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�·µ¢¥¤¥´  ±² ¸¸¨Ë¨± Í¨Ö ¸¢¥·ÌÉ¥±ÊÎ¨Ì ¸µ¸ÉµÖ´¨° Ë¥·³¨-¦¨¤±µ¸É¨ ¸ ÊÎ¥Éµ³ ¢µ§³µ¦´ÒÌ
´¥µ¤´µ·µ¤´ÒÌ · ¢´µ¢¥¸´ÒÌ ¸É·Ê±ÉÊ· ´  µ¸´µ¢¥ ±µ´Í¥¶Í¨¨ ±¢ §¨¸·¥¤´¨Ì. “¸É ´µ¢²¥´  ¸¢Ö§Ó
Ê¸²µ¢¨° ´¥´ ·ÊÏ¥´´µ° ¨ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ ¸ £¥²¨±µ¨¤ ²Ó´Ò³ Ê¶µ·Ö¤µÎ¥´¨¥³ ¶ · -
³¥É·  ¶µ·Ö¤± . �µ¸É·µ¥´  É¥·³µ¤¨´ ³¨±  ¨ ´ °¤¥´Ò ¶²µÉ´µ¸É¨ ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢
¤¢¨¦¥´¨Ö ¢ É¥·³¨´ Ì ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¤²Ö ·Ö¤  ¸¢¥·Ì-
É¥±ÊÎ¨Ì ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ (±¢ ´Éµ¢Ò¥ ¦¨¤±µ¸É¨ ¸µ ¸± ²Ö·´Ò³ ¨ É¥´§µ·´Ò³ ¶ · ³¥É·µ³
¶µ·Ö¤± , ±¢ ´Éµ¢Ò¥ ±·¨¸É ²²Ò). ‚ · ³± Ì £¨¶µÉ¥§Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ¤ ´ ¢Ò¢µ¤ Ê· ¢´¥´¨°
¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ ¤²Ö ¸µ¸ÉµÖ´¨° É¨¶  A- ¨ B-Ë §Ò ¸¢¥·ÌÉ¥±ÊÎ¥£µ 3He. „µ¶µ²´¨É¥²Ó´Ò¥
¶ · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ¢¢¥¤¥´Ò ¢ É¥·³¨´ Ì µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤± .

The classiˇcation of equilibrium states of Fermi superSuid is carried out in view of possible
nonuniform equilibrium states on the basis of the concept quasiaverages. The connection of require-
ments of the residual and spatial symmetry with helicoidal structure of vectors of a spin and spatial
anisotropy is established. The role of local phase transformations, spin rotation and spatial strains is
shown at constructing of thermodynamics and determination of Sux densities of additive integrals of
motion in the terms of thermodynamic potential. Within the framework of a hypothesis of the reduced
description the deduction of the equations of ideal hydrodynamics for A- and B-phases superSuid
3He is given. The additional parameters of the reduced description are entered in the terms of an
operator of an order parameter.

‚‚…„…�ˆ…

Ÿ¢²¥´¨¥ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ 4He ¸Ò£· ²µ ¡µ²ÓÏÊÕ ·µ²Ó ¢ · §¢¨É¨¨ ËÊ´¤ -
³¥´É ²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ ±¢ ´Éµ¢ÒÌ § ±µ´µ³¥·´µ¸ÉÖÌ ³ ±·µ¸±µ¶¨Î¥¸±¨Ì
¸¨¸É¥³ [1Ä5] ¨ ¸É¨³Ê²¨·µ¢ ²µ ¶µ¨¸± ¤·Ê£¨Ì ¸¢¥·ÌÉ¥±ÊÎ¨Ì ¸·¥¤. ‘ÊÐ¥¸É¢¥´-
´Ò° ¶·µ£·¥¸¸ Ë¨§¨±¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· ¶µ¸²¥¤´¨Ì ¤¥¸ÖÉ¨²¥É¨° ¸¢Ö§ ´ ¸ µÉ-
±·ÒÉ¨¥³ ¨ ¨¸¸²¥¤µ¢ ´¨¥³ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ 3He [6Ä12]. ’ ± ± ± Ö¤¥·´Ò° ¸¶¨´
3He · ¢¥´ 1/2,   ¸¶¨´ Ô²¥±É·µ´´ÒÌ µ¡µ²µÎ¥± · ¢¥´ ´Ê²Õ, Éµ ÔÉµ ±µ´¤¥´¸¨-
·µ¢ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ë¥·³¨-¦¨¤±µ¸ÉÓ. ‚ µ¡² ¸É¨ ´¨§±¨Ì
É¥³¶¥· ÉÊ· ´ ²¨Î¨¥ ¸±µ²Ó Ê£µ¤´µ ¸² ¡µ£µ ¶·¨ÉÖ¦¥´¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ ¶·¨-
¢µ¤¨É ± ´¥Ê¸Éµ°Î¨¢µ¸É¨ ´µ·³ ²Ó´µ° Ë §Ò Ë¥·³¨-¦¨¤±µ¸É¨ ¨ µ¡· §µ¢ ´¨Õ
±Ê¶¥·µ¢¸±¨Ì ¶ · Î ¸É¨Í, ¶¥·¥¢µ¤Ö ¥¥ ¢ ¸¢¥·ÌÉ¥±ÊÎ¥¥ ¸µ¸ÉµÖ´¨¥. ‘ ¶µ´¨¦¥-
´¨¥³ É¥³¶¥· ÉÊ·Ò Ê¢¥²¨Î¨¢ ¥É¸Ö ¢±² ¤ ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·£¨¨ ¢ Ô´¥·£¨Õ
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¸¨¸É¥³Ò ¨ ¢µ§· ¸É ¥É ¢²¨Ö´¨¥ ¢§ ¨³µ¤¥°¸É¢¨°, ¨³¥ÕÐ¨Ì ³¥´ÓÏÊÕ ¸¨³³¥-
É·¨Õ ¶µ ¸· ¢´¥´¨Õ c µ¸´µ¢´Ò³ £ ³¨²ÓÉµ´¨ ´µ³, ´  Ë¨§¨Î¥¸±¨¥ ¸¢µ°¸É¢ 
¸¨¸É¥³Ò. ‚¸²¥¤¸É¢¨¥ ¸¨²Ó´µ£µ µÉÉ ²±¨¢ ´¨Ö  Éµ³µ¢ 3He ´  ³ ²ÒÌ · ¸¸ÉµÖ-
´¨ÖÌ, ¸¶ ·¨¢ ´¨¥, µ¡Ê¸²µ¢²¥´´µ¥ ¤ ²Ó´µ¤¥°¸É¢ÊÕÐ¨³ ¢ ´-¤¥·-¢  ²Ó¸µ¢¸±¨³
¶·¨ÉÖ¦¥´¨¥³, ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ ±Ê¶¥·µ¢¸±¨Ì ¶ · ¸ µÉ²¨Î´Ò³ µÉ ´Ê²Ö
µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³ [13]. ’ ± ± ± ¢§ ¨³µ¤¥°¸É¢¨¥ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ-
´¨ÖÌ ¸² ¡µ¥, Éµ É¥³¶¥· ÉÊ·  ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¶¥·¥Ìµ¤  Tc µÎ¥´Ó ³ ² .

Ÿ¢²¥´¨¥ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¶¥·¥Ìµ¤  ¢ 3He ¡Ò²µ Ô±¸¶¥·¨³¥´É ²Ó´µ µÉ±·ÒÉµ ¢
1972 £. [6]. ˆ¸¸²¥¤µ¢ ´¨Ö ¶µ± § ²¨, ÎÉµ ¢ 3He ¨³¥ÕÉ¸Ö ´¥¸±µ²Ó±µ Ê¸Éµ°Î¨¢ÒÌ
¸¢¥·ÌÉ¥±ÊÎ¨Ì Ë §, · ´¥¥ ¶·¥¤¸± § ´´ÒÌ É¥µ·¥É¨Î¥¸±¨. Š ´¨³ µÉ´µ¸¨É¸Ö ¨§µ-
É·µ¶´µ¥ ¸µ¸ÉµÖ´¨¥, µ¶¨¸ ´´µ¥ i ²ÓÖ´µ³ ¨ ‚¥·ÉÌ ³³¥·µ³ [14] ¨ ¶µ²ÊÎ¨¢Ï¥¥
´ §¢ ´¨¥ B-Ë §Ò. “¸Éµ°Î¨¢µ¸ÉÓ  ´¨§µÉ·µ¶´µ£µ ¸µ¸ÉµÖ´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ
A-Ë §¥ ¨ ¶·¥¤¸± § ´´µ£µ �´¤¥·¸¥´µ³ ¨ Œµ·¥²µ³ [15], µ¡ÑÖ¸´Ö¥É¸Ö ¢²¨Ö´¨¥³
¸¶¨´µ¢ÒÌ Ë²Ê±ÉÊ Í¨°, ¸É ¡¨²¨§¨·ÊÕÐ¨Ì É ±µ¥ ¸µ¸ÉµÖ´¨¥ ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤-
±µ¸É¨. �·¨ ¢±²ÕÎ¥´¨¨ ³ £´¨É´µ£µ ¶µ²Ö ´ ¡²Õ¤ ¥É¸Ö A1-Ë §  [16]. „·Ê£¨¥
¶·¥¤¸± § ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, É ±¨¥ ± ± ¶µ²Ö·´ Ö Ë §  [17],   É ±¦¥ α-, β-, δ-,
ε-Ë §Ò [18] ¨ 2D-Ë §  [19], Ô±¸¶¥·¨³¥´É ²Ó´µ ´¥ µ¡´ ·Ê¦¥´Ò. ‘¢Ö§Ó ±µ²-
²¥±É¨¢´ÒÌ ³µ¤ ¨ ´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò ¸¨³³¥É·¨¨ µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö ¨§ÊÎ¥´  ¢ [20].

�´ ²¨§ ¢µ§³µ¦´ÒÌ Ë §µ¢ÒÌ ¸µ¸ÉµÖ´¨° ¨ ±² ¸¸¨Ë¨± Í¨Ö É· ´¸²ÖÍ¨µ´´µ-
¨´¢ ·¨ ´É´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 3He ¶·µ¢µ¤¨²¨¸Ó ¢ · ¡µÉ Ì [18, 21Ä24]. �É  § ¤ Î 
·¥Ï ² ¸Ó ´  µ¸´µ¢¥ É¥µ·¨¨ ƒ¨´§¡Ê·£ Ä‹ ´¤ Ê ¨²¨ É¥µ·¥É¨±µ-£·Ê¶¶µ¢Ò³¨ ³¥-
Éµ¤ ³¨. ˆ§¢¥¸É´µ, ÎÉµ ¢ ´¥±µÉµ·µ° µ¡² ¸É¨ ¨§³¥´¥´¨Ö É¥·³µ¤¨´ ³¨Î¥¸±¨Ì
¶ · ³¥É·µ¢ µ¤´µ·µ¤´µ¥ ¸µ¸ÉµÖ´¨¥ · ¢´µ¢¥¸¨Ö É¥·Ö¥É Ê¸Éµ°Î¨¢µ¸ÉÓ ¨ ¸¢¥·ÌÉ¥-
±ÊÎ Ö Ë §  ¶¥·¥Ìµ¤¨É ¢ ´¥µ¤´µ·µ¤´µ¥ ¸µ¸ÉµÖ´¨¥. ‚ · ¡µÉ Ì [25Ä28] · ¸¸³µ-
É·¥´Ò ´¥µ¤´µ·µ¤´Ò¥ · ¢´µ¢¥¸´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ ¸¢¥·ÌÉ¥±ÊÎ¥³ 3He. ‚ · ³± Ì
³µ¤¥²Ó´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ¸¢µ¡µ¤´µ° Ô´¥·£¨¨ ¢ÒÖ¸´¥´Ò Ê¸²µ¢¨Ö Ê¸Éµ°Î¨¢µ-
¸É¨ £¥²¨±µ¨¤ ²Ó´ÒÌ ¸É·Ê±ÉÊ·. � ¡µÉÒ [29, 30] ÊÉµÎ´ÖÕÉ £· ´¨ÍÒ Ê¸Éµ°Î¨¢µ-
¸É¨ É ±¨Ì ¸µ¸ÉµÖ´¨° ´  ¡µ²¥¥ Ï¨·µ±ÊÕ µ¡² ¸ÉÓ É¥³¶¥· ÉÊ·. ˆ´É¥·¥¸ ± ÔÉµ³Ê
¢µ¶·µ¸Ê ¶µ¢Ò¸¨²¸Ö ¢ ¸¢Ö§¨ ¸ ¥£µ É¥¸´µ° ¸¢Ö§ÓÕ ¸ ¶·µ¡²¥³µ° ±·¨É¨Î¥¸±¨Ì
¸±µ·µ¸É¥° ¢ ¸¢¥·ÌÉ¥±ÊÎ¥³ 3He. Š² ¸¸¨Ë¨± Í¨Ö · ¢´µ¢¥¸´ÒÌ ´¥µ¤´µ·µ¤´ÒÌ
¸µ¸ÉµÖ´¨° ¶·µ¢¥¤¥´  ¢ [31].

� §´µµ¡· §¨¥ É¨¶µ¢ ¸¶ ·¨¢ ´¨Ö ¨ ¸¢¥·ÌÉ¥±ÊÎ¨Ì Ë § µ¡´ ·Ê¦¨¢ ¥É Ö¤¥·-
´ Ö ³ É¥·¨Ö Å ¸¨¸É¥³ , ¸µ¸ÉµÖÐ Ö ¨§ Ë¥·³¨µ´µ¢ ¤¢ÊÌ É¨¶µ¢ Å ´¥°É·µ´µ¢
¨ ¶·µÉµ´µ¢. “¸Éµ°Î¨¢µ¸ÉÓ ¸¢¥·ÌÉ¥±ÊÎ¨Ì ¸µ¸ÉµÖ´¨° Ë¥·³¨µ´µ¢ ¢ ¸²ÊÎ ¥ É·¨-
¶²¥É´µ£µ ¸¶ ·¨¢ ´¨Ö ¨ ¥¥ ¸¢Ö§Ó ¸ ¤¨´ ³¨Î¥¸±¨³¨ ¶·µÍ¥¸¸ ³¨ ´¥°É·µ´´ÒÌ
§¢¥§¤ ¨§ÊÎ¥´  ¢ · ¡µÉ Ì [32Ä37]. ‚µ¶·µ¸ ³ ·¥²ÖÉ¨¢¨§ Í¨¨ Ê· ¢´¥´¨° £¨-
¤·µ¤¨´ ³¨±¨ ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ¶µ¸¢ÖÐ¥´Ò · ¡µÉÒ [38Ä42], ¢ ±µÉµ·ÒÌ
· ¸¸³ É·¨¢ ²¸Ö ¸²ÊÎ ° ¸¨´£²¥É´µ£µ ¸¶ ·¨¢ ´¨Ö. ‘¶¥±É·Ò ±µ²²¥±É¨¢´ÒÌ ¢µ§-
¡Ê¦¤¥´¨° ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ ¶µ²ÊÎ¥´Ò ¢ [41, 43, 44].
�¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´ Ö É¥µ·¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨ ¸ É·¨¶²¥É-
´Ò³ ¸¶ ·¨¢ ´¨¥³ ¤²Ö ¨§µÉ·µ¶´µ° Ë §Ò · ¸¸³µÉ·¥´  ¢ [45].
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ˆ¸¸²¥¤µ¢ ´¨Ö [46, 47] Ê± §Ò¢ ÕÉ ´  ¢µ§³µ¦´µ¸ÉÓ ·¥ ²¨§ Í¨¨ Ö¢²¥´¨Ö
¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ ¢  Ô·µ£¥²¥ 3He. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢¥·µÖÉ´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥ Ê¸Éµ°-
Î¨¢µ° ¶µ²Ö·´µ° Ë §Ò [48]. ‹¨´¥ ·¨§µ¢ ´´Ò¥ Ê· ¢´¥´¨Ö £¨¤·µ¤¨´ ³¨±¨ ¤²Ö
ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¶µ²ÊÎ¥´Ò ¢ [49].

�·¨ ¶µ¸É·µ¥´¨¨ É¥·³µ¤¨´ ³¨±¨ ¨ ¢Ò¢µ¤¥ Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨ ±¢ ´-
Éµ¢ÒÌ ¦¨¤±µ¸É¥° ¸ É·¨¶²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ ¢ µ¸´µ¢´µ³ ¨¸¶µ²Ó§µ¢ ²¨¸Ó Ë¥-
´µ³¥´µ²µ£¨Î¥¸±¨¥ ³ ±·µ¸±µ¶¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò [7, 50Ä54]. ‚Ò¢µ¤ ¤¨´ ³¨Î¥-
¸±¨Ì Ê· ¢´¥´¨° ¢ ³¨±·µ¸±µ¶¨Î¥¸±µ³ · ¸¸³µÉ·¥´¨¨ µ¸ÊÐ¥¸É¢²Ö²¸Ö ¨¸Ìµ¤Ö ¨§
±¨´¥É¨Î¥¸±µ° É¥µ·¨¨ [55, 56],   É ±¦¥ ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¤²Ö
£¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ÔÉ ¶  Ô¢µ²ÕÍ¨¨ [57, 58].

„²Ö ±¢ ´Éµ¢ÒÌ ¦¨¤±µ¸É¥° É ±¦¥ ¨¸¸²¥¤µ¢ ²µ¸Ó ¢²¨Ö´¨¥ ¢´¥Ï´¨Ì ¶¥·¥-
³¥´´ÒÌ ´¨§±µÎ ¸ÉµÉ´ÒÌ ¶µ²¥° ´  ¨Ì ¤¨´ ³¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥. �É  § ¤ Î 
É¥¸´µ ¸¢Ö§ ´  ¸ ´ Ìµ¦¤¥´¨¥³ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì  ¸¨³¶ÉµÉ¨± ¤¢ÊÌ¢·¥³¥´´ÒÌ
ËÊ´±Í¨° ƒ·¨´ , ±µÉµ·Ò¥ ¤²Ö ±¢ ´Éµ¢ÒÌ ¦¨¤±µ¸É¥° ¸ ¸¨´£²¥É´Ò³ ¨ É·¨¶²¥É-
´Ò³ ¸¶ ·¨¢ ´¨¥³ ¨§ÊÎ ²¨¸Ó ¢ · ¡µÉ Ì [59Ä61].

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ · ¸¸³µÉ·¥´  ±² ¸¸¨Ë¨± Í¨Ö ¸¢¥·ÌÉ¥±ÊÎ¨Ì Ë § 3He ¸
ÊÎ¥Éµ³ ¢µ§³µ¦´ÒÌ ´¥µ¤´µ·µ¤´ÒÌ · ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ´¨° ´  µ¸´µ¢¥ ±µ´Í¥¶-
Í¨¨ ±¢ §¨¸·¥¤´¨Ì [57, 58, 62, 63]. 
 °¤¥´Ò Ê¸²µ¢¨Ö ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³-
³¥É·¨¨ ¨ µ¡Ð Ö ¸É·Ê±ÉÊ·  ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ £¥´¥· Éµ· . „ ´µ µ¡µ¡Ð¥´¨¥
Ê¸²µ¢¨Ö ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ´  ´¥µ¤´µ·µ¤´Ò¥ · ¢´µ¢¥¸´Ò¥ ¸µ¸ÉµÖ´¨Ö.
“¸É ´µ¢²¥´  ¸¢Ö§Ó ÔÉ¨Ì Ê¸²µ¢¨° ¸¨³³¥É·¨¨ ¸ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¥°
É¨¶  Ìµ²¥¸É¥·¨Î¥¸±µ° ¦¨¤±µ±·¨¸É ²²¨Î¥¸±µ° ¸¶¨· ²¨ ¨ ³ £´¨É´µ° ¸¶¨· ²¨.
�·¥¤²µ¦¥´  Ë¨§¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì
¶ · ³¥É·µ¢, ¢µ§´¨±Ï¨Ì ¢ ·¥§Ê²ÓÉ É¥ µ¡µ¡Ð¥´¨Ö Ê¸²µ¢¨° ¸¨³³¥É·¨¨. �µ± -
§ ´µ, ÎÉµ ¶·¨ ´¥±µÉµ·ÒÌ µ£· ´¨Î¥´¨ÖÌ ÔÉ  ¸É·Ê±ÉÊ·  ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É -
¢²¥´  ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö µ¤´µ·µ¤´µ° ¨ § ¢¨¸ÖÐ¥° µÉ ¶·µ¸É· ´¸É¢¥´´ÒÌ
±µµ·¤¨´ É ´¥µ¤´µ·µ¤´µ° Î ¸É¨ ¶ · ³¥É·  ¶µ·Ö¤± . �·¨ ÔÉµ³ § ¤ Î  ±² ¸¸¨-
Ë¨± Í¨¨ µ¤´µ·µ¤´µ° Î ¸É¨ ¶ · ³¥É·  ¶µ·Ö¤±  ÔËË¥±É¨¢´µ ¸¢µ¤¨É¸Ö ± § -
¤ Î¥ É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´µ£µ ¸²ÊÎ Ö. ‚ÒÖ¸´¥´  ·µ²Ó ²µ± ²Ó´ÒÌ Ë §µ-
¢ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ¸¶¨´µ¢ÒÌ ¶µ¢µ·µÉµ¢ ¨ ¶·µ¸É· ´¸É¢¥´´ÒÌ ¤¥Ëµ·³ Í¨°
¶·¨ ¶µ¸É·µ¥´¨¨ É¥·³µ¤¨´ ³¨±¨ ¨ ´ Ìµ¦¤¥´¨¨ ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢-
´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¢ É¥·³¨´ Ì ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ É¥·³µ¤¨´ ³¨-
Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . ‚ · ³± Ì £¨¶µÉ¥§Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ¤ ´ ¢Ò¢µ¤
Ê· ¢´¥´¨° ¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ ¤²Ö ¸µ¸ÉµÖ´¨° É¨¶  A- ¨ B-Ë §Ò ¸¢¥·Ì-
É¥±ÊÎ¥£µ 3He, ´¥ ¨¸¶µ²Ó§ÊÕÐ¨° ±¨´¥É¨Î¥¸±ÊÕ É¥µ·¨Õ, µ¸´µ¢ ´´ÊÕ ´  ±¨-
´¥É¨Î¥¸±µ³ Ê· ¢´¥´¨¨. „µ¶µ²´¨É¥²Ó´Ò¥ ¶ · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö
¢¢¥¤¥´Ò ¢ É¥·³¨´ Ì µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  ¨ ¶·µ¨§¢µ²Ó´µ£µ ¸É É¨-
¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ´ ¶µ¤µ¡¨¥ Éµ£µ, ± ± ÔÉµ ¡Ò²µ ¸¤¥² ´µ iµ£µ²Õ¡µ¢Ò³
¤²Ö Ë §Ò ¸¢¥·ÌÉ¥±ÊÎ¥£µ 4He. �·¥¤² £ ¥³Ò° µ¡Ð¨° ³¨±·µ¸±µ¶¨Î¥¸±¨° ¶µ¤-
Ìµ¤ ¶µ§¢µ²Ö¥É · ¸¸³µÉ·¥ÉÓ ¶µ³¨³µ A- ¨ B-Ë § ¨ ¤·Ê£¨¥ É¥·³µ¤¨´ ³¨Î¥¸±¨¥
¸µ¸ÉµÖ´¨Ö, ±µÉµ·Ò³ · ´¥¥ Ê¤¥²Ö²µ¸Ó ´¥¤µ¸É ÉµÎ´µ ¢´¨³ ´¨Ö.
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1. ��	Œ�‹œ��… ‘�‘’�Ÿ�ˆ… 	�‚��‚…‘ˆŸ

’¥µ·¨Ö ³´µ£µÎ ¸É¨Î´ÒÌ ¸¨¸É¥³, µ¶¨¸Ò¢ ÕÐ Ö · ¢´µ¢¥¸´Ò¥ ¸¢µ°¸É¢  ´µ·-
³ ²Ó´µ° Ë¥·³¨-¦¨¤±µ¸É¨, µ¸´µ¢Ò¢ ¥É¸Ö ´  ¸É É¨¸É¨Î¥¸±µ³ µ¶¥· Éµ·¥ ƒ¨¡¡¸ 

ŵ = exp (Ω− Yaγ̂a). (1.1)

‡¤¥¸Ó γ̂a ≡ (Ĥ, P̂k, N̂ , Ŝα Å  ¤¤¨É¨¢´Ò¥ ¨´É¥£· ²Ò ¤¢¨¦¥´¨Ö: Ĥ Å £ -
³¨²ÓÉµ´¨ ´, P̂ Å µ¶¥· Éµ· ¨³¶Ê²Ó¸ ; N̂ Å µ¶¥· Éµ· Î¨¸²  Î ¸É¨Í; Ŝα Å
µ¶¥· Éµ· ¸¶¨´  (a ≡ 0, k, 4, α). ’¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² Ω = V ω(Y )
µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö ´µ·³¨·µ¢±¨ Sp ŵ = 1. 
 ¡µ· É¥·³µ¤¨´ ³¨Î¥¸±¨Ì
¸¨² Ya ¢±²ÕÎ ¥É ¢ ¸¥¡Ö Y −1

0 ≡ T Å É¥³¶¥· ÉÊ·Ê, −Yk/Y0 ≡ vk Å ¸±µ·µ¸ÉÓ,
−Y4/Y0 ≡ µk Å Ì¨³¨Î¥¸±¨° ¶µÉ¥´Í¨ ², −Yα/Y0 ≡ hα Å ÔËË¥±É¨¢´µ¥
³ £´¨É´µ¥ ¶µ²¥. � ¢´µ¢¥¸´Ò¥ §´ Î¥´¨Ö Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´ µ¶·¥¤¥²ÖÕÉ¸Ö
· ¢¥´¸É¢µ³

〈â(x)〉 ≡ lim
V→∞

Sp ŵâ(x).

�¤¤¨É¨¢´Ò¥ ¨´É¥£· ²Ò ¤¢¨¦¥´¨Ö, ¢Ìµ¤ÖÐ¨¥ ¢ · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸ , ¶·¨-
¢µ¤ÖÉ ± µ¶·¥¤¥²¥´´µ° ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö. ‘¢µ°¸É¢  ¸¨³³¥É·¨¨
· ¢´µ¢¥¸´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  (1.1) ¨³¥ÕÉ ¢¨¤

[ŵ, P̂k] = 0, [ŵ, Ĥ ] = 0, [ŵ, N̂ ] = 0,

[ŵ, Σ̂α] = 0, [ŵ, L̂k] = 0
(1.2)

¨ µÉ· ¦ ÕÉ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ É· ´¸²ÖÍ¨µ´´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ ¨
Ë §µ¢ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ. “¸²µ¢¨Ö ¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉµ¢ ¢ ¸¶¨-
´µ¢µ³ ¨ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢ax µ§´ Î ÕÉ ¶·¥´¥¡·¥¦¥´¨¥ ¸² ¡Ò³¨
¤¨¶µ²Ó´Ò³¨ ¨ ¸¶¨´-µ·¡¨É ²Ó´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ¶·¨ Ì · ±É¥·¨¸É¨±¥ ¸µ-
¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö. ‡¤¥¸Ó Σ̂α ¨ L̂i Å µ¡µ¡Ð¥´´Ò¥ µ¶¥· Éµ·Ò ¸¶¨´µ¢µ£µ ¨
µ·¡¨É ²Ó´µ£µ ³µ³¥´É :

Σ̂α ≡ Ŝα + ŜY
α , ŜY

α ≡ −iεαβγYβ
∂

∂Yγ
,

L̂Y
i ≡ L̂i + L̂Y

i , L̂Y
i ≡ −iεiklYk

∂

∂Yl
,

(1.3)

¤¥°¸É¢ÊÕÐ¨¥ ¢ £¨²Ó¡¥·Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ ¨ ¢ ¶·µ¸É· ´¸É¢¥ É¥·³µ¤¨´ ³¨Î¥-
¸±¨Ì ËÊ´±Í¨°. 
  ¢¥±Éµ·Ò Yi(Yα) ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ µ¶¥· Éµ·Ò ¤¥°¸É¢ÊÕÉ
É ±: i[L̂Y

i , Yj ] = εikjYk, i[L̂Y
α , Yρ] = εαβρYβ . ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸·¥¤´¨¥ ±µ³-

³ÊÉ Éµ·µ¢ ¸ µ¶¥· Éµ· ³¨ ³µ³¥´É  ¨³¥ÕÉ ¢¨¤ Sp [ŵ, L̂i + LY
i ] b̂(x) =

= Sp ŵ[L̂i, b̂(x)] − [LY
i , Sp ŵb̂(x)] ¤²Ö ¶·µ¨§¢µ²Ó´ÒÌ ±¢ §¨²µ± ²Ó´ÒÌ µ¶¥· -

Éµ·µ¢ b̂(x). ‘µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ (1.3) µ¶¥· Éµ·Ò Σ̂α ¨ L̂i Ê¤µ¢²¥É¢µ·ÖÕÉ
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¸µµÉ´µÏ¥´¨Ö³

i[L̂i, L̂k] = −εiklL̂l, i[Σ̂α, Σ̂β ] = −εαβγΣ̂γ . (1.4)

�µ²´ Ö £·Ê¶¶  ¸¨³³¥É·¨¨ ´µ·³ ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö Ë¥·³¨-¦¨¤±µ¸É¨
¨³¥¥É ¢¨¤

G = [SO(3)]Σ × [SO(3)]L × [U(1)]ϕ × [T (3)]× [T (1)]. (1.5)

‡¤¥¸Ó [SO(3)]Σ, [SO(3)]L Å £·Ê¶¶Ò ¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉµ¢ ¢
¸¶¨´µ¢µ³ ¨ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢ Ì; [T (3)], [T (1)] Å É· ´¸²ÖÍ¨-
µ´´Ò¥ £·Ê¶¶Ò ¢ ¶·µ¸É· ´¸É¢¥ ¨ ¢·¥³¥´¨; [U(1)]ϕ Å £·Ê¶¶  Ë §µ¢µ° ¸¨³-
³¥É·¨¨. Š ¦¤Ò° Ô²¥³¥´É £·Ê¶¶Ò ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ê´¨É ·´Ò° µ¶¥· Éµ·
U ≡ exp iĜg (g Å ¤¥°¸É¢¨É¥²Ó´Ò¥ ¶ · ³¥É·Ò ¶·¥µ¡· §µ¢ ´¨Ö), µ¸É ¢²ÖÕ-
Ð¨° ¨´¢ ·¨ ´É´Ò³ · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸ :

UŵU+ = ŵ. (1.6)

�¶¥· Éµ·Ò G ≡ {Σ̂, L̂, N̂ , P̂ , Ĥ} Ö¢²ÖÕÉ¸Ö £¥´¥· Éµ· ³¨ ÔÉ¨Ì ¶·¥µ¡· §µ¢ -
´¨°. �¡· É¨³ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ¸¢µ°¸É¢µ ¨´¢ ·¨ ´É´µ¸É¨ (1.6) ¨³¥¥É ³¥¸Éµ
¤²Ö ¶·µ¨§¢µ²Ó´ÒÌ ¶ · ³¥É·µ¢ ¶·¥µ¡· §µ¢ ´¨Ö, ¸µ¶·Ö¦¥´´ÒÌ ± ¨´É¥£· ² ³
¤¢¨¦¥´¨Ö ¢ ¸¨²Ê ¸µµÉ´µÏ¥´¨° ¸¨³³¥É·¨¨ (1.2). Š·µ³¥ Éµ£µ, ¸·¥¤´¨¥ ¢¨¤ 
Sp [ŵ, Ĝ] b̂(x) µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ¶·¨ ¶·µ¨§¢µ²Ó´µ³ ±¢ §¨²µ± ²Ó´µ³ µ¶¥· -
Éµ·¥ b̂(x). �Éµ, ¢ Î ¸É´µ¸É¨, ¸¶· ¢¥¤²¨¢µ ¤²Ö µ¶¥· Éµ·µ¢ b̂(x) ≡ ∆̂a(x),
¨³¥ÕÐ¨Ì Ë¨§¨Î¥¸±¨° ¸³Ò¸² µ¶¥· Éµ·µ¢ ¶ · ³¥É·  ¶µ·Ö¤±  ¨ ´¥ ±µ³³ÊÉ¨·Ê-
ÕÐ¨Ì ¸ ¨´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö Ĝ. ˆ´¤¥±¸ a µÉ· ¦ ¥É É¥´§µ·´ÊÕ · §³¥·´µ¸ÉÓ
¶ · ³¥É·  ¶µ·Ö¤± . Š ± ¡Ê¤¥É ¢¨¤´µ ´¨¦¥, ¸·¥¤´¨¥ Sp ŵ[Ĝ, ∆̂a(x)] ²¨´¥°´Ò
¨ µ¤´µ·µ¤´Ò ¶µ µ¶¥· Éµ· ³ ¶ · ³¥É·  ¶µ·Ö¤±  ∆̂a(x), ÎÉµ ¶·¨¢µ¤¨É ± µ¡· -
Ð¥´¨Õ ¢ ´Ê²Ó · ¢´µ¢¥¸´ÒÌ ¸·¥¤´¨Ì ¶ · ³¥É·µ¢ ¶µ·Ö¤± 

Sp ŵ∆̂a(x) = 0

¢ ´µ·³ ²Ó´µ³ ¸µ¸ÉµÖ´¨¨. ’ ±¨³ µ¡· §µ³, · ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥-
· Éµ· (1.1) ´¥ µ¶¨¸Ò¢ ¥É ¶· ¢¨²Ó´µ · ¢´µ¢¥¸´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢Ò·µ¦¤¥´´ÒÌ
±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤.

2. ‚›	�†„…�ˆ… ‘�‘’�Ÿ�ˆŸ 	�‚��‚…‘ˆŸ.
Š‚�‡ˆ‘	…„�ˆ…

’¥µ·¥É¨Î¥¸±¨³ ËÊ´¤ ³¥´Éµ³ ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨, µ¶¨¸Ò¢ ÕÐ¨³ · ¢-
´µ¢¥¸´Ò¥ ¸µ¸ÉµÖ´¨Ö ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ ¸µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³-
³¥É·¨¥°, Ö¢²Ö¥É¸Ö ±µ´Í¥¶Í¨Ö ±¢ §¨¸·¥¤´¨Ì 
.
. iµ£µ²Õ¡µ¢  [62]. Šµ´¸É·Ê±-
É¨¢´Ò³ ³µ³¥´Éµ³ ÔÉµ° ±µ´Í¥¶Í¨¨ Ö¢²Ö¥É¸Ö ¢¢¥¤¥´¨¥ ¢ · ¢´µ¢¥¸´Ò° ¸É É¨¸É¨-
Î¥¸±¨° µ¶¥· Éµ· ¡¥¸±µ´¥Î´µ ³ ²µ£µ ¨¸ÉµÎ´¨±  νF̂ , ±µÉµ·Ò° Ê³¥´ÓÏ ¥É ¸¨³-
³¥É·¨Õ ¸µ¸ÉµÖ´¨Ö ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ¸¨³³¥É·¨¥°
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£ ³¨²ÓÉµ´¨ ´  ¨ ¶µ§¢µ²Ö¥É µ¡µ¡Ð¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸  ´  ±µ´¤¥´¸¨·µ-
¢ ´´Ò¥ ¸·¥¤Ò ¢ Ê¸²µ¢¨ÖÌ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨. Š¢ §¨¸·¥¤´¥¥
§´ Î¥´¨¥ ¢¥²¨Î¨´Ò a(x) ¢ ¸µ¸ÉµÖ´¨¨ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¸ ´ ·ÊÏ¥´-
´µ° ¸¨³³¥É·¨¥° µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

〈â(x)〉 ≡ lim
ν→0

lim
V→∞

Sp ŵν â(x), (2.1)

£¤¥

ŵν ≡ exp (Ων − Yaγ̂a − νF̂ ). (2.2)

�¶¥· Éµ· F̂ µ¡² ¤ ¥É ¸¨³³¥É·¨¥° ¨¸¸²¥¤Ê¥³µ° Ë §Ò ±µ´¤¥´¸¨·µ¢ ´´µ° ¸·¥¤Ò
¨ ¸´¨³ ¥É ¢Ò·µ¦¤¥´¨¥ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ±µ´Í¥¶Í¨¥°
±¢ §¨¸·¥¤´¨Ì ¢Ò¡¨· ¥³ ¨¸ÉµÎ´¨± F̂ , ´ ·ÊÏ ÕÐ¨° ¸¨³³¥É·¨Õ ¸µ¸ÉµÖ´¨Ö · ¢-
´µ¢¥¸¨Ö, ¢ ¢¨¤¥ ²¨´¥°´µ£µ ËÊ´±Í¨µ´ ²  µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  ∆̂a(x):

F̂ =
∫

d3x(fa(x, t)∆̂a(x) + h. c.) = F̂ (t). (2.3)

‡¤¥¸Ó fa(x, t) Å ´¥±µÉµ· Ö ËÊ´±Í¨Ö ±µµ·¤¨´ É ¨ ¢·¥³¥´¨, ¸µ¶·Ö¦¥´´ Ö µ¶¥-
· Éµ·Ê ¶ · ³¥É·  ¶µ·Ö¤± , ±µÉµ· Ö § ¤ ¥É ¥£µ · ¢´µ¢¥¸´Ò¥ §´ Î¥´¨Ö ¢ ¸³Ò-
¸²¥ ±¢ §¨¸·¥¤´¨Ì ∆a(x, t) = 〈∆̂a(x)〉. ‘É·Ê±ÉÊ·  ËÊ´±Í¨° fa(x, t) µ¶·¥¤¥-
²Ö¥É¸Ö ¸¢µ°¸É¢ ³¨ ¸¨³³¥É·¨¨ ¨¸¸²¥¤Ê¥³µ° Ë §Ò. �µ¸²¥¤´¥¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ
¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¢¢¥¸É¨ ¢ · ³± Ì ³¨±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ ¤µ¶µ²´¨É¥²Ó-
´Ò¥ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¢ · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸  [41, 57]. ‚Ò¡µ·
¶ · ³¥É·  ¶µ·Ö¤±  ¢ (2.3) ¸¢Ö§ ´ ¸ ±µ´±·¥É´µ° ¶·¨·µ¤µ° · ¢´µ¢¥¸´ÒÌ ¸µ¸Éµ-
Ö´¨° ¢Ò·µ¦¤¥´´ÒÌ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤. ‡ ¢¨¸¨³µ¸ÉÓ ∆a = ∆a(x, t) µÉ
±µµ·¤¨´ É ¨ ¢·¥³¥´¨ µ¡Ê¸²µ¢²¥´  É¥³, ÎÉµ ¢¢¥¤¥´¨¥ ¨¸ÉµÎ´¨±  F̂ ¢ µ¡Ð¥³
¸²ÊÎ ¥ ´ ·ÊÏ ¥É ¨´¢ ·¨ ´É´µ¸ÉÓ · ¢´µ¢¥¸´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ¶µ
µÉ´µÏ¥´¨Õ ± É· ´¸²ÖÍ¨Ö³ ¢ ¶·µ¸É· ´¸É¢¥ ¨ ¢·¥³¥´¨, Éµ ¥¸ÉÓ [ŵ, Ĥ] �= 0,
[ŵ, P̂] �= 0. � ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ· ŵ(Y, F̂ (t)) ≡ ŵ(t) § ¢¨-
¸¨É, ¢µµ¡Ð¥ £µ¢µ·Ö, µÉ ¢·¥³¥´¨ ¨ Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ Ëµ´ 
¥°³ ´ ,
¢¸²¥¤¸É¢¨¥ Î¥£µ

e−iĤτ ŵ(t) eiĤτ = ŵ(t+ τ) (2.4)

(¤²Ö ´µ·³ ²Ó´ÒÌ ¸¨¸É¥³ µ¶¥· Éµ· ŵ ´¥ § ¢¨¸¨É µÉ ¢·¥³¥´¨ t).
Šµ´Í¥¶Í¨Ö ±¢ §¨¸·¥¤´¨Ì µ¸´µ¢Ò¢ ¥É¸Ö ´  ¸²¥¤ÊÕÐ¨Ì ¶·¥¤¶µ²µ¦¥´¨ÖÌ:
Å ±¢ §¨¸·¥¤´¥¥ ¶·µ¨§¢µ²Ó´µ£µ ±¢ §¨²µ± ²Ó´µ£µ µ¶¥· Éµ·  â(x) µ¶·¥¤¥-

²Ö¥É¸Ö Ëµ·³Ê²µ°

〈â(x)〉 ≡ lim
ν→0

lim
V→∞

Sp ŵν â(x) < ∞, (2.5)

¨ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ § ¢¨¸¨É µÉ ¸É·Ê±ÉÊ·Ò ¨¸ÉµÎ´¨± , ´ ·ÊÏ ÕÐ¥£µ ¸¨³³¥É·¨Õ;
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Å ¤²Ö ¶ ·Ò ±¢ §¨²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ â(x) ¨ b̂(x′) ¸¶· ¢¥¤²¨¢ ¶·¨´Í¨¶
¶·µ¸É· ´¸É¢¥´´µ£µ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨°:

lim
ν→0

lim
V→∞

Sp ŵν â(x)b̂(x′)
|x−x′|→∞−−−−−−−→ lim

ν→0
lim

V→∞
Sp ŵν â(x)×

× lim
ν→0

lim
V→∞

Sp ŵν b̂(x′); (2.6)

Å ¶²µÉ´µ¸ÉÓ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ω µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³

ω = lim
ν→0

lim
V→∞

Ων

V
< ∞, (2.7)

¨ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ § ¢¨¸¨É µÉ ¸É·Ê±ÉÊ·Ò ¨¸ÉµÎ´¨±  F̂ , ´ ·ÊÏ ÕÐ¥£µ
¸¨³³¥É·¨Õ.

�¶¨¸ ´¨¥ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ ¸µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°
¸ÊÐ¥¸É¢¥´´µ µ¶¨· ¥É¸Ö ´  ¶·¥¤¸É ¢²¥´¨¥ µ ¶ · ³¥É·¥ ¶µ·Ö¤± . �¶¥· Éµ·Ò
¶ · ³¥É·  ¶µ·Ö¤±  ∆̂a(x) ´  Ö§Ò±¥ ¢Éµ·¨Î´µ£µ ±¢ ´Éµ¢ ´¨Ö ¸É·µÖÉ¸Ö ¨§ ¶µ-
²¥¢ÒÌ µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö ¨ Ê´¨ÎÉµ¦¥´¨Ö. ‘Ëµ·³Ê²¨·Ê¥³ É· ´¸Ëµ·³ -
Í¨µ´´Ò¥ ¸¢µ°¸É¢  µ¶¥· Éµ·µ¢ ¶ · ³¥É·  ¶µ·Ö¤± . “¸²µ¢¨¥ É· ´¸²ÖÍ¨µ´´µ°
¨´¢ ·¨ ´É´µ¸É¨ ¨³¥¥É ¢¨¤

i[P̂k, ∆̂a(x)] = −∇k∆̂a(x). (2.8)

ƒ¥´¥· Éµ·µ³ £·Ê¶¶Ò Ë §µ¢ÒÌ ¶·¥µ¡· §µ¢ ´¨° Ö¢²Ö¥É¸Ö µ¶¥· Éµ· Î¨¸²  Î ¸É¨Í
N̂ . �¶¥· Éµ·Ò ¶ · ³¥É·  ¶µ·Ö¤±  ∆̂a(x) ¶·¥µ¡· §ÊÕÉ¸Ö ¸µ£² ¸´µ ¸µµÉ´µÏ¥-
´¨Ö³

[N̂ , ∆̂(x)] = −g∆̂a(x). (2.9)

�µ¸ÉµÖ´´Ò¥ g § ¢¨¸ÖÉ µÉ É¥´§µ·´µ° · §³¥·´µ¸É¨ µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ-
·Ö¤± .

�·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ, ¸¢Ö§ ´´ÒÌ ¸ £·Ê¶¶µ° ¢´ÊÉ·¥´´¨Ì ¸¨³³¥É·¨° ¸ £¥-
´¥· Éµ· ³¨ Ŝα(α = x, y, z), µ¶¥· Éµ·Ò ∆̂a(x) ¶·¥µ¡· §ÊÕÉ¸Ö ¶µ ¶·¥¤¸É ¢²¥-
´¨Ö³ ÔÉµ° £·Ê¶¶Ò

i[Ŝα, ∆̂a(x)] = −gαab∆̂b(x), (2.10)

¨²¨ ¢ ±µ³¶ ±É´µ° § ¶¨¸¨

i[Ŝα, ∆̂(x)] = −ĝα∆̂(x),

£¤¥ (ĝα)ab ≡ gαab Å ´¥±µÉµ·Ò¥ ¶µ¸ÉµÖ´´Ò¥. ƒ¥´¥· Éµ·Ò £·Ê¶¶Ò ¢´ÊÉ·¥´´¥°
¸¨³³¥É·¨¨ Ŝα Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Ö³

i[Ŝα, Ŝβ ] = −εαβγŜγ ,
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§¤¥¸Ó  ´É¨¸¨³³¥É·¨Î´Ò° É¥´§µ· εαβγ ¨³¥¥É ¸³Ò¸² ¸É·Ê±ÉÊ·´ÒÌ ¶µ¸ÉµÖ´´ÒÌ.
ˆ§ Ëµ·³Ê² (2.10), ¨¸¶µ²Ó§ÊÖ Éµ¦¤¥¸É¢µ Ÿ±µ¡¨ ¤²Ö µ¶¥· Éµ·µ¢ T̂α ¨ ∆̂(x),
¢ÒÉ¥± ¥É ¸µµÉ´µÏ¥´¨¥

[ĝα, ĝβ] = −εαβγ ĝγ . (2.11)

�·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ, ¸¢Ö§ ´´ÒÌ ¸ £·Ê¶¶µ° ¶·µ¸É· ´¸É¢¥´´ÒÌ ¶µ¢µ·µÉµ¢
¸ £¥´¥· Éµ· ³¨ L̂i (i = 1, 2, 3), µ¶¥· Éµ·Ò ¶ · ³¥É·  ¶µ·Ö¤±  ∆̂a(x) ¢ ÉµÎ±¥
x = 0 ¶·¥µ¡· §ÊÕÉ¸Ö ¶µ ¶·¥¤¸É ¢²¥´¨Ö³ ÔÉµ° £·Ê¶¶Ò

i
[
L̂i, ∆̂a(0)

]
= −giab∆̂b(0).

�É±Ê¤ , § ³¥Î Ö, ÎÉµ
[
L̂i, L̂j

]
= iεijkL̂k, ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨Ö,  ´ ²µ£¨Î´Ò¥

(2.11):

[ĝi, ĝj ] = −εijk ĝk. (2.12)

’ ± ± ± ∆̂a(x) = e−iP̂x∆̂a(0)eiP̂x, e−iP̂xL̂ieiP̂x = L̂i − εijkxjP̂k, Éµ ¢ ¸¨²Ê
(2.8) ´ °¤¥³

i
[
L̂i, ∆̂a(x)

]
= −giab∆̂b(x)− εijkxk∇j∆̂a(x). (2.13)

ˆ§ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° É¥µ·¨¨ ¨§¢¥¸É´µ, ÎÉµ ¤²Ö  ¤¥±¢ É´µ£µ µ¶¨¸ ´¨Ö
É¥·³µ¤¨´ ³¨±¨ ¨ ´¥· ¢´µ¢¥¸´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ Ì ¸
´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°, ¢µµ¡Ð¥ £µ¢µ·Ö, ´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨ ¢ É¥µ·¨Õ ´µ-
¢Ò¥ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò, ´¥ ¸¢Ö§ ´´Ò¥ ¸ § ±µ´ ³¨ ¸µÌ· ´¥´¨Ö,  
µ¡Ê¸²µ¢²¥´´Ò¥ Ë¨§¨Î¥¸±µ° ¶·¨·µ¤µ° É¥·³µ¤¨´ ³¨Î¥¸±µ° Ë §Ò. ‚ ¸²ÊÎ ¥
´µ·³ ²Ó´ÒÌ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò µ¶·¥¤¥-
²ÖÕÉ¸Ö Éµ²Ó±µ ¶²µÉ´µ¸ÉÖ³¨  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö.

