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�¶·¥¤¥²¥´ ³ ¸¸μ¢Ò° ¸¶¥±É· μ·¡¨É ²Ó´ÒÌ ¨ · ¤¨ ²Ó´ÒÌ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ³¥§μ´μ¢,
¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±μ-²¥£±¨Ì ¨ ²¥£±μ-ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, ¸ ÊÎ¥Éμ³ ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¨ ´¥²μ± ²Ó´μ£μ
Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ Éμ²Ó±μ ÊÎ¥É ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨
´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ§¢μ²Ö¥É ¤μ¸É¨ÎÓ ¤²Ö ´ ±²μ´  ¨ ¶ · ³¥É·  ¶¥·¥¸¥Î¥-
´¨Ö ·¥¤¦¥-É· ¥±Éμ·¨¨ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¶·¥¤¥²¥´ 
§ ¢¨¸¨³μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í μÉ ³ ¸¸Ò ¸¢μ¡μ¤´μ£μ ¸μ¸ÉμÖ´¨Ö. �μ± -
§ ´μ, ÎÉμ ±μ£¤  ±¢ ·±¨ ²¥£±¨¥, · §´μ¸ÉÓ Éμ±μ¢ÒÌ ¨ ±μ´¸É¨ÉÊ¥´É´ÒÌ ³ ¸¸ ±¢ ·±μ¢ μ± §Ò¢ ¥É¸Ö ¢
´¥¸±μ²Ó±μ · § ¡μ²ÓÏ¥, Î¥³ Éμ±μ¢Ò¥ ³ ¸¸Ò ±¢ ·±μ¢, ¥¸²¨ ±¢ ·±¨ ÉÖ¦¥²Ò¥, Éμ · §´μ¸ÉÓ ÔÉ¨Ì ³ ¸¸
´¥§´ Î¨É¥²Ó´ . �·¥¤²μ¦¥´ μ¤¨´ ¨§  ²ÓÉ¥·´ É¨¢´ÒÌ ¢ ·¨ ´Éμ¢ ÊÎ¥É  ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¶·¨ μ¶·¥¤¥²¥´¨¨ ¸¢μ°¸É¢  ¤·μ´μ¢ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ. �¶·¥¤¥²¥´  § ¢¨¸¨³μ¸ÉÓ
±μ´¸É¨ÉÊ¥´É´ÒÌ ³ ¸¸ μÉ · ¤¨Ê¸  ±μ´Ë °´³¥´É .

Taking into account relativistic and nonlocal character of interactions, the mass spectrum of the
mesons consisting of the light-light and light-heavy quarks with orbital and radial excitations, is deter-
mined. Our results show that good agreement with the experimental data for the slope and the intercept
of the Regge trajectory can be obtained, only taking into account the nonperturbative and the nonlocal
character of interactions. Dependence of constituent mass of constituent particles on mass of a free
state is certain. When quarks are light the difference of current and valent masses of quarks is greater
than valent masses of quarks, and when quarks are heavy the difference of these masses is insigniˇcant.
One of alternative variants of the account of nonlocality is suggested for the deˇnition of properties of
hadrons at large distances. Dependence of constituent mass on the radius of conˇnement is studied.
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�¶¨¸ ´¨¥ ³ ¸¸μ¢μ£μ ¸¶¥±É·   ¤·μ´μ¢ ¸ μ·¡¨É ²Ó´Ò³¨ ¨ · ¤¨ ²Ó´Ò³¨ ¢μ§¡Ê¦¤¥´¨-
Ö³¨ Ö¢²Ö¥É¸Ö μ¤´μ° ¨§ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶·μ¡²¥³ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. ‚ ´ ¸ÉμÖÐ¨°
³μ³¥´É ¸ÊÐ¥¸É¢ÊÕÉ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ó´Ò¥ ³μ¤¥²¨ ±¢ ·±μ¢ [1Ä3], ±μÉμ-
·Ò¥ Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ ³ ¸¸μ¢Ò° ¸¶¥±É·  ¤·μ´μ¢. �¤´ ±μ ¡μ²ÓÏ¨´¸É¢μ ÔÉ¨Ì ³μ¤¥²¥°
¢ μ¸´μ¢´μ³ ¸μ¤¥·¦¨É ³´μ£μÎ¨¸²¥´´Ò¥ ¶ · ³¥É·Ò, ³´μ£¨¥ ¨§ ±μÉμ·ÒÌ Ë¨§¨Î¥¸±¨ ´¨± ±
´¥ μ¡μ¸´μ¢ ´Ò, ²¨¡μ ÔÉ¨ ³μ¤¥²¨ μ£· ´¨Î¨¢ ÕÉ¸Ö μ¶¨¸ ´¨¥³ Éμ²Ó±μ ±μ´±·¥É´ÒÌ ¸²ÊÎ ¥¢.
Š·μ³¥ Éμ£μ, Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ³μ¤¥²¨ ±¢ ·±μ¢ ¢ μ¸´μ¢´μ³ μ¶¨¸Ò¢ ÕÉ Ë¨§¨±Ê  ¤·μ-
´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ [1]. �·¨ ¨§ÊÎ¥´¨¨ ¸¢μ°¸É¢  ¤·μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§
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²¥£±¨Ì ±¢ ·±μ¢, É·¥¡Ê¥É¸Ö ÊÎ¥É ·¥²ÖÉ¨¢¨¸É¸±μ£μ, ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì -
· ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö. Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ μÉ¸ÊÉ¸É¢Ê¥É μ¡Ð¥¶·¨´ÖÉÒ° ·¥Í¥¶É ÊÎ¥É 
·¥²ÖÉ¨¢¨¸É¸±μ£μ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ³μ¤¥-
²ÖÌ ±¢ ·±μ¢. ‚ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ³μ¤¥²¨ ±¢ ·±μ¢, É. ¥. ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ Ê· ¢´¥´¨¨
˜·¥¤¨´£¥·  (“˜), ´ ·ÊÏ ¥É¸Ö Ê¸²μ¢¨¥ ·¥²ÖÉ¨¢¨¸É¸±μ° ¨´¢ ·¨ ´É´μ¸É¨ [4]. ƒ ³¨²Ó-
Éμ´¨ ´, ¢Ò¶μ²´ÖÕÐ¨° Ê¸²μ¢¨¥ ·¥²ÖÉ¨¢¨¸É¸±μ° ¨´¢ ·¨ ´É´μ¸É¨ ¤²Ö ¸¢μ¡μ¤´μ° Î ¸É¨ÍÒ,
¨³¥¥É ¢¨¤

Hrel =
√
−�2c2∇2 + m2c4.

�¤´ ±μ ¨§ “˜ ¸ ÔÉ¨³ £ ³¨²ÓÉμ´¨ ´μ³ μ¶·¥¤¥²¨ÉÓ ¸μ¡¸É¢¥´´μ¥ §´ Î¥´¨¥ ¨ ¢μ²´μ¢ÊÕ
ËÊ´±Í¨Õ ¸ ÉμÎ±¨ §·¥´¨Ö ³ É¥³ É¨Î¥¸±μ£μ ¢ÒÎ¨¸²¥´¨Ö ¶μÎÉ¨ ´¥¢μ§³μ¦´μ. …¸²¨ · §-
²μ¦¨ÉÓ ±μ·¥´Ó ¢ ·Ö¤, Éμ ³Ò ¶μ²ÊÎ¨³ Ê· ¢´¥´¨¥, ¸μ¤¥·¦ Ð¥¥ ¢¸¥ ¸É¥¶¥´¨ μ¶¥· Éμ· 
¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö, ¸²¥¤μ¢ É¥²Ó´μ, É¥μ·¨Ö ¸É ´μ¢¨É¸Ö ´¥²μ± ²Ó´μ° [4]. �·¨ μ¶·¥¤¥²¥-
´¨¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸É ´¤ ·É´μ° Š’� μ¡ÒÎ´μ ¸É ²±¨¢ -
ÕÉ¸Ö ¸ ·¥Ï¥´¨¥³ ¨´É¥£· ²Ó´μ£μ Ê· ¢´¥´¨Ö É¨¶  Ê· ¢´¥´¨Ö 	¥É¥Ä‘μ²¶¨É¥·  ¸ ¶·μ¨§¢μ²Ó-
´Ò³ Ö¤·μ³. Šμ´¥Î´μ, ´ °É¨ ·¥Ï¥´¨¥ É ±μ£μ Ê· ¢´¥´¨Ö μÎ¥´Ó ¸²μ¦´μ. �μÔÉμ³Ê μ¶¨¸ ´¨¥
¸¢μ°¸É¢ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ ÊÎ¥Éμ³ ·¥²ÖÉ¨¢¨¸É¸±μ£μ, ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó-
´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö É·¥¡Ê¥É μ¸μ¡μ£μ · ¸¸³μÉ·¥´¨Ö. ‚ Š•„ ¤μ ´¥¤ ¢´¥£μ ¢·¥-
³¥´¨ Éμ²Ó±μ ¢ · ³± Ì ³¥Éμ¤  ¶· ¢¨² ¸Ê³³ [5] ¨¸¶μ²Ó§μ¢ ²¨ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò°
Ö§Ò± ±μ´¤¥´¸ Éμ¢, ÎÉμ¡Ò μ¶¨¸ ÉÓ ¢±² ¤ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö.
�¤´ ±μ ¤²Ö μ¶¨¸ ´¨Ö ¡μ²ÓÏ¨´¸É¢  Ö¢²¥´¨°, ¢μ§´¨± ÕÐ¨Ì ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ, ÔÉμÉ
³¥Éμ¤ μ± §Ò¢ ¥É¸Ö ´¥¤μ¸É ÉμÎ´Ò³. ‚ · ¡μÉ¥ [6], £¤¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¶·¥¤¸É ¢²¥´¨¥ ”μ± Ä
”¥°´³ ´ Ä˜¢¨´£¥· , ¶·¥¤²μ¦¥´ μ¤¨´ ¨§ ³¥Éμ¤μ¢ ÊÎ¥É  ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ Ì · ±É¥· 
¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö μ¶¨¸ ´¨Ö ¸¢μ°¸É¢ ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö. �¸´μ¢μ°
³¥Éμ¤  Ö¢²Ö¥É¸Ö ¶·¨³¥´¥´¨¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° ËÊ´±Í¨¨ ƒ·¨´  ¤²Ö ¡¥²ÒÌ μ¡Ñ-
¥±Éμ¢, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¸ ¶μ³μÐÓÕ ¨´É¥£· ²μ¢ ¶μ ¶ÊÉÖ³ [7]. Š²ÕÎ¥¢Ò³ ³μ-
³¥´Éμ³ ¤ ´´μ£μ ¶μ¤Ìμ¤  Ö¢²Ö¥É¸Ö ¢ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ² . Šμ´¥Î´μ, ÔÉμÉ
¨´É¥£· ² ¢ μ¡Ð¥³ ¢¨¤¥ ´¥ ¢ÒÎ¨¸²Ö¥É¸Ö, ¥£μ ¢ÒÎ¨¸²¥´¨¥ ¢μ§³μ¦´μ Éμ²Ó±μ ¶·¨ ´¥±μÉμ·ÒÌ
Ë¨§¨Î¥¸±¨Ì ¶·¥¤¶μ²μ¦¥´¨ÖÌ. ‚ · ¡μÉ¥ [8] ¶·¥¤²μ¦¥´ μ¤¨´ ¨§  ²ÓÉ¥·´ É¨¢´ÒÌ ¢ ·¨ ´Éμ¢
¢ÒÎ¨¸²¥´¨Ö ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ²  ¨ μ¶·¥¤¥²¥´  ³ ¸¸  £²Õ¡μ² . ‚ ¤ ´´μ° · ¡μÉ¥ ¸
ÊÎ¥Éμ³ ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ÒÎ¨¸²Ö¥É¸Ö ³ ¸¸μ¢Ò°
¸¶¥±É· ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±μ-²¥£±¨Ì ¨ ²¥£±μ-ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, ¸ μ·¡¨É ²Ó´Ò³¨ ¨
· ¤¨ ²Ó´Ò³¨ ¢μ§¡Ê¦¤¥´¨Ö³¨, É ±¦¥ μ¶·¥¤¥²¥´  § ¢¨¸¨³μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò ¸μ-
¸É ¢²ÖÕÐ¨Ì μÉ ³ ¸¸ ¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö. ‚ÒÎ¨¸²¥´Ò ´ ±²μ´ ¨ ¶ · ³¥É· ¶¥·¥¸¥Î¥´¨Ö
·¥¤¦¥-É· ¥±Éμ·¨¨ ¤²Ö μ·¡¨É ²Ó´μ£μ ¨ · ¤¨ ²Ó´μ£μ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°. �μ²ÊÎ¥´-
´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨.

