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“¸²μ¢¨¥ ¸¥¶ · ¡¥²Ó´μ¸É¨ ¸³¥Ï ´´ÒÌ ¸μ¸ÉμÖ´¨° ¤¢ÊÌ ±Ê¡¨Éμ¢ ¸Ëμ·³Ê²¨·μ¢ ´μ ¢ ¢¨¤¥ ¸¨¸É¥³Ò
¶μ²¨´μ³¨ ²Ó´ÒÌ ´¥· ¢¥´¸É¢ ´  ¨´¢ ·¨ ´ÉÒ ¶·¨¸μ¥¤¨´¥´´μ£μ ¤¥°¸É¢¨Ö £·Ê¶¶Ò SU(2) ⊗ SU(2) ´ 
¶·μ¸É· ´¸É¢¥ ³ É·¨Í ¶²μÉ´μ¸É¨, É. ¥. ´¥μÉ·¨Í É¥²Ó´μ-μ¶·¥¤¥²¥´´ÒÌ Ô·³¨Éμ¢ÒÌ 4 × 4 ³ É·¨Í Ì.

The separability condition for the two qubit mixed state is formulated in terms of a system of
inequalities in invariants of the adjoint SU(2) ⊗ SU(2) action on the space of density matrices, i.e.,
positive semi-deˇnite 4 × 4 Hermitian matrices.
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‘μ£² ¸´μ ¶μ¸ÉÊ² ÉÊ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶·μ¸É· ´¸É¢μ ¸μ¸ÉμÖ´¨° H ±μ³¶μ§¨Í¨μ´´μ° ¸¨-
¸É¥³Ò, ¶·¥¤¸É ¢²ÖÕÐ¥° ¸μ¡μ° μ¡Ñ¥¤¨´¥´¨¥ ¸¨¸É¥³ A ¨ B , Ö¢²Ö¥É¸Ö ¶μ¤¶·μ¸É· ´¸É¢μ³
É¥´§μ·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö £¨²Ó¡¥·Éμ¢ÒÌ ¶·μ¸É· ´¸É¢ HA ¨ HB ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ¤¸¨-
¸É¥³:

H ⊂ HA ⊗HB. (1)

�Éμ μ¶·¥¤¥²¥´¨¥ ¢ ¸μÎ¥É ´¨¨ ¸ ¶·¨´Í¨¶μ³ ¸Ê¶¥·¶μ§¨Í¨¨ ¤μ¶Ê¸± ¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥
¢ μ¡Ñ¥¤¨´¥´´μ° ¸¨¸É¥³¥ ±μ··¥²ÖÍ¨°, ±μÉμ·Ò¥ ´¥ ¨³¥ÕÉ ±² ¸¸¨Î¥¸±μ£μ  ´ ²μ£ . Š² ¸-
¸¨Î¥¸±¨ ³Ò¸²¨³Ò¥ ±μ··¥²ÖÍ¨¨ ³¥¦¤Ê ¶μ¤¸¨¸É¥³ ³¨ ·¥ ²¨§ÊÕÉ¸Ö ¤²Ö É ± ´ §Ò¢ ¥³ÒÌ
¸¥¶ · ¡¥²Ó´ÒÌ ¸μ¸ÉμÖ´¨°. ‘³¥Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥ �, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ μ¡Ñ¥¤¨´¥´¨Õ ¸¨-
¸É¥³ A ¨ B, Ö¢²Ö¥É¸Ö ¸¥¶ · ¡¥²Ó´Ò³, ¥¸²¨ ³ É·¨Í  ¶²μÉ´μ¸É¨ � ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É -
¢²¥´  (´¥ μ¡Ö§ É¥²Ó´μ ¥¤¨´¸É¢¥´´Ò³ μ¡· §μ³) ± ± ¢Ò¶Ê±²μ¥ ³´μ¦¥¸É¢μ ¶·μ¨§¢¥¤¥´¨°
¸μ¸ÉμÖ´¨° [1]:

� =
M∑

j=1

ωj�
A
j ⊗ �B

j , ωj � 0,

M∑
j=1

ωj = 1, (2)

1E-mail: gerdt@jinr.ru
2E-mail: palii@jinr.ru
3E-mail: akhved@jinr.ru
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¨´¤¨¢¨¤Ê ²Ó´ÒÌ ³ É·¨Í ¶²μÉ´μ¸É¨ ¶μ¤¸¨¸É¥³, �A
i ¨ �B

i . ‘μ¸ÉμÖ´¨Ö, ´¥¶·¥¤¸É ¢¨³Ò¥ ¢
¢¨¤¥ (2), ¶·¨´ÖÉμ ´ §Ò¢ ÉÓ § ¶ÊÉ ´´Ò³¨ ¨²¨ ¸Í¥¶²¥´´Ò³¨ (entangled).

