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‚ ¶µ¸²¥¤´¨¥ £µ¤Ò · §¢¨¢ ¥É¸Ö ´µ¢Ò° ¶µ¤Ìµ¤ ± É¥µ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ¸µ¶·µ¢µ¦¤ Õ-
Ð¨Ì¸Ö · §¢ ²µ³ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ¤¸¨¸É¥³ ¶µ · §²¨Î´Ò³ ± ´ ² ³. �ÉµÉ ¶µ¤Ìµ¤ ¶µ²ÊÎ¨²
´ §¢ ´¨¥  ´É¨¸¨³³¥É·¨§µ¢ ´´µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±¨ (�Œ„),   ¥£µ £² ¢´ Ö ¨¤¥Ö ¸µ¸Éµ¨É ¢
¸µ¶µ¸É ¢²¥´¨¨ ´Ê±²µ´ ³ ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢ (µ·¡¨É ²¥° �·¨´± ) ¨ ¢ ¸¢¥¤	¥´¨¨ ¤¨´ ³¨Î¥¸±µ° § -
¤ Î¨ ± É ±¨³ ±² ¸¸¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³ ¤²Ö Í¥´É·µ¢ ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢, ±µÉµ·Ò¥ ¶·¨´¨³ ÕÉ ¢µ
¢´¨³ ´¨¥ ÔËË¥±ÉÒ  ´É¨¸¨³³¥É·¨§ Í¨¨, ´µ ´¥ ÊÎ¨ÉÒ¢ ÕÉ ¤·Ê£¨Ì ±¢ ´Éµ¢ÒÌ ÔËË¥±Éµ¢. ‚ µ¡§µ·¥
¨²²Õ¸É·¨·ÊÕÉ¸Ö µ¸´µ¢´Ò¥ ¶µ²µ¦¥´¨Ö �Œ„ ´  ¶·¨³¥·¥ ¶·µ¸ÉÒÌ Ö¤¥·´ÒÌ ¸¨¸É¥³, ·¥§Ê²ÓÉ ÉÒ
�Œ„ ¸· ¢´¨¢ ÕÉ¸Ö ¸ É¥³¨, ±µÉµ·Ò¥ ¤ eÉ ÉµÎ´µ¥ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ ¢ ¶·µ¸É· ´-
¸É¢¥ ”µ± Ä� ·£³ ´´ , µ¡¸Ê¦¤ ¥É¸Ö µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ �Œ„, ¢ Éµ³ Î¨¸²¥ ¨ ¤²Ö ¸µ¸ÉµÖ´¨°
¤¨¸±·¥É´µ£µ ¸¶¥±É· , ¨ Ê¸É ´ ¢²¨¢ ¥É¸Ö ¸¢Ö§Ó ±² ¸¸¨Î¥¸±¨Ì É· ¥±Éµ·¨° �Œ„ ¨ ±¢ ´Éµ¢ÒÌ · ¸-
¶·¥¤¥²¥´¨° ¸ ¶·¥¤¸É ¢²¥´¨Ö³¨ ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨. �¤´µ¢·¥³¥´´µ ¶·¥¤² £ ¥É¸Ö ´µ¢ Ö ¨´-
É¥·¶·¥É Í¨Ö µ·¡¨É ²¥° �·¨´±  ¨ ¶µ¸É·µ¥´´ÒÌ ´  ÔÉ¨Ì µ·¡¨É ²ÖÌ ¤¥É¥·³¨´ ´Éµ¢ ‘²¥°É¥·  ± ±
¸µ¡¸É¢¥´´ÒÌ ËÊ´±Í¨° µ¶¥· Éµ·  ±µµ·¤¨´ ÉÒ, µ¶·¥¤¥²e´´µ£µ ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ .

In recent years, a new approach to the theory of nuclear reactions accompanied by a break-down
of the interacting subsystems into various channels has been developed. This approach was named
the Antisymmetrized Molecular Dynamics (AMD), and its main idea consists in the description of
the nucleons by wave packets in which the antisymmetrization effects (but not other quantum effects)
are accounted for. In this review, the basic principles of AMD are illustrated with the examples of
simplest nuclear systems, and the results are compared with those provided by an exact quantum-
mechanical description in the FockÄBargmann space. The applicability region of AMD is discussed,
in particular, in the cases of systems with discrete spectrum, and a relation between the classical
AMD trajectories and the quantum distributions is established. At the same time, a new interpretation
of Brink orbitals and Slater determinants built on them as eigenfunctions of the coordinate operator
deˇned in the FockÄBargmann space is proposed.

1. ‚‚…„…�ˆ…

‘Éµ²±´µ¢¥´¨¥ ÉÖ¦e²ÒÌ ¨µ´µ¢ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ° Ô´¥·£¨¨ ¸µ¶·µ¢µ¦¤ -
¥É¸Ö ¨Ì · §¢ ²µ³ ¨ ¶µÖ¢²¥´¨¥³ · §²¥É ÕÐ¨Ì¸Ö Ö¤¥·´ÒÌ Ë· £³¥´Éµ¢ [1]. �·µ-
Í¥¸¸ ÔÉµÉ µ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥· ¢´µ¢¥¸´Ò³, ¨ ·¥ ²Ó´µ ¢ ´¥³ ÊÎ ¸É¢Ê¥É
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¡µ²ÓÏµ¥ Î¨¸²µ ´Ê±²µ´µ¢. �µÔÉµ³Ê Ê¦¥ ¤ ¢´µ ¡Ò²  µ¸µ§´ ´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ
µ¡· Ð¥´¨Ö ± ¶·¥¤¸É ¢²¥´¨Ö³ ±¨´¥É¨Î¥¸±µ° É¥µ·¨¨, ÎÉµ¡Ò ´ °É¨  ¤¥±¢ É´µ¥
µ¡ÑÖ¸´¥´¨¥ Ö¢²¥´¨°, ´ ¡²Õ¤ ¥³ÒÌ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ÉÖ¦e²ÒÌ ¨µ´µ¢ [2]. �¤-
´ ±µ ¥¸²¨ ¢ µ¸´µ¢Ê ¸É ´¤ ·É´µ£µ ¸É É¨¸É¨Î¥c±µ£µ ¶µ¤Ìµ¤  ¶µ²µ¦¥´Ò § ±µ´Ò
±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¨, Éµ ¨¸Ìµ¤´Ò³ ¶Ê´±Éµ³ ±¨´¥É¨Î¥¸±µ° É¥µ·¨¨ Ö¤¥·-
´ÒÌ ¸Éµ²±´µ¢¥´¨° ¤µ²¦´Ò ¡ÒÉÓ Ê· ¢´¥´¨Ö ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨²¨ É ±µ° ¨Ì
±² ¸¸¨Î¥¸±¨° ¶·¥¤¥², ±µÉµ·Ò° ¶¥·¥¤ eÉ ÌµÉÖ ¡Ò ´ ¨¡µ²¥¥ ¢ ¦´Ò¥ ±¢ ´Éµ¢Ò¥
µ¸µ¡¥´´µ¸É¨ ´Ê±²µ´´µ° ¤¨´ ³¨±¨. ’ ±, ¢ ·¨ ´É ±¨´¥É¨Î¥¸±µ£µ ¶µ¤Ìµ¤ , ÊÎ¨-
ÉÒ¢ ÕÐ¥£µ ¢²¨Ö´¨¥ ±¢ ´Éµ¢µ£µ ÔËË¥±É   ´É¨¸¨³³¥É·¨§ Í¨¨ ´  ±² ¸¸¨Î¥¸±¨¥
É· ¥±Éµ·¨¨ ´Ê±²µ´µ¢, ¡Ò² ¶·¥¤²µ¦¥´ ¢ · ¡µÉ Ì [3,4] ¨ ´ §¢ ´  ´É¨¸¨³³¥É·¨-
§µ¢ ´´µ° ³µ²¥±Ê²Ö·´µ° ¤¨´ ³¨±µ° (�Œ„).

�µ§¦¥ ¸É ²µ Ö¸´µ [7], ÎÉµ ´Ê±²µ´´Ò¥ É· ¥±Éµ·¨¨, ¸É ¢Ï¨¥ ¶·¥¤³¥Éµ³ ¨¸-
¸²¥¤µ¢ ´¨Ö �Œ„, ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ±² ¸¸¨Î¥¸±¨° ¶·¥¤¥² ¢µ²´µ¢ÒÌ ËÊ´±-
Í¨°, µ¶·¥¤¥²e´´ÒÌ ¢ £¨²Ó¡¥·Éµ¢¸±µ³ ¶·µ¸É· ´¸É¢¥ Í¥²ÒÌ  ´ ²¨É¨Î¥¸±¨Ì
ËÊ´±Í¨° (¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ ) [8,9]. ‡ ³¥Î É¥²Ó´µ¥ ¸¢µ°¸É¢µ
ÔÉ¨Ì ËÊ´±Í¨° ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¨Ì ´¥§ ¢¨¸¨³Ò³¨ ¶¥·¥³¥´´Ò³¨ Ö¢²ÖÕÉ¸Ö
¨³¶Ê²Ó¸Ò ¨ ±µµ·¤¨´ ÉÒ ´Ê±²µ´µ¢ µ¤´µ¢·¥³¥´´µ, É.¥. µ´¨ § ¤ ´Ò ¢ Ë §µ¢µ³
¶·µ¸É· ´¸É¢¥. � ¶µ³´¨³, ÎÉµ µ¡ÒÎ´µ ¶¥·¥Ìµ¤ µÉ ±µµ·¤¨´ É´µ£µ ± Ë §µ¢µ³Ê
¶·µ¸É· ´¸É¢Ê µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¢¢¥¤¥´¨Ö ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ‚¨£-
´¥·  [10], ´µ Éµ£¤  ¶·¨Ìµ¤¨É¸Ö ³¨·¨ÉÓ¸Ö ¸ É¥³, ÎÉµ ËÊ´±Í¨Ö ‚¨£´¥·  ³µ¦¥É
¡ÒÉÓ §´ ±µ¶¥·¥³¥´´µ°,   ÔÉµ ¶·µÉ¨¢µ·¥Î¨É ¥e Ë¨§¨Î¥¸±µ³Ê ¸³Ò¸²Ê. Œ É·¨Í 
¶²µÉ´µ¸É¨, ¶µ¸É·µ¥´´ Ö ´  ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ ¶·µ¸É· ´¸É¢  ”µ± Ä� ·£³ ´-
´  ¸ ÊÎeÉµ³ ³¥·Ò � ·£³ ´´ , §´ ±µ¶µ²µ¦¨É¥²Ó´  ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ ¨³-
¶Ê²Ó¸µ¢ ¨ ±µµ·¤¨´ É ¨, ¸²¥¤µ¢ É¥²Ó´µ, ²¨Ï¥´  ´¥¤µ¸É É± , ¸¢µ°¸É¢¥´´µ£µ
ËÊ´±Í¨¨ ‚¨£´¥· . �µÔÉµ³Ê µ¡· Ð¥´¨¥ ± ¶·µ¸É· ´¸É¢Ê ”µ± Ä� ·£³ ´´  ¤²Ö
Ê¸É ´µ¢²¥´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ±¢ ´Éµ¢µ° ¨ ±² ¸¸¨Î¥¸±µ° ¸É É¨¸É¨±µ° ¨³¥¥É ´¥
³¥´ÓÏ¥ µ¸´µ¢ ´¨°, Î¥³ ¢¢¥¤¥´¨¥ ËÊ´±Í¨¨ ‚¨£´¥· . �·µ¸Éµ¥ ·¥Ï¥´¨¥ ´ Ìµ-
¤¨É ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´  ¨ ¶·µ¡²¥³  ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ±² ¸-
¸¨Î¥¸±µ° ¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±µ°, ¢±²ÕÎ Ö ¶· ±É¨Î¥¸±ÊÕ µÍ¥´±Ê ÉµÎ´µ¸É¨
·¥§Ê²ÓÉ Éµ¢ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¨ ¢ ¶µ£· ´¨Î´µ° µ¡² ¸É¨ ±¢ §¨±² ¸¸¨±¨. ‚
¸¢Ö§¨ ¸ ÔÉ¨³ µ¸µ¡µ¥ ¢´¨³ ´¨¥ ³Ò Ê¤¥²Ö¥³ ¨§²µ¦¥´¨Õ µ¸´µ¢´ÒÌ ¶µ²µ¦¥´¨°,
± ¸ ÕÐ¨Ì¸Ö ¶·µ¸É· ´¸É¢  ”µ± Ä� ·£³ ´´ , ¤¥³µ´¸É·¨·ÊÖ ¨Ì ´  ¶·¨³¥· Ì
¶·µ¸ÉÒÌ ÉµÎ´µ ·¥Ï ¥³ÒÌ § ¤ Î.

‚µ ¢Éµ·µ³ · §¤¥²¥ ¤ ´µ µ¶·¥¤¥²¥´¨¥ ¶·µ¸É· ´¸É¢  ”µ± Ä� ·£³ ´´  ¨
¶µ± § ´  ¸¢Ö§Ó ³¥¦¤Ê ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨, § ¤ ´´Ò³¨ ¢ ±µµ·¤¨´ É´µ³ ¨²¨
¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨, ¨ ¨Ì µ¡· §µ³ ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ . ‚
É·¥ÉÓ¥³ · §¤¥²¥ µ¡¸Ê¦¤ ÕÉ¸Ö Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ É¥Ì ¸¨¸É¥³, ¤²Ö ±µÉµ·ÒÌ ¢
¶·¥¤Ò¤ÊÐ¥° £² ¢¥ ¡Ò²¨ µ¶·¥¤¥²¥´Ò ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨. ‚ Î¥É¢e·Éµ³ · §¤¥²¥
· ¸¸³ É·¨¢ ¥É¸Ö ¢²¨Ö´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê Ë¥·³¨µ´ ³¨ ´  ¸É·Ê±ÉÊ·Ê ¨Ì
¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¨ Ë §µ¢ÒÌ É· ¥±Éµ·¨°. � ±µ´¥Í, ¢ ¶ÖÉµ³ · §¤¥²¥ ¢Ò¢¥-
¤¥´Ò Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¸ ÊÎeÉµ³ · ¸¶²Ò¢ ´¨Ö ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢, µ¡ÒÎ´µ
¨¸¶µ²Ó§Ê¥³ÒÌ ¢ �Œ„.
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2. ���‘’���‘’‚� ”�Š�Ä���ƒŒ����

•µÉÖ § ±µ´µ³¥·´µ¸É¨, Ì · ±É¥·´Ò¥ ¤²Ö ¶·µ¸É· ´¸É¢  ”µ± Ä� ·£³ ´´ 
¨ µ¶·¥¤¥²e´´ÒÌ ¢ ´e³ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°, ´¥ µÉ´µ¸ÖÉ¸Ö ± Î¨¸²Ê Ï¨·µ±µ
¨§¢¥¸É´ÒÌ, ´¥±µÉµ·Ò¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ Ö¤¥·´µ° Ë¨§¨±¥ ±µ´¸É·Ê±Í¨¨
¨³¥ÕÉ ¶·Ö³µ¥ µÉ´µÏ¥´¨¥ ± ÔÉµ³Ê ¶·µ¸É· ´¸É¢Ê.

2.1. �·¡¨É ²¨ �²µÌ Ä�·¨´± . ‘·¥¤¨ ¶·µ¸ÉÒÌ ¶·¨³¥·µ¢ ¢µ²´µ¢ÒÌ ËÊ´±-
Í¨°, µ¶·¥¤¥²e´´ÒÌ ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ , µ¸µ¡µ ¸²¥¤Ê¥É ¢Ò¤¥²¨ÉÓ
µ·¡¨É ²Ó �²µÌ Ä�·¨´± 

φr(R) = π−3/4 exp
{
−r2

2
+
√

2(Rr) − R2

2

}
, (1)

¶·¥¤²µ¦¥´´ÊÕ ¢ · ¡µÉ¥ [11] ¤²Ö  ´ ²¨§  ±² ¸É¥·´µ° ¸É·Ê±ÉÊ·Ò ²e£±¨Ì Ö¤¥·.
‡¤¥¸Ó r Å É·eÌ³¥·´Ò° ¢¥±Éµ· ´Ê±²µ´ ,   R Å ¢¥±Éµ·´Ò° ¶ · ³¥É·, ¢¢µ-
¤¨³Ò° ¤²Ö ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨µ´ ²  Ô´¥·£¨¨  Éµ³´ÒÌ Ö¤¥·, ±µ£¤  ¨§ µ·-
¡¨É ²¥° (1), ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸µ¡µ° µ¡µ¡Ð¥´¨¥ s-µ·¡¨É ²¨ ´Ê±²µ´  ¢ ¶µ²¥
£ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· , ¸É·µ¨É¸Ö ¶·µ¡´ Ö ËÊ´±Í¨Ö. ‚ (1) ¢ ± Î¥¸É¢¥
¥¤¨´¨Í ¨§³¥·¥´¨Ö ¤²¨´Ò, ³ ¸¸Ò ¨ ¤¥°¸É¢¨Ö ¢Ò¡· ´ , ¸µµÉ¢¥É¸É¢¥´´µ, µ¸Í¨²-
²ÖÉµ·´ Ö ¤²¨´ , ³ ¸¸  ´Ê±²µ´  ¨ ¶µ¸ÉµÖ´´ Ö �² ´±  �.

�µ² £ Ö, ÎÉµ ¢¥±Éµ· R ¸µ¤¥·¦¨É ¤¥°¸É¢¨É¥²Ó´ÊÕ ¨ ³´¨³ÊÕ Î ¸É¨, § ¶¨-
Ï¥³ ¥£µ ¨ ±µ³¶²¥±¸´µ-¸µ¶·Ö¦e´´Ò° ¥³Ê ¢¥±Éµ· ¢ ¢¨¤¥

R =
ξ + iη√

2
, R∗ = S =

ξ − iη√
2

, (2)

£¤¥ i Å ³´¨³ Ö ¥¤¨´¨Í , ξ Å · ¤¨Ê¸-¢¥±Éµ·,   η Å ¨³¶Ê²Ó¸. Š ± ¨ ¢ · ¡µÉ¥
�·¨´±  [11], ¨¸¶µ²Ó§Ê¥É¸Ö µ¡µ§´ Î¥´¨¥ S ≡ R∗.

�·¡¨É ²Ó (1) Ö¢²Ö¥É¸Ö Í¥²µ°  ´ ²¨É¨Î¥¸±µ° ËÊ´±Í¨¥° É·eÌ ±µ³¶²¥±¸´ÒÌ
¶·µ¥±Í¨° Rx, Ry, Rz ¢¥±Éµ·  R. �µÔÉµ³Ê ¥e ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¢µ²-
´µ¢ÊÕ ËÊ´±Í¨Õ ÔÉ¨Ì É·eÌ ¶¥·¥³¥´´ÒÌ ¢ £¨²Ó¡¥·Éµ¢¸±µ³ ¶·µ¸É· ´¸É¢¥ ”µ± Ä
� ·£³ ´´ . �µ Éµ£¤  ´ ¤µ µÉ¢¥É¨ÉÓ ´  ¤¢  ¢µ¶·µ¸ : ± ± µ´  ´µ·³¨·µ¢ ´  ¨ ´¥
¶·¨´ ¤²¥¦¨É ²¨ µ´  ± Î¨¸²Ê ¸µ¡¸É¢¥´´ÒÌ ËÊ´±Í¨° ± ±µ£µ-²¨¡µ µ¶¥· Éµ· .
‚µ¶·µ¸ µ ´µ·³¨·µ¢±¥ ·¥Ï ¥É¸Ö ¢ÒÎ¨¸²¥´¨¥³ ´¥¸µ¡¸É¢¥´´µ£µ ¨´É¥£· ² 

I(r, r′) =
∫

φ∗
r′(R)φr(R) exp {−(RS)} dξdη

(2π)3

¶µ ¢¸¥³Ê Ë §µ¢µ³Ê ¶·µ¸É· ´¸É¢Ê, £¤¥

exp {−(RS)} dξdη

(2π)3

Ö¢²Ö¥É¸Ö ³¥·µ° � ·£³ ´´  [12]. Œ´µ¦¨É¥²Ó (2π)3 ¢ §´ ³¥´ É¥²¥ µÉ· ¦ ¥É
ÉµÉ Ë ±É, ÎÉµ ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶·µ¨¸Ìµ¤¨É ¶µ¤¸ÎeÉ Î¨¸²  ±¢ ´Éµ¢ÒÌ ¸µ-
¸ÉµÖ´¨° ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥. �¥¸²µ¦´µ ¶µ± § ÉÓ, ÎÉµ

I(r, r′) = δ(r − r′). (3)
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’ ±¨³ µ¡· §µ³, ËÊ´±Í¨¨ φr(R), ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ · §´Ò³ §´ Î¥´¨Ö³ ¢¥±Éµ· 
r, µ·Éµ£µ´ ²Ó´Ò,   ±µ³¶µ´¥´ÉÒ ¢¥±Éµ·  r Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ Î¨¸² ³¨
ÔÉ¨Ì ËÊ´±Í¨°. Ÿ¢´Ò° ¢¨¤ µ¶¥· Éµ·  r̂ ¸²¥¤Ê¥É ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§ ¢Ò· ¦¥´¨Ö
¤²Ö µ·¡¨É ²¨ (1):

r̂ =
1√
2
(R + ∇R). (4)

Šµ´¥Î´µ, ¢ ·¥§Ê²ÓÉ É¥ ¤¥°¸É¢¨Ö µ¶¥· Éµ·  r̂ ´  ¥£µ ¸µ¡¸É¢¥´´ÊÕ ËÊ´±Í¨Õ
φr(R) ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨¥

r̂φr(R) = rφr(R). (5)

Š ± ¨ ¤µ²¦´µ ¡ÒÉÓ, µ¶¥· Éµ· r̂ ¨³¥¥É Éµ²Ó±µ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·, ¨ ¶µ ÔÉµ°
¶·¨Î¨´¥ ¢¸¥ ¥£µ ¸µ¡¸É¢¥´´Ò¥ ¢¥±Éµ·Ò ´µ·³¨·µ¢ ´Ò ´  δ-ËÊ´±Í¨Õ.

�¤´ ±µ ´  ÔÉµ³ §´ Î¥´¨¥ µ·¡¨É ²¨ �²µÌ Ä�·¨´±  ¤²Ö ¶·µ¸É· ´¸É¢ 
”µ± Ä� ·£³ ´´  ´¥ ¨¸Î¥·¶Ò¢ ¥É¸Ö. …Ðe µ´  ¨£· ¥É ·µ²Ó Ö¤·  ¨´É¥£· ²Ó´µ£µ
¶·¥µ¡· §µ¢ ´¨Ö, µ¸ÊÐ¥¸É¢²ÖÕÐ¥£µ ¶¥·¥¢µ¤ ¶·µ¨§¢µ²Ó´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨
Ψ(r) ±µµ·¤¨´ É´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¢ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ
Φ(R) ¶·µ¸É· ´¸É¢  ”µ± Ä� ·£³ ´´ , É ± ÎÉµ

Φ(R) =
∫

φr(R)Ψ(r)dr. (6)

‚µ ³´µ£¨Ì ¸²ÊÎ ÖÌ ¢ÒÎ¨¸²¥´¨¥ ¨´É¥£· ²  (6) ³µ¦¥É ¡ÒÉÓ ¢Ò¶µ²´¥´µ  ´ ²¨-
É¨Î¥¸±¨.

2.2. ˆ´É¥£· ² ¶¥·¥±·ÒÉ¨Ö ¨ ³ É·¨Í  ¶²µÉ´µ¸É¨. �µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö
¶·µ¨§¢¥¤¥´¨Ö cµ¡¸É¢¥´´ÒÌ ËÊ´±Í¨°

φ∗
r(R)φr(R)

¶µ ¢¸¥³ ¢µ§³µ¦´Ò³ ¨Ì ¸µ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³ ³Ò ¶·¨Ìµ¤¨³ ± ¢ ¦´µ³Ê ¢Ò-
· ¦¥´¨Õ

I(R,S) =
∫

φ∗
r(R)φr(R)dr = exp (RS), (7)

±µÉµ·µ¥ Î ¸Éµ ´ §Ò¢ ÕÉ ¨´É¥£· ²µ³ ¶¥·¥±·ÒÉ¨Ö ¨ ±µÉµ·µ¥ µ¤´µ¢·¥³¥´´µ
Ö¢²Ö¥É¸Ö ³ É·¨Í¥° ¶²µÉ´µ¸É¨ ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ . ‡¤¥¸Ó ·¥ÎÓ
¨¤eÉ µ ³ É·¨Í¥ ¶²µÉ´µ¸É¨ Î¨¸ÉÒÌ ¸µ¸ÉµÖ´¨°, ¨ ¸¥°Î ¸ ³Ò ¤µ²¦´Ò Ê¡¥¤¨ÉÓ¸Ö
¢ Éµ³, ÎÉµ ¢Ò· ¦¥´¨¥ (7) Ê¤µ¢²¥É¢µ·Ö¥É ¢¸¥³ ¨§¢¥¸É´Ò³ É·¥¡µ¢ ´¨Ö³, ¶·¥¤Ñ-
Ö¢²Ö¥³Ò³ ± ³ É·¨Í¥ ¶²µÉ´µ¸É¨.

„¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ¸É ´¤ ·É´µ° µ¤´µÎ ¸É¨Î´µ° ³ É·¨ÍÒ ¶²µÉ´µ¸É¨,
§ ¶¨¸ ´´µ° ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ (É.¥. ±µ£¤  ¤¢  ¥e ¢¥±Éµ·´ÒÌ  ·-
£Ê³¥´É  ¶µ² £ ÕÉ¸Ö µ¤¨´ ±µ¢Ò³¨), ¶¥·¥Ìµ¤ÖÉ ¢ ¢Ò· ¦¥´¨¥ ¤²Ö ¢¥·µÖÉ´µ¸É¨
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· ¸¶·¥¤¥²¥´¨Ö ±µµ·¤¨´ É [13]. Œ É·¨Í  ¶²µÉ´µ¸É¨ (7) É ±¦¥ ¤ eÉ ¢¥·µÖÉ-
´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö, ´µ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ (ξ, η) ¨ ¶µ¸²¥ Ê³´µ¦¥´¨Ö
´  ³¥·Ê � ·£³ ´´ . ‚ ¨Éµ£¥ · ¸¶·¥¤¥²¥´¨e ¢¥·µÖÉ´µ¸É¨ ¶·¨´¨³ ¥É ¢¨¤

exp (RS) · exp {−(RS)} dξdη

(2π)3
=

dξdη

(2π)3
, (8)

¨ ³Ò ¶·¨Ìµ¤¨³ ± µ¤´µ·µ¤´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¶µ ¨³¶Ê²Ó¸ ³ ¨ ±µµ·¤¨´ É ³
¸ ¶µ¸ÉµÖ´´µ° ¥¤¨´¨Î´µ° ¶²µÉ´µ¸ÉÓÕ. „ ²¥¥, µ¡¸Ê¦¤ Ö ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨
¸¨¸É¥³Ò ´¥¸±µ²Ó±¨Ì Î ¸É¨Í, ³Ò ¶µ± ¦¥³, ± ± ¢µ§¤¥°¸É¢Ê¥É ´  ÔÉµ · ¸¶·¥-
¤¥²¥´¨¥ ÔËË¥±É  ´É¨¸¨³³¥É·¨§ Í¨¨. �·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¨ · ¸¶·¥¤¥²¥´¨¥
¢¥·µÖÉ´µ¸É¨ ¤²Ö ¸µ¸ÉµÖ´¨Ö (1):

φ∗
r(R)φr(R) exp {−(RS)} = π−3/2 exp {−(r − ξ)2}. (9)

ŒÒ ¶µ²ÊÎ¨²¨ ¶²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö, µ¤´µ·µ¤´µ£µ ¶µ ¨³¶Ê²Ó¸Ê ¨ £ Ê¸¸µ¢-
¸±µ£µ ¶µ ±µµ·¤¨´ É ³ ¸ Í¥´É·µ³ ¢ ÉµÎ±¥ r. Šµ£¤  µ·¡¨É ²Ó (1) ¨¸¶µ²Ó§Ê¥É¸Ö
¢ ± Î¥¸É¢¥ ¶·µ¡´µ° ËÊ´±Í¨¨ ¢ ·¨ Í¨µ´´µ£µ · ¸ÎeÉ , Éµ ξ cÉ ´µ¢¨É¸Ö ¢ ·¨ -
Í¨µ´´Ò³ ¶ · ³¥É·µ³, ¶µ ±µÉµ·µ³Ê ¶·µ¨¸Ìµ¤¨É ¢ ·Ó¨·µ¢ ´¨¥, ¢Ò· ¦¥´¨¥ (9)
· ¸¸³ É·¨¢ ¥É¸Ö ± ± ¶²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¶µ r,   ¢ ·¨ Í¨µ´´Ò° · ¸ÎeÉ
¸¢µ¤¨É¸Ö ± ¶µ¨¸±Ê µ¶É¨³ ²Ó´µ£µ ¶µ²µ¦¥´¨Ö Í¥´É·  ξ £ Ê¸¸µ¢¸±µ£µ · ¸¶·¥¤¥-
²¥´¨Ö.

‚ ±² ¸¸¨Î¥¸±µ³ ¶·¥¤¥²¥, ±µ£¤  |r| � 1, É.¥. |r| ³´µ£µ ¡µ²ÓÏ¥ µ¸Í¨²²Ö-
Éµ·´µ° ¤²¨´Ò, · ¸¶·¥¤¥²¥´¨¥ (9) ¶¥·¥Ìµ¤¨É ¢ δ(r − ξ), ± ± ¨ ¤µ²¦´µ ¡ÒÉÓ
¤²Ö · ¸¶·¥¤¥²¥´¨Ö ¢ ¸µ¸ÉµÖ´¨¨ ¸ § ¤ ´´Ò³ §´ Î¥´¨¥³ · ¤¨Ê¸ -¢¥±Éµ· .

‘µµÉ´µÏ¥´¨¥ (7) ³¥¦¤Ê ³ É·¨Í¥° ¶²µÉ´µ¸É¨ ¨ ¥e · §²µ¦¥´¨¥³ ¶µ ¡ §¨¸Ê
µ·Éµ´µ·³¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¤¥³µ´¸É·¨·Ê¥É ¨§¢¥¸É´µ¥ ¶µ²µ¦¥´¨¥ [14] µ
¤¨ £µ´ ²Ó´µ¸É¨ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¶·¥¤¸É ¢²¥´¨¨. �·¨
ÔÉµ³ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ²Õ¡µ£µ £ ³¨²ÓÉµ´¨ ´ , ± ±µ° ¡Ò ³Ò ´¨ ¢§Ö²¨,
¤¨ £µ´ ²Ó´µ¸ÉÓ · §²µ¦¥´¨Ö ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¶µ ¸µ¡¸É¢¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³
£ ³¨²ÓÉµ´¨ ´  ¸µÌ· ´¨É¸Ö.

’ ±, ´¥¸²µ¦´µ ³ É·¨ÍÊ ¶²µÉ´µ¸É¨ · §²µ¦¨ÉÓ ¶µ ¸µ¡¸É¢¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³
£ ³¨²ÓÉµ´¨ ´  ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ¨²¨, ÎÉµ Éµ ¦¥ ¸ ³µ¥ ¤²Ö µ¡¸Ê¦¤ ¥³µ£µ
¸²ÊÎ Ö, ¶µ ¸µ¡¸É¢¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³ µ¶¥· Éµ·  ¨³¶Ê²Ó¸ 

k̂ = − i√
2
(R −∇R). (10)

�·Éµ´µ·³¨·µ¢ ´´Ò¥ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¶µ¸²¥¤´¥£µ, ¨²¨, ¨´ Î¥, ¶²µ¸±¨¥
¢µ²´Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³¶Ê²Ó¸Ê k, ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

φk(R) = π−3/4 exp
{
−k2

2
− i

√
2(Rk) +

R2

2

}
, (11)
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ÎÉµ ²¥£±µ ¶·µ¢¥·¨ÉÓ, µ¡· É¨¢Ï¨¸Ó ± Ö¢´µ³Ê ¢Ò· ¦¥´¨Õ ¤²Ö µ¶¥· Éµ·  k̂
¨ ·¥Ï¨¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¶¥·¢µ£µ ¶µ-
·Ö¤± . „·Ê£µ° ¶ÊÉÓ ¶µ²ÊÎ¨ÉÓ φk(R) ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ µ¡¥¸¶¥Î¨¢ ÕÐ¥£µ
¶¥·¥Ìµ¤ ± ¶·µ¸É· ´¸É¢Ê ”µ± Ä� ·£³ ´´  ¨´É¥£· ²  (6) c ¶²µ¸±µ° ¢µ²´µ°

Ψ(r) = (2π)−3/2 exp {−i(kr)},

µ¶·¥¤¥²e´´µ° ¢ ±µµ·¤¨´ É´µ³ ¶·µ¸É· ´¸É¢¥:

φk(R) =
∫

φr(R)(2π)−3/2 exp {−i(kr)}dr. (12)

� §²µ¦¥´¨¥ ¨´É¥£· ²  ¶¥·¥±·ÒÉ¨Ö ¶µ ¸µ¸ÉµÖ´¨Ö³ ¸ µ¶·¥¤¥²e´´Ò³ §´ Î¥-
´¨¥³ ¨³¶Ê²Ó¸   ´ ²µ£¨Î´µ · §²µ¦¥´¨Õ (7):

exp (RS) =
∫

φ∗
k(R)φk(R)dk, (13)

  · ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ¤²Ö ¶²µ¸±µ° ¢µ²´Ò (11)

ρk(R) = φ∗
k(R)φk(R) exp {−(RS)} = π−3/2 exp {−(k− η)2}. (14)

‘´µ¢  ³Ò ¨³¥¥³ £ Ê¸¸µ¨¤ ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ, ´µ ¤²Ö ¨³¶Ê²Ó¸  ¶·¨ µÉ¸ÊÉ¸É¢¨¨
§ ¢¨¸¨³µ¸É¨ µÉ ±µµ·¤¨´ ÉÒ. ‚ Ë §µ¢µ° ¶²µ¸±µ¸É¨ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö
¶·¨´¨³ ¥É ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ´  ¶·Ö³µ° η = k, É.¥. ´  ±² ¸¸¨Î¥¸±µ°
Ë §µ¢µ° É· ¥±Éµ·¨¨ ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¸ ¨³¶Ê²Ó¸µ³ k.

“³¥¸É´µ § ³¥É¨ÉÓ, ÎÉµ ËÊ´±Í¨Ö ‚¨£´¥·  ¢ Éµ³ ¦¥ ¸µ¸ÉµÖ´¨¨ ¸¢µ¡µ¤´µ£µ
¤¢¨¦¥´¨Ö ¸ ¨³¶Ê²Ó¸µ³ k ¨ Ô´¥·£¨¥° E = k2/2 ¨³¥¥É ¢¨¤

ρw(ξ, η) = δ(k − η). (15)

�´ , ¸²¥¤µ¢ É¥²Ó´µ, ¸µµÉ¢¥É¸É¢Ê¥É ±² ¸¸¨Î¥¸±µ³Ê ¶·¥¤¥²Ê ³ É·¨ÍÒ ¶²µÉ´µ¸É¨
¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ .

’¥¶¥·Ó µ¡· É¨³¸Ö ± ¶·¨³¥·Ê £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· , ±µÉµ·Ò° ¨³¥¥É
Éµ²Ó±µ ¤¨¸±·¥É´Ò° ¸¶¥±É·. —Éµ¡Ò ³ ±¸¨³ ²Ó´µ Ê¶·µ¸É¨ÉÓ ¸¨ÉÊ Í¨Õ, ´µ ¸µ-
Ì· ´¨ÉÓ £² ¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ¢¸¥Ì ¢ ¦´ÒÌ ¢Ò· ¦¥´¨°, ³Ò µ£· ´¨Î¨³¸Ö ´ 
¶¥·¢µ³ ÔÉ ¶¥ µ¤´µ³¥·´Ò³ ¸²ÊÎ ¥³. �Ê¸ÉÓ Éµ£¤  R ¨ S Å ¸± ²Ö·´Ò¥ ±µ³-
¶²¥±¸´Ò¥ ¶¥·¥³¥´´Ò¥:

R =
1√
2
(ξ + iη), S = R∗ =

1√
2
(ξ − iη),

£¤¥ ξ Å ±µµ·¤¨´ É ,   η Å ¨³¶Ê²Ó¸. �¡Ð Ö µ¤´µ³¥·´ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨
exp (RS), É ± ¦¥, ± ± ¨ É·eÌ³¥·´ Ö (7), ¶·¥¤¸É ¢¨³  ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ¨²¨
¶µ ¸µ¸ÉµÖ´¨Ö³ ¸ ±µµ·¤¨´ Éµ° x, ¨²¨ ¶µ ¸µ¸ÉµÖ´¨Ö³ ¸ ¨³¶Ê²Ó¸µ³ k, ¨²¨
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¶µ ¸µ¸ÉµÖ´¨Ö³ µ¤´µ³¥·´µ£µ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· . ˆ³¥´´µ ¶µ¸²¥¤´¥¥
· §²µ¦¥´¨¥ ´ ¸ ¸¥°Î ¸ ¨´É¥·¥¸Ê¥É:

exp (RS) =
∞∑

n=0

1
n!

(RS)n, (16)

µÉ¸Õ¤  c²¥¤Ê¥É ¢Ò· ¦¥´¨¥ ¤²Ö µ·Éµ´µ·³¨·µ¢ ´´ÒÌ ¸ ³¥·µ° � ·£³ ´´  ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨° φn(R) µ¤´µ³¥·´µ£µ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· :

φn(R) =
1√
n!

Rn, (17)

£¤¥ n Å Î¨¸²µ ±¢ ´Éµ¢ ¢µ§¡Ê¦¤¥´¨Ö. —Éµ ¦¥ ± ¸ ¥É¸Ö £ ³¨²ÓÉµ´¨ ´  µ¸Í¨²-
²ÖÉµ·  Ĥosc ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ , Éµ

Ĥosc = R
d

dR
+

1
2
. (18)

‘²¥¤¸É¢¨¥³ (4) Ö¢²Ö¥É¸Ö ¢Ò· ¦¥´¨¥ ¤²Ö µ¶¥· Éµ·  ±µµ·¤¨´ ÉÒ

x̂ =
1√
2

(
R +

d

dR

)
, (19)

  ¨§ (10) ¸²¥¤Ê¥É ¢Ò· ¦¥´¨¥ ¤²Ö µ¶¥· Éµ·  µ¤´µ³¥·´µ£µ ¨³¶Ê²Ó¸ 

k̂ = − i√
2

(
R − d

dR

)
(20)

¨ µ¶¥· Éµ·  ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨

T̂ =
1
2
k̂2 = −1

4

(
R − d

dR

)2

. (21)

�Î¥¢¨¤´µ, ÎÉµ

Ĥosc = T̂ +
1
2

x̂2.

‡ ³¥É¨³ É ±¦¥, ÎÉµ ¸¢µ°¸É¢  ËÊ´±Í¨° (17) ¨§²µ¦¥´Ò ¢ [7].
� ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ¤²Ö £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¸ Î¨¸²µ³

±¢ ´Éµ¢ n ¨³¥¥É ¢¨¤

ρn(ξ, η) = φ∗
n(R)φn(R) exp (−RS) =

1
n!

(
ξ2 + η2

2

)n

exp
{
−ξ2 + η2

2

}
. (22)
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�´µ ¶·¨´¨³ ¥É Éµ²Ó±µ ¶µ²µ¦¨É¥²Ó´Ò¥ §´ Î¥´¨Ö ¨ ±µ´Í¥´É·¨·Ê¥É¸Ö ¢µ±·Ê£
µ±·Ê¦´µ¸É¨

ξ2 + η2

2
= n, (23)

±µÉµ· Ö ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ë §µ¢ÊÕ É· ¥±Éµ·¨Õ ±² ¸¸¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· ,
¨³¥ÕÐ¥£µ Ô´¥·£¨Õ n. �Î¥¢¨¤´µ, ÎÉµ ²¥¢ Ö Î ¸ÉÓ · ¢¥´¸É¢  (23) Ö¢²Ö¥É¸Ö
±² ¸¸¨Î¥¸±µ° ËÊ´±Í¨¥° ƒ ³¨²ÓÉµ´  µ¤´µ³¥·´µ£µ µ¸Í¨²²ÖÉµ· .

� ¸¸³µÉ·¨³ ¤¥É ²¨, ± ¸ ÕÐ¨¥¸Ö ¶·¥¤¥²Ó´µ£µ ¶¥·¥Ìµ¤  ± ¡µ²ÓÏ¨³ §´ Î¥-
´¨Ö³ n. ‘¶· ¢¥¤²¨¢  ¸²¥¤ÊÕÐ Ö  ¸¨³¶ÉµÉ¨Î¥¸± Ö ¶·¨ n � 1 Ëµ·³Ê² 

ρn(ξ, η) ∼ 1√
2πn

exp

{
− 1

2n

(
ξ2 + η2

2
− n

)2
}

. (24)

ŒÒ ¶µ²ÊÎ¨²¨ ±¢ ´Éµ¢ÊÕ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö µ¤´µ³¥·´µ£µ µ¸Í¨²²Ö-
Éµ·  ¶·¨ n � 1. �¡· É¨¢Ï¨¸Ó ± ´¥°, ´¥¸²µ¦´µ ¶µ¤¸Î¨É ÉÓ ¸·¥¤´¥¥ §´ Î¥´¨¥
±² ¸¸¨Î¥¸±µ° ËÊ´±Í¨¨ ƒ ³¨²ÓÉµ´  ¨ ¥e ¤¨¸¶¥·¸¨Õ:

ξ2 + η2

2
= n,

√ (
ξ2 + η2

2
− n

)2

=
√

n.

—Éµ¡Ò ¶µ¤Î¥·±´ÊÉÓ ¶·µ¡²¥³Ò ËÊ´±Í¨¨ ‚¨£´¥·  ρw(ξ, η), µ¶·¥¤¥²¨³ ¥e,
¸²¥¤ÊÖ µ¡ÒÎ´µ³Ê  ²£µ·¨É³Ê, ¤²Ö £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¢ ¸µ¸ÉµÖ´¨¨ ¸
n = 1. ’µ£¤ 

ρw(ξ, η) =
ξ2 + η2 − 1

2
exp

{
−ξ2 + η2

2

}
. (25)

�µ¸²¥¤´¥¥ · ¸¶·¥¤¥²¥´¨¥ ¨³¥¥É µÉ·¨Í É¥²Ó´Ò¥ §´ Î¥´¨Ö ¢¸Õ¤Ê ¢´ÊÉ·¨ ±·Ê£ 
ξ2 + η2 = 1, ÎÉµ, ¡¥§Ê¸²µ¢´µ, Ö¢²Ö¥É¸Ö ¥£µ ´¥¤µ¸É É±µ³. �·¨ ¡µ²ÓÏ¨Ì §´ Î¥-
´¨ÖÌ ξ2 + η2 µ¡  · ¸¶·¥¤¥²¥´¨Ö Å ρ1(ξ, η) ¨ ρw(ξ, η) Å µ± §Ò¢ ÕÉ¸Ö ¨¤¥´-
É¨Î´Ò³¨.

2.3. ’·eÌ³¥·´Ò° µ¸Í¨²²ÖÉµ·. ‚ ¸²ÊÎ ¥ É·eÌ³¥·´µ£µ µ¸Í¨²²ÖÉµ·  · §²µ-
¦¥´¨¥ (16) ´¥¸±µ²Ó±µ Ê¸²µ¦´Ö¥É¸Ö ¨ ¶·¨´¨³ ¥É ¢¨¤

exp (RS) =
∞∑

n=0

1
n!

(RS)n. (26)

�¶ÖÉÓ n Å Î¨¸²µ ±¢ ´Éµ¢ ¢µ§¡Ê¦¤¥´¨Ö. �¤´ ±µ É¥¶¥·Ó ³Ò ¨³¥¥³ ¤¥²µ ¸ ¢µ²-
´µ¢Ò³¨ ¶ ±¥É ³¨ (RS)n ¡ §¨¸´ÒÌ ¸µ¸ÉµÖ´¨°, ¨³¥ÕÐ¨Ì SU(3)-¸¨³³¥É·¨Õ
(n, 0), ¨, ÎÉµ¡Ò ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²¨ÉÓ ÔÉ¨ ±¢ ´Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö, ¢¢¥¤e³ ¥Ðe



���‘’���‘’‚� ”�Š�Ä���ƒŒ���� 769

¤¢  ±¢ ´Éµ¢ÒÌ Î¨¸² : l Å µ·¡¨É ²Ó´Ò° ³µ³¥´É ¨ m Å ¥£µ ¶·µ¥±Í¨Õ ´ 
¢´¥Ï´ÕÕ µ¸Ó. ’µ£¤ 

exp (RS) =
∞∑

n=0

∑
l,m

Wn,l
1
n!

(RS)nDl
0,m(Ω)Dl

m,0(Ω
∗), (27)

£¤¥ ¤¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨

Wn,l =
n!(2l + 1)

(n − l)!!(n + l + 1)!!
. (28)

Š·µ³¥ Éµ£µ,

R2 = R2
x + R2

y + R2
z; R = (Rx, Ry, Rz).

�µÔÉµ³Ê ¶·µ¨§¢¥¤¥´¨¥ RnDl
0,m(Ω) Ö¢²Ö¥É¸Ö µ¤´µ·µ¤´Ò³ £ ·³µ´¨Î¥¸±¨³ ¶µ-

²¨´µ³µ³ ¸É¥¶¥´¨ n.
Šµ´¥Î´µ, ¢Ò¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥

∑
l

Wn,l = 1.

‡ ³¥É¨³, ÎÉµ l ¨³¥¥É ÉÊ ¦¥ ÎeÉ´µ¸ÉÓ, ÎÉµ ¨ n, ¨ ´¥ ¶·¥¢µ¸Ìµ¤¨É n.
‚ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥, ±µ£¤  n � l � 1,

Wn,l ∼ (2l + 1) exp
{
− ln (n + 2) +

3
2

1
n + 2

}
exp

{
− l(l + 1)

2(n + 2)

}
→

→ 2l + 1
2n

exp
{
− l(l + 1)

2n

}
. (29)

ŒÒ ¶·¨Ï²¨ ± ³ É·¨Í¥ ¶²µÉ´µ¸É¨ ¤²Ö ¸µ¸ÉµÖ´¨° ¸ n ±¢ ´É ³¨ ¨ µ·¡¨-
É ²Ó´Ò³ ³µ³¥´Éµ³ l. �´  ¨³¥¥É ÉµÉ ¦¥ ¢¨¤, ÎÉµ ¨ · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸ 
¤²Ö ·µÉ Éµ·µ¢ ¸ ³µ³¥´Éµ³ ¨´¥·Í¨¨, · ¢´Ò³ n, ¨ kT = �ω, £¤¥ ω Å Î ¸ÉµÉ 
£ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· .

2.4. „¢  É·eÌ³¥·´ÒÌ µ¸Í¨²²ÖÉµ· . „¢  É·eÌ³¥·´ÒÌ µ¸Í¨²²ÖÉµ·  ¤ ÕÉ
³´µ£µµ¡· §¨¥ É ±¨Ì ¤¨ £µ´ ²Ó´ÒÌ Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨, ¤²Ö ±² ¸¸¨-
Ë¨± Í¨¨ ±µÉµ·ÒÌ Ê³¥¸É´µ ¶·¨¢²¥± ÉÓ ·¥¤Ê±Í¨Õ ¶·Ö³µ£µ ¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ
´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° SU(3) ¸´µ¢  ´  SU(3):

exp {(R1S1) + (R2S2)} =
∞∑

n1=0

∞∑
n2=0

1
n1!n2!

(R1S1)n1(R2S2)n2 . (30)
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„ ²¥¥, ¶·µ¨§¢¥¤¥´¨¥ ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢, ¨³¥ÕÐ¨Ì SU(3)-¸¨³³¥É·¨Õ (n1, 0) ¨
(n2, 0), Ê³¥¸É´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ ´µ·³¨·µ¢ ´´ÒÌ ¢µ²´µ¢ÒÌ

¶ ±¥Éµ¢ F
(n1+n2−2µ,µ)
(n1,0)(n2,0) , ¨³¥ÕÐ¨Ì ¸¨³³¥É·¨Õ (n1 + n2 − 2µ, µ):

1
n1!n2!

(R1S1)n1(R2S2)n2 =
∑

µ

W
(n1+n2−2µ,µ)
(n1,0)(n2,0) F

(n1+n2−2µ,µ)
(n1,0)(n2,0) , (31)

W
(n1+n2−2µ,µ)
(n1,0)(n2,0) = N(n1, n2)

n1!n2!(n1 + n2 − 2µ + 1)!
µ!(n1 − µ)!(n2 − µ)!(n1 + n2 − µ + 1)!

, (32)

£¤¥ N(n1n2) µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö ´µ·³¨·µ¢±¨

min(n1,n2)∑
µ=0

W
(n1+n2−2µ,µ)
(n1,0)(n2,0) = 1. (33)

…¸²¨ n1, n2 � µ � 1, Éµ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨ £µ´ ²Ó´ÒÌ Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ
¶²µÉ´µ¸É¨ ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É¸Ö:

W
(n1+n2−2µ,µ)
(n1,0)(n2,0) ∼ 1

µ!

(
n1n2

n1 + n2

)µ

exp
(
− n1n2

n1 + n2

)
. (34)

‘´µ¢ , ± ± ¨ ¢ ¶. 2.3, ³Ò ¶µ²ÊÎ¨²¨ µ¡ÒÎ´ÊÕ ¤²Ö ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨
Ëµ·³Ê ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö, ´µ É¥¶¥·Ó Ê¦¥ ¤²Ö ¸µ¸ÉµÖ´¨° ¸ · §´µ° SU(3)-
¸¨³³¥É·¨¥°. ‚ ¦´µ ¨ Éµ, ÎÉµ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ · ¢´Ò ±¢ ¤· É ³
±µÔËË¨Í¨¥´Éµ¢ Š²¥¡Ï Äƒµ·¤ ´  £·Ê¶¶Ò SU(3),   ¶·¥¤¥²Ó´µ¥ ¸µµÉ´µÏ¥´¨¥
(34) ¤ eÉ  ¸¨³¶ÉµÉ¨±Ê ÔÉ¨Ì ±µÔËË¨Í¨¥´Éµ¢.

