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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

ƒ.ƒ.�· ±¥²Ö´

…·¥¢ ´¸±¨° Ë¨§¨Î¥¸±¨° ¨´¸É¨ÉÊÉ, …·¥¢ ´, �·³¥´¨Ö

Œ.�.‘¥·£¥¥´±µ

ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ �± ¤¥³¨¨ ´ Ê± �¥²o·Ê¸¸¨¨, Œ¨´¸±, �¥²µ·Ê¸¸¨Ö

ˆ§² £ ÕÉ¸Ö µ¸´µ¢´Ò¥ ¶·¨´Í¨¶Ò ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ (ŒŠƒ‘), ¶·¥¤¸É ¢²ÖÕÐ¥°
´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¶µ¤Ìµ¤ ¢ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥ (Š•„) ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢.
�µ± §Ò¢ ¥É¸Ö ¸¢Ö§Ó s-± ´ ²Ó´µ£µ Éµ¶µ²µ£¨Î¥¸±µ£µ 1/N -· §²µ¦¥´¨Ö  ³¶²¨ÉÊ¤Ò  ¤·µ´- ¤·µ´´µ£µ
· ¸¸¥Ö´¨Ö, £¤¥ N Å Î¨¸²µ  ·µ³ Éµ¢ ¨²¨ Í¢¥Éµ¢ ±¢ ·±µ¢, ¸ ¥¥ t-± ´ ²Ó´Ò³ · §²µ¦¥´¨¥³ ¶µ
·¥¤¦¥¢¸±¨³ ¶µ²Õ¸ ³. ’ ±µ° ¶µ¤Ìµ¤ ¶·¨³¥´Ö¥É¸Ö ±  ´ ²¨§Ê ³Ö£±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. „ ¥É¸Ö
±· É±¨° µ¡§µ· ¶µ¶ÒÉµ± · ¸Ï¨·¥´¨Ö µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ ŒŠƒ‘ ¤²Ö µ¶¨¸ ´¨Ö ¨´±²Õ§¨¢-
´ÒÌ ¸¶¥±É·µ¢ ·¥§µ´ ´¸µ¢,   É ±¦¥ ¶µ²Ê¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. �¡¸Ê¦¤ ¥É¸Ö, ¢ Î ¸É´µ¸É¨,
´µ¢ Ö ³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘, ¢ ±µÉµ·µ° µ¡³¥´ ¶µ³¥·µ´µ³ · ¸¸³ É·¨¢ ¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö ´¥-
¶¥·ÉÊ·¡ É¨¢´Ò³¨ £²Õµ´ ³¨ ¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ°; ¢ · ³± Ì ÔÉµ° ¢¥·¸¨¨ ŒŠƒ‘
 ´ ²¨§¨·ÊÕÉ¸Ö ³Ö£±¨¥ ¨ ¶µ²Ê¦¥¸É±¨¥ ¶·µÍ¥¸¸Ò,   É ±¦¥ ·µ¦¤¥´¨¥ µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¢  ¤·µ´-
´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ. �µ± § ´Ò ¶·¥¨³ÊÐ¥¸É¢  ¨ ´¥¤µ¸É É±¨ É ±µ£µ ¶µ¤Ìµ¤  ¶µ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨
¶¥·ÉÊ·¡ É¨¢´Ò³¨ ³µ¤¥²Ö³¨ Š•„.

The basic properties of the quark-gluon string model (MQGS) are presented. It is a nonpertur-
bative QCD approach for the description of hadron processes at high energies. The relation of the
s-channel topological expansion over 1/N of the hadron-hadron scattering amplitude to its t-channel
one over Regge poles is shown, here N is the number of 
avours or colours. This approach is applied
to the analysis of soft hadron processes. The short review about the development of the MQGS for
the description of inclusive spectra of produced resonances and semi-hard hadron processes also is
presented. The new version of the MQGS is discussed where the pomeron exchange in t-channel
is considered as the exchange of two nonperturbative gluons in s-channel assuming the dynamical
generated gluon mass. Soft, semi-hard hadron processes and charm particles production are analyzed
within the framework of this new version of MQGS. The advantages and defects of this approach in
the comparison of other QCD models are discussed.

‚‚…„…�ˆ…

�¶·¥¤¥²ÖÕÐÊÕ ·µ²Ó ¤²Ö ¸µ¢·¥³¥´´µ° É¥µ·¨¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨° ¨£· ÕÉ £²Ê¡µ±µ´¥Ê¶·Ê£¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í. …¸²¨ ²¥¶Éµ´-
 ¤·µ´´Ò¥ ¸µÊ¤ ·¥´¨Ö ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢
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 ¤·µ´ Ì, Éµ e+e−-¸Éµ²±´µ¢¥´¨Ö ¸²Ê¦ É ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö § ±µ´µ³¥·´µ¸É¥°
 ¤·µ´¨§ Í¨¨ ±¢ ·±µ¢. �¤·µ´- ¤·µ´´Ò¥ ¶·µÍ¥¸¸Ò ¶·¨ ¡µ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³-
¶Ê²Ó¸  ¶µ§¢µ²ÖÕÉ ¨¸¸²¥¤µ¢ ÉÓ ¶·¨·µ¤Ê ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ±¢ ·±µ¢ ¸
· §²¨Î´Ò³¨  ·µ³ É ³¨ ± ± µ¡³¥´ Í¢¥É´Ò³¨ ±¢ ´É ³¨ Å £²Õµ´ ³¨.

…¤¨´µ£µ ¶µ¤Ìµ¤  ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ´ ¸Éµ-
ÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ  ¤·µ´´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
µÎ¥´Ó · §´µ·µ¤´Ò ¶µ ¸¢µ¨³ ¸¢µ°¸É¢ ³ ± ± ¢ · §´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì µ¡² ¸ÉÖÌ,
É ± ¨ ¢ · §´ÒÌ ±¨´¥³ É¨Î¥¸±¨Ì ¨´É¥·¢ ² Ì. �·µ¡²¥³  ¸µ¸Éµ¨É ¥Ð¥ ¢ Éµ³, ÎÉµ
³Ò ¨³¥¥³ ¤¥²µ ¸ ´¥¸É É¨Î¥¸±µ° ¸¨¸É¥³µ°, ¨ ²Õ¡Ò¥ ¶·¥¤¸± § ´¨Ö ¶µ¢¥¤¥´¨Ö
É ±µ° ¸¨¸É¥³Ò ¸¨²Ó´µ § ¢¨¸ÖÉ µÉ ¥¥ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨.

Œ´µ£¨¥ § ±µ´µ³¥·´µ¸É¨ ·µ¦¤¥´¨Ö  ¤·µ´µ¢ ¢  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨ÖÌ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ±µ²¨Î¥¸É¢¥´´µ ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´µ° ±¢ ´Éµ¢µ°
Ì·µ³µ¤¨´ ³¨±¨, ±µÉµ· Ö ¤µ¡¨² ¸Ó §´ Î¨É¥²Ó´ÒÌ Ê¸¶¥Ìµ¢ ¢ µ¶¨¸ ´¨¨ Ô²¥³¥´-
É ·´ÒÌ ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö Í¢¥É´ÒÌ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ Ê¸²µ¢¨ÖÌ
 ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò. �·¨ ÔÉµ³ ¨¸¶µ²Ó§Ê¥É¸Ö É ± ´ §Ò¢ ¥³µ¥ ²¨¤¨·ÊÕ-
Ð¥¥ ²µ£ ·¨Ë³¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥ (‹‹�), ±µÉµ·µ¥ ¢ ¶·µ¸Éµ° ¶µ²Ê±² ¸¸¨-
Î¥¸±µ° Ëµ·³¥ ¸Ëµ·³Ê²¨·µ¢ ´µ ¢ ¢¨¤¥ Ê· ¢´¥´¨Ö �²ÓÉ ·¥²²¨ Å � ·¨§¨ [1].
�µ  ¤·µ´ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µÎ¥´Ó ¸²µ¦´Ò° µ¡Ñ¥±É, ´¥¶·¥·Ò¢´µ ¨§³¥´ÖÕ-
Ð¨° ±µ´Ë¨£Ê· Í¨Õ ± ± ¶µ Î¨¸²Ê ¢µ§´¨± ÕÐ¨Ì ¨ ¨¸Î¥§ ÕÐ¨Ì qq̄-¶ ·, É ± ¨
¶µ Î¨¸²Ê £²Õµ´µ¢. “Î¥¸ÉÓ ¢¸¥ Ô²¥³¥´É ·´Ò¥ ¶·µÍ¥¸¸Ò ¢  ¤·µ´¥ ´¥µ¡ÒÎ °´µ
É·Ê¤´µ. �µ²¥¥¥ Éµ£µ, ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ µ¸´µ¢´ÊÕ ¤µ²Õ ¢¸¥Ì  ¤·µ´´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° ¸µ¸É ¢²ÖÕÉ ³Ö£±¨¥ ¶·µÍ¥¸¸Ò. ‚µ§³µ¦´µ¸É¨ É¥µ·¨¨ ¢µ§³Ê-
Ð¥´¨° Š•„ ¤²Ö µ¶¨¸ ´¨Ö É ±¨Ì ¶·µÍ¥¸¸µ¢ µÎ¥´Ó µ£· ´¨Î¥´Ò; ¤µ¸É ÉµÎ´µ
´ ¶µ³´¨ÉÓ µ¡ ¨§¢¥¸É´ÒÌ É·Ê¤´µ¸ÉÖÌ, ¸¢Ö§ ´´ÒÌ ¸ ±µ´Ë °´³¥´Éµ³ ±¢ ·±µ¢, ¢
µ¸´µ¢¥ ±µÉµ·µ£µ ²¥¦ É ¸¨²Ó´Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ.

�¤´µ° ¨§ ´ ¨¡µ²¥¥ ¶µ¶Ê²Ö·´ÒÌ ³µ¤¥²¥° ±µ´Ë °´³¥´É  ±¢ ·±µ¢ Ö¢²Ö¥É¸Ö
³µ¤¥²Ó Í¢¥É´ÒÌ É·Ê¡µ±, ±µÉµ·Ò¥ ³µ£ÊÉ ´ Î¨´ ÉÓ¸Ö ¨ µ± ´Î¨¢ ÉÓ¸Ö Éµ²Ó±µ ´ 
±¢ ·± Ì ¨  ´É¨±¢ ·± Ì ¨²¨ ¤¨±¢ ·± Ì. Š ¦¤ Ö É ± Ö É·Ê¡±  · ¸¸³ É·¨¢ ¥É¸Ö
± ± ·¥ ²Ó´Ò° Ë¨§¨Î¥¸±¨° µ¡Ñ¥±É, ¨³¥ÕÐ¨° ±µ´¥Î´ÊÕ Ô´¥·£¨Õ ´  ¥¤¨´¨ÍÊ
¤²¨´Ò. �µ¤µ¡´ Ö ± ·É¨´  µ¡Ê¸²µ¢²¨¢ ¥É ²¨´¥°´Ò° ·µ¸É ¶µÉ¥´Í¨ ²  ¢§ ¨³µ-
¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ·± ³¨ [2].

Šµ´Ë °´³¥´É ¢ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨ÖÌ ¸¨²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨° ´ ¨¡µ²¥¥ µÎ¥¢¨¤´Ò³ µ¡· §µ³ ¶·µÖ¢²Ö¥É¸Ö ¢ · ³± Ì ¶·¥¤²µ¦¥´-
´µ° ‚¨²Ó¸µ´µ³ Ëµ·³Ê²¨·µ¢±¨ É¥µ·¨¨ ´  ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° ·¥-
Ï¥É±¥ [3]. �·¨³¥Î É¥²Ó´µ, ÎÉµ ´  ·¥Ï¥É±¥ ¢ ¶·¥¤¥²¥ ¸¨²Ó´µ° ¸¢Ö§¨ ±µ´-
Ë °´³¥´É ¶µ²ÊÎ ¥É¸Ö  ¢Éµ³ É¨Î¥¸±¨, ¨ É¥µ·¨Ö ¶·¨¢µ¤¨É ± ± ·É¨´¥ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ±¢ ·±µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  ±µ´Í Ì ¸É·Ê´ ¸ ±µ´¥Î´µ° Ô´¥·£¨¥° ´ 
¥¤¨´¨ÍÊ ¤²¨´Ò. �µ¸²¥¤´¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¨ · ¸Î¥ÉÒ ´  ·¥Ï¥É±¥ ¸¢Ö§ ´Ò ¸
¤¥³µ´¸É· Í¨¥° ¸µÌ· ´¥´¨Ö ÔÉµ£µ Ö¢²¥´¨Ö ¢ ´¥¶·¥·Ò¢´µ³ ¶·¥¤¥²¥ [4].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ¶µ¤Ìµ¤ ¤²Ö µ¶¨¸ ´¨Ö ¢§ ¨³µ-
¤¥°¸É¢¨Ö  ¤·µ´µ¢, ¤µ¶Ê¸± ÕÐ¨° ¶·µ¸ÉÊÕ ¶ · ³¥É·¨§ Í¨Õ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ° ±¢ ·±-£²Õµ´´µ° ¸¨¸É¥³Ò, ±µÉµ-
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· Ö ¸µ¤¥·¦¨É Éµ²Ó±µ ¶·µ¤µ²Ó´Ò¥ ¶¥·¥³¥´´Ò¥. ‚ É ±µ³ ¶µ¤Ìµ¤¥ ¢ ¸.Í.¨. ·¥-
 ±Í¨¨ Ë·µ´ÉÒ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ ¤¢¨¦ÊÉ¸Ö ¸µ ¸±µ·µ¸ÉÓÕ ¸¢¥É , ¶·¨-
Î¥³ ¢ ¶·µ³¥¦ÊÉµÎ´µ° µ¡² ¸É¨ ¨¸¶µ²Ó§Ê¥É¸Ö ´¥±µÉµ· Ö ¨´É¥·¶µ²ÖÍ¨Ö ³¥¦¤Ê
ÔÉ¨³¨ ¶·¥¤¥² ³¨. ’ ± Ö ± ·É¨´  Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ £·Ê¡Ò³ ¶·¨¡²¨¦¥´¨¥³.
�Î¥¢¨¤´µ, ÎÉµ ¢ ¶·µÍ¥¸¸¥ ¢§ ¨³µ¤¥°¸É¢¨Ö  ¤·µ´Ò · §·ÊÏ ÕÉ¸Ö, ¨ ´¥µ¡Ìµ-
¤¨³µ · ¸¸³ É·¨¢ ÉÓ ¸±µ·¥¥ ±¢ ·±-£²Õµ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, ´¥¦¥²¨  ¤·µ´-
´Ò¥. Š¢ ·±-£²Õµ´´ Ö ¸¨¸É¥³  ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥· ¢´µ¢¥¸´ : ¤µ¶Ê¸± ¥É¸Ö
¶·¥¤¸É ¢²¥´¨¥ µ ´¥§ ¢¨¸¨³ÒÌ ¸É·Ê´ Ì, Ö¢²ÖÕÐ¨Ì¸Ö ¸¨²Ó´µ ´¥· ¢´µ¢¥¸´Ò³¨
¸¨¸É¥³ ³¨.

ŒÖ£±¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥ ³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¢ · ³± Ì Š•„; µ¤´ ±µ
Î ¸Éµ ¨£´µ·¨·Ê¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ¸ÊÐ¥¸É¢ÊÕÉ µÎ¥´Ó Ê¸¶¥Ï´Ò¥ Ë¥´µ³¥´µ²µ-
£¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò (¸³. [5]) ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´- ¤·µ´´ÒÌ,  ¤·µ´-Ö¤¥·´ÒÌ ¨
Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¶·¥¤¥²¥ µÎ¥´Ó ¢Ò¸µ±¨Ì Ô´¥·£¨°, µ¸´µ¢ ´´Ò¥
´  É¥µ·¨¨ �¥¤¦¥. ’ ±¨¥ ³µ¤¥²¨ ´ Ìµ¤ÖÉ¸Ö ¶µ²´µ¸ÉÓÕ ¢ · ³± Ì ·¥²ÖÉ¨¢¨¸É-
¸±µ° ±¢ ´Éµ¢µ° É¥µ·¨¨, ¶·¨Î¥³ ´¥±µÉµ·Ò¥ µ¸µ¡¥´´µ¸É¨ ÔÉ¨Ì ³µ¤¥²¥° ³µ£ÊÉ
¡ÒÉÓ ¢µ¸¶·µ¨§¢¥¤¥´Ò ¢ Š•„ ¶ÊÉ¥³ ¨§ÊÎ¥´¨Ö ²¥¸É´¨Î´ÒÌ ¤¨ £· ³³.

’ ±¨³ µ¡· §µ³, ¢ Ë¨§¨±¥  ¤·µ´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¥¸ÉÓ ´¥ ³¥´¥¥ ËÊ´¤ -
³¥´É ²Ó´Ò°, Î¥³ ¸ ³  Š•„, ¶µ¤Ìµ¤ Å ·¥¤¦¥µ´´ Ö É¥µ·¨Ö. ‘ÊÐ¥¸É¢Ê¥É ´¥-
¸±µ²Ó±µ ¤µ¸É ÉµÎ´µ Ìµ·µÏµ · §· ¡µÉ ´´ÒÌ ³µ¤¥²¥°, µ¸´µ¢ ´´ÒÌ ´  ÔÉµ° É¥µ-
·¨¨: ³µ¤¥²Ó ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ [6], ¤Ê ²Ó´ Ö ¶ ·Éµ´´ Ö ³µ¤¥²Ó („�Œ) [7]
¨ ³µ¤¥²Ó VENUS [5]. ‚¸¥ ÔÉ¨ ³µ¤¥²¨ µ± § ²¨¸Ó Ê¸¶¥Ï´Ò³¨ ¶·¨ µ¶¨¸ -
´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¨ µ´¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
± ± ´ ¨¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨° ¶µ¤Ìµ¤ ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´- ¤·µ´´ÒÌ ¨  ¤·µ´-
Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ; µ´¨ Ö¢²ÖÕÉ¸Ö ¡µ²¥¥ Î¥³ ¶·µ-
¸Éµ Ô±¸É· ¶µ²ÖÍ¨¥° ¨§¢¥¸É´µ° Ë¨§¨±¨, ± ± Î ¸Éµ Í¨É¨·Ê¥É¸Ö, ¶µ¸±µ²Ó±Ê ¢
¶·¨´Í¨¶¥ ÔÉµÉ ¶µ¤Ìµ¤ ¢±²ÕÎ ¥É ¨ ¶¥·¥· ¸¸¥Ö´¨¥. �µ²ÓÏ¨´¸É¢µ ¨§ ÔÉ¨Ì ³µ-
¤¥²¥° (± ±, ´ ¶·¨³¥·, „�Œ ¨ VENUS) ÊÎ¨ÉÒ¢ ÕÉ ¶µ²Ê¦¥¸É±µ¥ · ¸¸¥Ö´¨¥
¨ ¸¶µ¸µ¡´Ò ¢µ¸¶·µ¨§¢¥¸É¨ ¤ ´´Ò¥ ¢¶²µÉÓ ¤µ Ô´¥·£¨° LHC. ‚¸¥ ÔÉ¨ ³µ¤¥²¨
¨¤¥´É¨Î´Ò ¢ µÉ´µÏ¥´¨¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨ ¢¥¸µ¢ µ¶·¥¤¥²¥´´ÒÌ ´¥Ê¶·Ê£¨Ì
¶·µÍ¥¸¸µ¢, µ¤´ ±µ ¸ ³¨ ´¥Ê¶·Ê£¨¥ ¶·µÍ¥¸¸Ò µ¶·¥¤¥²ÖÕÉ¸Ö ¶µ-· §´µ³Ê.

�¥µ¡Ìµ¤¨³µ¸ÉÓ  ¤¥±¢ É´µ£µ (¸ ÊÎ¥Éµ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨°) ¨
É·Ê¤µ¥³±µ£µ ¸µ¶µ¸É ¢²¥´¨Ö ¡µ²ÓÏ¨Ì µ¡Ñ¥³µ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ -
Í¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ É¥µ·¨¨ ¶·¨¢¥²  ± ¸µ§¤ ´¨Õ ³´µ£µÎ¨¸²¥´´ÒÌ ³µ¤¥²¥°
¨ ¶·µ£· ³³-£¥´¥· Éµ·µ¢ ¸Éµ²±´µ¢¥´¨°  ¤·µ´µ¢ ¨  Éµ³´ÒÌ Ö¤¥· [8Ä11]. �´¨
µ¸´µ¢Ò¢ ÕÉ¸Ö ´  Ê¸¶¥Ì Ì ¸É ´¤ ·É´µ° É¥µ·¨¨ ¸¨²Ó´ÒÌ ¨ Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ¨ · §²¨Î´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì. ‚¸¥ ¸ÊÐ¥¸É¢ÊÕ-
Ð¨¥ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³µ¤¥²¨  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¨ ¨§¢¥¸É´Ò¥
¶·µ£· ³³Ò-£¥´¥· Éµ·Ò ³µ¦´µ · §¤¥²¨ÉÓ ´  É·¨ £·Ê¶¶Ò: ³µ¤¥²¨, µ¸´µ¢ ´´Ò¥
´  É¥µ·¨¨ ƒ·¨¡µ¢  Å �¥¤¦¥ (ŒŠƒ‘, „�Œ, VENUS), ³µ¤¥²¨, µ¸´µ¢ ´´Ò¥ ´ 
±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ¸É·Ê´ (FRITIOF, SRM, ATTILA, SPM), ³µ¤¥²¨, µ¸´µ¢ ´-
´Ò¥ ´  ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ (ISAJET, PYTHIA, EUROJET, COJETS/WIZJET,
FIELDAJET, HIJING, PCM) [5]. ‘·¥¤¨ ¶·µ£· ³³-£¥´¥· Éµ·µ¢ µ¸µ¡µ Ï¨·µ-
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±ÊÕ ¨§¢¥¸É´µ¸ÉÓ ¶µ²ÊÎ¨²¨ ¶·µ£· ³³Ò ISAJET [8] ¨ ¶·µ£· ³³Ò ‹Ê´¤¸±µ£µ
Ê´¨¢¥·¸¨É¥É , ¢ Î ¸É´µ¸É¨, PYTHIA [9] ¨ FRITIOF [10].

ˆ´É¥´¸¨¢´µ · §¢¨¢ ÕÉ¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³µ´É¥-± ·²µ¢¸±¨¥ ¢¥·¸¨¨ ³µ-
¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ (¸³. [11] ¨ ¸¸Ò²±¨ ¢ ´¥°). �É¨ ¶·µ£· ³³Ò ¶·¥É¥´-
¤ÊÕÉ ´  µ¶¨¸ ´¨¥ ¢¸¥° µ¡² ¸É¨ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢, µÉ ¦¥¸É±µ£µ · ¸¸¥Ö´¨Ö
±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¤µ µ¡· §µ¢ ´¨Ö ¨ · ¸¶ ¤   ¤·µ´µ¢, ÎÉµ µ¡ÑÖ¸´Ö¥É ¨Ì ¶µ-
¶Ê²Ö·´µ¸ÉÓ.

‚ É¥Î¥´¨¥ ¤µ¸É ÉµÎ´µ ¤²¨É¥²Ó´ÒÌ ¶µ¨¸±µ¢ ¢ÒÖ¸´¨²µ¸Ó, ÎÉµ µ¸´µ¢´ Ö ¶·µ-
¡²¥³  É¥µ·¨¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¸¢µ¤¨É¸Ö ± µ¶¨¸ ´¨Õ ¨Ì ¢¨·ÉÊ ²Ó-
´µ° Ë §Ò, ¶·µ¸É· ´¸É¢¥´´Ò¥ · §³¥·Ò ±µÉµ·µ° ¶·¥¢ÒÏ ÕÉ · §³¥·Ò ´Ê±²µ´ 
¨ ¢µ§· ¸É ÕÉ ¸ Ô´¥·£¨¥° ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í. ’µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ
É· ´¸Ëµ·³ Í¨Ö ¢¨·ÉÊ ²Ó´ÒÌ Î ¸É¨Í ¢ ·¥ ²Ó´Ò¥ ¶·µ¨¸Ìµ¤¨É ´  · ¸¸ÉµÖ´¨ÖÌ
¶µ·Ö¤±  · §³¥·µ¢  Éµ³´ÒÌ Ö¤¥·, ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸
 Éµ³´Ò³¨ Ö¤· ³¨ ± ± ¨´¸É·Ê³¥´É ¤²Ö ¨§ÊÎ¥´¨Ö ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ°
± ·É¨´Ò  ¤·µ´¨§ Í¨¨ ¢ ¶·µÍ¥¸¸ Ì ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í. ‚ ´ -
¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò ´¥ · ¸¸³ É·¨¢ ¥³  ¤·µ´-Ö¤¥·´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶µ-
¸±µ²Ó±Ê ÔÉµ µÉ¤¥²Ó´Ò° ¨ ¤µ¸É ÉµÎ´µ §´ Î¨É¥²Ó´Ò° ¶·¥¤³¥É ¨¸¸²¥¤µ¢ ´¨Ö.

�¤´µ° ¨§ ¢ ¦´ÒÌ ¨ ³ ²µ¨§ÊÎ¥´´ÒÌ § ¤ Î Ë¨§¨±¨  ¤·µ´µ¢ Ö¢²Ö¥É¸Ö  ¤·µ-
´µ·µ¦¤¥´¨¥ Î ¸É¨Í, ¸µ¤¥·¦ Ð¨Ì ÉÖ¦¥²Ò¥ ±¢ ·±¨. �¥ ²¨¸É¨Î¥¸±¨¥ µÍ¥´±¨
¸¥Î¥´¨° ·µ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢  ¤·µ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ´¥µ¡Ìµ¤¨³Ò
É ±¦¥ ¤²Ö ¶² ´¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ´  ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¨ ¡Ê¤ÊÐ¨Ì Ê¸±µ-
·¨É¥²ÖÌ; µ£·µ³´Ò¥ § É· ÉÒ ´  ¸µ§¤ ´¨¥ Ê¸±µ·¨É¥²¥° ¨ ¤¥É¥±É¨·ÊÕÐ¨Ì Ê¸É -
´µ¢µ± É·¥¡ÊÕÉ ÉÐ É¥²Ó´µ£µ ¶·µ£´µ§¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¸¨ÉÊ Í¨¨.
�¡ÒÎ´µ É ±¨¥ µÍ¥´±¨ ¤¥² ÕÉ¸Ö ´  µ¸´µ¢¥ ¶ ·Éµ´´µ° ³µ¤¥²¨ ¢ · ³± Ì É¥µ·¨¨
¢µ§³ÊÐ¥´¨° Š•„. �¤´ ±µ ¨§¢¥¸É´Ò ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢, ¶·µÉ¨¢µ·¥-
Î Ð¨¥ ¶ ·Éµ´´µ° ³µ¤¥²¨, ¢ · ³± Ì ±µÉµ·µ° ´¥¢µ§³µ¦´µ ¤µ¡¨ÉÓ¸Ö ¡µ²ÓÏ¥£µ
¢ÒÌµ¤  µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¢ K-¶ÊÎ± Ì ¶µ ¸· ¢´¥´¨Õ ¸ π-¶ÊÎ± ³¨ [12].
Š·µ³¥ Éµ£µ, ¶ ·Éµ´´Ò¥ ³µ¤¥²¨ ¸¨¸É¥³ É¨Î¥¸±¨ § ´¨¦ ÕÉ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö
c- ¨ b-±¢ ·±µ¢ ¶·¨ ¸· ¢´¨É¥²Ó´µ ´¥¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì [13].

�¥·¥Ìµ¤ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢  ¤·µ´Ò µ¶¨¸Ò¢ ²¸Ö · §´Ò³¨ ³µ¤¥²Ö³¨. ‚ [12]
µ¶¨¸ ´¨¥ ¡Ò²µ ¢Ò¶µ²´¥´µ ¸ ¶µ³µÐÓÕ ·¥±µ³¡¨´ Í¨µ´´µ° ³µ¤¥²¨ [14Ä16],
ÊÎ¨ÉÒ¢ ÕÐ¥° ¢§ ¨³µ¤¥°¸É¢¨¥ ¢´µ¢Ó ·µ¦¤¥´´ÒÌ ÉÖ¦¥²ÒÌ Q-±¢ ·±µ¢ ¸ ±¢ ·-
± ³¨ ¨§ ´ Î ²Ó´ÒÌ  ¤·µ´µ¢; É ±µ° ÊÎ¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¢ ²¥´É´Ò³¨ ±¢ ·-
± ³¨ ¶µ§¢µ²¨² µ¶¨¸ ÉÓ ·µ¦¤¥´¨¥ ²¨¤¨·ÊÕÐ¥° ±µ³¶µ´¥´ÉÒ µÎ ·µ¢ ´´ÒÌ Î -
¸É¨Í. ”Ê´±Í¨Ö ·¥±µ³¡¨´ Í¨¨ ¢ ÔÉµ° ³µ¤¥²¨ ¢Ò· ¦¥´  Î¥·¥§ ¨´É¥·¸¥¶É αi(0)
²¨¤¨·ÊÕÐ¥° ·¥¤¦¥¢¸±µ° É· ¥±Éµ·¨¨, ¸¢Ö§ ´´µ° ¸ ±¢ ·±µ³ qi. ‚ ¤·Ê£µ° Ë¥-
´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ [17] ¸¤¥² ´  µÍ¥´±  ¢ÒÌµ¤  µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¢
·¥¤¦¥¢¸±µ³ ¶µ¤Ìµ¤¥ ¨ ¶µ²ÊÎ¥´µ ¤µ¸É ÉµÎ´µ ÉµÎ´µ¥ µ¶¨¸ ´¨¥ ·µ¦¤¥´¨Ö D- ¨
B-³¥§µ´µ¢ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨, ±µÉµ·Ò¥ É ±¦¥ ¢Ò· -
¦ ²¨¸Ó Î¥·¥§ ¶¥·¥¸¥Î¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì É· ¥±Éµ·¨° �¥¤¦¥.

“¸¶¥Ï´µ¥ µ¶¨¸ ´¨¥ · §²¨Î´ÒÌ Ì · ±É¥·¨¸É¨± ¶·µÍ¥¸¸µ¢  ¤·µ´µ·µ¦¤¥-
´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´µ ¢ · ³± Ì ¶µ¤Ìµ¤ , µ¸´µ¢ ´´µ£µ
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´  Éµ¶µ²µ£¨Î¥¸±µ³ 1/Nf -· §²µ¦¥´¨¨  ³¶²¨ÉÊ¤ ¢ Š•„ [18Ä21] ¨ É¥¸´µ ¸¢Ö-
§ ´´ÒÌ ¸ ´¨³ ³µ¤¥²ÖÌ ¸É·Ê´Ò ¨ Í¢¥É´µ° É·Ê¡±¨ [22Ä24], É.¥. ¢ · ³± Ì ŒŠƒ‘.

�¸´µ¢´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥ ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ Å ¸É·Ê±ÉÊ·´Ò¥
ËÊ´±Í¨¨ ±¢ ·±µ¢ ¨ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¢  ¤·µ´Ò Å ¢Ò· ¦ ÕÉ¸Ö
¢ É¥·³¨´ Ì ¶¥·¥¸¥Î¥´¨° É· ¥±Éµ·¨° ¶µ²Õ¸µ¢ �¥¤¦¥. � ¨¡µ²ÓÏ Ö ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓ · ¸Î¥Éµ¢ ¸¥Î¥´¨° ¢ÒÌµ¤µ¢ ÉÖ¦¥²ÒÌ  ·µ³ Éµ¢ ¢ · ³± Ì ŒŠƒ‘ ¸¢Ö-
§ ´ , ¢ µ¸´µ¢´µ³, ¸ µÉ¸ÊÉ¸É¢¨¥³ ´ ¤¥¦´µ° ¨´Ëµ·³ Í¨¨ µ ¶µ¢¥¤¥´¨¨ ·¥¤¦¥¢-
¸±¨Ì É· ¥±Éµ·¨° ÉÖ¦¥²ÒÌ QQ̄-±¢ ·±µ´¨¥¢. ‚ ¶·¥¤¶µ²µ¦¥´¨¨ µ ²¨´¥°´µ¸É¨
QQ̄-É· ¥±Éµ·¨° ¨´É¥·¸¥¶ÉÒ µ± §Ò¢ ÕÉ¸Ö ´¨§±¨³¨ αΨ(0) ' −2, 2, αΥ(0) '
−16, ¶µÔÉµ³Ê ¢±² ¤ ¶¥·¨Ë¥·¨Î¥¸±µ£µ ³¥Ì ´¨§³  µÎ¥´Ó ¡Ò¸É·µ Ê¡Ò¢ ¥É ¸ ·µ¸-
Éµ³ ³ ¸¸Ò ±¢ ·± . ‚ ÔÉµ° ¸¢Ö§¨ ¢ ¦´µ¥ §´ Î¥´¨¥ ¶·¨µ¡·¥É ¥É µ¶·¥¤¥²¥´¨¥
¶µ¢¥¤¥´¨Ö ·¥¤¦¥¢¸±¨Ì QQ̄-É· ¥±Éµ·¨° ¢ µ¡² ¸É¨ 0 ≤ t ≤ m2

QQ̄
¨ µÍ¥´± 

¨´É¥·¸¥¶Éµ¢ αQQ̄(0) É· ¥±Éµ·¨°.
ŒŠƒ‘ Ê¸¶¥Ï´µ ¶·¨³¥´Ö² ¸Ó ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ µ¡· §µ¢ ´¨Ö  ¤·µ-

´µ¢, ¶·µ¨´É¥£·¨·µ¢ ´´ÒÌ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ,
¸µ¤¥·¦ Ð¨Ì ´¥ Éµ²Ó±µ ²¥£±¨¥ u-, d-, ¨ s-±¢ ·±¨, ´µ ¶µ§¢µ²¨²  µ¡ÑÖ¸´¨ÉÓ
³´µ£¨¥ Ì · ±É¥·´Ò¥ Î¥·ÉÒ  ¤·µ´µ·µ¦¤¥´¨Ö µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í (¸³. µ¡-
§µ·Ò [25, 26],   É ±¦¥ · ¡µÉÒ [27Ä36]). ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  1/Nf -
· §²µ¦¥´¨Ö ¨ ³µ¤¥²¨ ·¥¤¦¨§µ¢ ´´µ£µ µ¤´µ¶¨µ´´µ£µ µ¡³¥´  ¢ · ¡µÉ¥ [37]
¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¸¶¥±É·Ò Λc-¡ ·¨µ´µ¢ ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ.

‚ ¤ ´´µ³ µ¡§µ·¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, ÊÎ¨ÉÒ¢ ÕÐ¨¥
§ ¢¨¸¨³µ¸ÉÓ ¸¶¥±É·µ¢ µÉ ¸¶¨´  ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ,   ¨³¥´´µ ·µ¦¤¥´¨¥
·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨° [32, 35, 36],   É ±¦¥ § ¢¨¸¨³µ¸ÉÓ · ¸¶·¥¤¥²¥´¨° Î ¸-
É¨Í ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ ¸ ÊÎ¥Éµ³ ¶µ¶¥·¥Î´µ£µ
¤¢¨¦¥´¨Ö ±¢ ·±µ¢ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì [38Ä45].

‚ ¶¥·¢µ³ · §¤¥²¥ ±· É±µ ¨§² £ ÕÉ¸Ö µ¸´µ¢´Ò¥ ¶·¨´Í¨¶Ò 1/N -· §²µ¦¥´¨Ö
¢ Š•„ ¨ ¥£µ ¸¢Ö§Ó ¸ É¥µ·¨¥° �¥¤¦¥. „ ¥É¸Ö µ¡§µ· · ¡µÉ, µÉ´µ¸ÖÐ¨Ì¸Ö ± ¶µ-
¸É·µ¥´¨Õ ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´, µ¸´µ¢ ´´µ° ´  ÔÉµ° ¸¢Ö§¨. �·¨¢µ-
¤¨É¸Ö ¸Ì¥³  ¶µ²ÊÎ¥´¨Ö p¥¤¦¥- ¸¨³¶ÉµÉ¨±¨ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢
¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì ¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¢ µ¡· §ÊÕÐ¨¥¸Ö  ¤·µ´Ò.
�É³¥Î ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É·Ê±ÉÊ·´ÒÌ µ¡Ñ¥±Éµ¢ ¶µ ¸· ¢´¥-
´¨Õ ¸ · ¸¸¥Ö´¨¥³ ÉµÎ¥Î´ÒÌ Î ¸É¨Í ¨ ¢µ§´¨± ÕÐ¨¥ ¶·¨ ÔÉµ³ É·Ê¤´µ¸É¨ µ¶¨-
¸ ´¨Ö  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. „ ¥É¸Ö ±· É± Ö Ì · ±É¥·¨¸É¨±  ³Ö£±¨Ì  ¤·µ´´ÒÌ
¶·µÍ¥¸¸µ¢ ¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ´¥±µÉµ·Ò¥ ³µ¤¥²¨ ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¢§ ¨³µ¤¥°-
¸É¢¨°  ¤·µ´µ¢.

‚µ ¢Éµ·µ³ · §¤¥²¥ ŒŠƒ‘ ¶·¨³¥´Ö¥É¸Ö ¤²Ö  ´ ²¨§  ¶·µÍ¥¸¸µ¢ ·µ¦¤¥´¨Ö
¡µ§µ´´ÒÌ ·¥§µ´ ´¸µ¢, ¸µ¤¥·¦ Ð¨Ì ²¥£±¨¥ u-, d-, s-±¢ ·±¨ [32]. C ¨¸¶µ²Ó§µ-
¢ ´¨¥³ ³µ¤¥²¨ ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ£¨¨ ¶µ²ÊÎ¥´Ò ¸µµÉ´µÏ¥´¨Ö, ¸¢Ö§Ò¢ -
ÕÐ¨¥ ¸¶¥±É·Ò ³¥§µ´µ¢ ¸ ¢Ò¸Ï¨³¨ ¸¶¨´ ³¨ ¸µ ¸¶¥±É· ³¨ ¢¥±Éµ·´ÒÌ (ρ,K∗)
¨ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ (π,K) ³¥§µ´µ¢.
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’·¥É¨° · §¤¥² ¶µ¸¢ÖÐ¥´ ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, µ¶¨¸Ò¢ ÕÐ¥°  ¤·µ´µ·µ-
¦¤¥´¨¥ Î ¸É¨Í ¸ µÉ±·ÒÉÒ³ Î ·³µ³ ¸ ÊÎ¥Éµ³ ¢±² ¤µ¢ µÉ · ¸¶ ¤µ¢ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì S-¢µ²´µ¢ÒÌ ·¥§µ´ ´¸µ¢ [35,36].

—¥É¢¥·ÉÒ° · §¤¥² ¶µ¸¢ÖÐ¥´ ´µ¢µ³Ê ¶µ¤Ìµ¤Ê ¢ · ³± Ì ŒŠƒ‘ ¤²Ö µ¶¨-
¸ ´¨Ö ³Ö£±¨Ì ¨ ¶µ²Ê¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢, µ¸´µ¢ ´´µ³Ê ´  ¤¢ÊÌ£²Õ-
µ´´µ° ³µ¤¥²¨ ¶µ³¥·µ´  [44, 45]. ‚ ¶·¥¤²µ¦¥´´µ° ³µ¤¥²¨ ¶µ³¥·µ´ · ¸¸³ -
É·¨¢ ¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö £²Õµ´ ³¨ ¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ°,
É.¥. ¢ ¶·µ¶ £ Éµ· £²Õµ´  ¢¢µ¤¨É¸Ö ¶ · ³¥É· µ¡·¥§ ´¨Ö ¶µ k⊥, ±µÉµ·Ò° ²µ£ -
·¨Ë³¨Î¥¸±¨ ¨¸Î¥§ ¥É ¶·¨ ¡µ²ÓÏ¨Ì k⊥. �·¥¤²µ¦¥´´ Ö ¢¥·¸¨Ö ŒŠƒ‘ ¶·¨³¥-
´Ö¥É¸Ö ¤²Ö ±µ²¨Î¥¸É¢¥´´µ° µÍ¥´±¨ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö π- ¨ D-³¥§µ´µ¢ ¢ pp-
¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ [44, 45]. ˆ§ ¸· ¢´¥´¨Ö
· ¸Î¥Éµ¢ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¨´É¥·¸¥¶É  ·¥¤¦¥¢¸±µ° Ψ-É· ¥±Éµ·¨¨ αΨ(0) ' 0
¨ αΨ(0) = −2, 2 ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨ Ô´¥·£¨¨

√
s =27,4 ƒÔ‚

¶µ± § ´µ, ÎÉµ Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ ¸¶¥±É·µ¢ ± ± ¶µ Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ°
xF , É ± ¨ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥ ¤µ¸É¨£ ¥É¸Ö ¶·¨ §´ Î¥´¨¨ ¶¥·¥¸¥Î¥´¨Ö
·¥¤¦¥¢¸±µ° Ψ-É· ¥±Éµ·¨¨, ¡²¨§±µ³ ± ´Ê²Õ, αΨ(0) ' 0.

‚ § ±²ÕÎ¥´¨¨ ±· É±µ ¸Ëµ·³Ê²¨·µ¢ ´Ò µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨Ö.

1. ’���‹�ƒˆ—…‘Š�… 1/N -��‡‹�†…�ˆ…
ˆ …ƒ� ‘‚Ÿ‡œ ‘ ’…��ˆ…‰ �…„†…

’·Ê¤´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ·µ¸Éµ³ Š•„-±µ´¸É ´ÉÒ ¸¢Ö§¨ αs(Q
2) ¢ ³Ö£±¨Ì

¶·µÍ¥¸¸ Ì, ¶·¨¢¥²¨ ± · §¢¨É¨Õ  ²ÓÉ¥·´ É¨¢´ÒÌ ¸¶µ¸µ¡µ¢ · ¸Î¥É  ¢§ ¨³µ¤¥°-
¸É¢¨Ö  ¤·µ´µ¢. ‚ ± Î¥¸É¢¥ ³ ²ÒÌ ¶ · ³¥É·µ¢ ¢ Š•„ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ
¢¥²¨Î¨´Ò 1/Nf ¨ 1/Nc, £¤¥ Nf Å Î¨¸²µ  ·µ³ Éµ¢ ±¢ ·±µ¢ (u, d, s, . . .),   Nc
Å Î¨¸²µ Í¢¥Éµ¢ [18,19]. �²¨§±¨³ ± ¤¥°¸É¢¨É¥²Ó´µ¸É¨ Ö¢²Ö¥É¸Ö ¸²ÊÎ °, ±µ£¤ 
µÉ´µÏ¥´¨¥ Nf/Nc Ë¨±¸¨·µ¢ ´µ (Nf/Nc ∝ 1) ¨ ¶·µ¢µ¤¨É¸Ö · §²µ¦¥´¨¥ ¶µ
¢¥²¨Î¨´¥ 1/Nf ¨²¨ 1/Nc. ’ ±µ° ¶µ¤Ìµ¤ ¶µ²ÊÎ¨² ´ §¢ ´¨¥ ¤Ê ²Ó´µ° Éµ¶µ-
²µ£¨Î¥¸±µ° Ê´¨É ·¨§ Í¨¨ („’“) [20, 21], É.±. µ´ ¡Ò² ¶·¥¤²µ¦¥´ ´¥§ ¢¨¸¨³µ
µÉ Š•„ ¤²Ö ÊÎ¥É  Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ¢ · ³± Ì ¤Ê ²Ó´µ£µ ¶µ¤Ìµ¤ ; ¶µ§¤´¥¥
¡Ò²  Ê¸É ´µ¢²¥´  ¥£µ ¸¢Ö§Ó ¸ Š•„ [20].

‚ ¶·µÍ¥¸¸ Ì ¸ ´¥¡µ²ÓÏ¨³¨ ¶¥·¥¤ ´´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ÔËË¥±É¨¢´µ ÊÎ ¸É-
¢ÊÕÉ Éµ²Ó±µ ²¥£±¨¥ ±¢ ·±¨ u, d, s, ¨ Î¨¸²µ Nf ¡²¨§±µ ± 3, É.¥. ¶ · ³¥É·
· §²µ¦¥´¨Ö ¶·¨³¥·´µ · ¢¥´ 1/3. �¤´ ±µ Ë ±É¨Î¥¸±¨ ¤²Ö  ³¶²¨ÉÊ¤ ¸ µ¶·¥¤¥-
²¥´´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ¢ t-± ´ ²¥ · §²µ¦¥´¨¥ ¶·µ¢µ¤¨É¸Ö ¶µ ¢¥²¨Î¨´¥
1/N2

f ' 0, 1.
�·¨ µ¶¨¸ ´¨¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ É ±µ° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É Ê¸É ´µ-

¢¨ÉÓ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê Ë¥°´³ ´µ¢¸±¨³¨ ¤¨ £· ³³ ³¨ ·¥ ±Í¨¨ a+b→ c+X
¨ µ¶·¥¤¥²¥´´Ò³¨ £¥µ³¥É·¨Î¥¸±¨³¨ µ¡· § ³¨ Å ¶² ´ ·´Ò³¨ ¤¨ £· ³³ ³¨,
Í¨²¨´¤·¨Î¥¸±¨³¨, ¤¨ £· ³³ ³¨ ¸ ª·ÊÎ± ³¨ª ¨ ¡µ²¥¥ ¸²µ¦´Ò³¨ Éµ¶µ²µ£¨-
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�¨¸. 1. �² ´ ·´ Ö ¤¨ £· ³³  ¸ ¢´¥Ï´¨³¨ ª´µ£ ³¨ª (a) ¨ Ô±¢¨¢ ²¥´É´ Ö ¥° Ë¥°´³ -
´µ¢¸± Ö ¤¨ £· ³³  (¡)

Ö³¨. ‘Ê³³¨·µ¢ ´¨¥ ¶µ ¢¸¥³ ¢µ§³µ¦´Ò³ ¢ ± ¦¤µ³ ¸²ÊÎ ¥ É¨¶ ³ ¤¨ £· ³³
¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ  ³¶²¨ÉÊ¤Ò ³Ö£±¨Ì ¶·µÍ¥¸¸µ¢ ¢ ¢¨¤¥ ·Ö¤  ¶µ 1/N .

1.1. ’µ¶µ²µ£¨Î¥¸±µ¥ 1/N -· §²µ¦¥´¨¥ ¢ Š•„. �·¥¤²µ¦¥´´Ò° 'É •oËÉµ³
¶µ¤Ìµ¤ [18] ¨¸¶µ²Ó§Ê¥É É¥µ·¨Õ ¢µ§³ÊÐ¥´¨°, µ¤´ ±µ ´¥ ¶µ Ì·µ³µ¤¨´ ³¨Î¥-
¸±µ° ±µ´¸É ´É¥ αs,   ¶µ 1/Nc. �·¨ ÔÉµ³ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ αs ·Nc = const,
  Î¨¸²µ  ·µ³ Éµ¢ Nf Ë¨±¸¨·µ¢ ´µ. ‹ £· ´¦¨ ´ Š•„ § ¶¨¸Ò¢ ²¸Ö ¢ É -
±µ³ ¢¨¤¥, ±µÉµ·Ò° ´ £²Ö¤´µ ³µ¦´µ ¶·µ¨²²Õ¸É·¨·µ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³.
ƒ²Õµ´ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ±¢ ·±- ´É¨±¢ ·±µ¢ Ö ¸¨¸É¥³ , É.¥. ¨§µ¡· ¦ ¥É¸Ö
¢ ¢¨¤¥ ¤¢ÊÌ ¶·µÉ¨¢µ¶µ²µ¦´µ ´ ¶· ¢²¥´´ÒÌ ±¢ ·±µ¢ÒÌ ²¨´¨°. Š¢ ·± Éµ¦¥
¨§µ¡· ¦ ¥É¸Ö ¢ ¢¨¤¥ ¤¢ÊÌ ²¨´¨° (¸¶²µÏ´µ° ¨ ÏÉ·¨Ìµ¢µ° ´  ·¨¸.1,a), ´µ µ¤¨-
´ ±µ¢µ ´ ¶· ¢²¥´´ÒÌ, µ¤´  ¨§ ±µÉµ·ÒÌ ¸µµÉ¢¥É¸É¢Ê¥É µ¶·¥¤¥²¥´´µ³Ê Í¢¥ÉÊ,
  ¤·Ê£ Ö Å  ·µ³ ÉÊ. ˆ¸Ìµ¤Ö ¨§ ÔÉ¨Ì ¶· ¢¨² Ë¥°´³ ´µ¢¸±¨¥ ¤¨ £· ³³Ò Éµ¦¥
¨§µ¡· ¦ ÕÉ¸Ö ¨´ Î¥.

� §²¨Î ÕÉ ¤¨ £· ³³Ò ª¶² ´ ·´µ£µª ¨ ª´¥¶² ´ ·´µ£µª É¨¶ . Š ¶¥·¢Ò³ µÉ-
´µ¸ÖÉ¸Ö ¤¨ £· ³³Ò ¢¨¤  ·¨¸.1,a, ¸ ¢´¥Ï´¨³¨ £²Õµ´´Ò³¨ ²¨´¨Ö³¨. „²Ö É ±¨Ì
¤¨ £· ³³ ¢¸¥ ²¨´¨¨ ³µ¦´µ ¡¥§ ¸ ³µ¶¥·¥¸¥Î¥´¨Ö · §³¥¸É¨ÉÓ ´  ¶²µ¸±µ¸É¨
¢´ÊÉ·¨ ±µ´ÉÊ· , µ£· ´¨Î¥´´µ£µ ±¢ ·±µ¢Ò³¨ ²¨´¨Ö³¨, ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ
£· ´¨ÍÊ ¤¨ £· ³³Ò. „²Ö ´ £²Ö¤´µ¸É¨ ´  ·¨¸.1,¡ ¶·¨¢¥¤¥´  Ô±¢¨¢ ²¥´É´ Ö ¥°
µ¡ÒÎ´ Ö Ë¥°´³ ´µ¢¸± Ö ¤¨ £· ³³  Š•„, £¤¥ ¢µ²´¨¸ÉÒ¥ ²¨´¨¨ ¨§µ¡· ¦ ÕÉ
£²Õµ´Ò,   ¸¶²µÏ´Ò¥ Å ±¢ ·±¨ ¨  ´É¨±¢ ·±¨. „¨ £· ³³  n-£µ ¶µ·Ö¤±  Gn,
£¤¥ n Å Î¨¸²µ ¢´¥Ï´¨Ì ª´µ£ª ¨²¨ ¢´¥Ï´¨Ì £²Õµ´´ÒÌ ²¨´¨°, ¨¸Ìµ¤ÖÐ¨Ì ¨§
£· ´¨ÍÒ (´  ·¨¸.1 n = 4), ¶·µ¶µ·Í¨µ´ ²Ó´  ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ [3]:

Gn ∝ (g2)2h−2+b(g2Nc)
lc(g2Nf )

lf , (1)

£¤¥ ¢¢¥¤¥´Ò ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö: g Å ±µ´¸É ´É  ¸¢Ö§¨, lc, lf Å Î¨¸² 
Í¢¥Éµ¢ÒÌ ¨  ·µ³ Éµ¢ÒÌ ¶¥É¥²Ó, h Å Î¨¸²µ ª·ÊÎ¥±ª, Ì · ±É¥·¨§ÊÕÐ¨Ì ¸É¥¶¥´Ó
´¥¶² ´ ·´µ¸É¨ ¤¨ £· ³³, b Å Î¨¸²µ £· ´¨Í.

‚ ¶µ¤Ìµ¤¥ 'É •oËÉ  [18] ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ g2Nc ¨ Nf Ë¨±¸¨·µ¢ ´Ò
´¥±µÉµ·Ò³¨ ¶µ¸ÉµÖ´´Ò³¨. ‚ · ¡µÉ Ì ¦¥ ‚¥´¥Í¨ ´µ [19, 20] ¤¥² ²µ¸Ó ¡µ²¥¥
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�¨¸. 2. �² ´ ·´Ò¥ ¤¨ £· ³³Ò ¤²Ö ¡¨´ ·´µ£µ (a) ¨ ³´µ¦¥¸É¢¥´´µ£µ (¡) ¶·µÍ¥¸¸µ¢

¸¨²Ó´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥: Ë¨±¸¨·µ¢ ²¨¸Ó g2Nc ¨ g2Nf . ’µ£¤  ¢ ¶µ¤Ìµ¤¥ ‚¥-
´¥Í¨ ´µ

Gn ∝ (g2)2h+b ∝
(

1

Nc

)2h+b

∝
(

1

Nf

)2h+b

. (2)

‚ Éµ¶µ²µ£¨Î¥¸±µ³ · §²µ¦¥´¨¨ ‚¥´¥Í¨ ´µ ¤¨ £· ³³Ò ±² ¸¸¨Ë¨Í¨·ÊÕÉ¸Ö
¶µ Î¨¸²Ê ª·ÊÎ¥±ª ¨ ª£· ´¨Íª. —Éµ¡Ò ¶µ²ÊÎ¨ÉÓ  ³¶²¨ÉÊ¤Ê, ´ ¶·¨³¥·, ¡¨´ ·-
´µ£µ ¶·µÍ¥¸¸  (n = 4, ¸³. ·¨¸.2), ´ ¤µ ¶·µ¸Ê³³¨·µ¢ ÉÓ ¶µ ¢¸¥³ h ¨ b, É.¥. ¶µ
¢±² ¤ ³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ · §´Ò³ Éµ¶µ²µ£¨Ö³: ¶² ´ ·´Ò°, Í¨²¨´¤·¨Î¥¸±¨°
¨ É.¤. ‡ ³¥É¨³, ÎÉµ É·¥¡µ¢ ´¨¥ g2Nf = const (¶µ·Ö¤±  ¥¤¨´¨ÍÒ) ¶·¨¢µ¤¨É
± Éµ³Ê, ÎÉµ ¶µ·Ö¤µ± ¤¨ £· ³³Ò n ´¥ ³¥´Ö¥É¸Ö, ¥¸²¨ ¢ ´¥¥ ¢±²ÕÎ¨ÉÓ ±¢ ·±-
 ´É¨±¢ ·±µ¢ÊÕ ¶¥É²Õ. ƒ² ¢´Ò° ¢±² ¤ Éµ¶µ²µ£¨Î¥¸±µ£µ · §²µ¦¥´¨Ö Ê± § ´´µ°
¢ÒÏ¥  ³¶²¨ÉÊ¤Ò ¡Ê¤ÊÉ ¤ ¢ ÉÓ, ¸µ£² ¸´µ ( [18]), ¤¨ £· ³³Ò ¸ h = 0 ¨ b = 1,
É.¥. ¤¨ £· ³³Ò ª¶² ´ ·´µ£µª É¨¶  ¡¥§ ª·ÊÎ¥±ª ¨ ¸ µ¤´µ° ª£· ´¨Í¥°ª. �·¨-
³¥·Ò É ±¨Ì ¤¨ £· ³³ ¶·¨¢¥¤¥´Ò ´  p¨¸.2,  ¤²Ö ³¥§µ´-³¥§µ´´µ£µ · ¸¸¥Ö´¨Ö.
� §·¥§ ´¨Õ É ±µ° ¤¨ £· ³³Ò ¢ s-± ´ ²¥ É ±¦¥ ¸µµÉ¢¥É¸É¢Ê¥É ª¶² ´ ·´ Öª
¤¨ £· ³³  ¤²Ö  ³¶²¨ÉÊ¤Ò ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í, ¨§µ¡· ¦¥´´ Ö
´  p¨¸.2,¡ (§¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¤²Ö Ê¶·µÐ¥´¨Ö ·¨¸Ê´±µ¢ ¢´ÊÉ·¥´´¨¥ ²¨-
´¨¨ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ µÉ²¨Î¨¥ µÉ p¨¸.2,  ´¥ ¨§µ¡· ¦¥´Ò). �³¶²¨ÉÊ¤Ò
¶µ¤µ¡´ÒÌ ¡¨´ ·´ÒÌ ¶·µÍ¥¸¸µ¢ ¢¥¤ÊÉ ¸¥¡Ö ± ±

T
(h=0,b=1)
ab→cd ∝ 1

Nf
∝ 1

Nc
. (3)

ƒ· Ë¨±¨ ¡µ²¥¥ ¢Ò¸µ±µ° Éµ¶µ²µ£¨¨, ±µ£¤  h = 0, b = 2, É ± ´ §Ò¢ ¥³Ò¥
ªÍ¨²¨´¤·¨Î¥¸±¨¥ª ¤¨ £· ³³Ò (¶·¨³¥· É ±¨Ì ¤¨ £· ³³ ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
¶·¨¢¥¤¥´ ´  p¨¸.3, ), ¢¥¤ÊÉ ¸¥¡Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ Nc ¨²¨ Nf ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

T
(h=0,b=2)
ab→ab ∝ 1

N2
f

∝ 1

N2
c

. (4)
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�¨¸. 3. –¨²¨´¤·¨Î¥¸±¨¥ ¤¨ £· ³³Ò: a) Ê¶·Ê£µ£µ ¶·µÍ¥¸¸  (¶µ³¥·µ´); ¡) ³´µ¦¥¸É¢¥´-
´µ£µ ¶·µÍ¥¸¸ 

� §·¥§ ´¨Õ É ±µ° ¤¨ £· ³³Ò ¢ s-± ´ ²¥ ¸µµÉ¢¥É¸É¢Ê¥É ªÍ¨²¨´¤·¨Î¥¸± Öª
¤¨ £· ³³  ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í, ¨§µ¡· ¦¥´´ Ö ´  p¨¸.3,¡. „¨ -
£· ³³Ò ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  Éµ¶µ²µ£¨¨ Å £· Ë¨±¨ ª¤¢µ°´µ£µ Í¨²¨´¤· ª,
h = 1 ¨ b = 2, Ê¡Ò¢ ÕÉ Ê¦¥ ± ± 1/N4

f = 1/N4
c . „·Ê£¨¥ ¤¨ £· ³³Ò ªÍ¨²¨´-

¤·¨Î¥¸±µ£µª É¨¶  ³µ¦´µ ¨§µ¡· §¨ÉÓ ¢ ¢¨¤¥ ³´µ£¨Ì ªÍ¨²¨´¤·µ¢ª. �µ¸²¥¤´¨¥
Ê¡Ò¢ ÕÉ ± ± 1/N6, 1/N8,..., É.±. h = 2, 3, ..., É.¥. ± ¦¤Ò° ¤µ¶µ²´¨É¥²Ó´Ò°
Í¨²¨´¤· ¤ ¥É µ¤´Ê ª·ÊÎ±Êª,   Î¨¸²µ £· ´¨Í ´¥¨§³¥´´µ, b = 2.

‚ · ¡µÉ Ì [18Ä22] ¡Ò² ¶·¥¤²µ¦¥´ É ± ´ §Ò¢ ¥³Ò° ¤Ê ²Ó´µ-Éµ¶µ²µ£¨-
Î¥¸±¨° ¶µ¤Ìµ¤, ¸ÊÉÓ ±µÉµ·µ£µ ¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³. �² ´ ·´Ò³ ¤¨ £· ³³ ³
¸ h = 0 ¨ b = 1 (·¨¸.2, ) ¢ s-± ´ ²¥ ¸É ¢ÖÉ¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¥ ¤¨ £· ³³Ò µ¤´µ-
·¥¤¦¥µ´´µ£µ µ¡³¥´  ¢ t-± ´ ²¥, £· Ë¨± ³ Í¨²¨´¤·¨Î¥¸±µ£µ É¨¶  ¸ h = 0 ¨
b = 2 (·¨¸.3, ) Å ¤¨ £· ³³Ò µ¤´µ¶µ³¥·µ´´µ£µ µ¡³¥´  ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ab→ ab ¢ t-± ´ ²¥. „·Ê£¨³ ¤¨ £· ³³ ³ Í¨²¨´¤·¨Î¥¸±µ£µ É¨¶  ¢ s-± ´ ²¥
¸ h = 1, 2, 3, ... ¨ b = 2 ¸É ¢ÖÉ¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¥ £· Ë¨±¨ ³´µ£µ¶µ³¥·µ´´µ£µ
µ¡³¥´  ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¢ t-± ´ ²¥. ’ ±, ¶² ´ ·´Ò³ ¤¨ £· ³³ ³ · §-
·¥§ ´´µ£µ É¨¶  (·¨¸.2,¡) ¸µµÉ¢¥É¸É¢Ê¥É ¶·µÍ¥¸¸ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö
¶·¨ ¸Éµ²±´µ¢¥´¨¨ ³¥§µ´µ¢ a ¨ b, ¸µ¸ÉµÖÐ¨Ì ¨§ ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¨  ´-
É¨±¢ ·±µ¢. ‹¨´¨Ö, µ¶·¥¤¥²ÖÕÐ Ö ²¥¢ÊÕ ª£· ´¨ÍÊª · §·¥§ ´´µ° ¤¨ £· ³³Ò
·¨¸.2,¡, ¸µµÉ¢¥É¸É¢Ê¥É  ´´¨£¨²ÖÍ¨¨ ¢ ²¥´É´ÒÌ ±¢ ·±µ¢,  ´É¨±¢ ·±µ¢, ¶·¨´ ¤-
²¥¦ Ð¨Ì ¸É ²±¨¢ ÕÐ¨³¸Ö  ¤·µ´ ³ (³¥§µ´ ³). �· ¢ Ö ª£· ´¨Í ª ¤¨ £· ³³Ò
·¨¸.2,¡ ¨§µ¡· ¦ ¥É qq̄-¶ ·Ò, ±µÉµ·Ò¥ § É¥³ Ë· £³¥´É¨·ÊÕÉ ¢  ¤·µ´Ò. Œ¥¦¤Ê
²¥¢µ° ¨ ¶· ¢µ° ª£· ´¨Í ³¨ª ¤¨ £· ³³Ò ·¨¸.2,¡ ´ Ìµ¤¨É¸Ö ª¸¥ÉÓª £²Õµ´´ÒÌ
²¨´¨° ¨ qq̄-¶¥É¥²Ó, ± ± ´  ·¨¸.2, , £¤¥ µ´¨ ´¥ ¨§µ¡· ¦¥´Ò.

”¨§¨Î¥¸±¨ ¤¨ £· ³³Ê ·¨¸.2,¡, · §·¥§ ´´ÊÕ ¢ s-± ´ ²¥, ³µ¦´µ É· ±Éµ-
¢ ÉÓ [6] ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·¨ ¸Éµ²±´µ¢¥´¨¨ ¤¢ÊÌ ³¥§µ´µ¢ ±¢ ·± µ¤´µ£µ
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³¥§µ´   ´´¨£¨²¨·Ê¥É ¸  ´É¨±¢ ·±µ³ ¤·Ê£µ£µ,   ¤·Ê£ Ö qq̄-¶ ·  ¢§ ¨³µ¤¥°¸É¢Ê¥É
³¥¦¤Ê ¸µ¡µ° ¨ · §²¥É ¥É¸Ö (¢ ¸.Í.¨. ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢) ¢ · §´Ò¥ ¸Éµ-
·µ´Ò. Œ¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö ±¢ ·± ³¨ ¢ Ì·µ³µ¸É É¨Î¥¸±µ³ ¶µ²¥ µ¡· §Ê¥É¸Ö
¸É·Ê´  [6], ±µÉµ· Ö § É¥³ ·¢¥É¸Ö, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¢ Ì·µ³µ¤¨´ ³¨Î¥¸±µ³ ¢ ±Ê-
Ê³¥ ·µ¦¤ ÕÉ¸Ö qq̄-¶ ·Ò. ‚µ§´¨± ¥É ¢µ¶·µ¸, ± ± ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ¤¨ £· ³³Ê
·¨¸.2, , ±µÉµ· Ö ¢ · §·¥§ ´´µ³ ¢¨¤¥ ¢ s-± ´ ²¥ ¶·¥¤¸É ¢²¥´  ´  ·¨¸.2,¡. � 
¶µ³µÐÓ ¶·¨Ìµ¤¨É ¢ÒÏ¥Ê± § ´´µ¥ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê s-± ´ ²Ó´Ò³ Éµ¶µ²µ£¨-
Î¥¸±¨³ ¨ t-± ´ ²Ó´Ò³ · §²µ¦¥´¨¥³ ¶µ ¶µ²Õ¸ ³ �¥¤¦¥  ³¶²¨ÉÊ¤Ò ¡¨´ ·´µ£µ
¶·µÍ¥¸¸  (É ± ´ §Ò¢ ¥³Ò° ¶·¨´Í¨¶ ¤Ê ²Ó´µ¸É¨). �·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¨
´¥¡µ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  ¶µ¢¥¤¥´¨¥ ¤¨ £· ³³ ·¨¸.2 ¢ t-± ´ ²¥ µ¶·¥-
¤¥²Ö¥É¸Ö ¸ ³Ò³¨ ¶· ¢Ò³¨ ¢ j-¶²µ¸±µ¸É¨ ¶µ²Õ¸ ³¨ �¥¤¦¥ ¸ ¤ ´´Ò³¨ ±¢ ´-
Éµ¢Ò³¨ Î¨¸² ³¨. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ÔÉ¨ ¶µ²Õ¸Ò ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ ¸µ-
¢¶ ¤ ÕÉ ¸ ´ ¡²Õ¤ ¥³Ò³¨ ´  µ¶ÒÉ¥ É ± ´ §Ò¢ ¥³Ò³¨ ¢Éµ·¨Î´Ò³¨ ¶µ²Õ¸ ³¨
�¥¤¦¥ (ρ, A2, f , ω, ...). Œ´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥  ¤·µ´µ¢ ¶·¨ ¸Éµ²±´µ-
¢¥´¨¨ Î ¸É¨Í a ¨ b (·¨¸.2,¡) ¶·µ¨¸Ìµ¤¨É §  ¸Î¥É ³Ê²ÓÉ¨¶¥·¨Ë¥·¨Î¥¸±µ£µ
³¥Ì ´¨§³  ¢ t-± ´ ²¥ [6]. ‘¥Î¥´¨¥ É ±µ£µ ¶·µÍ¥¸¸  Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³
s ± ± (1/s1−αR(0)), £¤¥ ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨ αR(0) ' 0, 5. �µÔÉµ³Ê
¶² ´ ·´Ò¥ ¤¨ £· ³³Ò É¨¶  ·¨¸.2 Ê¡Ò¢ ÕÉ ¸ s ± ± 1/

√
s.

–¨²¨´¤·¨Î¥¸±¨¥ ¦¥ ¤¨ £· ³³Ò É¨¶  ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸.3 ¸µµÉ¢¥É¸É¢ÊÕÉ
£· Ë¨± ³ ¶µ³¥·µ´´µ£µ µ¡³¥´  ¢ t-± ´ ²¥, ±µÉµ·Ò¥ ¢ É¥µ·¨¨ ´ ¤±·¨É¨Î¥¸±µ£µ
¶µ³¥·µ´  ´¥ Ê¡Ò¢ ÕÉ,   ¤ ¦¥ · ¸ÉÊÉ ± ± s∆, £¤¥ ∆ = αP (0) − 1 > 0 [6, 33].
ˆ´É¥·¸¥¶É ´ ¤±·¨É¨Î¥¸±µ£µ ¶µ³¥·µ´  αP (0) ' 1, 27 [6] ¢³¥¸Éµ µ¡ÒÎ´µ£µ
¶µ³¥·µ´  αP (0) = 1. �µÔÉµ³Ê £² ¢´Ò° ¢±² ¤ ¢ ³´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥
 ¤·µ´µ¢ ¢ ¡¨´ ·´ÒÌ  ¤·µ´´ÒÌ ·¥ ±Í¨ÖÌ ¤ ÕÉ Í¨²¨´¤·¨Î¥¸±¨¥ ¤¨ £· ³³Ò
É¨¶  ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸.3. ”¨§¨Î¥¸±¨ ÔÉ¨ ¤¨ £· ³³Ò ³µ¦´µ É· ±Éµ¢ ÉÓ
 ´ ²µ£¨Î´µ ¶² ´ ·´Ò³ £· Ë¨± ³ ·¨¸.2,¡: É ±, ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¤¢ÊÌ ¶·µÉµ-
´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ³¥¦¤Ê ±¢ ·±µ³ µ¤´µ£µ ´Ê±²µ´  ¨ ¤¨±¢ ·±µ³ ¤·Ê£µ£µ ¨,
¸µµÉ¢¥É¸É¢¥´´µ, µ¸É ¢Ï¨³¨¸Ö ¤¨±¢ ·±µ³ ¨ ±¢ ·±µ³ ÔÉ¨Ì ´Ê±²µ´µ¢, ± ± ³¥¦¤Ê
É·¨¶²¥Éµ³ ¨  ´É¨É·¨¶²¥Éµ³ ¶µ Í¢¥ÉÊ, ¶µ¸²¥ Í¢¥Éµ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¡· -
§ÊÕÉ¸Ö ¤¢¥ ¸¨´£²¥É´Ò¥ ¶µ Í¢¥ÉÊ ¸É·Ê´Ò. �·¨ Ê¤ ²¥´¨¨ ±µ´Íµ¢ ¸É·Ê´ ¤·Ê£
µÉ ¤·Ê£  ¶µ¸²¥¤´¨¥ ·¢ÊÉ¸Ö, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¨§ ¢ ±ÊÊ³  µ¡· §ÊÕÉ¸Ö qq̄-¶ ·Ò,
Ë· £³¥´É¨·ÊÕÐ¨¥ § É¥³ ¢  ¤·µ´Ò.

”¨§¨Î¥¸± Ö É· ±Éµ¢±  Í¨²¨´¤·¨Î¥¸±¨Ì ¤¨ £· ³³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³´µ-
£µ¶µ³¥·µ´´Ò³ t-± ´ ²Ó´Ò³ µ¡³¥´ ³,  ´ ²µ£¨Î´  ¶·¨¢¥¤¥´´µ° ¢ÒÏ¥, Éµ²Ó±µ
¢³¥¸Éµ ¤¢ÊÌ ¸É·Ê´ µ¡· §ÊÕÉ¸Ö 2n ¸¨´£²¥É´ÒÌ ¶µ Í¢¥ÉÊ ¸É·Ê´ ³¥¦¤Ê ±¢ ·± ³¨
¨ ¤¨±¢ ·± ³¨ (¤¢¥ ¸É·Ê´Ò) ¨ ³µ·¸±¨³¨ ±¢ ·± ³¨ ¨  ´É¨±¢ ·± ³¨ (2n − 2
¸É·Ê´Ò), £¤¥ n Å Î¨¸²µ ¶µ³¥·µ´´ÒÌ µ¡³¥´µ¢ ¢ t-± ´ ²¥.

ˆ§²µ¦¥´´ Ö ¸¢Ö§Ó s-± ´ ²Ó´µ£µ Éµ¶µ²µ£¨Î¥¸±µ£µ 1/N -· §²µ¦¥´¨Ö  ³¶²¨-
ÉÊ¤Ò ¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ¸ ¥¥ t-± ´ ²Ó´Ò³ · §²µ¦¥´¨¥³ ¶µ ¶µ²Õ¸ ³ �¥¤¦¥
¶µ§¢µ²Ö¥É, ¨¸Ìµ¤Ö ¨§ ¶· ¢¨²Ó´µ° ·¥¤¦¥- ¸¨³¶ÉµÉ¨±¨, ¢ÒÎ¨¸²¨ÉÓ · ¸¶·¥¤¥²¥-
´¨Ö ±¢ ·±µ¢ ¢  ¤·µ´ Ì ¨ ¨Ì ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨. �  ÔÉµ° µ¸´µ¢¥ µÉ±·Ò-
¢ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶·µ ´ ²¨§¨·µ¢ ÉÓ ¢¸¥ ³Ö£±¨¥  ¤·µ´´Ò¥ ¶·µÍ¥¸¸Ò ³´µ-
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¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö  ¤·µ´µ¢, É.¥. ¶·µÍ¥¸¸Ò ¸ ³ ²Ò³¨ ¶¥·¥¤ ´´Ò³¨ ¨³-
¶Ê²Ó¸ ³¨.

Š ·É¨´  ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°  ¤·µ´µ¢, µ¸´µ¢ ´´ Ö ´  Éµ¶µ²µ£¨Î¥-
¸±µ³ · §²µ¦¥´¨¨, ¶µ§¢µ²Ö¥É ¶µ´ÖÉÓ ³´µ£¨¥ ¸¢µ°¸É¢  ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ [18Ä20]. �¤´ ±µ µ´  Ö¢²Ö¥É¸Ö ¶µ²ÊË¥´µ³¥-
´µ²µ£¨Î¥¸±µ° É¥µ·¨¥°. ‡´ Î¨É¥²Ó´µ ¡µ²ÓÏÊÕ ¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê É¥µ·¨Ö
1/N -· §²µ¦¥´¨Ö ¶·¨µ¡·¥É ¥É, ¥¸²¨ ¤¨ £· ³³ ³ Éµ¶µ²µ£¨Î¥¸±µ£µ · §²µ¦¥´¨Ö
¸µ¶µ¸É ¢¨ÉÓ µ¶·¥¤¥²¥´´ÊÕ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ ± ·É¨´Ê ¢§ ¨³µ¤¥°-
¸É¢¨Ö ±¢ ·±µ¢ ¨ £²Õµ´µ¢, ¨¸¶µ²Ó§ÊÖ ¤²Ö µ¶¨¸ ´¨Ö ÔËË¥±Éµ¢ ±µ´Ë °´³¥´É 
³µ¤¥²¨ Í¢¥É´µ° É·Ê¡±¨ ¨ ¸É·Ê´Ò.

1.2. Œµ¤¥²Ó Í¢¥É´µ° É·Ê¡±¨ ¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´. �¸´µ¢Ò Ë· £³¥´-
É Í¨µ´´µ° ³µ¤¥²¨ Í¢¥É´µ° É·Ê¡±¨ ¨§²µ¦¥´Ò ¢ · ¡µÉ¥ [6] ¨ ¸µ¸ÉµÖÉ ¢ ¸²¥¤ÊÕ-
Ð¥³. ‚ µ¡² ¸É¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö Í¢¥É´µ£µ ¶µ²Ö ±¢ ·±µ¢ Ë²Ê±ÉÊ Í¨¨ £²Õµ´´µ£µ
¶µ²Ö ¶µ¤ ¢²¥´Ò, ´µ Ô´¥·£¨Ö ¢ ±ÊÊ³  ¶·¥¶ÖÉ¸É¢Ê¥É ¢ÒÌµ¤Ê Í¢¥É´ÒÌ ¸¨²µ¢ÒÌ
²¨´¨° ±¢ ·±µ¢ ¢µ ¢´¥Ï´ÕÕ ¸·¥¤Ê. �Éµ ¶·¨¢µ¤¨É ± Ì·µ³µ¤¨´ ³¨Î¥¸±µ³Ê
¢ ±ÊÊ³Ê ¢µ±·Ê£ ±¢ ·±µ¢, ¨  ¤·µ´ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¶Ê§Ò·¥± ¢ £²Õµ´´µ³
¢ ±ÊÊ³¥, ÎÉµ µ¤´µ¢·¥³¥´´µ µ§´ Î ¥É ¨ ±µ´Ë °´³¥´É, É.±. ¢¸¥ ¸¨²µ¢Ò¥ ²¨´¨¨
³¥¦¤Ê ±¢ ·± ³¨ § ³±´ÊÉÒ ¢´ÊÉ·¨ ¶Ê§Ò·Ó±  [22Ä24].

‘Éµ²±´µ¢¥´¨¥ ¤¢ÊÌ  ¤·µ´µ¢-¶Ê§Ò·Ó±µ¢ a ¨ b, ¸µ¶·µ¢µ¦¤ ÕÐ¥¥¸Ö  ´´¨£¨-
²ÖÍ¨¥° ¢ ²¥´É´ÒÌ ±¢ ·±µ¢, ¢ ³µ¤¥²¨ Í¢¥É´µ° É·Ê¡±¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²¥¤Ê-
ÕÐ¨³ µ¡· §µ³. —Éµ¡Ò ¤¢  ±¢ ·±  q, q̄ ¨§ · §´ÒÌ  ¤·µ´µ¢  ´´¨£¨²¨·µ¢ ²¨,
¨Ì µÉ´µ¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò ¤µ²¦´Ò ¡ÒÉÓ ³ ²Ò. ’µ£¤  ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨
¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¢ ´¨Ì ·¥ ²¨§µ¢ ²¨¸Ó ·¥¤±¨¥ ±µ´-
Ë¨£Ê· Í¨¨ ±¢ ·±µ¢-¶ ·Éµ´µ¢, ±µ£¤  · §´µ¸ÉÓ ¡Ò¸É·µÉ ±¢ ·±  ¨  ´É¨±¢ ·±  ¢
´ Î ²Ó´µ³  ¤·µ´¥(³¥§µ´¥) ¢¥²¨± . ‚ É¥·³¨´ Ì ¡Ò¸É·µÉ ÔÉµ µ§´ Î ¥É:

yq − yq̄ '
1

2
ln

s

m2
⊥
, (5)

£¤¥ m2
⊥ = m2

q + p2
q⊥,
√
s Å Ô´¥·£¨Ö ¢ ¸.Í.¨.; ¶µ²´Ò° ¨´É¥·¢ ² ¡Ò¸É·µÉ,

§ ´ÖÉÒ° ±¢ ·± ³¨ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, · ¢¥´ ¶µ²´µ³Ê ±¨´¥³ É¨Î¥¸±¨
· §·¥Ï¥´´µ³Ê ¨´É¥·¢ ²Ê ymax = ln (s/m2

⊥).
1.3. � ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¢  ¤·µ´¥. � ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¢ ŒŠƒ‘

µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¶· ¢¨²Ó´µ° ·¥¤¦¥- ¸¨³¶ÉµÉ¨±¨ ¶² ´ ·´ÒÌ ¨ Í¨²¨´¤·¨Î¥-
¸±¨Ì ¤¨ £· ³³ ¶·¨ x → 1 ¨ x → 0, £¤¥ x ¶·¨¡²¨¦¥´´µ · ¢´Ö¥É¸Ö ¤µ²¥ ¶·µ-
¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  ±¢ ·±  µÉ ¨³¶Ê²Ó¸  ´ Î ²Ó´µ£µ  ¤·µ´ , É.¥. x ∼ pqz/ph,
¨²¨, ÉµÎ´¥¥, x Å ¶¥·¥³¥´´ Ö ¸¢¥Éµ¢µ£µ Ë·µ´É  x = (Eq + pqz)/(Eh + phz).
ˆÌ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ É ±¦¥ µ¶·¥¤¥²ÖÕÉ¸Ö ·¥¤¦¥- ¸¨³¶ÉµÉ¨±µ°, ´µ ¶·¨
ÔÉµ³ ´ ±² ¤Ò¢ ÕÉ¸Ö ¥Ð¥ ´¥±µÉµ·Ò¥ Ê¸²µ¢¨Ö. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ·¥ÎÓ ¨¤¥É
µ · ¸¶·¥¤¥²¥´¨¨ ±¢ ·±µ¢ ´  ±µ´Í Ì q − q̄-¸É·Ê´Ò. � ¸¸³µÉ·¨³ ¢´ Î ²¥ ¶² -
´ ·´ÊÕ ¤¨ £· ³³Ê ·¨¸.2,¡ ¤²Ö ¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö
ab → hX ¢ ¸.Í.³. ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ a ¨ b, ±µ£¤  Î ¸É¨Í  h ·µ-
¦¤ ¥É¸Ö ¡Ò¸É·µ°, É.¥. ¶·µÍ¥¸¸ ¸ ¡µ²ÓÏ¨³ x. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨ x→ 1 ³¥¦¤Ê
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�¨¸. 4. a) �² ´ ·´ Ö ¤¨ £· ³³  ¤²Ö µ¡· §µ¢ ´¨Ö ²¨¤¨·ÊÕÐ¥£µ  ¤·µ´ ; ¡) ¥¥ ¢±² ¤
¢ ¨´±²Õ§¨¢´µ¥ ¸¥Î¥´¨¥; ¢) É·¥Ì·¥¤¦¥µ´´Ò° £· Ë¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¤¨ £· ³³¥ (¡)
¶·¨ x→ 1

 ¤·µ´µ³ h ¨ µ¸É ²Ó´Ò³¨ Î ¸É¨Í ³¨ ¢µ§´¨± ¥É ¡µ²ÓÏµ° ¨´É¥·¢ ² ¡Ò¸É·µÉ ∆y,
± ± ÔÉµ ¨§µ¡· ¦¥´µ ´  ·¨¸.4,a. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¤¨ £· ³³  Ê¶·Ê£µ£µ · ¸-
¸¥Ö´¨Ö ¶·¨¢¥¤¥´  ´  ·¨¸.4,¡, ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö ¶µ± §Ò¢ ¥É · §·¥§ ´¨¥ ÔÉµ°
¤¨ £· ³³Ò. ‘µµÉ¢¥É¸É¢ÊÕÐ¨° ¥° É·¥Ì·¥¤¦¥µ´´Ò° £· Ë¨± ¢ t-± ´ ²¥ ¶·¨-
¢¥¤¥´ ´  ·¨¸.4,¢. �µ¤·µ¡´µ¥ ¨§²µ¦¥´¨¥ ÔÉµ° ¶·µ¡²¥³Ò ¶·¨¢¥¤¥´µ ¢ [6, 46],
§¤¥¸Ó ³Ò µ¸É ´µ¢¨³¸Ö ²¨ÏÓ ´  µ¸´µ¢´ÒÌ ¶·¨´Í¨¶ Ì ¶µ¸É·µ¥´¨Ö ±¢ ·±µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° ¢  ¤·µ´¥ ¢ · ³± Ì ŒŠƒ‘.

�µ¦¤¥´¨¥ ¡Ò¸É·µ° Î ¸É¨ÍÒ h ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ³¥§µ´µ¢ a ¨ b, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥¥ ¶² ´ ·´µ° ¤¨ £· ³³¥ ·¨¸.4, , Ë¨§¨Î¥¸±¨ ³µ¦´µ É· ±Éµ¢ ÉÓ ¸²¥¤Ê-
ÕÐ¨³ µ¡· §µ³. �·¨ ¸Éµ²±´µ¢¥´¨¨ ÔÉ¨Ì ³¥§µ´µ¢, ¸µ¸ÉµÖÐ¨Ì ¨§ ¶ · ¢ ²¥´É´ÒÌ
±¢ ·±µ¢ ¨  ´É¨±¢ ·±µ¢ (q − q̄), ³¥¤²¥´´Ò°  ´É¨±¢ ·± Î ¸É¨ÍÒ a, µ¡µ§´ Î¥´-
´Ò° ± ± i,  ´´¨£¨²¨·Ê¥É ¸ ³¥¤²¥´´Ò³ ±¢ ·±µ³ Î ¸É¨ÍÒ b. Š¢ ·± qa ¢§ ¨-
³µ¤¥°¸É¢Ê¥É ¸  ´É¨±¢ ·±µ³ q̄b, ¶µ¸²¥ Î¥£µ µ´¨ · §²¥É ÕÉ¸Ö, ¨ ³¥¦¤Ê ´¨³¨
µ¡· §Ê¥É¸Ö É ± ´ §Ò¢ ¥³ Ö ¡¥¸Í¢¥É´ Ö ¸É·Ê´ , ¶µ¸±µ²Ó±Ê q ¨ q̄ Å É·¨¶²¥É
¨  ´É¨É·¨¶²¥É Í¢¥Éµ¢µ° £·Ê¶¶Ò SU(3). „ ²¥¥ ÔÉ  ¸É·Ê´  ·¢¥É¸Ö ¶µ ³¥·¥
· §²¥É  ¥¥ ±µ´Íµ¢, ¨ ¢ Ì·µ³µ¸É É¨Î¥¸±µ³ ¶µ²¥, ¸µ£² ¸´µ ³¥Ì ´¨§³Ê ˜¢¨´-
£¥·  [22], µ¡· §ÊÕÉ¸Ö ±¢ ·±- ´É¨±¢ ·±µ¢Ò¥ ¶ ·Ò, Ë· £³¥´É¨·ÊÕÐ¨¥ § É¥³
¢  ¤·µ´Ò. �¡· §µ¢ ´¨¥ Î ¸É¨ÍÒ h ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸¥¡¥ ± ± ª¶µ¤Ì¢ Éª
¡Ò¸É·Ò³ ±¢ ·±µ³ qa ³¥¤²¥´´µ£µ  ´É¨±¢ ·±  k (¸³. ·¨¸.4, ) ¨§ Í¥¶µÎ±¨ ±¢ ·-
±µ¢ ¨  ´É¨±¢ ·±µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ · §·Ò¢¥ ¸É·Ê´Ò. ’ ± ± ±  ¤·µ´ h
¡Ò¸É·Ò°, ¥£µ x → 1, Éµ ¡Ò¸É·µÉ´Ò° ¨´É¥·¢ ² ∆y ³¥¦¤Ê ´¨³ ¨ ¤·Ê£¨³¨
 ¤·µ´ ³¨ ¤µ¢µ²Ó´µ ¡µ²ÓÏµ°. �µ¸É·µ¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¡Ò¸É·µ£µ ±¢ ·±  ¢
 ¤·µ´¥ a Ô±¢¨¢ ²¥´É´µ ´ Ìµ¦¤¥´¨Õ ¢¥·µÖÉ´µ¸É¨ § ³¥¤²¨ÉÓ ¤·Ê£µ°  ´É¨±¢ ·±
i ¢ ÔÉµ³  ¤·µ´¥. ’ ±ÊÕ ¢¥·µÖÉ´µ¸ÉÓ ³µ¦´µ ´ °É¨ ¨§ ¸µµÉ¢¥É¸É¢¨Ö s-± ´ ²Ó´µ°
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¶² ´ ·´µ° ¤¨ £· ³³Ò t-± ´ ²Ó´µ° ¤¨ £· ³³¥ ¸ µ¡³¥´µ³ ·¥¤¦¥µ´µ³ R [6]:

wi ∼ σtot
ab ∼ Im f el

ab(t = 0) ∼ (
s

s0
)αR(0)−1, (6)

£¤¥ αR(0) Å ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢ ¤ ´´µ³ ¸²ÊÎ ¥
µ¡³¥´Ê ±¢ ·±- ´É¨±¢ ·±µ¢µ° ¶ ·µ° qi − q̄i ¢ s-± ´ ²¥, ¶µÔÉµ³Ê ¥£µ ³µ¦´µ
µ¡µ§´ Î¨ÉÓ ± ± αīi(0). �¥·¥Ìµ¤Ö ± ¶¥·¥³¥´´µ° x, ¤µ²¥ ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸ 
¡Ò¸É·µ£µ ±¢ ·±  qa, ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉµ 1 − x ∼ 1/s, ÔÉÊ ¢¥·µÖÉ´µ¸ÉÓ ³µ¦´µ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥

wi ∼ (1− x)1−αiī(0) ≡ x1−αiī(0)
i . (7)

‡¤¥¸Ó xi = 1 − x Å ¤µ²Ö ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  ³¥¤²¥´´µ£µ  ´É¨±¢ ·±  q̄i
¢  ¤·µ´¥ a. �´ ²µ£¨Î´µ ´ Ìµ¤¨É¸Ö ¢¥·µÖÉ´µ¸ÉÓ § ³¥¤²¨ÉÓ ±¢ ·± ( ´É¨±¢ ·±)
k ¶·¨ µ¡· §µ¢ ´¨¨  ¤·µ´  h (·¨¸.4, ), ÎÉµ Ô±¢¨¢ ²¥´É´µ ¢¥·µÖÉ´µ¸É¨ ´ °É¨
¡Ò¸É·Ò° ±¢ ·± qa ¸ ¤µ²¥° ¨³¶Ê²Ó¸  x ´  ±µ´Í¥ q − q̄-¸É·Ê´Ò, É ± ± ± x '
1− xk, É.¥.

wk ∼ (1 − x)1−αkk̄(0) = x
1−αkk̄(0)
k , (8)

£¤¥ αkk̄(0) Å ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¡³¥´Ê ±¢ ·± 
k ¨  ´É¨±¢ ·±  k̄. �¥·¥Ìµ¤Ö ¢ (7) ¨ (8) µÉ xi, xk ± ¡Ò¸É·µÉ ³ yi, yk, yi,k =
ln (2paxi,k/mqt), £¤¥ pa Å ¨³¶Ê²Ó¸ ´ Î ²Ó´µ£µ  ¤·µ´  a, mqt Å ¶µ¶¥·¥Î´ Ö
³ ¸¸  ¢ ²¥´É´µ£µ ±µ´¸É¨ÉÊ¥´É´µ£µ ±¢ ·±  qa, ¶µ²ÊÎ ¥³ ¤²Ö wi ¨ wk ¸²¥¤ÊÕ-
Ð¨¥ ¢Ò· ¦¥´¨Ö [6]:

wi(∆yi) = C exp (−βi∆yi);wk(∆yk) = C exp (−βk∆yk), (9)

£¤¥ ∆yi = ya− yi,∆yk = ya− yk, βi = 1−αīi(0), βk = 1−αkk̄(0); §¤¥¸Ó ya Å
¡Ò¸É·µÉ   ¤·µ´  a, yi, yk Å ¡Ò¸É·µÉÒ ±¢ ·±µ¢ i ¨ k (¸³. ·¨¸.4,a), C Å ´¥± Ö
±µ´¸É ´É . ‡ ³¥É¨³, ÎÉµ ¢ ¢Ò· ¦¥´¨ÖÌ (6)Å(9) ¶·¥´¥¡·¥£ ²µ¸Ó ¶µ¶¥·¥Î´Ò³¨
¨³¶Ê²Ó¸ ³¨ kt-±¢ ·±µ¢. …¸²¨ ¦¥ ¨Ì ÊÎ¥¸ÉÓ, Éµ ¢ ÔÉ¨ ¢Ò· ¦¥´¨Ö ¢µ°¤ÊÉ ¢³¥¸Éµ
¨´É¥·¸¥¶Éµ¢ É· ¥±Éµ·¨¨ �¥¤¦¥, § ¢¨¸ÖÐ¨¥ µÉ k2

t , É.¥. αR(−k2
t ), ±µÉµ·Ò¥ ¶·¨

³ ²ÒÌ k2
t ³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥: αR(−k2

t ) ' αR(0) − k2
tα
′
R(0).

“Î¨ÉÒ¢ Ö ÔÉµ ¨ ¶¥·¥Ìµ¤Ö ¢ (9) ¢ ¶·µ¸É· ´¸É¢µ ¶·¨Í¥²Ó´ÒÌ ¶ · ³¥É·µ¢ b,
¶µ²ÊÎ ¥³ ¤²Ö ËÊ·Ó¥-µ¡· §µ¢ wi(∆yi,b) ¨ wk(∆yk,b) ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

wi(∆yi,b) =
C

4πα′∆yi
exp (−βi∆yi) exp (−b2/4α′∆yi), (10)

wk(∆yk,b) =
C

4πα′∆yk
exp (−βk∆yk) exp (−b2/4α′∆yk). (11)

‡ ³¥É¨³, ÎÉµ ∆yi,∆yk >> 1, É ± ± ± ³Ò ¨´É¥·¥¸Ê¥³¸Ö · ¸¶·¥¤¥²¥´¨¥³
±¢ ·±  qa ´  ±µ´Í¥ ¸É·Ê´Ò ¶·¨ ¡µ²ÓÏ¨Ì x ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ³ ²ÒÌ xi ¨
xk, É.¥. ¶·¨ x → 1 (·¨¸.4,a). ’ ±¨³ µ¡· §µ³, ¢Ò· ¦¥´¨Ö (9) ¨ (10), (11)
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¤ ÕÉ ´ ³ ¢¥·µÖÉ´µ¸ÉÓ § ³¥¤²¨ÉÓ ¢ ²¥´É´Ò° ±¢ ·± i ( ´É¨±¢ ·± ī) ¢  ¤·µ´¥ a
(·¨¸.4,a) ¨ ¢¥·µÖÉ´µ¸ÉÓ ·µ¦¤¥´¨Ö ³¥¤²¥´´µ£µ ±¢ ·±  k ( ´É¨±¢ ·±  k̄) ¶µ¸²¥
· §·Ò¢  ¸É·Ê´Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ x (9) ¨²¨ ∆y ¨ b. �É¸Õ¤  ²¥£±µ µ¶·¥¤¥-
²¨ÉÓ  ¸¨³¶ÉµÉ¨±Ê ±¢ ·±µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ´  ±µ´Í Ì q− q̄-¸É·Ê´Ò. �µ ¶·¨
ÔÉµ³ ´¥µ¡Ìµ¤¨³µ ¸¢Ö§ ÉÓ ¨´É¥·¸¥¶É αkk̄(0) c αīi(0) ¨ αik(0), É ± ± ± ¶µ¸²¥¤-
´¨¥ §´ Î¥´¨Ö, ± ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, ¨§¢¥¸É´Ò. ‚ [6] ¡Ò² µ¡µ¸´µ¢ ´ É ±
´ §Ò¢ ¥³Ò° ¶·¨´Í¨¶ Ë ±Éµ·¨§ Í¨¨ ¢ ŒŠƒ‘  ³¶²¨ÉÊ¤Ò ¡¨´ ·´µ£µ ¶·µÍ¥¸¸ 
ab→ cd, ¨§µ¡· ¦¥´´µ£µ ´  ·¨¸.2: ¢¥·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö · §²¨Î´ÒÌ ±µ´¥Î-
´ÒÌ  ¤·µ´µ¢ c, d § ¢¨¸¨É Éµ²Ó±µ µÉ É¨¶  ±¢ ·±µ¢ k, ¢µ§´¨± ÕÐ¨Ì ¶·¨ · §·Ò¢¥
¸É·Ê´Ò ¨ ´¥ § ¢¨¸¨É µÉ É¨¶  ª ´´¨£¨²¨·ÊÕÐ¨Ì ±¢ ·±µ¢ª i. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ
³´¨³ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ab→ cd ¢ b-¶·µ¸É· ´¸É¢¥ µ± -
§Ò¢ ¥É¸Ö Ë ±Éµ·¨§µ¢ ´´µ° ¢ s-± ´ ²¥ [6]:

Im fab→cd(ξ,b) ∼ wiab(ξ,b)wkcd(ξ,b). (12)

‡¤¥¸Ó ξ = ln (s/s0), wiab ¨ wkcd Å É¥ ¦¥ ¢¥·µÖÉ´µ¸É¨, ÎÉµ ¨ wi, wk , ´µ ¤²Ö
¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ab → cd. „²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ab → ab, ¨¸¶µ²Ó§ÊÖ
Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨, ¨³¥¥³

wik(ξ,b)wki(ξ,b) ∼ wi(ξ,b)wk(ξ,b), (13)

£¤¥ wik(ξ,b) Å ¢¥·µÖÉ´µ¸ÉÓ § ³¥¤²¨ÉÓ µ¡  ±¢ ·±  i ¨ k, ¸³. ·¨¸.4, ,¡ ¸ ¤ ´´Ò³
¶·¨Í¥²Ó´Ò³ ¶ · ³¥É·µ³ b. �µ¤¸É ¢²ÖÖ É¥¶¥·Ó ¢Ò· ¦¥´¨Ö (10), (11) ¤²Ö wi,
wk,   É ±¦¥  ´ ²µ£¨Î´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö wik ¢ (13), ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥
µÎ¥´Ó ¢ ¦´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¨´É¥·¸¥¶Éµ¢ ·¥¤¦¥-É· ¥±Éµ·¨° ¨ ¨Ì ´ ±²µ´µ¢:

αīi(0) + αkk̄(0) = 2αik(0), (14)

(α′īi(0))−1 + (α′kk̄(0))−1 = 2(α′ik(0))−1, (15)

£¤¥ αik(0) Å ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° µ¡³¥´Ê ¶ ·µ°
±¢ ·±  i ¨  ´É¨±¢ ·±  k̄ ¢ s-± ´ ²¥, ¸³. ·¨¸.4,¡. ˆ§ (14) ¨³¥¥³

−αkk̄(0) = αīi(0)− 2αik(0). (16)

’¥¶¥·Ó ´¥¶µ¸·¥¤¸É¢¥´´µ ¶¥·¥°¤¥³ ± ¶µ¸É·µ¥´¨Õ  ¸¨³¶ÉµÉ¨±¨ ±¢ ·±µ¢ÒÌ · ¸-
¶·¥¤¥²¥´¨° ´  ±µ´Í Ì q − q̄-¸É·Ê´Ò ¶·¨ x → 0 ¨ x → 1. � ¸¶·¥¤¥²¥´¨¥
¢ ²¥´É´µ£µ ±¢ ·±  q(x) ¢  ¤·µ´¥ a ¶·¨ x→ 0 ³µ¦´µ ¸¢Ö§ ÉÓ ¸ ¢¥·µÖÉ´µ¸ÉÓÕ
´ °É¨ ¢ a ³¥¤²¥´´Ò° ±¢ ·± i, µ¶·¥¤¥²Ö¥³µ° ¢Ò· ¦¥´¨¥³ (7):

xiq(xi) = wi(xi) ∼ x1−αiī(0)
i . (17)

�É¸Õ¤  ¶µ²ÊÎ ¥³ ¶·¨ x→ 0:

qa(x) ∼ x−αiī(0) = x−αR(0). (18)
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Š ± Ê± §Ò¢ ²µ¸Ó ¢ÒÏ¥, αīi(0) = αR(0) Å ¨´É¥·¸¥¶É ¢Éµ·¨Î´µ° ·¥¤¦¥µ´´µ°
É· ¥±Éµ·¨¨. �¸¨³¶ÉµÉ¨±  q(x) ¶·¨ x→ 1 µ¶·¥¤¥²Ö¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ ·µ¦¤¥-
´¨Ö ³¥¤²¥´´µ£µ ±¢ ·±  k ( ´É¨±¢ ·±  k̄) ¶µ¸²¥ · §·Ò¢  q− q̄-¸É·Ê´Ò (·¨¸.4,¡),
É.¥. ¸µ£² ¸´µ (8) ¶·¨ x→ 1 ¨³¥¥³

qa(x) = qk(1 − x) =
wk(xk)

xk
∼ (1− x)−αkk̄(0), (19)

¨²¨, ¨¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥ (16), ¢Ò· ¦¥´¨¥ (19) ³µ¦´µ ¥Ð¥ § ¶¨¸ ÉÓ ¢
¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

qa(x) =∼ (1 − x)αR(0)−2αik(0). (20)

’ ±¨³ µ¡· §µ³,  ¸¨³¶ÉµÉ¨±  · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢  ¤·µ´¥ a,
ÉµÎ´¥¥, ´  ±µ´Í Ì ±¢ ·±- ´É¨±¢ ·±µ¢µ° ¸É·Ê´Ò ¶·¨ x → 0 ¨ x → 1 µ¶·¥-
¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨ (18) ¨ (19). …¸²¨ ¢ ± Î¥¸É¢¥  ¤·µ´  a ¢§ÖÉÓ, ´ -
¶·¨³¥·, π-³¥§µ´, Éµ αik ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ·¥¤¦¥µ´´µ° É· ¥±Éµ·¨¨, É.¥.
αik(0) = αR(0). ’µ£¤   ¸¨³¶ÉµÉ¨±  ±¢ ·±µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ π-³¥§µ´¥
¶·¨ x→ 0 ¨ x→ 1 ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¢Ò· ¦¥´¨Ö³¨

¶·¨ x→ 0
qπ(x) ∼ x−αR(0) = x−1/2, (21)

¶·¨ x→ 1
qπ(x) ∼ (1 − x)−αR(0) = (1 − x)−1/2. (22)

�¸¨³¶ÉµÉ¨±  ±¢ ·±µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ´Ê±²µ´¥ ¶·¨ x → 1 µ¶·¥¤¥-
²Ö¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ § ³¥¤²¨ÉÓ ¤¨±¢ ·± qq ¢ ´Ê±²µ´¥ (·¨¸.4, ), É.¥. ¸µ£² ¸´µ
(7):

wqq(xqq) ∼ x
1−α(qq)(q̄ q̄)(0)
qq , (23)

£¤¥ xqq = 1− x Å ¤µ²Ö ¨³¶Ê²Ó¸  ¤¨±¢ ·±  ¢ ´Ê±²µ´¥, α(qq)(q̄q̄)(0) Å ¨´É¥·-
¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µ¤¥·¦ Ð¥° ¤¨±¢ ·± ¨  ´É¨¤¨±¢ ·±, ±µÉµ· Ö Ê¤µ¢²¥-
É¢µ·Ö¥É ¸µµÉ´µÏ¥´¨Õ (14), É.¥. [6]:

α(qq)(q̄q̄)(0) + αkk̄(0) = 2α3q(0). (24)

’µ£¤ , ¨¸¶µ²Ó§ÊÖ (23), ¨³¥¥³ ¶·¨ x→ 1:

qN (x) =
wqq(xqq)

xqq
= C1x

−α(qq)(q̄q̄)(0)
qq = C1(1− x)αkk̄(0)−2α3q(0). (25)

‚ ÔÉµ³ ¸²ÊÎ ¥ αkk̄(0) = αR(0),   α3q = ᾱB(0) Å Ê¸·¥¤´¥´´Ò° ¨´É¥·¸¥¶É ¡ -
·¨µ´´µ° É· ¥±Éµ·¨¨ [6]. � ¶µ¢¥¤¥´¨¥ qN (x) ¶·¨ x→ 0 É ±¦¥ µ¶·¥¤¥²Ö¥É¸Ö,
± ± ¨ ¤²Ö π-³¥§µ´ , ¢Ò· ¦¥´¨¥³ (21).

‡ ³¥É¨³ ¥Ð¥ · §, ÎÉµ §¤¥¸Ó ¶·¨¢µ¤ÖÉ¸Ö ²¨ÏÓ ¶·¨´Í¨¶Ò ¶µ²ÊÎ¥´¨Ö ·¥¤¦¥-
 ¸¨³¶ÉµÉ¨±¨ ±¢ ·±µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢  ¤·µ´¥, ¢ Î ¸É´µ¸É¨ π-³¥§µ´¥ ¨ ´Ê-
±²µ´¥ ¶·¨ x→ 0 ¨ x→ 1. �µ¤·µ¡´µ¥ ¨§²µ¦¥´¨¥ ÔÉµ° ¶·µ¡²¥³Ò ³µ¦´µ ´ °É¨
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¢ · ¡µÉ Ì [6]. …¸²¨ ¶µ¤¸É ¢¨ÉÓ ¢ (25) §´ Î¥´¨Ö ¨´É¥·¸¥¶Éµ¢ αR(0) = 1/2 ¨
ᾱB(0) ' −0, 5, ±µÉµ·Ò¥ ¸²¥¤ÊÕÉ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ± ± Ê± §Ò-
¢ ¥É¸Ö ¢ [6], Éµ ¶·¨ x→ 1 ¨³¥¥³

qN (x) ∼ (1− x)3/2. (26)

�¸¨³¶ÉµÉ¨±  · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ´Ê±²µ´¥ ¶·¨ x → 0,
¢ ¶·¨´Í¨¶¥, ¸µ¢¶ ¤ ¥É ¸  ´ ²µ£¨Î´Ò³ · ¸¶·¥¤¥²¥´¨¥³, ´ ¡²Õ¤ ¥³Ò³ ¢ £²Ê-
¡µ±µ´¥Ê¶·Ê£µ³ ²¥¶Éµ´-´Ê±²µ´´µ³ · ¸¸¥Ö´¨¨ (ƒ��). � ¶·¨ x → 1 ¸µ£² ¸´µ
(26) µ´  ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î ¥É¸Ö µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¶µ¢¥¤¥´¨Ö, ´ ¡²Õ-
¤ ¥³µ£µ ¢ ƒ�� [47]. �Éµ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¢ ŒŠƒ‘ ±¢ ·±¨
¸µ¸É ¢²ÖÕÐ¨¥,   ¢ ƒ�� Å ÉµÎ¥Î´Ò¥ ¨²¨ Éµ±µ¢Ò¥, ± ± ¢ Š•„.

1.4. ”· £³¥´É Í¨Ö ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢  ¤·µ´Ò. �¸¨³¶ÉµÉ¨±  ËÊ´±-
Í¨° Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¢  ¤·µ´Ò ¶·¨ x → 1 É ±¦¥ µ¶·¥¤¥²Ö¥É¸Ö É·¥Ì-
·¥¤¦¥µ´´Ò³ £· Ë¨±µ³ ¢ t-± ´ ²¥ (·¨¸.4,¢) ¨²¨ ¥£µ  ´ ²µ£¨Î´µ° s-± ´ ²Ó´µ°
¤¨ £· ³³µ° ·¨¸.4,¡. �µ¤·µ¡´µ¸É¨ ¢Ò¢µ¤  É ±µ°  ¸¨³¶ÉµÉ¨±¨ ¶·¨¢¥¤¥´Ò ¢ [6],
§¤¥¸Ó ³Ò Éµ²Ó±µ ¢±· ÉÍ¥ ¨§²µ¦¨³ ¶·¨´Í¨¶ ¥¥ ¶µ²ÊÎ¥´¨Ö.

�·¥¤¶µ²µ¦¨³, ÎÉµ ¢ ¶·µÍ¥¸¸¥ a+b→ c+X µ¡· §Ê¥É¸Ö ²¨¤¨·ÊÕÐ¨°  ¤·µ´
c, É.¥. ¸ ¤µ²¥° ¨³¶Ê²Ó¸  z = pc/pa → 1. ’µ£¤  ¨´±²Õ§¨¢´Ò° ·¥²ÖÉ¨¢¨¸É¸±¨-
¨´¢ ·¨ ´É´Ò° ¸¶¥±É· É ±µ£µ  ¤·µ´  fc ≡ Ecdσ/d3p ¶·¨ É ±µ³ z µ¶·¥¤¥²Ö¥É¸Ö
É·¥Ì·¥¤¦¥µ´´Ò³ £· Ë¨±µ³ ¢ t-± ´ ²¥, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¤¨ £· ³³  ±µÉµ·µ£µ
¶·¨¢¥¤¥´  ´  ·¨¸.4,¢. Š ± Ìµ·µÏµ ¨§¢¥¸É´µ [6], ÔÉµ z-¶µ¢¥¤¥´¨¥ ¶·¨ z → 1
¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

fc(z, pt) ∼ g(p2
t )(1 − z)αiī(0)−2αik(p2

t ), (27)

£¤¥ g(p2
t ) Å ´¥± Ö ËÊ´±Í¨Ö, § ¢¨¸ÖÐ Ö µÉ ±¢ ¤· É  ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸ 

·µ¦¤ ÕÐ¥£µ¸Ö  ¤·µ´  p2
t . ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸¶¥±É· (27) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ

¢ ¢¨¤¥
fc(z, pt) ≡ Dc

qa(z, p
2
t )z, (28)

£¤¥ Dc
qa

(z, p2
t ) Å É ± ´ §Ò¢ ¥³ Ö ËÊ´±Í¨Ö Ë· £³¥´É Í¨¨ ±¢ ·±  qa ¢  ¤·µ´ c.

‚ ¶·¥¤¥²¥ z → 0 (yqa − yc >> 1) ËÊ´±Í¨Ö fc(z, p2
t ) ´¥ § ¢¨¸¨É µÉ z, É.¥. ¶·¨

z → 0

Dc
qa

(z, p2
t ) ∼

g(p2
t )

z
. (29)

‘· ¢´¨¢ Ö (27)Å(29), ¨³¥¥³

Dc
qa

(z, p2
t ) =

g(p2
t )

z
(1− z)αiī(0)−2αik(p2

t ). (30)

‚Ò· ¦¥´¨¥ (30) Å µ¡Ð¨° ¢¨¤ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ (””) ±¢ ·±  qa ¢  ¤·µ´
c. „²Ö ¶·µ¸ÉµÉÒ · ¸¸³µÉ·¨³ ””, ¶·µ¨´É¥£·¨·µ¢ ´´Ò¥ ¶µ p2

t . �µ¢¥¤¥´¨¥
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�¨¸. 5. �² ´ ·´Ò¥ ¤¨ £· ³³Ò µ¡· §µ¢ ´¨Ö ¡ ·¨µ´µ¢ ¢ ŒŠƒ‘ ¢ ¶·¥¤¥²¥ x→ 1

Dc
qa

(z) ¶·¨ z → 1 ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ (30), · §²µ¦¨¢ αik̄ ¢ ·Ö¤ ¶µ p2
t , § ³¥´¨¢

p2
t ´  ¥£µ ¸·¥¤´¥¥ §´ Î¥´¨¥ p̄2

t ¨ ¢µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¸µµÉ´µÏ¥´¨¥³ (14):

Dc
qa

(z, p2
t ) ∼ (1− z)−αkk̄(0)+λ, (31)

£¤¥ λ = 2α′
ik̄
p̄2
t . ‚Ò· ¦¥´¨¥ (31) Å  ¸¨³¶ÉµÉ¨±  ”” ¶·¨ z → 1 ¤²Ö · §·¥-

Ï¥´´µ° Ë· £³¥´É Í¨¨, É.¥. ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ±¢ ·± q ¨²¨ ¤¨±¢ ·± qq ¢Ìµ¤¨É
¢ ¸µ¸É ¢  ¤·µ´  c.

� ¸¸³µÉ·¨³ ´¥¸±µ²Ó±µ ¶·¨³¥·µ¢ ¶·¨ z → 1 [46]:

Dπ+

u (z) = Dπ−

d (z) ∼ (1 − z)−αρ(0)+λ, (32)

DK+

u (z) = DK−

ū (z) ∼ (1− z)−αφ(0)+λ, (33)

Dp
ud(z) = Dn

ud(z) ∼ (1− z)−αρ(0)+λ. (34)

‚ ¸²ÊÎ ¥ µ¡· §µ¢ ´¨Ö ¡ ·¨µ´µ¢ ±¢ ·±µ³ ¨²¨ ³¥§µ´µ¢ ¤¨±¢ ·±µ³ (¸³.
¤¨ £· ³³Ò ·¨¸.5) ¢ ± Î¥¸É¢¥ ¸µ¸ÉµÖ´¨Ö k ¢Ò¸ÉÊ¶ ¥É ¤¨±¢ ·±, É.¥. ¤¢  ±¢ ·±  ¨
É ± ´ §Ò¢ ¥³Ò° Í¢¥É´µ° Ê§¥², µ¡µ§´ Î¥´´Ò° ´  ·¨¸.5 ¶Ê´±É¨·µ³, ¢¢¥¤¥´´Ò° ¢
[48] ¶·¨ µ¶¨¸ ´¨¨ ¡ ·¨µ´µ¢ ¢ Š•„. ’· ¥±Éµ·¨¨ αqq(q̄q̄), ¸µ¤¥·¦ Ð¨¥ ¤¨±¢ ·±
¨  ´É¨¤¨±¢ ·±, Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Õ (24).

‚ Î ¸É´µ¸É¨, ¨´É¥·¸¥¶É É· ¥±Éµ·¨¨ αqqq(0) ¤²Ö ²¥£±¨Ì (u, d) ±¢ ·±µ¢
³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

αudūd̄(0) = 2αN (0)− αρ(0). (35)
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‘ ¶µ³µÐÓÕ (24), (31) ¨ (35) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ”” ±¢ ·±µ¢ ¢ ¡ ·¨µ´Ò ¨
¤¨±¢ ·±µ¢ ¢ ³¥§µ´Ò ¶·¨ z → 1. � ¶·¨³¥· [46],

Dp
u(z) = Dn

d (z) ∼ (1 − z)αρ(0)−2αN (0),+λ, (36)

DK+

ud (z) ∼ DK+

uu (z) ∼ (1− z)αρ(0)−2αN (0)+λ. (37)

�µ²¥¥ ¶µ¤·µ¡´µ µ É ±¨Ì ””,   É ±¦¥ µ¡  ¸¨³¶ÉµÉ¨±¥ ”” ¶·¨ z → 1 ¤²Ö
¸²ÊÎ ¥¢, ±µ£¤   ¤·µ´ c ´¥ ¸µ¤¥·¦¨É ´ Î ²Ó´µ£µ ±¢ ·±  ¨²¨ ¤¨±¢ ·± , É ±
´ §Ò¢ ¥³µ° ª§ ¶·¥Ð¥´´µ°ª Ë· £³¥´É Í¨¨, ³µ¦´µ ¶·µÎ¨É ÉÓ ¢ [46]. ‘ÊÉÓ
¶µ¸É·µ¥´¨Ö  ¸¨³¶ÉµÉ¨±¨ ”” ¶·¨ ª§ ¶·¥Ð¥´´µ°ª Ë· £³¥´É Í¨¨ ¸µ¸Éµ¨É ¢
¸²¥¤ÊÕÐ¥³. ‚ É ±¨Ì ¸²ÊÎ ÖÌ  ¤·µ´ c ·µ¦¤ ¥É¸Ö ´¥ ¸· §Ê, ´¥ ¢ ¶¥·¢µ° q − q̄-
Í¥¶µÎ±¥,   ¢ ¶µ¸²¥¤ÊÕÐ¨Ì Í¥¶µÎ± Ì, ¶·¨ ·µ¦¤¥´¨¨ ³¥¤²¥´´ÒÌ q − q̄-¶ ·,
¨ ¶µÔÉµ³Ê ¢  ¸¨³¶ÉµÉ¨±¥ ”” ¶·¨ z → 1 ¶µÖ¢²Ö¥É¸Ö, ± ± ¶µ± § ´µ ¢ [46],
¤µ¶µ²´¨É¥²Ó´Ò° Ë ±Éµ· (1 − z)1−αqq̄(0), ¸¢Ö§ ´´Ò° ¸ § ³e¤²¥´¨¥³ ± ¦¤µ£µ
±¢ ·± . � ¶·¨³¥·,

Dπ−

u (z) ∼ (1 − z)−αρ(0)+2(1−αρ(0))+λ, (38)

DK−

u (z) ∼ (1− z)−αρ(0)+(1−αρ(0))+(1−αφ(0))+λ. (39)

’ ±¨³ µ¡· §µ³,  ¸¨³¶ÉµÉ¨±  ”” ¶·¨ z → 1 µ¶·¥¤¥²Ö¥É¸Ö ¨´É¥·¸¥¶É ³¨
¢Éµ·¨Î´ÒÌ ·¥¤¦¥-É· ¥±Éµ·¨° ¨ ¨Ì ¶·µ¨§¢µ¤´Ò³¨ ¶·¨ p2

t = 0, §´ Î¥´¨Ö ±µ-
Éµ·ÒÌ ³µ¦´µ ¢§ÖÉÓ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‡ ³¥É¨³, ÎÉµ É ± Ö  ¸¨³-
¶ÉµÉ¨±  ”” É ±¦¥ ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î ¥É¸Ö µÉ  ´ ²µ£¨Î´µ£µ ¶µ¢¥¤¥´¨Ö
””, ¶µ²ÊÎ¥´´µ£µ ¨§ ƒ�� ¨²¨ ¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢, ± ± ¨ ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢  ¤·µ´¥ [47].

2. ��†„…�ˆ… �…‡����‘�‚
‚ Œ�„…‹ˆ Š‚��Š-ƒ‹����›• ‘’�“�

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶µÖ¢¨²µ¸Ó ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¤ ´´ÒÌ ¶µ ¨´±²Õ-
§¨¢´µ³Ê  ¤·µ´µ·µ¦¤¥´¨Õ ·¥§µ´ ´¸µ¢ ¸ · §²¨Î´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨. ‚
Î ¸É´µ¸É¨, ¨³¥ÕÉ¸Ö µÉ´µ¸¨É¥²Ó´µ Ìµ·µÏµ ¨§³¥·¥´´Ò¥ ¤ ´´Ò¥ ¶µ x- ¨ p⊥-
¸¶¥±É· ³ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢, ¨§³¥·¥´Ò É ±¦¥ ´¥±µÉµ·Ò¥ Ì · ±É¥·¨¸É¨±¨ ·µ-
¦¤¥´¨Ö ·¥§µ´ ´¸µ¢ ¸ ¢Ò¸Ï¨³¨ (J ≥ 2) ¸¶¨´ ³¨. „²Ö ¶· ¢¨²Ó´µ£µ µ¶¨¸ ´¨Ö
ÔÉ¨Ì ¤ ´´ÒÌ ´¥µ¡Ìµ¤¨³µ ¡µ²¥¥ ¤¥É ²Ó´µ¥ · §¢¨É¨¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¸Ì¥³ ³Ö£-
±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �¤´µ° ¨§ ¢ ¦´¥°Ï¨Ì ¶·µ¡²¥³ ´  ÔÉµ³ ¶ÊÉ¨ Ö¢²Ö¥É¸Ö
¢±²ÕÎ¥´¨¥ ¸¶¨´µ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¢ ±¢ ·±-¶ ·Éµ´´Ò¥ ³µ¤¥²¨, ¶·¨³¥´Ö¥³Ò¥
¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö [10,47,49].

� ¸¸³µÉ·¨³ µ¡µ¡Ð¥´¨¥ ŒŠƒ‘ ´  ¸²ÊÎ ° ·µ¦¤¥´¨Ö ¡µ§µ´´ÒÌ ·¥§µ´ ´-
¸µ¢ [32], ²¥¦ Ð¨Ì ´  ¢¥¤ÊÐ¥° É· ¥±Éµ·¨¨ ¢¥±Éµ·´µ-É¥´§µ·´µ° VT-£·Ê¶¶Ò
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(ρ, a2, f , K∗ ...). �·¥¤² £ ¥³Ò° ¶µ¤Ìµ¤ µ¸´µ¢ ´ ´  É ± ´ §Ò¢ ¥³µ° ·¥¤¦¥µ´-
ËµÉµ´´µ°  ´ ²µ£¨¨, ¤ ÕÐ¥° ¢µ§³µ¦´µ¸ÉÓ ÊÎ¥¸ÉÓ ¸¶¨´ J ´ ¡²Õ¤ ¥³ÒÌ ·¥-
§µ´ ´¸µ¢. „²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ · ¸¸³µÉ·¥ÉÓ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·-
±µ¢ ¨ ¤¨±¢ ·±µ¢ GJq(qq)(z) ¢ ¡µ§µ´´Ò¥ ·¥§µ´ ´¸Ò ¸ ¶·µ¨§¢µ²Ó´Ò³ ¸¶¨´µ³

J . ”Ê´±Í¨¨ GJq(qq)(z) ¶·¨ z→1 ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¢ÒÎ¥ÉÒ ¢Éµ·¨Î´ÒÌ ·¥¤-
¦¥¢¸±¨Ì É· ¥±Éµ·¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì, ¢ · ³± Ì ¶µ¤Ìµ¤  „’“, ¢±² ¤Ê ¶² -
´ ·´ÒÌ ¤¨ £· ³³. ˆ¸¶µ²Ó§ÊÖ ¶·¥¤¸± § ´¨Ö ŒŠƒ‘ ¤²Ö ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò
¶² ´ ·´ÒÌ ¤¨ £· ³³ [50], ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¢ÒÎ¥É ³¨ ¢¥-
¤ÊÐ¨Ì É· ¥±Éµ·¨° VT-£·Ê¶¶Ò. ‘µ£² ¸´µ ÔÉ¨³ ¶·¥¤¸± § ´¨Ö³ ¢§ ¨³µ¤¥°¸É¢¨¥
·¥¤¦¥µ´µ¢ VT-£·Ê¶¶Ò ¸  ¤·µ´ ³¨ ¨³¥¥É Ê´¨¢¥·¸ ²Ó´Ò° ¢¨¤,  ´ ²µ£¨Î´Ò°
¸²ÊÎ Õ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ƒ¨¶µÉ¥§  ¤µ³¨´ ´É´µ¸É¨ ¢§ ¨-
³µ¤¥°¸É¢¨Ö Ô²¥±É·µ³ £´¨É´µ£µ É¨¶  ¢ ¶² ´ ·´µ° Î ¸É¨  ¤·µ´´ÒÌ  ³¶²¨ÉÊ¤
(¨²¨ ·¥¤¦¥µ´-ËµÉµ´´ Ö  ´ ²µ£¨Ö) ¸µ¢³¥¸É´µ ¸ ¶·¥¤¸± § ´¨Ö³¨ ¤Ê ²Ó´µ° ³µ-
¤¥²¨ ‚¥´¥Í¨ ´µ [51] ¤²Ö ¢¥·Ï¨´ ·¥¤¦¥µ´ Å Î ¸É¨Í  ¶µ§¢µ²ÖÕÉ Ë¨±¸¨·µ¢ ÉÓ
¢¥²¨Î¨´Ò GJq(qq)(z) ¶·¨ z→1. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥É¸Ö ¶·µ¸Éµ¥ ¸µµÉ´µÏ¥´¨¥,
µ¶·¥¤¥²ÖÕÐ¥¥ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö ·¥§µ´ ´¸  µÉ ¥£µ ¸¶¨´  J .