‚ ´ ¸ÉμÖÐ¥° § ³¥É±¥ ³Ò μ¡¸Ê¤¨³ ¢μ¶·μ¸ μ¡  ²£¥¡· ¨Î¥¸±μ³ ±·¨É¥·¨¨ ¶·¥¤¸É ¢¨³μ-
¸É¨ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¤¢ÊÌ±Ê¡¨É´μ° ¸¨¸É¥³Ò ¢ ¸¥¶ · ¡¥²Ó´μ° Ëμ·³¥ (2). �μ¸±μ²Ó±Ê
¸¢μ°¸É¢μ ¸¥¶ · ¡¥²Ó´μ¸É¨, § ¶ÊÉ ´´μ¸É¨, ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¤¢ÊÌ ±Ê¡¨Éμ¢ Ö¢²Ö¥É¸Ö ¨´¢ -
·¨ ´Éμ³ μÉ´μ¸¨É¥²Ó´μ ²μ± ²Ó´ÒÌ Ê´¨É ·´ÒÌ ¶·¥μ¡· §μ¢ ´¨°, ¤¥°¸É¢ÊÕÐ¨Ì ´¥§ ¢¨¸¨³μ
´  ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ± ¦¤μ° ¨§ ¶μ¤¸¨¸É¥³

� → �′ = SU(2)† ⊗ SU(2)†�SU(2) ⊗ SU(2), (3)

Éμ ±·¨É¥·¨° ¤μ²¦¥´ ¤μ¶Ê¸± ÉÓ Ëμ·³Ê²¨·μ¢±Ê ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ É¥·³¨´ Ì ¨´¢ ·¨ ´Éμ¢
¶·¨¸μ¥¤¨´¥´´μ£μ ¤¥°¸É¢¨Ö £·Ê¶¶Ò SU(2) ⊗ SU(2). „ ²¥¥ ¡Ê¤¥É ¶μ± § ´μ, ÎÉμ, ¤¥°¸É¢¨-
É¥²Ó´μ, ¤²Ö ¸³¥Ï ´´ÒÌ ¸μ¸ÉμÖ´¨° ¤¢ÊÌ ±Ê¡¨Éμ¢ ¨§¢¥¸É´Ò° ±·¨É¥·¨° ¸¥¶ · ¡¥²Ó´μ¸É¨
�¥·¥¸ Äƒμ·μ¤¥Í±¨ [2, 3] ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ Ëμ·³¥ Ê¸²μ¢¨° ¢Ò¶μ²´¨³μ¸É¨ ¸¨-
¸É¥³Ò ¶μ²¨´μ³¨ ²Ó´ÒÌ ´¥· ¢¥´¸É¢ ´  ¸± ²Ö·Ò SU(2) ⊗ SU(2) ¢ μ¡¥·ÉÒ¢ ÕÐ¥°  ²£¥-
¡·¥ SU(4).

1. Œ�’�ˆ–� �‹�’��‘’ˆ Š�Œ��‡ˆ–ˆ����‰ ‘ˆ‘’…Œ›

	 ¨¡μ²¥¥ μ¡Ð¥¥ ¸μ¸ÉμÖ´¨¥ n-Ê·μ¢´¥¢μ° ±¢ ´Éμ¢μ° ¸¨¸É¥³Ò, ¸³¥Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥,
§ ¤ ¥É¸Ö n × n ±μ³¶²¥±¸´μ° ³ É·¨Í¥°, ³ É·¨Í¥° ¶²μÉ´μ¸É¨ � [4, 5], ±μÉμ· Ö ¤μ²¦´ :

