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Šµ¸³ Î¥¢ O. C. P2-2005-6
‘¶¨´ ± ± ±¨´¥³ É¨Î¥¸±µ¥ ¶·µÖ¢²¥´¨¥ ·¥²ÖÉ¨¢¨§³ 

�µ± § ´µ, ÎÉµ ¸¶¨´µ¢Ò¥ ³ É·¨ÍÒ � Ê²¨ Ö¢²ÖÕÉ¸Ö ¨´Ë¨´¨É¥§¨³ ²Ó´Ò³¨ µ¶¥-
· Éµ· ³¨ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í  ¤²Ö ´¥¶·¨¢µ¤¨³µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¸ ¶¥·¢Ò³
¢¥¸µ¢Ò³ Î¨¸²µ³, · ¢´Ò³ 1/2. �Éµ ¸É ´¤ ·É´µ¥ ´¥¶·¨¢µ¤¨³µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´¥
¸µ¤¥·¦¨É ¶·µ¸É· ´¸É¢¥´´ÒÌ (P) ¨ ¢·¥³¥´´ÒÌ (T) µÉ· ¦¥´¨°. ‚ ¸²ÊÎ ¥ µ·¡¨-
É ²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢µ§´¨± ¥É Î¨¸Éµ ·¥²ÖÉ¨¢¨¸É¸±¨° ÔËË¥±É, µ¡Ö§ ´´Ò° ¸¢µ¨³
¶·µ¨¸Ìµ¦¤¥´¨¥³ É ± ´ §Ò¢ ¥³µ³Ê ¢¨£´¥·µ¢¸±µ³Ê ¶µ¢µ·µÉÊ. �´ ²µ£¨Î´o ¡Ò²
¢Ò¶µ²´¥´ É ±¦¥  ´ ²¨§ ¤²Ö ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò ‹µ·¥´Í  ¸ ¢¥¸µ³ 1/2, ´µ Ö¢²Ö-
ÕÐ¨Ì¸Ö (P)-, (T)- ¨ (PT)-¸µ¶·Ö¦¥´´Ò³¨ ¶µ µÉ´µÏ¥´¨Õ ± ¸É ´¤ ·É´Ò³. ‚ ± ¦¤µ³
±µ´±·¥É´µ³ ¸²ÊÎ ¥ ³¥´Ö¥É¸Ö Ö¢´Ò° ¢¨¤ ³ É·¨Í ¶·¥¤¸É ¢²¥´¨Ö. �¥¨§³¥´´Ò³¨ ¸
ÉµÎ´µ¸ÉÓÕ ¤µ Ë §µ¢µ£µ ³´µ¦¨É¥²Ö ±1 µ¸É ÕÉ¸Ö ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö
³¥¦¤Ê ¸µ¸É ¢²ÖÕÐ¨³¨.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨³. ‚. ˆ. ‚¥±¸²¥·  ¨
�. Œ. � ²¤¨´  �ˆŸˆ.
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Spin as a Kinematical Effect of the Relativity

It is shown that Pauli spin matrices are inˇnitesimal boost operators for irreducible
representation of Lorentz group with ˇrst weight number equal to 1/2, which do not
contain space (P) and time (T) re	ections. Purely relativistic effect appears under
orbital motion, which is the result of so-called Wigner rotation. A similar analysis
was also fulˇlled for (P)-, (T)- and (PT)-conjugate irreducible representation of
Lorentz group with respect to standard one. In every particular case an explicit form
of spin matrices is being changed, but components of spin operators have the same
commutative relations up to phase factor ±1 and the same physical sense.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energies, JINR.
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‚‚…„…�ˆ…

�¥¸³µÉ·Ö ´  ¤µ²£ÊÕ ¦¨§´Ó ±µ´Í¥¶Í¨¨ ¸¶¨´  [1] ¨ ¥¥ Î ¸É¨Î´ÊÕ, ´µ
¢¥¸Ó³  Ê¸¶¥Ï´ÊÕ ³ É¥³ É¨Î¥¸±ÊÕ Ëµ·³ ²¨§ Í¨Õ [2], ¢µ¶·µ¸ µ ¶·¨·µ¤¥ ¸¶¨´ 
´¥²Ó§Ö ¸Î¨É ÉÓ § ±·ÒÉÒ³. „ ´´µ¥ ¸µµ¡Ð¥´¨¥ ¸É ¢¨É ¸¢µ¥° Í¥²ÓÕ µ¡· É¨ÉÓ
¢´¨³ ´¨¥ ¸¶¥Í¨ ²¨¸Éµ¢ ´  ¢µ§³µ¦´ÊÕ Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ³ É¥³ É¨-
Î¥¸±µ£µ Ëµ·³ ²¨§³  ¤²Ö µ¤´µ£µ Î ¸É´µ£µ ¸²ÊÎ Ö Å ¸¶¨´  1/2.

�µ´ÖÉ´µ, ÎÉµ ÔÉµ ¨¸±²ÕÎ¨É¥²Ó´Ò° ¸²ÊÎ °. ˆ³¥´´µ ¸ ´¨³ ¸¢Ö§ ´Ò Ê¸¶¥Ì¨
 Éµ³´µ° ¸¶¥±É·µ¸±µ¶¨¨, µ¡ÑÖ¸´¥´¨¥ �¥·¨µ¤¨Î¥¸±µ£µ § ±µ´  Œ¥´¤¥²¥¥¥¢ ,
· §¢¨É¨¥ Ö¤¥·´µ° Ë¨§¨±¨ ¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨ É.¤. …¸É¥¸É¢¥´´µ, ÎÉµ
¶µÎÉ¨É¥²Ó´µ¥ µÉ´µÏ¥´¨¥ ± É ±¨³ ¢¥Ì ³, ±µÉµ·Ò¥ ¸¨³¢µ²¨§¨·ÊÕÉ ´ ÊÎ´Ò°
¶·µ£·¥¸¸ ¶·µÏ²µ£µ ¸Éµ²¥É¨Ö, ¶µ·µ¤¨²µ ¢¥·Ê ¢ ´¥¶·¥·¥± ¥³µ¸ÉÓ ´¥±µÉµ·ÒÌ
¨¸Ìµ¤´ÒÌ ¶µ²µ¦¥´¨°. Šµ´Í¥¶Í¨Ö ¸¶¨´  ¢ ¨Ì Î¨¸²¥.