�µ± ¦¥³, ± ± Ëµ·³Ê²¨·ÊÕÉ¸Ö ¸¢µ°¸É¢  ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö
¨ ¢¢µ¤ÖÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¤²Ö ¢Ò·µ¦¤¥´´ÒÌ
±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤. � ¸¸³µÉ·¨³ ¢´ Î ²¥ É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´Ò¥
¶µ¤£·Ê¶¶Ò ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ H ¶µ²´µ° £·Ê¶¶Ò ¸¨³³¥É·¨¨ G. ’· ´¸-
²ÖÍ¨µ´´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ µ§´ Î ¥É, ÎÉµ · ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥· -
Éµ· Ê¤µ¢²¥É¢µ·Ö¥É ¸µµÉ´µÏ¥´¨Õ ¸¨³³¥É·¨¨[

ŵ, P̂k

]
= 0. (2.14)

�´ ²¨§ É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´ÒÌ ¶µ¤£·Ê¶¶ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨
· ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ [64] µ¸ÊÐ¥¸É¢¨³ ¨¸Ìµ¤Ö ¨§ ¸µµÉ´µ-
Ï¥´¨Ö [

ŵ, T̂
]
= 0, (2.15)
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£¤¥ £¥´¥· Éµ· ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ T̂ (£¥´¥· Éµ·Ò ¶µ¤£·Ê¶¶Ò H) ¶·¥¤-
¸É ¢²Ö¥É ¸µ¡µ° ²¨´¥°´ÊÕ ±µ³¡¨´ Í¨Õ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö

T̂ ≡ aiL̂i + bαŜα + cN̂ ≡ T̂ (ξ) (2.16)

¸ ´¥±µÉµ·Ò³¨ ¤¥°¸É¢¨É¥²Ó´Ò³¨ ¶ · ³¥É· ³¨ (ai, bα, c ≡ ξ). “´¨É ·´Ò¥ ¶·¥-
µ¡· §µ¢ ´¨Ö U (ξ) = exp iT̂ (ξ) µ¡· §ÊÕÉ ´¥¶·¥·Ò¢´ÊÕ ¶µ¤£·Ê¶¶Ê ´¥´ ·Ê-
Ï¥´´µ° ¸¨³³¥É·¨¨ U (ξ)U (ξ′) = U (ξ′′ (ξ, ξ′)) · ¢´µ¢¥¸´µ£µ ¸µ¸ÉµÖ´¨Ö. ˆ§
· ¢¥´¸É¢

i Sp
[
ŵ, T̂ (ξ)

]
∆̂a(x) = 0, i Sp

[
ŵ, P̂k

]
∆̂a(x) = 0,

ÊÎ¨ÉÒ¢ Ö  ²£¥¡· ¨Î¥¸±¨¥ ¸µµÉ´µÏ¥´¨Ö (2.8)Ä(2.10), (2.13) ¨ µ¶·¥¤¥²¥´¨¥
(2.16), ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨Ö

aigiab∆b + bαgαab∆b + ig∆a = 0, ∇k∆a = 0. (2.17)

ŒÒ ¤²Ö ¶·µ¸ÉµÉÒ · ¸¸³ É·¨¢ ¥³ ¸²ÊÎ °, ±µ£¤  ¢¥±Éµ·Ò Yα = Yk = 0. �·¨
ÔÉµ³ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (1.3)

Tab∆b = 0, Tab ≡ aigiab + bαgαab + igcδab. (2.18)

“¸²µ¢¨¥ ´¥É·¨¢¨ ²Ó´µ£µ ·¥Ï¥´¨Ö ∆a �= 0 ¸¨¸É¥³Ò ²¨´¥°´ÒÌ Ê· ¢´¥´¨° (2.18)
¶·¨¢µ¤¨É ± · ¢¥´¸É¢Ê

det |Tab| = 0, (2.19)

±µÉµ·µ¥ ´ ±² ¤Ò¢ ¥É µ£· ´¨Î¥´¨Ö ´  ¤µ¶Ê¸É¨³Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ξ, ¸¢Ö-
§ ´´ÒÌ ¸ £¥´¥· Éµ·µ³ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨. ‚ · §¤. 3, 4 ¡Ê¤ÊÉ ¤¥É ²Ó´µ
¶·µ ´ ²¨§¨·µ¢ ´Ò ¢µ§³µ¦´Ò¥ µ¤´µ·µ¤´Ò¥ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö ¸¢¥·ÌÉ¥±Ê-
Î¥° ¦¨¤±µ¸É¨ ¸µ ¸± ²Ö·´Ò³ ¨ É¥´§µ·´Ò³ ¶ · ³¥É· ³¨ ¶µ·Ö¤± .

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö, ±µÉµ·Ò¥ ´¥ µ¡² ¤ ÕÉ ¸¢µ°-
¸É¢µ³ É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ (2.14). ‚ ¸¢¥·ÌÉ¥±ÊÎ¥° ±µ´¤¥´¸¨·µ-
¢ ´´µ° ¸·¥¤¥ ¢ ¶·¨´Í¨¶¥ ³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ · §²¨Î´Ò¥ Ë¨§¨Î¥¸±¨¥ ¢µ§³µ¦-
´µ¸É¨ ´ ·ÊÏ¥´¨Ö É ±µ° ¨´¢ ·¨ ´É´µ¸É¨ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö. �Éµ ³µ¦¥É
¶·µ¨§µ°É¨ ¢¸²¥¤¸É¢¨¥ ´ ·ÊÏ¥´¨Ö Ë §µ¢µ° ¨´¢ ·¨ ´É´µ¸É¨ (¸¢¥·ÌÉ¥±ÊÎ¨° ¨³-
¶Ê²Ó¸ ´¥ · ¢¥´ ´Ê²Õ) [40, 57]. ‚µ§³µ¦´Ò ¨ ¤·Ê£¨¥ ³¥Ì ´¨§³Ò ´ ·ÊÏ¥´¨Ö
É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨. Š ´¨³ µÉ´µ¸ÖÉ¸Ö ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ µÉ-
´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉµ¢ ¸¶¨´µ¢ (¢¥±Éµ· ³ £´¨É´µ° ¸¶¨· ²¨ µÉ²¨Î¥´ µÉ ´Ê²Ö)
[45, 57], ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉµ¢ ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³
¶·µ¸É· ´¸É¢¥ (¢¥±Éµ· Ìµ²¥¸É¥·¨Î¥¸±µ° ¸¶¨· ²¨ ´¥ · ¢¥´ ´Ê²Õ). ŒÒ ¨§Ê-
Î¨³ ¢¸¥ Ê± § ´´Ò¥ ³¥Ì ´¨§³Ò ¢µ§´¨±´µ¢¥´¨Ö ¶·µ¸É· ´¸É¢¥´´µ-´¥µ¤´µ·µ¤´ÒÌ
¸É·Ê±ÉÊ· ¨ Ê¢¨¤¨³, ± ± ±¨³ ¸²¥¤¸É¢¨Ö³ ÔÉµ ¶·¨¢µ¤¨É ¢ · ¢´µ¢¥¸´µ° ¸É·Ê±ÉÊ·¥
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¶ · ³¥É·  ¶µ·Ö¤± . �µ² £ ¥³, ÎÉµ ¶·µ¸É· ´¸É¢¥´´ Ö ¸¨³³¥É·¨Ö É ±µ£µ ·µ¤ 
¸µ¸ÉµÖ´¨° · ¢´µ¢¥¸¨Ö ³µ¦¥É ¡ÒÉÓ § ¤ ´  ¸µµÉ´µÏ¥´¨¥³[

ŵ, P̂k

]
= 0, P̂k (η) ≡ P̂k − pkN̂ − qkαŜα − tkjL̂j , (2.20)

§¤¥¸Ó η ≡ pk, qkα, tkj Å ´¥±µÉµ·Ò¥ ¤¥°¸É¢¨É¥²Ó´Ò¥ ¶ · ³¥É·Ò. ƒ¥´¥· Éµ·
´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ É ±¨Ì ¸µ¸ÉµÖ´¨° É¥¶¥·Ó ¢±²ÕÎ ¥É ¢ ¸¥¡Ö µ¶¥· Éµ·
¨³¶Ê²Ó¸ 

T̂ ≡ aiL̂i + bαŜα + cN̂ + diP̂i, ai, bα, c, di ≡ ξ. (2.21)

‘µµÉ´µÏ¥´¨Ö

i Sp
[
ŵ, T̂ (ξ)

]
∆̂a(x) = 0, i Sp

[
ŵ, P̂k (η)

]
∆̂a(x) = 0 (2.22)

¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (2.20), (2.21) ¢¥¤ÊÉ ± ¸¢Ö§Ö³ ¶ · ³¥É·µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ µ¶·¥¤¥-
²¥´¨¥ £¥´¥· Éµ·  ´¥´ ·ÊÏ¥´´µ° ¨ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨. �É¨ ¸µµÉ´µ-
Ï¥´¨Ö ¸²¥¤Ê¥É ¤µ¶µ²´¨ÉÓ ¥Ð¥ ¤¢Ê³Ö Ê¸²µ¢¨Ö³¨ ´  ¶ · ³¥É·Ò ´¥´ ·ÊÏ¥´´µ° ¨
¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³ Éµ¦¤¥¸É¢ Ÿ±µ¡¨
¤²Ö µ¶¥· Éµ·µ¢ ŵ, T̂ , P̂k ¨ ŵ, Pi, P̂k:

Sp
[
ŵ,
[
T̂ , P̂k

]]
∆̂a = 0, Sp

[
ŵ,
[
P̂i, P̂k

]]
∆̂a = 0. (2.23)

�É³¥É¨³, ÎÉµ P̂k (η) ´¥ ¥¸ÉÓ µ¶¥· Éµ· É· ´¸²ÖÍ¨° ¢ µ¡ÒÎ´µ³ ¸³Ò¸²¥ ¸²µ¢ ,

É ± ± ±, ¢µµ¡Ð¥ £µ¢µ·Ö,
[
P̂k, P̂i

]
�= 0. 
¨¦¥ ´  ¶·¨³¥· Ì ¸¢¥·ÌÉ¥±ÊÎ¨Ì ±µ´-

¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ ¸µ ¸± ²Ö·´Ò³ ¨ É¥´§µ·´Ò³ ¶ · ³¥É· ³¨ ¶µ·Ö¤±  ¡Ê¤ÊÉ
¤¥É ²Ó´µ ¶·µ ´ ²¨§¨·µ¢ ´Ò Ê· ¢´¥´¨Ö (2.22), (2.23). �É³¥É¨³ É ±¦¥, ÎÉµ ÔÉ¨
¦¥ Ê· ¢´¥´¨Ö ´¥µ¡Ìµ¤¨³Ò ¤²Ö ·¥Ï¥´¨Ö § ¤ Î¨ ¸µ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥´Ê²¥¢ÒÌ
§´ Î¥´¨° ¶ · ³¥É·µ¢ ¶µ·Ö¤± , ´ ¶·¨³¥·, ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ³´µ£µÐ¥²¥¢µ°
¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ [65].

3. 	�‚��‚…‘ˆ…. ‘ˆ�ƒ‹…’��… ‘��	ˆ‚��ˆ… ‘‚…	•’…Š“—…‰
”…	Œˆ-†ˆ„Š�‘’ˆ

‘¢¥·ÌÉ¥±ÊÎ Ö Ë¥·³¨-¦¨¤±µ¸ÉÓ ¸ ¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ Ì · ±É¥·¨§Ê-
¥É¸Ö ¸± ²Ö·´Ò³ ¶ · ³¥É·µ³ ¶µ·Ö¤± 

∆̂(x) ≡ (i/2)ψ̂(x)σ2ψ̂(x), (3.1)

§¤¥¸Ó ψ̂σ(x) Å Ë¥·³¨¥¢¸±¨° ¶µ²¥¢µ° µ¶¥· Éµ· Ê´¨ÎÉµ¦¥´¨Ö Î ¸É¨ÍÒ ¢ ÉµÎ±¥
x ¸ ¶·µ¥±Í¨¥° ¸¶¨´  σ ¨ σ2 (³ É·¨Í  � Ê²¨). �¶¥· Éµ· ¶ · ³¥É·  ¶µ·Ö¤± 
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Ê¤µ¢²¥É¢µ·Ö¥É ±µ³³ÊÉ Í¨µ´´Ò³ ¸µµÉ´µÏ¥´¨Ö³[
N̂ , ∆̂(x)

]
= −2∆̂(x), i

[
Ŝα, ∆̂(x)

]
= 0,

i
[
P̂k, ∆̂(x)

]
= −∇k∆̂(x), i

[
L̂i, ∆̂(x)

]
= −εiklxk∇l∆̂(x).

(3.2)

„²Ö Ê¤µ¡¸É¢  ³Ò · ¸¸³µÉ·¨³ ±µ´¤¥´¸¨·µ¢ ´´ÊÕ ¸·¥¤Ê ¢ ¸¨¸É¥³¥ ¶µ±µÖ ¨
¶µ²µ¦¨³ ÔËË¥±É¨¢´µ¥ ³ £´¨É´µ¥ ¶µ²¥ · ¢´Ò³ ´Ê²Õ Yα = Yk = 0. �¶¥· Éµ·
F̂ ¢ Ëµ·³Ê²¥ (2.3) µ¡² ¤ ¥É ¸¨³³¥É·¨¥° ¨¸¸²¥¤Ê¥³µ° Ë §Ò ±µ´¤¥´¸¨·µ¢ ´´µ°
¸·¥¤Ò ¨ ¸´¨³ ¥É ¢Ò·µ¦¤¥´¨¥ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö

F̂ =
∫

d3x
(
f(x, t)∆̂(x) + h. c.

)
= F̂ (t). (3.3)

‡¤¥¸Ó f(x, t) Å ËÊ´±Í¨Ö ±µµ·¤¨´ É ¨ ¢·¥³¥´¨, ¸µ¶·Ö¦¥´´ Ö µ¶¥· Éµ·Ê ¶ · -
³¥É·  ¶µ·Ö¤± , ±µÉµ· Ö § ¤ ¥É ¥£µ · ¢´µ¢¥¸´Ò¥ §´ Î¥´¨Ö ∆(x, t) = 〈∆̂(x)〉.

„²Ö É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´ÒÌ ¸µ¸ÉµÖ´¨° · ¢´µ¢¥¸¨Ö
[
ŵ, P̂k

]
= 0 ¶ -

· ³¥É· ¶µ·Ö¤±  ¨ ËÊ´±Í¨Ö f ¢ ¸¨²Ê (2.3) ´¥ § ¢¨¸ÖÉ µÉ ±µµ·¤¨´ ÉÒ:

∆(x) = Sp ŵ∆̂(x) = ∆ (0, Y0, Y4) , f(x) = f(0). (3.4)

‘µ£² ¸´µ (2.14), (2.15), (3.2), (3.3) ´ °¤¥³ c = 0, É ± ± ± ∆(x) �= 0. ƒ¥´¥· Éµ·
´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ¶·¨µ¡·¥É ¥É ¢¨¤

T̂ ≡ aiL̂i + bαŜα. (3.5)

�É¸Õ¤ , ¢¢¨¤Ê ¶·µ¨§¢µ²Ó´µ¸É¨ ¢¥±Éµ·µ¢ a,b, ¶µ²ÊÎ¨³ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨
· ¸¸³ É·¨¢ ¥³µ£µ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö[

ŵ, Ŝα

]
= 0,

[
ŵ, L̂i

]
= 0.

� · ³¥É· ¶µ·Ö¤±  ¤²Ö ÔÉµ£µ ¸²ÊÎ Ö〈
∆̂(x)

〉
= η (Y0,Y4) e2iϕ

Ì · ±É¥·¨§Ê¥É¸Ö ³µ¤Ê²¥³ η ¨ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §µ° ϕ. ‚ ¸¨²Ê  ²£¥¡· ¨Î¥¸±¨Ì
¸µµÉ´µÏ¥´¨° (3.2) Ë¨±¸¨·µ¢ ´ Éµ²Ó±µ ¶ · ³¥É· £¥´¥· Éµ·  ´¥´ ·ÊÏ¥´´µ°
¸¨³³¥É·¨¨ c,   µ¸É ²Ó´Ò¥ ¶ · ³¥É·Ò (ai, bα) µ¸É ²¨¸Ó ¶·µ¨§¢µ²Ó´Ò³¨, ÎÉµ
´ Ìµ¤¨É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ì · ±É¥·µ³ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ · ¸¸³µÉ·¥´-
´µ° ±µ´¤¥´¸¨·µ¢ ´´µ° ¸·¥¤Ò. „ ²Ó´¥°Ï Ö ¤¥É ²¨§ Í¨Ö ¸¢µ°¸É¢ ¸¨³³¥É·¨¨
¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö ¢µ§³µ¦´  ¤²Ö ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤, ¢ ±µÉµ·ÒÌ ´ -
·ÊÏ¥´Ò ¸¢µ°¸É¢  ¨´¢ ·¨ ´É´µ¸É¨ µÉ´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉµ¢ ¢ ¸¶¨´µ¢µ³ ¨²¨
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±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢ Ì. �·µ¢¥¤¥´¨¥ µ¶¨¸ ´´µ° ¶·µÍ¥¤Ê·Ò ±² ¸-
¸¨Ë¨± Í¨¨ ¸ · ¸Ï¨·¥´´Ò³ ´ ¡µ·µ³ ¶ · ³¥É·µ¢ ¶µ·Ö¤±  ¶µ§¢µ²Ö¥É, ¢ ¶·¨´-
Í¨¶¥, Ê¸É ´µ¢¨ÉÓ ¢µ§³µ¦´Ò¥ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö, · §²¨Î ÕÐ¨¥¸Ö ¸¢µ¨³¨
 ´¨§µÉ·µ¶´Ò³¨ ¸¢µ°¸É¢ ³¨,   É ±¦¥ ¨¸¸²¥¤µ¢ ÉÓ ¢µ¶·µ¸ o ¸µ¸ÊÐ¥¸É¢µ¢ ´¨¨
´¥¸±µ²Ó±¨Ì ´¥ · ¢´ÒÌ ´Ê²Õ ¶ · ³¥É·µ¢ ¶µ·Ö¤± . �¤´ ±µ ³Ò §¤¥¸Ó ´  ÔÉµ³
µ¸É ´ ¢²¨¢ ÉÓ¸Ö ´¥ ¡Ê¤¥³.

� ¸¸³µÉ·¨³ É¥¶¥·Ó ´¥µ¤´µ·µ¤´Ò¥ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö, ±µÉµ·Ò¥ § ¤ ´Ò
£¥´¥· Éµ·µ³ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ (2.20) ¨ £¥´¥· Éµ·µ³ ´¥´ ·ÊÏ¥´-
´µ° ¸¨³³¥É·¨¨ (2.21). ‘µ£² ¸´µ (2.20), (3.2) ¶·¨Ìµ¤¨³ ± ¸µµÉ´µÏ¥´¨Ö³,
±µÉµ·Ò¥ ¸¢Ö§Ò¢ ÕÉ ¶ · ³¥É·Ò £¥´¥· Éµ·  ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨

tkjεjuvpv = 0, ∇k∆(x) = 2ipk∆(x). (3.6)

�¥·¢µ¥ ¸µµÉ´µÏ¥´¨¥ ¢ (3.6) Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ É·¥¡µ¢ ´¨Ö µÉ¸ÊÉ¸É¢¨Ö ²¨-
´¥°´µ£µ ¶µ ±µµ·¤¨´ É¥ ¸² £ ¥³µ£µ ¢ Ê¸²µ¢¨¨ (2.22) ¨ ¢Éµ·µ£µ ¸µµÉ´µÏ¥´¨Ö
(3.6). ‘µµÉ´µÏ¥´¨Ö (2.22) ¸ ÊÎ¥Éµ³ (3.2), (3.6) ¢¥¤ÊÉ ± Ê· ¢´¥´¨Õ ¸¢Ö§¨ ¶ -
· ³¥É·µ¢ £¥´¥· Éµ·  ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨

aiεiklxk2ipl∆(x) + 2ic∆(x) + di2ipi∆(x) = 0.

�É±Ê¤  ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨Ö

aiεiklpl = 0, c+ dp = 0, (3.7)

¸µ¢³¥¸É´Ò¥ ¸ ´¥´Ê²¥¢Ò³ · ¢´µ¢¥¸´Ò³ §´ Î¥´¨¥³ ¶ · ³¥É·  ¶µ·Ö¤±  ∆(x).
„µ¶µ²´¨É¥²Ó´Ò¥ ¸¢Ö§¨ ¶ · ³¥É·µ¢, ¢¢¥¤¥´´ÒÌ ¸µµÉ´µÏ¥´¨Ö³¨ (2.20),

(2.21), Ê¸É ´µ¢¨³, ¨¸¶µ²Ó§ÊÖ Éµ¦¤¥¸É¢µ Ÿ±µ¡¨. „²Ö µ¶¥· Éµ·µ¢ ŵ, T̂ , P̂, ¶·¨-
´¨³ Ö ¢µ ¢´¨³ ´¨¥ (2.20), (2.21), ¶·¨Ìµ¤¨³ ± · ¢¥´¸É¢Ê

Sp
[
ŵ,
[
T̂ , P̂k

]]
∆̂(x) = 0. �É±Ê¤ , ÊÎ¨ÉÒ¢ Ö (3.2), ¨³¥¥³

pipltkl − p2tik = 0. (3.8)

ˆ¸¶µ²Ó§ÊÖ Éµ¦¤¥¸É¢µ Ÿ±µ¡¨ ¤²Ö µ¶¥· Éµ·µ¢ ŵ, P̂i, P̂k, ¶µ²ÊÎ ¥³ ¸µµÉ´µÏ¥´¨¥

Sp
[
ŵ,
[
P̂i, P̂k

]]
∆̂(x) = 0. �É¸Õ¤  ¸²¥¤Ê¥É · ¢¥´¸É¢µ

(tijtkl − tiltkj) pl = 0. (3.9)

‚¥²¨Î¨´Ê tkj ¨Ð¥³ ¢ ¢¨¤¥ tkj = tδkj + tiεikj + tskj , £¤¥ tskj Å ¸¨³³¥É·¨Î´Ò° ¨
¡¥¸Ï¶Ê·µ¢Ò° É¥´§µ·. “³´µ¦¨¢ (3.8) ´  δik , ´ °¤¥³ t = liljt

s
ij/2, £¤¥ l ≡ p/p.

“³´µ¦ Ö ¤ ²¥¥ (3.8) ´  εikj lj , ¢¨¤¨³, ÎÉµ t⊥l. “³´µ¦ Ö ¶¥·¢µ¥ ¸µµÉ´µÏ¥-
´¨¥ ¢ (3.6) ´  εkus, ¶µ²ÊÎ ¥³ ti = li (lt), ¶µÔÉµ³Ê t = 0. � · ³¥É·¨§Ê¥³
¸¨³³¥É·¨Î´ÊÕ ¨ ¡¥¸Ï¶Ê·µ¢ÊÕ ³ É·¨ÍÊ tsik ¸µµÉ´µÏ¥´¨¥³

tsik = Anink +Bmimk − (A+B) δik/3, (3.10)
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£¤¥ n ¨ m Å ¥¤¨´¨Î´Ò¥ ¨ ¢§ ¨³´µ µ·Éµ£µ´ ²Ó´Ò¥ ¢¥±Éµ·Ò. ˆ¸¶µ²Ó§ÊÖ ÔÉµ
¶·¥¤¸É ¢²¥´¨¥ ¨ ¸µµÉ´µÏ¥´¨¥ (3.6), ²¥£±µ ¶µ´ÖÉÓ, ÎÉµ l = m × n. Š·µ³¥
Éµ£µ, ¢ ¸¨²Ê (3.8), (3.10) ´¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ A = B ¨, ¸²¥¤µ¢ É¥²Ó´µ,
t = −A/3. ’ ±¨³ µ¡· §µ³, ³ É·¨Í  tik ¨³¥¥É ¢¨¤

tik = Alilk. (3.11)

”µ·³Ê²Ò (3.6)Ä(3.8), (3.11) Ê¸É ´ ¢²¨¢ ÕÉ ¤µ¶Ê¸É¨³ÊÕ ¸É·Ê±ÉÊ·Ê £¥´¥· -
Éµ·µ¢ ´¥´ ·ÊÏ¥´´µ° ¨ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ ±¢ ´Éµ¢µ° ¦¨¤±µ¸É¨ ¸
¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³

T̂ ≡ aliL̂i + bαŜα + di

(
P̂i − pliN̂

)
,

P̂k ≡ P̂k − plkN̂ − qkαŜα −AlkljL̂j .
(3.12)

‚¨¤¨³, ÎÉµ ¢¢¨¤Ê µ¸É ¢Ï¥°¸Ö ¶·µ¨§¢µ²Ó´µ¸É¨ ¶ · ³¥É·µ¢ £¥´¥· Éµ·µ¢ ´¥-
´ ·ÊÏ¥´´µ° ¨ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö
· ¢´µ¢¥¸¨Ö ¤²Ö · ¸¸³µÉ·¥´´µ£µ ¸²ÊÎ Ö ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ¶·¨µ¡·¥É ÕÉ
¢¨¤ [

ŵ, P̂k

]
= 0, P̂k ≡ P̂k − pkN̂ , (3.13)[

ŵ, Ŝα

]
= 0,

[
ŵ, piL̂i

]
= 0. (3.14)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¨¤¥¥° ¡µ§¥-±µ´¤¥´¸ Í¨¨ É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶ · ³¥É· pk
¨³¥¥É ¸³Ò¸² ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¨³¶Ê²Ó¸  (¨³¶Ê²Ó¸  ±µ´¤¥´¸ É´ÒÌ Î ¸É¨Í). “¸²µ-
¢¨¥ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ (3.13) µ§´ Î ¥É, ÎÉµ ³ ±·µ¸±µ¶¨Î¥¸±¨ ¡µ²Ó-
Ïµ¥ Î¨¸²µ Î ¸É¨Í ³µ¦¥É ´ Ìµ¤¨ÉÓ¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ¸ ¨³¶Ê²Ó¸µ³ p (µ¡· §Ê¥É
±µ´¤¥´¸ É).

‡ ³¥É¨³ ¤ ²¥¥, ÎÉµ
[
ŵν , Y0Ĥ+ Y4N̂ + νF̂

]
= 0. ’ ± ± ± ¢ ¸¨²Ê ± ´µ-

´¨Î¥¸±¨Ì ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° µ¶¥· Éµ·
[
F̂ , â(x)

]
É ±¦¥ Ö¢²Ö¥É¸Ö

±¢ §¨²µ± ²Ó´Ò³,   ¸·¥¤´¥¥ ±¢ §¨²µ± ²Ó´µ£µ µ¶¥· Éµ·  ¶·¥¤¶µ² £ ¥É¸Ö ±µ-

´¥Î´Ò³, Éµ lim
ν→0

lim
V→∞

ν Sp ŵν

[
F̂ , â(x)

]
= 0. ’ ±¨³ µ¡· §µ³, ¶·¨Ìµ¤¨³ ±

Ê¸²µ¢¨Õ ¸É Í¨µ´ ·´µ¸É¨[
ŵν , Ĥ

]
= 0, Ĥ ≡ Ĥ + p0N̂ , p0 ≡ Y4/Y0. (3.15)

‡¤¥¸Ó ¢ ± Î¥¸É¢¥ £¥´¥· Éµ·µ¢ Ê´¨É ·´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¸²¥¤Ê¥É ¶µ´¨³ ÉÓ
µ¶¥· Éµ·Ò, µ¶·¥¤¥²¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö³¨ (3.13), (3.15). ‘É É¨¸É¨Î¥¸±¨° µ¶¥-
· Éµ· ŵ Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ Ëµ´ 
¥°³ ´  (2.4). ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥-
´¨¥ ¸É Í¨µ´ ·´µ¸É¨ (3.15), ¶µ²ÊÎ¨³

ŵ (t+ τ ) = eip0N̂τ ŵ (t) e−ip0N̂τ . (3.16)
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“¸²µ¢¨Ö ¶·µ¸É· ´¸É¢¥´´µ° µ¤´µ·µ¤´µ¸É¨ (3.13) ¨ ¸É Í¨µ´ ·´µ¸É¨ (3.15) ¶·¨-
¢µ¤ÖÉ ± § ¢¨¸¨³µ¸É¨ ËÊ´±Í¨¨ f(x, t) µÉ ±µµ·¤¨´ ÉÒ ¨ ¢·¥³¥´¨

f(x, t) = exp (−2i)ϕ(x, t), ϕ(x, t) = px − p0t+ ϕ (0, 0) . (3.17)

Ÿ¢´Ò° ¢¨¤ ËÊ´±Í¨¨ f(x, t) ¸µ£² ¸Ê¥É¸Ö ¸ Ê¸²µ¢¨¥³ ¶·µ¸É· ´¸É¢¥´´µ° ¨ ¸¶¨-
´µ¢µ° ¨§µÉ·µ¶¨¨ (3.14). ‘µµÉ´µÏ¥´¨Ö (3.13), (3.17) ¶µ§¢µ²ÖÕÉ É ±¦¥ ´ °É¨
§ ¢¨¸¨³µ¸ÉÓ µÉ ±µµ·¤¨´ ÉÒ ¨ ¢·¥³¥´¨ · ¢´µ¢¥¸´µ£µ §´ Î¥´¨Ö ¶ · ³¥É·  ¶µ-
·Ö¤± 

∆(x, t) = Sp ŵ(t)∆̂ (x) = η (Y,p) exp 2iϕ (x, t) . (3.18)

�µ¤£·Ê¶¶  ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö Ë¥·³¨-¦¨¤±µ¸É¨
¸ ¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ ¨³¥¥É ¢¨¤

H = [SO (3)]S × [SO (3)]L × [T (3)]× [T (1)] ⊂ G. (3.19)

‚ § ±²ÕÎ¥´¨¥ · §¤¥²  · ¸¸³µÉ·¨³ ¸²ÊÎ °, ±µ£¤  ¢¥±Éµ·´Ò¥ É¥·³µ¤¨´ -
³¨Î¥¸±¨¥ ¸¨²Ò ¢ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  ´¥ · ¢´Ò ´Ê²Õ: Yk �= 0, Yα �= 0 ¨
¸¢µ°¸É¢µ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ (3.13) µ¸É ¥É¸Ö ¢ ¸¨²¥. �·µ¢¥¤¥³ É¥
¦¥ · ¸¸Ê¦¤¥´¨Ö, ÎÉµ ¨ ¶·¨ ¢Ò¢µ¤¥ ¸µµÉ´µÏ¥´¨Ö (3.15), Éµ£¤  Ê¸²µ¢¨¥ ¸É Í¨-
µ´ ·´µ¸É¨ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¶·¨µ¡·¥É¥É ¢¨¤[

ŵν , Ĥ
]
= 0, Ĥ ≡ Ĥ+ p0N̂ + p0αŜα = Ĥ (Y,p) ,

p0 ≡ (Y4 + Yp) /Y0, p0α ≡ Yα/Y0.
(3.20)

‘¢µ°¸É¢  ¸¨³³¥É·¨¨ · ¢´µ¢¥¸´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  µÉ´µ¸¨É¥²Ó´µ
¶µ¢µ·µÉµ¢ ¢ ¸¶¨´µ¢µ³ ¨ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢ Ì ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸
(1.3) ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥[

ŵ, Σ̂α

]
= 0, Σ̂α = Ŝα + SY

α = Σ̂α (Y) ,[
ŵ, L̂i

]
= 0, L̂i ≡ L̂i + L̂Y

i + L̂p
i = L̂i (Y,p) .

(3.21)


¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ¤²Ö ´ ¡µ·  µ¶¥· Éµ·µ¢ Ĥ, P̂k, Σ̂α, L̂i, ¸ ÊÎ¥Éµ³ Ëµ·³Ê²
(1.3), (3.20), (3.21), ¸¶· ¢¥¤²¨¢Ò  ²£¥¡· ¨Î¥¸±¨¥ ¸µµÉ´µÏ¥´¨Ö[

Ĥ, L̂i

]
= 0,

[
Ĥ, P̂i

]
= 0,

[
Ĥ, Σ̂α

]
= 0,

i
[
L̂i, P̂k

]
= −εiklP̂l, i

[
L̂i, L̂k

]
= −εiklL̂l, i

[
Σ̂α, Σ̂β

]
= −εαβγΣ̂γ .

(3.22)

�¸É ²Ó´Ò¥ ±¢ ´Éµ¢Ò¥ ¸±µ¡±¨ · ¢´Ò ´Ê²Õ. ƒ¥´¥· Éµ· ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥-
É·¨¨ ¢ É¥·³¨´ Ì µ¶¥· Éµ·µ¢ N̂ , P̂k, Σ̂α, L̂i µ¶·¥¤¥²¨³ · ¢¥´¸É¢µ³

T̂ ≡ aiL̂i + bαΣ̂α + cN̂ + diP̂i ≡ T̂ (ξ, Y,p) .
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�ÉµÉ µ¶¥· Éµ· ¤¥°¸É¢Ê¥É ± ± ¢ ¶·µ¸É· ´¸É¢¥ ¢Éµ·¨Î´µ£µ ±¢ ´Éµ¢ ´¨Ö, É ± ¨ ¢
¶·µ¸É· ´¸É¢¥ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢. �´ ²¨§ ¤µ¶Ê¸É¨³µ° ¸É·Ê±ÉÊ·Ò
£¥´¥· Éµ·  ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ¤²Ö ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ (3.13)
¶·¨¢µ¤¨É ± ¸¢µ°¸É¢ ³ ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ³

¸²ÊÎ ¥
[
ŵ, Σ̂α

]
= 0,

[
ŵ, piL̂i

]
= 0, ¶·¨Î¥³ c ≡ c+dp = 0. �·µ¸É· ´¸É¢¥´´µ-

¢·¥³¥´´ Ö ¸É·Ê±ÉÊ·  ¶ · ³¥É·  ¶µ·Ö¤±  ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö ¶µ-¶·¥¦´¥³Ê
¨³¥¥É ¢¨¤ (3.18), (3.17), £¤¥ ¢ ± Î¥¸É¢¥ ¶ · ³¥É·  p0 É¥¶¥·Ó ¸²¥¤Ê¥É ¶µ´¨³ ÉÓ
¢¥²¨Î¨´Ê, µ¶·¥¤¥²¥´´ÊÕ · ¢¥´¸É¢µ³ (3.20). �µ¤£·Ê¶¶  ´¥´ ·ÊÏ¥´´µ° ¸¨³-
³¥É·¨¨ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¸µ¸ÉµÖ´¨Ö Ë¥·³¨-¦¨¤±µ¸É¨ ¸ ¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³
¨³¥¥É ¢¨¤ (3.19), £¥´¥· Éµ·Ò § ¤ ´Ò · ¢¥´¸É¢ ³¨ (3.13), (3.20), (3.21).

4. ’	��‘‹Ÿ–ˆ����-ˆ�‚�	ˆ��’�›… ‘�‘’�Ÿ�ˆŸ
	�‚��‚…‘ˆŸ ‘‚…	•’…Š“—…ƒ� 3He

� · ³¥É· ¶µ·Ö¤±  ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ¸ É·¨¶²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ ¸µ-
¤¥·¦¨É ¸¶¨´µ¢Ò° ¨´¤¥±¸ α = 1, 2, 3, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¸¶¨´µ¢µ³Ê ³µ³¥´ÉÊ
±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö s = 1, ¨ ¢¥±Éµ·´Ò° ¨´¤¥±¸ k = 1, 2, 3, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨°, ¢ ¸¨²Ê ¶·¨´Í¨¶  � Ê²¨, µ·¡¨É ²Ó´µ³Ê ³µ³¥´ÉÊ ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö
l = 1. Š·µ³¥ Éµ£µ, É·¨¶²¥É´Ò° µ¶¥· Éµ· ¶ · ³¥É·  ¶µ·Ö¤±  ¤µ²¦¥´ ¡ÒÉÓ
±µ³¶²¥±¸´Ò³. �ÉµÉ Ë ±É µÉ· ¦ ¥É Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ³
¸²ÊÎ ¥ É¥·Ö¥É¸Ö ¸¨³³¥É·¨Ö µÉ´µ¸¨É¥²Ó´µ Ë §µ¢ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¡² £µ¤ ·Ö
µ¡· §µ¢ ´¨Õ ±Ê¶¥·µ¢¸±¨Ì ¶ ·. ‚ ± Î¥¸É¢¥ µ¶¥· Éµ·  ∆̂αk(x) Ê¤µ¡´µ ¢Ò¡· ÉÓ
µ¶¥· Éµ· [57]

∆̂αk(x) ≡ ψ̂(x)σ2σα∇kψ̂(x) −∇kψ̂(x)σ2σαψ̂(x). (4.1)

‡¤¥¸Ó σα Å ³ É·¨ÍÒ � Ê²¨. Œ É·¨ÍÒ (σ2σα)µν = (σ2σα)νµ ¸¨³³¥É·¨Î´Ò
¶µ ¨´¤¥±¸ ³ µ ¨ ν. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ µ¶·¥¤¥²¥´¨¥³ ¨ ± ´µ´¨Î¥¸±¨³¨
¶¥·¥¸É ´µ¢µÎ´Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨ ¤²Ö Ë¥·³¨-µ¶¥· Éµ·µ¢ ¢¨¤¨³, ÎÉµ ¸¶· -
¢¥¤²¨¢Ò · ¢¥´¸É¢ 

i
[
Ŝα, ∆̂βi(x)

]
= −εαβγ∆̂γi(x),

[
N̂ , ∆̂βi(x)

]
= −2∆̂βi(x),

i
[
P̂k, ∆̂αi(x)

]
= −∇k∆̂αi(x),

i
[
L̂k, ∆̂αi(x)

]
= −εkjlxj∇l∆̂αi(x) − εkil∆̂αl(x).

(4.2)

‘²¥¤ÊÖ ±µ´Í¥¶Í¨¨ ±¢ §¨¸·¥¤´¨Ì, · ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ·
· ¸¸³ É·¨¢ ¥³µ° Ë¥·³¨-¦¨¤±µ¸É¨ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ · ¢¥´¸É¢µ³ (3.2). �¶¥-
· Éµ·, ´ ·ÊÏ ÕÐ¨° ¸¨³³¥É·¨Õ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
²¨´¥°´Ò° ËÊ´±Í¨µ´ ² µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤± 

F̂ =
∫

d3x
(
∆̂αk(x)fkα(x, t) + h. c.

)
. (4.3)
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Š¢ §¨¸·¥¤´¥¥ §´ Î¥´¨¥ ¶ · ³¥É·  ¶µ·Ö¤±  Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° É¥·³µ¤¨´ ³¨-
Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¨ ËÊ´±Í¨µ´ ²µ³ ¢¥²¨Î¨´Ò fkα(x, t):

∆αk(x, t) = Sp ŵ(t)∆̂αk(x) = ∆αk (Y, f (x, t)) . (4.4)

‚ ¸²ÊÎ ¥ µ¡· Ð¥´¨Ö ¢ ´Ê²Ó É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¸¨² Yi = 0, Yα = 0, ¸µ¶·Ö-
¦¥´´ÒÌ ±  ¤¤¨É¨¢´Ò³ ¨´É¥£· ² ³ ¤¢¨¦¥´¨Ö P̂i, Ŝα, ¸¢µ°¸É¢  ´¥´ ·ÊÏ¥´´µ°

¸¨³³¥É·¨¨ É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´µ£µ
(
[ŵ, P̂i] = 0

)
¸É É¨¸É¨Î¥¸±µ£µ µ¶¥-

· Éµ·  ƒ¨¡¡¸  ¨ ¨¸ÉµÎ´¨±  F̂ ¸µ¢¶ ¤ ÕÉ:[
ŵ, T̂

]
= 0,

[
F̂ , T̂

]
= 0. (4.5)

‚ ¸¨²Ê  ²£¥¡·Ò (4.2) ¨ ¸µµÉ´µÏ¥´¨° (2.14), (2.15) ¶µ²ÊÎ¨³ · ¢¥´¸É¢µ, µ¶·¥-
¤¥²ÖÕÐ¥¥ · ¢´µ¢¥¸´ÊÕ ¸É·Ê±ÉÊ·Ê ¶ · ³¥É·  ¶µ·Ö¤± :

akεkil∆βl + bαεαβγ∆γi + 2ic∆βi = 0. (4.6)

‚ÒÖ¸´¨³, ¶·¨ ± ±¨Ì Ê¸²µ¢¨ÖÌ ¢µ§³µ¦´Ò ´¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö ¶ · ³¥É· 
¶µ·Ö¤±  ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö. � ¸¸³µÉ·¨³ ¢´ Î ²¥ ¶µ¤£·Ê¶¶Ê ´¥´ ·ÊÏ¥´-
´µ° ¸¨³³¥É·¨¨, £¥´¥· Éµ·µ³ ±µÉµ·µ° Ö¢²Ö¥É¸Ö µ¶¥· Éµ· ¢¨¤  T̂ ≡ aiL̂i+ cN̂ ,
b = 0. 
¥ µ£· ´¨Î¨¢ Ö µ¡Ð´µ¸É¨ · ¸¸³µÉ·¥´¨Ö, ¶µ² £ ¥³ a2

i = 1, ai = li. ˆ§
Ê¸²µ¢¨Ö ¸¨³³¥É·¨¨ (4.6) ´ °¤¥³ (aiεikj + 2icδkj)∆βj = 0. 
¥´Ê²¥¢µ¥ ·¥Ï¥-
´¨¥ ¤²Ö ¶ · ³¥É·  ¶µ·Ö¤±  µ¡¥¸¶¥Î¨¢ ¥É¸Ö µ¡· Ð¥´¨¥³ ¢ ´Ê²Ó ¤¥É¥·³¨´ ´É 

det |aiεikj + 2icδkj | = 2ic
(
a2 − 4c2

)
≡ F3 (a, c) = 2ic

(
1− 4c2

)
= 0. (4.7)

�¥Ï¥´¨Ö ÔÉµ£µ Ê· ¢´¥´¨Ö c = 0,±1/2 ¶·¨¢µ¤ÖÉ ± µ¶¥· Éµ·Ê T̂ ¢¨¤  [57]

T̂ ≡ liL̂i −
ml

2
N̂ , ml = 0,±1. (4.8)

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¶µ¤£·Ê¶¶Ê ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨, £¥´¥· Éµ·µ³ ±µÉµ-
·µ° Ö¢²Ö¥É¸Ö µ¶¥· Éµ· ¢¨¤  T̂ ≡ bαŜα + cN̂ , a = 0. ’ ± ¦¥, ± ± ¨ ¢ ¶·¥¤Ò¤Ê-
Ð¥³ ¸²ÊÎ ¥, ¶µ² £ ¥³ b2α = 1, bα = dα. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ê¸²µ¢¨¥³ (4.6) ¨  ²£¥-
¡· ¨Î¥¸±¨³¨ ¸µµÉ´µÏ¥´¨Ö³¨ (4.2) ¶µ²ÊÎ¨³ · ¢¥´¸É¢µ (bαεαβγ + 2icδβγ)∆γj =
0, µÉ¸Õ¤  ´ °¤¥³ §´ Î¥´¨¥ ¤¥É¥·³¨´ ´É 

det |bαεαβγ + 2icδβγ| = 2ic
(
b2 − 4c2

)
≡ F3 (b, c) = 2ic

(
1− 4c2

)
.

ˆ§ Ê¸²µ¢¨Ö µ¡· Ð¥´¨Ö ÔÉµ£µ ¤¥É¥·³¨´ ´É  ¢ ´Ê²Ó ¶µ²ÊÎ¨³ §´ Î¥´¨Ö ¢¥²¨Î¨´Ò
c = 0,±1/2, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¢ ÔÉµ³ ¸²ÊÎ ¥ µ¶¥· Éµ· T̂ ¨³¥¥É ¢¨¤ [57]

T̂ ≡ dαŜα − ms

2
N̂ , ms = 0,±1. (4.9)
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� §ÑÖ¸´¨³ Ë¨§¨Î¥¸±¨° ¸³Ò¸² Ê¸²µ¢¨° ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨, £¥´¥·¨·Ê¥-
³ÒÌ µ¶¥· Éµ· ³¨ (4.8), (4.9). „²Ö ÔÉµ£µ ¢¢¥¤¥³ ®¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ¯ ±Ê¶¥-
·µ¢¸±µ° ¶ ·Ò Î ¸É¨Í ¸¨¸É¥³Ò:

Ψα1α2 (x1, x2) = Sp ŵψ̂α1 (x1) ψ̂α2 (x2) . (4.10)

‚ ¸¨²Ê Ê¸²µ¢¨° ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ (4.5) ¨³¥¥³

Sp
[
ŵ, lL̂ − ml

2
N̂
]
ψ̂α1 (x1) ψ̂α2 (x2) = 0,

Sp
[
ŵ,dŜ− ms

2
N̂
]
ψ̂α1 (x1) ψ̂α2 (x2) = 0.

(4.11)

’ ± ± ±[
L̂i, ψ̂α(x)

]
= −iεiklxk∇lψ̂α(x),

[
Ŝi, ψ̂α(x)

]
= − (σi)αβ ψ̂β(x)/2,

Éµ

l
(̂
l(1) + l̂(2)

)
Ψα1α2 (x1, x2) = mlΨα1α2 (x1, x2) ,

d
(
ŝ(1) + ŝ(2)

)
Ψα1α2 (x1, x2) = msΨα1α2 (x1, x2) ,

£¤¥ l̂
(a)
i = −iεiklx

(a)
k ∇(a)

l , s
(a)
i (a = 1, 2) Å µ¶¥· Éµ·Ò ³µ³¥´É  ±µ²¨Î¥¸É¢ 

¤¢¨¦¥´¨Ö ¨ ¸¶¨´ , ¤¥°¸É¢ÊÕÐ¨¥ ´  ¶¥·¢Ò° ¨ ¢Éµ·µ°  ·£Ê³¥´ÉÒ ®¢µ²´µ¢µ°
ËÊ´±Í¨¨¯ ¸µµÉ¢¥É¸É¢¥´´µ. ‘µ¸ÉµÖ´¨¥ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö, ¤²Ö ±µÉµ-
·µ£µ ¢Ò¶µ²´ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö (4.11), ¸µµÉ¢¥É¸É¢Ê¥É ¸µ¸ÉµÖ´¨Õ, ¢ ±µÉµ·µ³
¶·µ¥±Í¨Ö ´  ´ ¶· ¢²¥´¨¥ l µ·¡¨É ²Ó´µ£µ ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö ±Ê¶¥-
·µ¢¸±µ° ¶ ·Ò · ¢´  ml, ¶·µ¥±Í¨Ö ¸¶¨´  ±Ê¶¥·µ¢¸±µ° ¶ ·Ò ´  ´ ¶· ¢²¥´¨¥ d
· ¢´  ms. ‚Ò¡µ· µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  ¢ ¢¨¤¥ ¢¥±Éµ·  ¶µ ¸¶¨´µ¢µ³Ê
¨ µ·¡¨É ²Ó´µ³Ê ¨´¤¥±¸ ³ (4.1) ¸µµÉ¢¥É¸É¢Ê¥É Éµ³Ê, ÎÉµ ¸¶¨´ ¨ ³µ³¥´É ±µ-
²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö ±Ê¶¥·µ¢¸±µ° ¶ ·Ò ¶·¥¤¶µ² £ ÕÉ¸Ö · ¢´Ò³¨ ¥¤¨´¨Í¥. ˆ§
¸µµÉ´µÏ¥´¨° (4.11) ¸²¥¤Ê¥É, ÎÉµ ¢¥²¨Î¨´  ∆αk, µ¶·¥¤¥²ÖÕÐ Ö ¨¸ÉµÎ´¨± F̂ ,
¤ ¥É¸Ö Ëµ·³Ê²µ°

∆αk = dα(ms)ξk(ml), (4.12)

£¤¥

dα(ms) =




d+
α ,ms = −1

d−α ,ms = 1
dα,ms = 0

, lk(ml) =




l+k ,ml = −1
l−k ,ml = 1
lk,ml = 0

, (4.13)

§¤¥¸Ó d± = (e ± if) /
√
2, l± = (m ± in) /

√
2 ¨ e, f (m,n) Å ¥¤¨´¨Î´Ò¥ ¢¥-

Ð¥¸É¢¥´´Ò¥ ¢§ ¨³´µ µ·Éµ£µ´ ²Ó´Ò¥ ¢¥±Éµ·Ò, µ·Éµ£µ´ ²Ó´Ò¥ ¢¥±Éµ·Ê d (l).



1374 Š�‚�‹…‚‘Šˆ‰ Œ.f., �…‹…’Œˆ
‘Šˆ‰ ‘.‚.

� ¢´µ¢¥¸´ Ö ¸É·Ê±ÉÊ·  ¶ · ³¥É·µ¢ ¶µ·Ö¤±  3He ¤²Ö · §²¨Î´ÒÌ Ë §µ¢ÒÌ ¸µ-
¸ÉµÖ´¨° ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¥¤¨´µ³ ¢¨¤¥:

∆αk =
∑
msml

amsml
dα (ms) lk (ml).

‘¢µ°¸É¢  ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö ¶·¨¢µ¤ÖÉ ± µ¶·¥¤¥²¥´´Ò³ ¸¢Ö§Ö³
 ³¶²¨ÉÊ¤ ¶ · ³¥É·  ¶µ·Ö¤±  amsml

. ‘¢¥·ÌÉ¥±ÊÎ¨¥ ¸µ¸ÉµÖ´¨Ö, £¥´¥· Éµ·Ò ´¥-
´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ±µÉµ·ÒÌ ¨³¥ÕÉ ¢¨¤ (4.8), (4.9), ¶µ²ÊÎ¨²¨ ´ §¢ ´¨¥
¨´¥·É´ÒÌ Ë § [18]. ‚ Î ¸É´µ¸É¨, ¤²Ö A-Ë §Ò ±¢ ´Éµ¢Ò¥ Î¨¸²  ±Ê¶¥·µ¢¸±¨Ì
¶ · ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö ml = ±1,ms = 0 [15]. � · ³¥É· ¶µ·Ö¤±  ¢ · ¢´µ-
¢¥¸¨¨ ¨³¥¥É ¢¨¤

∆αk = a0∓dαl
∓
k . (4.14)

�µ²Ö·´µ° Ë §¥ µÉ¢¥Î ¥É ¸µ¸ÉµÖ´¨¥ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ml = 0,ms = 0
[17]. � · ³¥É· ¶µ·Ö¤±  ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨´¨³ ¥É Ëµ·³Ê

∆αk = a00dαlk. (4.15)

‡´ Î¥´¨Ö ±¢ ´Éµ¢ÒÌ Î¨¸¥² ml = 0,ms = ±1 ¸µµÉ¢¥É¸É¢ÊÕÉ β-Ë §¥ [18]. „²Ö
ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ´ Ìµ¤¨³ ¶ · ³¥É· ¶µ·Ö¤± 

∆αk = a∓0d
∓
α lk. (4.16)

‘²ÊÎ ° ml = ±1,ms = ±1 ¸µµÉ¢¥É¸É¢Ê¥É A1-Ë §¥ [16]. � · ³¥É· ¶µ·Ö¤±  ¢
· ¢´µ¢¥¸¨¨ ¨³¥¥É ¢¨¤

∆αk = a∓∓d
∓
α l

∓
k . (4.17)

� ¢´µ¢¥¸´ Ö ¸É·Ê±ÉÊ·  ¶ · ³¥É·µ¢ ¶µ·Ö¤±  3He (4.14)Ä(4.17) ¤ ¥É Î¥ÉÒ·¥  ´¨-
§µÉ·µ¶´ÒÌ Ë §µ¢ÒÌ ¸µ¸ÉµÖ´¨Ö, ± ¦¤µ¥ ¨§ ±µÉµ·ÒÌ Ì · ±É¥·¨§Ê¥É¸Ö µ¤´µ°
´¥§ ¢¨¸¨³µ°  ³¶²¨ÉÊ¤µ°.