1. ���…„…‹…�ˆ… Œ�‘‘�‚�ƒ� ‘�…Š’�� �…‹Ÿ’ˆ‚ˆ‘’‘Š�ƒ�
‘‚Ÿ‡����ƒ� ‘�‘’�Ÿ�ˆŸ, ‘�‘’�Ÿ™…ƒ� ˆ‡ n —�‘’ˆ–

� ¸¸³μÉ·¨³ ¢§ ¨³μ¤¥°¸É¢¨¥ n § ·Ö¦¥´´ÒÌ ¸± ²Ö·´ÒÌ Î ¸É¨Í ¢μ ¢´¥Ï´¥³ ± ²¨¡·μ¢μÎ-
´μ³ ¶μ²¥. Œ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö μ¶·¥¤¥²¨³ ´  μ¸´μ¢¥ ¨¸¸²¥¤μ¢ ´¨Ö  ¸¨³¶ÉμÉ¨Î¥-
¸±μ£μ ¶μ¢¥¤¥´¨Ö ËÊ´±Í¨¨ ¶μ²Ö·¨§ Í¨μ´´μ° ¶¥É²¨ ¤²Ö n § ·Ö¦¥´´ÒÌ ¸± ²Ö·´ÒÌ Î ¸É¨Í
¢μ ¢´¥Ï´¥³ ± ²¨¡·μ¢μÎ´μ³ ¶μ²¥. ”Ê´±Í¨Ö ¶μ²Ö·¨§ Í¨μ´´μ° ¶¥É²¨ ¤²Ö n ¸± ²Ö·´ÒÌ
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Î ¸É¨Í § ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Π(x − y) = 〈Gm1(x, y|A)Gm2 (y, x|A)Gm3(x, y|A) . . . Gmn(x, y|A)〉A. (1.1)

‡¤¥¸Ó ¶·μ¢μ¤¨É¸Ö Ê¸·¥¤´¥´¨¥ ¶μ ¢´¥Ï´¥³Ê ± ²¨¡·μ¢μÎ´μ³Ê ¶μ²Õ Aα(x). ”Ê´±Í¨Ö ƒ·¨´ 
Gm(x, y|A) ¤²Ö ¸± ²Ö·´μ° Î ¸É¨ÍÒ ¢μ ¢´¥Ï´¥³ ± ²¨¡·μ¢μÎ´μ³ ¶μ²¥ μ¶·¥¤¥²Ö¥É¸Ö ¨§
Ê· ¢´¥´¨Ö: [(

i
∂

∂xα
+

g

c�
Aα(x)

)2

+
c2m2

�2

]
Gm(x, y|A) = δ(x − y), (1.2)

£¤¥ m Å ³ ¸¸  ¸± ²Ö·´μ° Î ¸É¨ÍÒ,   g Å ±μ´¸É ´É  ¸¢Ö§¨. �·¨ Ê¸·¥¤´¥´¨¨ ¶μ ¢´¥Ï´¥³Ê
± ²¨¡·μ¢μÎ´μ³Ê ¶μ²Õ Aα(x) μ£· ´¨Î¨¢ ¥³¸Ö Éμ²Ó±μ ´¨§Ï¨³ ¶μ·Ö¤±μ³, É. ¥. ÊÎ¨ÉÒ¢ ¥³
Éμ²Ó±μ ¤¢ÊÌÉμÎ¥Î´Ò° £ Ê¸¸μ¢ ±μ··¥²ÖÉμ·:〈

exp
{

i

∫
dxAα(x)Jα(x)

}〉
A

= exp
{
−1

2

∫∫
dx dyJα(x)Dαβ(x − y)Jβ(y)

}
. (1.3)

‡¤¥¸Ó Jα(x) Å ·¥ ²Ó´Ò° Éμ±,   ¶·μ¶ £ Éμ· Dαβ(x − y) ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö:

Dαβ(x − y) = 〈Aα(x)Aβ(y)〉A. (1.4)

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (1.2) ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ²  (¤¥É ²¨
¸³. ¢ [9]):

Gm(x, y/A) =

=

∞∫
0

ds

(4πs)2
exp

{
−sm2 − (x − y)2

4s

}∫
dσB exp

⎧⎨⎩ig

∞∫
0

dξ
∂Zα(ξ)

∂ξ
Aα(ξ)

⎫⎬⎭ . (1.5)

�μ¤¸É ¢²ÖÖ (1.5) ¢ (1.1) ¨ ¶·μ¢μ¤Ö Ê¸·¥¤´¥´¨¥ ¶μ ¢´¥Ï´¥³Ê Ëμ´μ¢μ³Ê ¶μ²Õ Aα(x) ¤²Ö
ËÊ´±Í¨¨-¶¥É²¨, ¨³¥¥³

Π(x) =
∫ ∞∫

0

· · ·
∞∫
0

dμ1dμ2 · · · dμn

(8π2x)n
J(μ1, μ2, . . . , μn)×

× exp
{
−|x|

2

(
m2

1

μ1
+ μ1

)
− |x|

2

(
m2

2

μ2
+ μ2

)
− . . . − |x|

2

(
m2

n

μn
+ μn

)}
. (1.6)

‡¤¥¸Ó

J(μ1, μ2, . . . , μn) = N1N2 · · ·Nn

∫∫
· · ·
∫

δr1δr2 · · · δrn×

× exp

⎧⎨⎩−1
2

x∫
0

dτ
[
μ1ṙ2

1(τ) + μ2ṙ2
2(τ) + . . . + μnṙ2

n(τ)
]⎫⎬⎭×

× exp

⎧⎨⎩−W1,1 − W2,2 − . . . − Wn,n + 2
n∑

i,j=1;i�=j

Wi,j

⎫⎬⎭ , (1.7)
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£¤¥

Wi,j = (−1)i+j g2

2

∫ x∫
0

dτ1 dτ2Ż
(i)
α (τ1)Dαβ

{
Z(i)(τ1) − Z(j)(τ2)

}
Ż

(j)
β (τ2). (1.8)

ŒÒ μ¶·¥¤¥²¨²¨ ËÊ´±Í¨Õ-¶¥É²Õ ¤²Ö n ¸± ²Ö·´ÒÌ Î ¸É¨Í ¸ ³ ¸¸ ³¨ m1, m2, . . . , mn,
±μÉμ·Ò¥ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ³¥¦¤Ê ¸μ¡μ° μ¡³¥´´Ò³ ± ²¨¡·μ¢μÎ´Ò³ ¶μ²¥³. ‘ÊÐ¥¸É¢Ê¥É
¤¢  É¨¶  ¢§ ¨³μ¤¥°¸É¢¨°: ¶¥·¢μ¥ Å ¢§ ¨³μ¤¥°¸É¢¨¥ ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í ¶μ¸·¥¤¸É¢μ³
± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö, ¢±² ¤ ±μÉμ·μ£μ μ¶·¥¤¥²Ö¥É¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ Wi,j (j �= i), ¢Éμ-
·μ¥ Å ¢§ ¨³μ¤¥°¸É¢¨¥ ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í ¸ ³¨Ì ¸ ¸μ¡μ°, É. ¥. ¤¨ £· ³³  ¸μ¡¸É¢¥´´μ°
Ô´¥·£¨¨, ¢±² ¤ ±μÉμ·μ° μ¶·¥¤¥²Ö¥É¸Ö W1,1, W2,2, . . . , Wn,n. ‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥
¢¥²¨Î¨´  Wi,j (j �= i) ¸μμÉ¢¥É¸É¢Ê¥É ¶μÉ¥´Í¨ ²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³,   W1,1, W2,2, . . . ,
Wn,n ¸μμÉ¢¥É¸É¢ÊÕÉ ´¥¶μÉ¥´Í¨ ²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ¢±² ¤ ¢
³ ¸¸Ê ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨ (¤¥É ²¨ ¸³. ¢ [10]). ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ËÊ´±Í¨μ´ ²Ó´Ò°
¨´É¥£· ² (1.7) ¶μÌμ¦ ´  Ë¥°´³ ´μ¢¸±¨° ¨´É¥£· ² ¶μ É· ¥±Éμ·¨Ö³ ¤²Ö ¤¢¨¦¥´¨Ö n ¸± -
²Ö·´ÒÌ Î ¸É¨Í ¸ ³ ¸¸ ³¨ μ1, μ2, . . . , μn ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥ [11].
‚§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ÔÉ¨³¨ Î ¸É¨Í ³¨ μ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (1.8), ±μÉμ·μ¥ ¸μ¤¥·-
¦¨É ± ± ¶μÉ¥´Í¨ ²Ó´Ò¥, É ± ¨ ´¥¶μÉ¥´Í¨ ²Ó´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.

� Ï¥° § ¤ Î¥° Ö¢²Ö¥É¸Ö μ¶·¥¤¥²¥´¨¥ ³ ¸¸Ò ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ ÊÎ¥Éμ³ ·¥²ÖÉ¨-
¢¨¸É¸±μ° ¨´¢ ·¨ ´É´μ¸É¨. Œ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö μ¡ÒÎ´μ μ¶·¥¤¥²ÖÕÉ Î¥·¥§ ËÊ´±-
Í¨Õ-¶¥É²Õ Π(x) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

M = − lim
x→∞

ln Π(x)
x

. (1.9)

ˆ§ (1.9) ¢¨¤´μ, ÎÉμ ¤²Ö μ¶·¥¤¥²¥´¨Ö ³ ¸¸Ò ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¶·¥¦¤¥ ¢¸¥£μ ´ ³ ´Ê¦´μ
μ¶·¥¤¥²¨ÉÓ ËÊ´±Í¨Õ-¶¥É²Õ Π(x) ¢  ¸¨³¶ÉμÉ¨±¥ |x| → ∞. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¸μ£² ¸´μ
(1.8), £ ³¨²ÓÉμ´¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö n-¸± ²Ö·´ÒÌ Î ¸É¨Í ¸ ³ ¸¸ ³¨ μ1, μ2, . . . , μn § ¶¨-
¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

H =
1

2μ1
P2

1 +
1

2μ2
P2

2 + . . . +
1

2μn
P2

n + V (r1, r2, . . . , rn), (1.10)

£¤¥ V (r1, r2, . . . , rn) Å ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ·Ò° ¢Ò· ¦ ¥É¸Ö Î¥·¥§ Wi,j . …¸²¨
E(μ1, μ2, . . . , μn) Ö¢²ÖÕÉ¸Ö ¸μ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ £ ³¨²ÓÉμ´¨ ´  (1.10), Éμ ¨´É¥£· ²,
¶·¥¤¸É ¢²¥´´Ò° ¢ (1.7), ¢  ¸¨³¶ÉμÉ¨±¥ |x| → ∞ ³μ¦´μ § ¶¨¸Ò¢ ÉÓ ¢ ¢¨¤¥

lim
|x|→∞

J(μ1, μ2, . . . , μn) = exp{−xE(μ1, μ2, . . . , μn)}. (1.11)

‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ¨´É¥£· ², ¶·¥¤¸É ¢²¥´´Ò° ¢ (1.6), ¢ÒÎ¨¸²Ö¥É¸Ö ³¥Éμ¤μ³ ¶¥·¥¢ ² ,
Éμ£¤  ¨§ (1.9) ¤²Ö ³ ¸¸Ò ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¶μ²ÊÎ ¥³

M =
1
2

min
μ1,μ2,...,μn

{
m2

1

μ1
+ μ1 +

m2
2

μ2
+ μ2 + . . . +

m2
n

μn
+ μn + 2E(μ1, μ2, . . . , μn)

}
, (1.12)

  ¤²Ö μj ¨³¥¥³ ¸²¥¤ÊÕÐÊÕ ¸¨¸É¥³Ê Ê· ¢´¥´¨Ö:

μj −
m2

j

μj
+ 2μj

dE(μ1, μ2, . . . , μn)
dμj

= 0; j = 1, 2, . . . , n. (1.13)
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� · ³¥É·Ò μ1, μ2, . . . , μn · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ³ ¸¸Ò ¸μ¸É ¢²ÖÕÐ¨Ì ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ-
´¨¨. �É¨ ³ ¸¸Ò μÉ²¨Î ÕÉ¸Ö μÉ m1, m2, . . . , mn Å ³ ¸¸ ¨¸Ìμ¤´μ£μ (¸¢μ¡μ¤´μ£μ) ¸μ¸ÉμÖ´¨Ö.
‘¨¸É¥³  Ê· ¢´¥´¨Ö, ¶·¥¤¸É ¢²¥´´ Ö ¢ (1.13), ¶·¨ ±μ´±·¥É´ÒÌ §´ Î¥´¨ÖÌ n μ¶·¥¤¥²Ö¥É¸Ö
 ´ ²¨É¨Î¥¸±¨, ¢ Î ¸É´μ¸É¨, ¤²Ö n = 2 ¨³¥¥³

M = μ1 + μ2 + M2
dE

dM2
+ E(M2);

1
M2

=
1
μ1

+
1
μ2

;

μ1 =
√

m2
1 − 2M2

2

dE

dM2
; μ2 =

√
m2

2 − 2M2
2

dE

dM2
.

