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� §¢¨É  É¥μ·¨Ö £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ±² ¸¸¨Î¥¸±μ° Ô²¥±É·μ¤¨´ ³¨±¥ ´  μ¸´μ¢¥
¶·¥¤²μ¦¥´´μ° · ´¥¥ ³¨´¨³ ²Ó´μ° ·¥²ÖÉ¨¢¨¸É¸±μ° ³μ¤¥²¨ ÉÖ£μÉ¥´¨Ö. ˆ¸Ìμ¤Ö ¨§ ¢ ·¨ Í¨μ´´μ£μ
¶·¨´Í¨¶  ¶μ²ÊÎ¥´  ¸¨¸É¥³  ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÒÌ Ê· ¢´¥´¨° ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ô²¥±É·μ-
³ £´¨É´μ£μ ¨ £· ¢¨É Í¨μ´´μ£μ ¶μ²¥° ¨ ¶μ¸É·μ¥´ ¨Ì μ¡Ð¨° É¥´§μ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ . „ ´μ ¸É·μ-
£μ¥ ·¥Ï¥´¨¥ ¶·μ¡²¥³Ò ·¥£Ê²Ö·¨§ Í¨¨ ¶μ²¥¢μ° ³ ¸¸Ò ÉμÎ¥Î´μ£μ § ·Ö¤  ¶·¨ ÊÎ¥É¥ Ô´¥·£¨¨ ¸¢Ö§¨
£· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. � ¸¸³μÉ·¥´μ · ¸¶·μ¸É· ´¥´¨¥ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¢ ¶μ²¥
ÉÖ£μÉ¥´¨Ö. �μ± § ´μ, ÎÉμ ¢ Ê¸²μ¢¨ÖÌ ¸ÊÐ¥¸É¢ÊÕÐ¥£μ ·¥§μ´ ´¸´μ£μ μÉ´μÏ¥´¨Ö 2 : 3 μ·¡¨É ²Ó´μ£μ
¨ ¸ÊÉμÎ´μ£μ μ¡· Ð¥´¨Ö Œ¥·±Ê·¨Ö ¶·¨²¨¢´Ò¥ ¸¨²Ò ¶·¨¢μ¤ÖÉ ± ¸¨¸É¥³ É¨Î¥¸±μ³Ê ¸³¥Ð¥´¨Õ ¥£μ
¶¥·¨£¥²¨Ö ¢ ´ ¡²Õ¤ ¥³μ³ ´ ¶· ¢²¥´¨¨ ¢¶¥·¥¤ ¶μ Ìμ¤Ê ¤¢¨¦¥´¨Ö.

The theory of gravitational interaction in classical electrodynamics on the base of suggested earlier
minimal relativistic model of gravitation is developed. The system of gauge-invariant equations of
coupled electromagnetic and gravitational ˇelds is obtained and their common energy-momentum tensor
is constructed by means of a variational principle. It is shown, that in the conditions of the existing
resonant relation 2 : 3 of orbital and daily Mercury rotation the tidal forces cause the regular perihelion
shift of this planet in observable direction forward on a movement course.

PACS: 03.50.Kk, 04.50
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„²Ö ¡μ²ÓÏ¨´¸É¢  Ë¨§¨Î¥¸±¨Ì ¸¨¸É¥³, ¨¸±²ÕÎ Ö, · §Ê³¥¥É¸Ö, ³ ¸¸¨¢´Ò¥ ±μ¸³¨Î¥¸±¨¥
μ¡Ñ¥±ÉÒ, ¶μ²¥ ÉÖ£μÉ¥´¨Ö ¸Î¨É ¥É¸Ö ´¨ÎÉμ¦´μ ¸² ¡Ò³ ¨ ´¥ ¶·¨´¨³ ¥É¸Ö ¢ · ¸Î¥É. ‚ Éμ
¦¥ ¢·¥³Ö £· ¢¨É Í¨μ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶·¨´ÖÉμ · ¸¸³ É·¨¢ ÉÓ ± ± Ê´¨¢¥·¸ ²Ó´μ¥, ÎÉμ
¶·¥¤¶μ² £ ¥É ¥£μ ¶·¨¸ÊÉ¸É¢¨¥ ¢μ ¢¸¥Ì Ë¨§¨Î¥¸±¨Ì ¸¨¸É¥³ Ì,   §´ Î¨É ¨ ÊÎ ¸É¨¥ ¢ Ëμ·-
³¨·μ¢ ´¨¨ ¢ ± ¦¤μ° ¨§ ´¨Ì ·¥ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨. �μÔÉμ³Ê ¢ É¥μ·¨¨, ´¥
ÊÎ¨ÉÒ¢ ÕÐ¥° ÉÖ£μÉ¥´¨¥, Ëμ·³Ê²¨·μ¢±  ËÊ´¤ ³¥´É ²Ó´ÒÌ § ±μ´μ¢ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-
¨³¶Ê²Ó¸  ¨ ³μ³¥´É  ¨³¶Ê²Ó¸  ¤²Ö ²Õ¡μ° ¸¨¸É¥³Ò Ë ±É¨Î¥¸±¨ μ¸É ¥É¸Ö ´¥§ ¢¥·Ï¥´´μ°.
�  ÔÉμ³ μ¸´μ¢ ´¨¨ ¥Ð¥ ¢ ¶¥·¢μ³ ¨§¤ ´¨¨ ±´¨£¨ [1] ¸μ¢¥·Ï¥´´μ μ¶·¥¤¥²¥´´μ Ê± § ´μ, ÎÉμ
¸É·Ê±ÉÊ·  É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥° ´¥ ³μ¦¥É ¶·¥¤¸É ¢²ÖÉÓ ¸ ³μ¸Éμ-
ÖÉ¥²Ó´μ£μ ¨´É¥·¥¸  ¡¥§ ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ÊÎ¥É  ¢ É¥μ·¨¨ £· ¢¨É Í¨μ´´ÒÌ ÔËË¥±Éμ¢.

‚ ¶μ¤É¢¥·¦¤¥´¨¥ ¶·¨´Í¨¶¨ ²Ó´μ° ¢ ¦´μ¸É¨ ¤ ´´μ£μ ¶μ²μ¦¥´¨Ö Ê³¥¸É´μ ´ ¶μ³´¨ÉÓ,
ÎÉμ ¶·¥´¥¡·¥¦¥´¨¥ ÔËË¥±É ³¨ ÉÖ£μÉ¥´¨Ö ¢ · ¸Î¥É¥ ´  ¸² ¡μ¸ÉÓ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö, ± ±, ¢¶·μÎ¥³, ¨ ´¥¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¨Ì ÊÎ¥É  Ö¢²ÖÕÉ¸Ö ¨¸ÉμÎ´¨±μ³ Ìμ·μÏμ
¨§¢¥¸É´ÒÌ É·Ê¤´μ¸É¥° ¢ É¥μ·¨¨ ¶μ²¥°. �¤´  ¨§ ´¨Ì Å ¶·μ¡²¥³  ¶μ²μ¦¨É¥²Ó´μ° μ¶·¥-
¤¥²¥´´μ¸É¨ Ô´¥·£¨¨ ¸ ³μ£μ ¶μ²Ö ÉÖ£μÉ¥´¨Ö [2Ä5]. Š ± ¢ÒÖ¸´¨²μ¸Ó ¸μ¢¸¥³ ´¥¤ ¢´μ [6,7],
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ÔÉÊ ¶·μ¡²¥³Ê Ê¤ ¥É¸Ö · §·¥Ï¨ÉÓ ¶· ±É¨Î¥¸±¨ ´¥ ¢ÒÌμ¤Ö §  · ³±¨ ´ÓÕÉμ´μ¢¸±μ° £· ¢¨-
¸É É¨±¨ Å ¤μ¸É ÉμÎ´μ ²¨ÏÓ ÊÎ¥¸ÉÓ £· ¢¨É Í¨μ´´Ò° ¤¥Ë¥±É ³ ¸¸Ò ¨¸ÉμÎ´¨± .

� ¸Ìμ¤¨³μ¸ÉÓ Ô´¥·£¨¨ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ÉμÎ¥Î´μ£μ § ·Ö¤  ¶·¥¤¸É ¢²Ö¥É ¢Éμ·ÊÕ
´¥ ³¥´¥¥ μ¸É·ÊÕ ¶·μ¡²¥³Ê É¥μ·¨¨ ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥°, ¢μ§´¨± ÕÐÊÕ ¶μ Éμ° ¦¥ ¶·¨-
Î¨´¥ ´¥¤μμÍ¥´±¨ §´ Î¥´¨Ö £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ô²¥±É·μ¤¨´ ³¨±¥, ±μ£¤  ¢
·¥§Ê²ÓÉ É¥ μ¸É ÕÉ¸Ö ´¥ÊÎÉ¥´´Ò³¨ Ô´¥·£¨Ö ¶μ²Ö ÉÖ£μÉ¥´¨Ö ¨ ¸μ§¤ ¢ ¥³Ò° ÔÉ¨³ ¢§ ¨³μ-
¤¥°¸É¢¨¥³ ¤¥Ë¥±É ¶μ²¥¢μ° ¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° (§ É· ¢μÎ´μ°) ³ ¸¸Ò Î ¸É¨ÍÒ. …¸²¨
¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥ £· ¢¨É¨·ÊÕÐ¨¥ ¸¢μ°¸É¢  ³ ¸¸Ò Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ±μÉμ· Ö ¶μ
· ¸Î¥É ³ ³ ±¸¢¥²²μ¢¸±μ° É¥μ·¨¨ ¸ Ê³¥´ÓÏ¥´¨¥³ μ¡² ¸É¨ ²μ± ²¨§ Í¨¨ § ·Ö¤  ³μ¦¥É ¶·¨-
´¨³ ÉÓ ¸±μ²Ó Ê£μ¤´μ ¡μ²ÓÏμ¥ §´ Î¥´¨¥, Éμ ¸É ´μ¢¨É¸Ö μÎ¥¢¨¤´Ò³, ÎÉμ ¶·μ¡²¥³  ·¥£Ê²Ö-
·¨§ Í¨¨ Ô´¥·£¨¨-³ ¸¸Ò ¸¨¸É¥³Ò, ¢±²ÕÎ ÕÐ¥° ÉμÎ¥Î´Ò° § ·Ö¤, ´ Ìμ¤¨É¸Ö ´  ¸ÉÒ±¥ Ô²¥±-
É·μ³ £´¥É¨§³  ¨ £· ¢¨É Í¨¨ ¨ ¤μ²¦´  ·¥Ï ÉÓ¸Ö ¢ É¥μ·¨¨, μ¡Ñ¥¤¨´ÖÕÐ¥°, ¶μ ±· °´¥°
³¥·¥, ¤¢  ¶μ²Ö Å Ô²¥±É·μ³ £´¨É´μ¥ ¨ £· ¢¨É Í¨μ´´μ¥. ‚³¥¸É¥ ¸ É¥³ ¸²¥¤Ê¥É ¶·¨§´ ÉÓ,
ÎÉμ ÊÎ¥É ¶μ²Ö ÉÖ£μÉ¥´¨Ö ¢ ±² ¸¸¨Î¥¸±μ° Ô²¥±É·μ¤¨´ ³¨±¥ ¶·¨´Í¨¶¨ ²Ó´μ ´¥μ¡Ìμ¤¨³
Ê¦¥ ¢ ¸¨¸É¥³¥, ¸μ¤¥·¦ Ð¥° Ô²¥³¥´É ·´Ò° § ·Ö¤ ¢ ¶·¥¤¥² Ì μ¡Ñ¥³ , ²¨´¥°´Ò¥ · §³¥·Ò
±μÉμ·μ£μ ¸· ¢´¨³Ò ¸ Ô²¥±É·μ³ £´¨É´Ò³ · ¤¨Ê¸μ³ Ô²¥±É·μ´ .

ˆ§¢¥¸É´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ μ¡¸Ê¦¤ ¥³ÒÌ ¶μ²¥°, ¢ Î ¸É´μ¸É¨, Ëμ·-
³Ê²¨·μ¢±  Ê· ¢´¥´¨° Ô²¥±É·μ¤¨´ ³¨±¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¶μ²Ö ÉÖ£μÉ¥´¨Ö (¸³., ´ ¶·¨³¥·, [3,
8, 9]), ÊÎ¥É £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ô²¥±É·μ¸É É¨Î¥¸±μ³ ¶μ²¥ [10Ä13], ¸É·μ¨-
²¨¸Ó ´  ¶·¨´Í¨¶ Ì μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ ¨²¨ ¥¥ ·¥§Ê²ÓÉ É Ì ¨ ´μ¸¨²¨ ¢ μ¸´μ¢-
´μ³ Ë· £³¥´É ·´Ò° Ì · ±É¥·. �·¨ ÔÉμ³ ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉμ ®´¥¸É ´¤ ·É´Ò¥¯ ¸
ÉμÎ±¨ §·¥´¨Ö ±² ¸¸¨Î¥¸±μ° Ë¨§¨±¨ μ¸μ¡¥´´μ¸É¨ �’�: ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ ¶·¥¤¸± § ´¨°,
μÉ¸ÊÉ¸É¢¨¥ Î¥É±μ ¸Ëμ·³Ê²¨·μ¢ ´´ÒÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ § ±μ´μ¢ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨, ¨³-
¶Ê²Ó¸  ¨ ³μ³¥´É  ¨³¶Ê²Ó¸  (¸³. [14Ä18]) Å ¤ ÕÉ μ¸´μ¢ ´¨Ö ±·¨É¨Î¥¸±¨ ¢μ¸¶·¨´¨³ ÉÓ
¥¥ ·¥§Ê²ÓÉ ÉÒ [15,16].

‚ ´ ¸ÉμÖÐ¥³ ¸μμ¡Ð¥´¨¨ ¶·¥¤¶·¨´ÖÉ  ¶μ¶ÒÉ±  ¶μ¸É·μ¥´¨Ö ¸¢μ¡μ¤´μ° μÉ ¶·μ¡²¥³ ¸
§ ±μ´ ³¨ ¸μÌ· ´¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ° ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° É¥μ·¨¨ ¤¢ÊÌ ¢§ ¨³μ-
¤¥°¸É¢ÊÕÐ¨Ì ±² ¸¸¨Î¥¸±¨Ì ¡¥§³ ¸¸μ¢ÒÌ ¶μ²¥°, ¢¥±Éμ·´μ£μ Å Ô²¥±É·μ³ £´¨É´μ£μ ¨ ¸± -
²Ö·´μ£μ Å £· ¢¨É Í¨μ´´μ£μ, ´  μ¸´μ¢¥ ¸¨´É¥§  Ô²¥±É·μ¤¨´ ³¨±¨ Œ ±¸¢¥²² Ä‹μ·¥´Í  ¨
¶·¥¤²μ¦¥´´μ° · ´¥¥ [6,7, 19] ³¨´¨³ ²Ó´μ° ³μ¤¥²¨ ÉÖ£μÉ¥´¨Ö.
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ˆ¸±²ÕÎ Ö ¤·Ê£¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ±·μ³¥ Ô²¥±É·μ³ £´¨É´μ£μ ¨ £· ¢¨É Í¨μ´´μ£μ, ³Ò
¢ ¤ ´´μ° ¸É ÉÓ¥ · ¸¸³μÉ·¨³ ¶Ò²¥¢¨¤´ÊÕ Ô²¥±É·¨Î¥¸±¨ § ·Ö¦¥´´ÊÕ ³ É¥·¨Õ, ¨³¥Ö ¢ ¢¨¤Ê,
ÎÉμ § ·Ö¤ ¨ ³ ¸¸  · ¸¶·¥¤¥²¥´Ò ¢ ¶·μ¸É· ´¸É¢¥ ¸ ¶²μÉ´μ¸ÉÖ³¨

� =
∑

a

eaδ (r − ra), (1)

μ =
∑

a

maδ (r− ra). (2)