Å ¡ÒÉÓ Ô·³¨Éμ¢μ° Å � = �+,
Å ¨³¥ÉÓ ¥¤¨´¨Î´Ò° ¸²¥¤ Å Tr(�) = 1,
Å ¡ÒÉÓ ´¥μÉ·¨Í É¥²Ó´μ-μ¶·¥¤¥²¥´´μ° Å � � 0.
�¥·¢Ò¥ ¤¢  Ê¸²μ¢¨Ö ³μ£ÊÉ ¡ÒÉÓ ²¥£±μ ·¥ ²¨§μ¢ ´Ò ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ³ É·¨ÍÒ ¶²μÉ-

´μ¸É¨ ¶μ ¡ §¨¸Ê  ²£¥¡·Ò su(n). ’ ±, ¤²Ö ¤¢ÊÌ ±Ê¡¨Éμ¢ ³ É·¨Í  ¶²μÉ´μ¸É¨ ¤μ¶Ê¸± ¥É
· §²μ¦¥´¨¥ ¢ Ëμ·³¥

ρ =
1
4

(
I4 +

√
6η · λ

)
. (4)

‚ ¶·¥¤¸É ¢²¥´¨¨ (4) ³ É·¨ÍÒ {λi}15
i=1 ¸μ¸É ¢²ÖÕÉ ¡ §¨¸  ²£¥¡·Ò ‹¨ su(4),   ±μÔËË¨Í¨-

¥´ÉÒ · §²μ¦¥´¨Ö η = {η1, . . . , η15} ∈ R
15 μ¡· §ÊÕÉ É ± ´ §Ò¢ ¥³Ò° ¢¥±Éμ· 
²μÌ .

’·¥ÉÓ¥ ¨§ ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ Ê¸²μ¢¨° ´  ³ É·¨ÍÊ ¶²μÉ´μ¸É¨, É·¥¡μ¢ ´¨¥ ¥¥ ´¥μ-
É·¨Í É¥²Ó´μ¸É¨, μ¶·¥¤¥²Ö¥É ¤μ¶Ê¸É¨³ÊÕ μ¡² ¸ÉÓ §´ Î¥´¨° ¢¥±Éμ·  η. �É  μ¡² ¸ÉÓ ¶·¥¤-
¸É ¢²Ö¥É ¸μ¡μ° ¶μ²Ê ²£¥¡· ¨Î¥¸±μ¥ ³´μ£μμ¡· §¨¥ ¢ R

15, § ¤ ¢ ¥³μ¥ ¸¨¸É¥³μ° ¶μ²¨´μ³¨-
 ²Ó´ÒÌ ´¥· ¢¥´¸É¢ ´  ±μ³¶μ´¥´ÉÒ η. „²Ö ¢Ò¢μ¤  ÔÉ¨Ì ´¥· ¢¥´¸É¢ ¨¸¶μ²Ó§Ê¥³ ÉμÉ Ë ±É,
ÎÉμ ´¥μÉ·¨Í É¥²Ó´μ¸ÉÓ Ô·³¨Éμ¢μ° ³ É·¨ÍÒ ³μ¦´μ ¸Ëμ·³Ê²¨·μ¢ ÉÓ ¢ É¥·³¨´ Ì ±μÔËË¨-
Í¨¥´Éμ¢ Sk Ì · ±É¥·¨¸É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö

|I4 x − ρ| = x4 − S1x
3 + S2x

2 − S3x + S4 = 0 (5)

± ± Ê¸²μ¢¨¥ ¨Ì ´¥μÉ·¨Í É¥²Ó´μ¸É¨ [6,7]

Sk � 0, k = 1, . . . , 4. (6)
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�¨¸. 1. �¡² ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ³ É·¨ÍÒ ¶²μÉ´μ-
¸É¨ ¤¢ÊÌ ±Ê¡¨Éμ¢ ¢ ¶·μ¸É· ´¸É¢¥ ¨´¢ ·¨ ´Éμ¢

