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‚.Š.•¥´´¥·

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

�¥·³¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, �¥·³Ó

„ ´ µ¡§µ· ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³¥Éµ¤µ¢ ¶µ¸É·µ¥´¨Ö Ö¢´µ ·¥§µ´ ´¸´µ° Ê´¨É ·´µ° S-
³ É·¨ÍÒ, ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ³µ¦´µ µ¶¨¸Ò¢ ÉÓ £·Ê¶¶Ò ·¥§µ´ ´¸µ¢ ri ¸ µ¤¨´ ±µ¢Ò³¨
±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ¶·¨ ¨Ì ¶¥·¥±·Ò¢ ´¨¨, ±µ£¤  Eri − Erj ~ Γri + Γrj . „¥É ²Ó´µ
¨¸¸²¥¤µ¢ ´  ¸¢Ö§Ó ³¥¦¤Ê ÔÉ¨³¨ ³¥Éµ¤ ³¨. �¶¨¸ ´¨¥ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸
¶µ³µÐÓÕ Ëµ·³Ê² �·¥°É  Å ‚¨£´¥·  ´ ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ¢µ ³´µ£¨Ì § ¤ Î Ì
Ë¨§¨±¨ ·¥§µ´ ´¸µ¢ ¨ Ö¤¥·´µ° Ë¨§¨±¨,  Í¥´É· ²Ó´µ¥ ³¥¸Éµ ¢ µ¡§µ·¥ § ´¨³ ¥É µ¡¸Ê¦-
¤¥´¨¥ § ¤ Î¨ ¶µ¸É·µ¥´¨Ö Ê´¨É ·´µ° T-¨´¢ ·¨ ´É´µ° ³´µ£µ± ´ ²Ó´µ° ³´µ£µ·¥§µ´ ´¸-
´µ° S-³ É·¨ÍÒ ¡·¥°É-¢¨£´¥·µ¢¸±µ£µ É¨¶ . ‚ ± Î¥¸É¢¥  ±ÉÊ ²Ó´µ£µ ¶·¨²µ¦¥´¨Ö · ¸-
¸³ É·¨¢ ¥³ÒÌ ³¥Éµ¤µ¢ ¨§ÊÎ¥´ ¸¶¥±É· ¢µ§¡Ê¦¤¥´¨° ¢¥±Éµ·´ÒÌ ρ- ¨ ω-³¥§µ´µ¢. �¡¸Ê¦-
¤ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨Ì ¨´É¥·¶·¥É Í¨¨ ± ± ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¢µ§¡Ê¦¤¥´´ÒÌ
¸µ¸ÉµÖ´¨°.

We review the existing methods of the construction of the directly resonant, unitary S
matrix which give the possibility to describe the group of the resonances ri with the same
quantum numbers when Eri − Erj ~ Γri + Γrj . The relations between these methods are
investigated throughly. The descriptions of the resonances with the Breit-Wigner formulas
are mostly often used in many problems of the physics of the resonances and the nuclear
physics, and the central place of our review takes the discussion of the construction the
unitarity, T-invariant, multichannel and multiresonant S-matrix of the Breit-Wigner kind. As
the actual application of the described methods the spectrum of the excited ρ and ω mesons
is studied. The discussion of the possibility to interpret them as the quark-antiquark excited
states is considered.

1. ‚‚…„…�ˆ…. ”��Œ“‹ˆ��‚Š� ����‹…Œ›

�·µ¡²¥³  ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ¨³¥¥É ¤µ²£ÊÕ ¨¸Éµ·¨Õ, ± ± ¢
Ö¤¥·´µ° Ë¨§¨±¥, É ± ¨ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. �·¨ ÔÉµ³, µ¸µ¡¥´´µ
¢ ¸²ÊÎ ¥ ´¥¸±µ²Ó±¨Ì ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢ · ¸¸¥Ö´¨Ö, Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨
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¨£· ¥É ±²ÕÎ¥¢ÊÕ ·µ²Ó, É ± ± ± ±µ··¥±É´µ¥ µ¶·¥¤¥²¥´¨¥ ¶ · ³¥É·µ¢ ·¥§µ-
´ ´¸µ¢ ¢µ§³µ¦´µ Éµ²Ó±µ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Ê´¨É ·´µ° ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö S.

� ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³Ò° ¸¶µ¸µ¡ § ¶¨¸¨ ¶ ·Í¨ ²Ó´ÒÌ  ³¶²¨ÉÊ¤, ¢
±µÉµ·µ³ ³ ¸¸Ò ¨ Ï¨·¨´Ò ·¥§µ´ ´¸µ¢ ¢Ìµ¤ÖÉ Ö¢´Ò³ µ¡· §µ³, Å ÔÉµ Ëµ·³Ê-
²Ò �·¥°É  Å ‚¨£´¥·  (�‚) [1] ̈  ̈ Ì · §²¨Î´Ò¥ ³µ¤¨Ë¨± Í¨¨. ̂ ³¥´´µ É ±¨¥
¶·µ¸ÉÒ¥ ¨ Ö¸´µ ¨´É¥·¶·¥É¨·Ê¥³Ò¥ Ëµ·³Ê²Ò ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ ¡µ²ÓÏ¨´¸É¢¥
¸²ÊÎ ¥¢ ¶·¨ µ¶¨¸ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ,   ¢Ìµ¤ÖÐ¨¥ ¢ ´¨Ì ¢¥-
²¨Î¨´Ò Er , Γr ¨ ¶ ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò ·¥§µ´ ´¸µ¢ Ë¨£Ê·¨·ÊÕÉ ¢ É ¡²¨Í Ì

Particle Data Group. ”¥´µ³¥´µ²µ£¨Î¥¸±¨° Ì · ±É¥· ÔÉ¨Ì Ëµ·³Ê² Ö¢²Ö¥É¸Ö, ¢
± ±µ°-Éµ ³¥·¥, ¨Ì ¶µ²µ¦¨É¥²Ó´µ° Î¥·Éµ°, ¶µ¸±µ²Ó±Ê µ¡Ê¸² ¢²¨¢ ¥É ¨Ì ´¥-
§ ¢¨¸¨³µ¸ÉÓ µÉ ¤¨´ ³¨Î¥¸±¨Ì ³µ¤¥²¥°. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸µ¶µ¸É ¢²¥´¨¥ ¸
Ëµ·³Ê² ³¨ É¨¶  �‚ ´¥µ¡Ìµ¤¨³µ ¨ ¢ É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì, ¢ · ³± Ì ±µ-
Éµ·ÒÌ ´ Ìµ¤ÖÉ¸Ö ¸¶¥±É· ¨ ¸¢µ°¸É¢  ·¥§µ´ ´¸µ¢, ´ ¶·¨³¥·, ¶µÉ¥´Í¨ ²Ó´ÒÌ
±¢ ·±µ¢ÒÌ ³µ¤¥²¥°.

”µ·³Ê²Ò �‚ ¢ ¸²ÊÎ ¥ µ¤´µ£µ ·¥§µ´ ´¸  ¨ µ¤´µ£µ ¨²¨ ´¥¸±µ²Ó±¨Ì ± ´ -
²µ¢ · ¸¸¥Ö´¨Ö ¨¸Ìµ¤´µ Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Õ Ê´¨É ·´µ¸É¨. „µ¶µ²´¨É¥²Ó-
´ Ö ¶·µ¡²¥³  ¢µ§´¨± ¥É ¶·¨ ¶µ¸É·µ¥´¨¨ Ö¢´µ Ê´¨É ·´µ° S-³ É·¨ÍÒ ¢ ¸²Ê-
Î ¥ ´¥¸±µ²Ó±¨Ì ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ¸ µ¤¨´ ±µ¢Ò³¨ ±¢ ´Éµ¢Ò³¨

Î¨¸² ³¨, É ±¨Ì, ÎÉµ Er
i
 − Er

j
 ~ Γr

i
 + Γr

j
 . �Î¥¢¨¤´µ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨´-

É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê ·¥§µ´ ´¸ ³¨ Ö¢²Ö¥É¸Ö Í¥´É· ²Ó´µ° Î ¸ÉÓÕ  ´ ²¨§  ¨
±²ÕÎµ³ ± ¨´É¥·¶·¥É Í¨¨ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢. „²Ö ÊÎ¥É  ÔÉµ° ¨´É¥·Ë¥-
·¥´Í¨¨ µ¡ÒÎ´µ ¶¥·¥¤ �‚-Î²¥´ ³¨ ¢¢µ¤ÖÉ¸Ö · §²¨Î´Ò¥ Ë §µ¢Ò¥ ³´µ¦¨É¥²¨,
· ¸¸³ É·¨¢ ¥³Ò¥ ± ± ¸¢µ¡µ¤´Ò¥ ¶ · ³¥É·Ò. �¤´ ±µ ¨ ¶·¨ ¢¢¥¤¥´¨¨ Ë §µ-
¢ÒÌ ³´µ¦¨É¥²¥°, ¨ ¡¥§ ´¨Ì Ö¢´Ò³ ¨ ´¥±µ´É·µ²¨·Ê¥³Ò³ µ¡· §µ³ ´ ·ÊÏ ¥É-
¸Ö Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨, ±µÉµ·µ¥ Ö¢²Ö¥É¸Ö ¨¸Ìµ¤´Ò³ ³µÉ¨¢µ³ ¶·¨ § ¶¨¸¨
 ³¶²¨ÉÊ¤ ¢ �‚-Ëµ·³¥.

�¥·¢Ò¥ É¥µ·¨¨, ¤ ÕÐ¨¥ Ê´¨É ·´ÊÕ S-³ É·¨ÍÊ �‚-É¨¶  ¨ ¨¸Ìµ¤ÖÐ¨¥ ¨§
µ¶·¥¤¥²¥´´ÒÌ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨° µ ¸É·Ê±ÉÊ·¥ Ö¤· , ¡Ò²¨ ¸µ§¤ ´Ò ¢
· ¡µÉ Ì [2,3]. �¤´ ±µ, ́ ¥¸³µÉ·Ö ́   ¶·µ¸ÉµÉÊ ¶µ¸É ´µ¢±¨ § ¤ Î¨, ¤µ ́ ¥¤ ¢´¥-
£µ ¢·¥³¥´¨ µÉ¸ÊÉ¸É¢µ¢ ²  Ö¢´ Ö ¨ ¶·µ¸É Ö ¸Ì¥³  ¶µ¸É·µ¥´¨Ö Ê´¨É ·´µ° ¨
T-¨´¢ ·¨ ´É´µ° S-³ É·¨ÍÒ É·¥¡Ê¥³µ£µ ¢¨¤  ¢ ¸²ÊÎ ¥ ¡µ²¥¥ ¤¢ÊÌ ¶¥·¥±·Ò¢ -
ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ¶·¨ ³´µ£µ± ´ ²Ó´µ³ · ¸¸¥Ö´¨¨.

—Éµ¡Ò ¸¤¥² ÉÓ ¸ÊÉÓ ¶·µ¡²¥³Ò ¸µ¢¥·Ï¥´´µ Ö¸´µ°, ¶·µ¨²²Õ¸É·¨·Ê¥³ ´ 
¶·µ¸Éµ³ ¶·¨³¥·¥ µ¤´µ± ´ ²Ó´µ£µ · ¸¸¥Ö´¨Ö ´¥±µ··¥±É´µ¸ÉÓ µ¡ÒÎ´µ ¨¸-
¶µ²Ó§Ê¥³µ£µ ¶·µ¸É¥°Ï¥£µ ¢Ò· ¦¥´¨Ö ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢ ¢¨¤¥ ¸Ê³-
³Ò �‚-¸² £ ¥³ÒÌ ¢ ¸²ÊÎ ¥ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢.

”µ·³Ê²  �·¥°É  Å ‚¨£´¥·  ¤²Ö  ³¶²¨ÉÊ¤Ò ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨Ö ´ 
¨§µ²¨·µ¢ ´´µ³ Ê·µ¢´¥ ¸ µ¶·¥¤¥²¥´´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ¶·¨ ¶·¥´¥¡-
·¥¦¥´¨¨ Ëµ´µ³ ¨³¥¥É ¢¨¤

f = 
Γ

1
6 2

E − E
1
 + iΓ

1
6 2

 . (1.1)
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�·¨ ÔÉµ³ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¤²Ö ¶ ·Í¨ ²Ó´µ°  ³¶²¨ÉÊ¤Ò

Im f = − f2 (1.2)

¢Ò¶µ²´Ö¥É¸Ö Éµ¦¤¥¸É¢¥´´µ (¨³¥´´µ ÔÉµ ¢³¥¸É¥ ¸ ®·¥§µ´ ´¸´µ°¯ ¸É·Ê±ÉÊ-
·µ° Ëµ·³Ê²Ò (1.1) ¨ Ö¢²Ö¥É¸Ö µ¸´µ¢µ° ¤²Ö § ¶¨¸¨ ¶ ·Í¨ ²Ó´ÒÌ  ³¶²¨ÉÊ¤
· ¸¸¥Ö´¨Ö ¢ ¢¨¤¥ Ëµ·³Ê² �‚).

ˆ¸¶µ²Ó§µ¢ ´¨¥ ¢ ± Î¥¸É¢¥  ³¶²¨ÉÊ¤Ò ¢Ò· ¦¥´¨Ö

f =  ∑ 
n = 1

N

 
Γn6 2

E − En + iΓn 6 2
(1.3)

´¥³¥¤²¥´´µ ¶·¨¢µ¤¨É ± ¡µ²ÓÏµ³Ê ´ ·ÊÏ¥´¨Õ ËÊ´¤ ³¥´É ²Ó´µ£µ · ¢¥´¸É-
¢  (1.2). ‚µ§Ó³¥³ ¤²Ö ¨²²Õ¸É· Í¨¨ ±µ´±·¥É´Ò° ¶·¨³¥· ¸ ¤¢Ê³Ö ·¥§µ´ ´¸-

´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨. �  ·¨¸.1 ¶·¨¢¥¤¥´ £· Ë¨± S(E)2 (S = I − 2if), ¨§ ±µ-

Éµ·µ£µ ¢¨¤´µ, ÎÉµ S(E)2 µÎ¥´Ó ¸ÊÐ¥¸É¢¥´´µ µÉ±²µ´Ö¥É¸Ö µÉ Ê´¨É ·´µ£µ
§´ Î¥´¨Ö 1 ¤ ¦¥ ¶·¨ ¸· ¢´¨É¥²Ó´µ ¸² ¡µ³ ¶¥·¥±·Ò¢ ´¨¨ ·¥§µ´ ´¸µ¢. � -
· ³¥É·Ò ·¥§µ´ ´¸µ¢ (´ ¶·¨³¥·, ¢ ƒÔ‚) ¶·¨¢¥¤¥´Ò ¢ ¶µ¤¶¨¸¨ ± ·¨¸Ê´±Ê.

�¨¸.1. ƒ· Ë¨± S(E)2, ¶µ¸É·µ¥´´Ò° ¤²Ö  ³¶²¨ÉÊ¤Ò (1.3): ¸¶²µÏ-
´ Ö ²¨´¨Ö Å E1 = 1,45, Γ1 = 0,3, E2 = 1,65, Γ2 = 0,3; ÏÉ·¨Ìµ¢ Ö ²¨-

´¨Ö Å E1 = 1,00, Γ1 = 0,3, E2 = 2,00, Γ2 = 0,3; ²¨´¨Ö ¸ ÉµÎ± ³¨ Å

E1 = 0,50, Γ1 = 0,3, E2 = 2,5, Γ2 = 0,3
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ˆ§ ·¨¸.2 ¢¨¤´µ, ÎÉµ µÉ±²µ´¥´¨¥ ±¢ ¤· É   ³¶²¨ÉÊ¤Ò f2, ¢ÒÎ¨¸²¥´´µ°
¶µ Ëµ·³Ê²¥ (1.3), µÉ §´ Î¥´¨°, ¢ÒÎ¨¸²¥´´ÒÌ ¶µ Ëµ·³Ê²¥ (2.2), ¸µÌ· ´ÖÕ-
Ð¥° Ê´¨É ·´µ¸ÉÓ (¸³. ´¨¦¥), ¤µ¸É¨£ ¥É 30% ¤ ¦¥ ¶·¨ ¸· ¢´¨É¥²Ó´µ ¸² ¡µ³
¶¥·¥±·Ò¢ ´¨¨ ·¥§µ´ ´¸µ¢ (E1 = 1,2, Γ1 = 0,3, E2 = 1,7, Γ2 = 0,3). �·¨ ¸ÊÐ¥¸É-

¢¥´´µ³ ¶¥·¥±·Ò¢ ´¨¨ ·¥§µ´ ´¸µ¢, ± ±, ´ ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ¸¥³¥°¸É¢  ¢¥±-
Éµ·´ÒÌ ρ′-³¥§µ´µ¢ (Eρ

1
′ ≈ 1,45, Γρ

1
′ ≈ 0,35, Eρ

2
′ ≈ 1,65, Γρ

2
′ ≈ 0,35; ¢¸¥ ¢¥²¨Î¨´Ò

¶·¨¢¥¤¥´Ò ¢ ƒÔ‚), µÉ±²µ´¥´¨¥ ¤µ¸É¨£ ¥É 100%.

‡ ³¥É¨³, ÎÉµ ¨´µ£¤  (¢ Éµ³ Î¨¸²¥ ¢ ÊÎ¥¡´µ° ²¨É¥· ÉÊ·¥) ¶·¥¤² £ ¥É¸Ö

¢ÒÎ¨¸²ÖÉÓ ±¢ ¤· É  ³¶²¨ÉÊ¤Ò f2 ± ± ¸Ê³³Ê ±¢ ¤· Éµ¢  ³¶²¨ÉÊ¤ µÉ¤¥²Ó-
´ÒÌ ·¥§µ´ ´¸µ¢, Éµ ¥¸ÉÓ 

f2 ≈  ∑ 
n = 1

N

 






 

Γn 6 2

E − En + iΓn6 2
 







 2

, (1.4)

¨ ¢ ± Î¥¸É¢¥  ·£Ê³¥´É  ¶·¨¢µ¤¨É¸Ö ¸µµ¡· ¦¥´¨¥, ÎÉµ ¨´É¥·Ë¥·¥´Í¨µ´´Ò¥
Î²¥´Ò ¢ ÔÉµ³ ¸²ÊÎ ¥ ´¥±µ··¥±É´µ ÊÎ¨ÉÒ¢ ÉÓ ± ± ¶·¥¢ÒÏ ÕÐ¨¥ ÉµÎ´µ¸ÉÓ
¨¸Ìµ¤´µ£µ ¢Ò· ¦¥´¨Ö (1.3). ˆ§ ·¨¸.2 ¢¨¤´µ, ÎÉµ ÔÉµÉ ¸¶µ¸µ¡ · ¸Î¥É  ´¥-
¶·¨¥³²¥³ ¤ ¦¥ ¶·¨ Ìµ·µÏµ · §´¥¸¥´´ÒÌ ·¥§µ´ ´¸ Ì.

�¨¸.2. ƒ· Ë¨± f (E)2 ¤²Ö E1 = 1,3, Γ1 = 0,3, E2 = 1,7, Γ2 = 0,3:

¸¶²µÏ´ Ö ²¨´¨Ö Å ÉµÎ´ Ö �‚-Ëµ·³Ê²  (2.2); ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö Å
Ëµ·³Ê²  (1.3); ²¨´¨Ö ¸ ÉµÎ± ³¨ Å Ëµ·³Ê²  (1.4). ‹¨´¨Ö ¸ (■) Å

£· Ë¨± f (E)2 ¤²Ö E1 = 1,4, Γ1 = 0,15, E2 = 1,6, Γ2 = 0,3, ¶µ¸É·µ¥´-

´Ò° ¶µ Ëµ·³Ê²¥ (1.3)
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‘ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ³¥Éµ¤Ò, ¶µ§¢µ²ÖÕÐ¨¥ µ¶¨¸Ò¢ ÉÓ ¶¥·¥±·Ò¢ Õ-
Ð¨¥¸Ö ¸µ¸ÉµÖ´¨Ö. ŒÒ µ¡¸Ê¤¨³ É¥ ¨§ ´¨Ì, ±µÉµ·Ò¥ ¤ ÕÉ ·¥ ²Ó´Ò¥ ±µ´¸É-
·Ê±É¨¢´Ò¥ ¸¶µ¸µ¡Ò µ¶¨¸ ´¨Ö ·¥§µ´ ´¸µ¢, ¶µ§¢µ²ÖÕÐ¨¥, ´ ¶·¨³¥·, µ¡· ¡ -
ÉÒ¢ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. ‚µ ¢¸¥Ì ÔÉ¨Ì ¶µ¤Ìµ¤ Ì ¶ · ³¥É·Ò ·¥§µ-
´ ´¸µ¢ Ë¨£Ê·¨·ÊÕÉ Ö¢´Ò³ µ¡· §µ³. ŒÒ · ¸¸³µÉ·¨³ ± ± ¢µ§³µ¦´µ¸ÉÓ
¸µ¶µ¸É ¢²¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ÔÉ¨Ì ³¥Éµ¤µ¢ ¤·Ê£ ¸ ¤·Ê£µ³, É ± ¨ ¨Ì ¢µ§³µ¦´ÊÕ
¨´É¥·¶·¥É Í¨Õ ¢ ¤ÊÌ¥ Ëµ·³Ê² É¨¶  �‚, ÎÉµ Ö¢²Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´µ° § ¤ -
Î¥°.

‚¥¤ÊÐ¨³¨ ¸µµ¡· ¦¥´¨Ö³¨ ¶·¨  ´ ²¨§¥ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢
Ö¢²ÖÕÉ¸Ö Ê´¨É ·´µ¸ÉÓ ¨ T-¨´¢ ·¨ ´É´µ¸ÉÓ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö S,   É ±¦¥
¨´É¥·¶·¥É¨·Ê¥³µ¸ÉÓ ¶ · ³¥É·µ¢ Ëµ·³Ê².

� ¨¡µ²¥¥ ¸É·µ£¨° ¶µ¤Ìµ¤ ¸µ¸Éµ¨É ¢ É· ±Éµ¢±¥ ·¥§µ´ ´¸µ¢ ± ± ¶µ²Õ¸µ¢
¶ ·Í¨ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´  ³´µ£µ¸¢Ö§´µ° ·¨³ ´µ¢µ° ¶µ¢¥·Ì´µ¸É¨.
�¤´ ±µ, ¢ ¸²ÊÎ ¥ ´¥¸±µ²Ó±¨Ì ·¥§µ´ ´¸µ¢ ¨ ¡µ²ÓÏµ£µ Î¨¸²  ± ´ ²µ¢ · ¸¸¥-
Ö´¨Ö, ±µ²¨Î¥¸É¢µ ¶µ²Õ¸µ¢ µÎ¥´Ó ¢¥²¨±µ, ¨ É ±µ° ¶µ¤Ìµ¤ ¸É ´µ¢¨É¸Ö £·µ-
³µ§¤±¨³ ¨ ³ ²µ¶·¨£µ¤´Ò³. ‚ ¸²ÊÎ ¥ ³´µ£µ± ´ ²Ó´µ£µ · ¸¸¥Ö´¨Ö ´ ¨¡µ²¥¥
¶µ¶Ê²Ö·´Ò N 6 D-³ É·¨Î´Ò° ³¥Éµ¤ [4], ±µÉµ·Ò° µ¸´µ¢Ò¢ ¥É¸Ö ´   ´ ²¨É¨-
Î¥¸±¨Ì ¸¢µ°¸É¢ Ì  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö, ¨ K-³ É·¨Î´Ò° ³¥Éµ¤ [5]. ‚ ÔÉ¨Ì
³¥Éµ¤ Ì ´¥ ¢µ§´¨± ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò¥ ¸²µ¦´µ¸É¨ ¶·¨ µ¶¨¸ ´¨¨ ¡²¨§±µ
· ¸¶µ²µ¦¥´´ÒÌ, ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢, ¶µ¸±µ²Ó±Ê §¤¥¸Ó Ê´¨É ·-
´µ¸ÉÓ ̧ µÌ· ´Ö¥É¸Ö ¶µ ¶µ¸É·µ¥´¨Õ. ŒÒ · ¸¸³µÉ·¨³ K-³ É·¨Î´Ò° ¶µ¤Ìµ¤, ́ µ
´¥ ¡Ê¤¥³ µ¡¸Ê¦¤ ÉÓ µ¶¨¸ ´¨¥ ·¥§µ´ ´¸µ¢ ¢ N 6 D-³¥Éµ¤¥ ¶µ ¶·¨Î¨´¥ ¥£µ
³¥´ÓÏ¥° ¶µ¶Ê²Ö·´µ¸É¨ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´ÒÌ ¨ ´¥µ¡Ìµ-
¤¨³µ¸É¨ ÊÎ¥É  ¤¨´ ³¨Î¥¸±¨Ì ¸¨´£Ê²Ö·´µ¸É¥°.

„µ¸É ÉµÎ´µ ¶·µ¸ÉÒ¥ § ¤ Î¨, ´ ¶·¨³¥·, ¤¢  ·¥§µ´ ´¸  ¨ µ¤¨´ ¨²¨ ´¥-
¸±µ²Ó±µ ± ´ ²µ¢ · ¸¸¥Ö´¨Ö, ±µÉµ·Ò¥ ³Ò µ¡¸Ê¦¤ ¥³ ¤²Ö · §²¨Î´ÒÌ ³¥Éµ¤µ¢,
¶µ§¢µ²ÖÉ ¸¤¥² ÉÓ ¢Ò¢µ¤Ò ´ £²Ö¤´Ò³¨,   É ±¦¥ ¶µ³µ£ÊÉ ±·¨É¨Î¥¸±¨ ¢§£²Ö-
´ÊÉÓ ´  ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ¶µ¤Ìµ¤Ò.

Š· É±µ µ ¸É·Ê±ÉÊ·¥ · ¡µÉÒ. ‚µ ¢Éµ·µ³ · §¤¥²¥ ¢ ¶¶.2.1Å2.5 · ¸¸³µÉ·¥-
´Ò ¨ ¸µ¶µ¸É ¢²¥´Ò ¸ÊÐ¥¸É¢µ¢ ¢Ï¨¥ ¤µ ´¥¤ ¢´¥£µ ¢·¥³¥´¨ ³¥Éµ¤Ò, · §· ¡µ-
É ´´Ò¥ ¤²Ö µ¶¨¸ ´¨Ö ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢. ‚ É·¥ÉÓ¥³ · §¤¥²¥ ¢
¶.3.1 ¶·¨¢¥¤¥´ µ¡Ð¨° ³¥Éµ¤ ¶µ¸É·µ¥´¨Ö Ê´¨É ·´µ° ³´µ£µ± ´ ²Ó´µ° ³´µ£µ-
·¥§µ´ ´¸´µ° S-³ É·¨ÍÒ �‚-É¨¶ . ‚ ¶.3.2 µ¶¨¸ ´µ ¢±²ÕÎ¥´¨¥ Ëµ´  ¢ ÔÉÊ
¸Ì¥³Ê, ¢ ¶.3.3 µ¶·¥¤¥²¥´Ò ¢¥²¨Î¨´Ò, ¨£· ÕÐ¨¥ ·µ²Ó ¡·Ô´Î¨´£µ¢ ¢ ¸²ÊÎ ¥
¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢. ‘ É¥Ì´¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ¶µ¸É·µ¥´¨¥ É -
±µ° S-³ É·¨ÍÒ ´¥É·¨¢¨ ²Ó´µ, ̈  ¢ ¶.3.4 ¶·¨¢µ¤¨É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´ Ö ¶·µÍ¥-
¤Ê·  ¥¥ ¶µ²ÊÎ¥´¨Ö ¤²Ö ¸²ÊÎ ¥¢ ¤¢ÊÌ ¨ É·¥Ì ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ¨
¶·µ¨§¢µ²Ó´µ£µ Î¨¸²  ± ´ ²µ¢. ‚ Î¥É¢¥·Éµ³ · §¤¥²¥ ¢ ± Î¥¸É¢¥  ±ÉÊ ²Ó´µ£µ
¶·¨³¥·  ¶·¨¢µ¤¨É¸Ö µ¶¨¸ ´¨¥ ¢µ§¡Ê¦¤¥´¨° ¢¥±Éµ·´ÒÌ ρ- ¨ ω-·¥§µ´ ´¸µ¢.
�·µ¡²¥³  Ê¸É ´µ¢²¥´¨Ö ¸¶¥±É· , ¸¢µ°¸É¢ ¨ ±¢ ·±µ¢µ£µ ¸µ¸É ¢  ÔÉ¨Ì ρ′- ¨
ω′-¸µ¸ÉµÖ´¨° Ï¨·µ±µ µ¡¸Ê¦¤ ¥É¸Ö ¢ ́  ¸ÉµÖÐ¥¥ ¢·¥³Ö, ́ µ ¢¸¥ ̧ ÊÐ¥¸É¢ÊÕÐ¨¥
µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ¶¨· ÕÉ¸Ö ´  Ëµ·³Ê²Ò É¨¶  (1.3) ¨
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¸ÊÐ¥¸É¢¥´´µ ´ ·ÊÏ ÕÉ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨. ‚ § ±²ÕÎ¥´¨¨ ±· É±µ ¸Ëµ·-
³Ê²¨·µ¢ ´Ò µ¸´µ¢´Ò¥ ¶·µ¡²¥³Ò, ¢µ§´¨± ÕÐ¨¥ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ · §²¨Î-
´ÒÌ ³¥Éµ¤µ¢ µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨°, ¨³¥ÕÐ¨Ì µ¡Ð¨¥ ± ´ ²Ò · ¸¶ ¤µ¢.

2. �‘��‚�›… Œ…’�„›,
��‡‚�‹Ÿ�™ˆ… ��ˆ‘›‚�’œ

�…�…Š�›‚��™ˆ…‘Ÿ �…‡����‘›

2.1. �¥·¥±·Ò¢ ÕÐ¨¥¸Ö ·¥§µ´ ´¸Ò ¢ �‚-¶µ¤Ìµ¤¥ ¢ ¸²ÊÎ ¥ µ¤´µ£µ ± -
´ ² . „²Ö ¸²ÊÎ Ö µ¤´µ£µ ± ´ ² , ±µ£¤  ¨³¥¥É ³¥¸Éµ Î¨¸Éµ Ê¶·Ê£µ¥ · ¸¸¥-
Ö´¨¥, ˆ.‘.˜ ¶¨·µ [6] (¸³. É ±¦¥ [7]) ¨¸¶µ²Ó§µ¢ ² § ¶¨¸Ó ·¥§µ´ ´¸´µ° S-
³ É·¨ÍÒ ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö Ê´¨É ·´ÒÌ ¸µ³´µ¦¨É¥²¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
µÉ¤¥²Ó´Ò³ ·¥§µ´ ´¸ ³, ̈  Ô±¸¶µ´¥´Í¨ ²Ó´µ£µ ³´µ¦¨É¥²Ö, ¸¢Ö§ ´´µ£µ ̧  ́ ¥·¥-
§µ´ ´¸´Ò³ Ëµ´µ³. �É  Ëµ·³Ê²  ¶·¨£µ¤´  ¤²Ö ²Õ¡µ£µ Î¨¸²  Ê·µ¢´¥° N, ±µ-
Éµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¨ ¶¥·¥±·Ò¢ ÕÐ¨³¨¸Ö:

 S(E) = e
2iδ

B   ∏ 
n = 1

N

 






 1 − i 

Γn

E − En + iΓn6 2
 






 . (2.1)

‡¤¥¸Ó δB Å Ëµ´µ¢ Ö Ë § , Éµ ¥¸ÉÓ Ë §  ¶µÉ¥´Í¨ ²Ó´µ£µ · ¸¸¥Ö´¨Ö ¢¤ ²¨

µÉ ·¥§µ´ ´¸µ¢: lim
E → ∞

   S(E) = e
2iδ

B.

’·¥¡µ¢ ´¨Ö Ê´¨É ·´µ¸É¨ S(E) S(E)+ = I ¨ T-¨´¢ ·¨ ´É´µ¸É¨ ³ É·¨ÍÒ
· ¸¸¥Ö´¨Ö S ¸µ¡²Õ¤ ÕÉ¸Ö µÎ¥¢¨¤´Ò³ µ¡· §µ³.

�³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö f = (1 − S) 6 2i ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ (¤²Ö ¶·µ¸Éµ-
ÉÒ ¢Ò¶¨Ï¥³ Éµ²Ó±µ ·¥§µ´ ´¸´ÊÕ Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò):

f (R) = 
1
2
  ∑ 
n = 1

N

 
γn

E − En + iΓn 6 2
 , (2.2)

£¤¥ γn Å ¶ ·Í¨ ²Ó´ Ö Ï¨·¨´  n-£µ ·¥§µ´ ´¸ .

