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� ¶¥·¸¶¥±É¨¢ Ì Ë¨§¨±¨ É Ê-²¥¶Éμ´μ¢

–¥²μ¸É´μ¥ μ¶¨¸ ´¨¥ ²¥¶Éμ´´μ£μ ¸¥±Éμ· , ¢±²ÕÎ Ö ³ ¸¸¨¢´Ò¥ ¨ ¡¥§³ ¸¸μ-
¢Ò¥, § ·Ö¦¥´´Ò¥ ¨ ´¥°É· ²Ó´Ò¥, ¸É ¡¨²Ó´Ò¥ ¨ ´¥¸É ¡¨²Ó´Ò¥ ²¥¶Éμ´Ò, ¶μ± -
§Ò¢ ¥É, ÎÉμ ·¥²ÖÉ¨¢¨§³ ¨ ¤¨¸±·¥É´Ò¥ ¸¨³³¥É·¨¨ Ö¢²ÖÕÉ¸Ö ¶¥·¢μμ¸´μ¢μ° ¤²Ö
Ëμ·³¨·μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ²¥¶Éμ´´ÒÌ ¢μ²´μ¢ÒÌ Ê· ¢´¥´¨°. ‘É·Ê±ÉÊ·μ° ²¥¶Éμ´μ¢
³Ò ´ §Ò¢ ¥³ ¸μ¢μ±Ê¶´μ¸ÉÓ ¶μ¤¸É·Ê±ÉÊ· ± ¦¤μ£μ ²¥¶Éμ´´μ£μ Ê· ¢´¥´¨Ö, ±μÉμ·Ò¥
¶μ§¢μ²ÖÕÉ μÉ²¨Î¨ÉÓ μ¤´Ê Î ¸É¨ÍÊ μÉ ¤·Ê£μ° ¨ μ¶¨¸Ò¢ ÉÓ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö ´ 
μ¸´μ¢¥ Ê± § ´´ÒÌ · §²¨Î¨°. ’ Ê-²¥¶Éμ´Ò ³μ£ÊÉ · ¸¶ ¤ ÉÓ¸Ö ¶·Ö³μ ´  ²¥¶Éμ´Ò,
  É ±¦¥ ´   ¤·μ´Ò ¸ ¤ ²Ó´¥°Ï¨³ · ¸¶ ¤μ³ ¶μ¸²¥¤´¨Ì μ¶ÖÉÓ ´  ²¥¶Éμ´Ò. ’ ±μ¥
¶μ²μ¦¥´¨¥ ¸μ§¤ ¥É Ê´¨± ²Ó´ÊÕ ¢μ§³μ¦´μ¸ÉÓ ¤²Ö ¨§ÊÎ¥´¨Ö ¨ μ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò
 ¤·μ´μ¢ ´  μ¸´μ¢¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶μ¤¸É·Ê±ÉÊ· ¶μ¤μ¡´μ ²¥¶Éμ´ ³.
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On the Perspectives of Tau-Lepton Physics

Holistic description of the lepton sector shows that relativity and discrete symme-
tries are the primary basis for the formation of a structure of lepton wave equations.
We call the structure of lepton sector as a set of substructures of each lepton equation
which distinguish one particle from another and describe their interactions on the
basis of these differences. Tau-leptons can decay directly into leptons and hadrons
with consequent disintegration of the latter again into leptons. This creates a unique
opportunity for the study and description of the hadron structure on the basis of
relativistic substructures simular to leptons.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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‘²μ¦´μ¸ÉÓ ¨ ¤μ·μ£μ¢¨§´  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´μ¢μ± ¢ Ë¨§¨±¥ Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í, ¢¸¥ ¡μ²ÓÏ Ö § ¢¨¸¨³μ¸ÉÓ ¶μ¸É ´μ¢±¨ ¨ ¨´É¥·¶·¥É Í¨¨
Ô±¸¶¥·¨³¥´É  μÉ É¥μ·¨¨ ¢¥¤ÊÉ ± · ¸ÉÊÐ¨³ É·¥¡μ¢ ´¨Ö³ ± É¥μ·¥É¨Î¥¸±¨³ ³μ-
¤¥²Ö³. ˆ¸Éμ·¨Ö ´ ÊÎ´μ° ³Ò¸²¨ Å ÔÉμ ¨¸Éμ·¨Ö ¸¨´É¥§  Ö¢²¥´¨°, ± § ²μ¸Ó
¡Ò ¤ ²¥±μ μÉ¸ÉμÖÐ¨Ì ¨ ´¥¶μÌμ¦¨Ì μ¤´μ ´  ¤·Ê£μ¥. �μÔÉμ³Ê £¥´¥· ²Ó´Ò³
É·¥¡μ¢ ´¨¥³ ± ´Ò´¥Ï´¨³ É¥μ·¥É¨Î¥¸±¨³ ¸Ì¥³ ³ Ö¢²Ö¥É¸Ö ¥¤¨´Ò° ¶μ¤Ìμ¤ ¨
¸ ³μ¸μ£² ¸μ¢ ´´μ¥ μ¶¨¸ ´¨¥ ¡²¨§±¨Ì ¶μ ¶·¨·μ¤¥ μ¡Ñ¥±Éμ¢ ¨ Ö¢²¥´¨° ¶·¨
Ê¸²μ¢¨¨ ¨Ì ³ ±¸¨³ ²Ó´μ£μ μÌ¢ É .

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ · §·Ò¢, ¸ÊÐ¥¸É¢ÊÕÐ¨° ¢ μ¶¨¸ ´¨¨
²¥¶Éμ´´μ£μ ¨  ¤·μ´´μ£μ ¸¥±Éμ·μ¢. ˆ§¢¥¸É´μ, ÎÉμ ²¥¶Éμ´´Ò° ¸¥±Éμ· Í¥²¨±μ³ ¨
¶μ²´μ¸ÉÓÕ ¢Ò¶ ² ¨§ μ¡¸ÉμÖÉ¥²Ó´μ° ¨ ¢μ ³´μ£μ³ Ê¸¶¥Ï´μ° É¥μ·¨¨ Ê´¨É ·´μ°
¸¨³³¥É·¨¨. �  ÔÉμ³ Ëμ´¥ ¶·¥¤¶μ²μ¦¥´¨¥ ¶μ¤ ´ §¢ ´¨¥³ ±¢ ·±-²¥¶Éμ´´ Ö
 ´ ²μ£¨Ö ¢Ò£²Ö¤¨É ´¥ ¸Éμ²Ó±μ ¶μ¶ÒÉ±μ° ·¥Ï¥´¨Ö ¸ÉμÖÐ¥° § ¤ Î¨, ¸±μ²Ó±μ
¦¥² ´¨¥³ μÉ²μ¦¨ÉÓ ¥¥ ·¥Ï¥´¨¥ ´  ´¥±μÉμ·μ¥ ¢·¥³Ö. �´ ²μ£¨Ö, ± ± ¢Ò· ¦¥-
´¨¥ ¸Ìμ¤¸É¢  ¨²¨ ¶μ¤μ¡¨Ö, ¶·¨³¥´¨É¥²Ó´μ ± ²¥¶Éμ´ ³ ¨ ±¢ ·± ³ ¢Ò£²Ö¤¨É
¨¸±Ê¸¸É¢¥´´μ ¨ ´¥μ¡μ¸´μ¢ ´´μ.

