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�¸´µ¢´µ° Í¥²ÓÕ ´ ¸ÉµÖÐ¥° · ¡µÉÒ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ ¶·µÖ¢²¥´¨° ¨ ¸¢µ°¸É¢ ¤¥É¥·³¨-
´¨·µ¢ ´´µ£µ Ì µ¸  ¢ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì ¸¨¸É¥³ Ì,   É ±¦¥ ¨§ÊÎ¥´¨¥ ´¥±µÉµ·ÒÌ ¢µ¶·µ¸µ¢
Ê¸Éµ°Î¨¢µ¸É¨ ¶µ¸²¥¤´¨Ì ¶µ¸·¥¤¸É¢µ³ ¶·¨³¥´¥´¨Ö ³ É¥³ É¨Î¥¸±¨Ì ³¥Éµ¤µ¢ ±¢ ´Éµ¢µ° Ì·µ³µ-
¤¨´ ³¨±¨. � ·Ö¤Ê ¸ ÔÉ¨³  ´ ²¨§¨·ÊÕÉ¸Ö ¸¶µ¸µ¡Ò µ¡µ¡Ð¥´¨Ö ¶µ´ÖÉ¨Ö Ì µ¸  ´  ¸²ÊÎ ° ±¢ ´-
Éµ¢ ´´ÒÌ ¶µ²¥°. �·¨¢µ¤¨É¸Ö ±· É±¨° µ¡§µ· É¥µ·¨¨ ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¢ ±² ¸¸¨Î¥¸±¨Ì
£ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ Ì. �·¥¤² £ ¥É¸Ö µ·¨£¨´ ²Ó´Ò° ±·¨É¥·¨° Ì µÉ¨Î´µ¸É¨ ±¢ ´Éµ¢µ-¶µ²¥¢ÒÌ
¸¨¸É¥³, ¸Ëµ·³Ê²¨·µ¢ ´´Ò° ¢ · ³± Ì Ëµ·³ ²¨§³  ËÊ´±Í¨µ´ ²Ó´ÒÌ ¨´É¥£· ²µ¢. �µ± § ´µ ¥£µ
¸µµÉ¢¥É¸É¢¨¥ ¸ ±² ¸¸¨Î¥¸±¨³¨ ±·¨É¥·¨Ö³¨ ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¢ · ³± Ì ±¢ §¨±² ¸¸¨Î¥-
¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨. �  µ¸´µ¢ ´¨¨ ³ É¥³ É¨Î¥¸±µ°  ´ -
²µ£¨¨ ³¥¦¤Ê ¶¥É²¥° ‚¨²¸µ´  ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ ¨ µ¶·¥¤¥²¥´¨¥³ Ë¨¤¥²¨É¨ Å ¢¥²¨Î¨´Ò,
Ì · ±É¥·¨§ÊÕÐ¥° Ê¸Éµ°Î¨¢µ¸ÉÓ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³, ¨§ÊÎ¥´  Ê¸Éµ°Î¨¢µ¸ÉÓ ¢ÒÎ¨¸²¥´¨° ´  £µ²µ-
´µ³´µ³ ±¢ ´Éµ¢µ³ ±µ³¶ÓÕÉ¥·¥ µ¡Ð¥£µ ¢¨¤  ¶µ µÉ´µÏ¥´¨Õ ± ´¥±µ´É·µ²¨·Ê¥³Ò³ µÏ¨¡± ³ ¢
§ ¤ ´¨¨ ±² ¸¸¨Î¥¸±¨Ì Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢. ‚ · ³± Ì ¨´¸É ´Éµ´´µ£µ ¶µ¤Ìµ¤   ´ ²¨É¨Î¥¸±¨
· ¸¸Î¨É ´Ò ´¥±µÉµ·Ò¥ Ì · ±É¥·¨¸É¨±¨ ¶·µÍ¥¸¸  ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ¢ µ¤´µ³¥·´µ°
³µ¤¥²Ó´µ° ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ° ¸¨¸É¥³¥, ´  ±µÉµ·ÊÕ ¤¥°¸É¢Ê¥É ¶¥·¨µ¤¨Î¥¸±µ¥ ¶µ ¢·¥³¥´¨ ¢µ§-
³ÊÐ¥´¨¥. �µ± § ´µ, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¤ ´´Ò³¨ ´¥§ ¢¨¸¨³µ£µ Î¨¸²¥´´µ£µ
³µ¤¥²¨·µ¢ ´¨Ö. ‚ ¸¢Ö§¨ ¸ ¢µ¶·µ¸µ³ µ ·µ²¨ ¨ ³¥¸É¥ ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¢ Ë¨§¨±¥ Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í ±· É±µ  ´ ²¨§¨·ÊÕÉ¸Ö µ¸´µ¢´Ò¥ · ¡µÉÒ, ¶µ¸¢ÖÐ¥´´Ò¥ ¨§ÊÎ¥´¨Õ Ì µÉ¨Î¥¸±µ°
¤¨´ ³¨±¨ ±² ¸¸¨Î¥¸±¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°. �¡¸Ê¦¤ ¥É¸Ö ¢µ§´¨±´µ¢¥´¨¥ ¶¥·¥Ìµ¤  µÉ Ê¶µ·Ö-
¤µÎ¥´´µ£µ ¤¢¨¦¥´¨Ö ± Ì µÉ¨Î¥¸±µ³Ê ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶µ²¥° Ÿ´£ ÄŒ¨²²¸  ¸ ±² ¸¸¨Î¥¸±¨³
¢ ±ÊÊ³´Ò³ ¶µ²¥³ •¨££¸ . ˆ§ÊÎ ¥É¸Ö ¢²¨Ö´¨¥ ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ´  ±·¨É¨Î¥¸±ÊÕ ¶²µÉ´µ¸ÉÓ
Ô´¥·£¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ É ±µ³Ê ¶¥·¥Ìµ¤Ê, ¢ ¸²ÊÎ ¥, ±µ£¤  ¶µ²¥ •¨££¸  Ö¢²Ö¥É¸Ö ´¥¢ ±ÊÊ³´Ò³
¨ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¤¨´ ³¨Î¥¸± Ö ¸É¥¶¥´Ó ¸¢µ¡µ¤Ò.

The main aim of this work is to investigate manifestations and properties of the deterministic
chaos phenomenon in quantum mechanical systems as well as to study their stability using the
mathematical apparatus of quantum chromodynamics. Approaches to generalize the notion of chaos
in the case of quantum ˇelds are also analyzed. A brief review of deterministic chaos theory for
classical Hamiltonian systems is made. We propose original chaos criterion for quantum ˇeld systems
which is formulated in the framework of path integral formalism. Its correspondence with classical
chaos criteria is demonstrated in semiclassical approximation of nonrelativistic quantum mechanics.
Exploiting mathematical analogy between Wilson loop introduced in quantum chromodynamics and
the deˇnition of ˇdelity, a quantity deˇning the stability of quantum system Å the stability of
holonomic quantum computations Å is studied in the generic case with respect to uncontrollable
errors in assignment of the classical control parameters. In the framework of the instanton approach
some dynamical tunneling process properties are analytically calculated for one-dimensional model
quantum mechanical system affected by perturbation periodic in time. It is shown that the results
obtained are in agreement with the results of the independent numerical simulations. In connection
with the question about the role of deterministic chaos in elementary particle physics, the main works
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dedicated to the investigation of the classical gauge ˇelds chaotic dynamics are brie�y discussed.
The transition from the regular to chaotic motion at the interaction between YangÄMills ˇelds and
classical vacuum Higgs ˇeld is also considered. The in�uence of quantum �uctuations on the critical
density of energy corresponding to such a transition is studied in the case of nonvacuum Higgs ˇeld
considered as a dynamical degree of freedom.

‚‚…„…�ˆ…

Ÿ¢²¥´¨¥ ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¨£· ¥É µ¤´Ê ¨§ ±²ÕÎ¥¢ÒÌ ·µ²¥° ¶·¨
¨§ÊÎ¥´¨¨ ¸¢µ°¸É¢ ´¥²¨´¥°´ÒÌ ¸¨¸É¥³ · §²¨Î´µ° Ë¨§¨Î¥¸±µ° ¶·¨·µ¤Ò [9,21,
25,28]. ‚ Î ¸É´µ¸É¨, Ì µÉ¨Î¥¸±µ¥ ¤¢¨¦¥´¨¥ Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´-
´Ò³ ·¥¦¨³µ³ ¶µ¢¥¤¥´¨Ö £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ ¢ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¥,  
¸²ÊÎ ° ¨´É¥£·¨·Ê¥³ÒÌ ¸¨¸É¥³ Ö¢²Ö¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´Ò³ [11,19]. ˆ§´ Î ²Ó´µ
¶µ¤ Ì µ¸µ³ ¶µ´¨³ ² ¸Ó ¸¶µ¸µ¡´µ¸ÉÓ ¤¨´ ³¨Î¥¸±µ° ¸¨¸É¥³Ò ¤¢¨£ ÉÓ¸Ö ¸²ÊÎ °-
´Ò³ µ¡· §µ³ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¨Ì ¸²ÊÎ °´ÒÌ ¸¨² ¨ ¢µ§¤¥°¸É¢¨°. ‚¶µ¸²¥¤-
¸É¢¨¨ ÔÉ¨³ ¶µ´ÖÉ¨¥³ ¸É ²¨ µ¡µ§´ Î ÉÓ ¡µ²¥¥ Ï¨·µ±¨° ±·Ê£ Ö¢²¥´¨°, ¢±²ÕÎ -
ÕÐ¨° ¢ ¸¥¡Ö ¶·µÖ¢²¥´¨Ö ±² ¸¸¨Î¥¸±µ£µ Ì µ¸  ¢ ¸¢µ°¸É¢ Ì ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³
(¸³., ´ ¶·¨³¥·, [10,34,51,97]).

�¥·¢µ´ Î ²Ó´Ò³ Éµ²Î±µ³ ± ¨§ÊÎ¥´¨Õ ³¥Ì ´¨§³  ¢µ§´¨±´µ¢¥´¨Ö ¸²ÊÎ °-
´µ£µ ¤¢¨¦¥´¨Ö ¢ ¶µ²´µ¸ÉÓÕ ¤¥É¥·³¨´¨·µ¢ ´´ÒÌ ¸¨¸É¥³ Ì ¶µ¸²Ê¦¨²¨ · ¡µÉÒ
Š·Ò²µ¢  [13], ¶µ¸¢ÖÐ¥´´Ò¥ µ¡µ¸´µ¢ ´¨Õ ¸É É¨¸É¨Î¥¸±µ° ³¥Ì ´¨±¨. …£µ  ´ -
²¨§ ¶µ± § ², ÎÉµ ²µ± ²Ó´ Ö ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ ¸¨¸É¥³Ò ¶·¨¢µ¤¨É ± · §·ÊÏ¥-
´¨Õ ¶¥·¢ÒÌ ¨´É¥£· ²µ¢ ¤¢¨¦¥´¨Ö, ¡Ò¸É·µ³Ê Ê¡Ò¢ ´¨Õ ±µ··¥²ÖÍ¨° ¨, ± ±
¸²¥¤¸É¢¨¥, ± ¤¢¨¦¥´¨Õ ¸ ¶¥·¥³¥Ï¨¢ ´¨¥³ ¨ Ì µ¸Ê. ‘²¥¤ÊÕÐ¨³ ÔÉ ¶µ³ ¢
¨§ÊÎ¥´¨¨ Ì µ¸  Ö¢¨²µ¸Ó ¸µ§¤ ´¨¥ É¥µ·¨¨ Š�Œ (Šµ²³µ£µ·µ¢, �·´µ²Ó¤ ¨ Œµ-
§¥·), ¢ · ³± Ì ±µÉµ·µ° ¡Ò²  ¸Ëµ·³Ê²¨·µ¢ ´  ¨ ¤µ± § ´  µ¸´µ¢µ¶µ² £ ÕÐ Ö
É¥µ·¥³  µ ¸µÌ· ´¥´¨¨ ¡µ²ÓÏ¨´¸É¢  ¨´¢ ·¨ ´É´ÒÌ Éµ·µ¢ ¨´É¥£·¨·Ê¥³µ° £ -
³¨²ÓÉµ´µ¢µ° ¸¨¸É¥³Ò ¶·¨ ¤µ¡ ¢²¥´¨¨ ¢ ¥¥ £ ³¨²ÓÉµ´¨ ´ ´¥¨´É¥£·¨·Ê¥³µ£µ
¢µ§³ÊÐ¥´¨Ö (¸³. [11, 19]). � ·Ö¤Ê ¸ ÔÉ¨³ Ï¨·µ±µ ¶·¨³¥´ÖÕÉ¸Ö Î¨¸²¥´´Ò¥
³¥Éµ¤Ò ¨§ÊÎ¥´¨Ö ±² ¸¸¨Î¥¸±µ£µ Ì µ¸ , µ¸´µ¢ ´´Ò¥ ´  ¸¥Î¥´¨¨ �Ê ´± ·¥ [21].
�É¨ ³¥Éµ¤Ò ¶µ§¢µ²ÖÕÉ ´ £²Ö¤´µ ¶·¥¤¸É ¢¨ÉÓ · §³¥·Ò, ¸É·Ê±ÉÊ·Ê ¨ ¢§ ¨³´µ¥
· ¸¶µ²µ¦¥´¨¥ µ¡² ¸É¥° ·¥£Ê²Ö·´µ£µ ¨ Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö ¢ Ë §µ¢µ³ ¶·µ-
¸É· ´¸É¢¥ ¶·µ¨§¢µ²Ó´µ° ¤¨´ ³¨Î¥¸±µ° (¢ Éµ³ Î¨¸²¥ £ ³¨²ÓÉµ´µ¢µ°) ¸¨¸É¥³Ò.
� ·Ö¤Ê ¸ ÔÉ¨³ · §¢¨Éµ ³´µ¦¥¸É¢µ  ´ ²¨É¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢, ¤ ÕÐ¨Ì ¤µ¸É -
ÉµÎ´µ ¶µ²´µ¥ µ¡ÑÖ¸´¥´¨¥ ¶·¨Î¨´ ¢µ§´¨±´µ¢¥´¨Ö ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸ 
¨ ¶µ§¢µ²ÖÕÐ¨Ì µ¸ÊÐ¥¸É¢²ÖÉÓ ¶·¨¡²¨¦¥´´Ò¥ · ¸Î¥ÉÒ ¡¥§ ¶µ³µÐ¨ ±µ³¶ÓÕ-
É¥·  (¸³. [11, £². 5]).

‘ÊÐ¥¸É¢Ê¥É ´¥¸±µ²Ó±µ µ¸´µ¢´ÒÌ ¶µ¤Ìµ¤µ¢ ± ¨§ÊÎ¥´¨Õ Ì µ¸  ¢ ±¢ ´Éµ-
¢µ° ³¥Ì ´¨±¥, ¶·¨Î¥³ µ¸´µ¢´Ò¥ Ê¸¶¥Ì¨ ¤µ¸É¨£´ÊÉÒ ¢ · ³± Ì ±¢ §¨±² ¸¸¨-
Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö. ‚ ¸µ¢·¥³¥´´µ° ²¨É¥· ÉÊ·¥ ¶µ¤ ±¢ ´Éµ¢Ò³ Ì µ¸µ³
(quantum chaos) Î ¸Éµ ¶µ´¨³ ¥É¸Ö ¨§ÊÎ¥´¨¥ ¸É É¨¸É¨Î¥¸±¨Ì ¸¢µ°¸É¢ · ¸¶·¥¤¥-
²¥´¨Ö · ¸¸ÉµÖ´¨° ³¥¦¤Ê Ô´¥·£¥É¨Î¥¸±¨³¨ Ê·µ¢´Ö³¨ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì
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£ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³, ¤¥³µ´¸É·¨·ÊÕÐ¨Ì ¶µ²´µ¸ÉÓÕ Ì µÉ¨Î¥¸±µ¥ ¨²¨ ¸³¥-
Ï ´´µ¥ ±² ¸¸¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ [7, 10, 33, 34, 51]. ‘ÊÐ¥¸É¢¥´´Ò° ¶·µ£·¥¸¸ ¢
ÔÉµ° µ¡² ¸É¨ ¸¢Ö§ ´ ¸ µÉ±·ÒÉ¨¥³ Ê´¨¢¥·¸ ²Ó´ÒÌ ±² ¸¸µ¢ ¸¶¥±É· ²Ó´ÒÌ Ë²Ê±-
ÉÊ Í¨° ¸¨¸É¥³ ¸ Ì µÉ¨Î¥¸±µ° ¨²¨ ·¥£Ê²Ö·´µ° ¤¨´ ³¨±µ° (¸³. [97,98]). ’ ±µ¥
¶µ´¨³ ´¨¥ ±·Ê£  ¢µ¶·µ¸µ¢, ¸¢Ö§ ´´ÒÌ ¸ Ì µ¸µ³ ¢ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì, Ö¢²Ö-
¥É¸Ö ¤µ¢µ²Ó´µ Ê§±¨³ ¨ ´¥ µÌ¢ ÉÒ¢ ¥É ¢¸¥£µ ¸¶¥±É·  ¨³¥ÕÐ¨Ì¸Ö ·¥§Ê²ÓÉ Éµ¢
¨ ¶·µ¢µ¤¨³ÒÌ ¨¸¸²¥¤µ¢ ´¨°. ‚ Î ¸É´µ¸É¨, §  · ³± ³¨ · ¸¸³µÉ·¥´¨Ö µ± §Ò-
¢ ÕÉ¸Ö · ¡µÉÒ, ¸¢Ö§ ´´Ò¥ ¸  ²ÓÉ¥·´ É¨¢´Ò³¨ ¸¶µ¸µ¡ ³¨ ¨§ÊÎ¥´¨Ö Ì µ¸  ¢
±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì [10, 30, 31, 92],   É ±¦¥ ¸ ¶µ¶ÒÉ± ³¨ ¢¢¥¤¥´¨Ö ¶µ´ÖÉ¨Ö
Ì µ¸ , ¸µ£² ¸ÊÕÐ¥£µ¸Ö ¸ ¶·¨´ÖÉÒ³ ¢ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¥, ¤²Ö ±¢ ´Éµ¢ÒÌ
¸¨¸É¥³, ´¥ ¨³¥ÕÐ¨Ì ±² ¸¸¨Î¥¸±¨Ì  ´ ²µ£µ¢ ¨²¨ · ¸¸³ É·¨¢ ¥³ÒÌ §  · ³± ³¨
±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö [4,35,44].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¡µ²ÓÏµ° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¨¸¸²¥¤µ¢ ´¨¥ ´ ¤¥¦-
´µ¸É¨ · §²¨Î´ÒÌ ¸Ì¥³ ·¥ ²¨§ Í¨¨ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨°. ‚ ¤ ´´µ° · ¡µÉ¥
¡Ê¤¥É ¶·¨¢¥¤¥´µ ¨¸¸²¥¤µ¢ ´¨¥ Ê¸Éµ°Î¨¢µ¸É¨ ¢ÒÎ¨¸²¥´¨° ´  £µ²µ´µ³´µ³ ±¢ ´-
Éµ¢µ³ ±µ³¶ÓÕÉ¥·¥ µ¡Ð¥£µ ¢¨¤ . ˆ¸¶µ²Ó§µ¢ ÉÓ £µ²µ´µ³¨¨ ¤²Ö µ¸ÊÐ¥¸É¢²¥´¨Ö
±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¶¥·¢µ´ Î ²Ó´µ ¡Ò²µ ¶·¥¤²µ¦¥´µ ¢ · ¡µÉ¥ [113], £¤¥
É ±¦¥ ¡Ò²  · ¸¸³µÉ·¥´  ·¥ ²¨§ Í¨Ö £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ´ 
¶·¨³¥·¥ ¶·µ¸Éµ° µ¶É¨Î¥¸±µ° ³µ¤¥²¨. „ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ÔÉµÉ ¶µ¤Ìµ¤ ¶µ-
²ÊÎ¨² ¢ · ¡µÉ¥ [91]. �µ¸²¥ ÔÉµ£µ ¡Ò²  ¶·¥¤²µ¦¥´  ¸Ì¥³  ¶µ¸É·µ¥´¨Ö µ¶É¨-
Î¥¸±µ£µ £µ²µ´µ³´µ£µ ±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥· , µ¸´µ¢ ´´ Ö ´  ¨¸¶µ²Ó§µ¢ ´¨¨
¢Ò·µ¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ² §¥·´ÒÌ ¶ÊÎ±µ¢ ¢ ´¥²¨´¥°´µ° ¸·¥¤¥ Š¥··  [89].
„·Ê£ Ö ¢µ§³µ¦´ Ö ·¥ ²¨§ Í¨Ö £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨° µ¸´µ¢ ´ 
´  ¨¸¶µ²Ó§µ¢ ´¨¨ § Ì¢ Î¥´´ÒÌ ¨µ´µ¢ [88].

„²Ö Ì · ±É¥·¨¸É¨±¨ ´ ¤¥¦´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ ¥³ÒÌ ¶·¨ ¶·µ¢¥¤¥-
´¨¨ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨°, ¨¸¶µ²Ó§Ê¥É¸Ö ¢¥²¨Î¨´ , ´ §Ò¢ ¥³ Ö Ë¨¤¥²¨É¨ (ˇ-
delity), ±µÉµ· Ö ¶¥·¢µ´ Î ²Ó´µ ¡Ò²  ¢¢¥¤¥´  ¢ · ¡µÉ¥ [93]. —¥³ ¡²¨¦¥ ¥¥ §´ -
Î¥´¨¥ ± ¥¤¨´¨Í¥, É¥³ ¡µ²¥¥ Ê¸Éµ°Î¨¢Ò ±¢ ´Éµ¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶µ µÉ´µÏ¥´¨Õ
± ³ ²Ò³ ¢µ§³ÊÐ¥´¨Ö³ Ô¢µ²ÕÍ¨µ´´µ£µ µ¶¥· Éµ·  [94]. ‘ Ë¨§¨Î¥¸±µ° ÉµÎ±¨
§·¥´¨Ö Ë¨¤¥²¨É¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±ÊÕ  ³¶²¨ÉÊ¤Ê ¸²¥-
¤ÊÕÐ¥£µ ¸µ¡ÒÉ¨Ö, ¸µ¸ÉµÖÐ¥£µ ¨§ ¤¢ÊÌ ÔÉ ¶µ¢. �¥·¢Ò° ÔÉ ¶ § ±²ÕÎ ¥É¸Ö ¢
µ¸ÊÐ¥¸É¢²¥´¨¨ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¢µ§³ÊÐ¥´¨Ö. �µ²Ê-
Î¥´´µ¥ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö ´ Î ²Ó´Ò³ ¤²Ö ¢Éµ·µ£µ ÔÉ ¶ , ¢ É¥Î¥´¨¥
±µÉµ·µ£µ ¶·µ¢µ¤ÖÉ¸Ö µ¡· Ð¥´´Ò¥ ´ § ¤ ¶µ ¢·¥³¥´¨ ¨¸Ìµ¤´Ò¥ ±¢ ´Éµ¢Ò¥ ¢Ò-
Î¨¸²¥´¨Ö ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢µ§³ÊÐ¥´¨Ö. �µ²ÊÎ¥´´ Ö  ³¶²¨ÉÊ¤  Ö¢²Ö¥É¸Ö ³¥·µ°
¢²¨Ö´¨Ö ¢µ§³ÊÐ¥´¨Ö ´  ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨°.

�  Î ¸É´µ³ ¶·¨³¥·¥ ·¥§µ´ Éµ·´µ° ³µ¤¥²¨ (cavity model) £µ²µ´µ³´µ£µ
±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥·  ¡Ò²µ ¶µ± § ´µ, ÎÉµ É ± Ö ·¥ ²¨§ Í¨Ö ²µ£¨Î¥¸±¨Ì
µ¶¥· Í¨° (gates) ¶·¨¢µ¤¨É ± §´ Î¥´¨Õ Ë¨¤¥²¨É¨, ¡²¨§±µ³Ê ± ¥¤¨´¨Í¥ [90].
�·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¶·µ¢¥¤¥´¨¥ ¨¸¸²¥¤µ¢ ´¨Ö Ê¸Éµ°Î¨¢µ¸É¨ ¢ÒÎ¨¸²¥´¨° ´ 
£µ²µ´µ³´µ³ ±¢ ´Éµ¢µ³ ±µ³¶ÓÕÉ¥·¥ ¢ µ¡Ð¥³ ¸²ÊÎ ¥.
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�±É¨¢´µ ¨¸¸²¥¤ÊÕÉ¸Ö ¶·µÖ¢²¥´¨Ö ¸É·Ê±ÉÊ· ±² ¸¸¨Î¥¸±µ£µ Ë §µ¢µ£µ ¶·µ-
¸É· ´¸É¢ , É ±¨Ì ± ± µ¡² ¸É¨ Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö, Š�Œ-Éµ·Ò ¨ ¤·., ¢
±¢ ´Éµ¢ÒÌ ¶·µÍ¥¸¸ Ì ¨ ¸¢µ°¸É¢ Ì ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì ¸¨¸É¥³ [10, 34, 49,
51]. �¤´¨³ ¨§ É ±¨Ì ¶·µÖ¢²¥´¨° Ö¢²Ö¥É¸Ö ¢²¨Ö´¨¥ ±² ¸¸¨Î¥¸±µ£µ ¤¥É¥·³¨´¨-
·µ¢ ´´µ£µ Ì µ¸  ´  ¸¢µ°¸É¢  ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö [41, 45, 82, 108].
‚ Î ¸É´µ¸É¨, ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¶µ¤ ¤¥°¸É¢¨¥³ ¢µ§³ÊÐ¥´¨Ö, ¶·¨¢µ¤ÖÐ¥£µ
± ¢µ§´¨±´µ¢¥´¨Õ µ¡² ¸É¥° Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö ¢ ±² ¸¸¨Î¥¸±µ³ Ë §µ-
¢µ³ ¶·µ¸É· ´¸É¢¥ ¸¨¸É¥³Ò, ¸±µ·µ¸ÉÓ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö
³¥¦¤Ê Š�Œ-Éµ· ³¨ ³µ¦¥É ¡ÒÉÓ Ê¢¥²¨Î¥´  ¢ 104 · § ¶µ ¸· ¢´¥´¨Õ ¸µ ¸±µ-
·µ¸ÉÓÕ ÉÊ´´¥²¨·µ¢ ´¨Ö ³¥¦¤Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ µ¡² ¸ÉÖ³¨ Ë §µ¢µ£µ ¶·µ-
¸É· ´¸É¢  ´¥¢µ§³ÊÐ¥´´µ° ¨´É¥£·¨·Ê¥³µ° ¸¨¸É¥³Ò [82]. ˆ¸¸²¥¤µ¢ ´¨Ö ¢ ÔÉµ³
´ ¶· ¢²¥´¨¨, ¢ µ¸´µ¢´µ³, ¶·µ¢µ¤ÖÉ¸Ö Î¨¸²¥´´Ò³¨ ³¥Éµ¤ ³¨, µ¸´µ¢ ´´Ò³¨ ´ 
É¥µ·¨¨ ”²µ±¥ (¸³. [102]), ¶·¨Î¥³ · ¸¸³µÉ·¥´¨¥ µ£· ´¨Î¨¢ ÕÉ ¸¨¸É¥³ ³¨ ¸
µ¤´µ° ¸É¥¶¥´ÓÕ ¸¢µ¡µ¤Ò, ´  ±µÉµ·Ò¥ ¤¥°¸É¢Ê¥É ¶¥·¨µ¤¨Î¥¸±µ¥ ¶µ ¢·¥³¥´¨
¢µ§³ÊÐ¥´¨¥ [42, 81, 107, 108]. � ·Ö¤Ê ¸ ÔÉ¨³ · §· ¡ ÉÒ¢ ÕÉ¸Ö  ´ ²¨É¨Î¥-
¸±¨¥ ³¥Éµ¤Ò ¨§ÊÎ¥´¨Ö ¢²¨Ö´¨Ö ±² ¸¸¨Î¥¸±µ£µ Ì µ¸  ´  ¸¢µ°¸É¢  ±¢ ´Éµ¢µ-
³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö, µ¸´µ¢ ´´Ò¥ ´  Ëµ·³ ²¨§³¥ ¨´É¥£· ²µ¢ ¶µ
¶ÊÉÖ³ [47, 48, 50, 103, 104] ¨ ¨´¸É ´Éµ´´µ° É¥Ì´¨±¥ [68, 69, 87, 96]. �±É¨¢´µ
¶·¥¤² £ ÕÉ¸Ö ¨ ¶·µ¢µ¤ÖÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ¶µ ´ ¡²Õ¤¥´¨Õ ¨ ¨¸¶µ²Ó§µ¢ ´¨Õ
Ê± § ´´µ£µ ÔËË¥±É  ´  ¶· ±É¨±¥ [40,60,100,105,109,112].

…Ð¥ µ¤´¨³ ´ ¶· ¢²¥´¨¥³ · §¢¨É¨Ö µ¡² ¸É¨ ¶·¨³¥´¥´¨Ö ³¥Éµ¤µ¢ É¥µ·¨¨
Ì µ¸  Ö¢²ÖÕÉ¸Ö ± ± ±² ¸¸¨Î¥¸±¨¥ [29, 32, 52, 55Ä57, 59, 61, 63], É ± ¨ ±¢ ´Éµ-
¢Ò¥ [36,37,65,66,83,95] ± ²¨¡·µ¢µÎ´Ò¥ É¥µ·¨¨ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í.
‚ Î ¸É´µ¸É¨, ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¢ ±¢ ´Éµ¢µ° Ì·µ³µ-
¤¨´ ³¨±¥ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¢ ¸¢Ö§¨ ¸ ´¥ ·¥Ï¥´´Ò³¨ ¢ ´ ¸ÉµÖÐ¨° ³µ³¥´É
¶·µ¡²¥³ ³¨  ¤·µ´¨§ Í¨¨ ¨ ±µ´Ë °´³¥´É  ±¢ ·±µ¢ (¸³. [17, 24, 65, 66, 85]).
‚ · ³± Ì ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨° Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í
 ±É¨¢´µ ¨¸¸²¥¤µ¢ ² ¸Ó Ê¸Éµ°Î¨¢µ¸ÉÓ Éµ¶µ²µ£¨Î¥¸±¨Ì ³µ´µ¶µ²Ó´ÒÌ [55, 56]
¨ ¸Ë ²¥·µ´´ÒÌ [57] ·¥Ï¥´¨° ¶µ µÉ´µÏ¥´¨Õ ± ¨Ì ³ ²µ³Ê ¢µ§³ÊÐ¥´¨Õ. C
ÉµÎ±¨ §·¥´¨Ö ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  · ¸¸³ É·¨¢ ²µ¸Ó ¶µ¢¥¤¥´¨¥ ³µ¤¥²Ó-
´ÒÌ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ¸¨¸É¥³ ± ±  ¡¥²¥¢ÒÌ, É ± ¨ ´¥ ¡¥²¥¢ÒÌ
±² ¸¸¨Î¥¸±¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ¶µ²¥³ •¨££¸  [3,
59,61,63,74,99]. 	µ²ÓÏµ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ¨§ÊÎ¥´¨Õ Ì µÉ¨Î¥¸±µ£µ ¶µ¢¥¤¥-
´¨Ö ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ´  ·¥Ï¥É±¥ ± ± ¢ ±² ¸¸¨Î¥¸±µ³, É ± ¨ ¢ ±¢ ´Éµ¢µ³
¸²ÊÎ ¥ [38, 39, 86, 95]. ‚ Ê± § ´´ÒÌ ¢ÒÏ¥ · ¡µÉ Ì ¶µ¤´¨³ ²¸Ö, ¢ Î ¸É´µ¸É¨,
¢µ¶·µ¸ µ ¢²¨Ö´¨¨ ¶µ²¥° •¨££¸  ´  ¤¨´ ³¨±Ê ±² ¸¸¨Î¥¸±¨Ì ± ²¨¡·µ¢µÎ´ÒÌ
¶µ²¥° [55, 56, 59]. 	Ò² ¸¤¥² ´ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ±² ¸¸¨Î¥-
¸±¨³ ¶µ²¥³ •¨££¸  ¶·¨¢µ¤¨É ± ·¥£Ê²Ö·¨§ Í¨¨ Ì µÉ¨Î¥¸±µ£µ ¶µ¢¥¤¥´¨Ö ¶µ²¥°
Ÿ´£ ÄŒ¨²²¸  ¨ ¢µ§´¨±´µ¢¥´¨Õ ¶¥·¥Ìµ¤  µÉ ¶µ·Ö¤±  ± Ì µ¸Ê ¸ ·µ¸Éµ³ ¶²µÉ´µ-
¸É¨ Ô´¥·£¨¨ ¶µ²¥¢µ° ¸¨¸É¥³Ò [3,55,63,99]. ‚ ¸²ÊÎ ¥ ¡¥§³ ¸¸µ¢µ° ¸± ²Ö·´µ°
Ô²¥±É·µ¤¨´ ³¨±¨ ´  ¶·¨³¥·¥ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ¶µ²¥° ¡Ò²µ ¶µ-
± § ´µ, ÎÉµ ±¢ ´Éµ¢Ò¥ ¶µ¶· ¢±¨ Ê¢¥²¨Î¨¢ ÕÉ Ô´¥·£¥É¨Î¥¸±¨° ¶µ·µ£, ±µÉµ·Ò°
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´¥µ¡Ìµ¤¨³µ ¶·¥µ¤µ²¥ÉÓ ¤²Ö ¶µÖ¢²¥´¨Ö µ¡² ¸É¥° Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö ¢ Ë -
§µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸¨¸É¥³Ò, ¨, É ±¨³ µ¡· §µ³, ¶·¨¢µ¤ÖÉ ± ·¥£Ê²Ö·¨§ Í¨¨ ¥¥
¶µ¢¥¤¥´¨Ö ¶·¨ ³ ²ÒÌ ¶²µÉ´µ¸ÉÖÌ Ô´¥·£¨¨ [84]. �·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¨§ÊÎ¥-
´¨¥ ¢²¨Ö´¨Ö ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ± ´  ¤¨´ ³¨±Ê  ´ ²µ£¨Î´ÒÌ ¸¨¸É¥³ ±² ¸¸¨Î¥-
¸±¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¨ ¸± ²Ö·´ÒÌ ¶µ²¥° ¢ ¸²ÊÎ ¥ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ
É¥µ·¨°, ÎÉµ Î ¸É¨Î´µ ¡Ò²µ ¸¤¥² ´µ ¢ · ¡µÉ Ì [14,62,64,99].

…¸É¥¸É¢¥´´µ, ¤ ´´Ò° µ¡§µ· ´¥ ¶·¥É¥´¤Ê¥É ´  ¶µ²´µÉÊ. ‘·¥¤¨ ³´µ£¨Ì ¶·µ-
¡²¥³, ±µÉµ·Ò¥ §¤¥¸Ó ´¥ µ¡¸Ê¦¤ ÕÉ¸Ö, Ê¶µ³Ö´¥³ Éµ²Ó±µ ·¥§Ê²ÓÉ ÉÒ, ±µÉµ·Ò¥,
± ± ¶µ² £ ¥³, ¤¥³µ´¸É·¨·ÊÕÉ £²Ê¡µ±ÊÕ ¸¢Ö§Ó ³¥¦¤Ê ´¥Ê¸Éµ°Î¨¢µ¸ÉÓÕ, ±¢ ´-
Éµ¢Ò³ ¸¦ É¨¥³ ¨ ¶¥·¥¶ÊÉÒ¢ ´¨¥³ ±¢ ´Éµ¢ÒÌ ¸µ¸ÉµÖ´¨° ¨ Ê± §Ò¢ ÕÉ ´  ¢µ§-
³µ¦´ÊÕ ·µ²Ó ÔÉ¨Ì ³¥Ì ´¨§³µ¢ ¢ ¸¶ ·¨¢ ´¨¨ ±¢ ·±µ¢ ¨  ´É¨±¢ ·±µ¢, ¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¨Ì ¸µ ¸ÉµÌ ¸É¨Î¥¸±¨³ ¢ ±ÊÊ³µ³ (·¥§¥·¢Ê ·µ³), µ¡· §µ¢ ´¨¨ ¸É·Ê´
¨ Ö¢²¥´¨¨ ±µ´Ë °´³¥´É  [15,16,78,79].

1. Š�ˆ’…�ˆˆ “‘’�‰—ˆ‚�‘’ˆ Š‚��’�‚›• ‘ˆ‘’…Œ
ˆ ˆ• ��ˆŒ…�…�ˆ… ‚ Š‚��’�‚›• ‚›—ˆ‘‹…�ˆŸ•

1.1. Š· É±¨° µ¡§µ· ¶·µ¡²¥³Ò. ˆ§´ Î ²Ó´µ ¢´¨³ ´¨¥ ± Ö¢²¥´¨Õ ¤¥É¥·-
³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¡Ò²µ ¸¢Ö§ ´µ ¸ ¶·µ¡²¥³ ³¨ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¨
¨ ¸É É¨¸É¨Î¥¸±µ° Ë¨§¨±¨. �µ¶ÒÉ±¨ µ¡µ¸´µ¢ ´¨Ö ¸É É¨¸É¨Î¥¸±µ° ³¥Ì ´¨±¨
¨´¨Í¨¨·µ¢ ²¨ ¥£µ  ±É¨¢´µ¥ ¨§ÊÎ¥´¨¥ [13]. �¤´¨³ ¨§ µ¸´µ¢´ÒÌ ·¥§Ê²ÓÉ Éµ¢
¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ ¸É ²µ ¸µ§¤ ´¨¥ É¥µ·¨¨ Š�Œ, ± ¸ ÕÐ¥°¸Ö µ¡Ð¨Ì ¢µ¶·µ-
¸µ¢ ¸É·Ê±ÉÊ·Ò ±² ¸¸¨Î¥¸±µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³
(¸³. [11, £². 3Ä5]). 	Ò²µ ¶µ± § ´µ, ÎÉµ ¶·¨Î¨´µ° ¢µ§´¨±´µ¢¥´¨Ö ¤¥É¥·³¨´¨-
·µ¢ ´´µ£µ Ì µ¸  Ö¢²Ö¥É¸Ö ²µ± ²Ó´ Ö ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ ¤¨´ ³¨Î¥¸±µ° ¸¨¸É¥³Ò,
±µÉµ· Ö, ¢ ¸²ÊÎ ¥ Ë¨´¨É´µ£µ ¤¢¨¦¥´¨Ö, ¶·¨¢µ¤¨É ± ¶¥·¥³¥Ï¨¢ ´¨Õ É· ¥±-
Éµ·¨° ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¨, ± ± ¸²¥¤¸É¢¨¥, ± ¥¥ ´¥·¥£Ê²Ö·´µ³Ê ¶µ¢¥¤¥-
´¨Õ [10,11].

�µ§¤´¥¥ §´ Î¨É¥²Ó´Ò° ¶·µ£·¥¸¸ ¡Ò² ¤µ¸É¨£´ÊÉ ¢ ¶µ´¨³ ´¨¨ Ö¢²¥´¨Ö
Ì µ¸  ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ [10, 30, 34,
51]. ‚ µ¸´µ¢´µ³ µ´ ¸¢Ö§ ´ ¸ µÉ±·ÒÉ¨¥³ Ê´¨¢¥·¸ ²Ó´ÒÌ ±² ¸¸µ¢ ¸¶¥±É· ²Ó-
´ÒÌ Ë²Ê±ÉÊ Í¨° ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³, ±² ¸¸¨Î¥¸±¨¥  ´ ²µ£¨ ±µÉµ·ÒÌ ¤¥³µ´-
¸É·¨·ÊÕÉ ¸µµÉ¢¥É¸É¢¥´´µ Ì µÉ¨Î¥¸±ÊÕ, ¸³¥Ï ´´ÊÕ ¨²¨ ·¥£Ê²Ö·´ÊÕ ¤¨´ -
³¨±Ê [7,33,97,98].

ˆ¸¸²¥¤µ¢ ´¨Ö Ê¸Éµ°Î¨¢µ¸É¨ ¨ ·¥£Ê²Ö·´µ¸É¨ ¤¨´ ³¨±¨ ±² ¸¸¨Î¥¸±¨Ì ¶µ-
²¥¢ÒÌ ¸¨¸É¥³ ´ É ²±¨¢ ÕÉ¸Ö ´  É·Ê¤´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´ ²¨Î¨¥³ Ê ´¨Ì ¡¥¸-
±µ´¥Î´µ£µ Î¨¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. �µ ÔÉµ° ¶·¨Î¨´¥  ¢Éµ·Ò ¶· ±É¨Î¥¸±¨
¢¸¥£¤  µ£· ´¨Î¨¢ ÕÉ¸Ö · ¸¸³µÉ·¥´¨¥³ ·¥¤ÊÍ¨·µ¢ ´´ÒÌ ¶µ²¥¢ÒÌ ±µ´Ë¨£Ê· -
Í¨° ¸ ´¥¡µ²ÓÏ¨³ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¨²¨ ±µ²¥¡ É¥²Ó´ÒÌ ³µ¤ ¶µ²¥°
(¸³., ´ ¶·¨³¥·, [3, 55Ä57,64]).



188 Š“‚˜ˆ��‚ ‚. ˆ., Š“‡œŒˆ� �. ‚.

‘ÊÐ¥¸É¢ÊÕÉ · ¡µÉÒ, ¶µ¸¢ÖÐ¥´´Ò¥ ¨§ÊÎ¥´¨Õ Ì µ¸  ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨
¶µ²Ö [36, 37, 65, 66, 83, 95]. �¤´ ±µ µ¡Ð¥¶·¨§´ ´´µ¥ ¶µ´¨³ ´¨¥ É ±µ£µ ·µ¤ 
Ö¢²¥´¨° µÉ¸ÊÉ¸É¢Ê¥É, ÎÉµ µ£· ´¨Î¨¢ ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤µ¢ É¥µ·¨¨ Ì µ¸ 
¢ µ¡² ¸É¨ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. �¨¦¥ ¡Ê¤¥É ¸Ëµ·³Ê²¨·µ¢ ´ ±·¨É¥-
·¨° Ì µ¸ , ¶·¨³¥´¨³Ò° ± ± ¤²Ö ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì, É ± ¨ ¤²Ö ±¢ ´Éµ¢µ-
¶µ²¥¢ÒÌ ¸¨¸É¥³. ‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¡Ê¤¥É ¶·µ¢¥¤¥´  ¶·¥¤¢ ·¨É¥²Ó´ Ö · -
¡µÉ , ¸¢Ö§ ´´ Ö ¸ µ¡µ¡Ð¥´¨¥³ ±² ¸¸¨Î¥¸±µ£µ ±·¨É¥·¨Ö ’µ¤Ò ²µ± ²Ó´µ° ´¥-
Ê¸Éµ°Î¨¢µ¸É¨ ´  ¸²ÊÎ ° ¶·µ¨§¢µ²Ó´µ£µ ±µ´¥Î´µ£µ Î¨¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò.

1.2. �¡µ¡Ð¥´´Ò° ±·¨É¥·¨° ’µ¤Ò ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ £ ³¨²Ó-
Éµ´µ¢ÒÌ ¸¨¸É¥³. „²Ö £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ ¸ ¤¢Ê³Ö ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò ¨
±¢ ¤· É¨Î´Ò³ ¶µ ¢¥±Éµ·Ê ¨³¶Ê²Ó¸  £ ³¨²ÓÉµ´¨ ´µ³ ¸ÊÐ¥¸É¢Ê¥É ¸¶µ¸µ¡  ´ -
²¨§  Ì µÉ¨Î¥¸±µ° ¤¨´ ³¨±¨, ¢ Î ¸É´µ¸É¨, ¢ÒÎ¨¸²¥´¨Ö ±·¨É¨Î¥¸±µ° Ô´¥·£¨¨
¶¥·¥Ìµ¤  µÉ Ê¶µ·Ö¤µÎ¥´´µ£µ ¤¢¨¦¥´¨Ö ± Ì µÉ¨Î¥¸±µ³Ê, µ¸´µ¢ ´´Ò° ´  ±·¨-
É¥·¨¨ ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ ’µ¤Ò [99, 106]. “¶µ³Ö´ÊÉ Ö ±·¨É¨Î¥¸± Ö
Ô´¥·£¨Ö ¸µµÉ¢¥É¸É¢Ê¥É ³µ³¥´ÉÊ ¢µ§´¨±´µ¢¥´¨Ö µ¡² ¸É¥° Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥-
´¨Ö ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸¨¸É¥³Ò. “± § ´´Ò° ³¥Éµ¤ · ¸Î¥É  ¶·¨³¥´Ö²¸Ö
¤²Ö ¨§ÊÎ¥´¨Ö ¤¨´ ³¨±¨ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´µ° ¸¨¸É¥³Ò ±² ¸¸¨Î¥¸±¨Ì
± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ´¥´Ê²¥¢Ò³ ±² ¸¸¨Î¥¸±¨³ ¢ ±Ê-
Ê³´Ò³ ¶µ²¥³ •¨££¸  [99]. �·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ µ¡µ¡Ð¨ÉÓ ±·¨É¥·¨° ’µ¤Ò
²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ ´  ¸²ÊÎ ° ¶·µ¨§¢µ²Ó´µ£µ
±µ´¥Î´µ£µ Î¨¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ÎÉµ ¡Ò²µ ¸¤¥² ´µ ¢ · ¡µÉ¥ [65].