‚Ò· ¦¥´¨¥ ¤²Ö ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¶¥±É·   ¤·µ´µ¢ ¢ ŒŠƒ‘
§ ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ (¸³., ´ ¶·¨³¥·, [25,28]):

dσ

dy

h

≡ xR
dσ

dx

h

=

∫
E
dσ

d3~p
d2p⊥ =

∑
n

σn(s)ϕhn(s, x), (40)

£¤¥ y Å ¡Ò¸É·µÉ , x = 2pz/
√
s Å Ë¥°´³ ´µ¢¸± Ö ¶¥·¥³¥´´ Ö, pz Å ¶·µ¤µ²Ó-

´Ò° ¨³¶Ê²Ó¸ ·µ¦¤¥´´µ£µ  ¤·µ´ ,
√
s Å ¶µ²´ Ö Ô´¥·£¨Ö ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö

 ¤·µ´µ¢ ¢ ¸.Í.¨., σn Å ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö n-¶µ³¥·µ´´µ£µ ²¨¢´Ö (¨²¨ 2n ±¢ ·±-
£²Õµ´´ÒÌ ¸É·Ê´, · ¸¶ ¤ ÕÐ¨Ì¸Ö ´   ¤·µ´Ò) [6,27], ϕhn(s, y) Å · ¸¶·¥¤¥²¥´¨¥
 ¤·µ´µ¢ ¢ n-¶µ³¥·µ´´µ³ ²¨¢´¥, xR = (x2

⊥+x2)1/2, x2
⊥ = 4(< p2

⊥ > +m2
h)/s;

mh, < p⊥ > Å ³ ¸¸  ¨ ¸·¥¤´¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¢Éµ·¨Î´µ£µ  ¤·µ´  ¸µ-
µÉ¢¥É¸É¢¥´´µ. ‘¥Î¥´¨Ö σn ¨¸¶Ê¸± ´¨Ö n ¶µ³¥·µ´´ÒÌ ²¨¢´¥° ¢ÒÎ¨¸²Ö²¨¸Ó ¶µ
Ëµ·³Ê² ³ (³µ¤¥²Ó ª±¢ §¨Ô°±µ´ ² ª) [52]:

σn =
σP

nz

(
1− e−z

∞∑
k=0

zk

k!

)
, n ≥ 1, (41)

z =
2CPγP

R2
P + α′P ln(s/s0)

(
s

s0

)∆

, (42)

σP = 8πγP

(
s

s0

)∆

, (43)

£¤¥ σP Å ¢±² ¤ ¶µ³¥·µ´  ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥, ∆ = αP (0) − 1 Å ¶·¥¢ÒÏ¥-
´¨¥ ¨´É¥·¸¥¶É  ¶µ³¥·µ´  ´ ¤ 1 (´ ¤±·¨É¨Î¥¸±¨° ¶µ³¥·µ´), ¶ · ³¥É·Ò γP ¨
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R2
P µ¶·¥¤¥²ÖÕÉ ¢¥²¨Î¨´Ê ¸¢Ö§¨ ¶µ³¥·µ´  ¸  ¤·µ´µ³, ¶ · ³¥É· Cp ÊÎ¨ÉÒ¢ ¥É

µÉ±²µ´¥´¨¥ µÉ Ô°±µ´ ²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö; §´ Î¥´¨Ö µ¸É ²Ó´ÒÌ ¶ · ³¥É·µ¢
¡Ê¤ÊÉ ¶·¨¢¥¤¥´Ò ´¨¦¥ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¸¥Î¥´¨° ¤²Ö ±µ´±·¥É´ÒÌ ·¥ ±Í¨°.
�µ²´µ¥ ¸¥Î¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö  ¤·µ´µ¢ ¢ ŒŠƒ‘ ¥¸ÉÓ ¸Ê³³  ¸¥Î¥´¨° σn(s)
·µ¦¤¥´¨Ö ²Õ¡µ£µ Î¨¸²  ¶µ³¥·µ´´ÒÌ ²¨¢´¥°:

σtot(s) =

∞∑
n=0

σn(s), (44)

σin(s) = σDD0 +
∞∑
n=1

σn(s), σDD0 = (1− 1/c)σ0(s), (45)

σDD0 Å ¸¥Î¥´¨¥ ¤¨Ë· ±Í¨µ´´µ° ¤¨¸¸µÍ¨ Í¨¨.

ϕπ(K)p→h
n (xF ) = fhq (x+, n)fhq (x−, n) + fhq (x+, n)fhqq(x−, n) +

+ 2(n− 1)fhsea(x+, n)fhsea(x−, n), (46)

ϕpp→hn (xF ) = fhqq(x+, n)fhq (x−, n) + fhq (x+, n)fhqq(x−, n) +

+ 2(n− 1)fhsea(x+, n)fhsea(x−, n), (47)

x± =
1

2

([
4m2
⊥
s

+ x2
F

] 1
2

± xF

)
. (48)

”Ê´±Í¨¨ fhqq(x±, n), fhq (x±, n), fhq (x±, n), fhsea(x±, n), ±µÉµ·Ò¥ ¶µÖ¢²Ö-
ÕÉ¸Ö ¢ (46) ¨ (47), µ¶·¥¤¥²ÖÕÉ ¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¨
¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¸¢¥·É±¨ ¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° ¤¨±¢ ·±µ¢, ¢ ²¥´É´ÒÌ
¨ ³µ·¸±¨Ì ±¢ ·±µ¢( ´É¨±¢ ·±µ¢) ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, u(x), ¨ ËÊ´±Í¨°
Ë· £³¥´É Í¨¨ ¤¨±¢ ·±µ¢ ¨ ±¢ ·±µ¢ ¢ ·µ¦¤ ÕÐ¨¥¸Ö  ¤·µ´Ò Gh(z). ‚±² ¤Ò
µÉ ´ Î ²Ó´µ° Î ¸É¨ÍÒ ¨ ¶·µÉµ´  ³¨Ï¥´¨ § ¢¨¸ÖÉ, ¸µµÉ¢¥É¸É¢¥´´µ, µÉ ¶¥·¥-
³¥´´ÒÌ x+ ¨ x−. „²Ö ¸²ÊÎ Ö pp-¸Éµ²±´µ¢¥´¨° ÔÉ¨ ¸¢¥·É±¨ ¨³¥ÕÉ ¢¨¤ [25]:

fhqq(x±, n) =
2

3

∫ 1

x±

uud(x1, n)Ghud(x±/x1)dx1 +

+
1

3

∫ 1

x±

uuu(x1, n)Ghuu(x±/x1)dx1, (49)

fhq (x±, n) =
2

3

∫ 1

x±

uu(x1, n)Ghu(x±/x1)dx1 +

+
1

3

∫ 1

x±

ud(x1, n)Ghd(x±/x1)dx1, (50)
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fhsea(x±, n) =
1

2 + δ

[∫ 1

x±

uu(x1, n)
Ghu(x±/x1) +Ghu(x±/x1)

2
dx1+

+

∫ 1

x±

ud(x1, n)
Gh
d
(x±/x1) +Ghd(x±/x1)

2
dx1 +

+ δ

∫ 1

x±

us(x1, n)
Ghs (x±/x1) +Ghs (x±/x1)

2
dx1

]
. (51)

� · ³¥É· δ ∼ 0, 2− 0, 3 µ¶·¥¤¥²Ö¥É ¶µ¤ ¢²¥´¨¥ ¸É· ´´µ£µ ±¢ ·±  ¢ ³µ·¥.
�´ ²µ£¨Î´µ ¤²Ö π−p-¸Éµ²±´µ¢¥´¨°

fhq (x+, n) =

∫ 1

x+

ud(x1, n)Ghd(x+/x1)dx1,

fhq (x+, n) =

∫ 1

x+

uu(x1, n)Ghu(x+/x1)dx1. (52)

‚Ò· ¦¥´¨Ö ¤²Ö Kp-¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¥ÕÉ ÉÊ ¦¥ ¸É·Ê±ÉÊ·Ê, ÎÉµ ¨ ¢ (52).
C¢µ°¸É¢  ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¢ · ³± Ì ŒŠƒ‘ µ¡¸Ê¦¤ ²¨¸Ó ¢ · §¤.1

[6,46]. �µ¢¥¤¥´¨¥ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ Ghq(qq)(z) = zDh
q(qq)(z) ¢ ¤¢ÊÌ  ¸¨³-

¶ÉµÉ¨Î¥¸±¨Ì ¶·¥¤¥² Ì z → 0 ¨ z → 1 ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ·¥¤¦¥¢¸±¨³¨
 ¸¨³¶ÉµÉ¨± ³¨:

Ghq(qq)(0) = bh, (53)

Ghq(qq)(z → 1) ∼ (1 − z)γ . (54)

‡¤¥¸Ó γ µ¶·¥¤¥²Ö¥É¸Ö ¨´É¥·¸¥¶É ³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥¤¦¥¢¸±¨Ì É· ¥±-
Éµ·¨°. „²Ö ´ Ï¨Ì Í¥²¥° ´ ¨¡µ²¥¥ ¢ ¦´µ · ¸¸³µÉ·¥´¨¥ ±µ´¸É ´ÉÒ bh, ±µÉµ-
· Ö Ö¢²Ö¥É¸Ö §´ Î¥´¨¥³ ËÊ´±Í¨¨ Ghq(qq)(z) ¶·¨ z → 0 ¨ ´¥ § ¢¨¸¨É µÉ ¸µ·É 

´ Î ²Ó´µ£µ ±¢ ·±  q (¤¨±¢ ·±  qq). Šµ´¸É ´É  bh µ¶·¥¤¥²Ö¥É¸Ö ¤¨´ ³¨±µ°
Ë· £³¥´É Í¨¨ ¸É·Ê´Ò, ±µ£¤  ¶ ·  qq̄ ·µ¦¤ ¥É¸Ö ¨§ ¢ ±ÊÊ³  ¢ Í¥´É· ²Ó´µ°
µ¡² ¸É¨ ¸¶¥±É· . � ¶·¨³¥·, ¨§ SU(3)-¸¨³³¥É·¨¨ ¸²¥¤Ê¥É, ÎÉµ bρ

+

= bρ
−

=

= bρ
0

= bρ, bω = bρ . . . �·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ÔÉ¨Ì ±µ´¸É ´É ´¥ ³µ£ÊÉ ¡ÒÉÓ
¶·µ¢¥¤¥´Ò ¢ · ³± Ì ŒŠƒ‘. �¨¦¥ ³Ò ¶·¨¢¥¤¥³ µÍ¥´±¨ ´  µÉ´µÏ¥´¨¥ ÔÉ¨Ì
±µ´¸É ´É, ¶µ²ÊÎ¥´´Ò¥ ¢ · ³± Ì ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ£¨¨.

�¸´µ¢´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥, ¨¸¶µ²Ó§µ¢ ´´µ¥ ´ ³¨, § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ
Ëµ·³  xF -¸¶¥±É·µ¢ ·¥§µ´ ´¸µ¢, ·µ¦¤ ÕÐ¨Ì¸Ö ¶·¨ · §·Ò¢¥ ±¢ ·±-£²Õµ´´µ°
¸É·Ê´Ò, ´¥ § ¢¨¸¨É µÉ ¸¶¨´  J ´ ¡²Õ¤ ¥³µ£µ ·¥§µ´ ´¸ , É.¥. ¢¸¥ ¸µ¸ÉµÖ´¨Ö, ²¥-
¦ Ð¨¥ ´  ·¥¤¦¥¢¸±µ° É· ¥±Éµ·¨¨ αik(M2

J), ¶·¨ µ¤¨´ ±µ¢ÒÌ ´ Î ²Ó´ÒÌ Ê¸²µ-
¢¨ÖÌ ¨³¥ÕÉ µ¤¨´ ±µ¢ÊÕ Ëµ·³Ê x-§ ¢¨¸¨³µ¸É¨. ‚ · ³± Ì ¸¤¥² ´´µ£µ ¶·¥¤¶µ-
²µ¦¥´¨Ö ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢ · §²¨Î´Ò¥ ·¥§µ´ ´¸Ò
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ρ- ¨ K∗-¸¥³¥°¸É¢ ³µ£ÊÉ ¡ÒÉÓ ¢Ò· ¦¥´Ò Î¥·¥§ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ¢ ρ-
¨²¨ K∗-³¥§µ´Ò [32]:

GJq(qq)(x) = RJG
ρ,K∗

q(qq)(x), (55)

£¤¥ ¢¥²¨Î¨´  RJ ´¥ § ¢¨¸¨É µÉ ¶¥·¥³¥´´µ° x.
�µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¢ ¢¥±Éµ·´Ò¥ ³¥§µ´Ò ¶·¨¢¥¤¥´

¢ ¶·¨²µ¦¥´¨¨ �. ‚ ¶ · ³¥É·¨§ Í¨¨ (55) ¢¥²¨Î¨´Ò RJ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§
±µ´¸É ´ÉÒ bJ : RJ = (bJ/bV )2. ˆ§  ´ ²¨§  ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ ρ-³¥§µ´µ¢ ¢
πN -¸Éµ²±´µ¢¥´¨¨ ¢ · ³± Ì ŒŠƒ‘ [53] ¶µ²ÊÎ¥´Ò §´ Î¥´¨Ö

bρ ≈ 0, 27, bK
∗ ≈ 0, 15. (56)

‚¥·´¥³¸Ö É¥¶¥·Ó ± · ¸¸³µÉ·¥´¨Õ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¤²Ö ¸µ¸ÉµÖ´¨°
¸ ¡µ²ÓÏ¨³¨ ¸¶¨´ ³¨. �µ¤·µ¡´Ò° ¢Ò¢µ¤ µÉ´µÏ¥´¨Ö RJ ¢ · ³± Ì ·¥¤¦¥µ´-
ËµÉµ´´µ°  ´ ²µ£¨¨ ¶·¨¢¥¤¥´ ¢ [32]. ‡¤¥¸Ó ³Ò Éµ²Ó±µ ±µ·µÉ±µ · ¸¸³µÉ·¨³
µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´  ¶·¨³¥·¥ ·¥ ±Í¨¨ πN → JX . ‚ É·¥Ì·¥¤¦¥µ´´µ³
¶·¥¤¥²¥ ¨³¥¥³

dσJ

dx
(x→ 1)/

dσV

dx
(x→ 1) = RJ = (bJ/bV )2 = (57)

=

J∑
λ=−J

| gπαV J0 λ (0) |2 /
1∑

λ=−1

| gπαV V0 λ (0) |2,

£¤¥ ¢¥²¨Î¨´Ò gπαV J0 λ Ö¢²ÖÕÉ¸Ö s-± ´ ²Ó´Ò³¨ ¸¶¨· ²Ó´Ò³¨ ¢ÒÎ¥É ³¨ ·¥¤¦¥¢-
¸±¨Ì É· ¥±Éµ·¨° αV VT-£·Ê¶¶Ò. ƒ¨¶µÉ¥§  ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ£¨¨ ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ ¢ÒÎ¨¸²¨ÉÓ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¢ÒÎ¥É ³¨ gπαV J0 λ . �¡¸Ê¤¨³ ¡µ-
²¥¥ ¤¥É ²Ó´µ ÔÉÊ £¨¶µÉ¥§Ê. ‚¶¥·¢Ò¥ ρ-³¥§µ´-ËµÉµ´´ Ö  ´ ²µ£¨Ö ¡Ò²  ¶·¥¤-
²µ¦¥´  ‘Éµ¤µ²Ó¸±¨³ ¨ ‘ ±Ê· ¨ [54] ¤²Ö µ¶¨¸ ´¨Ö Ì · ±É¥·¨¸É¨± ·µ¦¤¥´¨Ö
∆-¨§µ¡ ·Ò ¢ ·¥ ±Í¨ÖÌ πp → π∆ ¨ Kp → K∆. �·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¸¶¨-
´µ¢ Ö ¸É·Ê±ÉÊ·  ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¨³¥¥É Ô²¥±É·µ³ £´¨É´ÊÕ Ëµ·³Ê. �¥±µÉµ·Ò¥
·¥§Ê²ÓÉ ÉÒ ¢ ¶µ¤¤¥·¦±Ê · ¸¸³ É·¨¢ ¥³µ° £¨¶µÉ¥§Ò ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ [50,55].
�´ ²¨§ ¢±² ¤  ¶² ´ ·´ÒÌ ¤¨ £· ³³ ¢ ¶µ²´Ò¥ ¸¥Î¥´¨Ö  ¤·µ´- ¤·µ´´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¶µ± § ², ÎÉµ ¢ÒÎ¥ÉÒ ²¨¤¨·ÊÕÐ¨Ì ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ·¨° Ê¤µ¢²¥-
É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Ö³, É¨¶¨Î´Ò³ ¤²Ö ¢¥±Éµ·´ÒÌ Éµ±µ¢ [55]. ‚ Î ¸É´µ¸É¨,
¢§ ¨³µ¤¥°¸É¢¨¥ π-, K-³¥§µ´µ¢ ¨ ´Ê±²µ´µ¢ ¸ ρ-É· ¥±Éµ·¨¥°  ´ ²µ£¨Î´µ ¨§µ-
¢¥±Éµ·´µ° ±µ³¶µ´¥´É¥ Ô²¥±É·µ³ £´¨É´µ£µ Éµ± . �´ ²µ£¨Î´µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸ ω- ¨ ϕ-É· ¥±Éµ·¨Ö³¨ ¶µ¤µ¡´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ´¥¸É· ´´µ° ¨ ¸É· ´´µ° ±µ³-
¶µ´¥´É ³ ¨§µ¸± ²Ö·´µ£µ Éµ± .

�³¶²¨ÉÊ¤  ±¢ ·±-±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨§ÊÎ ² ¸Ó ¢ · ³± Ì ³Ê²ÓÉ¨-
¶¥·¨Ë¥·¨Î¥¸±µ£µ ³¥Ì ´¨§³  ¢ · ¡µÉ¥ [50]. �ÉµÉ ³¥Ì ´¨§³ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ
µ¡ÑÖ¸´¨ÉÓ ¶µ²µ¦¥´¨¥ ¢ j-¶²µ¸±µ¸É¨ ¢Éµ·¨Î´ÒÌ ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ·¨° ¸ · §-
²¨Î´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨,   É ±¦¥ ¶·¥¤¸± §Ò¢ ¥É ¸¶¨´µ¢ÊÕ ¸É·Ê±ÉÊ·Ê



Œ�„…‹œ Š‚��Š-ƒ‹����›• ‘’�“� 839

¢§ ¨³µ¤¥°¸É¢¨Ö ÔÉ¨Ì É· ¥±Éµ·¨° ¸ ±¢ ·± ³¨. ‘¶¨´µ¢ Ö ¸É·Ê±ÉÊ· , µ¶¨¸Ò¢ Õ-
Ð Ö ¢§ ¨³µ¤¥°¸É¢¨¥ ±¢ ·±µ¢ ¸ É· ¥±Éµ·¨Ö³¨ VT-£·Ê¶¶Ò, ¨³¥¥É Ô²¥±É·µ³ £-
´¨É´Ò° Ì · ±É¥·:

MV−T
qq ∼ q̄3γ

µq1 q̄4γµq2. (58)

Š ¦¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ µ¡µ¡Ð¨ÉÓ ·¥¤¦¥µ´-ËµÉµ´´ÊÕ  ´ ²µ£¨Õ ¤²Ö ¸²Ê-
Î Ö ¶·µ¨§¢µ²Ó´ÒÌ ¸¶¨´µ¢. ŒÒ ¶·¥¤¶µ² £ ¥³, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ·¥¤¦¥µ´µ¢
VT-£·Ê¶¶Ò ¸ ¶·µ¨§¢µ²Ó´Ò³¨  ¤·µ´ ³¨ µ¶·¥¤¥²ÖeÉ¸Ö ¸µÌ· ´ÖÕÐ¨³¸Ö ¢¥±Éµ·-
´Ò³ Éµ±µ³. ‚ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤  π

αV→ J ÔÉµÉ Éµ± ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

jµ(λ) = iFJε
αβγµϕαν1...νJ−1(k, λ)pβkγq

ν1 . . . qνJ−1 , (59)

£¤¥ p ¨ k Å 4-¨³¶Ê²Ó¸Ò ´ Î ²Ó´µ£µ ¶¨µ´  ¨ ±µ´¥Î´µ£µ ·¥§µ´ ´¸  ¸µµÉ¢¥É-
¸É¢¥´´µ. ‚ (59) q = k − p, ϕαν1...νJ−1(k, λ) Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ·¥§µ´ ´¸ 
¸µ ¸¶¨´µ³ J ¨ ¸¶¨· ²Ó´µ¸ÉÓÕ λ. ‚ ¸¨¸É¥³¥ ¸ ¡¥¸±µ´¥Î´Ò³ ¨³¶Ê²Ó¸µ³ (‘�ˆ)
p0,3 →∞, ¸¶¨· ²Ó´Ò° ¢ÒÎ¥É gπαV J0 λ (q) ¸¢Ö§ ´ ¸ Éµ±µ³ (59) ¸µµÉ´µÏ¥´¨¥³

gπαV J0 λ (q)e−iϕλ = j0,3(λ)/2p0,3. (60)

ˆ¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö (59) ¨ (60), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ

J∑
λ=−J

| gπαJ0 λ (q) |2 = | FJ |2 (J + 1)! (J − 1)! 2J−3p
2(J−1)
t q̄2

⊥/(2J)! (61)

�¡¸Ê¤¨³ § ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´Ò FJ µÉ ¸¶¨´  J . „²Ö ÔÉµ£µ · ¸¸³µÉ·¨³
· ¸¶ ¤ ·¥§µ´ ´¸  ¸µ ¸¶¨´µ³ J ´  ¶¸¥¢¤µ¸± ²Ö· ¨ ¢¥±Éµ·, É.¥. ¢¥·Ï¨´´ÊÕ
ËÊ´±Í¨Õ J → πV ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ê (59), ²¥£±µ
¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ï¨·¨´Ò ΓJ→πV · ¸¶ ¤  J → πV :

ΓJ→πV =
pt

8πM2
J

1

(2J + 1)

∑
λ′,λ

| jµ(k, λ)ξµ(q, λ′) |2= (62)

=
2J(J + 1)!(J − 1)!

8π(2J + 1)!
| FJ |2 p2J+1

t .

‘· ¢´¥´¨¥ (62) ¸ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨ · ¸¶ ¤  ·¥§µ´ ´¸µ¢ [56] ¶·¨¢µ¤¨É
± ¸²¥¤ÊÕÐ¥³Ê ·¥§Ê²ÓÉ ÉÊ:

| FJ |2=
2J−1

(J − 1)! sJ−1
0

| FV |2, (63)

£¤¥ s0 = (α′V )−1.
�É³¥É¨³, ÎÉµ ¶µ¤µ¡´ Ö § ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´Ò FJ µÉ ¸¶¨´  J ¸²¥¤Ê¥É ¨§

 ´ ²¨É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¤Ê ²Ó´µ°  ³¶²¨ÉÊ¤Ò ‚¥´¥Í¨ ´µ [51]. �±µ´Î -
É¥²Ó´µ, ¶·¥¤¶µ² £ Ö, ÎÉµ µÉ´µÏ¥´¨¥ | FJ |2 / | FV |2 ´¥ § ¢¨¸¨É µÉ ¶µ¶· ¢µ±
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¸Ìµ¤  ¸ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ²¥£±µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö µÉ´µÏ¥´¨Ö
RJ (t) ¢ (57):

RJ (t) =

J∑
λ=−J

| gπαV J0 λ (q) |2 /
1∑

λ=−1

| gπαV V0 λ (q) |2= (J + 1)!

(2J)!
(
4p2
t

s0
)J−1. (64)

�µ²ÊÎ¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (57),(64) ¶µ§¢µ²ÖÕÉ ¢Ò· §¨ÉÓ ¢¥²¨Î¨´Ò bJ ,
µ¶·¥¤¥²ÖÕÐ¨¥ ¢¥·µÖÉ´µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö ·¥§µ´ ´¸µ¢ ¸µ ¸¶¨´µ³ J , Î¥·¥§
¨´É¥·¸¥¶ÉÒ αV (0) É· ¥±Éµ·¨¨, ±µÉµ·µ° ¶·¨´ ¤²¥¦¨É ·¥§µ´ ´¸ J :

RJ ≡ RJ (0) = (bJ/bV )2 = σJ/σV =
(J + 1) !

(2J) !
(J − αV (0))J−1. (65)

‚ (65) ÊÎ¨ÉÒ¢ ²µ¸Ó, ÎÉµ J = αV (0) + α′VM
2
J ¨ µ2 << M2

J .
ˆ§ ¸µµÉ´µÏ¥´¨° (65) ¸²¥¤Ê¥É, ÎÉµ

(bf2)2 = (ba2)2 ≈ 0, 38(bρ)2, (66)

(bω3)2 = (bρ3)2 ≈ 0, 21(bρ)2,

(bf4)2 ≈ 0, 13(bρ)2.

�´ ²µ£¨Î´µ ¤²Ö ·¥§µ´ ´¸µ¢ ¸¥³¥°¸É¢  K∗ −K∗∗ ¨³¥¥³

(bK
∗
2 )2 ≈ 0, 44(bK

∗
)2, (67)

(bK
∗
3 )2 ≈ 0, 25(bK

∗
)2,

(bK
∗
4 )2 ≈ 0, 16(bK

∗
)2.

„ ²¥¥, ¨¸¶µ²Ó§ÊÖ ¶·¥¤¸± § ´¨Ö ³µ¤¥²¨ ¤²Ö · ¸¶ ¤  ·¥§µ´ ´¸µ¢ [55, 56],
¶µ²ÊÎ ¥³ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¢¥·µÖÉ´µ¸ÉÖ³¨ ·µ¦¤¥´¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¨
¢¥±Éµ·´ÒÌ ³¥§µ´µ¢:

(bρ/bπ)2 =< ~k2
⊥ >π /4m

2
q, (68)

(bK
∗
/bK)2 =< ~k2

⊥ >K /4m2
q,

£¤¥ mq = 0, 415 ± 0, 015 ƒÔ‚ Å ¶µ¶¥·¥Î´ Ö ³ ¸¸  ±µ´¸É¨ÉÊ¥´É´µ£µ ±¢ ·± 

[56]. “Î¨ÉÒ¢ Ö, ÎÉµ < ~k2
⊥ >π≈ 0, 12 ƒÔ‚2 ¨ < ~k2

⊥ >K≈ 0, 21 ƒÔ‚2, ¨
¨¸¶µ²Ó§ÊÖ ¶·¨¢¥¤¥´´Ò¥ ¢ (56) §´ Î¥´¨Ö bρ ¨ bK

∗
[53], ¶µ²ÊÎ ¥³

bπ ≈ 0, 65, bK ≈ 0, 27. (69)

�É¨ §´ Î¥´¨Ö Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸µ §´ Î¥´¨Ö³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ [27,29] ¨§
 ´ ²¨§  ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ·µ¦¤¥´¨Õ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ πp-, ¨
pp-¸Éµ²±´µ¢¥´¨ÖÌ [57Ä61] ¸· ¢´¨¢ ÕÉ¸Ö ¸ ´ Ï¨³¨ ¶·¥¤¸± § ´¨Ö³¨ ´  ·¨¸.6 ¨ 7.
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�¨¸. 6. ˆ´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò ρ0-³¥§µ´  ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ a) pL = 147 ƒÔ‚/c

[57] ¨ ¡) 405 ƒÔ‚/c [58], f(x) = 2
σin
√
s

∫
E d2σ

dxdp2
⊥
dp2
⊥

�¨¸. 7. �·¥¤¸± § ´¨Ö ŒŠƒ‘ ¨ ¤ ´´Ò¥ [59] ¶µ ·µ¦¤¥´¨Õ § ·Ö¦¥´´ÒÌ K∗±-³¥§µ´µ¢
¢ π+p- ¨ pp-¸Éµ²±´µ¢¥´¨ÖÌ, 147 ƒÔ‚/¸: a) (•) pp → K∗+X, ¸¶²µÏ´ Ö ²¨´¨Ö, (N)
pp → K∗−X, ¶Ê´±É¨·; ¡) (•) π+p → K∗+X, ¸¶²µÏ´ Ö ²¨´¨Ö, (N) π+p → K∗−X,
¶Ê´±É¨·
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�¨¸. 8. ‘· ¢´¥´¨¥ ´ Ï¨Ì ¶·¥¤¸± § ´¨° ¸ ¤ ´´Ò³¨ ¶µ ·µ¦¤¥´¨Õ f2(1270)-³¥§µ´  ¢
¶·µÍ¥¸¸ Ì a) 250 ƒÔ‚/c, K+p→ f2X [60] ¨ ¡) 405 ƒÔ‚/c, pp→ f2X [58]

’ ¡²¨Í  1. ‘µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¸¥Î¥´¨Ö³¨ ¶·µÍ¥¸¸µ¢ pp→ JX

σJ/σρ ’¥µ·¨Ö �±¸¶¥·¨³¥´É

f2/ρ0 0,38 0, 38± 0, 19

ρ0
3/ρ

0 0,21 0, 19± 0, 12

f4/ρ0 0,13 0, 17± 0, 12

Š ± ¢¨¤´µ, ŒŠƒ‘ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É x-¸¶¥±É·Ò ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢
Ï¨·µ±µ° µ¡² ¸É¨ x ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ (pL ≥ 100 ƒÔ‚/c).

—Éµ ± ¸ ¥É¸Ö ¸¶¥±É·µ¢ ¸µ¸ÉµÖ´¨° ¸ ¢Ò¸Ï¨³¨ ¸¶¨´ ³¨, Éµ §¤¥¸Ó Ô±¸¶¥-
·¨³¥´É ²Ó´ Ö ¸¨ÉÊ Í¨Ö §´ Î¨É¥²Ó´µ ÌÊ¦¥. �  ·¨¸.8 ¸· ¢´¨¢ ÕÉ¸Ö ´ Ï¨ ¢Ò-
Î¨¸²¥´¨Ö ¸ ¤ ´´Ò³¨ ¶µ ·µ¦¤¥´¨Õ ·¥§µ´ ´¸µ¢ ¸µ ¸¶¨´µ³ J ≥ 2 [58, 60].
Š ± ¢¨¤´µ, · ¸¸³ É·¨¢ ¥³Ò° ¶µ¤Ìµ¤ ¶·¨¢µ¤¨É ± Ìµ·µÏ¥³Ê µ¶¨¸ ´¨Õ · ¸-
¶·¥¤¥²¥´¨° ¶µ x f2(1270)-³¥§µ´  ¢ Kp- ¨ pp-¸Éµ²±´µ¢¥´¨ÖÌ, ÌµÉÖ ÉµÎ´µ¸ÉÓ
¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ ´¥ ¶µ§¢µ²ÖÕÉ ÊÉµÎ´¨ÉÓ ´¥±µÉµ·Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ¤¥-
É ²¨.

‚ [61] ¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥ ¶µ ¨´É¥£· ²Ó´Ò³ ¸¥Î¥´¨Ö³ ρ0(770)-,
f2(1270)-, ρ0

3(1690)- ¨ f4(2050)-³¥§µ´µ¢ ¢ pp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ Ô´¥·£¨¨
405 ƒÔ‚. ‚ É ¡².1 ¶·¨¢¥¤¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ µÉ´µÏ¥-
´¨Ö ¸¥Î¥´¨° σJ/σρ. •µ·µÏ¥¥ ¸µ£² ¸¨¥ ´ Ï¨Ì ¶·¥¤¸± § ´¨° ´ ¡²Õ¤ ¥É¸Ö
¢¶²µÉÓ ¤µ ¸¶¨´  J = 4.
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3. �„������†„…�ˆ… —�‘’ˆ– ‘ �’Š�›’›Œ —��Œ�Œ
‚ Œ�„…‹ˆ Š‚��Š-ƒ‹����›• ‘’�“�

3.1. �µ¦¤¥´¨¥ Î ¸É¨Í ¸ µÉ±·ÒÉÒ³ Î ·³µ³ ¸ ÊÎ¥Éµ³ ¢±² ¤µ¢ µÉ · ¸¶ -
¤µ¢ ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨°. ‚ ÔÉµ³ · §¤¥²¥ ¨§²µ¦¥´  ³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘
¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¶¥±É·µ¢ µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¸ ÊÎ¥Éµ³ · ¸¶ ¤µ¢ S-¢µ²´µ¢ÒÌ
·¥§µ´ ´¸µ¢, É ±¨Ì, ± ± 1−-³¥§µ´Ò (D∗ ¨ D∗s ), 1/2+ (Σc ¨ Ξ′c)- ¨ 3/2+ (Σ∗c ,
Ξ∗c ¨ Ω∗c)-£¨¶¥·µ´Ò [35, 36]. � · ³¥É·Ò ³µ¤¥²¨ µ¶·¥¤¥²Ö²¨¸Ó ¨§ ¸· ¢´¥´¨Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚±² ¤Ò µÉ · ¸¶ ¤µ¢ ·¥§µ´ ´¸µ¢ ¢ ¸¶¥±É·Ò
¸É ¡¨²Ó´ÒÌ Î ¸É¨Í ÊÎ¨ÉÒ¢ ²¨¸Ó ¸µ£² ¸´µ ¨Ì ¶ ·Í¨ ²Ó´Ò³ Ï¨·¨´ ³ [62].

�Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Éµ²Ó±µ ¸¶¥±É·Ò, ¶·µ¨´É¥£·¨·µ¢ ´´Ò¥ ¶µ ¶µ¶¥·¥Î-
´µ³Ê ¨³¶Ê²Ó¸Ê p⊥ ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ. ŒÒ ÊÎ¨ÉÒ¢ ¥³ · ¸¶ ¤ S-¢µ²´µ¢ÒÌ
µÎ ·µ¢ ´´ÒÌ ·¥§µ´ ´¸µ¢ ¢ ¸É ¡¨²Ó´Ò¥ µÎ ·µ¢ ´´Ò¥ Î ¸É¨ÍÒ ¸ ¨¸¶Ê¸± ´¨¥³
É ±¦¥ π-³¥§µ´µ¢ ¨²¨ γ-±¢ ´Éµ¢ [62]. Š¨´¥³ É¨±  É ±¨Ì · ¸¶ ¤µ¢ µ¶¨¸Ò¢ -
² ¸Ó ¸µ£² ¸´µ [63]. �·¨ ¸¤¥² ´´ÒÌ ¶·¥¤¶µ²µ¦¥´¨ÖÌ ¨´¢ ·¨ ´É´µ¥ ¸¥Î¥´¨¥
·µ¦¤¥´¨Ö  ¤·µ´  h

x
dσh

dx
= x

dσhdir

dx
+
∑
R

x∗+∫
x∗−

xR
dσR

dxR
Φ(xR)dxR . (70)

‡¤¥¸Ó xdσ
hdir

dx
Å ¸¥Î¥´¨¥ ¶·Ö³µ£µ ·µ¦¤¥´¨Ö  ¤·µ´  h,   xR

dσR

dxR
Å ¸¥Î¥´¨¥

·µ¦¤¥´¨Ö ·¥§µ´ ´¸  R. ”Ê´±Í¨Ö Φ(xR) µ¶¨¸Ò¢ ¥É ¤¢ÊÌÎ ¸É¨Î´Ò° · ¸¶ ¤
·¥§µ´ ´¸  R ¢  ¤·µ´ h. �µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ± ±
 ¤·µ´  h, É ± ¨ ·¥§µ´ ´¸  R ËÊ´±Í¨Ö Φ(xR) ¨³¥¥É ¢¨¤

Φ(xR) =
MR

2p∗
1

x2
R

. (71)

‚ Ëµ·³Ê² Ì (70) ¨ (71) xR Ö¢²Ö¥É¸Ö Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° ·¥§µ´ ´¸ 
R:

x∗+ =
MRx̃

E∗ − p∗ , x∗− =
MRx̃

E∗ + p∗
, x̃ =

√
x2 + x2

⊥, x⊥ =
2
√
< p2
⊥ > +m2

√
s

,

(72)
m Å ³ ¸¸  ·µ¦¤¥´´µ£µ  ¤·µ´  h, MR Å ³ ¸¸  ·¥§µ´ ´¸ , E∗ ¨ p∗ Å Ô´¥·£¨Ö
¨ 3-¨³¶Ê²Ó¸  ¤·µ´  h ¢ ¸¨¸É¥³¥ ¶µ±µÖ ·¥§µ´ ´¸ , < p2

⊥ > Ö¢²Ö¥É¸Ö ¸·¥¤´¨³
¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸µ³  ¤·µ´  h. ”µ·³Ê²Ò ¤²Ö ¨´¢ ·¨ ´É´µ£µ ¸¥Î¥´¨Ö ·µ¦-
¤¥´¨Ö  ¤·µ´  h ¶·¨¢¥¤¥´Ò ¢ · §¤.2. ‡¤¥¸Ó ³Ò Éµ²Ó±µ ¶·¨¢¥¤¥³ ¢Ò· ¦¥´¨Ö
¤²Ö ËÊ´±Í¨° fhq (x, n) ¤²Ö Σ− ¶ÊÎ± , ¢Ò· ¦¥´´Ò¥ Î¥·¥§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
ËÊ´±Í¨¨ s- (fhs (x, n)) ¨ d- (fhd (x, n)) ±¢ ·±µ¢

fh(Σ−)
q (x, n) =

1

3
fh(Σ−)
s (x, n) +

2

3
f
h(Σ−)
d (x, n),
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fh(Ξ−)
q (x, n) =

2

3
fh(Ξ−)
s (x, n) +

1

3
f
h(Ξ−)
d (x, n) . (73)

‚ · ³± Ì  ¤¤¨É¨¢´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ ¤¨±¢ ·± ¢ S-¢µ²´µ¢µ³ ¡ ·¨µ´¥
³µ¦¥É ¨³¥ÉÓ ¸¶¨´(¨§µ¸¶¨´) 0 ¨ 1. ’ ±¨³ µ¡· §µ³, ¤¨±¢ ·±µ¢ Ö ËÊ´±Í¨Ö
fhqq(x) ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ¸± ²Ö·´ÊÕ (0) ¨ ¢¥±Éµ·´ÊÕ (1) ¤¨±¢ ·-
±µ¢Ò¥ ËÊ´±Í¨¨ ¸ ¢¥¸ ³¨, µ¶·¥¤¥²Ö¥³Ò³¨ SU(6) ¸¨³³¥É·¨Î´Ò³¨ ËÊ´±Í¨-
Ö³¨ [64]:

fh(p)
qq =

1

3
fh(p)
uu (x, n) +

1

2
f
h(p)
(ud)0

(x, n) +
1

6
f
h(p)
(ud)1

(x, n),

fh(Σ−)
qq =

1

3
f
h(Σ−)
dd (x, n) +

1

2
f
h(Σ−)
(ds)0

(x, n) +
1

6
f
h(Σ−)
(ds)1

(x, n), (74)

fh(Ξ−)
qq =

1

3
fh(Ξ−)
ss (x, n) +

1

2
f
h(Ξ−)
(ds)0

(x, n) +
1

6
f
h(Ξ−)
(ds)1

(x, n).

ŒÒ ¶·¥¤¶µ² £ ¥³, ÎÉµ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¸± ²Ö·´ÒÌ ¨ ¢¥±Éµ·´ÒÌ
¤¨±¢ ·±µ¢ uqq(x, n), ¢Ìµ¤ÖÐ¨¥ ¢ ±¢ ·±µ¢Ò¥ ËÊ´±Í¨¨ fhi (x, n), µ¤¨´ ±µ¢Ò.
�¤´ ±µ · §²¨Î´Ò¥ ¤¨±¢ ·±¨ Ë· £³¥´É¨·ÊÕÉ ¢ ¡ ·¨µ´Ò · §²¨Î´Ò³ µ¡· §µ³.
’ ±, ´ ¶·¨³¥·, ¶·Ö³µ¥ ·µ¦¤¥´¨¥ Λc ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö ¸± -
²Ö·´µ° (¨ ¨§µ¸± ²Ö·´µ°) ¤¨±¢ ·±µ¢µ° ËÊ´±Í¨¥° f(ud)0

,   ¶·Ö³µ¥ ·µ¦¤¥´¨¥
Σc- ¨ Σ∗c-£¨¶¥·µ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¢¥±Éµ·´µ° ¤¨±¢ ·±µ¢µ° ËÊ´±Í¨¥° f(ud)1

.
ŒÒ É ±¦¥ ¶·¥¤¶µ² £ ¥³, ÎÉµ ¸¶¨´ ¤¨±¢ ·±  ´¥ ¢²¨Ö¥É ´  · ¸Ð¥¶²¥´¨¥

¤¨±¢ ·± . ‚ ¸²ÊÎ ¥ Ë· £³¥´É Í¨¨ ¤¨±¢ ·±  ¢ ³¥§µ´Ò ÔÉµ ¶·¥¤¶µ²µ¦¥´¨¥ ¶·¨-
¢µ¤¨É ± · ¢¥´¸É¢Ê fM(qq)0

(x, n) = fM(qq)1
(x, n), ¨ Ê· ¢´¥´¨Ö (74) ¸¢µ¤ÖÉ¸Ö ±

¢Ò· ¦¥´¨Ö³

fM(p)
qq (x, n) =

1

3
fM(p)
uu (x, n) +

2

3
f
M(p)
ud (x, n),

fM(Σ−)
qq (x, n) =

1

3
f
M(Σ−)
dd (x, n) +

2

3
fM(Σ−)
us (x, n), (75)

fM(Ξ−)
qq (x, n) =

1

3
fM(Ξ−)
ss (x, n) +

2

3
f
M(Ξ−)
ds (x, n),

±µÉµ·Ò¥ ¸µ¢¶ ¤ ÕÉ ¸ [65] ¤²Ö ¤¨±¢ ·±µ¢ ¢ ¶·µÉµ´¥ ¨ Σ−-£¨¶¥·µ´¥.
�µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢ π-³¥§µ´ Ì,

p-, Σ−-, ¨ Ξ−-£¨¶¥·µ´ Ì, ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¢ ¤ ´´µ³  ´ ²¨§¥, ¶·¨¢¥¤¥´ ¢ ¶·¨-
²µ¦¥´¨¨ �. „ ²¥¥ ³Ò ¶·¥¤¶µ² £ ¥³, ÎÉµ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢
¨ ¤¨±¢ ·±µ¢ ´¥ § ¢¨¸ÖÉ µÉ ¸¶¨´  ¶µ¤Ì¢ ÉÒ¢ ¥³µ£µ ±¢ ·±  (¨²¨ ¤¨±¢ ·± ).
ˆ§ ÔÉµ£µ ¶·¥¤¶µ²µ¦¥´¨Ö ¸²¥¤Ê¥É · ¢¥´¸É¢µ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥£µ ±¢ ·±  ¨²¨ ¤¨±¢ ·±  ¢ Σc- ¨ Σ∗c-, Ξ′c- ¨ Ξ∗c-¡ ·¨µ´ Ì, D- ¨ D∗-
³¥§µ´ Ì. ‘¶µ¸µ¡ ¶ · ³¥É·¨§ Í¨¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨, · ¸¸³µÉ·¥´´Ò° ¢
¤ ´´µ³ · §¤¥²¥, ¸²¥£±  µÉ²¨Î ¥É¸Ö µÉ · ¸¸³ É·¨¢ ¢Ï¥£µ¸Ö · ´¥¥ ¸¶µ¸µ¡  (c³.
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�¨¸. 9. ‘· ¢´¥´¨¥ ¢ÒÎ¨¸²¥´¨° ¢ ŒŠƒ‘ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ¸¶¥±É· ³
Λc ¢ ·¥ ±Í¨ÖÌ a) π−p → ΛcX ¶·¨ Pi = 230 ƒÔ‚/c [79], ¡) pp → ΛcX ¶·¨

√
s =

= 63 ƒÔ‚/c [66, 67]

µ¡§µ·Ò [25, 26],   É ±¦¥ [29, 33]). ŒÒ ¶·¥¤¸É ¢²Ö¥³ ËÊ´±Í¨Õ Ë· £³¥´É Í¨¨
¢ ¢¨¤¥ ¸Ê³³Ò ¤¢ÊÌ Î²¥´µ¢. �¥·¢Ò° Ö¢²Ö¥É¸Ö ¶·µ¨§¢¥¤¥´¨¥³ ¤¢ÊÌ ¶µ²¨´µ³µ¢,
± ¦¤Ò° ¨§ ±µÉµ·ÒÌ ¸µµÉ¢¥É¸É¢Ê¥É ¸Ê³³¥ ¢¸¥Ì ¢µ§³µ¦´ÒÌ  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì
¨ ¶·¥¤ ¸¨³¶ÉµÉ¨Î¥¸±¨Ì Î²¥´µ¢ ¢µ Ë· £³¥´É Í¨µ´´µ° (x → 1, · §²µ¦¥´¨¥
¶µ ¸É¥¶¥´Ö³ (1 − x)) ¨ Í¥´É· ²Ó´µ° (x → 0, · §²µ¦¥´¨¥ ¶µ ¸É¥¶¥´Ö³ x)
µ¡² ¸ÉÖÌ. ‚Éµ·µ° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸²ÊÎ °, ±µ£¤  ´¨ Í¥²¨±µ³, ´¨ µ¤´  ¨§
¸µ¸É ¢²ÖÕÐ¨Ì Ë· £³¥´É¨·Ê¥³µ£µ µ¡Ñ¥±É  ´¥ ¢Ìµ¤¨É ¢ ·µ¦¤ ÕÐ¨°¸Ö ¡ ·¨µ´.
‚ ¸²ÊÎ ¥ ´¥²¨¤¨·ÊÕÐ¥° Ë· £³¥´É Í¨¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ËÊ´±Í¨¨ ¸µ¤¥·¦ É
Éµ²Ó±µ ¢Éµ·µ° Î²¥´. �µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨-
±¢ ·±µ¢ ¢ Λc, Σc, Σ−c , Ξc, Ξ′c, Ξ∗c , Ωc, Ω∗c-¡ ·¨µ´Ò ¨ D, D∗, Ds, D∗s -³¥§µ´Ò
¶·¨¢¥¤¥´ ¢ [35].

‚ · ³± Ì ¶·¥¤²µ¦¥´´µ° ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘ ¡Ò²µ µ¶¨¸ ´µ ¡µ²ÓÏµ¥
±µ²¨Î¥¸É¢µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¨´±²Õ§¨¢´Ò³ ¸¶¥±É· ³  ¤·µ´µ-
·µ¦¤¥´¨Ö µÎ ·µ¢ ´´ÒÌ ³¥§µ´µ¢ ¨ ¡ ·¨µ´µ¢ [66Ä82].

‘¶¥±É·Ò Λc-¡ ·¨µ´µ¢ ¢ π−p-¸Éµ²±´o¢¥´¨ÖÌ ¶·¨ 230 ƒÔ‚/c [66] ¨
pp-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨

√
s = 63 ƒÔ‚/c [67, 68] ¶·¨¢¥¤¥´Ò, ¸µµÉ¢¥É¸É¢¥´´µ,

´  p¨¸.9. �Ê´±É¨·´µ° ±·¨¢µ° ´  p¨¸.9,¡ ¶µ± § ´ ¢±² ¤ ¶·Ö³µ£µ ·µ¦¤¥´¨Ö
Λc. Š ± ¢¨¤´µ, ¸µ£² ¸¨¥ ¸ ¤ ´´Ò³¨ ¶µ π−p-· ¸¸¥Ö´¨Õ Ìµ·µÏ¥¥. —Éµ ± ¸ -
¥É¸Ö ¤ ´´ÒÌ [67, 68] ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ, Éµ ¢¨¤´µ § ³¥É´µ¥ · §²¨Î¨¥ ³¥¦¤Ê
¤ ´´Ò³¨ £·Ê¶¶ [67] ¨ [68]. �É  ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ´¥ ¶µ§¢µ²Ö¥É µ¤´µ§´ Î´µ
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�¨¸. 10. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ³µ¤¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ ¶µ ·µ¦¤¥´¨Õ ²¨¤¨·ÊÕÐ¨Ì (D−/D0) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+/D̄0) µÎ ·µ¢ ´´ÒÌ
³¥§µ´µ¢ ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨: a) ²¨¤¨·ÊÕÐ¨°, 200 ƒÔ‚/c [74], ¡) ´¥²¨¤¨·ÊÕÐ¨°,
200 ƒÔ‚/c [74], ¢) ²¨¤¨·ÊÕÐ¨°, 360 ƒÔ‚/c [69], £) ´¥²¨¤¨·ÊÕÐ¨°, 360 ƒÔ‚/c [69]

Ë¨±¸¨·µ¢ ÉÓ ¶ · ³¥É·Ò ³µ¤¥²¨. �  ·¨¸.10 Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ
xF -§ ¢¨¸¨³µ¸É¨ ²¨¤¨·ÊÕÐ¨Ì (D− ¨ D0) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+ ¨ D̄0) µÎ ·µ-
¢ ´´ÒÌ ³¥§µ´µ¢ ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨ 200 ƒÔ‚/c [69] ¨ 360 ƒÔ‚/c [70]
¸· ¢´¨¢ ÕÉ¸Ö ¸ É¥µ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨.
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�¨¸. 11. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ³µ¤¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨° ¸ ¶·¥¤¢ ·¨É¥²Ó´Ò³¨ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [78] ¶µ ¨´±²Õ§¨¢´Ò³ ¸¶¥±É· ³: a) Λc (¦¨·´ Ö ²¨´¨Ö Å ¢¸¥
Λc, Éµ´± Ö Å ¶·Ö³Ò¥ Λc ¨ ¶Ê´±É¨·´ Ö Å µÉ · ¸¶ ¤  Σ0

c), ¡) Σ+
c , ¢) Ξ+

c (¦¨·´ Ö
²¨´¨Ö Å ¢¸¥, Éµ´± Ö Å µÉ Ξ∗0c ), £) D+ +D− ¢ Σ−p-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ 330 ƒÔ‚/c

‚ É ¡².2 ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ·µ¦¤¥´¨Ö Λ+
c -¡ ·¨µ´ 

¢ pp- ¨ πp-¸Éµ²±´µ¢¥´¨ÖÌ ¨ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ¶µ ³µ¤¥²¨, ¢ É ¡².3 Å
¸¥Î¥´¨Ö ¤²Ö D-³¥§µ´µ¢, ¢ É ¡².4 Å ¤²Ö D∗-³¥§µ´µ¢.

�·¥¤¸± § ´¨Ö ¤²Ö ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·µ¢ Λ+
c , Σ0

c , Ξ+
c ¨ D+/− ¢ Σ−p-

¸Éµ²±´µ¢¥´¨ÖÌ ¸· ¢´¨¢ ÕÉ¸Ö ´  p¨¸.11 ¸ ¶·¥¤¢ ·¨É¥²Ó´Ò³¨ ¤ ´´Ò³¨ WA89
¶·¨ 330 ƒÔ‚/c [78]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Λ+

c ¨ Σ0
c (p¨¸.11,a,¡) ¡Ò²¨

´µ·³¨·µ¢ ´Ò c ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤ ´´ÒÌ ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³, ¶·¨¢¥¤¥´´ÒÌ
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’ ¡²¨Í  2. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¶µ ·µ¦¤¥´¨Õ Λc ¢ pp- ¨
πp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

�¥ ±Í¨Ö ‘¸Ò²±  PL, ƒÔ‚/c σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡
¨²¨
√
s, ƒÔ‚

pp→ Λc X 40± 18
[67] 63 ƒÔ‚ 204 ± 11 660

¢¸¥ x 2046 ± 836

pp→ Λc X [68] 63 ƒÔ‚ 101± 18± 26 84
|x| > 0, 5

π−N → Λc X [66] 230 ƒÔ‚/c 4, 9± 1, 4± 0, 7 6, 8
xc > 0

’ ¡²¨Í  3. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¶µ ·µ¦¤¥´¨Õ D-³¥§µ´µ¢ ¢
pp- ¨ πp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

�¥ ±Í¨Ö ‘¸Ò²±  PL, ƒÔ‚/c σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡

pp→ D+ X [74] 400 5, 7± 1, 5 4, 16

pp→ D− X [74] 400 6, 2± 1, 1 5, 54

pp→ D0 X [74] 400 10, 5± 1, 9 7

pp→ D̄0 X [74] 400 7, 9± 1, 5 12, 3

pp→ D+/D− X [75] 800 33± 7 22, 2

pp→ D0/D̄0 X [75] 800 26
+21
−13

45, 4

pp→ D+/D− X [76] 800 26± 14 22, 2

pp→ D0/D̄0 X [76] 800 22
+4
−7

45, 4

pN → D/D̄ X [69] 200 1, 5± 0, 7± 0, 1 5, 6
xF > 0

π−N → D+/D− X [69] 200 1, 7
+0, 4
−0, 3

±0, 1 3, 5

π−N → D0/D̄0 X [69] 200 3, 3
+0, 5
−0, 4

±0, 3 5, 3

π−N → D−/D0 X [69] 200 2, 3
+0, 4
−0, 3

±0, 1 4, 7

π−N → D+/D̄0 X [69] 200 3, 2
+0, 5
−0, 4

±0, 2 4, 2

π−p→ D+/D− X [70, 71] 360 5, 7± 1, 5 7, 76

π−p→ D0/D̄0 X [70, 71] 360 10, 1± 2, 2 11, 0
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’ ¡²¨Í  4. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¶µ ³µ¤¥²¨ ¤²Ö
·µ¦¤¥´¨Ö D∗- ¨ Ds-³¥§µ´µ¢ ¢ πp- ¨ pp-¸Éµ²±´µ¢¥´¨ÖÌ

�¥ ±Í¨Ö ‘¸Ò²±  PL, ƒÔ‚/c σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡

pp→ D∗+/D∗− X [74] 400 9, 2± 2, 4 7, 14

pp→ D∗0/D̄∗0 X [74] 400 5, 8± 2, 7 8, 8

π−p→ D∗+/D∗− X [72] 360 5, 0
+2, 3
−1, 8

5, 0

π−p→ D∗0/D̄∗0 X [72] 360 7, 3± 2, 9 4, 5

π−N → D∗+/D∗− X [69] 200 2, 4± 0, 4± 0, 2 2, 6

pp→ D+
s /D

−
s X [74] 400 < 2, 5 2, 8

xF > 0

’ ¡²¨Í  5. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [78, 79] ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ¢
Σ−p-¸Éµ²±´µ¢¥´¨ÖÌ ¨ ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

— ¸É¨Í  �¡² ¸ÉÓ xF σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡

D− > 0, 1 2, 9± 0, 8± 0, 6 2, 18

Λ+
c > 0, 2 9, 3± 4, 3± 2, 5 10, 0

Σ0
c > 0, 2 4, 8± 2, 6± 1, 5 5, 2

Ξ0
c > 0, 2 6, 0

Ξ+
c > 0, 2 0, 9

’ ¡²¨Í  6. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [78] ¶µ µÉ´µÏ¥´¨Ö³ ¸¥Î¥´¨° ¢
Σ−p-¸Éµ²±´µ¢¥´¨ÖÌ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

�É´µÏ¥´¨¥ O¡² ¸ÉÓ xF �±¸¶. §´ Î¥´¨¥ �·¥¤¸± § ´¨Ö ³µ¤¥²¨

Λc/D− > 0, 2 11, 34± 7, 1 12, 5

Σ++
c /Σ0

c > 0, 2 < 0, 52 0, 001

Σ0
c/Λc > 0, 2 0, 45 ± 0, 31 0, 52

D+/D− > 0, 1 0, 47 ± 0, 14 0, 55

¢ [78]. „²Ö ´µ·³¨·µ¢±¨ ¤ ´´ÒÌ D+/− (·¨¸.11,£) ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö [79], ¤ ´´Ò¥ ¶µ ¶µ²´µ³Ê ¸¥Î¥´¨Õ D− ¨ µÉ´µÏ¥-
´¨Õ ¸¥Î¥´¨° D+/D− [78]. „²Ö ¸¶¥±É·µ¢ Ξ+

c (p¨¸.11,¢) Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [78], ¢¢¨¤Ê µÉ¸ÊÉ¸É¢¨Ö ¶µ²´ÒÌ ¸¥Î¥´¨°, ¡Ò²¨ ´µ·³¨·µ¢ ´Ò ´  É¥µ-
·¥É¨Î¥¸±ÊÕ ±·¨¢ÊÕ. ‘· ¢´¥´¨¥ ¤ ´´ÒÌ ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ¨ µÉ´µÏ¥´¨Ö³
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�¨¸. 12. ‘· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [80,
81] ¶µ § ¢¨¸¨³µ¸É¨  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì (D−) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+)
³¥§µ´µ¢ µÉ xF ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨ 340 ƒÔ‚/c (¶µ¤·µ¡´µ¸É¨ ¢ É¥±¸É¥)

¸¥Î¥´¨° ¤²Ö £¨¶¥·µ´´µ£µ ¶ÊÎ±  ¸¤¥² ´o ¢ É ¡².5 ¨ 6. ‚ É ¡².5 É ±¦¥ ¶·¨¢¥-
¤¥´Ò ¶·¥¤¸± § ´¨Ö ¤²Ö ¶µ²´ÒÌ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö Ξ+

c ¨ Ξ0
c .

3.2. �·µ¡²¥³  ¢´ÊÉ·¥´´¥£µ Î ·³  ¢ ŒŠƒ‘. �·¨¢¥¤¥´´Ò¥ ¢ ¶·¥¤Ò¤Ê-
Ð¥³ · §¤¥²¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¡¥§ ÊÎ¥É  ¢±² ¤  ¢´ÊÉ·¥´´¥£µ Î ·³ 
¢ π-³¥§µ´¥ ¨²¨ ¶·µÉµ´¥. Š ± ¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ ¸¶¥±É·µ¢ ¨ ¶µ²´ÒÌ ¸¥-
Î¥´¨° ¢ · ³± Ì ŒŠƒ‘ (¸³., ´ ¶·¨³¥·, ¸¸Ò²±¨ ¢ [25]), ¸ÊÐ¥¸É¢ÊÕÐ Ö ÉµÎ-
´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ  ¤·µ´µ¢ ¸ µÉ±·ÒÉÒ³ Î ·-
³µ³ ´¥ É·¥¡Ê¥É ¶·¨¢²¥Î¥´¨Ö ÔÉµ° £¨¶µÉ¥§Ò. ƒ¨¶µÉ¥§  ª¢´ÊÉ·¥´´¥£µ Î ·³ ª
¡Ò²  ¶·¥¤²µ¦¥´  �·µ¤¸±¨³ [83] ¤²Ö µ¶¨¸ ´¨Ö ¸¶¥±É·µ¢ ·µ¦¤¥´¨Ö ÉÖ¦¥-
²ÒÌ  ¤·µ´µ¢ ¶·¨ ¡µ²ÓÏ¨Ì x → 1. ‚ · ³± Ì ŒŠƒ‘ c-±¢ ·±¨ ³µ£ÊÉ ¡ÒÉÓ
¢±²ÕÎ¥´Ò Éµ²Ó±µ ¢ ¢¨¤¥ ³µ·¸±¨Ì ¶ ·. ‚¶¥·¢Ò¥ ÔÉµ ¡Ò²µ ¸¤¥² ´µ ¢ · ¡µÉ¥ [26]
¶·¨ µ¶¨¸ ´¨¨ ¸¶¥±É·µ¢ D-³¥§µ´µ¢ ¨ Λc-¡ ·¨µ´µ¢. �¤´ ±µ ¶µÖ¢¨¢Ï¨¥¸Ö ´¥-
¤ ¢´µ ¤ ´´Ò¥ ¶µ  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì/´¥²¨¤¨·ÊÕÐ¨Ì  ¤·µ´µ¢
¢ π−p-¸Éµ²±´µ¢¥´¨¨ [80Ä82]

A(x) =
dσD

−
/dx− dσD+

/dx

dσD−/dx+ dσD+/dx
(76)

¸É ²¨ ¡µ²¥¥ ±·¨É¨Î¥¸±¨³¨ ¤²Ö µ¶·¥¤¥²¥´¨Ö ±µ²¨Î¥¸É¢¥´´µ£µ ¢±² ¤  ¢´ÊÉ·¥´-
´¥£µ Î ·³  ¢ ŒŠƒ‘. ‚ · ¡µÉ¥ [84] ¶µ± § ´µ, ÎÉµ  ´ ²¨§ ¤ ´´ÒÌ ¶µ  ¸¨³³¥-
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É·¨¨ É·¥¡Ê¥É ¨§³¥´¥´¨Ö §´ Î¥´¨° ¶ · ³¥É·µ¢, ¶µ²ÊÎ¥´´ÒÌ · ´¥¥ ¶·¨ ¸· ¢´¥-
´¨¨ Éµ²Ó±µ ¸ ¤ ´´Ò³¨ ¶µ ¸¥Î¥´¨Ö³ [33, 34], ¨ ¸¤¥² ´µ § ±²ÕÎ¥´¨¥ µ ³ ²µ-
¸É¨ ¢±² ¤  c-±¢ ·±µ¢µ£µ ³µ·Ö ¢ ŒŠƒ‘. ‚ · ¡µÉ¥ [85] ¶µ¢¥¤¥´¨¥  ¸¨³³¥É·¨¨
A(x) ¡Ò²µ µ¶¨¸ ´µ ¢ · ³±  ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, · ¸¸³µÉ·¥´´µ° ¢ ¤ ´´µ³
· §¤¥²¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ËÊ´±Í¨° Ë· £³¥´É Í¨¨, ¶·¨¢¥¤¥´´ÒÌ ¢ ¶·¨²µ¦¥-
´¨¨ ‚. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸· ¢´¨¢ ÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨
WA82 [80], E769 [81] ¨ E791 [82] ´  ·¨¸.12. ‘¶²µÏ´µ° ²¨´¨¥° ´  ·¨¸.12
¶µ± § ´ ·¥§Ê²ÓÉ É · ¸Î¥É  ¡¥§ ÊÎ¥É  ¢±² ¤  Î ·³µ¢ ´´µ£µ ³µ·Ö, ¶Ê´±É¨·´µ°
Å ¢±² ¤ ¸ ÊÎ¥Éµ³ ³µ·Ö c-±¢ ·±µ¢. �Î ·µ¢ ´´µ¥ ³µ·¥ ÊÎ¨ÉÒ¢ ²µ¸Ó  ´ ²µ£¨Î´µ
¢±² ¤Ê ¸É· ´´µ£µ ³µ·Ö (Ë-²  (51)) ¸µ §´ Î¥´¨Ö³¨ ¶ · ³¥É·µ¢ aD = 0, 0072,
a1 = 2 ¨ δc = 0, 005. � ³¨ ¡Ò²  É ±¦¥ · ¸¸³µÉ·¥´  ¢µ§³µ¦´µ¸ÉÓ ¤·Ê£µ°
¶ · ³¥É·¨§ Í¨¨ ËÊ´±Í¨¨ GD

−

d :

GD
−

d (z) = (1− z)−αψ(0)+λ(1 + aD1 z
4). (77)

�¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö ¶µ¢¥¤¥´¨Ö  ¸¨³³¥É·¨¨ ¸ ËÊ´±Í¨¥° (77) ¶µ± § ´
´  ·¨¸.12 ÏÉ·¨Ì¶Ê´±É¨·´µ° ²¨´¨¥°. Š ± ¢¨¤´µ, ¢±² ¤ µÎ ·µ¢ ´´µ£µ ³µ·Ö
¸¨²Ó´µ ¸¢Ö§ ´ ¸ ¶ · ³¥É·¨§ Í¨¥° ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ¨ ´¥ ³µ¦¥É ¡ÒÉÓ
µ¤´µ§´ Î´µ µ¶·¥¤¥²¥´ ¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ D-³¥§µ´µ¢.
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4.1. �¸´µ¢´µ° Ëµ·³ ²¨§³. ŒÖ£±¨¥  ¤·µ´´Ò¥ ¶·µÍ¥¸¸Ò, ± ± ¶µ± § ´µ, ¢
Î ¸É´µ¸É¨, ¢ÒÏ¥, ¢¥¸Ó³  Ê¸¶¥Ï´µ µ¶¨¸Ò¢ ÕÉ¸Ö ¢ · ³± Ì µ¡Ñ¥¤¨´¥´¨Ö ·¥¤-
¦¥¢¸±µ° ³µ¤¥²¨ ¸ ±¢ ´Éµ¢µ-Ì·µ³µ¤¨´ ³¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨.

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶·¥¤¶·¨´¨³ ÕÉ¸Ö ¨´É¥´¸¨¢´Ò¥ ¶µ¶ÒÉ±¨ · ¸Ï¨·¥´¨Ö
µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ ÔÉµ£µ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ ¶µ¤Ìµ¤  ¤²Ö µ¶¨¸ ´¨Ö ¶µ²Ê-
¦¥¸É±¨Ì ¨ ¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. ’ ±, Ê¦¥ ¨³¥¥É¸Ö ¤¢ÊÌ±µ³¶µ´¥´É´ Ö
³µ¤¥²Ó „’“ [86Ä88]. �É  ³µ¤¥²Ó ¸µ¤¥·¦¨É ¤¢¥ ±µ³¶µ´¥´ÉÒ: ³Ö£±ÊÕ, µ¸´µ-
¢ ´´ÊÕ ´  É¥µ·¨¨ ´ ¤±·¨É¨Î¥¸±µ£µ ¶µ³¥·µ´  (ª³Ö£±¨°ª ¶µ³¥·µ´), ¨ ¦¥¸É±ÊÕ,
µ¶¨¸Ò¢ ¥³ÊÕ ¶¥·ÉÊ·¡ É¨¢´µ° ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±µ° (ª¦¥¸É±¨°ª ¶µ³¥-
·µ´),   É ±¦¥ ¤¨Ë· ±Í¨µ´´Ò¥ ¶·µÍ¥¸¸Ò. ‚ ÔÉµ° ³µ¤¥²¨ (É ± ¦¥, ± ± ¨ ¢
ŒŠƒ‘) · §·¥§ ´´Ò° ¶µ³¥·µ´ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¤¢ÊÌ ±¢ ·±-£²Õµ´´ÒÌ
Í¥¶µÎ¥± (¨²¨ ¸É·Ê´), ±µÉµ·Ò¥ ¸¢Ö§Ò¢ ÕÉ ±µ´¸É¨ÉÊ¥´ÉÒ  ¤·µ´ . ‚ ¶¥·¢µ³
¶·¨¡²¨¦¥´¨¨ ¶·µÉµ´ ¸µ¸Éµ¨É ¨§ µ¤´µ£µ ¢ ²¥´É´µ£µ ±¢ ·±  ¨ µ¤´µ£µ ¢ ²¥´É-
´µ£µ ¤¨±¢ ·± ,   ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê  ¤·µ´ ³¨ ¶·¨¢µ¤¨É ± ´ ÉÖ¦¥´¨Õ ¤¢ÊÌ
¸É·Ê´ ³¥¦¤Ê ÔÉ¨³¨ ±µ´¸É¨ÉÊ¥´É ³¨. Œ´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢Ò-
Î¨¸²ÖÕÉ¸Ö ¢ · ³± Ì ¸Ì¥³Ò Ê´¨É ·¨§ Í¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶· ¢¨² �¡· ³µ¢-
¸±µ£µ Å ƒ·¨¡µ¢  Å Š ´Î¥²¨ (�ƒŠ) [89]. —Éµ ± ¸ ¥É¸Ö ¦¥¸É±µ£µ ¶µ³¥·µ´ , Éµ
¢ ÔÉµ° ³µ¤¥²¨ µ´ ¶·¥¤¸É ¢²Ö¥É¸Ö ¤¢Ê³Ö ¶¥·ÉÊ·¡ É¨¢´Ò³¨ £²Õµ´ ³¨ ¢ ¦¥¸É-
±µ³ · ¸¸¥Ö´¨¨ ±¢ ·±µ¢ 2 → 2. Œ¥Ì ´¨§³ ¦¥¸É±µ£µ · ¸¸¥Ö´¨Ö ¢±²ÕÎ ¥É¸Ö
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Éµ£¤ , ±µ£¤  ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò £²Õµ´µ¢ ¡µ²ÓÏ¥ 2 ¨²¨ 3 ƒÔ‚/¸; § É¥³ ÔÉ¨
£²Õµ´Ò · ¸Ð¥¶²ÖÕÉ¸Ö ¢ qq̄-¶ ·Ò. � ·Éµ´Ò ´  ±µ´Í Ì ¦¥¸É±µ° ¨²¨ ¶µ²Ê¦¥¸É-
±µ° Í¥¶µÎ¥± ¨³¥ÕÉ ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò, ¶·¥¤¸± §Ò¢ ¥³Ò¥ ¶¥·ÉÊ·¡ É¨¢´µ°
±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±µ°.

Œ´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥ Î ¸É¨Í Ö¢²Ö¥É¸Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ¶µ ¸¢µ¥°
¶·¨·µ¤¥ ¨, ± ¸µ¦ ²¥´¨Õ, ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥ ³µ¦¥É ¡ÒÉÓ ¨§ÊÎ¥´µ ¢ · ³± Ì
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„. ‚  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ ¤µ³¨´¨·Ê¥É µ¡³¥´ ¶µ³¥·µ´µ³; ¨ ¢ ·¥¤¦¥¢¸±¨Ì ³µ¤¥²ÖÌ ³´µ¦¥¸É¢¥´-
´µ£µ ·µ¦¤¥´¨Ö ¨¸¶µ²Ó§Ê¥É¸Ö ±µ´Í¥¶Í¨Ö µ¡³¥´  ¶µ³¥·µ´µ³. �¦¨¤ ¥É¸Ö, ÎÉµ
ÔÉ¨ ³µ¤¥²¨ ³µ£ÊÉ ¡ÒÉÓ µ¡ÑÖ¸´¥´Ò ¸ ¶µ³µÐÓÕ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„. ‚ ´ ¸Éµ-
ÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ´¥¸±µ²Ó±µ ¶µ¶ÒÉµ± ¢Ò¢¥¸É¨ ¶µ³¥·µ´, ¨¸¶µ²Ó§ÊÖ  ¶-
¶ · É É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ [90Ä92]. �·¨ ÔÉµ³ £² ¢´ Ö ¶·µ¡²¥³  ¸µ¸Éµ¨É
´¥ ¸Éµ²Ó±µ ¢ ¢¥²¨Î¨´¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨, ¸±µ²Ó±µ ¢ ¨´Ë· ±· ¸´ÒÌ ¸¨´£Ê²Ö·-
´µ¸ÉÖÌ, ¢µ§´¨± ÕÐ¨Ì ¢ ¶·µ¶ £ Éµ· Ì ±¢ ·±µ¢ ¨ £²Õµ´µ¢.

�¡³¥´ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶µ³¥·µ´µ³ ³µ¦¥É ¡ÒÉÓ ¶µ´ÖÉ ± ± µ¡³¥´
¤¢Ê³Ö £²Õµ´ ³¨ [90, 92]. �¤´ ±µ · ¸Î¥ÉÒ  ³¶²¨ÉÊ¤Ò Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
±¢ ·±µ¢ ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ ¶·¨¢µ¤ÖÉ ± ¸¨´£Ê²Ö·´µ¸É¨ ¶·¨ ´Ê²¥¢µ³
¶¥·¥¤ ´´µ³ 4-¨³¶Ê²Ó¸¥ t = 0. �·µ¨¸Ìµ¦¤¥´¨¥ ÔÉµ° ¸¨´£Ê²Ö·´µ¸É¨ µ¡Ê¸²µ¢-
²¥´µ ¶µ²Õ¸µ³ ¢ ¶·µ¶ £ Éµ·¥ £²Õµ´  ¶·¨ q2 = 0, ¶µÔÉµ³Ê Ö¸´µ, ÎÉµ ¶µ¢¥¤¥´¨¥
¸¥Î¥´¨Ö ¶·¨ ³ ²ÒÌ t ´¥ ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´µ ¢ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨° Š•„. �¤´ ±µ ¸¨´£Ê²Ö·´µ¸ÉÓ ¢ ¤¢ÊÌ£²Õµ´´ÒÌ · ¸Î¥É Ì  ¤·µ´- ¤·µ´´µ£µ
· ¸¸¥Ö´¨Ö Ê¸É· ´Ö¥É¸Ö, ¥¸²¨ ¶·µ¶ £ Éµ· £²Õµ´  µ£· ´¨Î¥´ ¶·¨ q2 = 0 [91].

�µ¢¥¤¥´¨¥ ¶·µ¶ £ Éµ·  £²Õµ´  ¶·¨ ³ ²ÒÌ q2 ³¥´¥¥ ¸¨´£Ê²Ö·´µ¥, Î¥³
¶µ²Õ¸, ¨³¥¥É ³¥¸Éµ ¶·¨ · ¸¸³µÉ·¥´¨¨ ÔËË¥±Éµ¢ ¢ ±ÊÊ³  Š•„, ±µÉµ·Ò¥ ¶·¨-
¢µ¤ÖÉ ± ±µ´Ë °´³¥´ÉÊ [91]. ’ ±, ¢ ³µ¤¥²¨ ‹ ´¤ÏµË  Å � ÌÉ³ ´  [91]
¶µ³¥·µ´ ±µ´¸É·Ê¨·Ê¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ £²Õµ´ ³¨; ¶·¨
ÔÉµ³ ¶µ¤ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ¶µ´¨³ ¥É¸Ö £²Õµ´, ¶·µ¶ £ Éµ· ±µÉµ·µ£µ ´¥ ¨³¥¥É
¶µ²Õ¸  ¶·¨ q2 = 0. ‚ ¤·Ê£µ° · ¡µÉ¥ [93] ¤²Ö ¶·µ¶ £ Éµ·  £²Õµ´  ¡Ò²µ ¶µ²Ê-
Î¥´µ ¶·¨¡²¨¦¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  ¢  ±¸¨ ²Ó´µ°
± ²¨¡·µ¢±¥, ¶µ¢¥¤¥´¨¥ ±µÉµ·µ£µ ¶·¨ q2 = 0 µ± § ²µ¸Ó ³¥´¥¥ ¸¨´£Ê²Ö·´Ò³,
Î¥³ ¶µ²Õ¸ ¢ ÔÉµ° ÉµÎ±¥. ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¶·µ¶ £ Éµ·  [93] ¢ ³µ¤¥²¨
‹ ´¤ÏµË  Å � ÌÉ³ ´  ¶·¨¢µ¤¨É, ± ± ¶µ± § ´µ ¢ [91], ± Ìµ·µÏ¥³Ê ¸µ£² ¸¨Õ
· ¸Î¥Éµ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

„·Ê£µ¥ ¶·¨¡²¨¦¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  ¡Ò²µ
¶µ²ÊÎ¥´µ ¢ [94]. ‚ ÔÉµ³ ·¥Ï¥´¨¨ ¶·µ¶ £ Éµ· £²Õµ´  ·¥£Ê²Ö·¨§Ê¥É¸Ö ¤¨´ ³¨-
Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ° £²Õµ´ . ‚ µÉ²¨Î¨¥ µÉ · ´¥¥ ¶µ²ÊÎ¥´´µ£µ ·¥Ï¥´¨Ö
Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  [93] ¶·µ¶ £ Éµ· ¸ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸µ° £²Õ-
µ´   ¸¨³¶ÉµÉ¨Î¥¸±¨ Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ ·¥´µ·³£·Ê¶¶Ò ¨ ¤¥°¸É¢¨É¥²Ó´µ
µ£· ´¨Î¥´ ¶·¨ q2 = 0 (± ± ·¥§Ê²ÓÉ É ´ ²¨Î¨Ö ÔËË¥±É¨¢´µ° ³ ¸¸Ò £²Õµ´ ).
ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¶·µ¶ £ Éµ·  ¢ · ³± Ì ³µ¤¥²¨ ‹ ´¤ÏµË  Å � ÌÉ³ ´ 
¶µ± §Ò¢ ¥É, ÎÉµ ¶µ³¥·µ´ ÔËË¥±É¨¢´µ ¢¥¤¥É ¸¥¡Ö  ´ ²µ£¨Î´µ µ¡³¥´Ê ËµÉµ-
´µ³, ¶·¨Î¥³ ±µ´¸É ´É  ¸¢Ö§¨ µ¶·¥¤¥²Ö¥É¸Ö ³ ¸¸µ° £²Õµ´ . �ÉµÉ ¶µ¤Ìµ¤ ¶µ-
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§¢µ²¨² ¢ÒÎ¨¸²¨ÉÓ ¶µ²´Ò¥ ¨ Ê¶·Ê£¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö (dσ/dt) ¤²Ö
pp-· ¸¸¥Ö´¨Ö ¨ ¶µ²ÊÎ¨ÉÓ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ · ¸Î¥Éµ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¤²Ö ³ ¸¸Ò £²Õµ´  mg = 370 ŒÔ‚ ¨ ΛQCD = 300 ŒÔ‚ [95].

‚ ¤ ´´µ³ · §¤¥²¥ ¨§ÊÎ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘ ¤²Ö µ¶¨¸ -
´¨Ö ¶µ²Ê¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢ [44, 45]. „²Ö ÔÉµ£µ ¶µ³¥·µ´ ¶·¥¤¸É ¢-
²Ö¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö £²Õµ´ ³¨ ¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ° [91].
�·µ¶ £ Éµ· ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õµ´  ¨É¥· É¨¢´µ ¨¸¶µ²Ó-
§Ê¥É¸Ö ¢ n-¶µ³¥·µ´´ÒÌ Í¥¶µÎ± Ì ¤²Ö ¢ÒÎ¨¸²¥´¨Ö · ¸¶·¥¤¥²¥´¨° ±¢ ·±µ¢ ¶µ
¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ´  ±µ´Í Ì ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´. �ÉµÉ ¶·µÍ¥¸¸ ¶µ-
¸²¥¤µ¢ É¥²Ó´µ£µ ÊÎ¥É  ¢¸¥ ¡µ²ÓÏ¥£µ ¨ ¡µ²ÓÏ¥£µ Î¨¸²  ¶µ³¥·µ´´ÒÌ µ¡³¥´µ¢
¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ¢Éµ·¨Î´µ£µ
 ¤·µ´ . ‚¢¥¤¥´´ Ö É ±¨³ µ¡· §µ³ § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ Î -
¸É¨Í ´¥ ¨§³¥´Ö¥É ¸É ´¤ ·É´µ° ŒŠƒ‘, µ¶¨¸Ò¢ ÕÐ¥° · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¶µ
¶·µ¤µ²Ó´µ³Ê ¨³¶Ê²Ó¸Ê, ¨, ¢ Éµ ¦¥ ¢·¥³Ö, · ¸Ï¨·Ö¥É µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨
³µ¤¥²¨ ¤µ §´ Î¥´¨° ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  4 ÷ 5 ƒÔ‚/¸. Œµ¤¨Ë¨Í¨·µ¢ ´-
´ Ö ŒŠƒ‘ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö µ¶¨¸ ´¨Ö ¨´¢ ·¨ ´É´ÒÌ ¸¥Î¥´¨° ¨ · ¸¶·¥¤¥²¥-
´¨° ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¢Éµ·¨Î´ÒÌ ³¥§µ´µ¢ ¶·¨ · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ
Ô´¥·£¨ÖÌ.

4.2. �µ³¥·µ´ ± ± µ¡³¥´ ¤¢Ê³Ö £²Õµ´ ³¨ ¨ ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò ±¢ ·-
±µ¢. ‚ ³µ¤¥²¨ ‹ ´¤ÏµË  Å � ÌÉ³ ´  [91] µ¡³¥´ ¶µ³¥·µ´µ³ ³¥¦¤Ê ¤¢Ê³Ö
±¢ ·± ³¨ ¢¥¤¥É ¸¥¡Ö É ± ¦¥, ± ± ¤¨ £· ³³  ¸ µ¡³¥´µ³ µ¤´¨³ ËµÉµ´µ³. Šµ´-
¸É ´É  ¸¢Ö§¨ ¶µ³¥·µ´  ¸ ±¢ ·±µ³ ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

β2
0 =

1

36π2

∫
d2q

[
g2D(q2)

]2
, (78)

£¤¥ D(q2) Å ¶·µ¶ £ Éµ· £²Õµ´ . �·¥¨³ÊÐ¥¸É¢µ³ ¨¸¶µ²Ó§µ¢ ´¨Ö µ£· ´¨Î¥´-
´µ£µ ¶·¨ q2 = 0 ¶·µ¶ £ Éµ·  Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¨´É¥£· ² (78) ¸Ìµ¤¨É¸Ö. �Éµ
´¥ ¨³¥¥É ³¥¸É  ¤²Ö ¡µ²ÓÏ¨´¸É¢  ·¥Ï¥´¨° Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´-
£¥· , ¶µ²ÊÎ¥´´ÒÌ ¤·Ê£¨³¨  ¢Éµ· ³¨ [93, 96]. ”¥´µ³¥´µ²µ£¨Î¥¸± Ö ¢¥²¨Î¨´ 
β0 = 2 ƒÔ‚−1 µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¨ ¸µµÉ¢¥É¸É¢Ê¥É ³ ¸¸¥ £²Õµ´ 
mg = 1, 2ΛQCD, ΛQCD = 300 ŒÔ‚ [95]. „²Ö É ±¨Ì §´ Î¥´¨° ¶ · ³¥É·µ¢ µ± -
§ ²µ¸Ó ¢µ§³µ¦´Ò³ µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ ¶·µÉµ´-¶·µÉµ´´µ³
· ¸¸¥Ö´¨¨ ¢¶¥·¥¤ [95].

ƒ²Õµ´ ¸ £µ²µ° ³ ¸¸µ° ¶·¨¢µ¤¨É ± ´ ·ÊÏ¥´¨Õ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ¨
± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨. �ÉÊ ¶·µ¡²¥³Ê Ê¤ ¥É¸Ö µ¡µ°É¨ ¢ ¸²ÊÎ ¥ ¤¨´ -
³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸Ò £²Õµ´  [95]. �  Éµ, ÎÉµ £²Õµ´ ¢¥¤¥É ¸¥¡Ö ± ±
³ ¸¸¨¢´ Ö Î ¸É¨Í , Ê± §Ò¢ ÕÉ É ±¦¥ ¢ÒÎ¨¸²¥´¨Ö ´  ·¥Ï¥É± Ì [97]. �·¨¡²¨-
¦¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  ¢ Î ¸É¨Î´µ° ± ²¨¡·µ¢±¥
´¥ ¶·¨¢µ¤¨É ± £¥´¥· Í¨¨ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸Ò £²Õµ´  [93, 96]. ‚ Éµ ¦¥
¢·¥³Ö ¢ [94] ¡Ò² µ¶·¥¤¥²¥´ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ´ ¡µ· ¤¨ £· ³³ ¤²Ö
Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥· , ±µÉµ·Ò° ¤ ¥É µ£· ´¨Î¥´´µ¥ ¶·¨ q2 = 0
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¢Ò· ¦¥´¨¥ ¤²Ö ¶·µ¶ £ Éµ·  £²Õµ´ . �Éµ ·¥Ï¥´¨¥ ¨³¥¥É ¶· ¢¨²Ó´µ¥  ¸¨³¶Éµ-
É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¶·µ¶ £ Éµ·  ¶·¨ ¡µ²ÓÏ¨Ì q2 ¨ Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ
·¥´µ·³£·Ê¶¶Ò.

‚ Ë¥°´³ ´µ¢¸±µ° ± ²¨¡·µ¢±¥ ¶·µ¶ £ Éµ· £²Õµ´  ¸ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸µ°
¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ Dµν = −igµνD(q2) [94], £¤¥

D−1(q2) = b0g
2[q2 +m2(q2)] ln (S2/Λ2), (79)

S2 = q2 + 4m2(q2), m2(q2) = m2
g

[
ln((q2 + 4m2

g)/Λ
2)

ln(4m2/Λ2)

]− 12
11

.

‚ ¶·¨¢¥¤¥´´µ³ ¢Ò· ¦¥´¨¨ (79) ¢¥²¨Î¨´  mg ¥¸ÉÓ ³ ¸¸  £²Õµ´ , b0 =
= (33 − 2nf)/48π2 Å ²¨¤¨·ÊÕÐ¨° ±µÔËË¨Í¨¥É β-ËÊ´±Í¨¨ ¢ Ê· ¢´¥´¨¨
·¥´µ·³£·Ê¶¶Ò, ¶µ¸ÉµÖ´´ Ö ¸¢Ö§¨ g Ë¨±¸¨·µ¢ ´ . �¥Ï¥´¨¥ (79) ¤¥°¸É¢¨É¥²Ó´µ
¶·¨ ¢Ò¶µ²´¥´¨¨ Ê¸²µ¢¨Ö: mg > Λ/2.

�¡· §µ¢ ´¨¥ ¢Éµ·¨Î´µ£µ  ¤·µ´  ¶·¥¤¸É ¢¨³ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. � ²¥-
É ÕÐ¨° ¶·µÉµ´ ¨ ´Ê±²µ´ ³¨Ï¥´¨ · §¤¥²ÖÕÉ¸Ö ´  ±¢ ·± ¨ ¤¨±¢ ·± ¸ ¶·µ-
É¨¢µ¶µ²µ¦´µ ´ ¶· ¢²¥´´Ò³¨ ¶µ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨. ‚ ³µ³¥´É Í¢¥Éµ¢µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ·±µ³ ´ ²¥É ÕÐ¥£µ ¶·µÉµ´  ¨ ¤¨±¢ ·±µ³ ´Ê±²µ´ -
³¨Ï¥´¨ ¶·µ¨¸Ìµ¤¨É µ¡³¥´ ª³Ö£±¨³ª ³ ¸¸¨¢´Ò³ £²Õµ´µ³. �¥§ ¢¨¸¨³µ µÉ
ÔÉµ£µ ¢µ ¢Éµ·µ° Í¥¶µÎ±¥ ¶·µ¨¸Ìµ¤¨É  ´ ²µ£¨Î´Ò° µ¡³¥´ ¢Éµ·Ò³ ³ ¸¸¨¢´Ò³
£²Õµ´µ³. ‡ É¥³ ¶µ¸²¥ É ±µ£µ µ¡³¥´  £²Õµ´ ³¨ ¤¢¥ µ¡· §µ¢ ¢Ï¨¥¸Ö ¸É·Ê´Ò
· ¸¶ ¤ ÕÉ¸Ö ´  ¢Éµ·¨Î´Ò¥  ¤·µ´Ò. �·¨ ·µ¦¤¥´¨¨ n ¶µ³¥·µ´´ÒÌ ²¨¢´¥°
(¨²¨ 2n ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ Í¥¶µÎ¥±) É ±µ° ¶·µÍ¥¸¸ n-±· É´µ ¶µ¢Éµ·Ö¥É¸Ö.
‚ ·¥§Ê²ÓÉ É¥ ±¢ ·± (¤¨±¢ ·±) ´  ±µ´Í Ì ± ¦¤µ° ¸É·Ê´Ò ¶·¨µ¡·¥É eÉ ´¥ · ¢-
´Ò¥ ´Ê²Õ ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò, É¥³ ¡µ²ÓÏ¨¥, Î¥³ ¡µ²ÓÏ¥ ¶·µ¨¸Ìµ¤¨É £²Õ-
µ´´ÒÌ µ¡³¥´µ¢. Œ É¥³ É¨Î¥¸±¨ ¶·µÍ¥¤Ê·  ¢ÒÎ¨¸²¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·± 
(¤¨±¢ ·± ) ¶µ¸²¥ ¶¥·¢µ£µ µ¡³¥´  ¤¢Ê³Ö £²Õµ´ ³¨ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ 
¸²¥¤ÊÕÐ¨³ µ¡· §µ³.

�·¥¤¸É ¢¨³ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢ ´ Î ²Ó´ÒÌ
¶·µÉµ´ Ì ¢ Ë ±Éµ·¨§µ¢ ´´µ³ ¢¨¤¥:

f̃τ (x,~k⊥) = fτ (x)g0(~k⊥), (80)

£¤¥ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¢Ò¡¥·¥³ ¢ ¢¨¤¥ £ Ê¸¸µ¢-
¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö, ´µ·³¨·µ¢ ´´µ£µ ´  ¥¤¨´¨ÍÊ:

g0(~k⊥) =
γ

π
exp (−γ~k2

⊥). (81)

�µ¸²¥ µ¡³¥´  £²Õµ´µ³ ¸ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸µ° ¢ ¶¥·¢µ° Í¥¶µÎ±¥ · ¸¶·¥¤¥-
²¥´¨¥ ±¢ ·±µ¢ ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

g1(~k1⊥) =

∫
g0(~k⊥)D2[(~k1⊥ − ~k⊥)2]d2k⊥. (82)
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‚µ ¢Éµ·µ° Í¥¶µÎ±¥ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¡Ê¤¥É ¨³¥ÉÓ  ´ ²µ£¨Î´Ò° ¢¨¤.
�µ¸²¥ µ¡³¥´  ¢Éµ·Ò³ £²Õµ´µ³ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¡Ê¤¥É ¢Ò· ¦ ÉÓ¸Ö

Ê¦¥ Î¥·¥§ ËÊ´±Í¨Õ g1(~k1⊥):

g2(~k2⊥) =

∫
g1(~k1⊥)D2[(~k2⊥ − ~k1⊥)2]d2k1⊥. (83)

�µ¢Éµ·ÖÖ ÔÉÊ ¨É¥· Í¨µ´´ÊÕ ¶·µÍ¥¤Ê·Ê, ³Ò ¶µ²ÊÎ ¥³ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥-
´¨Ö ±¢ ·±µ¢ ¢ n-° Í¥¶µÎ±¥, ¢Ò· ¦¥´´ÊÕ Î¥·¥§ ËÊ´±Í¨Õ gn−1(~kn−1⊥), ¨, ¢
±µ´¥Î´µ³ ¸Î¥É¥, Î¥·¥§ ËÊ´±Í¨Õ g0(~k⊥):

gn(~kn⊥) =

∫
gn−1(~kn−1⊥)D2[(~kn⊥ − ~kn−1⊥)2]d2kn−1⊥ = (84)

=

∫
d2kn−1⊥D

2[(~kn⊥ − ~kn−1⊥)2]

∫
d2kn−2⊥D

2[(~kn−1⊥ − ~kn−2⊥)2]...×

×
∫
d2k0⊥D

2[(~k1⊥ − ~k0⊥)2]g0(~k0⊥).

�Î¥¢¨¤´µ, ÎÉµ ¢ n-¶µ³¥·µ´´µ° Í¥¶µÎ±¥ ±¢ ·±µ¢Ò¥ ËÊ´±Í¨¨ É ±¦¥ ¡Ê¤ÊÉ
Ë ±Éµ·¨§µ¢ ´Ò:

f̃ (n)
τ (xn, ~kn⊥) = f (n)

τ (xn)g
(n)
τ→h(

~kn⊥). (85)

�¥·¥°¤¥³ É¥¶¥·Ó ± ¶µ¸É·µ¥´¨Õ ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¶¥±É·  ·µ-
¦¤¥´´ÒÌ  ¤·µ´µ¢ ¸ ÊÎ¥Éµ³ ¥£µ § ¢¨¸¨³µ¸É¨ ± ± µÉ x, É ± ¨ µÉ ¶µ¶¥·¥Î´µ£µ
¨³¶Ê²Ó¸  pt. ‚Ò· ¦¥´¨¥ ¤²Ö ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¶¥±É·   ¤·µ´µ¢
³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´µ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [38Ä41]:

E
dσ

d3~p
=

∞∑
n=0

σn(s)ϕn(x, p⊥); (86)

ϕn(x, p⊥) Å · ¸¶·¥¤¥²¥´¨¥  ¤·µ´µ¢ ¶µ Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° x ¨ ¶µ-
¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥, µ¡· §µ¢ ´´ÒÌ µÉ · ¸¶ ¤  n-¶µ³¥·µ´´µ° Í¥¶µÎ±¨.

”Ê´±Í¨¨ ϕn(x, p⊥) ¶·¥¤¸É ¢²Ö²¨¸Ó ¢ ¢¨¤¥ [39,41]:

ϕn(x, p⊥) =

∫ 1

x+

dx1

∫ 1

x−

dx2Ψn(x, p⊥;x1, x2), (87)

£¤¥

Ψn(x, ~p⊥;x1, x2) = F (n)
qq (x+, ~p⊥;x1)F

(n)
qv

(x−, ~p⊥;x2)/F
(n)
qv

(0, ~p⊥) + (88)

+F (n)
qv (x+, ~p⊥;x1)F

(n)
qq (x−, ~p⊥;x2)/F

(n)
qq (0, ~p⊥) +

+2(n− 1)F (n)
qs (x+, ~p⊥;x1)F

(n)
q̄s (x−, ~p⊥;x2)/F

(n)
q̄s (0, ~p⊥);
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x1, x2 Å ±µµ·¤¨´ ÉÒ ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, x± =
= x±(n) = 0, 5[

√
(x2
n + x2

⊥) ± xn], x⊥ = 2
√

(m2
h + ~p2

⊥)/s; mh Å ³ ¸¸ 
¢Éµ·¨Î´µ£µ  ¤·µ´ ,

√
s Å ¶µ²´ Ö Ô´¥·£¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ ¢ ¸.Í.¨.,

F (n)
τ (x±, ~p⊥;x1,2) =

∫
d2k⊥f̃

(n)
τ (x1,2, ~k⊥)G̃τ→h(

x±
x1,2

, ~k⊥; ~p⊥), (89)

F (n)
τ (0, ~p⊥) =

1∫
0

dx

∫
d2k⊥f̃

(n)
τ (x,~k⊥)G̃τ→h(0, ~p⊥) = G̃τ→h(0, ~p⊥). (90)

� ¸¶·¥¤¥²¥´¨¥ ϕhn(s, y) § ¢¨¸¨É µÉ ¸¶µ¸µ¡  ¤¥²¥´¨Ö ´ Î ²Ó´µ° Ô´¥·£¨¨
³¥¦¤Ê n ¶µ³¥·µ´´Ò³¨ ²¨¢´Ö³¨. ŒÒ · ¸¸³µÉ·¨³ ¤¢  ¶·µ¸ÉÒÌ ¸¶µ¸µ¡  É -
±µ£µ ¤¥²¥´¨Ö. ‚ ¶¥·¢µ³ ¨§ ´¨Ì Ô´¥·£¨Ö ¤¥²¨É¸Ö · ¢´µ³¥·´µ, ¨ ·µ²Ó Ë¥°´-
³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° ¢ n-¶µ³¥·µ´´µ° Í¥¶µÎ±¥ ¨£· ¥É ¢¥²¨Î¨´  xn = nx.
� ¸¶·¥¤¥²¥´¨¥ ϕhn(s, y) ¢ ÔÉµ³ ¸²ÊÎ ¥ [27]:

ϕhn(s, y) = nϕh1 (ξn, x), (91)

ξn = ξ − 2 ln n, ξ = ln (s/s0), s0 = 1 ƒÔ‚.

‚Éµ· Ö ¢¥·¸¨Ö µ¸´µ¢ ´  ´  ¶µ¸²¥¤µ¢ É¥²Ó´µ³ ¨¸¶Ê¸± ´¨¨ ²¨¢´¥° ²¨¤¨·ÊÕ-
Ð¨³  ¤·µ´´Ò³ ¸µ¸ÉµÖ´¨¥³. �µÔÉµ³Ê ËÊ´±Í¨¨ ϕhn(ξ, y) ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥ÕÉ
¢¨¤

Φhn(s, y) =
n∑
k=1

Φh1 (ξk, xk), (92)

ξk = ξ − 2(k − 1) ln
1

1− x0
, xk =

x

(1− x0)k−1
,

£¤¥ x0 Å ¶ · ³¥É· ¶µÉ¥·Ó Ô´¥·£¨¨; ¶·¨ Ô´¥·£¨ÖÌ SPS x0 ' 0, 15.
�´ ²µ£¨Î´µ ÔÉµ³Ê ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ±µ´¥Î´µ£µ  ¤·µ´  ~p⊥ Éµ¦¥ ³µ-

¦¥É ¤¥²¨ÉÓ¸Ö ³¥¦¤Ê n ±¢ ·±-£²Õµ´´Ò³¨ Í¥¶µÎ± ³¨ ¶µ-· §´µ³Ê. �¤¨´ ¨§
É ±¨Ì ¸¶µ¸µ¡µ¢ ¡Ò² ¶·¥¤²µ¦¥´ ¢ [98], ¸µ£² ¸´µ ±µÉµ·µ³Ê ~p⊥ · ¢´µ³¥·´µ
¤¥²¨É¸Ö ³¥¦¤Ê ÔÉ¨³¨ Í¥¶µÎ± ³¨, ± ± ¨ x. ‘µ£² ¸´µ ¢Éµ·µ³Ê ¸¶µ¸µ¡Ê, ¶·¥¤-
²µ¦¥´´µ³Ê ¢ [38,39], ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸  ¤·µ´  ~p⊥ ³µ¦¥É ¶µ¸²¥¤µ¢ É¥²Ó´µ
´ · Ð¨¢ ÉÓ¸Ö µÉ µ¤´µ° Í¥¶µÎ±¨ ± ¤·Ê£µ°. �ÉµÉ ¸¶µ¸µ¡ ¤¥²¥´¨Ö ~p⊥ ³¥¦¤Ê
±¢ ·±-£²Õµ´´Ò³¨ ¸É·Ê´ ³¨ ¸É ´µ¢¨É¸Ö µ¸µ¡¥´´µ ¶µ´ÖÉ´Ò³ ¢ · ³± Ì · ¸¸³µÉ-
·¥´´µ£µ ¶µ¤Ìµ¤ , ±µ£¤  ¶¥·¥¤ µ¡· §µ¢ ´¨¥³ ±¢ ·±-£²Õµ´´µ° ¸É·Ê´Ò ±¢ ·±
¨ ¤¨±¢ ·± ¨²¨ ±¢ ·± ¨  ´É¨±¢ ·± ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ³¥¦¤Ê ¸µ¡µ°. ” ±É¨Î¥-
¸±¨ ¨É¥· Í¨µ´´ Ö ¶·µÍ¥¤Ê·  ¢ÒÎ¨¸²¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±  (¤¨±¢ ·± )
gn(kn⊥) ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê kn⊥ ¶µ¸²¥ n £²Õµ´´ÒÌ µ¡³¥´µ¢ ¥¸ÉÓ
µÉ· ¦¥´¨¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¤¥²¥´¨Ö ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ³¥¦¤Ê ±¢ ·±-
£²Õµ´´Ò³¨ Í¥¶µÎ± ³¨.
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„ ²¥¥ ³Ò ¢ µ¸´µ¢´µ³ ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÔÉµÉ ¸¶µ¸µ¡ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ
¤¥²¥´¨Ö x ¨ pt ³¥¦¤Ê ¶µ³¥·µ´´Ò³¨ ²¨¢´Ö³¨.

”Ê´±Í¨¨ Ë· £³¥´É Í¨¨ ¶·¥¤¸É ¢²Ö²¨¸Ó ¢ ¢¨¤¥ [39Ä41]:

G̃τ→h(zn, ~kn⊥; ~p⊥) = Gτ→h(zn, ~p⊥)gnτ→h(k̃n⊥), (93)

g
(n)
τ→h(k̃n⊥) =

γn

π
exp (−γnk̃2

n⊥), (94)

k̃n⊥ = ~p⊥ − zn~kn⊥, zn =
x±(n)

x1,2
. (95)

�µ¤¸É ¢¨¢ É¥¶¥·Ó ËÊ´±Í¨¨ (84)Å(95) ¢ (89), (90), ¶µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö

¶µ d2k⊥ ³Ò ¶µ²ÊÎ ¥³ ¤²Ö F (n)
τ ¸²¥¤ÊÕÐ¥¥ ¶·µ¸Éµ¥ ¢Ò· ¦¥´¨¥:

F (n)
τ (x±(n), ~p⊥;x1,2) = f̃ (n)

τ (x1,2)Gτ→h

(
x±(n)

x1,2
, ~p⊥

)
Ĩn(zn, ~p⊥), (96)

¢ ±µÉµ·µ³ ËÊ´±Í¨Ö Ĩn(zn, ~p⊥) ¸µ¤¥·¦¨É § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ¶¥·¥Î´µ£µ ¨³-
¶Ê²Ó¸ :

Ĩ(n)(zn, ~p⊥) =

∫
d2k⊥

∫
Πn
i=1gi−1(~ki−1,⊥)×

×D2[(~ki⊥ − ~qi−1,⊥)2]d2qi⊥
γn

π
exp [−γn(~p⊥ − zn~kn⊥)2]. (97)

4.3. �´ ²¨§ ·¥§Ê²ÓÉ Éµ¢ ¨ ¸· ¢´¥´¨¥ ¸ ¤ ´´Ò³¨. �  ·¨¸.13 ¶µ± § ´  § -
¢¨¸¨³µ¸ÉÓ < p⊥ > µÉ N , ±µÉµ· Ö  ´ ²¨§¨·Ê¥É¸Ö ¢ · ³± Ì ŒŠƒ‘ ¸ ¢¢¥¤¥´´µ°
§ ¢¨¸¨³µ¸ÉÓÕ ±¢ ·±µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ µÉ ¶µ¶¥-
·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ±¢ ·±µ¢ k⊥, ¶µ¤·µ¡´µ¸É¨ ¢ÒÎ¨¸²¥´¨Ö ÔÉµ° ´ ¡²Õ¤ ¥³µ°
¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´Ò ¢ [45]. ˆ¸¶µ²Ó§Ê¥³Ò° ¢ ´ Ï¥° ³µ¤¥²¨ ³¥Ì ´¨§³ ¤¢ÊÌ-
£²Õ´´µ£µ µ¡³¥´  ¤ ¥É ·µ¸É § ¢¨¸¨³µ¸É¨ < p⊥ > (N); µ¤´ ±µ ¤²Ö ¶µ²´µ£µ
µ¶¨¸ ´¨Ö ÔÉµ° Ì · ±É¥·¨¸É¨±¨ ´¥µ¡Ìµ¤¨³µ · ¸Ï¨·¥´¨¥ µ¡² ¸É¨ ¶·¨³¥´¨-
³µ¸É¨ ³µ¤¥²¨ ¤²Ö §´ Î¥´¨° ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢, ¡µ²ÓÏ¨Ì 4 ÷ 5 ƒÔ‚/¸,
£¤¥ ¢±² ¤ ¶µ²Ê¦¥¸É±¨Ì ÔËË¥±Éµ¢ ¸É ´µ¢¨É¸Ö ¢¸¥ ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³. Š·µ³¥
Éµ£µ, Ëµ·³Ê²Ò ¤²Ö ¸¥Î¥´¨° σn ¶µ²ÊÎ¥´Ò ¶·¨ ÊÎ¥É¥ ²¨ÏÓ ´¥Ê¸¨²¥´´ÒÌ £· -
Ë¨±µ¢ ·¥¤¦¥µ´´µ° É¥µ·¨¨ [52]. “Î¥É ¤¨ £· ³³ ªÊ¸¨²¥´´µ£µª É¨¶  ¶·¨¢µ¤¨É
± ¶µÖ¢²¥´¨Õ Î²¥´µ¢ 1/x ¢ · ¸¶·¥¤¥²¥´¨ÖÌ ¤²Ö ª³µ·¸±¨Ìª ±¢ ·±µ¢, ¢±² ¤ ±µ-
Éµ·ÒÌ µ¸µ¡¥´´µ ¢¥²¨± ¶·¨ x ' 0, £¤¥ ·µ¦¤ ¥É¸Ö ´ ¨¡µ²ÓÏ¥¥ Î¨¸²µ  ¤·µ´µ¢.
Š·µ³¥ Éµ£µ, ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì p⊥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢±² ¤ ´µ¢ÒÌ ³¥Ì ´¨§³µ¢,
É ±¨Ì, ± ± ¦¥¸É±µ¥ · ¸¸¥Ö´¨¥ ¶ ·Éµ´µ¢, ±µÉµ·Ò¥ ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó ¢ ¤ ´´µ°
³µ¤¥²¨.

� ¸¸³µÉ·¨³ É¥¶¥·Ó · ¸¶·¥¤¥²¥´¨Ö π-³¥§µ´µ¢ ¸ ¡µ²ÓÏ¨³¨ p⊥, µ¡· §µ¢ ´-
´ÒÌ ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¨´-
¢ ·¨ ´É´ÒÌ ¸¶¥±É·µ¢ F (x, ~p⊥) ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ [100, 101] ¶·¥¤¸É ¢²¥´Ò ´  p¨¸.14 ¨ 15. ˆ§ ·¨¸Ê´±µ¢ ¢¨¤´µ, ÎÉµ · ¸-
¸³µÉ·¥´´ Ö ¢ ÔÉµ³ · §¤¥²¥ ¢¥·¸¨Ö ŒŠƒ‘ ¤ ¥É Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ ¤ ´´ÒÌ ¶·¨
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�¨¸. 13. Šµ··¥²ÖÍ¨Ö ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  < pt > ¨ ³´µ¦¥¸É¢¥´´µ¸É¨ N § -
·Ö¦¥´´ÒÌ  ¤·µ´µ¢. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Å ¨§ · ¡µÉÒ [99] ¶·¨

√
s = 63 ƒÔ‚/c,

ηmax = 2. ’¥µ·¥É¨Î¥¸± Ö ±·¨¢ Ö ¢ÒÎ¨¸²¥´  ¢ ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, ¶·¨¢¥¤¥´´µ° ¢
· §¤¥²¥ 5

�¨¸. 14. ˆ´¢ ·¨ ´É´Ò° ¨´±²Õ§¨¢´Ò° ¸¶¥±É· π−-³¥§µ´µ¢ ¢ pp-¸Éµ²±´µ¢¥´¨¨ ¶·¨√
s = 19, 5 ƒÔ‚/c [100]. �·¨¢¥¤¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥

¤²Ö §´ Î¥´¨° x = 0, 0,3 ¨ 0,6. Š·¨¢Ò¥ Å · ¸Î¥ÉÒ ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ŒŠƒ‘
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�¨¸. 15. ˆ´¢ ·¨ ´É´Ò° ¨´±²Õ§¨¢´Ò° ¸¶¥±É· π0-³¥§µ´µ¢ ¢ pp-¸Éµ²±´µ¢¥´¨¨ ¶·¨
√
s =

= 62, 4 ƒÔ‚/c [101]. Š·¨¢ Ö Å · ¸Î¥É ¢ · ³± Ì ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ŒŠƒ‘

p⊥ ≤ 4, 0 ƒÔ‚/¸. ˆ³¥¥É¸Ö ¢Ò¶µ² ¦¨¢ ´¨¥ ¸¶¥±É·µ¢ ¶·¨ p⊥ ≥ 1 ƒÔ‚/¸, ÎÉµ Ì -
· ±É¥·´µ ¤²Ö ¶µ²Ê¦¥¸É±¨Ì ¶·µÍ¥¸¸µ¢. ‡ ¢ÒÏ¥´¨¥ ¸¥Î¥´¨° ¶·¨ p⊥ ≥ 3 ƒÔ‚/¸
¸¢Ö§ ´µ, ¢µ§³µ¦´µ, ¸ É¥³, ÎÉµ ¢ ³µ¤¥²¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö §´ Î¥´¨Ö ·¥¤¦¥¢¸±¨Ì
É· ¥±Éµ·¨° ¨ ¨Ì ¶·µ¨§¢µ¤´ÒÌ ¶·¨ t = 0, Éµ£¤  ± ± ¤²Ö ¶·µ¤¢¨¦¥´¨Ö ¢ µ¡² ¸ÉÓ
¡µ²ÓÏ¨Ì §´ Î¥´¨° p⊥ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ É· ¥±Éµ·¨° µÉ ¨´-
¢ ·¨ ´É´µ° ¶¥·¥³¥´´µ° t, α(t), ¶µ¸±µ²Ó±Ê t = t(p⊥, xF ).

�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö § ¢¨¸¨³µ¸É¨ ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·µ¢ D-³¥§µ´µ¢
µÉ xF ¨ p2

⊥ ¶·¨¢¥¤¥´Ò ´  ·¨¸.16 ¨ 17 ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ [77]. „ ´´Ò¥ ¶µ § ¢¨¸¨³µ¸É¨  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì (D−)
¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+) ³¥§µ´µ¢ µÉ p2

⊥ ¢ πp-¸Éµ²±´µ¢¥´¨¨ [80Ä82] ¸· ¢´¨-
¢ ÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨ ´  p¨¸.18. ‚ [39] ´ ³¨ ¨§ÊÎ ² ¸Ó § ¢¨¸¨-
³µ¸ÉÓ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö D-³¥§µ´µ¢ µÉ ¨´É¥·¸¥¶É  ·¥¤¦¥¢¸±µ° É· ¥±Éµ·¨¨
Î ·³µ´¨Ö αΨ(0). ‚ ´ ¸ÉµÖÐ¨Ì · ¸Î¥É Ì ¨¸¶µ²Ó§µ¢ ²µ¸Ó §´ Î¥´¨¥ ¨´É¥·¸¥¶É 
α(0) = 0 [102], ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ´¥²¨´¥°´µ¸É¨ ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ-
·¨° α(t) ¶·¨ t ≤ 0 [103]. ‚ · ¸Î¥É Ì, ¶·¨¢¥¤¥´´ÒÌ ¢ ¤ ´´µ³ · §¤¥²¥, ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ a0, a1, ¢Ìµ¤ÖÐ¨Ì ¢ ËÊ´±Í¨¨
Ë· £³¥´É Í¨¨ c-±¢ ·±µ¢: a0 = 10−4, a1 = 5 [34].
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�¨¸. 16. ‡ ¢¨¸¨³µ¸ÉÓ µÉ x ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ pp → DX

¶·¨
√
s = 27, 4 ƒÔ‚/c: a) D+ , ¡) D0, ¢) D−, £) D̄0 [77]

�¨¸. 17. ‡ ¢¨¸¨³µ¸ÉÓ µÉ p2
⊥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° ·µ¦¤¥´¨Ö · §²¨Î´ÒÌ

D-³¥§µ´µ¢ ¢ pp-¸Éo²±´µ¢¥´¨ÖÌ [77]. �¡µ§´ Î¥´¨Ö É¥ ¦¥, ÎÉµ ¨ ´  ·¨¸.16
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�¨¸. 18. ‘· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [80,
81] ¶µ § ¢¨¸¨³µ¸É¨ µÉ p2

⊥  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì (D−) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì
(D+) ³¥§µ´µ¢ ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨

‡�Š‹�—…�ˆ…

� ¸¸³µÉ·¥´  ³µ¤¨Ë¨± Í¨Ö ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´, ÊÎ¨ÉÒ¢ ÕÐ Ö
¶µ¶¥·¥Î´µ¥ ¤¢¨¦¥´¨¥ ±¢ ·±µ¢ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì,   É ±¦¥ § ¢¨¸¨-
³µ¸ÉÓ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ µÉ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ±¢ ·±µ¢ ¨ ¢Éµ·¨Î-
´ÒÌ  ¤·µ´µ¢. �·¥¤²µ¦¥´ ¸¶µ¸µ¡ ¢¢¥¤¥´¨Ö § ¢¨¸¨³µ¸É¨ µÉ ¶µ¶¥·¥Î´µ£µ ¨³-
¶Ê²Ó¸ , µ¸´µ¢ ´´Ò° ´  ¶·¥¤¸É ¢²¥´¨¨ ¶µ³¥·µ´  ± ± µ¡³¥´  ¤¢Ê³Ö £²Õµ´ ³¨
¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ° £²Õµ´ . �Éµ ¶µ§¢µ²¨²µ µ¶·¥¤¥²¨ÉÓ · ¸-
¶·¥¤¥²¥´¨Ö ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ±¢ ·±µ¢ ¢ ±¢ ·±-£²Õµ´´ÒÌ Í¥¶µÎ± Ì ¨
· ¸Ï¨·¨ÉÓ µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ŒŠƒ‘ ¤µ §´ Î¥´¨° ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢
¢Éµ·¨Î´ÒÌ  ¤·µ´µ¢ p⊥ ' 4 ƒÔ‚/¸.

‚ · ³± Ì ³µ¤¥²¨ ¢ÒÎ¨¸²¥´Ò ±µ··¥²ÖÍ¨Ö < p⊥ > (N) ¨ ¨´¢ ·¨ ´É´Ò¥
¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò  ¤·µ´µ¢ F (x, ~p⊥) ¶·¨ · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ.
Š ± ¡Ò²µ ¶µ± § ´µ ´ ³¨ · ´¥¥ ¢ [40], ÔÉ¨ Ì · ±É¥·¨¸É¨±¨  ¤·µ´´ÒÌ ¶·µÍ¥¸-
¸µ¢ ÎÊ¢¸É¢¨É¥²Ó´Ò ± · §²¨Î´Ò³ ¸¶µ¸µ¡ ³ ¤¥²¥´¨Ö Ô´¥·£¨¨ ¨ ¶µ¶¥·¥Î´µ£µ ¨³-
¶Ê²Ó¸  ³¥¦¤Ê ±¢ ·±-£²Õµ´´Ò³¨ Í¥¶µÎ± ³¨. �·¥¤²µ¦¥´´Ò° ¸¶µ¸µ¡ ¢¢¥¤¥´¨Ö
p⊥-§ ¢¨¸¨³µ¸É¨ ¢ ŒŠƒ‘  ´ ²µ£¨Î¥´ ¶µ¸²¥¤µ¢ É¥²Ó´µ³Ê ¤¥²¥´¨Õ Ô´¥·£¨¨,
ÎÉµ, ¶µ-¢¨¤¨³µ³Ê, ¡²¨§±µ ¸µµÉ¢¥É¸É¢Ê¥É Ë¨§¨±¥ ¶·µÍ¥¸¸ . Š ± ¶µ± §Ò¢ ¥É
¢ÒÎ¨¸²¥´¨¥ ±µ··¥²ÖÍ¨¨ ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸   ¤·µ´µ¢ < p⊥ > ¨
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¨Ì ³´µ¦¥¸É¢¥´´µ¸É¨ N , ¶·¥¤²µ¦¥´´Ò° ¸¶µ¸µ¡ ¢¢¥¤¥´¨Ö p⊥-§ ¢¨¸¨³µ¸É¨ ÔË-
Ë¥±É¨¢´µ ¶·¨¢µ¤¨É ± ÊÎ¥ÉÊ ¶µ²Ê¦¥¸É±¨Ì ÔËË¥±Éµ¢, µ Î¥³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
·µ¸É § ¢¨¸¨³µ¸É¨ < p⊥ > (N) µÉ N . �·µÖ¢²¥´¨¥ ÔÉµ£µ ÔËË¥±É  ¢ ŒŠƒ‘
¶µ§¢µ²¨²µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¥¤²µ¦¥´´ÊÕ ¢¥·¸¨Õ ŒŠƒ‘ ¤²Ö µ¶¨¸ ´¨Ö · ¸¶·¥-
¤¥²¥´¨° D-³¥§µ´µ¢ ´¥ Éµ²Ó±µ ¶µ Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° x, ´µ É ±¦¥
¨ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥. ‘· ¢´¥´¨¥ · ¸Î¥Éµ¢ ¢ · ³± Ì ¶·¥¤²µ¦¥´-
´µ° ¢¥·¸¨¨ ŒŠƒ‘ ¸ ¤ ´´Ò³¨ µ ¢ÒÌµ¤ Ì D-³¥§µ´µ¢ ¢ pp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ
¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¢ ¶µ²Ó§Ê ¶¥·¨Ë¥·¨Î¥¸±µ£µ ³¥Ì ´¨§³ , ÎÉµ ¶µ¤É¢¥·¦¤ ¥É¸Ö
Ìµ·µÏ¨³ ¸µ£² ¸¨¥³ · ¸Î¥Éµ¢ ¸ ¤ ´´Ò³¨.

�·¥¤²µ¦¥´´ Ö ¢¥·¸¨Ö ŒŠƒ‘ ¤ ¥É Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ ¤ ´´ÒÌ ¶·¨ p⊥ ≤
4, 0 ƒÔ‚/¸. ˆ³¥¥É¸Ö ¢Ò¶µ² ¦¨¢ ´¨¥ ¸¶¥±É·µ¢ ¶·¨ p⊥ ≥ 1 ƒÔ‚/¸, ÎÉµ Ì · ±-
É¥·´µ ¤²Ö ¶µ²Ê¦¥¸É±¨Ì ¶·µÍ¥¸¸µ¢. �¤´ ±µ ³µ¤¥²Ó ¤ ¥É § ¢ÒÏ¥´´Ò¥ §´ Î¥-
´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ds/dp2

⊥ ¶·¨ p⊥ ≥ 3 ƒÔ‚/¸. „²Ö Ê²ÊÎÏ¥´¨Ö
µ¶¨¸ ´¨Ö p⊥-· ¸¶·¥¤¥²¥´¨° ¢ ÔÉµ° µ¡² ¸É¨ ´Ê¦´µ, ¶µ-¢¨¤¨³µ³Ê, ¢³¥¸Éµ §´ -
Î¥´¨° ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ·¨° ¢ ´Ê²¥, É.¥. ¶ · ³¥É·µ¢ α(0) ¨ α′(0) ¢ ±¢ ·-
±µ¢ÒÌ ËÊ´±Í¨ÖÌ ¨ ËÊ´±Í¨ÖÌ Ë· £³¥´É Í¨¨, ¨¸¶µ²Ó§µ¢ ÉÓ ¸ ³¨ ·¥¤¦¥¢¸±¨¥
É· ¥±Éµ·¨¨ α(t) ¨ ¨Ì ¶·µ¨§¢µ¤´Ò¥ α′(t), É.¥. ÊÎ¨ÉÒ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ É· ¥±-
Éµ·¨° µÉ ¨´¢ ·¨ ´É´µ° ¶¥·¥³¥´´µ° t. Š·µ³¥ Éµ£µ, ´¥µ¡Ìµ¤¨³µ ÊÉµÎ´¨ÉÓ
· ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ( ´É¨±¢ ·±µ¢, ¤¨±¢ ·±µ¢) ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¢
¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, ¶µ¸±µ²Ó±Ê ¢ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘
¨¸¶µ²Ó§µ¢ ´µ £ Ê¸¸µ¢¸±µ¥ · ¸¶·¥¤¥²¥´¨¥, ¸¶· ¢¥¤²¨¢µ¥, ± ± ¨§¢¥¸É´µ, ²¨ÏÓ
¶·¨ ´¥¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì p⊥.

’ ±¦¥ · ¸¸³µÉ·¥´  ³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘, µ¶¨¸Ò¢ ÕÐ Ö ·µ¦¤¥´¨¥ ¡µ§µ´-
´ÒÌ ·¥§µ´ ´¸µ¢. �µ± § ´µ, ÎÉµ ¸µÎ¥É ´¨¥ ŒŠƒ‘ ¨ ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ-
£¨¨ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¸¶¥±É· ³¨ ·µ¦¤¥´¨Ö ·¥§µ´ ´¸µ¢
¸ ¢Ò¸Ï¨³¨ ¸¶¨´ ³¨. �·¥¤²µ¦¥´´ Ö ³µ¤¥²Ó ¤ ¥É Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

„²Ö µ¶¨¸ ´¨Ö ¸¶¥±É·µ¢  ¤·µ´µ·µ¦¤¥´¨Ö µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¶·¥¤²µ¦¥´ 
³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘, ÊÎ¨ÉÒ¢ ÕÐ Ö É ±¦¥ ¢±² ¤ ¢ ·µ¦¤¥´¨¥ µ¸´µ¢´ÒÌ ¸µ¸Éµ-
Ö´¨° (D-³¥§µ´Ò, Λc-, Ξc-, Ωc-¡ ·¨µ´Ò) · ¸¶ ¤µ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì S-¢µ²-
´µ¢ÒÌ ·¥§µ´ ´¸µ¢, É ±¨Ì, ± ± 1−-³¥§µ´Ò (D∗), 1/2+ (Σc ¨ Ξ′c)- ¨ 3/2+ (Σ∗c ,
Ξ∗c ¨ Ω∗c )- £¨¶¥·µ´Ò.

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ �.‚.…Ë·¥³µ¢Ê ¨ �.�.Š °¤ ²µ¢Ê §  ¶µ-
²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö.