„²Ö μ¶¨¸ ´¨Ö ¸¢Ö§ ´´μ° ¸¨¸É¥³Ò Î ¸É¨Í É ±μ° ³ É¥·¨¨ ¨ ¶μ·μ¦¤ ¥³ÒÌ ¥Õ (¨²¨ ¸ÊÐ¥-
¸É¢ÊÕÐ¨Ì ¸ ³μ¸ÉμÖÉ¥²Ó´μ) ¶μ²¥° Å Ô²¥±É·μ³ £´¨É´μ£μ ¨ £· ¢¨É Í¨μ´´μ£μ Å ¨¸¶μ²Ó§Ê¥³
² £· ´¦¥¢ Ëμ·³ ²¨§³. �μ² £ Ö, ÎÉμ ¸μ¸ÉμÖ´¨¥ ¶μ²¥° § ¤ ¥É¸Ö ¤¢Ê³Ö ¶μ²¥¢Ò³¨ ËÊ´±Í¨-
Ö³¨ Î¥ÉÒ·¥Ì³¥·´ÒÌ ±μμ·¤¨´ É x = (xμ): Ô²¥±É·μ³ £´¨É´μ£μ Å ¢¥±Éμ·´μ° Aμ(x) ¨
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’ ¡²¨Í  1. �μÔÉ ¶´μ¥ ¶μ¸É·μ¥´¨¥ ² £· ´¦¨ ´  ¸¨¸É¥³Ò Î ¸É¨Í ¨ ¶μ²¥° ´  μ¸´μ¢¥ ¶·¨´Í¨¶ 
³Ê²ÓÉ¨¶²¨± É¨¢´μ£μ ¶μ¤±²ÕÎ¥´¨Ö £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö [7] ¸ ¸μ¡²Õ¤¥´¨¥³ Ê¸²μ¢¨Ö
L → L′ = eλ/c2L ¶·¨ ± ²¨¡·μ¢μÎ´μ³ ¶·¥μ¡· §μ¢ ´¨¨ ¶μÉ¥´Í¨ ²  Φ(x) → Φ′(x) = Φ(x) + λ

”¨§¨Î¥¸± Ö ¸¨¸É¥³  ‹ £· ´¦¨ ´

ƒ· ¢¨É Í¨μ´´μ¥
¶μ²¥

L = − 1

8πG
(∂μΦ)2 ⇒ L = − 1

8πG
(∂μΦ)2 U2 = − c4

2πG
(∂μU)2

U = eΦ/2c2

— ¸É¨ÍÒ ¢ ¶μ²¥
ÉÖ£μÉ¥´¨Ö

L = −c2μ

√
1 − v2

c2
⇒ L = −c2μ

√
1 − v2

c2
U2

— ¸É¨ÍÒ
¢ Ô²¥±É·μ³ £´¨É´μ³
¨ £· ¢¨É Í¨μ´´μ³
¶μ²ÖÌ

L = −c2μ

√
1 − v2

c2
+

1

c
Aμjμ ⇒ L = −c2μ

√
1 − v2

c2
U2 +

1

c
Aμjμ

Aμ = U2Aμ

�²¥±É·μ³ £´¨É´μ¥
¶μ²¥ ¸ ÊÎ ¸É¨¥³
£· ¢¨É Í¨μ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö

L = − 1

16π
(∂μAν − ∂νAμ)2 ⇒ L = − 1

16π
(∂μAν − ∂νAμ)2 U−2

‡ ³±´ÊÉ Ö ¸¨¸É¥³ 
Î ¸É¨Í ¨ ¶μ²¥°

L=− c4

2πG
(∂μU)2− 1

16π
(∂μAν − ∂νAμ)2 U−2−c2μ

√
1 − v2

c2
U2 +

1

c
Aμjμ

£· ¢¨É Í¨μ´´μ£μ Å ¸± ²Ö·´μ° U(x) Å ¶μ¸ÉÊ²¨·Ê¥³ ²μ·¥´Í-¨´¢ ·¨ ´É´Ò° ² £· ´¦¨ ´1

L = − c4

2πG
(∂μU)2 − 1

16π
(∂μAν − ∂νAμ)2 U−2+

+
∑

a

(ea

c
Aμu(a)

μ − c2maU2
)√

1 − v2
a

c2
δ (r− ra), (3)

¸Ì¥³  ¶μ¸É·μ¥´¨Ö ±μÉμ·μ£μ ¶·¨¢¥¤¥´  ¢ É ¡². 1. —¥ÉÒ·¥Ì³¥·´Ò¥ ¢¥²¨Î¨´Ò ¢ ¢Ò· ¦¥-
´¨¨ (3) ¨ ¤ ²¥¥ μ¶·¥¤¥²ÖÕÉ¸Ö ¢ ¶²μ¸±μ³ ¶·μ¸É· ´¸É¢¥ ¸μ¡ÒÉ¨° ¸ ³´¨³μ° ¢·¥³¥´´
μ°
±μμ·¤¨´ Éμ° x4 = ict; ¤²Ö μ¡μ§´ Î¥´¨Ö ¨Ì ±μ³¶μ´¥´É ¨¸¶μ²Ó§ÊÕÉ¸Ö £·¥Î¥¸±¨¥ ¨´¤¥±¸Ò.

1‚μ ¨§¡¥¦ ´¨¥ ´¥¤μ· §Ê³¥´¨° § ³¥É¨³, ÎÉμ ¶μÉ¥´Í¨ ²Ó´ Ö ËÊ´±Í¨Ö U(x) ¸¢Ö§ ´  ¸ ¶μÉ¥´Í¨ ²μ³ £· ¢¨É Í¨-
μ´´μ£μ ¶μ²Ö Φ(x) ¸μμÉ´μÏ¥´¨¥³ U = exp

(
Φ/2c2

)
¨, É ±¨³ μ¡· §μ³, Ö¢²Ö¥É¸Ö ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´μ° [7].

�μÔÉμ³Ê ´¨± ±¨Ì ¸¨´£Ê²Ö·´μ¸É¥° ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö ¢ ² £· ´¦¨ ´¥ (3) ¨ ¢ ¶μ¸²¥¤ÊÕÐ¨Ì ¢Ò· ¦¥´¨ÖÌ μÉ·¨Í -
É¥²Ó´ÒÌ ¸É¥¶¥´¥° ÔÉμ° ËÊ´±Í¨¨ ´¥ ¢μ§´¨± ¥É. �¸´μ¢ ´¨Ö ¤²Ö ¶μ¤μ¡´ÒÌ μ¶ ¸¥´¨° ³μ¦´μ ¢μμ¡Ð¥ ¨¸±²ÕÎ¨ÉÓ,
¶¥·¥°¤Ö ± ¶μ²¥¢Ò³ ¶¥·¥³¥´´Ò³ Φ, Aμ = Aμ exp

(
−Φ/c2

)
; ² £· ´¦¨ ´ (3) ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶·¥¤¸É ¢¨É¸Ö ¢ ¢¨¤¥

L =

⎧⎨
⎩− 1

8πG
(∂μΦ)2 − 1

16π
(ðμAν − ðνAμ)2 +

∑
a

(ea

c
Aμu

(a)
μ − c2ma

)√
1 − v2

a

c2
δ (r − ra)

⎫⎬
⎭ eΦ/c2 ,

£¤¥ ¨¸¶μ²Ó§μ¢ ´ ¸¨³¢μ² ®Ê¤²¨´¥´´μ°¯ ¶·μ¨§¢μ¤´μ° ðμ = ∂μ + c−2∂μΦ.
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‚ ·¨ Í¨μ´´Ò° ¶·¨´Í¨¶ ¶μ§¢μ²Ö¥É ´  μ¸´μ¢¥ ² £· ´¦¨ ´  (3) ¶μ²ÊÎ¨ÉÓ ¸¨¸É¥³Ê ¸¢Ö-
§ ´´ÒÌ Ê· ¢´¥´¨°, μ¡Ñ¥¤¨´ÖÕÐÊÕ Ê· ¢´¥´¨Ö μ¡ÒÎ´μ° Ô²¥±É·μ¤¨´ ³¨±¨ ¨ ³¨´¨³ ²Ó´μ°
³μ¤¥²¨ ÉÖ£μÉ¥´¨Ö [7], ¶·¨ ¸μ¡²Õ¤¥´¨¨ É·¥¡μ¢ ´¨° ¨Ì ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨.
“· ¢´¥´¨Ö �°²¥· Ä‹ £· ´¦  ¤²Ö ² £· ´¦¨ ´  (3), ¢μ§´¨± ÕÐ¨¥ ¶·¨ ¢ ·Ó¨·μ¢ ´¨¨ ±μ-
μ·¤¨´ É Î ¸É¨Í ¨ ¶μ²¥¢ÒÌ ËÊ´±Í¨° Aμ ¨ U , ¶·¨¢μ¤ÖÉ¸Ö ± ±μ¢ ·¨ ´É´μ° Ëμ·³¥

dpμ

dτ
=

e

c
Dμνuν +

m

c2

(
uμgν − uνgμ

)
uν , (4)

∂νDμν =
4π

c
jμ, (5){

� − 2πG

c2

(
μ

√
1 − v2

c2
− 1

16πc2
D2

μν

)}
U = 0 (6)

¨ ¸μ¸É ¢²ÖÕÉ, É ±¨³ μ¡· §μ³, ¸¨¸É¥³Ê ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¨ ¶μ²¥°. ‡¤¥¸Ó dτ Å ¸μ¡¸É¢¥´´μ¥ ¢·¥³Ö Î ¸É¨ÍÒ ³¥¦¤Ê ¤¢Ê³Ö ¡¥¸±μ-
´¥Î´μ ¡²¨§±¨³¨ ¸μ¡ÒÉ¨Ö³¨, uμ = dxμ/dτ Å ¥¥ 4-¸±μ·μ¸ÉÓ ¨ pμ = muμ Å ¤¨´ ³¨-
Î¥¸±¨° 4-¨³¶Ê²Ó¸. ‘μμÉ¢¥É¸É¢ÊÕÐ¨° · ¸¶·¥¤¥²¥´¨Õ § ·Ö¤  (1) 4-¢¥±Éμ· ¶²μÉ´μ¸É¨ Éμ± 
jμ ¢ (5) ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

jμ =
∑

a

eau(a)
μ

√
1 − v2

a

c2
δ(r − ra). (7)

‚ (4)Ä(6) É ±¦¥ ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö

Dμν = (∂μAν − ∂νAμ)U−2, (8)

gμ = −∂μΦ = −2c2U−1∂μU (9)

¤²Ö ´ ¶·Ö¦¥´´μ¸É¥° Ô²¥±É·μ³ £´¨É´μ£μ ¨ £· ¢¨É Í¨μ´´μ£μ ¶μ²¥°; Φ = 2c2 ln U Å ¶μÉ¥´-
Í¨ ² £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö. �μ ¸³Ò¸²Ê Ê· ¢´¥´¨Ö (4) Dμν ¨ gμ Ö¢²ÖÕÉ¸Ö ´ ¡²Õ¤ ¥³Ò³¨
¶μ²¥°.

“Î¨ÉÒ¢ Ö (9), ²¨´¥°´μ¥ Ê· ¢´¥´¨¥ (6) ¤²Ö ¶μ²¥¢μ° ËÊ´±Í¨¨ U(x) ³μ¦´μ ¶·¥μ¡· -
§μ¢ ÉÓ ¢ Ê· ¢´¥´¨¥ ¸ ±¢ ¤· É¨Î´μ° ´¥²¨´¥°´μ¸ÉÓÕ ¤²Ö ´ ¶·Ö¦¥´´μ¸É¨ gμ(x). ’ ±μ¥
Ê· ¢´¥´¨¥ ¢±²ÕÎ ¥É ¢ ± Î¥¸É¢¥ ¨¸ÉμÎ´¨±  ¶μ²Ö ÉÖ£μÉ¥´¨Ö ¶μ³¨³μ ³ ¸¸¨¢´ÒÌ Î ¸É¨Í
É ±¦¥ Ô²¥±É·μ³ £´¨É´μ¥ ¶μ²¥:

∂μgμ =
1

2c2
g2

μ +
G

4c2
D2

μν − 4πGμ

√
1 − v2

c2
. (10)

‡ ¢¥·Ï Ö ¶μ¸É·μ¥´¨¥ ¸ ³μ¸μ£² ¸μ¢ ´´μ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¤²Ö ´ ¡²Õ¤ ¥³ÒÌ, ¤μ-
¶μ²´¨³ (4), (5), (10) ¥Ð¥ ¤¢Ê³Ö Ê· ¢´¥´¨Ö³¨, μ¶·¥¤¥²ÖÕÐ¨³¨ ¶μÉ¥´Í¨ ²Ó´Ò° Ì · ±-
É¥· (8), (9) μ¡μ¨Ì ¶μ²¥°: Ê· ¢´¥´¨¥³ Œ ±¸¢¥²² 

eμνρσ

(
∂ν − 1

c2
gν

)
Dρσ = 0, (11)

£¤¥ eμνρσ Å ¶¸¥¢¤μÉ¥´§μ· ‹¥¢¨-—¨¢¨É , ¨ É¥´§μ·´Ò³ Ê· ¢´¥´¨¥³ £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö

∂μgν − ∂νgμ = 0. (12)
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’ ¡²¨Í  2. ‘¨¸É¥³  Ê· ¢´¥´¨° ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥° ¨ Î ¸É¨Í

”¨§¨Î¥¸±¨°
μ¡Ñ¥±É

“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö
Šμ¢ ·¨ ´É´ Ö Ëμ·³  ’·¥Ì³¥·´ Ö Ëμ·³ 

‡ ·Ö¦¥´´ Ö
³ ¸¸¨¢´ Ö Î ¸É¨Í 

dpμ

dτ
=

e

c
Dμνuν+

+
m

c2

(
uμgν − uνgμ

)
uν

d

dt

mv√
1 − v2/c2

= eD +
e

c
v×H +

+
m√

1 − v2/c2

(
g +

1

c2
v×v×g − 1

c
vη

)

∂νDμν =
4π

c
jμ

⎧⎨
⎩ ∇× H − 1

c

∂D

∂t
=

4π

c
j

∇D = 4π�

�²¥±É·μ³ £´¨É´μ¥
¶μ²¥

∂νBμν = 0

⎧⎨
⎩ ∇× E +

1

c

∂B

∂t
= 0

∇B = 0

Bμν = − i

2
eΦ/c2eμνρσDρσ

{
D = e−Φ/c2E

B = eΦ/c2H

ƒ· ¢¨É Í¨μ´´μ¥
¶μ²¥

∂μgμ − 1

2c2
g2

μ =

=
G

4c2
D2

μν−4πGμ

√
1− v2

c2

∂μgν − ∂νgμ = 0

∇g +
1

c

∂η

∂t
− 1

2c2

(
g2 − η2) =

=
G

2c2

(
H2 −D2

)
− 4πGμ

√
1 − v2

c2⎧⎨
⎩

∇× g = 0

∇η +
1

c

∂g

∂t
= 0

…¸²¨, ¨¸¶μ²Ó§ÊÖ ¶μÉ¥´Í¨ ²Ó´ÊÕ ËÊ´±Í¨Õ U ¶μ²Ö ÉÖ£μÉ¥´¨Ö, ¢¢¥¸É¨ ¢Éμ·μ° É¥´§μ·
Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö

Bμν = − i

2
U2eμνρσDρσ, (13)

Éμ Ê· ¢´¥´¨¥ (11) ³μ¦´μ § ¶¨¸ ÉÓ ¡μ²¥¥ ±μ³¶ ±É´μ:

∂νBμν = 0. (14)

‚ É·¥Ì³¥·´ÒÌ μ¡μ§´ Î¥´¨ÖÌ1

(Dμν) =

(
−H× −iD
iD 0

)
, (Bμν) =

(
E× −iB
iB 0

)
, (gμ) = (g, iη) , (15)

(uμ) =

(
v√

1 − v2/c2
,

ic√
1 − v2/c2

)
, (jμ) = (j, ic�) (16)

¢¸Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö Î ¸É¨Í ¨ ¶μ²¥° (4), (5), (10), (12)Ä(14) ¶·¥¤¸É ¢²¥´  ¢ É ¡². 2.