2.5. �ËË¥±É  ´É¨¸¨³³¥É·¨§ Í¨¨. �¸É ¢ Ö¸Ó ¢ · ³± Ì ´ £²Ö¤´ÒÌ µ¤´µ-
³¥·´ÒÌ ¸¨¸É¥³, · ¸¸³µÉ·¨³ ¢²¨Ö´¨¥ ÔËË¥±É   ´É¨¸¨³³¥É·¨§ Í¨¨ ´  ¢¥·µÖÉ-
´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö. �·µ¸É¥°Ï¨° ¤²Ö  ´ ²¨§  ¸²ÊÎ ° Å ¤¢¥ Éµ¦¤¥¸É¢¥´´Òe
Î ¸É¨ÍÒ. �·¨¢²¥± Ö ¶µ´ Î ²Ê ¶·µ¨§¢¥¤¥´¨¥

φx1(R1)φx2(R2)

¤¢ÊÌ µ·¡¨É ²¥° �²µÌ Ä�·¨´± ,   ¶µÉµ³, ¢Ò¶µ²´ÖÖ  ´É¨¸¨³³¥É·¨§ Í¨Õ ¨ µÉ¤¥-
²ÖÖ ³´µ¦¨É¥²Ó Í¥´É·  ³ ¸¸, ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐÊÕ µ·¡¨É ²Ó ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö
¤¢¨¦¥´¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸:

φ−
x (R) =

1√
2

(φx(R) − φx(−R)) , (35)

x =
x1 − x2√

2
, R =

R1 − R2√
2

.
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”Ê´±Í¨Ö (35) Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´Ò³ ¢¥±Éµ·µ³ µ¶¥· Éµ· 

x̂2 =
1
2

(
R +

d

dR

)2

, (36)

¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¸µ¡¸É¢¥´´µ³Ê §´ Î¥´¨Õ x2. P ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨
¤²Ö ÔÉµ°  ´É¨¸¨³³¥É·¨Î´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶·µ¸É· ´¸É¢  ”µ± Ä� ·£³ ´-
´  ¨³¥¥É ¢¨¤

φ−
x
∗(R)φ−

x (R) exp (−RS) = π−1/2 (cosh (2xξ) − cos (2xη)) exp (−x2 − ξ2).
(37)

�´ ²µ£¨Î´Ò¥ ¨§³¥´¥´¨Ö ¢ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´¨Ö  ´É¨¸¨³³¥É·¨§ Í¨¨ ¶·µ-
¨¸Ìµ¤ÖÉ ¨ ¸ ¶²µ¸±µ° ¢µ²´µ°:

φ−
k (R) =

1√
2

(φk(R) − φk(−R)) , (38)

¨ ¸ · ¸¶·¥¤¥²¥´¨¥³ ¢¥·µÖÉ´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¸¢µ¡µ¤´µ³Ê ¤¢¨¦¥´¨Õ:

ρ−k (ξ, η) = φ−
k

∗
(R)φ−

k (R) exp (−RS) =

= π−1/2 (cosh (2kη) − cos (2kξ)) exp (−k2 − η2). (39)

’µ²Ó±µ ±µ£¤  k � 1, ¶µ¸²¥¤´¥¥ · ¸¶·¥¤¥²¥´¨¥ ¶¥·¥Ìµ¤¨É ¢ ¸Ê¶¥·¶µ§¨Í¨Õ
Ê¸É ´µ¢²¥´´µ£µ · ´¥¥ · ¸¶·¥¤¥²¥´¨Ö ρk(R) ¨ ¤·Ê£µ£µ  ´ ²µ£¨Î´µ£µ · ¸¶·¥-
¤¥²¥´¨Ö ρ−k(R). �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ k ¶·¨Ìµ¤¨É¸Ö ÊÎ¨ÉÒ¢ ÉÓ ¸² £ ¥³µ¥,
±µÉµ·µ¥ § ¢¨¸¨É µÉ ¨³¶Ê²Ó¸  η. �µ¢¥·Ì´µ¸É¨ ρ−k (ξ, η), µÉ¢¥Î ÕÐ¨¥ · §´Ò³
§´ Î¥´¨Ö³ k, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1.

‘¨³³¥É·¨§ Í¨Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¢ÊÌ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¶·¨¢µ¤¨É
± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö · ¸¶·¥¤¥²¥´¨Ö ¢¥·µÖÉ´µ¸É¨:

ρ+
k (ξ, η) = π−1/2 (cosh (2kη) + cos (2kξ)) exp (−k2 − η2). (40)

CµµÉ¢¥É¸É¢ÊÕÐ Ö · ¸¶·¥¤¥²¥´¨Õ (40) ¶µ¢¥·Ì´µ¸ÉÓ ¨§µ¡· ¦¥´  ´  ·¨¸. 2.
’ ±¨³ µ¡· §µ³, ¸¨³³¥É·¨§ Í¨Ö (¨²¨  ´É¨¸¨³³¥É·¨§ Í¨Ö) ¸ÊÐ¥¸É¢¥´´µ

¢²¨Ö¥É ´  ¶µ¢¥¤¥´¨¥ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ¢ µ±·¥¸É´µ¸É¨ ´ Î ²  ±µµ·¤¨´ É
¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ k2/2 ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö. ‚ Î ¸É´µ¸É¨, ¥¸²¨
η = 0,   |ξ| · ¸É¥É, Éµ µ¡¥ ËÊ´±Í¨¨, µ¸É ¢ Ö¸Ó ¶µ²µ¦¨É¥²Ó´Ò³¨, µ¸Í¨²²¨·ÊÕÉ
¢µ±·Ê£ §´ Î¥´¨Ö π−1/2 exp (−k2) c ¶¥·¨µ¤µ³ µ¸Í¨²²ÖÍ¨° π/k.

Œ É·¨Í  ¶²µÉ´µ¸É¨  ´É¨¸¨³³¥É·¨Î´ÒÌ ¸µ¸ÉµÖ´¨° ¢³¥¸É¥ ¸ ³¥·µ° � ·£-
³ ´´  ¥¸ÉÓ ·¥§Ê²ÓÉ É ¨´É¥£·¨·µ¢ ´¨Ö ρ−k (ξ, η) ¶µ k ¨²¨ ρ−x (ξ, η) ¶µ x:

ρ−(ξ, η) =
∫

ρ−x (ξ, η)dx = sinh (RS) exp (−RS) =
1 − exp (−2RS)

2
. (41)
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�¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ρ−
k (ξ, η) ¢ ¶·¥¤¸É ¢²¥´¨¨ ”µ± Ä� ·£³ ´´  ¤²Ö

¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ¤¢ÊÌ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¸ ¶ · ²²¥²Ó´Ò³¨ ¸¶¨´ ³¨: a) k = 2,
¡) k = 1, ¢) k = 0,2

�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ρ+
k (ξ, η) ¢ ¶·¥¤¸É ¢²¥´¨¨ ”µ± Ä� ·£³ ´´  ¤²Ö

¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ¤¢ÊÌ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¸  ´É¨¶ · ²²¥²Ó´Ò³¨ ¸¶¨´ ³¨:
a) k = 2, ¡) k = 1, ¢) k = 0,2
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�¨¸. 3. Œ É·¨Í  ¶²µÉ´µ¸É¨ ρ−(ξ, η)  ´É¨¸¨³³¥É·¨Î´ÒÌ ¸µ¸ÉµÖ´¨° ¢³¥¸É¥ ¸ ³¥·µ°
� ·£³ ´´ 

�´É¨¸¨³³¥É·¨§ Í¨Ö ¶µ¤ ¢²Ö¥É §´ Î¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢¥·µÖÉ´µ¸É¨ ¶²µÉ´µ-
¸É¨ ¢ µ¡² ¸É¨ ¢µ±·Ê£ ´ Î ²  ±µµ·¤¨´ É, ´µ ¶µ ³¥·¥ Ê¤ ²¥´¨Ö µÉ ´ Î ²  ±µµ·-
¤¨´ É Ë §µ¢µ° ¶²µ¸±µ¸É¨ ¶²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¸É·¥³¨É¸Ö ± 1/2 (·¨¸. 3).

ˆ´É¥£p¨·µ¢ ´¨¥ ρ+
x (ξ, η) ¤ eÉ ³ É·¨ÍÊ ¶²µÉ´µ¸É¨ ¸¨³³¥É·¨Î´ÒÌ ¸µ¸ÉµÖ-

´¨°, Ê³´µ¦¥´´ÊÕ ´  ³¥·Ê � ·£³ ´´ :

ρ+(ξ, η) =
∫

ρ+
x (ξ, η)dx = cosh (RS) exp (−RS) =

1 + exp (−2RS)
2

, (42)

±µÉµ· Ö ¶µ¤Îe·±¨¢ ¥É µ¡² ¸ÉÓ ³ ²ÒÌ §´ Î¥´¨° ξ, η,   ¶µ ³¥·¥ Ê¤ ²¥´¨Ö µÉ ´ -
Î ²  ±µµ·¤¨´ É ¢ÒÌµ¤¨É ´  ÉµÉ ¦¥ ¶·¥¤¥² 1/2, ÎÉµ ¨ ¶²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö
¢¥·µÖÉ´µ¸É¨ ¤²Ö  ´É¨¸¨³³¥É·¨Î´ÒÌ ¸µ¸ÉµÖ´¨° (¸³. ·¨¸. 4).

�¨¸. 4. Œ É·¨Í  ¶²µÉ´µ¸É¨ ρ+(ξ, η) ¸¨³³¥É·¨Î´ÒÌ ¸µ¸ÉµÖ´¨° ¢³¥¸É¥ ¸ ³¥·µ° � ·£-
³ ´´ 
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� ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ¤²Ö  ´É¨¸¨³³¥É·¨Î´ÒÌ ¸µ¸ÉµÖ´¨° £ ·³µ´¨-
Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¸ Î¨¸²µ³ ±¢ ´Éµ¢ ¢µ§¡Ê¦¤¥´¨Ö 2n + 1 ¨³¥¥É ¢¨¤

ρ−2n+1(ξ, η) =
1

(2n + 1)!

(
ξ2 + η2

2

)2n+1

exp
{
−ξ2 + η2

2

}
. (43)

Œ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ÔÉ  ËÊ´±Í¨Ö ¶·¨´¨³ ¥É ¢´ÊÉ·¨ ±·Ê£µ¢µ£µ ±µ²ÓÍ ,
±µÉµ·µ¥ ¶·¨ ¡µ²ÓÏ¨Ì n ¸ÉÖ£¨¢ ¥É¸Ö ¢ µ±·Ê¦´µ¸ÉÓ

ξ2 + η2

2
= 2n + 1,

¶·¥¤¸É ¢²ÖÕÐÊÕ ¸µ¡µ° ±² ¸¸¨Î¥¸±ÊÕ É· ¥±Éµ·¨Õ ¶·¨ Ô´¥·£¨¨ 2n + 1.
2.6. ‘¨¸É¥³  É·eÌ µ¤´µ³¥·´ÒÌ Ë¥·³¨µ´µ¢. � ¸¸³µÉ·¨³ É¥¶¥·Ó ¸¨¸É¥³Ê

É·eÌ µ¤´µ³¥·´ÒÌ Ë¥·³¨µ´µ¢, ¸¶¨´Ò ±µÉµ·ÒÌ ¶ · ²²¥²Ó´Ò. �Ê¸ÉÓ x1, x2, x3 Å
±µµ·¤¨´ ÉÒ ÔÉ¨Ì Ë¥·³¨µ´µ¢. Š·µ³¥ Éµ£µ, ¶µ²µ¦¨³

y1 =
1√
2
(x1 − x2), y2 =

√
2
3

(
x3 −

x1 + x2

2

)
.

‚ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¢³¥¸Éµ ´¥§ ¢¨¸¨³ÒÌ ¶¥·¥³¥´´ÒÌ R1, R2, R3 ¶·µ¸É· ´-
¸É¢  ”µ± Ä� ·£³ ´´  ¢¢¥¤e³

P =

√
1
2
(R1 − R2) = A cos γ = ξ1 + iη1, (44)

Q =

√
2
3

(
R3 −

R1 + R2

2

)
= A sin γ = ξ2 + iη2, (45)

P ∗ =

√
1
2
(S1 − S2), Q∗ =

√
2
3

(
S3 −

S1 + S2

2

)
.

’µ£¤  ¨´É¥£· ² ¶¥·¥±·ÒÉ¨Ö ¤¢ÊÌ ¤¥É¥·³¨´ ´Éµ¢ ‘²e°É¥· 

φy1,y2(P, Q) ¨ φ∗
y1,y2

(P, Q),

¶µ¸É·µ¥´´ÒÌ ´  µ·¡¨É ²ÖÌ �²µÌ Ä�·¨´±  ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸, ¶·¨´¨³ ¥É
¸²¥¤ÊÕÐ¨° ¢¨¤:

I(P, Q; P ∗, Q∗) =
∫

dy1

∫
dy2φ

∗
y1,y2

(P, Q)φy1,y2(P, Q) =

=
1
6

{
exp {PP ∗ + QQ∗}+exp

{(
−1

2
P−

√
3

2
Q

)
P ∗+

(√
3

2
P−1

2
Q

)
Q∗

}
+
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+ exp

{(
−1

2
P +

√
3

2
Q

)
P ∗ +

(√
3

2
P − 1

2
Q

)
Q∗

}
− exp {−PP ∗ + QQ∗}−

− exp

{(
1
2
P −

√
3

2
Q

)
P ∗ +

(√
3

2
P − 1

2
Q

)
Q∗

}
−

− exp

{(
1
2
P +

√
3

2
Q

)
P ∗ +

(√
3

2
P − 1

2
Q

)
Q∗

}}
=

= 12
∑

n

[(n−3)/3]∑
m=0

(AA∗)n cos (6m + 3)γ cos (6m + 3)γ∗

(n − 6m − 3)!!(n + 6m + 3)!!
+

+12
∑

n

[n/6]∑
m=1

(AA∗)n sin 6mγ sin 6mγ∗

(n − 6m)!!(n + 6m)!!
. (46)

� §²µ¦¥´¨¥ (46) ¤ eÉ ¤¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¢ ¶·¥¤-
¸É ¢²¥´¨¨ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· :

w′
n,m(ξ, η1, ξ2, η2) =

(AA∗)n2 cos (6m + 3)γ cos (6m + 3)γ∗

(n − 6m − 3)!!(n + 6m + 3)!!
, (47)

w′′
n,m(ξ, η1, ξ2, η2) =

(AA∗)n2 sin 6mγ sin 6mγ∗

(n − 6m)!!(n + 6m)!!
. (48)

—¨¸²µ ±¢ ´Éµ¢ n ¶·¨´¨³ ¥É Éµ²Ó±µ ´¥ÎeÉ´µ¥ §´ Î¥´¨¥, ´ Î¨´ Ö ¸ n = 3,
ÎÉµ µ¡Ê¸²µ¢²¥´µ É·¥¡µ¢ ´¨Ö³¨ ¶·¨´Í¨¶  � Ê²¨. �µ Éµ° ¦¥ ¶·¨Î¨´¥ ³´µ¦¨-
É¥²¨ ¶¥·¥¤ γ (γ∗) ¢  ·£Ê³¥´É¥ ¸¨´Ê¸µ¢ ¨ ±µ¸¨´Ê¸µ¢ ±· É´Ò É·e³.

‘´µ¢ , ¥¸²¨ n � m � 1, ³Ò ¨³¥¥³ ¶·µ¸ÉÊÕ ¶·¥¤¥²Ó´ÊÕ Ëµ·³Ê:∫
dy1

∫
dy2φ

∗
y1,y2

(P, Q)φy1,y2(P, Q) ∼

∼
∑

n

∑
m

(AA∗)n

n!
2
n

exp
(
− (6m + 3)2

2n

)
cos (6m + 3)γ cos (6m + 3)γ∗+
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+
∑

n

∑
m

(AA∗)n

n!
2
n

exp
(
− (6m)2

2n

)
sin 6mγ sin 6mγ∗, (49)

¶µ¤µ¡´ÊÕ Éµ°, ±µÉµ· Ö · ´¥¥ ¡Ò²  ¶µ²ÊÎ¥´  ¤²Ö É·eÌ³¥·´µ£µ µ¸Í¨²²ÖÉµ· .
ˆ³¥Ö ³ É·¨ÍÊ ¶²µÉ´µ¸É¨ wi

n,m(ξ1, η1; ξ2, η2) ¸¨¸É¥³Ò É·eÌ Ë¥·³¨µ´µ¢,
´¥¸²µ¦´µ ´ °É¨ µ¤´µÎ ¸É¨Î´ÊÕ ³ É·¨ÍÊ ¶²µÉ´µ¸É¨ wi

n,m(ξ1, η1), µ¶·¥¤¥²¨¢
¥e ± ± ¨´É¥£· ²

wi
n,m(ξ1, η1) =

∫
wi

n,m(ξ1, η1; ξ2, η2) exp
{
−ξ2

2 + η2
2

2

}
dξ2dη2

2π
. (50)

2.7. ’µ ¦¥, ´µ É·eÌ³¥·´Ò° ¸²ÊÎ °. „²Ö É·eÌ É·eÌ³¥·´ÒÌ Ë¥·³¨µ´µ¢
¸ µ¤¨´ ±µ¢µ ´ ¶· ¢²¥´´Ò³¨ ¸¶¨´ ³¨ ¶¥·¢Ò¥ ¤¢  ¸² £ ¥³ÒÌ ¢ · §²µ¦¥´¨¨
¨´É¥£· ²  ¶¥·¥±·ÒÉ¨Ö ¨³¥ÕÉ ¢¨¤

I(P,Q;P∗,Q∗) =
1
2
([PQ][P∗Q∗]) +

1
24

{(PP∗)3 − 3(PP∗)(QP∗)2−

−3(PP∗)(PQ∗)2 + 9(PP∗)(QQ∗)2 − 9([PQ][(P∗Q∗])(QQ∗)} + ... (51)

�¥·¢µ¥ ¸² £ ¥³µ¥ ¸µµÉ¢¥É¸É¢Ê¥É ¨´É¥£· ²Ê ¶¥·¥±·ÒÉ¨Ö SU(3) ´¥¶·¨¢µ¤¨³ÒÌ
¶·¥¤¸É ¢²¥´¨° (0,1),   ¢Éµ·µ¥ ¸² £ ¥³µ¥ Å ¨´É¥£· ²Ê ¶¥·¥±·ÒÉ¨Ö SU(3)
´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° (3,0). ‡ ³¥Î É¥²Ó´Ò° Ë ±É Å ´¥¶·¨¢µ¤¨³µ¥
¶·¥¤¸É ¢²¥´¨¥ (1,1) µÉ¸ÊÉ¸É¢Ê¥É.

�¥·¢Ò¥ Î²¥´Ò · §²µ¦¥´¨Ö ¨´É¥£· ²  ¶¥·¥±·ÒÉ¨Ö ¤¥³µ´¸É·¨·ÊÕÉ ¶µ¢¥¤¥-
´¨¥ ÔÉµ£µ ¨´É¥£· ²  ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¢¥±Éµ·µ¢ P,Q;P∗,Q∗. ’ ±, ¶¥·¢µ¥
¸² £ ¥³µ¥ ÔÉµ£µ · §²µ¦¥´¨Ö

1
2
([PQ][P∗Q∗])

Ö¢²Ö¥É¸Ö ¨´É¥£· ²µ³ ¶¥·¥±·ÒÉ¨Ö É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´ÒÌ ¢µ²´µ¢ÒÌ
ËÊ´±Í¨° SU(3)-³µ¤¥²¨ �²²¨µÉÉ  [16] É·eÌ Ë¥·³¨µ´µ¢ ¸ µ¤¨´ ±µ¢Ò³ ´ -
¶· ¢²¥´¨¥³ ¸¶¨´ ,   Î¥É¢e·É Ö ¸É¥¶¥´Ó ÔÉµ£µ ¸² £ ¥³µ£µ ¤ eÉ ¨´É¥£· ² ¶¥·¥-
±·ÒÉ¨Ö Éµ° ¦¥ ³µ¤¥²¨ ¤²Ö Ö¤·  12C. …¸²¨ ¦¥ ¢¥±Éµ·Ò P ¨ Q ±µ²²¨´¥ ·´Ò ¨
± Éµ³Ê ¦¥ ¨³¥ÕÉ µ¤¨´ ±µ¢ÊÕ ¤²¨´Ê, Éµ ³µ¦´µ ¶µ²µ¦¨ÉÓ P = Q = R. ’µ£¤ 
¶¥·¢µ¥ ¸² £ ¥³µ¥ · §²µ¦¥´¨Ö (51) ¨¸Î¥§ ¥É,   ¢Éµ·µ¥ ¶·¨´¨³ ¥É ¢¨¤

1
6
(RR∗)3,

µÉ¢¥Î ÕÐ¨° ²¨´¥°´µ° ¸É·Ê±ÉÊ·¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨. �Éµ ¸² £ ¥³µ¥ µ¶ÖÉÓ
¸µµÉ¢¥É¸É¢Ê¥É ¨´É¥£· ²Ê ¶¥·¥±·ÒÉ¨Ö ¤²Ö ¸²ÊÎ Ö É¥Ì ¦¥ É·eÌ Ë¥·³¨µ´µ¢, ´µ
É¥¶¥·Ó Ê¦¥ µ±±Ê¶¨·ÊÕÐ¨Ì ¸µ¸ÉµÖ´¨Ö

[0, 0, 0][1, 0, 0][2, 0, 0]
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s-, p-, ¨ sd-µ¡µ²µÎ¥±. ‡¤¥¸Ó ¨¸¶µ²Ó§µ¢ ´µ É· ¤¨Í¨µ´´µ¥ µ¡µ§´ Î¥´¨¥
[nx, ny, nz] ¤²Ö µ¤´µÎ ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨° £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¸ Î¨-
¸²µ³ ±¢ ´Éµ¢ nx ¢¤µ²Ó µ¸¨ x, ny ¢¤µ²Ó µ¸¨ y ¨ nz ¢¤µ²Ó µ¸¨ z.

3. ”�‡�‚›… ’��…Š’��ˆˆ

�·¡¨É ²¨ (1) µÉ±·Ò¢ ÕÉ ¶ÊÉÓ ¤²Ö ¶µ¸É·µ¥´¨Ö ±² ¸¸¨Î¥¸±¨Ì Ë §µ¢ÒÌ É· -
¥±Éµ·¨° ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢ ¸¨¸É¥³Ò A Ë¥·³¨µ´µ¢. —Éµ¡Ò ·¥ ²Ó´µ ¢Ò¢¥¸É¨
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ê· ¢´¥´¨Ö ±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¨ ¨ ´ °É¨ Ë §µ¢Ò¥ É· ¥±-
Éµ·¨¨, ¶·¨Ìµ¤¨É¸Ö ¶·µ°É¨ Î¥·¥§ ´¥¸±µ²Ó±µ ÔÉ ¶µ¢. ‘´ Î ²  ¨§ µ·¡¨É ²¥° (1)
±µ´¸É·Ê¨·ÊÕÉ¸Ö ¤¥É¥·³¨´ ´ÉÒ ‘²¥°É¥·  ¨ É¥³ ¸ ³Ò³ Ê¤µ¢²¥É¢µ·ÖÕÉ¸Ö É·¥-
¡µ¢ ´¨Ö ¶·¨´Í¨¶  � Ê²¨. ‡ É¥³ ÔÉ¨ ¤¥É¥·³¨´ ´ÉÒ µ¡ÑÖ¢²ÖÕÉ¸Ö ¶·µ¡´Ò³¨
ËÊ´±Í¨Ö³¨ ¢ ·¨ Í¨µ´´µ° § ¤ Î¨,   ±µ³¶²¥±¸´Ò¥ ¢¥±Éµ·Ò

Ri, i = 1, 2, ...A,

¢Ò¸ÉÊ¶ ÕÉ ¢ ·µ²¨ ¢ ·¨ Í¨µ´´ÒÌ ¶ · ³¥É·µ¢, ±µÉµ·Ò¥ § ¢¨¸ÖÉ µÉ ¢·¥³¥´¨
t. ‘²¥¤ÊÕÐ¨° ÔÉ ¶ Å ¢ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨¨ ‹ £· ´¦  ´  ¤¥É¥·³¨´ ´É Ì
‘²¥°É¥· . � ±µ´¥Í, µ¡· Ð¥´¨¥ ± ¶·¨´Í¨¶Ê ´ ¨³¥´ÓÏ¥£µ ¤¥°¸É¢¨Ö, § ±²ÕÎ Ö
¶·µÍ¥¤Ê·Ê, ¶µ§¢µ²Ö¥É ´ °É¨ ±² ¸¸¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤²Ö

R(t) =
ξ(t) + iη(t)√

2

¨, ¢ ¨Éµ£¥, É· ¥±Éµ·¨¨ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥.
Š ¦¤ Ö É· ¥±Éµ·¨Ö ¸¨¸É¥³Ò Ë¥·³¨µ´µ¢ ´ Ìµ¤¨É¸Ö ´  £¨¶¥·¶µ¢¥·Ì´µ¸É¨

Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ¤²Ö § ¤ ´´µ° Ô´¥·£¨¨. �´  ¢¶µ²´¥ µ¶·¥¤¥²Ö¥É¸Ö, ¥¸²¨
Ê± § ´Ò §´ Î¥´¨Ö ¢¸¥Ì ¥e ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö. Š¢ ¤· É ³µ¤Ê²Ö µ¶·¥¤¥²e´-
´µ° ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´  ¢µ²´µ¢µ° ËÊ´±Í¨¨ Éµ° ¦¥ ¸¨¸É¥³Ò,
µ¡² ¤ ÕÐ¥° ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨, ¢³¥¸É¥ ¸ ³¥·µ° � ·£-
³ ´´  ¤ ¥É ¶²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¢¥·µÖÉ´µ¸É¨ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥.
‘µ¶µ¸É ¢²ÖÖ Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ ¨ ±¢ ´Éµ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö, ³µ¦´µ ¸Ê¤¨ÉÓ
µ Éµ³, ¢ ± ±µ° ¸É¥¶¥´¨ ¨ ¶·¨ ¢Ò¶µ²´¥´¨¨ ± ±¨Ì Ê¸²µ¢¨° Ë §µ¢Ò¥ É· ¥±Éµ·¨¨
¶¥·¥¤ ÕÉ ·¥ ²Ó´ÊÕ ¸¨ÉÊ Í¨Õ.