� ¸¸³µÉ·¨³ ±² ¸¸¨Î¥¸±ÊÕ £ ³¨²ÓÉµ´µ¢Ê ¸¨¸É¥³Ê, µ¡² ¤ ÕÐÊÕ ¶·µ¨§¢µ²Ó-
´Ò³ ±µ´¥Î´Ò³ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¨ µ¶¨¸Ò¢ ¥³ÊÕ £ ³¨²ÓÉµ´¨ ´µ³

H =
1
2
p2 + V (q), (1)

£¤¥ p = (p1, . . . , pN ), q = (q1, . . . , qN ) Å ¢¥±Éµ·Ò, µ¡· §µ¢ ´´Ò¥ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³¨ µ¡µ¡Ð¥´´Ò³¨ ±µµ·¤¨´ É ³¨ ¨ ¸µ¶·Ö¦¥´´Ò³¨ ¨³ ¨³¶Ê²Ó¸ ³¨;
N > 1 µ¡µ§´ Î ¥É Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¸¨¸É¥³Ò. �µ¢¥¤¥´¨¥ ±² ¸¸¨Î¥-
¸±µ° ¤¨´ ³¨Î¥¸±µ° ¸¨¸É¥³Ò ²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ, ¥¸²¨ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê
¤¢Ê³Ö ¡²¨§²¥¦ Ð¨³¨ É· ¥±Éµ·¨Ö³¨ · ¸É¥É Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸µ ¢·¥³¥´¥³ ¢
´¥±µÉµ·µ° µ¡² ¸É¨ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ .

� ¸¸³µÉ·¨³ ³ ²ÊÕ µ¡² ¸ÉÓ Ω Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ¸¨¸É¥³Ò (1), · ¸-
¶µ²µ¦¥´´ÊÕ ¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨ (q0,p0), ±µ´±·¥É´Ò° · §³¥· ÔÉµ° µ¡² ¸É¨
µ¶·¥¤¥²Ö¥É¸Ö ¸¢µ°¸É¢ ³¨ ¸¨¸É¥³Ò ¨ ¡Ê¤¥É µÍ¥´¥´ ´¨¦¥. �Ê¸ÉÓ Î¥·¥§ Ω ¶·µ-
Ìµ¤ÖÉ ¤¢¥ ±² ¸¸¨Î¥¸±¨¥ É· ¥±Éµ·¨¨: (q(1)(t),p(1)(t)) ¨ (q(2)(t),p(2)(t)). �µ-
¢¥¤¥´¨¥ µÉ±²µ´¥´¨° δq(t) = q(1)(t) − q(2)(t) ¨ δp(t) = p(1)(t) − p(2)(t) ¢ Ω
µ¶·¥¤¥²Ö¥É¸Ö ²¨´¥ ·¨§µ¢ ´´Ò³¨ Ê· ¢´¥´¨Ö³¨ ƒ ³¨²ÓÉµ´ 

d

dt

(
δq
δp

)
= G

(
δq
δp

)
, G ≡

(
0 I

−Σ 0

)
. (2)
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‡¤¥¸Ó I µ¡µ§´ Î ¥É ¥¤¨´¨Î´ÊÕ ³ É·¨ÍÊ N × N , G Å ³ É·¨Í  Ê¸Éµ°Î¨¢µ¸É¨.
Œ É·¨Í  Σ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Σ ≡


 ∂2V

∂qi∂qj

∣∣∣∣∣
q0(t)


 . (3)

Œ É·¨ÍÒ Σ ¨ G ¶µ¸·¥¤¸É¢µ³ § ¢¨¸¨³µ¸É¨ µÉ q0(t) Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ ¢·¥-
³¥´¨. ‚Ò¤¥²¨³ ³µ³¥´É ¢·¥³¥´¨ t0, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ´ Ìµ¦¤¥´¨Õ ¸¨¸É¥³Ò ¢
ÉµÎ±¥ q0 ±µ´Ë¨£Ê· Í¨µ´´µ£µ ¶·µ¸É· ´¸É¢ . � §²µ¦¨³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
Gij(t) ³ É·¨ÍÒ G(t), ¢Ìµ¤ÖÐ¥° ¢ Ê· ¢´¥´¨¥ (2), ¢ ·Ö¤ ’¥°²µ· :

Gij(t) = Gij(t0) +
∞∑

k=1

1
k!

G
(k)
ij ∆tk, ∆t = t − t0. (4)

‡¤¥¸Ó G
(k)
ij µ¡µ§´ Î ¥É k-Õ ¶·µ¨§¢µ¤´ÊÕ ³ É·¨Î´µ£µ Ô²¥³¥´É  Gij(t), ¢ÒÎ¨-

¸²¥´´ÊÕ ¢ ³µ³¥´É ¢·¥³¥´¨ t0. „ ²¥¥, ¶µ¤ G
(0)
ij ¡Ê¤¥³ ¶µ´¨³ ÉÓ Gij(t0). „²Ö

Éµ£µ ÎÉµ¡Ò ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¶·¨¡²¨¦¥´´µ ¶·µ¨´É¥£·¨·µ¢ ÉÓ Ê· ¢´¥´¨Ö (2),
É·¥¡Ê¥É¸Ö ¨§¡ ¢¨ÉÓ¸Ö µÉ ´¥¨§¢¥¸É´µ° § ¢¨¸¨³µ¸É¨ ³ É·¨ÍÒ Ê¸Éµ°Î¨¢µ¸É¨ µÉ
¢·¥³¥´¨, É. ¥. µÉ¡·µ¸¨ÉÓ ¢ · §²µ¦¥´¨¨ (4) ¢¸¥ ¸² £ ¥³Ò¥, ±·µ³¥ ¶¥·¢µ£µ. �Éµ
¢µ§³µ¦´µ ¶·¨ Ê¸²µ¢¨¨

∆t �
(k + 1)G(k)

ij

G
(k′)
ij

, ∀k = 0,∞ : Gk
ij �= 0; ∀i, j. (5)

‡¤¥¸Ó k′ µ¡µ§´ Î ¥É ¶µ·Ö¤µ± ¶¥·¢µ° ´¥´Ê²¥¢µ° ¶·µ¨§¢µ¤´µ°, ¸²¥¤ÊÕÐ¥° § 
´¥´Ê²¥¢µ° ¶·µ¨§¢µ¤´µ° ¶µ·Ö¤±  k. ’ ±¨³ µ¡· §µ³, ¢ É¥Î¥´¨¥ ±µ´¥Î´µ£µ
¢·¥³¥´¨ ∆t, µ¶·¥¤¥²Ö¥³µ£µ ¢Ò· ¦¥´¨¥³ (5), ³ É·¨ÍÊ Ê¸Éµ°Î¨¢µ¸É¨ G ¨ ¥¥
¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ³µ¦´µ ¸Î¨É ÉÓ ¶µ¸ÉµÖ´´Ò³¨. ‘µµÉ¢¥É¸É¢¥´´µ µ¡² ¸ÉÓ
Ω µ¶·¥¤¥²Ö¥É¸Ö ± ± µ¡² ¸ÉÓ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ , ¸µ¸ÉµÖÐ Ö ¨§ ÉµÎ¥±, ±µ-
Éµ·Ò¥ ¸¨¸É¥³  ³µ¦¥É ¤µ¸É¨£´ÊÉÓ ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ ∆t, ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ¢
´ Î ²Ó´Ò° ³µ³¥´É ¢·¥³¥´¨ µ´  ´ Ìµ¤¨² ¸Ó ¢ ÉµÎ±¥ q0.

�¥Ï¥´¨¥ Ê· ¢´¥´¨° (2) ¢ µ¡² ¸É¨ Ω ¨³¥¥É ¢¨¤

(
δq(t)
δp(t)

)
=

2N∑
i=1

Ci exp {λit}
(

δq(0)
δp(0)

)
. (6)

‡¤¥¸Ó λi = λi(q0) µ¡µ§´ Î ÕÉ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ³ É·¨ÍÒ Ê¸Éµ°Î¨¢µ¸É¨
G,   {Ci} Å ¶µ²´Ò° ´ ¡µ· ¶·µ¥±Éµ·µ¢ ´  ²¨´¥°´µ ´¥§ ¢¨¸¨³Ò¥ ¸µ¡¸É¢¥´-
´Ò¥ ¢¥±Éµ·Ò ³ É·¨ÍÒ G. ‘²ÊÎ ° ¢Ò·µ¦¤¥´´ÒÌ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ´¥
· ¸¸³ É·¨¢ ¥É¸Ö, É ± ± ± µ´ Ö¢²Ö¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´Ò³,   ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
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É· ¥±Éµ·¨¨ µ¡· §ÊÕÉ ³´µ¦¥¸É¢µ ³¥·Ò ´Ê²Ó. ˆ§ (6) ³µ¦´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¥¥
§ ±²ÕÎ¥´¨¥.

 ) …¸²¨ ¸ÊÐ¥¸É¢Ê¥É i É ±µ¥, ÎÉµ Re λi > 0, Éµ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¡²¨§-
²¥¦ Ð¨³¨ É· ¥±Éµ·¨Ö³¨ · ¸É¥É Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸µ ¢·¥³¥´¥³ ¨ ¤¢¨¦¥´¨¥
²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ É¥µ·¥³µ° ‹¨Ê¢¨²²Ö ¸¦ É¨¥ Ë §µ¢µ£µ
¶µÉµ±  ¢ µ¤´µ³ ´ ¶· ¢²¥´¨¨ (Re λj < 0) ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¥£µ · ¸Ï¨·¥´¨¥³
¢ ¤·Ê£µ³ ´ ¶· ¢²¥´¨¨ (´ ¶· ¢²¥´¨ÖÌ), ¸ É¥³ ÎÉµ¡Ò Ë §µ¢Ò° µ¡Ñ¥³ µ¸É ¢ ²¸Ö
¶µ¸ÉµÖ´´Ò³. ’ ±¨³ µ¡· §µ³, ²µ± ²Ó´ Ö ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ ¤¢¨¦¥´¨Ö ¨³¥¥É ³¥-
¸Éµ ¶·¨ ¸ÊÐ¥¸É¢µ¢ ´¨¨ Re λk �= 0.

¡) …¸²¨ ¤²Ö ²Õ¡µ£µ i = 1, 2N Re λi = 0, Éµ ¤¢¨¦¥´¨¥ Ê¸Éµ°Î¨¢µ ¨
·¥£Ê²Ö·´µ.

‡ ³¥É¨³, ÎÉµ G2 = diag−Σ,−Σ. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ¥¸²¨ −ξj , j = 1, N ,
Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ ³ É·¨ÍÒ −Σ, Éµ

−ξj = λ2
j , λ2

j = λ2
j+N , j = 1, N, (7)

  É ±¦¥

ξj = −λ2
j = (Im λj)2 − (Re λj)2 − 2i Imλj Re λj . (8)

�µ¸±µ²Ó±Ê ³ É·¨Í  Σ ¤¥°¸É¢¨É¥²Ó´  ¨ ¸¨³³¥É·¨Î´ , Éµ ¥¥ ¸µ¡¸É¢¥´´Ò¥ §´ -
Î¥´¨Ö {ξj} ¤¥°¸É¢¨É¥²Ó´Ò. ‘²¥¤µ¢ É¥²Ó´µ, (8) ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê µ£· -
´¨Î¥´¨Õ:

Im λj Reλj = 0, ∀j = 1, N. (9)

’ ±¨³ µ¡· §µ³, ²Õ¡µ¥ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ ³ É·¨ÍÒ Ê¸Éµ°Î¨¢µ¸É¨ G Ö¢²Ö-
¥É¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³ ²¨¡µ Î¨¸Éµ ³´¨³Ò³, ²¨¡µ · ¢´Ò³ ´Ê²Õ Î¨¸²µ³. �¡µ¡-
Ð¥´´Ò° ±·¨É¥·¨° ’µ¤Ò ¤²Ö ±² ¸¸¨Î¥¸±¨Ì £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ ¸ ±µ´¥Î´Ò³
Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ³µ¦¥É ¡ÒÉÓ ¸Ëµ·³Ê²¨·µ¢ ´ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

 ) ¥¸²¨ ξj � 0, ∀j = 1, N , Éµ ¶µ¢¥¤¥´¨¥ ¸¨¸É¥³Ò Ê¸Éµ°Î¨¢µ ¢ µ±·¥¸É´µ¸É¨
ÉµÎ±¨ q0;

¡) ¥¸²¨ ∃j = 1, N : ξj < 0, Éµ ¶µ¢¥¤¥´¨¥ ¸¨¸É¥³Ò ²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ
¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨ q0.

‚ ¸²ÊÎ ¥, ±µ£¤  µ¤´µ ¨§ ÔÉ¨Ì Ê¸²µ¢¨° ¢Ò¶µ²´Ö¥É¸Ö ¢ ´¥±µÉµ·µ° µ¡² ¸É¨
±µ´Ë¨£Ê· Í¨µ´´µ£µ ¶·µ¸É· ´¸É¢ , ¤¢¨¦¥´¨¥ Ö¢²Ö¥É¸Ö ¸µµÉ¢¥É¸É¢¥´´µ Ê¸Éµ°-
Î¨¢Ò³ ¨²¨ Ì µÉ¨Î¥¸±¨³ ¢ ÔÉµ° µ¡² ¸É¨.

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢ ¸²ÊÎ ¥ ¸¨¸É¥³ ¸ ¤¢Ê³Ö ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò ¸µ-
¢¶ ¤ ÕÉ ¸ ±·¨É¥·¨¥³ ’µ¤Ò, ¨¸¶µ²Ó§µ¢ ´´Ò³ ¢ · ¡µÉ Ì [14, 61, 62, 99]. „¥°-
¸É¢¨É¥²Ó´µ, ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ³ É·¨ÍÒ Σ (¸³. (3)) ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥ÕÉ
¢¨¤

ξ1,2 =
1
2
(B ±

√
B2 − 4C), (10)
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£¤¥

B =
∂2V

∂q2
1

+
∂2V

∂q2
2

, (11)

C =
∂2V

∂q2
1

∂2V

∂q2
2

−
(

∂2V

∂q1∂q2

)2

. (12)

‚ Ê± § ´´ÒÌ ¢ÒÏ¥ · ¡µÉ Ì ¶ · ³¥É· B ¢¸¥£¤  ¡Ò² ¡µ²ÓÏ¥ ´Ê²Ö. �·¨ ÔÉµ³
¥¸²¨ C > 0, Éµ µ¡  ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨Ö ³ É·¨ÍÒ Σ É ±¦¥ ¡µ²ÓÏ¥ ´Ê²Ö. Š ±
¸²¥¤Ê¥É ¨§ (8), ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ³ É·¨ÍÒ Ê¸Éµ°Î¨¢µ¸É¨ (2) Ö¢²ÖÕÉ¸Ö Î¨-
¸Éµ ³´¨³Ò³¨ Î¨¸² ³¨,   ¤¢¨¦¥´¨¥ ¸¨¸É¥³Ò Å Ê¸Éµ°Î¨¢Ò³. � µ¡µ·µÉ, ¶·¨
C < 0 µ¤´  ¨§ ¢¥²¨Î¨´ ξj , j = 1, 2, ¸É ´µ¢¨É¸Ö ³¥´ÓÏ¥ ´Ê²Ö, ¸µµÉ¢¥É¸É¢¥´´µ
¢µ§´¨± ¥É ¶ ·  ¤¥°¸É¢¨É¥²Ó´ÒÌ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ³ É·¨ÍÒ Ê¸Éµ°Î¨¢µ¸É¨,
ÎÉµ ¶·¨¢µ¤¨É ± ²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ³Ê ¶µ¢¥¤¥´¨Õ ¸¨¸É¥³Ò ¨ ¤¥É¥·³¨´¨·µ-
¢ ´´µ³Ê Ì µ¸Ê.

1.3. Š·¨É¥·¨° Ì µ¸  ¢ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì. �·¨¢¥¤¥³ ± Î¥¸É¢¥´´Ò¥
 ·£Ê³¥´ÉÒ, ±µÉµ·Ò¥ ¶µ§¢µ²ÖÉ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ±·¨É¥·¨° Ì µ¸  ¤²Ö ±¢ ´Éµ¢µ-
³¥Ì ´¨Î¥¸±¨Ì ¨ ±¢ ´Éµ¢µ-¶µ²¥¢ÒÌ ¸¨¸É¥³, ¶·¨³¥´¨³Ò° §  · ³± ³¨ ±¢ §¨-
±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö. ˆ§ ¸É É¨¸É¨Î¥¸±µ° ³¥Ì ´¨±¨ ¨ Ô·£µ¤¨Î¥¸±µ° É¥-
µ·¨¨ ¨§¢¥¸É´µ, ÎÉµ Ì µ¸ ¢ ±² ¸¸¨Î¥¸±¨Ì ¸¨¸É¥³ Ì Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Ö¢²¥´¨Ö
¶¥·¥³¥Ï¨¢ ´¨Ö, ¸³. [11, ¸. 103]. �µ¸²¥¤´¥¥ µ§´ Î ¥É Ô±¸¶µ´¥´Í¨ ²Ó´µ¥ (¨²¨
¡µ²¥¥ ¡Ò¸É·µ¥) Ê¡Ò¢ ´¨¥ ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¸µ ¢·¥³¥´¥³. ‚ ¸²ÊÎ ¥,
¥¸²¨ ±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö µ¸Í¨²²¨·Ê¥É ¨²¨ ³¥¤²¥´´µ Ê¡Ò¢ ¥É, Éµ ¤¢¨¦¥-
´¨¥ ·¥£Ê²Ö·´µ. � ¸¶·µ¸É· ´¨³ ±·¨É¥·¨° ¶µ¤µ¡´µ£µ É¨¶  ´  ±¢ ´Éµ¢µ-¶µ²¥¢Ò¥
¸¨¸É¥³Ò. ‚¸¥ ¸± § ´´µ¥ ´¨¦¥ µ¸É ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¨ ¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì
±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì ¸¨¸É¥³, ÎÉµ µ¡Ê¸²µ¢²¥´µ ¸Ìµ¦¥¸ÉÓÕ ³ É¥³ É¨Î¥¸±µ£µ
 ¶¶ · É  ¢ · ³± Ì Ëµ·³ ²¨§³  ¨´É¥£· ²µ¢ ¶µ É· ¥±Éµ·¨Ö³.

‚ ¸²ÊÎ ¥ ±¢ ´Éµ¢µ-¶µ²¥¢ÒÌ ¸¨¸É¥³  ´ ²µ£µ³ ±² ¸¸¨Î¥¸±µ° ±µ··¥²ÖÍ¨µ´-
´µ° ËÊ´±Í¨¨ Ö¢²Ö¥É¸Ö ¤¢ÊÌÉµÎ¥Î´ Ö ¸¢Ö§´ Ö ËÊ´±Í¨Ö ƒ·¨´  (¸³. [75]):

Gik(x, y) = − δ2W [J]
δJi(x)δJk(y)

∣∣∣∣
J=0

. (13)

‡¤¥¸Ó W [J] µ¡µ§´ Î ¥É ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¸¢Ö§´ÒÌ ËÊ´±Í¨° ƒ·¨´ ;
J Å ¨¸ÉµÎ´¨±¨ ¶µ²¥°; x, y Å 4-¢¥±Éµ·Ò ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ±µµ·-
¤¨´ É.

ˆ¸Ìµ¤Ö ¨§ ÔÉµ£µ ¸Ëµ·³Ê²¨·Ê¥³ ±·¨É¥·¨° Ì µ¸  ¤²Ö ±¢ ´Éµ¢ ´´ÒÌ ¶µ²¥°
(¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨) ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

• ¥¸²¨ ¤¢ÊÌÉµÎ¥Î´ Ö ¸¢Ö§´ Ö ËÊ´±Í¨Ö ƒ·¨´  (13) Ô±¸¶µ´¥´Í¨ ²Ó´µ (¨²¨
¡Ò¸É·¥¥) ¸É·¥³¨É¸Ö ± ´Ê²Õ ¶·¨ |x − y| → ∞ (4-¢¥±Éµ· x − y ²¥¦¨É ¢´ÊÉ·¨
¸¢¥Éµ¢µ£µ ±µ´Ê¸  (x0 − y0) > 0), Éµ£¤  ±¢ ´Éµ¢µ-¶µ²¥¢ Ö ¸¨¸É¥³  Ì µÉ¨Î´ ;

• ¥¸²¨ ¦¥ Ê± § ´´ Ö ËÊ´±Í¨Ö µ¸Í¨²²¨·Ê¥É ¨²¨ ³¥¤²¥´´µ Ê¡Ò¢ ¥É ¢ ÔÉµ³
¶·¥¤¥²¥, Éµ ¤¨´ ³¨±  ±¢ ´Éµ¢ÒÌ ¶µ²¥° ·¥£Ê²Ö·´ .
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�·µ¢¥·¨³ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ¶·¥¤²µ¦¥´´Ò³ ±¢ ´Éµ¢Ò³ ±·¨É¥·¨¥³ Ì -
µ¸  ¨ ±² ¸¸¨Î¥¸±¨³ ±·¨É¥·¨¥³ ’µ¤Ò ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ (¸³. ¶. 1.2)
¢ · ³± Ì ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨. „²Ö ÔÉµ£µ
¢ÒÎ¨¸²¨³ ¤¢ÊÌÉµÎ¥Î´ÊÕ ËÊ´±Í¨Õ ƒ·¨´  ¢ Ê± § ´´µ³ ¶·¨¡²¨¦¥´¨¨. �·µ¨§-
¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¢ ÔÉµ³ ¸²ÊÎ ¥ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Z[J] =
∫

D q exp


i

+∞∫
−∞

dt

[
1
2
q̇2 − V (q) + JT q

]
 , (14)

£¤¥ ¢¥·Ì´¨° ¨´¤¥±¸ T µ¡µ§´ Î ¥É µ¶¥· Í¨Õ É· ´¸¶µ´¨·µ¢ ´¨Ö. � ¸¸³µÉ·¨³
´¥±µÉµ·µ¥ ·¥Ï¥´¨¥ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö q0(t) ¨ ¢¢¥¤¥³ ´µ¢ÊÕ
¢¥±Éµ·´ÊÕ ¶¥·¥³¥´´ÊÕ δq(t) = q−q0(t), µ¶¨¸Ò¢ ÕÐÊÕ µÉ±²µ´¥´¨¥ µÉ ±² ¸-
¸¨Î¥¸±µ° É· ¥±Éµ·¨¨, Éµ£¤  ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¶µ²ÊÎ¨³

Z[J] = exp {iS0[J]}×

×
∫

Dδq exp


i

+∞∫
−∞

dt

[
1
2
δq̇2 − 1

2
δqT Σδq + JT δq

]
 . (15)

‡¤¥¸Ó ±² ¸¸¨Î¥¸±µ¥ ¤¥°¸É¢¨¥ ¨³¥¥É ¢¨¤

S0[J] =

+∞∫
−∞

dt

[
1
2
q̇2

0 − V (q0(t)) + JT q0

]
, (16)

  ³ É·¨Í  Σ, µ¶·¥¤¥²Ö¥³ Ö ¢Ò· ¦¥´¨¥³ (3), Ö¢²Ö¥É¸Ö ¤¥°¸É¢¨É¥²Ó´µ° ¨ ¸¨³-
³¥É·¨Î´µ°. ’ ±¨³ µ¡· §µ³, ¸ÊÐ¥¸É¢Ê¥É µ·Éµ£µ´ ²Ó´µ¥ ¶·¥µ¡· §µ¢ ´¨¥, § ¤ -
¢ ¥³µ¥ ³ É·¨Í¥° O, ±µÉµ·µ¥ ¶·¨¢µ¤¨É ³ É·¨ÍÊ Σ ± ¤¨ £µ´ ²Ó´µ³Ê ¢¨¤Ê. �·¨-
³¥³, ÎÉµ Ì · ±É¥·´µ¥ ¢·¥³Ö, ´¥µ¡Ìµ¤¨³µ¥ ¤²Ö ¶·µÖ¢²¥´¨Ö ±¢ ´Éµ¢ÒÌ ¸¢µ°¸É¢
¸¨¸É¥³Ò, ¢ · ³± Ì ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö τq ³´µ£µ ³¥´ÓÏ¥ ¢·¥-
³¥´´µ£µ ³ ¸ÏÉ ¡ , Ì · ±É¥·´µ£µ ¤²Ö ±² ¸¸¨Î¥¸±µ° ¤¨´ ³¨±¨ ¸¨¸É¥³Ò τcl,
É. ¥. τq � τcl. ‚ ± Î¥¸É¢¥ É ±µ£µ ¢·¥³¥´´µ£µ ³ ¸ÏÉ ¡  ³µ¦¥É ¸²Ê¦¨ÉÓ ¨´-
É¥·¢ ² ¢·¥³¥´¨, µ¶·¥¤¥²Ö¥³Ò° ¢Ò· ¦¥´¨¥³ (5). ’ ±¨³ µ¡· §µ³, ¶·¨ Ê¸²µ¢¨¨
τq � ∆t ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ξi = ξi(q0(t)), i = 1, N , Ö¢²ÖÕÉ¸Ö ¶µ¸ÉµÖ´-
´Ò³¨ ¨ ´¥ § ¢¨¸ÖÉ µÉ ¢·¥³¥´¨. “± § ´´µ¥ ¶·¨¡²¨¦¥´¨¥ Ô±¢¨¢ ²¥´É´µ · ¸¸³µ-
É·¥´¨Õ ¸²ÊÎ Ö ¤¨´ ³¨Î¥¸±µ° ²µ± ²¨§ Í¨¨ ±¢ ´Éµ¢ÒÌ ¸µ¸ÉµÖ´¨° [98]. ‚ ·¥-
§Ê²ÓÉ É¥ ¸²¥¤ÊÕÐ¥£µ µ·Éµ£µ´ ²Ó´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö: δq = Ox, JT = ηT OT ,
OT ΣO = diag (ξ1, . . . , ξN ); OT O = OOT = I , ¶µ²ÊÎ¨³

Z[η] = L exp {iS0[η]}×

×
∫

Dx exp


i

+∞∫
−∞

dt

(
1
2
ẋ2 − 1

2
xT diag (ξ1, . . . , ξN )x + ηT x

)
 , (17)
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£¤¥ L µ¡µ§´ Î ¥É Ö±µ¡¨ ´ µ·Éµ£µ´ ²Ó´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö. ‚ ·¥§Ê²ÓÉ É¥  ´ -
²¨É¨Î¥¸±µ£µ ¶·µ¤µ²¦¥´¨Ö ¢Ò· ¦¥´¨Ö (17) ´  ³´¨³Ò¥ ¢·¥³¥´  ¨ ¢ÒÎ¨¸²¥´¨Ö
£ Ê¸¸µ¢¸±µ£µ ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£· ²  ¥¢±²¨¤µ¢ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ-
´ ² ¶·¨³¥É ¢¨¤

ZE [η] = N exp (−SE
0 [η])×

×
N∏

i=1

exp
1
2

+∞∫
−∞

dτ1dτ2ηi(τ1)
[
δ(τ1 − τ2)

(
− d2

dτ2
2

+ ξi

)]−1

ηi(τ2). (18)

‚ ÔÉµ³ ¨ ¶µ¸²¥¤ÊÕÐ¨Ì ¢Ò· ¦¥´¨ÖÌ ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¨´¤¥±¸Ê i µÉ¸ÊÉ¸É¢Ê¥É,
¥¸²¨ ´¥ µ£µ¢µ·¥´µ ¶·µÉ¨¢´µ¥; N µ¡µ§´ Î ¥É ´µ·³¨·µ¢µÎ´Ò° ³´µ¦¨É¥²Ó.
Š² ¸¸¨Î¥¸±µ¥ ¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ SE

0 [η] Ö¢²Ö¥É¸Ö ²¨´¥°´Ò³ ËÊ´±Í¨µ´ ²µ³
¨¸ÉµÎ´¨±µ¢ η. �¡· É´Ò° µ¶¥· Éµ·

∆i(τ1, τ2) =
[
δ(τ1 − τ2)

(
− d2

dτ2
2

+ ξi

)]−1

(19)

Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ(
− d2

dτ2
1

+ ξi

)
∆(τ1, τ2) = δ(τ1 − τ2). (20)

…£µ ·¥Ï¥´¨¥ Å ¥¢±²¨¤µ¢  ¤¢ÊÌÉµÎ¥Î´ Ö ¸¢Ö§´ Ö ËÊ´±Í¨Ö ƒ·¨´  Å ¨³¥¥É
¢¨¤

∆i(τ1, τ2) =
1
2π

∫
dω

eiω(τ1−τ2)

ω2 + ξi
. (21)

…¥  ´ ²¨É¨Î¥¸±µ¥ ¶·µ¤µ²¦¥´¨¥ ´  ¤¥°¸É¢¨É¥²Ó´µ¥ (Ë¨§¨Î¥¸±µ¥) ¢·¥³Ö § ¤ -
¥É¸Ö ¢Ò· ¦¥´¨¥³

Gi(t1, t2) =
i

2π

∫
dω̄

eiω̄(t1−t2)

ω̄2 + λ2
i

, (22)

£¤¥ τ → it, ω → −iω̄. ”Ê´±Í¨Ö ƒ·¨´  µ¶·¥¤¥²¥´  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ·¥Ï¥-
´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ µ¤´µ·µ¤´µ£µ Ê· ¢´¥´¨Ö. ˆ¸¶µ²Ó§Ê¥³ ÔÉÊ ¸¢µ¡µ¤Ê, ¸
É¥³ ÎÉµ¡Ò ¸¤¥² ÉÓ ¤¢ÊÌÉµÎ¥Î´ÊÕ ËÊ´±Í¨Õ ƒ·¨´  ±µ´¥Î´µ° ¢ ¶·¥¤¥²¥ (t1 −
t2) → +∞ ¤²Ö ¤¥°¸É¢¨É¥²Ó´ÒÌ λi,   É ±¦¥ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¥¤¨-
´ÊÕ Ëµ·³Ê²Ê ¤²Ö ²Õ¡ÒÌ λi, ± ± ¤¥°¸É¢¨É¥²Ó´ÒÌ, É ± ¨ ³´¨³ÒÌ. ‚ ·¥§Ê²Ó-
É É¥ ¤¢ÊÌÉµÎ¥Î´ Ö ¸¢Ö§´ Ö ËÊ´±Í¨Ö ƒ·¨´  (22) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢
¢¨¤¥

Gi(t1, t2) =
i

2
Re
(

e−λi(t1−t2)

λi

)
, t1 > t2. (23)
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ˆ§ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¸²¥¤Ê¥É:
• …¸²¨ ±² ¸¸¨Î¥¸±µ¥ ¤¢¨¦¥´¨¥ ²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ (Ì µÉ¨Î´µ), Éµ, ¢

¸µµÉ¢¥É¸É¢¨¨ ¸ µ¡µ¡Ð¥´´Ò³ ±·¨É¥·¨¥³ ’µ¤Ò (¶. 1.2), ¸ÊÐ¥¸É¢Ê¥É ¤¥°¸É¢¨-
É¥²Ó´µ¥ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ λi. ‘²¥¤µ¢ É¥²Ó´µ, ËÊ´±Í¨Ö ƒ·¨´  (23) ¶·¨
´¥±µÉµ·µ³ i Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸É·¥³¨É¸Ö ± ´Ê²Õ ¢ ¶·¥¤¥²¥ (t1 − t2) → +∞.
�¡· É´µ¥ ÊÉ¢¥·¦¤¥´¨¥ É ±¦¥ ¢¥·´µ. …¸²¨ ËÊ´±Í¨Ö ƒ·¨´  (23) ¢ ¶·¥¤¥²¥
(t1 − t2) → +∞ Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸É·¥³¨É¸Ö ± ´Ê²Õ ¶·¨ ´¥±µÉµ·µ³ §´ Î¥´¨¨
i, Éµ ¸ÊÐ¥¸É¢Ê¥É ¤¥°¸É¢¨É¥²Ó´µ¥ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ ³ É·¨ÍÒ Ê¸Éµ°Î¨¢µ¸É¨
¨, É ±¨³ µ¡· §µ³, ±² ¸¸¨Î¥¸±µ¥ ¤¢¨¦¥´¨¥ ²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ.

• …¸²¨ ¢¸¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ³ É·¨ÍÒ Ê¸Éµ°Î¨¢µ¸É¨ G ³´¨³Ò¥, ÎÉµ
¸µµÉ¢¥É¸É¢Ê¥É ±² ¸¸¨Î¥¸±¨ Ê¸Éµ°Î¨¢µ³Ê ¤¢¨¦¥´¨Õ, Éµ ¢ ¶·¥¤¥²¥ (t1 − t2) →
+∞ ËÊ´±Í¨Ö ƒ·¨´  (23) µ¸Í¨²²¨·Ê¥É ¶µ § ±µ´Ê ¸¨´Ê¸ . �¡· É´µ¥ ÊÉ¢¥·¦¤¥-
´¨¥ É ±¦¥ ¢¥·´µ. …¸²¨ (¤²Ö ²Õ¡µ£µ i) ËÊ´±Í¨¨ ƒ·¨´  µ¸Í¨²²¨·ÊÕÉ ¢ ¶·¥¤¥²¥
(t1−t2) → +∞, Éµ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö {λi} Ö¢²ÖÕÉ¸Ö ³´¨³Ò³¨ ¶·¨ ²Õ¡µ³
i,   ±² ¸¸¨Î¥¸±µ¥ ¤¢¨¦¥´¨¥ Ê¸Éµ°Î¨¢µ ¨ ·¥£Ê²Ö·´µ.

’ ±¨³ µ¡· §µ³, ¶·¥¤²µ¦¥´´Ò° ±·¨É¥·¨° ±¢ ´Éµ¢µ£µ Ì µ¸  ¸µ¢¶ ¤ ¥É ¸
µ¡µ¡Ð¥´´Ò³ ±·¨É¥·¨¥³ ’µ¤Ò ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¥¤¥²¥, ± ± ÔÉµ ¨ É·¥-
¡Ê¥É¸Ö ¶·¨´Í¨¶µ³ ¸µµÉ¢¥É¸É¢¨Ö. ˆ§ Ëµ·³Ê²Ò (23) ¸²¥¤Ê¥É, ÎÉµ Ì · ±É¥·-
´Ò° ¤²Ö ±¢ ´Éµ¢µ° ¤¨´ ³¨±¨ ¢·¥³¥´´µ° ³ ¸ÏÉ ¡ ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´ ± ±
τq ∼ max {1/|λi|}. ’ ±¨³ µ¡· §µ³, Ê¸²µ¢¨¥ τq � ∆t ¢µ ¢¸Ö±µ³ ¸²ÊÎ ¥ ¢Ò-
¶µ²´Ö¥É¸Ö ¶·¨ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ° ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨, ¶·¨¸ÊÐ¥° ¸¨-
¸É¥³¥.

1.4. • µ¸ ¨ ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ¸¨³³¥É·¨¨. �¤´¨³ ¨§ ¢µ§³µ¦´ÒÌ
¶·¨³¥´¥´¨° ¶·¥¤²µ¦¥´´µ£µ ±·¨É¥·¨Ö Ì µ¸  ¢ É¥µ·¨¨ ¶µ²Ö Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ-
¢ ´¨¥ Ê¸Éµ°Î¨¢µ¸É¨ ±² ¸¸¨Î¥¸±¨Ì ·¥Ï¥´¨° ¶µ µÉ´µÏ¥´¨Õ ± ³ ²Ò³ ¢µ§³ÊÐ¥-
´¨Ö³ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°. „²Ö ¨§ÊÎ¥´¨Ö Ê¸Éµ°Î¨¢µ¸É¨ ´¥±µÉµ·µ£µ ±² ¸¸¨Î¥-
¸±µ£µ ·¥Ï¥´¨Ö ¶µ²¥¢ÒÌ Ê· ¢´¥´¨° É·¥¡Ê¥É¸Ö ¢ÒÎ¨¸²¨ÉÓ, ´ ¶·¨³¥·, ¨¸¶µ²Ó§ÊÖ
µ¤´µ¶¥É²¥¢µ¥ ¶·¨¡²¨¦¥´¨¥, ¤¢ÊÌÉµÎ¥Î´ÊÕ ËÊ´±Í¨Õ ƒ·¨´  ¢ µ±·¥¸É´µ¸É¨ · ¸-
¸³ É·¨¢ ¥³µ£µ ·¥Ï¥´¨Ö.

‘ Í¥²ÓÕ ¤¥³µ´¸É· Í¨¨ · ¸¸³µÉ·¨³ ¤¥°¸É¢¨É¥²Ó´µ¥ ¸± ²Ö·´µ¥ ¶µ²¥, µ¶¨-
¸Ò¢ ¥³µ¥ ² £· ´¦¨ ´µ³

L =
1
2

(∂µϕ)2 − 1
2
m2ϕ2 − λ

4!
ϕ4, (24)

£¤¥ λ > 0 ¥¸ÉÓ ±µ´¸É ´É  ¸ ³µ¤¥°¸É¢¨Ö ¸± ²Ö·´µ£µ ¶µ²Ö, m2 µ¡µ§´ Î ¥É ¶ · -
³¥É·, ±µÉµ·Ò° ³µ¦¥É ¡ÒÉÓ ± ± ¡µ²ÓÏ¥, É ± ¨ ³¥´ÓÏ¥ ´Ê²Ö. ‚ µ¡µ¨Ì ¸²ÊÎ ÖÌ
ϕ = 0 Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ¶µ²¥¢ÒÌ Ê· ¢´¥´¨°. �¸¨³¶ÉµÉ¨±  ¤¢ÊÌÉµÎ¥Î´µ°
ËÊ´±Í¨¨ ƒ·¨´ , ¢ÒÎ¨¸²¥´´µ° ¢ µ±·¥¸É´µ¸É¨ ±² ¸¸¨Î¥¸±µ£µ ·¥Ï¥´¨Ö ϕ = 0 ¢
¸²ÊÎ ¥ ¸¢µ¡µ¤´µ£µ ¶µ²Ö (λ = 0) § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

G0(x, y)ρ̃→∞ρ−1/2 eim
√

ρ. (25)
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‡¤¥¸Ó ρ = (x−y)2,   É ±¦¥ ¶·¨´ÖÉµ, ÎÉµ 4-¢¥±Éµ· x−y ²¥¦¨É ¢´ÊÉ·¨ ¸¢¥Éµ¢µ£µ
±µ´Ê¸  (x0 − y0) > 0, ¤·Ê£¨³¨ ¸²µ¢ ³¨, ρ > 0. �  µ¸´µ¢ ´¨¨ ¶·¥¤¸É ¢²¥´¨Ö
‹¥³ ´  ¤²Ö ¸± ²Ö·´µ£µ ¶µ²Ö (¸³. [1, ¸. 105])  ¸¨³¶ÉµÉ¨±  ¶µ²´µ° ËÊ´±Í¨¨
ƒ·¨´  ¶·¨ ÊÎ¥É¥ ¸ ³µ¤¥°¸É¢¨Ö (λ �= 0) § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

G(x, y)ρ̃→∞

∞∫
0

dm2f(m2)ρ−1/2 eim
√

ρ, (26)

£¤¥ f Å ´¥±µÉµ· Ö ¤¥°¸É¢¨É¥²Ó´ Ö ËÊ´±Í¨Ö, ±µÉµ· Ö ´¥ · ¢´  ´Ê²Õ Éµ²Ó±µ
¤²Ö É¥Ì §´ Î¥´¨° ¸¢µ¥£µ  ·£Ê³¥´É , ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ±¢ ¤· ÉÊ ¶µ²´µ°
³ ¸¸Ò ´¥±µÉµ·µ£µ Ë¨§¨Î¥¸±µ£µ ¸µ¸ÉµÖ´¨Ö, Ê¤µ¢²¥É¢µ·ÖÕÐ¥£µ ·Ö¤Ê ¤µ¶µ²´¨-
É¥²Ó´ÒÌ Ê¸²µ¢¨° (¸³. [1, ¸. 108Ä109]). ˆ§ÊÎ¨³ Ê¸Éµ°Î¨¢µ¸ÉÓ · ¸¸³ É·¨¢ ¥³µ£µ
·¥Ï¥´¨Ö ¶µ µÉ´µÏ¥´¨Õ ± ³ ²Ò³ ¢µ§³ÊÐ¥´¨Ö³ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°. ˆ§ ¢Ò· -
¦¥´¨Ö (26) ¸²¥¤Ê¥É, ÎÉµ ¢µ§³µ¦´Ò ¤¢  · §²¨Î´ÒÌ ¸²ÊÎ Ö:

• ”Ê´±Í¨Ö ƒ·¨´  µ¸Í¨²²¨·Ê¥É ¨ ³¥¤²¥´´µ (´¥ Ô±¸¶µ´¥´Í¨ ²Ó´µ) ¸É·¥-
³¨É¸Ö ± ´Ê²Õ ¶·¨ ρ → ∞. ˆ§ ¶·¥¤²µ¦¥´´µ£µ ±¢ ´Éµ¢µ£µ ±·¨É¥·¨Ö Ì µ¸ 
¸²¥¤Ê¥É, ÎÉµ · ¸¸³ É·¨¢ ¥³µ¥ ·¥Ï¥´¨¥ Ö¢²Ö¥É¸Ö Ê¸Éµ°Î¨¢Ò³. „¥°¸É¢¨É¥²Ó´µ,
¨§ Ëµ·³Ê²Ò (26) ¢¨¤´µ, ÎÉµ ¶ · ³¥É· m ¤¥°¸É¢¨É¥²¥´ ¢ ÔÉµ³ ¸²ÊÎ ¥,   ϕ = 0
Ö¢²Ö¥É¸Ö Ê¸Éµ°Î¨¢Ò³ ¢ ±ÊÊ³´Ò³ ¸µ¸ÉµÖ´¨¥³.

• ”Ê´±Í¨Ö ƒ·¨´  Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸É·¥³¨É¸Ö ± ´Ê²Õ ¢ ¶·¥¤¥²¥ ρ → ∞.
ˆ§ ¶·¥¤²µ¦¥´´µ£µ ±·¨É¥·¨Ö ±¢ ´Éµ¢µ£µ Ì µ¸  ¸²¥¤Ê¥É, ÎÉµ ϕ = 0 Ö¢²Ö¥É¸Ö
´¥Ê¸Éµ°Î¨¢Ò³ ·¥Ï¥´¨¥³. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É ¤¥°¸É¢¨É¥²Ó´µ¸É¨, É ± ± ± ¨§ ¢Ò-
· ¦¥´¨Ö (26) ¢¨¤´µ, ÎÉµ ¶ · ³¥É· m ¤µ²¦¥´ ¡ÒÉÓ ³´¨³Ò³. ˆ§¢¥¸É´µ, ÎÉµ ¢
ÔÉµ³ ¸²ÊÎ ¥ ¸µ¸ÉµÖ´¨¥ ϕ = 0 ¸É ´µ¢¨É¸Ö ´¥Ê¸Éµ°Î¨¢Ò³, ¢µ§´¨± ÕÉ ¤¢  ´µ-
¢ÒÌ Ê¸Éµ°Î¨¢ÒÌ ¢ ±ÊÊ³´ÒÌ ¸µ¸ÉµÖ´¨Ö ¨ ¨³¥¥É ³¥¸Éµ Ö¢²¥´¨¥ ¸¶µ´É ´´µ£µ
´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ [53].

‡¤¥¸Ó ¡Ò²µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ¶·¥¤²µ¦¥´´Ò° ±¢ ´Éµ¢Ò° ±·¨É¥·¨°
Ì µ¸  ¸µ£² ¸Ê¥É¸Ö ¸ µ¡µ¡Ð¥´´Ò³ ±·¨É¥·¨¥³ ’µ¤Ò ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨-
¡²¨¦¥´¨¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨, ¢ ¸²ÊÎ ¥ ¸¨²Ó´µ° ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨
¸¨¸É¥³Ò. �  ¶·¨³¥·¥ ¸± ²Ö·´µ£µ ¶µ²Ö ¡Ò²  ¨§ÊÎ¥´  Ê¸Éµ°Î¨¢µ¸ÉÓ ¢ ±ÊÊ³´µ£µ
¸µ¸ÉµÖ´¨Ö ¨ ¶µ± § ´µ, ÎÉµ ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ¸¨³³¥É·¨¨ ¨ ¢Ò·µ¦¤¥-
´¨¥ ¢ ±ÊÊ³´µ£µ ¸µ¸ÉµÖ´¨Ö ³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ±¢ ´Éµ¢Ò¥ ¶·µÖ¢²¥´¨Ö
Ì µ¸ .