—Éµ ± ¸ ¥É¸Ö ¶µ¸É ¢²¥´´µ° § ¤ Î¨, Éµ ¢Ò¤¥²¥´´µ¸ÉÓ ¸¶¨´  1/2 ¢Ò· ¦ ¥É¸Ö
¢ Éµ³, ÎÉµ

1) σ-³ É·¨ÍÒ ¶µ·µ¦¤ ÕÉ ±µ´¥Î´ÊÕ £·Ê¶¶Ê;
2) µÉ¸ÊÉ¸É¢ÊÕÉ ²¨Ï´¨¥ ±µ³¶µ´¥´ÉÒ ¸¶¨´ , ¢ µÉ²¨Î¨¥ µÉ ¶µ²¥° ¢Ò¸Ï¨Ì

¸¶¨´µ¢;
3) ¨³¥¥É¸Ö ¶µ²´ Ö ¸µ£² ¸µ¢ ´´µ¸ÉÓ ¸ É·¥¡µ¢ ´¨Ö³¨ ·¥²ÖÉ¨¢¨§³ .
‘³Ò¸² É·¥ÉÓ¥£µ ¶Ê´±É  ¸É ´¥É Ö¸¥´ ¨§ ¤ ²Ó´¥°Ï¥£µ.

1. Œ�’�ˆ–› ��“‹ˆ ˆ ��ˆ��„� ‘�ˆ��

�Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ µ¡Ð¥¶·¨´ÖÉµ£µ ¶µ²µ¦¥´¨Ö µ Éµ³, ÎÉµ ®¸¶¨´ Ö¢²Ö¥É¸Ö
¸µ¡¸É¢¥´´Ò³ ³µ³¥´Éµ³ ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö Ô²¥³¥´É ·´µ° Î ¸É¨ÍÒ, ¨³¥Õ-
Ð¨³ ±¢ ´Éµ¢ÊÕ ¶·¨·µ¤Ê ¨ ´¥ ¸¢Ö§ ´´Ò³ ¶¥·¥³¥Ð¥´¨¥³ Î ¸É¨ÍÒ ± ± Í¥²µ£µ¯
[3]. ‚ ¸²ÊÎ ¥ ¸¶¨´  1/2 ¸µ¡¸É¢¥´´Ò° ³µ³¥´É ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö, ± ± ¨§-
¢¥¸É´µ, µ¶¨¸Ò¢ ¥É¸Ö Ëµ·³ ²¨§³µ³ ¸¶¨´µ¢ÒÌ ³ É·¨Í � Ê²¨ [2]. ‹¥£±µ ¶·µ-
¢¥·¨ÉÓ, ÎÉµ ³ É·¨ÍÒ � Ê²¨ ¶µ·µ¦¤ ÕÉ £·Ê¶¶Ê 16-£µ ¶µ·Ö¤± . ƒ·Ê¶¶  ¨³¥¥É
¤¥¸ÖÉÓ ¸µ¶·Ö¦¥´´ÒÌ ±² ¸¸µ¢, Í¥´É·, ¸µ¸ÉµÖÐ¨° ¨§ Î¥ÉÒ·¥Ì Ô²¥³¥´Éµ¢, ¢µ¸¥³Ó
µ¤´µ³¥·´ÒÌ ´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° (��) ¨ ¤¢  ¤¢Ê³¥·´ÒÌ ´¥Ô±¢¨¢ -
²¥´É´ÒÌ ��.

‚¢¥¤¥³ ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö:

σzσy ≡ a1, σxσz ≡ a2, σyσx ≡ a3, (1)

¨
σx ≡ b1, σy ≡ b2, σz ≡ b3. (2)

Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ

b1 = a1c, b2 = a2c, b3 = a3c, (3)
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£¤¥ c ¥¸ÉÓ µ¤¨´ ¨§ Î¥ÉÒ·¥Ì (I,−I, iI,−iI) Ô²¥³¥´Éµ¢ Í¥´É·  ¨ c = σxσyσz =
iI . ‡¤¥¸Ó I Å ¥¤¨´¨Î´ Ö 2 × 2-³ É·¨Í . �Éµ µ§´ Î ¥É, ÎÉµ ¤²Ö ¤ ´´µ£µ ��
µ¶¥· Éµ·Ò a1, a2, a3 ¸¢Ö§ ´Ò ¸ µ¶¥· Éµ· ³¨ b1, b2, b3 ¶·µ¸ÉÒ³¨ ¸µµÉ´µÏ¥´¨-
Ö³¨

b1 = ia1, b2 = ia2, b3 = ia3. (4)

Œµ¦´µ µÉ³¥É¨ÉÓ É ±¦¥, ÎÉµ

a2a1a
−1
2 = a−1

1 = a3
1, a1a2 = a3, a2

1 = a2
2 = a2

3. (5)

�Éµ µ§´ Î ¥É, ÎÉµ a1, a2 ¶µ·µ¦¤ ÕÉ ¶µ¤£·Ê¶¶Ê ±¢ É¥·´¨µ´µ¢ [8]. �¡µ§´ Î¨³
¥¥ ± ± Q2[a1, a2]. ‘Î¨É Ö Ô²¥³¥´ÉÒ ¶µ²´µ° £·Ê¶¶Ò µ¡· §ÊÕÐ¨³¨ Ô²¥³¥´É ³¨
 ²£¥¡·Ò, ´ Ìµ¤¨³ É ±¨¥ ±µ³³ÊÉ Éµ·Ò:

[a1, a2] = 2a3, [a2, a3] = 2a1, [a3, a1] = 2a2,
[b1, b2] = −2a3, [b2, b3] = −2a1, [b3, b1] = −2a2,
[a1, b1] = 0, [a2, b2] = 0, [a3, b3] = 0,
[a1, b2] = 2b3 [a1, b3] = −2b2,
[a2, b3] = 2b1, [a2, b1] = −2b3,
[a3, b1] = 2b2, [a3, b2] = −2b1.

(6)

‘ ÉµÎ´µ¸ÉÓÕ ¤µ µ¡Ð¥£µ ¤²Ö ¢¸¥Ì · ¢¥´¸É¢ ´µ·³¨·µ¢µÎ´µ£µ ³´µ¦¨É¥²Ö 2 ¶µ-
²ÊÎ¥´´Ò¥ ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¶µ²´µ¸ÉÓÕ ¸µ¢¶ ¤ ÕÉ ¸ ±µ³³ÊÉ Éµ-
· ³¨ ¨´Ë¨´¨É¥§¨³ ²Ó´ÒÌ ³ É·¨Í ¸µ¡¸É¢¥´´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í  [4].
„ ²¥¥ £·Ê¶¶ , ±µÉµ· Ö £¥´¥·¨·Ê¥É¸Ö É·¥³Ö σ-³ É·¨Í ³¨ � Ê²¨, ¡Ê¤¥É µ¡µ-
§´ Î ÉÓ¸Ö ± ± dγ . Šµ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (Š‘) (6) µ§´ Î ÕÉ, ÎÉµ
´  £·Ê¶¶¥ dγ ·¥ ²¨§Ê¥É¸Ö µ¤´µ ¨§ ´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò ‹µ-
·¥´Í . ˆ³¥´´µ ¢ É ±µ³ ¸³Ò¸²¥ ´Ê¦´µ ¶µ´¨³ ÉÓ É·¥É¨° ¶Ê´±É, ´ §¢ ´´Ò° ¢µ
‚¢¥¤¥´¨¨.