� ¡µÉ  ¶µ¤¤¥·¦ ´  �µ¸¸¨°¸±¨³ Ëµ´¤µ³ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°
(£· ´ÉÒ 98-02-17463, 99-02-17727). �¤¨´ ¨§  ¢Éµ·µ¢ (�.ƒ.ƒ.) ¡² £µ¤ ·¨É
§  Î ¸É¨Î´ÊÕ ¶µ¤¤¥·¦±Ê INTAS (£· ´É 93-0079),   É ±¦¥ �·³Ö´¸±¨° Ëµ´¤
ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° (£· ´É 94-681).
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�·¨¢¥¤¥³ ¶µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢,
¨¸¶µ²Ó§µ¢ ´´ÒÌ ¤²Ö µ¶¨¸ ´¨Ö ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·µ¢ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. ‚
¸²ÊÎ ¥ ·µ¦¤¥´¨Ö ρ±-³¥§µ´  ¨³¥¥³ [46]:

Gρ
+

u (z) = Gρ
−

d (z) = bρ(1− z)−αR(0)+λ,

Gρ
−

u (z) = Gρ
+

d (z) = bρ(1− z)−αR(0)+λ+2(1−αR(0)),

Gρ
+

s (z) = Gρ
−

s (z) = Gρ
+

s̄ (z) = Gρ
−

s̄ (z) = bρ(1− z)−αR(0)+λ+1,

Gρ
+

uu(z) = bρ(1 − z)αR(0)−2αN (0)+λ, (A.1)

Gρ
−

uu (z) = bρ(1 − z)αR(0)−2αN (0)+λ+1,

Gρ
+

ud (z) = Gρ
−

ud (z) = bρ(1− z)αR(0)−2αN (0)+λ[1 + (1− z)2]/2,

£¤¥ λ ≈ 0, 5, αR(0) ≈ 0, 5, αN (0) ≈ −0, 5, bρ ≈ 0, 27 [35].
”Ê´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢ ρ0-³¥§µ´ ¨³¥ÕÉ ¢¨¤

Gρ
0

u (z) = Gρ
0

d (z) =
1

2
[Gρ

+

u (z) +Gρ
−

u (z)],

Gρ
0

s (z) = Gρ
0

s̄ (z) = Gρ
±

s (z),

Gρ
0

ud(z) = Gρ
±

ud (z), (A.2)

Gρ
0

uu(z) = Gρ
0

dd(z) = bρ(1− z)αR(0)−2αN (0)+λ(1 − z/2).

—Éµ ± ¸ ¥É¸Ö ·µ¦¤¥´¨Ö ω(783)-³¥§µ´ , ¢ · ¸¸³ É·¨¢ ¥³µ³ ¶µ¤Ìµ¤¥

Gωq(qq)(z) = Gρ
0

q(qq)(z).

‘µ£² ¸´µ ·¥§Ê²ÓÉ É ³ [46], ËÊ´±Í¨¨ GK
∗

q (z) § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

GK
∗+

u (z) = GK
∗0

d (z) = bK
∗
(1− z)−αϕ(0)+λ(1 + bK1 z),

GK
∗−

u (z) = GK̄
∗0

d (z) = GK
∗+

d (z) = GK
∗0

u (z) = GK̄
∗0

d (z) =

= GK
∗−

d (z) = bK
∗
(1− z)−αϕ(0)+λ+1,

GK
∗−

ū (z) = GK
∗+

u (z) ; GK
∗+

ū (z) = GK
∗−

u (z), (A.3)

GK
∗−

d̄ (z) = GK
∗+

d (z) ; GK
∗+

d̄ (z) = GK
∗−

d (z),

GK
∗0

s̄ (z) = GK
∗+

s̄ (z) = GK̄
∗0

s (z) = GK
∗−

s (z) = bz1−αϕ(0)(1 − z)−αR(0)+λ+

+bK
∗
(1− z)−αR(0)+λ+2(1−αϕ(0)),
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GK
∗−

s̄ (z) = GK̄
∗0

s̄ (z) = GK
∗+

s (z) = GK
∗0

s (z) = bK
∗
(1−z)−αR(0)+λ+2(1−αϕ(0)).

„²Ö ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¤¨±¢ ·±µ¢ ¨³¥¥³

GK
∗+

uu (z) = bK
∗
(1− z)2αR(0)−αϕ(0)−2αN (0)+λ(1 + bK2 z),

GK
∗+

ud (z) = bK
∗
(1 − z)2αR(0)−αϕ(0)−2αN (0)+λ[1 + bK2 z + (1− z)2]/2,

GK
∗−

uu (z) = GK̄
∗0

uu (z) = GK
∗0

uu (z) = bK
∗
(1− z)−αϕ(0)−2αN (0)+λ+2, (A.4)

GK
∗−

ud (z) = GK̄
∗0

ud (z) = bK
∗
(1 − z)−αϕ(0)−2αN (0)+λ+2(1− z/2),

GK
∗0

ud (z) = bK
∗
(1 − z)−αϕ(0)−2αN (0)+λ+2(1 + bK2 z/2),

£¤¥ αϕ(0) ≈ 0, bK
∗ ≈ 0, 15, bK1 ≈ 2, bK2 ≈ 5, b ≈ 0, 4.

��ˆ‹�†…�ˆ… �. ”“�Š–ˆˆ ��‘��…„…‹…�ˆŸ Š‚��Š�‚ ˆ
„ˆŠ‚��Š�‚ ‚ �„����• ��—�‹œ��ƒ� �“—Š� ˆ Œˆ˜…�ˆ

”Ê´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢  ¤·µ´¥ h ¶ · ³¥É·¨§µ¢ ´Ò
¢ ¸É ´¤ ·É´µ³ ¢¨¤¥

fni (x, n) = Cix
αi (1− x)β

′
i , (�.1)

£¤¥ β′i = βi+2(n−1)(1−α0
ρ). ŠµÔËË¨Í¨¥´É Ci ¢ (�.1) µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³

´µ·³¨·µ¢±¨
∫ 1

0 f
n
i (x, n)dx = 1 ¨ · ¢¥´

Ci =
Γ(1 + α)Γ(1 + β′)

Γ(2 + α+ β)
. (�.2)

‡¤¥¸Ó Γ(α) Å £ ³³ -ËÊ´±Í¨Ö.
‚¥²¨Î¨´Ò α ¨ β ¢Ò· ¦ ÕÉ¸Ö ¢ É¥·³¨´ Ì ¨´É¥·¸¥¶Éµ¢ ·¥¤¦¥¢¸±¨Ì É· ¥±-

Éµ·¨° ¨ ¶·¨¢µ¤ÖÉ¸Ö ¢ É ¡².7. ŒÒ ¨¸¶µ²Ó§Ê¥³ §´ Î¥´¨Ö α0
ρ = 0, 5, α0

φ = 0,

α0
N = −0, 5.

� ¸¶·¥¤¥²¥´¨¥ c-±¢ ·±µ¢ÒÌ ¶ · ¢ π-³¥§µ´¥ ¶ · ³¥É·¨§µ¢ ²µ¸Ó ¢ ¢¨¤¥

f
(n)
c(c̄) = C(n)

csea
δc(c̄)x

−αψ(0)
1 (1− x1)

αR(0)−2αN (0)+(αR(0)−αψ(0))+n−1, (�.3)

£¤¥ x1 Å ¤µ²Ö ¨³¶Ê²Ó¸  c(c̄)-±¢ ·±µ¢ ¨ δc(c̄) Å ¢¥¸ µÎ ·µ¢ ´´ÒÌ ¶ · ¢ ±¢ ·-
±µ¢µ³ ³µ·¥.
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’ ¡²¨Í  7

n π− p Σ− Ξ−

i α β α β α β α β

u −α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

+α0
ρ − α

0
ϕ +2(α0

ρ − α
0
ϕ)

d −α0
ρ −α0

ρ α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

−α0
ρ +1 +α0

ρ − α
0
ϕ +2(α0

ρ − α
0
ϕ)

ū −α0
ρ −α0

ρ −α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

+α0
ρ − α

0
ϕ +2(α0

ρ − αϕ)

d̄ −α0
ρ −α0

ρ −α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

+1 +α0
ρ − α

0
ϕ +2(α0

ρ − α
0
ϕ)

s −α0
ϕ −α0

ϕ −α0
ϕ α0

ρ − 2α0
N −α0

ϕ α0
ρ − 2α0

N −α0
ϕ α0

ρ − 2α0
N

+α0
ρ − α

0
ϕ +α0

ρ − α
0
ϕ

s̄ −α0
ϕ −α0

ϕ −α0
ϕ α0

ρ − 2α0
N −α0

ϕ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2αN

+α0
ρ − α

0
ϕ +2(α0

ρ − α
0
ϕ) +3(α0

ρ − α
0
ϕ)

uu α0
ρ − 2α0

N

dd +1 −α0
ρ α0

ρ − 2α0
N −α0

ϕ

ud α0
ρ − 2α0

N −α0
ρ

us α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N −α0

ϕ

ds +α0
ρ − α0

ϕ +α0
ρ − α0

ϕ

ss α0
ρ − 2α0

N −α0
ρ

+2(α0
ρ − α

0
ϕ)
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��ˆ‹�†…�ˆ… ‚. ”“�Š–ˆˆ ”��ƒŒ…�’�–ˆˆ Š‚��Š�‚ ˆ
„ˆŠ‚��Š�‚ ‚ D-Œ…‡��›

”Ê´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢ µÎ ·µ¢ ´´Ò¥ ³¥§µ´Ò ¨³¥ÕÉ
¢¨¤

GD
0

u = GD
−

d = a0(1 − z)λ−αψ(0)(1 + a1z
2),

GD
−

u = GD
+

u = GD
0

u = GD
+

d = GD
0

d = GD
0

d

= a0(1− z)λ−αψ(0)+2.(1.−αR(0)), (‚.1)

GD
+

uu = GD
−

uu = GD
0

uu = GD
+

ud = GD
0

ud

= a0(1− z)λ−αψ(0)+2.(αR(0)−αN (0))+1,

GD
0

uu = a0(1− z)λ−αψ(0)+2.(αR(0)−αN (0))(
1 + a1

2
z2 +

(1− z)2

2
),

GD
0

ud = a0(1− z)λ−αψ(0)+2.(αR(0)−αN (0))(
1

2
+

1 + a1

2
z2).

(‚.2)

‡´ Î¥´¨Ö ¶ · ³¥É·µ¢ ¶·¨¢¥¤¥´Ò ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · §¤¥² Ì. ”Ê´±Í¨Ö
Ë· £³¥´É Í¨¨ c-±¢ ·±  ¢ D-³¥§µ´Ò

GDc(c̄)(z) =
aDf

aD0
z3(1 − z)−αR(0)+λ, (‚.3)

£¤¥ aDf ¶µ·Ö¤±  ¥¤¨´¨ÍÒ.
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�.Œ.Š´Ö§Ó±µ¢

‘ ´±É-�¥É¥·¡Ê·£¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É

ˆ.�.ŠÊÌÉ¨´ 

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‘.�.” Ö´¸

��– ªŠÊ·Î Éµ¢¸±¨° ¨´¸É¨ÉÊÉª, Œµ¸±¢ 

‚ µ¡§µ·¥ ¶·¥¤¸É ¢²¥´Ò ¶µ²ÊÎ¥´´Ò¥ §  ¶µ¸²¥¤´¥¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ¶µ²-
´Ò³ ¸¥Î¥´¨Ö³ ·¥ ±Í¨° ¨ ¸¥Î¥´¨Ö³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·. „ ´Ò µ¶¨-
¸ ´¨Ö · §²¨Î´ÒÌ ¶µ¤Ìµ¤µ¢ Å Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¨ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨Ì Å ± ¢ÒÎ¨¸²¥´¨Õ
ÔÉ¨Ì ¢¥²¨Î¨´. „²Ö ¡µ²ÓÏµ° £·Ê¶¶Ò Ö¤¥· ¶·µ¢µ¤¨É¸Ö  ´ ²¨§ ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ · ¤¨Ê¸µ¢ · ¸-
¶·¥¤¥²¥´¨Ö ´¥°É·µ´µ¢, ¶·µÉµ´µ¢ ¨ ¢¥Ð¥¸É¢ , ¨§¢²¥± ¥³ÒÌ ¨§ ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨. �¡¸Ê¦¤ ÕÉ¸Ö ¢µ§³µ¦´Ò¥ ± ´¤¨¤ ÉÒ ¢ Ö¤·  ¸ ´¥°É·µ´´Ò³ ¨²¨ ¶·µÉµ´´Ò³ £ ²µ. „ ´Ò
¶·¥¤²µ¦¥´¨Ö ¶µ ¶·µ¢¥¤¥´¨Õ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ²¥£±¨³¨ Ô±§µÉ¨Î¥¸±¨³¨ Ö¤· ³¨.

A review is given of the recently obtained experimental data on the total reaction cross sections
and interaction cross sections for light exotic nuclei. Microscopic approaches Å both phenomeno-
logical and semi-microscopical Å aimed to calculate these quantities are discussed. For variety of
the projectile-target combinations the root-mean-square radii of the neutron, proton and matter dis-
tributions extracted from the comparison of the calculated cross sections with the experimental ones
are analysed. Possible candidates to the neutron or proton halo nuclei are discussed. Some future
experiments in this ˇeld are suggested.

‚‚…„…�ˆ…

ˆ´É¥´¸¨¢´µ¥ ¨¸¶µ²Ó§µ¢ ´¨¥ · ¤¨µ ±É¨¢´ÒÌ ¶ÊÎ±µ¢ §  ¶µ¸²¥¤´¨¥ 15 ²¥É
¶·¨¢¥²µ ± Ê¸É ´µ¢²¥´¨Õ ·Ö¤  ´¥µ¡ÒÎ´ÒÌ ¸¢µ°¸É¢ ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·,
É.¥. Ö¤¥·, Ê¤ ²¥´´ÒÌ µÉ ²¨´¨¨ β-¸É ¡¨²Ó´µ¸É¨, ´µ ¸ Ì · ±É¥·¨¸É¨± ³¨, ·¥§±µ
µÉ²¨Î ÕÐ¨³¨¸Ö µÉ µ¦¨¤ ¥³ÒÌ ¨§ ¸¨¸É¥³ É¨±¨ (¸³., ´ ¶·¨³¥·, µ¡§µ·Ò [1Ä7]
¨ ¸¸Ò²±¨ ¢ ´¨Ì). �¤´µ° ¨§ ¢ ¦´¥°Ï¨Ì Ì · ±É¥·¨¸É¨± ¢§ ¨³µ¤¥°¸É¢¨Ö ²¥£-
±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¸µ ¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨-³¨Ï¥´Ö³¨ Ö¢²ÖÕÉ¸Ö ¸¥Î¥´¨¥
¢§ ¨³µ¤¥°¸É¢¨Ö σI ¨²¨ ¶µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° σR. ˆ³¥´´µ ¸ ¨§³¥·¥´¨Ö σI
¢ ¶¨µ´¥·¸±µ° · ¡µÉ¥ [8] ´ Î ²µ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ²¥£±¨Ì
Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·. �  µ¸´µ¢¥  ´ ²¨§  ¨§³¥·¥´´ÒÌ ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö
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¤²Ö ¨§µÉµ¶µ¢ He, Li ¨ Be ¶·¨ Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±²µ´ ± ± ¢ · ³± Ì Ô³¶¨-
·¨Î¥¸±µ£µ ¶µ¤Ìµ¤ , É ± ¨ ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¡Ò² ¸¤¥² ´ ¢Ò¢µ¤
[8Ä11] µ §´ Î¨É¥²Ó´µ° ¶·µÉÖ¦¥´´µ¸É¨ ´¥°É·µ´´µ° ¶²µÉ´µ¸É¨ ¢ ´¥°É·µ´µ¨§-
¡ÒÉµÎ´ÒÌ ¨§µÉµ¶ Ì ÔÉ¨Ì Ö¤¥·, ÎÉµ ¶µ§¢µ²¨²µ ¢Ò¤¢¨´ÊÉÓ £¨¶µÉ¥§Ê µ ¢µ§³µ¦-
´µ³ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢ ´¥±µÉµ·ÒÌ ¨§ ´¨Ì É ± ´ §Ò¢ ¥³µ£µ ´¥°É·µ´´µ£µ £ ²µ.
„ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ± § ²¨, ÎÉµ ¸¨ÉÊ Í¨Ö ¸ ´¥°É·µ´´Ò³ £ ²µ ³µ-
¦¥É ¤¥°¸É¢¨É¥²Ó´µ ·¥ ²¨§µ¢Ò¢ ÉÓ¸Ö ¢ Ö¤· Ì 6He, 11Li ¨ 11Be. ‚ · ¡µÉ¥ [12]
¶µ²ÊÎ¥´µ Ê± § ´¨¥ ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥  ´ ²µ£¨Î´µ£µ Ö¢²¥´¨Ö ¢ 8B, ¢ Ö¤·¥ ¸
¶·µÉµ´´Ò³ ¨§¡ÒÉ±µ³. �µ¸²¥¤ÊÕÐ¨¥ ¨§³¥·¥´¨Ö σI ¶·µ¢µ¤¨²¨¸Ó ± ± ¸ · ¸-
Ï¨·¥´¨¥³ Ô´¥·£¥É¨Î¥¸±µ£µ ¤¨ ¶ §µ´  Î ¸É¨Í-¸´ ·Ö¤µ¢, É ± ¨ ¸ · ¸Ï¨·¥´¨¥³
´ ¡µ·  ¨Ì ³ ¸¸µ¢ÒÌ Î¨¸¥². �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° σR ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ
Ô´¥·£¨ÖÌ (E/A < 100 ŒÔ‚/´Ê±²µ´) ¡Ò²¨ ¨§³¥·¥´Ò ¢ [13Ä17]. ‚¶¥·¢Ò¥ É ±¨¥
¨§³¥·¥´¨Ö ¢Ò¶µ²´¥´Ò ¢ · ¡µÉ¥ [13], £¤¥ ¶µ²ÊÎ¥´Ò ¶µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°
¤²Ö 8He, 9Li ¨ ¤·Ê£¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¶·¨ Ô´¥·£¨¨ (30÷40) ŒÔ‚/´Ê±²µ´.
„²Ö ¨§µÉµ¶µ¢ 8,9,11Li ¸¥Î¥´¨Ö σR ¡Ò²¨ ¨§³¥·¥´Ò ¶·¨ Ô´¥·£¨¨ 80 ŒÔ‚/´Ê±²µ´
¢ [14,15],   ¢ [16] ¨ [17] Å ¤²Ö Ö¤¥· 4,6,8He, 6−9,11Li, 10Be ¨ 8B ¶·¨ Ô´¥·£¨¨
20÷60 ŒÔ‚/´Ê±²µ´. ˆ§³¥·¥´¨Ö ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° ¤²Ö 8B ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨° 10÷40 ŒÔ‚/´Ê±²µ´ ¶·µ¢µ¤¨²¨¸Ó ¢ [18]. � · ²²¥²Ó´µ ¶·µ¤µ²¦ ²¨¸Ó
¨¸¸²¥¤µ¢ ´¨Ö ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ Î ¸É¨Í-¸´ ·Ö¤µ¢. ‘¥Î¥´¨Ö ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¤²Ö 15B, 9,10,15C, 13N ¨ 14,15O ¶·¨ Ô´¥·£¨¨ 730 ŒÔ‚/´Ê±²µ´ ¨§³¥·¥´Ò
¢ [19],   ¢ [20] ¶·µ¢¥¤¥´Ò ¶µ¢Éµ·´Ò¥ ¨§³¥·¥´¨Ö σI ¤²Ö 8B ¶·¨ Ô´¥·£¨¨
790 ŒÔ‚/´Ê±²µ´. ‚ ¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ¨§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ´  Ê£²¥·µ¤-
´µ° ¨²¨ ±·¥³´¨¥¢µ° ³¨Ï¥´¨.

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¨§³¥·¥´¨Ö ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ²¥£±¨Ì Ô±§µÉ¨Î¥-
¸±¨Ì Ö¤¥· ¸µ ¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨ ´¥ µ£· ´¨Î¨¢ ²¨¸Ó ¨§µÉµ¶ ³¨ He, Li, Be ¨
B,   ¡Ò²¨ · ¸Ï¨·¥´Ò ´  ¡µ²¥¥ ÉÖ¦¥²Ò¥ Ö¤· . ‚ · ¡µÉ¥ [21] ¨§³¥·¥´Ò ¸¥Î¥´¨Ö
σI ¤²Ö ¨§µÉµ¶µ¢ Na ¸ ³ ¸¸o¢Ò³¨ Î¨¸² ³¨ A = 20− 23 ¨ A = 25− 32. �·µ¢¥-
¤¥´´Ò°  ´ ²¨§ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ§¢µ²¨² ¢Ò¤¢¨´ÊÉÓ £¨¶µÉ¥§Ê
[21,22] µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ´¥°É·µ´´µ£µ £ ²µ É ±¦¥ ¨ ¢ ¨§µÉµ¶ Ì Na, µ¡² ¤ Õ-
Ð¨Ì ¡µ²ÓÏ¨³ ¨§¡ÒÉ±µ³ ´¥°É·µ´µ¢. ‚¸²¥¤ §  Ö¤·µ³ 8B ¢ ± Î¥¸É¢¥ ± ´¤¨¤ -
Éµ¢ ¢ Ö¤·  ¸ ¶·µÉµ´´Ò³ £ ²µ · ¸¸³ É·¨¢ ²¨¸Ó ´¥°É·µ´µ¤¥Ë¨Í¨É´Ò¥ ¨§µÉµ¶Ò
Ëµ¸Ëµ· . �±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¨§µÉµ¶µ¢ 26,27P, ¢±²ÕÎ Ö ¨§³¥·¥-
´¨¥ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° ¶·¨ Ô´¥·£¨¨ 65 ŒÔ‚/´Ê±²µ´ [23], ± Î¥¸É¢¥´´µ
¶µ¤É¢¥·¤¨²µ £¨¶µÉ¥§Ê [24] µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢ ÔÉ¨Ì Ö¤· Ì ¶·µÉµ´´µ£µ £ ²µ.
ˆ§³¥·¥´¨Ö σR ¤²Ö ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ´¥¸É ¡¨²Ó´ÒÌ Ö¤¥· f − p-µ¡µ²µÎ±¨
¶·¨ Ô´¥·£¨¨ (50Å70) ŒÔ‚/´Ê±²µ´ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢ [25]. �´ ²¨§ ¶µ²ÊÎ¥´-
´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ± § ² ¸ÊÐ¥¸É¢¥´´ÊÕ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨°
¨, ¸µµÉ¢¥É¸É¢¥´´µ, · ¤¨Ê¸µ¢ · ¸¶·¥¤¥²¥´¨Ö ³ É¥·¨¨ ¢ Ö¤· Ì µÉ ¸µµÉ´µÏ¥-
´¨Ö Î¨¸²  ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢. ‚ ÔÉµ° ¸¢Ö§¨ ¶·¥¤¸É ¢²ÖÕÉ¸Ö Î·¥§¢ÒÎ °´µ
¢ ¦´Ò³¨ ¨§³¥·¥´¨Ö ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö Í¥¶µÎ¥± Ö¤¥·-¨§µ¡ ·. ‚
· ¡µÉ¥ [26] É ±¨¥ ¨§³¥·¥´¨Ö ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¤²Ö ¨§µ¡ · ¸ A = 17 ¶·¨
Ô´¥·£¨¨ 700 ŒÔ‚/´Ê±²µ´,   ¢ [27] Å ¤²Ö ¨§µ¡ · ¸ A = 20 ¶·¨ Ô´¥·£¨¨
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950 ŒÔ‚/´Ê±²µ´. ‚ÒÏ¥¨§²µ¦¥´´µ¥ ¶¥·¥Î¨¸²¥´¨¥ µ£· ´¨Î¨¢ ¥É¸Ö µ¸´µ¢´Ò³¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ · ¡µÉ ³¨ ¨ ´¥ ¶·¥É¥´¤Ê¥É ´  ¨¸Î¥·¶Ò¢ ÕÐÊÕ ¶µ²´µÉÊ.

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ σI (σR) µ¸ÊÐ¥¸É¢²Ö²¸Ö, ± ± ¶· -
¢¨²µ, ¢ · ³± Ì É·¥Ì µ¸´µ¢´ÒÌ ¶µ¤Ìµ¤µ¢: Ô³¶¨·¨Î¥¸±µ³, µ¶É¨±µ-³µ¤¥²Ó´µ³
¨ µ¸´µ¢ ´´µ³ ´  É¥µ·¨¨ ƒ² Ê¡¥·  [28]. ‚ Ô³¶¨·¨Î¥¸±µ³ ¶µ¤Ìµ¤¥ ¶·¨³¥´Ö-
²¨¸Ó ²¨¡µ £¥µ³¥É·¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö µ ¢§ ¨³µ¤¥°¸É¢¨¨ ¤¢ÊÌ ¸É ²±¨¢ Õ-
Ð¨Ì¸Ö Ö¤¥· ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ [8], ²¨¡µ ³µ¤¥²Ó ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö,
¢ ±µÉµ·µ° ¶ · ³¥É·¨§ Í¨Ö ¸¥Î¥´¨° ¶·µ¢µ¤¨² ¸Ó ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ°
ŠµÌ  [29] ¨²¨ ¥¥ ³µ¤¨Ë¨± Í¨Ö³¨. ‘É ´¤ ·É´ Ö µ¶É¨Î¥¸± Ö ³µ¤¥²Ó (�Œ) µ± -
§ ² ¸Ó ¢ ¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ´¥¶·¨¥³²¥³µ° ¤²Ö µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö
²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¸µ ¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨, ¨ ¶µÔÉµ³Ê ¨¸¶µ²Ó§µ¢ ²¸Ö
¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨° ¢ ·¨ ´É �Œ [30], ¢ ±µÉµ·µ³ ¢Ìµ¤´Ò³¨ ¤ ´´Ò³¨ ¤²Ö
· ¸Î¥É  ¸¥Î¥´¨° Ö¢²Ö²¨¸Ó ¶²µÉ´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¢ ¸É ²±¨¢ Õ-
Ð¨Ì¸Ö Ö¤· Ì ¨ ÔËË¥±É¨¢´Ò¥ ´Ê±²µ´-´Ê±²µ´´Ò¥ ¸¨²Ò. � ¨¡µ²¥¥ ¶µ¶Ê²Ö·´Ò³
¢  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¸¥Î¥´¨Ö³ ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö
¶µ¤Ìµ¤, µ¸´µ¢ ´´Ò° ´  £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨. �¥·¢Ò° É ±µ°  ´ ²¨§
¡Ò² ¶·µ¢¥¤¥´ ¢ · ¡µÉ¥ [9]. �¸´µ¢´ Ö ¨´Ëµ·³ Í¨Ö, ¨§¢²¥± ¥³ Ö ¨§ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨°, ÔÉµ · ¤¨Ê¸Ò ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö (¢ Ô³¶¨·¨Î¥¸±µ³
¶µ¤Ìµ¤¥) ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢ , ´¥°É·µ´µ¢
¨ ¶·µÉµ´µ¢ ¢ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì (¢ ³µ¤¥²¨ ¸¢¥·É±¨ ¨ ¢ £² Ê¡¥-
·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨). ‚ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ¶²µÉ´µ¸É¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ · ³± Ì
Ö¤¥·´µ-¸É·Ê±ÉÊ·´ÒÌ ³µ¤¥²¥°, ¶µÖ¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ  ¶·µ¡ Í¨¨ É ±¨Ì ³µ¤¥-
²¥° ¶·¨ ¸· ¢´¥´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¸ É¥µ·¥É¨Î¥¸±¨³¨. � §²¨Î´Ò¥
¶µ¤Ìµ¤Ò ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶·¨ · ¸Î¥É¥ Ö¤¥·´ÒÌ ¶²µÉ´µ¸É¥°. ‘·¥¤¨ ´¨Ì µÉ³¥-
É¨³ ³¥Éµ¤ ËÊ´±Í¨µ´ ²  ¶²µÉ´µ¸É¨ [31], ¢ · ³± Ì ±µÉµ·µ£µ ´  ¥¤¨´µ° µ¸´µ¢¥
¢ÒÎ¨¸²ÖÕÉ¸Ö ´¥°É·µ´´Ò¥ ¨ ¶·µÉµ´´Ò¥ ¶²µÉ´µ¸É¨ ± ± ¤²Ö Ö¤· -³¨Ï¥´¨, É ±
¨ ¤²Ö Î ¸É¨ÍÒ-¸´ ·Ö¤ .

� ¸ÉµÖÐ¨° µ¡§µ· ¶µ¸¢ÖÐ¥´  ´ ²¨§Ê µ¸´µ¢´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¶µ ¸¥Î¥´¨Ö³ ¢§ ¨³µ¤¥°¸É¢¨Ö (¶µ²´Ò³ ¸¥Î¥´¨Ö³ ·¥ ±Í¨°) ²¥£±¨Ì Ô±§µ-
É¨Î¥¸±¨Ì Ö¤¥·. ‚ ¶¥·¢µ³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò ±
¶µ¸É·µ¥´¨Õ ¸¥Î¥´¨°: Ô³¶¨·¨Î¥¸±¨° ¶µ¤Ìµ¤, ¢±²ÕÎ Ö ¶ · ³¥É·¨§ Í¨Õ ŠµÌ ;
· §²¨Î´Ò¥ ¢ ·¨ ´ÉÒ ³µ¤¥²¨ ¸¢¥·É±¨; £² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ ¨ µ¸µ¡¥´-
´µ¸É¨ ¥£µ ¶·¨³¥´¥´¨Ö ±  ´ ²¨§Ê Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨ ¶·µ³¥¦Ê-
ÉµÎ´ÒÌ ¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. ‚µ ¢Éµ·µ³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö ¨§µÉµ¶µ¢ He, Li, Be, B, Na ¨ ¨§µ¡ · ¸
A = 17 ¨ A = 20, ¨ ¤ ´ ¨Ì  ´ ²¨§. �¡¸Ê¦¤ ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö
´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ¢ ÔÉ¨Ì Ö¤· Ì,   É ±¦¥ ¢µ§³µ¦´µ¸É¨ Ö¤¥·´µ-¸É·Ê±ÉÊ·´ÒÌ
³µ¤¥²¥°. ‚ § ±²ÕÎ¥´¨¨ ¶·¥¤¸É ¢²¥´Ò µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨ ¢Ò¢µ¤Ò, · ¸¸³µ-
É·¥´Ò ¤ ²Ó´¥°Ï¨¥ ¢µ§³µ¦´µ¸É¨ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¨§³¥·¥´¨Õ ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ¨
¨¸¸²¥¤µ¢ ´¨Õ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ´¥¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨.
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1.1. � · ³¥É·¨§ Í¨Ö ¸¥Î¥´¨°. ˆ¸Ìµ¤Ö ¨§ £¥µ³¥É·¨Î¥¸±¨Ì ¸µµ¡· ¦¥´¨°
µ ¢§ ¨³µ¤¥°¸É¢¨¨ ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨, ¸¥Î¥´¨¥
¢§ ¨³µ¤¥°¸É¢¨Ö ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

σI(p, t) = π
[
RI(p) +RI(t)

]2
. (1)

‡¤¥¸Ó ¨ ¤ ²¥¥ p ¨ t µÉ´µ¸ÖÉ¸Ö, ¸µµÉ¢¥É¸É¢¥´´µ, ± Î ¸É¨Í¥-¸´ ·Ö¤Ê ¨ Ö¤·Ê-
³¨Ï¥´¨. ‡´ Ö ¢¥²¨Î¨´Ò RI(t) ¨§ µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ¡¨²Ó´ÒÌ Ö¤¥·,
´  µ¸´µ¢¥ Ëµ·³Ê²Ò (1), ¸· ¢´¨¢ Ö σI (p,t) ¸µ §´ Î¥´¨¥³ σI , ¶µ²ÊÎ¥´´Ò³ ¢
Ô±¸¶¥·¨³¥´É¥, ³µ¦´µ µ¶·¥¤¥²¨ÉÓ RI(p). ’ ±¨³ ¸¶µ¸µ¡µ³ ¨ ¡Ò²µ µ¡´ ·Ê¦¥´µ
¢¶¥·¢Ò¥ [8,9] µÉ±²µ´¥´¨¥ ¶µ¢¥¤¥´¨Ö RI(p) ¤²Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· µÉ
§ ±µ´  A1/3. �·¥¤¸É ¢²¥´¨¥ (1) ¥¸ÉÓ ¶·µ¸É¥°Ï¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö σI , ´¥
ÊÎ¨ÉÒ¢ ÕÐ¥¥ ³´µ£¨Ì Ë ±Éµ·µ¢.

�µ²¥¥ ·¥ ²¨¸É¨Î¥¸± Ö ¶ · ³¥É·¨§ Í¨Ö ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö, É ± ´ -
§Ò¢ ¥³ Ö ¶ · ³¥É·¨§ Í¨Ö ŠµÌ , ¡Ò²  ¶·¥¤²µ¦¥´  ¢ [29]:

σI = πr2
0(A1/3

p + A
1/3
t + a

A
1/3
p · A1/3

t

A
1/3
p +A

1/3
t

− C(E))2(1− B

Ecm
). (2)

‡¤¥¸Ó Ap, At Å ³ ¸¸µ¢Ò¥ Î¨¸² , B Å Ô´¥·£¨Ö ±Ê²µ´µ¢¸±µ£µ ¡ ·Ó¥· , Ecm Å
Ô´¥·£¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. � · ³¥É· a,   É ±¦¥
Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö C(E) µ¶·¥¤¥²ÖÕÉ¸Ö ¨§  ´ ²¨§  ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ¡¨²Ó-
´ÒÌ Ö¤¥· ¢ Ï¨·µ±µ³ Ô´¥·£¥É¨Î¥¸±µ³ ¤¨ ¶ §µ´¥. ŠÊ²µ´µ¢¸±¨° ¡ ·Ó¥· ¢ ¶¥·¢µ³
¶·¨¡²¨¦¥´¨¨ ³µ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´ ´  µ¸´µ¢¥ · ¸¸³µÉ·¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö
¤¢ÊÌ § ·Ö¦¥´´ÒÌ ¸Ë¥·. �µ²¥¥ £·µ³µ§¤± Ö ¶ · ³¥É·¨§ Í¨Ö ¤²Ö B ¶·¥¤²µ-
¦¥´  ¢ [32]. ‚ µÉ²¨Î¨¥ µÉ (1), ¶·¨ ¶µ¸É·µ¥´¨¨ Ëµ·³Ê²Ò (2) ´¥ ¨¸¶µ²Ó§Ê¥É¸Ö
¶·¨¡²¨¦¥´¨¥ ¸¥¶ · ¡¥²¨§ Í¨¨ ¶µ Î ¸É¨Í¥-¸´ ·Ö¤Ê ¨ Ö¤·Ê-³¨Ï¥´¨, ¨ ¢ ´¥°
ÊÎÉ¥´Ò ±Ê²µ´µ¢¸±¨¥ ÔËË¥±ÉÒ ¨ Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ. ‚ ¸¨²Ê ÔÉµ£µ
¢Ò· ¦¥´¨¥ (2) ´µ¸¨É ¡µ²¥¥ Ê´¨¢¥·¸ ²Ó´Ò° Ì · ±É¥·, É ± ÎÉµ ¥£µ ³µ¦´µ ¶·¨-
³¥´ÖÉÓ ± ± ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, É ± ¨ ¶·¨ ´¨§±¨Ì. ‘· ¢´¥´¨¥ ¸¥Î¥´¨Ö
σR, ¢ÒÎ¨¸²¥´´µ£µ ¶µ Ëµ·³Ê²¥ (2), ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ ¶µ§¢µ-
²Ö¥É µ¶·¥¤¥²¨ÉÓ ¢¥²¨Î¨´Ê r0, ±µÉµ· Ö, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ³µ¤¥²ÓÕ ¸¨²Ó´µ£µ
¶µ£²µÐ¥´¨Ö, ¨³¥¥É ¸³Ò¸² ¶ · ³¥É·  · ¤¨Ê¸  ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö. ’ ±¨³
¸¶µ¸µ¡µ³ ¡Ò²¨ µ¶·¥¤¥²¥´Ò ¢¥²¨Î¨´Ò r0 ¤²Ö ³´µ£¨Ì ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì
Ö¤¥·.

�µ³¨³µ (2) ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨ ¡µ²¥¥ £·µ³µ§¤±¨¥ ¶ · ³¥É·¨§ Í¨¨ σR (¸³.,
´ ¶·¨³¥·, [18]). ‚ ´¨Ì ÊÎ¨ÉÒ¢ ¥É¸Ö · §²¨Î¨¥ ³¥¦¤Ê · ¤¨Ê¸ ³¨ ¸¨²Ó´µ£µ
¶µ£²µÐ¥´¨Ö ¤²Ö Î ¸É¨ÍÒ-¸´ ·Ö¤  ¨ Ö¤· -³¨Ï¥´¨, ¢¢µ¤¨É¸Ö ¤µ¶µ²´¨É¥²Ó´ Ö

§ ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ∝ E
−1/3
cm ,   É ±¦¥ § ¢¨¸¨³µ¸ÉÓ µÉ Î¨¸²  ¶·µÉµ´µ¢ ¨

´¥°É·µ´µ¢ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤· Ì.
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�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ´  µ¸´µ¢¥ ¶ · ³¥É·¨§ Í¨° É¨¶  (2)
¶µ§¢µ²Ö¥É Ê¸É ´µ¢¨ÉÓ µ¡Ð¨¥ £¥µ³¥É·¨Î¥¸±¨¥ ¸¢µ°¸É¢  ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì
Ö¤¥· ¨ ¶µÉ¥´Í¨ ²µ¢ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ ¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨, ´µ ´¥ ¤ ¥É
¢µ§³µ¦´µ¸É¨ µ¶·¥¤¥²¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¢¥Ð¥¸É¢  ¢ Ö¤·¥ ¨, ¢ Î ¸É´µ¸É¨, ¢Ò-
Ö¢¨ÉÓ · §²¨Î¨Ö ¢ · ¸¶·¥¤¥²¥´¨¨ ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢.

1.2. Œ ±·µ¸±µ¶¨Î¥¸± Ö µ¶É¨Î¥¸± Ö ³µ¤¥²Ó. ‘É ´¤ ·É´Ò° µ¶É¨Î¥¸±¨°
¶µÉ¥´Í¨ ² (��) Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° µ¶É¨Î¥¸±µ° ³µ¤¥²¨ ¨³¥¥É ¸²¥¤ÊÕÐ¨°
¢¨¤:

Uopt(r) = −VRfR(r) − iWvFI(r) + 4iaIWs(d/dr)fI(r)+

+2(π/mπc)
2 1

r
(d/dr)VLsfs(r)(~L~S) + Vcoul(r), (3)

Ri = riA
1/3, fi = (1 + exp((r− Ri)/ai))

−1, (3a)

i = R, I, LS.

‡¤¥¸Ó ¶¥·¢Ò¥ ¸² £ ¥³Ò¥ Å Í¥´É· ²Ó´ Ö Î ¸ÉÓ ¢¥Ð¥¸É¢¥´´µ£µ ¶µÉ¥´Í¨ ² ,
¢Éµ·µ¥ ¨ É·¥ÉÓ¥ Å ¶µÉ¥´Í¨ ²Ò µ¡Ñ¥³´µ£µ ¨ ¶µ¢¥·Ì´µ¸É´µ£µ ¶µ£²µÐ¥´¨Ö,
¸²¥¤ÊÕÐ¥¥ ¸² £ ¥³µ¥ Å ¸¶¨´-µ·¡¨É ²Ó´Ò° Î²¥´. �µ¸²¥¤´¥¥ ¸² £ ¥³µ¥ ¢ (3)
µ¡ÒÎ´µ ¡¥·¥É¸Ö ¢ ¢¨¤¥ ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤¢ÊÌ § ·Ö¦¥´´ÒÌ ¸Ë¥·.

�  µ¸´µ¢¥ ¶µÉ¥´Í¨ ²  Uopt(r) ³µ£ÊÉ ¡ÒÉÓ ¶µ¸É·µ¥´Ò ¸É ´¤ ·É´Ò³ µ¡· -
§µ³ Ô²¥³¥´ÉÒ S-³ É·¨ÍÒ ¨ ¶µ²´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨°:

σR =
π

k2

∑
l

(2l + 1)(1− | Sl |2). (4)

‘Ê³³¨·µ¢ ´¨¥ ¢ (4) ¶·µ¢µ¤¨É¸Ö ¶µ ¢¸¥³ ± ´ ² ³ ·¥ ±Í¨°. �É³¥É¨³, ÎÉµ ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¢ Ô±¸¶¥·¨³¥´É¥ ¨§³¥·Ö¥É¸Ö ´¥ σR,   ¸¥Î¥´¨¥ ¢§ ¨³µ¤¥°-
¸É¢¨Ö σI . � §²¨Î¨Ö ³¥¦¤Ê σR ¨ σI µ¡Ê¸²µ¢²¥´Ò ¢±² ¤µ³ ´¥Ê¶·Ê£µ£µ · ¸¸¥-
Ö´¨Ö. �µ µÍ¥´± ³ ÔÉ¨ · §²¨Î¨Ö ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¸µ¸É ¢²ÖÕÉ 5Å10%.
’¥µ·¥É¨Î¥¸±¨ (± ± ¢ �Œ, É ± ¨ ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨) ¢ÒÎ¨¸²ÖÕÉ¸Ö
σR, ÎÉµ ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê ¶·¨ ¸· ¢´¥´¨¨ · ¸¸Î¨É ´´ÒÌ ¸¥Î¥´¨° ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ.

‚Ò· ¦¥´¨¥ (3) ¸µ¤¥·¦¨É ³´µ£µ ¶ · ³¥É·µ¢ (µÉ ¤¥¢ÖÉ¨ ¤µ ¤¢¥´ ¤Í É¨),
¶µÔÉµ³Ê · ¸Î¥ÉÒ σR ¢ ³a±·µ¸±µ¶¨Î¥¸±µ° �Œ ³µ£ÊÉ µ¡² ¤ ÉÓ ¶·¥¤¸± § É¥²Ó-
´µ° ¸¨²µ° Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ ¶ · ³¥É·Ò �� µ¶·¥¤¥²¥´Ò ¨§  ´ ²¨§ 
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö. Š ¸µ¦ ²¥´¨Õ,
± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¢Ò¶µ²´¥´µ ³ ²µ ¨§³¥·¥´¨°, ¢ ±µÉµ·ÒÌ µ¤´µ¢·¥³¥´´µ
¡Ò²¨ ¡Ò ¶µ²ÊÎ¥´Ò ¨ σR, ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
¤²Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¤²Ö É ±¨Ì Ö¤¥· ³a±·µ-
¸±µ¶¨Î¥¸± Ö �Œ ·¥¤±µ ¶·¨¢µ¤¨É ± Ê¸¶¥Ï´µ³Ê µ¶¨¸ ´¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ (¸³. µ¡§µ· [7] ¨ ¸¸Ò²±¨ ¢ ´¥³). �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¢ Ëµ·³Ê²¥ (3)
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· ¤¨ ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¢¸¥Ì Ëµ·³Ë ±Éµ·µ¢ Ë¨±¸¨·µ¢ ´  ¨ Ö¢²Ö¥É¸Ö § ¢¨¸¨-
³µ¸ÉÓÕ ‘ ±¸µ´  Å ‚Ê¤¸ . �¤´ ±µ Ê¦¥ ¤²Ö ´Ê±²µ´µ¢ ¨ α-Î ¸É¨Í ¡Ò²µ ¶µ± -
§ ´µ [33,34], ÎÉµ Ëµ·³  ¶µÉ¥´Í¨ ² , ¶µ¸É·µ¥´´µ£µ ´  µ¸´µ¢¥ ÔËË¥±É¨¢´ÒÌ
¸¨², µÉ²¨Î ¥É¸Ö µÉ Ëµ·³Ò ‘ ±¸µ´  Å ‚Ê¤¸ . ‚ ¸¨²Ê ¸± § ´´µ£µ ³a±·µ¸±µ-
¶¨Î¥¸± Ö �Œ ¤²Ö  ´ ²¨§  σR ¤²Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¨¸¶µ²Ó§µ¢ ² ¸Ó
Éµ²Ó±µ ¢ µÉ¤¥²Ó´ÒÌ ¸²ÊÎ ÖÌ [16,35Ä37].

1.3. �µ²Ê³¨±·µ¸±µ¶¨Î¥¸± Ö µ¶É¨Î¥¸± Ö ³µ¤¥²Ó. ‚ ·Ö¤¥ · ¡µÉ [35,39Ä
41,18] ¤²Ö  ´ ²¨§  σR ¶·¨³¥´Ö²¨¸Ó ¶µÉ¥´Í¨ ²Ò ¤¢µ°´µ° ¸¢¥·É±¨ ¢ · ³± Ì
¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ° µ¶É¨Î¥¸±µ° ³µ¤¥²¨. ’ ±¨¥ ¶µÉ¥´Í¨ ²Ò ¤²Ö µ¶¨¸ -
´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¤¢ÊÌ ¸µ¸É ¢´ÒÌ Î ¸É¨Í ¸É·µÖÉ¸Ö ¶µ ¸²¥¤ÊÕÐ¥° ¸Ì¥³¥.
‚ ¶¥·¢µ³ ¶µ·Ö¤±¥ ¶µ ÔËË¥±É¨¢´Ò³ ¸¨² ³ ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ¤¢ÊÌ
¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ ¸Ê³³Ò:

U(~R) = UE(~R) + UD(~R), (5)

£¤¥ UD(~R) Å ª¶·Ö³µ°ª ¶µÉ¥´Í¨ ² ³µ¤¥²¨ ¤¢µ°´µ° ¸¢¥·É±¨ [42]:

UD(~R) =

∫ ∫
ρ(1)(~r1)V

D(~s)ρ(2)(~r2)d~r1d~r2. (6)

‡¤¥¸Ó V D(~s) Å ¶·Ö³ Ö ±µ³¶µ´¥´É  ÔËË¥±É¨¢´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,   ~s =

~r2 − ~r1 + ~R, ρ(i)(~ri) Å ¶²µÉ´µ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· (i = 1, 2). �¸´µ¢-
´µ° ¢±² ¤ ¢ ªµ¡³¥´´Ò°ª ¶µÉ¥´Í¨ ² UE(~R) ¤ ÕÉ ÔËË¥±ÉÒ µ¤´µ´Ê±²µ´´µ£µ
µ¡³¥´ , ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ µ¶¨¸ ´Ò ¢ Ëµ·³ ²¨§³¥ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ [43]:

UE(~R) =

∫ ∫
ρ(1)(~r1, ~r1 +~s)VE(~s)ρ(2)(~r2, ~r2−~s) exp(i~k(~R)~s/η)d~r1d~r2. (7)

�Éµ ¥¸ÉÓ ²µ± ²¨§µ¢ ´´ Ö Ëµ·³  µ¡³¥´´µ£µ Î²¥´ . ‡¤¥¸Ó VE(~s) Å µ¡³¥´´ Ö
±µ³¶µ´¥´É  ÔËË¥±É¨¢´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ρ(i)(~r, ~r′) (i = 1, 2) Å ³ É·¨ÍÒ
¶²µÉ´µ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· (i = 1, 2): ~k(~R) Å ²µ± ²Ó´Ò° ¨³¶Ê²Ó¸,
µ¶·¥¤¥²Ö¥³Ò° ¸µµÉ´µÏ¥´¨¥³

k2(~R) = (2mη/~2)(E − U(~R)− Vc(~R)), (8)

£¤¥

η =
A1A2

A1 +A2
, (8a)

Ai(i = 1, 2) Å ³ ¸¸µ¢Ò¥ Î¨¸²  Ö¤¥·,   Vc(~R) Å ±Ê²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ².
„¥É ²Ó´¥¥ ¸Ì¥³  ¢ÒÎ¨¸²¥´¨Ö UE(R) ¨§²µ¦¥´ , ´ ¶·¨³¥·, ¢ · ¡µÉ¥ [7].

Š ± ¸²¥¤Ê¥É ¨§ Ëµ·³Ê² (6),(7), ¢Ìµ¤´Ò³¨ ¤ ´´Ò³¨ ¤²Ö · ¸Î¥É  ¶µÉ¥´-
Í¨ ²µ¢ ¤¢µ°´µ° ¸¢¥·É±¨ Ö¢²ÖÕÉ¸Ö ÔËË¥±É¨¢´Ò¥ ´Ê±²µ´-´Ê±²µ´´Ò¥ ¸¨²Ò ¨
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³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·, ¶·¨Î¥³ ¶µ¸²¥¤´¨¥, ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ Ëµ·³ ²¨§³  · §²µ¦¥´¨Ö ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ [44], ³µ£ÊÉ ¡ÒÉÓ ¸¢¥¤¥´Ò ±
¤¨ £µ´ ²Ó´Ò³, ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨, ¶²µÉ´µ¸ÉÖ³.

‚ ± Î¥¸É¢¥ ÔËË¥±É¨¢´ÒÌ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸¨² µ¡ÒÎ´µ ¶·¨³¥´ÖÕÉ¸Ö
É ± ´ §Ò¢ ¥³Ò¥ M3Y ÔËË¥±É¨¢´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, µ¸´µ¢ ´´Ò¥ ´  G-³ É·¨Î-
´ÒÌ Ô²¥³¥´É Ì ¶µÉ¥´Í¨ ²  �¨¤  Å �²²¨µÉ  [45], ²¨¡µ ¶ ·¨¦¸±µ£µ ¶µÉ¥´-
Í¨ ²  [46]. „²Ö µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ¡¨²Ó´ÒÌ Ö¤¥· ¶·¨³¥´Ö²¨¸Ó
É ±¦¥ M3Y-¢§ ¨³µ¤¥°¸É¢¨Ö, § ¢¨¸ÖÐ¨¥ µÉ ¶²µÉ´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢ 
¢ Ö¤· Ì (¸³. µ¡§µ· [47] ¨ ¸¸Ò²±¨ ¢ ´¥³), ¶·¨ ÔÉµ³ § ¢¨¸¨³µ¸ÉÓ µÉ ¶²µÉ´µ¸É¨
ÊÎ¨ÉÒ¢ ² ¸Ó ¢ ¢¨¤¥ Ë ±Éµ· 

V (~s, ρ) = V (~s)F (ρ). (9)

�¤´ ±µ ¢Ò¡µ· ÔÉµ£µ Ë ±Éµ·  µ± §Ò¢ ¥É § ³¥É´µ¥ ¢²¨Ö´¨¥ ¶· ±É¨Î¥¸±¨ Éµ²Ó±µ
´  Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·¨ ¸·¥¤´¨Ì Ê£² Ì. “£²µ¢Ò¥
· ¸¶·¥¤¥²¥´¨Ö ¤²Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¶µ²ÊÎ¥´Ò ¶µ± , ± ¸µ¦ ²¥´¨Õ,
²¨ÏÓ ¢ ¤¨ ¶ §µ´¥ ¤µ 20◦, ¨, ± ± ¶µ± § ´µ ¢ [48], ÔÉ¨ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
´¥ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢Ò¡µ·Ê F (ρ). Š·µ³¥ Éµ£µ, § ¢¨¸¨³µ¸ÉÓ µÉ ¶²µÉ´µ¸É¨ ÔË-
Ë¥±É¨¢´ÒÌ ¸¨² ¸² ¡µ ¢²¨Ö¥É ´  σR. �µÔÉµ³Ê, ´  ¤ ´´µ³ ÔÉ ¶¥, ¤²Ö  ´ ²¨§ 
σR ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¶·¥¤¸É ¢²Ö¥É¸Ö · §Ê³´Ò³ ¨¸¶µ²Ó§µ¢ ÉÓ ¢ (6) ¨
(7) ÔËË¥±É¨¢´Ò¥ ¸¨²Ò, ´¥ § ¢¨¸ÖÐ¨¥ µÉ ¶²µÉ´µ¸É¨.

�·¨ Ö¢´µ³ ÊÎ¥É¥ ÔËË¥±Éµ¢ µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´  ¡¥·¥É¸Ö ¶µ²´µ¥ M3Y-
¢§ ¨³µ¤¥°¸É¢¨¥, É.¥. µ¡³¥´´Ò¥ ¨ ¶·Ö³Ò¥, ¨§µ¸± ²Ö·´Ò¥ ¨ ¨§µ¢¥±Éµ·´Ò¥ ±µ³-
¶µ´¥´ÉÒ. ‘ÊÐ¥¸É¢Ê¥É ¶·¨¡²¨¦¥´´ Ö ¢¥·¸¨Ö ¨¸¶µ²Ó§µ¢ ´¨Ö M3Y-¸¨², ¢ ±µÉµ-
·µ°, ¸ Í¥²ÓÕ ÔËË¥±É¨¢´µ£µ ÊÎ¥É  ¶·¨´Í¨¶  � Ê²¨, ¢³¥¸Éµ µ¡³¥´´µ£µ Î²¥´ ,
± ¶·Ö³µ° ±µ³¶µ´¥´É¥ V D(~s) ¤µ¡ ¢²Ö¥É¸Ö ¶¸¥¢¤µ¶µÉ¥´Í¨ ² ´Ê²¥¢µ£µ · ¤¨Ê¸ 
¤¥°¸É¢¨Ö [30] ¸ ÊÎ¥Éµ³ Ë ±Éµ·  F (ρ) § ¢¨¸¨³µ¸É¨ µÉ ¶²µÉ´µ¸É¨ [49]. ‘µ-
µÉ¢¥É¸É¢ÊÕÐ¥¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶µ²ÊÎ¨²µ ´ §¢ ´¨¥ DDM3Y-¢§ ¨³µ¤¥°¸É¢¨Ö.
�²ÓÉ¥·´ É¨¢µ° ± DDM3Y-¢§ ¨³µ¤¥°¸É¢¨Õ Ö¢²Ö¥É¸Ö É ± ´ §Ò¢ ¥³µ¥ JLM-
¢§ ¨³µ¤¥°¸É¢¨¥ [50], ¢ ±µÉµ·µ³ ÔËË¥±ÉÒ § ¶·¥É  � Ê²¨ É ±¦¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö
´¥Ö¢´Ò³ µ¡· §µ³, ¨ ´ ·Ö¤Ê ¸ ÔÉ¨³ µ´µ ¸µ¤¥·¦¨É ³´¨³ÊÕ Î ¸ÉÓ, ÎÉµ ¢ ³µ¤¥²ÖÌ
¸¢¥·É±¨ ¶·¨¢µ¤¨É ± ±µ³¶²¥±¸´µ³Ê ��. �·¨¡²¨¦¥´´Ò¥ ¢¥·¸¨¨ ³µ¤¥²¨ ¤¢µ°-
´µ° ¸¢¥·É±¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö  ´ ²¨§  ¢§ ¨³µ¤¥°¸É¢¨Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì
Ö¤¥· ¸µ ¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨ ¢ · ¡µÉ Ì [18,35,38].

�µ³¨³µ ÔËË¥±É¨¢´ÒÌ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸¨² ¢ ¸Ì¥³Ê · ¸Î¥É  ¶µÉ¥´Í¨-
 ²µ¢ ¢Ìµ¤ÖÉ ´Ê±²µ´´Ò¥ ¶²µÉ´µ¸É¨. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¶µÉ¥´Í¨ ²µ¢ ¢ ¨§µ¸± -
²Ö·´µ³ ¨ ¨§µ¢¥±Éµ·´µ³ ± ´ ² Ì Ê¤µ¡´µ ¢¢¥¸É¨ ¨§µ¸± ²Ö·´Ò¥ ¨ ¨§µ¢¥±Éµ·´Ò¥
¶²µÉ´µ¸É¨:

ρ
(i)
0 (~r) = ρ(i)

n (~r) + ρ(i)
p (~r), (10)

ρ
(i)
1 (~r) = ρ(i)

n (~r)− ρ(i)
p (~r). (11)

�·µÉµ´´Ò¥ ¨ ´¥°É·µ´´Ò¥ ¶²µÉ´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ ¶ · ³¥É·¨§µ¢ ´Ò, ²¨¡µ ¢ÒÎ¨-
¸²¥´Ò ¢ · ³± Ì Ö¤¥·´µ-¸É·Ê±ÉÊ·´ÒÌ ³µ¤¥²¥°. ‘· ¢´¥´¨¥ ¢ÒÎ¨¸²¥´´ÒÌ ¸¥Î¥-
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´¨° σR ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤a´´Ò³¨ ¶µ§¢µ²Ö¥É ¢ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥  ¶·µ-
¡¨·µ¢ ÉÓ Ö¤¥·´Ò¥ ³µ¤¥²¨, µ¶¨¸Ò¢ ÕÐ¨¥ ¸É·Ê±ÉÊ·Ê ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·.

�µ²´Ò° µ¶É¨Î¥¸±¨° ¶µÉ¥´Í¨ ², ±·µ³¥ ·¥ ²Ó´µ° Î ¸É¨, ¤µ²¦¥´ ¢±²ÕÎ ÉÓ
¢ ¸¥¡Ö ¨ ³´¨³ÊÕ Î ¸ÉÓ, µÉ¢¥É¸É¢¥´´ÊÕ §  ¶µ£²µÐ¥´¨¥ ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ
¢ ´¥Ê¶·Ê£¨¥ ± ´ ²Ò. ‘ÊÐ¥¸É¢ÊÕÉ É·¨ µ¸´µ¢´ÒÌ ¸¶µ¸µ¡  ÊÎ¥É  ¶µÉ¥´Í¨ ² 
¶µ£²µÐ¥´¨Ö ¢ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ° �Œ. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ¨¸¶µ²Ó§Ê¥É¸Ö
¸É ´¤ ·É´ Ö Ëµ·³  ³´¨³µ° Î ¸É¨ �� ¸ · ¤¨ ²Ó´µ° § ¢¨¸¨³µ¸ÉÓÕ ‘ ±¸µ´  Å
‚Ê¤¸ :

W (1)(R) = WWS(R), (12)

£¤¥ ¶· ¢ Ö Î ¸ÉÓ ³µ¦¥É ¸µ¤¥·¦ ÉÓ ± ± µ¡Ñ¥³´Ò°, É ± ¨ ¶µ¢¥·Ì´µ¸É´Ò° Î²¥´
(¸³. Ëµ·³Ê²Ê (3)). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢ ¸Ì¥³¥  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¢µ§´¨± ¥É ³´µ£µ ¶µ¤£µ´µÎ´ÒÌ ¶ · ³¥É·µ¢, ÎÉµ ³µ¦¥É ¢´µ¸¨ÉÓ ´¥µ¶·¥-
¤¥²¥´´µ¸ÉÓ ¢ ¥£µ ·¥§Ê²ÓÉ ÉÒ. „·Ê£µ° ¶µ¤Ìµ¤ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶µÉ¥´Í¨ ²
¶µ£²µÐ¥´¨Ö ¢Ò¡¨· ¥É¸Ö ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ¢ÒÎ¨¸²¥´´µ° ·¥ ²Ó´µ° Î ¸É¨:

W (2)(R) = iNWU(R), (13)

£¤¥ NW Å ¥¤¨´¸É¢¥´´Ò° ¶µ¤£µ´µÎ´Ò° ¶ · ³¥É· ¢ ¶µÉ¥´Í¨ ²¥ ¶µ£²µÐ¥´¨Ö.
�¤´ ±µ Ëµ·³Ê²  (13) µ§´ Î ¥É, ÎÉµ £¥µ³¥É·¨Ö ·¥ ²Ó´µ° ¨ ³´¨³µ° Î ¸É¥°
¶µÉ¥´Í¨ ²  µ¤´  ¨ É  ¦¥, ÎÉµ ³µ¦¥É ´¥ µÉ¢¥Î ÉÓ Ë¨§¨Î¥¸±µ° ·¥ ²Ó´µ¸É¨.
�µÔÉµ³Ê ¶·¥¤¶µ² £ ¥É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ³´¨³µ° Î ¸É¨ �� ¢Ò· ¦¥´¨¥ [39]:

W (3)(R) = i(NWU(R)− αWR
dU(R)

dR
), (14)

£¤¥ U(R) Å ¶µÉ¥´Í¨ ² ¤¢µ°´µ° ¸¢¥·É±¨ (5),   NW ¨ αW Å ¶ · ³¥É·Ò,
Ì · ±É¥·¨§ÊÕÐ¨¥, ¸µµÉ¢¥É¸É¢¥´´µ, µ¡Ñ¥³´ÊÕ ¨ ¶µ¢¥·Ì´µ¸É´ÊÕ Î ¸É¨ ¶µÉ¥´-
Í¨ ²  ¶µ£²µÐ¥´¨Ö. „²Ö Éµ£µ ÎÉµ¡Ò · ¸Î¥ÉÒ ¸¥Î¥´¨° ·¥ ±Í¨° ´  µ¸´µ¢¥ ¶µ-
É¥´Í¨ ²µ¢ (5) ¨ (14) µ¡² ¤ ²¨ ¶·¥¤¸± § É¥²Ó´µ° ¸¨²µ°, ´¥µ¡Ìµ¤¨³µ, ± ± µÉ-
³¥Î ²µ¸Ó ¢ ±µ´Í¥ ¶.1.2, µ¶·¥¤¥²¨ÉÓ ¶ · ³¥É·Ò NW ¨ αW ¨§  ´ ²¨§  Ê£²µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö, ²¨¡µ ¨§ ¸¨¸É¥³ É¨± ³´¨³µ° Î ¸É¨ �� ¶µ
¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¸µ¸¥¤´¨³ ¨§µÉµ¶ ³.

‚ · ³± Ì ³´µ£µ± ´ ²Ó´µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶µÉ¥´Í¨ ² ¶µ£²µÐ¥-
´¨Ö Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ É ± ´ §Ò¢ ¥³µ£µ ¤¨´ ³¨Î¥¸±µ£µ ¶µ²Ö·¨§ Í¨µ´´µ£µ ¶µ-
É¥´Í¨ ²  („��) [47]. ˆ³¥¥É¸Ö ¨ ·¥ ²Ó´ Ö Î ¸ÉÓ „��, ±µÉµ· Ö ¸ÊÐ¥¸É¢¥´´ 
¤²Ö µ¶¨¸ ´¨Ö Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö [51], ´µ µ± §Ò¢ ¥É
´¥§´ Î¨É¥²Ó´µ¥ ¢²¨Ö´¨¥ ´  σR, É ± ÎÉµ ¢  ´ ²¨§¥ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨°
·¥ ²Ó´µ° Î ¸ÉÓÕ �� ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

1.4. ƒ² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥. �·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸Ê³³  ¢ (4) ³µ¦¥É ¡ÒÉÓ § ³¥´¥´  ¨´É¥£· ²µ³ ¶µ ¶·¨Í¥²Ó´µ³Ê ¶ · ³¥É·Ê. ‚
·¥§Ê²ÓÉ É¥ ¡Ê¤¥³ ¨³¥ÉÓ

σR = 2π

∫ ∞
0

db · b[1− T (b)], (15)
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T (b) =| S(b) |2 . (16)

„²Ö ¶·µ³¥¦ÊÉµÎ´ÒÌ ¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ Ö¢²Ö¥É¸Ö
µ¶É¨Î¥¸±¨° ¶·¥¤¥² £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨ [28]. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´  T (b)
¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

T (b) = exp
[
−σ̄NN ·

∫
α2~b1ρ

(1)
z (~b1)ρ

(2)
z (| ~b1 −~b |)

]
, (17)

σ̄NN =
NpNtσnn + ZpZtσpp +NpZtσnp +NtZpσnp

ApAt
, (18)

ρ(i)
z (~b) =

∫ +∞

−∞
dzρi((b

2 + z2)1/2) i = 1, 2. (19)

”µ·³Ê²Ò (15), (17)Ä(19) ¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ · ¸¸Î¨É ÉÓ σR ´  µ¸´µ¢¥ ¨´Ëµ·-
³ Í¨¨ µ¡ Ê¸·¥¤´¥´´ÒÌ ¸¥Î¥´¨ÖÌ ´Ê±²µ´-´Ê±²µ´´µ£µ · ¸¸¥Ö´¨Ö ¨ Ö¤¥·´ÒÌ
¶²µÉ´µ¸ÉÖÌ. ‡ ¢¨¸¨³µ¸ÉÓ σnn ¨ σnp (σpp=σnn) µÉ Ô´¥·£¨¨ Ìµ·µÏµ ¨§¢¥¸É´  ¨
¶ · ³¥É·¨§µ¢ ´ . �¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¶ · ³¥É·¨§ Í¨Ö, ¶·¥¤²µ¦¥´´ Ö ¢ · -
¡µÉ¥ [52]. …¸²¨ ¶²µÉ´µ¸É¨ ¶ · ³¥É·¨§µ¢ ´Ò, Éµ ¨§ ¸· ¢´¥´¨Ö É¥µ·¥É¨Î¥¸±¨Ì
¸¥Î¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ³µ¦´µ ¨§¢²¥ÎÓ ¨´Ëµ·³ Í¨Õ µ¡ ¨¸¶µ²Ó§Ê¥-
³ÒÌ ¶ · ³¥É· Ì. ‚ ¸²ÊÎ ¥ · ¸Î¥É  ¶²µÉ´µ¸É¥° ³µ¦´µ ¶·µ¢¥¸É¨  ¶·µ¡ Í¨Õ
Ö¤¥·´µ-¸É·Ê±ÉÊ·´ÒÌ ³µ¤¥²¥°. ”µ·³Ê²Ò (15), (17)Ä(19) ´¥ ¸µ¤¥·¦ É ¸¢µ¡µ¤´ÒÌ
¶ · ³¥É·µ¢, ¨ ¢ É ±µ³ ¢¨¤¥ ¨³¥ÕÉ ¶·¥¨³ÊÐ¥¸É¢µ ¶¥·¥¤ µ¶É¨±µ-³µ¤¥²Ó´Ò³¨
Ëµ·³Ê² ³¨ ¤²Ö · ¸Î¥É  σR. �¤´ ±µ ¢Ò· ¦¥´¨¥ (17) ¤ ¥É σR ¢ ¶·¨¡²¨¦¥´¨¨
´Ê²¥¢µ£µ · ¤¨Ê¸  ¤¥°¸É¢¨Ö ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ´¥ ÊÎ¨ÉÒ¢ ¥É
³´µ£¨Ì ¤·Ê£¨Ì Ë ±Éµ·µ¢. � ¸¸³µÉ·¨³ ÔÉ¨ Ë ±Éµ·Ò.

‚ · ¡µÉ¥ [53] µÉ³¥Î ¥É¸Ö, ÎÉµ ¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨³ ¤²Ö T (b) Ö¢²Ö-
¥É¸Ö ¢Ò· ¦¥´¨¥, ¸µ¤¥·¦ Ð¥¥ ËÊ´±Í¨Õ, µÉ¢¥É¸É¢¥´´ÊÕ §  ±µ´¥Î´Ò° · ¤¨Ê¸
´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‘ ¢¢¥¤¥´¨¥³ ÔÉµ° ËÊ´±Í¨¨ T (b) ¶·¨-
µ¡·¥É ¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

T (b) = exp
[
−σ̄NN

∫
d2 ~b1

∫
d2~b2f(| ~b1 −~b2 |)ρ(1)

z (~b1)ρ
(2)
z (| ~b2 −~b |)

]
. (20)

”Ê´±Í¨Ö f(| ~b1 − ~b2 |) ¨³¥¥É £ Ê¸¸µ¢¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¸ ¶ · ³¥É·µ³ a. ‚
¸µµÉ¢¥É¸É¢¨¨ ¸ ¤¢ÊÌÎ ¸É¨Î´µ° t-³ É·¨Í¥° [54] ¤²Ö ¶µ¸²¥¤´¥£µ ¶·¨´ÖÉµ ¢ [53]
§´ Î¥´¨¥ a = 1 Ë³. ‚ ¶·¥¤¥²¥ a→ 0 (´Ê²¥¢µ° · ¤¨Ê¸ ¤¥°¸É¢¨Ö) f(| ~b1 −~b2 |)
¸É ´µ¢¨É¸Ö δ-ËÊ´±Í¨¥°, ¨ ¢Ò· ¦¥´¨¥ (20) ¶¥·¥Ìµ¤¨É ¢ Ëµ·³Ê²Ê (17). “Î¥É
±µ´¥Î´µ£µ · ¤¨Ê¸  ¤¥°¸É¢¨Ö ¢ (20) ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ · ¸Î¥É´ÒÌ ¸¥Î¥´¨°
¶·¨³¥·´µ ´  8% [53].

”µ·³Ê²Ò (17) ¨ (20) ¸¶· ¢¥¤²¨¢Ò ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ  ³¶²¨ÉÊ¤  ´Ê±²µ´-
´Ê±²µ´´µ£µ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ Î¨¸Éµ ³´¨³ Ö, ÎÉµ ³µ¦¥É ´¥ ¢Ò¶µ²´ÖÉÓ¸Ö ¤ ¦¥
¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ [55]. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¨¸¶µ²Ó§Ê¥É¸Ö ±µ³¶²¥±¸´µ¥ ¢Ò· -
¦¥´¨¥ ¤²Ö σ̄NN [56]:
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σ̄NN → σ̄NN (i+ αNN ). (21)

‡¤¥¸Ó αNN Å ¶ · ³¥É·, Ì · ±É¥·¨§ÊÕÐ¨° µÉ´µÏ¥´¨¥ ·¥ ²Ó´µ° ¨ ³´¨³µ° Î -
¸É¥°  ³¶²¨ÉÊ¤Ò NN -· ¸¸¥Ö´¨Ö ¢¶¥·¥¤. Š ± ¶µ± § ´µ ¢ [57], ¸¥Î¥´¨¥ ³¥´Ö¥É¸Ö
´¥§´ Î¨É¥²Ó´µ (¢¸¥£µ ´  8 ³¡) ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ §´ Î¥´¨Ö αNN ¨§ [55].

„²Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¸ ¶·¥µ¡² ¤ ´¨¥³ ´¥°É·µ´µ¢ ¨²¨ ¶·µÉµ´µ¢
¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¨£· ÕÉ ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ · §²¨Î¨Ö³¨ ¢ · ¸¶·¥¤¥²¥-
´¨¨ ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ¢ Ö¤· Ì. ‚ É ±µ³ ¸²ÊÎ ¥ ¢ Ëµ·³Ê²Ê (17) ¨²¨ (20)
¢³¥¸Éµ Ê¸·¥¤´¥´´µ£µ ¸¥Î¥´¨Ö σ̄NN ´Ê¦´µ ¶µ¤¸É ¢²ÖÉÓ σnn ¨ σnp ¶·¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥° Ô´¥·£¨¨ ¨ ÊÎ¨ÉÒ¢ ÉÓ · §²¨Î¨Ö ´¥°É·µ´´ÒÌ ¨ ¶·µÉµ´´ÒÌ ¶²µÉ´µ-
¸É¥°; ¶·¨ ÔÉµ³ ¢Ò· ¦¥´¨¥ ¤²Ö T (b) ¸É ´µ¢¨É¸Ö ´¥¸±µ²Ó±µ ¡µ²¥¥ £·µ³µ§¤±¨³.
�É  ¶·µÍ¥¤Ê·  µ¸µ¡¥´´µ ¢ ¦´  ¶·¨ Ô´¥·£¨ÖÌ ¶µ·Ö¤±  100 ŒÔ‚/´Ê±²µ´, ¶µ-
¸±µ²Ó±Ê ¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ σnn ¨ σnp · §²¨Î ÕÉ¸Ö ¶µÎÉ¨ ¢ É·¨ · § . „·Ê£µ°
ÔËË¥±É, ¶·µÖ¢²ÖÕÐ¨°¸Ö ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ, ¸¢Ö§ ´ ¸ ±Ê²µ´µ¢¸±¨³ ¢§ ¨-
³µ¤¥°¸É¢¨¥³. ‚ · ¡µÉ¥ [52] ¡Ò²  ¶·µ¢¥¤¥´  ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ³µ¤¨Ë¨± Í¨Ö
£² Ê¡¥·µ¢¸±¨Ì ¸¥Î¥´¨°.

„µ ¸¨Ì ¶µ· ³Ò µ¡¸Ê¦¤ ²¨ Ë ±Éµ·Ò, ÊÎ¥É ±µÉµ·ÒÌ ´¥ ¢Ò¢µ¤¨² §  · ³±¨
µ¶É¨Î¥¸±µ£µ ¶·¥¤¥² . �¥Ï¥´¨¥ Í¥²µ£µ ·Ö¤  ¶·µ¡²¥³, ¸¢Ö§ ´´ÒÌ ¸ ÊÎ¥Éµ³ · §-
´µ£µ ·µ¤  ±µ··¥²ÖÍ¨° (µ¡Ê¸²µ¢²¥´´ÒÌ ¶·¨´Í¨¶µ³ � Ê²¨, ¤¢¨¦¥´¨¥³ Í¥´É· 
³ ¸¸, ¢§ ³µ¤¥°¸É¢¨¥³ ´Ê±²µ´µ¢ £ ²µ ¨ ´Ê±²µ´µ¢ µ¸Éµ¢ ),   É ±¦¥ ¸ · ¸¸³µ-
É·¥´¨¥³ ´¥Ô°±µ´ ²Ó´ÒÌ Î²¥´µ¢, É·¥¡Ê¥É ¢ÒÌµ¤  §  · ³±¨ µ¶É¨Î¥¸±µ£µ ¶·¥-
¤¥²  £² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö. ‚¸¥ ÔÉ¨ ¶·µ¡²¥³Ò ¸²µ¦´Ò¥ ¨ ³µ£ÊÉ ¡ÒÉÓ
·¥Ï¥´Ò ²¨ÏÓ ¶·¨¡²¨¦¥´´µ. �µ¶· ¢±¨ ´  ¶ Ê²¨¥¢¸±¨¥ ÔËË¥±ÉÒ · ¸¸³ É·¨-
¢ ²¨¸Ó ¢ [58], £¤¥ ¡Ò²µ ¶µ± § ´µ, ÎÉµ µ´¨ ¶·¨¢µ¤ÖÉ ± Ê³¥´ÓÏ¥´¨Õ ¸¥Î¥´¨°
´  5%. �¶·¥¤¥²¥´¨¥ Ë ±Éµ·  ±µ··¥²ÖÍ¨° Í¥´É·  ³ ¸¸ ¤²Ö ´¥£ Ê¸¸µ¢¸±¨Ì
¶²µÉ´µ¸É¥° ¢ £² Ê¡¥·µ¢¸±¨Ì · ¸Î¥É Ì · ¸¸³ É·¨¢ ²µ¸Ó ¢ [59]. „²Ö ÔÉµ° Í¥²¨
¨¸¶µ²Ó§µ¢ ²¸Ö ¶·¥¤²µ¦¥´´Ò° ¢ [60] ³¥Éµ¤ ¶·Ö³µ° µÍ¥´±¨ ³´µ£µ±· É´ÒÌ ¨´-
É¥£· ²µ¢ É¥µ·¨¨ ƒ² Ê¡¥·  ³¥Éµ¤µ³ Œµ´É¥-Š ·²µ. �± § ²µ¸Ó, ÎÉµ · §²¨Î´Ò¥
¶·¨¡²¨¦¥´¨Ö ¢ É¥µ·¨¨ ƒ² Ê¡¥·  ¤ ÕÉ · §²¨Î¨Ö ¢ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥-
Î¥´¨ÖÌ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö §  ¶¥·¢Ò³ ¤¨Ë· ±Í¨µ´´Ò³ ³ ±¸¨³Ê³µ³ [59] ¨,
¶µ-¢¨¤¨³µ³Ê, ¸² ¡µ ¸± §Ò¢ ÕÉ¸Ö ´  ¶µ²´ÒÌ ¸¥Î¥´¨ÖÌ ·¥ ±Í¨°. Šµ··¥²ÖÍ¨¨
´Ê±²µ´µ¢ µ¸Éµ¢  ¨ ´Ê±²µ´µ¢ £ ²µ · ¸¸³ É·¨¢ ²¨¸Ó ¢ · ³± Ì ±² ¸É¥·´µ£µ ¶µ¤-
Ìµ¤  ± £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨ [61]. �Ò²µ ¶µ± § ´µ, ÎÉµ ¨Ì ÊÎ¥É ¶·¨¢µ¤¨É ±
Ê³¥´ÓÏ¥´¨Õ σR ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ± ¡�o²ÓÏ¨³ §´ Î¥´¨Ö³ ¸·¥¤´¥±¢ ¤· É¨Î-
´ÒÌ · ¤¨Ê¸µ¢ · ¸¶·¥¤¥²¥´¨Ö ³ É¥·¨¨ Rrms ¶·¨ ¸· ¢´¥´¨¨ É¥µ·¨¨ ¸ Ô±¸¶¥·¨-
³¥´Éµ³. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ § ¸É ¢¨²µ  ¢Éµ·µ¢ · ¡µÉ [57], [61] ¶¥·¥¸³µÉ·¥ÉÓ
ÔÉ¨ ¢¥²¨Î¨´Ò. ’ ±, §´ Î¥´¨¥ Rrms Ê¢¥²¨Î¨²µ¸Ó ¤²Ö 11Li ¨ 11Be, ¸µµÉ¢¥É-
¸É¢¥´´µ, ´  14% ¨ 7% [57]. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢  ´ ²¨§¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
6He ¨ 8He ¸ Ô´¥·£¨¥° 0,7 ƒÔ‚/´Ê±²µ´ ´  ¶·µÉµ´ Ì [62] ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ
§ ³¥É´µ£µ ¢²¨Ö´¨Ö ±² ¸É¥·´ÒÌ ±µ··¥²ÖÍ¨° ´  ¨§¢²¥± ¥³Ò¥ §´ Î¥´¨Ö Rrms.

�µ¤¢¥¤¥³ ´¥±µÉµ·Ò¥ ¨Éµ£¨ ¨¸¶µ²Ó§µ¢ ´¨Ö É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥°. �·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ (E/A >100 ŒÔ‚/´Ê±²µ´) µ¶É¨Î¥¸±¨° ¶·¥¤¥² ¢ ´Ê²¥¢µ³
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¶·¨¡²¨¦¥´¨¨ ¶µ · ¤¨Ê¸Ê ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ · §Ê³´Ò³ ¶·¨-
¡²¨¦¥´¨¥³ £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨ ¤²Ö · ¸Î¥É  ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨°. �¥-
ÊÎÉ¥´´Ò¥ Ë ±Éµ·Ò, ¤¥°¸É¢ÊÖ ¢ · §´ÒÌ ´ ¶· ¢²¥´¨ÖÌ (±µ´¥Î´Ò° · ¤¨Ê¸ ¢§ -
¨³µ¤¥°¸É¢¨Ö ¨ ±µ··¥²ÖÍ¨¨), ±µ³¶¥´¸¨·ÊÕÉ ¤·Ê£ ¤·Ê£  ¢ Ëµ·³¨·µ¢ ´¨¨ ¢¥-
²¨Î¨´Ò σR. �·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¡µ²¥¥  ±±Ê· É´µ
±µ··¥²ÖÍ¨¨, µ¸µ¡¥´´µ ¤²Ö µ¶¨¸ ´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö,   É ±¦¥ ´¥Ô°±µ´ ²Ó-
´Ò¥ ÔËË¥±ÉÒ ¨ ±Ê²µ´µ¢¸±¨¥ ¶µ¶· ¢±¨.

2. �Š‘�…�ˆŒ…�’�‹œ�›… „���›… ˆ ˆ• ���‹ˆ‡

2.1. ˆ§µÉµ¶Ò �¥. ˆ§³¥·¥´¨¥ ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö σI ¤²Ö ²¥£±¨Ì Ô±§µ-
É¨Î¥¸±¨Ì Ö¤¥· ´ Î ²µ¸Ó ¸ ¨¸¸²¥¤µ¢ ´¨Ö ¨§µÉµ¶µ¢ £¥²¨Ö. ‚ · ¡µÉ¥ [8] ¢¶¥·¢Ò¥
¡Ò²¨ ¨§³¥·¥´Ò ¸¥Î¥´¨Ö σI ¤²Ö Ö¤¥· 3,4,6,8He, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ³¨Ï¥-
´Ö³¨ Be, C ¨ Al ¶·¨ Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±²µ´. ‚ ¤ ²Ó´¥°Ï¥³ É ±¨¥ ¦¥
¨§³¥·¥´¨Ö ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¤²Ö ¨§µÉµ¶µ¢ Li, Be ¨ ‚ [9,10].

�·µ¸É Ö ¶ · ³¥É·¨§ Í¨Ö ¸¥Î¥´¨° (1) ¨¸¶µ²Ó§µ¢ ² ¸Ó ¢ [8],   ¢ [9] ¢¶¥·¢Ò¥
¤²Ö  ´ ²¨§  ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¶·¨³¥´Ö² ¸Ó
£² Ê¡¥·µ¢¸± Ö É¥µ·¨Ö [28] (¸³. É ±¦¥ [63]). ‚ É ¡².1 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ
É ±µ£µ  ´ ²¨§  ¤²Ö £·Ê¶¶Ò Ö¤¥· [10]. ‚µ ¢Éµ·µ³ ¸Éµ²¡Í¥ É ¡²¨ÍÒ ¤ ´Ò ¸·¥¤-
´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¤²Ö £ Ê¸¸µ¢¸±µ£µ ¶·¥¤¸É -
¢²¥´¨Ö ¶²µÉ´µ¸É¨,   ¢ ¸Éµ²¡Í Ì 3Ä5 Å ¤²Ö ¶·¥¤¸É ¢²¥´¨Ö £ ·³µ´¨Î¥¸±µ£µ
µ¸Í¨²²ÖÉµ· . ‚ ¶µ¸²¥¤´¥³ ¸Éµ²¡Í¥ ¶·¨¢¥¤¥´Ò § ·Ö¤µ¢Ò¥ · ¤¨Ê¸Ò, ¶µ²ÊÎ¥´-
´Ò¥ ¸¢¥·É±µ° ¶·µÉµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¸ · ¸¶·¥¤¥²¥´¨¥³ § ·Ö¤  ¢ ¶·µÉµ´¥
(rp = 0, 8 Ë³). �É³¥É¨³ µ¸´µ¢´Ò¥ § ±µ´µ³¥·´µ¸É¨ ¢ ¶µ¢¥¤¥´¨¨ Rrms, µ¡´ ·Ê-
¦¥´´Ò¥ ¢ ÔÉµ³  ´ ²¨§¥. „²Ö ¢¸¥Ì Í¥¶µÎ¥± ¨§µÉµ¶µ¢ ´ ¡²Õ¤ ¥É¸Ö §´ Î¨É¥²Ó´Ò°
·µ¸É Rrms ¸ Ê¢¥²¨Î¥´¨¥³ ³ ¸¸µ¢µ£µ Î¨¸² , µÉ±²µ´ÖÕÐ¨°¸Ö µÉ § ¢¨¸¨³µ¸É¨
A1/3. ‚ ¨§µÉµ¶ Ì �¥ ÔÉµÉ ·µ¸É ´ ¡²Õ¤ ¥É¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ µÉ 4He ± 6He ¨
8He, ¢ ¨§µÉµ¶ Ì Li Å µÉ 6Li, 7Li ± 9Li ¨, µ¸µ¡¥´´µ, ± 11Li, ¢ ¨§µÉµ¶ Ì ‚¥
Å ¶·¨ ¶¥·¥Ìµ¤¥ ± 11Be, 14Be, ¶·¨Î¥³ Rrms ¤²Ö 11Be ¡µ²ÓÏ¥, Î¥³ ¤²Ö 12Be.
‚ ¨§µÉµ¶ Ì ¡µ·  ´ ¡²Õ¤ ¥É¸Ö §´ Î¨É¥²Ó´Ò° ·µ¸É Rrms ¶·¨ ¶¥·¥Ìµ¤¥ ± 14B
¨ 15B. �É³¥É¨³, ÎÉµ ¤²Ö ¤¢ÊÌ Ö¤¥· 7B ¨ 8B Rp > Rn, ¶·¨Î¥³ ¤²Ö 8B ÔÉµ
¶·¥¢ÒÏ¥´¨¥ §´ Î¨É¥²Ó´¥°. � ¡²Õ¤ ¥³Ò¥ § ±µ´µ³¥·´µ¸É¨ ¢ ¶µ¢¥¤¥´¨¨ Rrms,
± ± ¸²¥¤Ê¥É ¨§ É ¡².1, ´¥ § ¢¨¸ÖÉ µÉ ¸¶µ¸µ¡  ¶·¥¤¸É ¢²¥´¨Ö ¶²µÉ´µ¸É¨ · ¸-
¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¢ Ö¤· Ì (£ Ê¸¸µ¢¸±µ¥ ¨²¨ ¶·¥¤¸É ¢²¥´¨¥ £ ·³µ´¨Î¥¸±µ£µ
µ¸Í¨²²ÖÉµ· ). �µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ¸¨²Ó´µ° ¨§µÉµ¶¨Î¥¸±µ°
§ ¢¨¸¨³µ¸É¨ · ¤¨Ê¸µ¢. ‚ · ¡µÉ¥ [10] Ê± §Ò¢ ¥É¸Ö, ÎÉµ ¸· ¢´¥´¨¥ ¸ · ¸Î¥É ³¨
¶µ ³¥Éµ¤Ê • ·É·¨ Å ”µ±  [64] ¶µ¤É¢¥·¦¤ ¥É ¢ ¦´µ¸ÉÓ ÊÎ¥É  § ¢¨¸¨³µ¸É¨
µÉ ¶²µÉ´µ¸É¨ ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ ÔÉµ³ ³¥Éµ¤¥ ÔËË¥±É¨¢´ÒÌ ¸¨² ¤²Ö µ¡ÑÖ¸´¥´¨Ö
´ ¡²Õ¤ ¥³µ£µ ¶µ¢¥¤¥´¨Ö · ¤¨Ê¸µ¢ ¶µ Í¥¶µÎ± ³ ¨§µÉµ¶µ¢.

ƒ² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥, µ¸´µ¢ ´´µ¥ ´  ±² ¸É¥·´µ³ ¶µ¤Ìµ¤¥ ± ¸É·Ê±-
ÉÊ·¥ ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·, ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¢ [57] ¤²Ö  ´ ²¨§  ¸¥Î¥´¨°
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’ ¡²¨Í  1. ‘·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò (Ë³) · ¸¶·¥¤¥²¥´¨Ö ¶·µÉµ´µ¢, ´¥°É·µ´µ¢
¨ ¢¥Ð¥¸É¢ 

Ÿ¤·µ RGrms RPrms RNrms RMrms RCrms

4He 1,59±0,04 1,57±0,04 1,57±0,04 1,57±0,04 1,76±0,04
6He 2,52±0,03 2,21±0,03 2,61±0,03 2,48±0,03
8He 2,55±0,03 2,15±0,02 2,64±0,03 2,52±0,03
6Li 2,35±0,03 2,32±0,03 2,32±0,03 2,32±0,03 2,46±0,02
7Li 2,35±0,03 2,27±0,02 2,38±0,02 2,33±0,02 2,40±0,02
8Li 2,38±0,02 2,26±0,02 2,44±0,02 2,37±0,02
9Li 2,32±0,02 2,18±0,02 2,39±0,02 2,32±0,02
11Li 3,10±0,17 2,88±0,11 3,21±0,17 3,12±0,16
7Be 2,33±0,02 2,36±0,02 2,25±0,02 2,31±0,02
7Be 2,38±0,01 2,34±0,01 2,40±0,01 2,38±0,01 2,47±0,01
10Be 2,28±0,02 2,24±0,02 2,34±0,02 2,30±0,02
11Be 2,71±0,05 2,63±0,05 2,78±0,05 2,73±0,05
12Be 2,57±0,05 2,49±0,06 2,65±0,06 2,59±0,06
14Be 3,11±0,38 3,00±0,36 3,22±0,39 3,16±0,38
8B 2,39±0,04 2,45±0,05 2,27±0,04 2,38±0,04
12B 2,35±0,02 2,35±0,02 2,42±0,02 2,39±0,02
13B 2,42±0,11 2,41±0,11 2,50±0,12 2,46±0,12
14B 2,40±0,05 2,38±0,05 2,48±0,06 2,44±0,06
15B 2,40±0,25 2,37±0,26 2,49±0,28 2,45±0,27
12C 2,32±0,02 2,35±0,02 2,35±0,02 2,35±0,02 2,48±0,02

¢§ ¨³µ¤¥°¸É¢¨Ö ¸ Í¥²ÓÕ ¨§¢²¥Î¥´¨Ö Rrms. �¢Éµ·Ò ÔÉµ° · ¡µÉÒ ¶·µ¢¥²¨
¤¢  ¢ ·¨ ´É  · ¸Î¥Éµ¢: ¡¥§ ÊÎ¥É  ±µ··¥²ÖÍ¨° ´Ê±²µ´µ¢ ¨§ ±² ¸É¥·µ¢, ¸µ¸É -
¢²ÖÕÐ¨Ì ´ ²¥É ÕÐÊÕ Î ¸É¨ÍÊ (É ± ´ §Ò¢ ¥³µ¥ ¶·¨¡²¨¦¥´¨¥ ¸É É¨Î¥¸±µ°
¶²µÉ´µ¸É¨ Å SD), ¨ ¸ ÊÎ¥Éµ³ É ±¨Ì ±µ··¥²ÖÍ¨° (¶·¨¡²¨¦¥´¨¥ ´¥¸±µ²Ó±¨Ì
É¥² Å FB). �¥§Ê²ÓÉ ÉÒ  ´ ²¨§  ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ σI
¤²Ö Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±²µ´ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡².2. „²Ö Ö¤· -³¨Ï¥´¨ 12C ¢µ
¢¸¥Ì ¸²ÊÎ ÖÌ ¨¸¶µ²Ó§µ¢ ²µ¸Ó £ Ê¸¸µ¢¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸ Rrms=2,32 Ë³ [10],
  ¢ ± Î¥¸É¢¥ σ̄NN Å ¸¥Î¥´¨Ö ¸¢µ¡µ¤´µ£µ NN -· ¸¸¥Ö´¨Ö, ¶ · ³¥É·¨§µ¢ ´´Ò¥
¢ · ¡µÉ¥ [52]. „¢  ´¥¸±µ²Ó±µ · §²¨Î´ÒÌ ±² ¸É¥·´ÒÌ µ¶¨¸ ´¨Ö ¨¸¶µ²Ó§µ¢ -
²¨¸Ó ¤²Ö 6He ¨ ¶·¨¢¥²¨ ¶· ±É¨Î¥¸±¨ ± µ¤¨´ ±µ¢µ³Ê ·¥§Ê²ÓÉ ÉÊ ¤²Ö Rrms.
� §²¨Î¨¥ ¸µ¸É ¢¨²µ ³¥´¥¥ 1%. ˆ§ ·¥§Ê²ÓÉ Éµ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ É ¡².2, ¸²¥-
¤Ê¥É ¶µ¤É¢¥·¦¤¥´¨¥ µ¡Ð¨Ì § ±µ´µ³¥·´µ¸É¥° ¢ ¶µ¢¥¤¥´¨¨ Rrms, ¶µ²ÊÎ¥´´ÒÌ
¢ [10].

‚ · ¡µÉ¥ [57] µÉ³¥Î ¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ÒÌµ¤  §  · ³±¨ µ¶É¨Î¥¸±µ£µ
¶·¥¤¥²  (OL), É.¥. SD-¶·¨¡²¨¦¥´¨Ö ¶·¨ ¶µ¸É·µ¥´¨¨ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±-
Í¨° ¤²Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·. ‚ · ³± Ì ¶·µ¸Éµ° ¡¨´ ·´µ° ±² ¸É¥·-
´µ° ³µ¤¥²¨ [67] ¡Ò²¨ ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ σR ± ± ËÊ´±Í¨¨ · ¤¨Ê¸  Î ¸É¨ÍÒ-
¸´ ·Ö¤ . �É¨ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸.1. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ ¸¥Î¥´¨Ö ¢
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’ ¡²¨Í  2. ‘·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢ , ¢ÒÎ¨¸²¥´´Ò¥
¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨

Ÿ¤·µ Rrms, Ë³ σI (Ô±¸¶.), ³¡ ‘¸Ò²±  Œ¥Éµ¤
4He 1,58±0,04 503±5 [8] SD
6He 2,71±0,04 722±5 [8] FB (a)

2,69±0,04 FB (b)
7Be 2,31±0,05 738±9 [9] SD [61]
8B 2,50±0,04 798±6 [20] FB [61]
9Li 2,30±0,02 796±6 [9] SD
11Li 3,53±0,10 1060±10 [65] FB (a)
10Be 2,28±0,02 813±10 [9] SD
11Be 2,90±0,05 942±8 [10] FB (a)
12Be 2,54±0,05 927±18 [10] SD
14Be 3,20±0,30 1109±69 [66] FB (a)

�¨¸. 1. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR, ¢ÒÎ¨¸²¥´´Ò¥ ¢ µ¶É¨Î¥¸±µ³ ¶·¥¤¥²¥ (�L) ¨
¶·¨¡²¨¦¥´¨¨ ´¥¸±µ²Ó±¨Ì É¥² (FB) £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨

FB-¶·¨¡²¨¦¥´¨¨ ³¥´ÓÏ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì §´ Î¥´¨° σR, ¶µ²ÊÎ¥´´ÒÌ ¢ SD-
¶·¨¡²¨¦¥´¨¨. �Éµ · §²¨Î¨¥ ¢ ¸¥Î¥´¨ÖÌ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ Rrms ¸ 2%
¶·¨ Rrms=2,4 Ë³ ¤µ 8% ¶·¨ Rrms=3,1 Ë³. •µÉÖ ÔÉ¨ · §²¨Î¨Ö ¨ ´¥¢¥²¨±¨,
´µ ÉµÎ´µ¸ÉÓ ¢ ¨§³¥·¥´¨¨ σI ¤µ¸É¨£ ¥É 1 − 2% (¸³. É ¡².2), É ± ÎÉµ ´ ¤¥¦-
´µ¥ ¨§¢²¥Î¥´¨¥ · ¤¨Ê¸µ¢ ¨§ ¨§³¥·¥´´ÒÌ ¸¥Î¥´¨° σI É·¥¡ÊeÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
ÉµÎ´µ¸É¨ · ¸Î¥Éµ¢.
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�¨¸. 2. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR, ¢ÒÎ¨¸²¥´´Ò¥ ¤²Ö 6He ¶·¨ Ô´¥·£¨¨
800 ŒÔ‚/´Ê±²µ´ ¢ ¶·¨¡²¨¦¥´¨¨ £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨ (¶µÖ¸´¥´¨Ö ¢ É¥±¸É¥)

“³¥´ÓÏ¥´¨¥ ¸¥Î¥´¨Ö ¢ · ¸Î¥É Ì ¶·¨ ÊÎ¥É¥ ±µ··¥²ÖÍ¨° ´Ê±²µ´µ¢ ±² ¸É¥-
·µ¢ ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¨§¢²¥± ¥³ÒÌ ¨§ ¸· ¢´¥´¨Ö É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´-
Éµ³ · ¤¨Ê¸µ¢ Ö¤¥·. �µÔÉµ³Ê  ¢Éµ·Ò [57] ¶¥·¥¸³µÉ·¥²¨ ·¥§Ê²ÓÉ ÉÒ ¸¢µ¥£µ
¶·¥¤Ò¤ÊÐ¥£µ  ´ ²¨§  ¤²Ö ·Ö¤  ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥
·¥§Ê²ÓÉ ÉÒ ¤²Ö 6He ¶·¨ Ô´¥·£¨¨ 800 ŒÔ‚/´Ê±²µ´ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸.2.
‘¥Î¥´¨Ö, ¢ÒÎ¨¸²¥´´Ò¥ ¢ SD-¶·¨¡²¨¦¥´¨¨, ¨§µ¡· ¦¥´Ò ±¢ ¤· É¨± ³¨ ¢¤µ²Ó
ÏÉ·¨Ìµ¢µ° ²¨´¨¨,   ¢ FB-¶·¨¡²¨¦¥´¨¨ Å ±¢ ¤· É¨± ³¨ ¢¤µ²Ó ¸¶²µÏ´µ° ²¨-
´¨¨, ±¢ ¤· É¨±¨ ¢¤µ²Ó ÏÉ·¨Ì¶Ê´±É¨·´µ° ²¨´¨¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¤·Ê£µ³Ê ¸¶µ-
¸µ¡Ê µ¶¨¸ ´¨Ö ±² ¸É¥·´µ° ¸É·Ê±ÉÊ·Ò 6He. ƒµ·¨§µ´É ²Ó´Ò¥ ²¨´¨¨ µ¶·¥¤¥²ÖÕÉ
±µ·¨¤µ· ¶µ£·¥Ï´µ¸É¥° ¢ §´ Î¥´¨ÖÌ σI , ¨§³¥·Ö¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥. Œµ¦´µ
¢¨¤¥ÉÓ, ÎÉµ ÊÎ¥É ±µ··¥²ÖÍ¨° ´Ê±²µ´µ¢ ¢ ±² ¸É¥· Ì ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ
· ¤¨Ê¸  6He ¸ 2,38 ¤µ 2,71 Ë³.

Š ± ¨§¢¥¸É´µ, ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ¢Ò¸µ±¨Ì Ô´¥·£¨° ± ¡µ²¥¥ ´¨§±¨³ (E/A <
< 100 ŒÔ‚/´Ê±²µ´), É.¥. ¶·µ³¥¦ÊÉµÎ´Ò³ Ô´¥·£¨Ö³, ¸¥Î¥´¨Ö ´Ê±²µ´-´Ê±²µ´-
´µ£µ · ¸¸¥Ö´¨Ö Ê¢¥²¨Î¨¢ ÕÉ¸Ö, ¨ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¸É ´µ¢ÖÉ¸Ö ¡µ²¥¥ ÎÊ¢-
¸É¢¨É¥²Ó´Ò³¨ ± · ¸¶·¥¤¥²¥´¨Õ ¢¥Ð¥¸É¢  ¢ ¶¥·¨Ë¥·¨°´µ° µ¡² ¸É¨ Î ¸É¨Í-
¸´ ·Ö¤µ¢ [17]. Š·µ³¥ Éµ£µ, Ö¤¥·´Ò¥ ¨ ±Ê²µ´µ¢¸±¨¥ ÔËË¥±ÉÒ ¡µ²¥¥ ²¥£±µ
· §¤¥²ÖÕÉ¸Ö ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ [65].

ˆ§³¥·¥´¨Ö ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ σR ¤²Ö ¡µ²ÓÏµ° £·Ê¶¶Ò ²¥£±¨Ì
Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¢¶¥·¢Ò¥ ¡Ò²¨ ¶·µ¢¥¤¥´Ò
¢ · ¡µÉ¥ [13]. �·¨ ÔÉµ³ ¨¸¶µ²Ó§µ¢ ² ¸Ó ±·¥³´¨¥¢ Ö ³¨Ï¥´Ó ¨ ´µ¢Ò° Å
¶·Ö³µ° Å ¸¶µ¸µ¡ ¶µ²ÊÎ¥´¨Ö ¸¥Î¥´¨°. �±¸¶¥·¨³¥´ÉÒ ¶·µ¢µ¤¨²¨¸Ó ¤²Ö Ô´¥·-
£¨° Î ¸É¨ÍÒ-¸´ ·Ö¤  µÉ 20 ¤µ 50 ŒÔ‚/´Ê±²µ´. „²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ ¨¸¶µ²Ó§µ¢ ² ¸Ó ³µ¤¥²Ó ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¸ ¶ · ³¥É·¨§ Í¨¥°
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�¨¸. 3. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR, ¨§³¥·¥´´Ò¥ ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Ô´¥·£¨¨ ¤²Ö
Ö¤¥· 4,6,8He, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ 28Si, É¥µ·¥É¨Î¥¸±¨e ¶·¥¤¸± § ´¨Ö ¨ ¤ ´´Òe ¨§
¤·Ê£¨Ì ² ¡µ· Éµ·¨°

ŠµÌ  (2). ‚ Í¥²µ³ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ,
¶µ¤É¢¥·¤¨²¨ § ±µ´µ³¥·´µ¸É¨, µ¡´ ·Ê¦¥´´Ò¥ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ ¶µ σI ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ [8Ä10]. „²Ö 8He ¡Ò²µ ¶µ²ÊÎ¥´µ
§´ Î¥´¨¥ r0=1,33 Ë³ [13], ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥ ¸É ´¤ ·É´µ£µ §´ Î¥´¨Ö
r0 ≈ 1, 10 Ë³, ¨¸¶µ²Ó§Ê¥³µ£µ ¶·¨ µ¶¨¸ ´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ¡¨²Ó´ÒÌ Ö¤¥·.

„·Ê£¨¥ ¨§³¥·¥´¨Ö σR ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢
[16,17]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö 4,6,8He, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ 28Si ¢
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¨´É¥·¢ ²¥ Ô´¥·£¨° 20÷ 60 ŒÔ‚/´Ê±²µ´, ¢³¥¸É¥ ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § -
´¨Ö³¨ ¨ ¤ ´´Ò³¨ ¨§ ¤·Ê£¨Ì ² ¡µ· Éµ·¨° [13,68,69] ¶·¨¢¥¤¥´Ò ´  ·¨¸.3. ‚
± Î¥¸É¢¥ ³¨±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¢ [16] ¨¸¶µ²Ó§µ¢ ²¸Ö µ¶É¨Î¥¸±¨° ¶·¥-
¤¥² £² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö [53,70,71]. �¡µ§´ Î¥´¨Ö R, T ¨ S ´  ·¨¸.3
µÉ´µ¸ÖÉ¸Ö ± ¢Ò¡µ·Ê µ¶É¨±µ-³µ¤¥²Ó´ÒÌ ¶ · ³¥É·µ¢, ¸µµÉ¢¥É¸É¢¥´´µ, ¨§ · -
¡µÉ [72Ä74]. ˆ§ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ £² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ ¢ Í¥²µ³
´¥¶²µÌµ ¢µ¸¶·µ¨§¢µ¤¨É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. �¤´ ±µ ¤²Ö 6He ¢ Ô±¸¶¥-
·¨³¥´É¥ ´¥ ´ ¡²Õ¤ ¥É¸Ö ¶·¥¤¸± §Ò¢ ¥³Ò° É¥µ·¨¥° ¸¶ ¤ ¸¥Î¥´¨° ¶·¨ Ê¢¥²¨Î¥-
´¨¨ Ô´¥·£¨¨. Š·µ³¥ Éµ£µ, Ô±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥ σR ¤²Ö 8He ¨§ · ¡µÉÒ
[13] ²¥¦¨É ¸ÊÐ¥¸É¢¥´´µ ¢ÒÏ¥ ¶·¥¤¸± § ´¨° £² Ê¡¥·µ¢¸±¨Ì · ¸Î¥Éµ¢. Œµ¤¥²Ó
¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ÌÊ¦¥ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö σR ¤²Ö
¢¸¥Ì É·¥Ì ¨§µÉµ¶µ¢ £¥²¨Ö, µ¸µ¡¥´´µ ¤²Ö 8He. �¶É¨±µ-³µ¤¥²Ó´Ò¥ · ¸Î¥ÉÒ ¤²Ö
4He ¤ ÕÉ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ µ¶¨¸ ´¨¥ σR Éµ²Ó±µ ¸ ´ ¡µ·µ³ ¶ · ³¥É·µ¢ ¨§
· ¡µÉÒ [73].

2.2. ˆ§µÉµ¶Ò Li. ‚ ·Ö¤Ê ¨§µÉµ¶µ¢ ²¨É¨Ö ¸ÊÐ¥¸É¢Ê¥É Ö¤·µ 11Li, µ¡² -
¤ ÕÐ¥¥, ¶µ¦ ²Ê°, ´ ¨¡µ²¥¥ Ô±§µÉ¨Î¥¸±¨³¨ ¸¢µ°¸É¢ ³¨ ¸·¥¤¨ ²¥£±¨Ì Ô±§µÉ¨-
Î¥¸±¨Ì Ö¤¥·: µÎ¥´Ó ³ ²µ° Ô´¥·£¨¥° µÉ¤¥²¥´¨Ö ¤¢ÊÌ ¶µ¸²¥¤´¨Ì ´¥°É·µ´µ¢,
¢¥¸Ó³  ¶·µÉÖ¦¥´´Ò³ £ ²µ, §´ Î¨É¥²Ó´Ò³¨ · §²¨Î¨Ö³¨ ¢ · ¸¶·¥¤¥²¥´¨¨ ¶·µ-
Éµ´µ¢ ¨ ´¥°É·µ´µ¢. �¥·¢Ò¥ ¨§³¥·¥´¨Ö σI ¶·¨ Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±²µ´ ¤²Ö
¨§µÉµ¶µ¢ Li ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢ [9]. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢Ò-
¶µ²´¥´ ¢ · ³± Ì £² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö. …£µ ·¥§Ê²ÓÉ ÉÒ µ¡¸Ê¦¤ ²¨¸Ó
¢ ¶.2.1 (É ¡².1).

Šµ³¶²¥±¸´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò°  ´ ²¨§ 9Li ¨ 11Li µ¸ÊÐ¥¸É¢²¥´ ¢ · ¡µÉ¥
[11]: ¡Ò²¨ ¨§³¥·¥´Ò ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö σI ´  ¶·µÉµ´´µ° ¨ ¤¥°É¥·¨¥¢µ°
³¨Ï¥´ÖÌ,   É ±¦¥ ´  ‚¥ ¨ ‘ ¶·¨ Ô´¥·£¨ÖÌ 400 ¨ 800 ŒÔ‚/´Ê±²µ´, ¨§¢²¥Î¥´Ò
· ¸¶·¥¤¥²¥´¨Ö ¶µ ¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸ ³ 9Li ¨ ´¥°É·µ´µ¢ ¢ ·¥ ±Í¨¨ Ë· £-
³¥´É Í¨¨ 11Li, ¨¸¸²¥¤µ¢ ´Ò ±µ··¥²ÖÍ¨¨ ¨³¶Ê²Ó¸µ¢ ´¥°É·µ´µ¢ £ ²µ. �´ ²¨§
¶·µ¢µ¤¨²¸Ö ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¢ ¤¢ÊÌ ¢ ·¨ ´É Ì: ¤²Ö ´¥°É·µ´µ¢
£ ²µ ¶·¥¤¶µ² £ ² ¸Ó µ·¡¨É ²Ó ²¨¡µ 1p, ²¨¡µ 2s. „²Ö ¸·¥¤´¥±¢ ¤· É¨Î´µ£µ · -
¤¨Ê¸  ³ É¥·¨¨ Rrms(

11Li) ¶µ²ÊÎ¥´µ §´ Î¥´¨¥ (3,12±0,30) Ë³ ¢ ¸²ÊÎ ¥ 1p- ¨
(3,05±0,30) Ë³ ¢ ¸²ÊÎ ¥ 2s-µ·¡¨É ²¨. ’ ±¨³ µ¡· §µ³, · §²¨Î´Ò¥ ¶·¥¤¶µ²µ¦¥-
´¨Ö µ Ì · ±É¥·¥ µ¤´µÎ ¸É¨Î´µ£µ ¤¢¨¦¥´¨Ö ´¥°É·µ´µ¢ £ ²µ Éµ²Ó±µ ¢ ¶·¥¤¥² Ì
³ ¸ÏÉ ¡  2% ¢²¨ÖÕÉ ´  ¢¥²¨Î¨´Ê Rrms(

11Li), ¨§¢²¥± ¥³ÊÕ ¨§  ´ ²¨§  σI .
�²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ¢ 11Li ¡· ² ¸Ó ¢ ¢¨¤¥

ρ(11Li) = ρcore + ρhalo, (22)

£¤¥ ¢ ± Î¥¸É¢¥ µ¸Éµ¢  · ¸¸³ É·¨¢ ²µ¸Ó Ö¤·µ 9Li. „²Ö Rrms(9Li) ¢ µ¡¸Ê¦¤ ¥³µ³
 ´ ²¨§¥ ¶µ²ÊÎ¥´µ, ¸µµÉ¢¥É¸É¢¥´´µ, (2,61±0,10) Ë³ ¨ (2,50±0,10) Ë³,   ¤²Ö
Rrms(halo) ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ (4,8±0,8) Ë³. �´ ²¨§ σI ,   É ±¦¥ · ¸¶·¥¤¥²¥´¨°
¶µ ¨³¶Ê²Ó¸ ³ ¨ ±µ··¥²ÖÍ¨° ¨³¶Ê²Ó¸µ¢ ´¥°É·µ´µ¢ ¶·¨¢¥²  ¢Éµ·µ¢ · ¡µÉÒ [11]
± ¢Ò¢µ¤Ê µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢ 11Li ´¥°É·µ´´µ£µ £ ²µ.
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’ ¡²¨Í  3. � ¤¨Ê¸Ò ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¤²Ö ¨§µÉµ¶µ¢ Li, ¨§¢²¥Î¥´´Ò¥ ¨§  ´ ²¨§ 
¸¥Î¥´¨° σR(σI), ¨§³¥·¥´´ÒÌ ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ

E/A, ŒÔ‚/´Ê±²µ´

Ÿ¤·µ 30 80 790

8Li 1,282±0,010 1,177±0,037 1,167±0,010
9Li 1,227±0,010 1,058±0,017 1,151±0,007
11Li 1,222±0,029 1,429±0,047 1,300±0,0053

ˆ§³¥·¥´¨Ö ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ σR ¤²Ö 9Li ¨ 11Li ´  ±·¥³´¨¥¢µ°
³¨Ï¥´¨ ¶·¨ Ô´¥·£¨ÖÌ, ¸µµÉ¢¥É¸É¢¥´´µ, 31,584 ¨ 25,507 ŒÔ‚/´Ê±²µ´ ¸¤¥² ´Ò
¢ · ¡µÉ¥ [13]. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ · ³± Ì ³µ¤¥²¨ ¸¨²Ó´µ£µ
¶µ£²µÐ¥´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶ · ³¥É·¨§ Í¨¨ ŠµÌ  ¶·¨¢¥² ± §´ Î¥´¨Ö³ ¶ -
· ³¥É·  · ¤¨Ê¸  r0=1,168 Ë³ ¤²Ö 9Li ¨ r0=1,42 Ë³ ¤²Ö 11Li, ÎÉµ ´¥¸±µ²Ó±µ
¶·¥¢ÒÏ ¥É ¸É ´¤ ·É´µ¥ §´ Î¥´¨¥ r0=1,1 Ë³ ¤²Ö 9Li ¨ ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥
¥£µ, ¶·¥¢ÒÏ Ö §´ Î¥´¨¥ r0=1,33 Ë³ ¤²Ö 8He.

„·Ê£¨¥ ¨§³¥·¥´¨Ö ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¶·µ¢¥¤¥´Ò ¢ · ¡µÉ¥ [14].
‚ É ¡².3 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§ , ¸¤¥² ´´µ£µ ¢ [14] ¶·¨ Ô´¥·£¨¨
80 ŒÔ‚/´Ê±²µ´,   É ±¦¥ ¶·¨ 30 ŒÔ‚/´Ê±²µ´ [75] ¨ 790 ŒÔ‚/´Ê±²µ´ [9].
Œµ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¨§ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ´¥¸±µ²Ó±µ ¢Ò¶ ¤ ¥É §´ Î¥-
´¨¥ 1,222 Ë³ ¤²Ö 11Li ¶·¨ E/A = 30 ŒÔ‚/´Ê±²µ´, ¢ µ¸É ²Ó´µ³ ·¥§Ê²ÓÉ ÉÒ
¸µµÉ¢¥É¸É¢ÊÕÉ ¨§¢¥¸É´Ò³ § ±µ´µ³¥·´µ¸ÉÖ³: ¸ÊÐ¥¸É¢¥´´µ¥ Ê¢¥²¨Î¥´¨¥ · ¤¨Ê¸ 
¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¤²Ö 11Li ¶µ ¸· ¢´¥´¨Õ ¸ 8,9Li,   ·µ¸É ¥£µ ¶·¨ Ô´¥·£¨¨
30 ŒÔ‚/´Ê±²µ´ ¤²Ö 8Li ¨ 9Li µÉ· ¦ ¥É Ë ±É Ê¢¥²¨Î¥´¨Ö ´Ê±²µ´-´Ê±²µ´´ÒÌ
¸¥Î¥´¨° ¶·¨ Ê³¥´ÓÏ¥´¨¨ Ô´¥·£¨¨. �¢Éµ·Ò · ¡µÉÒ [15] µÉ³¥Î ÕÉ, ÎÉµ ¨§³¥-
·¥´¨Ö ¶·¨ Ô´¥·£¨¨ 80 ŒÔ‚/´Ê±²µ´ ¤µ¶µ²´ÖÕÉ ¶·µ¢¥¤¥´´Ò¥ · ´¥¥ ¨§³¥·¥´¨Ö
¶·¨ 790 ¨ 30 ŒÔ‚/´Ê±²µ´ ¨ ¶µ¤É¢¥·¦¤ ÕÉ ¢Ò¢µ¤ µ Éµ³, ÎÉµ Éµ²Ó±µ · ¸¶·¥¤¥-
²¥´¨¥ ¢¥Ð¥¸É¢  ¸ ¤²¨´´Ò³ ´¥°É·µ´´Ò³ ªÌ¢µ¸Éµ³ª ¤²Ö 11Li, µ¡Ê¸²µ¢²¥´´Ò³
¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨³ µ¶¨¸ ´¨¥³ µÎ¥´Ó ³ ²µ° Ô´¥·£¨¥°
¸¢Ö§¨ ¶µ¸²¥¤´¨Ì ¤¢ÊÌ ´¥°É·µ´µ¢, µÉ¢¥Î ¥É  ¤¥±¢ É´µ³Ê µ¶¨¸ ´¨Õ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‚ · ¡µÉ¥ [16], ± ± µÉ³¥Î ²µ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¨§³¥·¥´¨Ö ¶·µ¢¥-
¤¥´Ò ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 20÷60 ŒÔ‚/´Ê±²µ´. �  ·¨¸.4 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²Ó-
É ÉÒ ¤²Ö Ö¤¥· 9,11Li ¨ 10Be ¢³¥¸É¥ ¸ É¥µ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ ¨ ¤ ´´Ò³¨ ¨§
¤·Ê£¨Ì ² ¡µ· Éµ·¨°. ‚¨¤´µ, ÎÉµ £² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ (µ¡µ§´ Î¥´´µ¥
 ¢Éµ· ³¨ ± ± ³¨±·µ¸±µ¶¨Î¥¸±¨° ¶µ¤Ìµ¤) ¢ Í¥²µ³ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò-
¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. �¤´ ±µ §´ Î¨É¥²Ó´µ¥ · ¸Ìµ¦¤¥´¨¥ ¨³¥¥É¸Ö
¸µ §´ Î¥´¨¥³ σR, ¶µ²ÊÎ¥´´Ò³ ¶·¨ Ô´¥·£¨¨ 80 ŒÔ‚/´Ê±²µ´ ¤²Ö 9Li. Œµ¤¥²Ó
¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ÌÊ¦¥ µ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö.

�µ³¨³µ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ · ¡µÉ σI (σR) ¤²Ö ¨§µÉµ¶µ¢ Li  ´ ²¨§¨·µ¢ ²¨¸Ó
¢ ·Ö¤¥ ¤·Ê£¨Ì · ¡µÉ. ‚ [53] £² Ê¡¥·µ¢¸±¨¥ ¶·¨¡²¨¦¥´¨Ö ¸ ´Ê²¥¢Ò³ ¨ ±µ´¥Î-
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�¨¸. 4. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸.3, ¤²Ö 9,11Li ¨ 10Be

´Ò³ · ¤¨Ê¸ ³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö (Ëµ·³Ê²Ò (17) ¨ (20) ¸µµÉ¢¥É¸É¢¥´´µ) ¶·¨³¥-
´Ö²¨¸Ó ± · ¸Î¥ÉÊ σI ¶·¨ Ô´¥·£¨¨ 800 ŒÔ‚/´Ê±²µ´ ¤²Ö ¨§µÉµ¶µ¢ Li ¨ ‚¥. �·¨
ÔÉµ³ ¨¸¶µ²Ó§µ¢ ²µ¸Ó §´ Î¥´¨¥ 40 ³¡ ¤²Ö ´Ê±²µ´-´Ê±²µ´´µ£µ ¸¥Î¥´¨Ö σ̄NN ¨
1,0 Ë³ ¤²Ö · ¤¨Ê¸  ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ÒÎ¨¸²¥´´Ò¥ σR ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸.5. ‡¤¥¸Ó ±¢ ¤· É¨±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ
±µ´¥Î´µ³Ê · ¤¨Ê¸Ê ¢§ ¨³µ¤¥°¸É¢¨Ö,   ±·Ê¦±¨ Å ´Ê²¥¢µ³Ê · ¤¨Ê¸Ê; Î¥·´Ò¥
ÉµÎ±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. ‚¨¤´µ, ÎÉµ ¤²Ö 6,7Li ¨ 11Li ¤µ¸É¨£´ÊÉµ
Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¢ ¶·¨¡²¨¦¥´¨¨ ±µ´¥Î´µ£µ · ¤¨Ê¸ ,   ¤²Ö
8Li ¨ 9Li Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨ ²¥¦ É ³¥¦¤Ê É¥µ·¥É¨Î¥¸±¨³¨ §´ Î¥´¨-
Ö³¨ ¢ ¤¢ÊÌ ¢ ·¨ ´É Ì. ‚ ²Õ¡µ³ ¸²ÊÎ ¥ · ¸Ìµ¦¤¥´¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³
¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢. ‚ · ¡µÉ¥ [53] É ±¦¥ ¶·µ¢¥¤¥´Ò ´¥±µÉµ·Ò¥
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�¨¸. 5. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ¶·¨¡²¨¦¥´¨ÖÌ £² Ê¡¥·µ¢¸±µ°
É¥µ·¨¨ ¤²Ö ¨§µÉµ¶µ¢ Li (¶µÖ¸´¥´¨Ö ¢ É¥±¸É¥)

³¥Éµ¤¨Î¥¸±¨¥ · ¸Î¥ÉÒ. �µ± § ´µ, ÎÉµ ¶·¨ Ê³¥´ÓÏ¥´¨¨ σ̄NN ´  20% ¸¥Î¥´¨¥
·¥ ±Í¨¨ σR Ê³¥´ÓÏ ¥É¸Ö ´  7%,   Ê³¥´ÓÏ¥´¨¥ · ¤¨Ê¸  ¢§ ¨³µ¤¥°¸É¢¨Ö ´ 
20% ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ σR ¢¸¥£µ ´  2,5%. „²Ö ¶µ¸É·µ¥´¨Ö ¶²µÉ´µ¸É¨
11Li ¨¸¶µ²Ó§µ¢ ²¸Ö ³¥Éµ¤ • ·É·¨ Å ”µ±  ¸µ ¢§ ¨³µ¤¥°¸É¢¨¥³ SGII [76], ¶·¨
ÔÉµ³ ¢¢µ¤¨²¸Ö ±µÔËË¨Í¨¥´É ¶¥·¥´µ·³¨·µ¢±¨ ¤²Ö µ¤´µÎ ¸É¨Î´µ£µ ¶µÉ¥´Í¨ ² 
SGII, § ¢¨¸ÖÐ¨° µÉ µ·¡¨É ²¨. �ÉµÉ Ë ±Éµ· ¢Ò¡¨· ²¸Ö É ±¨³, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ
Ô±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ µÉ¤¥²¥´¨Ö ´¥°É·µ´ . ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö
11Li ¡Ò²µ ¶µ²ÊÎ¥´µ Rrms = 2, 846 Ë³, ÎÉµ ´  8% ³¥´ÓÏ¥, Î¥³ ¢ · ¡µÉ¥ [11].