Š·μ³¥ μ£· ´¨Î¥´¨Ö ¸´¨§Ê ¤²Ö ±μÔËË¨Í¨-
¥´Éμ¢ Sk ¸ÊÐ¥¸É¢Ê¥É ¨ μ£· ´¨Î¥´¨¥ ¸¢¥·ÌÊ,
¢ÒÉ¥± ÕÐ¥¥ ¨§ Ê¸²μ¢¨° ´μ·³¨·μ¢±¨ Tr (�) =
1, Tr (�k) � 1 ¶·¨ k � 2. ‡ ³¥É¨³, ÎÉμ §´ ±
· ¢¥´¸É¢  ¸μμÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ Î¨¸ÉÒÌ ¸μ-
¸ÉμÖ´¨° ¨ ³ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö Sk ¤μ¸É¨-
£ ÕÉ¸Ö ¶·¨ · ¢´ÒÌ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨ÖÌ
³ É·¨ÍÒ ¶²μÉ´μ¸É¨.

“¸²μ¢¨Ö (6) ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ
¶·¨¸μ¥¤¨´¥´´μ£μ ¤¥°¸É¢¨Ö £·Ê¶¶Ò SU(4) ¨
³μ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¢ É¥·³¨´ Ì ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¨´¢ ·¨ ´Éμ¢ μ¡¥·ÉÒ¢ ÕÐ¥°  ²£¥¡·Ò

C2 = η · η,

C3 =

√
3
2

dijkηiηjηk,

C4 =
3
2

dijkdlmkηiηjηlηm,

(7)

£¤¥ dijk Å ¶μ²´μ¸ÉÓÕ ¸¨³³¥É·¨Î´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ±μ´¸É ´ÉÒ  ²£¥¡·Ò su(4). Š ± ¶μ± -
§Ò¢ ¥É ¶·Ö³μ° · ¸Î¥É,

S2 =
3
8
(1 − C2), S3 =

1
16

(1 − 3C2 + 2C3), S4 =
1

256
((1 − 3C2)2 + 8C3 − 12C4). (8)

’ ±¨³ μ¡· §μ³, μ±μ´Î É¥²Ó´μ ¨³¥¥³ ¸²¥¤ÊÕÐÊÕ ¸¨¸É¥³Ê ´¥· ¢¥´¸É¢

0 � C2 � 1,
0 � 3C2 − 2C3 � 1,

0 � (1 − 3C2)2 + 8C3 − 12C4 � 1.
(9)

‘¨¸É¥³  (9) μ¶·¥¤¥²Ö¥É μ¡² ¸ÉÓ ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° ¨´¢ ·¨ ´Éμ¢. 	¥ ¶·¨¢μ¤Ö  ´ ²¨É¨-
Î¥¸±¨Ì ¢Ò· ¦¥´¨° ¤²Ö ¥¥ £· ´¨Í, ¤ ¤¨³ ¤²Ö ´ £²Ö¤´μ¸É¨ ²¨ÏÓ ¥¥ £· Ë¨Î¥¸±μ¥ ¶·¥¤¸É -
¢²¥´¨¥ (·¨¸. 1).

2. Š�ˆ’…�ˆ‰ �…�…‘�Äƒ���„…–Šˆ

„²Ö Ëμ·³Ê²¨·μ¢±¨ ±·¨É¥·¨Ö ¸¥¶ · ¡¥²Ó´μ¸É¨ ¢¢¥¤¥³ ¶μ´ÖÉ¨¥ Î ¸É¨Î´μ£μ É· ´¸¶μ´¨-
·μ¢ ´¨Ö. — ¸É¨Î´μ¥ É· ´¸¶μ´¨·μ¢ ´¨¥ ¤¢ÊÌ±Ê¡¨É´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ρ μ¶·¥¤¥²Ö¥É¸Ö
± ± μ¶¥· Í¨Ö É· ´¸¶μ´¨·μ¢ ´¨Ö T ¢ μ¤´μ° ¨§ ¶μ¤¸¨¸É¥³, ´ ¶·¨³¥· ¢ ¶μ¤¸¨¸É¥³¥ B:

ρTB = I ⊗ Tρ. (10)

‡ ³¥É¨³, ÎÉμ ¶μ¤ ¤¥°¸É¢¨¥³ É· ´¸¶μ´¨·μ¢ ´¨Ö ³ É·¨ÍÒ � Ê²¨ ¶·¥μ¡· §ÊÕÉ¸Ö ¸²¥¤ÊÕ-
Ð¨³ μ¡· §μ³: T (σ1, σ2, σ3) → (σ1,−σ2, σ3).

