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��� 	¥²μ·Ê¸¸¨¨, Œ¨´¸±

�μ¤Ìμ¤Ò, ¨¸¶μ²Ó§Ê¥³Ò¥ ¢ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥ ¨ ¸¢Ö§ ´´ÒÌ ¤¨¸Í¨¶²¨´ Ì (±¢ ´Éμ¢ Ö μ¶É¨± 
¨ ±¢ ´Éμ¢ Ö É¥μ·¨Ö ¨´Ëμ·³ Í¨¨), ¶·¨³¥´ÖÕÉ¸Ö ¢ ¤ ´´μ° · ¡μÉ¥ ± μ¶¨¸ ´¨Õ ¶μ¢¥¤¥´¨Ö ±¢ ·±μ¢.
‘ÉμÌ ¸É¨Î¥¸±¨° ¢ ±ÊÊ³ ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ ¶·¥¤² £ ¥É¸Ö · ¸¸³ É·¨¢ ÉÓ ± ± μ±·Ê¦ ÕÐÊÕ
¸·¥¤Ê (§ ³±´ÊÉÒ° ·¥§¥·¢Ê ·) ¤²Ö Í¢¥É´ÒÌ Î ¸É¨Í (±¢ ·±μ¢). ‚ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¨¸-
Ìμ¤¨É ¶μÉ¥·Ö ¨´Ëμ·³ Í¨¨ μ Í¢¥Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ ±¢ ·± , ¨, ± ± ¸²¥¤¸É¢¨¥, ¢  ¸¨³¶ÉμÉ¨±¥ μ´μ ´¥
´ ¡²Õ¤ ¥É¸Ö (±μ´Ë °´³¥´É ±¢ ·±μ¢). „²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢¥²¨Î¨´Ò, ¶·¨³¥´Ö¥-
³Ò¥ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¨´Ëμ·³ Í¨¨: Ô´É·μ¶¨Ö Ëμ´ �¥°³ ´ , ¸É¥¶¥´Ó ¸μ£² ¸μ¢ ´´μ¸É¨ ¨ ¸É¥¶¥´Ó
Î¨¸ÉμÉÒ.

In this work we apply the approaches used in quantum mechanics (and also quantum optics and
quantum information theory) for the description of the behaviour of quarks. We treat stochastic vacuum
of quantum chromodynamics as an environment for colour particles (quarks). We show that during
their interaction the information about quark colour state is lost and thus cannot be extracted, which
effectively leads to the conˇnement of colour quarks. Quantum characteristics (von Neumann entropy,
ˇdelity and purity) are used to describe the aforementioned process.

PACS: 03.65.Ta; 03.65.Yz; 03.67.-a; 12.38.Aw; 12.40.-y
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Š ± ¨§¢¥¸É´μ, ±¢ ´Éμ¢ Ö ³¥Ì ´¨±  ¶·¨ μ¶¨¸ ´¨¨ ¶μ¢¥¤¥´¨Ö ¨§ÊÎ ¥³ÒÌ ¥Õ μ¡Ñ¥±Éμ¢
μ¶¥·¨·Ê¥É  ¡¸É· ±É´Ò³ ¶μ´ÖÉ¨¥³ ¸μ¸ÉμÖ´¨Ö [1]. ‚ ·Ö¤¥ ¸²ÊÎ ¥¢ ¸μ¸ÉμÖ´¨¥ μ± §Ò¢ ¥É¸Ö
¢μ§³μ¦´Ò³ μ¶¨¸ ÉÓ ±μ³¶²¥±¸´μ° ËÊ´±Í¨¥° ±μμ·¤¨´ É, ´ §Ò¢ ¥³μ° ¢μ²´μ¢μ° ËÊ´±Í¨¥°.
‚ É ±μ³ ¸²ÊÎ ¥ ¸μ¸ÉμÖ´¨¥ ´ §Ò¢ ¥É¸Ö Î¨¸ÉÒ³. ”¨§¨Î¥¸±¨ ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¨§μ²¨·μ¢ ´-
´μ° ¸¨¸É¥³¥, Ô¢μ²ÕÍ¨Ö ±μÉμ·μ° μ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³ ˜·¥¤¨´£¥· .

‚ ¸²ÊÎ ¥, ¥¸²¨ · ¸¸³ É·¨¢ ¥³ Ö ¸¨¸É¥³  ¢§ ¨³μ¤¥°¸É¢Ê¥É ¸ ± ±μ°-²¨¡μ ¢´¥Ï´¥° ¶μ
μÉ´μÏ¥´¨Õ ± ´¥° ¸¨¸É¥³μ°, μ¶¨¸ ´¨¥ ¥¥ ¸ ¶μ³μÐÓÕ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¸É ´μ¢¨É¸Ö ´¥-
¢μ§³μ¦´Ò³, ¨ ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ Ëμ·³ ²¨§³ ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ Å ¸ ³μ¸μ¶·Ö-
¦¥´´μ£μ μ¶¥· Éμ·  ¸ ¥¤¨´¨Î´Ò³ ¸²¥¤μ³. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¦¥ ÔÉμ³Ê ¸²ÊÎ Õ ¸μ¸ÉμÖ´¨Ö
¸¨¸É¥³Ò ´ §Ò¢ ÕÉ¸Ö ¸³¥Ï ´´Ò³¨.