Š² ¸É¥·´Ò° ¶µ¤Ìµ¤ ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¶·¨³¥´Ö²¸Ö ¢ [57]
±  ´ ²¨§Ê σR ¤²Ö 11Li ¶·¨ Ô´¥·£¨¨ 800 ŒÔ‚/´Ê±²µ´. ‘Ì¥³   ´ ²¨§  É ± Ö
¦¥, ± ± ¨ ¤²Ö Ö¤·  6He (¸³. ¶·¥¤Ò¤ÊÐ¨° · §¤¥²). �¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ´ 
·¨¸.6. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ, ± ± ¨ ¢ ¸²ÊÎ ¥ 6He, ¶·µ¨¸Ìµ¤¨É ¸ÊÐ¥¸É¢¥´´µ¥
Ê¢¥²¨Î¥´¨¥ Rrms(11Li) ¶·¨ ÊÎ¥É¥ ±µ··¥²ÖÍ¨° ´Ê±²µ´µ¢ ±² ¸É¥·µ¢, ¸µ¸É ¢²Ö-
ÕÐ¨Ì 11Li. �µ¢µ¥ §´ Î¥´¨¥ ¸·Ê¤´¥±¢ ¤· É¨Î´µ£µ · ¤¨Ê¸  ¶µ²ÊÎ¨²µ¸Ó · ¢´Ò³
Rrms = (3, 53 ± 0, 10) Ë³, ÎÉµ ´  14% ¡µ²ÓÏ¥ ¶·¥¤Ò¤ÊÐ¥£µ §´ Î¥´¨Ö, ¶µ-
²ÊÎ¥´´µ£µ ¢ · ¡µÉ¥ [57]. „·Ê£µ° ·¥§Ê²ÓÉ É [57] ¢ÒÉ¥± ¥É ¨§  ´ ²¨§  ¢²¨Ö´¨Ö
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�¨¸. 6. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸.2, ¤²Ö 11Li

�¨¸. 7. �±¸¶¥·¨³¥´É ²Ó´Ò¥ (ÉµÎ±¨) ¨ ¢ÒÎ¨¸²¥´´Ò¥ ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨
¶µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR ¤²Ö 11Li, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸ 12C

¢Ò¡µ·  ¸¥Î¥´¨Ö σNN ´  · ¸Î¥É σR. �  ·¨¸.7 ¶·¥¤¸É ¢²¥´Ò ¤¢  · ¸Î¥É  σR ¤²Ö
¸¨¸É¥³Ò 11Li+12C ¢³¥¸É¥ ¸ ¤¢Ê³Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ÉµÎ± ³¨. ‘¶²µÏ´ Ö
²¨´¨Ö ¸µµÉ¢¥É¸É¢Ê¥É · ¸Î¥ÉÊ ¸ σNN , ¢§ÖÉÒ³¨ ¨§ [52],   ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö Å
σNN ¨§ ¸¨¸É¥³ É¨±¨ ¢ [55]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ± ¸µ¦ ²¥´¨Õ, ¸Ê-
Ð¥¸É¢ÊÕÉ Éµ²Ó±µ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° Ô´¥·£¨¨, ¨ ¤²Ö ÔÉ¨Ì ¤¢ÊÌ §´ Î¥´¨° É¥µ-
·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶µÎÉ¨ ¸µ¢¶ ¤ ÕÉ ³¥¦¤Ê ¸µ¡µ°. „¢  ¢ ·¨ ´É  · ¸Î¥É 
¤ ÕÉ ¡²¨§±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨ Ô´¥·£¨¨ ¡µ²ÓÏ¥ 300 ŒÔ‚/´Ê±²µ´,   ¶·¨ ¶·µ³¥-
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¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ (∼100 ŒÔ‚/´Ê±²µ´) · ¸Ìµ¦¤¥´¨Ö ¤µÌµ¤ÖÉ ¤µ 8%. �´ ²¨§
σR ¶·¨ Ô´¥·£¨ÖÌ ³¥´ÓÏ¨Ì 100 ŒÔ‚/´Ê±²µ´ Í¥²¥¸µµ¡· §´µ Ê¦¥ ¶·µ¢µ¤¨ÉÓ ¸
¶µ³µÐÓÕ µ¶É¨±µ-³µ¤¥²Ó´ÒÌ · ¸Î¥Éµ¢. ‚ ¸¢Ö§¨ ¸ ±² ¸É¥·´Ò³ ¶µ¤Ìµ¤µ³ µÉ³¥-
É¨³, ÎÉµ ¥Ð¥ ¢ · ¡µÉ¥ [77] ¡Ò²µ ¶µ± § ´µ ¢ ±² ¸É¥·´µ° ³µ¤¥²¨, ÎÉµ · ¸Î¥ÉÒ
¢ µ¶É¨Î¥¸±µ³ ¶·¥¤¥²¥ £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨ § ¢ÒÏ ÕÉ σR, ¨ ÔÉµ § ¢ÒÏ¥´¨¥
É¥³ ¡µ²ÓÏ¥, Î¥³ ³¥´ÓÏ¥ Ô´¥·£¨Ö Î ¸É¨ÍÒ-¸´ ·Ö¤ .

‚ · ¡µÉ Ì [39,78] ¡Ò² · §¢¨É ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨° ¶µ¤Ìµ¤ ¸ ËÊ´±Í¨µ-
´ ²µ³ (�Œ�”) ¶²µÉ´µ¸É¨ ± µ¶¨¸ ´¨Õ ¢§ ¨³µ¤¥°¸É¢¨Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì
Ö¤¥· ¸µ ¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨, µ¸´µ¢´Ò³¨ ¶µ²µ¦¥´¨Ö³¨ ±µÉµ·µ£µ Ö¢²ÖÕÉ¸Ö
¸²¥¤ÊÕÐ¨¥: 1) ´¥°É·µ´´Ò¥ ¨ ¶·µÉµ´´Ò¥ ¶²µÉ´µ¸É¨ ¤²Ö ¢¸¥Ì Ö¤¥·Å ± ± ¤²Ö
Î ¸É¨Í-¸´ ·Ö¤µ¢, É ± ¨ ¤²Ö Ö¤¥·-³¨Ï¥´¥°Å ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸ ¥¤¨´Ò³ ´ ¡µ·µ³
Ë¨±¸¨·µ¢ ´´ÒÌ ¶ · ³¥É·µ¢ ¢ · ³± Ì ³¥Éµ¤  ËÊ´±Í¨µ´ ²  ¶²µÉ´µ¸É¨ [31],
¶·¨ ÔÉµ³ ¢ ¸Ì¥³Ê · ¸Î¥É  ´¥ ¢´µ¸ÖÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê¸²µ¢¨Ö É¨¶  ´¥µ¡Ìµ¤¨-
³µ¸É¨ ¢µ¸¶·µ¨§¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Ô´¥·£¨° µÉ¤¥²¥´¨Ö ´Ê-
±²µ´µ¢; 2) ¶·¨ ´¨§±¨Ì ¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ (E/A < 100 ŒÔ‚/´Ê±²µ´)
¶µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¢ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ° µ¶É¨-
Î¥¸±µ° ³µ¤¥²¨ ´  µ¸´µ¢¥ ¶µÉ¥´Í¨ ²µ¢ ¤¢µ°´µ° ¸¢¥·É±¨ ¸ Ö¢´Ò³ ÊÎ¥Éµ³ ÔË-
Ë¥±Éµ¢ µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´  ¤²Ö ·¥ ²Ó´µ° Î ¸É¨ ��,   ³´¨³ Ö Î ¸ÉÓ ¶·¨
ÔÉµ³ Ëµ·³¨·Ê¥É¸Ö ¨§ ¢¥Ð¥¸É¢¥´´µ° ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° (14); 3) ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ (E/A > 100 ŒÔ‚/´Ê±²µ´) σR · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ¢ µ¶É¨Î¥-
¸±µ³ ¶·¥¤¥²¥ £² Ê¡¥·µ¢¸±µ° É¥µ·¨¨. ‚ · ¡µÉ¥ [79] ÔÉµÉ ¶µ¤Ìµ¤ ¡Ò² ¶·¨³¥´¥´
±  ´ ²¨§Ê ¶µÉ¥´Í¨ ²µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ ¨§µÉµ¶µ¢ Li ¸µ
¸É ¡¨²Ó´Ò³¨ Ö¤· ³¨. ‚ [39,80] ¢ · ³± Ì �Œ�” ¡Ò²µ ¶µ²ÊÎ¥´µ · §Ê³´µ¥ µ¶¨-
¸ ´¨¥ ±¢ §¨Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ
Ô´¥·£¨ÖÌ. �´ ²¨§ · ¸¸¥Ö´¨Ö ¨§µ¡ · ´  Ö¤·¥-³¨Ï¥´¨ ¸ N 6= Z ¶·¨¢¥¤¥´ ¢ [81].
‚ [82,83] �Œ�” ¶·¨³¥´Ö²¸Ö ±  ´ ²¨§Ê Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ σR,   ¢
[84] Å ± µ¶¨¸ ´¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ σI ¤²Ö Ö¤¥·-¨§µ¡ · ¸ A = 20 ¶·¨
Ô´¥·£¨¨ 950 ŒÔ‚/´Ê±²µ´. — ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ ¨§ Ê± § ´´ÒÌ · ¡µÉ ¡Ê¤¥É ¶·¥¤-
¸É ¢²¥´  ¢ ÔÉµ³ ¨ ¶µ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì.

‚ É ¡².4 ¶·¥¤¸É ¢²¥´Ò σR, ¢ÒÎ¨¸²¥´´Ò¥ ¢ �Œ�” ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ
[84]. ‚¨¤´µ ¤µ¸É ÉµÎ´µ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³. �  ·¨¸.8
¨§µ¡· ¦¥´Ò · ¸Î¥É´Ò¥ (²¨´¨¨) ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ (ÉµÎ±¨) §´ Î¥´¨Ö σR
¤²Ö ¸¨¸É¥³Ò 11Li+12C. � ¸Î¥ÉÒ ¶·µ¢¥¤¥´Ò ¢ �Œ�” ´  µ¸´µ¢¥ ¶µÉ¥´Í¨ ²µ¢
¤¢µ°´µ° ¸¢¥·É±¨ [82]. Š ± µÉ³¥Î ²µ¸Ó ¢ ¶¥·¢µ° Î ¸É¨ µ¡§µ· , ¶·¨ ¨¸¶µ²Ó§µ-
¢ ´¨¨ �Œ ¢µ§´¨± ¥É ¶·µ¨§¢µ², ¸¢Ö§ ´´Ò° ¸ ¢Ò¡µ·µ³ ¶ · ³¥É·µ¢ ¶µÉ¥´Í¨ ² 
¶µ£²µÐ¥´¨Ö. �ÉµÉ ¶·µ¨§¢µ² ³µ¦¥É ¡ÒÉÓ Ê¸É· ´¥´, ¥¸²¨ ¨³¥ÕÉ¸Ö ¤²Ö µ¤´µ° ¨
Éµ° ¦¥ Ô´¥·£¨¨ ¨§³¥·¥´´Ò¥ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö (±¢ §¨)Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
¨ ¶µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨° σR. Š ¸µ¦ ²¥´¨Õ, ¤²Ö 11Li+12C Ê£²µ¢Ò¥ · ¸¶·¥¤¥-
²¥´¨Ö ¨§³¥·¥´Ò Éµ²Ó±µ ¶·¨ Ô´¥·£¨¨ 60 ŒÔ‚/´Ê±²µ´ [38],   σR Å ¶·¨ ¤·Ê£¨Ì
Ô´¥·£¨ÖÌ. Š·¨¢Ò¥ σR(E) ´  ·¨¸.8 · ¸¸Î¨É ´Ò ¤²Ö É·¥Ì ´ ¡µ·µ¢ ¶ · ³¥É·µ¢
¶µ£²µÐ¥´¨Ö, ¶·¨ ÔÉµ³ Nw = 0, 3,   §´ Î¥´¨Ö αw ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸Ê´±¥.
’µÎ±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ ¨§ [15,85]. Œµ¦´µ ¢¨¤¥ÉÓ
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’ ¡²¨Í  4. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR, ¢ÒÎ¨¸²¥´´Ò¥ ¢ £² Ê¡¥·µ¢¸±µ³
¶·¨¡²¨¦¥´¨¨ ¸ ¶²µÉ´µ¸ÉÖ³¨ ³¥Éµ¤  ËÊ´±Í¨µ´ ²  ¶²µÉ´µ¸É¨

‘¨¸É¥³  E/A, ŒÔ‚/´Ê±²µ´ σR (É¥µ·.), ³¡ σI (Ô±¸¶.), ³¡

8B+12C 800 838 798±6 [20]
11Li+12C 400 959 989±21 [11]
11Li+12C 800 1050 1056±14 [11]

�¨¸. 8. �±¸¶¥·¨³¥´É ²Ó´Ò¥ (ÉµÎ±¨) ¨ ¢ÒÎ¨¸²¥´´Ò¥ ¢ ³µ¤¥²¨ ¤¢µ°´µ° ¸¢¥·É±¨ ¶µ²´Ò¥
¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR ¤²Ö 11Li, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸ 12C, α = 0, 02 (Å), 0,035 (Ä Ä Ä),
0,05 ( - - - -)

¸¨²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ σR µÉ Ô´¥·£¨¨, ¶·¨ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¶·µ¨¸Ìµ¤¨É
¸¶ ¤ σR (´  ·¨¸Ê´±¥ µ´ ´¥ ¨§µ¡· ¦¥´). �µ²ÊÎ¥´µ Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨ · §Ê³´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·µ¢ ¶µ£²µÐ¥´¨Ö.

‚ ¸Ì¥³Ê · ¸Î¥Éµ¢ ¢ �Œ�” ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ± ± µ¶É¨Î¥¸±µ£µ ¶·¥¤¥² 
£² Ê¡¥·µ¢¸±µ° É¥µ·¨¨, É ± ¨ ³µ¤¥²¨ ¤¢µ°´µ° ¸¢¥·É±¨ ¢Ìµ¤ÖÉ µÉ¤¥²Ó´µ ´¥°-
É·µ´´Ò¥ ¨ ¶·µÉµ´´Ò¥ ¶²µÉ´µ¸É¨. ‚¸¥ · ¸Î¥ÉÒ ¤²Ö 11Li ¶·µ¢µ¤¨²¨¸Ó ¸ ¶²µÉ-
´µ¸ÉÖ³¨, ¶µ¸É·µ¥´´Ò³¨ ³¥Éµ¤µ³ ËÊ´±Í¨µ´ ²  ¶²µÉ´µ¸É¨, ¸µ ¸·¥¤´¥±¢ ¤· -
É¨Î´Ò³¨ · ¤¨Ê¸ ³¨ Rrms(n) = 3, 255 Ë³, Rrms(p) = 2, 235 Ë³ ¨ Rrms(m) =
= 3, 011 Ë³ [39]. �ÉµÉ ·¥§Ê²ÓÉ É ¤²Ö Rrms(m) ¢¸¥£µ ´  3% µÉ²¨Î ¥É¸Ö µÉ Éµ£µ,
ÎÉµ ¶µ²ÊÎ¥´ ¤²Ö 11Li [11] ¶·¨  ´ ²¨§¥ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì Ô±¸¶¥·¨³¥´Éµ¢.
ˆ§ ¶·¨¢¥¤¥´´ÒÌ §´ Î¥´¨° · ¤¨Ê¸µ¢ ¸²¥¤Ê¥É, ÎÉµ ¢ �Œ�” ∆rnp = Rrms(n)−
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−Rrms(p) = 1, 20 Ë³. ’ ±¨³ µ¡· §µ³,  ´ ²¨§, ¶·µ¢¥¤¥´´Ò° ¢ �Œ�”, ¶µ¤-
É¢¥·¦¤ ¥É £¨¶µÉ¥§Ê µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢ 11Li ´¥°É·µ´´µ£µ £ ²µ.

‚ · ¡µÉ Ì [35,40,41] É ±¦¥ ¶·¨³¥´Ö²¨¸Ó ¶µÉ¥´Í¨ ²Ò ¤¢µ°´µ° ¸¢¥·É±¨
¶·¨ · ¸Î¥É¥ σR ¤²Ö 11Li. � ¸Î¥É ¤²Ö ¸¨¸É¥³Ò 11Li+28Si ¶·¨ Ô´¥·£¨¨
29 ŒÔ‚/´Ê±²µ´ ¸ ¶ · ³¥É· ³¨ ¶µÉ¥´Í¨ ² , ¨§¢²¥Î¥´´Ò³¨ ¨§ µ¶¨¸ ´¨Ö Ê¶·Ê-
£µ£µ · ¸¸¥Ö´¨Ö, ´¥ ¶·¨¢¥² ± ¸µ£² ¸¨Õ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨
Ô´¥·£¨¨ 25,5 ŒÔ‚/´Ê±²µ´ ¨§ [13]. �¤´µ¢·¥³¥´´Ò°  ´ ²¨§ Ê£²µ¢ÒÌ · ¸¶·¥¤¥-
²¥´¨° ¨ σR ¶·µ¢µ¤¨²¸Ö ¤²Ö ¸¨¸É¥³Ò 11Li+12C ¶·¨ Ô´¥·£¨¨ 60 ŒÔ‚/´Ê±²µ´ ¢
· ¡µÉ¥ [40]. ‡´ Î¥´¨¥ σR = 1473 ³¡, ¡²¨§±µ¥ ± §´ Î¥´¨Õ σR, ´ °¤¥´´µ³Ê
¨§ ¸¨¸É¥³ É¨±¨ [38], ¶µ²ÊÎ¥´µ ¶·¨ Ê¢¥²¨Î¥´¨¨ · ¤¨Ê¸  ¶µÉ¥´Í¨ ²  ¶µ£²µÐ¥-
´¨Ö ´  10% ¨ ¢±²ÕÎ¥´¨¨ ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¤µ¡ ¢µ± ´  Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³
Ê·µ¢´¥ ¢ ¢¥Ð¥¸É¢¥´´ÊÕ ¨ ³´¨³ÊÕ Î ¸É¨ ��. ‚ [40] ¶·¨¢µ¤¨É¸Ö É ±¦¥ ¸· ¢-
´¥´¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¤²Ö σR ¶·¨ ¤¢ÊÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨: 75 ¨
87 ŒÔ‚/´Ê±²µ´. �¤´ ±µ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ±¢ §¨Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 11Li
´  12C ¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ ¶µ±  ´¥ ¨§³¥·¥´Ò. …Ð¥ µ¤¨´ ¸µ¢³¥¸É´Ò°  ´ -
²¨§ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨ σR ¤²Ö ¸¨¸É¥³Ò 11Li+12C ¶·µ¢¥¤¥´ ¢ · ¡µÉ¥
[41]. ‚  ´ ²¨§¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶µÉ¥´Í¨ ²Ò ¤¢µ°´µ° ¸¢¥·É±¨, ¶µ¸É·µ¥´´Ò¥
¸ JLM-¢§ ¨³µ¤¥°¸É¢¨¥³ [50]. ‚±²ÕÎ¥´¨¥ ¢ ¸Ì¥³Ê · ¸Î¥É  ¶¥·¥´µ·³¨·µ¢ ´-
´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ λR ¨ λI ¤²Ö ·¥ ²Ó´µ° ¨ ³´¨³µ° Î ¸É¥° �� ¶µ§¢µ²¨²µ
µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ´  ¶·¥¦´¥³ Ê·µ¢´¥ [38Å40]. � ¸Î¥ÉÒ,
¶·µ¢¥¤¥´´Ò¥ ¢ Éµ° ¦¥ · ¡µÉ¥ [41] ¢ £² Ê¡¥·µ¢¸±¨Ì ¶·¨¡²¨¦¥´¨ÖÌ, ¤ ²¨ §´ -
Î¥´¨Ö σR, ²¥¦ Ð¨¥ ´¨¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± ¨ §´ Î¥´¨°, ¶µ²ÊÎ¥´´ÒÌ
¢ ³µ¤¥²¨ ¸¢¥·É±¨.

2.3. ˆ§µÉµ¶Ò ‚¥ ¨ ‚. –¥¶µÎ±¨ ¨§µÉµ¶µ¢ ‚¥ ¨ ‚ ¸·¥¤¨ ²¥£±¨Ì Ö¤¥·
¢Ò¤¥²ÖÕÉ¸Ö É¥³, ÎÉµ ´  ¨Ì ±µ´Í Ì · ¸¶µ²µ¦¥´Ò Ö¤·  ¸ ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨
¸¢µ°¸É¢ ³¨ ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶·¥¤¥²¥´¨Õ ¶·µÉµ´µ¢ ¨ ´¥°É·µ´µ¢: ¤²Ö ¨§µ-
Éµ¶µ¢ ‚¥ Å ÔÉµ 7Be ¸ Rrms(p) > Rrms(n) ¨ 11Be ¨ 14Be ¸ Ö·±µ ¢Ò· ¦¥´´Ò³¨
¸¢µ°¸É¢ ³¨ ´¥°É·µ´´µ£µ £ ²µ, ¤²Ö ¨§µÉµ¶µ¢ ‚ Å ÔÉµ 8B, ±µÉµ·Ò° Ö¢²Ö¥É¸Ö
¶¥·¢Ò³ ± ´¤¨¤ Éµ³ ¢ Ö¤·  ¸ ¶·µÉµ´´Ò³ £ ²µ,   É ±¦¥ Ö¤·  15B, 17B ¨ 19B ¸
¶·¨§´ ± ³¨ ´¥°É·µ´´µ£µ £ ²µ.

�¥·¢Ò¥ ¨§³¥·¥´¨Ö ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö ¨§µÉµ¶µ¢ ‚¥ ¨ ‚ ¶·µ-
¢¥¤¥´Ò ¶·¨ Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±²µ´ ¢ · ¡µÉ Ì [9,10]. �¥§Ê²ÓÉ ÉÒ  ´ ²¨§ 
¶·¨¢¥¤¥´Ò ¢ É ¡².1 ¨ µ¡¸Ê¦¤ ²¨¸Ó ¢ ¶.2.1 ´ ¸ÉµÖÐ¥£µ µ¡§µ· . ‚ · ¡µÉ¥ [86]
¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸¥Î¥´¨Ö σR ¶·¨ Ô´¥·£¨¨ 33 ŒÔ‚/´Ê±²µ´ ¤²Ö 11Be, ¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¥£µ ¸ ³¨Ï¥´Ö³¨ 12C ¨ 27Al. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤ ´´Ò¥ ¢³¥¸É¥ ¸
·¥§Ê²ÓÉ É ³¨ ¨Ì  ´ ²¨§ ,   É ±¦¥ ¤ ´´Ò¥ [10] ¶·¨ Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±²µ´
¶·¨¢¥¤¥´Ò ¢ É ¡².5. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ £² Ê¡¥·µ¢¸±¨¥ · ¸Î¥ÉÒ Ìµ·µÏµ ¢µ¸-
¶·µ¨§¢µ¤ÖÉ σR ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¨ σI ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, ¢ Éµ ¢·¥³Ö
± ± ¶ · ³¥É·¨§ Í¨Ö ŠµÌ  ¶·¨¢µ¤¨É ± § ´¨¦¥´¨Õ ¸¥Î¥´¨° ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸-
¶¥·¨³¥´Éµ³. �´ ²¨§ · ¸¶·¥¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¢ 11Be ¶·¨¢µ¤¨É  ¢Éµ·µ¢ [86] ±
¢Ò¢µ¤Ê µ Éµ³, ÎÉµ Ö¤·µ 11Be, ¶µ¤µ¡´µ Ö¤·Ê 11Li, ¨³¥¥É ´¥°É·µ´´µ¥ £ ²µ. ‚ · -
¡µÉ¥ [10] ¢ ¤¢ÊÌ ¢ ·¨ ´É Ì ¤²Ö 11Be ¡Ò²µ ¶µ²ÊÎ¥´µ Rrms = (2, 71±0, 05) Ë³ ¨
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’ ¡²¨Í  5. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR (¡) ¨ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö σI (¡) ¤²Ö
11Be, Ô±¸¶¥·¨³¥´É ¨ É¥µ·¨Ö

‘¨¸É¥³  E/A = 33 ŒÔ‚/´Ê±²µ´ E/A = 790 ŒÔ‚/´Ê±²µ´

�±¸¶. ƒ² Ê¡¥· ŠµÌ �±¸¶. ƒ² Ê¡¥· ŠµÌ

11Be+12C 1,56±0,03 1,60 1,30 0,942±0,008 1,02 0,839
11Be+27Al 2,27±0,05 2,25 1,76 1,38 ±0,03 1,46 1,227

’ ¡²¨Í  6. ‘¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö σI (³¡), ¨§³¥·¥´´Ò¥ ¤²Ö 15B

Ÿ¤·µ-³¨Ï¥´Ó E/A, ŒÔ‚/´Ê±²µ´ σI , ³¡

Be 770 931±17

C 760 1000±20

C 740 965±15

Al 760 1384±30

(2, 52±0, 03) Ë³, ¢  ´ ²¨§¥ · ¡µÉÒ [53] Å 2,772 ¨ 2,722 Ë³. � ¸Î¥É ¢ · ³± Ì
�Œ�” ¤²Ö 11Be ¤ ² §´ Î¥´¨¥ Rrms = 2, 517 Ë³, ¶·¨ ÔÉµ³ ∆rnp = 0, 411 Ë³
[81]. � ±µ´¥Í, ¶·¨ ¶¥·¥¸³µÉ·¥ ¢¥²¨Î¨´ Rrms ¢ ¸¢Ö§¨ ¸ ÊÎ¥Éµ³ ±µ··¥²Ö-
Í¨° ´Ê±²µ´µ¢ ±² ¸É¥·µ¢ ¡Ò²µ ¶µ²ÊÎ¥´µ ¡�o²ÓÏ¥¥ §´ Î¥´¨¥: Rrms(11Be) =
(2, 90± 0, 05) Ë³ [57].

‚ · ¡µÉ¥ [13] ¶·µ¢¥¤¥´Ò ¨§³¥·¥´¨Ö σR ¤²Ö ¡µ²ÓÏµ° £·Ê¶¶Ò Ö¤¥·, ¢ Éµ³
Î¨¸²¥ ¨§µÉµ¶µ¢ ‚, ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ. „²Ö 15B ¢ ³µ¤¥²¨ ¸¨²Ó´µ£µ
¶µ£²µÐ¥´¨Ö ¶µ²ÊÎ¥´µ r0=1,284 Ë³, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥ ¸É ´¤ ·É´µ£µ
r0=1,1 Ë³. �µ²ÓÏ Ö £·Ê¶¶  ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·, ¢±²ÕÎ Ö ´µ¢Ò¥ §¥·± ²Ó-
´Ò¥ ¶ ·Ò 9CÅ9Li, 10CÅ10Be, 13OÅ13B, ¨¸¸²¥¤µ¢ ²¨¸Ó ¢ [19]. ‚ Î ¸É´µ¸É¨,
¨§³¥·¥´Ò ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö σI ¶·¨ Ô´¥·£¨¨, ¡�o²ÓÏ¥° 730 ŒÔ‚/´Ê±²µ´
¤²Ö 15B. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¢ É ¡².6. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ
¸¥Î¥´¨Ö σI · ¸ÉÊÉ ¸ ·µ¸Éµ³ ³ ¸¸µ¢µ£µ Î¨¸²  Ö¤· -³¨Ï¥´¨ ¨ ´¥¸±µ²Ó±µ Ê¢¥²¨-
Î¨¢ ÕÉ¸Ö ¤²Ö ³¨Ï¥´¨ 12C ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨. �´ ²¨§ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
£² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¶·¨¢¥²  ¢Éµ·µ¢ [19] ± ¢Ò¢µ¤Ê µ Éµ³, ÎÉµ Ö¤·µ
15B Ö¢²Ö¥É¸Ö ± ´¤¨¤ Éµ³ ¢ Ö¤·  ¸ ´¥°É·µ´´Ò³ £ ²µ. �¥¤ ¢´µ ¶·µ¢¥¤¥´Ò ¨§³¥-
·¥´¨Ö σI ¶·¨ Ô´¥·£¨¨ 740 ŒÔ‚/´Ê±²µ´ ¤²Ö 14Be, 17,19B, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
¸ ³¨Ï¥´ÓÕ 12‘ [87]. �´ ²¨§ ¶·µ¢µ¤¨²¸Ö ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨. �¢-
Éµ·Ò ¶µ¤É¢¥·¦¤ ÕÉ ¢Ò¢µ¤ µ Éµ³, ÎÉµ · ¤¨Ê¸Ò Ö¤¥· É¥³ ¡µ²ÓÏ¥, Î¥³ ³¥´ÓÏ¥
Ô´¥·£¨Ö µÉ¤¥²¥´¨Ö ´Ê±²µ´µ¢. „¥² ¥É¸Ö É ±¦¥ ¢Ò¢µ¤ µ Ëµ·³¨·µ¢ ´¨¨ ´¥°É·µ´-
´µ° ªÏÊ¡Òª ¢ 17,19B ¨ µ¡¸Ê¦¤ ¥É¸Ö ¸É·Ê±ÉÊ·  ¢µ§³µ¦´µ£µ ´¥°É·µ´´µ£µ £ ²µ
¢ 14B¥ ¨ 19B.

� ¸Î¥ÉÒ ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¸ ´Ê²¥¢Ò³ ¨ ±µ´¥Î´Ò³ · ¤¨Ê¸ ³¨
¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µ¢¥¤¥´Ò ¤²Ö ¨§µÉµ¶µ¢ ‚¥ ¶·¨ Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±²µ´ ¢
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’ ¡²¨Í  7. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR (³¡) ¤²Ö 7Be ¨ 8B, ¢ÒÎ¨¸²¥´´Ò¥ ¢ · §²¨Î-
´ÒÌ ¶µ¤Ìµ¤ Ì

7Be+12C 8B+12C

JLMa 1026 1104

Koxb 1037 1186

Koxc 1062 1179

ƒ² Ê¡¥·d 1034 1111

ƒ² Ê¡¥·e 1080 1130

�±¸¶.f 738±9 784±14

aŒµ¤¥²Ó ¸¢¥·É±¨ ¸ JLM-¢§ ¨³µ¤¥°¸É¢¨¥³ ¨ µ¡µ²µÎ¥Î´Ò³¨ ¶²µÉ´µ¸ÉÖ³¨.
b� · ³¥É·¨§ Í¨Ö ŠµÌ  ¸ ³µ¤¨Ë¨± Í¨¥° ¨§ [36].
c� · ³¥É·¨§ Í¨Ö ŠµÌ  ¸ µ¡µ²µÎ¥Î´Ò³¨ · ¤¨Ê¸ ³¨.
dƒ² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ ¸ ¶²µÉ´µ¸ÉÖ³¨ ³¥Éµ¤  • ·É·¨ Å ”µ± .
eƒ² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ ¸ µ¡µ²µÎ¥Î´Ò³¨ ¶²µÉ´µ¸ÉÖ³¨.
f [10].

[53]. Š ± ¨ ¢ ¸²ÊÎ ¥ ¨§µÉµ¶µ¢ Li (¸³. ·¨¸.5), ¤²Ö ¡µ²¥¥ ²¥£±¨Ì ¨§µÉµ¶µ¢
(10,11,12B¥) ¶·¨¡²¨¦¥´¨¥ ¸ ´Ê²¥¢Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ²ÊÎÏ¥ ¢µ¸¶·µ-
¨§¢µ¤¨É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö σI , ¢ Éµ ¢·¥³Ö ± ± ¤²Ö 14B¥ ²ÊÎÏ¥
· ¡µÉ ¥É ¶·¨¡²¨¦¥´¨¥ ¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ · ¡µÉ¥ [36]
¡Ò²¨ ¨§³¥·¥´Ò Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 12Be ¨ 14B¥ ´  12‘
¶·¨ Ô´¥·£¨¨ 56 ŒÔ‚/´Ê±²µ´, ¨ ¶·¨  ´ ²¨§¥ ÔÉ¨Ì ¤ ´´ÒÌ ¡Ò²¨ · ¸¸Î¨É ´Ò σR
¢ · ³± Ì ³ ±·µ¸±µ¶¨Î¥¸±µ° �Œ. „²Ö 12Be ¨ 14B¥, ¸µµÉ¢¥É¸É¢¥´´µ, ¶µ²ÊÎ¥´µ
1238 ¨ 1900 ³¡. �É¨ ·¥§Ê²ÓÉ ÉÒ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´É  ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. ‘ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¨¥ §´ Î¥´¨Ö, ¸µµÉ¢¥É¸É¢¥´´µ, 911 ¨
1123 ³¡, ¶µ²ÊÎ¥´Ò ¶·¨ ¶¥·¥¸³µÉ·¥ µ¶É¨±µ-³µ¤¥²Ó´µ£µ  ´ ²¨§  ÔÉ¨Ì ¤ ´´ÒÌ
¢ · ¡µÉ¥ [37]. ‡ ¢¥·Ï Ö µ¡§µ· ¸¨ÉÊ Í¨¨ ¸ ¡µ²¥¥ ³ ¸¸¨¢´Ò³¨ ¨§µÉµ¶ ³¨ ‚¥,
µÉ³¥É¨³, ÎÉµ ¢ · ¡µÉ¥ [16] ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ σR ¤²Ö
10Be ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ (¸³. ·¨¸.4) ¢ £² Ê¡¥·µ¢¸±¨Ì · ¸Î¥É Ì, ¢ Éµ
¢·¥³Ö ± ± ³µ¤¥²Ó ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö § ´¨¦ ¥É §´ Î¥´¨Ö σR ¶µ ¸· ¢´¥´¨Õ
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨.

�µ²ÓÏµ¥ Î¨¸²µ · ¡µÉ ¶µ¸¢ÖÐ¥´µ ²¥£Î °Ï¨³ ¨§µÉµ¶ ³ ‚¥ ¨ ‚,   ¨³¥´´µ
Ö¤· ³ 7Be ¨ 8B, ¸ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö · §³¥·µ¢ ¨Ì ¶·µÉµ´´µ° ÏÊ¡Ò,   É ±¦¥
¨¸¸²¥¤µ¢ ´¨Ö ¤·Ê£¨Ì ¸¢µ°¸É¢. �¥·¢Ò¥ ¨§³¥·¥´¨Ö σI ¤²Ö 7Be ¨ 8B ¶·¨ ¢Ò-
¸µ±¨Ì Ô´¥·£¨ÖÌ, ± ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¶·µ¢¥¤¥´Ò ¢ · ¡µÉ Ì [9,10]. ‚ ·¥-
§Ê²ÓÉ É¥  ´ ²¨§  ¤²Ö 8B ¶µ²ÊÎ¥´µ Rrms = (2, 39 ± 0, 04) Ë³. ‚ · ¡µÉ¥ [12]
¨§³¥·¥´ Ô²¥±É·¨Î¥¸±¨° ±¢ ¤·Ê¶µ²Ó´Ò° ³µ³¥´É 8B, ±µÉµ·Ò° µ± § ²¸Ö ¸ÊÐ¥-
¸É¢¥´´µ ¡µ²ÓÏ¥ ¶·¥¤¸± §Ò¢ ¥³µ£µ µ¡µ²µÎ¥Î´Ò³¨ · ¸Î¥É ³¨. ‚ ÔÉµ° ¸¢Ö§¨
¢µ§´¨±²µ ÊÉ¢¥·¦¤¥´¨¥ µ Ö¤·¥ 8B ± ± µ ¶¥·¢µ³ ± ´¤¨¤ É¥ ¢ Ö¤·  ¸ ¶·µÉµ´´Ò³
£ ²µ.
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�¨¸. 9. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ σR ¤²Ö ¸¨¸É¥³Ò
8B +28 Si: α = 0, 03 (Å), 0,06 (Ä Ä Ä), 0,09 (- - -); (•) Å Ô±¸¶¥·¨³¥´É

‚ · ¡µÉ¥ [88] ¡Ò²¨ ¨§³¥·¥´Ò Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ±¢ §¨Ê¶·Ê£µ£µ · ¸-
¸¥Ö´¨Ö 7Be ¨ 8B ¶·¨ Ô´¥·£¨¨ 40 ŒÔ‚/´Ê±²µ´ ´  ³¨Ï¥´¨ 12C. ‚ ¸¢Ö§¨ ¸ ¶µ-
²Ê³¨±·µ¸±µ¶¨Î¥¸±¨³  ´ ²¨§µ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ¸É·µ¥´Ò ¶²µÉ-
´µ¸É¨ ¢ ³¥Éµ¤¥ •”, ¨ ¤²Ö 7Be ¨ 8B, ¸µµÉ¢¥É¸É¢¥´´µ, ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥
§´ Î¥´¨Ö Rrms(m): 0,075 ¨ 2,207 Ë³ [88]. ‡´ Î¥´¨Ö σR, · ¸¸Î¨É ´´Ò¥ ¢
· §²¨Î´ÒÌ ¢ ·¨ ´É Ì ¶·¨ Ô´¥·£¨¨ 40 ŒÔ‚/´Ê±²µ´ [88], ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡².7. ‚¨¤´µ, ÎÉµ
É¥µ·¥É¨Î¥¸±¨¥ ¸¥Î¥´¨Ö σR ¡²¨§±¨ ¤·Ê£ ± ¤·Ê£Ê ¨ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ÕÉ
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ σI ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨. �µ¸²¥¤´¥¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ µÉ-
· ¦ ¥É ÉµÉ Ë ±É, ÎÉµ ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¸¥Î¥´¨¥ NN -· ¸¸¥Ö´¨Ö
¡µ²ÓÏ¥, Î¥³ ¶·¨ ¢Ò¸µ±¨Ì.

�´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨§ [88] ¶·µ¢µ¤¨²¸Ö ¢ · ³± Ì �Œ�”
¢ · ¡µÉ¥ [39]. �µ²ÊÎ¥´µ · §Ê³´µ¥ µ¶¨¸ ´¨¥ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¸ ¶²µÉ-
´µ¸ÉÖ³¨ ³¥Éµ¤  ËÊ´±Í¨µ´ ²  ¶²µÉ´µ¸É¨, ¶·¨ ÔÉµ³ · ¸¸Î¨É ´´Ò¥ ¸·¥¤´¥±¢ -
¤· É¨Î´Ò¥ · ¤¨Ê¸Ò ³ É¥·¨¨ Rrms ¤²Ö 7Be ¨ 8B µ± § ²¨¸Ó, ¸µµÉ¢¥É¸É¢¥´´µ,
· ¢´Ò³¨ 2,420 ¨ 2,507 Ë³, É.¥. ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥, Î¥³ ¢ · ¡µÉ¥ [88]. � §-
³¥·Ò ¶·µÉµ´´µ° ÏÊ¡Ò ¢ ÔÉ¨Ì · ¸Î¥É Ì ¶µ²ÊÎ¨²¨¸Ó 0,49 Ë³ ¤²Ö 8B ¨ 0,312 Ë³
¤²Ö 7Be. ‘¥Î¥´¨Ö σR, ¢ÒÎ¨¸²¥´´Ò¥ ¢ [39] ¸ ¶ · ³¥É· ³¨ ¶µ£²µÐ¥´¨Ö, µ¶·¥-
¤¥²¥´´Ò³¨ ¨§ µ¶¨¸ ´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö, µ± § ²¨¸Ó · ¢´Ò³¨ 1102 ³¡ ¤²Ö
7Be ¨ 1201 ³¡ ¤²Ö 8B, ÎÉµ ¤µ¢µ²Ó´µ ¡²¨§±µ ± ·¥§Ê²ÓÉ É ³ ¨§ É ¡².7.

‚ · ¡µÉ¥ [17] ¡Ò²¨ ¨§³¥·¥´Ò σR ¤²Ö Ö¤¥· 8B, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸
³¨Ï¥´ÓÕ 28Si ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 20÷60 ŒÔ‚/´Ê±²µ´. •µ·µÏ¥£µ µ¶¨¸ ´¨Ö
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’ ¡²¨Í  8. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR (¡) ¤²Ö 7Be ¨ 8B, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì
¸ Ö¤·µ³-³¨Ï¥´ÓÕ 12C ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ

7Be 8B

E/A, ŒÔ‚/´Ê±²µ´ σR, ³¡ E/A, ŒÔ‚/´Ê±²µ´ σR, ³¡

38,46±0,56 1491±84 37,96±0,76 1642±75

36,48±0,58 1476±56 35,23±0,82 1698±70

31,80±2,15 1597±56 28,34±3,23 1861±67

23,46±2,76 1603±48 15,28±4,88 1940±97

¤ ´´ÒÌ ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ Ê¤ ²µ¸Ó ¤µ¸É¨ÎÓ ¸ ¶²µÉ´µ¸ÉÖ³¨ ¨§ [12],
¤²Ö ±µÉµ·ÒÌ Rrms(m) = 2, 72 Ë³ ¨ ∆rnp = −0, 78 Ë³, É.¥. ¶·¨ ¥Ð¥ ¡�o²ÓÏ¨Ì
£¥µ³¥É·¨Î¥¸±¨Ì ¶ · ³¥É· Ì, Î¥³ ¶µ²ÊÎ¥´µ ¢ [39]. �  ·¨¸.9 ¶·¥¤¸É ¢²¥´Ò σR,
· ¸¸Î¨É ´´Ò¥ ¢ �Œ�” [82] ¤²Ö ¸¨¸É¥³Ò 8B+28Si, ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨ ¨§ [11]. “£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 8B ´  28Si
¶µ±  ´¥ ¨§³¥·¥´Ò, ¶µÔÉµ³Ê ¢ · ¸Î¥É Ì [82] ¨¸¶µ²Ó§µ¢ ²µ¸Ó ´¥¸±µ²Ó±µ ´ ¡µ·µ¢
¶ · ³¥É·µ¢ ¶µ£²µÐ¥´¨Ö. ‚¨¤´µ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³
¶·¨ · §Ê³´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·µ¢ ¶µÉ¥´Í¨ ²  ¶µ£²µÐ¥´¨Ö.

�µ¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö 7Be ¨ 8B ¶µ²ÊÎ¥´Ò ¢ [18], ¨ ¢
¸¢Ö§¨ ¸ ¨Ì  ´ ²¨§µ³ ¶·¥¤¸É ¢²¥´¨Ö  ¢Éµ·µ¢ · ¡µÉÒ [88] µ · §³¥· Ì ¶·µÉµ´-
´µ° ÏÊ¡Ò ¢ 8B ¶¥·¥¸³µÉ·¥´Ò. ‘¥Î¥´¨Ö σR ´  ³¨Ï¥´¨ 28Si ¡Ò²¨ ¨§³¥·¥´Ò ¢
[18] ¤²Ö 7Be ¨ 8B ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 10÷40 ŒÔ‚/´Ê±²µ´. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥
·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¢ É ¡².8. „²Ö µ¡¥¨Ì Î ¸É¨Í-¸´ ·Ö¤µ¢ σR Ê³¥´ÓÏ ÕÉ¸Ö
¸ ·µ¸Éµ³ Ô´¥·£¨¨, ¶·¨Î¥³ ¤²Ö 8B Ê¤¥²Ó´µ¥ ¨§³¥´¥´¨¥ σR, É.¥. ¨§³¥´¥´¨¥, ¶·¨-
Ìµ¤ÖÐ¥¥¸Ö ´  ¥¤¨´¨Î´Ò° Ô´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ², ¡µ²ÓÏ¥, ¶µ¸±µ²Ó±Ê ¨§³¥-
·¥´¨Ö ¤²Ö 8B § É· £¨¢ ÕÉ µ¡² ¸ÉÓ Ô´¥·£¨°, ± ±µÉµ·µ° ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò
¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR. ‡´ Î¥´¨Ö σR, ¨§³¥·¥´´Ò¥ ¤²Ö 8B, ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
Ô´¥·£¨ÖÌ µ± § ²¨Ó ³¥´ÓÏ¥, Î¥³ ¨§³¥·¥´´Ò¥ ¢ [17]. � ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨°,
¨¸¶µ²Ó§µ¢ ¢Ï¨Ì¸Ö ¢ [18], ¢³¥¸É¥ ¸ ¤ ´´Ò³¨ ¤·Ê£¨Ì · ¡µÉ ¶·¨¢¥¤¥´Ò ¢ É ¡².9,
¢§ÖÉµ° ¨§ [18]. ’¥¶¥·Ó §´ Î¥´¨Ö Rrms(m) ¤²Ö 8B ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥, Î¥³
¢ [88],   §´ Î¥´¨¥ 0,487 Ë³ ¤²Ö ¶·µÉµ´´µ° ÏÊ¡Ò µÎ¥´Ó ¡²¨§±µ (· §²¨Î¨¥
³¥´ÓÏ¥ 1%) ± §´ Î¥´¨Õ 0,49 Ë³, ¶·¥¤¸± § ´´µ³Ê · ´¥¥ ¢ [39].

�´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ σR ¤²Ö 7Be ¨ 8B ¢³¥¸É¥ ¸ ·¥§Ê²ÓÉ É ³¨ £² Ê-
¡¥·µ¢¸±¨Ì ¨ µ¶É¨±µ-³µ¤¥²Ó´ÒÌ · ¸Î¥Éµ¢ ¨§µ¡· ¦¥´  ´  ·¨¸.10, ¢§ÖÉµ³ ¨§ · -
¡µÉÒ [18]. ‡¤¥¸Ó ¸¢¥É²Ò¥ (É¥³´Ò¥) ±·Ê¦±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ σR ¤²Ö 7Be
(8B). Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ ¤²Ö 8B ¶·¨ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ ²ÊÎÏ¥ µ¶¨¸Ò¢ ¥É
σR ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸± Ö �Œ, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö 7Be ¶·¥¤¸± § ´¨Ö �Œ ¨
£² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¸ ±µ´¥Î´Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨³¥·´µ
µ¤¨´ ±µ¢Ò ¢ · ¸¸³ É·¨¢ ¥³µ³ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥. �  ·¨¸.11, É ±¦¥
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’ ¡²¨Í  9. ‘·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò (Ë³) · ¸¶·¥¤¥²¥´¨Ö ¶·µÉµ´µ¢, ´¥°É·µ´µ¢
¨ ¢¥Ð¥¸É¢  ¤²Ö 7Be, 8B ¨ 28Si

Ÿ¤·µ rp rn rm rp − rn Œµ¤¥²Ó

7Be 2,369 2,155 2,280 0,214 HF Skll
8B 2,754 2,267 2,582 0,487 HF Skll+SM

2,759 2,155 2,549 0,604 HF Skll

2,790 2,247 2,600 0,543 WS, β=0,6

2,74 2,25 2,57 0,49 RGM [10]

2,88 2,47 2,73 0,41 GCM [11]
28Si 3,061 3,025 3,043 HF Skll

�¨¸. 10. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ σR ¤²Ö 7Be ¨ 8B ¢
¸· ¢´¥´¨¨ ¸ £² Ê¡¥·µ¢¸±¨³¨ ¨ µ¶É¨±µ-³µ¤¥²Ó´Ò³¨ · ¸Î¥É ³¨. ƒ² Ê¡¥·µ¢¸± Ö ³µ¤¥²Ó
(Å) Å b0 =1 Ë³, (· · ·) Å b0 =0 Ë³; µ¶É¨Î¥¸± Ö ³µ¤¥²Ó (Ä Ä Ä)

¢§ÖÉµ³ ¨§ [18], ¶µ± § ´Ò ¢ Í¥²µ³ ·¥§Ê²ÓÉ ÉÒ ¤²Ö 7Be ¨ 8B, ¢±²ÕÎ Ö ¤ ´´Ò¥
¶µ ·¥ ±Í¨¨ · §¢ ² ,   É ±¦¥ ¸¥Î¥´¨Ö σR ¤²Ö 8B+28Si, ¨§³¥·¥´´Ò¥ ¢ [17] (É¥³-
´Ò¥ É·¥Ê£µ²Ó´¨±¨), ¨ ¸¥Î¥´¨Ö σI ¤²Ö 7Be ¨ 8B, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ Al ¶·¨
¢Ò¸µ±µ° Ô´¥·£¨¨, ¨§³¥·¥´´Ò¥ ¢ [10] (§¢¥§¤µÎ±¨).

�¥¤ ¢´µ ¸¤¥² ´Ò ¨§³¥·¥´¨Ö σR ¤²Ö Ö¤¥· 8B, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ³¨-
Ï¥´Ö³¨ Be, C ¨ Al ¶·¨ Ô´¥·£¨ÖÌ ¶·¨³¥·´µ 40 ¨ 60 ŒÔ‚/´Ê±²µ´ [89]. �É¨
¤ ´´Ò¥ ¢³¥¸É¥ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢ �Œ�” [84] ¶·¨¢¥¤¥´Ò ¢ É ¡².10. �¥-
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�¨¸. 11. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¨ ¸¥Î¥´¨Ö · §¢ ²  ¤²Ö ¸¨¸É¥³ 8B+28Si ¨ 7B¥+28Si

’ ¡²¨Í  10. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR (³¡) ¤²Ö 8B, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ³¥Éµ¤¥
¤¢µ°´µ° ¸¢¥·É±¨, ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥

Ÿ¤·µ E/A, ŒÔ‚/´Ê±²µ´ Nw α σR σR (Ô±¸¶.)
9Be 40 0,5 0,02 1173 1306(13)
9Be 60 0,5 0,02 1058 1087(24)
12C 40 0,3 0,03 1200 1274(12)
12C 60 0,3 0,03 1080 1103(18)
27Al 40 0,3 0,045 1730 1803(21)
27Al 60 0,3 0,03 1530 1621(35)

§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ ´¥¶²µÌµ¥ ¸µ£² ¸¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³, ÌµÉÖ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ σR ¨¸¶ÒÉÒ¢ ÕÉ ¡µ²¥¥ ¸¨²Ó´ÊÕ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ.
�µ-¢¨¤¨³µ³Ê, ÔÉµ Ê± §Ò¢ ¥É ´  ¢ ¦´µ¸ÉÓ ÊÎ¥É  § ¢¨¸¨³µ¸É¨ ¶ · ³¥É·µ¢ ¶µ-
É¥´Í¨ ²  ¶µ£²µÐ¥´¨Ö µÉ Ô´¥·£¨¨.

‚ · ¡µÉ¥ [90] ¨§³¥·¥´Ò ¶µ²´Ò¥ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö 7Be, 8B ¨ 9C,
¸¥Î¥´¨Ö µÉ·Ò¢  ¶·µÉµ´  ¤²Ö 8B ¨ 9C,   É ±¦¥ ¸¥Î¥´¨Ö µÉ·Ò¢  ¤¢ÊÌ ¶·µÉµ´µ¢
¤²Ö 9C ´  ³¨Ï¥´ÖÌ µÉ Ê£²¥·µ¤  ¤µ ¸¢¨´Í  ¶·¨ Ô´¥·£¨¨ 285 ŒÔ‚/´Ê±²µ´. „µ-
¶µ²´¨É¥²Ó´Ò¥ ¨§³¥·¥´¨Ö ¶·µ¢¥¤¥´Ò É ±¦¥ ¤²Ö 8B ¶·¨ Ô´¥·£¨¨ 142 ŒÔ‚/´Ê±-
²µ´. �´ ²¨§, ¶·µ¢¥¤¥´´Ò° ¢ £² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ± ± ¶µ²ÊÎ¥´´ÒÌ
 ¢Éµ· ³¨ ¤ ´´ÒÌ, É ± ¨ ¤ ´´ÒÌ ¨§ ¤·Ê£¨Ì · ¡µÉ, ¶·¨¢¥² ± ¢Ò¢µ¤Ê [90] µ Éµ³,
ÎÉµ ¢¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¤²Ö 8B ³µ¦¥É ¡ÒÉÓ
µ¡ÑÖ¸´¥´  Éµ²Ó±µ ¸ ¶·¨¢²¥Î¥´¨¥³ ¶·¥¤¸É ¢²¥´¨° µ 8B ± ± µ Ö¤·¥ ¸ Ö·±µ



‘…—…�ˆŸ ‚‡�ˆŒ�„…‰‘’‚ˆŸ ˆ ‘’�“Š’“�� ‹…ƒŠˆ• �Š‡�’ˆ—…‘Šˆ• Ÿ„…� 899

’ ¡²¨Í  11. ‘¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö σI (³¡) ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò (Ë³)
· ¸¶·¥¤¥²¥´¨Ö ¶·µÉµ´µ¢, ´¥°É·µ´µ¢ ¨ ¢¥Ð¥¸É¢  ¤²Ö ¨§µÉµ¶µ¢ Na

A σI ¸¸Ò²±  [91]   ¡
r̃p r̃m r̃n r̃m r̃n

20 1086(11) 2,806(15) 2,742(28) 2,661(57) 2,729(38) 2,631(80)
21 1100(9) 2,862(12) 2,754(28) 2,630(55) 2,735(38) 2,589(76)
22 1092(16) 2,829(11) 2,730(31) 2,627(59) 2,67(6) 2,51(12)
23 1147(12) 2,829(9) 2,833(23) 2,838(44) 2,819(32) 2,811(60
25 1185(9) 2,794(10) 2,891(14) 2,965(25) 2,874(18) 2,936(32)
26 1211(16) 2,814(10) 2,934(25) 3,020(45) 2,921(40) 2,998(71)
27 1229(18) 2,836(11) 2,965(32) 3,051(56) 2,946(44) 3,020(77)
28 1265(10) 2,862(12) 3,027(15) 3,129(25) 3,021(12) 3,120(30)
29 1281(22) 2,919(16) 3,053(34) 3,133(57) 3,046(53) 3,121(88)
30 1318(15) 2,942(21) 3,117(24) 3,214(38) 3,119(35) 3,217(57)
31 1358(41) 2,982(14) 3,19(6) 3,29(10) 3,20(8) 3,32(14)
32 1395(61) 3,24(10) 3,36(16) 3,27(15) 3,40(19)

¢Ò· ¦¥´´Ò³ ¶·µÉµ´´Ò³ £ ²µ ¸ · §³¥· ³¨, ¶µ-¢¨¤¨³µ³Ê, ³¥´ÓÏ¨³¨, Î¥³ Ê
£ ²µ ¢ ´¥°É·µ´µ¨§¡ÒÉµÎ´ÒÌ Ö¤· Ì, ¢ Éµ ¢·¥³Ö ± ± ¨¸¶µ²Ó§µ¢ ´¨¥ ª¸É ´¤ ·É-
´ÒÌª ¶²µÉ´µ¸É¥° ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ, ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¥°, ¤ ´´Ò¥ ¤²Ö
7Be ¨ 9C.

�µ¢Éµ·´µ¥ ¨§³¥·¥´¨¥ σI ¤²Ö 8B ´  ³¨Ï¥´¨ 12C ¶·¨ Ô´¥·£¨¨ 790 ŒÔ‚/´Ê±-
²µ´ ¡Ò²µ ¶·µ¢¥¤¥´µ ¢ [20]. ‚ ·¥§Ê²ÓÉ É¥ ´¥¸±µ²Ó±µ ÊÉµÎ´¨²µ¸Ó ¶·¥¦´¥¥ §´ -
Î¥´¨¥ σI , ¶µ²ÊÎ¥´´µ¥ ¢ [9], ¨ ¸´¨§¨² ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶µ£·¥Ï´µ¸ÉÓ. �Éµ
§´ Î¥´¨¥ ¶·¥¤¸É ¢²¥´µ ¢ É ¡².4 ´ ¸ÉµÖÐ¥£µ µ¡§µ· . Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ É¥µ-
·¥É¨Î¥¸±¨° · ¸Î¥É ¢ �Œ�” [84] Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É Ô±¸¶¥·¨³¥´É ²Ó´µ¥
§´ Î¥´¨¥ σI . ‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¢ ±² ¸É¥·´µ³ ¶µ¤Ìµ¤¥, ·¥ ²¨§µ¢ ´-
´µ³ ¢ · ³± Ì £² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö [61], ¤²Ö 8B ¶µ²ÊÎ¥´µ §´ Î¥´¨¥
Rrms(m) = (2, 50 ± 0, 04) Ë³, ÎÉµ ¡²¨§±µ ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ §´ Î¥´¨Ö³,
µ¡¸Ê¦¤ ¢Ï¨³¸Ö ¢ÒÏ¥.

2.4. ˆ§µÉµ¶Ò Na. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR ¤²Ö ÉÖ¦¥²ÒÌ ¨§µÉµ¶µ¢
Na ¡Ò²¨ ¨§³¥·¥´Ò ¶·¨ Ô´¥·£¨¨ 40 ÷ 50 ŒÔ‚/´Ê±²µ´ ¢ · ¡µÉ¥ [13]. �´ ²¨§
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ · ³± Ì ³µ¤¥²¨ ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¶·¨¢¥²
± µ¡´ ·Ê¦¥´¨Õ §´ Î¨É¥²Ó´µ° ¨§µÉµ¶¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ · ¤¨Ê¸  ¸¨²Ó´µ£µ
¶µ£²µÐ¥´¨Ö, µÉ 1,035 Ë³ ¤²Ö 26Na ¤µ 1,159 Ë³ ¤²Ö 30Na.

ˆ§³¥·¥´¨Ö σI ¶·¨ Ô´¥·£¨¨ 950 ŒÔ‚/´Ê±²µ´ ´  Ê£²¥·µ¤´µ° ³¨Ï¥´¨ ¶·µ-
¢¥¤¥´Ò ¤²Ö ¡µ²ÓÏµ° £·Ê¶¶Ò ¨§µÉµ¶µ¢ Na ¸ ³ ¸¸µ¢Ò³¨ Î¨¸² ³¨ A =20÷23 ¨
25÷32 ¢ · ¡µÉ¥ [21],   ¨Ì  ´ ²¨§ ¸¤¥² ´ ¢ [22]. ‚ É ¡²¨Í¥ 11 ¶·¥¤¸É ¢²¥´Ò
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢³¥¸É¥ ¸ ·¥§Ê²ÓÉ É ³¨  ´ ²¨§ . ‘·¥¤´¥±¢ ¤· É¨Î-
´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ¶·µÉµ´µ¢ (É·¥É¨° ¸Éµ²¡¥Í) ¡Ò²¨ ¨§¢²¥Î¥´Ò ¨§
¤ ´´ÒÌ ¶µ ¨§µÉµ¶¨Î¥¸±¨³ ¸¤¢¨£ ³ [91]. �´ ²¨§ ¢ [22] ¶·µ¢µ¤¨²¸Ö ¢ £² Ê-
¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ë¥·³¨¥¢¸±µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö
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¶·µÉµ´´ÒÌ ¨ ´¥°É·µ´´ÒÌ ¶²µÉ´µ¸É¥° ¨ ÊÎ¥Éµ³ ¤ ´´ÒÌ ¨§ [91]. ‚ ·¨ ´ÉÒ (a)
¨ (¡) ¢ É ¡²¨Í¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ´¥¸±µ²Ó±µ · §´Ò³ ¸¶µ¸µ¡ ³ ¢Ò¡µ·  · ¸Î¥É´ÒÌ
¶ · ³¥É·µ¢ ¤²Ö ¶²µÉ´µ¸É¥°.

ˆ§ É ¡²¨ÍÒ ¢¨¤´µ, ÎÉµ ¨§¢²¥Î¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ · -
¤¨Ê¸Ò ¸² ¡µ § ¢¨¸ÖÉ µÉ ¸¶µ¸µ¡  ¶ · ³¥É·¨§ Í¨¨ ¶²µÉ´µ¸É¥° (³ ±¸¨³ ²Ó´µ¥
µÉ²¨Î¨¥ µ±µ²µ 5% ¤²Ö 22Na). ‚ ¨§µÉµ¶ Ì ¸ A =20÷22 Rrms(p) > Rrms(n),
¤²Ö ¢¸¥Ì µ¸É ²Ó´ÒÌ ¨§µÉµ¶µ¢ Rrms(p) < Rrms(n), ¨ ¤²Ö 31Na · §³¥·Ò ´¥°-
É·µ´´µ° ÏÊ¡Ò ¸µ¸É ¢²ÖÕÉ 0,305 Ë³ ¢ µ¤´µ° ¶ · ³¥É·¨§ Í¨¨ ¨ 0,335 Ë³ Å ¢
¤·Ê£µ°. ’ ±¨³ µ¡· §µ³, · §³¥·Ò ´¥°É·µ´´µ° ÏÊ¡Ò µ± § ²¨¸Ó ¡µ²¥¥ ÎÊ¢¸É¢¨-
É¥²Ó´Ò³¨ ± ¸¶µ¸µ¡Ê ¶ · ³¥É·¨§ Í¨¨ ¶²µÉ´µ¸É¨, ¶·¨ ÔÉµ³ ´Ê¦´µ ÊÎ¨ÉÒ¢ ÉÓ
¶µ£·¥Ï´µ¸É¨ ¢ µ¶·¥¤¥²¥´¨¨ · ¤¨Ê¸µ¢ (µ´¨ ¤ ´Ò ¢ ¸±µ¡± Ì ¢ É ¡²¨Í¥ 11).
‚¥²¨Î¨´  ∆rnp, ± ± ¶µ± § ´µ ¢ [22], ±µ··¥²¨·Ê¥É ¸ · §´µ¸ÉÓÕ Ô´¥·£¨° µÉ¤¥-
²¥´¨Ö ¶·µÉµ´  ¨ ´¥°É·µ´ : Î¥³ ¡µ²ÓÏ¥ ÔÉ  · §´µ¸ÉÓ, É¥³ ¡µ²ÓÏ¥ ´¥°É·µ´´ Ö
ÏÊ¡ . ’ ± Ö ±µ··¥²ÖÍ¨Ö ¡Ò²  ¶·¥¤¸± § ´  ·¥²ÖÉ¨¢¨¸É¸±µ° ³µ¤¥²ÓÕ ¸·¥¤´¥£µ
¶µ²Ö [92]. ‚¶¥·¢Ò¥ ¢ · ¡µÉ¥ [22] ¶µ± § ´µ, ÎÉµ ¨§³¥´¥´¨¥ Rrms(m) ¤²Ö
¨§µÉµ¶µ¢ Na ¢ µ¸´µ¢´µ³ ¸¢Ö§ ´µ ¸ ¨§³¥´¥´¨¥³ Rrms(n).

2.5. ˆ§µ¡ ·Ò ¸ A =17 ¨ A =20. ˆ§³¥·¥´¨Ö σI ¤²Ö ¨§µ¡ · ¸ A =17 (17Ne,
17F, 17N, 17B) ¶·¨ Ô´¥·£¨¨ ¶·¨³¥·´µ 700 ŒÔ‚/´Ê±²µ´ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢
[93,94], ¶·¨ ÔÉµ³ ¡Ò²  µ¡´ ·Ê¦¥´   ´µ³ ²¨Ö ¤²Ö 17Ne ¨ 17‚: ¨§³¥·¥´´Ò¥
¸¥Î¥´¨Ö ¤²Ö ÔÉ¨Ì ¤¢ÊÌ Ö¤¥· ´  Ê£²¥·µ¤´µ° ³¨Ï¥´¨ µ± § ²¨¸Ó ¸ÊÐ¥¸É¢¥´´µ
¡µ²ÓÏ¥, Î¥³ ¤²Ö ¤¢ÊÌ ¤·Ê£¨Ì ¨§µ¡ ·.

�´ ²¨§ ¸¥Î¥´¨° ¤²Ö ¨§µ¡ · ¸ A =17,   É ±¦¥ ¸ A =20 ¶·µ¢¥¤¥´ ¢ · ³-
± Ì £² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¸ ´Ê²¥¢Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ [95].
�·¨ ÔÉµ³, ¸µ ¸¸Ò²±µ° ´  [96,97], µÉ³¥Î ¥É¸Ö, ÎÉµ ¢ ¶·µ¸Éµ° £² Ê¡¥·µ¢¸±µ° ³µ-
¤¥²¨ ´ ·ÊÏ ¥É¸Ö Ê´¨É ·´µ¸ÉÓ ¨ ¨´¢ ·¨ ´É´µ¸ÉÓ ¶µ µÉ´µÏ¥´¨Õ ± µ¡· Ð¥´¨Õ
¢·¥³¥´¨. “É¢¥·¦¤ ¥É¸Ö, ÎÉµ ÔÉ¨ ¶µ¶· ¢±¨ ¸µ¸É ¢²ÖÕÉ ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢
¢ ¸²ÊÎ ¥ ´Ê±²µ´-Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¨ µ´¨ ³µ£ÊÉ ¡ÒÉÓ ¡µ²ÓÏ¥ ¢ Ö¤·µ-
Ö¤¥·´µ³ ¸²ÊÎ ¥. �¥§Ê²ÓÉ ÉÒ  ´ ²¨§  [95] ¶·¨¢¥¤¥´Ò ´  ·¨¸.12. �²µÉ´µ¸É¨, ± ±
Ê± § ´µ ´  ·¨¸Ê´±¥, · ¸¸Î¨É ´Ò ¢ ¸Ë¥·¨Î¥¸±µ³ ¨ ¤¥Ëµ·³¨·µ¢ ´´µ³ ¡ §¨¸ Ì
¶µ ³¥Éµ¤Ê • ·É·¨Å”µ± . ‚ÒÎ¨¸²¥´¨Ö ¤²Ö 17Ne (17N) ¢ ¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥
¶·µ¢µ¤¨²¨¸Ó ¢ ¤¢ÊÌ ¢ ·¨ ´É Ì ¢ ¶·¥¤¶µ²µ¦¥´¨¨ 1d5/2- ¨²¨ 2s1/2-µ·¡¨É ²¨
¤²Ö ±µ´Ë¨£Ê· Í¨¨, § ´ÖÉµ° ¶µ¸²¥¤´¨³¨ ¶·µÉµ´ ³¨ (´¥°É·µ´ ³¨).

�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° [95] ¢ ¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥ •” ¸ ¸¨² ³¨ SGII
¶·¨¢¥¤¥´Ò ¢ É ¡².12. ‚ ¶µ¸²¥¤´¨Ì ¤¢ÊÌ ¸Éµ²¡Í Ì ¤ ´Ò Ô´¥·£¨¨ Ê·µ¢´¥°
¶µ¸²¥¤´¨Ì § ´ÖÉÒÌ µ·¡¨É ¤²Ö ´¥°É·µ´µ¢ (λn) ¨ ¤²Ö ¶·µÉµ´µ¢ (λp). “Î¥É
ÔËË¥±Éµ¢ ¤¥Ëµ·³ Í¨¨ ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ · ¤¨Ê¸µ¢ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸
Ëµ·³Ê²µ°:

< r2 >β' (1 +
5

4π
β2)· < r2 >β=0 . (23)

�¤´ ±µ, ± ± ¢ÒÖ¸´¨²µ¸Ó, ÔËË¥±ÉÒ ¤¥Ëµ·³ Í¨¨ ´¥§´ Î¨É¥²Ó´µ ¢²¨ÖÕÉ ´  · -
¤¨Ê¸Ò, ¶·¥µ¡² ¤ ÕÐ¨³ Ö¢²Ö¥É¸Ö Ë ±Éµ· ´¥°É·µ´´µ£µ ¨§¡ÒÉ± .
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�¨¸. 12. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶²µÉ´µ¸ÉÖ³¨ ³¥Éµ¤  • ·É·¨Å
”µ±  ¤²Ö ¨§µ¡ · ¸ A =17, ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥; ¶Ê´±É¨· Å ¸Ë¥·¨Î¥¸±¨¥
¶²µÉ´µ¸É¨ •”, ÉµÎ¥Î´Ò¥ ²¨´¨¨ Å ¤¥Ëµ·³¨·µ¢ ´´Ò¥ ¶²µÉ´µ¸É¨

�¡¸Ê¤¨³ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§ , ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸.12. „²Ö Ö¤¥· ¸ ¨§µ-
¸¶¨´µ³ T =3/2 ¨¸¶µ²Ó§µ¢ ´¨¥ µ·¡¨É ²¨ 2s1/2 Ê¢¥²¨Î¨¢ ¥É ¸¥Î¥´¨Ö ´  (4Ä6)%
¶µ ¸· ¢´¥´¨Õ ¸µ ¸²ÊÎ ¥³ µ·¡¨É ²¨ 1d5/2, ÎÉµ µ¡Ê¸²µ¢²¥´µ ÔËË¥±É ³¨ ´¥°-
É·µ´´µ£µ £ ²µ. ‚ Í¥²µ³ É¥µ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ, µ¶¨¸Ò¢ Ö Ìµ¤ ¸¥Î¥´¨° ¸
¨§³¥´¥´¨¥³ Tz, ²¥¦ É ´¥¸±µ²Ó±µ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° σI . �¢-
Éµ·Ò · ¡µÉÒ [95] µÉ³¥Î ÕÉ, ÎÉµ ÊÎ¥É ÔËË¥±Éµ¢ · §¢ ²  ³µ¦¥É ¶·¨¢¥¸É¨ ±
Ê³¥´ÓÏ¥´¨Õ · ¸Î¥É´ÒÌ §´ Î¥´¨° σR ¨, É ±¨³ µ¡· §µ³, ± Ê¢¥²¨Î¥´¨Õ ¨§¢²¥-
± ¥³ÒÌ ¨§ Ô±¸¶¥·¨³¥´É  · ¤¨Ê¸µ¢.

ˆ§³¥·¥´¨Ö ¸¥Î¥´¨° σI ¤²Ö ¨§µ¡ · ¸ A =20 ¶·¨ Ô´¥·£¨¨ 950 ŒÔ‚/´Ê±²µ´
´  ³¨Ï¥´¨ 12C ¶·¨¢¥¤¥´Ò ¢ [27]. ‚ ÔÉµ° ¦¥ · ¡µÉ¥ ¡Ò² ¸¤¥² ´ ¶¥·¢Ò°  ´ ²¨§
ÔÉ¨Ì ¤ ´´ÒÌ ¢ · ³± Ì ³µ¤¥²¨ ¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¸ ¶ · ³¥É·¨§ Í¨¥° ŠµÌ 
¨ £² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö. ‚ £² Ê¡¥·µ¢¸±¨Ì · ¸Î¥É Ì ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶ -
· ³¥É·¨§ Í¨Ö ¶²µÉ´µ¸É¥° ¢ ¶·¥¤¸É ¢²¥´¨¨ £ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¨²¨
¢ ¢¨¤¥ Ë¥·³¨¥¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö. �µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ. � ¨-
¡µ²ÓÏ Ö · §´¨Í  ¢ · ¤¨Ê¸ Ì, ±µÉµ· Ö ¸µ¸É ¢²Ö¥É 0,2 Ë³, µ¡´ ·Ê¦¥´  ¤²Ö
§¥·± ²Ó´ÒÌ Ö¤¥· 20O ¨ 20Mg. �µÖ¢¨²¨¸Ó ¸µµ¡· ¦¥´¨Ö µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¶·µ-
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’ ¡²¨Í  12. ‘·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ´¥°É·µ´µ¢, ¶·µÉµ´µ¢ ¨
¢¥Ð¥¸É¢  ¤²Ö ¨§µ¡ · ¸ A =17 ¨ A =20, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ¸Ë¥·¨Î¥¸±µ³ ¡ §¨¸¥ ³¥Éµ¤ 
• ·É·¨Å”µ± 

Ÿ¤·µ �·¡¨É ²Ó rn, Ë³ rp, Ë³ rm, Ë³ λn, ŒÔ‚ λp, ŒÔ‚

17
5 B12 2,976 2,452 2,832 -2,85 -20,73

(1d5/2)4
ν(∗) 3,064 2,421 2,890 -0,695 -22,49

(2s1/2)2
ν(∗) 3,623 2,421 3,315 -0,695 -22,49

17
6 C11 2,847 2,488 2,726 -4,12 -23,49

(1d5/2)3
ν(∗) 2,915 2,473 2,764 -0,729 -21,94

(2s1/2)1
ν(∗) 3,221 2,473 2,979 -0,729 -21,94

17
7 N10 2,762 2,563 2,682 -5,67 -15,78

(1d5/2)2
ν(∗) 2,777 2,545 2,684 -4,19 -12,01

(2s1/2)2
ν(∗) 2,902 2,545 2,760 -4,19 -12,01

17
8 O9 2,688 2,631 2,661 -7,23 -13,45
17
9 F8 2,610 2,723 2,670 -16,85 -3,57

17
10Ne7 2,550 2,819 2,711 -18,72 -1,68

(1d5/2)2
ν(∗) 2,526 2,843 2,717 -15,03 -0,48

(2s1/2)2
ν(∗) 2,526 3,105 2,880 -15,03 -0,48

20
6 C14 2,993 2,526 2,861 -5,15 -28,14
20
7 N13 2,926 2,592 2,813 -6,47 -20,94
20
8 O12 2,869 2,650 2,784 -7,85 -18,64
20
9 F11 2,817 2,726 2,777 -9,10 -8,07

20
10Ne10 2,764 2,795 2,779 -10,38 -6,36
20
11Na9 2,705 2,862 2,792 -11,70 -4,71
20
12Mg8 2,638 2,931 2,818 -21,96 -3,11
20
13Al7 2,587 3,017 2,874 -23,73 -1,41
9Be 2,343 2,262 2,307 -11,70 -12,62
12C (**) 2,245 2,400 2,324 -27,26 -14,14
27Al 2,959 2,960 2,960 -14,48 -10,57

Éµ´´µ° ÏÊ¡Ò ¤²Ö 20Mg ¨ ´¥°É·µ´´µ° Å ¤²Ö 20N. � ¨¡µ²ÓÏ Ö · §´¨Í  ¢
· ¤¨Ê¸ Ì ´¥°É·µ´´µ£µ ¨ ¶·µÉµ´´µ£µ · ¸¶·¥¤¥²¥´¨° ´ °¤¥´  ¤²Ö Ö¤¥· ¸ ¡µ²Ó-
Ï¨³ ¨§¡ÒÉ±µ³ ¶·µÉµ´µ¢ (20Mg, ∆rnp = −(0, 50±0, 28) Ë³) ¨ ´¥°É·µ´µ¢ (20N,
∆rnp = (0, 33± 0, 15) Ë³). ‚Ò¡µ· ¶ · ³¥É·¨§ Í¨¨ ¶²µÉ´µ¸É¨ (¶·¥¤¸É ¢²¥´¨¥
£ ·³µ´¨Î¥¸±µ£µ µ¸Í¨²²ÖÉµ·  ¨²¨ Ë¥·³¨¥¢¸±µ¥ · ¸¶·¥¤¥²¥´¨¥) ´¥§´ Î¨É¥²Ó´µ
(¢ ¶·¥¤¥² Ì 1,5Ä2%) ¢²¨Ö¥É ´  ·¥§Ê²ÓÉ ÉÒ.

�´ ²¨§ ¤ ´´ÒÌ [27] ¶·µ¢µ¤¨²¸Ö É ±¦¥ ¢ · ¡µÉ Ì [95,84]. �¥§Ê²ÓÉ ÉÒ  ´ -
²¨§  ¶·¥¤¸É ¢²¥´Ò ¢ É ¡².13 ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨§ [27].
‚µ ¢Éµ·µ³ ¨ É·¥ÉÓ¥³ ¸Éµ²¡Í Ì ¤ ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¢ ¸Ë¥·¨Î¥¸±µ³ ¨



‘…—…�ˆŸ ‚‡�ˆŒ�„…‰‘’‚ˆŸ ˆ ‘’�“Š’“�� ‹…ƒŠˆ• �Š‡�’ˆ—…‘Šˆ• Ÿ„…� 903

’ ¡²¨Í  13. �µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ σR ¤²Ö ¨§µ¡ · ¸ A =20, ¢ÒÎ¨¸²¥´´Ò¥ ¢
£² Ê¡¥·µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨, ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö σI

Ÿ¤·µ ‘Ë¥·¨Î¥¸±¨° „¥Ëµ·³¨·µ¢ ´´Ò° Œ¥Éµ¤ ËÊ´±Í¨µ´ ²  �±¸¶¥·¨³¥´É
¡ §¨¸ HF ¡ §¨¸ HF ¶²µÉ´µ¸É¨

20N 1145 1152 1227 1121(17)
20O 1129 1138 1181 1078(10)
20F 1124 1147 1162 1113(11)

20Ne 1125 1168 1163 1144(10)
20Na 1131 1155 1172 1094(11)
20Mg 1145 1154 1207 1150(12)

¤¥Ëµ·³¨·µ¢ ´´µ³ ¡ §¨¸ Ì •” ¨§ [95],   ¢ Î¥É¢¥·Éµ³ Å ¸¥Î¥´¨Ö σR, · ¸¸Î¨-
É ´´Ò¥ ¢ �Œ�” ´  µ¸´µ¢¥ £² Ê¡¥·µ¢¸±µ£µ ¶·¨¡²¨¦¥´¨Ö [84]. ˆ¸¶µ²Ó§µ¢ ´¨¥
¤¥Ëµ·³¨·µ¢ ´´µ£µ ¡ §¨¸  ´¥§´ Î¨É¥²Ó´µ ¢²¨Ö¥É ´  σR (³ ±¸¨³ ²Ó´µ¥ ¨§³¥-
´¥´¨¥ µ±µ²µ 4% ¤²Ö 20Ne), ¶·¨ ÔÉµ³ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ µ¸É ¥É¸Ö
É ±¨³ ¦¥. �¡  É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤  ¤µ¸É ÉµÎ´µ Ìµ·µÏµ µ¶¨¸Ò¢ ÕÉ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥; §´ Î¥´¨Ö σR, ¶µ²ÊÎ¥´´Ò¥ ¢ �Œ�”, ´¥¸±µ²Ó±µ ¢ÒÏ¥,
´µ ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸·¥¤´¥¥ µÉ±²µ´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éµ¢ µÉ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¸µ¸É ¢²Ö¥É ¢¸¥£µ 6%. �±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥ σI ¤²Ö
20Na, ¶·¥¤¸É ¢²¥´´µ¥ ¢ É ¡².13, ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¨ ¸µ¢¶ ¤ ¥É ¸ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³ §´ Î¥´¨¥³ ¨§ É ¡².11.

‡�Š‹�—…�ˆ…

ˆ§³¥·¥´¨Ö ¸¥Î¥´¨° ¢§ ¨³µ¤¥°¸É¢¨Ö ²¥£±¨Ì Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥· ¸µ ¸É ¡¨²Ó-
´Ò³¨ Ö¤· ³¨ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ´  ¸ ³µ³ ´ Î ²Ó´µ³ ÔÉ ¶¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨¸¸²¥¤µ¢ ´¨° ÔÉ¨Ì Ö¤¥·. ‚ ¤ ²Ó´¥°Ï¥³ ¶µ²´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¨ ¸¥Î¥´¨Ö
¢§ ¨³µ¤¥°¸É¢¨Ö ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¤²Ö ³´µ£¨Ì ¨§µÉµ¶µ¢ He, Li, Be, B, C ¨ Na,  
É ±¦¥ ¨§µ¡ · ¸ A =17 ¨ A =20 ± ± ¶·¨ ¢Ò¸µ±¨Ì (400, 700Ä950 ŒÔ‚/´Ê±²µ´),
É ± ¨ ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ (10Ä80 ŒÔ‚/´Ê±²µ´) Ô´¥·£¨ÖÌ. “¦¥ ¢ ¶¥·¢ÒÌ ¨§³¥-
·¥´¨ÖÌ ¡Ò²  µ¡´ ·Ê¦¥´  ¸¨²Ó´ Ö ¨§µÉµ¶¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ · ¤¨Ê¸µ¢ ²¥£±¨Ì
Ô±§µÉ¨Î¥¸±¨Ì Ö¤¥·, ÎÉµ ¶µ¸²¥ ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨° ·¥ ±Í¨° (Ë· £³¥´É -
Í¨¨, ¤¨¸¸µÍ¨ Í¨¨, ¶¥·¥¤ Î¨ ¨ ¤·.) ¶·¨¢¥²µ ± Ëµ·³¨·µ¢ ´¨Õ ¶·¥¤¸É ¢²¥´¨°
µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¢ Ö¤· Ì ´¥°É·µ´´µ£µ (11Li, 6He, 11Be) ¨, ¢µ§³µ¦´µ, ¶·µÉµ´-
´µ£µ (8B) £ ²µ. „²Ö ³´µ£¨Ì Ö¤¥· µ¡´ ·Ê¦¥´  §´ Î¨É¥²Ó´ Ö ´¥°É·µ´´ Ö ¨²¨
¶·µÉµ´´ Ö ÏÊ¡ . ˆ´É¥·¥¸´Ò¥ § ±µ´µ³¥·´µ¸É¨ ¢ ¶µ¢¥¤¥´¨¨ · ¤¨Ê¸µ¢ · ¸¶·¥-
¤¥²¥´¨Ö ¢¥Ð¥¸É¢  ¢ÒÖ¢²¥´Ò ¢ ¨§µÉµ¶ Ì Na,   É ±¦¥ ¨§µ¡ · Ì ¸ A =17 ¨
A =20.

�µ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥  ´ ²¨§¨·µ¢ ²¨¸Ó ¢ · ³± Ì · §-
²¨Î´ÒÌ ¶µ¤Ìµ¤µ¢, ¸·¥¤¨ ±µÉµ·ÒÌ ³µ¦´µ ¢Ò¤¥²¨ÉÓ ³µ¤¥²Ó ¸¨²Ó´µ£µ ¶µ£²µÐ¥-



904 Š�Ÿ‡œŠ�‚ �.Œ., Š“•’ˆ�� ˆ.�., ”�Ÿ�‘ ‘.�.

´¨Ö, ¸É ´¤ ·É´ÊÕ µ¶É¨Î¥¸±ÊÕ ³µ¤¥²Ó, ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨° ¶µ¤Ìµ¤, µ¸´µ-
¢ ´´Ò° ´  ³µ¤¥²¨ ¤¢µ°´µ° ¸¢¥·É±¨, ¨ £² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥. Œµ¤¥²Ó
¸¨²Ó´µ£µ ¶µ£²µÐ¥´¨Ö ¨ ¸É ´¤ ·É´ Ö µ¶É¨Î¥¸± Ö ³µ¤¥²Ó ´¥ ¸µ¢¸¥³ Ê¸¶¥Ï´µ
µ¶¨¸Ò¢ ²¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¨  ´ ²¨§ ´  ¨Ì µ¸´µ¢¥ ¤ ¢ ² ²¨ÏÓ
µ¡ÐÊÕ ¨´Ëµ·³ Í¨Õ µ £¥µ³¥É·¨Î¥¸±¨Ì ¸¢µ°¸É¢ Ì Ö¤¥·. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶µ-
²Ê³¨±·µ¸±µ¶¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢ Å µ¶É¨Î¥¸±µ° ³µ¤¥²¨ ¸ ³¨±·µ¸±µ¶¨Î¥¸±¨³¨
¶µÉ¥´Í¨ ² ³¨ ¤¢µ°´µ° ¸¢¥·É±¨ ¨ É¥µ·¨¨ ƒ² Ê¡¥·  Å É·¥¡Ê¥É ¶µ¸É·µ¥´¨Ö ¢
· ³± Ì ±µ´±·¥É´ÒÌ Ö¤¥·´µ-¸É·Ê±ÉÊ·´ÒÌ ³µ¤¥²¥° ´¥°É·µ´´ÒÌ ¨ ¶·µÉµ´´ÒÌ
¶²µÉ´µ¸É¥° ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¶µ§¢µ²Ö¥É  ¶·µ¡¨·µ¢ ÉÓ É ±¨¥ ³µ¤¥²¨ ¢  ´ ²¨§¥
¸¥Î¥´¨°.

� §²¨Î´Ò¥ ¶µ¤Ìµ¤Ò ¶·¨³¥´Ö²¨¸Ó ± · ¸Î¥ÉÊ Ö¤¥·´ÒÌ ¶²µÉ´µ¸É¥°: µ¡µ²µ-
Î¥Î´ Ö ³µ¤¥²Ó, ³¥Éµ¤ • ·É·¨Å”µ±  ¸µ ¸Ë¥·¨Î¥¸±¨³ ¨ ¤¥Ëµ·³¨·µ¢ ´´Ò³
¡ §¨¸ ³¨, ³¥Éµ¤ ËÊ´±Í¨µ´ ²  ¶²µÉ´µ¸É¨, ±² ¸É¥·´Ò° ¶µ¤Ìµ¤. �·¥¤¸É ¢²Ö-
¥É¸Ö Í¥²¥¸µµ¡· §´Ò³ ¨¸¶µ²Ó§µ¢ ÉÓ ³µ¤¥²Ó, ¢ µÉµ·µ° ¢ · ³± Ì ¥¤¨´µ° · ¸Î¥É-
´µ° ¸Ì¥³Ò ¢ÒÎ¨¸²ÖÕÉ¸Ö ´¥°É·µ´´Ò¥ ¨ ¶·µÉµ´´Ò¥ ¶²µÉ´µ¸É¨ ± ± ¤²Ö Ö¤¥·-
³¨Ï¥´¥°, É ± ¨ ¤²Ö Î ¸É¨Í-¸´ ·Ö¤µ¢. ’ ± Ö ¸Ì¥³  ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ·¥ ²¨§µ-
¢ ´  ´  µ¸´µ¢¥ ³¥Éµ¤  ËÊ´±Í¨µ´ ²  ¶²µÉ´µ¸É¨ (±µÉµ·Ò° Ë ±É¨Î¥¸±¨ Ö¢²Ö¥É¸Ö
µ¤´¨³ ¨§ ¢ ·¨ ´Éµ¢ ¸ ³µ¸µ£² ¸µ¢ ´´µ° É¥µ·¨¨ ±µ´¥Î´ÒÌ Ë¥·³¨-¸¨¸É¥³).

�¶É¨Î¥¸±¨° ¶·¥¤¥² ¸ ´Ê²¥¢Ò³ · ¤¨Ê¸µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö £² Ê¡¥·µ¢¸±µ°
É¥µ·¨¨ ¶·¥¤¸É ¢²Ö¥É¸Ö · §Ê³´Ò³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö  ´ ²¨§  ¸¥Î¥´¨° ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, ´µ ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ, E/A ≤
≤100 ŒÔ‚/´Ê±²µ´, ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ · §²¨Î´Ò¥ ¶µ¶· ¢±¨ ± ´¥³Ê (±µ-
´¥Î´Ò° · ¤¨Ê¸ ¢§ ¨³µ¤¥°¸É¢¨Ö, · §²¨Î´Ò¥ ´Ê±²µ´´Ò¥ ±µ··¥²ÖÍ¨¨, ´¥Ô°±µ-
´ ²Ó´Ò¥ ¨ ±Ê²µ´µ¢¸±¨¥ ÔËË¥±ÉÒ).

�·¨ Ô´¥·£¨ÖÌ ¤µ 100 ŒÔ‚/´Ê±²µ´ · §Ê³´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶µ²Ê³¨±·µ¸±µ-
¶¨Î¥¸±ÊÕ µ¶É¨Î¥¸±ÊÕ ³µ¤¥²Ó, ¢ ±µÉµ·µ° ¢¥Ð¥¸É¢¥´´ Ö Î ¸ÉÓ ¶µÉ¥´Í¨ ²  ¢Ò-
Î¨¸²Ö¥É¸Ö ¢ Éµ³ ¨²¨ ¨´µ³ ¢ ·¨ ´É¥ ³µ¤¥²¨ ¤¢µ°´µ° ¸¢¥·É±¨,   ³´¨³ Ö Î ¸ÉÓ
¶ · ³¥É·¨§Ê¥É¸Ö. �·¨ ÔÉµ³ · ¸Î¥ÉÒ ¸¥Î¥´¨° ·¥ ±Í¨° ¢ É ±µ° ³µ¤¥²¨ ³µ-
£ÊÉ µ¡² ¤ ÉÓ ¶·¥¤¸± § É¥²Ó´µ° ¸¨²µ° Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ ¶ · ³¥É·Ò
¶µÉ¥´Í¨ ²  ¶µ£²µÐ¥´¨Ö Ë¨±¸¨·µ¢ ´Ò ²¨¡µ ¶ÊÉ¥³ ¶µ¤¡µ·  ¨§ ¨§¢¥¸É´ÒÌ ¸¨-
¸É¥³ É¨±, ²¨¡µ ¸· ¢´¥´¨¥³ É¥µ·¥É¨Î¥¸±¨Ì Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨, ¨§³¥·¥´´Ò³¨ ¶·¨ Éµ° ¦¥ Ô´¥·£¨¨, ÎÉµ ¨
¶µ²´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨. ‘¨¸É¥³ É¨±¨ ¶ · ³¥É·µ¢ ¶µÉ¥´Í¨ ²  ¶µ£²µÐ¥´¨Ö
¤²Ö ¸É ¡¨²Ó´ÒÌ Ö¤¥· ¤ ²¥±µ ´¥ ¢¸¥£¤  ¶·¨³¥´¨³Ò ± Ô±§µÉ¨Î¥¸±¨³ Ö¤· ³, ¶µ-
ÔÉµ³Ê ±· °´¥ ¦¥² É¥²Ó´µ µ¤´µ¢·¥³¥´´µ¥ ¨§³¥·¥´¨¥ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ ¤²Ö µ¤´µ° ¨ Éµ° ¦¥ Î ¸É¨ÍÒ-
¸´ ·Ö¤  ¶·¨ µ¤´µ° ¨ Éµ° ¦¥ Ô´¥·£¨¨. �µ±  É ±¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¥¤¨´¨Î´Ò.

�Ò²µ ¡Ò µÎ¥´Ó ¢ ¦´µ ¨§³¥·¨ÉÓ ¸¥Î¥´¨Ö σR ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥
100÷200 ŒÔ‚/´Ê±²µ´. ‚ ÔÉµ³ ¨´É¥·¢ ²¥ Ê¦¥ · ¡µÉ ¥É £² Ê¡¥·µ¢¸±µ¥ ¶·¨¡²¨-
¦¥´¨¥ ¨ ¢ Éµ ¦¥ ¢·¥³Ö ¥Ð¥ ¢µ§³µ¦´µ ¶·¨³¥´¥´¨¥ ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±µ°
µ¶É¨Î¥¸±µ° ³µ¤¥²¨. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ Ê± § ´´µ³ ¨´É¥·-
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¢ ²¥ ¶µ§¢µ²¨² ¡Ò, ¸ µ¤´µ° ¸Éµ·µ´Ò, ¸· ¢´¨ÉÓ ¤¢  ¶µ²Ê³¨±·µ¸±µ¶¨Î¥¸±¨Ì
¶µ¤Ìµ¤ , ¸ ¤·Ê£µ°Å¤µ¶µ²´¨ÉÓ ¸ÊÐ¥¸É¢ÊÕÐ¨°  ´ ²¨§ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨-
³µ¸É¨ σR.

‚ § ±²ÕÎ¥´¨¥  ¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ §  ¶µ²¥§´µ¥ ¨ ¶²µ¤µ-
É¢µ·´µ¥ µ¡¸Ê¦¤¥´¨¥ ¶·µ¡²¥³, § É·µ´ÊÉÒÌ ¢ µ¡§µ·¥, ƒ.„.�²Ì §µ¢Ê, �.�.Šµ·-
Ï¥´¨´´¨±µ¢Ê, �.�.�£²µ¡²¨´Ê, �.�.�¥´¨µ´¦±¥¢¨ÎÊ ¨ �.Š.‘±µ¡¥²¥¢Ê. �¤¨´
¨§  ¢Éµ·µ¢ (‘.�.” Ö´¸) ¶·¨§´ É¥²¥´ „.‡ ¢¨Ï¥ §  ¨´É¥·¥¸´Ò¥ ¤¨¸±Ê¸¸¨¨. � -
¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Î ¸É¨Î´µ° ¶µ¤¤¥·¦±¥ �””ˆ, ¶·µ¥±É 98-02-16979 ¨ �¥-
³¥Í±µ£µ ¨¸¸²¥¤µ¢ É¥²Ó¸±µ£µ µ¡Ð¥¸É¢  (DFG).
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The binary and ternary cold fragmentations of heavy nuclei are studied in the frame of a
deformation dependent cluster model where the ˇnal fragments are born to their respective ground
states and interact via a double-folded potential with M3Y forces. The deformation effects are taken
into account up to a multipolarity λ = 4. We show that two regions of cold fragmentation arise. The
ˇrst one has large quadrupole and even hexadecupole deformations and mass number of the heavy
fragment ranging between 138 and 158. In the second region, the Q-value principle dictates the
occurrence of a few spherical nuclei around the double magic 132Sn, similar to the case of heavy
cluster radioactivity, where the daughter nuclei are around 208Pb. This structure is similar for both
binary and ternary cold ˇssion. We compute the cold ˇssion yields for the binary fragmentation and
for the alpha-accompanied ˇssion of 252Cf. For the ternary cold ˇssion mode we derive the most
likely geometrical and dynamical characteristics of the fragments at the release moment of the light
particle and perform classical trajectory calculations, in order to compute the ˇnal kinetic energy of the
alpha particle. The recent observation of 10Be in the cold ternary ˇssion is discussed in conjunction
with the concept of giant nuclear molecule.

ˆ¸¸²¥¤µ¢ ´  ¤¢µ°´ Ö ¨ É·µ°´ Ö Ìµ²µ¤´ Ö Ë· £³¥´É Í¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¢ · ³± Ì ±² ¸É¥·´µ°
³µ¤¥²¨ ¸ ÊÎ¥Éµ³ ¤¥Ëµ·³ Í¨¨. �·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ±µ´¥Î´Ò¥ Ë· £³¥´ÉÒ ·µ¦¤ ÕÉ¸Ö ¢ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨Ì µ¸´µ¢´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¶·¨ ¶µ³µÐ¨ ¶µÉ¥´Í¨ ²  ¤¢µ°´µ° ¸¢¥·É±¨
¸ M3Y -¸¨² ³¨. �ËË¥±ÉÒ ¤¥Ëµ·³ Í¨¨ ÊÎ¨ÉÒ¢ ²¨¸Ó ¢¶²µÉÓ ¤µ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ = 4. �µ± -
§ ´µ, ÎÉµ ¢µ§´¨± ÕÉ ¤¢¥ µ¡² ¸É¨ Ìµ²µ¤´µ° Ë· £³¥´É Í¨¨. �¥·¢µ° µ¡² ¸É¨ µÉ¢¥Î ÕÉ ¡µ²ÓÏ¨¥
±¢ ¤·Ê¶µ²Ó´Ò¥ ¨ ¤ ¦¥ £¥±¸ ¤¥± ¶µ²Ó´Ò¥ ¤¥Ëµ·³ Í¨¨ ¨ ³ ¸¸µ¢Ò¥ Î¨¸²  ÉÖ¦¥²ÒÌ Ë· £³¥´Éµ¢ ¢
¤¨ ¶ §µ´¥ µÉ 138 ¤µ 158. ‚µ ¢Éµ·µ° µ¡² ¸É¨ ¢Ò¤¥²Ö¥É¸Ö ¸²ÊÎ ° ´¥¡µ²ÓÏµ£µ Î¨¸²  ¸Ë¥·¨Î¥¸±¨Ì
Ö¤¥· ¢ µ±·¥¸É´µ¸É¨ ¤¢ ¦¤Ò ³ £¨Î¥¸±µ£µ 132Sn, ¶µ¤µ¡´Ò° · ¸¶ ¤Ê ´  ÉÖ¦¥²Ò¥ ±² ¸É¥·Ò, ¶·¨
±µÉµ·µ³ ¤µÎ¥·´¨¥ Ö¤·  ²¥¦ É ¢ µ±·¥¸É´µ¸É¨ 208Pb. �É  ¸É·Ê±ÉÊ·  µ¤¨´ ±µ¢  ¤²Ö ¸²ÊÎ ¥¢ ¤¢µ°-
´µ£µ ¨ É·µ°´µ£µ Ìµ²µ¤´µ£µ ¤¥²¥´¨Ö. � ¸¸Î¨É ´ ¢ÒÌµ¤ Ìµ²µ¤´µ£µ ¤¥²¥´¨Ö 252Cf ¤²Ö ¡¨´ ·´µ°
Ë· £³¥´É Í¨¨ ¨ ¸µ¶ÊÉ¸É¢ÊÕÐ¥£µ  ²ÓË -· ¸¶ ¤ . „²Ö É·µ°´µ° ³µ¤Ò Ìµ²µ¤´µ£µ ¤¥²¥´¨Ö ¶µ²ÊÎ¥´Ò
´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò¥ £¥µ³¥É·¨Î¥¸±¨¥ ¨ ¤¨´ ³¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ Ë· £³¥´Éµ¢ ¶·¨ ¢Ò¤¥²¥´-
´µ³ ³µ³¥´É¥ ²¥£±µ° Î ¸É¨ÍÒ ¨ ¶·µ¢¥¤¥´ · ¸Î¥É ±² ¸¸¨Î¥¸±µ° É· ¥±Éµ·¨¨ ¸ Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö
±µ´¥Î´µ° Ô´¥·£¨¨  ²ÓË -Î ¸É¨ÍÒ. �¡¸Ê¦¤ ÕÉ¸Ö ´¥¤ ¢´¨¥ ´ ¡²Õ¤¥´¨Ö 10Be ¢ Ìµ²µ¤´µ³ É·µ°´µ³
¤¥²¥´¨¨ ¢ ¸¢Ö§¨ ¸ ±µ´Í¥¶Í¨¥° £¨£ ´É¸±¨Ì Ö¤¥·´ÒÌ ³µ²¥±Ê².

1. INTRODUCTION

Rare decays ranging from the emission of heavy clusters having masses
between AL = 14 and 34 [1, 2], up to the cold (neutronless) ˇssion of many
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actinide nuclei which produce fragments with ≈ 70 to ≈ 166 atomic mass units
were observed in the last decade [3Ä9]. All these fragmentation processes are
conˇrming the theoretical predictions based on the idea of the cold rearrangements
of large groups of nucleons from the ground state of the initial nucleus to the
ground states of the two or three ˇnal fragments [1, 10].

Milton and Fraser [11] were the ˇrst who noticed that a small percentage of
the ˇssion fragments are produced predominantly at high kinetic energies so that
those nuclei are formed nearly in their ground-state. Later on, Signarbieux et al.
[12] conˇrmed the previous interpretation by determining the mass distributions of
the primary fragments for the highest values of the kinetic energy. They concluded
that even before the scission takes place we deal with a superposition of two
fragments in their ground state, from which the cold (neutronless) fragmentation
term emerged. In all these situations the ˇnal fragments have compact shapes
at the scission point and almost zero excitation energy. In the hypothesis that
the cold(neutronless) fragmentation is the tail of the ˇssion mass distribution, it
has been shown that the transitions from the ˇssion valley to the fusion valley
along the ˇssion path can qualitatively explain the cold fragmentation of the
actinides [13]. On the other hand the deformation dependent cluster model for
cold ˇssion, similar to the one for cluster radioactivity [1], where the ground state
deformations of the ˇnal fragments are a very important ingredient [14, 15], is
able to explain quantitatively the mass and charge experimental yields [16]. Thus
the cold ˇssion is viewed as an extension of cluster radioactivity.

The ˇrst direct observation of cold (neutronless) binary fragmentations in
the spontaneous ˇssion of 252Cf was recently made [5, 6] by using the multi-
ple Ge-detector Compact Ball facility at Oak Ridge National Laboratory, and
more recently with the early implementation of Gammasphere [7]. Also the ˇrst
evidence for cold (neutronless) ternary ˇssion where the third particle is an α par-
ticle was very recently reported [17]. All these data were obtained in studying the
spontaneous ˇssion of 252Cf with Gammasphere by using the triple coincidence
technique. We notice that the probability for neutronless ˇssion is 0.0021±0.0008
for 252Cf.

Very recently, average angular momentum for primary ˇssion fragments as
a function of neutron multiplicity were extracted for the ˇrst time for the Mo-
Ba and Zr-Ce charge splits of 252Cf [18]. It was found that for the major
part of ˇssion events characterized by close to the average numbers of emitted
neutrons (νtot = 2-5), bending oscillations are excited to the temperature of 2Å3
MeV which implies a weak coupling between collective and internal degrees of
freedom from descent to the scission point.

In this review paper we present a deformation dependent cluster model for
the cold (neutronless) binary and ternary ˇssion of 252Cf. We use only the
penetrabilities through the potential barrier and neglect the cluster preformation
factors. For the evaluation of the potential barriers between the ˇnal fragments
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we used the M3Y nucleon-nucleon forces. We found that the binary and ternary
isotopic yields are very sensitive to the deformations of fragments and especially
to the hexadecupole term.

Also we study the ˇnal characteristics of the light particle emitted in the
α-accompanied ternary cold ˇssion of 252Cf.

A short section is devoted to the recent observation of 10Be accompanying
the ternary cold ˇssion.

2. DOUBLE FOLDING POTENTIAL BARRIER

In order to compute the cold ˇssion barriers we employ a cluster model
similar to the one-body model used for the description of cluster radioactivity [1].
The initial nucleus is assumed to be already separated in two fragments or into
two heavier fragments and a light cluster, for the cold binary ˇssion and the cold
ternary ˇssion, respectively. Consequently we deˇne the binary(ternary) ˇssion
barrier as the sum of interaction energies Vij between the two(three) fragments

V =
∑
i>j

Vij(Rij ). (1)

The above heavy-ion interactions depend on the centre-to-centre distances, Rij ,
and on the relative orientation Ω1 and Ω2 as we shall see below. In the most
simple case, that of the binary ˇssion, only one term will be involved in the
above deˇnition whereas for a multifragmentation process, when more than two
nuclei are emerging from the reaction, some constraints should be imposed on the
relative positions Rij . In the chapter devoted to the ternary ˇssion this question
will be addressed in detail.

The advantage of such a model is that the barrier between the fragments can
be calculated quite accurately due to the fact that the touching conˇgurations are
situated inside of the barriers. Moreover the shapes of the fragments are constant
at every stage of the ˇssion. The Q values and the deformation parameters contain
all nuclear shell and pairing effects of the corresponding fragments.

We evaluated the interaction between two deformed fragments V (R) as the
sum of the short-range nuclear interaction VN (R) and the long-range Coulomb
VC(R) parts. It can be calculated as the double folding integral of ground state
one-body densities [19]

V (R) =

∫
dr1dr2ρ1(r1)ρ2(r2)v(r12). (2)

The ground state one-body nuclear densities of the fragments are taken as Fermi
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distributions in the intrinsic frame

ρ(r) = ρ0

1 + exp
1

a

r −R0

1 +
∑

λ=2,3,4

βλYλ0(θ, 0)

−1

. (3)

The constant ρ0 is ˇxed by normalizing the proton and neutron density to the Z
proton and N neutron numbers, respectively. This condition ensures the volume
conservation. The radius R0 and diffusivity parameters were taken from the liquid
drop model [20]. Only static axial symmetric deformations were considered in our
calculations. However, possible triaxial conˇgurations for the nuclei emerging in
the cold ˇssion of 252Cf should not be discarded.

The double folded potential barrier for two ˇnal nuclei with orientation in
space given through the Euler angles Ω1 and Ω2 is computed by making a general
multipole expansion [21,22].

V (R,Ω1,Ω2) =
∑
λi,µi

V µ1µ2µ3

λ1λ2λ3
(R)Dλ1

µ10(Ω1)D
λ2
µ20(Ω2)Yλ3µ3(R̂). (4)

Here, Dλ1
µ10(Ω1) and Dλ2

µ20(Ω2) are the Wigner rotation matrices describing the

relative orientation of the two fragments, whereas Yλ3µ3(R̂) describes the orien-
tation of the axis joining the two nuclei with respect to the laboratory frame. For
the case with both ˇnal fragments aligned along the same symmetry axis ( R̂ =
(0, 0), Ω1 = Ω2 = ( 0, 0, 0) ) we obtain

V (R) =
∑
λi

V 0 0 0
λ1λ2λ3

(R) (5)

with

V 0 0 0
λ1λ2λ3

(R) =
2

π

(
Cλ1λ2λ3

0 0 0

)2
∫
r2
1dr1r

2
2dr2 ρλ1(r1)ρλ2(r2)Fλ1λ2λ3(r1, r2, R),

(6)
where C0 0 0

λ1λ2λ3
is a ClebschÄGordan coefˇcient. Above we have introduced the

double folding kernel

Fλ1λ2λ3(r1, r2, R) =

∫
q2dq ṽ(q)jλ1(qr1)jλ2 (qr2)jλ3(qr3), (7)

where ṽ(q) denotes the Fourier transform of the effective interaction and jλ are
spherical Bessel functions. The quantities ρλ are the multipole components of the
corresponding expansion of the nuclear densities

ρ(r) =
∑

λ=0,2,3,4

ρλ(r)Yλ0(r̂). (8)
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The selection rules for the angular momentum coupling give λ1 + λ2 +
λ3 =even. When βλ 6= 0, λ = 2, 3, 4 for both fragments, then the sum in (5)
involves 32 terms for a nose-to-nose conˇguration and λ3 ≤ 6. Special care has
been payed to obtain numerically the integrals involved in expressions (6), (7).
For most of the fragmentation channels studied here, large quadrupole, hexade-
cupole, and occasionally octupole deformations are involved. Therefore a Taylor
expansion method for obtaining the density multipoles cannot be considered. On
the other hand, a large quadrupole deformation induces according to (8) non-
vanishing multipoles with λ=4 and 6 even if β4=β6=0. Therefore for a correct
calculation of ρλ, a numerical method with a truncation error of order O(h7) is
needed in order to ensure the orthogonality of spherical harmonics with λ ≤ 6.

Performing the integrals (6) and (7) we have used a numerical method with
a truncation error of the order O(h9). All short range wavelength (q ≤ 10 fm−1)
have been included and particular care has been taken to ensure the convergence
of the integrals with respect to the integration step and the range of integration.

The asymptotic part of the barrier is determined essentially by the Coulomb
multipoles which are obtained also as double folding integrals involving charge
densities. For R >> r1 + r2, the Coulomb kernel in (7) behaves as [22]

FCλ1λ2λ3
(r1, r2, R) = 2π2 (2λ3 + 1)!!

(2λ3 + 1)(2λ1 + 1)!!(2λ2 + 1)!!

rλ1
1 rλ2

2

Rλ3+1
δλ3,λ1+λ2 . (9)

If we introduce the moments of the charge density as

Qλ =

√
4π

2λ+ 1

∫ ∞
0

r2drρλ(r)r
λ, (10)

where Q0 = Z (atomic number), then the λ3 = 2 component of function (6)
behaves for R→∞ as

Z1Q
2
2 + Z2Q

1
2

R3
. (11)

First we have chosen the M3Y effective interaction [23] which is represen-
tative for the so-called local and density independent effective interactions [24].
This interaction is particularly simple to use in folding models since it is parame-
trized as a sum of 3 Yukawa functions in each spin-isospin (S, T ) channel. The
spin-spin v10 and spin-isospin v11 components are disregarded since for a lot of
fragments involved in the calculation the ground state spins are unknown. The
spin-spin component of the heavy-ion potential can be neglected here, as it is
of the order of 1/A1A2. Only the isoscalar and isovector components have been
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retained in the present study for the central heavy ion interaction:

v(r12) = v00(r12) + Ĵ00δ(r12) + (v01(r12) + Ĵ01δ(r12))~τ1 · ~τ2 +
e2

r12
, (12)

where

r12 = R + r2 − r1. (13)

The isoscalar component of the M3Y force is

v00(r) =

[
7999

e−4r

4r
− 2134

e−2.5 r

2.5 r

]
MeV,

and the isovector part has the form

v01(r) =

[
− 4885.5

e−4r

4r
+ 1175.5

e−2.5 r

2.5 r

]
MeV.

The M3Y interaction is dominated by the one-nucleon knock-on exchange
term which leads to a nonlocal kernel. In Eq.(12) the nonlocal potential is reduced
to a zero range pseudopotential Ĵ00δ(r12), with a strength depending slightly on
the energy. This is due to the fact that the range of the nonlocality behaves
as µ−1, where µ = A1A2/(A1 + A2) is the reduced mass of the fragments.
We have used the common prescription [24] Ĵ00 = -276 MeV·fm3 neglecting
completely the small energy dependence. For example, the odd-even staggering
in the Q value for a fragmentation channel, which is typically of the order of
∆Q = 2 MeV, leads to a variation ∆Ĵ00=-0.005∆Q

µ
MeV·fm3 with µ ≈60. The

isovecor component in Eq.(12) with a strength Ĵ01 = 217 MeV · fm3 for the
pseudoexchange term, gives a small repulsive contribution in the barrier region.

As we shall show later, employing M3Y NN effective interactions proved
to be satisfactory for the computation of the WKB penetrabilities for the binary
and ternary cold ˇssion of 252Cf, when only the region in the vicinity of the
barrier is important. However, the M3Y double-folded potential is not taking into
account two major factors - the density dependence of the NN interaction and
the Pauli principle, which are important at distances corresponding to the overlap
of the nuclear volumes. This potential is characterized by a strong, unphysical
attraction of a few thousands of MeV inside the nucleus. To accomodate a
repulsive core which would prevent the reabsorbtion of the lighter fragment by
the heavier one we subsequently introduced a double folding potential based on the
effective Skyrme interaction. This is a good choice for a decaying giant molecule
or dinuclear system [25, 26] in view of its similarities with the inter-atomic
potentials used in the physics of the molecule [27]. Thus the nuclear potential
between two ions contains an attractive part and a repulsive one. Neglecting the
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spin dependence, it can be written as

VN (R) = C0

{
Fin − Fex

ρ00

(
(ρ2

1 ∗ ρ2)(R) + (ρ1 ∗ ρ2
2)(R)

)
+ Fex(ρ1 ∗ ρ2)(R)

}
,

(14)
where ∗ denotes the convolution of two functions f and g, i.e., (f ∗ g)(x) =∫
f(x′)g(x−x′)dx′. The constant C0 and the dimensionless parameters Fin, Fex

are given in Ref.25. To solve this integral we consider the inverse Fourier
transform

VN (R) =

∫
e−iq·RṼN (q)dq, (15)

where the Fourier transform of the local Skyrme potential ṼN (q) can be casted
in the form

ṼN (q) = C0

{
Fin − Fex

ρ00

(
ρ̃2

1(q)ρ̃2(−q) + ρ̃1(q)ρ̃2
2(−q)

)
+ Fexρ̃1(q)ρ̃2(q)

}
.

(16)
Here ρ̃(q) and ρ̃2(q) are Fourier transforms of the nucleon densities ρ(r) and
squared nuclear densities ρ2(r). Then [26]

ρ̃(q) = 4π
∑
λ

iλYλ0(θq, 0)

∫ ∞
0

r2drρλ(r)jλ(qr), (17)

ρ̃2(q) =
√

4π
∑
λ

iλ

λ̂
Yλ0(θq, 0)

∑
λ′λ′′

λ̂′λ̂′′(Cλλ
′λ′′

0 0 0 )2 ×

×
∫ ∞

0

r2drρλ′ (r)ρλ′′ (r)jλ(qr). (18)

3. THE COLD BINARY FISSION

We start the study of the binary cold ˇssion, by assuming that at scission,
the two deformed fragments are coaxial and their poles are almost touching like
in the tip model [15]. For quadrupole deformations we choose prolate spheroids
since the prolate shapes are favoured in ˇssion. Also, it is known that in the
potential energy surfaces of nuclei with masses 100 ≤ A ≤ for each 130, oblate
minimum always corresponds another prolate minimum close in energy. For pear
shapes, i.e., fragments with quadrupole and octupole deformations, we choose
opposite signs for the octupole deformations, i.e., nose-to-nose conˇgurations
(see Fig.1). For hexadecupole deformations we choose only positive signatures,
because they lead to a lowering of barriers in comparison with the negative ones
and consequently such conˇgurations are much more favoured in ˇssion (see
Fig.2).
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Fig. 1. Density plots of 106Mo and 146Ba fragments, placed at R=15 fm, considered
with quadrupole and octupole deformations. In the upper part are represented the prolate-
prolate, oblate-prolate positions and in the lower part two pear shapes Å nose-to-back and
nose-to-nose. The penetrability is maximized for β2 > 0 conˇgurations

In order to illustrate the in
uence of deformations on the barriers we displayed
in Fig.3 the M3Y-folding multipoles for 106Mo interacting with 146Ba, with all
deformations included. The octupole component is large in the interior but gives
negligible contribution in the barrier region in contrast to the hexadecupole one.
Next, in Fig.4 we are illustrating for the same partners the cumulative effect of
high rank multipoles on the barrier.

In the laboratory frame of reference the x axis was taken as the initial
ˇssioning axis of the two heavy fragments, with the origin at their point of
contact. The potential barriers VLH −QLH between the two fragments are high
but rather thin with a width of about 2 to 3 fm. As an illustration, we show in
Fig.5 a typical barrier between 146Ba and 106Mo, as a function of the distance
RLH between their centres of mass. Here QLH is the decay energy for the binary
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Fig. 2. Same as for Fig.1. The in
uence of different signs of hexadecupole deformations on
106Mo and 146Ba densities in the presence of large quadrupole and octupole deformations.
The penetrability is maximized for β4 >0 conˇgurations

fragmentation of 252Cf. For the two fragments, the exit point from their potential
barrier is at RLH typically between 16 and 17 fm which supports our cluster
model.

Note that in the cluster model, employed in this paper, the preformation
factors for different channels are neglected, i.e., we use the same assault frequency
factor ν for the collisions with the ˇssion barrier for all fragmentations. It
is generally known that the general trends in alpha decay of heavy nuclei are
very well described by barrier penetrabilities, the preformation factors becoming
increasingly important only in the vicinity of the double magic nucleus 208Pb.
In the present approach to cold binary fragmentation of 252Cf the preformation
factors are taken to be constant. However in this case too, as we shall see
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Fig. 3. The in
uence of the M3Y-folding
multipoles on the barrier between 106Mo
and 146Ba. Notice that the main effect is
due to λ3 = 2. The in
uence of λ3 = 3
is large but less important in the barrier
region compared with the induced defor-
mations λ3 = 5 and λ3 = 6

Fig. 4. The cumulative effect of high rank
multipoles on the barrier between 106Mo
and 146Ba. We considered the deforma-
tions β3 and β4 much larger than the real
ones in order to illustrate the effect of de-
formations

later, around the double-magic nucleus 132Sn the preformation turns out to be of
capital importance. Eventually, as the experimental data become more accurate
one could extract some fragment preformation factors and discuss the related
nuclear structure effects.

The penetrabilities through the double-folded potential barrier between the
two heavy fragments were calculated by using the WKB approximation

P = exp

{
− 2

h̄

∫ so

si

√
2µ [ VF (s)−QLH ] ds

}
, (19)

where s is the relative distance, µ is the reduced mass and si and so are the inner
and outer turning points, deˇned by VF (si) = VF (so) = QLH .

The barriers were computed with the Liquid Drop Model (LDM) parameters
ap = an=0.5 fm, r0p = r0n = (R− 1

R
)A−1/3 fm with R = 1.28A1/3+0.8A−1/3−

0.76.
Accurate knowledge of Q values is crucial for the calculation, since the

WKB penetrabilities are very sensitive to them. We obtained the Q values from
experimental mass tables [28], and for only a few of the fragmentations the nuclear
masses were taken from the extended tables of Méoller et al. [20] computed using
the macroscopic-microscopic model.

Let us consider for the beginning only the relative isotopic yields corre-
sponding to true cold (neutronless) binary fragmentations in which all ˇnal nuclei
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Fig. 5. The barrier between 146Ba and 106Mo as a function of the distance RHL between
their centres of mass. QLH is the decay energy

are left in their ground state. These relative isotopic yields are given by the
expression (A1 = AL, A2 = AH )

Y (A1, Z1) =
P (A1, Z1)∑

A1Z1
P (A1, Z1)

· (20)

As we mentioned above, the fragment deformations were chosen to be the
ground state deformations of Méoller et al. [20], computed in the frame of the
macroscopic-microscopic model. In Fig.6 we represented separately these de-
formations for the light AL and heavy AH fragments for odd and even charge
Z. We can see that the light fragments have mainly quadrupole deformations
in contrast to the heavy fragments, which have all types of deformations. The
octupole deformations are nonzero in a small heavy fragment mass number region
141 ≤ AH ≤ 148. The fragments with mass number AL ≤ 92 and AH ≤ 138
are practically spherical.

The computed M3Y-ˇssion barriers heights, for different assumptions: no
deformations, including the quadrupole ones, including the quadrupole and oc-
tupole ones and for all deformations, together with the corresponding Q values
are represented in Fig.7 for odd Z and even Z separetely. We notice the large
in
uence due to the quadrupole deformations, but also the hexadecupole ones are
lowering the barriers very much. The octupole deformations in the mass region
141 ≤ AH ≤ 148 have a smaller effect then we expected. This is an illustration
of the difference between cluster radioactivity, which is due only to the large Q
values and the cold ˇssion which is due mainly to the lowering of the barriers by
the fragment deformations. Both processes are cold fragmentation phenomena.
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Fig. 6. The assumed β2, β3, β4 ground state fragment deformations are represented by sym-
bols along an isotopic chain labelled by the charge number. The light fragments (Z1, A1)
have mainly quadrupole deformations in contrast to the heavy fragments (Z2, A2). The
octupole deformations are existing in a small mass region 141≤ A2 ≤148, whereas the
hexadecupole deformations are important in the region 138≤ A2 ≤158. The fragments
with masses A1 ≤94 and A2 ≤138 are practically spherical

The computed yields in percents, for the splittings represented by their frag-
ment deformation parameters in Fig.6 or by their barrier heights in Fig.7, are given
in Fig.8 for spherical fragments (βi = 0), for quadrupole deformations (β2), and
for all deformations (β2 + β3 + β4) at zero excitation energy. We can see that
when the fragments are assumed to be spherical the splittings with the highest
Q values, which correspond to real spherical heavy fragments(see Fig.6), i.e.,
for charge combinations Z1/Z2 = 48/50, 47/51, and 46/52 are the predominant
ones. This situation is encountered also in with the cluster radioactivity where the
governing principle is the Q value. Due to the staggering of Q values (see Fig.7)
the highest yields are for even-even splittings. By including the β2 deformations
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Fig. 7. The barrier heights for all considered fragmentation channels represented for differ-
ent charges ZL and mass numbers AL of the light fragment. The Q values are represented
by slightly larger symbols

few asymmetric splittings arise. For all deformations more asymmetric yields
appear. Now the principal yields are for Z1/Z2= 38/60, 40/58, 41/57, and 42/56
along with 44/54, 46/52, and 47/51. It is a direct consequence of the fact that the
in
uence of the fragment deformations on the yields overcome the in
uence of
Q values in the more asymmetric region. This illustrates the fact that cold ˇssion
is a cold rearrangement process in which all deformations are playing the main
role and not the Q values. The staggering for odd Z fragmentations like Z1/Z2

= 39/59, 41/57, 43/55, 45/53, and 47/51 or odd N fragmentations is recognized
at ˇrst glance. However, by the introduction of the density levels this staggering
is reversed. The largest yields will be for odd Z and/or N fragmentations.

In the next ˇgure we represent the mass yields YA2 =
∑

Z2
Y (A2, Z2) (Fig.9)

for spherical fragments (βi=0), for quadrupole deformations (β2 6=0), and for all
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Fig. 8. The true cold ˇssion yields calculated with LDM parameters at zero excitation
energy. Results with all deformation turned off are represented in the upper panel, with
inclusion of quadrupole deformations on the middle and with all deformations on the
bottom. Each group of splittings is labeled by charge combination ZL/ZH on the top of
the middle panel. Numbers on the horizontal axis represent the ordering of fragmentation
channels

deformations (βi 6=0). We can see in the spherical case that the main mass
yields are centered around A2=132. All these heavy fragments are spherical
or nearly spherical (with a small prolate deformation) and have high-Q values.
Since other spherical fragments do not arise in the yields diagram it occurs that
in the spherical case the Q value is the dictating principle. When we turn on the
quadrupole deformation a rearrangement in this spherical region takes place. The
yield corresponding to A2=132 is still important, but the one for A2=134 takes
over, although the maximum decay energy of the ˇrst mass split Qmax is larger
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Fig. 9. The mass yields YAH =
∑

ZH
Y (AH , ZH) in percents, as a function of heavy frag-

ment mass computed with LDM parameters. Calculatio ns without deformations (β2,3,4=0)
enhance only the spherical region AH ≤ 136; the inclusion of quadrupole deformations
(β2 6=0) enhances the yield with AH =134; for all deformations there are two main mass
yields regions, i.e., 132≤ AH ≤136 and 138≤ AH ≤156

than that of the former. In this case the larger quadrupole deformation of the
light partner decides the augmentation of the A2=134 yield. When we include the
higher multipole deformations, i.e., octupole and hexadecupole deformations, the
yields diagram will change drastically over the whole mass range. First of all, in
the spherical region the mass-splittings yields A2=132, 134 are lowered whereas
their odd neighbours are augmented. This is a consequence of the fact that the
hexadecupole deformations of the odd light partners are slightly larger. But the
most important change occurs in the mass region A2=138÷156 where a whole
bunch of splittings show up with yields greater than 0.01%. This is, beyond any
doubt, an effect due to the hexadecupole deformations. As can be inferred from
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Fig.6 the above-mentioned mass region is characterized by noticeable values of
the hexadecupole deformation. Before adding the hexadecupole deformation, this
region has very low yields whereas after the inclusion of β4 the most pronounced
peaks are A2= 142, 144-147, 150, and 154. It is the right place to mention that
these two mass regions obtained by us employing a deformation dependent cluster
model of cold ˇssion were also reported by the Tébingen [29Ä31]. The ranges are
almost identical. However in order to reproduce completely the experimental data
we have to underline the elements that have to be supplied further in our model.
First, in the spherical region, the experiment claims a mass region of cold ˇssion
centered around A2=132, instead of A2=134 as we obtained. However this misˇt
was to be expected since we didn't include the preformation factors. In the case
of the doubly magic nucleus 132Sn this assumption proves to be unsatisfactory.
As has been advocated by the Téubingen group [30] this is a possible manifestation
of heavy-cluster decay. Therefore it is very likely that in this case the prefor-
mation factor, which multiplies the penetrability, is larger for 132Sn than for the
neighbouring nuclei, which could then account for the discrepancies between our
calculations and experimental data. However, an encouraging experimental point
which supports our calculations is the fact that the even masses 134 and 136 are
accompanying the leading yield for 132. In Fig.10 we compare the total yields
for 132 (left side) and 134 (right side). We see that the Z-splitting corresponding
to the spherical 134Te dominates in all the three cases, because, as we mentioned
earlier its light partner has a sensitive quadrupole deformation and a nonvanishing
hexadecupole one. Its Z partner 134Sn has a smaller hexadecupole deformation.
The same reasoning apply to A2=136. Therefore it could be possible that in the
case of these nuclei the deformation dictates the yield magnitude rather than the
magic number in protons or neutrons. The experimental determination of the
double ˇne structure in this region will, hopefully, clarify the situation.