Š·¨É¥·¨° �¥·¥¸ Äƒμ·μ¤¥Í±¨: § ¤ ´´μ¥ ¤¢ÊÌ±Ê¡¨É´μ¥ ¸μ¸ÉμÖ´¨¥ ρ Ö¢²Ö¥É¸Ö ¸¥¶ · -
¡¥²Ó´Ò³ Éμ£¤  ¨ Éμ²Ó±μ Éμ£¤ , ±μ£¤  Î ¸É¨Î´μ É· ´¸¶μ´¨·μ¢ ´´ Ö ³ É·¨Í  ¶²μÉ´μ¸É¨
ρTB Å ´¥μÉ·¨Í É¥²Ó´μ-μ¶·¥¤¥²¥´´ Ö.
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„²Ö ¶·μ¢¥·±¨ ¸¥¶ · ¡¥²Ó´μ¸É¨ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¶¥· Í¨¨ Î -
¸É¨Î´μ£μ É· ´¸¶μ´¨·μ¢ ´¨Ö Ê¤μ¡´μ° Ëμ·³μ° ¶·¥¤¸É ¢²¥´¨Ö Ö¢²Ö¥É¸Ö ¥¥ · §²μ¦¥´¨¥ ¶μ
¡ §¨¸Ê É¥´§μ·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö su(2) ⊗ su(2)

ρ =
1
4

⎡
⎣I2 ⊗ I2 +

3∑
i=1

aiσi ⊗ I2 +
3∑

i=1

biI2 ⊗ σ +
3∑

i=1

3∑
j=1

cijσi ⊗ σj

⎤
⎦ , (11)

£¤¥ Ô²¥³¥´ÉÒ ¡ §¨¸   ²£¥¡·Ò su(2) ¢Ò¡· ´Ò ¢ ¢¨¤¥ σ-³ É·¨Í � Ê²¨, ±μÔËË¨Í¨¥´ÉÒ a ¨ b
Ö¢²ÖÕÉ¸Ö É·¥Ì³¥·´Ò³¨ ¡²μÌμ¢¸±¨³¨ ¢¥±Éμ· ³¨ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ±Ê¡¨Éμ¢,   ¢¥Ð¥¸É¢¥´´ Ö
3 × 3 ³ É·¨Í  C = (cij) ¸²Ê¦¨É ±μ··¥²ÖÍ¨μ´´μ° ³ É·¨Í¥°.

�·¨³¥´ÖÖ μ¶¥· Í¨Õ Î ¸É¨Î´μ£μ É· ´¸¶μ´¨·μ¢ ´¨Ö (10) ± · §²μ¦¥´¨Õ (11), ´ Ìμ¤¨³,
ÎÉμ ±μÔËË¨Í¨¥´ÉÒ STB

k Ì · ±É¥·¨¸É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¤²Ö ³ É·¨ÍÒ ρTB ¢Ò· ¦ ÕÉ¸Ö
Î¥·¥§ ±μÔËË¨Í¨¥´ÉÒ Sk ¢ (8) ¨ ¨´¢ ·¨ ´ÉÒ £·Ê¶¶Ò SU(2) ⊗ SU(2):

STB
2 = S2, STB

3 = S3 −
1
4

det(C), STB
4 = S4 +

1
16

(
det(C) − 1

2
I4

)
, (12)

£¤¥

I4 = εijkεαβγaibαcjβckγ . (13)

‚ ¸¨²Ê ¸μμÉ´μÏ¥´¨° (12) ¨ Ê¸²μ¢¨° (9) ´¥μÉ·¨Í É¥²Ó´μ¸ÉÓ Î ¸É¨Î´μ É· ´¸¶μ´¨·μ¢ ´´μ°
³ É·¨ÍÒ ¡Ê¤¥É ¨³¥ÉÓ ³¥¸Éμ ¶·¨ ¢Ò¶μ²´¥´¨¨ ´¥· ¢¥´¸É¢

0 � C2 � 1,

0 � 3C2 − 2C3 − 4 det(C) � 1,

0 � (1 − 3C2)2 + 8C3 − 12C4 +
(

det(C) − 1
2
I4

)
� 1.