„²Ö ³´µ¦¥¸É¢  ¢µ§³µ¦´ÒÌ  ´¨§µÉ·µ¶´ÒÌ ¸µ¸ÉµÖ´¨° ¸¢¥·ÌÉ¥±ÊÎ¥£µ 3He
´¥ µ¡Ö§ É¥²Ó´µ µ¤´µ¢·¥³¥´´µ¥ ¢Ò¶µ²´¥´¨¥ ¸µµÉ´µÏ¥´¨° (4.11) ¸ £¥´¥· Éµ-
· ³¨ (4.8), (4.9). …Ð¥ Î¥ÉÒ·¥  ´¨§µÉ·µ¶´ÒÌ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö ¢µ§´¨± ÕÉ
¢ ¸²ÊÎ ÖÌ, ±µ£¤  ¨³¥¥É ³¥¸Éµ Ê¸²µ¢¨¥ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ Éµ²Ó±µ ¸ µ¤-
´¨³ ¨§ ÔÉ¨Ì £¥´¥· Éµ·µ¢. …¸²¨ ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ (3.9) ¸ £¥´¥· Éµ·µ³
(4.8), Éµ ¶·¨ §´ Î¥´¨¨ ±¢ ´Éµ¢µ£µ Î¨¸²  ml = 0 ¶·¨Ìµ¤¨³ ± ¸µ¸ÉµÖ´¨Õ ¸
¶ · ³¥É·µ³ ¶µ·Ö¤±  [24]

∆αk = Vα0lk, (4.18)

£¤¥ ¥£µ ¸¶¨´µ¢ Ö ¸µ¸É ¢²ÖÕÐ Ö Vα0 = Aeα + Bfα + Cdα ≡
∑
ms

ams0dα (ms)

¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶·µ¨§¢µ²Ó´Ò° ±µ³¶²¥±¸´Ò° ¢¥±Éµ·. „²Ö §´ Î¥´¨Ö ml =
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±1 ¶ · ³¥É· ¶µ·Ö¤±  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (3.9) ¨³¥¥É ¢¨¤ [24]

∆αk = Vα∓l∓k . (4.19)

‡¤¥¸Ó Vα∓ = A∓eα + B∓fα + C∓dα ≡
∑
ms

ams∓dα (ms) Å ¸¶¨´µ¢ Ö ¸É·Ê±-

ÉÊ·  ¶ · ³¥É·  ¶µ·Ö¤± . ‘µµÉ´µÏ¥´¨¥ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ (3.9) ¸ £¥-
´¥· Éµ·µ³ (4.9) ¶·¨ §´ Î¥´¨¨ ms = 0 ¶·¨¢µ¤¨É ± ¸µ¸ÉµÖ´¨Õ · ¢´µ¢¥¸¨Ö ¸
¶ · ³¥É·µ³ ¶µ·Ö¤±  [24]

∆αk = dαΨ0k, (4.20)

£¤¥ ¥£µ ¶·µ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ Ψ0k = Amk +Bnk +Clk ≡
∑
ml

a0ml
lk (ml) Å

¶·µ¨§¢µ²Ó´Ò° ±µ³¶²¥±¸´Ò° ¢¥±Éµ·. �´ ²µ£¨Î´µ ¤²Ö §´ Î¥´¨Ö ms = ±1
¶ · ³¥É· ¶µ·Ö¤±  ¢ · ¢´µ¢¥¸¨¨ ¨³¥¥É ¢¨¤ [24]

∆αk = d∓αΨ∓k, (4.21)

£¤¥ Ψ∓k = A∓mk +B∓nk +C∓lk ≡
∑
ml

a∓ml
lk (ml) Å ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶·µ-

¸É· ´¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  ¶ · ³¥É·  ¶µ·Ö¤± . �·¥¤¸É ¢²¥´´Ò¥ Î¥ÉÒ·¥  ´¨§µ-
É·µ¶´ÒÌ ¸µ¸ÉµÖ´¨Ö (4.18)Ä(4.21), ¶µ ¸· ¢´¥´¨Õ ¸ ¸µ¸ÉµÖ´¨Ö³¨ (4.14)Ä(4.17),
µ¡² ¤ ÕÉ ³¥´ÓÏ¥° ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥° ¨ ¶µÔÉµ³Ê ¸µ¤¥·¦ É ¡rµ²ÓÏ¨°
¶·µ¨§¢µ² ¢ ¸É·Ê±ÉÊ·¥ ¶ · ³¥É·  ¶µ·Ö¤± . Š ¦¤µ¥ ¨§ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Ì · ±É¥-
·¨§Ê¥É¸Ö É·¥³Ö ´¥§ ¢¨¸¨³Ò³¨  ³¶²¨ÉÊ¤ ³¨.

� ¸¸³µÉ·¨³ É¥¶¥·Ó £¥´¥· Éµ· ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ (2.16) ¨ ´ °¤¥³
µ¸É ¢Ï¨¥¸Ö  ´¨§µÉ·µ¶´Ò¥ ¸µ¸ÉµÖ´¨Ö. „²Ö ÔÉµ£µ ¢Ò¶¨Ï¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨°
¤¥É¥·³¨´ ´É ³ É·¨ÍÒ · §³¥·µ³ 9× 9:

det |aiεikjδγβ + bαεαβγδkj + 2icδkjδβγ | = F9 (a,b, c) .


¥ ´ ·ÊÏ Ö µ¡Ð´µ¸É¨ · ¸¸³µÉ·¥´¨Ö ¨ ¢ ¸¨²Ê ¨´¢ ·¨ ´É´µ¸É¨ ¤¥É¥·³¨´ ´É 
µÉ´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉµ¢ ¢ ¸¶¨´µ¢µ³ ¨ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢ Ì, ¸¨-
¸É¥³Ê ±µµ·¤¨´ É ¢Ò¡¨· ¥³ É ±, ÎÉµ¡Ò ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥ b ≡ (0, 0, b)
¨ ¢ ±µµ·¤¨´ É´µ³ a ≡ (0, 0, a). �·¨ ÔÉµ³ ¢ÒÎ¨¸²¥´¨¥ ¤¥É¥·³¨´ ´É  ³ É·¨ÍÒ
F9 (a, b, c) ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ µ¶·¥¤¥²¨É¥²¥° É·¥ÉÓ¥£µ ¨ Ï¥¸Éµ£µ ¶µ·Ö¤± :

F9 (a, b, c) = F3 (a, c)F6 (a, b, c) . (4.22)

‡¤¥¸Ó ³ É·¨Í  F̂6 (a, b, c) ¨³¥¥É ¡²µÎ´Ò° ¢¨¤

F̂6 (a, b, c) =
∣∣∣∣ F̂3 (a, c) bÎ3
−bÎ3 F̂3 (a, c)

∣∣∣∣ ,
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£¤¥ Î3 Å ¥¤¨´¨Î´ Ö ³ É·¨Í  · §³¥·µ³ 3×3, ¨ ³ É·¨Í  F̂3 (a, c) µ¶·¥¤¥²Ö¥É¸Ö
· ¢¥´¸É¢µ³ (4.7). “Î¨ÉÒ¢ Ö (4.7), ¢¨¤¨³, ÎÉµ ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥

F6 (a, b, c) = F3 (a, c+ b/2)F3 (a, c− b/2) . (4.23)

‘µ£² ¸´µ (4.22), (4.23) ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¥É¥·³¨´ ´É 
F9 (a, b, c):

F9 (a, b, c) = F3 (a, c)F3 (a, c+ b/2)F3 (a, c− b/2) =

= 2ic
(
a2 − 4c2

) (
b2 − 4c2

) [
(a− b)2 − 4c2

] [
(a+ b)2 − 4c2

]
. (4.24)

‡¤¥¸Ó a = |a|, b = |b|, ¶·¨Î¥³ ai = ali, bα = bdα. ‘¨¸É¥³  ²¨´¥°´ÒÌ ¨ µ¤´µ-
·µ¤´ÒÌ Ê· ¢´¥´¨° (4.6) ¨³¥¥É ´¥´Ê²¥¢µ¥ ·¥Ï¥´¨¥, ¥¸²¨ µ¶·¥¤¥²¨É¥²Ó (4.24)
µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó. �¡· Ð¥´¨¥ ¢ ´Ê²Ó Éµ²Ó±µ µ¤´µ£µ ¨§ ¶ÖÉ¨ ¸µ³´µ¦¨É¥²¥°
¢ µÉ¤¥²Ó´µ¸É¨ ¶·¨¢µ¤¨É ± Ê¦¥ · ¸¸³µÉ·¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³ (¸³. (4.14)Ä(4.17)).
�¤´µ¢·¥³¥´´µ¥ µ¡· Ð¥´¨¥ ¢ ´Ê²Ó ¶·µ¨§¢µ²Ó´ÒÌ ¤¢ÊÌ ¨§ ¶ÖÉ¨ ¸µ³´µ¦¨É¥²¥°
¤¥É¥·³¨´ ´É  (4.24) ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¥Ð¥ Î¥ÉÒ·¥ ´¥É·¨¢¨ ²Ó´ÒÌ ¸µ¸ÉµÖ-
´¨Ö:

1. �·¨ µ¡· Ð¥´¨¨ ¢ ´Ê²Ó 1-£µ ¨ 4-£µ ¨²¨ 1-£µ ¨ 5-£µ ¸µ³´µ¦¨É¥²¥°
Ê¸²µ¢¨¥ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ (2.15) ¶·¨µ¡·¥É ¥É ¢¨¤ [ŵ, liL̂i+dαŜα]=0.
‚ ÔÉµ³ ¸²ÊÎ ¥ ¢µ§´¨± ¥É ¸µ¸ÉµÖ´¨¥ ζ-Ë §Ò [18] ¸ ¶ · ³¥É·µ³ ¶µ·Ö¤± 

∆αk = eα (Amk −Bnk) + fα (Bmk +Ank) + Cdαlk. (4.25)

2. �¤´µ¢·¥³¥´´µ¥ µ¡· Ð¥´¨¥ ¢ ´Ê²Ó 2-£µ ¨ 3-£µ ¸µ³´µ¦¨É¥²¥° µ¶¨¸Ò¢ ¥É
ε-¸µ¸ÉµÖ´¨¥ [18]. ‚ ÔÉµ³ ¸²ÊÎ ¥ £¥´¥· Éµ· ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ T̂ =
liL̂i + dαŜα ∓ N̂/2 ¶·¨¢µ¤¨É ± ¶ · ³¥É·Ê ¶µ·Ö¤± 

∆αk = Alk (eα ± ifα) +Bdα (mk ± ink) . (4.26)

3. �¤´µ¢·¥³¥´´µ¥ µ¡· Ð¥´¨¥ ¢ ´Ê²Ó 2-£µ ¨ 4-£µ,   É ±¦¥ 2-£µ ¨ 5-£µ ¸µ-
³´µ¦¨É¥²¥° ¶·¨¢µ¤¨É ± ¸µ¸ÉµÖ´¨Õ · ¢´µ¢¥¸¨Ö ¸ £¥´¥· Éµ·µ³ ´¥´ ·ÊÏ¥´´µ°
¸¨³³¥É·¨¨ T̂ = liL̂i ± 2dαŜα ± N̂/2 ¨ ¸É·Ê±ÉÊ·¥ ¶ · ³¥É·  ¶µ·Ö¤±  [22, 23]:

∆αk = A (mk − ink) (eα − ifα) +Blk (eα + ifα) . (4.27)

4. �¤´µ¢·¥³¥´´µ¥ µ¡· Ð¥´¨¥ ¢ ´Ê²Ó 3-£µ ¨ 4-£µ,   É ±¦¥ 3-£µ ¨ 5-£µ
¸µ³´µ¦¨É¥²¥° ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ £¥´¥· Éµ· ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ¢¨¤ 
T̂ = ±2liL̂i + dαŜα ± N̂/2 ¨ ¶ · ³¥É· ¶µ·Ö¤±  [22, 23]

∆αk = A (mk − ink) (eα − ifα) +Bdα (mk + ink) . (4.28)

�¤´µ¢·¥³¥´´µ¥ § ´Ê²¥´¨¥ É·¥Ì ¨²¨ ¡µ²¥¥ ¸µ³´µ¦¨É¥²¥° ¢ (4.24) ¢¥¤¥É ±
Ê¦¥ ´ °¤¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¨²¨ ´¥ ¶·¨¢µ¤¨É ± ´¥É·¨¢¨ ²Ó´µ³Ê ·¥Ï¥´¨Õ
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ƒ¥´¥· Éµ· ´¥´ ·ÊÏ¥´´µ°
¸¨³³¥É·¨¨

ms ml � · ³¥É· ¶µ·Ö¤±  ∆αk ” § 

L̂i + RiαŜα Å Å ∆Rαk B

lL̂− ml

2
N̂

0 ±1 ∆dα(mk ∓ ink) A
±1 0 ∆(eα ∓ ifα)lk β

dŜ − ms

2
N̂

±1 ±1 ∆(eα ∓ ifα)(mk ∓ ink) A1

0 0 ∆dαlk Polar

0 0, ±1 dα(Amk + Bnk + Clk) Å

−2ml|ms|lL̂+ dŜ − 1

2
msN̂ ±1 ±1 A(mk ∓ ink)(eα ∓ ifα)+ A + A1

Bdα(mk ∓ ink)
±1 0 (eα ∓ ifα)(Amk + Bnk + Clk) Å

0,±1 0 (Aeα + Bfα + Cdα)lk Å

lL̂− 2ms|ml|dŜ − 1

2
mlN̂ ±1 ±1 A(mk ∓ ink)(eα ∓ ifα)+ β + A1

+Blk(eα ∓ ifα)
0 ±1 (Aeα + Bfα + Cdα)(mk ∓ ink) Å

0 0 eα(Amk − Bnk)+ ς
+fα(Bmk + Ank) + Cdαlk

lL̂+ dŜ − ml + ms

2
N̂

0 ±1 Alk(eα ± ifα) +
Bdα(mk ± ink)

ε±1 0
±1 ±1 ∆(eα ∓ ifα)(mk ∓ ink) A1

(∆αk �= 0). ”µ·³Ê²Ò (4.14)Ä(4.21), (4.25)Ä(4.28) µ¶¨¸Ò¢ ÕÉ 12  ´¨§µÉ·µ¶-
´ÒÌ Ë § ¸¢¥·ÌÉ¥±ÊÎ¥£µ 3He, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´Ò³
¸µ¸ÉµÖ´¨Ö³ [23].

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¸µ¸ÉµÖ´¨¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¨§µÉ·µ¶´µ° ¸¢¥·ÌÉ¥±Ê-
Î¥° Ë §¥, ±µÉµ·µ¥ ¢µ§´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥ µ¡· Ð¥´¨Ö ¤¥É¥·³¨´ ´É  (4.24) ¢
´Ê²Ó ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·µ¢ c = 0, a = b. ‚¢¥¤¥³ ¢ · ¸¸³µÉ·¥´¨¥ µ·Éµ-
£µ´ ²Ó´ÊÕ ³ É·¨ÍÊ ¶µ¢µ·µÉ , ±µÉµ· Ö µ¶¨¸Ò¢ ¥É · §¢µ·µÉ ¶·µ¸É· ´¸É¢¥´´µ°
¸¨¸É¥³Ò ±µµ·¤¨´ É µÉ´µ¸¨É¥²Ó´µ ¸¶¨´µ¢µ° · ¢¥´¸É¢µ³ bα = aiRiα. “Î¨ÉÒ¢ Ö

(2.16), ¶µ²ÊÎ ¥³ ai

[
ŵ, L̂i +RiαŜα

]
= 0. “¸²µ¢¨¥ ¨§µÉ·µ¶¨¨ µ§´ Î ¥É ¸¶· -

¢¥¤²¨¢µ¸ÉÓ ¶µ¸²¥¤´¥£µ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¶·µ¨§¢µ²Ó´ÒÌ ´ ¶· ¢²¥´¨° ¢¥±Éµ· 
a. �µÔÉµ³Ê ¸¢µ°¸É¢µ ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö ¨³¥¥É ¢¨¤ [57][

ŵ, L̂i +RiαŜα

]
= 0. (4.29)

�Éµ ¸µ¸ÉµÖ´¨¥ µ¶¨¸Ò¢ ¥É B-Ë §Ê ¸¢¥·ÌÉ¥±ÊÎ¥£µ 3He. „²Ö ¸µ¸ÉµÖ´¨° ¸ ¸¨³-
³¥É·¨¥° (4.29) ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶ · ³¥É·  ¶µ·Ö¤± 

∆αk = aBRkα, (4.30)

£¤¥ aB Å  ³¶²¨ÉÊ¤  ¶ · ³¥É·  ¶µ·Ö¤± .
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ˆÉµ£µ¢ Ö ±² ¸¸¨Ë¨± Í¨Ö ¸¢µ°¸É¢ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨Ì §´ Î¥´¨° ¶ · ³¥É·µ¢ ¶µ·Ö¤±  ¤²Ö É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´µ£µ
¸²ÊÎ Ö ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö É¨¶  3He ¶·¥¤¸É ¢²¥´  ¢ É ¡²¨Í¥ [31].

5. �…�„��	�„�›… ‘�‘’�Ÿ�ˆŸ 	�‚��‚…‘ˆŸ
‘‚…	•’…Š“—ˆ• ”�‡ 3He

’ ± ¦¥, ± ± ¨ ¶·¨ ·¥Ï¥´¨¨ ¢µ¶·µ¸  µ ±² ¸¸¨Ë¨± Í¨¨ µ¤´µ·µ¤´ÒÌ ¸µ¸Éµ-
Ö´¨°, Í¥²¥¸µµ¡· §´µ ¢´ Î ²¥ · ¸¸³µÉ·¥ÉÓ ¶µ¤£·Ê¶¶Ò ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³-
³¥É·¨¨, £¥´¥· Éµ· ±µÉµ·ÒÌ ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ µ¶¥· Éµ·µ¢. �Ê¸ÉÓ

P̂k ≡ P̂k − pkN̂ . (5.1)

‘µ£² ¸´µ (5.1) ¨  ²£¥¡·¥ (4.2) ¤²Ö ¶ · ³¥É·  ¶µ·Ö¤±  ¶µ²ÊÎ¨³ Ê· ¢´¥´¨¥

∇i∆βk(x) = 2ipi∆βk(x), (5.2)

·¥Ï¥´¨¥ ±µÉµ·µ£µ ¨³¥¥É ¢¨¤

∆βk(x) = e2iϕ(x)∆βk(0), ϕ(x) = ϕ+ px, (5.3)

§¤¥¸Ó ∆βk(0) Å µ¤´µ·µ¤´ Ö Î ¸ÉÓ ¶ · ³¥É·  ¶µ·Ö¤± , ±µÉµ· Ö ´¥ § ¢¨¸¨É µÉ
±µµ·¤¨´ ÉÒ. ‚ ¸¨²Ê Ö¢´µ£µ ¢¨¤  £¥´¥· Éµ·  ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ (2.21)
¨ Ê· ¢´¥´¨Ö (5.2) ¸¶· ¢¥¤²¨¢Ò · ¢¥´¸É¢ 

akεkil∆βl + bαεαβγ∆γi + aiεimnxmpn∆βk(x) + 2ic∆βi = 0,

£¤¥ c ≡ c + pd. ˆ§ É·¥¡µ¢ ´¨Ö § ´Ê²¥´¨Ö ²¨´¥°´µ£µ ¶µ ±µµ·¤¨´ É¥ ¸² £ -
¥³µ£µ ¢ ÔÉµ³ Ê· ¢´¥´¨¨ ¸²¥¤ÊÕÉ ¸µµÉ´µÏ¥´¨Ö, µ¶·¥¤¥²ÖÕÐ¨¥ · ¢´µ¢¥¸´ÊÕ
¸É·Ê±ÉÊ·Ê ¶ · ³¥É·  ¶µ·Ö¤± 

akεkil∆βl + bαεαβγ∆γi + 2ic∆βi = 0, a × p = 0. (5.4)

‚¨¤´µ, ÎÉµ ¤²Ö µ¤´µ·µ¤´µ° Î ¸É¨ ¶ · ³¥É·  ¶µ·Ö¤±  ∆βk(0) (5.3) ¸¶· ¢¥¤²¨¢ 
¶·µÍ¥¤Ê·  ±² ¸¸¨Ë¨± Í¨¨, ¨§²µ¦¥´´ Ö ¢ÒÏ¥. ‚ · ¡µÉ Ì [26Ä28] ¸ ¨¸¶µ²Ó§µ-
¢ ´¨¥³ ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´  ¨§ÊÎ ²¸Ö ¢µ¶·µ¸ µ ¸É ¡¨²Ó´µ¸É¨ ´¥µ¤´µ-
·µ¤´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ 3He−A ¨ ¶µ± § ´  Ê¸Éµ°Î¨¢µ¸ÉÓ ±µ´Ë¨£Ê· Í¨¨ ¶·¨
a||p.

� ¸¸³µÉ·¨³ ¸²ÊÎ °, ±µ£¤  µ¶¥· Éµ· ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ ¨³¥¥É
¢¨¤

P̂k ≡ P̂k − qkαŜα. (5.5)
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�Éµ Ê¸²µ¢¨¥ ¶·¨¢µ¤¨É ± Ê· ¢´¥´¨Õ ¤²Ö ¶ · ³¥É·  ¶µ·Ö¤± 

∇i∆βk(x) = qiαεαβγ∆γk(x). (5.6)

’µ¦¤¥¸É¢µ Ÿ±µ¡¨ ¤²Ö µ¶¥· Éµ·µ¢ ŵ, P̂i, P̂k ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸µµÉ´µÏ¥´¨¥

Sp
[
ŵ,
[
P̂i, P̂k

]]
∆̂βl(x) = (qiβqkα − qiαqkβ)∆αl(x) = 0,

µÉ±Ê¤  ¸²¥¤Ê¥É ¸É·Ê±ÉÊ·  ¶ · ³¥É·  qiα:

qiα = qinα. (5.7)

‡¤¥¸Ó qk Å ¢¥±Éµ· ³ £´¨É´µ° ¸¶¨· ²¨; nα Å µ¸Ó  ´¨§µÉ·µ¶¨¨ ¢ ¸¶¨´µ¢µ³
¶·µ¸É· ´¸É¢¥. �¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (5.6) ¸ ÊÎ¥Éµ³ (5.7) ¤ ¥É Ö¢´ÊÕ ¸É·Ê±ÉÊ·Ê
¶ · ³¥É·  ¶µ·Ö¤±  ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö:

∆βk(x) = aβγ (nθ(x))∆γk (0) , θ(x) = θ + qx, (5.8)

£¤¥ aβγ Å µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  ¶µ¢µ·µÉ  ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥. “¸²µ-
¢¨¥ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ (2.21) ¸ ÊÎ¥Éµ³ ¢¨¤  £¥´¥· Éµ·  ¶·µ¸É· ´¸É¢¥´-
´µ° ¸¨³³¥É·¨¨ (5.5) ¨ Ê· ¢´¥´¨Ö (5.6) ¶·¨¢µ¤¨É ± · ¢¥´¸É¢Ê

akεkil∆βl(x) + bαεαβγ∆γi(x) + ajεjmnxmqnnαεαβγ∆γi(x) + 2ic∆βi(x) = 0,
(5.9)

§¤¥¸Ó bα ≡ bα+dqnα. �É¸Õ¤ , ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ É·¥¡µ¢ ´¨¥ µÉ¸ÊÉ¸É¢¨Ö
²¨´¥°´µ£µ ¶µ ±µµ·¤¨´ É¥ ¸² £ ¥³µ£µ, ¶µ²ÊÎ¨³ Ê· ¢´¥´¨Ö

akεkil∆βl(x) + bαεαβγ∆γi(x) + 2ic∆βi(x) = 0,

ajεjmnqn = 0,

±µÉµ·Ò¥ § ¤ ÕÉ · ¢´µ¢¥¸´ÊÕ ¸É·Ê±ÉÊ·Ê ¶ · ³¥É·  ¶µ·Ö¤± . “Î¨ÉÒ¢ Ö Ëµ·-
³Ê²Ê (5.8), ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ Ê· ¢´¥´¨¥ Éµ²Ó±µ ¤²Ö µ¤´µ·µ¤´µ° Î ¸É¨ ¶ · -
³¥É·  ¶µ·Ö¤± , ±µÉµ· Ö ´¥ § ¢¨¸¨É µÉ ±µµ·¤¨´ É:

akεkil∆βl + bαεαβγ∆γi + 2ic∆βi = 0,

¶·¨ Ê¸²µ¢¨¨, ÎÉµ b × n = 0. ‚ ·¥§Ê²ÓÉ É¥  ´ ²¨§ ¢µ§³µ¦´ÒÌ ¸µ¸ÉµÖ´¨° ¤²Ö
µ¤´µ·µ¤´µ° Î ¸É¨ ¶ · ³¥É·  ¶µ·Ö¤±  ∆βk ¸¢µ¤¨É¸Ö ± Ê¦¥ · ¸¸³µÉ·¥´´µ³Ê
¸²ÊÎ Õ.

ˆ¸¸²¥¤Ê¥³ É¥¶¥·Ó ¶·µ¸É· ´¸É¢¥´´ÊÕ ¸¨³³¥É·¨Õ, µ¶·¥¤¥²Ö¥³ÊÕ · ¢¥´-
¸É¢µ³

P̂k ≡ P̂k − tkjL̂j . (5.10)
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“¸²µ¢¨¥ ¸¨³³¥É·¨¨ (5.10) ¨  ²£¥¡·  (4.2) ¶·¨¢µ¤ÖÉ ± ¸¨¸É¥³¥ Ê· ¢´¥´¨°

∇i∆βk(x) = tijεjkl∆βl(x), tijεjuv∇v∆βk(x) = 0, (5.11)

µÉ±Ê¤  ¶µ²ÊÎ¨³ Ê¸²µ¢¨¥ ´  ¤µ¶Ê¸É¨³ÊÕ ¸É·Ê±ÉÊ·Ê ¶ · ³¥É·  tij :

tijεjuvtvsεskl = 0. (5.12)

‚¥²¨Î¨´Ê tkj ¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥ tkj = tδkj + tiεikj + tskj , £¤¥ tskj Å ¸¨³³¥-
É·¨Î´Ò° ¨ ¡¥¸Ï¶Ê·µ¢Ò° É¥´§µ·. �µ¤¸É ¢¨³ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ ¸µµÉ´µÏ¥´¨¥
(5.12) ¨ ÊÎÉ¥³, ÎÉµ µ´µ ¸¶· ¢¥¤²¨¢µ ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ ¨´¤¥±¸µ¢. ‘¢µ· -
Î¨¢ Ö ¥£µ ¸ É¥´§µ·µ³ (δkiδlu− δkuδli), ¶µ²ÊÎ¨³ Ê· ¢´¥´¨Ö ¸¢Ö§¨ ´  ¶ · ³¥É·Ò
³ É·¨ÍÒ tkj :

6t2 − t2n − tsikt
s
ik = 0. (5.13)

‘¢µ· Î¨¢ Ö ¸µµÉ´µÏ¥´¨e (5.12) ¸ É¥´§µ·µ³ εklu, ¶·¨Ìµ¤¨³ ± ¤·Ê£µ³Ê Ê· ¢´¥-
´¨Õ:

tj
(
tδij + tsij

)
= 0. (5.14)

‘²¥¤¸É¢¨¥³ Ê· ¢´¥´¨° (5.13), (5.14) ¡Ê¤¥É · ¢¥´¸É¢µ tj = 0.
�¡· É¨³¸Ö É¥¶¥·Ó ± Éµ¦¤¥¸É¢Ê Ÿ±µ¡¨ ¤²Ö µ¶¥· Éµ·µ¢ ŵ, P̂i, P̂k. ‚ ¸µ-

µÉ¢¥É¸É¢¨¨ ¸ Ö¢´Ò³ ¢¨¤µ³ (5.10) ´ °¤¥³ Ê¸²µ¢¨Ö ´  ¸É·Ê±ÉÊ·Ê Ô²¥³¥´Éµ¢
³ É·¨ÍÒ tij :

tiit
2
kl − tiktkltli = 0, tiktki − tiitkk = 0. (5.15)


¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ Ö¢´Ò° ¢¨¤ ³ É·¨ÍÒ tij , Ê¤µ¢²¥É¢µ·ÖÕÐ¥° (5.13)Ä(5.15):

tik = tlilk. (5.16)

�·µ¸É· ´¸É¢¥´´µ-´¥µ¤´µ·µ¤´ Ö Î ¸ÉÓ ¶ · ³¥É·  ¶µ·Ö¤±  ³µ¦¥É ¡ÒÉÓ ´ °¤¥´ 
¨§ Ê· ¢´¥´¨Ö (5.11) ¸ ÊÎ¥Éµ³ (5.16). �¥Ï¥´¨¥ ¨³¥¥É ¢¨¤

∆γi(x) = aik (lψ(x))∆γk(0), (5.17)

§¤¥¸Ó aik (lψ(x)) Å µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  ¶µ¢µ·µÉ  ¢µ±·Ê£ µ¸¨ l ¢ ±µ´Ë¨-
£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥ ´  Ê£µ² ψ(x) = ψ + tlx. �Éµ ·¥Ï¥´¨¥ µ¶¨¸Ò¢ ¥É
£¥²¨±µ¨¤ ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê. ‚¥²¨Î¨´  2πt−1 µ¶·¥¤¥²Ö¥É Ï £ £¥²¨±µ¨¤ , ´ -
¶· ¢²¥´¨¥ ±µÉµ·µ£µ § ¤ ´µ ¥¤¨´¨Î´Ò³ ¢¥±Éµ·µ³ l. “¸²µ¢¨¥ ´¥´ ·ÊÏ¥´´µ°
¸¨³³¥É·¨¨ ¸ ÊÎ¥Éµ³ (5.10), (5.17) ¶·¨¢µ¤¨É ± Ê· ¢´¥´¨Õ

ak (εkil∆βl + εiuvxu∇v∆βl) + bαεαβγ∆γi + 2ic∆βi = 0, (5.18)
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£¤¥ ai ≡ ai + tlild. �É¸Õ¤  ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨¥ a× l = 0, µ£· ´¨Î¨¢ ÕÐ¥¥
¸É·Ê±ÉÊ·Ê ¶ · ³¥É·  ¶µ·Ö¤± , ±µÉµ·µ¥ ¢µ§´¨± ¥É ¨§ É·¥¡µ¢ ´¨Ö µÉ¸ÊÉ¸É¢¨Ö
²¨´¥°´µ£µ ¸² £ ¥³µ£µ ¶µ ±µµ·¤¨´ É¥ ¢ Ê· ¢´¥´¨¨ (5.18), ¨ Ê· ¢´¥´¨¥ ¤²Ö
µ¤´µ·µ¤´µ° Î ¸É¨ ¶ · ³¥É·  ¶µ·Ö¤± 

akεkil∆βl + bαεαβγ∆γi + 2ic∆βi = 0.

‘µ£² ¸´µ (5.1), (5.5), (5.10) ¢µ§³µ¦´µ µ¡µ¡Ð¥´¨¥ ¸É·Ê±ÉÊ·Ò µ¶¥· Éµ· 
¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ [31]

P̂k ≡ P̂k − pkN̂ − qknαŜα − tlj lkL̂j . (5.19)

“¸²µ¢¨¥ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö · ¸¸³ É·¨¢ ¥-
³µ° Ë¥·³¨-¦¨¤±µ¸É¨ ¸²¥¤Ê¥É ¤µ¶µ²´¨ÉÓ Ê¸²µ¢¨¥³ ´¥´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨
¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö (2.15), £¤¥ £¥´¥· Éµ· T̂ µ¶·¥¤¥²Ö¥É¸Ö · ¢¥´¸É¢µ³ (2.21).
‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³¨ Ê¸²µ¢¨Ö³¨ ¸¨³³¥É·¨¨ § ¶¨Ï¥³ · ¢¥´¸É¢ 

i Sp
[
ŵ, T̂

]
∆̂βk(x) = 0, i Sp

[
ŵ, P̂i

]
∆̂βk(x) = 0.

�É¸Õ¤  ¶µ²ÊÎ¨³ Ê· ¢´¥´¨Ö, Ê¸É ´ ¢²¨¢ ÕÐ¨¥ · ¢´µ¢¥¸´ÊÕ ¸É·Ê±ÉÊ·Ê ¶ · -
³¥É·  ¶µ·Ö¤± , ¨ ´ °¤¥³ µ£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò ai, bα, c, di £¥´¥· Éµ·  T̂
¨ ¶ · ³¥É·Ò pk, qk, nα, t, lk µ¶¥· Éµ·  ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ P̂k:

ai (εikl∆βl(x) + εiuvxu∇v∆βl(x)) + bαεαβγ∆γl(x) + 2ic∆βk(x) = 0,
∇i∆βk(x) = 2ipi∆βk(x) + qinαεαβγ∆γk(x) +

+ tlilj (εjkm∆βm(x) + εjuvxu∇v∆βm(x)) .
(5.20)

� · ³¥É·Ò ai, bα, c ¸¢Ö§ ´Ò ¸ ¢¥²¨Î¨´ ³¨ ai, bα, c ¸µµÉ´µÏ¥´¨Ö³¨

ai ≡ ai + tlild, bα ≡ bα + dqnα, c ≡ c+ pd.

’·¥¡µ¢ ´¨¥ µÉ¸ÊÉ¸É¢¨Ö ²¨´¥°´ÒÌ ¶µ ±µµ·¤¨´ É¥ ¸² £ ¥³ÒÌ ¢ µ¡µ¨Ì Ê· ¢´¥-
´¨ÖÌ (5.20) ¶·¨¢µ¤¨É ± ¸µµÉ´µÏ¥´¨Ö³

ljεjuv (2ipv∆βk(x) + qvnαεαβγ∆γk(x)) = 0,
ajεjuv (2ipv∆βk(x) + qvnαεαβγ∆γk(x) + tlvlmεmkn∆βn(x)) = 0,

(5.21)

±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ ¸¢Ö§ ÉÓ ´ ¶· ¢²¥´¨Ö ¢¥±Éµ·µ¢ p,q, l ³¥¦¤Ê ¸µ¡µ° ¨ ¸ ¢¥±-
Éµ·µ³ a. “· ¢´¥´¨Ö (5.20), (5.21) ¸²Ê¦ É µ¸´µ¢µ°  ´ ²¨§  ±² ¸¸¨Ë¨± Í¨¨
· ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ´¨° ¸¢¥·ÌÉ¥±ÊÎ¨Ì Ë § 3He ¸ £¥´¥· Éµ·µ³ ¶·µ¸É· ´¸É¢¥´-
´µ° ¸¨³³¥É·¨¨ (5.19). �¥Ï¥´¨¥ ¢Éµ·µ£µ Ê· ¢´¥´¨Ö ¢ (5.20) ¨³¥¥É ¢¨¤ [31]

∆βi(x) = e2iϕ(x)aβγ (nθ(x)) aik (lψ(x))∆γk (0) . (5.22)
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‘µµÉ´µÏ¥´¨Ö (5.21) ¢Ò¶µ²´ÖÕÉ¸Ö, ¥¸²¨ ¢¥±Éµ·Ò p,q, l, a ±µ²²¨´¥ ·´Ò. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¶¥·¢µ¥ Ê· ¢´¥´¨¥ (5.20) ¶µ§¢µ²Ö¥É ¸¢¥¸É¨ Ê· ¢´¥´¨¥ ¤²Ö µ¤´µ-
·µ¤´µ° Î ¸É¨ ¶ · ³¥É·  ¶µ·Ö¤±  ∆γk(0) (5.22), ¶·¨ ¢Ò¶µ²´¥´¨¨ · ¢¥´¸É¢ 
b × n = 0, ± ¢¨¤Ê

aiεikl∆βl (0) + bαεαβγ∆γl(0) + 2ic∆βk(0) = 0.

ˆ§ÊÎ¨³ Ê¸²µ¢¨¥ ¸É Í¨µ´ ·´µ¸É¨ ¸¢¥·ÌÉ¥±ÊÎ¨Ì ¸µ¸ÉµÖ´¨° 3He. „²Ö · ¢-
´µ¢¥¸´µ£µ µ¶¥· Éµ·  ƒ¨¡¡¸  ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ (3.15). “· ¢´¥´¨¥
Ëµ´ 
¥°³ ´  ¸µ¢³¥¸É´µ ¸ Ê¸²µ¢¨¥³ ¸É Í¨µ´ ·´µ¸É¨ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ
¢·¥³¥´´ÊÕ § ¢¨¸¨³µ¸ÉÓ · ¢´µ¢¥¸´ÒÌ ¸·¥¤´¨Ì. ‚ Î ¸É´µ¸É¨, ¤²Ö ¶ · ³¥É· 
¶µ·Ö¤±  ¶µ²ÊÎ¨³

Sp ŵ(t)∆̂αk(x) = Sp ŵ(0)eiN̂p0t∆̂αk (x) e−iN̂p0t = e2ip0tSp ŵ(0)∆̂αk(x).
(5.23)

‘µµÉ´µÏ¥´¨Ö (5.22) ¨ (5.23) µ¶·¥¤¥²ÖÕÉ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ § ¢¨¸¨-
³µ¸ÉÓ ¶ · ³¥É·  ¶µ·Ö¤±  ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö.

6. �‹ƒ…#	� ‹�Š�‹œ�›• “�ˆ’�	�›• �	…�#	�‡�‚��ˆ‰.
’	��‘”�	Œ�–ˆ���›… ‘‚�‰‘’‚� ��…	�’�	�‚
�‹�’��‘’…‰ �„„ˆ’ˆ‚�›• ˆ�’…ƒ	�‹�‚ „‚ˆ†…�ˆŸ

ˆ ��	�Œ…’	� ��	Ÿ„Š�

„²Ö ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ ¸ ´ ·ÊÏ¥´´µ° ´¥ ¡¥²¥¢µ° £·Ê¶¶µ° ¸¨³³¥-
É·¨¨ ´¥· ¢´µ¢¥¸´Ò¥ ¶²µÉ´µ¸É¨ ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ´¥
³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ É¥·³¨´ Ì · ¢´µ¢¥¸´µ£µ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µ-
É¥´Í¨ ²  [57, 58, 66, 67]. �·¨Î¨´  ¸¢Ö§ ´  ¸ É¥³, ÎÉµ ¢ ¸µ¸ÉµÖ´¨¨ ¶µ²´µ£µ
· ¢´µ¢¥¸¨Ö ¶ · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö, ¸¢Ö§ ´´Ò¥ ¸ £· ¤¨¥´É ³¨ ²µ-
± ²Ó´ÒÌ ¶ · ³¥É·µ¢ ¶·¥µ¡· §µ¢ ´¨°, Ê¶·µÐ ÕÉ¸Ö ¨ ´¥ µÉ· ¦ ÕÉ ¶· ¢¨²Ó´µ
´¥· ¢´µ¢¥¸´ÊÕ ¸É·Ê±ÉÊ·Ê ÔÉ¨Ì ¢¥²¨Î¨´. �µÔÉµ³Ê ¶·¨ Ëµ·³Ê²¨·µ¢±¥ É¥·³µ¤¨-
´ ³¨±¨ ¨ ´ Ìµ¦¤¥´¨¨ ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö
´¥µ¡Ìµ¤¨³µ ¨¸Ìµ¤¨ÉÓ ¨§ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ ¸µ¸ÉµÖ´¨Ö, ¤²Ö ±µÉµ·µ£µ, ± ±
¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, É ± Ö É·Ê¤´µ¸ÉÓ ´¥ ¢µ§´¨± ¥É.

‚ · §¤. 3, 4 ¡Ò²¨ ¢¢¥¤¥´Ò µ¶¥· Éµ·Ò ¶ · ³¥É·  ¶µ·Ö¤±  ¸¨´£²¥É´µ£µ ¨
É·¨¶²¥É´µ£µ ¸¶ ·¨¢ ´¨Ö ¨ ¶µ± § ´µ, ÎÉµ ¶·¨ £²µ¡ ²Ó´ÒÌ Ë §µ¢ÒÌ ¶·¥µ¡· -
§µ¢ ´¨ÖÌ, ¸¶¨´µ¢ÒÌ ¶µ¢µ·µÉ Ì ¨ ¶·µ¨§¢µ²Ó´ÒÌ É· ´¸²ÖÍ¨ÖÌ ÔÉ¨ µ¶¥· Éµ·Ò
¶·¥µ¡· §ÊÕÉ¸Ö ¸ ³¨ Î¥·¥§ ¸¥¡Ö. ˆ¸¸²¥¤µ¢ ´¨¥ ²µ± ²Ó´µ-· ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ-
´¨° ¶µÉ·¥¡Ê¥É ¨¸¶µ²Ó§µ¢ ´¨Ö ²µ± ²Ó´ÒÌ Ê´¨É ·´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ¸¢Ö§ ´-
´ÒÌ ¸ Ë §µ¢Ò³¨ ¶·¥µ¡· §µ¢ ´¨Ö³¨, ¸¶¨´µ¢Ò³¨ ¶µ¢µ·µÉ ³¨ ¨ ¶·µ¨§¢µ²Ó´Ò³¨
¤¥Ëµ·³ Í¨Ö³¨. � ¸¸³µÉ·¨³ ´¥±µÉµ·Ò¥ ¸¢µ°¸É¢  ÔÉ¨Ì Ê´¨É ·´ÒÌ ¶·¥µ¡· §µ-
¢ ´¨°, ´¥µ¡Ìµ¤¨³Ò¥ ´ ³ ¢ ¤ ²Ó´¥°Ï¥³. ‹µ± ²Ó´Ò¥ Ë §µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö
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µ¶·¥¤¥²ÖÕÉ¸Ö Ê´¨É ·´Ò³ µ¶¥· Éµ·µ³

Uϕ = exp i
∫

d3xn̂(x)ϕ(x), (6.1)

£¤¥ ϕ(x) Å ²µ± ²Ó´ Ö Ë § , µ¶·¥¤¥²ÖÕÐ Ö Ê´¨É ·´Ò° µ¶¥· Éµ· Uϕ. ˆ§

± ´µ´¨Î¥¸±¨Ì ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨° ¸²¥¤Ê¥É, ÎÉµ µ¶¥· Éµ·Ò ψ̂(x),
ψ̂+(x) ¶·¥µ¡· §ÊÕÉ¸Ö ¸µ£² ¸´µ Ëµ·³Ê² ³

Uϕψ̂(x)U+
ϕ = ψ̂(x)e−iϕ(x), Uϕψ̂

+(x)U+
ϕ = ψ̂+(x)eiϕ(x). (6.2)

’ ± ± ± [n̂(x), n̂(x′)] = 0, Éµ

UϕδU
+
ϕ = −i

∫
d3xδϕ(x)n̂(x), (6.3)

£¤¥ δUϕ Å ¢ ·¨ Í¨Ö ¶µ ¶ · ³¥É·Ê ϕ Ê´¨É ·´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö Uϕ. ˆ¸-
¶µ²Ó§ÊÖ Ö¢´Ò° ¢¨¤ µ¶¥· Éµ·µ¢ ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö
¢ É¥·³¨´ Ì ¶µ²¥¢ÒÌ Ë¥·³¨-µ¶¥· Éµ·µ¢, ´ Ìµ¤¨³

Uϕn̂(x)U+
ϕ = n̂(x),

Uϕŝα(x)U+
ϕ = ŝα(x),

Uϕπ̂k(x)U+
ϕ = π̂k (x)− n̂(x)∇kϕ(x).

(6.4)

“Î¨ÉÒ¢ Ö ¢¨¤ µ¶¥· Éµ·µ¢ ¶ · ³¥É·  ¶µ·Ö¤±  (3.2), (4.2), ¶µ²ÊÎae³ ¨Ì É· ´¸-
Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ¶·¨ Ë §µ¢ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ

Uϕ∆̂(x)U+
ϕ = ∆̂ (x) e−2iϕ(x), Uϕ∆̂iα(x)U+

ϕ = ∆̂iα(x)e−2iϕ(x). (6.5)

‹µ± ²Ó´Ò¥ ¸¶¨´µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö Ê´¨É ·´Ò³ µ¶¥· Éµ-
·µ³

Uθ = exp i

∫
d3xŝα(x)θα(x), (6.6)

£¤¥ θα(x) Å ²µ± ²Ó´Ò¥ Ê£²Ò ¶µ¢µ·µÉ  ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥. ’ ± ± ±
ŝα(x) = ψ̂+(x)sαψ̂(x), Éµ ¨§ ± ´µ´¨Î¥¸±¨Ì ¶¥·¥¸É ´µ¢µÎ´ÒÌ ¸µµÉ´µÏ¥´¨°
¨³¥¥³ [

ŝα(x), ψ̂(x′)
]
= −sαψ̂(x)δ(x − x′).

‚¢¥¤¥³ Ê´¨É ·´µ¥ ¶·¥µ¡· §µ¢ ´¨¥

Uθ (λ) = exp iλ

∫
d3xθα(x)ŝα(x)
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¨ § ³¥É¨³, ÎÉµ ¤²Ö µ¶¥· Éµ·  ψ̂λ(x) ≡ Uθ (λ) ψ̂(x)U+
θ (λ) ¸¶· ¢¥¤²¨¢µ ¤¨Ë-

Ë¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥

∂

∂λ
ψ̂ (x, λ) = −iθa(x)sαψ̂ (x, λ) ,

µÉ±Ê¤  ¸²¥¤ÊÕÉ · ¢¥´¸É¢ 

Uθψ̂(x)U+
θ = uθ(x)ψ̂(x),

uθ(x) ≡ e−iθα(x)sα ,

Uθψ̂
+(x)U+

θ = ψ̂+(x)u+
θ (x).

(6.7)

�´ ²µ£¨Î´Ò³ µ¡· §µ³, ¢¢µ¤Ö ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥ µ¶¥· Éµ·Ò

uθ (λ) = e−iλθαsα , sα (λ) = uθ (λ) sαuθ (λ)
+ ,

²¥£±µ ´ °É¨, ÎÉµ

∂sα (λ)
∂λ

= εαγβθβsγ (λ) .

ˆ§ ¶µ¸²¥¤´¥£µ ¸µµÉ´µÏ¥´¨Ö ¢ÒÉ¥± ¥É · ¢¥´¸É¢µ

u+
θ sαuθ = aαβ (θ) sβ ,

aαβ (θ)≡ (exp (εθ))αβ =δαβ cos θ+nαnβ (1− cos θ)+εαβγnγ sin θ,

θα = nαθ, n2
α = 1.

(6.8)

‡¤¥¸Ó aαβ (θ) Å µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  ¶µ¢µ·µÉ  ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥,
¶·¥¤¸É ¢²¥´´ Ö ¢ É¥·³¨´ Ì ²µ± ²Ó´µ£µ Ê£²  ¶µ¢µ·µÉ . ‘ ÊÎ¥Éµ³ ¸µµÉ´µÏ¥´¨°
(6.7), (6.8) ¶µ²ÊÎ ¥³

u+
θ δuθ =

i

2
εγαβ (ãδa)αβ sγ . (6.9)

‡ ³¥É¨³ É¥¶¥·Ó, ÎÉµ ¨§ Ëµ·³Ê²Ò (6.7) ²¥£±µ ¶µ²ÊÎ¨ÉÓ · ¢¥´¸É¢µ

UθδU
+
θ =

i

2
εγαβ

∫
d3xδRαβ(x)ŝγ(x), (6.10)

£¤¥

δR(x) ≡ ã(x)δa(x). (6.11)
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‡ ±µ´Ò ¶·¥µ¡· §µ¢ ´¨Ö µ¶¥· Éµ·µ¢ ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨-
¦¥´¨Ö ¶·¨ ²µ± ²Ó´ÒÌ ¸¶¨´µ¢ÒÌ ¶µ¢µ·µÉ Ì ¨³¥ÕÉ ¢¨¤

Uθn̂(x)U+
θ = n̂(x),

Uθŝα(x)U+
θ = aαβ (θ(x)) ŝβ(x),

Uθπ̂k(x)U+
θ = π̂k(x)− ωαk(x)ŝα(x).

(6.12)

‚¥²¨Î¨´  ωαk, Ë¨£Ê·¨·ÊÕÐ Ö ¢ ¸µµÉ´µÏ¥´¨ÖÌ (6.12), ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
¶· ¢ÊÕ Ëµ·³Ê Š ·É ´ , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö µ·Éµ£µ´ ²Ó´µ° ³ É·¨Í¥° ¶µ¢µ-
·µÉ  [68]:

ωαk =
1
2
εαβγ (a∇kã)βγ . (6.13)

‹¥¢ Ö Ëµ·³  Š ·É ´  ωαk µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

ωαk =
1
2
εαβγ (ã∇ka)γβ (6.14)

¨ ¸¢Ö§ ´  ¸ ¶· ¢µ° Ëµ·³µ° Š ·É ´  ¸µµÉ´µÏ¥´¨¥³ ωαk = aαβωβk. ‚ ¸µµÉ-
¢¥É¸É¢¨¨ ¸ ÔÉ¨³¨ µ¶·¥¤¥²¥´¨Ö³¨ ¨³¥ÕÉ ³¥¸Éµ Éµ¦¤¥¸É¢  Œ Ê·¥· ÄŠ ·É ´ 

∇kωαi −∇iωαk = −εαβγωβkωγi, ∇kωαi −∇iωαk = εαβγωβkωγi. (6.15)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Ö¢´Ò° ¢¨¤ µ¶¥· Éµ·µ¢ ¶ · ³¥É·  ¶µ·Ö¤±  ∆̂(x),
∆̂iα(x), ´ Ìµ¤¨³ É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ÔÉ¨Ì µ¶¥· Éµ·µ¢ ¶·¨
²µ± ²Ó´ÒÌ ¸¶¨´µ¢ÒÌ ¶µ¢µ·µÉ Ì:

Uθ∆̂αi(x)U+
θ = aαβ (θ(x)) ∆̂βi(x) − ωαi (θ(x)) ∆̂(x), Uθ∆̂(x)U+

θ = ∆̂(x).
(6.16)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ (6.13) ²¥£±µ Ê¡¥¤¨ÉÓ¸Ö ¢ ¸¶· ¢¥¤²¨¢µ¸É¨ Ëµ·³Ê²Ò

∇kδRα = δωkβaβα, δRα ≡ 1
2
εαβγδRβγ . (6.17)

�¥·¥°¤¥³, ´ ±µ´¥Í, ± Ê´¨É ·´µ³Ê ¶·¥µ¡· §µ¢ ´¨Õ

Uf = exp i
∫

d3xπ̂i(x)fi(x), (6.18)

µ¶¨¸Ò¢ ÕÐ¥³Ê ¶·µ¨§¢µ²Ó´Ò¥ ²µ± ²Ó´Ò¥ ¤¥Ëµ·³ Í¨¨. ’ ± ± ± π̂i(x) =

= − i

2

{
ψ̂+
σ (x)∇iψ̂σ(x)−∇iψ̂

+
σ (x)ψ̂σ(x)

}
, Éµ ¨§ ± ´µ´¨Î¥¸±¨Ì ¶¥·¥¸É ´µ¢µÎ-

´ÒÌ ¸µµÉ´µÏ¥´¨° ¨³¥¥³

i
[
π̂l(x′), ψ̂(x)

]
= −1

2

(
δ (x− x′)∇lψ̂(x)− ψ̂(x′)∇′

lδ (x− x′)
)
. (6.19)
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‚¢¥¤¥³ Ê´¨É ·´µ¥ ¶·¥µ¡· §µ¢ ´¨¥

Uf (λ) = exp iλ
∫

d3xfi(x)π̂i(x)

¨ § ³¥É¨³, ÎÉµ

i

∫
d3x′fl(x′)

[
π̂l (x′) , ψ̂(x)

]
= −fl(x)∇lψ̂(x) −

1
2
∇l (fl(x)) ψ̂(x).