‚ ¸¨²Ê ¶µ¸É·µ¥´¨Ö [4] ±µ³³ÊÉ Í¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨° (6) ¢¸¥ Ï¥¸ÉÓ µ¶¥-
· Éµ·µ¢ (a1, a2, a3) ¨ (b1, b2, b3) ¨³¥ÕÉ ¢¶µ²´¥ µ¶·¥¤¥²¥´´Ò° Ë¨§¨Î¥¸±¨°
¸³Ò¸². �µÔÉµ³Ê ¥¸²¨ ¶·¨´ÖÉÓ, ÎÉµ σ-³ É·¨ÍÒ µ¶¨¸Ò¢ ÕÉ ¸¶¨´, Éµ ¸ ´¥µ¡-
Ìµ¤¨³µ¸ÉÓÕ µÉ¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ σx ≡ b1, σy ≡ b2, σz ≡ b3 Ö¢²ÖÕÉ¸Ö ¨´Ë¨´¨-
É¥§¨³ ²Ó´Ò³¨ µ¶¥· Éµ· ³¨ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í  ¢¤µ²Ó ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¶·µ¸É· ´¸É¢¥´´ÒÌ µ¸¥°. �·¨ ÔÉµ³ σzσy ≡ a1, σxσz ≡ a2, σyσx ≡ a3, ¨³¥ÕÉ
¸³Ò¸² ¨´Ë¨´¨É¥§¨³ ²Ó´ÒÌ µ¶¥· Éµ·µ¢ ¶µ¤£·Ê¶¶Ò É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨°.

‚¸²¥¤¸É¢¨¥  ´É¨±µ³³ÊÉ Í¨¨ µ¶¥· Éµ·µ¢ b1, b2, b3 ¢Éµ· Ö ¢¥·Ì´ÖÖ ¸É·µÎ± 
(Š‘) (6) ¶·¨´¨³ ¥É ¢¨¤

b1b2 = −a3, b2b3 = −a1, b3b1 = −a2. (7)

‚¸¥ É·¨ · ¢¥´¸É¢  ¢Ò· ¦ ÕÉ ¢ ¨´Ë¨´¨É¥§¨³ ²Ó´µ° Ëµ·³¥ ¨§¢¥¸É´Ò° Ë ±É Å
¶µ¢µ·µÉ ´  ´¥±µÉµ·Ò° Ë¨±¸¨·µ¢ ´´Ò° Ê£µ² µ¤´µ° ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³Ò
µÉ´µ¸¨É¥²Ó´µ ¤·Ê£µ° ¶·¨ ¨Ì ·¥²ÖÉ¨¢¨¸É¸±µ³ ¤¢¨¦¥´¨¨ [5]. �Î¥¢¨¤´µ, ÎÉµ
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¶·¨ µÉ±²µ´¥´¨¨ µÉ · ¢´µ³¥·´µ£µ ¶·Ö³µ²¨´¥°´µ£µ ¤¢¨¦¥´¨Ö ÔÉµÉ ÔËË¥±É ¡Ê-
¤¥É ´µ¸¨ÉÓ ¡µ²¥¥ ¢Ò· ¦¥´´Ò° Ì · ±É¥·. �·¨ ¶¥·¥Ìµ¤¥ ± ·¥£Ê²Ö·´µ³Ê, ¶µ-
¢Éµ·ÖÕÐ¥³Ê¸Ö ¤¢¨¦¥´¨Õ, ´ ¶·¨³¥· ± µ·¡¨É ²Ó´µ³Ê, ¶µ¢µ·µÉ ¶·¨³¥É É ±¦¥
·¥£Ê²Ö·´Ò° Ì · ±É¥·, É. ¥. ¶·µÖ¢¨É ¸¥¡Ö ± ± ¢· Ð¥´¨¥. „·Ê£¨³¨ ¸²µ¢ ³¨, ¤¢¨-
¦¥´¨¥ É¨¶  µ·¡¨É ²Ó´µ£µ £¥´¥·¨·Ê¥É ·¥²ÖÉ¨¢¨¸É¸±¨° ¶µ¢µ·µÉ. ‚µÉ ¶µÎ¥³Ê
´¨ µ·¡¨É ²Ó´Ò° ³µ³¥´É, ´¨ ¸¶¨´,   Éµ²Ó±µ ¨Ì ¸Ê³³  ³µ¦¥É ¡ÒÉÓ ¨´É¥£· ²µ³
¤¢¨¦¥´¨Ö ¤²Ö µ¤´µ° Î ¸É¨ÍÒ.

’ ±¨³ µ¡· §µ³,  ´ ²¨§ £·Ê¶¶Ò σ-³ É·¨Í � Ê²¨ ´  µ¸´µ¢¥ Š‘ (6), ±µ-
Éµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¶·Ö³Ò³ ¸²¥¤¸É¢¨¥³ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í  ¨ Éµ²Ó±µ, ¤¥-
³µ´¸É·¨·Ê¥É, ÎÉµ É ± ´ §Ò¢ ¥³Ò° ¸µ¡¸É¢¥´´Ò° ³µ³¥´É Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³
1/2 Å ¸²¥¤¸É¢¨¥ µ¶·¥¤¥²¥´´µ£µ Ì · ±É¥·  (± ± ³¨´¨³Ê³ ´¥ ¸¢µ¡µ¤´µ£µ, ´¥
¶·Ö³µ²¨´¥°´µ£µ) ¤¢¨¦¥´¨Ö ÔÉµ° Î ¸É¨ÍÒ.

‘ É ±¨³ ¢Ò¢µ¤µ³ ¸µ£² ¸Ê¥É¸Ö ¤ ¢´µ ¨§¢¥¸É´Ò° Ë ±É. ˆ§³¥·¨ÉÓ ³ £´¨É-
´Ò° ³µ³¥´É Ô²¥±É·µ´ , ¸¢Ö§ ´´Ò° ¸ ¸µ¡¸É¢¥´´Ò³ ³µ³¥´Éµ³, ¢ ¶ÊÎ±¥ Ô²¥±É·µ-
´µ¢ ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢µ§³µ¦´Ò³ [6].

Ÿ¢´Ò° ¢¨¤ o¶epaÉopo¢ a1, a2, a3 ¨ b1, b2, b3 ¤²Ö ´e¶p¨¢o¤¨³ÒÌ ¶pe¤-
cÉa¢²e´¨° ¶o§¢o²ÖeÉ ´a°É¨ ¢eco¢Òe Î¨c²a, c¢Ö§a´´Òe c ÔÉ¨³¨ ¶pe¤cÉa¢²e´¨-
Ö³¨. B c²ÊÎae £pÊ¶¶Ò dγ cÉpoÖÉcÖ o¶epaÉopÒ

H+ = ia1 − a2, F+ = ib1 − b2,
H− = ia1 + a2, F− = ib1 + b2,
H3 = ia3, F3 = ib3.

