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ˆ´¸É¨ÉÊÉ ³ É¥³ É¨±¨ Œ ·¸¥²Ö, –¥´É· ³ É¥³ É¨±¨ ¨ ¨´Ëμ·³ É¨±¨, Œ ·¸¥²Ó, ”· ´Í¨Ö

„ ´´ Ö ¸É ÉÓÖ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¡§μ· ·¥§Ê²ÓÉ Éμ¢, ± ¸ ÕÐ¨Ì¸Ö ¸μ¶μ¸É ¢²¥´¨Ö
³¥Ì ´¨§³μ¢ ´¥¸É ´¤ ·É´μ° ¤¨´ ³¨Î¥¸±μ° ±μ´¤¥´¸ Í¨¨ ¨ ¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨
	μ§¥Ä�°´ÏÉ¥°´ , ¢±²ÕÎ Ö ¸²ÊÎ ° μ¡μ¡Ðß´´μ£μ ±μ´¤¥´¸ É  ¢ ´ ¤¥´ 	¥·£ Ä‹ÓÕ¨¸ Ä
�Ê²¥. �¡§μ· μ¸´μ¢ ´ ´  ¤¥É ²Ó´μ³ μ¡¸Ê¦¤¥´¨¨ ¤¢ÊÌ ³μ¤¥²¥°: ¶·μ¸Éμ° ¨£·ÊÏ¥Î´μ°
³μ¤¥²¨ ¨ ¡μ£μ²Õ¡μ¢¸±μ° ³μ¤¥²¨ ¸² ¡μ ´¥¨¤¥ ²Ó´μ£μ ¡μ§¥-£ § , ±μÉμ· Ö ¡Ò²  ¶μ¸É·μ-
¥´  ¤²Ö μ¡ÑÖ¸´¥´¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ ¦¨¤±μ£μ 4He ¨ ±μÉμ· Ö É ±¦¥ ¶μ²¥§´  ¶·¨  ´ ²¨§¥
´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨ ¢ ¸¢Ö§¨ ¸ ´¥±μÉμ·Ò³¨ ´¥¤ ¢´¨³¨ ¨´É¥·¶·¥É Í¨Ö³¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

The paper presents a review of results concerning the non-conventional dynamical
condensation versus conventional BoseÄEinstein condensation, including the case of gen-
eralized van den BergÄLewisÄPul
e condensate. The review is based on detailed discussion
of two models: a simple toy model and the Bogoliubov Weakly Imperfect Bose-Gas
model, which was invented for explanation of super�uidity of liquid 4He, but which
is also instructive for analysis of non-conventional condensation regarding some recent
interpretations of experimental data.
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B.1. …¸²¨ ±· É±μ ·¥§Õ³¨·μ¢ ÉÓ ³ É¥³ É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´-
´Ò¥ §  ¶μ¸²¥¤´¨¥ ¶μ²¢¥±  μÉ´μ¸¨É¥²Ó´μ Éμ£μ, ÎÉμ ´ §Ò¢ ¥É¸Ö ±μ´¤¥´¸ Í¨¥°
	μ§¥Ä�°´ÏÉ¥°´  (	�Š), Éμ ´¥μ¡Ìμ¤¨³μ · §£· ´¨Î¨ÉÓ ¤¢¥ · §²¨Î´Ò¥ μ¡² ¸É¨
¨¸¸²¥¤μ¢ ´¨° ¶μ ÔÉμ° É¥³ É¨±¥. �Éμ μÉ´μ¸¨É¥²Ó´μ ´¥¤ ¢´ÖÖ μ¡² ¸ÉÓ ¤¥ÖÉ¥²Ó-
´μ¸É¨, ¸¢Ö§ ´´ Ö ¸ ¨¸±Ê¸¸É¢¥´´Ò³¨ ¡μ§μ´´Ò³¨ ¸¨¸É¥³ ³¨ ¢ ³ £´¨Éμμ¶É¨Î¥-
¸±¨Ì ²μ¢ÊÏ± Ì [1], ¨ ¤·Ê£ Ö, ±μÉμ· Ö Ö¢²Ö¥É¸Ö É· ¤¨Í¨μ´´Ò³ ¨¸¸²¥¤μ¢ ´¨¥³
μ¤´μ·μ¤´ÒÌ ¡μ§μ´´ÒÌ ¸¨¸É¥³ [2].
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�μ¸²¥¤´¥¥ ´ ¶· ¢²¥´¨¥ ¢μ¸Ìμ¤¨É ± ¶·¥¤¸± § ´¨Õ �°´ÏÉ¥°´μ³ ¢ 1925 £.
μ¡· §μ¢ ´¨Ö ±μ´¤¥´¸ É  ¢ ¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥ (ˆ	ƒ, ¨²¨ IBG) [3], § É¥³, ¶μ-
¸²¥ ±·¨É¨±¨ ¢ 1927 £. [4], ¶μ¤¤¥·¦ ´´μ³Ê ”.‹μ´¤μ´μ³ [5] ¶μ¸²¥ μ¡´ ·Ê¦¥´¨Ö
¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ [6, 7], ¨, ´ ±μ´¥Í, ¸¥·Óß§´μ ¶μ¤±·¥¶²ß´´μ³Ê Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³ ´ ¡²Õ¤¥´¨¥³ [8Ä10] ±μ´¤¥´¸ É  ¢ ¸¢¥·ÌÉ¥±ÊÎ¥° Ë §¥ ¦¨¤±μ£μ £¥²¨Ö 4He.
‘ ³Ò³ ¢¶¥Î É²ÖÕÐ¨³ ¡Ò²μ ¤μ¢μ²Ó´μ ÉμÎ´μ¥ ¸μ¢¶ ¤¥´¨¥ ±·¨É¨Î¥¸±μ° É¥³¶¥-
· ÉÊ·Ò ±μ´¤¥´¸ Í¨¨ Tc ¨ É¥³¶¥· ÉÊ·Ò Tλ ÉμÎ±¨ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ (¸³. [10,11]
¨ [12, 13]). •μÉÖ ÔÉ¨ ¤ ´´Ò¥ ¢¥²¨±μ²¥¶´μ ¶μ¤É¢¥·¦¤ ÕÉ É¥μ·¨Õ ¸¢¥·ÌÉ¥±Ê-
Î¥¸É¨ ¦¨¤±μ£μ £¥²¨Ö 4He 	μ£μ²Õ¡μ¢ Ä‹ ´¤ Ê, ±μÉμ· Ö μ¸´μ¢ ´  ´  £¨¶μÉ¥§¥
	�Š, ³ É¥³ É¨Î¥¸± Ö É¥μ·¨Ö ÔÉμ£μ Ö¢²¥´¨Ö ¥Ðß ¤ ²¥±  μÉ § ¢¥·Ï¥´¨Ö.

•μÉÖ 	�Š, ¨²¨ μ¡μ¡Ðß´´ Ö 	�Š (μ	�Š) [16] ¢ ˆ	ƒ, ¨§ÊÎ¥´  ¢ ³¥²Ó-
Î °Ï¨Ì ¶μ¤·μ¡´μ¸ÉÖÌ,  ´ ²¨§ ±μ´¤¥´¸ É  ¢μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥³ ¡μ§¥-£ §¥
Ö¢²Ö¥É¸Ö ¡μ²¥¥ ¸²μ¦´μ° § ¤ Î¥°. � ¶μ³´¨³, ÎÉμ ÔËË¥±É¨¢´μ¥ ±¢ ´Éμ¢μ¥ ¶·¨-
ÉÖ¦¥´¨¥ ³¥¦¤Ê ¡μ§μ´ ³¨, ¸ÉμÖÐ¥¥ §  	�Š ¢ ˆ	ƒ, ¤¥² ¥É ÔÉÊ ¸¨¸É¥³Ê ´¥-
¸É ¡¨²Ó´μ° ¢ μÉ´μÏ¥´¨¨ ²Õ¡μ£μ ¶·Ö³μ£μ ¶·¨ÉÖ£¨¢ ÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
³¥¦¤Ê Î ¸É¨Í ³¨. �μÔÉμ³Ê μ¡¸Ê¦¤¥´¨Ö ¢μ±·Ê£ ¢μ¶·μ¸ : ®�μÎ¥³Ê ±μ´¤¥´¸¨-
·ÊÕÉ¸Ö ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥ ¡μ§μ´Ò?¯ ¡Ò²¨ ¶μ ¸ÊÐ¥¸É¢Ê ¸μ¸·¥¤μÉμÎ¥´Ò ¢μ-
±·Ê£ μÉÉ ²±¨¢ ÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨. ˆ§ÊÎ¥´¨¥ ¸É ¡¨²Ó-
´μ¸É¨ ¸É ´¤ ·É´μ£μ 	�Š (¨²¨ μ	�Š) ¢ ´¥¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥ (�	ƒ) ¸ ¶·Ö³Ò³
¡Ò¸É·μÊ¡Ò¢ ÕÐ¨³ μÉÉ ²±¨¢ ÕÐ¨³ ¤¢ÊxÎ ¸É¨Î´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¢¸ß ¥Ðß
¶·μ¤μ²¦ ¥É¸Ö [17Ä20]. ‚ Éμ ¦¥ ¢·¥³Ö, ¥¸²¨ Ê· ¢´μ¢¥¸¨ÉÓ ¶·Ö³μ¥ ¶·¨ÉÖ£¨¢ -
ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ μÉÉ ²±¨¢ ´¨¥³, ¸É ¡¨²¨§¨·ÊÕÐ¨³ ¡μ§μ´´ÊÕ ¸¨¸É¥³Ê,
ÔÉμ ¶·¨ÉÖ¦¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¨¸ÉμÎ´¨±μ³ ´μ¢μ£μ ³¥Ì ´¨§³  ±μ´¤¥´¸ Í¨¨, ´ -
§Ò¢ ¥³μ£μ ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¥°. �¥Ö¢´μ ÔÉμÉ É¨¶ ±μ´¤¥´¸ Í¨¨ ¢¶¥·-
¢Ò¥ ¢¢¥¤ß´ ¢ [21] ´  μ¸´μ¢¥ ÉÐ É¥²Ó´μ£μ  ´ ²¨§  ¡μ§¥-±μ´¤¥´¸ Í¨¨ ¢ ³μ¤¥²¨
•Ê ´£ ÄŸ´£ Ä‹ ÉÉ¨´£¥·  (HYL) [22].

�É³¥É¨³, ÎÉμ ÔÉμ ¡Ò² ’ Ê²¥¸ [23], ¸¤¥² ¢Ï¨° ¶·μ¸ÉÒ¥ ¶μÊÎ¨É¥²Ó´Ò¥
¢ÒÎ¨¸²¥´¨Ö, ±μÉμ·Ò¥ ÊÉ¢¥·¦¤ ÕÉ, ÎÉμ ´μ¢Ò° É¨¶ ¡μ§¥-±μ´¤¥´¸ Í¨¨ ³μ¦¥É
¶·μ¨¸Ìμ¤¨ÉÓ ¢ HYL-³μ¤¥²¨ ¡μ§¥-£ §  É¢ß·¤ÒÌ Ï ·μ¢ [22]. —¥·¥§ ¤¥¸ÖÉÓ ²¥É
¶μ¸²¥ [21] ´¥¸É ´¤ ·É´ Ö ±μ´¤¥´¸ Í¨Ö ¡Ò²  É ±¦¥ μ¡´ ·Ê¦¥´  ¢ ¡μ£μ²Õ¡μ¢-
¸±μ³ ¸² ¡μ ´¥¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥ (‘�	ƒ), ¸³. [24, 25, 26] ¨ μ¡§μ· [47].

� §´¨Í  ³¥¦¤Ê ¸É ´¤ ·É´μ° ¨ ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨Ö³¨ μÉ· ¦ -
¥É¸Ö ¢ μÉ²¨Î¨¨ ³¥Ì ´¨§³μ¢ ¨Ì μ¡· §μ¢ ´¨Ö. �¡ÒÎ´ Ö ±μ´¤¥´¸ Í¨Ö Ö¢²Ö¥É¸Ö
¸²¥¤¸É¢¨¥³ ¡ ² ´¸  ³¥¦¤Ê Ô´É·μ¶¨¥° ¨ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥°, Éμ£¤  ± ± ´¥-
É· ¤¨Í¨μ´´ Ö ±μ´¤¥´¸ Í¨Ö ¢μ§´¨± ¥É ¨§ ¡ ² ´¸  ³¥¦¤Ê Ô´É·μ¶¨¥° ¨ Ô´¥·£¨¥°
¢§ ¨³μ¤¥°¸É¢¨Ö. �É  · §´¨Í  ¢²¥ÎßÉ ¢ ¦´μ¥ ¸²¥¤¸É¢¨¥: ¸É ´¤ ·É´ Ö ±μ´¤¥´-
¸ Í¨Ö ¨³¥¥É ³¥¸Éμ, ¥¸²¨ μ´  ¶·μ¨¸Ìμ¤¨É ¢ ˆ	ƒ, ¢ Éμ ¢·¥³Ö ± ± ´¥¸É ´¤ ·É´ Ö
±μ´¤¥´¸ Í¨Ö ¢μ§´¨± ¥É ¨§-§  ¢§ ¨³μ¤¥°¸É¢¨Ö. 	² £μ¤ ·Ö ÔÉμ³Ê Ë ±ÉÊ ¶·¥¤-
² £ ¥É¸Ö ¤·Ê£μ¥ ´ §¢ ´¨¥: ¤¨´ ³¨Î¥¸± Ö ±μ´¤¥´¸ Í¨Ö [24,25]. Š ± ¸²¥¤¸É¢¨¥,
¤¨´ ³¨Î¥¸± Ö ±μ´¤¥´¸ Í¨Ö ³μ¦¥É ¢μ§´¨± ÉÓ ¢ ³ ²μ³¥·´ÒÌ ¡μ§μ´´ÒÌ ¸¨¸É¥-
³ Ì,   É ±¦¥ ¤¥³μ´¸É·¨·μ¢ ÉÓ Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤ . �¡¥ ¨ HYL- ¨
‘�	ƒ-³μ¤¥²¨ μ¡² ¤ ÕÉ ÔÉ¨³¨ ¸¢μ°¸É¢ ³¨.
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B.2. –¥²Ó ¸É ÉÓ¨ Å ¢¢¥¤¥´¨¥ ¢ É¥μ·¨Õ ´¥¸É ´¤ ·É´μ° ¤¨´ ³¨Î¥¸±μ°
±μ´¤¥´¸ Í¨¨ ¤²Ö μ¤´μ·μ¤´ÒÌ ¡μ§μ´´ÒÌ ¸¨¸É¥³.

„²Ö ÔÉμ£μ ³Ò ¸´ Î ²  ¢¢¥¤¥³ ¢ · §¤. 1 ¶·μ¸ÉÊÕ ¨£·ÊÏ¥Î´ÊÕ ³μ¤¥²Ó, ±μ-
Éμ· Ö ¤¥³μ´¸É·¨·Ê¥É ¨§²μ¦¥´´Ò¥ ¢ÒÏ¥ μ¸μ¡¥´´μ¸É¨ ±μ´¤¥´¸ É  ÔÉμ£μ É¨¶ .
‘¢μ°¸É¢  ÔÉμ° ³μ¤¥²¨ ¨ μ¶¨¸ ´¨¥ ±μ´¤¥´¸ Éμ¢ · §²¨Î´ÒÌ É¨¶μ¢ ¶·¥¤¸É ¢²¥´Ò
¢ · §¤. 2 ¨ 3. � §¤. 4 ¶·¥¤´ §´ Î¥´ ¤²Ö ±μ³³¥´É ·¨¥¢ ¨ § ±²ÕÎ¨É¥²Ó´ÒÌ § ³¥-
Î ´¨°.

� §¤. 5 ¶μ¸¢ÖÐß´ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ³Ê ¶·μ¨¸Ìμ¦¤¥´¨Õ ÔËË¥±É¨¢´μ-
£μ ´¥¤¨ £μ´ ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ £ ³¨²ÓÉμ´¨ ´¥ ¡μ£μ²Õ¡μ¢¸±μ£μ ‘�	ƒ.
�Éμ ¢ ¦´Ò° Ï £ ¢ ¶μ´¨³ ´¨¨ ¶·μ¨¸Ìμ¦¤¥´¨Ö ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨
¢ ÔÉμ° ³μ¤¥²¨. 	μ²¥¥ ¶μ¤·μ¡´ Ö ¨´Ëμ·³ Í¨Ö ¶·¥¤¸É ¢²¥´  ¢ · §¤. 6Ä10.

–¥²Ó · §¤. 7Ä10 ¤¢μÖ± Ö: ¢μ-¶¥·¢ÒÌ, ¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ, ÎÉμ Ë §μ¢ Ö
¤¨ £· ³³  ¢ ³μ¤¥²¨ 	μ£μ²Õ¡μ¢  ¤μ¸É ÉμÎ´μ ´¥É·¨¢¨ ²Ó´ ,   ¢μ-¢Éμ·ÒÌ, ÉμÎ´μ
¢ÒÎ¨¸²¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¤ ¢²¥´¨¥ ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥
¢ μ¡² ¸É¨, ¢ ±μÉμ·μ° μ´μ ´¥ ¸μ¢¶ ¤ ¥É ¸ ¤ ¢²¥´¨¥³ ¢ ¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥.
‚ Î ¸É´μ¸É¨ (¸³. · §¤. 10), ³Ò ¤μ± §Ò¢ ¥³, ÎÉμ ¶·¨ ¢Ò¸μ±¨Ì ¶²μÉ´μ¸ÉÖÌ Î -
¸É¨Í ¢ ‘�	ƒ ´ ¡²Õ¤ ¥É¸Ö ¸É ´¤ ·É´ Ö (μ¡μ¡Ðß´´ Ö) ¡μ§¥-±μ´¤¥´¸ Í¨Ö. �μ-
ÔÉμ³Ê ‘�	ƒ ¤¥³μ´¸É·¨·Ê¥É ¤¢  · §²¨Î´ÒÌ É¨¶  ¡μ§¥-±μ´¤¥´¸ Í¨¨: ´¥¸É ´-
¤ ·É´ÊÕ ¨ μ¡ÒÎ´ÊÕ.

�¥¸±μ²Ó±μ ¨Éμ£μ¢ÒÌ § ³¥Î ´¨° ¸μ¡· ´μ ¢ § ±²ÕÎ¥´¨¨.

1. ˆƒ�“˜…—��Ÿ Œ�„…‹œ

1.1. � ¶μ³´¨³, ÎÉμ ¸ ³μ³¥´É  ¶¥·¢μ£μ μ¶¨¸ ´¨Ö �°´ÏÉ¥°´μ³ [3] ¢ 1925 £.
¨§¢¥¸É´μ, ÎÉμ ¸É ´¤ ·É´ Ö ±μ´¤¥´¸ Í¨Ö 	μ§¥Ä�°´ÏÉ¥°´  ¸ ³ ±·μ¸±μ¶¨Î¥-
¸±¨³ § ¶μ²´¥´¨¥³ μ¤´μ£μ Ê·μ¢´Ö ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μÎ¥´Ó ¸²μ¦´Ò° ¢μ¶·μ¸.
� ¶·¨³¥·, ¢¥²¨Î¨´  § ¶μ²´¥´¨Ö Ê·μ¢´Ö ¸¨²Ó´μ § ¢¨¸¨É μÉ Ëμ·³Ò ¸μ¸Ê¤  ¨²¨
¸¶μ¸μ¡  ¤μ¸É¨¦¥´¨Ö É¥·³μ¤¨´ ³¨Î¥¸±μ£μ ¶·¥¤¥²  (¸³., ´ ¶·¨³¥·, [16, 27] ¨
¶. 4.1). Š ± ¡Ò²μ ¶μ± § ´μ Š §¨³¨·μ³ [28], ¢ ¤²¨´´μ° ¶·¨§³¥ ¢μ§³μ¦´ 
±μ´¤¥´¸ Í¨Ö ¢ ¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥ (ˆ	ƒ) ¸±μ·¥¥ ¢ Ê§±μ° §μ´¥, Î¥³ ´  μ¤´μ³
Ê·μ¢´¥. �Éμ ¡Ò² ¶·¨³¥· μ¡μ¡Ðß´´μ£μ 	�Š (μ	�Š) Å ±μ´Í¥¶Í¨¨, ¢¢¥¤ß´-
´μ° · ´¥¥ †¨· ·¤μ [29]. �¥·¢μ¥ ¸É·μ£μ¥ · ¸¸³μÉ·¥´¨¥ ÔÉμ£μ ´ ¡²Õ¤¥´¨Ö ¤²Ö
ˆ	ƒ, ¶·μ¢¥¤ß´´´μ¥ ¢ ¸¥·¨¨ ¸É É¥° [30Ä32] ¨ [16], ¶·¨´ ¤²¥¦¨É ¢ ´ ¤¥´ 	¥·£Ê,
‹ÓÕ¨¸Ê ¨ �Ê²¥.

�´¨ ¶·¥¤²μ¦¨²¨ ±² ¸¸¨Ë¨± Í¨Õ É¨¶μ¢ μ	�Š. ‘μ£² ¸´μ ¥° ±μ´¤¥´¸ É
´  μ¤´μ³ Ê·μ¢´¥ (¨²¨ ´  ´¥¸±μ²Ó±¨Ì Ê·μ¢´ÖÌ) Å ÔÉμ μ	�Š É¨¶  I. Š·μ³¥
Éμ£μ, ¥¸ÉÓ ¥Ðß ¤¢  ¢ ·¨ ´É : μ	�Š É¨¶  II, ±μ£¤  ³ ±·μ¸±μ¶¨Î¥¸±¨ § ´ÖÉμ
¡¥¸±μ´¥Î´μ¥ Î¨¸²μ Ê·μ¢´¥°, ¨²¨ μ	�Š É¨¶  III, ±μ£¤  ´¨ μ¤¨´ Ê·μ¢¥´Ó ³ ±·μ-
¸±μ¶¨Î¥¸±¨ ´¥ § ´ÖÉ (´¥Ô±¸É¥´¸¨¢´ Ö ±μ´¤¥´¸ Í¨Ö), ¸³. ¶. 4.1.

�¸μ¡¥´´μ¸ÉÓÕ ¸É ´¤ ·É´μ£μ 	�Š (μ¡μ¡Ðß´´μ£μ ¨²¨ ´¥É) Ö¢²Ö¥É¸Ö Éμ,
ÎÉμ μ´ ¶μÖ¢²Ö¥É¸Ö ¢ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸¨¸É¥³¥ ¡μ§μ´μ¢, ± ± Éμ²Ó±μ ¶μ²-
´ Ö ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¸É ´μ¢¨É¸Ö ¡μ²ÓÏ¥ ´¥±μÉμ·μ£μ ±·¨É¨Î¥¸±μ£μ §´ Î¥-
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´¨Ö. ‘²¥¤μ¢ É¥²Ó´μ, §  μ¡ÒÎ´Ò³ 	�Š ¸Éμ¨É ³¥Ì ´¨§³ ´ ¸ÒÐ¥´¨Ö, ¸¢Ö§ ´´Ò°
¸ ¡μ§¥-¸É É¨¸É¨±μ° Î ¸É¨Í. ‚ · ¡μÉ¥ [33] ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ, ÎÉμ ¢ ÉμÎ´μ-
¸É¨ ÉμÉ ¦¥ ³¥Ì ´¨§³ μÉ¢¥Î ¥É §  	�Š ¢ ¸¨¸É¥³¥ ¡μ§μ´μ¢ ¸μ ¸·¥¤´¥¶μ²¥¢Ò³
μÉÉ ²±¨¢ ÕÐ¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³, μ¡ÒÎ´μ ´ §Ò¢ ¥³Ò³ ¸·¥¤´¨³ ¶μ²¥³ ´¥¨¤¥-
 ²Ó´μ£μ ¡μ§¥-£ § . 	μ²¥¥ Éμ£μ, ¢ · ¡μÉ¥ [42] ¶μ± § ´μ, ÎÉμ ¢³¥¸Éμ ¢Ò¡μ· 
£¥μ³¥É·¨¨ ¸μ¸Ê¤  · §Ê³´Ò° ¢Ò¡μ· μÉÉ ²±¨¢ ÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦¥É
¶·¥¢· É¨ÉÓ ¶¥·¢μ´ Î ²Ó´ÊÕ μ¤´μÊ·μ¢´¥¢ÊÕ ±μ´¤¥´¸ Í¨Õ (É¨¶ I) ¢ ´¥Ô±¸É¥´-
¸¨¢´ÊÕ (É¨¶ III) ±μ´¤¥´¸ Í¨Õ, ±μ£¤  ´¨± ±¨¥ Ê·μ¢´¨ ´¥ Ö¢²ÖÕÉ¸Ö ³ ±·μ¸±μ-
¶¨Î¥¸±¨ § ´ÖÉÒ³¨. �μÔÉμ³Ê ±μ´Í¥¶Í¨Ö ¸É ´¤ ·É´μ£μ μ	�Š, μ¡Ê¸²μ¢²¥´´μ£μ
³¥Ì ´¨§³μ³ ´ ¸ÒÐ¥´¨Ö, Ìμ·μÏμ ¸μμÉ¢¥É¸É¢Ê¥É ¡μ§μ´ ³ ¸ μÉÉ ²±¨¢ ÕÐ¨³
¢§ ¨³μ¤¥°¸É¢¨¥³.