1E-mail: kuvshinov2003@gmail.com
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�·μÍ¥¸¸ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸¨¸É¥³Ò ¸ μ±·Ê¦ ÕÐ¥° ¸·¥¤μ° ¶·¨¢μ¤¨É ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ±
μ¡³¥´Ê ³¥¦¤Ê ´¨³¨ ¢¥Ð¥¸É¢μ³, Ô´¥·£¨¥° ¨ ¨´Ëμ·³ Í¨¥°. �·¨ ÔÉμ³ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥
¸¨¸É¥³Ò ³¥´Ö¥É¸Ö ´¥μ¡· É¨³Ò³ μ¡· §μ³: ¶·μ¨¸Ìμ¤¨É É ± ´ §Ò¢ ¥³ Ö ¤¥±μ£¥·¥´Í¨Ö [2]. ‚
¶·μÍ¥¸¸¥ ¤¥±μ£¥·¥´Í¨¨ Î¨¸Éμ¥ ¸μ¸ÉμÖ´¨¥ ¶¥·¥Ìμ¤¨É ¢ ¸³¥Ï ´´μ¥. „¥±μ£¥·¥´Í¨Õ ³μ¦´μ
· ¸¸³ É·¨¢ ÉÓ ± ± ¶μÉ¥·Õ ¨´Ëμ·³ Í¨¨ ¸¨¸É¥³μ° ¢¸²¥¤¸É¢¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ μ±·Ê¦ Õ-
Ð¥° ¸·¥¤μ° [2].

Š ± ¡Ê¤¥É ¶μ± § ´μ ´¨¦¥, ¤ ´´Ò° ¶μ¤Ìμ¤ Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ´¥ Éμ²Ó±μ ¢ μ¡² ¸É¨
±¢ ´Éμ¢μ° μ¶É¨±¨ ¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¨´Ëμ·³ Í¨¨, ´μ ¨ ¢ Ë¨§¨±¥ ¸¨²Ó´ÒÌ ¢ §¨³μ-
¤¥°¸É¢¨°.

1. ‘’�•�‘’ˆ—…‘Šˆ‰ ‚�Š““Œ

Œμ¤¥²Ó ¸ÉμÌ ¸É¨Î¥¸±μ£μ ¢ ±ÊÊ³  ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ (Š•„) [3Ä6] Ö¢²Ö¥É¸Ö
μ¤´¨³ ¨§ ¢ ·¨ ´Éμ¢ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ± μ¶¨¸ ´¨Õ Ö¢²¥´¨Ö ±μ´Ë °´³¥´É .
„¥°¸É¢ÊÖ ¢ ¥¥ · ³± Ì, ³Ò ¶·¥¤¶μ² £ ¥³, ÎÉμ ¢μ§³μ¦´μ ¢ÒÎ¨¸²¥´¨¥ ¢ ±ÊÊ³´ÒÌ §´ Î¥-
´¨° ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ÒÌ ¢¥²¨Î¨´ ± ± μ¦¨¤ ¥³ÒÌ ¢¥²¨Î¨´ ¸ ÊÎ¥Éμ³ ´¥±μÉμ·μ£μ
®Ìμ·μÏμ ¢¥¤ÊÐ¥£μ ¸¥¡Ö¯ ¸ÉμÌ ¸É¨Î¥¸±μ£μ ¸² £ ¥³μ£μ ¢ £ ³¨²ÓÉμ´¨ ´¥ ¸¨¸É¥³Ò. �´ ¢Ò-
¡¨· ¥É¸Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò μÉ²¨Î´Ò³¨ μÉ ´Ê²Ö μ± §Ò¢ ²¨¸Ó Éμ²Ó±μ ±μ··¥²ÖÉμ·Ò
¢Éμ·μ£μ ¶μ·Ö¤± . ƒ² ¢´Ò³ ·¥§Ê²ÓÉ Éμ³ ÔÉμ£μ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ¢μ§´¨± ¥É ÔËË¥±É Ê¤¥·-
¦ ´¨Ö (±μ´Ë °´³¥´É ), ¶μ¸±μ²Ó±Ê ¢μ§´¨± ÕÉ Š•„-¸É·Ê´Ò ¸ ¶μ¸ÉμÖ´´Ò³ ´ ÉÖ¦¥´¨¥³ ´ 
¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ [4]. �É¨ ¸É·Ê´Ò ¶·¥¶ÖÉ¸É¢ÊÕÉ ¡¥¸±μ´¥Î´μ ¤ ²¥±μ³Ê · §¤¥²¥´¨Õ
±¢ ·±μ¢. ‚ ·¥§Ê²ÓÉ É¥ ¢ ¸¢μ¡μ¤´μ³ ¸μ¸ÉμÖ´¨¨ ³μ£ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö Éμ²Ó±μ ¡¥²Ò¥ ¡¥¸Í¢¥É-
´Ò¥ μ¡Ñ¥±ÉÒ.