(1.14)

’ ±¨³ μ¡· §μ³, ³Ò ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ ³ ¸¸Ê ¨ ±μ´¸É¨ÉÊ¥´É´ÊÕ ³ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸-
ÉμÖ´¨Ö ¸ ÊÎ¥Éμ³ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢.

2. ���…„…‹…�ˆ… Œ�‘‘�‚�ƒ� ‘�…Š’�� Œ…‡���‚,
‘�‘’�Ÿ™ˆ• ˆ‡ ‹…ƒŠ�-‹…ƒŠˆ• ˆ ‹…ƒŠ�-’Ÿ†…‹›• Š‚��Š�‚

�¶·¥¤¥²¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ² . ‡ ¶¨· ´¨¥ Í¢¥É´ÒÌ § -
·Ö¤μ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ²¨´¥°´μ · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ² . �¶·¥¤¥²¨³ E(M2) Å
Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ²¨´¥°´μ · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ²  ¸ ÊÎ¥Éμ³ μ·¡¨É ²Ó´μ£μ ¨ · ¤¨ ²Ó-
´μ£μ ¢μ§¡Ê¦¤¥´¨°: [

1
2M2

P2 + σ · r
]

Ψ = E(M2)Ψ, (2.1)

£¤¥ σ Å ´ ÉÖ¦¥´¨¥ ¸É·Ê´Ò. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¨ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö ¨§
“˜ ¢ · ³± Ì ³¥Éμ¤  �� [8,12]. �·¥¦¤¥ ¢¸¥£μ, ¶¥·¥Ìμ¤¨³ ± d-³¥·´μ³Ê ¢¸¶μ³μ£ É¥²Ó´μ³Ê
¶·μ¸É· ´¸É¢Ê Rd,   £ ³¨²ÓÉμ´¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¥¤¸É ¢¨³ ¢ ´μ·³ ²Ó´μ° Ëμ·³¥ ¶μ
μ¶¥· Éμ· ³ ·μ¦¤¥´¨Ö a+ ¨ Ê´¨ÎÉμ¦¥´¨Ö a (¤¥É ²¨ ¸³. ¢ [12]):

H = H0 + ε0(E) + HI , (2.2)

£¤¥ H0 Å £ ³¨²ÓÉμ´¨ ´ ¸¢μ¡μ¤´μ£μ μ¸Í¨²²ÖÉμ· :

H0 = ω(a+
j aj), (2.3)

  Ô´¥·£¨Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ε0(E) ¢ Rd ¨³¥¥É ¢¨¤

ε0(E) =
dω

4
− 4ρ2M2E

ω2ρ−1

Γ(d/2 + 2ρ − 1)
Γ(d/2)

+
4ρ2M2σ

ω3ρ−1

Γ(d/2 + 3ρ − 1)
Γ(d/2)

(2.4)

¨ HI Å £ ³¨²ÓÉμ´¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö Å ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ´μ·³ ²Ó´μ° Ëμ·³¥:

HI =

∞∫
0

dx

∫ (
dη√
π

)d

e−η2(1+x) : e−i
√

xω(qη)
2 :

[
4ρ2M2

ω3ρ−1

σx−3ρ

Γ(1 − 3ρ)
− 4ρ2M2

ω2ρ−1

Ex−2ρ

Γ(1 − 2ρ)

]
,

(2.5)

£¤¥ ¢¢¥¤¥´μ μ¡μ§´ Î¥´¨¥: e−x
2 = e−x − 1 + x − x2

2
. ‡¤¥¸Ó : × : Ö¢²Ö¥É¸Ö ¸¨³¢μ²μ³ ´μ·-

³ ²Ó´μ£μ Ê¶μ·Ö¤μÎ¥´¨Ö,   ηj ¨ qj Å ¢¥±Éμ·Ò d-³¥·´μ£μ ¢¸¶μ³μ£ É¥²Ó´μ£μ ¶·μ¸É· ´¸É¢ 
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Rd; · §³¥·´μ¸ÉÓ ¢¸¶μ³μ£ É¥²Ó´μ£μ ¶·μ¸É· ´¸É¢  d · ¢´  d = 2 + 2ρ + 4ρ�, ρ Å ¢ ·¨ -
Í¨μ´´Ò° ¶ · ³¥É·, ±μÉμ·Ò° ¸¢Ö§ ´ ¸  ¸¨³¶ÉμÉ¨Î¥¸±¨³ ¶μ¢¥¤¥´¨¥³ ¢μ²´μ¢μ° ËÊ´±Í¨¨.
�¶·¥¤¥²¨³ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¸ μ·¡¨É ²Ó´Ò³ ¨ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨Ö³¨. ‚ ��
Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¸ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨¥³ μ¶·¥¤¥²Ö¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ (¤¥-
É ²¨ ¸³. ¢ [12]):

εnr(E) = 〈nr|H |nr〉 = ε0(E) + 2nrω + 〈nr|HI |nr〉. (2.6)

Œ É·¨Î´Ò° Ô²¥³¥´É 〈nr|HI |nr〉 ¨³¥¥É ¢¨¤

〈nr|HI |nr〉 = −4ρ2E M2

ω2ρ−1

Γ(d/2 + 2ρ − 1)
Γ(d/2)

B̃ +
4ρ2 M2σ

ω3ρ−1

Γ(d/2 + 3ρ− 1)
Γ(d/2)

C̃. (2.7)

„¥É ²¨ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  (2.7) ¶·¨¢¥¤¥´Ò ¢ ¶·¨²μ¦¥´¨¨ �,   ¶ · ³¥É·Ò
B̃ ¨ C̃ ¶·¥¤¸É ¢²¥´Ò ¢ (A.3) ¨ (A.4) ¸μμÉ¢¥É¸É¢¥´´μ. ‘μ£² ¸´μ ³¥Éμ¤Ê ��, Ô´¥·£¥É¨Î¥¸±¨°
¸¶¥±É· ¨¸Ìμ¤´μ£μ “˜ ¨ Î ¸ÉμÉ  μ¸Í¨²²ÖÉμ·  μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° [12]:⎧⎨⎩ ε(E) = 0,

∂ε0(E)
∂ω

= 0.
(2.8)

�·¥¦¤¥ ¢¸¥£μ, μ¶·¥¤¥²¨³ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¸ μ·¡¨É ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨¥³. ’μ£¤ ,
ÊÎ¨ÉÒ¢ Ö (2.4), ¨§ (2.8), ¤²Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¨³¥¥³

E(�, 0) =
3
2

σ2/3

M
1/3
2

min
ρ

[
Γ(2 + ρ + 2ρ�)Γ2(4ρ + 2ρ�)

4ρ2Γ3(3ρ + 2ρ�)

]1/3

. (2.9)

‚ ÔÉμ³ ¸²ÊÎ ¥, ÊÎ¨ÉÒ¢ Ö (2.9), ¨§ (1.14), ¶μ²ÊÎ ¥³ ³ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö:

M(�, 0) = 2
√

σ

[
Γ2(4ρ + 2ρ�)Γ(2 + ρ + 2ρ�)

ρ2Γ3(3ρ + 2ρ�)

]1/4

. (2.10)

ŒÒ  ´ ²¨É¨Î¥¸±¨ μ¶·¥¤¥²¨²¨ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¨ ³ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸
μ·¡¨É ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨¥³ ¤²Ö · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ² . �μ¸²¥ ´¥±μÉμ·ÒÌ Ê¶·μÐ¥´¨° ¤²Ö
Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¸ μ·¡¨É ²Ó´Ò³ ¨ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨Ö³¨ ¶μ²ÊÎ ¥³

E(�, nr) =
σ2/3

M
1/3
2

min
ρ

[
D3

4Γ(2 + ρ + 2ρ�)Γ2(4ρ + 2ρ�)
32ρ2Γ3(3ρ + 2ρ�)D1

]1/3

. (2.11)

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

D1 =
ρ + (3ρ − 1)B̃ − (2ρ − 1)C̃

ρ + (2ρ − 1)
2nr

1 + ρ + 2ρ�
+

1
2
B̃

, D3 =
1 + C̃

1 + B̃
,

D2 =
(

1 +
4nr

1 + ρ + 2ρ�

)
1

1 + B̃
, D4 = D2D1 + 2D3.

(2.12)
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‚ ÔÉμ³ ¸²ÊÎ ¥, ¸μ£² ¸´μ (1.14), ³ ¸¸  ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¢ ¢¨¤¥

M(�, nr) = 2
√

σ

[
Γ2(4ρ + 2ρ�)Γ(2 + ρ + 2ρ�)D3

4

27D1ρ2Γ3(3ρ + 2ρ�)

]1/4

. (2.13)

’ ±¨³ μ¡· §μ³, ³Ò  ´ ²¨É¨Î¥¸±¨ μ¶·¥¤¥²¨²¨ ³ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ μ·¡¨É ²Ó´Ò³
¨ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨Ö³¨ ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±¨Ì ±¢ ·±μ¢, ¤²Ö · ¸ÉÊÐ¥£μ

¶μÉ¥´Í¨ ²  ¶·¨ Ê¸²μ¢¨¨
mu√

σ
∼=

md√
σ
	 1, £¤¥ mu ¨ md Å ³ ¸¸Ò ²¥£±¨Ì ±¢ ·±μ¢.

’¥¶¥·Ó μ¶·¥¤¥²¨³ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¶μÉ¥´Í¨ ²  Šμ·´¥²²  ¸ ÊÎ¥Éμ³ μ·¡¨É ²Ó-
´μ£μ ¨ · ¤¨ ²Ó´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ¨§ “˜:[

1
2M2

P2 + σ · r − 4
3

αs

r

]
Ψ = E(M2)Ψ. (2.14)

�·μ¢μ¤Ö ¢ÒÎ¨¸²¥´¨Ö,  ´ ²μ£¨Î´Ò¥ ¶·μ¤¥² ´´Ò³ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, μ¶·¥¤¥²¨³
Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¸ μ·¡¨É ²Ó´Ò³ ¨ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨Ö³¨:

E(�, nr)√
σ

= min
ρ

⎡⎢⎢⎣ z2

8xρ2

Γ(2 + ρ + 2ρ�)
Γ(3ρ + 2ρ�)

1 +
4nr

1 + ρ + 2ρ�

1 + B̃
+

1
z
Γ(4ρ + 2ρ�)×

×Γ(3ρ + 2ρ�)
1 + C̃

1 + B̃
− 4αsz

3
Γ(2ρ + 2ρ�)Γ(3ρ + 2ρ�)

1 + D̃

1 + B̃

]
, (2.15)

¶ · ³¥É· z μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

z3 − z2x
16αsρ

2

3
Γ(2ρ + 2ρ�)

Γ(2 + ρ + 2ρ�)
[ρ + (2ρ − 1)D̃ − (ρ − 1)B̃][

ρ + (2ρ − 1)
2nr

1 + ρ + 2ρ�
+

1
2
B̃

]−
− 4xρ2 Γ(4ρ + 2ρ�)

Γ(2 + ρ + 2ρ�)
[ρ + (3ρ − 1)B̃ − (2ρ − 1)C̃][

ρ + (2ρ − 1)
nr

1 + ρ + 2ρ�
+

1
2
B̃

] = 0, (2.16)

Ö¢´Ò° ¢¨¤ ¶ · ³¥É·μ¢ B̃, C̃ ¨ D̃ ¶·¨¢¥¤¥´ ¢ ¶·¨²μ¦¥´¨¨ �. Œ ¸¸  ¨ ±μ´¸É¨ÉÊ¥´É´ Ö
³ ¸¸  ¶ · ³¥É·¨§μ¢ ´Ò ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