�μ¸±μ²Ó±Ê ¡μ§μ´Ò μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¶·¨ÉÖ¦¥´¨Õ, ¸ÊÐ¥¸É¢Ê¥É ´¥-
É· ¤¨Í¨μ´´ Ö ¤¨´ ³¨Î¥¸± Ö ±μ´¤¥´¸ Í¨Ö, ¨´¤ÊÍ¨·μ¢ ´´ Ö ÔÉ¨³ ¢§ ¨³μ¤¥°-
¸É¢¨¥³ [25, 34, 35, 26]. �¶ÖÉÓ ¦¥, É ± Ö ±μ´¤¥´¸ Í¨Ö ¢μ§´¨± ¥É, ±μ£¤  μ¡Ð Ö
¶²μÉ´μ¸ÉÓ Î ¸É¨Í (¨²¨ Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ²) ¸É ´μ¢¨É¸Ö ¡μ²ÓÏ¥ ´¥±μÉμ-
·μ£μ ±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö, μ¤´ ±μ ¨³¥´´μ ¶·¨ÉÖ£¨¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥
(  ´¥ ¶·μ¸Éμ ¡μ§¥-¸É É¨¸É¨± ) μ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê ¤¨´ ³¨Î¥¸±μ£μ ±μ´¤¥´-
¸ É  ¨ ¥£μ ¶μ¢¥¤¥´¨¥. „²Ö Éμ£μ ÎÉμ¡Ò ¨§¡¥¦ ÉÓ ±μ²² ¶¸ , ¶·¨ÉÖ£¨¢ ÕÐ¥¥
¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ¡μ§μ´´μ° ¸¨¸É¥³¥ ¤μ²¦´μ ¡ÒÉÓ ¸É ¡¨²¨§¨·μ¢ ´μ μÉÉ ²±¨-
¢ ´¨¥³. �μÔÉμ³Ê ¸É ´¤ ·É´ Ö ¨ ´¥¸É ´¤ ·É´ Ö ±μ´¤¥´¸ Í¨¨ ³μ£ÊÉ ¸μ¸ÊÐ¥-
¸É¢μ¢ ÉÓ.

� Ï  ¨£·ÊÏ¥Î´ Ö ³μ¤¥²Ó μ¡² ¤ ¥É ÔÉ¨³¨ ¤¢Ê³Ö ¢¨¤ ³¨ ±μ´¤¥´¸ Í¨¨. �¥-
¸É ´¤ ·É´Ò° É¨¶ ¸¢Ö§ ´ ¸ ¶·¨ÉÖ£¨¢ ÕÐ¨³ Î²¥´μ³ ¢ £ ³¨²ÓÉμ´¨ ´¥ ³μ¤¥²¨.
�É  ±μ´¤¥´¸ Í¨Ö Ëμ·³¨·Ê¥É¸Ö ´  μ¤´μ³, ¸ ³μ³ ´¨§±μ³ Ê·μ¢´¥ ¶·¨ Ê³¥·¥´-
´ÒÌ ¶²μÉ´μ¸ÉÖÌ (μÉ·¨Í É¥²Ó´Ò¥ Ì¨³¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò) ¨ ´ ¸ÒÐ ¥É¸Ö ¶μ¸²¥
´¥±μÉμ·μ° ±·¨É¨Î¥¸±μ° ¶²μÉ´μ¸É¨. ˆ³¥´´μ ¶μ¸²¥ ÔÉμ£μ ¶μ·μ£  ¶μÖ¢²Ö¥É¸Ö
¸É ´¤ ·É´ Ö 	�Š ¤²Ö Éμ£μ, ÎÉμ¡Ò  ¡¸μ·¡¨·μ¢ ÉÓ · ¸ÉÊÐÊÕ μ¡ÐÊÕ ¶²μÉ´μ¸ÉÓ
Î ¸É¨Í (³¥Ì ´¨§³ ´ ¸ÒÐ¥´¨Ö). �  ¸ ³μ³ ¶μ·μ£¥ ÔÉ¨ ¤¢  ¢¨¤  ±μ´¤¥´¸ Éμ¢
¸μ¸ÊÐ¥¸É¢ÊÕÉ. 	μ²¥¥ Éμ£μ, μÉÉ ²±¨¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ´ Ï¥° ³μ¤¥²¨
É ±μ¢μ, ÎÉμ ¸É ´¤ ·É´ Ö 	�Š ¶·¥¢· Ð ¥É¸Ö ¢ ´¥Ô±¸É¥´¸¨¢´ÊÕ, É. ¥. ¢ μ	�Š
É¨¶  III.

�μ¸±μ²Ó±Ê ¨§¢¥¸É´Ò¥ ¡μ§¥-¸¨¸É¥³Ò, ¤¥³μ´¸É·¨·ÊÕÐ¨¥ ±μ´¤¥´¸ Í¨Õ (´ -
¶·¨³¥·, ¸¢¥·ÌÉ¥±ÊÎ¨° 4He), ¤ ²¥±μ ´¥ ¨¤¥ ²Ó´Ò, ³Ò ´ ¤¥¥³¸Ö, ÎÉμ ´ Ï 
¨£·ÊÏ¥Î´ Ö ³μ¤¥²Ó ¶μ³μ¦¥É ²ÊÎÏ¥ ¶μ´ÖÉÓ ¢μ§³μ¦´Ò¥ ¸Í¥´ ·¨¨ ±μ´¤¥´¸ Í¨¨
¢ ·¥ ²Ó´ÒÌ ¸¨¸É¥³ Ì. � ¶·¨³¥·, ¢ ±μ´¤¥´¸ É¥  Éμ³μ¢ ´ É·¨Ö ¢ ²μ¢ÊÏ±¥ ¢§ ¨-
³μ¤¥°¸É¢¨¥ ¶·¥¤¶μ²μ¦¨É¥²Ó´μ ¶·¥μ¡² ¤ ¥É ´ ¤ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° [36].
‘²¥¤μ¢ É¥²Ó´μ, ±μ´¤¥´¸ Í¨Ö ¢ Ð¥²μÎ´ÒÌ · §·¥¦¥´´ÒÌ £ § Ì ¢ ²μ¢ÊÏ± Ì [37,
38] ³μ¦¥É ¡ÒÉÓ ±μ³¡¨´ Í¨¥° ´¥¸É ´¤ ·É´μ° ¨ ¸É ´¤ ·É´μ° 	�Š.

1.2. —Éμ¡Ò § Ë¨±¸¨·μ¢ ÉÓ μ¡μ§´ Î¥´¨Ö ¨ μ¶·¥¤¥²¥´¨Ö, ¸´ Î ²  ´ ¶μ³´¨³
³μ¤¥²Ó ‘·¥¤´¥£μ ¶μ²Ö (‘�) ¤²Ö ´¥¨¤¥ ²Ó´μ£μ ¡μ§¥-£ § , ¶·¥¤²μ¦¥´´ÊÕ •Ê ´-
£μ³ [39, £². 5.2.6]. �Éμ ¸¨¸É¥³  ¨¤¥´É¨Î´ÒÌ ¡μ§μ´μ¢ ³ ¸¸Ò m, § ±²ÕÎß´´ÒÌ
¢ ±Ê¡ Λ ⊂ Rd μ¡Ñ¥³μ³ V = |Λ| ¸ Í¥´É·μ³ ¢ ´ Î ²¥ ±μμ·¤¨´ É, μ¶·¥¤¥²Ö¥³ Ö
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£ ³¨²ÓÉμ´¨ ´μ³:

HMF
Λ =

∑
k∈Λ∗

εka∗
kak +

λ

2V
N2

Λ, εk := �
2k2/2m, λ > 0, (1.1)

£¤¥ NΛ =
∑

k∈Λ∗
a∗

kak ≡
∑

k∈Λ∗
Nk Å μ¶¥· Éμ· Î¨¸²  Î ¸É¨Í ¨ εk ¸μμÉ¢¥É¸É¢ÊÕÉ

μ¤´μÎ ¸É¨Î´μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨. ‡¤¥¸Ó {a#
k }k∈Λ∗ Ö¢²ÖÕÉ¸Ö μ¶¥· Éμ· ³¨

·μ¦¤¥´¨Ö/Ê´¨ÎÉμ¦¥´¨Ö ¢ ¶·μ¸É· ´¸É¢¥ ”μ±  FΛ ´ ¤ L2 (Λ), ¸μμÉ¢¥É¸É¢ÊÕ-

Ð¥£μ ¢Éμ·¨Î´μ³Ê ±¢ ´Éμ¢ ´¨Õ ¢ ÖÐ¨±¥ Λ =
d
×

α=1
L ¸ ¶¥·¨μ¤¨Î¥¸±¨³¨ £· ´¨Î-

´Ò³¨ Ê¸²μ¢¨Ö³¨, ¤Ê ²Ó´Ò³ ±μÉμ·μ£μ Ö¢²Ö¥É¸Ö ³´μ¦¥¸É¢μ

Λ∗ =
{

k ∈ R
d : kα =

2πnα

L
, nα = 0,±1,±2, . . . ; α = 1, 2, . . . , d

}
.

’μ£¤  ¶·¨ d > 2, § ¤ ´´´μ° É¥³¶¥· ÉÊ·¥ θ := β−1 ¨ μ¡Ð¥° ¶²μÉ´μ¸É¨ Î -
¸É¨Í ρ > ρP

c (θ) (§¤¥¸Ó ρP
c (θ) := ρP

(
θ−1, μ = 0

)
, £¤¥ ρP (β, μ) ¥¸ÉÓ ¶²μÉ´μ¸ÉÓ

Î ¸É¨Í ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥ ˆ	ƒ), ‘�-³μ¤¥²Ó ¤¥³μ´¸É·¨·Ê¥É
¸É ´¤ ·É´ÊÕ μ	�Š É¨¶  I [33, 40, 41], É. ¥. ³ ±·μ¸±μ¶¨Î¥¸±μ¥ § ¶μ²´¥´¨¥
Éμ²Ó±μ μ¤´μÎ ¸É¨Î´μ£μ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö k = 0. ‘³. ¢ ¶. 4.1 ±² ¸¸¨Ë¨± -
Í¨Õ ¸É ´¤ ·É´ÒÌ 	�Š.

�¤´ ±μ ¢ · ¡μÉ¥ [42] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ‘�-³μ¤¥²Ó (1.1), ¢μ§³ÊÐß´´ Ö
μÉÉ ²±¨¢ ÕÐ¨³ ¤¨ £μ´ ²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³

ŨΛ =
λ

2V

∑
k∈Λ∗

N2
k , λ > 0, (1.2)

¤¥³μ´¸É·¨·Ê¥É 	�Š, ±μÉμ· Ö ¨³¥¥É ³¥¸Éμ ¶·¨ ¶²μÉ´μ¸ÉÖÌ ρ > ρP
c (θ) (¨²¨

μ > λρP
c (θ) =: μMF

c (θ)), ´μ É¥¶¥·Ó μ´  ¶¥·¥Ìμ¤¨É ¢ μ	�Š É¨¶  III. �Éμ
´¥Ô±¸É¥´¸¨¢´ Ö ±μ´¤¥´¸ Í¨Ö, ¶·¨ ±μÉμ·μ° ´¨ μ¤¨´ ¨§ μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢-
´¥° ³ ±·μ¸±μ¶¨Î¥¸±¨ ´¥ § ¶μ²´¥´ (¸·. ¸ ¶. 4.1). �É  ³μ¤¥²Ó ¶·¨ λ > 0 ¡Ò² 
¶·¥¤²μ¦¥´  ¢ · ¡μÉ¥ [43], ¨ ³Ò ´ §Ò¢ ¥³ ¥¥ ³μ¤¥²ÓÕ Œ¨ÌμÔ²ÖÄ˜·ß¤¥· Ä
‚¥·¡ß·  (Œ˜‚):

HMSV
Λ ≡ HMF

Λ + ŨΛ. (1.3)

’μ£¤  ¸É ´¤ ·É´ Ö μ	�Š É¨¶  III μ§´ Î ¥É, ÎÉμ

lim
Λ

〈Nk〉HMSV
Λ

V
= 0, k ∈ Λ∗,

¤²Ö ²Õ¡ÒÌ ρ, ¢ Éμ ¢·¥³Ö ± ± ¤¢μ°´μ° ¶·¥¤¥²

lim
δ→+0

lim
Λ

1
V

∑
{k∈Λ∗,0�‖k‖�δ}

〈Nk〉HMSV
Λ

= ρ − ρP
c (θ) > 0
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¶·¨ μ > μMF
c (θ). ‡¤¥¸Ó ³Ò μ¡μ§´ Î¨²¨ 〈−〉HMSV

Λ
(β, μ), β � 0, μ ∈ R1,

£¨¡¡¸μ¢¸±μ¥ ¸μ¸ÉμÖ´¨¥ ¡μ²ÓÏμ£μ ± ´μ´¨Î¥¸±μ£μ  ´¸ ³¡²Ö ¤²Ö £ ³¨²ÓÉμ´¨ -
´  HMSV

Λ .

�¡· É¨³ ¢´¨³ ´¨¥, ÎÉμ £ ³¨²ÓÉμ´¨ ´ HMF
Λ − ŨΛ/2 ¸μ¢¶ ¤ ¥É ¶·¨ λ =

2a ¸ £ ³¨²ÓÉμ´¨ ´μ³ HHYL
Λ ¤²Ö HYL-³μ¤¥²¨, ±μÉμ· Ö ¡Ò²  ³ É¥³ É¨Î¥¸±¨

¸É·μ£μ ¨§ÊÎ¥´  ¢ · ¡μÉ¥ [21]. ‚ ´¥° ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¢ HYL-³μ¤¥²¨ ¨³¥¥É
³¥¸Éμ ´¥¸É ´¤ ·É´ Ö ±μ´¤¥´¸ Í¨Ö É¨¶  I, ¢μ§´¨± ÕÐ Ö Éμ²Ó±μ ´  ´Ê²¥¢μ°
³μ¤¥ k = 0.

’μÉ Ë ±É, ÎÉμ ¸² ¡μ¥ μÉÉ ²±¨¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ³μ¦¥É ¢Ò§¢ ÉÓ μ¡μ¡-
Ðß´´ÊÕ ´¥Ô±¸É¥´¸¨¢´ÊÕ 	�Š ¡¥§ ± ±μ£μ-²¨¡μ ¨§³¥´¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ
¤ ¢²¥´¨Ö, ¡Ò² Ê¸É ´μ¢²¥´ ¢ ¸É ÉÓ¥ [34]. �Éμ ¡Ò²μ ¸¤¥² ´μ ¢ · ³± Ì ¸²¥¤ÊÕ-
Ð¥° ³μ¤¥²¨:

H0
Λ =

∑
k∈Λ∗\{0}

εka∗
kak + ε0a

∗
0a0 +

g0

2V
a∗
0a

∗
0a0a0, (1.4)

¸ ε0 �= εk=0 (μ¶·¥¤¥²¥´´μ° ¢ (1.1)) ∈ R1 ¨ g0 > 0, ¢μ§³ÊÐß´´μ° ¢§ ¨³μ¤¥°-
¸É¢¨¥³

UΛ =
1
V

∑
k∈Λ∗\{0}

gk (V ) a∗
ka∗

kakak, 0 < g− � gk (V ) � γkV αk , (1.5)

¸ αk � α+ < 1 ¨ 0 < γk � γ+. ‚μ§³ÊÐ¥´¨¥ UΛ ( ´ ²μ£¨Î´μ¥ ¢§ ¨³μ¤¥°¸É¢¨Õ
ŨΛ ¸ gk = λ) ¶·¨¢μ¤¨É ± £ ³¨²ÓÉμ´¨ ´Ê

HBZ
Λ := H0

Λ + UΛ. (1.6)

‚ μÉ²¨Î¨¥ μÉ Œ˜‚-³μ¤¥²¨ ¤ ¢²¥´¨¥ ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥
¤²Ö (1.6):

pBZ
Λ (β, μ) = pΛ

[
HBZ

Λ

]
:=

1
βV

ln TrFΛe−β(HBZ
Λ −μNΛ) (1.7)

μ¶·¥¤¥²Ö¥É¸Ö ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ Éμ²Ó±μ ¢ μ¡² ¸É¨ Q = {μ � 0}×
{θ � 0}, ¨ μ´μ · ¢´μ

pBZ (β, μ) := lim
Λ

pBZ
Λ (β, μ) = pP (β, μ) − inf

ρ0�0

[
(ε0 − μ) ρ0 +

g0ρ
2
0

2

]
, (1.8)

¸³. [34]. ‡¤¥¸Ó pP (β, μ) μ¡μ§´ Î ¥É ¤ ¢²¥´¨¥ ˆ	ƒ ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥-
¤¥²¥. ‡ ³¥É¨³, ÎÉμ ¤ ¢²¥´¨¥ (1.8) ´¥ § ¢¨¸¨É μÉ ¶ · ³¥É·μ¢ {gk (V )}k∈Λ∗\{0},
É. ¥. ¢§ ¨³μ¤¥°¸É¢¨Ö (1.5).
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‡ ³¥Î ´¨¥ 1.1. �Ê¸ÉÓ μ¡² ¸ÉÓ Dε0 μ¶·¥¤¥²Ö¥É¸Ö É ±:

Dε0 :=
{
(θ, μ) ∈ Q : pP (β, μ) < pBZ (β, μ)

}
. (1.9)

’μ£¤  É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶·¥¤¥² (1.8) ¶μ± §Ò¢ ¥É, ÎÉμ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö
Dε0 �= {∅} ¶ · ³¥É· ε0 ¤μ²¦¥´ ¡ÒÉÓ μÉ·¨Í É¥²Ó´Ò³, É. ¥.

Dε0 = {(θ, μ) ∈ Q : ε0 < μ � 0} . (1.10)

�¨¦¥ ³Ò · ¸¸³μÉ·¨³ Éμ²Ó±μ ¸²ÊÎ ° ε0 < 0 ¨ d > 2.
�¡μ§´ Î¨³ ρBZ

Λ (β, μ) μ¡ÐÊÕ ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³
 ´¸ ³¡²¥ ¤²Ö ³μ¤¥²¨ HBZ

Λ :

ρBZ
Λ (β, μ) :=

〈
NΛ

V

〉
HBZ

Λ

(β, μ) . (1.11)

’μ£¤  ρBZ (β, μ) := lim
Λ

ρBZ
Λ (β, μ) ¥¸ÉÓ ¤ ¢²¥´¨¥ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ É¥·³μ¤¨-

´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥, ±μÉμ·μ¥ ¸μ£² ¸´μ [34] · ¢´μ

ρBZ (β, μ) = ρP (β, μ) (1.12)

¤²Ö (θ, μ � ε0) ¨

ρBZ (β, μ) = ρP (β, μ) +
μ − ε0

g0
(1.13)

¤²Ö (θ, ε0 < μ < 0). ‡ ³¥É¨³, ÎÉμ ¶·¨ d > 2 ¢ ÔÉμ° ³μ¤¥²¨ ¸ÊÐ¥¸É¢Ê¥É ±μ-
´¥Î´ Ö ±·¨É¨Î¥¸± Ö ¶²μÉ´μ¸ÉÓ

ρBZ
c (θ) := sup

μ�0
ρBZ

(
θ−1, μ

)
= ρBZ

(
θ−1, μ = 0

)
= ρP

c (θ) − ε0

g0
< +∞. (1.14)

�·¥¤²μ¦¥´¨¥ 1.2 [34]. �Ê¸ÉÓ ρ > ρBZ
c (θ) (d > 2) ¨ 0 < g− � gk (V ) �

γkV αk ¤²Ö k ∈ Λ∗\ {0} , ¸ αk � α+ < 1 ¨ 0 < γk � γ+. ’μ£¤  ¤²Ö ²Õ¡μ£μ
ε0 < 0 ³Ò ¨³¥¥³:

1) ±μ´¤¥´¸ Í¨Õ ´  ³μ¤¥ k = 0 (¤ ¦¥ ¶·¨ d < 3), É. ¥.

ρBZ
0 (θ, μ) := lim

Λ

〈
a∗
0a0

V

〉
HBZ

Λ

=

⎧⎨⎩
0 ¶·¨ (θ, μ) ∈ Q\Dε0(

μ − ε0

g0

)
¶·¨ (θ, μ) ∈ Dε0

⎫⎬⎭ ;

(1.15)
2) ¤²Ö ²Õ¡μ£μ ε0 ∈ R1

lim
Λ

〈
a∗

kak

V

〉
HBZ

Λ

= 0, k ∈ Λ∗\ {0} , (1.16)
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É. ¥. ¨³¥¥É ³¥¸Éμ ³¨±·μ¸±μ¶¨Î¥¸±μ¥ § ¶μ²´¥´¨¥ ³μ¤ k �= 0, ´μ ³Ò ¨³¥¥³
´¥Ô±¸É¥´¸¨¢´ÊÕ ��Š:

lim
δ→0+

lim
Λ

1
V

∑
{k∈Λ∗: 0<‖k‖<δ}

〈Nk〉HBZ
Λ

= ρ − ρBZ
c (θ) > 0. (1.17)

�·¨ ε0 < 0 ÔÉ  μ��Š É¨¶  III ¸μ¸ÊÐ¥¸É¢Ê¥É ¸ ´¥¸É ´¤ ·É´μ° ¤¨´ ³¨Î¥¸±μ°
��Š É¨¶  I ´  ³μ¤¥ k = 0, ¥¸²¨ (θ, μ) ∈ Dε0 .

�μÔÉμ³Ê ¶·¥¤²μ¦¥´¨¥ 1.2 ¤¥³μ´¸É·¨·Ê¥É ¤²Ö ¶²μÉ´μ¸É¥° ρ > ρBZ
c (θ)

¸μ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤¢ÊÌ É¨¶μ¢ ±μ´¤¥´¸ Éμ¢ ¢ ³μ¤¥²¨ (1.6):
Å ´¥¸É ´¤ ·É´μ° 	�Š ´  ¥¤¨´¸É¢¥´´μ° ³μ¤¥ k = 0, ¢μ§´¨± ÕÐ¥° ¡² -

£μ¤ ·Ö Î²¥´Ê (ε0a
∗
0a0), ±μÉμ·Ò° ¨³¨É¨·Ê¥É ¤²Ö ε0 < 0 ¶·¨ÉÖ¦¥´¨¥ ¢μ ¢´¥Ï-

´¥³ ¶μÉ¥´Í¨ ²¥ [44], ¶·¨¢μ¤ÖÐ¥¥ ± ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨ É¨¶  I (¸·.
¸ ¶. 4.1);

Å ¸É ´¤ ·É´μ° 	�Š, ¢Ò§¢ ´´μ° ´ ¸ÒÐ¥´¨¥³ μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í,
¤²Ö ±μÉμ·μ° ( ´ ²μ£¨Î´μ Œ˜‚-³μ¤¥²¨) É¨¶ III ÔÉμ° ±μ´¤¥´¸ Í¨¨ ¢μ§´¨± ¥É
¡² £μ¤ ·Ö Ê¶·Ê£μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ UΛ (1.5) ¡μ§μ´μ¢ ´  ³μ¤ Ì k �= 0.

‘²¥¤μ¢ É¥²Ó´μ, ¢§ ¨³μ¤¥°¸É¢¨¥ (1.5) Ö¢²Ö¥É¸Ö ·¥Ï ÕÐ¨³ ¤²Ö Ëμ·³¨·μ-
¢ ´¨Ö ´¥Ô±¸É¥´¸¨¢´μ° μ	�Š ¢ ³μ¤¥²¨ (1.6), ¢ Éμ ¢·¥³Ö ± ± μ´μ ´¥ ¢²¨Ö¥É ´ 
§´ Î¥´¨¥ ¤ ¢²¥´¨Ö (1.8).