2. ƒ�‹���Œ�›… Š‚��’�‚›… ‚›—ˆ‘‹…�ˆŸ

2.1. �¡§µ· ¶µ¤Ìµ¤ . ‚¸¥ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ¢ ´ ¸ÉµÖÐ¨° ³µ³¥´É ¢ÒÎ¨¸²¨-
É¥²Ó´Ò¥ ¸¨¸É¥³Ò Ö¢²ÖÕÉ¸Ö ¶µ ¸¢µ¥° ¶·¨·µ¤¥ ±² ¸¸¨Î¥¸±¨³¨, É. ¥. µ¶¥·¨·ÊÕÉ
£¨£ ´É¸±¨³¨ ³ ¸¸¨¢ ³¨ ¶µ¡¨É´µ ¶·¥¤¸É ¢²¥´´µ° ¨´Ëµ·³ Í¨¨. �·¨ ÔÉµ³ ± -
¦¤Ò° ¡¨É ³µ¦¥É ¶·¨´¨³ ÉÓ ¢¸¥£µ ¤¢  §´ Î¥´¨Ö: ²µ£¨Î¥¸±¨° ´Ê²Ó ¨ ²µ£¨Î¥-
¸± Ö ¥¤¨´¨Í . � ·Ö¤Ê ¸ ÔÉ¨³ ¢ ± ¦¤Ò° ³µ³¥´É ¢·¥³¥´¨ ³µ¦´µ ÉµÎ´µ Ê± § ÉÓ,
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¢ ± ±µ³ ¨§ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° µ´ ´ Ìµ¤¨É¸Ö. �¡Ð¨¥ § ±µ´Ò ËÊ´±Í¨µ´¨·µ¢ ´¨Ö
¶µ¤µ¡´ÒÌ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ¸¨¸É¥³ ¡Ò²¨ ¢ ¤µ¸É ÉµÎ´µ° ¸É¥¶¥´¨ ¨§ÊÎ¥´Ò ¥Ð¥
¢ 30-Ì ££. ¶·µÏ²µ£µ ¸Éµ²¥É¨Ö (É ± ´ §Ò¢ ¥³ Ö ³ Ï¨´  ’¨··¨´£ ). ‚ 80-Ì ££.
Éµ£µ ¦¥ ¸Éµ²¥É¨Ö �¨Î ·¤µ³ ”¥°´³ ´µ³ ¡Ò²  ¢Ò¸± § ´  ¨¤¥Ö µ ¢µ§³µ¦´µ¸É¨
¶µ¸É·µ¥´¨Ö ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ³ Ï¨´, · ¡µÉ ÕÐ¨Ì ¶µ ±¢ ´Éµ¢Ò³ § ±µ´ ³. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¢ ¶·µÍ¥¸¸¥ ¢ÒÎ¨¸²¥´¨° ³´µ¦¥¸É¢µ ¤µ¶Ê¸É¨³ÒÌ ¸µ¸ÉµÖ´¨° ¡¨É 
´¥ µ£· ´¨Î¥´µ ¤¢Ê³Ö ¸µ¸ÉµÖ´¨Ö³¨ ²µ£¨Î¥¸±µ£µ ´Ê²Ö ¨ ¥¤¨´¨ÍÒ,   ¨§µ³µ·Ë´µ
³´µ¦¥¸É¢Ê ´µ·³¨·µ¢ ´´ÒÌ ¢¥±Éµ·µ¢ ¤¢Ê³¥·´µ£µ £¨²Ó¡¥·Éµ¢  ¶·µ¸É· ´¸É¢ .
„·Ê£¨³¨ ¸²µ¢ ³¨, ¡¨É ³µ¦¥É ´ Ìµ¤¨ÉÓ¸Ö ¢ ¸Ê¶¥·¶µ§¨Í¨µ´´µ³ ¸µ¸ÉµÖ´¨¨ ²µ-
£¨Î¥¸±µ£µ ´Ê²Ö ¨ ¥¤¨´¨ÍÒ. ‹µ£¨Î¥¸±µ¥ Ê¸É·µ°¸É¢µ, µ¡² ¤ ÕÐ¥¥ ¶µ¤µ¡´Ò³
¸¢µ°¸É¢µ³, ¶µ²ÊÎ¨²µ ´ §¢ ´¨¥ ±¢ ´Éµ¢µ£µ ¡¨É . ‹µ£¨Î¥¸±¨¥ µ¶¥· Í¨¨ ´ ¤ ´¨³
Ê¦¥ ´¥ µ£· ´¨Î¨¢ ÕÉ¸Ö ±² ¸¸¨Î¥¸±¨³¨ µ¶¥· Í¨Ö³¨, É ±¨³¨ ± ± ¸²µ¦¥´¨¥ ¨
Ê³´µ¦¥´¨¥ (AND ¨ OR),   ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¢¸¥¢µ§³µ¦´Ò¥ Ê´¨É ·´Ò¥ µ¶¥-
· Í¨¨. � Î ²µ ¡Ê·´µ£µ · §¢¨É¨Ö ¨¸¸²¥¤µ¢ ´¨° ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨ ¶µ²µ¦¨²¨
· ¡µÉÒ ˜µ· , ¢ ±µÉµ·ÒÌ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ±¢ ´Éµ¢ Ö ¸Ì¥³  ¢ÒÎ¨¸²¥´¨°,
¶·¨³¥´¨É¥²Ó´µ ± µ¶·¥¤¥²¥´´µ³Ê, ¤µ¸É ÉµÎ´µ ¢ ¦´µ³Ê ±·Ê£Ê § ¤ Î, £µ· §¤µ
ÔËË¥±É¨¢´¥¥ ±² ¸¸¨Î¥¸±µ° ¸Ì¥³Ò. ‚ Î ¸É´µ¸É¨, ¨³ ¡Ò²¨ · §· ¡µÉ ´Ò  ²-
£µ·¨É³Ò ¡Ò¸É·µ£µ ËÊ·Ó¥-¶·¥µ¡· §µ¢ ´¨Ö ¨ Ë ±Éµ·¨§ Í¨¨, ±µÉµ·Ò¥ £µ· §¤µ
ÔËË¥±É¨¢´¥¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±² ¸¸¨Î¥¸±¨Ì  ²£µ·¨É³µ¢ ¨ ´ ·Ö¤Ê ¸ ÔÉ¨³ ¶·¨-
³¥´ÖÕÉ¸Ö ¶·¨ ·¥Ï¥´¨¨ ¡µ²ÓÏµ£µ Î¨¸²  ¶· ±É¨Î¥¸±¨ ¢ ¦´ÒÌ § ¤ Î. ‚ ÔÉµ°
¸¢Ö§¨,   É ±¦¥ ¶µ ·Ö¤Ê ¤·Ê£¨Ì ¶·¨Î¨´ (· §· ¡µÉ±  ¸¨¸É¥³ ¶¥·¥¤ Î¨  ¡¸µ-
²ÕÉ´µ ±µ´Ë¨¤¥´Í¨ ²Ó´µ° ¨´Ëµ·³ Í¨¨ ¨ ³´µ£µ¥ ¤·Ê£µ¥), ¢µ§´¨±²  ¶·µ¡²¥³ 
¶· ±É¨Î¥¸±µ° ·¥ ²¨§ Í¨¨ ±¢ ´Éµ¢ÒÌ ±µ³¶ÓÕÉ¥·µ¢. 	Ò²µ ¶·¥¤²µ¦¥´µ (¨ ¶µ
¸¥° ¤¥´Ó ¶·¥¤² £ ¥É¸Ö) ³´µ¦¥¸É¢µ ¸¶µ¸µ¡µ¢ ·¥ ²¨§ Í¨¨ ³ ¸¸¨¢µ¢ ±¢ ´Éµ¢ÒÌ
¡¨Éµ¢,   É ±¦¥ µ¸ÊÐ¥¸É¢²¥´¨Ö ±¢ ´Éµ¢ÒÌ ²µ£¨Î¥¸±¨Ì µ¶¥· Í¨° ´ ¤ ´¨³¨.
‚ ¤ ´´µ° · ¡µÉ¥ ³Ò µ¸É ´µ¢¨³¸Ö ²¨ÏÓ ´  µ¤´µ° ¨§ ¶µ¤µ¡´ÒÌ ¸Ì¥³, ±µÉµ· Ö
µ¡² ¤ ¥É µ¶·¥¤¥²¥´´µ° ¸É¥¶¥´ÓÕ µ¡Ð´µ¸É¨, É. ¥. ¤µ¶Ê¸± ¥É ·¥ ²¨§ Í¨Õ ¢ · ³-
± Ì · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì ¸¨¸É¥³ ¨ ¢ Éµ ¦¥ ¢·¥³Ö ¨³¥¥É ´¥¶µ¸·¥¤¸É¢¥´´µ¥
µÉ´µÏ¥´¨¥ ± Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¢¢¨¤Ê ¶· ±É¨Î¥¸±¨ ¶µ²´µ° ¨¤¥´-
É¨Î´µ¸É¨ ¨¸¶µ²Ó§Ê¥³µ£µ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É . �¥ÎÓ ¨¤¥É µ £µ²µ´µ³´ÒÌ
±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨ÖÌ.

‚ £µ²µ´µ³´µ³ ±¢ ´Éµ¢µ³ ±µ³¶ÓÕÉ¥·¥ ¤²Ö ·¥ ²¨§ Í¨¨ Ê´¨É ·´ÒÌ ¶·¥-
µ¡· §µ¢ ´¨° ¨¸¶µ²Ó§Ê¥É¸Ö ´¥É·¨¢¨ ²Ó´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö,
¶·¨´ ¤²¥¦ Ð¨Ì ´¥±µÉµ·µ³Ê ¢Ò·µ¦¤¥´´µ³Ê ¶µ¤¶·µ¸É· ´¸É¢Ê ¶ · ³¥É·¨Î¥-
¸±µ£µ ¸¥³¥°¸É¢  £ ³¨²ÓÉµ´¨ ´µ¢, ¨³¥ÕÐ¥¥ ³¥¸Éµ ¶·¨ Í¨±²¨Î¥¸±µ³
¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò. �·¥¤¶µ²µ¦¨³, ÎÉµ ¸¨¸É¥³´Ò¥ ¶ · ³¥É·Ò
¨§³¥´ÖÕÉ¸Ö  ¤¨ ¡ É¨Î¥¸±¨. ƒµ²µ´µ³´Ò¥ ±¢ ´Éµ¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö §  · ³± ³¨
 ¤¨ ¡ É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö §¤¥¸Ó ´¥ · ¸¸³ É·¨¢ ÕÉ¸Ö. �¡µ§´ Î¨³ ¶ · -
³¥É·Ò ¸¨¸É¥³Ò Î¥·¥§ λ = {λµ}. �Ê¸ÉÓ ¶·¨ λ = 0 ¸¨¸É¥³  µ¶¨¸Ò¢ ¥É¸Ö
£ ³¨²ÓÉµ´¨ ´µ³ H0. ‘·¥¤¨ ¥£µ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ¢Ò¡¥·¥³ ´¥±µÉµ·Ò°
Ô´¥·£¥É¨Î¥¸±¨° Ê·µ¢¥´Ó E, Ì · ±É¥·¨§ÊÕÐ¨°¸Ö ±· É´µ¸ÉÓÕ ¢Ò·µ¦¤¥´¨Ö N .
‡  ¸Î¥É ¢Ò¡µ·  ´ Î ²  µÉ¸Î¥É  Ô´¥·£¨¨ ¢¸¥£¤  ³µ¦´µ ¶µ²µ¦¨ÉÓ E = 0. �µ¤-
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¶·µ¸É· ´¸É¢µ ¸µ¡¸É¢¥´´ÒÌ ¢¥±Éµ·µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¡¸É¢¥´´µ³Ê §´ Î¥-
´¨Õ E, µ¡µ§´ Î¨³ CN . ‘µ¡¸É¢¥´´Ò¥ ¢¥±Éµ·Ò £ ³¨²ÓÉµ´¨ ´  H0, µ¡· §ÊÕ-
Ð¨¥ ¡ §¨¸ ¢ ¶µ¤¶·µ¸É· ´¸É¢¥ CN , µ¡µ§´ Î¨³ |ψα(0)〉, α = 1, N . �·¨  ¤¨ -
¡ É¨Î¥¸±µ³ ¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò ¨³¥¥É ³¥¸Éµ Ê´¨É ·´ Ö Ô¢µ²Õ-
Í¨Ö H(λ) = U(λ)H0U(λ)+, µ¶¨¸Ò¢ ¥³ Ö § ¢¨¸ÖÐ¨³ µÉ ¢·¥³¥´¨ Ê· ¢´¥´¨¥³
˜·¥¤¨´£¥· 

i
∂

∂t
U(λ(t)) = H(λ(t))U(λ(t)). (27)

‘µµÉ¢¥É¸É¢¥´´µ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ £ ³¨²ÓÉµ´¨ ´ , µ¡· §ÊÕÐ¨¥ ¡ §¨¸ ¶·¨
λ = 0, É ±¦¥ ¨§³¥´ÖÕÉ¸Ö ¶·¨ ¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢, ¸µ£² ¸´µ § ±µ´Ê
|ψα(λ)〉 = U(λ)|ψα(0)〉. „ ²¥¥ ¡Ê¤¥³ ¶·¥¤¶µ² £ ÉÓ, ÎÉµ ¢ ¶·µÍ¥¸¸¥  ¤¨ -
¡ É¨Î¥¸±µ° Ô¢µ²ÕÍ¨¨ ¶¥·¥¸¥Î¥´¨Ö · ¸¸³ É·¨¢ ¥³µ£µ Ê·µ¢´Ö ¸ ¤·Ê£¨³¨ Ê·µ¢-
´Ö³¨ Ô´¥·£¨¨ ´¥ ¶·µ¨¸Ìµ¤¨É. Š ± ¡Ò²µ µÉ³¥Î¥´µ ¢ÒÏ¥, ³Ò · ¸¸³ É·¨¢ ¥³
Í¨±²¨Î¥¸±µ¥ ¨§³¥´¥´¨¥ ¶ · ³¥É·µ¢ λ, É. ¥. ¶·¥¤¶µ² £ ¥³, ÎÉµ ¶µ ¨¸É¥Î¥´¨¨
´¥±µÉµ·µ£µ ¢·¥³¥´¨ T , ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ£µ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¢·¥³¥´´ÊÕ Ô¢µ-
²ÕÍ¨Õ ¸¨¸É¥³Ò ³µ¦´µ ¡Ò²µ µ¶¨¸Ò¢ ÉÓ ¢ · ³± Ì  ¤¨ ¡ É¨Î¥¸±µ£µ ¶·¨¡²¨-
¦¥´¨Ö, ¶ · ³¥É·Ò λ, É ± ¦¥, ± ± ¨ £ ³¨²ÓÉµ´¨ ´ ¸¨¸É¥³Ò, ¢µ§¢· Ð ÕÉ¸Ö ±
¸¢µ¨³ ¶¥·¢µ´ Î ²Ó´Ò³ §´ Î¥´¨Ö³ λ(0) = λ(T ), H0 ≡ H(0) = H(T ). �¤-
´ ±µ ¶µ¸²¥¤´¥¥ ÊÉ¢¥·¦¤¥´¨¥ ´¥¸¶· ¢¥¤²¨¢µ ¤²Ö ¢¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¡ §¨¸´ÒÌ
¢¥±Éµ·µ¢ (|ψα(0)〉 �= |ψα(T )〉). �µ¸²¥¤´¨¥ ¨§³¥´ÖÕÉ¸Ö ¶µ¤ ¤¥°¸É¢¨¥³ ´¥±µÉµ-
·µ£µ Ê´¨É ·´µ£µ µ¶¥· Éµ· , ·¥ ²¨§ÊÕÐ¥£µ Ô²¥³¥´É ·´Ò¥ ±¢ ´Éµ¢Ò¥ µ¶¥· Í¨¨,
±µ´±·¥É´Ò° ¢¨¤ ±µÉµ·µ£µ ³Ò ¸¥°Î ¸ ¨ ¶µ²ÊÎ¨³, ¸²¥¤ÊÖ · ¡µÉ¥ [110].

„²Ö ± ¦¤µ£µ ³µ³¥´É  ¢·¥³¥´¨ ¢ ¶µ¤¶·µ¸É· ´¸É¢¥ CN ¢Ò¡¥·¥³ ¶·µ¨§¢µ²Ó-
´Ò° ¡ §¨¸ |ϕα(λ)〉 ≡ |ϕα(λ(t))〉, α = 1, N . �·¥¤¶µ² £ ¥É¸Ö £² ¤± Ö § ¢¨¸¨-
³µ¸ÉÓ ´µ¢ÒÌ ¡ §¨¸´ÒÌ ¢¥±Éµ·µ¢ µÉ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò. ’ ±¦¥ ¶·¥¤¶µ²µ¦¨³,
ÎÉµ ¶·¨ λ = 0 ¢¥±Éµ·Ò ´µ¢µ£µ ¨ ¸É ·µ£µ ¡ §¨¸µ¢ ¸µ¢¶ ¤ ÕÉ |ψα(0)〉 = |ϕα(0)〉.
‚ Ìµ¤¥ Ê´¨É ·´µ° Ô¢µ²ÕÍ¨¨ ´µ·³  ¸µ¡¸É¢¥´´ÒÌ ¢¥±Éµ·µ¢ £ ³¨²ÓÉµ´¨ ´  ¸¨-
¸É¥³Ò ´¥ ¨§³¥´Ö¥É¸Ö, ÎÉµ ¶·¨¢µ¤¨É ± Ê¸²µ¢¨Õ〈

ψβ(λ)
∣∣∣∣ ∂

∂λµ

∣∣∣∣ψα(λ)
〉

= 0. (28)

‡¤¥¸Ó ¨´¤¥±¸ µ ¢Ò¤¥²Ö¥É µ¤¨´ ¶ · ³¥É· ¨§ ´ ¡µ· , § ¤ ¢ ¥³µ£µ ¢¥±Éµ·µ³ λ.
‚ ¶·µ¨§¢µ²Ó´Ò° ³µ³¥´É  ¤¨ ¡ É¨Î¥¸±µ° Ô¢µ²ÕÍ¨¨ ¸¨¸É¥³Ò ³Ò ³µ¦¥³ · §-
²µ¦¨ÉÓ ¨§³¥´ÖÕÐ¥¥¸Ö ¸µ¡¸É¢¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨¸É¥³Ò |ψα(λ)〉 ¶µ ¢¥±Éµ· ³
¡ §¨¸  {|ϕβ(λ)〉}:

|ψα(λ)〉 = Uαβ |ϕβ(λ)〉. (29)

�µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (28), ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ Ê· ¢´¥´¨¥ ¤²Ö Ê´¨É ·-
´µ£µ µ¶¥· Éµ·  U :

〈ϕγ(λ)|ϕδ(λ)〉U+
γβ

∂Uαδ

∂λµ
+ U+

γβUαδ

〈
ϕγ(λ)

∣∣∣∣ ∂

∂λµ

∣∣∣∣ϕδ(λ)
〉

= 0. (30)
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�É³¥É¨³, ÎÉµ ¢ ¸¨²Ê · ¢¥´¸É¢  |ψα(0)〉 = |ϕα(0)〉, ∀α = 1, N , µ¶¥· Éµ· U
Ö¢²Ö¥É¸Ö Ô¢µ²ÕÍ¨µ´´Ò³ µ¶¥· Éµ·µ³, µ¶¨¸Ò¢ ÕÐ¨³  ¤¨ ¡ É¨Î¥¸±µ¥ ¨§³¥´¥-
´¨¥ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¶·¨ Ê± § ´´µ³ ¢ÒÏ¥ ´ Î ²Ó´µ³
Ê¸²µ¢¨¨. ‚¢µ¤Ö µ¡µ§´ Î¥´¨Ö ¤²Ö ³ É·¨ÍÒ  ¤¨ ¡ É¨Î¥¸±µ° ¸¢Ö§´µ¸É¨

(Aµ)δγ =
〈

ϕγ

∣∣∣∣ ∂

∂λµ

∣∣∣∣ϕδ

〉
(31)

¨ ³ É·¨ÍÒ Rδγ = 〈ϕγ |ϕδ〉, ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö µ¶¥· Éµ·  U :

U = P̂ exp
(
−
∮

C

AµR−1dλµ

)
= P̂ exp

(
−
∮

C

Aµdλµ

)
, (32)

£¤¥ P̂ µ¡µ§´ Î ¥É µ¶¥· Éµ· Ê¶µ·Ö¤µÎ¥´¨Ö ¶µ ¶ÊÉ¨; C Å § ³±´ÊÉÒ° ±µ´ÉÊ· ¢
¶·µ¸É· ´¸É¢¥ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò, ¶µ ±µÉµ·µ³Ê ¶·µ¨¸Ìµ¤¨É  ¤¨ ¡ É¨Î¥¸± Ö
Ô¢µ²ÕÍ¨Ö ¶µ¸²¥¤´¥°. ‚Ò· ¦¥´¨¥ ¶µ¸²¥ ¢Éµ·µ£µ §´ ±  · ¢¥´¸É¢  ¸µµÉ¢¥É¸É¢Ê¥É
¸²ÊÎ Õ µ·Éµ´µ·³¨·µ¢ ´´µ£µ ¡ §¨¸  {|ϕα(λ)〉}.

ˆ§ ¢Ò· ¦¥´¨Ö (32) ¸²¥¤Ê¥É, ÎÉµ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥É·¨¢¨ ²Ó´µ° Éµ¶µ²µ£¨¨
(´ ²¨Î¨Ö ±·¨¢¨§´Ò) ¶·µ¸É· ´¸É¢  ¶ · ³¥É·µ¢, ¢ ·¥§Ê²ÓÉ É¥  ¤¨ ¡ É¨Î¥¸±µ£µ
¨§³¥´¥´¨Ö ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò, ¸µ¸ÉµÖ´¨¥ ¶µ¸²¥¤´¥° ¨§³¥´Ö¥É¸Ö ¶µ¤ ¤¥°-
¸É¢¨¥³ Ê´¨É ·´µ£µ µ¶¥· Éµ· , µ¶·¥¤¥²Ö¥³µ£µ Ëµ·³µ° § ³±´ÊÉµ£µ ±µ´ÉÊ·  ¨
¸¢µ°¸É¢ ³¨ ¸¨¸É¥³Ò. “´¨É ·´Ò° µ¶¥· Éµ· ³µ¦´µ ¢Ò¡· ÉÓ É ±¨³ µ¡· §µ³,
ÎÉµ¡Ò ·¥ ²¨§µ¢ ÉÓ ±¢ ´Éµ¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢ ¶µ¤¶·µ¸É· ´¸É¢¥ CN . �¶¨¸ ´´ Ö
µ¡Ð Ö ¸Ì¥³  ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ²¥¦¨É ¢ µ¸´µ¢¥ ¶µ¸É·µ¥´¨Ö £µ²µ´µ³-
´µ£µ ±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥· , ¶· ±É¨Î¥¸±¨¥ ¸¶µ¸µ¡Ò ·¥ ²¨§ Í¨¨ ±µÉµ·µ£µ ¢
¸¨¸É¥³ Ì · §²¨Î´µ° Ë¨§¨Î¥¸±µ° ¶·¨·µ¤Ò ±· É±µ µ¡¸Ê¦¤ ÕÉ¸Ö ´¨¦¥. ˆ´É¥-
·¥¸ ± £µ²µ´µ³´Ò³ ±¢ ´Éµ¢Ò³ ¢ÒÎ¨¸²¥´¨Ö³, ¸ ÉµÎ±¨ §·¥´¨Ö ¸¶¥Í¨ ²¨¸Éµ¢ ¢
µ¡² ¸É¨ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¢Ò§¢ ´, ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¸Ìµ¦¥¸ÉÓÕ
¨¸¶µ²Ó§Ê¥³µ£µ ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ¸  ¶¶ · Éµ³ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨°,
¢ Î ¸É´µ¸É¨ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨. �µ¸²¥¤´ÖÖ µ¸µ¡¥´´µ¸ÉÓ ¡Ê¤¥É ¨¸¶µ²Ó-
§µ¢ ´  ¢ ¶. 2.2 ¶·¨  ´ ²¨§¥ Ê¸Éµ°Î¨¢µ¸É¨ £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨°
¶µ µÉ´µÏ¥´¨Õ ± µÏ¨¡± ³ ¢ § ¤ ´¨¨ Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢.

2.2. “¸Éµ°Î¨¢µ¸ÉÓ ¢ÒÎ¨¸²¥´¨° ´  £µ²µ´µ³´µ³ ±¢ ´Éµ¢µ³ ±µ³¶ÓÕÉ¥·¥.
‚ ¤ ´´µ³ · §¤¥²¥ ¨¸¸²¥¤Ê¥É¸Ö Ê¸Éµ°Î¨¢µ¸ÉÓ £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥-
´¨° ¶µ µÉ´µÏ¥´¨Õ ± µÏ¨¡± ³ ¢ § ¤ ´¨¨ Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢. ‚Ò¢µ-
¤¨É¸Ö µ¡Ð¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ë¨¤¥²¨É¨ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¢ ¸²ÊÎ ¥ ¶·µ-
¨§¢µ²Ó´µ° ·¥ ²¨§ Í¨¨ £µ²µ´µ³´µ£µ ±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥· . �Éµ ¤µ¸É¨£ ¥É¸Ö
§  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö ´¥ ¡¥²¥¢µ° É¥µ·¥³Ò ‘Éµ±¸ , ¤µ± § ´´µ° ¶·¨ ¨§ÊÎ¥´¨¨
¶·µ¡²¥³Ò ±µ´Ë °´³¥´É  ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ Š•„ [23]. 	Ê¤¥É ¶µ²ÊÎ¥´  ¶·µ-
¸É Ö Ëµ·³Ê²  ¤²Ö ¸±µ·µ¸É¨ Ê¡Ò¢ ´¨Ö Ë¨¤¥²¨É¨ ¸ ·µ¸Éµ³ µÏ¨¡µ± ¢ § ¤ ´¨¨
Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢.

�É³¥É¨³, ÎÉµ ¢Ò· ¦¥´¨¥ ¤²Ö Ë¨¤¥²¨É¨ ¢ ¸²ÊÎ ¥ £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ
¢ÒÎ¨¸²¥´¨° ¨³¥¥É ÉµÉ ¦¥ ³ É¥³ É¨Î¥¸±¨° ¢¨¤, ÎÉµ ¨ ¶¥É²Ö ‚¨²¸µ´ , µ¶·¥-
¤¥²¥´´ Ö ¢ É¥µ·¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í (Š•„) [24].
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�·¨Î¥³ ®§ ±µ´ ¶²µÐ ¤¨¯ ¤²Ö ¶¥É²¨ ‚¨²¸µ´ , µ§´ Î ÕÐ¨° ±µ´Ë °´³¥´É ±¢ ·-
±µ¢ ¨ £²Õµ´µ¢, ¶·¨³¥´¥´´Ò° ± Ë¨¤¥²¨É¨, ¤¥³µ´¸É·¨·Ê¥É ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ
±¢ ´Éµ¢µ° ¸¨¸É¥³Ò. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É ¸¢Ö§¨ ³¥¦¤Ê ±¢ ´Éµ¢Ò³ Ì µ¸µ³ ¨
±µ´Ë °´³¥´Éµ³ ¢ ¸³Ò¸²¥ · ¡µÉÒ [65]. �µ¸²¥¤ÊÕÐ¥¥ ¨§²µ¦¥´¨¥ ¸²¥¤Ê¥É · -
¡µÉ¥ [71].

‚ µ¡Ð¥³ ¸²ÊÎ ¥ Ë¨¤¥²¨É¨ £µ²µ´µ³´µ£µ ±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥·  ¨³¥¥É ¢¨¤

f = tr
(
ρΓ−1

γ′ Γγ0

)
= tr


ρP̂ exp


i

∫
δγ

Aµdλµ




 , (33)

£¤¥ γ0 µ¡µ§´ Î ¥É  ¤¨ ¡ É¨Î¥¸±ÊÕ ¶¥É²Õ ¢ ¶·µ¸É· ´¸É¢¥ ¶ · ³¥É·µ¢, ·¥ ²¨§Ê-
ÕÐÊÕ ¦¥² ¥³ÊÕ Ô²¥³¥´É ·´ÊÕ ±¢ ´Éµ¢ÊÕ µ¶¥· Í¨Õ; γ′ Å ÔÉµ ¶¥É²Ö, ±µÉµ· Ö
·¥ ²¨§Ê¥É¸Ö ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¨ µÉ²¨Î ¥É¸Ö µÉ γ0 ¨§-§  ´¥¨§¡¥¦´ÒÌ µÏ¨¡µ±
¢ § ¤ ´¨¨ Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢; ρ ¥¸ÉÓ ³ É·¨Í  ¶²µÉ´µ¸É¨ ±¢ ´Éµ¢µ£µ
¸µ¸ÉµÖ´¨Ö, Ê¸Éµ°Î¨¢µ¸ÉÓ ±µÉµ·µ£µ ¨§ÊÎ ¥É¸Ö. �¥É²Ö δγ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥-
´¨¥³ δγ = γ′−1 · γ0. �¶¥· Í¨Ö (·) µ§´ Î ¥É, ÎÉµ ¤²Ö ¶µ²ÊÎ¥´¨Ö ±µ´ÉÊ·  δγ
¸´ Î ²  ¸²¥¤Ê¥É ¶·µ°É¨ ¶µ ¶¥É²¥ γ0 ¢ ¶µ²µ¦¨É¥²Ó´µ³ ´ ¶· ¢²¥´¨¨,   § É¥³
¶µ ¶¥É²¥ γ′ ¢ ¶·µÉ¨¢µ¶µ²µ¦´µ³ (µÉ·¨Í É¥²Ó´µ³) ´ ¶· ¢²¥´¨¨. �¶·¥¤¥²¥´¨¥ ¨
¸¢µ°¸É¢  ÔÉµ° µ¶¥· Í¨¨ ³µ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ · ¡µÉ¥ [113]. �·¥¤¶µ² £ ¥É¸Ö,
ÎÉµ ±µ´ÉÊ· δγ § ³±´ÊÉ.

�·¨³¥´ÖÖ ´¥ ¡¥²¥¢Ê É¥µ·¥³Ê ‘Éµ±¸ , ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· -
¦¥´¨¥ ¤²Ö Ë¨¤¥²¨É¨ (33):

f = tr ρP̂ exp


i

∫
δS

[
P̂ ei

∫
x0
z

Aµdλµ

]
Fχ


[
P̂ ei

∫
z
x0

Aνdλν

]
dσχ
(z)


 . (34)

‡¤¥¸Ó Fχ
 = ∂χA
 − ∂
Aχ − i[Aχ, A
]− ¥¸ÉÓ É¥´§µ· ±·¨¢¨§´Ò ¶·µ¸É· ´¸É¢ 
Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢; ∂χ ≡ ∂/∂λχ, [ , ]− µ¡µ§´ Î ¥É ±µ³³ÊÉ Éµ·, δS Å
¶µ¢¥·Ì´µ¸ÉÓ, ´ ÉÖ´ÊÉÊÕ ´  ¶¥É²Õ δγ; dσχ
 ¥¸ÉÓ ¶·µ¥±Í¨Ö ¡¥¸±µ´¥Î´µ ³ -
²µ£µ Ô²¥³¥´É  δS ´  ±µµ·¤¨´ É´ÊÕ ¶²µ¸±µ¸ÉÓ χ� ¶·µ¸É· ´¸É¢  Ê¶· ¢²ÖÕÐ¨Ì
¶ · ³¥É·µ¢. ‚ Ëµ·³Ê²¥ (34) ¨ ¢ ¶µ¸²¥¤ÊÕÐ¨Ì ¢Ò· ¦¥´¨ÖÌ ¸Ê³³¨·µ¢ ´¨¥
¶µ ¨´¤¥±¸ ³ É¥´§µ·  ±·¨¢¨§´Ò Fχ
 ¶·µ¨§¢µ¤¨É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ê¸²µ¢¨¥³
χ > �. ’¥±ÊÐ Ö ÉµÎ±  z ²¥¦¨É ´  ¶¥É²¥ δγ,   ÉµÎ±  x0 Ö¢²Ö¥É¸Ö ¶·µ¨§¢µ²Ó´µ°.
‚ · ¡µÉ¥ [23] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ·¥§Ê²ÓÉ É ¶·¨³¥´¥´¨Ö ´¥ ¡¥²¥¢µ° É¥µ·¥³Ò
‘Éµ±¸  ´¥ § ¢¨¸¨É µÉ Ëµ·³Ò ¶µ¢¥·Ì´µ¸É¨ δS ¨ ¢Ò¡µ·  ÉµÎ±¨ x0 ¢ ¸²ÊÎ ¥
µÉ¸ÊÉ¸É¢¨Ö ¢ ¶·µ¸É· ´¸É¢¥ Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò ´¥É·¨¢¨ ²Ó´ÒÌ
Éµ¶µ²µ£¨Î¥¸±¨Ì ±µ´Ë¨£Ê· Í¨°, ÎÉµ ¨ ¶·¥¤¶µ² £ ¥É¸Ö.

�¡Ð¥¥ ¢Ò· ¦¥´¨¥ (34) ´¥ Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ Ê¤µ¡´Ò³ ¤²Ö ¨¸¶µ²Ó§µ-
¢ ´¨Ö ¢ ¶· ±É¨Î¥¸±¨Ì Í¥²ÖÌ. „²Ö ¥£µ Ê¶·µÐ¥´¨Ö · ¸¸³µÉ·¨³ ¶·¥¤¥² ³ ²ÒÌ
µÏ¨¡µ±, ±µÉµ·Ò° § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ µÏ¨¡±¨ δλµ Ê¤µ¢²¥É¢µ·ÖÕÉ ¨´¢ -
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·¨ ´É´Ò³ µÉ´µ¸¨É¥²Ó´µ £²µ¡ ²Ó´ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ´¥· ¢¥´-
¸É¢ ³

|δλµ| < ||Aµ||−1, |δλχδλρ| < ||Fχρ||−1 (χ > ρ), (35)

£¤¥ ¸¢Ö§´µ¸ÉÓ ¨ É¥´§µ· ±·¨¢¨§´Ò ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ ´¥±µÉµ·µ° ÉµÎ±¥ λ0, µ¶·¥-
¤¥²ÖÕÐ¥° ¶µ²µ¦¥´¨¥ ³ ²µ£µ ±µ´ÉÊ·  δγ. �µ·³  µ¶¥· Éµ·µ¢ µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³ [8, ¸. 20]:

||B|| = sup {
√
〈ψ|B+B|ψ〉 : |ψ〉 ∈ CN , 〈ψ|ψ〉 = 1}, (36)

£¤¥ B µ¡µ§´ Î ¥É ± ± ³ É·¨Î´Ò¥ ±µ³¶µ´¥´ÉÒ ¸¢Ö§´µ¸É¨ Aµ, É ± ¨ ³ É·¨Î´Ò¥
±µ³¶µ´¥´ÉÒ É¥´§µ·  ±·¨¢¨§´Ò Fχρ (χ > ρ). �¥¸±µ²Ó±µ ¶¥·¢ÒÌ Î²¥´µ¢ ¢
· §²µ¦¥´¨¨ ¢ ·Ö¤ ’¥°²µ·  ¤²Ö Ë¨¤¥²¨É¨ (34) ¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨ λ0 ∈ M
¨³¥ÕÉ ¢¨¤

f = 1 + i tr ρFχ
δλχδλ
 − tr ρ[Aµ, Fχ
]−δλµδλχδλ
+

+
(

i tr ρAµFχ
Aν − i

2
tr ρ[Fχ
, AµAν ]+ − 1

2
tr ρFχ
Fµν

)
×

× δλχδλ
δλµδλν + O(δλ5). (37)

£¤¥ [, ]+ µ¡µ§´ Î ¥É  ´É¨±µ³³ÊÉ Éµ·. ‚ · ³± Ì ¸¤¥² ´´ÒÌ ¶·¨¡²¨¦¥´¨° ¢
¢Ò· ¦¥´¨¨ (37) Î²¥´Ò, ¨³¥ÕÐ¨¥ ¡µ²¥¥ ¢Ò¸µ±¨° ¶µ·Ö¤µ± ¶µ ¢¥²¨Î¨´¥ µÏ¨-
¡µ±, ¤ ÕÉ ³¥´¥¥ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¢¥²¨Î¨´Ê Ë¨¤¥²¨É¨, ¶µ ¸· ¢´¥´¨Õ ¸µ
¸² £ ¥³Ò³¨, ¨³¥ÕÐ¨³¨ ³¥´ÓÏ¨° ¶µ·Ö¤µ± ¶µ δλ. ‚¨¤´µ, ÎÉµ ·Ö¤ ’¥°²µ·  ¤²Ö
Ë¨¤¥²¨É¨ ´¥ µ¡² ¤ ¥É ²¨´¥°´Ò³ ¶µ δλ ¸² £ ¥³Ò³. �É¸ÊÉ¸É¢¨¥ Î²¥´µ¢ ¶¥·-
¢µ£µ ¶µ·Ö¤±  ¶µ ¢¥²¨Î¨´¥ µÏ¨¡µ± ¢ § ¤ ´¨¨ Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢ ¡Ò²µ
µÉ³¥Î¥´µ ¶·¨³¥´¨É¥²Ó´µ ± Î ¸É´µ° ·¥ ²¨§ Í¨¨ £µ²µ´µ³´µ£µ ±¢ ´Éµ¢µ£µ ±µ³-
¶ÓÕÉ¥·  ´  § Ì¢ Î¥´´ÒÌ ¨µ´ Ì ¢ · ¡µÉ¥ [88]. ‚ÒÏ¥ ¡Ò²µ ¶µ± § ´µ, ÎÉµ
¤ ´´µ¥ ¸¢µ°¸É¢µ ´¥ § ¢¨¸¨É µÉ ¸¶µ¸µ¡  ·¥ ²¨§ Í¨¨ £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ
¢ÒÎ¨¸²¥´¨°. �·¨Î¨´  ÔÉµ£µ § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ · §´µ¸ÉÓ ¤¢ÊÌ ¢¥±Éµ·µ¢,
¶µ²ÊÎ¨¢Ï¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸  ´¥±µÉµ·µ£µ ¢¥±Éµ·  ¶µ
¤¢Ê³ · §²¨Î´Ò³ ¡¥¸±µ´¥Î´µ ³ ²Ò³ ¶ÊÉÖ³ ¨§ µ¤´µ° ÉµÎ±¨ ¢ ¤·Ê£ÊÕ, ¶·µ¶µ·-
Í¨µ´ ²Ó´  ¶²µÐ ¤¨, µÌ¢ Î¥´´µ° ¶ÊÉÖ³¨, ¨ ´¥ § ¢¨¸¨É µÉ ¨Ì ¤²¨´.

Š ± ¡Ò²µ ¸± § ´µ ¢ÒÏ¥, · ¢¥´¸É¢µ Ë¨¤¥²¨É¨ ¥¤¨´¨Í¥ µ§´ Î ¥É, ÎÉµ ±¢ ´-
Éµ¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö Ê¸Éµ°Î¨¢Ò,   ¨³¥´´µ: ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨° ´¥ ¨§³¥´Ö¥É¸Ö
¶µ¸²¥ ¢µ§³ÊÐ¥´¨Ö Ê´¨É ·´µ£µ µ¶¥· Éµ· , ·¥ ²¨§ÊÕÐ¥£µ Ô²¥³¥´É ·´ÊÕ ±¢ ´-
Éµ¢ÊÕ µ¶¥· Í¨Õ. ˆ§ ¢Ò· ¦¥´¨Ö (37) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ ³ ²ÒÌ µÏ¨¡± Ì Ë¨-
¤¥²¨É¨ ¸² ¡µ µÉ±²µ´Ö¥É¸Ö µÉ ¥¤¨´¨ÍÒ. �·¨ µÉ¸ÊÉ¸É¢¨¨ µÏ¨¡µ± Ë¨¤¥²¨É¨
· ¢´µ ¥¤¨´¨Í¥, ± ± ÔÉµ ¨ ¤µ²¦´µ ¡ÒÉÓ. ‘±µ·µ¸ÉÓ µÉ±²µ´¥´¨Ö Ë¨¤¥²¨É¨ µÉ
¥¤¨´¨ÍÒ, ¶µ²ÊÎ¥´´ Ö ¨§ ¢Éµ·µ£µ ¸² £ ¥³µ£µ ¢ ¢Ò· ¦¥´¨¨ (37), µ¶·¥¤¥²Ö¥É¸Ö
É¥´§µ·µ³ ±·¨¢¨§´Ò: ∣∣∣∣ δf

δSµν

∣∣∣∣ = |tr ρFµν | , (38)
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£¤¥ δSµν = δλµδλν µ¡µ§´ Î ¥É ®¶²µÐ ¤Ó µÏ¨¡±¨¯ ¢ ¶²µ¸±µ¸É¨ µν. Œ¥´Ó-
Ï¨¥ §´ Î¥´¨Ö É¥´§µ·  ±·¨¢¨§´Ò ¶·¨¢µ¤ÖÉ ± ³¥´ÓÏ¨³ µÉ±²µ´¥´¨Ö³ Ë¨¤¥²¨É¨
µÉ ¥¤¨´¨ÍÒ ¨ ± ¡µ²ÓÏ¥° Ê¸Éµ°Î¨¢µ¸É¨ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨°. �ÉµÉ ¢Ò¢µ¤
¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¡µÉÒ [88], ¢ ±µÉµ·µ° ´  ¶·¨³¥·¥ Î ¸É´µ° ·¥ ²¨-
§ Í¨¨ £µ²µ´µ³´µ£µ ±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥·  ¡Ò²µ ¶µ± § ´µ, ÎÉµ Ô²¥³¥´É ·´Ò¥
±¢ ´Éµ¢Ò¥ µ¶¥· Í¨¨ ´ ¤ µ¤´¨³ ±¢ ´Éµ¢Ò³ ¡¨Éµ³ Ê¸Éµ°Î¨¢Ò ¶µ µÉ´µÏ¥´¨Õ ±
µÏ¨¡± ³ ¢ § ¤ ´¨¨ Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢ ¶·¨ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¶ · ³¥-
É·  ¸¦ É¨Ö (Ô±¸¶µ´¥´Í¨ ²Ó´µ ³ ²ÒÌ §´ Î¥´¨ÖÌ ±µ³¶µ´¥´É É¥´§µ·  ±·¨¢¨§´Ò).
‘ Ë¨§¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ÔÉµ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ’¥´-
§µ· ±·¨¢¨§´Ò, ´ ·Ö¤Ê ¸ µÌ¢ ÉÒ¢ ¥³µ° ¶²µÐ ¤ÓÕ, µ¶·¥¤¥²ÖeÉ · §´µ¸ÉÓ ¤¢ÊÌ
¢¥±Éµ·µ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ·¥§Ê²ÓÉ É¥ ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸  ´¥±µÉµ·µ£µ ¢¥±-
Éµ·  ¶µ ¤¢Ê³ · §²¨Î´Ò³ ¡¥¸±µ´¥Î´µ ³ ²Ò³ ¶ÊÉÖ³ ¨§ µ¤´µ° ÉµÎ±¨ ¢ ¤·Ê£ÊÕ.
Œ¥´ÓÏ Ö ±·¨¢¨§´  µ§´ Î ¥É ³¥´ÓÏÊÕ · §´µ¸ÉÓ ³¥¦¤Ê ¢¥±Éµ· ³¨ ¸µ¸ÉµÖ´¨Ö,
¶µ²ÊÎ¥´´Ò³¨ ¢ ·¥§Ê²ÓÉ É¥ ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸  ¢¤µ²Ó ¶¥É¥²Ó γ0 ¨ γ′, ÎÉµ
µ§´ Î ¥É ¡ó²ÓÏÊÕ Ê¸Éµ°Î¨¢µ¸ÉÓ ¢ÒÎ¨¸²¥´¨°.

3. ˆ�‘’��’����… ’“��…‹ˆ��‚��ˆ…
‚ ��ˆ‘“’‘’‚ˆˆ Š‹�‘‘ˆ—…‘Š�ƒ� •��‘�

‚ ¶. 3.1. ¶·¨¢µ¤¨É¸Ö ±· É±¨° µ¡§µ· µ¸´µ¢´ÒÌ ¶µ¤Ìµ¤µ¢ ± ¶·µ¡²¥³¥ ¢²¨-
Ö´¨Ö ±² ¸¸¨Î¥¸±µ£µ Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö ´  ¸¢µ°¸É¢  ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸-
±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö. �  ¶·¨³¥·¥ µ¤´µ³¥·´µ° ³µ¤¥²Ó´µ° ¸¨¸É¥³Ò ¸ ¶¥·¨µ¤¨-
Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³, ´  ±µÉµ·ÊÕ ¤¥°¸É¢Ê¥É ¢´¥Ï´¥¥ ¶¥·¨µ¤¨Î¥¸±µ¥ ¶µ ¢·¥-
³¥´¨ ¢µ§³ÊÐ¥´¨¥, ¤µ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´Éµ´´ÒÌ
·¥Ï¥´¨°. „ ²¥¥ Ê± § ´´Ò¥ ·¥Ï¥´¨Ö ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö µÍ¥´±¨ ¸·¥¤´¥° ¶²µÉ-
´µ¸É¨ · §·¥¦¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ §  ¨ · ¸Î¥É  ¸¶¥±É·  µ¸´µ¢´µ° ±¢ §¨-
Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò ³µ¤¥²¨. ‘ ÔÉµ° Í¥²ÓÕ, ¢ · ³± Ì Ëµ·³ ²¨§³  ¨´É¥£· ²µ¢
¶µ É· ¥±Éµ·¨Ö³, · §· ¡µÉ ´ ³¥Éµ¤ ÊÎ¥É  ¢±² ¤µ¢ Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´Éµ´´ÒÌ
·¥Ï¥´¨° ¢  ³¶²¨ÉÊ¤Ê ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö. ‡ É¥³ ¸· ¢´¨¢ ÕÉ¸Ö
 ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ · ³± Ì ¨´¸É ´Éµ´´µ£µ ¶µ¤Ìµ¤ , ¸
·¥§Ê²ÓÉ É ³¨ Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö, µ¸´µ¢ ´´µ£µ ´  ´¥§ ¢¨¸¨³ÒÌ ³¥Éµ-
¤ Ì  ´ ²¨§  ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö.