‚ · ¡µÉ¥ [6] ¶µ²ÊÎ¥´  ¶·µ¸É Ö Ëµ·³Ê²  ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ γ1, γ2 ¤²Ö

¸²ÊÎ Ö µ¤´µ£µ ± ´ ²  ¨ ¤¢ÊÌ ·¥§µ´ ´¸µ¢:

 
γ1 = Γ1 

E1 − E2 − i(Γ1 + Γ2) 6 2

E1 − E2 + i(Γ2 − Γ1) 6 2
 ,     γ2 = Γ2 

E2 − E1 − i(Γ1 + Γ2)6 2

E2 − E1 + i(Γ1 − Γ2)6 2
 . (2.3)
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�É¸Õ¤  ¶µ²ÊÎ ÕÉ¸Ö ¶µ²¥§´Ò¥ ¸µµÉ´µÏ¥´¨Ö

γ1

γ2
 = 

Γ1

Γ2
 e2iϕ,     ϕ = − arctan 

Γ1 + Γ2

E1 − E2

¨

γ1
Γ1

 = 
γ2

Γ2
 = 







 
(E2 − E1)2 + i(Γ2 + Γ1)2 6 4

(E2 − E1)2 + i(Γ2 − Γ1)2 6 4
 







 1 6 2

,

Éµ ¥¸ÉÓ ³µ¤Ê²¨ ¢ÒÎ¥Éµ¢ γn ´¥ · ¢´Ò Ï¨·¨´ ³ Ê·µ¢´¥°.

‘¶· ¢¥¤²¨¢µ É ±¦¥ ¶· ¢¨²µ ¸Ê³³:

γ1 + γ2 = Γ1 + Γ2.

”µ·³Ê²Ò (2.2), (2.3) ¤²Ö ¸²ÊÎ Ö ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ µ¤´µ£µ ± ´ ²  ¨³¥ÕÉ
Ö¸´ÊÕ ¨ ²¥£±µ ¨´É¥·¶·¥É¨·Ê¥³ÊÕ �‚-¸É·Ê±ÉÊ·Ê, ¨ ³Ò ¨¸¶µ²Ó§Ê¥³ ¨Ì ¤²Ö
¸· ¢´¥´¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì ´ ¨¡µ²¥¥ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³ÒÌ ³¥Éµ¤µ¢.
�¨¦¥, ¢ ± Î¥¸É¢¥ ¶·µ¸Éµ£µ ¶·¨³¥· , ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¸ ¶µ³µÐÓÕ
· §´ÒÌ ³¥Éµ¤µ¢ § ¤ ÎÊ µ ¸¨¸É¥³¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸
µ¤´¨³ ¢´¥Ï´¨³ ± ´ ²µ³. �¥Ï¥´¨¥ ÔÉµ° § ¤ Î¨ ¶µ§¢µ²¨É ¨¸¸²¥¤µ¢ ÉÓ ¢µ§-
³µ¦´µ¸ÉÓ ¨´É¥·¶·¥É Í¨¨ ¤ ´´ÒÌ ³¥Éµ¤µ¢ ¢ ¤ÊÌ¥ Ëµ·³Ê² �‚.

ˆ§ ¸É·Ê±ÉÊ·Ò Ëµ·³Ê² (2.3) ¢¨¤´µ, ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ° · §´¥¸¥´´µ¸É¨
·¥§µ´ ´¸µ¢, ±µ£¤  E1 − E2 >> Γ1 + Γ2, ±µ³¶²¥±¸´Ò¥ ±µ´¸É ´ÉÒ γn ¶¥·¥Ìµ-

¤ÖÉ ¢ µ¡ÒÎ´Ò¥ Ï¨·¨´Ò Γn. ’µ ¥¸ÉÓ, ± ± ̈  ¸²¥¤µ¢ ²µ µ¦¨¤ ÉÓ, ¶·µ¸É Ö ¸Ê³³ 

�‚-¸² £ ¥³ÒÌ (Ëµ·³Ê²  (1.3)) ´¥ ¶·µÉ¨¢µ·¥Î¨É Ê¸²µ¢¨Õ Ê´¨É ·´µ¸É¨, ¥¸²¨
·¥§µ´ ´¸Ò µÎ¥´Ó ¤ ²¥±µ · §´¥¸¥´Ò. �¤´ ±µ ¢ ¸²ÊÎ ¥ ¤ ¦¥ µÎ¥´Ó ¸² ¡µ ®¶¥-
·¥±·Ò¢ ÕÐ¨Ì¸Ö¯ ·¥§µ´ ´¸µ¢ (¸³. ¶·¨³¥·Ò ¨§ ¶·¥¤Ò¤ÊÐ¥£µ · §¤¥² ) ±µÔË-
Ë¨Í¨¥´ÉÒ γ1 ¨ γ2 ¸É ´µ¢ÖÉ¸Ö ±µ³¶²¥±¸´Ò³¨ ¨ ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö µÉ

§´ Î¥´¨° Γ1 ¨ Γ2, Éµ ¥¸ÉÓ ³ É·¨Í  · ¸¸¥Ö´¨Ö S, ¶µ¸É·µ¥´´ Ö ´  µ¸´µ¢¥ Ëµ·-

³Ê²Ò (1.3), ¡Ê¤¥É ¸ÊÐ¥¸É¢¥´´µ ´¥Ê´¨É ·´µ°.
2.2. K-³ É·¨Î´Ò°  ³¥Éµ¤  ¢  ¸²ÊÎ ¥  ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö  ·¥§µ´ ´¸µ¢.

˜¨·µ±µ ¨§¢¥¸É´Ò³ ¨ Î ¸Éµ ¨¸¶µ²Ó§Ê¥³Ò³ ³¥Éµ¤µ³ µ¶¨¸ ´¨Ö ·¥§µ´ ´¸´ÒÌ
·¥ ±Í¨° Ö¢²Ö¥É¸Ö K-³ É·¨Î´Ò° ³¥Éµ¤.

K-³ É·¨Í  ¤²Ö ¸²ÊÎ Ö N ·¥§µ´ ´¸µ¢ ¨ M ± ´ ²µ¢ ¨³¥¥É ¢¨¤ 

K(E) =  ∑ 
r = 1

N

 
γr γr

T

E − E r
 , (2.4)

£¤¥ E r Å ¤¥°¸É¢¨É¥²Ó´Ò¥ ¶µ²Õ¸Ò K-³ É·¨ÍÒ,  γr = {γri }i = 1
M Å ¤¥°¸É¢¨-

É¥²Ó´Ò¥ ¢¥±Éµ·Ò.
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Œ É·¨Í  · ¸¸¥Ö´¨Ö S ¢ µ¡² ¸É¨, ¤µ¸É ÉµÎ´µ Ê¤ ²¥´´µ° µÉ ¶µ·µ£µ¢,
§ ¶¨Ï¥É¸Ö ¸ ¶µ³µÐÓÕ K-³ É·¨ÍÒ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

S(E) = 
I − iK(E)
I + iK(E) ≡ 

I − i  ∑ 
r = 1

N

 
γr γr

T

E − E r

I + i  ∑ 
r = 1

N

 
γr γr

T

E − E r

 . (2.5)

S-³ É·¨Í  (2.5) Ê´¨É ·´  ¨ T-¨´¢ ·¨ ´É´ , ¨ ¸ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ¨¸-
¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤  K-³ É·¨ÍÒ ±µ··¥±É´µ, ´¥§ ¢¨¸¨³µ µÉ Éµ£µ, ± ± ¡²¨§±µ
· ¸¶µ²µ¦¥´Ò ·¥§µ´ ´¸Ò ¸ µ¤¨´ ±µ¢Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨.

� ¸¸³µÉ·¥´¨¥ ¶·µ¸Éµ° ̧ ¨¸É¥³Ò ̈ § ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ µ¤´µ£µ ± ´ ²  ¸· -
§Ê ¶µ§¢µ²Ö¥É Ê¢¨¤¥ÉÓ, ÎÉµ ¶ · ³¥É·Ò E r ¨ ¢¥±Éµ·Ò γr µÉ²¨Î ÕÉ¸Ö µÉ ³ ¸¸

Er , Ï¨·¨´ Γr ¨ ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ·¥§µ´ ´¸µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ Ëµ·-

³Ê²Ò �‚-¢¨¤ . � ¶·¨³¥·, ¢ ¶µ²Õ¸ Ì E = E r ³ É·¨Í  · ¸¸¥Ö´¨Ö S ¶·¨´¨³ ¥É

§´ Î¥´¨¥ S(E r ) = − 1, µ¤´ ±µ, ± ± ¸²¥¤Ê¥É ¨§ Ëµ·³Ê² (2.2), (2.3), ¢ ÉµÎ± Ì

·¥§µ´ ´¸µ¢ Er §´ Î¥´¨Ö ³ É·¨ÍÒ S · ¢´Ò, ¸µµÉ¢¥É¸É¢¥´´µ,

 S(E1) = − 1 + i 
Γ2

E1 − E2 + iΓ2 6 2
 ,     S(E2) = − 1 + i 

Γ1

E2 − E1 + iΓ16 2
 .

‚Ò· §¨³ Ô´¥·£¨¨ Er ¨ Ï¨·¨´Ò Γr ·¥§µ´ ´¸µ¢ Î¥·¥§ §´ Î¥´¨Ö ¶µ²Õ¸µ¢

E r ¨ ¢¥±Éµ·Ò γr . ‚ ¸²ÊÎ ¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ µ¤´µ£µ ± ´ ²  γ1 = γ11, γ2 = γ21,

K11 = 
γ11
 2

E − E 1
 + 

γ21
 2

E − E 2
 ,

S11 = 1 − 2i 
E(γ11

 2  + γ21
 2 ) − γ11

 2 E 2 − γ21
 2 E 1

E 2 − E[E 1 + E 2 − i(γ11
 2  + γ21

 2 )] + E1 E 2 − i(γ11
 2 E 2 + γ21

 2 E 1 )
 . 

…¸²¨ µ
1
 ¨ µ

2
 Å ±µ³¶²¥±¸´Ò¥ ±µ·´¨ Ê· ¢´¥´¨Ö

E 2 − E[E
1
 + E

2
 − i(γ

11
 2  + γ

21
 2 )] + E

1
 E

2
 − i(γ

11
 2 E

2
 + γ

21
 2 E

1
) = 0, (2.6)

Éµ  ³¶²¨ÉÊ¤Ê f
11

 ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ± ¸Ê³³Ê �‚-¸² £ ¥³ÒÌ:

f11 = 
A1

E − µ1
 + 

A2

E − µ2
 ,
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£¤¥

A1 = 
µ1(γ11

 2  + γ21
 2 ) − γ11

 2 E 2 − γ21
 2 E1

µ1 − µ2
 ,

A2 = 
µ2(γ11

 2  + γ21
 2 ) − γ11

 2 E 2 − γ21
 2 E1

µ2 − µ1
 .

…¸²¨ ¶ · ³¥É·Ò E 1, E 2, γ11, γ21 ´ °¤¥´Ò, ´ ¶·¨³¥·, ¢ ·¥§Ê²ÓÉ É¥ Ë¨É¨-

·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, Éµ ¤²Ö ´ Ìµ¦¤¥´¨Ö §´ Î¥´¨° Ô´¥·£¨°
¨ Ï¨·¨´ ·¥§µ´ ´¸µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ Ëµ·³Ê²Ò �‚, ´Ê¦´µ ´ °É¨ ±µ·´¨ µ1 ¨

µ2 Ê· ¢´¥´¨Ö (2.6). ’µ£¤  ¤¥°¸É¢¨É¥²Ó´Ò¥ Î ¸É¨ ÔÉ¨Ì ±µ·´¥° ³µ¦´µ ¨´É¥·-

¶·¥É¨·µ¢ ÉÓ ± ± Ô´¥·£¨¨ ·¥§µ´ ´¸µ¢ E1 ¨ E2,   ³´¨³Ò¥ Î ¸É¨ (− 2µ1
y ¨

− 2µ2
y) Å ± ± Ï¨·¨´Ò ·¥§µ´ ´¸µ¢ Γ1 ¨ Γ2 ¸µµÉ¢¥É¸É¢¥´´µ:

E1 = µ1
x = 
E 1 + E 2

2
 + 

1
2√2  √(E 1 − E 2 )

2 − (γ11
 2  + γ21

 2 )2 + W ,

E2 = µ2
x = 
E 1 + E 2

2
 − 

1
2√2  √(E 1 − E 2 )

2 − (γ11
 2  + γ21

 2 )2 + W ,

Γ1 = − 2 µ1
y = (γ11

 2  + γ21
 2 ) + 

√2 (E 1 − E 2 )(γ11
 2  − γ21

 2 )

√(E1 − E2)
2 − (γ11

 2  + γ21
 2 )2 + W

 ,

Γ2 = − 2 µ2
y = (γ11

 2  + γ21
 2 ) − 

√2 (E 1 − E 2 )(γ11
 2  − γ21

 2 )

√(E 1 − E 2 )
2 − (γ11

 2  + γ21
 2 )2 + W

 ,

£¤¥

W = √[(E
1
 − E

2
 )2 + (γ

11
 2  + γ

21
 2 )2]2 − 16(E

1
 − E

2
 )2 γ

11
 2 γ

21
 2 .

ˆ§ ¸É·Ê±ÉÊ·Ò ÔÉ¨Ì Ëµ·³Ê² ¢¨¤´µ, ÎÉµ Ei → E i , Γi → γi1
 2, Éµ²Ó±µ ¥¸²¨

E1 − E2 >> (γ11
 2  + γ21

 2 ). �¤´ ±µ ¢ µ¡Ð¥³ ̧ ²ÊÎ ¥ §´ Î¥´¨Ö E 1, E 2 ¨ γ11
 2 , γ21

 2  Ê¦¥

´¥²Ó§Ö ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± §´ Î¥´¨Ö Ô´¥·£¨° E1, E2 ¨ Ï¨·¨´ Γ1, Γ2.

�¥±µ··¥±É´µ¸ÉÓ É ±µ° ¨´É¥·¶·¥É Í¨¨ ¨²²Õ¸É·¨·Ê¥É ·¨¸.3. ‘¶²µÏ´µ°

²¨´¨¥° ¨§µ¡· ¦¥´ £· Ë¨± ±¢ ¤· É   ³¶²¨ÉÊ¤Ò f2, ¢ÒÎ¨¸²¥´´µ° ¶µ ÉµÎ-
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´Ò³ Ëµ·³Ê² ³ (2.2)Å(2.3), ÏÉ·¨Ìµ¢µ° Å £· Ë¨± ±¢ ¤· É   ³¶²¨ÉÊ¤Ò

f2, ¢ÒÎ¨¸²¥´´µ° ¸ ¶µ³µÐÓÕ K-³ É·¨ÍÒ ¸µ §´ Î¥´¨Ö³¨ ¶ · ³¥É·µ¢

E1 = E1, E 2 = E2, γ1
 2 = Γ1, γ2

 2 = Γ2.

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¸¨¸É¥³Ê ¨§ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ M ± ´ ²µ¢ ¨ ¢Ò· §¨³
Ô´¥·£¨¨ E1, E2 ¨ Ï¨·¨´Ò Γ1, Γ2 ·¥§µ´ ´¸µ¢ Î¥·¥§ ¶µ²Õ¸Ò E1, E 2 ¨ ¤¥°-

¸É¢¨É¥²Ó´Ò¥ ¢¥±Éµ·Ò γ1, γ2  K-³ É·¨ÍÒ.

‡ ¶¨Ï¥³ ³ É·¨ÍÊ · ¸¸¥Ö´¨Ö S ¢ ¢¨¤¥ ¸Ê³³Ò �‚-¸² £ ¥³ÒÌ:

S(E) = 

I − i 
γ1 γ1

T

E − E 1
 − i 

γ2 γ2
T

E − E 2

I + i 
γ1 γ1

T

E − E 1
 + i 

γ2 γ2
T

E − E 2

 = I − i 
C (1)

E − µ1
 − i 

C (2)

E − µ2
 , (2.7)

£¤¥ µ
1
 ¨ µ

2
 Å ¨¸±µ³Ò¥ ±µ³¶²¥±¸´Ò¥ Ô´¥·£¨¨,   C (1) ¨ C (2) Å ³ É·¨ÍÒ

±µ³¶²¥±¸´ÒÌ ±µÔËË¨Í¨¥´Éµ¢. „µ³´µ¦¨¢ µ¡¥ Î ¸É¨ · ¢¥´¸É¢  (2.7) ´  §´ -

�¨¸.3.  ‘¶²µÏ´ Ö ²¨´¨Ö  Å £· Ë¨± f (E)2 ¤²Ö E1 = 1,4, Γ1 = 0,3,

E2 = 1,6, Γ2 = 0,3, ¶µ¸É·µ¥´´Ò° ¢ �‚-³¥Éµ¤¥ ¶µ Ëµ·³Ê²¥ (2.2);

ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö Å £· Ë¨± f (E)2 ¤²Ö E 1 = 1,4, γ1
 2 = 0,3, E 2 = 1,6,

γ2
 2 = 0,3 ¢ K-³ É·¨Î´µ³ ³¥Éµ¤¥
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³¥´ É¥²Ó (I + iK),   § É¥³ ´  ¶·µ¨§¢¥¤¥´¨¥ (E − E
1
 )(E − E

2
 )(E − µ

1
)(E − µ

2
),

¶µ²ÊÎ¨³

− iC (1)(E − E1 )(E − E 2 )(E − µ2) − iC (2)(E − E 1 )(E − E 2 )(E − µ1) +

+ 2γ1γ1
T(E − E2 )(E − µ1)(E − µ2) + 2γ2γ2

T(E − E 1 )(E − µ1)(E − µ2) +

+ [γ
1
γ
1
T(E − E

2
 ) + γ

2
γ
2
T(E − E

1
 )][C (1)(E − µ

2
) + C (2)(E − µ

1
)] = 0. (2.8)

„²Ö Éµ£µ ÎÉµ¡Ò · ¢¥´¸É¢µ (2.8) ¢Ò¶µ²´Ö²µ¸Ó Éµ¦¤¥¸É¢¥´´µ ¶µ E, ´¥µ¡-
Ìµ¤¨³µ ¨ ¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò · ¢´Ö²¨¸Ó ´Ê²Õ ±µÔËË¨Í¨¥´ÉÒ ¶·¨ ¢¸¥Ì ¸É¥-

¶¥´ÖÌ E k (k = 0, ..., 3). �Éµ ¶·¨¢µ¤¨É ± ¸¨¸É¥³¥ ³ É·¨Î´ÒÌ Ê· ¢´¥´¨°, ¨§
±µÉµ·ÒÌ ¶µ²ÊÎ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Í ±µ³¶²¥±¸´ÒÌ ±µÔËË¨Í¨¥´Éµ¢

C (1) ¨ C (2): 

C (1) = 
2

µ2 − µ1
 [(µ2 − E1 + iV1) γ1γ1

T +

+ (µ
2
 − E

2
 + iV

2
) γ

2
γ
2
T + iV

12
(γ

1
γ
2
T + γ

2
γ
1
T)], (2.9)

C (2) = 
2

µ2 − µ1
 [− (µ1 − E 1 + iV1) γ1γ1

T −

− (µ
1
 − E

2
 + iV

2
) γ

2
γ
2
T − iV

12
(γ

1
γ
2
T + γ

2
γ
1
T)], (2.10)

£¤¥

V1 = γ1
Tγ1 =  ∑ 

i = 1

M

 γ1i
 2 ,     V2 = γ2

Tγ2 =  ∑ 
i = 1

M

 γ2i
 2 ,

V
12

 = γ
1
Tγ

2
 = γ

2
Tγ

1
 =  ∑ 

i = 1

M

 γ
1i γ2i . (2.11)

�µ¸²¥ ¤µ¸É ÉµÎ´µ £·µ³µ§¤±¨Ì ¶·¥µ¡· §µ¢ ´¨° ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨Ö ¤²Ö
§´ Î¥´¨° µ1 ¨ µ2:

 µ1 = 
b − (u + iυ)

2
 ,     µ2 = 

b + (u + iυ)
2

 ,
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£¤¥

b = (E1 + E2 ) − i(V1 + V2),

 u = √ 
x + √x2 + y2

2
  ,     υ = 

y

√2(x + √ x2 + y2 )
 ,

x = (E 2 − E 1 )
2 − (V2 − V1)2 − 4V12

 2 ,

y = − 2(E2 − E1 )(V2 − V1).

‡ É¥³ ´Ê¦´µ ¢ÒÎ¨¸²¨ÉÓ ±µ·´¨ µ1 ¨ µ2 ³ É·¨Î´µ£µ Ê· ¢´¥´¨Ö (2.8),

¤¥°¸É¢¨É¥²Ó´Ò¥ ¨ ³´¨³Ò¥ Î ¸É¨ ÔÉ¨Ì ±µ·´¥° ¤ ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, Ô´¥·£¨¨
¨ Ï¨·¨´Ò ·¥§µ´ ´¸µ¢:

E1 = µ1
x = 
E 1 + E 2

2
 − 

1

2√2
 √(E2 − E1 )

2 − (V2 − V1)2 − 4V12
 2  + W ,

E2 = µ2
x = 
E 1 + E 2

2
 + 

1

2√2
 √(E2 − E1 )

2 − (V2 − V1)2 − 4V12
 2  + W ,

Γ1 = − 2µ1
y = (V1 + V2) − 

√2 (E 2 − E 1 )(V2 − V1)

√(E 2 − E 1 )
2 − (V2 − V1)2 − 4V12

 2  + W
 ,

Γ2 = − 2µ2
y = (V1 + V2) + 

√2 (E 2 − E 1 )(V2 − V1)

√(E 2 − E 1 )
2 − (V2 − V1)2 − 4V12

 2  + W
 ,

£¤¥

W = √[(E
2
 − E

1
 )2 + (V

2
 − V

1
)2]2 + 8V

12
 2 [V

1
 2 + V

2
 2 + 2(V

12
 2  − V

1
V

2
) − (E

2
 − E

1
 )2] .

ˆ§ ¶·¨¢¥¤¥´´ÒÌ Ëµ·³Ê² ¢¨¤´µ, ÎÉµ ¶ · ³¥É·Ò, ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ ³¥Éµ¤¥
K-³ É·¨ÍÒ,  ¶µ²Õ¸Ò E r ¨ ¢¥±Éµ·Ò γr , ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± Ô´¥·£¨¨

Er ¨ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ Éµ²Ó±µ ¢ ¤¢ÊÌ ¸²ÊÎ ÖÌ:

1) ¶·¨ µÎ¥´Ó ¡µ²ÓÏµ° · §´¥¸¥´´µ¸É¨ ·¥§µ´ ´¸µ¢, ±µ£¤  E2 − E1 >>

>>  ∑ 
i = 1

M

 (γ1i
 2 + γ2i

 2);
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2) ¶·¨ µ·Éµ£µ´ ²Ó´µ¸É¨ ¢¥±Éµ·µ¢ γ1 ¨ γ2 V12 =  ∑ 
i = 1

M

 γ1i γ2i = 0, ÎÉµ ¢ ³¥Éµ-

¤¥ K-³ É·¨ÍÒ ¢ ± ±µ³-Éµ ¸³Ò¸²¥ µÉ¢¥Î ¥É µÉ¸ÊÉ¸É¢¨Õ ¸¢Ö§¨ ³¥¦¤Ê Ê·µ¢-
´Ö³¨.

‚ ÔÉ¨Ì ¸²ÊÎ ÖÌ

µ
1
 = E

1
 − iV

1
,     C (1) = 2γ

1
γ
1
T,

µ2 = E 2 − iV2,     C
 (2) = 2γ2γ2

T,

Éµ ¥¸ÉÓ 

Er = E r ,     Γr = 2  ∑ 
i = 1

M

 γri
 2 ,

¨ ³ É·¨Í  · ¸¸¥Ö´¨Ö ¶·¨´¨³ ¥É ¢¨¤

S(E) = I − 2i  ∑ 
r = 1

N

 
γrγr

T

E − Er + iΓr6 2
 .

‚ ¸²ÊÎ ¥ ´¥¸±µ²Ó±¨Ì ·¥§µ´ ´¸µ¢ (N ≥ 3) ¶·¨¢¥¤¥´¨¥ S-³ É·¨ÍÒ, ¶µ²Ê-
Î¥´´µ° ¸ ¶µ³µÐÓÕ K-³ É·¨Î´µ£µ ³¥Éµ¤ , ± ¸Ê³³¥ ¸² £ ¥³ÒÌ É¨¶  �‚ ¸É -
´µ¢¨É¸Ö § ¤ Î¥° Î·¥§¢ÒÎ °´µ ¸²µ¦´µ° (¢ Î ¸É´µ¸É¨, ¢ ¸²ÊÎ ¥ N ·¥§µ´ ´¸µ¢
¤²Ö µ¶·¥¤¥²¥´¨Ö Ë¨§¨Î¥¸±¨Ì §´ Î¥´¨° Ô´¥·£¨° ¨ Ï¨·¨´ ·¥§µ´ ´¸µ¢, É.¥.
¶µ²Õ¸µ¢ S-³ É·¨ÍÒ, É·¥¡Ê¥É¸Ö ·¥Ï¥´¨¥ ±µ³¶²¥±¸´µ£µ ³ É·¨Î´µ£µ Ê· ¢´¥-
´¨Ö (2N − 1)-£µ ¶µ·Ö¤± ). Š·µ³¥ Éµ£µ, ¶·¨ ¡µ²ÓÏµ³ Î¨¸²¥ ± ´ ²µ¢ K-
³ É·¨Î´Ò° ³¥Éµ¤ ¸É ´µ¢¨É¸Ö ¢¥¸Ó³  £·µ³µ§¤±¨³ ¨ É·Ê¤µ¥³±¨³ ¤²Ö
Ë¨É¨·µ¢ ´¨Ö, ¶µ¸±µ²Ó±Ê ¤²Ö ± ¦¤µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ÉµÎ±¨ ̈  ¤²Ö ± ¦¤µ-
£µ ´ ¡µ·  ¶ · ³¥É·µ¢ É·¥¡Ê¥É µ¡· Ð¥´¨Ö ±µ³¶²¥±¸´µ° ³ É·¨ÍÒ M-£µ
¶µ·Ö¤± .

2.3. �·¥¤¸É ¢²¥´¨¥  ³¶²¨ÉÊ¤ ·¥§µ´ ´¸´ÒÌ ·¥ ±Í¨° ¸ ¶µ³µÐÓÕ ´¥-
Ô·³¨Éµ¢  £ ³¨²ÓÉµ´¨ ´  H. „·Ê£µ° ¶µ¤Ìµ¤ ± µ¶¨¸ ´¨Õ ·¥§µ´ ´¸´ÒÌ
·¥ ±Í¨° ¶·¨ ´ ²¨Î¨¨ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö Ê·µ¢´¥° ¡Ò² ¶·¥¤²µ¦¥´ ¢ · ¡µÉ¥
ˆ.�.Šµ¡§ ·¥¢ , �.�. �¨±µ² ¥¢ , ‹.�.�±Ê´Ö [8].

� ¸¸³µÉ·¨³ ¸¨¸É¥³Ê N ´¥¸É ¡¨²Ó´ÒÌ ¶¥·¥³¥Ï¨¢ ÕÐ¨Ì¸Ö Ê·µ¢´¥°,
¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¸ M ¢´¥Ï´¨³¨ ± ´ ² ³¨. Š ¦¤µ³Ê Ê·µ¢´Õ r ¸µ¶µ¸É ¢-
²Ö¥É¸Ö ¢¥±Éµ· ψr ¢ N-³¥·´µ³ ²¨´¥°´µ³ ¶·µ¸É· ´¸É¢¥ ¨ ±µ³¶²¥±¸´µ¥ §´ -

Î¥´¨¥ Ô´¥·£¨¨ εr = Er − iΓr6 2. �µ¢¥¤¥´¨¥ É ±µ° ¸¨¸É¥³Ò ¶µ²´µ¸ÉÓÕ § ¤ ´µ,

¥¸²¨ ¨§¢¥¸É´  £ ³¨²ÓÉµ´µ¢¸± Ö ³ É·¨Í  Hij (i, j = 1, Á N). ‚·¥³¥´´ÊÕ Ô¢µ-
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²ÕÍ¨Õ ¢¥±Éµ·  ¸µ¸ÉµÖ´¨Ö ³µ¦´µ µ¶¨¸ ÉÓ ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥-
·  ¸ ÔËË¥±É¨¢´Ò³ ´¥Ô·³¨Éµ¢Ò³ £ ³¨²ÓÉµ´¨ ´µ³ H:

ih 
d
dt

 ψ(t) = Hψ(t).

‚¥±Éµ·Ò ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¢¥±Éµ-
· ³¨ ³ É·¨ÍÒ H ¸ ±µ³¶²¥±¸´Ò³¨ ¸µ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ 

Hψr = (Er − iΓr6 2) ψr .

�·µ¨§¢µ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ³´µ£µÊ·µ¢´¥¢µ° ¸¨É¥³Ò ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¸Ê¶¥·-
¶µ§¨Í¨Õ ¸µ¸ÉµÖ´¨° ψr : 

ψ(t) =  ∑ 
r = 1

N

 br ψr exp [− iEr + Γr) t 6 h],

£¤¥ br Å ±µÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ψ(0) ¶µ ±¢ §¨-

¸É Í¨µ´ ·´Ò³ ¸µ¸ÉµÖ´¨Ö³.
Œ É·¨ÍÊ H ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

H = H (0) − 
i
2
 Γ,     £¤¥     H (0) = 

1
2
 (H + H +),     Γ = i(H − H +),

  H( 0) ¨ Γ Å Ô·³¨Éµ¢Ò ³ É·¨ÍÒ ¸µ ¸²¥¤ ³¨

Tr H (0) =  ∑ 
r = 1

N

 Er ,     Tr Γ =  ∑ 
r = 1

N

 Γr .

‚ ÔÉµ³ ¸²ÊÎ ¥ Ê´¨É ·´ Ö ·¥§µ´ ´¸´ Ö S-³ É·¨Í  ¨³¥¥É ¢¨¤ S = I − if, £¤¥

f = A(E − H)−1A +

¨²¨

fij =  ∑ 
r = 1

N

  ∑ 
g = 1

N

 Air(E − H)rg
−1 Ajg . (2.12)

‡¤¥¸Ó Air Å  ³¶²¨ÉÊ¤  · ¸¶ ¤  Ê·µ¢´Ö r ¢ ± ´ ² i, Ajg Å  ³¶²¨ÉÊ¤  µ¡· -

§µ¢ ´¨Ö Ê·µ¢´Ö g ¢ ± ´ ²¥ j .
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ˆ§ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ³ É·¨ÍÒ S ¸²¥¤Ê¥É

i(f − f +) = f f +     ̈ ²¨     i(f − f +)ij =  ∑ 
r = 1

N

 fir fjr
 ∗ . (2.13)

�µ¤¸É ¢²ÖÖ (2.12) ¢ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ (2.13), ¶µ²ÊÎ ¥³ 

i(f − f +) = iA 

 

1
E − H

 − 
1

E − H + 

 A+ = iA 

1
E − H

 (H − H +) 1

E − H + A+.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò,

f f + = A 
1

E − H
 A+A 

1

E − H + Aj
+

¨ ¢¨¤´µ, ÎÉµ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ (2.13) ¢Ò¶µ²´Ö¥É¸Ö, ¥¸²¨ 

A+A = i(H − H +) = Γ.

�Î¥¢¨¤´µ, ÎÉµ ¤²Ö ¢Ò¶µ²´¥´¨Ö Ê¸²µ¢¨Ö T-¨´¢ ·¨ ´É´µ¸É¨ ´¥µ¡Ìµ¤¨³µ,
ÎÉµ¡Ò ³ É·¨Í  H ¡Ò²  ¸¨³³¥É·¨Î´µ°,    ³¶²¨ÉÊ¤Ò Ari ¤¥°¸É¢¨É¥²Ó´Ò³¨, Éµ

¥¸ÉÓ

H = H T,     A + = AT.