M2 =
√

σx, M = 2M2 + E. (2.17)

  ¶ · ³¥É· x μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

2 +
∂

∂x

(
E√
x

)
= 0. (2.18)
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�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ±¢ ¤· É  ³ ¸¸ ³¥§μ´μ¢,
¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±μ-²¥£±¨Ì ±¢ ·±μ¢, μ¶·¥-

¤¥²¥´´ÒÌ ¢ ¥¤¨´¨Í Ì σ, μÉ � ¶·¨ §´ Î¥´¨¨
nr = 0, . . . , 4. ‘¶²μÏ´Ò¥ ²¨´¨¨ ¸μμÉ¢¥É-

¸É¢ÊÕÉ · ¸ÉÊÐ¥³Ê ¶μÉ¥´Í¨ ²Ê,   ÏÉ·¨Ìμ-

¢Ò¥ Å ¶μÉ¥´Í¨ ²Ê Šμ·´¥²² 

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ ±¢ -
¤· É  ³ ¸¸μ¢μ£μ ¸¶¥±É·  μÉ μ·¡¨É ²Ó´μ£μ ±¢ ´-
Éμ¢μ£μ Î¨¸²  ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ · ¤¨-
 ²Ó´μ£μ ±¢ ´Éμ¢μ£μ Î¨¸²  nr = 0, . . . , 4, £¤¥
±μ´¸É ´É  ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö αs = 0,39.
ˆ§ (2.10), (2.13) ¨ (2.15) ¢¨¤´μ, ÎÉμ Ô´¥·£¥É¨-
Î¥¸±¨° ¸¶¥±É· ¨ ³ ¸¸  ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö
μ¶·¥¤¥²¥´Ò ¢ ¥¤¨´¨Í Ì

√
σ, £¤¥ σ Å ´ ÉÖ-

¦¥´¨¥ ¸É·Ê´Ò. �μ ³´μ£μÎ¨¸²¥´´Ò³ ·¥§Ê²ÓÉ -
É ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ ·¥Ï¥ÉμÎ´ÒÌ ¤ ´´ÒÌ
§´ Î¥´¨¥ ´ ÉÖ¦¥´¨Ö ¸É·Ê´Ò ¸μ¸É ¢²Ö¥É σ =
0,19 ƒÔ‚2. �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ � � 5 § ¢¨¸¨-
³μ¸ÉÓ M2/σ μÉ � Ö¢²Ö¥É¸Ö ²¨´¥°´μ° ¨ ³μ¦¥É
¡ÒÉÓ  ¶¶·μ±¸¨³¨·μ¢ ´  ¤²Ö · ¸ÉÊÐ¥£μ ¶μÉ¥´-
Í¨ ² :

M2(�, 0)
σ

= 8� + 3,5π, (2.19)

¤²Ö ¶μÉ¥´Í¨ ²  Šμ·´¥²² :

M2(�, 0)
σ

= 8� + 2,64π, (2.20)

� · ³¥É· ´ ±²μ´  �¥¤¦¥ �-É· ¥±Éμ·¨¨ ¶·¨ � � 5 Ô±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²¥´ ¢ [13Ä19]
¨ · ¢¥´

α′
L(exp) = (0,81 ± 0,01) ƒÔ‚−2, (2.21)

  ¢ ´ Ï¥³ ¸²ÊÎ ¥ (¤²Ö μ¡μ¨Ì ¢¨¤μ¢ ¶μÉ¥´Í¨ ²  μ´ Ö¢²Ö¥É¸Ö μ¤¨´ ±μ¢Ò³) α′
L =

0,658 ƒÔ‚−2, É. ¥. ´¨¦¥, Î¥³ ¤ ¥É Ô±¸¶¥·¨³¥´É. �±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ¶ · ³¥-
É·  ¶¥·¥¸¥Î¥´¨Ö ·¥¤¦¥-�-É· ¥±Éμ·¨¨ · ¢´μ [13Ä19]

αL(exp)(0) = −0,30 ± 0,02, (2.22)

Ê ´ ¸ ¤²Ö · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ²  αL(0) = −1,374 ¨ ¤²Ö ¶μÉ¥´Í¨ ²  Šμ·´¥²²  αL(0) =
−1,037, É. ¥. ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶μ ³μ¤Ê²Ö³ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¡μ²ÓÏ¥, Î¥³ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥.
�μ¢¥¤¥´¨¥ ·¥¤¦¥-nr-É· ¥±Éμ·¨¨ ¶ · ³¥É·¨§Ê¥É¸Ö ¢ ¢¨¤¥ [14]:

M2(�, nr) = M2(�, 0) + Ωnr. (2.23)

� · ³¥É· Ω μ¶·¥¤¥²¥´ ¨§ Ô±¸¶¥·¨³¥´É  ¤²Ö ¸μ¸ÉμÖ´¨Ö nr = 1, 2, 3 [17Ä19] ¢ ¨´É¥·¢ ²¥
Ωexp = 1,6Ä1,38 ƒÔ‚2. �·¨ §´ Î¥´¨¨ ´ ÉÖ¦¥´¨Ö ¸É·Ê´Ò σ = 0,19 ƒÔ‚2 ¤²Ö · ¸ÉÊÐ¥£μ
¶μÉ¥´Í¨ ²  μ¶·¥¤¥²¥´μ ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶ · ³¥É·  Ω = 2,7056 ƒÔ‚2,   ¤²Ö ¶μÉ¥´Í¨ ² 
Šμ·´¥²²  Ω = 2,656 ƒÔ‚2. ’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡¥§ ÊÎ¥É  ´¥¶¥·ÉÊ·¡ -
É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ´ ±²μ´  ¨ ¶ · ³¥É·  ¶¥·¥¸¥Î¥´¨Ö
·¥¤¦¥-É· ¥±Éμ·¨¨ ´¥ ¨³¥ÕÉ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨.
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’¥¶¥·Ó μ¶·¥¤¥²¨³ ³ ¸¸μ¢Ò° ¸¶¥±É· ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±μ-ÉÖ¦¥²ÒÌ ±¢ ·±μ¢,
¨ ±μ´¸É¨ÉÊ¥´É´ÊÕ ³ ¸¸Ê ±¢ ·±μ¢ ¸ μ·¡¨É ²Ó´Ò³ ¨ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨Ö³¨. ‚ ÔÉμ³
¸²ÊÎ ¥ m1 = 0, m2 = mq �= 0. �·¥¦¤¥ ¢¸¥£μ ¢ÒÎ¨¸²¨³ ³ ¸¸Ê ¨ ±μ´¸É¨ÉÊ¥´É´ÊÕ ³ ¸¸Ê
¤²Ö · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ² . ‘ ÊÎ¥Éμ³ (2.7) ¨ (2.6), ¨§ (2.8) μ¶·¥¤¥²¥´ Ô´¥·£¥É¨Î¥¸±¨°
¸¶¥±É· ¸ μ·¡¨É ²Ó´Ò³ ¨ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨Ö³¨, ¶·¨ ÔÉμ³ ³ ¸¸  ¨ ±μ´¸É¨ÉÊ¥´É´ Ö
³ ¸¸  μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ (1.14). ’μ£¤ , ¶μ¸²¥ ´¥±μÉμ·ÒÌ Ê¶·μÐ¥´¨°, ¤²Ö ³ ¸¸Ò ¸¢Ö§ ´´μ£μ
¸μ¸ÉμÖ´¨Ö ¶μ²ÊÎ ¥³

M(�, nr) =
√

σ

(√
μ0s2 +

√
ξ2 + μ0s2 +

s2

√
μ0

)
, (2.24)

¨ ¤²Ö ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò ±¢ ·±μ¢ ¨³¥¥³

μ1(�, nr) =
√

σμ0s2; μ2(�, nr) =
√

σ(ξ2 + μ0s2), (2.25)

  Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· μ¶·¥¤¥²Ö¥É¸Ö ¢ ¢¨¤¥

E(�, nr) =
3
2

min
ρ

(
s2√σ
√

μ0

)
. (2.26)

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

ξ2 =
m2

q

σ
, s2 =

[
D3

4Γ
2(4ρ + 2ρ�)Γ(2 + ρ + 2ρ�)

108ρ2μ3D1 · Γ(3ρ + 2ρ�)

]1/3

,

μ0 =
1
2

s4 − 2ξ2s

2s3 − ξ2
+

√
(s4 − 2ξ2s)2

4(2s3 − 2ξ2)2
+

s2ξ2

2s3 − ξ2
.

(2.27)

‚ Éμ³ ¸²ÊÎ ¥, ±μ£¤  ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ±μ·´¥²²¸±¨³, Ô´¥·£¥É¨Î¥¸±¨°
¸¶¥±É· μ¶·¥¤¥²Ö¥É¸Ö ¨§ (2.15),   ¶ · ³¥É· z ¨§ (2.16). ˆ§ (1.14), ÊÎ¨ÉÒ¢ Ö (2.15), ¤²Ö
±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò ±¢ ·±μ¢ ¨³¥¥³

μ1(�, nr) =
√

σ

√
−2x2

d

dx

(
E√
σ

)
, μ2(�, nr) =

√
σ

√
ξ2 − 2x2

d

dx

(
E√
σ

)
. (2.28)

�·¨ ÔÉμ³ ¶ · ³¥É· x μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

1 − 1√
−2

d

dx

(
E√
σ

) − x√
ξ2 − 2x2

d

dx

(
E√
σ

) = 0. (2.29)

�μ²ÊÎ¥´´Ò¥ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2 ¶·¨ §´ Î¥´¨ÖÌ ³ ¸¸Ò ±¢ ·± 
mq = 0,155 ƒÔ‚, ±μ´¸É ´ÉÒ ¸¢Ö§¨ αs = 0,39 ¨ ´ ÉÖ¦¥´¨¨ ¸É·Ê´Ò σ = 0,19 ƒÔ‚2. �¥¤¦¥-
É· ¥±Éμ·¨Ö ¤²Ö μ·¡¨É ²Ó´μ-¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¶·¨ nr = 0 ¤²Ö · ¸ÉÊÐ¥£μ ¶μÉ¥´-
Í¨ ²  ¶ · ³¥É·¨§Ê¥É¸Ö, ± ± ¢ (2.19), ¨ Ö¢²Ö¥É¸Ö ²¨´¥°´μ°,   ¤²Ö ¶μÉ¥´Í¨ ²  Šμ·´¥²² 
´ ±²μ´ ·¥¤¦¥-É· ¥±Éμ·¨¨ ¸ ·μ¸Éμ³ � Ê¢¥²¨Î¨¢ ¥É¸Ö, ´ ¶·¨³¥·, ¶·¨ � = 1, α′

L = 0,629,
  ¶·¨ � = 5, α′

L = 0,656, É. ¥. É· ¥±Éμ·¨Ö Ö¢²Ö¥É¸Ö ´¥²¨´¥°´μ°. �É  § ¢¨¸¨³μ¸ÉÓ ± Î¥-
¸É¢¥´´μ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ·¥§Ê²ÓÉ Éμ³ [15] ¤²Ö ·¥¤¦¥¢¸±μ° �-É· ¥±Éμ·¨¨
± μ´μ¢.
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ±¢ ¤· É  ³ ¸¸ ³¥-

§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±μ-ÉÖ¦¥²ÒÌ ±¢ ·-
±μ¢, μÉ � ¶·¨ nr = 0, . . . , 4 ¨ mq = 0,155 ƒÔ‚,

αs = 0,39. ‘¶²μÏ´Ò¥ ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ
· ¸ÉÊÐ¥³Ê,   ÏÉ·¨Ìμ¢Ò¥ Å ±μ·´¥²²¸±μ³Ê ¶μ-