Œμ¤¥²Ó ¸ÉμÌ ¸É¨Î¥¸±μ£μ ¢ ±ÊÊ³  μ¸´μ¢Ò¢ ¥É¸Ö ´  ³¥Éμ¤¥ ¢ ±ÊÊ³´ÒÌ ±μ··¥²ÖÉμ·μ¢,
±μÉμ·Ò° ¡Ò² ¶·¥¤²μ¦¥´ ¢ · ¡μÉ Ì „μÏ  ¨ ‘¨³μ´μ¢  [3, 6]. �·¨ ÔÉμ³ ¶·¥¤¶μ² £ ¥É¸Ö
£ Ê¸¸μ¢  ¤μ³¨´ ´É´μ¸ÉÓ ¨²¨ ¸ÉμÌ ¸É¨Î´μ¸ÉÓ ¢ ±ÊÊ³ , É. ¥. ¸Î¨É ¥É¸Ö, ÎÉμ μ¸´μ¢´μ° ¢±² ¤
¢ Ë¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ¤ ¥É¸Ö ´¨§Ï¨³ ¡¨²μ± ²Ó´Ò³ ±μ··¥²ÖÉμ·μ³,   ÊÎ¥É ¢Ò¸Ï¨Ì ±μ·-
·¥²ÖÉμ·μ¢ ¶·¨¢μ¤¨É ± ´¥¡μ²ÓÏ¨³ ¶μ¶· ¢± ³. „ ´´ Ö ³μ¤¥²Ó ¢ ±ÊÊ³  ¶μ§¢μ²Ö¥É Ê¸¶¥Ï´μ
μ¶¨¸ ÉÓ ¡μ²ÓÏμ¥ Î¨¸²μ Ö¢²¥´¨° ¢ Š•„ [4,6].

2. ‘‚�‰‘’‚� –‚…’�›• —�‘’ˆ– ‚ ‚�Š““Œ…

2.1. Šμ´Ë °´³¥´É ¨ ¶¥É²Ö ‚¨²Ó¸μ´ . �É³¥É¨³ ´¥±μÉμ·Ò¥ ¢ ¦´Ò¥ ¤²Ö ¤ ²Ó´¥°Ï¥£μ
¸¢μ°¸É¢  Ö¢²¥´¨Ö ±μ´Ë °´³¥´É  [4]. ‚μ-¶¥·¢ÒÌ, ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó, ¶μÉ¥´Í¨ ² ¢§ ¨-
³μ¤¥°¸É¢¨Ö Í¢¥É´ÒÌ § ·Ö¤μ¢ ²¨´¥°´μ · ¸É¥É ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ. —Éμ¡Ò ¶·¨¤ ÉÓ
ÔÉμ³Ê ÊÉ¢¥·¦¤¥´¨Õ ÉμÎ´Ò° ¸³Ò¸², ±μÉμ·Ò° ³μ¦´μ ¶·μ¢¥·¨ÉÓ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ ´  ·¥Ï¥É±¥,
Ê¤μ¡´μ ¢¢¥¸É¨ É ± ´ §Ò¢ ¥³ÊÕ ¶¥É²Õ ‚¨²Ó¸μ´  [7], Î¥·¥§ ±μÉμ·ÊÕ μ¶·¥¤¥²Ö¥É¸Ö ¶μÉ¥´-
Í¨ ². „¥² ¥É¸Ö ÔÉμ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [4]. ‚μ§Ó³¥³ ÉÖ¦¥²Ò¥ ±¢ ·± Q ¨  ´É¨±¢ ·±
Q̄ ¨ · ¸¸³μÉ·¨³ ¶·μÍ¥¸¸, ¢ ±μÉμ·μ³ ¶ ·  QQ̄ ·μ¦¤ ¥É¸Ö ¢ μ¤´μ° ÉμÎ±¥ x, § É¥³ ¶ · 
· ¸Ìμ¤¨É¸Ö ´  ´¥±μÉμ·μ¥ · ¸¸ÉμÖ´¨¥ r,   ¸¶Ê¸ÉÖ ¢·¥³Ö T  ´´¨£¨²¨·Ê¥É ¢ ÉμÎ±¥ y.