’µ£¤  

S = I − iA(E − H)−1AT,

¨ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¶·¨´¨³ ¥É ¢¨¤

AAT = Γ     ̈ ²¨     ∑ 
i = 1

M

 Ari Agi = Γrg ,     (r, g = 1, ..., N). (2.14)

ˆ§ ¸µµÉ´µÏ¥´¨Ö (2.14) ¸²¥¤Ê¥É, ÎÉµ  ³¶²¨ÉÊ¤Ò Ari § ¢¨¸ÖÉ Éµ²Ó±µ µÉ Γrg ¨

´¥ § ¢¨¸ÖÉ µÉ Hrg
 (0). �Î¥¢¨¤´µ É ±¦¥, ÎÉµ · ¸¶ ¤´ Ö ³ É·¨Í  Γ ¤µ²¦´  ¡ÒÉÓ

´¥µÉ·¨Í É¥²Ó´µ° ± ± ³ É·¨Í  ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨° ¤¥°¸É¢¨É¥²Ó´ÒÌ
(M-±µ³¶µ´¥´É´ÒÌ) ¢¥±Éµ·µ¢ Ar . ’ ±¨³ µ¡· §µ³, MN Ô²¥³¥´Éµ¢ ¤¥°¸É¢¨-

É¥²Ó´µ° ³ É·¨ÍÒ A ¨ N(N + 1) Ô²¥³¥´Éµ¢ ³ É·¨Í H (0) ¨ Γ ¸¢Ö§ ´Ò
N(N + 1)6 2 ¸µµÉ´µÏ¥´¨Ö³¨ (2.14), Éµ ¥¸ÉÓ ¤ ´´ Ö ³µ¤¥²Ó ¸µ¤¥·¦¨É
MN + N(N + 1)6 2 ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢.
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„²Ö µ¤´µ£µ ¨§µ²¨·µ¢ ´´µ£µ Ê·µ¢´Ö ³ É·¨Í  H ¨³¥¥É Éµ²Ó±µ µ¤¨´ Ô²¥-
³¥´É H11 = E1 − iΓ1 6 2 Å ±µ³¶²¥±¸´µ¥ §´ Î¥´¨¥ Ô´¥·£¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥

´¥¸É ¡¨²Ó´µ³Ê Ê·µ¢´Õ. �³¶²¨ÉÊ¤  ·¥§µ´ ´¸´µ° ·¥ ±Í¨¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ¶¨-
¸Ò¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ µ¡ÒÎ´µ° Ëµ·³Ê²Ò �·¥°É  Å ‚¨£´¥·  

fij = 
A1i A1j

E − E1 + iΓ1 6 2
 ,     (i, j = 1, 2, ..., M).

‚ ¸²ÊÎ ¥ ´¥¸±µ²Ó±¨Ì Ê·µ¢´¥° (N > 1), ´¥ ¨³¥ÕÐ¨Ì ¸¢Ö§¨ ¤·Ê£ ¸ ¤·Ê£µ³,
³ É·¨Í  H ¤¨ £µ´ ²Ó´ , ¨  ³¶²¨ÉÊ¤Ò ·¥§µ´ ´¸´ÒÌ ·¥ ±Í¨° µ¶¨¸Ò¢ ÕÉ¸Ö ¸
¶µ³µÐÓÕ ¸Ê³³Ò ¢Ò· ¦¥´¨° �‚

fij =  ∑ 
r = 1

N

 
Ari Arj

E − Er + iΓr6 2
     (i, j = 1, 2, .., M).

‡ ³¥É¨³, ÎÉµ £ ³¨²ÓÉµ´¨ ´ H ´¥ ³µ¦¥É ¡ÒÉÓ ¤¨ £µ´ ²Ó´Ò³ ¢ ¸²ÊÎ ¥
´¥¸±µ²Ó±¨Ì Ê·µ¢´¥° (N > 1) ¨ µ¤´µ£µ ± ´ ²  (M = 1), É ± ± ± ¢ ÔÉµ³ ¸²ÊÎ ¥
¢¥±Éµ·Ò  ³¶²¨ÉÊ¤ Ar ¸µ¤¥·¦ É Éµ²Ó±µ ¶µ µ¤´µ³Ê Ô²¥³¥´ÉÊ Ar1, ¨ ¢ ¸µµÉ-

¢¥É¸É¢¨¨ ¸ Ê¸²µ¢¨¥³ Ê´¨É ·´µ¸É¨ ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö · ¢¥´¸É¢µ Ar1Ag1 =
= Γrg = 0 (r ≠ g), ÎÉµ ´¥¢µ§³µ¦´µ ¶·¨ Ar1 ≠ 0 ¨ Ag1 ≠ 0.

…¸²¨ ̈ ³¥¥É¸Ö ́ ¥¸±µ²Ó±µ ¶¥·¥³¥Ï¨¢ ÕÐ¨Ì¸Ö Ê·µ¢´¥°, Éµ ¢Ò· ¦¥´¨¥ ¤²Ö
 ³¶²¨ÉÊ¤Ò fij ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ ¸Ê³³Ò �‚-¸² £ ¥³ÒÌ. � ¸¸³µÉ·¨³,

¤²Ö ¶·¨³¥· , ¸¨¸É¥³Ê ¨§ ¤¢ÊÌ Ê·µ¢´¥° ¨ M ± ´ ²µ¢. ‚ ÔÉµ³ ¸²ÊÎ ¥

H = H (0) − 
i
2
 Γ = 







  
H11 − iΓ11 6 2

αx − iαy6 2
   

αx − iαy6 2

H22 − iΓ22 6 2
 






 ,

H (0) = 






 
H11    α

x

αx    H22

 






 ,     Γ = 







 
Γ11    α

y

αy    Γ22

 






 .

’µ£¤ 

fij =  ∑ 
r = 1

2

  ∑ 
g = 1

2

 Ari (E − H)−1Agj =

= 
1
∆ {A1i A1j (E − H22 + iΓ22 6 2) + A2i A2j (E − H11 + iΓ11 6 2) +

+ (A
1i A2j + A

2i A1j )(α
x − iαy6 2)}, (2.15)
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£¤¥

∆ = (E − H11 + iΓ11 6 2)(E − H22 + iΓ22 6 2) − (αx − iαy 6 2)2.

ˆ§ Ê¸²µ¢¨° Ê´¨É ·´µ¸É¨ ¸²¥¤Ê¥É, ÎÉµ













 

A12 = Γ11

A22 = Γ22

(A1A2) = αy,

 

Éµ ¥¸ÉÓ ¤²¨´Ò ¤¥°¸É¢¨É¥²Ó´ÒÌ ¢¥±Éµ·µ¢ A
1
 ¨ A

2
 · ¢´Ò, ¸µµÉ¢¥É¸É¢¥´´µ,

¤¨ £µ´ ²Ó´Ò³ Ô²¥³¥´É ³ Γ
11

 ¨ Γ
22

 ³ É·¨ÍÒ Γ,   ¶ · ³¥É· αy · ¢¥´ ¨Ì

¸± ²Ö·´µ³Ê ¶·µ¨§¢¥¤¥´¨Õ.

‚¥²¨Î¨´  αx ´¥ ¨³¥¥É Ö¸´µ° Ë¨§¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¨ Ö¢²Ö¥É¸Ö ¤µ-
¶µ²´¨É¥²Ó´Ò³ ¸¢µ¡µ¤´Ò³ ¶ · ³¥É·µ³. �Î¥¢¨¤´µ, ÎÉµ ¢ µ¡¸Ê¦¤ ¥³µ° ³µ-

¤¥²¨ ¢¥²¨Î¨´  α = αx − iαy 6 2 µÉ· ¦ ¥É ¢±² ¤ ¨´É¥·Ë¥·¥´Í¨¨ (¶¥·¥±·Ò¢ -

´¨Ö ·¥§µ´ ´¸µ¢) ¢ ·¥§µ´ ´¸´µ¥ · ¸¸¥Ö´¨¥.  ‚ Î ¸É´µ¸É¨, ¥¸²¨ αx = αy = 0
(É.¥. ³ É·¨Í  H ¤¨ £µ´ ²Ó´ ), Éµ  ³¶²¨ÉÊ¤  f ¸¢µ¤¨É¸Ö ± µ¡ÒÎ´µ° ¸Ê³³¥ �‚:

fij = 
A

1i A1j

E − E
1
 + iΓ

1
6 2

 + 
A

2i A2j

E − E
2
 + iΓ

2
6 2

 ,     (i, j = 1, 2, ..., M).

‚ ÔÉµ³ ̧ ²ÊÎ ¥ ¢¥±Éµ·Ò A1 ̈  A2 ¤µ²¦´Ò ¡ÒÉÓ µ·Éµ£µ´ ²Ó´Ò (¢ M-³¥·´µ³

¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥), ¶µ¸±µ²Ó±Ê (A1, A2) = αy = 0. �µ § ¢¨¸¨³µ¸ÉÓ ¶ -

· ³¥É·  α µÉ · §´µ¸É¨ (E2 − E1) Ö¢´Ò³ µ¡· §µ³ ´¥ µ¶·¥¤¥²¥´ .

‚ ¸²ÊÎ ¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ µ¶·¥¤¥²¨É¥²Ó ∆ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

∆ = (E − µ1)(E − µ2),

£¤¥ µ
1
 ¨ µ

2
 Å ±µ³¶²¥±¸´Ò¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö £ ³¨²ÓÉµ´¨ ´  H. •µ-

·µÏµ ¢¨¤´µ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥  ³¶²¨ÉÊ¤Ò fij ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ± ̧ Ê³³Ê

�‚-Î²¥´µ¢:

fij = 
γ1

E − µ1
 + 

γ2

E − µ2
 ,

£¤¥

γ1 = 
cµ1 + d

µ1 − µ2
 ,     γ2 = 

cµ2 + d

µ2 − µ1
 ,
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c = A1i A1j + A2i A2j ,

d = − A1i A1j (H22 − iΓ22 6 2) − A2i A2j (H11 − iΓ11 6 2) +

+ (A1i A2j + A2i A1j )(α
x − iαy6 2).

‘µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö µ1 ¨ µ2 £ ³¨²ÓÉµ´¨ ´  H ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¶ -

· ³¥É·Ò § ¤ Î¨ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

µ1 = 
bx − u

2
 + i 

by − υ
2

 ,     µ2 = 
bx + u

2
 + i 

by + υ
2

 ,

£¤¥

b = (H11 + H22) − i(Γ11 + Γ22) 6 2,

u = 
1

√2
 √(H11 − H22)2 − (Γ11 − Γ22)2 6 4 + 4(αx)2 − (αy)2  + Γ11Γ22+ W ,

υ = 
1

√2
 

(H11 − H22)(Γ22 − Γ11) − 4αxαy

√(H11 − H22)2 − (Γ11 − Γ22)2 + 4(αx)2 − (αy)2  + Γ11Γ22 + W
 ,

W = {[(H
11

 − H
22

)2 − (Γ
11

 + Γ
22

)2 6 4 + 4(αx)2 − (αy)2 + Γ
11

Γ
22

]2 +

+ [(H11 − H22)(Γ22 − Γ11) − 4αxαy]2}1 6 2.

‚ ¸²ÊÎ ¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ µ¤´µ£µ ± ´ ²  ³´¨³ Ö Î ¸ÉÓ ¶ · ³¥É·  α
µ¶·¥¤¥²¥´  µ¤´µ§´ Î´µ: αy = √Γ11Γ22 ¨, ¸²¥¤µ¢ É¥²Ó´µ, ³ É·¨Í  H µ¡Ö§ -

É¥²Ó´µ ´¥¤¨ £µ´ ²Ó´ . ŠµÔËË¨Í¨¥´ÉÒ γ1 ¨ γ2 ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥ÕÉ ¢¨¤

γ1 = 
(Γ11 + Γ22) µ1 − Γ11H22 − Γ22H11 + 2αx √Γ11Γ22

µ1 − µ2
 ,

γ
2
 = 

(Γ
11

 + Γ
22

) µ
2
 − Γ

11
H

22
 − Γ

22
H

11
 + 2αx √Γ

11
Γ

22

µ
2
 − µ

1

 . (2.16)

”µ·³Ê²Ò ¤²Ö µ1, µ2 ¨ γ1, γ2 ¸µ¤¥·¦ É ¸¢µ¡µ¤´Ò¥ ¶ · ³¥É·Ò H11, H22,

Γ11, Γ22 ¨ αx. � ¶·¨³¥·, ´  ·¨¸.4 ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ f112 µÉ ¢¥²¨Î¨´Ò
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¶ · ³¥É·  αx ¶·¨ µ¤´¨Ì ¨ É¥Ì ¦¥ §´ Î¥´¨ÖÌ H11, H22, Γ11, Γ22. ’ ± Ö

¸¨²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ µÉ αx ¶µ²µ¦¥´¨Ö ³ ±¸¨³Ê³  ̈  Ï¨·¨´Ò f112,   ¸²¥¤µ-

¢ É¥²Ó´µ, ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö, µÎ¥¢¨¤´Ò³ µ¡· §µ³ ¶µ± -

§Ò¢ ¥É, ÎÉµ ¢¥²¨Î¨´Ò H11, H22 ¨ Γ11, Γ22  ´¥²Ó§Ö ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± §´ -

Î¥´¨Ö ³ ¸¸ E1, E2 ¨ Ï¨·¨´ Γ1, Γ2 ·¥§µ´ ´¸µ¢.

„²Ö ¶µ²ÊÎ¥´¨Ö §´ Î¥´¨° Ô´¥·£¨° ¨ Ï¨·¨´ ·¥§µ´ ´¸µ¢ ́ Ê¦´µ ́  °É¨ ̧ µ¡-

¸É¢¥´´Ò¥ §´ Î¥´¨Ö µ1 ¨ µ2 £ ³¨²ÓÉµ´¨ ´  H, Éµ£¤ 

E1 = µ1
x = 

H11 + H22

2
 + 

1

2√2
 √ (H11 − H22)2 − (Γ11 + Γ22)26 4 + 4(αx)2 + W ,

E2 = µ2
x = 

H11 + H22

2
 − 

1

2√2
 √ (H11 − H22)2 − (Γ11 + Γ22)26 4 + 4(αx)2 + W ,

�¨¸.4.  ‘¶²µÏ´ Ö ²¨´¨Ö Å £· Ë¨± f11(E)2 ¤²Ö E1 = 1,4, Γ1 = 0,3,

E2 = 1,6, Γ2 = 0,3, ¶µ¸É·µ¥´´Ò° ¶µ Ëµ·³Ê²¥ (2.2). ƒ· Ë¨±

f11(E)2 ¤²Ö H11 = 1,4, Γ11 = 0,3, H22 = 1,6, Γ22 = 0,3, ¶µ¸É·µ¥´´Ò°

¶µ Ëµ·³Ê²¥ (2.15): ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö Å αx = 0; ²¨´¨Ö ¸ ÉµÎ± ³¨ Å

αx = 0,5
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Γ1 = − 2µ1
y = 

Γ11 + Γ22

2
 − 

1

√2
 

(H11 − H22)(Γ22 − Γ11) − 4αx √Γ11Γ22

√(H11 − H22)2 − (Γ11 + Γ22)2 + 4(αx)2 + W
 ,

Γ2 = − 2µ2
y = 

Γ11 + Γ22

2
 + 

1

√2
 

(H11 − H22)(Γ22 − Γ11) − 4αx √Γ11Γ22

√(H11 − H22)2 − (Γ11 + Γ22)2 + 4(αx)2 + W
 ,

£¤¥

W = {[(H11 − H22)2 − (Γ11 + Γ22)2 6 4 + 4(αx)2]2 +

+ [(H
11

 − H
22

)(Γ
22

 − Γ
11

) − 4αx √Γ
11

Γ
22

]2}1 6 2.

ˆ§ ÔÉ¨Ì Ëµ·³Ê² ¢¨¤´µ, ÎÉµ ¥¸²¨ ¶ · ³¥É· αx ¤µ¸É ÉµÎ´µ µÉ²¨Î ¥É¸Ö µÉ
´Ê²Ö, Éµ Ë¨§¨Î¥¸±¨¥ §´ Î¥´¨Ö Ô´¥·£¨° ¨ Ï¨·¨´ ·¥§µ´ ´¸µ¢ Er , Γr µÎ¥´Ó

µÉ²¨Î ÕÉ¸Ö µÉ Ô²¥³¥´Éµ¢ £ ³¨²ÓÉµ´¨ ´  Hrr , Γrr .

’ ±¨³ µ¡· §µ³, ¤ ¦¥ ¢ ¸ ³µ³ ¶·µ¸Éµ³ ¸²ÊÎ ¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ µ¤´µ£µ
± ´ ²  ¤²Ö ´ Ìµ¦¤¥´¨Ö (±µ³¶²¥±¸´ÒÌ) Ô´¥·£¨° ¨ ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ
Ï¨·¨´ ´¥µ¡Ìµ¤¨³µ ´ °É¨ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¤¢Ê³¥·´µ° ±µ³¶²¥±¸´µ°
³ É·¨ÍÒ H ¨ ¢ÒÎ¨¸²¨ÉÓ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¶µ Ëµ·³Ê² ³ (2.16).
�µÔÉµ³Ê, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¶µ²ÊÎ¥´´ Ö ¸ ¶µ³µÐÓÕ ¤ ´´µ£µ ³¥Éµ¤  ³ É-
·¨Í  · ¸¸¥Ö´¨Ö S Ê´¨É ·´  ¨ T-¨´¢ ·¨ ´É´ , ¨´É¥·¶·¥É Í¨Ö ³ É·¨Î´ÒÌ Ô²¥-
³¥´Éµ¢ £ ³¨²ÓÉµ´¨ ´  ¨ ¸· ¢´¥´¨¥ ¨Ì ¸ Ëµ·³Ê² ³¨ É¨¶  �‚ § É·Ê¤´¨É¥²Ó-
´Ò. Š·µ³¥ Éµ£µ, ÔÉµÉ ³¥Éµ¤ Ö¢²Ö¥É¸Ö µÎ¥´Ó É·Ê¤µ¥³±¨³, ¶µ¸±µ²Ó±Ê É·¥¡Ê¥É
µ¡· Ð¥´¨Ö N-³¥·´µ° ±µ³¶²¥±¸´µ° ³ É·¨ÍÒ ¤²Ö ± ¦¤µ£µ §´ Î¥´¨Ö E ¨ ± ¦-
¤µ£µ ´ ¡µ·  ¶ · ³¥É·µ¢.

2.4. �·¥¤¸É ¢²¥´¨¥  ³¶²¨ÉÊ¤ ·¥§µ´ ´¸´ÒÌ ·¥ ±Í¨° Î¥·¥§ ¸± ²Ö·´Ò¥
¶·µ¨§¢¥¤¥´¨Ö ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨°. …¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¸µ¡¸É¢¥´´Ò¥ ¢¥±Éµ-
·Ò ψr £ ³¨²ÓÉµ´¨ ´  H, Éµ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ (2.14) ³µ¦´µ § ¶¨¸ ÉÓ ¢
¢¨¤¥

(εr − εg)(ψr , ψg) =  ∑ 
i = 1

M

 Ari Agi , (2.17)

£¤¥ Ari ¥¸ÉÓ  ³¶²¨ÉÊ¤  · ¸¶ ¤  ¸µ¸ÉµÖ´¨Ö ψr ¢ ± ´ ² i,   εr = Er − iΓ6 2.

�Éµ ¸µµÉ´µÏ¥´¨¥ ¡Ò²µ ¢¶¥·¢Ò¥ ´ ¶¨¸ ´µ �¥²²µ³ ¨ ˜É¥°´¡¥·£µ³ [9]

¤²Ö ¸²ÊÎ Ö K 0 − K
__

 0-¸¨¸É¥³Ò. ”µ·³Ê²  (2.17) ´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§Ò¢ ¥É
´¥µ·Éµ£µ´ ²Ó´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ψr ¨ ψg ¸ ´ ²¨Î¨¥³ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ± ´ -
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²µ¢ · ¸¶ ¤ . ‘µ£² ¸´µ (2.17) ̧ É¥¶¥´Ó ́ ¥µ·Éµ£µ´ ²Ó´µ¸É¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¤²Ö Ê·µ¢´¥° r ¨ g µ¶·¥¤¥²Ö¥É¸Ö ¸± ²Ö·´Ò³ ¶·µ¨§¢¥¤¥´¨¥³

 (ψr , ψg) = 

∑ 
i = 1

M

 Air Aig
 ∗

(Γr + Γg)6 2 + i(Er − Eg) .
(2.18)

‡¤¥¸Ó, ± ± µ¡ÒÎ´µ, Air Å  ³¶²¨ÉÊ¤Ò · ¸¶ ¤  Ê·µ¢´Ö r ¶µ ± ´ ² ³ i,

¶·¨Î¥³ ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥

∑ 
i = 1

M

 Air
2 = Γr . (2.19)

‡ ¢¨¸¨³µ¸ÉÓ  ³¶²¨ÉÊ¤Ò ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨Ö ´  ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö
Ê·µ¢´ÖÌ µÉ ¢¥²¨Î¨´Ò (ψr , ψg) ¡Ò²  ̈ §ÊÎ¥´  ¢ · ¡µÉ Ì ‚.‹.‹Õ¡µÏ¨Í  [7,10].

�É  § ¢¨¸¨³µ¸ÉÓ ¨³¥¥É ¶·µ¸ÉÊÕ ¸É·Ê±ÉÊ·Ê, µ¡Ê¸²µ¢²¥´´ÊÕ ·¥§µ´ ´¸´Ò³ Ì -
· ±É¥·µ³  ³¶²¨ÉÊ¤Ò ¨ Ê¸²µ¢¨¥³ Ê´¨É ·´µ¸É¨.

�·¥¦¤¥ ¢¸¥£µ,  ³¶²¨ÉÊ¤Ò ·¥§µ´ ´¸´ÒÌ ¶·µÍ¥¸¸µ¢ ¤µ²¦´Ò µ¶¨¸Ò¢ ÉÓ¸Ö
¸Ê³³µ° ¶µ²Õ¸´ÒÌ Î²¥´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µ³¶²¥±¸´Ò³ Ô´¥·£¨Ö³ εr =
= Er − iΓr6 2. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢ · ³± Ì �‚-¸Ì¥³Ò ¢ÒÎ¥ÉÒ ·¥§µ´ ´¸´ÒÌ

 ³¶²¨ÉÊ¤ Ë ±Éµ·¨§ÊÕÉ¸Ö ¨ ¶·µ¶µ·Í¨µ´ ²Ó´Ò ¶ ·Í¨ ²Ó´Ò³  ³¶²¨ÉÊ¤ ³
· ¸¶ ¤  ·¥§µ´ ´¸´µ£µ Ê·µ¢´Ö. �Éµ µ§´ Î ¥É, ÎÉµ Ô²¥³¥´ÉÒ S-³ É·¨ÍÒ ¨³¥ÕÉ
¸É·Ê±ÉÊ·Ê

Sij = δij − i  ∑ 
r = 1

N

 
Air Cjr

 ∗

E − Er + iΓr6 2
 , (2.20)

£¤¥ ¶µ ¸¢µ¥³Ê ¸³Ò¸²Ê ±µÔËË¨Í¨¥´ÉÒ Cjr
 ∗ ¶·¥¤¸É ¢²ÖÕÉ  ³¶²¨ÉÊ¤Ò µ¡· §µ-

¢ ´¨Ö ´¥¸É ¡¨²Ó´ÒÌ ±¢ §¨¸É Í¨µ´ ·´ÒÌ Ê·µ¢´¥°. �·µ¸ÉÒ¥ ¢ÒÎ¨¸²¥´¨Ö

¶µ± §Ò¢ ÕÉ [7], ÎÉµ ¨§ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ SS + = I  ¢Éµ³ É¨Î¥¸±¨ ¸²¥¤Ê-
¥É ¸¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö  ³¶²¨ÉÊ¤ Cjr :

Air =  ∑ 
g = 1

N

 Cij Ugr     (r = 1, ..., M). (2.21)

‡¤¥¸Ó Ugr Å Ô²¥³¥´ÉÒ Ô·³¨Éµ¢µ° ³ É·¨ÍÒ, ¸µ¸É ¢²¥´´µ° ¨§ ¸± ²Ö·´ÒÌ

¶·µ¨§¢¥¤¥´¨° ¢¥±Éµ·µ¢ ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨°, ±µÉµ·Ò¥ µ¶·¥¤¥²Ö-
ÕÉ¸Ö ¨§ (2.18).
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ˆ§ ¸µµÉ´µÏ¥´¨° (2.18) ¨ (2.21) ¸²¥¤Ê¥É ¶· ¢¨²µ ¸Ê³³

∑ 
r = 1

N

 ∑ 
i = 1

M

 Air Cir
 ∗ =  ∑ 

r = 1

N

 Γr . (2.22)

‹¥£±µ ¶µ²ÊÎ¨ÉÓ É ±¦¥  ´ ²µ£ Ëµ·³Ê²Ò (2.18) ¤²Ö  ³¶²¨ÉÊ¤ Cri :

Ugr
 −1 = 

∑ 
i = 1

M

 Cir Cig
 ∗

(Γr + Γg) 6 2 + i(Er − Eg) . (2.23)

“Î¥É ¶µ¸ÉµÖ´´µ£µ Ëµ´ , ̧ ¢Ö§ ´´µ£µ ¸ ¶µÉ¥´Í¨ ²Ó´Ò³ · ¸¸¥Ö´¨¥³ ̈  ¶·Ö-

³Ò³¨ ·¥ ±Í¨Ö³¨, ¸¢µ¤¨É¸Ö ± Ê³´µ¦¥´¨Õ Î¨¸Éµ ·¥§µ´ ´¸´µ° ³ É·¨ÍÒ S (R)

´  Ê´¨É ·´ÊÕ Ëµ´µ¢ÊÕ ³ É·¨ÍÊ B, ¶·¨ ÔÉµ³ 

Sij = Bij − i  ∑ 
r = 1

N

 
Air C

~
jr
 ∗

E − Er + iΓr6 2
 ,

£¤¥ Ari , ± ± ¨ ¶·¥¦¤¥,  ³¶²¨ÉÊ¤Ò · ¸¶ ¤  ±¢ §¨¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨°,

   ³¶²¨ÉÊ¤Ò C
~

rj µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ¸µµÉ´µÏ¥´¨Ö

 C
~
 = B +AU −1.

’ ±¨³ µ¡· §µ³, ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö · ¢¥´¸É¢µ

∑ 
i = 1

M

 Air
∗  Bij =  ∑ 

g = 1

N

 C
~

jg
 ∗ Ugr .

�Î¥¢¨¤´µ, ÎÉµ ¢ ¸¨²Ê Ê´¨É ·´µ¸É¨ ³ É·¨ÍÒ B ³µ¦´µ ¢ ¸µµÉ´µÏ¥´¨¨

(2.23) § ³¥´¨ÉÓ C ´  C
~
:

Ugr
 −1 = 

∑ 
i = 1

M

 C
~

ir C
~

ig
 ∗

(Γr + Γg) 6 2 + i(Er − Eg) . (2.24)

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³ Î¨¸Éµ Ê¶·Ê£µ¥ µ¤´µ± ´ ²Ó´µ¥ · ¸¸¥-
Ö´¨¥ ¶·¨ ´ ²¨Î¨¨ ¤¢ÊÌ ·¥§µ´ ´¸µ¢. ‚ ÔÉµ³ ¸²ÊÎ ¥ A1 = A11, A2 = A12, ¨ ¨§

Ê· ¢´¥´¨Ö (2.19) ¸²¥¤Ê¥É, ÎÉµ

A112 = Γ1,     A122 = Γ2. 
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�²¥³¥´ÉÒ ³ É·¨ÍÒ ´¥µ·Éµ£µ´ ²Ó´µ¸É¥° U ¸²¥¤ÊÕÐ¨¥:

U11 = 
A11A11

∗

Γ1
 = 1,

U
22

 = 
A

12
A

12
∗

Γ
2

 = 1,

U12 = U21
 ∗  = 

A12A11
∗

(Γ1 + Γ2)6 2 + i(E2 − E1) .

’µ£¤  

∆ = 






 
U11    U12

U21    U22
 






 = 1 − U122 = 

(E2 − E1)2 + (Γ2 − Γ1)26 4

(E2 − E1)2 + (Γ2 + Γ1)26 4
 ,

¨ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·µ¢ C
1
 = C

11
 ¨ C

2
 = C

12
 µ¶·¥¤¥²ÖÉ¸Ö µ¤´µ§´ Î´µ:

C11 = A11U11
 −1 + A12U12

 −1 = 
A11 − A12U21

∆  =

= A11 






 
(E1 − E2)2 − (Γ2

 2 − Γ1
 2) 6 4

(E1 − E2)2 + (Γ2 − Γ1)26 4
 + i 

Γ2(E1 − E2)

(E1 − E2)2 + (Γ2 − Γ1)2 6 4
 






 ,

C12 = A11U12
 −1 + A12U22

 −1 = 
A12 − A11U12

∆  =

= A12 






 
(E2 − E1)2 − (Γ1

 2 − Γ2
 2) 6 4

(E2 − E1)2 + (Γ1 − Γ2)26 4
 + i 

Γ1(E2 − E1)

(E2 − E1)2 + (Γ1 − Γ2)2 6 4
 






 .

�É¸Õ¤  ¶µ²ÊÎ ¥³

A11C12
 ∗  = Γ1 

(E1 − E2)2 − (Γ2
 2 − Γ1

 2)6 4

(E1 − E2)2 + (Γ2 − Γ1)2 6 4
 − i 

Γ1Γ2(E1 − E2)

(E1 − E2)2 + (Γ2 − Γ1)2 6 4
 ,

A12C11
 ∗  = Γ2 

(E2 − E1)2 − (Γ1
 2 − Γ2

 2)6 4

(E2 − E1)2 + (Γ1 − Γ2)2 6 4
 − i 

Γ1Γ2(E2 − E1)

(E2 − E1)2 + (Γ1 − Γ2)2 6 4
 ,

ÎÉµ Ô±¢¨¢ ²¥´É´µ ¢Ò· ¦¥´¨Ö³ (2.2), (2.3).
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� ¸¸³µÉ·¥´´Ò° ³¥Éµ¤ ¤ ¥É Ê¤µ¡´ÊÕ ¢ÒÎ¨¸²¨É¥²Ó´ÊÕ ¸Ì¥³Ê ¤²Ö ¸²ÊÎ Ö
µ¤´µ£µ ± ´ ²  ¨ ¶·µ¨§¢µ²Ó´µ£µ Î¨¸²  ·¥§µ´ ´¸µ¢, ¶µ§¢µ²ÖÖ § ¶¨¸Ò¢ ÉÓ
 ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ¢ ¢¨¤¥ ¸Ê³³Ò �‚-Î²¥´µ¢.

�Î¥¢¨¤´µ, µ¤´ ±µ, ÎÉµ ¶µ¸É·µ¥´´ Ö ³µ¤¥²Ó ́ ¥ Ö¢²Ö¥É¸Ö T-¨´¢ ·¨ ´É´µ°.
“¸²µ¢¨¥ ¸¨³³¥É·¨¨ S-³ É·¨ÍÒ (Sij = Sji ) ¶·¨¢µ¤¨É ± ¤µ¶µ²´¨É¥²Ó´Ò³ ¸µµÉ-

´µÏ¥´¨Ö³:

Bij = Bji ,     Cir
 ∗ = Qr Air . (2.25)

Š ¸µ¦ ²¥´¨Õ, ´¥É ·¥ ²Ó´µ£µ ¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¸¶µ¸µ¡  µ¡¥¸¶¥Î¨ÉÓ
¢Ò¶µ²´¥´¨¥ ¶µ¸²¥¤´¥£µ Ê¸²µ¢¨Ö. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶·µ¥±Í¨µ´´ÒÌ µ¶¥· Éµ·µ¢
[11] ¤¥² ¥É ³¥Éµ¤ Ëµ·³ ²Ó´µ T-¨´¢ ·¨ ´É´Ò³, ´µ ¶· ±É¨Î¥¸±¨ ´¥¶·¨³¥-
´¨³Ò³ ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö.

�¥±µÉµ·Ò¥ ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö, Ê¶·µÐ ÕÐ¨¥ ³¥Éµ¤ ¤µ
±µ´±·¥É´µ° ³µ¤¥²¨, ¢¥¤ÊÉ ±  ¢Éµ³ É¨Î¥¸±µ³Ê ¢Ò¶µ²´¥´¨Õ Ê¸²µ¢¨Ö (2.25).
� ¶·¨³¥·, µ´µ ¡Ê¤¥É ¢Ò¶µ²´ÖÉÓ¸Ö, ¥¸²¨ ¸Î¨É ÉÓ, ÎÉµ ±µµ·¤¨´ ÉÒ Air

¤¥°¸É¢¨É¥²Ó´Ò ̈  ´¥ § ¢¨¸ÖÉ µÉ Ê·µ¢´Ö r. S-³ É·¨Í  ¢ ÔÉµ³ ³µ¤¥²Ó´µ³ ¸²ÊÎ ¥
¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

Sij
 (R) = δij − iAi Aj  ∑ 

r = 1

N

 
Qr

E − Er + iΓr6 2
 ,

£¤¥

Qr =  ∑ 
g = 1

N

 Ugr
 −1,

Ugr = 
1

(Γr + Γg) 6 2 + i(Er − Eg) .

�·¨³¥· ¨¸¶µ²Ó§µ¢ ´¨Ö ÔÉµ£µ ³¥Éµ¤  ¤²Ö ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö  ρ′-¸µ¸ÉµÖ´¨°
¶·¨¢¥¤¥´ ¢ · ¡µÉ¥ [14].

2.5. �·Ö³µ° ³¥Éµ¤ ´ Ìµ¦¤¥´¨Ö �‚-³´µ£µ± ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¢ ¸²Ê-
Î ¥ ¤¢ÊÌ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ¸µ¸ÉµÖ´¨°. …Ð¥ µ¤¨´ ¶µ¤Ìµ¤ ± µ¶¨¸ ´¨Õ
·¥§µ´ ´¸´ÒÌ ·¥ ±Í¨° ¤²Ö ³´µ£µÊ·µ¢´¥¢µ° ¸¨¸É¥³Ò ¡Ò² ¶·¥¤²µ¦¥´ ¢ · ¡µÉ¥
[12].