É¥´Í¨ ² ³

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò

μÉ ³ ¸¸Ò ¸¢μ¡μ¤´μ£μ ¸μ¸ÉμÖ´¨Ö ¶·¨ αs =

0,39 ¨ σ = 0,19 ƒÔ‚2 ¤²Ö μ¸´μ¢´μ£μ ¸μ¸Éμ-

Ö´¨Ö

�¶·¥¤¥²¨³ § ¢¨¸¨³μ¸É¨ ±μ´¸É¨ÉÊ¥´É´ÒÌ ³ ¸¸ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö μÉ ³ ¸¸ ¸μ¸É ¢²Ö-
ÕÐ¨Ì ¢ ¸¢μ¡μ¤´μ³ ¸μ¸ÉμÖ´¨¨. ‚ ´ ¸ÉμÖÐ¨° ³μ³¥´É ¸ÊÐ¥¸É¢ÊÕÉ ³´μ£μÎ¨¸²¥´´Ò¥ ³μ¤¥²¨
± ± ¶μÉ¥´Í¨ ²Ó´Ò¥, É ± ¨ ´¥¶μÉ¥´Í¨ ²Ó´Ò¥, ±μÉμ·Ò¥ ¶μ¸¢ÖÐ¥´Ò ¨§ÊÎ¥´¨Õ ¸¢μ°¸É¢ ¨
³¥Ì ´¨§³  ¢§ ¨³μ¤¥°¸É¢¨Ö  ¤·μ´μ¢. �±¸¶¥·¨³¥´É ²Ó´μ [16] ¡μ²¥¥-³¥´¥¥ ÊÉμÎ´¥´Ò ³ ¸¸Ò
· §²¨Î´ÒÌ ±¢ ·±μ¢. 	μ²ÓÏ¨´¸É¢μ (¶μÎÉ¨ ¢¸¥) ³μ¤¥²¥° ¨¸¶μ²Ó§ÊÕÉ ³ ¸¸Ê ±¢ ·±μ¢ ± ±
¨¸Ìμ¤´Ò° ¶ · ³¥É·, ¶·¨ ÔÉμ³ ¤²Ö ³ ¸¸Ò ²¥£±¨Ì ±¢ ·±μ¢, ¢ Î ¸É´μ¸É¨, u-, d-±¢ ·±μ¢, ¸Î¨-
É ÕÉ, ÎÉμ mu = 150Ä220 ŒÔ‚,   Ô±¸¶¥·¨³¥´É ²Ó´μ [16] Å ¢¸¥£μ ²¨ÏÓ mu ≈ md ∼ 4Ä
8,5 ŒÔ‚. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ³ ¸¸  π-³¥§μ´ , ¸μ¸ÉμÖÐ¥£μ ¨§ u- ¨ d-±¢ ·±μ¢, · ¢´ 
∼ 140 ŒÔ‚, É. ¥. ³ ¸¸Ò ²¥£±¨Ì ±¢ ·±μ¢ ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ ·¥§±μ Ê¢¥²¨Î¨¢ ÕÉ¸Ö.
’ ±¦¥ ¨§¢¥¸É´μ, ÎÉμ ³ ¸¸Ò c- ¨ b-±¢ ·±μ¢, Ëμ·³¨·ÊÕÐ¨Ì Î ·³μ´¨° ¨ ¡μÉÉμ³μ´¨°, ¢ ¸¢Ö-
§ ´´μ³ ¸μ¸ÉμÖ´¨¨ Ö¢²ÖÕÉ¸Ö ¶μÎÉ¨ ¶μ¸ÉμÖ´´Ò³¨. ’μ£¤  ¶μÖ¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò° ¢μ¶·μ¸:
³μ¦´μ ²¨ μ¡ÑÖ¸´¨ÉÓ ³¥Ì ´¨§³ Ê¢¥²¨Î¥´¨Ö ³ ¸¸ ²¥£±¨Ì ±¢ ·±μ¢ ¨ ¶μÎÉ¨ ¶μ¸ÉμÖ´¸É¢μ
³ ¸¸ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨? �Éμ³Ê ¢μ¶·μ¸Ê ¶μ¸¢ÖÐ¥´μ ³´μ£μ · ¡μÉ,
μ¤´ ±μ ¢ · ³± Ì ¶μÉ¥´Í¨ ²Ó´ÒÌ ¨ ¤ ¦¥ ¶μ²¥¢ÒÌ ³μ¤¥²¥° ¶μ±  ´¥ Ê¤ ²μ¸Ó μ¡ÑÖ¸´¨ÉÓ
ÔÉμÉ ³¥Ì ´¨§³ ¶μ ¸ÊÐ¥¸É¢Ê. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢ · ³± Ì ´ Ï¥£μ ¶μ¤Ìμ¤ 
¢μ§³μ¦´μ μ¶¨¸ ÉÓ Ê¢¥²¨Î¥´¨¥ ³ ¸¸ ²¥£±¨Ì ±¢ ·±μ¢,   É ±¦¥ ¶μÎÉ¨ μÉ¸ÊÉ¸É¢¨¥ Ê¢¥²¨Î¥-
´¨Ö ³ ¸¸Ò ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨. ˆ§ (1.14) ¢¨¤´μ, ÎÉμ ±μ´¸É¨ÉÊ¥´É´ Ö
³ ¸¸  ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö μ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ m ¨ E, É. ¥. ¢ ´ Ï¥³ ¸²ÊÎ ¥ ±μ´¸É¨ÉÊ-
¥´É´ Ö ³ ¸¸  § ¢¨¸¨É μÉ m Å ³ ¸¸Ò ¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö,   É ±¦¥ μÉ ±¢ ´Éμ¢ÒÌ Î¨¸¥²
� ¨ nr. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÔÉ¨Ì § ¢¨¸¨³μ¸É¥° ¤²Ö ¶μÉ¥´Í¨ ²  Šμ·´¥²²  ¶·¨ αs = 0,39
¨ σ = 0,19 ƒÔ‚2 μ¶·¥¤¥²¥´  § ¢¨¸¨³μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò μÉ m ¤²Ö μ¸´μ¢´μ£μ
¸μ¸ÉμÖ´¨Ö, ±μÉμ· Ö ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 3. ˆ§ ·¨¸. 3 ¢¨¤´μ, ÎÉμ ±μ£¤  m ³ ² , · §´μ¸ÉÓ
±μ´¸É¨ÉÊ¥´É´ÒÌ ¨ ¢ ²¥´É´ÒÌ ³ ¸¸ ±¢ ·±μ¢ ¢¥²¨± , ¨ ¸ ¢μ§· ¸É ´¨¥³ ³ ¸¸Ò m · §´μ¸ÉÓ
ÔÉ¨Ì ³ ¸¸ Ê³¥´ÓÏ ¥É¸Ö. „²Ö · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ²  ¶μ²ÊÎ ÕÉ¸Ö  ´ ²μ£¨Î´Ò¥ § ¢¨¸¨³μ¸É¨
ÔÉ¨Ì ¢¥²¨Î¨´. �·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ m μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥ · §´μ¸É¨ ³ ¸¸ ±μ´-
¸É¨ÉÊ¥´É´ÒÌ ¨ ¨¸Ìμ¤´ÒÌ ¸μ¸ÉμÖ´¨° ± ¶¥·¢μ´ Î ²Ó´μ° ³ ¸¸¥ Î ¸É¨Í. � Ï¨ ·¥§Ê²ÓÉ ÉÒ
¶μ± § ²¨, ÎÉμ ¶·¨ m = 0,155 ƒÔ‚ μÉ´μÏ¥´¨¥ ³ ¸¸ (μ − m)/m = 1,942, É. ¥. · §´μ¸ÉÓ
¶μÎÉ¨ ¢ ¤¢  · §  ¡μ²ÓÏ¥, Î¥³ ³ ¸¸  ¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö,   ¶·¨ m = 0,45 ƒÔ‚ ¸μ¸É ¢²Ö¥É
0,44, ¶·¨ mq = 1,5 ƒÔ‚ (¢ · °μ´¥ ³ ¸¸ c-±¢ ·± ) ÔÉμ μÉ´μÏ¥´¨¥ ¸μ¸É ¢²Ö¥É ¢¸¥£μ ²¨ÏÓ
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0,095, É. ¥. · §´μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´ÒÌ ¨ ¨¸Ìμ¤´ÒÌ ³ ¸¸ ¢ 10,5 · §  ³¥´ÓÏ¥, Î¥³ ³ ¸¸ 
¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö. �Éμ ´ £²Ö¤´μ ¢¨¤´μ ¨§ ·¨¸. 3. Šμ£¤  ±¢ ·± ¤μ¸É ÉμÎ´μ ²¥£±¨°,
±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ±¢ ·±  ¢μ ³´μ£μ · § ¡μ²ÓÏ¥, Î¥³ Éμ±μ¢ Ö ³ ¸¸  ±¢ ·± . ‘ ¢μ§· -
¸É ´¨¥³ ³ ¸¸ ¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö · §´μ¸ÉÓ ³¥¦¤Ê ±μ´¸É¨ÉÊ¥´É´μ° ¨ Éμ±μ¢μ° ³ ¸¸ ³¨
Ê³¥´ÓÏ ¥É¸Ö. …¸²¨ ³ ¸¸  ¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö ¸μ¶μ¸É ¢¨³  ¸ ³ ¸¸μ° ÉÖ¦¥²ÒÌ ±¢ ·-
±μ¢, É ±¨Ì ± ± c ¨ b, Éμ · §²¨Î¨¥ ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò ¨ ³ ¸¸Ò ¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö
¸É ´μ¢¨É¸Ö ´¥§´ Î¨É¥²Ó´Ò³.

3. ‚Š‹�„ �…�…�’“���’ˆ‚��ƒ� ˆ �…‹�Š�‹œ��ƒ� ‚‡�ˆŒ�„…‰‘’‚ˆŸ
‚ Œ�‘‘�‚›‰ ‘�…Š’� ‘‚Ÿ‡����ƒ� ‘�‘’�Ÿ�ˆŸ

‚§ ¨³μ¤¥°¸É¢¨¥ ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥-
´¨¥³, ¶·¥¤¸É ¢²¥´´Ò³ ¢ (1.8). ˆ§ (1.8) ¢¨¤´μ, ÎÉμ ´¥¤¨ £μ´ ²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ W1,2

μ¶·¥¤¥²Ö¥É ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¸μ¸É ¢²ÖÕÐ¨³¨ Î ¸É¨Í ³¨,   ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥-
¤¥²¥ ¸μμÉ¢¥É¸É¢Ê¥É ¶μÉ¥´Í¨ ²Ê ¢§ ¨³μ¤¥°¸É¢¨Ö [8]. ‚§ ¨³μ¤¥°¸É¢¨¥ ¸μ¸É ¢²ÖÕÐ¨Ì Î -
¸É¨Í ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ μ¶·¥¤¥²Ö¥É¸Ö ´¥ Éμ²Ó±μ μ¡³¥´μ³ £²Õμ´  ³¥¦¤Ê Î ¸É¨Í ³¨,
´μ ¨ ¢§ ¨³μ¤¥°¸É¢¨¥³ Î ¸É¨Í ¸ ³¨Ì ¸ ¸μ¡μ°, É. ¥. ¤¨ £· ³³μ° ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨, ¢±² ¤
±μÉμ·μ° μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨ W1,1; W2,2. “Î¥É ¢±² ¤  ¤¨ £· ³³Ò ¸μ¡¸É¢¥´´μ°
Ô´¥·£¨¨ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¶μÖ¢²Ö¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò° £ ³¨²ÓÉμ´¨ ´, Ö¢´Ò° ¢¨¤ ±μ-
Éμ·μ£μ μ¶·¥¤¥²¥´ ¢ · ¡μÉ¥ [10]:

�HSE = −2σ

π

(
1
μ1

+
1
μ2

)
, (3.1)

£¤¥ μ1 ¨ μ2 Å ±μ´¸É¨ÉÊ¥´É´Ò¥ ³ ¸¸Ò ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í ¨ σ Å ´ ÉÖ¦¥´¨¥ ¸É·Ê´Ò.
‘ ÊÎ¥Éμ³ (3.1) ¤²Ö ³ ¸¸μ¢μ£μ ¸¶¥±É·  ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö, ¸μ¸ÉμÖÐ¥£μ ¨§ ²¥£±μ-²¥£±¨Ì
±¢ ·±μ¢, ¨³¥¥³

M = 2M2 + E − 2σ

πM2
. (3.2)

‚ ÔÉμ³ ¸²ÊÎ ¥ ¶ · ³¥É· M2 μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

2 +
∂E

∂M2
+

2σ

πM2
2

= 0. (3.3)

Œ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö, ¸μ¸ÉμÖÐ¥£μ ¨§ ²¥£±μ-ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, μ¶·¥¤¥²Ö¥³ ¢ ¢¨¤¥

M√
σ

=
μ1√
σ

+
μ2√
σ

+ x
∂

∂x

(
E√
σ

)
+

E√
σ

, (3.4)

£¤¥ μ1 ¨ μ2 Å ±μ´¸É¨ÉÊ¥´É´Ò¥ ³ ¸¸Ò ¸μ¸É ¢²ÖÕÐ¨Ì:

μ1√
σ

=

√
−2x2

∂

∂x

(
E√
σ

)
+

4
π

,

μ2√
σ

=

√
ξ2 − 2x2

∂

∂x

(
E√
σ

)
+

4
π

.