�¨¦¥ ³Ò ¨§ÊÎ ¥³ ¨£·ÊÏ¥Î´ÊÕ ³μ¤¥²Ó, ±μÉμ· Ö Ö¢²Ö¥É¸Ö ³μ¤¨Ë¨± Í¨¥°
³μ¤¥²¨ (1.6). �´ , ± ± ¨ (1.3), ¸É ¡¨²¨§¨·Ê¥É¸Ö ‘�-¢§ ¨³μ¤¥°¸É¢¨¥³ (1.1):

HΛ =
∑

k∈Λ∗\{0}
εka∗

kak + ε0a
∗
0a0 +

g0

2V
N2

0 +
λ

2V
N2

Λ +
g

2V

∑
k∈Λ∗\{0}

N2
k . (1.18)

‡¤¥¸Ó λ > 0, g0 > 0, g > 0,   ε0 < 0. �É³¥É¨³, ÎÉμ ¨£·ÊÏ¥Î´ Ö ³μ¤¥²Ó HΛ

¤²Ö ε0 = 0 ¨ λ = g = g0 ¸μ¢¶ ¤ ¥É ¸ Œ˜‚-³μ¤¥²ÓÕ (1.3), ¢ Éμ ¢·¥³Ö ± ± ¤²Ö
ε0 = 0 ¨ g0 = g = −a, λ = 2a > 0 ¶μ²ÊÎ ¥³

HHYL
Λ =

∑
k∈Λ∗

εka∗
kak +

a

2V
N2

Λ +
a

2V

{
N2

Λ −
∑

k∈Λ∗

N2
k

}
. (1.19)

‡ ³¥Î ´¨¥ 1.3. ‡ ³¥É¨³, ÎÉμ ¢ ¨£·ÊÏ¥Î´μ° ³μ¤¥²¨ (1.18) ÔËË¥±É, ¸¶μ-
¸μ¡¸É¢ÊÕÐ¨° ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨ ¡μ§μ´μ¢ ´  ´Ê²¥¢μ° ³μ¤¥, ¢μ§´¨-
± ¥É ¡² £μ¤ ·Ö Î²¥´Ê ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨, ±μÉμ·Ò° Ê¸¨²¥´ Î²¥´μ³ Ô´¥·£¨¨
®¢§ ¨³μ¤¥°¸É¢¨Ö¯ ¶·¨ ε0 < 0, ¸³. · §¤. 3. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ³μ¤¥²Ó •Ê ´£ Ä
Ÿ´£ Ä‹ ÉÉ¨´¦¥·  (1.19) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ‘� ¡μ§¥-£ § (1.1) (±μÉμ·Ò°
¤¥³μ´¸É·¨·Ê¥É μ¡ÒÎ´ÊÕ ��Š ´  ´Ê²¥¢μ° ³μ¤¥), ¢μ§³ÊÐß´´Ò° Ô´¥·£¨¥° ¢§ ¨-
³μ¤¥°¸É¢¨Ö, ¸³. ¶μ¸²¥¤´¨° Î²¥´ ¢ (1.19). ’μ£¤  ÔËË¥±É, ¸¶μ¸μ¡¸É¢ÊÕÐ¨°
¸±μ¶²¥´¨Õ Î ¸É¨Í ´  ´Ê²¥¢μ° ³μ¤¥, ¢Ò§¢ ´´Ò° Î²¥´μ³ ±¨´¥É¨Î¥¸±μ° Ô´¥·-
£¨¨, Ê¸¨²¥´ Ê± § ´´Ò³ Î²¥´μ³ Ô´¥·£¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¶μ¸±μ²Ó±Ê μ´ ¨³¥¥É
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´ ¨³¥´ÓÏ¥¥ §´ Î¥´¨¥, ±μ£¤  ¢¸¥ ¡μ§μ´Ò § ´¨³ ÕÉ μ¤¨´ ¨ ÉμÉ ¦¥ Ê·μ¢¥´Ó
Ô´¥·£¨¨. �μÔÉμ³Ê μ´ ¢Ò§Ò¢ ¥É ´¥¸É ´¤ ·É´ÊÕ ¤¨´ ³¨Î¥¸±ÊÕ ��Š ´  ´Ê²¥-
¢μ° ³μ¤¥, ¸³. [21].

2. �‹�’��‘’œ ‘‚���„��‰ 	�…�ƒˆˆ ˆ „�‚‹…�ˆ…

2.1. ‘´ Î ²  ³Ò · ¸¸³μÉ·¨³ ¨£·ÊÏ¥Î´ÊÕ ³μ¤¥²Ó (1.18) ¢ ± ´μ´¨Î¥¸±μ³
 ´¸ ³¡²¥ (β, ρ). �Éμ ¸ÊÐ¥¸É¢¥´´μ Ê¶·μÐ ¥É ¨§ÊÎ¥´¨¥ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ
¶·¥¤¥²  ³μ¤¥²¨. �Ê¸ÉÓ fΛ (β, ρ = n/V ) Å ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¶²μÉ´μ¸ÉÓ ¸¢μ-
¡μ¤´μ° Ô´¥·£¨¨:

fΛ (β, ρ) := − 1
βV

ln TrHn
Λ,S

(
e−βHΛ

)
, (2.1)

£¤¥ Hn
Λ,S := S

(
n
⊗

i=1
L2 (Λ)

)
μ¡μ§´ Î ¥É ¸¨³³¥É·¨§μ¢ ´´μ¥ n-Î ¸É¨Î´μ¥ ¶·μ-

¸É· ´¸É¢μ ƒ¨²Ó¡¥·É .

’¥μ·¥³  2.1. �Ê¸ÉÓ λ > 0, g > 0, g0 > 0 ¨ ε0 < 0. ’μ£¤ 

f (β, ρ) := lim
Λ

fΛ (β, ρ) =
λ

2
ρ2 + inf

ρ0∈[0,ρ]

{
ε0ρ0 +

g0

2
ρ2
0 + fP (β, ρ − ρ0)

}
(2.2)

´¥ § ¢¨¸¨É μÉ g ¶·¨ Ê¸²μ¢¨¨, ÎÉμ g > 0. ‡¤¥¸Ó fP (β, ρ) μ¡μ§´ Î ¥É ¸¢μ¡μ¤-
´ÊÕ Ô´¥·£¨Õ ˆ�ƒ-³μ¤¥²¨ ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥

fP (β, ρ) := lim
Λ

fP
Λ (β, ρ) , (2.3)

£¤¥

fP
Λ (β, ρ) := − 1

βV
ln

∑
{nk=0,1,2,...}k∈Λ∗

exp

[
−β

(∑
k∈Λ∗

εknk

)]
δ ∑

k∈Λ∗
nk=[ρV ],

(2.4)
¨ [x] μ¡μ§´ Î ¥É Í¥²ÊÕ Î ¸ÉÓ x � 0.

„μ± § É¥²Ó¸É¢μ. ‘μ£² ¸´μ (1.18) ¨ (2.1) ³Ò ¶μ²ÊÎ ¥³

fΛ (β, ρ) = − 1
βV

ln

⎧⎨⎩
[ρV ]∑
n0=0

exp
[
−βV h

(
ρ,

n0

V

)]⎫⎬⎭+
λ

2
ρ2, (2.5)
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£¤¥

hΛ (ρ, ρ0) := ε0ρ0 +
g0

2
ρ2
0 −

1
βV

ln
∑

{nk=0,1,2,...}k∈Λ∗\{0}

×

× exp

⎡⎣−β

⎛⎝ ∑
k∈Λ∗\{0}

[
εknk +

g

2V
n2

k

]⎞⎠⎤⎦ δ∑
k �=0

nk=[ρV ]−[ρ0V ]. (2.6)

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ (2.5) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μÍ¥´±Ê

λ

2
ρ2 + inf

ρ0∈[0,ρ]
hΛ (ρ, ρ0) −

1
βV

ln ([ρV ] + 1) � fΛ (β, ρ) � λ

2
ρ2+

+ inf
ρ0∈[0,ρ]

hΛ (ρ, ρ0) ,

±μÉμ· Ö ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ ¤ ßÉ

f (β, ρ) := lim
Λ

fΛ (β, ρ) =
λ

2
ρ2 + lim

Λ
inf

ρ0∈[0,ρ]
hΛ (ρ, ρ0) . (2.7)

‡ ³¥É¨³, ÎÉμ ¢Ò· ¦¥´¨¥ (2.6) ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´μ ± ±

hΛ (ρ, ρ0) = ε0ρ0 +
g0

2
ρ2
0 −

1
βV

ln

〈
exp

⎛⎝− βg

2V

∑
k∈Λ∗\{0}

n2
k

⎞⎠〉
H̃P

Λ

(β, ρ − ρ0) ,

(2.8)
£¤¥ 〈−〉H̃P

Λ
(β, ρ − ρ0) Ö¢²Ö¥É¸Ö ± ´μ´¨Î¥¸±¨³ ¸μ¸ÉμÖ´¨¥³ ƒ¨¡¡¸  ¤²Ö ˆ	ƒ-³μ-

¤¥²¨ ¸ ¨¸±²ÕÎß´´μ° ³μ¤μ° k = 0 ¤²Ö ¶²μÉ´μ¸É¨ ρ − ρ0 ¸ ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¥° ¶²μÉ´μ¸ÉÓÕ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ f̃P

Λ (β, ρ), μ¶·¥¤¥²ß´´μ° ¢ (2.4) ¤²Ö k ∈
Λ∗\ {0}. �μ¸±μ²Ó±Ê

lim
Λ

f̃P
Λ (β, ρ) = lim

Λ
fP
Λ (β, ρ) ,

´¥· ¢¥´¸É¢μ ‰¥´¸¥´ 

〈
exp

⎛⎝− βg

2V

∑
k∈Λ∗\{0}

n2
k

⎞⎠〉
H̃P

Λ

� exp

⎛⎜⎝− βg

2V

〈 ∑
k∈Λ∗\{0}

n2
k

〉
H̃P

Λ

⎞⎟⎠
¨ (2.8) μ¡¥¸¶¥Î¨¢ ÕÉ μÍ¥´±Ê

lim
Λ

hΛ (ρ, ρ0) � ε0ρ0 +
g0

2
ρ2
0 + fP (β, ρ − ρ0) . (2.9)
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	μ²¥¥ Éμ£μ, ¶μ¸±μ²Ó±Ê

exp
(
− βg

2V
n2

k

)
� 1,

¶μ μ¶·¥¤¥²¥´¨Õ (2.6) ³Ò ¨³¥¥³

hΛ (ρ, ρ0) � ε0ρ0 +
g0

2
ρ2
0 + fP

Λ (β, ρ − ρ0) ,

ÎÉμ ¸μ¢³¥¸É´μ ¸ (2.9) ¤ ßÉ (2.2).
‡ ³¥Î ´¨¥ 2.2. �¡μ§´ Î¨³ fBZ

Λ (β, ρ) ¶²μÉ´μ¸ÉÓ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨, ¸μ-
μÉ¢¥É¸É¢ÊÕÐÊÕ HBZ

Λ (1.6) ¸ gk (V ) = g/2, É. ¥.

fBZ
Λ (β, ρ) := − 1

βV
ln TrHn

Λ,S

(
e−βHBZ

Λ

)
.

’μ£¤  Ëμ·³Ê²Ò (1.6), (1.18) ¨ (2.1) ¶·¨¢μ¤ÖÉ ±

fΛ (β, ρ) =
λ

2
ρ2 + fBZ

Λ (β, ρ) ,

μÉ±Ê¤ , ¸ ¶μ³μÐÓÕ É¥μ·¥³Ò 2, ³Ò ¢Ò¢μ¤¨³

fBZ (β, ρ) := lim
Λ

fBZ
Λ (β, ρ) = inf

ρ0∈[0,ρ]

{
ε0ρ0 +

g0

2
ρ2
0 + fP (β, ρ − ρ0)

}
(2.10)

¨

f (β, ρ) =
λ

2
ρ2 + fBZ (β, ρ) . (2.11)

Ÿ¢´Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨ ³μ¦´μ ¶·μ¢¥·¨ÉÓ ¢Ò¶Ê±²μ¸ÉÓ fBZ (β, ρ) ± ± ËÊ´±Í¨¨ ρ.
�μÔÉμ³Ê Éμ ¦¥ ¸ ³μ¥ ¢¥·´μ ¤²Ö f(β, ρ), ¸³. (2.2) ¨ (2.11).

‡ ³¥Î ´¨¥ 2.3. �μ¸±μ²Ó±Ê ¤ ¢²¥´¨¥ pBZ (β, μ) Ö¢²Ö¥É¸Ö ¶·¥μ¡· §μ¢ ´¨¥³
‹¥¦ ´¤·  ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶²μÉ´μ¸É¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ fBZ (β, ρ), ¨§
· ¢¥´¸É¢  (2.10) ³Ò ¶μ²ÊÎ ¥³, ÎÉμ

pBZ (β, μ) = sup
ρ�0

{
μρ − fBZ (β, ρ)

}
=

= sup
ρ0�0

{
sup
ρ�ρ0

{
μρ0− ε0ρ0−

g0

2
ρ2
0 + μ (ρ − ρ0) − fP(β, ρ − ρ0)

}}
=

= sup
ρ0�0

{
pP (β, μ) − (ε0 − μ) ρ0 −

g0

2
ρ2
0

}
,

ÎÉμ ¸μ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ (1.8), ¶μ²ÊÎ¥´´Ò³ ¢ [34].
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2.2. ’¥¶¥·Ó ³Ò · ¸¸³μÉ·¨³ ´ ÏÊ ³μ¤¥²Ó (1.18) ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³
 ´¸ ³¡²¥ (β, μ). �Ê¸ÉÓ

pΛ (β, μ) :=
1

βV
ln TrFΛ e−β(HΛ−μNΛ)

Å ¤ ¢²¥´¨¥ ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ £ ³¨²ÓÉμ-
´¨ ´Ê (1.18).

’¥μ·¥³  2.4. �Ê¸ÉÓ λ > 0, g0 > 0, g > 0 ¨ ε0 < 0, Éμ£¤ :
1) μ¡² ¸ÉÓ ¸É ¡¨²Ó´μ¸É¨ HΛ, É. ¥.

Q̃ :=
{(

θ � 0, μ ∈ R
1
)

: lim
Λ

pΛ (β, μ) < +∞
}

, (2.12)

¨³¥¥É Ëμ·³Ê Q̃ = {θ � 0} ×
{
μ ∈ R1

}
;

2) ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ ¶μ²ÊÎ ¥É¸Ö

p (β, μ) := lim
Λ

pΛ (β, μ) = inf
α�0

{
pBZ (β, α) +

(μ − α)2

2λ

}
(2.13)

¶·¨ (θ, μ) ∈ Q̃, £¤¥ pBZ (β, μ) ¥¸ÉÓ ¤ ¢²¥´¨¥, μ¶·¥¤¥²ß´´μ¥ ¢ (1.8). �μÔÉμ³Ê
¤ ¢²¥´¨¥ (2.13) ´¥ § ¢¨¸¨É μÉ ¶ · ³¥É·  g ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ÔÉμÉ ¶ · ³¥É·
¶μ²μ¦¨É¥²¥´.

„μ± § É¥²Ó¸É¢μ.
1) ‡ ³¥É¨³, ÎÉμ £ ³¨²ÓÉμ´¨ ´ HΛ (1.18) ¸¢¥·ÌÊ¸Éμ°Î¨¢, É. ¥. ¸ÊÐ¥¸É¢ÊÕÉ

B = −ε0 ¨ C = λ/2 É ±¨¥, ÎÉμ

HΛ � −NΛB +
C

V
N2

Λ (2.14)

¤²Ö ²Õ¡μ£μ ¸μ¸Ê¤  Λ. �μÔÉμ³Ê, ¡² £μ¤ ·Ö ´¥· ¢¥´¸É¢Ê (2.14), ³Ò ¶·¨Ìμ¤¨³ ±
¢Ò¢μ¤Ê, ÎÉμ ¶·¥¤¥² ¡¥¸±μ´¥Î´μ£μ μ¡Ñ¥³  (2.13) ¸ÊÐ¥¸É¢Ê¥É ¤²Ö ²Õ¡μ£μ μ ∈ R1.

2) �μ¸±μ²Ó±Ê ¤ ¢²¥´¨¥ p (β, μ) Ë ±É¨Î¥¸±¨ Ö¢²Ö¥É¸Ö ¶·¥μ¡· §μ¢ ´¨¥³ ‹¥-
¦ ´¤·  μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶²μÉ´μ¸É¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ f (β, ρ) (2.2) ¨²¨
(2.11), ¶μ É¥μ·¥³¥ 3.1 ³Ò ¶μ²ÊÎ ¥³

p (β, μ) = sup
ρ�0

{μρ − f (β, ρ)} = sup
ρ�0

{
μρ − λ

2
ρ2 − fBZ (β, ρ)

}
(2.15)

¸ fBZ (β, ρ), μ¶·¥¤¥²ß´´μ° ¢ (2.10). �·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶μ± §Ò¢ ÕÉ, ÎÉμ

inf
α�0

{
αρ +

(μ − α)2

2λ
− fBZ (β, ρ)

}
= μρ − λ

2
ρ2 − fBZ (β, ρ)
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¨, É ±¨³ μ¡· §μ³, ¢Ò· ¦¥´¨¥ (2.15) ¶·¨´¨³ ¥É ¢¨¤

p (β, μ) = sup
ρ�0

{
inf
α�0

{
αρ +

(μ − α)2

2λ
− fBZ (β, ρ)

}}
. (2.16)

�É³¥É¨³, ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ sup
ρ�0

¨ inf
α�0

´¥ ±μ³³ÊÉ¨·ÊÕÉ. �¤´ ±μ ¢Ò¶Ê±²μ¸ÉÓ

¶²μÉ´μ¸É¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ fBZ (β, ρ) (¸·. ¸ § ³¥Î ´¨¥³ 2.2) £ · ´É¨·Ê¥É,
ÎÉμ ¢¥²¨Î¨´ 

F (ρ, α) := αρ +
(μ − α)2

2λ
− fBZ (β, ρ) (2.17)

Å ¸É·μ£μ ¢μ£´ÊÉ Ö ËÊ´±Í¨Ö ρ ¨ ¸É·μ£μ ¢Ò¶Ê±² Ö ËÊ´±Í¨Ö α. �ÉμÉ Ë ±É
μ¡¥¸¶¥Î¨¢ ¥É ¥¤¨´¸É¢¥´´μ¸ÉÓ ¸É Í¨μ´ ·´μ° ÉμÎ±¨ (ρ̃, α̃), ¸μμÉ¢¥É¸É¢ÊÕÐ¥°

∂αF (ρ̃, α̃) = 0,

∂ρF (ρ̃, α̃) = 0.

�μÔÉμ³Ê

F (ρ̃, α̃) = sup
ρ�0

{
inf
α�0

{F (ρ, α)}
}

= inf
α�0

{
sup
ρ�0

{F (ρ, α)}
}

. (2.18)

�μ¸±μ²Ó±Ê

sup
ρ�0

F (ρ, α) =

{
(μ − α)2

2λ
+ pBZ (β, α)

}
,

· ¢¥´¸É¢  (2.16)Ä(2.18) ¢²¥±ÊÉ (2.13).

3. ��‡…-Š��„…�‘�’›

3.1. �Ê¸ÉÓ ρΛ (β, μ) μ¡μ§´ Î ¥É μ¡ÐÊÕ ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¢ ¡μ²ÓÏμ³ ± -
´μ´¨Î¥¸±μ³  ´¸ ³¡²¥ ³μ¤¥²¨ (1.18), É. ¥.

ρΛ (β, μ) :=
〈

NΛ

V

〉
HΛ

= ∂μpΛ (β, μ) , (3.1)

£¤¥ 〈−〉HΛ
(β, μ) μ¡μ§´ Î ¥É £¨¡¡¸μ¢¸±μ¥ ¸μ¸ÉμÖ´¨¥ ¡μ²ÓÏμ£μ ± ´μ´¨Î¥¸±μ£μ

 ´¸ ³¡²Ö ¤²Ö £ ³¨²ÓÉμ´¨ ´  HΛ (1.18).
’¥μ·¥³  3.1. „²Ö (θ, μ) ∈ Q̃ (2.12) ¨³¥¥³ · ¢¥´¸É¢μ

ρ (β, μ) := lim
Λ

ρΛ (β, μ) = ρBZ (β, α̃ (β, μ)) . (3.2)
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‡¤¥¸Ó α̂ (β, μ) � 0 Å ¥¤¨´¸É¢¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö

ρBZ (β, α) +
(α − μ)

λ
= 0, (3.3)

¶·¨ μ � μBZ
c (θ) := λρBZ

c (θ), ¢ Éμ ¢·¥³Ö ± ± ¶·¨ μ > μBZ
c (θ) ¨³¥¥³

ρ (β, μ) := lim
Λ

ρΛ (β, μ) =
μ

λ
. (3.4)

‡¤¥¸Ó ρBZ
c (θ) Å ¶²μÉ´μ¸ÉÓ, μ¶·¥¤¥²ß´´ Ö ¢ÒÏ¥ ¢ (1.14).

„μ± § É¥²Ó¸É¢μ. �Ê¸ÉÓ α̃ (β, μ) � 0 μ¶·¥¤¥²¥´μ ¸ ¶μ³μÐÓÕ ¸μμÉ´μÏ¥-
´¨Ö (2.13), É. ¥.

p (β, μ) = inf
α�0

{
pBZ (β, α) +

(μ − α)2

2λ

}
= pBZ (β, α̃ (β, μ)) +

(μ − α̃ (β, μ))2

2λ
.

(3.5)
�μ¸±μ²Ó±Ê

∂α

[
pBZ (β, α) +

(μ − α)2

2λ

]
= ρBZ (β, α) +

(α − μ)
λ

, (3.6)

Éμ ¶·¨ μ � μBZ
c (θ) = λρBZ

c (θ) (¸·. ¸ (1.14)) ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´¸É¢¥´´μ¥ ·¥-
Ï¥´¨¥ α̂ (β, μ) � 0 Ê· ¢´¥´¨Ö (3.3), ±μÉμ·μ¥ ¸μ¢¶ ¤ ¥É ¸ α̃ (β, μ) ¢ (2.13).
�μ¸±μ²Ó±Ê {pΛ (β, μ)}Λ Ö¢²ÖÕÉ¸Ö ¢Ò¶Ê±²Ò³¨ ËÊ´±Í¨Ö³¨ μ ∈ R1, Éμ ±μ³-
¡¨´¨·ÊÖ (3.1) ¨ (3.5) ¸ ²¥³³μ° ƒ·¨ËË¨É¸  [45] (· §¤. 4.2, ²¥³³  4.1), ³Ò
¶μ²ÊÎ ¥³ μ¡ÐÊÕ ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥

ρ (β, μ) = ∂μp (β, μ) =
(μ − α̃ (β, μ))

λ
.

‘μ¢³¥¸É´μ ¸ (3.3) ÔÉμ ¤ ßÉ (3.2).
’¥¶¥·Ó ¶Ê¸ÉÓ μ > μBZ

c (θ). ’μ£¤  ¶μ μ¶·¥¤¥²¥´¨Õ μBZ
c (θ) ¨ ρBZ

c (θ)
(¸³. (1.14)) ¶μ²ÊÎ ¥³

∂α

[
pBZ (β, α) +

(μ − α)2

2λ

]
= ρBZ (β, α) +

(α − μ)
λ

� 0.

�Éμ ¶·¨¢μ¤¨É ±

p (β, μ) = inf
α�0

{
pBZ (β, α) +

(μ − α)2

2λ

}
= pBZ (β, 0) +

μ2

2λ
, (3.7)

É. ¥. α̃ (β, μ) = 0. �μÔÉμ³Ê ¶μ ²¥³³¥ 4.1 ¨ (3.1), (3.7) ³Ò ¶μ²ÊÎ ¥³ (3.4).
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’¥μ·¥³  3.2. �Ê¸ÉÓ ε0 < 0. ’μ£¤  ³Ò ¨³¥¥³

ρ0 (θ, μ) := lim
Λ

〈
a∗
0a0

V

〉
HΛ

(β, μ) =

⎧⎨⎩ 0 ¶·¨ (θ, μ) ∈ Q̃\D̃ε0 ,(
α̃ (β, μ) − ε0

g0

)
¶·¨ (θ, μ) ∈ D̃ε0 ,

(3.8)
¸ α̃ (β, μ) Å μ¶·¥¤¥²ß´´μ° ¨§ · ¢¥´¸É¢  (3.5). ‡¤¥¸Ó μ¡² ¸ÉÓ D̃ε0 μ¶·¥¤¥²Ö-
¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

D̃ε0 =
{
(θ, μ) ∈ Q̃ : ε0 < α̃ (β, μ)

}
=
{
(θ, μ) ∈ Q̃ : μ̃0 (θ) < μ

}
, (3.9)

£¤¥ ³Ò μ¡μ§´ Î¨²¨ μ̃0 (θ) ¥¤¨´¸É¢¥´´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö

α̃ (β, μ) = ε0. (3.10)

„μ± § É¥²Ó¸É¢μ. �μ¸±μ²Ó±Ê {pΛ (β, μ)}Λ Å ¢Ò¶Ê±²Ò¥ ËÊ´±Í¨¨ ¶ · ³¥-
É·  ε0 ∈ R1, Éμ, ¡² £μ¤ ·Ö〈

a∗
0a0

V

〉
HΛ

(β, μ) = −∂ε0pΛ (β, μ) (3.11)

¨ ²¥³³¥ 4.1, ³Ò ¶·¨Ìμ¤¨³ ± ¢Ò¢μ¤Ê, ÎÉμ

lim
Λ

〈
a∗
0a0

V

〉
HΛ

(β, μ) = −∂ε0p (β, μ) . (3.12)

�·¨ μ � μBZ
c (θ) = λρBZ

c (θ) ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´¸É¢¥´´μ¥ §´ Î¥´¨¥ α̃ (β, μ) � 0,
μ¶·¥¤¥²ß´´μ¥ ¢ (3.5), ±μÉμ·μ¥ Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ (3.3), ¢ Éμ ¢·¥³Ö ± ±
¶·¨ μ > μBZ

c (θ), ¸μ£² ¸´μ (3.7), ³Ò ¶μ²ÊÎ ¥³ α̃ (β, μ) = 0. �É³¥É¨³, ÎÉμ,
¡² £μ¤ ·Ö ¸μμÉ´μÏ¥´¨Õ (1.8), ¶·¨ μ � ε0, ³Ò ¨³¥¥³

pBZ (β, μ) = pP (β, μ) .