(14)

’ ±¨³ μ¡· §μ³, ¸μ¢³¥¸É´ Ö ¸¨¸É¥³  (9) ¨ (14) ¤ ¥É ¨¸±μ³ÊÕ  ²£¥¡· ¨Î¥¸±ÊÕ Ëμ·³Ê Ê¸²μ-
¢¨° ¸¥¶ · ¡¥²Ó´μ¸É¨ ¸³¥Ï ´´ÒÌ ¸μ¸ÉμÖ´¨° ¤¢ÊÌ ±Ê¡¨Éμ¢ ¢ É¥·³¨´ Ì ¨´¢ ·¨ ´Éμ¢ £·Ê¶¶Ò
SU(2) ⊗ SU(2).

3. ��ˆŒ…�: ’�…•����Œ…’�ˆ—…‘Š�Ÿ Œ�’�ˆ–� �‹�’��‘’ˆ

‚ § ±²ÕÎ¥´¨¥ ¶·¨¢¥¤¥³ ´ £²Ö¤´Ò° ¶·¨³¥· ¨¸¶μ²Ó§μ¢ ´¨Ö ´¥· ¢¥´¸É¢ (9) ¨ (14) ¤²Ö
 ´ ²¨§  ¸¥¶ · ¡¥²Ó´μ¸É¨ ¸³¥Ï ´´ÒÌ ¸μ¸ÉμÖ´¨° ¤¢ÊÌ ±Ê¡¨Éμ¢, ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ±μÉμ-
·ÒÌ § ¢¨¸ÖÉ μÉ É·¥Ì ¢¥Ð¥¸É¢¥´´ÒÌ ¶ · ³¥É·μ¢.

�Ê¸ÉÓ ³ É·¨Í  ¶²μÉ´μ¸É¨ ρ0 (ρTB
0 Å Î ¸É¨Î´μ É· ´¸¶μ´¨·μ¢ ´´ Ö) ¨³¥¥É ¢¨¤

ρ0 =
1
4

⎛
⎜⎜⎝

1 + α 0 0 0
0 1 − β iγ 0
0 −iγ 1 + β 0
0 0 0 1 − α

⎞
⎟⎟⎠ , ρTB

0 =
1
4

⎛
⎜⎜⎝

1 + α 0 0 iγ
0 1 − β 0 0
0 0 1 + β 0

−iγ 0 0 1 − α

⎞
⎟⎟⎠ . (15)
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Œ É·¨Í ³ (15) ¢ ¶ · ³¥É·¨§ Í¨¨ (11) ¸μμÉ¢¥É¸É¢ÊÕÉ ¡²μÌμ¢¸±¨¥ ¢¥±Éμ·Ò a, b ¨ ³ É·¨Í 
C ¸μ ¸²¥¤ÊÕÐ¨³¨ ´¥´Ê²¥¢Ò³¨ Ô²¥³¥´É ³¨:

a3 =
α − β

2
, b3 =

α + β

2
, c12 = −c21 =

γ

2
. (16)

Š ± ¶μ± §Ò¢ ¥É ¶·Ö³μ° · ¸Î¥É, ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ³ É·¨Í ρ0 ¨ ρTB
0 ´¥μÉ·¨Í -

É¥²Ó´Ò, ¥¸²¨ ¶ · ³¥É·Ò α, β, γ Ê¤μ¢²¥É¢μ·ÖÕÉ ¸¨¸É¥³¥ ´¥· ¢¥´¸É¢

ρ0 :
α2 � 1,

β2 + γ2 � 1,
ρTB
0 :

β2 � 1,
α2 + γ2 � 1.

(17)

’. ¥. §´ Î¥´¨Ö ¶ · ³¥É·μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¥¶ · ¡¥²Ó´Ò³ ¸μ¸ÉμÖ´¨Ö³, ²¥¦ É ¢ μ¡² ¸É¨
¶¥·¥¸¥Î¥´¨Ö Í¨²¨´¤·μ¢ ´  ·¨¸. 2.