„¥°¸É¢¨É¥²Ó´μ, ²¥¶Éμ´Ò Å ·¥ ²Ó´μ ´ ¡²Õ¤ ¥³Ò¥ Î ¸É¨ÍÒ, Éμ£¤  ± ±
±¢ ·±¨ É ±μ¢Ò³¨ ´¥ Ö¢²ÖÕÉ¸Ö. �¤¥±¢ É´μ¥ μ¶¨¸ ´¨¥ ²¥¶Éμ´μ¢ ´¥¢μ§³μ¦´μ
¢´¥ · ³μ± ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ·¥²ÖÉ¨¢¨§³ , Éμ£¤  ± ± ±¢ ·±¨ ¨§´ Î ²Ó´μ Ö¢²Ö-
ÕÉ¸Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨³¨ ±μ´¸É·Ê±Í¨Ö³¨. ˆ³¥´´μ ¶μÔÉμ³Ê ²¥¶Éμ´ ³ ´¥ ´ -
Ï²μ¸Ó ³¥¸É  ¸·¥¤¨  ¤·μ´μ¢. � §²¨Î´Ò¥ ¸¶μ¸μ¡Ò ·¥²ÖÉ¨¢¨§ Í¨¨ ±¢ ·±μ¢μ°
³μ¤¥²¨ ´ Î ²¨¸Ó ¸· §Ê ¶μ¸²¥ ¥¥ ÊÉ¢¥·¦¤¥´¨Ö. �´¨ ´¥ § ±μ´Î¨²μ¸Ó ¤μ ¸¨Ì
¶μ·. ‚³¥¸É¥ ¸ É¥³ ±¢ ·±¨ ± ± ¸É·Ê±ÉÊ·´Ò¥ ¥¤¨´¨ÍÒ ¶μÉ¥·ÖÕÉ ¢¸Ö±¨° ¸³Ò¸²,
¥¸²¨ ¨³ ´¥ ¶·¨¶¨¸Ò¢ ÉÓ § ·Ö¤, ¸¶¨´ ¨ ¤·Ê£¨¥ ±¢ ´Éμ¢Ò¥ Î¨¸² , ±μÉμ·Ò¥ ³Ò
´ ¡²Õ¤ ¥³ Ê ·¥ ²Ó´ÒÌ Î ¸É¨Í. ŒÒ ´¥ ³μ¦¥³ ³Ò¸²¨ÉÓ Ô²¥±É·¨Î¥¸±¨° § -
·Ö¤ ¢ μÉ·Ò¢¥ μÉ ±² ¸¸¨Î¥¸±μ° ¨²¨ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨. ˆ ¢ Éμ³ ¨
¤·Ê£μ³ ¸²ÊÎ ¥ ·¥²ÖÉ¨¢¨§³ ²¥¦¨É ¢ μ¸´μ¢¥ É¥μ·¨¨. �  ¶·¨³¥·¥ ¸¶¨´  Ô²¥±-
É·μ´  ³μ¦´μ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ ¸¶¨´ ± ± Ë¨§¨Î¥¸± Ö ¢¥²¨Î¨´  Ö¢²Ö¥É¸Ö ±¨´¥³ -
É¨Î¥¸±¨³ ¶·μÖ¢²¥´¨¥³ ·¥²ÖÉ¨¢¨§³ . �μ¤μ¡´Ò¥ Ë ±ÉÒ § ¸É ¢²ÖÕÉ ¤Ê³ ÉÓ, ÎÉμ
Ëμ·³¨·μ¢ ´¨¥ ±¢ ·±μ¢ ´  ·¥²ÖÉ¨¢¨¸É¸±μ° μ¸´μ¢¥ ´¥ ¡Ê¤¥É ¶·μÉ¨¢μ·¥Î¨ÉÓ ¨Ì
£² ¢´μ° ËÊ´±Í¨¨ Å ¡ÒÉÓ ¸É·Ê±ÉÊ·´Ò³¨ ¸μ¸É ¢²ÖÕÐ¨³¨  ¤·μ´μ¢.
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1. �…‹Ÿ’ˆ‚ˆ‡Œ Š�Š ‘’�“Š’“������‡“�™ˆ‰ ”�Š’��

‘ÊÐ¥¸É¢¥´´μ° Î ¸ÉÓÕ ¶·μ£· ³³Ò, ±· É±μ μÉ³¥Î¥´´μ° ¢μ ¢¢¥¤¥´¨¨, Ö¢¨-
²μ¸Ó Í¥²μ¸É´μ¥ μ¶¨¸ ´¨¥ ²¥¶Éμ´´μ£μ ¸¥±Éμ·  ´  μ¸´μ¢¥  ²£μ·¨É³  „¨· ± .
�²£μ·¨É³ Å ÔÉμ ¸μ¢μ±Ê¶´μ¸ÉÓ ´¥μ¡Ìμ¤¨³ÒÌ ¨ ¤μ¸É ÉμÎ´ÒÌ Ê¸²μ¢¨° ¤²Ö Ëμ·-
³Ê²¨·μ¢±¨ ¢μ²´μ¢ÒÌ Ê· ¢´¥´¨° Í¥²μ£μ ²¥¶Éμ´´μ£μ ¸¥±Éμ·  ¶·¨ ¸É·μ£μ³ μ£· -
´¨Î¥´¨¨ · ³± ³¨ § Ë¨±¸¨·μ¢ ´´ÒÌ ¶·¥¤¶μ²μ¦¥´¨°. �²£μ·¨É³ ¡Ò² Ê¸É ´μ-
¢²¥´ ´  μ¸´μ¢¥ ¨¸Î¥·¶Ò¢ ÕÐ¥£μ  ´ ²¨§  Ê· ¢´¥´¨Ö „¨· ±  [1]. �´μ μ± § -
²μ¸Ó ¤μ¸É ÉμÎ´μ ¨´Ëμ·³ É¨¢´Ò³ ¤²Ö ¤ ´´μ° Í¥²¨. ˆ¸Î¥·¶Ò¢ ÕÐ¨° μ§´ Î ¥É
´ ¸Éμ²Ó±μ ¶μ²´Ò°, ÎÉμ ´¥ μ¸É ¢²Ö¥É ¢μ§³μ¦´μ¸É¨ ¤²Ö ¶·μ¤μ²¦¥´¨Ö ³ É¥³ -
É¨Î¥¸±μ£μ  ´ ²¨§  ¨ ¶μÉμ³Ê ¨¸±²ÕÎ ¥É ´ ²¨Î¨¥ ¤μ¶μ²´¨É¥²Ó´ÒÌ Ì · ±É¥·¨-
¸É¨±, ¶μ·μ¦¤ ÕÐ¨Ì ±¢ ´Éμ¢Ò¥ Î¨¸²  ¨²¨ ± ±¨¥-²¨¡μ Ë¨§¨Î¥¸±¨¥ ¸¢μ°¸É¢ .
ˆ¸Ìμ¤´Ò¥ ¶·¥¤¶μ²μ¦¥´¨Ö É ±μ¢Ò:

1. ˆ´¢ ·¨ ´É´μ¸ÉÓ ¨ ±μ¢ ·¨ ´É´μ¸ÉÓ Ê· ¢´¥´¨° μÉ´μ¸¨É¥²Ó´μ μ¤´μ·μ¤-
´μ° £·Ê¶¶Ò ‹μ·¥´Í  ¸ ÊÎ¥Éμ³ Î¥ÉÒ·¥Ì ±μ³¶μ´¥´Éμ¢ ¸¢Ö§´μ¸É¨.

2. ”μ·³Ê²¨·μ¢±  Ê· ¢´¥´¨° ´  μ¸´μ¢¥ ´¥¶·¨¢μ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨°
£·Ê¶¶, μ¶·¥¤¥²ÖÕÐ¨Ì ± ¦¤μ¥ ²¥¶Éμ´´μ¥ Ê· ¢´¥´¨¥.

3. ‘μÌ· ´¥´¨¥ 4-¢¥±Éμ·  Éμ±  ¢¥·μÖÉ´μ¸É¨ ¨ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´-
´Ò° Î¥É¢¥·ÉÒ° ±μ³¶μ´¥´É Éμ± .