�μÔÉμ³Ê, ¡² £μ¤ ·Ö (3.9), (3.12), ¨§ ¸μμÉ´μÏ¥´¨° (3.5) ¨ (3.7) ³μ¦´μ Ê¢¨¤¥ÉÓ,
ÎÉμ

lim
Λ

〈
a∗
0a0

V

〉
HΛ

(β, μ) =

⎧⎨⎩
0 ¶·¨ α̃ (β, μ) � ε0 < 0,(

α̃ (β, μ) − ε0

g0

)
¶·¨ ε0 � α̃(β, μ),

É. ¥. ÊÉ¢¥·¦¤¥´¨¥ (3.8).
‘²¥¤μ¢ É¥²Ó´μ, ¶μ É¥μ·¥³¥ 3.2 μ¡² ¸ÉÓ D̃ε0 (3.9) ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´ 

¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

D̃ε0 =

{
(θ, μ) ∈ Q̃ : ρ0 (θ, μ) := lim

Λ

〈
a∗
0a0

V

〉
HΛ

> 0

}
. (3.13)
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‡ ³¥É¨³, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ Dε0 , ¸³. (1.9), (1.10), μ¡² ¸ÉÓ D̃ε0 ¨³¥¥É £· ´¨ÍÊ,
§ ¢¨¸ÖÐÊÕ μÉ É¥³¶¥· ÉÊ·Ò, ¨ μ´  ¸μÌ· ´Ö¥É¸Ö ¤²Ö ¶μ²μ¦¨É¥²Ó´ÒÌ μ. �¶¨-
¸ ´´μ¥ ³ ±·μ¸±μ¶¨Î¥¸±μ¥ § ¶μ²´¥´¨¥ ³μ¤Ò k = 0 (3.8) ¸μμÉ¢¥É¸É¢Ê¥É ´¥¸É ´-
¤ ·É´μ° ¡μ§¥-±μ´¤¥´¸ Í¨, ¨³¥ÕÐ¥° ³¥¸Éμ ¢ ³μ¤¥²¨ (1.18) ¡² £μ¤ ·Ö ¶·¨ÉÖ-
£¨¢ ÕÐ¥³Ê Î²¥´Ê ε0a

∗
0a0, ¶·¨ ε0 < 0 (¸·. ¸ ¶. 4.1). �Éμ  ´ ²μ£¨Î´μ ¶¥·¢μ³Ê

ÔÉ ¶Ê ±μ´¤¥´¸ Í¨¨, ¤¥³μ´¸É·¨·Ê¥³μ³Ê ³μ¤¥²ÓÕ HBZ
Λ (1.6) ¸ gk (V ) = g/2,

ÌμÉÖ ¢ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ÔÉμ ¢μ§³μ¦´μ Éμ²Ó±μ ¶·¨ μ � 0, ¸³. [34]. ‚ Î ¸É´μ-
¸É¨, ³Ò μ¶ÖÉÓ ¨³¥¥³ ´ ¸ÒÐ¥´¨¥ ¶²μÉ´μ¸É¨ ±μ´¤¥´¸ É  ¢ ³μ¤¥ k = 0:

sup
μ∈R1

ρ0 (θ, μ) = ρ0

(
θ, μ � μBZ

c (θ)
)

= −ε0

g0
, (3.14)

¸·. (1.15). ‡ ³¥É¨³, ÎÉμ ¶·¨ ²Õ¡μ³ μ

lim
β→0+

α̃ (β, μ) = −∞.

’ ±¨³ μ¡· §μ³, ¢ μÉ²¨Î¨¥ μÉ ³μ¤¥²¨ (1.6) (¸ gk (V ) = g/2), ´¥¸É ´¤ ·É´ Ö
±μ´¤¥´¸ Í¨Ö ¢ ³μ¤¥²¨ (1.18) § ¢¨¸¨É μÉ É¥³¶¥· ÉÊ·Ò. ‘ÊÐ¥¸É¢Ê¥É θ0 (μ)
(·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö α̃

(
θ−1, μ

)
= ε0, (3.10)) É ±μ¥, ÎÉμ

ρ0 (θ, μ) =
α̃ (β, μ) − ε0

g0
> 0 (3.15)

¶·¨ θ � θ̃0 (μ) ¨
ρ0 (θ, μ) = 0 (3.16)

¶·¨ θ > θ̃0 (μ). �Éμ ¤·Ê£μ° ¸¶μ¸μ¡ μ¶¨¸ ´¨Ö Ë §μ¢μ° ¤¨ £· ³³Ò ³μ¤¥-

²¨ (1.18): θ̃0 (μ) ¶·μ¸Éμ Ö¢²Ö¥É¸Ö μ¡· É´μ° ËÊ´±Í¨¥° ± μ̃0 (θ).
3.2. �μ¤μ¡´μ (1.6), ¢ ³μ¤¥²¨ (1.18) ¶·¨ d > 2 ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ

μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ¢μ§´¨± ¥É ¤·Ê£μ° É¨¶ ±μ´¤¥´¸ Í¨¨: ¸É ´¤ ·É´ Ö
´¥Ô±¸É¥´¸¨¢´ Ö (É. ¥. É¨¶  III) μ	�Š ¢¡²¨§¨ §´ Î¥´¨Ö k = 0 (¸³. ¶. 4.1). „²Ö
¶μ´¨³ ´¨Ö ÔÉμ° ±μ´¤¥´¸ Í¨¨ ³Ò ¢¢μ¤¨³ ¢¸¶μ³μ£ É¥²Ó´Ò° £ ³¨²ÓÉμ´¨ ´

HΛ,γ := HΛ − γ
∑

{k∈Λ∗:‖k‖�δ}
a∗

kak (3.17)

¤²Ö Ë¨±¸¨·μ¢ ´´μ£μ δ > 0 ¨ ¶μ² £ ¥³

pΛ (β, μ, γ) :=
1

βV
ln TrFΛ e−βHΛ,γ(μ). (3.18)

‡ ³¥Î ´¨¥ 3.3. �Ê¸ÉÓ γ < εδ := ε‖k‖=δ. ’μ£¤  ¸¨¸É¥³  ¸ £ ³¨²ÓÉμ-
´¨ ´μ³ HΛ,γ ¨³¥¥É É¥ ¦¥ ¸ ³Ò¥ ¸¢μ°¸É¢ , ÎÉμ ¨ ³μ¤¥²Ó HΛ ¶μ ³μ¤Ê²Õ
¶·¥μ¡· §μ¢ ´¨Ö ¸¶¥±É·  ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í:

εk → εk,γ := εk − γ.χ[δ,+∞) (‖k‖) , (3.19)
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£¤¥ χA (x) μ¡μ§´ Î ¥É Ì · ±É¥·¨¸É¨Î¥¸±ÊÕ ËÊ´±Í¨Õ μ¡² ¸É¨ A. ‚ Î ¸É´μ-
¸É¨, ·¥§Ê²ÓÉ ÉÒ É¥μ·¥³ 2.1 ¨ 2.4 μ¸É ÕÉ¸Ö ¡¥§ ¨§³¥´¥´¨°. �·¨ (θ, μ) ∈ Q̃
¨ γ < εδ ³Ò ¨³¥¥³

p (β, μ, γ) := lim
Λ

pΛ (β, μ, γ) = inf
α�0

{
pBZ (β, α, γ) +

(μ − α)2

2λ

}
, (3.20)

£¤¥ pBZ (β, μ, γ) μ¡μ§´ Î ¥É ¤ ¢²¥´¨¥ (1.8), ´μ ¸¶¥±É· ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í
¨³¥¥É ¢¨¤ (3.19):

pBZ (β, μ, γ) = pP (β, μ, γ) − inf
ρ0�0

[
(ε0 − μ) ρ0 +

g0ρ
2
0

2

]
=

=
1

β (2π)d

∫
k∈Rd

ln
[(

1 − e−β(εk,γ−μ)
)−1

]
ddk − inf

ρ0�0

[
(ε0 − μ) ρ0 +

g0ρ
2
0

2

]
.

(3.21)

’¥μ·¥³  3.4. „²Ö ²Õ¡ÒÌ (θ, μ) ∈ Q̃ ³Ò ¨³¥¥³

lim
Λ

〈
a∗

kak

V

〉
HΛ

= 0, k ∈ Λ∗\ {0} , (3.22)

É. ¥. ´¥É ³ ±·μ¸±μ¶¨Î¥¸±μ£μ § ¶μ²´¥´¨Ö ³μ¤ k �= 0, ¢ Éμ ¢·¥³Ö ± ± ¶·¨
μ > μBZ

c (θ) = λρBZ
c (θ) ³μ¤¥²Ó HΛ (1.18) ¤¥³μ´¸É·¨·Ê¥É μ¡μ¡Ðß´´ÊÕ (´¥-

Ô±¸É¥´¸¨¢´ÊÕ) ��Š ¤²Ö ÔÉ¨Ì ³μ¤:

lim
δ→0+

lim
Λ

1
V

∑
{k∈Λ∗: 0<‖k‖<δ}

〈Nk〉HΛ
= ρ (β, μ)−ρBZ

c (θ) =
1
λ

(
μ−μBZ

c (θ)
)

> 0.

(3.23)
‡¤¥¸Ó ËÊ´±Í¨Ö ρ (β, μ) μ¶·¥¤¥²¥´  ¢ (3.4). …¸²¨ ε0 < 0, Éμ ÔÉ  ±μ´¤¥´¸ -
Í¨Ö ¸μ¸ÊÐ¥¸É¢Ê¥É ¢³¥¸É¥ ¸ ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¥° ´  ³μ¤¥ k = 0
(¸³. É¥μ·¥³Ê 3.2).

„μ± § É¥²Ó¸É¢μ. �Ê¸ÉÓ g > 0 ¨ Δg > 0 ¶·¨´¨³ ÕÉ É ±¨¥ §´ Î¥´¨Ö, ÎÉμ
g − Δg > 0. ’μ£¤ , ¶μ ´¥· ¢¥´¸É¢Ê ¢Ò¶Ê±²μ¸É¨ 	μ£μ²Õ¡μ¢  (¸³., ´ ¶·¨-
³¥·, [46]), ¶μ²ÊÎ ¥³

0 � Δg

2V 2

∑
k∈Λ∗\{0}

〈
N2

k

〉
HΛ

� pΛ

[
HΛ − Δg

2V

∑
k∈Λ∗\{0}

N2
k

]
− pΛ [HΛ] . (3.24)

�É³¥É¨³, ÎÉμ ¶μ É¥μ·¥³ ³ 2.1 ¨ 2.4 É¥·³μ¤¨´ ³¨Î¥¸±¨¥ ¶·¥¤¥²Ò ¤ ¢²¥´¨°
¢ ¤¢ÊÌ ³μ¤¥²ÖÌ (1.18) ¸ ¶ · ³¥É· ³¨ g > 0 ¨ g − Δg > 0 ¸μ¢¶ ¤ ÕÉ ¸ (2.13),
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É. ¥. ¨³¥¥³

lim
Λ

{
pΛ

[
HΛ − Δg

2V

∑
k∈Λ∗\{0}

N2
k

]
− pΛ [HΛ]

}
= 0. (3.25)

�μ¸±μ²Ó±Ê ¤²Ö ¶·μ¨§¢μ²Ó´μ£μ k ∈ Λ∗\ {0} ³Ò ¨³¥¥³ μÍ¥´±Ê

0 �
( 〈Nk〉HΛ

V

)2

�
〈
N2

k

〉
HΛ

V 2
� 1

V 2

∑
k∈Λ∗\{0}

〈
N2

k

〉
HΛ

,

¥ß ±μ³¡¨´ Í¨Ö ¸ (3.24) ¨ (3.25) ¤ ßÉ (3.22).
�Ê¸ÉÓ δ > 0, Éμ£¤ 

1
V

∑
{k∈Λ∗: 0<‖k‖<δ}

〈Nk〉HΛ
= ρΛ (β, μ)−

〈
a∗
0a0

V

〉
HΛ

− 1
V

∑
{k∈Λ∗:‖k‖�δ}

〈Nk〉HΛ
.

(3.26)
’¥¶¥·Ó ³Ò ³μ¦¥³ ¸²¥¤μ¢ ÉÓ É¥³ ¦¥ ¸ ³Ò³  ·£Ê³¥´É ³, ÎÉμ ¨ ¢ ¤μ± § É¥²Ó-
¸É¢ Ì É¥μ·¥³ 3.1 ¨ 3.2: ³Ò ¨³¥¥³ ³´μ¦¥¸É¢μ {pΛ (β, μ, γ)}Λ ¢Ò¶Ê±²ÒÌ ËÊ´±-
Í¨° γ ∈ (−∞, εδ]: ¸

1
V

∑
{k∈Λ∗:‖k‖�δ}

〈Nk〉HΛ,γ
= ∂γpΛ (β, μ, γ) ,

±μÉμ·μ¥ ¶μ ²¥³³¥ 4.1 ¨ (3.20), (3.21) ¤ ßÉ ¤²Ö γ = 0:

lim
Λ

1
V

∑
{k∈Λ∗:‖k‖�δ}

〈Nk〉HΛ
= ∂γp (β, μ, γ = 0) . (3.27)

’μ£¤  ¶μ μ¶·¥¤¥²¥´¨Ö³ (3.19), (3.20) ¨ É¥μ·¥³¥ 3.1, ¸³. (3.2), (3.4), ¢³¥¸É¥
¸ Ö¢´μ° Ëμ·³Ê²μ° (1.13) ³Ò ¶μ²ÊÎ ¥³ ¶·¨ μ < μBZ

c (θ):

∂γp (β, μ, γ = 0) =
1

(2π)d

∫
‖k‖�δ

ddk

eβ(εk−α̃(β,μ)) − 1
(3.28)

¨

∂γp (β, μ, γ = 0) =
1

(2π)d

∫
‖k‖�δ

ddk

eβεk − 1
(3.29)

¶·¨ μ � μBZ
c (θ). ’¥¶¥·Ó, ¶μ²Ó§ÊÖ¸Ó ¸μμÉ´μÏ¥´¨Ö³¨ (3.4), (3.14) ¨ μ¶·¥¤¥-

²¥´¨¥³ (1.14), ³Ò ¶μ²ÊÎ ¥³ ÊÉ¢¥·¦¤¥´¨¥ (3.23) ¨§ · ¢¥´¸É¢ (3.26), (3.27) ¨
(3.29) ¶¥·¥Ìμ¤μ³ ¸´ Î ²  ± É¥·³μ¤¨´ ³¨Î¥¸±μ³Ê ¶·¥¤¥²Ê ¨ § É¥³ ± ¶·¥¤¥²Ê
¶μ ¶ · ³¥É·Ê δ → +0.
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4. Š�ŒŒ…�’��ˆˆ

ŒÒ ¶·¥¤¸É ¢¨²¨ ´μ¢ÊÕ ÉμÎ´μ ·¥Ï ¥³ÊÕ ³μ¤¥²Ó (1.18), ±μÉμ· Ö ³μÉ¨-
¢¨·μ¢ ´  Œ˜‚-³μ¤¥²ÓÕ [42] ¨ ´ Ï¥° ³μ¤¥²ÓÕ [34]. 	² £μ¤ ·Ö ¶·¨ÉÖ£¨-
¢ ÕÐ¥³Ê É¨¶Ê ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ³μ¤¥ k = 0 μ´  ¶·¨´ ¤²¥¦¨É ¸¥³¥°¸É¢Ê
³μ¤¥²¥°, ±μÉμ·Ò¥ ¶·μÖ¢²ÖÕÉ ¤¢  ¢¨¤  ±μ´¤¥´¸ Í¨°: ´¥¸É ´¤ ·É´ÊÕ ¢ ³μ¤¥
k = 0 ¨ ¸É ´¤ ·É´ÊÕ (μ¡μ¡Ðß´´ÊÕ) 	�Š ¢ ³μ¤ Ì k �= 0. �É¨ ±μ´¤¥´¸ Í¨¨
¸μ¸ÊÐ¥¸É¢ÊÕÉ ¤²Ö ¡μ²ÓÏ¨Ì §´ Î¥´¨° μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ρ > ρBZ

c (θ),
¨²¨ μ � μBZ

c (θ) = λρBZ
c (θ). �É  ³μ¤¥²Ó ¤¥³μ´¸É·¨·Ê¥É ¡μ£ É¸É¢μ ¶μ´ÖÉ¨Ö

¡μ§¥-±μ´¤¥´¸ Í¨¨. �Éμ É ±¦¥ ¤ ßÉ ²ÊÎÏ¥¥ ¶μ´¨³ ´¨¥ · §´¨ÍÒ ³¥¦¤Ê ´¥¸É ´-
¤ ·É´Ò³¨ ¨ ¸É ´¤ ·É´Ò³¨ ±μ´¤¥´¸ Í¨Ö³¨.

‚μ-¶¥·¢ÒÌ, ´¥¸³μÉ·Ö ´  ¸¢¥·ÌÊ¸Éμ°Î¨¢μ¸ÉÓ ³μ¤¥²¨, ±μÉμ· Ö ¶μ¤· §Ê³¥-
¢ ¥É, ÎÉμ

sup
μ∈R1

ρ (β, μ) = +∞,

¸É ´¤ ·É´ Ö ±μ´¤¥´¸ Í¨Ö ¶·μ¨¸Ìμ¤¨É ¡² £μ¤ ·Ö ³¥Ì ´¨§³Ê ´ ¸ÒÐ¥´¨Ö. �μ¸-
±μ²Ó±Ê ¶μ¸²¥ ´ ¸ÒÐ¥´¨Ö ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨ ¶²μÉ´μ¸ÉÓ ±¨´¥É¨Î¥-
¸±μ° Ô´¥·£¨¨ ¤μ¸É¨£ ¥É ¸¢μ¥£μ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¶·¨ ±·¨É¨Î¥¸±μ°
¶²μÉ´μ¸É¨ ρBZ

c (θ), ¤ ²Ó´¥°Ï¨° ·μ¸É ¶²μÉ´μ¸É¨ ¶μ²´μ° Ô´¥·£¨¨ ¤²Ö ρ >
ρBZ

c (θ) ¢Ò§Ò¢ ¥É¸Ö ³ ±·μ¸±μ¶¨Î¥¸±¨³ ±μ²¨Î¥¸É¢μ³ Î ¸É¨Í ¸ ¶μÎÉ¨ ´Ê²¥¢Ò³
¨³¶Ê²Ó¸μ³.

‚Éμ· Ö ¢ ¦´ Ö μ¸μ¡¥´´μ¸ÉÓ ³μ¤¥²¥° (1.18) ( ´ ²μ£¨Î´ Ö [34] ¨ ¢ ¶·μÉ¨-
¢μ¶μ²μ¦´μ¸ÉÓ [25]) ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ μÉÉ ²±¨¢ ´¨¥ ³¥¦¤Ê ¡μ§μ´ ³¨ ¸ k �= 0
¤μ¸É ÉμÎ´μ ¸¨²Ó´μ, ÎÉμ¡Ò ¶μ·μ¤¨ÉÓ 	�Š μ¡μ¡Ðß´´μ£μ É¨¶  III (É. ¥. ´¥Ô±¸É¥´-
¸¨¢´ÊÕ 	�Š). �¡· Ð ¥³ ¢´¨³ ´¨¥, ÎÉμ ¢ ¡μ£μ²Õ¡μ¢¸±μ³ ¸² ¡μ ´¥¨¤¥ ²Ó´μ³
¡μ§¥-£ §¥ [25,26] ¢μ§´¨± ¥É 	�Š É¨¶  I.

4.1. Š² ¸¸¨Ë¨± Í¨Ö É¨¶μ¢ ¡μ§¥-±μ´¤¥´¸ Í¨¨.
4.1.1. Š² ¸¸¨Ë¨± Í¨Ö ¢ ´ ¤¥´ �¥·£ Ä‹ÓÕ¨¸ Ä�Ê²¥: ±μ´¤¥´¸ ÉÒ É¨¶  I,

II ¨ III. „²Ö Ê¤μ¡¸É¢  Î¨É É¥²Ö ³Ò ´ ¶μ³¨´ ¥³ ±² ¸¸¨Ë¨± Í¨Õ (μ¡μ¡Ðß´´ÒÌ)
±μ´¤¥´¸ Éμ¢ 	μ§¥Ä�°´ÏÉ¥°´  ¸μ£² ¸´μ [16]:

Å ±μ´¤¥´¸ Í¨Ö μÉ´μ¸¨É¸Ö ± É¨¶Ê I, ±μ£¤  ³ ±·μ¸±μ¶¨Î¥¸±¨ § ¶μ²´¥´μ
±μ´¥Î´μ¥ Î¨¸²μ μ¤´μÎ ¸É¨Î´ÒÌ Ê·μ¢´¥°;

Å μ´  É¨¶  II, ±μ£¤  ³ ±·μ¸±μ¶¨Î¥¸±¨ § ¶μ²´¥´μ ¡¥¸±μ´¥Î´μ ³´μ£μ
Ê·μ¢´¥°;

Å μ´  μÉ´μ¸¨É¸Ö ± É¨¶Ê III ¨²¨ ´¥Ô±¸É¥´¸¨¢´μ° ±μ´¤¥´¸ Í¨¨, ±μ£¤  ´¨
μ¤¨´ ¨§ Ê·μ¢´¥° ³ ±·μ¸±μ¶¨Î¥¸±¨ ´¥ § ¶μ²´¥´, Éμ£¤  ± ±

lim
δ→0+

lim
Λ

1
V

∑
{k∈Λ∗,0<‖k‖�δ}

〈Nk〉 = ρ − ρc (θ) .

�·¨³¥·Ò ÔÉ¨Ì · §²¨Î´ÒÌ ±μ´¤¥´¸ Í¨° ¶·¨¢¥¤¥´Ò ¢ · ¡μÉ¥ [30]. ‚ ÔÉμ°
· ¡μÉ¥ ¶μ± § ´μ, ÎÉμ É·¨ É¨¶  	�Š ³μ£ÊÉ ¡ÒÉÓ ·¥ ²¨§μ¢ ´Ò ¢ ¸²ÊÎ ¥ ˆ	ƒ
¢  ´¨§μÉ·μ¶´μ³ ¶·Ö³μÊ£μ²Ó´μ³ ÖÐ¨±¥ Λ ⊂ R3 μ¡Ñ¥³  V = |Λ| = Lx ·Ly ·Lz

¨ ¸ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ „¨·¨Ì²¥. �Ê¸ÉÓ Lx = V αx , Ly = V αy , Lz = V αz
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¶·¨ αx + αy + αz = 1 ¨ αx � αy � αz . …¸²¨ αz < 1/2, Éμ ¶·¨ ¤μ-
¸É ÉμÎ´μ ¡μ²ÓÏμ° ¶²μÉ´μ¸É¨ ρ ¨³¥¥³ 	�Š É¨¶  I ¢ μ¸´μ¢´μ° ³μ¤¥ k =
(2π/Lx, 2π/Ly, 2π/Lz). �·¨ αz = 1/2 ¶μ²ÊÎ ¥É¸Ö ±μ´¤¥´¸ Í¨Ö É¨¶  II, Ì -
· ±É¥·¨§ÊÕÐ Ö¸Ö ³ ±·μ¸±μ¶¨Î¥¸±¨³ § ¶μ²´¥´¨¥³ ¡¥¸±μ´¥Î´μ£μ ´ ¡μ·  ³μ¤
k = (2π/Lx, 2π/Ly, 2πn/Lz), n ∈ N, Éμ£¤  ± ± ¶·¨ αz > 1/2 ³Ò ¶μ²ÊÎ ¥³
±μ´¤¥´¸ É É¨¶  III. ‚ · ¡μÉ¥ [32] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ±μ´¤¥´¸ É É¨¶  III
³μ¦¥É ¡ÒÉÓ μ¡· §μ¢ ´ ¢ ˆ	ƒ ¡² £μ¤ ·Ö ¸² ¡μ³Ê ¢´¥Ï´¥³Ê ¶μÉ¥´Í¨ ²Ê ¨²¨
(¸³. [31]) ¸¶¥Í¨Ë¨Î¥¸±μ³Ê ¢Ò¡μ·Ê £· ´¨Î´ÒÌ Ê¸²μ¢¨° ¨ £¥μ³¥É·¨¨. …Ðß μ¤¨´
¶·¨³¥· ´¥Ô±¸É¥´¸¨¢´μ° ±μ´¤¥´¸ Í¨¨ ¶·¨¢¥¤ß´ ¢ · ¡μÉ Ì [34, 42] ¤²Ö ¡μ§μ-
´μ¢ ¢ ¨§μÉ·μ¶´μ³ ÖÐ¨±¥ Λ ¸ μÉÉ ²±¨¢ ÕÐ¨³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨, ±μÉμ·Ò¥
¶·¥μ¡· §ÊÕÉ ¸É ´¤ ·É´Ò° 	�Š É¨¶  I ¢ μ¡μ¡Ðß´´Ò° ¡μ§¥ÄÔ°´ÏÉ¥°´μ¢¸±¨°
±μ´¤¥´¸ É É¨¶  III.