’· ¥±Éμ·¨¨ Î ¸É¨Í ¶·¨ ÔÉμ³ μ¡· §ÊÕÉ ¶¥É²Õ (´ Î¨´ ÕÐÊÕ¸Ö ¢ ÉμÎ±¥ x ¨ § ± ´Î¨-
¢ ÕÐÊÕ¸Ö ¢ ÉμÎ±¥ y),    ³¶²¨ÉÊ¤  (ËÊ´±Í¨Ö ƒ·¨´ ) É ±μ£μ ¶·μÍ¥¸¸  ¶·μ¶μ·Í¨μ´ ²Ó´ 
Ë §μ¢μ³Ê ¨²¨ Ï¢¨´£¥·μ¢¸±μ³Ê ³´μ¦¨É¥²Õ W ∝ exp (iα

∫
d4xjμÂμ), £¤¥ Aμ Å Í¢¥É´μ°
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¢¥±Éμ·-¶μÉ¥´Í¨ ², α Å ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ jμ Å Éμ± ¶ ·Ò QQ̄, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨° ¤¢¨¦¥´¨Õ Î ¸É¨Í ¶μ ¶¥É²¥. ‚ ¨Éμ£¥

W = Tr
[
P exp

(
iα

∫
Âμ dxμ

)]
. (1)

‚ Ë §¥ ±μ´Ë °´³¥´É  ¤¥°¸É¢Ê¥É É ± ´ §Ò¢ ¥³Ò° § ±μ´ ¶²μÐ ¤¥° [4]: ¤²Ö ¤μ¸É ÉμÎ´μ
¡μ²ÓÏ¨Ì ±μ´ÉÊ·μ¢ ¶¥É²Ö ‚¨²Ó¸μ´  Ô±¸¶μ´¥´Í¨ ²Ó´μ § ÉÊÌ ¥É ¸ μÌ¢ ÉÒ¢ ¥³μ° ¶¥É²¥°
¶²μÐ ¤ÓÕ.

2.2. ‚§ ¨³μ¤¥°¸É¢¨¥ Í¢¥Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö ¸ ¢ ±ÊÊ³μ³. � ¸¸³μÉ·¨³ É¥¶¥·Ó ¶μ¢¥¤¥´¨¥
Í¢¥Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö ±¢ ·± , ¨´É¥·¶·¥É¨·ÊÖ ¸ÉμÌ ¸É¨Î¥¸±¨° ¢ ±ÊÊ³ Š•„ ± ± ¥£μ μ±·Ê-
¦¥´¨¥. „²Ö ÔÉμ£μ ¶·μ¤¥² ¥³ ¸²¥¤ÊÕÐÊÕ μ¶¥· Í¨Õ: ¶¥·¥´¥¸¥³ ±¢ ·± ¨§ ÉμÎ±¨ x ¢ ÉÊ
¦¥ ÉμÎ±Ê ¢¤μ²Ó ´¥±μÉμ·μ£μ ±μ´ÉÊ·  γ (§ ³±´ÊÉμ¸ÉÓ ±μ´ÉÊ·  É·¥¡Ê¥É¸Ö ¤²Ö ¸μÌ· ´¥´¨Ö
± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨) ¶·¨ μ¶·¥¤¥²¥´´μ° ·¥ ²¨§ Í¨¨ ¢ ±ÊÊ³ . ‡ É¥³ Ê¸·¥¤´¨³
¶μ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ·¥ ²¨§ Í¨Ö³ ¢ ±ÊÊ³ .

…¸²¨ ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ±¢ ·±  μ¶¨¸Ò¢ ²μ¸Ó ¢¥±Éμ·μ³ |φin〉 ¨²¨ ³ É·¨Í¥° ¶²μÉ´μ-
¸É¨ ρ̂in, Éμ ¶μ¸²¥ μ¶¨¸ ´´μ£μ ¶·μÍ¥¸¸  ¥£μ ¸μ¸ÉμÖ´¨¥ ¡Ê¤¥É ¢Ò£²Ö¤¥ÉÓ ± ± [8]

ρ̂(γ) = N−1
c + (|φin〉〈φin| − N−1

c )Wadj(γ), (2)

£¤¥ Nc Å Î¨¸²μ Í¢¥Éμ¢,   Wadj Å ¶¥É²Ö ‚¨²Ó¸μ´  ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É ¢²¥´¨¨.
	μ²¥¥ ¶μ¤·μ¡´Ò° ¢Ò¢μ¤ ¢Ò· ¦¥´¨Ö (2) ¸³. ¢ · ¡μÉ Ì [8Ä12]. ‚ [13] ¶μ± § ´μ, ÎÉμ

 ´ ²μ£¨Î´Ò° ·¥§Ê²ÓÉ É ¤μ¸É¨£ ¥É¸Ö ¨ ¢ Éμ³ ¸²ÊÎ ¥, ±μ£¤  ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¡Ò²μ
¶·¥¤¸É ¢²¥´μ ¸Ê¶¥·¶μ§¨Í¨¥° Í¢¥Éμ¢ÒÌ ¸μ¸ÉμÖ´¨°.

