. 4th ed. Clarendon Press, 1958.
41. �μ£μ²Õ¡μ¢ �.�., ‹μ£Ê´μ¢ �. �., �±¸ ± �. ˆ., ’μ¤μ·μ¢ ˆ. ’. �¡Ð¨¥ ¶·¨´Í¨¶Ò

±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. M.: � Ê± , 1987.

42. Dirac P. A. M. Fixation of Coordinates in the Hamiltonian Theory of Gravitation //
Phys. Rev. 1959. V. 114. P. 924Ä930.

43. Arnowitt R. L., Deser S., Misner C.W. The Dynamics of General Relativity // Gen.
Rel. Grav. 2008. V. 40. P. 1997Ä2027; gr-qc/0405109.

44. Dirac P. A.M. Generalized Hamiltonian Dynamics // Can. J. Math. 1950. V. 2. P. 129Ä
148.

45. �·μÌμ·μ¢ ‹. ‚., ˜ ¡ ´μ¢ ‘. ‚. ƒ ³¨²ÓÉμ´μ¢  ³¥Ì ´¨±  ± ²¨¡·μ¢μÎ´ÒÌ ¸¨¸É¥³.
M.: URSS, 2013.

46. Kuchar K. V. Time and Interpretations of Quantum Gravity // Intern. J. Mod. Phys.
D. 2011. V. 20, No. supp01. P. 3Ä86.

47. 't Hooft G., Veltman M. J. G. One Loop Divergencies in the Theory of Gravitation //
Ann. Inst. H. Poincare Phys. Theor. A. 1974. V. 20. P. 69Ä94;
http://www.numdam.org/item/AIHPA 1974 20 1 69 0.

48. Goroff M. H., Sagnotti A. The Ultraviolet Behavior of Einstein Gravity // Nucl. Phys.
B. 1986. V. 266. P. 709Ä736.

49. Rivers R. J. Lagrangian Theory for Neutral Massive Spin-2 Fields // Nuovo Cim.
1964. V. 34, No. 2. P. 386Ä403; https://doi.org/10.1007/BF02734585.

50. van Nieuwenhuizen P. On Ghost-Free Tensor Lagrangians and Linearized Gravita-
tion // Nucl. Phys. B. 1973. V. 60. P. 478Ä492.



1020 ‹�’�˜ 	.�.

51. Faddeev L. D., Popov V. N. Feynman Diagrams for the YangÄMills Field // Phys.
Lett. B. 1967. V. 25. P. 29Ä30.

52. ” ¤¤¥¥¢ ‹. „., �μ¶μ¢ ‚. �. Šμ¢ ·¨ ´É´μ¥ ±¢ ´Éμ¢ ´¨¥ £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö //
“”�. 1973. ’. 111, º 11. ‘. 427Ä450.

53. Accioly A., Ragusa S., Mukai H., de Rey Neto E. C. Algorithm for Computing the
Propagator for Higher Derivative Gravity Theories // Intern. J. Theor. Phys. 2000.
V. 39. P. 1599Ä1608.

54. van de Ven A. E. M. Two Loop Quantum Gravity // Nucl. Phys. B. 1992. V. 378.
P. 309Ä366.

55. Barvinsky A. O., Vilkovisky G. A. Beyond the SchwingerÄDeWitt Technique: Convert-
ing Loops into Trees and In-In Currents // Nucl. Phys. B. 1987. V. 282. P. 163Ä188.

56. Stelle K. S. Classical Gravity with Higher Derivatives // Gen. Rel. Grav. 1978. V. 9.
P. 353Ä371.

57. Stelle K. S. Renormalization of Higher Derivative Quantum Gravity // Phys. Rev. D.
1977. V. 16. P. 953Ä969.

58. Hindawi A., Ovrut B. A., Waldram D. Consistent Spin Two Coupling and Quadratic
Gravitation // Phys. Rev. D. 1996. V. 53. P. 5583Ä5596; hep-th/9509142.