(8)

‚¥¸µ¢Ò¥ Î¨¸²  Å ÔÉµ ¸µ¡¸É¢¥´´Ò¥ Î¨¸²  µ¶¥· Éµ·µ¢ H3 = ia3 ¨ F3 = ib3.
‚ ¸²ÊÎ ¥ ±µ´¥Î´µ³¥·´ÒÌ ¶·¥¤¸É ¢²¥´¨° ¢ ± Î¥¸É¢¥ ¢¥¸µ¢ÒÌ Î¨¸¥² ¶·¨´ÖÉµ
¸Î¨É ÉÓ ´ ¨¡µ²ÓÏ¥¥ §´ Î¥´¨¥ ¨§ ¢¸¥Ì ¢µ§³µ¦´ÒÌ ¤²Ö ¤ ´´µ£µ µ¶¥· Éµ· . ’ ±
¢ÒÎ¨¸²¥´¨¥ ¥£µ ¤²Ö µ¶¥· Éµ·  H3 ¶·¨ ¸É ´¤ ·É´µ³ ¢Ò¡µ·¥ σ-³ É·¨Í ¤ ¥É
l0 = 1/2.

‹Õ¡ Ö ¶¥·¥¸É ´µ¢±  µ¶¥· Éµ·µ¢ a1, a2, a3 ¢ Ëµ·³Ê² Ì ¤²Ö H1, H2, H3

´¥ ³¥´Ö¥É §´ Î¥´¨¥ l0. �¡ÑÖ¸´Ö¥É¸Ö ÔÉµ ¨¸±²ÕÎ¨É¥²Ó´µ É¥³, ÎÉµ ÔÉ¨ É·¨
µ¶¥· Éµ·  Ö¢²ÖÕÉ¸Ö µ¤´µÉ¨¶´Ò³¨, É. ¥. ± ± Ô²¥³¥´ÉÒ £·Ê¶¶Ò dγ µ´¨ ¨³¥ÕÉ
µ¤¨´ ¨ ÉµÉ ¦¥ ¶µ·Ö¤µ± Î¥ÉÒ·¥.

ˆ§ ¸É·Ê±ÉÊ·Ò dγ ¸²¥¤Ê¥É, ÎÉµ a1, a2, a3 Ö¢²ÖÕÉ¸Ö Ô²¥³¥´É ³¨ ¶µ¤£·Ê¶¶Ò
É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨°. ˆ ¨³¥´´µ ¸ ´¥° ¸¢Ö§ ´µ ¶·µ¨¸Ìµ¦¤¥´¨¥ ¶¥·¢µ£µ ¢¥-
¸µ¢µ£µ Î¨¸²  l0. �¤´ ±µ, ± ± ¸²¥¤Ê¥É ¨§ ¨§²µ¦¥´´µ£µ, ¡¥§ ·¥²ÖÉ¨¢¨§³  ´¥-
³Ò¸²¨³  £¥´¥· Í¨Ö ¸¶¨´µ¢µ£µ ¶µ¢µ·µÉ . �µÔÉµ³Ê ¸¶¨´ ´  ¸ ³µ³ ¤¥²¥ ¥¸ÉÓ
¶·µÖ¢²¥´¨¥ ·¥²ÖÉ¨¢¨§³ . �¥§Ê¸²µ¢´µ ¢¥·´µ ¸¢Ö§Ò¢ ÉÓ ¸¶¨´ ¸µ ¢¶µ²´¥ µ¶·¥¤¥-
²¥´´Ò³ ±¢ ´Éµ¢Ò³ Î¨¸²µ³, ¥¸²¨ ¶µ¤ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ¶µ´¨³ ÉÓ ¨´¤¥±¸Ò
¶·¥¤¸É ¢²¥´¨° £·Ê¶¶ [7]. �µ ´ ¤¥²ÖÉÓ ÔÉµ ¶µ´ÖÉ¨¥ ¸¢µ°¸É¢ ³¨ Ë¨§¨Î¥¸±µ° ¢¥-
²¨Î¨´Ò, ·¥ ²Ó´µ ¸ÊÐ¥¸É¢ÊÕÐ¥° ¢ µÉ·Ò¢¥ µÉ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ± ± Í¥²µ£µ, Å
¨¸Ìµ¤¨ÉÓ ¨§ ´¥¤µ± § ´´µ£µ ¶·¥¤¶µ²µ¦¥´¨Ö.

ˆÉ ±, ¨¸Ìµ¤Ö ¨§ µ¡Ð¥¶·¨´ÖÉµ£µ Ëµ·³ ²¨§³  ¸¶¨´  1/2 ¨ ´¥ ¸¤¥² ¢ ´¨± -
±¨Ì ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨°, ³Ò ¶µ²ÊÎ ¥³ µ¤´µ ¨§ Î ¸É´ÒÌ ´¥¶·¨-

3



¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò ‹µ·¥´Í  ¨, ± ± ¸²¥¤¸É¢¨¥, Ë¨§¨Î¥¸±ÊÕ ¨´-
É¥·¶·¥É Í¨Õ σ-³ É·¨Í � Ê²¨. ‘É·µ£µ £µ¢µ·Ö, µ´  ¶·¨³¥´¨³  ¤²Ö µ¶¨¸ ´¨Ö
Ô²¥±É·µ´µ¢ ¨²¨ µ¡Ñ¥±Éµ¢, ¸É·Ê±ÉÊ·  ±µÉµ·ÒÌ ´¥ ¶·¨´¨³ ¥É¸Ö ¢µ ¢´¨³ ´¨¥.