3.1. �¤´µ³¥·´Ò¥ ¤¢¨¦¥´¨Ö. �¸µ¡¥´´µ ¶·µ¸Éµ, µ¡· É¨¢Ï¨¸Ó ± (1), ´ °É¨
Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ µ¤´µ³¥·´ÒÌ ¤¢¨¦¥´¨°. „²Ö ÔÉµ£µ ¤µ¸É ÉµÎ´µ ¢µ¸¶µ²Ó§µ-
¢ ÉÓ¸Ö ¸µµÉ´µÏ¥´¨¥³

H(ξ, η) = E,
〈φ∗

x(R)|Ĥ |φx(R)〉
〈φ∗

x(R)|φx(R)〉 = H(ξ, η). (52)

‡¤¥¸Ó Ĥ Å ±¢ ´Éµ¢Ò° £ ³¨²ÓÉµ´¨ ´ µ¤´µ³¥·´µ° ¸¨¸É¥³Ò ¢ ±µµ·¤¨´ É´µ³
¶·¥¤¸É ¢²¥´¨¨,   H(ξ, η) Å ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´ , µ¶·¥¤¥²e´´ Ö ± ± ·¥§Ê²ÓÉ É
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Ê¸·¥¤´¥´¨Ö £ ³¨²ÓÉµ´¨ ´  ´  µ·¡¨É ²ÖÌ �²µÌ Ä�·¨´± . ’ ±, ¤²Ö µ¤´µ³¥·´µ£µ
¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö, £ ³¨²ÓÉµ´¨ ´ ±µÉµ·µ£µ

Ĥ = −1
2

d2

dx2
,

ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  ¨³¥¥É ¢¨¤

H(ξ, η) =
1
2
η2 +

1
4
. (53)

ˆ§ (53) ¸²¥¤Ê¥É, ÎÉµ ¢µ²´µ¢µ° ¶ ±¥É, ± ±µ¢Ò³ Ö¢²Ö¥É¸Ö µ·¡¨É ²Ó (1), ¤¢¨¦¥É¸Ö
± ± ¸¢µ¡µ¤´ Ö Î ¸É¨Í  ¸ ¨³¶Ê²Ó¸µ³ η ¨ ³ ¸¸µ° ´Ê±²µ´ . �¤´ ±µ ¶µ¸±µ²Ó±Ê
E = H(ξ, η), Éµ ¶µ²´ Ö Ô´¥·£¨Ö ¢µ²´µ¢µ£µ ¶ ±¥É  ¸µ¤¥·¦¨É ¥Ðe µ¤´µ ¸² £ ¥-
³µ¥ 1/4, ±µÉµ·µ¥ ¶µÖ¢¨²µ¸Ó ¶µÉµ³Ê, ÎÉµ ´  ¸µ§¤ ´¨¥ µ¤´µ³¥·´µ£µ ¢µ²´µ¢µ£µ
¶ ±¥É  É·¥¡Ê¥É¸Ö § É· É¨ÉÓ ¨³¥´´µ ÔÉÊ Ô´¥·£¨Õ. ’ ±µ° ¢µ²´µ¢µ° ¶ ±¥É, ± ±
¨ ¢¸Ö±¨° ¤·Ê£µ°, ´¥ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ¤µ²£µ¥ ¢·¥³Ö ¢´¥ ¶µÉ¥´Í¨ ²Ó´µ£µ
¶µ²Ö ¨ ¤µ²¦¥´ · ¸¶²Ò¢ ÉÓ¸Ö. �µ±  ³Ò ¶·¥´¥¡·¥£ ¥³ ÔÉ¨³ Ö¢²¥´¨¥³ ¨ ´¥
¢±²ÕÎ ¥³ ¢ ±² ¸¸¨Î¥¸±µ¥ · ¸¸³µÉ·¥´¨¥ ³¥Ì ´¨§³, µÉ¢¥É¸É¢¥´´Ò° §  · ¸¶²Ò-
¢ ´¨¥ ¢µ²´µ¢µ£µ ¶ ±¥É , ³¨´¨³ ²Ó´ Ö Ô´¥·£¨Ö ¸¢µ¡µ¤´µ£µ ¨´Ë¨´¨É´µ£µ ¤¢¨-
¦¥´¨Ö µ± §Ò¢ ¥É¸Ö · ¢´µ° 1/4. ˆ ÔÉµ § ³¥Î ´¨¥ µ¸É eÉ¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¤ ¦¥
¶µ¸²¥ ¢±²ÕÎ¥´¨Ö ¶µÉ¥´Í¨ ²  ¶·¨ÉÖ¦¥´¨Ö, ±µ£¤  ¶µÖ¢²Ö¥É¸Ö ¸¶¥±É· Ë¨´¨É-
´ÒÌ ¸µ¸ÉµÖ´¨° ´¥ Éµ²Ó±µ ¸ µÉ·¨Í É¥²Ó´µ°, ´µ ¨ ¸ ¶µ²µ¦¨É¥²Ó´µ° Ô´¥·£¨¥°,
´¥ ¶·¥¢µ¸Ìµ¤ÖÐ¥° 1/4. � §Ê³¥¥É¸Ö, ±¢ ´Éµ¢µ¥ µ¶¨¸ ´¨¥ É ±¨Ì ¶·µ¡²¥³ ´¥
¨³¥¥É.

—Éµ ¦¥ ± ¸ ¥É¸Ö Ë §µ¢ÒÌ É· ¥±Éµ·¨° ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö (53), Éµ ¤²Ö
´¨Ì § ¢¨¸¨³µ¸ÉÓ ¨³¶Ê²Ó¸  µÉ Ô´¥·£¨¨, É.¥.

η =
√

2E − 1/2,

´¥¸±µ²Ó±µ µÉ²¨Î ¥É¸Ö ¢ µ¡² ¸É¨ ³ ²ÒÌ Ô´¥·£¨° µÉ Éµ°, ÎÉµ ¤²Ö ¸¢µ¡µ¤´ÒÌ
Î ¸É¨Í ¶·¥¤² £ ¥É ±² ¸¸¨Î¥¸± Ö ³¥Ì ´¨± , ¨ µÉ Éµ°, ±µÉµ· Ö ¸µµÉ¢¥É¸É¢Ê¥É
²¨´¨¨ ³ ±¸¨³Ê³µ¢ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö (14).

„²Ö µ¤´µ³¥·´µ£µ µ¸Í¨²²ÖÉµ· 

Ĥ = −1
2

d2

dx2
+

1
2
x2, (54)

¶µÔÉµ³Ê

H(ξ, η) =
1
2
(η2 + ξ2) +

1
2
, (55)

¨ Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ ¶·¨ Ô´¥·£¨¨ E Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Õ

1
2
(η2 + ξ2) +

1
2

= E. (56)
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Š ± ¨ ¤µ²¦´µ ¡ÒÉÓ, ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ E ¤¢¨¦¥´¨Ö Ë¨´¨É´Ò,   ¸¶¥±É·
´¥¶·¥·Ò¢´Ò°, ÌµÉÖ µ´ ´ Î¨´ ¥É¸Ö ²¨ÏÓ ¸ E = 1/2, ±µ£¤  Ë §µ¢ Ö É· ¥±Éµ·¨Ö
¢Ò·µ¦¤ ¥É¸Ö ¢ ÉµÎ±Ê ξ = 0, η = 0, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ´ Î ²Ê ±µµ·¤¨´ É.
K¢ ´Éµ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ¢ ÔÉµ³ ¦¥ ¸µ¸ÉµÖ´¨¨ (¸³. (22))

ρ0(ξ, η) = exp
{
−ξ2 + η2

2

}

¨³¥¥É ³ ±¸¨³Ê³ ¢ ´ Î ²¥ ±µµ·¤¨´ É.
3.2. ‘¢µ¡µ¤´µ¥ ¤¢¨¦¥´¨¥ É·¨¶²¥É´µ° ¶ ·Ò Ë¥·³¨µ´µ¢. —Éµ¡Ò ¶µ´ÖÉÓ,

± ± ¢²¨Ö¥É  ´É¨¸¨³³¥É·¨§ Í¨Ö ´  Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ ¸¢µ¡µ¤´µ£µ µ¤´µ³¥·-
´µ£µ ¤¢¨¦¥´¨Ö ¤¢ÊÌ Ë¥·³¨µ´µ¢ ¢ É·¨¶²¥É´µ³ ¸µ¸ÉµÖ´¨¨, ¶µ¸É·µ¨³ ¸´ Î ² 
±² ¸¸¨Î¥¸±ÊÕ ËÊ´±Í¨Õ ƒ ³¨²ÓÉµ´ , µ¶·¥¤¥²¨¢ ¥e ¸µµÉ´µÏ¥´¨¥³

H−(ξ, η) =
〈φ−∗

x (R)|Ĥ |φ−
x (R)〉

〈φ−∗
x (R)|φ−

x (R)〉
, (57)

£¤¥

Ĥ = −1
2

d2

dx2
.

�·µ¸ÉÒ¥ ¢ÒÎ¨¸²¥´¨Ö ¤ ÕÉ ¸²¥¤ÊÕÐ¨° ·¥§Ê²ÓÉ É [7]:

H−(ξ, η) =
η2

2
+

1
4

+
ξ2 + η2

4

(
coth

ξ2 + η2

2
− 1

)
. (58)

�¨¸. 5. �ËË¥±É¨¢´Ò¥ ¶µÉ¥´Í¨ ²Ó´Ò¥ ¸² £ ¥³Ò¥ Å
¤¢  ¶µ¸²¥¤´¨Ì ¸² £ ¥³ÒÌ ¢ ËÊ´±Í¨¨ ƒ ³¨²ÓÉµ´ 
H−(ξ, η) ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ¤¢ÊÌ Î ¸É¨Í ¸ ¶ · ²-
²¥²Ó´Ò³¨ ¸¶¨´ ³¨

‘Ê³³  ¤¢ÊÌ ¶µ¸²¥¤´¨Ì ¸² -
£ ¥³ÒÌ ¢ ¶· ¢µ° Î ¸É¨ (58)
¨§µ¡· ¦¥´  ´  ·¨¸. 5. �µ-
²µ¦¨¢ H−(ξ, η) = E, ¶µ-
²ÊÎ¨³ Ë §µ¢ÊÕ É· ¥±Éµ·¨Õ
¶·¨ Ô´¥·£¨¨ E. ‡ ³¥É¨³,
ÎÉµ ³¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥
Ô´¥·£¨¨ · ¢´µ 1/4. Š·µ³¥
Éµ£µ, É ± ± ±

coth
ξ2 + η2

2
− 1 � 0,

ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  ¸µ¤¥·-
¦¨É µÉÉ ²±¨¢ ´¨¥. �µÔÉµ³Ê,
¶µ±  1/4 � E � 3/4,
É· ¥±Éµ·¨Ö, ´ Î ¢Ï Ö¸Ö ¶·¨
¡µ²ÓÏ¨Ì ¶µ²µ¦¨É¥²Ó´ÒÌ §´ -
Î¥´¨ÖÌ ξ ¨ η =

√
2E − 1/2,
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¨¸¶ÒÉ ¢ µÉ· ¦¥´¨¥, ´¥ ¶·µ´¨± ¥É ¢ µ¡² ¸ÉÓ µÉ·¨Í É¥²Ó´ÒÌ ξ. �µÖ¢²Ö¥É¸Ö
ÉµÎ±  ¶µ¢µ·µÉ , ¢ ±µÉµ·µ° ¨³¶Ê²Ó¸ · ¢¥´ ´Ê²Õ, ¶µ¸²¥ Î¥£µ, ¢ ·¥§Ê²ÓÉ É¥
¸³¥´Ò §´ ±  ¨³¶Ê²Ó¸ , É· ¥±Éµ·¨Ö µ¸É eÉ¸Ö ¢ µ¡² ¸É¨ ¶µ²µ¦¨É¥²Ó´ÒÌ ξ
(¸³. ·¨¸. 6). …¸²¨ ¦¥ E � 3/4, Éµ ¢³¥¸Éµ µ¸É ´µ¢±¨ ´ ¡²Õ¤ ¥É¸Ö ²¨ÏÓ

�¨¸. 6. ” §µ¢Ò¥ É· ¥±Éµ·¨¨ ¸¢µ¡µ¤´µ£µ ¤¢¨-
¦¥´¨Ö ¤¢ÊÌ Î ¸É¨Í ¸ ¶ · ²²¥²Ó´Ò³¨ ¸¶¨-
´ ³¨. ‘¶²µÏ´Ò³¨ ²¨´¨Ö³¨ ¶µ± § ´Ò É· -
¥±Éµ·¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢¨¦¥´¨Õ ¸ · §-
´Ò³¨ §´ Î¥´¨Ö³¨ Ô´¥·£¨¨. ˜É·¨Ìµ¢Ò³¨
²¨´¨Ö³¨ ¶µ± § ´Ò Ô±¢¨¶µÉ¥´Í¨ ²Ó´Ò¥ ¶µ-
¢¥·Ì´µ¸É¨

§ ³¥¤²¥´¨¥ ¤¢¨¦¥´¨Ö. ‡ É¥³ É· ¥±-
Éµ·¨Ö ÊÌµ¤¨É ¢ µ¡² ¸ÉÓ µÉ·¨Í É¥²Ó-
´ÒÌ ξ, £¤¥ µ´  ³µ¦¥É ¡ÒÉÓ ¢µ¸¶·µ-
¨§¢¥¤¥´  ± ± ·¥§Ê²ÓÉ É §¥·± ²Ó´µ£µ
µÉ· ¦¥´¨Ö ¶¥·¢µ° ¶µ²µ¢¨´Ò É· ¥±-
Éµ·¨¨ µÉ´µ¸¨É¥²Ó´µ µ¸¨ η.

�ÉÉ ²±¨¢ ´¨¥, ±µÉµ·µ¥ ¤¥³µ´-
¸É·¨·ÊÕÉ Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ Î -
¸É¨Í É·¨¶²¥É´µ° Ë¥·³¨µ´´µ° ¶ ·Ò
¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ξ ¨ η, ¢¶µ²´¥
¸µµÉ¢¥É¸É¢Ê¥É É· ¤¨Í¨µ´´µ³Ê ¶·¥¤-
¸É ¢²¥´¨Õ µ Éµ³, ÎÉµ ÊÎeÉ ¶·¨´Í¨¶ 
� Ê²¨ § ¶·¥Ð ¥É Ë¥·³¨µ´ ³ ¸ ¶ -
· ²²¥²Ó´Ò³¨ ¸¶¨´ ³¨ ´ Ìµ¤¨ÉÓ¸Ö
¢ µ¤´µ° ÉµÎ±¥ ¨ ¶·µÖ¢²Ö¥É¸Ö ± ±
¸¨² , ¶·¥¶ÖÉ¸É¢ÊÕÐ Ö ¸¡²¨¦¥´¨Õ
Ë¥·³¨µ´µ¢.

�µ²ÊÎ¥´´µ¥ ´ ³¨ · ´¥¥ · ¸-
¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ (39) ¤²Ö
É·¨¶²¥É´µ° ¶ ·Ò, Ô´¥·£¨Ö ±µÉµ·µ°
E = k2/2, cÉÖ£¨¢ ¥É¸Ö ± Ë §µ¢µ°
É· ¥±Éµ·¨¨ H−(ξ, η) = E, Éµ²Ó±µ
¥¸²¨ E � 3/4, ±µ£¤  ·µ²Ó ¶·¨´-

Í¨¶  � Ê²¨ ¨ ¢²¨Ö´¨¥  ´É¨¸¨³³¥É·¨§ Í¨¨ Ê¦¥ ´¥¸ÊÐ¥¸É¢¥´´Ò. ˆ³¥´´µ
Éµ£¤   ¸¨³¶ÉµÉ¨Î¥¸±¨³ ¶·¥¤¥²µ³ ±¢ ´Éµ¢µ£µ ·¥§Ê²ÓÉ É  ¸É ´µ¢¨É¸Ö ±² ¸¸¨-
Î¥¸±¨° ·¥§Ê²ÓÉ É. �¤´ ±µ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ, ±µ£¤  ¢¥²¨±¨ É¥ ¶µ¶· ¢±¨
± Ê· ¢´¥´¨Ö³ ±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¨, ±µÉµ·Ò¥ ÊÎ¨ÉÒ¢ ÕÉ  ´É¨¸¨³³¥É·¨§ -
Í¨Õ,  ´ ²µ£¨Ö ³¥¦¤Ê ±¢ ´Éµ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¢¥·µÖÉ´µ¸É¨ ¨ Ë §µ¢Ò³¨
É· ¥±Éµ·¨Ö³¨ ´¥ ¶·µ¸³ É·¨¢ ¥É¸Ö, ¨, ÎÉµ¡Ò ÔÉ   ´ ²µ£¨Ö ¶µÖ¢¨² ¸Ó, ´¥µ¡Ìµ-
¤¨³  ¤µ¶µ²´¨É¥²Ó´ Ö ±µ··¥±Í¨Ö ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨°, ¸¢Ö§ ´´ Ö ¢ ¶¥·¢ÊÕ
µÎ¥·¥¤Ó ¸ · ¸¶²Ò¢ ´¨¥³ ¢µ²´µ¢µ£µ ¶ ±¥É , ¤¢¨¦¥´¨¥ ±µÉµ·µ£µ ¢µ¸¶·µ¨§¢µ¤ÖÉ
±² ¸¸¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö.

3.3. ‘¨´£²¥É´ Ö ¶ · . ‚ ¸²ÊÎ ¥ ¸¨´£²¥É´µ° ¶ ·Ò ¸¢µ¡µ¤´ÒÌ Ë¥·³¨µ´µ¢
ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  ¨³¥¥É ¢¨¤

H+(ξ, η) =
η2

2
+

1
4

+
ξ2 + η2

4

(
tanh

ξ2 + η2

2
− 1

)
. (59)
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�¡Ö§ ´´µ¥ ¶·µÍ¥¤Ê·¥ ¸¨³³¥É·¨§ Í¨¨ ¶µ¸²¥¤´¥¥ ¸² £ ¥³µ¥ ¢ ¶· ¢µ° Î ¸É¨
(59), ¢ µÉ²¨Î¨¥ µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¸² £ ¥³µ£µ ¢ (58), µÉ¢¥Î ¥É ¶·¨ÉÖ¦¥´¨Õ,
¶µ¸±µ²Ó±Ê É¥¶¥·Ó

tanh
ξ2 + η2

2
− 1 � 0.

�µ¢¥¤¥´¨¥ ¸Ê³³Ò ¤¢ÊÌ ¶µ¸²¥¤´¨Ì ¸² £ ¥³ÒÌ ¢ ¶· ¢µ° Î ¸É¨ (59) ¶µ± § ´µ
´  ·¨¸. 7. Œ¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ ÔÉ  ¸Ê³³  ¨³¥¥É ´  µ±·Ê¦´µ¸É¨ ¸ Í¥´É·µ³
¢ ´ Î ²¥ ±µµ·¤¨´ É. …¸²¨ ± ÔÉµ° ¸Ê³³¥ ³Ò ¤µ¡ ¢¨³ ¸² £ ¥³µ¥ η2/2, Éµ
´¥³¥¤²¥´´µ ¶µ²ÊÎ¨³ ¤¢  ³¨´¨³Ê³  ËÊ´±Í¨¨ ƒ ³¨²ÓÉµ´  ¶·¨

ξ = ±ξ0, ξ0 = 1,13, η = 0,

±µ£¤  Emin = 0,11. ‚ ± ¦¤µ° ¨§ ¤¢ÊÌ ÉµÎ¥± ³¨´¨³Ê³  Ë §µ¢Ò¥ É· ¥±Éµ·¨¨
¢Ò·µ¦¤ ÕÉ¸Ö ¢ ÉµÎ±Ê. ‡ É¥³, ±µ£¤  Ô´¥·£¨Ö µ± §Ò¢ ¥É¸Ö ¡µ²ÓÏ¥ ³¨´¨³ ²Ó-
´µ°, ¶µÖ¢²ÖÕÉ¸Ö § ³±´ÊÉÒ¥ Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ Ë¨´¨É´µ£µ ¤¢¨¦¥´¨Ö. ˆ´-
Ë¨´¨É´Ò³ ¤¢¨¦¥´¨¥ ¸É ´µ¢¨É¸Ö, ¥¸²¨ E > 1/4. �¤´ ±µ Ö¢´ Ö ¸¢Ö§Ó ³¥¦¤Ê
¨´Ë¨´¨É´Ò³¨ É· ¥±Éµ·¨Ö³¨ ¨ ±¢ ´Éµ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¢¥·µÖÉ´µ¸É¨ (40)
¸É ´µ¢¨É¸Ö µÎ¥¢¨¤´µ°, Éµ²Ó±µ ±µ£¤  E � 1/4, ¨ ¢²¨Ö´¨¥³ ¸¨³³¥É·¨§ Í¨¨
± ± ´  · ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨, É ± ¨ ´  ¨´Ë¨´¨É´Ò¥ Ë §µ¢Ò¥ É· ¥±Éµ-
·¨¨ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. —Éµ ¦¥ ± ¸ ¥É¸Ö Ë¨´¨É´ÒÌ É· ¥±Éµ·¨°, Éµ µ´¨ ¥¸ÉÓ
·¥§Ê²ÓÉ É ¶·¨¡²¨¦¥´¨Ö, ¶µÖ¢²ÖÕÐ¥£µ¸Ö ¶·¨ ¢Ò¢µ¤¥ Ê· ¢´¥´¨° ±² ¸¸¨Î¥¸±µ°
¤¨´ ³¨±¨ ¨ ¸¢µ¤ÖÐ¥£µ¸Ö ± Éµ³Ê, ÎÉµ ¢µ²´µ¢µ° ¶ ±¥É ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ´¥
· ¸¶²Ò¢ ¥É¸Ö, ÌµÉÖ ´  ¸ ³µ³ ¤¥²¥ · ¸¶²Ò¢ ´¨¥ ¨³¥¥É ³¥¸Éµ ¨ ¶·¥´¥¡·¥£ ÉÓ
¨³ ³µ¦´µ ²¨ÏÓ ¶·¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ.

�¨¸. 7. �ËË¥±É¨¢´Ò¥ ¶µÉ¥´Í¨ ²Ó´Ò¥ ¸² £ ¥³Ò¥ Å ¤¢  ¶µ¸²¥¤´¨Ì ¸² £ ¥³ÒÌ ¢ ËÊ´±-
Í¨¨ ƒ ³¨²ÓÉµ´  H+(ξ, η) ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ¤¢ÊÌ Î ¸É¨Í ¸  ´É¨¶ · ²²¥²Ó´Ò³¨
¸¶¨´ ³¨
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4. “—E’ ‚‡�ˆŒ�„…‰‘’‚ˆŸ ”…�Œˆ���‚

‚¢¥¤¥³ ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê Ë¥·³¨µ´ ³¨ ¤²Ö Éµ£µ, ÎÉµ¡Ò
¨§ÊÎ¨ÉÓ É¥ ¢µ¶·µ¸Ò, ±µÉµ·Ò¥ ¢µ§´¨± ÕÉ, ±µ£¤  ¸¨¸É¥³  ¨³¥¥É ¸µ¸ÉµÖ´¨Ö ± ±
´¥¶·¥·Ò¢´µ£µ, É ± ¨ ¤¨¸±·¥É´µ£µ ¸¶¥±É· . ‚§ ¨³µ¤¥°¸É¢¨¥ Ë¥·³¨µ´µ¢ ³Ò
¡Ê¤¥³ ³µ¤¥²¨·µ¢ ÉÓ £ Ê¸¸µ¢¸±¨³ ¶µÉ¥´Í¨ ²µ³ ¶·¨ÉÖ¦¥´¨Ö

U(x) = −V0 exp {−αx2}. (60)

‘ ÔÉ¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ³Ò ¸´ Î ²  ¶µ¸É·µ¨³ ¸¶¥±É· ¸µ¸ÉµÖ´¨°, ¢µ²´µ¢Ò¥
ËÊ´±Í¨¨ ±µÉµ·ÒÌ µ¶·¥¤¥²¥´Ò ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ ,   § É¥³ ¢Ò-
¶µ²´¨³ ¶¥·¥Ìµ¤ ± Ê· ¢´¥´¨Ö³ ±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¨ ¨ µ¶·¥¤¥²¨³ Ë §µ¢Ò¥
É· ¥±Éµ·¨¨.

4.1. �¥Ï¥´¨¥ ±¢ ´Éµ¢µ£µ ¢µ²´µ¢µ£µ Ê· ¢´¥´¨Ö. „²Ö ·¥ ²¨§ Í¨¨ ±¢ ´Éµ-
¢µ£µ ¶µ¤Ìµ¤  ´ °¤¥³ ¨´É¥£· ² ¶¥·¥±·ÒÉ¨Ö

〈S|U(x)|R〉 =
∫

φx(S)U(x)φx(R)dx

µ¶¥· Éµ·  ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·£¨¨ (60) ¨ µ¤´µ³¥·´ÒÌ µ·¡¨É ²¥° �²µÌ Ä
�·¨´± 

φx(R) = π−1/4 exp
{
−x2

2
+
√

2Rx − R2

2

}
, (61)

φx(S) = π−1/4 exp
{
−x2

2
+
√

2Sx − S2

2

}
. (62)

�¥¸²µ¦´µ ´ °É¨ ¢Ò· ¦¥´¨¥ ¤²Ö ÔÉµ£µ ¨´É¥£· ²  ¶¥·¥±·ÒÉ¨Ö:

〈S|U(x)|R〉 = −z1/2V0 exp
{

zRS +
z − 1

2
(R2 + S2)

}
, (63)

£¤¥ z−1 = 1 + α. ˆ´É¥£· ² ¶¥·¥±·ÒÉ¨Ö ¸ µ¶¥· Éµ·µ³ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨
³Ò Ê¦¥ ¢ÒÎ¨¸²Ö²¨:

〈S|T̂ |R〉 =
(
−1

4
(R − S)2 +

1
4

)
exp (RS). (64)

ˆ´É¥£· ²Ò ¶¥·¥±·ÒÉ¨Ö (63) ¨ (64) Ö¢²ÖÕÉ¸Ö ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨Ì µ¶¥· Éµ·µ¢ ´  µ·¡¨É ²ÖÌ (61) ¨ (62) �²µÌ Ä�·¨´± . �µ ÔÉ¨
µ·¡¨É ²¨ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸Ê¶¥·¶µ§¨Í¨Õ ¢¸¥Ì µ·Éµ´µ·³¨·µ¢ ´´ÒÌ ¡ -
§¨¸´ÒÌ ËÊ´±Í¨° µ¤´µ³¥·´µ£µ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· , µ¶·¥¤¥²e´´ÒÌ ¢
µ¡ÒÎ´µ³ ±µµ·¤¨´ É´µ³ ¶·µ¸É· ´¸É¢¥,   ±µÔËË¨Í¨¥´ÉÒ ÔÉµ° ¸Ê¶¥·¶µ§¨Í¨¨ Å
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¡ §¨¸´Ò¥ ËÊ´±Í¨¨ Éµ£µ ¦¥ µ¸Í¨²²ÖÉµ· , ´µ ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ .
’ ±, ¤²Ö (61)

φx(R) =
∞∑

n=0

1√
2nn!