1‘¨³¢μ² C× μ§´ Î ¥É μ¡· §ÊÕÐ¨° ¢¥±Éμ·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¤Ê ²Ó´Ò° ¢¥±Éμ·Ê (¶¸¥¢¤μ¢¥±Éμ·Ê) C É·¥Ì³¥·-
´Ò°  ´É¨¸¨³³¥É·¨Î´Ò° ¶¸¥¢¤μÉ¥´§μ· (É¥´§μ·) ¢Éμ·μ£μ · ´£  ¸ ±μ³¶μ´¥´É ³¨ (C×)ik = eijkCj , £¤¥ eijk Å
¶¸¥¢¤μÉ¥´§μ· ‹¥¢¨-—¨¢¨É .
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‹¥£±μ Ê¡¥¤¨ÉÓ¸Ö ¢ ¨´¢ ·¨ ´É´μ¸É¨ Ô²¥±É·μ¤¨´ ³¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ (8),   ¢³¥¸É¥
¸ ´¨³¨ ¨ Ê· ¢´¥´¨° (4)Ä(6), (10), (11), (13), (14) μÉ´μ¸¨É¥²Ó´μ μ¡ÒÎ´μ£μ ± ²¨¡·μ¢μÎ´μ£μ
¶·¥μ¡· §μ¢ ´¨Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μÉ¥´Í¨ ² 

Aμ(x) → A′
μ(x) = Aμ(x) + ∂μf(x) (17)

¸ ¶·μ¨§¢μ²Ó´μ° ¤¨ËË¥·¥´Í¨·Ê¥³μ° ¸± ²Ö·´μ° ËÊ´±Í¨¥° Î¥ÉÒ·¥Ì³¥·´ÒÌ ±μμ·¤¨´ É f(x).
� · ²²¥²Ó´μ ¸ (17) ¤²Ö Aμ(x) ¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö ³Ê²ÓÉ¨¶²¨± É¨¢´μ¥ ¶·¥μ¡· §μ¢ ´¨¥

Aμ(x) → A′
μ(x) = eλ/c2

Aμ(x), (18)

μ¡Ð¥¥ ¸ ± ²¨¡·μ¢μÎ´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³ [6,7] £· ¢¨É Í¨μ´´μ£μ ¶μÉ¥´Í¨ ² 

Φ(x) → Φ′(x) = Φ(x) + λ (19)

¨ ¸¢Ö§ ´´Ò³ ¸ ´¨³ ¶·¥μ¡· §μ¢ ´¨¥³ ¶μ²¥¢μ° ËÊ´±Í¨¨ U(x) = eΦ(x)/2c2

U(x) → U ′(x) = eλ/2c2
U(x), (20)

£¤¥ λ Å ¶·μ¨§¢μ²Ó´ Ö ±μ´¸É ´É 1. ’μ²Ó±μ ¶·¨ μ¤´μ¢·¥³¥´´μ³ ¢Ò¶μ²´¥´¨¨ ¶·¥μ¡· §μ¢ -
´¨° (18)Ä(20) ´ ¡²Õ¤ ¥³Ò¥ (8) ¨ (9) Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¨ ¶μ²Ö ÉÖ£μÉ¥´¨Ö μ¸É ÕÉ¸Ö
¨´¢ ·¨ ´É´Ò³¨,   ¤²Ö ¢¸¥£μ ² £· ´¦¨ ´  (3) ¸μ¡²Õ¤ ¥É¸Ö É· ´¸Ëμ·³ Í¨μ´´μ¥ ¶· ¢¨²μ

L → L′ = eλ/c2L (21)

¨ É¥³ ¸ ³Ò³ μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ¢ÒÉ¥± ÕÐ¨Ì ¨§ ¢ ·¨ Í¨μ´´μ£μ ¶·¨´Í¨¶ 
Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Å Ê· ¢´¥´¨° �°²¥· Ä‹ £· ´¦ .

2. ��…�ƒ…’ˆ—…‘Šˆ… ‘��’��˜…�ˆŸ
‚ ‘ˆ‘’…Œ… ‚‡�ˆŒ�„…‰‘’‚“	™ˆ• ��‹…‰

�μ¤¸É ¢²ÖÖ ¢ ¢Ò· ¦¥´¨¥ ¤²Ö μ¡Ð¥£μ ± ´μ´¨Î¥¸±μ£μ É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¸ÊÐ¥-
¸É¢ÊÕÐ¨Ì μ¤´μ¢·¥³¥´´μ Ô²¥±É·μ³ £´¨É´μ£μ ¨ £· ¢¨É Í¨μ´´μ£μ ¶μ²¥°

Θμν = Lδμν − ∂μAσ
∂L

∂ (∂νAσ)
− ∂μU

∂L
∂ (∂νU)

(22)

¶μ²¥¢ÊÕ Î ¸ÉÓ ² £· ´¦¨ ´ , ¢±²ÕÎ ÕÐÊÕ ¤¢  ¶¥·¢ÒÌ Î²¥´  ¨§ ¢Ò· ¦¥´¨Ö (3), ¨ ¶·¨´¨³ Ö
¢μ ¢´¨³ ´¨¥ (8), (9), ´ °¤¥³

Θμν =
1
4π

∂μAσ Dνσ +
(
− 1

16π
D2

ρσ δμν +
1

4πG
gμgν − 1

8πG
g2

σ δμν

)
U2. (23)

1� §Ê³¥¥É¸Ö, ¶·¨ ¸μ¢³¥Ð¥´¨¨ ¶·¥μ¡· §μ¢ ´¨° (17) ¨ (18) ¶·¥¤¶μ² £ ¥É¸Ö É ±¦¥ ³Ê²ÓÉ¨¶²¨± É¨¢´μ¥ ¶·¥-

μ¡· §μ¢ ´¨¥ ± ²¨¡·μ¢μÎ´μ° ËÊ´±Í¨¨ Ô²¥±É·μ³ £´¨É´μ£μ ¶μÉ¥´Í¨ ² : f(x) → f′(x) = eλ/c2 f(x).
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Š ± ¨ ¢ Ô²¥±É·μ¤¨´ ³¨±¥ ¡¥§ ÊÎ¥É  £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö, ± ´μ´¨Î¥¸±¨° É¥´§μ·
Ô´¥·£¨¨-¨³¶Ê²Ó¸  (23) ´¥ ¸¨³³¥É·¨Î¥´ ¨ ´¥ ¨´¢ ·¨ ´É¥´ μÉ´μ¸¨É¥²Ó´μ ± ²¨¡·μ¢μÎ´μ£μ
¶·¥μ¡· §μ¢ ´¨Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μÉ¥´Í¨ ²  (17). ‘²¥¤ÊÖ ±² ¸¸¨Î¥¸±μ° ¶·μÍ¥¤Ê·¥
¸¨³³¥É·¨§ Í¨¨ É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö [20], ¤μ¡ ¢¨³ ± (23)
¢Ò· ¦¥´¨¥

ϑμν = − 1
4π

∂σAμ Dνσ. (24)

�μ²ÊÎ ÕÐ¨°¸Ö ¢ ·¥§Ê²ÓÉ É¥ μ¡Ð¨° ¤²Ö μ¡μ¨Ì ¶μ²¥° É¥´§μ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

Tμν = Θμν + ϑμν

¶·¨μ¡·¥É ¥É ¸¨³³¥É·¨Î´Ò° ¢¨¤

Tμν =
(

1
4π

Dμσ Dνσ − 1
16π

D2
ρσ δμν +

1
4πG

gμgν − 1
8πG

g2
σ δμν

)
U2 (25)

¨ ¢ μÉ¸ÊÉ¸É¢¨¥ Î ¸É¨Í Ê¤μ¢²¥É¢μ·Ö¥É ¸μ¢³¥¸É´μ³Ê § ±μ´Ê ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸ 
¢ Ëμ·³¥ Ê· ¢´¥´¨Ö ´¥¶·¥·Ò¢´μ¸É¨

∂νTμν = 0. (26)

�ÉμÉ É¥´§μ· ¢ μÉ´μÏ¥´¨¨ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¢Ò· ¦ ¥É¸Ö Éμ²Ó±μ Î¥·¥§ ´ ¡²Õ-
¤ ¥³ÊÕ Dμν ¨, ¸²¥¤μ¢ É¥²Ó´μ, ´¥ ³¥´Ö¥É¸Ö ¶·¨ ¶·¥μ¡· §μ¢ ´¨¨ (17). ‚ Éμ ¦¥ ¢·¥³Ö
¢Ò· ¦¥´¨¥ (25) Ê³´μ¦ ¥É¸Ö ´  ¶μ¸ÉμÖ´´Ò° ±μÔËË¨Í¨¥´É ¶·¨ ¶·¥μ¡· §μ¢ ´¨¨ (19):

Tμν → T ′
μν = eλ/c2

Tμν . (27)

’ ±¨³ μ¡· §μ³, ¶μ¸É·μ¥´´Ò° É¥´§μ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  Tμν , ± ± ¨ ² £· ´¦¨ ´, μ± §Ò¢ -
¥É¸Ö ´¥ ¨´¢ ·¨ ´É´Ò³ ¶μ μÉ´μÏ¥´¨Õ ± ± ²¨¡·μ¢μÎ´μ³Ê ¶·¥μ¡· §μ¢ ´¨Õ £· ¢¨É Í¨μ´-
´μ£μ ¶μ²Ö. �¤´ ±μ ¤ ´´μ¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ, ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ [7], ´¥ Ö¢²Ö¥É¸Ö ´¥¤μ-
¸É É±μ³ É¥μ·¨¨: ¶·¥μ¡· §μ¢ ´¨¥ (27) ²¨ÏÓ μÉ· ¦ ¥É μ¡Ñ¥±É¨¢´μ ¸ÊÐ¥¸É¢ÊÕÐÊÕ ¸¢μ¡μ¤Ê
¢Ò¡μ·  ¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö ³ ¸¸Ò (Ô´¥·£¨¨) ¶·¨ ¤μ¶Ê¸É¨³μ³ ³ ¸ÏÉ ¡´μ³ ¶·¥μ¡· §μ¢ -
´¨¨ (21) ² £· ´¦¨ ´  (¸³. [21,22]).

’¥´§μ· (25) Ö¢²Ö¥É¸Ö ¸Ê³³μ° Ê¦¥ ¨§¢¥¸É´μ£μ [7] ± ´μ´¨Î¥¸±μ£μ É¥´§μ·  Ô´¥·£¨¨-
¨³¶Ê²Ó¸  ¶μ²Ö ÉÖ£μÉ¥´¨Ö

T (g)
μν =

1
4πG

(
gμgν − 1

2
gσ

2δμν

)
U2 (28)

¨ ¨¸¶· ¢²¥´´μ£μ ¸ ÊÎ¥Éμ³ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
	¥²¨´Ë ´É¥ ¤²Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö

T (em)
μν =

1
4π

(
Dμσ Dνσ − 1

4
D2

ρσδμν

)
U2. (29)

‚ ÔÉ¨Ì ¤¢ÊÌ ¢Ò· ¦¥´¨ÖÌ ¡² £μ¤ ·Ö ³´μ¦¨É¥²Õ U2 = eΦ/c2
μ¸ÊÐ¥¸É¢²Ö¥É¸Ö  ¢Éμ³ -

É¨Î¥¸±μ¥ ¢ÒÎ¨É ´¨¥1 Ô´¥·£¨¨ ¸¢Ö§¨ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ· Ö ¢μ§´¨± ¥É

1‘²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉμ ¶·¨ ± ²¨¡·μ¢±¥ Φ = 0 ´  ¡¥¸±μ´¥Î´μ¸É¨, ¢μμ¡Ð¥ £μ¢μ·Ö, ¨³¥¥É ³¥¸Éμ ´¥· ¢¥´-
¸É¢μ Φ � 0, É ± ÎÉμ U2 � 1.
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± ± ¶·¨ ¢μ§¤¥°¸É¢¨¨ ¢´¥Ï´¥£μ ¶μ²Ö ÉÖ£μÉ¥´¨Ö, É ± ¨ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³´μ£μ ÉÖ£μÉ¥´¨Ö
· ¸¶·¥¤¥²¥´´μ° ¢ ¶·μ¸É· ´¸É¢¥ ¶μ²¥¢μ° ³ ¸¸Ò. �Éμ Ìμ·μÏμ ¢¨¤´μ ´  ¶·¨³¥·¥ ¢ÒÎ¨É -
´¨Ö Ô´¥·£¨¨ ¸¢Ö§¨ ¸ ³μ¤¥°¸É¢¨Ö ¶μ²Ö ÉÖ£μÉ¥´¨Ö, ±μÉμ·μ¥ ¶·¥¤Ê¸³μÉ·¥´μ Ê μ¶·¥¤¥²Ö¥³ÒÌ

É¥´§μ·μ³ (28) ¶²μÉ´μ¸É¥° Ô´¥·£¨¨ w(g) = −T
(g)
44 ¨ ¥¥ ¶μÉμ±  S

(g)
i = −icT

(g)
4i [7]:

w(g) =
1

8πG

(
g2 + η2

)
eΦ/c2

, (30)

S(g) =
c

4πG
η g eΦ/c2

. (31)

�´ ²μ£¨Î´Ò³ ¸¶μ¸μ¡μ³ ¢ÒÎ¨É ¥É¸Ö Ô´¥·£¨Ö ¸¢Ö§¨ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ¢

¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ô´¥·£¥É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± Ì w(em) = −T
(em)
44 ¨ S

(em)
i = −icT

(em)
4i

Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö1

w(em) =
1
8π

(
D2 + H2

)
eΦ/c2

, (32)

S(em) =
c

4π
D × H eΦ/c2

. (33)

�·¨ § ¶¨¸¨ ¢Ò· ¦¥´¨° (30)Ä(33) ´ ³¨ ¨¸¶μ²Ó§μ¢ ´Ò É·¥Ì³¥·´Ò¥ μ¡μ§´ Î¥´¨Ö (15).
� ²¨Î¨¥ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ ¶μ²Ö³¨ Î ¸É¨Í, ±μ£¤  μ �= 0 ¨ jμ �= 0, ¶·¨¢μ¤¨É ± ´¥-

¸μÌ· ´¥´¨Õ Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸  ¶μ²¥¢μ° Î ¸É¨ ¸¨¸É¥³Ò Å Î¥ÉÒ·¥Ì³¥·´ Ö ¤¨¢¥·£¥´Í¨Ö
É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  (25) ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥ · ¢´  ´Ê²Õ. „¥°¸É¢¨É¥²Ó´μ, ¤¨ËË¥·¥´-
Í¨·ÊÖ ¢Ò· ¦¥´¨¥ (25), ¸ ÊÎ¥Éμ³ Ê· ¢´¥´¨° (4), (5), (9)Ä(14) ¶μ²ÊÎ¨³

∂νTμν = −
(

1
c
Dμνjν + μgμ

√
1 − v2

c2

)
U2. (34)

�¤´ ±μ ¨§³¥´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸  Î ¸É¨Í ¨ ¶μ²¥° ¢ ÉμÎ´μ¸É¨ ±μ³¶¥´¸¨·ÊÕÉ ¤·Ê£
¤·Ê£ . —Éμ¡Ò ÔÉμ ¶μ± § ÉÓ, ¤μ¸É ÉμÎ´μ ¶·μ¨´É¥£·¨·μ¢ ÉÓ · ¢¥´¸É¢μ (34) ¶μ ¶·μ¨§¢μ²Ó-
´μ³Ê μ¡Ñ¥³Ê V , μ£· ´¨Î¥´´μ³Ê £² ¤±μ° § ³±´ÊÉμ° ¶μ¢¥·Ì´μ¸ÉÓÕ Σ. �·¨´¨³ Ö ¢μ ¢´¨-
³ ´¨¥ (2), (7) ¨ ¶·¨³¥´ÖÖ É¥μ·¥³Ê ƒ Ê¸¸ , É ±¨³ μ¡· §μ³, ´ °¤¥³

∮
Σ

Tμi dsi +
d

dt

⎛⎝−i

c

∫
V

Tμ4 dV

⎞⎠ = −
∑

a

(ea

c
Dμνu(a)

ν + magμ

)
U2

√
1 − v2

a

c2
. (35)

‡´ Î¥´¨Ö ¶μ²¥¢ÒÌ ¢¥²¨Î¨´ Dμν , gμ, U §¤¥¸Ó ¡¥·ÊÉ¸Ö ¶·¨ r = ra(t) ¢ ÉμÎ± Ì, £¤¥
´ Ìμ¤ÖÉ¸Ö Î ¸É¨ÍÒ. “Î¨ÉÒ¢ Ö ¤ ²¥¥, ÎÉμ, ¤μ³´μ¦¨¢ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö Î ¸É¨Í (4) ´ 
U2, ³μ¦´μ ¶μ¸É·μ¨ÉÓ Ê· ¢´¥´¨¥ ¤²Ö ¨Ì 4-¢¥±Éμ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  Pμ = muμU2

d

dt

(
mau(a)

μ U2
)

=
(ea

c
Dμνu(a)

ν + magμ

)
U2

√
1 − v2

a

c2
, (36)

1‡ ¸²Ê¦¨¢ ÕÐ¥° ¢´¨³ ´¨Ö μ¸μ¡¥´´μ¸ÉÓÕ Ô´¥·£¥É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± (32), (33) Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö
Ö¢²Ö¥É¸Ö ¨Ì ¸É ´¤ ·É´ Ö ¤²Ö ³ ±·μ¸±μ¶¨Î¥¸±μ° Ô²¥±É·μ¤¨´ ³¨±¨ ´¥¤¨¸¶¥·£¨·ÊÕÐ¥° ¸·¥¤Ò Ëμ·³  w(em) =
(1/8π) (ED + BH) , S(em) = (c/4π)E×H ¢ ¸¨¸É¥³¥ Î¥ÉÒ·¥Ì ¶μ²¥¢ÒÌ ¢¥±Éμ·μ¢, ¸¢Ö§ ´´ÒÌ ³ É¥·¨ ²Ó´Ò³¨
Ê· ¢´¥´¨Ö³¨ D = U−2E, B = U2H.
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· ¢¥´¸É¢μ (35) ¶·¥μ¡· §Ê¥³ ¢ ¸μμÉ´μÏ¥´¨¥

d

dt

⎛⎝∑
a

mau(a)
μ U2 +

−i

c

∫
V

Tμ4 dV

⎞⎠ = −
∮
Σ

Tμi dsi, (37)

Ê¸É ´ ¢²¨¢ ÕÐ¥¥ ¡ ² ´¸ ³¥¦¤Ê ¸±μ·μ¸ÉÓÕ ¨§³¥´¥´¨Ö ¨³¶Ê²Ó¸  ¨ Ô´¥·£¨¨ ¸¨¸É¥³Ò Î -
¸É¨Í ¨ ¶μ²¥° ¢ μ¡Ñ¥³¥ V ¨ ¶μÉμ± ³¨ ÔÉ¨Ì ¢¥²¨Î¨´ Î¥·¥§ μ£· ´¨Î¨¢ ÕÐÊÕ μ¡Ñ¥³ ¶μ-
¢¥·Ì´μ¸ÉÓ Σ.

