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�·¥¤¸É ¢²¥´ ±· É±¨° μ¡§μ· ¨¸¶μ²Ó§μ¢ ´¨Ö ³¥Éμ¤  ÉμÎ´ÒÌ ·¥Ï¥´¨° ±¢ ´Éμ¢ÒÌ Ê· ¢´¥´¨°
¤²Ö μ¶¨¸ ´¨Ö ¤¢¨¦¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢μ ¢´¥Ï´¨Ì ¶μ²ÖÌ. � §¢¨¢ ¥É¸Ö ³¥Éμ¤ ±¢ ´Éμ¢ -
´¨Ö ¸ ¶μ³μÐÓÕ ¶μ¢ÒÏ ÕÐ¨Ì ¨ ¶μ´¨¦ ÕÐ¨Ì μ¶¥· Éμ·μ¢, ±μÉμ·Ò° ¶·¨³¥´Ö¥É¸Ö ¤²Ö μ¶¨¸ ´¨Ö
¸μ¸ÉμÖ´¨° Ë¥·³¨-Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ³ £´¨É´μ³ ¶μ²¥ ¨ ¶²μÉ´μ³ ¢¥Ð¥¸É¢¥. ‚¶¥·¢Ò¥ ¶μ¸É -
¢²¥´  ¨ ·¥Ï¥´  § ¤ Î  μ ¤¢¨¦¥´¨¨ § ·Ö¦¥´´μ£μ Ë¥·³¨μ´  ¢ ¸·¥¤¥ ¨ ¢´¥Ï´¥³ ³ £´¨É´μ³ ¶μ²¥
¸ ÊÎ¥Éμ³  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  Î ¸É¨ÍÒ: ¶μ²ÊÎ¥´Ò ÉμÎ´Ò¥ ·¥Ï¥´¨Ö ¤²Ö ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° ¨ ¸¶¥±É·  Ô´¥·£¨° ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ Ê· ¢´¥´¨Ö „¨· ± . �¡¸Ê¦¤ -
¥É¸Ö ±¢ §¨±² ¸¸¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ¶μ²ÊÎ¥´´ÒÌ ·¥Ï¥´¨°, ¨, ¢ Î ¸É´μ¸É¨, ´ °¤¥´  ¶μ¶· ¢± 
± ¨´É¥´¸¨¢´μ¸É¨ ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö, § ¢¨¸ÖÐ Ö μÉ ¶²μÉ´μ¸É¨ ¸·¥¤Ò.

A brief review of method of exact solutions of quantum equations describing charged particles
motion in external ˇelds is presented. A quantization method using increasing and decreasing operators
that is applied for description of states of fermions propagating in the magnetic ˇeld and matter is
developed. The problem of charged fermion motion in matter and magnetic ˇeld with account for
nonzero anomalous magnetic moment is ˇrst formulated and solved. Exact solutions for spectrum and
wavefunctions for corresponding modiˇed Dirac equation are obtained. Semiclassical interpretation
of the obtained solutions is discussed. In particular an amendment to synchrotron radiation intensity
that is dependent on matter density is obtained.

PACS: 03.65.Pm
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’μÎ´Ò¥ ·¥Ï¥´¨Ö ±¢ ´Éμ¢ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤ ÕÉ ÔËË¥±É¨¢´Ò° ¨´-
¸É·Ê³¥´É ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö · §²¨Î´ÒÌ Ö¢²¥´¨° ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í, ¨³¥-
ÕÐ¨Ì ³¥¸Éμ ¢ Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨°. �´¨ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö ·¥Ï¥´¨Ö Î ¸É-
´ÒÌ § ¤ Î ¤¢¨¦¥´¨Ö Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¢ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²ÖÌ, ¸μ§¤ -
¢ ¥³ÒÌ ¢ §¥³´ÒÌ Ê¸É ´μ¢± Ì,   É ±¦¥ ¢  ¸É·μË¨§¨±¥ ¨ ±μ¸³μ²μ£¨¨. ’μÎ´Ò¥
·¥Ï¥´¨Ö ¡Ò²¨ ¢¶¥·¢Ò¥ ¶·¨³¥´¥´Ò ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥ ¤²Ö · §¢¨É¨Ö
±¢ ´Éμ¢μ° É¥μ·¨¨ ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö, É. ¥. ¤²Ö ¨§ÊÎ¥´¨Ö ¤¢¨¦¥´¨Ö ¨
¨§²ÊÎ¥´¨Ö Ô²¥±É·μ´  ¢ ³ £´¨É´μ³ ¶μ²¥ (¸³., ´ ¶·¨³¥·, [1]) ¨ É ±¦¥ ¤²Ö ¨§ÊÎ¥-
´¨Ö Ô²¥±É·μ¤¨´ ³¨±¨ ¨ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ · §²¨Î´ÒÌ ±μ´Ë¨£Ê· Í¨ÖÌ
¢´¥Ï´¨Ì Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²¥° [2, 3]. �ÉμÉ ³¥Éμ¤ μ¸´μ¢ ´ ´  ¶·¥¤¸É ¢²¥-
´¨¨ ” ··¨ [4] ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥ (¡μ²¥¥ ¤¥É ²Ó´μ¥ μ¡¸Ê¦¤¥´¨¥
ÔÉμ£μ ¢μ¶·μ¸  ¸³. ¢ [5]), Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥³μ£μ ¤²Ö μ¶¨¸ ´¨Ö ¢§ ¨³μ¤¥°-
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¸É¢¨Ö Î ¸É¨Í ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¥£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö. �¥¤ ¢´μ ¡Ò²μ
¶μ± § ´μ, ÎÉμ ³¥Éμ¤ ÉμÎ´ÒÌ ·¥Ï¥´¨° ³μ¦¥É É ±¦¥ ¶·¨³¥´ÖÉÓ¸Ö ¤²Ö § ¤ Î¨
μ ¤¢¨¦¥´¨¨ ´¥°É·¨´μ ¨ Ô²¥±É·μ´  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¶²μÉ´μ° ¸·¥¤Ò (¸³. [5]).
� ¨¡μ²¥¥ Ö·±μ ÔÉ  ¢μ§³μ¦´μ¸ÉÓ Ê± § ´  ¢ [6, 7], £¤¥ ¡Ò²μ ¶μ²ÊÎ¥´μ ¨ ¨¸¸²¥-
¤μ¢ ´μ ÉμÎ´μ¥ ·¥Ï¥´¨¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ Ê· ¢´¥´¨Ö „¨· ±  ¤²Ö ´¥°É·¨´μ,
¤¢¨¦ÊÐ¥£μ¸Ö ¢ ¸·¥¤¥. ‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ÉμÎ´μ¥ ·¥Ï¥´¨¥ ¤²Ö Ô²¥±É·μ´  ¶μ²Ê-
Î¥´μ ¢ [8]. ‚ [9] ¨ [10] ¢¶¥·¢Ò¥ ·¥Ï¥´  § ¤ Î  μ · ¸¶·μ¸É· ´¥´¨¨ ´¥°É·¨´μ
¢ ¸·¥¤¥ ¸ £· ¤¨¥´Éμ³ ¸±μ·μ¸É¨. ’ ³ ¦¥ ¡Ò²μ · ¸¸³μÉ·¥´μ · ¸¶·μ¸É· ´¥´¨¥
´¥°É·¨´μ ¢μ ¢· Ð ÕÐ¥°¸Ö ¸·¥¤¥ ¸ ÊÎ¥Éμ³ ÔËË¥±É  ´¥´Ê²¥¢μ° ³ ¸¸Ò.

„²Ö μ¶¨¸ ´¨Ö ±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö Î ¸É¨ÍÒ ¢ ¸·¥¤¥ § ¤ ´´μ£μ ¸μ¸É ¢ 
´Ê¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö Ê· ¢´¥´¨¥³ „¨· ± , ¢ ±μÉμ·μ¥ ¸²¥¤Ê¥É ¤μ¡ ¢¨ÉÓ ¸² -
£ ¥³Ò¥, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ÔÉμ° Î ¸É¨ÍÒ ¸ Î ¸É¨Í ³¨ ³ É¥·¨¨.
Šμ´±·¥É´ Ö ¸É·Ê±ÉÊ·  ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö § ¢¨¸¨É ± ± μÉ ¸μ¸É ¢  ¸·¥¤Ò,
É ± ¨ μÉ É¨¶  ¶·μ¡´μ° Î ¸É¨ÍÒ ¨ ³μ¦¥É ¡ÒÉÓ Ê¸É ´μ¢²¥´  ¨¸Ìμ¤Ö ¨§ ³μ¤¥²¨,
¶·¨³¥´Ö¥³μ° ¤²Ö μ¶¨¸ ´¨Ö Î ¸É¨Í ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨°. �·¨¢¥¤¥³ ¢ ± Î¥-
¸É¢¥ ¶·¨³¥·  ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ Ê· ¢´¥´¨¥ „¨· ± , μ¶¨¸Ò¢ ÕÐ¥¥ ¸μ¸ÉμÖ´¨Ö
Ô²¥±É·μ´  ¢ ¸·¥¤¥ ¨ ³ £´¨É´μ³ ¶μ²¥, ¢ ¸²ÊÎ ¥, ±μ£¤  Î ¸É¨Í  ¨ ¥¥ ¢§ ¨³μ¤¥°-
¸É¢¨¥ ¸μ ¸·¥¤μ° μ¶¨¸Ò¢ ÕÉ¸Ö ‘É ´¤ ·É´μ° ³μ¤¥²ÓÕ [6,12]:{

γμ(pμ + e0A
μ) +

1
2
γμ(1 − 4 sin2 θW + γ5)fμ − m

}
Ψ(x) = 0. (1)

�Éμ ´ ¨¡μ²¥¥ μ¡Ð Ö Ëμ·³  Ê· ¢´¥´¨Ö ¤²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ô²¥±É·μ´ , ¢
±μÉμ·μ° ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² Vμ = 1/2(1 − 4 sin2 θW + γ5)fμ ¢±²ÕÎ ¥É
¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´  ¸ Î ¸É¨Í ³¨ ¸·¥¤Ò ¶μ¸·¥¤¸É¢μ³ ± ± ´¥°É· ²Ó´ÒÌ,
É ± ¨ § ·Ö¦¥´´ÒÌ Éμ±μ¢, ¨ ±μÉμ·Ò° ³μ¦¥É É ±¦¥ ÊÎ¨ÉÒ¢ ÉÓ ÔËË¥±ÉÒ ¤¢¨-
¦¥´¨Ö ¨ ¶μ²Ö·¨§ Í¨¨ ¢¥Ð¥¸É¢ . ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÉ ¨ ¤·Ê£¨¥
³μ¤¨Ë¨± Í¨¨ Ê· ¢´¥´¨Ö „¨· ± . �¥±μÉμ·Ò¥ ¨§ ´¨Ì ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¢ [11]
¤²Ö ¨§ÊÎ¥´¨Ö ¤¨¸¶¥·¸¨μ´´ÒÌ ¸μμÉ´μÏ¥´¨° ¤²Ö ´¥°É·¨´μ, £¥´¥· Í¨¨ ³ ¸¸Ò
´¥°É·¨´μ ¨ μ¸Í¨²²ÖÍ¨° ¢ ¢¥Ð¥¸É¢¥.

Š ± ¶μ± § ´μ ¢ [6, 7], ±¢ ´Éμ¢μ¥ Ê· ¢´¥´¨¥ (1) ³μ¦¥É ¡ÒÉÓ μ¡μ¡Ð¥´μ ´ 
¸²ÊÎ ° ¤·Ê£¨Ì Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¸·¥¤¥.

‚ [5Ä10] ¨¸¶μ²Ó§μ¢ ´ ÉμÉ Ë ±É, ÎÉμ Ê· ¢´¥´¨¥ (1) ¨ ¥£μ μ¡μ¡Ð¥´¨Ö ³μ¦´μ
ÔËË¥±É¨¢´μ ¶·¨³¥´ÖÉÓ ¤²Ö ¸¨¸É¥³ É¨Î¥¸±μ£μ · ¸¸³μÉ·¥´¨Ö · §²¨Î´ÒÌ ÉμÎ´μ
·¥Ï ¥³ÒÌ § ¤ Î ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¨ ¸μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¤²Ö μ¶¨-
¸ ´¨Ö ¸μ¸ÉμÖ´¨Ö · §²¨Î´ÒÌ Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ¢¥Ð¥¸É¢¥. � °¤¥´´Ò¥ ¢μ²-
´μ¢Ò¥ ËÊ´±Í¨¨ ¤μ²¦´Ò ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö · ¸Î¥Éμ¢ ±μ´±·¥É´ÒÌ ±¢ ´Éμ¢ÒÌ
¶·μÍ¥¸¸μ¢ ¸ ÊÎ ¸É¨¥³ ÔÉ¨Ì Î ¸É¨Í.