√
π

Hn(x) exp {−x2/2} 1√
n!

Rn, (65)

£¤¥ Hn(x) Å ¶µ²¨´µ³Ò �·³¨É . �´ ²µ£¨Î´ Ö ¸Ê¶¥·¶µ§¨Í¨Ö ¨³¥¥É ³¥¸Éµ ¤²Ö
(62). ˆ´É¥£·¨·ÊÖ ¶µ x ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ²µ¢ ¶¥·¥±·ÒÉ¨Ö, ³Ò ´ Ï²¨
²¨´¥°´ÊÕ ±µ³¡¨´ Í¨Õ ¢¸¥Ì ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ ´¥´Ê²¥¢ÒÌ ³ É·¨Î´ÒÌ Ô²¥-
³¥´Éµ¢. �µ É¥¶¥·Ó ¨§ ÔÉµ° ²¨´¥°´µ° ±µ³¡¨´ Í¨¨ ³Ò ¤µ²¦´Ò ¨§¢²¥ÎÓ ± ¦¤Ò°
¨§ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ¢Ìµ¤ÖÐ¨x ¢ ¥e ¸µ¸É ¢.

Œ É·¨Î´Ò° Ô²¥³¥´É 〈S|Ô|R〉 ²Õ¡µ£µ µ¶¥· Éµ·  Ô ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

〈S|Ô|R〉 =
∞∑

n=0

∞∑
ñ=0

1√
n!

Rn〈n|Ô|ñ〉 1√
ñ!

Sñ, (66)

£¤¥, ± ± µ¡ÒÎ´µ,
〈n|Ô|ñ〉 =

=
∫ ∞

∞
dx

1√
2nn!

√
π

Hn(x) exp {−x2/2}Ô 1√
2ññ!

√
π

Hñ(x) exp {−x2/2},

ÎÉµ ¨ Ê± §Ò¢ ¥É ¶ÊÉÓ ± ·¥Ï¥´¨Õ ¶·µ¡²¥³Ò. ‚ ¸ ³µ³ ¤¥²¥, É ± ± ±

〈S|Û(x)|R〉 =
∞∑

n=0

∞∑
ñ=0

1√
n!

Rn〈n|Û(x)|ñ〉 1√
ñ!

Sñ, (67)

Éµ ¶ ·Í¨ ²Ó´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ

〈n|Û(x)|ñ〉 = −V0

min(n,ñ)∑
m=0

n!ñ!
m!(n − m)!!(ñ − m)!!

zm+1/2(z − 1)n+ñ−2m. (68)

ˆ§ (64) ¨ (66) ´¥³¥¤²¥´´µ ¸²¥¤ÊÕÉ É·¨ µ¸´µ¢´ÒÌ Ìµ·µÏµ ¨§¢¥¸É´ÒÌ ¢Ò· ¦¥-
´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·  ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ µ¤´µ³¥·´µ£µ
µ¸Í¨²²ÖÉµ· :

〈n + 2|T̂ |n〉 = −1
4

√
(n + 1)(n + 2), (69)

〈n − 2|T̂ |n〉 = −1
4

√
(n − 1)n, (70)

〈n|T̂ |n〉 =
1
2
n +

1
4
. (71)
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„²Ö ¶µ¤¸ÎeÉ  ¢¸¥Ì ¶·¥¤¸É ¢²¥´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ´  µ·¡¨É ²ÖÌ �²µÌ Ä�·¨´±  ¨ ¡ §¨¸´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±-
Í¨¨, µ¶·¥¤¥²e´´Ò¥ ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ . ŒÒ ´ ³¥·¥´´µ µ£· ´¨-
Î¨²¨¸Ó ¶·µ¸ÉÒ³ µ¤´µ³¥·´Ò³ ¸²ÊÎ ¥³, £¤¥ ¢¸¥ ¢ÒÎ¨¸²¥´¨Ö ´¥ ¸µ¤¥·¦ É ¢Éµ-
·µ¸É¥¶¥´´ÒÌ ¤¥É ²¥°. �¤´ ±µ ¨ ¢ ¡µ²¥¥ ¸²µ¦´µ° ¸¨ÉÊ Í¨¨ ¶·¥¤¸É ¢²¥´´Ò°
 ²£µ·¨É³ µ¸É eÉ¸Ö ¸¶· ¢¥¤²¨¢Ò³, ¥¸²¨ Éµ²Ó±µ ´ °¤¥´Ò ¨´É¥£· ²Ò ¶¥·¥±·Ò-
É¨Ö ¨ ¶µ¸É·µ¥´Ò µ¡· §Ò ¡ §¨¸´ÒÌ ËÊ´±Í¨° ¢ ¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´-
´ . ’¥¶¥·Ó, ¨³¥Ö ¢ ¸¢µe³ · ¸¶µ·Ö¦¥´¨¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ £ ³¨²ÓÉµ´¨ ´ ,
µ¡· É¨³¸Ö ± ¸¨¸É¥³¥  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°

∞∑
ñ

(〈n|Ĥ |ñ〉 − Eδn,ñ)Cn = 0, n = 0, 1, 2, ..., (72)

¤²Ö ±µÔËË¨Í¨¥´Éµ¢ · §²µ¦¥´¨Ö Cn ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ψ(R) ¶µ ¡ §¨¸Ê £ ·-
³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· . Šµ´¥Î´µ,

Ψ(R) =
∞∑

n=0

Cn
1√
n!

Rn. (73)

’¥ ¦¥ ±µÔËË¨Í¨¥´ÉÒ Cn µ¶·¥¤¥²ÖÕÉ ¨ · §²µ¦¥´¨¥

Ψ(x) =
∞∑

n=0

Cn
1√

2nn!
√

π
Hn(x) exp {−x2/2} (74)

Éµ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨, µ¡· §µ³ ±µÉµ·µ° Ö¢²Ö-
¥É¸Ö (73).

�¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (72) ¤ eÉ ´ ³ ¤¨¸±·¥É´Ò° ¨ ´¥¶·¥·Ò¢´Ò°
¸¶¥±É·, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶µÉ¥´Í¨ ²Ê U(x). ‚µ¶·µ¸Ò, ±µÉµ·Ò¥ µ¡ÒÎ´µ ¢µ§´¨-
± ÕÉ ¶·¨ ¨§ÊÎ¥´¨¨ · §²µ¦¥´¨Ö (73), ± ¸ ÕÉ¸Ö ¥£µ ¶·¨³¥´¨³µ¸É¨ ¤²Ö ¸µ¸ÉµÖ-
´¨° ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¨ ¸¢Ö§ ´Ò ¸ É¥³, ÎÉµ ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥-
´¨¨ µ¤´µ³¥·´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  µ¸Í¨²²¨·ÊÕÉ ¶·¨
·µ¸É¥ x,    ³¶²¨ÉÊ¤  µ¸Í¨²²ÖÍ¨° ´¥ Ê¡Ò¢ ¥É. Œ¥¦¤Ê É¥³ ¡ §¨¸´Ò¥ ËÊ´±-
Í¨¨ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¡Ò¸É·µ Ê¡Ò¢ ÕÉ ¸ ·µ¸Éµ³ x, ¨ ¢µ§´¨± ¥É
¢µ¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ ´¥Ê¡Ò¢ ÕÐÊÕ µ¸Í¨²²¨·ÊÕÐÊÕ ËÊ´±Í¨Õ · §²µ¦¨ÉÓ ¢
·Ö¤ ¶µ ËÊ´±Í¨Ö³ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· , ÉµÎ´¥¥, ¢µ¶·µ¸ µ ¸Ìµ¤¨³µ¸É¨
É ±µ£µ ·Ö¤ .

�¡¸Ê¦¤¥´¨¥ ¶·µ¡²¥³Ò ´ Î´e³ ¸ § ³¥Î ´¨Ö, ± ¸ ÕÐ¥£µ¸Ö · §²µ¦¥´¨Ö
(73) Å ·Ö¤  ’¥°²µ·  Í¥²µ° ËÊ´±Í¨¨ Ψ(R). ˆ§ µ¶·¥¤¥²¥´¨Ö Í¥²µ° ËÊ´±Í¨¨
¸²¥¤Ê¥É, ÎÉµ ¥e · §²µ¦¥´¨¥ ¶µ ¸É¥¶¥´Ö³ R ¸Ìµ¤¨É¸Ö ¢¸Õ¤Ê ¢ ±µ³¶²¥±¸´µ°
¶²µ¸±µ¸É¨ R, ±·µ³¥ ¡¥¸±µ´¥Î´µ Ê¤ ²e´´µ° ÉµÎ±¨, £¤¥ ÔÉ  ËÊ´±Í¨Ö ¨³¥¥É
µ¸µ¡¥´´µ¸ÉÓ. �¡Ð¥¥ ÊÉ¢¥·¦¤¥´¨¥ µ ¸Ìµ¤¨³µ¸É¨ ·Ö¤  (73) ¶µ¤É¢¥·¦¤ ¥É ¶µ-
¢¥¤¥´¨¥ ±µÔËË¨Í¨¥´Éµ¢ ¸É¥¶¥´´µ£µ ·Ö¤ : |Cn| µ£· ´¨Î¥´Ò,   §´ Î¥´¨Ö ³´µ-
¦¨É¥²¥° 1/

√
n! ¡Ò¸É·µ ¸É·¥³ÖÉ¸Ö ± ´Ê²Õ. ‚ ±·Ê£¥ ²Õ¡µ£µ · ¤¨Ê¸  ¸ Í¥´É·µ³



���‘’���‘’‚� ”�Š�Ä���ƒŒ���� 785

¢ ÉµÎ±¥ R = 0 ÔÉ  ¸Ìµ¤¨³µ¸ÉÓ · ¢´µ³¥·´ Ö. ‘Ìµ¤¨³µ¸ÉÓ ¶¥·¥¸É eÉ ¡ÒÉÓ
· ¢´µ³¥·´µ° ¢´¥ É ±µ£µ ±·Ê£ .

�´ ²¨§ ·¥ ²Ó´µ° ¸¨ÉÊ Í¨¨ Ê³¥¸É´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ´  ¶·µ¸Éµ³ ¶·¨-
³¥·¥ · §²µ¦¥´¨Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö, ±µ£¤  ¶µÉ¥´Í¨ ²
U(x) · ¢¥´ ´Ê²Õ. Š ± ¨ ¢ µ¡Ð¥³ ¸²ÊÎ ¥, ¤²Ö ÔÉµ£µ ¶µÉ¥´Í¨ ²  ´¥¶·¥·Ò¢´Ò°
¸¶¥±É· ¤¢Ê±· É´µ ¢Ò·µ¦¤¥´, ¨, ÎÉµ¡Ò ¸´ÖÉÓ ¢Ò·µ¦¤¥´¨¥, ´ ·Ö¤Ê ¸ Ô´¥·£¨¥°
E ¢¢¥¤e³ ¢ ± Î¥¸É¢¥ ¨´É¥£· ²  ¤¢¨¦¥´¨Ö ÎeÉ´µ¸ÉÓ. �Î¥¢¨¤´µ, ÎÉµ ¢µ²´µ¢ Ö
ËÊ´±Í¨Ö ÎeÉ´µ£µ ¸µ¸ÉµÖ´¨Ö

Ψ+(R) =
∞∑

n=0

C+
n

1√
(2n)!

R2n (75)

¸µ¤¥·¦¨É ¡ §¨¸´Ò¥ ¸µ¸ÉµÖ´¨Ö Éµ²Ó±µ ¸ ÎeÉ´Ò³¨ ¸É¥¶¥´Ö³¨ R,   ¢µ²´µ¢ Ö
ËÊ´±Í¨Ö ´¥ÎeÉ´µ£µ ¸µ¸ÉµÖ´¨Ö

Ψ−(R) =
∞∑

n=0

C−
n

1√
(2n + 1)!

R2n+1 (76)

Éµ²Ó±µ ´¥ÎeÉ´Ò¥ ¸É¥¶¥´¨.
‡´ Î¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ · §²µ¦¥´¨Ö C+

n ¨ C−
n ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸¢µ-

¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ¸²¥¤ÊÕÉ ¨§ ¢Ò· ¦¥´¨Ö

φk(R) = π−1/4 exp
{
−k2

2
− i

√
2Rk +

R2

2

}
, (77)

Ö¢²ÖÕÐ¥£µ¸Ö µ¤´µ³¥·´Ò³  ´ ²µ£µ³ ¶²µ¸±µ° ¢µ²´Ò (11) ¸ ¨³¶Ê²Ó¸µ³ k. �¡· -
É¨³ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ (77) Ö¢²Ö¥É¸Ö ´¥ Éµ²Ó±µ ¢ ¦´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¥°
¸¢µ¡µ¤´µ£µ µ¤´µ³¥·´µ£µ ¤¢¨¦¥´¨Ö, ´µ ¨ ¶·µ¨§¢µ¤ÖÐ¥° ËÊ´±Í¨¥° ¤²Ö ¶µ²¨-
´µ³µ¢ �·³¨É  Hn(k),   R Å £¥´¥· Éµ·´Ò° ¶ · ³¥É· ÔÉµ° ËÊ´±Í¨¨. �µÔÉµ³Ê
(¸³. [19])

φk(R) =
∞∑

n=0

in√
2nn!

√
π

Hn(k) exp
{
−k2

2

}
1√
n!

Rn, (78)

C+
n (k) =

(−1)n√
22n(2n)!

√
π

H2n(k) exp
{
−k2

2

}
, (79)

C−
n (k) =

(−1)ni√
22n+1(2n + 1)!

√
π

H2n+1(k) exp
{
−k2

2

}
. (80)

�É³¥É¨³ Í¥²Ò° ·Ö¤ ¢ ¦´ÒÌ ¤²Ö ¶µ¸²¥¤ÊÕÐ¥£µ  ´ ²¨§  ¸¨¸É¥³Ò Ê· ¢´¥´¨°
(72) ·¥§Ê²ÓÉ Éµ¢. ‚µ-¶¥·¢ÒÌ, ± ± ¨ ¤µ²¦´µ ¡ÒÉÓ, ±µÔËË¨Í¨¥´ÉÒ C+

n ¨ C−
n
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Ê¤µ¢²¥É¢µ·ÖÕÉ ¸¨¸É¥³¥ Ê· ¢´¥´¨° (72) ¶·¨ U(x) = 0. �Éµ ¸²¥¤¸É¢¨¥ ¨§¢¥¸É-
´ÒÌ ·¥±Ê··¥´É´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö ¶µ²¨´µ³µ¢ �·³¨É  [19], ± ±µÉµ·Ò³ Éµ-
£¤  ¸¢µ¤¨É¸Ö ¸¨¸É¥³  (72). ‚µ-¢Éµ·ÒÌ, ÔÉ¨ ±µÔËË¨Í¨¥´ÉÒ Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´-
´Ò³¨ ËÊ´±Í¨Ö³¨ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· , µ¶·¥¤¥²e´´Ò³¨ ¢ ¨³¶Ê²Ó¸´µ³
¶·¥¤¸É ¢²¥´¨¨. � ±µ´¥Í,  ¸¨³¶ÉµÉ¨±  C+

n ¨ C−
n ¢ ¶·¥¤¥²¥ n � 1 [19]:

C+
n (k) ∼ (−1)n 1√

π
n−1/4 cos (k

√
4n + 1), (81)

C−
n (k) ∼ (−1)n i√

π
n−1/4 sin (k

√
4n + 3) (82)

Éµ¦¤¥¸É¢¥´´   ¸¨³¶ÉµÉ¨±¥ ·¥Ï¥´¨° µ¤´µ³¥·´µ£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¢
±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¤²Ö ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö ¸ Ô´¥·£¨¥° E = k2/2.
�·¨ ÔÉµ³ ¢ ± Î¥¸É¢¥ ³µ¤Ê²Ö ±µµ·¤¨´ ÉÒ ¢Ò¸ÉÊ¶ ¥É §´ Î¥´¨¥ ÉµÎ±¨ ¶µ¢µ·µÉ 
¶·¨ ¤¢¨¦¥´¨¨ ¢ ¶µ²¥ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· , É.¥.

√
4n + 1, ±µ£¤  Ô´¥·-

£¨Ö µ¸Í¨²²ÖÉµ·  · ¢´  2n + 1/2, ¨
√

4n + 3, ±µ£¤  Ô´¥·£¨Ö · ¢´  2n + 3/2.
�¡· É¨³ ¢´¨³ ´¨¥ ¨ ´  ´µ·³¨·µ¢±Ê ±µÔËË¨Í¨¥´Éµ¢ · §²µ¦¥´¨Ö:

∞∑
n

C+
n (k)C+

n (k′) = δ(E − E′). (83)

�´ ²µ£¨Î´µ¥ ¸µµÉ´µÏ¥´¨¥ ¸¶· ¢¥¤²¨¢µ ¨ ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ ´¥ÎeÉ´ÒÌ ¸µ-
¸ÉµÖ´¨°.

� §Ê³¥¥É¸Ö, ÊÎeÉ ¶µÉ¥´Í¨ ²  U(x) ¨§³¥´Ö¥É §´ Î¥´¨¥ ±µÔËË¨Í¨¥´Éµ¢ · §-
²µ¦¥´¨Ö, ´µ µ¸É eÉ¸Ö  ¶·¨µ·´ Ö ¢µ§³µ¦´µ¸ÉÓ Ê± § ÉÓ ¨Ì  ¸¨³¶ÉµÉ¨±Ê, ±µÉµ-
· Ö É¥¶¥·Ó ¶·¨´¨³ ¥É µ¡ÒÎ´Ò° ¤²Ö ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É·  ¸ ÊÎeÉµ³ ¶µÉ¥´Í¨-
 ²  ¢¨¤

C+
n (k) ∼ (−1)n 1√

π
n−1/4 cos (k

√
4n + 1 + δ+(k)), (84)

C−
n (k) ∼ (−1)n i√

π
n−1/4 sin (k

√
4n + 3 + δ−(k)). (85)

’ ±¨³ µ¡· §µ³, ¶·¨ ¢¸¥Ì n � n0, ±µ£¤  ¸ § ¤ ´´µ° ÉµÎ´µ¸ÉÓÕ ¸¶· ¢¥¤²¨¢Ò
 ¸¨³¶ÉµÉ¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö, ¢¸¥ ±µÔËË¨Í¨¥´ÉÒ µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ µ¤-
´µ° ´¥¨§¢¥¸É´µ° ¢¥²¨Î¨´µ° Å Ë §µ¢Ò³ ¸¤¢¨£µ³ δ+(k) (δ−(k)), ±µÉµ·Ò°
³Ò ¤µ²¦´Ò ´ °É¨ ¢³¥¸É¥ ¸ ±µÔËË¨Í¨¥´É ³¨ C+

n (C−
n ), ¨³¥ÕÐ¨³¨ ¨´¤¥±¸

n < n0. ‚ ¨Éµ£¥, ¢³¥¸Éµ ¸¨¸É¥³Ò ¡¥¸±µ´¥Î´µ£µ Î¨¸²  Ê· ¢´¥´¨° ³Ò ¶·¨Ìµ-
¤¨³ ± ¸¨¸É¥³¥ n0 + 1 Ê· ¢´¥´¨°. ‚Ò¡µ· §´ Î¥´¨Ö n0 § ¢¨¸¨É µÉ ÉµÎ´µ¸É¨, ¸
±µÉµ·µ° ¢¥¤ÊÉ¸Ö ¢ÒÎ¨¸²¥´¨Ö.
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�¨¸. 8. �²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¢¥-
·µÖÉ´µ¸É¨ ρε(ξ, η) ¢ Ë §µ¢µ³ ¶·µ-
¸É· ´¸É¢¥ ¤²Ö ¤¢¨¦¥´¨Ö É·¨¶²¥É´µ°
¶ ·Ò Ë¥·³¨µ´µ¢ ¸ · §´Ò³¨ §´ Î¥´¨-
Ö³¨ Ô´¥·£¨¨. �µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°-

¸É¢¨Ö V = −33e−x2
. O¸´µ¢´µe ¸µ¸Éµ-

Ö´¨e ¸ Ô´¥·£¨¥°: a) ε = −0,22 MÔB,
¡) ε = 4,5 MÔB, ¢) ε = 41 MÔB

‚¸¥ µ¸´µ¢´Ò¥ ¶µ²µ¦¥´¨Ö, ¸Ëµ·³Ê-
²¨·µ¢ ´´Ò¥ ¢ÒÏ¥, µ¸É ÕÉ¸Ö ¸¶· ¢¥¤²¨-
¢Ò³¨ ¨ ¢ É·eÌ³¥·´µ³ ¸²ÊÎ ¥, ¨ ¶·¨
¨¸¸²¥¤µ¢ ´¨¨ ¸¨¸É¥³ ³´µ£¨Ì Î ¸É¨Í,  
É ±¦¥ ³´µ£µ± ´ ²Ó´ÒÌ ¸¨¸É¥³, ¨ Éµ£¤ ,
±µ£¤  ÊÎ¨ÉÒ¢ ¥É¸Ö ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ-
¤¥°¸É¢¨¥. �¥µ¡Ìµ¤¨³µ ²¨ÏÓ Ê¸É ´µ¢¨ÉÓ
Ö¢´Ò° ¢¨¤  ¸¨³¶ÉµÉ¨±¨, ¸µ¤¥·¦ Ð¥° ¢
µ¡Ð¥³ ¸²ÊÎ ¥ Ô²¥³¥´ÉÒ K-³ É·¨ÍÒ ¨²¨
S-³ É·¨ÍÒ · ¸¸¥Ö´¨Ö, ¨ § ¶¨¸ ÉÓ ¥e Î¥-
·¥§ ±¢ ´Éµ¢Ò¥ Î¨¸²  ³´µ£µ³¥·´µ£µ £ ·-
³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  (¸³., ´ ¶·¨-
³¥·, [20]).

4.2. �¡¸Ê¦¤¥´¨¥ ·¥Ï¥´¨°. �Ê¸ÉÓ
¶·¨ÉÖ£¨¢ ÕÐ¥³Ê ¶µÉ¥´Í¨ ²Ê (60) ¸µµÉ-
¢¥É¸É¢Ê¥É Éµ²Ó±µ µ¤´µ ¸¢Ö§ ´´µ¥ ¸µ¸Éµ-
Ö´¨¥, Ô´¥·£¨Ö ±µÉµ·µ£µ · ¢´  −ε, ÎeÉ-
´µ¸ÉÓ ¶µ²µ¦¨É¥²Ó´ ,   ±µÔËË¨Í¨¥´ÉÒ
· §²µ¦¥´¨Ö {Cε

n}. —Éµ ¦¥ ± ¸ ¥É¸Ö ¸µ-
¸ÉµÖ´¨° ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· , Éµ ¨Ì
³Ò ¡Ê¤¥³ Ì · ±É¥·¨§µ¢ ÉÓ ¨³¶Ê²Ó¸µ³ ´ 
¡¥¸±µ´¥Î´µ¸É¨ k ¨ ÎeÉ´µ¸ÉÓÕ. ŠµÔËË¨-
Í¨¥´ÉÒ · §²µ¦¥´¨Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¸ÊÉÓ
{C+

n (k)} (ÎeÉ´ÒÌ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¸¨´-
£²¥É´ÒÌ) ¨ {C−

n (k)} (´¥ÎeÉ´ÒÌ, É.¥. É·¨-
¶²¥É´ÒÌ).

�´¥·£¨Ö ¨ ¸É·Ê±ÉÊ·  ¢µ²´µ¢µ° ËÊ´±-
Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö § ¢¨¸ÖÉ µÉ £²Ê-
¡¨´Ò ¶µÉ¥´Í¨ ²  V0. …¸²¨ V0 � 1, Éµ

−ε ∼ −V0 +
√

V0/2, (86)

  ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¨ ¢ ±µµ·¤¨´ É´µ³
¶·¥¤¸É ¢²¥´¨¨ ¨ ¢ Ë §µ¢µ³ ¶·µ¸É· ´-
¸É¢¥ ²µ± ²¨§µ¢ ´  ¢ µ±·¥¸É´µ¸É¨ ´ Î ² 
±µµ·¤¨´ É. …¸²¨ ¦¥ V0 ¶·¨¡²¨¦ ¥É¸Ö ±
´Ê²¥¢µ³Ê §´ Î¥´¨Õ, Éµ −ε → 0,   ¢µ²-
´µ¢ Ö ËÊ´±Í¨Ö, ³¥¤²¥´´µ Ê¡Ò¢ ÕÐ Ö ¶µ
³¥·¥ Ê¢¥²¨Î¥´¨Ö · ¸¸ÉµÖ´¨Ö ¤µ ´ Î ² 
±µµ·¤¨´ É, ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ ¤¥-
²µ± ²¨§µ¢ ´´µ° ¨ ¶·µ¸É¨· ÕÐ¥°¸Ö ¤ -
²¥±µ µÉ ´ Î ²  ±µµ·¤¨´ É.
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�²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¢¥·µÖÉ´µ¸É¨ ρε(ξ, η) ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥
(·¨¸. 8) µ¶·¥¤¥²Ö¥É¸Ö ¤¢Ê±· É´µ° ¸Ê³³µ°

ρε(ξ, η) =
∞∑

n=0

∞∑
ñ=0

Cε
n

1√
(2n)!