� ¸¶·μ¸É· ´ÖÖ ¨´É¥£·¨·μ¢ ´¨¥ ´  ¢¸¥ ¶·μ¸É· ´¸É¢μ ¨ μ¶Ê¸± Ö ´¥¸ÊÐ¥¸É¢¥´´Ò° ¨´É¥-
£· ² ¶μ ¡¥¸±μ´¥Î´μ Ê¤ ²¥´´μ° ¶μ¢¥·Ì´μ¸É¨, ¢ ± Î¥¸É¢¥ ¢·¥³¥´´μ́° ¸μ¸É ¢²ÖÕÐ¥° · ¢¥´-
¸É¢  (37) ¶μ²ÊÎ¨³ ¸μμÉ´μÏ¥´¨¥

d

dt

{∑
a

mac2√
1 − v2

a/c2
U2(ra) +

∫ ((
D2 + H2

)
U2

8π
+

(
g2 + η2

)
U2

8πG

)
dV

}
= 0, (38)

¢Ò· ¦ ÕÐ¥¥ § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¢¸¥° § ³±´ÊÉμ° ¸¨¸É¥³Ò Î ¸É¨Í ¨ ¶μ²¥°.
‚§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥ Ô²¥±É·μ³ £´¨É´μ¥ ¨ £· ¢¨É Í¨μ´´μ¥ ¶μ²Ö μ¡³¥´¨¢ ÕÉ¸Ö Ô´¥·-

£¨¥° ¨ ¨³¶Ê²Ó¸μ³ ´¥ Éμ²Ó±μ ¸ Î ¸É¨Í ³¨, ´μ ¨ ¤·Ê£ ¸ ¤·Ê£μ³. �μÔÉμ³Ê ¶·¨ μÉ¸ÊÉ¸É¢¨¨
Î ¸É¨Í Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ ¸μÌ· ´ÖÕÉ¸Ö ¢ ¸¨¸É¥³¥ ÔÉ¨Ì ¤¢ÊÌ ¶μ²¥° Éμ²Ó±μ ¸μ¢³¥¸É´μ: ¢
μ¡Ð¥³ ¸²ÊÎ ¥ ¸Ê³³  (25) É¥´§μ·μ¢ (28) ¨ (29),   ´¥ ± ¦¤Ò° ¨§ ´¨Ì ¢ μÉ¤¥²Ó´μ¸É¨, Ê¤μ-
¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ ´¥¶·¥·Ò¢´μ¸É¨ (26). ˆ³¥Ö ¢ ¢¨¤Ê Ê· ¢´¥´¨Ö (5), (10), (12), (14),
¤²Ö ¤¨¢¥·£¥´Í¨¨ ± ¦¤μ£μ ¨§ É¥´§μ·μ¢ (28) ¨ (29) ³μ¦´μ ¢ ÉμÎ´μ³ ¸μμÉ¢¥É¸É¢¨¨ ¸ (26)
¶μ²ÊÎ¨ÉÓ

∂νT (em)
μν = fμ, ∂νT (g)

μν = −fμ,

£¤¥ 4-¢¥±Éμ·

fμ = − 1
16πc2

D2
ρσU2gμ (39)

μ¶·¥¤¥²Ö¥É ¨´É¥´¸¨¢´μ¸ÉÓ μ¡³¥´  ¨³¶Ê²Ó¸μ³ ¨ Ô´¥·£¨¥° ³¥¦¤Ê ¶μ²Ö³¨ ¨ ¢ ÔÉμ³ ¸³Ò¸²¥
Ö¢²Ö¥É¸Ö ®¸¨²μ¢μ°¯ Ì · ±É¥·¨¸É¨±μ° ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö.

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¨´É¥·¥¸´μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¸É É¨Î¥¸±μ³ ¸²ÊÎ ¥ ¶·μ¸É· ´¸É¢¥´´ Ö
Î ¸ÉÓ fμ Å É·¥Ì³¥·´Ò° ¢¥±Éμ· ¶²μÉ´μ¸É¨ ®¸¨²Ò¯

f =
1

8πc2
D2 eΦ/c2

g, (40)

¸ ±μÉμ·μ° ¶μ²¥ ÉÖ£μÉ¥´¨Ö ¢μ§¤¥°¸É¢Ê¥É ´  Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥, ¶·¥¤¸É ¢²Ö¥É ¶·μ¨§¢¥¤¥´¨¥
¶²μÉ´μ¸É¨ ¨´¥·É´μ° ³ ¸¸Ò Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¶μ²Ö

μ(e) =
1

8πc2
D2 eΦ/c2

(41)

¨ Ê¸±μ·¥´¨Ö ¸¢μ¡μ¤´μ£μ ¶ ¤¥´¨Ö g. ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ¶μ¤ ¨´¥·É´μ° ³ ¸¸μ° ¶μ²Ö, ± ± ¨ ¢
³¥Ì ´¨±¥, ³Ò ¶μ´¨³ ¥³ ³ ¸¸Ê, ¶·¥¤¸É ¢²ÖÕÐÊÕ ³¥·Ê Ô´¥·£¨¨ ¸¨¸É¥³Ò. ‘²¥¤μ¢ É¥²Ó´μ,
³μ¦´μ £μ¢μ·¨ÉÓ, ÎÉμ ¢ Ô²¥±É·μ¸É É¨±¥ ¸¶· ¢¥¤²¨¢ ¶·¨´Í¨¶ Ô±¢¨¢ ²¥´É´μ¸É¨ ¢ Éμ³
¸³Ò¸²¥, ÎÉμ ¨´¥·É´ Ö ³ ¸¸  Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¸±² ¤Ò¢ ÕÐ¥³Ê¸Ö ¸
ÊÎ ¸É¨¥³ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¸¶·¥¤¥²¥´¨Õ Ô´¥·£¨¨, ¢Ò¶μ²´Ö¥É ËÊ´±Í¨Õ
¶ ¸¸¨¢´μ° £· ¢¨É Í¨μ´´μ° ³ ¸¸Ò.
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‚§ ¨³μ¤¥°¸É¢¨¥ ¶μ¸ÉμÖ´´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¸ ¶μ²¥³ ÉÖ£μÉ¥´¨Ö ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö
¢ÒÉ¥± ÕÐ¨³ ¨§ (39) É·¥Ì³¥·´Ò³ ¢¥±Éμ·μ³

f = − 1
8πc2

H2 eΦ/c2
g, (42)

±μÉμ·Ò° ¶·μ¶μ·Í¨μ´ ²¥´ ¶²μÉ´μ¸É¨ ¨´¥·É´μ° ³ ¸¸Ò ³ £´¨É´μ£μ ¶μ²Ö

μ(m) =
1

8πc2
H2 eΦ/c2

. (43)

�¤´ ±μ ¨§ ¸· ¢´¥´¨Ö Ëμ·³Ê² (42) ¨ (43) ¢¨¤´μ, ÎÉμ ¶ ¸¸¨¢´ Ö £· ¢¨É Í¨μ´´ Ö ³ ¸¸ 
³ £´¨É´μ£μ ¶μ²Ö μ± §Ò¢ ¥É¸Ö μÉ·¨Í É¥²Ó´μ°, · ¢´μ° ¶μ ³μ¤Ê²Õ ¥£μ ¨´¥·É´μ° ³ ¸¸¥.

Œμ¦´μ É ±¦¥ ¶μ± § ÉÓ, ÎÉμ ® ´É¨£· ¢¨É Í¨Ö¯ ³ £´¨É´μ£μ ¶μ²Ö ¶·μÖ¢²Ö¥É¸Ö ¨ ¢ Éμ³
¸²ÊÎ ¥, ±μ£¤  μ´μ ¢Ò¸ÉÊ¶ ¥É ¢ ± Î¥¸É¢¥ ¨¸ÉμÎ´¨±  ÉÖ£μÉ¥´¨Ö. ‘ ÔÉμ° Í¥²ÓÕ ¤μ³´μ¦¨³
Ê· ¢´¥´¨¥ (10) ´  eΦ/c2

, ·¥§Ê²ÓÉ É ¶·¥μ¡· §Ê¥³ ¸ ÊÎ¥Éμ³ (9) ¨ ¶¥·¥°¤¥³ § É¥³ ± ¶·¥¤¥²Ê
¶μ¸ÉμÖ´´ÒÌ ¶μ²¥°. �·¨ ÔÉμ³ ¡Ê¤¥³ ¶μ² £ ÉÓ, ÎÉμ ¸μ§¤ ÕÐ¨¥ ³ £´¨É´μ¥ ¶μ²¥ § ·Ö¦¥´´Ò¥
Î ¸É¨ÍÒ ÊÎ ¸É¢ÊÕÉ ¢ ¸É Í¨μ´ ·´μ³ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¤¢¨¦¥´¨¨, ¨ ¢μ¸¶μ²Ó§Ê¥³¸Ö ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö ±¢ ¤· É´μ£μ ±μ·´Ö ¢ (10). ‚ ¨Éμ£¥ ¶μ²ÊÎ¨³ ¸± ²Ö·´μ¥
±¢ §¨·¥²ÖÉ¨¢¨¸É¸±μ¥ Ê· ¢´¥´¨¥ £· ¢¨¸É É¨±¨

∇h = −4πG

{
1
c2

(
μc2 − μv2

2
+

1
8πG

g2 +
1
8π

D2 − 1
8π

H2

)
eΦ/c2

}
. (44)

‡¤¥¸Ó ¢Ò· ¦¥´¨¥ ¢ Ë¨£Ê·´ÒÌ ¸±μ¡± Ì Ö¢²Ö¥É¸Ö ¨¸ÉμÎ´¨±μ³ ¶μ²Ö £· ¢¨É Í¨μ´´μ° ®¨´-
¤Ê±Í¨¨¯ h = g eΦ/c2

, ¨ ¥£μ ¶μ μ¶·¥¤¥²¥´¨Õ ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ¢ ± Î¥¸É¢¥ ¶²μÉ´μ¸É¨
£· ¢¨É¨·ÊÕÐ¥° ³ ¸¸Ò ¸¨¸É¥³Ò. ˆ§ (44) ¢¨¤´μ, ÎÉμ Ô´¥·£¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¢³¥¸É¥ ¸
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° Î ¸É¨Í ¢´μ¸ÖÉ μÉ·¨Í É¥²Ó´Ò° ¢±² ¤ ¢  ±É¨¢´ÊÕ £· ¢¨É Í¨μ´´ÊÕ
³ ¸¸Ê ¸¨¸É¥³Ò. ‚¸¥ ÔÉμ Ê± §Ò¢ ¥É ´  ¶·¨¡²¨¦¥´´Ò° Ì · ±É¥· ¶·¨´Í¨¶  Ô±¢¨¢ ²¥´É-
´μ¸É¨ ± ± Ë¨§¨Î¥¸±μ£μ § ±μ´ . „ ´´Ò° ¢Ò¢μ¤ ¶·¥¤¸É ¢²Ö¥É ¶·¨´Í¨¶¨ ²Ó´μ¥ ¸²¥¤¸É¢¨¥
· §¢¨¢ ¥³μ° É¥μ·¨¨ ¨ ³μ¦¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö ¥¥ Ô±¸¶¥·¨³¥´É ²Ó´μ° ¶·μ¢¥·±¨.

3. ��‹��Ÿ ��…�ƒˆŸ ’�—…—��‰ ‡��Ÿ†…���‰ —�‘’ˆ–›

�·¨³¥´¨³μ¸ÉÓ ±² ¸¸¨Î¥¸±μ° Ô²¥±É·μ¤¨´ ³¨±¨ Œ ±¸¢¥²² Ä‹μ·¥´Í  ± · ¸Î¥ÉÊ Ô´¥·-
£¨¨ ¶μ²¥° Ô²¥±É·¨Î¥¸±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¶·¥´¥¡·¥¦¥´¨¨ £· ¢¨É Í¨μ´´Ò³ ¢§ ¨³μ-
¤¥°¸É¢¨¥³, ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó, μ£· ´¨Î¥´  · ¸¸ÉμÖ´¨Ö³¨ ¶μ·Ö¤±  Ô²¥±É·μ³ £´¨É´μ£μ · -
¤¨Ê¸  Ô²¥±É·μ´ ,   Ô±¸É· ¶μ²ÖÍ¨Ö ±Ê²μ´μ¢¸±μ£μ ¶μ²Ö ¤μ ¸±μ²Ó Ê£μ¤´μ ³ ²ÒÌ · ¸¸ÉμÖ´¨°
¤²Ö ÉμÎ¥Î´μ° § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ¶μ·μ¦¤ ¥É ¶·μ¡²¥³Ê ¡¥¸±μ´¥Î´μ° Ô²¥±É·μ³ £´¨É´μ°
Ô´¥·£¨¨. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¶·¨´ÖÉμ · ¸¸³ É·¨¢ ÉÓ ± ± ¢´ÊÉ·¥´´ÕÕ ¶·μÉ¨¢μ·¥Î¨¢μ¸ÉÓ
Ô²¥±É·μ¤¨´ ³¨±¨ [3]. ˆ§¢¥¸É´Ò¥ ¶μ¶ÒÉ±¨ ¸¶· ¢¨ÉÓ¸Ö ¸ ¤ ´´μ° ¶·μ¡²¥³μ° ¶ÊÉ¥³ ´¥²¨-
´¥°´μ£μ μ¡μ¡Ð¥´¨Ö Ê· ¢´¥´¨° ³ ±¸¢¥²²μ¢¸±μ° Ô²¥±É·μ¤¨´ ³¨±¨ (Œ¨, 	μ·´ ¨ ˆ´Ë¥²Ó¤)
¨²¨ ¢±²ÕÎ¥´¨Ö ¢ Ô²¥±É·μ¤¨´ ³¨±Ê ´¥³ ±¸¢¥²²μ¢¸±μ£μ ¶μ²Ö ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨
(	μ¶¶ ¨ �μ¤μ²Ó¸±¨°) μ± § ²¨¸Ó ¡¥§Ê¸¶¥Ï´Ò³¨ ¨ ¸¥°Î ¸ ¶·¥¤¸É ¢²ÖÕÉ ²¨ÏÓ ¨¸Éμ·¨Î¥-
¸±¨° ¨´É¥·¥¸ (¸³. [23]).