Š ± ¶μ± § ´μ ¢ [12], ³´μ£¨¥ ¨§ ¨§¢¥¸É´ÒÌ § ¤ Î ¤²Ö ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ
Ê· ¢´¥´¨Ö „¨· ±  ¨³¥ÕÉ ·Ö¤ μ¡Ð¨Ì ³μ¤¥²Ó´ÒÌ ¸¢μ°¸É¢. ‚¸²¥¤¸É¢¨¥ Î¥£μ ¤²Ö
¨Ì ·¥Ï¥´¨Ö ¶·¨³¥´ÖÕÉ¸Ö ¸Ìμ¦¨¥ ¢ ¸¢μ¥° μ¸´μ¢¥  ²£μ·¨É³Ò. �Éμ ´ Ï²μ μÉ-
· ¦¥´¨¥ ¢ ¶μ¶ÒÉ±¥ ´ °É¨ ¨ μ¡μ¸´μ¢ ÉÓ ´¥±μÉμ·Ò°  ¡¸É· ±É´Ò° ¶μ¤Ìμ¤ ¤²Ö
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·¥Ï¥´¨Ö § ¤ Î ¸ μ¶·¥¤¥²¥´´μ° ¶μ¸É ´μ¢±μ°, ±μÉμ· Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¢¸¥ · ¸-
¸³μÉ·¥´´Ò¥ ¢ [5Ä12] Î ¸É´Ò¥ ¸²ÊÎ ¨. �¨¦¥ ¢ ¤ ´´μ° · ¡μÉ¥ ³Ò μ¡μ¸´μ¢Ò¢ ¥³
ÊÉ¢¥·¦¤¥´¨Ö, ¢Ò· ¦ ÕÐ¨¥ É¥μ·¥É¨Î¥¸±¨¥ μ¸´μ¢Ò ÔÉμ£μ ¶μ¤Ìμ¤ . �·¨ ÔÉμ³
¶¥·¥Î¨¸²¥´´Ò¥ Î ¸É´Ò¥ § ¤ Î¨ ³μ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¥£μ ¶·¨³¥´¥´¨Ö.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ · §¢¨¢ ¥É¸Ö ®³¥Éμ¤ ÉμÎ´ÒÌ ·¥Ï¥´¨°¯ ¤²Ö § ¤ Î¨ μ¡
Ô²¥±É·μ´¥, · ¸¶·μ¸É· ´ÖÕÐ¥³¸Ö ¢ ¸·¥¤¥ § ¤ ´´μ° ¶²μÉ´μ¸É¨ ¨ ¸¨²Ó´μ³ ³ £-
´¨É´μ³ ¶μ²¥. � ¡μÉ  μ·£ ´¨§μ¢ ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ · §¤. 1 ³Ò ±· É±μ
μ¸É ´μ¢¨³¸Ö ´  μ¶¨¸ ´¨¨ ¨¸Éμ±μ¢ ¶·¨³¥´Ö¥³μ° ´ ³¨ ³¥Éμ¤μ²μ£¨¨ ¨ ¶·μ±μ³-
³¥´É¨·Ê¥³ ¶·¨³¥· ¥¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤²Ö ·¥Ï¥´¨Ö § ¤ Î¨ μ ¤¢¨¦¥´¨¨ Ô²¥±-
É·μ´  ¢ ³ £´¨É´μ³ ¶μ²¥,  ±Í¥´É¨·ÊÖ ¢´¨³ ´¨¥ ´  ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ¤¥-
É ²ÖÌ. ‚ ¶μ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì ¶·μ¢μ¤¨É¸Ö ¶μ¤·μ¡´μ¥ · ¸¸³μÉ·¥´¨¥ § ¤ Î¨ μ
¤¢¨¦¥´¨¨ Ô²¥±É·μ´  ¢μ ¢´¥Ï´¥³ ³ £´¨É´μ³ ¶μ²¥ ¨ ¸·¥¤¥. ‚ · §¤. 2 ¨§² £ ¥É¸Ö
·¥Ï¥´¨¥ § ¤ Î¨ ¤²Ö Ô²¥±É·μ´  ¡¥§ ÊÎ¥É   ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É ,  
É ±¦¥ ´¥±μÉμ·Ò¥ ¸¢Ö§ ´´Ò¥ ¸ ÔÉ¨³ Ë¨§¨Î¥¸±¨¥ ¸²¥¤¸É¢¨Ö. ‚ · §¤. 3  ´μ-
³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É ¶·¨´ÖÉ ¢μ ¢´¨³ ´¨¥. ‚ · §¤. 4 ³Ò · ¸¸³ É·¨¢ ¥³
Ë¨§¨Î¥¸±¨¥ ¸²¥¤¸É¢¨Ö ¨§ ¶μ²ÊÎ¥´´ÒÌ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì ·¥§Ê²ÓÉ Éμ¢ ¨
¨Ì ¨´É¥·¶·¥É Í¨Õ, ¶¥·¥Ìμ¤Ö ± ±² ¸¸¨Î¥¸±μ³Ê μ¶¨¸ ´¨Õ. ‚ § ±²ÕÎ¥´¨¨ ³Ò
¶·¨¢¥¤¥³ ´¥±μÉμ·Ò¥ ¶·¨³¥·Ò ¨¸¶μ²Ó§μ¢ ´¨Ö ¶μ²ÊÎ¥´´ÒÌ ÉμÎ´ÒÌ ·¥Ï¥´¨°
¤²Ö § ¤ Î  ¸É·μË¨§¨±¨.
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Š ± ¨§¢¥¸É´μ, ¸μ¸ÉμÖ´¨Ö Ô²¥±É·μ´ , ¤¢¨¦ÊÐ¥£μ¸Ö ¢ ¢ ±ÊÊ³¥ ¶·¨ ´ ²¨Î¨¨
¶μ¸ÉμÖ´´μ£μ ¨ μ¤´μ·μ¤´μ£μ ³ £´¨É´μ£μ ¶μ²Ö, ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¸ ¶μ³μ-
ÐÓÕ Ê· ¢´¥´¨Ö „¨· ± . �¥Ï¥´¨¥ ÔÉμ° ±² ¸¸¨Î¥¸±μ° § ¤ Î¨ Ìμ·μÏμ ¨§ÊÎ¥´μ
¨ ¶·¥¤¸É ¢²¥´μ ¢ ²¨É¥· ÉÊ·¥ (¸³., ´ ¶·¨³¥·, [1]). ˆ É¥ ³¥¸Éμ ¨ ·μ²Ó, ±μÉμ·Ò¥
§ ´¨³ ¥É ÔÉμ ·¥Ï¥´¨¥ ¢ ¸μ¢μ±Ê¶´μ¸É¨ É¥μ·¥É¨Î¥¸±¨Ì ¶μ¸É·μ¥´¨°, μ¡Ê¸²μ-
¢²¥´Ò ¶μ³¨³μ ¢μ§³μ¦´μ¸É¨ ´¥¶μ¸·¥¤¸É¢¥´´μ£μ ¶·¨³¥´¥´¨Ö ÔÉμ£μ ·¥§Ê²ÓÉ É 
¤²Ö ·¥Ï¥´¨Ö ¤·Ê£¨Ì § ¤ Î ¥Ð¥ ¨ É¥³, ÎÉμ ÔÉμ μ¤´  ¨§ ¸μ¢¸¥³ ´¥³´μ£¨Ì ¶·μ¡²¥³
±¢ ´Éμ¢μ° É¥μ·¨¨, ±μÉμ· Ö ·¥Ï ¥É¸Ö ÉμÎ´μ. ‘ ÊÎ¥Éμ³ ÔÉμ£μ ¢ ¦´μ£μ μ¡¸Éμ-
ÖÉ¥²Ó¸É¢   ¢Éμ· ³ ± ¦¥É¸Ö Í¥²¥¸μμ¡· §´Ò³ ¶·μ ´ ²¨§¨·μ¢ ÉÓ ÔÉμ ·¥Ï¥´¨¥,
ÎÉμ¡Ò ´  ¶·μ¸Éμ³ ¶·¨³¥·¥ ¢ÒÖ¢¨ÉÓ ¨ ¶μ± § ÉÓ ´¥±μÉμ·Ò¥ ³¥Éμ¤μ²μ£¨Î¥¸±¨¥
¶·¨¥³Ò, ¶·¨¢¥¤Ï¨¥ ¨Ì ± ¨¸¸²¥¤μ¢ ´¨Õ ´μ¢ÒÌ § ¤ Î É¥μ·¨¨ ¨´Ò³¨ ¶μ¤Ìμ¤ ³¨
¨ ¢ ±μ´¥Î´μ³ ¸Î¥É¥ ± ´ ¶¨¸ ´¨Õ ÔÉμ° · ¡μÉÒ.

� ¸¸³μÉ·¨³ ¤¢¨¦¥´¨¥ Ô²¥±É·μ´  ¢ ¶μ¸ÉμÖ´´μ³ μ¤´μ·μ¤´μ³ ³ £´¨É´μ³
¶μ²¥ ¸ ´ ¶·Ö¦¥´´μ¸ÉÓÕ B = {0, 0, B}. ‚¥±Éμ·´Ò° ¶μÉ¥´Í¨ ² ÔÉμ£μ ¶μ²Ö
¢Ò¡¨· ¥³ ¢ ¢¨¤¥∗ A = {0, Bx, 0}. ‡ ·Ö¤ Ô²¥±É·μ´  e = −e0. ƒ ³¨²ÓÉμ´¨ ´

∗’ ±ÊÕ ± ²¨¡·μ¢±Ê ¢¥±Éμ·´μ£μ ¶μÉ¥´Í¨ ²  Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ, ¥¸²¨ É·¥¡Ê¥É¸Ö ¶μ¸É·μ-
¨ÉÓ ·¥Ï¥´¨¥ § ¤ Î¨ ¢ ¤¥± ·Éμ¢ÒÌ ±μμ·¤¨´ É Ì. Šμ´¥Î´μ, ¤μ¶Ê¸É¨³  ²Õ¡ Ö ¤·Ê£ Ö ± ²¨¡·μ¢± .

� ¶·¨³¥·, A =
{
−By

2
, Bx

2
, 0
}

¨¸¶μ²Ó§Ê¥É¸Ö, ±μ£¤  É·¥¡Ê¥É¸Ö ¶μ¸É·μ¨ÉÓ ·¥Ï¥´¨¥ ¢ Í¨²¨´¤·¨-

Î¥¸±¨Ì ±μμ·¤¨´ É Ì.
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„¨· ±  ¨ Ê· ¢´¥´¨¥ „¨· ±  ¢ ÔÉμ³ ¸²ÊÎ ¥ § ¶¨ÏÊÉ¸Ö, ¸μμÉ¢¥É¸É¢¥´´μ, É ±
(¶μ² £ ¥³ c = � = 1):

H = (α, p̂ + e0A(x̂)) + mβ, i
∂

∂t
|ψ〉 = H |ψ〉. (2)

�μ¸É·μ¨³ ·¥Ï¥´¨¥ ¡¥§μÉ´μ¸¨É¥²Ó´μ ± ¶·¥¤¸É ¢²¥´¨Õ. ˆ§ ¢¨¤  £ ³¨²ÓÉμ´¨ ´ 
¸²¥¤Ê¥É, ÎÉμ ¨´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö ¡Ê¤ÊÉ ¨³¶Ê²Ó¸Ò py ¨ pz ¨ Ô´¥·£¨Ö p0.
�μÔÉμ³Ê ¡Ê¤¥³ ¨¸± ÉÓ ·¥Ï¥´¨¥ ¢ ¢¨¤¥

|ψ〉 = e−ip0t|py〉|pz〉

⎛
⎜⎜⎝

|ψ1〉
|ψ2〉
|ψ3〉
|ψ4〉

⎞
⎟⎟⎠ . (3)

�Î¥¢¨¤´μ, ÎÉμ p̂y|ψ〉 = p2|ψ〉, p̂z|ψ〉 = p3|ψ〉. ’μ£¤ , ¨¸¶μ²Ó§ÊÖ ¤²Ö ³ É·¨Í
„¨· ±  ¸É ´¤ ·É´μ¥ ¶·¥¤¸É ¢²¥´¨¥, ¶μ²ÊÎ¨³ ¸¨¸É¥³Ê Ê· ¢´¥´¨°

(p0 − m)|ψ1〉 + i(e0Bx̂ + ip̂x + p2)|ψ4〉 − p3|ψ3〉 = 0,

(p0 − m)|ψ2〉 − i(e0Bx̂ − ip̂x + p2)|ψ3〉 + p3|ψ4〉 = 0,

(p0 + m)|ψ3〉 + i(e0Bx̂ + ip̂x + p2)|ψ2〉 − p3|ψ1〉 = 0,

(p0 + m)|ψ4〉 − i(e0Bx̂ − ip̂x + p2)|ψ1〉 + p3|ψ2〉 = 0.

�¡μ§´ Î¨³

x̂′ = x̂ +
p2

e0B
, x0 =

1√
e0B

, p0 =
√

e0B

¨ ¢¢¥¤¥³ ¶μ  ´ ²μ£¨¨ ¸ μ¤´μ³¥·´Ò³ £ ·³μ´¨Î¥¸±¨³ μ¸Í¨²²ÖÉμ·μ³ ¶μ¢ÒÏ -
ÕÐ¨° ¨ ¶μ´¨¦ ÕÐ¨° μ¶¥· Éμ·Ò

â =
1√
2

(
x̂′

x0
+ i

p̂x

p0

)
, â+ =

1√
2

(
x̂′

x0
− i

p̂x

p0

)
. (4)

‚ ·¥§Ê²ÓÉ É¥ ¸¨¸É¥³  ¶¥·¥¶¨Ï¥É¸Ö ¢ ¢¨¤¥∗

(p0 − m)|ψ1〉 + i
√

2e0B â|ψ4〉 − p3|ψ3〉 = 0,

(p0 − m)|ψ2〉 − i
√

2e0B â+|ψ3〉 + p3|ψ4〉 = 0,

(p0 + m)|ψ3〉 + i
√

2e0B â|ψ2〉 − p3|ψ1〉 = 0,

(p0 + m)|ψ4〉 − i
√

2e0B â+|ψ1〉 + p3|ψ2〉 = 0.

(5)

∗’ ± ± ± ¢ μ¶·¥¤¥²¥´¨¨ μ¶¥· Éμ·μ¢ â ¨ â+ ¶·μ¨§¢¥²¨ § ³¥´Ê x̂ ´  x̂′, Éμ ¶·¨ ¶¥·¥Ìμ¤¥
± x-¶·¥¤¸É ¢²¥´¨Õ ¢³¥¸Éμ ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ |x〉 μ¶¥· Éμ·  x̂ ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¸μ¡¸É¢¥´-
´Ò¥ ¢¥±Éμ·Ò |x + p2x2

0〉 μ¶¥· Éμ·  x̂′.
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	Ê¤¥³ ¨¸± ÉÓ ·¥Ï¥´¨¥ ÔÉμ° ¸¨¸É¥³Ò ± ±⎛
⎜⎜⎝

|ψ1〉
|ψ2〉
|ψ3〉
|ψ4〉

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

C1|n1〉′
iC2|n2〉′
C3|n3〉′
iC4|n4〉′

⎞
⎟⎟⎠ , (6)

£¤¥ |ni〉′ Å ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¸μ ¸¤¢¨´ÊÉÒ³
 ·£Ê³¥´Éμ³, ′〈ni|nj〉′ = δi,j ¤²Ö ∀ i = 1, 2, 3, 4. �μ¤¸É ¢¨³ ÔÉμÉ ¢¨¤ ·¥Ï¥´¨Ö
¢ ¸¨¸É¥³Ê (5):

(p0 − m)C1|n1〉′ − C4

√
2e0Bn4 |n4 − 1〉′ − p3C3|n3〉′ = 0,

(p0 − m)C2|n2〉′ − C3

√
2e0B(n3 + 1) |n3 + 1〉′ + p3C4|n4〉′ = 0,

(p0 + m)C3|n3〉′ − C2

√
2e0Bn2 |n2 − 1〉′ − p3C1|n1〉′ = 0,

(p0 + m)C4|n4〉′ − C1

√
2e0B(n1 + 1) |n1 + 1〉′ + p3C2|n2〉′ = 0.