R2nCε
ñ

1√
(2ñ)!

S2ñ exp
{
−ξ2 + η2

2

}
. (87)

‚ µÉ²¨Î¨¥ µÉ ·¥§Ê²ÓÉ É  ±² ¸¸¨Î¥¸±¨Ì ËÊ´±Í¨° ƒ ³¨²ÓÉµ´  (58) ¨ (59) ¤²Ö
Ë §µ¢ÒÌ É· ¥±Éµ·¨°, ¨´Ë¨´¨É´µ¥ ¤¢¨¦¥´¨¥ ¨³¥¥É ³¥¸Éµ ´¥ ¶·¨ E � 1/4,  
¶·¨ E � 0, ± ± Éµ³Ê ¨ ¸²¥¤Ê¥É ¡ÒÉÓ.

4.3. ” §µ¢Ò¥ É· ¥±Éµ·¨¨ ¤²Ö ¶µÉ¥´Í¨ ²  (60). …¸²¨ ¨¸¸²¥¤Ê¥É¸Ö ¤¢¨-
¦¥´¨¥ µ¤´µ° Î ¸É¨ÍÒ ¢ ¶µ²¥ ¶µÉ¥´Í¨ ²  U(x) = −V0 exp {−αx2}, ±µ£¤ 
¶·¨´Í¨¶ � Ê²¨ ´¥ ¢´µ¸¨É ± ±¨Ì-²¨¡µ Ê¸²µ¦´¥´¨°, ± ËÊ´±Í¨¨ ƒ ³¨²ÓÉµ´ 
¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö (53) ¤µ²¦´µ ¡ÒÉÓ ¤µ¡ ¢²¥´µ ¸² £ ¥³µ¥

〈φ∗
x(R)|U(x)|φx(R)〉
〈φ∗

x(R)|φx(R)〉 = −z1/2V0 exp
{

z − 1
2

(R + S)2
}

. (88)

‚ ·¥§Ê²ÓÉ É¥

H(ξ, η) =
η2

2
+

1
4
− z1/2V0 exp {−(1 − z)ξ2}. (89)

�¶ÖÉÓ, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö, ¨´Ë¨´¨É´Ò¥ É· ¥±Éµ·¨¨ ¸ÊÐ¥-
¸É¢ÊÕÉ ²¨ÏÓ Éµ£¤ , ±µ£¤  E � 1/4. ‡ ³¥É¨³, ÎÉµ £ Ê¸¸µ¢¸±¨° ¶µÉ¥´Í¨ ² ¨
¶µ¸²¥ Ê¸·¥¤´¥´¨Ö ´  µ·¡¨É ²ÖÌ �²µÌ Ä�·¨´±  µ¸É eÉ¸Ö £ Ê¸¸µ¢¸±¨³. �¤´ ±µ
¢ ¸¨²Ê Éµ£µ, ÎÉµ 1 � z � 0, £²Ê¡¨´  Ê¸·¥¤´¥´´µ£µ ¶µÉ¥´Í¨ ²  µ± §Ò¢ ¥É¸Ö
¢
√

z ³¥´ÓÏ¥ £²Ê¡¨´Ò ¨¸Ìµ¤´µ£µ,   · ¤¨Ê¸ Å ¢
√

z ¡µ²ÓÏ¥. �µÔÉµ³Ê ¤ ¦¥
¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Ô´¥·£¨°, ±µ£¤  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¸² £ ¥³Ò³ 1/4 ¢ ¢Ò-
· ¦¥´¨¨ ¤²Ö ËÊ´±Í¨¨ ƒ ³¨²ÓÉµ´ , · ¸¸¥Ö´¨¥ ´  ´µ¢µ³ ¶µÉ¥´Í¨ ²¥ ¤µ²¦´µ
µÉ²¨Î ÉÓ¸Ö µÉ Éµ£µ, ÎÉµ ¢ ±² ¸¸¨Î¥¸±µ³ ¸²ÊÎ ¥ ¤ ¥É ¶µÉ¥´Í¨ ² (60). ‚ Î ¸É-
´µ¸É¨, ÔÉµ ± ¸ ¥É¸Ö ±µÔËË¨Í¨¥´Éµ¢ ¶·µÌµ¦¤¥´¨Ö ¨ µÉ· ¦¥´¨Ö ´  ´µ¢µ³ ¶µ-
É¥´Í¨ ²¥. ‘²¥¤µ¢ É¥²Ó´µ, ¶·µ¢µ¤Ö · ¸ÎeÉÒ É· ¥±Éµ·¨° ¨´Ë¨´¨É´ÒÌ ¤¢¨¦¥-
´¨° ¢ · ³± Ì �Œ„, ´¥µ¡Ìµ¤¨³µ ¢¢µ¤¨ÉÓ ± ±¨¥-²¨¡µ ±µ··¥±É¨·ÊÕÐ¨¥ Ë ±-
Éµ·Ò, ÎÉµ¡Ò ¨³¥ÉÓ  ¤¥±¢ É´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ” ±É¨Î¥¸±¨ ±µ··¥±Í¨Ö · ¸ÎeÉµ¢
¶·µ¨§¢µ¤¨É¸Ö, ±µ£¤  ¨§ÊÎ ¥É¸Ö ¸Éµ²±´µ¢¥´¨¥ ÉÖ¦e²ÒÌ ¨µ´µ¢. Š ± ³Ò É¥¶¥·Ó
¶µ´¨³ ¥³, ÊÉµÎ´¥´¨¥ ¨¸¶µ²Ó§Ê¥³µ£µ ´Ê±²µ´-´Ê±²µ´´µ£µ ¶µÉ¥´Í¨ ²  (µ¡ÒÎ´µ
µ¤´µ£µ ¨§ ¶µÉ¥´Í¨ ²µ¢ ‚µ²±µ¢  [21]) ´¥ ³µ¦¥É ¤ ÉÓ ¶· ¢¨²Ó´µ£µ ·¥§Ê²ÓÉ É 
´¨ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ, ±µ£¤  ±² ¸¸¨Î¥¸±¨¥ É· ¥±Éµ·¨¨ ¤ ¦¥ ± Î¥¸É¢¥´´µ
´¥ ¢µ¸¶·µ¨§¢µ¤ÖÉ ¶µ¢¥¤¥´¨¥ ±¢ ´Éµ¢µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨, ´¨ ¶·¨ ¡µ²ÓÏ¨Ì,
±µ£¤  ¶·µ¨¸Ìµ¤¨É ¨¸± ¦¥´¨¥ ¶µÉ¥´Í¨ ² . ‚³¥¸Éµ É ±µ£µ ÊÉµÎ´¥´¨Ö ¢ �Œ„
¢¢µ¤¨É¸Ö ¤µ¶µ²´¨É¥²Ó´µ¥ ¤¢ÊÌ´Ê±²µ´´µ¥ · ¸¸¥Ö´¨¥ [3]. ” ±É¨Î¥¸±¨ ¶·¨ ÔÉµ³
´Ê±²µ´-´Ê±²µ´´µ¥ · ¸¸¥Ö´¨¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¤¢  · §  Å Î¥·¥§ ¶µÉ¥´Í¨ ² ‚µ²-
±µ¢  ¨ Î¥·¥§ ¤µ¶µ²´¨É¥²Ó´µ ¢¢µ¤¨³µ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨¥, §´ Î¥´¨¥ ±µÉµ·µ£µ
¸µ£² ¸µ¢ ´µ ¸ Ô±¸¶¥·¨³¥´Éµ³.
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Œ¨´¨³ ²Ó´ Ö Ô´¥·£¨Ö Ë¨´¨É´µ£µ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¸µµÉ¢¥É¸É¢Ê¥É §´ Î¥-
´¨Õ R = 0. ’µ£¤  Ë §µ¢ Ö É· ¥±Éµ·¨Ö ¢Ò·µ¦¤ ¥É¸Ö ¢ ÉµÎ±Ê Å ´ Î ²µ ±µµ·-
¤¨´ É Ë §µ¢µ° ¶²µ¸±µ¸É¨. ‚ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö
�Œ„ ¸¢µ¤¨É¸Ö ± £ Ê¸¸µ¨¤¥ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ· 

φ∗
x(R = 0) = π−1/4 exp

{
−x2

2

}
. (90)

�Éµ ¶·¨¡²¨¦¥´¨¥ ³µ¦¥É ¡ÒÉÓ Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò³, ¥¸²¨ µ¶É¨³ ²Ó´µ §´ Î¥-
´¨¥ µ¸Í¨²²ÖÉµ·´µ£µ · ¤¨Ê¸ ,   £²Ê¡¨´  ¶µÉ¥´Í¨ ²  V0 ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ Ö.
�¤´ ±µ ÉµÎ´µ¸ÉÓ ¶·¨¡²¨¦¥´¨Ö ¶µ´¨¦ ¥É¸Ö ¶µ ³¥·¥ Ê³¥´ÓÏ¥´¨Ö V0.

4.4. � ¶·µ¥±É¨·µ¢ ´¨¨ ¢ · ³± Ì �Œ„. �·µ¥±É¨·µ¢ ´¨¥ ´  ¸µ¸ÉµÖ´¨¥
¸ µ¶·¥¤¥²e´´Ò³ µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³ Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¶·µ¡²¥³ �Œ„.
‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ÔÉµ° ¶·µ¡²¥³Ò · ¸¸³µÉ·¨³ ¤¢¨¦¥´¨¥ É·eÌ³¥·´µ°
Î ¸É¨ÍÒ ¢ ¶µ²¥ Í¥´É· ²Ó´µ£µ ¶µÉ¥´Í¨ ² 

U(r) = −V0 exp {−αr2}. (91)

‘É ´¤ ·É´ Ö ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ (r,p) Éµ£¤  ¨³¥¥É
¢¨¤

H =
p2

2
+ U(r), p2 = p2

r +
M2

r2
, (92)

£¤¥ pr Å · ¤¨ ²Ó´ Ö ¶·µ¥±Í¨Ö ¨³¶Ê²Ó¸ , M = [rp] Å µ·¡¨É ²Ó´Ò° ³µ³¥´É
±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö. �·µ¥±É¨·µ¢ ´¨¥ ¸¢µ¤¨É¸Ö ± Éµ³Ê, ÎÉµ Ë¨±¸¨·Ê¥É¸Ö
§´ Î¥´¨¥ M. ‡ É¥³ µ¶·¥¤¥²Ö¥É¸Ö ÉµÎ±  r = rM , ¢ ±µÉµ·µ° ³¨´¨³ ²Ó´ 
ËÊ´±Í¨Ö

F (r, M2) =
M2

r2
+ U(r), (93)

¨ ¢ÒÎ¨¸²Ö¥É¸Ö ³¨´¨³ ²Ó´ Ö Ô´¥·£¨Ö ¶·¨ § ¤ ´´µ³ M :

E0(M2) =
M2

2r2
M

− V0 exp {−αr2
M}. (94)

…Ðe µ¤´  § ³¥Î É¥²Ó´ Ö ÉµÎ±  rmax Å ¢Éµ·µ° Ô±¸É·¥³Ê³ ËÊ´±Í¨¨ F (r, M2),
£¤¥ µ´  ¨³¥¥É ³ ±¸¨³Ê³ Fmax(M2) ¨ ¶µ²µ¦¨É¥²Ó´ .

‚ ¶²µ¸±µ¸É¨ (r, pr) Ë §µ¢ Ö É· ¥±Éµ·¨Ö ¸ÉÖ£¨¢ ¥É¸Ö ¢ ÉµÎ±Ê ¶·¨ Ô´¥·£¨¨
E0(M2). …¸²¨ Fmax(M2) > E(M2) > E0(M2), Éµ Ë §µ¢Ò¥ É· ¥±Éµ·¨¨
¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° § ³±´ÊÉÒ¥ ²¨´¨¨ ¢µ±·Ê£ ÉµÎ±¨ r = rM , pr = 0. …¸²¨
¦¥ E(M2) > Fmax(M2), Éµ ¤¢¨¦¥´¨¥ ¸É ´µ¢¨É¸Ö ¨´Ë¨´¨É´Ò³ ¨ Ë §µ¢Ò¥
É· ¥±Éµ·¨¨ ÊÌµ¤ÖÉ ´  ¡¥¸±µ´¥Î´µ¸ÉÓ.



790 ”ˆ‹ˆ���‚ ƒ.”. ˆ „�.

”Ê´±Í¨Ö ƒ ³¨²ÓÉµ´  H ¤²Ö ¢µ²´µ¢µ£µ ¶ ±¥É  ¢ ¶µ²¥ ¶µÉ¥´Í¨ ²  (91)
²¨ÏÓ µ¡µ§´ Î¥´¨Ö³¨ ¨ ´¥±µÉµ·Ò³¨ ¤¥É ²Ö³¨ µÉ²¨Î ¥É¸Ö µÉ (92):

H =
η2

2
+

3
4
− z3/2V0 exp

{
−1 − z

2
ξ2

}
, η2 = η2

ξ +
M2

ξ2
, M = [ξη]. (95)

�É¨³¨ ¤¥É ²Ö³¨ Ö¢²ÖÕÉ¸Ö Ô´¥·£¨Ö 3/4, ´¥µ¡Ìµ¤¨³ Ö ¤²Ö ¸µ§¤ ´¨Ö ¢µ²´µ¢µ£µ
¶ ±¥É , Ë ±Éµ· z3/2 ¶¥·¥¤ Ô±¸¶µ´¥´Éµ° ¨ § ³¥´  Ë ±Éµ·  α ´  1 − z ¢ ¶µ-
± § É¥²¥ Ô±¸¶µ´¥´ÉÒ. ‚ µ¸É ²Ó´µ³ ¢¸e µ¡¸Éµ¨É É ± ¦¥, ± ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³
¸²ÊÎ ¥. Œ¨´¨³ ²Ó´ÊÕ Ô´¥·£¨Õ ¨, ¸²¥¤µ¢ É¥²Ó´µ, Ô´¥·£¨Õ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ-
´¨Ö E0 ³Ò ¶µ²ÊÎ¨³, ¥¸²¨ ηξ ¨ M · ¢´Ò ´Ê²Õ. ’µ£¤  ³¨´¨³Ê³ ¸µµÉ¢¥É¸É¢Ê¥É
´Ê²¥¢µ³Ê §´ Î¥´¨Õ ξ, ÎÉµ ¤ eÉ ¢ ¨Éµ£¥

E0 =
3
4
− z3/2V0,

É.¥. ¢Ò·µ¦¤ ÕÐ Ö¸Ö ¢ ÉµÎ±Ê Ë §µ¢ Ö É· ¥±Éµ·¨Ö ¸ÊÐ¥¸É¢Ê¥É ¶·¨ ²Õ¡µ³ ¸±µ²Ó
Ê£µ¤´µ ³ ²µ³ ¶µ²µ¦¨É¥²Ó´µ³ V0. Œ¥¦¤Ê É¥³ ¨§ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¨§-
¢¥¸É´µ, ÎÉµ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ÊÐ¥¸É¢Ê¥É ²¨ÏÓ Éµ£¤ , ±µ£¤  V0 ¶·¥¢ÒÏ ¥É
´¥±µÉµ·µ¥ ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥.

„ ²¥¥, ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  (95) ¤ eÉ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· Ë¨´¨É´ÒÌ
¸µ¸ÉµÖ´¨°, ¨ ´¥µ¡Ìµ¤¨³Ò ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö, ÎÉµ¡Ò ¸·¥¤¨ ÔÉ¨Ì ¸µ-
¸ÉµÖ´¨° ¢Ò¤¥²¨ÉÓ É¥, ±µÉµ·Ò¥ Ê¤µ¢²¥É¢µ·ÖÕÉ É·¥¡µ¢ ´¨Ö³ ±¢ ´Éµ¢µ° ³¥Ì -
´¨±¨. ’ ±¨³¨ Ê¸²µ¢¨Ö³¨ ³µ£ÊÉ ¡ÒÉÓ Ê¸²µ¢¨Ö ±¢ ´Éµ¢ ´¨Ö �µ· Ä‡µ³³¥·Ë¥²Ó-
¤  (¸³. [13]) ¢ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¨²¨ ¦¥ ¨Ì µ¡µ¡Ð¥´¨¥, ¶·¥¤²µ¦¥´-
´µ¥ ¢ [17].

Š·µ³¥ Éµ£µ, ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  (95) ¤µ¶Ê¸± ¥É ´¥ Éµ²Ó±µ Í¥²µÎ¨¸²¥´-
´Ò¥ §´ Î¥´¨Ö µ·¡¨É ²Ó´µ£µ ³µ³¥´É  M, ´µ ¨ ¢¸¥ µ¸É ²Ó´Ò¥. —Éµ¡Ò µ¡µ°É¨ ÔÉÊ
É·Ê¤´µ¸ÉÓ, ¸²¥¤Ê¥É ¢Ò¶µ²´¨ÉÓ ¶·µ¥±É¨·µ¢ ´¨¥ ´  ¸µ¸ÉµÖ´¨¥ ¸ µ¶·¥¤¥²e´´Ò³
µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³ µ·¡¨É ²¨ �²µÌ Ä�·¨´± . ’ ±ÊÕ ¶·µÍ¥¤Ê·Ê µ¡ÒÎ´µ
´ §Ò¢ ÕÉ ¶·µ¥±É¨·µ¢ ´¨¥³ ¤µ ¢ ·Ó¨·µ¢ ´¨Ö. �·µ¸²¥¤¨³ §  ¥e ·¥ ²¨§ Í¨¥°
´  ¶·µ¸Éµ³ ¶·¨³¥·¥ ¸µ¸ÉµÖ´¨Ö ¸ ´Ê²¥¢Ò³ µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³. ‚ ÔÉµ³
¸²ÊÎ ¥ ¨´É¥£· ² ¶¥·¥±·ÒÉ¨Ö ¶·¨´¨³ ¥É ¢¨¤

1
2

∫ 1

−1

exp {RSt}dt =
sinh RS

RS
. (96)

ˆ´É¥£·¨·µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¶µ t Å ±µ¸¨´Ê¸Ê Ê£²  ³¥¦¤Ê ¢¥±Éµ· ³¨ R ¨
S. �·¨ ÔÉµ³, ¶µ ¸ÊÐ¥¸É¢Ê, ³Ò ¸²¥¤Ê¥³ ¨§¢¥¸É´µ³Ê ³¥Éµ¤Ê ¶·µ¥±É¨·µ¢ ´¨Ö
� °¥·²¸ Ä‰µ±±µ§  [18]. ”Ê´±Í¨Ö ƒ ³¨²ÓÉµ´  H0, ¶µ¸É·µ¥´´ Ö ¶µ¸²¥ ¶·µ¥±-
É¨·µ¢ ´¨Ö, ¨³¥¥É ¢¨¤

H0 =
η2

2
+

5
4
− ξ2 + η2

4

(
coth

ξ2 + η2

2
− 1

)
−
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−z1/2V0
1 − exp {−z(ξ2 + η2)}
1 − exp{−(ξ2 + η2)} exp

(
−1 − z

2
ξ2

)
, (97)

£¤¥, ± ± ¨ ¢ µ¤´µ³¥·´µ³ ¸²ÊÎ ¥,

R = ξ + iη, S = R∗.

Œ¨´¨³¨§ Í¨Ö ËÊ´±Í¨¨ ƒ ³¨²ÓÉµ´  (97) ¶·¨¢µ¤¨É ± Éµ° ¦¥ Ô´¥·£¨¨ µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö, ±µÉµ· Ö ¡Ò²  ¶µ²ÊÎ¥´  · ´¥¥. �¤´ ±µ ¨§³¥´¥´¨¥ ¶µÉ¥´Í¨ ²  (91)
¶ÊÉe³ ¤µ¡ ¢²¥´¨Ö ± ´¥³Ê ¸² £ ¥³µ£µ

V1 exp {−α1r
2},

¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ µÉÉ ²±¨¢ ´¨Õ, ¸ÊÐ¥¸É¢¥´´µ ¢²¨Ö¥É ´  ·¥§Ê²ÓÉ É ¤²Ö Ô´¥·-
£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. ’µ£¤ , ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ Ô´¥·£¨Õ µ¸´µ¢´µ£µ ¸µ¸Éµ-
Ö´¨Ö, ³Ò ¤µ²¦´Ò ´ °É¨ ³¨´¨³Ê³ ËÊ´±Í¨¨

5
4
− ξ2

4

(
coth

ξ2

2
− 1

)
− z1/2V0

1 − exp {−zξ2}
1 − exp {−ξ2} exp

(
−1 − z

2
ξ2

)
+

+z
1/2
1 V1

1 − exp {−z1ξ
2}

1 − exp {−ξ2} exp
(
−1 − z1

2
ξ2

)
(98)

´  ¶µ²Êµ¸¨ 0 � ξ < ∞. …¸²¨ ¦¥ ´¥ ¶·µ¢µ¤¨ÉÓ ¶·¥¤¢ ·¨É¥²Ó´µ£µ ¶·µ¥±É¨·µ-
¢ ´¨Ö, Éµ ´ ¤µ ³¨´¨³¨§¨·µ¢ ÉÓ ËÊ´±Í¨Õ

3
4
− z3/2V0 exp {−1 − z

2
ξ2} + z

3/2
1 V1 exp {−1 − z1

2
ξ2}. (99)

Šµ´¥Î´µ, ¨ ¢ Éµ³ ¨ ¢ ¤·Ê£µ³ ¸²ÊÎ ¥ ³¨´¨³Ê³ ¤µ¸É¨£ ¥É¸Ö ¶·¨ ´¥´Ê²¥¢ÒÌ ¨
± Éµ³Ê ¦¥ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ξ. �Î¥¢¨¤´µ, ÎÉµ ¶·µ¥±É¨·µ¢ ´¨¥ µ¶Ê¸± ¥É
³¨´¨³Ê³ ´¨¦¥.

4.5. ‚²¨Ö´¨¥ ¶·¨´Í¨¶  � Ê²¨ ´  ËÊ´±Í¨Õ ƒ ³¨²ÓÉµ´ . �·¨´Ö¢ ¢µ ¢´¨-
³ ´¨¥ ¶µÉ¥´Í¨ ² (60), ³Ò ¤µ²¦´Ò ¡Ê¤¥³ ´¥¸±µ²Ó±µ Ê¸²µ¦´¨ÉÓ ËÊ´±Í¨¨ ƒ -
³¨²ÓÉµ´  (58) ¨ (59). ’¥¶¥·Ó ¤²Ö ¸¨´£²¥É´µ° ¶ ·Ò ¢ ËÊ´±Í¨Õ ƒ ³¨²ÓÉµ´ 
´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨ ¸² £ ¥³µ¥:

〈φ+∗
x (R)|U(x)|φ+

x (R)〉
〈φ+∗

x (R)|φ+
x (R)〉

=

= −z1/2V0

(
exp

{
−1 − z

2
(R + S)2

}
+ exp

{
−1 − z

2
(R − S)2

})
−

−z1/2V0 tanh (RS)
(

exp
{
−1 − z

2
(R + S)2

}
− exp

{
−1 − z

2
(R − S)2

})
=
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= −z1/2V0
exp {−(1 − z)ξ2} + exp {−ξ2 − zη2}

1 + exp {−ξ2 − η2} . (100)

’ ±¨³ µ¡· §µ³, Ê¸·¥¤´¥´¨¥ £ Ê¸¸µ¢¸±µ£µ ¶µÉ¥´Í¨ ²  ´  ¸¨³³¥É·¨§µ¢ ´´ÒÌ
µ·¡¨É ²ÖÌ �²µÌ Ä�·¨´±  ¶·¨¢µ¤¨É ± É ±µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ¢ Ë §µ¢µ³ ¶·µ-
¸É· ´¸É¢¥, ±µÉµ·µ¥ § ¢¨¸¨É ´¥ Éµ²Ó±µ µÉ ±µµ·¤¨´ ÉÒ ξ, ´µ ¨ µÉ ¨³¶Ê²Ó¸  η.
�¤´ ±µ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ³¥¦¤Ê Î ¸É¨Í ³¨, ±µ£¤  ξ � 1, ÔÉµ ¢§ ¨³µ-
¤¥°¸É¢¨¥ ¸´µ¢  ¸É ´µ¢¨É¸Ö £ Ê¸¸µ¢¸±¨³, ± ± ¢ ¶·¥¤Ò¤ÊÐ¥³ ¶·¨³¥·¥, ±µ£¤  ´¥
¡Ò²µ ´¥µ¡Ìµ¤¨³µ¸É¨ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨´Í¨¶ � Ê²¨.