The hexadecupole deformed region, extending from 138 to 156, obtained
in the frame of our cluster model, presents also some discrepancies compared
to the experimental ˇndings. The main problem that we faced here concerns
the odd-even effect which seems to be very strong in this region according to
the Téubingen group [29Ä31]. The things can be understood as follows: In the
vicinity of the ground state, the level densities of odd mass nuclei are much larger
than for even nuclei and consequently it will be more probable to observe cold
ˇssion for odd-odd mass splits in comparison to even-even mass splits. Since in
our present calculations the level density of fragments is not taken into account,
our results point to an enhancement of even-even mass splits with respect to the
odd-odd mass splits. In a preceding paper [32] the effect of level density was
incorporated in the calculation of yields by means of the Fermi Back-Shifted
Model valid also for small excitation energies. In order to get a rough idea of
how the odd-even effect in
uences the yields, we simply shift the decay energy
by the ˇctitious ground-state position ∆ taken from the global analysis of Dilg
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Fig. 10. The yields for the Z splittings of AH=132, 134 in percents computed with LDM
parameters

et al. [33], Q∗ = Q − ∆. In Fig.11 we represented the same thing like in
Fig.10 but with the above-mentioned shift in the Q value. It is obvious from
the inspection of this ˇgure that the odd splittings are enhanced. It is worthwile
to stress once again that in our view, in the mass region extending from 138 to
156, the hexadecupole deformation is the leading mechanism responsible for the
cold fragmentation of 252Cf. The lowering of the barriers due to hexadecupole
deformation increase dramatically the penetrabilities and eventually the yields.

In Fig. 12 we represented the yields for the Z-splittings of A2=143. Compar-
ing the ˇrst two cases we see that the yields are almost unsensitive to quadrupole
deformation. When the hexadecupole deformation is included, the distribution
changes all the yields being increased almost uniformly (in the log scale). It is
worthwhile to notice that the octupole deformations are not inducing the tremen-
dous changes that the hexadecupole do.
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Fig. 11. The mass yields YAH =
∑

ZH
Y (AH , ZH) in percents, as a function of heavy

fragment mass computed with LDM parameters with the decay energy modiˇed Q∗ =
Q−∆. The odd-odd mass splittings are this time favoured

The main result obtained through these calculations is the theoretical conˇr-
mation of the existence of two distinct regions of 252Cf cold ˇssion. The results
indicate two different mechanisms. In the heavy mass region situated between 138
and 156, the hexadecupole deformation gives rise to a large number of splittings.
Here the shell closure in neutrons or protons seems to not be involved. Although
the shell effects should play an important role in the odd-even differences by
enhancing the odd-odd mass splits with respect to the even-even ones, our result
comˇrms that the fragments are emitted with very compact shapes. We should
discard deformations much larger than those calculated for the ground state. For
such deformations a large part of the excitation energy should be allocated for
deforming the fragments. It is not the case for the cold ˇssion system, where
one encounters an acute absence of excitation energy. In the spherical region our
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Fig. 12. The yields for the Z splittings of AH=143 in percents computed with LDM
parameters. Calculations without deformations and with the inclusion of quadrupole defor-
mation give nearly the same yields. The inclusion of hexadecupole deformation increases
uniformly by 4 orders of magnitude the yields

results give only a hint of the importance of the magic nucleus 132Sn which is
susceptible to be produced in a heavy clusterization process, similar to that for
light clusters [1]. Here the decay mechanism should be similar to the light cluster
radioactivity, the daughter nucleus 132Sn being traded for 208Pb and the heavy
cluster 120Cd for 32Si.

4. THE COLD TERNARY FISSION

A. The α-Accompanied Ternary Fission. The ˇrst direct evidence of cold
(neutronless) alpha ternary ˇssion yields was reported in [17]. Using the triple
gamma coincidence technique, only the correlations between the two heavier
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fragments were observed unambigously. This new phenomenon is equivalent to
cluster radioactivity during ˇssion. Such cold ternary decays produce all the three
fragments with very low or zero internal excitation energy and consequently with
very high kinetic energies. Their TKE will be close to the corresponding ternary
decay energy Qt. In order to achieve such large TKE values the three ˇnal
fragments should have very compact shapes at the scission point and deforma-
tions close to those of their ground states, similarly to the case of cold binary
fragmentations [34].

Below, we develope a coplanar three-body cluster model consisting of two
deformed fragments and a spherical α particle for the description of cold (neu-
tronless) alpha accompanied ˇssion of 252Cf. This model is an extension of the
cluster model used for the description of cold binary ˇssion that we presented in
the preceding section.

In what follows, we apply a semiclassical approach to the tunneling process
in a many body system. The system consists in n bodies interacting via a potential
V ({qi}) which is the sum of two-body components. This assumption is not very
restrictive and may be relaxed. Let {qi} be a set of N generalised coordinates.
The total available energy for the system is identiˇed with the decay energy Q.
We assume that in the classically forbidden region (V ≥ Q) the usual WKB
conditions are fulˇled and the semiclassical many body wave function is given
by

Ψ ∝ exp(−S0/h̄), (21)

where S0 is the reduced action between the entrance point and the current
point [35]. The action satisˇes the Hamilton-Jacobi equations. Consequently
the equations of motion ( in imaginary time ) are the (modiˇed) Euler-Lagrange
equations. For a Lagrangian

L =
1

2

N∑
i,j=1

aij q̇iq̇j − V ({q}) (22)

the reduced action may be written

S0 =

∫ √
2(V −Q)

∑
aijdqidqj (23)

and the trajectory is obtained by extremizing S0 with respect to all possible paths
in the coordinates qi. Parametrizing the path by one of the coordinates, say q1,
we obtain a set of coupled equations:

∂V

∂qi
=

1

M
bi

(
V ′ +

∑
k

∂V

∂qk
q′k

)
+
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+
2

M
(Q− V )

(
1

M
bi

(∑
k

a1kq
′′
k +

∑
kl

aklq
′
kq
′′
l

)
−
∑
k

aikq
′′
k

)
, (24)

where i, k, l = 2÷N and f ′ = ∂f/∂q1. The quantity bi is deˇned by

bi = a1i +
∑
k

aikq
′
k

and the effective mass of the system by

M = a11 + 2
∑
i

a1iq
′
i +
∑
ik

aikq
′
iq
′
k . (25)

To the ˇrst order of the WKB approximation, the penetrability is given by the
square of the wave function (21) with the reduced action calculated on the path
satisfying (24) and the boundary conditions

V ({qin,out}) = Q. (26)

In the particular case N = 1 this condition uniquely determines the penetration
path. In the general case, the condition (26) does not specify all the necessary
conditions for integrating (24). In principle we should solve (24) for all solutions
satisfying (26) and choose the path qi(q1) which minimizes the reduced action

S0 =

∫ out

in

√
2M(V −Q) dq1, (27)

where
M = M(qi(q1), q1), V = V (qi(q1), q1) . (28)

This will give the upper bound for the penetrability. In the particular case of a
diagonal mass tensor aik = µiδik, Eq.(24) gets a much simpler form:

M
∂V

∂qi
= µiq

′
i

(
V ′ +

∑
k

∂V

∂qk
q′k

)
+ 2µi(Q− V )

(
q′i
M

∑
k

µkq
′
kq
′′
k − q′′i

)
(29)

and the effective mass reduces to

M = µ1 +
∑
k

µk(q
′
k)

2 . (30)

We stress that the system of Eqs. (26) − (30) does not represent a trivial
generalisation of the tunneling problem in one dimension. The main difference
stems from the fact that Eq.(26) has in general many solutions and the integration
of the highly nonlinear coupled equations (29) cannot be started without imposing
additional constraints on physical trajectories.
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To ˇx the ideas, let us discuss in some detail the speciˇc features of the
tunneling process in the case of cold alpha-accompanied ternary ˇssion. We
assume that all three fragments are preexisting in a quasi-bound molecular state.
Since the process is cold, the heavy fragments have very compact shapes with
deformations close to their asymptotic values. Strong polarisation effects are
expected in the initial stages of the tunneling process. One may include such
effects by introducing effective deformations. In order to grasp the penetrabilities
for the most probable processes one may consider only axial deformations with
symmetry axis oriented along the ˇssion axis. For simplicity the problem is
reduced to a planar one and therefore we have to deal with six coordinates.
Requiring the c.m. to be at rest, we are left with four independent coordinates.
Let (xi, yi, i = 1, 2) be the fragment coordinates and (xα, yα) the coordinates
for the α particle. The corresponding masses are denoted by mi, i = 1, 2, α. The
usual transformation to relative coordinates R = x2 − x1 and y = y2 − y1 leads
to

x1 =
−mαxα −m2R

m1 +m2
, y1 =

−mαyα −m2y

m1 +m2
,

x2 =
−mαxα +m1R

m1 +m2
, y2 =

−mαyα +m1y

m1 +m2
.

The kinetic energy and the third component of the angular momentum in terms
of these coordinates are

T =
1

2

(
µ12(Ṙ

2 + ẏ2) + µα(ẋ2
α + ẏ2

α)
)
, (31)

Lz = µ12(Rẏ − Ṙy) + µα(xαẏα − ẋαyα), (32)

where

µ12 =
m1m2

m1 +m2
, µα = mα

(
1 +

mα

m1 +m2

)
.

Since the α-particle mass is small compared to the fragment masses, we further
assume y ≈ 0 on the penetration path. This assumption may lead to a noncon-
servation of the angular momentum (32). However, we expect a very smooth
α-particle trajectory, and to a good approximation the second term in (32) is
vanishingly small. Next, requiring Lz = 0 implies y ' const .R. In the initial
conˇguration one can always choose the heavy fragments along the x axis and
therefore const = 0 and the angular momentum is conserved. Similar consider-
ations lead to the conclusion that even the kinetic energy (31) is well evaluated
along the trajectory. Since y ≈ 0 seems to be a reasonable approximation, one
further assumes y1 ≈ y2 ≈ 0.

We are ˇnally left with the problem of ˇnding the α-particle coordinates
(xα, yα) as a function of the interfragment distance R, which is a natural candidate
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for the variable q1. A close inspection of Eq.(31) readily identiˇes the necessary
mass parameters and the action integral reads:

S0 =

∫ Rout

Rin

√√√√2

{
µ12 + µα

((
∂xα

∂R

)2

+

(
∂yα

∂R

)2
)}

(V −Qt)dR (33)

with V = V (xα(R), yα(R), R). The above formula shows that under well
justiˇed approximations the penetrability for the three-body system is similar
to the well-known WKB expression for two body systems with an important
correction in the effective mass arising from the α-particle trajectory. The one
dimensional case is reproduced in the limit µα → 0. The magnitude of this
correction can be determined by solving the nonlinear coupled equations (29).
Subsequent numerical calculations with selected trajectories showed that the most
important contribution arises from the variation of yα with the interfragment
distance.

The total interaction potential is obtained as the sum of two-body potentials
between the α particle and the fragments and between the light and heavy frag-
ment. An advantage of this approach is that the barrier between the two fragments
and the barrier between the α particle and the fragments can be calculated quite
accurately due to the fact that the touching conˇgurations are situated inside the
barriers. An important requirement for the interaction potential is that the system
should enter the penetration path very close or beyond the touching conˇguration.
This point will be checked carefully in the following.

The data base for the present calculation includes 78 different splittings for
alpha ternary ˇssion and 87 splittings for binary ˇssion of 252Cf. Each splitting
is deˇned by charge and mass numbers, experimental binary and ternary decay
energies and a set of geometrical and deformation parameters which characterize
the one-body densities.

In order to understand the landscape of the three-body potential we ˇrst
represent the potential at different interfragment distances R (Fig.13) with heavy
fragments in a nose-to-nose conˇguration, for the splitting 4He +92Kr+156Nd with
deformed fragments. The potential for a splitting with a spherical fragment looks
quite similar. In the equatorial plane we distinguish a saddle conˇguration which
results from the interplay of the strong repulsive (Coulomb) forces acting on the
α particle and the attractive (nuclear) forces. The saddle trajectory is obtained by
numerically solving the equation

∂V

∂xα
= 0

for ˇxed interfragment distance. Along the saddle trajectory there are two inter-
esting extrema: one is situated on the symmetry axis and another one at the top of
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Fig. 13. The three-dimensional ternary potentials for the splitting 4He+92Kr+156Nd at
different interfragment distances R = 14, 15, 16, 17 fm between the colinear fragments in
a nose-to-nose conˇguration. We can see the two wells corresponding to the light and
heavy fragment and in the equatorial plane a ridge which grows up with the interfragment
distance R between fragments. This ridge has a minimum on the symmetry axis and
a maximum at the equatorial alpha barrier height. This minimum disappears at large
interfragment distances R ' 20− 21 fm

the maximum of the equatorial alpha barrier ridge where all classical forces acting
on the α particle are equilibrated. This last point is denoted in the following as the
Lagrange point and the ensemble of such points for different interfragment dis-
tances Å the Lagrange trajectory. As can be seen in Fig.13 the minimum situated
on the symmetry axis disappears at large interfragment distances R = 20−21 fm.
Following Radi et al. [36], we assume that the position of the α particle is gov-
erned by the well the potential has in the perpendicular direction. If the motion
is not very fast, the α should adiabatically adjust to a stationary state in this
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Fig. 14. The ternary potential minimum in the equatorial plane for the splitting
4He+92Kr+156Nd at different interfragment distances R. The corresponding zero point
energies in an harmonic oscillator approximation are indicated. As can be seen at large R
this minimum disappears

potential. To get the position of the α particle we approximate this potential with
an harmonic oscillator potential

V (y) = Vmin +
1

2
Cy2, (34)

where the stiffness coefˇcient C depends on the interfragment distance and is
obtained by numerically differentiating the potential around the minimum. Then
the eigenvalues are given by:

En =

(
n+

1

2

)
h̄

√
C

mα
. (35)

A convenient measure of the spread of this position is given by:

< y2 >n=
En

C
. (36)

In Fig.14 the saddle potential and the zero point energies are represented as
a function of R for the splitting 4He+92Kr+156Nd with deformed fragments. The
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Fig. 15. The ternary potentials V (xα, yα = 0, R) for the splitting 4He+92Kr+156Nd as a
function of xα for different interfragment distances R. The two wells and the two polar
barriers corresponding to the light and heavy fragment are clearly seen. At R > 17 fm
the polar barriers are below the ternary Q3 value. The interfragment ridge situated in the
equatorial plane is very narrow

zero point energies are consistent with the previous estimation of Radi et al. [36].
In Fig.15 we represented, for the same splitting at different interfragment distances
R, the polar alpha barriers, i.e., the potential V (xα, yα = 0, R). We can clearly
see the two wells corresponding to the light and heavy fragments which are
separated by a very narrow interfragment ridge. Also we can see that the polar
barriers disappear at the interfragment distance R ' 17 fm that is much earlier
than the equatorial barriers. We must stress that the semiclassical approximation
for the penetration factor requires the penetration path be localized in a region,
where V ≥ Qt. This is the most economic way to localize the position of α
particle during the penetration path in the present model. In Figs.16a and 16b, for
the above splitting with deformed fragments and the splitting 4He+117Pd+131Sn
with a spherical fragment, we represented the three-body potential V (xα, yα, R)
in the plane (xα, yα) at different interfragment distances by only one equipotential
line Qt. At small interfragment distances the uncertainty in the α particle position
is rather large but it reduces drastically as R increases. We can see that by
increasing R the Qt-value contours are reduced practically to a single point. One
remarks also that at the exit points the y coordinate of the α particle has the rather
large values, of the order of 5 fm for two deformed fragments and slightly larger
(6 fm) when one fragment is spherical. Such high values, are consistent with
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Fig. 16. The ternary potentials V (xα, yα, R) represented in the plane (xα, yα) by a sin-
gle equipotential line Qt at different interfragment distances R for the splittings: a)
4He+92Kr+156Nd with deformed fragments and b) 4He+117Pd+131Sn with a spherical
heavy fragment. At large R the exit points are quite different for such splittings. This
suggests different energy and angular distributions of the α particle for the two regions

Eq.(36) only if the α particle is placed in a rather high excited state in the saddle
potential. Also one can remark that the penetration path terminates much earlier
in the case of one spherical fragment as compared to the deformed-deformed
case. Based on this observation one may conjecture that the angular and energy
distributions of the α particle which are largely determined by the conˇguration
at the end of the penetration path will be rather different in the two cases.

Other possible characteristics of the three-body potential are given in Figs.17a
and 17b. Here we represented in the plane (xα, yα) for the above two splittings
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Fig. 16b

the fragments with all deformations included and the two ridges: the equatorial
one deˇned by the equilibrium of the classical forces acting on the α particle
in the x direction and the α particle ridge deˇned by the top of the α barriers
situated around the two fragments. The intersection of these two ridges gives the
Lagrange point where no forces are acting on the α particle. We also represented
the centres of the α particle obtained from the geometrical condition that the α
particle is in touch with each fragment. We deˇne a touching point such that
the densities of the two bodies in contact are half of their central value. We see
that the intersection of the two touching conˇgurations of the α particle and the
two fragments is not situated on the equatorial ridge. Due to the fact that this
ridge is very narrow (see Fig.15) we have to impose the condition that the α
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Fig. 17. Schematic representation of the two fragments for the splittings mentioned in
Fig. 16. The fragment shape is deˇned by the the half-density surface. The dashed line
represents the locus of the centre of the α particle in touching with one of the fragment.
The thick continous line represents the α particle ridge while the thin line is the equatorial
ridge. The intersection of the two continous lines gives the Lagrange point (see text for
details)

particle is in equilibrium on the ridge, in order to exclude the cases of subsequent
disolution of the α particle in one of the fragments. This condition together with
the touching condition with one of the fragments deˇnes the adiabatic trajectory
when the interfragment distance is varied. We recall here that the Lagrange
trajectory which explores the maximal values of the interaction potential gives
a lower bound of the penetrability while the more physically intuitive adiabatic
trajectory gives an upper bound.
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Fig. 17b

One possible physical choice of the α particle initial position is situated on
the interfragment ridge and above the touching curves as previously deˇned. On
the other hand, if we allow the α particle to overlap the fragments, we can
consider different scenarios which could be related to the excited quantum states
deˇned in the equatorial ridge well.

In our static description of the alpha accompanied ˇssion, the alpha ternary
yields depend essentially on the α particle trajectory. This limits considerably
the number of possible scenarios. In the following we shall consider only few
scenarios.

The ˇrst one is the adiabatic scenario. This assumes that the α particle is
situated on the interfragment ridge, satisfying one of the two α particle touching
conˇgurations, i.e., at the lowest y0

α value. By increasing the interfragment
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Fig. 18. Fission barriers and α-particle trajectories for the splittings mentioned in Fig. 16.
Left panels: ternary barriers calculated along selected trajectories and binary barriers for
the cold ˇssion of the daughter nucleus 248Cm leading to the same fragments. The
corresponding ternary and binary reaction energies are indicated by thin lines. Right
panels: The α-particle trajectories (xα, yα) versus the interfragment distance R. The
inner and outer turning points are indicated by arrows

distance R, the α particle is getting closer to the fragment symmetry axis. The
corresponding α particle trajectory together with the ternary and binary barriers
are plotted in Figs.18 for the above two splittings: a)4He+92Kr+156Nd and b)
4He+117Pd+131Sn. Also we represented the intersection of the barriers with the
Q values, i.e., the corresponding inner and outer turning points. Note that the
system crosses the ternary barrier before the α particle becomes colinear with the
fragments.
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Fig. 18b

The second scenario is the Lagrange scenario. In this case we assume that the
α particle is situated at the Lagrange point were all forces acting on the α particle
are in equilibrium. The α particle trajectories and the corresponding barriers
are represented also in Figs.18. Also we plotted the binary barriers of 248Cm
for the same splittings. Clearly the ternary barrier is higher than the binary one
and shifted to larger R distances. As previously discussed the α particle motion
in the transversal well is taken into account by substracting from the Qt value
its energy (35). This procedure does not provide for a ternary barrier the Qt
value when considering the ground and ˇrst two excited states. Therefore we
consider only the third and fourth excited states scenarios. In the same Figs.18,
the α particle trajectories and the corresponding ternary barriers for the third and
fourth excited states are represented by including the En(R) values in the barriers.
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Fig. 19. The cold alpha ternary yields of 252Cf for the Lagrange, adiabatic, second, third,
and fourth state scenarios, corresponding to different initial positions of the alpha particle
on the interfragment ridge, as a function of fragment mass. Also the cold binary yields of
248Cm are given. With the exception of ternary yields obtained in the Lagrange scenario,
which are very similar with the cold binary yields of 248Cm, all scenarios strongly favour
the splitting 4He+116Pd+132Sn with one spherical fragment

Obviously, for these scenarios the y0
α initial values of Eq.(36) are smaller than for

the Lagrange conˇguration, which assumes the maximum y0
α values at the top of

the α barriers, and even smaller than the values for the adiabatic scenario which
is based on the lowest energy conˇguration.

Knowing the barriers and Qt values, the relative alpha ternary yields are
given by the same formula like in the binary case (see Eq.(20)).

The preformation factors for an α particle at the surface of a deformed frag-
ment differs by orders of magnitude as compared to the spherical case. Neverthe-
less, in this case, like in the binary case, no preformation factors are considered.
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Fig. 20. Scatter diagram of the cold alpha ternary yields of 252Cf for Lagrange, adiabatic,
second, third, and fourth state scenarios versus the cold binary yields of 248Cm. Only the
ternary yields of 252Cf obtained in the Lagrange scenario are strongly correlated with the
cold binary yields of the daughter nucleus 248Cm. For all other possible scenarios only
the splitting with 132Sn is favoured

Once again, as fragment deformations we choose the ground state deformations
computed in the framework of the macroscopic-microscopic model. These defor-
mations play a very important role on barrier penetrabilities, i.e., on ternary yields.
The light fragments have mainly quadrupole deformations in contrast to heavy
fragments which have all kinds of deformations. The octupole deformations exist
for a small heavy fragment mass region 141 ≤ AH ≤ 148. The fragments with
mass numbers AL < 92 and AH < 138 are practically spherical. In the following
we shall include all deformation up to λ = 4 with positive values, i.e., oblate
shapes (β2 < 0) are transformed to prolate shapes (β2 > 0) and neck shapes
(β4 < 0) to shapes with positive hexadecupole deformations (β4 > 0).
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The ternary ˇssion yields for different scenarios: Lagrange, adiabatic, second,
third and fourth excited states, corresponding to different initial positions of the α
particle on the interfragment ridge are represented in Fig.19. Also the cold binary
yields for 248Cm are given. With the exception of the Lagrange scenario yields,
which are very similar to the cold binary yields of 248Cm, all other scenarios are
strongly favouring only the spherical splittings.

In Fig.20, for the same scenarios, the ternary yields versus binary yields of
the daughter nucleus 248Cm leading to the same splittings are displayed. Only
in the Lagrange scenario the alpha ternary yields are strongly correlated with the
cold binary yields of the daughter nucleus. Such a possibility is consistent to the
fact that binary barriers are very thin (with only 2Ä3 fm width) [34]. For the
other scenarios, adiabatic, second, third and fourth excited states, only the ternary
yields for spherical splittings, which are dominated by the Q-value principle
become important. This fact is not consistent with the existing experimental data
on cold alpha ternary yields [17], which indicate cold alpha ternary yields for
both regions.

B. Observation of 10Be Emission in the Cold Ternary Fission. Preliminary
data for the cold (neutronless) 10Be-accompanied and 14C- accompanied ternary
fragmentations of 252Cf were obtained [37, 38] using the Gammasphere with 72
Compton suppressed Ge detectors.

Contrary to α-ternary ˇssion whose ˇrst excited state is located very high in
energy (>20 MeV), 10Be has an excited state (2+) at an energy of 3.368 MeV.
Therefore we cannot expect cold ˇssion to the ˇrst excited state of the α particle.
Instead, 10Be and other heavier ternary fragments are more easily polarizable
and thus collective effects can be enhanced. The possible excitation of relative
vibrations and rotation modes of the three fragments will alter signiˇcatively the
angular distribution of the emitted fragments.

In order to detect directly 10Be, two complementary partners, 96Sr and 146Ba,
were chosen, which are situated near the peaks of the mass distribution of 252Cf.
Clearly the missing third particle is 10Be [39]. The coincidence spectrum was
obtained by gating on the 2+ → 0+ transition of energy 181.1 keV in 146Ba
and on the 4+ → 2+ transition of energy 977.5 keV in 96Sr. The transitions
4+ → 2+, with energy 332.6 keV, in 146Ba and 2+ → 0+ with energy 814.7keV
in 96Sr, were clearly observed [39].

Further, it was checked that the missing third fragment is really 10Be. Ex-
amining the high energy region of the same coincidence spectrum, a peak with
energy 3368 KeV was observed and assigned to the 2+ → 0+ transition in 10Be.

Recently, the Darmstadt group [40] reported evidence that 10Be nuclei, in a
rather high excited state of 3.37 MeV, are produced in ternary ˇssion. A puzzling
fact was that a part of the γ quanta with this energy are apparently emitted from
rest. Since the 
ight time of Be nuclei to the detector(≈ 2ns) is much longer
than the lifetime of the 3.37 MeV level (180 fs), we face a huge delay in the
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emission of the ternary particle, if we suppose that the emission takes place in
the detector. In other words the γ quanta seems to be emitted rather from a
quasi-bound trinuclear state, which has a lifetime much larger than the estimated
time of acceleration in the Coulomb ˇeld of the ˇssioning system. This possible
quasi-bound state arises in the potential pocket produced by the mutual interaction
of the three fragments.

C. Trajectory Calculations for the Alpha-Accompanied Ternary Cold Fis-
sion. In order to get a hint on the conˇguration and the dynamics of the ˇssioning
nucleus at scission a large number of studies were devoted in the past to the tra-
jectory calculation, specially for α particles emitted from the neck region [41Ä46].
The authors who considered the ˇnite size and the deformation effects [36,47,48]
showed that these geometrical factors are in
uencing sensitively the angular dis-
tributions of the α particle.

Making a good selection for the initial parameters of the trajectory calcula-
tions is a difˇcult task. This is due to the fact that probing various combinations
of assumed initial conditions and then computing the trajectories for comparison
with the available experimental data, similar results are often obtained. In the
hot alpha accompanied ternary ˇssion the initial conditions are taken in various
combinations. For example the initial kinetic energy of the two main fragments
and of the α emitted in the spontaneous ternary ˇssion should be around 0.5 MeV
according to the statistical theory and the equipartition principle [44,45]. On the
contrary, in the dynamical theory of ˇssion [49] the nascent fragments at scission
are predicted to be moving with appreciable kinetic energy (20Ä50 MeV).

As we showed in the previous section, for the cold ternary ˇssion the initial
conditions are better known. We have to establish the following initial conditions:

a) The Shape of the Fragments. The determination of the shape of the
fragments in the ternary cold ˇssion is facilitated, up to a certain extent, by the
peculiar characteristic of the process, i.e., the fragments should have very compact
shapes at the scission point and deformations close to those of their ground states.
One may next suppose that the shapes of the fragments will not be modiˇed when
the fragments move away in the Coulomb ˇeld of each other.

b) The Tip Distance d. Naturally, d should correspond to the conˇguration at
which the α particle is released. As can be inferred from Fig.13, the light particle
should stay between the two heavy fragments in a position which should avoid
its absorbtion by any of the fragments. We see in Fig.21, that for tip distances up
to 7 fm, the α is facing a thick barrier in the transversal direction. Eventually as
the distance between the fragments increases, the pocket in which the α is located
becomes more and more shallower until it disappears around d = 8 fm. Therefore
one may conclude from these qualitative arguments that the initial tip distance
between the two main fragments should not be larger than that corresponding to
the disappearence of the pocket.
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Fig. 21. The one-dimensional potential well of the α particle for three different tip dis-
tances: d = 6 fm (full line), d = 7 fm (dashed line), d = 8 fm (dotted line)

c) Initial Geometric Conˇguration of the α Particle. We invoke a receipt
proposed by Boneh et al. [42] considering as a possible choice for the α position,
the point of minimum potential energy (the saddle point of the potential energy
surface) that we mentioned in the ˇrst section of this chapter. In the case of our
deformation-dependent cluster model, where the nuclear forces are introduced
via the M3Y potential, this saddle point corresponds to the position where the
combined Coulomb and nuclear forces exerted by the heavy fragments on the α
particle cancel each other, and the potential surface will have a relative minima
at this point. The method by which this point is determined was explained earlier
so we will not return to it.

d) The Kinetic Energy of the α Particle E0
α. As we already noted above the

potential energy of the α positioned at the electro-nuclear saddle point will have
a minimum in the y direction. It is clear that the α particle has no component of
its velocity along the x axis since this would result in a possible absorbtion by
the deep potential wells of the two heavier fragments instead of being emitted(see
Fig.13). The only chance for the α particle to not be reabsorbed during the
descent of the decaying system from scission to the release point is to have a
momenta directed only along the y axis. Taking sections of the potential surface
along the y axis at x corresponding to the saddle point, the resulting potential slice
will look similar to a one-dimensional harmonic potential well (see Figs. 14 or
21). When the tip distance increases, the well becomes more and more shallow
until it vanishes completely. Using the ideas outlined in the ˇrst subsection
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of this chapter we approximate the potential Vα with an harmonic potential in
the y direction, centered at the saddle-point(see Eq.(34)), and eventually get an
estimation for the initial kinetic energy of the α supposing that it can be identiˇed
with the zero-energy in this harmonic potential well, i.e.,

Eα =
1

2
h̄

√
C

mα
, (37)

where the stiffness constant is given by the expression

C =
∑
i=L,H

1

R0
αi

∑
λ≥0

(
∂Vλ0λ(Rαi)

∂Rαi

∣∣∣∣
0

− λ(λ+ 1)

2

Vλ0λ(R
0
αi)

R0
αi

)
, (38)

where R0
αi is the distance from the fragment i to the α located at the saddle point:

R0
αL =

D

1 +
√

ZL
ZH

, R0
αH =

D

1 +
√

ZH
ZL

, (39)

where D is the interfragment distance. For increasing tip distance the kinetic
energy of the α decreases. One might suppose that in the range 6Ä8 fm, for the
tip distance, the light particle has the possibility to escape by tunneling or by the
disappearance of the barrier. Further the velocity corresponding to this kinetic

energy, vα =
√

2Eα
mα

will have a nonzero component only with respect to the y

axis, according to the above discussion.
e) The Kinetic Energies of the Two Main Fragments E0

H , E0
L. Usually in

trajectory calculations for the spontaneous ˇssion different choices are taken for
the initial kinetic energies of the fragments emitted in the process. The initial
velocities of the heavy fragments are considered to have nonzero components only
along the x axis. The initial velocity of the light fragment vL(0) is related to the
initial velocity of the heavy fragment vH(0) in such a way that the total momentum
of the two ˇssion fragments is zero along the x axis, i.e., vL(0) = AH

AL
vH(0).

Although this assumption violates the conservation of linear momentum, the error
introduced is usually negligible. In order to determine the kinetic energies of
the two main fragments we make use of the considerations derived from the
deformed cluster model that we employed in a previous paper for the study of
the ternary cold ˇssion [34]. We strongly rely on the conclusion that we drew
earlier and which states the existence of a strong correlation between the cold
alpha ternary yields of 252Cf and the cold binary yields of the daughter nucleus
248Cm. For the binary cold ˇssion of 248Cm, the exit point from the potential
barrier is at a tip distance d around 3 fm, as can be seen in Fig. 22, for the
splitting 248Cm → 104Mo + 144Xe. This barrier is much thiner than the barrier
between the α particle and the heavier fragments, and thus in our model the ˇrst
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Fig. 22. The barrier between the two heavier fragments

two heavier fragments penetrate the potential barrier between them and later on
the light particle is emitted.

On ground of the cold ˇssion characteristics mentioned above one may con-
jecture that at the exit point (second turning point) of the two heavier fragments,
their potential energy is equal to QLH and their kinetic energy is equal to zero.
When the fragments move apart, i.e., their tip distance increases, their kinetic en-
ergies increase, too. In order to estimate the total kinetic energy of the fragments
we have to ˇnd out at which tip distance the release of the α is likely to occur
and compute at that point the potential energy, i.e.,

TKE(d) ≡ TKEL + TKEH = QLH − VLH(d). (40)

Using the conservation of linear momentum invoked above we have

TKEL =
AH

AL
TKEH (41)

and the individual kinetic energies in terms of the total kinetic energy reads

TKEi =
Aj

AH +AL
TKE(d) (i, j = L,H, i 6= j). (42)

If we choose d = 8 fm for the splitting considered in Fig.22, then we get
for the total kinetic energy of the two main fragments TKE=46.21 MeV which



COLD FISSION MODES IN 252Cf 947

is much larger than the corresponding kinetic energy in the spontaneous ˇssion.
For d = 6 fm the kinetic energy will drop to TKE=28.78 MeV. Repeating this
calculation for other mass splittings we conclude that the kinetic energy of the
main fragments is ranging in the broad interval 25 Å 50 MeV, but as we shall
see bellow it is correlated to the kinetic energy of the α through the tip distance.

After determination of the conˇguration at the release point we have to
establish the forces acting between fragments in order to write down the equations
of motion. The forces are central, and the initial velocities are conˇned in the x−y
plane. Thus the problem is simpliˇed by a two-dimensional approximation. There
will be required six coordinates and six velocities, which are governed by a system
of twelve ˇrst-order ordinary differential equations. Contrary to other works we
take into account the forces exerted by the α on the fragments. We proceed to
the calculation of the trajectories by considering only the Coulomb forces. Since
the kinetic energies of the fragments are rather high, this approximation is good
even in the point-charge approximation.

In what follows we consider that the symmetry axes of the fragments are lying
in the same plane. Using the formalism presented in chapter 1, the interaction
between two heavy ions with orientation Ω1,Ω2 of their intrinsic symmetry axes
with respect to the ˇxed frame, is given by Eq.(4). In the present study the α is
spherical and thus the interaction between the α and one heavy fragment i(=L,H)
will get a simpliˇed form

V (Rαi) =
∑
λ

U 000
λ0λ(Rαi)Pλ(cos θαi). (43)

The following approximation can be applied for the two heavy fragments : Since
their relative orientation does not change signiˇcantly at the beginning of the
quasi-classical motion, one can neglect the relative orientation of the heavy frag-
ments:

V (RLH) =
∑

λ1λ2λ3

U 0 0 0
λ1λ2λ3

(RLH)Pλ3(cos θLH). (44)

The force acting between a pair of fragments can be written:

Fij = −∇V (Rij). (45)

The equations of motion of the three nuclei are:

MLr̈L = FLH − FLα, (46)

MH r̈H = −FLH − FHα, (47)

mαr̈α = FLα + FHα. (48)

Here we assumed that the two heavy fragments have the same multipolarity
in deformations. Presently we consider only quadrupole deformations.
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Fig. 23. The trajectory of the three fragments for the splitting a) 96Kr + 152Nd, b) 104Mo
+ 144Xe, and c) 116Pd + 132Sn

After solving numerically the above system of ordinary differential equations
we are able to compute relevant quantities from the experimental point of view
like the ˇnal angular distribution and ˇnal kinetic energies of the three fragments.

In Fig.23 we present the trajectories of the three fragments for the two ex-
treme initial conditions (with high and with low kinetic energies of the heavier
fragments) in a sequence of 10 time steps. The time scale is divided into incre-
ments of ∆t = 1.8× 10−22. In Fig.23a we display the trajectories of one of the
most asymmetric splittings, recorded in experiment, i.e., 156Nd + 92Kr. Since
in this case the α feels a stronger repulsion from the heavy fragment, it will
be de
ected at a larger angle in the direction of the light fragment. In the case
of the splitting 144Xe + 104Mo this de
ection will be less pronounced (Fig.23b)
and for the more equilibrated splitting, i.e., 132Sn + 116Pd, the α will be only
slightly de
ected (Fig.23c). We thus observe that in all the cases the α particle is
de
ected in the direction of the light fragment, but with a larger angle when the
initial kinetic energy of the heavier fragments is higher. This fact should be at-
tributed to the low energy of the α (≤ 1MeV) which makes it to feel for a longer
time the repulsion coming from the heavy fragment. In Ref.50 we computed the
ˇnal kinetic energies Efα and the asymptotic angles θfα for the three splittings
mentioned above when we employ point-like and size dependent forces. In all
cases we observe the decreasing of Efα with increasing tip distance d. Apparently,
the phenomenon of α-particle energy ampliˇcation in the cold ˇssion seems to
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Fig. 23b

Fig. 23c

follow the same pattern like in normal ˇssion. This effect should be attributed
solely to the predominant effect of the electric ˇeld lenses and less to deforma-
tion or ˇnite size effects. It should also be remarked the near constancy of the
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ˇnal α kinetic energy for different mass splittings at the same tip distance, a fact
already remarked long time ago in spontaneous ˇssion [43]. In what concerns the
angles at which α particles are emitted, their dependence on the mass splitting is
obvious. Deviations from the axis perpendicular to the ˇssion axis increase with
the mass ratio. The difference observed between the two sets of data points to an
important in
uence of the geometrical factors, which however does not alter the
general trends of the process.

There are available experimental data on the α (and other particles) spectra,
as a function of the total excitation energy, reaching TXE = 10 MeV within the
experimental accuracy performed by the Darmstadt group with the DIOGENES
set-up, and in a more recent work at the MPI Heidelberg [51]. These data do
not contain special effects in the alpha spectra, when the cold ˇssion regime is
approached, except that the mean energy of the α increases nearly linearly with
decreasing TXE. This would mean that if the linear dependence is extrapolated
to TXE = 0 MeV, the average kinetic energy of the α will approach the value
(≈ 18.7 MeV) [52]. The fact that the experimental value is slightly higher than
in hot ˇssion (15.9 MeV) is a sign that the α is emitted earlier in cold ˇssion,
according to the uncertainty relation for energy ∆E ·∆t ≈ h̄.

According to the calculations presented above, a range between 12 to 20 MeV
should be expected for the ˇnal kinetic energy if we consider that the α particle
occupies the lowest states in the pocket formed from the interaction with the two
heavier fragments.

The experiment can be reconciled with our calculations if we suppose that
the α is emitted before the pocket disappears, i.e., if the emission takes place
between 6 and 7 fm tip distance.

As has been pointed by Halpern [43], there is no reason to believe that the
third-particle ejection rates should be independent of the initial angular momen-
tum. In our case, the spin of the parent nucleus (252Cf) being zero, the angular
momentum is imparted to the fragments and their relative angular momentum is
mainly due to the creation of a molecular conˇguration at the scission point [53].
In the model presented above, we did not took into account the in
uence of col-
lective molecular excitations, like bending or wriggling, nor the torques exerted
between the fragments during quasi-classical motion [47].

5. DISCUSSION AND CONCLUSIONS

In the frame of a cluster model which includes quadrupole, octupole and
hexadecupole deformations, we studied the spontaneous binary and ternary cold
ˇssion of the nucleus 252Cf.

The calculations carried out for the binary cold ˇssion conˇrmed the existence
of two distinct regions where this process is enhanced. The results indicate two
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different mechanisms. In the heavy-mass region situated between 138 and 156,
the hexadecupole deformation gives rise to a large number of splittings. Here
the shell closure in neutrons or protons seems to not be involved. Although
the shell effects should play an important role in the odd-even differences by
enhancing the odd-odd mass splits with respect to the even-even one, our results
emphasize that the fragments are emitted with the deformations corresponding to
those of the ground state. In the spherical region our results give only a hint of
the importance of the magic nucleus 132Sn which is susceptible to be produced
in a heavy clusterization process, similar to that for light clusters. Here the
decay mechanism should be similar to the light cluster radioactivity, the daughter
nucleus 132Sn being traded for 208Pb and the heavy cluster 120Cd for 14C.

Based on a three-body cluster model, we studied the alpha ternary cold
(neutronless) fragmentations of 252Cf. Two regions of cold ˇssion yields were
obtained: one corresponding to large fragment deformations and another one to
spherical fragments, like in the case of binary fragmentation. It is worthwhile
to mention that based on the existing experimental data on cold alpha ternary
yields [17] we expect that the ˇrst region contains the main cold ˇssion yields
and that the second region represents only few percents of the whole process.
From the structure of the three body potential only few scenarios are possible all
of them related to the initial position of the α particle in the equatorial plane.
Only for the Lagrange scenario which corresponds to the alpha particle situated
on the top of the alpha barrier, we found that the cold alpha ternary yields of
252Cf are strongly correlated with the cold binary yields of the daughter nucleus
248Cm. For all other considered scenarios, adiabatic and some excited states
in the interfragment ridge well, the alpha ternary cold ˇssion yields are existing
mainly for the splittings with one spherical fragment. Due to the fact that there are
experimental data for both regions, we conclude that only the Lagrange scenario
can describe the cold alpha ternary process. We should mention also that the
cold ˇssion yields depend dramatically on some parameters like diffusivity a. If
we choose larger a values for the deformed nuclei than for spherical ones, we
can enhance drastically the corresponding yields. Also by choosing larger values
for diffusivity for odd-even fragmentations than for even-even fragmentations,
we obtain a larger odd-even effect. We expect the largest yield for odd-even
and odd-odd fragmentations. Evidently, such effects must exist for excited states
when the level density is important. Further experimental data are necessary in
order to clarify such effects.

We computed the ˇnal kinetic energies of the fragments emitted in the α
accompanied cold ˇssion of 252Cf taking into account the ground state quadru-
pole deformation and the ˇnite-size effects of the fragments and integrating the
equations of motion for a three-body system subjected only to Coulomb forces.
The comparison with the available experimental data points to an earlier emission
of the light particle in the cold ˇssion.
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A striking feature of the cold ˇssion yields close to the highest TKE values
permitted by the Q-values is the fact that many odd-odd splittings have values
larger than the neighbouring even-even fragmentations. This feature of cold
fragmentations suggests that either the cold ˇssion yields are strongly in
uenced
by the level density of the fragments or that the deformations of odd-dd fragments,
possibly the triaxial ones, are larger than those corresponding to even-even ones.

The recent observation of 10Be accompanying the ternary cold ˇssion of 252Cf
opened the interest to search for possible molecular states in cold fragmentation
processes. The possible occurence of such collective excitations is supported by
the fact that cold ˇssion is just a natural extension of cluster radioactivity to heavy
nuclei.

REFERENCES

1. S�andulescu A., Greiner W. Å Rep. Prog. Phys., 1992, v.55, p.1423.

2. Price P.B. Å Nucl. Phys., 1989, v.A502, p.41c.

3. Hambsch F.-J., Knitter H.-H., Budtz-Jorgensen C. Å Nucl. Phys., 1993, v.A554, p.209.

4. Benoufella A. et al. Å Nucl. Phys., 1993, v.A565, p.563.

5. Hamilton J.H. et al. Å J. of Phys. G: Nucl. Part. Phys., 1994, v.20, p.L85.

6. Ter-Akopian G.M. et al. Å Phys. Rev. Lett., 1994, v.73, p.1477.

7. S�andulescu A. et al. Å Phys. Rev., 1996, v.C 54, p.258.

8. S�andulescu A. et al. Å Phys. Rev., 1998, v.C 57, p.2321.

9. Schwab W. et al. Å Nucl. Phys., 1994, v.A577, p.674.

10. S�andulescu A., Greiner W. Å J.of Phys. G : Nucl. Phys., 1977, v.3, p.L189.

11. Milton J.C.D., Fraser J.S. Å Can. J. Phys., 1962, v.40, p.1626.

12. Guet C. et al. Å Nucl. Instr. and Meth., 1978, v.150, p.189.

13. Berger J.F., Girod M., Gogny D. Å Nucl. Phys., 1984, v.A 428, p.23c.

14. S�andulescu A., Florescu A., Greiner W. Å J. of Phys. G: Nucl. Part. Phys., 1989, v.15, p.1815.

15. Géonnenwein F., Béorsig B. Å Nucl. Phys., 1991, v.A530, p.27.

16. Florescu A. et al. Å J. of Phys. G:Nucl. Part. Phys., 1993, v.19, p.669.

17. Ramayya A.V. et al. Å Phys. Rev., 1998, v.C 57, p.2370.

18. Ter-Akopian G.M. et al. Å In: Fission and Properties of Neutron-Rich Nuclei, eds.J.H.Hamilton
and A.V.Ramayya, World Scientiˇc, Singapore, 1998, p.165.

19. Satchler G.R., Love W.G. Å Phys. Rep., 1979, v.55, p.183.

20. Méoller P. et al. Å At. Data and Nucl. Data Tables, 1995, v.59, p.185.

21. S�andulescu A. et al. Å Int. J. of Mod. Phys., 1992, v.E 1, p.379.

22. Carstoiu F., Lombard R.J. Å Ann. of Phys. ( N. Y.), 1992, v.217, p.279.

23. Bertsch G. et al. Å Nucl. Phys., 1977, v.A284, p.399.

24. Brandan M.E., Satchler G.R. Å Phys. Rep., 1997, v.285, p.143.



COLD FISSION MODES IN 252Cf 953

25. Adamian G.G. et al. Å Int.J.of Mod.Phys., 1996, v.E 5, p.191.

26. Mis�icu S�., Protopopescu D. Å JINR preprint E4-98-179, Dubna, 1998.

27. Hirschfelder J.O., Curtiss C.F., Bird R.B. Å Molecular Theory of Gases and Liquids,, John
Willey & Sons, 1954.

28. Wapstra A.H., Audi G., Hoeckstra R. Å At. Data and Nucl. Data Tables, 1988, v.39, p.281.

29. Méoller A. et al. Å In: Int.Conference on Large Scale Collective Motion of Atomic Nuclei, Brolo,
1996.

30. Géonnenwein F. et al. Å Il Nuovo Cimento, 1997, v.110 A, p.1089.

31. Créonni M. et al. Å In: Fission and Properties of Neutron-Rich Nuclei, Eds.Hamilton J.H. and
Ramayya A.V., World Scientiˇc, Singapore, 1998, p.109.

32. Avrigeanu V. et al. Å Phys. Rev., 1995, v.C 52, p.R1755.

33. Dilg W. et al. Å Nucl.Phys., 1973, v.A217, p.269.

34. S�andulescu A. et al. Å J.Phys.G: Nucl.Part.Phys., 1998, v.24, p.181.

35. Razavy M., Pimpale A. Å Phys. Rep., 1988, v.168, p.305.

36. Radi H.M.A. et al. Å Phys.Rev., 1982, v.C 26, p.2049.

37. Ramayya A.V. et al. Å In: Dynamical Aspects of Nuclear Fission, Proceedings of 3rd Int.
Conf., Casta-Papiernicka, Slovak Republic, August 30 Å September 4, 1996, Eds. Kliman J. and
Pustylnik B., Dubna, 1996, pp.307.

38. Hamilton J.H. et al. Å Prog. Part. Nucl. Phys., 1997, v.38, p.273.

39. Ramayya A.V. et al. Å Phys.Rev.Lett., 1998, v.81, p.947.

40. Singer P. et al. Å In: Dynamical Aspects of Nuclear Fission, Proceedings of 3rd Int. Conf.,
Casta-Papiernicka, Slovak Republic, August 30 Å September 4, 1996, Eds. Kliman J. and
Pustylnik B., Dubna, 1996, pp.262.

41. Geilikman B.T., Hlebnikov G.I. Å At.Energiya, 1965, v.18, p.218.

42. Boneh Y., Fraenkel Z., I. Nebenzahl I. Å Phys.Rev., 1967, v.156, p.1305.

43. Halpern I. Å Ann.Rev.Nucl.Sci., 1971, v.21, p.245.

44. Ertel P. Å In: Statistical Theory of Nuclear Fission, ed.Fong P., Gordon and Breach, Science
Publishers, Inc., New York, 1969, pp. 191-126.

45. Fong P. Å Phys.Rev., 1970, v.C 2, p.735.

46. Choudhury R.K., Ramamurthy V.S. Å Phys.Rev., 1978, v.C 18, p.2213.

47. Cåarjan N., Leroux B. Å Phys.Rev., 1980, v.C 22, p.2008.

48. Pik-Pichak G.A. Å Sov.J.Nucl.Phys., 1984, v.40, p.215.

49. Davies K.T.R., Sierk A.J., Nix J.R. Å Phys.Rev., 1976, v.C 13, p.2385.

50. Mis�icu S�. Å JINR preprint E4-98-121 Dubna, 1998.

51. Mutterer M. et al. Å In: Dynamical Aspects of Nuclear Fission, Proceedings of 3rd Int. Conf.,
Casta-Papiernicka, Slovak Republic, August 30 Å September 4, 1996, Ed. by.Kliman J. and
Pustylnik B., Dubna, 1996, p.250.

52. Mutterer M., Kopach Y. Å Private communication (1998).

53. Mis�icu S�., S�andulescu A., Greiner W. Å Mod.Phys.Lett., 1997, v.A 12, p.1343.



®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
1999, ’�Œ 30, ‚›�. 4

“„Š 939.1.01

TOPICS IN THE TRANSPORT THEORY
OF QUARK-GLUON PLASMA

S. Mr�owczy�nski

Soltan Institute for Nuclear Studies, ul. Hoàza 69, PL - 00-681 Warsaw, Poland

and Institute of Physics, Pedagogical University,

ul. Konopnickiej 15, PL - 25-406 Kielce, Poland

E-mail: MROW@FUW.EDU.PL

A few topics of the transport theory of quark-gluon plasma are reviewed. A derivation of
the transport equations form the underlaying dynamical theory, is discussed within the φ4 model.
Peculiarities of the kinetic equations of quarks and gluons are considered, and the plasma (linear)
response to the color ˇeld is studied. The chromoelectric tensor permeability is found and the plasma
oscillations are discussed. Finally, the ˇlamentation instability in the strongly anisotropic parton
system from ultrarelativistic heavy-ion collisions is discussed in detail.

� ¸¸³µÉ·¥´Ò ´¥±µÉµ·Ò¥ ¨§¡· ´´Ò¥ ¢µ¶·µ¸Ò É· ´¸¶µ·É´µ° É¥µ·¨¨ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò.
‚Ò¢µ¤ Ëµ·³Ò É· ´¸¶µ·É´ÒÌ Ê· ¢´¥´¨°, ²¥¦ Ð¨Ì ¢ µ¸´µ¢¥ ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨, µ¡¸Ê¦¤ ¥É¸Ö
¢ · ³± Ì ³µ¤¥²¨ φ4. � ¸¸³µÉ·¥´Ò µ¸µ¡¥´´µ¸É¨ ±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ±¢ ·±µ¢ ¨ £²Õµ´µ¢
¨ ¨§ÊÎ¥´ ¶² §³¥´´Ò° (²¨´¥°´Ò°) µÉ±²¨± Í¢¥É´ÒÌ ¶µ²¥°. � °¤¥´ Ì·µ³µÔ²¥±É·¨Î¥¸±¨° É¥´§µ·
¶·µ´¨Í ¥³µ¸É¨ ¨ µ¡¸Ê¦¤ ÕÉ¸Ö ¶² §³¥´´Ò¥ µ¸Í¨²²ÖÍ¨¨. ‚ § ±²ÕÎ¥´¨¥ ¤¥É ²Ó´µ µ¡¸Ê¦¤ ÕÉ¸Ö
´¥¸É ¡¨²Ó´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´ £·¥¢µ³ ¸¨²Ó´µ  ´¨§µÉ·µ¶´µ° ¸¨¸É¥³Ò, µ¡· §ÊÕÐ¥°¸Ö ¶·¨ ¸µÊ¤ -
·¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢.

1. INTRODUCTION

The quark-gluon plasma (QGP) is a macroscopic system of deconˇned quarks
and gluons. The very existence of QGP at a sufˇciently large temperature and/or
baryon density is basically an unavoidable consequence of the quantum chro-
modynamics (QCD), which is a dynamical theory of strong interactions (see,
e.g., [1]). The plasma has been present in the early Universe and presumably
can be found in the compact stellar objects. Of particular interest however is the
generation of QGP in relativistic heavy-ion collisions, which has been actively
studied theoretically and experimentally [2] for over ten years. The lifetime of the
plasma produced, if indeed produced, in these collisions is not much longer than
the characteristic time scale of parton processes∗. Therefore, QGP can achieve,

∗The word parton is used as a common name of quarks and gluons.
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in the best case, only a quasi-equilibrium state and studies of the nonequilibrium
phenomena are crucial to discriminate the characteristic features of QGP.

The transport or kinetic theory provides a natural framework to study systems
out of thermodynamical equilibrium. Although the theory was initiated more than
a century ago Å Boltzmann derived his famous equation in 1872 Å the theory
is still under vital development. Application of Boltzmann's ideas to the systems,
which are relativistic and of quantum nature, is faced with difˇculties which have
been overcome only partially till now. For a review see the monography [3]. In
the case of the quark-gluon plasma speciˇc difˇculties appear due to the non-
Abelian dynamics system. Nevertheless, the transport theory approach to QGP is
in fast progress, and some interesting results have been already found.

The aim of this article is to review a few topics of the QGP transport
theory. The ˇrst one is how to derive the transport equations of quarks and
gluons. Since QCD is the underlying dynamical theory, these equations should
be deduced from QCD. However, the kinetic theory of quarks and gluons has been
successfully derived from QCD only in the mean-ˇeld or collisionless limit [4,5].
The derivation of the collision terms is still an open question. We discuss here
the issue within the dynamical model which is much simpler than QCD. Namely,
we consider the self interacting scalar ˇelds with the quartic interaction term.
Then, one can elucidate the essence of the derivation problem.

In the third chapter we present the transport equations of quarks and gluons
obtained in the mean-ˇeld limit. The equations are supplemented by the collision
terms which are justiˇed on the phenomenological ground. We brie
y discuss
the peculiarities of the transport theory of quarks and gluons and then consider
the locally colorless plasma∗. The dynamical content of QCD enters here only
through the cross sections of parton-parton interactions.

The characteristic features of QGP appear when the plasma is not locally
colorless and consequently it interacts with the chromodynamic mean ˇeld. The
plasma response to such a ˇeld is discussed in the fourth chapter, where the color
conductivity and chromoelectric permeability tensors are found. We also analyse
there the oscillations around the global thermodynamical equilibrium.

The parton momentum distribution is expected to be strongly anisotropic at
the early stage of ultrarelativistic heavy-ion collisions. Then, the parton system
can be unstable with respect to the speciˇc plasma modes. In the ˇfth chapter we
discuss in detail the mode which splits the parton system into the color current
ˇlaments parallel to the beam direction. We show why the 
uctuation which

∗We call the plasma locally colorless if the color four-current vanishes at each space-time point.
It differs from the terminology used in the electron-ion plasma physics, where the plasma is called
locally neutral if the electric charge (zero component of electromagnetic four-current) is everywhere
zero.
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initiates the ˇlamentation can be very large and explain the physical mechanism
responsible for the 
uctuation growth. Then, the exponentially growing mode
is found as a solution of the respective dispersion equation. The characteristic
time of the instability development is estimated and ˇnally, the possibility of
observing the color ˇlamentation in nucleus-nucleus collisions at RHIC and LHC
is considered.

Presenting the QGP transport theory we try to avoid model dependent con-
cepts but a very crucial assumption is adopted that the plasma is perturbative,
i.e., the partons weakly interact with each other. As known, QGP becomes per-
turbative only at the temperatures much greater than the QCD scale parameter
Λ ∼= 200 MeV, see, e.g., [6]. However, one believes that many results obtained in
the framework of the perturbative QCD can be extrapolated to the nonperturbative
regime.

In the whole article we use the units where c = k = h̄ = 1. The metric
tensor is diagonal with g00 = −g11 = −g22 = −g33 = 1.

2. DERIVATION OF THE TRANSPORT EQUATION IN φ4 MODEL

The transport equations can be usually derived by means of simple heuristic
arguments similar to those which were used by Boltzmann when he formulated
the kinetic theory of gases. However, such arguments are insufˇcient when one
studies a system of complicated dynamics as the quark-gluon plasma governed by
QCD. Then, one has to refer to a formal scheme which allows one to derive the
transport equation directly from the underlying quantum ˇeld theory. The formal
scheme is also needed to specify the limits of the kinetic approach. Indeed, the
derivation shows the assumptions and approximations which lead to the transport
theory, and hence the domain of its applicability can be established.

Until now the transport equations of the QCD plasma have been successfully
derived in the mean-ˇeld limit [4, 5] and the structure of these equations is
well understood [4, 5, 7Ä10]. In particular, it has been shown that in the quasi-
equilibrium these equations provide [5, 8] the so-called hard thermal loops [11].
The collisionless transport equations can be applied to the variety of problems.
However, one needs the collision terms to discuss dissipative phenomena. In spite
of some efforts [12Ä15], the general form of these terms in the transport equations
of the quark-gluon plasma remains unknown. The QCD transport equations
should also take into account the particle creation and annihilation which are
entirely absent in the nonrelativistic atomic systems described by the Boltzmann
equation. The particle production can occur due to the particle collisions or the
presence of the strong ˇelds as in the Schwinger mechanism [16]. The latter
phenomenon has been actively studied in the context of the quark-gluon transport
theory, see, e.g., [17Ä22]. However, one has had to refer to the simplifying
assumption, as the (quasi-)homogeneity of the ˇeld, to get a tractable equations.
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The so-called SchwingerÄKeldysh [23, 24] formulation of the quantum ˇeld
theory provides a very promising basis to derive the transport equation beyond
the mean-ˇeld limit. Kadanoff and Baym [25] developed the technique for non-
relativistic quantum systems which have been further generalized to relativistic
ones [14,26Ä35]. We mention here only the papers which provide a more or less
systematic analysis of the collision terms.

The derivation of the complete QCD transport equations appears to be a very
difˇcult task. In particular, the treatment of the massless ˇelds such as gluons
is troublesome. Except the well-known infrared divergences, which plague the
perturbative expansion, there is a speciˇc problem of nonequilibrium massless
ˇelds. The inhomogeneities in the system cause the off-mass-shell propagation of
particles and then the perturbative analysis of the collision terms appears hardly
tractable. More speciˇcally, it appears very difˇcult, if possible at all, to express
the ˇeld self-energy as the transition matrix element squared and consequently we
loose the probabilistic character of the kinetic theory. The problem is absent for
the massive ˇelds when the system is assumed to be homogeneous at the inverse
mass or Compton scale. This is a natural assumption within the transport theory
which anyway deals with the quantities averaged over a certain scale which can be
identiˇed with the Compton one. We have developed [36] a systematic approach
to the transport of massless ˇelds, which allows one to treat these ˇelds in a very
similar manner as the massive ones. The basic idea is rather obvious. The ˇelds
which are massless in vacuum gain an effective mass in a medium due to the
interaction. Therefore, the minimal scale at which the transport theory works is
not an inverse bare mass, which is inˇnite for massless ˇelds, but the inverse
effective one. The starting point of the perturbative computation should be no
longer free ˇelds but the interacting ones. In physical terms, we have postulated
existence of the massive quasi-particles and look for their transport equation.
We have successfully applied the method to the massless scalar ˇelds [36], but
the generalization to QCD is far not straightforward due to the much reacher
quasi-particle spectrum.

To demonstrate the characteristic features of the transport theory derivation
we discuss in this chapter the simplest nontrivial model, i.e., the real massive
ˇelds with the Lagrangian density of the form

L(x) =
1

2
∂µφ(x)∂µφ(x) − 1

2
m2φ2(x) − g

4!
φ4(x) . (2.1)

The main steps of the derivation are the following. One deˇnes the contour Green
function with the time arguments on the contour in a complex time plane. This
function, which is a key element of the SchwingerÄKeldysh approach, satisˇes
the DysonÄSchwinger equation. Assuming the macroscopic quasi-homogeneity of
the system, one performs the gradient expansion and the Wigner transformation.
Then, the pair of DysonÄSchwinger equations is converted into the transport and
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mass-shell equations both satisˇed by the Wigner function. One further computes
perturbatively the self-energy which provides the Vlasov and the collisional terms
of the transport equation. Finally, one deˇnes the distribution function of stan-
dard probabilistic interpretation and ˇnds the transport equation satisˇed by this
function.

2.1. Green Functions. The contour Green function is deˇned as

i∆(x, y)
def
= 〈T̃ φ(x)φ(y)〉 ,

where 〈....〉 denotes the ensemble average at time t0 (usually identiˇed with −∞);
T̃ is the time ordering operation along the directed contour shown in Fig. 1. The
parameter tmax is shifted to +∞ in the calculations. The time arguments are
complex with an inˇnitesimal positive or negative imaginary part, which locates
them on the upper or on the lower branch of the contour. The ordering operation
is deˇned as

T̃ φ(x)φ(y)
def
= Θ(x0, y0)φ(x)φ(y) + Θ(y0, x0)φ(y)φ(x) ,

where Θ(x0, y0) equals 1 if x0 succeeds y0 on the contour and equals 0 when x0

precedes y0.
If the ˇeld is expected to develop a ˇnite expectation value, as it happens

when the symmetry is spontaneously broken, the contribution 〈φ(x)〉〈φ(y)〉 is
subtracted from the right-hand side of the equation deˇning the Green function,
see, e.g., [30, 31]. Then, one concentrates on the ˇeld 
uctuations around the
expectation values. Since 〈φ(x)〉 is expected to vanish in the models deˇned
by the Lagrangians (2.1), we neglect this contribution in the Green function
deˇnition.

We also use four other Green functions with real time arguments:

i∆>(x, y)
def
= 〈φ(x)φ(y)〉 ,

i∆<(x, y)
def
= 〈φ(y)φ(x)〉 ,

i∆c(x, y)
def
= 〈T cφ(x)φ(y)〉 ,

i∆a(x, y)
def
= 〈T aφ(x)φ(y)〉 ,

where T c(T a) prescribes (anti-)chronological time ordering:

T cφ(x)φ(y)
def
= Θ(x0 − y0)φ(x)φ(y) + Θ(y0 − x0)φ(y)φc(x) ,

T aφ(x)φ(y)
def
= Θ(y0 − x0)φ(x)φ(y) + Θ(x0 − y0)φ(y)φ(x) .
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Fig. 1. The contour along the time axis for an evaluation of the operator expectation values

These functions are related to the contour Green functions in the following man-
ner:

∆c(x, y) ≡ ∆(x, y) for x0, y0 from the upper branch,

∆a(x, y) ≡ ∆(x, y) for x0, y0 from the lower branch,

∆>(x, y) ≡ ∆(x, y) for x0 from the upper branch and

y0 from the lower one,

∆<(x, y) ≡ ∆(x, y) for x0 from the lower branch and

y0 from the upper one.

It appears convenient to introduce the retarded (+) and advanced (−) Green
functions

∆±(x, y)
def
= ±

(
∆>(x, y)−∆<(x, y)

)
Θ(±x0 ∓ y0) . (2.2)

One easily ˇnds several identities which directly follow from the deˇnitions and
relate the Green functions to each other.

∆c(x, y) describes the propagation of disturbance in which a single particle is
added to the many-particle system in space-time point y and then is removed from
it in a space-time point x. An antiparticle disturbance is propagated backward
in time. The meaning of ∆a(x, y) is analogous but particles are propagated
backward in time; and antiparticles, forward. In the zero density limit ∆c(x, y)
coincides with the Feynman propagator.

The physical meaning of functions ∆>(x, y) and ∆<(x, y) is more transpar-
ent when one considers the Wigner transform deˇned as

∆
<
>(X, p)

def
=

∫
d4ueipu∆

<
>(X +

1

2
u,X − 1

2
u) . (2.3)

Then, the free-ˇeld energy-momentum tensor averaged over ensemble can be
expressed as

tµν0 (X)
def
= −1

4
〈φ(x)

↔
∂
µ↔
∂
ν

φ(x)〉 =

∫
d4p

(2π)4
pµpνi∆<(X, p) .
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One recognizes the standard form of the energy-momentum tensor in the kinetic
theory with the function i∆<(X, p) giving the density of particles with four-
momentum p in a space-time point X . Therefore, i∆<(X, p) can be treated
as a quantum analog of the classical distribution function. Indeed, the function
i∆<(X, p) is Hermitian. However, it is not positively deˇnite and the probabilistic
interpretation is only approximately valid. One should also observe that, in
contrast to the classical distribution functions, i∆<(X, p) can be nonzero for the
off-mass-shell four-momenta.

2.2. Equations of Motion. The DysonÄSchwinger equations satisˇed by the
contour Green function are[

∂2
x +m2

]
∆(x, y) = −δ(4)(x, y) +

∫
C

d4x′Π(x, x′)∆(x′, y) , (2.4)

[
∂2
y +m2

]
∆(x, y) = −δ(4)(x, y) +

∫
C

d4x′∆(x, x′)Π(x′, y) , (2.5)

where Π(x, y) is the self-energy; the integration over x′0 is performed on the
contour and the function δ(4)(x, y) is deˇned on the contour as

δ(4)(x, y) =


δ(4)(x − y) for x0 , y0 from the upper branch,

0 for x0 , y0 from the different branches,
−δ(4)(x− y) for x0 , y0 from the lower branch.

Let us split the self-energy into three parts:

Π(x, y) = Πδ(x)δ
(4)(x, y) + Π>(x, y)Θ(x0, y0) + Π<(x, y)Θ(y0, x0) .

As we shall see later, Πδ provides a dominant contribution to the mean-ˇeld while
Π
>
< determines the collision terms of the transport equations.

With the help of the retarded and advanced Green functions (2.2) and the
retarded and advanced self-energies deˇned in an analogous way, the equations
(2.4) and (2.5) can be rewritten as[

∂2
x +m2 − Πδ(x)

]
∆
>
<(x, y)

=

∫
d4x′

[
Π
>
<(x, x′)∆−(x′, y) + Π+(x, x′)∆

>
<(x′, y)

]
, (2.6)

[
∂2
y +m2 − Πδ(y)

]
∆
>
<(x, y)

=

∫
d4x′

[
∆
>
<(x, x′)Π−(x′, y) + ∆+(x, x′)Π

>
<(x′, y)

]
, (2.7)

where all time integrations run from −∞ to +∞.
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2.3. Towards the Transport Equation. The transport equations are de-
rived under the assumption that the Green functions and the self-energies depend
weakly on the sum of their arguments and that they are signiˇcantly different
from zero only when the difference of their arguments is close to zero. For
homogeneous systems, the dependence on X = (x+ y)/2 drops out entirely due
to the translational invariance and ∆(x, y) depends only on u = x − y. For
weakly inhomogeneous, or quasi-homogeneous systems, the Green functions and
self-energies are assumed to vary slowly with X . We additionally assume that the
Green functions and self-energies are strongly peaked near u = 0, which means
that the correlation length is short.

We will now convert the equations (2.6), (2.7) into the transport and mass-
shell equations by implementing the above approximation and performing the
Wigner transformation (2.3) for all Green functions and self-energies. This is
done by means of the translation rules such as:∫

d4x′f(x, x′)g(x′, y) −→ f(X, p)g(X, p)

+
i

2

[
∂f(X, p)

∂pµ

∂g(X, p)

∂Xµ
− ∂f(X, p)

∂Xµ

∂g(X, p)

∂pµ

]
,

h(x)g(x, y) −→ h(X)g(X, p)− i

2

∂h(X)

∂Xµ

∂g(X, p)

∂pµ
,

∂µxf(x, y) −→ (−ipµ +
1

2
∂µ)f(X, p) .

Here ∂µ ≡ ∂
∂Xµ

and the functions f(x, y) and g(x, y) satisfy the assumptions

discussed above. The function h(x) is assumed to be weakly dependent on x.
The kinetic theory deals only with averaged system characteristics. Thus,

one usually assumes that the system is homogeneous on a scale of the Compton
wave length of the quasi-particles. In other words, the characteristic length of
inhomogeneities is assumed to be much larger than the inverse mass of quasi-
particles. Therefore, we impose the condition∣∣∣∆>

<(X, p)
∣∣∣� ∣∣∣ 1

m2
∂2∆

>
<(X, p)

∣∣∣ , (2.8)

which leads to the quasi-particle approximation. The requirement (2.8) renders
the off-shell contributions to the Green functions ∆

>
< negligible. Thus, we deal

with the quasi-particles having on-mass-shell momenta.
Applying the translation rules and the quasi-particle approximation to Eqs. (2.6),

(2.7), we obtain[
pµ∂µ − 1

2
∂µΠδ(X)∂µp

]
∆
>
<(X, p)
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=
i

2

(
Π>(X, p)∆<(X, p)−Π<(X, p)∆>(X, p)

)
− 1

4

{
Π
>
<(X, p),∆+(X, p) + ∆−(X, p)

}
− 1

4

{
Π+(X, p) + Π−(X, p), ∆

>
<(X, p)

}
, (2.9)

[
− p2 + m2 −Πδ(X)

]
∆
>
<(X, p)

=
1

2

(
Π
>
<(X, p)

(
∆+(X, p) + ∆−(X, p)

)
+

(
Π+(X, p) + Π−(X, p)

)
∆
>
<(X, p)

)
+

i

4

{
Π>(X, p), ∆<(X, p)

}
− i

4

{
Π<(X, p), ∆>(X, p)

}
,(2.10)

where we have introduced the Poisson-like bracket deˇned as{
C(X, p), D(X, p)

}
≡ ∂C(X, p)

∂pµ

∂D(X, p)

∂Xµ
− ∂C(X, p)

∂Xµ

∂D(X, p)

∂pµ
.

One recognizes Eq. (2.9) as a transport equation, while Eq. (2.10), as a so-
called mass-shell equation. We write down these equations in a more compact
way:{

p2 −m2 + Πδ(X) + ReΠ+(X, p), ∆
>
<(X, p)

}
= i

(
Π>(X, p)∆<(X, p)−Π<(X, p)∆>(X, p)

)
−

{
Π
>
<(X, p), Re∆+(X, p)

}
, (2.11)

[
p2 −m2 + Πδ(X) + ReΠ+(X, p)

]
∆
>
<(X, p) = −Π

>
<(X, p)Re∆+(X, p)

− i

4

{
Π>(X, p), ∆<(X, p)

}
+
i

4

{
Π<(X, p), ∆>(X, p)

}
.(2.12)

The gradient terms in the right-hand sides of Eqs. (2.11), (2.12) are usually
neglected [30,31].

We introduce the spectral function A deˇned as

A(x, y)
def
= 〈[φ(x), φ(y)]〉 = i∆>(x, y)− i∆<(x, y) ,

where [φ(x), φ(y)] denotes the ˇeld commutator. Due to the equal time commu-
tation relations

[φ(t,x), φ(t,y)] = 0 , [φ̇(t,x), φ(t,y)] = −iδ(3)(x− y) ,
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with the dot denoting the time derivative, the Wigner transformed spectral function
satisˇes the two identities∫

dp0

2π
A(X, p) = 0 ,

∫
dp0

2π
p0A(X, p) = 1 .

From the transport and mass-shell equations (2.11), (2.12) one immediately
ˇnds the equations satisˇed by A(X, p) which are{
p2−m2 +Πδ(X)+ReΠ+(X, p), A(X, p)

}
= 2
{
ImΠ+(X, p), Re∆+(X, p)

}
,

(2.13)[
p2 −m2 + Πδ(X) + ReΠ+(X, p)

]
A(X, p) = 2 ImΠ+(X, p)Re∆+(X, p) .

(2.14)
One solves the algebraic equation (2.14) as

A(X, p) =
2ImΠ+(X, p)(

p2 −m2 + Πδ(X) + ReΠ+(X, p)
)2

+
(
ImΠ+(X, p)

)2 . (2.15)

Then, it is shown that the function of the form (2.15) solves Eq. (2.13) as well.
The spectral function of the free ˇelds can be found as

A0(X, p) = 2πδ(p2 −m2)
(
Θ(p0)−Θ(−p0)

)
.

Since ReΠ+ determines the quasi-particle effective mass and ImΠ+ its width,
the spectral function characterises the quasi-particle properties.

2.4. Perturbative Expansion. As discussed in, e.g., [28, 29, 37] the contour
Green functions admit a perturbative expansion very similar to that known from
the vacuum ˇeld theory with essentially the same Feynman rules. However, the
time integrations do not run from −∞ to +∞, but along the contour shown in
Fig. 1. The right turning point of the contour (tmax) must be above the largest
time argument of the evaluated Green function. In practice, t0 is shifted to −∞
and tmax to +∞. The second difference is the appearance of tadpoles, i.e., loops
formed by single lines, which give zero contribution in the vacuum case. A
tadpole corresponds to a Green function with two equal space-time arguments.
Since the Green function ∆(x, y) is not well deˇned for x = y we ascribe the
function −i∆<(x, x) to each tadpole. The rest of Feynman rules can be taken
from the textbook of Bjorken and Drell [38].

The lowest-order contribution to the self-energy, which is associated with the
graph from Fig. 2, equals

Π(x, y) = − ig
2
δ(4)(x, y)∆<

0 (x, x) ,
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Fig. 2. The lowest-order diagram of the self-energy

Fig. 3. The second-order diagrams of the self-energy

giving

Πδ(x) = − ig
2

∆<
0 (x, x) , (2.16)

and
Π>(x, y) = Π<(x, y) = 0 .

The one-particle irreducible g2 contributions to the self-energy are shown in
Fig. 3. The contribution corresponding to the diagram 3a can be easily computed.
However, it is pure real and the only effect of this contributions is a higher order
modiˇcation of the mean-ˇeld term. Thus, we do not consider these diagrams but
instead we analyse the contribution 3b which provides a qualitatively new effect.
It gives the contour self-energy equal to

Πc(x, y) =
g2

6
∆0(x, y)∆0(y, x)∆0(x, y) ,

and consequently

Π
>
<(x, y) =

g2

6
∆
>
<

0 (x, y)∆
<
>

0 (y, x)∆
>
<

0 (x, y) . (2.17)
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2.5. Distribution Function and Transport Equation. The distribution func-
tion f(X, p) is deˇned as

Θ(p0)i∆
<(X, p) = Θ(p0) A(X, p) f(X, p) ,

where A(X, p) is the spectral function (2.15). Then, one ˇnds [36] that

i∆>(X, p) = Θ(p0) A(X, p)
(
f(X, p) + 1

)
−Θ(−p0) A(X, p) f(X,−p),(2.18)

i∆<(X, p) = Θ(p0) A(X, p) f(X, p)−Θ(−p0) A(X, p)
(
f(X,−p) + 1

)
.(2.19)

There is a very important property of ∆
>
< expressed in the from (2.18), (2.19).

Namely, if the Green functions ∆
>
< satisfy the transport equation (2.11) and the

spectral function solves the equation (2.14), the mass-shell equation of ∆
>
<, i.e.,

Eq. (2.12), is satisˇed automatically in the 0-th order of the gradient expansion.
Let us note that the quasi-particle dispersion relation is found as a solution of the
equation

p2 −m2 + Πδ(X) + ReΠ+(X, p) = 0 . (2.20)

The distribution function f satisˇes the transport equation which can be
obtained from Eq. (2.11) for ∆> or ∆<. After using Eq. (2.13) one ˇnds

A(X, p)
{
p2 −m2 + ReΠ+(X, p), f(X, p)

}
= iA(X, p)

(
Π>(X, p) f(X, p)−Π<(X, p)

(
f(X, p) + 1)

)
+ if(X, p)

{
Π>(X, p), Re∆+(X, p)

}
− i

(
f(X, p) + 1

){
Π<(X, p), Re∆+(X, p)

}
, (2.21)

where p0 > 0. We have also used here the following property of the Poisson-like
brackets: {

A, B C
}

=
{
A, B

}
C +

{
A, C

}
B .

The left-hand side of Eq. (2.21) is a straightforward generalization of the drift
term of the standard relativistic transport equation. Computing the Poisson-like
bracket and imposing the mass-shell constraint one ˇnds the familiar structure

1

2
Θ(p0)

{
p2 −m2 + ReΠ+(X, p), f(X, p)

}
= Ep

( ∂
∂t

+ v∇
)
f(X, p)−∇ReΠ+(X, p) · ∇pf(X, p) ,

where the velocity v equals ∂Ep/∂p with the (positive) energy Ep being the
solution of the dispersion equation (2.20).
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Let us now analyse the right-hand side of Eq. (2.21). The collision terms
are provided by the self-energies (2.17). Since the quasi-particles of interest
are narrow (m2 + ReΠ+ � ImΠ+), we take into account only those terms
contributing to Π

>
< which are nonzero for the on-mass-shell momenta. The other

terms are negligibly small [36]. Then, the ˇrst term in r.h.s of the transport
equation (2.21) is very similar to the standard collision term [3] of the Nordheim
[39] (or UehlingÄUhlenbeck [40]) form. Indeed,

i
(
Π>(X, p) f(X, p) − Π<(X, p)

(
f(X, p) + 1)

)
=

g2

2

∫
d4kA+

k

(2π)4

d4qA+
q

(2π)4

d4rA+
r

(2π)4
(2π)4δ(4)(p+ q − k − r)

×
(

(fp + 1)(f q + 1) fk f r − fp f q(fk + 1)(f r + 1)

)
,

where A+
k ≡ Θ(k0) A(X, k) and fk ≡ f(X, k). The last two terms from r.h.s

of Eq. (2.21), which are neglected in the usual transport equation, are discussed
in [36].

3. TRANSPORT EQUATIONS OF QUARKS AND GLUONS

In this chapter we introduce the gauge dependent distribution functions
of quarks and gluons. Then, we discuss the transport equations satisˇed by
these functions. Finally, a very useful notion of the locally colorless plasma is
considered.

3.1. Distribution Functions. The (anti-)quark distribution function
Q(p, x)

(
Q̄(p, x)

)
is a Hermitian Nc × Nc matrix in color space (for a SU(Nc)

color group) with p denoting the quark four-momentum and x the space-time
coordinate [41Ä43]. The function transforms under local gauge transformations
as

Q(p, x)→ U(x)Q(p, x)U †(x) . (3.1)

The color indices are here and in most cases below suppressed.
The gluon distribution function [44] is a Hermitian (N2

c − 1) × (N2
c − 1)

matrix [7] which transforms as

G(p, x)→M(x)G(p, x)M †(x) , (3.2)

where
Mab(x) = Tr

[
τaU(x)τbU

†(x)],

with τa, a = 1, ..., N2
c −1 being the SU(Nc) group generators in the fundamental

representation. One sees that, in contrast to the distribution functions known from
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the physics of atomic gases, the distribution functions of quarks and gluons have
no simple probabilistic interpretation due to the gauge dependence. This is,
however, not surprising if one realizes that the question about the probability
to ˇnd, let us say, a red quark in a phase-space cell centered around (p, x) is
not physical since the color of a quark can be changed by means of a gauge
transformation.

It follows from the transformation laws (3.1), (3.2) that the traces of the
distribution functions are gauge independent, and consequently they can have
a familiar probabilistic interpretation. Indeed, the probability to ˇnd a quark of
arbitrary color in a cell (p, x) is of physical meaning since it is gauge independent.
The quantities, which are color (gauge) independent like the baryon current bµ or
the energy momentum tensor tµν , are entirely expressed through the traces of the
distribution functions

bµ(x) =
1

3

∫
d3p

(2π)3E
pµ
[
Tr
[
Q(p, x)

]
− Tr

[
Q̄(p, x)

]]
,

tµν(x) =

∫
d3p

(2π)3E
pµpν

[
Tr
[
Q(p, x)

]
+ Tr

[
Q̄(p, x)

]
+ Tr

[
G(p, x)

]]
,

with E being the quark or gluon energy. Both quarks and gluons are assumed to
be massless and their spin is treated as an internal degree of freedom. The spin
structure of the distribution functions and the respective transport equations have
been discussed in [9, 10].

The color current, which is a gauge dependent quantity, is expressed not only
through the traces of the distribution functions but also through the functions
themselves. In the Nc ×Nc matrix notation the current reads

jµ(x) = −1

2
g

∫
d3p

(2π)3E
pµ
[
Q(p, x)− Q̄(p, x) − 1

Nc
Tr
[
Q(p, x)− Q̄(p, x)

]
+ 2iτafabcGbc(p, x)

]
, (3.3)

where g is the QCD coupling constant and fabc are the structure constants of the
SU(Nc) group. In the adjoint representation the color current (3.3) is

jµa (x) = −g
∫

d3p

(2π)3E
pµ
[
Tr
[
τa
(
Q(p, x)− Q̄(p, x)

)]
+ifabcGbc(p, x)

]
,

where we have used the equality Tr(τaτb) = 1
2δab.

3.2. Transport Equations. The distribution functions of quarks and gluons
satisfy the following set of transport equations [4, 7, 41Ä44]:

pµDµQ(p, x) + gpµ
∂

∂pν

1

2
{Fµν(x), Q(p, x)} = C[Q, Q̄,G] ,
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pµDµQ̄(p, x)− gpµ ∂

∂pν

1

2
{Fµν(x), Q̄(p, x)} = C̄[Q, Q̄,G] ,

pµDµG(p, x) + gpµ
∂

∂pν

1

2
{Fµν(x), G(p, x)} = Cg[Q, Q̄,G] , (3.4)

where {..., ...} denotes the anicommutator; Dµ and Dµ are the covariant deriva-
tives which act as

Dµ = ∂µ − ig[Aµ(x), ...] , Dµ = ∂µ − ig[Aµ(x), ...] ,

where Aµ and Aµ are the mean-ˇeld four-potentials deˇned as

Aµ(x) = Aµa(x)τa , Aµab(x) = −ifabcAµc (x) .

Fµν and Fµν are the mean-ˇeld stress tensors with a color index structure anal-
ogous to that of the four-potentials. The mean-ˇeld is generated by the color
current (3.3) and the respective equation is

DµF
µν(x) = jν(x) . (3.5)

C, C̄ and Cg are the collision terms which vanish in the collisionless limit,
i.e., when the plasma evolution is dominated by the mean-ˇeld effects∗. As
already mentioned, the collision terms of the QGP kinetic equations have not
been systematically derived yet and their structure remains obscure. The situation
simpliˇes in the case of the colorless plasma discussed in the next section. We
note that the set of transport equations (3.4), (3.5) is covariant with respect to the
gauge transformations (3.1), (3.2).

3.3. Colorless Plasma. Evolving towards thermodynamical equilibrium the
system of quarks of gluons tends to neutralize color charges. It is expected [13]
that after a short period of time the plasma becomes locally colorless, the color
current and the mean-ˇeld Fµν vanish. Then, the distribution functions of quarks
and gluons are proportional to the unit matrices in the color space. Speciˇcally,

Qij(p, x) =
1

Nc
δij q(p, x) , i, j = 1, ..., Nc ,

Q̄ij(p, x) =
1

Nc
δij q̄(p, x) ,

Gab(p, x) =
1

N2
c − 1

δab g(p, x) , a, b = 1, ..., N2
c − 1 .

As is seen, the distribution functions of the colorless plasma are gauge invariant.

∗This occurs when the characteristic mean-ˇeld frequency is much greater than the parton
collision frequency.
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The transport equations of the colorless plasma are essentially simpliˇed.
Indeed, taking the trace of Eqs. (3.4) one ˇnds

pµ∂µq(x, p) = c[q, q̄, g] ,

pµ∂µq̄(x, p) = c̄[q, q̄, g] ,

pµ∂µg(x, p) = cg[q, q̄, g] , (3.6)

where c ≡ TrC, c̄ ≡ TrC̄ and cg ≡ TrCg. Because the trace of a commutator is
zero, the covariant derivatives reduce to the normal ones in (3.6).

In the case of a colorless plasma the color charges can be treated as internal
degrees of freedom of the quarks and gluons, and it is sufˇcient to operate with the
color averaged quantities which are gauge independent. Then, one can imitate the
dynamics of the colorless plasma with a nongauge ˇeld theory model such as φ4.
Then, the collision terms are of the Nordheim [39] (or UehlingÄUhlenbeck [40])
form as discussed in the previous chapter. Therefore, even not knowing the
collision terms C, C̄, and Cg , we expect that the respective terms of the colorless
plasma c, c̄, and cg , which represent the binary collisions, are

c[q, q̄, g] =

∫
d3p2

(2π)3E2

d3p3

(2π)3E3

d3p4

(2π)3E4[
1
2

[
q3q4(1− q1)(1− q2)− q1q2(1− q3)(1 − q4)

]
Wqq→qq(p3, p4|p1, p2)

+
[
q3q̄4(1− q1)(1− q̄2)− q1q̄2(1− q3)(1 − q̄4)

]
Wqq̄→qq̄(p3, p4|p1, p2)

+
[
q3g4(1− q1)(1 + g2)− q1g2(1 − q3)(1 + g4)

]
Wqg→qg(p3, p4|p1, p2)

+
[
g3g4(1− q1)(1− q̄2)−−q1q̄2(1 + g3)(1 + g4)

]
Wqq̄→gg(p3, p4|p1, p2)

]
(3.7)

with the analogous expressions for c̄[q̄, q, g] and cg[g, q, q̄, ]. We have used here
the abbreviations q1 ≡ q(x, p1), q2 ≡ q(x, p2), etc. Furthermore p1 ≡ p. The co-
efˇcient 1

2 in the ˇrst line of the r.h.s. of Eq. (3.7) is required to avoid the double
counting of identical particles. The quantities like Wqg→qg(p3, p4|p1, p2), which
correspond to the quark-gluon scattering, are equal to the square of the respective
matrix element multiplied by the energy-momentum conserving δ function. We
note that the collision terms have to satisfy the relations∫

d3p

(2π)3E

[
c[q, q̄, g]− c̄[q, q̄, g]

]
= 0 ,∫

d3p

(2π)3E
pµ
[
c[q, q̄, g] + c̄[q, q̄, g] + cg[q, q̄, g]

]
= 0 ,

in order to be consistent with the baryon number and energy-momentum conser-
vation.
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In the variety of applications one uses the collision terms in the relaxation
time approximation, i.e.,

c = νpµu
µ(x)

(
qeq(p, x)− q(p, x)

)
, (3.8)

c̄ = ν̄pµu
µ(x)

(
q̄eq(p, x)− q̄(p, x)

)
,

cg = νgpµu
µ(x)

(
geq(p, x)− g(p, x)

)
,

where ν, ν̄, and νg are the collision frequencies and uµ is the hydrodynamic
four-velocity which deˇnes the local rest frame of the quark-gluon system. The
equilibrium distribution functions are

qeq(p, x) =
2NfNc

exp
(
βµ(x)pµ − β(x)µ(x)

)
+1

,

q̄eq(p, x) =
2NfNc

exp
(
βµ(x)pµ + β(x)µ(x)

)
+1

,

geq(p, x) =
2(N2

c − 1)

exp
(
βµ(x)pµ

)
−1

,

where βµ(x) ≡ β(x)uµ(x), β(x) ≡ T−1(x); T (x) and µ(x) are the local tem-
perature and quark chemical potential, respectively; Nf is the number of quark

avours. Spin, 
avour and color are treated here as internal degrees of freedom.

4. PLASMA COLOR RESPONSE

In this chapter we discuss how the plasma, which is colorless, homogeneous
and stationary, responses to the color small 
uctuations.

4.1. Linear Response Analysis. The distribution functions are assumed to be
of the form

Qij(p, x) = n(p)δij + δQij(p, x) , (4.1)

Q̄ij(p, x) = n̄(p)δij + δQ̄ij(p, x) ,

Gab(p, x) = ng(p)δab + δGab(p, x) ,

where the functions describing the deviation from the colorless state are assumed
to be much smaller than the respective colorless functions. The same is assumed
for the momentum gradients of these functions.

Substituting (4.1) in (3.3) one gets

jµ(x) = − 1

2
g

∫
d3p

(2π)3E
pµ
[
δQ(p, x)− δQ̄(p, x) (4.2)

− 1

Nc
Tr
[
δQ(p, x)− δQ̄(p, x)

]
+2iτafabcδGbc(p, x)

]
.
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As is seen, the current occurs due to the deviation of the system from the colorless
state. When the system becomes neutral, there is no current and one expects that
there is no mean ˇeld. Therefore, we linearize Eq. (3.5) with respect to the four
potential to the form

∂µF
µν(x) = jν(x)

with Fµν = ∂µAν − ∂νAµ. It should be stressed here that the linearization
procedure does not cancel all non-Abelian effects. The gluon-gluon coupling,
which is of essentially non-Abelian character is included because the gluons con-
tribute to the color current (4.2). Let us also observe that in the linearized theory
the color current is conserved (due to antisymmetry of Fµν ) i.e., ∂µjµ = 0.
Finally we note that, as shown in [5], the semiclassical QCD transport the-
ory effectively incorporates the resummation over the so-called hard thermal
loops [11].

Now we substitute the distribution functions (4.1) to the transport equations
(3.4) with the collision terms (3.8). Linearizing the equations with respect to δQ,
δQ̄, and δG, one gets(

pµ∂µ + νpµu
µ
)
δQ(p, x) (4.3)

= −gpµFµν(x)
∂n(p)

∂pν
+ νpµu

µ
(
neq(p)− n(p)

)
,(

pµ∂µ + ν̄pµu
µ
)
δQ̄(p, x)

= gpµFµν(x)
∂n̄(p)

∂pν
+ ν̄pµu

µ
(
n̄eq(p)− n̄(p)

)
,(

pµ∂µ + νgpµu
µ
)
δG(p, x)

= −gpµFµν(x)
∂ng(p)

∂pν
+ νgpµu

µ
(
neqg (p)− ng(p)

)
.

Performing the linearization one should remember that Aµ is of the order of δQ.
Treating the chromodynamic ˇeld as an external one, Eqs. (4.3) are easily solved

δQ(p, x) = −g
∫
d4x′∆p(x − x′) (4.4)

×
[
pµFµν(x

′)
∂n(p)

∂pν
− νpµuµ

(
neq(p)− n(p)

)]
,

δQ̄(p, x) = g

∫
d4x′∆p(x− x′)

×
[
pµFµν(x

′)
∂n̄(p)

∂pν
+ ν̄pµu

µ
(
n̄eq(p)− n̄(p)

)]
,
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δG(p, x) = −g
∫
d4x′∆p(x − x′)

×
[
pµFµν(x′)

∂ng(p)

∂pν
− νgpµuµ

(
neqg (p)− ng(p)

)]
,

where ∆p(x) is the Green function of the kinetic operator with the collision term
in the relaxation time approximation,

∆p(x) = E−1Θ(t) e−ν
′t δ(3)(x− vt) ,

with t being the zero component of x, xµ ≡ (t,x), v ≡ p/E and ν′ ≡ νpµuµ;
in the plasma rest frame ν′ = ν.

Substituting the solutions (4.4) in Eq.(4.2) and performing the Fourier trans-
formation with respect to x variable we get

jµ(k) = σµρλ(k)Fρλ(k) (4.5)

with the color conductivity tensor expressed as

σµρλ(k) = i
g2

2

∫
d3p

(2π)3E

[ pµpρ

pσ(kσ + iνuσ)

∂n(p)

∂pλ
(4.6)

+
pµpρ

pσ(kσ + iν̄uσ)

∂n̄(p)

∂pλ
+

2Ncp
µpρ

pσ(kσ + iνguσ)

∂ng(p)

∂pλ

]
.

If the plasma colorless state is isotropic, which is the case of the global equilib-
rium, one ˇnds that σµρλ(k) = σµρ(k)uλ and Eq. (4.5) gets more familiar form
of the Ohm law, which in the plasma rest frame reads

jα(k) = σαβ(k)Eβ(k) ,

where the indices α, β, γ = 1, 2, 3 label the space axes and Eα(k) is the α
component of the chromoelectric vector. The conductivity tensor describes the
response of the QGP to the chromodynamic ˇeld. Within the approximation used
here it is a color scalar (no color indices) or equivalently is proportional to the
unit matrix in the color space. In the next sections we will extract the information
about QGP contained in σµρλ(k).

4.2. Chromoelectric Permeability. Let us introduce, as in the electrodynam-
ics, the polarization vector P(x) deˇned as

divP(x) = −ρ(x) , ∂

∂t
P(x) = j(x) , (4.7)

where ρ and j are the time-like and space-like components, respectively, of the
color induced four-current, jµ = (ρ, j). The deˇnition (4.7) is self-consistent,
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only when the color current is conserved, not covariantly conserved. This is just
the case of the linear response approach. Further, we deˇne the chromoelectric
induction vector D(x),

D(x) = E(x) + P(x) (4.8)

and the chromoelectric permeability tensor, which relates the Fourier transformed
D and E ˇelds,

Dα(k) = εαβ(k)Eβ(k) , (4.9)

where α, β = 1, 2, 3. Since the conductivity tensor (4.6) is a color scalar the
permeability tensor is a color scalar as well.

Using the deˇnitions (4.7), (4.8), (4.9) one easily ˇnds that

εαβ(k) = δαβ − i

ω
σα0β(k)− i

ω2

[
kγσαβγ(k)− kγσαγβ(k)

]
(4.10)

with σαγβ(k) given by Eq.(4.6); ω is the time-like component of the wave four-
vector, kµ ≡ (ω,k). For the isotropic plasma the two last terms in Eq. (4.10)
vanish. Substituting the conductivity tensor (4.6) into Eq. (4.10) we get the
permeability tensor in the plasma rest frame

εαβ(k) = δαβ +
g2

2ω

∫
d3p

(2π)3

[ vα

ω − kv + iν

∂n(p)

∂pγ
(4.11)

+
vα

ω − kv + iν̄

∂n̄(p)

∂pγ

+ 2Nc
vα

ω − kv + iνg

∂ng(p)

∂pγ

][(
1− kv

ω

)
δγβ +

kγvβ

ω

]
.

In the case of the isotropic plasma the permeability tensor can be expressed as

εαβ(k) = εT (k)
(
δαβ − kαkβ/k2

)
+εL(k) kαkβ/k2

with the longitudinal and transversal permeability functions equal to

εL(k) = 1 +
g2

2ωk2

∫
d3p

(2π)3

[ kv kγ

ω − kv + iν

∂n(p)

∂pγ
(4.12)

+
kv kγ

ω − kv + iν̄

∂n̄(p)

∂pγ
+

kv kγ

ω − kv + iνg

∂ng(p)

∂pγ

]

εT (k) = 1 +
g2

2ω

∫
d3p

(2π)3

[ 1

ω − kv + iν

∂n(p)

∂pγ
(4.13)

+
1

ω − kv + iν̄

∂n̄(p)

∂pγ
+

1

ω − kv + iνg

∂ng(p)

∂pγ

][
vγ − kv kγ

k2

]
.
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Because the QCD equations within the linear response approach coincide (up
to the trivial matrix structure) with those of the electrodynamics, the dispersion re-
lations of the plasma oscillations, or of plasmons, are those of the electrodynamics
and they read [45,46]

det | k2δαβ − kαkβ − ω2εαβ(k) |= 0 . (4.14)

The relation (4.14) gets simpler form for the isotropic plasma. Namely,

εL(k) = 0 , εT (k) = k2/ω2 . (4.15)

The dispersion relations determine the plasma waves which can be propagated
in the medium. Speciˇcally, the plane wave with ω(k), which satisˇes the
dispersion equation (4.14), automatically solves the sourceless Maxwell equations
in a medium. Using the `quantum' language, the dispersion equation gives the
relation between the energy and momentum of the quasi-particle excitations. In
the case of plasma these are the transverse and longitudinal plasmons.

There are three classes of the solutions of Eq. (4.14). Those with pure real
ω are stable Å the wave amplitude is constant in time. If the imaginary part of
frequency is negative, the oscillations are damped Å the amplitude decreases in
time. Of particular interest are the solutions with the positive Imω correspond-
ing to the so-called plasma instabilities Å the oscillations with the amplitude
exponentially growing in time.

The permeability tensor in the static limit (ω → 0) provides the information
about the plasma response to constant ˇelds. Computing εL(ω = 0,k) for the
equilibrium collisionless plasma one ˇnds

εL(ω = 0,k) = 1 +
m2
D

k2
,

where mD is the Debye mass which for the baryonless plasma of massless quarks
and gluons equals

m2
D =

g2T 2(Nf + 2Nc)

6
. (4.16)

The chromoelectric potential of the static point-like source embedded in the
plasma, which equals [46,47]

A0(x) =
g

4π | x | exp(−mD | x |) ,

is screened at the distance 1/mD.
Since the parton density is ∼ T 3, one ˇnds from Eq. (4.16) that the number

of partons in the Debye sphere (the sphere of the radius equal to the screening
length) is ∼ 1/g3. It is much greater than unity if the plasma is perturbative,
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i.e., when 1/g � 1. A large parton number in the Debye sphere justiˇes, in
particular, the use of the mean-ˇeld to describe QGP. Let us also mention that
the ultrarelativistic perturbative plasma is automatically ideal, i.e., the average
parton interaction energy, which is ∼ g2/〈r〉, with 〈r〉 ∼ T−1 being the average
interparticle distance, is much smaller than the parton thermal energy which
equals ∼ T . This is not the case for the nonrelativistic electron plasma. Then,
the screening length is (see, e.g., [46,47])

m2
D = e2ne

T
,

with ne being the electron density∗, which is independent of the temperature.
As is seen, the smallness of the coupling constant does not guarantee that the
nonrelativistic plasma is ideal. This occurs when the number of electrons in the

Debye sphere is large, i.e., when T 3/2 � e3n
1/2
e .

4.3. Oscillations Around the Global Equilibrium. Substituting the equilib-
rium distribution functions, FermiÄDirac for quarks and BoseÄEinstein for gluons,
into Eqs. (4.13) and (4.14) one ˇnds the permeability functions εL and εT , which
for the collisionless (ν = ν̄ = νg = 0) and baryonless (µ = 0) plasma of massless
partons can be computed analytically as

εL = 1 +
3ω2

0

k2

[
1− ω

2k

[
ln | k + ω

k − ω | −iπΘ(k − ω)
]]

, (4.17)

εT = 1− 3ω2
0

2k2

[
1−
( ω

2k
− k

2ω

)[
ln | k + ω

k − ω | −iπΘ(k − ω)
]]

, (4.18)

where k ≡| k | and ω0 is the plasma frequency equal to

ω2
0 =

g2T 2(Nf + 2Nc)

18
. (4.19)

One sees that for ω > k the dielectric functions (4.17), (4.18) are purely real, i.e.,
there are no dissipative processes.

Substituting (4.17), (4.18) into (4.15) one ˇnds the dispersion relation of the
longitudinal mode (the chromoelectric ˇeld parallel to the wave vector)

ω2 =

{
ω2

0 + 3
5k

2 , for ω0 � k

k2
(
1 + 4 exp(−2− 2k2/3ω2

0)
)
, for ω0 � k

∗We use the units, where the ˇne structure constant α = e2/4π. In the Gauss units, which are
traditionally used in the electron-ion plasma physics, α = e2 .
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and

ω2 =

{
ω2

0 + 6
5k

2 , for ω0 � k
3
2ω

2
0 + k2 , for ω0 � k

for the transverse one (the chromoelectric ˇeld perpendicular to the wave vector).
Because the longitudinal and transverse oscillations are time-like (ω2 > k2), the
phase velocity of the waves is greater than the velocity of light. For this reason
the Landau damping is absent. As known, the Landau damping is due to the
collisionless energy transfer from the wave to the plasma particles, the velocity
of which is equal to the wave phase velocity [47].

The oscillations of the collisionless QGP around global equilibrium have
been studied by means of the transport theory in several papers [7, 48, 51Ä53].
The problem has been also discussed in [49, 50] using a speciˇc variant of the
QGP theory with the classical color [41, 54]. In the above presentation we have
followed [7]. The dispersion relations given above agree with those found in the
ˇnite-temperature QCD within the one-loop approximation, see, e.g., [6, 55Ä57].

Let us now consider the dielectric function with nonzero equilibration rates.
As previously, the partons are massless and the plasma is baryonless which
imposes ν = ν̄. Then, one easily evaluates the integrals (4.13) and (4.14) for
ω � k, ω � ν and ω � νg . The results read [7]:

ω2 = ω2
0 − ζ2 +

3

4
φ2 +

3

5
k2 , γ =

1

2
φ

for the longitudinal mode and

ω2 = ω2
0 − ζ2 +

3

4
φ2 +

6

5
k2 , γ =

1

2
φ ,

for the transverse one; ω and γ denote the real and imaginary part, respectively,
of the complex frequency; φ and ζ are parameters related to the equilibration
rates,

φ = ν
Nf

Nf + 2Nc
+ νg

2Nc
Nf + 2Nc

, (4.20)

ζ2 = ν2 Nf

Nf + 2Nc
+ ν2

g

2Nc
Nf + 2Nc

.

One sees that, when compared with the collisionless plasma, the frequency of the
oscillations is smaller and the oscillations are damped. To ˇnd the numerical value
of the damping rate Å the plasma oscillation decrement γ Å the equilibration
rates (ν and νg) have to be estimated.

If ν or νg is identiˇed with the mean free 
ight time controlled by the binary
collisions, the equilibration rate is of the order of g4 ln 1/g. However, in the
relativistic plasma there is another damping mechanism which is the plasmon
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decay into quark-antiquark or gluon-gluon pair. It is easy to observe that, even in
the limit of massless quarks, the decay into gluons is much more probable than
that into quarks [7,57]. Let us consider the decay of plasmon of zero momentum.
The phase-space volume of the decay ˇnal state is proportional to(

1∓ neq(ω0/2)
)2

, (4.21)

where the upper sign refers to quarks while the lower one to gluons. Since the
plasma frequency (4.19) is much smaller than the temperature in the perturbative
plasma, the factor (4.21) can be expanded as(

1− neq(ω0/2)
)2 ∼= 1/4 + ω0/8T ,(

1 + neq(ω0/2)
)2 ∼= 4T 2/ω2

0 .

One sees that the decay into gluons is more probable than that into quarks by a
factor of order g−2 [57].

Using the standard rules of ˇnite-temperature ˇeld theory, one easily ˇnds
(see, e.g., [7]) the width of the zero-momentum plasmon due to the decay into
gluons

Γd =
g2Nc

243π
ω0

(
1 + neq(ω0/2)

)2∼=
gNcT

23/2π(Nf + 2Nc)1/2
,

which is the same for longitudinal and transverse plasmons. However, Γd cannot
be identiˇed with the plasmon equilibration rate Γ, because the plasmon decays
are partially compensated by the plasmon formation processes. As shown in [58],
see also [57], the formation rate Γf is related to Γd as

Γf = exp(−ω0/T )Γd ∼= (1− ω0/T )Γd .

Since the equilibration rate of the plasmon Γ = Γd − Γf [58], one ˇnds [57]

Γ ∼=
g2NcT

12π
. (4.22)

We note that Γd and Γf are of the order of g, while Γ is of the order of g2.
Since there is a preferred reference frame Å the rest frame of the thermostat Å
the plasmon decay width is not a Lorentz scalar. Therefore, the result (4.22) is
valid only for the zero-momentum or approximately long-wave plasmons.

Substituting νg equal (4.22) and ν = 0 into Eq. (4.20), one estimates the
decrement of the oscillation damping as

γ ∼=
g2

12π

N2
c

Nf + 2Nc
T . (4.23)
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Although ν = 0 the damping rate depends on the number of quark 
avours. This
seems to be in agreement with the physical intuition. When the number of quark

avours is increased the inertia of the system is also increased, and consequently
the time needed to damp the oscillations is longer. However Eq. (4.23) disagrees
(by a factor of 2Nc/(Nf + 2Nc)) with the result from [57], where γ equals
(4.22). Unfortunately, the discrepancy cannot be resolved within the relaxation
time approximation and a more elaborated analysis is needed.

5. FILAMENTATION INSTABILITY

In the near future the nucleus-nucleus collisions will be studied experimen-
tally at the accelerators of a new generation: Relativistic Heavy-Ion Collider
(RHIC) at Brookhaven and Large Hadron Collider (LHC) at CERN. The collision
energy will be larger by one or two orders of magnitude than that one of the
currently operating machines. A copious production of partons, mainly gluons,
due to hard and semihard processes is expected in the heavy-ion collisions at
this new energy domain [59, 60]. Thus, one deals with the many-parton system
at the early stage of the collision. The system is on average locally colorless
but random 
uctuations can break the neutrality. Since the system is initially far
from equilibrium, speciˇc color 
uctuations can exponentially grow in time and
then noticeably in
uence the system evolution. While the very existence of such
instabilities, similar to those which are known from the electron-ion plasma, see,
e.g., [61], is fairly obvious and was commented upon long time ago [62], it is
far less trivial to ˇnd those instabilities which are relevant for the parton system
produced in ultrarelativistic heavy-ion collisions.

A system of two interpenetrating beams of nucleons [63, 64] or partons
[65Ä69] was argued to be unstable with respect to the so-called ˇlamentation or
Weibel instability [70]. However, such a system appears to be rather unrealistic
from the experimental point of view. Then, we have argued [71Ä73] that the
ˇlamentation can occur under weaker conditions which are very probable for
heavy-ion collisions at RHIC and LHC. Instead of the two streams of partons, it
appears sufˇcient to assume a strongly anisotropic momentum distribution. We
systematically review here the whole problem.

5.1. Fluctuation Spectrum. We start with the discussion on how the unstable
modes are initiated. Speciˇcally, we show that the 
uctuations, which act as
seeds of the ˇlamentation, are large, much larger than in the equilibrium plasma.
Since the system of interest is far from the equilibrium, the 
uctuations are not
determined by the chromodielectric permeability tensor discussed in the previous
section. The 
uctuation-dissipation theorem does not hold in such a case. Thus,
we derive the color current correlation function which provides the 
uctuation
spectrum.
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QGP is assumed to be on average locally colorless, homogeneous and sta-
tionary. Therefore, the distribution functions averaged over ensemble are of the
form

〈Qij(t,x,p)〉 = δijn(p) , 〈Q̄ij(t,x,p)〉 = δij n̄(p) ,

〈Gab(t,x,p)〉 = δabng(p) ,

which give the zero average color current.
We study the 
uctuations of the color current generalizing a well-known

approach to the 
uctuating electric current [61]. For a system of noninteracting
quarks and gluons we have derived (in the classical limit) the following expression
of the current correlation tensor

Mµν
ab (t,x)

def
= 〈jµa (t1,x1)j

ν
b (t2,x2)〉

=
1

8
g2 δab

∫
d3p

(2π)3

pµpν

E2
f(p) δ(3)(x− vt) , (5.1)

where the effective parton distribution function f(p) equals n(p) + n̄(p) +
2Ncng(p) and (t,x) ≡ (t2 − t1,x2 − x1). Due to the average space-time homo-
geneity the correlation tensor depends only on the difference (t2 − t1,x2 − x1).
The physical meaning of the formula (5.1) is transparent. The space-time points
(t1,x1) and (t2,x2) are correlated in the system of noninteracting particles if the
particles 
y from (t1,x1) to (t2,x2). For this reason the delta δ(3)(x − vt) is
present in the formula (5.1). The momentum integral of the distribution function
simply represents the summation over particles. The 
uctuation spectrum is found
as a Fourier transform of the tensor (5.1), i.e.,

Mµν
ab (ω,k) =

1

8
g2 δab

∫
d3p

(2π)3

pµpν

E2
f(p) 2πδ(ω − kv) . (5.2)

When the system is in equilibrium the 
uctuations are given, according to
the 
uctuation-dissipation theorem, by the respective response function. For f(p)
being the classical equilibrium distribution function one indeed ˇnds the standard

uctuation-dissipation relation [61] valid in the g2order. For example,

M00
ab (ω,k) = δab

k2

2π

T

ω
ImεL(ω,k) ,

where T is the temperature and εL represents the longitudinal part of the chro-
modielectric tensor (4.13).

5.2. Parton Distributions. We model the parton momentum distribution at
the early stage of ultrarelativistic heavy-ion collision by two functions:

f(p) =
1

2Y
Θ(Y − y)Θ(Y + y) h(p⊥)

1

p⊥ chy
, (5.3)
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and

f(p) =
1

2PΘ(P − p‖)Θ(P + p‖) h(p⊥) , (5.4)

where y, p‖, and p⊥ denote the parton rapidity, the longitudinal, and transverse
momenta, respectively. The parton momentum distribution (5.3) corresponds to
the rapidity distribution which is 
at in the interval (−Y, Y ). The distribution
(5.4) is 
at for the longitudinal momentum −P < p‖ < P . We do not specify
the transverse momentum distribution h(p⊥), which is assumed to be of the same
shape for quarks and gluons, because it is sufˇcient for our considerations to
demand that the distributions (5.3), (5.4) are strongly elongated along the z−axis,
i.e., eY � 1 and P � 〈p⊥〉.

The QCD-based computations, see, e.g., [59,60], show that the rapidity distri-
bution of partons produced at the early stage of heavy-ion collisions is essentially
Gaussian with the width of about one to two units. When the distribution (5.3)
simulates the Gaussian one, Y does not measure the size of the `plateau' but
rather the range over which the partons are spread. If one takes the Gaussian
distribution of the variance σ and the distribution (5.3) of the same variance, then
Y =

√
3σ.

As already mentioned, the parton system described by the distribution func-
tions (5.3), (5.4) is assumed to be homogeneous and stationary. Applicability of
this assumption is very limited because there is a correlation between the parton
longitudinal momentum and its position, i.e., partons with very different momenta
will ˇnd themselves in different regions of space shortly after the collision. How-
ever, one should remember that we consider the parton system at a very early
stage of the collision, soon after the Lorentz contracted ultrarelativistic nuclei
traverse each other. At this stage partons are most copiously produced but do
not have enough time to escape from each other. Thus, the assumption of homo-
geneity holds for the space-time domain of the longitudinal size, say, 2 − 3 fm
and life time 2 − 3 fm/c. As shown below, this time is long enough for the
instability to occur.

5.3. Seeds of the Filamentation. Let us now calculate the correlation tensor
(5.2) for the distribution functions (5.3),( 5.4). Due to the symmetry f(p) =
f(−p) of these distributions, the tensor Mµν is diagonal, i.e., Mµν = 0 for
µ 6= ν. Since the average parton longitudinal momentum is much bigger than
the transverse one, it obviously follows from Eq. (5.2) that the largest 
uctuating
current appears along the z axis. Therefore, we discuss the Mzz component of the
correlation tensor. Mzz(ω,k) depends on the k-vector orientation and there are
two generic cases: k = (kx, 0, 0) and k = (0, 0, kz). The inspection of Eq. (5.2)
shows that the 
uctuations with k = (kx, 0, 0) are much larger than those with
k = (0, 0, kz). Thus, let us consider Mzz(ω, kx). Substituting the distributions
(5.3), (5.4) into (5.2) one ˇnds after azimuthal integration that Mzz

ab (ω, kx) reaches
the maximal values for ω2 � k2

x. So, we compute Mzz
ab at ω = 0. Keeping in
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mind that eY � 1 and P � 〈p⊥〉 we get the following approximate expressions
for the 
at y- and p‖ distributions:

Mzz
ab (ω = 0, kx) =

1

8
g2 δab

eY

Y

〈ρ〉
|kx|

, (5.5)

Mzz
ab (ω = 0, kx) =

1

8
g2 δab

P
〈p⊥〉

〈ρ〉
|kx|

, (5.6)

where 〈ρ〉 is the effective parton density given for Nc = 3 as

〈ρ〉 ≡
∫

d3p

(2π)3
f(p) =

1

4π2

∫ ∞
0

dp⊥p⊥ h(p⊥) =
1

3
〈ρ〉qq̄ +

3

4
〈ρ〉g ,

with 〈ρ〉qq̄ denoting the average density of quarks and antiquarks, and 〈ρ〉g that
of gluons. For the 
at p‖ case we have also used the approximate equality∫ ∞

0

dp⊥ h(p⊥) ∼=
1

〈p⊥〉

∫ ∞
0

dp⊥p⊥ h(p⊥)

to get the expression (5.6). It is instructive to compare the results (5.5), (5.6)
with the analogous one for the equilibrium plasma which is

Mzz
ab (ω = 0, kx) =

π

16
g2 δab

〈ρ〉
|kx|

.

One sees that the current 
uctuations in the anisotropic plasma are ampliˇed by
the large factor which is eY /Y or P/〈p⊥〉. With the estimated value of Y 2.5
for RHIC and 5.0 for LHC [74], the ampliˇcation factor eY /Y equals 4.9 and
29.7, respectively.

5.4. Filamentation Mechanism. Following [75] we are going to argue that
the 
uctuation, which contributes to Mzz

ab (ω = 0, kx), grows in time. The form
of the 
uctuating current is

ja(x) = ja êz cos(kxx) , (5.7)

where êz is the unit vector in the z direction. Thus, there are current ˇlaments
of the thickness π/|kx| with the current 
owing in the opposite directions in the
neighboring ˇlaments. For the purpose of a qualitative argumentation presented
here the chromodynamics is treated as an eightfold electrodynamics. Then, the
magnetic ˇeld generated by the current (5.7) is given as

Ba(x) =
ja

kx
êy sin(kxx) ,
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Fig. 4. The mechanism of ˇlamentation. The phenomenon is, for simplicity, considered in
terms of the electrodynamics. The 
uctuating current generates the magnetic ˇeld acting
on the positively charged particles which in turn contribute to the current (see text). ⊗
and � denote the parallel and, respectively, antiparallel orientation of the magnetic ˇeld
with respect to the y-axis

while the Lorentz force acting on the partons, which 
y along the beam, equals

F(x) = qa v ×Ba(x) = −− qa vz
ja

kx
êx sin(kxx) ,

where qa is the color charge. One observes, see Fig. 4, that the force distributes
the partons in such a way that those, which positively contribute to the current in
a given ˇlament, are focused to the ˇlament centre while those, which negatively
contribute, are moved to the neighboring one. Thus, the initial current grows.

5.5. Dispersion Equation. We analyse here the dispersion equation which
for the anisotropic plasma is of the form (4.14). The plasma is assumed to be
collisionless, i.e., the mean-ˇeld interaction dominates the system dynamics and
ν = i0+. The assumption is correct if the inverse characteristic time of the
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mean-ˇeld phenomena τ−1 is substantially larger than the collision frequency ν.
Otherwise, the inˇnitesimally small imaginary quantity i0+ from (4.12) should
be substituted by iν. Such a substitution however seriously complicates analysis
of the dispersion equation (4.14). Therefore, we solve the problem within the
collisionless limit and only a posteriori argue validity of this approximation.

As already mentioned, the solutions ω(k) of (4.14) are stable when Imω <
0 and unstable when Imω > 0. It appears difˇcult to ˇnd the solutions of
Eq. (4.14) because of the complicated structure of the chromodielectric tensor
(4.12). However, the problem simpliˇes because we are interested in the speciˇc
modes with the wave vector k perpendicular and to the chromoelectric ˇeld E
parallel to the beam. Thus, we consider the conˇguration

E = (0, 0, Ez) , k = (kx, 0, 0) . (5.8)

Then, the dispersion equation (4.14) gets the form

H(ω) ≡ k2
x − ω2εzz(ω, kx) = 0 , (5.9)

where only one diagonal component of the dielectric tensor enters.
5.6. Penrose Criterion. The stability analysis can be performed without

solving Eq. (5.9) explicitly. Indeed, the so-called Penrose criterion [76] states
that the dispersion equation H(ω) = 0 has unstable solutions if H(ω = 0) < 0.
The meaning of this statement will be clearer after we will approximately solve
the dispersion equation in the next section.

Let us compute H(0) which can be written as

H(0) = k2
x − χ2 , (5.10)

with

χ2 ≡ −ω2
0 −

g2

2

∫
d3p

(2π)3

v2
z

vx

∂f(p)

∂px
, (5.11)

where the plasma frequency parameter is

ω2
0 ≡ −

g2

2

∫
d3p

(2π)3
vz

∂f(p)

∂pz
. (5.12)

As we shall see below, ω0 gives the frequency of the stable mode of the conˇg-
uration (5.8) when kx → 0.

Substituting the distribution functions (5.3), (5.4) into Eqs. (5.11) and (5.12)
one ˇnds the analytical but rather complicated expression of H(0). In the case
of the 
at y distribution we thus take the limit eY � 1, while for the 
at p‖
distribution we assume that P � 〈p⊥〉. Then, we get for the 
at y distribution

χ2 ∼= −
αs

4π

eY

Y

∫
dp⊥

(
h(p⊥) + p⊥

dh(p⊥)

dp⊥

)
=
αs

4π

eY

Y
pmin
⊥ h(pmin

⊥ ) , (5.13)
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and for the 
at p‖ distribution

χ2 ∼= −
αs

4π
P
∫
dp⊥

dh(p⊥)

dp⊥
=
αs

4π
P h(pmin

⊥ ) , (5.14)

where αs ≡ g2/4π2 is the strong coupling constant and pmin
⊥ denotes the minimal

transverse momentum. The function h(p⊥) is assumed to decrease faster than
1/p⊥ when p⊥ →∞.

As seen, the sign of H(0) given by Eq. (5.10) is (for sufˇciently small k2
x)

determined by the transverse momentum distribution at the minimal momentum.
There are unstable modes if pmin

⊥ h(pmin
⊥ ) > 0 for the 
at y distribution and if

h(pmin
⊥ ) > 0 for the 
at p‖ case. Since the distribution h(p⊥) is expected to be a

monotonously decreasing function of p⊥, the instability condition for the 
at p‖
distribution seems to be always satisˇed. The situation with the 
at y distribution
is less clear. So, let us discuss it in more detail. We consider three characteristic
cases of h(p⊥) discussed in the literature.

1. The transverse momentum distribution due to a single binary parton-parton
interaction is proportional to p−6

⊥ [77] and blows up when p⊥ → 0. In
such a case pmin

⊥ h(pmin
⊥ ) > 0, there are unstable modes and pmin

⊥ should be
treated as a cut-off parameter re
ecting, e.g., the ˇnite size of the system.

2. The transverse momentum distribution proportional to (p⊥+m⊥)−6.4 with
m⊥ = 2.9 GeV has been found in [74], where except the binary parton-
parton scattering the initial and ˇnal state radiation has been taken into
account. This distribution, in contrast to that from 1), gives pmin

⊥ h(pmin
⊥ ) =

= 0 for pmin
⊥ = 0 and there is no instability. Although one should remember

that the ˇnite value of m⊥ found in [74] is the result of infrared cut-off.
Thus, it seems more reasonable to use the distribution from 1), where the
cut-off explicitly appears.

3. One treats perturbatively only partons with p⊥ > pmin
⊥ assuming that those

with lower momenta form colorless clusters or strings due to a nonpertur-
bative interaction. It should be stressed that the colorless objects do not
contribute to the dielectric tensor (4.12), which is found in the linear re-
sponse approximation [7,66]. Thus, only the partons with p⊥ > pmin

⊥ are of
interest for us. Consequently pmin

⊥ h(pmin
⊥ ) is positive and there are unstable

modes. As shown in [72], the screening lengths due to the large parton
density are smaller than the conˇnement scale in the vacuum. Therefore,
the cut-off parameter pmin

⊥ should be presumably reduced from 1 Å 2 GeV
usually used for protonÄproton interactions to, let us say, 0.1 Å 0.2 GeV.