�É¸Õ¤  ¤²Ö µ¶¥· Éµ·  ψ̂λ(x) ≡ Uf (λ)ψ̂(x)U+
f (λ) ¶µ²ÊÎ¨³ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥

Ê· ¢´¥´¨¥

∂ψ̂λ

∂λ
+ fl

∂ψ̂λ

∂xl
= −1

2
∂fl
∂xl

ψ̂λ (6.20)

¸ ´ Î ²Ó´Ò³ Ê¸²µ¢¨¥³ ψ̂0(x) = ψ̂(x). „²Ö ·¥Ï¥´¨Ö ÔÉµ£µ Ê· ¢´¥´¨Ö ¢µ¸¶µ²Ó-
§Ê¥³¸Ö ³¥Éµ¤µ³ Ì · ±É¥·¨¸É¨±. � ¸¸³µÉ·¨³ ¸ ÔÉµ° Í¥²ÓÕ ¸¨¸É¥³Ê µ¡Ò±´µ¢¥´-
´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°

∂xl
∂λ

= fl(x) (6.21)

¸ ´ Î ²Ó´Ò³¨ Ê¸²µ¢¨Ö³¨ xl|λ=0 = x0
l . �¥Ï¥´¨¥ ÔÉµ° § ¤ Î¨ ŠµÏ¨ µ¡µ§´ Î¨³

Î¥·¥§ x = x(λ, x0) ¨²¨, µ¡· Ð Ö ÔÉµ Ê· ¢´¥´¨¥, x0 = x0(λ, x). ‚¢¥¤¥³
ËÊ´±Í¨Õ

g(x, λ) =
∫

d3x0g(x0, 0)δ(x − x(x0, λ)) = g(x0, 0)
∣∣∣∣∂x0

∂x

∣∣∣∣
x0=x0(x,λ)

. (6.22)

�É¸Õ¤  ¨ ¨§ (6.21) ¸²¥¤Ê¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ g(x, λ)
¨ ´ Î ²Ó´µ¥ Ê¸²µ¢¨¥

∂g(x, λ)
∂λ

+ fi(x)
∂g(x, λ)

∂xi
= −g(x, λ)

∂fi(x)
∂xi

,

g (x, λ)|λ=0 = g(x, 0).

‚¢¥¤¥³ ¢³¥¸Éµ ËÊ´±Í¨¨ g(x, λ) ËÊ´±Í¨Õ z(x, λ):

g(x, λ) = z2(x, λ).

�É  ËÊ´±Í¨Ö Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ

∂z(x, λ)
∂λ

+ fi(x)
∂z(x, λ)

∂xi
= −1

2
z(x, λ)

∂fi(x)
∂xi
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¨ ´ Î ²Ó´µ³Ê Ê¸²µ¢¨Õ

z (x, λ)|λ=0 = z (x, 0) =
√

g (x, 0).

�¥Ï¥´¨¥ ÔÉµ° § ¤ Î¨ ŠµÏ¨ ¸µ£² ¸´µ (6.22) ¤ ¥É¸Ö Ëµ·³Ê²µ°

z (x, λ) = z (x′, 0)

√∣∣∣∣∂x′

∂x

∣∣∣∣
x′=x′(x,λ)

.

�É¸Õ¤  ¨ ¨§ (6.20) ¸²¥¤Ê¥É, ÎÉµ

Uf ψ̂(x)U+
f =

√∣∣∣∣∂x′

∂x

∣∣∣∣ψ̂(x′), Uf ψ̂
+(x)U+

f =

√∣∣∣∣∂x′

∂x

∣∣∣∣ψ̂+(x′), (6.23)

£¤¥ ¤¥Ëµ·³¨·µ¢ ´´ Ö ±µµ·¤¨´ É  x′ = x′
f (x) ≡ x0 (1, x) Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥°

¶¥·¢µ´ Î ²Ó´µ° ±µµ·¤¨´ ÉÒ x ¨ ËÊ´±Í¨µ´ ²µ³ fl(x). ‚ ·¨ Í¨¨ δx′(x) µÉµ-
¡· ¦¥´¨Ö x → x′ = x′(x) ¸µµÉ¢¥É¸É¢Ê¥É ¢ ·¨ Í¨Ö Ê´¨É ·´µ£µ µ¶¥· Éµ·  Uf .
‘µ£² ¸´µ (6.22) ¶µ²ÊÎ¨³

[
UfδU

+
f , ψ̂(x′)

]
= −∂ψ̂(x′)

∂x′
k

δx′
k − 1

2
ψ̂(x′)

∣∣∣∣ ∂x∂x′

∣∣∣∣ ∂ |∂x′/∂x|
∂(∂x′

i∂xk)
∂x′

l

∂xk

∂δx′
i

∂x′
l

.

ˆ§ É¥µ·¨¨ µ¶·¥¤¥²¨É¥²¥° ¸²¥¤Ê¥É, ÎÉµ

∂
∂ |∂x′/∂x|
∂(∂x′

i/∂xk)
∂x′

l

∂xk
=
∣∣∣∣∂x′

∂x

∣∣∣∣ δil,
¶µÔÉµ³Ê

[
UfδU

+
f , ψ̂(x′)

]
= −∂ψ̂(x′)

∂x′
k

δx′
k − 1

2
ψ̂(x′)

∂δx′
i (x)

∂x′
i

.

ˆ¸¶µ²Ó§ÊÖ ¶µ¸²¥¤´ÕÕ Ëµ·³Ê²Ê ¨ ÊÎ¨ÉÒ¢ Ö ¸µµÉ´µÏ¥´¨¥ (6.19), ¶µ²ÊÎ ¥³
· ¢¥´¸É¢µ

UfδU
+
f = i

∫
d3xδx′

l(x)π̂l(x). (6.24)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Ö¢´Ò° ¢¨¤ ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨-
¦¥´¨Ö n̂(x), ŝα(x), π̂i(x) ¢ É¥·³¨´ Ì ¶µ²¥¢ÒÌ µ¶¥· Éµ·µ¢,   É ±¦¥ Ëµ·³Ê²Ê
(6.23), ´ °¤¥³ ¨Ì É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ¶·¨ ¶·µ¨§¢µ²Ó´ÒÌ ²µ± ²Ó-
´ÒÌ ¤¥Ëµ·³ Í¨ÖÌ

Uf n̂(x)U+
f =

∣∣∣∣∂x′

∂x

∣∣∣∣ n̂(x′), Uf ŝα(x)U+
f =

∣∣∣∣∂x′

∂x

∣∣∣∣ ŝα(x′), (6.25)
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Uf π̂l(x)U+
f =

∣∣∣∣∂x′

∂x

∣∣∣∣ ∂x′
k

∂xl
π̂k(x′).

�¡· Ð Ö¸Ó ± Ö¢´µ³Ê ¢¨¤Ê µ¶¥· Éµ·µ¢ ¶ · ³¥É·µ¢ ¶µ·Ö¤±  (3.2), (4.2), ²¥£±µ
´ °É¨ ¨Ì É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢ 

Uf ∆̂(x)U+
f =

∣∣∣∣∂x′

∂x

∣∣∣∣ ∆̂(x′), Uf∆̂iα(x)U+
f =

∣∣∣∣∂x′

∂x

∣∣∣∣ ∂x′
k

∂xi
∆̂kα(x′). (6.26)

�·¨¢¥¤¥´´Ò¥ ¸¢µ°¸É¢  ²µ± ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¶µ§¢µ²ÖÕÉ µ¶·¥¤¥²¨ÉÓ
²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ·

ŵ {Y (x), ϕ(x), θα(x), fi(x)}≡ exp
{
Ω−
∫
d3xYa(x)ζ̂a(x)+νF̂ {U}

}
,

F̂ {U} ≡ UF̂U+, U ≡ UϕUθUf ,
(6.27)

£¤¥ νF̂ Å ¡¥¸±µ´¥Î´µ ³ ²Ò° ¨¸ÉµÎ´¨±, ¸´¨³ ÕÐ¨° ¢Ò·µ¦¤¥´¨¥ ¸µ¸ÉµÖ´¨Ö
¶µ²´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. ‚ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ ¸µ¸ÉµÖ´¨¨
É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò Y (x), Ë §  ϕ(x), Ê£²Ò ¶µ¢µ·µÉ  ¢ ¸¶¨´µ¢µ³
¶·µ¸É· ´¸É¢¥ θα(x),   É ±¦¥ ¶ · ³¥É· ¤¥Ëµ·³ Í¨¨ fi(x) Ö¢²ÖÕÉ¸Ö ¶·µ¨§-
¢µ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ ±µµ·¤¨´ É. ‚ ¸µ¸ÉµÖ´¨¨ ¦¥ ¶µ²´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ
· ¢´µ¢¥¸¨Ö É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¸¨²Ò ´¥ § ¢¨¸ÖÉ µÉ ±µµ·¤¨´ É Y (x) = Y .
Š ± ¡Ò²µ ¶µ± § ´µ ¢ · §¤. 3Ä5, ¸µ¸ÉµÖ´¨¥ ¶µ²´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ-
¢¥¸¨Ö ¢Ò·µ¦¤¥´´µ° ±µ´¤¥´¸¨·µ¢ ´´µ° ¸·¥¤Ò Ì · ±É¥·¨§Ê¥É¸Ö ¤µ¶µ²´¨É¥²Ó-
´Ò³¨ É¥·³µ¤¨´ ³¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨. ˆÌ ¶·µ¸É· ´¸É¢¥´´ Ö § ¢¨¸¨³µ¸ÉÓ
´ Ìµ¤¨É¸Ö ¨§ Ê¸²µ¢¨° ¸¨³³¥É·¨¨ ¨§ÊÎ ¥³µ° Ë §Ò, ¢±²ÕÎ Ö ¥¥ ´¥´ ·ÊÏ¥´´ÊÕ
¨ ¶·µ¸É· ´¸É¢¥´´ÊÕ ¸¨³³¥É·¨¨ (¸³. ¸µµÉ´µÏ¥´¨Ö (2.15), (2.20)). �É¨ Ê¸²µ-
¢¨Ö ¶·¨¢µ¤ÖÉ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ± § ¢¨¸¨³µ¸É¨ µÉ ±µµ·¤¨´ É ¤µ¶µ²´¨É¥²Ó´ÒÌ
É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö. 
  ¶·¨³¥· Ì ¸¢¥·Ì-
É¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨ ¸ ¸¨´£²¥É´Ò³ ¨ É·¨¶²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ É ± Ö ¶·µ-
¸É· ´¸É¢¥´´ Ö § ¢¨¸¨³µ¸ÉÓ ¤µ¶µ²´¨É¥²Ó´ÒÌ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢
¡Ò²  ¤¥É ²Ó´µ · ¸¸³µÉ·¥´  ¢ · §¤. 3Ä5.

‚ ¸¢Ö§¨ ¸ ¢¢¥¤¥´¨¥³ ±¢ §¨¸·¥¤´¨Ì ¤²Ö ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ · ¸¶·¥¤¥-
²¥´¨Ö ¸¤¥² ¥³ ¸²¥¤ÊÕÐ¥¥ § ³¥Î ´¨¥. �µ´ÖÉ¨¥ ±¢ §¨¸·¥¤´¨Ì µ¡ÒÎ´µ ¢¢µ¤¨É¸Ö
¤²Ö ¸µ¸ÉµÖ´¨Ö ¶µ²´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. ‚¢¥¤¥´¨¥ ±¢ §¨¸·¥¤´¨Ì
¤²Ö ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ ¸µ¸ÉµÖ´¨Ö µ¸´µ¢ ´µ ´  Éµ³, ÎÉµ ¤²Ö ¶·µ¨§¢µ²Ó-
´µ£µ ±¢ §¨²µ± ²Ó´µ£µ µ¶¥· Éµ·  Sp ŵĉ(x) = Sp ŵU+ĉ(x)U , ¶·¨Î¥³ ¤²Ö ¸´Ö-
É¨Ö ¢Ò·µ¦¤¥´¨Ö ¢ ¸É É¨¸É¨Î¥¸±µ³ µ¶¥· Éµ·¥ ŵ ≡ U+ŵU ´  ¶·µ¸É· ´¸É¢¥´-
´µ° ¡¥¸±µ´¥Î´µ¸É¨ (£¤¥ ¸¨¸É¥³  ´ Ìµ¤¨É¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ¶µ²´µ£µ ¸É É¨¸É¨-
Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¸ ¶µ¸ÉµÖ´´Ò³¨ § ¤ ´´Ò³¨ §´ Î¥´¨Ö³¨ Ya), ¤µ¸É ÉµÎ´µ
¢¢¥¸É¨ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´Ò° ¨¸ÉµÎ´¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¸µ¸ÉµÖ´¨Õ
¶µ²´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¸ ¸¨´£²¥É´Ò³ ¨²¨ É·¨¶²¥É´Ò³ ¸¶ ·¨¢ -
´¨¥³. ‚Ò· ¦¥´¨¥ (6.27) ¤²Ö ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· -
Éµ·  ¢ £² ¢´µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ ³ ²Ò³ ¶·µ¸É· ´¸É¢¥´´Ò³ £· ¤¨¥´É ³ É¥·³µ-
¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¤µ²¦´µ ¸µ¢¶ ¤ ÉÓ ¸ · ¢´µ¢¥¸´Ò³ ¸É É¨¸É¨Î¥¸±¨³
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µ¶¥· Éµ·µ³ ƒ¨¡¡¸ . „²Ö ¸²ÊÎ Ö ¸¨´£²¥É´µ£µ ¸¶ ·¨¢ ´¨Ö ÔÉµÉ ¨¸ÉµÎ´¨± ´ ·Ê-
Ï¥´¨Ö ¸¨³³¥É·¨¨ · ¸¶·¥¤¥²¥´¨Ö ƒ¨¡¡¸  ¨³¥¥É ¢¨¤ (3.3). �µÔÉµ³Ê

UF̂U+ =
∫

d3x′
(
∆̂(x′)f ′ (x′) + h. c.

)
.

‡¤¥¸Ó ¶¥·¢µ´ Î ²Ó´ Ö f(x) ¨ ¶·¥µ¡· §µ¢ ´´ Ö ËÊ´±Í¨¨ f ′ (x′) ¸¢Ö§ ´Ò ¸µµÉ-
´µÏ¥´¨¥³

f ′(x′) = f(x) exp (−2i)ϕ(x′).

ˆ¸ÉµÎ´¨± F̂ ¢ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  ¢ ¸²ÊÎ ¥ Ë¥·³¨-¦¨¤±µ¸É¨ ¸ É·¨¶²¥É´Ò³
¸¶ ·¨¢ ´¨¥³ ¡Ò² ¢Ò¡· ´ ¢ ¢¨¤¥ (4.3). ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (6.5), (6.16), (6.26),
´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ · ¢¥´¸É¢µ

UF̂U+ =
∫

d3x′
(
∆̂βj (x′) f ′

βj(x
′) + ∆̂ (x′) f ′(x′) + h. c.

)
,

£¤¥ ¶·¥µ¡· §µ¢ ´´Ò¥ ËÊ´±Í¨¨ f ′
βj(x

′), f ′(x′) ¸¢Ö§ ´Ò ¸ ¶¥·¢µ´ Î ²Ó´µ° ËÊ´±-
Í¨¥° fαk(x) ¸µµÉ´µÏ¥´¨Ö³¨

f ′
βj(x

′) =
∂x′

j

∂xi
fαi(x)aαβ(x′) exp (−2i)ϕ(x′),

f ′(x′) =
∂x′

j

∂xi
fαi(x)ωαj(x

′) exp (−2i)ϕ(x′).
(6.28)

‚¢¨¤Ê ¶¥·¥¶ÊÉÒ¢ ´¨Ö µ¶¥· Éµ·µ¢ ¸¨´£²¥É´µ£µ ¨ É·¨¶²¥É´µ£µ ¸¶ ·¨¢ ´¨Ö Í¥-
²¥¸µµ¡· §´µ ³µ¤¨Ë¨Í¨·µ¢ ÉÓ ¸É·Ê±ÉÊ·Ê ¨¸ÉµÎ´¨±  ¢ ¸²ÊÎ ¥ É·¨¶²¥É´µ£µ ¸¶ -
·¨¢ ´¨Ö. ‘ ÔÉµ° Í¥²ÓÕ § ¤ ¤¨³ ¨¸ÉµÎ´¨± ¢ ¢¨¤¥

F̂ =
∫

d3x (χ̂αi(x)fαi(x) + h. c.), (6.29)

§¤¥¸Ó ³µ¤¨Ë¨Í¨·µ¢ ´´Ò° µ¶¥· Éµ· ¶ · ³¥É·  ¶µ·Ö¤±  χ̂iα(x) µ¶·¥¤¥²Ö¥É¸Ö
· ¢¥´¸É¢µ³

χ̂iα(x) ≡ i
(
∆̂+(x)∆̂αi(x) − ∆̂+

αi(x)∆̂(x)
)
∆̂(x). (6.30)

„²Ö ¶µ¸²¥¤´¥£µ µ¶¥· Éµ· , ± ± ²¥£±µ ¢¨¤¥ÉÓ, É ±¦¥ ¸¶· ¢¥¤²¨¢Ò ¸µµÉ´µÏ¥-
´¨Ö (4.2). �µÔÉµ³Ê É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö µ¶¥· Éµ·µ¢ χ̂iα(x)
¨ ∆̂iα(x) ¶·¨ £²µ¡ ²Ó´ÒÌ Ë §µ¢ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ, µ¤´µ·µ¤´ÒÌ ¸¶¨´µ¢ÒÌ
¢· Ð¥´¨ÖÌ ¨ É· ´¸²ÖÍ¨ÖÌ ¸µ¢¶ ¤ ÕÉ. �¶·¥¤¥²¥´´ Ö ¢ · §¤¥² Ì 4, 5 ±² ¸¸¨-
Ë¨± Í¨Ö ¸¢¥·ÌÉ¥±ÊÎ¨Ì · ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ´¨° µ¸É ¥É¸Ö ¢ ¸¨²¥. ‚ ¸¨²Ê µ¶·¥-
¤¥²¥´¨Ö (6.30) ¶·¨ ²µ± ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ µ¶¥· Éµ· ¶ · ³¥É·  ¶µ·Ö¤± 
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χ̂iα(x) ¨³¥¥É ¡µ²¥¥ ¶·µ¸ÉÒ¥ É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢ :

Uϕχ̂αk(x)U+
ϕ = χ̂αk(x) exp (−2i)ϕ(x),

Uθχ̂αk(x)U+
θ = aαβ (θ(x)) χ̂βk(x),

Uf χ̂αk(x)U+
f =

∣∣∣∣∂x′

∂x

∣∣∣∣
3
∂x′l

∂xk
χ̂αl(x′),

(6.31)

ÎÉµ ¨ ¤¥² ¥É Í¥²¥¸µµ¡· §´Ò³ ¥£µ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·¨  ´ ²¨§¥ ²µ± ²Ó´ÒÌ É¥·-
³µ¤¨´ ³¨Î¥¸±¨Ì ¸µµÉ´µÏ¥´¨° ¸¢¥·ÌÉ¥±ÊÎ¨Ì ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ ¸ É·¨-
¶²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³. ‹µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° ¨¸ÉµÎ´¨± ¸ ÊÎ¥Éµ³ ¸µµÉ´µÏ¥-
´¨° (6.29), (6.31) ¶·¨µ¡·¥Éa¥É ¢¨¤

UF̂U+ =
∫

d3x′ (χ̂βj (x′) f ′
βj(x

′) + h. c.
)
, (6.32)

£¤¥ ¶·¥µ¡· §µ¢ ´´ Ö ËÊ´±Í¨Ö f ′
βj(x

′) ¸¢Ö§ ´  ¸ ¨¸Ìµ¤´µ° ËÊ´±Í¨¥° fαk(x)
· ¢¥´¸É¢µ³

f ′
βj(x

′) =
∣∣∣∣∂x′

∂x

∣∣∣∣
2 ∂x′

j

∂xi
fαi(x)aαβ(x′) exp (−2i)ϕ(x′). (6.33)

‚Ò¶¨¸ ´´Ò¥ É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ¶µ²¥¢ÒÌ µ¶¥· Éµ·µ¢ ¨ µ¶¥-
· Éµ·µ¢ ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¡Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ´Ò ¢
¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¤²Ö ¶µ¸É·µ¥´¨Ö É¥·³µ¤¨´ ³¨±¨ ¨ ¶µ²ÊÎ¥´¨Ö ¸µµÉ´µÏ¥-
´¨°, Ê¸É ´ ¢²¨¢ ÕÐ¨Ì ¸¢Ö§Ó ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¨
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¨³ ¶µÉµ±µ¢.

7. ‚�	ˆ�–ˆŸ ’…	Œ�„ˆ��Œˆ—…‘Š�ƒ� ��’…�–ˆ�‹�
‚ ‹�Š�‹œ��-	�‚��‚…‘��Œ ‘�‘’�Ÿ�ˆˆ

Š��„…�‘ˆ	�‚���›• ‘	…„

� ¸¸³ É·¨¢ Ö ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ¥ ¸µ¸ÉµÖ´¨¥, Í¥²¥¸µµ¡· §´µ ¶¥·¥°É¨ µÉ
µ¶¥· Éµ·  (6.27) ± ´µ¢µ³Ê µ¶¥· Éµ·Ê

ŵ {Y, ϕ, θα, fi} ≡ U+ŵU = exp
{
Ω−

∫
d3x
(
Ya (x) Û+ζ̂a(x)Û + νF̂

)}
.

(7.1)

ˆ§ (7.1) ¨ Ëµ·³Ê² (6.27) ¸²¥¤Ê¥É, ÎÉµ ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° É¥·³µ¤¨´ ³¨-
Î¥¸±¨° ¶µÉ¥´Í¨ ² Ω Ö¢²Ö¥É¸Ö ËÊ´±Í¨µ´ ²µ³ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¸¨² Ya ≡
{Y0, Yi, Y4, Yα} ¨ ¶ · ³¥É·µ¢ ϕ, θα, fl:

Ω = Ω (Y, ϕ, θ, f) ≡
∫

d3xω (x;Y (x′), ϕ(x′), θ(x′), f(x′)) . (7.2)
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‡¤¥¸Ó ω(x) Å ¶²µÉ´µ¸ÉÓ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . ‚ ·¨ Í¨Ö ¶µÉ¥´-
Í¨ ²  Ω ¶µ É¥·³µ¤¨´ ³¨Î¥¸±¨³ ¸¨² ³ ¶·¨¢µ¤¨É ± ¸·¥¤´¨³ §´ Î¥´¨Ö³ ¶²µÉ-
´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¢ ¸µ¸ÉµÖ´¨¨ ²µ± ²Ó´µ£µ · ¢´µ¢¥¸¨Ö

δYΩ =
∫

d3xδYa(x) Sp ŵς̂a(x). (7.3)

‚ÒÖ¸´¨³ É¥¶¥·Ó, ± Î¥³Ê ¶·¨¢µ¤¨É ¢ ·¨ Í¨Ö É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´-
Í¨ ²  Ω ¶µ ¢¥²¨Î¨´ ³ ϕ, θ, f :

δϕΩ + δθΩ + δfΩ ≡ δΩ.

‡ ³¥É¨³, ÎÉµ ¶µÉ¥´Í¨ ² Ω ´ Ìµ¤¨É¸Ö ¨§ Ê¸²µ¢¨Ö Sp ŵ = 1. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸
µ¶·¥¤¥²¥´¨¥³ (7.1) ¨³¥¥³

δΩ + Sp ŵ

∫
d3xYa(x)

[
ς̂a(x), UδU+

]
= 0. (7.4)

ˆ¸¶µ²Ó§ÊÖ Ö¢´Ò° ¢¨¤ Ê´¨É ·´µ£µ µ¶¥· Éµ·  U = UϕUθUf , ¶µ²ÊÎae³

UδU+ = UϕδU
+
ϕ + UθδU

+
θ + UϕUθUfδU

+
f U+

θ U+
ϕ .

“Î¨ÉÒ¢ Ö Ëµ·³Ê²Ò (6.3), (6.10), (6.24) ¨ ¶µ¸²¥¤´¥¥ ¸µµÉ´µÏ¥´¨¥, ´ Ìµ¤¨³

UδU+ = i

∫
d3xδx′

l(x)π̂l(x) − i

∫
d3xδϕ(x)n̂(x) − i

∫
d3xδRγ(x)ŝγ(x),

(7.5)

£¤¥ ¢¢¥¤¥´Ò µ¡µ§´ Î¥´¨Ö

δϕ(x) ≡ δϕ(x) + δx′
l(x)∇lϕ(x), δRγ(x) ≡ δRγ(x) + δx′

l(x)ωlγ(x). (7.6)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¢Éµ·µ£µ ¸² £ ¥³µ£µ ¢ (7.4) µ¡· É¨³¸Ö ± µ¶¥· Éµ·´Ò³
¸µµÉ´µÏ¥´¨Ö³ [69]

i
[
Â, b̂(x)

]
= −i

[
B̂, â(x)

]
−∇k b̂k(x),

b̂k(x) = i

∫
d3x′x′

k

1∫
0

dλ
[
ε̂ (x− (1− λ)x′) , b̂ (x+ λx′)

]
,

(7.7)

£¤¥ Â ≡
∫
d3xâ(x), B̂ ≡

∫
d3xb̂(x) ¨ â(x), b̂(x) Å ¶·µ¨§¢µ²Ó´Ò¥ ±¢ §¨²µ-

± ²Ó´Ò¥ µ¶¥· Éµ·Ò. ”µ·³Ê²Ò (7.7) ¢³¥¸É¥ ¸ É·¥¡µ¢ ´¨Ö³¨ ¸¨³³¥É·¨¨ £ -
³¨²ÓÉµ´¨ ´  ¶µ§¢µ²ÖÕÉ ¢Ò· §¨ÉÓ µ¶¥· Éµ·Ò ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ
¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¢ É¥·³¨´ Ì µ¶¥· Éµ·µ¢ ¶²µÉ´µ¸É¥° Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´
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[69]. �µ² £ Ö ¢ Ëµ·³Ê²¥ (7.7) â (x) = n̂(x), b̂(x) = ε̂(x) ¨ ÊÎ¨ÉÒ¢ Ö É·¥¡µ¢ -

´¨¥ Ë §µ¢µ° ¨´¢ ·¨ ´É´µ¸É¨ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨
[
N̂, ε̂(x)

]
= 0, ¶µ²ÊÎae³

˙̂n(x) = −∇kĵk(x). (7.8)

‡¤¥¸Ó

ĵk(x) = i

∫
d3x′x′

k

1∫
0

dλ [ε̂ (x− (1− λ)x′) , n̂ (x+ λx′)] (7.9)

¥¸ÉÓ µ¶¥· Éµ· ¶²µÉ´µ¸É¨ ¶µÉµ±  Î¨¸²  Î ¸É¨Í. �µ² £ Ö ¤ ²¥¥ ¢ (7.7) â(x) =
π̂i(x) ¨ ¨¸¶µ²Ó§ÊÖ É·¥¡µ¢ ´¨¥ É· ´¸²ÖÍ¨µ´´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¶²µÉ´µ¸É¨

Ô´¥·£¨¨ i
[
P̂i, ε̂(x)

]
= −∇iε̂(x), § ¶¨¸Ò¢ ¥³

˙̂πi(x) = −∇k t̂ik(x), (7.10)

£¤¥

t̂ik(x) = −ε̂(x)δik + i

∫
d3x′x′

k

1∫
0

dλ [ε̂ (x− (1− λ)x′) , π̂i (x+ λx′)].

(7.11)

�É  ¢¥²¨Î¨´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¶¥· Éµ· ¶²µÉ´µ¸É¨ ¶µÉµ±  ¨³¶Ê²Ó¸  (É¥´-
§µ· ´ ÉÖ¦¥´¨°). �µ² £ Ö ¢ Ëµ·³Ê²¥ (7.7) â(x) = ε̂(x) ¨ § ³¥Î Ö, ÎÉµ

i
[
Ĥ, ε̂(x)

]
= ˆ̇ε(x), ¶µ²ÊÎ ¥³

˙̂ε(x) = −∇kq̂k(x), (7.12)

§¤¥¸Ó

q̂k(x) =
i

2

∫
d3x′x′

k

1∫
0

dλ [ε̂ (x− (1− λ)x′) , ε̂ (x+ λx′)]. (7.13)

�É  ¢¥²¨Î¨´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¶¥· Éµ· ¶²µÉ´µ¸É¨ ¶µÉµ±  Ô´¥·£¨¨.
� ¸¸³µÉ·¨³ ¸¢µ°¸É¢µ ¨´¢ ·¨ ´É´µ¸É¨ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ¶µ µÉ´µÏ¥´¨Õ

± ¶µ¢µ·µÉ ³ ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥ [ε̂(x), Ŝα] = 0. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨¥
¤¢¨¦¥´¨Ö ¤²Ö µ¶¥· Éµ·  ¶²µÉ´µ¸É¨ ¸¶¨´  ŝα(x) ¸µ£² ¸´µ (7.7) ¨³¥¥É ¢¨¤

˙̂sα(x) = −∇kŝαk(x), (7.14)
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£¤¥ µ¶¥· Éµ· ¶²µÉ´µ¸É¨ ¶µÉµ±  ¸¶¨´  ŝαk(x) µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

ŝαk(x) = i

∫
d3x′x′

k

1∫
0

dλ [ε̂(x− (1 − λ)x′), ŝα(x + λx′)]. (7.15)

�µÔÉµ³Ê ¸ ÊÎ¥Éµ³ Ëµ·³Ê² (7.9), (7.11), (7.13), (7.15), µ¶·¥¤¥²ÖÕÐ¨Ì ¶²µÉ´µ-
¸É¨ ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö, ¨³¥¥³

i Spw
∫
d3x′Y0(x′) [ε̂(x′), n̂(x)] = −∇k(Y0(x)jk(x)),

i Spw
∫
d3x′Y0(x′) [ε̂(x′), ŝα(x)] = −∇k(Y0(x)jαk(x)),

i Spw
∫
d3x′Y0(x′)[ε̂(x′), π̂l(x)]=− ε(x)∇lY0(x)−∇k(Y0(x)tlk(x)).

(7.16)

�·¨ ¶µ²ÊÎ¥´¨¨ ÔÉ¨Ì Ëµ·³Ê² ³Ò ¶·¥´¥¡·¥£²¨ ¶µ¤ §´ ±µ³ £· ¤¨¥´Éµ¢
¶·µ¨§¢µ¤´Ò³¨ ¶µ ±µµ·¤¨´ É¥ xl µÉ ¢¥²¨Î¨´Ò Y0(x). �Éµ ¸¢Ö§ ´µ ¸ É¥³,
ÎÉµ ±µ³³ÊÉ Éµ· [ε̂(x), ς̂a(x′)] µÉ²¨Î¥´ µÉ ´Ê²Ö Éµ²Ó±µ ¤²Ö ¡²¨§±µ · ¸¶µ²µ-
¦¥´´ÒÌ ±µµ·¤¨´ É x ≈ x′ ¢¢¨¤Ê ±¢ §¨²µ± ²Ó´µ¸É¨ µ¶¥· Éµ·  ¶²µÉ´µ¸É¨
Ô´¥·£¨¨. ‚ Ëµ·³Ê² Ì (7.16) ¢¥²¨Î¨´Ò ε(x) ¨ jk(x), jγk(x), tlk(x) ¶·¥¤¸É -
¢²ÖÕÉ ¸µ¡µ° ¸·¥¤´¨¥ §´ Î¥´¨Ö ¢ ¸µ¸ÉµÖ´¨¨ ²µ± ²Ó´µ£µ · ¢´µ¢¥¸¨Ö ¶²µÉ´µ-
¸É¨ Ô´¥·£¨¨ ε(x) = Spwε̂(x) ¨ ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· -
²µ¢ ¤¢¨¦¥´¨Ö (¶²µÉ´µ¸É¨ Î ¸É¨Í, ¸¶¨´  ¨ ¨³¶Ê²Ó¸ ): jk(x) = Spwĵk(x),
jγk(x) = Spwĵγk(x), tik(x) = Spwt̂ik(x). ˆ¸¶µ²Ó§ÊÖ ¨§¢¥¸É´Ò¥ ±µ³³Ê-
É Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö
n̂(x), ŝα(x), π̂k(x), ¶µ²ÊÎae³ ¸²¥¤ÊÕÐ¨¥ ´¥´Ê²¥¢Ò¥ ¸·¥¤´¨¥:

i Spw
∫
d3x′Yi(x′) [π̂i(x′), n̂(x)] = −∇k(Yk(x)n(x)),

i Spw
∫
d3x′Yi(x′) [π̂i(x′), ŝγ(x)] = −∇k(Yk(x)sγ(x)),

i Spw
∫
d3x′Yα(x′) [ŝα(x′), ŝγ(x)] = −Yα(x)εαγβsβ(x),

i Spw
∫
d3x′Yi(x′)[π̂i(x′), π̂l(x)]=−∇i(Yi(x)πl(x))−πi(x)∇lYi(x),
i Spw

∫
d3xYα(x′) [ŝα(x′), π̂l(x)] = −sα(x)∇lYα(x),

i Spw
∫
d3xY4(x′) [n̂(x′), π̂l(x)] = −n(x)∇lY4(x).

(7.17)

�É¨ Ëµ·³Ê²Ò,   É ±¦¥ Ëµ·³Ê²Ò (7.5), (7.16) ¶µ§¢µ²ÖÕÉ ¶·¥¤¸É ¢¨ÉÓ ¢ ·¨ Í¨Õ
É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  Ω, ¸¢Ö§ ´´ÊÕ ¸ ¢ ·¨ Í¨¥° ¶¥·¥³¥´´ÒÌ ϕ, θα,
fi ¢ ¢¨¤¥

δΩ =
∫

d3xδx′
l(x) {∇k(Y0tlk + Ylπk) + ςa∇lYa} −

−
∫

d3xδRγ(x) {∇k(Y0jγk + Yksγ) + εαγβYαsβ} −

−
∫

d3xδϕ(x)∇k(Y0jk + Ykn), (7.18)
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£¤¥ ¢ ·¨ Í¨¨ δϕ ¨ δRγ ¸¢Ö§ ´Ò ¸ ¢ ·¨ Í¨Ö³¨ δϕ, δRγ , δx
′
l Ëµ·³Ê² ³¨ (7.6).

”µ·³Ê²  (7.18) ¸¶· ¢¥¤²¨¢  ± ± ¤²Ö ´µ·³ ²Ó´ÒÌ ¸µ¸ÉµÖ´¨°, É ± ¨ ¤²Ö ²Õ-
¡ÒÌ ¸µ¸ÉµÖ´¨° ¸µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°. �´  ¡Ê¤¥É ¢ ¤ ²Ó´¥°-
Ï¥³ ¨¸¶µ²Ó§µ¢ ´  ¤²Ö ¶µ²ÊÎ¥´¨Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢
¤¢¨¦¥´¨Ö jk, jαk, tik ¢ É¥·³¨´ Ì ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ
¶µÉ¥´Í¨ ² . �¥Ï¥´¨¥ ÔÉµ° § ¤ Î¨ ¶·¨¢¥¤¥É ´ ¸ ± ¶µ¸É·µ¥´¨Õ Ê· ¢´¥´¨° ¨¤¥-
 ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ ¤²Ö ¸¨¸É¥³ ¸µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°.

8. ‹�Š�‹œ��-	�‚��‚…‘�›… �‹�’��‘’ˆ ��’�Š�‚
�„„ˆ’ˆ‚�›• ˆ�’…ƒ	�‹�‚ „‚ˆ†…�ˆŸ ‚ ‘ˆ‘’…Œ�•

‘� ‘���’���� ��	“˜…���‰ ‘ˆŒŒ…’	ˆ…‰

‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ³Ò ´ Ï²¨ ¢ ·¨ Í¨Õ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´-
Í¨ ² , ¨¸Ìµ¤Ö ¨§ Ëµ·³Ê²Ò Sp ŵ = 1, ¢ ±µÉµ·µ° ¨¸ÉµÎ´¨± ¢ ¸É É¨¸É¨Î¥¸±µ³
µ¶¥· Éµ·¥ ŵ ´¥ § ¢¨¸¨É µÉ ¢ ·¨ Í¨µ´´ÒÌ ¶ · ³¥É·µ¢ ϕ, θ, f . ‘²¥¤Ê¥É ¶µ¤-
Î¥·±´ÊÉÓ, ÎÉµ ¶µ²ÊÎ¥´´ Ö Ëµ·³Ê²  (7.18) ¨³¥¥É µ¡Ð¨° Ì · ±É¥· ¨ ´¥ § ¢¨-
¸¨É µÉ ¸¢µ°¸É¢ ¸¨³³¥É·¨¨ ¨¸¸²¥¤Ê¥³µ° Ë §Ò. ‚ ÔÉµ³ · §¤¥²¥ ³Ò § Ë¨±-
¸¨·Ê¥³ ±µ´±·¥É´ÊÕ ¸É·Ê±ÉÊ·Ê ¨¸ÉµÎ´¨±  ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ · ¸¶·¥¤¥-
²¥´¨¨ ƒ¨¡¡¸  (  É¥³ ¸ ³Ò³ ¨ ±µ´±·¥É´ÊÕ ¸É·Ê±ÉÊ·Ê ¨¸¸²¥¤Ê¥³µ° Ë §Ò) ¨
¢ÒÖ¸´¨³ ¸É·Ê±ÉÊ·Ê ¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ¨ ¨Ì § ¢¨¸¨³µ¸ÉÓ µÉ
¶ · ³¥É·µ¢ ϕ, θ, f . �Éµ ¶µ§¢µ²¨É ´ ³ ´ °É¨ ¶²µÉ´µ¸É¨ ¶µÉµ±µ¢  ¤¤¨É¨¢-
´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¢ É¥·³¨´ Ì ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ É¥·³µ¤¨´ ³¨-
Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . ’ ± ± ± ¶·¨ ·¥Ï¥´¨¨ ÔÉ¨Ì § ¤ Î ¨¸¶µ²Ó§ÊÕÉ¸Ö ¸¢µ°¸É¢ 
¸¨³³¥É·¨¨ ¨¸¸²¥¤Ê¥³µ° Ë §Ò (¸³. · §¤. 1Ä4), Éµ ¢ ÔÉµ³ · §¤¥²¥ ³Ò ¶·µ¢¥¤¥³
¨¸¸²¥¤µ¢ ´¨Ö ¤²Ö ·Ö¤  ±µ´±·¥É´ÒÌ Ë §µ¢ÒÌ ¸µ¸ÉµÖ´¨°.

8.1. �µ·³ ²Ó´ Ö ¦¨¤±µ¸ÉÓ. „²Ö É ±µ° ¸¨¸É¥³Ò É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µ-
É¥´Í¨ ² Ω ´¥ § ¢¨¸¨É µÉ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢ ϕ, θα, fi ¨, ¸²¥¤µ¢ -
É¥²Ó´µ, δΩ ¢ Ëµ·³Ê²¥ (7.4) ¸²¥¤Ê¥É ¶µ²µ¦¨ÉÓ · ¢´Ò³ ´Ê²Õ (´¥É ¢Ò·µ¦¤¥´¨Ö
¸µ¸ÉµÖ´¨Ö µÉ´µ¸¨É¥²Ó´µ Uϕ-, Uθ-, Uf -¶·¥µ¡· §µ¢ ´¨°). ’µ£¤  ¨§ (7.18) ¸²¥-
¤Ê¥É, ÎÉµ

∇k(Y0jk + Ykn) = 0, ∇k(Y0jγk + Yksγ) + εαγβYαsβ = 0,
∇k(Y0tlk + Ykπl) + ςa∇lYa = 0.

(8.1)

‘µ£² ¸´µ Ëµ·³Ê²¥ (7.3) ςa =
δΩ
δYa

. ˆ¸¶µ²Ó§ÊÖ ¢¢¥¤¥´´ÊÕ ¶²µÉ´µ¸ÉÓ É¥·³µ-

¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  (7.2), ±µÉµ· Ö § ¢¨¸¨É µÉ ±µµ·¤¨´ ÉÒ x Éµ²Ó±µ
¶µ¸·¥¤¸É¢µ³ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢, ¢ £² ¢´µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ £· -
¤¨¥´É ³ ¶µ²ÊÎae³

ςa =
∂ω

∂Ya
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¨, ¸²¥¤µ¢ É¥²Ó´µ, ςa∇lYa = ∇lω. �µÔÉµ³Ê ¶µ¸²¥¤´ÕÕ ¨§ Ëµ·³Ê² (8.1) ³µ¦´µ
´ ¶¨¸ ÉÓ ¢ ¢¨¤¥

∇k (Y0tlk + Ykπl + ωδkl) = 0,

¨²¨, § ³¥Î Ö, ÎÉµ πl =
∂ω

∂Yl
, ¢ ¢¨¤¥

∇k

(
Y0tlk +

∂

∂Yk
(Ylω)

)
= 0. (8.2)

’ ± ± ± ¶ · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö Ya Ö¢²ÖÕÉ¸Ö ¶·µ¨§¢µ²Ó´Ò³¨ ËÊ´±-
Í¨Ö³¨ x, Éµ ¨§ ¶¥·¢µ° Ëµ·³Ê²Ò (8.1) ¨ Ëµ·³Ê²Ò (8.2) ¸²¥¤Ê¥É, ÎÉµ

jk = −Yk
Y0

∂ω

∂Y4
+

ck
Y0

, tlk = − 1
Y0

∂

∂Yl
(Ykω) +

clk
Y0

,

£¤¥ ck, clk Å ¶·µ¨§¢µ²Ó´Ò¥ ±µ´¸É ´ÉÒ, ´¥ § ¢¨¸ÖÐ¨¥ µÉ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì
¶ · ³¥É·µ¢, ¢ ¸¨²Ê Î¥£µ ck = 0, clk = cδlk. ‘· ¢´¨¢ Ö ¢Ò· ¦¥´¨Ö tlk ¸
¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³ ¢ £ §µ¢µ³ ¶·¨¡²¨¦¥´¨¨, ´ °¤¥³, ÎÉµ c = 0.
’ ±¨³ µ¡· §µ³,

jk = −Yk
Y0

∂ω

∂Y4
, tlk = − 1

Y0

∂

∂Yl
(Ykω) . (8.3)

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¢Éµ·µ¥ ¨§ Ê· ¢´¥´¨° (8.1). ‚ ¸¨²Ê ¶·¥¤¶µ² £ ¥³µ°
¨´¢ ·¨ ´É´µ¸É¨ ³¨±·µ¸±µ¶¨Î¥¸±µ£µ £ ³¨²ÓÉµ´¨ ´  µÉ´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉµ¢
¸¶¨´  (µ¡³¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥) ¢¥²¨Î¨´  ω(x) ¡Ê¤¥É § ¢¨¸¥ÉÓ µÉ Yα(x)
Éµ²Ó±µ ¶µ¸·¥¤¸É¢µ³ ¨´¢ ·¨ ´É´ÒÌ µÉ´µ¸¨É¥²Ó´µ ¶µ¢µ·µÉ  ¸¶¨´µ¢ ±µ³¡¨´ -
Í¨° a = YαYα, bk = Yα∇kYα, ckl = ∇kYα∇lYα, ... �£· ´¨Î¨¢ Ö¸Ó Éµ²Ó±µ
ÔÉ¨³¨ ¢Ò· ¦¥´¨Ö³¨, ¨³¥¥³

ω(Y ) = ω (a, bk, ckl) .

�µÔÉµ³Ê

sα(x) =
δΩ

δYα(x)
=

∂ω

∂Yα
−∇k

∂ω

∂ ∂Yα

∂xk

¨, ¸²¥¤µ¢ É¥²Ó´µ,

sα(x) = 2
∂ω

∂a
Yα − Yα∇k

∂ω

∂bk
− 2∇k

(
∂ω

∂ckl
∇lYα

)
.

’ ±¨³ µ¡· §µ³,

εαγβYαsβ = −2∇k

(
εαγβYα

∂ω

∂ckl
∇lYα

)
.
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ˆ§ ÔÉµ° Ëµ·³Ê²Ò ¨ ¢Éµ·µ£µ ¨§ Ê· ¢´¥´¨° (8.1) ¨³¥¥³

jγk = −Yk
Y0

sγ − 2εαγβ
Yα
Y0

∂ω

∂ckl
∇lYβ ,

¶µÔÉµ³Ê, ¶·¥´¥¡·¥£ Ö ¢ ¢¥²¨Î¨´¥ jγk £· ¤¨¥´É ³¨ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · -
³¥É·µ¢ Ya, ¶µ²ÊÎae³

jγk = − 1
Y0

∂ωYk
∂Yγ

. (8.4)

8.2. �µ·³ ²Ó´Ò° ±·¨¸É ²². � ¸¸³µÉ·¨³ ±·¨¸É ²²¨Î¥¸±µ¥ Ê¶µ·Ö¤µÎ¥´¨¥.
ˆ¸ÉµÎ´¨± ¢ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢Ò¡¥·¥³ ¢ ¢¨¤¥

F̂ =

∫
d3ξ∆̂ (ξ)

∑
τ

e−iτξ, (8.5)

£¤¥ µ¶¥· Éµ· ¶ · ³¥É·  µ¶·¥¤¥²¥´ · ¢¥´¸É¢µ³ ∆̂(ξ) = ψ̂+(ξ) ψ̂(ξ) ¨ τi =
bαi nα Å ¢¥±Éµ·Ò µ¡· É´µ° ·¥Ï¥É±¨ (bα Å ¡ §¨¸´Ò¥ ¢¥±Éµ·Ò µ¡· É´µ° ·¥-
Ï¥É±¨ (α = 1, 2, 3) ¨ nα Å Í¥²Ò¥ Î¨¸² ). ’ ±µ° ¢Ò¡µ· ¨¸ÉµÎ´¨±  ¢ · ¸-
¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  µ¡¥¸¶¥Î¨¢ ¥É ¸´ÖÉ¨¥ ¢Ò·µ¦¤¥´¨Ö ¶µ µÉ´µÏ¥´¨Õ ± ¶·µ-
¨§¢µ²Ó´Ò³ ¶·µ¸É· ´¸É¢¥´´Ò³ É· ´¸²ÖÍ¨Ö³ ([ŵ, P̂] �= 0). �¤´ ±µ ¸¨³³¥É·¨Ö
¶µ µÉ´µÏ¥´¨Õ ± É· ´¸²ÖÍ¨Ö³ ´  ¢¥±Éµ· ¶·Ö³µ° ·¥Ï¥É±¨ aα, aαbβ = 2πδβα
¸µÌ· ´Ö¥É¸Ö:

eiP̂aαŵe−iP̂aα = ŵ

(³Ò ¶·¥¤¶µ² £ ¥³, ÎÉµ ´¥É ¢Ò·µ¦¤¥´¨Ö µÉ´µ¸¨É¥²Ó´µ Uϕ-, Uθ-¶·¥µ¡· §µ¢ -
´¨°). �¥·¥³¥´´ÊÕ ¨´É¥£·¨·µ¢ ´¨Ö ¢ ¨¸ÉµÎ´¨±¥ ³Ò µ¡µ§´ Î¨²¨ ¡Ê±¢µ° ξ, É ±
± ± ÔÉ  ¶¥·¥³¥´´ Ö ¸¢Ö§Ò¢ ¥É¸Ö ¸ ² £· ´¦¥¢Ò³¨ ±µµ·¤¨´ É ³¨, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨³¨ ´¥¤¥Ëµ·³¨·µ¢ ´´µ³Ê · ¢´µ¢¥¸´µ³Ê ¸µ¸ÉµÖ´¨Õ. � ¸¸³µÉ·¨³ Ê´¨É ·´µ¥
¶·¥µ¡· §µ¢ ´¨¥ (6.18) ¸¶¥Í¨ ²Ó´µ£µ ¢¨¤ 

Uf ψ̂(ξ)U+
f =

√∣∣∣∣∂x∂ξ
∣∣∣∣ψ̂(x(ξ)), (8.6)

µ¶¨¸Ò¢ ÕÐ¥¥ ¶¥·¥Ìµ¤ µÉ ´¥¤¥Ëµ·³¨·µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ± ¤¥Ëµ·³¨·µ¢ ´-
´µ³Ê (x(ξ) Å Ô°²¥·µ¢  ±µµ·¤¨´ É , ¸¢Ö§Ó ËÊ´±Í¨° f(x), x(ξ) µ¡¸Ê¦¤ ² ¸Ó ¢
· §¤. 6). ‘µ£² ¸´µ Ëµ·³Ê² ³ (8.5) ¨ (6.5) ¨¸ÉµÎ´¨± ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³
· ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸ 

Uf F̂U+
f =

∫
d3x∆̂(x)

∑
τ

e−iτξ(x),
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£¤¥ ξ(x) Å ËÊ´±Í¨Ö, µ¡· É´ Ö ËÊ´±Í¨¨ x(ξ), x(ξ(x)) = x. ’ ± ± ± ¶·¨
¢ÒÎ¨¸²¥´¨¨ ¸·¥¤´¨Ì ¢ ÉµÎ±¥ x ¢ ¦´  µ±·¥¸É´µ¸ÉÓ x + η ÔÉµ° ÉµÎ±¨, Éµ,
· ¸±² ¤Ò¢ Ö ¢¥²¨Î¨´Ê τξ(x+ η) ¶µ ¸É¥¶¥´Ö³ η, ¨³¥¥³

τξ(x+ η) = (nαb
α
i )ξ

i(x) + nα

(
bαl

∂ξl(x)
∂xk

)
ηk.