3.1. ‚²¨Ö´¨¥ ±² ¸¸¨Î¥¸±µ£µ Ì µ¸  ´  ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ¥ ÉÊ´´¥²¨-
·µ¢ ´¨¥. ‚ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì Ê± §Ò¢ ²µ¸Ó, ÎÉµ ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¥-
¤¥²¥ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¸ÊÐ¥¸É¢Ê¥É µ¶·¥¤¥²¥´´ Ö ¸¢Ö§Ó ³¥¦¤Ê ±² ¸¸¨Î¥¸±¨³
¶µ¢¥¤¥´¨¥³ ¸¨¸É¥³Ò ¨ ¥¥ ±¢ ´Éµ¢Ò³¨ ¸¢µ°¸É¢ ³¨. ’ ± Ö ¸¢Ö§Ó, ¢ Î ¸É´µ¸É¨,
¶·µÖ¢²Ö¥É¸Ö ¢ Ê´¨¢¥·¸ ²Ó´µ¸É¨ ¸¶¥±É· ²Ó´ÒÌ Ë²Ê±ÉÊ Í¨° ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³,
±² ¸¸¨Î¥¸±¨¥  ´ ²µ£¨ ±µÉµ·ÒÌ ¶·¨´ ¤²¥¦ É ± µ¤´µ³Ê ¨§ ±² ¸¸µ¢ £ ³¨²ÓÉµ´µ-
¢ÒÌ ¸¨¸É¥³ (¸¨¸É¥³Ò ¸ ·¥£Ê²Ö·´µ°, Ì µÉ¨Î¥¸±µ° ¨²¨ ¸³¥Ï ´´µ° ¤¨´ ³¨±µ°).
�± § ²µ¸Ó, ÎÉµ ÔÉ  ¸¢Ö§Ó Ö¢²Ö¥É¸Ö ¥Ð¥ ¡µ²¥¥ £²Ê¡µ±µ°,   ¨³¥´´µ: ¸É·Ê±ÉÊ· 
±² ¸¸¨Î¥¸±µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ ³µ¦¥É ¢²¨ÖÉÓ
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´  É ±¨¥ Î¨¸Éµ ±¢ ´Éµ¢Ò¥ ¶·µÍ¥¸¸Ò, ± ± ÉÊ´´¥²¨·µ¢ ´¨¥ [82]. ‚ ÔÉµ° · -
¡µÉ¥, ¢ Î ¸É´µ¸É¨, ¡Ò²µ Î¨¸²¥´´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ¶·¨ ´ ²¨Î¨¨ ¢
±² ¸¸¨Î¥¸±µ³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸¨¸É¥³Ò · §¢¨Éµ° µ¡² ¸É¨ Ì µÉ¨Î¥¸±µ£µ
¤¢¨¦¥´¨Ö ÉÊ´´¥²¨·µ¢ ´¨¥ ³¥¦¤Ê ±² ¸¸¨Î¥¸±¨ ´¥ ¸¢Ö§ ´´Ò³¨ µ¡² ¸ÉÖ³¨ Ë -
§µ¢µ£µ ¶·µ¸É· ´¸É¢  ³µ¦¥É ¶·µÉ¥± ÉÓ ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¡Ò¸É·¥¥, Î¥³
¡¥§ ¶µ¸·¥¤´¨Î¥¸É¢  Ì µÉ¨Î¥¸±¨Ì ¸µ¸ÉµÖ´¨°. �µ¤µ¡´µ¥ Ö¢²¥´¨¥ ¶µ²ÊÎ¨²µ ´ -
§¢ ´¨¥ Ê¸±µ·¥´´µ¥ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨¥ (chaos assisted tunnelling). �µ§¤´¥¥
¶µ¤ ´¨³ ¸É ²¨ ¶µ´¨³ ÉÓ ¡µ²¥¥ Ï¨·µ±¨° ±² ¸¸ Ö¢²¥´¨° (Ì µ¸ ³µ¦¥É ´¥ Éµ²Ó±µ
Ê¸±µ·ÖÉÓ, ´µ ¨ § ³¥¤²ÖÉÓ ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ ´¨Ö [42]).

’¨¶¨Î´ Ö ¶µ¸É ´µ¢±  § ¤ Î¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¢²¨Ö´¨Ö ±² ¸¸¨Î¥¸±µ£µ Ì µ¸ 
´  ¸¢µ°¸É¢  ±¢ ´Éµ¢µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö § ±²ÕÎ ¥É¸Ö ¢ · ¸¸³µÉ·¥´¨¨ ÉÊ´´¥-
²¨·µ¢ ´¨Ö ³¥¦¤Ê Š�Œ-Éµ· ³¨, ¶µ£·Ê¦¥´´Ò³¨ ¢ Ì µÉ¨Î¥¸±µ¥ ³µ·¥ (· §¢¨ÉÊÕ
µ¡² ¸ÉÓ Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö).

‚²¨Ö´¨¥ ¸É·Ê±ÉÊ·Ò ±² ¸¸¨Î¥¸±µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ´  ÉÊ´´¥²¨-
·µ¢ ´¨¥ ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´µ ¢ ¸ ³ÒÌ · §´ÒÌ Ë¨§¨Î¥¸±¨Ì
¸¨¸É¥³ Ì. ŒÒ · ¸¸³µÉ·¨³ ¤¢  ·¥ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É : ¶¥·¢Ò° ¸¢Ö§ ´ ¸ ¨µ-
´¨§ Í¨¥°  Éµ³  ¢µ¤µ·µ¤  ¶µ¤ ¤¥°¸É¢¨¥³ ³¨±·µ¢µ²´µ¢µ£µ ¨§²ÊÎ¥´¨Ö [88],  
¢Éµ·µ° ± ¸ ¥É¸Ö ¶µ¢¥¤¥´¨Ö µÌ² ¦¤¥´´ÒÌ ¤µ ¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ·  Éµ³µ¢
¢ ´ ¢¥¤¥´´µ³ µ¶É¨Î¥¸±µ³ ¶µÉ¥´Í¨ ²¥ [40]. ‚ µ¡µ¨Ì Ô±¸¶¥·¨³¥´É Ì ´ ¡²Õ-
¤ ¥É¸Ö µÉ²¨Î¨É¥²Ó´ Ö Î¥·É  Ê¸±µ·¥´´µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö,   ¨³¥´´µ
¸¨²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¸±µ·µ¸É¨ (¢¥·µÖÉ´µ¸É¨) ÉÊ´´¥²¨·µ¢ ´¨Ö µÉ ¢´¥Ï´¨Ì ¶ -
· ³¥É·µ¢ (¸³. ´¨¦¥), ±µÉµ· Ö ¶·µÖ¢²Ö¥É¸Ö ¢ ¡µ²ÓÏ¨Ì (´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢)
(¤¥É¥·³¨´¨·µ¢ ´´ÒÌ) Ë²Ê±ÉÊ Í¨ÖÌ ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´.

�µ²Ó µ¡² ¸É¨ Ì µ¸  § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¸¨¸É¥³¥ ²¥£Î¥ ¸´ Î ²  ¶·µ-
ÉÊ´´¥²¨·µ¢ ÉÓ ¨§ Š�Œ-Éµ·  ¢ Ì µÉ¨Î¥¸±µ¥ ³µ·¥, § É¥³ µ¤´¨³ ¨§ ±² ¸¸¨Î¥¸±¨
· §·¥Ï¥´´ÒÌ ¶ÊÉ¥° ¶·µ°É¨ ¤µ ¸¨³³¥É·¨Î´µ£µ Éµ·  ¨ ¶·µÉÊ´´¥²¨·µ¢ ÉÓ ´ 
´¥£µ, Î¥³ ´¥¶µ¸·¥¤¸É¢¥´´µ ÉÊ´´¥²¨·µ¢ ÉÓ ¸ µ¤´µ£µ Éµ·  ´  ¥£µ ¸¨³³¥É·¨Î-
´Ò° ¶ ·É´¥·. � ¡²Õ¤ ¥³Ò¥ ¡µ²ÓÏ¨¥ Ë²Ê±ÉÊ Í¨¨ ¢ · ³± Ì É ±µ° ± ·É¨´Ò
µ¡ÑÖ¸´ÖÕÉ¸Ö ¡µ²ÓÏ¨³ Î¨¸²µ³ ¨´É¥·Ë¥·¨·ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ° ¶ÊÉ¥°, ¶µ ±µ-
Éµ·Ò³ ¸¨¸É¥³  ¤¨ËËÊ´¤¨·Ê¥É µÉ µ¤´µ£µ Éµ·  ± ¤·Ê£µ³Ê [40].

‚²¨Ö´¨¥ ±² ¸¸¨Î¥¸±µ£µ Ì µ¸  ´  ¶·µÍ¥¸¸ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ÉÊ´-
´¥²¨·µ¢ ´¨Ö ³µ¦¥É ¶·µÖ¢²ÖÉÓ¸Ö ´¥ Éµ²Ó±µ ¶·¨ ÉÊ´´¥²¨·µ¢ ´¨¨ ¸¨¸É¥³Ò ¨§
µ¤´µ° µ¡² ¸É¨ ·¥£Ê²Ö·´µ£µ ¤¢¨¦¥´¨Ö ¢ ¤·Ê£ÊÕ, ´µ ¨ ¶·¨ ÉÊ´´¥²¨·µ¢ ´¨¨ ¸
Š�Œ-Éµ·  ´  ¡¥¸±µ´¥Î´µ¸ÉÓ. �±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò³ ¶·µÍ¥¸¸µ³
É ±µ£µ É¨¶  Ö¢²Ö¥É¸Ö ¨µ´¨§ Í¨Ö  Éµ³  ¢µ¤µ·µ¤  ¶µ¤ ¤¥°¸É¢¨¥³ ³¨±·µ¢µ²´µ-
¢µ£µ ¨§²ÊÎ¥´¨Ö (¶·¨ µ¶·¥¤¥²¥´´ÒÌ ¶ · ³¥É· Ì § ¤ Î¨) [88]. „²Ö ´ ¡²Õ¤¥´¨Ö
¢²¨Ö´¨Ö Ì µ¸  ´  ¶·µÍ¥¸¸ ¨µ´¨§ Í¨¨ ´¥µ¡Ìµ¤¨³µ ¢µ§¤¥°¸É¢µ¢ ÉÓ ¨§²ÊÎ¥´¨¥³
¸ Î ¸ÉµÉµ°, · ¢´µ° ±² ¸¸¨Î¥¸±µ° Î ¸ÉµÉ¥ µ¡· Ð¥´¨Ö Ô²¥±É·µ´  ¢  Éµ³¥ ¢µ-
¤µ·µ¤ . ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢µ§´¨± ¥É ´¥²¨´¥°´Ò° ·¥§µ´ ´¸ ³¥¦¤Ê ÔÉ¨³¨ Î ¸Éµ-
É ³¨, ¸µ¶·µ¢µ¦¤ ÕÐ¨°¸Ö µ¡· §µ¢ ´¨¥³ Ê¸Éµ°Î¨¢µ° ´¥¶µ¤¢¨¦´µ° ÉµÎ±¨ ¢µ
¢· Ð ÕÐ¥°¸Ö ¢³¥¸É¥ ¸ (· ¸¸³ É·¨¢ ¥³Ò³ ±² ¸¸¨Î¥¸±¨) Ô²¥±É·µ´µ³ ¸¨¸É¥³¥
±µµ·¤¨´ É. ‚ ±¢ ´Éµ¢µ³ ¸²ÊÎ ¥ ¢µ²´µ¢µ° ¶ ±¥É Ô²¥±É·µ´ , ²µ± ²¨§µ¢ ´´Ò° ¢
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µ±·¥¸É´µ¸É¨ ÔÉµ° ÉµÎ±¨, ´¥ · ¸¶²Ò¢ ¥É¸Ö ´  ¢·¥³¥´ Ì, ³´µ£µ ¡µ²ÓÏ¨Ì ±² ¸-
¸¨Î¥¸±µ£µ ¶¥·¨µ¤  µ¡· Ð¥´¨Ö Ô²¥±É·µ´  ¢µ±·Ê£ Ö¤· . ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¸µ-
¸ÉµÖ´¨¥ ¸ µ¶·¥¤¥²¥´´µ° Ô´¥·£¨¥° Ìµ·µÏµ ¶µ¤Ìµ¤¨É ¤²Ö ¨§ÊÎ¥´¨Ö ¢²¨Ö´¨Ö Ì -
µ¸  ´  ¶·µÍ¥¸¸ ¨µ´¨§ Í¨¨, ±µÉµ·Ò° ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·µÉ¥± ¥É ¸²¥¤ÊÕÐ¨³ µ¡· -
§µ³. �¥· ¸¶²Ò¢ ÕÐ¨°¸Ö ¢µ²´µ¢µ° ¶ ±¥É ´¥ ²µ± ²¨§µ¢ ´ ¸É·µ£µ ´  µ¸É·µ¢±¥
Ê¸Éµ°Î¨¢µ¸É¨ ¢µ±·Ê£ ´¥¶µ¤¢¨¦´µ° ÉµÎ±¨ ¨ ¨³¥¥É Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸¶ ¤ Õ-
Ð¨° ®Ì¢µ¸É¯, ¶·µ´¨± ÕÐ¨° ¢ µ¡² ¸ÉÓ ±² ¸¸¨Î¥¸±µ£µ Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥-
´¨Ö. ‡  ¸Î¥É ÔÉµ£µ Ô²¥±É·µ´ ³µ¦¥É ¶·µÉÊ´´¥²¨·µ¢ ÉÓ ¢ µ¤´µ ¨§ ³´µ¦¥¸É¢ 
Ì µÉ¨Î¥¸±¨Ì ¸µ¸ÉµÖ´¨° ¨ § É¥³ ±² ¸¸¨Î¥¸±¨ · §·¥Ï¥´´Ò³ ¶ÊÉ¥³ Ê°É¨ ´  ¡¥¸-
±µ´¥Î´µ¸ÉÓ, ÎÉµ ¶·¨¢µ¤¨É ± ¨µ´¨§ Í¨¨  Éµ³ . �Éµ³Ê ¶·µÍ¥c¸Ê ¶·¨¸ÊÐ¨ ¢¸¥
µ¸´µ¢´Ò¥ ¸¢µ°¸É¢  Ê¸±µ·¥´´µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö: ¸¨²Ó´Ò¥, ¢¥²¨Î¨´µ°
¢ ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢, ¤¥É¥·³¨´¨·µ¢ ´´Ò¥ Ë²Ê±ÉÊ Í¨¨ Ï¨·¨´Ò · ¸¶ ¤  ¨
¸¤¢¨£  Ô´¥·£¥É¨Î¥¸±µ£µ Ê·µ¢´Ö ²µ± ²¨§µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·¨ ³ ²µ³ ¨§³¥-
´¥´¨¨ ¶ · ³¥É·µ¢ § ¤ Î¨. „µ¸É ÉµÎ´µ ÉµÎ´µ¥ É¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ ÔÉ¨Ì
Ë²Ê±ÉÊ Í¨° ¤µ¸É¨£ ¥É¸Ö ¢ · ³± Ì ³µ¤¥²¨, µ¸´µ¢ ´´µ° ´  É¥µ·¨¨ ¸²ÊÎ °´ÒÌ
³ É·¨Í [88].

„·Ê£¨³ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò³ ¶·¨³¥·µ³ ¢²¨Ö´¨Ö ¸É·Ê±ÉÊ·Ò
±² ¸¸¨Î¥¸±µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ´  ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ ´¨Ö Ö¢²Ö¥É¸Ö
¶µ¢¥¤¥´¨¥ ¸¨²Ó´µ µÌ² ¦¤¥´´ÒÌ  Éµ³µ¢, § Ì¢ Î¥´´ÒÌ µ¶É¨Î¥¸±¨³ ¶µÉ¥´Í¨ -
²µ³ [40]. Š ± Ê± §Ò¢ ²µ¸Ó ¢ÒÏ¥, ¤²Ö Ê¸¨²¥´´µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö Ì -
· ±É¥·´Ò ¸¨²Ó´Ò¥ Ë²Ê±ÉÊ Í¨¨ ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ ¶·¨ ³ ²µ³ ¨§³¥´¥´¨¨
¶ · ³¥É·µ¢ ¸¨¸É¥³Ò. �µÔÉµ³Ê ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ´ ¡²Õ¤¥´¨Ö ¢²¨Ö´¨Ö
¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ´  ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ ´¨Ö ´¥µ¡Ìµ¤¨³  ¢Ò¸µ± Ö
ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨°,   É ±¦¥ ¢Ò¸µ±¨° Ê·µ¢¥´Ó ±µ´É·µ²Ö ¢¸¥Ì ¶ · ³¥É·µ¢ ¸¨-
¸É¥³Ò. ˆ³¥´´µ ÔÉ¨³¨ ¸¢µ°¸É¢ ³¨ µ¡² ¤ ¥É µ¶¨¸Ò¢ ¥³ Ö ´¨¦¥ Ô±¸¶¥·¨³¥´-
É ²Ó´ Ö ¸¨ÉÊ Í¨Ö.

�¶É¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¢µ§´¨± ¥É ¨§-§  ¸¤¢¨£  Ô´¥·£¥É¨Î¥¸±¨Ì Ê·µ¢´¥°
 Éµ³  ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¸ ³µ´µÌ·µ³ É¨Î¥¸±µ° ¸¢¥Éµ¢µ° ¢µ²´µ°. �·¨Î¨´µ°
¸¤¢¨£  Ö¢²Ö¥É¸Ö ¶µ²Ö·¨§ Í¨µ´´ Ö Ô´¥·£¨Ö  Éµ³  ¢ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥.

‚ · ¡µÉ¥ [40] · ¸¸³ É·¨¢ ¥É¸Ö ¸¨¸É¥³  ´¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê ¸µ-
¡µ°, µÌ² ¦¤¥´´ÒÌ ¤µ ¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ·  Éµ³µ¢ ·Ê¡¨¤¨Ö, ¶µ³¥Ð¥´´ÒÌ
¢ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ ¤¢ÊÌ ¸ÉµÖÎ¨Ì ³µ´µÌ·µ³ É¨Î¥¸±¨Ì ¢µ²´, £¥´¥·¨·Ê-
¥³ÒÌ ¤¢Ê³Ö ² §¥· ³¨. — ¸ÉµÉÒ ¸ÉµÖÎ¨Ì ¢µ²´ ´¥³´µ£µ · §²¨Î´Ò. …¸²¨ ¨Ì
¨´É¥´¸¨¢´µ¸É¨ · ¢´Ò ¤·Ê£ ¤·Ê£Ê, Éµ Ê ¸¨¸É¥³Ò ¥¸ÉÓ Éµ²Ó±µ µ¤¨´ Ê¶· ¢²Ö-
ÕÐ¨° ¶ · ³¥É· γ, ¸¢Ö§ ´´Ò° ¸ · §´µ¸ÉÓÕ Î ¸ÉµÉ ¸ÉµÖÎ¨Ì ¢µ²´. ‘É·Ê±ÉÊ· 
±² ¸¸¨Î¥¸±µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ¸¨¸É¥³Ò ¸¨²Ó´µ § ¢¨¸¨É µÉ §´ Î¥´¨Ö
¶ · ³¥É·  γ. ‚ Î ¸É´µ¸É¨, ¶·¨ γ = 0 ±² ¸¸¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¸¨¸É¥³Ò ¶µ²-
´µ¸ÉÓÕ ·¥£Ê²Ö·´µ,   Ë §µ¢µ¥ ¶·µ¸É· ´¸É¢µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸µ¢µ±Ê¶´µ¸ÉÓ
¨´¢ ·¨ ´É´ÒÌ Éµ·µ¢. ‘ ·µ¸Éµ³ ¶ · ³¥É·  γ ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ µ¡· -
§Ê¥É¸Ö ¨ · ¸É¥É ¸ÉµÌ ¸É¨Î¥¸±¨° ¸²µ°. ‚´ÊÉ·¨ ¸²µÖ ´ Ìµ¤ÖÉ¸Ö É·¨ µ¸´µ¢´ÒÌ
µ¸É·µ¢±  Ê¸Éµ°Î¨¢µ¸É¨, ¶·¨Î¥³ ¤¢  ¨§ ´¨Ì ¸¢Ö§ ´Ò ¶·¥µ¡· §µ¢ ´¨¥³ ¸¨³-
³¥É·¨¨ µ¡· Ð¥´¨Ö ¢·¥³¥´¨. Š¢ ´Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö, · ¸¶µ²µ¦¥´´Ò¥ ´  ÔÉ¨Ì
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µ¸É·µ¢ Ì Ê¸Éµ°Î¨¢µ¸É¨, µ¡· §ÊÕÉ ¤Ê¡²¥É ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¶µ¤Ìµ¤ÖÉ ¤²Ö ¨§Ê-
Î¥´¨Ö ¢²¨Ö´¨Ö ±² ¸¸¨Î¥¸±µ£µ Ì µ¸  ´  ¸±µ·µ¸ÉÓ ÉÊ´´¥²¨·µ¢ ´¨Ö ³¥¦¤Ê ´¨³¨.

‚ µ¶¨¸ ´´µ° ¸¨¸É¥³¥ ´ ¡²Õ¤ ÕÉ¸Ö ¢¸¥ µÉ²¨Î¨É¥²Ó´Ò¥ µ¸µ¡¥´´µ¸É¨ Ê¸±µ-
·¥´´µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö, ¢ Î ¸É´µ¸É¨, ¡µ²ÓÏ¨¥ ¨§³¥´¥´¨Ö ¸±µ·µ¸É¨
ÉÊ´´¥²¨·µ¢ ´¨Ö ¶·¨ ³ ²ÒÌ ¢ ·¨ Í¨ÖÌ Ê¶· ¢²ÖÕÐ¥£µ ¶ · ³¥É·  γ. 	µ²¥¥
¶µ¤·µ¡´µ¥ µ¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ¨ ¨Ì É¥µ·¥É¨Î¥¸±µ¥ µ¡µ¸´µ¢ ´¨¥ ³µ¦´µ
´ °É¨ ¢ [40].

„²Ö É¥µ·¥É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ¢²¨Ö´¨Ö Ì µ¸  ´  ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ ´¨Ö
³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤¢  ¤µ¶µ²´ÖÕÐ¨Ì ¤·Ê£ ¤·Ê£  ¶µ¤Ìµ¤ . �¥·¢Ò°, ±µÉµ·Ò°
¨ ¡Ê¤¥É · ¸¸³µÉ·¥´ §¤¥¸Ó, ¨¸¶µ²Ó§Ê¥É Ö§Ò± Ê·µ¢´¥° Ô´¥·£¨¨ ¨ ¢µ²´µ¢ÒÌ ËÊ´±-
Í¨° ±¢ ´Éµ¢µ° ¸¨¸É¥³Ò. ‚Éµ·µ° ¸¶µ¸µ¡ µ¶¨¸ ´¨Ö, ´  ´ Ï ¢§£²Ö¤, Ö¢²Ö¥É¸Ö
¡µ²¥¥ ´ £²Ö¤´Ò³ ¨ ¡ §¨·Ê¥É¸Ö ´  µ¶¨¸ ´¨¨ ±¢ ´Éµ¢µ° ¸¨¸É¥³Ò ¨ ¶·µÍ¥¸¸µ¢,
¶·µÉ¥± ÕÐ¨Ì ¢ ´¥°, ¢ · ³± Ì Ëµ·³ ²¨§³  ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£·¨·µ¢ ´¨Ö
(¢ ³´¨³µ³ ¢·¥³¥´¨). �ÉµÉ ¶µ¤Ìµ¤ ´  ¤ ´´Ò° ³µ³¥´É Ö¢²Ö¥É¸Ö ³¥´¥¥ · §· ¡µ-
É ´´Ò³, ´¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ê¤ÊÉ ¶·¥¤¸É ¢²¥´Ò ¢ ¶. 3.2.

‚´ Î ²¥ · ¸¸³µÉ·¨³ µ¡ÒÎ´Ò° (¡¥§ ¢²¨Ö´¨Ö Ì µ¸ ) ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ -
´¨Ö ´  ¶·¨³¥·¥ ¶·µ¸É¥°Ï¥° ¤¢ÊÌÊ·µ¢´¥¢µ° ¸¨¸É¥³Ò ¸ ¨§´ Î ²Ó´µ ¢Ò·µ¦¤¥´-
´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ψ1 ¨ ψ2. ‚ ¡ §¨¸¥ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° £ ³¨²ÓÉµ´¨ ´ ¸¨¸É¥³Ò
¨³¥¥É ¢¨¤

Ĥ =
(

E ∆
∆ E

)
. (39)

‡¤¥¸Ó ∆ µ¶¨¸Ò¢ ¥É ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Ê·µ¢´Ö³¨. ‚ ¸²ÊÎ ¥ ´¥¢§ ¨³µ¤¥°-
¸É¢ÊÕÐ¨Ì Ê·µ¢´¥° (∆ = 0) Ô´¥·£¨Ö ± ¦¤µ£µ ¨§ ´¨Ì · ¢´  E (¢Ò·µ¦¤¥´¨¥).
�µ¸²¥ ¢±²ÕÎ¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö (∆ �= 0), ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¢µ§³µ¦´µ¸É¨ ¸¨-
¸É¥³Ò ÉÊ´´¥²¨·µ¢ ÉÓ ¨§ µ¤´µ£µ ¢Ò·µ¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ¤·Ê£µ¥, ¢¥±Éµ·Ò ψ1

¨ ψ2 ´¥ Ö¢²ÖÕÉ¸Ö ¸É Í¨µ´ ·´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ £ ³¨²ÓÉµ´¨ ´  (39). � °¤¥³
´µ¢Ò¥ Ô´¥·£¥É¨Î¥¸±¨¥ Ê·µ¢´¨ ¨ ´µ¢Ò¥ ¸µ¡¸É¢¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö £ ³¨²ÓÉµ´¨ ´ 
(39). „²Ö ¶µ¸²¥¤ÊÕÐ¥£µ Ê¤µ¡¸É¢  ¨§²µ¦¥´¨Ö ³Ò µÉµ°¤¥³ µÉ ¸É ´¤ ·É´µ° ¶·µ-
Í¥¤Ê·Ò ¨ ¡Ê¤¥³ ·¥Ï ÉÓ ´¥ ¸É Í¨µ´ ·´µ¥,   § ¢¨¸ÖÐ¥¥ µÉ ¢·¥³¥´¨ Ê· ¢´¥´¨¥
˜·¥¤¨´£¥· 

i�
∂ψ

∂t
= Ĥψ. (40)

�·¥¤¸É ¢¨³ ÔÉµ Ê· ¢´¥´¨¥ ¢ ¢¨¤¥ ¸¨¸É¥³Ò ¤¢ÊÌ µ¡Ò±´µ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨-
 ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ ¶µ¸ÉµÖ´´Ò³¨ ±µÔËË¨Í¨¥´É ³¨ ¢ ¡ §¨¸¥ ¢¥±Éµ·µ¢ ψ1 ¨
ψ2 (ψ = c1ψ1 + c2ψ2):




i�
dc1

dt
= Ec1 + ∆c2,

i�
dc2

dt
= Ec2 + ∆c1.

(41)
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�¡Ð¥¥ ·¥Ï¥´¨¥ ¨³¥¥É ¢¨¤

c1,2 = c′1,2 exp
(
− i

�
λ1t

)
+ c′′1,2 exp

(
− i

�
λ2t

)
, (42)

£¤¥ λ1,2 Å ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö £ ³¨²ÓÉµ´¨ ´  (39) (¨¸±µ³Ò¥ ´µ¢Ò¥ Ô´¥·-
£¥É¨Î¥¸±¨¥ Ê·µ¢´¨), ±µÉµ·Ò¥ ´ Ìµ¤ÖÉ¸Ö ¨§ ¢¥±µ¢µ£µ Ê· ¢´¥´¨Ö∣∣∣∣ E − λ ∆

∆ E − λ

∣∣∣∣ = 0, (43)

µÉ¸Õ¤  λ1,2 = E ± ∆. ’ ±¨³ µ¡· §µ³, §  ¸Î¥É ÉÊ´´¥²¨·µ¢ ´¨Ö ¸´¨³ ¥É¸Ö
¢Ò·µ¦¤¥´¨¥ ¨ ¢³¥¸Éµ µ¤´µ£µ ¢Ò·µ¦¤¥´´µ£µ Ê·µ¢´Ö ³Ò ¶µ²ÊÎ ¥³ ¤Ê¡²¥É ´¥-
¢Ò·µ¦¤¥´´ÒÌ Ê·µ¢´¥°. —¥³ ¡µ²ÓÏ¥ ∆ (¸¨²Ó´¥¥ ¸¢Ö§Ó ¶·¨ ÉÊ´´¥²¨·µ¢ ´¨¨),
É¥³ ¡µ²ÓÏ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Ê·µ¢´Ö³¨ ¢ ¤Ê¡²¥É¥.

‚ÒÖ¸´¨³, ± ±¨³ µ¡· §µ³ ¢¥¤¥É ¸¥¡Ö ¸¨¸É¥³ , ¥¸²¨ ¢ ´ Î ²Ó´Ò° ³µ³¥´É
¢·¥³¥´¨ t = 0 µ´  ´ Ìµ¤¨² ¸Ó ¢ ¸µ¸ÉµÖ´¨¨ ψ1. „²Ö ÔÉµ£µ ¸²µ¦¨³ ¨ ¢ÒÎÉ¥³
Ê· ¢´¥´¨Ö (41),   § É¥³ ± ¦¤µ¥ ¨§ ¶µ²ÊÎ¥´´ÒÌ Ê· ¢´¥´¨° ¶·µ¨´É¥£·¨·Ê¥³ ¶µ
¢·¥³¥´¨: 


c1 + c2 = (c0

1 + c0
2) exp

(
− i

�
(E + ∆)t

)
,

c1 − c2 = (c0
1 − c0

2) exp
(
− i

�
(E − ∆)t

)
.

(44)

‘ ÊÎ¥Éµ³ ´ Î ²Ó´µ£µ Ê¸²µ¢¨Ö (c0
1 = 1, c0

2 = 0) ¤²Ö ¢¥·µÖÉ´µ¸É¨ ´ °É¨ Î -
¸É¨ÍÊ ¢ ¸µ¸ÉµÖ´¨¨ ψ1 ¨²¨ ¢ ¸µ¸ÉµÖ´¨¨ ψ2 ¸µµÉ¢¥É¸É¢¥´´µ ¶µ²ÊÎ¨³

|c1|2 = cos2
∆
�

t, (45)

|c2|2 = sin2 ∆
�

t. (46)

�µ¢Ò¥ ¸É Í¨µ´ ·´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¸É ·Ò¥:

ψ+ =
1√
2
(ψ1 + ψ2), ψ− =

1√
2
(ψ1 − ψ2). (47)

’ ±¨³ µ¡· §µ³, §  ¸Î¥É ÉÊ´´¥²¨·µ¢ ´¨Ö ¢µ§´¨± ÕÉ ´µ¢Ò¥ ¸É Í¨µ´ ·´Ò¥ ¸µ-
¸ÉµÖ´¨Ö, Ö¢²ÖÕÐ¨¥¸Ö ¸¨³³¥É·¨Î´µ° ¨  ´É¨¸¨³³¥É·¨Î´µ° ¸Ê¶¥·¶µ§¨Í¨Ö³¨
¸É ·ÒÌ, Ê·µ¢´¨ Ô´¥·£¨¨ ¸¤¢¨£ ÕÉ¸Ö ¢ · §´Ò¥ ¸Éµ·µ´Ò, ± ¦¤Ò° ´  ∆, ¸¨³-
³¥É·¨Î´µ µÉ´µ¸¨É¥²Ó´µ ¶µ²µ¦¥´¨Ö ¶·¨ ∆ = 0. ‘¨¸É¥³  ÉÊ´´¥²¨·Ê¥É ³¥¦¤Ê
¸µ¸ÉµÖ´¨Ö³¨ ψ1 ¨ ψ2 ¸ ¶¥·¨µ¤µ³ π�/∆.
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� ¸¸³µÉ·¨³ ÉÊ ¦¥ ¤¢ÊÌÊ·µ¢´¥¢ÊÕ ¸¨¸É¥³Ê ¡¥§ ´ Î ²Ó´µ£µ ¢Ò·µ¦¤¥´¨Ö.
ƒ ³¨²ÓÉµ´¨ ´ (39) ¢¨¤µ¨§³¥´Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Ĥ =
(

E ∆
∆ Ec

)
. (48)

‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô´¥·£¥É¨Î¥¸±¨¥ Ê·µ¢´¨

λ1,2 =
E + Ec

2
±
√

(E − Ec)2 + 4∆2

2
. (49)

‘ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ ´¨Ö ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ ψ1 ¨
ψ2. ‚³¥¸Éµ (45), (46) ¨³¥¥³

|c1|2 = 1 − 4|p|2 sin2 (λ1 − λ2)
2�

t, (50)

|c2|2 = 4|p|2 sin2 (λ1 − λ2)
2�

t, (51)

£¤¥ p = ∆/(λ1 − λ2). �µ¸±µ²Ó±Ê ¶·¨ ³ ²µ° ¸¢Ö§¨ ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ ψ1 ¨
ψ2 (|∆| � |Ec − E|) ³µ¦´µ ¶µ²µ¦¨ÉÓ λ1 − λ2 =

√
(E − Ec)2 + 4∆2 ≈ |E −

Ec|, ¸²¥¤µ¢ É¥²Ó´µ, ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ ψ1 ¨ ψ2, ¢ µÉ²¨Î¨¥ µÉ ¢Ò·µ¦¤¥´´µ£µ
¸²ÊÎ Ö, ¡Ê¤ÊÉ ²¨ÏÓ ³ ²Ò¥ µ¸Í¨²²ÖÍ¨¨ ¢¥·µÖÉ´µ¸É¨ ¸  ³¶²¨ÉÊ¤µ°

b = 2|p| ≈ 2∆
|E − Ec|

(52)

¨ ¶¥·¨µ¤µ³

t0 =
2π�

λ1 − λ2
≈ 2π�

|E − Ec|
. (53)

‘É ´¤ ·É´µ¥ É·¥¡µ¢ ´¨¥ ¤²Ö ÉÊ´´¥²Ó´µ£µ ¶·µÍ¥¸¸  Å ´ ²¨Î¨¥ ¤¢ÊÌ ±¢ -
§¨¢Ò·µ¦¤¥´´ÒÌ Ê·µ¢´¥° (¤Ê¡²¥É ). �ÉµÉ ¸²ÊÎ ° ¡Ò² · ¸¸³µÉ·¥´ ¢ ¶·¥¤Ò-
¤ÊÐ¥³ ¸²ÊÎ ¥. �É²¨Î¨É¥²Ó´µ° Î¥·Éµ° Ê¸¨²¥´´µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö ¢
¸¨¸É¥³ Ì ¸µ ¸³¥Ï ´´µ° ¤¨´ ³¨±µ° Ö¢²Ö¥É¸Ö ¸¨²Ó´µ¥ ¢²¨Ö´¨¥ µ¡² ¸É¨ Ì -
µ¸ , ¶·µÖ¢²ÖÕÐ¥¥¸Ö ¢ ¸¨²Ó´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ ± ³ -
²Ò³ ¨§³¥´¥´¨Ö³ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò. �µÔÉµ³Ê ¢ ¶·µÍ¥¸¸¥ ÉÊ´´¥²¨·µ¢ ´¨Ö
³¥¦¤Ê Š�Œ-Éµ· ³¨ Î¥·¥§ µ¡² ¸ÉÓ Ì µ¸   ±É¨¢´µ¥ ÊÎ ¸É¨¥, ´ ·Ö¤Ê ¸ ¤Ê¡²¥Éµ³
·¥£Ê²Ö·´ÒÌ Ê·µ¢´¥°, ¶·¨´¨³ ÕÉ Ì µÉ¨Î¥¸±¨¥ Ê·µ¢´¨. �·µ¸É¥°Ï¥° ³µ¤¥²ÓÕ,
µ¶¨¸Ò¢ ÕÐ¥° ÉÊ´´¥²¨·µ¢ ´¨¥ ¢ ÔÉµ³ ¸²ÊÎ ¥, Ö¢²Ö¥É¸Ö É·¥ÌÊ·µ¢´¥¢ Ö ³µ¤¥²Ó.

� ¸¸³µÉ·¨³ ¤¢  ·¥£Ê²Ö·´ÒÌ ¸µ¸ÉµÖ´¨Ö Ψ1 ¨ Ψ2, µ¶¨· ÕÐ¨Ì¸Ö ´  ± ±µ°-
´¨¡Ê¤Ó ±¢ ´Éµ¢ ´´Ò° Š�Œ-Éµ· ¨ ¥£µ ¸¨³³¥É·¨Î´Ò° ¶ ·É´¥·, ¸¢Ö§ ´´Ò¥ ´¥-
±µÉµ·Ò³ ¤¨¸±·¥É´Ò³ ¶·¥µ¡· §µ¢ ´¨¥³ ¸¨³³¥É·¨¨, ´ ¶·¨³¥·, ¶·¥µ¡· §µ¢ -
´¨¥³ Î¥É´µ¸É¨. ‡  ¸Î¥É ´¥¶µ¸·¥¤¸É¢¥´´µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ³¥¦¤Ê ·¥£Ê²Ö·-
´Ò³¨ µ¸É·µ¢ ³¨ ¸µ¸ÉµÖ´¨Ö Ψ1 ¨ Ψ2 ´¥ Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨
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µ¶¥· Éµ·  ƒ ³¨²ÓÉµ´ , ¸É Í¨µ´ ·´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ Ö¢²ÖÕÉ¸Ö ¨Ì ¸¨³³¥É·¨Î-
´ Ö ¨  ´É¨¸¨³³¥É·¨Î´ Ö ²¨´¥°´Ò¥ ±µ³¡¨´ Í¨¨ Ψ+ ¨ Ψ−. …¸²¨ ¢¡²¨§¨ ÔÉµ£µ
¤Ê¡²¥É  ´¥É Ì µÉ¨Î¥¸±¨Ì Ê·µ¢´¥° ¶·¨ ¤ ´´µ³ §´ Î¥´¨¨ ¶ · ³¥É·µ¢, Éµ ÉÊ´´¥-
²¨·µ¢ ´¨¥ µ¶¨¸Ò¢ ¥É¸Ö ¤¢ÊÌÊ·µ¢´¥¢µ° ³µ¤¥²ÓÕ. �·¨ ¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢,
¢¢¨¤Ê ¸É É¨¸É¨Î¥¸±µ° ´¥§ ¢¨¸¨³µ¸É¨ ·¥£Ê²Ö·´µ° ¨ Ì µÉ¨Î¥¸±µ° ¶µ¤¶µ¸²¥¤µ-
¢ É¥²Ó´µ¸É¥° Ê·µ¢´¥°, ³µ¦¥É ´ °É¨¸Ó Ì µÉ¨Î¥¸±µ¥ ¸µ¸ÉµÖ´¨¥ φ+ (¤²Ö µ¶·¥-
¤¥²¥´´µ¸É¨ ³Ò Ê± § ²¨ Î¥É´µ¸ÉÓ ¸µ¸ÉµÖ´¨Ö) ¸ Ô´¥·£¨¥°, ¡²¨§±µ° ± Ô´¥·£¨¨
¤Ê¡²¥É . ‚ ·¥§Ê²ÓÉ É¥ ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ ´¨Ö ¢ ¡ §¨¸¥ (Ψ+, Ψ−, φ+) µ¶¨¸Ò-
¢ ¥É¸Ö É·¥ÌÊ·µ¢´¥¢Ò³ ³µ¤¥²Ó´Ò³ £ ³¨²ÓÉµ´¨ ´µ³, ¢¶¥·¢Ò¥ ¨¸¶µ²Ó§µ¢ ´´Ò³
¤²Ö ³µ¤¥²¨·µ¢ ´¨Ö Ê¸±µ·¥´´µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö ¢ · ¡µÉ¥ [34]:

Ĥ


 Ψ−

Ψ+

φ+


 =


 E 0 0

0 E υ
0 υ Ec




 Ψ−

Ψ+

φ+


 . (54)

‡¤¥¸Ó ¶·¨´ÖÉµ, ÎÉµ Ô´¥·£¨¨ ¸µ¸ÉµÖ´¨° ¤Ê¡²¥É  ¢ µÉ¸ÊÉ¸É¢¨¥ Ì µÉ¨Î¥¸±µ£µ
Ê·µ¢´Ö ´¥ · §²¨Î ÕÉ¸Ö (´¥¶µ¸·¥¤¸É¢¥´´µ¥ ÉÊ´´¥²¨·µ¢ ´¨¥ ³¥¦¤Ê ·¥£Ê²Ö·´Ò-
³¨ µ¸É·µ¢ ³¨ ¸¨²Ó´µ ¶µ¤ ¢²¥´µ). …¤¨´¸É¢¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Ê·µ¢-
´Ö³¨ ¢µ§´¨± ¥É ¡² £µ¤ ·Ö ´¥¤¨ £µ´ ²Ó´µ³Ê Ô²¥³¥´ÉÊ υ. ‘µ¸ÉµÖ´¨Ö Ψ1 =
(Ψ+ + Ψ−)/

√
2 ¨ Ψ2 = (Ψ+ − Ψ−)/

√
2 µ¶¨¸Ò¢ ÕÉ ¢µ²´µ¢Ò¥ ¶ ±¥ÉÒ, ²µ-

± ²¨§µ¢ ´´Ò¥ ´  µ¤´µ³ ¨§ · ¸¸³ É·¨¢ ¥³ÒÌ Éµ·µ¢. � ¸¸³µÉ·¨³ ¢·¥³¥´´ÊÕ
Ô¢µ²ÕÍ¨Õ ¸µ¸ÉµÖ´¨Ö Ψ1 ¶µ¤ ¤¥°¸É¢¨¥³ Ô¢µ²ÕÍ¨µ´´µ£µ µ¶¥· Éµ· 

Û = exp
(
− i

�
Ĥt

)
. (55)

�´É¨¸¨³³¥É·¨Î´ Ö ±µ³¶µ´¥´É  Ψ− ³¥´Ö¥É ²¨ÏÓ Ë §Ê ± ± exp (−iEt/�),  
Ô¢µ²ÕÍ¨Ö ¸¨³³¥É·¨Î´µ° ·¥£Ê²Ö·´µ° ±µ³¶µ´¥´ÉÒ Ψ+ ¸²¥¤Ê¥É ¤¢ÊÌÊ·µ¢´¥¢µ°
¸Ì¥³¥ ¢ µÉ¸ÊÉ¸É¢¨¥ ´ Î ²Ó´µ£µ ¢Ò·µ¦¤¥´¨Ö.

‚µ ³´µ£¨Ì ¸¨¸É¥³ Ì ¢Ò¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥ |υ| � |Ec − E|. ‚ ÔÉµ³ ¸²ÊÎ ¥
¡Ê¤ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö ¸² ¡Ò¥ µ¸Í¨²²ÖÍ¨¨ ¢¥·µÖÉ´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¥·¥-
Ìµ¤ ³ ¨§ Ψ+ ¢ φc ¨ µ¡· É´µ, ¸  ³¶²¨ÉÊ¤µ°

b � 2
∣∣∣∣ υ

Ec − E

∣∣∣∣ (56)

¨ ¶¥·¨µ¤µ³ t0 � 2π�/|Ec − E|. �µ µ±µ´Î ´¨¨ ± ¦¤µ£µ ¶¥·¨µ¤  ¤¥°¸É¢¨¥
Û(t0) ´  Ψ+ ¸¢µ¤¨É¸Ö ± ´ ¡µ·Ê Ë §Ò

exp
(
−i

(E − γ)t0
�

)
, γ � υ2

Ec − E
, (57)

ÎÉµ ¶·¨¢µ¤¨É ± ¢µ§´¨±´µ¢¥´¨Õ · §´µ¸É¨ Ë § ³¥¦¤Ê Ψ+ ¨ Ψ−. �µ ¨¸É¥Î¥´¨¨
n ¶¥·¨µ¤µ¢ ¶µ²ÊÎ¨³

Û(nt0)Ψ1 = e−iEnt0/�
(
Ψ− + eiγnt0/�Ψ+

)
. (58)
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�µ¸±µ²Ó±Ê µÉ´µ¸¨É¥²Ó´ Ö · §´µ¸ÉÓ Ë § ³¥¦¤Ê Ψ+ ¨ Ψ− ¢µ§· ¸É ¥É ¸µ ¢·¥³¥-
´¥³, ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ·¥§µ´ ´¸´µ ÉÊ´´¥²¨·Ê¥É ÉÊ¤ -µ¡· É´µ ³¥¦¤Ê Ψ1 ¨
Ψ2, ¡¥§ Éµ£µ ÎÉµ¡Ò ¶µ²´µ¸ÉÓÕ ¶µÖ¢¨ÉÓ¸Ö ¢ Ì µÉ¨Î¥¸±µ° µ¡² ¸É¨ (¸µ¸ÉµÖ´¨¥
φ+). Š Î¥¸É¢¥´´ Ö ± ·É¨´  ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ‚ É¥Î¥´¨e ± ¦¤µ£µ
¢·¥³¥´´µ£µ Ï £  t0 ´¥¡µ²ÓÏ Ö Î ¸ÉÓ ¢µ²´µ¢µ£µ ¶ ±¥É , ²µ± ²¨§µ¢ ´´µ£µ ´ 
µ¤´µ³ ¨§ Éµ·µ¢, µÉ·Ò¢ ¥É¸Ö ¨ ¶µÖ¢²Ö¥É¸Ö ¢ Ì µÉ¨Î¥¸±µ° µ¡² ¸É¨. �µ µ±µ´Î -
´¨¨ ¶¥·¨µ¤  t0 ÔÉ  Î ¸ÉÓ ÉÊ´´¥²¨·Ê¥É ´  ¸¨³³¥É·¨Î´Ò° ¶ ·É´¥· ¨¸Ìµ¤´µ£µ
Éµ· . ‚·¥³Ö ¶µ²´µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ¸ µ¤´µ£µ Š�Œ-Éµ·  ´  ¤·Ê£µ° (¨§ ¸µ-
¸ÉµÖ´¨Ö Ψ1 ¢ ¸µ¸ÉµÖ´¨¥ Ψ2) ¸µ¸É ¢²Ö¥É 2t0/b2, ÎÉµ µ¶·¥¤¥²Ö¥É¸Ö ¶·µ¸Éµ°
±µ³¡¨´ Í¨¥° ±¢ ¤· É   ³¶²¨ÉÊ¤Ò ¨ ¶¥·¨µ¤  µ¸Í¨²²ÖÍ¨°.