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ ¨¤¥Õ μ ·¥£Ê²Ö·¨§ÊÕÐ¥° ·μ²¨ £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¢ ¶·μ¡²¥³¥ Ô´¥·£¨¨-³ ¸¸Ò ±Ê²μ´μ¢¸±μ£μ ¶μ²Ö ÉμÎ¥Î´μ£μ § ·Ö¤  [12], · ¸¸Î¨É ¥³ ¶μ²´ÊÕ
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Ô´¥·£¨Õ ÉμÎ¥Î´μ° § ·Ö¦¥´´μ° Î ¸É¨ÍÒ ´  μ¸´μ¢¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (5), (11), (10), (12).
„²Ö ¸¢Ö§ ´´ÒÌ ¸É É¨Î¥¸±¨Ì ¶μ²¥°, Ëμ·³¨·Ê¥³ÒÌ ´¥¶μ¤¢¨¦´Ò³¨ ¨¸ÉμÎ´¨± ³¨, ÔÉ¨ Ê· ¢-
´¥´¨Ö ¨³¥ÕÉ ¢¨¤

∇D = 4π�, (45)

∇× D− 1
c2

g × D = 0, (46)

∇g − 1
2c2

g2 +
G

2c2
D2 = −4πGμ, (47)

∇× g = 0. (48)

�É³¥É¨³ É ±¦¥, ÎÉμ ´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ÉÖ£μÉ¥´¨Ö ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ²μ£ ·¨Ë³¨Î¥¸±¨°
£· ¤¨¥´É ¶μÉ¥´Í¨ ²Ó´μ° ËÊ´±Í¨¨ U

g = −2c2∇U

U
, (49)

¡² £μ¤ ·Ö Î¥³Ê ¢³¥¸Éμ (47) ¨³¥¥³ ²¨´¥°´μ¥ Ê· ¢´¥´¨¥(
∇2 − 2πG

c2
μ − G

4c4
D2

)
U = 0. (50)

‚ ± Î¥¸É¢¥ ³μ¤¥²¨ ¨¸ÉμÎ´¨±  ¶μ²¥° ¢Ò¡¥·¥³ ¡¥¸±μ´¥Î´μ Éμ´±ÊÕ ¸Ë¥·¨Î¥¸±ÊÕ μ¡μ-
²μÎ±Ê ¸μ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´μ · ¸¶·¥¤¥²¥´´Ò³¨ ´  ´¥° ³ ¸¸μ° ¨ § ·Ö¤μ³. �μ·μ¦¤ -
¥³Ò¥ É ±¨³ ¨¸ÉμÎ´¨±μ³ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´Ò¥ ¶μ²Ö

D(r) = D(r)
r
r
, g(r) = −g(r)

r
r

(51)

Ê¤μ¢²¥É¢μ·ÖÕÉ ¸μμÉ´μÏ¥´¨Õ g × D = 0, É ± ÎÉμ ¶μ²¥ D ¸É ´μ¢¨É¸Ö ¶μÉ¥´Í¨ ²Ó´Ò³:

∇× D = 0. (52)

�μÔÉμ³Ê ¤²Ö μ¡² ¸É¨ ¶·μ¸É· ´¸É¢ , ¢´¥Ï´¥° ¶μ μÉ´μÏ¥´¨Õ ± ¨¸ÉμÎ´¨±Ê, ·¥Ï¥´¨¥ Ê· ¢-
´¥´¨Ö (45) ¤²Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¡Ê¤¥É ¨³¥ÉÓ μ¡ÒÎ´ÊÕ ±Ê²μ´μ¢¸±ÊÕ Ëμ·³Ê

D =
e

r2

r
r
, (53)

£¤¥ e Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ Í¥´É· ²Ó´μ£μ É¥² .
„²Ö ÔÉμ° ¦¥ μ¡² ¸É¨ Ê· ¢´¥´¨¥ (50) ¤²Ö U(r) = U(r) ¸ ÊÎ¥Éμ³ (53) ¶·¨´¨³ ¥É ¢¨¤

d2U

dr2
+

2
r

dU

dr
− Ge2

4c4

U

r4
= 0. (54)

…£μ μ¡Ð¥¥ ·¥Ï¥´¨¥ ¢Ò· §¨³ ¢ ¢¨¤¥ ²¨´¥°´μ° ±μ³¡¨´ Í¨¨ £¨¶¥·¡μ²¨Î¥¸±¨Ì ËÊ´±Í¨°

U(r) = U1 ch

(
−
√

G|e|
2c2r

)
+ U2 sh

(
−
√

G|e|
2c2r

)
. (55)
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�μ¸ÉμÖ´´Ò¥ ¨´É¥£·¨·μ¢ ´¨Ö U1 ¨ U2 μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ £· ´¨Î´ÒÌ Ê¸²μ¢¨° ´  ¡¥¸±μ´¥Î-
´μ¸É¨ ¨ ´  ¶μ¢¥·Ì´μ¸É¨ Í¥´É· ²Ó´μ£μ É¥² .

„²Ö ¸Ë¥·¨Î¥¸±μ° μ¡μ²μÎ±¨ · ¤¨Ê¸  R ¸ · ¢´μ³¥·´μ · ¸¶·¥¤¥²¥´´Ò³¨ ¶μ ¶μ¢¥·Ì´μ¸É¨
§ ·Ö¤μ³ e ¨ § É· ¢μÎ´μ° ³ ¸¸μ° m ·¥Ï¥´¨¥ (55) ¤μ²¦´μ ¶·¨¢μ¤¨ÉÓ ± ´ÓÕÉμ´μ¢¸±μ³Ê
§´ Î¥´¨Õ g = Gm/R2 ¶μ²Ö (49) ´¥¶μ¸·¥¤¸É¢¥´´μ ¢¡²¨§¨ μ¡μ²μÎ±¨. „ ´´Ò° ·¥§Ê²ÓÉ É
¸²¥¤Ê¥É ¨§ Éμ£μ, ÎÉμ ¶μ²Ö D ¨ g ¢´ÊÉ·¨ μ¡μ²μÎ±¨ μÉ¸ÊÉ¸É¢ÊÕÉ, É ± ÎÉμ ¶μÉμ± ¢¥±Éμ·  g
Î¥·¥§ ¸Ë¥·Ê Σ(r) · ¤¨Ê¸  r, μÌ¢ ÉÒ¢ ÕÐÊÕ μ¡μ²μÎ±Ê ¢ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¥¥ μ±·¥¸É´μ¸É¨,
¸μ£² ¸´μ Ê· ¢´¥´¨Õ (47), · ¢¥´

lim
r→R+0

∮
Σ(r)

g ds = −4πGm.

‘ ÊÎ¥Éμ³ ÔÉμ£μ Ê¸²μ¢¨Ö ¨ ¶·¨ ¸μ£² Ï¥´¨¨ Φ = 0 (ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É U = 1) ´ 
¡¥¸±μ´¥Î´μ³ Ê¤ ²¥´¨¨ μÉ ¨¸ÉμÎ´¨±  ·¥Ï¥´¨¥ (55) ¤ ¥É ¸²¥¤ÊÕÐ¨° ·¥§Ê²ÓÉ É:

U (r) =

ch

(√
G|e|
2c2

(
1
R

− 1
r

))
+

√
Gm

|e| sh

(√
G|e|
2c2

(
1
R

− 1
r

))

ch

√
G|e|

2c2R
+

√
Gm

|e| sh

√
G|e|

2c2R

, (56)

g (r) =
√

G |e|
r2

√
Gm

|e| + th

(√
G |e|
2c2

(
1
R

− 1
r

))

1 +
√

Gm

|e| th

(√
G |e|
2c2

(
1
R

− 1
r

)) . (57)

‘μ£² ¸´μ (38), Ô´¥·£¨Ö ¢¸¥° ¸¨¸É¥³Ò ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö ¢Ò· ¦¥´¨¥³

E = mc2U2(R) +
∫ (

D2

8π
+

g2

8πG

)
U2 dV . (58)

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ (53), (56), (57), μÉ¸Õ¤  ´ °¤¥³

E =
c2|e|√

G

1 +
√

Gm

|e| −
(

1 −
√

Gm

|e|

)
exp

(
−
√

G |e|
c2R

)

1 +

√
Gm

|e| +

(
1 −

√
Gm

|e|

)
exp

(
−
√

G |e|
c2R

) . (59)

“¸É·¥³²ÖÖ É¥¶¥·Ó ¢ (59) ± ´Ê²Õ · ¤¨Ê¸ R μ¡μ²μÎ±¨, ¶μ²ÊÎ¨³ ±μ´¥Î´μ¥ §´ Î¥´¨¥
¶μ²´μ° Ô´¥·£¨¨ ÉμÎ¥Î´μ° § ·Ö¦¥´´μ° Î ¸É¨ÍÒ

E =
c2|e|√

G
. (60)

Š ± ¢¨¤¨³, ÔÉμ §´ Î¥´¨¥ μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ° Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¨ ´¥ § ¢¨¸¨É μÉ
Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° (§ É· ¢μÎ´μ°) ³ ¸¸Ò m. „ ´´ Ö μ¸μ¡¥´´μ¸ÉÓ μ¡ÑÖ¸´Ö¥É¸Ö ¤¥Ë¥±Éμ³
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§ É· ¢μÎ´μ° ³ ¸¸Ò, ±μÉμ·Ò°, ¸μ£² ¸´μ · §¢¨¢ ¥³μ° É¥μ·¨¨, ¤μ¸É¨£ ¥É ¢ ¤ ´´μ³ ¸²ÊÎ ¥
¸É  ¶·μÍ¥´Éμ¢. „¥°¸É¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê ¶·¨ R → 0 ¶μÉ¥´Í¨ ²Ó´ Ö ËÊ´±Í¨Ö (56)

U(r) → exp

(
−
√

G |e|
2c2r

)
, (61)

¨, ¸²¥¤μ¢ É¥²Ó´μ, U(0) → 0, Éμ ¸¢Ö§ ´´ Ö ¸ § É· ¢μÎ´μ° ³ ¸¸μ° m Ô´¥·£¨Ö (¶¥·¢μ¥
¸² £ ¥³μ¥ ¢ ¢Ò· ¦¥´¨¨ (58)) É ±¦¥ Ê¸É·¥³²Ö¥É¸Ö ± ´Ê²Õ.

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¨¤¥Õ μ ·¥£Ê²Ö·¨§ÊÕÐ¥° ·μ²¨ £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö ¶·¨
¢ÒÎ¨¸²¥´¨¨ Ô´¥·£¨¨-³ ¸¸Ò ÉμÎ¥Î´μ£μ § ·Ö¤  μ¤´¨³ ¨§ ¶¥·¢ÒÌ ¢Ò¸± § ² Œ. �.Œ ·±μ¢
¢ [12], £¤¥ Î ¸É¨Í  ¸ ³ ¸¸μ° M = |e|/

√
G, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ´ °¤¥´´μ³Ê ¢ÒÏ¥ §´ Î¥´¨Õ

Ô´¥·£¨¨ (60), ´ §¢ ´  ®Ë·¨¤³μ´μ³¯. �É  ³ ¸¸  ¶μ²ÊÎ¥´  ¢ [12] ¢ ·¥§Ê²ÓÉ É¥ ¤μ¸É ÉμÎ´μ
Ô²¥³¥´É ·´ÒÌ ¢ÒÎ¨¸²¥´¨°. ˆ¸Ìμ¤´Ò³ ¶μ²μ¦¥´¨¥³ Í¨É¨·Ê¥³μ° · ¡μÉÒ Ö¢¨²μ¸Ó ¸²¥¤ÊÕ-
Ð¥¥ Ê· ¢´¥´¨¥ ¤²Ö ¶·¥¤¶μ² £ ¥³μ° ¶μ²´μ° ³ ¸¸Ò M § ·Ö¦¥´´μ° ¸Ë¥·¨Î¥¸±μ° μ¡μ²μÎ±¨
· ¤¨Ê¸  R:

M = m +
e2

2Rc2
− GM2

2Rc2
. (62)

ˆ§ ¶μ²μ¦¨É¥²Ó´μ£μ ·¥Ï¥´¨Ö ÔÉμ£μ Ê· ¢´¥´¨Ö ¢ ¶·¥¤¥²¥ R → 0 ¨ ¶μ²ÊÎ ¥É¸Ö Ëμ·³Ê²  (60)
¤²Ö E = Mc2.

�¤´ ±μ É ±μ¥ ¢ÒÎ¨¸²¥´¨¥ ´¥²Ó§Ö ¶·¨§´ ÉÓ Ê¡¥¤¨É¥²Ó´Ò³ ¶μ ¸²¥¤ÊÕÐ¨³ ¶·¨Î¨´ ³.
Š ± ¢¨¤´μ ¨§ (62), ¤²Ö £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö ¢ [12] ¨¸¶μ²Ó§μ¢ ´  Ë¨§¨Î¥¸±¨ ´¥¶·¨¥³²¥-
³ Ö μÉ·¨Í É¥²Ó´ Ö ¶¸¥¢¤μÔ´¥·£¨Ö ¶μ²Ö ÉÖ£μÉ¥´¨Ö [3,4], · ¸¸Î¨É ´´ Ö ¤²Ö ´ÓÕÉμ´μ¢¸±μ£μ
¶μ²Ö. �·¨ ÔÉμ³ ¢ [12] É ±¦¥ Ê¶ÊÐ¥´μ ¨§ ¢¨¤Ê, ÎÉμ ³ ¸¸  M (· ¸¸³ É·¨¢ ¥³ Ö ¢ ± Î¥¸É¢¥
³ ¸¸Ò ¢¸¥° ¸¨¸É¥³Ò) ³μ¦¥É ¸Ëμ·³¨·μ¢ ÉÓ ´ÓÕÉμ´μ¢¸±μ¥ ¶μ²¥ ¢´¥ μ¡μ²μÎ±¨ Éμ²Ó±μ ¢ Éμ³
¸²ÊÎ ¥, ¥¸²¨ ¸ ³  Í¥²¨±μ³ ²μ± ²¨§μ¢ ´  ´  μ¡μ²μÎ±¥ ¨²¨ ¢´ÊÉ·¨ ´¥¥. �¤´ ±μ ¢ ¤¥°¸É¢¨-
É¥²Ó´μ¸É¨ Î ¸ÉÓ ¶μ²´μ° ³ ¸¸Ò, ¨³¥ÕÐ Ö ¶μ²¥¢μ¥ ¶·μ¨¸Ìμ¦¤¥´¨¥, · ¸¶·¥¤¥²¥´  ¢³¥¸É¥
¸ ¶μ²¥³ ¶μ ¢¸¥³Ê ¶·μ¸É· ´¸É¢Ê ¢´¥ μ¡μ²μÎ±¨. �μÔÉμ³Ê ¨¸¶μ²Ó§μ¢ ´¨¥ (62) ¢ ± Î¥¸É¢¥
Ëμ·³Ê²Ò ¤²Ö ¶μ²´μ° ³ ¸¸Ò § ·Ö¦¥´´μ° ¸Ë¥·¨Î¥¸±μ° μ¡μ²μÎ±¨ μÏ¨¡μÎ´μ.

Š ± ¡μ²¥¥ ¸É·μ£¨° ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ · ¸Î¥É Ô´¥·£¨¨ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ, ¢Ò-
¶μ²´¥´´Ò° Œ ·±μ¢Ò³ ¢ · ¡μÉ¥ [13] ¢ · ³± Ì �’�. ‘¸Ò² Ö¸Ó ´  ¨§¢¥¸É´Ò¥ É·Ê¤´μ¸É¨,
¸¢Ö§ ´´Ò¥ ¸ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ Ô´¥·£¨¨ ¢ �’�,  ¢Éμ· ¢ [13] μ¸É ´μ¢¨² ¸¢μ° ¢Ò¡μ·
´  ¶¸¥¢¤μÉ¥´§μ·¥ Ô´¥·£¨¨-¨³¶Ê²Ó¸  Œé¥²²¥·  ¨, ¶μ²Ó§ÊÖ¸Ó ¨§μÉ·μ¶´Ò³¨ ±μμ·¤¨´ É ³¨,
¶μ²ÊÎ¨² ¤²Ö ¶·¥¤¶μ² £ ¥³μ° ¶μ²´μ° Ô´¥·£¨¨ Î ¸É¨ÍÒ ±μ´¥Î´μ¥ §´ Î¥´¨¥, ´μ ¢¤¢μ¥ ¶·¥-
¢ÒÏ ÕÐ¥¥ ¢¥²¨Î¨´Ê (60). �¤´ ±μ ¨ §¤¥¸Ó ¸É·μ£μ¸ÉÓ · ¸Î¥É  Ö¢²Ö¥É¸Ö Ê¸²μ¢´μ° ¢¢¨¤Ê
μÉ¸ÊÉ¸É¢¨Ö Î¥É±μ° Ëμ·³Ê²¨·μ¢±¨ § ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¤²Ö ¶μ²Ö ÉÖ£μÉ¥´¨Ö ¢ �’�.