’ ±¨³ µ¡· §µ³, ³Ò ¶·¨Ìµ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê µ¶·¥¤¥²¥´¨Õ ¢¥±Éµ·  ²µ± ²Ó´µ-
¤¥Ëµ·³¨·µ¢ ´´µ° µ¡· É´µ° ·¥Ï¥É±¨ bαk (x) ¢ ÉµÎ±¥ x:

bαk (x) = bαl
∂ξl

∂xk
. (8.7)

’ ± ± ± ¢¥²¨Î¨´Ò bαl ¨ ² £· ´¦¥¢  ±µµ·¤¨´ É  ξl ´¥ ¶·¥µ¡· §ÊÕÉ¸Ö ¶·¨
¶¥·¥Ìµ¤¥ µÉ µ¤´µ£µ ¤¥Ëµ·³¨·µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö x ± ¤·Ê£µ³Ê ¤¥Ëµ·³¨·µ¢ ´-
´µ³Ê ¸µ¸ÉµÖ´¨Õ x′:

x → x′ = x′(x), (8.8)

a ¸²¥¤µ¢ É¥²Ó´µ, bαl ξ
l(x) = b′

α
l ξ

′l(x′), Éµ ¶·¨ ¶·¥µ¡· §µ¢ ´¨¨ ¤¥Ëµ·³ Í¨¨
(8.8) ¢¥²¨Î¨´Ò bαk (x) ¶·¥µ¡· §ÊÕÉ¸Ö ± ± ±µ¢ ·¨ ´É´Ò° ¢¥±Éµ·:

bαk (x) → b′
α
k (x

′) =
∂xl

∂x′k
bαl (x).

—Éµ¡Ò ¢¢¥¸É¨ ±µ´É· ¢ ·¨ ´É´Ò¥ ¢¥²¨Î¨´Ò, ¢¢¥¤¥³ ±µ¢ ·¨ ´É´Ò° ¨ ±µ´É· -
¢ ·¨ ´É´Ò° ³¥É·¨Î¥¸±¨¥ É¥´§µ·Ò:

gik(x) =
∂xi

∂ξl
∂xk

∂ξl
, gik(x) =

∂ξl

∂xi
∂ξl

∂xk
. (8.9)

’µ£¤  ¢¥²¨Î¨´Ò bαk(x) = gkl(x)bαl (x) ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ (8.8) ¡Ê¤ÊÉ ¶·¥-
µ¡· §µ¢Ò¢ ÉÓ¸Ö ± ± ±µ´É· ¢ ·¨ ´É´Ò¥ ¢¥±Éµ·Ò:

bαk(x) → b′
αk(x′) =

∂x′k

∂xl
bαl(x).

�µ¤Î¥·±´¥³, ÎÉµ ¢ µÉ²¨Î¨¥ µÉ µ¡ÒÎ´µ£µ É¥´§µ·´µ£µ  ´ ²¨§  ¢¥²¨Î¨´Ò xl

µ¡µ§´ Î ÕÉ ´¥ ±µµ·¤¨´ ÉÒ µ¤´µ° ¨ Éµ° ¦¥ ÉµÎ±¨ ¢ · §´ÒÌ ±µµ·¤¨´ É´ÒÌ
¸¨¸É¥³ Ì,   ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ µ¤´µ° ¨ Éµ° ¦¥ ÉµÎ±¨ ¶·¨ · §²¨Î´ÒÌ
¤¥Ëµ·³ Í¨ÖÌ.

’¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² Ω, ¥¸²¨ ´¥É ¤·Ê£¨Ì É¥´§µ·´ÒÌ ¶µ²¥°, ¡Ê-
¤¥É § ¢¨¸¥ÉÓ µÉ bαk (x) Éµ²Ó±µ ¶µ¸·¥¤¸É¢µ³ ¢¥²¨Î¨´

bαk (x)b
β
k (x) = bαl b

β
s

∂ξl

∂xk
∂ξs

∂xk
,
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Ö¢²ÖÕÐ¨Ì¸Ö ¨´¢ ·¨ ´É ³¨ ¶µ µÉ´µÏ¥´¨Õ ± ¶·¥µ¡· §µ¢ ´¨Ö³ £²µ¡ ²Ó´ÒÌ ¶µ-

¢µ·µÉµ¢ ¢ ¶·µ¸É· ´¸É¢¥ Ô°²¥·µ¢ÒÌ ±µµ·¤¨´ É. ‚¥²¨Î¨´Ò
∂xk

∂ξl
∂xk

∂ξs
µ¶·¥¤¥-

²ÖÕÉ É¥´§µ· ¤¥Ëµ·³ Í¨° uls ≡ ∂xk

∂ξl
∂xk

∂ξs
− δls ¨ ¨Ì ´¥²Ó§Ö µÉµ¦¤¥¸É¢²ÖÉÓ ¸

³¥É·¨Î¥¸±¨³ É¥´§µ·µ³.

 °¤¥³ ¢ ·¨ Í¨Õ ²µ± ²Ó´ÒÌ ¢¥±Éµ·µ¢ µ¡· É´µ° ·¥Ï¥É±¨ bαk (x), ¸¢Ö§ ´-

´ÊÕ ¸ ¢ ·¨ Í¨¥° ¢¥²¨Î¨´ xk(ξ) (ÔÉ  ¢ ·¨ Í¨Ö µ¡Ê¸²µ¢²¥´  ¢ ·Ó¨·µ¢ ´¨¥³
¢¥²¨Î¨´ fk(x), ¸³. (8.6)). ‘ ÔÉµ° Í¥²ÓÕ ¶¥·¥¶¨Ï¥³ ¸µµÉ´µÏ¥´¨Ö (8.7) ¢ ¢¨¤¥

bαl =
∂xk

∂ξl
bαk (x),

µÉ±Ê¤ 

0 =
∂δxk

∂ξl
bαk (x) +

∂xk

∂ξl
δbαk (x) +

∂xk

∂ξl
∂bαk (x)
∂xs

δxs

¨²¨

δbαk (x) = −∂δxl

∂xk
bαl (x) −

∂bαk (x)
∂xl

δxl.

ˆ¸¶µ²Ó§ÊÖ ¶·¥¤¸É ¢²¥´¨¥ ¶²µÉ´µ¸É¨ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  (7.2),
¨³¥¥³

δΩ =
∫

d3xδxl(x)
{

∂

∂xk

(
bαl (x)

∂ω

∂bαk

)
− ∂ω

∂bαk

∂bαk
∂xl

}
. (8.10)

’ ± ± ± ´ Ï  ³µ¤¥²Ó ´¥ ¸µ¤¥·¦¨É ¸¶¨´µ¢ÒÌ ¶¥·¥³¥´´ÒÌ, Éµ ¸µ£² ¸´µ (7.18),
(8.10) ´ °¤¥³

jk = −Yk
Y0

∂ω

∂Y4
, tlk = − 1

Y0

∂

∂Yl
(Ykω) +

bαl (x)
Y0

∂ω

∂bαk
. (8.11)

8.3. ”¥·³¨-¦¨¤±µ¸ÉÓ. ‘¨´£²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. ‚ · ¸¸³ É·¨¢ ¥³µ° ¸¨-
¸É¥³¥ ´ ·ÊÏ¥´  Éµ²Ó±µ Ë §µ¢ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ, ¶µÔÉµ³Ê ¨¸ÉµÎ´¨± ¢ · ¸¶·¥-
¤¥²¥´¨¨ ƒ¨¡¡¸  ¨³¥¥É ¢¨¤

F̂ =
∫

d3x
(
∆̂(x)e−2ip0x + h. c.

)

¨, ¸²¥¤µ¢ É¥²Ó´µ (¸³. (6.5)),

UϕF̂U+
ϕ =

∫
d3x
(
∆̂(x)e−2iϕ̃(x) + h. c.

)
, ϕ̃(x) = p0x + ϕ(x).
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’ ±¨³ µ¡· §µ³, ¢ ·¨ Í¨Ö ¢¥²¨Î¨´Ò ϕ̃(x) µ¶·¥¤¥²Ö¥É¸Ö ¢ ·¨ Í¨¥° ϕ(x). ’ ±
± ± ¶²µÉ´µ¸ÉÓ £ ³¨²ÓÉµ´¨ ´  ¸¨¸É¥³Ò ¨³¥¥É ¸É·Ê±ÉÊ·Ê

ς̂0(x) =
1
2m

∇kψ̂
+(x)∇kψ̂(x) +

1
2

∫
d3yψ̂+(x+ y)ψ̂+(x)ψ̂(x)ψ̂(x+ y)V (y),

(8.12)

Éµ µ¶¥· Éµ· U+
ϕ ς̂0(x)Uϕ Ö¢²Ö¥É¸Ö ËÊ´±Í¨µ´ ²µ³ Éµ²Ó±µ pi(x) ≡ ∇iϕ(x). �µ

ÔÉµ° ¦¥ ¶·¨Î¨´¥, ¶·¨´Ö¢ ¢µ ¢´¨³ ´¨¥ (7.4), ¢¨¤¨³, ÎÉµ É¥·³µ¤¨´ ³¨Î¥¸±¨°
¶µÉ¥´Í¨ ² Ω Ö¢²Ö¥É¸Ö ËÊ´±Í¨µ´ ²µ³ Éµ²Ó±µ pi(x) ¨ ´¥ § ¢¨¸¨É µÉ ¢¥²¨Î¨´
θα, fl. ’ ±¨³ µ¡· §µ³,

δϕΩ =
∫

d3x
δΩ

δpi(x)
∇iδϕ(x) = −

∫
d3xδϕ(x)∇i

δΩ
δpi(x)

,

¨, ¸²¥¤µ¢ É¥²Ó´µ, ¸µ£² ¸´µ (7.18) ¶·¨Ìµ¤¨³ ± ¸µµÉ´µÏ¥´¨Ö³

∇k (Y0jk + Ykn)−∇k
δΩ
δpk

= 0, ∇k (Y0jγk + Yksγ) + εαγβYαsβ = 0,

∇k (Y0tlk + Ykπl) + ςa∇lYa − pl∇k
δΩ
δpk

= 0.
(8.13)

…¸²¨ µ¶ÖÉÓ ¢¢¥¸É¨ ¶²µÉ´µ¸ÉÓ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² , Éµ ¢ £² ¢´µ³

¶·¨¡²¨¦¥´¨¨ ¶µ £· ¤¨¥´É ³ ω ¡Ê¤¥É ËÊ´±Í¨¥° ¢¥±Éµ·  pi:
δΩ
δpi

=
∂ω

∂pi
. �µ-

ÔÉµ³Ê Ê· ¢´¥´¨Ö (8.13) ¶·¨³ÊÉ ¢¨¤

∇k

(
Y0jk + Ykn− ∂ω

∂pk

)
= 0, ∇k (Y0jγk + Yksγ) = 0,

∇k

(
Y0tlk + Ykπl − pl

∂ω

∂pk

)
+ ςa∇lYa +∇kpl

∂ω

∂pk
= 0

(8.14)

(¢µ ¢Éµ·µ³ ¨§ Ê· ¢´¥´¨° (8.13) É ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ´µ·³ ²Ó´µ° Ë¥·³¨-
¦¨¤±µ¸É¨, ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢Éµ·Ò³ ¸² £ ¥³Ò³). ‡ ³¥Î Ö É¥¶¥·Ó, ÎÉµ ςa =
∂ω

∂Ya
, ¨, ¸²¥¤µ¢ É¥²Ó´µ,

ςa∇lYa +
∂ω

∂pk
∇kpl =

∂ω

∂xl

(³Ò ÊÎ²¨, ÎÉµ ∇kpi = ∇ipk), ¶¥·¥¶¨Ï¥³ ¶µ¸²¥¤´¥¥ ¨§ Ê· ¢´¥´¨° (8.14) ¢
¢¨¤¥

∇k

(
Y0tlk +

∂

∂Yl
ωYk − pl

∂ω

∂pk

)
= 0.
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ˆ§ ¶µ²ÊÎ¥´´ÒÌ Ëµ·³Ê², É ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ´µ·³ ²Ó´µ° Ë¥·³¨-¦¨¤±µ¸É¨,
´¥³¥¤²¥´´µ ´ °¤¥³

jk = −Yk
Y0

∂ω

∂Y4
+

1
Y0

∂ω

∂pk
, jγk = − 1

Y0

∂

∂Yγ
ωYk,

tlk = − 1
Y0

∂

∂Yl
(Ykω) +

pl
Y0

∂ω

∂pk
.

(8.15)

�É¨ ¢Ò· ¦¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢ Ëµ·³ ²Ó´µ ¸µ¢¶ ¤ ÕÉ ¸ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨³¨ Ëµ·³Ê² ³¨ ¤²Ö ¡µ§¥-¦¨¤±µ¸É¨ ¸ ¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³.

8.4. ”¥·³¨-¦¨¤±µ¸ÉÓ. ’·¨¶²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. B-Ë § . � ¸¸³µÉ·¨³ É¥-
¶¥·Ó ¸¨¸É¥³Ê, Ê ±µÉµ·µ° ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö µ¤´µ¢·¥³¥´´µ ´ ·ÊÏ¥´ 
Ë §µ¢ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¨ ¶µ²´µ¸ÉÓÕ ´ ·ÊÏ¥´  ¨´¢ ·¨ ´É´µ¸ÉÓ ¶µ µÉ´µÏ¥-
´¨Õ ± ¶µ¢µ·µÉ ³ ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥. �Éµ³Ê ´ ·ÊÏ¥´¨Õ ¸¨³³¥É·¨¨
¸µµÉ¢¥É¸É¢Ê¥É ¨¸ÉµÎ´¨± ¢ · ¢´µ¢¥¸´µ³ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸ 

F̂ =
∫

d3x
(
χ̂αk(x)Rkαe−2ip0x + h. c.

)
,

£¤¥ Rkα Å ´¥±µÉµ· Ö µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  ¶µ¢µ·µÉ  (RkαRlα = δkl). ’ -
±µ¥ ¸µ¸ÉµÖ´¨¥ µ¶¨¸Ò¢ ¥É ¨§µÉ·µ¶´ÊÕ ¸¢¥·ÌÉ¥±ÊÎÊÕ ¦¨¤±µ¸ÉÓ, ¸¢µ°¸É¢µ ¸¨³-
³¥É·¨¨ ±µÉµ·µ° ¨³¥¥É ¢¨¤ (4.29). Š ± ³Ò Ê¦¥ µÉ³¥Î ²¨, É ±µ³Ê ¨¸ÉµÎ´¨±Ê
¸µµÉ¢¥É¸É¢Ê¥É · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸  ¸¢¥·ÌÉ¥±ÊÎ¥° B-Ë §Ò 3He. ‘µµÉ¢¥É¸É¢Ê-
ÕÐ¨° ¨¸ÉµÎ´¨± F̂{U} ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  µ¶·¥-
¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

UϕUθF̂U+
θ U+

ϕ =
∫
d3x
(
χ̂αk(x)Rkα(x)e−2iϕ̃(x) + h. c.

)
,

R̃kα(x) = Rkβaβα(x), ϕ̃(x) = p0x + ϕ(x).
(8.16)

’ ±¨³ µ¡· §µ³, ¢ ·¨ Í¨¨ ¢¥²¨Î¨´ Rkα(x), ϕ̃(x) µ¶·¥¤¥²ÖÕÉ¸Ö ¢ ·¨ Í¨Ö³¨
¢¥²¨Î¨´ aαβ(x), ϕ(x). ˆ§ Ëµ·³Ê²Ò (8.12) ¨ ¸µµÉ´µÏ¥´¨° (6.7), (6.12) ¸²¥¤Ê¥É,
ÎÉµ

U+
θ ς̂0(x)Uθ =

= ς̂0(x) +
1
2m

{
iωiγ∇iψ̂

+sγψ̂ − iωiγ ψ̂
+sγ∇iψ̂ + ωiγωiλψ̂

+sγsλψ̂
}
,

(8.17)

U+
θ (Yiπ̂i + Y4n̂+ Yαŝα)Uθ = Yiπ̂i + Y4n̂+ Yiωiγ ŝγ + Y β ŝβ,

£¤¥ Y α = aαβYβ . ˆ§ ÔÉ¨Ì Ëµ·³Ê² ¨ Ëµ·³Ê²Ò (7.4) ´ °¤¥³, ÎÉµ É¥·³µ¤¨´ -
³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² Ω Ö¢²Ö¥É¸Ö ËÊ´±Í¨µ´ ²µ³ ωiγ , pi, Y ≡ (Y0, Y4, Yi, Y α):

Ω = Ω(ωiγ , pi, Y ). (8.18)



‘’�’ˆ‘’ˆ—…‘Š�Ÿ Œ…•�
ˆŠ� Š‚�
’�‚›• †ˆ„Š�‘’…‰ 1401

‡ ³¥É¨³, ÎÉµ ÔÉµ § ±²ÕÎ¥´¨¥ ¸¶· ¢¥¤²¨¢µ ´¥ Éµ²Ó±µ ¤²Ö ¶²µÉ´µ¸É¨ Ô´¥·£¨¨
(8.12), ´µ ¨ ¤²Ö ¶·µ¨§¢µ²Ó´µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ς̂0(x), ¨´¢ ·¨ ´É´µ° µÉ-
´µ¸¨É¥²Ó´µ £²µ¡ ²Ó´ÒÌ ¸¶¨´µ¢ÒÌ ¶µ¢µ·µÉµ¢. „¥°¸É¢¨É¥²Ó´µ, ¥¸²¨ ¶²µÉ´µ¸ÉÓ
Ô´¥·£¨¨ ε̂(x) Ê¤µ¢²¥É¢µ·Ö¥É ¸¢µ°¸É¢Ê ¸¨³³¥É·¨¨ [ε̂(x), Ŝα] = 0, Éµ ÔÉµÉ µ¶¥-
· Éµ· ¸É·µ¨É¸Ö ¨§ ±µ³¡¨´ Í¨° µ¶¥· Éµ·µ¢ ¶²µÉ´µ¸É¨ ¸¶¨´ , ¨´¢ ·¨ ´É´ÒÌ
µÉ´µ¸¨É¥²Ó´µ £²µ¡ ²Ó´ÒÌ ¸¶¨´µ¢ÒÌ ¶µ¢µ·µÉµ¢ ŝα(x)ŝα(x′), £¤¥ ±µµ·¤¨´ ÉÒ
ÉµÎ¥± x ¨ x′ ¸¢¥·´ÊÉÒ ¸ ´¥±µÉµ·Ò³ ¡Ò¸É·µ Ê¡Ò¢ ÕÐ¨³ Ö¤·µ³ J(x − x′),
µ¶·¥¤¥²Ö¥³Ò³ µ¡³¥´´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨. “Î¨ÉÒ¢ Ö µ¶·¥¤¥²¥´¨¥ (6.13) ¨
§ ³¥Î Ö, ÎÉµ

a(x)ã(x+ y) = a(x) exp (yk∇k)ã(x) = exp ykDk(ω(x)),

£¤¥

(Dk(ω(x)))αβ ≡ δαβ∇k − εαβγωγk(x),

³Ò ¶·¨Ìµ¤¨³ ± ¸¤¥² ´´µ³Ê § ±²ÕÎ¥´¨Õ.
‚ ·¨ Í¨Ö É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  δΩ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (7.18)

³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

δΩ = δϕΩ+ δθΩ,

£¤¥

δϕΩ =
∫

d3x
δΩ

δpi(x)
∇iδϕ(x) = −

∫
d3xδϕ(x)∇i

δΩ
δpi(x)

,

δθΩ =
∫

d3x

(
δΩ

δωkγ(x)
δωkγ(x) +

δΩ
δY α(x)

δaαβ(x)Yβ(x)
)
.

�µ¸²¥¤´¥¥ · ¢¥´¸É¢µ, ¨¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (6.17), (6.11), ³µ¦´µ § ¶¨¸ ÉÓ ¢
¢¨¤¥

δθΩ =
∫

d3x

(
−δRα(x)∇k

(
δΩ

δωkγ(x)
aγα(x)

)
+ sλ(x)ελαβδRα(x)Yβ(x)

)
.

‚ É¥·³¨´ Ì ¶²µÉ´µ¸É¨ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢ £² ¢´µ³ ¶·¨¡²¨¦¥-
´¨¨ ¶µ £· ¤¨¥´É ³ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¨³¥¥³

δϕΩ = −
∫

d3xδϕ(x)∇i
∂ω

∂pi(x)
,

δθΩ =
∫

d3xδRα(x)
(
−∇k

(
∂ω

∂ωkγ(x)
aγα

)
+ sλ(x)ελαβYβ(x)

)
.
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�µÔÉµ³Ê, ¶·¨· ¢´¨¢ Ö ¢ ·¨ Í¨¨ ¶·¨ δϕ(x) ¢ (7.4), ¶µ²ÊÎae³

∇k

(
Y0jk + Ykn− ∂ω

∂pk

)
= 0, (8.19)

¶·¨· ¢´¨¢ Ö ¢ ·¨ Í¨¨ ¶·¨ δRα(x) ¢ (7.4), ´ Ìµ¤¨³

∇k

(
Y0jαk + Yksα − ∂ω

∂ωkγ

aγα

)
= 0. (8.20)

�µ¸²¥ ÔÉµ£µ Ê· ¢´¥´¨¥ (7.4) ¶·¨³¥É ¢¨¤

∫
d3xδxl(x)

{
∇k (Y0tlk + Ykπl) + ςa∇lYa −∇lϕ∇k (Y0jk + Ykn)−

− ωlγ (∇k (Y0jγk + Yksγ) + εαγβYαsβ)
}
= 0, (8.21)

¨²¨, c ¨¸¶µ²Ó§µ¢ ´¨¥³ (8.19), (8.20),

∇k (Y0tlk + Ykπl) + ςa∇lYa −∇lϕ∇k
∂ω

∂pk
−

− ωlγ

(
∇k

(
∂ω

∂ωαk

aαγ

)
+ εαγβYαsβ

)
= 0.

’ ± ± ± Y α = aαβYβ , ςα =
∂ω

∂Yα
, Éµ ςα

∂Yα
∂xl

=
∂ω

∂Y β

∇lY β − sαYγεγαλωlλ ¨,

¸²¥¤µ¢ É¥²Ó´µ,

∇k

(
Y0tlk + Ykπl − pl

∂ω

∂pk

)
+

∂ω

∂Y a

∇lY a +
∂ω

∂pk
∇lpk −

− ωlα∇k

(
∂ω

∂ωαk

)
− ∂ω

∂ωαk

ωβlaβγ∇kaαγ = 0. (8.22)

ˆ¸¶µ²Ó§ÊÖ ¤ ²¥¥ Éµ¦¤¥¸É¢µ Œ Ê·¥· ÄŠ ·É ´  (6.15), ´ Ìµ¤¨³

ωlα∇k

(
∂ω

∂ωαk

)
+

∂ω

∂ωαk

ωβlaβγ∇kaαγ = ∇k

(
∂ω

∂ωkα

ωlα

)
−∇lωkα

∂ω

∂ωkα

.

�µ¸²¥ Î¥£µ · ¢¥´¸É¢µ (9.22) ¶·¨µ¡·¥É ¥É ¢¨¤

∇k

(
Y0tlk +

∂

∂Yl
ωYk − pl

∂ω

∂pk
− ωlα

∂ω

∂ωαk

)
= 0. (8.23)
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ˆ§ Ëµ·³Ê² (8.19), (8.20), (8.23), ± ± ¨ ¶·¥¦¤¥, ¸²¥¤Ê¥É, ÎÉµ

jk = −Yk
Y0

∂ω

∂Y4
+

1
Y0

∂ω

∂pk
, jαk = − 1

Y0

∂

∂Yα
ωYk +

1
Y0

∂ω

∂ωkγ

aγα,

tlk = − 1
Y0

∂

∂Yl
(Ykω) +

pl
Y0

∂ω

∂pk
+

ωlα

Y0

∂ω

∂ωkα

.

(8.24)

�·¨¢¥¤¥´´Ò¥ Ëµ·³Ê²Ò ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò¥ ¸·¥¤´¨¥
¶²µÉ´µ¸É¨ ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¤²Ö · ¸¸³µÉ·¥´´µ£µ ¸²Ê-
Î Ö ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ [45].

8.5. Š¢ ´Éµ¢Ò° ±·¨¸É ²². ‘¨´£²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. � ¸¸³µÉ·¨³ ¶·µ-
¸É· ´¸É¢¥´´µ-¶¥·¨µ¤¨Î¥¸±µ¥ Ê¶µ·Ö¤µÎ¥´¨¥ ¶·¨ ´ ²¨Î¨¨ ¸¶µ´É ´´µ£µ ´ ·Ê-
Ï¥´¨Ö Ë §µ¢µ° ¨´¢ ·¨ ´É´µ¸É¨ (±¢ ´Éµ¢Ò° ±·¨¸É ²²). ’ ±µ³Ê Ê¶µ·Ö¤µÎ¥´¨Õ
¸µµÉ¢¥É¸É¢Ê¥É ¸²¥¤ÊÕÐ¨° ¨¸ÉµÎ´¨± ¢ ¶µ²´µ¸ÉÓÕ · ¢´µ¢¥¸´µ³ · ¸¶·¥¤¥²¥´¨¨
ƒ¨¡¡¸  (¸p. ¸ (3.3)):

F̂ =
∫

d3ξ(∆̂(ξ)f0(ξ) + h. c.), f0(ξ) = e−2ip0ξ
∑
τ

e−iτξ,

£¤¥ τ Å ¢¥±Éµ·Ò µ¡· É´µ° ·¥Ï¥É±¨, τi = bαi nα (α = 1, 2, 3); nα Å Í¥²Ò¥
Î¨¸² . �¥·¥³¥´´ÊÕ ¨´É¥£·¨·µ¢ ´¨Ö ³Ò µ¡µ§´ Î¨²¨ ¡Ê±¢µ° ξ, ÎÉµ¡Ò ¶µ¤Î¥·±-
´ÊÉÓ, ÎÉµ ¶µ²´µ¸ÉÓÕ · ¢´µ¢¥¸´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö ´¥¤¥Ëµ·³¨·µ¢ ´´Ò³ ¨,
¸²¥¤µ¢ É¥²Ó´µ, ¶¥·¥³¥´´ÊÕ ξ ³µ¦´µ µÉµ¦¤¥¸É¢¨ÉÓ ¸ ² £· ´¦¥¢µ° ±µµ·¤¨´ -
Éµ°. ˆ¸ÉµÎ´¨± ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  µ¶·¥¤¥²Ö¥É¸Ö
Ëµ·³Ê²µ°

F̂{U} = UϕUf F̂U+
f U+

ϕ . (8.25)

’ ± ± ±

UϕUf ∆̂(ξ)U+
f U+

ϕ =
∣∣∣∣∂x∂ξ
∣∣∣∣Uϕ∆̂(x)U+

ϕ =
∣∣∣∣∂x∂ξ
∣∣∣∣ e−2iϕ(x(ξ))∆̂(x(ξ)),

Éµ

F̂{U} = UϕUf F̂U+
f U+

ϕ =
∫
d3x
(
∆̂(x)f(x) + h. c.

)
,

f(x) = e−2iϕ̃(x)
∑
τ

e−iτξ(x), ϕ̃(x) = p0ξ(x) + ϕ(x).

‚ ¸¨²Ê · ¢¥´¸É¢  τξ(x) = nαb
α
i ξi(x) ¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨ x ¸¶· ¢¥¤²¨¢µ

· §²µ¦¥´¨¥

τξ (x+ η) ≈ nαb
α
i ξi(x) + nαb

α
i ∇jξi(x)ηj .
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„¥Ëµ·³¨·µ¢ ´´Ò¥ ¢¥±Éµ·Ò µ¡· É´µ° ·¥Ï¥É±¨ ¢ ÉµÎ±¥ x

bαj (x) = bαi ∇jξi(x) (8.26)

(ηj ¨£· ÕÉ ·µ²Ó xj ¢ ¢Ò· ¦¥´¨¨ ¤²Ö f0 (ξ), ³Ò ¶·¥¤¶µ² £ ¥³, ÎÉµ a << ∆ <<
L, £¤¥ a ≈ 1/b Å ¶¥·¨µ¤ ·¥Ï¥É±¨, L Å Ì · ±É¥·´Ò¥ · §³¥·Ò ´¥µ¤´µ·µ¤´µ-
¸É¥° ¨ η Å Ì · ±É¥·´Ò¥ · §³¥·Ò µ¡² ¸É¨ Ê¸·¥¤´¥´¨Ö). ’¥·³µ¤¨´ ³¨Î¥¸±¨°
¶µÉ¥´Í¨ ² Ω ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¡Ê¤¥É, µÎ¥¢¨¤´µ, ËÊ´±Í¨µ´ ²µ³ ¶¥-
·¥³¥´´ÒÌ Y , pi, bαj :

Ω = Ω(Y, pi, bαj ), pi = p0
k

∂ξk
∂xi

+
∂ϕ(x)
∂xi

.


 °¤¥³ ¢ ·¨ Í¨Õ pi, ¸¢Ö§ ´´ÊÕ ¸ ¢ ·Ó¨·µ¢ ´¨¥³ ϕ(x) ¨ xj (ξ). ’ ± ± ±
δp0

k = 0, Éµ ¨§ ¶µ¸²¥¤´¥° Ëµ·³Ê²Ò ¸²¥¤Ê¥É, ÎÉµ

δpi = −pl
∂δxk
∂xi

− ∂pi
∂xl

δxl +
∂δϕ

∂xi
, (8.27)

£¤¥ δϕ = δxl∇lϕ + δϕ. �µ¸ÉÊ¶ Ö É ± ¦¥, ± ± ¨ ¶·¨ ¢Ò¢µ¤¥ Ëµ·³Ê²Ò (8.27),
´ °¤¥³ ¢ ·¨ Í¨Õ bαk , ¸¢Ö§ ´´ÊÕ ¸ ¢ ·Ó¨·µ¢ ´¨¥³ ËÊ´±Í¨° xj(ξ):

δbαj (x) = −
∂bαj (x)
∂xl

δxl − bαk (x)
∂δxk
∂xj

. (8.28)

’ ± ± ±

δΩ =
∫

d3x

(
δΩ

δpi(x)
δpi(x) +

δΩ
δbαj (x)

δbαj (x)

)
,

Éµ ¢ £² ¢´µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ £· ¤¨¥´É ³ ¶µ²ÊÎ¨³ ¢ ·¨ Í¨Õ É¥·³µ¤¨´ ³¨-
Î¥¸±µ£µ ¶µÉ¥´Í¨ ² 

δΩ =
∫

d3x

{
−δϕ∇i

∂ω

∂pi
+ δxl

(
− ∂ω

∂bαj
∇lb

α
j +∇j

(
bαl

∂ω

∂bαj

))
−

− ∂ω

∂pi

∂pi
∂xl

+
∂

∂xi

(
pl

∂ω

∂pi

)}
.

�É¸Õ¤  ¨ ¨§ (7.18) ¸²¥¤Ê¥É, ÎÉµ

∇k

(
Y0jk + Ykn− ∂ω

∂pk

)
= 0,
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∇k

(
Y0tlk + Yk

∂

∂Yl
ω − pl

∂ω

∂pk
− bαl

∂ω

∂bαk

)
+

+
∂ω

∂Ya
∇kb

α
j +

∂ω

∂pl
∇kpl +

∂ω

∂bαj
∇kb

α
j = 0.

�µ¸²¥¤´¨¥ É·¨ ¸² £ ¥³ÒÌ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° £· ¤¨¥´É ¶µÉ¥´Í¨ ²  ω. �µ-
ÔÉµ³Ê

∇k

(
Y0tlk +

∂Ykω

∂Yl
− pl

∂ω

∂pk
− bαl

∂ω

∂bαk

)
= 0.

�É¸Õ¤  ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢
¤¢¨¦¥´¨Ö ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ ¸µ¸ÉµÖ´¨¨

jk = −Yk
Y0

∂ω

∂Y4
+

1
Y0

∂ω

∂pk
, tlk = − 1

Y0

∂

∂Yl
(Ykω) +

pl
Y0

∂ω

∂pk
+

bαl
Y0

∂ω

∂bαk
. (8.29)

�É¨ Ëµ·³Ê²Ò ¸µ¢¶ ¤ ÕÉ ¸ ¶µ²ÊÎ¥´´Ò³¨ · ´¥¥ ¢ · ¡µÉ Ì [70] ¶²µÉ´µ¸ÉÖ³¨
¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö.

8.6. ”¥·³¨-¦¨¤±µ¸ÉÓ. ’·¨¶²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. A-Ë § . � ¸¸³µÉ·¨³ É¥-
¶¥·Ó ´ ·ÊÏ¥´¨¥ ¸¨³³¥É·¨¨,  ´ ²µ£¨Î´µ¥ Éµ³Ê, ±µÉµ·µ¥ ¨³¥¥É ³¥¸Éµ ¢ ¸¢¥·Ì-
É¥±ÊÎ¥° A-Ë §¥ 3He. � ¢´µ¢¥¸´Ò° ¨¸ÉµÎ´¨± ¢ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  ¨³¥¥É
¢¨¤

F̂ =
∫

d3ξ
(
χ̂αk(ξ)dα∆ke−2ip0ξ + h. c.

)
, (8.30)

£¤¥ dα Å ¶µ¸ÉµÖ´´Ò° ¢¥Ð¥¸É¢¥´´Ò° ¥¤¨´¨Î´Ò° ¸¶¨´µ¢Ò° ¢¥±Éµ· dαdα = 1
¨ ∆k Å ¶µ¸ÉµÖ´´Ò° ±µ³¶²¥±¸´Ò° ¶·µ¸É· ´¸É¢¥´´Ò° ¢¥±Éµ·, É ±µ°, ÎÉµ

∆k∆k = 0, ∆k∆∗
k = 2. (8.31)

ˆ¸ÉµÎ´¨± F̂{U} ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸  ¨³¥¥É ¢¨¤

F̂{U} = UϕUθUf F̂U+
f U+

θ U+
ϕ =

∫
d3x

(
χ̂βl(x)

∣∣∣∣∂x∂ξ
∣∣∣∣
2

dβ(x)∆l(x) + h. c.

)
,

dβ(x) = dαaαβ(x), ∆l(x) = e−2i(ϕ(x)+p0ξ(x)) ∂x
l

∂ξk
∆k

(8.32)

(´ ·ÊÏ¥´Ò ¢¸¥ É·¨ ¸¨³³¥É·¨¨, ¸¢Ö§ ´´Ò¥ ¸ ¶·¥µ¡· §µ¢ ´¨Ö³¨ Uϕ, Uθ, Uf ).
�É¸Õ¤  ¢¨¤´µ, ÎÉµ ¢ ± Î¥¸É¢¥ ¶ · ³¥É·µ¢, ËÊ´±Í¨µ´ ²µ³ ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö
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É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ², ¸²¥¤Ê¥É ¢Ò¡· ÉÓ ±µ³¶²¥±¸´Ò° ¶·µ¸É· ´¸É¢¥´-
´Ò° ¢¥±Éµ· ∆l(x) ¨ ¤¥°¸É¢¨É¥²Ó´Ò° ¸¶¨´µ¢Ò° ¢¥±Éµ· dβ(x) (Ë §µ¢Ò° ³´µ-
¦¨É¥²Ó ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ³µ¦¥É ¡ÒÉÓ ¢±²ÕÎ¥´ ¢ µ¶·¥¤¥²¥´¨¥ ∆l(x)).

� ¸¸³µÉ·¨³ É¥¶¥·Ó É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ¢¥²¨Î¨´∆l(x), ±µÉµ·Ò¥

¶·¨ ϕ(x) = 0, p0 = 0 ¨³¥ÕÉ ¢¨¤ ∆l(x) =
∂xl

∂ξk
∆k. �·¨ ¶·¥µ¡· §µ¢ ´¨¨

xl → x′l = x′l(x) ÔÉ¨ ¢¥²¨Î¨´Ò ¶·¥µ¡· §ÊÕÉ¸Ö ¸µ£² ¸´µ Ëµ·³Ê²¥

∆l(x) → ∆′l(x′) ≡ ∂x′l

∂ξk
∆k =

∂x′l

∂xk
∆k(x)

(ξk ¨ ∆k ´¥ ¶·¥µ¡· §ÊÕÉ¸Ö).
’ ±¨³ µ¡· §µ³, ¶ · ³¥É·Ò ∆l(x) µ¡² ¤ ÕÉ ¸¢µ°¸É¢ ³¨ ±µ´É· ¢ ·¨ ´É-

´µ£µ ¢¥±Éµ· , ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Î¥³ ¨´¤¥±¸ l Ê ÔÉ¨Ì ¢¥²¨Î¨´, É ± ¦¥, ± ± ¨ Ê
±µµ·¤¨´ ÉÒ xl, ¡Ê¤¥³ ¶¨¸ ÉÓ ¢¢¥·ÌÊ:

∆l(x) =
∂xl

∂ξk
∆k, ∆k ≡ ∆k. (8.33)

‚ µÉ²¨Î¨¥ µÉ µ¡ÒÎ´µ£µ É¥´§µ·´µ£µ  ´ ²¨§ , xl µ¡µ§´ Î ¥É, ± ± ³Ò Ê¦¥ ¶µ¤-
Î¥·±¨¢ ²¨, ´¥ ±µµ·¤¨´ ÉÒ µ¤´µ° ¨ Éµ° ¦¥ ÉµÎ±¨ ¢ · §´ÒÌ ±µµ·¤¨´ É´ÒÌ
¸¨¸É¥³ Ì,   ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ µ¤´µ° ¨ Éµ° ¦¥ ÉµÎ±¨ ¶·¨ · §²¨Î´ÒÌ ¤¥-
Ëµ·³ Í¨ÖÌ. ˆ¸¶µ²Ó§ÊÖ ¢¨¤ ±µ¢ ·¨ ´É´µ£µ ¨ ±µ´É· ¢ ·¨ ´É´µ£µ ³¥É·¨Î¥¸±¨Ì
É¥´§µ·µ¢ (¸³. Ëµ·³Ê²Ò (8.9)), µ¶·¥¤¥²¨³ ±µ¢ ·¨ ´É´Ò° ¢¥±Éµ·

∆l(x) = gli(x)∆i(x) =
∂ξi

∂xl
∆i, (8.34)

§ ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö ±µÉµ·µ£µ ¨³¥¥É ¢¨¤

∆′
l(x

′) ≡ ∂ξi

∂x′l
∆i =

∂xi

∂x′l
∆i(x).

‚¢¥¤¥³ ¤ ²¥¥ ¢ · ¸¸³µÉ·¥´¨¥ ¸¨³¢µ²Ò Š·¨¸ÉµËË¥²Ö

Γj
kl(x) = gij(x)

1
2
(∇kgil(x) +∇lgik(x)−∇igkl(x)) =

∂xj

∂ξr
∂2ξr

∂xk∂xl
(8.35)

¨ ¸ ¨Ì ¶µ³µÐÓÕ µ¶·¥¤¥²¨³ µ¶¥· Í¨Õ ±µ¢ ·¨ ´É´µ£µ ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö
¢¥±Éµ·µ¢ Ak(x), Ak(x):

DiAk(x) = ∇iAk(x) − Γl
ki(x)Al(x), DiA

k(x) = ∇iA
k(x)− Γk

il(x)A
l(x).
(8.36)
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‹¥£±µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö ±µ´É· ¢ ·¨ ´É´µ£µ ¢¥±Éµ· 
∂xl

∂ξk
∆k · ¢´  ´Ê²Õ:

Di

(
∂xl

∂ξk
∆k

)
= 0, ∆k Ä const.

ˆ§ µ¶·¥¤¥²¥´¨° (8.33), (8.34) ¸²¥¤Ê¥É, ÎÉµ ¨ ¤²Ö ¤¥Ëµ·³¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨°
¸¶· ¢¥¤²¨¢Ò ¸µµÉ´µÏ¥´¨Ö É¨¶  (8.30):

∆l(x)∆l(x) = 0, ∆∗
l (x)∆

l(x) = 2. (8.37)

’ ± ± ± Ë §µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö Ô±¢¨¢ ²¥´É´Ò Ê³´µ¦¥´¨Õ ∆l(x) ´  Ë §µ-
¢Ò° ³´µ¦¨É¥²Ó exp (−2i)ϕ(x), ∆l(x) → ∆l(x) exp (−2i)ϕ(x), Éµ ¥¸É¥¸É¢¥´´µ
µ¶·¥¤¥²¨ÉÓ ¸¢¥·ÌÉ¥±ÊÎ¨° ¨³¶Ê²Ó¸

pi(x) =
1
8i
(
∆j(x)Di∆j∗(x)−∆∗

j (x)Di∆j(x)
)
. (8.38)

’ ± ± ± ∆l(x) =
∂xl

∂ξk
∆k exp (−2i) (ϕ(x) + p0ξ(x)), Éµ ¸µ£² ¸´µ (8.38)

pi(x) = p0l
∂ξl

∂xi
+∇iϕ(x). (8.39)

‚¢e¤e³ ¶µ²´µ¸ÉÓÕ  ´É¨¸¨³³¥É·¨Î´Ò° É¥´§µ· É·¥ÉÓ¥£µ · ´£ 

Eijl(x) =
1√
g(x)

εijl, g(x) = det |gij(x)| (8.40)

¨ µ¶·¥¤¥²¨³ ±µ´É· ¢ ·¨ ´É´Ò° ¢¥±Éµ· ¶·µ¸É· ´¸É¢¥´´µ°  ´¨§µÉ·µ¶¨¨

li(x) ≡ i

2
Eijl(x)∆j(x)∆∗

l (x), (8.41)

µ·Éµ£µ´ ²Ó´Ò° ¢¥±Éµ·Ê ∆j(x): li(x)∆i(x) = 0 ¨ ±µ¢ ·¨ ´É´Ò° ¢¥±Éµ·

li(x) ≡ gij(x)lj(x).

‹¥£±µ ¶·µ¢¥·¨ÉÓ, ÎÉµ li(x)li(x) = 1. ‘¶· ¢¥¤²¨¢  É ±¦¥ Ëµ·³Ê² 

li(x) =
∂ξs

∂xi
ls, ls = iεijs∆i∆∗

j/2. (8.42)

ŒÒ ¢Ò¡¥·¥³ ¢ ± Î¥¸É¢¥ ¶ · ³¥É·µ¢, µÉ ±µÉµ·ÒÌ § ¢¨¸¨É ¶µÉ¥´Í¨ ² Ω,
¢¥²¨Î¨´Ò Y (x), li(x), pi(x), dα(x), gik(x). ŒÒ ¢Ò¶¨Ï¥³ § ¢¨¸¨³µ¸ÉÓ ¶²µÉ-
´µ¸É¨ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ω(x) µÉ ³¥É·¨Î¥¸±µ£µ É¥´§µ·  gik(x),
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ÎÉµ¡Ò ¶· ¢¨²Ó´µ ÊÎ¥¸ÉÓ § ¢¨¸¨³µ¸ÉÓ µÉ ±µ- ¨ ±µ´É· ¢ ·¨ ´É´ÒÌ ¢¥²¨Î¨´. ’ -
±¨³ µ¡· §µ³, ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ ¢ ¶·¨¡²¨¦¥´¨¨ ³ ²ÒÌ £· ¤¨¥´Éµ¢ ¶²µÉ´µ¸ÉÓ
É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ω(x) § ¢¨¸¨É µÉ ±µµ·¤¨´ ÉÒ x ¶µ¸·¥¤¸É¢µ³
ÔÉ¨Ì ¶ · ³¥É·µ¢ ¨ ¨Ì £· ¤¨¥´Éµ¢:

ω(x) = ω

(
Y (x), li(x),

∂li(x)
∂xk

, pi(x), dα(x),
∂dα(x)
∂xk

, gij(x)
)
.


 °¤¥³ ¢ ·¨ Í¨Õ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¨³¶Ê²Ó¸  pi(x), µ¡Ê¸²µ¢²¥´´ÊÕ ¢ ·¨ -
Í¨¥° ±µµ·¤¨´ É xl(ξ) ¨ Ë §Ò ϕ(x). �·¥¤¸É ¢¨³ Ëµ·³Ê²Ê (8.10) ¢ ¢¨¤¥

∂xi

∂ξk
pi(x) = p0k +

∂ϕ(x)
∂ξk

.

’ ± ± ± δp0l = 0, Éµ

pi(x)
∂δxi

∂ξk
+

∂xi

∂ξk

(
δpi(x) + δxl

∂pi(x)
∂xl

)
=

∂

∂ξk

(
δϕ+ δxl

∂ϕ(x)
∂xl

)
,

¨²¨ µ±µ´Î É¥²Ó´µ (¸³. Ëµ·³Ê²Ê (7.6), µ¶·¥¤¥²ÖÕÐÊÕ δϕ(x)):

δpi(x) = −δxl
∂pi(x)
∂xl

− pl(x)
∂δxl(x)
∂xi

+
∂δϕ(x)
∂xi

. (8.43)

�´ ²µ£¨Î´Ò³ µ¡· §µ³ ¨§ ¸µµÉ´µÏ¥´¨Ö (8.42) ¶µ²ÊÎ¨³ ¢ ·¨ Í¨Õ ±µ¢ ·¨ ´É-
´µ£µ ¢¥±Éµ·  ¶·µ¸É· ´¸É¢¥´´µ°  ´¨§µÉ·µ¶¨¨

δli(x) = −δxl
∂li(x)
∂xl

− lk(x)
∂δxk(x)

∂xi
. (8.44)


 °¤¥³ ¢ ·¨ Í¨Õ ¥¤¨´¨Î´µ£µ ¢¥±Éµ·  ¸¶¨´µ¢µ°  ´¨§µÉ·µ¶¨¨. ‚ ¸µµÉ¢¥É¸É¢¨¨
¸ (8.32), (7.6) ¨³¥¥³

δdα(x) + δxl
∂dα(x)
∂xl

= dλ

(
δa(x) + δxl

∂a(x)
∂xl

)
λα

.

‘µ£² ¸´µ (6.11), (7.6) ¶· ¢ÊÕ Î ¸ÉÓ ÔÉµ£µ · ¢¥´¸É¢  ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

dλ(x)
(
R(x) + δxlã(x)∇la(x)

)
λα

= εαγλdγ(x)Rλ(x).

’ ±¨³ µ¡· §µ³,

δdα(x) = −δxl
∂dα(x)
∂xl

+ εαγλdγ(x)δRλ(x). (8.45)
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‚Ò¶¨Ï¥³, ´ ±µ´¥Í, ¢ ·¨ Í¨Õ ³¥É·¨Î¥¸±µ£µ É¥´§µ·  gik(x). ‘ ÔÉµ° Í¥²ÓÕ
§ ³¥É¨³, ÎÉµ ¶·¨ ¶¥·¥Ìµ¤¥ µÉ µ¤´µ£µ ¤¥Ëµ·³¨·µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ± ¤·Ê£µ³Ê
³¥É·¨Î¥¸±¨° É¥´§µ· gik(x) µ¡² ¤ ¥É É· ´¸Ëµ·³ Í¨µ´´Ò³¨ ¸¢µ°¸É¢ ³¨:

gik(x) = g′mn(x
′)
∂x′m

∂xi
∂x′n

∂xk
.

‚ ·Ó¨·ÊÖ ÔÉµ ¸µµÉ´µÏ¥´¨¥, ¶·¥¤¢ ·¨É¥²Ó´µ ¸¤¥² ¢ § ³¥´Ê ¶¥·¥³¥´´ÒÌ x → ξ,
x′ → x, ³µ¦´µ § ¶¨¸ ÉÓ

δgik(x) = −∂gik(x)
∂xs

δxs(x) − gmk(x)
∂δxm(x)

∂xi
− gim(x)

∂δxm(x)
∂xk

. (8.46)

ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (8.43)Ä(8.46), ¢ ·¨ Í¨Õ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ ¶µÉ¥´Í¨-
 ²  Ω ²¥£±µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

δΩ = δpΩ + δlΩ+ δdΩ+ δgΩ,

£¤¥

δpΩ = −
∫

d3xδϕ(x)
∂

∂xi
∂ω

∂pi
+
∫

d3xδxs(x)
(

∂

∂xi

(
ps

∂ω

∂pi

)
− ∂pi

∂xs
∂ω

∂pi

)
,

δlΩ = −
∫

d3xδxs(x)


 ∂li

∂xs
∂ω

∂li
+

∂
∂li
∂xk

∂xs
∂ω

∂
∂li
∂xk

+

+
∂

∂xk


 ∂li
∂xs

∂ω

∂
∂li
∂xk

+
∂ls
∂xi

∂ω

∂
∂lk
∂xi

+ ls
∂ω

∂lk
− ∂

∂xi


ls

∂ω

∂
∂lk
∂xi






 ,

δdΩ =
∫

d3x


δRλεαγλdγ


 ∂ω

∂dα
− ∂

∂xl
∂ω

∂
∂dα
∂xl


 +

+ δxs(x)− ∂dα
∂xs

∂ω

∂dα
−

∂
∂dα
∂xl

∂xs
∂ω

∂
∂dα
∂xl

+
∂

∂xl


∂dα

∂xs
∂ω

∂
∂dα
∂xl




 ,

δgΩ =
∫

d3xδxl
(
2

∂

∂xl

(
glj

∂ω

∂gkj

)
− ∂ω

∂gik

∂gik
∂xl

)
.
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�µ¤¸É ¢²ÖÖ ÔÉ¨ ¢ ·¨ Í¨¨ ¢ (7.4), ¶µ¸²¥ ´¥¸²µ¦´ÒÌ ¢ÒÎ¨¸²¥´¨° ¶µ²ÊÎae³

∇k

(
Y0j

k + Y kn− ∂ω

∂pk

)
= 0, ∇k


Y0j

k
γ + Y ksγ − εαλγdλ

∂ω

∂
∂dα
∂xk


+Q = 0,

∇k


Y0tlk + Ykπl + ωδkl − pl

∂ω

∂pk
− ll


 ∂ω

∂lk
− ∂

∂xi
∂ω

∂
∂lk
∂xi


 −

− ∂li
∂xl

∂ω

∂
∂li
∂xk

− ∂dα
∂xl

∂ω

∂
∂dα
∂xk

− 2glj
∂ω

∂gkj


 = 0,

£¤¥

Qγ = εαγβYαsβ + εαλγdλ
∂ω

∂dα
+ εαλγ

∂dλ
∂xl

∂ω

∂
∂dα
∂xl

. (8.47)

’ ± ± ± É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ω ¤µ²¦¥´ ¡ÒÉÓ ¸¨³³¥É·¨Î´Ò³ µÉ´µ-
¸¨É¥²Ó´µ £²µ¡ ²Ó´ÒÌ ¶µ¢µ·µÉµ¢ ¢ ¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥, Éµ µ´ ¡Ê¤¥É § ¢¨-

¸¥ÉÓ Éµ²Ó±µ µÉ ¨´¢ ·¨ ´Éµ¢ Y = Yαdα, ql = Yα
∂dα
∂xl

, qlr =
∂dα
∂xl

∂dα
∂xr

. ‚ ÔÉµ³
¸²ÊÎ ¥

∂ω

∂dα
=

∂ω

∂Y
Yα,

∂ω

∂Yα
= sα =

∂ω

∂Y
dα +

∂ω

∂ql

∂dα
∂xl

,

dλ
∂ω

∂dα
= dλYα

∂ω

∂Y
= Yα

(
sλ − ∂ω

∂ql

∂dλ
∂xl

)
.