4.1.2. ‘μ¶μ¶μ¸É ¢²¥´¨¥ ´¥¸É ´¤ ·É´μ° ¨ ¸É ´¤ ·É´μ° ¡μ§¥-±μ´¤¥´¸ -
Í¨°. ‡¤¥¸Ó ³Ò ±² ¸¸¨Ë¨Í¨·Ê¥³ ¡μ§¥-±μ´¤¥´¸ ÉÒ ¶μ ³¥Ì ´¨§³ ³ ¨Ì μ¡· §μ-
¢ ´¨Ö. ‚ ¡μ²ÓÏ¨´¸É¢¥ · ¡μÉ (¸·. [30Ä32, 42]) ±μ´¤¥´¸ Í¨Ö μ¡ÑÖ¸´Ö¥É¸Ö ´ -
¸ÒÐ¥´¨¥³ μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í, ¶¥·¢μ´ Î ²Ó´μ ¶·¥¤¸± § ´´Ò³ �°´ÏÉ¥°-
´μ³ [3] ¢ ¡μ§¥-£ §¥ ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö (ˆ	ƒ). ŒÒ ´ §Ò¢ ¥³ ¥£μ ¸É ´¤ ·É-
´Ò³ 	�Š [27].

‘ÊÐ¥¸É¢μ¢ ´¨¥ ±μ´¤¥´¸ Éμ¢, ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨¥³, ¡Ò²μ § -
³¥Î¥´μ ¢ ¸É ÉÓÖÌ [25, 26, 34]. �Éμ ¨³¥¥É É ±¦¥ ³¥¸Éμ ¢ ³μ¤¥²¨ •Ê ´£ Ä
Ÿ´£ Ä‹ ÉÉ¨´¦¥·  [21], ¶μ¸±μ²Ó±Ê μ´  ¸μ¤¥·¦¨É ¶·¨ÉÖ£¨¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°-
¸É¢¨¥. ‚ Î ¸É´μ¸É¨, ÔÉμ ¶·μ¨¸Ìμ¤¨É ¢ ¡μ£μ²Õ¡μ¢¸±μ³ ¸² ¡μ ´¥¨¤¥ ²Ó´μ³ ¡μ§¥-
£ §¥ [25]. ŒÒ ´ §Ò¢ ¥³ ÔÉμÉ ¸²ÊÎ ° ´¥¸É ´¤ ·É´μ° ¡μ§¥-±μ´¤¥´¸ Í¨¥°.

1) Š ± ¶μ± § ´μ ¢ÒÏ¥, ´¥¸É ´¤ ·É´ Ö ±μ´¤¥´¸ Í¨Ö ´¥ ¨¸±²ÕÎ ¥É ¶μÖ¢²¥-
´¨Ö ¸É ´¤ ·É´μ° 	�Š ¶·¨ ·μ¸É¥ μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ¨ ¶·¥¢ÒÏ¥´¨Ö
´¥±μÉμ·μ£μ ¶·¥¤¥²  ´ ¸ÒÐ¥´¨Ö ρBZ

c (θ).
2) —Éμ¡Ò μÍ¥´¨ÉÓ ¶μ´ÖÉ¨¥ ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨, § ³¥É¨³, ÎÉμ

¢ ³μ¤¥²ÖÌ (1.6) ¨ (1.18) ¶·¨ d = 1, 2 ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ μ¤¨´ ¢¨¤ ±μ´¤¥´-
¸ É ,   ¨³¥´´μ ´¥¸É ´¤ ·É´Ò°.

‡ ³¥Î ´¨¥ 4.1. �¥¸É ´¤ ·É´Ò° ��Š ¢¸¥£¤  ³μ¦´μ μÌ · ±É¥·¨§μ¢ ÉÓ
¥£μ É¨¶μ³. �μÔÉμ³Ê Ëμ·³ ²Ó´μ ¶μ²ÊÎ ¥³ Ï¥¸ÉÓ ¢¨¤μ¢ ±μ´¤¥´¸ Í¨¨: ´¥¸É ´-
¤ ·É´Ò¥ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¸É ´¤ ·É´Ò¥ ±μ´¤¥´¸ ÉÒ É¨¶  I, II ¨²¨ III.

4.2. ‹¥³³  ƒ·¨ËË¨É¸ .
‹¥³³  4.1 [45]. �Ê¸ÉÓ {fn (x)}n�1 ¡Ê¤¥É ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓÕ ¢Ò¶Ê±-

²ÒÌ ËÊ´±Í¨° ´  ±μ³¶ ±É´μ³ ¨´É¥·¢ ²¥ I ⊂ R. …¸²¨ ¸ÊÐ¥¸É¢Ê¥É ¶μÉμÎ¥Î´Ò°
¶·¥¤¥²

lim
n→∞

fn (x) = f (x) , x ∈ I, (4.1)

Éμ
lim

n→∞
inf ∂xfn (x − 0) � ∂xf (x − 0) ,

lim
n→∞

sup ∂xfn (x + 0) � ∂xf (x + 0) .
(4.2)
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„μ± § É¥²Ó¸É¢μ. �μ Ê¸²μ¢¨Õ ¢Ò¶Ê±²μ¸É¨ ¨³¥¥³

∂xfn (x + 0) � 1
l

[fn (x + l) − fn (x)] ,

∂xfn (x − 0) � 1
l

[fn (x) − fn (x − l)]
(4.3)

¶·¨ l > 0. ’μ£¤ , ¶¥·¥°¤Ö ± ¶·¥¤¥²Ê n → ∞ ¢ (4.3), ¡² £μ¤ ·Ö (4.1), ³Ò
¶μ²ÊÎ ¥³

lim
n→∞

sup ∂xfn (x + 0) � 1
l

[f (x + l) − f (x)] ,

lim
n→∞

inf ∂xfn (x − 0) � 1
l

[f (x) − f (x − l)] .
(4.4)

�¥·¥°¤Ö É¥¶¥·Ó ± ¶·¥¤¥²Ê l → +0 ¢ (4.4), ¶μ²ÊÎ ¥³ (4.2).
‡ ³¥Î ´¨¥ 4.2. ‚ Î ¸É´μ¸É¨, ¥¸²¨ x0 ∈ I É ±μ¢μ, ÎÉμ ∂xfn (x0 − 0) =

= ∂xfn (x0 + 0) ¨ ∂xf (x0 − 0) = ∂xf (x0 + 0), Éμ

lim
n→∞

∂xfn (x0) = ∂xf (x0) .

5. ‘‹…„‘’‚ˆŸ �…„ˆ�ƒ���‹œ��ƒ� ‚‡�ˆŒ�„…‰‘’‚ˆŸ
‚ ‘‹��� �…ˆ„…�‹œ��Œ ��‡…-ƒ�‡…

�¡· É¨³ ¢´¨³ ´¨¥, ÎÉμ ´¨ ¢ ¨£·ÊÏ¥Î´μ° ³μ¤¥²¨ (1.18), ´¨ ¢ HYL-³μ¤¥²¨
(1.19) ´¥ ¸ÊÐ¥¸É¢Ê¥É ¤¢ÊÌÎ ¸É¨Î´μ£μ ¶μÉ¥´Í¨ ²  ¢ ±μμ·¤¨´ É´μ³ ±μ´Ë¨£Ê· -
Í¨μ´´μ³ ¶·μ¸É· ´¸É¢¥, μÉ¢¥É¸É¢¥´´μ£μ §  ¶·¨ÉÖ¦¥´¨¥ ³¥¦¤Ê ¡μ§μ´ ³¨. ‚³¥-
¸Éμ ÔÉμ£μ ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ, ¢Ò§Ò¢ ¥³ Ö ¶·¨ÉÖ¦¥´¨¥³, ¨³¨É¨·Ê¥É¸Ö ¶μÉ¥´Í¨ -
² ³¨ ¢ ¤Ê ²Ó´μ³ (¨³¶Ê²Ó¸´μ³) ¶·μ¸É· ´¸É¢¥. �´¨ ¡² £μ¶·¨ÖÉ¸É¢ÊÕÉ ´ ±μ¶-
²¥´¨Õ ¡μ§μ´μ¢ ¢ ´Ê²¥¢μ° ³μ¤¥ k = 0, Ê¸¨²¨¢ Ö ³¥Ì ´¨§³, ¸¢Ö§ ´´Ò° ¸ Ô´-
É·μ¶¨¥°/±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥°, ±μÉμ·Ò° ¸ÊÐ¥¸É¢μ¢ ² ¤²Ö μ¡ÒÎ´μ£μ 	�Š
¢ ¨¤¥²Ó´μ³ ¡μ§¥-£ §¥.

‚ ÔÉμ³ · §¤¥²¥ ³Ò ¶·¥¤¸É ¢²Ö¥³  ·£Ê³¥´ÉÒ ¨§ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨, ´¥-
μ¡Ìμ¤¨³Ò¥ ¤²Ö μ¡ÑÖ¸´¥´¨Ö Ê¸²μ¢¨° ´  ¤¢ÊÌÎ ¸É¨Î´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°-
¸É¢¨Ö, ±μÉμ·Ò¥ μ¡¥¸¶¥Î¨¢ ÕÉ ´¥É·¨¢¨ ²Ó´μ¥ É¥·³μ¤¨´ ³¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥
¨ ´¥¸É ´¤ ·É´Ò° (¤¨´ ³¨Î¥¸±¨°) 	�Š, ¶·μÖ¢²ÖÕÐ¨°¸Ö ¢ ¸² ¡μ ´¥¨¤¥ ²Ó´μ³
¡μ§¥-£ §¥ (‘�	ƒ). �´¨ μ¸´μ¢ ´Ò ´  ¶·¥μ¡· §μ¢ ´¨¨ ”·ß²¨Ì  ·¥¤ÊÍ¨·μ¢ ´-
´μ£μ £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  (¨§¢¥¸É´μ£μ É ±¦¥ ± ± ³μ¤¥²Ó ‘�	ƒ [47]),
±μÉμ·Ò° ¶·¥¤´ §´ Î¥´ ¤²Ö Î ¸É¨Î´μ° ¤¨ £μ´ ²¨§ Í¨¨ £ ³¨²ÓÉμ´¨ ´ .

5.1. ‚ · ¡μÉ Ì [48, 49] 	μ£μ²Õ¡μ¢ ¶·¥¤²μ¦¨² ³μ¤¥²Ó μ¶¨¸ ´¨Ö ¸² ¡μ
´¥¨¤¥ ²Ó´μ£μ ¡μ§¥-£ §  ¶ÊÉß³ ·¥¤ÊÍ¨·μ¢ ´¨Ö ¶μ²´μ£μ £ ³¨²ÓÉμ´¨ ´  ¡μ§μ´μ¢
¸ ¤¢ÊÌÎ ¸É¨Î´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³. ‚ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥ ÔÉ 
·¥¤Ê±Í¨Ö ¨³¥¥É ¢¨¤

HB
Λ (μ) = TΛ (μ) + UD

Λ + UΛ, (5.1)
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£¤¥

TΛ (μ) =
∑

k∈Λ∗

(εk − μ) a∗
kak,

UD
Λ =

v (0)
V

a∗
0a0

∑
k∈Λ∗,k �=0

a∗
kak +

1
2V

∑
k∈Λ∗,k �=0

v (k) a∗
0a0

(
a∗

kak + a∗
−ka−k

)
+

+
v (0)
2V

a∗2

0 a2
0,

UΛ =
1

2V

∑
k∈Λ∗,k �=0

v(k)(a∗
ka∗

−ka2
0 + a∗2

0 aka−k),

£¤¥ μ Å Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ². ‡¤¥¸Ó {a#
k }k∈Λ∗ Å μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨

Ê´¨ÎÉμ¦¥´¨Ö ¡μ§μ´μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Éμ·¨Î´μ³Ê ±¢ ´Éμ¢ ´¨Õ ¢ ±Ê¡¨Î¥-
¸±μ³ ÖÐ¨±¥ Λ = L × L × L ⊂ R3 ¸ ¶¥·¨μ¤¨Î¥¸±¨³¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨
´  ∂Λ, εk = �2k2/2m,

Λ∗ =
{

k ∈ R
3 : α = 1, 2, 3, kα =

2πnα

L
¨ nα = 0,±1,±2, . . .

}
,

ËÊ·Ó¥-¶·¥μ¡· §μ¢ ´¨¥ v (k) :=
∫
R3

d3xϕ(x) e−ikx ¨ V = L3. �É³¥É¨³, ÎÉμ

HB
Λ (μ) μ¶·¥¤¥²Ö¥É¸Ö ¢ ¡μ§μ´´μ³ ¶·μ¸É· ´¸É¢¥ ”μ±  ´ ¤ L2 (Λ), FΛ ≈ F0Λ⊗

F ′
Λ, £¤¥ F0Λ ¨ F ′

Λ Å ¡μ§μ´´Ò¥ ¶·μ¸É· ´¸É¢  ”μ± , ¶μ¸É·μ¥´´Ò¥ ¨§ H0Λ

(μ¤´μ³¥·´μ¥ ¶μ¤¶·μ¸É· ´¸É¢μ, ¶μ·μ¦¤ß´´μ¥ ¢¥±Éμ·μ³ ψk=0) ¨ ¥£μ μ·Éμ£μ-
´ ²Ó´μ£μ ¤μ¶μ²´¥´¨Ö H⊥

0Λ ¸μμÉ¢¥É¸É¢¥´´μ. ‡ ³¥É¨³, ÎÉμ ¤²Ö ±μ³¶²¥±¸´μ£μ
c ∈ C ³Ò ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ ¢ F0Λ ±μ£¥·¥´É´Ò° ¢¥±Éμ·

ψ0Λ (c) = e−V |c|2/2
∞∑

k=0

1
k!
(√

V c
)k (a∗

0)
k Ω0, (5.2)

£¤¥ Ω0 Ö¢²Ö¥É¸Ö ¢ ±ÊÊ³μ³ FΛ, ¨ Éμ£¤  a0ψ0Λ (c) = c
√

V ψ0Λ (c).
�¨¦¥ ³Ò ¶·¥¤¶μ² £ ¥³, ÎÉμ:
Å ¶ ·´Ò° ¶μÉ¥´Í¨ ² ϕ (x)  ¡¸μ²ÕÉ´μ ¨´É¥£·¨·Ê¥³ (¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¸Ê-

Ð¥¸É¢μ¢ ´¨Ö v (k));
Å ËÊ·Ó¥-¶·¥μ¡· §μ¢ ´¨¥ v(k) É ±μ¢μ, ÎÉμ 0 � v (k) = v (−k) � v (0) ¨

v (0) > 0.
5.2. ˆ§¢¥¸É´μ [50], ÎÉμ ‘�	ƒ Ö¢²Ö¥É¸Ö É¥·³μ¤¨´ ³¨Î¥¸±¨ Ê¸Éμ°Î¨¢Ò³:

¤ ¢²¥´¨¥ pB(β, μ) = lim
Λ

pΛ

[
HB

Λ

]
μ£· ´¨Î¥´μ Éμ²Ó±μ ¶·¨ μ � 0. …¸²¨ · ¸-

¸³μÉ·¥ÉÓ Éμ²Ó±μ ¤¨ £μ´ ²Ó´ÊÕ Î ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  HBD
Λ (μ) =

TΛ (μ) + UD
Λ , Éμ ³μ¦´μ ¶μ± § ÉÓ (¸·. [24]), ÎÉμ

pBD
(
β, μ � 0

)
= lim

Λ
pΛ

[
HBD

Λ

]
= pPBG (β, μ � 0) , (5.3)
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É. ¥. ÎÉμ É¥·³μ¤¨´ ³¨±  ¤¨ £μ´ ²Ó´μ° Î ¸É¨ ¡μ£μ²Õ¡μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´ 
¨ ³μ¤¥²¨ ˆ	ƒ ¸μ¢¶ ¤ ¥É, ¢±²ÕÎ Ö ¡μ§¥-±μ´¤¥´¸ Í¨Õ, ¨³¥ÕÐÊÕ ³¥¸Éμ ¶·¨
k = 0. �Éμ μ§´ Î ¥É, ¢ Î ¸É´μ¸É¨, ÎÉμ É¥·³μ¤¨´ ³¨Î¥¸± Ö ´¥Ô±¢¨¢ ²¥´É´μ¸ÉÓ
³¥¦¤Ê £ ³¨²ÓÉμ´¨ ´μ³ 	μ£μ²Õ¡μ¢  ¨ ˆ	ƒ, É. ¥.

pB (β, μ � 0) �= pPBG (β, μ � 0) , (5.4)

¶·μ¨¸Ìμ¤¨É ¡² £μ¤ ·Ö ´¥¤¨ £μ´ ²Ó´Ò³ Î²¥´ ³ ¢§ ¨³μ¤¥°¸É¢¨Ö UΛ. ”μ·³ ²Ó-
´μ¥ ¤μ± § É¥²Ó¸É¢μ (5.4) ¤ ´μ ¢ · §¤. 7, ²¥³³  7.3, ¸·. ¸ [25, 26].

�É³¥É¨³, ÎÉμ UΛ ¸μμÉ¢¥É¸É¢Ê¥É ¢§ ¨³μ¤¥°¸É¢¨Õ ³¥¦¤Ê ¡μ§μ´ ³¨ ¢ ³μ¤¥
k = 0 ¨ ¢ ³μ¤ Ì ¸ k �= 0. ŒÒ ÌμÉ¨³ ¶·¨¢¥¸É¨  ·£Ê³¥´ÉÒ, ÎÉμ ÔÉμ ¨³¥´´μ
ÔËË¥±É¨¢´μ¥ ¶·¨ÉÖ¦¥´¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨ ¸ k = 0 μÉ¢¥É¸É¢¥´´μ §  ´¥¸É ´-
¤ ·É´ÊÕ (¤¨´ ³¨Î¥¸±ÊÕ) ±μ´¤¥´¸ Í¨Õ Î ¸É¨Í ¤²Ö k = 0 ¶·¨ μ0 < μ < 0,
μÉ±·ÒÉÊÕ ¢ · ¡μÉ¥ [24].

5.3. �¥¤¨ £μ²Ó´ Ö Î ¸ÉÓ UΛ £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  (5.1) ³μ¦¥É ¡ÒÉÓ
μ¶¨¸ ´  ¢ É¥·³¨´ Ì ¤¨ £· ³³ (·¨¸. 1). „²Ö Éμ£μ ÎÉμ¡Ò ¶μ´ÖÉÓ ·μ²Ó ´¥-
¤¨ £μ´ ²Ó´μ° Î ¸É¨ ¡μ£μ²Õ¡μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´ , ´¥μ¡Ìμ¤¨³μ ¢ÒÎ¨¸²¨ÉÓ
ÔËË¥±É¨¢´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´¤ÊÍ¨·μ¢ ´´Ò¥ UΛ, ³¥¦¤Ê Î ¸É¨Í ³¨ ¢ ´Ê-
²¥¢μ° ³μ¤¥ k = 0 ¨ Î ¸É¨Í ³¨ ¢´¥ ´Ê²¥¢μ° ³μ¤Ò k = 0 (·¨¸. 2 ¨ 3).
�·μ¸É¥°Ï¨° ¸¶μ¸μ¡ · ¸ÎßÉ  ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μ´¸É ´É ¶ ·´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö gΛ,pq ¨ gΛ,00 ¸μ¸Éμ¨É ¢ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶·¥μ¡· §μ¢ ´¨Ö ”·ß²¨Ì  [51],
¨§´ Î ²Ó´μ ¶·¥¤²μ¦¥´´μ£μ ¤²Ö ¢Ò¢μ¤  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ³μ¤¥²¨ 	 ·¤¨´ Ä
ŠÊ¶¥· Ä˜·¨ËË¥· Ä	μ£μ²Õ¡μ¢  (	Š˜Ä	μ£μ²Õ¡μ¢ ) ¢ É¥μ·¨¨ ¸¢¥·Ì¶·μ¢μ-
¤¨³μ¸É¨ [52, 53]. �Éμ Ê´¨É ·´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ £ ³¨²ÓÉμ´¨ ´  H :

H̃ = e−iSH eiS , (5.5)

¸ ¸ ³μ¸μ¶·Ö¦ß´´Ò³ £¥´¥· Éμ·μ³ S = S∗. � §² £ Ö eiS ¨ e−iS ¢ ·Ö¤Ò, ¶μ²Ê-
Î ¥³ ±μ³³ÊÉ Éμ·´ÊÕ ¸Ê³³Ê:

H̃ = H + i [H, S] − 1
2

[[H, S] , S] + . . . (5.6)

�¨¸. 1. ‚¥·Ï¨´Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ´¥¤¨ £μ´ ²Ó´μ° Î ¸É¨ UΛ £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ-
¡μ¢  ¤²Ö ‘�	ƒ
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�¨¸. 2. ˆ²²Õ¸É· Í¨Ö ± ¢μ¶·μ¸Ê ÔËË¥±É¨¢´μ° ¢¥·Ï¨´Ò, £¥´¥·¨·μ¢ ´´μ° UΛ, ¤²Ö ¢§ ¨-
³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ ¢ ±μ´¤¥´¸ É¥ (´Ê²¥¢ Ö ³μ¤ )

�¨¸. 3. ˆ²²Õ¸É· Í¨Ö ± ¢μ¶·μ¸Ê ÔËË¥±É¨¢´μ° ¢¥·Ï¨´Ò, £¥´¥·¨·μ¢ ´´μ° UΛ, ¤²Ö ¢§ ¨-
³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ ¢´¥ ±μ´¤¥´¸ É  ¢ ´Ê²¥¢μ° ³μ¤¥

‚ ¸²ÊÎ ¥ £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  HB
Λ (μ) ´ ³ ´¥μ¡Ìμ¤¨³μ ¶μ¨¸± ÉÓ

É ±μ° μ¶¥· Éμ· S, ÎÉμ ´¥¤¨ £μ´ ²Ó´ Ö Î ¸ÉÓ UΛ ¸μ±· É¨É¸Ö, ¸ § ³¥´μ° ¥ß ´ 
¤¢ÊÌÎ ¸É¨Î´Ò¥ Î²¥´Ò ¸ ¢¥·Ï¨´ ³¨ ¢¨¤ 

gΛ,00

V
a∗
0a

∗
0a0a0 ¨

gΛ,pq

V
a∗

pa
∗
−pa−qaq. (5.7)
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‘ ÊÎßÉμ³ ¸± § ´´μ£μ ¢ÒÏ¥ ³Ò μ¶·¥¤¥²¨³ ¸ ³μ¸μ¶·Ö¦ß´´Ò° μ¶¥· Éμ· S
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

S :=
∑

k∈Λ∗,k �=0

(
Φ(k)a∗

ka∗
−ka2

0 + Φ(k)a∗2

0 aka−k

)
, (5.8)

£¤¥ Φ(k) ´¥μ¡Ìμ¤¨³μ ¢Ò¡· ÉÓ É ±, ÎÉμ¡Ò ¸μ±· É¨ÉÓ UΛ. �μÔÉμ³Ê, ¶μ  ´ ²μ£¨¨
¸ É¥μ·¨¥° ¢μ§³ÊÐ¥´¨°, ¤²Ö μ¶·¥¤¥²¥´¨Ö gΛ,00 ¨ gΛ,kq ´¥μ¡Ìμ¤¨³μ ¢ÒÎ¨¸-
²¨ÉÓ (5.6) ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¢Éμ·μ£μ ¶μ·Ö¤±  ¶μ v(k).

5.4. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³

H̃B
Λ = e−iSHB

Λ (μ) eiS = H̃B
Λ,1 + H̃B

Λ,2 + . . . =

= HB
Λ (μ) + i

[
HB

Λ (μ) , S
]
− 1

2
[[

HB
Λ (μ) , S

]
, S
]
+ . . . (5.9)

‡¤¥¸Ó Î²¥´ ¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ v(k) · ¢¥´

H̃B
Λ,1 = UD

Λ + UΛ + i [TΛ (μ) , S] . (5.10)

„²Ö ¢ÒÎ¨¸²¥´¨Ö Φ(k) ³Ò ¨³¥¥³ Ê· ¢´¥´¨¥

UΛ + i [TΛ (μ) , S] = 0. (5.11)

�μ¸²¥ ¶·Ö³ÒÌ · ¸ÎßÉμ¢ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ

i [TΛ (μ) , S] = 2i
∑

k∈Λ∗,k �=0

{
εkΦ(k)a∗

−ka∗
ka2

0 − εkΦ(k)a∗2

0 a−kak

}
.