4. �‹…Š’��Œ�ƒ�ˆ’�›… ‚�‹�› ‚ ��‹… ’Ÿƒ�’…�ˆŸ

ˆ¸¶μ²Ó§ÊÖ · §¢¨ÉÒ° ¶μ¤Ìμ¤, · ¸¸³μÉ·¨³ ¨´É¥·¥¸´ÊÕ ¤²Ö  ¸É·μË¨§¨Î¥¸±¨Ì ¶·¨²μ¦¥-
´¨° § ¤ ÎÊ · ¸¶·μ¸É· ´¥´¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¢μ ¢´¥Ï´¥³ ¶μ²¥ ÉÖ£μÉ¥´¨Ö. �μ² £ Ö
¨§³¥´¥´¨¥ ´ ¶·Ö¦¥´´μ¸É¨ g ÔÉμ£μ ¶μ²Ö ´  · ¸¸ÉμÖ´¨ÖÌ ¶μ·Ö¤±  ¤²¨´Ò ¢μ²´Ò ¶·¥´¥¡·¥-
¦¨³μ ³ ²Ò³, ¢Ò¡¥·¥³ ¢ ± Î¥¸É¢¥ £· ¢¨É Í¨μ´´μ£μ ¶μÉ¥´Í¨ ²  ¢Ò· ¦¥´¨¥

Φ(r) = Φ0 − gr. (63)
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‡¤¥¸Ó Φ0 Å ¶μÉ¥´Í¨ ² ¢ ´ Î ²¥ ±μμ·¤¨´ É, ¤²Ö ±μÉμ·μ£μ, ¨¸¶μ²Ó§ÊÖ (19), ³μ¦´μ ¶·¨´ÖÉÓ
¶μ ¸μ£² Ï¥´¨Õ ²Õ¡μ¥ μ¶·¥¤¥²¥´´μ¥ §´ Î¥´¨¥, § ¤ ¢ Ö É¥³ ¸ ³Ò³ ± ²¨¡·μ¢μÎ´μ¥ Ê¸²μ¢¨¥,
Ë¨±¸¨·ÊÕÐ¥¥ Φ(r).

“Î¨ÉÒ¢ Ö (63), ¶μ²¥ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¡Ê¤¥³ μ¶¨¸Ò¢ ÉÓ Ê· ¢´¥´¨Ö³¨ Œ ±¸¢¥²² 
¸μ¢³¥¸É´μ ¸ ³ É¥·¨ ²Ó´Ò³¨ Ê· ¢´¥´¨Ö³¨ (¸³. É ¡². 2)

D = e−(Φ0−gr)/c2
E, B = e(Φ0−gr)/c2

H. (64)

ˆ§ ÔÉμ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¶·¨ � = 0, j = 0 ¸²¥¤Ê¥É ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ ¢μ²´μ¢μ¥
Ê· ¢´¥´¨¥ ¤²Ö Ô²¥±É·¨Î¥¸±μ° ¨´¤Ê±Í¨¨(

∇2 − 1
c2

∂2

∂t2
− 1

c2
g∇

)
D = 0 (65)

¨ ÉμÎ´μ É ±μ¥ ¦¥ Ê· ¢´¥´¨¥ Å ¤²Ö ´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö H.
�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (65) ¤²Ö ¶²μ¸±¨Ì ¢μ²´ ¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥

D = D0 ei(kr−ωt), (66)

¶μ² £ Ö ¢¥±Éμ· D0 ¶μ¸ÉμÖ´´Ò³ ¨, ¢μμ¡Ð¥ £μ¢μ·Ö, ±μ³¶²¥±¸´Ò³. �μ¤¸É ¢²ÖÖ (66) ¢ (65),
¶μ²ÊÎ¨³ (

k2 − ω2

c2
+ i

kg
c2

)
D = 0. (67)

‚ ¶·¥¤¶μ²μ¦¥´¨¨ kg �= 0 Ê· ¢´¥´¨¥ (67) ¤μ¶Ê¸± ¥É ´¥É·¨¢¨ ²Ó´μ¥ ·¥Ï¥´¨¥ (66) ¶·¨
±μ³¶²¥±¸´μ³ ¢¥±Éμ·¥ k:

k =
ω

c

√
1 − g2

4c2ω2
n − i

g
2c2

, (68)

£¤¥ n Å ¥¤¨´¨Î´Ò° ¢¥±Éμ· ¢μ²´μ¢μ° ´μ·³ ²¨. �·¨¸ÊÉ¸É¢¨¥ ¢ ¢μ²´μ¢μ³ ¢¥±Éμ·¥ (68)
³´¨³μ° Î ¸É¨, ¸¢Ö§ ´´μ° ¸ Ê¸±μ·¥´¨¥³ ¸¢μ¡μ¤´μ£μ ¶ ¤¥´¨Ö g, μ§´ Î ¥É, ÎÉμ ¶²μ¸± Ö ¢μ²-
´  (65) ¢ £· ¢¨É Í¨μ´´μ³ ¶μ²¥ Ö¢²Ö¥É¸Ö ´¥μ¤´μ·μ¤´μ°. �·¨´Ö¢ μ¡μ§´ Î¥´¨Ö k0 = ω/c ¨

n (ω) =

√
1 − g2

4c2ω2
, (69)

¤²Ö ¶μ²Ö Ô²¥±É·¨Î¥¸±μ° ¨´¤Ê±Í¨¨ É ±μ° ¢μ²´Ò ¸ ÊÎ¥Éμ³ (68) ³μ¦¥³ § ¶¨¸ ÉÓ

D = D0 egr/2c2
ei(k0n(ω)nr−ωt). (70)

�´ ²μ£¨Î´μ¥ ·¥Ï¥´¨¥ ¶μ²ÊÎ ¥É¸Ö ¤²Ö ´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ´¥μ¤´μ·μ¤´μ°
¢μ²´Ò:

H = H0 egr/2c2
ei(k0n(ω)nr−ωt) (71)

¸ ¶μ¸ÉμÖ´´Ò³ ¢¥±Éμ·μ³ H0.
’ ±¨³ μ¡· §μ³,  ³¶²¨ÉÊ¤Ò ¶μ²¥° (70), (71) Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¢ ¶μ²¥ ÉÖ£μÉ¥´¨Ö

§ ¢¨¸ÖÉ μÉ r:
D0(r) = D0 egr/2c2

, H0(r) = H0 egr/2c2
. (72)

‚ Î ¸É´μ¸É¨, ¶·¨ · ¸¶·μ¸É· ´¥´¨¨ ¢μ²´Ò ¢ ´ ¶· ¢²¥´¨¨ n, ¶·μÉ¨¢μ¶μ²μ¦´μ³ Ê¸±μ·¥´¨Õ
¸¢μ¡μ¤´μ£μ ¶ ¤¥´¨Ö g, ÔÉ¨  ³¶²¨ÉÊ¤Ò Ô±¸¶μ´¥´Í¨ ²Ó´μ § ÉÊÌ ÕÉ.



’¥μ·¥É¨±μ-¶μ²¥¢ Ö É· ±Éμ¢±  £· ¢¨É Í¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ô²¥±É·μ¤¨´ ³¨±¥ 151

ˆ§ (70), (71) ¨ ³ É¥·¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (64) ¸²¥¤ÊÕÉ ·¥Ï¥´¨Ö ¤²Ö ´ ¶·Ö¦¥´´μ¸É¨
Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¨ ³ £´¨É´μ° ¨´¤Ê±Í¨¨ É ±¦¥ ¢ ¢¨¤¥ ´¥μ¤´μ·μ¤´ÒÌ ¢μ²´

E = D0 e(2Φ0−gr)/2c2
ei(k0n(ω)nr−ωt), (73)

B = H0 e(2Φ0−gr)/2c2
ei(k0n(ω)nr−ωt), (74)

μ¤´ ±μ ¸μ ¢¸É·¥Î´μ° ¶μ μÉ´μÏ¥´¨Õ ± D ¨ H ´¥μ¤´μ·μ¤´μ¸ÉÓÕ.
�·¨¸ÊÉ¸É¢ÊÕÐ¨° ¢ Ë §μ¢μ³ ³´μ¦¨É¥²¥ ´¥μ¤´μ·μ¤´ÒÌ ¢μ²´ (70)Ä(74) ¶μ± § É¥²Ó ¶·¥-

²μ³²¥´¨Ö (69) § ¢¨¸¨É μÉ Î ¸ÉμÉÒ. �Éμ μ§´ Î ¥É, ÎÉμ ¶μ²¥ ÉÖ£μÉ¥´¨Ö ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨
¸ ¶μ²¥³ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¶·μÖ¢²Ö¥É ¸¥¡Ö ± ± ¤¨¸¶¥·£¨·ÊÕÐ Ö ¸·¥¤ .

‚¸¥ Î¥ÉÒ·¥ Ì · ±É¥·¨¸É¨±¨ ¶μ²Ö Ô²¥±É·μ³ £´¨É´μ° ¢μ²´Ò ¸μ¸É ¢²ÖÕÉ ¥¤¨´μ¥ ·¥-
Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¶μ²Ö. �μÔÉμ³Ê ´ Î ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò D0 ¨ H0 ¢ (70)Ä(74)
¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ°. ’ ± Ö ¸¢Ö§Ó ¸²¥¤Ê¥É ¨§ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¨ ¨³¥¥É ¢¨¤

k × D0 = k0H0, k∗ × H0 = −k0D0. (75)

•μÉÖ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¶μ²Ö·¨§ Í¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¨ ³ £´¨É´ÒÌ ¶μ²¥° · ¸¸³ É·¨¢ ¥-
³ÒÌ ´¥μ¤´μ·μ¤´ÒÌ ¢μ²´ · §²¨Î´ , ³μ¤Ê²¨ ¨Ì ¢¥±Éμ·´ÒÌ  ³¶²¨ÉÊ¤´ÒÌ Ì · ±É¥·¨¸É¨± H0

¨ D0 μ¤¨´ ±μ¢Ò:
H∗

0H0 = D∗
0D0. (76)

‚ ÔÉμ³ ²¥£±μ Ê¡¥¤¨ÉÓ¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ (75), ¶·¨´Ö¢ ¢μ ¢´¨³ ´¨¥, ÎÉμ ³μ¤Ê²Ó ±μ³-
¶²¥±¸´μ£μ ¢μ²´μ¢μ£μ ¢¥±Éμ·  (68) · ¢¥´ k0.

� °¤¥³ ¸¢Ö§Ó ³¥¦¤Ê Ô´¥·£¨¥° ¨ ¶μÉμ±μ³ Ô´¥·£¨¨ ¨ μ¶·¥¤¥²¨³ ¸±μ·μ¸ÉÓ ¶¥·¥´μ¸ 
Ô´¥·£¨¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¢ ¶μ²¥ ÉÖ£μÉ¥´¨Ö. �É¤¥²ÖÖ ¢¥Ð¥¸É¢¥´´Ò¥ Î ¸É¨ ¢ ·¥-
Ï¥´¨ÖÌ (70), (71), § É¥³ ¶μ¤¸É ¢²ÖÖ ¨Ì ¢³¥¸É¥ ¸ (63) ¢ ¢Ò· ¦¥´¨¥ ¤²Ö ¶²μÉ´μ¸É¨ Ô´¥·-
£¨¨ (32), ¶·μ¨§¢μ¤Ö Ê¸·¥¤´¥´¨¥ ¶μ ¶¥·¨μ¤Ê ±μ²¥¡ ´¨° ¶μ²Ö ¨ ÊÎ¨ÉÒ¢ Ö · ¢¥´¸É¢μ (76),
¶μ²ÊÎ¨³

w =
D∗

0D0

8π
eΦ0/c2

. (77)

�´ ²μ£¨Î´μ¥ ¢ÒÎ¨¸²¥´¨¥ ¸·¥¤´¥° §  ¶¥·¨μ¤ ¶²μÉ´μ¸É¨ ¶μÉμ±  Ô´¥·£¨¨ Ô²¥±É·μ³ £´¨É-
´μ£μ ¶μ²Ö (31) ¤²Ö ´¥μ¤´μ·μ¤´ÒÌ ¢μ²´ (70)Ä(74) ¶·¨¢μ¤¨É ± ·¥§Ê²ÓÉ ÉÊ

S = w c n(ω)n. (78)

‘μμÉ´μÏ¥´¨¥ (78) μ§´ Î ¥É, ÎÉμ Ô²¥±É·μ³ £´¨É´Ò¥ ¢μ²´Ò ¢ £· ¢¨É Í¨μ´´μ³ ¶μ²¥ ¶¥-
·¥´μ¸ÖÉ Ô´¥·£¨Õ ¢ ´ ¶· ¢²¥´¨¨ Ë §μ¢μ° ´μ·³ ²¨ n ¸μ ¸±μ·μ¸ÉÓÕ venergy = cn(ω).
�É  ¸±μ·μ¸ÉÓ, ± ± ²¥£±μ Ê¡¥¤¨ÉÓ¸Ö, ¨³¥Ö ¢ ¢¨¤Ê (69), ¸μ¢¶ ¤ ¥É ¸ £·Ê¶¶μ¢μ° ¸±μ·μ¸ÉÓÕ
vgroup = (dK/dω)−1, £¤¥ ¢μ²´μ¢μ¥ Î¨¸²μ K = n(ω)ω/c.

�μ²¥ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ (70)Ä(74), · ¸¶·μ¸É· ´ÖÕÐ¨Ì¸Ö ¢ Ê¸²μ¢¨ÖÌ ¶μ¸ÉμÖ´´μ£μ
Ê¸±μ·¥´¨Ö ¸¢μ¡μ¤´μ£μ ¶ ¤¥´¨Ö g, ¡Ê¤¥É ¶·¨£μ¤´μ ¢ ± Î¥¸É¢¥ ¶·¨¡²¨¦¥´´μ£μ ·¥Ï¥´¨Ö
Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¤²Ö ¢μ²´ ¢ ±¢ §¨μ¤´μ·μ¤´μ³ ¶μ²¥ ÉÖ£μÉ¥´¨Ö, ±μ£¤  ¨§³¥´¥´¨¥ g
´  · ¸¸ÉμÖ´¨ÖÌ ¶μ·Ö¤±  ¤²¨´Ò ¢μ²´Ò λ0 ¶·¥´¥¡·¥¦¨³μ ³ ²μ: |∂g/∂x|λ0 � |g|. �·¨
É ±μ³ ¤μ¶ÊÐ¥´¨¨ ¤²Ö ³¥¤²¥´´μ ³¥´ÖÕÐ¨Ì¸Ö  ³¶²¨ÉÊ¤ ¶μ²Ö Ô²¥±É·μ³ £´¨É´μ° ¢μ²´Ò
¢³¥¸Éμ (72) ¡Ê¤¥³ ¨³¥ÉÓ

D0 (r) =
U0

U (r)
D0, H0 (r) =

U0

U (r)
H0, (79)
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£¤¥ U0 = U(0). �É¨ Ëμ·³Ê²Ò ¶μ§¢μ²ÖÕÉ, ¢ Î ¸É´μ¸É¨, ÊÎ¨ÉÒ¢ ÉÓ ¨§³¥´¥´¨¥  ³¶²¨ÉÊ¤´ÒÌ
Ì · ±É¥·¨¸É¨± Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´, · ¸¶·μ¸É· ´ÖÕÐ¨Ì¸Ö ¢ ¶μ²¥ ÉÖ£μÉ¥´¨Ö §¢¥§¤Ò ¸ ¥¥
¶μ¢¥·Ì´μ¸É¨ ¢ ¸¢μ¡μ¤´μ¥ ¶·μ¸É· ´¸É¢μ. �£· ´¨Î¨³¸Ö ¶Ò²¥¢¨¤´μ° ³μ¤¥²ÓÕ Í¥´É· ²Ó´μ£μ
£· ¢¨É¨·ÊÕÐ¥£μ É¥²  ¨ ¶·¨³¥³ ± ²¨¡·μ¢μÎ´μ¥ Ê¸²μ¢¨¥ U = 1 ´  ¡¥¸±μ´¥Î´μ¸É¨. ‚ ÔÉμ³
¸²ÊÎ ¥ ¤²Ö ¶μÉ¥´Í¨ ²Ó´μ° ËÊ´±Í¨¨ U(r) ´  ¶μ¢¥·Ì´μ¸É¨ §¢¥§¤Ò ¸ ¶μ²´μ° ³ ¸¸μ° M ¨
· ¤¨Ê¸μ³ R ³μ¦´μ ¶μ²μ¦¨ÉÓ [7]