We cannot draw a ˇrm conclusion but we see that the instability condition
is trivially satisˇed for the 
at p‖ distribution and is also fulˇlled for the 
at
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y distribution under plausible assumptions. Let us mention that the difference
between the instability conditions for the 
at y and p‖ distribution is due to a very
speciˇc property of the y distribution which is limited to the interval (−Y, Y ). The
point is that y → ±∞ when p⊥ → 0 and consequently, the limits in the rapidity
suppress the contribution from the small transverse momenta to the dielectric
tensor. For this reason we need for the instability the distribution h(p⊥) which
diverges for p⊥ → 0 in the case of the 
at y distribution, while the instability
condition for the 
at p‖ distribution is satisˇed when h(0) is ˇnite. If we assumed
the Gaussian rapidity distribution instead of (5.3), the instability condition would
be less stringent. In any case, we assume that the Penrose criterion is satisˇed
and look for the unstable modes solving the dispersion equation (5.9).

5.7. Unstable Mode. The dispersion equation (5.9) for a cylindrically sym-
metric system is

k2
x − ω2 + ω2

0 − αs

4π2

∫ ∞
0

dp⊥

∫ ∞
−∞

dp‖ p
2
‖√

p2
‖ + p2

⊥

× ∂f

∂p⊥

∫ 2π

0

dφ cosφ

a− cosφ+ i0+
= 0 , (5.15)

with the plasma frequency ω0 given by Eq. (5.12) and a denoting

a ≡ ω

kx

√
p2
‖ + p2

⊥

p⊥
.

We solve Eq. (5.15) in the two limiting cases |ω/kx| � 1 and |kx/ω| � 1.
In the ˇrst case the azimuthal integral is approximated as∫ 2π

0

dφ cosφ

a− cosφ+ i0+
=

π

a2
+O(a−4) .

Then, the equation (5.15) gets the form

k2
x − ω2 + ω2

0 + η2 k
2
x

ω2
= 0 , (5.16)

where η, as ω0, is a constant deˇned as

η2
0 ≡ −

αs

4π

∫
dp‖dp⊥

p2
‖p

2
⊥

(p2
‖ + p2

⊥)3/2

∂f(p)

∂p⊥
.

We have computed ω0 and η for the 
at p‖- and y distribution. In the limit
eY � 1 and P � 〈p⊥〉, respectively, we have found

ω2
0
∼=
αs

8Y

∫
dp⊥h(p⊥) , (5.17)
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ω2
0
∼=

αs

2πP

∫
dp⊥p⊥h(p⊥) , (5.18)

and

η2 ∼=
αs

16Y

∫
dp⊥

(
1

4
h(p⊥)− p⊥

dh(p⊥)

dp⊥

)
, (5.19)

η2 ∼= −
αs

4πP ln

(
P
〈p⊥〉

)∫
dp⊥p

2
⊥
dh(p⊥)

dp⊥
. (5.20)

The solutions of Eq. (5.16) are

ω2
± =

1

2

(
k2 + ω2

0 ±
√

(k2
x + ω2

0)2 + 4η2k2
x

)
. (5.21)

One sees that ω2
+ ≥ 0 and ω2

− ≤ 0. Thus, there is a pure real mode ω+, which
is stable, and two pure imaginary modes ω−, one of them being unstable. As
mentioned previously, ω+ = ω0 when kx = 0.

Let us focus our attention on the unstable mode which can be approximated
as

ω2
−
∼=
{
− η2

ω2
0
k2
x , for k2

x � ω2
0

−η2 , for k2
x � ω2

0.

One should keep in mind that Eq. (5.21) holds only for |ω/kx| � 1. We see
that ω− can satisfy this condition for k2

x � ω2
0 if η2 � ω2

0 and for k2
x � ω2

0 if
η2 � ω2

0 . To check whether these conditions can be satisˇed, we compare η2 to
ω2

0 . Assuming that h(p⊥) ∼ p−β⊥ , one ˇnds from Eqs. (5.19), (5.20)

η2 ∼=
1 + 4β

8
ω2

0 , (5.22)

η2 ∼=
β

2
ln

(
P
〈p⊥〉

)
ω2

0 .

Since β ∼= 6 [74,77] we get η2 ≥ 3ω2
0 . Therefore, the solution (5.21) for k2

x � ω2
0

should be correct.
Let us now solve the dispersion equation (5.15) in the second case when

|kx/ω| � 1. Then, the azimuthal integral from Eq. (5.15) is approximated as∫ 2π

0

dφ cosφ

a− cosφ+ i0+
= −2π +O(a) ,

and we immediately get the dispersion relation

ω2 = k2
x − χ2 , (5.23)
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Fig. 5. The schematic view of the dispersion relation of the ˇlamentation mode

with χ2 given by Eq. (5.13) or (5.14). As previously we have assumed that
eY � 1 and P � 〈p⊥〉. Eq. (5.23) provides a real mode for k2

x > χ2 and
two imaginary modes for k2

x < χ2. Since the solution (5.23) must satisfy the
condition |kx/ω| � 1, it holds only for k2

x � |k2
x − χ2|.

The dispersion relation of the unstable mode in the whole domain of wave
vectors is schematically shown in Fig. 5, where the solutions (5.21) and (5.23)
are combined. Now one sees how the Penrose criterion works. When χ2 = 0,
the unstable mode disappears.

5.8. Time Scales. The instability studied here can occur in heavy-ion col-
lisions if the time of instability development is short enough, shorter than the
characteristic time of evolution of the nonequilibrium state described by the dis-
tribution functions (5.3), (5.4).

Let us ˇrst estimate the time of instability development which is given by
1/Imω. As is seen in Fig. 5, |Imω| < η. Thus, we deˇne the minimal time
as τmin = 1/η. To ˇnd τmin we estimate the plasma frequency. We consider
here only the 
at y distribution which seems to be more reasonable than the 
at
p‖ distribution. Approximating

∫
dp⊥h(p⊥) as

∫
dp⊥p⊥h(p⊥)/〈p⊥〉 the plasma

frequency (5.12) can be written as

ω2
0
∼=

αsπ

6Y r2
0A

2/3
(Nq +Nq̄ +

9

4
Ng) , (5.24)

where Nc = 3; Nq, Nq̄, and Ng are the numbers of quarks, antiquarks and gluons,
respectively, produced in the volume, which has been estimated in the following
way. Since we are interested in the central collisions, the volume corresponds to
a cylinder of the radius r0A

1/3 with r0 = 1.1 fm and A being the mass number
of the colliding nuclei. Using the uncertainty principle argument, the length of
the cylinder has been taken as 1/〈p⊥〉, which is the formation time of parton with
the transverse momentum 〈p⊥〉.
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Neglecting quarks and antiquarks in Eq. (5.24) and substituting there Ng =
570 for the central AuÄAu collision at RHIC (Y = 2.5) and Ng = 8100 for the
same colliding system at LHC (Y = 5.0) [74], we get

ω0 = 280 MeV for RHIC , ω0 = 430 MeV for LHC

for αs = 0.3 at RHIC and αs = 0.1 at LHC. Using Eq. (5.22) with β = 6 one
ˇnds

τmin = 0.4 fm/c for RHIC , τmin = 0.3 fm/c for LHC .

The plasma has been assumed collisionless in our analysis. Such an assump-
tion is usually correct for weakly interacting systems because the damping rates
of the collective modes due to collisions are of the higher order in αs than the
frequencies of these modes, see, e.g., [61]. However, it has been argued re-
cently [78] that the color collective modes are overdamped due to the unscreened
chromomagnetic interaction. However it is unclear whether these arguments con-
cern the unstable mode discussed here. The point is that the paper [78] deals with
the neutralization of color charges which generate the longitudinal chromoelectric
ˇeld while the unstable mode which we have found is transversal and conse-
quently is generated by the color currents not charges. Let us refer here to the
electron-ion plasma, where the charge neutralization is a very fast process while
currents can exist in the system for a much longer time [76]. In any case, the
above estimates of the instability development should be treated as lower limits.

Let us now discuss the characteristic time of evolution of the nonequilibrium
state described by the distribution functions (5.3), (5.4). Except the possible
unstable collective modes, there are two other important processes responsible
for the temporal evolution of the initially produced many-parton system: free
streaming [79Ä81] and partonÄparton scattering. The two processes lead to the
isotropic momentum distribution of partons in a given cell. The estimated time to
achieve local isotropy due to the free streaming is about 0.7 fm/c at RHIC [81].
The estimates of the equilibration time due to the parton scatterings are similar
[82, 83]. As is seen the three-time scales of interest are close to each other.
Therefore, the color unstable modes can play a role in the dynamics of many-
parton system produced at the early stage of heavy-ion collision, but presumably
the pattern of instability cannot fully develop.

5.9. Detecting the Filamentation. One asks whether the color instabilities
are detectable in ultrarelativistic heavy-ion collisions. The answer seems to be
positive because the occurrence of the ˇlamentation breaks the azimuthal symme-
try of the system and hopefully will be visible in the ˇnal state. The azimuthal
orientation of the wave vector will change from one collision to another while
the instability growth will lead to the energy transport along this vector (the
Poynting vector points in this direction). Consequently, one expects signiˇcant



TOPICS IN THE TRANSPORT THEORY OF QUARK-GLUON PLASMA 989

variation of the transverse energy as a function of the azimuthal angle. This
expectation is qualitatively different than that based on the parton cascade simu-
lations [59], where the 
uctuations are strongly damped due to the large number
of uncorrelated partons. Due to the collective character of the ˇlamentation in-
stability the azimuthal symmetry will be presumably broken by a 
ow of large
number of particles with relatively small transverse momenta. The jets produced
in hard parton-parton interactions also break the azimuthal symmetry. However,
the symmetry is broken in this case due to a few particles with large transverse
momentum. The problem obviously needs further studies but the event-by-event
analysis of the nuclear collision seems to give a chance to observe the color
instabilities in the experiments planed at RHIC and LHC.
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…·¥¢ ´¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, …·¥¢ ´, �·³¥´¨Ö

‚ µ¡§µ·¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨°, ¶µ¸¢ÖÐ¥´´ÒÌ µ¶¨¸ ´¨Õ ±·Ê¶´µ³ ¸ÏÉ ¡-
´ÒÌ ¤¢¨¦¥´¨° Ö¤¥·´µ° ³ É¥·¨¨ ´¥°É·µ´´ÒÌ §¢¥§¤. ‚ µ¸´µ¢¥ ¨§² £ ¥³µ£µ ¶µ¤Ìµ¤  ²¥¦¨É ¶·¥¤-
¸É ¢²¥´¨¥ µ §¢¥§¤´µ° Ö¤¥·´µ° ³ É¥·¨¨ ± ± Ê¶·Ê£µ³ Ë¥·³¨-±µ´É¨´ÊÊ³¥, µ¡² ¤ ÕÐ¥³ ¸¢µ°¸É¢ ³¨
¸±µ³¶¥´¸¨·µ¢ ´´µ° ³ £´¨Éµ ±É¨¢´µ° ¶² §³Ò. ‚ ± Î¥¸É¢¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢-
´¥´¨° ¤¢¨¦¥´¨Ö ¸ ³µ£· ¢¨É¨·ÊÕÐ¥° Ö¤¥·´µ° ¸·¥¤Ò ¨¸¶µ²Ó§ÊÕÉ¸Ö Ê· ¢´¥´¨Ö Ö¤¥·´µ° Ô² ¸Éµ-
¤¨´ ³¨±¨, ¸Ëµ·³Ê²¨·µ¢ ´´Ò¥ ¢ ³ ±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ±µ²²¥±É¨¢´ÒÌ ¶·µÍ¥¸¸µ¢.
�·¥¤¸É ¢²¥´ ¢ ·¨ Í¨µ´´Ò° ³¥Éµ¤ ¢ÒÎ¨¸²¥´¨Ö Î ¸ÉµÉ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ¸Ë¥·µ¨¤ ²Ó´ÒÌ (s-
³µ¤ ) ¨ Éµ·¸¨µ´´ÒÌ (t-³µ¤ ) ±µ²¥¡ ´¨° ´¥°É·µ´´µ° §¢¥§¤Ò ¨ ¨¸¸²¥¤µ¢ ´  ¥¥ Ê¸Éµ°Î¨¢µ¸ÉÓ µÉ-
´µ¸¨É¥²Ó´µ ²¨´¥°´ÒÌ ¤¥Ëµ·³ Í¨°. �ËË¥±É¨¢´µ¸ÉÓ Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ£µ ³¥Éµ¤  ¶·µ¨²²Õ¸É·¨-
·µ¢ ´  · ¸Î¥É ³¨ ¶¥·¨µ¤µ¢ £²µ¡ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨° ¢ · ³± Ì ¸É ´¤ ·É´µ°
µ¤´µ·µ¤´µ° ³µ¤¥²¨,   É ±¦¥ ·¥ ²¨¸É¨Î¥¸±¨Ì ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤, ¶µ¸É·µ¥´´ÒÌ ´  µ¸´µ¢¥
·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢´¥´¨Ö £· ¢¨É Í¨µ´´µ£µ · ¢´µ¢¥¸¨Ö ¨ Ê· ¢´¥´¨° ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨,
ÊÎ¨ÉÒ¢ ÕÐ¨Ì £¥É¥·µË §´µ¸ÉÓ Ö¤¥·´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. „²Ö µ¶¨¸ ´¨Ö ¤¢¨¦¥´¨° § -
³ £´¨Î¥´´µ° Ae-Ë §Ò ¢¥Ð¥¸É¢  ´¥°É·µ´´ÒÌ §¢¥§¤ ¨¸¶µ²Ó§Ê¥É¸Ö ³ £´¨Éµ£¨¤·µ¤¨´ ³¨Î¥¸±¨° ¶µ¤-
Ìµ¤, ´  µ¸´µ¢¥ ±µÉµ·µ£µ ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ Î ¸ÉµÉ Éµ·µ¨¤ ²Ó´ÒÌ ¨ ¶µ²µ¨¤ ²Ó´ÒÌ  ²ÓË¢¥´µ¢¸±¨Ì
µ¸Í¨²²ÖÍ¨°. �µ¤Î¥·±¨¢ ¥É¸Ö, ÎÉµ ³ £´¨Éµ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ³µ£ÊÉ µ± §Ò¢ ÉÓ ¸ÊÐ¥¸É¢¥´´µ¥
¢²¨Ö´¨¥ ´  Ô²¥±É·µ³ £´¨É´ÊÕ  ±É¨¢´µ¸ÉÓ ¶Ê²Ó¸ ·µ¢.

The review is devoted to studies of large-scale motions of nuclear matter of neutron stars.
The stadies are based on the idea of star nuclear matter to be an elastic Fermi-continuum with
properties of a compensated magnetoactive plasma. Fundamental dynamyc equations of the motion of
a self-gravitating nuclear matter are the equations of nuclear elastodynamics formulated in the theory
of nuclear collective processes. A variational method is presented for computing the frequencies
of gravitation-elastic spheroidal (s-mode) and torsion (t-mode) vibrations of a neutron star and its
stability with respect to linear deformations is investigated. Efˇciency of the elastodynamic method
is demonstrated by calculations of the periods of global gravitation-elastic vibrations within the
standard homogeneous model and realistic models of neutron stars based on the relativistic equation of
gravitational equilibrium and equations of state of nuclear matter with the nuclear statistic equilibrium
being heterophase. Motions of magnetized Ae-phase of matter of neutron stars are described in
the framework of the magnetohydrodynamic approach which is used in calculating the frequencies of
toroid and poloidal Alfv�en oscillations. It is emphasized that magnetoplasma vibrations can essentially
in
uence the electromagnetic activity of pulsars.
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1. ‚‚…„…�ˆ…

„²Ö Ö¤¥·´µ° Ë¨§¨±¨ £² ¢´µ¥ §´ Î¥´¨¥ µÉ±·ÒÉ¨Ö ´¥°É·µ´´ÒÌ §¢¥§¤ [1]
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ Ê ´¥¥ ¶µÖ¢¨² ¸Ó Ê´¨± ²Ó´ Ö  ¸É·µË¨§¨Î¥¸± Ö ² ¡µ· Éµ·¨Ö
¤²Ö ¨§ÊÎ¥´¨Ö · ¢´µ¢¥¸´ÒÌ ¨ ¤¨´ ³¨Î¥¸±¨Ì ¸¢µ°¸É¢ ³ ±·µ¸±µ¶¨Î¥¸±µ° Ö¤¥·-
´µ° ³ É¥·¨¨. Š ´ ¸ÉµÖÐ¥³Ê ³µ³¥´ÉÊ ¢ ƒ ² ±É¨±¥ § ·¥£¨¸É·¨·µ¢ ´µ ¸¢ÒÏ¥
500 ´¥°É·µ´´ÒÌ §¢¥§¤ [2], µ¡´ ·Ê¦¨¢ ÕÐ¨Ì ¸¥¡Ö ± ± ¨§µ²¨·µ¢ ´´Ò¥ ¨¸-
ÉµÎ´¨±¨ ¶Ê²Ó¸¨·ÊÕÐ¥£µ · ¤¨µ¨§²ÊÎ¥´¨Ö (· ¤¨µ¶Ê²Ó¸ ·Ò),   É ±¦¥ ± ± ¨¸-
ÉµÎ´¨±¨ ¶Ê²Ó¸¨·ÊÕÐ¥£µ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö (·¥´É£¥´µ¢¸±¨¥ ¶Ê²Ó¸ ·Ò)
¤¢µ°´ÒÌ ¸¨¸É¥³, ¢µ§´¨± ÕÐ¥£µ ¨§-§   ±±·¥Í¨¨ ¢¥Ð¥¸É¢ -±µ³¶ ´Óµ´  ´  ³ £-
´¨É´Ò¥ ¶µ²Õ¸  ¢· Ð ÕÐ¥°¸Ö ´¥°É·µ´´µ° §¢¥§¤Ò. „µ¸É ÉµÎ´µ ¶µ²´µ¥ ¶·¥¤-
¸É ¢²¥´¨¥ µ · §¢¨É¨¨ Ë¨§¨±¨ ´¥°É·µ´´ÒÌ §¢¥§¤ §  ¶·µÏ¥¤Ï¨¥ É·¨¤Í ÉÓ ²¥É
¶µ¸²¥ µÉ±·ÒÉ¨Ö ¶Ê²Ó¸ ·µ¢ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¶µ · ¡µÉ ³ ¨ ³µ´µ£· Ë¨Ö³
[3Å13].

‚ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ ¶µ¸²¥¤´¨Ì ²¥É, § É· £¨¢ ÕÐ¨Ì Ö¤¥·´Ò¥
 ¸¶¥±ÉÒ Ë¨§¨±¨ ´¥°É·µ´´ÒÌ §¢¥§¤, Í¥´É· ²Ó´µ¥ ³¥¸Éµ § ´¨³ ²¨ · ¡µÉÒ, ¶µ-
¸¢ÖÐ¥´´Ò¥ ¨§ÊÎ¥´¨Õ · ¢´µ¢¥¸´ÒÌ ¸¢µ°¸É¢ ÔÉ¨Ì ³ ¸¸¨¢´ÒÌ ±µ³¶ ±É´ÒÌ µ¡Ñ-
¥±Éµ¢ ±µ´¥Î´µ° ¸É ¤¨¨ §¢¥§¤´µ° Ô¢µ²ÕÍ¨¨ (¸³., ´ ¶·¨³¥·, [14Å22] ¨ ¶·¨-
¢¥¤¥´´ÊÕ É ³ ¡¨¡²¨µ£· Ë¨Õ). �É¨ ¨¸¸²¥¤µ¢ ´¨Ö ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ Ê£²Ê-
¡¨²¨ · ´´¨¥ ¶·¥¤¸É ¢²¥´¨Ö µ¡ Ê· ¢´¥´¨¨ ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨ ¨ µ¸´µ-
¢ É¥²Ó´µ ¶·µ¤¢¨´Ê²¨ ¶µ´¨³ ´¨¥ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¢
§¢¥§¤´µ³ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ¶µ ¶²µÉ´µ¸É¨, É¥³¶¥· ÉÊ·¥, Ì¨³¨Î¥¸±µ³Ê ¸µ¸É ¢Ê
¨ ¨´É¥´¸¨¢´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö [21,22]. � §· ¡µÉ ´´Ò¥ ± ´ ¸ÉµÖÐ¥³Ê ¢·¥-
³¥´¨ ³¥Éµ¤Ò Ô¢µ²ÕÍ¨µ´´µ£µ  ´ ²¨§  ¶µ§¢µ²ÖÕÉ ¸ ¢Ò¸µ±µ° ¸É¥¶¥´ÓÕ ´ ¤¥¦-
´µ¸É¨ ¸Ê¤¨ÉÓ µ ¤¥É ²ÖÌ ¸É· É¨Ë¨Í¨·µ¢ ´´µ° ¸É·Ê±ÉÊ·Ò ´¥°É·µ´´ÒÌ §¢¥§¤ ¨
¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ · ¸¸Î¨ÉÒ¢ ÉÓ ¶·µË¨²¨ ¶²µÉ´µ¸É¨, ¤ ¢²¥´¨Ö, É¥³¶¥· -
ÉÊ·Ò ¨ ¤·Ê£¨Ì ¢¥²¨Î¨´, µ¶·¥¤¥²ÖÕÐ¨Ì £²µ¡ ²Ó´Ò¥ · ¢´µ¢¥¸´Ò¥ ¶ · ³¥É·Ò
´¥°É·µ´´ÒÌ §¢¥§¤, É ±¨¥, ± ± ³ ¸¸  M , · ¤¨Ê¸ R, ³µ³¥´É ¨´¥·Í¨¨ J , ±·¨-
É¨Î¥¸± Ö (±¥¶²¥·µ¢¸± Ö) Î ¸ÉµÉ  £· ¢¨É Í¨µ´´µ-Ê¸Éµ°Î¨¢µ£µ ¢· Ð¥´¨Ö ΩK ,
¨´É¥´¸¨¢´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö B ¨ ¤·Ê£¨¥∗.

Œ¥¦¤Ê É¥³ µ¸µ¡¥´´µ¸É¨ ¤¨´ ³¨Î¥¸±µ£µ ¶µ¢¥¤¥´¨Ö Ö¤¥·´µ° ¸·¥¤Ò ¢ ´¥¤-
· Ì ÔÉ¨Ì ±µ³¶ ±É´ÒÌ µ¡Ñ¥±Éµ¢ ¨§ÊÎ¥´Ò ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨. �·¥¦¤¥ ¢¸¥£µ

∗‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨§ÊÎ¥´¨¥ · ¢´µ¢¥¸´ÒÌ ¸¢µ°¸É¢ ¸±µ²² ¶¸¨·µ¢ ¢Ï¨Ì §¢¥§¤ ¸Ëµ±Ê¸¨·µ-
¢ ´µ ´  ÉÐ É¥²Ó´µ³  ´ ²¨§¥ £¨¶µÉ¥§Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ³ ¸¸¨¢´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¸Éµ°Î¨¢ÒÌ
±µ´Ë¨£Ê· Í¨° ¸ § ³¥É´Ò³ ¸µ¤¥·¦ ´¨¥³ ¸É· ´´µ° ¨ ±¢ ·±µ¢µ° ³ É¥·¨¨ [23Å25]. �¤´¨³ ¨§
´ ¨¡µ²¥¥ ¶·¨³¥Î É¥²Ó´ÒÌ ¸²¥¤¸É¢¨° ÔÉµ° £¨¶µÉ¥§Ò Ö¢¨²µ¸Ó ¶·¥¤¸± § ´¨¥ ¤¢ÊÌ ´µ¢ÒÌ ¢¥É¢¥° ¢
¸¥³¥°¸É¢¥ ±µ³¶ ±É´ÒÌ  ¸É·µË¨§¨Î¥¸±¨Ì µ¡Ñ¥±Éµ¢ Ä ¸É· ´´ÒÌ §¢¥§¤ ¨ ¸É· ´´ÒÌ ± ·²¨±µ¢ [21,22].
Š·µ³¥ Éµ£µ, · ¸Î¥ÉÒ · ¢´µ¢¥¸´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸µ ¸É· ´´µ° ³ É¥·¨¥° ¶µ± §Ò¢ ÕÉ ¢µ§³µ¦´µ¸ÉÓ
¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥±µ³¶ ±É´ÒÌ ¶² ´¥É ·´µ¶µ¤µ¡´ÒÌ µ¡Ñ¥±Éµ¢ [26] (¸ ³ ²µ° ³ ¸¸µ° É¨¶  �¶¨-
É¥· , M ∼ 10−2− 10−4M�), ¶·¥¤¸É ¢²ÖÕÐ¨Ì µ¸µ¡Ò° ¨´É¥·¥¸ ¤²Ö ¸µ¢·¥³¥´´µ°  ¸É·µË¨§¨±¨ ¢
¸¢¥É¥ ¨§¢¥¸É´µ° ¶·µ¡²¥³Ò ¸±·ÒÉµ° (É¥³´µ°) ³ É¥·¨¨ [27], ´  ¶ÊÉ¨ ·¥Ï¥´¨Ö ±µÉµ·µ° ´ ³¥É¨²¸Ö
§ ³¥É´Ò° ¶·µ£·¥¸¸ ¢ ¸¢Ö§¨ ¸ ¨´É¥´¸¨¢´Ò³ · §¢¨É¨¥³ É¥µ·¨¨ ¨ É¥Ì´¨±¨ ´ ¡²Õ¤¥´¨° ³¥Éµ¤µ³
³¨±·µ²¨´§¨·µ¢ ´¨Ö [28, 29].
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ÔÉµ ¸¢Ö§ ´µ ¸ µÉ¸ÊÉ¸É¢¨¥³ Ö¸´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ § ±µ´ Ì, Ê¶· ¢²ÖÕÐ¨Ì ±µ´-
É¨´Ê ²Ó´µ° ³¥Ì ´¨±µ° ¸ ³µ£· ¢¨É¨·ÊÕÐ¥° Ö¤¥·´µ° ³ É¥·¨¨. �¥¤µ¸É ÉµÎ´µ
¨¸¸²¥¤µ¢ ´´µ° µ¸É ¥É¸Ö ³ ±·µ¸±µ¶¨Î¥¸± Ö Ô²¥±É·µ¤¨´ ³¨±  ¢µ²´µ¢ÒÌ ¶·µ-
Í¥¸¸µ¢, ¸¶µ¸µ¡´ÒÌ ¶µ¤¤¥·¦¨¢ ÉÓ¸Ö ¸¨²Ó´µ § ³ £´¨Î¥´´µ° Ö¤¥·´µ° ¸·¥¤µ°.

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò ¶·¥¤¸É ¢¨³  ·£Ê³¥´ÉÒ, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨¥ µ Éµ³,
ÎÉµ ³ ±·µ¸±µ¶¨Î¥¸± Ö Ö¤¥·´ Ö ³ É¥·¨Ö µ¡² ¤ ¥É ¸¢µ°¸É¢ ³¨ Ê¶·Ê£µ£µ ³ É¥·¨-
 ²Ó´µ£µ ±µ´É¨´ÊÊ³  ¨ ¸±µ³¶¥´¸¨·µ¢ ´´µ° ¸¨²Ó´µ § ³ £´¨Î¥´´µ° ¶² §³Ò. ‚
Î ¸É´µ¸É¨, ³Ò ¶µ± ¦¥³, ÎÉµ ¢ ± Î¥¸É¢¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ Ê· ¢´¥´¨° ±µ´-
É¨´Ê ²Ó´µ° ³¥Ì ´¨±¨ Ö¤¥·´µ° ¸¶²µÏ´µ° ¸·¥¤Ò ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò
Ê· ¢´¥´¨Ö Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¨, Ê¸É ´µ¢²¥´´Ò¥ ¢ ² ¡µ· Éµ·´µ° Ö¤¥·´µ°
Ë¨§¨±¥ ¶·¨ ¨§ÊÎ¥´¨¨ ¸¨²Ó´µ ±µ²²¥±É¨¢¨§¨·µ¢ ´´ÒÌ ¶·µÍ¥¸¸µ¢, É ±¨Ì, ± ±
£¨£ ´É¸±¨¥ ·¥§µ´ ´¸Ò ¨ ¤¥²¥´¨¥,   Ô²¥±É·µ¤¨´ ³¨±  ¢µ²´µ¢ÒÌ ¶·µÍ¥¸¸µ¢,
¸¶µ¸µ¡´ÒÌ ¶·µ¨¸Ìµ¤¨ÉÓ ¢ Ae-Ë §¥ ¢¥Ð¥¸É¢  ´¥°É·µ´´ÒÌ §¢¥§¤, ³µ¦¥É ¡ÒÉÓ
¨¸¸²¥¤µ¢ ´  ´  µ¸´µ¢¥ Ê· ¢´¥´¨° ³ £´¨Éµ£¨¤·µ¤¨´ ³¨±¨.

ŒÒ ´ Î´¥³ ¸ ¶¥·¥Î¨¸²¥´¨Ö ·Ö¤  ´ ¡²Õ¤¥´¨°, Ö¢´µ ¤¥³µ´¸É·¨·ÊÕÐ¨Ì
´¥ ¤¥±¢ É´µ¸ÉÓ µÉµ¦¤¥¸É¢²¥´¨Ö ´¥¶·¥·Ò¢´µ° Ö¤¥·´µ° ³ É¥·¨¨ ¸ ´¥¸¦¨³ -
¥³µ° ¦¨¤±µ¸ÉÓÕ. � ±µ¶²¥´´Ò¥ §´ ´¨Ö µ¡ Ô¢µ²ÕÍ¨µ´´µ³ ¶ÊÉ¨ ³ ¸¸¨¢´ÒÌ
§¢¥§¤ ´¥ µ¸É ¢²ÖÕÉ ¸µ³´¥´¨Ö ¢ Éµ³, ÎÉµ Éµ²Ó±µ ´  · ´´¨Ì ¨ §·¥²ÒÌ ¸É -
¤¨ÖÌ Ô¢µ²ÕÍ¨¨ §¢¥§¤´µ¥ ¢¥Ð¥¸É¢µ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¢Ò¸µ±µÉ¥³¶¥-
· ÉÊ·´ÊÕ ¶² §³Ê [30, 31], ±·Ê¶´µ³ ¸ÏÉ ¡´Ò¥ ¤¢¨¦¥´¨Ö ±µÉµ·µ° ¶µ¤Î¨´Ö-
ÕÉ¸Ö § ±µ´ ³ £ §µ¢µ° ¤¨´ ³¨±¨. �·¥¤¸É ¢²¥´¨¥ µ ´µ·³ ²Ó´ÒÌ §¢¥§¤ Ì ± ±
µ ¸Ë¥·¨Î¥¸±¨Ì ¸ ³µ£· ¢¨É¨·ÊÕÐ¨Ì £ §µ¢ÒÌ ³ ¸¸ Ì Ê¡¥¤¨É¥²Ó´µ ¶µ¤É¢¥·¦¤ -
¥É¸Ö ³´µ£µÎ¨¸²¥´´Ò³¨ ¨¸¸²¥¤µ¢ ´¨Ö³¨ ¶¥·¥³¥´´ÒÌ §¢¥§¤ £² ¢´µ° ¶µ¸²¥¤µ-
¢ É¥²Ó´µ¸É¨ (¶·¥¦¤¥ ¢¸¥£µ Í¥Ë¥¨¤), ¢ ±µÉµ·µ° ¶¥·¨µ¤¨Î¥¸±¨¥ ¨§³¥´¥´¨Ö ¨Ì
¡²¥¸±  (¸¢¥É¨³µ¸É¨) Ìµ·µÏµ µ¶¨¸Ò¢ ÕÉ¸Ö £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¥° · ¤¨-
 ²Ó´ÒÌ ¶Ê²Ó¸ Í¨° [32Å37]. �¤´ ±µ £ §µ¤¨´ ³¨Î¥¸± Ö ±µ´Í¥¶Í¨Ö ¶µ¢¥¤¥´¨Ö
§¢¥§¤´µ° ¸·¥¤Ò ¶¥·¥¸É ¥É ¸¥¡Ö µ¶· ¢¤Ò¢ ÉÓ ¤²Ö §¢¥§¤ § ±²ÕÎ¨É¥²Ó´µ° ¸É ¤¨¨
Ô¢µ²ÕÍ¨¨ Ä ¡¥²ÒÌ ± ·²¨±µ¢ ¨ ´¥°É·µ´´ÒÌ §¢¥§¤. ’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¨
´ ¡²Õ¤¥´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ ¶µ ³¥·¥ ¢Ò£µ· ´¨Ö Ö¤¥·´µ£µ Éµ¶²¨¢  ¶·µ¨¸-
Ìµ¤¨É § ³¥É´µ¥ Ê¶²µÉ´¥´¨¥ ¢¥Ð¥¸É¢  ¸¨² ³¨ £· ¢¨É Í¨µ´´µ£µ ¸¦ É¨Ö, ¢ ·¥-
§Ê²ÓÉ É¥ ±µÉµ·µ£µ ¢ ±µ´¥Î´ÒÌ ¶·µ¤Ê±É Ì §¢¥§¤´µ° Ô¢µ²ÕÍ¨¨ µ´µ ¶·¨µ¡·¥É ¥É
¸¢µ°¸É¢  ±· °´¥ ¦¥¸É±µ£µ ³ É¥·¨ ² , ¶µ¤µ¡´µ£µ É¢¥·¤µ³Ê É¥²Ê. ‚ ´ ¸ÉµÖ-
Ð¥¥ ¢·¥³Ö É¢¥·¤µ Ê¸É ´µ¢²¥´µ, ÎÉµ ¶¥·¥³¥´´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¡¥²ÒÌ ± ·²¨±µ¢
µ¡Ê¸²µ¢²¥´  ¨Ì ¸¤¢¨£µ¢Ò³¨ ¸Ë¥·µ¨¤ ²Ó´Ò³¨ ¨ Éµ·¸¨µ´´Ò³¨ (±·ÊÉ¨²Ó´Ò³¨)
¸ÊÐ¥¸É¢¥´´µ ´¥· ¤¨ ²Ó´Ò³¨ ±µ²¥¡ ´¨Ö³¨ [37-41], ±µÉµ·Ò¥ ¸µ¶·µ¢µ¦¤ ÕÉ¸Ö
§ ³¥É´Ò³¨  ´¨§µÉ·µ¶´Ò³¨ (¸¤¢¨£µ¢Ò³¨) ¨¸± ¦¥´¨Ö³¨ ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥-
´¨° ¢ §¢¥§¤¥. ˆ§ Ë¨§¨±¨ ±µ´¤¥´¸¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¨§¢¥¸É´µ, ÎÉµ É ±¨¥
±µ²¥¡ ´¨Ö ¸¶µ¸µ¡´Ò ¶µ¤¤¥·¦¨¢ ÉÓ¸Ö Éµ²Ó±µ É¢¥·¤µÉ¥²Ó´µ-Ê¶·Ê£¨³¨ ¸·¥¤ ³¨,
´µ ´¥ £ §µ¢µ-¦¨¤±µ¸É´Ò³¨. “¡¥¤¨É¥²Ó´Ò³ ¸¢¨¤¥É¥²Ó¸É¢µ³ ¢ ¶µ²Ó§Ê Éµ£µ, ÎÉµ
Ö¤¥·´ Ö ³ É¥·¨Ö ´¥°É·µ´´ÒÌ §¢¥§¤ µ¡² ¤ ¥É ¸¢µ°¸É¢ ³¨ É¢¥·¤µ° (¶· ±É¨Î¥¸±¨
´¥¸¦¨³ ¥³µ°) ¸·¥¤Ò, ¸²Ê¦¨É Ë¥´µ³¥´ §¢¥§¤µÉ·Ö¸¥´¨°, ·¥£¨¸É·¨·Ê¥³Ò° ± ±
¢´¥§ ¶´Ò° ¸¡µ° ¢ ·¥£Ê²Ö·´ÒÌ ¶Ê²Ó¸ Í¨ÖÌ · ¤¨µ¨§²ÊÎ¥´¨Ö ¶Ê²Ó¸ ·µ¢ (¸³. [3],
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c.71). ‚ ¤¢ÊÌ±µ³¶µ´¥´É´µ° ³µ¤¥²¨ ¢· Ð ÕÐ¥°¸Ö ´ ³ £´¨Î¥´´µ° ´¥°É·µ´´µ°
§¢¥§¤Ò ´ ¡²Õ¤ ¥³Ò° ¸¡µ° ¸¢Ö§Ò¢ ¥É¸Ö ¸ ¢µ§´¨±´µ¢¥´¨¥³ ±·¨É¨Î¥¸±¨Ì Ê¶·Ê-
£¨Ì ´ ¶·Ö¦¥´¨° ¢ ¦¥¸É±µ° ¶¥·¨Ë¥·¨°´µ° ±µ·¥, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ É¥·Ö¥É¸Ö ¥¥
Ê¸Éµ°Î¨¢ Ö ¸¢Ö§Ó ¸ ¢´ÊÉ·¥´´¨³ ¡µ²¥¥ ¶²µÉ´Ò³ µ¸Éµ¢µ³ [42] (¸³. É ±¦¥ [8,13]).
‚Ò¸µ± Ö ¸É¥¶¥´Ó ´¥¸¦¨³ ¥³µ¸É¨ Ö¤¥·´µ° ³ É¥·¨¨, § É·Ê¤´ÖÕÐ Ö ¢µ§¡Ê¦¤¥-
´¨¥ · ¤¨ ²Ó´ÒÌ ¶Ê²Ó¸ Í¨°, Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ ±·Ê¶´µ³ ¸ÏÉ ¡´Ò¥ (¸¥°¸-
³¨Î¥¸±¨¥) Ë²Ê±ÉÊ Í¨¨ ¢¥Ð¥¸É¢  ¢ ´¥¤· Ì ´¥°É·µ´´ÒÌ §¢¥§¤, É ± ¦¥, ± ± ¨
¢ ¡¥²ÒÌ ± ·²¨± Ì, ¤µ²¦´Ò ´µ¸¨ÉÓ ´¥· ¤¨ ²Ó´Ò° Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨° Ì · ±-
É¥· [111Å115]∗. ‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò ¶·¥¤¸É ¢²Ö¥³ µ¤¨´ ¨§ ¢µ§³µ¦´ÒÌ
¶µ¤Ìµ¤µ¢ ± ÔÉµ° ¶·µ¡²¥³¥.

�¸µ¡µ¥ ¢´¨³ ´¨¥ ³Ò µ¡· Ð ¥³ ´  ¢Ò¢µ¤Ò ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´¨Ì ¨¸-
¸²¥¤µ¢ ´¨°, ¶·µ¢¥¤¥´´ÒÌ ¢ ² ¡µ· Éµ·´µ° Ö¤¥·´µ° Ë¨§¨±¥, Í¥²Ó ±µÉµ·ÒÌ ¸µ-
¸ÉµÖ²  ¢ µ¡ÑÖ¸´¥´¨¨ ·¥£Ê²Ö·´ÒÌ Ô³¶¨·¨Î¥¸±¨ Ê¸É ´µ¢²¥´´ÒÌ § ±µ´µ³¥·´µ-
¸É¥° ¢ ¸¨¸É¥³ É¨±¥ ¤ ´´ÒÌ ¶µ £¨£ ´É¸±¨³ ·¥§µ´ ´¸ ³ ¨ ¤¥²¥´¨Õ. �·¨ µ¶¨-
¸ ´¨¨ ·¥§µ´ ´¸´µ£µ µÉ±²¨±   Éµ³´µ£µ Ö¤· , ³µ¤¥²¨·Ê¥³µ£µ ³ ²µ° Î ¸É¨Í¥°
¸¶²µÏ´µ° ¸·¥¤Ò, ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ µ´µ ¶·µÖ¢²Ö¥É ¸¢µ°¸É¢ , ¶·¨¸ÊÐ¨¥
Ê¶·Ê£µ³Ê Ï ·Ê,   ´¥ ± ¶²¥ ´¥¸¦¨³ ¥³µ° ¦¨¤±µ¸É¨, ± ± ¶µ² £ ²µ¸Ó · ´¥¥.
‚ ¸µ¢·¥³¥´´µ° ³ ±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ Ö¤¥·´ÒÌ ±µ²²¥±É¨¢´ÒÌ ¤¢¨¦¥´¨°
£¨£ ´É¸±¨¥ Ô²¥±É·¨Î¥¸±¨¥ ¨ ³ £´¨É´Ò¥ ·¥§µ´ ´¸Ò É· ±ÉÊÕÉ¸Ö ± ± ¡Ò¸É·Ò¥
(¤¨ ¡ É¨Î¥¸±¨¥) ¶·µÍ¥¸¸Ò ¢µ§¡Ê¦¤¥´¨Ö, ¸µµÉ¢¥É¸É¢¥´´µ, Ê¶·Ê£¨Ì ¸Ë¥·µ¨¤ ²Ó-
´ÒÌ ¨ Éµ·¸¨µ´´ÒÌ ±¢ §¨¸É É¨Î¥¸±¨Ì ¢µ²´ (¨²¨, ¤·Ê£¨³¨ ¸²µ¢ ³¨, ¤²¨´´µ-
¢µ²´µ¢ÒÌ ´¥· ¤¨ ²Ó´ÒÌ Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨Ì ±µ²¥¡ ´¨°) [46-56]. …¤¢  ²¨
´¥ £² ¢´Ò³ ¤µ¸É¨¦¥´¨¥³ ÔÉµ£µ ´ ¶· ¢²¥´¨Ö ² ¡µ· Éµ·´µ° Ö¤¥·´µ° É¥µ·¨¨
Ö¢²Ö¥É¸Ö ¸É·µ£ Ö Ëµ·³Ê²¨·µ¢±  ËÊ´¤ ³¥´É ²Ó´ÒÌ Ê· ¢´¥´¨°, ³µ¤¥²¨·ÊÕÐ¨Ì
Ê¶·Ê£µ¶µ¤µ¡´Ò° Ì · ±É¥· ¶µ¢¥¤¥´¨Ö Ö¤¥·´µ° ¸¶²µÏ´µ° ¸·¥¤Ò Ä Ê· ¢´¥´¨°
Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¨. �µ²ÊÎ¥´´µ¥ ¢ ÔÉµ° É¥µ·¨¨ ¢Ò· ¦¥´¨¥ ¤²Ö ¶µÉ¥´Í¨-
 ²Ó´µ° Ô´¥·£¨¨ Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨Ì ±µ²¥¡ ´¨° Ö¤¥·´µ° ³ ±·µÎ ¸É¨ÍÒ ¨³¥¥É
¢¨¤ ³ ±·µ¸±µ¶¨Î¥¸±µ° Ô´¥·£¨¨ Ê¶·Ê£¨Ì ¤¥Ëµ·³ Í¨°, ¶µ¤Î¨´ÖÕÐ¨Ì¸Ö ±² ¸-
¸¨Î¥¸±µ³Ê § ±µ´Ê ƒÊ± , ÌµÉÖ ³¨±·µ¸±µ¶¨Î¥¸± Ö ¶·¨·µ¤  ÔÉµ° Ô´¥·£¨¨ ¨³¥¥É
¸ÊÐ¥¸É¢¥´´µ ±¢ ´Éµ¢µ¥ ¶·µ¨¸Ìµ¦¤¥´¨¥, µ¡Ê¸²µ¢²¥´´µ¥  ´¨§µÉ·µ¶´Ò³¨ ¨¸± -
¦¥´¨Ö³¨ Ë¥·³¨-¸Ë¥·Ò (¸³., ´ ¶·¨³¥·, [54, 56]). �¤¨´ ¨§ µ¸´µ¢´ÒÌ ·¥§Ê²Ó-
É Éµ¢ Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¸µ¸Éµ¨É ¢ ¶·µ§· Î´µ° Ë¨§¨Î¥¸±µ° É· ±-
Éµ¢±¥ ¨ ÉµÎ´µ³ ±µ²¨Î¥¸É¢¥´´µ³ µ¶¨¸ ´¨¨ ¸±¥°²¨´£µ¢ÒÌ § ±µ´µ³¥·´µ¸É¥°∗∗,
µÉÎ¥É²¨¢µ ¶·µ¸²¥¦¨¢ ¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¨´É¥£· ²Ó´Ò³

∗�¸µ¡¥´´µ¸É¨ · ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ´¥°É·µ´´ÒÌ §¢¥§¤ µ¡¸Ê¦¤ ²¨¸Ó ¢ · ¡µÉ Ì [43Å45].
�¤´ ±µ ¶µ ¨³¥ÕÐ¨³¸Ö ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¤ ´´Ò³ ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ´¥°É·µ´´Ò¥ §¢¥§¤Ò
´¥ µ¡´ ·Ê¦¨¢ ÕÉ ¶·¨§´ ±µ¢ · ¤¨ ²Ó´ÒÌ ¶Ê²Ó¸ Í¨°. ‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ³¥Éµ¤Ò µ¶¨¸ ´¨Ö
´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´ÒÌ ±µ²¥¡ ´¨° §¢¥§¤ µ¸É ÕÉ¸Ö ³¥´¥¥ ¶·µ¤¢¨´ÊÉÒ³¨ ¶µ ¸· ¢´¥´¨Õ ¸
É¥µ·¨¥° · ¤¨ ²Ó´ÒÌ ¶Ê²Ó¸ Í¨° [111Å115].

∗∗�µ¤ ¸±¥°²¨´£µ¢Ò³¨ § ±µ´ ³¨ ¶µ´¨³ ÕÉ £² ¤±¨¥ ¸¨¸É¥³ É¨Î¥¸±¨¥ § ¢¨¸¨³µ¸É¨ Ô´¥·£¨¨,
¶µ²´µ° ¢¥·µÖÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´¨Ö ¨ Ï¨·¨´Ò £¨£ ´É¸±µ£µ ·¥§µ´ ´¸  µÉ ³ ¸¸µ¢µ£µ Î¨¸² .
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Ì · ±É¥·¨¸É¨Î¥¸±¨³ ¶ · ³¥É· ³ £¨£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢. Šµ¸¢¥´´Ò¥ ¸¢¨¤¥-
É¥²Ó¸É¢  ¢ ¶µ²Ó§Ê Ê¶·Ê£µ¶µ¤µ¡´µ£µ ¶µ¢¥¤¥´¨Ö ³ ±·µ¸±µ¶¨Î¥¸±µ° Ö¤¥·´µ° ³ -
É¥·¨¨ ¶µ²ÊÎ¥´Ò ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ  ¤¨ ¡ É¨Î¥¸±¨Ì (³¥¤²¥´´ÒÌ) ±µ²²¥±É¨¢´ÒÌ
¶·µÍ¥¸¸µ¢, É ±¨Ì, ± ± Ö¤¥·´µ¥ ¸²¨Ö´¨¥ [57Å59] ¨ ¤¥²¥´¨¥ Ö¤¥· ÉÖ¦¥²ÒÌ ¨
¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ [60].

�µ¸±µ²Ó±Ê ´¥°É·µ´´ Ö §¢¥§¤  Ö¢²Ö¥É¸Ö µ¡Ñ¥±Éµ³ ±·Ê¶´µ³ ¸ÏÉ ¡´µ£µ · ¸-
¶·¥¤¥²¥´¨Ö Ö¤¥·´µ° ³ É¥·¨¨, Éµ ¶·¥¤¸É ¢²Ö¥É¸Ö ¸µ¢¥·Ï¥´´µ ¥¸É¥¸É¢¥´´Ò³ ¨¸-
¸²¥¤µ¢ ÉÓ ±µ´É¨´Ê ²Ó´ÊÕ ³¥Ì ´¨±Ê Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  ¢ ¸µ¡¸É¢¥´´µ³ £· ¢¨-
É Í¨µ´´µ³ ¶µ²¥ ´  µ¸´µ¢¥ Ê· ¢´¥´¨° Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¨, ¶·¥¤¶µ² £ Ö,
É ±¨³ µ¡· §µ³, ÎÉµ § ±µ´Ò ¤¢¨¦¥´¨Ö Ö¤¥·´µ° ¸¶²µÏ´µ° ¸·¥¤Ò, Ê¸É ´µ¢²¥´-
´Ò¥ ¢ ² ¡µ· Éµ·´ÒÌ Ô±¸¶¥·¨³¥´É Ì ´   Éµ³´µ³ Ö¤·¥, ¸µÌ· ´ÖÕÉ ¸¢µÕ ¸¨²Ê
¤²Ö ¥£µ £¨£ ´É¸±µ£µ ±µ¸³¨Î¥¸±µ£µ ¤¢µ°´¨± . ’ ±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¡Ò²¨ ¶·µ¢¥-
¤¥´Ò ¢ · ¡µÉ Ì [61Å66], ¸¨¸É¥³ É¨Î¥¸±µ³Ê ¨§²µ¦¥´¨Õ ±µÉµ·ÒÌ ¶µ¸¢ÖÐ¥´ 
¶¥·¢ Ö ¶µ²µ¢¨´  ´ ¸ÉµÖÐ¥£µ µ¡§µ· .

�¥É ´¨± ±¨Ì ¸µ³´¥´¨° ¢ Éµ³, ÎÉµ Ô²¥±É·µ³ £´¨É´ Ö  ±É¨¢´µ¸ÉÓ ¶Ê²Ó-
¸ ·  ¸¢Ö§ ´  ¸  ´µ³ ²Ó´µ ¢Ò¸µ±µ° ´ ³ £´¨Î¥´´µ¸ÉÓÕ ¢¥Ð¥¸É¢  ¢ ¥£µ ´¥¤-
· Ì [67,68]. �·Ö³Ò³ ´ ¡²Õ¤ ¥³Ò³ ¸¢¨¤¥É¥²Ó¸É¢µ³ ´ ²¨Î¨Ö ³ £´¨É´µ£µ ¶µ²Ö
¢ ´¥°É·µ´´µ° §¢¥§¤¥ Ö¢²Ö¥É¸Ö ¸¨²Ó´ Ö ²¨´¥°´ Ö ¶µ²Ö·¨§ Í¨Ö · ¤¨µ¨§²ÊÎ¥´¨Ö
¶Ê²Ó¸ ·µ¢. ”¨§¨Î¥¸±ÊÕ ¶·¨Î¨´Ê ¸¢¥·Ì³µÐ´µ£µ ´ ³ £´¨Î¨¢ ´¨Ö ´¥°É·µ´´ÒÌ
§¢¥§¤ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ, ¶·¥¤¶µ²µ¦¨¢ [69,70], ÎÉµ ¤ ¦¥ ¸² ¡µ § ³ £´¨Î¥´´µ¥
§¢¥§¤´µ¥ ¢¥Ð¥¸É¢µ ¢ ¶·µÍ¥¸¸¥ Ô¢µ²ÕÍ¨¨ µ¸É ¥É¸Ö ¢ ¨µ´¨§¨·µ¢ ´´µ³ (¶² §³¥´-
´µ³) ¸µ¸ÉµÖ´¨¨,   ±µ²² ¶¸ §¢¥§¤ ¶·µÉ¥± ¥É ¸ ¸µÌ· ´¥´¨¥³ ³ £´¨É´µ£µ ¶µÉµ± .
• · ±É¥·´Ò³ ¤¨´ ³¨Î¥¸±¨³ ¸¢µ°¸É¢µ³ § ³ £´¨Î¥´´µ° ¨ ¸±µ³¶¥´¸¨·µ¢ ´´µ°
¶² §³Ò Ö¢²Ö¥É¸Ö ¸¶µ¸µ¡´µ¸ÉÓ ¶µ¤¤¥·¦¨¢ ÉÓ ³ £´¨Éµ¶² §³¥´´Ò¥ ( ²ÓË¢¥´µ¢-
¸±¨¥) µ¸Í¨²²ÖÍ¨¨, ´  ¢µ§³µ¦´µ¸ÉÓ · ¸¶·µ¸É· ´¥´¨Ö ±µÉµ·ÒÌ ¢ ´¥°É·µ´´µ°
§¢¥§¤¥, ¢¨¤¨³µ, ¢¶¥·¢Ò¥ ¡Ò²µ Ê± § ´µ ¢ · ¡µÉ Ì [71, 72]. ‚ [71] ¡Ò²µ ¶µ± -
§ ´µ, ÎÉµ Ô´¥·£¥É¨±Ê Š· ¡µ¢¨¤´µ° ÉÊ³ ´´µ¸É¨ ³µ¦´µ ¶µ´ÖÉÓ, ¶·¥¤¶µ²µ¦¨¢,
ÎÉµ ¢ ¥¥ Í¥´É·¥ ´ Ìµ¤¨É¸Ö ´¥°É·µ´´ Ö §¢¥§¤ , ¢Ò¸¢µ¡µ¦¤ ÕÐ Ö ³ £´¨É´ÊÕ
Ô´¥·£¨Õ, § ¶ ¸¥´´ÊÕ ¢ ±µ´É· ±Í¨µ´´Ò° ¶¥·¨µ¤ ¥¥ ·µ¦¤¥´¨Ö, ¶µ¸·¥¤¸É¢µ³
¶·¥µ¡· §µ¢ ´¨Ö Ô´¥·£¨¨ µ¸É ÉµÎ´ÒÌ (¶µ¸²¥ ¢§·Ò¢  ¸¢¥·Ì´µ¢µ°) £¨¤·µ³ £´¨É-
´ÒÌ ±µ²¥¡ ´¨° ¢ Ô´¥·£¨Õ Ô²¥±É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö. �¤´ ±µ, ± ± ´ ³ ± -
¦¥É¸Ö, ÔÉ  ¨¤¥Ö ´¥ ¶µ²ÊÎ¨²  ¤µ²¦´µ£µ ±µ´¸É·Ê±É¨¢´µ£µ · §¢¨É¨Ö. ‚ ¤ ´´µ³
µ¡§µ·¥ ³Ò ¶·¥¤¸É ¢²Ö¥³ ¸¨¸É¥³ É¨Î¥¸±µ¥ ¨§²µ¦¥´¨¥ É¥µ·¨¨ ´¥· ¤¨ ²Ó´ÒÌ
 ²ÓË¢¥´µ¢¸±¨Ì ±µ²¥¡ ´¨° ¢ ´¥°É·µ´´µ° §¢¥§¤¥, ¸Ëµ·³Ê²¨·µ¢ ´´µ° ¢ [73Å
76], ¨ ¶·¨¢µ¤¨³ ¶µ¤·µ¡´Ò° · ¸Î¥É ¶¥·¨µ¤µ¢ ´¥· ¤¨ ²Ó´ÒÌ ³ £´¨Éµ£¨¤·µ¤¨-
´ ³¨Î¥¸±¨Ì ±µ²¥¡ ´¨°, ´µ¸ÖÐ¨Ì ¸ÊÐ¥¸É¢¥´´µ Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨° Ì · ±É¥·.

„ ²¥¥ ³Ò ¶·¨¤¥·¦¨¢ ¥³¸Ö ¸²¥¤ÊÕÐ¥£µ ¶² ´  ¨§²µ¦¥´¨Ö. ‚µ ¢Éµ·µ° Î -
¸É¨ ¢¢¥¤¥´¨Ö ¶·¨¢µ¤ÖÉ¸Ö ±· É±¨¥ ¸¢¥¤¥´¨Ö µ ´¥°É·µ´´ÒÌ §¢¥§¤ Ì. ‚ · §¤. 2
¶·¥¤¸É ¢²¥´  Ô² ¸Éµ¤¨´ ³¨Î¥¸± Ö ³µ¤¥²Ó £²µ¡ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì
´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ´¥°É·µ´´ÒÌ §¢¥§¤, ±µÉµ·Ò¥ ³µ£ÊÉ ¨´¤ÊÍ¨·µ¢ ÉÓ¸Ö
³ ¸¸¨¢´Ò³ ±µ³¶ ´Óµ´µ³ ¢ ¤¢µ°´µ° ¸¨¸É¥³¥, ²¨¡µ ¸µÌ· ´ÖÉÓ¸Ö ± ± µ¸É ÉµÎ-
´Ò° ÔËË¥±É ¨³¶²µ§¨°´µ£µ ·µ¦¤¥´¨Ö ¶Ê²Ó¸ · . ‚ · §¤. 3 ³Ò ¶·µ¢µ¤¨³ ±µ´-
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�¨¸. 1. ‘Ì¥³ É¨Î¥¸± Ö ± ·É¨´  ¸¥Î¥´¨Ö ´¥°É·µ´´µ° §¢¥§¤Ò ¸ · ¤¨Ê¸µ³ 11 ±³ ¨ ³ ¸¸µ°
1,4 M�. ‘É¥¶¥´Ó § É¥³´¥´¨Ö µÉ· ¦ ¥É ¸É· É¨Ë¨Í¨·µ¢ ´´Ò° Ì · ±É¥· · ¸¶·¥¤¥²¥´¨Ö
¢¥Ð¥¸É¢  ¢ ´¥¤· Ì ´¥°É·µ´´µ° §¢¥§¤Ò. ‚´ÊÉ·¥´´ÖÖ Î ¸ÉÓ Å ³ ¸¸¨¢´Ò° ±µ· ¸ · ¤¨Ê¸µ³
9 ±³, ¢¥Ð¥¸É¢µ ±µÉµ·µ£µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ö¤¥·´ÊÕ (¢ µ¸´µ¢´µ³ ´¥°É·µ´´ÊÕ) ³ É¥-
·¨Õ ¸µ ¸·¥¤´¥° ¶²µÉ´µ¸ÉÓÕ 1,5 ρN (ρN Å ´µ·³ ²Ó´ Ö ¶²µÉ´µ¸ÉÓ Ö¤¥·´µ£µ ¢¥Ð¥¸É¢ ).
‚ ¶¥·¨Ë¥·¨°´µ° µ¡² ¸É¨ §¢¥§¤Ò ¢¥Ð¥¸É¢µ ´ Ìµ¤¨É¸Ö ¢ ¸µ¸ÉµÖ´¨¨ ¸¨²Ó´µ ¢Ò·µ¦¤¥´-
´µ° Ô²¥±É·µ´-Ö¤¥·´µ° ¶² §³Ò (Ae-Ë § ), ¶·¨Î¥³ ¢´ÊÉ·¥´´ÖÖ ±µ·±  Éµ²Ð¨´µ° µ±µ²µ
1,5 ±³ µ¡· §µ¢ ´   Éµ³´Ò³¨ Ö¤· ³¨, ¶¥·¥µ¡µ£ Ð¥´´Ò³¨ ´¥°É·µ´ ³¨ (¸ ´¥§´ Î¨É¥²Ó-
´µ° ¶·¨³¥¸ÓÕ ¢Ò·µ¦¤¥´´ÒÌ Ô²¥±É·µ´µ¢). ‚´¥Ï´ÖÖ ±µ·±  £²Ê¡¨´µ° 0,5 ±³ ¸µ¸Éµ¨É ¨§
¸¢µ¡µ¤´ÒÌ Ô²¥±É·µ´µ¢ ¨ µ¡· §ÊÕÐ¨Ì ±¢ §¨±·¨¸É ²²¨Î¥¸±ÊÕ ·¥Ï¥É±Ê Ö¤¥· ¦¥²¥§ 

¸É·Ê±É¨¢´µ¥ ¸· ¢´¥´¨¥ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ¨ Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ£µ ¶µ¤Ìµ¤µ¢
± µ¶¨¸ ´¨Õ ¸ ³µ£· ¢¨É¨·ÊÕÐ¥° Ö¤¥·´µ° ³ É¥·¨¨ ¨ µ¡¸Ê¦¤ ¥³ ¶·µÖ¢²¥´¨Ö
´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´ÒÌ ±µ²¥¡ ´¨° ´¥°É·µ´´ÒÌ §¢¥§¤ ¢ Ô²¥±É·µ³ £-
´¨É´µ°  ±É¨¢´µ¸É¨ ¶Ê²Ó¸ ·µ¢. ˆ§²µ¦¥´¨Õ É¥µ·¨¨ ³ £´¨Éµ¶² §³¥´´ÒÌ ±¢ -
§¨¸É É¨Î¥¸±¨Ì ¢µ²´ ¢ ´¥°É·µ´´µ° §¢¥§¤¥ ¶µ¸¢ÖÐ¥´Ò · §¤. 4 ¨ 5. �µ¤Î¥·-
±¨¢ Ö Ô² ¸Éµ¤¨´ ³¨Î¥¸±ÊÕ ¶·¨·µ¤Ê  ²ÓË¢¥´µ¢¸±¨Ì ±µ²¥¡ ´¨°, ³Ò ¶·¨¢µ¤¨³
¤¥É ²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶¥·¨µ¤µ¢ ³ £´¨Éµ¶² §³¥´´ÒÌ µ¸Í¨²²ÖÍ¨°. ‚ § ±²ÕÎ¥-
´¨¨ ¸¤¥² ´Ò ¢Ò¢µ¤Ò ¨§ ¶·¥¤¸É ¢²¥´´µ£µ  ´ ²¨§ .

�¥°É·µ´´Ò¥ §¢¥§¤Ò. CËµ·³¨·µ¢ ¢Ï Ö¸Ö ´¥°É·µ´´ Ö §¢¥§¤  (¶Ê²Ó¸ ·)
¶·¥¤¸É ¢²Ö¥É¸Ö ¸Ë¥·¨Î¥¸±¨³ § ³ £´¨Î¥´´Ò³ ±µ³¶ ±É´Ò³ µ¡Ñ¥±Éµ³ ¸ · ¤¨Ê-
¸µ³ R ∼ 10− 15 ±³ (¤²Ö ¸· ¢´¥´¨Ö R� = 695980 ±³) ¨ ³ ¸¸µ° 0, 3− 2, 5 M�
(M� = 1, 989 · 1033 £), ¢ ´¥¤· Ì ±µÉµ·µ£µ ¢¥Ð¥¸É¢µ ¸±µ´¤¥´¸¨·µ¢ ´µ ¸¨² ³¨
¸µ¡¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö ¤µ ¶²µÉ´µ¸É¥°, ¡²¨§±¨Ì ± ´µ·³ ²Ó´µ° Ö¤¥·´µ° ¶²µÉ-
´µ¸É¨ ρ ∼ 2, 8 · 1014 £/¸³3. Œµ³¥´É ¨´¥·Í¨¨ ´¥°É·µ´´µ° §¢¥§¤Ò ¸µ¸É ¢²Ö¥É
J = (2/5)MR2 ∼ 1044 − 1045 £·¸³2. � ¨¡µ²¥¥ Ì · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ
Ö¤¥·´µ° ¸·¥¤Ò ´¥°É·µ´´ÒÌ §¢¥§¤ Ö¢²Ö¥É¸Ö ¸¢¥·Ì³µÐ´ Ö ´ ³ £´¨Î¥´´µ¸ÉÓ ¨
¢Ò¸µ± Ö ¸É¥¶¥´Ó ¶·µ¢µ¤¨³µ¸É¨. ˆ´É¥´¸¨¢´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ´  ¶µ¢¥·Ì-
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�¨¸. 2. �·µË¨²¨ ¶²µÉ´µ¸É¨ ¨ ¤ ¢²¥´¨Ö (¢ ¥¤¨´¨Í Ì ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ Ö¤¥·´µ° ³ É¥-
·¨¨ ε0 = 140 ŒÔ‚/Ë³3), · ¸¸Î¨É ´´Ò¥ ´  µ¸´µ¢¥ Ê· ¢´¥´¨Ö · ¢´µ¢¥¸¨Ö ’µ²³¥´ Å
�¶¶¥´£¥°³¥· Å‚µ²±µ¢  ¨ ·¥ ²¨¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨
(É ¡². 3) ¤²Ö ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤ ¸ Ê± § ´´µ° ³ ¸¸µ°

´µ¸É¨ §¢¥§¤Ò ¤µ¸É¨£ ¥É ¢¥²¨Î¨´Ò B ∼ 1011÷1013 ƒ¸ [67]. ‚¥²¨Î¨´  ¸·¥¤´¥£µ
³ £´¨É´µ£µ ³µ³¥´É  · ¢´  µNS ∼ 1030 ƒ¸·¸³3,   ¸·¥¤´ÖÖ ¢¥²¨Î¨´  ±µÔËË¨Í¨-
¥´É  Ô²¥±É·µ¶·µ¢µ¤´µ¸É¨ ¸µ¸É ¢²Ö¥É σ ∼ 6 · 1022 ¸−1. �·µ¸É· ´¸É¢¥´´µ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¶Ê²Ó¸ ·µ¢ µ¡´ ·Ê¦¨¢ ¥É Î¥É±µ ¢Ò· ¦¥´´µ¥ ¸£ÊÐ¥´¨¥ ± ¶²µ¸±µ¸É¨
£ ² ±É¨Î¥¸±µ£µ ¤¨¸±  Éµ²Ð¨´µ° µ±µ²µ 500 ¶¸,   ¸·¥¤´¨° ¢µ§· ¸É  ±É¨¢´µ¸É¨
¢ · ¤¨µ¤¨ ¶ §µ´¥ µÍ¥´¨¢ ¥É¸Ö ¢¥²¨Î¨´µ° τ ∼ 106−108 ²¥É [8,13]. �µ ¸µ¢·¥-
³¥´´Ò³ µÍ¥´± ³ ´¥°É·µ´´ Ö §¢¥§¤  ·µ¦¤ ¥É¸Ö ± ¦¤Ò¥ 15Ä20 ²¥É [9]. • · ±-
É¥·´Ò¥ ¶¥·¨µ¤Ò · ¤¨µ¨§²ÊÎ¥´¨Ö ¶Ê²Ó¸ ·µ¢ ²¥¦ É ¢ ¨´É¥·¢ ²¥ µÉ 1,6 ³¸ (PSR
1937+21 Ä ¸ ³Ò° ¡Ò¸É·Ò° ´  ¤ ´´Ò° ³µ³¥´É ¶Ê²Ó¸ ·) ¤µ 4,3 ¸ (PSR 1845−19
Ä ¸ ³Ò° ³¥¤²¥´´Ò°). �¡´ ·Ê¦¥´¨¥ ¶Ê²Ó¸ ·  Š· ¡, ¢ µ±·¥¸É´µ¸É¨ ±µÉµ·µ£µ
µÉÎ¥É²¨¢µ ¶·µ¸³ É·¨¢ ÕÉ¸Ö ¶·¨§´ ±¨ · ¸¶Ò²¥´´µ£µ ¢§·Ò¢µ³ ¢¥Ð¥¸É¢ , ¶µ¤-
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�¨¸. 3. ‘· ¢´¥´¨¥ ¶·µË¨²¥° ¶²µÉ´µ¸É¨ ¨ ¤ ¢²¥´¨Ö ¤²Ö ´¥°É·µ´´µ° §¢¥§¤Ò ¸ ³ ¸¸µ°,
· ¢´µ° µ¤´µ° ¸µ²´¥Î´µ° ³ ¸¸¥, ¸µ ¸·¥¤´¥° ¶²µÉ´µ¸ÉÓÕ, · ¢´µ° ¤¢Ê±· É´µ° Ö¤¥·´µ°
¶²µÉ´µ¸É¨, ¢ µ¤´µ·µ¤´µ° ³µ¤¥²¨ (¶· ¢ Ö Î ¸ÉÓ ·¨¸Ê´± ) ¨ ¢ ´¥µ¤´µ·µ¤´µ° ³µ¤¥²¨,
¶µ¸É·µ¥´´µ° ´  µ¸´µ¢¥ ·¥ ²¨¸É¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨

É¢¥·¤¨²µ £¨¶µÉ¥§Ê �  ¤¥ ¨ –¢¨±±¨ [77] µ £¥´¥É¨Î¥¸±µ° ¸¢Ö§¨ ´¥°É·µ´´ÒÌ
§¢¥§¤ ¸µ ¢¸¶ÒÏ± ³¨ ¸¢¥·Ì´µ¢ÒÌ [5]. Š Î¥¸É¢¥´´ÊÕ ± ·É¨´Ê ·µ¦¤¥´¨Ö ÔÉµ£µ
¶Ê²Ó¸ ·  µ¡ÑÖ¸´Ö¥É ³ £´¨Éµ·µÉ Í¨µ´´Ò° ¸Í¥´ ·¨° ¨³¶²µ§¨°´µ£µ ·µ¦¤¥´¨Ö
¢µ ¢¸¶ÒÏ±¥ ¸¢¥·Ì´µ¢µ° ¢ 1054 £. [31,78,79]. ‚ ±·¨É¨Î¥¸±¨° ³µ³¥´É ¨¸Î¥·¶ -
´¨Ö § ¶ ¸µ¢ Ö¤¥·´µ£µ Éµ¶²¨¢  £· ¢¨É Í¨µ´´ Ö ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ, ¢µ§´¨± ÕÐ Ö ¢
¸² ¡µ ´ ³ £´¨Î¥´´µ° ³¥¤²¥´´µ ¢· Ð ÕÐ¥°¸Ö §¢¥§¤¥-¶·¥¤Ï¥¸É¢¥´´¨Í¥∗, · §-
¢¨¢ ¥É¸Ö É ±¨³ µ¡· §µ³, ÎÉµ ¸É·¥³¨É¥²Ó´µ¥ ¶ ¤¥´¨¥ ¢¥Ð¥¸É¢  ´  Í¥´É· (¨³-
¶²µ§¨Ö Ä ¢§·Ò¢ ¢µ¢´ÊÉ·Ó) ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¥£µ Ê¶²µÉ´¥´¨¥³ ¤µ É¥Ì ¶µ·, ¶µ± 
¸¨²Ò £· ¢¨É Í¨µ´´µ£µ ¸¦ É¨Ö ´¥ ¡Ê¤ÊÉ ¶·¨¢¥¤¥´Ò ¢ · ¢´µ¢¥¸¨¥ ¤ ¢²¥´¨¥³ ¢Ò-
·µ¦¤¥´´µ£µ ´¥°É·µ´´µ£µ Ë¥·³¨-±µ´É¨´ÊÊ³ . �¡· §ÊÕÐ¨°¸Ö ¢ Í¥´É·¥ ¸¨²Ó´µ

∗‘µ£² ¸´µ É¥µ·¨¨ §¢¥§¤´µ° Ô¢µ²ÕÍ¨¨ ´¥°É·µ´´Ò³¨ ³µ£ÊÉ ¸É ÉÓ ³ ¸¸¨¢´Ò¥ §¢¥§¤Ò £² ¢´µ°
¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¸ ³ ¸¸µ° M ∼ 4 − 8M�, ´µ ´¥ ¢ÒÏ¥ ¤¥¸ÖÉ¨ ¸µ²´¥Î´ÒÌ ³ ¸¸. Šµ´¥Î´µ°
¸É ¤¨¥° Ô¢µ²ÕÍ¨¨ §¢¥§¤ ¸ ³ ¸¸ ³¨, ¶·¥¢ÒÏ ÕÐ¨³¨ 10 M�, Ö¢²ÖÕÉ¸Ö Î¥·´Ò¥ ¤Ò·Ò [80].
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’ ¡²¨Í  1. � · ³¥É·Ò Ê· ¢´¥´¨° ¸µ¸ÉµÖ´¨Ö (“‘) Ö¤¥·´µ° ³ É¥·¨¨, ¨¸¶µ²Ó§Ê¥³Ò¥
¶·¨ ¶µ¸É·µ¥´¨¨ (´  µ¸´µ¢¥ Ê· ¢´¥´¨° �’�) ·¥ ²¨¸É¨Î¥¸±¨Ì ³µ¤¥²¥° ´¥°É·µ´´ÒÌ
§¢¥§¤ [22]

“‘ E/A, ŒÔ‚ n, Ë³−3 K, ŒÔ‚ m∗/m asy , ŒÔ‚
Gπ200 -15,95 0,145 200 0,80 36,8
HV -11,5 0,175 202 0,79 29,3
UVII -15,98 0,145 285 0,77 36,8
E/A Å Ô´¥·£¨Ö ¸¢Ö§¨ ´  ´Ê±²µ´ ¶·¨ ¸·¥¤´¥° ¶²µÉ´µ¸É¨ Î ¸É¨Í n,

K Å ±µÔËË¨Í¨¥´É ¸¦¨³ ¥³µ¸É¨, m∗/m Å µÉ´µÏ¥´¨¥ ÔËË¥±É¨¢-
´µ° ³ ¸¸Ò ´Ê±²µ´  m∗ ¢ Ö¤¥·´µ° ³ É¥·¨¨ ¶·¨ Ê± § ´´µ° ¶²µÉ´µ¸É¨
´ ¸ÒÐ¥´¨Ö ± ³ ¸¸¥ ¸¢µ¡µ¤´µ£µ ´Ê±²µ´  m, asy Å Ô´¥·£¨Ö ¸¨³³¥É·¨¨

´ ³ £´¨Î¥´´Ò° ¨ ¡Ò¸É·µ ¢· Ð ÕÐ¨°¸Ö ±µ³¶ ±É´Ò° µ¡Ñ¥±É ¢ ±µ´¥Î´µ³ ¨Éµ£¥
Ëµ·³¨·Ê¥É¸Ö ± ± ´¥°É·µ´´ Ö §¢¥§¤  Ä ¶Ê²Ó¸ · [81],   µ¸É ²Ó´ Ö (§´ Î¨É¥²Ó´µ
¡�µ²ÓÏ Ö, ¶µ·Ö¤±  2− 6 M�) Î ¸ÉÓ ³ ¸¸Ò ¶¥·¢µ´ Î ²Ó´µ° §¢¥§¤Ò µÉ¡· ¸Ò¢ -
¥É¸Ö ³ £´¨É´Ò³ ¤ ¢²¥´¨¥³ ¢ µ±·Ê¦ ÕÐ¥¥ ¶·µ¸É· ´¸É¢µ ¢ ¢¨¤¥ ¡Ò¸É·µ µ¸ÉÒ-
¢ ÕÐ¥° · ¤¨µ¨§²ÊÎ ÕÐ¥° ÉÊ³ ´´µ¸É¨. ‚ ¶·µÍ¥¸¸¥ Ëµ·³¨·µ¢ ´¨Ö ´¥°É·µ´´ Ö
§¢¥§¤  · §µ£·¥¢ ¥É¸Ö ¤µ É¥³¶¥· ÉÊ·Ò 1011 K (10 ŒÔ‚) ¨ § É¥³ ¡Ò¸É·µ µ¸ÉÒ¢ ¥É
¤µ É¥³¶¥· ÉÊ·Ò T ∼ 107 − 108 K (10Å100 ±Ô‚) [82].

�  ·¨¸.1 ¸Ì¥³ É¨Î¥¸±¨ ¨§µ¡· ¦¥´  ³µ¤¥²Ó ´¥°É·µ´´µ° §¢¥§¤Ò, ¶µ¸É·µ¥´-
´ Ö ´  µ¸´µ¢¥ ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢´¥´¨Ö £· ¢¨É Í¨µ´´µ£µ · ¢´µ¢¥¸¨Ö ’µ²-
³¥´ Å�¶¶¥´£¥°³¥· Å‚µ²±µ¢  ¸ É¨¶¨Î´Ò³¨ ¶ · ³¥É· ³¨ Ê· ¢´¥´¨Ö ¸µ¸Éµ-
Ö´¨Ö Ö¤¥·´µ° ³ É¥·¨¨, ¶·¨¢¥¤¥´´Ò³¨ ¢ É ¡². 1, · ¸¸Î¨É ´´Ò³¨ ¸ ÊÎ¥Éµ³
£¥É¥·µË §´µ¸É¨ Ö¤¥·´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. �µ¤·µ¡´µ¥ µ¡¸Ê¦¤¥-
´¨¥ Ê· ¢´¥´¨° ¸µ¸ÉµÖ´¨Ö ¤ ¥É¸Ö ¢ [8, 21, 22]). �  ·¨¸. 2 ¨ 3 ¶·¥¤¸É ¢²¥´Ò
¶·µË¨²¨ ¶²µÉ´µ¸É¨ ¨ ¤ ¢²¥´¨Ö, · ¸¸Î¨É ´´Ò¥ ³¥Éµ¤µ³ • ·É·¨Å”µ± , ¤²Ö
¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ Ê· ¢´¥´¨° ¸µ¸ÉµÖ´¨Ö [22].

2. �‹�‘’�„ˆ��ŒˆŠ� ‘�Œ�ƒ��‚ˆ’ˆ�“�™…‰ Ÿ„…���‰
Œ�’…�ˆˆ

“É¢¥·¦¤¥´¨¥ µ¡ Ê¶·Ê£µ¶µ¤µ¡´µ³ ¶µ¢¥¤¥´¨¨ ³ É¥·¨ ²Ó´µ£µ ±µ´É¨´ÊÊ³ 
´¥°É·µ´´ÒÌ §¢¥§¤ ±µ´¸É·Ê±É¨¢´µ ¢Ò· ¦ ¥É¸Ö ¢ Éµ³, ÎÉµ ¥£µ ¤¢¨¦¥´¨Ö µ¶¨¸Ò-
¢ ÕÉ¸Ö Ê· ¢´¥´¨Ö³¨ Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¨ [56,63]:

dρ

dt
+ ρ

∂Vi

∂xi
= 0, (2.1)

ρ
dVi

dt
+
∂Pik

∂xk
− ρ ∂U

∂xi
= 0, (2.2)

dPij

dt
+ Pik

∂Vj

∂xk
+ Pjk

∂Vi

∂xk
+ Pij

∂Vk

∂xk
= 0, (2.3)
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£¤¥ ρ Ä ¶²µÉ´µ¸ÉÓ Ö¤¥·´µ° ¸·¥¤Ò, Vi Ä ±µ³¶µ´¥´ÉÒ ¶µ²Ö ¸±µ·µ¸É¨ Ê¶·Ê£¨Ì
¸³¥Ð¥´¨° ¨ Pij Ä É¥´§µ· Ê¶·Ê£¨Ì ´ ¶·Ö¦¥´¨° (¶µ ¶µ¢Éµ·ÖÕÐ¨³¸Ö ¨´¤¥±-
¸ ³ ¶µ¤· §Ê³¥¢ ¥É¸Ö ¸Ê³³¨·µ¢ ´¨¥). �¥·¢µ¥ ¨§ Ê· ¢´¥´¨°, (2.1), ¶·¥¤¸É ¢²Ö¥É
¸µ¡µ° Ìµ·µÏµ ¨§¢¥¸É´µ¥ Ê· ¢´¥´¨¥ ´¥¶·¥·Ò¢´µ¸É¨. “· ¢´¥´¨¥ (2.2) µ¶¨¸Ò-
¢ ¥É ¤¢¨¦¥´¨¥ ¶µÉµ±  Ö¤¥·´µ£µ ¢¥Ð¥¸É¢ . “· ¢´¥´¨¥ (2.3) ±µ´É·µ²¨·Ê¥É ¤¨-
´ ³¨±Ê ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥´¨°. ’ ± Ö É¥·³¨´µ²µ£¨Ö ¸¢Ö§ ´  ¸ ¤ ´´Ò³ ¢ÒÏ¥
µ¶·¥¤¥²¥´¨¥³ ³ ¸¸µ¢µ° ¶²µÉ´µ¸É¨ ρ, É·¥Ì ±µ³¶µ´¥´É ¸±µ·µ¸É¨ ¶µÉµ±  Vi ¨
¤¥¢ÖÉ¨±µ³¶µ´¥´É´µ£µ É¥´§µ·  Ê¶·Ê£¨Ì ´ ¶·Ö¦¥´¨° Pij ± ±, ¸µµÉ¢¥É¸É¢¥´´µ,
´Ê²¥¢µ£µ, ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¨³¶Ê²Ó¸´ÒÌ ³µ³¥´Éµ¢ µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥. ŒÒ · ¸¸³ É·¨¢ ¥³ ¤¢¨¦¥´¨Ö Ö¤¥·-
´µ° ¸·¥¤Ò ´  É ±¨Ì ³ ¸ÏÉ ¡ Ì, £¤¥ ¤µ³¨´¨·ÊÕÐÊÕ ·µ²Ó ¨£· ÕÉ µ¡Ñ¥³´Ò¥
¸¨²Ò ¸µ¡¸É¢¥´´µ£µ (´ÓÕÉµ´µ¢¸±µ£µ) ÉÖ£µÉ¥´¨Ö. �µÔÉµ³Ê ¢ Ê· ¢´¥´¨¨ (2.2)
¶µ¤ U ¶µ´¨³ ¥É¸Ö £· ¢¨É Í¨µ´´Ò° ¶µÉ¥´Í¨ ², Ê¤µ¢²¥É¢µ·ÖÕÐ¨° Ê· ¢´¥´¨Õ
�Ê ¸¸µ´ :

∆U = −4πGρ, (2.4)

£¤¥ G Ä £· ¢¨É Í¨µ´´ Ö ¶µ¸ÉµÖ´´ Ö. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨Ìµ¤¨³ ± § ³±´ÊÉµ°
¸¨¸É¥³¥ Ê· ¢´¥´¨° (2.1)Å(2.4), µ¶¨¸Ò¢ ÕÐ¥° ¤¨´ ³¨±Ê ¨¤¥ ²Ó´µ Ê¶·Ê£µ°
¸¶²µÏ´µ° ¸·¥¤Ò (ÔËË¥±ÉÒ Ô² ¸Éµ¶² ¸É¨Î´µ¸É¨ ¨£´µ·¨·ÊÕÉ¸Ö) ¢ ¶µ²¥ ¸µ¡-
¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö. ‚ ¶µ¸²¥¤ÊÕÐ¥³ ¨§²µ¦¥´¨¨ ÔÉ¨ Ê· ¢´¥´¨Ö · ¸¸³ -
É·¨¢ ÕÉ¸Ö ± ± ËÊ´¤ ³¥´É ²Ó´Ò¥ Ê· ¢´¥´¨Ö Ô² ¸Éµ¤¨´ ³¨±¨ ¸ ³µ£· ¢¨É¨·Ê-
ÕÐ¥° Ö¤¥·´µ° ³ É¥·¨¨. ‚¢¥¤¥´¨¥ Ê· ¢´¥´¨Ö (2.3) µ¡¥¸¶¥Î¨¢ ¥É ¢µ§³µ¦´µ¸ÉÓ
µ¶¨¸ ´¨Ö ± ± £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì, É ± ¨ Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨Ì ¸¢µ°¸É¢ Ö¤¥·-
´µ° ¸·¥¤Ò ¢ · ³± Ì ¥¤¨´µ° ¸Ì¥³Ò, ¶·µÖ¢²¥´¨¥ ±µÉµ·ÒÌ ¸¢Ö§ ´µ ¸ Ì · ±É¥-
·µ³ ²µ± ²Ó´ÒÌ ¨¸± ¦¥´¨° · ¢´µ¢¥¸´µ£µ Ë¥·³¨-· ¸¶·¥¤¥²¥´¨Ö. ‚ ± Î¥¸É¢¥
±µ´¸É·Ê±É¨¢´µ° ¤¥³µ´¸É· Í¨¨ ¶µ¸²¥¤´¥£µ ÊÉ¢¥·¦¤¥´¨Ö · ¸¸³µÉ·¨³ ¶·µÍ¥¸¸
· ¸¶·µ¸É· ´¥´¨Ö ¶²µ¸±µ¢µ²´µ¢ÒÌ ¢µ§³ÊÐ¥´¨° ¢ µ¤´µ·µ¤´µ³ ¨ ¨§µÉ·µ¶´µ³
Ë¥·³¨-±µ´É¨´ÊÊ³¥.

�Ê²Ó-É¥³¶¥· ÉÊ·´Ò¥ ¢µ²´Ò ¢ ¨§µÉ·µ¶´µ° Ö¤¥·´µ° ³ É¥·¨¨. �µ¤ µ¤-
´µ·µ¤´µ° ¨§µÉ·µ¶´µ° ´¥°É·µ´´µ° ³ É¥·¨¥° ¶µ´¨³ ¥É¸Ö ¸¶²µÏ´ Ö ¸·¥¤ , ¢
±µÉµ·µ° · ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥´¨° Pij ¶·¨ ´Ê²¥¢µ° É¥³¶¥· -
ÉÊ·¥ § ¤ ¥É¸Ö ¤ ¢²¥´¨¥³ P ¶µ²´µ¸ÉÓÕ ¢Ò·µ¦¤¥´´µ£µ ¶µ ¸¶¨´Ê ¨ ¨§µ¸¶¨´Ê
Ë¥·³¨-£ § , ¸±µ´¤¥´¸¨·µ¢ ´´µ£µ ¤µ ´µ·³ ²Ó´µ° Ö¤¥·´µ° ¶²µÉ´µ¸É¨ ρ. ‚
¶·¨¡²¨¦¥´¨¨ ’µ³ ¸ Å”¥·³¨ · ¢´µ¢¥¸´Ò¥ ¶ · ³¥É·Ò É ±µ° ¸·¥¤Ò § ¤ ÕÉ¸Ö
¸²¥¤ÊÕÐ¨³¨ Ô±¢¨¢ ²¥´É´Ò³¨ ¢Ò· ¦¥´¨Ö³¨:

Pij = δij P, P =
ρv2
F

5
, vF =

~kF
m∗

, ρ = nm∗, n =
k3
F

3π2
, (2.5)

P =
2

3
EN , EN =

3

5
nεF , εF =

1

2
m∗v2

F . (2.6)

�µ²¥¥ ¶µ²´µ¥ µ¶¨¸ ´¨¥ · ¢´µ¢¥¸´ÒÌ ¸¢µ°¸É¢ ´Ê±²µ´´µ° ³ É¥·¨¨ ¸ ÊÎ¥Éµ³
´¥µ¤´µ·µ¤´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¤ ´µ ¢ [51].
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‚ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ¨§µÉ·µ¶´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ´ ¶·Ö¦¥´¨° µÉ-
¢¥Î ¥É ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ¥ § ¶µ²´¥´¨¥ ´Ê±²µ´ ³¨ µ¤´µÎ ¸É¨Î´ÒÌ µ·-
¡¨É ²¥° (Ê· ¢´¥´¨¥ (2.5), ¶¥·¥¶¨¸ ´´µ¥ ¢ ¢¨¤¥ p2

F /m
∗2 = 5P/ρ = const,

¥¸ÉÓ Ê· ¢´¥´¨¥ Ë¥·³¨-¸Ë¥·Ò). ‘Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ³Ê ¸¦ É¨Õ ¨ · ¸ÉÖ-
¦¥´¨Õ Ë¥·³¨-¸Ë¥·Ò ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¨§µÉ·µ¶´Ò¥
¨§³¥´¥´¨Ö ´ ¶·Ö¦¥´¨° ¢ µ¡Ñ¥³¥ ¸·¥¤Ò:

Pij → (P + δ P ) δij . (2.7)

‚ ¨¤¥ ²Ó´µ° ¦¨¤±µ¸É¨ ¨²¨ £ §¥ ¢µ§³ÊÐ¥´¨Ö · ¸¶·µ¸É· ´ÖÕÉ¸Ö ¡¥§ · §·Ê-
Ï¥´¨Ö ¨§µÉ·µ¶¨¨ · ¢´µ¢¥¸´µ£µ ¨§µÉ·µ¶´µ£µ · ¸¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´¨°, É.¥.
¡¥§ ¢µ§´¨±´µ¢¥´¨Ö ± ¸ É¥²Ó´ÒÌ ´ ¶·Ö¦¥´¨°. Œ É¥³ É¨Î¥¸±¨ ÔÉµ ¸¢µ°¸É¢µ µÉ-
· ¦ ¥É¸Ö Ê¸²µ¢¨¥³ ¸Ë¥·¨Î´µ¸É¨ É¥´§µ·  ´ ¶·Ö¦¥´¨° (2.7) (¢¸¥ ´µ·³ ²Ó´Ò¥
´ ¶·Ö¦¥´¨Ö ¢ ¸·¥¤¥ ¢Ò· ¦¥´Ò Î¥·¥§ µ¤´Ê ¸± ²Ö·´ÊÕ ¢¥²¨Î¨´Ê Å ¤ ¢²¥´¨¥).
‚ µÉ²¨Î¨¥ µÉ ¦¨¤±µ¸É¨ ¢µ§³ÊÐ¥´¨¥ ¨§µÉ·µ¶´µ° É¢¥·¤µÉ¥²Ó´µ-Ê¶·Ê£µ° ¸·¥¤Ò
¸µ¶·µ¢µ¦¤ ¥É¸Ö ¢µ§´¨±´µ¢¥´¨¥³  ´¨§µÉ·µ¶´ÒÌ ´ ¶·Ö¦¥´¨°. ’ ±¨¥ ¢µ§³ÊÐ¥-
´¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö É¥´§µ·µ³

Pij → Pδij + δ Pij . (2.8)

�´¨§µÉ·µ¶´µ¸ÉÓ ¢Ò· ¦¥´  É¥´§µ·µ³ δPij , ±µÉµ·Ò° ¸µ¤¥·¦¨É ´¥´Ê²¥¢Ò¥ ´¥-
¤¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ. ‚ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥ ¶µ¤¸É ´µ¢±¥ (2.8) µÉ-
¢¥Î ¥É  ´¨§µÉ·µ¶´ Ö ±¢ ¤·Ê¶µ²Ó´ Ö ¤¥Ëµ·³ Í¨Ö · ¢´µ¢¥¸´µ£µ Ë¥·³¨-· ¸¶·¥-
¤¥²¥´¨Ö ¨²¨, £µ¢µ·Ö ¨´ Î¥, ±¢ ¤·Ê¶µ²Ó´ Ö ¤¥Ëµ·³ Í¨Ö Ë¥·³¨-¸Ë¥·Ò.

‘µ£² ¸´µ ¸µ¢·¥³¥´´µ° É¥µ·¨¨ ¸¶²µÏ´ÒÌ ¸·¥¤ ·¥µ²µ£¨Ö ³ É¥·¨ ²Ó´µ£µ
±µ´É¨´ÊÊ³  µ¶·¥¤¥²Ö¥É¸Ö ¤¨´ ³¨±µ° ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥´¨°, ±µÉµ·Ò¥ ¶·µ-
Ö¢²ÖÕÉ¸Ö ¢ ¸¶µ¸µ¡´µ¸É¨ ¸·¥¤Ò ¶µ¤¤¥·¦¨¢ ÉÓ · ¸¶·µ¸É· ´¥´¨¥ ¢µ§³ÊÐ¥´¨° ¢
¢¨¤¥ ¢µ²´, ¸¶¥Í¨Ë¨Î¥¸±¨Ì ¤²Ö ¤ ´´µ£µ É¨¶  ¸·¥¤Ò. �µ± ¦¥³, ÎÉµ ¶·¨ ²¨-
´¥°´ÒÌ ¢µ§³ÊÐ¥´¨ÖÌ Éµ³ ¸-Ë¥·³¨¥¢¸±µ° ´¥°É·µ´´µ° ³ É¥·¨¨, ±µÉµ·Ò¥ ¸µ-
¶·µ¢µ¦¤ ÕÉ¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ ¨§µÉ·µ¶´Ò³¨ (±µ³¶·¥¸¸¨µ´´Ò³¨) ¨¸± ¦¥´¨-
Ö³¨ Ë¥·³¨-· ¸¶·¥¤¥²¥´¨Ö ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥, µ´  ¶·µÖ¢²Ö¥É ¸¢µ°-
¸É¢ , ¶·¨¸ÊÐ¨¥ ¨¤¥ ²Ó´µ° Ë¥·³¨-¦¨¤±µ¸É¨, É.¥. ¸·¥¤¥, ¸¶µ¸µ¡´µ° ¶µ¤¤¥·-
¦¨¢ ÉÓ · ¸¶·µ¸É· ´¥´¨¥ Éµ²Ó±µ ¶·µ¤µ²Ó´ÒÌ ±µ²¥¡ ´¨° ¸ Ë §µ¢µ° ¸±µ·µ-
¸ÉÓÕ cL = vF /

√
3. Œ¥¦¤Ê É¥³ ¶·¨ ¢µ§³ÊÐ¥´¨ÖÌ, ¢Ò§Ò¢ ÕÐ¨Ì ¤¥Ëµ·³ -

Í¨Õ · ¢´µ¢¥¸´µ£µ Ë¥·³¨-· ¸¶·¥¤¥²¥´¨Ö ´¥°É·µ´µ¢ ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´-
¸É¢¥, ´¥°É·µ´´ Ö ³ É¥·¨Ö ¶·µÖ¢²Ö¥É ¸¢µ°¸É¢  Ê¶·Ê£µ£µ Ë¥·³¨-±µ´É¨´ÊÊ³ ,
É.¥. ¸·¥¤Ò, ¸¶µ¸µ¡´µ° ¶µ¤¤¥·¦¨¢ ÉÓ Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨¥ ´Ê²Ó-É¥³¶¥· ÉÊ·´Ò¥
¢µ²´Ò,   ¨³¥´´µ ¶·µ¤µ²Ó´ÊÕ, · ¸¶·µ¸É· ´ÖÕÐÊÕ¸Ö ¸ Ë §µ¢µ° ¸±µ·µ¸ÉÓÕ
cl = (3/5)1/2vF , ¨ ¶µ¶¥·¥Î´ÊÕ ¸ Ë §µ¢µ° ¸±µ·µ¸ÉÓÕ ct = vF /

√
5.

ƒ¨¤·µ¤¨´ ³¨Î¥¸±¨° ´Ê²¥¢µ° §¢Ê± ¢ ¢Ò·µ¦¤¥´´µ° Ö¤¥·´µ° ³ É¥·¨¨. � ¸-
¸³µÉ·¨³ ²¨´¥°´Ò¥ ¢µ§³ÊÐ¥´¨Ö ¸¦¨³ ¥³µ° ´¥°É·µ´´µ° ³ É¥·¨¨, ´ Ìµ¤ÖÐ¥°¸Ö
¢ ¶µ±µ¥, ¶·¨ ±µÉµ·ÒÌ Ë¥·³¨-¸Ë¥·  ¶·¥É¥·¶¥¢ ¥É ¨§µÉ·µ¶´Ò¥ ¨¸± ¦¥´¨Ö. �·¨
ÔÉµ³ ³Ò · ¸¸³ É·¨¢ ¥³ Éµ²Ó±µ ¢µ§³ÊÐ¥´¨Ö, ´¥ ¶·¨¢µ¤ÖÐ¨¥ ± ¶¥·¥¸É·µ°±¥
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¨¸Ìµ¤´µ£µ Ë¥·³¨-· ¸¶·¥¤¥²¥´¨Ö, ¸É·Ê±ÉÊ·  ±µÉµ·µ£µ µ¶·¥¤¥²Ö¥É¸Ö ¸·¥¤´¨³
¶µ²¥³ U . ” ±É¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ ¶·¨ ÔÉ¨Ì ¤¢¨¦¥´¨ÖÌ ¶µÉ¥´Í¨ ² ¸·¥¤-
´¥£µ ¶µ²Ö ´¥ ³¥´Ö¥É¸Ö, É.¥. δU = 0. �·¨ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ Ê· ¢´¥´¨Ö (2.1)Å(2.3)
²¨´¥ ·¨§ÊÕÉ¸Ö ¶µ¤¸É ´µ¢±µ° ¢¨¤ 

ρ→ ρ+ δρ, Vi → Vi(= 0) + δVi, Pij →
[
P
(
=
ρvF

5

)
+ δ P

]
δij .

(2.9)
‚ ·¥§Ê²ÓÉ É¥ ¶·¨Ìµ¤¨³ ± § ³±´ÊÉµ° ¸¨¸É¥³¥ Ê· ¢´¥´¨° ²¨´¥°´µ° £¨¤·µ¤¨´ -
³¨±¨ ¢Ö§±µ° Ë¥·³¨-¦¨¤±µ¸É¨

∂δρ

∂t
+ ρ

∂δVi

∂xi
= 0, (2.10)

ρ
∂δVi

∂t
+
∂δP

∂xi
= 0, (2.11)

∂δP

∂t
+

5

3
P
∂δVk

∂xk
= 0. (2.12)

…¸²¨ ¶·µ¤¨ËË¥·¥´Í¨·µ¢ ÉÓ Ê· ¢´¥´¨¥ (2.11) ¶µ ¢·¥³¥´¨, Éµ ¸ ÊÎ¥Éµ³ (2.12)
¸· §Ê ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨¥ ¶·µ¤µ²Ó´µ° £¨¤·µ¤¨´ ³¨Î¥¸±µ° ¢µ²´Ò

δV̈ − c2L∆ δV = 0 → ωL = cL k, cL =

√
5P

3ρ
=
vF√

3
, (2.13)

¢Ò· ¦ ÕÐ¥¥ µ¤¨´ ¨§ £² ¢´ÒÌ ¢Ò¢µ¤µ¢ É¥µ·¨¨ Ë¥·³¨-¦¨¤±µ¸É¨, ±µÉµ·Ò° ¸µ-
¸Éµ¨É ¢ Éµ³, ÎÉµ ¨¤¥ ²Ó´ Ö Ë¥·³¨-¦¨¤±µ¸ÉÓ ¸¶µ¸µ¡´  ¶µ¤¤¥·¦¨¢ ÉÓ · ¸¶·µ-
¸É· ´¥´¨¥ ¶·µ¤µ²Ó´ÒÌ §¢Ê±µ¢ÒÌ ¢µ²´ (k Å ¢µ²´µ¢µ° ¢¥±Éµ·) ¶·¨ ´Ê²¥¢µ°
É¥³¶¥· ÉÊ·¥. Š ± ¢¨¤´µ ¨§ Ê· ¢´¥´¨Ö (2.13), ¶·µ¤µ²Ó´ Ö ´Ê²Ó-§¢Ê±µ¢ Ö ¢µ²´ 
Ì · ±É¥·¨§Ê¥É¸Ö ¡¥§¤¨¸¶¥·¸´Ò³ § ±µ´µ³ · ¸¶·µ¸É· ´¥´¨Ö ¸ Ë §µ¢µ° ¸±µ·µ-
¸ÉÓÕ cL. ‘ÊÐ¥¸É¢¥´´µ ±¢ ´Éµ¢ Ö ¶·¨·µ¤  ´Ê²¥¢µ£µ §¢Ê±  ‹ ´¤ Ê ¸µ¸Éµ¨É ¢
Éµ³, ÎÉµ µ´ ³µ¦¥É ¢µ§¡Ê¦¤ ÉÓ¸Ö ¶·¨ ´Ê²¥¢µ° É¥³¶¥· ÉÊ·¥, É.¥. ¢ ¶µ²´µ¸ÉÓÕ
¢Ò·µ¦¤¥´´µ³ Ë¥·³¨-±µ´É¨´ÊÊ³¥. ‚ ±² ¸¸¨Î¥¸±µ³ ¨¤¥ ²Ó´µ³ £ §¥ · ¸¶·µ¸É· -
´¥´¨¥ §¢Ê±µ¢ÒÌ ¢µ²´ ´¥¢µ§³µ¦´µ, ¶µ¸±µ²Ó±Ê · ¢´µ¢¥¸´µ¥ ¤ ¢²¥´¨¥ ¶·µ¶µ·-
Í¨µ´ ²Ó´µ T (Ê· ¢´¥´¨¥ ¸µ¸ÉµÖ´¨Ö ±² ¸¸¨Î¥¸±µ£µ ¨¤¥ ²Ó´µ£µ £ §  P = nkBT ,
£¤¥ kB Å ±µ´¸É ´É  �µ²ÓÍ³ ´ ).

�Ê²Ó-É¥³¶¥· ÉÊ·´Ò¥ Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ¥ ¢µ²´Ò ¢ ¢Ò·µ¦¤¥´´µ° ´¥°É·µ´-
´µ° ³ É¥·¨¨. ’¥¶¥·Ó · ¸¸³µÉ·¨³ ²¨´¥°´Ò¥ ¢µ§³ÊÐ¥´¨Ö ¢ ¸¦¨³ ¥³µ° ´¥°É-
·µ´´µ° ¸·¥¤¥, ¶·¨ ±µÉµ·ÒÌ Ë¥·³¨-¸Ë¥·  ¶·¥É¥·¶¥¢ ¥É  ´¨§µÉ·µ¶´Ò¥ ¨¸± -
¦¥´¨Ö. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ê· ¢´¥´¨Ö (2.1)Å(2.3) ²¨´¥ ·¨§ÊÕÉ¸Ö ¶µ¤¸É ´µ¢±µ°
¢¨¤ 

ρ→ ρ+δρ, Vi → Vi(= 0)+δVi, Pij → P
(
=
ρvF

5

)
δij+δ Pij , (2.14)
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±µÉµ· Ö ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ Ê· ¢´¥´¨° ¡¥§¤¨¸¸¨¶ É¨¢´ÒÌ ²¨´¥°-
´ÒÌ Ë²Ê±ÉÊ Í¨°:

∂δρ

∂t
+ ρ

∂δVi

∂xi
= 0, (2.15)

ρ
∂δVi

∂t
+
∂δPij

∂xj
= 0, (2.16)

∂δPij

∂t
+ P

[
∂δVi

∂xj
+
∂δVj

∂xi
+ δij

∂δVk

∂xk

]
= 0. (2.17)

‚ ¤ ´´µ³ ¸²ÊÎ ¥ Ê¤µ¡´µ ¶¥·¥°É¨ ± ¶µ²Õ ¸³¥Ð¥´¨° D(r, t), ¸¢Ö§ ´´µ³Ê ¸
¶µ²¥³ ¸±µ·µ¸É¨ δV(r, t) ¸µµÉ´µÏ¥´¨¥³

δVi(r, t) = −Ḋi(r, t). (2.18)

�µ¤¸É ¢²ÖÖ (2.18) ¢ (2.17), ¶µ²ÊÎ¨³

δPij = P

(
∂Di

∂xj
+
∂Dj

∂xi
+ δij

∂Dk

∂xk

)
. (2.19)

‘· ¢´¨¢ Ö ¤ ´´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ´ ¶·Ö¦¥´¨° ¢ ´¥°É·µ´´µ° ³ É¥·¨¨ (¨´¤Ê-
Í¨·µ¢ ´´ÒÌ ¨¸± ¦¥´¨Ö³¨ Ë¥·³¨-· ¸¶·¥¤¥²¥´¨Ö ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ¸É· ´¸É¢¥)
¸ ¢Ò· ¦¥´¨¥³ ¤²Ö ´ ¶·Ö¦¥´¨°, ¶µ¤Î¨´ÖÕÐ¨Ì¸Ö § ±µ´Ê ƒÊ±  ¤²Ö ¨§µÉ·µ¶´µ£µ
¨¤¥ ²Ó´µ Ê¶·Ê£µ£µ ³ É¥·¨ ²  [85]:

δPij = µ

(
∂Di

∂xj
+
∂Dj

∂xi

)
+ λδij

∂Dk

∂xk
, (2.20)

³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ´¥°É·µ´´Ò° Ë¥·³¨-±µ´É¨´ÊÊ³ ¢¥¤¥É ¸¥¡Ö ± ± ¨¤¥ ²Ó´µ
Ê¶·Ê£ Ö ¸·¥¤ , ¢ ±µÉµ·µ° ³µ¤Ê²Ó Ê¶·Ê£µ¸É¨ λ ¨ ³µ¤Ê²Ó ¸¤¢¨£  µ (¶ · ³¥É·Ò
‹ ³Ô) · ¢´Ò ¤·Ê£ ¤·Ê£Ê,   ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ÔÉ¨ ³µ¤Ê²¨ ¸µ¢¶ ¤ ÕÉ ¸
¤ ¢²¥´¨¥³ λ = µ = P . �µ²¥¥ Éµ£µ, ¶µ¤¸É ¢²ÖÖ (2.18) ¨ (2.19) ¢ Ê· ¢´¥´¨¥
¤¢¨¦¥´¨Ö ¤²Ö ¶µ²Ö ¸±µ·µ¸É¨ Ê¶·Ê£¨Ì ¤¥Ëµ·³ Í¨° δVi (2.16), ´ Ìµ¤¨³, ÎÉµ
ÔÉµ Ê· ¢´¥´¨¥

ρD̈ = 2Pgrad div D + P ∆D (2.21)

¸µ¢¶ ¤ ¥É ¸ Ê· ¢´¥´¨¥³ ‹ ³Ô

ρD̈ = (λ+ µ)grad div D + µ∆D, (2.22)

µ¶¨¸Ò¢ ÕÐ¨³ ²¨´¥°´ÊÕ Ô² ¸Éµ¤¨´ ³¨±Ê ¨¤¥ ²Ó´µ Ê¶·Ê£µ° ¨§µÉ·µ¶´µ°
¸¶²µÏ´µ° ¸·¥¤Ò. “¸É ´µ¢²¥´´ Ö  ´ ²µ£¨Ö ³¥¦¤Ê Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö
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´¥°É·µ´´µ£µ Ë¥·³¨-±µ´É¨´ÊÊ³ , ¢µ§³ÊÐ¥´¨Ö ±µÉµ·µ£µ ¸µ¶·µ¢µ¦¤ ÕÉ¸Ö  ´¨-
§µÉ·µ¶´Ò³¨ ¨¸± ¦¥´¨Ö³¨ Ë¥·³¨-· ¸¶·¥¤¥²¥´¨Ö, ¨ Ê· ¢´¥´¨Ö³¨ ‹ ³¥ ¶µ§¢µ-
²Ö¥É ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ±² ¸¸¨Ë¨± Í¨¥° ¢µ²´µ¢ÒÌ ¤¢¨¦¥´¨°, ¶·¨´ÖÉµ° ¢ ²¨´¥°-
´µ° É¥µ·¨¨ Ê¶·Ê£µ¸É¨. ‘µ£² ¸´µ ¶µ¸²¥¤´¥° ¢ ¨¤¥ ²Ó´µ Ê¶·Ê£µ° ¸·¥¤¥ ³µ¦¥É
· ¸¶·µ¸É· ´ÖÉÓ¸Ö ± ± ¶·µ¤µ²Ó´ Ö, É ± ¨ ¶µ¶¥·¥Î´ Ö ¢µ²´  Ê¶·Ê£¨Ì ¸³¥Ð¥-
´¨° [85]. �·µÍ¥¤Ê·  · §¤¥²¥´¨Ö Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨Ì ¢µ²´ ´  ¶·µ¤µ²Ó´ÊÕ ¨
¶µ¶¥·¥Î´ÊÕ ¤µ¸É ÉµÎ´µ ¶µ¤·µ¡´µ µ¶¨¸ ´  ¢ ²¨É¥· ÉÊ·¥, ¶µÔÉµ³Ê ³Ò µ£· ´¨-
Î¨³¸Ö ²¨ÏÓ µ¸´µ¢´Ò³¨ ·¥§Ê²ÓÉ É ³¨ É ±µ£µ · §¤¥²¥´¨Ö, ±µÉµ·µ¥ ¢ÒÉ¥± ¥É ¨§
¶·¥¤¸É ¢²¥´¨Ö ¢¥±Éµ·´µ£µ ¶µ²Ö Ê¶·Ê£¨Ì ¸³¥Ð¥´¨° ¢ ¢¨¤¥ ¸Ê³³Ò

D = Dl + Dt; (2.23)

Dl ¶µ¤Î¨´Ö¥É¸Ö Ê· ¢´¥´¨Õ ¶·µ¤µ²Ó´µ° ¢µ²´Ò

D̈l − c2l∆ Dl = 0, rotDl = 0, (2.24)

±µÉµ· Ö · ¸¶·µ¸É· ´Ö¥É¸Ö ¸ Ë §µ¢µ° ¸±µ·µ¸ÉÓÕ

cl =

√
λ+ 2µ

ρ
=

√
3

5
vF . (2.25)

“· ¢´¥´¨¥ ¶µ¶¥·¥Î´ÒÌ ¢µ²´µ¢ÒÌ ¤¢¨¦¥´¨° ¨³¥¥É ¢¨¤

D̈t − c2t∆ Dt = 0, div Dt = 0. (2.26)

�É  ¢µ²´  · ¸¶·µ¸É· ´Ö¥É¸Ö ¸µ ¸±µ·µ¸ÉÓÕ

ct =

√
µ

ρ
=
vF√

5
. (2.27)

�µ¶¥·¥Î´ Ö ¢µ²´  ´¥ ¸µ§¤ ¥É ¸¦ É¨° ¨ · §·Ö¦¥´¨° ¨ ¶µÔÉµ³Ê ³µ¦¥É · ¸¶·µ-
¸É· ´ÖÉÓ¸Ö ¢ ´¥¸¦¨³ ¥³µ° ´¥°É·µ´´µ° (Ö¤¥·´µ°) ¸·¥¤¥.

‘É ´¤ ·É´ Ö ³µ¤¥²Ó ´¥°É·µ´´µ° §¢¥§¤Ò. �¢·¨¸É¨Î¥¸± Ö Í¥´´µ¸ÉÓ ¸É ´-
¤ ·É´ÒÌ §¢¥§¤´ÒÌ ³µ¤¥²¥° ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µ´¨ ¶µ§¢µ²ÖÕÉ ¢  ´ ²¨É¨Î¥¸±µ°
Ëµ·³¥ ¶µ²ÊÎ¨ÉÓ µÍ¥´±¨ · ¢´µ¢¥¸´ÒÌ ¨ ¤¨´ ³¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ §¢¥§¤ [34].
‚ ¸É ´¤ ·É´µ° ³µ¤¥²¨ ´¥°É·µ´´ Ö §¢¥§¤  ¨¤¥ ²¨§¨·Ê¥É¸Ö ¸Ë¥·¨Î¥¸±µ° µ¤-
´µ·µ¤´µ° ³ ¸¸µ° ´¥¸¦¨³ ¥³µ£µ ¢¥Ð¥¸É¢ , µ¡² ¤ ÕÐ¥£µ ¸¢µ°¸É¢ ³¨ ´¥·¥²Ö-
É¨¢¨¸É¸±µ£µ ¢Ò·µ¦¤¥´´µ£µ ´¥°É·µ´´µ£µ Ë¥·³¨-±µ´É¨´ÊÊ³ , ¸±µ´¤¥´¸¨·µ¢ ´-
´µ£µ ¸¨² ³¨ ¸µ¡¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö ¤µ ¶²µÉ´µ¸É¥°, ¡²¨§±¨Ì ± ´µ·³ ²Ó´µ°
Ö¤¥·´µ° ¶²µÉ´µ¸É¨.

� ¢´µ¢¥¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶µ²Ö ¸µ¡¸É¢¥´´µ° £· ¢¨É Í¨¨ ¢Ò· ¦ ¥É¸Ö Ìµ-
·µÏµ ¨§¢¥¸É´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö (2.4):

U in0 = −2π

3
Gρ0(r

2 − 3R2), r≤ R, (2.28)
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Uex0 =
4πR3

3r
Gρ0, r > R, (2.29)

£¤¥ ¨´¤¥±¸µ³ ´Ê²Ó ¶µ³¥Î¥´Ò · ¢´µ¢¥¸´Ò¥ Ì · ±É¥·¨¸É¨±¨.
‘²¥¤¸É¢¨¥³ ¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¨ £· ¢¨É Í¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¢-

²Ö¥É¸Ö ¨§µÉ·µ¶´µ¥ · ¢´µ¢¥¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ´ ¶·Ö¦¥´¨° (¤ ¢²¥´¨Ö) ¢ µ¡Ñ-
¥³¥ §¢¥§¤Ò:

P 0
ij(r) = P0(r)δij . (2.30)

� ¤¨ ²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¤ ¢²¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö · ¢´µ¢¥¸¨Ö ¸
£· ´¨Î´Ò³ Ê¸²µ¢¨¥³, ¸µ£² ¸´µ ±µÉµ·µ³Ê ¤ ¢²¥´¨¥ ¢ Í¥´É·¥ §¢¥§¤Ò µ¶·¥¤¥²Ö-
¥É¸Ö ¢´ÊÉ·¥´´¨³ ¤ ¢²¥´¨¥³ Ö¤¥·´µ£µ ¢¥Ð¥¸É¢  PN (ρ0):

∇P0(r) = ρ0∇U in
0 (r), P0(r = 0) = PN (ρ0). (2.31)

�¥Ï¥´¨¥ ÔÉµ£µ Ê· ¢´¥´¨Ö ¨³¥¥É ¢¨¤

P0(r) = PN (ρ0)− (2π/3)Gρ2
0r

2. (2.32)

�É³¥É¨³, ÎÉµ PN (ρ0) ¥¸ÉÓ µ¸´µ¢´ Ö Ì · ±É¥·¨¸É¨± , ´¥¸ÊÐ Ö ¨´Ëµ·³ Í¨Õ
µ¡ Ê· ¢´¥´¨¨ ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨ ¨, É ±¨³ µ¡· §µ³, ¸¢Ö§Ò¢ ÕÐ Ö
Ö¤¥·´ÊÕ Ë¨§¨±Ê ¸ Ë¨§¨±µ° ´¥°É·µ´´ÒÌ §¢¥§¤. ‚ ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¶µ¤
PN (ρ0) ¶µ´¨³ ¥É¸Ö ¤ ¢²¥´¨¥ ¢Ò·µ¦¤¥´´µ£µ ´¥°É·µ´´µ£µ ¢¥Ð¥¸É¢  [8]:

PN (ρ0) = (2/3)EN(ρ0) = Kρ
5/3
0 , ρ0 = m∗

2

3π2
k3
F , K =

~2(3π2)2/3

5m∗8/3
.

(2.33)
‘· ¢´¥´¨¥ ·¨¸.2 ¨ 3 ¤ ¥É ¶·¥¤¸É ¢²¥´¨¥ µ ¸É¥¶¥´¨ ¤µ¸Éµ¢¥·´µ¸É¨ ¶·¨¡²¨-
¦¥´¨Ö ·¥§±µ£µ ±· Ö ¤²Ö ¶·µË¨²Ö ¶²µÉ´µ¸É¨, ²¥¦ Ð¥£µ ¢ µ¸´µ¢¥ ¸É ´¤ ·É-
´µ° ³µ¤¥²¨ ´¥°É·µ´´µ° §¢¥§¤Ò. �·¨ § ¤ ´´µ° ¶²µÉ´µ¸É¨ ¨§ (2.32) ²¥£±µ
¶µ²ÊÎ¨ÉÓ µÍ¥´±Ê · ¤¨Ê¸  ´¥°É·µ´´µ° §¢¥§¤Ò, ±µÉµ·Ò° µ¶·¥¤¥²Ö¥É¸Ö ± ± · -
¤¨Ê¸ ¸¢µ¡µ¤´µ° µÉ ´ ¶·Ö¦¥´¨° ¸Ë¥·¨Î¥¸±µ° ¶µ¢¥·Ì´µ¸É¨ P0(r = R) = 0,
Éµ ¥¸ÉÓ ¶µ¢¥·Ì´µ¸É¨, £¤¥ Ê¶·Ê£¨¥ ´ ¶·Ö¦¥´¨Ö, µ¡Ê¸²µ¢²¥´´Ò¥ ¸µ¡¸É¢¥´´µ°
£· ¢¨É Í¨¥°, Ê· ¢´µ¢¥Ï¨¢ ÕÉ¸Ö ¢´ÊÉ·¥´´¨³ ¤ ¢²¥´¨¥³ ´¥°É·µ´´µ£µ Ë¥·³¨-
±µ´É¨´ÊÊ³ . ˆ§ Ê¸²µ¢¨Ö

P0(R) = PN (ρ0)− (2π/3)Gρ2
0R

2 = 0 → PN =
2π

3
Gρ0

2R2, (2.34)

´ Ìµ¤¨³, ÎÉµ · ¢´µ¢¥¸´Ò° · ¤¨Ê¸ ¨ ³ ¸¸  ´¥°É·µ´´µ° §¢¥§¤Ò ¢ ¸É ´¤ ·É´µ°
³µ¤¥²¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

R =

√
3PN

2πGρ2
0

, M = (4π/3)ρ0R
3. (2.35)

‚ É ¡².3 ¶·¨¢µ¤ÖÉ¸Ö Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö M ¨ R, · ¸¸Î¨É ´´Ò¥ ¶µ ÔÉ¨³
Ëµ·³Ê² ³,   ´  ·¨¸.2 ¨§µ¡· ¦¥´Ò ¶·µË¨²¨ ¶²µÉ´µ¸É¨ ¨ ¤ ¢²¥´¨Ö. �É¨
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’ ¡²¨Í  2. �¥·¨µ¤Ò PL ´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´ÒÌ ¸Ë¥·µ¨¤ ²Ó´ÒÌ (s-³µ¤ ) ¨
Éµ·¸¨µ´´ÒÌ (t-³µ¤ ) Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨Ì ±µ²¥¡ ´¨° ¤²Ö ·¥ ²¨¸É¨Î¥¸±¨Ì (´¥µ¤´µ-
·µ¤´ÒÌ) ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤, ¶µ¸É·µ¥´´ÒÌ ´  µ¸´µ¢¥ Ê· ¢´¥´¨Ö £¨¤·µ¸É É¨-
Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ’µ²³¥´ Å�¶¶¥´£¥°³¥· Å‚µ²±µ¢  ¨ É·¥Ì ¢ ·¨ ´Éµ¢ Ê· ¢´¥-
´¨° ¸µ¸ÉµÖ´¨° Ö¤¥·´µ° ³ É¥·¨¨ c ¶ · ³¥É· ³¨, ¶·¥¤¸É ¢²¥´´Ò³¨ ¢ É ¡².1

�¥µ¤´µ·µ¤´ Ö ³µ¤¥²Ó ƒ· ¢¨É Í¨µ´´ Ö s-³µ¤  ƒ· ¢¨É Í¨µ´´ Ö t-³µ¤ 
“· ¢´¥´¨¥ ¸µ¸É. M/M� R, ±³ P2,³¸ P3,³¸ P4,³¸ P2,³¸ P3,³¸ P4,³¸
HV 1,0 14,38 0,41 0,30 0,25 0,60 0,44 0,36
HV 1,2 14,23 0,37 0,27 0,22 0,54 0,39 0,33
HV 1,9 11,28 0,14 0,11 0,09 0,21 0,15 0,13
Gπ200 1,2 11,95 0,26 0,19 0,17 0,39 0,29 0,24
Gπ200 1,3 11,59 0,23 0,17 0,15 0,35 0,26 0,22
Gπ200 1,4 11,03 0,20 0,15 0,13 0,30 0,22 0,18
UVII 2,1 9,20 0,09 0,07 0,06 0,14 0,10 0,08

’ ¡²¨Í  3. �¥·¨µ¤Ò PL ´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ¸Ë¥·µ¨¤ ²Ó´ÒÌ
(s-³µ¤ ) ¨ Éµ·¸¨µ´´ÒÌ (t-³µ¤ ) ¶Ê²Ó¸ Í¨°, ¢ÒÎ¨¸²¥´´Ò¥ ´  µ¸´µ¢¥ ¸É ´¤ ·É´µ°
µ¤´µ·µ¤´µ° ³µ¤¥²¨ ´¥°É·µ´´µ° §¢¥§¤Ò (¸ ³µ£· ¢¨É¨·ÊÕÐ¥° ¸Ë¥·¨Î¥¸±µ° ³ ¸¸Ò
¢Ò·µ¦¤¥´´µ° ´¥°É·µ´´µ° ³ É¥·¨¨)

�¤´µ·µ¤´ Ö ³µ¤¥²Ó ‘Ë¥·µ¨¤ ²Ó´ Ö ³µ¤  ’µ·¸¨µ´´ Ö ³µ¤ 
M/M� R ±³ P2, ³¸ P3, ³¸ P4, ³¸ P2, ³¸ P3, ³¸ P4, ³¸
0,89 12,34 0,14 0,11 0,08 0,20 0,14 0,12
0,95 12,10 0,13 0,10 0,08 0,19 0,13 0,11
1,00 11,89 0,13 0,09 0,07 0,18 0,13 0,10
1,04 11,70 0,12 0,09 0,07 0,17 0,12 0,10
1,09 11,54 0,12 0,08 0,07 0,16 0,12 0,09
1,14 11,38 0,11 0,08 0,06 0,16 0,11 0,09
1,18 11,24 0,10 0,08 0,06 0,15 0,11 0,09
1,22 11,12 0,10 0,07 0,06 0,15 0,10 0,08
1,26 11,00 0,10 0,07 0,06 0,14 0,10 0,08
1,30 10,89 0,09 0,07 0,06 0,14 0,09 0,08
1,34 10,78 0,09 0,07 0,05 0,13 0,09 0,08
1,37 10,69 0,09 0,06 0,05 0,13 0,09 0,07
1,41 10,59 0,09 0,06 0,05 0,13 0,09 0,07
1,44 10,51 0,09 0,06 0,05 0,12 0,09 0,07
1,48 10,43 0,09 0,06 0,05 0,12 0,09 0,07

µÍ¥´±¨ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢ ³ ¸¸Ò ¨ · -
¤¨Ê¸ , ¶µ²ÊÎ¥´´Ò³¨ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³µ¤¥²ÖÌ ´¥°É·µ´´ÒÌ §¢¥§¤ ¨ ¶·¥¤¸É ¢-
²¥´´Ò³¨ ¢ É ¡².2.

