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

� ¸¸³ É·¨¢ ÕÉ¸Ö ¸¢μ°¸É¢  ³¥§μ´μ¢ ¨ É¥·³μ¤¨´ ³¨±  ¸¨¸É¥³Ò ¢ ³μ¤¥²¨ � ³¡ÊÄ‰μ´ -‹ §¨´¨μ
(�ˆ‹) ¸ · §²¨Î´Ò³¨ ¸¶μ¸μ¡ ³¨ ·¥£Ê²Ö·¨§ Í¨¨. ˆ§ÊÎ¥´μ ¢²¨Ö´¨¥ ¢Ò¡μ·  ¸¶μ¸μ¡  ·¥£Ê²Ö·¨§ Í¨¨ ¨
¢Ò¡μ·  ¶ · ³¥É·μ¢ ´  ¶μ¢¥¤¥´¨¥ Ë §μ¢μ° ¤¨ £· ³³Ò ³ É¥·¨¨. �É³¥Î¥´μ, ÎÉμ ¶·¨ μ¶·¥¤¥²¥´´μ³
¢Ò¡μ·¥ ¶ · ³¥É·μ¢ ¢ ³μ¤¥²¨ �ˆ‹ ¸ ·¥£Ê²Ö·¨§ Í¨¥° ³¥Éμ¤μ³ � Ê²¨Ä‚¨²² ·¸  ¢μ§³μ¦´  ¸¨ÉÊ Í¨Ö,
±μ£¤  ¢ ¸¨¸É¥³¥ ¨¸Î¥§ ¥É Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤ .

In the article the meson properties and the thermodynamics of dense matter are considered in the
NambuÄJona-Lasinio model with different regularization schemes. An in	uence of the regularization
scheme and parameter sets on the phase diagram of dense matter was investigated. It was mentioned that
the ˇrst order phase transition disappears at certain parameters set when the PauliÄVillars regularization
is used.
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ˆ¸¸²¥¤μ¢ ´¨¥ Ë §μ¢μ° ¤¨ £· ³³Ò ¶²μÉ´μ° ¨ £μ·ÖÎ¥° Ö¤¥·´μ° ³ É¥·¨¨ Ö¢²Ö¥É¸Ö μ¤-
´μ° ¨§ μ¸´μ¢´ÒÌ § ¤ Î ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ (Š•„) ¶·¨ ±μ´¥Î´ÒÌ É¥³¶¥· ÉÊ·¥ ¨
¶²μÉ´μ¸É¨. ‘μ£² ¸´μ Š•„, ¶μ¢¥¤¥´¨¥  ¤·μ´´μ° ³ É¥·¨¨ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¨
¶²μÉ´μ¸ÉÖÌ ¤μ²¦´μ Ì · ±É¥·¨§μ¢ ÉÓ¸Ö ¸¶μ´É ´´Ò³ ´ ·ÊÏ¥´¨¥³ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¸
μ¤´μ° ¸Éμ·μ´Ò ¨ Í¢¥Éμ¢Ò³ ±μ´Ë °´³¥´Éμ³ ¸ ¤·Ê£μ°. �·¨ Ê¢¥²¨Î¥´¨¨ É¥³¶¥· ÉÊ·Ò ¨/¨²¨
¶²μÉ´μ¸É¨ ¤μ²¦´μ ´ ¡²Õ¤ ÉÓ¸Ö ¢μ¸¸É ´μ¢²¥´¨¥ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¨ ¤¥±μ´Ë °´³¥´É.
Š¨· ²Ó´Ò° Ë §μ¢Ò° ¶¥·¥Ìμ¤, ¸μ£² ¸´μ ¤ ´´Ò³, ¶μ²ÊÎ¥´´Ò³ ¨§ · ¸Î¥Éμ¢ ´  ·¥Ï¥É±¥,
¶·μ¨¸Ìμ¤¨É ¶·¨ É¥³¶¥· ÉÊ·¥ T lat

c ∼ (0,154± 0,009) ƒÔ‚ [1] ¤²Ö ¸²ÊÎ Ö ¸  ·μ³ É ³¨ 2+1
¨ 0,170 ƒÔ‚ ¤²Ö ¸²ÊÎ Ö ¸ ¤¢Ê³Ö  ·μ³ É ³¨ [2] ¨ ¤μ²¦¥´ ¸μ¢¶ ¤ ÉÓ ¸ ¶¥·¥Ìμ¤μ³ É¨¶ 
®¤¥±μ´Ë °´³¥´É¯. �μ ¶·¨·μ¤  Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¤μ ¸¨Ì ¶μ· μ¸É ¥É¸Ö ´¥Ö¸´μ°. � ¸-
Î¥ÉÒ ´  ·¥Ï¥É±¥ ¢ Î¨¸Éμ ± ²¨¡·μ¢μÎ´μ³ ¸¥±Éμ·¥ ¶μ± §Ò¢ ÕÉ Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ
·μ¤  [3],   ¶·¨ ¢±²ÕÎ¥´¨¨ ²¥£±¨Ì ±¢ ·±μ¢ Å ¶¥·¥Ìμ¤ É¨¶  ®±·μ¸¸μ¢¥·¯. � ¸Î¥ÉÒ ´ 
·¥Ï¥É±¥ § É·Ê¤´¥´Ò ¢ μ¡² ¸É¨ ±μ´¥Î´μ£μ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ¢ ¸¢Ö§¨ ¸ ¢μ§´¨±´μ-
¢¥´¨¥³ É ± ´ §Ò¢ ¥³μ° ¶·μ¡²¥³Ò §´ ± . ‚ ¶μ¸²¥¤´¨Ì · ¡μÉ Ì ÔÉ  ¶·μ¡²¥³  ·¥Ï ¥É¸Ö,
´ ¶·¨³¥·, ¢¢¥¤¥´¨¥³ ±μ³¶²¥±¸´μ£μ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ¤²Ö ¤¢ÊÌ  ·μ³ Éμ¢ [4].
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�É¨ ¸²μ¦´μ¸É¨ ¸É ²¨ μ¤´μ° ¨§ ¶·¨Î¨´ · §¢¨É¨Ö ÔËË¥±É¨¢´ÒÌ Š•„ ³μÉ¨¢¨·μ¢ ´´ÒÌ
³μ¤¥²¥° É¨¶  ³μ¤¥²¨ � ³¡ÊÄ‰μ´ -‹ §¨´¨μ (�ˆ‹) [5, 6] ¨ ²¨´¥°´μ° σ-³μ¤¥²¨ [7] ± ±
¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ ¥¢ Š•„ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ. Œμ¤¥²Ó �ˆ‹ ¤ ¥É ¶·μ¸ÉÊÕ ¨ ¶· ±É¨-
Î¥¸±ÊÕ ¨²²Õ¸É· Í¨Õ ± μ¸´μ¢´Ò³ ³¥Ì ´¨§³ ³, ¶·¨¢μ¤ÖÐ¨³ ± ¸¶μ´É ´´μ³Ê ´ ·ÊÏ¥´¨Õ
±¨· ²Ó´μ° ¸¨³³¥É·¨¨, ´μ ´¥ μ¡ÑÖ¸´Ö¥É ¢Éμ·μ¥ ¸¢μ°¸É¢μ Š•„ Å ±μ´Ë °´³¥´É ±¢ ·±μ¢.
’¥³ ´¥ ³¥´¥¥ ³μ¤¥²Ó É¨¶  �ˆ‹  ±É¨¢´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ²¥£±¨Ì
 ¤·μ´μ¢ ¨ É¥·³μ¤¨´ ³¨Î¥¸±¨Ì ¸¢μ°¸É¢ Ö¤¥·´μ° ³ É¥·¨¨ [8Ä12] ¶·¨ ±μ´¥Î´ÒÌ É¥³¶¥· -
ÉÊ·¥ ¨ ¶²μÉ´μ¸É¨.