59. Barth N.H., Christensen S.M. Quantizing Fourth Order Gravity Theories. 1. The
Functional Integral // Phys. Rev. D. 1983. V. 28. P. 1876.

60. Calmet X., Latosh B. The Spectrum of Quantum Gravity. 2019; 1907.10024.
61. Kuzmin Yu. V. The Convergent Nonlocal Gravitation (in Russian) // Sov. J. Nucl.

Phys. 1989. V. 50. P. 1011Ä1014 (Yad. Fiz. 1989. V. 50. P. 1630).

62. Tomboulis E. Renormalization and Unitarity in Higher Derivative and Nonlocal Grav-
ity Theories // Mod. Phys. Lett. A. 2015. V. 30, No. 03n04. P. 1540005.

63. Modesto L. Super-Renormalizable Multidimensional Quantum Gravity // Astron. Rev.
2013. V. 8, No. 2. P. 4Ä33; 1202.3151.

64. Modesto L., Rachwal L. Nonlocal Quantum Gravity: A Review // Intern. J. Mod.
Phys. D. 2017. V. 26, No. 11. P. 1730020.

65. Modesto L., Rachwal L. Super-Renormalizable and Finite Gravitational Theories //
Nucl. Phys. B. 2014. V. 889. P. 228Ä248; 1407.8036.

66. Briscese F., Modesto L. Cutkosky Rules and Perturbative Unitarity in Euclidean
Nonlocal Quantum Field Theories // Phys. Rev. D. 2019. V. 99, No. 10. P. 104043;
1803.08827.

67. Briscese F., Modesto L. Nonlinear Stability of Minkowski Spacetime in Nonlocal
Gravity // JCAP. 2019. V. 07. P. 009; 1811.05117.

68. Briscese F., Calcagni G., Modesto L. Nonlinear Stability in Nonlocal Gravity // Phys.
Rev. D. 2019. V. 99, No. 8. P. 084041; 1901.03267.

69. Biswas T., Gerwick E., Koivisto T., Mazumdar A. Towards Singularity and Ghost
Free Theories of Gravity // Phys. Rev. Lett. 2012. V. 108. P. 031101; 1110.5249.

70. Krasnikov N. V. Nonlocal Gauge Theories // Theor. Math. Phys. 1987. V. 73. P. 1184Ä
1190.

71. Biswas T., Conroy A., Koshelev A. S., Mazumdar A. Generalized Ghost-Free Quadratic
Curvature Gravity // Class. Quant. Grav. 2014. V. 31. P. 015022; Erratum // Ibid.
P. 159501; 1308.2319.



	�‡�‚›… ���	‹…Œ› Š��‘…�‚�’ˆ‚�›• ��„•�„�‚ 1021

72. Biswas T., Koivisto T., Mazumdar A. Nonlocal Theories of Gravity: The Flat Space
Propagator // Proc. Barcelona Postgrad Encounters on Fundam. Phys. 2013. P. 13Ä24;
1302.0532.

73. Ostrogradsky M. M�emoires sur les �equations diff�erentielles, relatives au probleme
des isop�erimetres // Mem. Acad. St. Petersbourg. 1850. V. 6, No. 4. P. 385Ä517.

74. Woodard R. P. Avoiding Dark Energy with 1/r Modiˇcations of Gravity // Lect.
Notes Phys. 2007. V. 720. P. 403Ä433; astro-ph/0601672.

75. Hawking S.W., Hertog T. Living with Ghosts // Phys. Rev. D. 2002. V. 65. P. 103515;
hep-th/0107088.

76. Bender C. M., Mannheim P. D. No-Ghost Theorem for the Fourth-Order Deriva-
tive PaisÄUhlenbeck Oscillator Model // Phys. Rev. Lett. 2008. V. 100. P. 110402;
0706.0207.