4. ‚¥²¨Î¨´  ¸¶¨´  ²¥¶Éμ´μ¢ ¶·¥¤¶μ² £ ¥É¸Ö · ¢´μ° 1/2.
5. Š ¦¤μ¥ ²¥¶Éμ´´μ¥ Ê· ¢´¥´¨¥ ¤μ²¦´μ ·¥¤ÊÍ¨·μ¢ ÉÓ¸Ö ± Ê· ¢´¥´¨Õ

Š²¥°´ Ä”μ± Äƒμ·¤μ´ .
� ²¨Î¨¥ Î¥ÉÒ·¥Ì ±μ³¶μ´¥´Éμ¢ ¸¢Ö§´μ¸É¨ μ¡¥¸¶¥Î¨¢ ¥É ÊÎ¥É μ¸´μ¢´ÒÌ

¤¨¸±·¥É´ÒÌ ¸¨³³¥É·¨°: (P) Å ¶·μ¸É· ´¸É¢¥´´μ° ¨´¢¥·¸¨¨, (T) Å μ¡· Ð¥´¨Ö
¢·¥³¥´¨, (PT) Å ¸μ¢³¥¸É´μ£μ ¤¥°¸É¢¨Ö ¤¢ÊÌ ¶·¥μ¡· §μ¢ ´¨°. ’·¥¡μ¢ ´¨¥ ´¥-
¶·¨¢μ¤¨³μ¸É¨ ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶ ¢ ¤ ´´μ³ ¶μ¤Ìμ¤¥ Ö¢²Ö¥É¸Ö Ô±¢¨¢ ²¥´Éμ³
¶·¨´Í¨¶  ´ ¨³¥´ÓÏ¥£μ ¤¥°¸É¢¨Ö ´  £·Ê¶¶μ¢μ³ Ö§Ò±¥. �£· ´¨Î¥´¨¥ ¸¶¨´  ²¥¶-
Éμ´μ¢ ¢¥²¨Î¨´μ° 1/2 ¢¥¤¥É ± Éμ³Ê, ÎÉμ Ô²¥³¥´ÉÒ £·Ê¶¶Ò ± ¦¤μ£μ ²¥¶Éμ´´μ£μ
Ê· ¢´¥´¨Ö ¨³¥ÕÉ ¶μ·Ö¤μ± ¤¢  ¨²¨ Î¥ÉÒ·¥. “¤μ¢²¥É¢μ·ÖÉÓ Ê· ¢´¥´¨Õ ¶¥·¢μ£μ
¶μ·Ö¤±  ¶μ Î¥ÉÒ·¥³ ¶·μ¨§¢μ¤´Ò³ (∂/∂t, ∂/∂x, ∂/∂y, ∂/∂z) ¸μ¢³¥¸É´μ ¸ É·¥-
¡μ¢ ´¨¥³ ¶μ²μ¦¨É¥²Ó´μ° μ¶·¥¤¥²¥´´μ¸É¨ Î¥É¢¥·Éμ£μ ±μ³¶μ´¥´É  Éμ±  ¢¥·μ-
ÖÉ´μ¸É¨ μ§´ Î ¥É μ¶¨¸ ´¨¥ ´ ¡²Õ¤ ¥³μ° ·¥²ÖÉ¨¢¨¸É¸±μ° Î ¸É¨ÍÒ ¢ μ¡ÒÎ´μ³
±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ³ ¸³Ò¸²¥ ¨ ¸μÌ· ´¥´¨¥ ¢¥·μÖÉ´μ¸É´μ° ¨´É¥·¶·¥É Í¨¨
¢μ²´μ¢μ° ËÊ´±Í¨¨. ‚μ§³μ¦´μ¸ÉÓ ¶·¨ ÔÉμ³ ·¥¤Ê±Í¨¨ ± Ê· ¢´¥´¨Õ Š²¥°´ Ä
”μ± Äƒμ·¤μ´  μ§´ Î ¥É, ÎÉμ Î ¸É¨Í  μ¡² ¤ ¥É ¢μ²´μ¢Ò³¨ ¸¢μ°¸É¢ ³¨ ´¥§ ¢¨-
¸¨³μ μÉ ´ ²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸Ò ¨ ¢¥²¨Î¨´Ò ¸¶¨´ . ˆÌ ¸μ¢³¥¸É´μ¥ ¢Ò-
¶μ²´¥´¨¥ Å ·¥ ²¨§ Í¨Ö ±μ·¶Ê¸±Ê²Ö·´μ-¢μ²´μ¢μ£μ ¤Ê ²¨§³ . �¥·¥Î¨¸²¥´´Ò°
´ ¡μ· ¶·¥¤¶μ²μ¦¥´¨° ´¥ Ö¢²Ö¥É¸Ö ¨§¡ÒÉμÎ´Ò³ ¤²Ö ¶μ¸É ¢²¥´´μ° Í¥²¨. • -
· ±É¥·´μ, ÎÉμ  ²£μ·¨É³ „¨· ±  ¶μ§¢μ²Ö¥É ¸É·μ¨ÉÓ ²¥¶Éμ´´Ò¥ ¢μ²´μ¢Ò¥ Ê· ¢-
´¥´¨Ö ¡¥§ μ¡· Ð¥´¨Ö ± ² £· ´¦¥¢Ê Ëμ·³ ²¨§³Ê. ˆ³¥´´μ ´  ÔÉμ³ ¶ÊÉ¨ � Ê²¨
¶·¥¤²μ¦¨² Ê· ¢´¥´¨¥ ¤²Ö ¡¥§³ ¸¸μ¢μ£μ ¤¢ÊÌ±μ³¶μ´¥´É´μ£μ ´¥°É·¨´μ [2],  
Œ °μ· ´  Ê· ¢´¥´¨¥ ¤²Ö ³ ¸¸¨¢´μ£μ ´¥°É·¨´μ [3].
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„ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ¨ ¤¥É ²¨§ Í¨Ö ¸É·Ê±ÉÊ·´ÒÌ ¶μ¸É·μ¥´¨° ´  μ¸´μ¢¥
³¥Éμ¤  „¨· ±  [4Ä6] ¶·¨¢¥²¨ ± Í¥²μ¸É´μ³Ê μ¶¨¸ ´¨Õ ²¥¶Éμ´´μ£μ ¸¥±Éμ· .
�´μ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¥¤¨´Ò°  ²£μ·¨É³¨Î¥¸±¨° ¶μ¤Ìμ¤ ¨ Ê´¨Ë¨Í¨·μ¢ ´´Ò°
³ É¥³ É¨Î¥¸±¨° Ëμ·³ ²¨§³, Ë¨±¸ Í¨Õ ¨¸Ìμ¤´ÒÌ ¶·¥¤¶μ²μ¦¥´¨° ¨ ¨§¢²¥Î¥-
´¨¥ ¢¸¥° ¶μ²´μÉÒ ¸É·μ£¨Ì ¢Ò¢μ¤μ¢ ´  ¨Ì μ¸´μ¢¥. ’ ± μ± § ²μ¸Ó ¢μ§³μ¦´Ò³
μÉ¢¥É¨ÉÓ ´  ¢μ¶·μ¸ μ ¶μ²´μ³ Î¨¸²¥ ²¥¶Éμ´´ÒÌ Ê· ¢´¥´¨°. ˆÌ ¸μ¢μ±Ê¶´μ¸ÉÓ
μ± § ² ¸Ó ¶μ²´μ° ¨ § ³±´ÊÉμ°. 	Éμ μ§´ Î ¥É, ÎÉμ ¢ · ³± Ì ¨¸Ìμ¤´ÒÌ ¶·¥¤¶μ-
²μ¦¥´¨° ´¥¢μ§³μ¦´μ ¶μ²ÊÎ¨ÉÓ Ê· ¢´¥´¨Ö ¸¢¥·Ì ¶¥·¥Î¨¸²¥´´ÒÌ, ¨ ¢ ± ¦¤μ³
¸²ÊÎ ¥ ±μ´¸É·Ê±É¨¢´Ò³¨, ´¥· §²μ¦¨³Ò³¨ ¸μ¸É ¢²ÖÕÐ¨³¨ Ö¢²ÖÕÉ¸Ö ±μ³¶μ-
´¥´ÉÒ ¸¢Ö§´μ¸É¨ £·Ê¶¶Ò ‹μ·¥´Í  ¢ Éμ° ¨²¨ ¨´μ° ±μ³¡¨´ Í¨¨. �·¨ ÔÉμ³
± ¦¤μ¥ Ê· ¢´¥´¨¥ ¨³¥¥É ¸¢μ° ¸μ¡¸É¢¥´´Ò° ¸μ¸É ¢, μ¶·¥¤¥²Ö¥³Ò° ¶μ¤£·Ê¶-
¶ ³¨ ±μ³¶μ´¥´Éμ¢ ¸¢Ö§´μ¸É¨. �μ μ¶·¥¤¥²¥´¨Õ [7] ÔÉμ ¶μ§¢μ²Ö¥É £μ¢μ·¨ÉÓ μ
¸¢μ¥³ ¸μ¡¸É¢¥´´μ³ ´ ¡μ·¥ ±¢ ´Éμ¢ÒÌ Î¨¸¥² ¢ ± ¦¤μ³ ¸²ÊÎ ¥.