‚ · ³± Ì ³μ¤¥²¨ �ˆ‹, ¢ ±¨· ²Ó´μ³ ¶·¥¤¥²¥, ±μ£¤  Éμ±μ¢Ò¥ ³ ¸¸Ò ±¢ ·±μ¢ · ¢´Ò
´Ê²Õ, ¨¸¸²¥¤μ¢ ´¨Ö [13, 14] ¶μ± § ²¨ ±¨· ²Ó´Ò° Ë §μ¢Ò° ¶¥·¥Ìμ¤ μÉ £μ²¤¸ÉμÊ´μ¢¸±μ°
Ë §Ò ± ¢¨£´¥·μ¢¸±μ° Ë §¥ ¶·¨ ±μ´¥Î´ÒÌ T ¨ μ. �¤´ ±μ ¨ §¤¥¸Ó ´¥É ¶μ²´μ£μ ¸μ£² ¸¨Ö: ¢
· ¡μÉ¥ [13]  ¢Éμ·Ò ¶μ± § ²¨ Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¢Éμ·μ£μ ·μ¤ , ¢ Éμ ¢·¥³Ö ± ± ¢ [14] ¶·¥¤-
¶μ² £ ¥É¸Ö Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¨ Ë §μ¢Ò° ¶¥·¥Ìμ¤
¢Éμ·μ£μ ·μ¤  ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì. Šμ£¤  Éμ±μ¢ Ö ³ ¸¸  ±¢ ·±  ±μ´¥Î´ ,
¢ [8Ä12] ¶μ± § ´ Ë §μ¢Ò° ¶¥·¥Ìμ¤ É¨¶  ®±·μ¸¸μ¢¥·¯ ¶·¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì, § ± ´-
Î¨¢ ÕÐ¨°¸Ö ±·¨É¨Î¥¸±μ° ÉμÎ±μ° ¨ ¶¥·¥Ìμ¤ÖÐ¨° ¢ Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤  ¶·¨
´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ² . “Î¥É ¢¥±Éμ·´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ³μ¤¥²¨ É¨¶  �ˆ‹ ¨ ¥¥ ¶·μ¨§¢μ¤´ÒÌ (³μ¤¥²Ó �ˆ‹ ¸ ¶¥É²¥° �μ²Ö-
±μ¢ ) ³μ¦¥É ¶·¨¢¥¸É¨ ± ¸²ÊÎ Õ, ±μ£¤  Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤  ¢ ¸¨¸É¥³¥ ¨ ¢μ¢¸¥
¨¸Î¥§ ¥É [15Ä17].

‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ³μ¤¥²Ó �ˆ‹ ¸ ¤¢Ê³Ö  ·μ³ É ³¨ ±¢ ·±μ¢. ’ ± ± ±
³μ¤¥²Ó �ˆ‹ ´¥ μ¶¨¸Ò¢ ¥É ±μ´Ë °´³¥´É ±¢ ·±μ¢, Š•„ ³μÉ¨¢¨·μ¢ ´´Ò¥ ¢ ·¨ ´ÉÒ ÔÉμ°
³μ¤¥²¨ É·¥¡ÊÕÉ ·¥£Ê²Ö·¨§ Í¨¨. ‚ · ¡μÉ¥ · ¸¸³μÉ·¥´Ò ´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³Ò¥
¸¶μ¸μ¡Ò ·¥£Ê²Ö·¨§ Í¨¨: É·¥Ì³¥·´μ¥ μ¡·¥§ ´¨¥ ¶μ ¨³¶Ê²Ó¸Ê ¨ ·¥£Ê²Ö·¨§ Í¨Ö � Ê²¨Ä
‚¨²² ·¸ . �μ± § ´μ, ÎÉμ É¨¶Ò Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢, μ¶¨¸Ò¢ ¥³Ò¥ ³μ¤¥²ÓÕ �ˆ‹, § ¢¨¸ÖÉ
± ± μÉ ¸¶μ¸μ¡  ·¥£Ê²Ö·¨§ Í¨¨, É ± ¨ μÉ ¢Ò¡μ·  ¶ · ³¥É·μ¢. „²Ö ´¥±μÉμ·μ£μ ´ ¡μ·  ¶ · -
³¥É·μ¢ ¶·¨ ·¥£Ê²Ö·¨§ Í¨¨ � Ê²¨Ä‚¨²² ·¸  Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤  ¨¸Î¥§ ¥É ¤ ¦¥
¡¥§ ´ ²¨Î¨Ö ¢ ¸¨¸É¥³¥ ¢¥±Éμ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö.

‚ · §¤. 1 · ¸¸³μÉ·¥´  ³μ¤¥²Ó �ˆ‹ ¶·¨ T = 0 ¨ μ = 0 ¨ · §²¨Î´Ò¥ ¸¶μ¸μ¡Ò ·¥£Ê²Ö-
·¨§ Í¨¨. �·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¨ ¸· ¢´¥´¨¥ ¶ · ³¥É·μ¢.

‚ · §¤. 2 ¶·μ¢¥¤¥´μ μ¡μ¡Ð¥´¨¥ ³μ¤¥²¨ �ˆ‹ ´  ¸²ÊÎ ° ±μ´¥Î´ÒÌ É¥³¶¥· ÉÊ· ¨ ¶²μÉ-
´μ¸É¥°. � ¸¸³μÉ·¥´  É¥·³μ¤¨´ ³¨±  ³μ¤¥²¨, ¨ ¶·μ¢¥¤¥´ · ¸Î¥É ±·¨É¨Î¥¸±¨Ì ÉμÎ¥± Ë -
§μ¢μ° ¤¨ £· ³³Ò.