77. Smilga A. V. Comments on the Dynamics of the PaisÄUhlenbeck Oscillator // SIGMA.
2009. V. 5. P. 017; 0808.0139.

78. Smilga A. V. Ghost-Free Higher-Derivative Theory // Phys. Lett. B. 2006. V. 632.
P. 433Ä438; hep-th/0503213.

79. Mannheim P. D., Davidson A. Dirac Quantization of the PaisÄUhlenbeck Fourth Order
Oscillator // Phys. Rev. A. 2005. V. 71. P. 042110; hep-th/0408104.

80. Sbisa F. Classical and Quantum Ghosts // Eur. J. Phys. 2015. V. 36. P. 015009;
1406.4550.

81. de O. Salles F., Shapiro I. L. Recent Progress in Fighting Ghosts in Quantum Gravity //
Universe. 2018. V. 4, No. 9. P. 91; 1808.09015.

82. Lovelock D. The Einstein Tensor and Its Generalizations // J. Math. Phys. 1971.
V. 12. P. 498Ä501.

83. Berti E. et al. Testing General Relativity with Present and Future Astrophysical
Observations // Class. Quant. Grav. 2015. V. 32. P. 243001; 1501.07274.

84. Aghanim N. et al. Planck 2018 Results. VI. Cosmological Parameters. 1807.06209.
2018.

85. Zel'dovich Ya. B., Krasinski A. The Cosmological Constant and the Theory of Ele-
mentary Particles // Sov. Phys. Usp. 1968. V. 11. P. 381Ä393 (Usp. Fiz. Nauk. 1968.
V. 95. P. 209).

86. Weinberg S. The Cosmological Constant Problem // Rev. Mod. Phys. 1989. V. 61.
P. 1Ä23.

87. Padilla A. Lectures on the Cosmological Constant Problem. 1502.05296. 2015.

88. Hawking S., Ellis G. F. R. The Large Scale Structure of Space-Time. Cambridge
Monographs on Mathematical Physics. 1st paperback ed. Cambridge, England: Cam-
bridge Univ. Press, 1974. P. xi; 391 p.

89. Witten E. Quantum Gravity in de Sitter Space // Intern. Conf. ©Strings 2001ª, Mum-
bai, India, Jan. 5Ä10, 2001. hep-th/0106109.

90. Bousso R. Cosmology and the S-Matrix // Phys. Rev. D. 2005. V. 71. P. 064024;
hep-th/0412197.

91. ‘ ·¤ ´ Ï¢¨²¨ ƒ. �. ‘μ¢·¥³¥´´Ò¥ ³¥Éμ¤Ò É¥μ·¨¨ ¶μ²Ö. ’. 3. �²£¥¡· ¨Î¥¸± Ö
±¢ ´Éμ¢ Ö É¥μ·¨Ö. M.: URSS, 2017.



1022 ‹�’�˜ 	.�.

92. Weinberg S. The Quantum Theory of Fields. Cambridge: Cambridge Univ. Press,
2005.

93. �μ£μ²Õ¡μ¢ �.�., ˜¨·±μ¢ „. ‚. ‚¢¥¤¥´¨¥ ¢ É¥μ·¨Õ ±¢ ´Éμ¢ ´´ÒÌ ¶μ²¥°. Œ.:
URSS, 2018.

94. Torre C.G. Is General Relativity an ©Already Parametrizedª Theory? // Phys. Rev.
D. 1992. V. 46. P. R3231ÄR3234; hep-th/9204014.

95. Isham C. J. Canonical Quantum Gravity and the Problem of Time. 1992. P. 0157Ä288
(NATO Sci. Ser. C. 1993. V. 409. P. 157); gr-qc/9210011.

96. Anderson E. Problem of Time in Quantum Gravity // Ann. Phys. 2012. V. 524.
P. 757Ä786.

97. Einstein A. Cosmological Considerations in the General Theory of Relativity //
Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys.). 1917. V. 1917. P. 142Ä152.