‚ ¡µ²¥¥ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥²Ó§Ö ¸± § ÉÓ, ÎÉµ µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ¥É Éµ²Ó±µ
µ¤¨´ Ì µÉ¨Î¥¸±¨° Ê·µ¢¥´Ó, ¢ ÉÊ´´¥²¨·µ¢ ´¨¨ ÊÎ ¸É¢Ê¥É ³´µ£µ Ì µÉ¨Î¥¸±¨Ì
¸µ¸ÉµÖ´¨°. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤¥É ²Ó´µ¥ µ¶¨¸ ´¨¥ ¶·µÍ¥¸¸  ÉÊ´´¥²¨·µ¢ ´¨Ö ¶µ²Ê-
Î¨ÉÓ ¤µ¸É ÉµÎ´µ ¸²µ¦´µ. �¤´ ±µ ¸É É¨¸É¨Î¥¸±¨¥ ¸¢µ°¸É¢  Ì µÉ¨Î¥¸±¨Ì Ê·µ¢-
´¥° ³µ£ÊÉ ¸µ¤¥·¦ ÉÓ ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ ¢ · -
¡µÉ¥ [34] ¡Ò²  ¶·¥¤²µ¦¥´  ¸É É¨¸É¨Î¥¸± Ö ³µ¤¥²Ó ¤²Ö µ¶¨¸ ´¨Ö ¸¢µ°¸É¢
Ê¸±µ·¥´´µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö. �¸´µ¢´ Ö ¨¤¥Ö § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ
± ¦¤µ¥ ·¥£Ê²Ö·´µ¥ ¸µ¸ÉµÖ´¨¥ ´¥§ ¢¨¸¨³µ, ¸²ÊÎ °´µ ¨ ¸² ¡µ ¸¢Ö§ ´µ ¸ ´¥§ ¢¨-
¸¨³Ò³¨  ´¸ ³¡²Ö³¨ ³ É·¨Í, ³µ¤¥²¨·ÊÕÐ¨³¨ Ì µÉ¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö Éµ° ¦¥
¸¨³³¥É·¨¨. �·µ¸É¥°Ï¨° ³µ¤¥²Ó´Ò° £ ³¨²ÓÉµ´¨ ´ ¨³¥¥É ¢¨¤

Ĥ




Ψ−

ε−

Ψ+

ε+


 =




E {υ} 0 0
{υ} GOE 0 0
0 0 E {υ′}
0 0 {υ′} GOE′






Ψ−

ε−

Ψ+

ε+


 , (59)

£¤¥ ε− ¨ ε+ ¶·¥¤¸É ¢²ÖÕÉ ±¢ ´Éµ¢Ò¥ £¨²Ó¡¥·Éµ¢Ò ¶µ¤¶·µ¸É· ´¸É¢  Ì µÉ¨Î¥-
¸±¨Ì ¸µ¸ÉµÖ´¨° ¸ É ±µ° ¦¥ ¸¨³³¥É·¨¥°, ± ± Ê Ψ− ¨ Ψ+ ¸µµÉ¢¥É¸É¢¥´´µ; GOE
µ¡µ§´ Î ¥É £ Ê¸¸µ¢¸±¨° µ·Éµ£µ´ ²Ó´Ò°  ´¸ ³¡²Ó ¸²ÊÎ °´ÒÌ ³ É·¨Í; {υ} ¨
{υ′} Å ¸²ÊÎ °´Ò¥ ³ É·¨ÍÒ, ¸µ¸ÉµÖÐ¨¥ ¨§ ´¥§ ¢¨¸¨³ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éµ¢, ¶µ¤Î¨´ÖÕÐ¨Ì¸Ö ´µ·³ ²Ó´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¸ ´Ê²¥¢Ò³ ¸·¥¤´¨³ ¨ µ¤¨-
´ ±µ¢Ò³¨ ¤¨¸¶¥·¸¨Ö³¨, · ¢´Ò³¨ υ2.

3.2. • µÉ¨Î¥¸±¨¥ ¨´¸É ´Éµ´´Ò¥ ·¥Ï¥´¨Ö. ‘É·Ê±ÉÊ·  ±² ¸¸¨Î¥¸±µ£µ Ë -
§µ¢µ£µ ¶·µ¸É· ´¸É¢  £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ ¢²¨Ö¥É ´ 
¨Ì ±¢ ´Éµ¢Ò¥ ¸¢µ°¸É¢  ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ±¢ ´Éµ¢µ° ³¥Ì -
´¨±¨ [10, 33, 34, 51]. ‚ Î ¸É´µ¸É¨, ¶·¨´Í¨¶ µ¤´µ·µ¤´µ° ±¢ §¨±² ¸¸¨Î¥¸±µ°
±µ´¤¥´¸ Í¨¨ ÊÉ¢¥·¦¤ ¥É, ÎÉµ ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¥¤¥²¥ ËÊ´±Í¨Ö ‚¨£-
´¥·  ¸µ¡¸É¢¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³Ò µ¤´µ·µ¤´Ò³ µ¡· §µ³ ±µ´¤¥´¸¨·Ê¥É¸Ö
´  ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¤ ´´µ³Ê ¸µ¸ÉµÖ´¨Õ ±² ¸¸¨Î¥¸±µ³ µ¡· §µ¢ ´¨¨ ¢ Ë §µ-
¢µ³ ¶·µ¸É· ´¸É¢¥ (¸³. [97,98]). ’ ±¨³¨ µ¡· §µ¢ ´¨Ö³¨ Ö¢²ÖÕÉ¸Ö ´¥· §·ÊÏ¥´-
´Ò¥ Š�Œ-Éµ·Ò, ± ´Éµ·-Éµ·Ò ¨²¨ µ¡² ¸É¨ Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö. “± § ´-
´Ò° ¶·¨´Í¨¶ µ§´ Î ¥É, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ µ¡´ ·Ê¦¨ÉÓ ¸¨¸É¥³Ê, ´ Ìµ¤ÖÐÊÕ¸Ö
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¢ ± ±µ³-²¨¡µ ¸µ¡¸É¢¥´´µ³ ¸µ¸ÉµÖ´¨¨ §  ¶·¥¤¥² ³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¤ ´-
´µ³Ê ¸µ¸ÉµÖ´¨Õ ±² ¸¸¨Î¥¸±µ£µ µ¡Ñ¥±É  ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸É·¥³¨É¸Ö ±
´Ê²Õ ¢ ¶·¥¤¥²¥ � → 0. �Éµ ¶µ§¢µ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ -
´¨Ö ³¥¦¤Ê ±² ¸¸¨Î¥¸±¨³¨ ¸É·Ê±ÉÊ· ³¨ ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨.
’Ê´´¥²¨·µ¢ ´¨¥ ³¥¦¤Ê ¶¥·¥Ìµ¤ÖÐ¨³¨ ¤·Ê£ ¢ ¤·Ê£  ¶·¨ ¶·¥µ¡· §µ¢ ´¨¨ ¸¨³-
³¥É·¨¨ ¸¨¸É¥³Ò Š�Œ-Éµ· ³¨ Î¥·¥§ · §¤¥²ÖÕÐÊÕ ¨Ì µ¡² ¸ÉÓ Ì µÉ¨Î¥¸±µ£µ
¤¢¨¦¥´¨Ö ´µ¸¨É ´ §¢ ´¨¥ ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö [46]. �  ¶·¨³¥·¥
µ¤´µ³¥·´µ° £ ³¨²ÓÉµ´µ¢µ° ¸¨¸É¥³Ò ¸ ¤¢ÊÖ³´Ò³ ¶µÉ¥´Í¨ ²µ³, ´  ±µÉµ·ÊÕ
¤¥°¸É¢Ê¥É ¢´¥Ï´¥¥ ¶¥·¨µ¤¨Î¥¸±µ¥ ¶µ ¢·¥³¥´¨ ¢µ§³ÊÐ¥´¨¥, ¶µ¸·¥¤¸É¢µ³ Î¨-
¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ-
¢ ´¨Ö ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò, µ¶·¥¤¥²ÖÕÐ¨Ì ¸É·Ê±ÉÊ·Ê
¥¥ ±² ¸¸¨Î¥¸±µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢ , ¢ Î ¸É´µ¸É¨, µÉ · §³¥·  µ¡² ¸É¨
Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö [82]. ‚¥·µÖÉ´µ¸ÉÓ ÉÊ´´¥²¨·µ¢ ´¨Ö, ¢ Ê± § ´´µ³ ¶·¨-
³¥·¥, ¶·¨ ´¥¡µ²ÓÏµ³ ¢ ·Ó¨·µ¢ ´¨¨ ¶ · ³¥É·µ¢ ¨§³¥´Ö² ¸Ó ¢ 10 000 · §.
�µ¤µ¡´µ¥ Ö¢²¥´¨¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¨ ¢ ¤·Ê£¨Ì ¸¨¸É¥³ Ì É ±µ£µ É¨¶ , µ´µ
¶µ²ÊÎ¨²µ ´ §¢ ´¨¥ ¸µ¶·µ¢µ¦¤ ¥³µ£µ Ì µ¸µ³ ÉÊ´´¥²¨·µ¢ ´¨Ö (chaos assisted
tunneling) [42, 81, 107, 108]. ‚ Ê± § ´´ÒÌ · ¡µÉ Ì ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ÉÊ´´¥²¨-
·µ¢ ´¨Ö ¶·µ¢µ¤¨²µ¸Ó Î¨¸²¥´´µ, ´  µ¸´µ¢ ´¨¨ É¥µ·¨¨ ”²µ±¥ [102]. �µ§¤´¥¥
¡Ò²¨ ¶·¥¤¶·¨´ÖÉÒ ¶µ¶ÒÉ±¨ µ¡ÑÖ¸´¥´¨Ö Ö¢²¥´¨Ö ¸µ¶·µ¢µ¦¤ ¥³µ£µ Ì µ¸µ³
ÉÊ´´¥²¨·µ¢ ´¨Ö ¢ · ³± Ì Ëµ·³ ²¨§³  ¨´É¥£· ²µ¢ ¶µ ¶ÊÉÖ³ ¢ ¸²ÊÎ ¥ ¸¨¸É¥³
¡¨²ÓÖ·¤´µ£µ É¨¶  [47, 48],   É ±¦¥ ¶µ¸·¥¤¸É¢µ³ · ¸¸³µÉ·¥´¨Ö ±µ³¶²¥±¸¨-
Ë¨Í¨·µ¢ ´´µ£µ Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ¤²Ö £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ ¸ ´¥±¢ -
¤· É¨Î´µ° § ¢¨¸¨³µ¸ÉÓÕ £ ³¨²ÓÉµ´¨ ´  µÉ µ¡µ¡Ð¥´´µ£µ ¨³¶Ê²Ó¸  [103,104].
‚ ÔÉµ³ · §¤¥²¥ ¡Ê¤¥É ¨§²µ¦¥´ µ·¨£¨´ ²Ó´Ò° ¶µ¤Ìµ¤ ± ¶·µ¡²¥³¥ ¢²¨Ö´¨Ö ±² ¸-
¸¨Î¥¸±µ£µ Ì µ¸  ´  ¸¢µ°¸É¢  ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö, µ¸´µ¢ ´´Ò° ´ 
¶·¨³¥´¥´¨¨ ¨´¸É ´Éµ´´µ° É¥Ì´¨±¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ µ¶Ê¡²¨±µ-
¢ ´Ò ¢ · ¡µÉ Ì [68, 69, 77, 80]. ˆ§²µ¦¥´¨¥  ²ÓÉ¥·´ É¨¢´ÒÌ ¶µ¤Ìµ¤µ¢ ³µ¦´µ
´ °É¨ ¢ · ¡µÉ Ì [87,96].

�·¨³¥´¥´¨¥ ¨´¸É ´Éµ´´ÒÌ ³¥Éµ¤µ¢ ¤²Ö ¨§ÊÎ¥´¨Ö ¢²¨Ö´¨Ö ±² ¸¸¨Î¥¸±µ£µ
¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ´  ¸¢µ°¸É¢  ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ¡Ê¤¥É
· ¸¸³µÉ·¥´µ ´  ¶·¨³¥·¥ µ¤´µ³¥·´µ° ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ° ¸¨¸É¥³Ò ¸ ¶¥-
·¨µ¤¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³, ´  ±µÉµ·ÊÕ ¤¥°¸É¢Ê¥É ¢´¥Ï´¥¥ ¶¥·¨µ¤¨Î¥¸±µ¥ ¶µ
¢·¥³¥´¨ ¢µ§³ÊÐ¥´¨¥. ƒ ³¨²ÓÉµ´¨ ´ ¸¨¸É¥³Ò ¨³¥¥É ¢¨¤

H̃ =
1
2
p̃2 + ω2

0 cos x − εx
+∞∑

n=−∞
δ(t − nT̃ ), (60)

£¤¥ T̃ µ¡µ§´ Î ¥É ¢·¥³¥´´µ° ¶¥·¨µ¤ ¢µ§³ÊÐ¥´¨Ö. �µ¤µ¡´Ò¥ ¸¨¸É¥³Ò ¸ ¶¥·¨-
µ¤¨Î¥¸±¨³ ¢ ¶·µ¸É· ´¸É¢¥ ¶µÉ¥´Í¨ ²µ³ · ¸¸³ É·¨¢ ²¨¸Ó ¢ Ë¨§¨±¥ É¢¥·¤µ£µ
É¥²  [12] ¨ ¨´¸É ´Éµ´´µ° Ë¨§¨±¥ [22]. ‚µ§³ÊÐ¥´¨¥, ¨¸¶µ²Ó§µ¢ ´´µ¥ ¢ £ ³¨²Ó-
Éµ´¨ ´¥ (60), Ï¨·µ±µ ¶·¨³¥´Ö¥É¸Ö ¶·¨ ¨§ÊÎ¥´¨¨ ±² ¸¸¨Î¥¸±µ£µ ¨ ±¢ ´Éµ¢µ£µ
Ì µ¸  ¢ £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ Ì [11, ¸.118], [30].
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‚ · ³± Ì ¨´¸É ´Éµ´´µ£µ ¶µ¤Ìµ¤   ³¶²¨ÉÊ¤  ¶·µÍ¥¸¸  ±¢ ´Éµ¢µ-³¥Ì ´¨-
Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ¸² £ ¥É¸Ö ¨§ ¢±² ¤µ¢ ÉµÎ´ÒÌ ¨ ¶·¨¡²¨¦¥´´ÒÌ ±² ¸-
¸¨Î¥¸±¨Ì ·¥Ï¥´¨° Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, · ¸¸³ É·¨¢ ¥³ÒÌ ¢ ³´¨³µ³ ¢·¥³¥´¨.
‚ ¤ ´´µ³ ¸²ÊÎ ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ê· ¢´¥´¨Ö ƒ ³¨²ÓÉµ´  § ¤ ÕÉ¸Ö ¥¢±²¨¤µ-
¢Ò³ £ ³¨²ÓÉµ´¨ ´µ³ H = H0 + V , £¤¥

H0 =
1
2
p2 − ω2

0 cos x, (61)

V = εx
+∞∑

n=−∞
δ(τ − nT ). (62)

‡¤¥¸Ó H0 µ¡µ§´ Î ¥É ´¥¢µ§³ÊÐ¥´´Ò° £ ³¨²ÓÉµ´¨ ´ ¸¨¸É¥³Ò ¢ ³´¨³µ³ ¢·¥-
³¥´¨,   V Ö¢²Ö¥É¸Ö ¥¢±²¨¤µ¢Ò³ ¢µ§³ÊÐ¥´¨¥³. ‚ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ Ëµ·³Ê-
² Ì ¶¥·¥³¥´´Ò¥ ¡¥§ É¨²Ó¤Ò µ¡µ§´ Î ÕÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥²¨Î¨´Ò ¢ ³´¨³µ³
¢·¥³¥´¨.

�·¨¢¥¤¥³ ±· É±¨° µ¡§µ· ¨´¸É ´Éµ´´µ£µ ¶µ¤Ìµ¤  ± ¶·µ¡²¥³¥ ±¢ ´Éµ¢µ-
³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ¢ ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³¥ (61). ˆ§²µ¦¥´¨¥
¢µ¶·µ¸  µ¸´µ¢Ò¢ ¥É¸Ö ´  ±´¨£¥ [22]. Š² ¸¸¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ¸ ³¨´¨³ ²Ó´µ°
Ô´¥·£¨¥° ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¡¥¸±µ´¥Î´µ¥ ¸Î¥É´µ¥ ³´µ¦¥¸É¢µ Ô²²¨¶É¨Î¥¸±¨Ì
µ¸µ¡ÒÌ ÉµÎ¥±, ¢ ±µÉµ·ÒÌ ¸¨¸É¥³  µ¡² ¤ ¥É ´Ê²¥¢Ò³ ¨³¶Ê²Ó¸µ³,   §´ Î¥´¨Ö
±µµ·¤¨´ ÉÒ ¥¸ÉÓ Í¥²Ò¥ ±· É´Ò¥ π:

xvac
n (t) = πn, n = ±1,±3, . . . (63)

�³¶²¨ÉÊ¤  ÉÊ´´¥²¨·µ¢ ´¨Ö ¨§ ¶µÉ¥´Í¨ ²Ó´µ° Ö³Ò ¶µ¤ ´µ³¥·µ³ n ¢ ¶µÉ¥´Í¨-
 ²Ó´ÊÕ Ö³Ê m ³µ¦¥É ¡ÒÉÓ § ¤ ´  ¥¢±²¨¤µ¢Ò³ ¨´É¥£· ²µ³ ¶µ ¶ÊÉÖ³

Amn =

xvac
m∫

xvac
n

[Dx] e−S[x], (64)

£¤¥ S[x] µ¡µ§´ Î ¥É ¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ ¸¨¸É¥³Ò. �¸´µ¢´µ° ¢±² ¤ ¢  ³¶²¨-
ÉÊ¤Ê ÉÊ´´¥²¨·µ¢ ´¨Ö (64) ¤ ÕÉ ±² ¸¸¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ¥¢±²¨¤µ¢ÒÌ Ê· ¢´¥-
´¨° ƒ ³¨²ÓÉµ´ , ±µÉµ·Ò¥ ¢ÒÉ¥± ÕÉ ¨§ É·¥¡µ¢ ´¨Ö ³¨´¨³ ²Ó´µ¸É¨ ¥¢±²¨¤µ¢ 
¤¥°¸É¢¨Ö. ‚ ´¥¢µ§³ÊÐ¥´´µ³ ¸²ÊÎ ¥, µ¶¨¸Ò¢ ¥³µ³ £ ³¨²ÓÉµ´¨ ´µ³ (61), ÉµÎ-
´Ò¥ ·¥Ï¥´¨Ö ¥¢±²¨¤µ¢ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¨¥ ÉÊ´´¥²¨·µ¢ ´¨¥
³¥¦¤Ê ¸µ¸¥¤´¨³¨ ¶µÉ¥´Í¨ ²Ó´Ò³¨ Ö³ ³¨, ´µ¸ÖÉ ´ §¢ ´¨¥ µ¤´µ¨´¸É ´Éµ´´ÒÌ
·¥Ï¥´¨°. �´¨ ¨³¥ÕÉ ¢¨¤ [22]:

xinst(τ,τ0) = ±
(
arctg

[
eω0(τ−τ0)

]
− π
)

,

S[xinst(τ, τ0)] ≡ Sinst = 8ω0,

(65)
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�¨¸. 1. �·¨³¥· ¢µ§³µ¦´µ° ³Ê²ÓÉ¨¨´¸É ´Éµ´´µ° ±µ´Ë¨£Ê· Í¨¨, ¸µ¸ÉµÖÐ¥° ¨§ Î¥·¥¤Ê-
ÕÐ¨Ì¸Ö ¨´¸É ´Éµ´´ÒÌ ¨  ´É¨¨´¸É ´Éµ´´ÒÌ ¶¥·¥Ìµ¤µ¢

£¤¥ ¸¢µ¡µ¤´Ò° ¶ · ³¥É· τ0 § ¤ ¥É ¶µ²µ¦¥´¨¥ ¨´¸É ´Éµ´ , §´ ±¨ ®+¯ ¨ ®Ä¯
¸µµÉ¢¥É¸É¢ÊÕÉ ¨´¸É ´Éµ´ ³ ¨  ´É¨¨´¸É ´Éµ´ ³. „²Ö µ¶¨¸ ´¨Ö ÉÊ´´¥²¨·µ¢ -
´¨Ö ³¥¦¤Ê µÉ¸ÉµÖÐ¨³¨ ¶µÉ¥´Í¨ ²Ó´Ò³¨ Ö³ ³¨ É·¥¡Ê¥É¸Ö ÊÎ¨ÉÒ¢ ÉÓ ¢±² ¤
³Ê²ÓÉ¨¨´¸É ´Éµ´´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¸µ¸É ¢²¥´´ÒÌ ¨§ ´ ¡µ·µ¢ ¨´¸É ´Éµ´µ¢ ¨
 ´É¨¨´¸É ´Éµ´µ¢ (¸³. ·¨¸. 1):

x(n)(τ) =
n∑

i=1

xinst(τ, τi), S[x(n)(τ)] = nSinst. (66)

“± § ´´Ò¥ ËÊ´±Í¨¨ ´¥ Ö¢²ÖÕÉ¸Ö ÉµÎ´Ò³¨ ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö,
µ¤´ ±µ ¨Ì ¢±² ¤ Ö¢²Ö¥É¸Ö µ¶·¥¤¥²ÖÕÐ¨³ ¶·¨ · ¸¸³µÉ·¥´¨¨ ¶·µÍ¥¸¸  ÉÊ´´¥-
²¨·µ¢ ´¨Ö ³¥¦¤Ê ´¥¸µ¸¥¤´¨³¨ ¶µÉ¥´Í¨ ²Ó´Ò³¨ Ö³ ³¨. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ
¢·¥³¥´´Ò¥ ¨´É¥·¢ ²Ò ³¥¦¤Ê ¶µ²µ¦¥´¨Ö³¨ ¢Ìµ¤ÖÐ¨Ì ¢ ¢Ò· ¦¥´¨¥ (66) µ¤-
´µ¨´¸É ´Éµ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸¨²Ó´µ ¶·¥¢ÒÏ ÕÉ · §³¥·Ò ¨´¸É ´Éµ´µ¢ ¨
 ´É¨¨´¸É ´Éµ´µ¢ (¶·¨¡²¨¦¥´¨¥ · §·¥¦¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ § ) [22].

�³¶²¨ÉÊ¤  ´ ¡²Õ¤¥´¨Ö q µ¤´µ¨´¸É ´Éµ´´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ É¥Î¥´¨¥ ¨´É¥·-
¢ ²  ¢·¥³¥´¨ Γ ¢ £ Ê¸¸µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Aq(Γ) = N
1
q!

e−qSinst
(
Γ
√

Sinst
)q

, (67)

£¤¥ Γ µ¡µ§´ Î ¥É ¢·¥³Ö ÉÊ´´¥²Ó´µ£µ ¶¥·¥Ìµ¤ ; ³´µ¦¨É¥²Ó N µ¡¥¸¶¥Î¨¢ ¥É
´¥µ¡Ìµ¤¨³ÊÕ ´µ·³¨·µ¢±Ê;  ³¶²¨ÉÊ¤  A0(Γ) ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ µÉ¸ÊÉ¸É¢¨Ö
¨´¸É ´Éµ´´ÒÌ ¶¥·¥Ìµ¤µ¢.
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�¨¸. 2. ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ § ¢¨¸¨³µ¸É¨ ¥¢±²¨¤µ¢µ° ¸±µ·µ¸É¨ µÉ ³´¨³µ£µ ¢·¥-
³¥´¨ ¢ µ±·¥¸É´µ¸É¨ ¸¥¶ · É·¨¸Ò ¸¨¸É¥³Ò (61). „²¨É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸  ¸±µ·µ¸É¨ ∆τ
³´µ£µ ³¥´ÓÏ¥ ¶·µ³¥¦ÊÉ±  ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨: ∆τ � π/ω. �¥·¥³¥´´ Ö τ ′

0 µ¡µ§´ Î ¥É
´µ¢µ¥ ´ Î ²µ µÉ¸Î¥É  ³´¨³µ£µ ¢·¥³¥´¨, ¨¸¶µ²Ó§Ê¥³µ¥ ¢ Ê· ¢´¥´¨ÖÌ (70), (71)

ˆ§ÊÎ¨³ ¸¢µ°¸É¢  ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨° ¢ ¸²ÊÎ ¥ ¢µ§³ÊÐ¥´´µ° ¸¨¸É¥-
³Ò (60) ¶·¨ ε �= 0. „²Ö ÔÉµ£µ · §²µ¦¨³ ¶¥·¨µ¤¨Î¥¸±µ¥ ¢µ§³ÊÐ¥´¨¥ (62)
¢ ·Ö¤ ”Ê·Ó¥:

V =
ε

T
x

(
2

+∞∑
m=1

cos (mντ) + 1

)
, (68)

£¤¥ ν ≡ 2π/T . ˆ§ µ¡Ð¥° É¥µ·¨¨ ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¢ ±² ¸¸¨Î¥¸±¨Ì
£ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ Ì ¨§¢¥¸É´µ, ÎÉµ ²Õ¡µ¥ ¶¥·¨µ¤¨Î¥¸±µ¥ ¶µ ¢·¥³¥´¨ ¢µ§-
³ÊÐ¥´¨¥, ¢ Éµ³ Î¨¸²¥ ¢µ§³ÊÐ¥´¨¥ (62), (68), · §·ÊÏ¨É ¸¥¶ · É·¨¸Ê ´¥¢µ§-
³ÊÐ¥´´µ° ¸¨¸É¥³Ò (61),   ´  ¥¥ ³¥¸É¥ ¢µ§´¨±´¥É ¸ÉµÌ ¸É¨Î¥¸±¨° ¸²µ° [11,
¸. 129]. �Í¥´¨³ Ï¨·¨´Ê ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ ¶µ Ô´¥·£¨¨. ’µÎ´Ò¥ Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö ¤²Ö ¶¥·¥³¥´´µ° ¤¥°¸É¢¨Ö ¨³¥ÕÉ ¢¨¤

İ =
dI

dH0
Ḣ0 = − ε

ωT
ẋ

(
2

+∞∑
m=1

cos (mντ) + 1

)
, (69)

£¤¥ I µ¡µ§´ Î ¥É ¶¥·¥³¥´´ÊÕ ¤¥°¸É¢¨Ö,   ω ≡ dH0/dI ¥¸ÉÓ ´¥²¨´¥°´ Ö Î -
¸ÉµÉ  ¸¨¸É¥³Ò. � ¸¸³µÉ·¨³ ¤¨´ ³¨±Ê ¸¨¸É¥³Ò ¢ µ±·¥¸É´µ¸É¨ ¸¥¶ · É·¨¸Ò.
�·¨ Ô´¥·£¨ÖÌ, ¡²¨§±¨Ì ± ³ ±¸¨³Ê³Ê ´¥¢µ§³ÊÐ¥´´µ£µ ¶µÉ¥´Í¨ ² , § ¢¨¸¨-
³µ¸ÉÓ ¸±µ·µ¸É¨ (¢ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥) µÉ ³´¨³µ£µ ¢·¥³¥´¨ ¨³¥¥É ¢¨¤
·Ö¤  Ê¤ ²¥´´ÒÌ ¤·Ê£ µÉ ¤·Ê£  ¸µ²¨Éµ´µ¶µ¤µ¡´ÒÌ ¨³¶Ê²Ó¸µ¢ (¸³. ·¨¸. 2). Š -
¦¤Ò° ¨§ É ±¨Ì ¨³¶Ê²Ó¸µ¢ ¸±µ·µ¸É¨ ¸µµÉ¢¥É¸É¢Ê¥É ¡Ò¸É·µ³Ê ¤¢¨¦¥´¨Õ ³¥¦¤Ê
¸µ¸¥¤´¨³¨ ³ ±¸¨³Ê³ ³¨ ¶µÉ¥´Í¨ ² . 	µ²ÓÏ¨¥ ¢·¥³¥´´Ò¥ ¨´É¥·¢ ²Ò ³¥¦¤Ê
¨³¶Ê²Ó¸ ³¨ · ¢´Ò ¢·¥³¥´¨, ±µÉµ·µ¥ ´¥µ¡Ìµ¤¨³µ ¤²Ö ¶·¥µ¤µ²¥´¨Ö ¶µÉ¥´Í¨-
 ²Ó´µ£µ ¡ ·Ó¥·  ¶·¨ Ô´¥·£¨ÖÌ, ²¨ÏÓ ´¥³´µ£µ ¶·¥¢ÒÏ ÕÐ¨Ì ¥£µ ¢¥²¨Î¨´Ê.
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ˆ§ Ê· ¢´¥´¨Ö (69) ¸²¥¤Ê¥É, ÎÉµ ¶¥·¥³¥´´ Ö ¤¥°¸É¢¨Ö ¨§³¥´Ö¥É ¸¢µ¥ §´ Î¥´¨¥
Éµ²Ó±µ ¢µ ¢·¥³Ö ¨³¶Ê²Ó¸  ¸±µ·µ¸É¨. ’ ±¨³ µ¡· §µ³, ¤¨´ ³¨±  ´µ¸¨É Ö·±µ
¢Ò· ¦¥´´Ò° ¤¨¸±·¥É´Ò° Ì · ±É¥·,   ¥¥ µ¶¨¸ ´¨¥ ¸²¥¤Ê¥É ¸É·µ¨ÉÓ ´  µ¸´µ¢¥
¤¨¸±·¥É¨§¨·µ¢ ´´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö. ‘ ÔÉµ° Í¥²ÓÕ ¢³¥¸Éµ Ê£²µ¢µ° ¶¥-
·¥³¥´´µ° ¢¢¥¤¥³ Ë §Ê ¢´¥Ï´¥° ¸¨²Ò ϕ, µ¶·¥¤¥²Ö¥³ÊÕ ¢Ò· ¦¥´¨¥³ ϕ̇ = ν.

„¨¸±·¥É´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö ¶¥·¥³¥´´µ° ¤¥°¸É¢¨Ö ¨ Ë §Ò ¢´¥Ï-
´¥° ¸¨²Ò ¨³¥ÕÉ ¢¨¤

In+1 − In = − ε

ω(In)T

∆τ∫
−∆τ

dτ ′ẋ(τ ′)

(
2

+∞∑
m=1

cos (mϕn + mντ ′) + 1

)
, (70)

ϕn+1 = ϕn +
πν

ω(In+1)
. (71)

‡¤¥¸Ó (In, ϕn) ¨ (In+1, ϕn+1) Å §´ Î¥´¨Ö ¶¥·¥³¥´´µ° ¤¥°¸É¢¨Ö ¨ Ë §Ò ¢´¥Ï-
´¥° ¸¨²Ò ¶¥·¥¤ ¤¢Ê³Ö ¶µ¸²¥¤µ¢ É¥²Ó´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¸±µ·µ¸É¨ ¸µµÉ¢¥É-
¸É¢¥´´µ. ‡  ´µ¢µ¥ ´ Î ²µ µÉ¸Î¥É  ³´¨³µ£µ ¢·¥³¥´¨ ¶·¨´ÖÉ Í¥´É· n-£µ ¨³-
¶Ê²Ó¸  ¸±µ·µ¸É¨ τ ′

0 (¸³. ·¨¸. 2). „²Ö Ê¶·µÐ¥´¨Ö § ¶¨¸¨ Ëµ·³Ê² ¢¢¥¤¥³ ¸²¥-
¤ÊÕÐ¥¥ µ¡µ§´ Î¥´¨¥:

C(ϕn) = −
∆τ∫

−∆τ

dτ ′ẋ(τ ′)

(
2

+∞∑
m=1

cos (mϕn + mντ ′) + 1

)
. (72)

�µ¸²¥ ¶µ¤¸É ´µ¢±¨ Ê· ¢´¥´¨Ö (70) ¢ (71) ¨ · §²µ¦¥´¨Ö § ¢¨¸ÖÐ¨Ì µÉ ³ ²µ£µ
¶ · ³¥É·  ε ËÊ´±Í¨° ¢ ·Ö¤Ò Œ ±²µ·¥´  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ²¨´¥°´ÒÌ ¶µ ε Î²¥-
´µ¢ ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ µÉµ¡· ¦¥´¨¥, µ¶¨¸Ò¢ ÕÐ¥¥ ¶µ¢¥¤¥´¨¥ ¨´¸É ´Éµ´´ÒÌ
·¥Ï¥´¨° ¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò (60):

ϕn+1 = ϕn +
πν

ω(In)

(
1 − εω′(In)

ω2(In)T
C(ϕn)

)
, (73)

£¤¥ ω′(In) ¥¸ÉÓ ¶·µ¨§¢µ¤´ Ö ¶µ ¶¥·¥³¥´´µ° ¤¥°¸É¢¨Ö µÉ ´¥²¨´¥°´µ° Î -
¸ÉµÉÒ ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò, ¤²Ö ±µÉµ·µ° ¢¡²¨§¨ ¸¥¶ · É·¨¸Ò ¸¶· ¢¥¤²¨¢ 
µÍ¥´±  [11, ¸. 131]:

|ω′(In)| � ω3(In)
πω0

1
|H − Hc|

. (74)

‡¤¥¸Ó Hc ≡ ω2
0 Å ÔÉµ Ô´¥·£¨Ö ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò ´  ¸¥¶ · É·¨¸¥; H Å

Ô´¥·£¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö §´ Î¥´¨Õ ¶¥·¥³¥´´µ° ¤¥°¸É¢¨Ö In.
„²Ö ¶µ²ÊÎ¥´¨Ö Ö¢´µ£µ ¢¨¤  µÉµ¡· ¦¥´¨Ö (73) ¢ÒÎ¨¸²¨³ ¢¥²¨Î¨´Ê (72),

¶·¥¤¶µ² £ Ö ν > ω0, É. ¥. ¸Î¨É Ö, ÎÉµ Î ¸ÉµÉ  ¢µ§³ÊÐ ÕÐ¥° ¸¨²Ò ¶·¥¢ÒÏ ¥É
Î ¸ÉµÉÒ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò (61). �·¨ ÔÉµ³ ¤²Ö
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Ê¶·µÐ¥´¨Ö  ´ ²¨§  ¤¨´ ³¨±¨ µÉµ¡· ¦¥´¨Ö ¨ ¶·¨¢¥¤¥´¨Ö ¥£µ ± ¢¨¤Ê, ¡²¨§-
±µ³Ê ± Ìµ·µÏµ ¨§ÊÎ¥´´µ³Ê ¸É ´¤ ·É´µ³Ê µÉµ¡· ¦¥´¨Õ [31], ¢ ·Ö¤Ê, ±µÉµ·Ò°
¶µ²ÊÎ¨É¸Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ C(ϕn), µ£· ´¨Î¨³¸Ö Î²¥´µ³, ¶·µ¶µ·Í¨µ´ ²Ó´Ò³
´ ¨³¥´ÓÏ¥° ¸É¥¶¥´¨ exp (−νπ/2ω0).

‡ ¢¨¸¨³µ¸ÉÓ ¸±µ·µ¸É¨ µÉ ¢·¥³¥´¨ ´  ¸¥¶ · É·¨¸¥ ´¥¢µ§³ÊÐ¥´´µ° ¸¨-
¸É¥³Ò ¨³¥¥É ¢¨¤ [11, ¸. 17]:

ẋ = ± 2ω0

cosh ω0τ ′ , (75)

£¤¥ · §´Ò¥ §´ ±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¤¢¨¦¥´¨Õ ¸¨¸É¥³Ò ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ -
¶· ¢²¥´¨ÖÌ. �µ¤¸É ¢²ÖÖ ÔÉµ ¢Ò· ¦¥´¨¥ ¢ (72) ¨ ¢ÒÎ¨¸²ÖÖ É ¡²¨Î´Ò¥ ¨´É¥-
£· ²Ò (¸³. [6, ¸. 517]), ¶µ²ÊÎ¨³

C(ϕn) = ∓4π
+∞∑
m=1

sech
mνπ

2ω0
cos mϕn ∓ 4π. (76)

‚µ¸¶µ²Ó§Ê¥³¸Ö ¸²¥¤ÊÕÐ¨³ · §²µ¦¥´¨¥³ £¨¶¥·¡µ²¨Î¥¸±µ£µ ¸¥± ´¸  ¶µ ¸É¥¶¥-
´Ö³ Ô±¸¶µ´¥´ÉÒ ¥£µ  ·£Ê³¥´É  [6, ¸.37]:

sech x = 2
+∞∑
k=0

(−1)k e−(2k+1)x (x > 0). (77)

�£· ´¨Î¨¢ Ö¸Ó ¢±² ¤µ³ ¸² £ ¥³ÒÌ, ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ´ ¨³¥´ÓÏ¥° ¸É¥¶¥´¨
exp (−πν/2ω0), ¶·¨Ìµ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö C(ϕn):

C(ϕn) = ∓8π exp
(
− πν

2ω0

)
cos ϕn ∓ 4π. (78)

’ ±¨³ µ¡· §µ³, µÉµ¡· ¦¥´¨¥ (73) ¶·¨³¥É ¢¨¤

ψn+1 = ψn + Bn ± K0 sin ψn, (79)

£¤¥

Bn =
πν

ω(In)
± 2εν2

ω0

1
|H − Hc|

, (80)

K0 =
4εν2

ω0|H − Hc|
exp
(
− πν

2ω0

)
. (81)

„²Ö Éµ£µ ÎÉµ¡Ò ¶µ¤Î¥·±´ÊÉÓ ¸¢Ö§Ó ¸µ ¸É ´¤ ·É´Ò³ µÉµ¡· ¦¥´¨¥³, ¢ Ëµ·-
³Ê²¥ (79) ¶·µ¨§¢¥¤¥´ ¸¤¢¨£ Ë §µ¢µ° ¶¥·¥³¥´´µ° ψn = ϕn − π/2. 	¥§ ÊÎ¥É 
¸² £ ¥³ÒÌ Bn µÉµ¡· ¦¥´¨¥ (79) ¶·¨³¥É ¢¨¤ ¸É ´¤ ·É´µ£µ µÉµ¡· ¦¥´¨Ö [11,
31]. �µ± ¦¥³, ÎÉµ ¤µ¡ ¢²¥´¨¥ ¶·µ¨§¢µ²Ó´ÒÌ ¸² £ ¥³ÒÌ Bn ´¥ ¢²¨Ö¥É ´  ¥£µ
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µ¸´µ¢´Ò¥ ¸¢µ°¸É¢ , É ±¨¥ ± ± ¶ · ³¥É· ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ ¨ ¶µ¢¥¤¥-
´¨¥ ±µ··¥²ÖÉµ·  ´  ¡µ²ÓÏ¨Ì ¢·¥³¥´ Ì.

‚ÒÎ¨¸²¨³ ¶ · ³¥É· ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ K ¤²Ö µÉµ¡· ¦¥´¨Ö (79).
�´ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ [11, ¸. 125]:∣∣∣∣δψn+1

δψn
− 1
∣∣∣∣ = K| cos ψn|. (82)

�·¨ K > 1 ¤¢¨¦¥´¨¥ ²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ, ¥¸²¨ ¦¥ K < 1, Éµ ¶µ¢¥¤¥´¨¥
¸¨¸É¥³Ò Ê¸Éµ°Î¨¢µ. ‚¨¤´µ, ÎÉµ ¢ ¸²ÊÎ ¥ µÉµ¡· ¦¥´¨Ö (79), ± ± ¨ ¢ ¸²ÊÎ ¥
¸É ´¤ ·É´µ£µ µÉµ¡· ¦¥´¨Ö, ¶ · ³¥É· ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ K ¸µ¢¶ ¤ ¥É
¸ ±µÔËË¨Í¨¥´Éµ³ K0 ¨ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (81). ˆ§ Ê¸²µ¢¨Ö K = 1 ¸²¥¤Ê¥É,
ÎÉµ ¶µ²ÊÏ¨·¨´  ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ ¶µ Ô´¥·£¨¨ · ¢´ 

1
2
∆H = |Hc − Hb| =

4εν2

ω0
exp
(
− πν

2ω0

)
. (83)

‡¤¥¸Ó Hb µ¡µ§´ Î ¥É µÍ¥´µÎ´ÊÕ ¢¥²¨Î¨´Ê Ô´¥·£¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° £· ´¨Í¥
¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ.

‚ÒÎ¨¸²¨³ ±µ··¥²ÖÉµ· µÉµ¡· ¦¥´¨Ö (79), µ¶·¥¤¥²Ö¥³Ò° ¢Ò· ¦¥´¨¥³ [11,
¸. 125]:

R(r, τn|s, τ0) =
1
2π

2π∫
0

dψ0 exp i(rψn − sψ0), (84)

£¤¥ τn µ¡µ§´ Î ¥É ³µ³¥´É ¢·¥³¥´¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° n-° ¨É¥· Í¨¨ µÉµ¡· -
¦¥´¨Ö. �µ¤¸É ¢²ÖÖ (79) ¢ (84) ¨ ¨¸¶µ²Ó§ÊÖ · §²µ¦¥´¨¥ Ô±¸¶µ´¥´ÉÒ ¸¨´Ê¸µ¨-
¤ ²Ó´µ° ËÊ´±Í¨¨ ¢ ·Ö¤ ¶µ ËÊ´±Í¨Ö³ 	¥¸¸¥²Ö, ¶µ²ÊÎ¨³

R(r, τn|s, τ0) =
1
2π

m=+∞∑
m=−∞

Jm(rK0) eirBnR(r + m, τn−1|s, τ0). (85)

�·µ¤µ²¦¨³ ¨É¥· Í¨µ´´Ò° ¶·µÍ¥¸¸, ¨¸¶µ²Ó§ÊÖ ¸²¥¤ÊÕÐÊÕ  ¸¨³¶ÉµÉ¨±Ê ËÊ´±-
Í¨° 	¥¸¸¥²Ö:

Jm(rK0) ∼
1

(rK0)1/2
, K0 � 1. (86)

’ ±¨³ µ¡· §µ³, ¤²Ö ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨°, · ¸¶µ²µ¦¥´´ÒÌ ¤µ¸É ÉµÎ´µ ¡²¨§-
±µ ± ¸¥¶ · É·¨¸¥ ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò (61), ¶µ²ÊÎ¨³

R(r, τn|s, τ0) ∼ exp
(
−n

2
ln (rK0)

)
δrs, (87)

£¤¥ ¨¸¶µ²Ó§µ¢ ´µ ¸¢µ°¸É¢µ R(r, τ0|s, τ0) = δrs. �µ²ÊÎ¥´´Ò° ±µ··¥²ÖÉµ· ¸µ-
¢¶ ¤ ¥É ¸ ±µ··¥²ÖÉµ·µ³ ¸É ´¤ ·É´µ£µ µÉµ¡· ¦¥´¨Ö. ˆ§ ¢Ò· ¦¥´¨Ö (87) ¸²¥-
¤Ê¥É, ÎÉµ ±µ··¥²ÖÉµ· ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨° ¢´ÊÉ·¨ ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ
(K0 > 1) Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸¶ ¤ ¥É, É ±¨³ µ¡· §µ³, Ê± § ´´Ò¥ ·¥Ï¥´¨Ö µ¡² -
¤ ÕÉ ¸¢µ°¸É¢µ³ ¶¥·¥³¥Ï¨¢ ´¨Ö ¨ Ö¢²ÖÕÉ¸Ö Ì µÉ¨Î¥¸±¨³¨.
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3.3. ‘¦ É¨¥ · §·¥¦¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ § . �  ¶·¨³¥·¥ ¸¨¸É¥³Ò (61)
¶·¨¢¥¤¥³ ¸¢µ¤±Ê Ëµ·³Ê², µ¶¨¸Ò¢ ÕÐ¨Ì ¸¢µ°¸É¢  ´¥¢µ§³ÊÐ¥´´µ£µ ¨´¸É ´-
Éµ´´µ£µ £ § . ˆ§ ¢Ò· ¦¥´¨Ö (67) ¸²¥¤Ê¥É, ÎÉµ ¸·¥¤´¥¥ Î¨¸²µ ¨´¸É ´Éµ´´ÒÌ
¶¥·¥Ìµ¤µ¢ §  ¢·¥³Ö Γ

〈q〉 = e−Sinst
Γ
√

Sinst. (88)

�·¨ ¶·¥´¥¡·¥¦¥´¨¨ · §³¥· ³¨ ¨´¸É ´Éµ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ · ¸¸ÉµÖ´¨Ö³¨
³¥¦¤Ê ´¨³¨ (¶·¨¡²¨¦¥´¨¥ · §·¥¦¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ § ) ¸·¥¤´¥¥ · ¸-
¸ÉµÖ´¨¥ ³¥¦¤Ê ¨´¸É ´Éµ´ ³¨ η0 ¨ ¸·¥¤´ÖÖ ¶²µÉ´µ¸ÉÓ ´¥¢µ§³ÊÐ¥´´µ£µ ¨´-
¸É ´Éµ´´µ£µ £ §  § ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

η0 =
Γ
〈q〉 =

eSinst

√
Sinst

, (89)

ρ0 = η−1
0 = e−Sinst√

Sinst = 2
√

2ω0 e−8ω0 . (90)

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ·¥§Ê²ÓÉ ÉÒ (89), (90) ¶µ²ÊÎ¥´Ò ¶·¨ ÊÎ¥É¥ ¢±² ¤µ¢ ± ±
ÉµÎ´ÒÌ (µ¤´µ¨´¸É ´Éµ´´ÒÌ) ·¥Ï¥´¨° ¥¢±²¨¤µ¢ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, É ± ¨
³Ê²ÓÉ¨¨´¸É ´Éµ´´ÒÌ ±µ´Ë¨£Ê· Í¨°.