‚ § ±²ÕÎ¥´¨¨ ¶·¨¢¥¤¥´μ μ¡¸Ê¦¤¥´¨¥ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

1. Œ�„…‹œ ��Œ�“Ä‰���-‹�‡ˆ�ˆ�

‹ £· ´¦¨ ´ ³μ¤¥²¨ � ³¡ÊÄ‰μ´ -‹ §¨´¨μ (�ˆ‹) ¸ ¤¢Ê³Ö ±¢ ·± ³¨ (u, d) ¨³¥¥É
¢¨¤ [5,11,14,18]:

LNJL = q̄(i �∂ − m̂0)q + G[(q̄q)2 + (q̄iγ5τ q)2], (1)

£¤¥ G Å Î¥ÉÒ·¥Ì±¢ ·±μ¢ Ö ±μ´¸É ´É  ¸¢Ö§¨; q̄ ¨ q Å ±¢ ·±μ¢Ò¥ ¶μ²Ö; m̂0 Å ¤¨ £μ´ ²Ó´ Ö
³ É·¨Í , m̂0 = diag (m0

u, m0
d), m0

u = m0
d Å Éμ±μ¢Ò¥ ³ ¸¸Ò ±¢ ·±μ¢; τ Å ³ É·¨ÍÒ

� Ê²¨ ¢ ¶·μ¸É· ´¸É¢¥ SU(2). ‚ ¢Ò· ¦¥´¨ÖÌ (q̄ · q) ¶μ¤· §Ê³¥¢ ¥É¸Ö ¸Ê³³¨·μ¢ ´¨¥ ¶μ
Í¢¥É ³ ±¢ ·±μ¢, Nc = 3. ‹ £· ´¦¨ ´ (1) ¨´¢ ·¨ ´É¥´ μÉ´μ¸¨É¥²Ó´μ SU(2) × SU(2) ¨
¢μ¸¶·μ¨§¢μ¤¨É ¢¸¥ É¥μ·¥³Ò ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° Ë¨§¨±¨.
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�·μÍ¥¸¸ μ¡· §μ¢ ´¨Ö ±μ´¸É¨ÉÊ¥´É´μ° ³ ¸¸Ò ±¢ ·±  ¢ ³μ¤¥²¨ �ˆ‹ μ¡ÑÖ¸´Ö¥É¸Ö ¶¥-
·¥¸É·μ°±μ° ¢ ±ÊÊ³  ¢ ·¥§Ê²ÓÉ É¥ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ [12] ¨
μ¶·¥¤¥²Ö¥É¸Ö ± ± ·¥Ï¥´¨¥ ¸ ³μ¸μ£² ¸μ¢ ´´μ£μ Ê· ¢´¥´¨Ö Ð¥²¨ ¢ ¶·¨¡²¨¦¥´¨¨ ¸·¥¤´¥£μ
¶μ²Ö [9]:

m = m0 − 2G〈q̄q〉. (2)

Š¢ ·±μ¢Ò° ±μ´¤¥´¸ É 〈q̄q〉 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ±¢ ·±μ¢ÊÕ ¶¥É²Õ, ¢ ±μÉμ·μ° ¶·μ¢¥¤¥´μ
¸Ê³³¨·μ¢ ´¨¥ ¶μ ¢¸¥³ ¤¨¸±·¥É´Ò³ ¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ´¥¶·¥·Ò¢´Ò³ ¶¥·¥³¥´´Ò³ ±¢ ·-
±μ¢ÒÌ ¶μ²¥°:

〈q̄q〉 = 4iNcNfm

∫
dp

(2π)4
1

p2 − m2
= 4NcNfmI1, (3)

Nf = 2 Å Î¨¸²μ  ·μ³ Éμ¢ ±¢ ·±μ¢.
‚ ³μ¤¥²¨ �ˆ‹ ³¥§μ´Ò ¢¢μ¤ÖÉ¸Ö ± ± ±μ²²¥±É¨¢´Ò¥ ³μ¤Ò (±¢ ·±- ´É¨±¢ ·±μ¢Ò¥ ¸¢Ö-

§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö). Œ ¸¸Ò ³¥§μ´μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê· ¢´¥´¨Ö [19]

1 − 2GΠ(k2)|k2=M2 = 0, (4)

£¤¥ Π(k2) Å ¶μ²Ö·¨§ Í¨μ´´Ò° μ¶¥· Éμ·. „²Ö ¶¸¥¢¤μ¸± ²Ö·´ÒÌ (ps, π-³¥§μ´ (¶¨μ´)) ¨
¸± ²Ö·´ÒÌ (s, σ-³¥§μ´) ³¥§μ´μ¢ Ö¢´Ò° ¢¨¤ ¶μ²Ö·¨§ Í¨μ´´ÒÌ μ¶¥· Éμ·μ¢ ¸²¥¤ÊÕÐ¨°:

Πps(k2) = i

∫
d4p

(2π)4
Tr [iγ5τ

aS(p + k)iγ5τ
bS(p)], (5)

Πs(k2) = i

∫
d4p

(2π)4
Tr [iS(p + k)iS(p)]; (6)

S(p) = i(p̂ − m)−1 Å ±¢ ·±μ¢Ò° ¶·μ¶ £ Éμ·. �μ²Ö·¨§ Í¨μ´´Ò¥ μ¶¥· Éμ·Ò ³μ£ÊÉ ¡ÒÉÓ
¶·¥¤¸É ¢²¥´Ò ¢ É¥·³¨´ Ì ¨´É¥£· ²μ¢ I1 ¨ I(k2):

Πps(k2) = 4NcNf i

∫
d4p

(2π)4
1

p2 − m2
−

− 2NcNf i

∫
d4p

(2π)4
k2

(p2 − m2)((p + k)2 + m2)
= 4NcNfI1 − 2NcNfk2I(k2), (7)

Πs(k2) = 4NcNf i

∫
d4p

(2π)4
1

p2 − m2
−

− 2NcNf i

∫
d4p

(2π)4
k2 − 4m2

(p2 − m2)((p + k)2 + m2)
= 4NcNfI1 − 2NcNf (k2 − 4m2)I(k2).