‚ ¶·¨´Í¨¶¥, ¢¸¥ Î¥ÉÒ·¥ ±μ³¶μ´¥´É  ¸¢Ö§´μ¸É¨ ³μ£ÊÉ ¡ÒÉÓ ¨§¢²¥Î¥´Ò ¨§
Ê¦¥ ´ §¢ ´´ÒÌ É·¥Ì ²¥¶Éμ´´ÒÌ Ê· ¢´¥´¨° [1Ä3]. �Ò²¨ ´ °¤¥´Ò ¢ Ö¢´μ³ ¢¨¤¥
Î¥ÉÒ·¥ £·Ê¶¶Ò dγ , fγ , bγ , cγ , ´  ±μÉμ·ÒÌ ·¥ ²¨§ÊÕÉ¸Ö Î¥ÉÒ·¥ ±μ³¶μ´¥´É 
¸¢Ö§´μ¸É¨. Šμ´±·¥É´Ò° ¸³Ò¸² ± ¦¤μ£μ ¨§ Î¥ÉÒ·¥Ì ±μ³¶μ´¥´Éμ¢ ¸¢Ö§´μ¸É¨
dγ , fγ , bγ , cγ É ±μ¢:

1) £·Ê¶¶  dγ ·¥ ²¨§Ê¥É ¸μ¡¸É¢¥´´μ¥ μ·ÉμÌ·μ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥;
2) £·Ê¶¶  fγ ·¥ ²¨§Ê¥É ´¥¸μ¡¸É¢¥´´μ¥ μ·ÉμÌ·μ´´μ¥, �-¸μ¶·Ö¦¥´´μ¥ ¶·¥¤-

¸É ¢²¥´¨¥;
3) £·Ê¶¶  bγ ·¥ ²¨§Ê¥É ¸μ¡¸É¢¥´´μ¥  ´É¨Ì·μ´´μ¥, ’-¸μ¶·Ö¦¥´´μ¥ ¶·¥¤-

¸É ¢²¥´¨¥;
4) £·Ê¶¶  dγ ·¥ ²¨§Ê¥É ´¥¸μ¡¸É¢¥´´μ¥  ´É¨Ì·μ´´μ¥, (�’)-¸μ¶·Ö¦¥´´μ¥

¶·¥¤¸É ¢²¥´¨¥.
ƒ·Ê¶¶Ò dγ , fγ , bγ , cγ , Ö¢²ÖÕÉ¸Ö ¶μ¤£·Ê¶¶ ³¨ ¨ μ¡Ö§ É¥²Ó´Ò³¨ ¸μ¸É -

¢²ÖÕÐ¨³¨ ± ¦¤μ£μ ²¥¶Éμ´´μ£μ Ê· ¢´¥´¨Ö. Š ¦¤ Ö ¨§ ´¨Ì ¨³¥¥É ¶μ·Ö¤μ±
16 ¨ ¶μ·μ¦¤ ¥É¸Ö É·¥³Ö £¥´¥· Éμ· ³¨. ‚ÒÖ¸´¨²μ¸Ó, ÎÉμ ± ¦¤ Ö £·Ê¶¶  ¸μ-
¤¥·¦¨É Ï¥¸ÉÓ μ¶¥· Éμ·μ¢. ’·¨ ¸¢Ö§ ´Ò ¸ ¨´Ë¨´¨É¥§¨³ ²Ó´Ò³¨ μ¶¥· Éμ· ³¨
¶μ¤£·Ê¶¶Ò É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨¥ ¨ É·¨ ¸ ¨´Ë¨´¨É¥§¨³ ²Ó´Ò³¨ μ¶¥· Éμ· ³¨
¡Ê¸Éμ¢. 	É¨ μ¶¥· Éμ·Ò ¢ ¸¢μÕ μÎ¥·¥¤Ó ¸¢Ö§ ´Ò ¸ Ï¥¸ÉÓÕ ¶ · ³¥É· ³¨ μ¤´μ-
·μ¤´μ° £·Ê¶¶Ò ‹μ·¥´Í . ’ ± Ö Ë¨§¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ¸²¥¤Ê¥É ¨§ ¸· ¢´¥-
´¨Ö  ²£¥¡·Ò ‹¨ μ¤´μ·μ¤´μ° £·Ê¶¶Ò ‹μ·¥´Í  ¨  ²£¥¡·Ò £·Ê¶¶Ò dγ .

‘μ¡¸É¢¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥. ‘Î¨É Ö Ô²¥³¥´ÉÒ £·Ê¶¶Ò dγ 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, (1)
[a1, b2] = 2b3 [a1, b3] = −2b2,
[a2, b3] = 2b1, [a2, b1] = −2b3,
[a3, b1] = 2b2, [a3, b2] = −2b1.
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‘ ÉμÎ´μ¸ÉÓÕ ¤μ μ¡Ð¥£μ ¤²Ö ¢¸¥Ì · ¢¥´¸É¢ ³´μ¦¨É¥²Ö 2 ¶μ²ÊÎ¥´´Ò¥ ±μ³-
³ÊÉ 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  [8].

”μ·³Ê²Ò (1) ¤μ¶Ê¸± ÕÉ ¶·¥¤¥²Ó´μ ¸¦ ÉÊÕ, ¸¢¥·´ÊÉÊÕ Ëμ·³Ê § ¶¨¸¨ ´ 
μ¸´μ¢¥  ´É¨±μ³³ÊÉ Í¨μ´´ÒÌ ¸μμÉ´μÏ¥´¨° ³¥¦¤Ê É·¥³Ö £¥´¥· Éμ· ³¨ (b1, b2,
b3) £·Ê¶¶Ò dγ

{bs, bt} = 2δst (s, t = 1, 2, 3). (2)

ˆ§ ¸μμÉ´μÏ¥´¨° (2) ¸²¥¤Ê¥É, ÎÉμ É·¨ £¥´¥· Éμ·  (bs, s = 1, 2, 3) ¶μ·μ-
¦¤ ÕÉ £·Ê¶¶Ê (¢ ¤ ´´μ³ ¸²ÊÎ ¥ dγ), μ¤´μ ¨§ ¤¢Ê³¥·´ÒÌ ³ É·¨Î´ÒÌ ¶·¥¤¸É -
¢²¥´¨° ±μÉμ·μ° Ô±¢¨¢ ²¥´É´μ σ-³ É·¨Í ³ � Ê²¨. ‘μμÉ´μÏ¥´¨Ö (2) ³μ¦´μ
¶μ´¨³ ÉÓ ± ± ¸¨³¢μ²Ó´Ò° Ô±¢¨¢ ²¥´É ¢¸¥° ¸μ¢μ±Ê¶´μ¸É¨ · ¢¥´¸É¢ (1).

P-¸μ¶·Ö¦¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥. �μ¸²¥¤ÊÕÐ¥¥ ¨ ¡μ²¥¥ ¤¥É ²Ó´μ¥ ¨§ÊÎ¥-
´¨¥ ¸É·Ê±ÉÊ·Ò £·Ê¶¶Ò (dγ) ¶μ± § ²μ [4], ÎÉμ μ´  μ¡² ¤ ¥É ¤¢μ°¸É¢¥´´μ¸ÉÓÕ.
	Éμ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Éμ£μ, ÎÉμ ¶μ³¨³μ ¶μ¤£·Ê¶¶Ò É·¥Ì³¥·´ÒÌ ¢· Ð¥-
´¨° (μ¡μ§´ Î¨³ ¥¥ Q2[a1, a2]) μ´  ¸μ¤¥·¦¨É ¥Ð¥ μ¤´Ê ¶μ¤£·Ê¶¶Ê ¢μ¸Ó³μ£μ
¶μ·Ö¤±  Å q2[a1, a

′
2]. �¶·¥¤¥²ÖÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê £¥´¥· Éμ· ³¨ ¤²Ö

μ¡¥¨Ì £·Ê¶¶ μ¤¨´ ±μ¢Ò¥. � §²¨Î¨¥ Éμ²Ó±μ ¢ ¶μ·Ö¤± Ì £¥´¥· Éμ·μ¢. �¡  £¥´¥-
· Éμ·  ¢ Q2[a1, a2] ¨³¥ÕÉ ¶μ·Ö¤μ± Î¥ÉÒ·¥. �¤¨´ £¥´¥· Éμ· (a1) ¢ q2[a1, a

′
2]

¨³¥¥É ¶μ·Ö¤μ± Î¥ÉÒ·¥,   ¢Éμ·μ° ¤¢ . Šμ³³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¤²Ö
q2[a1, a

′
2] ( ²£¥¡·  ‹¨) ¶·¨´¨³ ÕÉ ¢¨¤

[a1, a
′
2] = 2a′

3, [a′
2, a

′
3] = −2a1, [a′

3, a1] = 2a′
2, (3)

£¤¥ a′
3 = a1a

′
2.