2. T-‘���Ÿ†…���… ��…„‘’�‚‹…�ˆ…

ˆ¸Î¥·¶Ò¢ ÕÐ¨°  ´ ²¨§ £·Ê¶¶Ò γ-³ É·¨Í „¨· ± , ¨²¨, ÎÉµ Éµ ¦¥ ¸ ³µ¥,
¸¢µ¡µ¤´µ£µ Ê· ¢´¥´¨Ö „¨· ± , ¨ ¶µ¸²¥¤ÊÕÐ¨¥ · §· ¡µÉ±¨ [8Ä11] ¢ÒÖ¢¨²¨ ¸Ê-
Ð¥¸É¢µ¢ ´¨¥ £·Ê¶¶, ¢¥¸Ó³  ¡²¨§±¨Ì ¶µ ¸¢µ¨³ ¸¢µ°¸É¢ ³ ± £·Ê¶¶¥ dγ , ±µÉµ·Ò¥
Ö¢²ÖÕÉ¸Ö ¸É·Ê±ÉÊ·´Ò³¨ ¸µ¸É ¢²ÖÕÐ¨³¨ ²¥¶Éµ´´ÒÌ Ê· ¢´¥´¨°. ƒ·Ê¶¶Ò ¡Ò²¨
¶µ²ÊÎ¥´Ò ¢ Ö¢´µ³ ¢¨¤¥ ¨ µ¡µ§´ Î¥´Ò ± ± bγ , fγ , cγ . �Î¥¢¨¤´µ, ÎÉµ ¢¸¥ Î¥-
ÉÒ·¥ £·Ê¶¶Ò ¸¢Ö§ ´Ò ¸ Î¥ÉÒ·Ó³Ö ±² ¸¸ ³¨ ¶·¥µ¡· §µ¢ ´¨° £·Ê¶¶Ò ‹µ·¥´Í .
�·¨´ÖÉµ · §²¨Î ÉÓ ÔÉ¨ ±² ¸¸Ò ¶µ ¢¥²¨Î¨´¥ ¤¥É¥·³¨´ ´É  (±1) ¨ ¨§³¥´¥´¨Õ
§´ ±  (±) ¢·¥³¥´´µ£µ ±µ³¶µ´¥´É  Î¥ÉÒ·¥Ì¢¥±Éµ·  ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ.

‚¸¥ Î¥ÉÒ·¥ £·Ê¶¶Ò dγ , bγ , fγ , cγ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£µ³ ¤¨¸±·¥É´Ò³¨ ¶·¥-
µ¡· §µ¢ ´¨Ö³¨ (’)-, (P)- ¨ (TP)-¨´¢¥·¸¨Ö³¨ [11]. �·¥µ¡· §µ¢ ´¨Ö É ±µ£µ ·µ¤ 
´ §Ò¢ ÕÉ É ±¦¥  ´ ²¨É¨Î¥¸±¨³¨ ¶·µ¤µ²¦¥´¨Ö³¨ ¶µ ¶ · ³¥É· ³ £·Ê¶¶Ò.

�²£¥¡·Ò ¨ Š‘, ¶µ¸É·µ¥´´Ò¥ ´  bγ , fγ , cγ ¶µ  ´ ²µ£¨¨ ¸ Š‘ (6), ¶· ±É¨Î¥-
¸±¨ ¸µ¢¶ ¤ ÕÉ, µÉ²¨Î Ö¸Ó ²¨ÏÓ §´ ± ³¨ ¢ µÉ¤¥²Ó´ÒÌ ±µ³³ÊÉ Éµ· Ì. Š ¦¤ Ö
¨§ £·Ê¶¶ ·¥ ²¨§Ê¥É ´¥¶·¨¢µ¤¨³µ¥ ¶·¥¤¸É ¢²¥´¨¥ £·Ê¶¶Ò ‹µ·¥´Í  ¸ ¶¥·¢Ò³
¢¥¸µ¢Ò³ Î¨¸²µ³ l0 = 1/2. �µ¸±µ²Ó±Ê µ´µ Ì · ±É¥·¨§Ê¥É ¢¥²¨Î¨´Ê ¸¶¨´ , Éµ
¶·¥¤¸É ¢²Ö¥É¸Ö ¨´É¥·¥¸´Ò³ ¶·µ¢¥¸É¨  ´ ²¨§  ´ ²µ£¨Î´o £·Ê¶¶¥ dγ .

„¢¥ ¨§ É·¥Ì £·Ê¶¶, ¨³¥´´µ bγ ¨ fγ , Ö¢²ÖÕÉ¸Ö ¶µ¤¸É·Ê±ÉÊ· ³¨ £·Ê¶¶Ò γ-
³ É·¨Í „¨· ± . ƒ·Ê¶¶  bγ , ± ± ¨ dγ , ¸µ¤¥·¦¨É ¢ ¸¢µ¥³ ¸µ¸É ¢¥ ¶µ¤£·Ê¶¶Ê
±¢ É¥·´¨µ´µ¢, ´µ Í¥´É· ¥¥ ¨³¥¥É Ô²¥³¥´ÉÒ Éµ²Ó±µ ¢Éµ·µ£µ ¶µ·Ö¤± . ‚ ·¥§Ê²Ó-
É É¥ ¶µ²ÊÎ ¥É¸Ö ¸²¥¤ÊÕÐ¨° ´ ¡µ· ±µ³³ÊÉ Éµ·µ¢ ´  µ¸´µ¢¥ bγ :

[a1, a2] = 2a3, [a2, a3] = 2a1, [a3, a1] = 2a2,
[b′1, b

′
2] = 2a3, [b′2, b

′
3] = 2a1, [b′3, b

′
1] = 2a2,

[a1, b
′
1] = 0, [a2, b

′
2] = 0, [a3, b

′
3] = 0,

[a1, b
′
2] = 2b′3, [a1, b

′
3] = −2b′2,

[a2, b
′
3] = 2b′1, [a2, b

′
1] = −2b′3,

[a3, b
′
1] = 2b′2, [a3, b

′
2] = −2b′1.

(9)

�Î¥¢¨¤´µ, ÎÉµ (6) ¶¥·¥Ìµ¤¨É ¢ (9) ¶·¨ § ³¥´¥

bk → b′k = ibk (k = 1, 2, 3). (10)

�·¨ ÔÉµ³ ¶·µ¨¸Ìµ¤¨É ¶¥·¥Ìµ¤ µ¤´µ° £·Ê¶¶Ò ¢ ¤·Ê£ÊÕ dγ → bγ . � §²¨Î¨¥
Š‘ (6) ¨ (9) § ±²ÕÎ ¥É¸Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ §´ ± Ì É·¥Ì ±µ³³ÊÉ Éµ·µ¢, · ¸-
¶µ²µ¦¥´´ÒÌ ¢µ ¢Éµ·µ° ¢¥·Ì´¥° ¸É·µ±¥. ‚·¥³Ö ± ± ¶ · ³¥É· ¶·¥µ¡· §µ¢ ´¨°

4



¶·µÖ¢²Ö¥É¸Ö ´ Î¨´ Ö ¸ ÔÉµ° ¸É·µ±¨. �µÔÉµ³Ê ¤ ´´Ò° É¨¶ ´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤-
¸É ¢²¥´¨° ¡Ò² ´ §¢ ´ (T)-¸µ¶·Ö¦¥´´Ò³ ¶µ µÉ´µÏ¥´¨Õ ± ¸É ´¤ ·É´µ³Ê, ±µÉµ-
·Ò° ·¥ ²¨§ÊÕÉ¸Ö ´  £·Ê¶¶¥ dγ . ‚¸¥ µ¸É ²Ó´Ò¥ ±µ³³ÊÉ Éµ·Ò, · ¸¶µ²µ¦¥´´Ò¥
´¨¦¥, Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³ ¶¥·¢ÒÌ Ï¥¸É¨ µ¶¥· Éµ·µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¢ ¤¢ÊÌ
¢¥·Ì´¨Ì ¸É·µÎ± Ì.