“Î¨ÉÒ¢ Ö ÔÉ¨ ¢Ò· ¦¥´¨Ö, ¶µ²ÊÎ ¥³

Qγ = εαλγ
∂dλ
∂xl

(
∂ω

∂qlp

∂dα
∂xp

+
∂ω

∂qpl

∂dα
∂xp

)
= 0.

‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢-
´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ ¸µ¸ÉµÖ´¨¨:

jk = − ∂

∂Y4

ωYk
Y0

+
1
Y0

∂ω

∂pk
, jαk = − ∂

∂Yα

ωYk
Y0

− 1
Y0

εαλγdλ
∂ω

∂
∂dγ
∂xk

,
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tlk = − ∂

∂Y l

Ykω

Y0
+

pl
Y0

∂ω

∂pk
+

ll
Y0


 ∂ω

∂lk
− ∂

∂xi
∂ω

∂
∂lk

∂xi


+

+
1
Y0

∂li
∂xl

∂ω

∂
∂li
∂xk

+
1
Y0

∂dα
∂xl

∂ω

∂
∂dα
∂xk

+
2glj
Y0

∂ω

∂gkj
. (8.48)

9. ‘‚Ÿ‡œ �‹�’��‘’ˆ ��’�Š� >�…	ƒˆˆ ‚ ‘�‘’�Ÿ�ˆˆ
‹�Š�‹œ��ƒ� 	�‚��‚…‘ˆŸ ‘ �‘’�‹œ�›Œˆ �‹�’��‘’ŸŒˆ

��’�Š�‚ �„„ˆ’ˆ‚�›• ˆ�’…ƒ	�‹�‚ „‚ˆ†…�ˆŸ

‚ ÔÉµ³ · §¤¥²¥ ³Ò Ê¸É ´µ¢¨³ µ¡ÐÊÕ ¸¢Ö§Ó ³¥¦¤Ê ¢¸¥³¨ ¶²µÉ´µ¸ÉÖ³¨
¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¢ ¸µ¸ÉµÖ´¨¨ ²µ± ²Ó´µ£µ ¸É É¨¸É¨-
Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. iÊ¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ · ¢¥´¸É¢ 

i Sp ŵ
[
Â+ B̂, â(x) + b̂(x)

]
≡ 0, (9.1)

£¤¥

Â =
∫

d3xâ(x) =
∫

d3xY0(x)ε̂ν(x), B̂ =
∫

d3xb̂(x) =
∫

d3xYa′(x)ζ̂a′ (x),

a′ ≡ i, 4, α ¨ ŵ Å ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ· (6.27). ‚
¸µµÉ¢¥É¸É¢¨¨ ¸ Éµ¦¤¥¸É¢µ³ (9.1) ¶µ²ÊÎ¨³ (¸³. Ëµ·³Ê²Ò (7.7))

i Sp ŵ
[
Â, â(x)

]
= −∇kQk(x), i Sp ŵ

[
B̂, b̂(x)

]
= −∇kTk(x),

i Sp ŵ
[
Â, b̂(x)

]
+ i Sp ŵ

[
B̂, â(x)

]
= −∇kRk(x),

§¤¥¸Ó

Qk(x) =
i

2

∫
d3x′x′

k

1∫
0

dλY0 (x− (1− λ)x′)Y0 (x+ λx′)×

× Sp ŵ [ε̂ν (x− (1− λ)x′), ε̂ν (x+ λx′)] ,

Tk(x) =
i

2

∫
d3x′x′

k

1∫
0

dλYa′ (x− (1− λ)x′)Yb′ (x+ λx′)×

× Sp ŵ
[
ζ̂a′ (x− (1− λ) x′) , ζ̂b′ (x+ λx′)

]
, a′, b′ �= 0,
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Rk(x) =
i

2

∫
d3x′x′

k

1∫
0

dλY0 (x− (1− λ)x′)Yb′ (x+ λx′)×

× Sp ŵ
[
ε̂ν (x− (1− λ)x′) , ζ̂b′ (x+ λx′)

]
, b′ �= 0.

�·¥´¥¡·¥£ Ö §¤¥¸Ó £· ¤¨¥´É ³¨ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ Ya ¨ ÊÎ¨ÉÒ¢ Ö
¸µµÉ´µÏ¥´¨Ö (7.9), (7.11), (7.13), (7.15), ´ Ìµ¤¨³

∇k(Qk +Rk + Tk) = 0, (9.2)

£¤¥ Qk = Y 2
0 qk, Dk = Y0Yajak + Y0Ykε, Tk = YkYaζa. �·¨ ´ Ìµ¦¤¥´¨¨

¢¥²¨Î¨´Ò Tk ³Ò ¢µ¸¶µ²Ó§µ¢ ²¨¸Ó ¨§¢¥¸É´Ò³¨ ±µ³³ÊÉ Í¨µ´´Ò³¨ ¸µµÉ´µÏ¥-
´¨Ö³¨ ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ
¢¥±Éµ· Qk+Rk+Tk ´¥ § ¢¨¸¨É µÉ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢, É. ¥. Ö¢²Ö-
¥É¸Ö ¶µ¸ÉµÖ´´Ò³, ¨ ¢ ¸¨²Ê µÉ¸ÊÉ¸É¢¨Ö ± ±µ£µ-²¨¡µ ¢Ò¤¥²¥´´µ£µ ´ ¶· ¢²¥´¨Ö
¢ ¶·µ¸É· ´¸É¢¥ ÔÉµÉ ¢¥±Éµ· · ¢¥´ ´Ê²Õ. �¥·¥Ìµ¤Ö ± É¥·³µ¤¨´ ³¨Î¥¸±µ³Ê
¶·¥¤¥²Ê, ¨§ (9.2) ¶µ²ÊÎ ¥³ [45]

Ya(Ykζa + Y0ζak) = 0. (9.3)

�Éµ ¸µµÉ´µÏ¥´¨¥ µ¡µ¡Ð ¥É É¥µ·¥³Ê µ ¸¢Ö§¨ ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢
¤¢¨¦¥´¨Ö [71] ´  ¸²ÊÎ ° ²µ± ²Ó´µ-· ¢´µ¢¥¸´ÒÌ ¸µ¸ÉµÖ´¨°. �¡· É¨³ ¢´¨³ -
´¨¥, ÎÉµ (9.3) ´¥ § ¢¨¸¨É µÉ É¨¶  ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¨ ¨ Ö¢²Ö¥É¸Ö Ê´¨-
¢¥·¸ ²Ó´Ò³ ¤²Ö Ï¨·µ±µ£µ ±² ¸¸  ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤. ˆ§ (9.3) ¶µ²ÊÎ ¥³
¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶²µÉ´µ¸É¨ ¶µÉµ±  Ô´¥·£¨¨:

qk = −Ya′

Y0
ςa′k −

Yk
Y0

Yaςa
Y0

, a′ �= 0. (9.4)

�·¨¢¥¤¥³ ´¨¦¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¨ ¶µÉµ±  Ô´¥·£¨¨ ¨ µ¡Ð¥¥ ¢Ò-
· ¦¥´¨¥ ¢¸¥Ì ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¤²Ö · ¸-
¸³µÉ·¥´´ÒÌ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¸²ÊÎ ¥¢.

9.1. �µ·³ ²Ó´ Ö ¦¨¤±µ¸ÉÓ. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê² ³¨ (8.3), (8.4),
¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ (9.4), ¨³¥¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ¶²µÉ´µ¸É¨ ¶µÉµ±  Ô´¥·£¨¨

qk = − ∂

∂Y0

ωYk
Y0

. (9.5)

�¡Ñ¥¤¨´¨¢ Ëµ·³Ê²Ò (8.3), (8.4), (9.5), § ¶¨Ï¥³

ζak = − ∂

∂Ya

ωYk
Y0

.
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9.2. �µ·³ ²Ó´Ò° ±·¨¸É ²². ‚ ÔÉµ³ ¸²ÊÎ ¥ ´ °¤¥³

qk = − ∂

∂Y0

ωYk
Y0

+
∂bα0
∂Y0

∂ω

∂bαk
,

£¤¥ ¢¥²¨Î¨´  bα0 µ¶·¥¤¥²Ö¥É¸Ö · ¢¥´¸É¢µ³ bα0 ≡ Y −1
0 (Ykbαk ). �µÔÉµ³Ê ¢Ò· -

¦¥´¨¥ ¤²Ö ¢¸¥Ì ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢ ¨³¥¥É ¢¨¤

ζak = − ∂

∂Ya

ωYk
Y0

+
∂bα0
∂Ya

∂ω

∂bαk
.

9.3. ”¥·³¨-¦¨¤±µ¸ÉÓ. ‘¨´£²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. ”µ·³Ê²  (9.4) ¨ ¢Ò· ¦¥-
´¨Ö ¤²Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢ (8.15) ¶µ§¢µ²ÖÕÉ ´ °É¨ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  Ô´¥·£¨¨
¢ É¥·³¨´ Ì É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² 

qk = − ∂

∂Y0

ωYk
Y0

− p0

Y0

∂ω

∂pk
.

‚ ·¥§Ê²ÓÉ É¥ ¶²µÉ´µ¸É¨ ¢¸¥Ì ¶µÉµ±µ¢ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¥¤¨´µ° Ëµ·-
³Ê²Ò

ζak = − ∂

∂Ya

ωYk
Y0

− ∂ω

∂pk

∂p0

∂Ya
.

9.4. ”¥·³¨-¦¨¤±µ¸ÉÓ. ’·¨¶²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. B-Ë § . �µ¤¸É ¢²ÖÖ
Ëµ·³Ê²Ò (8.24) ¢ (9.4), ´ Ìµ¤¨³ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  Ô´¥·£¨¨ ¢ ¸²ÊÎ ¥ ¶µ²´µ£µ
´ ·ÊÏ¥´¨Ö ¸¶¨´µ¢µ° ¨ Ë §µ¢µ° ¸¨³³¥É·¨¨

qk = − ∂

∂Y0

ωYk
Y0

− p0

Y0

∂ω

∂pk
− ωα0

Y0

∂ω

∂ωαk

, (9.6)

£¤¥

p0 = (Y4 + pkYk) /Y0, ωα0 = (Y α + Ykωαk) /Y0. (9.7)

�µÔÉµ³Ê ´ °¤¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢ (8.24) ¨ (9.6) ¢ ²µ± ²Ó-
´µ-· ¢´µ¢¥¸´µ³ ¸µ¸ÉµÖ´¨¨ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ±µ³¶ ±É´µ° Ëµ·³¥ [45]:

ζ
ak

= − ∂

∂Y a

ωYk
Y0

+
∂p0

∂Y a

∂ω

∂pk
+

∂ωα0

∂Y a

∂ω

∂ωαk

. (9.8)

�·¨ ¶µ²ÊÎ¥´¨¨ ÔÉ¨Ì Ëµ·³Ê² ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ÉµÉ Ë ±É, ÎÉµ ¸µµÉ´µÏ¥´¨¥
(9.3) ¢ ¸²ÊÎ ¥ ¶µ²´µ£µ ´ ·ÊÏ¥´¨Ö ¸¶¨´µ¢µ° ¸¨³³¥É·¨¨ ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢
¢¨¤¥

Y a

(
Ykζa + Y0ζak

)
= 0,
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£¤¥ Y a = (Y0, Yk, Y4, Y α), ςa =
(
ς0, ςk, ς4, ςα

)
, ςak =

(
ς0k, ςlk, ς4k, ςαk

)
¨

Y α = aαβYβ , ςα = aαβςβ, ςαk = aαβςβk. …¸²¨ ¢ Ëµ·³Ê² Ì (9.8) ¨¸±²ÕÎ¨ÉÓ
¨§ ´ ¡µ·  É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ Ëµ·³Ê Š ·É ´  ωαk ¨ ¢¥²¨Î¨´Ê
Y α, Éµ ³Ò ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨Ö ¤²Ö ¶µÉµ±µ¢ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´ ¸¢¥·ÌÉ¥-
±ÊÎ¨Ì ¸¨¸É¥³ ¸ ¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³. …¸²¨ ¢ Ëµ·³Ê² Ì (9.8) ¨¸±²ÕÎ¨ÉÓ
¸¢¥·ÌÉ¥±ÊÎ¨° ¨³¶Ê²Ó¸ pi ¨ ¶ · ³¥É·Ò Y4, Yi, Éµ ¶·¨Ìµ¤¨³ ± ¢Ò· ¦¥´¨Ö³ ¤²Ö
¶µÉµ±µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³´µ£µ¶µ¤·¥Ï¥ÉµÎ´Ò³ ³ £´¥É¨± ³ [58].

9.5. Š¢ ´Éµ¢Ò° ±·¨¸É ²². ‘¨´£²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. ‘µ£² ¸´µ Ëµ·³Ê² ³
(8.29) ¨ (9.4) ´ °¤¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ¶²µÉ´µ¸É¨ ¶µÉµ±  Ô´¥·£¨¨ ¢ · ¸¸³ É·¨-
¢ ¥³µ³ ¸²ÊÎ ¥

qk = − ∂

∂Y0

ωYk
Y0

+
∂p0

∂Y0

∂ω

∂pk
+

∂bα0
∂Y0

∂ω

∂bαk
,

£¤¥ ¢¥²¨Î¨´  bα0 µ¶·¥¤¥²Ö¥É¸Ö · ¢¥´¸É¢µ³ bα0 ≡ Y −1
0 (Ykbαk ). �´ ²µ£¨Î´µ

³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¶²µÉ´µ¸É¨ ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö, ±µ-
£¤  ´ ·Ö¤Ê ¸ Ë §µ¢µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ ´ ·ÊÏ¥´  É· ´¸²ÖÍ¨µ´´ Ö ¨´¢ ·¨ ´É-
´µ¸ÉÓ [69]:

ςak = − ∂

∂Ya

ωYk
Y0

+
∂p0

∂Ya

∂ω

∂pk
+

∂bα0
∂Ya

∂ω

∂bαk
.

9.6. ”¥·³¨-¦¨¤±µ¸ÉÓ. ’·¨¶²¥É´µ¥ ¸¶ ·¨¢ ´¨¥. A-Ë § . ‚ ¸µµÉ¢¥É¸É¢¨¨
¸ (8.48), (9.4) ¶µ²ÊÎ¨³ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  Ô´¥·£¨¨ ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³
¸µ¸ÉµÖ´¨¨

qk = − ∂

∂Y0

ωYk
Y0

+
∂p0

∂Y0

∂ω

∂pk
+

∂dγ0
∂Y0

∂ω

∂∇kdγ
+

+
[

∂ω

∂∇klj
∇ilj + li

∂ω

∂lk
− li∇j

∂ω

∂∇j lk

]
∂

∂Y0

Yi
Y0

+
∂g0j

∂Y0

∂ω

∂gkj
, (9.9)

dγ0 ≡
(
[d × Y]γ + Yk∇kdγ

)
/Y0, g0j ≡ 2Ykglj/Y0.

‚ ·¥§Ê²ÓÉ É¥ ¢¸¥ ¶²µÉ´µ¸É¨ ¶µÉµ±µ¢ § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

ζak = − ∂

∂Ya

ωYk
Y0

+
∂p0

∂Ya

∂ω

∂pk
+

∂dγ0
∂Ya

∂ω

∂∇kdγ
+

+
[

∂ω

∂∇klj
∇ilj + li

∂ω

∂lk
− li∇j

∂ω

∂∇j lk

]
∂

∂Ya

Yi
Y0

+
∂g0j

∂Ya

∂ω

∂gkj
. (9.10)

‚Ò¶¨¸ ´´Ò¥ Ëµ·³Ê²Ò ·¥Ï ÕÉ § ¤ ÎÊ ´ Ìµ¦¤¥´¨Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢  ¤¤¨-
É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ζak ¢ É¥·³¨´ Ì É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² .
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ˆ ��	�Œ…’	› ‘�Š	�™…���ƒ� ��ˆ‘��ˆŸ

Š ± ¡Ò²µ ¶µ± § ´µ ¢ · §¤. 2, ¢µ§´¨±´µ¢¥´¨¥ ¤µ¶µ²´¨É¥²Ó´ÒÌ É¥·³µ¤¨´ -
³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¢ ¸µ¸ÉµÖ´¨¨ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¸¢Ö§ ´µ ¸ Ê¸²µ-
¢¨Ö³¨ ´¥´ ·ÊÏ¥´´µ° ¨ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨. ‘ ¶µ³µÐÓÕ ±µ´Í¥¶Í¨¨
±¢ §¨¸·¥¤´¨Ì ¢µ§³µ¦´µ ¢¢¥¤¥´¨¥ ÔÉ¨Ì ¶ · ³¥É·µ¢ ¢ · ¢´µ¢¥¸´Ò° ¸É É¨¸É¨-
Î¥¸±¨° µ¶¥· Éµ· ƒ¨¡¡¸ . ‚ µÉ²¨Î¨¥ µÉ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¸¨², ±µÉµ·Ò¥ ¢
¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö ´¥ § ¢¨¸ÖÉ µÉ ±µµ·¤¨´ É, ¤·Ê£¨¥ ¤µ¶µ²´¨É¥²Ó´Ò¥ É¥·-
³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò, É ±¨¥ ± ±, ´ ¶·¨³¥·, ¸¢¥·ÌÉ¥±ÊÎ Ö Ë §  ¨²¨ µ·-
Éµ£µ´ ²Ó´ Ö ³ É·¨Í  ¶µ¢µ·µÉ , ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö ³µ£ÊÉ ´¥¸É¨ ¶·µ¸É· ´-
¸É¢¥´´ÊÕ ¨ ¢·¥³¥´´ÊÕ § ¢¨¸¨³µ¸ÉÓ. �¡µ¡Ð¥´¨¥ ±µ´Í¥¶Í¨¨ ±¢ §¨¸·¥¤´¨Ì ´ 
²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò¥ ¸µ¸ÉµÖ´¨Ö § ±²ÕÎ ¥É¸Ö ¢µ ¢¢¥¤¥´¨¨ ²µ± ²Ó´ÒÌ Ê´¨É ·-
´ÒÌ ¶·¥µ¡· §µ¢ ´¨° (6.26), ¤²Ö ±µÉµ·ÒÌ ¶ · ³¥É·Ò ¶·¥µ¡· §µ¢ ´¨°, É ± ¦¥,
± ± ¨ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¸¨²Ò, É¥¶¥·Ó Ö¢²ÖÕÉ¸Ö ¶·µ¨§¢µ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨
±µµ·¤¨´ É.

� ¸¸³µÉ·¥´´Ò¥ · ´¥¥ ¶·¨³¥·Ò ¸É·Ê±ÉÊ·Ò ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ£µ ¸É É¨-
¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¶µ¤¸± §Ò¢ ÕÉ Ëµ·³Ê²¨·µ¢±Ê £¨-
¶µÉ¥§Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ¶·¨ · ¸¸³µÉ·¥´¨¨ Ô¢µ²ÕÍ¨¨ ¶·µ¨§¢µ²Ó´µ£µ
´¥· ¢´µ¢¥¸´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ¢ µ¡² ¸É¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì
¢·¥³¥´. �·¨ ¶µ¸É·µ¥´¨¨ Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨ ¢ ¸²ÊÎ ¥ ¸¨¸É¥³ ¸µ ¸¶µ´-
É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥° Ë¨§¨Î¥¸±¨³¨ ¢¥²¨Î¨´ ³¨, ¨£· ÕÐ¨³¨ ·µ²Ó
¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö, Ö¢²ÖÕÉ¸Ö ¶²µÉ´µ¸É¨  ¤¤¨É¨¢´ÒÌ ¨´É¥-
£· ²µ¢ ¤¢¨¦¥´¨Ö, ± ± ÔÉµ ¨³¥¥É ³¥¸Éµ ¢ ´µ·³ ²Ó´ÒÌ ¸¨¸É¥³ Ì, ¨ ¤µ¶µ²´¨-
É¥²Ó´Ò¥ ¶ · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö, ±µÉµ·Ò¥ É¥¸´µ ¸¢Ö§ ´Ò ¸ Ê´¨-
É ·´Ò³¨ ¶·¥µ¡· §µ¢ ´¨Ö³¨ (6.1), (6.6), (6.18). Š ± ³Ò ¢¨¤¥²¨, ¢¥²¨Î¨´Ò
{ϕη(x)} ≡ ϕ(x), θα(x), fl(x) µ¶·¥¤¥²ÖÕÉ ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° ¸É É¨¸É¨-
Î¥¸±¨° µ¶¥· Éµ·, ¸É·Ê±ÉÊ·  ±µÉµ·µ£µ ¢ ¸²ÊÎ ¥ ¸¨¸É¥³ ¸µ ¸¶µ´É ´´µ ´ ·Ê-
Ï¥´´µ° ¸¨³³¥É·¨¥° É¥¸´¥°Ï¨³ µ¡· §µ³ ¸¢Ö§ ´  ¸ ³¥Éµ¤µ³ ±¢ §¨¸·¥¤´¨Ì. ‚
¸¢µÕ µÎ¥·¥¤Ó, ¤²Ö ¶· ¢¨²Ó´µ£µ ¶µ´¨³ ´¨Ö ³¥Éµ¤  ±¢ §¨¸·¥¤´¨Ì ´¥µ¡Ìµ¤¨³µ
§´ ÉÓ ¸¢µ°¸É¢  ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö, ±µÉµ·Ò¥
¸´¨³ ÕÉ ¢Ò·µ¦¤¥´¨¥ ¨§ÊÎ ¥³µ° Ë¨§¨Î¥¸±µ° ¸¨¸É¥³Ò. ‚ µ¡Ð¥³ ¸²ÊÎ ¥ ¤µ-
¶µ²´¨É¥²Ó´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨Ö
¸¨¸É¥³Ò ¸µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°, ¡Ê¤¥³ µ¡µ§´ Î ÉÓ

gα(x, ρ̂) = gα(x, Sp ρ̂∆̂(x)). (10.1)

�´¨ Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ ¶·µ¸É· ´¸É¢¥´´µ° ¶¥·¥³¥´´µ° x ¨ ËÊ´±Í¨µ´ ² ³¨
¶·µ¨§¢µ²Ó´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ρ̂. ’ ±¨¥ ¶¥·¥³¥´´Ò¥ ³µ¦´µ ¶·¥¤-
¸É ¢¨ÉÓ ¢ É¥·³¨´ Ì ´¥±µÉµ·ÒÌ ´¥²¨´¥°´ÒÌ ËÊ´±Í¨µ´ ²µ¢ ¸É É¨¸É¨Î¥¸±µ£µ
µ¶¥· Éµ·  ρ̂ ¨ µ¶¥· Éµ·µ¢ ¶ · ³¥É·  ¶µ·Ö¤±  ∆̂a(x). �µ²¥¢ Ö ¸É·Ê±ÉÊ·  µ¶¥-
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· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  ¢ É¥·³¨´ Ì µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö ¨ Ê´¨ÎÉµ¦¥´¨Ö
µ¶·¥¤¥²Ö¥É¸Ö Ì · ±É¥·µ³ ¢Ò·µ¦¤¥´¨Ö.

‚ ·¨ Í¨Õ ¶ · ³¥É·µ¢ gα(x, ρ̂) ¶µ ¸É É¨¸É¨Î¥¸±µ³Ê µ¶¥· Éµ·Ê ρ̂ ³µ¦´µ,
µÎ¥¢¨¤´µ, ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

δgα(x, ρ̂) = gα(x, ρ̂+ δρ̂)− gα(x, ρ̂) ≡ Sp δρ̂ĝα(x, ρ̂). (10.2)

�Éµ ¸µµÉ´µÏ¥´¨¥ Ö¢²Ö¥É¸Ö µ¶·¥¤¥²¥´¨¥³ ¢ ·Ó¨·µ¢ ´´µ£µ µ¶¥· Éµ· 
ĝα(x, ρ̂), ±µÉµ·Ò° É ±¦¥ Ö¢²Ö¥É¸Ö ËÊ´±Í¨µ´ ²µ³ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ· 
ρ̂. ‡¤¥¸Ó ¸µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ (10.2) µ¶¥· Éµ· ĝα(x, ρ̂) ³µ¦¥É ¡ÒÉÓ ´ °¤¥´
¢ É¥·³¨´ Ì µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤± . �É³¥É¨³, ÎÉµ ¢¢¥¤¥´´Ò° ¢ ·Ó¨·µ-
¢ ´´Ò° µ¶¥· Éµ· (10.2) µ¶·¥¤¥²¥´ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶·¥µ¡· §µ¢ ´¨Ö ĝ → ĝ′ =
ĝ+ c(ρ̂), £¤¥ c(ρ̂) Å ´¥±µÉµ·Ò° ¶·µ¨§¢µ²Ó´Ò° c-Î¨¸²µ¢µ° ËÊ´±Í¨µ´ ² ¸É É¨-
¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ρ̂. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¢ ¸¨²Ê Ê¸²µ¢¨Ö ´µ·³¨·µ¢±¨
Sp ρ̂ = 1. ŒÒ ¶µ²´µ¸ÉÓÕ Ë¨±¸¨·Ê¥³ µ¶¥· Éµ· ĝ(x, ρ̂), ¥¸²¨ ´ ²µ¦¨³ Ê¸²µ¢¨¥

Sp ρ̂ĝ(x, ρ̂) = 0. (10.3)

�¡· É¨³ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ¢¥²¨Î¨´Ò ga(x) ¤¥°¸É¢¨É¥²Ó´Ò, ¶µÔÉµ³Ê
¢ ·Ó¨·µ¢ ´´Ò¥ µ¶¥· Éµ·Ò ĝα(x, ρ̂) Å Ô·³¨Éµ¢Ò, ÌµÉÖ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ µ¶¥· -
Éµ·Ò ¶ · ³¥É·  ¶µ·Ö¤±  ´¥ Ö¢²ÖÕÉ¸Ö Ô·³¨Éµ¢Ò³¨. ‹¨´¥°´Ò¥ ËÊ´±Í¨µ´ ²Ò
a(x, ρ̂) = Sp ρ̂â(x) µ¶·¥¤¥²ÖÕÉ µ¡ÒÎ´µ¥ ¸·¥¤´¥¥ µ¶¥· Éµ·  â(x). ‚ ÔÉµ³
¸²ÊÎ ¥ â(x, ρ̂) = â(x).

‘Ëµ·³Ê²¨·Ê¥³ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ¶ · ³¥É·µ¢ ga(x). ’ ± ± ± ¸µ-

£² ¸´µ Ê· ¢´¥´¨Õ Ëµ´ 
¥°³ ´ 
∂ρ̂(t)
∂t

= i[ρ̂(t), Ĥ] ¨§³¥´¥´¨¥ ¸É É¨¸É¨Î¥¸±µ£µ

µ¶¥· Éµ·  ρ̂(t) §  ¢·¥³Ö δt µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ° δρ = −i[Ĥ, ρ̂]δt, Éµ ¢·¥-
³¥´´ Ö Ô¢µ²ÕÍ¨Ö ¶ · ³¥É·µ¢ gα(x, ρ̂) µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³

∂gα (x, ρ̂(t))
∂t

= i Sp ρ̂(t)
[
Ĥ, ĝα(x, ρ̂(t))

]
. (10.4)

’ ±¨³ µ¡· §µ³, ¢ ·Ó¨·µ¢ ´´Ò¥ µ¶¥· Éµ·Ò ¨£· ÕÉ  ´ ²µ£¨Î´ÊÕ ·µ²Ó ¤²Ö Ë¨-
§¨Î¥¸±¨Ì ¢¥²¨Î¨´, Ö¢²ÖÕÐ¨Ì¸Ö ´¥²¨´¥°´Ò³ ËÊ´±Í¨µ´ ²µ³ ¸É É¨¸É¨Î¥¸±µ£µ
µ¶¥· Éµ· , ± ± ¨ µ¡ÒÎ´Ò¥ ²¨´¥°´Ò¥ µ¶¥· Éµ·Ò Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´.

Š ± ³Ò Ê¢¨¤¨³ ¢ ¶·¨¢¥¤¥´´ÒÌ ¤ ²¥¥ ¶·¨³¥· Ì, ¶ · ³¥É·Ò gα(x, ρ̂) ¸¢Ö-
§ ´Ò ¸µ ¸¢µ°¸É¢ ³¨ ¸¨³³¥É·¨¨ ¨¸¸²¥¤Ê¥³µ° Ë §Ò ¨ Ì · ±É¥·¨§ÊÕÉ¸Ö µ¶·¥¤¥-
²¥´´Ò³¨ É· ´¸Ëµ·³ Í¨µ´´Ò³¨ ¸¢µ°¸É¢ ³¨ ¶·¨ Ê´¨É ·´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ
Uϕ, Uθ, Uf ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ρ̂:

gα
(
x′, U ρ̂U+

)
= Gαβ (x′) gβ(x, ρ̂), x′ = xf (x). (10.5)

Œ É·¨Í  Gαβ § ¤ ¥É É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ¶ · ³¥É·µ¢ gα(x, ρ̂).



‘’�’ˆ‘’ˆ—…‘Š�Ÿ Œ…•�
ˆŠ� Š‚�
’�‚›• †ˆ„Š�‘’…‰ 1417

� ¸¸³µÉ·¨³ ¢µ¶·µ¸ µ ¶µ¸É·µ¥´¨¨ Ê· ¢´¥´¨° ¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨
±µ´¤¥´¸¨·µ¢ ´´µ° ¸·¥¤Ò ¸µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°. ’ ± Ö ¸¨-
¸É¥³  ´  £¨¤·µ¤¨´ ³¨Î¥¸±µ³ ÔÉ ¶¥ Ô¢µ²ÕÍ¨¨ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´  ¸µ±· Ð¥´-
´Ò³ ´ ¡µ·µ³ ¶ · ³¥É·µ¢ Å ¶²µÉ´µ¸ÉÖ³¨  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö
ζa(x) ¨ ¤µ¶µ²´¨É¥²Ó´Ò³¨ ¶ · ³¥É· ³¨ gα (x, ρ̂). „²Ö ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ
¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ζa(x) = Sp ρ̂ζ̂a(x) ¸µ£² ¸´µ (7.8)Ä(7.15) ¸¶· ¢¥¤²¨¢Ò
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ § ±µ´Ò ¸µÌ· ´¥´¨Ö

.
ςa(x, t) = −∇kςak(x, t) ≡ La(x, t), ζak(x, t) = Sp ρ̂(t)ζ̂ak(x). (10.6)

”Ê´±Í¨µ´ ²Ó´ Ö £¨¶µÉ¥§ , µÉ· ¦ ÕÐ Ö ±µ´Í¥¶Í¨Õ ¸µ±· Ð¥´´µ£µ µ¶¨¸ -
´¨Ö ¤²Ö ¢Ò·µ¦¤¥´´ÒÌ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤, § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥  ¸¨³¶Éµ-
É¨Î¥¸±µ£µ ¸µµÉ´µÏ¥´¨Ö

ρ̂(t) →
t>>τr

σ̂ {ζ(x, t, ρ̂), g(x, t, ρ̂)} , (10.7)

£¤¥ τr Å ¢·¥³Ö ·¥² ±¸ Í¨¨. � · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ± ± ËÊ´±Í¨-
µ´ ²Ò ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ¢¢µ¤ÖÉ¸Ö · ¢¥´¸É¢ ³¨

ζa(x) = Sp σ̂(ζ(x′), ϕ(x′))ζ̂a(x), gα(x) = gα

(
x, Sp σ̂(ζ(x′), g(x′))∆̂(x)

)
.

(10.8)

�¶¥· Éµ·´Ò° ËÊ´±Í¨µ´ ² σ̂ (ζ, g) § ¢¨¸¨É µÉ ¢·¥³¥´¨ ¨ ´ Î ²Ó´µ£µ ¸É -
É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ρ̂ Éµ²Ó±µ ¶µ¸·¥¤¸É¢µ³ ¸·¥¤´¨Ì §´ Î¥´¨° ¶²µÉ´µ¸É¥°
ζa(x) ¨ g(x). ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ (10.7) ¨ (10.8) ¶µ²ÊÎ¨³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö
¤²Ö ¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö

ζ̇a(x) = −∇kSp σ̂ (ζ, g) ζ̂ak(x) ≡ La(x) ≡ La (x; ζ, g) ,

ġα(x) = i Sp σ̂ (ζ, g)
[
Ĥ, ĝα (x, σ̂ (ζ, g))

]
≡ Lgα(x) ≡ Lgα (x; ζ, g) .

(10.9)

‘²¥¤ÊÕÐ¨° Ï £ ¢ ±µ´±·¥É´µ³ ¶µ¸É·µ¥´¨¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ¶ · -
³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö § ±²ÕÎ ¥É¸Ö ¢ ´ Ìµ¦¤¥´¨¨ ¸É É¨¸É¨Î¥¸±µ£µ
µ¶¥· Éµ·  σ̂(ζ, g). ‚ µ¡Ð¥³ ¸²ÊÎ ¥ ¥£µ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

σ̂ (ζ, g) = ŵ (Y, ϕ) + σ̂′ (ζ, g) , (10.10)

£¤¥ ŵ(Y, ϕ) ≡ ŵ(ζ(Y, ϕ), g(Y, ϕ)) Å ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨°
µ¶¥· Éµ·, ±µÉµ·Ò° µ¶¨¸Ò¢ ¥É Éµ²Ó±µ µ¡· É¨³Ò¥ ¶·µÍ¥¸¸Ò,   ¸É É¨¸É¨Î¥¸±¨°
µ¶¥· Éµ· σ̂′(ζ, g) µ¶·¥¤¥²Ö¥É ¤¨¸¸¨¶ É¨¢´Ò¥ ¶·µÍ¥¸¸Ò. �¡· É¨³ ¢´¨³ ´¨¥
´  Éµ, ÎÉµ ¢¢¥¤¥´´Ò¥ ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶ · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö g
(10.1) ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥ ¸µ¢¶ ¤ ÕÉ ¸ ¶ · ³¥É· ³¨ ¶·¥µ¡· §µ¢ ´¨° ϕ (6.1),
¢µ§´¨± ÕÐ¨Ì ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ³ · ¸¶·¥¤¥²¥´¨¨ ƒ¨¡¡¸ . 
¨¦¥ ³Ò ¸Ëµ·-
³Ê²¨·Ê¥³ ¸µµÉ´µÏ¥´¨Ö, ±µÉµ·Ò¥ ¸¢Ö§Ò¢ ÕÉ ÔÉ¨ ËÊ´±Í¨µ´ ²Ò.
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ˆ¸¶µ²Ó§µ¢ ´¨¥ Ê· ¢´¥´¨Ö Ëµ´ 
¥°³ ´  ¨ ËÊ´±Í¨µ´ ²Ó´µ° £¨¶µÉ¥§Ò (10.7)
¶µ± §Ò¢ ¥É, ÎÉµ ¤²Ö ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  σ̂(ς, ϕ) ¸¶· ¢¥¤²¨¢µ Ê· ¢´¥´¨¥∫

d3x

{
δσ̂ (ς, ϕ)
δςa(x)

Lζa(x) +
δσ̂ (ς, ϕ)
gα(x)

Lgα(x)
}

= i
[
σ̂ (ς, g) , Ĥ

]
.

‚ ¶·¥´¥¡·¥¦¥´¨¨ ¤¨¸¸¨¶ É¨¢´Ò³¨ ¶·µÍ¥¸¸ ³¨ (σ̂ ≈ ŵ) Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö
¤²Ö ¶ · ³¥É·µ¢ gα ¶·¨µ¡·¥É ¥É ¢¨¤

ġα(x, t) = i Sp ŵ (ζ, ϕ)
[
Ĥ, ĝα (x, ŵ (ζ, ϕ))

]
.

�¥Ï¥´¨¥ § ¤ Î¨ ±µ´±·¥É´µ£µ ¢¢¥¤¥´¨Ö ¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö,
¸¢Ö§ ´´ÒÌ ¸ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°, ¨ ¨Ì § ±µ´µ¢ ¶·¥µ¡· §µ¢ ´¨Ö ¢ ¸²ÊÎ ¥
¸¨´£²¥É´µ£µ ¸¶ ·¨¢ ´¨Ö Ë¥·³¨µ´µ¢ ¡Ê¤¥É ¶·¨¢¥¤¥´µ ´¨¦¥ ¢ · §¤. 11,   ¤²Ö
¸²ÊÎ Ö É·¨¶²¥É´µ£µ ¸¶ ·¨¢ ´¨Ö Å ¢ · §¤. 12 ¨ 13.

�·¨ ¢Ò¢µ¤¥ Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨ ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö ¶µ¸É·µ¥-
´¨¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶µ ³ ²Ò³ ¶·µ¸É· ´¸É¢¥´´Ò³ £· ¤¨¥´É ³. � §²µ¦¥´¨Ö

ςa (x+ x′) = ςa(x) + x′∇kςa(x) + ...,

gα (x+ x′) = gα(x) + x′∇kgα(x) +
1
2
x′x′∇i∇kgα(x) + ...

(10.11)

¢¥¤ÊÉ ± · §²µ¦¥´¨Õ µ¶¥· Éµ·  σ̂(x) ≡ σ̂{ς(x+ x′), g(x+ x′)} ¢ ·Ö¤ ¶µ £· -
¤¨¥´É ³

σ̂(x) ≡
∞∑
n=0

σ̂(n)(x), (10.12)

£¤¥ σ(n) ≈ λn; λ ≈ L−1; L Å Ì · ±É¥·´Ò° · §³¥· ´¥µ¤´µ·µ¤´µ¸É¨. ‘µ-
£² ¸´µ (10.11) ¨ (10.12) ¨³¥¥É ³¥¸Éµ · §²µ¦¥´¨¥ ËÊ´±Í¨° Ya(x+ x′, σ) ¨
ϕη(x+ x′, σ), ¢Ìµ¤ÖÐ¨Ì ¢ ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ·
ŵ(x) ≡ ŵ{Y (x+ x′), ϕ(x + x′)}, ¶µ £· ¤¨¥´É ³ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥-
É·µ¢ ¢ ÉµÎ±¥ x:

Ya(x+ x′, σ) = Ya(x, σ) + x′∇kYa(x, σ) + ...,

ϕη(x+ x′, σ) = ϕη(x, σ) + x′
k∇kϕη(x, σ) + ...,

  É ±¦¥ · §²µ¦¥´¨¥ ¢¥²¨Î¨´ Ya(x, σ(x)) ¨ ϕη(x, σ(x)), ¸¢Ö§ ´´µ¥ ¸ · §²µ¦¥-
´¨¥³ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  σ̂(x):

Ya(x, σ̂(x)) = Ya

(
x,

∞∑
n=0

σ̂(n)(x)

)
=

∞∑
n=0

Y (n)
a (x),
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ϕη (x, σ̂(x)) = ϕη

(
x,

∞∑
n=0

σ̂(n)(x)

)
=

∞∑
n=0

ϕ(n)
η (x).

‘² £ ¥³Ò¥ Y
(n)
a (x) ¨ ϕ

(n)
η (x) ´ Ìµ¤¨³ ¨§ Ê¸²µ¢¨°

ςa(x) = Sp σ̂ (ς, ϕ) ς̂a(x) = Sp σ̂(0)(x)ς̂a(0) = Sp ŵ(0)(x)
(
Y (0), ϕ(0)

)
ς̂a(0),

gα(x) = gα

(
x, Sp σ̂ (ς, g) ∆̂(x)

)
= gα

(
x, Sp ŵ(0)

(
Y (0), ϕ(0)

)
∆̂(x)

)
.

11. ƒˆ„	�„ˆ��ŒˆŠ�. ‘ˆ�ƒ‹…’��… ‘��	ˆ‚��ˆ…
”…	Œˆ-†ˆ„Š�‘’ˆ

„²Ö ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ¸ ¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ ¢¢¥¤¥³ ¸·¥¤´¥¥
§´ Î¥´¨¥ µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  ∆̂(x) ≡ (i/2) ψ̂(x)σ2ψ̂(x) (3.1) ¢ ¸µ-
¸ÉµÖ´¨¨ ρ̂:

∆(x, ρ̂) = Sp ρ̂∆̂(x). (11.1)

’µ£¤  ¸¢¥·ÌÉ¥±ÊÎ Ö Ë §  ϕ(x, ρ̂) ≡ g(x, ρ̂) µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

g(x, ρ̂) =
1
2
Im ln∆(x, ρ̂). (11.2)

„²Ö ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ¸µ ¸± ²Ö·´Ò³ ¶ · ³¥É·µ³ ¶µ·Ö¤±  ´ ¡µ· ¶ -
· ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ¸µ¸Éµ¨É ¨§ ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥-
£· ²µ¢ ¤¢¨¦¥´¨Ö ζ(x, t) ¨ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò ϕ(x, t):

ρ̂(t) →
t>>τr

σ̂ {ζ (x, t, ρ̂) , ϕ (x, t, ρ̂)} , (11.3)

ζ(x) = Sp σ̂ (ζ, ϕ) ζ̂(x), ϕ(x) = Im ln Sp σ̂ (ζ, ϕ) ∆̂(x)/2.

ˆ¸Ìµ¤Ö ¨§ Ê· ¢´¥´¨Ö ‹¨Ê¢¨²²Ö, ¶µ²ÊÎae³ ËÊ´±Í¨µ´ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¤²Ö
σ̂(ζ, ϕ):

−i
[
Ĥ, σ̂ (ζ, ϕ)

]
=
∫

d3x

(
δσ̂ (ζ, ϕ)
δζa(x)

La(x) +
δσ̂ (ζ, ϕ)
δϕ(x)

Lϕ(x)
)
. (11.4)

� · ³¥É·Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ζa(x, t), ϕ(x, t) Ê¤µ¢²¥É¢µ·ÖÕÉ Ê· ¢´¥-
´¨Ö³ ¤¢¨¦¥´¨Ö

ζ̇a(x, t) = − ∂

∂xk
Sp σ̂ (ζ(t), ϕ(t)) ζ̂ak(x) ≡ La(x) ≡ La (x, ζ(t), ϕ(t)) , (11.5)



1420 Š�‚�‹…‚‘Šˆ‰ Œ.f., �…‹…’Œˆ
‘Šˆ‰ ‘.‚.

ϕ̇(x, t) = i Spσ (ζ (t) , ϕ(t))
[
Ĥ, ϕ̂ (x, σ (ζ(t), ϕ(t)))

]
= Lϕ (x, ζ (t) , ϕ(t)) .

(11.6)

‡¤¥¸Ó ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (10.2) ¢¢¥¤¥´ ¢ · ¸¸³µÉ·¥´¨¥ ¢ ·Ó¨·µ¢ ´´Ò° µ¶¥· Éµ·
Ë §Ò ¸¢¥·ÌÉ¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨

ϕ̂(x, ρ̂) =
1
4i

(
∆̂(x)

∆ (x, ρ̂)
− ∆̂+(x)

∆∗(x, ρ̂)

)
, (11.7)

£¤¥ ∆(x, ρ̂) = Sp ρ̂∆̂(x). ‚ ¸¨²Ê Ö¢´µ£µ ¢¨¤  µ¶¥· Éµ·  ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò
(11.2) ¸¶· ¢¥¤²¨¢Ò ¸µµÉ´µÏ¥´¨Ö

Sp ρ̂ϕ̂(x, ρ̂) = 0, ϕ̂(x, ρ̂) = ϕ̂+(x, ρ̂). (11.8)

ˆ¸¶µ²Ó§ÊÖ (6.5), (6.16), (6.25), (11.2), ²¥£±µ ¶µ± § ÉÓ, ÎÉµ Ë §  ϕ(x, ρ̂) µ¡² -
¤ ¥É ¸²¥¤ÊÕÐ¨³¨ É· ´¸Ëµ·³ Í¨µ´´Ò³¨ ¸¢µ°¸É¢ ³¨:

ϕ
(
x, Uϕ′ ρ̂U+

ϕ′

)
= ϕ(x, ρ̂) + ϕ′(x),

ϕ
(
x, Uθρ̂U

+
θ

)
= ϕ(x, ρ̂), ϕ

(
x′, Uf ρ̂U

+
f

)
= ϕ(x, ρ̂).

ˆ¸¶µ²Ó§µ¢ ´¨¥ µ¶·¥¤¥²¥´¨Ö µ¶¥· Éµ·  ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò (11.7) ¨ µ¶¥· Éµ·-
´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ¶·¨¢µ¤¨É ±
¸µµÉ´µÏ¥´¨Ö³

i Sp ρ̂ [n̂(x), ϕ̂ (x′, ρ̂)] = −δ (x− x′) , i Sp ρ̂ [ŝα(x), ϕ̂ (x′, ρ̂)] = 0,

i Sp ρ̂ [π̂k(x), ϕ̂ (x′, ρ̂)] = −δ (x− x′)∇kϕ(x, ρ̂),
(11.9)

¸¶· ¢¥¤²¨¢Ò³ ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ· .
‘¢¥·ÌÉ¥±ÊÎ¨° ¨³¶Ê²Ó¸ p(x, ρ̂) ¨ Ë §  ϕ(x, t) ¤²Ö ¶·µ¨§¢µ²Ó´µ£µ ¸É É¨¸É¨-

Î¥¸±µ£µ µ¶¥· Éµ· , É ± ¦¥, ± ± ¨ ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö, ¸¢Ö§ ´Ò · ¢¥´¸É¢µ³

p(x, ρ̂) = ∇ϕ(x, ρ̂). (11.10)

„²Ö ´ Ìµ¦¤¥´¨Ö µ¤´µ§´ Î´µ£µ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (11.5), (11.6) · ¸¸³µ-
É·¨³ ¸·¥¤´¥¥ a(x) = Sp σ̂(ζ(x′), ϕ(x′))â(x). ‚ ¸¨²Ê ¶·¨´Í¨¶  µ¸² ¡²¥´¨Ö
¶·µ¸É· ´¸É¢¥´´ÒÌ ±µ··¥²ÖÍ¨° µ¸´µ¢´µ° ¢±² ¤ ¢ ÔÉµ ¸·¥¤´¥¥ ¡Ê¤ÊÉ ¤ ¢ ÉÓ É¥
§´ Î¥´¨Ö ¶ · ³¥É·µ¢ ζa(x′) ¨ ϕ(x′), §´ Î¥´¨¥  ·£Ê³¥´É  x′ ±µÉµ·ÒÌ ¡²¨§±µ
± x. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ · §²µ¦¨³ µ¶¥· Éµ· σ̂(ζ, ϕ) ¢ ·Ö¤ ¶µ £· ¤¨¥´-
É ³ ¶ · ³¥É·µ¢ ζa(x) ¨ ϕ(x). �·¨ ÔÉµ³ ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ ¢¥²¨Î¨´ 
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∇ϕ ´¥ Ö¢²Ö¥É¸Ö ³ ²µ°, µ¤´ ±µ ¢Éµ· Ö ¶·µ¨§¢µ¤´ Ö ∇∇ϕ ¶µ·Ö¤±  ∇ζ. ‚
¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸± § ´´Ò³ ¨³¥¥³

(0)

σ̂ (x) = σ̂ {ζ(x), ϕ(x) + (xk − x′
k)∇kϕ(x)} ,

É. ¥. ¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ·
(0)
σ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° (  ´¥ ËÊ´±Í¨µ´ ²µ³)

 ·£Ê³¥´Éµ¢ ζ(x), ϕ(x), ∇ϕ(x). „²Ö ¸µ¸ÉµÖ´¨° · ¢´µ¢¥¸¨Ö ¸ ¶·µ¸É· ´¸É¢¥´´µ°
¸¨³³¥É·¨¥° (3.13) ¶µ²ÊÎ¨³

(0)
σ {ζ(x), ϕ(x) + x′∇ϕ(x)} = ŵ {Y (x),∇ϕ(x), ϕ(x)} . (11.11)

‡¤¥¸Ó ¶ · ³¥É·Ò Ya(x), ± ± ËÊ´±Í¨¨ ¢¥²¨Î¨´ ζ(x),p(x), µ¶·¥¤¥²ÖÕÉ¸Ö · -

¢¥´¸É¢µ³ Sp ŵ (Y,p, ϕ) ζ̂a(x) = ζa(x). �µ¤¸É ¢²ÖÖ µ¶¥· Éµ·
(0)
σ ¢ Ê· ¢´¥´¨Ö

(11.5), (11.6), ÊÎ¨ÉÒ¢ Ö (8.15) ¨ ¸¢µ°¸É¢  ¸¨³³¥É·¨¨ (3.20), ¶·¨Ìµ¤¨³ ± Ê· ¢-
´¥´¨Ö³ ¸¢¥·ÌÉ¥±ÊÎ¥° £¨¤·µ¤¨´ ³¨±¨ ¢ £² ¢´µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ ¶·µ¸É· ´-
¸É¢¥´´Ò³ £· ¤¨¥´É ³

ζ̇a = −∇k

(0)

ζak, ϕ̇ = p0 ≡ Y4 + Y∇ϕ

Y0
, (11.12)

£¤¥ ¶²µÉ´µ¸É¨ ¨ ¶µÉµ±¨  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ζa(x) ¨
(0)

ζak(x)
¸¢Ö§ ´Ò ¸ É¥·³µ¤¨´ ³¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ Ëµ·³Ê² ³¨ (7.3), (8.15). ’ ±
± ± Ë §  ϕ ¢Ìµ¤¨É ¢ ¶· ¢Ò¥ Î ¸É¨ ÔÉ¨Ì Ê· ¢´¥´¨° Éµ²Ó±µ ¶µ¸·¥¤¸É¢µ³ ∇ϕ,
´µ ´¥ Ö¢´µ, Éµ ¶µ¸²¥¤´¥¥ Ê· ¢´¥´¨¥ (11.12) µ¡ÒÎ´µ § ¶¨¸Ò¢ ÕÉ ¢ ¢¨¤¥

ṗ = ∇p0, rotp = 0. (11.13)

‚¢¥¤¥³ ¢ · ¸¸³µÉ·¥´¨¥ ¶²µÉ´µ¸ÉÓ Ô´É·µ¶¨¨

s = − lim
V→∞

1
V
Sp ŵν ln ŵν = −ω + Yaζa.

ˆ¸¶µ²Ó§ÊÖ Ê· ¢´¥´¨Ö (11.12), ¶µ²ÊÎ ¥³ ṡ = ∇ksYk/Y0, µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ
¶¥·¥´µ¸ Ô´É·µ¶¨¨ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ´µ·³ ²Ó´µ° ±µ³¶µ´¥´Éµ° ¦¨¤±µ¸É¨, ±µÉµ-
· Ö ¤¢¨¦¥É¸Ö ¸µ ¸±µ·µ¸ÉÓÕ vn = −Y/Y0.