�Ê¤¥³ ´ §Ò¢ ÉÓ q2[a1, a
′
2] £·Ê¶¶μ° ±¢ É¥·´¨μ´μ¢ ¢Éμ·μ£μ ·μ¤ . �μ¢Éμ-

·ÖÖ ¶μ¸É·μ¥´¨Ö ‚¨£´¥·  [9], ´¥É·Ê¤´μ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ Q2[a1, a2] ¸¢Ö§ ´  ¸
SU(2), ±μ£¤  detSU(2) = 1, Éμ£¤  ± ± q2[a1, a

′
2] ¸¢Ö§ ´  ¸ SU(2), ±μ£¤ 

detSU(2) = −1. ‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ ¤¥°¸É¢¨É¥²Ó´μ¥ ¢¥¸μ¢μ¥ Î¨¸²μ l0 = 1/2.
…¸²¨ · ¸Ï¨·¨ÉÓ q2[a1, a

′
2] ¤μ £·Ê¶¶Ò ‹μ·¥´Í , ³Ò ¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨¥ ±μ³-

³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö:

[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, (4)

[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.

£¤¥ b′1, b′2, b′3 ¶μ-¶·¥¦´¥³Ê ¨³¥ÕÉ ¸³Ò¸² μ¶¥· Éμ·μ¢ ¡Ê¸Éμ¢.
„ ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö μÉ²¨Î ÕÉ¸Ö μÉ ´ ¶¨¸ ´´ÒÌ ¢ÒÏ¥ (1). ŒÒ ¡Ê¤¥³

¸¢Ö§Ò¢ ÉÓ ¨Ì ¸ £·Ê¶¶μ° fγ , ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ fγ ¨ dγ ¨§μ³μ·Ë´Ò.
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�´¨ μÉ²¨Î ÕÉ¸Ö · §²¨Î´Ò³ ¢Ò¡μ·μ³ É·¥Ì £¥´¥· Éμ·μ¢. �·¥¤¸É ¢²¥´¨¥ (4) ¡Ê-
¤¥³ ´ §Ò¢ ÉÓ P-¸μ¶·Ö¦¥´´Ò³ ¶μ μÉ´μÏ¥´¨Õ ± dγ ¢ ¸¨²Ê μÉ³¥Î¥´´μ£μ ¢ÒÏ¥
· §²¨Î¨Ö ¢ §´ ± Ì ¤¥É¥·³¨´ ´Éμ¢. � §²¨Î¨Ö ¢μ§´¨± ÕÉ ´  Ê·μ¢´¥ ¶μ¤£·Ê¶¶Ò
É·¥Ì³¥·´ÒÌ ¢· Ð¥´¨°, É. ¥. ¢ ¶¥·¢μ° ¸É·μ±¥. ‚¸¥ ¶μ¸²¥¤ÊÕÐ¨¥ · §²¨Î¨Ö ¢Ò-
É¥± ÕÉ ¨§ ¨§³¥´¥´¨° ¢ ¶¥·¢μ° ¸É·μ±¥. ‘¢¥·´ÊÉ Ö Ëμ·³  § ¶¨¸¨ · ¢¥´¸É¢ (4)
¶·¨´¨³ ¥É ¢¨¤

{b′s, b′t} = −2δst (s, t = 1, 2, 3, s = t �= 1),
{b′s, b′t} = 2δst (s = t = 1).

(5)

‚ μÉ²¨Î¨¥ μÉ · ¢¥´¸É¢ (2), §¤¥¸Ó Éμ²Ó±μ μ¤¨´ £¥´¥· Éμ· ¨§ É·¥Ì ¨³¥¥É ¶μ·Ö¤μ±
¤¢ . „¢  ¤·Ê£¨Ì ¨³¥ÕÉ ¶μ·Ö¤μ± Î¥ÉÒ·¥.

T-¸μ¶·Ö¦¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥. ˆ¸Î¥·¶Ò¢ ÕÐ¨°  ´ ²¨§ [6] ¸É·Ê±ÉÊ·Ò
£·Ê¶¶Ò γ-³ É·¨Í Ê· ¢´¥´¨Ö „¨· ±  ¶μ± § ², ÎÉμ ¢ ¥¥ ¸μ¸É ¢¥ ¨³¥¥É¸Ö ¤¢¥ ´¥
¨§μ³μ·Ë´ÒÌ ¶μ¤£·Ê¶¶Ò 16-£μ ¶μ·Ö¤± . �¤´μ° ¨§ ´¨Ì μ± § ² ¸Ó Ê¦¥ · ¸¸³μ-
É·¥´´ Ö £·Ê¶¶  dγ , ¤·Ê£ Ö ¶μ¤£·Ê¶¶  ¡Ò²  μ¡μ§´ Î¥´  bγ . �²£¥¡·  ‹¨ ¤²Ö bγ

¨³¥¥É ¢¨¤

[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, (6)

[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 .

‘μμÉ¢¥É¸É¢ÊÕÐ Ö ¥° ¸¢¥·´ÊÉ Ö Ëμ·³  § ¶¨¸Ò¢ ¥É¸Ö É ±:

{b′′s , b′′t } = −2δst (s, t = 1, 2, 3). (7)

ˆ§ ´¥¥ ¸²¥¤Ê¥É, ÎÉμ ¶μ¤£·Ê¶¶  bγ ¶μ·μ¦¤ ¥É¸Ö É·¥³Ö  ´É¨±μ³³ÊÉ¨·ÊÕÐ¨³¨
£¥´¥· Éμ· ³¨ Î¥É¢¥·Éμ£μ ¶μ·Ö¤± . �Î¥¢¨¤´μ, ÎÉμ (1) ¶¥·¥Ìμ¤¨É ¢ (6) ¶·¨
§ ³¥´¥

bk → b′′k = ibk (k = 1, 2, 3). (8)

(PT)-¸μ¶·Ö¦¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥. �μ¤μ¡´μ Éμ³Ê, ± ± ¶μ¤£·Ê¶¶Ò dγ ¨ bγ

Ö¢²ÖÕÉ¸Ö ¤¢Ê³Ö ¶μ¤£·Ê¶¶ ³¨ 16-£μ ¶μ·Ö¤±  £·Ê¶¶Ò Ê· ¢´¥´¨Ö „¨· ± , ÉμÎ´μ
É ± ¦¥ ¤¢¥ ¶μ¤£·Ê¶¶Ò 16-£μ ¶μ·Ö¤±  ¸μ¤¥·¦ É¸Ö ¢ Ê· ¢´¥´¨¨ Œ °μ· ´Ò [3].
‚ ´ Ï¨Ì μ¡μ§´ Î¥´¨ÖÌ ÔÉμ £·Ê¶¶  Dγ(I). …¥ ¶μ¤£·Ê¶¶ ³¨ μ± § ²¨¸Ó dγ ¨
cγ . �μ¤£·Ê¶¶  cγ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ·¥§Ê²ÓÉ É ¶μ¸²¥¤μ¢ É¥²Ó´μ£μ ¤¥°¸É¢¨Ö
�- ¨ ’-¸μ¶·Ö¦¥´¨° ´  £·Ê¶¶Ê dγ . 	É¨ μ¶¥· Í¨¨ ±μ³³ÊÉ¨·ÊÕÉ ³¥¦¤Ê ¸μ¡μ°.
Šμ³³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö É¨¶  (1) ¤²Ö cγ ¶·μÐ¥ ¢¸¥£μ ¶μ²ÊÎ¨ÉÓ ¶ÊÉ¥³
¸²¥¤ÊÕÐ¥° § ³¥´Ò ¢ · ¢¥´¸É¢ Ì (1):

a2 → a′
2 = ia2, bk → b∗k = ibk (k = 1, 2, 3). (9)
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‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥É¸Ö É ±μ° ´ ¡μ· ±μ³³ÊÉ Í¨μ´´ÒÌ ¸μμÉ´μÏ¥´¨°:

[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, (10)

[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.