�É¸Õ¤  ¢¨¤´μ, ÎÉμ ¸²¥¤Ê¥É ¶μ²μ¦¨ÉÓ n1 = n3 = n − 1, n2 = n4 = n. ‚ ÔÉμ³
¸²ÊÎ ¥ ¢¥±Éμ·Ò ¸μ¸ÉμÖ´¨° ¢¸Õ¤Ê ¸μ±· Ð ÕÉ¸Ö ¨ ¶μ²ÊÎ ¥É¸Ö μ¤´μ·μ¤´ Ö ¸¨-
¸É¥³  ²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¤²Ö ´ Ìμ¦¤¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ Ci:⎧⎪⎪⎨

⎪⎪⎩
(p0 − m)C1 − C4

√
2e0Bn − p3C3 = 0,

(p0 − m)C2 − C3

√
2e0Bn + p3C4 = 0,

(p0 + m)C3 − C2

√
2e0Bn − p3C1 = 0,

(p0 + m)C4 − C1

√
2e0Bn + p3C2 = 0.

(7)

�É  ¸¨¸É¥³  ¨³¥¥É ´¥É·¨¢¨ ²Ó´μ¥ ·¥Ï¥´¨¥ Éμ£¤  ¨ Éμ²Ó±μ Éμ£¤ , ±μ£¤  ¥¥
μ¶·¥¤¥²¨É¥²Ó · ¢¥´ ´Ê²Õ:∣∣∣∣∣∣∣∣

p0 − m 0 −p3 −
√

2e0Bn
0 p0 − m −

√
2e0Bn p3

−p3 −
√

2e0Bn p0 + m 0
−
√

2e0Bn p3 0 p0 + m

∣∣∣∣∣∣∣∣
= 0.

�ÉμÉ μ¶·¥¤¥²¨É¥²Ó · ¸±·Ò¢ ¥É¸Ö Ô²¥³¥´É ·´μ. „μ¸É ÉμÎ´μ § ³¥É¨ÉÓ, ÎÉμ ¥£μ
· ¢¥´¸É¢μ ´Ê²Õ μ§´ Î ¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥ ´¥É·¨¢¨ ²Ó´μ£μ ·¥Ï¥´¨Ö Ê ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥° μ¤´μ·μ¤´μ° ¸¨¸É¥³Ò ²¨´¥°´ÒÌ Ê· ¢´¥´¨°, ±μÉμ·ÊÕ ³μ¦´μ § ¶¨-
¸ ÉÓ É ±:

(p0 − m)
(

φ1

φ2

)
=

(
−p3 −

√
2e0Bn

−
√

2e0Bn p3

)(
φ3

φ4

)
,

(p0 + m)
(

φ3

φ4

)
=

(
−p3 −

√
2e0Bn

−
√

2e0Bn p3

)(
φ1

φ2

)
.
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’μ£¤ , ´ ¶·¨³¥·, ¤²Ö ¶¥·¢μ£μ ¸¶¨´μ·  ¶μ²ÊÎ¨³ Ê· ¢´¥´¨¥

(p0 + m)(p0 − m)
(

φ1

φ2

)
=

(
−p3 −

√
2e0Bn

−
√

2e0Bn p3

)
×

×
(

−p3 −
√

2e0Bn

−
√

2e0Bn p3

) (
φ1

φ2

)
,

±μÉμ·μ¥ ¶·¨ ¶¥·¥³´μ¦¥´¨¨ ³ É·¨Í ¶·¨³¥É ¢¨¤

(p2
0 − m2)

(
φ1

φ2

)
=

(
p2
3 + 2e0Bn 0

0 p2
3 + 2e0Bn

) (
φ1

φ2

)
.

� Éμ£¤  μÎ¥¢¨¤´μ, Î¥³Ê · ¢´μ p0, ¶·¨ ±μÉμ·ÒÌ ¸ÊÐ¥¸É¢ÊÕÉ ´¥É·¨¢¨ ²Ó´Ò¥
·¥Ï¥´¨Ö Å Ê·μ¢´¨ ‹ ´¤ Ê:

p0 = ±
√

m2 + p2
3 + 2e0Bn, n = 0, 1, 2, . . .

’ ±¨³ μ¡· §μ³, ´  ¶·μ¸Éμ³ ¶·¨³¥·¥ ³Ò ¶μ± § ²¨, ± ± ¡¥§μÉ´μ¸¨É¥²Ó´μ ± ¶·¥¤-
¸É ¢²¥´¨Õ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ²¨ÏÓ ¶μ¢ÒÏ ÕÐ¨Ì ¨ ¶μ´¨¦ ÕÐ¨Ì μ¶¥· Éμ·μ¢
³μ¦´μ ¨¸¸²¥¤μ¢ ÉÓ Ê· ¢´¥´¨¥ „¨· ± . ‚ ¶μ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì ¸É ÉÓ¨ ÔÉμÉ
¶μ¤Ìμ¤ ¡Ê¤¥É ¶·¨³¥´¥´ ¤²Ö ·¥Ï¥´¨Ö ¡μ²¥¥ ¸²μ¦´ÒÌ § ¤ Î ¸ ¶μ²ÊÎ¥´¨¥³ ´μ-
¢ÒÌ ·¥§Ê²ÓÉ Éμ¢.

2. ��ˆ‘��ˆ… ‘�‘’�Ÿ�ˆ‰ �‹…Š’����
‚ ‘�…„… ˆ Œ�ƒ�ˆ’��Œ ��‹…

’¥¶¥·Ó, ¨¸¶μ²Ó§ÊÖ ¶μ¤Ìμ¤, ¸¢Ö§ ´´Ò° ¸ ¶·¨³¥´¥´¨¥³ ¶μ¢ÒÏ ÕÐ¨Ì ¨ ¶μ-
´¨¦ ÕÐ¨Ì μ¶¥· Éμ·μ¢, ±· É±μ · ¸¸³μÉ·¨³ Ìμ¤ ·¥Ï¥´¨Ö μ¤´μ° ±μ´±·¥É´μ°
§ ¤ Î¨ ¤²Ö Ê¶μ³Ö´ÊÉμ£μ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ Ê· ¢´¥´¨Ö
„¨· ± . �μ²´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ÔÉμ° § ¤ Î¨ Î¨É É¥²Ó ³μ¦¥É ´ °É¨ ¢ [12].

ŒÒ · ¸¸³ É·¨¢ ¥³ Ô²¥±É·μ´, · ¸¶·μ¸É· ´ÖÕÐ¨°¸Ö ¢ ´¥¶μ¤¢¨¦´μ° ´ ³ £-
´¨Î¥´´μ° ¸·¥¤¥, ¸μ¸ÉμÖÐ¥° ¨§ ´¥°É·μ´μ¢, ¶·¨Î¥³ ³ £´¨É´μ¥ ¶μ²¥ ¶μ¸ÉμÖ´´μ¥
¨ μ¤´μ·μ¤´μ¥, É ± ÎÉμ ¤²Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¨ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨-
 ²  ¢¥Ð¥¸É¢  ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö

Aμ = (0,A) = (0, 0, xB, 0), fμ = −Gn(1, 0, 0, 0), (8)

£¤¥ G = GF /
√

2, n Å ±μ´Í¥´É· Í¨Ö ¢¥Ð¥¸É¢ . �Éμ ³μ¦¥É ¡ÒÉÓ ¶·¨´ÖÉμ
± ± ¶¥·¢Ò° ¶μ¤Ìμ¤ ± ³μ¤¥²¨·μ¢ ´¨Õ Ô²¥±É·μ´ , · ¸¶·μ¸É· ´ÖÕÐ¥£μ¸Ö ¢´Ê-
É·¨ ´¥°É·μ´´μ° §¢¥§¤Ò. „²Ö μ¶·¥¤¥²¥´´μ¸É¨ ³Ò §¤¥¸Ó μ£· ´¨Î¨³¸Ö ¸²ÊÎ ¥³
Ô²¥±É·μ´ , Éμ£¤  ± ± μ¡μ¡Ð¥´¨¥ ´  ¤·Ê£¨¥ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¶·μ¨§¢μ¤¨É¸Ö
É·¨¢¨ ²Ó´μ.
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�¥·¥¶¨Ï¥³ Ê· ¢´¥´¨¥ (1) ¸ ÊÎ¥Éμ³ (8) ¢ £ ³¨²ÓÉμ´μ¢μ° Ëμ·³¥

i
∂

∂t
|Ψ〉 = Ĥ |Ψ〉, Ĥ = γ0γ(p̂ + e0A) + mγ0 +

1
2
(1 − 4 sin2 θW + γ5)Gn.

(9)

Š ± ¨ ¢ÒÏ¥, ¸É·μ¨³ ·¥Ï¥´¨¥ ¡¥§μÉ´μ¸¨É¥²Ó´μ ± ¶·¥¤¸É ¢²¥´¨Õ. ˆ´É¥-
£· ² ³¨ ¤¢¨¦¥´¨Ö Ö¢²ÖÕÉ¸Ö ¨³¶Ê²Ó¸Ò p2, p3 ¨ Ô´¥·£¨Ö p0. �μÔÉμ³Ê ¡Ê¤¥³
¨¸± ÉÓ ·¥Ï¥´¨¥ ¢ ¢¨¤¥ (3). �Î¥¢¨¤´μ, ÎÉμ p̂y|ψ〉 = p2|ψ〉, p̂z|ψ〉 = p3|ψ〉.
’μ£¤ , ¨¸¶μ²Ó§ÊÖ ¤²Ö ³ É·¨Í „¨· ±  ¸É ´¤ ·É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¨ ¢¢μ¤Ö ¶μ-
¢ÒÏ ÕÐ¨¥ ¨ ¶μ´¨¦ ÕÐ¨¥ μ¶¥· Éμ·Ò ¶μ Ëμ·³Ê² ³ (4), ¶μ²ÊÎ¨³ ¸¨¸É¥³Ê
Ê· ¢´¥´¨°⎛
⎜⎜⎜⎜⎜⎜⎜⎝

m +
Gn

2
(1 − 4 sin2 θW )

p3 −
Gn

2
−i

√
2e0Bâ

i
√

2e0Bâ+ −p3 −
Gn

2
p3 −

Gn

2
−i

√
2e0Bâ

i
√

2e0Bâ+ −p3 −
Gn

2

−m +
Gn

2
(1 − 4 sin2 θW )

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎝
|ψ1〉
|ψ2〉
|ψ3〉
|ψ4〉

⎞
⎟⎟⎠ = p0

⎛
⎜⎜⎝
|ψ1〉
|ψ2〉
|ψ3〉
|ψ4〉

⎞
⎟⎟⎠.

(10)

‚ ÔÉμ³ ³¥¸É¥, ¶¥·¥¤ É¥³ ± ± ¨¤É¨ ¤ ²ÓÏ¥, ¸¤¥² ¥³ ´¥¡μ²ÓÏμ¥ μÉ¸ÉÊ¶-
²¥´¨¥ μÉ μ¡μ§´ Î¥´´μ£μ ¸¶μ¸μ¡  ¢ÒÎ¨¸²¥´¨° ¨ ¶μ± ¦¥³, ± ± ³μ¦´μ ²¥£±μ
¢ÒÎ¨¸²¨ÉÓ ¸¶¥±É· Î ¸É¨ÍÒ. �μ¸²¥ ÔÉμ£μ ¢¥·´¥³¸Ö ± ·¥Ï¥´¨Õ ÔÉμ° ¸¨¸É¥³Ò
¨ ´ °¤¥³ ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö.

Š ± ´¥É·Ê¤´μ ¶·μ¢¥·¨ÉÓ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ¢ÒÎ¨¸²¥´¨¥³, μ¶¥· Éμ· ¶·μ-

¤μ²Ó´μ° ¶μ²Ö·¨§ Í¨¨ T̂ 0 =
1
m

σ(p̂+e0A) [1], £¤¥ σ =
(

σ′ 0
0 σ′

)
Å ³ É·¨ÍÒ

„¨· ± , ±μ³³ÊÉ¨·Ê¥É ¸ £ ³¨²ÓÉμ´¨ ´μ³ (9). ‚ ÔÉμ³ ²¥£±μ Ê¡¥¤¨ÉÓ¸Ö, ¥¸²¨
§ ¶¨¸ ÉÓ T̂ 0 ¢ ³ É·¨Î´μ° Ëμ·³¥, ¨¸¶μ²Ó§ÊÖ μ¶¥· Éμ·Ò â ¨ â+:

T̂ 0 =
1
m

⎛
⎜⎜⎜⎜⎝

p3 −i
√

2e0Bâ 0 0

i
√

2e0Bâ+ −p3 0 0

0 0 p3 −i
√

2e0Bâ

0 0 i
√

2e0Bâ+ −p3

⎞
⎟⎟⎟⎟⎠ . (11)

�É¸Õ¤  ¶μ´ÖÉ´μ (¡μ²¥¥ ¶μ¤·μ¡´μ ¸³. [12]), ÎÉμ ¤¥°¸É¢¨¥ £ ³¨²ÓÉμ´¨´  (9) ´ 
¥£μ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ¸¢μ¤¨É¸Ö ± ¤¥°¸É¢¨Õ ´  ´¨Ì μ¶¥· Éμ· ⎛

⎜⎝m +
Gn

2
(1 − 4 sin2 θW ) mT 0 − Gn

2
mT 0 − Gn

2
−m +

Gn

2
(1 − 4 sin2 θW )

⎞
⎟⎠ , (12)
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  ¸¶¥±É· § ¤ Î¨ μ¡· §ÊÕÉ ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ³ É·¨ÍÒ (12). �²¥³¥´É ·´Ò¥
¢ÒÎ¨¸²¥´¨Ö ¤ ÕÉ

p0 =
Gn

2
− 2Gn sin2 θW + ε

√(
mT 0 − Gn

2

)2

+ m2, (13)

£¤¥ ε = ±1 Å ®§´ ±¯ Ô´¥·£¨¨. ’ ±¨³ μ¡· §μ³, ´ °¤¥´μ ÉμÎ´μ¥ ¢Ò· ¦¥´¨¥
¤²Ö ¸¶¥±É· .