‚ ²¨É¥· ÉÊ·¥ ´¥µ¤´µ±· É´µ µÉ³¥Î ²µ¸Ó [13], ÎÉµ ¶µ¸±µ²Ó±Ê · ¤¨Ê¸ ´¥°-
É·µ´´µ° §¢¥§¤Ò R ¸µ¨§³¥·¨³ ¸ ¥¥ £· ¢¨É Í¨µ´´Ò³ · ¤¨Ê¸µ³ RG = 2GM/c2 ∼
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3 ±³, Éµ ´ ¤¥¦´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ²¨ÏÓ ¸ ÊÎ¥Éµ³ ÔËË¥±-
Éµ¢ µ¡Ð¥° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨. ’¥³ ´¥ ³¥´¥¥ ¢ÒÏ¥¶·¨¢¥¤¥´´Ò¥ µÍ¥´±¨
Ê¡¥¦¤ ÕÉ ¢ Éµ³, ÎÉµ ¸É ´¤ ·É´ Ö ³µ¤¥²Ó, µ¸´µ¢ ´´ Ö ´  ´ÓÕÉµ´µ¢¸±µ° £· -
¢¨É Í¨¨ ¨ ¨¸¶µ²Ó§ÊÕÐ Ö ¢ ± Î¥¸É¢¥ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ£µ ¢¥Ð¥¸É¢ 
Ê· ¢´¥´¨¥ Î¨¸Éµ ´¥°É·µ´´µ° ³ É¥·¨¨, ¶·¨¢µ¤¨É ± §´ Î¥´¨Ö³ ¨´É¥£· ²Ó´ÒÌ
· ¢´µ¢¥¸´ÒÌ ¶ · ³¥É·µ¢ (³ ¸¸Ò, · ¤¨Ê¸ , ³µ³¥´É  ¨´¥·Í¨¨), Ìµ·µÏµ ¸µ£² ¸Ê-
ÕÐ¨³¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ ·¥ ²¨¸É¨Î¥¸±¨Ì ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤ [21,22].
�Éµ ¶µ§¢µ²Ö¥É ´ ¤¥ÖÉÓ¸Ö, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ Ê· ¢´¥´¨Ö ´¥·¥²ÖÉ¨¢¨¸É¸±µ° É¥-
µ·¨¨ £· ¢¨É Í¨¨ ´¥ ¶·¨¢¥¤¥É ± ¸¥·Ó¥§´Ò³ µÏ¨¡± ³ ¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¶¥·¨-
µ¤µ¢ ´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ³µ¤.

�¥· ¤¨ ²Ó´Ò¥ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨¥ ±µ²¥¡ ´¨Ö ´¥°É·µ´´µ° §¢¥§¤Ò.
‚ ´¥¸¦¨³ ¥³µ° Ê¶·Ê£µ° ¸·¥¤¥ ´¥· ¤¨ ²Ó´Ò¥ ¤²¨´´µ¢µ²´µ¢Ò¥ ±µ²¥¡ ´¨Ö (±¢ -
§¨¸É É¨Î¥¸±¨¥ Ê¶·Ê£¨¥ ¢µ²´Ò) Ö¢²ÖÕÉ¸Ö ¥¤¨´¸É¢¥´´µ ¢µ§³µ¦´Ò³ É¨¶µ³ ¤¨-
´ ³¨Î¥¸±µ°  ±É¨¢´µ¸É¨. ”Ê´¤ ³¥´É ²Ó´Ò¥ Î ¸ÉµÉÒ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨°
³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò  ´ ²¨É¨Î¥¸±¨ ´  µ¸´µ¢¥ Ô´¥·£¥É¨Î¥¸±µ£µ ¢ ·¨ Í¨µ´-
´µ£µ ¶·¨´Í¨¶  [84]. �·¥¤¶µ² £ Ö, ÎÉµ ¶µÉµ± ³ ¸¸Ò ¢ · ¢´µ¢¥¸´µ³ ¸µ¸ÉµÖ´¨¨
µÉ¸ÊÉ¸É¢Ê¥É, ¨ ¨¸¶µ²Ó§ÊÖ ¸É ´¤ ·É´ÊÕ ¶·µÍ¥¤Ê·Ê ²¨´¥ ·¨§ Í¨¨

ρ→ ρ0+δρ(= 0), Vi → V 0
i (= 0)+δVi, Pij → δijP0+δ Pij , U → U0+δ U,

Ê· ¢´¥´¨Ö (2.1)Å(2.4) ³µ¦´µ ¶·¥µ¡· §µ¢ ÉÓ ± ¢¨¤Ê

∂δVi

∂xi
= 0, (2.36)

ρ0
∂δVi

∂t
+
∂δPij

∂xj
− ρ0

∂δU

∂xi
= 0, (2.37)

∂δPij

∂t
+ P0

(
∂δVi

∂xj
+
∂δVj

∂xi

)
+ δij

(
δVk

∂P0

∂xk

)
= 0, (2.38)

∆δU = 0. (2.39)

„ ²¥¥, Ê³´µ¦ Ö ¸± ²Ö·´µ Ê· ¢´¥´¨¥ (2.37) ´  δVi ¨ ¨´É¥£·¨·ÊÖ ¶µ µ¡Ñ¥³Ê
§¢¥§¤Ò, ¶µ²ÊÎ ¥³ Ê· ¢´¥´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ ¡ ² ´¸ :

∂

∂t

∫
V

1

2
ρ0δV

2dτ −
∫
V

δPij
∂δVi

∂xj
dτ −

∮
S

[ρ0 δUδVi − δPij δVj ]dσi = 0, (2.40)

±µÉµ·µ¥ ±µ´É·µ²¨·Ê¥É ¸µÌ· ´¥´¨¥ Ô´¥·£¨¨ ¢ ¶·µÍ¥¸¸¥ ±µ²¥¡ ´¨°. ”²Ê±ÉÊ-
 Í¨¨ ¸±µ·µ¸É¨ ¢µ§³ÊÐ¥´´µ£µ ¶µÉµ±  δVi ¨ ¶µÉ¥´Í¨ ²  ¸ ³µ£· ¢¨É Í¨¨ δU
¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

δVi(r, t) = −ξLi (r)α̇L(t), δU(r, t) = φL(r)αL(t), (2.41)
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£¤¥ L Å ³Ê²ÓÉ¨¶µ²Ó´Ò° ¶µ·Ö¤µ± ±µ²¥¡ ´¨Ö. �µ·³ ²Ó´ Ö ±µµ·¤¨´ É  αL(t)
µ¶·¥¤¥²Ö¥É § ¢¨¸¨³µ¸ÉÓ µÉ ¢·¥³¥´¨ Ë²Ê±ÉÊ¨·ÊÕÐ¨Ì ¶¥·¥³¥´´ÒÌ. —¥·¥§
ξL(r) µ¡µ§´ Î¥´µ ¶µ²¥ ³£´µ¢¥´´ÒÌ Ê¶·Ê£¨Ì ¸³¥Ð¥´¨°. �µ¤¸É ¢²ÖÖ (2.41) ¢
(2.38), ´ Ìµ¤¨³, ÎÉµ Ë²Ê±ÉÊ Í¨¨ ¢ ´ ¶·Ö¦¥´¨ÖÌ µ¶·¥¤¥²ÖÕÉ¸Ö É¥´§µ·µ³

δPij(r, t) =

[
P0(r)

(
∂ξLi (r)

∂xj
+
∂ξLj (r)

∂xi

)
+ δij

(
ξLk (r)

∂P0(r)

∂xk

)]
αL(t).

(2.42)
‹¨´¥°´ Ö ¸¢Ö§Ó É¥´§µ·  Ê¶·Ê£¨Ì ´ ¶·Ö¦¥´¨° δPij (Ö¢²ÖÕÐ¥£µ¸Ö ¤¨´ ³¨Î¥-
¸±µ° Ì · ±É¥·¨¸É¨±µ° Ê¶·Ê£µ¸É¨ ³ É¥·¨ ² ) ¸ É¥´§µ·µ³ Ê¶·Ê£¨Ì ¤¥Ëµ·³ Í¨°
Uij (±¨´¥³ É¨Î¥¸±µ° Ì · ±É¥·¨¸É¨±µ° Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨Ì ¸³¥Ð¥´¨°):

δPij ∼ 2P (r)Uij , Uij =
1

2

(
∂ξLi
∂xj

+
∂ξLj

∂xi

)
αL(t) (2.43)

£µ¢µ·¨É µ Éµ³, ÎÉµ · ¸¶·µ¸É· ´¥´¨¥ Ê¶·Ê£¨Ì ¨¸± ¦¥´¨° ¢ Ö¤¥·´µ° ¸·¥¤¥ ¶µ¤-
Î¨´Ö¥É¸Ö § ±µ´Ê ƒÊ±  [85]. �² £µ¤ ·Ö · §¤¥²¥´¨Õ ¶·µ¸É· ´¸É¢¥´´µ° ¨ ¢·¥-
³¥´´µ° § ¢¨¸¨³µ¸É¨ Ë²Ê±ÉÊ¨·ÊÕÐ¨Ì ¶¥·¥³¥´´ÒÌ, ¶µ¤¸É ´µ¢±  (2.41) ¨ (2.42)
¢ Ê· ¢´¥´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ ¡ ² ´¸  (2.40) ¶·¥µ¡· §Ê¥É ¥£µ ± ¢¨¤Ê:

dH
dt

= 0, H =
MLα̇

2
L

2
+
KLα2

L

2
, (2.44)

£¤¥ ¶ · ³¥É·Ò ¨´¥·Í¨¨ML ¨ ¦¥¸É±µ¸É¨KL µ¶·¥¤¥²¥´Ò ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

ML =

∫
V

ρ0ξi
Lξi

L dτ , KL =
1

2

∫
V

P0

(
∂ξi

L

∂xj
+
∂ξLj
∂xi

)2

dτ. (2.45)

�·¨ ¢Ò¢µ¤¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¦¥¸É±µ¸É¨ KL ³Ò ¶·¥´¥¡·¥£²¨ ¶µ¢¥·Ì´µ¸É´Ò³¨
ÔËË¥±É ³¨. „ ´´µ¥ ¶·¨¡²¨¦¥´¨¥ ³µ¦´µ É· ±Éµ¢ ÉÓ ± ± Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨°
 ´ ²µ£ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö Š Ê²¨´£  [36]. Šµ´¸É·Ê±É¨¢´µ ¶·¨-
¡²¨¦¥´¨¥ Š Ê²¨´£  ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´µ ¸µµÉ´µÏ¥´¨¥³[

ρ0Φ− ξk
∂P0

∂xk

]
R

= 0, (2.46)

±µÉµ·µ¥ ¢ ¤ ²Ó´¥°Ï¥³ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ± Î¥¸É¢¥ £· ´¨Î´µ£µ Ê¸²µ¢¨Ö ¤²Ö ´ Ìµ-
¦¤¥´¨Ö ¶·µ¨§¢µ²Ó´ÒÌ ±µ´¸É ´É ¨´É¥£·¨·µ¢ ´¨Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¶µ²Ö Ê¶·Ê£¨Ì
¸³¥Ð¥´¨°.

ˆ§ ¢Ò· ¦¥´¨° ¤²Ö ¨´¥·Í¨¨ML ¨ ¦¥¸É±µ¸É¨ KL ¸²¥¤Ê¥É, ÎÉµ ¶µ²¥ ³£´µ-
¢¥´´ÒÌ ¸³¥Ð¥´¨° ξ(r) Ö¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´´µ° ¶µ¤²¥¦ Ð¥° µ¶·¥¤¥²¥´¨Õ ¢¥-
²¨Î¨´µ°, ´¥µ¡Ìµ¤¨³µ° ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Î ¸ÉµÉ ¸µ¡¸É¢¥´´ÒÌ £· ¢¨É Í¨µ´´µ-
Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨°. ‚ · ¡µÉ¥ [83] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¶µ²Ö
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³£´µ¢¥´´ÒÌ ¸³¥Ð¥´¨°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨ÖÌ ¸Ë¥·¨-
Î¥¸±µ° ³ ¸¸Ò Ê¶·Ê£µ° ³ É¥·¨¨, µ¶·¥¤¥²ÖÕÉ¸Ö ± ± ·¥Ï¥´¨Ö ¢¥±Éµ·´µ£µ Ê· ¢-
´¥´¨Ö ‹ ¶² ¸ :

∆ ξ(r) = 0, div ξ(r) = 0. (2.47)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ É· ±Éµ¢±µ° ‹ ³¡  [86] ¸µ¡¸É¢¥´´ÒÌ ³µ¤ ¨¤¥ ²Ó´µ Ê¶·Ê£µ£µ
Ï ·  µ´¨ ³µ£ÊÉ ¡ÒÉÓ ±² ¸¸¨Ë¨Í¨·µ¢ ´Ò ± ± ¸Ë¥·µ¨¤ ²Ó´Ò¥ ³µ¤Ò, µ¶¨¸Ò¢ -
¥³Ò¥ ¶µ²µ¨¤ ²Ó´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö (2.47):

ξ(r) =
Np

L+ 1
rot rotr rL PL(µ) = Np grad rL PL(µ), µ = cos θ, (2.48)

¨ Éµ·¸¨µ´´Ò¥ ³µ¤Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Éµ·µ¨¤ ²Ó´Ò³ ·¥Ï¥´¨Ö³ ¢¨¤ 

ξ(r) = Nt rot r rL PL(µ). (2.49)

‡¤¥¸Ó Î¥·¥§ PL(µ) µ¡µ§´ Î¥´Ò ¶µ²¨´µ³Ò ‹¥¦ ´¤·  ³Ê²ÓÉ¨¶µ²Ó´µ£µ ¶µ·Ö¤± 
L. � ¨¡µ²¥¥ ¢ ¦´µ° Î¥·Éµ° ¸Ëµ·³Ê²¨·µ¢ ´´µ£µ ¢ ·¨ Í¨µ´´µ£µ ³¥Éµ¤  Ö¢²Ö-
¥É¸Ö Éµ, ÎÉµ Î ¸ÉµÉÒ ω2 = KL/ML µ¡¥¨Ì ¢¥É¢¥° ¸Ë¥·µ¨¤ ²Ó´ÒÌ (s-³µ¤ )
¨ Éµ·¸¨µ´´ÒÌ (t-³µ¤ ) ±µ²¥¡ ´¨° ³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¸ ¥¤¨´ÒÌ ¶µ§¨Í¨°
± ± ¸µ¡¸É¢¥´´Ò¥ ³µ¤Ò µ¸Í¨²²ÖÉµ·´µ£µ £ ³¨²ÓÉµ´¨ ´  (2.44). �É³¥É¨³, ÎÉµ
¢ ¶·¨¡²¨¦¥´¨¨ Š Ê²¨´£  ±µ´±·¥É´Ò° ¢¨¤ ¶·µ¨§¢µ²Ó´ÒÌ ±µ´¸É ´É Np ¨ Nt
´¥¶·¨´Í¨¶¨ ²¥´, ¶µ¸±µ²Ó±Ê µ´¨ ¢Ìµ¤ÖÉ ±¢ ¤· É¨Î´Ò³¨ ³´µ¦¨É¥²Ö³¨ ± ± ¢
ML, É ± ¨ ¢ KL.

�¥·¨µ¤Ò ¸Ë¥·µ¨¤ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥-
¡ ´¨°: s-³µ¤ . �·¨ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ³Ê²ÓÉ¨¶µ²Ó´ÒÌ ±µ²¥¡ ´¨ÖÌ ¶·µ¨§¢µ²Ó´ Ö
¸Ë¥·¨Î¥¸± Ö ¶µ¢¥·Ì´µ¸ÉÓ ¢ µ¡Ñ¥³¥ §¢¥§¤Ò ¶·¨µ¡·¥É ¥É Ëµ·³Ò £ ·³µ´¨Î¥¸±¨Ì
¸Ë¥·µ¨¤µ¢, § ¤ ¢ ¥³ÒÌ ¢ ¸¨¸É¥³¥ ±µµ·¤¨´ É ¸ Ë¨±¸¨·µ¢ ´´µ° ¶µ²Ö·´µ° µ¸ÓÕ
Ê· ¢´¥´¨¥³

r′(t) = r[1 + αL(t)PL(cos θ)]. (2.50)

‡¤¥¸Ó r Å · ¤¨Ê¸ ´¥¢µ§³ÊÐ¥´´µ° ¸Ë¥·¨Î¥¸±µ° ¶µ¢¥·Ì´µ¸É¨. �  ·¨¸.4
¶µ± § ´Ò ¸Ë¥·µ¨¤ ²Ó´Ò¥ ±¢ ¤·Ê¶µ²Ó´Ò¥ ¨ µ±ÉÊ¶µ²Ó´Ò¥ ±µ²¥¡ ´¨Ö Ëµ·³Ò
§¢¥§¤Ò. —Éµ¡Ò § Ë¨±¸¨·µ¢ ÉÓ ¶·µ¨§¢µ²Ó´ÊÕ ±µ´¸É ´ÉÊ Np ¢ ¢Ò· ¦¥´¨¨ ¤²Ö
¶µ²µ¨¤ ²Ó´µ£µ ¶µ²Ö ³£´µ¢¥´´ÒÌ ¸³¥Ð¥´¨° (2.48), ³Ò ´ ²µ¦¨³ ¸²¥¤ÊÕÐ¥¥
(¤¨´ ³¨Î¥¸±µ¥) £· ´¨Î´µ¥ Ê¸²µ¢¨¥:[

ρ φL − ξLr
∂P0

∂r

]
r=R0

= 0, (2.51)

¢ ±µÉµ·µ³ ¥¤¨´¸É¢¥´´µ° ´¥¨§¢¥¸É´µ° ¢¥²¨Î¨´µ° ¶µ±  µ¸É ¥É¸Ö ËÊ´±Í¨Ö φL,
µ¶·¥¤¥²ÖÕÐ Ö ¶µ¢¥·Ì´µ¸É´Ò¥ Ë²Ê±ÉÊ Í¨¨ £· ¢¨É Í¨µ´´µ£µ ¶µÉ¥´Í¨ ²  (2.41).
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�¨¸. 4. ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ ¤¢¨¦¥´¨° Ö¤¥·´µ° ³ É¥·¨¨ ¢ ´¥°É·µ´´µ° §¢¥§¤¥
¶·¨ ¥¥ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ±¢ ¤·Ê¶µ²Ó´ÒÌ (L=2) ¨ µ±ÉÊ¶µ²Ó´ÒÌ (L=3) ´¥· ¤¨ ²Ó´ÒÌ
£· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨ÖÌ

‚ ·¨ Í¨Ö δU , Ê¤µ¢²¥É¢µ·ÖÕÐ Ö Ê· ¢´¥´¨Õ ‹ ¶² ¸ , µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕ-
Ð¨³¨ ·¥Ï¥´¨Ö³¨ ¶µ¸²¥¤´¥£µ:

δU in = BL r
L PL(cos θ)αL, r≤ R, (2.52)

δU ex = CL r
−(L+1) PL(cos θ)αL, r > R. (2.53)

�·µ¨§¢µ²Ó´Ò¥ ±µ´¸É ´ÉÒ BL ¨ CL Ë¨±¸¨·ÊÕÉ¸Ö ¸É ´¤ ·É´Ò³¨ £· ´¨Î´Ò³¨
Ê¸²µ¢¨Ö³¨:

U in0 (r′) + δU in(r′) = Uex0 (r′) + δUex(r′)|r′=R′,(r=R), (2.54)

∂U in0 (r′)

∂r′
+
∂δU in(r′)

∂r′
=
∂Uex0 (r′)

∂r′
+
∂δUex(r′)

∂r′
|r′=R′,(r=R). (2.55)

�µ¤¸É ¢²ÖÖ (2.52) ¨ (2.53) ¢ (2.54) ¨ (2.55) ¨ Ê¤¥·¦¨¢ Ö Î²¥´Ò ´¥ ¢ÒÏ¥
¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ αL, ¶µ²ÊÎ ¥³

δU in = − 4π

RL−2

Gρ0

(2L+ 1)
rLPL(cos θ)αL (2.56)

¨

δUex = −4πGρ0R
L+3

(2L+ 1)
r−(L+1)PL(cos θ)αL. (2.57)

‚ ·¥§Ê²ÓÉ É¥ ´ Ìµ¤¨³, ÎÉµ φL ´  ¶µ¢¥·Ì´µ¸É¨ §¢¥§¤Ò ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

φL = −4πGρ0R
2

(2L+ 1)
PL(µ). (2.58)

�µ¤¸É ¢²ÖÖ (2.58), (2.48) ¨ (2.32) ¢ (2.51), ´ Ìµ¤¨³

Np =
3

L(2L+ 1)RL−2
. (2.59)
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Šµ³¶µ´¥´ÉÒ ¶µ²µ¨¤ ²Ó´µ£µ ¶µ²Ö ¢ ¸Ë¥·¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ¨³¥ÕÉ
¢¨¤

ξr = Np r
L−1 PL(µ), ξθ = −Np (1− µ2)1/2 rL−1 dPL(µ)

dµ
, ξφ = 0. (2.60)

�µ¤¸É ´µ¢±  (2.60) ¢ Ê· ¢´¥´¨¥ (2.45) ¨ ¨´É¥£·¨·¨·µ¢ ´¨¥ ¶µ ¶µ²´µ³Ê É¥²¥¸-
´µ³Ê Ê£²Ê ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¨³ (±· °´¥ ¶µ²¥§´Ò³ ¢ ¤ ²Ó´¥°Ï¥³) ¢Ò· ¦¥-
´¨Ö³ ¤²Ö ¨´¥·Í¨¨ ¨ ¦¥¸É±µ¸É¨:

ML = 4π LN2
p

∫ R0

0

ρ0(r) r
2Ldr,

KL = 8πN2
pL(L− 1)(2L− 1)

∫ R0

0

P0(r) r
2L−2dr. (2.61)

„¥É ²¨ ¢ÒÎ¨¸²¥´¨° ÔÉ¨Ì ¨´É¥£· ²µ¢ ¢Ò´¥¸¥´Ò ¢ ¶·¨²µ¦¥´¨¥ �. �±µ´Î -
É¥²Ó´ Ö Ëµ·³Ê²  ¤²Ö · ¸Î¥É  Î ¸ÉµÉÒ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£µ° s-³µ¤Ò ¨³¥¥É
¢¨¤

ωs =


2(2L− 1)(L− 1)

R0∫
0

P0(r) r
2L−2 dr

R0∫
0

ρ0(r) r2L dr


1/2

. (2.62)

Œµ¦´µ ²¥£±µ § ³¥É¨ÉÓ, ÎÉµ ³µ´µ¶µ²Ó´ Ö (L = 0) ¨ ¤¨¶µ²Ó´ Ö (L = 1) ³µ¤Ò
¢ µ¤´µ·µ¤´µ° ³µ¤¥²¨ µ± §Ò¢ ÕÉ¸Ö ¨¸±²ÕÎ¥´´Ò³¨. ‚µ§¡Ê¦¤¥´¨¥ ³µ´µ¶µ²Ó-
´ÒÌ (Î¨¸Éµ · ¤¨ ²Ó´ÒÌ) ¶Ê²Ó¸ Í¨° ´¥¢µ§³µ¦´µ ¨§-§  ´¥¸¦¨³ ¥³µ¸É¨ §¢¥§¤-
´µ° Ö¤¥·´µ° ¸·¥¤Ò. ‚µ§³ÊÐ¥´¨¥ ¤¨¶µ²Ó´µ£µ ¶µ²Ö ¸±µ·µ¸É¨ Ê¶·Ê£¨Ì ¸³¥Ð¥-
´¨° ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ²¨ÏÓ ± ¤¢¨¦¥´¨Õ Í¥´É·  ³ ¸¸ §¢¥§¤Ò ¡¥§ ¨§³¥´¥´¨Ö
¥¥ ¢´ÊÉ·¥´´¥£µ ¸µ¸ÉµÖ´¨Ö, ¶µ¸±µ²Ó±Ê ±µÔËË¨Í¨¥´É ¦¥¸É±µ¸É¨ ¶·¨ L = 1
µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó∗.

∗ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ ³µ¤¥²Ó µ¤´µ·µ¤´µ° ¸ ³µ£· ¢¨É¨·ÊÕÐ¥° ³ ¸¸Ò ¨¤¥ ²Ó´µ Ê¶·Ê£µ£µ
±µ´É¨´ÊÊ³  ¸ ¤ ¢²¥´¨¥³

P0 =
2π

3
Gρ2

0(R2 − r2) (2.63)

¶·¨¢µ¤¨É ± ¤¨¸±·¥É´µ³Ê ¸¶¥±É·Ê Î ¸ÉµÉ s-³µ¤Ò ¢¨¤  [61]:

ω2
s = 2ω2

G(L− 1), ω2
G = (4π/3)Gρ0, (2.64)

£¤¥ ωG Å ËÊ´¤ ³¥´É ²Ó´ Ö Î ¸ÉµÉ  £· ¢¨É Í¨µ´´ÒÌ ±µ²¥¡ ´¨° ¢ µ¤´µ·µ¤´ÒÌ ³µ¤¥²ÖÌ. ‚ É ±µ³
¶·¥¤¸É ¢²¥´¨¨ s-³µ¤  ´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨° ¶µ Ë¨§¨Î¥¸±µ³Ê ¸µ¤¥·-
¦ ´¨Õ  ´ ²µ£¨Î´  £¨¤·µ¤¨´ ³¨Î¥¸±µ° f -³µ¤¥ Š¥²Ó¢¨´  ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¸Ë¥·¨Î¥¸±µ°
³ ¸¸Ò ´¥¢Ö§±µ° ´¥¸¦¨³ ¥³µ° ¦¨¤±µ¸É¨.
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‘É ´¤ ·É´ Ö µ¤´µ·µ¤´ Ö ³µ¤¥²Ó ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨Ö³:

ML =
27MR2

L(2L+ 1)3
,

KL = 36EN
L− 1

L(2L+ 1)2
− 45EG

(L− 1)(2L− 1)

L(2L+ 1)3
, (2.65)

£¤¥

EG = (3/5)GM2/R, EN = EN V, EN =
3

10
ρ v2

F (2.66)

Å ¸µµÉ¢¥É¸É¢¥´´µ ¶µ²´ Ö £· ¢¨É Í¨µ´´ Ö ¨ ¢´ÊÉ·¥´´ÖÖ Ô´¥·£¨¨ (M Å ³ ¸¸ ,
V Å µ¡Ñ¥³ §¢¥§¤Ò). ‚Ò· ¦¥´¨¥ ¤²Ö ¦¥¸É±µ¸É¨ ¢ (2.65) Ö¢´µ µÉ· ¦ ¥É ±µ´-
¸É·Ê±É¨¢´Ò° ¢±² ¤ Ô´¥·£¨¨ Ê¶·Ê£¨Ì ¤¥Ëµ·³ Í¨° (¶·µ¶µ·Í¨µ´ ²Ó´µ° EN ) ¨
¤¥¸É·Ê±É¨¢´Ò° ¢±² ¤ Ô´¥·£¨¨ £· ¢¨É Í¨µ´´µ£µ ¸¦ É¨Ö (¶·µ¶µ·Í¨µ´ ²Ó´µ°
EG) ¢ ¦¥¸É±µ¸ÉÓ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨°. Ÿ¸´µ, ÎÉµ É ±µ¥ ¸µÎ¥É -
´¨¥ ³µ¦¥É ¶·¨¢¥¸É¨ ± ´¥¸É ¡¨²Ó´µ¸É¨, ¶·µ¢µÍ¨·ÊÕÐ¥° §¢¥§¤µÉ·Ö¸¥´¨Ö. �¥-
· ¤¨ ²Ó´Ò¥ ±µ²¥¡ ´¨Ö µ¸É ÕÉ¸Ö ¸É ¡¨²Ó´Ò³¨ ¤µ É¥Ì ¶µ·, ¶µ±  ¤µ³¨´¨·ÊÕ-
Ð¨° ¢±² ¤ ¢ Ô´¥·£¨Õ ¤¥Ëµ·³ Í¨° §¢¥§¤Ò ¢´µ¸¨É Ô´¥·£¨Ö Ê¶·Ê£¨Ì ¨¸± ¦¥´¨°
Ë¥·³¨-¸Ë¥·Ò ´¥°É·µ´´µ£µ ¢¥Ð¥¸É¢ , ¶·µÉ¨¢µ¤¥°¸É¢ÊÕÐ Ö Ô´¥·£¨¨ ¸µ¡¸É¢¥´-
´µ° £· ¢¨É Í¨¨. �±µ´Î É¥²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Î ¸ÉµÉÒ s-³µ¤Ò ³µ¦¥É ¡ÒÉÓ
§ ¶¨¸ ´µ ¢ ¢¨¤¥

ω2
s = ω2

0(2L+ 1)(L− 1)

[
1− Γ

5 (2L− 1)

4 (2L+ 1)

]
,

ω2
0 =

3EN
4MR2

, Γ =
EG

EN
. (2.67)

� · ³¥É· Γ Ö¢²Ö¥É¸Ö ³¥·µ° ¢¨¡· Í¨µ´´µ° Ê¸Éµ°Î¨¢µ¸É¨ ´¥°É·µ´´µ° §¢¥§¤Ò.
�¥Ê¸Éµ°Î¨¢µ¸ÉÓ §¢¥§¤Ò µÉ´µ¸¨É¥²Ó´µ ¸Ë¥·µ¨¤ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì
¤¥Ëµ·³ Í¨° ¢µ§´¨± ¥É, ±µ£¤  KL=2 = 0. ’ ±µ¥ ¢µ§³µ¦´µ, Éµ²Ó±µ ±µ£¤  µÉ-
´µÏ¥´¨¥ £· ¢¨É Í¨µ´´µ° Ô´¥·£¨¨ ± ¢´ÊÉ·¥´´¥° ¤µ¸É¨£ ¥É ±·¨É¨Î¥¸±µ° ¢¥²¨-
Î¨´Ò Γcr = 4/3. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨Ìµ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê Ê¸²µ¢¨Õ Ê¸Éµ°Î¨¢µ¸É¨
¸Ë¥·µ¨¤ ²Ó´ÒÌ ±µ²¥¡ ´¨° ´¥°É·µ´´µ° §¢¥§¤Ò:

ωs(L = 2) ≥ 0 → Γ ≤ 4

3
. (2.68)

„²Ö ¢¸¥Ì ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ É ¡². 2, ÔÉµ Ê¸²µ¢¨¥
¢Ò¶µ²´Ö¥É¸Ö.

‘µ¡¸É¢¥´´Ò¥ Î ¸ÉµÉÒ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ³µ¤ ¢ ¸É ´¤ ·É´µ° ³µ¤¥²¨ (£¤¥
PN = ρ0v

2
F /5) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¨´µ° (Ô±¢¨¢ ²¥´É´µ° (2.67)) Ëµ·³¥:

ω2
s = ω2

F

2

5
(2L+ 1)(L− 1)− ω2

G (2L− 1)(L− 1) =
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= ω2
F

2

5
(2L+ 1)(L− 1)

[
1− β 5(2L− 1)

2(2L+ 1)

]
, β =

(
ωF

ωG

)2

. (2.69)

’ ±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¶µ¤Î¥·±¨¢ ¥É Ì · ±É¥·´µ¥ µÉ²¨Î¨¥ Î ¸ÉµÉÒ ±¢ ´Éµ¢ÒÌ
Ê¶·Ê£¨Ì ±µ²¥¡ ´¨° ω2

F = v2
F /R

2 µÉ £· ¢¨É Í¨µ´´µ° Î ¸ÉµÉÒ ω2
G = 4πGρ0/3,

±µÉµ·µ¥ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ωF § ¢¨¸¨É µÉ · ¤¨Ê¸  ¨ ¶²µÉ´µ¸É¨ §¢¥§¤Ò, ¢ Éµ
¢·¥³Ö ± ± ωG Å Éµ²Ó±µ µÉ ¥¥ ¶²µÉ´µ¸É¨. ‚ ¤ ´´µ³ ¶·¥¤¸É ¢²¥´¨¨ β Ö¢²Ö¥É¸Ö
¶ · ³¥É·µ³ ¢¨¡· Í¨µ´´µ° ¸É ¡¨²Ó´µ¸É¨ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨°.
�¡· É¨³ ¢´¨³ ´¨¥ ´  ÉµÉ Ë ±É, ÎÉµ ¶¥·¢µ¥ ¸² £ ¥³µ¥ ¢ (2.69) ÉµÎ´µ ¸µ¢¶ ¤ ¥É
¸ ¢Ò· ¦¥´¨¥³ ¤²Ö Î ¸ÉµÉÒ (¸¢Ö§ ´´µ° ¸ Ô´¥·£¨¥° E = ~ω) Ö¤¥·´ÒÌ £¨£ ´É-
¸±¨Ì Ô²¥±É·¨Î¥¸±¨Ì ·¥§µ´ ´¸µ¢ ³Ê²ÓÉ¨¶µ²Ó´µ£µ ¶µ·Ö¤±  L ≥ 2, ¶µ²ÊÎ¥´´Ò³
¢ Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ° ±µ²²¥±É¨¢´µ° Ö¤¥·´µ° ³µ¤¥²¨ [47,54,56]. Š ± ³Ò Ê¦¥
µÉ³¥Î ²¨, ¢ ÔÉµ° ³µ¤¥²¨ Ô²¥±É·¨Î¥¸±¨¥ £¨£ ´É¸±¨¥ ·¥§µ´ ´¸Ò É· ±ÉÊÕÉ¸Ö ± ±
¶·µÖ¢²¥´¨¥ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° Ö¤¥·´µ° ³ ±·µÎ ¸É¨ÍÒ,
¶·¨ ±µÉµ·ÒÌ ¢µ¸¸É ´ ¢²¨¢ ÕÐ Ö ¸¨²  Ê¶·Ê£¨Ì ¤¥Ëµ·³ Í¨° (ÉµÎ´µ ¸µ¢¶ ¤ -
ÕÐ Ö ¸ ¸¨²µ° ƒÊ±  ²¨´¥°´µ° É¥µ·¨¨ Ê¶·Ê£µ¸É¨) µ¡Ê¸²µ¢²¥´  ·¥ ±Í¨¥° Ö¤· 
´   ´¨§µÉ·µ¶´Ò¥ ¨¸± ¦¥´¨Ö Ë¥·³¨-¸Ë¥·Ò. ‚ ÔÉµ³ ´ ¡²Õ¤¥´¨¨ ¶·µ¸³ É·¨-
¢ ¥É¸Ö ¸Ìµ¤¸É¢µ ³¥¦¤Ê ´¥°É·µ´´µ° §¢¥§¤µ° ¨ £¨£ ´É¸±¨³ Ö¤·µ³ ¸ ³ ¸¸µ¢Ò³
Î¨¸²µ³ A ∼ 1057.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §¤¥²  ´¥µ¡Ìµ¤¨³µ ¸¤¥² ÉÓ µ¤´µ ¢ ¦´µ¥ § ³¥Î ´¨¥,
± ¸ ÕÐ¥¥¸Ö ¶µÉ¥´Í¨ ²Ó´ÒÌ ¢µ§³µ¦´µ¸É¥° ¸Ëµ·³Ê²¨·µ¢ ´´µ£µ ¢ ·¨ Í¨µ´-
´µ£µ ³¥Éµ¤ . ‚ µ¸´µ¢´µ° Ëµ·³Ê²¥ ¤²Ö Î ¸ÉµÉÒ ¸Ë¥·µ¨¤ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-
Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° (2.62) ¶·µË¨²¨ ¶²µÉ´µ¸É¨ ρ0(r) ¨ ¤ ¢²¥´¨Ö
P0(r) ¶·¨¸ÊÉ¸É¢ÊÕÉ ± ± ¢Ìµ¤´Ò¥ ¶ · ³¥É·Ò · ¢´µ¢¥¸´µ° ±µ´Ë¨£Ê· Í¨¨. ˆ³¥Ö
ÔÉµ ¢ ¢¨¤Ê, µ£· ´¨Î¥´¨¥, ¸¢Ö§ ´´µ¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´ÓÕÉµ´µ¢¸±µ£µ ¶·¨¡²¨-
¦¥´¨Ö,   É ±¦¥ ¶·¥¤¶µ²µ¦¥´¨¥ µ¡ µ¤´µ·µ¤´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ³ ¸¸Ò ³µ£ÊÉ
¡ÒÉÓ µ¸² ¡²¥´Ò. „²Ö ¶µ²ÊÎ¥´¨Ö ´ ¤¥¦´ÒÌ µÍ¥´µ± Î ¸ÉµÉÒ s-³µ¤Ò ÔÉ¨ ²µ-
± ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ · ¢´µ¢¥¸¨Ö ³µ£ÊÉ ¡ÒÉÓ § ¨³¸É¢µ¢ ´Ò ¨§ ·¥ ²¨¸É¨Î¥-
¸±¨Ì ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶¥·¨µ¤µ¢ ¸Ë¥·µ¨¤ ²Ó´ÒÌ
³µ¤ ¤²Ö ´¥¸±µ²Ó±¨Ì ·¥ ²¨¸É¨Î¥¸±¨Ì ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤ ¶·¥¤¸É ¢²¥´Ò
¢ É ¡². 2. ‘· ¢´¥´¨¥ ÔÉ¨Ì · ¸Î¥Éµ¢ ¸ ¶·¥¤¸± § ´¨Ö³¨ ¸É ´¤ ·É´µ° ³µ¤¥²¨
(¸³. É ¡². 3) ¶µ± §Ò¢ ¥É, ÎÉµ µÍ¥´±¨ ¶µ¸²¥¤´¥° µ¶·¥¤¥²ÖÕÉ ´¨¦´ÕÕ £· ´¨ÍÊ
§´ Î¥´¨° ¶¥·¨µ¤µ¢ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ±µ²¥¡ ´¨°.

�¥·¨µ¤Ò Éµ·¸¨µ´´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ -
´¨°: t-³µ¤ . ‘¢µ°¸É¢µ ¤¨´ ³¨Î¥¸±µ° Ê¶·Ê£µ¸É¨ ´¥°É·µ´´µ£µ Ë¥·³¨-±µ´É¨-
´ÊÊ³  Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ ´¥°É·µ´´ Ö §¢¥§¤  ³µ¦¥É ¸µ¢¥·Ï ÉÓ ¶µ¶¥·¥Î´µ-
¸¤¢¨£µ¢Ò¥, ±·ÊÉ¨²Ó´Ò¥ (Éµ·¸¨µ´´Ò¥) ±µ²¥¡ ´¨Ö. ƒ¥µ³¥É·¨Î¥¸±ÊÕ ± ·É¨´Ê
Éµ·¸¨µ´´ÒÌ ±µ²¥¡ ´¨° ¶·µÖ¸´Ö¥É ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ Éµ·µ¨¤ ²Ó´µ£µ
¶µ²Ö ¸±µ·µ¸É¨ Ê¶·Ê£¨Ì ¸³¥Ð¥´¨°:

δV = Ntrot r r
L PL(cos θ)α̇L(t) = [Ω(r, t)× r], (2.70)
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£¤¥

Ω(r, t) = Ntgrad r
L PL(cos θ)α̇L(t)

Å ¶µ²¥ Ê£²µ¢µ° Î ¸ÉµÉÒ ¤¨ËË¥·¥´Í¨ ²Ó´µ-¢· Ð É¥²Ó´ÒÌ ±µ²¥¡ ´¨°. �µ·-
³ ²Ó´ Ö ±µµ·¤¨´ É  αL(t) ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥¥É ¸³Ò¸² ¨´Ë¨´¨É¥§¨³ ²Ó´µ£µ
Ê£²  ±·ÊÎ¥´¨Ö ¶µ²Ö Ê¶·Ê£¨Ì ¸³¥Ð¥´¨° ¢µ±·Ê£ ¶µ²Ö·´µ° µ¸¨. ‚ ¸Ë¥·¨Î¥¸±µ°
¸¨¸É¥³¥ ±µµ·¤¨´ É ±µ³¶µ´¥´ÉÒ Éµ·µ¨¤ ²Ó´µ£µ ¶µ²Ö Ê¶·Ê£¨Ì ¸³¥Ð¥´¨° ¨³¥ÕÉ
¢¨¤

ξr = 0, ξθ = 0, ξφ = −Nt rL (1− µ2)1/2 dPL(µ)

dµ
. (2.71)

ƒ· ´¨Î´µ¥ Ê¸²µ¢¨¥, Ë¨±¸¨·ÊÕÐ¥¥ ¶·µ¨§¢µ²Ó´ÊÕ ±µ´¸É ´ÉÊ Nt:

δV(r, t)
∣∣∣
r=R

= [Ω0 × r] , Ω0 = α̇L(t) gradPL(µ) → Nt =
1

RL−1
.

(2.72)
�¸É ´µ¢¨³¸Ö ¶µ¤·µ¡´¥¥ ´  ¸²ÊÎ ¥ ±¢ ¤·Ê¶µ²Ó´ÒÌ Éµ·¸¨µ´´ÒÌ ±µ²¥¡ ´¨°.
Šµ³¶µ´¥´ÉÒ ¶µ²Ö ¸±µ·µ¸É¨ ÔÉ¨Ì ¤¢¨¦¥´¨° ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨: δVx =
−Ωzy, δVy = Ωzx, δVz = 0. ”µ·³ ²Ó´µ ÔÉµ ¶µ²¥ ¸µ¢¶ ¤ ¥É ¶µ ¢¨¤Ê ¸
¶µ²¥³ ¸±µ·µ¸É¨ É¢¥·¤µÉ¥²Ó´µ£µ ¢· Ð¥´¨Ö. �¤´ ±µ ¶·¨ ±¢ ¤·Ê¶µ²Ó´µ³ ±·Ê-
Î¥´¨¨ Ê£²µ¢ Ö ¸±µ·µ¸ÉÓ Ω ´¥ Ö¢²Ö¥É¸Ö ¶µ¸ÉµÖ´´Ò³ ¢¥±Éµ·µ³,   ¶·¥¤¸É ¢²Ö¥É
¸µ¡µ° ¢¥±Éµ·´µ¥ ¶µ²¥ ¸ ±µ³¶µ´¥´É ³¨ Ωx = 0, Ωy = 0, Ωz = α̇z. „¥-
± ·Éµ¢Ò ±µ³¶µ´¥´ÉÒ Éµ·µ¨¤ ²Ó´µ£µ ¶µ²Ö ±¢ ¤·Ê¶µ²Ó´µ£µ ±·ÊÎ¥´¨Ö: ξx =
−y z, ξy = x z, ξz = 0. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ É ±¨³ ¸³¥Ð¥´¨Ö³ ±µ²¥¡ É¥²Ó´Ò¥
¤¢¨¦¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ°  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´Ò¥ µ¸Í¨²²ÖÍ¨¨ ¢µ±·Ê£
µ¸¨ z ¢ ¶·µÉ¨¢µË §¥ ¸¥¢¥·´µ£µ ¨ Õ¦´µ£µ ¶µ²ÊÏ ·¨° §¢¥§¤Ò. ‘Ì¥³ É¨Î¥¸± Ö
± ·É¨´  Ê¶·Ê£¨Ì ¸³¥Ð¥´¨° ¶·¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ-¢· Ð É¥²Ó´ÒÌ ±¢ ¤·Ê¶µ²Ó-
´ÒÌ ¨ µ±ÉÊ¶µ²Ó´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨ÖÌ ´¥°É·µ´´µ° §¢¥§¤Ò ¨§µ¡· ¦¥´ 
´  ·¨¸.5.

�µ¤¸É ¢²ÖÖ (2.71) ¢ (2.45) ¨ ¨´É¥£·¨·ÊÖ ¶µ ¶µ²´µ³Ê É¥²¥¸´µ³Ê Ê£²Ê, ´ -
Ìµ¤¨³

ML = 4πN2
t

L(L+ 1)

(2L+ 1)

∫ R0

0

ρ0(r) r
2L+2dr,

KL = 4πN2
t L(L2 − 1)

∫ R0

0

P0(r) r
2L dr.

(2.73)

‘´µ¢  ¶µ¤Î¥·±´¥³, ÎÉµ É ±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¶µ§¢µ²Ö¥É · ¸¸Î¨É ÉÓ Î ¸ÉµÉÊ
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�¨¸. 5. ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ Éµ·¸¨µ´´ÒÌ ±¢ ¤·Ê¶µ²Ó´ÒÌ (L=2) ¨ µ±ÉÊ¶µ²Ó´ÒÌ
(L=3) ´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨° ´¥°É·µ´´µ° §¢¥§¤Ò

t-³µ¤Ò

ωt =


(2L+ 1)(L− 1)

R0∫
0

P0(r) r
2L dr

R0∫
0

ρ0(r) r2L+2 dr


1/2

(2.74)

´  µ¸´µ¢¥ ¶·µË¨²¥° ¶²µÉ´µ¸É¨ ¨ ¤ ¢²¥´¨Ö, § ¨³¸É¢µ¢ ´´ÒÌ ¨§ ·¥ ²¨¸É¨Î¥-
¸±¨Ì ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤∗.

‚ÒÎ¨¸²¥´¨Ö ³ ¸¸µ¢µ£µ ¶ · ³¥É·  ¨ ¶ · ³¥É·  ¦¥¸É±µ¸É¨ ¢ ¸É ´¤ ·É´µ°
³µ¤¥²¨ ´¥°É·µ´´µ° §¢¥§¤Ò ¤ ÕÉ:

ML = 3MR2
0

L(L+ 1)

(2L+ 1)(2L+ 3)
,

∗‚ ³µ¤¥²¨ µ¤´µ·µ¤´µ° ³ ¸¸Ò ¨¤¥ ²Ó´µ Ê¶·Ê£µ° ³ É¥·¨¨ ¸ ¤ ¢²¥´¨¥³

P0 =
2π

3
Gρ2

0(R2 − r2) (2.75)

¨§²µ¦¥´´Ò° ¢ÒÏ¥ Ô´¥·£¥É¨Î¥¸±¨° ¢ ·¨ Í¨µ´´Ò° ¶·¨´Í¨¶ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ
¤²Ö Î ¸ÉµÉÒ t-³µ¤Ò [62]:

ω2
t = ω2

G(L− 1), ω2
G = GM/R3, (2.76)

£¤¥ ωG Ä ËÊ´¤ ³¥´É ²Ó´ Ö ¥¤¨´¨Í  Î ¸ÉµÉÒ £· ¢¨É Í¨µ´´ÒÌ ±µ²¥¡ ´¨° ¢ µ¤´µ·µ¤´ÒÌ ³µ¤¥²ÖÌ.
‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ Éµ·¸¨µ´´Ò¥ £· ¢¨É Í¨µ´´Ò¥ ±µ²¥¡ ´¨Ö §¢¥§¤ ¨§ÊÎ ²¨¸Ó · ´¥¥ ¢ · ¡µÉ Ì
[87, 88], ¢ ±µÉµ·ÒÌ ¢¶¥·¢Ò¥ ¡Ò²  ¸Ëµ·³Ê²¨·µ¢ ´  ¶·µ¡²¥³  ¤¨¸±·¥É´µ£µ ¸¶¥±É·  Î ¸ÉµÉ ÔÉ¨Ì
±µ²¥¡ ´¨°. ‚ [62] ¡Ò²µ ¢¶¥·¢Ò¥ ¶µ± § ´µ, ÎÉµ ¶·¨³¥´¥´¨¥ ¢ ·¨ Í¨µ´´µ£µ ¶·¨´Í¨¶  �Ô²¥Ö ±
Ê· ¢´¥´¨Ö³ Ô² ¸Éµ¤¨´ ³¨±¨ ¶µ§¢µ²Ö¥É  ´ ²¨É¨Î¥¸±¨ · ¸cÎ¨É ÉÓ ¤¨¸±·¥É´Ò° ¸¶¥±É· Éµ·¸¨µ´´ÒÌ
±µ²¥¡ ´¨° (¸³. É ±¦¥ [83, 99, 115]).
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KL = 2EN
L(L2 − 1)

(2L+ 1)
− 5

2
EG

L(L2 − 1)

(2L+ 3)
. (2.77)

�·¨ L = 1 ³ ¸¸µ¢Ò° ¶ · ³¥É· ¸µ¢¶ ¤ ¥É ¸ ³µ³¥´Éµ³ ¨´¥·Í¨¨  ¡¸µ²ÕÉ´µ
É¢¥·¤µ£µ Ï ·  J0 = (2/5)MR2

0. ˆ§ ¢Ò· ¦¥´¨Ö ¤²Ö ¦¥¸É±µ¸É¨ Ö¢´µ ¸²¥¤Ê¥É,
ÎÉµ ¤¨¶µ²Ó´µ¥ ±·ÊÉ¨²Ó´µ¥ ¢µ§¡Ê¦¤¥´¨¥ ´¥ Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ° ³µ¤µ° Éµ·¸¨-
µ´´ÒÌ ±µ²¥¡ ´¨° ´¥°É·µ´´µ° §¢¥§¤Ò (¶µ¸±µ²Ó±Ê ¢ ÔÉµ³ ¸²ÊÎ ¥ ±µÔËË¨Í¨¥´É
¦¥¸É±µ¸É¨ µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó),   ¸µµÉ¢¥É¸É¢Ê¥É É¢¥·¤µÉ¥²Ó´µ³Ê ¢· Ð¥´¨Õ.
’ ±¨³ µ¡· §µ³, ³Ò ¶·¨Ìµ¤¨³ ± § ±²ÕÎ¥´¨Õ, ÎÉµ ³Ê²ÓÉ¨¶µ²Ó´µ¸ÉÓ ´¨¦ °-
Ï¥° Ê¸Éµ°Î¨¢µ° Éµ·¸¨µ´´µ° ³µ¤Ò L = 2. ‚ ¸É ´¤ ·É´µ° ³µ¤¥²¨ Î ¸ÉµÉ 
t-³µ¤Ò £²µ¡ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ´¥°É·µ´-
´µ° §¢¥§¤Ò ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³:

ω2
t =

1

2
ω2

0(2L+ 3)(L− 1)

[
1− Γ

5 (2L+ 1)

4(2L+ 3)

]
, (2.78)

£¤¥ ω0 ¨ Γ ¡Ò²¨ µ¶·¥¤¥²¥´Ò ¢ÒÏ¥ (¸³. Ê· ¢´¥´¨¥ (2.67)). �¥°É·µ´´ Ö §¢¥§¤ 
µ¸É ¥É¸Ö Ê¸Éµ°Î¨¢µ° µÉ´µ¸¨É¥²Ó´µ ±¢ ¤·Ê¶µ²Ó´µ° ±·ÊÉ¨²Ó´µ° ¤¥Ëµ·³ Í¨¨
Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ±µ£¤ 

ωt(L = 2) ≥ 0 ¨²¨ Γ ≤ 1, 15. (2.79)

�·¨¢¥¤¥³ ¥Ð¥ µ¤´µ Ô±¢¨¢ ²¥´É´µ¥ ¶·¥¤¸É ¢²¥´¨¥ Ëµ·³Ê²Ò (2.78):

ω2
t = ω2

F

1

5
(2L+ 3)(L− 1)− ω2

G(2L+ 1)(L− 1) =

= ω2
F

1

5
(2L+ 3)(L− 1)

[
1− β 5(2L+ 1)

2(2L+ 3)

]
, (2.80)

£¤¥ Ë¥·³¨¥¢¸± Ö Î ¸ÉµÉ  ωF , £· ¢¨É Í¨µ´´ Ö Î ¸ÉµÉ  ωG ¨ ¶ · ³¥É· ¢¨¡· -
Í¨µ´´µ° Ê¸Éµ°Î¨¢µ¸É¨ β ¡Ò²¨ µ¶·¥¤¥²¥´Ò ¢ÒÏ¥. ‚ (2.80) ¶¥·¢µ¥ ¸² £ ¥³µ¥
ÉµÎ´µ ¸µ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö Î ¸ÉµÉÒ Ö¤¥·´ÒÌ ³ £´¨É´ÒÌ £¨£ ´É¸±¨Ì
·¥§µ´ ´¸µ¢, ±µÉµ·Ò¥ ¢ Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¥ [56] µ¶¨¸Ò¢ ÕÉ¸Ö ¢ É¥·³¨´ Ì
±¢ §¨¸É É¨Î¥¸±¨Ì Éµ·¸¨µ´´ÒÌ ¢µ²´, ¢µ§¡Ê¦¤ ¥³ÒÌ ¢ µ¡Ñ¥³¥ Ö¤· , ³µ¤¥²¨·Ê-
¥³µ£µ ³ ±·µÎ ¸É¨Í¥° Ö¤¥·´µ° ³ É¥·¨¨. �É³¥Î¥´´ Ö  ´ ²µ£¨Ö ¥Ð¥ · § ¸¢¨¤¥-
É¥²Ó¸É¢Ê¥É µ ¸Ìµ¤¸É¢¥ ´¥°É·µ´´µ° §¢¥§¤Ò ¸ ¥¥ ³¨±·µ¸±µ¶¨Î¥¸±¨³ ¤¢µ°´¨±µ³
Å  Éµ³´Ò³ Ö¤·µ³. …Ð¥ · § ¶µ¤Î¥·±´¥³, ÎÉµ Éµ·¸¨µ´´Ò¥ (¤¨ËË¥·¥´Í¨ ²Ó´µ-
¢· Ð É¥²Ó´Ò¥) ±µ²¥¡ ´¨Ö ´¥°É·µ´´µ° §¢¥§¤Ò µ¡Ê¸²µ¢²¥´Ò ¨¸±²ÕÎ¨É¥²Ó´µ
¤¨´ ³¨Î¥¸±µ° Ê¶·Ê£µ¸ÉÓÕ ¢Ò·µ¦¤¥´´µ£µ Ë¥·³¨-±µ´É¨´ÊÊ³ . ‚ £ §µ¢µ° ¸·¥¤¥
§¢¥§¤ £² ¢´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨, µ¶¨¸Ò¢ ¥³µ° Ê· ¢´¥´¨Ö³¨ £¨¤·µ¤¨´ ³¨±¨,
É ±¨¥ ³µ¤Ò ´¥ ¢µ§´¨± ÕÉ.

‚ É ¡². 2 ¨ 3 ¶·¨¢¥¤¥´Ò Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¶¥·¨µ¤µ¢ £²µ¡ ²Ó´ÒÌ ´¥-
· ¤¨ ²Ó´ÒÌ Éµ·¸¨µ´´ÒÌ ¶Ê²Ó¸ Í¨° ´¥°É·µ´´µ° §¢¥§¤Ò ¤²Ö É·¥Ì ´¨¦ °Ï¨Ì
³Ê²ÓÉ¨¶µ²Ó´µ¸É¥°, · ¸¸Î¨É ´´Ò¥ ± ± ¢ ¸É ´¤ ·É´µ°, É ± ¨ ¢ ·¥ ²¨¸É¨Î¥¸±¨Ì
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´¥µ¤´µ·µ¤´ÒÌ ³µ¤¥²ÖÌ. Š ± ¢¨¤´µ ¨§ ¸· ¢´¥´¨Ö Î¨¸²¥´´ÒÌ §´ Î¥´¨°, ¶·¨-
¢¥¤¥´´ÒÌ ¢ ÔÉ¨Ì É ¡²¨Í Ì, µÍ¥´±¨ ¸É ´¤ ·É´µ° ³µ¤¥²¨ µ¶·¥¤¥²ÖÕÉ ´¨¦´ÕÕ
£· ´¨ÍÊ ¶¥·¨µ¤µ¢ Éµ·¸¨µ´´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨°. ‘· ¢´¥´¨¥
Î¨¸²¥´´ÒÌ §´ Î¥´¨° ¶¥·¨µ¤µ¢ ´¨¦ °Ï¨Ì ±·ÊÉ¨²Ó´ÒÌ ³µ¤ ¸ ¶¥·¨µ¤ ³¨ ¸Ë¥-
·µ¨¤ ²Ó´ÒÌ ³µ¤ ¶µ± §Ò¢ ¥É, ÎÉµ ±·ÊÉ¨²Ó´Ò¥ ´¥· ¤¨ ²Ó´Ò¥ ±µ²¥¡ ´¨Ö § ³¥¤-
²¥´Ò ¶µ ¸· ¢´¥´¨Õ ¸µ ¸Ë¥·µ¨¤ ²Ó´Ò³¨. ‡ ³¥É¨³, ÎÉµ ·¥£¨¸É·¨·Ê¥³Ò° ¶¥-
·¨µ¤ ¶Ê²Ó¸ ·  Š· ¡ P = 33, 3 ³¸, ¶Ê²Ó¸ ·  ‚¥²  89,3 ³¸ ¨ ¶Ê²Ó¸ ·  ƒ¥³¨´£ 
273,1 ³¸. �¥·¨µ¤Ò ¢¸¥Ì ¨§¢¥¸É´ÒÌ ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¶Ê²Ó¸ ·µ¢ ²¥¦ É
¢ ¨´É¥·¢ ²¥ P ∼ 1, 6 ³¸ ÷ 4, 3 ¸, ¢ Éµ ¢·¥³Ö ± ± ´ Ï¨ µÍ¥´±¨ ¶¥·¨µ¤µ¢
£· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ³µ¤ ¤ ÕÉ P ∼ 0, 01 ÷ 0, 1 ¸. ˆ§ ÔÉµ£µ
¸· ¢´¥´¨Ö ¸²¥¤Ê¥É, ÎÉµ ´¥· ¤¨ ²Ó´Ò¥ £· ¢¨É Í¨µ´´Ò¥ ±µ²¥¡ ´¨Ö, É ± ¦¥, ± ±
¨ · ´¥¥ ¨§ÊÎ¥´´Ò¥ · ¤¨ ²Ó´Ò¥ ±µ²¥¡ ´¨Ö, ´¥ ¨³¥ÕÉ µÉ´µÏ¥´¨Ö ± ¶Ê²Ó¸¨-
·ÊÕÐ¥³Ê · ¤¨µ¨§²ÊÎ¥´¨Õ ´¥°É·µ´´ÒÌ §¢¥§¤. �¤´ ±µ ÔÉ¨ ±µ²¥¡ ´¨Ö ³µ£ÊÉ
¨³¥ÉÓ µÉ´µÏ¥´¨¥ ± Éµ´±¨³ ¤¥É ²Ö³ ¸¶¥±É·µ¢ É ± ´ §Ò¢ ¥³ÒÌ ¸²µ¦´ÒÌ ¨²¨
C-¶Ê²Ó¸ ·µ¢ [7]. • · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¶µ¸²¥¤´¨Ì Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¸·¥¤-
´¨° ¶·µË¨²Ó ¨³¶Ê²Ó¸µ¢ ÔÉ¨Ì ¶Ê²Ó¸ ·µ¢ µ¡´ ·Ê¦¨¢ ¥É ¶µ¤¸É·Ê±ÉÊ·Ò, ¶·¨·µ¤ 
±µÉµ·ÒÌ ¶µ±  µ¸É ¥É¸Ö ´¥¢ÒÖ¸´¥´´µ°. ‚ Î ¸É´µ¸É¨, ´ ·Ö¤Ê ¸ Ìµ·µÏµ · ¸¶µ-
§´ ¢ ¥³Ò³ ¨´É¥·¨³¶Ê²Ó¸µ³, ²µ± ²¨§µ¢ ´´Ò³ ¶·¨¡²¨§¨É¥²Ó´µ ³¥¦¤Ê ¶¨± ³¨
µ¸´µ¢´ÒÌ ¨³¶Ê²Ó¸µ¢, Ö¸´µ µÉ¸²¥¦¨¢ ÕÉ¸Ö ¸É·Ê±ÉÊ·Ò, ´ §Ò¢ ¥³Ò¥ ¸Ê¡¨³¶Ê²Ó-
¸ ³¨, ¸ ¶¥·¨µ¤¨Î´µ¸ÉÓÕ ¶µ·Ö¤±  10−4 ¸ [7, 13]. Š ± ¢¨¤´µ ¨§ ·¥§Ê²ÓÉ Éµ¢
· ¸Î¥Éµ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ É ¡². 2 ¨ 3, ¶¥·¨µ¤Ò ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨°
µ± §Ò¢ ÕÉ¸Ö Éµ£µ ¦¥ ¶µ·Ö¤± . �µÔÉµ³Ê, ± ± ¢¶¥·¢Ò¥ ¡Ò²µ µÉ³¥Î¥´µ ¢ [111],
¢ ·¨ Í¨¨ ¨´É¥´¸¨¢´µ¸É¨ · ¤¨µ¨§²ÊÎ¥´¨Ö, ·¥£¨¸É·¨·Ê¥³Ò¥ ´  ¢·¥³¥´´µ³ ¨´-
É¥·¢ ²¥ ³¨±·µ¨³¶Ê²Ó¸µ¢, ³µ£ÊÉ ¡ÒÉÓ ¶·¨¶¨¸ ´Ò µ¸É ÉµÎ´Ò³ £· ¢¨É Í¨µ´´Ò³
±µ²¥¡ ´¨Ö³ ´¥°É·µ´´ÒÌ §¢¥§¤ [111Å115].

3. �…��„ˆ�‹œ�›… Š�‹…���ˆŸ ‚ ƒˆ„��„ˆ��Œˆ—…‘Š�‰
Œ�„…‹ˆ: f -Œ�„� Š…‹œ‚ˆ��

—Éµ¡Ò ¶·µ¸²¥¤¨ÉÓ · §²¨Î¨Ö ³¥¦¤Ê Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ° ¨ £¨¤·µ¤¨´ ³¨-
Î¥¸±µ° É· ±Éµ¢± ³¨ ¤¢¨¦¥´¨° Ö¤¥·´µ° ³ É¥·¨¨ ´¥°É·µ´´ÒÌ §¢¥§¤, ¶·¨¢¥¤¥³
¢Ò¢µ¤ ¸¶¥±É·  ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ¸Ë¥·¨Î¥¸±µ° µ¤´µ·µ¤´µ° ³ ¸¸Ò ´¥-
¸¦¨³ ¥³µ° ´¥¢Ö§±µ° ¦¨¤±µ¸É¨, ¨¸¶µ²Ó§ÊÖ ¨§²µ¦¥´´Ò° ¢ÒÏ¥ ¢ ·¨ Í¨µ´´Ò°
³¥Éµ¤. „¢¨¦¥´¨Ö ´¥¢Ö§±µ° ¦¨¤±µ¸É¨ ¢ ¶µ²¥ ¸µ¡¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö µ¶¨¸Ò¢ -
ÕÉ¸Ö Ê· ¢´¥´¨Ö³¨

dρ

dt
+ ρ

∂Vi

∂xi
= 0, (3.1)

ρ
dVi

dt
+
∂Pik

∂xk
+ ρ

∂U

∂xi
= 0, Pik = Pδik, (3.2)

∆U = 4πGρ. (3.3)
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ƒ² ¢´Ò³ µÉ²¨Î¨É¥²Ó´Ò³ ¶·¨§´ ±µ³ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö µÉ Ô² -
¸Éµ¤¨´ ³¨Î¥¸±µ£µ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ · ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥´¨° ¢
¦¨¤±µ¸É¨ ¨§µÉ·µ¶´µ, ¶µÔÉµ³Ê µ´µ µ¶¨¸Ò¢ ¥É¸Ö ¸± ²Ö·´µ° ËÊ´±Í¨¥° ¤ ¢²¥-
´¨Ö P ,   ´¥ É¥´§µ·µ³, ± ± ¢ ¸²ÊÎ ¥ Ê¶·Ê£µ£µ ±µ´É¨´ÊÊ³  (É.¥., ¢ ¦¨¤±µ¸É¨
¢¸¥£¤  Pij = Pδij). • · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¤¨´ ³¨Î¥¸±µ£µ ¶µ¢¥¤¥´¨Ö
¦¨¤±µ¸É¨ Ö¢²Ö¥É¸Ö ¸µÌ· ´¥´¨¥ ÔÉµ£µ ¸¢µ°¸É¢  ¢ ¶·µÍ¥¸¸¥ · ¸¶·µ¸É· ´¥´¨Ö
¢µ§³ÊÐ¥´¨°. ˆ´ Î¥ £µ¢µ·Ö, ¢´¥Ï´¨¥ ¢µ§³ÊÐ¥´¨Ö ´¥ · §·ÊÏ ÕÉ ¨§µÉ·µ¶¨¨
· ¢´µ¢¥¸´ÒÌ ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥´¨°. �µÔÉµ³Ê ¶·¨ ²¨´¥ ·¨§ Í¨¨ Ê· ¢´¥´¨°
£¨¤·µ¤¨´ ³¨±¨ ¨¸¶µ²Ó§Ê¥É¸Ö § ³¥´ : Pij → (P + δP )δij , ¨ ¶·¨ ³ ²ÒÌ ¢µ§³Ê-
Ð¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¦¨¤±µ¸É¨ ¶µ¤Î¨´ÖÕÉ¸Ö ²¨´¥°´Ò³ Ê· ¢´¥´¨Ö³

∂δVi

∂xi
= 0, (3.4)

ρ0
∂δVi

∂t
+
∂δP

∂xi
+ ρ0

∂δU

∂xi
= 0, (3.5)

∆δU = 0. (3.6)

‘²¥¤ÊÖ ¨§²µ¦¥´´µ³Ê ¢ÒÏ¥ ¢ ·¨ Í¨µ´´µ³Ê ¶·¨´Í¨¶Ê, Ê³´µ¦¨³ ¸± ²Ö·´µ
²¨´¥ ·¨§µ¢ ´´µ¥ Ê· ¢´¥´¨¥ �°²¥·  (3.5) ´  δVi ¨ ¶·µ¨´É¥£·¨·Ê¥³ ·¥§Ê²ÓÉ É
¶µ µ¡Ñ¥³Ê §¢¥§¤Ò:

∂

∂t

∫
V

ρ0
δV 2

2
dτ +

∮
S

(δP + ρ0δU)δVidσi = 0. (3.7)

„ ²¥¥, ¨¸¶µ²Ó§ÊÖ ¶·µÍ¥¤Ê·Ê Ë ±Éµ·¨§ Í¨¨ �Ô²¥Ö, ¶µ²ÊÎ ¥³ ¸É ´¤ ·É´µ¥ Ê· ¢-
´¥´¨¥ ´µ·³ ²Ó´ÒÌ ±µ²¥¡ ´¨°:

MLα̈
2
L +KLα2

L = 0, (3.8)

£¤¥ ³ ¸¸µ¢Ò° ¶ · ³¥É·ML ¨ ¶ · ³¥É· ¦¥¸É±µ¸É¨ KL µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥-
´¨Ö³¨:

ML =

∫
V

ρ0ξi
Lξi

L dτ , KL =

∮
S

(
pL + ρ0φ

L
)
ξLi dσi. (3.9)

� ¸Î¥É Ë²Ê±ÉÊ Í¨° ¸±µ·µ¸É¨ δVi ¢µ§¡Ê¦¤ ¥³µ£µ ¶µÉµ±  ¨ ¶µÉ¥´Í¨ ²  ¸µ¡-
¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö δU ¶·µ¢µ¤¨É¸Ö ¶µ ¸Ì¥³¥, µ¶¨¸ ´´µ° ¢ ¶·¥¤Ò¤ÊÐ¥³ · §-
¤¥²¥. �¤´ ±µ ¢ · ¸¸³ É·¨¢ ¥³µ° £¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ ¶µ²¥ ¸³¥Ð¥´¨°
§ ¤ ¥É¸Ö ¶µÉ¥´Í¨ ²Ó´µ° ËÊ´±Í¨¥° ξLi = gradi ψ

L. ’ ±µ¥ ¶·¥¤¸É ¢²¥´¨¥ Ö¢²Ö-
¥É¸Ö ¸²¥¤¸É¢¨¥³ Éµ£µ, ÎÉµ ´¥§ ÉÊÌ ÕÐ¨¥ ¢µ§³ÊÐ¥´¨Ö ¢ ¦¨¤±µ¸É¨ · ¸¶·µ¸É· -
´ÖÕÉ¸Ö ¢ ¢¨¤¥ ¶·µ¤µ²Ó´ÒÌ §¢Ê±µ¢ÒÌ ¢µ²´. �µ¤¸É ¢²ÖÖ ÔÉµ ¶µ²¥ ¢ Ê· ¢´¥´¨¥
´¥¸¦¨³ ¥³µ¸É¨, ¶µ²ÊÎ ¥³

∆ψL = 0, ψL = N rLPL(µ). (3.10)
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Šµ´¸É ´É  NL Ë¨±¸¨·Ê¥É¸Ö Ìµ·µÏµ ¨§¢¥¸É´Ò³ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ �¥°³ ´ 

δVr(r
′) = ṙ′|r′=R′,(r=R), → N =

1

LRL−2
. (3.11)

�±µ´Î É¥²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶µ²Ö ¸³¥Ð¥´¨° ¶·¨ ¸Ë¥·µ¨¤ ²Ó´ÒÌ £¨¤·µ¤¨-
´ ³¨Î¥¸±¨Ì ±µ²¥¡ ´¨ÖÌ ¶·¨µ¡·¥É ¥É ¢¨¤:

ξL =
1

LRL−2
∇rL PL(µ). (3.12)

…¤¨´¸É¢¥´´µ° ´¥¨§¢¥¸É´µ° ¶¥·¥³¥´´µ° µ¸É ¥É¸Ö ¢ ·¨ Í¨Ö ¤ ¢²¥´¨Ö δP . „¥°-
¸É¢ÊÖ µ¶¥· Éµ·µ³ ¤¨¢¥·£¥´Í¨¨ ´  Ê· ¢´¥´¨¥ (3.5) ¨ ÊÎ¨ÉÒ¢ Ö (3.4) ¨ (3.6),
´ Ìµ¤¨³, ÎÉµ δP ¶µ¤Î¨´Ö¥É¸Ö Ê· ¢´¥´¨Õ ‹ ¶² ¸ , ±µÉµ·µ¥ ¤µ¶µ²´Ö¥É¸Ö Ê¸²µ-
¢¨¥³ µÉ¸ÊÉ¸É¢¨Ö ´ ¶·Ö¦¥´¨° ´  ¢¨¡·¨·ÊÕÐ¥° ¶µ¢¥·Ì´µ¸É¨:

∆δP = 0, P0(r
′) + δP (r′)|r′=R′,(r=R) = 0. (3.13)

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (3.13) ¨³¥¥É ¢¨¤:

δP = pL(r)αL(t), pL(r) =
4π

3RL−2
Gρ2

0 r
LPL. (3.14)

„²Ö ¨´¥·Í¨¨ ¨ ¦¥¸É±µ¸É¨ ´ Ìµ¤¨³ [62]:

ML =
4πρ0R

5

L(2L+ 1)
, KL =

32

3
π2Gρ2

0 R
5 (L − 1)

(2L+ 1)2
. (3.15)

‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³ Ìµ·µÏµ ¨§¢¥¸É´ÊÕ Ëµ·³Ê²Ê Š¥²Ó¢¨´  [62,84,86,89]:

(ωKL )2 = ω2
G

2L(L− 1)

2L+ 1
, ω2

G = GM/R3, (3.16)

Ì · ±É¥·¨§ÊÕÐÊÕ ¸µ¡¸É¢¥´´Ò¥ Î ¸ÉµÉÒ f -³µ¤Ò £· ¢¨É Í¨µ´´ÒÌ ´¥· ¤¨ ²Ó-
´ÒÌ ±µ²¥¡ ´¨° §¢¥§¤Ò, ³µ¤¥²¨·Ê¥³µ° ¸Ë¥·¨Î¥¸±¨-µ¤´µ·µ¤´µ° ¸ ³µ£· ¢¨É¨-
·ÊÕÐ¥° ³ ¸¸µ° ´¥¢Ö§±µ° ´¥¸¦¨³ ¥³µ° ¦¨¤±µ¸É¨. ”¨§¨Î¥¸±µ¥ ¸µ¤¥·¦ ´¨¥
¶µ²ÊÎ¥´´µ£µ ´ ³¨ ¢Ò· ¦¥´¨Ö (2.64) ¤²Ö ¸µ¡¸É¢¥´´ÒÌ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ³µ¤ ¸ -
³µ£· ¢¨É¨·ÊÕÐ¥£µ Ê¶·Ê£µ£µ Ï ·  ¢µ ³´µ£µ³  ´ ²µ£¨Î´µ Ëµ·³Ê²¥ Š¥²Ó¢¨´ 
(3.16). ‚ Î ¸É´µ¸É¨, ´¨¦ °Ï¥¥ ±µ²¥¡ ´¨¥ ¢ µ¡¥¨Ì ³µ¤¥²ÖÌ ¨³¥¥É ³Ê²ÓÉ¨-
¶µ²Ó´Ò° ¶µ·Ö¤µ± L = 2. �µ¤Î¥·±´¥³, ÎÉµ µÉ´µÏ¥´¨¥ Î ¸ÉµÉ s-³µ¤Ò ´¥· -
¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¸ ³µ£· ¢¨É¨·ÊÕÐ¥£µ Ê¶·Ê£µ£µ Ï ·  (2.64) ± Î ¸ÉµÉ ³
±¥²Ó¢¨´µ¢¸±µ° f -³µ¤Ò (3.16) ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¸Ë¥·¨Î¥¸±µ° ³ ¸¸Ò
´¥¸¦¨³ ¥³µ° ´¥¢Ö§±µ° ¦¨¤±µ¸É¨ ¶µ¤Î¨´Ö¥É¸Ö ´¥· ¢¥´¸É¢Ê:

ω2
s

(ωKL )2
=

(2L+ 1)

L
> 1, ¶·¨ L ≥ 2, (3.17)
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’ ¡²¨Í  4. — ¸ÉµÉÒ ±¢ ¤·Ê¶µ²Ó´µ° ω2, µ±ÉÊ¶µ²Ó´µ° ω3 ¨ £¥±¸ ¤¥± ¶µ²Ó´µ° ω4

´¥· ¤¨ ²Ó´ÒÌ ¸Ë¥·µ¨¤ ²Ó´ÒÌ £· ¢¨É Í¨µ´´ÒÌ ³µ¤ ¢ µ¤´µ·µ¤´µ° ³µ¤¥²¨ ´¥°É·µ´-
´µ° §¢¥§¤Ò. Œ ¸¸Ò M (¢ ¥¤¨´¨Í Ì ³ ¸¸Ò ‘µ²´Í  M� ) ¨ · ¤¨Ê¸Ò R ¢ÒÎ¨¸²¥´Ò
¶µ Ëµ·³Ê² ³ ¸É ´¤ ·É´µ° µ¤´µ·µ¤´µ° ³µ¤¥²¨ ´  µ¸´µ¢¥ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö ¤²Ö
Î¨¸Éµ ´¥°É·µ´´µ° ³ É¥·¨¨ ¸µ ¸·¥¤´¥° ¶²µÉ´µ¸ÉÓÕ ρ0, ¶·¥¤¸É ¢²¥´´µ° ¢ ¤µ²ÖÌ ´µ·-
³ ²Ó´µ° Ö¤¥·´µ° ¶²µÉ´µ¸É¨ ρN

� · ³¥É·Ò ³µ¤¥²¨ Ÿ¤¥·´ Ö Ô² ¸Éµ¤¨´ ³¨±  Š² ¸¸¨Î¥¸± Ö £¨¤·µ¤¨´ ³¨± 
ρ0/ρN M/M� R, ω2, ω3, ω4, ω2, ω3, ω4,

±³ 104c−1 104c−1 104c−1 104 c−1 104 c−1 104 c−1

1,0 1,00 11,90 1,48 2,11 2,60 0,79 1,16 1,44
1,2 1,09 11,54 1,62 2,32 2,85 0,87 1,27 1,58
1,4 1,18 11,25 1,75 2,50 3,08 0,94 1,37 1,71
1,6 1,26 11,00 1,87 2,68 3,29 1,00 1,47 1,83
1,8 1,34 10,79 1,99 2,84 3,49 1,06 1,55 1,94
2,0 1,41 10,60 2,09 2,99 3,68 1,12 1,64 2,04
2,2 1,48 10,43 2,20 3,14 3,86 1,17 1,72 2,14
2,4 1,54 10,28 2,29 3,28 4,03 1,23 1,79 2,24
2,6 1,60 10,15 2,39 3,41 4,20 1,28 1,87 2,33
2,8 1,67 10,02 2,48 3,54 4,36 1,32 1,94 2,42
3,0 1,72 9,91 2,56 3,66 4,51 1,37 2,01 2,50

¨§ ±µÉµ·µ£µ ¸²¥¤Ê¥É, ÎÉµ ωs →
√

2ωKL ¶·¨ L→∞. ’ ±¨³ µ¡· §µ³, ¶·¨ µ¤¨-
´ ±µ¢ÒÌ L ¨ ρ0 Î ¸ÉµÉÒ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¸ ³µ£· ¢¨-
É¨·ÊÕÐ¥£µ Ê¶·Ê£µ£µ Ï ·  ¢¸¥£¤  ¢ÒÏ¥ Î ¸ÉµÉ ´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´ÒÌ
±µ²¥¡ ´¨° ¸Ë¥·¨Î¥¸±µ° ³ ¸¸Ò ¦¨¤±µ¸É¨. „²Ö ¸· ¢´¥´¨Ö ¢ É ¡². 4 ¶·¨¢¥¤¥´Ò
Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö Î ¸ÉµÉ, ¶µ²ÊÎ¥´´ÒÌ ¢ · ³± Ì Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¨
(2.67) ¨ ±² ¸¸¨Î¥¸±µ° £¨¤·µ¤¨´ ³¨±¨ (3.16). ‚¨¤´µ, ÎÉµ µ¡  ¶µ¤Ìµ¤  ¢Ò-
Ö¢²ÖÕÉ µ¤¨´ ±µ¢Ò° Ì · ±É¥· ·µ¸É  Î ¸ÉµÉÒ ¸ Ê¢¥²¨Î¥´¨¥³ ³Ê²ÓÉ¨¶µ²Ó´µ£µ
¶µ·Ö¤±  ±µ²¥¡ ´¨Ö (¶¥·¨µ¤Ò ³¥´ÖÕÉ¸Ö ¶·¨ ÔÉµ³ ¶·¨¡²¨§¨É¥²Ó´µ ¶µ § ±µ´Ê
PL ∼ 1/L) Å Î¥³ ³ ¸¸¨¢´¥¥ §¢¥§¤ , É¥³ ¢ÒÏ¥ Î ¸ÉµÉÒ £· ¢¨É Í¨µ´´ÒÌ ±µ-
²¥¡ ´¨° (¶¥·¨µ¤Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ±µ·µÎ¥).

�·¨²¨¢´Ò¥ ±µ²¥¡ ´¨Ö. ‘µ¢·¥³¥´´Ò¥ Ô¢µ²ÕÍ¨µ´´Ò¥ · ¸Î¥ÉÒ, µ¸´µ-
¢ ´´Ò¥ ´  ·¥ ²¨¸É¨Î¥¸±¨Ì Ê· ¢´¥´¨ÖÌ ¸µ¸ÉµÖ´¨Ö, Ö¢´µ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ
¸É· É¨Ë¨Í¨·µ¢ ´´µ³ Ì · ±É¥·¥ · ¸¶·¥¤¥²¥´¨Ö  ¤·µ´´µ£µ ¢¥Ð¥¸É¢  ¢ ´¥¤· Ì
´¥°É·µ´´ÒÌ §¢¥§¤. �²µÉ´µ¸ÉÓ ¢´ÊÉ·¥´´¥° µ¡² ¸É¨ ¶·¨¡²¨§¨É¥²Ó´µ ´  É·¨ ¶µ-
·Ö¤±  ¢ÒÏ¥, Î¥³ ¶¥·¨Ë¥·¨°´µ°. �µÔÉµ³Ê ¢µ§³ÊÐ¥´¨Ö, ¨´¤ÊÍ¨·µ¢ ´´Ò¥, ´ -
¶·¨³¥·, µ¸É ÉµÎ´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¢¥Ð¥¸É¢  ¶µ¸²¥ ¢§·Ò¢  ¸¢¥·Ì´µ¢µ°, ¢¥-
·µÖÉ´¥¥ ¢¸¥£µ, ¡Ê¤ÊÉ ¸µÌ· ´ÖÉÓ¸Ö Éµ²Ó±µ ¢ ¶¥·¨Ë¥·¨°´µ³ ¸²µ¥ §¢¥§¤Ò. ‚ ÔÉµ°
¸¢Ö§¨ ³µ¦´µ ¶µ¸É ¢¨ÉÓ ¢µ¶·µ¸ µ Éµ³, ´ ¸±µ²Ó±µ Î ¸ÉµÉÒ ±µ²¥¡ ´¨° ¶µ¢¥·Ì-
´µ¸É´µ£µ ¸²µÖ µÉ²¨Î ÕÉ¸Ö µÉ Î ¸ÉµÉ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¢¸¥£µ µ¡Ñ¥³ 
´¥°É·µ´´µ° §¢¥§¤Ò. ’ ± Ö ³µ¤¥²Ó ³µ¦¥É µ± § ÉÓ¸Ö ¶µ²¥§´µ° ¶·¨ ¤ ²Ó´¥°-
Ï¥³ ¨§ÊÎ¥´¨¨ ¶·¨²¨¢´ÒÌ ±µ²¥¡ ´¨° ¢ ´¥°É·µ´´µ° §¢¥§¤¥, ±µÉµ· Ö Ö¢²Ö¥É¸Ö
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µ¡Ñ¥±Éµ³ ¤¢µ°´µ° ¸¨¸É¥³Ò,   ¶·¨²¨¢Ò ¢Ò§Ò¢ ÕÉ¸Ö µ·¡¨É ²Ó´Ò³ ¤¢¨¦¥´¨¥³
³ ¸¸¨¢´µ£µ ±µ³¶ ´Óµ´ . �¨¦¥ ³Ò ¶·¨¢µ¤¨³ ¢ÒÎ¨¸²¥´¨Ö ¸µ¡¸É¢¥´´ÒÌ ³µ¤
¸Ë¥·µ¨¤ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¶µ¢¥·Ì´µ¸É´µ£µ ¸²µÖ ¢ · ³± Ì £¨¤·µ¤¨´ ³¨Î¥¸±µ°
É¥µ·¨¨.

� ¢´µ¢¥¸´Ò¥ ¶ · ³¥É·Ò ³µ¤¥²¨. ‚ ³µ¤¥²¨ ¤¨´ ³¨Î¥¸±µ£µ ¸²µÖ ¸É· É¨-
Ë¨Í¨·µ¢ ´´ Ö ¸É·Ê±ÉÊ·  ´¥°É·µ´´µ° §¢¥§¤Ò É· ±ÉÊ¥É¸Ö Ê¶·µÐ¥´´µ ± ± ¦¥¸É-
±¨° ¨´¥·É´Ò° ±µ· ¶²µÉ´µ¸É¨ ρc, µ±·Ê¦¥´´Ò° ¤¨´ ³¨Î¥¸±¨³ ¸²µ¥³ ¶²µÉ´µ¸É¨
ρ ≤ ρc. �¨¦¥ · ¤¨Ê¸Ò ±µ·  ¨ ¢¸¥° §¢¥§¤Ò µ¡µ§´ Î¥´Ò Rc ¨ R ¸µµÉ¢¥É¸É¢¥´´µ;
∆R = R−Rc Å £²Ê¡¨´  ¢´¥Ï´¥° µ¡µ²µÎ±¨.

‚ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ³µ¤¥²¨ · ¸¶·¥¤¥²¥´¨¥ ´ÓÕÉµ´µ¢¸±µ° £· ¢¨-
É Í¨¨ ¢ §¢¥§¤¥ µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨Ö³¨

∆U1 = 4πGρc, r < Rc, (3.18)

∆U = 4πGρ, Rc < r < R, (3.19)

∆U2 = 0, r > R. (3.20)

ˆ¸¶µ²Ó§ÊÖ ¸É ´¤ ·É´Ò¥ £· ´¨Î´Ò¥ Ê¸²µ¢¨Ö

U1 = U |r=Rc , U = U2|r=R, (3.21)

dU1

dr
=
dU

dr

∣∣∣
r=Rc

,
dU

dr
=
dU2

dr

∣∣∣
r=R

, (3.22)

´ Ìµ¤¨³

U =
2π

3
Gρ

(
r2 − 3R2 +

2R3
c

r

)
− 4π

3
Gρc

R3
c

r
. (3.23)

‹¥£±µ ¶·µ¢¥·¨ÉÓ, ÎÉµ ¢ ¶·¥¤¥²¥ Rc → 0 (¢³¥¸É¥ ¸ ρc → 0) ¨§ÊÎ ¥³ Ö ³µ-
¤¥²Ó ¢µ¸¶·µ¨§¢µ¤¨É ¶µÉ¥´Í¨ ² µ¤´µ·µ¤´µ° ³µ¤¥²¨. ‹µ± ²Ó´µ · ¢´µ¢¥¸´µ¥
¤ ¢²¥´¨¥ P ¢ ¶¥·¨Ë¥·¨°´µ³ ¸²µ¥ ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´µ ¨§ Ê· ¢´¥´¨Ö £¨-
¤·µ¸É É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö c £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ ¸¢µ¡µ¤´µ° µÉ ´ ÉÖ¦¥´¨°
¶µ¢¥·Ì´µ¸É¨:

∇P = −ρ∇U, P (R) = 0, (3.24)

£¤¥ U = U2 Å ¶µÉ¥´Í¨ ² ¢´ÊÉ·¨ ¢´¥Ï´¥£µ ¸²µÖ §¢¥§¤Ò. �¥Ï¥´¨¥ (3.24) ¨³¥¥É
¢¨¤

P (r) =
2π

3
Gρ2(R2 − r2) +

4π

3
G
R3
c

R
ρ(ρc − ρ)

R− r
r

. (3.25)

�É³¥É¨³ ¸´µ¢ , ÎÉµ ¶·¨ Rc = 0 ¶µ²ÊÎ ¥³ ¤ ¢²¥´¨¥ ¢ µ¤´µ·µ¤´µ° ³µ¤¥²¨.
�¥·¨µ¤Ò ¶·¨²¨¢´ÒÌ ±µ²¥¡ ´¨°. „²Ö ´ Ìµ¦¤¥´¨Ö ¸µ¡¸É¢¥´´ÒÌ ³µ¤ ´µ·-

³ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¶·¥¤¸É ¢¨³ Ë²Ê±ÉÊ¨·ÊÕÐ¨¥ ¶¥·¥³¥´´Ò¥ ¢ ¸¥¶ · ¡¥²Ó´µ°
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Ëµ·³¥:

δVi(r, t) = ξLi (r)α̇L(t), δP (r, t) = pL(r)αL(t), δU(r, t) = φL(r)αL(t).
(3.26)

�µ²¥ ³£´µ¢¥´´ÒÌ ¸³¥Ð¥´¨° ξL(r) ¶µ¤Î¨´Ö¥É¸Ö Ê· ¢´¥´¨Õ

div ξL = 0, (3.27)

·¥Ï¥´¨¥ ±µÉµ·µ£µ ¡Ê¤¥³ ¨¸± ÉÓ ¢ ¢¨¤¥ ¶µ²µ¨¤ ²Ó´µ£µ ¢¥±Éµ·´µ£µ ¶µ²Ö:

ξL = rot rot rχL, χL = [A1
L r

L +A2
L r
−L−1]PL(µ). (3.28)

„²Ö ´ Ìµ¦¤¥´¨Ö ±µ´¸É ´É, ¢Ìµ¤ÖÐ¨Ì ¢ ¢Ò· ¦¥´¨Ö ¤²Ö ¸±µ·µ¸É¨ ¶µÉµ±  ¶·¨
´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨ÖÌ ¶µ¢¥·Ì´µ¸É´µ£µ ¸²µÖ, ¢µ¸¶µ²Ó§Ê¥³¸Ö Ê¸²µ¢¨¥³ ´¥-
¶·µ´¨Í ¥³µ¸É¨ ±µ· 

δVr |r=Rc = 0, Ṙc = 0, (3.29)

µÉ· ¦ ÕÐ¨³ É ±¦¥ ¥£µ ¨´¥·É´µ¸ÉÓ. �  ¶µ¢¥·Ì´µ¸É¨ §¢¥§¤Ò ´ ±² ¤Ò¢ ¥³
¸É ´¤ ·É´µ¥ £· ´¨Î´µ¥ Ê¸²µ¢¨¥ �¥°³ ´ :

δVr |r=R = Ṙ(t) = R α̇L(t)PL(µ), R(t) = R(1 + αL(t)PL(µ)). (3.30)

ˆ§ (3.29) ¨ (3.30) ´ Ìµ¤¨³ Ö¢´Ò° ¢¨¤ ±µ´¸É ´É A1
L ¨ A2

L:

A1
L =

AL

L(L+ 1)
, A2

L = − AL

L(L+ 1)
R2L+1
c , AL =

RL+3

R2L+1 −R2L+1
c

. (3.31)

‘Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ ¶µ²Ö ³£´µ¢¥´´ÒÌ ¸³¥Ð¥´¨° ξL ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢
¢¨¤¥

ξr = AL
r2L+1 −R2L+1

c

rL+2
PL(µ), (3.32)

ξθ = − AL

L(L+ 1)

(L+ 1)r2L+1 + LR2L+1
c

rL+2
(1− µ2)1/2 dPL(µ)

dµ
, (3.33)

ξφ = 0. (3.34)

‚ ¨§ÊÎ ¥³µ³ ¸²ÊÎ ¥ ¢ ·¨ Í¨Ö ¶µÉ¥´Í¨ ²  φL ´  ¶µ¢¥·Ì´µ¸É¨ §¢¥§¤Ò ¤ ¥É¸Ö
µ¡Ð¨³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ‹ ¶² ¸  [65]:

φL = − 4π

2L+ 1
ρGR2

[
1 +

ρc − ρ
ρ

(
Rc

R

)L+3
]
PL(µ). (3.35)

„²Ö Ë²Ê±ÉÊ¨·ÊÕÐ¥£µ ¶µ¢¥·Ì´µ¸É´µ£µ ¤ ¢²¥´¨Ö ¨³¥¥³ [65]:

pL =
4π

3
ρ2GR2

[
1 +

ρc − ρ
ρ

(
Rc

R

)3
]
PL(µ). (3.36)
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� · ³¥É·Ò ¨´¥·Í¨¨ ¨ ¦¥¸É±µ¸É¨ ³ ²ÒÌ ±µ²¥¡ ´¨° µ¡µ²µÎ±¨ ´¥°É·µ´´µ°
§¢¥§¤Ò ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨:

ML =
4πρR5

L(2L+ 1)

[
1 +

2L+ 1

L+ 1

R2L+1
c

R2L+1 −R2L+1
c

]
, (3.37)

KL =
16π2G

3(2L+ 1)
ρ2R5

[
2(L− 1)

2L+ 1
+
ρc − ρ
ρ

(
Rc

R

)3
(

1− 3

2L+ 1

(
Rc

R

)L)]
.

(3.38)
�·¨¢¥¤¥³ Î¨¸²¥´´Ò¥ µÍ¥´±¨ ¸µ¡¸É¢¥´´ÒÌ Î ¸ÉµÉ ±µ²¥¡ ´¨° ¢´¥Ï´¥° µ¡µ-
²µÎ±¨ ¤²Ö É¨¶¨Î´µ° ´¥°É·µ´´µ° §¢¥§¤Ò · ¤¨Ê¸  R ≈ 10 ±³. ƒ²Ê¡¨´Ê ¶µ¢¥·Ì-
´µ¸É´µ° ±µ·Ò, ÊÎ ¸É¢ÊÕÐ¥° ¢ ±µ²¥¡ ´¨ÖÌ, ¶µ²µ¦¨³ · ¢´µ° ∆R ≈ 0, 5 ±³,
¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ¢´ÊÉ·¥´´¥£µ µ¸Éµ¢  ρc ≈ 2·1014 £·¸³−3,   ¢´¥Ï´¥£µ ¸²µÖ
ρ ≈ 4, 3·1011 £·¸³−3. ˆ§ (3.37) ¨ (3.38) ¶µ²ÊÎ ¥³ µÍ¥´±Ê ¶¥·¨µ¤µ¢ (¢ ¸¥±Ê´-
¤ Ì) ¶·¨²¨¢´ÒÌ ±µ²¥¡ ´¨°:

P1 = 7, 9 ·10−3, P2 = 1, 9 ·10−3, P3 = 1, 1 ·10−3, P4 = 0, 9 ·10−3.
(3.39)

�·¨³¥Î É¥²Ó´Ò³ ¸²¥¤¸É¢¨¥³ ´¥µ¤´µ·µ¤´µ° ¤¢ÊÌ±µ³¶µ´¥´É´µ° ³µ¤¥²¨ (¶·¨
Ê¸²µ¢¨¨, ÎÉµ ³ ¸¸¨¢´Ò° ±µ· µ¸É ¥É¸Ö ´¥¢µ§³ÊÐ¥´´Ò³) Ö¢²Ö¥É¸Ö ¢Ò¢µ¤ µ Éµ³,
ÎÉµ ´¨¦ °Ï Ö ³µ¤  µ± §Ò¢ ¥É¸Ö ¤¨¶µ²Ó´µ°. �¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ÉµÉ
Ë ±É, ÎÉµ  ¡¸µ²ÕÉ´Ò¥ §´ Î¥´¨Ö Î ¸ÉµÉ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¶¥·¨Ë¥·¨°-
´µ£µ ¸²µÖ ´¨¦¥, Î¥³ Î ¸ÉµÉÒ ¢ µ¤´µ·µ¤´µ° ³µ¤¥²¨ §¢¥§¤Ò. �²¨§µ¸ÉÓ ¶¥·¨µ¤µ¢
¶·¨²¨¢´ÒÌ ±µ²¥¡ ´¨° ± ¶¥·¨µ¤ ³ Ô²¥±É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö ¶Ê²Ó¸ ·µ¢
¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨²¨¢´Ò¥ £· ¢¨É Í¨µ´´Ò¥ Ë²Ê±ÉÊ Í¨¨ ¢¥Ð¥¸É¢  ¢ ¶¥·¨Ë¥-
·¨°´µ³ ¸²µ¥ ´¥°É·µ´´µ° §¢¥§¤Ò ³µ£ÊÉ µ± §Ò¢ ÉÓ ¢²¨Ö´¨¥ ´  ¥¥ Ô²¥±É·µ³ £-
´¨É´ÊÕ  ±É¨¢´µ¸ÉÓ.

�µ²ÊÎ¥´´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶µ§¢µ²ÖÕÉ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò-
¢µ¤Ò.

(i) �·¥¤¥²Ó´Ò° ¸²ÊÎ ° Rc → 0 ¸µµÉ¢¥É¸É¢Ê¥É ±µ²¥¡ ´¨Ö³ ¶µ²´µ° ³ ¸¸Ò
§¢¥§¤Ò:

ML =
4πρR5

L(2L+ 1)
, KL =

32

3
π2 ρ2GR5 (L− 1)

(2L+ 1)2
, (3.40)

¨ ³Ò ¸´µ¢  ¶·¨Ìµ¤¨³ ± ¸¶¥±É·Ê Š¥²Ó¢¨´ :

(ωKL )2 = ω2
G

2L(L− 1)

2L+ 1
, ω2

G =
4π

3
Gρ. (3.41)

(ii) ‚ ¶·¥¤¥²¥ ³ ²µ° £²Ê¡¨´Ò ∆R = R−Rc << Rc ¨³¥¥³

ω2
L = ω2

G

2L(L2 − 1)

2L+ 1

∆R

R
. (3.42)
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(iii) ‚ ¸²ÊÎ ¥, ±µ£¤  ρc = ρ:

ω2
L = ω2

G

2L(L− 1)

2L+ 1

[
1 +

2L+ 1

L+ 1

R2L+1
c

R2L+1 −R2L+1
c

]−1

. (3.43)

ˆ§ (3.43) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ µ¤´µ·µ¤´µ° ¶²µÉ´µ¸É¨ §¢¥§¤Ò Î ¸ÉµÉÒ ±µ²¥¡ -
´¨° ¶¥·¨Ë¥·¨°´µ£µ ¸²µÖ ±µ´¥Î´µ° £²Ê¡¨´Ò ´¨¦¥, Î¥³ Î ¸ÉµÉÒ ±µ²¥¡ ´¨°
¢¸¥° ³ ¸¸Ò. �·¥¤¸É ¢²¥´´µ¥ ¸· ¢´¥´¨¥ µ¤´µ·µ¤´µ° ¨ ´¥µ¤´µ·µ¤´µ° ³µ¤¥²¥°
´¥°É·µ´´µ° §¢¥§¤Ò ¶µ± §Ò¢ ¥É, ÎÉµ Ì · ±É¥·´Ò³ ¤¨´ ³¨Î¥¸±¨³ ¶·µÖ¢²¥´¨¥³
´¥µ¤´µ·µ¤´µcÉ¨ ¢ · ¤¨ ²Ó´µ³ · ¸¶·¥¤¥²¥´¨¨ ³ ¸¸Ò ¢¥Ð¥¸É¢  Ö¢²Ö¥É¸Ö ´ ²¨-
Î¨¥ ¢ ¸¶¥±É·¥ £· ¢¨É Í¨µ´´ÒÌ ±µ²¥¡ ´¨° §¢¥§¤Ò ¤¨¶µ²Ó´µ° f -³µ¤Ò, ±µÉµ· Ö
¶µÖ¢²Ö¥É¸Ö Éµ²Ó±µ ¡² £µ¤ ·Ö ´¥µ¤´µ·µ¤´µ¸É¨ ¶·µË¨²Ö ¶²µÉ´µ¸É¨ ¨ Ö¢²Ö¥É¸Ö
´¨¦ °Ï¥° Ê¸Éµ°Î¨¢µ° ³µ¤µ°. Š ± ¶µ± § ´µ ¢ [66], ¤ ´´Ò° ¢Ò¢µ¤ ´¥ § ¢¨-
¸¨É µÉ ±µ´±·¥É´µ£µ ¢¨¤  ´¥µ¤´µ·µ¤´µ¸É¨ ¶·µË¨²Ö ¶²µÉ´µ¸É¨. �Éµ ¶µ§¢µ²Ö¥É
§ ±²ÕÎ¨ÉÓ, ÎÉµ ¶·¨¸ÊÉ¸É¢¨¥ ¤¨¶µ²Ó´µ° ³µ¤Ò Ö¢²Ö¥É¸Ö £² ¢´µ° µÉ²¨Î¨É¥²Ó-
´µ° Î¥·Éµ° ´¥µ¤´µ·µ¤´µ° ¤¢ÊÌ±µ³¶µ´¥´É´µ° ³µ¤¥²¨ µÉ µ¤´µ·µ¤´µ° ³µ¤¥²¨
Š¥²Ó¢¨´ , ¢ ±µÉµ·µ° ´¨¦ °Ï¥° Ê¸Éµ°Î¨¢µ° ³µ¤µ° Ö¢²Ö¥É¸Ö ±¢ ¤·Ê¶µ²Ó´ Ö.

�¥§Õ³¨·ÊÖ ¶·µ¢¥¤¥´´µ¥ ¸· ¢´¥´¨¥ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ¨ Ô² ¸Éµ¤¨´ ³¨-
Î¥¸±µ£µ ¶µ¤Ìµ¤µ¢, µÉ³¥É¨³ ¸²¥¤ÊÕÐ¥¥. — ¸ÉµÉÒ, ¶·¥¤¸± §Ò¢ ¥³Ò¥ Ô² ¸Éµ¤¨-
´ ³¨Î¥¸±µ° ³µ¤¥²ÓÕ, ¶·¨¡²¨§¨É¥²Ó´µ ¢ 1,5Å2 · §  ¢ÒÏ¥ Î ¸ÉµÉ, ¶µ²ÊÎ¥´´ÒÌ
¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ³ ¶µ¤Ìµ¤¥. �Éµ · §²¨Î¨¥ ¨³¥¥É ¨¸±²ÕÎ¨É¥²Ó´µ ¤¨´ ³¨-
Î¥¸±µ¥ ¶·µ¨¸Ìµ¦¤¥´¨¥ ¨ µ¡Ê¸²µ¢²¥´µ É¥³, ÎÉµ ¢µ¸¸É ´ ¢²¨¢ ÕÐ Ö ¸¨²  ±µ²¥-
¡ ´¨° ¸Ë¥·¨Î¥¸±µ° ³ ¸¸Ò ¦¨¤±µ¸É¨ ¢ ¶µ²¥ ¸µ¡¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö µ¶·¥¤¥-
²Ö¥É¸Ö Éµ²Ó±µ ¶µ¢¥·Ì´µ¸É´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¶µ²Ö £· ¢¨É Í¨¨ ¨ £· ¢¨É Í¨-
µ´´µ£µ ¤ ¢²¥´¨Ö, ¢ Éµ ¢·¥³Ö ± ± ¢ Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ Ê¸Éµ°Î¨¢µ¸ÉÓ
· ¢´µ¢¥¸´µ° Ëµ·³Ò ´¥°É·µ´´µ° §¢¥§¤Ò ¨ ¢µ¸¸É ´ ¢²¨¢ ÕÐ Ö ¸¨²  ±µ²¥¡ -
´¨° µ¶·¥¤¥²ÖÕÉ¸Ö ¡ ² ´¸µ³ ¸¨² Ê¶·Ê£¨Ì ¤¥Ëµ·³ Í¨° ¢ ¢Ò·µ¦¤¥´´µ³ Ë¥·³¨-
±µ´É¨´ÊÊ³¥ ¨ ¸¨² ¸µ¡¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö. �Éµ  ¤¥±¢ É´µ µÉ· ¦ ¥É É¢¥·¤µ
Ê¸É ´µ¢²¥´´Ò° Ë ±É, ÎÉµ Ê¸Éµ°Î¨¢µ¸ÉÓ ´¥°É·µ´´µ° §¢¥§¤Ò µÉ´µ¸¨É¥²Ó´µ ¤¥-
Ëµ·³ Í¨° ³ ²µ°  ³¶²¨ÉÊ¤Ò (É ± ¦¥, ± ± ¨  ¡¸µ²ÕÉ´ Ö Ê¸Éµ°Î¨¢µ¸ÉÓ · ¢-
´µ¢¥¸´µ° ±µ´Ë¨£Ê· Í¨¨) µ¶·¥¤¥²Ö¥É¸Ö ±µ´±Ê·¥´Í¨¥° ³¥¦¤Ê ¤¥¸É·Ê±É¨¢´Ò³
¤ ¢²¥´¨¥³ £· ¢¨É Í¨µ´´µ£µ ¸¦ É¨Ö §¢¥§¤Ò ¨ ±µ´¸É·Ê±É¨¢´Ò³ ¤ ¢²¥´¨¥³ ¢Ò-
·µ¦¤¥´´µ° Ö¤¥·´µ° ³ É¥·¨¨, ¶·¥¶ÖÉ¸É¢ÊÕÐ¨³ ±µ²² ¶¸Ê §¢¥§¤Ò. �Éµ µ¤´ 
¨§ ¶·¨Î¨´ Éµ£µ, ¶µÎ¥³Ê Ô² ¸Éµ¤¨´ ³¨Î¥¸± Ö ³µ¤¥²Ó ±µ´É¨´Ê ²Ó´µ° ³¥Ì ´¨±¨
¶·¥¤¸É ¢²Ö¥É¸Ö ¡µ²¥¥ ¶· ¢¤µ¶µ¤µ¡´µ° ¨ ¶µ¤Ìµ¤ÖÐ¥° ¤²Ö µ¶¨¸ ´¨Ö ¸µ¡¸É¢¥´-
´ÒÌ ¤¢¨¦¥´¨° ¸ ³µ£· ¢¨É¨·ÊÕÐ¥° Ö¤¥·´µ° ³ É¥·¨¨, Î¥³ £¨¤·µ¤¨´ ³¨Î¥¸± Ö.
‚³¥¸É¥ ¸ É¥³ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ £¨¤·µ¤¨´ ³¨Î¥¸±¨¥ µÍ¥´±¨ ³µ£ÊÉ µ± § ÉÓ¸Ö
¶µ²¥§´Ò³¨ ¶·¨  ´ ²¨§¥ ¸¥°¸³µ²µ£¨¨ ±µ³¶ ±É´ÒÌ µ¡Ñ¥±Éµ¢.

‚ § ±²ÕÎ¥´¨¥ ³Ò ÌµÉ¥²¨ ¡Ò µÉ³¥É¨ÉÓ µ¤´µ ´ ¡²Õ¤¥´¨¥, ´¥¶µ¸·¥¤¸É¢¥´´µ
¸¢Ö§ ´´µ¥ ¸ Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ° É· ±Éµ¢±µ° ¤¢¨¦¥´¨Ö ³ É¥·¨¨ ¢ ´¥°É·µ´´ÒÌ
§¢¥§¤ Ì. „¢ÊÌ±µ³¶µ´¥´É´ Ö ³µ¤¥²Ó ´¥°É·µ´´µ° §¢¥§¤Ò (¦¥¸É± Ö ¶¥·¨Ë¥·¨°-
´ Ö µ¡µ²µÎ± , ¸µ¢¥·Ï ÕÐ Ö Ê¶·Ê£¨¥ ±µ²¥¡ ´¨Ö µÉ´µ¸¨É¥²Ó´µ ¡µ²¥¥ ¶²µÉ´µ£µ
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µ¸Éµ¢ ) ¶µ§¢µ²Ö¥É ¢§£²Ö´ÊÉÓ ´  ¸¡µ° ¢ · ¤¨µ¨§²ÊÎ¥´¨¨ ¶Ê²Ó¸ ·  ± ± ´  §¢¥§-
¤µÉ·Ö¸¥´¨¥, ¢Ò§¢ ´´µ¥ ¶·µÌµ¦¤¥´¨¥³ ±µ³¶ ´Óµ´µ³ ¶¥·¨ ¸É·  ¤¢µ°´µ° ¸¨-
¸É¥³Ò. ‚ É ±µ° ¸¨ÉÊ Í¨¨ ¶·¨²¨¢´µ¥ ¢µ§³ÊÐ¥´¨¥ ¶¥·¨Ë¥·¨°´µ° µ¡µ²µÎ±¨
´¥°É·µ´´µ° §¢¥§¤Ò, ¢Ò§¢ ´´µ¥ ¶·¨¡²¨¦¥´¨¥³ ±µ³¶ ´Óµ´ , ¤µ²¦´µ, ¢¥·µÖÉ-
´¥¥ ¢¸¥£µ, ¶·¨¢µ¤¨ÉÓ ± ¡Ò¸É·µ§ ÉÊÌ ÕÐ¨³ ´¥· ¤¨ ²Ó´Ò³ Éµ·¸¨µ´´Ò³ ±µ²¥¡ -
´¨Ö³ ¢´¥Ï´¥° ±µ·Ò µÉ´µ¸¨É¥²Ó´µ µ¸Éµ¢ . �¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ¶µ¢Éµ·ÖÕÐ¨¥¸Ö
¸¡µ¨ ¶Ê²Ó¸¨·ÊÕÐ¥£µ · ¤¨µ¨§²ÊÎ¥´¨Ö ´¥°É·µ´´ÒÌ §¢¥§¤ ± ± · § ¸¢¨¤¥É¥²Ó-
¸É¢ÊÕÉ µ Éµ³, ÎÉµ ÔÉ¨ ¶Ê²Ó¸ ·Ò Ö¢²ÖÕÉ¸Ö ±µ³¶µ´¥´É ³¨ ¤¢µ°´ÒÌ ¸¨¸É¥³.

4. Œ�ƒ�ˆ’��‹�‡Œ…��›… Š�‹…���ˆŸ �…‰’����›• ‡‚…‡„

ƒ¨´§¡Ê·£ [69] ¨ ‚µ²ÓÉÓ¥· [70] ¥Ð¥ ¤µ µÉ±·ÒÉ¨Ö ¶Ê²Ó¸ ·µ¢ ¶µ± § ²¨, ÎÉµ
Ë¨§¨Î¥¸±ÊÕ ¶·¨Î¨´Ê ¸¨²Ó´µ£µ ´ ³ £´¨Î¨¢ ´¨Ö ´¥°É·µ´´µ° §¢¥§¤Ò ³µ¦´µ ¶µ-
´ÖÉÓ, ¤µ¶Ê¸É¨¢, ÎÉµ ¶·µÍ¥¸¸ ±µ²² ¶¸  ¸² ¡µ ´ ³ £´¨Î¥´´ÒÌ ³ ¸¸¨¢´ÒÌ §¢¥§¤
£² ¢´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ (¸ B ∼ 1− 103 ƒ¸) ¸ · §³¥· ³¨ ¶µ·Ö¤±  ¸µ²´¥Î-
´µ£µ (R ∼ 105−106 ±³) ¶·µÉ¥± ¥É ¸ ¸µÌ· ´¥´¨¥³ ³ £´¨É´µ£µ ¶µÉµ± . ‚ ÔÉµ³
¸²ÊÎ ¥, ¶·¨ Ê¸²µ¢¨¨ ¶µ²´µ° ¢³µ·µ¦¥´´µ¸É¨ ¸¨²µ¢ÒÌ ²¨´¨° ³ £´¨É´µ£µ ¶µ²Ö
¢ ¢¥Ð¥¸É¢µ §¢¥§¤Ò, ± É ¸É·µË¨Î¥¸±µ¥ Ê³¥´ÓÏ¥´¨¥ · §³¥·µ¢ ¤µ 10 ±³ ¤µ²¦´µ
¸µ¶·µ¢µ¦¤ ÉÓ¸Ö Ê¸¨²¥´¨¥³ ³ £´¨É´µ£µ ¶µ²Ö ¤µ §´ Î¥´¨° 1011 − 1013 ƒ¸ [67].
�·¨´ÖÉ¨¥ ÔÉµ° £¨¶µÉ¥§Ò Ë ±É¨Î¥¸±¨ µ§´ Î ¥É, ÎÉµ Ö¤¥·´µ¥ ¢¥Ð¥¸É¢µ ¸Ëµ·-
³¨·µ¢ ¢Ï¥°¸Ö ´¥°É·µ´´µ° §¢¥§¤Ò ¤µ²¦´µ µ¸É ¢ ÉÓ¸Ö ¨µ´¨§¨·µ¢ ´´Ò³ (ÌµÉÖ
¡Ò Î ¸É¨Î´µ), É.¥. µ¡² ¤ ÉÓ ¸¢µ°¸É¢ ³¨ § ³ £´¨Î¥´´µ° ¸±µ³¶¥´¸¨·µ¢ ´´µ°
¶² §³Ò. �¤´¨³ ¨§ Ì · ±É¥·´ÒÌ ¶·¨§´ ±µ¢ ¶µ¸²¥¤´¥° Ö¢²Ö¥É¸Ö ¥¥ ¸¶µ¸µ¡-
´µ¸ÉÓ ¶µ¤¤¥·¦¨¢ ÉÓ ´¥§ ÉÊÌ ÕÐ¨¥ ³ £´¨Éµ£¨¤·µ¤¨´ ³¨Î¥¸±¨¥ (Œƒ„) ¢µ²´Ò
�²ÓË¢¥´  [84,90]. ‚ Ë¨§¨±¥ ´¥°É·µ´´ÒÌ §¢¥§¤ ´  ÔÉµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¢¶¥·¢Ò¥
µ¡· É¨²¨ ¢´¨³ ´¨¥ •µ°², � ·²¨± · ¨ “¨²¥· [71]. ‚ ÔÉµ° · ¡µÉ¥ ¶µ± § ´µ,
ÎÉµ ³ £´¨É´ Ö Ô´¥·£¨Ö, § ¶ ¸¥´´ Ö ´  ¸É ¤¨¨ ±µ²² ¶¸ , ¶µ¸²¥ Ëµ·³¨·µ¢ -
´¨Ö ´¥°É·µ´´µ° §¢¥§¤Ò ¤µ²¦´  ¢Ò¸¢µ¡µ¦¤ ÉÓ¸Ö ¶µ¸·¥¤¸É¢µ³ ¶·¥µ¡· §µ¢ ´¨Ö
Ô´¥·£¨¨ µ¸É ÉµÎ´ÒÌ ³ £´¨Éµ¶² §³¥´´ÒÌ µ¸Í¨²²ÖÍ¨° ¢´ÊÉ·¨ §¢¥§¤Ò ¢ Ô´¥·£¨Õ
Ô²¥±É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö ¢ µ±·Ê¦ ÕÐ¥¥ ¶·µ¸É· ´¸É¢µ. ‚µ§³µ¦´µ¸ÉÓ ¢Ò-
¸¢µ¡µ¦¤¥´¨Ö ³ £´¨É´µ° Ô´¥·£¨¨ ¶µ¸·¥¤¸É¢µ³ ¨§²ÊÎ¥´¨Ö ¡Ò²  É ±¦¥ Ê± § ´ 
� Î¨´¨ [91]. �¤´ ±µ ¶µ§¤´¥¥ ÔÉ  ¨¤¥Ö, ± ± µÉ³¥Î ¥É¸Ö ¢ [92], ¡Ò²  ´¥§ ¸²Ê-
¦¥´´µ § ¡ÒÉ . ‚ ¤ ´´µ³ · §¤¥²¥ ³Ò ¶·¨¢¥¤¥³ ¢ ·¨ Í¨µ´´Ò° ³¥Éµ¤ · ¸Î¥É 
¨ Î¨¸²¥´´Ò¥ µÍ¥´±¨ ¶¥·¨µ¤µ¢ Œƒ„-³µ¤, ´  µ¸´µ¢¥ ±µÉµ·ÒÌ ³µ¦´µ ¸¤¥² ÉÓ
¢Ò¢µ¤ µ ´¥¶·µÉ¨¢µ·¥Î¨¢µ¸É¨ £¨¶µÉ¥§Ò ³ £´¨Éµ¶² §³¥´´µ£µ ³¥Ì ´¨§³  Ô²¥±-
É·µ³ £´¨É´µ°  ±É¨¢´µ¸É¨ ´¥°É·µ´´ÒÌ §¢¥§¤.

�¤´ ±µ, ¶·¥¦¤¥ Î¥³ µ¡¸Ê¦¤ ÉÓ Ë¨§¨±Ê ³ £´¨Éµ¶² §³¥´´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ
±µ²¥¡ ´¨° ¢ ´¥°É·µ´´ÒÌ §¢¥§¤ Ì, ³Ò ÌµÉ¥²¨ ¡Ò µ¸µ¡µ µÉ³¥É¨ÉÓ ´ ¡²Õ¤¥´¨Ö,
¸¤¥² ´´Ò¥ ¢ · ¡µÉ Ì [93,94]. ‚ ´¨Ì ¶·¨¢¥¤¥´Ò  ·£Ê³¥´ÉÒ ¢ ¶µ²Ó§Ê Éµ£µ, ÎÉµ
´¥°É·µ´´ Ö Ë· ±Í¨Ö ¢¥Ð¥¸É¢  ¶Ê²Ó¸ ·  ´ Ìµ¤¨É¸Ö ¢ Ë¥··µ³ £´¨É´µ° Ë §¥.
‚ Î ¸É´µ¸É¨, ¢ [93] ¶µ± § ´µ, ÎÉµ ¸¶µ´É ´´ Ö µ·¨¥´É Í¨Ö ³ £´¨É´ÒÌ ³µ³¥´-
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Éµ¢ ´¥°É·µ´µ¢ ³µ¦¥É ¸Ëµ·³¨·µ¢ ÉÓ ¸É ¡¨²Ó´ÊÕ ´ ³ £´¨Î¥´´µ¸ÉÓ ¸Ë¥·¨Î¥-
¸±µ° ³ ¸¸Ò ´¥°É·µ´´µ° ³ É¥·¨¨ ¸ ¢¥²¨Î¨´µ° ¶µ²´µ£µ ³ £´¨É´µ£µ ³µ³¥´É ,
¤µ¸É ÉµÎ´µ° ¤²Ö µ¡ÑÖ¸´¥´¨Ö Ë¥´µ³¥´  ¶Ê²Ó¸¨·ÊÕÐ¥£µ ¨§²ÊÎ¥´¨Ö ³ £´¨Éµ¤¨-
¶µ²Ó´Ò³ · ¤¨µ¨§²ÊÎ¥´¨¥³ ¢· Ð ÕÐ¥°¸Ö ´¥°É·µ´´µ° §¢¥§¤Ò ¢ ³µ¤¥²¨ ³ Ö± 
[7,11,12,95-97]. ‚ ´¥¤ ¢´¥° · ¡µÉ¥ [94] ¶·¨¢¥¤¥´Ò ¤µ¶µ²´¨É¥²Ó´Ò¥  ·£Ê-
³¥´ÉÒ ¢ ¶µ²Ó§Ê ³ £´¨ÉµÊ¶µ·Ö¤µÎ¥´´µ£µ ¸µ¸ÉµÖ´¨Ö, £² ¢´Ò³ ¨§ ±µÉµ·ÒÌ ¸²Ê-
¦¨É ¸ ³µ¸µ£² ¸µ¢ ´´ Ö µÍ¥´±  ¸·¥¤´¥° ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö ¨
¶²µÉ´µ¸É¨ ´¥°É·µ´´µ° §¢¥§¤Ò. �¤´¨³ ¨§ ¶·¨³¥Î É¥²Ó´ÒÌ ¸²¥¤¸É¢¨° ÔÉµ°
£¨¶µÉ¥§Ò Ö¢²Ö¥É¸Ö ¶·¥¤¸± § ´¨¥ Ô²¥±É·µ³ £´¨É´µ°  ±É¨¢´µ¸É¨ ´¥°É·µ´´µ°
§¢¥§¤Ò, µ¡Ê¸²µ¢²¥´´µ° ¸¶¨´µ¢Ò³¨ ±µ²¥¡ ´¨Ö³¨. �µ µÍ¥´± ³ · ¡µÉÒ [94],
¶¥·¨µ¤Ò ÔÉ¨Ì ±µ²¥¡ ´¨° ¶µ¶ ¤ ÕÉ ¢ ³¨²²¨¸¥±Ê´¤´Ò° ¤¨ ¶ §µ´ ¶Ê²Ó¸ ·´µ°
Ï± ²Ò ¢·¥³¥´¨.

“³¥¸É´µ É ±¦¥ ¤µ¡ ¢¨ÉÓ, ÎÉµ, ¸µ£² ¸´µ ¸µ¢·¥³¥´´Ò³ · ¸Î¥É ³ ¸É·Ê±-
ÉÊ·Ò ´¥°É·µ´´µ° §¢¥§¤Ò, Éµ²Ó±µ ¶¥·¨Ë¥·¨°´Ò° ¸²µ° ³µ¦´µ  ¸¸µÍ¨¨·µ¢ ÉÓ
¸ Ae-Ë §µ°, ¢ Éµ ¢·¥³Ö ± ± ¸É·Ê±ÉÊ·´µ¥ ¸µ¤¥·¦ ´¨¥ ¡µ²¥¥ £²Ê¡µ±¨Ì µ¡² -
¸É¥°, ¢¨¤¨³µ, ¶·¥¤¸É ¢²¥´µ ´¥°É·µ´´Ò³ ¢¥Ð¥¸É¢µ³, µ¡² ¤ ÕÐ¨³ ¸¢µ°¸É¢ ³¨
B-Ë §Ò∗ ¸¢¥·ÌÉ¥±ÊÎ¥£µ 3�¥. • · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¸¢¥·ÌÉ¥±ÊÎ¥£µ ¢· -
Ð¥´¨Ö Ö¢²Ö¥É¸Ö Éµ, ÎÉµ µ´µ ³µ¦¥É ¸µ¶·µ¢µ¦¤ ÉÓ¸Ö µ¡· §µ¢ ´¨¥³ ±¢ ´Éµ¢ÒÌ
¢¨Ì·¥° [98]. ‚ ¶µ¤¤¥·¦±Ê É ±µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ¢Ò¢µ¤Ò
±¢ ´Éµ¢µ-³ ±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ ¸¡µ¥¢ · ¤¨µ¨§²ÊÎ¥´¨Ö ¶Ê²Ó¸ ·µ¢, ¶·¥¤-
²µ¦¥´´µ° ¢ [99], ¸µ£² ¸´µ ±µÉµ·µ° ·¥§±¨¥ ¢¸¶²¥¸±¨ ¢ Î ¸ÉµÉ¥ · ¤¨µ¨§²Ê-
Î¥´¨Ö ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¶µÉ¥·¥° Ê¸Éµ°Î¨¢µ£µ ¸Í¥¶²¥´¨Ö ¢¨Ì·¥¢µ° ·¥Ï¥É±¨
’± Î¥´±µ (µ¡· §µ¢ ´´µ° § ³ £´¨Î¥´´Ò³¨ ¢¨Ì·¥¢Ò³¨ ´¨ÉÖ³¨, ¢Ò¸É·µ¥´´Ò³¨
¢¤µ²Ó µ¸¨ ¢· Ð¥´¨Ö), ¨²¨, ¤·Ê£¨³¨ ¸²µ¢ ³¨, µÉ± ²Ò¢ ´¨¥³ § ³ £´¨Î¥´´ÒÌ
¢¨Ì·¥¢ÒÌ ´¨É¥° µÉ ¶¥·¨Ë¥·¨°´µ° ±µ·Ò [100].