(3.5)
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‡¤¥¸Ó ¨¸¶μ²Ó§μ¢ ´  ¶ · ³¥É·¨§ Í¨Ö M2 = x
√

σ, ¶ · ³¥É· x μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

1
x

=
1√

−2x2
∂

∂x

(
E√
σ

)
+

4
π

+
1√

ξ2 − 2x2
∂

∂x

(
E√
σ

)
+

4
π

, (3.6)

  ¶ · ³¥É· ξ ¶·¥¤¸É ¢²¥´ ¢ (2.27). �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· E ¤²Ö ±μ´±·¥É´μ£μ ¢¨¤ 
¶μÉ¥´Í¨ ²  μ¶·¥¤¥²Ö¥É¸Ö ¨§ “˜, μ´ ¡Ò² ¶·¥¤¸É ¢²¥´ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥.

�¶·¥¤¥²¥´¨¥ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ¸μ¸É ¢²ÖÕÐ¨³¨ Î ¸É¨Í ³¨ ¢ ¸¢Ö§ ´-
´μ³ ¸μ¸ÉμÖ´¨¨ ¸ μ¡³¥´μ³ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ £²Õμ´ ³¨ ¶·¨¢μ¤¨É ± ¤μ¶μ²´¨É¥²Ó´μ³Ê
¢§ ¨³μ¤¥°¸É¢¨Õ, Ö¢´Ò° ¢¨¤ ±μÉμ·μ£μ ¢ÒÎ¨¸²¥´ ¢ · ¡μÉ¥ [8]:

�Hstr = −4
3

αs

r

⎡⎢⎢⎢⎢⎣ 1√
1 +

�(� + 1)
M2

2 r2

− 1

⎤⎥⎥⎥⎥⎦ . (3.7)

ˆ§ (3.7) ¢¨¤´μ, ÎÉμ ¶·¨ � = 0 ¢±² ¤ ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¢¥´ ´Ê²Õ. ˆ§ ¸¨¸É¥³Ò
Ê· ¢´¥´¨° (2.8) μ¶·¥¤¥²¨³ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¨ Î ¸ÉμÉÊ μ¸Í¨²²ÖÉμ·  ¸ ÊÎ¥Éμ³ μ·-
¡¨É ²Ó´μ£μ ¨ · ¤¨ ²Ó´μ£μ ¢μ§¡Ê¦¤¥´¨Ö. Œ ¸¸  ¨ ±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ¤²Ö ¸¢Ö§ ´´μ£μ
¸μ¸ÉμÖ´¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ (2.17) ¤²Ö ²¥£±μ-²¥£±¨Ì ±¢ ·±μ¢,   ¤²Ö ²¥£±μ-ÉÖ¦¥²ÒÌ ±¢ ·±μ¢
¨§ (2.24). �É¨  ²£¥¡· ¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ·¥Ï ÕÉ¸Ö Î¨¸²¥´´Ò³ μ¡· §μ³.

’¥¶¥·Ó μ¶·¥¤¥²¨³ ³ ¸¸μ¢Ò° ¸¶¥±É· ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ ÊÎ¥Éμ³ ´¥²μ± ²Ó´μ¸É¨.
�·¨ μ¶¨¸ ´¨¨ ¶μ¢¥¤¥´¨Ö  ¤·μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±¨Ì ±¢ ·±μ¢, ´¥μ¡Ìμ¤¨³ ÊÎ¥É ÔËË¥±-
Éμ¢, ¢μ§´¨± ÕÐ¨Ì ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ. �Î¥¢¨¤´μ, ÎÉμ ¶·μÍ¥¸¸Ò ±μ´Ë °´³¥´É  ¨
 ¤·μ´¨§ Í¨¨ ±¢ ·±μ¢ ¶·μ¨¸Ìμ¤ÖÉ ´  μ¤´¨Ì ¨ É¥Ì ¦¥ · ¸¸ÉμÖ´¨ÖÌ. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥
´¥²μ± ²Ó´Ò° Ì · ±É¥· ¢§ ¨³μ¤¥°¸É¢¨Ö ÊÎ¨ÉÒ¢ ¥É¸Ö ¢¢¥¤¥´¨¥³ · ¤¨Ê¸  ±μ´Ë °´³¥´É . ‚
· ¡μÉ¥ [20] ¢ · ³± Ì ´¥²μ± ²Ó´μ° Š’� ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¶·μ¶ £ Éμ·Ò ±μ´¸É¨ÉÊ¥´É´ÒÌ
Î ¸É¨Í (±¢ ·±μ¢ ¨ £²Õμ´μ¢) Ö¢²ÖÕÉ¸Ö Í¥²Ò³¨  ´ ²¨É¨Î¥¸±¨³¨ ËÊ´±Í¨Ö³¨ £ Ê¸¸μ¢¸±μ£μ
É¨¶  ¢ ¨³¶Ê²Ó¸´μ³ ¶·μ¸É· ´¸É¢¥. ‚ Î ¸É´μ¸É¨, ¶·μ¶ £ Éμ·Ò ¡¥§³ ¸¸μ¢ÒÌ Î ¸É¨Í μ¶·¥¤¥-
²¥´Ò ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ ¢ ¢¨¤¥

D(y) =
∫

d4p

(2π)4
exp{i(py)}D̃(p2) =

1
4π2y2

exp
{
−Λ2y

2

}
. (3.8)

‡¤¥¸Ó y = (y, y4), y ∈ R3, y4 ∈ R1. � · ³¥É· Λ μ¶·¥¤¥²Ö¥É Ï± ²Ê ±μ´Ë °´³¥´É , rc =
1/Λ Å · ¤¨Ê¸ ±μ´Ë °´³¥´É . Šμ£¤  ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¸μ¸É ¢²ÖÕÐ¨³¨ Î ¸É¨Í ³¨ ¢
¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö μ¡³¥´μ³ ¡¥§³ ¸¸μ¢Ò³¨ Î ¸É¨Í ³¨ ¸ ¶·μ¶ £ Éμ·μ³
(3.8), Éμ ¶μÉ¥´Í¨ ² ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥ μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Vmod(r) = g2

∞∫
−∞

du D(r2 + u2) =
αs

r

⎡⎢⎣1 − 2√
π

rΛ/
√

2∫
0

ds e−s2

⎤⎥⎦ , (3.9)

¨ ¶·¨ Λ → 0 ¨§ (3.9) ¶μ²ÊÎ ¥³ ¸É ´¤ ·É´Ò° ±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ². ’ ±¨³ μ¡· §μ³,
¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ μ¡² ¸É¨ ±μ´Ë °´³¥´É  ³μ¤¨Ë¨Í¨·Ê¥É¸Ö. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò,
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¢ μ¡² ¸É¨ ±μ´Ë °´³¥´É  ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´ ¸ ¶μ³μÐÓÕ
ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö:

Vmod(r) =
∫

dr
′
V (r

′
)Φ(r

′ − r), (3.10)

£¤¥ V (r
′
) Å ¶μÉ¥´Í¨ ², ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¶²μ¸±μ³Ê ¶·μ¶ £ Éμ·Ê £²Õμ´ , É. ¥. V (r

′
) =

1/r
′
,   Φ(r

′ − r) Å ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö, ±μÉμ· Ö ¸μ£² ¸´μ (3.9), ¢ R3 · ¢´ 

Φ(r
′
) = δ(r) − Λ3

(2π)3/2
exp

{
−Λ2r2

2

}
. (3.11)

�´ ²μ£¨Î´μ¥ μ¶·¥¤¥²¥´¨¥ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ μ¡² ¸É¨ ±μ´Ë °´³¥´É  Î¥·¥§
¶μÉ¥´Í¨ ² ¢ μ¡² ¸É¨ ¤¥±μ´Ë °´³¥´É  ¶·¨¢¥¤¥´μ ¢ · ¡μÉ¥ [21]. “Î¨ÉÒ¢ Ö (3.9)Ä(3.11),
μ¶·¥¤¥²Ö¥³ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ²¨´¥°´μ · ¸ÉÊÐ¨° ¶μÉ¥´Í¨ ²:

V P
mod(r) = σ · r

⎛⎜⎝1 − 2
r
√

π

rΛ/
√

2∫
0

ds e−s2

⎞⎟⎠ ≡ σ(r) · r. (3.12)

�¸´μ¢´μ° ¢±² ¤ ¶·¨ μ¶·¥¤¥²¥´¨¨ ³ ¸¸ ¨ ±μ´¸É¨ÉÊ¥´É´ÒÌ ³ ¸¸ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¢
· ³± Ì ´ Ï¥£μ ¶μ¤Ìμ¤  μ¶·¥¤¥²Ö¥É¸Ö ¢±² ¤μ³ · ¸ÉÊÐ¥£μ ¶μÉ¥´Í¨ ² ,   ¢±² ¤ · §²¨Î´ÒÌ
¶μ¶· ¢μ±, ¸¢Ö§ ´´ÒÌ ¸ ´¥²μ± ²Ó´Ò³ Ì · ±É¥·μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö, Ö¢²Ö¥É¸Ö ³ ²Ò³. �μ-
ÔÉμ³Ê ¶·¨ μ¶·¥¤¥²¥´¨¨ ³ ¸¸ ¨ ±μ´¸É¨ÉÊ¥´É´ÒÌ ³ ¸¸ ¸μ¸É ¢²ÖÕÐ¨Ì ¸ ÊÎ¥Éμ³ · §³¥·´μ£μ
(´¥²μ± ²Ó´μ£μ) ÔËË¥±É  ´¥μ¡Ìμ¤¨³μ ³μ¤¨Ë¨Í¨·μ¢ ÉÓ Éμ²Ó±μ ²¨´¥°´μ · ¸ÉÊÐ¨° ¶μÉ¥´-
Í¨ ². „¥É ²¨ ¢ÒÎ¨¸²¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¸ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³ ¶μÉ¥´Í¨ ²μ³
(3.12) ¶·¨¢¥¤¥´Ò ¢ ¶·¨²μ¦¥´¨¨ 	. ‘ ÊÎ¥Éμ³ (	.2) ¤²Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  E ¨§ (3.2)
μ¶·¥¤¥²¥´ ³ ¸¸μ¢Ò° ¸¶¥±É· ³¥§μ´ , ¸μ¸ÉμÖÐ¥£μ ¨§ ²¥£±μ-²¥£±¨Ì ±¢ ·±μ¢, ¶·¨ ÔÉμ³ ¶ · -
³¥É·Ò x ¨²¨ M2 μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê· ¢´¥´¨° (3.3). Œ ¸¸μ¢Ò° ¸¶¥±É· ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì
¨§ ²¥£±μ-ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, ¨ ±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í μ¶·¥¤¥²¥´Ò ¢
(3.4) ¨ (3.5) ¸μμÉ¢¥É¸É¢¥´´μ.