U0 = 1 − GM

2c2R
. (80)

�É¸Õ¤  ¤²Ö  ³¶²¨ÉÊ¤ (79) ¶μ²¥° Ô²¥±É·μ³ £´¨É´μ° ¢μ²´Ò ´  ¡μ²ÓÏμ³ Ê¤ ²¥´¨¨ μÉ §¢¥§¤-
´μ£μ ¨¸ÉμÎ´¨±  ¸²¥¤Ê¥É

D0 =
(

1 − GM

2c2R

)
D0, H0 =

(
1 − GM

2c2R

)
H0. (81)

Š ± ¢¨¤´μ ¨§ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨Í (¸³. É ¡². 2), Ì · ±É¥·¨¸É¨±¨ Ô²¥±É·μ³ £-
´¨É´μ£μ ¶μ²Ö H ¨ D (  ´¥ E ¨ B) μ¶·¥¤¥²ÖÕÉ ¸¨²Ê ‹μ·¥´Í . �μÔÉμ³Ê ¨§ (81) ¸²¥¤Ê¥É, ÎÉμ
¨§²ÊÎ¥´´ Ö ´  ¶μ¢¥·Ì´μ¸É¨ §¢¥§¤Ò Ô²¥±É·μ³ £´¨É´ Ö ¢μ²´  ¡Ê¤¥É ·¥£¨¸É·¨·μ¢ ÉÓ¸Ö Ê¤ -
²¥´´Ò³ ´ ¡²Õ¤ É¥²¥³ μ¸² ¡²¥´´μ° ¶μ²¥³ ÉÖ£μÉ¥´¨Ö. ‚ ·¥²ÖÉ¨¢¨¸É¸±μ³ ¶μ²¥ ÉÖ£μÉ¥´¨Ö
§¢¥§¤Ò [7,15]

g =
GM

R(R − r0)
(82)

É ±μ¥ μ¸² ¡²¥´¨¥ ¤μ²¦´μ ´ · ¸É ÉÓ ¸ ¶·¨¡²¨¦¥´¨¥³ · ¤¨Ê¸  §¢¥§¤Ò R ± ¥¥ ±·¨É¨Î¥-
¸±μ³Ê · ¤¨Ê¸Ê r0 = GM/2c2 ¨ ¡Ê¤¥É ¤μ¸É ÉμÎ´μ § ³¥É´Ò³, ´ ¶·¨³¥·, Ê ¸¢¥·Ì¶²μÉ´ÒÌ
´¥°É·μ´´ÒÌ §¢¥§¤. …¸²¨ ± Éμ³Ê ¦¥ ´¥°É·μ´´ Ö §¢¥§¤  ¸μ¢¥·Ï ¥É ¶Ê²Ó¸ Í¨¨, Éμ ±μÔËË¨-
Í¨¥´É μ¸² ¡²¥´¨Ö ·¥£¨¸É·¨·Ê¥³μ° ¨´É¥´¸¨¢´μ¸É¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´, ¨§²ÊÎ¥´´ÒÌ ¸
¶μ¢¥·Ì´μ¸É¨ §¢¥§¤Ò, μ± ¦¥É¸Ö ³μ¤Ê²¨·μ¢ ´´Ò³ ¸ Î ¸ÉμÉμ° ÔÉ¨Ì ¶Ê²Ó¸ Í¨°.

� ·Ö¤Ê ¸ μ¸² ¡²¥´¨¥³ ¢ ¶·¨´Í¨¶¥ ¢μ§³μ¦¥´ § Ì¢ É Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ·¥²Ö-
É¨¢¨¸É¸±¨³ ¶μ²¥³ ÉÖ£μÉ¥´¨Ö (82), Ëμ·³¨·ÊÕÐ¨³¸Ö ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ §¢¥§¤Ò ¶·¨ R,
¤μ¸É ÉμÎ´μ ¡²¨§±μ³ ± r0, ¥¸²¨ ¤μ¶Ê¸É¨ÉÓ, ÎÉμ Ö¤·μ §¢¥§¤Ò ¶·¨ ¸¦ É¨¨ ³μ¦¥É ¸μ¢¥·Ï ÉÓ
Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¢ ±¢ ·±μ¢μ¥ ¸μ¸ÉμÖ´¨¥ ¸ ¶²μÉ´μ¸ÉÓÕ, ¶·¥¢ÒÏ ÕÐ¥° ¶²μÉ´μ¸ÉÓ ´¥°-
É·μ´´μ£μ ¢¥Ð¥¸É¢  [24]. �²¥±É·μ¤¨´ ³¨Î¥¸±¨° ¢μ²´μ¢μ° ¶·μÍ¥¸¸ ¢ ¤μ¸É ÉμÎ´μ ¸¨²Ó´μ³
£· ¢¨É Í¨μ´´μ³ ¶μ²¥ g, ± ± ¢¨¤´μ ¨§ (68), ¸É ´μ¢¨É¸Ö ´¥¢μ§³μ¦´Ò³ ¶·¨ ³´¨³μ³ ¶μ± § -
É¥²¥ ¶·¥²μ³²¥´¨Ö (69) ¤²Ö Î ¸ÉμÉ, ³¥´ÓÏ¨Ì ±·¨É¨Î¥¸±μ° Î ¸ÉμÉÒ ωg = g/2c. ‚ ÔÉμ³ ¸²Ê-
Î ¥ ¶μ²Ö, μ¶¨¸Ò¢ ¥³Ò¥ ·¥Ï¥´¨Ö³¨ (70)Ä(74), ¢Ò·μ¦¤ ÕÉ¸Ö ¢ £ ·³μ´¨Î¥¸±¨¥ ±μ²¥¡ ´¨Ö ¸
¶¥·¥³¥´´μ° ¢ ¶·μ¸É· ´¸É¢¥  ³¶²¨ÉÊ¤μ°. ’ ±μ° ³¥Ì ´¨§³ ¶μ¤ ¢²¥´¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ
¢μ²´ ´  Î ¸ÉμÉ Ì ω < ωg ³μ¦¥É ¶¥·¨μ¤¨Î¥¸±¨ ·¥ ²¨§μ¢Ò¢ ÉÓ¸Ö ´  ¶μ¢¥·Ì´μ¸É¨ ¶Ê²Ó¸¨-
·ÊÕÐ¥° ´¥°É·μ´´μ° §¢¥§¤Ò (¶Ê²Ó¸ · ) ¢ ¸μ¸ÉμÖ´¨¨ ¸¨²Ó´μ£μ ¸¦ É¨Ö. ‘ ³¨ ¦¥ ¶Ê²Ó¸ Í¨¨
³μ£ÊÉ Ê¸É ´μ¢¨ÉÓ¸Ö ¸ ³μ³¥´É  μ¡· §μ¢ ´¨Ö ´¥°É·μ´´μ° §¢¥§¤Ò ¶·¨ ¢§·Ò¢¥ ¸¢¥·Ì´μ¢μ° ¨
¶μ¤¤¥·¦¨¢ ÉÓ¸Ö ¸¨´Ì·μ´´μ ¢μ§´¨± ÕÐ¨³ ¤ ¢²¥´¨¥³ Ô²¥±É·μ³ £´¨É´μ£μ ¨§²ÊÎ¥´¨Ö, § -
¶¨· ¥³μ£μ ¶μ²¥³ ÉÖ£μÉ¥´¨Ö ¢´ÊÉ·¨ ¸¦ Éμ° §¢¥§¤Ò ¨ ¢Ò¸¢μ¡μ¦¤ ¥³μ£μ § É¥³ ¢ Ëμ·³¥
¨³¶Ê²Ó¸  ¶·¨ ¥¥ · ¸Ï¨·¥´¨¨.

‡�Š‹	—…�ˆ…

�·¨´ÖÉμ ¸Î¨É ÉÓ, ÎÉμ É¥μ·¨Ö ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ¢ ± Î¥¸É¢¥ ¶·¨¥³²¥³μ° ³μ¤¥²¨
ÉÖ£μÉ¥´¨Ö Éμ²Ó±μ ¢ Éμ³ ¸²ÊÎ ¥, ¥¸²¨ μ´  μ¡ÑÖ¸´Ö¥É Î¥ÉÒ·¥ ´ ¡²Õ¤ ¥³Ò¥ Ö¢²¥´¨Ö ¢ ‘μ²-
´¥Î´μ° ¸¨¸É¥³¥: £· ¢¨É Í¨μ´´Ò° ¸¤¢¨£ Î ¸ÉμÉÒ £ ³³ -±¢ ´Éμ¢, ¸³¥Ð¥´¨¥ ¶¥·¨£¥²¨Ö Œ¥·-
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±Ê·¨Ö, μÉ±²μ´¥´¨¥ ¸¢¥Éμ¢μ£μ ²ÊÎ  ¨ § ¤¥·¦±Ê Ô²¥±É·μ³ £´¨É´μ£μ ¸¨£´ ²  ¶·¨ ¨Ì ¶·μÌμ-
¦¤¥´¨¨ ¢¡²¨§¨ ‘μ²´Í .

ƒ· ¢¨É Í¨μ´´Ò° ¸¤¢¨£ Î ¸ÉμÉÒ £ ³³ -±¢ ´Éμ¢ ´ Ìμ¤¨É ¶·μ¸Éμ¥ μ¡ÑÖ¸´¥´¨¥ ¢ · §-
¢¨¢ ¥³μ° ³μ¤¥²¨ ÉÖ£μÉ¥´¨Ö. ‘¢Ö§ ´´μ¥ ¸ £· ¢¨É Í¨μ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¨§³¥´¥´¨¥
Ô´¥·£¨¨ ¸É Í¨μ´ ·´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤·  ¨²¨  Éμ³  μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° �μ·¤¸É·¥³ 
Ẽn = En eΦ/c2

[25] (¸³. É ±¦¥ [7]), ¨§ ±μÉμ·μ° ¸²¥¤Ê¥É ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê Î ¸ÉμÉ ³¨
£ ³³ -±¢ ´Éμ¢ ω̃nm ¨ ωnm, ¨§²ÊÎ ¥³ÒÌ ¸μμÉ¢¥É¸É¢¥´´μ ¢ £· ¢¨É Í¨μ´´μ³ ¶μ²¥ ¨ ¢´¥ ¥£μ:

ω̃nm =
Ẽn − Ẽm

�
=

En − Em

�
eΦ/c2

= ωnm eΦ/c2
.

„²Ö μÉ´μ¸¨É¥²Ó´μ£μ ¸¤¢¨£  Î ¸ÉμÉÒ μÉ¸Õ¤  ¨³¥¥³ ¸μ£² ¸ÊÕÐ¨°¸Ö ¸ ´ ¡²Õ¤¥´¨Ö³¨ ¨§-
¢¥¸É´Ò° ·¥§Ê²ÓÉ É

ω̃nm − ωnm

ωnm
= eΦ/c2 − 1 ≈ Φ

c2
.

�¥§μ´ ´¸´μ-¶·¨²¨¢´μ° ³¥Ì ´¨§³ ¸³¥Ð¥´¨Ö ¶¥·¨£¥²¨Ö Œ¥·±Ê·¨Ö. �¥ μÉ·¨Í Ö §´ -
Î¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ£μ (¢ · ³± Ì ‘’�) ¢±² ¤  ¢ ´ ¡²Õ¤ ¥³Ò¥ μ¸μ¡¥´´μ¸É¨ ¤¢¨¦¥´¨Ö
¶² ´¥É, ³Ò ÌμÉ¥²¨ ¡Ò μ¡· É¨ÉÓ §¤¥¸Ó ¢´¨³ ´¨¥ ´  μÉ³¥Î¥´´ÊÕ ¢ [26] μ¤´Ê ¨§ ¢μ§³μ¦´ÒÌ

�¨¸. 1. ”μ·³¨·μ¢ ´¨¥ ¶²¥Î 

¸¨², μÉ´¥¸¥´´ÒÌ ± Í¥´É·Ê
³ ¸¸Ò ¢ÒÉÖ´ÊÉμ£μ É¥²  ¢ ¸Ë¥-

·¨Î¥¸±¨-¸¨³³¥É·¨Î´μ³ ¶μ²¥

¶·¨Î¨´ ´ ·ÊÏ¥´¨Ö § ±μ´μ¢ Š¥¶²¥·  ¶·¨ ¤¢¨¦¥´¨¨ Œ¥·-
±Ê·¨Ö.

„¢¨¦¥´¨¥ ÔÉμ° ¶² ´¥ÉÒ μÉ²¨Î ¥É¸Ö μ¤´μ° Ê´¨± ²Ó´μ°
μ¸μ¡¥´´μ¸ÉÓÕ, ±μÉμ· Ö ¸É ²  ¨§¢¥¸É´μ° ²¨ÏÓ ¸ 60-Ì £μ-
¤μ¢ ¶·μÏ²μ£μ ¸Éμ²¥É¨Ö. �·¨²¨¢´Ò¥ ¸¨²Ò ¨ ¢Ö§±μ¥ É·¥-
´¨¥ μ¶É¨³¨§¨·μ¢ ²¨ ¤¢¨¦¥´¨¥ Œ¥·±Ê·¨Ö, ¸¨´Ì·μ´¨§¨·μ-
¢ ¢ ¶¥·¨μ¤Ò ¥£μ ¸ÊÉμÎ´μ£μ ¨ μ·¡¨É ²Ó´μ£μ μ¡· Ð¥´¨Ö
ÉμÎ´μ ¢ μÉ´μÏ¥´¨¨ 3 : 2. �·¨ É ±μ° ·¥§μ´ ´¸´μ° ¸¨´-
Ì·μ´¨§ Í¨¨ ¶· ±É¨Î¥¸±¨ ¨¸±²ÕÎ ¥É¸Ö ¶·¨²¨¢´μ¥ É·¥´¨¥
¢ μ¡² ¸É¨ ³ ±¸¨³ ²Ó´μ£μ £· ¤¨¥´É  ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö
ÉÖ£μÉ¥´¨Ö. �Éμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ Ê£²μ¢Ò¥ ¸±μ·μ¸É¨ μ·-
¡¨É ²Ó´μ£μ ¨ ¸ÊÉμÎ´μ£μ ¢· Ð¥´¨Ö Œ¥·±Ê·¨Ö ¢ ¶¥·¨£¥²¨¨
¸μ¢¶ ¤ ÕÉ, ¨ ¶·μ¤μ²Ó´ Ö μ¸Ó Å ²¨´¨Ö, ¢¤μ²Ó ±μÉμ·μ° ¶² -
´¥É  · ¸ÉÖ´ÊÉ  ¶·¨²¨¢´Ò³¨ ¸¨² ³¨, Å ¶·¨¡²¨§¨É¥²Ó´μ
¸μÌ· ´Ö¥É · ¤¨ ²Ó´μ¥ ´ ¶· ¢²¥´¨¥ ´  ‘μ²´Í¥ ´  §´ Î¨-
É¥²Ó´μ³ ÊÎ ¸É±¥ É· ¥±Éμ·¨¨.