‡ ¶¨Ï¥³ S-³ É·¨ÍÊ · ¸¸¥Ö´¨Ö ¤²Ö £·Ê¶¶Ò ¨§ N ·¥§µ´ ´¸µ¢, · ¸¶µ²µ-
¦¥´´ÒÌ ¢ Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨, ¤µ¸É ÉµÎ´µ Ê¤ ²¥´´µ° µÉ ¶µ·µ£µ¢ ¨
¤·Ê£¨Ì ·¥§µ´ ´¸µ¢, ¢ Ö¢´µ �‚-Ëµ·³¥ (¤²Ö ¶·µ¸ÉµÉÒ ¡¥§ ÊÎ¥É  Ëµ´ ):

Sij (E) = δij − i  ∑ 
r = 1

N

 
gri grj

E − εr
 . (2.26)
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‡¤¥¸Ó gri Å ±µ³¶²¥±¸´Ò¥ ¶ ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò, εr = Er − iΓr6 2,   gr Å

±µ³¶²¥±¸´Ò¥ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´*. ‚¥±Éµ·Ò gr ´¥ ¢¸¥ ´¥§ ¢¨-

¸¨³Ò. “¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ´ ±² ¤Ò¢ ÕÉ ´  §´ Î¥´¨Ö gri N(M + 1) µ£· -

´¨Î¥´¨° (¶·¨ N ·¥§µ´ ´¸ Ì ¨ M µÉ±·ÒÉÒÌ ± ´ ² Ì).

‚ · ¡µÉ¥ [12] ÔÉ¨ µ£· ´¨Î¥´¨Ö ¨ Ê· ¢´¥´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ¢¥±Éµ· ³¨ gr

Ê¤ ²µ¸Ó ¶µ²ÊÎ¨ÉÓ (É.¥. ¨ · §¢¨ÉÓ ¸ ³ ³¥Éµ¤) Éµ²Ó±µ ¤²Ö ¸²ÊÎ Ö ¤¢ÊÌ ·¥§µ´ ´-
¸µ¢ ¸²¥¤ÊÕÐ¨³ ¸¶µ¸µ¡µ³.

‘µ¶µ¸É ¢¨³ ¢Ò· ¦¥´¨¥ (2.26) ¸ K-³ É·¨Î´µ° § ¶¨¸ÓÕ S-³ É·¨ÍÒ:

S(E) = I − i  ∑ 
r = 1

N

 
gr gr

T

E − εr
 = 

I − i  ∑ 
r = 1

N

 
γrγr

T

E − E r

I + i  ∑ 
r = 1

N

 
γrγr

T

E − E r

 . (2.27)

„µ³´µ¦¨¢ (2.27) ´  






 I + i  ∑ 

r = 1

N

 
γrγr

T

E − E l
 






 ,   § É¥³ ´  ∏ 

k = 1

N

 (E − εk)(E − Ek ), ¶µ-

²ÊÎ¨³

− i  ∑ 
r = 1

N

 






 gr gr

T(E − E r )  ∏ 
k ≠ r

N

 (E − εk)(E − Ek ) 






 +

+  ∑ 
r = 1

N

 ∑ 
l = 1

N

 

 gr gr

T γl γl
T(E − εl )(E − E r )   ∏ 

k ≠ r, l

  (E − εk)(E − Ek ) 



 =

= − 2i  ∑ 
l = 1

N

 






 γl γl

T(E − εl )  ∏ 
k ≠ l

N

 (E − εk)(E − Ek ) 






 .

�·¨· ¢´Ö¢ ´Ê²Õ ±µÔËË¨Í¨¥´É ¶·¨ ¸É¥¶¥´¨ E (2N − 1), ¶µ²ÊÎ ¥³ ³ É·¨Î´µ¥
Ê· ¢´¥´¨¥

∑ 
r = 1

N

 gr gr
T = 2  ∑ 

r = 1

N

 γrγr
T . (2.28)

*‚¥±Éµ·Ò g
r
 ¶·¥¤¶µ² £ ÕÉ¸Ö ´¥ § ¢¨¸ÖÐ¨³¨ µÉ Ô´¥·£¨¨ E. �¤´ ±µ ¥¸²¨ ·¥§µ´ ´¸Ò · ¸¶µ²µ-

¦¥´Ò ¢¡²¨§¨ ¶µ·µ£µ¢, Éµ § ¢¨¸ÖÐ¨¥ µÉ Ô´¥·£¨¨ E ±¨´¥³ É¨Î¥¸±¨¥ ³´µ¦¨É¥²¨ ³µ£ÊÉ ¡ÒÉÓ · §²µ-
¦¥´Ò ¢ ·Ö¤ ’¥°²µ· , ¨ µ¶¨¸ ´´Ò¥ ¢ ¤ ´´µ³ ¨ ¶µ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì ¸Ì¥³Ò ³µ£ÊÉ ¡ÒÉÓ ¢µ¸-
¶·µ¨§¢¥¤¥´Ò ¸ ´¥§´ Î¨É¥²Ó´Ò³¨ ¨§³¥´¥´¨Ö³¨.
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„µ³´µ¦ Ö Ê· ¢´¥´¨¥ (2.28) ¸¶· ¢  ¶µ¸²¥¤µ¢ É¥²Ó´µ ´  g
1
, g

2
, ..., gN , Ê¡¥¦-

¤ ¥³¸Ö, ÎÉµ ¢¥±Éµ·Ò Ö¢²ÖÕÉ¸Ö ²¨´¥°´Ò³¨ ±µ³¡¨´ Í¨Ö³¨ ¢¥±Éµ·µ¢ γr

(r = 1, ..., N):

gr =  ∑ 
i = 1

N

 ari γi . (2.29)

�µ¤¸É ¢¨¢ ¢Ò· ¦¥´¨Ö (2.29) ¢ (2.28), ¶µ²ÊÎ¨³

∑ 
r = 1

N

 ∑ 
i = 1

N

 ari γi  ∑ 
j = 1

N

 arj γj
T = 2  ∑ 

r = 1

N

 γrγr
T

¨²¨

∑ 
i = 1

N

 ∑ 
j = 1

N

 Aij γiγj
T = 0, (2.30)

£¤¥ Aij Å ±µ³¶²¥±¸´Ò¥ Î¨¸² :

 Aij =  ∑ 
r = 1

N

 ari arj − 2δij .

�·¨ N = 2 Ê· ¢´¥´¨¥ (2.30) ¸· ¢´¨É¥²Ó´µ ²¥£±µ ·¥Ï ¥É¸Ö. ’·¥¡Ê¥³Ò¥
µ£· ´¨Î¥´¨Ö ´  ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¨³¥ÕÉ ¢¨¤

g1 = aγ1 + √2 − a2 γ2,

g
2
 = ± √ 2 − a2 γ

1
 − aγ

2
. (2.31)

�µ²µ¦¨¢ β = ± Im √2 − a2 6 Re a, ¶µ²ÊÎ¨³

g
2
 = 

i
2β [(1 + β2) g

1
 − (1 − β2) g

1
∗], (2.32)

g
1
+g

1

Γ
1

 = 
g
2
+g

2

Γ
2

 = 
1 + β2

1 − β2
 ≥ 1, (2.33)

(g
1
+, g

2
) = 

2β
1 − β2

 (ε
1
∗ − ε

2
). (2.34)
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�¡² ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·  β:

0 ≤ 
4β2

(1 − β2)2
 ≤ 

Γ
1
Γ

2

ε
1
 − ε

2
∗2

 ≤ 1. (2.35)

Šµ£¤  ·¥§µ´ ´¸Ò µÎ¥´Ó ¤ ²¥±¨ ¤·Ê£ µÉ ¤·Ê£ , ¶ · ³¥É· β = 0, ¨ ¢¥±Éµ·Ò
gr ¸É ´µ¢ÖÉ¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³¨. �µ¤Î¥·±´¥³, ÎÉµ β ´¥ Ö¢²Ö¥É¸Ö ¤µ¶µ²´¨-

É¥²Ó´Ò³ ¶ · ³¥É·µ³ § ¤ Î¨. �·¨ ´ °¤¥´´ÒÌ ¢¥±Éµ· Ì ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´
gr ¨ Ô´¥·£¨ÖÌ εr = Er − iΓr6 2 ¶ · ³¥É· β µ¶·¥¤¥²¥´ µ¤´µ§´ Î´µ ¨ ¥£µ Ë ±-

É¨Î¥¸±µ¥ §´ Î¥´¨¥ ´¥¢ ¦´µ.
„²Ö µ¤´µ£µ ± ´ ²  (M = 1) ¢ ± Î¥¸É¢¥ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ ³µ¦´µ

¢§ÖÉÓ §´ Î¥´¨Ö E1, E2, Γ1 ¨ Γ2. ’µ£¤  §´ Î¥´¨Ö β, g11
x  ¨ g21

x  µ¤´µ§´ Î´µ

µ¶·¥¤¥²ÖÉ¸Ö ¨§ ¸¨¸É¥³Ò

(g11
x )2 = 

Γ1 − β2Γ2

(1 − β2)2
 ,

(g21
x )2 = 

Γ2 − β2Γ1

(1 − β2)2
 ,

g11
x g21

x  = 
2β

(1 − β2)2
 (E1 − E2).

�µ¤¸É ¢²ÖÖ §´ Î¥´¨Ö g11
x  ¨ g2

y ¨§ ¶¥·¢ÒÌ ¤¢ÊÌ Ê· ¢´¥´¨° ¸¨¸É¥³Ò ¢

É·¥ÉÓ¥ Ê· ¢´¥´¨¥, ¶µ²ÊÎ ¥³ ¡¨±¢ ¤· É´µ¥ Ê· ¢´¥´¨¥

β4 − 2αβ2 + 1 = 0,

£¤¥

a = 
Γ

1
 2 + Γ

2
 2 + 4(E

1
 − E

2
)

2Γ
1
Γ

2

 .

’µ£¤ 

g11
x  = 

Γ1 − (a − √a2 − 1 ) Γ2

(1 − a + √a2 − 1 )2
 ,

g21
x  = 

Γ2 − (a − √a2 − 1 ) Γ1

(1 − a + √a2 − 1 )2
 ,
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g11
y  = − (a − √a2 − 1 ) g21

x ,

g21
y  = (a − √a2 − 1 ) g11

x .

�É¸Õ¤  ¶µ²ÊÎ ¥³

g11g11 = Γ1 
(E1 − E2)2 − (Γ2

 2 − Γ1
 2)6 4

(E1 − E2)2 + (Γ2 − Γ1)2 6 4
 − i 

Γ1Γ2(E1 − E2)

(E1 − E2)2 + (Γ2 − Γ1)2 6 4
 ,

g21g21 = Γ1 
(E2 − E1)2 − (Γ1

 2 − Γ2
 2)6 4

(E2 − E1)2 + (Γ1 − Γ2)2 6 4
 − i 

Γ1Γ2(E2 − E1)

(E2 − E1)2 + (Γ1 − Γ2)2 6 4
 ,

ÎÉµ Ô±¢¨¢ ²¥´É´µ ¢Ò· ¦¥´¨Ö³ (2.2), (2.3).

Š ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¢ · ¡µÉ¥ [12] Ê· ¢´¥´¨Ö ¸¢Ö§¨ ¤²Ö ¢¥±Éµ·µ¢ ¶ ·-
Í¨ ²Ó´ÒÌ Ï¨·¨´, ¸²¥¤ÊÕÐ¨¥ ¨§ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ S-³ É·¨ÍÒ, ¡Ò²¨ ¶µ-
²ÊÎ¥´Ò ¢ Ö¢´µ³ ¢¨¤¥ Éµ²Ó±µ ¤²Ö ¸²ÊÎ Ö ¤¢ÊÌ ·¥§µ´ ´¸µ¢ (N = 2) ̈  ¶·µ¨§¢µ²Ó-
´µ£µ Î¨¸²  ± ´ ²µ¢ M. �·¨ N > 2 µ¶¨¸ ´´Ò° ¢ÒÏ¥ ¸¶µ¸µ¡, µ¸´µ¢ ´´Ò° ´ 
¸µ¶µ¸É ¢²¥´¨¨ ¸ K-³ É·¨Í¥°, ´¥ ¤ ¥É ¢µ§³µ¦´µ¸É¨ ¶µ²ÊÎ¨ÉÓ ¢¥±Éµ·Ò gr ,

É ± ± ± ¸¨¸É¥³  Ê· ¢´¥´¨° Aij (ark) = 0 ¸²¨Ï±µ³ ¸²µ¦´  ¨ ´¥ ¶µ§¢µ²Ö¥É

¨¸±²ÕÎ¨ÉÓ ¢¥±Éµ·Ò γk ¨§ ¸µµÉ´µÏ¥´¨° (2.29).

‚ · §¢¨É¨¥ · ¡µÉÒ [12] ¢ ̧ É ÉÓ¥ [13] ¡Ò²¨ ¶µ²ÊÎ¥´Ò Ö¢´Ò¥ µ£· ´¨Î¥´¨Ö
´  ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´.

…¸²¨ § ¶¨¸ ÉÓ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¤²Ö ³ É·¨ÍÒ S ¢ ¢¨¤¥

S +(E ∗) S(E) = S(E) S +(E ∗) = I, (2.36)

ÎÉµ Ö¢²Ö¥É¸Ö  ´ ²¨É¨Î¥¸±¨³ ¶·µ¤µ²¦¥´¨¥³ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ´  ±µ³¶-
²¥±¸´ÊÕ  ¶²µ¸±µ¸ÉÓ,  Éµ  ·¥§Ê²ÓÉ ÉÒ  ³µ£ÊÉ  ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¡µ²¥¥
±µ³¶ ±É´µ.

“¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ (2.36) ¤²Ö ³ É·¨ÍÒ S(E), ¶·¥¤¸É ¢²¥´´µ° ¢ ¢¨¤¥
¸Ê³³Ò �‚-Î²¥´µ¢ (2.26), ³µ¦´µ § ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

S +(E ∗) S(Er) = B +B +  ∑ 
n = 1

N

 
S +(εn

∗) gn gn
T

E − εn
 +  ∑ 

n = 1

N

 
gn

∗(gn
∗)TS(εn

∗)

E − εn
∗  . (2.37)

�Éµ ¢Ò· ¦¥´¨¥ ³µ¦´µ ²¥£±µ ¶µ²ÊÎ¨ÉÓ, ¥¸²¨ § ³¥É¨ÉÓ, ÎÉµ ËÊ´±Í¨Ö

[S +(E ∗) S(E) − B +B] Ö¢²Ö¥É¸Ö ³¥·µ³µ·Ë´µ° ËÊ´±Í¨¥° µÉ E ¨ ¸É·¥³¨É¸Ö ±
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´Ê²Õ ¶·¨ E → ∞. ‘²¥¤µ¢ É¥²Ó´µ, ¥¥ ³µ¦´µ § ¶¨¸ ÉÓ ± ± ¸Ê³³Ê ¢±² ¤µ¢
¶µ²Õ¸µ¢ ¸ Ê± § ´´Ò³¨ ¶µ¸ÉµÖ´´Ò³¨ ¢ÒÎ¥É ³¨.

“¸²µ¢¨¥ ± Ê§ ²Ó´µ¸É¨ É·¥¡Ê¥É, ÎÉµ¡Ò ¢¸¥ Ô´¥·£¨¨ ·¥§µ´ ´¸µ¢ εn ²¥¦ ²¨

¢ ´¨¦´¥° ¶µ²Ê¶²µ¸±µ¸É¨,   ¶µ²´Ò¥ Ï¨·¨´Ò Γn ¡Ò²¨ ¶µ²µ¦¨É¥²Ó´Ò³¨

(Γn > 0). ‘µµÉ¢¥É¸É¢¥´´µ, S +(E ∗) ´¥ ³µ¦¥É ¨³¥ÉÓ ¶µ²Õ¸µ¢ ¤²Ö E ¢ ´¨¦´¥°

¶µ²Ê¶²µ¸±µ¸É¨. �µ¸±µ²Ó±Ê ³ É·¨Í  S +(E ∗) S(E) = 1 ́ ¥ ̈ ³¥¥É ¶µ²Õ¸µ¢, ¢ÒÎ¥-

ÉÒ  ¨¸É¨´´ÒÌ  ¶µ²Õ¸µ¢  ¶·¨ E = εn  ¨  E = εn
∗  ¤µ²¦´Ò  µ¡· Ð ÉÓ¸Ö  ¢  ´Ê²Ó,

ÎÉµ ¤ ¥É

S +(εn
∗) gn gn

T = 0,     n = 1, ..., N. (2.38)

“¸²µ¢¨¥ (2.38) ¤µ²¦´µ Ê¤µ¢²¥É¢µ·ÖÉÓ¸Ö ± ± ³ É·¨Î´µ¥ Ê· ¢´¥´¨¥. �Éµ
Ê¸²µ¢¨¥ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

S +(εn
∗) gn = B +gn + i  ∑ 

m = 1

N

 
gm(gm gn)

εn − εm
∗  = 0,     n = 1, ..., N, (2.39)

¨²¨

Bgn = i  ∑ 
m = 1

N

  
(gn

+ gm)

εn
∗ − εm

 gm ,     n = 1, ..., N. (2.40)

…¸²¨ ¢¢¥¸É¨ µ¡µ§´ Î¥´¨¥

αnm = 
i(gm

+  gn)

εn
∗ − εm

 = αmn
∗  , (2.41)

Éµ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ¶·¨³ÊÉ ¢¨¤

B +B = BB + = I,

Bgn =  ∑ 
m = 1

N

 αnm gm . (2.42)

Š ± ¶µ± § ´µ ¢ · ¡µÉ¥ [13], ³ É·¨Í  α, ¸µ¸É ¢²¥´´ Ö ¨§ ±µ³¶²¥±¸´ÒÌ
¸± ²Ö·´ÒÌ ¶ · ³¥É·µ¢ αnm , (n, m = 1, .., N), ¤µ²¦´  ¡ÒÉÓ µ·Éµ£µ´ ²Ó´µ° ¨

Ô·³¨Éµ¢µ°, É.¥.

ααT = αTα = I,     α+ = α. (2.43)
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’ ±ÊÕ µ·Éµ£µ´ ²Ó´ÊÕ Ô·³¨Éµ¢Ê ³ É·¨ÍÊ α ²¥£±µ ¶µ¸É·µ¨ÉÓ ¤²Ö ¸²ÊÎ Ö
¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ M ± ´ ²µ¢. „²Ö ÔÉµ£µ ¤µ¸É ÉµÎ´µ ¶·µ¸Éµ ·¥Ï¨ÉÓ ¸¨¸É¥³Ê
Ê· ¢´¥´¨°

α11α21 + α12α22 = 0,

α11
2  + α12

2  = 1,

α22
2  + α21

2  = 1.

ˆ§ Ô·³¨Éµ¢µ¸É¨ ³ É·¨ÍÒ α ¸²¥¤Ê¥É, ÎÉµ α21 = α12
∗ , ¨, ¶µ¸±µ²Ó±Ê ¶ · -

³¥É·Ò α11 ¨ α22 Å ¶µ²µ¦¨É¥²Ó´Ò¥ ¤¥°¸É¢¨É¥²Ó´Ò¥ Î¨¸² , Éµ, ± ± ¢¨¤´µ ¨§

 ´ ²¨§  ¸¨¸É¥³Ò, ¶ · ³¥É· α12 Å Î¨¸Éµ ³´¨³Ò° ¨ α12 = i(g1
+ g2)6 (ε1

∗ −

− ε2) = − α21
∗ .

’·¥¡Ê¥³Ò¥ µ£· ´¨Î¥´¨Ö ´  ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¶·¨´¨³ ÕÉ ¢¨¤:

Bg1 = √(1 + α122)  g1 + iα12g2,

Bg2 = √(1 + α122 g2 − iα12g1.

�¥Ï¥´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° ¶·¨¢µ¤¨É ± É¥³ ¦¥ ¢Ò· ¦¥´¨Ö³ ¤²Ö ¢¥±Éµ·µ¢
¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´, ÎÉµ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ¥ [12] ¨ ¶µ¤·µ¡´µ · ¸¸³µÉ-
·¥´Ò ¢ ¤ ´´µ³ · §¤¥²¥.

„²Ö ¸²ÊÎ Ö É·¥Ì ·¥§µ´ ´¸µ¢ ¢ · ¡µÉ¥ [13] ¶·¨¢¥¤¥´ µ¡Ð¨° ¢¨¤ ³ É·¨ÍÒ
¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨° α, § ¢¨¸ÖÐ¥° µÉ É·¥Ì ¶ · ³¥É·µ¢: ¤¥°¸É¢¨É¥²Ó´µ£µ
Ê£²  θ ¨ ±µ³¶²¥±¸´µ£µ Ê£²  ϕ:

α = 










 

cosh θcos ϕ2 + sin ϕ2,

cosh θ sin ϕ cos∗ϕ − cos ϕ sin∗ϕ,

i sinh θ cos∗ϕ,

  
cosh θ cos ϕ sin∗ϕ − sin ϕ cos∗ϕ,

cosh θsin ϕ2 + cos ϕ2,

i sinh θ sin∗ϕ,

  
− i sinh θ cos ϕ
− i sinh θ sin ϕ

cosh θ
 










 .

„²Ö ¶µ²ÊÎ¥´¨Ö ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ´¥µ¡Ìµ¤¨³µ ¥Ð¥ ·¥Ï¨ÉÓ
¤µ¸É ÉµÎ´µ £·µ³µ§¤±ÊÕ ²¨´¥°´ÊÕ ¸¨¸É¥³Ê N Ê· ¢´¥´¨° ¸ 2N ´¥¨§¢¥¸É´Ò³¨
¢¨¤  (2.42) ¤²Ö Éµ£µ, ÎÉµ¡Ò ¢Ò· §¨ÉÓ NM Ô²¥³¥´Éµ¢ ÔÉ¨Ì ¢¥±Éµ·µ¢ gn Î¥·¥§

¤·Ê£¨¥ NM Ô²¥³¥´Éµ¢ ¨ ¶ · ³¥É·Ò ³ É·¨ÍÒ α. �µ¸²¥ ÔÉµ£µ ´Ê¦´µ ¢Ò¡· ÉÓ
NM − N(N − 1)6 2 Ô²¥³¥´Éµ¢, µ¡ÑÖ¢²¥´´ÒÌ ¸¢µ¡µ¤´Ò³¨ ¶ · ³¥É· ³¨, É ±,

ÎÉµ¡Ò ¸± ²Ö·´Ò¥ ¶·µ¨§¢¥¤¥´¨Ö (gn
+ gm) ¡Ò²¨ · ¢´Ò αnm .

Š ¸µ¦ ²¥´¨Õ, ¨§²µ¦¥´´Ò° ¢ · ¡µÉ¥ [13] ³¥Éµ¤ ´¥ ¤ ¥É ¶·µÍ¥¤Ê·Ò, ±µ-
Éµ·ÊÕ ³µ¦´µ ¡Ò²µ ¡Ò ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨ ¶µ¸É·µ¥´¨Ö ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ
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Ï¨·¨´ ¤²Ö ¸²ÊÎ Ö ¡µ²¥¥ Î¥³ É·¥Ì ·¥§µ´ ´¸µ¢ (N > 3), É ± ± ± ´¥ ¶·¥¤²µ¦¥´
·¥£Ê²Ö·´Ò° ¸¶µ¸µ¡ ¶µ²ÊÎ¥´¨Ö ±µ³¶²¥±¸´µ° Ô·³¨Éµ¢µ° µ·Éµ£µ´ ²Ó´µ° ³ É-
·¨ÍÒ α, § ¢¨¸ÖÐ¥° µÉ N(N − 1) 6 2 ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢.

3. ��‘’��…�ˆ… “�ˆ’����‰ S-Œ�’�ˆ–›
��…‰’-‚ˆƒ�…��‚‘Š�ƒ� ‚ˆ„�

„‹Ÿ �…�…Š�›‚��™ˆ•‘Ÿ �…‡����‘�‚
‚ Œ��ƒ�Š���‹œ�›• �…�Š–ˆŸ•

3.1. Œ¥Éµ¤ ¨ µ¡Ð¨¥ Ê· ¢´¥´¨Ö. ‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ³Ò ¶·µ¢¥²¨
µ¡§µ· ¨ ¸· ¢´¥´¨¥ ·¥ ²Ó´µ ¨¸¶µ²Ó§Ê¥³ÒÌ ³¥Éµ¤µ¢ ¶µ¸É·µ¥´¨Ö Ö¢´µ Ê´¨É ·-
´µ° ·¥§µ´ ´¸´µ° S-³ É·¨ÍÒ,   É ±¦¥ · ¸¸³µÉ·¥²¨ ¢µ§³µ¦´µ¸ÉÓ ¨´É¥·¶·¥-
É Í¨¨ ÔÉ¨Ì ³¥Éµ¤µ¢ ¢ ¤ÊÌ¥ Ëµ·³Ê² É¨¶  �‚.

�¨¦¥ ³Ò ¶·¨¢µ¤¨³ ¶µ¸²¥¤µ¢ É¥²Ó´ÊÕ ¶·µÍ¥¤Ê·Ê ¶µ¸É·µ¥´¨Ö Ê´¨É ·´µ°
³´µ£µ± ´ ²Ó´µ° ³´µ£µ·¥§µ´ ´¸´µ° S-³ É·¨ÍÒ �‚-¢¨¤  ¤²Ö µ¡Ð¥£µ ¸²ÊÎ Ö
N ·¥§µ´ ´¸µ¢ ¨ M ¢´¥Ï´¨Ì ± ´ ²µ¢. ˆ§²µ¦¥´¨¥ ¸²¥¤Ê¥É, ¢ µ¸´µ¢´µ³, · ¡µ-
É ³ [15,16].

‡ ¶¨Ï¥³ ³ É·¨ÍÊ · ¸¸¥Ö´¨Ö S £·Ê¶¶Ò ¨§ N ·¥§µ´ ´¸µ¢ ¢ ¢¨¤¥

S(E) = B − i ∑ 
r = 1

N

 
Ar Ar

T

E − εr
 , (3.1)

£¤¥ B Å ³ É·¨Í  Ëµ´ , ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶·Ö³Ò³ ´¥·¥§µ´ ´¸´Ò³ ·¥ ±-
Í¨Ö³, Ar Å ±µ³¶²¥±¸´Ò¥ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´, εr = Er − iΓr6 2 Å

¶µ²Õ¸Ò, oÉ¢¥Î ÕÐ¨¥ ·¥§µ´ ´¸ ³.

’·¥¡Ê¥É¸Ö µ¶·¥¤¥²¨ÉÓ, ± ±¨¥ Ê¸²µ¢¨Ö ´Ê¦´µ ´ ²µ¦¨ÉÓ ´  ¢¥±Éµ·Ò Ar ¨

Ëµ´ B, ÎÉµ¡Ò ³ É·¨Í  S ¡Ò²  Ê´¨É ·´  ¨ T-¨´¢ ·¨ ´É´ , Éµ ¥¸ÉÓ

S +(E) S(E) ≡ I ¨ Sij(E) = Sji(E) Éµ¦¤¥¸É¢¥´´µ ¶µ E. Ÿ¸´µ, ÎÉµ ³ É·¨Í  Ëµ´ 

B ¤µ²¦´  Ê¤µ¢²¥É¢µ·ÖÉÓ É ±¨³ ¦¥ Ê¸²µ¢¨Ö³.

‡ ¶¨Ï¥³ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¸ ÊÎ¥Éµ³ ¶·¥¤¸É ¢²¥´¨Ö (3.1):

S +(E) S(E) = B +B + i  ∑ 
r = 1

N

 






 B 

Ar
+(Ar

+)T

E − εr
∗  − B + 

Ar Ar
T

E − εr
 






 +

+ ∑ 
r = 1

N

  ∑ 
l = 1

N

 
Ar

+(Ar
+)TAl Al

T

(E − εr
∗) (E − εl)

 ≡ I. (3.2)
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„²Ö Ê¶·µÐ¥´¨Ö Ëµp³Ê², ¢±²ÕÎ ÕÐ¨Ì Ëµ´, ¢µ¸¶µ²Ó§Ê¥³¸Ö Ê¤µ¡´Ò³¨ ¶¥-
·¥³¥´´Ò³¨ · ¡µÉÒ [12]. �µ¸±µ²Ó±Ê ³ É·¨Í  B Ê´¨É ·´  ¨ ¸¨³³¥É·¨Î´ , µ´ 

³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö B = V e2iβV T, £¤¥ V Å
¤¥°¸É¢¨É¥²Ó´ Ö µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  ¸µ¡¸É¢¥´´ÒÌ ¢¥±Éµ·µ¢ ³ É·¨ÍÒ B,  

e2iβ Å ¤¨ £µ´ ²Ó´ Ö ³ É·¨Í  ¥¥ ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨°, · ¢´ÒÌ ¶µ ³µ¤Ê²Õ
¥¤¨´¨Í¥.

�µ²µ¦¨³ B = bbT, £¤¥ b = V eiβ, ¨ µ¶·¥¤¥²¨³ ¢¥±Éµp gr = b+Ar . ’µ£¤ 

Ar = bgr , ¨ ³ É·¨Í  S ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥ S = bS
~
bT, £¤¥

S
~
(E) = I − i ∑ 

r = 1

N gr gr
T

E − εr
 . (3.3)

�Î¥¢¨¤´µ, ÎÉµ ³ É·¨Í  S(E) Ê´¨É ·´  Éµ£¤  ¨ Éµ²Ó±µ Éµ£¤ , ±µ£¤  Ê´¨-
É ·´  ³ É·¨Í  S

~
(E). �µÔÉµ³Ê É·¥¡Ê¥³Ò¥ µ£· ´¨Î¥´¨Ö ´  ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó-

´ÒÌ Ï¨·¨´ ³Ò ¡Ê¤¥³ ¶µ²ÊÎ ÉÓ ¨§ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ S
~ +(E) S

~
(E) ≡ I.

‚¢¥¤¥³ µ¡µ§´ Î¥´¨¥ ¤²Ö ¸± ²Ö·´µ£µ ¶·µ¨§¢¥¤¥´¨Ö

Vlr = gl
+ gr = ∑ 

k = 1

M

glk
∗  grk .

“¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¤²Ö ³ É·¨ÍÒ S
~

(E) ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´µ ¢ ¢¨¤¥

∑ 
k = 1

M

S
~
ik S

~
jk
 ∗ = δij − i ∑ 

r = 1

N

 
gri grj

E − εr
 + i ∑ 

r = 1

N

 
gri

∗  grj
∗

E − εr
∗ +

+ ∑ 
l = 1

N

  ∑ 
r = 1

N

Vlr 
gri glj

∗

(E − εr) (E − εl
∗)

 ≡ δij (3.4)

¨²¨

i ∑ 
r = 1

N

 






 − 

gri grj

E − εr
 + 

gri
∗  grj

∗

E − εr
∗ 







 + ∑ 

l = 1

N

  ∑ 
r = 1

N

Vlr 
gri glj

∗

(E − εr) (E − εl
∗)

 ≡ 0. (3.5)
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„µ³´µ¦¨¢ Éµ¦¤¥¸É¢µ (3.5) ´  ¶·µ¨§¢¥¤¥´¨¥ ∏ 
k = 1

N

(E − εk) (E − εk
∗), ¶µ²ÊÎ¨³

i ∑ 
r = 1

N

[gri
∗  grj

∗ (E − εr) − gri grj(E − εr
∗)] ∏ 

k ≠ r

(E − εk) (E − εk
∗) +

+ ∑ 
r = 1

N

Vrr gri grj
∗  ∏ 

k ≠ r

(E − εk) (E − εk
∗) + ∑ 

r = 1

N − 1

   ∑ 
l = r + 1

N

 [Vlrgri glj
∗(E − εl) (E − εr

∗) +

+ Vrl gli grj
∗ (E − εl

∗) (E − εr)]  ∏ 
k ≠ l, r

 (E − εk) (E − εk
∗) = 0. (3.6)

�¡µ§´ Î¨³

B = ∏ 
k = 1

N

(E − εk) (E − εk
∗) = ∏ 

k = 1

N

(E 2 − akE + bk), (3.7)

Br = ∏ 
k ≠ r

(E − εk) (E − εk
∗) = ∏ 

k ≠ r

(E 2 − akE + bk), (3.8)

Brl = ∏ 
k ≠ r, l

 (E − εk) (E − εk
∗) = ∏ 

k ≠ r, l

 (E 2 − akE + bk), (3.9)

£¤¥ ak = 2εk
x, bk = (εk

x)2 + (εk
y)2 (§¤¥¸Ó εr

x = Er , εr
y = − Γr6 2). ‘¶· ¢¥¤²¨¢µ ¸µ-

µÉ´µÏ¥´¨¥

Br = Brl(E 2 − al + bl) = Brl E 2 − al Brl E + bl Brl .