(8)

ˆ§ Ê· ¢´¥´¨Ö (7) ¢¨¤´μ, ÎÉμ ¢ ±¨· ²Ó´μ³ ¶·¥¤¥²¥, ±μ£¤  m0
u = m0

d = 0 ¨ k2 = M2
π = 0,

μ´μ ¸μ¢¶ ¤ ¥É ¸ Ê· ¢´¥´¨¥³ (2) ¨ ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö.
Š¢ ·±-³¥§μ´´ Ö ±μ´¸É ´É  ¸¢Ö§¨ É ±¦¥ μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¶μ²Ö·¨§ Í¨μ´´μ£μ μ¶¥· Éμ· 

g−2
Mq̄q(T, μ) =

∂Πps/s(k2)
∂k2

∣∣∣∣
k2=M2

. (9)
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ˆ´É¥£· ²Ò I1 ¨ I(k2) Ö¢²ÖÕÉ¸Ö · ¸Ìμ¤ÖÐ¨³¨¸Ö. „²Ö · ¸Î¥É  É ±¨Ì ¨´É¥£· ²μ¢ É·¥-
¡Ê¥É¸Ö ¶·μ¢¥¸É¨ ¶·μÍ¥¤Ê·Ê ·¥£Ê²Ö·¨§ Í¨¨. ‘ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ ¸¶μ¸μ¡μ¢ ·¥£Ê²Ö·¨§ -
Í¨¨ ¢ ³μ¤¥²¨ �ˆ‹ [9]: μ¡·¥§ ´¨¥ ¨´É¥£· ²μ¢ ¶μ É·¥Ì³¥·´μ³Ê ¨³¶Ê²Ó¸Ê, Î¥ÉÒ·¥Ì³¥·´ Ö
·¥£Ê²Ö·¨§ Í¨Ö [9, 20, 21] ¨ ·¥£Ê²Ö·¨§ Í¨Ö � Ê²¨Ä‚¨²² ·¸  [22, 23]. ‚ · ¡μÉ¥ · ¸¸³ -
É·¨¢ ÕÉ¸Ö ¤¢  É¨¶  ·¥£Ê²Ö·¨§ Í¨°: μ¡·¥§ ´¨¥ ¨´É¥£· ²μ¢ ¶μ É·¥Ì³¥·´μ³Ê ¨³¶Ê²Ó¸Ê ¨
·¥£Ê²Ö·¨§ Í¨Ö � Ê²¨Ä‚¨²² ·¸ .

1.1. �¡·¥§ ´¨¥ ¶μ É·¥Ì³¥·´μ³Ê ¨³¶Ê²Ó¸Ê. �ÉμÉ ¸¶μ¸μ¡ ·¥£Ê²Ö·¨§ Í¨¨ ¶μ¤· §Ê³¥¢ ¥É
μ£· ´¨Î¥´¨¥ μ¡² ¸É¨ ¨´É¥£·¨·μ¢ ´¨Ö ¢ ¨³¶Ê²Ó¸´μ³ ¶·μ¸É· ´¸É¢¥ p2 < Λ2. � ¶·¨³¥·,
¶μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ p0 ¨´É¥£· ² I1 ¶·¨³¥É ¢¨¤

I1 =
1
2

∫
d3p

(2π)3
1√

p2 + m2
=

1
4π2

∞∫
0

p2dp√
p2 + m2

→ 1
4π2

Λ∫
0

p2dp√
p2 + m2

. (10)

“· ¢´¥´¨¥ Ð¥²¨ (2) ¶μ¸²¥ ¢¢¥¤¥´¨Ö ¶ · ³¥É·  μ¡·¥§ ´¨Ö Λ § ¶¨¸Ò¢ ¥É¸Ö ± ±

m = m0 + 4NcNfGm

Λ∫
0

d3p
(2π)3

1
Ep

, (11)

£¤¥ Ep =
√

p2 + m2 Å Ô´¥·£¨Ö ±¢ ·± , ¨ ¨´É¥£· ² ¢ ¶· ¢μ° Î ¸É¨ Ê· ¢´¥´¨Ö ¨³¥¥É
¶·μ¸ÉÊÕ  ´ ²¨É¨Î¥¸±ÊÕ Ëμ·³Ê:

Λ∫
0

d3p

(2π)3
1

Ep
=

1
4π2

(
Λ

√
m2 + Λ2 − m2 arcsh

(
Λ
m

))
. (12)

1.2. Œ¥Éμ¤ ·¥£Ê²Ö·¨§ Í¨¨ � Ê²¨Ä‚¨²² ·¸ . �¸μ¡¥´´μ¸ÉÓÕ ³¥Éμ¤  ·¥£Ê²Ö·¨§ Í¨¨
� Ê²¨Ä‚¨²² ·¸  [9,22Ä24] Ö¢²Ö¥É¸Ö Éμ, ÎÉμ É ±μ° ¸¶μ¸μ¡ ·¥£Ê²Ö·¨§ Í¨¨ ¸μÌ· ´Ö¥É ± ²¨-
¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ É¥μ·¨¨ (§  ¨¸±²ÕÎ¥´¨¥³ ¸²ÊÎ Ö ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ
É¥μ·¨°). ‘ ³  ¶·μÍ¥¤Ê·  § ±²ÕÎ ¥É¸Ö ¢ § ³¥´¥ ¶μ¤Ò´É¥£· ²Ó´μ° ËÊ´±Í¨¨ ¸Ê³³μ° ³μ¤¨-
Ë¨Í¨·μ¢ ´´ÒÌ ËÊ´±Í¨°

f reg(m, p) =
∑

a

Caf(Ma, p)

¸ ¶ · ³¥É· ³¨, Ê¤μ¢²¥É¢μ·ÖÕÐ¨³¨ Ê¸²μ¢¨Ö³
∑
a

Ca = 0,
∑
a

CaM2
a = 0, £¤¥ ¢¥²¨Î¨´Ò Ma

´¥¸ÊÉ ¸³Ò¸² ³ ¸¸ ÉÖ¦¥²ÒÌ ¢¸¶μ³μ£ É¥²Ó´ÒÌ Î ¸É¨Í ¨ μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ ¶ · ³¥É· Λ ± ±

M2
a = m2 + αaΛ2.

— Ð¥ ¢¸¥£μ ¢Ò¡¨· ÕÉ ¸Ê³³Ê ¸ ´ ¡μ·μ³ ¶ · ³¥É·μ¢ αa = (0, 2, 1), Ca = (1, 1,−2) [9,
25, 26]:∫

d4p

(2π)4
f(m, p) →

∫
d4p

(2π)4
(
f(m, p) + f

(√
m2 + 2Λ2, p

)
− 2f

(√
m2 + Λ2, p

))
.