4. �…‡“‹œ’�’› ˆ ��‘“†„…�ˆŸ

� Ï¨ ·¥§Ê²ÓÉ ÉÒ, ±μÉμ·Ò¥ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1 ¨ 2, ¶μ± §Ò¢ ÕÉ, ÎÉμ ¡¥§ ÊÎ¥É 
´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥¢μ§³μ¦´μ ¤μ¸É¨ÎÓ Ìμ·μ-
Ï¥£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¢ Î ¸É´μ¸É¨, ¶μ ´ ±²μ´Ê ¨ ¶ · ³¥É·Ê
¶¥·¥¸¥Î¥´¨Ö ·¥¤¦¥-É· ¥±Éμ·¨¨ ± ± ¤²Ö μ·¡¨É ²Ó´μ£μ, É ± ¨ ¤²Ö · ¤¨ ²Ó´μ£μ ¢μ§¡Ê¦¤¥-
´¨°. �±¸¶¥·¨³¥´É ²Ó´μ¥ ÊÉμÎ´¥´¨¥ §´ Î¥´¨Ö ¸¶¨´μ¢μ£μ Ê¸·¥¤´¥´¨Ö ³ ¸¸Ò ³¥§μ´μ¢ ¸
μ·¡¨É ²Ó´Ò³ ¨ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨Ö³¨ ¶·¨¢¥¤¥´Ò ¢ · ¡μÉ Ì [13, 14]. ‚ ¶·¥¤Ò¤Ê-
Ð¥³ · §¤¥²¥ ¶μ²ÊÎ¥´μ  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥, ±μÉμ·μ¥ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ μ¶·¥¤¥²¨ÉÓ
¸¶¨´μ¢μ¥ Ê¸·¥¤´¥´¨¥ ³ ¸¸Ò ¸ ÊÎ¥Éμ³ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·μ¢ ¢§ ¨-
³μ¤¥°¸É¢¨Ö. “Î¥É ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ ´μ¢μ£μ
¶ · ³¥É· , rc = 1/Λ Å · ¤¨Ê¸  ±μ´Ë °´³¥´É , ³ ¸¸  ¨ ±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ¸¢Ö§ ´´μ£μ
¸μ¸ÉμÖ´¨Ö § ¢¨¸ÖÉ μÉ ÔÉμ£μ ¶ · ³¥É· . „ ²¥¥ ¶·¥¤¸É ¢¨³ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´-
´Ò¥ ¸ ÊÎ¥Éμ³ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö, Éμ²Ó±μ ¤²Ö
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¶μÉ¥´Í¨ ²  Šμ·´¥²²  ¶·¨ §´ Î¥´¨ÖÌ αs = 0,39 ¨ σ = 0,19 ƒÔ‚2. �·¥¦¤¥ ¢¸¥£μ μ¶·¥-
¤¥²¨³ ³ ¸¸Ê ¨ ±μ´¸É¨ÉÊ¥´É´ÊÕ ³ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¤²Ö � = 0. ‘μ£² ¸´μ (3.7),
¢±² ¤ ´¥¶¥·ÉÊ·¡ É¨¢´μ° ¤μ¡ ¢±¨ · ¢¥´ ´Ê²Õ. ‚ ÔÉμ³ ¸²ÊÎ ¥ μ¶·¥¤¥²Ö¥É¸Ö § ¢¨¸¨³μ¸ÉÓ
±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò μÉ · ¤¨Ê¸  ±μ´Ë °´³¥´É  rc ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö. �¥§Ê²ÓÉ ÉÒ
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4. ˆ§ ·¨¸. 4 ¢¨¤´μ, ÎÉμ ¸ ¢μ§· ¸É ´¨¥³ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ¸μ¸É ¢²Ö-
ÕÐ¨³¨ Î ¸É¨Í ³¨ ¢ ·¥²ÖÉ¨¢¨¸É¸±μ³ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ ±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ¸μ¸É -
¢²ÖÕÐ¨Ì Ê³¥´ÓÏ ¥É¸Ö,   ¸ Ê³¥´ÓÏ¥´¨¥³ Å ¢μ§· ¸É ¥É. ’ ±¦¥ ¨§ ÔÉμ£μ ·¨¸Ê´±  ¢¨¤´μ,
ÎÉμ ¥¸²¨ · ¤¨Ê¸ rc = 1 Ë³, Éμ ±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ∼ 1,5 ƒÔ‚,   ¥¸²¨ · ¤¨Ê¸ Å 2 Ë³, Éμ
±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ¸μ¸É ¢²Ö¥É ¢¸¥£μ ²¨ÏÓ ∼ 0,5 ƒÔ‚. ’ ±¨³ μ¡· §μ³, ¶·¨ Ê³¥´ÓÏ¥´¨¨
· ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ¸μ¸É ¢²ÖÕÐ¨³¨ Î ¸É¨Í ³¨ ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨ ¨Ì ±μ´¸É¨ÉÊ¥´É´ Ö
³ ¸¸  Ê¢¥²¨Î¨¢ ¥É¸Ö. �μÔÉμ³Ê, ¸μ£² ¸´μ (3.1) ¨ (3.7), ´¥¶μÉ¥´Í¨ ²Ó´ Ö ¤μ¡ ¢± , ¸¢Ö-
§ ´´ Ö ¸ ¤¨ £· ³³μ° ¸μ¡¸É¢¥´´μ° Ô´¥·£¨¨, Ê³¥´ÓÏ ¥É¸Ö, É. ¥. ¶·¨ ´¥±μÉμ·ÒÌ §´ Î¥´¨ÖÌ
· ¤¨Ê¸  rc ¢±² ¤ ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦¥É ¸É ÉÓ ´¥¸ÊÐ¥¸É¢¥´´Ò³. �·¨ É ±μ³ Ê¸²μ¢¨¨
¤¨´ ³¨±  Ëμ·³¨·μ¢ ´¨Ö ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°, ¢¶μ²´¥ ¢μ§³μ¦´μ, μ¶·¥¤¥²Ö¥É¸Ö ¢ · ³± Ì
Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²Ó´ÒÌ ³μ¤¥²¥°.

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´μ°

³ ¸¸Ò μÉ · ¤¨Ê¸  ±μ´Ë °´³¥´É  ¶·¨

αs = 0,39 ¨ σ = 0,19 ƒÔ‚2 ¤²Ö μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö

ˆ§ Š•„ ¨§¢¥¸É´μ, ÎÉμ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ,
¥¸²¨ ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ ¤μ¸É ÉμÎ´μ ¢¥²¨± (¨²¨
· ¸¸ÉμÖ´¨¥ ³ ²μ), Ëμ·³¨·ÊÕÉ¸Ö ³¥§μ´Ò, ¸μ¸ÉμÖÐ¨¥
¨§ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, ´ ¶·¨³¥· c ¨ b, ³ ¸¸Ò ±μÉμ-
·ÒÌ ¢μ ³´μ£μ · § ¡μ²ÓÏ¥, Î¥³ ³ ¸¸Ò u- ¨ d-±¢ ·±μ¢.
�Éμ ¶μ¤É¢¥·¦¤ ¥É¸Ö ´ Ï¨³ ·¥§Ê²ÓÉ Éμ³. �Î¥¢¨¤´μ,
ÎÉμ ¥¸²¨ ³ ¸¸  ¸μ¸É ¢²ÖÕÐ¨Ì ±¢ ·±μ¢ ¡μ²ÓÏ Ö, Éμ
³ ¸¸  ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ÔÉ¨Ì ±¢ ·±μ¢, É ±¦¥ ¡Ê-
¤¥É ¡μ²ÓÏ¥, Î¥³ ³ ¸¸  ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±¨Ì
±¢ ·±μ¢. �μÔÉμ³Ê ¶·¨ ¢μ§· ¸É ´¨¨ ³ ¸¸Ò ³¥§μ´μ¢
· ¤¨Ê¸ ±μ´Ë °´³¥´É  Ê³¥´ÓÏ ¥É¸Ö. ‘ ÊÎ¥Éμ³ ÔÉμ£μ
μ¶·¥¤¥²Ö¥É¸Ö ³ ¸¸  ³¥§μ´μ¢ ¸ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥-
´¨¥³. �μ²ÊÎ¥´´Ò¥ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É -
¢²¥´Ò ¢ É ¡². 1, £¤¥ É ±¦¥ ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¸¶¨´μ¢μ£μ Ê¸·¥¤´¥´¨Ö ³ ¸¸Ò ³¥§μ-
´μ¢ ¨ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö · ¤¨Ê¸  ±μ´Ë °´³¥´É .
ˆ§ ¢Ò· ¦¥´¨Ö (2.23) μ¶·¥¤¥²ÖÕÉ¸Ö ¶ · ³¥É·Ò Ω
·¥¤¦¥-nr-É· ¥±Éμ·¨¨:

Ω1 = 1,60 ƒÔ‚2 ¶·¨ nr = 1,

Ω2 = 1,49 ƒÔ‚2 ¶·¨ nr = 2,

Ω3 = 1,42 ƒÔ‚2 ¶·¨ nr = 3.

(4.1)

‚ Ô±¸¶¥·¨³¥´É¥ ¤μ¸É ÉμÎ´μ ¤μ¸Éμ¢¥·´μ μ¶·¥¤¥²¥´μ §´ Î¥´¨¥ ÔÉμ£μ ¶ · ³¥É·  Éμ²Ó±μ ¤²Ö
¶¥·¢μ£μ · ¤¨ ²Ó´μ£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö: Ωexp = (1,6 ± 0,1) ƒÔ‚2. ’ ±¨³ μ¡· -
§μ³, ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.
‚ ´ Ï¥³ ¶μ¤Ìμ¤¥ ¶ · ³¥É· ρ ¸¢Ö§ ´ ¸  ¸¨³¶ÉμÉ¨Î¥¸±¨³ ¶μ¢¥¤¥´¨¥³ ¢μ²´μ¢μ° ËÊ´±Í¨¨.
�·¨ ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ, É. ¥. ¤²Ö ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±¨Ì ±¢ ·±μ¢, μ± § ²μ¸Ó,
ÎÉμ ρ ∼ 0,7,   ¶·¨ ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ, ¤²Ö ÉÖ¦¥²ÒÌ ³¥§μ´μ¢, ρ ∼ 0,98. ‚μ²´μ¢ Ö ËÊ´±-
Í¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° �°·¨, ±μÉμ· Ö
μ¡¥¸¶¥Î¨¢ ¥É ´¥´ ¡²Õ¤ ¥³μ¸ÉÓ Í¢¥É´ÒÌ μ¡Ñ¥±Éμ¢,   ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¸É ´μ¢¨É¸Ö
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±Ê²μ´μ¢¸±μ°. �Éμ μ§´ Î ¥É, ÎÉμ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¸μ¸É ¢²Ö-
ÕÐ¨³¨ Í¢¥É´Ò³¨ μ¡Ñ¥±É ³¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö μ¤´μ£²Õμ´´Ò³ μ¡³¥´μ³, ¨ ÔÉ¨ μ¡Ñ¥±ÉÒ
³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ¸¢μ¡μ¤´Ò¥.

’ ¡²¨Í  1. ‘¶¨´μ¢μ¥ Ê¸·¥¤´¥´¨¥ ³ ¸¸Ò ³¥§μ´μ¢ ¸ · ¤¨ ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨¥³ ¶·¨ αs = 0,39 ¨
σ = 0,19 ƒÔ‚2

ns 1s 2s 3s 4s 5s

Mexp, ƒÔ‚ 0,612 1,42 ± 0,04 π(1,80) ρ(2,15)

[14] 0,618 1,400 1,868 2,176 2,502

� ¸É. · ¡μÉ  0,611 1,406 1,829 2,15 2,503

rc (Ë³) 2,065 1,2703 1,06 1,01 0,973

’¥¶¥·Ó ¶·¨¸ÉÊ¶¨³ ± μ¶·¥¤¥²¥´¨Õ ³ ¸¸μ¢μ£μ ¸¶¥±É·  ³¥§μ´μ¢ ¸ μ·¡¨É ²Ó´Ò³ ¢μ§¡Ê¦¤¥-
´¨¥³. ‚ ÔÉμ³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ ¢±² ¤ £ ³¨²ÓÉμ´¨ ´ , ¶·¥¤¸É ¢²¥´´μ£μ ¢ (3.7).
�μ²ÊÎ¥´´Ò¥ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ³ ¸¸Ò ³¥§μ´μ¢ ¸ μ·¡¨É ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨¥³ ¶·¥¤-
¸É ¢²¥´Ò ¢ É ¡². 2. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶ · ³¥É·¨§ Í¨Ö (2.20) ·¥¤¦¥-�-É· ¥±Éμ·¨¨ § ¶¨¸Ò¢ -
¥É¸Ö ¢ ¢¨¤¥

M2(�, 0)
σ

= 2π� + 1,965. (4.2)

’μ£¤  ´ ±²μ´ ·¥¤¦¥-�-É· ¥±Éμ·¨¨ · ¢¥´ α′
L = 0,838 ƒÔ‚−2. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö ¶μÉ¥´Í¨-

 ²  Šμ·´¥²²  ¶ · ³¥É· ¶¥·¥¸¥Î¥´¨Ö ·¥¤¦¥-�-É· ¥±Éμ·¨¨ αL(0) = −0,313. �μ²ÊÎ¥´´Ò¥
·¥§Ê²ÓÉ ÉÒ ¸ ÊÎ¥Éμ³ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö
´ ±²μ´  ¨ ¶¥·¥¸¥Î¥´¨Ö ·¥¤¦¥-�-É· ¥±Éμ·¨¨ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (2.21) ¨ (2.22).