� ¸¸³µÉ·¨³ ¸²ÊÎ °, ±µ£¤  ¸¨¸É¥³  ¨´¢ ·¨ ´É´  ¶µ µÉ´µÏ¥´¨Õ ± ¶·¥-
µ¡· §µ¢ ´¨Ö³ ‹µ·¥´Í  xµ → x′µ = aµνx

ν(x0 ≡ t, xk ≡ xk). � ¢´µ¢¥¸´Ò°
¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ· ·¥²ÖÉ¨¢¨¸É¸±µ° ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ¨³¥¥É ¢¨¤

ŵ (Yµ, pµ, ϕ) = exp
[
V ω − YµP̂µ − Y4Q̂−

− νYµ

∫
dσµ

{
∆̂(x) exp [−2i (pνxν + ϕ)] + h. c.

}]
, (11.14)
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£¤¥ Yµ ≡ (Y0, Yk), pµ ≡ (p0, pk), p0 ≡ (Y4+, Ykpk)/Y0. ˆ§ Ëµ·³Ê²Ò
(11.14) ¸²¥¤Ê¥É § ±µ´ ¶·¥µ¡· §µ¢ ´¨Ö ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ƒ¨¡¡¸  ¶·¨
¶·¥µ¡· §µ¢ ´¨ÖÌ ‹µ·¥´Í 

Uaŵ(Yµ, pµ, ϕ)U+
a = ŵ(Y ′

µ, p
′
µ, ϕ

′),

Y ′
µ = Yνa

ν
µ, p′µ = pνa

ν
µ, ϕ′ = ϕ.

‚¥²¨Î¨´Ò Yµ ¨ pµ µ¡· §ÊÕÉ 4-¢¥±Éµ·Ò, ¶·¨Î¥³ ¢¥²¨Î¨´  Y4 = −Yµp
µ ¶·¥¤-

¸É ¢²Ö¥É ¸µ¡µ° ¨´¢ ·¨ ´É. “¸²µ¢¨¥ ¶·µ¸É· ´¸É¢¥´´µ° µ¤´µ·µ¤´µ¸É¨ (3.13) ¨
Ê¸²µ¢¨¥ ¸É Í¨µ´ ·´µ¸É¨ (3.20) µ¡Ñ¥¤¨´ÖÕÉ¸Ö ¢ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ¥
¸µµÉ´µÏ¥´¨¥ [

ŵ, P̂µ − pµQ̂
]
= 0.

�·¨ ¶µ¸É·µ¥´¨¨ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥·³µ¤¨´ ³¨±¨ ¨ £¨¤·µ¤¨´ ³¨±¨ Í¥²¥-
¸µµ¡· §´µ ¶¥·¥°É¨ ± ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ³Ê ¶µÉ¥´Í¨ ²Ê ƒ¨¡¡¸  ω′ =
ω/Y0, ±µÉµ·Ò° ¨³¥¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¤ ¢²¥´¨Ö. �µÉ¥´Í¨ ² ω′ Ö¢²Ö¥É¸Ö
ËÊ´±Í¨¥° ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨´¢ ·¨ ´Éµ¢:

ω′ = ω′(Y 2, p2, Yµp
µ). (11.15)

”µ·³Ê²Ò (7.3), (8.15) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ Ô±¢¨¢ ²¥´É´µ³ ¢¨¤¥, ¥¸²¨ ¢ ± Î¥-
¸É¢¥ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ ¢Ò¡· ÉÓ ¢¥²¨Î¨´Ò Yµ = (Y0, Yk), pµ = (p0, pk)
¨ µÉ É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ω ¶¥·¥°É¨ ± ¶µÉ¥´Í¨ ²Ê ƒ¨¡¡¸  ω′ ≡
ω/Y0:

jµ =
∂ω′

∂pµ
, tµν =

∂ω′Y ν

∂Yµ
+ pµ

∂ω′

∂pν
. (11.16)

‡¤¥¸Ó ¢¢¥¤¥´Ò ·¥²ÖÉ¨¢¨¸É¸±¨¥ µ¡µ§´ Î¥´¨Ö jµ ≡ (n, jk), t00 ≡ ε, t0k ≡ qk,
tik ≡ tik , tk0 ≡ πk. �µ¤´ÖÉ¨¥ ¨ µ¶Ê¸± ´¨¥ ¨´¤¥±¸µ¢ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶µ-
³µÐÓÕ ³¥É·¨Î¥¸±µ£µ É¥´§µ·  gµν (g00 = −1, gik = δik, g0k = 0). i² £µ¤ ·Ö
ÔÉµ³Ê ¢ ¸µµÉ´µÏ¥´¨ÖÌ (11.16) ¢¥²¨Î¨´  jµ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° 4-¢¥±Éµ· Éµ± ,
  tµν Å É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ . “· ¢´¥´¨Ö ¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ ·¥-
²ÖÉ¨¢¨¸É¸±µ° ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ¨³¥ÕÉ ¢¨¤

∂tµν

∂xν
= 0,

∂jν

∂xν
= 0,

∂pµ

∂xν
− ∂pν

∂xµ
= 0. (11.17)

�µ¸²¥¤´¥¥ Ê· ¢´¥´¨¥ ¶µ²ÊÎ¥´µ µ¡Ñ¥¤¨´¥´¨¥³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¸¢¥·Ì-
É¥±ÊÎ¥£µ ¨³¶Ê²Ó¸  ¸ Ê¸²µ¢¨¥³ ¶µÉ¥´Í¨ ²Ó´µ¸É¨ É¥Î¥´¨Ö (11.13), ¶·¨Î¥³ 4-
¨³¶Ê²Ó¸ pν ¸¢Ö§ ´ ¸ Ë §µ° ϕ ¸µµÉ´µÏ¥´¨¥³ pν = ∂ϕ/∂xν .
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�²µÉ´µ¸ÉÓ Ô´É·µ¶¨¨ s = −ω + Yaζa ≡
(0)
s = Y0Yµ∂ω

′/∂Yµ ¨ ¶²µÉ´µ¸ÉÓ

¶µÉµ±  Ô´É·µ¶¨¨ sk = −
(0)
s Yk/Y0 µ¡Ñ¥¤¨´ÖÕÉ¸Ö ¢ 4-¢¥±Éµ·

(0)

sµ = −Y µYν
∂ω′

∂Yν
,

±µÉµ·Ò° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° 4-Éµ± Ô´É·µ¶¨¨. ‘²¥¤¸É¢¨¥³ Ê· ¢´¥´¨° (11.17)
Ö¢²Ö¥É¸Ö Ê¸²µ¢¨¥  ¤¨ ¡ É¨Î´µ¸É¨ É¥Î¥´¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨

∂
(0)

sµ

∂xµ
= 0.

�µ²ÊÎ¥´´Ò¥ ¢ ³¨±·µ¸±µ¶¨Î¥¸±µ³ ¶µ¤Ìµ¤¥ [40] Ê· ¢´¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ° £¨-
¤·µ¤¨´ ³¨±¨ (11.17) Ô±¢¨¢ ²¥´É´Ò Ê· ¢´¥´¨Ö³, ¢¶¥·¢Ò¥ ´ °¤¥´´Ò³ ¢ · ¡µÉ Ì
[38, 39], ¢ µ¸´µ¢¥ ±µÉµ·ÒÌ ²¥¦¨É Ë¥´µ³¥´µ²µ£¨Î¥¸±¨° ¶µ¤Ìµ¤.

�·¨ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¥¤¥²Ó´µ³ ¶¥·¥Ìµ¤¥ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ, ÎÉµ ¢Ò· ¦¥-
´¨Ö ¤²Ö µ¶¥· Éµ·µ¢ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨-¨³¶Ê²Ó¸  t̂µν ¨ Éµ±  ĵµ ¸¢Ö§ ´Ò ¶·¨
c → ∞ ¸ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³¨ µ¶¥· Éµ· ³¨ ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢ ¸µµÉ´µÏ¥´¨-
Ö³¨

ĵ0 → n̂, ĵk → 1
m

π̂k,

t̂00 → mc2n̂+ ε̂, t̂0k → cπ̂k + q̂k, t̂ik → t̂ik

(³Ò ÊÎ²¨ ¶·¨ ÔÉµ³ ¸¨³³¥É·¨Î´µ¸ÉÓ ·¥²ÖÉ¨¢¨¸É¸±µ£µ É¥´§µ·  Ô´¥·£¨¨-¨³¶Ê²Ó-
¸ ). ˆ¸¶µ²Ó§ÊÖ ÔÉ¨ Ëµ·³Ê²Ò, ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ·¥²ÖÉ¨¢¨¸É¸±¨¥ Ê· ¢´¥´¨Ö
¸¢¥·ÌÉ¥±ÊÎ¥° £¨¤·µ¤¨´ ³¨±¨ ¶¥·¥Ìµ¤ÖÉ ¢ Ê· ¢´¥´¨Ö £¨¤·µ¤¨´ ³¨±¨ £ ²¨²¥-
¥¢¸±µ° ¨´¢ ·¨ ´É´µ° É¥µ·¨¨.

12. ƒˆ„	�„ˆ��ŒˆŠ� A-”�‡› 3He

„²Ö ¶µ²ÊÎ¥´¨Ö Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨ ³Ò, ¸µ£² ¸´µ µ¡Ð¥° ¸Ì¥³¥,
¸¢Ö¦¥³ ¢¥²¨Î¨´Ò ∆i(x), dα(x) ¨ ¸·¥¤´¨¥ §´ Î¥´¨Ö ¶ · ³¥É·  ¶µ·Ö¤±  ´ -
¶µ¤µ¡¨¥ Éµ£µ, ± ± ÔÉµ ¸¤¥² ² iµ£µ²Õ¡µ¢, ¢¢¥¤Ö ¤²Ö ¸¢¥·ÌÉ¥±ÊÎ¥£µ 4He Ë §Ê

ϕ(x, ρ̂) =
1
2
Im ln Sp ρ̂ψ̂(x) ¶ · ³¥É·  ¶µ·Ö¤± . �µ¸É·µ¥´´Ò¥ É ±¨³ µ¡· §µ³

¢¥²¨Î¨´Ò ∆i(x, ρ̂), dα(x, ρ̂) Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨µ´ ² ³¨ ´¥· ¢´µ¢¥¸´µ£µ ¸É É¨-
¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ¨ Ê¤µ¢²¥É¢µ·ÖÕÉ µ¶·¥¤¥²¥´´Ò³ É· ´¸Ëµ·³ Í¨µ´´Ò³
¸¢µ°¸É¢ ³ ¶·¨ Ê´¨É ·´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ Uϕ, Uθ, Uf . ˆ³¥´´µ ¢¥²¨Î¨´Ò
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dα(x, ρ̂) ¤µ²¦´Ò Ê¤µ¢²¥É¢µ·ÖÉÓ ¸µµÉ´µÏ¥´¨Ö³

dα
(
x, Uϕρ̂U

+
ϕ

)
= dα(x, ρ̂), dα

(
x, Uθρ̂U

+
θ

)
= dβ(x, ρ̂)aβα (θ(x)) ,

dα

(
x′, Uf ρ̂U

+
f

)
= dα(x, ρ̂),

(12.1)

  ¢¥²¨Î¨´Ò ∆i(x, ρ̂) Å ¸µµÉ´µÏ¥´¨Ö³

∆i
(
x, Uϕρ̂U

+
ϕ

)
= e2iϕ(x)∆i(x, ρ̂), ∆i

(
x, Uθρ̂U

+
θ

)
= ∆i(x, ρ̂),

∆i
(
x′, Uf ρ̂U

+
f

)
=

∂x′l

∂xi
∆l(x, ρ̂),

(12.2)

£¤¥ ËÊ´±Í¨Ö x′(x) ¸¢Ö§ ´  ¸ ËÊ´±Í¨¥° f(x), µ¶·¥¤¥²ÖÕÐ¥° Ê´¨É ·´µ¥ ¶·¥-
µ¡· §µ¢ ´¨¥ Uf , ¸µµÉ´µÏ¥´¨¥³

Uf ψ̂(x)U+
f =

√∣∣∣∣∂x′

∂x

∣∣∣∣ψ̂ (x′(x)) . (12.3)

‚ · §¤. 8 ³Ò ¢¢¥²¨ ¢¥²¨Î¨´Ò ∆i(x), ¸¢Ö§ ¢ ¨Ì ¸ ËÊ´±Í¨Ö³¨ x′ = x′ (ξ),
±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ Ô°²¥·µ¢Ò ±µµ·¤¨´ ÉÒ x′ ¢ É¥·³¨´ Ì ² £· ´¦¥¢ÒÌ ±µ-
µ·¤¨´ É ξ. ‘¤¥² ¥³  ´ ²µ£¨Î´µ¥ ¶µ¸É·µ¥´¨¥ ¤²Ö ËÊ´±Í¨µ´ ²µ¢ ∆i(x, ρ̂).
„²Ö ÔÉµ£µ § ³¥É¨³, ÎÉµ Ô°²¥·µ¢Ò ±µµ·¤¨´ ÉÒ xi É¥¶¥·Ó · ¸¸³ É·¨¢ ÕÉ¸Ö ± ±
ËÊ´±Í¨¨ ² £· ´¦¥¢ÒÌ ±µµ·¤¨´ É ξ ¨ ËÊ´±Í¨µ´ ²Ò ´¥· ¢´µ¢¥¸´µ£µ ¸É É¨¸É¨-
Î¥¸±µ£µ µ¶¥· Éµ·  ρ̂

xi = xi (ξ, ρ̂) .

� §·¥Ï Ö ÔÉµ Ê· ¢´¥´¨¥ µÉ´µ¸¨É¥²Ó´µ ξi, ¨³¥¥³

ξi = ξi(x, ρ̂).

‘µ¢¥·Ï¨³ ´ ¤ ¸É É¨¸É¨Î¥¸±¨³ µ¶¥· Éµ·µ³ ρ̂ Ê´¨É ·´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ Uf ,
¸¢Ö§ ´´µ¥ ¸ ¶·¥µ¡· §µ¢ ´¨¥³ ¤¥Ëµ·³ Í¨¨ x′ = x′(x) ¸µµÉ´µÏ¥´¨¥³ (12.3):

ρ̂ → ρ̂′ = Uf ρ̂U
+
f , x → x′ = x′(x). (12.4)

’µ£¤  ¢ ¸¨²Ê ´¥¨§³¥´´µ¸É¨ ² £· ´¦¥¢ÒÌ ±µµ·¤¨´ É ËÊ´±Í¨µ´ ²Ò ξ(x, ρ̂) Ê¤µ-
¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Ö³

ξ(x, ρ̂) = ξ (x′, ρ̂′) . (12.5)

�µ²µ¦¨³ (¸·. ¸ (8.33))

∆i(x, ρ̂) =
∂xk (ξ, ρ̂)

∂ξl
∆l,
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Éµ£¤ 

∆k (x′, ρ̂′) =
∂x′k (ξ, ρ̂′)

∂ξs
∆s =

∂x′k(x)
∂xr

∂xr (ξ, ρ̂′)
∂ξs

∆s =
∂x′k(x)
∂xr

∆r(x, ρ̂).

(12.6)

ŒÒ ¢¨¤¨³, ÎÉµ ¶·¨ ¤¥Ëµ·³ Í¨ÖÌ ¢¥²¨Î¨´  ∆i(x, ρ̂) ¶·¥µ¡· §Ê¥É¸Ö ± ±
±µ´É· ¢ ·¨ ´É´Ò° ¢¥±Éµ·. �´ ²µ£¨Î´Ò³ µ¡· §µ³ ²¥£±µ ¶µ²ÊÎ¨ÉÓ, ÎÉµ ¢¥²¨-
Î¨´Ò

gik(x, ρ̂) ≡
∂ξl

∂xi
∂ξl

∂xk
, gik(x, ρ̂) ≡ ∂xi

∂ξl
∂xk

∂ξl
(12.7)

¶·¥µ¡· §ÊÕÉ¸Ö ± ± ±µ- ¨ ±µ´É· ¢ ·¨ ´É´Ò¥ ³¥É·¨Î¥¸±¨¥ É¥´§µ·Ò, Ö¢²ÖÕÐ¨-
¥¸Ö ËÊ´±Í¨µ´ ² ³¨ ¶·µ¨§¢µ²Ó´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ· . „²Ö ³¥É·¨Î¥-
¸±µ£µ É¥´§µ·  ¶·¨ ²µ± ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ ¸¶· ¢¥¤²¨¢Ò § ±µ´Ò ¶·¥µ¡· -
§µ¢ ´¨Ö

gik
(
x′, Uf ρ̂U

+
f

)
= gmn(x, ρ̂)

∂x′i

∂xm
∂x′k

∂xn
,

gik

(
x′, Uf ρ̂U

+
f

)
= glj(x, ρ̂)

∂xl

∂x′i
∂xj

∂x′k
,

gik
(
x, Uϕρ̂U

+
ϕ

)
= gik(x, ρ̂), gik

(
x, Uθρ̂U

+
θ

)
= gik(x, ρ̂),

gik
(
x, Uϕρ̂U

+
ϕ

)
= gik(x, ρ̂), gik

(
x, Uθρ̂U

+
θ

)
= gik(x, ρ̂).

(12.8)

Šµ¢ ·¨ ´É´Ò° ¶·µ¸É· ´¸É¢¥´´Ò° ¢¥±Éµ·∆i (x, ρ̂) ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ µ¶·¥-
¤¥²¨³ · ¢¥´¸É¢µ³

∆i(x, ρ̂) ≡ gik(x, ρ̂)∆k(x, ρ̂). (12.9)

‚¢¥¤¥³ ¢ ·Ó¨·µ¢ ´´Ò° µ¶¥· Éµ· ¥¤¨´¨Î´µ£µ ¢¥±Éµ·  ¸¶¨´µ¢µ°  ´¨§µÉ·µ-
¶¨¨ d̂α(x, ρ̂) ¸µµÉ´µÏ¥´¨¥³

δdα(x, ρ̂) = Sp δρ̂d̂α(x, ρ̂), (12.10)

§¤¥¸Ó d̂α(x, ρ̂) Å Ô·³¨Éµ¢ µ¶¥· Éµ·, § ¢¨¸ÖÐ¨° µÉ ¨¸Ìµ¤´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ
µ¶¥· Éµ·  ρ̂. �µ²ÊÎ¨³ ¸¢µ°¸É¢  ÔÉµ£µ µ¶¥· Éµ· , µ¸´µ¢Ò¢ Ö¸Ó ´  É· ´¸Ëµ·-
³ Í¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨ÖÌ (12.1). � ¸¸³µÉ·¨³ ¡¥¸±µ´¥Î´µ ³ ²Ò° ¸¶¨´µ¢Ò°
¶µ¢µ·µÉ δaαβ(θ) = εαβγδθγ :

δdα
(
x, Uθρ̂U

+
θ

)
= −dβ(x, ρ̂)εαβλδθλ(x). (12.11)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, É ± ± ±

δ
(
Uθρ̂U

+
θ

)
= i

∫
d3xδθα(x) [ŝα (x) , ρ̂] ,
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Éµ ¢ ·¨ Í¨Õ δdα(x, Uθρ̂U
+
θ ) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

δdα
(
x, Uθρ̂U

+
θ

)
= −i

∫
d3x′δθγ(x′)Sp [ρ̂, ŝγ(x′)] d̂α(x, ρ̂). (12.12)

�É±Ê¤ , ¸· ¢´¨¢ Ö ¸µµÉ´µÏ¥´¨Ö (12.11) ¸ (12.12), ¶µ²ÊÎae³

i Sp ρ̂
[
ŝα(x′), d̂γ(x, ρ̂)

]
= εαλγdλ(x, ρ̂)δ(x − x′). (12.13)

„·Ê£¨¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¢ ·Ó¨·µ¢ ´´µ£µ µ¶¥· Éµ·  ¸¶¨´µ¢µ°  ´¨§µÉ·µ¶¨¨
¶µ²ÊÎ¨³, · ¸¸³oÉ·e¢ ²µ± ²Ó´Ò¥ Ë §µ¢Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ¨ ¶·µ¨§¢µ²Ó´Ò¥ ¤¥-
Ëµ·³ Í¨¨. �µ¢Éµ·ÖÖ  ´ ²µ£¨Î´Ò¥ · ¸¸Ê¦¤¥´¨Ö, ¶·¨Ìµ¤¨³ ± · ¢¥´¸É¢ ³

i Sp ρ̂
[
n̂(x′), d̂γ(x, ρ̂)

]
= 0,

i Sp ρ̂
[
π̂k(x′), d̂γ(x, ρ̂)

]
= −δ(x− x′)∇kdγ(x, ρ̂).

(12.14)

�¡· Ð Ö¸Ó ± Ëµ·³Ê² ³ (12.6), (12.9), ´ Ìµ¤¨³ ¸µµÉ´µÏ¥´¨Ö, ±µÉµ·Ò³ Ê¤µ¢²¥-
É¢µ·ÖÕÉ ¢ ·Ó¨·µ¢ ´´Ò¥ µ¶¥· Éµ·Ò ±µ- ¨ ±µ´É· ¢ ·¨ ´É´ÒÌ ¢¥±Éµ·µ¢
∆̂i(x, ρ̂), ∆̂i(x, ρ̂):

Sp ρ̂
[
ŝα(x′), ∆̂k(x, ρ̂)

]
= 0,

Sp ρ̂
[
n̂(x′), ∆̂k(x, ρ̂)

]
= −2δ(x− x′)∆k(x, ρ̂),

i Sp ρ̂
[
π̂l(x′), ∆̂i(x, ρ̂)

]
= −∆l(x, ρ̂)∇′

iδ(x − x′) + δ(x− x′)∇l∆i(x, ρ̂),

i Sp ρ̂
[
π̂l(x′), ∆̂j(x, ρ̂)

]
=δjl∆

m(x, ρ̂)∇′
mδ(x−x′)+δ(x−x′)∇l∆j(x, ρ̂).

(12.15)

‚¢¥¤¥³ É¥¶¥·Ó ¢¥±Éµ· ¸³¥Ð¥´¨Ö, · ¸¸³ É·¨¢ Ö ¥£µ ± ± ËÊ´±Í¨Õ Ô°²¥·µ-
¢ÒÌ ±µµ·¤¨´ É ¨ ËÊ´±Í¨µ´ ² ´¥· ¢´µ¢¥¸´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ· :

xk (ξ, ρ̂) ≡ ξk + uk(x, ρ̂). (12.16)

’µ£¤ (
δik −

∂ui (x, ρ̂)
∂xk

)
δxk (ξ, ρ̂) = δui(x, ρ̂), δui(x, ρ̂) = Sp δρ̂ûi(x, ρ̂). (12.17)

�Ê¸ÉÓ δρ̂ Å ¢ ·¨ Í¨Ö ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ· , ¸¢Ö§ ´´ Ö ¸ Ê´¨É ·´Ò³
¶·¥µ¡· §µ¢ ´¨¥³ U = UϕUθUf . ‚ ¸²ÊÎ ¥ ¡¥¸±µ´¥Î´µ ³ ²ÒÌ ËÊ´±Í¨° f , ϕ, θ
¢ Ê´¨É ·´µ³ ¶·¥µ¡· §µ¢ ´¨¨ U § ¶¨Ï¥³

δρ̂ = i

∫
d3x′ [f l(x′)π̂l(x′) + ϕ(x′)n̂ (x′) + θβ(x′)ŝβ (x′), ρ̂

]
.
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‘µ£² ¸´µ (12.3), (12.4) ¢ ·¨ Í¨Ö Ô°²¥·µ¢ÒÌ ±µµ·¤¨´ É ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É -
¢²¥´  ¢ ¢¨¤¥

δxk ≡ x′k(x)− xk = −δfk(x). (12.18)

�µÔÉµ³Ê ¨§ (12.17), (12.18) ¸²¥¤ÊÕÉ ¸µµÉ´µÏ¥´¨Ö

i Sp ρ
[
π̂l(x′), ûi(x, ρ̂)

]
=
(
δik −

∂ui(x, ρ̂)
∂xk

)
δ(x − x′),

Sp ρ
[
ŝα(x′), ûi(x, ρ̂)

]
= 0, Sp ρ

[
n̂(x′), ûi(x, ρ̂)

]
= 0.

(12.19)

„²Ö ¶µ²ÊÎ¥´¨Ö ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¢¥²¨Î¨´ dα(x, ρ̂), ∆i(x, ρ̂) ¨
ui(x, ρ̂) ¢Ò¡¥·¥³ ¢ ·¨ Í¨Õ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  δρ̂ ¢ ¢¨¤¥ δρ̂(t) =
= ρ̂(t+ δt)− ρ̂(t) = i

[
ρ̂(t), Ĥ

]
δt. ’µ£¤  ¸µ£² ¸´µ (9.4) ´ °¤¥³

∂∆k(x, ρ̂(t))
∂t

= i Sp ρ̂(t)
[
Ĥ, ∆̂k(x, ρ̂(t))

]
,

∂dα(x, ρ̂(t))
∂t

= i Sp ρ̂(t)
[
Ĥ, d̂α(x, ρ̂(t))

]
,

∂u(x, ρ̂(t))
∂t

= i Sp ρ̂
[
Ĥ, ûi(x, ρ̂ (t))

]
.

(12.20)

�·¨¢¥¤¥³ ¶·¨³¥· ±µ´±·¥É´µ° ·¥ ²¨§ Í¨¨ ¢¥±Éµ·µ¢ ¸¶¨´µ¢µ° ¨ ¶·µ¸É· ´-
¸É¢¥´´µ°  ´¨§µÉ·µ¶¨¨ ¢ É¥·³¨´ Ì µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  χαi(x, ρ̂) ≡
Sp ρ̂χ̂αi(x):

dα(x, ρ̂) ≡ Dα(x, ρ̂)/D(x, ρ̂),

Dα(x, ρ̂) ≡ iεαβγχβk(x, ρ̂)gkl(x, ρ̂)χ∗
γl(x, ρ̂).

(12.21)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (6.31) ¤²Ö ¶ · ³¥-
É·  ¶µ·Ö¤±  ¨ ÊÎ¨ÉÒ¢ Ö µ¶·¥¤¥²¥´¨¥ (12.21), ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ ¸¶· ¢¥¤²¨-
¢µ¸É¨ ¸µµÉ´µÏ¥´¨° (12.1). Šµ³¶²¥±¸´Ò° ¢¥±Éµ· ¶·µ¸É· ´¸É¢¥´´µ°  ´¨§µÉ·µ-
¶¨¨ ∆i(x, ρ̂) ¢ É¥·³¨´ Ì µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  µ¶·¥¤¥²¨³ · ¢¥´¸É¢µ³

∆i(x, ρ̂) ≡ χαi(x, ρ̂)dα(x, ρ̂) (det g(x, ρ̂))
−3/2 . (12.22)

‘ ¶µ³µÐÓÕ ÔÉµ£µ µ¶·¥¤¥²¥´¨Ö ¨ § ±µ´µ¢ ¶·¥µ¡· §µ¢ ´¨Ö (6.31), (12.9) ²¥£±µ
¶·µ¢¥·¨ÉÓ ¸¶· ¢¥¤²¨¢µ¸ÉÓ É· ´¸Ëµ·³ Í¨µ´´ÒÌ ¸¢µ°¸É¢ (12.2).

’¥µ·¨Õ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ¢ ¸¢¥·ÌÉ¥±ÊÎ¥³ 3HeÄA Ê¤µ¡´µ
¸É·µ¨ÉÓ, µ¸´µ¢Ò¢ Ö¸Ó ´  ³¥Éµ¤¥ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö. ‘µ£² ¸´µ ÔÉµ³Ê
³¥Éµ¤Ê ¶·¨ ¢·¥³¥´ Ì t � τ0 ¸É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ· ρ̂(t) § ¢¨¸¨É µÉ ¢·¥-
³¥´¨ ¶µ¸·¥¤¸É¢µ³ ´ ¡µ·  ¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö. ‚ ± Î¥¸É¢¥
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ÔÉ¨Ì ¶ · ³¥É·µ¢ ¸²¥¤Ê¥É ¢§ÖÉÓ ¶²µÉ´µ¸É¨  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö,  
É ±¦¥ ¢¥²¨Î¨´Ò, ¸¢Ö§ ´´Ò¥ ¸ ´ ·ÊÏ¥´´µ° ¸¨³³¥É·¨¥°, Éµ ¥¸ÉÓ ±µ³¶²¥±¸´Ò¥
¢¥±Éµ·Ò ¶·µ¸É· ´¸É¢¥´´µ°  ´¨§µÉ·µ¶¨¨ ∆i(x, ρ̂) ¨ ∆i(x, ρ̂),   É ±¦¥ ¤¥°¸É¢¨-
É¥²Ó´Ò° ¢¥±Éµ· ¸¶¨´µ¢µ°  ´¨§µÉ·µ¶¨¨ dα(x, ρ̂):

ρ̂(t) →
t>>τr

σ̂ {ζ (x, t, ρ̂) ,∆ (x, t, ρ̂) ,d (x, t, ρ̂)} ,

ζa(x) = Sp σ̂ (ζ,∆,d) ζ̂a(x),

∆(x) = ∆ (x, σ̂ (ζ,∆,d)) , d(x) = d (x, σ̂ (ζ,∆,d)) .

(12.23)

„²Ö ¸µ±· Ð¥´¨Ö § ¶¨¸¨ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥ ∆(x) ≡
(
∆i(x),∆i(x)

)
. ‚ ÔÉ¨Ì

¸µµÉ´µÏ¥´¨ÖÌ £¨¤·µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò ∆ (x, σ̂) ¨ d (x, σ̂) µ¶·¥¤¥²Ö-
ÕÉ¸Ö · ¢¥´¸É¢ ³¨ (12.21), (12.22), £¤¥ ¢³¥¸Éµ ¶·µ¨§¢µ²Ó´µ£µ ´¥· ¢´µ¢¥¸´µ£µ
¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ¢Ò¡¨· ¥É¸Ö µ£·Ê¡²¥´´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥· -
Éµ·, µ¶¨¸Ò¢ ÕÐ¨° Ô¢µ²ÕÍ¨Õ A-Ë §Ò ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ ´  £¨¤·µ¤¨´ -
³¨Î¥¸±µ³ ÔÉ ¶¥. ˆ¸Ìµ¤Ö ¨§ Ê· ¢´¥´¨Ö ‹¨Ê¢¨²²Ö ¤²Ö ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· -
Éµ·  σ̂ (ς,∆,d)

i
[
σ̂ (ς,∆,d) , Ĥ

]
=
∫

d3x

{
δσ̂ (ς,∆,d)

δς(x)
Lζ(x) +

+
δσ̂ (ς,∆,d)

δ∆(x)
L∆(x) +

δσ̂ (ς,∆,d)
δd(x)

Ld(x)
}
, (12.24)

´ °¤¥³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö. ‚ ¸¨²Ê
(12.20) ¶µ²ÊÎ¨³ ³ ±·µ¸±µ¶¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö

.
ςa(x) ≡ La(x) = −∇kςak(x), ςak(x) = Sp σ̂ (ς,∆,d) ς̂ak(x),

∆̇(x) ≡ L∆(x) = i Sp σ̂ (ζ,∆,d)
[
Ĥ, ∆̂ (xσ̂ (ζ,∆,d))

]
,

ḋ(x) ≡ Ld(x) = i Sp σ̂ (ζ,∆,d)
[
Ĥ, d̂ (x, σ̂ (ζ,∆,d))

]
.

(12.25)

‘É É¨¸É¨Î¥¸±¨° µ¶¥· Éµ· σ̂(t) ¢ £² ¢´µ³ ¡¥§¤¨¸¸¨¶ É¨¢´µ³ ¶·¨¡²¨¦¥´¨¨
¸µ¢¶ ¤ ¥É ¸ ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò³ ¸É É¨¸É¨Î¥¸±¨³ µ¶¥· Éµ·µ³ σ̂(t) = ŵ+ ...
¨ ¶µÔÉµ³Ê

ḋα(x) = i Sp ŵ
[
Ĥ, d̂α (x, ŵ)

]
¨²¨, ¢ ¶·¥´¥¡·¥¦¥´¨¨ £· ¤¨¥´É ³¨ Y0(x),

ḋα(x) = −i Sp ŵ
∫

d3x′[Y l(x′)π̂l(x′) +

+ Y4 (x′) n̂(x′) + Yβ(x′)ŝβ(x′), d̂α (x, ŵ)
]
/Y0(x)
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(³Ò ¢µ¸¶µ²Ó§µ¢ ²¨¸Ó Ëµ·³Ê²µ° (6.27) ¨ É¥³, ÎÉµ ±µ³³ÊÉ Éµ·
[
ε̂(x′), d̂α (x, ŵ)

]
µÉ²¨Î¥´ µÉ ´Ê²Ö Éµ²Ó±µ ¶·¨ x ≈ x′). ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (12.13) ¨ (12.14),
¶µ²ÊÎae³ µ±µ´Î É¥²Ó´µ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ¥¤¨´¨Î´µ£µ ¢¥±Éµ·  ¸¶¨´µ-
¢µ°  ´¨§µÉ·µ¶¨¨

ḋα(x) −
Yl
Y0

∂dα
∂xl

= εαγβdγ
Yβ
Y0

. (12.26)

“· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ¶ · ³¥É·  ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö ¶·µ¸É· ´-
¸É¢¥´´µ£µ ±µ³¶²¥±¸´µ£µ ¢¥±Éµ·   ´¨§µÉ·µ¶¨¨ ∆i(x) ¢ ¡¥§¤¨¸¸¨¶ É¨¢´µ³ ¶·¨-
¡²¨¦¥´¨¨ ¨³¥¥É ¢¨¤

∆̇i(x) = i Sp ŵ
[
Ĥ, ∆̂i (x, ŵ)

]
¨²¨, ¢ ¶·¥´¥¡·¥¦¥´¨¨ £· ¤¨¥´É ³¨ Y0,

∆̇i(x) = − i

Y0(x)
Sp ŵ

∫
d3x′[Y l(x′)π̂l (x′) + Y4(x′)n̂(x′) +

+ Yβ(x′)ŝβ(x′), ∆̂i (x, ŵ)
]
.

“Î¨ÉÒ¢ Ö Ëµ·³Ê²Ò (12.15), ¶µ²ÊÎae³

∆̇i − Y l

Y0

∂∆i

∂xl
= −∆l∇l

Y i

Y0
− 2iµ∆i. (12.27)

‘ Í¥²ÓÕ ¶·¥µ¡· §µ¢ ´¨Ö ÔÉµ£µ Ê· ¢´¥´¨Ö µ¡· É¨³¸Ö ± Ëµ·³Ê² ³ (12.14). ‚
£² ¢´µ³ ¶·¨¡²¨¦¥´¨¨ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ¢¥±Éµ·  ¸³¥Ð¥´¨Ö

u̇i (x, ŵ) = i Sp ŵ
[
Ĥ, ûi (x, ŵ)

]
.

’ ± ± ± ¢ ¶·¥´¥¡·¥¦¥´¨¨ £· ¤¨¥´É ³¨ Y0

u̇i (x, ŵ) =
i

Y0(x)
Sp ŵ

∫
d3x′ [Y0(x′)ε̂ (x′) , ûi (x, ŵ)

]
,

Éµ, ¨¸¶µ²Ó§ÊÖ (6.27) ¨ ¶·¥µ¡· §µ¢ ´¨Ö,  ´ ²µ£¨Î´Ò¥ É¥³, ±µÉµ·Ò¥ ¶·¨¢¥²¨ ±
(12.26), (10.27), ¨³¥¥³

u̇i =
(
δik −

∂ui (x, ρ̂)
∂xk

)
vl, ẋi (ξ, ρ̂) = vi(x, t), (12.28)

£¤¥ vl ≡ −Y l/Y0 Å ´µ·³ ²Ó´ Ö ¸±µ·µ¸ÉÓ ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨.
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‚ÒÎ¨¸²¨³ ¢·¥³¥´´ÊÕ ¶·µ¨§¢µ¤´ÊÕ ³¥É·¨Î¥¸±µ£µ É¥´§µ· . ‡ ³¥É¨³ ¸ ÔÉµ°

Í¥²ÓÕ, ÎÉµ ¨§ ¸µµÉ´µÏ¥´¨Ö
∂ξs

∂t
+

∂ξs

∂xl
vl = 0 ¸²¥¤Ê¥É · ¢¥´¸É¢µ

∂2ξs

∂xi∂t
= − ∂2ξs

∂xj∂xl
vl − ∂ξs

∂xl
∂vl

∂xi
,

µÉ±Ê¤ , ÊÎ¨ÉÒ¢ Ö µ¶·¥¤¥²¥´¨¥ ¸¨³¢µ²µ¢ Š·¨¸ÉµËË¥²Ö (8.35), ¶µ²ÊÎae³

∂2ξs

∂xi∂t
= − ∂ξs

∂xk
Div

k.

�µÔÉµ³Ê µ±µ´Î É¥²Ó´µ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ³¥É·¨Î¥¸±µ£µ É¥´§µ·  ¨³¥¥É
¢¨¤

ġij = −Divj −Djvi. (12.29)

ˆ¸¶µ²Ó§ÊÖ µ¶·¥¤¥²¥´¨¥ ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ, Ê· ¢´¥´¨¥ (12.27)
³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

∆̇l + vkDk∆l = ∆kDkv
l − 2iµ∆l. (12.30)


 °¤¥³ É¥¶¥·Ó Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ±µ¢ ·¨ ´É´ÒÌ ±µ³¶µ´¥´É ¢¥±Éµ· 
∆i. ‡ ³¥É¨³, ÎÉµ ∆i = gij∆j ¨ Dkgij = 0 , Éµ£¤  ¸ ÊÎ¥Éµ³ (12.29), (12.30)
¶µ²ÊÎ¨³

∆̇i + vk∇k∆i = −∆k∇iv
k − 2iµ∆i. (12.31)

ˆ§ Ê· ¢´¥´¨° (12.30), (12.31) ¸²¥¤Ê¥É, ÎÉµ

∂∆l∆l

∂t
+ vk∇k

(
∆l∆l

)
+ 4iµ∆l∆l = 0,

∂∆l∆l∗

∂t
+ vk∇k

(
∆l∆l∗

)
= 0.

�µÔÉµ³Ê ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸É·Ê±ÉÊ·µ° · ¢´µ¢¥¸´µ£µ ¶ · ³¥É·  ¶µ·Ö¤±  ∆
³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ

∆l∆l = 0, ∆∗
l∆

l = 2. (12.32)

‚Ò¶¨Ï¥³, ´ ±µ´¥Í, ¶µ²´ÊÕ ¸¨¸É¥³Ê Ê· ¢´¥´¨°, µ¶¨¸Ò¢ ÕÐ¨Ì £¨¤·µ¤¨-
´ ³¨Î¥¸±ÊÕ Ô¢µ²ÕÍ¨Õ A-Ë §Ò 3He. ’ ±µ¢Ò³¨ Ö¢²ÖÕÉ¸Ö, ¶·¥¦¤¥ ¢¸¥£µ, ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´Ò¥ § ±µ´Ò ¸µÌ· ´¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¨ Î¨¸²  Î ¸É¨Í n(x), ¶²µÉ-
´µ¸É¨ ¸¶¨´  sα(x) ¨ ¶²µÉ´µ¸É¨ ¨³¶Ê²Ó¸  πk(x):

∂n

∂t
+

∂jk
∂xk

= 0,
∂sα
∂t

+
∂jαk
∂xk

= 0,
∂πi
∂t

+
∂tik
∂xk

= 0, (12.33)
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£¤¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶²µÉ´µ¸É¨ ¶µÉµ±µ¢ jk, jαk, tik µ¶·¥¤¥²ÖÕÉ¸Ö Ëµ·³Ê² ³¨
(8.48). 
 ¶µ³´¨³, ÎÉµ ¢ ÔÉ¨Ì Ê· ¢´¥´¨ÖÌ ¢¥±Éµ· l ¨ ¸¢¥·ÌÉ¥±ÊÎ¨° ¨³¶Ê²Ó¸ p
µ¶·¥¤¥²ÖÕÉ¸Ö Ëµ·³Ê² ³¨

li(x) =
i

2
Eijl(x)∆j(x)∆∗

l (x), li = gij l
j,

pi(x) =
1
8i

(
∆j(x)Di∆j∗(x) −∆∗

j (x)Di∆j(x)
)
.

“· ¢´¥´¨Ö (12.33), (12.29)Ä(12.31) ¸µ¸É ¢²ÖÕÉ ¶µ²´ÊÕ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¨¤¥-
 ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨ É¨¶  A-Ë §Ò 3He.

‚Ò¶¨¸ ´´Ò¥ Ê· ¢´¥´¨Ö §´ Î¨É¥²Ó´µ Ê¶·µÐ ÕÉ¸Ö, ¥¸²¨ ¸¶· ¢¥¤²¨¢µ ´¥-
· ¢¥´¸É¢µ ∣∣∣∣ ∂vi∂xk

− ∂vk
∂xi

∣∣∣∣ >>

∣∣∣∣ ∂vi∂xk
+

∂vk
∂xi

∣∣∣∣ , i �= k. (12.34)

�Éµ µ§´ Î ¥É, ÎÉµ Ê£²µ¢ Ö ¸±µ·µ¸ÉÓ ´µ·³ ²Ó´µ° ±µ³¶µ´¥´ÉÒ ³´µ£µ ¡µ²ÓÏ¥
±µ³¶µ´¥´É ¸±µ·µ¸É¥° ¤¥Ëµ·³ Í¨¨. ’µ£¤  ¤²Ö ³¥É·¨Î¥¸±µ£µ É¥´§µ·  ¸¶· ¢¥¤-
²¨¢µ ·¥Ï¥´¨¥ gik = δik. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¥¤¨´¨Î´Ò° ¢¥±Éµ· ¶·µ¸É· ´¸É¢¥´´µ°
 ´¨§µÉ·µ¶¨¨ ¨ ¸¢¥·ÌÉ¥±ÊÎ¨° ¨³¶Ê²Ó¸ ¶·¨µ¡·¥É ÕÉ ¢¨¤ [72]

l =
1
2
Im [∆∗,∆] , pi = −1

4
Im∆j∇i∆∗

j .

OÎ¥¢¨¤´µ, ÎÉµ ¢¥±Éµ·Ò l ¨ p Ê¤µ¢²¥É¢µ·ÖÕÉ Éµ¦¤¥¸É¢Ê Œ¥·³¨´ Ä•µ

rotp =
1
4
εspqls [∇lq,∇lp] .

“· ¢´¥´¨¥ ¤²Ö ¢¥±Éµ·  ∆ ¶¥·¥Ìµ¤¨É ¢ Ê· ¢´¥´¨¥

∆̇ + vk∇k∆ =
1
2
[rotv,∆]− 2iµ∆.

ˆ¸¶µ²Ó§ÊÖ ÔÉµ Ê· ¢´¥´¨¥, ¶µ²ÊÎ ¥³

l̇ + vk∇kl =
1
2
[rotv, l] . (12.35)

ˆ§ µ¶·¥¤¥²¥´¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¨³¶Ê²Ó¸  pi ¨³¥¥³

ṗi = −∇ip0 −
1
2
Im ∆̇j∇i∆∗

j , p0 ≡ 1
4
∆j∆̇∗

j = µ+ pivi +
1
4
(l, rotv) .
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� ¸±² ¤Ò¢ Ö ¢¥±Éµ· ∆̇ ¶µ É·¥³ ²¨´¥°´µ ´¥§ ¢¨¸¨³Ò³ ¢¥±Éµ· ³ ∆, ∆∗, l,
²¥£±µ µ¶·¥¤¥²¨ÉÓ, ÎÉµ

∆̇ = a∆ +
(
l∆̇
)

l, a =
1
2
∆∗∆̇ = −a∗,

£¤¥ ÊÎÉ¥´Ò ¸µµÉ´µÏ¥´¨Ö (12.32). �µÔÉµ³Ê

1
2
Im ∆̇∇i∆∗ =

1
2
Im
(
l∆̇
)
(l∇i∆∗) =

1
2
Im
(
l̇∆
)
(∆∗∇il) .

‘ ¶µ³µÐÓÕ µ¶·¥¤¥²¥´¨Ö ¢¥±Éµ·  l ÔÉµ ¸µµÉ´µÏ¥´¨¥ ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

1
2
Im ∆̇∇i∆∗ =

1
2
l
[
∇il, l̇

]
.

’ ±¨³ µ¡· §µ³, Ê· ¢´¥´¨¥ ¤²Ö ¢¥±Éµ·  p ¶·¨µ¡·¥Éa¥É Ëµ·³Ê

ṗi = −∂p0

∂xi
− 1

2
l
[
∂l
∂xi

,
∂l
∂t

]
. (12.36)

“· ¢´¥´¨Ö (12.33) ¸µ¢³¥¸É´µ ¸ (12.35), (12.36) ¸µ¸É ¢²ÖÕÉ ¶µ²´ÊÕ ¸¨-
¸É¥³Ê Ê· ¢´¥´¨° ¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ A-Ë §Ò 3He. �´ ²¨§ ·¥Ï¥´¨°
ÔÉ¨Ì Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¸Ò²±¨ ³µ¦´µ ´ °É¨ ¢
³µ´µ£· Ë¨¨ [11].

13. ƒˆ„	�„ˆ��ŒˆŠ� B-”�‡› 3He

‚¢¥¤¥³ µ·Éµ£µ´ ²Ó´ÊÕ ³ É·¨ÍÊ ¸¶¨´µ¢µ£µ ¶µ¢µ·µÉ  Riα(x, ρ̂) ¨ ¸¢¥·ÌÉ¥-
±ÊÎÊÕ Ë §Ê ϕ(x, ρ̂) ± ± ËÊ´±Í¨µ´ ²Ò ¶·µ¨§¢µ²Ó´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· -
Éµ·  ρ̂. �É¨ ¢¥²¨Î¨´Ò Ö¢²ÖÕÉ¸Ö ¨¸Ìµ¤´Ò³¨ ¶·¨ ¨§ÊÎ¥´¨¨ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì
¶·µÍ¥¸¸µ¢ ¢ B-Ë §¥ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨ ¸ É·¨¶²¥É´Ò³ ¸¶ ·¨¢ -
´¨¥³. ’ ± ± ± ¢ ¸µ¸ÉµÖ´¨¨ · ¢´µ¢¥¸¨Ö ´¥É ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ µÉ´µ¸¨-
É¥²Ó´µ ¶·µ¨§¢µ²Ó´ÒÌ ¤¥Ëµ·³ Í¨°, Éµ ³Ò ´¥ ¡Ê¤¥³ ¤²Ö ÔÉµ£µ ¸¢¥·ÌÉ¥±ÊÎ¥£µ
¸µ¸ÉµÖ´¨Ö · §²¨Î ÉÓ ±µ- ¨ ±µ´É· ¢ ·¨ ´É´Ò¥ ¨´¤¥±¸Ò ¶·¨ ¶µ¸É·µ¥´¨¨ Ê· ¢-
´¥´¨° £¨¤·µ¤¨´ ³¨±¨. �¶·¥¤¥²¨³ µ·Éµ£µ´ ²Ó´ÊÕ ³ É·¨ÍÊ ¶µ¢µ·µÉ  Riα(x, ρ̂)
± ± ËÊ´±Í¨µ´ ² ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ρ̂ · ¢¥´¸É¢µ³

Riα(x, ρ̂) ≡ (A(x, ρ̂))−1/2
αβ ηiβ(x, ρ̂). (13.1)

�µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´ Ö ¸¨³³¥É·¨Î´ Ö ³ É·¨Í  Aαβ(x, ρ̂) ¨³¥¥É ¢¨¤

Aαβ(x, ρ̂) ≡ ηαi(x, ρ̂)ηβi (x, ρ̂) , Ã = A, A > 0. (13.2)
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‡¤¥¸Ó ¸·¥¤´¥¥ §´ Î¥´¨¥ ¢¥²¨Î¨´Ò ηαi (x, ρ̂) § ¤ ´µ · ¢¥´¸É¢µ³

ηαi(x, ρ̂) = η∗αi(x, ρ̂) = Sp ρ̂η̂αi(x) (13.3)

¨ Ô·³¨Éµ¢ µ¶¥· Éµ· η̂αi(x) ¶·¥¤¸É ¢²¥´ ¢ É¥·³¨´ Ì µ¶¥· Éµ·µ¢ ¶ · ³¥É· 
¶µ·Ö¤± 

η̂αi(x) ≡ i
(
∆̂+(x)∆̂αi(x)− ∆̂+

αi(x)∆̂(x)
)
. (13.4)

B¥²¨Î¨´a ηαi(x, ρ̂) ¨³¥eÉ É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·-
³Ê² ³¨ (13.3), (6.8), (6.19), (6.28):

ηαi
(
x, Uθρ̂U

+
θ

)
= ηβi(x, ρ̂)aβα(θ(x)),

ηαi
(
x, Uϕρ̂U

+
ϕ

)
= ηαi(x, ρ̂),

ηαi

(
x′, Uf ρ̂U

+
f

)
=
∣∣∣∣∂x′

∂x

∣∣∣∣
2
∂x′j

∂xi
ηαj(x, ρ̂).