�´ ²µ£ σ-³ É·¨Í ¤²Ö ¤ ´´µ£µ ¶·¥¤¸É ¢²¥´¨Ö, É. ¥. b′1, b
′
2, b

′
3 ¢ ³ É·¨Î´µ°

§ ¶¨¸¨, ¨³¥¥É ¢¨¤

b′1 =
(

−i 0
0 i

)
; b′2 =

(
0 −i
−i 0

)
; b′3 =

(
0 −1
1 0

)
.

(’)-¸µ¶·Ö¦¥´¨¥ ´¥ § É· £¨¢ ¥É µ¶¥· Éµ·Ò a1, a2, a3, ¶µÔÉµ³Ê µ´µ ´¥ ³¥-
´Ö¥É ¢¥²¨Î¨´Ê l0 = 1/2 ¨ ´¥ ³¥´Ö¥É É¨¶ ¸¶¨´ , É. ¥. ¢¸¥ É·¨ ¶·µ¸É· ´¸É¢¥´´ÒÌ
µ¸¨ µ¸É ÕÉ¸Ö µ¤¨´ ±µ¢µ ¢µ§³µ¦´Ò³¨ ¤²Ö ¢Ò¡µ·  µ¸¨ ±¢ ´Éµ¢ ´¨Ö. �Éµ Ö¢²Ö-
¥É¸Ö ¶·¨Î¨´µ° Éµ£µ, ÎÉµ Î ¸É¨ÍÒ ¨  ´É¨Î ¸É¨ÍÒ ¨³¥ÕÉ µ¤¨´ ±µ¢Ò¥ ¸¶¨´µ¢Ò¥
¸¢µ°¸É¢  [11].

3. P-‘���Ÿ†…���… ��…„‘’�‚‹…�ˆ…

‘²¥¤ÊÕÐ¨° É¨¶ ±µ³³ÊÉ Í¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨° ¡Ò² ¶µ²ÊÎ¥´ ´  µ¸´µ¢¥
£·Ê¶¶Ò fγ .

[a1, a
′
2] = 2a′

3, [a′
2, a

′
3] = −2a1, [a′

3, a1] = 2a′
2,

[b′1, b
′
2] = −2a′

3, [b′2, b
′
3] = 2a1, [b′3, b

′
1] = −2a′

2,
[a1, b

′
1] = 0, [a′

2, b
′
2] = 0, [a′

3, b
′
3] = 0,

[a1, b
′
2] = 2b′3, [a1, b

′
3] = −2b′2,

[a′
2, b

′
3] = −2b′1, [a′

2, b
′
1] = −2b′3,

[a′
3, b

′
1] = 2b′2, [a′

3, b
′
2] = 2b′1.

(11)

„ ´´Ò° ¢¨¤ ¶·¥¤¸É ¢²¥´¨Ö ¡Ò² ´ §¢ ´ �-¸µ¶·Ö¦¥´´Ò³ ¶µ µÉ´µÏ¥´¨Õ ±
dγ , É ± ± ± · §²¨Î¨¥ ¢µ§´¨± ¥É Ê¦¥ ¢ ¶¥·¢µ° ¸É·µ±¥ Š‘ (11), É.¥. ´  Ê·µ¢´¥
¶µ¤£·Ê¶¶Ò É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨°. ˆ³¥¥É¸Ö ¢ ¢¨¤Ê ¨§³¥´¥´¨¥ §´ ±  ¢Éµ·µ£µ
±µ³³ÊÉ Éµ·  ¢ ¶¥·¢µ° ¸É·µ±¥. �¥·¥Ìµ¤ µÉ Š‘ (6) ± (11) · ¢´µ¸¨²¥´ § ³¥´¥
a2 → ia′

2, ¨ ¶µ µ¶·¥¤¥²¥´¨Õ ¶µ²ÊÎ ¥³ a3 → ia′
3. ‚¸¥ ¤ ²Ó´¥°Ï¨¥ µÉ±²µ´¥-

´¨Ö µÉ ¸É ´¤ ·É  (6) Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨Ö³¨ ¶¥·¢¨Î´µ£µ ¨§³¥´¥´¨Ö ¢ ¶µ¤£·Ê¶¶¥
É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨°. �·¨ ÔÉµ³ ¶µ¤£·Ê¶¶  ±¢ É¥·´¨µ´µ¢ Q2[a1, a2] ¶¥·¥Ìµ-
¤¨É ¢ ¶µ¤£·Ê¶¶Ê q2[a1, a

′
2] ¸ É¥³¨ ¦¥ ¸ ³Ò³¨ µ¶·¥¤¥²ÖÕÐ¨³¨ µÉ´µÏ¥´¨Ö³¨

(¶¥·¢Ò¥ ¤¢  · ¢¥´¸É¢  ¨§ (5)) ³¥¦¤Ê £¥´¥· Éµ· ³¨. �µ ¥¸ÉÓ ¨ µÉ²¨Î¨Ö. Œµ¦´µ
¶µ± § ÉÓ [10], ÎÉµ Ô²¥³¥´ÉÒ a1, a2, a3 £·Ê¶¶Ò dγ ¨³¥ÕÉ Î¥É¢¥·ÉÒ° ¶µ·Ö¤µ±,
Éµ£¤  ± ± Ô²¥³¥´ÉÒ a2, a3 £·Ê¶¶Ò fγ ¨³¥ÕÉ ¶µ·Ö¤µ± ¤¢  ¨ Éµ²Ó±µ Ô²¥³¥´É a1

¨³¥¥É ¶µ·Ö¤µ± Î¥ÉÒ·¥, ± ± ¶·¥¦¤¥. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ³Ò ¶µ²ÊÎ ¥³ ¢ ¶µ¤µ¡´ÒÌ
¸²ÊÎ ÖÌ ´¥Ô±¢¨¢ ²¥´É´µ¸ÉÓ ¶·µ¸É· ´¸É¢¥´´ÒÌ ´ ¶· ¢²¥´¨° ¨²¨, ± ± ¶·¨´ÖÉµ
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£µ¢µ·¨ÉÓ,  ¸¨³³¥É·¨Õ ³¥¦¤Ê ²¥¢Ò³ ¨ ¶· ¢Ò³. ‘µ£² ¸´µ · ¢¥´¸É¢ ³ (8) ¤²Ö
£·Ê¶¶Ò fγ ¶¥·¢µ¥ ¢¥¸µ¢µ¥ Î¨¸²µ ¶µ²ÊÎ ¥É¸Ö · ¢´Ò³ l0 = 1/2 Éµ²Ó±µ ¶·¨
H3 = ia1. „²Ö ¤¢ÊÌ ¤·Ê£¨Ì µ¶¥· Éµ·µ¢ (a′