2.1. �¸μ¡¥´´μ¸É¨ ¸¶¥±É·  Ô´¥·£¨¨. ‚ ¦´μ § ³¥É¨ÉÓ μ¸μ¡¥´´μ¸É¨ Ô´¥·-
£¥É¨Î¥¸±μ£μ ¸¶¥±É·  Ô²¥±É·μ´  ¢ ´ ³ £´¨Î¥´´μ° ¸·¥¤¥, ¸²¥¤ÊÕÐ¨¥ ¨§ (13).
‚ Î ¸É´μ¸É¨, ¨§¢¥¸É´μ, ÎÉμ ¸¶¥±É· Ô²¥±É·μ´  ¢ ³ £´¨É´μ³ ¶μ²¥ ¢Ò·μ¦¤¥´ ¶μ
¸¶¨´μ¢μ³Ê ±¢ ´Éμ¢μ³Ê Î¨¸²Ê (± ¦¤μ³Ê Ê·μ¢´Õ ‹ ´¤ Ê ¢ ³ £´¨É´μ³ ¶μ²¥ ¸μ-
μÉ¢¥É¸É¢ÊÕÉ ¤¢¥ μ·¨¥´É Í¨¨ ¸¶¨´ ). � ²¨Î¨¥ ³ É¥·¨¨ (²Õ¡μ° ¸±μ²Ó Ê£μ¤´μ
³ ²μ° ´¥´Ê²¥¢μ° ¶²μÉ´μ¸É¨ n �= 0) Ê¸É· ´Ö¥É ÔÉμ ¢Ò·μ¦¤¥´¨¥. �Éμ ¸¢Ö§ ´μ ¸
´ ·ÊÏ¥´¨¥³ Î¥É´μ¸É¨ ¢ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ. �Í¥´¨³ · §´μ¸ÉÓ Ô´¥·£¨°
¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¤´μ³Ê Ô´¥·£¥É¨Î¥¸±μ³Ê ±¢ ´Éμ¢μ³Ê
Î¨¸²Ê. �¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸¶¥±É·  (13) ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ
Ô²¥±É·μ´  (p � m) ¨³¥¥É ¢¨¤ (¶μ²μ¦¨³ ε = 1)

p0 =
Gn

2
(1−4 sin2 θW )+m̃+

p2

2m̃
−s

Gn

2m̃
p+O

(
p4

m̃3
,
Gnp3

m̃3
,
(Gn)2p2

m̃3

)
, (14)

£¤¥ m̃ =

√
m2 +

(
Gn

2

)2

, p =
√

p2
3 + 2e0BN . ’μ£¤  · ¸Ð¥¶²¥´¨¥ ¶μ s ¤²Ö

Ë¨±¸¨·μ¢ ´´μ£μ N ¸μ¸É ¢¨É ¢¥²¨Î¨´Ê

Δp0 =
Gn

m̃
p ∼

√
N. (15)

� ¸Ð¥¶²¥´¨¥ · ¸É¥É ¶·¨ ·μ¸É¥ N . � °¤¥³ Ê¸²μ¢¨¥, ¶·¨ ±μÉμ·μ³ Ô´¥·£¥É¨Î¥-
¸±¨¥ Ê·μ¢´¨ ¶¥·¥±·Ò¢ ÕÉ¸Ö, É. ¥.

p0(s = +1, N + 1) � p0(s = −1, N), (16)

μÉ±Ê¤ 

2e0B

Gn
�

√
p2
3 + 2e0BN +

√
p2
3 + 2e0B(N + 1). (17)

�μ² £ Ö p3 = 0, ¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê Ê¸²μ¢¨Õ∗:

N � 1
6

(√
2e0B

Gn

)2

. (18)

∗�·¨ ÔÉμ³ ¸Î¨É ¥É¸Ö, ÎÉμ N � 1 ¨ ¶·¨´ÖÉμ ¢μ ¢´¨³ ´¨¥ ´¥· ¢¥´¸É¢μ
√

N + 1 �
√

2N .
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„·Ê£¨³ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ¸²¥¤¸É¢¨¥³ § ¢¨¸¨³μ¸É¨ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±-
É·  μÉ μ·¨¥´É Í¨¨ ¸¶¨´  Ö¢²Ö¥É¸Ö ¨§³¥´¥´¨¥ ¸É·Ê±ÉÊ·Ò ±·¨É¨Î¥¸±μ£μ ¶μ²Ö
Ô²¥±É·μ´ . ˆ¸¸²¥¤Ê¥³ ÔÉμÉ ¢μ¶·μ¸ ¡μ²¥¥ ¶μ¤·μ¡´μ. �·¥¤¶μ²μ¦¨³, ÎÉμ Ô²¥±-
É·μ´ ·μ¦¤ ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ·¥ ±Í¨¨ β-· ¸¶ ¤  n → p + e + ν̃e. �¡μ§´ -
Î¨³ Δ = mn − mp. Œ ¸¸μ°  ´É¨´¥°É·¨´μ ¶·¥´¥¡·¥£ ¥³. ’μ£¤  Ê¸²μ¢¨¥ ¤²Ö
´ Ìμ¦¤¥´¨Ö ±·¨É¨Î¥¸±μ£μ ¶μ²Ö (É. ¥. ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¶μ²Ö, ¶·¨ ±μ-
Éμ·μ³ ¢μ§³μ¦´μ ·μ¦¤¥´¨¥ Ô²¥±É·μ´  ´¥ ´  ´Ê²¥¢μ³ Ê·μ¢´¥) ¶·¥¤¸É ¢¨É¸Ö ¢
¸²¥¤ÊÕÐ¥° Ëμ·³¥:

Δ �

√(
s
√

2e0B − Gn

2

)2

+ m2, (19)

±μÉμ·μ¥ ³Ò ¶¥·¥¶¨Ï¥³ ± ±

Δ2 − m2 �
(

s
√

2e0B − Gn

2

)2

. (20)

ˆ¸¸²¥¤Ê¥³ ¸²ÊÎ ° s = 1, ¶·¨ ±μÉμ·μ³

Δ2 − m2 �
(√

2e0B − Gn

2

)2

. (21)

…¸²¨
Gn

2
>

√
Δ2 − m2, Éμ ·μ¦¤¥´¨¥ Ô²¥±É·μ´  ´¥ ´  ´Ê²¥¢μ³ Ê·μ¢´¥ ¢μ§-

³μ¦´μ ¢ ¶μ²ÖÌ

1
2e0

(
Gn

2
−

√
Δ2 − m2

)2

< B <
1

2e0

(
Gn

2
+

√
Δ2 − m2

)2

. (22)

Š· °´¨¥ §´ Î¥´¨Ö ÔÉμ£μ ¤¨ ¶ §μ´  ³μ¦´μ ´ §¢ ÉÓ ±·¨É¨Î¥¸±¨³¨ ¤²Ö ÔÉμ£μ
¸²ÊÎ Ö. �É³¥É¨³, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥ ·μ¦¤¥´¨¥ Î ¸É¨Í ¢ ¶μ²ÖÌ ¢´¥ ÔÉμ£μ
¤¨ ¶ §μ´  ´¥¢μ§³μ¦´μ (¢ Î ¸É´μ¸É¨, ´  μ¸´μ¢´μ³ Ê·μ¢´¥). �μÔÉμ³Ê ¸ ³ ¤¨ -
¶ §μ´ ³μ¦´μ ´ §¢ ÉÓ ±·¨É¨Î¥¸±¨³. —¥³ ¶²μÉ´¥¥ ¸·¥¤ , É¥³ μ´ ¡μ²ÓÏ¥. ’ ±¨³
μ¡· §μ³, ¤²Ö ²Õ¡μ£μ §´ Î¥´¨Ö ¶²μÉ´μ¸É¨ ¢¸¥£¤  ´ °¤¥É¸Ö ¤¨ ¶ §μ´ §´ Î¥´¨°
³ £´¨É´μ£μ ¶μ²Ö, ¢ ±μÉμ·μ³ ·μ¦¤¥´¨¥ Î ¸É¨Í ¢μ§³μ¦´μ ¤²Ö ²Õ¡μ£μ § ¤ ´-
´μ£μ N � 1.

�¤´ ±μ, ¥¸²¨ Ë¨±¸¨·μ¢ ´Ò ¶μ²¥ ¨ ¶²μÉ´μ¸ÉÓ, Éμ ´¥ ¢¸¥£¤  ´ °¤¥É¸Ö ÌμÉÖ
¡Ò μ¤¨´ Ê·μ¢¥´Ó N , ´  ±μÉμ·μ³ ¢μ§³μ¦´μ ·μ¦¤¥´¨¥ Î ¸É¨Í.

�·μ¤¥³μ´¸É·¨·Ê¥³ ÔÉ¨ ¢Ò¢μ¤Ò ´  ´¥¸±μ²Ó±¨Ì ¶·¨³¥· Ì. „¨ ¶ §μ´ ¤²Ö
§´ Î¥´¨° ³ £´¨É´μ£μ ¶μ²Ö, ¶·¨ ±μÉμ·ÒÌ Ô²¥±É·μ´ ·μ¦¤ ¥É¸Ö ´  ¢Éμ·μ³ Ô´¥·-
£¥É¨Î¥¸±μ³ Ê·μ¢´¥, ¨³¥¥É ¢¨¤

1
4e0

(
Gn

2
−

√
Δ2 − m2

)2

< B <
1

4e0

(
Gn

2
+

√
Δ2 − m2

)2

. (23)
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�·¨ μÉ´μ¸¨É¥²Ó´μ ´¨§±¨Ì §´ Î¥´¨ÖÌ ¶²μÉ´μ¸É¨ ¸·¥¤Ò ÔÉμÉ ¤¨ ¶ §μ´ ¶¥·¥-
±·Ò¢ ¥É¸Ö ¢ÒÏ¥´ ¶¨¸ ´´Ò³ ¤²Ö N = 1. �¤´ ±μ, ± ± ´¥É·Ê¤´μ ¢ÒÎ¨¸²¨ÉÓ,

¶·¨ Gn � 10
3

√
Δ2 − m2 ÔÉ¨ ¤¨ ¶ §μ´Ò ¶¥·¥±·Ò¢ ÉÓ¸Ö ´¥ ¡Ê¤ÊÉ. ‡´ Î¨É, ¶·¨

ÔÉ¨Ì Ê¸²μ¢¨ÖÌ ¢ ¶μ²ÖÌ

1
4e0

(
Gn

2
+

√
Δ2 − m2

)2

< B <
1

2e0

(
Gn

2
−

√
Δ2 − m2

)2

(24)

Î ¸É¨ÍÒ ·μ¦¤ ÉÓ¸Ö ´¥ ¡Ê¤ÊÉ ´¨ ´  ± ±¨Ì Ê·μ¢´ÖÌ. �É³¥É¨³, ÎÉμ ¤²Ö Éμ£μ
ÎÉμ¡Ò ´¥ ¶¥·¥±·Ò¢ ²¨¸Ó ¢Éμ·μ° ¨ É·¥É¨° ¤¨ ¶ §μ´Ò, ¶²μÉ´μ¸ÉÓ ¤μ²¦´  ¡ÒÉÓ
´  ¶μ·Ö¤μ± ¢ÒÏ¥.

…¸²¨
Gn

2
<

√
Δ2 − m2, Éμ ±·¨É¨Î¥¸±μ¥ ¶μ²¥ · ¢´μ

Bc =
1

2e0

(
Gn

2
+

√
Δ2 − m2

)2

. (25)

‚ ÔÉμ³ ¸²ÊÎ ¥ ´ ²¨Î¨¥ ¸·¥¤Ò Ê¸¨²¨¢ ¥É ¤¥°¸É¢¨¥ ³ £´¨É´μ£μ ¶μ²Ö.
ˆ¸¸²¥¤Ê¥³ ¸²ÊÎ ° s = −1, ¶·¨ ±μÉμ·μ³

Δ2 − m2 �
(√

2e0B +
Gn

2

)2

. (26)

…¸²¨
Gn

2
>

√
Δ2 − m2, Éμ ¶·μÍ¥¸¸ § ±·ÒÉ. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢¸¥ ·μ¦¤ ÕÐ¨¥¸Ö

Ô²¥±É·μ´Ò ¶· ¢μ¶μ²Ö·¨§μ¢ ´Ò.

…¸²¨
Gn

2
<

√
Δ2 − m2, Éμ ±·¨É¨Î¥¸±μ¥ ¶μ²¥ · ¢´μ

Bc =
1

2e0

(√
Δ2 − m2 − Gn

2

)2

. (27)

�Éμ ¶μ§¢μ²Ö¥É ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¶·¨ ¶μ²ÖÌ ¨§ ¤¨ ¶ §μ´ 

1
2e0

(√
Δ2 − m2 − Gn

2

)2

< B <
1

2e0

(√
Δ2 − m2 +

Gn

2

)2

(28)

¢¸¥ Î ¸É¨ÍÒ, ·μ¦¤¥´´Ò¥ ´¥ ´  ´Ê²¥¢μ³ Ê·μ¢´¥, ¡Ê¤ÊÉ ¶· ¢μ¶μ²Ö·¨§μ¢ ´Ò.
‘μ¡¥·¥³ ¢¸¥ · ¸¸³μÉ·¥´´Ò¥ Î ¸É´Ò¥ ¸²ÊÎ ¨ ¢ μ¤´Ê μ¡ÐÊÕ É ¡²¨ÍÊ.

� ±μ´¥Í, ¶μ¤Î¥·±´¥³ μ¤´μ ¢ ¦´μ¥ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê p0 ¨ T0, ±μÉμ·μ¥
´¥³¥¤²¥´´μ ¸²¥¤Ê¥É ¨§ ¢¨¤  ¸¶¥±É·  (13):(

p0 −
Gn

2
+ 2Gn sin2 θW

)2

=
(

mT 0 − Gn

2

)2

+ m2, (29)
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Š·¨É¨Î¥¸±¨¥ ¶μ²Ö

‘²ÊÎ ° s = 1 s = −1

Gn

2
<

Bc =
1

2e0

(
Gn

2
+
√

Δ2 − m2

)2

Bc =
1

2e0

(√
Δ2 − m2 − Gn

2

)2

<
√

Δ2 − m2

Gn

2
>

Bmin =
1

2e0

(
Gn

2
−
√

Δ2 − m2

)2

,

>
√

Δ2 − m2
Bmax =

1

2e0

(
Gn

2
+
√

Δ2 − m2

)2
Å

£¤¥ T 0 Å μ¤´μ (²Õ¡μ¥ Ë¨±¸¨·μ¢ ´´μ¥) ¨§ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° μ¶¥· Éμ· 
¸¶¨´  T̂ 0. �Éμ ¸μμÉ´μÏ¥´¨¥, ± ± ²¥£±μ ¢¨¤¥ÉÓ, ¶·¨ ¨¸Î¥§ ÕÐ¥ ³ ²μ° ¶²μÉ-

´μ¸É¨

(
É. ¥. ¶·¨

Gn

m
� 1

)
¶¥·¥Ìμ¤¨É ¢ ¨§¢¥¸É´μ¥ ¸μμÉ´μÏ¥´¨¥ �°´ÏÉ¥°´ 

p2
0 = p2 + m2 ¨ ¶·¨ ±μ´¥Î´μ° ¢¥²¨Î¨´¥ ¶²μÉ´μ¸É¨ ¸·¥¤Ò Ö¢²Ö¥É¸Ö ¥£μ μ¡μ¡-

Ð¥´¨¥³ ¢ · ³± Ì ¶·¨´ÖÉÒÌ ³μ¤¥²Ó´ÒÌ ¤μ¶ÊÐ¥´¨°. ŒÒ ¨¸¶μ²Ó§Ê¥³ ÔÉμ ¸μμÉ-
´μÏ¥´¨¥ ¢ ¤ ²Ó´¥°Ï¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ.