(13)

�μ¤¸É ¢²ÖÖ Ö¢´Ò° ¢¨¤ ËÊ´±Í¨¨ f(m, p) =
(√

p2 + m2
)−1

, ¶μ²ÊÎ ¥³

I1 =
1

16π2

(
m2 ln

(
m2

m2 + Λ2

)
+ (m2 + 2Λ2) ln

(
m2 + 2Λ2

m2 + Λ2

))
. (14)
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’ ¡²¨Í  1. � · ³¥É·Ò ³μ¤¥²¨ �ˆ‹

Œ¥Éμ¤
·¥£Ê²Ö·¨§ Í¨¨

m0, ŒÔ‚ Λ, ƒÔ‚ G, ƒÔ‚−2 Fπ , ƒÔ‚ mπ , ƒÔ‚ m, ƒÔ‚

A

3D 5,5 0,639 5,227 0,092 0,139 0,319
PV 5,4 0,788 5,11 0,092 0,132 0,319

B

3D 5,6 0,646 5,56 0,099 0,141 0,394
PV 6,77 0,8 5,45 0,111 0,140 0,395

’ ±¨³ μ¡· §μ³, ¶·¨ ²Õ¡μ° ·¥£Ê²Ö·¨§ Í¨¨ ¢ ³μ¤¥²¨ �ˆ‹ ¸ÊÐ¥¸É¢ÊÕÉ É·¨ ¶ · ³¥É· :
m0, G, Λ. �É¨ ¶ · ³¥É·Ò Ë¨±¸¨·ÊÕÉ¸Ö ¨§ §´ Î¥´¨° Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´: ±μ´¸É ´ÉÒ
· ¸¶ ¤  ¶¨μ´ , ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§ · ¸¶ ¤  π− → μ− + νμ ¨
· ¢´  Fπ = 0,092 ƒÔ‚, ¶²μÉ´μ¸É¨ ±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  〈q̄q〉−1/3 = −0,25 ƒÔ‚ [27] ¨
§´ Î¥´¨Ö ³ ¸¸Ò ¶¨μ´  Mπ = 0,14 ƒÔ‚. ‘ ³μ¸μ£² ¸μ¢ ´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° Ð¥²¨,
Ê· ¢´¥´¨Ö ´  ³ ¸¸Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ ±μ´¸É ´ÉÒ · ¸¶ ¤  ¶¨μ´  ¶μ§¢μ²Ö¥É ¢ÒÎ¨-
¸²¨ÉÓ ´¥μ¡Ìμ¤¨³Ò¥ ¶ · ³¥É·Ò. �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1.

� · ³¥É·Ò ³μ¤¥²¨, ¶·¨¢¥¤¥´´Ò¥ ¢ É ¡². 1, Î¨¸²¥´´μ μ¶·¥¤¥²¥´Ò É ±, ÎÉμ¡Ò ¶·¨ · ¸-
¸³ É·¨¢ ¥³ÒÌ ³¥Éμ¤ Ì ·¥£Ê²Ö·¨§ Í¨¨ ¸μ¢¶ ¤ ²¨ ±μ´¸É¨ÉÊ¥´É´Ò¥ ³ ¸¸Ò ±¢ ·±μ¢. �·¥¤-
¸É ¢²¥´Ò ¤¢  ´ ¡μ·  ¶ · ³¥É·μ¢. � · ³¥É·Ò ¤²Ö É·¥Ì³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¨ (3D) ¢§ÖÉÒ
¨§ [28] (´ ¡μ· A),   ¶ · ³¥É·Ò ¤²Ö ·¥£Ê²Ö·¨§ Í¨¨ � Ê²¨Ä‚¨²² ·¸  (PV) ¸μμÉ¢¥É¸É¢ÊÕÉ
¶ · ³¥É· ³, ¶·¨¢¥¤¥´´Ò³ ¢ · ¡μÉ¥ [29] (´ ¡μ· B). ˆ§ É ¡²¨ÍÒ ¢¨¤´μ, ÎÉμ ¤²Ö ´ ¡μ· 
¶ · ³¥É·μ¢ A ¶μ²ÊÎ ¥É¸Ö Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ ¢μ¸¶·μ¨§¢¥¤¥´¨¥³ Fπ , Mπ, m,   ¤²Ö B ´¥
Ê¤ ¥É¸Ö Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¶μ²ÊÎ¨ÉÓ Fπ .

2. Œ�„…‹œ ��Œ�“Ä‰���-‹�‡ˆ�ˆ�
��ˆ Š��…—�›• ’…Œ�…��’“�… ˆ �‹�’��‘’ˆ

„²Ö μ¡μ¡Ð¥´¨Ö ³μ¤¥²¨ �ˆ‹ ´  ¸²ÊÎ ° ±μ´¥Î´ÒÌ É¥³¶¥· ÉÊ·Ò ¨ ¶²μÉ´μ¸É¨ ¢ ¨´É¥-
£· ² Ì I1 ¨ I(k2) ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ ¶μ p0 ¶·μ¨§¢μ¤¨É¸Ö § ³¥´ 

∫
dp0

2π

∫
d3p

(2π)3
→ iT

+∞∑
n=−∞

∫
d3p

(2π)3

¸ p0 = iωn+μ, £¤¥ ωn = (2n+1)πT Å Î ¸ÉμÉ  Œ ÍÊ¡ ·Ò,   μ Å Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ².
�μ¸²¥ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ωn ¨´É¥£· ²Ò I1 ¨ I(k2) ¶·¨³ÊÉ ¢¨¤

I1 =
∫

p2dp

4π2

1
Ep

(1 − f(Ep) − f̄(Ep)), (15)

I(k2) =
∫

p2dp

2π2

1
E(k2 − 4E2

p)
(1 − f(Ep) − f̄(Ep)), (16)

£¤¥

f(Ep) =
1

1 + e(Ep−μ)/T
, f̄(Ep) =

1
1 + e(Ep+μ)/T

Å ËÊ´±Í¨¨ ”¥·³¨ ¤²Ö ±¢ ·±μ¢. ‚ ¨´É¥£· ² Ì Î ¸ÉÓ, ¸μ¤¥·¦ Ð Ö Ô±¸¶μ´¥´ÉÒ, Ö¢²Ö¥É¸Ö
¸Ìμ¤ÖÐ¥°¸Ö. ‚ ¸²ÊÎ ¥ ·¥£Ê²Ö·¨§ Í¨¨ � Ê²¨Ä‚¨²² ·¸  ¨´É¥£· ²Ò ¤¥²ÖÉ ´  ¢ ±ÊÊ³´ÊÕ,
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�¨¸. 1. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³μ¸ÉÓ ³ ¸¸ ±¢ ·±μ¢ ¨ ³¥§μ´μ¢ ¤²Ö ¤¢ÊÌ ¸¶μ¸μ¡μ¢ ·¥£Ê²Ö·¨§ Í¨¨ ¶·¨
μ = 0.  ) �¥§Ê²ÓÉ ÉÒ ¤²Ö ´ ¡μ·  ¶ · ³¥É·μ¢ �: Mσ = 0,644 (3D) ¨ 0,645 (PV) ƒÔ‚. ¡) �¥§Ê²ÓÉ ÉÒ

¤²Ö ¶ · ³¥É·μ¢ ´ ¡μ·  B: Mσ = 0,793 (3D) ¨ 0,7934 (PV) ƒÔ‚

· ¸Ìμ¤ÖÐÊÕ¸Ö Î ¸ÉÓ, ±μÉμ·ÊÕ ´¥μ¡Ìμ¤¨³μ ·¥£Ê²Ö·¨§μ¢ ÉÓ, ¨ É¥³¶¥· ÉÊ·´ÊÕ, ¸Ìμ¤ÖÐÊÕ¸Ö
Î ¸ÉÓ, ±μÉμ· Ö ¸Î¨É ¥É¸Ö μÉ¤¥²Ó´μ.