�·¨ ÊÎ¥É¥ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ § ÉÊÌ ´¨Ö ¶¥É²¨ ‚¨²Ó¸μ´  ¸ ·μ¸Éμ³ ¶²μÐ ¤¨ ±μ´ÉÊ· 
γ ¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ:

ρ̂(γ) = N−1
c + (ρ̂in − N−1

c ) exp (−σadjRT ). (3)

‡¤¥¸Ó ¢ ± Î¥¸É¢¥ ±μ´ÉÊ·  γ ¤²Ö Ê¤μ¡¸É¢  ¢Ò¡· ´ ¶·Ö³μÊ£μ²Ó´¨±, μÌ¢ ÉÒ¢ ÕÐ¨° ¢·¥³¥´-
´μ° ¨´É¥·¢ ² T ¨ · ¸¸ÉμÖ´¨¥ R; σadj Å ´ ÉÖ¦¥´¨¥ ¸É·Ê´Ò ¢ ¶·¨¸μ¥¤¨´¥´´μ³ ¶·¥¤¸É -
¢²¥´¨¨.

‘ ÊÎ¥Éμ³ (3) ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¢·¥³¥´¨ ¨²¨ · ¸¸ÉμÖ´¨Ö
¢Éμ·μ¥ ¸² £ ¥³μ¥ ¸É·¥³¨É¸Ö ± ´Ê²Õ, ¨ ³Ò ¨³¥¥³

ρ̂(γ : RT → ∞) = N−1
c , (4)

É. ¥. ³ É·¨Í  ¶²μÉ´μ¸É¨ ¸É ´μ¢¨É¸Ö ¶·μ¶μ·Í¨μ´ ²Ó´μ° ¥¤¨´¨Î´μ°. –¢¥Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥
¶·¨ ÔÉμ³ ¸É ´μ¢¨É¸Ö ¶μ²´μ¸ÉÓÕ ¸³¥Ï ´´Ò³.

2.3. �´É·μ¶¨Ö ¨ ¨´Ëμ·³ Í¨Ö. Š ± μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸¨¸É¥³Ò ¸
μ±·Ê¦¥´¨¥³ ³μ¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ ¶μÉ¥·Ö ¨´Ëμ·³ Í¨¨. �¸´μ¢´ Ö Ì · ±É¥·¨¸É¨± , ¨¸¶μ²Ó-
§Ê¥³ Ö §¤¥¸Ó, Å Ô´É·μ¶¨Ö Ëμ´ �¥°³ ´  [14]:

S = −Tr ρ̂ ln ρ̂. (5)

�Î¥¢¨¤´μ, ÎÉμ ¢ ¸²ÊÎ ¥, ¥¸²¨ ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ Î¨¸Éμ¥ (³ É·¨Í  ¶²μÉ´μ¸É¨ ¨¤¥³¶μ-
É¥´É´ : ρ̂2

in = ρ̂in), ¥£μ Ô´É·μ¶¨Ö · ¢´  ´Ê²Õ: S = 0.
‚  ¸¨³¶ÉμÉ¨±¥ RT → ∞ (¨, ¸μμÉ¢¥É¸É¢¥´´μ, ρ̂ = N−1

c ) ¶μ²ÊÎ¨³ ³ ±¸¨³ ²Ó´μ ¢μ§-
³μ¦´ÊÕ ¤²Ö ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö Ô´É·μ¶¨Õ: S = ln Nc.
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‘ Ë¨§¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¶·μ¨¸Ìμ¤¨É ¶μÉ¥·Ö ¨´Ëμ·³ Í¨¨ μ ±¢ ´Éμ¢ÒÌ ¸¢μ°¸É¢ Ì,
¢ Éμ³ Î¨¸²¥ (¢ ¸²ÊÎ ¥ ³´μ£μÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ [15]) μ ´ ²¨Î¨¨ ¶¥·¥¶ÊÉ ´´μ¸É¨ ¢ ¸¨¸É¥³¥.
Œ ±¸¨³ ²Ó´μ³Ê §´ Î¥´¨Õ Ô´É·μ¶¨¨ ¸μμÉ¢¥É¸É¢Ê¥É μ¤¨´ ±μ¢ Ö ¢¥·μÖÉ´μ¸ÉÓ ¤²Ö ¢¸¥Ì ¢μ§-
³μ¦´ÒÌ ¸μ¸ÉμÖ´¨° ¸¨¸É¥³Ò (Í¢¥Éμ¢).