2.2. �¶·¥¤¥²¥´¨¥ ¸¶¨´μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢. ’¥¶¥·Ó ¢¥·´¥³¸Ö ± ·¥Ï¥-
´¨Õ ¸¨¸É¥³Ò (10). �¥Ï¥´¨¥ ÔÉμ° ¸¨¸É¥³Ò, ± ± ¨ Éμ°, ÎÉμ ¶μ²ÊÎ¥´  ¢ · §¤. 1,
¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥ (6). � ¸¸Ê¦¤ Ö É ±¨³ ¸¶μ¸μ¡μ³, ¶·¨Ìμ¤¨³ ± ¸¨¸É¥³¥⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
m +

Gn

2
(1 − 4 sin2 θW ) − p0

)
C1 +

√
2e0BnC4 +

(
p3 −

Gn

2

)
C3 = 0,(

m +
Gn

2
(1 − 4 sin2 θW ) − p0

)
C2 +

√
2e0BnC3 −

(
p3 +

Gn

2

)
C4 = 0,(

−m +
Gn

2
(1 − 4 sin2 θW ) − p0

)
C3 +

√
2e0BnC2 +

(
p3 −

Gn

2

)
C1 = 0,(

−m +
Gn

2
(1 − 4 sin2 θW ) − p0

)
C4 +

√
2e0BnC1 −

(
p3 +

Gn

2

)
C2 = 0.

(30)

‡¤¥¸Ó, ±μ´¥Î´μ, ³μ¦´μ ¡Ò²μ ¢Ò¶¨¸ ÉÓ μ¶·¥¤¥²¨É¥²Ó ÔÉμ° ¸¨¸É¥³Ò, ¶·¨-
· ¢´ÖÉÓ ¥£μ ´Ê²Õ ¨ ¶μ²ÊÎ¨ÉÓ ¸¶¥±É·∗. �Éμ ´¥¸²μ¦´μ ¸¤¥² ÉÓ, ¨ ³Ò ´¥ ¡Ê¤¥³
´  ÔÉμ³ μ¸É ´ ¢²¨¢ ÉÓ¸Ö. �É¢¥É ´ ³ Ê¦¥ ¨§¢¥¸É¥´.

∗Šμ´¥Î´μ, ¤²Ö Éμ£μ ÎÉμ¡Ò ¸· ¢´¨ÉÓ ¸¶¥±É·, ¶μ²ÊÎ ¥³Ò° É ±¨³ ¸¶μ¸μ¡μ³, ¸ (13), ´¥μ¡Ìμ¤¨³μ
¥Ð¥ ¶μ¶ÊÉ´μ ¢ÒÎ¨¸²¨ÉÓ ¸¶¥±É· ¸¶¨´μ¢μ£μ μ¶¥· Éμ· , ±μÉμ·Ò° μ± §Ò¢ ¥É¸Ö ¸μ¸ÉμÖÐ¨³ ¨§ ¤¢ÊÌ
§´ Î¥´¨° T 0 = s|T 0|, ¸³. ¶μ¤·μ¡´¥¥ [12].
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’ ±¨³ μ¡· §μ³, μ¸É ²μ¸Ó ²¨ÏÓ ¢ÒÎ¨¸²¨ÉÓ ±μÔËË¨Í¨¥´ÉÒ Ci. ‚¥·´¥³¸Ö
± ¸¨¸É¥³¥ Ê· ¢´¥´¨° (10). “Î¨ÉÒ¢ Ö, ÎÉμ ¤¥°¸É¢¨Ö £ ³¨²ÓÉμ´¨ ´  ´  ¥£μ
¸μ¡¸É¢¥´´Ò° ¢¥±Éμ· Ô±¢¨¢ ²¥´É´Ò ¤¥°¸É¢¨Õ ³ É·¨ÍÒ (12), ¶¥·¢μ¥ Ê· ¢´¥´¨¥
³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥(

p̃0 −
Gn

2
− m

)
C1 =

(
mT 0 − Gn

2

)
C3, (31)

£¤¥
p̃0 = p0 + 2Gn sin2 θW . (32)

‚¢¥¤¥³ ¢¥²¨Î¨´Ê η = sgn
(

mT 0 − Gn

2

)
¨ ¢Ò¶μ²´¨³ Í¥¶μÎ±Ê ¶·¥μ¡· §μ¢ ´¨°

(
p̃0 −

Gn

2
− m

)
C1 = η

√(
p̃0 −

Gn

2

)2

− m2 C3, (33)

(
p̃0 −

Gn

2

) ⎛
⎜⎝1 − m

p̃0 −
Gn

2

⎞
⎟⎠ C1 = η

∣∣∣∣p̃0 −
Gn

2

∣∣∣∣
√√√√√1 − m2(

p̃0 −
Gn

2

)2 C3,

(34)

ε

√√√√1 − m

p̃0 −
Gn

2

C1 = η

√√√√1 +
m

p̃0 −
Gn

2

C3. (35)

‘²¥¤μ¢ É¥²Ó´μ, ³Ò ¶μ²ÊÎ¨³

C1 = η

√√√√1 +
m

p̃0 −
Gn

2

A, C3 = ε

√√√√1 − m

p̃0 −
Gn

2

A. (36)

�´ ²μ£¨Î´Ò³ ¶ÊÉ¥³ ´ °¤¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö C2 ¨ C4:

C2 = η

√√√√1 +
m

p̃0 −
Gn

2

B, C4 = ε

√√√√1 − m

p̃0 −
Gn

2

B, (37)

£¤¥ A ¨ B Å ´μ¢Ò¥ ±μ´¸É ´ÉÒ. �μ²ÊÎ¨³ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ´¨³¨. ˆ¸¶μ²Ó-
§ÊÖ Ê· ¢´¥´¨Ö (

p3 − mT 0
)
C1,3 +

√
2e0B(l + s)C2,4 = 0, (38)

 ´ ²μ£¨Î´Ò³ ¶ÊÉ¥³ ³Ò ¶μ²ÊÎ¨³

A =
√

1 +
p3

mT 0
C, B = s

√
1 − p3

mT 0
C (39)
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¸ ¥¤¨´¸É¢¥´´Ò³ ±μÔËË¨Í¨¥´Éμ³ C, ±μÉμ·Ò° ¤μ²¦¥´ ¡ÒÉÓ μ¶·¥¤¥²¥´ ¨§ Ê¸²μ-
¢¨Ö ´μ·³¨·μ¢±¨ C2

1 + C2
2 + C2

3 + C2
4 = 1. ˆ³¥´´μ, C = 1/2. ’ ±¨³ μ¡· §μ³,

¶μ²´Ò° ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö ¨³¥¥É ¢¨¤

|Ψ〉 = e−ip0t|p2〉|p3〉

⎛
⎜⎜⎜⎜⎝

C1|n − 1〉′

iC2|n〉′

C3|n − 1〉′

iC4|n〉′

⎞
⎟⎟⎟⎟⎠ , (40)

£¤¥

C1 =
η

2

√√√√1 +
m

p̃0 −
Gn

2

√
1 +

p3

mT 0
, C2 =

sη

2

√√√√1 +
m

p̃0 −
Gn

2

√
1 − p3

mT 0
,

(41)

C3 =
ε

2

√√√√1 − m

p̃0 −
Gn

2

√
1 +

p3

mT 0
, C4 =

sε

2

√√√√1 − m

p̃0 −
Gn

2

√
1 − p3

mT 0
.

(42)

”μ·³Ê²Ò (40)Ä(42) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ÉμÎ´μ¥ ·¥Ï¥´¨¥ § ¤ Î¨ (9), ±μÉμ-
· Ö μ¶¨¸Ò¢ ¥É ±¢ ´Éμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö Ô²¥±É·μ´  ¢ ¸·¥¤¥ ¨ ³ £´¨É´μ³ ¶μ²¥. Š ±
¨ ¢ ¢ ±ÊÊ³´μ³ ¸²ÊÎ ¥, Î ¸É¨Í  ¢ ´Ê²¥¢μ³ ¸μ¸ÉμÖ´¨¨ ²¥¢μ¶μ²Ö·¨§μ¢ ´ . �· -
¢μ¶μ²Ö·¨§μ¢ ´´μ£μ ´Ê²¥¢μ£μ ¸μ¸ÉμÖ´¨Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É. ‡ ³¥É¨³, ÎÉμ ¢ ¸²ÊÎ ¥
n = 0 ÔÉ¨ Ëμ·³Ê²Ò ¸¢μ¤ÖÉ¸Ö ± ¨§¢¥¸É´μ³Ê ·¥Ï¥´¨Õ § ¤ Î¨ ¤²Ö Ô²¥±É·μ´  ¢
¶μ¸ÉμÖ´´μ³ ³ £´¨É´μ³ ¶μ²¥ (¸³. ¶μ¤·μ¡´¥¥ [1]), · ¸¸³μÉ·¥´´μ³Ê ¢ · §¤. 1.

3. ��ˆ‘��ˆ… �‹…Š’���� ‚ ‘�…„… ˆ Œ�ƒ�ˆ’��Œ ��‹…
‘ “—…’�Œ ���Œ�‹œ��ƒ� Œ�ƒ�ˆ’��ƒ� Œ�Œ…�’�

� ¸¸³μÉ·¨³ Ô²¥±É·μ´, μ¡² ¤ ÕÐ¨°  ´μ³ ²Ó´Ò³ ³ £´¨É´Ò³ ³μ³¥´Éμ³,
· ¸¶·μ¸É· ´ÖÕÐ¨°¸Ö ¢ ´¥¶μ¤¢¨¦´μ° ´ ³ £´¨Î¥´´μ° ¸·¥¤¥, ¸μ¸ÉμÖÐ¥° ¨§ ´¥°-
É·μ´μ¢, ¶·¨Î¥³ ³ £´¨É´μ¥ ¶μ²¥ ¶μ¸ÉμÖ´´μ¥ ¨ μ¤´μ·μ¤´μ¥. �Éμ É ±¦¥ ³μ¦¥É
¡ÒÉÓ ¶·¨´ÖÉμ ± ± ¶μ¤Ìμ¤ ± ³μ¤¥²¨·μ¢ ´¨Õ Ô²¥±É·μ´ , · ¸¶·μ¸É· ´ÖÕÐ¥-
£μ¸Ö ¢´ÊÉ·¨ ´¥°É·μ´´μ° §¢¥§¤Ò. ‡¤¥¸Ó ³Ò μ£· ´¨Î¨³¸Ö ·¥Ï¥´¨¥³ § ¤ Î¨ ¤²Ö
Ô²¥±É·μ´ , Éμ£¤  ± ± μ¡μ¡Ð¥´¨¥ ´  ¤·Ê£¨¥ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¶·μ¨§¢μ¤¨É¸Ö
É·¨¢¨ ²Ó´μ. � Ï ¶μ¤Ìμ¤, ± ± ¨ ¶·¥¦¤¥, ¡Ê¤¥É ¶·¥¤¶μ² £ ÉÓ ¨¸¶μ²Ó§μ¢ ´¨¥
¶μ¢ÒÏ ÕÐ¨Ì ¨ ¶μ´¨¦ ÕÐ¨Ì μ¶¥· Éμ·μ¢. Œμ¤¨Ë¨Í¨·μ¢ ´´μ¥ Ê· ¢´¥´¨¥ „¨-
· ±  ¤²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ô²¥±É·μ´  ¸ ÊÎ¥Éμ³  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ-
³¥´É , ÉμÎ´μ ÊÎ¨ÉÒ¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Î ¸É¨ÍÒ ¸ ¢¥Ð¥¸É¢μ³ ¶·¨ ´ ²¨Î¨¨
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³ £´¨É´μ£μ ¶μ²Ö, ¢Ò£²Ö¤¨É É ±:{
γμ(pμ + e0A

μ) +
1
2
γμ(1 − 4 sin2 θW + γ5)fμ − i

2
μσnmFnm − m

}
|Ψ〉 = 0,

(43)
¨ μÉ²¨Î ¥É¸Ö μÉ · ¸¸³μÉ·¥´´μ£μ · ´¥¥ Ê· ¢´¥´¨Ö (1) ¸² £ ¥³Ò³, μ¶¨¸Ò¢ Õ-
Ð¨³ ¢§ ¨³μ¤¥°¸É¢¨¥  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  ¸ ³ £´¨É´Ò³ ¶μ²¥³.

„²Ö ´ £²Ö¤´μ¸É¨ μ£· ´¨Î¨³¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ ¶μ¸ÉμÖ´´μ£μ ³ £´¨É´μ£μ
¶μ²Ö B = (0, 0, B) ¨ ´¥¶μ¤¢¨¦´μ° μ¤´μ·μ¤´μ° ¸·¥¤Ò, É ± ÎÉμ ¤²Ö Ô²¥±É·μ-
³ £´¨É´μ£μ ¶μ²Ö ¨ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  ¢¥Ð¥¸É¢  ¨¸¶μ²Ó§Ê¥³ ¢Ò· ¦¥-
´¨Ö (8). ’ ±¨³ μ¡· §μ³, ¢ £ ³¨²ÓÉμ´μ¢μ° Ëμ·³¥ Ê· ¢´¥´¨¥ (43) ¶·¨³¥É ¢¨¤

i
∂

∂t
|Ψ〉 = Ĥ |Ψ〉,

Ĥ = γ0γ(p̂ + e0A) + mγ0 + μBγ0σ3 +
1
2
(1 − 4 sin2 θW + γ5)Gn.