�μ¤μ¡´μ É·¥³ ¶·¥¤Ò¤ÊÐ¨³ £·Ê¶¶ ³ (2), (5), (7) ³μ¦´μ ´ ¶¨¸ ÉÓ ¸¢¥·´Ê-
ÉÊÕ Ëμ·³Ê ¤²Ö cγ :

{b∗s, b∗t} = 2δst (s, t = 1, 2, 3, s = t �= 1),
{b∗s, b∗t} = −2δst (s = t = 1).

(11)

‘¢¥·´ÊÉÒ¥ Ëμ·³Ò Ö¢²ÖÕÉ¸Ö ¢ ´ Ï¥³ ¸²ÊÎ ¥ μ¤´¨³ ¨§ ¸¶μ¸μ¡μ¢ § ¤ ´¨Ö
μ¶·¥¤¥²ÖÕÐ¨Ì ¸μμÉ´μÏ¥´¨° ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥° £·Ê¶¶Ò. ‚¨¤´μ, ÎÉμ ²Õ-
¡μ° ±μ³¶μ´¥´É ¸¢Ö§´μ¸É¨ ¨²¨ ± ¦¤ Ö ¨§ Î¥ÉÒ·¥Ì ¶μ¤£·Ê¶¶ (dγ , fγ , bγ , cγ)
¶μ·μ¦¤ ¥É¸Ö É·¥³Ö  ´É¨±μ³³ÊÉ¨·ÊÕÐ¨³¨ £¥´¥· Éμ· ³¨. ‚¨¤´μ É ±¦¥, ÎÉμ
μ´¨  ´ ²μ£¨Î´Ò § ¶¨¸¨ μ¶·¥¤¥²ÖÕÐ¨Ì ¸μμÉ´μÏ¥´¨° ¤²Ö £·Ê¶¶Ò Ê· ¢´¥´¨Ö
„¨· ±  [1]

γμγν + γνγμ = 2δμν , μ, ν = 1, 2, 3, 4, γ2
μ = 1, (12)

μÉ²¨Î Ö¸Ó ²¨ÏÓ Î¨¸²μ³ £¥´¥· Éμ·μ¢ ¨ ¨Ì ¶μ·Ö¤± ³¨.’ ±¨³ μ¡· §μ³, ¸¤¥² ´
¥Ð¥ μ¤¨´ Ï £ ´  ¶ÊÉ¨ Ê´¨Ë¨± Í¨¨ § ¶¨¸¨ ¢μ²´μ¢ÒÌ Ê· ¢´¥´¨° ¨ ¸¶μ¸μ¡ 
¨Ì ¶μ²ÊÎ¥´¨Ö. ’ ±, ´ ¶·¨³¥·, ¸· ¢´¥´¨¥ ¢Ò· ¦¥´¨° (2), (5), (7), (9) ¸ (12)
μ¤´μ§´ Î´μ Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ Ëμ·³Ê²¨·μ¢±  ¢μ²´μ¢μ£μ Ê· ¢´¥´¨Ö É¨¶ 
„¨· ±  É·¥¡Ê¥É ¤²Ö ´ Î ²  ´ ²¨Î¨Ö É·¥Ì  ´É¨±μ³³ÊÉ¨·ÊÕÐ¨Ì £¥´¥· Éμ·μ¢.
’ ±μ¢ ¸³Ò¸² Ë· §Ò μ Éμ³, ÎÉμ ·¥²ÖÉ¨¢¨§³ ²¥¦¨É ¢ μ¸´μ¢¥ ²¥¶Éμ´´ÒÌ Ê· ¢´¥-
´¨°. —¥É¢¥·ÉÒ° £¥´¥· Éμ· Ö¢²Ö¥É¸Ö ¤μ¶μ²´¥´¨¥³, ±μÉμ·μ¥ · ¸Ï¨·Ö¥É £·Ê¶¶Ê
‹μ·¥´Í  ¤μ £·Ê¶¶Ò ¢μ²´μ¢μ£μ Ê· ¢´¥´¨Ö ¤²Ö ¸É ¡¨²Ó´ÒÌ ²¥¶Éμ´μ¢. ’ ±¨³
μ¡· §μ³, ¶μ²ÊÎ¥´ ¶μ²´Ò° ´ ¡μ· ¸μ¸É ¢²ÖÕÐ¨Ì ¤²Ö § ¶¨¸¨ ¢μ²´μ¢ÒÌ Ê· ¢´¥-
´¨° ²¥¶Éμ´μ¢.

2. ‘’�“Š’“���Ÿ ˆ�„ˆ‚ˆ„“�‹œ��‘’œ ‹…	’���‚

‘μ¢μ±Ê¶´μ¸ÉÓ ¨¸Ìμ¤´ÒÌ ¶·¥¤¶μ²μ¦¥´¨° ¢³¥¸É¥ ¸ ¨§¢¥¸É´Ò³¨ É¥μ·¥É¨±μ-
£·Ê¶¶μ¢Ò³¨ μ£· ´¨Î¥´¨Ö³¨ ¨ É·¥¡μ¢ ´¨Ö³¨ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¶ÖÉÓ ¨ Éμ²Ó±μ
¶ÖÉÓ É¨¶μ¢ £·Ê¶¶ ¤²Ö Ëμ·³Ê²¨·μ¢±¨ ¶ÖÉ¨ ¢μ²´μ¢ÒÌ Ê· ¢´¥´¨°, ¶μ¤μ¡´ÒÌ
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Ê· ¢´¥´¨Õ „¨· ± , É. ¥. £·Ê¶¶ Ê· ¢´¥´¨° ¸É ¡¨²Ó´ÒÌ ²¥¶Éμ´μ¢. ˆÌ ¸É·Ê±ÉÊ·-
´Ò° ¸μ¸É ¢, É. ¥. ´ ¡μ· ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ¤£·Ê¶¶ dγ , fγ , bγ , cγ , ¢Ò£²Ö¤ÖÉ
É ±¨³ μ¡· §μ³:

1. “· ¢´¥´¨¥ „¨· ±  Å Dγ(II):
¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {dγ , fγ , bγ},
In[Dγ(II)] = −1.
2. “· ¢´¥´¨¥ ¤²Ö ¤Ê¡²¥É  ³ ¸¸¨¢´ÒÌ ´¥°É·¨´μ Å Dγ(I):
¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {dγ , fγ , cγ},
In[Dγ(I)] = 1.
3. “· ¢´¥´¨¥ ¤²Ö ±¢ ·É¥É  ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ Å Dγ(III):
¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {dγ , fγ , bγ , cγ},
In[Dγ(III)] = 0.
4. “· ¢´¥´¨¥ ¤²Ö ¡¥§³ ¸¸μ¢μ£μ T-¸¨´£²¥É  Å Dγ(IV):
¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {bγ},
In[Dγ(IV)] = −1.
5. “· ¢´¥´¨¥ ¤²Ö ¡¥§³ ¸¸μ¢μ£μ (PT)-¸¨´£²¥É  Å Dγ(V):
¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {cγ},
In[Dγ(V)] = 1.
‚¥²¨Î¨´  In[Dγ(. . .)] Ö¢²Ö¥É¸Ö Î¨¸²μ¢μ° Ì · ±É¥·¨¸É¨±μ° ¸É·Ê±ÉÊ·´μ£μ