�¡µ§´ Î¨³ Î¥·¥§ Br
 (k) ±µÔËË¨Í¨¥´É ¶µ²¨´µ³  Br ¶·¨ ¸É¥¶¥´¨ k. �Î¥¢¨¤-

´µ, ÎÉµ
Br

 (k) = Brl
 (k − 2) − al Brl

 (k − 1) + bl Brl
 (k).

�µ²¨´µ³ (3.6) ¸ ÊÎ¥Éµ³ (3.7)Å(3.9) ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

2 ∑ 
r = 1

N

Br Im [gri grj(E − εr
∗)] + ∑ 

r = 1

N

BrVrr gri grj
∗  +
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+ ∑ 
r = 1

N − 1

   ∑ 
l = r + 1

N

 Brl{Vlr gri glj
∗ [E 2 − E(εl + εr

∗) + εl εr
∗] +

+ Vrl gli grj
∗  [E 2 − E(εl

∗ + εr) + εl
∗ εr]} = 0. (3.10)

„²Ö Éµ£µ ÎÉµ¡Ò ¢Ò¶µ²´Ö²µ¸Ó Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ (3.5), ´¥µ¡Ìµ¤¨³µ ¨
¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò ±µÔËË¨Í¨¥´ÉÒ ¶·¨ ¢¸¥Ì ̧ É¥¶¥´ÖÌ ¶¥·¥³¥´´µ° E ¶µ²¨´µ-

³  (3.10) ¡Ò²¨ · ¢´Ò ´Ê²Õ. ŠµÔËË¨Í¨¥´É ¶·¨ ¸É¥¶¥´¨ E k ¨³¥¥É ¢¨¤

2 ∑ 
r = 1

N

{Br
 (k − 1) Im (gri grj) + Br

 (k)[− εr
x Im (gri grj) + εr

y Re (gri grj)]} +

+ ∑ 
r = 1

N

Vrr gri grj
∗  + ∑ 

r = 1

N − 1

   ∑ 
l = r + 1

N

 {Brl
 (k − 2)[Vlr gri glj

∗ + Vlr
 ∗ gli grj

∗ ] −

− Brl
 (k − 1)[Vlr gri glj

∗ (εl + εr
∗) + Vlr

 ∗ gli grj
∗  (εl

∗ + εr)] +

+ Brl
 (k)[Vlr gri glj

∗ εl εr
∗ + Vlr

 ∗ gli grj εl
∗ εr]} = 0. (3.11)

�·¨· ¢´Ö¥³ ´Ê²Õ ±µÔËË¨Í¨¥´É ¶·¨ ¸É¥¶¥´¨ E (2N − 1). ‘ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ
Br ¥¸ÉÓ ¶µ²¨´µ³ ¸É¥¶¥´¨ (2N − 2),   Brl Å ¶µ²¨´µ³ ¸É¥¶¥´¨ (2N − 4),
¶µ²ÊÎ ¥³

∑ 
r = 1

N

Br
 (2N − 2) Im (gri grj) = 0.

‘É ·Ï¨° ±µÔËË¨Í¨¥´É ¶µ²¨´µ³  Br · ¢¥´ ¥¤¨´¨Í¥. �É¸Õ¤  ¶µ²ÊÎ ¥³

∑ 
r = 1

N

Im (gri grj ) = 0  ¨²¨  ∑ 
r = 1

N

[gri
x  grj

y  + gri
y  grj

x ] = 0   (i, j = 1,Á, M).   (3.12)

‡¤¥¸Ó gr
x  ̈  gr

y  Å ¤¥°¸É¢¨É¥²Ó´Ò¥ ¢¥±Éµ·Ò, ¶·¥¤¸É ¢²ÖÕÐ¨¥, ¸µµÉ¢¥É¸É¢¥´-

´µ, ¤¥°¸É¢¨É¥²Ó´ÊÕ ¨ ³´¨³ÊÕ Î ¸É¨ ±µ³¶²¥±¸´µ£µ ¢¥±Éµ·  gr = gr
x + igr

y .
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�Ê¤¥³ ¸É·µ¨ÉÓ ¢¥±Éµ·Ò gr É ±, ÎÉµ¡Ò ¨Ì ³´¨³Ò¥ Î ¸É¨ gr
y  Ö¢²Ö²¨¸Ó

²¨´¥°´Ò³¨ ±µ³¡¨´ Í¨Ö³¨ ¤¥°¸É¢¨É¥²Ó´ÒÌ Î ¸É¥° gr
x :

gr
y = ur1g1

x + ur2g2
x + Á + urN gN

x ,    (r = 1,Á, N). (3.13)

�µ¤¸É ¢¨¢ ¢Ò· ¦¥´¨¥ (3.13) ¢ Ê¸²µ¢¨¥ (3.12), ¶µ²ÊÎ¨³

∑ 
r = 1

N

 






 gri

x  ∑ 
k = 1

N

urk gkj
x  + grj

x   ∑ 
k = 1

N

urk gki
x  







 =

= 2 ∑ 
r = 1

N

urr gri
x  grj

x  +  ∑ 
r = 1

N − 1

   ∑ 
k = r + 1

M

 (urk + ukr) (gri
x  gkj

x  + gki
x  grj

x ) = 0,

(i, j = 1,Á, M).

’ ±¨³ µ¡· §µ³, ¤²Ö Éµ£µ, ÎÉµ¡Ò ±µÔËË¨Í¨¥´É ¶·¨ ¸É¥¶¥´¨ E (2N − 1) Éµ¦-
¤¥¸É¢¥´´µ · ¢´Ö²¸Ö ´Ê²Õ, ´¥µ¡Ìµ¤¨³µ ¨ ¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò

urr = 0,     urk = − ukr , (3.14)

Éµ ¥¸ÉÓ ³ É·¨Í  ¸¢Ö§¨ U Å ±µ¸µ¸¨³³¥É·¨Î´ Ö ³ É·¨Í . � ¢¥´¸É¢µ (3.13)
µ¶·¥¤¥²Ö¥É NM Ê· ¢´¥´¨° ¸¢Ö§¨, ±µÉµ·Ò¥ § ¢¨¸ÖÉ µÉ N(N − 1)6 2 ¶ · ³¥É-
·µ¢ Å Ô²¥³¥´Éµ¢ uij ³ É·¨ÍÒ U.

�·¨· ¢´Ö¥³ ´Ê²Õ ±µÔËË¨Í¨¥´É ¶·¨ ¸É¥¶¥´¨ (2N − 2):

2 ∑ 
r = 1

N

 {Br
 (2N − 3) Im (gri grj ) − Br

 (2N − 2)[εr
x Im (gri grj ) − εr

y Re (gri grj )]} +

+ ∑ 
r = 1

N

Br
 (2N − 2) Vrr gri grj

∗  +  ∑ 
r = 1

N − 1

   ∑ 
l = r + 1

N

 {Brl
 (2N − 4)[Vlr gri glj

∗ + Vlr
 ∗ gli grj

∗ ] −

− Brl
 (2N − 3)[Vlr gri glj

∗(εl + εr
∗) + Vlr

 ∗ gli grj
∗ (εl

∗ + εr)] +

+ Brl
 (2N − 2)[Vrl gri glj

∗εl εr
∗ + Vlr

 ∗ gli grj
∗  εl

∗ εr]} = 0.
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C ÊÎ¥Éµ³ Éµ£µ, ÎÉµ

Br
 (2N − 3) = − 2 ∑ 

k ≠ r

εk
x = − ∑ 

k ≠ r

ak ,

Br
 (2N − 2) = Brl

 (2N − 4) = 1,     Brl
 (2N − 2) = Brl

 (2N − 3) = 0,

¶µ²ÊÎ¨³

2 ∑ 
r = 1

N

[− ∑ 
k ≠ r

ak Im (gri grj ) + εr
y Re (gri grj ) − εr

x Im (gri grj ) ] +

+ ∑ 
r = 1

N

Vrr gri grj
∗  + ∑ 

r = 1

N − 1

   ∑ 
l = r + 1

N

 [Vlr gri glj
∗ + Vlr

 ∗ gri grj
∗ ] = 0. (3.15)

‡ ¶¨Ï¥³ ¶·µ¨§¢¥¤¥´¨Ö gri grj ,  gri grj
∗ ,  gri glj ¨ gli grj

∗  ¸ ÊÎ¥Éµ³ ¶·¥¤¸É ¢-

²¥´¨Ö (3.13):
gri grj = (gri

x  grj
x  − gri

y  grj
y ) + i(gri

x  grj
y  + gri

y  grj
x ) =

= [gri
x  grj

x  − ∑ 
k = 1

N

  ∑ 
υ = 1

N

urk urυ gri
x  gυj

x ] + i ∑ 
k = 1

N

urk [gri
x  gkj

x  + grj
x  gki

x ],

gri grj
∗  = (gri

x  grj
x  + gri

y  grj
y ) + i(− gri

x  grj
y  + gri

y  grj
x ) =

= [gri
x  grj

x  + ∑ 
k = 1

N

  ∑ 
υ = 1

N

urk urυ gki
x  gυj

x ] + i ∑ 
k = 1

N

urk [− gri
x  gkj

x  + grj
x  gki

x ],     (3.16)

gri glj
∗ = (gri

x  glj
x + gri

y  glj
y ) + i(− gri

x  glj
y + gri

y  glj
x ) =

= [gri
x  glj

x + ∑ 
k = 1

N

  ∑ 
υ = 1

N

urk ulυ gki
x  gυj

x ] + i ∑ 
k = 1

N

[− ulk gri
x  gkj

x  + urk glj
x gki

x ],

gli grj
∗  = (gli

x grj
x  + gli

y grj
y ) + i(− gli

x grj
y  + gli

y grj
x ) =

= [gli
x grj

x  + ∑ 
k = 1

N

  ∑ 
υ = 1

N

ulk urυ gki
x  gυj

x ] + i ∑ 
k = 1

N

[− urk gli
x gkj

x  + ulk grj
x  gki

x ].
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„²Ö Éµ£µ ÎÉµ¡Ò ±µÔËË¨Í¨¥´É (3.15) ¶·¨ ¸É¥¶¥´¨ E (2N − 2) ¡Ò² · ¢¥´
´Ê²Õ, ´¥µ¡Ìµ¤¨³µ ¶·¨· ¢´ÖÉÓ ´Ê²Õ ±µÔËË¨Í¨¥´ÉÒ ¶·¨ ¶·µ¨§¢¥¤¥´¨ÖÌ

gµi
x  gνj

x , (µ, ν = 1,Á, N). �µ¤¸É ¢¨³ (3.16) ¢ Ê· ¢´¥´¨¥ (3.15) ¨ ¶·¨· ¢´Ö¥³

´Ê²Õ ¤¥°¸É¢¨É¥²Ó´Ò¥ ¨ ³´¨³Ò¥ Î ¸É¨ ÔÉ¨Ì ±µÔËË¨Í¨¥´Éµ¢ (´ ¶µ³´¨³, ÎÉµ

Vlr = Vlr
 x + iVlr

 y = gl
+gr):

2εµ
y − 2 ∑ 

r ≠ µ
εµ
yurµ

2  + Vµµ + ∑ 
r ≠ µ

Vrr urµ
2  +

+ 2 ∑ 
r = 1

N − 1

   ∑ 
l = r + 1

N

Vlr
 xurµulµ + 2 ∑ 

r ≠ µ
Vrµ

 y urµ = 0, (3.17)

− 2 ∑ 
r = 1

N

εr
y urµurν + 2uµν(εµ

x − εν
x) + ∑ 

r = 1

N

Vrr urµurν + Vµν
 x  +

+ ∑ 
r = 1

N − 1

   ∑ 
l = r + 1

N

 Vlr
 x[urµulν + ulµurν] +  ∑ 

r ≠ µ, ν

N

 [Vrµ
 y urν + Vrν

 yurµ] = 0, (3.18)

uνµ(Vµµ + Vνν) + Vνµ
 y  + ∑ 

r = 1

N − 1

   ∑ 
l = r + 1

N

 Vlr
 y [urµulν − ulµurν] +

+  ∑ 
r ≠ µ, ν

N

 [Vrν
 xurµ + Vrµ

 x urν] = 0. (3.19)

’ ±¨³ µ¡· §µ³, ¶·¨· ¢´Ö¢ ´Ê²Õ ±µÔËË¨Í¨¥´É ¶·¨ ¸É¥¶¥´¨ E (2N − 2),

¶µ²ÊÎ ¥³ ̧ ¨¸É¥³Ê N 2 Ê· ¢´¥´¨°, ²¨´¥°´ÒÌ µÉ´µ¸¨É¥²Ó´µ ¸± ²Ö·´ÒÌ ¶·µ¨§-

¢¥¤¥´¨° Vrr , Vlr
 x ¨ Vlr

 y : Ê· ¢´¥´¨° (3.17), N(N − 1)6 2 Ê· ¢´¥´¨° (3.18) ¨

N(N − 1)6 2 Ê· ¢´¥´¨° (3.19). ŠµÔËË¨Í¨¥´ÉÒ ¶·¨ gµi
x  gνj

x  ̈  gνi
x  gµj

x  ̧ µ¢¶ ¤ ÕÉ,

¶µ¸±µ²Ó±Ê µ ¨ ν ¢Ìµ¤ÖÉ ¢ Ê· ¢´¥´¨Ö (3.18) ¨ (3.19) ¸¨³³¥É·¨Î´µ.
�¥Ï¨¢ ¸¨¸É¥³Ê, ¶µ²ÊÎ ¥³ §´ Î¥´¨Ö ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨°

Vrr = − 
2
S
 [S + 2Qr] εr

y, (3.20)

Vlr
 x = − 

2
S
 [Flr(εl

x − εr
x) + Glr(εl

y + εr
y)], (3.21)
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Vlr
 y = − 

2
S
 [Glr(εl

x − εr
x) − Flr(εl

y + εr
y)],

r = 1, ..., N;     l = r + 1, ..., N, (3.22)

£¤¥

S = 1 + ∑ 
p = 1




 
N
2
 


(− 1)p    ∑ 
i
1
 = 1

N − 2p + 1

       ∑ 
i
2
 > i

1

N − 2p + 2

  Á   ∑ 
i
2p

 > i
2p − 1

N

   






 
i1
i1
  

i2
i2

 
Á
Á

 
i2p

i2p
 






 ,

Qr =  ∑ 
p = 1




 
N
2
 


(− 1)p + 1    ∑ 
i
1
 = 1

N − 2p + 2

       ∑ 
i
2
 > i

1

N − 2p + 3

   Á    ∑ 
i
2p − 1

 > i
2p − 2

N

    






 
r

r
  

i1
i1

  
i2
i2
 
Á
Á

 
i2p − 1

i2p − 1
 






 ,

(i
1
,Á, i

2p − 1
 ≠ r),

Flr = ulr +   ∑ 
p = 1




 
N
2
 

 − 1

 (− 1)p    ∑ 
i
1
 = 1

N − 2p + 1

       ∑ 
i
2
 > i

1

N − 2p + 2

   Á   ∑ 
i
2p

 > i
2p − 1

N

   






 
l

r
  

i1
i1

  
i2
i2
 
Á
Á

 
i2p
i2p

 






 ,

(i
1
,Á i

2p ≠ r, l),

Glr =     ∑ 
p = 1




 
N + 1

2
 

 − 1

   (− 1)p + 1    ∑ 
i
1
 = 1

N − 2p + 2

       ∑ 
i
2
 > i

1

N − 2p + 3

   Á    ∑ 
i
2p − 1

 > i
2p − 2

N

    






 
l

r
  

i1
i1
  

i2
i2

 
Á
Á

 
i2p − 1

i2p − 1
 






 ,

(i
1
,Á, i

2p − 1
 ≠ r, l).

‡¤¥¸Ó







 
l

r
   

i1
i1
  

i2
i2

 
Á
Á

 
ik
ik
 






 = 


















 

ulr

ui
1
r

.

.

.

ui
k
r

    

uli
1

ui
1
i
1

.

.

.
ui

k
i
1

  

Á

Á

Á

Á

   

uli
k

ui
1
i
k

.

.

.
ui

k
i
k

 


















Å ³¨´µ·, ¸µ¸É ¢²¥´´Ò° ¨§ Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ U, ¸ÉµÖÐ¨Ì ´  ¶¥·¥¸¥Î¥-
´¨¨ ¸É·µ± ¸ ´µ³¥· ³¨ l, i

1
, i

2
,Á, ik ¨ ¸Éµ²¡Íµ¢ ¸ ´µ³¥· ³¨ r, i

1
, i

2
,Á, ik .
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‘¨¸É¥³  (3.13) ¨ ¸± ²Ö·´Ò¥ ¶·µ¨§¢¥¤¥´¨Ö (3.20)Å(3.22) ¶µ²´µ¸ÉÓÕ
µ¶·¥¤¥²ÖÕÉ µ£· ´¨Î¥´¨Ö, ´ ±² ¤Ò¢ ¥³Ò¥ ´  ¨¸±µ³Ò¥ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ
Ï¨·¨´. …¸²¨ ¢¥±Éµ·Ò gr (r = 1,Á, N) Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Ö³ (3.13) ¨

(3.20)Å(3.22), Éµ ±µÔËË¨Í¨¥´ÉÒ ¶·¨ ³² ¤Ï¨Ì ¸É¥¶¥´ÖÌ ¶µ²¨´µ³  (3.10)
¡Ê¤ÊÉ Éµ¦¤¥¸É¢¥´´µ · ¢´Ò ´Ê²Õ.

�¡² ¸É¨ ¨§³¥´¥´¨Ö Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ U, ¸¢Ö§Ò¢ ÕÐ¥° ¤¥°¸É¢¨É¥²Ó-
´Ò¥ ¨ ³´¨³Ò¥ Î ¸É¨ ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´, µ¶·¥¤¥²ÖÕÉ¸Ö Ê¸²µ-
¢¨Ö³¨

0 ≤ 
Flr

 2 + Glr
 2

(S + 2Qr) (S + 2Ql)
 ≤ 

Γr Γl

4(Er − El)
2 + (Γr + Γl)

2
 ≤ 1. (3.23)

ˆ§ ÔÉ¨Ì ´¥· ¢¥´¸É¢ ¢¨¤´µ, ÎÉµ ¥¸²¨ ·¥§µ´ ´¸Ò Ìµ·µÏµ · §´¥¸¥´Ò, Éµ
µ¡² ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¤²Ö Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ U Ê³¥´ÓÏ ¥É¸Ö ¤µ ´Ê²Ö. ‚
¶·¥¤¥²¥ ¶·¨ url → 0 ¤²Ö ¢¸¥Ì r ¨ l ¢¥±Éµ·Ò gr ¸É ´µ¢ÖÉ¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³¨

¨ ¢§ ¨³´µ µ·Éµ£µ´ ²Ó´Ò³¨.

„²¨´Ò ¢¥±Éµ·µ¢ gr ¶·¥¢µ¸Ìµ¤ÖÉ ¶µ²´Ò¥ Ï¨·¨´Ò Γr ´  ¢¥²¨Î¨´Ê, ¨¸Î¥-

§ ÕÐÊÕ, ¥¸²¨ ·¥§µ´ ´¸Ò Ìµ·µÏµ · §´¥¸¥´Ò:

gr
2

Γr
 = 

Vrr

Γr
 = 1 + 2 

Qr

S
 .

„²Ö ¶µ¸É·µ¥´´ÒÌ É ±¨³ ¸¶µ¸µ¡µ³ ¢¥±Éµ·µ¢ gr ¢Ò¶µ²´Ö¥É¸Ö ¶· ¢¨²µ

¸Ê³³

∑ 
r = 1

N

gr
T gr = ∑ 

r = 1

N

Γr . (3.24)

„²Ö ¤ ²Ó´¥°Ï¥£µ Ê¤µ¡´µ § ¶¨¸ ÉÓ µ£· ´¨Î¥´¨Ö (3.20)Å(3.22) ¢ É¥·³¨-
´ Ì ¤¥°¸É¢¨É¥²Ó´ÒÌ ¨ ³´¨³ÒÌ Î ¸É¥° ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gr =

= gr
x + igr

y . „²Ö µ¶·¥¤¥²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨° ¤¥°¸É¢¨É¥²Ó´ÒÌ ¢¥±-

Éµ·µ¢ ¶µ²ÊÎ ¥³ ¸¨¸É¥³Ê:

(gr
x, gr

x) + (gr
y, gr

y) = Vrr,

(gl
x, gr

x) + (gl
y, gr

y) = Vlr
 x,

¨²¨, ¸ ÊÎ¥Éµ³ ¶·¥¤¸É ¢²¥´¨Ö (3.13),
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(gr
x, gr

x) + ∑ 
i ≠ r

  ∑ 
j ≠ r

 uri urj (gi
x, gj

x ) = Vrr ,

(gl
x, gr

x) + ∑ 
i ≠ l

  ∑ 
j ≠ r

 uli urj (gi
x, gj

x ) = Vlr
 x .

�¥Ï¨¢ ¸¨¸É¥³Ê, ¶µ²ÊÎ ¥³

(gr
x, gr

x) = 
2

S 2
 {− (S + Qr)

2εr
y + ∑ 

i ≠ r

[2Fri Gri εi
x + (Fri

 2 − Gri
 2) εi

y]},    (3.25)

(gl
x, gr

x) = 
2

S 2
 {Flr[(S + Qr) εr

x − (S + Ql) εl
x] − Glr[(S + Qr) εr

y + (S + Ql) εl
y] +

+ ∑ 
i ≠ l, r

 [(Fli Gri + Fri Gli) εi
x + (Fli Fri − Gli Gri) εi

y]},

r = 1,Á, N;   l = r + 1,Á, N. (3.26)

�·¨ Ë¨É¨·µ¢ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö ¶ -
· ³¥É·µ¢ ·¥§µ´ ´¸µ¢ ®· ¡µÎ¨³¨¯ Ëµ·³Ê² ³¨ Ö¢²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö (3.13)
¨ (3.25)Å(3.26), Ë¨§¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨ ¸²Ê¦ É ³ ¸¸Ò ¨ Ï¨·¨´Ò ·¥§µ-
´ ´¸µ¢,   É ±¦¥ ¨Ì ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ (¨²¨ ¡·Ô´Î¨´£¨ · ¸¶ ¤µ¢).
Š ± ³Ò ¢¨¤¥²¨, ¶·¨ ¶¥·¥±·Ò¢ ´¨¨ ·¥§µ´ ´¸µ¢ ´¥ ¢¸¥ ÔÉ¨ ¶ · ³¥É·Ò ´¥-
§ ¢¨¸¨³Ò. ’·¥¡µ¢ ´¨Ö Ê´¨É ·´µ¸É¨ ¨ T-¨´¢ ·¨ ´É´µ¸É¨ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö
S ´ ±² ¤Ò¢ ÕÉ ´  ´¨Ì µ¶·¥¤¥²¥´´Ò¥ µ£· ´¨Î¥´¨Ö. �¥¸³µÉ·Ö ´  £·µ³µ§¤±¨¥
Ëµ·³Ê²Ò, µ¶·¥¤¥²¥´¨¥ ¶ · ³¥É·µ¢ § ¤ Î¨ Ö¢²Ö¥É¸Ö ¶·µ¸Éµ° ¶·µÍ¥¤Ê·µ°.
�¨¦¥, ¢ ¶.3.4, ³Ò · ¸¸³µÉ·¨³, ± ± ¶µ²Ó§µ¢ ÉÓ¸Ö ÔÉµ° ¸Ì¥³µ°.

‚ ¸µµÉ´µÏ¥´¨Ö (3.13) ¢Ìµ¤ÖÉ N(N − 1) 6 2 ¢¸¶µ³µ£ É¥²Ó´ÒÌ (¢´ÊÉ·¥´-
´¨Ì) ¶ · ³¥É·µ¢ § ¤ Î¨ Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ U(url ≤ 1). ‚ µÉ²¨Î¨¥ µÉ

³¥Éµ¤ , µ¶¨¸ ´´µ£µ ¢ ¶.2.3, £¤¥ §´ Î¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢ É¨¶ 
α Ö¢´Ò³ µ¡· §µ³ ¸µ¤¥·¦ É¸Ö ¢  ³¶²¨ÉÊ¤ Ì fij , ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ uij ´Ê¦-

´Ò ²¨ÏÓ ¢ ¶·µÍ¥¸¸¥ Ê¸É ´µ¢²¥´¨Ö Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¨ ´¥ ¢Ìµ¤ÖÉ ¢
µ±µ´Î É¥²Ó´Ò¥ Ëµ·³Ê²Ò ¤²Ö  ³¶²¨ÉÊ¤. „¥°¸É¢¨É¥²Ó´Ò¥ Î ¸É¨ ¢¥±Éµ·µ¢ ¶ ·-

Í¨ ²Ó´ÒÌ Ï¨·¨´ gr
x  ¸¢Ö§ ´Ò N(N + 1) 6 2 ¸µµÉ´µÏ¥´¨Ö³¨ (3.25)Å(3.26),

µ¶·¥¤¥²ÖÕÐ¨³¨ ¤²¨´Ò ÔÉ¨Ì ¢¥±Éµ·µ¢ ¨ ¨Ì ¢§ ¨³´µ¥ · ¸¶µ²µ¦¥´¨¥. ‘²¥¤µ-
¢ É¥²Ó´µ, ̈ § NM ±µµ·¤¨´ É ÔÉ¨Ì ¢¥±Éµ·µ¢ ¸¢µ¡µ¤´Ò³¨ ¶ · ³¥É· ³¨ Ö¢²ÖÕÉ-
¸Ö Éµ²Ó±µ NM − N(N + 1) 6 2 ±µµ·¤¨´ É. ‚¸¥£µ § ¤ Î  ¸µ¤¥·¦¨É N(M + 1)
¸¢µ¡µ¤´ÒÌ ¤¥°¸É¢¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢. �·¨ Ë¨É¨·µ¢ ´¨¨ ¤²Ö ± ¦¤µ£µ ´ -
¡µ·   ¶ · ³¥É·µ¢  ¸²¥¤Ê¥É  ¶·µ¢¥·ÖÉÓ  ¢Ò¶µ²´¥´¨¥  ¸µµÉ´µÏ¥´¨Ö  (3.23) ¨
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´¥Ê¤ Î´Ò¥ Ï £¨ µÉ¡· ±µ¢Ò¢ ÉÓ. …¸²¨ Î¨¸²µ ± ´ ²µ¢ M ´¥ ³¥´ÓÏ¥ Î¨¸² 
·¥§µ´ ´¸µ¢ N, Éµ ¶µ¸É·µ¥´¨¥ ¸¨¸É¥³Ò ¢¥±Éµ·µ¢ ¸ § ¤ ´´Ò³ ¸µµÉ´µÏ¥´¨¥³
¤²¨´ ¨ Ê£²µ¢ ´¥ ¶·¥¤¸É ¢²Ö¥É § É·Ê¤´¥´¨°. …¸²¨ ¦¥ M < N, § ¤ Î  Ê¸²µ¦´Ö-
¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ·¥Ï ÉÓ ¸¨¸É¥³Ê ´¥²¨´¥°´ÒÌ  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨°.

3.2. “Î¥É Ëµ´ . �¶·¥¤¥²¨¢ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gr ¨ § ¶¨¸ ¢

¨Ì ¢ ¢¨¤¥ grk = e
iϕrkgrk, ¶µ²ÊÎ¨³ ³ É·¨ÍÊ · ¸¸¥Ö´¨Ö (3.3):

S
~
ij = δij − i ∑ 

r = 1

N

e
i(ϕ

ri
 + ϕ

rj
)
  

gri⋅grj

E − εr
 .

�¡¥ ³ É·¨ÍÒ S
~
 ¨ S = bS

~
bT Ê´¨É ·´Ò ¶µ ¶µ¸É·µ¥´¨Õ. …¸²¨ Ëµ´µ¢ Ö ³ É-

·¨Í  ¤¨ £µ´ ²Ó´ , Éµ ¥¸ÉÓ

Bij = δij e
2iβ

i   (i, j = 1,Á, M),

Éµ Ark = e
iβ

k grk (r = 1,..., N; k = 1,.., M), ¨ ³ É·¨Í  · ¸¸¥Ö´¨Ö S ³µ¦¥É ¡ÒÉÓ

¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

Sij = e
i(β

i
 + β

j
)
  







 δij − i ∑ 

r = 1

N

e
i(ϕ

ri
 + ϕ

rj
)
  

gri⋅grj
E − εr

 






 .

” §µ¢Ò¥ ¸¤¢¨£¨ βi ¢ ¤ ´´µ³ ³¥Éµ¤¥ ³µ£ÊÉ ¡ÒÉÓ ËÊ´±Í¨Ö³¨ Ô´¥·£¨¨. ‚

¶·µ¸É¥°Ï¥³ ¸²ÊÎ ¥, ±µ£¤  Ëµ´ ³µ¦´µ ¸Î¨É ÉÓ Ê¶·Ê£¨³ ¨ ´¥ § ¢¨¸ÖÐ¨³ µÉ
Ô´¥·£¨¨, ³Ò ̈ ³¥¥³ M ¤¥°¸É¢¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢ βi . �·¨ Ë¨É¨·µ¢ ´¨¨ Ô±¸-

¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ³ É·¨ÍÊ B ³µ¦´µ ¶µ¸É·µ¨ÉÓ, ´ ¶·¨³¥·, ¸²¥¤Ê-
ÕÐ¨³ µ¡· §µ³. ‚Ò¡¥·¥³ ¢ ± Î¥¸É¢¥ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ M ¤¥°¸É¢¨É¥²Ó-
´ÒÌ Î¨¸¥² βi ∈ [0, 2π) ¨ M(M − 1) 6 2 Ê£²µ¢ ¢· Ð¥´¨Ö ψk ∈ [0, 2π). ’µ£¤ 

µ·Éµ£µ´ ²Ó´ Ö ³ É·¨Í  V ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  ± ± ¶·µ¨§¢¥¤¥´¨¥

V = R
1
 ⋅ R

2
 ⋅ Á ⋅ RM(M − 1)6 2

,

£¤¥ ³ É·¨Í  Rk = {rij
(k)}i, j = 1

M  oÉ²¨Î ¥É¸Ö µÉ ¥¤¨´¨Î´µ° ²¨ÏÓ Ô²¥³¥´É ³¨

rpp
(k) = rqq

(k) = cos ψk ,     rpq
(k) = − rqp

(k) = sin ψk

(p = 1,.., M; q = p + 1,.., M).
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…¸²¨ Ëµ´µ¢ Ö ³ É·¨Í  B ́ ¥¤¨ £µ´ ²Ó´  (B = bbT, b = Veiβ), Éµ ¶µÖ¢²Ö¥É-
¸Ö M(M + 1) 6 2 ¤µ¶µ²´¨É¥²Ó´ÒÌ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢: M ¤¥°¸É¢¨É¥²Ó´ÒÌ
¶¥·¥³¥´´ÒÌ βi ¨ M(M − 1) 6 2 Ô²¥³¥´Éµ¢ µ·Éµ£µ´ ²Ó´µ° ³ É·¨ÍÒ V.

�Î¥¢¨¤´µ, ÎÉµ Ëµ´µ¢ Ö ³ É·¨Í  B § ¢¨¸¨É Éµ²Ó±µ µÉ Î¨¸²  ± ´ ²µ¢ ̈  ́ ¥
§ ¢¨¸¨É µÉ Î¨¸²  ·¥§µ´ ´¸µ¢.

3.3. �·Ô´Î¨´£¨ · ¸¶ ¤µ¢ ¢ ¸²ÊÎ ¥ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢. ‚
¸²ÊÎ ¥ N ´¥¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ¨ M ¢´¥Ï´¨Ì ± ´ ²µ¢  ³¶²¨ÉÊ¤Ê
· ¸¸¥Ö´¨Ö ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

f = ∑ 
r = 1

N

 
Ar Ar

T

E − Er + iΓr6 2
 .

‡¤¥¸Ó Ar Å ¤¥°¸É¢¨É¥²Ó´Ò¥ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´, ¶·¨Î¥³ ¨§ Ê¸-

²µ¢¨Ö Ê´¨É ·´µ¸É¨ ¸²¥¤Ê¥É, ÎÉµ

∑ 
i = 1

M

Ari
2  = Γr .

�¶·¥¤¥²¨¢ ¡·Ô´Î¨´£ · ¸¶ ¤  r-£µ ·¥§µ´ ´¸  ¢ i-° ± ´ ² ± ±

Bri = 
Ari

2

Γr
 , (3.27)

 ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

fij = ∑ 
r = 1

N

 
Γr√Bri Brj

E − Er + iΓr6 2
 . (3.28)

�Î¥¢¨¤´µ, ÎÉµ

∑ 
i = 1

M

Bri =  

 ∑
i = 1

M

 Ari
2

Γr
 = 1.