�¶·¥¤¥²¨³ É¥¶¥·Ó ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ μ¡² ¸É¨ ¸¥¶ · ¡¥²Ó´μ¸É¨ ¢ É¥·³¨´ Ì ²μ± ²Ó´ÒÌ
¨´¢ ·¨ ´Éμ¢ ³ É·¨Í ¶²μÉ´μ¸É¨ (15). ‚ ± Î¥¸É¢¥  ²£¥¡· ¨Î¥¸±¨ ´¥§ ¢¨¸¨³ÒÌ ¨´¢ ·¨ ´Éμ¢
¢Ò¡¥·¥³ ¸²¥¤ÊÕÐ¨¥ É·¨:

I1 = aiai =
(α − β)2

4
, I2 = bibi =

(α + β)2

4
, I3 = cijcij =

γ2

2
. (18)

ˆ´¢ ·¨ ´É I4 (¸³. μ¶·¥¤¥²¥´¨¥ (13)) ¶·¨ ÔÉμ³ ¸¢Ö§ ´ ¸ ´¥§ ¢¨¸¨³Ò³ Ê· ¢´¥´¨¥³ ¢Éμ·μ°
¸É¥¶¥´¨:

I2
4 − I1I2I2

3 = 0. (19)

�¨¸. 2. –¨²¨´¤·Ò, § ¤ ÕÐ¨¥ ¤μ¶Ê¸É¨³Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ³ É·¨Í ρ0 ¨ ρTB
0
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�¨¸. 3. �¥Ï¥´¨Ö ¸¨¸É¥³Ò ´¥· ¢¥´¸É¢ (21) ¨ (22)

C ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ¨´¢ ·¨ ´ÉÒ Š §¨³¨·  £·Ê¶¶Ò SU(4) ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ii:

C2 =
1
3
(I1 + I2 + I3), C3 = 0, C4 =

1
3
(I1I2 − I4) +

1
12

I2
3 , (20)

´ Ìμ¤¨³ ¶μ²´ÊÕ ¸¨¸É¥³Ê ´¥· ¢¥´¸É¢, £ · ´É¨·ÊÕÐÊÕ ´¥μÉ·¨Í É¥²Ó´μ¸ÉÓ ³ É·¨Í ρ0

¨ ρTB
0 :

0 � I1 + I2 + I3 � 1, (21)

0 � (1 − I1 − I2 − I3)2 − 4I1I2 − I2
3 ± 4|I4| � 1. (22)

�¶Ê¸± Ö ¤¥É ²Ó´Ò°  ´ ²¨§ ´¥· ¢¥´¸É¢ (21), (22), ¶·μ±μ³³¥´É¨·Ê¥³ ²¨ÏÓ ¨Ì £· Ë¨Î¥-
¸±μ¥ ·¥Ï¥´¨¥. �¨¸. 3, a ¨§μ¡· ¦ ¥É μ¡² ¸ÉÓ ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° ¨´¢ ·¨ ´Éμ¢, ±μ£¤  ¢
´¥· ¢¥´¸É¢¥ (22) ¢§ÖÉ §´ ± ®¶²Õ¸¯,   ·¨¸. 3, ¡ ¸μμÉ¢¥É¸É¢¥´´μ ¤ ¥É ± ·É¨´Ê ¤²Ö ¸²ÊÎ Ö
¸μ §´ ±μ³ ®³¨´Ê¸¯. ˆ³¥´´μ ¶μ¸²¥¤´ÖÖ μ¡² ¸ÉÓ, ¡Ê¤ÊÎ¨ ¶¥·¥¸¥Î¥´¨¥³ ¶· ¢μ° ¨ ²¥¢μ°
μ¡² ¸É¥°, ¨ μ¶·¥¤¥²Ö¥É §´ Î¥´¨Ö ¨´¢ ·¨ ´Éμ¢ ¸³¥Ï ´´ÒÌ ¸¥¶ · ¡¥²Ó´ÒÌ ¸μ¸ÉμÖ´¨°.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
(£· ´É º07-01-00660), Œ¨´¨¸É¥·¸É¢  μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨ �μ¸¸¨°¸±μ° ”¥¤¥· Í¨¨ (£· ´É
º5362.2006.2.) ¨ 	 Í¨μ´ ²Ó´μ£μ Ëμ´¤  ´ Ê±¨ ƒ·Ê§¨¨ (£· ´É GNSF/ST08/4-405).
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