¸μ¸É ¢  ´¥¶·¨¢μ¤¨³μ° ³ É·¨Î´μ° £·Ê¶¶Ò [10]. Š ¦¤ Ö ¨§ ¶ÖÉ¨ £·Ê¶¶ ¨³¥¥É
¶μ·Ö¤μ± 32 ¨ ¶μ·μ¦¤ ¥É¸Ö Î¥ÉÒ·Ó³Ö £¥´¥· Éμ· ³¨. �¤´ ±μ μ¶·¥¤¥²ÖÕÐ¨¥ ¸μ-
μÉ´μÏ¥´¨Ö ¤²Ö ± ¦¤μ° £·Ê¶¶Ò ¸¢μ¨ ¸μ¡¸É¢¥´´Ò¥ ¨ · §²¨Î´Ò¥ [6]. …¸²¨ ¢¸¥
Î¥ÉÒ·¥ £¥´¥· Éμ·   ´É¨±μ³³ÊÉ¨·ÊÕÉ, Éμ ¶μ²ÊÎ ÕÉ¸Ö Ê· ¢´¥´¨Ö ¤²Ö ³ ¸¸¨¢´ÒÌ
Î ¸É¨Í: Dγ(II) Å Ê· ¢´¥´¨¥ „¨· ±  [1] ¨ Dγ(I) Å Ê· ¢´¥´¨¥ Œ °μ· ´Ò ¤²Ö
³ ¸¸¨¢´μ£μ ´¥°É·¨´μ [3]. …¸²¨ Î¥É¢¥·ÉÒ° £¥´¥· Éμ· £·Ê¶¶Ò ±μ³³ÊÉ¨·Ê¥É ¸
É·¥³Ö ¶¥·¢Ò³¨, Éμ ¶μ²ÊÎ ÕÉ¸Ö Ê· ¢´¥´¨Ö ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ: Dγ(III),
Dγ(IV), Dγ(V). ƒ·Ê¶¶  Dγ(III) ¸¢Ö§ ´  ¸ Ê· ¢´¥´¨¥³ � Ê²¨ [2]. “· ¢´¥´¨Ö
Dγ(IV) ¨ Dγ(V) ³μ¦´μ ¸¢Ö§Ò¢ ÉÓ ¸ ¨¸É¨´´μ ´¥°É· ²Ó´Ò³¨ ¡¥§³ ¸¸μ¢Ò³¨
¤¢ÊÌ±μ³¶μ´¥´É´Ò³¨ ´¥°É·¨´μ [11]. �  ¶·¨³¥·¥ ¸É ¡¨²Ó´ÒÌ ²¥¶Éμ´μ¢ ³Ò
¢¨¤¨³ É·¨ É¨¶  · §²¨Î´ÒÌ Ê· ¢´¥´¨°. „Ê¡²¥É´Ò¥ Å ÔÉμ É¥, ±μÉμ·Ò¥ μ¶¨-
¸Ò¢ ÕÉ Î ¸É¨ÍÒ ¨  ´É¨Î ¸É¨ÍÒ. �·¨§´ ±μ³ ¤Ê¡²¥É´ÒÌ Ê· ¢´¥´¨° Ö¢²Ö¥É¸Ö
´ ²¨Î¨¥ ’-¸μ¶·Ö¦¥´´ÒÌ ±μ³¶μ´¥´Éμ¢ ¸¢Ö§´μ¸É¨ ¢ ¸μ¸É ¢¥ £·Ê¶¶Ò Ê· ¢´¥´¨Ö.
’ ±μ¢Ò³¨ Ö¢²ÖÕÉ¸Ö ¶μ¤£·Ê¶¶Ò dγ , bγ ¢ ¸μ¸É ¢¥ Ê· ¢´¥´¨Ö „¨· ±  (Dγ(II)) ¨
¶μ¤£·Ê¶¶Ò fγ , cγ ¢ Ê· ¢´¥´¨¨ Œ °μ· ´Ò (Dγ(I)). �É¸ÊÉ¸É¢¨¥ ’-¸μ¶·Ö¦¥´´ÒÌ
³¥¦¤Ê ¸μ¡μ° ¸μ¸É ¢²ÖÕÐ¨Ì ¢¥¤¥É ± ¸¨´£²¥É´Ò³ Ê· ¢´¥´¨Ö³ ¨²¨ Ê· ¢´¥´¨Ö³
¤²Ö ¨¸É¨´´μ ´¥°É· ²Ó´ÒÌ Î ¸É¨Í. ’ ±¨³¨ Ö¢²ÖÕÉ¸Ö Ê· ¢´¥´¨Ö ´  μ¸´μ¢¥
£·Ê¶¶ Dγ(IV) ¨ Dγ(V) [11]. ˆ, ´ ±μ´¥Í, £·Ê¶¶  Dγ(III) Ö¢²Ö¥É¸Ö ¶·¨³¥·μ³
±¢ ·É¥É´μ£μ ¸μ¸ÉμÖ´¨Ö. ‡¤¥¸Ó ¢ · ³± Ì ¥¤¨´μ£μ Ê· ¢´¥´¨Ö μ¶¨¸Ò¢ ÕÉ¸Ö ¤¢¥
¶ ·Ò ¤Ê¡²¥É´ÒÌ ¸μ¸ÉμÖ´¨°, É. ¥. ¤¢¥ ¶ ·Ò Î ¸É¨Í Ä ´É¨Î ¸É¨Í . �Ê¤¥³ ´ §Ò-
¢ ÉÓ ÔÉ¨ ¶ ·Ò ¤¢μ°´¨± ³¨. ‚ £·Ê¶¶¥ Dγ(III) μ¤´  ¶ ·  ¤Ê¡²¥É´ÒÌ ¸μ¸ÉμÖ´¨°
¸¢Ö§ ´  ¸ ¶μ¤£·Ê¶¶ ³¨ dγ ¨ bγ ,   ¢Éμ· Ö ¸ ¶μ¤£·Ê¶¶ ³¨ fγ ¨ cγ . �´¨ · §²¨-
Î ÕÉ¸Ö ¸¶¨´μ¢Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ [4].
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ƒ·Ê¶¶Ò ´¥¸É ¡¨²Ó´ÒÌ ²¥¶Éμ´μ¢ ¶μ²ÊÎ ÕÉ¸Ö ¶·¨ · ¸Ï¨·¥´¨¨ £·Ê¶¶ ¤²Ö
¸É ¡¨²Ó´ÒÌ ³ ¸¸¨¢´ÒÌ ²¥¶Éμ´μ¢ Dγ(II), Dγ(I) ¸ ¶μ³μÐÓÕ ¶ÖÉμ£μ  ´É¨±μ³-
³ÊÉ¨·ÊÕÐ¥£μ £¥´¥· Éμ· . …¸²¨ μ´ É ±μ¢, ÎÉμ (Γ5)2 = ±I (I Å ¥¤¨´¨Î´ Ö
³ É·¨Í ), Éμ ¶μ²ÊÎ ¥É¸Ö É·¨ ¨ Éμ²Ó±μ É·¨ ´¥¨§μ³μ·Ë´ÒÌ £·Ê¶¶Ò Δ1, Δ2, Δ3,
¤μ¶Ê¸± ÕÐ¨Ì Ëμ·³Ê²¨·μ¢±Ê ¢μ²´μ¢ÒÌ Ê· ¢´¥´¨°, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì É¥³ ¦¥
É·¥¡μ¢ ´¨Ö³. Š ¦¤ Ö ¨§ É·¥Ì £·Ê¶¶ ¨³¥¥É ¶μ·Ö¤μ± 64. ˆÌ ¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢
¢Ò£²Ö¤¨É ¡μ²¥¥ ¸²μ¦´μ. ‚ ± ¦¤μ° ¨§ ´¨Ì ³μ¦´μ ¢Ò¤¥²¨ÉÓ ¶μ¤¸É·Ê±ÉÊ·Ò, ¨§μ-
³μ·Ë´Ò¥ £·Ê¶¶ ³ ¸É ¡¨²Ó´ÒÌ ²¥¶Éμ´μ¢. ‘É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ ´¥ ¶μ¢Éμ·Ö¥É¸Ö
É ± ¦¥, ± ± Ê ¸É ¡¨²Ó´ÒÌ ²¥¶Éμ´μ¢. ’μÎ´Ò¥ ¢Ò· ¦¥´¨Ö É ±μ¢Ò:

1) Δ1, ¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {Dγ(II), Dγ(III), Dγ(IV)},
In[Δ1] = −1;
2) Δ3, ¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {Dγ(II), Dγ(I), Dγ(III)},
In[Δ3] = 0;
3) Δ2, ¸É·Ê±ÉÊ·´Ò° ¸μ¸É ¢ {Dγ(I), Dγ(III), Dγ(V)},
In[Δ2] = 1.
Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¶¥·¢Ò¥ ¤¢¥ £·Ê¶¶Ò ¸¢Ö§ ´Ò ¸ Ê· ¢´¥´¨Ö³¨ ¤²Ö § ·Ö-