�  ·¨¸. 1 ¶μ± § ´μ ¶μ¢¥¤¥´¨¥ ³ ¸¸ ±¢ ·±μ¢, ³ ¸¸Ò ¶¨μ´  ¨ σ-³¥§μ´  ± ± ËÊ´±-
Í¨° É¥³¶¥· ÉÊ·Ò. ‡´ Î¥´¨Ö ³ ¸¸ ¶μ²ÊÎ¥´Ò ¨§ ¸ ³μ¸μ£² ¸μ¢ ´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥-
´¨Ö Ð¥²¨ (2) ¨ Ê· ¢´¥´¨Ö (4) ¤²Ö π- ¨ σ-³¥§μ´  ¤²Ö ´ ¡μ·μ¢ ¶ · ³¥É·μ¢, ¶·¨¢¥¤¥´-
´ÒÌ ¢ É ¡². 1. ’¥³¶¥· ÉÊ·  ´μ·³¨·μ¢ ´  ´  TMott, ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö
2m(T = TMott) = Mπ(T = TMott). …¥ §´ Î¥´¨¥ ¤²Ö ± ¦¤μ£μ ¸²ÊÎ Ö Ê± § ´μ ´  ·¨¸Ê´±¥.

ˆ§ ·¨¸Ê´±  ¢¨¤´μ ¨§³¥´¥´¨¥ ³ ¸¸ ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò. Šμ£¤  T > TMott, ¶¨μ´
¶·¥¢· Ð ¥É¸Ö ¢ ·¥§μ´ ´¸´μ¥ ¸μ¸ÉμÖ´¨¥ ±¢ ·±  ¨  ´É¨±¢ ·± , ¥£μ ³ ¸¸  ¨ Ï¨·¨´  ´ Î¨-
´ ÕÉ · ¸É¨. Œ ¸¸  ¶¨μ´  ¸É ´μ¢¨É¸Ö ¡²¨§±μ° ± ³ ¸¸¥ σ-³¥§μ´ ,   ³ ¸¸  ±¢ ·±  ¸É·¥³¨É¸Ö
± ¥¥ Éμ±μ¢μ³Ê §´ Î¥´¨Õ. ‚μ¸¸É ´μ¢²¥´¨¥ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¶·¨ μ = 0 ¶·μ¨¸Ìμ¤¨É
¶·¨ É¥³¶¥· ÉÊ·¥, ¶·¥¢ÒÏ ÕÐ¥° É ± ´ §Ò¢ ¥³ÊÕ ¶¸¥¢¤μ±·¨É¨Î¥¸±ÊÕ É¥³¶¥· ÉÊ·Ê Tc. ‚
¤ ´´μ° · ¡μÉ¥ §´ Î¥´¨Ö T PV

c = 0,186, 0,211 ƒÔ‚ ¨ T 3D
c = 0,192, 0,2265 ƒÔ‚ ¤²Ö ´ ¡μ· 

¶ · ³¥É·μ¢ A ¨ B ¸μμÉ¢¥É¸É¢¥´´μ.
„²Ö μ¶¨¸ ´¨Ö É¥·³μ¤¨´ ³¨±¨ · ¸¸³μÉ·¨³ ¡μ²ÓÏμ° É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶μÉ¥´Í¨ ².

‚ ³μ¤¥²¨ �ˆ‹ μ´ ¨³¥¥É ¢¨¤ [12,14,18]

ΩNJL = G〈q̄q〉2 + Ωq, (17)

£¤¥ 〈q̄q〉 μ¡μ§´ Î¥´ ±¢ ·±μ¢Ò° ±μ´¤¥´¸ É (〈q̄q〉 = ∂Ω/∂m0) ¨

Ωq = −2NcNf

∫
d3p

(2π)3
Ep − 2NcNfT

∫
d3p

(2π)3
[lnN+(Ep) + lnN−(Ep)], (18)

ËÊ´±Í¨¨
N+(Ep) = 1 + e−β(Ep−μ), N−(Ep) = 1 + e−β(Ep+μ),

Ep =
√

p2 + m2 ¨ β = 1/T .
’¥·³μ¤¨´ ³¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò, É ±¨¥ ± ± ¤ ¢²¥´¨¥, ¶²μÉ´μ¸ÉÓ ±¢ ·±μ¢, ¶²μÉ´μ¸ÉÓ

Ô´¥·£¨¨ ¨ Ô´É·μ¶¨Ö, ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶μÉ¥´Í¨ ² (17) ± ±

p = −Ω
V

, s = −
(

∂Ω
∂T

)
μ

, nq = −
(

∂Ω
∂μ

)
T

, ε = −p + Ts + μnq. (19)
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�¨¸. 2. �μ·³¨·μ¢ ´´Ò¥ ¤ ¢²¥´¨¥ ¨ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ± ± ËÊ´±Í¨¨ É¥³¶¥· ÉÊ·Ò ¶·¨ ´Ê²¥¢μ³

Ì¨³¨Î¥¸±μ³ ¶μÉ¥´Í¨ ²¥ ¤²Ö ¤¢ÊÌ ´ ¡μ·μ¢ ¶ · ³¥É·μ¢

’ ± ± ± ¢ (17) ¨ (18) ¥¸ÉÓ ¢ ±ÊÊ³´ Ö Î ¸ÉÓ, ±μÉμ· Ö ´¥ ¨¸Î¥§ ¥É ¶·¨ T → 0, μ → 0

Ωvac =
(m − m0)2

4G
− 2NcNf

∫
d3p

(2π)3
Ep, (20)

¤²Ö ¨§ÊÎ¥´¨Ö É¥·³μ¤¨´ ³¨±¨ ¸¨¸É¥³Ò ¢¢¥¤¥³ ´μ·³¨·μ¢ ´´μ¥ ¤ ¢²¥´¨¥

p

T 4
=

p(T, μ, m) − p(0, 0, m)
T 4

. (21)

�μ·³¨·μ¢ ´´Ò¥ ¤ ¢²¥´¨¥ ¨ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ± ± ËÊ´±Í¨¨ É¥³¶¥· ÉÊ·Ò ¶·¨ ´Ê²¥¢μ³
Ì¨³¨Î¥¸±μ³ ¶μÉ¥´Í¨ ²¥ ¤²Ö ¤¢ÊÌ ´ ¡μ·μ¢ ¶ · ³¥É·μ¢ ¶μ± § ´Ò ´  ·¨¸. 2. ˆ´É¥£· ²Ò,
¸μ¤¥·¦ Ð¨¥ ËÊ´±Í¨¨ ”¥·³¨, Ö¢²ÖÕÉ¸Ö ¸Ìμ¤ÖÐ¨³¨¸Ö, ¨Ì · ¸Î¥É ¶·μ¨§¢μ¤¨²¸Ö ¶·¨ Λ →
∞. ‚¨¤´μ, ÎÉμ ¶·¨ T → ∞ ¤ ¢²¥´¨¥ ¸É·¥³¨É¸Ö ± ¶·¥¤¥²Ê ‘É¥Ë ´ Ä
μ²ÓÍ³ ´  pSB,
±μÉμ·Ò° ¤²Ö ³μ¤¥²¨ �ˆ‹ μ¶·¥¤¥²Ö¥É¸Ö ± ±

pSB

T 4
= NcNf

7π2

180
� 2,3.

‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ §´ Î¥´¨¥ Ô´¥·£¨¨ εSB = 3pSB.
� ¸¸³μÉ·¨³ É¥¶¥·Ó ¸É·Ê±ÉÊ·Ê Ë §μ¢μ° ¤¨ £· ³³Ò ±¢ ·±- ¤·μ´´μ° ³ É¥·¨¨. ‘μ£² ¸´μ

Š•„, ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ·¥ ¨ ¶²μÉ´μ¸É¨ ¤μ²¦´μ ´ ¡²Õ¤ ÉÓ¸Ö ¸¶μ´É ´´μ¥ ´ ·ÊÏ¥´¨¥
±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¨ Í¢¥Éμ¢μ° ±μ´Ë °´³¥´É. �·¨ ¡μ²ÓÏ¨Ì É¥³¶¥· ÉÊ· Ì ¨ ¶²μÉ´μ-
¸ÉÖÌ ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ¨ ¢ ¸¨¸É¥³¥ ¶·μ¨¸Ìμ¤¨É ¤¥±μ´Ë °´³¥´É.
’ ± ± ± ³μ¤¥²Ó �ˆ‹ ±μ´Ë °´³¥´É ´¥ μ¶¨¸Ò¢ ¥É, Ë §μ¢ Ö ¤¨ £· ³³  ¡Ê¤¥É ¢±²ÕÎ ÉÓ
Éμ²Ó±μ ±¨· ²Ó´Ò° Ë §μ¢Ò° ¶¥·¥Ìμ¤. ‘μ£² ¸´μ ¤ ´´Ò³, ¶μ²ÊÎ¥´´Ò³ ¨§ · ¸Î¥Éμ¢ ´  ·¥-
Ï¥É±¥, μ´ ¤μ²¦¥´ ¶·μ¨¸Ìμ¤¨ÉÓ ¶·¨ É¥³¶¥· ÉÊ·¥ T lat

c ∼ 0,16−0,19 ƒÔ‚ [1,2].
‚ ÉμÎ±¥ Ë §μ¢μ£μ ¶¥·¥Ìμ¤  É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶μÉ¥´Í¨ ² ¤μ²¦¥´ ¨³¥ÉÓ ³¨´¨³Ê³,

μ¶·¥¤¥²Ö¥³Ò° ± ±
∂Ω(T, μ, m)

∂m
= 0,

∂2Ω(T, μ, m)
∂m2

� 0. (22)

” §μ¢Ò¥ ¤¨ £· ³³Ò ¤²Ö ¤¢ÊÌ ¸²ÊÎ ¥¢ ·¥£Ê²Ö·¨§ Í¨¨ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3.
‚ ¸²ÊÎ ¥, ±μ£¤  Éμ±μ¢ Ö ³ ¸¸  ±¢ ·±  ´¥ · ¢´  ´Ê²Õ, ±·¨¢ Ö ±¨· ²Ó´μ£μ ¶¥·¥Ìμ¤ 

μ¶·¥¤¥²Ö¥É¸Ö ± ± ³¨´¨³Ê³ ∂〈q̄q〉/∂T . „ ´´ Ö ±·¨¢ Ö ¸μμÉ¢¥É¸É¢Ê¥É Ë §μ¢μ³Ê ¶¥·¥Ìμ¤Ê
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�¨¸. 3. ” §μ¢Ò¥ ¤¨ £· ³³Ò. �Ê´±É¨·´Ò¥ ±·¨¢Ò¥ ¶μ± §Ò¢ ÕÉ Ë §μ¢Ò° ¶¥·¥Ìμ¤ É¨¶  ®±·μ¸¸μ¢¥·¯,

¸¶²μÏ´Ò¥ Å Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤ 

’ ¡²¨Í  2. Š·¨É¨Î¥¸±¨¥ É¥³¶¥· ÉÊ·Ò ³μ¤¥²¨ �ˆ‹

Œ¥Éμ¤
·¥£Ê²Ö·¨§ Í¨¨

TMott, ƒÔ‚ Tc , ƒÔ‚ TCEP (T , μ), ƒÔ‚

A

3D 0,208 0,186 (0,05, 0,3165)
PV 0,196 0,211 Å

B

3D 0,246 0,192 (0,08, 0,3425)
PV 0,221 0,2265 (0,0655, 0,38)

É¨¶  ®±·μ¸¸μ¢¥·¯ ¨ ¸ ·μ¸Éμ³ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  Ê¡Ò¢ ¥É ¤μ μ¶·¥¤¥²¥´´μ£μ §´ Î¥-
´¨Ö É¥³¶¥· ÉÊ·Ò, £¤¥ μ´  § ± ´Î¨¢ ¥É¸Ö ±·¨É¨Î¥¸±μ° ÉμÎ±μ°, ¶μ¸²¥ ±μÉμ·μ° ±·μ¸¸μ¢¥·
¶·¥¢· Ð ¥É¸Ö ¢ Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤ , μ¶·¥¤¥²Ö¥³Ò° ± ± ³ ±¸¨³Ê³ ∂nq/∂μ.
‡´ Î¥´¨Ö ¢¸¥Ì ±·¨É¨Î¥¸±¨Ì É¥³¶¥· ÉÊ· ¶·¨¢¥¤¥´Ò ¢ É ¡². 2. ’¥³¶¥· ÉÊ·Ò Ë §μ¢μ£μ
¶¥·¥Ìμ¤  ¶·¨ ´Ê²¥¢μ³ Ì¨³¨Î¥¸±μ³ ¶μÉ¥´Í¨ ²¥, ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ¡μ· 
¶ · ³¥É·μ¢ � ¤²Ö ¤¢ÊÌ ¸¶μ¸μ¡μ¢ ·¥£Ê²Ö·¨§ Í¨¨, ²ÊÎÏ¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ¤ ´´Ò³ · ¸Î¥Éμ¢
·¥Ï¥ÉμÎ´μ° Š•„ [1, 2].