„²Ö Ê¤μ¢²¥É¢μ·¥´¨Ö Ê· ¢´¥´¨Õ (5.11) ´¥μ¡Ìμ¤¨³μ μ¶·¥¤¥²¨ÉÓ Φ(k) ± ±

Φ(k) :=
iv(k)
4V εk

(5.12)

¤²Ö ¢¸¥Ì k ∈ Λ∗, k �= 0.
‘μ£² ¸´μ (5.9) ¨ (5.12), Î²¥´ ¢Éμ·μ£μ ¶μ·Ö¤±  ¶μ v(k) · ¢¥´

H̃B
Λ,2 = i

[
UD

Λ + UΛ +
i

2
[TΛ (μ) , S] , S

]
. (5.13)

�μ²Ó§ÊÖ¸Ó Ê· ¢´¥´¨¥³ (5.11), ¶μ²ÊÎ ¥³

UΛ +
i

2
[TΛ (μ) , S] =

1
2
UΛ,

¨, ¸²¥¤μ¢ É¥²Ó´μ, (5.13) ¤ ßÉ

H̃B
Λ,2 = i

[
UD

Λ , S
]
+

i

2
[UΛ, S] . (5.14)
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‡ ³¥É¨³, ÎÉμ ¶·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶μ§¢μ²ÖÕÉ ¶·μ¢¥·¨ÉÓ, ÎÉμ i
[
UD

Λ , S
]

´¥
¸μ¤¥·¦¨É ± ±¨Ì-²¨¡μ ¢¥·Ï¨´ ¢¨¤  (5.7) ¶·¨ p, q ∈ Λ∗\{0}, ÎÉμ ´¥Ê¤¨¢¨-
É¥²Ó´μ. „¥°¸É¢¨É¥²Ó´μ, ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ¢¥·Ï¨´Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £μ-
´ ²Ó´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ UD

Λ ¨ S, ´¥ ³μ£ÊÉ ¶·μ¨§¢¥¸É¨ Î²¥´Ò É ±μ£μ ¢¨¤ .
‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶·Ö³μ¥ ¢ÒÎ¨¸²¥´¨¥ Î²¥´  ¢Éμ·μ£μ ¶μ·Ö¤±  ¢ (5.14)

¤ ßÉ

i

2
[UΛ, S] =

∑
k∈Λ∗,k �=0
q∈Λ∗,q �=0

iv(q)
4V

{Φ(k)[a∗2

0 aqa−q, a
∗
ka∗

−ka2
0]+

+ Φ(k)[a∗
−qa

∗
qa

2
0, a

∗2

0 a−kak]} (5.15)

¸ ±μ³³ÊÉ Éμ·μ³

[a∗2

0 a−qaq, a
∗
ka∗

−ka2
0] = 2a∗2

0 a2
0

(
1 + a∗

−ka−k + a∗
kak

)
δq,k−

− 2 (1 + 2a∗
0a0) a∗

ka∗
−ka−qaq = −[a∗

−qa
∗
qa

2
0, a

∗2

0 a−kak]∗. (5.16)

�μÔÉμ³Ê ¸μμÉ´μÏ¥´¨Ö (5.15) ¨ (5.16) ¤ ÕÉ Éμ²Ó±μ μ¤´Ê ¢¥·Ï¨´Ê É¨¶  (5.7) ¤²Ö
ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡μ§μ´μ¢ H̃B,I

Λ,2 , ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ ´Ê²¥¢μ° ³μ¤¥:

H̃B,I
Λ,2 = − 1

V

∑
k∈Λ∗,k �=0

[v(k)]2

4V εk
a∗2

0 a2
0. (5.17)

’ ±¨³ μ¡· §μ³, ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö gΛ,00, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ÔËË¥±É¨¢-
´μ° ¢¥·Ï¨´¥ ·¨¸. 2, μÉ·¨Í É¥²Ó´  ¨ · ¢´ 

gΛ,00 = −
∑

k∈Λ∗,k �=0

[v(k)]2

4V εk
, (5.18)

¨²¨, ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥,

g00 := lim
Λ

gΛ,00 = − 1

4 (2π)3

∫
R3

d3k
[v(k)]2

εk
< 0. (5.19)

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ±μ³³ÊÉ Éμ· (5.15) ¸μ¤¥·¦¨É É ±¦¥ Î²¥´Ò, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ÔËË¥±É¨¢´μ° ¢¥·Ï¨´¥ ¤²Ö ¡μ§μ´μ¢, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¢´¥ ´Ê²¥¢μ°
³μ¤Ò:

H̃B,II
Λ,2 =

1
V

∑
k∈Λ∗,k �=0
q∈Λ∗,q �=0

v(k)v(q)
8

(
1
εk

+
1
εq

)
(1 + 2a∗

0a0)
V

a∗
ka∗

−ka−qaq. (5.20)
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� ¶μ³´¨³, ÎÉμ ¤²Ö Éμ£μ ÎÉμ¡Ò ´ °É¨ ÔËË¥±É¨¢´μ¥ 	Š˜-¢§ ¨³μ¤¥°¸É¢¨¥
³¥¦¤Ê Ô²¥±É·μ´ ³¨, μ¡³¥´¨¢ ÕÐ¨³¨¸Ö Ëμ´μ´ ³¨, ´¥μ¡Ìμ¤¨³μ ¶·μ¥±É¨·μ-
¢ ÉÓ ·¥§Ê²ÓÉ É ¶·¥μ¡· §μ¢ ´¨Ö ”·ß²¨Ì  ´  ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥, Ö¢²ÖÕÐ¥-
¥¸Ö ¢ ±ÊÊ³´Ò³ ¤²Ö Ëμ´μ´μ¢, É. ¥. ´  ËÊ´¤ ³¥´É ²Ó´μ¥ Ëμ´μ´´μ¥ ¸μ¸ÉμÖ´¨¥
(¸³., ´ ¶·¨³¥·, [54, £². 5, �1], [55, £². XI, �88]). �μ¸±μ²Ó±Ê ÔËË¥±É¨¢´μ¥ ¢§ ¨-
³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¡μ§μ´ ³¨ ¸ k, p �= 0 μ¡¥¸¶¥Î¨¢ ¥É¸Ö μ¡³¥´μ³ Î¥·¥§ ±μ´-
¤¥´¸ É ¢ ´Ê²¥¢μ° ³μ¤¥ (¸³. ·¨¸. 3), ³Ò ¶·μ¥±É¨·Ê¥³ H̃B,II

Λ,2 ´  ±μ£¥·¥´É´μ¥
¸μ¸ÉμÖ´¨¥ ¤²Ö ³μ¤Ò k = 0, É. ¥. ´  ±μ£¥·¥´É´μ¥ ¸μ¸ÉμÖ´¨¥ |C〉 := ψ0(c) ⊗ ψ′

¸ § ¤ ´´Ò³ ±μ²¨Î¥¸É¢μ³ ±μ´¤¥´¸ É , £¤¥ ψ0 (c) ∈ F0Λ μ¶·¥¤¥²¥´μ ¢ (5.2) ¨
ψ′ ∈ F ′

Λ. ’μ£¤  ¤²Ö ¶²μÉ´μ¸É¨ ±μ´¤¥´¸ É  |c|2 := 〈a∗
0a0〉ψ0(c)

/V μ¶¥· Éμ·
ÔËË¥±É¨¢´μ£μ ¤¢ÊÌÎ ¸É¨Î´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡μ§μ´μ¢ ¢´¥ ±μ´¤¥´¸ É  μ¶·¥-
¤¥²Ö¥É¸Ö ¢ F ′

Λ ¶μ²ÊÉμ· ²¨´¥°´Ò³¨ Ëμ·³ ³¨, ¶ · ³¥É·¨§μ¢ ´´Ò³¨ c

〈C1| H̃B,II
Λ,2 |C2〉 =

1
V

∑
k∈Λ∗,k �=0
q∈Λ∗,q �=0

v(k)v(q)
8

(
1
εk

+
1
εq

)
×

×

(
1 + 2 〈a∗

0a0〉ψ0(c)

)
V

(
ψ′

1, a
∗
ka∗

−ka−qaqψ
′
2

)
.

‘²¥¤μ¢ É¥²Ó´μ, ³Ò ¶μ²ÊÎ ¥³, ÎÉμ ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö gΛ,pq, ¸μμÉ¢¥É-
¸É¢ÊÕÐ Ö ÔËË¥±É¨¢´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ, ¶·¥¤¸É ¢²¥´´μ³Ê ´  ·¨¸. 3, · ¢´ 

gΛ,pq =
1

8V
v(p)v(q)

(
1
εp

+
1
εq

) (
1 + 2 〈a∗

0a0〉ψ0(c)

)
. (5.21)

�μ¸±μ²Ó±Ê ¤²Ö £¨¡¡¸μ¢¸±μ£μ ¸μ¸ÉμÖ´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ £ ³¨²ÓÉμ´¨ ´Ê
HB

Λ , ¢ μ¡Ð¥³

ρB
0 (β, μ) = lim

Λ

〈a∗
0a0〉HB

Λ

V
(5.22)

Ö¢²Ö¥É¸Ö ¶²μÉ´μ¸ÉÓÕ ±μ´¤¥´¸ É  ¢ ³μ¤¥ k = 0, ³Ò ¢¨¤¨³, ÎÉμ ÔËË¥±É¨¢-
´Ò° ¶μÉ¥´Í¨ ² ³¥¦¤Ê Î ¸É¨Í ³¨ ¢´¥ ´Ê²¥¢μ° ³μ¤Ò ¶·μ¶μ·Í¨μ´ ²¥´ ¶²μÉ´μ-
¸É¨ (5.22) ¨ μ´ Ö¢²Ö¥É¸Ö μÉÉ ²±¨¢ ÕÐ¨³, ¥¸²¨ v(k) � 0:

gpq := lim
Λ

gΛ,pq =
v(p)v(q)

4
ρB
0

(
1
εp

+
1
εq

)
� 0. (5.23)

‡ ³¥Î ´¨¥ 5.1. � ¶μ³´¨³, ÎÉμ ¥¸ÉÓ ¤·Ê£μ° ¸¶μ¸μ¡ ·¥¤ÊÍ¨·μ¢ ÉÓ ¶μ²-
´Ò° £ ³¨²ÓÉμ´¨ ´ (6.2), ±μÉμ·Ò° ³¥´¥¥ ± ·¤¨´ ²¥´, Î¥³  ´§ Í �μ£μ²Õ¡μ¢ ,
±μÉμ·Ò° ¶·¨¢μ¤¨É ± ‘��ƒ-³μ¤¥²¨ (5.1). ’ ±μ° É¨¶ ·¥¤Ê±Í¨¨ ¡Ò² ¶·¥¤²μ-
¦¥´ ‡Ê¡ ·¥¢Ò³ ¨ –¥·±μ¢´¨±μ¢Ò³ ¢ [56]. �´¨ ¡Ò²¨ ¤¢¨¦¨³Ò ¨¤¥¥° μ¡μ¡Ð¥-
´¨Ö ‘��ƒ-£ ³¨²ÓÉμ´¨ ´  �μ£μ²Õ¡μ¢  ¨ ¨¸¸²¥¤μ¢ ´¨Ö³¨ ³μ¤¥²¨ �Š˜Ä�μ-
£μ²Õ¡μ¢ , ¢ ±μÉμ·μ° ¸μ§¤ ´¨¥ ±Ê¶¥·μ¢¸±¨Ì ¶ · ¨£· ¥É Í¥´É· ²Ó´ÊÕ ·μ²Ó.
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„²Ö ÔÉμ£μ, ¢³¥¸Éμ ÔËË¥±É¨¢´μ£μ ¸¶ ·¨¢ ´¨Ö (5.20) §  ¸ÎßÉ ´¥¤¨ £μ´ ²Ó´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ‘��ƒ-³μ¤¥²¨, ³μ¤¥²Ó ‡Ê¡ ·¥¢ Ä–¥·±μ¢´¨±μ¢  ÊÎ¨ÉÒ¢ ¥É
¶·Ö³μ¥ ¶ ·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥. �μ§¤´¥¥ ÔÉ  ¨¤¥Ö ¡Ò²  · §¢¨É  ¢ ´¥¸±μ²Ó-
±¨Ì ¸É ÉÓÖÌ (¸³., ´ ¶·¨³¥·, [57, 58, 60] ¨ μ¡§μ· [59] ¸ ¶·¨¢¥¤ß´´Ò³¨ ¢ ´¨Ì
¸¸Ò²± ³¨).

� ¶μ³´¨³, ÎÉμ £ ³¨²ÓÉμ´¨ ´, ·¥¤ÊÍ¨·μ¢ ´´Ò° ¸μ£² ¸´μ  ´§ ÍÊ ‡Ê¡ ·¥-
¢ Ä–¥·±μ¢´¨±μ¢  ¨§¢¥¸É¥´ ± ± ¶ ·´Ò° £ ³¨²ÓÉμ´¨ ´. �´ ¨³¥¥É ¢¨¤

Hpair
Λ = TΛ + Upair D

Λ + Upair N
Λ ≡ TΛ + Upair

Λ . (5.24)

‡¤¥¸Ó Upair D
Λ Ö¢²Ö¥É¸Ö ¤¨ £μ´ ²Ó´μ° Î ¸ÉÓÕ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Hpair

Λ :

Upair D
Λ =

1
2V

∑
k1,k2∈Λ∗

v(0)a∗
k1

a∗
k2

ak2ak1+

+
1

2V

∑
k1∈Λ∗,k2∈Λ∗\{±k1}

v(k1 − k2)a∗
k2

ak2a
∗
k1

ak1 , (5.25)

¨ Upair N
Λ Ö¢²Ö¥É¸Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ´¥¤¨ £μ´ ²Ó´μ° Î ¸ÉÓÕ:

Upair N
Λ =

1
2V

∑
k∈Λ∗,k′∈Λ∗\{k}

v(k − k′)a∗
ka∗

−ka−k′ak′ . (5.26)

ˆ§ ¢Ò· ¦¥´¨° (5.25) ¨ (5.26) Ö¸´μ, ÎÉμ ¶μ²´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ UΛ ¢ (6.2)
·¥¤ÊÍ¨·μ¢ ´μ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: ¢μ-¶¥·¢ÒÌ, ¶μ²μ¦¨³ q = 0 ¨ q = k1 − k2,
  § É¥³ k1 = k′, k2 = −k′, q = k − k′. „·Ê£μ¥ μÎ¥¢¨¤´μ¥ § ³¥Î ´¨¥ ¸μ¸Éμ¨É
¢ Éμ³, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ Upair

Λ ¸μ¤¥·¦¨É ¡μ£μ²Õ¡μ¢¸±¨¥ Î²¥´Ò ¢§ ¨³μ¤¥°-
¸É¢¨Ö UBD

Λ ¨ UB
Λ , ¸³. (5.1). —Éμ¡Ò ¶μ²ÊÎ¨ÉÓ UBD

Λ , ´¥μ¡Ìμ¤¨³μ μ¡μ·¢ ÉÓ μ¡¥
¸Ê³³Ò ¢ (5.25) ¸ ¶μ³μÐÓÕ μ£· ´¨Î¥´¨°: k1 = 0, k2 �= 0 ¨²¨ k1 �= 0, k2 = 0.
�´ ²μ£¨Î´μ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ UB

Λ μ¡·Ò¢μ³ (5.26) ¸ ¶μ³μÐÓÕ Ê¸²μ¢¨° k = 0,
k′ �= 0 ¨²¨ k �= 0, k′ = 0.

‘ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ ¸É·μ£¨Ì ·¥§Ê²ÓÉ Éμ¢ μ ³μ¤¥²¨ Hpair
Λ (5.24)

(¸³., ´ ¶·¨³¥·, [58Ä60] ¨ ¸¸Ò²±¨, ¶·¨¢¥¤ß´´Ò¥ ¢ ´¨Ì). „¢¨¦¨³Ò¥ Ê¸¶¥-
Ìμ³ ¸É·μ£μ£μ  ´ ²¨§  ³μ¤¥²¨ 	Š˜Ä	μ£μ²Õ¡μ¢ , ¢ ¸É ÉÓÖÌ [56Ä58,60]  ¢Éμ·Ò
¨¸¶μ²Ó§μ¢ ²¨ ²¨¡μ ¢ ·¨ Í¨μ´´Ò° ¶·¨´Í¨¶ 	Š˜Ä	μ£μ²Õ¡μ¢ , ²¨¡μ ³¥Éμ¤
 ¶¶·μ±¸¨³¨·ÊÕÐ¥£μ £ ³¨²ÓÉμ´¨ ´ .

‚ ¦´Ò° ¢Ò¢μ¤ ¨§ ¸É·μ£μ£μ  ´ ²¨§  ¸μ¸ÉμÖ² ¢ Éμ³, ÎÉμ ¥¸²¨ Upair N
Λ ¸μ¤¥·-

¦¨É Ê³¥·¥´´μ¥ ¶·¨ÉÖ£¨¢ ÕÐ¥¥ ¢§ ¨³μ¤¥°¸É¢¨¥, Ê· ¢´μ¢¥Ï¥´´μ¥ ¤²Ö Ê¸Éμ°-
Î¨¢μ¸É¨ μÉÉ ²±¨¢ ´¨¥³ ¢ Upair D

Λ , Éμ ³μ¤¥²Ó (5.24) ¤¥³μ´¸É·¨·Ê¥É μ¡ÒÎ´ÊÕ
±μ´¤¥´¸ Í¨Õ ¨ ±μ´¤¥´¸ Í¨Õ ¡μ§μ´´ÒÌ ¶ ·, ±μÉμ·Ò¥ ³μ£ÊÉ ¸μ¸ÊÐ¥¸É¢μ¢ ÉÓ.
‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢ · ¡μÉ¥ [58, · §¤. 3.C], ¡Ò²μ ¤μ± § ´μ, ÎÉμ ¶μ¤£μ´±μ°
¶ · ³¥É·μ¢ ¶·¨ÉÖ¦¥´¨Ö ¨ μÉÉ ²±¨¢ ´¨Ö ³μ¦´μ ¤μ¡¨ÉÓ¸Ö ·¥¦¨³ , ¢ ±μÉμ-
·μ³ ¢μ§³μ¦¥´ Éμ²Ó±μ ¶ ·´Ò° ±μ´¤¥´¸ É, ±μÉμ·Ò°,  ´ ²μ£¨Î´μ ±μ´¤¥´¸ ÉÊ
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¢ ³μ¤¥²¨ ‘�	ƒ, ¶μÖ¢²Ö¥É¸Ö ¸μ ¸± Î±μ³, ± ± Ë §μ¢Ò° ¶¥·¥Ìμ¤ ¶¥·¢μ£μ ·μ¤ .
�ÉμÉ ¸Í¥´ ·¨° ¸¨²Ó´μ μÉ²¨Î ¥É¸Ö μÉ ¶μ¢¥¤¥´¨Ö ±μ´¤¥´¸ Éμ¢ ¢ ‘�	ƒ-³μ¤¥²¨,
¸³. · §¤. 9 ¨ 10, £¤¥ μ¡ÒÎ´ Ö ±μ´¤¥´¸ Í¨Ö ¢¸¥£¤  ¸²¥¤Ê¥É ¶μ¸²¥ ¤¨´ ³¨Î¥¸±μ°
±μ´¤¥´¸ Í¨¨, ¸³. ·¨¸. 4 ¨ 5.

5.5. ’ ±¨³ μ¡· §μ³, ´¥¤¨ £μ´ ²Ó´ Ö Î ¸ÉÓ UΛ £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢ 
¸ ³  ¸μ§¤ ßÉ ÔËË¥±É¨¢´μ¥ ¶·¨ÉÖ¦¥´¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨ ¢ ³μ¤¥ k = 0 ¨
ÔËË¥±É¨¢´μ¥ μÉÉ ²±¨¢ ´¨¥ Î ¸É¨Í ¢´¥ ±μ´¤¥´¸ É  ³μ¤Ò k = 0. ‘²¥¤μ¢ -
É¥²Ó´μ, UΛ ¸¶μ¸μ¡¸É¢Ê¥É ¢μ§´¨±´μ¢¥´¨Õ ´¥¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¨ ¡μ§μ´μ¢
¢ ³μ¤¥ k = 0 ¨§-§  ÔËË¥±É¨¢´μ£μ ¶·¨ÉÖ¦¥´¨Ö ³¥¦¤Ê ´¨³¨. ŒÒ ´ §Ò¢ ¥³ ÔÉμÉ
³¥Ì ´¨§³ ´¥¸É ´¤ ·É´μ° ¤¨´ ³¨Î¥¸±μ° ±μ´¤¥´¸ Í¨¥°, ¢ μÉ²¨Î¨¥ μÉ μ¡ÒÎ´μ°
(¸É ´¤ ·É´μ°) ¡μ§¥-±μ´¤¥´¸ Í¨¨, ±μÉμ· Ö ¶·μ¨¸Ìμ¤¨É ¨§-§  ¶·μ¸Éμ£μ ´ ¸ÒÐ¥-
´¨Ö Î¨¸¥² § ¶μ²´¥´¨Ö ¢ ³μ¤ Ì k �= 0.

—Éμ¡Ò μÍ¥´¨ÉÓ ÔËË¥±É¨¢´μ¥ ¤¢ÊÌÎ ¸É¨Î´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ´Ê²¥¢μ°
³μ¤¥ ‘�	ƒ-³μ¤¥²¨ HB

Λ , ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ ¶μ³¨³μ (5.17) É ±¦¥ ¨ ¶·Ö³μ¥
μÉÉ ²±¨¢ ´¨¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¶μ¸²¥¤´¥³Ê Î²¥´Ê ¢ ¤¨ £μ´ ²Ó´μ° Î ¸É¨ UD

Λ ,
¸³. (5.10). ’ ±¨³ μ¡· §μ³, ³Ò ¤μ²¦´Ò ¤²Ö v(k) � 0 ¨ d = 3 μ¶·¥¤¥²¨ÉÓ §´ ±(

v(0)
2

+ g00

)
=

v(0)
2

− 1
4 (2π)3

∫
R3

d3k
[v(k)]2

εk
. (5.27)

‚ ¸²¥¤ÊÕÐ¨Ì · §¤. 7 ¨ 9 ³Ò ¶μ± §Ò¢ ¥³, ÎÉμ ´¥· ¢¥´¸É¢μ(
v(0)
2

+ g00

)
< 0 (5.28)

Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´Ò³ Ê¸²μ¢¨¥³ ¤²Ö ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¢ ‘�	ƒ-³μ¤¥²¨ ´¥¸É ´-
¤ ·É´μ° ¤¨´ ³¨Î¥¸±μ° ±μ´¤¥´¸ Í¨¨ ¢ ´Ê²¥¢μ° ³μ¤¥, ¸·. [61].

” ±É¨Î¥¸±¨ ¢ · §¤. 7Ä9 ³Ò ¸É·μ£μ ¶μ± ¦¥³, ÎÉμ Ê¸²μ¢¨¥ (5.28) (¨´É¥·-
¶·¥É¨·Ê¥³μ¥ §¤¥¸Ó ± ± ±μ´±Ê·¥´Í¨Ö ³¥¦¤Ê UD

Λ ¨ UΛ) ¤μ¸É ÉμÎ´μ ¨ ´¥μ¡-
Ìμ¤¨³μ ¤²Ö ´¥Ô±¢¨¢ ²¥´É´μ¸É¨ ‘�	ƒ- ¨ ˆ	ƒ-³μ¤¥²¥° ¨ ÎÉμ ¶·¨ Ê¸²μ¢¨¨
(5.28) (¶·¨ · §³¥·´μ¸ÉÖÌ d � 1) ´¥¸É ´¤ ·É´ Ö ±μ´¤¥´¸ Í¨Ö ρB

0 �= 0 ¶·μ¨¸Ìμ-
¤¨É ¤²Ö k = 0 ¢ ‘�	ƒ-³μ¤¥²¨ ¶·¨ μÉ·¨Í É¥²Ó´ÒÌ Ì¨³¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ² Ì
μ ∈ (μ0, 0). �¡· É¨³ ¢´¨³ ´¨¥, ÎÉμ ¥¸²¨

ρB
0 (β, μ) = 0, (5.29)

Éμ gpq = 0 (5.23),   ´¥¤¨ £μ´ ²Ó´ Ö Î ¸ÉÓ UΛ, ¶μÌμ¦¥, ´¥ ¨³¥¥É ¢²¨Ö´¨Ö ´ 
É¥·³μ¤¨´ ³¨±Ê ‘�	ƒ. ” ±É¨Î¥¸±¨ ³Ò ¶μ± ¦¥³, ÎÉμ Ê¸²μ¢¨¥ (5.29) ¢²¥Î¥É
É¥·³μ¤¨´ ³¨Î¥¸±ÊÕ Ô±¢¨¢ ²¥´É´μ¸ÉÓ ³¥¦¤Ê ‘�	ƒ ¨ ˆ	ƒ.

