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‚ 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)



1004 ��‘’�“Š�‚ C.ˆ. ˆ „�.

±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, rot Dl = 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(r2 − 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



1010 ��‘’�“Š�‚ C.ˆ. ˆ „�.

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) r2Ldr,

KL = 8πN2
pL(L− 1)(2L− 1)

∫ R0

0

P0(r) r2L−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) r2L−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) r2L+2dr,

KL = 4πN2
t L(L2 − 1)

∫ R0

0

P0(r) r2L 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) r2L 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



�‹�‘’�„ˆ��Œˆ—…‘Šˆ… ‘‚�‰‘’‚� Ÿ„…���‰ Œ�’…�ˆˆ 1039

£· ¢¨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)



�‹�‘’�„ˆ��Œˆ—…‘Šˆ… ‘‚�‰‘’‚� Ÿ„…���‰ Œ�’…�ˆˆ 1043

��ˆ‹�†…�ˆ… �

�·¨ ¢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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