‚ ¸²ÊÎ ¥ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ¨³¥¥É ¢¨¤

f = ∑ 
r = 1

N gr gr
T

E − Er + iΓr6 2
 ,
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¸ ±µ³¶²¥±¸´Ò³¨ ¢¥±Éµ· ³¨ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gr . �µ  ´ ²µ£¨¨ ¸ (3.27)

¡·Ô´Î¨´£µ³ · ¸¶ ¤  r-£µ ·¥§µ´ ´¸  ¢ i-° ± ´ ² ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¢¥²¨Î¨´Ê

Bri = 
gri

2

gr
2
 = 

gri
2

∑ 
k = 1

M

grk
2

 .
(3.29)

’µ£¤  gri = gr √Bri ¨

fij = ∑ 
r = 1

N

e
i(ϕ

ri
 + ϕ

rj
)
  

gr
2 √Bri Brj

E − Er + iΓr6 2
 . (3.30)

3.4. �µ¸É·µ¥´¨¥ ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´. �¥¸³µÉ·Ö ´  Éµ, ÎÉµ
Ëµ·³Ê²Ò ¤²Ö ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨° ¢Ò£²Ö¤ÖÉ ¤µ¸É ÉµÎ´µ ̧ ²µ¦´Ò³¨, ¶µ¸-
É·µ¥´¨¥ ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¶·¨ M ≥ N ¢Ò¶µ²´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ
¤µ¸É ÉµÎ´µ ¶·µ¸Éµ° ¨ ·¥£Ê²Ö·´µ° ¶·µÍ¥¤Ê·Ò. ‚ ÔÉµ³ · §¤¥²¥ ³Ò ¶µ¤·µ¡´µ
· ¸¸³µÉ·¨³ ¸¶µ¸µ¡Ò ¶µ²ÊÎ¥´¨Ö ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ¤²Ö ¸²ÊÎ ¥¢
µ¤´µ£µ, ¤¢ÊÌ ¨ É·¥Ì ·¥§µ´ ´¸µ¢.

�µ¸±µ²Ó±Ê Ëµ´µ¢ Ö ³ É·¨Í  B § ¢¨¸¨É Éµ²Ó±µ µÉ Î¨¸²  ± ´ ²µ¢ ¨ ´¥
§ ¢¨¸¨É µÉ Î¨¸²  ·¥§µ´ ´¸µ¢, ³Ò ¡Ê¤¥³ ¸Î¨É ÉÓ, ¤²Ö ¶·µ¸ÉµÉÒ, ÎÉµ B = I.

�¤¨´ ·¥§µ´ ´¸. ‚ ¸²ÊÎ ¥ µ¤´µ£µ ¨§µ²¨·µ¢ ´´µ£µ ·¥§µ´ ´¸  (N = 1) ¨
M µÉ±·ÒÉÒÌ ± ´ ²µ¢ ³ É·¨Í  · ¸¸¥Ö´¨Ö S(E) ¶·¥¤¸É ¢²Ö¥É¸Ö µ¡ÒÎ´Ò³ ¢Ò-
· ¦¥´¨¥³ �·¥°É  Å ‚¨£´¥· :

Sij = δij − i 
g1i g1j

E − ε1
    (i, j = 1,Á, M).

� · ³¥É· ³¨ ¤ ´´µ° ³µ¤¥²¨ Ö¢²ÖÕÉ¸Ö §´ Î¥´¨Ö E
1
, Γ

1
 (ε

1
 = E

1
 −

− iΓ
1
6 2) ¨ ¢¥±Éµ· g

1
. ’·¥¡µ¢ ´¨¥ Ê´¨É ·´µ¸É¨ ³ É·¨ÍÒ S ´ ±² ¤Ò¢ ¥É ´ 

ÔÉ¨ ¶ · ³¥É·Ò (M + 1) µ£· ´¨Î¥´¨¥.

g1i
y  ≡ 0    (i = 1,Á, M),

(g1
x, g1

x) = − 2ε1
y = Γ1,

Éµ ¥¸ÉÓ g
1
 = g

1
x  Å ¤¥°¸É¢¨É¥²Ó´Ò° ¢¥±Éµ· ¤²¨´Ò Γ

1
.

190  �…‹�‡…��‚� ’.‘., •…��…� ‚.Š.



…¸²¨ ¢ ± Î¥¸É¢¥ ̧ ¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ ¢Ò¡· ÉÓ ³ ¸¸Ê ·¥§µ´ ´¸  E1, Ï¨-

·¨´Ê Γ1 ¨ (N − 1) ±µµ·¤¨´ ÉÊ ¢¥±Éµ·  g1, ´ ¶·¨³¥· g11,Á, g1, M − 1, Éµ ¶µ¸-

²¥¤´ÖÖ ±µµ·¤¨´ É  g1M µ¶·¥¤¥²¨É¸Ö ¨§ Ê· ¢´¥´¨Ö

Γ
1
 = ∑ 

i = 1

M

g
1i
2 .

„¢  ·¥§µ´ ´¸ . ‚ ¸²ÊÎ ¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ (N = 2) ¨ M ¢´¥Ï´¨Ì ± ´ ²µ¢
³ É·¨Í  · ¸¸¥Ö´¨Ö S(E) § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Sij = δij − i 
g1i g1j

E − ε1
 − i 

g2i g2j

E − ε2
     (i, j = 1,Á, M).

� · ³¥É· ³¨ § ¤ Î¨ Ö¢²ÖÕÉ¸Ö §´ Î¥´¨Ö ε
1
 = E

1
 − iΓ

1
6 2, ε

2
 = E

2
 − iΓ

2
6 2 ¨

¤¢  ¢¥±Éµ·  ±µ³¶²¥±¸´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ g
1
 = {g

1i}i = 1
M  ¨ g

2
 =

= {g
2i}i = 1

M .  T·¥¡µ¢ ´¨¥ Ê´¨É ·´µ¸É¨ ³ É·¨ÍÒ S ´ ±² ¤Ò¢ ¥É ´  ´¨Ì

2(M + 1) µ£· ´¨Î¥´¨¥.
Œ É·¨Í  U, ¸¢Ö§Ò¢ ÕÐ Ö ¤¥°¸É¢¨É¥²Ó´Ò¥ ¨ ³´¨³Ò¥ Î ¸É¨ ¢¥±Éµ·µ¢ g1

¨ g2, ¢ ¸²ÊÎ ¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

U = 


 
0
α   

− α
0
 


 ,

Éµ ¥¸ÉÓ

g
1
y = − αg

2
x,     g

2
y = αg

1
x. (3.31)

�µ¤¸É ¢²ÖÖ ¶ · ³¥É· α ¢ Ëµ·³Ê²Ò (3.25), (3.26), ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨Ö

¤²Ö ¤²¨´ ¢¥±Éµ·µ¢ g1
x, g2

x  ¨ ¨Ì ¸± ²Ö·´µ£µ ¶·µ¨§¢¥¤¥´¨Ö:

(g1
x, g1

x) = 
Γ1 − α2Γ2

(1 − α2)2
 ,     (g2

x, g2
x) = 

Γ2 − α2Γ1

(1 − α2)2
 ,

(g2
x, g1

x) = 
2α

(1 − α2)2
 (E1 − E2), (3.32)

ÎÉµ ¸µ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ · ¡µÉ¥ [12] ¤·Ê£¨³ ¸¶µ¸µ¡µ³.
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� · ³¥É· α ´¥ ¢¶µ²´¥ ¶·µ¨§¢µ²¥´, ´µ µ£· ´¨Î¥´ Ê¸²µ¢¨¥³

0 ≤ 
4α2

(1 − α2)2
 ≤ 

Γ1Γ2

ε1 − ε2
∗2

 ≤ 1.

’·¨ ·¥§µ´ ´¸ . ‚ ¸²ÊÎ ¥ É·¥Ì ·¥§µ´ ´¸µ¢ (N = 3) ¨ M µÉ±·ÒÉÒÌ ± ´ -
²µ¢ ³ É·¨Í  · ¸¸¥Ö´¨Ö S(E) § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

Sij = δij − i 
g
1i g1j

E − ε
1

 − i 
g
2i g2j

E − ε
2

 − i 
g
3i g3j

E − ε
3

 ,     (i, j = 1,Á, M). (3.33)

Œ É·¨Í  U, ¸¢Ö§Ò¢ ÕÐ Ö ¤¥°¸É¢¨É¥²Ó´Ò¥ ¨ ³´¨³Ò¥ Î ¸É¨ ¢¥±Éµ·µ¢
g1, g2 ¨ g3, ¢ ¸²ÊÎ ¥ É·¥Ì ·¥§µ´ ´¸µ¢ ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

U = 






 
0
α
β
  

− α
0
γ
   

− β
− γ

0
 






 ,

Éµ ¥¸ÉÓ
g1
y = − αg2

x − βg3
x,      g2

y = αg1
x − γg3

x,

g
3
y = βg

1
x + γg

2
x. (3.34)

�µ¤¸É ¢²ÖÖ ¶ · ³¥É·Ò α, β, γ ¢ Ëµ·³Ê²Ò (3.25), (3.26), ¶µ²ÊÎ¨³ ´¥µ¡-
Ìµ¤¨³Ò¥ ¤²Ö ¶µ¸É·µ¥´¨Ö ¢¥±Éµ·µ¢ g1, g2 ¨ g3 ¸± ²Ö·´Ò¥ ¶·µ¨§¢¥¤¥´¨Ö

(g1
x, g1

x) = 
2

S 2
 [2αβγ(ε3

x − ε2
x) − ε1

y(1 − γ 2)2 + ε2
y(α2 − β2γ 2) + ε3

y(β2 − α2γ 2)],

(g2
x, g2

x) = 
2

S 2
 [2αβγ(ε1

x − ε3
x) + ε1

y(α2 − β2γ 2) − ε2
y(1 − β2)2 + ε3

y(γ 2 − α2β2)],

(g3
x, g3

x) = 
2

S 2
 [2αβγ(ε2

x − ε1
x) + ε1

y(β2 − α2γ 2) +

+ ε
2
y(γ 2 − α2β2) − ε

3
y(1 − α2)2], (3.35)

(g1
x, g2

x) = 
2

S 2
 {α[ε1

x(1 − γ 2) − ε2
x(1 − β2) − ε3

x(β2 − γ 2)] +

+ βγ[− ε
1
y(1 − γ 2) − ε

2
γ(1 − β2) + ε

3
y(1 + α2)]},
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(g1
x, g3

x) = 
2

S 2
 {β[ε1

x(1 − γ2) − ε2
x(α2 − γ2) − ε3

x(1 − α2)] +

+ αγ [ε
1
y(1 − γ 2) − ε

2
γ(1 + β2) + ε

3
y(1 − α2)]},

(g2
x, g3

x) = 
2

S 2
 {γ [− ε1

x(α2 − β2) + ε2
x(1 − β2) − ε3

x(1 − α2)] +

+ αβ [ε
1
y(1 + γ 2) − ε

2
γ(1 − β2) − ε

3
y(1 − α2)]}, (3.36)

£¤¥ S = 1 − α2 − β2 − γ 2.
� · ³¥É·Ò α, β, γ ´¥ ¢¶µ²´¥ ¶·µ¨§¢µ²Ó´Ò, ´µ µ£· ´¨Î¥´Ò Ê¸²µ¢¨Ö³¨,

¢Ò¶µ²´¥´¨¥ ±µÉµ·ÒÌ ¸²¥¤Ê¥É ¶·µ¢¥·ÖÉÓ ´  ± ¦¤µ³ Ï £¥ ¶·µÍ¥¤Ê·Ò
Ë¨É¨·µ¢ ´¨Ö:

0 ≤ 
4(α2 + β2γ 2)

(1 + α2)2 − (β2 − γ 2)2
 ≤ 

Γ1Γ2

ε1 − ε2
∗2

 ≤ 1,

0 ≤ 
4(β2 + α2γ 2)

(1 + β2)2 − (α2 − γ 2)2
 ≤ 

Γ1Γ3

ε1 − ε3
∗2

 ≤ 1,

0 ≤ 
4(γ 2 + α2β2)

(1 + γ2)2 − (α2 − β2)2
 ≤ 

Γ2Γ3

ε2 − ε3
∗2

 ≤ 1. (3.37)

”µ·³Ê²  (3.33) ¸µ¤¥·¦¨É 3(M + 1) ±µ³¶²¥±¸´ÒÌ ¶ · ³¥É·µ¢: Ô´¥·£¨¨

εr = Er − iΓr6 2 ¨ ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gr = {gri}i = 1
M ,  (r = 1, 2, 3).

“¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¢¢µ¤¨É É·¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶ · ³¥É·  α, β, γ ̈  ́  ±² -
¤Ò¢ ¥É 3(M + 2) µ£· ´¨Î¥´¨Ö Å Ê· ¢´¥´¨Ö (3.34) ¨ (3.35), (3.36). ’ ±¨³
µ¡· §µ³, µ¸É ¥É¸Ö 3(M + 1) ¤¥°¸É¢¨É¥²Ó´ÒÌ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢, ±µÉµ·Ò¥
³µ¦´µ ¢Ò¡¨· ÉÓ · §²¨Î´Ò³ µ¡· §µ³.

�Ê¸ÉÓ M = 1 (µ¤¨´ µÉ±·ÒÉÒ° ± ´ ²). —¨¸²µ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ · ¢-
´µ 6.

…¸²¨ ¢ ± Î¥¸É¢¥ ÔÉ¨Ì ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ ¢§ÖÉÓ §´ Î¥´¨Ö Er, Γr , Éµ

¶ · ³¥É·Ò α, β, γ µ¤´µ§´ Î´µ µ¶·¥¤¥²ÖÉ¸Ö ¨§ ¸¨¸É¥³Ò

4(α2 + β2γ 2)
(1 + α2)2 − (β2 − γ 2)2

 = 
Γ1Γ2

ε1 − ε2
∗2

 ,
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4(β2 + α2γ 2)
(1 + β2)2 − (α2 − γ 2)2

 = 
Γ1Γ3

ε1 − ε3
∗2

 ,

4(γ 2 + α2β2)
(1 + γ 2)2 − (α2 − β2)2

 = 
Γ2Γ3

ε2 − ε3
∗2

 .

Šµµ·¤¨´ ÉÒ g
11
x , g

21
x , g

31
x  µ¶·¥¤¥²ÖÉ¸Ö ¨§ ¸µµÉ´µÏ¥´¨°

g11
x  = √Γ1 

1 + α2 + β2 − γ 2

1 − α2 − β2 − γ 2
 ,

g21
x  = √Γ2 

1 + α2 − β2 + γ 2

1 − α2 − β2 − γ 2
 ,

g31
x  = √Γ3 

1 − α2 + β2 + γ 2

1 − α2 − β2 − γ 2
 .

Šµµ·¤¨´ ÉÒ ³´¨³ÒÌ Î ¸É¥° ¢¥±Éµ·µ¢ gi µ¶·¥¤¥²ÖÉ¸Ö ¨§ · ¢¥´¸É¢ (3.34).

�Ê¸ÉÓ  M = 2  (¤¢   µÉ±·ÒÉÒÌ  ± ´ ² ).  —¨¸²µ  ¸¢µ¡µ¤´ÒÌ  ¶ · ³¥É·µ¢
· ¢´µ 9.

…¸²¨ ¢ ± Î¥¸É¢¥ ÔÉ¨Ì ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ ¢Ò¡· ÉÓ §´ Î¥´¨Ö Er , Γr ¨

α, β, γ, Éµ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·µ¢ g1, g2, g3 µ¶·¥¤¥²ÖÕÉ¸Ö µ¤´µ§´ Î´µ ̈ § ¸µµÉ-

´µÏ¥´¨° (3.35) ¨ (3.36). �¡µ§´ Î¨³

g
1
x = 







 
x
1

x
2
 






 ,     g

2
x = 







 
y
1

y
2
 






 ,     g

3
x = 







 
z
1

z
2
 






 .

’µ£¤  §´ Î¥´¨Ö xi , yi , zi (i = 1, 2) µ¶·¥¤¥²ÖÉ¸Ö ¨§ ¸¨¸É¥³Ò

x
1
2 + x

2
2 = (g

1
x, g

1
x),     y

1
2 + y

2
2 = (g

2
x, g

2
x),     z

1
2 + z

2
2 = (g

3
x, g

3
x),

x
1
y
1
 + x

2
y
2
 = (g

1
x, g

2
x),    x

1
z
1
 + x

2
z
2
 = (g

1
x, g

3
x),    y

1
z
1
 + y

2
z
2
 = (g

2
x, g

3
x).

‡´ Î¥´¨Ö ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨° (gk
x, gl

x) ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¶ · ³¥É·Ò

Er , Γr ¨ α, β, γ (¸³. Ëµ·³Ê²Ò (3.35), (3.36)). …¸É¥¸É¢¥´´µ, ¶ · ³¥É·Ò

Er , Γr ¨ α, β, γ ¤µ²¦´Ò Ê¤µ¢²¥É¢µ·ÖÉÓ µ£· ´¨Î¥´¨Ö³ (3.37).
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�Ê¸ÉÓ ¨³¥¥É¸Ö M > 2 ¢´¥Ï´¨Ì ± ´ ²µ¢.

—¨¸²µ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ · ¢´µ 3(M + 1). ˆÌ ³µ¦´µ ¢Ò¡¨· ÉÓ · §-
²¨Î´Ò³¨ ¸¶µ¸µ¡ ³¨. � ¶·¨³¥·, ¢ ± Î¥¸É¢¥ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ ³µ¦´µ
¢§ÖÉÓ §´ Î¥´¨Ö Er , Γr ¨ α, β, γ. ’µ£¤  ¤²Ö µ¶·¥¤¥²¥´¨Ö 3M ±µµ·¤¨´ É ¢¥±Éµ-

·µ¢ gr
x  µ¸É ¥É¸Ö 3(M − 2) ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É· , ±µÉµ·Ò¥ ³µ¦´µ § ¤ ÉÓ ± ±

Ê£²Ò ¶µ¢µ·µÉ : (M − 3) Ê£²µ¢ ¶µ¢µ·µÉ  ψ1,Á, ψM − 3 ¢¥±Éµ·  g3
x  ¢µ±·Ê£ µ¸¥°

e3,Á, eM; (M − 2) Ê£²µ¢ ¶µ¢µ·µÉ  δ1, δ2,Á, δM − 2 £¨¶¥·¶²µ¸±µ¸É¨ ¢¥±Éµ·µ¢

g2
x, g3

x  ¢µ±·Ê£ µ¸¥° e2,Á, eM ¨ (M − 1) Ê£µ² ¶µ¢µ·µÉ  ϕ1, ϕ2,Á, ϕM − 1 ¢¸¥Ì

¢¥±Éµ·µ¢ gi
x  ¢µ±·Ê£ µ¸¥° ±µµ·¤¨´ É.

�Ê¸ÉÓ ¤²Ö µ¶·¥¤¥²¥´´µ¸É¨ M = 4. Šµµ·¤¨´ ÉÒ ¨¸±µ³ÒÌ ¢¥±Éµ·µ¢ ¶ ·-
Í¨ ²Ó´ÒÌ Ï¨·¨´ ³µ¦´µ ¢ÒÎ¨¸²ÖÉÓ, ´ ¶·¨³¥·, ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �µ-
²µ¦¨³

p1 = 












 

c1

0
0
0

 












 ,     p2 = 












 

d1

d2

0
0

 












 ,     p3 = 













 

e1

e2

e3

0

 













 ,

£¤¥

c
1
 = √(g

1
x, g

1
x) ,

d
1
 = 

(g
1
x, g

2
x)

c
1

 ,     d
2
 = √(g

2
x, g

2
x) − d

1
 2 ,

e
1
 = 

(g
1
x, g

3
x)

c
1

 ,    e
2
 = 

(g
2
x, g

3
x) − d

1
c
1

d
2

 ,    e
3
 = √(g

3
x, g

3
x) − e

1
2 − e

2
2 .

‚ÒÎ¨¸²¨³ ¢¥±Éµ·Ò qr (¶µ¢µ·µÉ ¢¥±Éµ·µ¢ pr ¢µ±·Ê£ ¶²µ¸±µ¸É¨ (e
1
, e

2
)):

qr = 












 

1
0
0

0

   

0
1
0

0

    

0
0

  cos ψ1

− sin ψ1

    

0
0

sin ψ1

cos ψ1

 












 pr .

‚ÒÎ¨¸²¨³ ¢¥±Éµ·Ò sr (¶µ¢µ·µÉ ¢¥±Éµ·µ¢ qr ¢µ±·Ê£ ¶²µ¸±µ¸É¥° (e1, e3) ¨
(e1, e4)):
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sr = 












 

1
0

0

0

   

0
  cos δ1

− sin δ1

0

   

0
sin δ1

cos δ1

0

   

0
0

0

1

 












 












 

1
0

0
0

   

0
  cos δ2

0
− sin δ2

    

0
0

1
0

    

0
sin δ2

0
cos δ2

 












 qr .

� ±µ´¥Í, ¢¥±Éµ·Ò gr
x  ¶µ²ÊÎ É¸Ö ± ± ·¥§Ê²ÓÉ É ¶µ¢µ·µÉ  ¢¥±Éµ·µ¢ sr ¢µ±-

·Ê£ ¶²µ¸±µ¸É¥° (e2, e3), (e2, e4) ¨ (e1, e2):

gr
x = 












 

  cos ϕ1

− sin ϕ1

0
0

   

sin ϕ1

cos ϕ1

0
0

   

0

0

1
0

    

0

0

0
1

 












 












 

  cos ϕ2

0
− sin ϕ2

0

    

0

1
0

0

    

sin ϕ1

0
cos ϕ1

0

    

0

0
0

1

 












 ×

× 












 

  cos ϕ3

0
0

− sin ϕ3

   

0

1
0
0

    

0

0
1
0

    

sin ϕ3

0
0

cos ϕ3

 












 sr .

’ ±¨³ µ¡· §µ³, Ï¥¸ÉÓ ¶ · ³¥É·µ¢ ψ1, δ1, δ2, ϕ1, ϕ2, ϕ3 ¨ ¸µµÉ´µÏ¥´¨Ö

(3.35), (3.36) ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²ÖÕÉ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·µ¢ gr
x . Šµµ·¤¨´ ÉÒ

¢¥±Éµ·µ¢ gr
y  µ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨° (3.34).

�ÉµÉ  ²£µ·¨É³ ´¥¶µ¸·¥¤¸É¢¥´´µ µ¡µ¡Ð ¥É¸Ö ´  ¸²ÊÎ ° ¡µ²ÓÏ¥£µ Î¨¸² 
·¥§µ´ ´¸µ¢. ‡ ¤ Î  ¸ Î¥ÉÒ·Ó³Ö ·¥§µ´ ´¸ ³¨ ¢µ§´¨± ¥É, ´ ¶·¨³¥·, ¶·¨ ¨§Ê-
Î¥´¨¨ ¸¥³¥°¸É¢  ρ′-³¥§µ´µ¢, ³Ò · ¸¸³µÉ·¨³ ¥¥ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥.

4. ����‹…Œ› ‘�…Š’�� ‚�‡�“†„…�ˆ‰ 
‹…ƒŠˆ• ‚…Š’���›• Œ…‡���‚ 

ˆ “�ˆ’����‘’œ S-Œ�’�ˆ–›
„‹Ÿ �…�…Š�›‚��™ˆ•‘Ÿ �…“��“ƒˆ• �…‡����‘�‚

4.1. ‘µ¢·¥³¥´´ Ö ¸¨ÉÊ Í¨Ö ¸ ρ- ¨ ω-³¥§µ´´Ò³¨ ¢µ§¡Ê¦¤¥´´Ò³¨ ¸µ¸-
ÉµÖ´¨Ö³¨. ‚ ± Î¥¸É¢¥ ¢ ¦´µ£µ ¨  ±ÉÊ ²Ó´µ£µ ¶·¨³¥·  ¨¸¶µ²Ó§µ¢ ´¨Ö µ¡-
¸Ê¦¤ ¥³ÒÌ ³¥Éµ¤µ¢ ³Ò ¶·µ ´ ²¨§¨·Ê¥³ ¸¶¥±É· ¢µ§¡Ê¦¤¥´¨° ρ- ¨ ω-³¥§µ-
´µ¢. �µ²¥¥ ¤¥É ²Ó´µ¥ µ¶¨¸ ´¨¥ ³µ¦´µ ´ °É¨ ¢ · ¡µÉ Ì [17Å20].

�µ´¨³ ´¨¥ ¨ ¨´É¥·¶·¥É Í¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¸¶¥±É·  ·¥§µ´ ´¸µ¢
²¥£±¨Ì ³¥§µ´µ¢ ¥¸ÉÓ ´¥µ¡Ìµ¤¨³µ¥ Ê¸²µ¢¨¥ ¤²Ö ¶µ¨¸±µ¢ ³¥§µ´µ¢, ´¥ Ö¢²Ö-
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ÕÐ¨Ì¸Ö ¢µ§¡Ê¦¤¥´¨Ö³¨ ¸¨¸É¥³Ò, ¸µ¸ÉµÖÐ¥° ¨§ ±¢ ·±  ¨  ´É¨±¢ ·±  qq
_
.

Š·µ³¥ Éµ£µ, ¨§ÊÎ¥´¨¥ ¸¶¥±É·  ®µ¡ÒÎ´ÒÌ¯ qq
_
 · ¤¨ ²Ó´ÒÌ ¨ µ·¡¨É ²Ó´ÒÌ

¢µ§¡Ê¦¤¥´¨° ²¥£±¨Ì ³¥§µ´µ¢, ¸µ¸ÉµÖÐ¨Ì ¨§ u-, d- ¨ s-±¢ ·±µ¢, µ¶·¥¤¥²¥´¨¥
¨Ì ³ ¸¸, Ï¨·¨´ ¨ ³µ¤ · ¸¶ ¤µ¢ ¸ ³µ ¶µ ¸¥¡¥ Ö¢²Ö¥É¸Ö ¢ ¦´µ° § ¤ Î¥°.

‚Ò¤¥²¥´´ Ö ·µ²Ó ¢ Ë¨§¨±¥ Î ¸É¨Í ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¸ J PC = 1− −

(I G = 0−, 1+ Å ¨§µ¸± ²Ö·´ÒÌ ¨ ¨§µ¢¥±Éµ·´ÒÌ) ¤¥² ¥É § ¤ ÎÊ ¨§ÊÎ¥´¨Ö ¸¶¥±-
É·  ¨Ì ¢µ§¡Ê¦¤¥´¨° µ¸µ¡¥´´µ ¢ ¦´µ°. „ ¢´µ ¨§¢¥¸É´µ, ÎÉµ ¶·µ¸É¥°Ï Ö ³µ-
¤¥²Ó ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ¸É¨ (‚„Œ) ¶²µÌµ µ¶¨¸Ò¢ ¥É ¤ ´´Ò¥ ¢ÒÏ¥ 1 ƒÔ‚

¶µ e+e−- ´´¨£¨²ÖÍ¨¨, ππ-· ¸¸¥Ö´¨Õ ¨ ËµÉµ·µ¦¤¥´¨Õ. ’ ±, ¶µ²´Ò¥ ¸¥Î¥´¨Ö

e+e−- ´´¨£¨²ÖÍ¨¨ ¢ ¤¢  ̈ ²¨ Î¥ÉÒ·¥ ¶¨µ´  ¸ÊÐ¥¸É¢¥´´µ ¢ÒÏ¥ ¶µ²ÊÎ ÕÐ¨Ì¸Ö
¢ ‚„Œ, ¨ ¢ ÔÉ¨Ì ¸¥Î¥´¨ÖÌ, ¨ ¢ Ê¶·Ê£µ°  ³¶²¨ÉÊ¤¥ p-¢µ²´Ò ππ-p ¸¸¥Ö´¨Ö
´ ¡²Õ¤ ÕÉ¸Ö ´¥·¥£Ê²Ö·´µ¸É¨ ¢ µ¡² ¸É¨ Ô´¥·£¨° µÉ 1,2 ¤µ 2,0 ƒÔ‚.

‘ÊÐ¥¸É¢µ¢ ´¨¥ ρ′(1600) ¡Ò²µ É¢¥·¤µ Ê¸É ´µ¢²¥´µ ³´µ£µ ²¥É ´ § ¤, ´µ ¢
É¥Î¥´¨¥ ¤µ²£µ£µ ¢·¥³¥´¨ µ¸É ¢ ² ¸Ó ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ §´ Î¥´¨ÖÌ ¥£µ ¶ -
· ³¥É·µ¢.  �µ§¦¥  ¡Ò²µ  µ¡´ ·Ê¦¥´µ,  ÎÉµ  Ô´¥·£¥É¨Î¥¸± Ö  µ¡² ¸ÉÓ  µ±µ²µ

1600 ŒÔ‚ ¸µ¤¥·¦¨É ¶µ ±· °´¥° ³¥·¥ ¤¢  ¨§µ¢¥±Éµ·´ÒÌ J PC = 1− − ·¥§µ´ ´-
¸ . ‚ · ¡µÉ Ì [21Å23] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢
¸ ³ ¸¸ ³¨ 1,46 ¨ 1,70 ƒÔ‚ ¨ Ï¨·¨´ ³¨, ¸µµÉ¢¥É¸É¢¥´´µ, 0,31 ¨ 0,40 ƒÔ‚
¶µ§¢µ²Ö¥É  ¶µ²ÊÎ¨ÉÓ  Ìµ·µÏ¥¥  µ¶¨¸ ´¨¥  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ  ¤ ´´ÒÌ  ¶µ

e+e−- ´´¨£¨²ÖÍ¨¨ ¨ ¶µ ËµÉµ·µ¦¤¥´¨Õ ¸ 2π -¨ 4π-±µ´¥Î´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨.
‘Ìµ¦¨° ¸¶¥±É· ¡Ò² ¶µ²ÊÎ¥´ �.�.ƒµ¢µ·±µ¢Ò³ [24] ¶·¨ ¨§ÊÎ¥´¨¨ ¶·µÍ¥¸¸ 

e+e− → → π0ω,  ¢ ±µÉµ·µ³ ¡Ò²¨ µ¡´ ·Ê¦¥´Ò Ï¨·µ±¨¥ (Ï¨·¨´Ò ¶µ·Ö¤± 
0,3 ƒÔ‚) ·¥§µ´ ´¸Ò ̧  ³ ¸¸ ³¨ 1,45, 1,86 ¨ 1,99 ƒÔ‚. ‡´ Î¥´¨Ö ³ ¸¸ ̈  Ï¨·¨´
ÔÉ¨Ì Î ¸É¨Í ¶µ§¦¥ ÊÉµÎ´Ö²µ¸Ó, ´µ ¸µ¢·¥³¥´´ Ö ÉµÎ±  §·¥´¨Ö ¸µ¸Éµ¨É ¢ Éµ³,
ÎÉµ ¢ · °µ´¥ ¡Ò¢Ï¥£µ ρ′(1600)-¢µ§¡Ê¦¤¥´¨Ö ¥¸ÉÓ ¶µ ³¥´ÓÏ¥° ³¥·¥ ¤¢  ´µ-

¢ÒÌ ¨§µ¢¥±Éµ·´ÒÌ J PC = 1− − Ï¨·µ±¨Ì ¸µ¸ÉµÖ´¨Ö, ¸ÊÐ¥¸É¢µ¢ ´¨¥ ±µÉµ·ÒÌ
³µ¦´µ ¸Î¨É ÉÓ ¤µ¸É ÉµÎ´µ É¢¥·¤µ Ê¸É ´µ¢²¥´´Ò³, ¨ µ´¨ § ´¥¸¥´Ò ¢ É ¡-
²¨ÍÒ Particle Data Group [25]. ’µ ¦¥ ¸ ³µ¥ ³µ¦´µ ¸± § ÉÓ ¨ µ¡ ¨§µ¸± ²Ö·-
´ÒÌ ω′-³¥§µ´ Ì Å ω′ (1440) ¨ ω′ (1600).