‚ · §¤. 9 ¶μ± § ´μ, ÎÉμ ¢ ¶·¥¤¥²¥ μ → 0 ¤²Ö ¶²μÉ´μ¸É¥° ρ > ρB
c (β) :=

ρB(β, μ = 0) (£¤¥ ρB(β, μ) Å ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¢ ‘�	ƒ) ´ ¡²Õ¤ ¥É¸Ö ¸É ´-
¤ ·É´ Ö (μ¡μ¡Ðß´´ Ö) ¡μ§¥-±μ´¤¥´¸ Í¨Ö. ‘²¥¤μ¢ É¥²Ó´μ, ‘�	ƒ ¤¥³μ´¸É·¨-
·Ê¥É ¤¢  · §²¨Î´ÒÌ É¨¶  ¡μ§¥-±μ´¤¥´¸ Í¨¨:
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Å ¢μ-¶¥·¢ÒÌ, ¶·¨ μ0 < μ < 0, §  ¸ÎßÉ ¶·¨ÉÖ¦¥´¨Ö ³¥¦¤Ê ¡μ§μ´ ³¨
¢ ³μ¤¥ k = 0 (´¥¸É ´¤ ·É´ Ö ¤¨´ ³¨Î¥¸± Ö ±μ´¤¥´¸ Í¨Ö);

Å ¢μ-¢Éμ·ÒÌ, ¶·¨ μ = 0, §  ¸ÎßÉ μ¡ÒÎ´μ£μ ³¥Ì ´¨§³  ´ ¸ÒÐ¥´¨Ö μ¡μ¡-
Ðß´´ Ö ¡μ§¥-±μ´¤¥´¸ Í¨Ö ¶μ ¢ ´ ¤¥· 	¥·£ÊÄ‹ÓÕ¨¸ÊÄ�Ê²¥ [16]. 	μ²¥¥ Éμ£μ,
¢ ÔÉμ³ ·¥¦¨³¥ ¢Ò¸μ±μ° ¶²μÉ´μ¸É¨ ´¥¸É ´¤ ·É´Ò° ±μ´¤¥´¸ É ¨ ¸É ´¤ ·É´Ò°
	�Š ¢ ‘�	ƒ ¸μ¸ÊÐ¥¸É¢ÊÕÉ.

‚¶¥·¢Ò¥ ÔÉμ ¡Ò²μ Ê¸É ´μ¢²¥´μ ¢ · ¡μÉ¥ [25, É¥μ·¥³  4.9], [26, § ³¥Î -
´¨¥ 2.5]. �É¨ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ¢ μ¡§μ·¥ [47].

5.6. ‚ § ±²ÕÎ¥´¨¥ ÔÉμ£μ · §¤¥²  μÉ³¥É¨³, ÎÉμ ´¥¤ ¢´μ ¶·¨ÉÖ¦¥´¨¥ (5.27)
¨ ´¥¸É ´¤ ·É´ Ö ¤¨´ ³¨Î¥¸± Ö ±μ´¤¥´¸ Í¨Ö μ¡¸Ê¦¤ ²¨¸Ó ¢ · ³± Ì  ´§ Í 
μ¡· §μ¢ ´¨Ö ¢ ±μ´¤¥´¸ É¥ ¸¢Ö§ ´´ÒÌ ¶ ·  Éμ³μ¢ £¥²¨Ö [62].

‚μ-¶¥·¢ÒÌ, É ± Ö ¨¤¥Ö ¸¶ ·¨¢ ´¨Ö ¶μ§¢μ²Ö¥É ¨§¡¥¦ ÉÓ · ¸Ìμ¦¤¥´¨Ö ³¥¦-
¤Ê μÍ¥´±μ° g00, ¶μ²ÊÎ¥´´μ° ¸ ¶μ³μÐÓÕ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ [13],
¨ · ¸ÎßÉ ³¨ ´  μ¸´μ¢¥ Ëμ·³Ê²Ò (5.19). �¥·¥´μ·³¨·μ¢ ´´μ¥ (¡² £μ¤ ·Ö ¸¶ -
·¨¢ ´¨Õ) ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¢ (5.20) ¤ ßÉ ¶· ¢¨²Ó´ÊÕ μÍ¥´±Ê ¤²Ö
Ô´¥·£¨¨ ¸¢Ö§¨ (5.27).

‚μ-¢Éμ·ÒÌ, ¸¶ ·¨¢ ´¨¥ ¢Ò§¢ ²μ Ê¢¥²¨Î¥´¨¥ ³ ¸¸Ò ® Éμ³ ¯ £¥²¨Ö ¢¤¢μ¥:
m → 2m, ¢ ¸É·Ê±ÉÊ·´μ³ Ë ±Éμ·¥ ¢ ´ •μ¢ , ÎÉμ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ”μ·³Ê²  ”¥°´³ ´  ¤¥³μ´¸É·¨·Ê¥É μÉ²¨Î´μ¥ ¸μ£² -
¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³Ò³¨ Ô²¥³¥´É ·´Ò³¨ ¢μ§¡Ê¦¤¥´¨Ö³¨ ¡μ£μ-
²Õ¡μ¢¸±μ£μ ¸¶¥±É·  [13]. �É³¥É¨³, ÎÉμ ¶μ¤Ìμ¤ ±¢ ´Éμ¢μ° £¨¤·μ¤¨´ ³¨±¨
‹ ´¤ ÊÄ• ² É´¨±μ¢  ±  ´ ²¨§Ê Ëμ´μ´´μ° Î ¸É¨ ¸¶¥±É·  ¢μ§¡Ê¦¤¥´¨° ¢μ¸Ìμ-
¤¨É ± ¸É ÉÓÖ³ [14,15].

‚-É·¥ÉÓ¨Ì, ¸μ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤¨´ ³¨Î¥¸±μ£μ ±μ´¤¥´¸ É  ¨ μ¡ÒÎ´μ£μ 	�Š
¢ ‘�	ƒ-³μ¤¥²¨ ¶μ¤É¢¥·¦¤ ¥É μ¸´μ¢´μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ · ¡μÉÒ [62] μ Éμ³,
ÎÉμ  Éμ³Ò £¥²¨Ö ÊÎ ¸É¢ÊÕÉ ± ± ¢ μ¤¨´μÎ´μ³  Éμ³- Éμ³´μ³, É ± ¨ ¢ ¶ ·´μ-
¶ ·´μ³ ¤¢¨¦¥´¨¨, É¥³ ¸ ³Ò³ μ¡² ¤ ÕÉ ´¥§ ¢¨¸¨³Ò³¨ ¢·¥³¥´ ³¨ ·¥² ±¸ Í¨¨
¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ¦¨¤±μ£μ £¥²¨Ö.

�μ¤Î¥·±´ß³, ÎÉμ ¤¨´ ³¨Î¥¸±¨° ±μ´¤¥´¸ É ´ ¸ÒÐ ¥É¸Ö ¤μ §´ Î¥´¨Ö
ρB
0 (β, 0) ¶·¨ μ = 0 (¸³. ·¨¸. 4) ¨ ±·¨É¨Î¥¸±μ° ¶μ²´μ° ¶²μÉ´μ¸É¨ Î ¸É¨Í

ρ = ρB
c (β) := ρPBG

c (β) + ρB
0 (β, 0) (¸³. ·¨¸. 5). �μ¸²¥ ÔÉμ£μ ¤ ²Ó´¥°Ï¥¥ Ê¢¥-

²¨Î¥´¨¥ ¶²μÉ´μ¸É¨ Î ¸É¨Í ¶·¨¢μ¤¨É ± ¸É ´¤ ·É´μ³Ê 	�Š: ρ − ρB
c (β) > 0

(¸³. [26, § ³¥Î ´¨¥ 2.5 ¨ ¸²¥¤¸É¢¨¥ 2.6]). ‘²¥¤μ¢ É¥²Ó´μ, ¶·¨ ´Ê²¥¢μ° É¥³-
¶¥· ÉÊ·¥ ¢¸¥ Î ¸É¨ÍÒ ´ Ìμ¤ÖÉ¸Ö ¢ ±μ´¤¥´¸ É¥, ±μÉμ·Ò° ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
¸³¥¸Ó ¤¨´ ³¨Î¥¸±μ£μ ¨ μ¡ÒÎ´μ£μ ±μ´¤¥´¸ Éμ¢, ¶μ¤μ¡´μ ¸Í¥´ ·¨Õ, ¶·¨´ÖÉμ-
³Ê ¢ [62].

ŒÒ ¢¥·´¥³¸Ö ± μ¡¸Ê¦¤¥´¨Õ ÔÉ¨Ì ¸¢μ°¸É¢ ±μ´¤¥´¸ É  ¢ ‘�	ƒ-³μ¤¥²¨
´¨¦¥, ¢ · §¤. 9 ¨ 10.

� ¸±μ²Ó±μ ³´¥ ¨§¢¥¸É´μ, ¶¥·¢ Ö ¶μ¶ÒÉ±  ¶μ´ÖÉÓ ¢μ§³μ¦´ÊÕ ·μ²Ó, ±μÉμ-
·ÊÕ ¨£· ¥É ´¥¸É ´¤ ·É´Ò° ±μ´¤¥´¸ É ¢ ¸¢¥·ÌÉ¥±ÊÎ¥³ 4He, ¢μ¸Ìμ¤¨É ± ¶μ²-
´μ³ ¸ÏÉ ¡´μ³Ê μ¡§μ·Ê [63]. ‚ μÉ²¨Î¨¥ μÉ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì (¸·. ¸ ±Ê¶¥-
·μ¢¸±¨³¨ ¶ · ³¨ ¢ É¥μ·¨¨ ¸¢¥·Ì¶·μ¢μ¤¨³μ¸É¨ 	Š˜Ä	μ£μ²Õ¡μ¢ , ¡μ§μ´´Ò³
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¸¶ ·¨¢ ´¨¥³ ¢ § ³¥Î ´¨¨ 5.1 ¨²¨ ¢ ‘�	ƒ [62])  ¢Éμ·Ò § Ö¢¨²¨ μ ¡μ§μ´´μ³
¸μ²¨Éμ´-¸μ²¨Éμ´´μ³ ¸¶ ·¨¢ ´¨¨ ¢ ‘�	ƒ ¸ ¶μ³μÐÓÕ ³¥§μ¸±μ¶¨Î¥¸±μ£μ μ¶¨-
¸ ´¨Ö ƒ·μ¸¸ Ä�¨É ¥¢¸±μ£μ. �Éμ ³μ¦¥É ¡ÒÉÓ ¨´É¥·¥¸´Ò³ ´ ¶· ¢²¥´¨¥³ ¢ ¶μ-
´¨³ ´¨¨ · §´¨ÍÒ μ¤´μÎ ¸É¨Î´μ£μ ¨ ¶ ·´μ£μ ±μ´¤¥´¸ Éμ¢, ÎÉμ ³μ£²μ ¡Ò ¡ÒÉÓ
¶μ²¥§´Ò³ ¤²Ö  ´ ²¨§  ¡μ§μ´μ¢ ¢ ²μ¢ÊÏ±¥, ´μ ÔÉμ ¢ÒÌμ¤¨É §  · ³±¨ ¤ ´´μ°
¸É ÉÓ¨.

6. ‘‹��� �…ˆ„…�‹œ�›‰ ��‡…-ƒ�‡: ��ˆ‘��ˆ… ����‹…Œ›

6.1. �· £³ É¨Î´Ò° ¶μ¤Ìμ¤ ± μ¶¨¸ ´¨Õ ¸¢μ°¸É¢ ¸¢¥·ÌÉ¥±ÊÎ¨Ì ¦¨¤±μ¸É¥°,
´ ¶·¨³¥· ¶μ²ÊÎ¥´¨Õ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³ÒÌ ¸¶¥±É·μ¢, ¡Ò² ´ Î É
¢ ±² ¸¸¨Î¥¸±¨Ì · ¡μÉ Ì 	μ£μ²Õ¡μ¢  [48, 49], ¢ ±μÉμ·ÒÌ μ´ · ¸¸³ É·¨¢ ² £ -
³¨²ÓÉμ´¨ ´ ¸ ·¥¤ÊÍ¨·μ¢ ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³, μ¶·¥¤¥²ÖÕÐ¨° Éμ, ÎÉμ ¡Ê¤¥É
¶μ§¦¥ ´ §Ò¢ ÉÓ¸Ö £ ³¨²ÓÉμ´¨ ´μ³ 	μ£μ²Õ¡μ¢  ¤²Ö ¸² ¡μ ´¥¨¤¥ ²Ó´μ£μ ¡μ§¥-
£ §  (‘�	ƒ) [47].

� ¸¸³μÉ·¨³ ¸¨¸É¥³Ê ¡μ§μ´μ¢ ³ ¸¸Ò m ¢ ±Ê¡¨Î¥¸±μ³ ÖÐ¨±¥ Λ ⊂ R
3 μ¡Ñ-

¥³  V = L3 ¸ ¶¥·¨μ¤¨Î¥¸±¨³¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ ´  ∂Λ. …¸²¨ μ¡μ§´ Î¨ÉÓ
ϕ (x) ¨´É¥£·¨·Ê¥³Ò° ¤¢ÊÌÎ ¸É¨Î´Ò° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¨

v (q) =
∫
R3

d3xϕ (x) e−iqx, q ∈ R
3, (6.1)

Éμ ¢Éμ·¨Î´μ-±¢ ´Éμ¢ ´´Ò° £ ³¨²ÓÉμ´¨ ´ ÔÉμ° ¸¨¸É¥³Ò, ¤¥°¸É¢ÊÕÐ¨° ¢ ¡μ-
§μ´´μ³ ¶·μ¸É· ´¸É¢¥ ”μ±  FΛ, ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ± ±

HΛ =
∑

k

εka∗
kak +

1
2V

∑
k1,k2,q

v (q) a∗
k1+qa

∗
k2−qak1ak2 , (6.2)

£¤¥ ¢¸¥ ¸Ê³³Ò ¡¥·ÊÉ¸Ö ¶μ ³´μ¦¥¸É¢Ê Λ∗, μ¶·¥¤¥²Ö¥³μ³Ê ± ±

Λ∗ =
{

k ∈ R
3 : α = 1, 2, 3, kα =

2πnα

L
¶·¨ nα = 0,±1,±2, . . .

}
. (6.3)

‡¤¥¸Ó εk = �2k2/2m μ¡μ§´ Î ¥É ±¨´¥É¨Î¥¸±ÊÕ Ô´¥·£¨Õ,   a#
k = {a∗

k, ak}
Ö¢²ÖÕÉ¸Ö μ¡ÒÎ´Ò³¨ μ¶¥· Éμ· ³¨ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¢ μ¤´μÎ ¸É¨Î´ÒÌ
¸μ¸ÉμÖ´¨ÖÌ {ψk(x) = eikx/

√
V }k∈Λ∗,x∈Λ:

a∗
k := a∗(ψk) =

∫
Λ

dxψk(x) a∗(x),

£¤¥ a# (x) Å ¡ §μ¢Ò¥ ¡μ§μ´´Ò¥ μ¶¥· Éμ·Ò ¢ ¶·μ¸É· ´¸É¢¥ ”μ±  ´ ¤ L2
(
R3

)
.

…¸²¨ μ¦¨¤ ÉÓ, ÎÉμ 	�Š, ±μÉμ·Ò° ¨³¥¥É ³¥¸Éμ ¢ ¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥ ¶·¨
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k = 0, ¸μÌ· ´Ö¥É¸Ö ¶·¨ ¸² ¡μ³ ¢§ ¨³μ¤¥°¸É¢¨¨ ϕ (x) Å Éμ, ¶μ 	μ£μ²Õ¡μ¢Ê,
¢ (6.2) ¤μ²¦´Ò ¡ÒÉÓ ´ ¨¡μ²¥¥ ¢ ¦´Ò É¥ Î²¥´Ò, ¢ ±μÉμ·ÒÌ ¨³¥ÕÉ¸Ö ÌμÉÖ
¡Ò ¤¢  μ¶¥· Éμ·  a∗

0, a0. ’ ±¨³ μ¡· §μ³, ³Ò ¶·¨Ìμ¤¨³ ± · ¸¸³μÉ·¥´¨Õ
¸²¥¤ÊÕÐ¥£μ ·¥¤ÊÍ¨·μ¢ ´´μ£μ £ ³¨²ÓÉμ´¨ ´  (£ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  ¤²Ö
‘�	ƒ, ¸³. Ê· ¢´¥´¨¥ (3.81) ¢ [64, Î. 3]:

HB
Λ = TΛ + UD

Λ + UΛ, (6.4)

£¤¥
TΛ =

∑
k∈Λ∗

εka∗
kak, (6.5)

UD
Λ =

v (0)
V

a∗
0a0

∑
k∈Λ∗,k �=0

a∗
kak+

+
1

2V

∑
k∈Λ∗,k �=0

v (k) a∗
0a0

(
a∗

kak + a∗
−ka−k

)
+

v (0)
2V

a∗2

0 a2
0, (6.6)

UΛ =
1

2V

∑
k∈Λ∗,k �=0

v (k) a∗
ka∗

−ka2
0 + a∗2

0 aka−k. (6.7)

HBD
Λ :=

(
TΛ + UD

Λ

)
¶·¥¤¸É ¢²Ö¥É ¤¨ £μ´ ²Ó´ÊÕ Î ¸ÉÓ ¡μ£μ²Õ¡μ¢¸±μ£μ £ -

³¨²ÓÉμ´¨ ´  HB
Λ , ¢ Éμ ¢·¥³Ö ± ± UΛ ¶·¥¤¸É ¢²Ö¥É ´¥¤¨ £μ´ ²Ó´ÊÕ Î ¸ÉÓ.

‡ ³¥Î ´¨¥ 6.1. �¨¦¥ ³Ò ¶μ¤· §Ê³¥¢ ¥³, ÎÉμ ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö
ϕ Ê¤μ¢²¥É¢μ·Ö¥É ¸²¥¤ÊÕÐ¨³ Ê¸²μ¢¨Ö³:

1) ϕ ∈ L1
(
R

3
)

¨ ϕ(x) = ϕ(‖x‖);
2) μÉμ¡· ¦¥´¨¥ k �→ v(k) ∈ R ´¥¶·¥·Ò¢´μ¥ É ±μ¥, ÎÉμ v (0) > 0 ¨

0 � v (k) � v (0) ¶·¨ k ∈ R3.
ˆ§¢¥¸É´μ [47], ÎÉμ ¶·¨ ÔÉ¨Ì (¨, ´  ¸ ³μ³ ¤¥²¥, ¡μ²¥¥ ¸² ¡ÒÌ) Ê¸²μ¢¨ÖÌ

¶ ·´Ò° ¶μÉ¥´Í¨ ² ϕ ¸¢¥·ÌÊ¸Éμ°Î¨¢ ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¸É É¨¸É¨Î¥¸± Ö ¸Ê³³ 
¡μ²ÓÏμ£μ ± ´μ´¨Î¥¸±μ£μ  ´¸ ³¡²Ö, ¸¢Ö§ ´´ Ö ¸ ¶μ²´Ò³ £ ³¨²ÓÉμ´¨ ´μ³ (6.2),

ΞΛ (β, μ) = TrFΛ

(
e−β(HΛ−μNΛ)

)
(6.8)

¨ ¤ ¢²¥´¨¥ ¢ ±μ´¥Î´μ³ μ¡Ñ¥³¥

pΛ [HΛ] := pΛ (β, μ) =
1

βV
ln ΞΛ (β, μ) (6.9)

±μ´¥Î´Ò ¤²Ö ¢¸¥Ì ¤¥°¸É¢¨É¥²Ó´ÒÌ μ ¨ ¢¸¥Ì β > 0.
�¤´ ±μ ÔÉμ ´¥ É ± ¤²Ö £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  (6.4).
�·¥¤²μ¦¥´¨¥ 6.2 [50]. �Ê¸ÉÓ ΞB

Λ (β, μ) Å ¸É É¨¸É¨Î¥¸± Ö ¸Ê³³  ¡μ²Ó-
Ïμ£μ ± ´μ´¨Î¥¸±μ£μ  ´¸ ³¡²Ö, ¸¢Ö§ ´´ Ö ¸ £ ³¨²ÓÉμ´¨ ´μ³ (6.4). ’μ£¤ :
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 ) ¡μ£μ²Õ¡μ¢¸± Ö ³μ¤¥²Ó ‘��ƒ ¸É ¡¨²Ó´  (ΞB
Λ (β, μ) < +∞) ¶·¨ μ � 0

¨ ´¥¸É ¡¨²Ó´  ¶·¨ μ > 0.
¡) ¶·¨ μ � μ∗ = (−1/2)ϕ (0) ¤ ¢²¥´¨¥

pB (β, μ) = lim
Λ

pΛ

[
HB

Λ

]
(6.10)

¸μ¢¶ ¤ ¥É ¸ ¤ ¢²¥´¨¥³ ¢ ¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥ (ˆ�ƒ)

pPBG (β, μ) = lim
Λ

pΛ [TΛ] . (6.11)

‡ ³¥É¨³, ÎÉμ ¤μ± § É¥²Ó¸É¢μ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ (7.6) ¨ (7.10), Éμ£¤ 
± ± ¤μ± § É¥²Ó¸É¢μ ¡) ¸²¥¤Ê¥É ¨§ § ³¥Î ´¨Ö 7.4 ¨ ¸²¥¤¸É¢¨Ö 7.5. 	μ²¥¥ Éμ£μ,
¢ · ¡μÉ¥ [50] ¸Ëμ·³Ê²¨·μ¢ ´  ¸²¥¤ÊÕÐ Ö £¨¶μÉ¥§ .

ƒ¨¶μÉ¥§  6.3. ƒ ³¨²ÓÉμ´¨ ´ �μ£μ²Õ¡μ¢  HB
Λ Ö¢²Ö¥É¸Ö ÉμÎ´μ ·¥Ï ¥-

³Ò³ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ μ´ É¥·³μ¤¨´ ³¨Î¥¸±¨ Ô±¢¨¢ ²¥´É¥´, ¢ ¡μ²ÓÏμ³
± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥, ˆ�ƒ ¤²Ö ¢¸¥Ì Ì¨³¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ μ � 0; ÎÉμ
¢ ÉμÎ´μ¸É¨ μ§´ Î ¥É

pB (β, μ � 0) = pPBG (β, μ � 0) . (6.12)

6.2. ‘²¥¤ÊÕÐ¨¥ · §¤. 7Ä10 ¨³¥ÕÉ ¤¢μÖ±ÊÕ Í¥²Ó:
Å ¢μ-¶¥·¢ÒÌ, ¶μ± § ÉÓ, ÎÉμ Ë §μ¢ Ö ¤¨ £· ³³  ³μ¤¥²¨ 	μ£μ²Õ¡μ¢  (6.4)

Ö¢²Ö¥É¸Ö ´¥ É ±μ° É·¨¢¨ ²Ó´μ°, ± ± ÔÉμ ¶·¥¤¶μ² £ ¥É¸Ö ¢ £¨¶μÉ¥§¥ 6.3;
Å ¢μ-¢Éμ·ÒÌ, ÉμÎ´μ ¢ÒÎ¨¸²¨ÉÓ ¤ ¢²¥´¨¥ pB (β, μ) ¢ μ¡² ¸É¨, ¢ ±μÉμ·μ°

μ´μ ´¥ ¸μ¢¶ ¤ ¥É ¸ pPBG (β, μ).
�¥§Ê²ÓÉ ÉÒ · §¤. 7Ä10 μ·£ ´¨§μ¢ ´Ò É ±: ¢ ¸²¥¤ÊÕÐ¥³ · §¤. 7 ³Ò ¶μ± §Ò-

¢ ¥³, ÎÉμ

pBD (β, μ � 0) = lim
Λ

pΛ

[
HBD

Λ

]
= pPBG (β, μ � 0) , (6.13)

É. ¥. ÎÉμ É¥·³μ¤¨´ ³¨±¨ ¤¨ £μ´ ²Ó´μ° Î ¸É¨ £ ³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  ¨
¨¤¥ ²Ó´μ£μ £ §  ¸μ¢¶ ¤ ÕÉ, ¢±²ÕÎ Ö ¡μ§¥-±μ´¤¥´¸ Í¨Õ, ¨³¥ÕÐÊÕ ³¥¸Éμ ¶·¨
k = 0. �Éμ μ§´ Î ¥É, ¢ Î ¸É´μ¸É¨, ÎÉμ É¥·³μ¤¨´ ³¨Î¥¸± Ö ´¥Ô±¢¨¢ ²¥´É´μ¸ÉÓ
¡μ£μ²Õ¡μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´  ¨ ˆ	ƒ ¶·μ¨¸Ìμ¤¨É ¨§-§  ´¥¤¨ £μ´ ²Ó´ÒÌ Î²¥-
´μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö (6.7). 	μ²¥¥ Éμ£μ, ¢ ÔÉμ³ · §¤¥²¥ ³Ò ¨§ÊÎ ¥³ £¨¶μÉ¥§Ê 6.3.
ŒÒ ¶μ± §Ò¢ ¥³, ÎÉμ ¤²Ö ²Õ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ Ê¸²μ¢¨Ö³
 ) ¨ ¡), ¸ÊÐ¥¸É¢Ê¥É μ¡² ¸ÉÓ Γ ¢ Ë §μ¢μ° ¤¨ £· ³³¥ (¢ μ¡² ¸É¨ ¸É ¡¨²Ó´μ¸É¨
Q =

(
μ � 0, θ = β−1 � 0

)
), ¢ ±μÉμ·μ° ¤¥°¸É¢¨É¥²Ó´μ

pB (β, μ � 0) = pPBG (β, μ � 0) . (6.14)

‡ É¥³ ³Ò ¸Ëμ·³Ê²¨·Ê¥³ ¤μ¸É ÉμÎ´μ¥ Ê¸²μ¢¨¥ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö v (k), μ¡¥¸-
¶¥Î¨¢ ÕÐ¥¥ ¸ÊÐ¥¸É¢μ¢ ´¨¥ μ¡² ¸É¨ D0 ⊂ Q, ¢ ±μÉμ·μ°

pB (β, μ) �= pPBG (β, μ) . (6.15)
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�  ¸ ³μ³ ¤¥²¥ ³Ò ¶μ± ¦¥³, ÎÉμ ÔÉμ Ê¸²μ¢¨¥ Ô±¢¨¢ ²¥´É´μ ÊÉ¢¥·¦¤¥´¨Õ, ÎÉμ
¸¨¸É¥³  HB

Λ ¤¥³μ´¸É·¨·Ê¥É ¢ ÔÉμ° μ¡² ¸É¨ ¡μ§¥-±μ´¤¥´¸ Í¨Õ.
„ ¢²¥´¨¥ ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ (6.10) ¤²Ö ¸¨¸É¥³Ò HB

Λ ¢ μ¡² ¸É¨
D ⊇ D0, μ¶·¥¤¥²Ö¥³μ¥ ± ±

pB (β, μ) �= pPBG (β, μ) , (6.16)

¨§ÊÎ ¥É¸Ö ¢ · §¤. 8. ŒÒ ¶·¨¢μ¤¨³ ÉμÎ´ÊÕ Ëμ·³Ê²Ê ¤²Ö pB (β, μ), ¶μ± §Ò¢ Õ-
ÐÊÕ ¥ß ¸¢Ö§Ó ¸ ±μ´Í¥¶Í¨¥° ¡μ£μ²Õ¡μ¢¸±μ°  ¶¶·μ±¸¨³ Í¨¨ ¶μ É¨¶Ê †¨´¨-
¡·  [67]. Š ± ¸²¥¤¸É¢¨¥, ³Ò ¶·¨Ìμ¤¨³ ± ¢Ò¢μ¤Ê, ÎÉμ D = D0. ‚ · §¤. 9 ³Ò
¨§ÊÎ ¥³ ´ ·ÊÏ¥´¨¥ ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨ ¨ ¶μ¢¥¤¥´¨¥ ¡μ§¥-±μ´¤¥´¸ É ,
É. ¥. Ë §μ¢ÊÕ ¤¨ £· ³³Ê ‘�	ƒ. � §¤. 10 ¶·¥¤´ §´ Î¥´ ¤²Ö μ¡¸Ê¦¤¥´¨Ö ¨ § -
±²ÕÎ¨É¥²Ó´ÒÌ § ³¥Î ´¨°.