2, a
′
3) Î¨¸²µ l0 ¸É ´µ¢¨É¸Ö ³´¨³Ò³,

É.¥. ´¥ ¨³¥¥É Ë¨§¨Î¥¸±µ£µ ¸³Ò¸²  ¤²Ö ¶µ¤£·Ê¶¶Ò É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨°.
�´ ²µ£¨Î´ Ö ´¥Ô±¢¨¢ ²¥´É´µ¸ÉÓ ´ ¡²Õ¤ ¥É¸Ö ¶·¨ ÔÉµ³ ¨ ¤²Ö §´ Î¥´¨°

b′1, b
′
2, b

′
3. Ÿ¢´Ò° ¢¨¤ ¨Ì ¤²Ö £·Ê¶¶Ò fγ É ±µ¢:

b′1 =
(

1 0
0 −1

)
; b′2 =

(
0 1
−1 0

)
; b′3 =

(
0 −i
−i 0

)
.

�·¨ ÔÉµ³ ¸É·Ê±ÉÊ·  ±µ³³ÊÉ Í¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨° ¢ Í¥²µ³ ´¥ ³¥´Ö¥É¸Ö.

4. (PT)-‘���Ÿ†…���… ��…„‘’�‚‹…�ˆ…

—¥É¢¥·ÉÒ° É¨¶ Š‘, ¸¢Ö§ ´´ÒÌ ¸ £·Ê¶¶µ° cγ , ¨³¥¥É ¢¨¤ [9]:

[a1, a
′
2] = 2a′

3, [a′
2, a

′
3] = −2a1, [a′

3, a1] = 2a′
2,

[b′′1 , b′′2 ] = 2a′
3, [b′′2 , b′′3 ] = −2a1, [b′′3 , b′′1 ] = 2a′

2,
[a1, b

′′
1 ] = 0, [a′

2, b
′′
2 ] = 0, [a′

3, b
′′
3 ] = 0,

[a1, b
′′
2 ] = 2b′′3 , [a1, b

′′
3 ] = −2b′′2 ,

[a′
2, b

′′
3 ] = −2b′′1 , [a′

2, b
′′
1 ] = −2b′′3 ,

[a′
3, b

′′
1 ] = 2b′′2 , [a′

3, b
′′
2 ] = 2b′′1 .

(12)

�´¨ ¡Ò²¨ ´ §¢ ´Ò (�’)-¸µ¶·Ö¦¥´´Ò³¨ ¶µ µÉ´µÏ¥´¨Õ ± ¸É ´¤ ·É´Ò³ (6), ¶µ-
Éµ³Ê ÎÉµ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¥ ¤¥°¸É¢¨¥ ’- ¨ �-¸µ¶·Ö¦¥´¨Ö
¶µ µÉ´µÏ¥´¨Õ ± £·Ê¶¶¥ dγ . �Î¥¢¨¤´µ, ÎÉµ µ¡¥ µ¶¥· Í¨¨ ±µ³³ÊÉ¨·ÊÕÉ, ¶µ-
ÔÉµ³Ê ³µ¦´µ Ê¸²µ¢´µ § ¶¨¸ ÉÓ (’�)=(�’). ‘· ¢´¥´¨¥ Š‘ (11) ¨ (12) ¶µ± §Ò-
¢ ¥É, ÎÉµ fγ ¨ cγ ’-¸µ¶·Ö¦¥´Ò ³¥¦¤Ê ¸µ¡µ° É ± ¦¥, ± ± dγ ¨ bγ .

�¥·¢Ò¥ ¸É·µ±¨ (11) ¨ (12) ¸µ¢¶ ¤ ÕÉ, ¶µÔÉµ³Ê ¢¸¥ ¸± § ´´µ¥ µ ¶¥·¢µ³
¢¥¸µ¢µ³ Î¨¸²¥ l0 ¤²Ö fγ ¢ ¶µ²´µ° ³¥·¥ µÉ´µ¸¨É¸Ö ± cγ . ’¥³ ¸ ³Ò³ ¶µ¤É¢¥·-
¦¤ ¥É¸Ö ¶· ¢¨²µ, ÎÉµ ’-¸µ¶·Ö¦¥´¨¥ ´¥ ³¥´Ö¥É ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢.

ˆ§ÊÎ¥´¨¥ ¢µ§³µ¦´ÒÌ É¨¶µ¢ ²¥¶Éµ´´ÒÌ Ê· ¢´¥´¨° [8Ä11] ¶µ± § ²µ, ÎÉµ
´ ²¨Î¨¥ ¢ ¨Ì ¸É·Ê±ÉÊ·¥ £·Ê¶¶Ò cγ ¶·¨¢µ¤¨É ± µ¶¨¸ ´¨Õ Î ¸É¨Í, ¨³¥ÕÐ¨Ì
Éµ²Ó±µ ¶·µ¤µ²Ó´ÊÕ ¶µ²Ö·¨§ Í¨Õ. Ÿ¢´Ò° ¢¨¤ µ¶¥· Éµ·µ¢ b′′1 , b′′2 , b′′3 ¢ ³ É·¨Î-
´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥É ¢¨¤

b′′1 =
(

i 0
0 −i

)
; b′′2 =

(
0 −1
−1 0

)
; b′′3 =

(
0 i
−i 0

)
.

„ ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ É ± ¦¥, ± ± ’- ¨ �-¸µ¶·Ö¦¥´´Ò¥, · §·ÊÏ ¥É Ê¸²µ¢´Ò°
·¥Ë²¥±¸ [12], ±µÉµ·Ò° ¢Ò· ¦ ¥É¸Ö Ëµ·³Ê²µ° (¸¶¨´ 1/2 ⇒ ³ É·¨ÍÒ � Ê²¨).
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‡�Š‹�—…�ˆ…