‚ ¨Éµ£¥ ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  ¸¨´£²¥É´µ° ¶ ·Ò ¶·¨´¨³ ¥É ¢¨¤

H+(ξ, η) =
η2

2
+

1
4

+
ξ2 + η2

4

(
tanh

ξ2 + η2

2
− 1

)
−

−z1/2V0
exp {−(1 − z)ξ2} + exp {−ξ2 − zη2}

1 + exp {−ξ2 − η2} . (101)

�´ ²µ£¨Î´Ò¥ ¨§³¥´¥´¨Ö ¶·µ¨¸Ìµ¤ÖÉ ¨ ¸ ËÊ´±Í¨¥° ƒ ³¨²ÓÉµ´  É·¨¶²¥É-
´µ° ¶ ·Ò:

H−(ξ, η) =
η2

2
+

1
4

+
ξ2 + η2

4

(
coth

ξ2 + η2

2
− 1

)
−

−z1/2V0
exp {−(1 − z)ξ2} − exp {−ξ2 − zη2}

1 − exp {−ξ2 − η2} . (102)

ŒÒ Ê¦¥ µÉ³¥Î ²¨ § ¢¨¸¨³µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ �Œ„ µÉ £²Ê¡¨´Ò ¶µÉ¥´Í¨ ² .
�  ·¨¸. 9 ¤²Ö É·¨¶²¥É´µ° ¶ ·Ò Ë¥·³¨µ´µ¢ ¶·¥¤¸É ¢²¥´Ò ¢µ²´µ¢ Ö ËÊ´±Í¨Ö
�Œ„ ¨ ÉµÎ´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¤²Ö ¸²ÊÎ Ö V0 = 33,0, α = 1, ±µ£¤  ÉµÎ´µ¥
§´ Î¥´¨¥ Ô´¥·£¨¨ ¡²¨§±µ ± ´Ê²Õ. Œ¨´¨³ ²Ó´ Ö Ô´¥·£¨Ö ¢ ¶·¨¡²¨¦¥´¨¨ �Œ„
Éµ£¤  ¶µ²µ¦¨É¥²Ó´  ¨ · ¢´  4,58. �  Éµ³ ¦¥ ·¨¸Ê´±¥ ¶·¨¢¥¤¥´  ¨ ÉµÎ´ Ö
¢µ²´µ¢ Ö ËÊ´±Í¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö E = −0,22.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ µ¡¸Ê¦¤ ¥³Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨³¥ÕÉ ¶·Ö³µ¥ µÉ´µÏ¥-
´¨¥ ± ¢ ·¨ Í¨µ´´Ò³ ¢ÒÎ¨¸²¥´¨Ö³, ¢Ò¶µ²´¥´´Ò³ ´  µ¸´µ¢¥ �Œ„, ¨ ¶µ¤¸± -
§Ò¢ ÕÉ ¶ÊÉÓ ÊÉµÎ´¥´¨Ö É ±¨Ì · ¸ÎeÉµ¢. ’¨¶¨Î´Ò³ µ¡Ñ¥±Éµ³ ¨¸¸²¥¤µ¢ ´¨Ö
¢ · ³± Ì �Œ„ Ö¢²ÖÕÉ¸Ö ²e£±¨¥ Ö¤· , µ¡² ¤ ÕÐ¨¥ α-±² ¸É¥·´µ° ¸É·Ê±ÉÊ-
·µ°. �µ¸²¥¤´ÖÖ ¥¸ÉÓ ·¥§Ê²ÓÉ É ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ´Ê±²µ´µ¢, ¢Ìµ¤ÖÐ¨Ì
¢ ¸µ¸É ¢ ± ¦¤µ£µ α-±² ¸É¥· , ¨ ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ´Ê±²µ´µ¢, ¶·¨´ ¤-
²¥¦ Ð¨Ì · §´Ò³ ±² ¸É¥· ³, ±µÉµ·µ¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³
¶·¨´Í¨¶  � Ê²¨ ¨ µ¡³¥´´µ£µ Ì · ±É¥·  Ö¤¥·´ÒÌ ¸¨², ¸¶µ¸µ¡¸É¢ÊÕÐ¨Ì ´ -
¸ÒÐ¥´¨Õ Ö¤¥·´µ° ³ É¥·¨¨. Œµ¦´µ ¸µ¸² ÉÓ¸Ö ¨ ´  Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É,
¸µ¸ÉµÖÐ¨° ¢ Éµ³, ÎÉµ Ô´¥·£¨Ö ¸¢Ö§¨ ²e£±¨Ì Ö¤¥· ¡²¨§±  ¶µ ¢¥²¨Î¨´¥ ± ¸Ê³³¥
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Ô´¥·£¨° ¸¢Ö§¨ α-±² ¸É¥·µ¢. �µ¶· ¢±  ± ÔÉµ° ¸Ê³³¥ ´¥¢¥²¨±  ¨ µ¡Ê¸²µ¢²¥´ 
¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê α-±² ¸É¥· ³¨. ‚ ¶·¨¡²¨¦¥-
´¨¨ �Œ„ ¤µ¸É ÉµÎ´µ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö Ô´¥·£¨Ö ¸¢Ö§¨ ± ¦¤µ£µ ¨§
α-±² ¸É¥·µ¢, ´µ § ´¨¦ ¥É¸Ö ¢±² ¤ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ±² ¸É¥· ³¨ ¢ Ô´¥·-
£¨Õ ¸¢Ö§¨.

�¨¸. 9. ‚µ²´µ¢ Ö ËÊ´±Í¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö É·¨¶²¥É´µ° ¶ ·Ò Ë¥·³¨µ´µ¢, ¢§ ¨-

³µ¤¥°¸É¢ÊÕÐ¨Ì ¶µ § ±µ´Ê V = −33e−x2
¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ (¸¶²µÏ´ Ö

¦¨·´ Ö ²¨´¨Ö). �Ê´±É¨·´µ° ¦¨·´µ° ²¨´¨¥° ¶µ± § ´ ¶µ²´Ò° ÔËË¥±É¨¢´Ò° ¶µÉ¥´-
Í¨ ² ¨§ Ëµ·³Ê²Ò (102), ¢ ±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É ¤¢¨¦¥´¨¥ ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢. ƒ²Ê¡¨´ 
¶µÉ¥´Í¨ ²µ¢ Ê³¥´ÓÏ¥´  ¢ 40 · §. �Ê´±É¨·´µ° ²¨´¨¥° ¶µ± § ´  ¢µ²´µ¢ Ö ËÊ´±Í¨Ö,
´ °¤¥´´ Ö ¢ · ³± Ì �Œ„ ¨ µÉ¢¥Î ÕÐ Ö Ô´¥·£¨¨ Egs = 4,58 MÔ‚, ¸¶²µÏ´µ° Å
±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸± Ö ËÊ´±Í¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, µÉ¢¥Î ÕÐ Ö ÉµÎ´µ³Ê §´ Î¥´¨Õ
Egs = −0,22 MÔ‚, ÏÉ·¨Ì¶Ê´±É¨·´µ° Å ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸± Ö ËÊ´±Í¨Ö ´¥¶·¥·Ò¢-
´µ£µ ¸¶¥±É· , µÉ¢¥Î ÕÐ Ö Ô´¥·£¨¨ ¸¢Ö§¨ �Œ„

4.6. �Œ„ ¨ ³¥Éµ¤ ·¥§µ´¨·ÊÕÐ¨Ì £·Ê¶¶. —Éµ¡Ò ¶µÖ¸´¨ÉÓ ¶µ²µ¦¥´¨¥,
¶·¥¤¸É ¢²¥´´µ¥ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¶Ê´±É¥, Ê³¥¸É´µ ¸µ¶µ¸É ¢¨ÉÓ �Œ„ ¨ ³¥Éµ¤
·¥§µ´¨·ÊÕÐ¨Ì £·Ê¶¶ (Œ�ƒ), ¢ µ¸´µ¢Ê ±µÉµ·µ£µ Éµ¦¥ ¶µ²µ¦¥´Ò µ·¡¨É ²¨
�²µÌ Ä�·¨´± . �Ê¸ÉÓ, ¤²Ö ¶·µ¸ÉµÉÒ, ³Ò ¨³¥¥³ α-±² ¸É¥·´µ¥ Ö¤·µ, ¸µ¸ÉµÖ-
Ð¥¥ ¨§ n ±² ¸É¥·µ¢, A = 4n ´Ê±²µ´µ¢. …¸²¨ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö �Œ„ ¤²Ö
É ±µ£µ Ö¤·  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤¥É¥·³¨´ ´É ‘²¥°É¥· , ¶µ¸É·µ¥´´Ò° ´  A
· §²¨Î´ÒÌ µ·¡¨É ²ÖÌ �·¨´± , Éµ Œ�ƒ ¨³¥¥É ¤¥²µ ¸ É ±¨³ Î¨¸²µ³ · §²¨Î´ÒÌ
µ·¡¨É ²¥°, ±µÉµ·µ¥ ¢ Î¥ÉÒ·¥ · §  ³¥´ÓÏ¥. —¥ÉÒ·¥ ´Ê±²µ´  ± ¦¤µ£µ ±² ¸É¥· 
¨³¥ÕÉ ¢ ¸²ÊÎ ¥ Œ�ƒ µ¤¨´ ±µ¢Ò¥ µ·¡¨É ²¨. �µ¸²¥ µÉ¤¥²¥´¨Ö ¢µ²´µ¢µ° ËÊ´±-
Í¨¨ Í¥´É·  ³ ¸¸ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¢Ò¡µ·  ´µ¢ÒÌ ¢¥±Éµ·´ÒÌ ¶ · ³¥É·µ¢
( ´ ²µ£  ¢¥±Éµ·µ¢ Ÿ±µ¡¨) ¢ ¢¨¤¥ ²¨´¥°´µ° ±µ³¡¨´ Í¨¨ ¨¸Ìµ¤´ÒÌ ¶ · ³¥É·µ¢
µ·¡¨É ²¥° �²µÌ Ä�·¨´±  �Œ„ ¶µ§¢µ²Ö¥É ¨¸¸²¥¤µ¢ ÉÓ ± ± ¤¢¨¦¥´¨¥ ´Ê±²µ´µ¢
± ¦¤µ£µ ±² ¸É¥· , É ± ¨ µÉ´µ¸¨É¥²Ó´µ¥ ¤¢¨¦¥´¨¥ ±² ¸É¥·µ¢. �·¨ ÔÉµ³ ¢ ·¨-
 Í¨µ´´Ò¥ · ¸Î¥ÉÒ ¢ · ³± Ì �Œ„ ¸ ¶µÉ¥´Í¨ ²µ³ ‚µ²±µ¢  ¶µ± §Ò¢ ÕÉ, ÎÉµ
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µ¶É¨³ ²Ó´Ò¥ ¤²Ö ´Ê±²µ´µ¢ ± ¦¤µ£µ ±² ¸É¥·  §´ Î¥´¨Ö ¢¥±Éµ·´ÒÌ ¶ · ³¥É·µ¢
¨Ì µ·¡¨É ²¥° µ¤¨´ ±µ¢Ò,   ¢¥±Éµ·´Ò¥ ¶ · ³¥É·Ò µÉ´µ¸¨É¥²Ó´µ£µ · ¸¶µ²µ-
¦¥´¨Ö ±² ¸É¥·µ¢ µÉ²¨Î´Ò µÉ ´Ê²Ö. ‚Ò¢µ¤, ¸²¥¤ÊÕÐ¨° ¨§ ÔÉ¨Ì ¢ÒÎ¨¸²¥´¨°,
¸¢µ¤¨É¸Ö ± ÊÉ¢¥·¦¤¥´¨Õ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ α-±² ¸É¥·¨§ Í¨¨ ²e£±¨Ì Ö¤¥·. ‘
¤·Ê£µ° ¸Éµ·µ´Ò, µ´¨ ¶µ¤É¢¥·¦¤ ÕÉ  ¤¥±¢ É´µ¸ÉÓ ¢Ò¡µ·  µ·¡¨É ²¥° Œ�ƒ.

Šµ´¥Î´µ, § ±²ÕÎ¥´¨¥ µ ±² ¸É¥·¨§ Í¨¨ ¸¶· ¢¥¤²¨¢µ ²¨ÏÓ ¢ Éµ° ¸É¥¶¥´¨, ¢
± ±µ° ¸¨²Ò ‚µ²±µ¢  ³µ¦´µ ¶µ² £ ÉÓ ¢µ¸¶·µ¨§¢µ¤ÖÐ¨³¨ ·¥ ²Ó´ÊÕ ¸¨ÉÊ Í¨Õ.
ˆ§¢¥¸É´µ, ÎÉµ ÔÉ¨ ¸¨²Ò ´¥ Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Ö³ ´ ¸ÒÐ¥´¨Ö, ¨ · ¸ÎeÉÒ
¸ ´¨³¨ Ö¤¥· sd-µ¡µ²µÎ±¨ Ê± §Ò¢ ÕÉ ´  µÉ¸ÊÉ¸É¢¨¥ ± ±µ°-²¨¡µ ±² ¸É¥·¨§ -
Í¨¨, ÌµÉÖ ´  ¸ ³µ³ ¤¥²¥ Ê ÔÉ¨Ì Ö¤¥· µ¦¨¤ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ ±² ¸É¥·´ÒÌ
¸É·Ê±ÉÊ·.

�·µË¨²Ó ´Ê±²µ´-´Ê±²µ´´µ° ËÊ´±Í¨¨ �Œ„ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É µÉ
Éµ£µ, ¨¤eÉ ²¨ ·¥ÎÓ µ ¤¢ÊÌ ´Ê±²µ´ Ì µ¤´µ£µ ±² ¸É¥·  ¨²¨ µ ´Ê±²µ´ Ì, ¶·¨-
´ ¤²¥¦ Ð¨Ì · §´Ò³ ±² ¸É¥· ³. �ÉµÉ ¶·µË¨²Ó ¢Ò¡¨· ¥É¸Ö µ¶É¨³ ²Ó´Ò³ ¤²Ö
´Ê±²µ´µ¢ α-±² ¸É¥·µ¢, ÎÉµ ´¥³¥¤²¥´´µ ¢´µ¸¨É µÏ¨¡±Ê ¢ · ¸ÎeÉ Ô´¥·£¨¨ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ±² ¸É¥·µ¢. ‚ · ³± Ì Œ�ƒ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨-
¦¥´¨Ö ±² ¸É¥·µ¢ µ¶·¥¤¥²ÖÕÉ¸Ö ¶ÊÉ¥³ ¨Ì µ¶É¨³¨§ Í¨¨. �µÔÉµ³Ê Ê¤ eÉ¸Ö ¨§-
¡¥¦ ÉÓ ¶·µ¡²¥³Ò, Ì · ±É¥·´µ° ¤²Ö �Œ„, ¨ ¸ÊÐ¥¸É¢¥´´µ ÊÉµÎ´¨ÉÓ · ¸ÎeÉÒ∗.

‚ · ¡µÉ¥ [15] µ·¡¨É ²¨ Œ�ƒ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¢Ò¢µ¤  ¨ ¶µ¸²¥¤ÊÕÐ¥£µ
 ´ ²¨§  ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö § ¤ Î¨ · ¸¸¥Ö´¨Ö α-Î ¸É¨ÍÒ ´ 
Ö¤·¥ 12C, ¸µ¸É ¢²¥´´µ³ ¨§ É·eÌ α-±² ¸É¥·µ¢.

‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ �Œ„ ¨ Œ�ƒ Ö¢²ÖÕÉ¸Ö µ¡µ¡Ð¥´¨¥³ ³µ¤¥²¨ µ¡µ²µ-
Î¥±, ÉµÎ´¥¥, ³µ¤¥²¨ SU(3) �²²¨µÉÉ  [16]. �µ¸²¥¤´ÖÖ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¥²Ê
¤¥É¥·³¨´ ´Éµ¢ ‘²¥°É¥·  �Œ„ ¨ Œ�ƒ, ±µ£¤  ¢¥±Éµ·´Ò¥ ¶ · ³¥É·Ò ¢¸¥Ì µ·-
¡¨É ²¥° ¸É·¥³ÖÉ¸Ö ± ´Ê²Õ.

5. ��‘�‹›‚��ˆ… ‚�‹��‚�ƒ� ��Š…’�

� ¸¶²Ò¢ ´¨¥ ¢µ²´µ¢µ£µ ¶ ±¥É  Å Ìµ·µÏµ ¨§¢¥¸É´µ¥ ¤²Ö ±¢ ´Éµ¢µ° ³¥-
Ì ´¨±¨ Ö¢²¥´¨¥. �¤´ ±µ ±µ£¤  ³Ò ¶¥·¥Ìµ¤¨³ ± ¤¨´ ³¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³
�Œ„, Éµ ÔÉ¨³ Ö¢²¥´¨¥³, ·¥Ï Ö § ¤ Î¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· , ¶·¨Ìµ¤¨É¸Ö
¶·¥´¥¡·¥£ ÉÓ. �¥ ÊÎ¨ÉÒ¢ ÉÓ · ¸¶²Ò¢ ´¨¥ ¢µ²´µ¢µ£µ ¶ ±¥É  ¶·¥¤¸É ¢²Ö¥É¸Ö
µ¶· ¢¤ ´´Ò³ Éµ£¤ , ±µ£¤  ¢·¥³Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö ´Ê±²µ´µ¢
³´µ£µ ³¥´ÓÏ¥, Î¥³ ¢·¥³Ö · ¸¶²Ò¢ ´¨Ö ¨Ì ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢. �µ¸²¥¤´¥¥ É¥³
¡µ²ÓÏ¥, Î¥³ ³¥´ÓÏ¥ Ô´¥·£¨Ö, § É· Î¥´´ Ö ¶·¨ ¸µ§¤ ´¨¨ ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢.
…¸²¨ ·¥ÎÓ ¨¤¥É µ¡ µ¤´µ° Î ¸É¨Í¥, Éµ ÔÉ  Ô´¥·£¨Ö · ¢´  3/4. �  ¶·µ¸Éµ³ ¶·¨-
³¥·¥ µ¤´µ° Î ¸É¨ÍÒ ¶µ± ¦¥³ ¸´ Î ² , ± ±, ¨¸¶µ²Ó§ÊÖ ±² ¸¸¨Î¥¸±¨¥ ¶·¥¤¸É -

∗ŒÒ ´¥ µ¡¸Ê¦¤ ¥³ §¤¥¸Ó ´µ¢Ò¥ ¢ ·¨ ´ÉÒ �Œ„, ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´ÖÕÐ¨¥ ¶·µ¸ÉÊÕ Ë¨§¨-
Î¥¸±ÊÕ ¨¤¥Õ ³¥Éµ¤  ¨ ¶·¥¤¸É ¢²ÖÕÐ¨¥ ¸µ¡µ° £¨¡·¨¤ · §´ÒÌ ¶µ¤Ìµ¤µ¢ [5,6].
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¢²¥´¨Ö, µ¶¨¸ ÉÓ · ¸¶²Ò¢ ´¨¥ ¢µ²´µ¢µ£µ ¶ ±¥É  ¨ µÍ¥´¨ÉÓ ¢·¥³Ö, ´¥µ¡Ìµ¤¨³µ¥
¤²Ö ÔÉµ£µ ¶·µÍ¥¸¸ .

5.1. ‚µ²´µ¢µ° ¶ ±¥É · ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨°. ‚¢¥¤e³ ¢µ²´µ¢µ° ¶ ±¥É

φr(ε) =
1

π3/4

1
(1 − ε)3/2

exp
{
−1

2
1 + ε

1 − ε
r2

}
(103)

¤²Ö Î ¸É¨ÍÒ ¢ É·eÌ³¥·´µ³ ¶·µ¸É· ´¸É¢¥ [22]. �¡ÒÎ´µ ¥£µ ¸¢Ö§Ò¢ ÕÉ ¸ ³µ¤µ°
· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨°. ˜¨·¨´  ¶ ±¥É  § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò £¥´¥· Éµ·´µ£µ
¶ · ³¥É·  ε. ‚µ²´µ¢µ° ¶ ±¥É · §³Ò¢ ¥É¸Ö, ¥¸²¨ ε ¶·¨¡²¨¦ ¥É¸Ö ± −1.

ˆ´É¥£· ² ¶¥·¥±·ÒÉ¨Ö

〈φr(ε)|φr(ε)〉 =
1

(1 − εε∗)3/2
=

∞∑
n=0

Γ(n + 3/2)
Γ(3/2)Γ(n + 1)

εnε∗n (104)

¤ eÉ ´ ³ µ¶·¥¤¥²¥´´Ò° ¢ ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ε µ¡· §

φn(ε) =

√
Γ(n + 3/2)

Γ(3/2)Γ(n + 1)
εn (105)

¡ §¨¸´ÒÌ ËÊ´±Í¨° É·eÌ³¥·´µ£µ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¸ µ·¡¨É ²Ó´Ò³
³µ³¥´Éµ³ L = 0. ‚ ÔÉµ³ ³µ¦´µ Ê¡¥¤¨ÉÓ¸Ö, · §²µ¦¨¢ (103) ¶µ ¸É¥¶¥´Ö³ ε:

φr(ε) =
∞∑

n=0

φn(ε)

√
Γ(n + 1)

2πΓ(n + 3/2)
L1/2

n (r2) exp {−r2/2}, (106)

£¤¥ L
1/2
n (r2) Å ¶µ²¨´µ³Ò ‹ £¥·· .

”Ê´±Í¨¨ (105) µ·Éµ´µ·³¨·µ¢ ´Ò ¸ ³¥·µ°

(1 − εε∗)−1/2 dαdβ

π
, ε = α + iβ,

¢ ±·Ê£¥ ¥¤¨´¨Î´µ£µ · ¤¨Ê¸  |ε| < 1. ‚ ¸ ³µ³ ¤¥²¥,∫
|ε|<1

φ∗
n′(ε)φn(ε)(1 − εε∗)−1/2 dαdβ

π
= δn,n′ . (107)

�µ¤µ¡´µ µ·¡¨É ²¨ (1), ¢µ²´µ¢µ° ¶ ±¥É (103) Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ° ËÊ´±-
Í¨¥° µ¶¥· Éµ·  ±¢ ¤· É  · ¤¨Ê¸ 

r̂2 = −(1 − ε)2
∂

∂ε
+

3
2
(1 − ε), (108)
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µ¶·¥¤¥²e´´µ£µ ¢ ε-¶·¥¤¸É ¢²¥´¨¨ (¢ ¥¤¨´¨Î´µ³ ±·Ê£¥ ±µ³¶²¥±¸´µ° ¶²µ¸±µ-
¸É¨), É.¥.

r̂2φr(ε) = r2φr(ε). (109)

„ ²¥¥ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¸¢µ¡µ¤´µ¥ ¤¢¨¦¥´¨¥, £ ³¨²ÓÉµ´¨ ´ ±µÉµ-
·µ£µ ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¸¢µ¤¨É¸Ö ± ¢Ò· ¦¥´¨Õ

Ĥ = −1
2
∆r. (110)

’µÉ ¦¥ £ ³¨²ÓÉµ´¨ ´, ´µ ¢ ε-¶·¥¤¸É ¢²¥´¨¨, ¨³¥¥É ¢¨¤

Ĥ =
1
2
(1 + ε)2

∂

∂ε
+

3
2
(1 + ε). (111)

Cµ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¶µ¸²¥¤´¥£µ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô´¥·£¨¨ E = k2/2:

φk(ε) =
1

π3/4

1
(1 + ε)3/2

exp
{
−1

2
1 − ε

1 + ε
k2

}
. (112)

’¥¶¥·Ó, ± ± ¨ · ´¥¥, ¶µ¸²¥ ¢¢¥¤¥´¨Ö µ·¡¨É ²¨ �²µÌ Ä�·¨´± , ³Ò µ± §Ò-
¢ ¥³¸Ö ¶¥·¥¤ ¤¨²¥³³µ°: ¨²¨, § ¶¨¸ ¢ ¢ ε-¶·¥¤¸É ¢²¥´¨¨ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥,
¨¸± ÉÓ ÉµÎ´µ¥ ·¥Ï¥´¨¥ ±¢ ´Éµ¢µ° § ¤ Î¨ µ · ¤¨ ²Ó´µ³ ¤¢¨¦¥´¨¨ Î ¸É¨ÍÒ,
¨²¨ ¦¥, µ£· ´¨Î¨¢Ï¨¸Ó · ¸¸³µÉ·¥´¨¥³ Ô¢µ²ÕÍ¨¨ ¢µ²´µ¢µ£µ ¶ ±¥É , ¸¢¥¸É¨
¨¸¸²¥¤µ¢ ´¨¥ ± ¡µ²¥¥ ¶·µ¸Éµ° § ¤ Î¥ ±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¨. � §Ê³¥¥É¸Ö, ¢µ
¢Éµ·µ³ ¸²ÊÎ ¥ ³Ò ¡Ê¤¥³ ¨³¥ÉÓ ²¨ÏÓ ¶·¨¡²¨¦e´´µ¥ µ¶¨¸ ´¨¥ ¨ ¢³¥¸Éµ ±¢ ´-
Éµ¢µ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¢ Ë §µ¢µ° ¶²µ¸±µ¸É¨ ¶µ¸É·µ¨³ ²¨ÏÓ Ë §µ¢ÊÕ
É· ¥±Éµ·¨Õ. „ ²¥¥ ³Ò ¨§ÊÎ¨³ ±² ¸¸¨Î¥¸±¨° ¢ ·¨ ´É ¶µ¤Ìµ¤ .