’ ¡²¨Í  2. ‘¶¨´μ¢μ¥ Ê¸·¥¤´¥´¨¥ ³ ¸¸Ò ³¥§μ´μ¢ ¸ μ·¡¨É ²Ó´Ò³ ¢μ§¡Ê¦¤¥´¨¥³ ¶·¨ αs = 0,39 ¨
σ = 0,19 ƒÔ‚2

� 0 1 2 3 4

Mexp, ƒÔ‚ 0,612 1,252 ± 0,05 1,67 ± 0,02 2,02 ± 0,01

[14] 0,618 1,190 1,628 1,926

� ¸É. · ¡μÉ  0,611 1,232 1,661 1,988 2,196

rc, Ë³ 2,065 1,2703 1,06 1,01 0,973

�  μ¸´μ¢ ´¨¨ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ³μ¦´μ § ±²ÕÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥:
• �¶·¥¤¥²¥´ ³ ¸¸μ¢Ò° ¸¶¥±É· ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±μ-²¥£±¨Ì ¨ ²¥£±μ-ÉÖ¦¥²ÒÌ

±¢ ·±μ¢ ± ± μ·¡¨É ²Ó´μ£μ, É ± ¨ · ¤¨ ²Ó´μ£μ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°, ¸ ÊÎ¥Éμ³ ´¥¶¥·-
ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö.

• �¶·¥¤¥²¥´  § ¢¨¸¨³μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í μÉ ³ ¸¸Ò
¸¢μ¡μ¤´μ£μ ¸μ¸ÉμÖ´¨Ö. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± § ²¨, ÎÉμ ±μ£¤  ±¢ ·±¨ ²¥£±¨¥, · §´μ¸ÉÓ
±μ´¸É¨ÉÊ¥´É´ÒÌ ¨ Éμ±μ¢ÒÌ ³ ¸¸ ±¢ ·±μ¢ μ± §Ò¢ ¥É¸Ö ¢ ´¥¸±μ²Ó±μ · § ¡μ²ÓÏ¥ Éμ±μ¢ÒÌ
³ ¸¸ ±¢ ·±μ¢, ¥¸²¨ ±¢ ·±¨ ÉÖ¦¥²Ò¥, ± ± c ¨ b, Éμ · §´μ¸ÉÓ ÔÉ¨Ì ³ ¸¸ ´¥§´ Î¨É¥²Ó´ .

• ‚Ò¡· ¢ ¶·μ¶ £ Éμ· ¢ ¢¨¤¥ Í¥²μ°  ´ ²¨É¨Î¥¸±μ° ËÊ´±Í¨¨ £ Ê¸¸μ¢  É¨¶  ¢ ¨³¶Ê²Ó¸-
´μ³ ¶·μ¸É· ´¸É¢¥, ³Ò μ¶·¥¤¥²¨²¨ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·-
±μ¢, § ¢¨¸ÖÐ¨° μÉ · ¤¨Ê¸  ±μ´Ë °´³¥´É . �·¥¤²μ¦¥´ μ¤¨´ ¨§  ²ÓÉ¥·´ É¨¢´ÒÌ ¢ ·¨ ´Éμ¢
ÊÎ¥É  ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨ μ¶·¥¤¥²¥´¨¨ ¸¢μ°¸É¢  ¤·μ´μ¢ ´  ¡μ²Ó-
Ï¨Ì · ¸¸ÉμÖ´¨ÖÌ.
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• �¶·¥¤¥²¥´  § ¢¨¸¨³μ¸ÉÓ ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò μÉ Ì · ±É¥·´μ£μ · §³¥·  (· ¤¨Ê¸ )
±μ´Ë °´³¥´É . � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± § ²¨, ÎÉμ ¶·¨ Ê³¥´ÓÏ¥´¨¨ · ¤¨Ê¸  ±μ´Ë °´³¥´É 
±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í Ê¢¥²¨Î¨¢ ¥É¸Ö. �Éμ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ
¢±² ¤  ´¥¶μÉ¥´Í¨ ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ³ ¸¸μ¢Ò° ¸¶¥±É· ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö.

• �¶·¥¤¥²¥´Ò ´ ±²μ´ ¨ ¶ · ³¥É· ¶¥·¥¸¥Î¥´¨Ö ·¥¤¦¥-É· ¥±Éμ·¨¨ ¤²Ö μ·¡¨É ²Ó´μ£μ
¨ · ¤¨ ²Ó´μ£μ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± § ²¨, ÎÉμ Éμ²Ó±μ ¸ ÊÎ¥-
Éμ³ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¨ ´¥²μ± ²Ó´μ£μ Ì · ±É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ÔÉ¨Ì ¶ · ³¥É·μ¢
¢μ§³μ¦´μ ¤μ¸É¨ÎÓ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ£μ ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ’ ±¦¥
¶μ± § ´μ, ÎÉμ ¶·¨ ³ ²ÒÌ � � 5 ·¥¤¦¥-É· ¥±Éμ·¨¨ ¤²Ö ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ μ¤¨´ ±μ-
¢ÒÌ ±¢ ·±μ¢, Å ²¨´¥°´Ò¥,   ¤²Ö ³¥§μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±¨Ì ¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, Å
´¥²¨´¥°´Ò¥.

�·¨²μ¦¥´¨¥ A

�·¥¤¸É ¢¨³ ´¥±μÉμ·Ò¥ ¤¥É ²¨ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  〈nr|HI |nr〉:

〈nr|HI |nr〉 =

∞∫
0

dx

∫ (
dη√
π

)d

e−η2(1+x)×

×
[
−4ρ2EM2

ω2ρ−1

x−2ρ

Γ(1 − 2ρ)
+

4ρ2σμ

ω3ρ−1

x−3ρ

Γ(1 − 3ρ)

]〈
nr

∣∣∣: e−2i
√

xω(qn)
2 :

∣∣∣nr

〉
. (A.1)

�μ¸²¥ ´¥±μÉμ·ÒÌ Ê¶·μÐ¥´¨° ¨§ (A.1) ¶μ²ÊÎ ¥³

〈nr|HI |nr〉 = −4ρ2Eμ

ω2ρ−1

Γ(d/2 + 2ρ − 1)
Γ(d/2)

B̃ +
4ρ2σμ

ω3ρ−1

Γ(d/2 + 3ρ− 1)
Γ(d/2)

C̃. (A.2)

‡¤¥¸Ó

B̃ = +
Γ(1 + nr)

Γ(nr + d/2)
Γ(d/2)

Γ(1 − 2ρ)

2nr∑
k=2

(−1)kAnr (k)
Γ(1 + k − 2ρ)
Γ(k + d/2)

(A.3)

¨

C̃ = +
Γ(1 + nr)

Γ(nr + d/2)
Γ(d/2)

Γ(1 − 3ρ)

2nr∑
k=2

(−1)kAnr (k)
Γ(1 + k − 3ρ)
Γ(k + d/2)

, (A.4)

£¤¥

Anr (k) =
nr∑

s=1

22s−k

Γ(nr − s + 1)
Γ(k + nr − s + d/2)

Γ2(k − s + 1)Γ(2s − k + 1)
. (A.5)

‚Ò· ¦¥´¨Ö (A.2)Ä(A.5) ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö μ¶·¥¤¥²¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  £ ³¨²Ó-
Éμ´¨ ´  ¸ · ¸ÉÊÐ¨³ ¶μÉ¥´Í¨ ²μ³. Œ É·¨Î´Ò° Ô²¥³¥´É 〈nr|HI |nr〉 ¤²Ö £ ³¨²ÓÉμ´¨ ´ 
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¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¶μÉ¥´Í¨ ²μ³ Šμ·´¥²²  ¢ÒÎ¨¸²Ö¥É¸Ö  ´ ²μ£¨Î´Ò³ μ¡· §μ³:

〈nr|HI |nr〉 = −4ρ2EM2

ω2ρ−1

Γ(d/2 + 2ρ − 1)
Γ(d/2)

B̃ +
4ρ2σM2

ω3ρ−1
×

× Γ(d/2 + 3ρ − 1)
Γ(d/2)

C̃ − 16ρ2αsM2

3ωρ−1

Γ(d/2 + ρ − 1)
Γ(d/2)

D̃, (A.6)

£¤¥

D̃ = +
Γ(1 + nr)

Γ(nr + d/2)
Γ(d/2)

Γ(1 − ρ)

2nr∑
k=2

(−1)kAnr (k)
Γ(1 + k − ρ)
Γ(k + d/2)

. (A.7)

ˆ¸¶μ²Ó§ÊÖ (A.6), ³Ò μ¶·¥¤¥²¨²¨ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¸ μ·¡¨É ²Ó´Ò³ ¨ · ¤¨ ²Ó´Ò³
¢μ§¡Ê¦¤¥´¨Ö³¨.

�·¨²μ¦¥´¨¥ �

�·¨¢¥¤¥³ ¤¥É ²¨ ¢ÒÎ¨¸²¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¸ ÊÎ¥Éμ³ ´¥²μ± ²Ó´μ£μ Ì · ±-
É¥·  ¢§ ¨³μ¤¥°¸É¢¨Ö. � ¸¸³μÉ·¨³ “˜ ¸ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³ ¶μÉ¥´Í¨ ²μ³:[

1
2M2

P2 + σ(r) · r
]

Ψ(r) = E(M2)Ψ(r), (	.1)

£¤¥ σ(r) ¶·¥¤¸É ¢²¥´Ò ¢ (3.12). ˆ§ (	.1) μ¶·¥¤¥²Ö¥³ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· E ¸ ¶μ³μÐÓÕ
³¥Éμ¤  ��. �μ¸²¥ ´¥±μÉμ·ÒÌ Ê¶·μÐ¥´¨°,  ´ ²μ£¨Î´ÒÌ ¶·μ¤¥² ´´Ò³ ¢ÒÏ¥ ¤²Ö Ô´¥·£¥-
É¨Î¥¸±μ£μ ¸¶¥±É· , ¨³¥¥³

E(�, nr)√
σ

= min
ρ

⎡⎢⎢⎣ z2

8ρ2x

Γ(2 + ρ + 2ρ�)
Γ(3ρ + 2ρ�)

1 +
4nr

(1 + ρ + 2ρ�)
1 + B̃

+
1
z

Γ(4ρ + 2ρ�)
Γ(3ρ + 2ρ�)

1 + C̃

1 + B̃
−

− 1
z2

2√
π

∞∑
j=0

(−1)j

j!
1

2j + 1

(
Λ√
2σ

)2j+1 1
z2j

Γ(5ρ + 2jρ + 2ρ�)
Γ(3ρ + 2ρ�)

1 + W̃j

1 + B̃

⎤⎦ , (	.2)

£¤¥ ¶ · ³¥É· z μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

8xρ2

z4
√

π

∞∑
j=0

(−1)jΓ(5ρ + 2jρ − 1)
j!(2j + 1)z2j

(
Λ√
2σ

)2j+1

×

× [2ρ + 2jρ + (4ρ + 2jρ − 1)B̃ − (2ρ − 1)W̃j ][
ρ + (2ρ − 1)

2nr

1 + ρ + 2ρ�
+

1
2
B̃

]
Γ(2 + ρ + 2ρ�)

+

+ 1 − 4xρ2Γ(4ρ + 2ρ�)[ρ + 4(3ρ − 1)B̃ − (2ρ − 1)C̃]

z3

[
ρ + (2ρ − 1)

2nr

1 + ρ + 2ρ�
+

1
2
B̃

]
Γ(2 + ρ + 2ρ�)

= 0, (	.3)
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W̃j = − Γ(1 + nr)
Γ(nr + d/2)

Γ(d/2)
Γ(1 − 4ρ − 2jρ)

2nr∑
k=2

(−1)kAnr (k)
Γ(1 + k − 4ρ − 2jρ)

Γ(k + d/2)
, (	.4)

B̃, C̃ ¨ Anr (k) ¶·¥¤¸É ¢²¥´Ò ¢ (A.3), (A.4) ¨ (A.5) ¸μμÉ¢¥É¸É¢¥´´μ. �  μ¸´μ¢¥ ¶μ²ÊÎ¥´´ÒÌ
¢Ò· ¦¥´¨° μ¶·¥¤¥²¥´Ò ³ ¸¸  ¨ ±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸  ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í ¸ ÊÎ¥Éμ³
£²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö.
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