2.4. �¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¤¢¨¦¥´¨Ö Î ¸É¨Í. „²Ö μ¶¨¸ ´¨Ö Ê¸Éμ°Î¨¢μ¸É¨ ¤¢¨¦¥´¨Ö ±¢ ´-
Éμ¢ÒÌ Î ¸É¨Í ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶μ´ÖÉ¨¥ ¸É¥¶¥´¨ ¸μ£² ¸μ¢ ´´μ¸É¨ ( ´£². ˇdelity) [16].
�¶·¥¤¥²¥´¨¥ ¶¥É²¨ ‚¨²Ó¸μ´  ¢ Š•„ ¸Ìμ¦¥ ¸ μ¶·¥¤¥²¥´¨¥³ ¸É¥¶¥´¨ ¸μ£² ¸μ¢ ´´μ¸É¨ (¶μ¤
±μÉμ·Ò³ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¶μ´¨³ ¥É¸Ö ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¢¥±Éμ·μ¢ ¸μ¸ÉμÖ´¨Ö ¢μ§³Ê-
Ð¥´´μ£μ ¨ ´¥¢μ§³ÊÐ¥´´μ£μ ¤¢¨¦¥´¨Ö ±¢ ·± ) [17]. Šμ´¥Î´μ¥ ¢Ò· ¦¥´¨¥ ¸É¥¶¥´¨ ¸μ£² -
¸μ¢ ´´μ¸É¨ ¢ ¸²ÊÎ ¥ Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¢ ¸ÉμÌ ¸É¨Î¥¸±μ³ ¢ ±ÊÊ³¥, ¢Ò£²Ö¤¨É ± ± [10]

f = exp
(
−1

2
α2l2corrF

2Sγ

)
, (6)

£¤¥ Sγ Å ¶²μÐ ¤Ó ¶μ¢¥·Ì´μ¸É¨, ´ ÉÖ´ÊÉμ° ´  ±μ´ÉÊ· γ; F 2 Å ¸·¥¤´¥¥ §´ Î¥´¨¥ ¢Éμ·μ£μ
±Ê³Ê²Ö´É  É¥´§μ·  ±·¨¢¨§´Ò; lcorr Å ±μ··¥²ÖÍ¨μ´´ Ö ¤²¨´  ¢ ¸ÉμÌ ¸É¨Î¥¸±μ³ ¢ ±Ê-
Ê³¥ Š•„.

„·Ê£¨³¨ ¸²μ¢ ³¨, ¶·¨ ¤¢¨¦¥´¨¨ Î ¸É¨Í ¸É¥¶¥´Ó ¸μ£² ¸μ¢ ´´μ¸É¨ § ÉÊÌ ¥É Ô±¸¶μ´¥´-
Í¨ ²Ó´μ ¸ ·μ¸Éμ³ ¶²μÐ ¤¨ ±μ´ÉÊ· . „¢¨¦¥´¨¥ ¸É ´μ¢¨É¸Ö ¢¸¥ ¡μ²¥¥ ´¥Ê¸Éμ°Î¨¢Ò³ ¢
μ¡² ¸É¨ ±μ´Ë °´³¥´É  (RT → ∞).

2.5. ‘μÌ· ´¥´¨¥ Í¢¥É . ‡ ±μ´ ¸μÌ· ´¥´¨Ö Í¢¥Éμ¢μ£μ § ·Ö¤  Å ¢ ¦´μ¥ ¸¢μ°¸É¢μ ±¢ ´-
Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨,  ´ ²μ£¨Î´μ¥ § ±μ´Ê ¸μÌ· ´¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ Ô²¥±É·μ-
¤¨´ ³¨±¥. � §´¨Í , ± ± ¨§¢¥¸É´μ, § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ËμÉμ´Ò ´¥ μ¡² ¤ ÕÉ Ô²¥±É·¨-
Î¥¸±¨³ § ·Ö¤μ³,   £²Õμ´Ò ´¥¸ÊÉ Í¢¥Éμ¢μ° § ·Ö¤.

—¨¸Éμ¥ ¸μ¸ÉμÖ´¨¥ ±¢ ·±  ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸μ ¸ÉμÌ ¸É¨Î¥¸±¨³ ¢ ±ÊÊ³μ³ ¶¥·¥Ìμ¤¨É
¢ ¶μ²´μ¸ÉÓÕ ¸³¥Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¸ · ¢´μ° ¢¥·μÖÉ´μ¸ÉÓÕ Í¢¥Éμ¢, É. ¥. ´  ¢ÒÌμ¤¥ ³Ò
¶μ²ÊÎ ¥³ ¶μ²´μ¸ÉÓÕ ¸³¥Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¸ · ¢´Ò³¨ ¢¥·μÖÉ´μ¸ÉÖ³¨ (N−1

c ) ¤²Ö ± ¦¤μ£μ
¨§ Í¢¥Éμ¢ ±¢ ·± .

’ ±¨³ μ¡· §μ³, ¶·¨ · ¸¸³μÉ·¥´¨¨ ±¢ ·±μ¢μ° ¶μ¤¸¨¸É¥³Ò ´ ¡²Õ¤ ¥É¸Ö ´¥Ê´¨É ·´ Ö
Ô¢μ²ÕÍ¨Ö [2], ¸μ¶·μ¢μ¦¤ ÕÐ Ö¸Ö ·μ¸Éμ³ Ô´É·μ¶¨¨ ¨ ¶μÉ¥·¥° ¨´Ëμ·³ Í¨¨ μ Í¢¥É¥ ¶¥·-
¢μ´ Î ²Ó´μ£μ ±¢ ·± .