ˆ§ ·¨¸. 3,   ¢¨¤´μ, ÎÉμ ¢ ¸²ÊÎ ¥ ·¥£Ê²Ö·¨§ Í¨¨ � Ê²¨Ä‚¨²² ·¸  Ë §μ¢Ò° ¶¥·¥Ìμ¤
¶¥·¢μ£μ ·μ¤  μÉ¸ÊÉ¸É¢Ê¥É. �É¨ ·¥§Ê²ÓÉ ÉÒ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨
¢ [23, 24]. �´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ¢μ§´¨± ¥É, ±μ£¤  ¢ ³μ¤¥²Ó �ˆ‹ (¢ Éμ³ Î¨¸²¥ �ˆ‹ ¸
¶¥É²¥° �μ²Ö±μ¢  [30]) ¢±²ÕÎ ÕÉ ¢¥±Éμ·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥. ‘ ·μ¸Éμ³ ±μ´¸É ´ÉÒ ¸¢Ö§¨
¢¥±Éμ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¡² ¸ÉÓ Ë §μ¢μ£μ ¶¥·¥Ìμ¤  ¶¥·¢μ£μ ·μ¤  ¸É ´μ¢¨É¸Ö ¢¸¥ Ê¦¥
¨ ¶·¨ μ¶·¥¤¥²¥´´μ³ ¥¥ §´ Î¥´¨¨ ¢μ¢¸¥ ¨¸Î¥§ ¥É [15Ä17]. �μ²μ¦¥´¨¥ ±·¨É¨Î¥¸±μ° ±μ-
´¥Î´μ° ÉμÎ±¨ ¤²Ö ¶¥·¢μ£μ ´ ¡μ·  ¶ · ³¥É·μ¢ ¢ ¸²ÊÎ ¥ É·¥Ì³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¨ ´ 
¶²μ¸±μ¸É¨ (T , μ) μ¶·¥¤¥²Ö¥É¸Ö ± ± (0,05, 0,3165). „²Ö ¢Éμ·μ£μ ´ ¡μ·  ¶ · ³¥É·μ¢ ±·¨-
É¨Î¥¸± Ö ±μ´¥Î´ Ö ÉμÎ±  μ¶·¥¤¥²Ö¥É¸Ö ± ± (0,08, 0,3425) ¤²Ö É·¥Ì³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¨
¨ (0,0655, 0,38) ¤²Ö ·¥£Ê²Ö·¨§ Í¨¨ � Ê²¨Ä‚¨²² ·¸ .

‡�Š‹	—…�ˆ…

‚ · ¡μÉ¥ ¡Ò²¨ · ¸¸³μÉ·¥´Ò ¤¢  ¸¶μ¸μ¡  ·¥£Ê²Ö·¨§ Í¨¨ ³μ¤¥²¨ � ³¡ÊÄ‰μ´ -‹ §¨´¨μ:
μ¡·¥§ ´¨¥ ¶μ É·¥Ì³¥·´μ³Ê ¨³¶Ê²Ó¸Ê (p2 < Λ2) [8Ä12] ¨ ·¥£Ê²Ö·¨§ Í¨Ö � Ê²¨Ä‚¨²-
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² ·¸  [9, 23, 24, 26]. „¢  ´ ¡μ·  ¶ · ³¥É·μ¢ ³μ¤¥²¨ Ë¨±¸¨·μ¢ ²¨¸Ó ¨¸Ìμ¤Ö ¨§ §´ Î¥-
´¨° Ë¨§¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ ¨ ¶μ¤¡¨· ²¨¸Ó É ±, ÎÉμ¡Ò ³ ¸¸Ò ±μ´¸É¨ÉÊ¥´É´ÒÌ
±¢ ·±μ¢, μ¡· §ÊÕÐ¨Ì ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥, ¸μ¢¶ ¤ ²¨ ¤²Ö ¤¢ÊÌ ¸¶μ¸μ¡μ¢ ·¥£Ê²Ö·¨§ Í¨¨.
� · ³¥É·Ò ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. —¨¸²¥´´Ò¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö Ð¥²¨ ¨ Ê· ¢´¥´¨°
´  ³ ¸¸Ê ³¥§μ´μ¢ ¢μ¸¶·μ¨§¢μ¤ÖÉ ¢¸¥ É¥³¶¥· ÉÊ·´Ò¥ § ¢¨¸¨³μ¸É¨ m(T ), Mπ(T ), Mσ(T )
¨ μ¶¨¸Ò¢ ÕÉ ¢μ¸¸É ´μ¢²¥´¨¥ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ ¢Ò¡μ·  ¸¶μ¸μ¡ 
·¥£Ê²Ö·¨§ Í¨¨. �¸μ¡μ¥ ¢´¨³ ´¨¥ ¢ · ¡μÉ¥ Ê¤¥²¥´μ ¸É·Ê±ÉÊ·¥ Ë §μ¢μ° ¤¨ £· ³³Ò  ¤·μ´-
´μ£μ ¢¥Ð¥¸É¢ . �μ± § ´μ, ÎÉμ ¢Ò¡μ· ¸¶μ¸μ¡  ·¥£Ê²Ö·¨§ Í¨¨ ¢²¨Ö¥É ´  ¶μ¢¥¤¥´¨¥ ¸¨¸É¥³Ò
§´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ ¢Ò¡μ· ´ ¡μ·  ¶ · ³¥É·μ¢. ‡´ Î¥´¨Ö ±·¨É¨Î¥¸±¨Ì É¥³¶¥· ÉÊ·,
Ì · ±É¥·´ÒÌ ¤²Ö ³μ¤¥²¨, μÉ²¨Î ÕÉ¸Ö ¤²Ö · §²¨Î´ÒÌ ¸¶μ¸μ¡μ¢ ·¥£Ê²Ö·¨§ Í¨¨ (¸³. É ¡². 2).
�É³¥Î¥´μ É ±¦¥, ÎÉμ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ·¥£Ê²Ö·¨§ Í¨¨ � Ê²¨Ä‚¨²² ·¸  ¨ ´ ¡μ·  ¶ · -
³¥É·μ¢ � ¢ ¸¨¸É¥³¥ ¨¸Î¥§ ¥É Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤ . ‚ · ¡μÉ Ì [15Ä17] ¡Ò²μ
¶μ± § ´μ, ÎÉμ É ± Ö ¸¨ÉÊ Í¨Ö ¢ ³μ¤¥²¨ �ˆ‹ (¨ ³μ¤¥²¨ �ˆ‹ ¸ ¶¥É²¥° �μ²Ö±μ¢ ) ¸
É·¥Ì³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¥° ¢μ§³μ¦´  ¢ ¸²ÊÎ ¥ ´ ²¨Î¨Ö ¢ ¸¨¸É¥³¥ ¸¨²Ó´μ£μ ¢¥±Éμ·´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö.

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ „. 
² Ï±¥. � ¡μÉ  �.‹.Š ²¨´μ¢-
¸±μ£μ ¶μ¤¤¥·¦ ´  £· ´Éμ³ �””ˆ º13-01-00060 .
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