(44)

Š ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, ¸É·μ¨³ ·¥Ï¥´¨¥ ¡¥§μÉ´μ¸¨É¥²Ó´μ ± ¶·¥¤-
¸É ¢²¥´¨Õ. ˆ´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö Ö¢²ÖÕÉ¸Ö ¨³¶Ê²Ó¸Ò p2, p3 ¨ Ô´¥·£¨Ö p0.
�μÔÉμ³Ê ¡Ê¤¥³ ¨¸± ÉÓ ·¥Ï¥´¨¥ ¢ ¢¨¤¥ (3). �Î¥¢¨¤´μ, ÎÉμ p̂y|ψ〉 = p2|ψ〉,
p̂z|ψ〉 = p3|ψ〉. ’μ£¤ , ¨¸¶μ²Ó§ÊÖ ¤²Ö ³ É·¨Í „¨· ±  ¸É ´¤ ·É´μ¥ ¶·¥¤¸É -
¢²¥´¨¥ ¨ ¢¢μ¤Ö ¶μ¢ÒÏ ÕÐ¨¥ ¨ ¶μ´¨¦ ÕÐ¨¥ μ¶¥· Éμ·Ò ¶μ Ëμ·³Ê² ³ (4),
¶μ²ÊÎ¨³ ¸¨¸É¥³Ê Ê· ¢´¥´¨°

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

m + μB 0 p3 −
Gn

2
−i

√
2e0Bâ

0 m − μB i
√

2e0Bâ+ −p3 −
Gn

2
p3 −

Gn

2
−i

√
2e0Bâ −m − μB 0

i
√

2e0Bâ+ −p3 −
Gn

2
0 −m + μB

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎝
|ψ1〉
|ψ2〉
|ψ3〉
|ψ4〉

⎞
⎟⎟⎠ =

=
(

p̃0 −
Gn

2

) ⎛
⎜⎜⎝
|ψ1〉
|ψ2〉
|ψ3〉
|ψ4〉

⎞
⎟⎟⎠ , (45)

£¤¥ p̃0 μ¶·¥¤¥²¥´μ Ëμ·³Ê²μ° (32). �¥É·Ê¤´μ § ³¥É¨ÉÓ, ÎÉμ ¢ ¶· ¢μ° Î ¸É¨
ÔÉμ° ¸¨¸É¥³Ò ¸Éμ¨É £ ³¨²ÓÉμ´¨ ´ ¡¥§  ¤¤¨É¨¢´μ£μ ¸² £ ¥³μ£μ. ’¥¶¥·Ó ³μ¦´μ
¶¥·¥Ìμ¤¨ÉÓ ± ¢ÒÎ¨¸²¥´¨Õ ¸¶¥±É·  Î ¸É¨ÍÒ.

‚¢¥¤¥³ ¸¶¨´μ¢Ò° μ¶¥· Éμ·

T̂ =
Gn

2
σP
m

− μB

(
σ3 + ρ2

[σ,P]3
m

)
. (46)
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�μ²¥§´μ ¶·¥¤¸É ¢¨ÉÓ ¥£μ ¢ ¢¨¤¥ ³ É·¨ÍÒ

T̂ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Gn

2
p3

m
− μB − i

m

Gn

2

√
2e0Bâ 0

i

m
μB

√
2e0Bâ

i

m

Gn

2

√
2e0Bâ+ −Gn

2
p3

m
+ μB

i

m
μB

√
2e0Bâ+ 0

0 − i

m
μB

√
2e0Bâ

Gn

2
p3

m
− μB − i

m

Gn

2

√
2e0Bâ

− i

m
μB

√
2e0Bâ+ 0

i

m

Gn

2

√
2e0Bâ+ −Gn

2
p3

m
μB

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(47)

‡ ³¥É¨³, ÎÉμ ÔÉμÉ μ¶¥· Éμ· ±μ³³ÊÉ¨·Ê¥É ¸ £ ³¨²ÓÉμ´¨ ´μ³ (44). �μÔÉμ³Ê
μ¶¥· Éμ·Ò (44) ¨ (46) ¨³¥ÕÉ μ¤¨´ ±μ¢Ò° ´ ¡μ· ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ ¨ ¸μ¡-
¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¸¶¨´μ¢μ£μ μ¶¥· Éμ·  Ö¢²ÖÕÉ¸Ö ¨´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö.

�¥É·Ê¤´μ Ê¸É ´μ¢¨ÉÓ ¶·Ö³Ò³ ¢ÒÎ¨¸²¥´¨¥³, ÎÉμ ¨³¥¥É ³¥¸Éμ ¸μμÉ´μÏ¥´¨¥(
Ĥ − Gn

2
(1 − 4 sin2 θW )

)2

= m2 + (μB)2 + (p3)2 +
(

Gn

2

)2

+ (48)

+

⎛
⎜⎜⎜⎝

2e0Bââ+ 0 0 0
0 2e0Bâ+â 0 0
0 0 2e0Bââ+ 0
0 0 0 2e0Bâ+â

⎞
⎟⎟⎟⎠ − 2mT̂. (49)

“Î¨ÉÒ¢ Ö, ÎÉμ ·¥Ï¥´¨¥ § ¤ Î¨ ³μ¦´μ ¨¸± ÉÓ ¢ ¢¨¤¥ (6), ´ Ìμ¤¨³ ¸¶¥±É·

p0 =
Gn

2
− 2Gn sin2 θW +

+ ε

√
m2 + (μB)2 + (p3)2 +

(
Gn

2

)2

+ 2e0BN − 2mT, (50)

£¤¥ ε = ±1 Å ®§´ ±¯ Ô´¥·£¨¨; T = s|T | Å ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ· 
¸¶¨´  (47),

T = s

√√√√(
Gn

2
p3

m
− μB

)2

+
2e0BN

m2

((
Gn

2

)2

+ (μB)2
)

. (51)

’ ±¨³ μ¡· §μ³, ´ °¤¥´μ ÉμÎ´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¶¥±É· . ‡ ³¥É¨³, ÎÉμ É· ¤¨-
Í¨μ´´μ ¶·¨³¥´Ö¥³Ò° ¢ ¶μ¤μ¡´ÒÌ § ¤ Î Ì ¸¶μ¸μ¡ ¢ÒÎ¨¸²¥´¨Ö ¸¶¥±É·  ¶ÊÉ¥³
¶·¨· ¢´¨¢ ´¨Ö ´Ê²Õ ´¥±μÉμ·μ£μ μ¶·¥¤¥²¨É¥²Ö (¸³. · §¤. 1) ¸ ¤ ²Ó´¥°Ï¨³ ·¥-
Ï¥´¨¥³  ²£¥¡· ¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö Î¥É¢¥·Éμ£μ ¶μ·Ö¤±  ¶·¨¢μ¤¨É ± Éμ³Ê ¦¥
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·¥§Ê²ÓÉ ÉÊ, ´μ ¸μ¶·μ¢μ¦¤ ¥É¸Ö £μ· §¤μ ¡μ²ÓÏ¨³ μ¡Ñ¥³μ³ ¢Ò±² ¤μ± ¨ É·Ê¤-
´μ¸ÉÖ³¨ ¢ Ë¨§¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨ ¶μ²ÊÎ ¥³ÒÌ μÉ¢¥Éμ¢. ˆ¸¶μ²Ó§μ¢ ´´Ò°
§¤¥¸Ó ¶μ¤Ìμ¤ ¸¢μ¡μ¤¥´ μÉ ÔÉ¨Ì ´¥¤μ¸É É±μ¢.

3.1. �¸μ¡¥´´μ¸É¨ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É· . ‡¤¥¸Ó, ± ± ¨ ¢ · ¸¸³μÉ·¥´-
´μ³ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¸²ÊÎ ¥, ¢ ¦´μ § ³¥É¨ÉÓ μ¸μ¡¥´´μ¸É¨ Ô´¥·£¥É¨-
Î¥¸±μ£μ ¸¶¥±É·  § ·Ö¦¥´´μ° Î ¸É¨ÍÒ, μ¡² ¤ ÕÐ¥°  ´μ³ ²Ó´Ò³ ³ £´¨É´Ò³
³μ³¥´Éμ³, ¢ ´ ³ £´¨Î¥´´μ° ¸·¥¤¥, ¸²¥¤ÊÕÐ¨¥ ¨§ (50). �É³¥É¨³, ÎÉμ ¢ ¸¶¥±-
É·¥ (50), ± ± ¨ ¢ (13), μÉ¸ÊÉ¸É¢Ê¥É ¢Ò·μ¦¤¥´¨¥ ¶μ ¸¶¨´μ¢μ³Ê ±¢ ´Éμ¢μ³Ê
Î¨¸²Ê. Š ± £μ¢μ·¨²μ¸Ó ¢ÒÏ¥, ÔÉμ ¸¢Ö§ ´μ ¸ ´ ·ÊÏ¥´¨¥³ Î¥É´μ¸É¨ ¢ ¸² ¡ÒÌ
¢§ ¨³μ¤¥°¸É¢¨ÖÌ. �Í¥´¨³ · §´μ¸ÉÓ Ô´¥·£¨° ¤¢ÊÌ ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨°, ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨Ì μ¤´μ³Ê Ô´¥·£¥É¨Î¥¸±μ³Ê ±¢ ´Éμ¢μ³Ê Î¨¸²Ê. �¸¨³¶ÉμÉ¨Î¥¸±μ¥
¶·¥¤¸É ¢²¥´¨¥ ¸¶¥±É·  (50) ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ Ô²¥±É·μ´  (p � m) ¨³¥¥É
¢¨¤ (¶μ²μ¦¨³ ε = 1)

p0 =
Gn

2
(1 − 4 sin2 θW ) + m̃ +

p2

2m̃
−

− s
Gn

2m̃
p

(
1 − mp3Δ

p2
+

(m2 + 2e0BN)Δ2

2p2

)
+ . . . , (52)

£¤¥ m̃ =

√
m2 +

(
Gn

2

)2

+ (μB)2, p =
√

p2
3 + 2e0BN , Δ =

2μB

Gn
. ’μ£¤ 

· ¸Ð¥¶²¥´¨¥ ¶μ s ¤²Ö Ë¨±¸¨·μ¢ ´´μ£μ N ¸μ¸É ¢¨É ¢¥²¨Î¨´Ê

Δp0 =
Gn

m̃
p

(
1 − mp3Δ

p2
+

(m2 + 2e0BN)Δ2

2p2

)
∼

√
N. (53)

…¸²¨ p3 = 0, Éμ μ¶·¥¤¥²ÖÕÐ¥° ¶μ¶· ¢±μ° ± (15) Ö¢²Ö¥É¸Ö Ë ±Éμ·, ¶·μ¶μ·-
Í¨μ´ ²Ó´Ò° Δ2. � ¸Ð¥¶²¥´¨¥ · ¸É¥É ¶·¨ ·μ¸É¥ N . � °¤¥³ Ê¸²μ¢¨¥, ¶·¨
±μÉμ·μ³ Ô´¥·£¥É¨Î¥¸±¨¥ Ê·μ¢´¨ ¶¥·¥±·Ò¢ ÕÉ¸Ö, É. ¥.

p0(s = 1, N + 1) � p0(s = −1, N), (54)

μÉ±Ê¤ , ¶μ² £ Ö p3 = 0,

e0B � 3

√√√√(μBm)2 + 2e0BN

((
Gn

2

)2

+ (μB)2
)

. (55)

�·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê Ê¸²μ¢¨Õ∗:

N �

1
18

e0B − (μBm)2

2e0B(
Gn

2

)2

+ (μB)2
. (56)

∗�·¨ ÔÉμ³ ¸Î¨É ¥É¸Ö, ÎÉμ N � 1 ¨ ¶·¨´ÖÉμ ¢μ ¢´¨³ ´¨¥ ´¥· ¢¥´¸É¢μ
√

N + 1 �
√

2N .
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‚¨¤´μ, ÎÉμ ¢²¨Ö´¨¥ ³ £´¨É´μ£μ ³μ³¥´É  ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ´μ³¥· 
Ê·μ¢´Ö Ô´¥·£¨¨, ¸ ±μÉμ·μ£μ ´ Î¨´ ¥É¸Ö ¶¥·¥±·ÒÉ¨¥.

�É³¥É¨³, ÎÉμ ¨¸¸²¥¤μ¢ ´¨¥ ±·¨É¨Î¥¸±¨Ì ¶μ²¥° ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢Ò¶μ²´Ö¥É¸Ö
´¥É·¨¢¨ ²Ó´μ ¨ ¶μÔÉμ³Ê μ¶Ê¸± ¥É¸Ö.

� ±μ´¥Í, ¶μ¤Î¥·±´¥³ μ¤´μ ¢ ¦´μ¥ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê p0 ¨ T0, ±μÉμ·μ¥
´¥³¥¤²¥´´μ ¸²¥¤Ê¥É ¨§ ¢¨¤  ¸¶¥±É·  (50):

(
p̃0 −

Gn

2

)2
((

Gn

2

)2

+ (μB)2
)

=

=
(

m
Gn

2
+ μBp3

)2

+

((
Gn

2

)2

+ (μB)2 − mT

)2

, (57)

£¤¥ T 0 Å μ¤´μ (²Õ¡μ¥ Ë¨±¸¨·μ¢ ´´μ¥) ¨§ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° μ¶¥· Éμ· 
¸¶¨´  T̂ 0. �¨¦¥ ³Ò ¶μ²ÊÎ¨³ ÔÉμ ¸μμÉ´μÏ¥´¨¥ ±μ´¸É·Ê±É¨¢´μ. �´μ, ± ±

²¥£±μ ¢¨¤¥ÉÓ, ¶·¨ ¨¸Î¥§ ÕÐ¥ ³ ²μ° ¶²μÉ´μ¸É¨

(
É. ¥. ¶·¨

Gn

m
� 1

)
¨ · ¢´μ³

´Ê²Õ ³ £´¨É´μ³ ³μ³¥´É¥ ¶¥·¥Ìμ¤¨É ¢ ¨§¢¥¸É´μ¥ ¸μμÉ´μÏ¥´¨¥ �°´ÏÉ¥°´ 
p2
0 = p2 + m2 ¨ ¶·¨ ±μ´¥Î´μ° ¢¥²¨Î¨´¥ ¶²μÉ´μ¸É¨ ¸·¥¤Ò ¨  ´μ³ ²Ó´μ£μ

³ £´¨É´μ£μ ³μ³¥´É  Ö¢²Ö¥É¸Ö ¥£μ μ¡μ¡Ð¥´¨¥³ ¢ · ³± Ì ¶·¨´ÖÉÒÌ ³μ¤¥²Ó´ÒÌ
¤μ¶ÊÐ¥´¨°. ŒÒ ¨¸¶μ²Ó§Ê¥³ ÔÉμ ¸μμÉ´μÏ¥´¨¥ ¢ ¤ ²Ó´¥°Ï¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ.

3.2. ‚ÒÎ¨¸²¥´¨¥ ¸¶¨´μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢. ’¥¶¥·Ó ¢¥·´¥³¸Ö ± ·¥Ï¥-
´¨Õ ¸¨¸É¥³Ò (45). �¥Ï¥´¨¥ ÔÉμ° ¸¨¸É¥³Ò, ± ± ¨ Éμ°, ÎÉμ ¶μ²ÊÎ¥´  ¢ · §¤. 1,
¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥ (6). � ¸¸Ê¦¤ Ö É ±¨³ ¸¶μ¸μ¡μ³, ¶·¨Ìμ¤¨³ ± ¤¢Ê³ ¸¨¸-
É¥³ ³

⎛
⎜⎜⎝

p3 −
Gn

2
−m − μB − p̃0 +

Gn

2

m + μB − p̃0 +
Gn

2
p3 −

Gn

2

⎞
⎟⎟⎠

(
C1

C3

)
= −

√
2e0BN

(
C2

C4

)
,

(58)⎛
⎜⎜⎝

p3 +
Gn

2
m − μB + p̃0 +

Gn

2

−m + μB + p̃0 +
Gn

2
p3 +

Gn

2

⎞
⎟⎟⎠

(
C2

C4

)
=

√
2e0BN

(
C1

C3

)
.