2.6. �¥·¥¶ÊÉ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö. �·¨ · ¸¸³μÉ·¥´¨¨ ¸¨¸É¥³ ³´μ£¨Ì Î ¸É¨Í (¤¢ÊÌ, É·¥Ì
¨ ¡μ²¥¥ ±¢ ·±μ¢) ¶μÖ¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ § ¤ ´¨Ö ¢ ± Î¥¸É¢¥ ´ Î ²Ó´ÒÌ ¶¥·¥¶ÊÉ ´´ÒÌ
¸μ¸ÉμÖ´¨° [15,18].

�Ê¸ÉÓ ´ Î ²Ó´Ò³ ¸μ¸ÉμÖ´¨¥³ ¸¨¸É¥³Ò ¤¢ÊÌ ±¢ ·±μ¢ ¡Ò²μ ¶¥·¥¶ÊÉ ´´μ¥ ¸μ¸ÉμÖ´¨¥ Å
´ ¶·¨³¥·, ¸μ¸ÉμÖ´¨¥ 	¥²²  [19]:

|Φ+〉 =
1√
2

(
|AB〉 + |ĀB̄〉

)
, (7)

£¤¥ ¢¥±Éμ·Ò |A〉 ¨ |B〉 μ¡μ§´ Î ÕÉ ¸μ¸ÉμÖ´¨Ö ±¢ ·±μ¢ A ¨ B ¸ μ¶·¥¤¥²¥´´Ò³ Í¢¥Éμ³,  
|Ā〉 ¨ |B̄〉 Å ¸  ´É¨Í¢¥Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ.

�μ¸±μ²Ó±Ê ¸μ¸ÉμÖ´¨¥ ¢¨¤  (7) Ö¢²Ö¥É¸Ö Î¨¸ÉÒ³ (± ± ²¨´¥°´ Ö ¸Ê¶¥·¶μ§¨Í¨Ö Î¨¸ÉÒÌ
¸μ¸ÉμÖ´¨°), ¥£μ ³ É·¨Í  ¶²μÉ´μ¸É¨ ¡Ê¤¥É § ¤ ¢ ÉÓ¸Ö ¢Ò· ¦¥´¨¥³

ρ̂in = |Φ+〉〈Φ+| =
1
2

(
|AB〉〈BA| + |ĀB̄〉〈B̄Ā| + |AB〉〈B̄Ā| + |ĀB̄〉〈BA|

)
. (8)
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�·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸μ ¸ÉμÌ ¸É¨Î¥¸±¨³ ¢ ±ÊÊ³μ³ Š•„ ÔÉμ ¸μ¸ÉμÖ´¨¥ ¶¥·¥°¤¥É ¢ ¸³¥-
Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥, ³ É·¨Í  ¶²μÉ´μ¸É¨ ±μÉμ·μ£μ ¡Ê¤¥É μ¶¨¸Ò¢ ÉÓ¸Ö ¢Ò· ¦¥´¨¥³ [15]

ρ̂(γ) = N−2
c + (ρ̂in − N−2

c )W 2
adj(γ). (9)

‚  ¸¨³¶ÉμÉ¨±¥ RT → ∞ (Wadj → 0) ¶μ²ÊÎ ¥³ ¶μ²´μ¸ÉÓÕ ¸³¥Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¢¨¤ 
ρ̂ = N−2

c .
�Î¥¢¨¤´μ, ÎÉμ ¶·¨ ¶¥·¥Ìμ¤¥ ρ̂in → N−2

c , ¨³¥ÕÐ¥³ ³¥¸Éμ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ´ Î ²Ó-
´μ£μ ¸μ¸ÉμÖ´¨Ö (8) ¸μ ¸ÉμÌ ¸É¨Î¥¸±¨³ ¢ ±ÊÊ³μ³, ¶¥·¥¶ÊÉ ´´μ¸ÉÓ É¥·Ö¥É¸Ö (¶μ²´μ¸ÉÓÕ
¸³¥Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥ ´¥ ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶ÊÉ ´´Ò³, ¶μ¸±μ²Ó±Ê ¥£μ ³ É·¨Í  ¶²μÉ´μ¸É¨ ¢
²Õ¡μ³ ¡ §¨¸¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¤¨ £μ´ ²Ó´ÊÕ ³ É·¨ÍÊ, ¶·μ¶μ·Í¨μ´ ²Ó´ÊÕ ¥¤¨´¨Î´μ°).