„²Ö ¶µ²ÊÎ¥´¨Ö Š‘ (6) ´¥É ´¨± ±µ° ´¥µ¡Ìµ¤¨³µ¸É¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¶µ-
²µ¦¥´¨Ö ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ [4]. �µÔÉµ³Ê Éµ¦¤¥¸É¢¥´´µ¥ ¸µ¢¶ ¤¥´¨¥ σ-
³ É·¨Í � Ê²¨ ¸ ³ É·¨Î´µ° ·¥ ²¨§ Í¨¥° µ¤´µ£µ ¨§ ´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É -
¢²¥´¨° £·Ê¶¶Ò ‹µ·¥´Í  ¸ ¶¥·¢Ò³ ¢¥¸µ¢Ò³ Î¨¸²µ³ l0 = 1/2 ´¥ µ¸É ¢²Ö¥É
³¥¸É  ¤²Ö ¸²µ¢ µ ®¸µ¡¸É¢¥´´µ³ ³µ³¥´É¥¯, Ë¨£Ê·¨·ÊÕÐ¨Ì ¢ µ¶·¥¤¥²¥´¨¨
¸¶¨´  [3]. �·¨ ÔÉµ³ ¸²µ¢  µ ®±¢ ´Éµ¢µ° ¶·¨·µ¤¥¯ µÉµ¤¢¨£ ÕÉ¸Ö ¤µ Éµ£µ
³µ³¥´É  ¢·¥³¥´¨, ±µ£¤  Ê Î ¸É¨ÍÒ ¢ ¸¨²Ê É·¥¡µ¢ ´¨° ·¥²ÖÉ¨¢¨¸É¸±µ° ±¨´¥-
³ É¨±¨ ¶µÖ¢¨É¸Ö ¸¶¥Í¨Ë¨Î¥¸±¨° ³¥Ì ´¨Î¥¸±¨° ³µ³¥´É, ¢Ò§¢ ´´Ò° ´¥· ¢´µ-
³¥·´Ò³ ¤¢¨¦¥´¨¥³. ’ ±¨³ µ¡· §µ³ ¢ µ¶·¥¤¥²¥´¨¨ ¸¶¨´  ¢µ§´¨± ÕÉ ¶µ´ÖÉ¨Ö
®£·Ê¶¶  ‹µ·¥´Í ¯ ¨ ®´¥¶·¨¢µ¤¨³Ò¥ ¶·¥¤¸É ¢²¥´¨Ö¯.

�·¥¤²µ¦¥´´ Ö ¨´É¥·¶·¥É Í¨Ö Ëµ·³ ²¨§³  ³ É·¨Í � Ê²¨ ´¥ µÉ³¥´Ö¥É ´¨-
Î¥£µ, ÎÉµ ¸¢Ö§ ´µ ¸ ´ ²¨Î¨¥³ Ê Ô²¥±É·µ´  ¸¶¨´  1/2 ¤µ É¥Ì ¶µ·, ¶µ±  µ´
´ Ìµ¤¨É¸Ö ¢ ¸µ¸É ¢¥  Éµ³  ¨²¨ ¤·Ê£µ° ¸¨¸É¥³Ò, ¸¢Ö§Ò¢ ÕÐ¥° ÔÉµÉ Ô²¥±É·µ´.
�É²¨Î¨¥ µÉ Ê¸ÉµÖ¢Ï¨Ì¸Ö ¶·¥¤¸É ¢²¥´¨° ¢µ§´¨± ¥É Éµ£¤ , ±µ£¤  ³Ò ³Ò¸²¨³
Ô²¥±É·µ´ ¸¢µ¡µ¤´Ò³.

ˆ¸Éµ±¨ µ¡Ð¥¶·¨´ÖÉµ° Ê¸É ´µ¢±¨, ¸²µ¦¨¢Ï¥°¸Ö ¤ ¢´µ, ¤µ¸É ÉµÎ´µ µ¶·¥-
¤¥²¥´´µ ¢Ò· ¦ ÕÉ¸Ö ¸²µ¢ ³¨  ¢Éµ·¨É¥Éµ¢: ®. . . ¥¤¢  ²¨ ³µ¦´µ ¸¥¡¥ ¶·¥¤-
¸É ¢¨ÉÓ, ÎÉµ ¢  Éµ³¥ Ô²¥±É·µ´ µ¡² ¤ ¥É Î¥ÉÒ·Ó³Ö ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò,   ¢
¸¢µ¡µ¤´µ³ ¸µ¸ÉµÖ´¨¨ Å É·¥³Ö¯ [6]. � §Ê³¥¥É¸Ö, ÔÉ¨ ¸²µ¢  ´¥ ³µ£ÊÉ ¸²Ê¦¨ÉÓ
¤µ± § É¥²Ó¸É¢µ³ Éµ£µ, ÎÉµ Ô²¥±É·µ´ µ¡² ¤ ¥É Î¥ÉÒ·Ó³Ö ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò,  
®¶·¥¤¸É ¢¨ÉÓ ¸¥¡¥¯ µ± § ²µ¸Ó ¢¶µ²´¥ ¢µ§³µ¦´µ. „¥²µ ¢ Éµ³, ÎÉµ Éµ²Ó±µ ¢µ
¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢µ ¢¸¥° ¶µ²´µÉ¥ ¶·µÖ¢²ÖÕÉ¸Ö ¸¢µ°¸É¢  Î ¸É¨Í.

‘¢µ¡µ¤´µ¥ Ê· ¢´¥´¨¥ „¨· ±  µ¶¨¸Ò¢ ¥É ± ± Ô²¥±É·µ´, É ± ¨ ¶µ§¨É·µ´,  
µÉ²¨Î¨ÉÓ µ¤¨´ µÉ ¤·Ê£µ£µ ³µ¦´µ ¸ ¶µ³µÐÓÕ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. ‘¢µ-
¡µ¤´Ò¥ ¸µ¸ÉµÖ´¨Ö ¤µ²¦´Ò Ë¨±¸¨·µ¢ ÉÓ ¨ ¸µ¤¥·¦ ÉÓ ´¥µ¡Ìµ¤¨³Ò¥ Ê¸²µ¢¨Ö
¤²Ö ¶·µÖ¢²¥´¨Ö · §²¨Î´ÒÌ ¸¢µ°¸É¢, ±µÉµ·Ò¥ ¡Ê¤ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö ¢µ ¢§ ¨³µ-
¤¥°¸É¢¨ÖÌ. ‚ ÔÉµ³ ¨Ì ´¥µ¡Ìµ¤¨³µ¸ÉÓ,   ¶·¨ ¶µ¸²¥¤ÊÕÐ¥³ Ê¸¶¥Ì¥ ¥Ð¥ ¨
 ¤¥±¢ É´µ¸ÉÓ. ˆ³¥´´µ É ±µ¥ ¶µ²µ¦¥´¨¥ ´ ¡²Õ¤ ¥É¸Ö ¢ ¸²ÊÎ ¥ ¸¢µ¡µ¤´µ£µ
Ê· ¢´¥´¨Ö „¨· ± . �µÔÉµ³Ê ÊÉµÎ´¥´¨¥ É ±µ° ¤¥É ²¨, ± ± ¨´É¥·¶·¥É Í¨Ö ¸µ-
¸ÉµÖ´¨Ö ¸¢µ¡µ¤´µ£µ Ô²¥±É·µ´ , µ± §Ò¢ ¥É¸Ö ¶·¨´Í¨¶¨ ²Ó´Ò³ ¤²Ö ¤ ²Ó´¥°Ï¨Ì
¶µ¸É·µ¥´¨°.
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