(59)

’ ±¨³ μ¡· §μ³, μ¸É ²μ¸Ó ²¨ÏÓ ¢ÒÎ¨¸²¨ÉÓ ±μÔËË¨Í¨¥´ÉÒ Ci. „²Ö Éμ£μ
ÎÉμ¡Ò Ê¶·μ¸É¨ÉÓ ÔÉ¨ ¢ÒÎ¨¸²¥´¨Ö, ¶·μ ´ ²¨§¨·Ê¥³ ¸¨¸É¥³Ê, ¢μ§´¨± ÕÐÊÕ ¶·¨
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´ Ìμ¦¤¥´¨¨ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° μ¶¥· Éμ·  ¸¶¨´ , ¨³¥´´μ

√
2e0BN

m

⎛
⎜⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎟⎠

(
C2

C4

)
=

(
T − Gn

2
p3

m
+ μB

) (
C1

C3

)
. (60)

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ⎛
⎜⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎟⎠

⎛
⎜⎜⎝

Gn

2
μB

−μB
Gn

2

⎞
⎟⎟⎠ =

(
Gn

2

)2

+ (μB)2 , (61)

(
T +

Gn

2
p3

m
− μB

) (
T − Gn

2
p3

m
+ μB

)
=

2e0BN

m2

((
Gn

2

)2

+ (μB)2
)

,

(62)

¤μ³´μ¦¨³ μ¡¥ Î ¸É¨ (60) ´ 

√(
Gn

2

)2

+ (μB)2:

(
T +

Gn

2
p3

m
− μB

)1/2 (
T − Gn

2
p3

m
+ μB

)1/2

⎛
⎜⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎟⎠

(
C2

C4

)
=

(63)

=
(

T − Gn

2
p3

m
+ μB

) ⎛
⎜⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎟⎠

1/2 ⎛
⎜⎜⎝

Gn

2
μB

−μB
Gn

2

⎞
⎟⎟⎠

1/2 (
C1

C3

)
. (64)

‚Ò¶μ²´ÖÖ ¸μ±· Ð¥´¨¥ ¶μ¤μ¡´ÒÌ ³´μ¦¨É¥²¥°, ¶μ²ÊÎ ¥³ ¸μμÉ´μÏ¥´¨¥√√√√
1 +

Gn

2
p3

m
− μB

T

⎛
⎜⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎟⎠

1/2 (
C2

C4

)
= (65)

= s

√√√√
1 −

Gn

2
p3

m
− μB

T

⎛
⎜⎜⎝

Gn

2
μB

−μB
Gn

2

⎞
⎟⎟⎠

1/2 (
C1

C3

)
, (66)
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£¤¥ ±¢ ¤· É´Ò° ±μ·¥´Ó ¨§ ³ É·¨ÍÒ · ¢¥´⎛
⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎠

1/2

=

=
1√
2

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

√√√√Gn
2 +

√(
Gn

2

)2

+ (μB)2 − μB√√√√Gn

2
+

√(
Gn

2

)2

+ (μB)2

μB√√√√√√Gn

2
+

√(
Gn

2

)2

+ (μB)2

√√√√Gn

2
+

√(
Gn

2

)2

+ (μB)2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(67)

‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³ ¤²Ö ¸¶¨´μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢

(
C2

C4

)
= s

√√√√
1 −

Gn

2
p3

m
− μB

T

⎛
⎜⎝

Gn

2
μB

−μB
Gn

2

⎞
⎟⎠

1/2 (
A
B

)
, (68)

(
C1

C3

)
=

√√√√
1 +

Gn

2
p3

m
− μB

T

⎛
⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎠

1/2 (
A
B

)
, (69)

£¤¥ A ¨ B Å ´μ¢Ò¥ ´¥¨§¢¥¸É´Ò¥ ±μ´¸É ´ÉÒ.
’¥¶¥·Ó ¢¥·´¥³¸Ö ± Ê· ¢´¥´¨Õ (58) ¨ ¶μ¤¸É ¢¨³ ¢ ´¥£μ ¶μ²ÊÎ¥´´Ò¥ ¢Ò· -

¦¥´¨Ö:√√√√
1 +

Gn

2
p3

m
− μB

T
×

×

⎛
⎜⎝ p3 −

Gn

2
−m− μB − p̃0 +

Gn

2
m + μB − p̃0 +

Gn

2
p3 −

Gn

2

⎞
⎟⎠

⎛
⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎠

1/2 (
A
B

)
=

= −s
√

2e0BN

√√√√
1 −

Gn

2
p3

m
− μB

T

⎛
⎜⎝

Gn

2
μB

−μB
Gn

2

⎞
⎟⎠

1/2 (
A
B

)
. (70)
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“Î¨ÉÒ¢ Ö ¸± § ´´μ¥ ¢ÒÏ¥, ÔÉμ ¢Ò· ¦¥´¨¥ ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

⎛
⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎠

1/2 ⎛
⎜⎝ p3 −

Gn

2
−m − μB − p̃0 +

Gn

2
m + μB − p̃0 +

Gn

2
p3 −

Gn

2

⎞
⎟⎠×

×

⎛
⎜⎝

Gn

2
−μB

μB
Gn

2

⎞
⎟⎠

1/2 (
A
B

)
= −mT

⎛
⎜⎝1 −

Gn

2
p3

m
− μB

T

⎞
⎟⎠

(
A
B

)
. (71)

�μ¸²¥ ´¥¸²μ¦´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¶μ²ÊÎ ¥³

(
mT −

(
Gn

2

)2

− (μB)2
)

A−

−

⎛
⎝m

Gn

2
+

(
p̃0 −

Gn

2

) √(
Gn

2

)2

+ (μB)2 + μBp3

⎞
⎠ B = 0,

⎛
⎝m

Gn

2
−

(
p̃0 −

Gn

2

) √(
Gn

2

)2

+ (μB)2 + μBp3

⎞
⎠ A+

+

(
mT −

(
Gn

2

)2

− (μB)2
)

B = 0. (72)

ˆ§ Ê¸²μ¢¨Ö · ¢¥´¸É¢  ´Ê²Õ μ¶·¥¤¥²¨É¥²Ö ÔÉμ° ³ É·¨ÍÒ (ÎÉμ Ö¢²Ö¥É¸Ö ´¥μ¡-
Ìμ¤¨³Ò³ ¨ ¤μ¸É ÉμÎ´Ò³ Ê¸²μ¢¨¥³ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ´¥É·¨¢¨ ²Ó´μ£μ ·¥Ï¥´¨Ö)
¸²¥¤Ê¥É ¶·¥¤¸É ¢²¥´´μ¥ ¢ÒÏ¥ ¡¥§ ¤μ± § É¥²Ó¸É¢  ¸μμÉ´μÏ¥´¨¥ (57).

’¥¶¥·Ó ´¥¸²μ¦´μ ´ °É¨ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê A ¨ B. ‡ ¶¨Ï¥³ ¶¥·¢μ¥
Ê· ¢´¥´¨¥ ¸¨¸É¥³Ò (72):

(
mT −

(
Gn

2

)2

− (μB)2
)

A =

=

⎛
⎝m

Gn

2
+

(
p̃0 −

Gn

2

) √(
Gn

2

)2

+ (μB)2 + μBp3

⎞
⎠ B. (73)
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‚¢¥¤¥³ ¢¥²¨Î¨´Ê η = sgn

(
mT −

(
Gn

2

)2

− (μB)2
)

¨ ¶·¥μ¡· §Ê¥³ ÔÉμ ¢Ò-

· ¦¥´¨¥

η

√√√√(
p̃0 −

Gn

2

) √(
Gn

2

)2

+ (μB)2 − m
Gn

2
− μBp3 ×

×

√√√√(
p̃0 −

Gn

2

) √(
Gn

2

)2

+ (μB)2 + m
Gn

2
+ μBp3 A =

=
(

p̃0 −
Gn

2

)√(
Gn

2

)2

+ (μB)2

⎛
⎜⎜⎜⎜⎝1 +

m
Gn

2
+ μBp3(

p̃0 −
Gn

2

) √(
Gn

2

)2

+ (μB)2

⎞
⎟⎟⎟⎟⎠B,

(74)

μÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉμ

η

√√√√√√√√1 −
m

Gn

2
+ μBp3(

p̃0 −
Gn

2

) √(
Gn

2

)2

+ (μB)2
A =

= ε

√√√√√√√√1 +
m

Gn

2
+ μBp3(

p̃0 −
Gn

2

) √(
Gn

2

)2

+ (μB)2
B. (75)

�±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö ¤²Ö ±μÔËË¨Í¨¥´Éμ¢

A = η

√√√√√√√√1 +
m

Gn

2
+ μBp3(

p̃0 −
Gn

2

) √(
Gn

2

)2

+ (μB)2
C,

B = ε

√√√√√√√√1 −
m

Gn

2
+ μBp3(

p̃0 −
Gn

2

) √(
Gn

2

)2

+ (μB)2
C

(76)
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¸ ¥¤¨´¸É¢¥´´Ò³ ±μÔËË¨Í¨¥´Éμ³ C, ±μÉμ·Ò° ¤μ²¦¥´ ¡ÒÉÓ μ¶·¥¤¥²¥´ ¨§ Ê¸²μ-
¢¨Ö ´μ·³¨·μ¢±¨ C2

1 + C2
2 + C2

3 + C2
4 = 1. ˆ³¥´´μ,

C =
1
2

1((
Gn

2

)2

+ (μB)2
)1/4

. (77)

’ ±¨³ μ¡· §μ³, ¶μ²´Ò° ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö ¨³¥¥É ¢¨¤

|Ψ〉 = e−ip0t|p2〉|p3〉

⎛
⎜⎜⎜⎜⎝

C1|n − 1〉′

iC2|n〉′

C3|n − 1〉′

iC4|n〉′

⎞
⎟⎟⎟⎟⎠ , (78)

£¤¥ ¸¶¨´μ¢Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¢Ò· ¦ ÕÉ¸Ö Ëμ·³Ê² ³¨ (68), (69) ¨ (76).
”μ·³Ê²  (78) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ÉμÎ´μ¥ ·¥Ï¥´¨¥ § ¤ Î¨ (44), ±μÉμ· Ö

μ¶¨¸Ò¢ ¥É ±¢ ´Éμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö § ·Ö¦¥´´μ° Î ¸É¨ÍÒ, μ¡² ¤ ÕÐ¥°  ´μ³ ²Ó-
´Ò³ ³ £´¨É´Ò³ ³μ³¥´Éμ³, ¢ ¸·¥¤¥ ¨ ³ £´¨É´μ³ ¶μ²¥. �Ê²¥¢μ¥ ¸μ¸ÉμÖ´¨¥ Î -

¸É¨ÍÒ μ± §Ò¢ ¥É¸Ö ¸É·μ£μ ¶μ²Ö·¨§μ¢ ´´Ò³. �·¨
Gn

2
p3

m
> μB ÔÉμ ¸μ¸ÉμÖ´¨¥

μ± §Ò¢ ¥É¸Ö ²¥¢μ¶μ²Ö·¨§μ¢ ´´Ò³, ¢ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ Å ¶· ¢μ¶μ²Ö·¨§μ-
¢ ´´Ò³.

‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¤ ´´μ¥ ·¥Ï¥´¨¥ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö
μ¶¨¸ ´¨Ö ¸μ¸ÉμÖ´¨Ö ³¨²²¨§ ·Ö¦¥´´μ£μ ´¥°É·¨´μ, μ¡² ¤ ÕÐ¥£μ  ´μ³ ²Ó´Ò³
³ £´¨É´Ò³ ³μ³¥´Éμ³. �¶¨¸ ´¨¥ Ô²¥±É·μ³ £´¨É´ÒÌ ¸¢μ°¸É¢ ´¥°É·¨´μ ³μ¦´μ
´ °É¨ ¢ [14Ä17].

�¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥ μ = 0 ¶μ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¶¥·¥Ìμ¤ÖÉ ¢
Ëμ·³Ê²Ò (40)Ä(42), ±μÉμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ÉμÎ´μ¥ ·¥Ï¥´¨¥ § ¤ Î¨ (9),
μ¶¨¸Ò¢ ÕÐ¥° ±¢ ´Éμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö Ô²¥±É·μ´  ¢ ¸·¥¤¥ ¨ ³ £´¨É´μ³ ¶μ²¥ ¡¥§
ÊÎ¥É   ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É . ‡ ³¥É¨³ É ±¦¥, ÎÉμ ¢ ¸²ÊÎ ¥ μ = 0,
n = 0 ÔÉ¨ ¦¥ ¢Ò· ¦¥´¨Ö ¸¢μ¤ÖÉ¸Ö ± ¨§¢¥¸É´μ³Ê ·¥Ï¥´¨Õ § ¤ Î¨ ¤²Ö Ô²¥±É·μ´ 
¢ ¶μ¸ÉμÖ´´μ³ ³ £´¨É´μ³ ¶μ²¥ (¸³. ¶μ¤·μ¡´¥¥ [1]), · ¸¸³μÉ·¥´´μ³Ê ¢ · §¤. 1.