’ ±¨³ μ¡· §μ³, ¢§ ¨³μ¤¥°¸É¢¨¥ ¸μ ¸ÉμÌ ¸É¨Î¥¸±¨³ ¢ ±ÊÊ³μ³ ¸¨¸É¥³Ò ¨§ ¤¢ÊÌ ±¢ ·±μ¢,
´ Ìμ¤ÖÐ¨Ì¸Ö ¢ ¶¥·¥¶ÊÉ ´´μ³ ¸μ¸ÉμÖ´¨¨, ¶·¨¢μ¤¨É ± ¨¸Î¥§´μ¢¥´¨Õ ±¢ ´Éμ¢ÒÌ ¸¢μ°¸É¢ (¢
Éμ³ Î¨¸²¥ ¨ ¶¥·¥¶ÊÉ ´´μ¸É¨) ¢ ±¢ ·±μ¢μ° ¶μ¤¸¨¸É¥³¥ [15]. ‚μ§³μ¦´μ μ¡μ¡Ð¥´¨¥ ¨ ´ 
¸²ÊÎ ° Np Î ¸É¨Í Å ¢ É ±μ³ ¸²ÊÎ ¥ ³ É·¨Í  ¶²μÉ´μ¸É¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö (2) ¡Ê¤¥É
¨³¥ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ · §³¥·´μ¸ÉÓ (Np × Np) ¨ ¶·¨³¥É ¢¨¤ [18]

ρ̂(γ) = N−Np
c + (ρ̂in − N−Np

c )WNp

adj (γ). (10)

‚  ¸¨³¶ÉμÉ¨±¥ ¡μ²ÓÏ¨Ì μÉ·¥§±μ¢ ¢·¥³¥´¨ ¨ ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨° ¶¥É²Ö ‚¨²Ó¸μ´  ¢ (10)
§ ÉÊÌ ¥É ¨ ¸¨¸É¥³  ¶¥·¥Ìμ¤¨É ¢ ¶μ²´μ¸ÉÓÕ ¸³¥Ï ´´μ¥ ¸μ¸ÉμÖ´¨¥:

ρ̂(γ : RT → ∞) = N−Np
c . (11)

‡�Š‹	—…�ˆ…

�¤´¨³ ¨§ ÔËË¥±É¨¢´ÒÌ ¸¶μ¸μ¡μ¢ μ¶¨¸ ´¨Ö Í¥²μ£μ ·Ö¤  ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢
¢ ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¥ Ö¢²Ö¥É¸Ö μ¶¨¸ ´¨¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³μ¤¥²¨ ¸ÉμÌ ¸É¨Î¥¸±μ£μ
¢ ±ÊÊ³  Š•„.

‚ · ¡μÉ¥ ¶μ± § ´μ, ÎÉμ ¸ÉμÌ ¸É¨Î¥¸±¨° ¢ ±ÊÊ³ Š•„ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± μ±·Ê-
¦ ÕÐÊÕ ¸·¥¤Ê ¤²Ö Í¢¥É´ÒÌ Î ¸É¨Í. �·¨ ÔÉμ³ ¢§ ¨³μ¤¥°¸É¢¨¥ Í¢¥É´μ° Î ¸É¨ÍÒ ¸μ
¸ÉμÌ ¸É¨Î¥¸±¨³ ¢ ±ÊÊ³μ³ Š•„ ¶·¨¢μ¤¨É ± ¤¥±μ£¥·¥´Í¨¨ ¨ ¢μ§´¨±´μ¢¥´¨Õ ¶μ²´μ¸ÉÓÕ
¸³¥Ï ´´μ£μ Í¢¥Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö ¸ · ¢´Ò³¨ ¢¥·μÖÉ´μ¸ÉÖ³¨ ± ¦¤μ£μ ¨§ Í¢¥Éμ¢.

‚ ¤ ´´μ³ ¶·μÍ¥¸¸¥ ¨´Ëμ·³ Í¨Ö, ±μÉμ· Ö ¸μ¤¥·¦ ² ¸Ó ¢ ´¥¤¨ £μ´ ²Ó´ÒÌ ±μ³¶μ´¥´É Ì
´ Î ²Ó´μ° ³ É·¨ÍÒ ¶²μÉ´μ¸É¨, ¸É¨· ¥É¸Ö, ¨ ÔÉμÉ Ë ±É ¸¢Ö§ ´ ¸μ ¸¢μ°¸É¢μ³ ±μ´Ë °´³¥´É 
¢ ±ÊÊ³  Š•„. ‘ ¶μ³μÐÓÕ ¶μ´ÖÉ¨° ±¢ ´Éμ¢μ° μ¶É¨±¨, É ±¨Ì ± ± ¸É¥¶¥´Ó ¸μ£² ¸μ¢ ´´μ-
¸É¨, Ô´É·μ¶¨Ö Ëμ´ �¥°³ ´  ¨ ¸É¥¶¥´Ó Î¨¸ÉμÉÒ [11], ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μ¶¨¸ ´¨¥ ¶·μ¨¸Ìμ-
¤ÖÐ¨Ì ¶·μÍ¥¸¸μ¢.
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