„µ²£ÊÕ ¨ ¸²µ¦´ÊÕ ¨¸Éµ·¨Õ ¨³¥¥É ¨ ¤·Ê£µ¥ ¢µ§³µ¦´µ¥ ρ-¢µ§¡Ê¦¤¥´¨¥ ¸
³ ¸¸µ° ¢ µ¡² ¸É¨ 1,1 ÷ 1,3 ƒÔ‚. �¥·¢Ò¥ § ±²ÕÎ¥´¨Ö µ ¥£µ ¸ÊÐ¥¸É¢µ¢ ´¨¨
[26] µ¸´µ¢Ò¢ ²¨¸Ó ´  ¸ÊÐ¥¸É¢¥´´µ³ ¶·¥¢ÒÏ¥´¨¨ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸ 

e+e− → ωπ0 µÉ´µ¸¨É¥²Ó´µ ¶·¥¤¸± § ´¨° ‚„Œ. Š·µ³¥ Éµ£µ, ÔÉµ ¢µ§¡Ê¦¤¥´¨¥

¡Ò²µ § ³¥Î¥´µ ¢ ·¥ ±Í¨¨ γp → pe+e− [24]. � ±µ´¥Í,  ´ ²¨§ ¶¨µ´´ÒÌ ¨ π0ω
Ô²¥±É·µ³ £´¨É´ÒÌ  Ëµ·³Ë ±Éµ·µ¢  [28,29]  ¢  Ô´¥·£¥É¨Î¥¸±µ°  µ¡² ¸É¨  ¤µ
1,4 ƒÔ‚ É ±¦¥ ¶·¨¢µ¤¨² ± ́ ¥µ¡Ìµ¤¨³µ¸É¨ ÊÎ¥É  ̧ µ¸ÉµÖ´¨Ö 1,25 ƒÔ‚. �¤´ ±µ
µ¤´µ¢·¥³¥´´µ ¸ÊÐ¥¸É¢µ¢ ²¨ ¨ µ¶¨¸ ´¨Ö ¢¸¥Ì ÔÉ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¡¥§ ρ′(1250)-³¥§µ´ .
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‘· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ £·Ê¶¶  LASS ¢ SLAC ¶·µ¢¥²   ³¶²¨ÉÊ¤´Ò°

 ´ ²¨§ [30,31] π+π−-c¨¸É¥³Ò ¢ ¶·µÍ¥¸¸¥ K −p → π+π−Λ. �ÉµÉ  ´ ²¨§ ¶µ± §Ò-
¢ ¥É §´ Î¨É¥²Ó´Ò° ¢±² ¤ p-¢µ²´Ò, ±µÉµ·Ò° ¡Ò² Ìµ·µÏµ µ¶¨¸ ´ �‚-·¥§µ-
´ ´¸µ³ ¸ ³ ¸¸µ° (1,266 ± 0,014) ƒÔB. ‚ ±µ´É¥±¸É¥ qq

_
-³µ¤¥²¨ ÔÉµ ¸µ¸ÉµÖ´¨¥

´ ¨¡µ²¥¥ ¥¸É¥¸É¢¥´´µ ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ± ¶¥·¢µ¥ · ¤¨ ²Ó´µ¥ ¢µ§¡Ê¦-
¤¥´¨¥ ρ-³¥§µ´ .

�µ¸²¥ µ¶Ê¡²¨±µ¢ ´¨Ö ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢ ¢ · ¡µÉ¥ [32] ¡Ò²¨ ¢´µ¢Ó ¶·µ-

 ´ ²¨§¨·µ¢ ´Ò ¤ ´´Ò¥ ¶µ ¶·µÍ¥¸¸Ê e+e− → π+π− ¸ ÊÎ¥Éµ³ ̧ µ¸ÉµÖ´¨Ö £·Ê¶¶Ò
LASS ¢ ¤µ¶µ²´¥´¨¥ ± ¤¢Ê³ ¸µ¸ÉµÖ´¨Ö³, Ê¸É ´µ¢²¥´´Ò³ ¡µ²¥¥ · ´´¨³¨
¨¸¸²¥¤µ¢ ´¨Ö³¨ [21Å23]. �ÉµÉ ¶µ¢Éµ·´Ò°  ´ ²¨§ ¶·¨¢¥² ± ¸²¨Ï±µ³ ³ ²µ°

¶ ·Í¨ ²Ó´µ° Ï¨·¨´¥ ¢µ§³µ¦´µ£µ ρ′(1266) ¤²Ö e+e−-± ´ ² , ÎÉµ¡Ò ¨´É¥·-
¶·¥É¨·µ¢ ÉÓ ¥£µ ± ± · ¤¨ ²Ó´µ¥ ¢µ§¡Ê¦¤¥´¨¥ ρ-³¥§µ´ . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢¸É -
¥É ¢µ¶·µ¸, Ö¢²Ö¥É¸Ö ²¨ ρ′(1266) qq

_
-¸µ¸ÉµÖ´¨¥³.

�É³¥É¨³, ÎÉµ ¢¸¥ ÔÉ¨ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µ¢¥¤¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ëµ·-
³Ê² �·¥°É  Å ‚¨£´¥· , É.¥.  ³¶²¨ÉÊ¤Ò § ¶¨¸Ò¢ ²¨¸Ó ± ± ¸Ê³³Ò �‚-¸² £ ¥-
³ÒÌ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ± ¦¤µ³Ê ·¥§µ´ ´¸Ê.

�Î¥¢¨¤´µ, ÎÉµ ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê µ¡¸Ê¦¤ ¥³Ò³¨ Ï¨·µ±¨³¨ ·¥§µ-
´ ´¸ ³¨ Ö¢²Ö¥É¸Ö µ¸´µ¢´µ° ¶·µ¡²¥³µ°  ´ ²¨§  ¨ ¨´É¥·¶·¥É Í¨¨. „²Ö ÊÎ¥É 
ÔÉµ° ¨´É¥·Ë¥·¥´Í¨¨ µ¡ÒÎ´µ ¢¢µ¤ÖÉ Ë §µ¢Ò¥ ³´µ¦¨É¥²¨ ¤²Ö �‚-Î²¥´µ¢, ±µ-
Éµ·Ò¥ ²¨¡µ ¶µ² £ ÕÉ¸Ö · ¢´Ò³¨ ¶²Õ¸ ¨²¨ ³¨´Ê¸ ¥¤¨´¨Í¥ [21Å23,24], ²¨¡µ
· ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¸¢µ¡µ¤´Ò¥ ¶ · ³¥É·Ò [30,31]. ‚Ò¡µ· ÔÉ¨Ì Ë §µ¢ÒÌ
³´µ¦¨É¥²¥° ¤µ¸É ÉµÎ´µ ¶·µ¨§¢µ²¥´ ̈ , ́  ¶·¨³¥·, ± ± µÉ³¥Î ¥É¸Ö ¢ [33], ®§ -
£ ¤µÎ´µ ̈  ́ ¥ ̈ ³¥¥É · Í¨µ´ ²Ó´µ£µ µ¡ÓÖ¸´¥´¨Ö¯, ÎÉµ ¶·¨ µ¶¨¸ ´¨¨ ¶·µÍ¥¸¸ 

e+e− → ηπ+π− ¸²¥¤Ê¥É ¶·¨³¥´ÖÉÓ ¶· ¢¨²µ §´ ±µ¢ + + ¤²Ö ρ- ¨ ρ1′-¸µ¸ÉµÖ´¨°,

Éµ£¤  ± ± ¤²Ö ¢¸¥Ì ¤·Ê£¨Ì ¶·µÍ¥¸¸µ¢, ¢µ¢²¥Î¥´´ÒÌ ¢  ´ ²¨§, ´ ¤µ ¨¸¶µ²Ó§µ-
¢ ÉÓ ¤²Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Ë §µ¢Ò¥ ³´µ¦¨É¥²¨ + −. �¤´ ±µ µÎ¥´Ó ¢ ¦´µ, ÎÉµ
¢¸¥ É ±¨¥ ¶µ¤Ìµ¤Ò (± ± ¸ Ë §µ¢Ò³¨ ³´µ¦¨É¥²Ö³¨, É ± ¨ ¡¥§ ´¨Ì) ¢ ¸²ÊÎ ¥
Ï¨·µ±¨Ì ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ´ ·ÊÏ ÕÉ Ê´¨É ·´µ¸ÉÓ ³ É·¨ÍÒ
· ¸¸¥Ö´¨Ö, ±µÉµ· Ö Ö¢²Ö¥É¸Ö ¨§´ Î ²Ó´Ò³ ³µÉ¨¢µ³ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ²Õ-
¡ÒÌ  Ëµ·³Ê²  �‚-É¨¶ .  �¨¦¥  ³Ò  ¶·¨¢µ¤¨³   ´ ²¨§Ò ¸¥³¥°¸É¢ ¢¥±Éµ·´ÒÌ
ρ′- ¨ ω′-³¥§µ´µ¢, ¸µÌ· ´ÖÕÐ¨¥ Ê´¨É ·´µ¸ÉÓ.

‚¸¥  ´ ²¨§Ò, ¸É ·Ò¥ ¨ ´µ¢Ò¥, ¡ §¨·ÊÕÉ¸Ö ´  ³µ¤¥²¨ ¢¥±Éµ·´µ° ¤µ³¨-

´ ´É´µ¸É¨, ¢ ±µÉµ·µ° e+e−- ´´¨£¨²ÖÍ¨Ö µ¶¨¸Ò¢ ¥É¸Ö ¶·Ö³Ò³ ¢§ ¨³µ¤¥°-
¸É¢¨¥³ ¶·µ³¥¦ÊÉµÎ´µ£µ γ-±¢ ´É  ¸ ¢¥±Éµ·´Ò³¨ ³¥§µ´ ³¨ ¸ ±µ´¸É ´É ³¨

V − γ ¸¢Ö§¨ fV
 −1 (V = ρ, ω, φ, ψ) ¨ ¤ ²Ó´¥°Ï¨³ · ¸¶ ¤µ³ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢

¢ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥ f. �É¨ ¶·µÍ¥¸¸Ò ¨§µ¡· ¦ ÕÉ¸Ö ¤¨ £· ³³µ° ´  ·¨¸.5.
�·¨¢¥¤¥³ ́ ¥¸±µ²Ó±µ Ëµ·³Ê², ±µÉµ·Ò¥ ¡Ê¤ÊÉ ¶µ²¥§´Ò ¤²Ö ̧ µ¶µ¸É ¢²¥´¨Ö

·¥§Ê²ÓÉ Éµ¢ · §²¨Î´ÒÌ  ´ ²¨§µ¢. �µ²´µ¥ ¸¥Î¥´¨¥ ¢ ¸²ÊÎ ¥ Éµ²Ó±µ µ¤´µ£µ
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¨§µ²¨·µ¢ ´´µ£µ ¶·µ³¥¦ÊÉµÎ´µ£µ V-·¥§µ´ ´¸ , Ê¤ ²¥´´µ£µ µÉ ¶µ·µ£  ·¥ ±-
Í¨¨, § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

σe
+
e

−
 → f = 4πα 



 
e
fV

 



 2
 
mV

2

s
 

mV ΓV Bf
 V

(s − mV
2)2 + (mV ΓV)2

 , (4.1)

£¤¥ s Å ±¢ ¤· É Ô´¥·£¨¨ ¢ ¸.Í.¨., α Å ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò, mV

Å ³ ¸¸  ¢¥±Éµ·´µ£µ ³¥§µ´ , ΓV Å ¥£µ ¶µ²´ Ö Ï¨·¨´ , Bf
 V = Γf

 V6 ΓV Å

¡·Ô´Î¨´£ · ¸¶ ¤  ¢ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨¥, Γf
 V Å ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶ ·-

Í¨ ²Ó´ Ö Ï¨·¨´ .
�·¥¤Ò¤ÊÐÊÕ Ëµ·³Ê²Ê ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

σe
+
e

−
 → f = 

12π
s

 
mV

2 ΓV
2 Bi

 V Bf
 V

(s − mV
2)2 + (mV ΓV)2

 , (4.2)

£¤¥ Bi
 V = ΓV → e

+
e

−6 ΓV . ‘¥Î¥´¨¥ ¢ ¶¨±¥ (¶·¨ [m] = ƒÔ‚) ¨³¥¥É §´ Î¥´¨¥:

σe
+
e

−
 → f = 

12π
mV

2
 Bi

 V Bf
 V 3,89⋅105 ´¡.

� ¶·¨³¥·, ¤²Ö σe
+
e

−
 → 2π ¶·¨ B1

 ρ = 6,5 ±Ô‚/150 ŒÔB ≈ 4,33⋅10−5, B2π
 ρ  ≈

≈ 0,99 ¶µ²ÊÎ ¥³ ¢ ρ-³¥§µ´´µ³ ¶¨±¥ σe
+
e

−
 → 2π ≈ 1100 ´¡, ÎÉµ ¸ ÊÎ¥Éµ³ ¶µ-

¶· ¢µ±, ¸¢Ö§ ´´ÒÌ ¸ ρ−ω-¸³¥Ï¨¢ ´¨¥³, ¡²¨§±µ ± Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê §´ -
Î¥´¨Õ.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö e+e−- ´´¨£¨²ÖÍ¨¨, ¶µ§¢µ²ÖÕÐ¨¥ µ¡¸Ê¦-
¤ ÉÓ [33] ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¸¥³¥°¸É¢  ¢¥±Éµ·´ÒÌ ρ′-³¥§µ´µ¢, ¸µ¸ÉµÖÉ ¨§ ´ ¡µ· 

¶µ²´ÒÌ ¸¥Î¥´¨° e+e− → 2π, 2π+2π−, π+π−2π0, ωπ0 ¨ ηπ+π−. Œ´µ£µ± ´ ²Ó´µ¥
Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¶µ¤±²ÕÎ ¥É ± ÔÉµ³Ê ´ ¡µ·Ê p-¢µ²´Ê ππ-· ¸¸¥Ö´¨Ö.

�¨¸.5. e+e−- ´´¨£¨²ÖÍ¨Ö ¢ ³µ¤¥²¨ ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ¸É¨
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„·Ê£¨¥ ± ´ ²Ò · ¸¶ ¤µ¢ ρ′-³¥§µ´µ¢, ±·µ³¥ ¢Ìµ¤ÖÐ¨Ì ¢ ´ Î ²Ó´Ò¥ ¨ ±µ´¥Î-
´Ò¥ ¸µ¸ÉµÖ´¨Ö ÔÉ¨Ì ·¥ ±Í¨°, ¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢ÊÕÉ, ÎÉµ µ§´ Î ¥É ³ -
²µ¸ÉÓ ¡·Ô´Î¨´£µ¢ · ¸¶ ¤µ¢ ρ′-¸µ¸ÉµÖ´¨° ¢ ¤·Ê£¨¥ ± ´ ²Ò. ’ ±¨³ µ¡· §µ³,

µ£· ´¨Î¥´¨¥ ± ´ ² ³¨ e+e−, 2π, 2π+2π−, π+π−2π0, ωπ0 ¨ ηπ+π− Ö¢²Ö¥É¸Ö Ìµ-
·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³. �´ ²µ£¨Î´µ Ëµ·³Ê²¨·Ê¥É¸Ö § ¤ Î  µ ω′-³¥§µ´ Ì,

µ¸´µ¢´Ò¥ ± ´ ²Ò · ¸¶ ¤µ¢ ±µÉµ·ÒÌ Å e+e−, ρπ ¨ ωπ+π− (¸µ¸ÉµÖ´¨Ö, ¢±²Õ-
Î ÕÐ¨¥ ¸É· ´´Ò¥ Î ¸É¨ÍÒ, ¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢ÊÕÉ [33]). ‚ µ¡¥¨Ì § ¤ Î Ì
(µ ρ′-³¥§µ´ Ì ¨ ω′-³¥§µ´ Ì) §´ Î¥´¨¥ ¨´¤¥±¸  i = 1 ¢  ³¶²¨ÉÊ¤ Ì fij µÉ¢¥Î ¥É

´ Î ²Ó´µ³Ê ¸µ¸ÉµÖ´¨Õ e+e− (¨²¨ ¶·µ³¥¦ÊÉµÎ´µ³Ê γ-±¢ ´ÉÊ). ‡´ Î¥´¨¥

i = 2 ¢ § ¤ Î¥ µ ρ′-³¥§µ´ Ì µÉ¢¥Î ¥É ¸µ¸ÉµÖ´¨Õ π+π−, ¨´¤¥±¸ j = 2, 3, 4, 5, 6

µÉ¢¥Î ¥É, ¸µµÉ¢¥É¸É¢¥´´µ, ±µ´¥Î´Ò³ ¸µ¸ÉµÖ´¨Ö³ π+π−, π+π+π−π−, π+π−π0π0,

π0ω ¨ ηπ+π−. ˆ´¤¥±¸ r, ´Ê³¥·ÊÕÐ¨° ·¥§µ´ ´¸Ò, ¸µµÉ¢¥É¸É¢Ê¥É ρ (¸ ÊÎ¥Éµ³
ρ−ω-¸³¥Ï¨¢ ´¨Ö) ¨ ¤¢Ê³ ¨²¨ É·¥³ ρ′-³¥§µ´ ³. ‚ § ¤ Î¥ µ¡ ω′-³¥§µ´ Ì

¨´¤¥±¸ j = 2, 3 µÉ¢¥Î ¥É ±µ´¥Î´Ò³ ¸µ¸ÉµÖ´¨Ö³ ρπ ¨ ωπ+π− ¨ ¨´¤¥±¸ r µÉ¢¥-
Î ¥É ω−φ ®Ì¢µ¸ÉÊ¯ ¨ ¤¢Ê³ ¨²¨ É·¥³ ω′-·¥§µ´ ´¸ ³. „¥É ²¨ ¢ÒÎ¨¸²¥´¨° ¸¥-
Î¥´¨°  ´´¨£¨²ÖÍ¨¨ ¸ ÊÎ¥Éµ³ ¶µ·µ£µ¢ÒÌ Ë ±Éµ·µ¢ ³µ¦´µ ´ °É¨ ¢ · ¡µÉ Ì
[17,18,20].

4.2. �´ ²¨§ ´  µ¸´µ¢¥ Ëµ·³Ê² �‚-É¨¶ . Œ¥Éµ¤ ¶µ¸É·µ¥´¨Ö Ê´¨É ·´µ°
³´µ£µ± ´ ²Ó´µ° ̈  ³´µ£µ·¥§µ´ ´¸´µ° S-³ É·¨ÍÒ �‚-É¨¶  ¤²Ö µ¡Ð¥£µ ̧ ²ÊÎ Ö
M µÉ±·ÒÉÒÌ ± ´ ²µ¢ ¨ N ·¥§µ´ ´¸µ¢ µ¶¨¸ ´ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. Œ É-
·¨Í  · ¸¸¥Ö´¨Ö § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ S(E) = I − iF, £¤¥ F Å ³ É·¨Í  ¶ ·-
Í¨ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö:

fij = ∑ 
r = 1

N

 
mr Γr gri grj

s − mr
2 + imrΓr

 = ∑ 
r = 1

N

e
i(ϕ

ri
 + ϕ

rj
)
  

mrΓrgrigrj

s − mr
2 + imrΓr

 . (4.3)

„²Ö µ¡²¥£Î¥´¨Ö ¸µ¶µ¸É ¢²¥´¨Ö ¶·¨¢µ¤¨³ÒÌ ´¨¦¥ ·¥§Ê²ÓÉ Éµ¢ ¸ ¤·Ê£¨³¨

 ´ ²¨§ ³¨ ³Ò ̈ ¸¶µ²Ó§Ê¥³ ¶¥·¥³¥´´ÊÕ s = E 2, ¶·¨ ÔÉµ³ ¢¥±Éµ·Ò gr ¡¥§· §-

³¥·´Ò.

�Î¥´Ó ±· É±µ ¶·¨¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ρ′-·¥§µ´ ´¸µ¢, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö
¶µ´¨³ ´¨Ö Ë¨§¨Î¥¸±µ° ¸¨ÉÊ Í¨¨ ¶·¨ ¸µ¶µ¸É ¢²¥´¨¨ ¸ ω′-¸µ¸ÉµÖ´¨Ö³¨. „²Ö
¢ÒÖ¸´¥´¨Ö ¸¨ÉÊ Í¨¨ ¸ ρ′(1250)-³¥§µ´µ³ ¢ · ¡µÉ¥ [17] ¶·µ¢¥¤¥´  ´ ²¨§
¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ ÊÎ¥Éµ³ É·¥Ì ρ′-·¥§µ´ ´-
¸µ¢. ‚ É ¡².1 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¨Ì ³ ¸¸ ¨ Ï¨·¨´, ¢ É ¡².2 ¶·¨¢¥¤¥-

´Ò §´ Î¥´¨Ö ¡·Ô´Î¨´£µ¢ Bri = gri gri
∗ 6 gr

2. ‚ ¸²ÊÎ ¥, ±µ£¤  ·¥§µ´ ´¸Ò Ìµ-

·µÏµ · §´¥¸¥´Ò, ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ ̧ É ´µ¢ÖÉ¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³¨,
¨ ÔÉµ · ¢¥´¸É¢µ ¶·¥¢· Ð ¥É¸Ö ¢ Ëµ·³Ê²Ê Bri = Γri6 Γr, ¶µÔÉµ³Ê ¢¥²¨Î¨´Ò
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Bri Γr ³µ¦´µ ̈ ¸¶µ²Ó§µ¢ ÉÓ ± ±  ´ ²µ£¨ §´ Î¥´¨° µ¡ÒÎ´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ Ï¨-

·¨´ Γri . (� ¶·¨³¥·, Γρ
1
′ → e

+
e

− = 10−5⋅350 ŒÔ‚ = 3,5 ±Ô‚.) �·Ô´Î¨´£¨ · ¸¶ -

¤  ρ′(1250) (¢ ´ Ï¨Ì µ¡µ§´ Î¥´¨ÖÌ ρ3′)-¸µ¸ÉµÖ´¨Ö ¢ e−e+ ¨  ¤·µ´´Ò¥ ± ´ ²Ò

¸· ¢´¨³Ò ¸ ¡·Ô´Î¨´£ ³¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì ¸µ¸ÉµÖ´¨°, ÎÉµ ¸´¨³ ¥É ´ ¨¡µ²¥¥
¸¨²Ó´µ¥ ¢µ§· ¦¥´¨¥ ¶·µÉ¨¢ ¢µ§³µ¦´µ¸É¨ · ¸¸³ É·¨¢ ÉÓ ρ′(1250)-³¥§µ´ ± ±
qq
_
-¢µ§¡Ê¦¤¥´¨¥. ‡ ³¥É¨³, µ¤´ ±µ, ÎÉµ Ë¨É ¸ É·¥³Ö ρ′ ²¨ÏÓ ¸²¥£±  ²ÊÎÏ¥,

Î¥³ Ë¨É ¸ ¤¢Ê³Ö ρ′-¸µ¸ÉµÖ´¨Ö³¨. “³¥¸É´µ µÉ³¥É¨ÉÓ, ÎÉµ ¶·µÍ¥¤Ê·  Ê´¨É -
·¨§ Í¨¨ ¢´µ¸¨É ¡µ²ÓÏÊÕ ¦¥¸É±µ¸ÉÓ ¢ ¢Ò· ¦¥´¨Ö ¤²Ö  ³¶²¨ÉÊ¤: ¡·Ô´Î¨´£¨
´¥ ¶·µ¨§¢µ²Ó´Ò, Ô³¶¨·¨Î¥¸±¨° ¶µ¤¡µ· Ë §µ¢ÒÌ ³´µ¦¨É¥²¥° ´¥¢µ§³µ¦¥´ ¨
É.¤. ‚¸¥ ÔÉµ ¤¥² ¥É µ¤´µ¢·¥³¥´´µ¥ µ¶¨¸ ´¨¥ Ï¥¸É¨ ¶·µÍ¥¸¸µ¢ ¤µ¸É ÉµÎ´µ
¸²µ¦´µ° § ¤ Î¥°. 

�¥·¥°¤¥³ ± µ¡¸Ê¦¤¥´¨Õ ω′-¸µ¸ÉµÖ´¨°. �´ ²¨§Ò, ¶·µ¢¥¤¥´´Ò¥ ¢µ ³´µ-
£¨Ì · ¡µÉ Ì (µÉ³¥É¨³, ¢ Î ¸É´µ¸É¨, [24,34]), ¤ ÕÉ Ï¨·µ±¨¥ ¸µ¸ÉµÖ´¨Ö ω1′  ¨
ω2′  ¸ ³ ¸¸ ³¨, ¡²¨§±¨³¨ ¤¢Ê³ ̧ µµÉ¢¥É¸É¢ÊÕÐ¨³ ρ′-¸µ¸ÉµÖ´¨Ö³, ¨, ¢µ§³µ¦´µ,

¸µ¸ÉµÖ´¨¥ ω3′ , ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ρ3′ . ‡´ Î¥´¨Ö χ2 ¶·¨ ¸µÌ· ´ÖÕÐ¥³ Ê´¨É ·-

´µ¸ÉÓ µ¶¨¸ ´¨¨ [18] ¶·µÍ¥¸¸µ¢ e−e+ → π+π−π0 ¨ e−e+ → ωπ+π− ¢ ¸²ÊÎ ÖÌ
¤¢ÊÌ ¨ É·¥Ì ¸µ¸ÉµÖ´¨° ω′ ¡²¨§±¨ ¨ · ¢´Ò ¶·¨¡²¨§¨É¥²Ó´µ 1,66 d.f. �µÔÉµ³Ê
³Ò ´¥ ³µ¦¥³ ¸¤¥² ÉÓ µ¶·¥¤¥²¥´´µ¥ § ±²ÕÎ¥´¨¥ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ρ3′- ¨ ω3′-
³¥§µ´µ¢ ¨ Éµ²Ó±µ µ¡¸Ê¤¨³ ́ ¨¦¥ ¢µ§³µ¦´µ¸ÉÓ ¨Ì ¸µµÉ¢¥É¸É¢¨Ö qq

_
-¸Ì¥³¥. „²Ö

Ô±µ´µ³¨¨ ³¥¸É  ̈  ¤²Ö ¶µ¸²¥¤ÊÕÐ¥£µ ¸· ¢´¥´¨Ö ̧  ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì ³¥Éµ-
¤µ¢ (¸³. ´¨¦¥ ¶¶.4.3 ¨ 4.4) ³Ò µ¡¸Ê¦¤ ¥³  ´ ²¨§ ¨ ¶·¨¢µ¤¨³ ·¥§Ê²ÓÉ ÉÒ, ¢
µ¸´µ¢´µ³, ¤²Ö ¸²ÊÎ Ö ¤¢ÊÌ ω′-¸µ¸ÉµÖ´¨°, ¤¥É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö É·¥Ì ¸µ-
¸ÉµÖ´¨° ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ¥ [18].

�µ²¥§´µ ±µ·µÉ±µ ¶·¨¢¥¸É¨  ²£µ·¨É³ ³¥Éµ¤  ¢ ¶·µ¸Éµ³ ̧ ²ÊÎ ¥ ¤¢ÊÌ ·¥§µ-
´ ´¸µ¢. „¥°¸É¢¨É¥²Ó´Ò¥ ¨ ³´¨³Ò¥ Î ¸É¨ ±µ³¶²¥±¸´ÒÌ ¢¥±Éµ·µ¢ ¶ ·Í¨ ²Ó-
´ÒÌ Ï¨·¨´ g1 ¨ g2 ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨Ö³¨ (3.31):

g1
y = − αg2

x,     g2
y = αg1

x.

Š·µ³¥ Éµ£µ, ¤²¨´Ò ¢¥±Éµ·µ¢ g
1
x ¨ g

2
x  ¨ Ê£µ² ³¥¦¤Ê ´¨³¨ § ¤ ´Ò Ëµ·³Ê-

² ³¨ (3.32):

V11
 x  = (g1

x, g1
x) = 

2

(1 − α2)2
 






 1 − α2 

m2Γ2

m1Γ1
 






 ,

V22
 x  = (g2

x, g2
x) = 

2

(1 − α2)2
 






 1 − α2 

m1Γ1

m2Γ2
 






 ,

�…�…Š�›‚��™ˆ…‘Ÿ �…‡����‘›  201



V12
 x  = (g2

x, g1
x) = 

2α
(1 − α2)2

 
(m1

2 − m2
2)

√m1m2Γ1Γ2

 .

’ ±¨³ µ¡· §µ³, ¨§ ¶ · ³¥É·µ¢ m1, m2, Γ1, Γ2, g1, g2, Ë¨£Ê·¨·ÊÕÐ¨Ì ¢

Ëµ·³Ê² Ì (4.3), µ¸É ¥É¸Ö 8 ¸¢µ¡µ¤´ÒÌ ¤¥°¸É¢¨É¥²Ó´ÒÌ ¶ · ³¥É·µ¢, ¢ ± Î¥¸É-
¢¥ ±µÉµ·ÒÌ Ê¤µ¡´µ ¢Ò¡· ÉÓ §´ Î¥´¨Ö ³ ¸¸ m1, m2, ¶µ²´ÒÌ Ï¨·¨´ Γ1, Γ2,

§´ Î¥´¨¥ ¶ · ³¥É·  α, ¤¢¥ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·  g1
x (g11

x  ¨ g13
x ) ¨ µ¤´Ê ±µ-

µ·¤¨´ ÉÊ ¢¥±Éµ·  g2
x (g21

x ).
‡´ Î¥´¨Ö ±µµ·¤¨´ É g12, g22 ¨ g23 µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ¸¨¸É¥³Ò

(g
11
x )2 + (g

12
x )2 + (g

13
x )2 = V

11
 x ,

(g
21
x )2 + (g

22
x )2 + (g

23
x )2 = V

22
 x ,

g
11
x g

21
x  + g

12
x g

22
x  + g

13
x g

23
x  = V

21
 x ,

·¥Ï¥´¨¥ ±µÉµ·µ° ¥¸ÉÓ

g
12
x  = √V

11
 x  − (g

11
x )2 − (g

13
x )2 ,

g23
x  = 

g13
x (V11

 x  − g11g21) ± g12
x W

(g12
x )2 + (g13

x )2
 ,

g22
x  = 

V11
 x  − g11g21 − g13

x g23
x

g12
x

 ,

£¤¥
W = √[V22

 x  − (g21
x )2] [(g12

x )2 + (g13
x )2] − [V11

 x  − g11
x g21

x ]2 .

‚ ·¥§Ê²ÓÉ É¥ Ë¨É¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ´ 

·¨¸.6 ¨ 7 (χ2 6 d.f. = 1,60 ¨ ¶·¨³¥·´µ É ±µ¥ ¦¥ §´ Î¥´¨¥ χ2 ¢ ¤¢ÊÌ ¤·Ê£¨Ì
³¥Éµ¤ Ì ´¨¦¥), ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ³ ¸¸ ¨ ¶µ²´ÒÌ Ï¨·¨´
(¢ ƒÔB):

mω
1
′ = 1,450,     Γω

1
′ = 0,200,

mω
2
′ = 1,616,     Γω

2
′ = 0,199.

‚¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gω
i
′ ¨ ¡·Ô´Î¨´£¨ · ¸¶ ¤µ¢ ¶·¨¢¥¤¥´Ò ¢

É ¡².3.
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4.3. K-³ É·¨Î´Ò°  ´ ²¨§. “´¨É ·´ Ö S-³ É·¨Í  ¨³¥¥É ¢ ÔÉµ³  ´ ²¨§¥
¢¨¤

S(s) = 
I − iK(s)
I + iK(s) ≡ 

I − i  ∑ 
r = 1

N = 2

 
γr γr

T

s − E r

I + i ∑ 
r = 1

N = 2

 
γr γr

T

s − E r

 . (4.5)

‘¢µ¡µ¤´Ò³¨ ¶ · ³¥É· ³¨ ³¥Éµ¤  ¢ ¸²ÊÎ ¥ ¤¢ÊÌ ·¥§µ´ ´¸µ¢ ¨ É·¥Ì
µÉ±·ÒÉÒÌ ± ´ ²µ¢ Ö¢²ÖÕÉ¸Ö ¤¥°¸É¢¨É¥²Ó´Ò¥ §´ Î¥´¨Ö ¶µ²µ¦¥´¨° ¶µ²Õ¸µ¢
E1 ¨ E 2,   É ±¦¥ ¤¥°¸É¢¨É¥²Ó´Ò¥ É·¥Ì±µ³¶µ´¥´É´Ò¥ ¢¥±Éµ·Ò γ1 ¨ γ2.

”¨É¨·µ¢ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¨³ §´ -

Î¥´¨Ö³ (E r ¨ γr
2 ¢ ƒÔB2):

ε1 = 1,364,     ε2 = 1,620,

γ1 = 






 
0,0012
0,5664
0,4196

 






 ,     γ2 = 







 
0,0009
0,2920
0,4379

 






 .

Š ± µ¡¸Ê¦¤ ²µ¸Ó ¢ÒÏ¥, ÔÉ¨ ¢¥²¨Î¨´Ò ́ ¥²Ó§Ö ̈ ´É¥·¶·¥É¨·µ¢ ÉÓ ± ± ³ ¸-
¸Ò ¨ ¶ ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò ·¥§µ´ ´¸µ¢. �·¥¤¢ ·¨É¥²Ó´µ K-³ É·¨Î´Ò¥ ¢Ò· -
¦¥´¨Ö  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ¸²¥¤Ê¥É ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê³³Ò �‚-¸² £ ¥³ÒÌ,
Éµ ¥¸ÉÓ ¢ ¢¨¤¥

S(E) = I − i 
mω

1
′ Γω

1
′ C (1)

s − mω
1
′

2  + imω
1
′Γω

1
′

 − i 
mω

1
′ Γω

1
′ C (2)

s − mω
2
′

2  + imω
2
′Γω

2
′

 ,

¨ ¢Ò· §¨ÉÓ § É¥³ ³ ¸¸Ò mω
1
′, mω

2
′ ¨ Ï¨·¨´Ò Γω

1
′, Γω

2
′ ·¥§µ´ ´¸µ¢ Î¥·¥§

§´ Î¥´¨Ö E
1
, E

2
 ¨ ±µ³¶µ´¥´ÉÒ ¢¥±Éµ·µ¢ γ

1
, γ

2
 (¸³. Ëµ·³Ê²Ò ¶.2.2).