4. ˆ�’…���…’�–ˆŸ ‘�…Š’��:
�…�…•�„ Š Š‹�‘‘ˆ—…‘Š�Œ“ ��ˆ‘��ˆ


Š ± ¡Ò²μ Ê¸É ´μ¢²¥´μ ¢ÒÏ¥, ¸¶¥±É· Ô²¥±É·μ´  ¢ ¸·¥¤¥ ¨§ ´¥°É·μ´μ¢ ¨
³ £´¨É´μ³ ¶μ²¥ ¤ ¥É¸Ö Ëμ·³Ê²μ° (13), ±μÉμ·ÊÕ ¤²Ö ´ £²Ö¤´μ¸É¨ ¶¥·¥¶¨Ï¥³
¢ ¢¨¤¥(

p0 − Gn

2
+ 2Gn sin2 θW

)2

=
(√

p2
3 + 2e0BN − s

Gn

2

)2

+ m2. (79)
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ˆ´É¥·¶·¥É¨·μ¢ ÉÓ ÔÉμ ·¥Ï¥´¨¥ ¡Ê¤¥É ¶·μÐ¥, ¥¸²¨ ´ °É¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¥£μ
 ´ ²μ£ ¢ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨. Š ± ¨§¢¥¸É´μ, ¤¢¨¦¥´¨¥ Ô²¥±É·μ´  ¢ ¢ ±ÊÊ³¥
¨ ³ £´¨É´μ³ ¶μ²¥ μ¶¨¸Ò¢ ¥É¸Ö ËÊ´±Í¨¥° ‹ £· ´¦ 

L = −m
√

1 − v2 + q(vA). (80)

�ÉÉ ²±¨¢ Ö¸Ó μÉ ÔÉμ° ËÊ´±Í¨¨ ‹ £· ´¦ , ´¥É·Ê¤´μ ¶μ¸É·μ¨ÉÓ ËÊ´±Í¨Õ ƒ -
³¨²ÓÉμ´ 

H =
√

(p − qA)2 + m2. (81)

‘· ¢´¨¢ Ö Ëμ·³Ê²Ò (79) ¨ (81), § ³¥Î ¥³, ± ± ¤μ²¦´  ¡ÒÉÓ μ¡μ¡Ð¥´  ±² ¸-
¸¨Î¥¸± Ö ËÊ´±Í¨Ö ƒ ³¨²ÓÉμ´  (81) ´  ÉμÉ ¸²ÊÎ °, ±μ£¤  Ô²¥±É·μ´ ¶μ³¥Ð¥´ ¢
¸·¥¤Ê ¨§ ´¥°É·μ´μ¢:

H =
Gn

2
(1 − 4 sin2 θW ) +

√(
|p− qA| − s

Gn

2

)2

+ m2. (82)

‚ ÔÉμ° Ëμ·³Ê²¥ ¸¶¨´μ¢μ¥ ±¢ ´Éμ¢μ¥ Î¨¸²μ ³μ¦´μ ¶μ´¨³ ÉÓ ± ± ¶ · ³¥É·,
Ì · ±É¥·¨§ÊÕÐ¨° ¶μ²Ö·¨§ Í¨Õ Î ¸É¨ÍÒ. ˆ¸Ìμ¤Ö ¨§ ÔÉμ° ËÊ´±Í¨¨ ƒ ³¨²Ó-
Éμ´  ´ °¤¥³ μÉ¢¥Î ÕÐÊÕ ¥° ËÊ´±Í¨Õ ‹ £· ´¦  ¸ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö
‹¥¦ ´¤· 

L = pv − H. (83)

‘μ£² ¸´μ Ê· ¢´¥´¨Ö³ ƒ ³¨²ÓÉμ´ 

v =
∂H

∂p
=

|p − qA| − s
Gn

2√(
|p − qA| − s

Gn

2

)2

+ m2

p− qA
|p− qA| . (84)

�¡· Ð Ö ÔÉÊ Ëμ·³Ê²Ê μÉ´μ¸¨É¥²Ó´μ p− qA, ´ Ìμ¤¨³

|p − qA| = s
Gn

2
+

mv√
1 − v2

. (85)

’ ± ± ± ¸μ£² ¸´μ (84) v � (p − qA), Éμ

p − qA =
(

s
Gn

2v
+

mv√
1 − v2

)
v. (86)

�μ¤¸É ¢²ÖÖ (86) ¢ (83) ¨ μÉ¡· ¸Ò¢ Ö  ¤¤¨É¨¢´ÊÕ ¶μ¸ÉμÖ´´ÊÕ, ¶μ²ÊÎ ¥³ ËÊ´±-
Í¨Õ ‹ £· ´¦ 

L = −m
√

1 − v2 + q(vA) + s
Gn

2
v. (87)
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� °¤¥³ Ê· ¢´¥´¨Ö ‹ £· ´¦  ¨ ·¥Ï¨³ ¨Ì. „¨ËË¥·¥´Í¨·ÊÖ ÔÉÊ ËÊ´±Í¨Õ ‹ £-
· ´¦ , ¶μ²ÊÎ¨³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö

Ṗ − q[v × H] + s
Gn

2
d

dt

(v
v

)
= 0, P =

mv√
1 − v2

. (88)

ˆ§ Ê· ¢´¥´¨Ö (88) ¸²¥¤Ê¥É, ÎÉμ (ṗ,v) = 0. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨³¥¥³ Í¥¶μÎ±Ê
¸¢Ö§¥°

(ṗ,v) =
mv̇v√
1 − v2

= 0 ⇒ v̇v = 0 ⇒ v̇ =
v̇v
v

= 0. (89)

’μ£¤  μ¡μ¡Ð¥´´ Ö Ô´¥·£¨Ö

E =
m√

1 − v2
(90)

¸μÌ· ´Ö¥É¸Ö, ¨ Ê· ¢´¥´¨¥ (88) ¶¥·¥¶¨Ï¥³ ¢ ¢¨¤¥(
m√

1 − v2
+ s

Gn

2v

)
v̇ = q[v × H]. (91)

�Ê¸ÉÓ ³ £´¨É´μ¥ ¶μ²¥ ¨³¥¥É ¸É·Ê±ÉÊ·Ê H = Hez. �·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥,
ÎÉμ vz = const, ¢Ò¶¨Ï¥³ μ¸É ¢Ï¨¥¸Ö ¤¢  Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò:(

E + s
Gn

2v

)
v̇x = qvyH, (92)

(
E + s

Gn

2v

)
v̇y = −qvxH. (93)

—Éμ¡Ò ¶·μ¨´É¥£·¨·μ¢ ÉÓ ÔÉÊ ¸¨¸É¥³Ê, ¶¥·¥°¤¥³ ± ±μ³¶²¥±¸´μ° § ¶¨¸¨.
„μ³´μ¦¨³ ¢Éμ·μ¥ Ê· ¢´¥´¨¥ ´  ³´¨³ÊÕ ¥¤¨´¨ÍÊ ¨ ¸²μ¦¨³ ¥£μ ¸ ¶¥·¢Ò³.
�μ²ÊÎ¨³ ¶·μ¸É¥°Ï¥¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥ ´  ¢¥²¨Î¨´Ê (vx + ivy).
ˆ´É¥£·¨·ÊÖ ¥£μ ¨ · §¤¥²ÖÖ ¤¥°¸É¢¨É¥²Ó´ÊÕ ¨ ³´¨³ÊÕ Î ¸É¨, ´ Ìμ¤¨³ μÉ¢¥É:

vx = v0 cos

⎛
⎜⎝ qHt

E + s
Gn

2v

+ α

⎞
⎟⎠ , vy = v0 sin

⎛
⎜⎝ qHt

E + s
Gn

2v

+ α

⎞
⎟⎠ . (94)

— ¸É¨Í , ± ± ¨ ¢ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢¨Ö ¸·¥¤Ò, ¤¢¨¦¥É¸Ö ¶μ μ±·Ê¦´μ¸É¨ ¸ ¶μ¸Éμ-
Ö´´μ° ¸±μ·μ¸ÉÓÕ. — ¸ÉμÉ  ¢· Ð¥´¨Ö

ω =
qH

E + s
Gn

2v

(95)

§ ¢¨¸¨É μÉ ¶μ²Ö·¨§ Í¨¨ Î ¸É¨ÍÒ ¨ ¶²μÉ´μ¸É¨ ´¥°É·μ´´μ° ¸·¥¤Ò. ‚¨¤´μ, ÎÉμ
¤²Ö ²¥¢μ¶μ²Ö·¨§μ¢ ´´ÒÌ Ô²¥±É·μ´μ¢ (s = −1) ³μ¦¥É ¨³¥ÉÓ ³¥¸Éμ ·¥§μ´ ´¸,
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±μ£¤  Î ¸ÉμÉ  ¢· Ð¥´¨Ö ·¥§±μ ¢μ§· ¸É ¥É ¶·¨ μ¶·¥¤¥²¥´´ÒÌ Ê¸²μ¢¨ÖÌ. “¸²μ-
¢¨¥ ·¥§μ´ ´¸ 

E − Gn

2v
= 0 (96)

³μ¦´μ É ±¦¥ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

P − Gn

2
= 0. (97)

‚ ±¢ ´Éμ¢μ³ μ¶¨¸ ´¨¨ ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ, ±μ£¤  ¢ Ëμ·³Ê²¥ (79) ¸μ¡-
¸É¢¥´´μ¥ §´ Î¥´¨¥ ¸¶¨´μ¢μ£μ μ¶¥· Éμ·  μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó.

— ¸ÉμÉ  ¢· Ð¥´¨Ö Ô²¥±É·μ´  ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

ω =
qvH

P + s
Gn

2

. (98)

� ¤¨Ê¸ μ±·Ê¦´μ¸É¨, ¶μ ±μÉμ·μ° ¤¢¨¦¥É¸Ö Ô²¥±É·μ´, ¢ÒÎ¨¸²Ö¥É¸Ö É ± (¸Î¨É ¥³,
ÎÉμ v3 = 0):

ω =
qvH

P + s
Gn

2

=
v

R
⇒ R =

P + s
Gn

2
qH

. (99)

� ¤¨Ê¸ μ±·Ê¦´μ¸É¨ ¶·¨ ·¥§μ´ ´¸¥ ¸É·¥³¨É¸Ö ± ´Ê²Õ. � ±μ´¥Í, Ê¸±μ·¥´¨¥,
· §¢¨¢ ¥³μ¥ Ô²¥±É·μ´μ³, ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥

a = ωv =
qv2H

P + s
Gn

2

. (100)

ˆ´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¶·¨ ÔÉμ³ ¸μ¸É ¢²Ö¥É

dE

dt
=

2q2

3
a2

(1 − v2)2
=

2
3

q4H2(
P + s

Gn

2

)2

v4

(1 − v2)2
. (101)

‘· ¢´¨¢ Ö ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ¨§²ÊÎ¥´¨Ö ¢ ¢ ±ÊÊ³¥, ´ Ìμ¤¨³

dE

dt
dE

dt

∣∣∣∣
n=0

=
1(

1 + s
Gn

2P

)2 = 1 − s
Gn

P + O
((

Gn

P

)2
)

. (102)

‚ Ê¸²μ¢¨ÖÌ ·¥§μ´ ´¸  ¨´É¥´¸¨¢´μ¸ÉÓ ·¥§±μ ¢μ§· ¸É ¥É, ÎÉμ ³μ¦¥É ¶·μÖ¢²ÖÉÓ¸Ö
¢ ¢¨¤¥ ¢¸¶ÒÏ¥± ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î ¸É¨Í¥° ¸·¥¤Ò ¸ ¶¥·¥³¥´´μ° ¶²μÉ´μ¸ÉÓÕ.
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‚ ÔÉμ° · ¡μÉ¥ ³Ò · ¸¸³μÉ·¥²¨ ´¥±μÉμ·Ò¥ ÉμÎ´Ò¥ ·¥Ï¥´¨Ö ³μ¤¨Ë¨Í¨-
·μ¢ ´´μ£μ Ê· ¢´¥´¨Ö „¨· ± , μ¶¨¸Ò¢ ÕÐ¥£μ · ¸¶·μ¸É· ´¥´¨¥ Ô²¥±É·μ´  ¢
μ¤´μ·μ¤´μ° ¸·¥¤¥ ¨ ¸¨²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥. ŒÒ ¶μ¤Î¥·±¨¢ ¥³, ÎÉμ ÔÉμÉ
¶μ¤Ìμ¤ É ±¦¥ ³μ¦¥É ¡ÒÉÓ μ¡μ¡Ð¥´ ´  ¤·Ê£¨¥ Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ (´ ¶·¨-
³¥·, ´¥°É·¨´μ), ¤¢¨¦ÊÐ¨¥¸Ö ¢ ¸·¥¤¥ § ¤ ´´μ£μ ¸μ¸É ¢  ¨ ³ £´¨É´μ³ ¶μ²¥.
�μ²ÊÎ¥´´Ò¥ ·¥Ï¥´¨Ö ¤²Ö μ¶·¥¤¥²¥´´ÒÌ ¸²ÊÎ ¥¢ ¤¢¨¦¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ ¨¸-
¶μ²Ó§μ¢ ´Ò ± ± ¶¥·¢Ò¥ ¶·¨¡²¨¦¥´¨Ö ¢ ¡μ²¥¥ ¸²μ¦´ÒÌ ³μ¤¥²ÖÌ. � °¤¥´´Ò¥
ÉμÎ´Ò¥ ·¥Ï¥´¨Ö μ± §Ò¢ ÕÉ¸Ö ¶μ²¥§´Ò³¨ ¶·¨ ¨§ÊÎ¥´¨¨ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ´¥°É·¨´μ [18Ä20] ¨ ¤·Ê£¨Ì Î ¸É¨Í ¢ · §²¨Î´ÒÌ  ¸É·μË¨§¨Î¥¸±¨Ì ¨
±μ¸³μ²μ£¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ. ’ ±¦¥ ¨Ì ³μ¦´μ ¶·¨³¥´ÖÉÓ ¤²Ö ¨§ÊÎ¥´¨Ö £ ³³ -
¢¸¶ÒÏ¥± ¢ ¶·μÍ¥¸¸¥ ±μ²² ¶¸  ´¥°É·μ´´ÒÌ §¢¥§¤ (¶·¥¤¸± § ´Ò ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ³μ¤¥²¥° GRBs [21]), ¢ ¶·μÍ¥¸¸¥ ¶μ£²μÐ¥´¨Ö ´¥°É·μ´´μ° §¢¥§¤Ò Î¥·´μ°
¤Ò·μ° ¨²¨ ¶·¨ ¨§ÊÎ¥´¨¨ ¤·Ê£¨Ì ¶·μÍ¥¸¸μ¢, μ¡¸Ê¦¤¥´¨¥ ±μÉμ·ÒÌ ³μ¦´μ ´ °É¨
¢ [22]. �μ¢¥¤¥´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ Ô±¸É·¥³ ²Ó´μ ¸¨²Ó´ÒÌ ¶μ²ÖÌ [23] ¤ ¥É
¤·Ê£¨¥ ¨´É¥·¥¸´Ò¥ ¶·¨²μ¦¥´¨Ö ¢Ò¶μ²´¥´´Ò³ · ¸¸³μÉ·¥´¨Ö³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° (£· ´ÉÒ º11-02-01509-  ¨ º 12-02-06833-³μ¡ £),   É ±¦¥ Œ¨-
´¨¸É¥·¸É¢  μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨ �” (£μ¸±μ´É· ±É º12.741.11.0180 ¨ ¶·μ¥±ÉÒ
º2012-1.2.1-12-000-1012-1958 ¨ º2012-1.1-12-000-1011-6097).
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