98. Pervushin V. N., Arbuzov A. B., Barbashov B. M. et al. Conformal and Afˇne Hamil-
tonian Dynamics of General Relativity // Gen. Rel. Grav. 2012. V. 44. P. 2745Ä2783;
1109.2789.

99. Pervushin V. N., Arbuzov A. B., Zakharov A. F. Estimation of Conformal Cosmological
Model Parameters with SDSS and SNLS Supernova Samples // Phys. Part. Nucl. Lett.
2017. V. 14, No. 2. P. 368Ä370.

100. Arbuzov A. B., Pavlov A. E. Intrinsic Time in Geometrodynamics of Closed Manifolds.
1904.10794. 2019.

101. Arbuzov A., Latosh B. Conformally Coupled General Relativity // Universe. 2018.
V. 4, No. 2. P. 38; 1710.08198.

102. Dirac P. A.M. The Theory of Gravitation in Hamiltonian Form // Proc. Roy. Soc.
London. A. 1958. V. 246. P. 333Ä343.

103. Jost J. Riemannian Geometry and Geometric Analysis. 3rd ed. Berlin; London:
Springer, 2002.

104. Kuchar K. General Relativity: Dynamics without Symmetry // J. Math. Phys. 1981.
V. 22, No. 11. P. 2640Ä2654.

105. Kuchar K. Conditional Symmetries in Parametrized Field Theories // J. Math. Phys.
1982. V. 23, No. 9. P. 1647Ä1661.

106. Wilson K. G. Renormalization Group and Critical Phenomena. 1. Renormalization
Group and the Kadanoff Scaling Picture // Phys. Rev. B. 1971. V. 4. P. 3174Ä3183.

107. Wilson K.G., Kogut J. B. The Renormalization Group and the Epsilon Expansion //
Phys. Rep. 1974. V. 12. P. 75Ä199.

108. Keller G., Kopper C. Perturbative Renormalization of QED via Flow Equations //
Phys. Lett. B. 1991. V. 273. P. 323Ä332.

109. Kim C. Wilson Renormalization Group and Continuum Effective Field Theories //
11th Summer School and Symp. on Nucl. Phys. (NuSS 98): Effective Theories of
Matter (1), Seoul, June 23Ä27, 1998; hep-th/9810056.

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

111. Georgi H. Effective Field Theory // Ann. Rev. Nucl. Part. Sci. 1993. V. 43. P. 209Ä
252.



	�‡�‚›… ���	‹…Œ› Š��‘…�‚�’ˆ‚�›• ��„•�„�‚ 1023

112. Burgess C. P. Quantum Gravity in Everyday Life: General Relativity as an Effective
Field Theory // Living Rev. Rel. 2004. V. 7. P. 5Ä56; gr-qc/0311082.

113. Donoghue J. F. The Effective Field Theory Treatment of Quantum Gravity // AIP
Conf. Proc. 2012. V. 1483. P. 73Ä94; 1209.3511.

114. Donoghue J. F. General Relativity as an Effective Field Theory: The Leading Quan-
tum Corrections // Phys. Rev. D. 1994. V. 50. P. 3874Ä3888; gr-qc/9405057.

115. Georgi H. An Effective Field Theory for Heavy Quarks at Low-Energies // Phys.
Lett. B. 1990. V. 240. P. 447Ä450.

116. Fradkin E. S., Tseytlin A. A. Effective Field Theory from Quantized Strings // Phys.
Lett. B. 1985. V. 158. P. 316Ä322.

117. Alvarez-Gaume L., Kehagias A., Kounnas C. et al. Aspects of Quadratic Gravity //
Fortsch. Phys. 2016. V. 64, Nos. 2Ä3. P. 176Ä189; 1505.07657.

118. Gross D. J., Sloan J. H. The Quartic Effective Action for the Heterotic String // Nucl.
Phys. B. 1987. V. 291. P. 41Ä89.

119. Fradkin E. S., Tseytlin A. A. Quantum String Theory Effective Action // Nucl. Phys.
B. 1985. V. 261. P. 1Ä27; Erratum // Nucl. Phys. B. 1986. V. 269. P. 745.