�μ ³¥·¥ Ê¤ ²¥´¨Ö μÉ ‘μ²´Í  Ê£²μ¢ Ö ¸±μ·μ¸ÉÓ μ·¡¨-
É ²Ó´μ£μ ¤¢¨¦¥´¨Ö ¶² ´¥ÉÒ Ê³¥´ÓÏ ¥É¸Ö, ¨ ¥¥ ¶·μ¤μ²Ó-
´ Ö μ¸Ó μÉ±²μ´Ö¥É¸Ö μÉ · ¤¨ ²Ó´μ£μ ´ ¶· ¢²¥´¨Ö, ¶·¨-
´¨³ Ö ¢  Ë¥²¨¨ ¶μ²μ¦¥´¨¥, μ·Éμ£μ´ ²Ó´μ¥ ÔÉμ³Ê ´ -
¶· ¢²¥´¨Õ. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨ ¶¥·¥³¥Ð¥´¨¨ ¶² ´¥ÉÒ ±
 Ë¥²¨Õ ¢ ¶μ²¥ ÉÖ£μÉ¥´¨Ö, Ê¡Ò¢ ÕÐ¥³ ¸ · ¸¸ÉμÖ´¨¥³,
¢μ§´¨± ¥É Éμ·³μ§ÖÐ¨° ³μ³¥´É ¤²Ö ¸ÊÉμÎ´μ£μ ¢· Ð¥´¨Ö,
± ± ÔÉμ ¸Ì¥³ É¨Î¥¸±¨ ¶μ± § ´μ ´  ·¨¸. 1 (¸¨²Ò ÉÖ£μÉ¥-
´¨Ö FA ¨ FB ¤²Ö ²¨´§μμ¡· §´ÒÌ ÊÎ ¸É±μ¢ ¶μ² £ ÕÉ¸Ö
¶·¨²μ¦¥´´Ò³¨ ± ¨Ì Í¥´É· ³ ¨´¥·Í¨¨ A ¨ B ¨ ´ ¶· ¢²¥´´Ò³¨ ± Í¥´É·Ê ¶μ²Ö O;
FB < FA). �¤´μ¢·¥³¥´´μ ¶·μ¨¸Ìμ¤¨É Ëμ·³¨·μ¢ ´¨¥ ¶²¥Î  ¤²Ö ·¥§Ê²ÓÉ¨·ÊÕÐ¥°
¸¨²Ò, μÉ´¥¸¥´´μ° ± Í¥´É·Ê ¨´¥·Í¨¨ ¶² ´¥ÉÒ C, ¨ É¥³ ¸ ³Ò³ ¸μ§¤ ¥É¸Ö Ê¸±μ·ÖÕÐ¨°
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�¨¸. 2. ’· ¥±Éμ·¨Ö ¤¢¨¦¥´¨Ö Í¥´É· 

ÉÖ¦¥¸É¨ ®±Ê¢Ò·± ÕÐ¥°¸Ö¯ £ ´É¥²¨ ¢
´ÓÕÉμ´μ¢¸±μ³ ¶μ²¥

³μ³¥´É ¤²Ö μ·¡¨É ²Ó´μ£μ ¤¢¨¦¥´¨Ö. ’ ±¨³ μ¡· -
§μ³, ¶² ´¥É  ¤¢¨¦¥É¸Ö ¸ ¶¥·¥³¥´´Ò³ μ·¡¨É ²Ó´Ò³
³μ³¥´Éμ³ ¨³¶Ê²Ó¸  ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¸ ¶¥·¥³¥´´μ°
¸¥±Éμ·´μ° ¸±μ·μ¸ÉÓÕ, Ê¢¥²¨Î¨¢ ÕÐ¥°¸Ö ¶·¨ ¤¢¨¦¥-
´¨¨ ±  Ë¥²¨Õ ¨ § É¥³ Ê³¥´ÓÏ ÕÐ¥°¸Ö ¶·¨ ¢μ§¢· Ð¥-
´¨¨ ± ¶¥·¨£¥²¨Õ, ÎÉμ, ¸μ¡¸É¢¥´´μ, ¨ ¤μ²¦´μ ¶·¨¢μ-
¤¨ÉÓ ± ¸³¥Ð¥´¨Õ ¶¥·¨£¥²¨Ö ¢¶¥·¥¤ ¶μ Ìμ¤Ê ¤¢¨¦¥´¨Ö
¶² ´¥ÉÒ.

‚Ò¶μ²´¥´´μ¥ ¶·¥¤¢ ·¨É¥²Ó´μ¥ ±μ³¶ÓÕÉ¥·´μ¥ ³μ-
¤¥²¨·μ¢ ´¨¥ ¤¢¨¦¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ¢ÒÉÖ´ÊÉμ£μ
É¥²  (®±Ê¢Ò·± ÕÐ¥°¸Ö¯ £ ´É¥²¨) ¢ ´ÓÕÉμ´μ¢¸±μ³
¶μ²¥ ÉÖ£μÉ¥´¨Ö ¢ Ê¸²μ¢¨ÖÌ ·¥§μ´ ´¸´μ£μ, ± ± Ê Œ¥·-
±Ê·¨Ö, μÉ´μÏ¥´¨Ö 3 : 2 ¸ÊÉμÎ´μ£μ ¨ μ·¡¨É ²Ó´μ£μ
μ¡· Ð¥´¨Ö ¤ ¥É ± Î¥¸É¢¥´´μ¥ ¶μ¤É¢¥·¦¤¥´¨¥ É ±μ£μ
¶·¥¤¶μ²μ¦¥´¨Ö (·¨¸. 2).

�É±²μ´¥´¨Ö ¸¢¥Éμ¢ÒÌ ²ÊÎ¥° ¨ § ¤¥·¦±  Ô²¥±É·μ³ £´¨É´μ£μ ¸¨£´ ² . ’¥μ·¨Ö, · §-
¢¨¢ ¥³ Ö ¢ ´ ¸ÉμÖÐ¥° ¸É ÉÓ¥, ¶·¥¤¸± §Ò¢ ¥É μÉ¸ÊÉ¸É¢¨¥ μÉ±²μ´¥´¨Ö ¸¢¥Éμ¢μ£μ ²ÊÎ  £· -
¢¨É Í¨μ´´Ò³ ¶μ²¥³; ¶μ ±· °´¥° ³¥·¥ Ê Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´, · ¸¶·μ¸É· ´ÖÕÐ¨Ì¸Ö ¢
μ¤´μ·μ¤´μ³ ¶μ²¥ ÉÖ£μÉ¥´¨Ö, ²ÊÎ¥¢ Ö ´μ·³ ²Ó n ¢ (78) ´¥ ³¥´Ö¥É ´ ¶· ¢²¥´¨Ö. �¥§´ Î¨-
É¥²Ó´ Ö § ¤¥·¦±  · ¤¨μ¨³¶Ê²Ó¸  £· ¢¨É Í¨μ´´Ò³ ¶μ²¥³ ³μ¦¥É ¢μ§´¨± ÉÓ ¨§-§  Éμ£μ, ÎÉμ
μ¶·¥¤¥²Ö¥³ Ö ¸μμÉ´μÏ¥´¨Ö³¨ (78), (69) ¸±μ·μ¸ÉÓ ¶¥·¥´μ¸  Ô´¥·£¨¨ Ô²¥±É·μ³ £´¨É´μ°

�¨¸. 3. �¡Ð Ö ± ·É¨´  μÉ±²μ´¥´¨° ¸¢¥Éμ-
¢ÒÌ ²ÊÎ¥° μÉ §¢¥§¤ ¢μ ¢·¥³Ö ¶μ²´μ£μ ¸μ²-

´¥Î´μ£μ § É³¥´¨Ö [28]

¢μ²´Ò venergy = cn(ω) ³¥´ÓÏ¥ c.
ˆ§³¥·¥´¨Ö · ¸¶μ²μ¦¥´¨Ö §¢¥§¤ ¶μ ·¥§Ê²Ó-

É É ³ ¨Ì ËμÉμ£· Ë¨·μ¢ ´¨Ö ¢μ ¢·¥³Ö ¶μ²´ÒÌ
¸μ²´¥Î´ÒÌ § É³¥´¨° ¢ · §´Ò¥ £μ¤Ò (¸ 1919
¶μ 1974 ££.) ¶μ§¢μ²¨²¨ ´ °É¨ Ê£²Ò μÉ±²μ´¥´¨Ö
¸¢¥Éμ¢μ£μ ²ÊÎ . Š ± μ± § ²μ¸Ó, Ô±¸É· ¶μ²ÖÍ¨Ö
ÔÉ¨Ì μÉ±²μ´¥´¨° ¤²Ö ±· Ö ¸μ²´¥Î´μ£μ ¤¨¸±  ±μ-
²¥¡²¥É¸Ö ¢ ¤μ¸É ÉμÎ´μ Ï¨·μ±¨Ì ¶·¥¤¥² Ì: μÉ
1′′,61 ¤μ 2′′,73 [27] ¶·μÉ¨¢ μ¦¨¤ ¥³ÒÌ ¸μ£² ¸´μ
�’� 1′′,75 [28]. „ ´´μ¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ Ê± §Ò-
¢ ¥É ´  Éμ, ÎÉμ ·¥Ë· ±Í¨Ö ¸¢¥Éμ¢μ£μ ¸¨£´ ²  ¢
¶² §³¥ ¸μ²´¥Î´μ° ±μ·μ´Ò ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê,
¸μ¶μ¸É ¢¨³ÊÕ ¸ ¶·¥¤¸± §Ò¢ ¥³μ° �’�.

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ · ¸¸³μÉ·¨³ ·¥§Ê²ÓÉ ÉÒ
±μ´±·¥É´ÒÌ ¨§³¥·¥´¨° μÉ±²μ´¥´¨Ö ¸¢¥Éμ¢μ£μ
²ÊÎ , ¶·μÌμ¤ÖÐ¥£μ ¢¡²¨§¨ ¸μ²´¥Î´μ£μ ¤¨¸± . � 
·¨¸. 3 ¢μ¸¶·μ¨§¢¥¤¥´  ¶μ³¥Ð¥´´ Ö ¢ [28, ¸. 354]
¤¨ £· ³³ , ¨²²Õ¸É·¨·ÊÕÐ Ö ·¥§Ê²ÓÉ ÉÒ ¨§³¥-
·¥´¨° μÉ±²μ´¥´¨Ö ¸¢¥É  μÉ 15 §¢¥§¤ ¢μ ¢·¥³Ö
μ¤´μ£μ ¨§ ¸μ²´¥Î´ÒÌ § É³¥´¨°1. �É  ¨²²Õ¸É· -

1•μÉÖ ¨§³¥·¥´¨Ö ¢Ò¶μ²´¥´Ò ¤μ¸É ÉμÎ´μ ¤ ¢´μ (1922 £.), ¢ ¢μ¶·μ¸¥ μ¡ ¨Ì ´ ¤¥¦´μ¸É¨ ¨ ÉμÎ´μ¸É¨ ³μ¦´μ
¶μ²μ¦¨ÉÓ¸Ö ´   ¢Éμ·μ¢ ¨§¤ ´¨Ö [28], ±μÉμ·Ò¥ ¤²Ö μ¡μ¸´μ¢ ´¨Ö �’� ¶·¨´¨³ ÕÉ ¡¥§ ± ±¨Ì-²¨¡μ μ£μ¢μ·μ±
·¥§Ê²ÓÉ ÉÒ ¨³¥´´μ ÔÉ¨Ì ¨§³¥·¥´¨° ¶μ²¢¥±  ¸¶Ê¸ÉÖ ¶μ¸²¥ ¨Ì ¶μ²ÊÎ¥´¨Ö.
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Í¨Ö ¶μ± § É¥²Ó´  ¢ Éμ³ μÉ´μÏ¥´¨¨, ÎÉμ μ´  ¶·¥¤¸É ¢²Ö¥É ± ·É¨´Ê μÉ±²μ´¥´¨° Í¥²¨±μ³
(ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨ ´ ´¥¸¥´Ò, ÎÉμ¡Ò ¶μ¤Î¥·±´ÊÉÓ ´¥Í¥´É· ²Ó´Ò° Ì · ±É¥· É ±¨Ì μÉ±²μ-
´¥´¨° ¤²Ö ¡μ²ÓÏ¨´¸É¢  §¢¥§¤). Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ¢ μ¡Ð¥° ± ·É¨´¥ μÉ±²μ´¥´¨°
¶·¨¸ÊÉ¸É¢Ê¥É ´¥μ¡ÑÖ¸´Ö¥³ Ö £· ¢¨É Í¨μ´´Ò³ ³¥Ì ´¨§³μ³ ¶μ¶¥·¥Î´ Ö ¶μ μÉ´μÏ¥´¨Õ ±
´ ¶· ¢²¥´¨Õ ´  Í¥´É· ‘μ²´Í  ¸μ¸É ¢²ÖÕÐ Ö μÉ±²μ´¥´¨° ¸¢¥Éμ¢μ£μ ²ÊÎ . ‚ ´¨¦´¥° Î -
¸É¨ ·¨¸Ê´±  ´  Ê£²μ¢μ³ · ¸¸ÉμÖ´¨¨ μ±μ²μ 2◦ μÉ Í¥´É·  ‘μ²´Í  μ´  ¤μ¸É¨£ ¥É 100%
· ¤¨ ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥°.

‘ÊÐ¥¸É¢¥´´μ ´¥Í¥´É· ²Ó´Ò° Ì · ±É¥· μÉ±²μ´¥´¨° ¸¢¥Éμ¢μ£μ ²ÊÎ  Ê¡¥¤¨É¥²Ó´μ ¶μ¤-
É¢¥·¦¤ ¥É ´ ²¨Î¨¥ §´ Î¨É¥²Ó´μ° ·¥Ë· ±Í¨¨ ¸¢¥É  ¢ ¢¥Ð¥¸É¢¥ ¸μ²´¥Î´μ° ±μ·μ´Ò. ‚¢¨¤Ê
ÔÉ¨Ì μ¸μ¡¥´´μ¸É¥° ´¥²Ó§Ö ´¥ ¸μ£² ¸¨ÉÓ¸Ö ¸ É¥³, ÎÉμ §´ Î¥´¨¥, ±μÉμ·μ¥ ¶·¨¤ ¥É¸Ö Ô±¸¶¥-
·¨³¥´É ³ ¶μ μÉ±²μ´¥´¨Õ ¸¢¥Éμ¢μ£μ ²ÊÎ  ¢ É¥μ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨ÖÌ ÉÖ£μÉ¥´¨Ö, Ö¢´μ
§ ¢ÒÏ¥´μ.

Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ´ ±μ¶¨²μ¸Ó ³´μ¦¥¸É¢μ Ë ±Éμ¢, μ¡ÑÖ¸´¥´¨¥ ±μÉμ·ÒÌ ´¥ Ê±² -
¤Ò¢ ¥É¸Ö ¢ · ³±¨ μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ μ¦¨¤ ¥É¸Ö, ÎÉμ · §·¥-
Ï¥´¨¥ ´¥±μÉμ·ÒÌ ±²ÕÎ¥¢ÒÌ ¶·μ¡²¥³ ¸μ¢·¥³¥´´μ° É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨,  ¸É·μË¨§¨±¨
¨ ±μ¸³μ²μ£¨¨ ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ ¶·¨ ¨§ÊÎ¥´¨¨ £· ¢¨É Í¨μ´´ÒÌ ÔËË¥±Éμ¢, μ¡ÑÖ¸´¥-
´¨¥ ±μÉμ·ÒÌ ´¥¢μ§³μ¦´μ ¢ �’� ¨²¨ ´¥ ¸¢Ö§ ´μ ¸ ´¥° [29]. „ ´´ Ö · ¡μÉ , ¶μ¸¢ÖÐ¥´´ Ö
· §¢¨É¨Õ ´¥³¥É·¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ± μ¶¨¸ ´¨Õ ¢§ ¨³μ¤¥°¸É¢¨Ö ÉÖ£μÉ¥´¨Ö ¸ Ô²¥±É·μ³ £-
´¨É´Ò³ ¶μ²¥³, · ¸Ï¨·Ö¥É ¶·¥¤Ï¥¸É¢ÊÕÐ¨¥ ¨¸¸²¥¤μ¢ ´¨Ö  ¢Éμ·  [6,7,19] ¨ ¶·¥¤¸É ¢²Ö¥É
¶μ¶ÒÉ±Ê ¶·μ¤¢¨´ÊÉÓ¸Ö ¢ Ê± § ´´μ³ ´ ¶· ¢²¥´¨¨, ¶·¨¤¥·¦¨¢ Ö¸Ó ¶·¨´Í¨¶μ¢ É· ¤¨Í¨μ´-
´μ° É¥μ·¨¨ ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥°.

‚Ò· ¦ Õ ¨¸±·¥´´ÕÕ ¶·¨§´ É¥²Ó´μ¸ÉÓ �. …. „μ·μÌμ¢Ê, ‚.�. ‡·¥²μ¢Ê, ‚.�.�¥·¢ÊÏ¨-
´Ê, �.�. ‘μ²μ¢Íμ¢μ° ¨ ¢¸¥³ ÊÎ ¸É´¨± ³ ¸¥³¨´ ·  ‹’” ¨³. �.�. 	μ£μ²Õ¡μ¢  �ˆŸˆ § 
¨´É¥·¥¸ ± ¤ ´´μ° · ¡μÉ¥ ¨ ¢Ò¸± § ´´Ò¥ § ³¥Î ´¨Ö.
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