(13.5)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Ëµ·³Ê²Ò (13.5), (13.2) ¨ · ¢¥´¸É¢ 

(
B−1

)
c′c

=
1

2 detB
εabcεa′b′c′Baa′Bbb′ , detB =

1
6
εabcεa′b′c′Baa′Bbb′Bcc′,

(13.6)

´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ ¸¶· ¢¥¤²¨¢µ¸É¨ ¸µµÉ´µÏ¥´¨° µ·Éµ£µ´ ²Ó´µ¸É¨ ³ É·¨ÍÒ
Rlα:

Rlα(x, ρ̂)Rlβ(x, ρ̂) = δαβ , Riα(x, ρ̂)Rkα(x, ρ̂) = δki. (13.7)

‚ ¸¨²Ê µ¶·¥¤¥²¥´¨Ö (13.1) ¨ Ëµ·³Ê² (13.2), (13.5) ¶·¨ ²µ± ²Ó´ÒÌ ¶·¥-
µ¡· §µ¢ ´¨ÖÌ Uθ, Uϕ, Uf (6.1), (6.6), (6.18) ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ¤²Ö
µ·Éµ£µ´ ²Ó´µ° ³ É·¨ÍÒ ¶µ¢µ·µÉ  Riα(x, ρ̂) ¨³¥ÕÉ ³¥¸Éµ É· ´¸Ëµ·³ Í¨µ´´Ò¥
¸µµÉ´µÏ¥´¨Ö

Riα

(
x, Uθρ̂U

+
θ

)
= Riβ(x, ρ̂)aβα (θ(x)) ,

Riα(x, Uϕρ̂U
+
ϕ ) = Riα(x, ρ̂), Riα(x′, Uf ρ̂U

+
f ) =

∂x′
i

∂xi
Riα(x, ρ̂).

(13.8)

�¶·¥¤¥²¨³ ¸¢¥·ÌÉ¥±ÊÎÊÕ Ë §Ê ϕ(x, ρ̂) ± ± ËÊ´±Í¨µ´ ² ¸É É¨¸É¨Î¥¸±µ£µ
µ¶¥· Éµ·  ρ̂ · ¢¥´¸É¢µ³

ϕ(x, ρ̂) =
1
4
Im lnχiα(x, ρ̂)χiα (x, ρ̂) , (13.9)
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£¤¥ ¸·¥¤´¥¥ χiα(x, ρ̂) = Sp ρ̂χ̂iα(x) µ¶·¥¤¥²¥´µ Ëµ·³Ê²µ° (6.29). ‚ ¸¨²Ê Ö¢-
´µ£µ ¢¨¤  µ¶¥· Éµ·  (6.29) ¨ É· ´¸Ëµ·³ Í¨µ´´ÒÌ ¸¢µ°¸É¢ (6.30) ¶·¨ ²µ± ²Ó-
´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ ¶µ²ÊÎ¨³ É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¸¢¥·Ì-
É¥±ÊÎ¥° B-Ë §Ò

ϕ
(
x, Uϕ′ ρ̂U+

ϕ′

)
= ϕ(x, ρ̂) + ϕ′(x), ϕ

(
x, Uθρ̂U

+
θ

)
= ϕ(x, ρ̂),

ϕ
(
x′, Uf ρ̂U

+
f

)
= ϕ(x, ρ̂).

(13.10)

‡ ¶¨Ï¥³ ¢ ·¨ Í¨Õ µ·Éµ£µ´ ²Ó´µ° ³ É·¨ÍÒ ¶µ¢µ·µÉ  Riβ(x, ρ̂), ¸¢Ö§ ´-
´ÊÕ ¸ ¢ ·¨ Í¨¥° ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  δρ̂:

δRiβ(x, ρ̂) = Riβ (x, ρ̂+ δρ̂)−Riβ(x, ρ̂) = Sp δρ̂R̂iβ(x, ρ̂), (13.11)

§¤¥¸Ó R̂iβ(x, ρ̂) Å µ¶¥· Éµ· µ·Éµ£µ´ ²Ó´µ° ³ É·¨ÍÒ ¶µ¢µ·µÉ , § ¢¨¸ÖÐ¨° µÉ
¨¸Ìµ¤´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ·  ρ̂. ˆ§ÊÎ¨³ ´¥±µÉµ·Ò¥ ¸¢µ°¸É¢  µ¶¥-
· Éµ·  R̂iβ(x, ρ̂). � ¸¸³µÉ·¨³ ¸ ÔÉµ° Í¥²ÓÕ ¡¥¸±µ´¥Î´µ ³ ²Ò° ¶µ¢µ·µÉ ¢
¸¶¨´µ¢µ³ ¶·µ¸É· ´¸É¢¥ δaαβ (θ) = εαβγδθγ . ‘µ£² ¸´µ (13.8) ¢ ·¨ Í¨Ö µ·Éµ-
£µ´ ²Ó´µ° ³ É·¨ÍÒ Riβ

(
x, U+

θ ρ̂Uθ

)
µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

δRiβ

(
x, U+

θ ρ̂Uθ

)
= −Riγ(x, ρ̂)εβγλδθλ(x). (13.12)

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ÊÎ¨ÉÒ¢ Ö, ÎÉµ

δ
(
Uθρ̂U

+
θ

)
= i

∫
d3xδθα(x) [ŝα (x), ρ̂] ,

¨³¥¥³

δRiβ

(
x, Uθρ̂U

+
θ

)
= −i

∫
d3x′δθα(x′)Sp [ρ̂, ŝα(x′)] R̂iβ(x, ρ̂). (13.13)

‘· ¢´¨³ Ëµ·³Ê²Ò (13.12), (13.13), Éµ£¤  ¶µ²ÊÎ¨³

i Sp ρ̂
[
ŝα(x′), R̂iγ(x, ρ̂)

]
= εαλγRiλ(x, ρ̂)δ(x− x′). (13.14)

�´ ²µ£¨Î´µ ³µ¦´µ ²¥£±µ ¤µ± § ÉÓ ¸µµÉ´µÏ¥´¨¥

Sp ρ̂
[
n̂(x′), R̂iγ(x, ρ̂)

]
= 0. (13.15)

„²Ö ÔÉµ£µ ¤µ¸É ÉµÎ´µ · ¸¸³µÉ·¥ÉÓ ¡¥¸±µ´¥Î´µ ³ ²µ¥ Ë §µ¢µ¥ ¶·¥µ¡· §µ¢ ´¨¥

δ
(
Uϕρ̂U

+
ϕ

)
= i

∫
d3xδϕ(x) [n̂(x), ρ̂] ,
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ÊÎ¥¸ÉÓ, ÎÉµ ¸²¥¤¸É¢¨¥³ É· ´¸Ëµ·³ Í¨µ´´ÒÌ ¸¢µ°¸É¢ (13.8) Ö¢²Ö¥É¸Ö ¸µµÉ´µ-
Ï¥´¨¥ δRiβ(x, ρ̂) = 0, ¨ ¨¸¶µ²Ó§µ¢ ÉÓ µ¶·¥¤¥²¥´¨¥ µ¶¥· Éµ·  ¢ ·Ó¨·µ¢ ´´µ°
³ É·¨ÍÒ ¶µ¢µ·µÉ  (13.11).

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¡¥¸±µ´¥Î´µ ³ ²Ò¥ ¤¥Ëµ·³ Í¨¨

δ
(
Uf ρ̂U

+
f

)
= i

∫
d3xδfk(x) [π̂k(x), ρ̂] .

‚ ÔÉµ³ ¸²ÊÎ ¥ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ · ¢¥´¸É¢µ³ (13.8) ¨³¥¥³

δRiα

(
x′, Uf ρ̂U

+
f

)
= −∇iδfl(x)Rlα(x, ρ̂)−∇lRiα(x, ρ̂)δfl(x).

�É±Ê¤ , ¸ ÊÎ¥Éµ³ (3.11), ¸²¥¤Ê¥É ¸µµÉ´µÏ¥´¨¥

i Sp ρ̂
[
π̂l(x′), R̂iα(x, ρ̂)

]
= ∇′

iδ(x− x′)Rlα(x, ρ̂)− δ(x − x′)∇lRiα(x, ρ̂).

(13.16)

”µ·³Ê²Ò (13.1)Ä(13.3), (13.11) ¶µ§¢µ²ÖÕÉ ´ °É¨ ¢ Ö¢´µ³ ¢¨¤¥ µ¶¥· Éµ·
µ·Éµ£µ´ ²Ó´µ° ³ É·¨ÍÒ ¶µ¢µ·µÉ  ¢ É¥·³¨´ Ì µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤± :

R̂iα(x, ρ̂) =
(
A−1/2(x, ρ̂)

)
αβ

η̂iβ(x) −
1
2

(
A−3/2(x, ρ̂)

)
αγ

×

× (η̂lγ(x)ηlβ(x, ρ̂) + ηlγ(x, ρ̂)η̂lβ(x)) ηiβ(x, ρ̂). (13.17)

� ¸¸³µÉ·¨³ ¢ ·¨ Í¨Õ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò, ¸¢Ö§ ´´ÊÕ ¸ ¢ ·¨ Í¨¥° ¸É É¨-
¸É¨Î¥¸±µ£µ µ¶¥· Éµ· 

δϕ(x, ρ̂) = ϕ (x, ρ̂+ δρ̂)− ϕ (x, ρ̂) ≡ Sp δρ̂ϕ̂ (x, ρ̂) . (13.18)

�É  Ëµ·³Ê²  µ¶·¥¤¥²Ö¥É µ¶¥· Éµ· ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò ϕ̂(x, ρ̂). Cµ£² ¸´µ µ¶·¥-
¤¥²¥´¨Õ (13.9) ¨ Ëµ·³Ê²¥ (13.1) µ¶¥· Éµ· ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò ϕ̂(x, ρ̂) ¢ É¥·-
³¨´ Ì µ¶¥· Éµ·  ¶ · ³¥É·  ¶µ·Ö¤±  ¨³¥¥É ¢¨¤

ϕ̂(x, ρ̂) =
1
2i

{
χαk(x, ρ̂)χ̂αk(x)− χ̂αk(x)χαk(x, ρ̂)

χβj (x, ρ̂)χβj(x, ρ̂)
−

− χ∗
αk(x, ρ̂)χ̂

+
αk(x) − χ̂+

αk(x)χ
∗
kα(x, ρ̂)

χ∗
βj(x, ρ̂)χ

∗
βj(x, ρ̂)

}
. (13.19)

„¥°¸É¢Ê¥³  ´ ²µ£¨Î´µ Éµ³Ê, ± ± ¶µ²ÊÎ ²¨¸Ó ¸¢µ°¸É¢  µ¶¥· Éµ·  µ·Éµ£µ-
´ ²Ó´µ° ³ É·¨ÍÒ (13.8) ¶·¨ ²µ± ²Ó´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ ¶·µ¨§¢µ²Ó´µ£µ ¸É -
É¨¸É¨Î¥¸±µ£µ µ¶¥· Éµ· , Éµ£¤  ´ °¤¥³, ¨¸¶µ²Ó§ÊÖ É· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸µµÉ-
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´µÏ¥´¨Ö µ¶¥· Éµ·µ¢ ¶ · ³¥É·  ¶µ·Ö¤±  (6.8), (6.19), (6.28), · ¢¥´¸É¢ , ±µÉµ-
·Ò³ Ê¤µ¢²¥É¢µ·Ö¥É µ¶¥· Éµ· ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò:

Sp ρ̂ [ŝα(x′), ϕ̂(x, ρ̂)] = 0, i Sp ρ̂ [n̂(x′), ϕ̂(x, ρ̂)] = −δ (x− x′) ,

i Sp ρ̂ [π̂k(x′), ϕ̂(x, ρ̂)] = −δ(x− x′)∇kϕ(x, ρ̂).
(13.20)

‘µµÉ´µÏ¥´¨Ö (13.14)Ä(13.16), (13.20) ¡Ê¤ÊÉ ¨¸¶µ²Ó§µ¢ ´Ò ¶·¨ ¶µ¸É·µ¥´¨¨
¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ · ¸¸³ É·¨¢ ¥³µ° ¸¢¥·ÌÉ¥±ÊÎ¥° ¦¨¤±µ¸É¨.

‘¢¥·ÌÉ¥±ÊÎ¨° ¨³¶Ê²Ó¸ p (x, ρ̂) ± ± ËÊ´±Í¨µ´ ² ¸É É¨¸É¨Î¥¸±µ£µ µ¶¥· -
Éµ·  ¢ B-Ë §¥ µ¶·¥¤¥²¨³ · ¢¥´¸É¢µ³

p(x, ρ̂) = ∇ϕ(x, ρ̂). (13.21)

‘Ëµ·³Ê²¨·Ê¥³ Ê· ¢´¥´¨Ö Ô¢µ²ÕÍ¨¨ ¢¥²¨Î¨´ Rkα(x, ρ̂), ϕ(x, ρ̂), ¨¸Ìµ¤Ö

¨§ Ê· ¢´¥´¨Ö Ëµ´ 
¥°³ ´ . ‡ ³¥É¨³, ÎÉµ ρ (t+ δt) = ρ̂(t) + i
[
ρ̂(t), Ĥ

]
δt, ¨

¨¸¶µ²Ó§Ê¥³ ¢¨¤ µ¶¥· Éµ·µ¢ R̂kα(x, ρ̂), ϕ̂(x, ρ̂) (13.18), (13.19), Éµ£¤  ¶µ²ÊÎ¨³
¤¨´ ³¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö

∂Rkα(x, ρ̂(t))
∂t

= i Sp ρ̂(t)
[
Ĥ, R̂kα(x, ρ̂(t))

]
,

∂ϕ(x, ρ̂(t))
∂t

= i Sp ρ̂(t)
[
Ĥ, ϕ̂(x, ρ̂(t))

]
.

(13.22)

„¨ËË¥·¥´Í¨ ²Ó´Ò¥ § ±µ´Ò ¸µÌ· ´¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´-
É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ζa(x) = Sp ρ̂ζ̂a(x) (a ≡ 0, i, 4, α) ¨³¥ÕÉ ¢¨¤

.
ςa(x, t) = −∇kςak(x, t) ≡ La(x, t), ζak(x, t) = Sp ρ̂(t)ζ̂ak(x), (13.23)

£¤¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¶¥· Éµ·Ò ¶²µÉ´µ¸É¨ ¶µÉµ±µ¢  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢
¤¢¨¦¥´¨Ö ¢ É¥·³¨´ Ì µ¶¥· Éµ·µ¢ ¶²µÉ´µ¸É¥° µ¶·¥¤¥²ÖÕÉ¸Ö · ¢¥´¸É¢ ³¨ (7.9),
(7.11), (7.13), (7.15).

�·¨ ¶µ¸É·µ¥´¨¨ £¨¤·µ¤¨´ ³¨±¨ ¸¢¥·ÌÉ¥±ÊÎ¨Ì Ë § 3He µ¡ÒÎ´µ ¨¸Ìµ¤ÖÉ
¨§ ³µ¤¥²Ó´ÒÌ £ ³¨²ÓÉµ´¨ ´µ¢, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸µ¡µ° ±¢ ¤· É¨Î´ÊÕ Ëµ·³Ê
µÉ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ [73Ä75]. „ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤µ¢ ´¨Ö
[76Ä78] ¶µ± § ²¨, ÎÉµ ÊÎ¥É Éµ²Ó±µ ÔÉ¨Ì ¸² £ ¥³ÒÌ ´¥¤µ¸É ÉµÎ¥´. �µÔÉµ³Ê
¢ ÔÉ¨Ì · ¡µÉ Ì ¡Ò²µ ¶·¥¤²µ¦¥´µ Ê¸É· ´¨ÉÓ ¢µ§´¨±Ï¨¥ · ¸Ìµ¦¤¥´¨Ö ¶ÊÉ¥³
ÊÎ¥É  ¢ ¨¸Ìµ¤´µ³ £ ³¨²ÓÉµ´¨ ´¥ ¸² £ ¥³ÒÌ ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ (É·¥ÉÓ¥£µ ¨
¢ÒÏ¥), ¸¢Ö§ ´´ÒÌ ¸ ¢§ ¨³µ¤¥°¸É¢¨¥³ ³¥¦¤Ê ¸¶¨´µ¢Ò³¨ ¨ µ·¡¨É ²Ó´Ò³¨ ¸É¥-
¶¥´Ö³¨ ¸¢µ¡µ¤Ò. ‚ ¶·¥¤² £ ¥³µ³ ³¨±·µ¸±µ¶¨Î¥¸±µ³ ¢Ò¢µ¤¥ Ê· ¢´¥´¨° £¨-
¤·µ¤¨´ ³¨±¨ ´¥É ´¥µ¡Ìµ¤¨³µ¸É¨ ¨¸¶µ²Ó§µ¢ ÉÓ ±µ´±·¥É´Ò° ³µ¤¥²Ó´Ò° ¢¨¤
£ ³¨²ÓÉµ´¨ ´ , ¨ ÔÉ  § ¤ Î  ³µ¦¥É ¡ÒÉÓ ·¥Ï¥´  ¢ ¤µ¸É ÉµÎ´µ µ¡Ð¥³ ¢¨¤¥.
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‚ ´ ¸ÉµÖÐ¥³ · ¸¸³µÉ·¥´¨¨ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨ ¸ É·¨¶²¥É-
´Ò³ ¸¶ ·¨¢ ´¨¥³ ¨§´ Î ²Ó´µ ³Ò ´¥ É·¥¡Ê¥³ ´ ²¨Î¨Ö ¸¶¥Í¨ ²Ó´µ° ¤¨´ ³¨Î¥-
¸±µ° ¸¨³³¥É·¨¨, ÎÉµ ¶µ§¢µ²Ö¥É · ¸¸³µÉ·¥ÉÓ ´  ¥¤¨´µ° µ¸´µ¢¥ ± ± £ ²¨²¥¥¢µ-
¨´¢ ·¨ ´É´Ò°, É ± ¨ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò° ¸²ÊÎ ¨. Š·µ³¥ Éµ£µ, ³Ò
´¥ ¶·¥¤¶µ² £ ¥³ µ¡· Ð¥´¨Ö ¢ ´Ê²Ó · ¢´µ¢¥¸´ÒÌ §´ Î¥´¨° ¢¥±Éµ·  ¸¶¨· ²¨ ¨
¸¶¨´ , ± ± ÔÉµ ¨³¥¥É ³¥¸Éµ ¢ A- ¨²¨ B-Ë §¥ 3He,   ¨§ÊÎ¨³ ¡µ²¥¥ Ï¨·µ±¨°
±² ¸¸ ¢µ§³µ¦´ÒÌ ±¢ ´Éµ¢ÒÌ ¸µ¸ÉµÖ´¨°.

� ¸¸³µÉ·¨³ ¢µ¶·µ¸ ¶µ¸É·µ¥´¨Ö ¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ B-Ë §Ò ¸¢¥·Ì-
É¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨. ’ ± Ö ¦¨¤±µ¸ÉÓ ´  £¨¤·µ¤¨´ ³¨Î¥¸±µ³ ÔÉ ¶¥ Ô¢µ-
²ÕÍ¨¨ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´  ¸µ±· Ð¥´´Ò³ ´ ¡µ·µ³ ¶ · ³¥É·µ¢ Å ¶²µÉ´µ-
¸ÉÖ³¨  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö ζα(x), µ·Éµ£µ´ ²Ó´µ° ³ É·¨Í¥° ¶µ-
¢µ·µÉ  Riβ(x) ¨ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §µ° ϕ(x). ”Ê´±Í¨µ´ ²Ó´ Ö £¨¶µÉ¥§  ¢ ÔÉµ³
¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

ρ̂(t) →
t>>τr

σ̂ {ζ (x, t, ρ̂) , R (x, t, ρ̂) , ϕ (x, t, ρ̂)} , (13.24)

§¤¥¸Ó τr Å ¢·¥³Ö ·¥² ±¸ Í¨¨;

ζ(x) = Sp σ̂ (ζ, R, ϕ) ζ̂(x) (13.25)

Å ¸·¥¤´¨¥ §´ Î¥´¨Ö ¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö. ‘¢¥·ÌÉ¥-
±ÊÎ Ö Ë §  ¨ µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  ¶µ¢µ·µÉ 

ϕ(x) = ϕ (x, σ̂ (ζ, R, ϕ)) , Riβ(x) = Riβ (x, σ̂ (ζ, R, ϕ)) (13.26)

¸¢Ö§ ´Ò ¸ µ£·Ê¡²¥´´Ò³ ¸É É¨¸É¨Î¥¸±¨³ µ¶¥· Éµ·µ³ ¸µµÉ´µÏ¥´¨Ö³¨ (13.1),
(13.9). ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ (13.24)Ä(13.26) ¶µ²ÊÎ¨³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö
¶ · ³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö

ζ̇a(x) = −∇kSp σ̂ (ζ, R, ϕ) ζ̂ak(x) ≡ La(x) ≡ La (x; ζ, R, ϕ) ,

ϕ̇(x)=i Sp σ̂(ζ, R, ϕ)
[
Ĥ, ϕ̂(x, σ̂(ζ, R, ϕ))

]
≡Lϕ(x)≡Lϕ(x; ζ, R, ϕ), (13.27)

Ṙiβ(x, t)=i Sp σ̂(ζ, R, ϕ)
[
Ĥ, R̂iβ(x, σ̂(ζ, R, ϕ))

]
≡Liβ(x)≡Liβ(x; ζ, R, ϕ).

‘²¥¤ÊÕÐ¨° Ï £ ¢ ±µ´±·¥É´µ³ ¶µ¸É·µ¥´¨¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ¶ · -
³¥É·µ¢ ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö § ±²ÕÎ ¥É¸Ö ¢ ´ Ìµ¦¤¥´¨¨ ¸É É¨¸É¨Î¥¸±µ£µ
µ¶¥· Éµ·  σ̂ (ζ, R, ϕ), ±µÉµ·Ò° ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

σ̂ (ζ, R, ϕ) = ŵ (Y, a, ϕ) + σ̂′ (ζ, R, ϕ) ,

£¤¥ ŵ (Y, a, ϕ) ≡ ŵ (ζ(Y ), a, ϕ) Å ²µ± ²Ó´µ-· ¢´µ¢¥¸´Ò° ¸É É¨¸É¨Î¥¸±¨° µ¶¥-
· Éµ·, µ¶¨¸Ò¢ ÕÐ¨° Éµ²Ó±µ µ¡· É¨³Ò¥ ¶·µÍ¥¸¸Ò,   σ̂′ (ζ, R, ϕ) µ¶·¥¤¥²Ö¥É
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¤¨¸¸¨¶ É¨¢´Ò¥ ¶·µÍ¥¸¸Ò. �µ²ÊÎ¨³ Ê· ¢´¥´¨¥ ¤²Ö µ·Éµ£µ´ ²Ó´µ° ³ É·¨ÍÒ
¶µ¢µ·µÉ  Riβ ¨ ¤²Ö ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò ϕ ¢ £² ¢´µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ ¶·µ-
¸É· ´¸É¢¥´´Ò³ ´¥µ¤´µ·µ¤´µ¸ÉÖ³. ‚ ¶·¥´¥¡·¥¦¥´¨¨ ¤¨¸¸¨¶ É¨¢´Ò³¨ ¶·µÍ¥¸-
¸ ³¨ (σ̂ ≈ ŵ) Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö Riβ ¨³¥¥É ¢¨¤

Ṙkβ(x) = i Sp ŵ (ζ, a, ϕ)
[
Ĥ, R̂kβ (x, ŵ (ζ, a, ϕ))

]
¨²¨ ¦¥, ¢ ¶·¥´¥¡·¥¦¥´¨¨ £· ¤¨¥´É ³¨ Y0,

Ṙkβ(x) = i Sp ŵ (ζ, a, ϕ)
[∫

d3x′Y0(x′)ε̂ (x′) , R̂kβ (x, ŵ (ζ, a, ϕ))
]
Y −1

0 (x).

�É¸Õ¤  ¨ ¨§ µ¶·¥¤¥²¥´¨Ö ŵ (¸³. (6.26)) ¸²¥¤Ê¥É, ÎÉµ

Ṙkβ(x) = −i Sp ŵ (ζ, a, ϕ)

[∫
d3x′(Yl(x′)π̂l(x′) + Y4(x′)n̂(x′) +

+ Yα(x′)ŝα(x′)
)
, R̂kβ (x, ŵ (ζ, a, ϕ))

]
Y −1

0 (x)

¨²¨, ¸ ÊÎ¥Éµ³ ¸µµÉ´µÏ¥´¨° (13.14)Ä(13.16),

Ṙkα = {Yl∇lRkα + εαβγYβRkγ}Y −1
0 . (13.28)

�´ ²µ£¨Î´Ò³ µ¡· §µ³ Ê· ¢´¥´¨¥ ¤²Ö ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §Ò ¢ ¶·¥´¥¡·¥¦¥-
´¨¨ ¶·µÍ¥¸¸ ³¨ ¤¨¸¸¨¶ Í¨¨ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

ϕ̇(x) = i Sp ŵ (ζ, a, ϕ)
[
Ĥ, ϕ̂ (x, ŵ (ζ, a, ϕ))

]
,

¶·¨´¨³ Ö ¤ ²¥¥ ¢µ ¢´¨³ ´¨¥ (13.20), ¶µ²ÊÎae³

ϕ̇ = Y −1
0

{
Yl∇lϕ+ Y4

}
. (13.29)

‡ ³¥É¨³, ÎÉµ µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  aαβ(x) ¨ Ë §  ϕ(x), ¢Ìµ¤ÖÐ¨¥ ¢
· ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸  ¨ É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ², ´¥ ¸µ¢¶ ¤ ÕÉ ¸ ³ -
É·¨Í¥° ¶µ¢µ·µÉ  Rkα(x) ¨ Ë §µ° ϕ(x), ¢Ìµ¤ÖÐ¨³¨ ¢ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö
(13.28), (13.29). “¸É ´µ¢¨³ ¸¢Ö§Ó ³¥¦¤Ê ÔÉ¨³¨ ¢¥²¨Î¨´ ³¨. ’ ± ± ± Rkα(x) ≡
Rkα(x, ŵ), Éµ, ¨¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ò (7.1), (13.1), ¶µ²ÊÎ ¥³

Rkα(x, ŵ) = aαβ(x)Rkα(x, ŵ).

‡ ¶¨¸Ò¢ Ö Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢ Ëµ·³¥ Ṙkα = ÂαβRkβ ¨ ¶·¥´¥¡·¥£ Ö ¶·µ-
¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò³¨ ¶·µ¨§¢µ¤´Ò³¨ ³¥¤²¥´´µ ¨§³¥´ÖÕÐ¨Ì¸Ö ¢¥²¨Î¨´
Rkα (x, ŵ), ¶µ²ÊÎae³ ȧαβ = Âβρaαρ ¨²¨

ȧαβ = Y −1
0 {Yl∇laαβ + εβγδYγaαδ} . (13.30)
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�´ ²µ£¨Î´Ò³ µ¡· §µ³, § ³¥Î Ö, ÎÉµ

ϕ(x) ≡ ϕ (x, ŵ) = ϕ(x) + ϕ (x, ŵ)

¨ ¶·¥´¥¡·¥£ Ö ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò³¨ ¶·µ¨§¢µ¤´Ò³¨ ³¥¤²¥´´µ ¨§³¥-
´ÖÕÐ¥°¸Ö ¢¥²¨Î¨´Ò ϕ (x, ŵ), ¶µ²ÊÎae³

ϕ̇ = Y −1
0 {Yl∇lϕ+ Y4} . (13.31)

“· ¢´¥´¨Ö (13.30), (13.31), ¤µ¶µ²´¥´´Ò¥ Ê· ¢´¥´¨Ö³¨, µÉ· ¦ ÕÐ¨³¨ § -
±µ´Ò ¸µÌ· ´¥´¨Ö ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö

ε̇ = −∇kqk, π̇i = −∇ktik, ṡα = −∇kjαk, ṅ = −∇kjk, (13.32)

¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° § ³±´ÊÉÊÕ ¸¨¸É¥³Ê Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨ ¸¢¥·ÌÉ¥±Ê-
Î¥° B-Ë §Ò 3He. �·¨ ÔÉµ³ ´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ¢ ¢¨¤Ê ¢Ò· ¦¥´¨Ö (7.28), (8.6),
(8.7) ¤²Ö ¶²µÉ´µ¸É¥° ¶µÉµ±µ¢ Ô´¥·£¨¨ qk, ¨³¶Ê²Ó¸  tik, ¸¶¨´  jαk ¨ Î¨¸² 
Î ¸É¨Í jk ¢ É¥·³¨´ Ì É¥·³µ¤¨´ ³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² ,   É ±¦¥ ¸µµÉ´µÏ¥-
´¨Ö (7.3) ³¥¦¤Ê É¥·³µ¤¨´ ³¨Î¥¸±¨³¨ ¸¨² ³¨ Y a ¨ ¶²µÉ´µ¸ÉÖ³¨ ε,π, n, sα.
‘²¥¤¸É¢¨¥³ ÔÉ¨Ì Ê· ¢´¥´¨° Ö¢²Ö¥É¸Ö  ¤¨ ¡ É¨Î´µ¸ÉÓ É¥Î¥´¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥°
Ë¥·³¨-¦¨¤±µ¸É¨

ṡ = ∇i (sYi/Y0) , (13.33)

£¤¥ s ≡ −ω + Yaζa Å ¶²µÉ´µ¸ÉÓ Ô´É·µ¶¨¨.
…¸²¨ É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° Éµ²Ó±µ É¥·³µ¤¨-

´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ pi, Yi, Y4, É. ¥. ¨§ ´ ¡µ·  ¶¥·¥³¥´´ÒÌ ¨¸±²ÕÎ¥´Ò É¥·-
³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ³ £´¨É´Ò¥ ¸¢µ°¸É¢  ¸¨¸É¥³Ò, Å
ωαk, Yα, Éµ Ê· ¢´¥´¨Ö (13.30)Ä(13.34) ¶·¨³ÊÉ ¢¨¤ Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨
¸¢¥·ÌÉ¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨ ¸ ¸¨´£²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ (c³. · §¤. 11). …¸²¨
¦¥ ÔÉµÉ ¶µÉ¥´Í¨ ² Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° Éµ²Ó±µ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢
ωαi, Yα (¨§ ´ ¡µ·  É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¨¸±²ÕÎ¥´Ò ¶¥·¥³¥´´Ò¥
pi, Yi, Y4), Éµ ¶µ²ÊÎ¥´´Ò¥ Ê· ¢´¥´¨Ö ¶¥·¥°¤ÊÉ ¢ Ê· ¢´¥´¨Ö ¤¨´ ³¨±¨ ³´µ-
£µ¶µ¤·¥Ï¥ÉµÎ´ÒÌ ³ £´¥É¨±µ¢ [58, 79]. �·¨ ±µ´±·¥É´µ³ ³µ¤¥²Ó´µ³ ¢¨¤¥
¶²µÉ´µ¸É¨ Ô´¥·£¨¨, ¶·¥¤²µ¦¥´´o³ ¢ [78, 80, 81], ¶µ²ÊÎ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ,
¸µ£² ¸ÊÕÐ¨¥¸Ö ¸ ÔÉ¨³¨ · ¡µÉ ³¨.

�·¨¤ ¤¨³ ¶µ²ÊÎ¥´´µ° ¸¨¸É¥³¥ Ê· ¢´¥´¨° ¡µ²¥¥ ±µ³¶ ±É´Ò° ±¢ §¨·¥²Ö-
É¨¢¨¸É¸±¨° ¢¨¤. �Éµ ¤µ¸É¨£ ¥É¸Ö ¶ÊÉ¥³ ¶¥·¥Ìµ¤  ± ´µ¢Ò³ ´¥§ ¢¨¸¨³Ò³ É¥·³µ-
¤¨´ ³¨Î¥¸±¨³ ¶ · ³¥É· ³. „²Ö Éµ£µ ÎÉµ¡Ò ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ
§ ³¥´Ê ¶¥·¥³¥´´ÒÌ, ¢¢¥¤¥³ Ëµ·³Ò Š ·É ´ , ¸¢Ö§ ´´Ò¥ ´¥ ¸ ¶·µ¸É· ´¸É¢¥´-
´Ò³ ¤¨ËË¥·¥´Í¨·µ¢ ´¨¥³,   ¸ ¢·¥³¥´´Ò³:

ω0γ =
1
2
εγαβ (ãȧ)βα , ω0γ =

1
2
εγαβ

(
a ˙̃a
)
αβ

.
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’µ£¤  Ê· ¢´¥´¨Ö (13.30), (13.31) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

ω0γ =
Ylωlγ + Yγ

Y0
, ϕ̇ =

Ylpl + Y4

Y0
. (13.34)

‚¢¥¤¥³ É¥¶¥·Ó ¢³¥¸Éµ ¶¥·¥³¥´´ÒÌ Yγ , Y4 ¶¥·¥³¥´´Ò¥ p0γ , p0:

p0γ =
Ylωlγ + Yγ

Y0
, p0 =

Ylpl + Y4

Y0
,

É ± ÎÉµ Ê· ¢´¥´¨Ö (13.34) ¶·¨³ÊÉ ¢¨¤

ω0γ = p0γ , ϕ̇ = p0.

‚¢¥¤¥³ É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ƒ¨¡¡¸  ω′, ¸¢Ö§ ´´Ò° ¸ ¶µÉ¥´Í¨ ²µ³
ω ¸µµÉ´µÏ¥´¨¥³

ω′ =
ω

Y0
.

‚¸Õ¤Ê ¢ ¤ ²Ó´¥°Ï¥³ ¶µÉ¥´Í¨ ² ω′ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ËÊ´±Í¨Ö É¥·³µ¤¨´ -
³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ Y0, Yk, p0, pk, p0α, pkα. Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ ¢ ÔÉµ³
¸²ÊÎ ¥ ®4-É¥´§µ·¯ Ô´¥·£¨¨ ¨³¶Ê²Ó¸  tµν , ®4-¢¥±Éµ·¯ Éµ±  jν ¨ ®4-¢¥±Éµ·¯
¸¶¨´  jν

α
µ¶·¥¤¥²ÖÕÉ¸Ö Ëµ·³Ê² ³¨

tµν = −∂ (Y νω′)
∂Yµ

+ pµjν + ωµ
αj

ν
α
, jν =

∂ω′

∂pν
, jν

α
=

∂ω′

∂p
αν

. (13.35)

‡¤¥¸Ó tµν ≡
(
t00 = ε, t0k = qk, t

k0 = πk, t
kl = tkl

)
Å ®4-É¥´§µ·¯ Ô´¥·£¨¨-

¨³¶Ê²Ó¸ ; jν ≡ (n, gk) Å ®4-Éµ±¯ § ·Ö¤ ; jν
α
≡
(
sα, jαk

)
Å ®4-Éµ±¯ ¸¶¨´ ;

pν ≡ (p0, pk) Å ¸¢¥·ÌÉ¥±ÊÎ¨° 4-¨³¶Ê²Ó¸; pν
α
≡
(
p
0k
, p

αk

)
Å 4-Ëµ·³  Š ·-

É ´ ; Yµ ≡ (Y0, Yi). ˆ´¤¥±¸Ò ¶µ¤´¨³ ÕÉ¸Ö ¨ µ¶Ê¸± ÕÉ¸Ö ¸ ¶µ³µÐÓÕ ®³¥É·¨-
Î¥¸±µ£µ¯ É¥´§µ·  gµν ≡ (1,−1,−1,−1).

“· ¢´¥´¨Ö ¨¤¥ ²Ó´µ° £¨¤·µ¤¨´ ³¨±¨ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë¥·³¨-¦¨¤±µ¸É¨ ¸
É·¨¶²¥É´Ò³ ¸¶ ·¨¢ ´¨¥³ ¢ ±¢ §¨·¥²ÖÉ¨¢¨¸É¸±µ° Ëµ·³¥ ³µ¦´µ § ¶¨¸ ÉÓ ¢
¢¨¤¥

∇νt
µν = 0, ∇νj

ν = 0, ∇νj
ν
α
= εαβγpβµj

µ
γ
,

∇µpν −∇νpµ = 0, ∇µpν
α
−∇νpµ

α
= −εαβγp

ν
β
pµ
γ
.

(13.36)

�¥·¢Ò¥ É·¨ Ê· ¢´¥´¨Ö ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¶²µÉ´µ-
¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö. „¢  ¶µ¸²¥¤ÊÕÐ¨Ì ¸µ¤¥·¦ É Ê· ¢´¥-
´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¨³¶Ê²Ó¸  ¨ ¶· ¢µ° Ëµ·³Ò Š ·É ´ ,   É ±¦¥
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Ê¸²µ¢¨¥ ¶µÉ¥´Í¨ ²Ó´µ¸É¨ ¨ Éµ¦¤¥¸É¢µ Œ Ê·¥· ÄŠ ·É ´ . ‚¢µ¤Ö 4-Éµ± Ô´É·µ-
¶¨¨ sµ ≡ (s, sk = svnk), ¢Éµ·µ° § ±µ´ É¥·³µ¤¨´ ³¨±¨ ¢ ±¢ §¨·¥²ÖÉ¨¢¨¸É¸±µ°
Ëµ·³¥ ¶·¨µ¡·¥É ¥É ¢¨¤

dsµ = Yνdt
νµ + Y4dj

µ + Y αdj
µ
α
−

− (Y µjν − Y νjµ) dpν −
(
Y µjν

α
− Y νjµ

α

)
dp

αν
, (13.37)

£¤¥ 4-Éµ± Ô´É·µ¶¨¨ Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Õ  ¤¨ ¡ É¨Î´µ¸É¨

∇µs
µ = 0, sµ = −Y µYν

∂ω′

∂Yν
. (13.38)

‚Ò¶¨¸ ´´Ò¥ Ê· ¢´¥´¨Ö ´¥²Ó§Ö · ¸¸³ É·¨¢ ÉÓ ± ± ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ -
·¨ ´É´Ò¥ Ê· ¢´¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¨¥ ¸¶¨´µ¢ÊÕ ¤¨´ ³¨±Ê, É ± ± ± ¶µ´ÖÉ¨¥
¸¶¨´  ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ ¢µ§´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢
¸¨³³¥É·¨¨ É¥µ·¨¨ ¶µ µÉ´µÏ¥´¨Õ ± ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò³ ¶·¥µ¡· -
§µ¢ ´¨Ö³. Š·µ³¥ Éµ£µ, · §¤¥²¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨° ´  ¸¨²Ó´Ò¥ µ¡³¥´´Ò¥ ¨,
´ ¶·¨³¥·, ¸² ¡Ò¥ ³ £´¨Éµ¤¨¶µ²Ó´Ò¥ É¥·Ö¥É ¸³Ò¸² ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ-
·¨¨. �¤´ ±µ ¥¸²¨ ¶µ´ÖÉ¨¥ ®¸¶¨´ ¯ ¸¢Ö§ ´µ ¸ ¢´ÊÉ·¥´´¨³¨ ¸É¥¶¥´Ö³¨ ¸¢µ-
¡µ¤Ò (¸ ¢´ÊÉ·¥´´¥° ¸¨³³¥É·¨¥°), Éµ ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ ´ °¤¥´´Ò¥ Ê· ¢´¥-
´¨Ö µ¶¨¸Ò¢ ÕÉ ·¥²ÖÉ¨¢¨¸É¸±ÊÕ ¤¨´ ³¨±Ê ¸¨¸É¥³Ò. ’ ± µ¡¸Éµ¨É ¤¥²µ, ´ -
¶·¨³¥·, ¸ Ö¤¥·´µ° ³ É¥·¨¥°, ¸µ¸ÉµÖÐ¥° ¨§ ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢, ³¥¦¤Ê
±µÉµ·Ò³¨ ¤¥°¸É¢ÊÕÉ ¨§µÉµ¶¨Î¥¸±¨-¨´¢ ·¨ ´É´Ò¥ ¸¨²Ò, ¡² £µ¤ ·Ö Î¥³Ê ¢µ§-
´¨± ¥É ¢µ§³µ¦´µ¸ÉÓ µ¶¨¸Ò¢ ÉÓ ³ ±·µ¸±µ¶¨Î¥¸±µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨¸É¥³Ò ¶²µÉ-
´µ¸ÉÓÕ ¨§µÉµ¶¨Î¥¸±µ£µ ¸¶¨´  ¨ ¶²µÉ´µ¸ÉÓÕ ¶µÉµ±  ¨§µÉµ¶¨Î¥¸±µ£µ ¸¶¨´ .
’ ±¨³ µ¡· §µ³, Ê· ¢´¥´¨Ö (13.38)Ä(13.40) ³µ£ÊÉ µ¶¨¸Ò¢ ÉÓ ·¥²ÖÉ¨¢¨¸É¸±ÊÕ
¤¨´ ³¨±Ê ¸¢¥·ÌÉ¥±ÊÎ¥° Ö¤¥·´µ° ³ É¥·¨¨ ¸ É·¨¶²¥É´Ò³ ¶µ ¨§µÉµ¶¨Î¥¸±µ³Ê
¸¶¨´Ê ¸¶ ·¨¢ ´¨¥³ É¨¶  B-Ë §Ò. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶µÉ¥´Í¨ ² ω′ Ö¢²Ö¥É¸Ö ·¥²Ö-
É¨¢¨¸É¸±¨³ ¸± ²Ö·µ³, § ¢¨¸ÖÐ¨³ µÉ ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³Ò ¸¥³¨ ¨´¢ ·¨ ´Éµ¢:

Y 2, p2, p2, Y p,
(
Y p
)2

,
(
pp
)2

,
(
Y p
) (

pp
)
.

�·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ ƒ ²¨²¥Ö, µ¶·¥¤¥²Ö¥³ÒÌ Ê´¨É ·´Ò³ ¶·¥µ¡· §µ¢ -
´¨¥³

Uu = exp
(
−iu

∫
d3xmxn̂(x)

)

(u Å ¶ · ³¥É· ¶·¥µ¡· §µ¢ ´¨Ö, m Å ³ ¸¸  Ë¥·³¨-Î ¸É¨ÍÒ), µ¶¥· Éµ·Ò
¶²µÉ´µ¸É¥°  ¤¤¨É¨¢´ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö µ¡² ¤ ÕÉ É· ´¸Ëµ·³ Í¨µ´´Ò³¨
¸¢µ°¸É¢ ³¨

Uun̂(x)U+
u = n̂(x), Uuπ̂i(x)U+

u = π̂i(x) + uimn̂(x),

Uuŝα(x)U+
u = ŝα(x), Uuε̂(x)U+

u = ε̂(x) + uiπ̂i(x) +
1
2
mu2n̂(x).
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‚ ÔÉµ³ ¸²ÊÎ ¥ É¥·³µ¤¨´ ³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² § ¢¨¸¨É µÉ ³¥´ÓÏ¥£µ Î¨¸² 
¨´¢ ·¨ ´Éµ¢: Y ′

0 , Y
2, Y ′2, Y ′

4 , ω
2
k, Y

′
kωαkY α, (Y ωk)

2, (Y ′
i ωi)

2. ‡¤¥¸Ó Y ′
0 = Y0,

Y ′
i = Yi + Y0vi, Y ′

4 = Y4 + Ykmvk + Y0(mv2/2), vk = pk/m.

‡�Š‹@—…�ˆ…

�·¨ ¨§²µ¦¥´¨¨ ³ É¥·¨ ²  ³Ò ¶·¨¤¥·¦¨¢ ²¨¸Ó ±µ´Í¥¶Í¨¨ ±¢ §¨¸·¥¤´¨Ì
¨ £¨¶µÉ¥§Ò ¸µ±· Ð¥´´µ£µ µ¶¨¸ ´¨Ö, ¶·¨´ÖÉÒÌ ¢ ¸É É¨¸É¨Î¥¸±µ° ³¥Ì ´¨±¥
¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ ¸µ ¸¶µ´É ´´µ ´ ·ÊÏ¥´´µ° ¸¨³³¥-
É·¨¥°. ‚ · ³± Ì É ±µ£µ ³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¶µ¸²¥¤µ¢ É¥²Ó´µ · ¸¸³µ-
É·¥´Ò ¢µ¶·µ¸Ò µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö ·Ö¤  ±¢ ´Éµ¢ÒÌ ¦¨¤±µ¸É¥°
¨ ±·¨¸É ²²µ¢ ¸ ¤µ¸É ÉµÎ´µ ¸²µ¦´Ò³ ¶ · ³¥É·µ³ ¶µ·Ö¤± , ¢±²ÕÎ Ö § ¤ ÎÊ
±² ¸¸¨Ë¨± Í¨¨ ¢Ò·µ¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°. ˆ§ÊÎ¥´Ò ¤¨´ ³¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò ¢
É ±¨Ì ±¢ ´Éµ¢ÒÌ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸·¥¤ Ì. ‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¶·µ¡²¥³ 
Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ II ·µ¤ , µ¡ÒÎ´µ · ¸¸³ É·¨¢ ¥³ Ö ´  µ¸´µ¢¥ Ë¥´µ³¥´µ²µ-
£¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢, ¨§´ Î ²Ó´µ ³µ¤¥²Ó´µ § ¢¨¸¨³ . �·¥¤¸É ¢²¥´¨¥ µ ´¥´ ·Ê-
Ï¥´´µ° ¨ ¶·µ¸É· ´¸É¢¥´´µ° ¸¨³³¥É·¨¨ ¸µ¸ÉµÖ´¨Ö · ¢´µ¢¥¸¨Ö, ¶µ¤Ìµ¤ ƒ¨¡¡¸ 
¢ ¸µÎ¥É ´¨¨ ¸ ±µ´Í¥¶Í¨¥° ±¢ §¨¸·¥¤´¨Ì ¶µ§¢µ²ÖÕÉ ¶·¥¤²µ¦¨ÉÓ  ²ÓÉ¥·´ É¨¢-
´Ò° ¶µ¤Ìµ¤, ¸¢µ¡µ¤´Ò° µÉ ± ±¨Ì-²¨¡µ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨°.

�·¨ ¶µ¸É·µ¥´¨¨ Ê· ¢´¥´¨° £¨¤·µ¤¨´ ³¨±¨ ¢¢¥¤¥´¨¥ ¶µ´ÖÉ¨Ö ¢ ·Ó¨·µ-
¢ ´´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì ¢¥²¨Î¨´ ¨ ¸¢Ö§ ´´ÒÌ ¸ ´¨³¨ µ¶¥· Éµ·µ¢ ¶µ§¢µ²Ö¥É
¶·µ¸²¥¤¨ÉÓ ¸¢Ö§Ó ³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¸ £ ³¨²ÓÉµ´µ¢Ò³ ¶µ¤Ìµ¤µ³ (¸³.
Ëµ·³Ê²Ò (11.9), (12.14), (12.15), (12.19), (13.14), (13.16), (13.20)). Œ¨±·µ¸±µ-
¶¨Î¥¸±¨° ¶µ¤Ìµ¤ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¢ ¶·¨´Í¨¶¥ · ¸¸³µÉ·¥ÉÓ É ±¦¥ ¨ ¤·Ê£¨¥
¤µ¸É ÉµÎ´µ ¸²µ¦´Ò¥ ±µ´¤¥´¸¨·µ¢ ´´Ò¥ ¸·¥¤Ò ¸ ¢¥±Éµ·´Ò³ ¨²¨ É¥´§µ·´Ò³
¶ · ³¥É· ³¨ ¶µ·Ö¤± , ¢ Î ¸É´µ¸É¨, ¸¢¥·ÌÉ¥±ÊÎÊÕ Ö¤¥·´ÊÕ ³ É¥·¨Õ, ¸¢¥·Ì¶·µ-
¢µ¤´¨±¨ ¸ d- ¨ f -¸¶ ·¨¢ ´¨¥³, ¦¨¤±¨¥ ±·¨¸É ²²Ò, ³ £´¥É¨±¨. iµ²¥¥ µ¡Ð¨¥
Ê· ¢´¥´¨Ö £¨¤·µ¤¨´ ³¨±¨, ¶µ²ÊÎ¥´´Ò¥ ¤²Ö  ´¨§µÉ·µ¶´µ° Ë §Ò (¸³. · §¤. 12),
¶µ§¢µ²ÖÕÉ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¶ · ³¥É·Ò
± ± ±µ´Ëµ·³ Í¨µ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, µ¶¨¸Ò¢ ÕÐ¨¥ Ëµ·³Ê ±Ê¶¥·µ¢¸±µ°
¶ ·Ò. ‡¤¥¸Ó ¶·µÖ¢²Ö¥É¸Ö µ¶·¥¤¥²¥´´ Ö  ´ ²µ£¨Ö ¸ ¤¢ÊÌµ¸´Ò³¨ ¦¨¤±¨³¨ ±·¨-
¸É ²² ³¨ [82].

�¢Éµ·Ò ¡² £µ¤ ·´Ò Ëµ´¤Ê INTAS (£· ´É 00-00577) §  Ë¨´ ´¸µ¢ÊÕ ¶µ¤-
¤¥·¦±Ê · ¡µÉÒ.
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