¦¥´´ÒÌ Î ¸É¨Í (¶·¥¤¶μ²μ¦¨É¥²Ó´μ μ- ¨ τ -²¥¶Éμ´Ò),   ¶μ¸²¥¤´ÖÖ Å ¸ Ê· ¢´¥-
´¨¥³ ¤²Ö ´¥°É· ²Ó´μ° ´¥¸É ¡¨²Ó´μ° Î ¸É¨ÍÒ. ’ ± ¦¥ ± ± ¢ ¸²ÊÎ ¥ Ê· ¢´¥´¨Ö
„¨· ±  ¨ Œ °μ· ´Ò, · §³¥·´μ¸ÉÓ ¶·¥¤¸É ¢²¥´¨°, μÉ²¨Î´ÒÌ μÉ ¥¤¨´¨Î´ÒÌ
(É. ¥. · §³¥·´μ¸ÉÓ γ-³ É·¨Í), · ¢´  Î¥ÉÒ·¥³. �μ, ¢ μÉ²¨Î¨¥ μÉ ¸É ¡¨²Ó´ÒÌ
Ê· ¢´¥´¨°, £¤¥ ¨³¥¥É¸Ö μ¤´μ ´¥Ô±¢¨¢ ²¥´É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ Î¥É¢¥·Éμ£μ ¶μ-
·Ö¤± , ¢μ ¢¸¥Ì É·¥Ì ¸²ÊÎ ÖÌ ³Ò ¨³¥¥³ ¶μ ¤¢  ´¥Ô±¢¨¢ ²¥´É´ÒÌ ´¥¶·¨¢μ¤¨-
³ÒÌ ¶·¥¤¸É ¢²¥´¨Ö. ‚ £·Ê¶¶ Ì Δ1 ¨ Δ2 ÔÉμ ¢¥¤¥É ± · §¤¥²Ó´μ³Ê μ¶¨¸ ´¨Õ
Î ¸É¨ÍÒ ¨  ´É¨Î ¸É¨ÍÒ. �´¨ ¸¢Ö§ ´Ò ¸ · §²¨Î´Ò³¨ ´¥Ô±¢¨¢ ²¥´É´Ò³¨ ¶·¥¤-
¸É ¢²¥´¨Ö³¨. �·¨ ÔÉμ³ Ê· ¢´¥´¨Ö ¢ Í¥²μ³ μ± §Ò¢ ÕÉ¸Ö ¤Ê¡²¥É´Ò³¨. ˆ´μ¥ ¶μ-
²μ¦¥´¨¥ ¢ £·Ê¶¶¥ Δ3. ‡¤¥¸Ó ± ¦¤μ¥ ´¥Ô±¢¨¢ ²¥´É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸¢Ö§ ´μ
¸ ¤Ê¡²¥É´Ò³ Ê· ¢´¥´¨¥³. �μ μ¶·¥¤¥²¥´¨Õ ´¥Ô±¢¨¢ ²¥´É´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ´¥
¶¥·¥Ìμ¤ÖÉ μ¤´μ ¢ ¤·Ê£μ¥ ¸ ¶μ³μÐÓÕ ´¥μ¸μ¡¥´´ÒÌ ¶·¥μ¡· §μ¢ ´¨°. �μÔÉμ³Ê
³μ¦´μ £μ¢μ·¨ÉÓ μ ´¥¶μ²´μ³ ¸μ¢¶ ¤¥´¨¨ ±¢ ´Éμ¢ÒÌ Î¨¸¥² ¤²Ö Î ¸É¨Í, μÉ´μ-
¸ÖÐ¨Ì¸Ö ± ´¥Ô±¢¨¢ ²¥´É´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³. ‡¤¥¸Ó, ± ± ¨ ¢ ¸²ÊÎ ¥ £·Ê¶¶Ò
Ê· ¢´¥´¨Ö � Ê²¨ (Dγ(III)), ³Ò ¨³¥¥³ ±¢ ·É¥É´μ¥ ¸μ¸ÉμÖ´¨¥. • · ±É¥·´Ò°
¶·¨§´ ± ±¢ ·É¥É´ÒÌ ¸μ¸ÉμÖ´¨° Å · ¢¥´¸É¢μ ´Ê²Õ ¸É·Ê±ÉÊ·´μ£μ ¨´¢ ·¨ ´É 
In[Dγ(III)] = In[Δ3] = 0. �¥¸É ¡¨²Ó´Ò¥ ²¥¶Éμ´Ò ´¥ ¤μ¡ ¢¨²¨ ´μ¢ÒÌ Ô²¥³¥´-
Éμ¢ ¢ ±² ¸¸¨Ë¨± Í¨μ´´ÊÕ ¸Ì¥³Ê.

‡�Š‹�—…�ˆ…

‚ · ³± Ì ¶·¨´ÖÉÒÌ ¨¸Ìμ¤´ÒÌ ¶·¥¤¶μ²μ¦¥´¨° ¶·¥¤² £ ¥³Ò° Í¥²μ¸É´Ò°
¶μ¤Ìμ¤ ·¥Ï ¥É ¢μ¶·μ¸ μ ¶μ²´μ³ Î¨¸²¥ ²¥¶Éμ´μ¢, μ¡ ¨Ì ¶¥·¢¨Î´μ° ¸É·Ê±ÉÊ·-
´μ° ±² ¸¸¨Ë¨± Í¨¨ ¨ ´ ¤¥²Ö¥É ²¥¶Éμ´Ò ¸μ¡¸É¢¥´´Ò³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨.
Šμ´Í¥¶Í¨Ö ±¢ ´Éμ¢ÒÌ Î¨¸¥² ·¥ ²¨§Ê¥É¸Ö ´  μ¸´μ¢¥ ¸É·Ê±ÉÊ·´ÒÌ · §²¨Î¨°
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£·Ê¶¶μ¢μ£μ ¸μ¸É ¢  ²¥¶Éμ´´ÒÌ Ê· ¢´¥´¨°. ’¥³ ¸ ³Ò³ Ê¸É· ´Ö¥É¸Ö ´¥¥¸É¥-
¸É¢¥´´μ¥ ¶μ²μ¦¥´¨¥, ±μ£¤  ¨³¥¥É¸Ö Ö¢´μ ´ ¡²Õ¤ ¥³μ¥ · §²¨Î¨¥ ¸¢μ°¸É¢ ²¥¶-
Éμ´μ¢, ´μ É¥μ·¨Ö ´¥ ³μ¦¥É Ê± § ÉÓ ´μ¸¨É¥²¥° ÔÉ¨Ì ¸¢μ°¸É¢. �·¨³¥·μ³ Éμ³Ê
¸²Ê¦¨É É ± ´ §Ò¢ ¥³ Ö (μ − e − τ)-Ê´¨¢¥·¸ ²Ó´μ¸ÉÓ.

Œ´μ¦¥¸É¢μ ± ´ ²μ¢ · ¸¶ ¤μ¢ É Ê-²¥¶Éμ´μ¢ ¸ ÊÎ ¸É¨¥³ ²¥¶Éμ´μ¢ ¨  ¤·μ-
´μ¢ ¢ ±μ´¥Î´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ ¤¥² ¥É ¤ ´´ÊÕ μ¡² ¸ÉÓ ¨¸¸²¥¤μ¢ ´¨Ö Ê´¨± ²Ó´μ°
¤²Ö ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ± ± ²¥¶Éμ´μ¢, É ± ¨  ¤·μ´μ¢ ´  ¥¤¨´μ° ·¥²ÖÉ¨¢¨¸É-
¸±μ° μ¸´μ¢¥. �μ ÔÉμ° ¶·¨Î¨´¥ ´¥μ¡Ìμ¤¨³μ §´ ÉÓ ¸É·Ê±ÉÊ·Ê ¢¸¥£μ ²¥¶Éμ´´μ£μ
¸¥±Éμ· , É ± ± ± μ´ ¢ §´ Î¨É¥²Ó´μ° ³¥·¥ ¶·¥¤¸É ¢²¥´ ¢ ¶·μ¤Ê±É Ì · ¸¶ ¤μ¢
É Ê-²¥¶Éμ´μ¢. �¥ ²¨§ Í¨Ö É ±μ° ¶·μ£· ³³Ò ¶μ¸²Ê¦¨É ¸¡²¨¦¥´¨Õ ¢ μ¶¨¸ ´¨¨
Ô²¥±É·μ¸² ¡ÒÌ ¨ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°.
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