5.2. ” §µ¢Ò¥ É· ¥±Éµ·¨¨ ¤²Ö · ¤¨ ²Ó´µ° ³µ¤Ò. �¥¸²µ¦´µ Ê¡¥¤¨ÉÓ¸Ö ¢
Éµ³, ÎÉµ ±² ¸¸¨Î¥¸± Ö ËÊ´±Í¨Ö ƒ ³¨²ÓÉµ´  ¤²Ö ¤¢¨¦¥´¨Ö ¡¥§ ¶µÉ¥´Í¨ ² 

H =
〈φr(ε)|Ĥ |φr(ε)〉
〈φr(ε)|φr(ε)〉

=
3
4

(1 + ε)(1 + ε∗)
1 − ε∗ε

. (113)

ˆ§ (113) ¸²¥¤Ê¥É Ê· ¢´¥´¨¥ ¤²Ö Ë §µ¢µ° É· ¥±Éµ·¨¨ ¸ ¶µ²µ¦¨É¥²Ó´µ° Ô´¥·-
£¨¥° E: (

α +
1

1 + χ

)2

+ β2 =
(

1 − 1
1 + χ

)2

, (114)

£¤¥ χ = 4E/3. Š ¦¤ Ö ¨§ É ±¨Ì É· ¥±Éµ·¨° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ±·Ê¦´µ¸ÉÓ
¸ Í¥´É·µ³ ¢ ÉµÎ±¥ −1/(1 + χ) ´  ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨ α (¸³. ·¨¸. 10). � ¤¨Ê¸
µ±·Ê¦´µ¸É¨ · ¢¥´ 1 − 1/(1 + χ).
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�¨¸. 10. ” §µ¢Ò¥ É· ¥±Éµ·¨¨ ¤²Ö · ¤¨-
 ²Ó´µ° ³µ¤Ò. �Ê´±É¨·´µ° ²¨´¨¥° ¶µ-
± § ´a É· ¥±Éµ·¨Ö ¤²Ö χ = 0,5 (¨²¨
k =

√
3/4), ¸¶²µÏ´µ° Å ¤²Ö χ = 1

(¨²¨ k =
√

3/2), ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É
µ·¡¨É ²¨ �²µÌ Ä�·¨´±  ¶·¨ t = 0, ¨
ÏÉ·¨Ìµ¢µ° Å ¤²Ö χ = 2 (¨²¨ k =

√
3)

‚¸¥ Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ ¨¤ÊÉ ¢
ÉµÎ±Ê α = −1, β = 0, ¶·¨ ¶·¨¡²¨¦¥´¨¨
± ±µÉµ·µ° Ï¨·¨´Ò ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢
´¥µ£· ´¨Î¥´´µ ¢µ§· ¸É ÕÉ ¨, ¢ ¨Éµ£¥,
µ´¨ ¶µ²´µ¸ÉÓÕ · ¸¶²Ò¢ ÕÉ¸Ö. Š ± Ê¦¥
µÉ³¥Î ²µ¸Ó · ´¥¥, ´  ¸µ§¤ ´¨¥ ¢µ²´µ-
¢µ£µ ¶ ±¥É  �²µÌ Ä�·¨´±  ´¥µ¡Ìµ¤¨³ 
Ô´¥·£¨Ö E = 3/4. ‚ ÔÉµ³ ¸²ÊÎ ¥ χ = 1,
· ¤¨Ê¸ µ±·Ê¦´µ¸É¨ Ë §µ¢µ° É· ¥±Éµ-
·¨¨ · ¢¥´ 1/2, ¨ µ´  ¸µ¥¤¨´Ö¥É ÉµÎ±Ê
ε = 0 ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ¸ ÉµÎ±µ°
α = −1, β = 0.

—Éµ¡Ò µÍ¥´¨ÉÓ ¢·¥³Ö, ´¥µ¡Ìµ¤¨³µ¥
¤²Ö ¶µ²´µ£µ · ¸¶²Ò¢ ´¨Ö ¢µ²´µ¢µ£µ ¶ -
±¥É , µ¡· É¨³¸Ö ± Ê· ¢´¥´¨Ö³ ±² ¸¸¨-
Î¥¸±µ° ¤¨´ ³¨±¨. �µ¸²¥¤´¨¥ ¸²¥¤ÊÕÉ
¨§ ¶·¨´Í¨¶  ´ ¨³¥´ÓÏ¥£µ ¤¥°¸É¢¨Ö ¨
Ö¢´µ£µ ¢Ò· ¦¥´¨Ö ¤²Ö ËÊ´±Í¨¨ ‹ -
£· ´¦  [7]:

L =
〈φr(ε)| − i∂/∂t|φr(ε)〉 − 〈φr(ε)|Ĥ |φr(ε)〉

〈φr(ε)|φr(ε)〉
. (115)

‚ ·¥§Ê²ÓÉ É¥ ¢ ·Ó¨·µ¢ ´¨Ö ¶µ ε∗ ¶·¨Ìµ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê µ¡Ò±´µ¢¥´´µ³Ê
¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê Ê· ¢´¥´¨Õ ¶¥·¢µ£µ ¶µ·Ö¤±  ¤²Ö ε:

−iε̇ =
1
2
(1 + ε)2 (116)

¨²¨ ¦¥ ¸¨¸É¥³¥ Ê· ¢´¥´¨° ¤²Ö α ¨ β:

α̇ = −(1 + α)β, β̇ =
1
2
{(1 + α)2 − β2}. (117)

ˆ´É¥£·¨·µ¢ ´¨¥ Ê· ¢´¥´¨Ö (116) ¶·¨ ´ Î ²Ó´µ³ Ê¸²µ¢¨¨ ε(0) = 0 ¤ eÉ ¸²¥¤Ê-
ÕÐ¥¥ ·¥Ï¥´¨¥:

α(t) = − t2

4 + t2
, β(t) =

2t

4 + t2
. (118)

Œ¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ ËÊ´±Í¨Ö β(t) ¨³¥¥É ¶·¨ t = 2, ±µ£¤  Ë §µ¢ Ö É· ¥±-
Éµ·¨Ö § ¢¥·Ï ¥É ¶¥·¢ÊÕ Î¥É¢¥·ÉÓ µ±·Ê¦´µ¸É¨. ‚Éµ· Ö Î¥É¢¥·ÉÓ µ±·Ê¦´µ¸É¨
¶·¥µ¤µ²¥¢ ¥É¸Ö ²¨ÏÓ ¢ ¶·¥¤¥²Ó´Ò° ³µ³¥´É ¢·¥³¥´¨ t = ∞.
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�µ¤¸É ¢¨¢ (118) ¢ (103) ¨ ¶·¨´Ö¢ ¢µ ¢´¨³ ´¨¥ ´µ·³¨·µ¢µÎ´Ò° ³´µ¦¨-
É¥²Ó, ¶µ²ÊÎ¨³ § ¢¨¸¨³µ¸ÉÓ µÉ ¢·¥³¥´¨ ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ §´ Î¥´¨° r ¢
±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨:

φr(ε)φr(ε)
〈φr(ε)|φr(ε)〉

=
1

π3/2

1
(1 + t2)3/2

exp
(
− r2

1 + t2

)
. (119)

�¨¸. 11. �²µÉ´µ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö
¢¥·µÖÉ´µ¸É¨ W (r, t) ¢ ±µµ·¤¨´ É´µ³
¶·¥¤¸É ¢²¥´¨¨, Ê³´µ¦¥´´ Ö ´  Ë ±-
Éµ· (1 + t2)/2, ¡² £µ¤ ·Ö Î¥³Ê ¢
± ¦¤Ò° ³µ³¥´É ¸µÌ· ´Ö¥É¸Ö ´µ·³¨-
·µ¢±  ËÊ´±Í¨¨ ´  1. ‘¶²µÏ´µ° ²¨-
´¨¥° ¶µ± § ´µ · ¸¶·¥¤¥²¥´¨¥ ¢ ´ -
Î ²Ó´Ò° ³µ³¥´É ¢·¥³¥´¨ t = 0,
¶Ê´±É¨·´µ° Å ¢ ³µ³¥´É t = 1, ÏÉ·¨-
Ìµ¢µ° Å ¢ t = 2

’ ±¨³ µ¡· §µ³, ¨§³¥´¥´¨¥ ¢µ ¢·¥³¥´¨
Ï¨·¨´Ò ¶µ±µÖÐ¥£µ¸Ö ¢µ²´µ¢µ£µ ¶ ±¥É 
¶µ¤Î¨´Ö¥É¸Ö ¶·µ¸ÉÒ³ § ±µ´µ³¥·´µ¸ÉÖ³.
ˆÌ ¨²²Õ¸É·¨·Ê¥É Ëµ·³Ê²  (119) ¨ ·¨¸. 11.

� ±µ´¥Í, ÎÉµ¡Ò ¶µ´ÖÉÓ ¸µµÉ´µÏ¥´¨¥
³¥¦¤Ê ±¢ ´Éµ¢Ò³ ·¥§Ê²ÓÉ Éµ³ ¢ ¶·µ¸É· ´-
¸É¢¥ ”µ± Ä� ·£³ ´´  ¨ ·¥§Ê²ÓÉ Éµ³ ±² ¸-
¸¨Î¥¸±µ° ³¥Ì ´¨±¨, Ê³¥¸É´µ Ë §µ¢ÊÕ É· -
¥±Éµ·¨Õ (114) ¸µ¶µ¸É ¢¨ÉÓ ¸ ±¢ ´Éµ¢Ò³
· ¸¶·¥¤¥²¥´¨¥³ ¢ Ë §µ¢µ° ¶²µ¸±µ¸É¨ ¤²Ö
¸µ¸ÉµÖ´¨Ö φk(ε) ¸ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¥°
k2/2:

φ∗
k(ε)φk(ε)(1 − εε∗)−1/2 =

= π−3/2

(
1

(1 + ε)(1 + ε∗)

)3/2

×

× exp
{
− 1−εε∗

(1+ε)(1+ε∗)
k2

}
(1−εε∗)−1/2.

(120)

�  ·¨¸. 10 ¶·¥¤¸É ¢²¥´Ò É·¨ Ë §µ¢Òe É· ¥±Éµ·¨¨ ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ Ô´¥·-
£¨¨,   ´  ·¨¸. 12 É·¨ ¶²µÉ´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ É¥³ ¦¥ §´ -
Î¥´¨Ö³ Ô´¥·£¨¨.

5.3. � ¸¶²Ò¢ ´¨¥ ¢µ²´µ¢µ£µ ¶ ±¥É  �²µÌ Ä�·¨´± . �µ± ¦¥³ É¥¶¥·Ó,
± ± ¸²¥¤Ê¥É ÊÉµÎ´¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ¢µ²´µ¢µ£µ ¶ ±¥É  �²µÌ Ä�·¨´± , ÎÉµ¡Ò
´ ¨¡µ²¥¥ ¶µ²´Ò³ µ¡· §µ³ ÊÎ¥¸ÉÓ ¥£µ Ô¢µ²ÕÍ¨Õ, µ¡Ö§ ´´ÊÕ · ¸¶²Ò¢ ´¨Õ ¶ -
±¥É  ¶µ ³¥·¥ ¤¢¨¦¥´¨Ö ¢ É·eÌ³¥·´µ³ ¶·µ¸É· ´¸É¢¥. �Ê¸ÉÓ

φr(ε,R) =
1

π3/4

1
(1 − ε)3/2

exp

{
−1

2
1 + ε

1 − ε
r2 +

√
2

1 − ε
(Rr)−

−1
2

1 − 2ε∗ + εε∗

1 − ε

R2

1 − εε∗

}
. (121)
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�¨¸. 12. �²µÉ´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¢¥·µÖÉ´µ¸É¨
W (ξ, η; k2/2) ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¤ÒÌ É¥²Ó´µ°
³µ¤Ò ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨: a) k =

√
3/4,

¡) k =
√

3/2, ¢) k =
√

3

ˆ´É¥£· ² ¶¥·¥±·ÒÉ¨Ö (121) ¸ ¥¤¨´¨Í¥°

〈φr(ε,R)|φr(ε,R)〉 =
1

(1 − εε∗)3/2
×

× exp
{

(RS) + ε∗R2/2 + εS2/2
1 − εε∗

}
. (122)

Š¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¢µ²´µ¢µ£µ ¶ ±¥É  É¥¶¥·Ó
¨³¥¥É ¢¨¤

〈φr(ε,R)|T̂ |φr(ε,R)〉
〈φr(ε,R)|φr(ε,R)〉 =

3
4

(1 + ε)(1 + ε∗)
1 − εε∗

−

−1
4

[(1 + ε∗)R − (1 + ε)S]2

(1 − εε∗)2
. (123)

� ±µ´¥Í, ¶µÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö

〈φr(ε,R)| − V0 exp {−(z − 1)/z r2}|φr(ε,R)〉
〈φr(ε,R)|φr(ε,R)〉 =

= −z3/2V0

(
∆
∆z

)3/2

×

× exp

{
− (1−z)

2
∆
∆z

(
(1−ε∗)R+(1−ε)S

1 − εε∗

)2
}

,

(124)

£¤¥

∆ = 1−εε∗, ∆z = z(1−εε∗)+(1−z)(1−ε)(1−ε∗).

�·¥¤¸É ¢²¥´´ÒÌ ¢Ò· ¦¥´¨° ¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò ´  ¨Ì µ¸´µ¢¥ ¶µ²ÊÎ¨ÉÓ
Ê· ¢´¥´¨Ö ±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¨ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¢µ¶·µ¸  µ ¢²¨Ö´¨¨ · ¸-
¶²Ò¢ ´¨Ö ¢µ²´µ¢µ£µ ¶ ±¥É  �²µÌ Ä�·¨´±  ´  ¥£µ ¸¢µ¡µ¤´µ¥ ¤¢¨¦¥´¨¥ ¨ ¤¢¨-
¦¥´¨¥ ¢ ¶µ²¥ ¶µÉ¥´Í¨ ²  £ Ê¸¸µ¢¸±µ° Ëµ·³Ò.
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ˆ´É¥£· ² ³¨ ¸¢µ¡µ¤´µ£µ ¤¢¨¦¥´¨Ö Ö¢²ÖÕÉ¸Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö (µ´ 
· ¢´  ¶µ²´µ° Ô´¥·£¨¨ E)

3
4

(1 + ε)(1 + ε∗)
1 − εε∗

− 1
4

[(1 + ε∗)R − (1 + ε)S]2

(1 − εε∗)2
= E, (125)

  É ±¦¥ ¨³¶Ê²Ó¸

− i√
2

(1 + ε∗)R − (1 + ε)S
1 − εε∗

= P. (126)

ˆ§ (125) ¨ (126) ¸²¥¤Ê¥É, ÎÉµ

3
4

(1 + ε)(1 + ε∗)
1 − εε∗

= E − 1
2

P2. (127)

ˆÉ ±, ³Ò ¶·¨Ï²¨ ± É ±µ° Ëµ·³Ê²¨·µ¢±¥ § ¤ Î¨, ±µ£¤  ´¥¶·¥·Ò¢´Ò°
¸¶¥±É· ´ Î¨´ ¥É¸Ö ¶·¨ ´Ê²¥¢µ³ §´ Î¥´¨¨ Ô´¥·£¨¨ ¨ ´¥É ´¥µ¡Ìµ¤¨³µ¸É¨ µ¡· -
Ð ÉÓ¸Ö ± ¸¶¥Í¨ ²Ó´Ò³ ·¥Í¥¶É ³, ÎÉµ¡Ò ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ¶µ¤ ¢²ÖÉÓ
Ô´¥·£¨Õ, § É· Î¥´´ÊÕ ´  ¸µ§¤ ´¨¥ ¢µ²´µ¢µ£µ ¶ ±¥É . ‚ ·¥§Ê²ÓÉ É¥, µ¸É ¢ Ö¸Ó
¢ · ³± Ì �Œ„, ´µ ´¥¸±µ²Ó±µ ¶¥·¥µ¶·¥¤¥²¨¢ µ·¡¨É ²¨ �²µÌ Ä�·¨´±  ¶ÊÉ¥³
¢¢¥¤¥´¨Ö ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, µÉ¢¥É¸É¢¥´´ÒÌ §  · ¸¶²Ò¢ ´¨¥ ¢µ²´µ¢ÒÌ ¶ ±¥-
Éµ¢, ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ´¥ Éµ²Ó±µ · ¸¸¥Ö´¨¥, ´µ ¨ ·¥§µ´ ´¸´Ò¥ ¸µ¸ÉµÖ´¨Ö
¢ µ¡² ¸É¨ µÉ´µ¸¨É¥²Ó´µ ³ ²ÒÌ Ô´¥·£¨°.

6. ‡�Š‹	—…�ˆ…

’ ±¨³ µ¡· §µ³, ¶ÒÉ Ö¸Ó µ¶¨¸ ÉÓ ¸Éµ²±´µ¢¥´¨¥ Ö¤¥· ± ± ¸Éµ²±´µ¢¥´¨¥ ¸µ-
¸É ¢²ÖÕÐ¨Ì ÔÉ¨ Ö¤·  ´Ê±²µ´µ¢, ¨ µ¡· Ð Ö¸Ó ¶·¨ ÔÉµ³ ± Ê· ¢´¥´¨Ö³ ±² ¸¸¨-
Î¥¸±µ° ¤¨´ ³¨±¨, ³Ò µ± §Ò¢ ¥³¸Ö ¶¥·¥¤ Í¥²Ò³ ·Ö¤µ³ ¶·µ¡²¥³. �¥·¥Î¨¸²¨³
ÔÉ¨ ¶·µ¡²¥³Ò.

“ÎeÉ ¶·¨´Í¨¶  � Ê²¨ ¶·¨ ¢Ò¢µ¤¥ Ê· ¢´¥´¨° ¤¨´ ³¨±¨ ´¥¸±µ²Ó±µ ¨§³¥-
´Ö¥É ÔÉ¨ Ê· ¢´¥´¨Ö ¢ µ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° ¨³¶Ê²Ó¸µ¢ ¨ ±µµ·¤¨´ É, £¤¥
¤µ²¦´Ò ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´Ò ±¢ ´Éµ¢Ò¥ ¶µ¶· ¢±¨. �¤´ ±µ ¶µ¶· ¢µ±, µ¡Ê¸²µ-
¢²¥´´ÒÌ ¶·¨´Í¨¶µ³ � Ê²¨, ´¥¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò Ë §µ¢Ò¥ É· ¥±Éµ·¨¨ ¢µ¸¶·µ-
¨§¢µ¤¨²¨ ¸ ³Ò¥ ¢ ¦´Ò¥ µ¸µ¡¥´´µ¸É¨ ¢ ¶µ¢¥¤¥´¨¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°, ±µ£¤ 
Ô´¥·£¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ´Ê±²µ´µ¢ ³ ² . ‚ Éµ ¦¥ ¢·¥³Ö ¸ Ê¢¥²¨Î¥-
´¨¥³ Ô´¥·£¨¨ ±² ¸¸¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨¡²¨¦ ÕÉ¸Ö ± ±¢ ´Éµ¢Ò³.

Š¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ±² ¸¸¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö ´Ê±²µ´µ¢ ¸µ¤¥·¦¨É ¶µ-
¸ÉµÖ´´Ò¥ ¸² £ ¥³Ò¥, ¸Ê³³  ±µÉµ·ÒÌ ¸ÊÐ¥¸É¢¥´´µ ¶µ¢ÒÏ ¥É §´ Î¥´¨¥ ¶µ·µ-
£µ¢µ° Ô´¥·£¨¨ · §¢ ²  Ö¤¥· ¶µ Éµ³Ê ¨²¨ ¨´µ³Ê ± ´ ²Ê,   É ±¦¥ Ô´¥·£¨Õ
¶µ·µ£  ¶µ²´µ£µ · §¢ ²   Éµ³´ÒÌ Ö¤¥·. “¸É· ´¨ÉÓ ÔÉµ ´¥¦¥² É¥²Ó´µ¥ Ö¢²¥-
´¨¥ ³µ¦´µ ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö É¥Ì ¤µ¶µ²´¨É¥²Ó´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ±µÉµ·Ò¥
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µ¡¥¸¶¥Î¨¢ ÕÉ · ¸¶²Ò¢ ´¨¥ ´Ê±²µ´´ÒÌ ¢µ²´µ¢ÒÌ ¶ ±¥Éµ¢. �Éµ · ¸¶²Ò¢ ´¨¥
¸ÊÐ¥¸É¢¥´´µ ¢²¨Ö¥É ´  ¶·µÍ¥¸¸, ¶µ±  ³ ²  ¸±µ·µ¸ÉÓ ¤¢¨¦¥´¨Ö ¢µ²´µ¢ÒÌ ¶ -
±¥Éµ¢, ¨ µ´¨ Ê¸¶¥¢ ÕÉ ¨§³¥´¨ÉÓ ¸¢µÕ Ï¨·¨´Ê §  Éµ ¢·¥³Ö, ±µ£¤  ¶·µ¨¸Ìµ¤¨É
Ö¤¥·´ Ö ·¥ ±Í¨Ö.

�Ê±²µ´-´Ê±²µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢ · ³± Ì �Œ„ ¤¢ ¦¤Ò.
‚µ-¶¥·¢ÒÌ, µ´µ Ëµ·³¨·Ê¥É É· ¥±Éµ·¨Õ ¤¢¨¦¥´¨Ö ± ¦¤µ£µ ´Ê±²µ´ . ‚µ-¢Éµ-
·ÒÌ, µ´µ µÉ¢¥É¸É¢¥´´µ §  ÔËË¥±É¨¢´µ¥ ¸¥Î¥´¨¥ ´Ê±²µ´-´Ê±²µ´´µ£µ ¸Éµ²±-
´µ¢¥´¨Ö. �Éµ ´ ¶µ³¨´ ¥É ¸¨ÉÊ Í¨Õ, ¢µ§´¨± ÕÐÊÕ ¶·¨ µ¡· Ð¥´¨¨ ± Ê· ¢-
´¥´¨Õ ‚² ¸µ¢  ¶·¨ µ¶¨¸ ´¨¨ ¸¨¸É¥³Ò Î ¸É¨Í, ±µ£¤  ´ ·Ö¤Ê ¸ ¶µÉ¥´Í¨ ²µ³
¸·¥¤´¥£µ ¶µ²Ö ÊÎ¨ÉÒ¢ eÉ¸Ö ¥Ðe ¨´É¥£· ² ¸Éµ²±´µ¢¥´¨°. �µ ¶µ¸²¥¤´¨° Éµ£¤ 
¤µ²¦¥´ ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§ ÔËË¥±É¨¢´Ò¥ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö, µ¡Ê¸²µ¢²¥´´Ò¥
¢§ ¨³µ¤¥°¸É¢¨¥³, ¤µ¶µ²´¨É¥²Ó´Ò³ ± Éµ³Ê, ±µÉµ·µ¥ Ëµ·³¨·Ê¥É ¸·¥¤´¥¥ ¶µ²¥.
Šµ´¥Î´µ, Ê· ¢´¥´¨¥ ‚² ¸µ¢  ¨²¨ Ê· ¢´¥´¨¥ �µ²ÓÍ³ ´  ¸¶· ¢¥¤²¨¢Ò, ±µ£¤ 
¶²µÉ´µ¸ÉÓ ´Ê±²µ´µ¢ ´¥¢¥²¨± . �µÔÉµ³Ê ¨Ì ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·¨ ¸Éµ²±´µ¢¥´¨¨
ÉÖ¦e²ÒÌ ¨µ´µ¢ É·¥¡Ê¥É  ·£Ê³¥´É Í¨¨.

„²Ö µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ Ö¤¥· ¢µ²´µ¢ Ö ËÊ´±Í¨Ö �Œ„
¨³¥¥É α-±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê ¨²¨ ¦¥, ¥¸²¨ Î¨¸²µ ¶·µÉµ´µ¢ ³¥´ÓÏ¥ Î¨¸² 
´¥°É·µ´µ¢, Î ¸ÉÓ ±² ¸É¥·µ¢ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸¨´£²¥É´Ò¥ ¶ ·Ò ´¥°É·µ´µ¢.
Š ÔÉµ³Ê ¢Ò¢µ¤Ê ¶·¨¢µ¤ÖÉ ¶µÉ¥´Í¨ ²Ò É¨¶  ¶µÉ¥´Í¨ ²  ‚µ²±µ¢ . �µÔÉµ³Ê,
ÎÉµ¡Ò µ¶¨¸ ÉÓ ¸Éµ²±´µ¢¥´¨Ö É ±¨Ì Ö¤¥·, ´¥µ¡Ìµ¤¨³µ ¶·¨¢²¥ÎÓ ÔËË¥±É¨¢´Ò¥
¸¥Î¥´¨Ö Ê¶·Ê£µ£µ ¨ ´¥Ê¶·Ê£µ£µ ¸Éµ²±´µ¢¥´¨° α- ¨ ¤¨´¥°É·µ´´ÒÌ ±² ¸É¥·µ¢.
…¸²¨ ¤²Ö ¸¥Î¥´¨° αα-· ¸¸¥Ö´¨Ö ¥¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, Éµ ¸¥Î¥´¨Ö
· ¸¸¥Ö´¨Ö ¸¨´£²¥É´ÒÌ ¤¨´¥°É·µ´µ¢ ¤µ²¦´Ò ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò É¥µ·¥É¨Î¥¸±¨.
‘µ¡¸É¢¥´´µ ´Ê±²µ´Ò ¶µÖ¢²ÖÕÉ¸Ö ¸ µ¶·¥¤¥²e´´µ° ¢¥·µÖÉ´µ¸ÉÓÕ ²¨ÏÓ ¶µ¸²¥
¶¥·¢µ£µ ¸Éµ²±´µ¢¥´¨Ö. Š·µ³¥ Éµ£µ, ´¥Ê¶·Ê£¨¥ ¸Éµ²±´µ¢¥´¨Ö ¶µ·µ¦¤ ÕÉ ¤¥°-
É·µ´´Ò¥, É·¨Éµ´´Ò¥ ¨ £¥²¨µ´´Ò¥ ±² ¸É¥·Ò. ‡ É¥³ µ´¨ ÊÎ ¸É¢ÊÕÉ ¢ ¶·µÍ¥¸¸¥
¢§ ¨³µ¤¥°¸É¢¨Ö ´ ·Ö¤Ê ¸ α-±² ¸É¥· ³¨ ¨ ¤¨´¥°É·µ´ ³¨. ‚ ¨Éµ£¥ ¶·µ¨¸Ìµ¤¨É
¸ÉµÌ ¸É¨§ Í¨Ö ¨ ¶·µÍ¥¸¸ ¶¥·¥¸É eÉ ¡ÒÉÓ ¤¥É¥·³¨´¨·µ¢ ´´Ò³.
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