�Éµ ¶·¨¢µ¤¨É ± §´ Î¥´¨Ö³ (¢¸¥ ¢¥²¨Î¨´Ò ¢ ƒÔ‚):

mω
1
′ = 1,422,     Γω

1
′ = 0,407,

mω
2
′ = 1,569,     Γω

2
′ = 0,125. (4.6)

�µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ Ë ±Éµ·¨§ Í¨¨ ±µÔËË¨Í¨¥´Éµ¢ C (1) ¨ C (2) ¶·¨
�‚-Î²¥´ Ì ¢¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gω

i
′ ¨ ¡·Ô´Î¨´£¨ · ¸¶ ¤µ¢ ¶·¨¢¥-

¤¥´Ò ¢ É ¡².4.
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4.4. �´ ²¨§ ¸ ¶µ³µÐÓÕ ´¥Ô·³¨Éµ¢  £ ³¨²ÓÉµ´¨ ´ . �µ¢¥¤¥´¨¥ ¸¨¸É¥-
³Ò ¤¢ÊÌ ´¥¸É ¡¨²Ó´ÒÌ ¶¥·¥³¥Ï¨¢ ÕÐ¨Ì¸Ö Ê·µ¢´¥°, ¨³¥ÕÐ¨Ì µ¡Ð¨¥ ± ´ -
²Ò · ¸¶ ¤µ¢, µ¶·¥¤¥²Ö¥É¸Ö ¢ ÔÉµ³ ³¥Éµ¤¥ £ ³¨²ÓÉµ´¨ ´µ³

H = H (0) − 
i
2
 Γ = 







 
H

11
 − iΓ

11
6 2

αx − iαy 6 2
    

αx − iαy 6 2

H
22

 − iΓ
22
6 2

 






 .

�³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö § ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨¥³:

fij = ∑ 
r = 1

2

  ∑ 
g = 1

2

Air (E − H)rg
−1 Ajg .

�·¨  ´ ²¨§¥ ω′-¸µ¸ÉµÖ´¨° (¤¢  ·¥§µ´ ´¸ , É·¨ ± ´ ²  · ¸¶ ¤ , ³ É·¨Í 
A ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ É·¥Ì±µ³¶µ´¥´É´ÒÌ ¸Éµ²¡Íµ¢ Å ¤¥°¸É¢¨É¥²Ó´ÒÌ ¢¥±Éµ·µ¢
A1 ¨ A2) ¢ ± Î¥¸É¢¥ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ ¢Ò¡¨· ²¨¸Ó §´ Î¥´¨Ö Ô²¥³¥´Éµ¢

£ ³¨²ÓÉµ´¨ ´  H11, H22, Γ11, Γ22, α
x,   É ±¦¥ ¤¢¥ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·  A1

(A11, A13) ¨ ¤¢¥ ±µµ·¤¨´ ÉÒ ¢¥±Éµ·a A2 (A21, A22). � · ³¥É· αy ¨ ±µµ·¤¨´ -

ÉÒ A12 ¨ A23 µ¶·¥¤¥²Ö²¨¸Ó ¨§ Ê¸²µ¢¨° Ê´¨É ·´µ¸É¨:













 

A12 = Γ11

A22 = Γ22

 (A1, A2) = αy.

”¨É¨·µ¢ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê £ -

³¨²ÓÉµ´¨ ´Ê ¨ ¢¥±Éµ· ³ Ar (H ¨ A2 ¢ ƒÔ‚):

H = 


 
1,3730  − i 0,26206 2
0,00003 − i 0,18666 2

     
0,00003 − i 0,18666 2
1,6142  − i 0,15016 2

 


 .

A1 = 






 
0,0011
0,4005
0,3185

 






 ,     A2 = 







 
0,0008
0,2043
0,3292

 






 .

� °¤¥³ ̧ µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö µ1 ̈  µ2 ³ É·¨ÍÒ H, Éµ£¤  ̈ Ì ¤¥°¸É¢¨É¥²Ó-

´Ò¥ Î ¸É¨ ¥¸ÉÓ Ô´¥·£¨¨ (³ ¸¸Ò) ·¥§µ´ ´¸µ¢ Eω
1
′ ¨ Eω

2
′,   ³´¨³Ò¥ Î ¸É¨ · ¢-

´Ò, ¸ ÉµÎ´µ¸ÉÓÕ ¤µ §´ ± , ¶µ²ÊÏ¨·¨´ ³ Γω
1
′6 2 ¨ Γω

2
′ 6 2 (¸³. Ëµ·³Ê²Ò ¢

¶.2.3).
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�µ²ÊÎ ¥³ (¢¸¥ ¢¥²¨Î¨´Ò ¢ ƒÔ‚):

mω
1
′ = 1,412,     Γω

1
′ = 0,288,

mω
2
′ = 1,576,     Γω

2
′ = 0,124. (4.7)

‡ ¶¨Ï¥³ É¥¶¥·Ó  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢ ¢¨¤¥ ¸Ê³³Ò �‚-¸² £ ¥³ÒÌ:

fij = 
Cij

 (1)

E − Eω
1
′ + iΓω

1
′6 2

 + 
Cij

 (2)

E − Eω
2
′ + iΓω

2
′6 2

 . (4.8)

�µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ Ë ±Éµ·¨§ Í¨¨ ±µÔËË¨Í¨¥´Éµ¢ C (1) ¨ C (2) ¢¥±-
Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ (¢ ¤·Ê£µ° ´µ·³¨·µ¢±¥, Î¥³ ¢ ¶·¥¤Ò¤ÊÐ¨Ì ³¥Éµ-
¤ Ì, É ± ± ± ¢ Ëµ·³Ê² Ì (4.8) ¨¸¶µ²Ó§Ê¥É¸Ö Ô´¥·£¨Ö E) gω

i
′ ¨ ¡·Ô´Î¨´£¨

· ¸¶ ¤µ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡².5.

’ ¡²¨Í  1. � · ³¥É·Ò ρ′-¢µ§¡Ê¦¤¥´¨° ¤²Ö ¸¨¸É¥³Ò É·¥Ì ρ′-³¥§µ´µ¢
(³ ¸¸Ò ¨ Ï¨·¨´Ò ¶·¨¢¥¤¥´Ò ¢ ƒÔ‚)

Œ¥§µ´ Œ ¸¸  ˜¨·¨´ 

ρ1′ 1,438 0,350

ρ2′ 1,657 0,346

ρ3′ 1,238 0,347

’ ¡²¨Í  2. �·Ô´Î¨´£¨ · ¸¶ ¤µ¢ (¢ ¶·µÍ¥´É Ì)
¤²Ö ¸¨¸É¥³Ò É·¥Ì ρ′-³¥§µ´µ¢

Š ´ ² ‘µ¸ÉµÖ´¨¥ ρ1′ ρ2′ ρ3′

1 e+e− 0,00100 0,00077 0,0080

2 π+π− 5,204 10,193 1,227

3 π+π−π+π− 47,777 7,209 60,796

4 π+π−π0π0 16,163 45,250 26,262

5 ωπ0 18,818 13,554 6,829

6 ηπ+π− 12,037 23,793 4,885
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4.5. �¡¸Ê¦¤¥´¨¥ ¨ ¨´É¥·¶·¥É Í¨Ö ·¥§Ê²ÓÉ Éµ¢  ´ ²¨§µ¢ ρ′- ¨ ω′-¸µ-
¸ÉµÖ´¨°. C· ¢´¨¢ Ö ·¥§Ê²ÓÉ ÉÒ µ¶¨¸ ´¨Ö ω′-³¥§µ´µ¢ ¸ ¶µ³µÐÓÕ É·¥Ì ³¥Éµ-

¤µ¢, ¢¨¤¨³, ÎÉµ ¶ · ³¥É·Ò, ¨¸Ìµ¤´µ Ë¨£Ê·¨·ÊÕÐ¨¥ ¢ ¤¢ÊÌ ¶µ¸²¥¤´¨Ì ³¥Éµ-

¤ Ì, ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö µÉ Ë¨§¨Î¥¸±¨Ì ³ ¸¸ ¨ Ï¨·¨´ ·¥§µ´ ´¸µ¢,  

ÔÉ¨ ¢¥²¨Î¨´Ò ³µ£ÊÉ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ § ¢¨¸¥ÉÓ µÉ ¢Ò¡· ´´µ£µ ³¥Éµ¤ .

�É³¥É¨³, µ¤´ ±µ, ÎÉµ ¢Ò¢µ¤Ò, ¸Ëµ·³Ê²¨·µ¢ ´´Ò¥ ´¨¦¥, ¸¶· ¢¥¤²¨¢Ò ¤²Ö

·¥§Ê²ÓÉ Éµ¢ ¢¸¥Ì É·¥Ì  ´ ²¨§µ¢.

’ ¡²¨Í  3. ‚¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gω
1
′ ¨ gω

2
′

¨ ¡·Ô´Î¨´£¨ · ¸¶ ¤µ¢ ω′-³¥§µ´µ¢, ¶µ²ÊÎ¥´´Ò¥ ¸ ¶µ³µÐÓÕ
¶·Ö³µ£µ ³¥Éµ¤  ´ Ìµ¦¤¥´¨Ö �‚ ³´µ£µ± ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤

Š ´ ² ‘µ¸ÉµÖ´¨¥ gω1′ i ϕω1′ i Bω1′ i (%) gω2′ i ϕω2′ i Bω2′ i (%)

1 e+e− 0,0018 29,91Æ 0,0002 0,0021 − 17,94Æ 0,0003

2 ρπ 0,9795 15,89Æ 65,81 0,7057 − 33,20Æ 34,16

3 ωππ 0,7060 37,79Æ 34,19 0,9797 − 13,51Æ 65,84

’ ¡²¨Í  4. ‚¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gω
1
′ ¨ gω

2
′

¨ ¡·Ô´Î¨´£¨ · ¸¶ ¤µ¢ ω′-³¥§µ´µ¢, ¶µ²ÊÎ¥´´Ò¥
¸ ¶µ³µÐÓÕ K-³ É·¨Î´µ£µ ³¥Éµ¤ 

Š ´ ² ‘µ¸ÉµÖ´¨¥ gω1′ i ϕω1′ i Bω1′ i (%) gω2′ i ϕω2′ i Bω2′ i (%)

1 e+e− 0,0023 8,86Æ 0,0003 0,0013 − 50,51Æ 0,0003

2 ρπ 0,9861 4,82Æ 57,307 0,4679 − 65,99Æ 38,171

3 ωππ 0,8511 14,05Æ 42,693 0,5955 − 37,09Æ 61,829

’ ¡²¨Í  5. ‚¥±Éµ·Ò ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´ gω
1
′ ¨ gω

2
′

¨ ¡·Ô´Î¨´£¨ · ¸¶ ¤µ¢ ω′-³¥§µ´µ¢, ¶µ²ÊÎ¥´´Ò¥
¸ ¶µ³µÐÓÕ ´¥Ô·³¨Éµ¢  £ ³¨²ÓÉµ´¨ ´ 

Š ´ ² ‘µ¸ÉµÖ´¨¥ gω1′ i ϕω1′ i Bω1′ i (%) gω2′ i ϕω2′ i Bω2′ i (%)

1 e+e− 0,0014 10,87Æ 0,0005 0,0008 − 40,35Æ 0,0004

2 ρπ 0,4726 7,22Æ 55,789 0,2398 − 52,17Æ 33,417

3 ωππ 0,4207 16,55Æ 44,210 0,3385 − 28,77Æ 66,583
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�¨¸.6. ‘¥Î¥´¨¥ ¶·µÍ¥¸¸  e+e− → ρπ. ‘¶²µÏ´ Ö ²¨´¨Ö Å ¶·Ö³µ° �‚-³¥-
Éµ¤; ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö Å K-³ É·¨Î´Ò° ³¥Éµ¤; ÉµÎ¥Î´ Ö ²¨´¨Ö Å ³¥Éµ¤
´¥Ô·³¨Éµ¢  £ ³¨²ÓÉµ´¨ ´ . ‹¨´¨Ö, ¶µ³¥Î¥´´ Ö (ƒ),  Å ¢±² ¤ ω- ¨ ϕ-³¥-
§µ´µ¢. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ · ¡µÉ [33] Å (� ), [34] Å (�)

�¨¸.7. ‘¥Î¥´¨¥ ¶·µÍ¥¸¸  e+e− → ωππ. ‘¶²µÏ´ Ö ²¨´¨Ö Å ¶·Ö³µ° �‚-
³¥Éµ¤, ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö Å K-³ É·¨Î´Ò° ³¥Éµ¤; ÉµÎ¥Î´ Ö ²¨´¨Ö Å
³¥Éµ¤ ´¥Ô·³¨Éµ¢  £ ³¨²ÓÉµ´¨ ´ . �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [35] ¤²Ö

·¥ ±Í¨¨ e+e− → ωπ+π− Ê³´µ¦¥´Ò ́   ±µÔËË¨Í¨¥´É 1,5 ¤²Ö ÊÎ¥É  ́ ¥´ ¡-

²Õ¤ ¥³µ£µ ¸µ¸ÉµÖ´¨Ö ωπ0π0
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‚ ±¢ ·±µ¢ÒÌ ³µ¤¥²ÖÌ µ¦¨¤ ¥³Ò¥ ̧ µµÉ´µÏ¥´¨Ö ¤²Ö ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´
²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ ρ′- ¨ ω′-¸µ¸ÉµÖ´¨° ¸²¥¤ÊÕÐ¨¥: Γ

ρ
i
′  → e

+
e

− : Γω
i
′  → e

+
e

− =

= 9 : 1. ‘µµÉ¢¥É¸É¢¥´´µ ¤²Ö  ¤·µ´´ÒÌ · ¸¶ ¤µ¢ µ¦¨¤ ¥³Ò¥ ¸µµÉ´µÏ¥´¨Ö:
Γρ

i
′  → ωπ : Γω

i
′  → ρπ = 1 : 3. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ´ Ìµ¤ÖÉ¸Ö ¢ µÎ¥´Ó Ìµ·µÏ¥³ ¸µ£-

² ¸¨¨ ¸ ÔÉ¨³¨ ¶·¥¤¸± § ´¨Ö³¨. ‚ ¦´µ, ÎÉµ ³Ò ´¥ ¶ÒÉ ²¨¸Ó ÌµÉÓ ¸±µ²Ó±µ-
´¨¡Ê¤Ó ®Ê¤¥·¦¨¢ ÉÓ¯ ÔÉ¨ ̧ µµÉ´µÏ¥´¨Ö, ̈  ́ ¥µ¦¨¤ ´´Ò³ ¤²Ö ́  ¸ ·¥§Ê²ÓÉ Éµ³
¡Ò²  ¸É¥¶¥´Ó ¨Ì ¢Ò¶µ²´¥´¨Ö. �µ²ÓÏµ¥ µÉ±²µ´¥´¨¥ µÉ ÔÉ¨Ì ¸µµÉ´µÏ¥´¨° ¢
 ´ ²¨§¥ [33] ¡Ò²µ ¢ ¦´Ò³  ·£Ê³¥´Éµ³ ¶·µÉ¨¢ ¢±²ÕÎ¥´¨Ö ¢¸¥Ì ρ′- ¨ ω′-¸µ¸-
ÉµÖ´¨° ¢ qq

_
-¸Ì¥³Ê.

�¤´ ±µ ¢µ¶·µ¸ µ¡ ¨´É¥·¶·¥É Í¨¨ ·¥§Ê²ÓÉ Éµ¢ ´¥ É ± ¶·µ¸É. � ¶·¨³¥·,
³ ¸¸Ò ¶¥·¢ÒÌ · ¤¨ ²Ó´µ£µ S- ¨ µ·¡¨É ²Ó´µ£µ D-¢µ§¡Ê¦¤¥´¨° qq

_
-¸¨¸É¥³Ò

mρ
S
′ = 1,45 ƒÔ‚ ¨ mρ

D
′  = 1,66 ƒÔ‚, ´ °¤¥´´Ò¥ ¢ [35], ¡²¨§±¨ ± ´ Ï¨³ mρ

1
′  ¨

mρ
2
′ . ‘ÊÐ¥¸É¢¥´´µ, µ¤´ ±µ, ÎÉµ µ¡a ρ1′ ¨ ρ2′, ± ± ¨ ρ3′, ¨³¥ÕÉ ¤µ¸É ÉµÎ´µ

¡µ²ÓÏ¨¥ §´ Î¥´¨Ö ²¥¶Éµ´´ÒÌ Ï¨·¨´, Éµ£¤  ± ± ¤²Ö D-¸µ¸ÉµÖ´¨° ¸ ÊÎ¥Éµ³
·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¶· ¢µ± µÍ¥´±  ÔÉ¨Ì Ï¨·¨´ ¸µ¸É ¢²Ö¥É ¤µ²¨ ±Ô‚. � ¸Ìµ¦-
¤¥´¨¥ ´¥ É ± Ê¦ ¨ ¢¥²¨±µ, ¨ ¸ ÊÎ¥Éµ³ ³µ¤¥²Ó´µ° § ¢¨¸¨³µ¸É¨ ±¢ ·±µ¢ÒÌ
¸Ì¥³ ´ Ï¨ ¢ÒÎ¨¸²¥´¨Ö, ¢Ò¶µ²´¥´´Ò¥ ¸ ¶µ³µÐÓÕ Ê´¨É ·´µ° S-³ É·¨ÍÒ, ¶µ-
± §Ò¢ ÕÉ, ÎÉµ ´¥É Î·¥§¢ÒÎ °´µ ¢¥¸µ³ÒÌ  ·£Ê³¥´Éµ¢ ¶·µÉ¨¢ ¨´É¥·¶·¥É Í¨¨
¢¸¥Ì É·¥Ì ρ′- ¨ É·¥Ì ω′-³¥§µ´µ¢ ± ± qq

_
-¢µ§¡Ê¦¤¥´¨°. �¤´ ±µ µÉ³¥Î¥´´µ¥

¢ÒÏ¥ · ¸Ìµ¦¤¥´¨¥ ¨ ¤µ¢µ²Ó´µ ¶²µÉ´µ¥ · ¸¶µ²µ¦¥´¨¥ ÔÉ¨Ì ·¥§µ´ ´¸µ¢ ¶µ
³ ¸¸¥, ¥¸²¨ ¸Î¨É ÉÓ ¨Ì ¢¸¥ · ¤¨ ²Ó´Ò³¨ ¢µ§¡Ê¦¤¥´¨Ö³¨, ¤ ¥É ¨ µ¸´µ¢ ´¨¥
¸Î¨É ÉÓ [33], ÎÉµ ´¥±µÉµ·Ò¥ ¨§ ´¨Ì ®²¨Ï´¨¥¯ ¸·¥¤¨ qq

_
-¸µ¸ÉµÖ´¨°. �·¨·µ¤ 

É ±¨Ì ¢µ§³µ¦´ÒÌ ¸µ¸ÉµÖ´¨° ´¥ ¢¶µ²´¥ Ö¸´ , ¶µ¸±µ²Ó±Ê ¸Ì¥³Ò ¸³¥Ï¨¢ ´¨Ö
qq
_
-¸µ¸ÉµÖ´¨° ¸ £¨¡·¨¤´Ò³¨ ¨²¨ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ µÎ¥´Ó

³µ¤¥²Ó´µ § ¢¨¸¨³Ò [36].
„ ²Ó´¥°Ï¨° ¶·µ£·¥¸¸ ¢ ÔÉµ° µ¡² ¸É¨ ¸¢Ö§ ´, ¶·¥¦¤¥ ¢¸¥£µ, ¸ Ê²ÊÎÏ¥-

´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¨Ì ±µ··¥±É´Ò³  ´ ²¨§µ³, ´¥µ¡Ìµ¤¨³µ¸-
ÉÓÕ ¤µ¸É ÉµÎ´µ ÉµÎ´µ£µ ´ Ìµ¦¤¥´¨Ö ²¥¶Éµ´´ÒÌ ¨  ¤·µ´´ÒÌ Ï¨·¨´ ρ′- ¨
ω′-·¥§µ´ ´¸µ¢ ̈  ̧ µ¢¥·Ï¥´¸É¢µ¢ ´¨¥³ ±¢ ·±µ¢ÒÌ ³µ¤¥²¥°, ¢±²ÕÎ ÕÐ¨Ì ̧ ³¥-
Ï¨¢ ´¨¥ ¸µ¸ÉµÖ´¨° qq

_
 ¸ ¡µ²¥¥ ¸²µ¦´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨.

5. ‡�Š‹�—…�ˆ…

�¤¨´ ¨§ µ¸´µ¢´ÒÌ ¢Ò¢µ¤µ¢ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¶·¨ µ¶¨¸ ´¨¨ ·¥§µ´ ´-
¸µ¢, ¨³¥ÕÐ¨Ì µ¡Ð¨¥ ± ´ ²Ò · ¸¶ ¤µ¢, ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ³¥Éµ¤Ò,
¸µÌ· ´ÖÕÐ¨¥ Ê´¨É ·´µ¸ÉÓ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö. ’· ¤¨Í¨µ´´µ ¢  ´ ²¨§ Ì
´ ¨¡µ²¥¥ Î ¸Éµ ¶·¨³¥´ÖÕÉ¸Ö Ëµ·³Ê²Ò É¨¶  �·¥°É  Å ‚¨£´¥· , ´µ ¶·µ¸Éµ¥
¨¸¶µ²Ó§µ¢ ´¨¥ ¸Ê³³Ò µ¡ÒÎ´ÒÌ �‚-¢Ò· ¦¥´¨° ¤²Ö ± ¦¤µ£µ ¶¥·¥±·Ò¢ ÕÐ¥-
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£µ¸Ö ·¥§µ´ ´¸  ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ± µÎ¥´Ó §´ Î¨É¥²Ó´µ³Ê ´ ·ÊÏ¥´¨Õ Ê¸²µ¢¨Ö
Ê´¨É ·´µ¸É¨. �Éµ ´ ·ÊÏ¥´¨¥ ¢¥²¨±µ, ¤ ¦¥ ¥¸²¨ ·¥§µ´ ´¸Ò ± ¦ÊÉ¸Ö ¤µ¸É -
ÉµÎ´µ ¤ ²¥±µ · §´¥¸¥´´Ò³¨. �µÔÉµ³Ê É¥·³¨´ ®¶¥·¥±·Ò¢ ÕÐ¨¥¸Ö¯ ´¥¸±µ²Ó-
±µ Ê¸²µ¢¥´, ¨ ¶·¨ ¨§ÊÎ¥´¨¨ É ±¨Ì ·¥§µ´ ´¸µ¢ ¢¸¥£¤  ´¥µ¡Ìµ¤¨³µ ¨¸¶µ²Ó§µ-
¢ ´¨¥ ¸É·µ£¨Ì ¨ ´¥¸±µ²Ó±µ ¡µ²¥¥ ¨§µÐ·¥´´ÒÌ, Î¥³ ¤²Ö µ¤¨´µÎ´ÒÌ ·¥§µ´ ´-
¸µ¢, ³¥Éµ¤µ¢.

�¥¸±µ²Ó±µ · ´¥¥ ³Ò ¶·¥¤²µ¦¨²¨, ¨ ¢ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ¤µ¸É ÉµÎ´µ
¶µ¤·µ¡´µ µ¶¨¸ ²¨, ³¥Éµ¤ ¶µ¸É·µ¥´¨Ö Ê´¨É ·´µ° T-¨´¢ ·¨ ´É´µ° S-³ É·¨ÍÒ
�‚-¢¨¤  ¤²Ö ¸²ÊÎ Ö ´¥¸±µ²Ó±¨Ì ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ¶·¨ ³´µ£µ± -
´ ²Ó´µ³ · ¸¸¥Ö´¨¨. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´¥µ¡Ìµ¤¨³µ¸É¨ ¨¸¶µ²Ó§µ¢ ´¨Ö Ê´¨-
É ·´ÒÌ ̈ ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ¢ · ¡µÉ¥ [17] ¡Ò² ¶·µ¢¥¤¥´  ´ ²¨§ ρ′-¸µ¸ÉµÖ´¨°
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ¸Éµ° ¸Ê³³Ò �‚-Î²¥´µ¢. ‡´ Î¥´¨Ö ³ ¸¸ ¨ Ï¨·¨´ ·¥§µ-
´ ´¸µ¢ ¡²¨§±¨ ± §´ Î¥´¨Ö³, ¶µ²ÊÎ¥´´Ò³ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Ê´¨É ·¨§ -
Í¨µ´´µ° ¶·µÍ¥¤Ê·Ò, ± Î¥¸É¢µ Ë¨É  ¶·¨³¥·´µ É ±µ¥ ¦¥, µ¤´ ±µ ³ É·¨Í 
· ¸¸¥Ö´¨Ö S ¸ÊÐ¥¸É¢¥´´µ ´¥Ê´¨É ·´ , ¨ µÉ±²µ´¥´¨¥ ´¥±µÉµ·ÒÌ Ô²¥³¥´Éµ¢

(SS +)ij µÉ 1 ¨²¨ 0 ¤µ¸É¨£ ¥É 100%.

ŒÒ ¶·µ¤¥³µ´¸É·¨·µ¢ ²¨, ÎÉµ ¶ · ³¥É·Ò ·¥§µ´ ´¸µ¢, ¶µ²ÊÎ ¥³Ò¥ ¶·¨
µ¶¨¸ ´¨¨ Ë¨§¨Î¥¸±µ° ¸¨ÉÊ Í¨¨ ¸ ¶µ³µÐÓÕ · §´ÒÌ ³¥Éµ¤µ¢, ³µ£ÊÉ ¸ÊÐ¥¸É-
¢¥´´µ µÉ²¨Î É¸Ö ¤·Ê£ µÉ ¤·Ê£ . �¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ, ÎÉµ ¢¥²¨Î¨´Ò, µ¡µ§-
´ Î ¥³Ò¥ µ¤¨´ ±µ¢µ ¢ · §´ÒÌ ³¥Éµ¤ Ì, Ö¢²ÖÕÉ¸Ö ´  ¸ ³µ³ ¤¥²¥ · §´Ò³¨ ¢
¸²ÊÎ ¥ ´¥¸±µ²Ó±¨Ì ·¥§µ´ ´¸µ¢. ’ ±, ¶ · ³¥É·Ò, Ë¨£Ê·¨·ÊÕÐ¨¥ ¢ K-³ É·¨Î-
´µ³ ³¥Éµ¤¥ ¢ Ëµ·³Ê²¥ (4.5), ´¥ Ö¢²ÖÕÉ¸Ö ³ ¸¸ ³¨ ¨ Ï¨·¨´ ³¨ ·¥§µ´ ´¸µ¢.
�Éµ ´¥ ¤µ²¦´µ Ê¤¨¢²ÖÉÓ, É ± ± ± ÔÉµÉ ³¥Éµ¤ ¨§´ Î ²Ó´µ ¶·¨³¥´Ö²¸Ö ¤²Ö
 ´ ²¨§µ¢ É¨¶  ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸  [5],   Ëµ·³Ê²  (4.5) ¡Ò²  § ¶¨¸ ´ 
§ É¥³ ²¨ÏÓ ¶µÉµ³Ê, ÎÉµ ¢ ¸²ÊÎ ¥ µ¤´µ£µ ·¥§µ´ ´¸  µ´  Ô±¢¨¢ ²¥´É´  �‚-¢Ò-
· ¦¥´¨Õ ¤²Ö  ³¶²¨ÉÊ¤Ò.

’ ±¨³ µ¡· §µ³, ´¥µ¡Ìµ¤¨³µ §´ ÉÓ Ëµ·³Ê²Ò ®¶¥·¥¸Î¥É ¯ ¶ · ³¥É·µ¢ µÉ
µ¤´µ£µ ³¥Éµ¤  ± ¤·Ê£µ³Ê. ’ ±µ° ¶¥·¥Ìµ¤ µÉ K-³ É·¨Î´µ£µ ³¥Éµ¤  ¨ ³¥Éµ¤ 
´¥Ô·³¨Éµ¢  £ ³¨²ÓÉµ´¨ ´  ± Ê´¨É ·¨§¨·µ¢ ´´Ò³ �‚- ³¶²¨ÉÊ¤ ³ ¢ ¶·¨´-
Í¨¶¥ ¢µ§³µ¦¥´, ÌµÉÖ ¨ µÎ¥´Ó ¸²µ¦¥´. � ¶·¨³¥·, ¢ § ¤ Î¥ µ ρ ¨ É·¥Ì ρ′-³¥-
§µ´ Ì ¤²Ö ¶¥·¥¢µ¤  K-³ É·¨Î´µ£µ ¶·¥¤¸É ¢²¥´¨Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ± ¢¨-
¤Ê ¸Ê³³Ò �‚-Î²¥´µ¢ ¶·¨Ï²µ¸Ó ¡Ò ·¥Ï ÉÓ ±µ³¶²¥±¸´µ¥ ³ É·¨Î´µ¥ Ê· ¢-
´¥´¨¥ 7-£µ ¶µ·Ö¤± . �¡· É´Ò° ¶¥·¥Ìµ¤ ¥Ð¥ ¡µ²¥¥ ¸²µ¦¥´ ¨ ¶· ±É¨Î¥¸±¨
´¥¢µ§³µ¦¥´.

Š·µ³¥ Éµ£µ, Ê¦¥ ¤²Ö ¸²ÊÎ Ö É·¥Ì ± ´ ²µ¢ · ¸¶ ¤µ¢ K-³ É·¨Î´Ò° ¨ £ -
³¨²ÓÉµ´µ¢ ³¥Éµ¤Ò µÎ¥´Ó £·µ³µ§¤±¨ ¶·¨ Ë¨É¨·µ¢ ´¨¨, ¶µ¸±µ²Ó±Ê, ¢ Î ¸É-
´µ¸É¨, ¤²Ö ± ¦¤µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ÉµÎ±¨ ¨ ¤²Ö ± ¦¤µ£µ ́  ¡µ·  ¶ · ³¥É-
·µ¢ É·¥¡ÊÕÉ µ¡· Ð¥´¨Ö ±µ³¶²¥±¸´ÒÌ ³ É·¨Í. �Éµ ´¥ Éµ²Ó±µ ¢µ¶·µ¸ É·Ê¤µ-
¥³±µ¸É¨, ´µ µ´ ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ²µ± ²Ó´ÒÌ ³¨´¨³Ê³µ¢, ÎÉµ µÎ¥´Ó
µ¶ ¸´µ ¶·¨ Ë¨É¨·µ¢ ´¨¨. ’ ±, ¶·¨ µ¶¨¸ ´¨¨ ω′-³¥§µ´µ¢ K-³ É·¨Î´Ò° ¨
£ ³¨²ÓÉµ´µ¢ ³¥Éµ¤Ò ¤ ²¨ ¸ÊÐ¥¸É¢¥´´µ ¤·Ê£¨¥ §´ Î¥´¨Ö ¶µ²´ÒÌ Ï¨·¨´, Î¥³
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¶·Ö³µ° �‚-³¥Éµ¤, ¨ ¤ ¦¥ § · ´¥¥ §´ Ö §´ Î¥´¨Ö Ï¨·¨´ ·¥§µ´ ´¸µ¢, µÎ¥´Ó
É·Ê¤´µ ´ °É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ K-³ É·¨Î´µ£µ ¨ £ -
³¨²ÓÉµ´µ¢  ³¥Éµ¤µ¢.

„²Ö ±µ··¥±É´µ° ¨´É¥·¶·¥É Í¨¨ ·¥§Ê²ÓÉ Éµ¢  ´ ²¨§  ¢ ²Õ¡µ³ ¸²ÊÎ ¥ ´¥-
µ¡Ìµ¤¨³µ ¸· ¢´¥´¨¥ ¸ Ê´¨É ·´Ò³¨ �‚-¢Ò· ¦¥´¨Ö³¨. �µÔÉµ³Ê ¶·Ö³µ° ³¥-
Éµ¤ ´ Ìµ¦¤¥´¨Ö �‚- ³¶²¨ÉÊ¤ ¢ ¸²ÊÎ ¥ ´¥¸±µ²Ó±¨Ì ³´µ£µ± ´ ²Ó´ÒÌ ·¥§µ-
´ ´¸µ¢ ¨³¥¥É ¸ÊÐ¥¸É¢¥´´Ò¥ ¶·¥¨³ÊÐ¥¸É¢ , ¶µ¸±µ²Ó±Ê ´¥ É·¥¡Ê¥É ´¨± ±¨Ì
¤µ¶µ²´¨É¥²Ó´ÒÌ ¸²µ¦´ÒÌ ¶·¥µ¡· §µ¢ ´¨°.

� ³  ¶·¥¤¸É ¢²Ö¥É¸Ö,  ÎÉµ  ¶·¥¤²µ¦¥´´Ò°  ¶·Ö³µ°  ³¥Éµ¤  ¶µ¸É·µ¥´¨Ö
S-³ É·¨ÍÒ �‚-¢¨¤  ¤²Ö ³´µ£µ± ´ ²Ó´ÒÌ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ³µ-
¦¥É ¡ÒÉÓ ¶µ²¥§¥´ ¤²Ö ³´µ£¨Ì § ¤ Î ¢ Ë¨§¨±¥ Î ¸É¨Í ¨ Ö¤¥·´µ° Ë¨§¨±¥.
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