�¥· ¤¨ ²Ó´Ò¥ Œƒ„-±µ²¥¡ ´¨Ö ´¥°É·µ´´µ° §¢¥§¤Ò ¢ µ¤´µ·µ¤´µ° ³µ-
¤¥²¨. ‚ ´ ¸ÉµÖÐ¥³ · §¤¥²¥ ³Ò · ¸¸³ É·¨¢ ¥³ ¤¢¨¦¥´¨Ö ¨µ´¨§¨·µ¢ ´´µ£µ
¢¥Ð¥¸É¢  ´¥°É·µ´´ÒÌ §¢¥§¤, µ¡Ê¸²µ¢²¥´´Ò¥ ¶·¨¸ÊÉ¸É¢¨¥³ ¢ ¥¥ ´¥¤· Ì ¸¨²Ó-
´µ£µ ³ £´¨É´µ£µ ¶µ²Ö. ‚ µ¸´µ¢¥ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨ ²¥¦¨É ¶·¥¤¶µ²µ¦¥-
´¨¥ µ Éµ³, ÎÉµ Ae-Ë §  µ¡² ¤ ¥É ¸¢µ°¸É¢ ³¨ ¸±µ³¶¥´¸¨·µ¢ ´´µ° ³ £´¨Éµ ±-
É¨¢´µ° ¶² §³Ò. Š ± ¨§¢¥¸É´µ, ¤¨´ ³¨±  ¢¥Ð¥¸É¢  ¢ ¶² §³¥´´µ³  £·¥£ É´µ³
¸µ¸ÉµÖ´¨¨ µ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨Ö³¨ ³ £´¨É´µ° £¨¤·µ¤¨´ ³¨±¨: [84]

ρ
dV

dt
= −∇W +

1

4π
(B∇)B, W = P +

B2

8π
, (4.1)

divB = 0,
∂B

∂t
= rot [V ×B], (4.2)

∗C¢¥·ÌÉ¥±ÊÎ¥¸ÉÓ ´¥°É·µ´´µ° ³ É¥·¨¨, ¢¥·µÖÉ´¥¥ ¢¸¥£µ, ³µ¦¥É ¡ÒÉÓ µ¡Ê¸²µ¢²¥´  ¸¶ ·¨¢ -
´¨¥³ ´¥°É·µ´µ¢ ¢ 3P2-¸µ¸ÉµÖ´¨¨. �É  Ë §   ´ ²µ£¨Î´   ´¨§µÉ·µ¶´µ° B-Ë §¥ 3�¥.
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£¤¥ ρ Å ¶²µÉ´µ¸ÉÓ, V Å ¸±µ·µ¸ÉÓ ¸·¥¤Ò, B Å ´ ¶·Ö¦¥´´µ¸ÉÓ ³ £´¨É´µ£µ
¶µ²Ö ¨ W Ä ³ £´¨Éµ£¨¤·µ¸É É¨Î¥¸±µ¥ ¤ ¢²¥´¨¥ (d/dt Å ¸Ê¡¸É ´Í¨µ´ ²Ó´ Ö
¶·µ¨§¢µ¤´ Ö).

�·¨ Ê¸²µ¢¨¨ ´¥¸¦¨³ ¥³µ¸É¨ ²¨´¥ ·¨§µ¢ ´´Ò¥ Œƒ„-Ê· ¢´¥´¨Ö, ¸µ¤¥·¦ -
Ð¨¥ ·¥Ï¥´¨¥, µÉ¢¥Î ÕÐ¥¥ · ¸¶·µ¸É· ´¥´¨Õ µ¡Ò±´µ¢¥´´µ° ³ £´¨Éµ£¨¤·µ¤¨-
´ ³¨Î¥¸±µ° ¢µ²´Ò, ³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥

∂δVi

∂xi
= 0,

∂δBk

∂xk
= 0, (4.3)

ρ
∂δVi

∂t
− Bk

4π

∂δBi

∂xk
= 0, (4.4)

∂δBi

∂t
−Bk

∂δVi

∂xk
= 0, (4.5)

£¤¥ δVk ¨ δBk Å ±µ³¶µ´¥´ÉÒ Ë²Ê±ÉÊ Í¨° ¸±µ·µ¸É¨ ¨ ´ ¶·Ö¦¥´´µ¸É¨ ³ £-
´¨É´µ£µ ¶µ²Ö. �·¨ ¶µ²ÊÎ¥´¨¨ Ê· ¢´¥´¨° (4.3)Å(4.5) ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ
É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ‹ ¶² ¸  ∆δW = 0 ¤²Ö Ë²Ê±ÉÊ Í¨° ¤ ¢²¥-
´¨Ö: δW = 0. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ, ±µ£¤  £· ¢¨É Í¨µ´´Ò¥ ±µ²¥¡ ´¨Ö
´¥ ¢µ§¡Ê¦¤ ÕÉ¸Ö, ¨ ³ £´¨Éµ¶² §³¥´´Ò¥ µ¸Í¨²²ÖÍ¨¨ Ö¢²ÖÕÉ¸Ö ¥¤¨´¸É¢¥´´µ°
¸É¥¶¥´ÓÕ  ±É¨¢´µ¸É¨ ¶² §³¥´´µ° ¸·¥¤Ò.

— ´¤· ¸¥±Ì · ¨ ”¥·³¨ [101] ¶µ± § ²¨, ÎÉµ ¶·¨¸ÊÉ¸É¢¨¥ µ¤´µ·µ¤´µ£µ ¶µ²Ö
¢ §¢¥§¤¥ ¶·µ¨§¢µ¤¨É É ±µ° ¦¥ ÔËË¥±É, ± ± ¥¥ ¢· Ð¥´¨¥, É.¥. ¶·¨¢µ¤¨É ± ¸¶²Õ-
Ð¨¢ ´¨Õ §¢¥§¤Ò ¢ ´ ¶· ¢²¥´¨¨ ¶µ²Õ¸µ¢. „²Ö µ¤´µ·µ¤´µ° ¸ ³µ£· ¢¨É¨·ÊÕ-
Ð¥° ¸Ë¥·¨Î¥¸±µ° ³ ¸¸Ò ¸ · ¤¨Ê¸µ³ R ¨ ³ ¸¸µ° M , ¸ µ¤´µ·µ¤´Ò³ ¢´ÊÉ·¨
§¢¥§¤Ò ¶µ²¥³ ¸ ´ ¶·Ö¦¥´´µ¸ÉÓÕ B ¸É¥¶¥´Ó ¸¶²Õ¸´ÊÉµ¸É¨ §¢¥§¤Ò µÍ¥´¨¢ ¥É¸Ö
µÉ´µÏ¥´¨¥³ ε ∼ Emag/Egr, £¤¥ Emag ∼ B2R3 Å ³ £´¨É´ Ö ¨ Egr ∼ GM2/R
Å £· ¢¨É Í¨µ´´ Ö Ô´¥·£¨¨. „²Ö ´¥°É·µ´´ÒÌ §¢¥§¤ ε ∼ 10−5, ¶µÔÉµ³Ê ³Ò
¶·¥´¥¡·¥¦¥³ ´¥¸Ë¥·¨Î´µ¸ÉÓÕ, ¢Ò§¢ ´´µ° ¶·¨¸ÊÉ¸É¢¨¥³ ³ £´¨É´µ£µ ¶µ²Ö, ¨
¶·µ¢¥¤¥³ ¢ÒÎ¨¸²¥´¨Ö Î ¸ÉµÉ Œƒ„-±µ²¥¡ ´¨° ¤²Ö ¸Ë¥·¨Î¥¸±µ° · ¢´µ¢¥¸´µ°
±µ´Ë¨£Ê· Í¨¨.

ŒÒ ¨´É¥·¥¸Ê¥³¸Ö ¸¶¥±É·µ³ ¸µ¡¸É¢¥´´ÒÌ Î ¸ÉµÉ ´¥· ¤¨ ²Ó´ÒÌ  ²ÓË¢¥-
´µ¢¸±¨Ì ±µ²¥¡ ´¨°∗. ‘µ¡¸É¢¥´´Ò¥ Î ¸ÉµÉÒ ÔÉ¨Ì ±µ²¥¡ ´¨° ³µ£ÊÉ ¡ÒÉÓ ¢Ò-
Î¨¸²¥´Ò ´  µ¸´µ¢¥ Ô´¥·£¥É¨Î¥¸±µ£µ ¢ ·¨ Í¨µ´´µ£µ ¶·¨´Í¨¶  ¶µ ¸²¥¤ÊÕÐ¥°
¸Ì¥³¥. ‘± ²Ö·´µ¥ Ê³´µ¦¥´¨¥ (4.4) ´  δVi ¨ ¨´É¥£·¨·µ¢ ´¨¥ ¶µ µ¡Ñ¥³Ê §¢¥§¤Ò
(´  ¶µ¢¥·Ì´µ¸É¨ §¢¥§¤Ò ¶·¨´¨³ ¥É¸Ö, ÎÉµ δB |r=R = 0) ¶·¨¢µ¤¨É ± Ê· ¢´¥´¨Õ

∗� ¤¨ ²Ó´Ò¥ ³ £´¨Éµ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö §¢¥§¤Ò ¸ ¨¤¥ ²¨§¨·Ê¥³µ° ¸Ë¥·¨Î¥¸±µ° ³ ¸¸µ°
¨¤¥ ²Ó´µ ¶·µ¢µ¤ÖÐ¥° ¦¨¤±µ¸É¨ ¨§ÊÎ ²¨¸Ó Œ. ˜¢ ·ÍÏ¨²Ó¤µ³ [103] (¸³. É ±¦¥ [34]) § ¤µ²£µ ¤µ
µÉ±·ÒÉ¨Ö ¶Ê²Ó¸ ·µ¢.
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Ô´¥·£¥É¨Î¥¸±µ£µ ¡ ² ´¸ :

∂

∂t

∫
V

ρδV 2

2
dτ − µ

4π

∫
V

δViBk
∂δBi

∂xk
dτ = 0. (4.6)

Œ ²Ò¥ µÉ±²µ´¥´¨Ö ¸±µ·µ¸É¨ ¶µÉµ±  ¨ ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö Ê¤µ¡´µ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

δVi = ξi(r) α̇(t), δBi = hi(r)α(t). (4.7)

�µ¤¸É ¢²ÖÖ (4.7) ¢ (4.5), ´ Ìµ¤¨³

hi = Bk
∂ξi

∂xk
. (4.8)

�µ¤¸É ´µ¢±  (4.7) ¢ (4.6) ¤ ¥É

MLα̈+KLα = 0, (4.9)

£¤¥ ML Å ¨´¥·Í¨Ö ¨ KL Å ¦¥¸É±µ¸ÉÓ £¨¤·µ³ £´¨É´ÒÌ ±µ²¥¡ ´¨° [73]:

ML =

∫
V

ρξi ξi dτ , KL =
µ

4π

∫
V

hi hi dτ. (4.10)

ˆ§ ¶·¨¢¥¤¥´´ÒÌ Ëµ·³Ê² ¸²¥¤Ê¥É, ÎÉµ ¤²Ö µ¶·¥¤¥²¥´¨Ö Î ¸ÉµÉÒ ω2 = KL/ML

´¥µ¡Ìµ¤¨³µ §´ ÉÓ Éµ²Ó±µ ¶µ²¥ ¸³¥Ð¥´¨°. �¨¦¥ ³Ò · ¸¸³µÉ·¨³ ¸²ÊÎ °, ±µ£¤ 
´ ¶·Ö¦¥´´µ¸ÉÓ µ¤´µ·µ¤´µ£µ ¢´ÊÉ·¨ §¢¥§¤Ò ³ £´¨É´µ£µ ¶µ²Ö B ´ ¶· ¢²¥´  ¶µ
µ¸¨ z:

Br = µB, Bθ = −(1− µ2)1/2B, Bφ = 0, µ = cos θ. (4.11)

‡ ³¥É¨³, ÎÉµ ¨³¥´´µ É ± Ö ±µ´Ë¨£Ê· Í¨Ö ¶µ²Ö ¢´ÊÉ·¨ §¢¥§¤Ò ¡Ò²  · ¸¸³µ-
É·¥´  ¢ · ¡µÉ¥ [101].

�² ¸Éµ¤¨´ ³¨Î¥¸±¨° Ì · ±É¥· Œƒ„-±µ²¥¡ ´¨°. �·¨ ¨§ÊÎ¥´¨¨ ¶·µÍ¥¸¸µ¢
· ¸¶·µ¸É· ´¥´¨Ö Œƒ„-¢µ²´ ¢ ³ £´¨Éµ ±É¨¢´µ° ¶² §³¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ³¥-
Ì ´¨Î¥¸± Ö  ´ ²µ£¨Ö, Ê± § ´´ Ö �²ÓË¢¥´µ³ [90], ³¥¦¤Ê ³ £´¨Éµ¶² §³¥´´µ°
(¸ÊÐ¥¸É¢¥´´µ ¶µ¶¥·¥Î´µ°) ¢µ²´µ°, ¡¥£ÊÐ¥° ¢¤µ²Ó ¸¨²µ¢ÒÌ ²¨´¨° ³ £´¨É´µ£µ
¶µ²Ö, ¢³µ·µ¦¥´´ÒÌ ¢ ¨¤¥ ²Ó´µ ¶·µ¢µ¤ÖÐÊÕ ¸·¥¤Ê, ¨ ¶µ¶¥·¥Î´µ° ¢µ²´µ° Ê¶·Ê-
£¨Ì ´ ¶·Ö¦¥´¨°, · ¸¶·µ¸É· ´ÖÕÐ¥°¸Ö ¢¤µ²Ó ´ ÉÖ´ÊÉµ° ¸É·Ê´Ò. �É   ´ ²µ£¨Ö
¶µ¤Î¥·±¨¢ ¥É ÉµÉ Ë ±É, ÎÉµ ¶·¨¸ÊÉ¸É¢¨¥ µ¤´µ·µ¤´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ¢´Ê-
É·¨ ¡¥¸±µ´¥Î´µ ¶·µ¢µ¤ÖÐ¥° ¸±µ³¶¥´¸¨·µ¢ ´´µ° ¶² §³Ò ¶·¨¤ ¥É ¥° ¸¢µ°¸É¢ 
Ê¶·Ê£µ£µ ±µ´É¨´ÊÊ³ , ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ · ¸¶·µ¸É· ´¥´¨¥ ¶µ¶¥·¥Î´µ° ¢µ²´Ò
¸²Ê¦¨É µ¸´µ¢´Ò³ ¤¨´ ³¨Î¥¸±¨³ ¶·¨§´ ±µ³ Ê¶·Ê£µ° ¸¶²µÏ´µ° ¸·¥¤Ò [84,90].
�·¨¤¥·¦¨¢ Ö¸Ó ÔÉµ°  ´ ²µ£¨¨, ³Ò ¶µ² £ ¥³, ÎÉµ £¨¤·µ³ £´¨É´Ò¥ ±µ²¥¡ ´¨Ö ¢
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¸Ë¥·¨Î¥¸±µ³ µ¡Ñ¥³¥ §¢¥§¤Ò ¸ ¶µ¸ÉµÖ´´Ò³ ³ £´¨É´Ò³ ¶µ²¥³ ¢´ÊÉ·¨ · §¢¨¢ -
ÕÉ¸Ö ¶µ¤µ¡´µ Ô² ¸Éµ¤¨´ ³¨Î¥¸±¨³ ±µ²¥¡ ´¨Ö³ ¸Ë¥·¨Î¥¸±µ° ³ ¸¸Ò Ê¶·Ê£µ£µ
±µ´É¨´ÊÊ³ . „·Ê£¨³¨ ¸²µ¢ ³¨, ³Ò ¶µ² £ ¥³, ÎÉµ ¶µ²Ö ¸³¥Ð¥´¨° ¢ §¢¥§¤¥
¶·¨ ¥¥ Œƒ„-±µ²¥¡ ´¨ÖÌ µ¶¨¸Ò¢ ÕÉ¸Ö ¶µ²µ¨¤ ²Ó´Ò³ ¨ Éµ·µ¨¤ ²Ó´Ò³ ¶µ²Ö³¨
¸³¥Ð¥´¨°, É ±¨³¨ ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ¨ Éµ·¸¨µ´´ÒÌ £· ¢¨É -
Í¨µ´´ÒÌ ±µ²¥¡ ´¨°∗.

�µ²µ¨¤ ²Ó´ Ö Œƒ„-³µ¤ . � ¸¸³µÉ·¨³ ¢µ§³ÊÐ¥´¨Ö, ¸¢Ö§ ´´Ò¥ ¸ ¢µ§¡Ê-
¦¤¥´¨¥³ ¶µ²µ¨¤ ²Ó´µ£µ ¶µ²Ö ¸±µ·µ¸É¨:

δVp =
Np

L+ 1
rot rot r rL PL(µ)α̇L(t) = Np grad rL PL(µ) α̇L(t),

Np =
1

LRL−2
. (4.12)

‘Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ ¶µ²Ö ³£´µ¢¥´´ÒÌ ¸³¥Ð¥´¨° ¨³¥ÕÉ ¢¨¤

ξr =
rL−1

RL−2
PL(µ), ξθ = − rL−1

LRL−2
(1 − µ2)1/2 ∂PL(µ)

∂µ
, ξφ = 0. (4.13)

�·µ¸É· ´¸É¢¥´´ Ö § ¢¨¸¨³µ¸ÉÓ Ë²Ê±ÉÊ Í¨° ³ £´¨É´µ£µ ¶µ²Ö µ¶·¥¤¥²Ö¥É¸Ö ¢Ò-
· ¦¥´¨Ö³¨ (¸³. ¶·¨²µ¦¥´¨¥ �):

hr = (L− 1)
BrL−2

RL−2
PL−1(µ), hθ =

−BrL−2

RL−2
(1− µ2)1/2 ∂PL−1(µ)

∂µ
,

hφ = 0. (4.14)

�µ¤¸É ¢²ÖÖ (4.13) ¨ (4.14) ¢ (4.10), ´ Ìµ¤¨³

ML =
4πρR5

L(2L+ 1)
, KL = B2 R3 L− 1

2L− 1
. (4.15)

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö Î ¸ÉµÉÒ ¶µ²µ¨¤ ²Ó´µ° Œƒ„-³µ¤Ò ¶µ²ÊÎ ¥³

ω2 = Ω2
AL(L− 1)

2L+ 1

2L− 1
, Ω2

A =
V 2
A

R2
=

B2

4πρR2
, (4.16)

£¤¥ ΩA Å ¥¸É¥¸É¢¥´´ Ö ¥¤¨´¨Í  Î ¸ÉµÉÒ  ²ÓË¢¥´µ¢¸±¨Ì ³ £´¨Éµ¶² §³¥´´ÒÌ
µ¸Í¨²²ÖÍ¨°.

∗�É¨  ·£Ê³¥´ÉÒ ¡Ò²¨ ´¥¤ ¢´µ ¨¸¶µ²Ó§µ¢ ´Ò ¶·¨ ¶µ¸É·µ¥´¨¨ ³µ¤¥²¨ ³ £´¨É´µ£µ ¦¥²¥, ¶·¥¤-
²µ¦¥´´µ° ¢ [102], ¤²Ö µ¶¨¸ ´¨Ö Ô²¥±É·µ³ £´¨É´µ£µ µÉ±²¨±  § ³ £´¨Î¥´´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Î ¸É¨Í
(±² ¸É¥·µ¢) ¶µ²Ê³¥É ²²µ¢ ¨ ´¥³ £´¨É´ÒÌ ¤¨Ô²¥±É·¨±µ¢ ¢ É¥·³¨´ Ì  ²ÓË¢¥´µ¢¸±¨Ì ´¥· ¤¨ ²Ó´ÒÌ
±µ²¥¡ ´¨° ¸±µ³¶¥´¸¨·µ¢ ´´µ° Ô²¥±É·µ´-¤Ò·µÎ´µ° É¢¥·¤µÉ¥²Ó´µ° ¶² §³Ò.
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’µ·µ¨¤ ²Ó´ Ö Œƒ„-³µ¤ . �É³¥Î¥´´ Ö ¢ÒÏ¥ Ë¨§¨Î¥¸± Ö  ´ ²µ£¨Ö ¶µ¢¥¤¥-
´¨Ö § ³ £´¨Î¥´´µ° ¶² §³Ò ¨ Ê¶·Ê£µ£µ ±µ´É¨´ÊÊ³  Ê± §Ò¢ ¥É ´  ¢µ§³µ¦´µ¸ÉÓ
¢µ§¡Ê¦¤¥´¨Ö Éµ·µ¨¤ ²Ó´µ° £¨¤·µ³ £´¨É´µ° ³µ¤Ò. � ¶µ³´¨³, ÎÉµ Éµ·µ¨¤ ²Ó-
´µ¥ ¶µ²¥ ¸±µ·µ¸É¨ Ê¶·Ê£¨Ì ¸³¥Ð¥´¨° ¢ ¸¨¸É¥³¥ ¸ Ë¨±¸¨·µ¢ ´´µ° ¶µ²Ö·´µ°
µ¸ÓÕ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

δVt = Nt rot r rL PL(µ)α̇L(t) = [Ω(r, t)× r], (4.17)

£¤¥

Ω(r, t) = Nt grad rL PL(µ) α̇L(t), Nt =
1

RL−1
(4.18)

Å ¶µ²¥ Ê£²µ¢µ° Î ¸ÉµÉÒ ²µ± ²Ó´ÒÌ ±·ÊÉ¨²Ó´ÒÌ ±µ²¥¡ ´¨°. ‘Ë¥·¨Î¥¸±¨¥
±µ³¶µ´¥´ÉÒ Éµ·µ¨¤ ²Ó´µ£µ ¶µ²Ö ¸³¥Ð¥´¨° § ¶¨¸Ò¢ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· -
§µ³:

ξr = 0, ξθ = 0, ξφ = − rL

RL−1
(1− µ2)1/2 ∂PL(µ)

∂µ
, (4.19)

  ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ë²Ê±ÉÊ Í¨¨ ¨´É¥´¸¨¢´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö · ¢´Ò

hr = 0, hθ = 0, hφ = B (L+ 1)
rL−1

RL−1
(1− µ2)1/2 ∂PL−1(µ)

∂µ
. (4.20)

‚ÒÎ¨¸²¥´¨Ö ³ ¸¸µ¢µ£µ ¶ · ³¥É·  ¨ ¶ · ³¥É·  ¦¥¸É±µ¸É¨ Éµ·µ¨¤ ²Ó´ÒÌ
Œƒ„-±µ²¥¡ ´¨° ¤ ÕÉ:

ML = 4πρR5 L(L+ 1)

(2L+ 1)(2L+ 3)
, KL = B2R3 L(L− 1)(L+ 1)2

(2L+ 1)(2L− 1)
. (4.21)

‚ ·¥§Ê²ÓÉ É¥ ¤¨¸±·¥É´Ò° ¸¶¥±É· Î ¸ÉµÉ Éµ·µ¨¤ ²Ó´ÒÌ Œƒ„-±µ²¥¡ ´¨° ³µ¦´µ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

ω2
t = Ω2

A(L2 − 1)
2L+ 3

2L− 1
, (4.22)

£¤¥  ²ÓË¢¥´µ¢¸± Ö Î ¸ÉµÉ  ΩA ¡Ò²  µ¶·¥¤¥²¥´  ¢ÒÏ¥.
‘¶¥±É· ²Ó´Ò¥ Ëµ·³Ê²Ò (4.16) ¨ (4.22) Ö¢²ÖÕÉ¸Ö £² ¢´Ò³ ·¥§Ê²ÓÉ Éµ³

· §¢¨Éµ° É¥µ·¨¨. ˆ§ ÔÉ¨Ì ¢Ò· ¦¥´¨° ¸²¥¤Ê¥É, ÎÉµ ¸µ¡¸É¢¥´´Ò¥ Î ¸ÉµÉÒ £¨-
¤·µ³ £´¨É´ÒÌ ³µ¤ ´¥°É·µ´´µ° §¢¥§¤Ò ¶·µ¶µ·Í¨µ´ ²Ó´Ò ¨´É¥´¸¨¢´µ¸É¨ ³ £-
´¨É´µ£µ ¶µ²Ö ¢´ÊÉ·¨ §¢¥§¤Ò B ¨ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´Ò ¥¥ · ¤¨Ê¸Ê R.
�¥·¨µ¤Ò Œƒ„-±µ²¥¡ ´¨° Phm (± ± ¶µ²µ¨¤ ²Ó´ÒÌ, É ± ¨ Éµ·µ¨¤ ²Ó´ÒÌ) ³µ-
´µÉµ´´µ Ê¡Ò¢ ÕÉ ¸ ·µ¸Éµ³ ³Ê²ÓÉ¨¶µ²Ó´µ£µ ¶µ·Ö¤±  L ± ± Phm ∼ 1/L.

‚ É ¡². 5 ¶·¨¢¥¤¥´Ò Î¨¸²¥´´Ò¥ µÍ¥´±¨ ¶¥·¨µ¤µ¢ PL = 2π/ωL ³ £´¨-
Éµ¶² §³¥´´ÒÌ ¶µ²µ¨¤ ²Ó´ÒÌ ¨ Éµ·µ¨¤ ²Ó´ÒÌ µ¸Í¨²²ÖÍ¨° ´¨¦ °Ï¥£µ ³Ê²Ó-
É¨¶µ²Ó´µ£µ ¶µ·Ö¤± , · ¸¸Î¨É ´´Ò¥ ¤²Ö ¸¥³¥°¸É¢  µ¤´µ·µ¤´ÒÌ ³µ¤¥²¥° ´¥°-
É·µ´´ÒÌ §¢¥§¤ ¸ ¶·µ¸É¥°Ï¥° ±µ´Ë¨£Ê· Í¨¥° ¶µ¸ÉµÖ´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö
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’ ¡²¨Í  5. �¥·¨µ¤Ò PL £²µ¡ ²Ó´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ ¶µ²µ¨¤ ²Ó´ÒÌ ¨ Éµ·µ¨¤ ²Ó´ÒÌ
³ £´¨Éµ£¨¤·µ¤¨´ ³¨Î¥¸±¨Ì (Œƒ„) ±µ²¥¡ ´¨°, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ¶·¨¡²¨¦¥´¨¨ ¶µ¸Éµ-
Ö´´µ£µ ¶µ²Ö ¤²Ö ¸¥³¥°¸É¢  µ¤´µ·µ¤´ÒÌ ³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤ ¸ ¶ · ³¥É· ³¨,
Ê± § ´´Ò³¨ ¢ ¶¥·¢ÒÌ Î¥ÉÒ·¥Ì ±µ²µ´± Ì É ¡²¨ÍÒ

� · ³¥É·Ò ³µ¤¥²¨ �µ²µ¨¤ ²Ó´ Ö Œƒ„-³µ¤  ’µ·µ¨¤ ²Ó´ Ö Œƒ„-³µ¤ 

M/M� R, ±³ ρ/ρN , B, 1013 ƒ¸ P2, c P3, c P4, c P2, c P3, c P4, c

0,1 31,70 19,40 14,20 20,80 14,70 11,50
2,0 1,51 0,93 0,68 0,99 0,70 0,55

0,5 9,8 0,9 4,0 0,77 0,47 0,35 0,51 0,36 0,28
6,0 0,52 0,32 0,23 0,34 0,24 0,19
8,0 0,39 0,24 0,18 0,26 0,18 0,14
0,1 35,60 21,80 15,90 23,30 16,50 12,90
2,0 1,70 1,04 0,76 1,11 0,79 0,61

0,7 11,0 0,9 4,0 0,87 0,53 0,39 0,57 0,40 0,31
6,0 0,58 0,36 0,26 0,38 0,27 0,21
8,0 0,44 0,27 0,20 0,29 0,20 0,16
0,1 40,60 24,90 18,20 26,60 18,80 14,70
2,0 1,93 1,18 0,86 1,27 0,90 0,70

0,9 10,6 1,3 4,0 0,99 0,61 0,44 0,65 0,46 0,36
6,0 0,67 0,41 0,30 0,44 0,31 0,24
8,0 0,50 0,31 0,22 0,33 0,23 0,18
0,1 46,00 28,20 20,60 30,10 21,30 16,60
2,0 2,19 1,34 0,98 1,43 1,01 0,79

1,1 10,6 1,6 4,0 1,12 0,69 0,50 0,74 0,52 0,41
6,0 0,75 0,46 0,34 0,49 0,35 0,27
8,0 0,57 0,35 0,25 0,37 0,26 0,21
0,1 53,20 32,60 23,80 34,80 24,60 19,20
2,0 2,53 1,55 1,13 1,66 1,17 0,92

1,4 10,2 2,3 4,0 1,30 0,80 0,58 0,85 0,60 0,47
6,0 0,87 0,53 0,39 0,57 0,40 0,32
8,0 0,66 0,40 0,29 0,43 0,30 0,24

¢´ÊÉ·¨ (¨ ¤¨¶µ²Ó´µ£µ ¢´¥) §¢¥§¤Ò. �¥·¨µ¤Ò ¶µ²µ¨¤ ²Ó´ÒÌ ³ £´¨Éµ¶² §³¥´-
´ÒÌ µ¸Í¨²²ÖÍ¨° ¢¸¥£¤  µ± §Ò¢ ÕÉ¸Ö ´¥¸±µ²Ó±µ ¡µ²ÓÏ¥ (¢ ¸·¥¤´¥³ Pp/Pt ∼
1, 2 − 1, 6) ¶¥·¨µ¤µ¢ Éµ·µ¨¤ ²Ó´ÒÌ  ²ÓË¢¥´µ¢¸±¨Ì ³µ¤. �µ ¤ ´´Ò³ É ¡². 5
É ±¦¥ ³µ¦´µ ¶·µ¸²¥¤¨ÉÓ µ¡Ð¨¥ É¥´¤¥´Í¨¨ ¨§³¥´¥´¨Ö ¶¥·¨µ¤µ¢ ¢ § ¢¨¸¨³µ-
¸É¨ µÉ ¶ · ³¥É·µ¢ ³µ¤¥²¨ §¢¥§¤Ò. „²Ö µ¡¥¨Ì ³µ¤ ¤²¨É¥²Ó´µ¸ÉÓ ¶¥·¨µ¤  · ¸É¥É
¶·¨ Ê¶²µÉ´¥´¨¨ ¢¥Ð¥¸É¢  §¢¥§¤Ò. ˆ´Ò³¨ ¸²µ¢ ³¨, Î¥³ ÉÖ¦¥²¥¥ §¢¥§¤ , É¥³
¡µ²ÓÏ¥ ¶¥·¨µ¤Ò ¥¥ £¨¤·µ³ £´¨É´ÒÌ µ¸Í¨²²ÖÍ¨°. ƒ² ¢´Ò³ µ¡· Ð ÕÐ¨³ ´ 
¸¥¡Ö ¢´¨³ ´¨¥ ·¥§Ê²ÓÉ Éµ³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö ¢ÒÏ¥
1013 ƒ¸ ¶¥·¨µ¤Ò  ²ÓË¢¥´µ¢¸±¨Ì µ¸Í¨²²ÖÍ¨° ¶¥·¥±·Ò¢ ÕÉ ¨´É¥·¢ ² ¶¥·¨µ¤µ¢
· ¤¨µ¨§²ÊÎ¥´¨Ö ¶Ê²Ó¸ ·µ¢: 0, 016 < P < 5 ¸ [67]. ‘ Ê³¥´ÓÏ¥´¨¥³ B ¶¥·¨-
µ¤Ò Œƒ„-µ¸Í¨²²ÖÍ¨° Ê¤²¨´ÖÕÉ¸Ö (Î ¸ÉµÉÒ, ¸µµÉ¢¥É¸É¢¥´´µ, Ê³¥´ÓÏ ÕÉ¸Ö).
ˆ´ Î¥ £µ¢µ·Ö, ¶¥·¨µ¤Ò  ²ÓË¢¥´µ¢¸±¨Ì µ¸Í¨²²ÖÍ¨° ¤µ²¦´Ò · ¸É¨ ¶µ ³¥·¥ ¤¥-
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¶·¥¸¸¨¨ ³ £´¨É´µ£µ ¶µ²Ö §¢¥§¤Ò. ’ ±¨¥ ¢Ò¢µ¤Ò ¸²¥¤ÊÕÉ ¨§ ¶·¥¤¶µ²µ¦¥´¨Ö,
ÎÉµ ¨´É¥´¸¨¢´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö ¤µ¸É¨£ ¥É §´ Î¥´¨°, Ê± § ´´ÒÌ ¢ É ¡². 5.
„²Ö ³¥´ÓÏ¨Ì §´ Î¥´¨° B ∼ 1012 ƒ¸ (É ±¨¥ ¶µ²Ö ¶·¥¤¶µ² £ ÕÉ¸Ö ¢ ³µ¤¥²¨ ´ -
±²µ´´µ£µ ·µÉ Éµ· ) ¶¥·¨µ¤Ò  ²ÓË¢¥´µ¢¸±¨Ì µ¸Í¨²²ÖÍ¨° ¶µ¶ ¤ ÕÉ ¢ ¨´É¥·¢ ²
5 < P < 50 ¸. ˆ§²ÊÎ¥´¨¥, µ¡Ê¸²µ¢²¥´´µ¥ ³ £´¨Éµ¶² §³¥´´Ò³¨ ±µ²¥¡ ´¨Ö³¨
¸ É ±¨³¨ ¶¥·¨µ¤ ³¨, ´ ±² ¤Ò¢ Ö¸Ó ´  ³ £´¨Éµ¤¨¶µ²Ó´µ¥ ¨§²ÊÎ¥´¨¥ ¨§-§  ¢· -
Ð¥´¨Ö, ³µ¦¥É ¶·µÖ¢¨ÉÓ¸Ö ¢ ³µ¤Ê²ÖÍ¨ÖÌ  ³¶²¨ÉÊ¤Ò ¶µ¸²¥¤´¥£µ. �¥²Ó§Ö É ±¦¥
§ ¡Ò¢ ÉÓ, ÎÉµ ¤ ´´Ò¥ ¢Ò¢µ¤Ò ¶µ²ÊÎ¥´Ò ¢ ³µ¤¥²¨ µ¤´µ·µ¤´µ£µ · ¸¶·¥¤¥²¥-
´¨Ö ¸±µ³¶¥´¸¨·µ¢ ´´µ° ¶² §³Ò ¶µ ¢¸¥³Ê ¸Ë¥·¨Î¥¸±µ³Ê µ¡Ñ¥³Ê ´¥°É·µ´´µ°
§¢¥§¤Ò. Œ¥¦¤Ê É¥³ ¨§ · ¸Î¥Éµ¢ ¸É·Ê±ÉÊ·Ò ÔÉµ£µ ±µ³¶ ±É´µ£µ µ¡Ñ¥±É  ¸²¥¤Ê¥É,
ÎÉµ Ae-Ë §  ²µ± ²¨§µ¢ ´  £² ¢´Ò³ µ¡· §µ³ ¢ ¶¥·¨Ë¥·¨°´µ° ±µ·¥ §¢¥§¤Ò,
£¤¥ ¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ´¨¦¥, Î¥³ ¢ ¡µ²¥¥ £²Ê¡µ±¨Ì µ¡² ¸ÉÖÌ (¸³. ·¨¸.1). ‚
ÔÉµ° ¸¢Ö§¨ ¶·¥¤¸É ¢²Ö¥É¸Ö Í¥²¥¸µµ¡· §´Ò³ ¶·µ¢¥¸É¨ ¶¥·¥µÍ¥´±Ê Î ¸ÉµÉ Œƒ„-
±µ²¥¡ ´¨° ¢ · ³± Ì ³µ¤¥²¨, ÊÎ¨ÉÒ¢ ÕÐ¥° ÔÉµ ¶µ¸²¥¤´¥¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ.

5. �‹œ”‚…��‚‘Šˆ… Š�‹…���ˆŸ ‚ �…�ˆ”…�ˆ‰��‰ Š��…
�…‰’�����‰ ‡‚…‡„›

‚ ÔÉµ³ · §¤¥²¥ ³Ò ¶·¨¢µ¤¨³ ¢ ·¨ Í¨µ´´Ò° · ¸Î¥É ¨ Î¨¸²¥´´Ò¥ µÍ¥´±¨
Î ¸ÉµÉ ¸µ¡¸É¢¥´´ÒÌ Œƒ„-±µ²¥¡ ´¨°, ²µ± ²¨§µ¢ ´´ÒÌ ¢µ ¢´¥Ï´¥° ±µ·¥ ´¥°-
É·µ´´µ° §¢¥§¤Ò, É.¥. ¢ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ° µ¡² ¸É¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö Ô²¥±É·µ´-
Ö¤¥·´µ° ¶² §³Ò. �¥°É·µ´´ Ö §¢¥§¤  ¨¤¥ ²¨§¨·Ê¥É¸Ö ¤¢ÊÌ±µ³¶µ´¥´É´Ò³ µ¡Ñ-
¥±Éµ³, ¢ ¶µ²´µ°  ´ ²µ£¨¨ ¸ Ê¶µ³Ö´ÊÉµ° ¢ÒÏ¥ ³µ¤¥²ÓÕ �¥°³ Å�¥É¨± Å
� °´¸ Å�Ê¤¥·³ ´  [42] (¸³. É ±¦¥ [8, 13]), µ¡ÑÖ¸´ÖÕÐ¥° ¸¡µ¨ ¶Ê²Ó¸ ·µ¢
¸¤¢¨£µ¢Ò³¨ ¸¥°¸³¨Î¥¸±¨³¨ ±µ²¥¡ ´¨Ö³¨ ¢´¥Ï´¥° (³¥´¥¥ ¶²µÉ´µ°) ±µ·Ò µÉ-
´µ¸¨É¥²Ó´µ ¡µ²¥¥ ¶²µÉ´µ£µ ±µ· . ŒÒ É ±¦¥ ¡Ê¤¥³ µ¶¨· ÉÓ¸Ö ´   ·£Ê³¥´ÉÒ
· ¡µÉÒ [94], ¶·¥¤¶µ² £ Ö, ÎÉµ ¶¥·¥µ¡µ£ Ð¥´´ Ö ´¥°É·µ´ ³¨ Ö¤¥·´ Ö ³ É¥·¨Ö
³ ¸¸¨¢´µ£µ ±µ·  ´ Ìµ¤¨É¸Ö ¢ Ë¥··µ³ £´¨É´µ° Ë §¥. �µ ±· °´¥° ³¥·¥, ÔÉµ
¤¥² ¥É ¶µ´ÖÉ´Ò³ Ë¨§¨Î¥¸±µ¥ ¶·µ¨¸Ìµ¦¤¥´¨¥ ¸¨²Ó´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ¢ ¶µ-
¢¥·Ì´µ¸É´µ° ¸±µ³¶¥´¸¨·µ¢ ´´µ° Ô²¥±É·µ´-Ö¤¥·´µ° ¶² §³¥, ´  Ëµ´¥ ±µÉµ·µ£µ
¨ ³µ£ÊÉ · §¢¨¢ ÉÓ¸Ö  ²ÓË¢¥´µ¢¸±¨¥ ±µ²¥¡ ´¨Ö.

�µ²µ¨¤ ²Ó´ Ö ³µ¤ . ‚ ¨§ÊÎ ¥³µ³ ¸²ÊÎ ¥ ¶µ²µ¨¤ ²Ó´ÒÌ Œƒ„-±µ²¥¡ ´¨°
¤²Ö ´ Ìµ¦¤¥´¨Ö ¶µ²Ö ¸±µ·µ¸É¨ Ê¶·Ê£¨Ì ¸³¥Ð¥´¨° ´  ¶µ¢¥·Ì´µ¸É¨ ¢´ÊÉ·¥´-
´¥£µ ±µ·  · ¤¨Ê¸  Rc ´ ²µ¦¨³ Ê¸²µ¢¨¥ ´¥¶·µ´¨Í ¥³µ¸É¨:

δVr |r=Rc = 0, Rc = 0. (5.1)

�  ¶µ¢¥·Ì´µ¸É¨ §¢¥§¤Ò ´ ² £ ¥³ ¸É ´¤ ·É´µ¥ £· ´¨Î´µ¥ Ê¸²µ¢¨¥:

δVr|r=R = Ṙ(t) = RPL(µ) α̇L(t), (5.2)
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£¤¥ R(t) = R [1 + αL(t)PL(µ)], L Å ³Ê²ÓÉ¨¶µ²Ó´Ò° ¶µ·Ö¤µ± ¸Ë¥·µ¨¤ ²Ó´ÒÌ
¨¸± ¦¥´¨° ¶µ¢¥·Ì´µ¸É¨. „²Ö ¶µ²µ¨¤ ²Ó´µ£µ ¢¥±Éµ·´µ£µ ¶µ²Ö:

ξL = rot rot rχL, χL = [A1
L r

L +A2
L r
−L−1]PL(µ). (5.3)

ˆ§ (5.1) ¨ (5.2) ´ Ìµ¤¨³ Ö¢´Ò° ¢¨¤ ¶·µ¨§¢µ²Ó´ÒÌ ±µ´¸É ´É A1
L ¨ A2

L:

A1
L =

AL

L(L+ 1)
, A2

L = − AL

L(L+ 1)
R2L+1
c , AL =

RL+3

R2L+1 −R2L+1
c

. (5.4)

Šµ³¶µ´¥´ÉÒ ¶µ²Ö ³£´µ¢¥´´ÒÌ ¸³¥Ð¥´¨° ξL ¢ ¸Ë¥·¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨-
´ É ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥:

ξr = AL
r2L+1 −R2L+1

c

rL+2
PL(µ), (5.5)

ξθ =
−AL

L(L+ 1)

(L+ 1)r2L+1 + LR2L+1
c

rL+2
P 1
L(µ), (5.6)

ξφ = 0, (5.7)

£¤¥ P 1
L(µ) = (1 − µ2)1/2 dPL(µ)

dµ
Å ¶·¨¸µ¥¤¨´¥´´Ò° ¶µ²¨´µ³ ‹¥¦ ´¤·  ¶¥·-

¢µ£µ ¶µ·Ö¤± . � · ³¥É· ¨´¥·Í¨¨ M , · ¸¸Î¨É ´´Ò° ¸ ÔÉ¨³ ¶µ²¥³, · ¢¥´ [65]:

M =
4πρ

L(2L+ 1)
A2
LR

2L+1

[
1 +

L

L+ 1
X2L+1

] (
1−X2L+1

)
, X = Rc/R,

(5.8)
£¤¥ X ³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì 0 < X < 1. �µ¤Î¥·±´¥³, ÎÉµ §¤¥¸Ó ρ Å ¶²µÉ´µ¸ÉÓ
Ô²¥±É·µ´-Ö¤¥·´µ° ¶² §³Ò (Ae-Ë §Ò), ²µ± ²¨§µ¢ ´´µ° ¢ ¶¥·¨Ë¥·¨°´µ° ±µ·¥
§¢¥§¤Ò.

„ ²¥¥, ¶µ¤¸É ¢²ÖÖ (4.11) ¨ (5.3) ¢ (4.8), ´ Ìµ¤¨³, ÎÉµ ±µ³¶µ´¥´ÉÒ Ë²Ê±-
ÉÊ Í¨° ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö ¶·¨µ¡·¥É ÕÉ ¢¨¤

hr =
ALB

rL+3

[
(L− 1)r2L+1 PL−1(µ) + (L + 2)R2L+1

c PL+1(µ)
]
, (5.9)

hθ =
ALB

rL+3

[
r2L+1 P 1

L−1(µ)−R2L+1
c P 1

L+1(µ)
]
, hφ = 0. (5.10)

’µ£¤  ¤²Ö ¦¥¸É±µ¸É¨ £¨¤·µ³ £´¨É´ÒÌ ¶µ²µ¨¤ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¶µ²ÊÎ ¥³ ¸²¥-
¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

K = A2
LB

2R2L−1

[
L− 1

2L− 1
+

2L+ 1

(2L+ 3)(2L− 1)
X2L−1 − L+ 2

2L+ 3
X2(2L+1)

]
.

(5.11)
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‹¥£±µ ¢¨¤¥ÉÓ, ÎÉµ ¢ ¶·¥¤¥²¥ X → 0 ³Ò ¢µ¸¶·µ¨§¢µ¤¨³ ·¥§Ê²ÓÉ É µ¤´µ·µ¤´µ°
³µ¤¥²¨

ω2
p = Ω2

AL(L− 1)
2L+ 1

2L− 1
. (5.12)

’µ·µ¨¤ ²Ó´ Ö ³µ¤ . � ¸¸³µÉ·¨³ É¥¶¥·Ó ´¥· ¤¨ ²Ó´Ò¥ Éµ·µ¨¤ ²Ó´Ò¥
Œƒ„-±µ²¥¡ ´¨Ö. ‚ ¸¨¸É¥³¥ ¸ Ë¨±¸¨·µ¢ ´´µ° ¶µ²Ö·´µ° µ¸ÓÕ z Éµ·µ¨¤ ²Ó-
´µ¥ ¶µ²¥ ¸±µ·µ¸É¨ ¨³¥¥É ¢¨¤

δV = rot rχL α̇L(t), χL = [A1
L r

L +A2
L r
−L−1]PL(µ). (5.13)

�·µ¨§¢µ²Ó´Ò¥ ±µ´¸É ´ÉÒ A1
L ¨ A2

L Ë¨±¸¨·ÊÕÉ¸Ö £· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨,
 ´ ²µ£¨Î´Ò³¨ ¨¸¶µ²Ó§µ¢ ´´Ò³ ¢ÒÏ¥ ¶·¨ ¨§ÊÎ¥´¨¨ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ±µ²¥¡ -
´¨°. �·¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ-¢· Ð É¥²Ó´ÒÌ ±µ²¥¡ ´¨ÖÌ ¨¸± ¦¥´¨Ö ¶µ¢¥·Ì´µ-
¸É¨ §¢¥§¤Ò § ¤ ´Ò Ê· ¢´¥´¨¥³: R(t) = R[1+αL(t)P 1

L(µ) ], ¶µÔÉµ³Ê ¶·¨ r = R
¸²¥¤Ê¥É ¶µ²µ¦¨ÉÓ

δVφ|r=R = Ṙ(t) = RP 1
L(µ) α̇L(t). (5.14)

�·¥¤¶µ² £ ¥³, ÎÉµ ¢´ÊÉ·¥´´ÖÖ £· ´¨Í  µ¸É ¥É¸Ö ¢ ¶µ±µ¥:

δVφ|r=Rc = 0 Ṙc = 0. (5.15)

‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥³

A1
L = AL, A2

L = −ALR2L+1
c , AL =

RL

R2L+1 −R2L+1
c

. (5.16)

ˆ¸¶µ²Ó§ÊÖ ¤²Ö ¶µ²Ö ¸±µ·µ¸É¨ ±·ÊÉ¨²Ó´ÒÌ ±µ²¥¡ ´¨° (5.14) ¸¥¶ · ¡¥²Ó´µ¥
¶·¥¤¸É ¢²¥´¨¥ (4.7), ´ Ìµ¤¨³ ±µ³¶µ´¥´ÉÒ Éµ·µ¨¤ ²Ó´µ£µ ¶µ²Ö ³£´µ¢¥´´ÒÌ
¸³¥Ð¥´¨°:

ξr = 0, ξθ = 0, ξφ = AL

[
rL − R2L+1

c

rL+1

]
P 1
L(µ). (5.17)

�µ¤¸É ´µ¢±  (4.11) ¨ (5.17) ¢ (4.8) ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨Ö³ ¤²Ö
±µ³¶µ´¥´É Ë²Ê±ÉÊ¨·ÊÕÐ¥° ´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö (¸³. É ±¦¥ ¶·¨-
²µ¦¥´¨¥ �):

hr = 0, hθ = 0, hφ = ALB

[
(L+ 1)rL−1 P 1

L−1(µ) + L
R2L+1
c

rL+2
P 1
L+1(µ)

]
.

(5.18)
‚ÒÎ¨¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ ¨´¥·Í¨¨ ¨ ¦¥¸É±µ¸É¨ Éµ·µ¨¤ ²Ó´ÒÌ Œƒ„-±µ²¥-
¡ ´¨° ¤ ÕÉ:

M = A2
L

4πρL(L+ 1)R2L+3

(2L+ 1)(2L+ 3)
×
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×
[
1− (2L+ 3)X2L+1 +

(2L+ 1)2X2L+3

2L− 1
− (2L+ 3)

2L− 1
X2(2L+1)

]
,

K = A2
LB

2L(L+ 1)R2L+1

(2L+ 1)
×

×
[
L2 − 1

2L− 1
+

3X2L+1

(2L− 1)(2L+ 3)
− L(L+ 2)

2L+ 3
X2(2L+1)

]
. (5.19)

Š ± ¨ ¸²¥¤µ¢ ²µ µ¦¨¤ ÉÓ, ¶·¨ X(= Rc/R) → 0 ¶·¨Ìµ¤¨³ ± ·¥§Ê²ÓÉ ÉÊ
µ¤´µ·µ¤´µ° ³µ¤¥²¨ [73]:

ω2
t = Ω2

A(L2 − 1)
2L+ 3

2L− 1
, (5.20)

£¤¥ µ¸´µ¢´ Ö ( ²ÓË¢¥´µ¢¸± Ö) Î ¸ÉµÉ  ΩA µ¶·¥¤¥²¥´  ¢ÒÏ¥.
„¢ÊÌ±µ³¶µ´¥´É´ Ö ³µ¤¥²Ó ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ´¨¦´ÕÕ ¨ ¢¥·Ì´ÕÕ ¶·¥-

¤¥²Ó´Ò¥ µÍ¥´±¨ Î ¸ÉµÉ ¸µ¡¸É¢¥´´ÒÌ  ²ÓË¢¥´µ¢¸±¨Ì Œƒ„-±µ²¥¡ ´¨° ´¥°É·µ´-
´µ° §¢¥§¤Ò. �·¨¢µ¤¨³Ò¥ ¢ ²¨É¥· ÉÊ·¥ ¶ · ³¥É·Ò ´¥°É·µ´´µ° §¢¥§¤Ò, ¶µ²Ê-
Î¥´´Ò¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ · §²¨Î´ÒÌ Ê· ¢´¥´¨° ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨,
²¥¦ É ¢ ¸²¥¤ÊÕÐ¨Ì ¶·¥¤¥² Ì:
i) £²Ê¡¨´  ¶¥·¨Ë¥·¨°´µ° ±µ·Ò ∆R = R − Rc = R(1 − X): 0, 3 < ∆R <
0, 8 ±³;
ii) ¸·¥¤´ÖÖ ¶²µÉ´µ¸ÉÓ ¶µ¢¥·Ì´µ¸É´µ° ±µ·Ò 108 < ρ < 1011 £/¸³3;
iii) ¶µ¢¥·Ì´µ¸É´ Ö ´ ¶·Ö¦¥´´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö 1010 < B < 1013 ƒ¸.

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´µ£µ  ´ ²¨§  ³µ¤¥²¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸.6 ¨ 7. � 
·¨¸.6 ¨§µ¡· ¦¥´  (Î ¸Éµ ¶·¨¢µ¤¨³ Ö ¢ ²¨É¥· ÉÊ·¥ [67, 92, 104]) ¤¨ £· ³³ 
¶¥·¨µ¤ Å ¨´É¥´¸¨¢´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö. � ¸Î¥ÉÒ ¶¥·¨µ¤µ¢ ´¥· ¤¨ ²Ó-
´ÒÌ ¶µ²µ¨¤ ²Ó´ÒÌ ¨ Éµ·µ¨¤ ²Ó´ÒÌ Œƒ„-µ¸Í¨²²ÖÍ¨° ¢ ¶µ¢¥·Ì´µ¸É´µ° ±µ·¥
£²Ê¡¨´µ° ∆R = 0, 5 ±³ ¨§µ¡· ¦¥´Ò ´  ·¨¸.7 ²¨´¨Ö³¨, ´Ê³¥· Í¨Ö ±µÉµ·ÒÌ
¸µµÉ¢¥É¸É¢Ê¥É · §²¨Î´Ò³ §´ Î¥´¨Ö³ ¶²µÉ´µ¸É¨ ¢¥Ð¥¸É¢  ¢ µ¡² ¸É¨ ²µ± ²¨-
§ Í¨¨ Ae-Ë §Ò. ‚¨¤´µ, ÎÉµ ¶·¥¤¸± § ´¨Ö ³µ¤¥²¨ ¤µ¢µ²Ó´µ Ìµ·µÏµ ¢¶¨¸Ò-
¢ ÕÉ¸Ö ¢ ±¢ ¤· É, ±µÉµ·Ò³ µ¡µ§´ Î¥´  µ¡² ¸ÉÓ ¶Ê²Ó¸ ·µ¢ ´  ¤ ´´µ° ¤¨ -
£· ³³¥. �  ·¨¸.7 ¶·¨¢¥¤¥´  § ¢¨¸¨³µ¸ÉÓ · ¸¸Î¨É ´´ÒÌ ¶¥·¨µ¤µ¢ µÉ £²Ê¡¨´Ò
¸²µÖ, ¢ ±µÉµ·µ³ ¢µ§¡Ê¦¤ ÕÉ¸Ö  ²ÓË¢¥´µ¢¸±¨¥ ±µ²¥¡ ´¨Ö ´¨¦ °Ï¨Ì ³Ê²ÓÉ¨-
¶µ²Ó´µ¸É¥°. �·¥¤¸É ¢²¥´´Ò¥ µÍ¥´±¨ ¤¥³µ´¸É·¨·ÊÕÉ ¡²¨§µ¸ÉÓ · ¸¸Î¨É ´´ÒÌ
¶¥·¨µ¤µ¢ Œƒ„-µ¸Í¨²²ÖÍ¨° ± ¶¥·¨µ¤ ³ Ô²¥±É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö · ¤¨µ-
¶Ê²Ó¸ ·µ¢. ŒÒ ¸±²µ´´Ò ¶µ² £ ÉÓ, ÎÉµ ¸µ¢¶ ¤¥´¨¥ ¶¥·¨µ¤µ¢ Œƒ„-±µ²¥¡ ´¨° ¸
µ¸´µ¢´Ò³¨ ¶¥·¨µ¤ ³¨ · ¤¨µ¶Ê²Ó¸ Í¨° ´¥°É·µ´´ÒÌ §¢¥§¤ ´¥ Ö¢²Ö¥É¸Ö ¸²ÊÎ °-
´Ò³ ¨ ¶µ¤¤¥·¦¨¢ ¥É Ê¶µ³Ö´ÊÉÊÕ £¨¶µÉ¥§Ê •µ°² Å� ·²¨± · Å“¨²¥·  [71]
µ Éµ³, ÎÉµ ´¨§±µÎ ¸ÉµÉ´Ò¥ £¨¤·µ³ £´¨É´Ò¥ µ¸Í¨²²ÖÍ¨¨, ¢µ§´¨± ÕÐ¨¥ ± ±
µ¸É ÉµÎ´Ò° ÔËË¥±É ¢§·Ò¢  ¸¢¥·Ì´µ¢µ° ¢Éµ·µ£µ É¨¶ , ³µ£ÊÉ µ± § ÉÓ¸Ö ÔËË¥±-
É¨¢´Ò³ ¨¸ÉµÎ´¨±µ³ Ô²¥±É·µ³ £´¨É´µ°  ±É¨¢´µ¸É¨ ´¥°É·µ´´ÒÌ §¢¥§¤. �´ ²¨§
Ô¢µ²ÕÍ¨¨ ¶Ê²Ó¸ ·µ¢ ¶µ± §Ò¢ ¥É, ÎÉµ ¶¥·¢µ´ Î ²Ó´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ¤µ²¦´µ
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�¨¸. 6. „¨ £· ³³  ¶¥·¨µ¤ Å ¨´É¥´¸¨¢´µ¸ÉÓ ³ £´¨É´µ£µ ¶µ²Ö: P − B. � ¸¸Î¨É ´-
´Ò¥ ¶¥·¨µ¤Ò ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶µ²µ¨¤ ²Ó´ÒÌ ¨ Éµ·µ¨¤ ²Ó´ÒÌ Œƒ„-±µ²¥¡ ´¨° ¶·¥¤-
¸É ¢²¥´Ò ²¨´¨Ö³¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ · §²¨Î´Ò³ §´ Î¥´¨Ö³ ¶²µÉ´µ¸É¨ Ô²¥±É·µ´-
Ö¤¥·´µ° ¶² §³Ò (Ae-Ë §Ò), ²µ± ²¨§µ¢ ´´µ° ¢µ ¢´¥Ï´¥° ±µ·¥ £²Ê¡¨´µ° ∆R = 0, 5 ±³:
1 Ä ρ = 108, 2 Ä ρ = 109, 3 Ä ρ = 1010, 4 Ä ρ = 1011 £/¸³3. Š¢ ¤· Éµ³ µ¡µ§´ Î¥´ 
µ¡² ¸ÉÓ §´ Î¥´¨° P ¨ B ·¥ ²Ó´µ ´ ¡²Õ¤ ¥³ÒÌ ¶Ê²Ó¸ ·µ¢

· §·ÊÏ ÉÓ¸Ö §  ¢·¥³Ö ¶µ·Ö¤±  τm ∼ 2 · 106 ²¥É [104]. �µ¸±µ²Ó±Ê ¶¥·¨µ¤Ò
£¨¤·µ³ £´¨É´ÒÌ µ¸Í¨²²ÖÍ¨° µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´Ò ¨´É¥´¸¨¢´µ¸É¨ ³ £-
´¨É´µ£µ ¶µ²Ö (Phm ∼ 1/B), Éµ  ¤¨ ¡ É¨Î¥¸± Ö ¤¥¶·¥¸¸¨Ö ¶µ¸²¥¤´¥£µ ¤µ²¦´ 
¶·¨¢µ¤¨ÉÓ ± Ê¢¥²¨Î¥´¨Õ ¶¥·¨µ¤µ¢  ²ÓË¢¥´µ¢¸±¨Ì ±µ²¥¡ ´¨°. �µÔÉµ³Ê ±µ£¥-
·¥´É´Ò° Ì · ±É¥· ³ £´¨Éµ¶² §³¥´´ÒÌ µ¸Í¨²²ÖÍ¨° ¢´ÊÉ·¨ ´¥°É·µ´´µ° §¢¥§¤Ò
¤µ²¦¥´ ¶·µÖ¢²ÖÉÓ ¸¥¡Ö ¢´¥ §¢¥§¤Ò ¢ ¢¨¤¥ ¨³¶Ê²Ó¸µ¢, · ¸¶·µ¸É· ´ÖÕÐ¨Ì¸Ö
¢¤µ²Ó ¸¨²µ¢ÒÌ ²¨´¨° ³ £´¨É´µ£µ ¶µ²Ö ¨ ¶µ·µ¦¤ ÕÐ¨Ì ¶Ê²Ó¸¨·ÊÕÐ¥¥ Ô²¥±-
É·µ³ £´¨É´µ¥ ¨§²ÊÎ¥´¨¥ ¸£Ê¸É± ³¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¢Ò¡· ¸Ò¢ ¥³ÒÌ ¸ ¶µ-
¢¥·Ì´µ¸É¨ §¢¥§¤Ò. ˆ§¢¥¸É´µ [105,106], ÎÉµ ³ £´¨Éµ£¨¤·µ¤¨´ ³¨Î¥¸±¨¥ ¢µ²´Ò
¢ ³¥¦§¢¥§¤´µ³ ¶·µ¸É· ´¸É¢¥ ³µ£ÊÉ Ê¸±µ·ÖÉÓ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¢¤µ²Ó ¸¨²µ-
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�¨¸. 7. �¥·¨µ¤Ò ¶µ²µ¨¤ ²Ó´ÒÌ ¨ Éµ·µ¨¤ ²Ó´ÒÌ ³Ê²ÓÉ¨¶µ²Ó´ÒÌ Œƒ„-±µ²¥¡ ´¨°,
¢µ§¡Ê¦¤ ¥³ÒÌ ¢ Ae-Ë §¥, · ¸¸Î¨É ´´Ò¥ ¢ § ¢¨¸¨³µ¸É¨ µÉ Éµ²Ð¨´Ò ¢´¥Ï´¥° ±µ·Ò
∆R = R − Rc, ¶·¨ ¸·¥¤´¥° ¶²µÉ´µ¸É¨ ¢¥Ð¥¸É¢  Ae-Ë §Ò ρ = 4, 3·1011 £/¸³3 ¨
´ ¶·Ö¦¥´´µ¸É¨ ³ £´¨É´µ£µ ¶µ²Ö B = 0, 5·1013 ƒ¸

¢ÒÌ ²¨´¨° ¶µ²Ö, ¨, É ±¨³ µ¡· §µ³, ¶µ·µ¦¤ ÉÓ ¨§²ÊÎ¥´¨¥ (¸¨´Ì·µÉ·µ´´µ¥ ¨²¨
¨§£¨¡´µ¥).

�µ ´ Ï¥³Ê ³´¥´¨Õ, µ¤´¨³ ¨§ ·¥Ï ÕÐ¨Ì  ·£Ê³¥´Éµ¢, ¶µ¤É¢¥·¦¤ ÕÐ¨Ì
£¨¶µÉ¥§Ê µ Éµ³, ÎÉµ ³ £´¨Éµ¶² §³¥´´Ò¥ µ¸Í¨²²ÖÍ¨¨ ´¥°É·µ´´µ° §¢¥§¤Ò ³µ-
£ÊÉ ¡ÒÉÓ ¸Éµ²Ó ¦¥ ÔËË¥±É¨¢´Ò³, ± ± ¨ ¢· Ð¥´¨¥, ¨¸ÉµÎ´¨±µ³ ¶Ê²Ó¸¨·ÊÕ-
Ð¥£µ · ¤¨µ¨§²ÊÎ¥´¨Ö ¢ µ±·Ê¦ ÕÐ¥¥ ¶·µ¸É· ´¸É¢µ, ³µ£²µ ¡Ò ¸É ÉÓ ´ ¡²Õ-
¤¥´¨¥ ¤µ²£µ¦¨¢ÊÐ¨Ì ¸¢¥·Ì¡Ò¸É·ÒÌ ¶Ê²Ó¸ ·µ¢ ¸ ¶¥·¨µ¤µ³ ¶Ê²Ó¸ Í¨° P <
0, 5 ³¸. �·¨ Ê± § ´´ÒÌ §´ Î¥´¨ÖÌ ¶¥·¨µ¤µ¢ · ¤¨µ¶Ê²Ó¸ Í¨° Î ¸ÉµÉ  ¨§²ÊÎ¥-
´¨Ö § ³¥É´µ ¶·¥¢µ¸Ìµ¤¨É ±¥¶²¥·µ¢¸±ÊÕ ¶·¥¤¥²Ó´ÊÕ Î ¸ÉµÉÊ, µ¶·¥¤¥²ÖÕÐÊÕ
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£· ¢¨É Í¨µ´´µ-¢· Ð É¥²Ó´ÊÕ Ê¸Éµ°Î¨¢µ¸ÉÓ §¢¥§¤Ò∗. �µÔÉµ³Ê ¸ÊÐ¥¸É¢µ¢ ´¨¥
É ±¨Ì ¶Ê²Ó¸ ·µ¢ ¨¸±²ÕÎ ¥É¸Ö ³µ¤¥²ÓÕ Ê´¨¶µ²Ö·´µ£µ £¥´¥· Éµ· , ¢ ±µÉµ·µ°
´ ³ £´¨Î¥´´ Ö ´¥°É·µ´´ Ö §¢¥§¤  ¶µ·µ¦¤ ¥É ³ £´¨Éµ¤¨¶µ²Ó´µ¥ · ¤¨µ¨§²ÊÎ¥-
´¨¥ ¸ ¶¥·¨µ¤µ³, · ¢´Ò³ ¶¥·¨µ¤Ê ¸µ¡¸É¢¥´´µ£µ ¢· Ð¥´¨Ö [81, 107, 108]. ‚
ÔÉµ° ¸¢Ö§¨ ´ ¨¡µ²¥¥ ¢ ¦´Ò³¨ ´ ³ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¶·µ¢µ¤¨³Ò¥ ¢ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö ´ ¡²Õ¤¥´¨Ö ¶µ ¶·µ£· ³³¥ Œ��ˆŸ (³´µ£µ± ²Ó´Ò°  ´ ²¨§ ´ ´µ¸¥±Ê´¤-
´ÒÌ ¨§³¥´¥´¨° Ö·±µ¸É¨), µ¤´µ° ¨§ Í¥²¥° ±µÉµ·µ° Ö¢²Ö¥É¸Ö ¶µ¨¸± ¶Ê²Ó¸ ·µ¢
¸ ¶¥·¥³¥´´µ¸ÉÓÕ ¨§²ÊÎ¥´¨Ö §  ¢·¥³Ö 10−7 − 10−2 ¸ [109].

6. ‡�Š‹�—…�ˆ…

‚ ¶·¥¤¸É ¢²¥´´µ³ µ¡§µ·¥ ¨§²µ¦¥´  É¥µ·¨Ö £· ¢¨É Í¨µ´´ÒÌ ¨ ³ £´¨Éµ-
¶² §³¥´´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ´¥°É·µ´´ÒÌ §¢¥§¤, µ¸´µ¢ ´´ Ö ´  ¶·¥¤-
¸É ¢²¥´¨¨ µ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ± ± Ê¶·Ê£µ³ Ë¥·³¨-±µ´É¨´ÊÊ³¥, µ¡² ¤ ÕÐ¥³
¸¢µ°¸É¢ ³¨ ¸±µ³¶¥´¸¨·µ¢ ´´µ° ³ £´¨Éµ ±É¨¢´µ° ¶² §³Ò. ‚ ± Î¥¸É¢¥ ËÊ´-
¤ ³¥´É ²Ó´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°, ³µ¤¥²¨·ÊÕÐ¨Ì ¤¢¨¦¥´¨Ö ¢¥Ð¥¸É¢  ¢
´¥¤· Ì ´¥°É·µ´´ÒÌ §¢¥§¤, ¨¸¶µ²Ó§ÊÕÉ¸Ö Ê· ¢´¥´¨Ö Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¨,
¶·¥¤²µ¦¥´´Ò¥ ¢ ³ ±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ ±µ²²¥±É¨¢´ÒÌ ¶·µÍ¥¸¸µ¢ ² ¡µ· -
Éµ·´µ° Ö¤¥·´µ° Ë¨§¨±¨, É ±¨Ì, ± ± ¤¥²¥´¨¥ ¨ £¨£ ´É¸±¨¥ ·¥§µ´ ´¸Ò.

�·µ¢¥¤¥´µ ±µ´¸É·Ê±É¨¢´µ¥ ¸· ¢´¥´¨¥ ¢Ò¢µ¤µ¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ° ¨
Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¥° ¶µ¢¥¤¥´¨Ö Ö¤¥·´µ° ¸¶²µÏ´µ° ¸·¥¤Ò ¸ ¤ ´´Ò³¨
 ¸É·µË¨§¨Î¥¸±¨Ì ´ ¡²Õ¤¥´¨°. ‚ · ³± Ì £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¶µ± -
§ ´µ, ÎÉµ ¶·¨¸ÊÉ¸É¢¨¥ ¤¨¶µ²Ó´µ° ³µ¤Ò Ö¢²Ö¥É¸Ö Ì · ±É¥·´Ò³ ¶·¨§´ ±µ³ ´¥-
µ¤´µ·µ¤´µ¸É¨ ¶·µË¨²Ö ¶²µÉ´µ¸É¨ §¢¥§¤Ò. �¤´ ±µ £¨¤·µ¤¨´ ³¨Î¥¸± Ö ³µ¤¥²Ó
´¥ ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ £² ¢´Ò¥ Ë¨§¨Î¥¸±¨¥ Ë ±Éµ·Ò, Ê¶· ¢²ÖÕÐ¨¥ ¸µ¡¸É¢¥´-
´Ò³¨ ±µ²¥¡ ´¨Ö³¨ ´¥°É·µ´´ÒÌ §¢¥§¤. ‚¨¡· Í¨µ´´ Ö Ê¸Éµ°Î¨¢µ¸ÉÓ ´¥°É·µ´-
´µ° §¢¥§¤Ò µ¶·¥¤¥²Ö¥É¸Ö ±µ´±Ê·¥´Í¨¥° ±µ´¸É·Ê±É¨¢´ÒÌ ¸¨² Ê¶·Ê£¨Ì ¤¥Ëµ·-
³ Í¨° ¢Ò·µ¦¤¥´´µ£µ Ë¥·³¨-±µ´É¨´ÊÊ³  ¨ ¤¥¸É·Ê±É¨¢´ÒÌ ¸¨² £· ¢¨É Í¨µ´-
´µ£µ ¸¦ É¨Ö. „ ´´µ¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¸µ¢¥·Ï¥´´µ µÉÎ¥É²¨¢µ µÉ· ¦¥´µ ¢ Ô² -
¸Éµ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨ ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨° ¨  ¡¸µ²ÕÉ´µ µÉ¸ÊÉ¸É¢Ê¥É
¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ´¥ ¤¥±¢ É´µ¸É¨ £¨¤·µ¤¨-
´ ³¨Î¥¸±µ° ¶ · ¤¨£³Ò Ö¤¥·´µ° ¸¶²µÏ´µ° ¸·¥¤Ò. �¤´¨³ ¨§ £² ¢´ÒÌ ¢Ò¢µ¤µ¢
· §¢¨Éµ° Ô² ¸Éµ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ ´¥· ¤¨ ²Ó´ÒÌ ¶Ê²Ó¸ Í¨° Ö¢²Ö¥É¸Ö ¢Ò-
¢µ¤ µ Éµ³, ÎÉµ ¢¨¡· Í¨µ´´ Ö ¤¨´ ³¨±  ´¥°É·µ´´µ° §¢¥§¤Ò Ì · ±É¥·¨§Ê¥É¸Ö
¤¢Ê³Ö ¢¥É¢Ö³¨ ¸µ¡¸É¢¥´´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨°:

∗�µ ¸µ¢·¥³¥´´Ò³ µÍ¥´± ³ [110], ¶·¥¤¥²Ó´µ¥ §´ Î¥´¨¥ Î ¸ÉµÉÒ ¢· Ð¥´¨Ö ¢µ±·Ê£ ¸¢µ¥° µ¸¨
¸Ëµ·³¨·µ¢ ¢Ï¥°¸Ö ´¥°É·µ´´µ° §¢¥§¤Ò µÍ¥´¨¢ ¥É¸Ö ± ± 1800 µ¡/¸. ‘ ³Ò¥ ¡Ò¸É·Ò¥ ´  ¸¥£µ¤´ÖÏ-
´¨° ¤¥´Ó ¶Ê²Ó¸ ·Ò PSR 1937 ¨ PSR 1957, ¸µ£² ¸´µ ³µ¤¥²¨ ¦¥¸É±µ£µ ·µÉ Éµ· , ¤µ²¦´Ò ¤¥² ÉÓ
¶·¨¡²¨§¨É¥²Ó´µ 600 µ¡µ·µÉµ¢ ¢ ¸¥±Ê´¤Ê.
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¸Ë¥·µ¨¤ ²Ó´µ° (s-³µ¤ ) ¨ Éµ·¸¨µ´´µ° (t-³µ¤ ). ’µ·¸¨µ´´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´µ-¢· Ð É¥²Ó´Ò¥ ±µ²¥¡ ´¨Ö ´¥°É·µ´´µ° §¢¥§¤Ò µ¡Ê¸²µ¢²¥´Ò ¨¸±²ÕÎ¨É¥²Ó´µ
¤¨´ ³¨Î¥¸±µ° Ê¶·Ê£µ¸ÉÓÕ ¢Ò·µ¦¤¥´´µ£µ Ë¥·³¨-±µ´É¨´ÊÊ³ . ‚ £ §µ¢µ° ¸·¥¤¥
§¢¥§¤ £² ¢´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨, ¤¢¨¦¥´¨Ö ±µÉµ·µ° ¶µ¤Î¨´ÖÕÉ¸Ö Ê· ¢´¥-
´¨Ö³ £¨¤·µ¤¨´ ³¨±¨, É ±¨¥ ³µ¤Ò µÉ¸ÊÉ¸É¢ÊÕÉ.

�  µ¸´µ¢¥ Ô´¥·£¥É¨Î¥¸±µ£µ ¢ ·¨ Í¨µ´´µ£µ ¶·¨´Í¨¶  · §· ¡µÉ ´ ³¥Éµ¤
¢ÒÎ¨¸²¥´¨Ö Î ¸ÉµÉ (¶¥·¨µ¤µ¢) ÔÉ¨Ì ±µ²¥¡ ´¨°. �ËË¥±É¨¢´µ¸ÉÓ ³¥Éµ¤  ¶·µ-
¨²²Õ¸É·¨·µ¢ ´   ´ ²¨É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ ¶¥·¨µ¤µ¢ £²µ¡ ²Ó´ÒÌ ´¥· ¤¨ ²Ó-
´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ³µ¤ ¢ · ³± Ì ¸É ´¤ ·É´µ° ³µ¤¥²¨ ´¥°É·µ´´µ°
§¢¥§¤Ò (³µ¤¥²¨·Ê¥³µ° ¸Ë¥·¨Î¥¸±µ° ³ ¸¸µ° µ¤´µ·µ¤´µ£µ ´¥°É·µ´´µ£µ Ë¥·³¨-
±µ´É¨´ÊÊ³ , ¸±µ´¤¥´¸¨·µ¢ ´´µ£µ ¸¨² ³¨ ¸µ¡¸É¢¥´´µ£µ ÉÖ£µÉ¥´¨Ö ¤µ ¶²µÉ´µ-
¸É¥° ¶µ·Ö¤±  ´µ·³ ²Ó´µ° Ö¤¥·´µ° ¶²µÉ´µ¸É¨). �¥ ²¨¸É¨Î¥¸±¨¥ µÍ¥´±¨ ¶¥·¨-
µ¤µ¢ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ¨ Éµ·¸¨µ´´ÒÌ £· ¢¨É Í¨µ´´ÒÌ ³µ¤ ¶µ²ÊÎ¥´Ò ¢ · ³± Ì
³µ¤¥²¥° ´¥°É·µ´´ÒÌ §¢¥§¤, ¶µ¸É·µ¥´´ÒÌ ´  µ¸´µ¢¥ ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢-
´¥´¨Ö · ¢´µ¢¥¸¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ê· ¢´¥´¨° ¸µ¸ÉµÖ´¨Ö Ö¤¥·´µ° ³ É¥·¨¨,
ÊÎ¨ÉÒ¢ ÕÐ¨Ì £¥É¥·µË §´µ¸ÉÓ Ö¤¥·´µ£µ ¸É É¨¸É¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö. �·µ¢¥-
¤¥´  ´ ²¨§ ¢¨¡· Í¨µ´´µ° (¸¥°¸³¨Î¥¸±µ°) Ê¸Éµ°Î¨¢µ¸É¨ ´¥°É·µ´´µ° §¢¥§¤Ò
µÉ´µ¸¨É¥²Ó´µ Ê¶·Ê£¨Ì ¤¥Ëµ·³ Í¨°, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì £²µ¡ ²Ó´Ò¥ £· ¢¨É Í¨-
µ´´Ò¥ ±µ²¥¡ ´¨Ö, ¨ ¶µ± § ´µ, ÎÉµ ¶·¨ ²¨´¥°´ÒÌ ¤¥Ëµ·³ Í¨ÖÌ, ¶µ¤Î¨´ÖÕ-
Ð¨Ì¸Ö § ±µ´Ê ƒÊ± , ´¥ ¢µ§´¨± ¥É ´¥Ê¸Éµ°Î¨¢ÒÌ ´ ¶·Ö¦¥´¨°, ±µÉµ·Ò¥ ³µ£²¨
¡Ò ¸¶·µ¢µÍ¨·µ¢ ÉÓ §¢¥§¤µÉ·Ö¸¥´¨Ö. �µ²ÊÎ¥´´Ò¥ µÍ¥´±¨ ¶¥·¨µ¤µ¢ £· ¢¨É Í¨-
µ´´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ ³µ¤ ¤ ÕÉ µ¸´µ¢ ´¨Ö ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ÔÉ¨ ±µ²¥¡ ´¨Ö
³µ£ÊÉ ¡ÒÉÓ µÉ¢¥É¸É¢¥´´Ò §  ¢ ·¨ Í¨¨ ¨´É¥´¸¨¢´µ¸É¨ ³¨±·µ¨³¶Ê²Ó¸µ¢, ´ ¡²Õ-
¤ ¥³Ò¥ ¢ ³¨²²¨¸¥±Ê´¤´µ³ ¤¨ ¶ §µ´¥ ¸¶¥±É·  ¶Ê²Ó¸ ·µ¢.

�·µ¢¥¤¥´µ ¤¥É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ ´¥· ¤¨ ²Ó´ÒÌ ³ £´¨Éµ¶² §³¥´´ÒÌ µ¸Í¨²-
²ÖÍ¨°, ¶·¥¤¶µ²µ¦¨É¥²Ó´µ ¨´¤ÊÍ¨·Ê¥³ÒÌ ¢ Ae-Ë §¥ ¢¸¶ÒÏ±µ° ¸¢¥·Ì´µ¢µ°
¶·¨ ·µ¦¤¥´¨¨ ¶Ê²Ó¸ ·  ¨²¨ ±µ³¶ ´Óµ´µ³ ¢ ¤¢µ°´µ° ¸¨¸É¥³¥. �·¨ ÔÉµ³ µ¡´ -
·Ê¦¥´µ, ÎÉµ ¤²¨É¥²Ó´µ¸ÉÓ  ²ÓË¢¥´µ¢¸±¨Ì Œƒ„-±µ²¥¡ ´¨° ¶¥·¥±·Ò¢ ¥É ¶Ê²Ó-
¸ ·´ÊÕ Ï± ²Ê ¢·¥³¥´¨. ‘µ¢¶ ¤¥´¨¥ · ¸¸Î¨É ´´ÒÌ ¶¥·¨µ¤µ¢ ³ £´¨Éµ¶² §³¥´-
´ÒÌ ±µ²¥¡ ´¨° ¸ ´ ¡²Õ¤ ¥³Ò³¨ ¶¥·¨µ¤ ³¨ · ¤¨µ¨§²ÊÎ¥´¨Ö ¶Ê²Ó¸ ·µ¢ ¨´É¥·-
¶·¥É¨·Ê¥É¸Ö ± ± ¶µ¤É¢¥·¦¤¥´¨¥ £¨¶µÉ¥§Ò •µ°² Å� ·²¨± · Å“¨²¥·  µ Éµ³,
ÎÉµ ¸² ¡µ§ ÉÊÌ ÕÐ¨¥ ³ £´¨Éµ¶² §³¥´´Ò¥ ±µ²¥¡ ´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¨¸ÉµÎ´¨±µ³
¶Ê²Ó¸¨·ÊÕÐ¥£µ (²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ) ¨§²ÊÎ¥´¨Ö, ±µÉµ·µ¥ Ëµ·³¨·Ê¥É¸Ö
¢ µ±·Ê¦ ÕÐ¥° §¢¥§¤Ê ³ £´¨Éµ¸Ë¥·¥. ‚ · ³± Ì ³ £´¨Éµ¶² §³¥´´µ° ³µ¤¥²¨
Ô²¥±É·µ³ £´¨É´µ°  ±É¨¢´µ¸É¨ ´¥°É·µ´´ÒÌ §¢¥§¤ ·¥£¨¸É·¨·Ê¥³µ¥ Ê¤²¨´¥´¨¥
¶¥·¨µ¤µ¢ · ¤¨µ¨³¶Ê²Ó¸µ¢ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ± ± ·¥§Ê²ÓÉ É ³¥¤²¥´´µ° ¤¥¶·¥¸-
¸¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¶Ê²Ó¸ ·µ¢. �ÉµÉ ¢Ò¢µ¤ Ö¢²Ö¥É¸Ö ¥Ð¥ µ¤´¨³  ·£Ê³¥´Éµ³ ¢
¶µ²Ó§Ê Éµ£µ, ÎÉµ ³ £´¨Éµ£¨¤·µ¤¨´ ³¨Î¥¸±¨° ³¥Ì ´¨§³ ¶·¥µ¡· §µ¢ ´¨Ö Ô´¥·-
£¨¨  ²ÓË¢¥´µ¢¸±¨Ì ±µ²¥¡ ´¨° ¢ Ô´¥·£¨Õ Ô²¥±É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö ³µ¦¥É
¡ÒÉÓ ÔËË¥±É¨¢´Ò³ ¨¸ÉµÎ´¨±µ³ ¶Ê²Ó¸¨·ÊÕÐ¥£µ · ¤¨µ¨§²ÊÎ¥´¨Ö ´¥°É·µ´´ÒÌ
§¢¥§¤ ´ ·Ö¤Ê ¸ Ê´¨¶µ²Ö·´µ° ¨´¤Ê±Í¨¥°, ¶µ·µ¦¤ ÕÐ¥° £¥µ³¥É·¨Î¥¸±¨° ÔË-
Ë¥±É É ±µ£µ ¨§²ÊÎ¥´¨Ö.
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’ ±¨³ µ¡· §µ³, ´ ±µ¶²¥´´Ò¥ ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¤ ´´Ò¥  ¸É·µË¨§¨-
Î¥¸±¨Ì µ¡¸¥·¢ Éµ·¨° µ¡ Ô²¥±É·µ³ £´¨É´µ°  ±É¨¢´µ¸É¨ ´¥°É·µ´´ÒÌ §¢¥§¤,
  É ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ² ¡µ· Éµ·´µ° Ö¤¥·´µ° Ë¨§¨±¨ ¸¢¨¤¥-
É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ Ö¤¥·´ Ö ¸¶²µÏ´ Ö ¸·¥¤  Ö¢²Ö¥É¸Ö Ê¶·Ê£¨³ Ë¥·³¨-
±µ´É¨´ÊÊ³µ³, ¤¢¨¦¥´¨Ö ±µÉµ·µ£µ ¢ ¸µ¡¸É¢¥´´µ³ £· ¢¨É Í¨µ´´µ³ ¨ ³ £´¨É-
´µ³ ¶µ²ÖÌ  ¤¥±¢ É´µ µ¶¨¸Ò¢ ÕÉ¸Ö Ê· ¢´¥´¨Ö³¨ Ö¤¥·´µ° Ô² ¸Éµ¤¨´ ³¨±¨ ¨
³ £´¨Éµ£¨¤·µ¤¨´ ³¨±¨.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ · ³± Ì ¤µ£µ¢µ·  µ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ³¥¦¤Ê ‹‚’�
�ˆŸˆ („Ê¡´ ), …·¥¢ ´¸±¨³ Ê´¨¢¥·¸¨É¥Éµ³ (�·³¥´¨Ö), ‘ · Éµ¢¸±¨³ £µ¸Ê´¨-
¢¥·¸¨É¥Éµ³ (�µ¸¸¨Ö), ˆ´¸É¨ÉÊÉµ³ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ “´¨¢¥·¸¨É¥É  ‹Õ¤¢¨-
£  Œ ±¸¨³¨²¨ ´  (ŒÕ´Ì¥´, ƒ¥·³ ´¨Ö) ¨ Î ¸É¨Î´µ ¶µ¤¤¥·¦ ´  £· ´Éµ³ ¶·µ-
£· ³³Ò ƒ¥°§¥´¡¥·£Å‹ ´¤ Ê ‹’” �ˆŸˆ.

��ˆ‹�†…�ˆ… �

‚ ÔÉµ³ ¶·¨²µ¦¥´¨¨ ³Ò ¶·¨¢µ¤¨³ ¸¢µ¤±Ê ¶µ²¥§´ÒÌ Ëµ·³Ê², ¨¸¶µ²Ó§µ-
¢ ´¨¥ ±µÉµ·ÒÌ §´ Î¨É¥²Ó´µ µ¡²¥£Î ¥É  ´ ²¨É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¶¥·¨µ¤µ¢
¸µ¡¸É¢¥´´ÒÌ ´¥· ¤¨ ²Ó´ÒÌ £· ¢¨É Í¨µ´´µ-Ê¶·Ê£¨Ì ±µ²¥¡ ´¨°. � ¨³¥´¥¥ É·Ê-
¤µ¥³±µ ¢ÒÎ¨¸²¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¢Ò¶µ²´¥´Ò ¢ ¸Ë¥·¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É
¸ Ë¨±¸¨·µ¢ ´´µ° ¶µ²Ö·´µ° µ¸ÓÕ z.

�·µ¨§¢µ¤´Ò¥ ¶µ²Ö ¸³¥Ð¥´¨° ¢ É¥´§µ·¥ Ê¶·Ê£¨Ì ´ ¶·Ö¦¥´¨° ¨³¥ÕÉ ¢¨¤

∂ξ1

∂x1
=

∂ξr

∂r
,

∂ξ2

∂x2
= − (1− µ2)1/2

r

∂ξθ

∂µ
+
ξr

r
, µ = cos θ,

∂ξ3

∂x3
=

1

r(1 − µ2)1/2

∂ξφ

∂φ
+
ξr

r
+
ξθ

r

µ

(1− µ2)1/2
,

∂ξ1

∂x2
= − (1− µ2)1/2

r

∂ξr

∂µ
− ξθ

r
,

∂ξ2

∂x1
=
∂ξθ

∂r
, (A.1)

∂ξ1

∂x3
=

1

r(1 − µ2)1/2

∂ξr

∂φ
− ξφ

r
,

∂ξ3

∂x1
=
∂ξφ

∂r
,

∂ξ2

∂x3
=

1

r(1 − µ2)1/2

∂ξθ

∂φ
− ξφ

r

µ

(1 − µ2)1/2
,
∂ξ3

∂x2
= − (1− µ2)1/2

r

∂ξφ

∂µ
.

‚Ò· ¦¥´¨¥ ¤²Ö ¦¥¸É±µ¸É¨ Ê¶·Ê£¨Ì ´¥· ¤¨ ²Ó´ÒÌ ±µ²¥¡ ´¨°, ´¥¶µ¸·¥¤¸É¢¥´´µ
¶µ¤²¥¦ Ð¥¥ ¨´É¥£·¨·µ¢ ´¨Õ, ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

C =
1

2

∫
v

P (r)

(
∂ξi

∂xj
+
∂ξj

∂xi

)2

dV =

∫
v

P (r)

(
∂ξi

∂xj
+
∂ξj

∂xi

)
∂ξj

∂xi
dV =

=

∫
v

P (r)

{
2

[(
∂ξ1

∂x1

)2

+

(
∂ξ2

∂x2

)2

+

(
∂ξ3

∂x3

)2
]

+
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+

[(
∂ξ1

∂x2
+
∂ξ2

∂x1

)2

+

(
∂ξ1

∂x3
+
∂ξ3

∂x1

)2

+

(
∂ξ2

∂x3
+
∂ξ3

∂x2

)2
]}

dV.

(A.2)

‚ ¢ÒÎ¨¸²¥´¨ÖÌ ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¶µ²µ¨¤ ²Ó´µ£µ ¶µ²Ö
Ê¶·Ê£¨Ì ¸³¥Ð¥´¨°:

ξp =
Np

L+ 1
rot rotr rLPL(µ) : ξr = LNp r

L−1PL(µ),

ξθ = −Np(1 − µ2)1/2rL−1 dPL(µ)

dµ
, ξφ = 0, (A.3)

¨ ¨Ì ¶·µ¨§¢µ¤´ÒÌ

∂ξ1

∂x1
= Np L(L− 1)rL−2PL(µ),

∂ξ2

∂x2
= Npr

L−2

[
µ
dPL(µ)

dµ
− L2PL(µ)

]
,

∂ξ3

∂x3
= Np r

L−2

[
LPL(µ)− µdPL(µ)

dµ

]
,

∂ξ1

∂x2
= −Np (L− 1)rL−2(1− µ2)1/2 dPL(µ)

dµ
, (A.4)

∂ξ2

∂x1
= −Np (L− 1)rL−2(1− µ2)1/2 dPL(µ)

dµ
,

∂ξ1

∂x3
= 0,

∂ξ3

∂x1
= 0,

∂ξ2

∂x3
= 0,

∂ξ3

∂x2
= 0.

‘Ë¥·¨Î¥¸±¨¥ ±µ³¶µ´¥´ÉÒ Éµ·µ¨¤ ²Ó´µ£µ ¶µ²Ö Ê¶·Ê£¨Ì Éµ·¸¨µ´´ÒÌ ¸³¥Ð¥´¨°
¨ ¨Ì ¶·µ¨§¢µ¤´ÒÌ ¨³¥ÕÉ ¢¨¤

ξt =
NP

L+ 1
rotr rLPL(µ) : ξr = 0, ξθ = 0, ξφ = Nt r

L (1−µ2)1/2 dPL(µ)

dµ
,

(A.5)

∂ξ1

∂x1
= 0,

∂ξ2

∂x2
= 0,

∂ξ3

∂x3
= 0,

∂ξ1

∂x2
= 0,

∂ξ2

∂x1
= 0,

∂ξ1

∂x3
= −Nt rL−1(1 − µ2)1/2 dPL(µ)

dµ
,

∂ξ3

∂x1
= LNt r

L−1(1− µ2)1/2 dPL(µ)

dµ
,

∂ξ2

∂x3
= −Nt rL−1µ

dPL(µ)

dµ
,

∂ξ3

∂x2
= −Nt rL−1

[
µ
dPL(µ)

dµ
− L(L+ 1)PL(µ)

]
. (A.6)
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�·¨ ¢ÒÎ¨¸²¥´¨¨ ¢ ·¨ Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö ¶·¨ ³ £´¨Éµ¶² §³¥´´ÒÌ µ¸-
Í¨²²ÖÍ¨ÖÌ ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ ±µ³¶µ´¥´ÉÒ ¶·µ¨§¢µ¤´ÒÌ ¶µ²¥° Ê¶·Ê£¨Ì
¸³¥Ð¥´¨° ¶µ ´ ¶· ¢²¥´¨Õ ¶µ¸ÉµÖ´´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ¢´ÊÉ·¨ §¢¥§¤Ò

hi = Bk
∂ξi

∂xk
(�.1)

¢ ¸Ë¥·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥° Ö¢´µ° Ëµ·³¥:

hr =

[
Br

∂

∂r
+
Bθ

r

∂

∂θ
+

Bφ

r sin θ

∂

∂φ

]
ξr −

Bθ ξθ +Bφ ξφ

r
,

hθ =

[
Br

∂

∂r
+
Bθ

r

∂

∂θ
+

Bφ

r sin θ

∂

∂φ

]
ξθ +

Bθ ξr −Bφ ξφ ctgθ

r
, (�.2)

hφ =

[
Br

∂

∂r
+
Bθ

r

∂

∂θ
+

Bφ

r sin θ

∂

∂φ

]
ξφ +

Bφ ξr +Bφ ξθ ctgθ

r
.
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ÓÄÊ 530.145; 583.3

Ìîäåëü êâàðê-ãëþîííûõ ñòðóí: ìÿãêèå è ïîëóæåñòêèå àäðîííûå ïðîöåññû. Ëû-

êàñîâ Ã.È., Àðàêåëÿí Ã.Ã., Ñåðãååíêî Ì.Í. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî

ÿäðà, 1999, òîì 30, âûï.4, ñ.817.

Â îáçîðå ïðåäñòàâëåíû îñíîâíûå ïðèíöèïû ìîäåëè êâàðê-ãëþîííûõ ñòðóí

(ÌÊÃÑ), ïðåäñòàâëÿþùåé íåïåðòóðáàòèâíûé ïîäõîä â ÊÕÄ äëÿ îïèñàíèÿ àäðîííûõ

ïðîöåññîâ. Ïîêàçàíà ñâÿçü s-êàíàëüíîãî òîïîëîãè÷åñêîãî 1/N-ðàçëîæåíèÿ àìïëèòóäû

àäðîí-àäðîííîãî ðàññåÿíèÿ, ãäå N — ÷èñëî àðîìàòîâ èëè öâåòîâ êâàðêîâ, ñ åå t-êàíàëü-

íûì ðàçëîæåíèåì ïî ðåäæåâñêèì ïîëþñàì. Òàêîé ïîäõîä ïðèìåíÿåòñÿ ê àíàëèçó ìÿã-

êèõ àäðîííûõ ïðîöåññîâ. Ðàññìîòðåí ñïîñîá ðàñøèðåíèÿ îáëàñòè ïðèìåíèìîñòè

ÌÊÃÑ äëÿ îïèñàíèÿ èíêëþçèâíûõ ñïåêòðîâ ðåçîíàíñîâ,ñîäåðæàùèõ ëåãêèå êâàðêè. Â

ðàìêàõ ìîäåëè, ó÷èòûâàþùåé âêëàä îò ðàñïàäà ñîîòâåòñòâóþùèõ s-êàíàëüíûõ ðåçî-

íàíñíûõ ñîñòîÿíèé, ðàññìîòðåíû ïðîöåññû àäðîíîðîæäåíèÿ áàðèîíîâ ñ îòêðûòûì

÷àðìîì.Îáñóæäàåòñÿ òàêæå ìîäèôèêàöèÿ ÌÊÃÑ, â êîòîðîé îáìåí ïîìåðîíîì ðàññìà-

òðèâàåòñÿ êàê îáìåí äâóìÿ íåïåðòóðáàòèâíûìè ãëþîíàìè ñ äèíàìè÷åñêè ãåíåðèðóå-

ìîé ìàññîé; â ðàìêàõ ýòîé âåðñèè ÌÊÃÑ àíàëèçèðóþòñÿ ìÿãêèå è ïîëóæåñòêèå ïðî-

öåññû, à òàêæå ðîæäåíèå î÷àðîâàííûõ ÷àñòèö â àäðîííûõ ñîóäàðåíèÿõ. Ïîêàçàíû ïðå-

èìóùåñòâà è íåäîñòàòêè òàêîãî ïîäõîäà ïî ñðàâíåíèþ ñ äðóãèìè ïåðòóðáàòèâíûìè

ìîäåëÿìè ÊÕÄ.

Òàáë. 7. Èë. 18. Áèáëèîãð.: 103.

ÓÄÊ 539.17

Ñå÷åíèÿ âçàèìîäåéñòâèÿ è ñòðóêòóðà ëåãêèõ ýêçîòè÷åñêèõ ÿäåð. Êíÿçüêîâ Î.Ì.,

Êóõòèíà È.Í., Ôàÿíñ Ñ.À.Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30,

âûï.4, ñ.870.

Ñäåëàí îáçîð ïîëó÷åííûõ çà ïîñëåäíèå ãîäû ýêñïåðèìåíòàëüíûõ äàííûõ ïî ïîë-

íûì ñå÷åíèÿì ðåàêöèé è ñå÷åíèÿì âçàèìîäåéñòâèÿ äëÿ ëåãêèõ ýêçîòè÷åñêèõ ÿäåð. Ðàñ-

ñìîòðåíû ðàçëè÷íûå — ôåíîìåíîëîãè÷åñêèå è ïîëóìèêðîñêîïè÷åñêèå — ïîäõîäû ê

àíàëèçó ýêñïåðèìåíòàëüíûõ äàííûõ. Â ÷àñòíîñòè, îáñóæäàþòñÿ ìîäåëü ñèëüíîãî ïî-

ãëîùåíèÿ ñ ïàðàìåòðèçàöèåé Êîõà è ôåíîìåíîëîãè÷åñêàÿ îïòè÷åñêàÿ ìîäåëü. Îñîáîå

âíèìàíèå óäåëÿåòñÿ ïîëóìèêðîñêîïè÷åñêèì ïîäõîäàì: ìîäåëè äâîéíîé ñâåðòêè ñ ÿâ-

íûì ó÷åòîì ýôôåêòîâ îäíîíóêëîííîãî îáìåíà è òåîðèè Ãëàóáåðà. Àíàëèçèðóåòñÿ ðîëü

ïîïðàâîê ê îïòè÷åñêîìó ïðåäåëó ãëàóáåðîâñêîãî ïðèáëèæåíèÿ. Îáñóæäàþòñÿ íàèáî-

ëåå ñóùåñòâåííûå àñïåêòû ÿäåðíîé ñòðóêòóðû, êîòîðûå ìîãóò áûòü âûÿâëåíû ñ ïîìî-

ùüþ èçìåðåíèé ïîëíûõ ñå÷åíèé ðåàêöèé è ñå÷åíèé âçàèìîäåéñòâèÿ è èõ òåîðåòè÷å-

ñêîãî àíàëèçà. Èññëåäóåòñÿ èçîòîïè÷åñêàÿ çàâèñèìîñòü ñðåäíåêâàäðàòè÷íûõ ðàäèó-

ñîâ ëåãêèõ ýêçîòè÷åñêèõ ÿäåð è ïðîáëåìû íåéòðîííîãî è ïðîòîííîãî ãàëî. Êðàòêî

îáñóæäàþòñÿ òåîðåòè÷åñêèå ìîäåëè, èñïîëüçóåìûå äëÿ ïîñòðîåíèÿ íóêëîííûõ ïëîò-

íîñòåé. Ñôîðìóëèðîâàíû ïðåäëîæåíèÿ ïî ïðîâåäåíèþ íîâûõ ýêñïåðèìåíòîâ ñ ëåãêè-

ìè ýêçîòè÷åñêèìè ÿäðàìè.

Òàáë. 13. Èë. 12. Áèáëèîãð.: 97.

ÐÅÔÅÐÀÒÛ ÑÒÀÒÅÉ, ÏÎÌÅÙÅÍÍÛÕ Â ÂÛÏÓÑÊÅ



ÓÄÊ 539.17; 539.16.01

Ìîäû õîëîäíîãî äåëåíèÿ 252Cf. Ñýíäóëåñêó À., Ìèøèêó Ø., Êûðñòîéó Ô., Ãðàé-

íåð Â. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30, âûï. 4, ñ.908.

Èññëåäîâàíà äâîéíàÿ è òðîéíàÿ õîëîäíàÿ ôðàãìåíòàöèÿ òÿæåëûõ ÿäåð â ðàìêàõ

êëàñòåðíîé ìîäåëè ñ ó÷åòîì äåôîðìàöèè. Ïðåäïîëàãàëîñü, ÷òî êîíå÷íûå ôðàãìåíòû

ðîæäàþòñÿ â ñîîòâåòñòâóþùèõ îñíîâíûõ ñîñòîÿíèÿõ è âçàèìîäåéñòâóþò ïðè ïîìîùè

ïîòåíöèàëà äâîéíîé ñâåðòêè ñ M Y3 -ñèëàìè. Ýôôåêòû äåôîðìàöèè ó÷èòûâàëèñü

âïëîòü äî ìóëüòèïîëüíîñòè λ= 4. Ïîêàçàíî, ÷òî âîçíèêàþò äâå îáëàñòè õîëîäíîé

ôðàãìåíòàöèè. Ïåðâîé îáëàñòè îòâå÷àþò áîëüøèå êâàäðóïîëüíûå è äàæå ãåêñàäåêà-

ïîëüíûå äåôîðìàöèè è ìàññîâûå ÷èñëà òÿæåëûõ ôðàãìåíòîâ â äèàïàçîíå îò 138 äî

158. Âî âòîðîé îáëàñòè âûäåëÿåòñÿ ñëó÷àé íåáîëüøîãî ÷èñëà ñôåðè÷åñêèõ ÿäåð â

îêðåñòíîñòè äâàæäû ìàãè÷åñêîãî 132Sn, ïîäîáíûé ðàñïàäó íà òÿæåëûå êëàñòåðû, ïðè

êîòîðîì äî÷åðíèå ÿäðà ëåæàò â îêðåñòíîñòè 208Pb. Ýòà ñòðóêòóðà îäèíàêîâà äëÿ ñëó÷à-

åâ äâîéíîãî è òðîéíîãî õîëîäíîãî äåëåíèÿ. Ðàññ÷èòàí âûõîä õîëîäíîãî äåëåíèÿ 252Cf

äëÿ áèíàðíîé ôðàãìåíòàöèè è ñîïóòñòâóþùåãî àëüôà-ðàñïàäà. Äëÿ òðîéíîé ìîäû õî-

ëîäíîãî äåëåíèÿ ïîëó÷åíû íàèáîëåå âåðîÿòíûå ãåîìåòðè÷åñêèå è äèíàìè÷åñêèå õà-

ðàêòåðèñòèêè ôðàãìåíòîâ ïðè âûäåëåííîì ìîìåíòå ëåãêîé ÷àñòèöû è ïðîâåäåí ðàñ÷åò

êëàññè÷åñêîé òðàåêòîðèè ñ öåëüþ ïîëó÷åíèÿ êîíå÷íîé ýíåðãèè àëüôà-÷àñòèöû. Îáñó-

æäàþòñÿ íåäàâíèå íàáëþäåíèÿ 10Be â õîëîäíîì òðîéíîì äåëåíèè â ñâÿçè ñ êîíöåïöè-

åé ãèãàíòñêèõ ÿäåðíûõ ìîëåêóë.

Èë. 23. Áèáëèîãð.: 53.

ÓÄÊ 939.1.01

Íåêîòîðûå âîïðîñû òðàíñïîðòíîé òåîðèè êâàðê-ãëþîííîé ïëàçìû. Ìðîâ÷èí-

ñêè C. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30, âûï. 4, ñ.954.

Ðàññìîòðåíû íåêîòîðûå èçáðàííûå âîïðîñû òðàíñïîðòíîé òåîðèè êâàðê-ãëþîí-

íîé ïëàçìû. Âûâîä ôîðìû òðàíñïîðòíûõ óðàâíåíèé, ëåæàùèõ â îñíîâå äèíàìè÷å-

ñêîé òåîðèè, îáñóæäàåòñÿ â ðàìêàx ìîäåëè φ4. Ðàññìîòðåíû îñîáåííîñòè êèíåòè÷å-

ñêèõ óðàâíåíèé êâàðêîâ è ãëþîíîâ è èçó÷åí ïëàçìåííûé (ëèíåéíûé) îòêëèê öâåòíûõ

ïîëåé. Íàéäåí õðîìîýëåêòðè÷åñêèé òåíçîð ïðîíèöàåìîñòè è îáñóæäàþòñÿ ïëàçìåí-

íûå îñöèëëÿöèè. Â çàêëþ÷åíèe äåòàëüíî îáñóæäàþòñÿ íåñòàáèëüíîñòè, ñâÿçàííûå ñ

íàãðåâîì ñèëüíîàíèçîòðîïíîé ñèñòåìû, îáðàçóþùåéñÿ ïðè ñîóäàðåíèÿõ òÿæåëûõ èî-

íîâ.

Èë. 5. Áèáëèîãð.: 83.

ÓÄÊ 524.354.6; 359.14

Ýëàñòîäèíàìè÷åñêèå ñâîéñòâà ÿäåðíîé ìàòåðèè íåéòðîííûõ çâåçä. Áàñòðó-

êîâ C.È., Ìîëîäöîâà È.Â., Ïîäãàéíûé Ä.Â., Âåáåð Ô., Ïàïîÿí Â.Â. Ôèçèêà ýëåìåíòàð-

íûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30, âûï. 4, ñ.992.

Â îáçîðå èçëàãàåòñÿ òåîðèÿ ãðàâèòàöèîííûõ è ìàãíèòîïëàçìåííûõ íåðàäèàëü-

íûõ êîëåáàíèé íåéòðîííûõ çâåçä, îñíîâàííàÿ íà ïðåäñòàâëåíèè î ÿäåðíîé ìàòåðèè

êàê óïðóãîì ôåðìè-êîíòèíóóìå, îáëàäàþùåì ñâîéñòâàìè ñêîìïåíñèðîâàííîé ìàãíè-

òîàêòèâíîé ïëàçìû. Â êà÷åñòâå ôóíäàìåíòàëüíûõ óðàâíåíèé äèíàìèêè ÿäåðíîé

ñïëîøíîé ñðåäû ïðåäëîæåíî èñïîëüçîâàòü óðàâíåíèÿ ÿäåðíîé ýëàñòîäèíàìèêè, çàèì-

ñòâîâàííûå èç ëàáîðàòîðíîé ÿäåðíîé ôèçèêè. Ýòè óðàâíåíèÿ ëåæàò â îñíîâå ñîâðå-

ìåííûõ ìåòîäîâ ìàêðîñêîïè÷åñêîãî îïèñàíèÿ ñèëüíî êîëëåêòèâèçèðîâàííûõ ÿäåð-
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íûõ ïðîöåññîâ, òàêèõ, êàê äåëåíèå è ãèãàíòñêèå ðåçîíàíñû. Ïîäðîáíî îáñóæäàåòñÿ

ïðîáëåìà ãëîáàëüíûõ íåðàäèàëüíûõ ãðàâèòàöèîííî-óïðóãèõ êîëåáàíèé íåéòðîííîé

çâåçäû. Ïîä÷åðêèâàåòñÿ, ÷òî âèáðàöèîííàÿ äèíàìèêà íåéòðîííîé çâåçäû õàðàêòåðè-

çóåòñÿ äâóìÿ âåòâÿìè ñîáñòâåííûõ ñôåðîèäàëüíûõ (s-ìîäà) è òîðñèîííûõ (t-ìîäà) íå-

ðàäèàëüíûõ ýëàñòîäèíàìè÷åñêèõ êîëåáàíèé. Ñôîðìóëèðîâàí âàðèàöèîííûé ìåòîä

âû÷èñëåíèÿ ÷àñòîò è ïðîâåäåíû äåòàëüíûå àíàëèòè÷åñêèå è ÷èñëåííûå ðàñ÷åòû ïåðè-

îäîâ ãëîáàëüíûõ íåðàäèàëüíûõ ãðàâèòàöèîííûõ êîëåáàíèé äëÿ ñåìåéñòâà îäíîðîä-

íûõ ìîäåëåé, ïîñòðîåííûõ íà îñíîâå íåðåëÿòèâèñòñêîãî óðàâíåíèÿ ãðàâèòàöèîííîãî

ðàâíîâåñèÿ äëÿ âûðîæäåííîé íåéòðîííîé ìàòåðèè, à òàêæå íåîäíîðîäíûõ ìîäåëåé

íåéòðîííûõ çâåçä, ïîñòðîåííûõ íà îñíîâå ðåëÿòèâèñòñêîãî óðàâíåíèÿ Òîëìåíà —

Îïïåíãåéìåðà — Âîëêîâà ñ ó÷åòîì ãåòåðîôàçíîñòè ÿäåðíîãî ñòàòèñòè÷åñêîãî ðàâíî-

âåñèÿ â óðàâíåíèè ñîñòîÿíèÿ ÿäåðíîé ìàòåðèè. Èññëåäîâàíà âèáðàöèîííàÿ (ñåéñìè-

÷åñêàÿ) óñòîé÷èâîñòü íåéòðîííîé çâåçäû îòíîñèòåëüíî óïðóãèõ äåôîðìàöèé, ñîïðî-

âîæäàþùèõ ãëîáàëüíûå íåðàäèàëüíûå êîëåáàíèÿ, è ïîêàçàíî, ÷òî ïðè ëèíåéíûõ äå-

ôîðìàöèÿõ, ïîä÷èíÿþùèõñÿ çàêîíó Ãóêà, íå âîçíèêàåò íåóñòîé÷èâûõ íàïðÿæåíèé,

êîòîðûå ìîãëè áû ñïðîâîöèðîâàòü çâåçäîòðÿñåíèÿ. Ïîêàçàíî òàêæå, ÷òî çàìàãíè÷åí-

íàÿ Àå-ôàçà ñïîñîáíà ïîääåðæèâàòü ñëàáîçàòóõàþùèå àëüôâåíîâñêèå âîëíû, õàðàê-

òåðíîé îñîáåííîñòüþ êîòîðûõ ÿâëÿåòñÿ ñõîäñòâî ñ ýëàñòîäèíàìè÷åñêèìè âîëíàìè â

óïðóãîé ñðåäå. Â íåñæèìàåìîé ÿäåðíîé ñðåäå íåéòðîííûõ çâåçä íåðàäèàëüíûå ìàãíè-

òîïëàçìåííûå îñöèëëÿöèè ìîãóò èíäóöèðîâàòüñÿ âñïûøêîé ñâåðõíîâîé èëè êîìïà-

íüîíîì â äâîéíîé ñèñòåìå. Ðàññ÷èòàíû ÷àñòîòû òîðîèäàëüíûõ è ïîëîèäàëüíûõ àëüô-

âåíîâñêèõ ìîä, è íàéäåíî, ÷òî ïåðèîäû ýòèõ êîëåáàíèé ïåðåêðûâàþò ïóëüñàðíóþ

øêàëó âðåìåíè. Ýòî íàáëþäåíèå èíòåðïðåòèðóåòñÿ â ïîëüçó ãèïîòåçû Õîéëà — Íàð-

ëèêàðà— Óèëåðà î òîì, ÷òî ñëàáîçàòóõàþùèå ìàãíèòîïëàçìåííûå êîëåáàíèÿ ìîãóò

ñëóæèòü ýôôåêòèâíûì èñòî÷íèêîì ïóëüñèðóþùåãî èçëó÷åíèÿ íåéòðîííûõ çâåçä. Îò-

ìå÷àåòñÿ, ÷òî â ðàìêàõ ìàãíèòîïëàçìåííîé ìîäåëè ýëåêòðîìàãíèòíîé àêòèâíîñòè

íåéòðîííûõ çâåçä ðåãèñòðèðóåìîå óäëèíåíèå ïåðèîäîâ ðàäèîèìïóëüñîâ ìîæíî îáú-

ÿñíèòü ìåäëåííîé äåïðåññèåé ìàãíèòíîãî ïîëÿ ïóëüñàðîâ.

Òàáë. 5. Èë. 7. Áèáëèîãð.: 115
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Ê ÑÂÅÄÅÍÈÞ ÀÂÒÎÐÎÂ

Â æóðíàëå «Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà» (Ý×Àß) ïå÷àòàþòñÿ îáçîðû ïî

àêòóàëüíûì ïðîáëåìàì òåîðåòè÷åñêîé è ýêñïåðèìåíòàëüíîé ôèçèêè ýëåìåíòàðíûõ ÷àñòèö è

àòîìíîãî ÿäðà, ïðîáëåìàì ñîçäàíèÿ íîâûõ óñêîðèòåëüíûõ è ýêñïåðèìåíòàëüíûõ óñòàíîâîê, àâ-

òîìàòèçàöèè îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ. Ñòàòüè ïå÷àòàþòñÿ íà ðóññêîì è àíãëèé-

ñêîì ÿçûêàõ. Ðåäàêöèÿ ïðîñèò àâòîðîâ ïðè íàïðàâëåíèè ñòàòüè â ïå÷àòü ðóêîâîäñòâîâàòüñÿ èçëî-

æåííûìè íèæå ïðàâèëàìè.

1. Òåêñò ñòàòüè äîëæåí áûòü íàïå÷àòàí íà ìàøèíêå ÷åðåç äâà èíòåðâàëà íà îäíîé ñòîðîíå

ëèñòà (îáÿçàòåëüíî ïðåäñòàâëÿåòñÿ ïåðâûé ìàøèíîïèñíûé ýêçåìïëÿð). Ïîëÿ ñ îäíîé ñòîðîíû

äîëæíû áûòü íå óæå 3—4 ñì, ðóêîïèñíûå âñòàâêè íå äîïóñêàþòñÿ. Ýêçåìïëÿð ñòàòüè äîëæåí

âêëþ÷àòü àííîòàöèè è íàçâàíèå íà ðóññêîì è àíãëèéñêîì ÿçûêàõ, ðåôåðàò íà ðóññêîì ÿçûêå,

ÓÄÊ, ñâåäåíèÿ îá àâòîðàõ: ôàìèëèÿ è èíèöèàëû (íà ðóññêîì è àíãëèéñêîì ÿçûêàõ), íàçâàíèå èí-

ñòèòóòà, àäðåñ è òåëåôîí. Âñå ñòðàíèöû òåêñòà äîëæíû áûòü ïðîíóìåðîâàíû. Ñòàòüÿ äîëæíà

áûòü ïîäïèñàíà âñåìè àâòîðàìè. Òåêñò ñòàòüè ìîæåò áûòü íàïå÷àòàí íà ïðèíòåðå ñ ñîáëþäåíèåì

òåõ æå ïðàâèë.

2. Ôîðìóëû è îáîçíà÷åíèÿ äîëæíû áûòü âïèñàíû êðóïíî, ÷åòêî, îò ðóêè òåìíûìè ÷åðíè-

ëàìè (ëèáî íàïå÷àòàíû íà ïðèíòåðå è îáÿçàòåëüíî ðàçìå÷åíû). Æåëàòåëüíî íóìåðîâàòü òîëüêî òå

ôîðìóëû, íà êîòîðûå èìåþòñÿ ññûëêè â òåêñòå. Íîìåð ôîðìóëû óêàçûâàåòñÿ ñïðàâà â êðóãëûõ

ñêîáêàõ. Îñîáîå âíèìàíèå ñëåäóåò îáðàòèòü íà àêêóðàòíîå èçîáðàæåíèå èíäåêñîâ è ïîêàçàòåëåé

ñòåïåíåé: íèæíèå èíäåêñû îòìå÷àþòñÿ çíàêîì ïîíèæåíèÿ ∩, âåðõíèå — çíàêîì ïîâûøåíèÿ ∪;

øòðèõè íåîáõîäèìî ÷åòêî îòëè÷àòü îò åäèíèöû, à åäèíèöó — îò çàïÿòîé. Ñëåäóåò, ïî âîçìîæ-

íîñòè, èçáåãàòü ãðîìîçäêèõ îáîçíà÷åíèé è óïðîùàòü íàáîð ôîðìóë (íàïðèìåð, ïðèìåíÿÿ exp,

äðîáü ÷åðåç êîñóþ ÷åðòó).

Âî èçáåæàíèå íåäîðàçóìåíèé è îøèáîê ñëåäóåò äåëàòü ÿñíîå ðàçëè÷èå ìåæäó ïðîïèñíûìè

è ñòðî÷íûìè áóêâàìè, îäèíàêîâûìè ïî íà÷åðòàíèþ (V è v, U è u, W è w, O è o, K è k, S è s, C è c,

P è p, Z è z), ïðîïèñíûå ïîä÷åðêèâàþòñÿ äâóìÿ ÷åðòàìè ñíèçó, ñòðî÷íûå — äâóìÿ ÷åðòàìè

ñâåðõó (S è s, C è c). Íåîáõîäèìî äåëàòü ÷åòêîå ðàçëè÷èå ìåæäó áóêâàìè å, l, O (áîëüøîé) è î (ìà-

ëîé) è 0 (íóëåì), äëÿ ÷åãî áóêâû Î è î îòìå÷àþò äâóìÿ ÷åðòî÷êàìè, à íóëü îñòàâëÿþò áåç ïîä÷åð-

êèâàíèÿ. Ãðå÷åñêèå áóêâû ïîä÷åðêèâàþòñÿ êðàñíûì êàðàíäàøîì, âåêòîðû — ñèíèì, ëèáî çíà-

êîì ñíèçó ÷åðíèëàìè. Íå ðåêîìåíäóåòñÿ èñïîëüçîâàòü äëÿ îáîçíà÷åíèÿ âåëè÷èí áóêâû ãîòè-

÷åñêîãî, ðóêîïèñíîãî è äðóãèõ ìàëîóïîòðåáèìûõ â æóðíàëüíûõ ñòàòüÿõ øðèôòîâ, îäíàêî åñëè

òàêóþ áóêâó íåëüçÿ çàìåíèòü áóêâîé ëàòèíñêîãî èëè ãðå÷åñêîãî àëôàâèòà, òî åå ðàçìå÷àþò ïðî-

ñòûì êàðàíäàøîì (îáâîäÿò êðóæêîì). Â ñëó÷àå, åñëè íàïèñàíèå ìîæåò âûçâàòü ñîìíåíèå, íåîá-

õîäèìî íà ïîëÿõ äàòü ïîÿñíåíèå, íàïðèìåð, ζ — «äçåòà», ξ — «êñè», k — ëàò., ê — ðóññê.

3. Ðèñóíêè ïðåäñòàâëÿþò íà îòäåëüíûõ ëèñòàõ áåëîé áóìàãè èëè êàëüêè ñ óêàçàíèåì íà

îáîðîòå íîìåðà ðèñóíêà è íàçâàíèÿ ñòàòüè. Òîíîâûå ôîòîãðàôèè äîëæíû áûòü ïðåäñòàâëåíû â

äâóõ ýêçåìïëÿðàõ, íà îáîðîòå êàðàíäàøîì óêàçàòü: «âåðõ», «íèç». Ãðàôèêè äîëæíû áûòü òùà-

òåëüíî âûïîëíåíû òóøüþ èëè ÷åðíûìè ÷åðíèëàìè: íå ðåêîìåíäóåòñÿ çàãðîìîæäàòü ðèñóíîê íå-

íóæíûìè äåòàëÿìè: áîëüøèíñòâî íàäïèñåé âûíîñèòñÿ â ïîäïèñü, à íà ðèñóíêå çàìåíÿåòñÿ

öèôðàìè èëè áóêâàìè. Æåëàòåëüíî, ÷òîáû ðèñóíêè áûëè ãîòîâû ê ïðÿìîìó ðåïðîäóöèðîâàíèþ.

Ïîäïèñè ê ðèñóíêàì ïðåäñòàâëÿþòñÿ íà îòäåëüíûõ ëèñòàõ.

4. Òàáëèöû äîëæíû áûòü íàïå÷àòàíû íà îòäåëüíûõ ëèñòàõ, êàæäàÿ òàáëèöà äîëæíà èìåòü

çàãîëîâîê. Ñëåäóåò óêàçûâàòü åäèíèöû èçìåðåíèÿ âåëè÷èí â òàáëèöàõ.

5. Ñïèñîê ëèòåðàòóðû ïîìåùàåòñÿ â êîíöå ñòàòüè. Ññûëêè â òåêñòå äàþòñÿ ñ óêàçàíèåì íî-

ìåðà ññûëêè íà ñòðîêå â êâàäðàòíûõ ñêîáêàõ. Â ëèòåðàòóðíîé ññûëêå äîëæíû áûòü óêàçàíû: äëÿ

êíèã — ôàìèëèè àâòîðîâ, èíèöèàëû, íàçâàíèå êíèãè, ãîðîä, èçäàòåëüñòâî (èëè îðãàíèçàöèÿ), ãîä



èçäàíèÿ, òîì (÷àcòü, ãëàâà), öèòèðóåìàÿ ñòðàíèöà, åñëè íóæíî; äëÿ ñòàòåé — ôàìèëèè àâòîðîâ,

èíèöèàëû, íàçâàíèå æóðíàëà, ñåðèÿ, ãîä èçäàíèÿ, òîì (íîìåð, âûïóñê, åñëè ýòî íåîáõîäèìî),

ïåðâàÿ ñòðàíèöà ñòàòüè. Åñëè àâòîðîâ áîëåå ïÿòè, òî óêàçàòü òîëüêî ïåðâûå òðè ôàìèëèè.
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