� ¸¸³µÉ·¨³ ¢²¨Ö´¨¥ ³ ²µ£µ ¢µ§³ÊÐ¥´¨Ö (62) ´  ¸¢µ°¸É¢  · §·¥¦¥´´µ£µ
¨´¸É ´Éµ´´µ£µ £ § . �Í¥´¨³ ¸·¥¤´¥¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¨´¸É ´Éµ´ ³¨ ¨ ¸·¥¤-
´ÕÕ ¶²µÉ´µ¸ÉÓ ¢µ§³ÊÐ¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ § .

‘·¥¤´¥¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¨´¸É ´Éµ´ ³¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦¥É ¡ÒÉÓ µÍ¥-
´¥´µ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

η ≈ π

ωav
, ωav ≡ ω([Hb + Hc]/2), (91)

£¤¥ ¨¸¶µ²Ó§µ¢ ´Ò µ¡µ§´ Î¥´¨Ö ¶. 3.2. — ¸ÉµÉ  ´¥²¨´¥°´ÒÌ ±µ²¥¡ ´¨° ´¥¢µ§-
³ÊÐ¥´´µ° ¸¨¸É¥³Ò (61) ¢¡²¨§¨ ¥¥ ¸¥¶ · É·¨¸Ò § ¤ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¶·¨¡²¨-
¦¥´´Ò³ ¢Ò· ¦¥´¨¥³ [11, ¸. 18Ä19]:

ω(H) ≡ dH0

dI
≈ π√

2

√
Hs + H

ln
16(Hs + H)

H − Hs

, |H − Hs| � Hs. (92)

’ ±¨³ µ¡· §µ³, Ì · ±É¥·´Ò° ¨´É¥·¢ ² ³¥¦¤Ê ¨´¸É ´Éµ´´Ò³¨ ¶¥·¥Ìµ¤ ³¨ · -
¢¥´

η ≈ πν

2ω2
0

+
1
ω0

ln
8ω3

0

εν2
. (93)

‘µµÉ¢¥É¸É¢¥´´µ ¸·¥¤´ÖÖ ¶²µÉ´µ¸ÉÓ ¢µ§³ÊÐ¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ § 

ρ =
1
η

=
(

πν

2ω2
0

+
1
ω0

ln
8ω3

0

εν2

)−1

. (94)
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�É³¥É¨³, ÎÉµ ·¥§Ê²ÓÉ É (94) ¶µ²ÊÎ¥´ Éµ²Ó±µ ¶·¨ ÊÎ¥É¥ ÉµÎ´ÒÌ ·¥Ï¥´¨° ¥¢-
±²¨¤µ¢ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö. ‚±² ¤ ¶·¨¡²¨¦¥´´ÒÌ ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥-
´¨° ¶·¨¢¥¤¥É ²¨ÏÓ ± Ê¢¥²¨Î¥´¨Õ ¶²µÉ´µ¸É¨ ¢µ§³ÊÐ¥´´µ£µ ¨´¸É ´Éµ´´µ£µ
£ § . ‘· ¢´¥´¨¥ ¶²µÉ´µ¸É¥° ¨´¸É ´Éµ´´µ£µ £ §  ¶·¨ ´ ²¨Î¨¨ ¨ µÉ¸ÊÉ¸É¢¨¨
¢µ§³ÊÐ¥´¨Ö ¤ ¥É ¸²¥¤ÊÕÐ¨° ·¥§Ê²ÓÉ É:

ρ

ρ0
≈ 1√

2
ω0

√
ω0

πν + 2ω0 ln
8ω3

0

εν2

exp (8ω0). (95)

�±¸¶µ´¥´Í¨ ²Ó´Ò° ³´µ¦¨É¥²Ó ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ µÉ´µÏ¥´¨¥ (95) ¢¥²¨±µ
¶·¨ ¡µ²ÓÏ¨Ì ω0 (ÔÉµ · ¢´µ¸¨²Ó´µ ¸²ÊÎ Õ ¢Ò¸µ±¨Ì ¶µÉ¥´Í¨ ²Ó´ÒÌ ¡ ·Ó¥·µ¢),
  É ±¦¥ ¶·¨ ³ ²ÒÌ, ´µ ´¥´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ ε. ’ ±¨³ µ¡· §µ³, ¶·¨ Ê± § ´´ÒÌ
¢ÒÏ¥ Ê¸²µ¢¨ÖÌ ¢µ§³ÊÐ¥´¨¥ (62) ¶·¨¢µ¤¨É ± ·¥§±µ³Ê Ê¢¥²¨Î¥´¨Õ ¶²µÉ´µ¸É¨
¨´¸É ´Éµ´´µ£µ £ § .

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¶²µÉ´µ¸É¨ ρ ¨¸¶µ²Ó§µ¢ ²¨¸Ó Éµ²Ó±µ ÉµÎ´Ò¥ ±² ¸¸¨Î¥-
¸±¨¥ ·¥Ï¥´¨Ö ¥¢±²¨¤µ¢ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö ¶µ²Ê-
Î¥´¨Ö ´¥´Ê²¥¢µ£µ §´ Î¥´¨Ö ¶²µÉ´µ¸É¨ ρ0 É·¥¡µ¢ ²µ¸Ó ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥
¢±² ¤Ò ¶·¨¡²¨¦¥´´ÒÌ ³Ê²ÓÉ¨¨´¸É ´Éµ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. ’ ±¨³ µ¡· §µ³,
¨§-§  · §²¨Î¨° ¢ ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ ¢ ¢Ò· ¦¥´¨¨ (95) ´¥ ³µ¦¥É
¡ÒÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ µ¸ÊÐ¥¸É¢²¥´ ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìµ¤ ε → 0. �¤´ ±µ ¸µµÉ-
¢¥É¸É¢¨¥ ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ ¢µ§³ÊÐ¥´´µ³ ¨ ´¥¢µ§³ÊÐ¥´´µ³
¸²ÊÎ ÖÌ, ³µ¦´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ¨¸Ìµ¤Ö ¨§ Ëµ·³Ê²Ò (94): ¶·¨ ε = 0 ± ±
¶²µÉ´µ¸ÉÓ ¢µ§³ÊÐ¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ §  ρ, É ± ¨ ¶²µÉ´µ¸ÉÓ ¢ ´¥¢µ§³Ê-
Ð¥´´µ³ ¸²ÊÎ ¥ ρ0 · ¢´Ò ´Ê²Õ ¶·¨ ÊÎ¥É¥ ¢±² ¤µ¢ Éµ²Ó±µ ÉµÎ´ÒÌ ·¥Ï¥´¨°
¥¢±²¨¤µ¢ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ.

�²µÉ´µ¸ÉÓ ¨´¸É ´Éµ´´µ£µ £ §  ¸¢Ö§ ´  ¸ ´ ¡²Õ¤ ¥³Ò³¨ ¢¥²¨Î¨´ ³¨,
¢ Î ¸É´µ¸É¨, ¢¥·µÖÉ´µ¸ÉÓ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ¶·µ¶µ·-
Í¨µ´ ²Ó´  ρ2,   Ï¨·¨´  µ¸´µ¢´µ° §µ´Ò ¢ ¸¶¥±É·¥ ¸¨¸É¥³Ò ²¨´¥°´µ § ¢¨¸¨É
µÉ ρ.

� ¸¸³µÉ·¨³ ¸¨¸É¥³Ê, µ¶¨¸Ò¢ ¥³ÊÕ £ ³¨²ÓÉµ´¨ ´µ³ (60). ‚ ¸¨²Ê ¶¥-
·¨µ¤¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¢µ§³ÊÐ¥´¨Ö (62) µÉ ¢·¥³¥´¨ Ô´¥·£¨Ö ´¥ Ö¢²Ö¥É¸Ö
ÉµÎ´Ò³ ¨´É¥£· ²µ³ ¤¢¨¦¥´¨Ö, ¥¥ ·µ²Ó ¢Ò¶µ²´Ö¥É ¢¥²¨Î¨´ , ´ §Ò¢ ¥³ Ö ±¢ -
§¨Ô´¥·£¨¥° [102]. ‚ · ³± Ì ¨´¸É ´Éµ´´µ£µ ¶µ¤Ìµ¤  µÍ¥´¨³ ¢±² ¤ Ì µÉ¨Î¥-
¸±¨Ì ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨° (¸³. ¶. 3.2) ¢  ³¶²¨ÉÊ¤Ê ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ
ÉÊ´´¥²¨·µ¢ ´¨Ö, § É¥³, ¨¸¶µ²Ó§ÊÖ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ, µÍ¥´¨³ Ï¨·¨´Ê
µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò ¢ ¸¶¥±É·¥ ¸¨¸É¥³Ò.

„²Ö µ¶·¥¤¥²¥´´µ¸É¨ · ¸¸³µÉ·¨³ ÉÊ´´¥²¨·µ¢ ´¨¥ ³¥¦¤Ê ¸µ¸¥¤´¨³¨ ¶µ-
É¥´Í¨ ²Ó´Ò³¨ Ö³ ³¨ ¸¨¸É¥³Ò (60), ¸ ±µµ·¤¨´ É ³¨ Í¥´É·µ¢ x = −π ¨ x = π.
‚ ¥¢±²¨¤µ¢µ³ ¢·¥³¥´¨ ÔÉµÉ ¶·µÍ¥¸¸ µ¶¨¸Ò¢ ¥É¸Ö Ì µÉ¨Î¥¸±¨³¨ ¨´¸É ´Éµ´-
´Ò³¨ ·¥Ï¥´¨Ö³¨ xchaos(τ), ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ § ¤ ¥É¸Ö
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¢Ò· ¦¥´¨¥³

Schaos =

+∞∫
−∞

dτ

(
1
2
ẋ2

chaos + ω2
0 cos xchaos − εxchaos

+∞∑
n=−∞

δ(τ − nT )

)
. (96)

‘ÉµÌ ¸É¨Î¥¸±¨° ¸²µ°, ¢´ÊÉ·¨ ±µÉµ·µ£µ · ¸¶µ² £ ÕÉ¸Ö Ì µÉ¨Î¥¸±¨¥ ¨´¸É ´-
Éµ´´Ò¥ ·¥Ï¥´¨Ö, ¨³¥¥É Ï¨·¨´Ê ¶µ·Ö¤±  ε (¸³. (83)). ‘²¥¤µ¢ É¥²Ó´µ, ¶·µ-
¨§¢µ²Ó´µ¥ Ì µÉ¨Î¥¸±µ¥ ¨´¸É ´Éµ´´µ¥ ·¥Ï¥´¨¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥
xchaos = xinst + ε∆xchaos, £¤¥ xinst ¥¸ÉÓ ´¥¢µ§³ÊÐ¥´´µ¥ ¨´¸É ´Éµ´´µ¥ ·¥Ï¥-
´¨¥ (65),   ∆xchaos ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ´¥±µÉµ·ÊÕ ¸ÉµÌ ¸É¨Î¥¸±ÊÕ ¤µ¡ ¢±Ê.
’ ±¨³ µ¡· §µ³, ¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ ¶·µ¨§¢µ²Ó´µ£µ Ì µÉ¨Î¥¸±µ£µ ¨´¸É ´Éµ´-
´µ£µ ·¥Ï¥´¨Ö ¨³¥¥É ¢¨¤

Schaos =

+∞∫
−∞

dτ

(
1
2
ẋ2

inst − εẍinst∆xchaos+

+ ω2
0 cos (xinst + ε∆xchaos) − εxinst

+∞∑
n=−∞

δ(τ − nT ) + O(ε2)

)
. (97)

‚ ¸¨²Ê ´¥Î¥É´µ¸É¨ ËÊ´±Í¨¨ xinst ¨´É¥£· ² µÉ ¸Ê³³Ò ¤¥²ÓÉ -ËÊ´±Í¨° µ¡· -
Ð ¥É¸Ö ¢ ´Ê²Ó. —²¥´Ò, ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ∆xchaos, ¸µ±· Ð ÕÉ¸Ö ¸µ£² ¸´µ
Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¨Ìµ¤¨³ ±
µÍ¥´±¥

Schaos = Sinst + O(ε2). (98)

�·¥¤¶µ²µ¦¨³, ÎÉµ ¸ÉµÌ ¸É¨Î¥¸±¨° ¸²µ° ¢ µ±·¥¸É´µ¸É¨ ¸¥¶ · É·¨¸Ò ¸¨¸É¥³Ò
Ö¢²Ö¥É¸Ö µ¤´µ·µ¤´Ò³, ¤·Ê£¨³¨ ¸²µ¢ ³¨, Ë §µ¢Ò° µ¡Ñ¥³, § ´¨³ ¥³Ò° µ¡² -
¸ÉÖ³¨ Ê¸Éµ°Î¨¢µ£µ ¤¢¨¦¥´¨Ö ¢µ±·Ê£ Ô²²¨¶É¨Î¥¸±¨Ì ÉµÎ¥± ´¥²¨´¥°´ÒÌ ·¥§µ-
´ ´¸µ¢ ¶·µ¨§¢µ²Ó´ÒÌ ¶µ·Ö¤±µ¢, Ö¢²Ö¥É¸Ö ¶·¥´¥¡·¥¦¨³µ ³ ²Ò³ ¶µ ¸· ¢´¥´¨Õ
¸ Ë §µ¢Ò³ µ¡Ñ¥³µ³ Š�Œ-Éµ·µ¢ ¢ ¢Ò¡· ´´µ° ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥. „²Ö µÍ¥´±¨
¢±² ¤  Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨° ¢  ³¶²¨ÉÊ¤Ê ÉÊ´´¥²¨·µ¢ ´¨Ö ¶·¨-
³¥³, ÎÉµ ¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ Ì µÉ¨Î¥¸±µ° µ¤´µ¨´¸É ´Éµ´´µ° ±µ´Ë¨£Ê· Í¨¨
¶·¨¡²¨¦¥´´µ · ¢´µ ¥¢±²¨¤µ¢Ê ¤¥°¸É¢¨Õ ´¥¢µ§³ÊÐ¥´´µ£µ ¨´¸É ´Éµ´  ¶·¨ ´¥-
³¨´¨³ ²Ó´µ° Ô´¥·£¨¨. “± § ´´Ò¥ Ê¸²µ¢¨Ö ¶·¨¢µ¤ÖÉ ± ¸²¥¤ÊÕÐ¨³ µ£· ´¨Î¥-
´¨Ö³ ´  §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò [70]:

ε � α � 1, ν > ω0, α =
I

ω(I)

∣∣∣∣dω

dI

∣∣∣∣ . (99)

‡¤¥¸Ó ε ≡ ε/ω2
0 µ¡µ§´ Î ¥É ¡¥§· §³¥·´ÊÕ ±µ´¸É ´ÉÊ ¸¢Ö§¨; α Ö¢²Ö¥É¸Ö ¶ · -

³¥É·µ³, Ì · ±É¥·¨§ÊÕÐ¨³ ¸É¥¶¥´Ó ´¥²¨´¥°´µ¸É¨ ¸¨¸É¥³Ò [11, ¸. 15]; I Å
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¶¥·¥³¥´´ Ö ¤¥°¸É¢¨Ö,   ω(I) Å ´¥²¨´¥°´ Ö Î ¸ÉµÉ  ¸¨¸É¥³Ò. Œ ²µ¸ÉÓ ´¥-
²¨´¥°´µ£µ ·¥§µ´ ´¸  ¶¥·¢µ£µ ¶µ·Ö¤±  ´ ±² ¤Ò¢ ¥É ¤µ¶µ²´¨É¥²Ó´µ¥ µ£· ´¨-
Î¥´¨¥,   ¨³¥´´µ: Ï¨·¨´  ¶¥·¢µ£µ ·¥§µ´ ´¸  ¶µ Î ¸ÉµÉ¥ ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´ 
¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

δω ∼ (εω′
1)

1/2, ω′
1 ≡ dω(I)

dI

∣∣∣∣∣
I=I1

. (100)

‡´ Î¥´¨¥ ¶¥·¥³¥´´µ° ¤¥°¸É¢¨Ö I1 µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³ ·¥§µ´ ´¸  ¶¥·¢µ£µ
¶µ·Ö¤±  ω(I1) = ν. ˜¨·¨´  ¶¥·¢µ£µ ·¥§µ´ ´¸  ¶µ ¤¥°¸É¢¨Õ ³µ¦¥É ¡ÒÉÓ
µÍ¥´¥´  ± ± δI = (ε/ω′

1)1/2. “¸²µ¢¨¥ ³ ²µ¸É¨ ¶¥·¢µ£µ ·¥§µ´ ´¸  ¨³¥¥É ¢¨¤
δI � ω0. ’ ±¨³ µ¡· §µ³, ´¥ § ¢¨¸ÖÐ¥¥ µÉ ±µ´±·¥É´ÒÌ ¸¢µ°¸É¢ ¸¨¸É¥³Ò
µ£· ´¨Î¥´¨¥ ¶·¥¤¸É ¢¨³µ ¢ ¢¨¤¥

ε1/2 � 1. (101)

“¸²µ¢¨Ö (99), (101) µ¶·¥¤¥²ÖÕÉ µ¡² ¸ÉÓ ¶ · ³¥É·µ¢, ¢ ±µÉµ·µ° ¸¶· ¢¥¤²¨¢
¶·¨¢¥¤¥´´Ò° ´¨¦¥ ³¥Éµ¤ ÊÎ¥É  ¢±² ¤µ¢ Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨°
¢  ³¶²¨ÉÊ¤Ê ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö.

‚ ¶·¨´ÖÉµ³ ¶·¨¡²¨¦¥´¨¨ ¥¤¨´¸É¢¥´´Ò³ ¶·µÖ¢²¥´¨¥³ ¤¥°¸É¢¨Ö ¢´¥Ï´¥£µ
¢µ§³ÊÐ¥´¨Ö Ö¢²Ö¥É¸Ö ¢µ§´¨±´µ¢¥´¨¥ ¤µ¶µ²´¨É¥²Ó´ÒÌ ·¥Ï¥´¨° ¥¢±²¨¤µ¢ÒÌ
Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¶·¨ (¥¢±²¨¤µ¢ÒÌ) Ô´¥·£¨ÖÌ, ¡²¨§±¨Ì ± Ô´¥·£¨¨ ´¥¢µ§-
³ÊÐ¥´´µ£µ µ¤´µ¨´¸É ´Éµ´´µ£µ ·¥Ï¥´¨Ö. ’ ±¨³ µ¡· §µ³,  ³¶²¨ÉÊ¤  ÉÊ´´¥-
²¨·µ¢ ´¨Ö ¢ ¸²ÊÎ ¥ ¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò, ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ´µ·³¨·µ¢µÎ´µ£µ
³´µ¦¨É¥²Ö, ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´  ¶ÊÉ¥³ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ Ô´¥·£¨¨ (¢ ¶·¥-
¤¥² Ì ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ)  ³¶²¨ÉÊ¤Ò ÉÊ´´¥²¨·µ¢ ´¨Ö ¤²Ö ´¥¢µ§³ÊÐ¥´´µ°
¸¨¸É¥³Ò:

A = Ñ

∆H∫
0

dξ

x(τ)≈π∫
x(τ)≈−π

Dx exp [−S[xinst(τ, ξ)]], (102)

£¤¥ S[xinst(τ, ξ)] µ¡µ§´ Î ¥É ¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ ´¥¢µ§³ÊÐ¥´´µ£µ ¨´¸É ´Éµ´-
´µ£µ ·¥Ï¥´¨Ö ¶·¨ ¥¢±²¨¤µ¢µ° Ô´¥·£¨¨ ω2

0 − ξ; ∆H = 2|Hs − Hb| Å Ï¨·¨´ 
¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ; Ñ Å ´µ·³¨·µ¢µÎ´ Ö ¶µ¸ÉµÖ´´ Ö. ˆ´¸É ´Éµ´´µ¥ ¤¥°-
¸É¢¨¥ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢ÒÎ¨¸²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

S[xinst(τ, ξ)] =

a(ξ)∫
−a(ξ)

√
2(ω2

0 cos x − (−ω2
0 + ξ)) dx + (ω2

0 − ξ)Γ =

= 4
√

4ω2
0 − 2ξ E

(
a(ξ),

√
1

1 − ξ/(2ω2
0)

)
+ (ω2

0 − ξ)Γ, (103)
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£¤¥ ±a(ξ) = ±2 arcsin

√
1 − ξ

2ω2
0

¥¸ÉÓ ÉµÎ±¨ ¶µ¢µ·µÉ  ¸¨¸É¥³Ò; Γ Å ¤²¨-

É¥²Ó´µ¸ÉÓ ¶·µÍ¥¸¸  ÉÊ´´¥²¨·µ¢ ´¨Ö; ËÊ´±Í¨Ö E µ¡µ§´ Î ¥É Ô²²¨¶É¨Î¥¸±¨°
¨´É¥£· ² ¢Éµ·µ£µ ·µ¤  ¢ ´µ·³ ²Ó´µ° Ëµ·³¥ ‹¥¦ ´¤·  [20, ¸. 990]. �¥·-
¢µ¥ ¸² £ ¥³µ¥ ¢ Ëµ·³Ê²¥ (103) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ê±µ·µÎ¥´´µ¥ ¥¢±²¨¤µ¢µ
¤¥°¸É¢¨¥ (¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ ¶µ ‹ £· ´¦Ê) [5, ¸. 271]. ‚Éµ·µ¥ ¸² £ ¥³µ¥ ¢
Ëµ·³Ê²¥ (103) ³µ¦´µ µ¶Ê¸É¨ÉÓ, ¢¢¨¤Ê Éµ£µ, ÎÉµ § ¢¨¸ÖÐ¨¥ µÉ Γ ³´µ¦¨É¥²¨
¢ ¢Ò· ¦¥´¨¨ (102) ¢Ò´µ¸ÖÉ¸Ö §  §´ ± ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£·¨·µ¢ ´¨Ö ¨
¢±²ÕÎ ÕÉ¸Ö ¢ ´µ·³¨·µ¢µÎ´Ò° ³´µ¦¨É¥²Ó (¸³. [18, ¸. 226]).

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¢Ò· ¦¥´¨Ö (102), ± ± ¡Ò²µ Ê± § ´µ ¢ÒÏ¥, ´¥ ÊÎ¨ÉÒ¢ -
¥É¸Ö ¢µ§³µ¦´ Ö ¢´ÊÉ·¥´´ÖÖ ¸É·Ê±ÉÊ·  ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ. „ ´´µ¥ ¶·¨¡²¨-
¦¥´¨¥ ¶·¨³¥´¨³µ, ¥¸²¨ Ë §µ¢Ò° µ¡Ñ¥³ ¶¥·¢µ£µ ·¥§µ´ ´¸  ³ ² ¶µ ¸· ¢´¥´¨Õ
¸ Ë §µ¢Ò³ µ¡Ñ¥³µ³ µ¸´µ¢´µ° µ¡² ¸É¨ ·¥£Ê²Ö·´µ£µ ¤¢¨¦¥´¨Ö [70]. ‘¤¥² ¥³
Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¢Ò· ¦¥´¨Ö (102) ¡µ²¥¥ ¶·µ§· Î´Ò³, ¤²Ö ÔÉµ£µ · §²µ¦¨³
¥¢±²¨¤µ¢µ ¤¥°¸É¢¨¥ (103) ¢ ·Ö¤ Œ ±²µ·¥´  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ²¨´¥°´µ£µ ¶µ ξ
Î²¥´ , ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¨¡²¨¦¥´¨Õ Ê§±µ£µ ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ. ‚ ·¥-
§Ê²ÓÉ É¥ ¶·¨¤¥³ ± ¢Ò· ¦¥´¨Õ

S[xinst(τ, ξ)] ≈ 8ω0 −
πξ

ω0
. (104)

‚ÒÎ¨¸²ÖÖ ¨´É¥£· ²Ò ¢ Ëµ·³Ê²¥ (102) ¢ £ Ê¸¸µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨, ¶µ²ÊÎ¨³
¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò ÉÊ´´¥²¨·µ¢ ´¨Ö:

A = Ñ

∆H∫
0

dξ

+∞∫
−∞

dc0

√
S[xinst(τ, ξ)] exp

(
−S[xinst(τ, ξ)]

)
≈

≈ Ñ e−Sinst√
Sinst ΓF = Ñ

√
8ω0 Γ e−8ω0 exp

(
π∆H

ω0

)
, (105)

£¤¥ ¨´É¥£·¨·µ¢ ´¨¥ ¶µ c0 ¤ ¥É ¢±² ¤ ´Ê²¥¢ÒÌ ³µ¤,   Γ µ¡µ§´ Î ¥É ¢·¥³¥´´µ°
¨´É¥·¢ ², ±µÉµ·Ò° § ´¨³ ¥É ÉÊ´´¥²Ó´Ò° ¶¥·¥Ìµ¤ (¢ µ±µ´Î É¥²Ó´ÒÌ ¢Ò· ¦¥-
´¨ÖÌ ¸²¥¤Ê¥É ¶µ²µ¦¨ÉÓ Γ → +∞).

‚Ò· ¦¥´¨¥ (105) ³µ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´µ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³.

Œ´µ¦¨É¥²Ó F = exp
(

π∆H

ω0

)
> 1 ¥¸ÉÓ ¥¤¨´¸É¢¥´´µ¥ · §²¨Î¨¥ ³¥¦¤Ê Ëµ·-

³Ê² ³¨ ¤²Ö ¢µ§³ÊÐ¥´´µ° ¨ ´¥¢µ§³ÊÐ¥´´µ°  ³¶²¨ÉÊ¤ ÉÊ´´¥²¨·µ¢ ´¨Ö. Š Î¥-
¸É¢¥´´µ ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ F ¥¸ÉÓ ÔËË¥±É¨¢´µ¥ Î¨¸²µ Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´-
Éµ´´ÒÌ ·¥Ï¥´¨° ¢´ÊÉ·¨ ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ, ¤ ÕÐ¨Ì ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤
¢  ³¶²¨ÉÊ¤Ê ÉÊ´´¥²¨·µ¢ ´¨Ö. ‚ · ³± Ì É ±µ° ¨´É¥·¶·¥É Í¨¨ µÉÎ¥É²¨¢µ ¶·µ-
¸²¥¦¨¢ ¥É¸Ö ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ¢µ§³ÊÐ¥´´Ò³ ¨ ´¥¢µ§³ÊÐ¥´´Ò³ ¸²ÊÎ Ö³¨:
¶·¨ ε = 0 (µÉ¸ÊÉ¸É¢¨¥ ¢µ§³ÊÐ¥´¨Ö) Ï¨·¨´  ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ ∆H = 0,
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  F = 1, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¥¤¨´¸É¢¥´´µ³Ê ´¥¢µ§³ÊÐ¥´´µ³Ê ¨´¸É ´Éµ´´µ³Ê
·¥Ï¥´¨Õ.

ˆ§ ¢Ò· ¦¥´¨Ö (105) ´¥¶µ¸·¥¤¸É¢¥´´µ ¸²¥¤Ê¥É, ÎÉµ Ï¨·¨´  µ¸´µ¢´µ° ±¢ -
§¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò ¢ ¸¶¥±É·¥ ¸¨¸É¥³Ò · ¢´ 

∆E ≈ Ñ e−Sinst√
SinstF, F = exp

(
π∆H

ω0

)
> 1 (106)

¨ µÉ²¨Î ¥É¸Ö µÉ Ï¨·¨´Ò §µ´Ò ¢ ´¥¢µ§³ÊÐ¥´´µ³ ¸²ÊÎ ¥ ³´µ¦¨É¥²¥³ F . ’ -
±¨³ µ¡· §µ³, ´ ¡²Õ¤ ¥³Ò³ ¸¢¨¤¥É¥²Ó¸É¢µ³ ´ ²¨Î¨Ö Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´Éµ´-
´ÒÌ ·¥Ï¥´¨° Ö¢²Ö¥É¸Ö Ô±¸¶µ´¥´Í¨ ²Ó´µ¥ ÊÏ¨·¥´¨¥ µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨-
Î¥¸±µ° §µ´Ò ¸ ·µ¸Éµ³ Ï¨·¨´Ò ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ ∆H , ¶·µ¶µ·Í¨µ´ ²Ó´µ°
¢¥²¨Î¨´¥ ¢µ§³ÊÐ¥´¨Ö ε (¸³. Ëµ·³Ê²Ê (83)).

�µ¤Î¥·±´¥³, ÎÉµ Ô±¸¶µ´¥´Í¨ ²Ó´µ¥ ÊÏ¨·¥´¨¥ µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨-
Î¥¸±µ° §µ´Ò ¡Ê¤¥É ´ ¡²Õ¤ ÉÓ¸Ö ¨ ¶·¨ ¤·Ê£¨Ì, µÉ²¨Î´ÒÌ µÉ (62) ¢¨¤ Ì ¶¥-
·¨µ¤¨Î¥¸±µ£µ ¶µ ¢·¥³¥´¨ ¢µ§³ÊÐ¥´¨Ö. �·¨Î¨´µ° Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ
³¥Ì ´¨§³  ¸ÉµÌ ¸É¨Î¥¸±µ£µ · §·ÊÏ¥´¨Ö ¸¥¶ · É·¨¸Ò ¶µ¤ ¤¥°¸É¢¨¥³ ¶¥·¨µ-
¤¨Î¥¸±µ£µ ¢µ§³ÊÐ¥´¨Ö. ‚ Î ¸É´µ¸É¨, ± ± ¶µ± § ´µ ¢ ±´¨£¥ [11, ¸. 132], ¶·¨
§ ³¥´¥ ¸Ê³³Ò ¤¥²ÓÉ -ËÊ´±Í¨° ¢ Ëµ·³Ê²¥ (62) ´  cos ντ ¸ Éµ° ¦¥ Î ¸ÉµÉµ°
Ï¨·¨´  ¸ÉµÌ ¸É¨Î¥¸±µ£µ ¸²µÖ ¨ ±µÔËË¨Í¨¥´É ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ ¸µ-
Ì· ´ÖÕÉ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ Î¨¸²¥´´µ£µ ³´µ¦¨É¥²Ö ¶·¥¦´¨° ¢¨¤, § ¤ ¢ ¥³Ò°
¢Ò· ¦¥´¨Ö³¨ (83) ¨ (81). ‘²¥¤µ¢ É¥²Ó´µ, ¢¸¥ ¤ ²Ó´¥°Ï¨¥ · ¸¸Ê¦¤¥´¨Ö, ¶·¨-
¢µ¤ÖÐ¨¥ ± ¢Ò¢µ¤Ê µ¡ Ô±¸¶µ´¥´Í¨ ²Ó´µ³ Ê¢¥²¨Î¥´¨¨ Ï¨·¨´Ò µ¸´µ¢´µ° ±¢ -
§¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò ¸ ·µ¸Éµ³ ¢¥²¨Î¨´Ò ¢µ§³ÊÐ¥´¨Ö, µ¸É ÕÉ¸Ö ¢ ¸¨²¥.

3.4. —¨¸²¥´´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¸¢µ°¸É¢ ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö.
‚ ÔÉµ³ ¶Ê´±É¥ ¡Ê¤¥É ¶·µ¢¥·¥´µ ¸µµÉ¢¥É¸É¢¨¥ ¢Ò¢µ¤µ¢, ¸¤¥² ´´ÒÌ ¢ÒÏ¥, ¨
·¥§Ê²ÓÉ Éµ¢ Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ¸¶¥±É·  ¨ ¤¨´ ³¨±¨ ¢µ²´µ¢ÒÌ ¶ ±¥-
Éµ¢ ¶¥·¨µ¤¨Î¥¸±¨ ¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò (61). „²Ö Éµ£µ ÎÉµ¡Ò ¶µ¤Î¥·±´ÊÉÓ
Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¶µ µÉ´µÏ¥´¨Õ ± ¢Ò¡µ·Ê ±µ´±·¥É-
´µ£µ ¢¨¤  ¶¥·¨µ¤¨Î¥¸±µ£µ ¶µ ¢·¥³¥´¨ ¢µ§³ÊÐ¥´¨Ö, ¸´ Î ²  Î¨¸²¥´´µ µ¶·¥-
¤¥²¨³ § ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò µÉ ¥£µ ¢¥²¨-
Î¨´Ò ¢ ¸²ÊÎ ¥ ±µ¸¨´Ê¸µ¨¤ ²Ó´µ° § ¢¨¸¨³µ¸É¨ µÉ ¢·¥³¥´¨. ‡ É¥³, ´  ¶·¨³¥·¥
¸¨¸É¥³Ò (61), (62), Î¨¸²¥´´µ ¶·µ³µ¤¥²¨·Ê¥³ ¨§³¥´¥´¨¥ ¤¨´ ³¨±¨ £ Ê¸¸µ¢-
¸±µ£µ ¢µ²´µ¢µ£µ ¶ ±¥É  ¶·¨ ÉÊ´´¥²Ó´ÒÌ ¶¥·¥Ìµ¤ Ì ³¥¦¤Ê ¥¥ ¶µÉ¥´Í¨ ²Ó´Ò³¨
Ö³ ³¨.

� ¸¸³µÉ·¨³ ¸¨¸É¥³Ê, µ¶¨¸Ò¢ ¥³ÊÕ £ ³¨²ÓÉµ´¨ ´µ³

H ′ =
p2

2m0
+ ω2

0 cos Λx − εx cos νt. (107)

�É  ¸¨¸É¥³  Ö¢²Ö¥É¸Ö ´¥¶µ¸·¥¤¸É¢¥´´Ò³ µ¡µ¡Ð¥´¨¥³ ¸¨¸É¥³Ò (61) ¢ ¸²Ê-
Î ¥ ±µ¸¨´Ê¸µ¨¤ ²Ó´µ£µ ¢µ§³ÊÐ¥´¨Ö. ‚ Ëµ·³Ê²¥ (107) m0 µ¡µ§´ Î ¥É ³ ¸¸Ê
Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¢ ¶µÉ¥´Í¨ ²¥ ¸ ¶¥·¨µ¤µ³ 2π/Λ, ´  ±µÉµ·ÊÕ ¤¥°¸É¢Ê¥É
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�¨¸. 3. ƒ· Ë¨±¨ § ¢¨¸¨³µ¸É¥° ´ ÉÊ· ²Ó´µ£µ ²µ£ ·¨Ë³  Ï¨·¨´Ò ´¨¦´¥° ±¢ §¨Ô´¥·£¥-
É¨Î¥¸±µ° §µ´Ò (µ¸Ó µ·¤¨´ É) µÉ ¢¥²¨Î¨´Ò ¢µ§³ÊÐ¥´¨Ö ε (µ¸Ó  ¡¸Í¨¸¸) ¶·¨ · §²¨Î´ÒÌ
§´ Î¥´¨ÖÌ Î ¸ÉµÉÒ ¢µ§³ÊÐ ÕÐ¥° ¸¨²Ò ν: 1 Å 10; 2 Å 15; 3 Å 20; 4 Å 25; 5 Å 30

¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ Ö ¸¨²  ¸ Î ¸ÉµÉµ° ν. ‚ ¨¸Ìµ¤´µ° § ¤ Î¥ (¸³. ¶. 3.2)
±µµ·¤¨´ É  x ¨§³¥´Ö² ¸Ó µÉ −∞ ¤µ +∞. �¤´ ±µ ¤²Ö ·¥ ²¨§ Í¨¨ Î¨¸²¥´´µ°
¶·µÍ¥¤Ê·Ò ´ ³ ¶·¨¤¥É¸Ö µ£· ´¨Î¨ÉÓ¸Ö · ¸¸³µÉ·¥´¨¥³ ±µ´¥Î´µ£µ Î¨¸²  ¶·µ-
¸É· ´¸É¢¥´´ÒÌ ¶¥·¨µ¤µ¢ ¶µÉ¥´Í¨ ²  ¸¨¸É¥³Ò ¨ ´ ²µ¦¨ÉÓ ¶¥·¨µ¤¨Î¥¸±¨¥ £· -
´¨Î´Ò¥ Ê¸²µ¢¨Ö, Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ Ë¨§¨±¥ É¢¥·¤µ£µ É¥²  [12]. ” ±É¨Î¥-
¸±¨ ¡Ê¤¥É · ¸¸³µÉ·¥´  § ¤ Î  µ ÉÊ´´¥²¨·µ¢ ´¨¨ Î ¸É¨ÍÒ ´  µ±·Ê¦´µ¸É¨ [22],
¢¸²¥¤¸É¢¨¥ Î¥£µ ¸¨¸É¥³  ¶·¨µ¡·¥É¥É ·Ö¤ ´µ¢ÒÌ ¸¢µ°¸É¢. ‚ Î ¸É´µ¸É¨, ¸¶¥±É·
¸¨¸É¥³Ò ¶µ-¶·¥¦´¥³Ê ¡Ê¤¥É ´µ¸¨ÉÓ §µ´´Ò° Ì · ±É¥·, µ¤´ ±µ Î¨¸²µ Ë¨§¨-
Î¥¸±¨ · §²¨Î´ÒÌ ±¢ §¨Ô´¥·£¥É¨Î¥¸±¨Ì Ê·µ¢´¥° ¢ ± ¦¤µ° §µ´¥ ¡Ê¤¥É · ¢´µ
Î¨¸²Ê ¶·µ¸É· ´¸É¢¥´´ÒÌ ¶¥·¨µ¤µ¢. „²Ö · ¸Î¥É  ¸¶¥±É·  µ¸´µ¢´µ° ±¢ §¨Ô´¥·-
£¥É¨Î¥¸±µ° §µ´Ò ¨¸¶µ²Ó§Ê¥³  ¶¶ · É, · §¢¨ÉÒ° ¢ · ¡µÉ¥ [102]. �´ ²¨É¨Î¥-
¸±¨ ¶µ²ÊÎ¨³ Ö¢´Ò° ¢¨¤ ³ É·¨ÍÒ £ ³¨²ÓÉµ´¨ ´  ”²µ±¥ (¸³. [102]) ¢ ¡ §¨¸¥
¸µ¡¸É¢¥´´ÒÌ ¢¥±Éµ·µ¢ µ¶¥· Éµ·  ¨³¶Ê²Ó¸  ¸¨¸É¥³Ò. …¥ ¸¶¥±É· ¸µ¸Éµ¨É ¨§
µ¡Ñ¥¤¨´¥´¨Ö ³´µ¦¥¸É¢ ξn + m�ν, £¤¥ ξn Å ÔÉµ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ±¢ -
§¨Ô´¥·£¨¨ ¸¨¸É¥³Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ · §²¨Î´Ò³ Ë¨§¨Î¥¸±¨³ ¸µ¸ÉµÖ´¨Ö³,  
m Å ¶·µ¨§¢µ²Ó´µ¥ Í¥²µ¥ Î¨¸²µ. ‘¶¥±É· £ ³¨²ÓÉµ´¨ ´  ”²µ±¥ ¡Ê¤¥É µ¶·¥-
¤¥²¥´ Î¨¸²¥´´µ. �µ¸²¥ Î¥£µ ¶µ²ÊÎ¨³ § ¢¨¸¨³µ¸ÉÓ Ï¨·¨´Ò µ¸´µ¢´µ° ±¢ §¨-
Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò µÉ ¢¥²¨Î¨´Ò ¢µ§³ÊÐ¥´¨Ö ε ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ
Î ¸ÉµÉÒ ¢µ§³ÊÐ ÕÐ¥° ¸¨²Ò ν.

�  ·¨¸. 3 Ìµ·µÏµ § ³¥É¥´ ²¨´¥°´Ò° Ì · ±É¥· § ¢¨¸¨³µ¸É¨ ²µ£ ·¨Ë³ 
Ï¨·¨´Ò µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò µÉ ¢¥²¨Î¨´Ò ¢µ§³ÊÐ¥´¨Ö, É. ¥.
Ô±¸¶µ´¥´Í¨ ²Ó´µ¥ ÊÏ¨·¥´¨¥ ´¨¦´¥° §µ´Ò ¸ ·µ¸Éµ³ ε ¶·¨ ¢¸¥Ì · ¸¸³µÉ·¥´´ÒÌ
§´ Î¥´¨ÖÌ Î ¸ÉµÉÒ ν. �Éµ ¶µ¤É¢¥·¦¤ ¥É ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥  ´ ²¨É¨Î¥-
¸±¨ ´  µ¸´µ¢ ´¨¨ ³µ¤¥²¨ Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨° (¸³. ¶. 3.3,
Ëµ·³Ê²  (106)).
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�¨¸. 4. ” §µ¢Ò° ¶µ·É·¥É ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò (61) ¶·¨ ω0 = 3

�  ¶·¨³¥·¥ ¸¨¸É¥³Ò ¸ ¤¥²ÓÉ µ¡· §´Ò³ ¢µ§³ÊÐ¥´¨¥³ (60) Î¨¸²¥´´µ ¶·µ-
¤¥³µ´¸É·¨·Ê¥³ Ê¢¥²¨Î¥´¨¥ ´  ¶µ·Ö¤µ± ¸±µ·µ¸É¨ ¤¨´ ³¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ -
´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ µ¡Ò±´µ¢¥´´Ò³ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨³ ÉÊ´´¥²¨·µ¢ ´¨¥³
¢ ´¥¢µ§³ÊÐ¥´´µ³ ¸²ÊÎ ¥. ” §µ¢Ò° ¶µÉ·¥É ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò ¶µ± § ´
´  ·¨¸. 4.

‚¥±Éµ·Ò ´µ·³¨·µ¢ ´´µ£µ ¡ §¨¸  ¸µ¸ÉµÖ´¨° ”²µ±¥ (¸³. [102]), ¶µ¸É·µ-
¥´´µ£µ ´  µ¸´µ¢¥ ¡ §¨¸  ¸µ¡¸É¢¥´´ÒÌ ¢¥±Éµ·µ¢ µ¶¥· Éµ·  ¨³¶Ê²Ó¸ , ¨³¥ÕÉ
¢¨¤

ψn,p =
1√

NλT
eiΛnx/N eiνpt, n, p ∈ Z, n ∈ [−N, N ], (108)

£¤¥ N Å Î¨¸²µ ¶·µ¸É· ´¸É¢¥´´ÒÌ ¶¥·¨µ¤µ¢; λ = 2π/Λ, T = 2π/ν. Œ É·¨Î-
´Ò¥ Ô²¥³¥´ÉÒ £ ³¨²ÓÉµ´¨ ´  ”²µ±¥ ¸µ¢¶ ¤ ÕÉ ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨
Ô·³¨Éµ¢  µ¶¥· Éµ·  H = H ′ − i�∂/∂t [81]. ‚ ·¥§Ê²ÓÉ É¥ ´¥¸²µ¦´ÒÌ, ´µ ¤µ-
¸É ÉµÎ´µ £·µ³µ§¤±¨Ì · ¸Î¥Éµ¢ ´ Ìµ¤¨³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ £ ³¨²ÓÉµ´¨ ´ 
”²µ±¥:

H(mq)(np) =
�

2Λ2n2

2m0N
2 δmnδpq +

1
2
ω2

0δpqδm−n,N +
1
2
ω2

0δpqδm−n,−N+

+
i(−1)m−nεN

2Λ(m − n)
(δp−q,1 + δp−q,−1) (1 − δmn) + �νpδpqδmn. (109)

‚ Ìµ¤¥ ¶·µÍ¥¤Ê·Ò ¢ÒÎ¨¸²¥´¨Ö ¸¶¥±É·  µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò
¸¨¸É¥³Ò (107) ¨§ ¡¥¸±µ´¥Î´µ° ³ É·¨ÍÒ £ ³¨²ÓÉµ´¨ ´  ”²µ±¥ ¢Ò·¥§ ² ¸Ó ±¢ -
¤· É´ Ö ¶µ¤³ É·¨Í  · §³¥·µ³ 500×500 Ô²¥³¥´Éµ¢ ¨ ´ Ìµ¤¨²¨¸Ó ¥¥ ¸µ¡¸É¢¥´-
´Ò¥ §´ Î¥´¨Ö. � §³¥· ¶µ¤³ É·¨ÍÒ ¡Ò² ¢Ò¡· ´ É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¥£µ
¤ ²Ó´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ ´¥ ¶·¨¢µ¤¨²µ ± ¨§³¥´¥´¨Õ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ¢
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¸¥¤Ó³µ° §´ Î Ð¥° Í¨Ë·¥. �·¨ ¶·µ¢¥¤¥´¨¨ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢, ¸¢Ö§ ´´ÒÌ
¸ ´ Ìµ¦¤¥´¨¥³ ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  ¸¨¸É¥³Ò (107), ¡Ò²¨ ¶·¨´ÖÉÒ
¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢: � = 1, m0 = 1, Λ = 1, ω0 = 5. ‡ ¢¨¸¨³µ¸É¨
Ï¨·¨´Ò µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò µÉ ¢¥²¨Î¨´Ò ¢µ§³ÊÐ¥´¨Ö ε ¶·¨
· §²¨Î´ÒÌ §´ Î¥´¨ÖÌ Î ¸ÉµÉÒ ¢µ§³ÊÐ ÕÐ¥° ¸¨²Ò ν ¶·¨¢¥¤¥´Ò ¢ ²µ£ ·¨Ë³¨-
Î¥¸±µ³ ³ ¸ÏÉ ¡¥ ´  ·¨¸. 3.