120. Barvinsky A. O., Vilkovisky G. A. The Generalized SchwingerÄDeWitt Technique in
Gauge Theories and Quantum Gravity // Phys. Rep. 1985. V. 119. P. 1Ä74.

121. Solomon A. R., Trodden M. Higher-Derivative Operators and Effective Field The-
ory for General Scalar-Tensor Theories // JCAP. 2018. V. 1802, No. 02. P. 031;
1709.09695.

122. Simon J. Z. The Stability of Flat Space, Semiclassical Gravity, and Higher Deriva-
tives // Phys. Rev. D. 1991. V. 43. P. 3308Ä3316.

123. Calmet X. The Lightest of Black Holes // Mod. Phys. Lett. A. 2014. V. 29, No. 38.
P. 1450204; 1410.2807.

124. Calmet X., Casadio R. The Horizon of the Lightest Black Hole // Eur. Phys. J. C.
2015. V. 75, No. 9. P. 445; 1509.02055.

125. Calmet X., Latosh B. Three Waves for Quantum Gravity // Eur. Phys. J. C. 2018.
V. 78, No. 3. P. 205; 1801.04698.

126. Khan K. A., Penrose R. Scattering of Two Impulsive Gravitational Plane Waves //
Nature. 1971. V. 229, No. 5281. P. 185.

127. Pretorius F., East W. E. Black Hole Formation from the Collision of Plane-Fronted
Gravitational Waves // Phys. Rev. D. 2018. V. 98, No. 8. P. 084053.

128. Bjerrum-Bohr N. E. J., Donoghue J. F., Holstein B. R. Quantum Gravitational Correc-
tions to the Nonrelativistic Scattering Potential of Two Masses // Phys. Rev. D. 2003.
V. 67. P. 084033.

129. Iwasaki Y. Quantum Theory of Gravitation vs Classical Theory. Fourth-Order Poten-
tial // Prog. Theor. Phys. 1971. V. 46. P. 1587Ä1609.

130. Calmet X., El-Menouˇ B. K., Latosh B., Mohapatra S. Gravitational Radiation in
Quantum Gravity // Eur. Phys. J. C. 2018. V. 78, No. 9. P. 780; 1809.07606.

131. Calmet X., Latosh B. Dark Matter in Quantum Gravity // Ibid. No. 6. P. 520;
1805.08552.

132. Straumann N. General Relativity: With Applications to Astrophysics. Berlin:
Springer-Verlag, 2004.



1024 ‹�’�˜ 	.�.

133. Weinberg S. Gravitation and Cosmology: Principles and Applications of the General
Theory of Relativity. Wiley, 1972.

134. Hoyle C.D., Kapner D. J., Heckel B. R. et al. Sub-Millimeter Tests of the Gravita-
tional Inverse-Square Law // Phys. Rev. D. 2004. V. 70. P. 042004; hep-ph/0405262.

135. Latosh B. Fab Four Effective Field Theory Treatment // Eur. Phys. J. C. 2018. V. 78,
No. 12. P. 991; 1812.01881.

136. Arbuzov A. B., Latosh B. N. Fab Four Self-Interaction in Quantum Regime // Eur.
Phys. J. C. 2017. V. 77, No. 10. P. 702; 1703.06626.

137. Myers R. C., Pospelov M. Ultraviolet Modiˇcations of Dispersion Relations in Effec-
tive Field Theory // Phys. Rev. Lett. 2003. V. 90. P. 211601; hep-ph/0301124.

138. Goldberger W.D., Rothstein I. Z. An Effective Field Theory of Gravity for Extended
Objects // Phys. Rev. D. 2006. V. 73. P. 104029.

139. Bjerrum-Bohr N. E. J., Damgaard P. H., Festuccia G. et al. General Relativity from
Scattering Amplitudes // Phys. Rev. Lett. 2018. V. 121. P. 171601.