‚µ ¢¸¥Ì ¶µ¸²¥¤ÊÕÐ¨Ì · ¸Î¥É Ì ¶·¨´ÖÉµ §´ Î¥´¨¥ ω0 = 3. �µ É¥³ ¦¥
¶·¨Î¨´ ³, ÎÉµ ¨ ¶·¨ ¨§ÊÎ¥´¨¨ ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  ¸¨¸É¥³Ò (107),
µ£· ´¨Î¨³¸Ö · ¸¸³µÉ·¥´¨¥³ Î¥ÉÒ·¥Ì ¶·µ¸É· ´¸É¢¥´´ÒÌ ¶¥·¨µ¤µ¢ ¶µÉ¥´Í¨ ² 
(¸³. ·¨¸. 4), ´  £· ´¨Í Ì · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ´ ²µ¦¨³ ¶¥·¨µ¤¨Î¥¸±¨¥
£· ´¨Î´Ò¥ Ê¸²µ¢¨Ö.

� ¸¸³µÉ·¨³ ±¢ ´Éµ¢ÊÕ ¤¨´ ³¨±Ê £ Ê¸¸µ¢¸±µ£µ ¢µ²´µ¢µ£µ ¶ ±¥É  ¸ Í¥´-
É·µ³ ¢ Ô²²¨¶É¨Î¥¸±µ° µ¸µ¡µ° ÉµÎ±¥ (π, 0). ‚µ²´µ¢ Ö ËÊ´±Í¨Ö ¶ ±¥É  ¢ ±µµ·-
¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥É ¢¨¤

Ψ0(x) =
1

(2πσ2)1/4
exp
(
− (x − π)2

4σ2

)
, (110)

£¤¥ ¶ · ³¥É· σ µ¶·¥¤¥²Ö¥É ¥£µ Ì · ±É¥·´ÊÕ Ï¨·¨´Ê. ‚ ¶µ¸²¥¤ÊÕÐ¨Ì · ¸Î¥-
É Ì ¶·¨´ÖÉµ σ2 = 0,3. „ ´´Ò° ¢Ò¡µ· §´ Î¥´¨Ö ¶ · ³¥É·  ¶·¨¢µ¤¨É ± ¶· ±É¨-
Î¥¸±¨ ¶µ²´µ° ²µ± ²¨§ Í¨¨ ¢µ²´µ¢µ£µ ¶ ±¥É  ´  ¨´¢ ·¨ ´É´ÒÌ Š�Œ-Éµ· Ì ¢
µ±·¥¸É´µ¸É¨ Ô²²¨¶É¨Î¥¸±µ° µ¸µ¡µ° ÉµÎ±¨, ¤µ¸É ÉµÎ´µ ¤ ²¥±µ µÉ ¸¥¶ · É·¨¸Ò,
ÎÉµ ¡Ê¤¥É µ¸µ¡¥´´µ ¢ ¦´µ ¶·¨ ¨§ÊÎ¥´¨¨ ¢²¨Ö´¨Ö ¢´¥Ï´¥£µ ¢µ§³ÊÐ¥´¨Ö ´ 
¸¢µ°¸É¢  ÉÊ´´¥²¨·µ¢ ´¨Ö.

‚ ± Î¥¸É¢¥ ¡ §¨¸  ¶·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¢Ò¡· ´Ò ¸µ¡¸É¢¥´´Ò¥ ËÊ´±-
Í¨¨ µ¶¥· Éµ·  ¨³¶Ê²Ó¸ . ‘ ÊÎ¥Éµ³ ¶¥·¨µ¤¨Î¥¸±¨Ì £· ´¨Î´ÒÌ Ê¸²µ¢¨° ¨ ´µ·-
³¨·µ¢±¨ µ´¨ ¨³¥ÕÉ ¢¨¤

ϕp(x) =
1√

2πN
exp
(

i
k

N
x

)
, k ∈ Z. (111)

‡¤¥¸Ó N µ¡µ§´ Î ¥É Î¨¸²µ · ¸¸³ É·¨¢ ¥³ÒÌ ¶·µ¸É· ´¸É¢¥´´ÒÌ ¶¥·¨µ¤µ¢ ¶µ-
É¥´Í¨ ² ; k Å ²Õ¡µ¥ Í¥²µ¥ Î¨¸²µ. Š ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¢ · ¸¸³ É·¨¢ ¥³µ³
¸²ÊÎ ¥ N = 4. „²Ö ´ £²Ö¤´µ£µ ¶·¥¤¸É ¢²¥´¨Ö µ · ¸¶µ²µ¦¥´¨¨ ¢µ²´µ¢µ£µ
¶ ±¥É  ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¨¸¶µ²Ó§Ê¥³ ¶·¥¤¸É ¢²¥´¨¥ •Ê§¨³¨, µ¶·¥¤¥²Ö-
¥³µ¥ ¢Ò· ¦¥´¨¥³ (¸³. [81]):

ρ(x, p) =
1
2π

|〈ψ|Φpx〉|2 , (112)

£¤¥

Φpx(x′) =
1

(2πσ2)1/4
exp
(
− (x′ − x)2

4σ2
+ ipx′

)
(113)
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µ¡µ§´ Î ¥É ±µ£¥·¥´É´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ É¥³ ¦¥ §´ Î¥´¨¥³ ¶ · ³¥É·  σ, ÎÉµ ¨
¢ (110). ’·¥Ì³¥·´Ò° £· Ë¨± · ¸¶·¥¤¥²¥´¨Ö •Ê§¨³¨ ´ Î ²Ó´µ£µ £ Ê¸¸µ¢¸±µ£µ
¢µ²´µ¢µ£µ ¶ ±¥É  ¶·¨¢¥¤¥´ ´  ·¨¸. 5.

�¨¸. 5. ’·¥Ì³¥·´Ò° £· Ë¨± · ¸¶·¥¤¥²¥-
´¨Ö •Ê§¨³¨ ´ Î ²Ó´µ£µ ¢µ²´µ¢µ£µ ¶ -
±¥É  (110)

ˆ§ ¸· ¢´¥´¨Ö ·¨¸. 4 ¨ 5 ³µ¦´µ ¶µ-
²ÊÎ¨ÉÓ ¶·¥¤¸É ¢²¥´¨¥ µ · ¸¶µ²µ¦¥´¨¨
´ Î ²Ó´µ£µ ¢µ²´µ¢µ£µ ¶ ±¥É  ¢ ±² ¸-
¸¨Î¥¸±µ³ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥. �¤-
´ ±µ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶¥·¥³¥´-
´Ò¥ x ¨ p, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ¶µ¸²¥¤-
´¥³ ¨§ ´¨Ì, ¸µ¢¶ ¤ ÕÉ ¸ ±² ¸¸¨Î¥-
¸±µ° ±µµ·¤¨´ Éµ° ¨ ¸µ¶·Ö¦¥´´Ò³ ¥°
¨³¶Ê²Ó¸µ³ Éµ²Ó±µ ¢ ¶·¥¤¥²¥ � → 0.
‚¨¤´µ, ÎÉµ µÉ¸ÊÉ¸É¢ÊÕÉ ±² ¸¸¨Î¥¸±¨
· §·¥Ï¥´´Ò¥ ¶ÊÉ¨ ¤²Ö ¶¥·¥³¥Ð¥´¨Ö
¢µ²´µ¢µ£µ ¶ ±¥É  ¨§ µ¤´µ° ¶µÉ¥´Í¨-
 ²Ó´µ° Ö³Ò ¢ ¤·Ê£ÊÕ. �µ¤µ¡´Ò° ¶¥·¥-
Ìµ¤ ³µ¦¥É ¨³¥ÉÓ ³¥¸Éµ Éµ²Ó±µ §  ¸Î¥É
±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ -
´¨Ö. �·µ£· ³³ , ¶µ§¢µ²ÖÕÐ Ö Î¨¸²¥´´µ ³µ¤¥²¨·µ¢ ÉÓ ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ¢ -
´¨Ö ¢ ´¥¢µ§³ÊÐ¥´´µ³ ¸²ÊÎ ¥, µ¸´µ¢ ´  ´  ¢ÒÎ¨¸²¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢
Ô¢µ²ÕÍ¨µ´´µ£µ µ¶¥· Éµ·  ¸¨¸É¥³Ò ¢ ¡ §¨¸¥ ¸µ¡¸É¢¥´´ÒÌ ¢¥±Éµ·µ¢ µ¶¥· Éµ· 
¨³¶Ê²Ó¸  (111). �·¨ ÔÉµ³ ¨¸¶µ²Ó§Ê¥É¸Ö ¸²¥¤ÊÕÐ¥¥  ´ ²¨É¨Î¥¸±¨ ¶µ²ÊÎ¥´´µ¥
¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ £ ³¨²ÓÉµ´¨ ´  (61) ¢ ÔÉµ³ ¡ §¨¸¥:

H
(0)
ks =

s2

2N2
δsk +

ω2
0

2
(δs,k−N + δs,k+N ) , (114)

£¤¥ Í¥²µÎ¨¸²¥´´Ò¥ ¨´¤¥±¸Ò s ¨ k ¶·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¶·¨´¨³ ÕÉ §´ Î¥-
´¨Ö µÉ 1 ¤µ 61.

�¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö ±¢ ´Éµ¢µ° ¤¨´ ³¨±¨ ¢µ²´µ¢µ£µ ¶ ±¥É  (110) ¸
É¥Î¥´¨¥³ ¢·¥³¥´¨ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¢µ§³ÊÐ¥´¨Ö ¶µ± § ´Ò ´  ·¨¸. 6. ‘µ¸ÉµÖ´¨¥,
¶¥·¢µ´ Î ²Ó´µ ²µ± ²¨§µ¢ ´´µ¥ ¢ µ¤´µ° ¨§ ¶µÉ¥´Í¨ ²Ó´ÒÌ Ö³, ¢ ·¥§Ê²ÓÉ É¥
ÉÊ´´¥²¨·µ¢ ´¨Ö § ´¨³ ¥É ¸µ¸¥¤´¨¥ ³¨´¨³Ê³Ò ¶µÉ¥´Í¨ ² . ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥
¶¥·¥Ìµ¤Ò ¢ · ³± Ì ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¨ ´¥¢µ§³µ¦´Ò. ‚ · ¸¸³µÉ·¥´´µ³
¸²ÊÎ ¥ Ì · ±É¥·´µ¥ ¢·¥³Ö ÉÊ´´¥²¨·µ¢ ´¨Ö ¸µ¸É ¢²Ö¥É 10000000 ¥¤¨´¨Í ¢·¥-
³¥´¨. �µ¤Î¥·±´¥³ µÉ²¨Î¨¥ · ¸¸³ É·¨¢ ¥³µ£µ ¶·¨³¥·  µÉ § ¤ Î¨, ±µ£¤  ±µ-
µ·¤¨´ É  ¸¨¸É¥³Ò ³µ¦¥É ¶·¨´¨³ ÉÓ §´ Î¥´¨Ö ´  ¢¸¥° ¤¥°¸É¢¨É¥²Ó´µ° µ¸¨. ‚
¶¥·¢µ³ ¸²ÊÎ ¥ ¢ ¶·µÍ¥¸¸¥ ÉÊ´´¥²¨·µ¢ ´¨Ö ¢µ²´µ¢µ° ¶ ±¥É ¨³¥¥É ¢µ§³µ¦´µ¸ÉÓ
¢µ§¢· É  Î ¸É¨ ¶ ±¥É  ¢ ¨¸Ìµ¤´ÊÕ ¶µÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê ¢ ·¥§Ê²ÓÉ É¥ ¶µ¸²¥¤µ-
¢ É¥²Ó´ÒÌ ÉÊ´´¥²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ µ¤´µ³ ´ ¶· ¢²¥´¨¨. ‚ µÉ²¨Î¨¥ µÉ ÔÉµ£µ
¢µ ¢Éµ·µ³ ¸²ÊÎ ¥ ¢ ¨¸Ìµ¤´Ò° ³¨´¨³Ê³ ³µ£ÊÉ ¢µ§¢· É¨ÉÓ¸Ö Éµ²Ó±µ µÉ· ¦¥´-
´Ò¥ ´  ´¥µ¤´µ·µ¤´µ¸ÉÖÌ ¶µÉ¥´Í¨ ²  ¢µ²´Ò ¤¥ 	·µ°²Ö, ¸Ê¶¥·¶µ§¨Í¨Ö ±µÉµ·ÒÌ
µ¡· §Ê¥É ¢µ²´µ¢µ° ¶ ±¥É Î ¸É¨ÍÒ.
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�¨¸. 6. ˆ§³¥´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö •Ê§¨³¨ ¢µ²´µ¢µ£µ ¶ ±¥É , ¨§µ¡· ¦¥´´µ£µ ´  ·¨¸. 5,
¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ ¢µ§³ÊÐ¥´¨Ö. �·¥¤¸É ¢²¥´Ò É·¥Ì³¥·-
´Ò¥ £· Ë¨±¨ · ¸¶·¥¤¥²¥´¨Ö •Ê§¨³¨ ¤²Ö ³µ³¥´Éµ¢ ¢·¥³¥´¨ T = 10000000 (a),
20000000 (¡), 50000000 (¢), 100000000 (£); ω0 = 3

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ · §¢¨Éµ° ¢ ¶¶. 3.2, 3.3 É¥µ·¨¥° ¢µ§¤¥°¸É¢¨¥ ¤¥²ÓÉ µ¡· §-
´µ£µ ¢µ§³ÊÐ¥´¨Ö (62) ´  ¸¨¸É¥³Ê (61) (· ¸¸³ É·¨¢ ¥³ÊÕ ¢ ¤¥°¸É¢¨É¥²Ó´µ³
¢·¥³¥´¨) ¤µ²¦´µ ¶·¨¢µ¤¨ÉÓ (¶µ ±· °´¥° ³¥·¥, ¶·¨ ´¥±µÉµ·ÒÌ §´ Î¥´¨ÖÌ ¶ -
· ³¥É·µ¢) ± Ê¢¥²¨Î¥´¨Õ ¢¥·µÖÉ´µ¸É¨ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¸±µ·µ¸É¨ ¤¨´ ³¨Î¥-
¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö. �µ± ¦¥³, ÎÉµ É ±µ¥ Ê¸±µ·¥´¨¥ ¤¥°¸É¢¨É¥²Ó´µ ¨³¥¥É
³¥¸Éµ.

ˆ§ Ëµ·³Ê²Ò (105) ¸²¥¤Ê¥É, ÎÉµ Ë ±Éµ· F = exp
(

π∆H

ω0

)
Ì · ±É¥·¨§Ê¥É,

¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò, ´  ¸±µ²Ó±µ ¸±µ·µ¸ÉÓ ´¥¢µ§³ÊÐ¥´´µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö
³¥´ÓÏ¥ ¸±µ·µ¸É¨ ÉÊ´´¥²¨·µ¢ ´¨Ö ¶·¨ ´ ²¨Î¨¨ ¢µ§³ÊÐ¥´¨Ö. Œµ¤¥²¨·µ¢ ´¨¥
¶·µ¢µ¤¨²µ¸Ó ¶·¨ ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨ÖÌ ¶ · ³¥É·µ¢: ε = 2, ε = 2/9 � 0,22,
ν = 2π, µ¸É ²Ó´Ò¥ ¶ · ³¥É·Ò ¨³¥²¨ É¥ ¦¥ §´ Î¥´¨Ö, ÎÉµ ¨ ¶·¨ ³µ¤¥²¨·µ-
¢ ´¨¨ ¤¨´ ³¨±¨ ´¥¢µ§³ÊÐ¥´´µ° ¸¨¸É¥³Ò (¸³. ·¨¸. 6). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶ · -
³¥É· F � 13,7, É. ¥. ¶·¨ ¢Ò¡· ´´ÒÌ ¶ · ³¥É· Ì ¢µ§³ÊÐ¥´¨Ö ÉÊ´´¥²¨·µ¢ -
´¨¥ ¤µ²¦´µ ¶·µÉ¥± ÉÓ ¢ 13,7 · § ¡Ò¸É·¥¥, Î¥³ ¢ ´¥¢µ§³ÊÐ¥´´µ³ ¸²ÊÎ ¥. �¥-
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�¨¸. 7. ˆ§³¥´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö •Ê§¨³¨ ¢µ²´µ¢µ£µ ¶ ±¥É , ¨§µ¡· ¦¥´´µ£µ ´  ·¨¸. 5,
¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¥£µ ¢µ§³ÊÐ¥´¨Ö (62) (ε = 2, ν = 2π, µ¸É ²Ó´Ò¥
§´ Î¥´¨Ö ¶ · ³¥É·µ¢ É¥ ¦¥, ÎÉµ ¨ ¢ ´¥¢µ§³ÊÐ¥´´µ³ ¸²ÊÎ ¥). �·¥¤¸É ¢²¥´Ò É·¥Ì³¥·-
´Ò¥ £· Ë¨±¨ · ¸¶·¥¤¥²¥´¨Ö •Ê§¨³¨ ¤²Ö ³µ³¥´Éµ¢ ¢·¥³¥´¨ T = 10000000/F (a),
20000000/F (¡), 50000000/F (¢), 100000000/F (£), £¤¥ F = 13,7

§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 7, ´  ±µÉµ·µ³ ¶·¨¢¥¤¥´Ò
É·¥Ì³¥·´Ò¥ £· Ë¨±¨ · ¸¶·¥¤¥²¥´¨Ö •Ê§¨³¨ ¢µ²´µ¢µ£µ ¶ ±¥É  ¶µ ¨¸É¥Î¥´¨¨
¢·¥³¥´¨, ¢ F = 13,7 · § ³¥´ÓÏ¥£µ, Î¥³ ¤²Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì £· Ë¨±µ¢ ´ 
·¨¸. 6.

’ ±¨³ µ¡· §µ³, ¨§ ¸· ¢´¥´¨Ö ·¨¸. 6 ¨ 7 ¢¨¤´µ, ÎÉµ ¶·µÍ¥¸¸ ÉÊ´´¥²¨·µ-
¢ ´¨Ö ´ Î ²Ó´µ£µ ¢µ²´µ¢µ£µ ¶ ±¥É , ¨§µ¡· ¦¥´´µ£µ ´  ·¨¸. 5, ¤¥°¸É¢¨É¥²Ó´µ
Ê¸±µ·Ö¥É¸Ö ¶·¨³¥·´µ ´  ¶µ·Ö¤µ± ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸  ´ ²¨É¨Î¥¸±¨³¨ · ¸Î¥É ³¨,
¶·¨¢¥¤¥´´Ò³¨ ¢ ¶¶. 3.2, 3.3.

4. „…’…�Œˆ�ˆ��‚���›‰ •��‘
‚ ‘ˆ‘’…Œ�• ��‹…‰ Ÿ�ƒ�ÄŒˆ‹‹‘� ˆ •ˆƒƒ‘�

‚ ¶. 4.1 ¶·¨¢µ¤¨É¸Ö µ¡§µ· ¶µ¤Ìµ¤µ¢ ± ¨§ÊÎ¥´¨Õ Ö¢²¥´¨Ö ¤¥É¥·³¨´¨·µ-
¢ ´´µ£µ Ì µ¸  ¢ ±² ¸¸¨Î¥¸±¨Ì ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨ÖÌ Ë¨§¨±¨ Ô²¥³¥´É ·-
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´ÒÌ Î ¸É¨Í, ¢ Î ¸É´µcÉ¨, µ¸´µ¢ ´´ÒÌ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·µ¸É· ´¸É¢¥´´µ-
µ¤´µ·µ¤´ÒÌ ³µ¤¥²Ó´ÒÌ ¸¨¸É¥³ ±² ¸¸¨Î¥¸±¨Ì ´¥ ¡¥²¥¢ÒÌ ¶µ²¥° Ÿ´£ ÄŒ¨²²¸ ,
¢ Éµ³ Î¨¸²¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ ±² ¸¸¨Î¥¸±¨³ ¸± ²Ö·´Ò³ ¶µ²¥³. „ ²¥¥ ´ 
µ¸´µ¢ ´¨¨ ±·¨É¥·¨Ö ’µ¤Ò  ´ ²¨§¨·Ê¥É¸Ö Ì µÉ¨Î¥¸± Ö ¤¨´ ³¨±  ³µ¤¥²Ó´ÒÌ
¶µ²¥¢ÒÌ ¸¨¸É¥³. �·µ¨§¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ ¸ Î¨¸²¥´´Ò³¨ ·¥§Ê²ÓÉ É ³¨, ¶µ²Ê-
Î¥´´Ò³¨ ³¥Éµ¤µ³ ¸¥Î¥´¨° �Ê ´± ·¥,   É ±¦¥ ¸ · ¸Î¥É ³¨, µ¸´µ¢ ´´Ò³¨ ´ 
É¥µ·¨¨ Š�Œ. ‡ É¥³ · ¸¸³ É·¨¢ ¥É¸Ö ¢µ¶·µ¸ µ ¢²¨Ö´¨¨ ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ±
´  Ì µÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ¶µ²¥° Ÿ´£ ÄŒ¨²²¸ 
¨ •¨££¸ .

4.1. �·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´Ò¥ ·¥Ï¥´¨Ö. ˆ§ÊÎ¥´¨¥ Ì µÉ¨Î¥¸±µ£µ ¶µ-
¢¥¤¥´¨Ö ±² ¸¸¨Î¥¸±¨Ì ¶µ²¥° ¸É ²±¨¢ ¥É¸Ö ¸ É·Ê¤´µ¸ÉÖ³¨, ¸¢Ö§ ´´Ò³¨ ¸ ´¥-
¶·¥·Ò¢´µ¸ÉÓÕ É ±¨Ì ¸¨¸É¥³ ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¨, ¸²¥¤µ¢ É¥²Ó´µ, c ´ -
²¨Î¨¥³ Ê ´¨Ì ¡¥¸±µ´¥Î´µ£µ Î¨¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. ‚ Éµ ¦¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê-
ÕÐ¨¥ Î¨¸²¥´´Ò¥ ¨  ´ ²¨É¨Î¥¸±¨¥ ³¥Éµ¤Ò ¨¸¸²¥¤µ¢ ´¨Ö ¤¥É¥·³¨´¨·µ¢ ´´µ£µ
Ì µ¸  · ¸¸Î¨É ´Ò ´   ´ ²¨§ ¤¨´ ³¨±¨ ¢ ±µ´¥Î´µ³¥·´µ³ Ë §µ¢µ³ ¶·µ¸É· ´-
¸É¢¥ [11]. ’ ±¨³ µ¡· §µ³, ¨§ÊÎ¥´¨¥ Ì µÉ¨Î¥¸±µ£µ ¶µ¢¥¤¥´¨Ö ±² ¸¸¨Î¥¸±¨Ì ¶µ-
²¥° ¢µ§³µ¦´µ Éµ²Ó±µ ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¶µ ± ±¨³-²¨¡µ ¶·¨Î¨´ ³ Î¨¸²µ ³µ¤,
µ¶·¥¤¥²ÖÕÐ¨Ì ¤¨´ ³¨±Ê ¶µ²¥¢µ° ¸¨¸É¥³Ò, Ö¢²Ö¥É¸Ö ±µ´¥Î´Ò³ [2, 32, 54, 85].
�·¨ ¨§ÊÎ¥´¨¨ Ì µÉ¨Î¥¸±µ° ¤¨´ ³¨±¨ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ¸ÊÐ¥-
¸É¢Ê¥É ´¥¸±µ²Ó±µ ¸¶µ¸µ¡µ¢, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¨´É¥·¥¸, Ê³¥´ÓÏ¥´¨Ö Î¨¸²  ¸É¥-
¶¥´¥° ¸¢µ¡µ¤Ò ¤µ ±µ´¥Î´µ£µ §´ Î¥´¨Ö. ˆ¸Éµ·¨Î¥¸±¨ ¶¥·¢µ° ¡Ò²  ¸Ëµ·³Ê²¨-
·µ¢ ´  ´¥ ¡¥²¥¢  ± ²¨¡·µ¢µÎ´ Ö É¥µ·¨Ö ´  ¶·µ¸É· ´¸É¢¥´´µ° ·¥Ï¥É±¥ [111].
�µ§¤´¥¥ ÔÉµÉ ¶µ¤Ìµ¤  ±É¨¢´µ ¨¸¶µ²Ó§µ¢ ²¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö Ì µÉ¨Î¥¸±µ° ¤¨´ -
³¨±¨ ± ± ¢ ±² ¸¸¨Î¥¸±µ³ [38,85,86], É ± ¨ ¢ ±¢ ´Éµ¢µ³ ¸²ÊÎ ¥ [39]. ‚ ¤ ´´µ°
· ¡µÉ¥  ±É¨¢´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¤·Ê£µ° ³¥Éµ¤ ¶µ¸É·µ¥´¨Ö ³µ¤¥²Ó´ÒÌ ¶µ²¥¢ÒÌ
¸¨¸É¥³, µ¸´µ¢ ´´Ò° ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ·¥Ï¥-
´¨° [2, 52]. ‚ · ³± Ì ÔÉµ£µ ¶µ¤Ìµ¤  É ±¦¥ ¢µ§³µ¦´µ ¨§ÊÎ¥´¨¥ Ì µÉ¨Î¥¸±µ°
¤¨´ ³¨±¨ ±² ¸¸¨Î¥¸±¨Ì ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ [59].
	Ò²µ ¶µ± § ´µ, ± ±  ´ ²¨É¨Î¥¸±¨ [63, 99, 101], É ± ¨ Î¨¸²¥´´µ [3, 72], ÎÉµ
¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´Ò¥ ´¥ ¡¥²¥¢Ò ¶µ²Ö Ÿ´£ ÄŒ¨²²¸  µ¡· §ÊÕÉ ¸¨¸É¥³Ê
¸ ¶µ²´µ¸ÉÓÕ Ì µÉ¨Î¥¸±µ° ¤¨´ ³¨±µ°, ¢ Éµ ¢·¥³Ö ± ± ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ±² ¸-
¸¨Î¥¸±¨³ ¢ ±ÊÊ³´Ò³ ¶µ²¥³ •¨££¸  ·¥£Ê²Ö·¨§Ê¥É ¨Ì ¶µ¢¥¤¥´¨¥ ¶·¨ ³ ²ÒÌ
¶²µÉ´µ¸ÉÖÌ Ô´¥·£¨¨. ’·¥É¨° ¸¶µ¸µ¡ ·¥¤Ê±Í¨¨ Î¨¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ± ²¨-
¡·µ¢µÎ´ÒÌ ¶µ²¥° ¨ ¶µ²Ö •¨££¸  ¸¢Ö§ ´ ¸ Î¨¸²¥´´Ò³ ³µ¤¥²¨·µ¢ ´¨¥³ ¶µ¢¥-
¤¥´¨Ö ³ ²ÒÌ ¢µ§³ÊÐ¥´¨° ¢ µ±·¥¸É´µ¸É¨ Éµ¶µ²µ£¨Î¥¸±¨Ì ·¥Ï¥´¨° [54Ä58].
‚Ò¢µ¤Ò, ¸¤¥² ´´Ò¥ ¢ · ³± Ì ÔÉµ£µ ¶µ¤Ìµ¤ , ¶µ²´µ¸ÉÓÕ ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²Ó-
É É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¶·¨ · ¸¸³µÉ·¥´¨¨ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ¶µ²¥-
¢ÒÌ ±µ´Ë¨£Ê· Í¨°.

‚µ¶·µ¸ µ ¢²¨Ö´¨¨ ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ´  Ì µÉ¨Î¥¸±ÊÕ ¤¨´ ³¨±Ê
¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´µ£µ  ¡¥²¥¢  ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö, ¢§ ¨³µ¤¥°¸É¢Ê-
ÕÐ¥£µ ¸µ ¸± ²Ö·´Ò³ ¶µ²¥³, ±µÉµ·µ¥ · ¸¸³ É·¨¢ ²µ¸Ó ± ± ¤¨´ ³¨Î¥¸± Ö ¸É¥-
¶¥´Ó ¸¢µ¡µ¤Ò, ¡Ò² ¶µ¤´ÖÉ ¨ · ¸¸³µÉ·¥´ ¢ · ¡µÉ¥ [84]. ‚ ´¥ ¡¥²¥¢µ³ ¸²ÊÎ ¥
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¡Ò²µ ¶µ± § ´µ, ÎÉµ ±¢ ´Éµ¢Ò¥ Ë²Ê±ÉÊ Í¨¨ ³µ£ÊÉ ¶·¨¢µ¤¨ÉÓ ± Ô±¸¶µ´¥´Í¨ ²Ó-
´µ³Ê ¶µ¤ ¢²¥´¨Õ ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ¶¥·¥Ìµ¤  µÉ Ê¶µ·Ö¤µÎ¥´-
´µ£µ ¤¢¨¦¥´¨Ö ± Ì µÉ¨Î¥¸±µ³Ê [64] (¸³. ¶. 4.3).

�·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´Ò¥ ·¥Ï¥´¨Ö ¶µ²¥¢ÒÌ Ê· ¢´¥´¨° ¡Ò²¨, ¢ Î ¸É-
´µ¸É¨, ¶µ²ÊÎ¥´Ò ¢ · ³± Ì SU(2) ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨, µ¶¨¸Ò¢ ¥³µ° ² -
£· ´¦¨ ´µ³ [27]:

L = −1
4
Ga

µνGaµν , (115)

£¤¥ É¥´§µ· ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Ga
µν = ∂µAa

ν − ∂νAa
µ + gεabcAb

µAc
ν . (116)

‡¤¥¸Ó Aa
µ µ¡µ§´ Î ¥É É·¨¶²¥É ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°; g Å ±µ´-

¸É ´É  ¸¢Ö§¨, εabc Å ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ £·Ê¶¶Ò SU(2).
’¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸  ÔÉ¨Ì ¶µ²¥° ¨³¥¥É ¢¨¤

Tµν = −Ga
µλGaλ

ν +
1
4
gµνGa

λρG
aλρ, (117)

£¤¥ gµν Å ³¥É·¨Î¥¸±¨° É¥´§µ·.
Š ± ¶µ± § ´µ ¢ · ¡µÉ¥ [2], ¢Ò¡µ· ¸¨¸É¥³Ò µÉ¸Î¥É , £¤¥ ¢¥±Éµ· �µ°´É¨´£ 

T0j µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó,   É ±¦¥ ± ²¨¡·µ¢µÎ´µ¥ Ê¸²µ¢¨¥ Aa
0 = 0, ∂iA

a
i = 0

¶·¨¢µ¤ÖÉ ± ¤µ¸É ÉµÎ´µ³Ê É·¥¡µ¢ ´¨Õ ∂iA
a
j = 0. �Éµ µ§´ Î ¥É, ÎÉµ ¶µ²Ö, § ¢¨-

¸ÖÐ¨¥ Éµ²Ó±µ µÉ ¢·¥³¥´¨ ¢ ¢Ò¤¥²¥´´µ° ¸¨¸É¥³¥ µÉ¸Î¥É , Ö¢²ÖÕÉ¸Ö ·¥Ï¥´¨Ö³¨
Ê· ¢´¥´¨° �°²¥· Ä‹ £· ´¦  ¸ ² £· ´¦¨ ´µ³ (115), ¥¸²¨ µ´¨ Ê¤µ¢²¥É¢µ·ÖÕÉ
¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨Ö³ [2]:

Äa
i − g2Aa

j Ab
jA

b
i + g2Aa

i Ab
jA

b
j = 0. (118)

�µ Ëµ·³¥ Ê· ¢´¥´¨Ö (118) ¸µ¢¶ ¤ ÕÉ ¸ Ê· ¢´¥´¨Ö³¨, µ¶¨¸Ò¢ ÕÐ¨³¨ ¶µ¢¥-
¤¥´¨¥ ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨Î¥¸±µ° ¸¨¸É¥³Ò ¸ ¤¥¢ÖÉÓÕ ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò.
�µÔÉµ³Ê ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¤¨´ ³¨±¨ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ± ²¨¡·µ-
¢µÎ´ÒÌ ¶µ²¥° ¸ ÉµÎ±¨ §·¥´¨Ö ¤¥É¥·³¨´¨·µ¢ ´´µ£µ Ì µ¸  ¶·¨³¥´¨³Ò ¸ÊÐ¥-
¸É¢ÊÕÐ¨¥ ³¥Éµ¤Ò ±² ¸¸¨Î¥¸±µ° ³¥Ì ´¨±¨. �´§ Í ¶µ²¥°, ´¥ § ¢¨¸ÖÐ¨Ì µÉ
¶·µ¸É· ´¸É¢¥´´ÒÌ ±µµ·¤¨´ É, ³µ¦¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ ± Î¥¸É¢¥ ¶·¨¡²¨¦¥´¨Ö
¤²Ö ¨§ÊÎ¥´¨Ö Ì µÉ¨Î¥¸±µ£µ ¶µ¢¥¤¥´¨Ö ¶µ²¥¢ÒÌ ¸¨¸É¥³ ¢ ¶·µ¨§¢µ²Ó´µ° ¸¨¸É¥³¥
µÉ¸Î¥É  [59]. 	Ò²µ ¶µ± § ´µ, ÎÉµ ¶·¨ ²Õ¡ÒÌ Ô´¥·£¨ÖÌ ¢ Ë §µ¢µ³ ¶·µ¸É· ´-
¸É¢¥ ¸¨¸É¥³Ò (118) ¶·¨¸ÊÉ¸É¢ÊÕÉ µ¡² ¸É¨ Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö [101].

‚ ¸µ¢·¥³¥´´ÒÌ É¥µ·¨ÖÌ Ô²¥±É·µ¸² ¡ÒÌ ¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ± ²¨-
¡·µ¢µÎ´Ò¥ ¶µ²Ö ¸¢Ö§ ´Ò ¸µ ¸¶¨´µ·´Ò³¨ ¶µ²Ö³¨ ³ É¥·¨¨ ¨ ¸± ²Ö·´Ò³ ¶µ²¥³
•¨££¸ . ‚ ¸¢Ö§¨ ¸ ¶·µ¡²¥³µ° ¶µ¨¸±  Ì¨££¸µ¢¸±µ£µ ¡µ§µ´  ¶·¥¤¸É ¢²Ö¥É ¨´É¥-
·¥¸ ¨§ÊÎ¥´¨¥ ¢²¨Ö´¨Ö ¶µ²Ö •¨££¸  ´  Ì µÉ¨Î¥¸±ÊÕ ¤¨´ ³¨±Ê ¶·µ¸É· ´¸É¢¥´´µ-
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µ¤´µ·µ¤´ÒÌ ¶µ²¥° Ÿ´£ ÄŒ¨²²¸ . ‹ £· ´¦¨ ´, µ¶¨¸Ò¢ ÕÐ¨° ÔÉµ ¢§ ¨³µ¤¥°-
¸É¢¨¥, ¢ · ³± Ì ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¨³¥¥É ¢¨¤ [26]:

Lst = −1
4
F a

µνF aµν − 1
4
HµνHµν +

1
8
g2ρ2×

×
(

W 2
1 + W 2

2 +
Z2

cos2 θw

)
+

1
2
∂µρ∂µρ − 1

4!
λρ4, (119)

£¤¥ λ µ¡µ§´ Î ¥É ±µ´¸É ´ÉÊ ¸ ³µ¤¥°¸É¢¨Ö ¶µ²Ö •¨££¸ ; θw Å Ê£µ² ‚ °´¡¥·£ ;
Aµ ¸µµÉ¢¥É¸É¢Ê¥É Ô²¥±É·µ³ £´¨É´µ³Ê ¶µ²Õ; W 1

µ , W 2
µ µ¶¨¸Ò¢ ÕÉ W -¡µ§µ´Ò,

  Zµ Å ´¥°É· ²Ó´Ò° Z-¡µ§µ´. ’ ±¦¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö:

F a
µν = ∂µW a

ν − ∂νW a
µ + gεabcW b

µW c
ν , a = 1, 2, 3; (120)

Hµν = ∂µW 0
ν − ∂νW 0

µ . (121)

‚ ¸¨²Ê  ¤¤¨É¨¢´µ¸É¨ Î²¥´µ¢, µ¶¨¸Ò¢ ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¥ ± ²¨¡·µ¢µÎ-
´ÒÌ ¶µ²¥° ¨ ¶µ²Ö •¨££¸ , ¤µ± § É¥²Ó¸É¢µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¶·µ¸É· ´¸É¢¥´´µ-
µ¤´µ·µ¤´ÒÌ ·¥Ï¥´¨° ¤²Ö ¶µ²¥° Ÿ´£ ÄŒ¨²²¸  ¢ ¸²ÊÎ ¥ ² £· ´¦¨ ´  (119) ¸µ-
¢¶ ¤ ¥É ¸ · ´¥¥ · ¸¸³µÉ·¥´´Ò³ ¸²ÊÎ ¥³ (115). �É²¨Î¨¥ § ±²ÕÎ ¥É¸Ö Éµ²Ó±µ ¢
¶µÖ¢²¥´¨¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¸¢µ¡µ¤´ÒÌ Î²¥´µ¢ ¢ Ê· ¢´¥´¨ÖÌ (118). Šµ´±·¥É-
´Ò¥ ¶·¨³¥·Ò ¡Ê¤ÊÉ · ¸¸³µÉ·¥´Ò ¢ ¶. 4.2, 4.3.

4.2. • µÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ¶µ²¥¢ÒÌ ¸¨-
¸É¥³. ‡¤¥¸Ó ¨¸¸²¥¤Ê¥É¸Ö Ì µÉ¨Î¥¸± Ö ¤¨´ ³¨±  ¶·µ¸É¥°Ï¨Ì ³µ¤¥²Ó´ÒÌ ¸¨¸É¥³
±² ¸¸¨Î¥¸±¨Ì ¶µ²¥°. �  ¨Ì ¶·¨³¥·¥ ¡Ê¤¥É ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥  ´ ²¨É¨Î¥-
¸±¨Ì ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ´  µ¸´µ¢ ´¨¨ ±·¨É¥·¨Ö ’µ¤Ò, ¸ Î¨¸²¥´´Ò³
³µ¤¥²¨·µ¢ ´¨¥³ ¸É·Ê±ÉÊ·Ò Ë §µ¢µ£µ ¶·µ¸É· ´¸É¢  ¶µ ³¥Éµ¤Ê ¸¥Î¥´¨° �Ê ´-
± ·¥,   É ±¦¥ ¸ · ¸Î¥É ³¨, µ¸´µ¢ ´´Ò³¨ ´  ³¥Éµ¤ Ì É¥µ·¨¨ Š�Œ [11].

‘¨¸É¥³  (118) ¸²µ¦´  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¸ ¶µ³µÐÓÕ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì  ´ -
²¨É¨Î¥¸±¨Ì ³¥Éµ¤µ¢, ¢ ¸¨²Ê ´ ²¨Î¨Ö Ê ´¥¥ ¡µ²ÓÏµ£µ Î¨¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò.
	Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ³µ¤¥²Ó´ÊÕ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÊÕ ¸¨¸É¥³Ê SU(2)
¶µ²¥° Ÿ´£ ÄŒ¨²²¸  ¢ ±² ¸¸¨Î¥¸±µ³ ¢ ±ÊÊ³¥ ¶µ²Ö •¨££¸ . „²Ö ÔÉµ£µ ¶·¨³¥-
´¨³ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´Ò°  ´§ Í ± ² £· ´¦¨ ´Ê (119) ¨ ¶·¨³¥³, ¤²Ö
Ê¶·µÐ¥´¨Ö § ¤ Î¨, ÎÉµ ¢¥±Éµ·Ò ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ¢µ ¢´ÊÉ·¥´´¥³ ¶·µ-
¸É· ´¸É¢¥ ¶µ¸ÉµÖ´´Ò ¶µ ´ ¶· ¢²¥´¨Õ ¨ ¨§³¥´ÖÕÉ¸Ö Éµ²Ó±µ ¶µ  ¡¸µ²ÕÉ´µ°
¢¥²¨Î¨´¥. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¤¥²Ó´ Ö ¸¨¸É¥³  µ¡² ¤ ¥É Î¥ÉÒ·Ó³Ö ¸É¥¶¥´Ö³¨ ¸¢µ-
¡µ¤Ò. „²Ö ¡µ²ÓÏ¥£µ Ê¶·µÐ¥´¨Ö § ¤ Î¨ ¶µ²µ¦¨³ W 3

i = 0, W 0
i = 0, i = 1, 2, 3,

ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É µÉ¸ÊÉ¸É¢¨Õ ±² ¸¸¨Î¥¸±µ£µ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ¨ ¶µ²Ö
Z-¡µ§µ´µ¢. Œµ¤¥²Ó´ Ö ¸¨¸É¥³  ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°, ¢§ ¨³µ¤¥°-
¸É¢ÊÕÐ¨Ì ¸ ´¥¢ ±ÊÊ³´Ò³ ¶µ²¥³ •¨££¸ , ¶·¨ ÊÎ¥É¥ ¢²¨Ö´¨Ö ±¢ ´Éµ¢ÒÌ Ë²Ê±-
ÉÊ Í¨°, · ¸¸³ É·¨¢ ¥É¸Ö ¢ ¶. 4.3. ’ ±¨³ µ¡· §µ³, ´¥´Ê²¥¢Ò¥ ±µ³¶µ´¥´ÉÒ
± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ¨³¥ÕÉ ¢¨¤ (¶µ ¨´¤¥±¸Ê a ´¥É ¸Ê³³¨·µ¢ ´¨Ö)

W a
i = ea

i qa(t′), a = 1, 2, i = 1, 2, 3; (ea)2 = 1, e1e2 = cos ξ, (122)
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£¤¥ ea, a = 1, 2, ¥¸ÉÓ ¥¤¨´¨Î´Ò¥ ¶µ¸ÉµÖ´´Ò¥ ¢¥±Éµ·Ò ¢ É·¥Ì³¥·´µ³ ¶·µ¸É· ´-
¸É¢¥; ξ Ö¢²Ö¥É¸Ö Ê£²µ³ ³¥¦¤Ê ´¨³¨; t′ µ¡µ§´ Î ¥É ¢·¥³¥´´ÊÕ ±µµ·¤¨´ ÉÊ ¢
¸¨¸É¥³¥ µÉ¸Î¥É , ¢ ±µÉµ·µ° ¢¥±Éµ· �µ°´É¨´£  µ¡· Ð ¥É¸Ö ¢ ´Ê²Ó (¸³. ¶. 4.1);
qa(t′), a = 1, 2 Å µ¡µ¡Ð¥´´Ò¥ ±µµ·¤¨´ ÉÒ ³µ¤¥²Ó´µ° ¶µ²¥¢µ° ¸¨¸É¥³Ò.
‚ ·¥§Ê²ÓÉ É¥ ´¥¸²µ¦´ÒÌ, ´µ ¤µ¢µ²Ó´µ £·µ³µ§¤±¨Ì ¶·¥µ¡· §µ¢ ´¨° ¶·¨ Ê± -
§ ´´ÒÌ Ê¸²µ¢¨ÖÌ ¨§ ² £· ´¦¨ ´  (119) ¶µ²ÊÎ ¥É¸Ö ¸²¥¤ÊÕÐ¨° £ ³¨²ÓÉµ´¨ ´,
µ¶¨¸Ò¢ ÕÐ¨° ¤¨´ ³¨±Ê ³µ¤¥²Ó´µ° ¶µ²¥¢µ° ¸¨¸É¥³Ò:

H =
1
2
(p2

1 + p2
2) +

1
8
g2υ2(q2

1 + q2
2) +

1
2
g2q2

1q
2
2 sin2 ξ, (123)

£¤¥ pa, a = 1, 2, µ¡µ§´ Î ÕÉ ¸µ¶·Ö¦¥´´Ò¥ ¨³¶Ê²Ó¸Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¡µ¡-
Ð¥´´Ò³ ±µµ·¤¨´ É ³ qa; υ ¥¸ÉÓ ±² ¸¸¨Î¥¸±µ¥ ¢ ±ÊÊ³´µ¥ §´ Î¥´¨¥ ¶µ²Ö
•¨££¸ .

�·¨³¥´¨³ ±·¨É¥·¨° ’µ¤Ò (¸³. ¶. 1.2) ¤²Ö ¨§ÊÎ¥´¨Ö ¶µ¢¥¤¥´¨Ö ¸¨¸É¥-
³Ò (123). �µ Ëµ·³Ê² ³ (11), (12) ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¶ · -
³¥É·µ¢ B ¨ C:

B =
1
2
g2υ2 + g2

(
q2
1 + q2

2

)
sin2 ξ, (124)

C =
1
16

g4υ4 +
1
4
g4υ2

(
q2
1 + q2

2

)
sin2 ξ − 3g4q2

1q
2
2 sin4 ξ. (125)

ˆ§ (124), (125) ¸²¥¤Ê¥É, ÎÉµ ¶·¨ ³ ²ÒÌ ¶²µÉ´µ¸ÉÖÌ Ô´¥·£¨¨, ±µ£¤  ¶ · ³¥É·
C ¡µ²ÓÏ¥ ´Ê²Ö∗, ¤¢¨¦¥´¨¥ ¸¨¸É¥³Ò Ê¸Éµ°Î¨¢µ. �·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì
¶²µÉ´µ¸ÉÖÌ Ô´¥·£¨¨ ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥ ¢µ§´¨± ÕÉ µ¡² ¸É¨, ¢
±µÉµ·ÒÌ C < 0, ÎÉµ ¶·¨¢µ¤¨É ± ²µ± ²Ó´µ ´¥Ê¸Éµ°Î¨¢µ³Ê ¨, ¸²¥¤µ¢ É¥²Ó´µ,
Ì µÉ¨Î¥¸±µ³Ê ¶µ¢¥¤¥´¨Õ ³µ¤¥²Ó´µ° ¸¨¸É¥³Ò ¶·¨ ´¥±µÉµ·ÒÌ ´ Î ²Ó´ÒÌ Ê¸²µ-
¢¨ÖÌ. ’ ±¨³ µ¡· §µ³, ¸ ·µ¸Éµ³ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°
³Ò ´ ¡²Õ¤ ¥³ ¶¥·¥Ìµ¤ µÉ ¶µ·Ö¤±  ± Ì µ¸Ê, ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨
· ¡µÉ [14, 61, 62, 99]. Š·¨É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö É -
±µ³Ê ¶¥·¥Ìµ¤Ê, · ¢´  ³¨´¨³ ²Ó´µ³Ê §´ Î¥´¨Õ ¶µÉ¥´Í¨ ²  ¸¨¸É¥³Ò ´  ²¨´¨¨,
µ¶·¥¤¥²Ö¥³µ° Ê¸²µ¢¨¥³ C = 0, ¨ ¢ ¸²ÊÎ ¥ £ ³¨²ÓÉµ´¨ ´  (123) µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³ [14]:

Ec =
3
32

g2υ4

sin2 ξ
. (126)

‘¤¥² ´´Ò° ¢Ò¢µ¤ µ ¢µ§´¨±´µ¢¥´¨¨ ¶¥·¥Ìµ¤  µÉ Ê¶µ·Ö¤µÎ¥´´µ£µ ¤¢¨¦¥´¨Ö ±
Ì µÉ¨Î¥¸±µ³Ê ¢ ¶·¨¸ÊÉ¸É¢¨¨ ±² ¸¸¨Î¥¸±µ£µ ¢ ±ÊÊ³´µ£µ ¶µ²Ö •¨££¸  ¶µ¤É¢¥·-
¦¤ ¥É¸Ö Î¨¸²¥´´Ò³¨ · ¸Î¥É ³¨, ¶·µ¢¥¤¥´´Ò³¨ ¢ · ¡µÉ¥ [3].

∗Š ± ¢¨¤´µ ¨§ ¢Ò· ¦¥´¨Ö (124), ¶ · ³¥É· B ¢¸¥£¤  ¶µ²µ¦¨É¥²¥´.
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‘²¥¤ÊÖ · ¡µÉ¥ [63], ¸· ¢´¨³ ¢Ò· ¦¥´¨¥ (126), ¶µ²ÊÎ¥´´µ¥ ¸ ¶µ³µÐÓÕ
±·¨É¥·¨Ö ’µ¤Ò, ¸ ·¥§Ê²ÓÉ Éµ³ ¸´ Î ²   ´ ²¨É¨Î¥¸±¨Ì,   § É¥³ ¨ Î¨¸²¥´´ÒÌ
¢ÒÎ¨¸²¥´¨° ´  µ¸´µ¢ ´¨¨ É¥µ·¨¨ Š�Œ (¸³. [11]).

ˆ¸Ìµ¤¨³ ¨§ £ ³¨²ÓÉµ´¨ ´  (123). �¥·¥°¤¥³ ± ´µ¢Ò³ ¶¥·¥³¥´´Ò³
¤¥°¸É¢¨¥ÄÊ£µ²:

qi =
(

2Ii

ω

)1/2

cos θi, (127)

pi = (2Iiω)1/2 sin θi, i = 1, 2, (128)

£¤¥ ω = gυ/2. ƒ ³¨²ÓÉµ´¨ ´ ³µ¤¥²Ó´µ° ¸¨¸É¥³Ò ¶·¨³¥É ¢¨¤

H = H0 + εV, ε =
2g2 sin2 ξ

ω2
, (129)

£¤¥
H0 = ω (I1 + I2) , V = I1I2 cos2 θ1 cos2 θ2. (130)

‡¤¥¸Ó £ ³¨²ÓÉµ´¨ ´ H0 µ¶¨¸Ò¢ ¥É ´¥¢µ§³ÊÐ¥´´ÊÕ ¨´É¥£·¨·Ê¥³ÊÕ Î ¸ÉÓ ³µ-
¤¥²Ó´µ° ¸¨¸É¥³Ò,   εV ¶·¥¤¸É ¢²Ö¥É ´¥¨´É¥£·¨·Ê¥³ÊÕ ¤µ¡ ¢±Ê (¢µ§³ÊÐ¥´¨¥),
¶ · ³¥É· ε ¶·¥¤¶µ² £ ¥É¸Ö ³ ²Ò³.

‚ ·¥§Ê²ÓÉ É¥ · §¤¥²¥´¨Ö ¡Ò¸É·ÒÌ ¨ ³¥¤²¥´´ÒÌ Ê£²µ¢ÒÌ ¶¥·¥³¥´´ÒÌ [11,
£². 3] ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨° Ê¸·¥¤´¥´´Ò° ¶µ ¢·¥³¥´¨ ¶µÉ¥´Í¨ ² ¢µ§³ÊÐ¥´¨Ö:

V̄ � 1
8
I1I2(2 + cos 2(θ1 + θ2)). (131)

“· ¢´¥´¨Ö ƒ ³¨²ÓÉµ´  ¶·¨³ÊÉ ¢¨¤


ψ̇ =
1
4
εδI(2 + cosψ),

δ̇I = −1
2
εI1I2 sin ψ,

(132)

£¤¥ ¢¢¥¤¥´Ò µ¡µ§´ Î¥´¨Ö

ψ = 2 (θ1 − θ2) , δI = I1 − I2. (133)

‡¤¥¸Ó ψ µ¡µ§´ Î ¥É Ë §µ¢ÊÕ ¶¥·¥³¥´´ÊÕ, ¶µ ±µÉµ·µ° ¶·µ¨¸Ìµ¤ÖÉ ±µ²¥¡ ´¨Ö
¢ µ±·¥¸É´µ¸É¨ ´¥²¨´¥°´µ£µ ·¥§µ´ ´¸ , ´ §Ò¢ ¥³Ò¥ Ë §µ¢Ò³¨ ±µ²¥¡ ´¨Ö³¨.
�É±²µ´¥´¨¥ µÉ ÉµÎ´µ£µ ·¥§µ´ ´¸  ¶µ ¤¥°¸É¢¨Õ µ¶·¥¤¥²Ö¥É¸Ö ¶¥·¥³¥´´µ° δI .
Š ± Ê± § ´µ ¢ ±´¨£¥ [11, ¸. 77], ¸Ê³³  I1 + I2 Ö¢²Ö¥É¸Ö ÉµÎ´Ò³ ¨´É¥£· ²µ³
¤¢¨¦¥´¨Ö (¸µµÉ´µÏ¥´¨¥ ŒÔ´²¨Ä�µÊ). �·¥´¥¡·¥¦¥³ ´¥¨´É¥£·¨·Ê¥³µ° Î ¸ÉÓÕ
£ ³¨²ÓÉµ´¨ ´  (123) ¶µ ¸· ¢´¥´¨Õ ¸ ¨´É¥£·¨·Ê¥³µ° (εV � H0), Éµ£¤ 

I1 + I2 = const � E

ω
, (134)
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£¤¥ E µ¡µ§´ Î ¥É ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´µ° ³µ¤¥²Ó´µ°
¶µ²¥¢µ° ¸¨¸É¥³Ò. ˆ¸¶µ²Ó§ÊÖ ¶µ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥, ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ Ê· ¢-
´¥´¨Ö ¤¢¨¦¥´¨Ö (132) ¢ ¢¨¤¥


ψ̇ =

1
2
εδI,

δ̇I = −1
8
ε
E2

ω2
sin ψ.

(135)

“· ¢´¥´¨Ö (135) µ¶¨¸Ò¢ ÕÉ ¶µ¢¥¤¥´¨¥ ¸¨¸É¥³Ò, µ¶·¥¤¥²Ö¥³µ¥ ·¥§µ´ ´¸´µ°
ËÊ·Ó¥-±µ³¶µ´¥´Éµ° ¶µÉ¥´Í¨ ²  ¢µ§³ÊÐ¥´¨Ö V . �´¨ ¸µ¢¶ ¤ ÕÉ ¶µ ¢¨¤Ê ¸
Ê· ¢´¥´¨Ö³¨, µ¶¨¸Ò¢ ÕÐ¨³¨ ¤¢¨¦¥´¨¥ ´¥²¨´¥°´µ£µ ³ ÖÉ´¨±  [11, £². 1, § 3].
ˆ§¢¥¸É´µ, ÎÉµ ´¥·¥§µ´ ´¸´Ò¥ ËÊ·Ó¥-±µ³¶µ´¥´ÉÒ ¶µÉ¥´Í¨ ²  V , ±µÉµ·Ò³¨ ³Ò
¶·¥´¥¡·¥£²¨, · §·ÊÏ ÕÉ ¸¥¶ · É·¨¸Ê ´¥²¨´¥°´ÒÌ ±µ²¥¡ ´¨°,   ´  ¥¥ ³¥¸É¥
¢µ§´¨± ¥É ¸ÉµÌ ¸É¨Î¥¸±¨° ¸²µ° [11, £². 5, § 3]. � ¸¸³µÉ·¨³ ¶µ¢¥¤¥´¨¥ ³µ-
¤¥²Ó´µ° ¸¨¸É¥³Ò ¢¡²¨§¨ ¸¥¶ · É·¨¸Ò ´¥²¨´¥°´ÒÌ ±µ²¥¡ ´¨°. �¥·¥Ìµ¤Ö µÉ
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö (135) ± Ê· ¢´¥´¨Ö³ ¢ ±µ´¥Î´ÒÌ · §-
´µ¸ÉÖÌ, ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ µÉµ¡· ¦¥´¨¥, µ¶¨¸Ò¢ ÕÐ¥¥ ¤¨´ ³¨±Ê ¸¨¸É¥³Ò:

ψn+1 = ψn +
1
2
ετ̄δIn, (136)

£¤¥ τ̄ Å ¢·¥³Ö ¤¨¸±·¥É¨§ Í¨¨,   ψn ¨ δIn µ¡µ§´ Î ÕÉ Ë §µ¢ÊÕ ¶¥·¥³¥´-
´ÊÕ ¨ ¶¥·¥³¥´´ÊÕ ¤¥°¸É¢¨Ö ¶µ¸²¥ n-£µ ¢·¥³¥´´µ£µ Ï £ . ‚ ¸¨²Ê ³ ²µ¸É¨
´¥¨´É¥£·¨·Ê¥³µ° ¤µ¡ ¢±¨ (εV � H0) ¸¨¸É¥³Ê ³µ¦´µ ¶·¨¡²¨¦¥´´µ ¸Î¨É ÉÓ
±µ´¸¥·¢ É¨¢´µ°, ÎÉµ ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ µÍ¥´±Ê:

sin ψn =
√

1 − cos2 ψn �
√

ε

2Hs
δIn, (137)

£¤¥ Hs = εE2/(8ω2) Å £ ³¨²ÓÉµ´¨ ´ Ë §µ¢ÒÌ ±µ²¥¡ ´¨° ´  ¸¥¶ · É·¨¸¥.
’ ±¨³ µ¡· §µ³, µÉµ¡· ¦¥´¨¥ (136) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

ψ̄n+1 = ψ̄n − 1
2
ετ̄

√
2Hs

ε
sin ψ̄n, (138)

£¤¥ ψ̄n = ψn+π ¥¸ÉÓ ¸¤¢¨´ÊÉ Ö ´  π Ë §µ¢ Ö ¶¥·¥³¥´´ Ö. ‹µ± ²Ó´ Ö ´¥Ê¸Éµ°-
Î¨¢µ¸ÉÓ ¶µ Ë §¥ ¨³¥¥É ³¥¸Éµ, ¥¸²¨ ±µÔËË¨Í¨¥´É L, µ¶·¥¤¥²Ö¥³Ò° ¸²¥¤ÊÕÐ¨³
¢Ò· ¦¥´¨¥³, ¡µ²ÓÏ¥ ¥¤¨´¨ÍÒ [11, ¸. 125]:∣∣∣∣∂ψ̄n+1

∂ψ̄n
− 1
∣∣∣∣ = L

∣∣ cos ψ̄n

∣∣ . (139)

�Éµ Ê¸²µ¢¨¥ ¶·¨¢µ¤¨É ± ¢Ò· ¦¥´¨Õ ¤²Ö ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶¥·¥Ìµ¤Ê µÉ Ê¶µ·Ö¤µÎ¥´´µ£µ ¤¢¨¦¥´¨Ö ± Ì µÉ¨Î¥¸±µ³Ê ¢
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�¨¸. 8. ‘¥Î¥´¨¥ �Ê ´± ·¥, ¸¤¥² ´´µ¥ ¶²µ¸±µ¸ÉÓÕ q1 = 0 ¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ³µ-
¤¥²Ó´µ° ¸¨¸É¥³Ò. �·¨´ÖÉÒ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢: υ = 10, ξ = π/4,
g = 1. �´¥·£¨Ö ¸¨¸É¥³Ò Ë¨±¸¨·µ¢ ´  ¨ · ¢´  ±·¨É¨Î¥¸±µ° Ô´¥·£¨¨ ¶¥·¥Ìµ¤ 
¶µ·Ö¤µ±ÄÌ µ¸, µÍ¥´¥´´µ° ¶·¨ ¶µ³µÐ¨ ±·¨É¥·¨Ö ’µ¤Ò ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨

³µ¤¥²Ó´µ° ¶µ²¥¢µ° ¸¨¸É¥³¥:

Ec =
1
4π

g2υ4

sin2 ξ
, (140)

£¤¥ ¢ ± Î¥¸É¢¥ µÍ¥´±¨ ¢·¥³¥´¨ ¤¨¸±·¥É¨§ Í¨¨ ¶·¨´ÖÉ ´ ¨³¥´ÓÏ¨° Ì · ±É¥·-
´Ò° ¤²Ö ¸¨¸É¥³Ò ¢·¥³¥´´µ° ¶·µ³¥¦ÊÉµ± τ̄ = π/2ω, · ¢´Ò° Î¥É¢¥·É¨ ¶¥·¨µ¤ 
£ ·³µ´¨Î¥¸±¨Ì ±µ²¥¡ ´¨°, ‚Ò· ¦¥´¨Ö ¤²Ö ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨
(126), (140), ¶µ²ÊÎ¥´´Ò¥ ¶µ¸·¥¤¸É¢µ³ · §²¨Î´ÒÌ ³¥Éµ¤µ¢, ¤¥³µ´¸É·¨·ÊÕÉ
µ¤¨´ ±µ¢ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò,   · §²¨Î¨¥ ¢ Î¨¸²¥´´ÒÌ ³´µ-
¦¨É¥²ÖÌ ¸µ¸É ¢²Ö¥É ¶·¨¡²¨§¨É¥²Ó´µ 15 % µÉ ¨Ì ¢¥²¨Î¨´Ò, ÎÉµ µ¡Ê¸²µ¢²¥´µ
µÍ¥´µÎ´Ò³ Ì · ±É¥·µ³ ¨¸¶µ²Ó§µ¢ ´´ÒÌ ³¥Éµ¤µ¢. ’ ±¨³ µ¡· §µ³, µ¡µ¡Ð¥´-
´Ò° ±·¨É¥·¨° ’µ¤Ò ¢ ¸²ÊÎ ¥ ¤¢ÊÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¸µ£² ¸Ê¥É¸Ö ¸ ±·¨É¥·¨Ö³¨
²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ É¥µ·¨¨ Š�Œ.

�·µ¢¥¤¥³ ¸· ¢´¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éµ¢ ¸ ¤ ´´Ò³¨
Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ´  µ¸´µ¢¥ ³¥Éµ¤  µÉµ¡· ¦¥´¨° �Ê ´± ·¥ [11,
¸. 33]. 	Ò²  ¸µ§¤ ´  ¶·µ£· ³³ , ´ ¶¨¸ ´´ Ö ´  Ö§Ò±¥ ¶·µ£· ³³¨·µ¢ ´¨Ö ¶ -
±¥É  Mathematica 4.2, ±µÉµ· Ö ¸É·µ¨É µÉµ¡· ¦¥´¨¥ �Ê ´± ·¥ · ¸¸³ É·¨¢ ¥-
³µ° ³µ¤¥²Ó´µ° ¸¨¸É¥³Ò ¶·¨ · §²¨Î´ÒÌ ¶²µÉ´µ¸ÉÖÌ Ô´¥·£¨¨ ± ²¨¡·µ¢µÎ´ÒÌ
¶µ²¥°. �  µ¸´µ¢¥ ¥¥ ·¥§Ê²ÓÉ Éµ¢ ¶µ¸É·µ¥´µ ¸¥Î¥´¨¥ �Ê ´± ·¥ (¸³. ·¨¸. 8),
¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ±·¨É¨Î¥¸±µ° Ô´¥·£¨¨ ¶¥·¥Ìµ¤  (126),  ´ ²¨É¨Î¥¸±¨ ¢ÒÎ¨-
¸²¥´´µ° ´  µ¸´µ¢ ´¨¨ ±·¨É¥·¨Ö ’µ¤Ò ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨. ‚Ò¡· ´-
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´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ¸¨¸É¥³Ò ¶·¨¢¥¤¥´Ò ¢ ¶µ¤¶¨¸¨ ± ·¨¸. 8. ‚¨¤´µ, ÎÉµ
¢ Ë §µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ± ± ´¥· §·ÊÏ¥´´Ò¥ Š�Œ-Éµ·Ò, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨¥ ·¥£Ê²Ö·´µ³Ê ¤¢¨¦¥´¨Õ, É ± ¨ ¸É ¢Ï Ö Ê¦¥ § ³¥É´µ° µ¡² ¸ÉÓ
Ì µÉ¨Î¥¸±µ£µ ¤¢¨¦¥´¨Ö.

4.3. ‚²¨Ö´¨¥ ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ± ´  Ì µÉ¨Î¥¸±ÊÕ ¤¨´ ³¨±Ê ¶µ²¥°. ‚
¤ ´´µ³ ¶Ê´±É¥ ¨§ÊÎ ¥É¸Ö Ì µÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´µ°
³µ¤¥²Ó´µ° ¸¨¸É¥³Ò ´¥ ¡¥²¥¢ÒÌ ¶µ²¥° Ÿ´£ ÄŒ¨²²¸ , ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸µ
¸± ²Ö·´Ò³ ¶µ²¥³ •¨££¸ , ¶·¨ ÊÎ¥É¥ ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ± ²¨¡·µ¢µÎ´ÒÌ
¶µ²¥° [64]. �µ²¥ •¨££¸  · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¤µ¶µ²´¨É¥²Ó´ Ö ¤¨´ ³¨Î¥¸± Ö
¸É¥¶¥´Ó ¸¢µ¡µ¤Ò ¸¨¸É¥³Ò. �¡¥²¥¢ ¸²ÊÎ ° · ¸¸³µÉ·¥´ ¢ · ¡µÉ¥ [84]. ˆ¸-
Ìµ¤´Ò° ² £· ´¦¨ ´, µ¶¨¸Ò¢ ÕÐ¨° ¤¨´ ³¨±Ê ¶µ²¥°, § ¤ ´ ¢Ò· ¦¥´¨¥³ (119).
“Î¥É ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ± µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ¸·¥¤¸É¢µ³ ³¥Éµ¤  ÔËË¥±É¨¢´µ£µ
¶µÉ¥´Í¨ ²  [43]. �£· ´¨Î¨³¸Ö · ¸¸³µÉ·¥´¨¥³ ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨-
¦¥´¨Ö. �¤´µ¶¥É²¥¢µ° ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¶µ²Ö •¨££¸ , £¥´¥·¨·Ê¥³Ò°
² £· ´¦¨ ´µ³ (119), ¨³¥¥É ¢¨¤ (¸³. [26]):

U(〈ρ〉) =
1
4!

λ〈ρ〉4 +
3g4〈ρ〉4
128π2

(
−1

2
+ ln

g2〈ρ〉2
2µ2

)
+

+
3g4〈ρ〉4

256π2 cos4 θw

(
−1

2
+ ln

g2〈ρ〉2
2µ2 cos2 θw

)
. (141)

‡¤¥¸Ó µ2 Å ÔÉµ ±µ´¸É ´É  ¶¥·¥´µ·³¨·µ¢±¨; 〈ρ〉 Å ¶¥·¥´µ·³¨·µ¢ ´´µ¥ ¶µ²¥
•¨££¸ . �·¨ ¢ÒÎ¨¸²¥´¨¨ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ÊÎ¨ÉÒ¢ ²¨¸Ó ¢±² ¤Ò ¢¸¥Ì
¤¨ £· ³³ ”¥°´³ ´  ¸ µ¤´µ° ¶¥É²¥° ± ±µ£µ-´¨¡Ê¤Ó (W1, W2, Z ¨²¨ A) ± ²¨-
¡·µ¢µÎ´µ£µ ¶µ²Ö ¨ ¢´¥Ï´¨³¨ ²¨´¨Ö³¨ ¶µ²Ö •¨££¸ . �ÉµÉ ¶µÉ¥´Í¨ ² ¶·¨¢µ-
¤¨É ± ¸¶µ´É ´´µ³Ê ´ ·ÊÏ¥´¨Õ ¸¨³³¥É·¨¨ ¨ ´¥´Ê²¥¢µ³Ê §´ Î¥´¨Õ ¢ ±ÊÊ³´µ£µ
µ¦¨¤ ´¨Ö ¸± ²Ö·´µ£µ ¶µ²Ö, ¢ Éµ ¢·¥³Ö ± ± ±² ¸¸¨Î¥¸±µ¥ ¢ ±ÊÊ³´µ¥ §´ Î¥´¨¥
¶µ²Ö •¨££¸  · ¢´µ ´Ê²Õ.

‘²¥¤ÊÖ ¸Ì¥³¥ ¶µ¸É·µ¥´¨Ö ³µ¤¥²Ó´µ° ¶µ²¥¢µ° ¸¨¸É¥³Ò, µ¶¨¸ ´´µ°
¢ ¶¶. 4.1, 4.2,   É ±¦¥ · ¸¸³ É·¨¢ Ö ¶µ²¥ •¨££¸  ± ± ¤¨´ ³¨Î¥¸±ÊÕ ¶¥·¥-
³¥´´ÊÕ ¨ ´ ±² ¤Ò¢ Ö ´  ´¥£µ Ê¸²µ¢¨¥ ¶·µ¸É· ´¸É¢¥´´µ° µ¤´µ·µ¤´µ¸É¨, ¶·¨
ÊÎ¥É¥ ±¢ ´Éµ¢ÒÌ ¶µ¶· ¢µ± ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨° £ ³¨²ÓÉµ´¨ ´, µ¶¨¸Ò¢ ÕÐ¨°
¤¨´ ³¨±Ê ³µ¤¥²Ó´µ° ±µ´Ë¨£Ê· Í¨¨ ¶µ²¥°:

H =
1
2
(p2

1 + p2
2 + p2) +

1
8
g2〈ρ〉2(q2

1 + q2
2) + U(〈ρ〉), (142)

£¤¥ p1 ¨ p2 µ¡µ§´ Î ÕÉ µ¡µ¡Ð¥´´Ò¥ ¨³¶Ê²Ó¸Ò ¶µ²Ö Ÿ´£ ÄŒ¨²²¸ ; p Å µ¡µ¡-
Ð¥´´Ò° ¨³¶Ê²Ó¸ ¶µ²Ö •¨££¸ . �¥·¥Ìµ¤Ö ± ¶µ²Ö·´Ò³ ±µµ·¤¨´ É ³ ¢ ±µ´Ë¨-
£Ê· Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥ ¶µ¸·¥¤¸É¢µ³ § ³¥´Ò q1 = r cos ϕ, q2 = r sin ϕ,
¶µ²ÊÎ¨³, ÎÉµ ´µ¢ Ö ¶¥·¥³¥´´ Ö ϕ Ö¢²Ö¥É¸Ö Í¨±²¨Î¥¸±µ°, ¸µ¶·Ö¦¥´´Ò° ¥°
µ¡µ¡Ð¥´´Ò° ¨³¶Ê²Ó¸ pϕ = r2ϕ̇ ¥¸ÉÓ ±µ´¸É ´É  ¤¢¨¦¥´¨Ö. ’ ±¨³ µ¡· §µ³,
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£ ³¨²ÓÉµ´¨ ´ (142) ³µ¦¥É ¡ÒÉÓ ¶·¨¡²¨¦¥´´µ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

H =
1
2
(p2

r + p2) +
1
8
g2〈ρ〉2r2 + U(〈ρ〉). (143)

‡¤¥¸Ó pr µ¡µ§´ Î ¥É ¸µ¶·Ö¦¥´´Ò° ¸ µ¡µ¡Ð¥´´µ° ±µµ·¤¨´ Éµ° r ¨³¶Ê²Ó¸.
’ ±¦¥ ¢ ¢Ò· ¦¥´¨¨ (143) ³Ò ¶·¥´¥¡·¥£²¨ ¸² £ ¥³Ò³ pϕ/r2, ¶µ ¸· ¢´¥´¨Õ
¸ Î²¥´ ³¨, ¶·µ¶µ·Í¨µ´ ²Ó´Ò³¨ r2. ‘ Ë¨§¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ÔÉµ µ§´ -
Î ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·¨¡²¨¦¥´¨Ö ¢Ò¸µ±µ° ¨´É¥´¸¨¢´µ¸É¨ ±² ¸¸¨Î¥¸±¨Ì ¶µ-
²¥° Ÿ´£ ÄŒ¨²²¸ . � ¸Î¥É µ¸´µ¢ ´ ´  ¶·¨³¥´¥´¨¨ ±·¨É¥·¨Ö ’µ¤Ò ²µ± ²Ó´µ°
´¥Ê¸Éµ°Î¨¢µ¸É¨ £ ³¨²ÓÉµ´µ¢ÒÌ ¸¨¸É¥³ (¸³. ¶. 1.2).

‚Éµ· Ö ¶·µ¨§¢µ¤´ Ö ¶µÉ¥´Í¨ ²  (141) ¨³¥¥É ¢¨¤

U ′′(〈ρ〉) =
λ

2
〈ρ〉2 +

21g4〈ρ〉2
64π2

+
21g4〈ρ〉2

128π2 cos4 θw
+

9g4〈ρ〉2
32π2

×

×
(
−1

2
+ ln

g2〈ρ〉2
2µ2

)
+

9g4〈ρ〉2
64π2 cos4 θw

(
−1

2
+ ln

g2〈ρ〉2
2µ2 cos2 θw

)
. (144)

‚¢¥¤¥³ ¸²¥¤ÊÕÐ¥¥ µ¡µ§´ Î¥´¨¥ ¤²Ö ¶µÉ¥´Í¨ ² , ¢Ìµ¤ÖÐ¥£µ ¢ £ ³¨²ÓÉµ-
´¨ ´ (143):

V =
1
8
g2〈ρ〉2r2 + U(〈ρ〉). (145)

…£µ ¢Éµ·Ò¥ ¶·µ¨§¢µ¤´Ò¥ § ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

V ′′
〈ρ〉〈ρ〉 =

1
4
g2r2 + U ′′(〈ρ〉), (146)

V ′′
rr =

1
4
g2〈ρ〉2, (147)

V ′′
r〈ρ〉 =

1
2
g2〈ρ〉r. (148)

� · ³¥É· C, µ¶·¥¤¥²Ö¥³Ò° Ëµ·³Ê²µ° (12), ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

C =
1
4
g2〈ρ〉2U ′′(〈ρ〉) − 3

16
g4〈ρ〉2r2. (149)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ·¥§Ê²ÓÉ É ³¨, ¨§²µ¦¥´´Ò³¨ ¢ ¶. 1.2, ±·¨É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ
Ô´¥·£¨¨ Ec, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶¥·¥Ìµ¤Ê ¶µ·Ö¤µ±ÄÌ µ¸,

Ec = Vm(〈ρ〉, r) |C=0 − U(〈ρv〉), (150)

£¤¥ Vm(〈ρ〉, r) |C=0 Å ÔÉµ ³¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¶µÉ¥´Í¨ ²  (145) ´  ²¨-
´¨¨, µ¶·¥¤¥²Ö¥³µ° Ê¸²µ¢¨¥³ C = 0; U(〈ρv〉) µ¡µ§´ Î ¥É ¢ ±ÊÊ³´µ¥ §´ Î¥´¨¥
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ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  ¶µ²Ö •¨££¸ :

U(〈ρv〉) =
3µ4

32π2
exp
(

2αw − 2λ

g4
βw

)
×

×
[(

αw − 1
2

)(
1 +

1
2 cos4 θw

)
− ln cos θw

cos4 θw

]
, (151)

£¤¥ θw Å Ê£µ² ‚ °´¡¥·£ ,   µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ αw, βw ¶·¨¢¥¤¥´Ò ´¨¦¥.
‡ ³¥É¨³, ÎÉµ

〈ρ〉2U ′′(〈ρ〉) = 12U(〈ρ〉) +
21g4〈ρ〉4

64π2

(
1 +

1
2 cos4 θw

)
. (152)

ˆ¸¶µ²Ó§ÊÖ ÔÉµ ¸µµÉ´µÏ¥´¨¥, ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ´  ²¨´¨¨, µ¶·¥¤¥²Ö¥³µ°
Ê¸²µ¢¨¥³ C = 0, ¢Ò¶µ²´Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥

V (〈ρ〉) |C=0 = 7Uw(〈ρ〉), (153)

£¤¥ Uw(〈ρ〉) § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (141) ¸ ÊÎ¥Éµ³ § ³¥´Ò

λ → λw = λ +
9g4

16π2

(
1 +

1
2 cos4 θw

)
. (154)

’ ±¨³ µ¡· §µ³, ¨¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨¥ (151), ²¥£±µ ´ °É¨ ³¨´¨³ ²Ó´µ¥ §´ -
Î¥´¨¥ ¶µÉ¥´Í¨ ²  V ´  ²¨´¨¨ C = 0. �µ¤¸É ¢²ÖÖ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¢ (150), ¶·¨¤¥³ ± µ±µ´Î É¥²Ó´µ³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨
Ô´¥·£¨¨ Ec:

Ec =
3µ4

32π2
exp
(

2αw − 2λ

g4
βw

)(
1 +

1
2 cos4 θw

)
(1 − 7e−2), (155)

£¤¥ ¨¸¶µ²Ó§µ¢ ´Ò µ¡µ§´ Î¥´¨Ö

αw =
2 ln cos θw

1 + 2 cos4 θw
, (156)

βw =
32π2 cos4 θw

9(1 + 2 cos4 θw)
. (157)

‡¤¥¸Ó θw Å Ê£µ² ‚ °´¡¥·£ . ˆ§ ¢Ò· ¦¥´¨Ö (155) ¢¨¤´µ, ÎÉµ Ec Ô±¸¶µ´¥´Í¨-
 ²Ó´µ ¶µ¤ ¢²¥´  ¶·¨ Ê¸²µ¢¨¨

λ

g4
>

2
βw

. (158)
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’ ±¨³ µ¡· §µ³, ¥¸²¨ µÉ´µÏ¥´¨¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¶µ²Ö •¨££¸  ± Î¥É¢¥·Éµ°
¸É¥¶¥´¨ ±µ´¸É ´ÉÒ ¸ ³µ¤¥°¸É¢¨Ö ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥° ¶·¥¢Ò-
Ï ¥É Ê± § ´´µ¥ ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥, Éµ ¶¥·¥Ìµ¤ µÉ Ê¶µ·Ö¤µÎ¥´´µ£µ ¤¢¨¦¥-
´¨Ö ± Ì µÉ¨Î¥¸±µ³Ê ¸É ´µ¢¨É¸Ö ¶· ±É¨Î¥¸±¨ ´¥´ ¡²Õ¤ ¥³Ò³. � µ¡µ·µÉ, ¶·¨
¤µ¸É ÉµÎ´µ ³ ²ÒÌ §´ Î¥´¨ÖÌ λ/g4 ±¢ ´Éµ¢Ò¥ ¶µ¶· ¢±¨ ± ¶µÉ¥´Í¨ ²Ê ¶µ²Ö
•¨££¸  ¸ÊÐ¥¸É¢¥´´µ ¢²¨ÖÕÉ ´  ¤¨´ ³¨±Ê ³µ¤¥²Ó´µ° ¸¨¸É¥³Ò ¨ ¶·¨¢µ¤ÖÉ ± ¥¥
·¥£Ê²Ö·¨§ Í¨¨ ¶·¨ ³ ²ÒÌ ¶²µÉ´µ¸ÉÖÌ Ô´¥·£¨¨.

‡�Š‹�—…�ˆ…

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¨¸¸²¥¤µ¢ ´Ò ¶·µÖ¢²¥´¨Ö ¨ ¸¢µ°¸É¢  ¤¥É¥·³¨´¨·µ-
¢ ´´µ£µ Ì µ¸  ¢ ·Ö¤¥ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì ¨ É¥µ·¥É¨±µ-¶µ²¥¢ÒÌ ³µ¤¥²¥°.

‚ ¶¥·¢µ³ · §¤¥²¥ ¡Ò² µ¡µ¡Ð¥´ ´  ¸²ÊÎ ° ¶·µ¨§¢µ²Ó´µ£µ ±µ´¥Î´µ£µ Î¨-
¸²  ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ±·¨É¥·¨° ’µ¤Ò ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ £ ³¨²ÓÉµ-
´µ¢ÒÌ ¸¨¸É¥³ ¸ ±¢ ¤· É¨Î´Ò³ ¶µ ¢¥±Éµ·Ê µ¡µ¡Ð¥´´µ£µ ¨³¶Ê²Ó¸  £ ³¨²ÓÉµ-
´¨ ´µ³ [14, 65, 67]. �·¨¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¶µ¤Ìµ¤µ¢ ± ¶·µ¡²¥³¥
Ì µ¸  ¢ ±¢ ´Éµ¢ÒÌ ¸¨¸É¥³ Ì. �·¥¤²µ¦¥´ ±·¨É¥·¨° Ì µÉ¨Î´µ¸É¨ ±¢ ´Éµ¢ÒÌ
¸¨¸É¥³ [65, 67, 73, 75, 76]. �µ± § ´µ, ÎÉµ ¶·¥¤²µ¦¥´´Ò° ±·¨É¥·¨° ¸µ£² ¸Ê-
¥É¸Ö ¸ µ¡µ¡Ð¥´´Ò³ ±·¨É¥·¨¥³ ’µ¤Ò ²µ± ²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ ¢ ±¢ §¨±² ¸-
¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ [65, 72]. � 
µ¸´µ¢ ´¨¨  ´ ²µ£¨¨ ³¥¦¤Ê ¶¥É²¥° ‚¨²¸µ´  ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ ¨ µ¶·¥-
¤¥²¥´¨¥³ Ë¨¤¥²¨É¨ ¤²Ö £µ²µ´µ³´µ£µ ±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥·  µ¡Ð¥£µ ¢¨¤ ,  
É ±¦¥ ¶µ¸·¥¤¸É¢µ³ ¶·¨³¥´¥´¨Ö ´¥ ¡¥²¥¢µ° É¥µ·¥³Ò ‘Éµ±¸ , ¶µ²ÊÎ¥´µ µ¡Ð¥¥
¢Ò· ¦¥´¨¥ ¤²Ö Ë¨¤¥²¨É¨ £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ ¢ÒÎ¨¸²¥´¨° [71]. ‘Ëµ·³Ê-
²¨·µ¢ ´Ò Ê¸²µ¢¨Ö, ¶µ§¢µ²ÖÕÐ¨¥ Ê¢¥²¨Î¨ÉÓ ¨Ì Ê¸Éµ°Î¨¢µ¸ÉÓ ¶µ µÉ´µÏ¥´¨Õ
± ³ ²Ò³ ´¥±µ´É·µ²¨·Ê¥³Ò³ µÏ¨¡± ³ ¢ § ¤ ´¨¨ Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·µ¢.
�·¨¢¥¤¥´Ò ¶·¨¡²¨¦¥´´Ò¥ Ëµ·³Ê²Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ¸É¥¶¥´Ó µÉ±²µ´¥´¨Ö Ë¨-
¤¥²¨É¨ µÉ ¥¤¨´¨ÍÒ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò µÏ¨¡µ±.

‚µ ¢Éµ·µ³ · §¤¥²¥ · ¸¸³ É·¨¢ ²µ¸Ó ¢²¨Ö´¨¥ ±² ¸¸¨Î¥¸±µ£µ ¤¥É¥·³¨´¨-
·µ¢ ´´µ£µ Ì µ¸  ´  ¸¢µ°¸É¢  ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö ¢ ±¢ -
§¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨. � §¢¨É  ´ ²¨É¨Î¥¸±¨° ³¥Éµ¤ · ¸Î¥É  Ì · ±-
É¥·¨¸É¨± ÉÊ´´¥²¨·µ¢ ´¨Ö, µ¸´µ¢ ´´Ò° ´  ¶·¨³¥´¥´¨¨ ¨´¸É ´Éµ´´µ£µ ¶µ¤-
Ìµ¤ . „µ± § ´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥ Ì µÉ¨Î¥¸±¨Ì ¨´¸É ´Éµ´´ÒÌ ·¥Ï¥´¨° [69, 77].
�  ¶·¨³¥·¥ ¢µ§³ÊÐ¥´´µ° ¶¥·¨µ¤¨Î¥¸±¨ ¶µ ¢·¥³¥´¨ µ¤´µ³¥·´µ° ¸¨¸É¥³Ò ¸
±µ¸¨´Ê¸µ¨¤ ²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³ ¶µ± § ´µ, ÎÉµ ¢²¨Ö´¨¥ ±² ¸¸¨Î¥¸±µ£µ Ì µ¸ 
´  ¨´¸É ´Éµ´´µ¥ ÉÊ´´¥²¨·µ¢ ´¨¥ ¶·µÖ¢²Ö¥É¸Ö ¢ Ô±¸¶µ´¥´Í¨ ²Ó´µ³ ÊÏ¨·¥´¨¨
µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò ¢ ¸¶¥±É·¥ ¸¨¸É¥³Ò,   É ±¦¥ ¶·¨¢µ¤¨É ±
¸¦ É¨Õ · §·¥¦¥´´µ£µ ¨´¸É ´Éµ´´µ£µ £ §  [68, 69, 80]. �  µ¸´µ¢ ´¨¨ ´¥§ ¢¨-
¸¨³µ£µ ³¥Éµ¤ , ¡ §¨·ÊÕÐ¥£µ¸Ö ´  É¥µ·¨¨ ”²µ±¥, ¸µ§¤ ´Ò ¶·µ£· ³³´Ò¥ ¸·¥¤-
¸É¢  ¨ ¶·µ¢¥¤¥´µ ±µ³¶ÓÕÉ¥·´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¢²¨Ö´¨Ö ±² ¸¸¨Î¥¸±µ£µ Ì -
µ¸  ´  Ì · ±É¥·¨¸É¨±¨ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ÉÊ´´¥²¨·µ¢ ´¨Ö. �  ¶·¨³¥·¥
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³µ¤¥²Ó´µ° ¸¨¸É¥³Ò ¶µ¤É¢¥·¦¤¥´Ò ¢Ò¢µ¤Ò µ¡ Ô±¸¶µ´¥´Í¨ ²Ó´µ³ ÊÏ¨·¥´¨¨
µ¸´µ¢´µ° ±¢ §¨Ô´¥·£¥É¨Î¥¸±µ° §µ´Ò ¨ Ê¢¥²¨Î¥´¨¨ ¢¥·µÖÉ´µ¸É¨ ÉÊ´´¥²Ó´µ£µ
¶¥·¥Ìµ¤  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ±² ¸¸¨Î¥¸±µ£µ Ì µ¸ .

’·¥É¨° · §¤¥² ¶µ¸¢ÖÐ¥´ ¨§ÊÎ¥´¨Õ ¢²¨Ö´¨Ö ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ´  Ì -
µÉ¨Î¥¸±ÊÕ ¤¨´ ³¨±Ê ¶µ²¥° Ÿ´£ ÄŒ¨²²¸  ¨ ¶µ²Ö •¨££¸ . �  ¶·¨³¥·¥ ³µ¤¥²Ó-
´ÒÌ ¶·µ¸É· ´¸É¢¥´´µ-µ¤´µ·µ¤´ÒÌ ¸¨¸É¥³ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°
¨ ¶µ²Ö •¨££¸  ¶µ± § ´µ, ÎÉµ ¸ ·µ¸Éµ³ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ¸¨¸É¥³Ò ¨³¥¥É ³¥-
¸Éµ ¶¥·¥Ìµ¤ µÉ Ê¶µ·Ö¤µÎ¥´´µ£µ ¤¢¨¦¥´¨Ö ± Ì µÉ¨Î¥¸±µ³Ê. “Î¥É ±¢ ´Éµ¢ÒÌ
¶µ¶· ¢µ± ¸µÌ· ´Ö¥É ± Î¥¸É¢¥´´ÊÕ ± ·É¨´Ê, ´µ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ ±µ²¨-
Î¥¸É¢¥´´ÒÌ Ì · ±É¥·¨¸É¨±, ¢ Î ¸É´µ¸É¨, § ¢¨¸¨³µ¸É¨ ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨
Ô´¥·£¨¨ µÉ ¶ · ³¥É·µ¢ ¶µ²¥° [14, 61, 62, 74, 75]. �µ²ÊÎ¥´µ  ´ ²¨É¨Î¥¸±µ¥
¢Ò· ¦¥´¨¥ ¤²Ö ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ¶¥·¥Ìµ¤  µÉ Ê¶µ·Ö¤µÎ¥´´µ£µ
¤¢¨¦¥´¨Ö ± Ì µÉ¨Î¥¸±µ³Ê ¶·¨ ÊÎ¥É¥ ±¢ ´Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¶µ²¥° ¢ µ¤´µ¶¥-
É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ [64]. �µ± § ´µ, ÎÉµ µ´  Ô±¸¶µ´¥´Í¨ ²Ó´µ § ¢¨¸¨É µÉ
µÉ´µÏ¥´¨Ö ±µ´¸É ´ÉÒ ¸ ³µ¤¥°¸É¢¨Ö ¶µ²Ö •¨££¸  ¨ Î¥É¢¥·Éµ° ¸É¥¶¥´¨ ±µ´-
¸É ´ÉÒ ¸ ³µ¤¥°¸É¢¨Ö ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ ¶µ²¥°.

�² £µ¤ ·´µ¸É¨. ŒÒ ÌµÉ¥²¨ ¡Ò ¶µ¡² £µ¤ ·¨ÉÓ Œ ·±µ �µ¡´¨±  (Marko
Robnik) §  ´ Ï¨ ³´µ£µ²¥É´¨¥ ¶µ²¥§´Ò¥ ±µ´É ±ÉÒ ¨ µ¡¸Ê¦¤¥´¨Ö ¶·µ¡²¥³, ¸¢Ö-
§ ´´ÒÌ ¸ ±² ¸¸¨Î¥¸±¨³ ¨ ±¢ ´Éµ¢Ò³ Ì µ¸µ³. ŒÒ ¶·¨§´ É¥²Ó´Ò „¦. Š ¸ É¨
(J. Casati), ’. �·µ§¥´Ê (T. Prosen), ‘. ƒ. Œ É¨´Ö´Ê (S. G. Matinyan) ¨ �. ˜Ê¤µ
(A. Shudo) §  ¨Ì ¢´¨³ ´¨¥ ¨ ¨´É¥·¥¸ ± ´ Ï¥° · ¡µÉ¥. — ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢,
¶·¥¤¸É ¢²¥´´ÒÌ ¢ ÔÉµ³ µ¡§µ·¥, ¶µ²ÊÎ¥´  ¢ ¸µ ¢Éµ·¸É¢¥ ¸ �. ƒ. ˜Ê²Ö±µ¢¸±¨³
(R. G. Shulyakovsky). ˆ¸¸²¥¤µ¢ ´¨¥ Ê¸Éµ°Î¨¢µ¸É¨ £µ²µ´µ³´ÒÌ ±¢ ´Éµ¢ÒÌ ¢Ò-
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