7. ‘���‘’�‚‹…�ˆ… ��ƒ�‹
��‚‘Š�ƒ�
‘‹��� �…ˆ„…�‹œ��ƒ� ƒ�‡� ˆ ˆ„…�‹œ��ƒ� ��‡…-ƒ�‡�

7.1. „¨ £μ´ ²Ó´ Ö Î ¸ÉÓ ¡μ£μ²Õ¡μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´ . „¨ £μ´ ²Ó´ Ö
Î ¸ÉÓ ¡μ£μ²Õ¡μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´  HBD

Λ =
(
TΛ + UD

Λ

)
(6.5), (6.6) ³μ¦¥É

¡ÒÉÓ ¶¥·¥¶¨¸ ´  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¶¥· Éμ·μ¢ Î¨¸¥² § ¶μ²´¥´¨Ö ¤²Ö ³μ¤
k ∈ Λ∗, nk = a∗

kak. ’ ±, £ ³¨²ÓÉμ´¨ ´ HBD
Λ (μ) := HBD

Λ − μNΛ ¨³¥¥É ¢¨¤

HBD
Λ (μ) =

∑
k∈Λ∗

(εk − μ) a∗
kak +

v (0)
V

a∗
0a0

∑
k∈Λ∗,k �=0

a∗
kak+

+
1

2V

∑
k∈Λ∗,k �=0

v (k) a∗
0a0

(
a∗

kak + a∗
−ka−k

)
+

v (0)
2V

a∗2

0 a2
0, (7.1)

£¤¥ NΛ =
∑

k∈Λ∗
a∗

kak. …¸²¨ v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ 2), Éμ Éμ£¤  μÎ¥¢¨¤´μ:

HBD
Λ (μ) =

∑
k∈Λ∗

(εk − μ)nk +
v (0)
V

n0NΛ − v (0)
2V

(
n2

0 + n0

)
+

+
1
V

∑
k∈Λ∗,k �=0

v (k)n0nk (7.2)

� TΛ (μ) := TΛ − μNΛ. (7.3)

’¥μ·¥³  7.1. �Ê¸ÉÓ v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ 1) ¨ 2), § ³¥Î ´¨¥ 6.1.
’μ£¤ 

 ) ¤²Ö ²Õ¡ÒÌ μ � 0 ¨ β > 0 ¨³¥¥³

pBD (β, μ) := lim
Λ

pΛ

[
HBD

Λ

]
= pPBG (β, μ) , (7.4)
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¡) ¤²Ö ²Õ¡ÒÌ β > 0 ¨³¥¥³

pBD (β, μ > 0) = +∞.

„μ± § É¥²Ó¸É¢μ.  ) 	² £μ¤ ·Ö ¶·¥¤¸É ¢²¥´¨Õ (7.2) ¨ ´¥· ¢¥´¸É¢Ê (7.3)
³Ò ¶μ²ÊÎ ¥³ ¸É É¨¸É¨Î¥¸±ÊÕ ¸Ê³³Ê

ΞBD
Λ (β, μ) = TrFΛe−βHBD

Λ (μ) � TrFΛe−βTΛ(μ) = ΞPBG
Λ (β, μ) .

‘²¥¤μ¢ É¥²Ó´μ, ¤²Ö ²Õ¡ÒÌ μ < 0

pΛ

[
HBD

Λ

]
� pΛ [TΛ] . (7.5)

‘μ£² ¸´μ (7.2) ³Ò ³μ¦¥³ ¢ÒÎ¨¸²¨ÉÓ TrFΛ ¢ ¡ §¨¸¥ μ¶¥· Éμ·μ¢ Î¨¸¥² § ¶μ²-
´¥´¨Ö:

ΞBD
Λ (β, μ) =

∞∑
n0=0

{
exp

[
−β

(
v (0)

(
n2

0 − n0

)
/2V − μn0

)]
×

×
∏

k∈Λ∗,k �=0

(1 − exp [−β (εk − μ + [v (0) + v (k)]n0/V )])−1

}
,

ÎÉμ ¶·¨¢μ¤¨É ± μÍ¥´±¥

ΞBD
Λ (β, μ) �

∏
k∈Λ∗,k �=0

(
1 − e[−β(εk−μ)]

)−1
.

�μÔÉμ³Ê

pΛ

[
HBD

Λ

]
� p̃PBG

Λ (β, μ) :=
1

βV

∑
k∈Λ∗,k �=0

ln
[(

1 − e[−β(εk−μ)]
)−1

]
. (7.6)

‡ ³¥É¨³, ÎÉμ p̃PBG
Λ (β, μ) ¥¸ÉÓ ¤ ¢²¥´¨¥ ¢ ¨¤¥ ²Ó´μ³ ¡μ§¥-£ §¥ ¸ ¨¸±²ÕÎß´´μ°

³μ¤μ° k = 0 ¨ p̃PBG
Λ (β, μ) < +∞ ¶·¨ μ < inf

k �=0
εk. ‘²¥¤μ¢ É¥²Ó´μ, ¤²Ö ²Õ¡ÒÌ

μ < 0 ¨³¥¥³

lim
Λ

p̃PBG
Λ (β, μ) = lim

Λ
pΛ [TΛ] = pPBG (β, μ) . (7.7)

�μÔÉμ³Ê, ¶¥·¥°¤Ö ± É¥·³μ¤¨´ ³¨Î¥¸±μ³Ê ¶·¥¤¥²Ê ¢ (7.5), (7.6), ¡² £μ¤ ·Ö
(7.7), ³Ò ¶μ²ÊÎ ¥³ (7.4) ¶·¨ μ < 0. ‡ É¥³, ¶¥·¥°¤Ö ± ¶·¥¤¥²Ê μ → −0,
¶μ²ÊÎ ¥³ (7.4) ¶·¨ μ = 0.

“É¢¥·¦¤¥´¨¥ ¡) ¸²¥¤Ê¥É ¶·Ö³μ ¨§ μÍ¥´±¨ (7.6).
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‘²¥¤¸É¢¨¥ 7.2. �μ¸±μ²Ó±Ê ËÊ´±Í¨¨
{
pBD
Λ (β, μ) := pΛ

[
HBD

Λ

]}
Λ⊂Rd ¢Ò-

¶Ê±²Ò¥ ¶·¨ μ � 0 ¨ ¶·¥¤¥²Ó´ Ö ËÊ´±Í¨Ö pPBG (β, μ) ¤¨ËË¥·¥´Í¨·Ê¥³  ¶·¨
μ < 0, ²¥³³  4.1 ¤ ßÉ

lim
Λ

∂μpBD
Λ (β, μ) = ∂μpPBG (β, μ) ,

É. ¥. ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¤²Ö ¸¨¸É¥³Ò (7.1) ¸μ¢¶ ¤ ¥É ¸ ¶²μÉ´μ¸ÉÓÕ ¤²Ö
¨¤¥ ²Ó´μ£μ £ § :

ρBD (β, μ) := lim
Λ

〈
N

V

〉
HBD

Λ

(β, μ) = ∂μpPBG (β, μ) := ρPBG (β, μ) . (7.8)

‡¤¥¸Ó 〈−〉HΛ
(β, μ) ¸μμÉ¢¥É¸É¢Ê¥É ¡μ²ÓÏμ³Ê ± ´μ´¨Î¥¸±μ³Ê ¸μ¸ÉμÖ´¨Õ ƒ¨¡¡-

¸  ¤²Ö £ ³¨²ÓÉμ´¨ ´  HΛ. �¥·¥°¤Ö ¢ · ¢¥´¸É¢¥ (7.8) ± ¶·¥¤¥²Ê μ → −0, ³Ò
μ¡μ¡Ð ¥³ ¥£μ ´  ¸²ÊÎ ¨ μ ∈ (−∞, 0].

�¶¨· Ö¸Ó ´  (7.4) ¨ (7.8), ³Ò ¢¨¤¨³, ÎÉμ ¤¨ £μ´ ²Ó´ Ö Î ¸ÉÓ ¡μ£μ²Õ¡μ¢-
¸±μ£μ £ ³¨²ÓÉμ´¨ ´  HBD

Λ Ö¢²Ö¥É¸Ö É¥·³μ¤¨´ ³¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´μ° TΛ.
	μ§¥-±μ´¤¥´¸ É ¢ ¸¨¸É¥³¥ (7.1) ¨³¥¥É É¥ ¦¥ ¸ ³Ò¥ ¸¢μ°¸É¢ , ÎÉμ ¨ ¢ ˆ	ƒ.
�¨¦¥ ³Ò ¶μ± ¦¥³, ÎÉμ ¨³¥´´μ ´¥¤¨ £μ´ ²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ (6.7) ¶·¨¢μ-
¤¨É ± ¸ÊÐ¥¸É¢¥´´μ° · §´¨Í¥ ³¥¦¤Ê HB

Λ ¨ TΛ.
7.2. �¡² ¸ÉÓ Γ : pB (β, μ) = pPBG (β, μ). �μ¤μ¡´μ ˆ	ƒ, ¡μ£μ²Õ¡μ¢¸±¨°

‘�	ƒ ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ ¶·¨ μ � 0, ¸³. ¶·¥¤²μ¦¥´¨¥ 6.2. �  ¸ ³μ³ ¤¥²¥ ³Ò
¤¥² ¥³ ¡μ²¥¥ ¸¨²Ó´μ¥ ÊÉ¢¥·¦¤¥´¨¥.

‹¥³³  7.3. „²Ö ²Õ¡ÒÌ μ � 0 ¢¥·´μ

pPBG (β, μ) � pB (β, μ) . (7.9)

„μ± § É¥²Ó¸É¢μ. 	² £μ¤ ·Ö ¡μ£μ²Õ¡μ¢¸±μ³Ê ´¥· ¢¥´¸É¢Ê ¢Ò¶Ê±²μ¸É¨
(¸³., ´ ¶·¨³¥·, [46]) ¸¶· ¢¥¤²¨¢Ò ´¥· ¢¥´¸É¢ 

1
V

〈UΛ〉HB
Λ

� pΛ

[
HBD

Λ

]
− pΛ

[
HB

Λ

]
� 1

V
〈UΛ〉HBD

Λ
. (7.10)

�μ¸±μ²Ó±Ê 〈UΛ〉HBD
Λ

= 0, ±μ³¡¨´¨·ÊÖ (7.6), (7.7) ¨ (7.10), ³Ò ¶μ²ÊÎ ¥³ É¥·-
³μ¤¨´ ³¨Î¥¸±¨° ¶·¥¤¥² (7.9).

‡ ³¥Î ´¨¥ 7.4. �Ê¸ÉÓ v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ 1) ¨ 2), § ³¥Î -
´¨¥ 6.1. ’μ£¤ , ¶¥·¥£·Ê¶¶¨·μ¢ ¢ Î²¥´Ò ¢ (6.6) ¨ (6.7), ¶μ²ÊÎ ¥³

HB
Λ = H̃Λ +

1
2V

∑
k∈Λ∗,k �=0

v (k)
(
a∗
0ak + a∗

−ka0

)∗ (
a∗
0ak + a∗

−ka0

)
� H̃Λ,

(7.11)
£¤¥

H̃Λ =
∑

k∈Λ∗,k �=0

(
εk − v (k)

2V
+

v (0)
V

n0

)
nk +

v (0)
2V

n2
0 −

1
2
ϕ (0)n0. (7.12)
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‘²¥¤μ¢ É¥²Ó´μ, ¡² £μ¤ ·Ö ´¥· ¢¥´¸É¢Ê 	μ£μ²Õ¡μ¢ , ¤²Ö ¸μμÉ´μÏ¥-
´¨Ö (7.11) ¨ ¤¨ £μ´ ²Ó´μ° Î ¸É¨ £ ³¨²ÓÉμ´¨ ´  (7.12) ³Ò ¶μ²ÊÎ ¥³ ¢ É¥·-
³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ ¶·¨ μ � 0

pB (β, μ) � lim
Λ

pΛ

[
H̃Λ

]
= sup

ρ0�0
G (β, μ; ρ0) . (7.13)

‡¤¥¸Ó

G (β, μ; ρ0) :=
[
−v (0)

2
ρ2
0 +

(
μ +

1
2
ϕ (0)

)
ρ0 + pPBG (β, μ − v (0) ρ0)

]
.

(7.14)
‘²¥¤¸É¢¢¨¥ 7.5 [50]. …¸²¨ μ � (−1/2)ϕ (0), Éμ£¤  sup

ρ0�0
G (β, μ; ρ0) =

pPBG (β, μ). �μÔÉμ³Ê, ¶μ²Ó§ÊÖ¸Ó ²¥³³μ° 7.3 ¨ ´¥· ¢¥´¸É¢μ³ (7.13), ³Ò ¶μ²Ê-
Î ¥³

pB (β, μ) = pPBG (β, μ) ¤²Ö Γμ∗ =
{

θ � 0, μ � −1
2
ϕ (0) := μ∗

}
. (7.15)

‘²¥¤ÊÕÐ¥¥ ÊÉ¢¥·¦¤¥´¨¥ · ¸Ï¨·Ö¥É μ¡² ¸ÉÓ Γμ∗ .
’¥μ·¥³  7.6. �Ê¸ÉÓ v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³  ) ¨ ¡) ¨ ¶Ê¸ÉÓ

h (z, β) := z +
v (0)
(2π)3

∫
R3

d3k
(
eβ(εk+z) − 1

)−1
(7.16)

¶·¨ d = 3. ’μ£¤  ³Ò ¨³¥¥³

pB (β, μ) = pPBG (β, μ) ¤²Ö (θ, μ) ∈ Γ, (7.17)

£¤¥
Γ =

{
(θ, μ) :

1
2
ϕ (0) � inf

z�−μ
h (z, β)

}
⊂ Q. (7.18)

„μ± § É¥²Ó¸É¢μ. 	² £μ¤ ·Ö ´¥· ¢¥´¸É¢ ³ (7.9) ¨ (7.13),   É ±¦¥ μ¶·¥¤¥-
²¥´¨Õ (7.14) · ¢¥´¸É¢μ (7.17) μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

sup
ρ0�0

G (β, μ; ρ0) = G (β, μ; ρ0 = 0) . (7.19)

…¸²¨ ∂ρ0G (β, μ; ρ0) � 0 ¨²¨, Ô±¢¨¢ ²¥´É´μ, (1/2)ϕ (0) � h (v (0) ρ0 − μ, β)
¶·¨ ρ0 � 0, Éμ ¤μ¸É ÉμÎ´μ¥ Ê¸²μ¢¨¥ (7.18) £ · ´É¨·Ê¥É (7.19) ¨, ¸²¥¤μ¢ -
É¥²Ó´μ, (7.17).

‘²¥¤¸É¢¨¥ 7.7. �μ¸±μ²Ó±Ê h (z, β) Ö¢²Ö¥É¸Ö ¢Ò¶Ê±²μ° ËÊ´±Í¨¥° z � 0 ¨
h (z, β) � z, Éμ ¶μ μ¶·¥¤¥²¥´¨Õ (7.16) ³Ò ¶μ²ÊÎ ¥³

λ (θ) � inf
z�−μ

h (z, β) , (7.20)
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£¤¥
λ (θ) := inf

z�0
h (z, β) . (7.21)

�μÔÉμ³Ê ¨§ ´¥· ¢¥´¸É¢  (7.20) ³Ò ¶μ²ÊÎ ¥³ ¤μ¸É ÉμÎ´μ¥ Ê¸²μ¢¨¥, ´¥ § ¢¨-
¸ÖÐ¥¥ μÉ μ � 0 (¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´ Ö μ¡² ¸ÉÓ):

Γθ∗ =
{

(θ, μ � 0) :
1
2
ϕ (0) � λ (θ)

}
, (7.22)

ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É (7.17).
‡ ³¥Î ´¨¥ 7.8. ‡ ³¥É¨³, ÎÉμ ´¥· ¢¥´¸É¢μ h (z, β) � z ¨ (7.18) ¶·¨

−μ � (1/2)ϕ (0) ¢²¥±ÊÉ (7.15), É. ¥. Γμ∗ ⊂ Γ. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, (7.18) ¶·¨
μ = 0 ¶·¨¢μ¤¨É ± (7.22), É. ¥. Γθ∗ ⊂ Γ.

‡ ³¥Î ´¨¥ 7.9. �μ¸±μ²Ó±Ê ∂v(0)λ (θ) � 0, ³μ¦´μ ¢¸¥£¤  μ¡¥¸¶¥Î¨ÉÓ (7.22)
¤²Ö Ë¨±¸¨·μ¢ ´´μ° É¥³¶¥· ÉÊ·Ò θ ¶ÊÉß³ Ê¢¥²¨Î¥´¨Ö v(0) ¡¥§ ¨§³¥´¥-
´¨Ö ϕ (0).

‡ ³¥Î ´¨¥ 7.10. �É³¥É¨³, ÎÉμ pPBG (β = +∞, μ) = 0 ¨ λ (θ = 0) = 0.
�μÔÉμ³Ê ¶·¨ ´Ê²¥¢μ° É¥³¶¥· ÉÊ·¥ ¤μ¸É ÉμÎ´μ¥ Ê¸²μ¢¨¥ (7.18) ¸¢μ¤¨É¸Ö
± (7.15). �  ¸ ³μ³ ¤¥²¥, ÔÉ  Î ¸ÉÓ Γ ¨§¢¥¸É´  ¨§ ¸É ÉÓ¨ [50]. ’¥μ·¥³  7.6
¶μ± §Ò¢ ¥É, ÎÉμ £¨¶μÉ¥§  6.3, ¸Ëμ·³Ê²¨·μ¢ ´´ Ö ¢ ÔÉμ° · ¡μÉ¥, ³μ¦¥É
¡ÒÉÓ · ¸Ï¨·¥´  ¶μ ±· °´¥° ³¥·¥ ´  μ¡² ¸ÉÓ Γ (7.18).

�¨¦¥ ³Ò ¶μ± §Ò¢ ¥³, ÎÉμ ÔÉ  £¨¶μÉ¥§  ´¥¢¥·´  ¤²Ö ¤μ¶μ²´¥´¨Ö Q\Γ.
7.3. �¡² ¸ÉÓ D : pB (β, μ) �= pPBG (β, μ). �Ê¸ÉÓ H0Λ ⊂ L2 (Λ) μ¡μ-

§´ Î ¥É μ¤´μ³¥·´μ¥ ¶μ¤¶·μ¸É· ´¸É¢μ, ¶μ·μ¦¤ß´´μ¥ ψk=0, ¸³. ¶. 7.1. ’μ£¤ 
FΛ ≈ F0Λ ⊗ F ′

Λ, £¤¥ F0Λ ¨ F ′
Λ Ö¢²ÖÕÉ¸Ö ¡μ§μ´´Ò³¨ ¶·μ¸É· ´¸É¢ ³¨ ”μ± ,

¸±μ´¸É·Ê¨·μ¢ ´´Ò³¨ ¨§ H0Λ ¨ ¥£μ μ·Éμ£μ´ ²Ó´μ£μ ¤μ¶μ²´¥´¨Ö H⊥
0Λ ¸μμÉ-

¢¥É¸É¢¥´´μ. „²Ö ²Õ¡ÒÌ ±μ³¶²¥±¸´ÒÌ c ∈ C ³Ò ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ ¢ F0Λ

±μ£¥·¥´É´Ò° ¢¥±Éμ·

ψ0Λ (c) = e−V |c|2/2
∞∑

k=0

1
k!
(√

V c
)k (a∗

0)
k Ω0, (7.23)

£¤¥ Ω0 μ¡μ§´ Î ¥É ¢ ±ÊÊ³ FΛ. ’μ£¤  a0ψ0Λ (c) = cψ0Λ (c).
�¶·¥¤¥²¥´¨¥ 7.11. �μ£μ²Õ¡μ¢¸± Ö  ¶¶·μ±¸¨³ Í¨Ö £ ³¨²ÓÉμ´¨ ´ 

HΛ (μ) := HΛ − μNΛ ¢ FΛ § ¤ ßÉ¸Ö μ¶¥· Éμ·μ³ HΛ

(
c#, μ

)
, μ¶·¥¤¥²ß´´Ò³

¢ F ′
Λ ¥ß ¶μ²ÊÉμ· ²¨´¥°´μ° Ëμ·³μ°:(

ψ′
1, HΛ

(
c#
)
ψ′

2

)
F ′

Λ
= (ψ0Λ (c) ⊗ ψ′

1, HΛψ0Λ (c) ⊗ ψ′
2)FΛ

(7.24)

¤²Ö ¢¥±Éμ·μ¢ ψ0Λ (c) ⊗ ψ′
1,2, ²¥¦ Ð¨Ì ¢ μ¡² ¸É¨ Ëμ·³Ò HΛ (μ), £¤¥

c# = (c, c).
�É  Ëμ·³Ê²¨·μ¢±  ¡μ£μ²Õ¡μ¢¸±μ°  ¶¶·μ±¸¨³ Í¨¨ [25,47] ¶·¥¤μ¸É ¢²Ö¥É

μÍ¥´±Ê ´  ¤ ¢²¥´¨¥ pΛ

[
HB

Λ

]
¸´¨§Ê, ÎÉμ ¶μ§¢μ²Ö¥É ÊÉμÎ´¨ÉÓ ´¥· ¢¥´¸É¢μ (7.9).
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�·¥¤²μ¦¥´¨¥ 7.12 [50]. „²Ö ²Õ¡ÒÌ (θ, μ) ∈ Q ¢¥·´μ

sup
c∈C

p̃B
Λ

(
β, μ; c#

)
� pΛ

[
HB

Λ

]
, (7.25)

£¤¥

p̃B
Λ

(
β, μ; c#

)
:=

1
βV

ln TrF ′
Λ

e−βHB
Λ (c#,μ). (7.26)

‡ ³¥Î ´¨¥ 7.13. �μ μ¶·¥¤¥²¥´¨Õ (7.11) ³Ò ¨³¥¥³ ¨§ · ¢¥´¸É¢ (6.4)Ä(6.7),
ÎÉμ

HB
Λ

(
c#, μ

)
=

∑
k∈Λ∗,k �=0

[
εk − μ + v (0) |c|2

]
a∗

kak +

+
1
2

∑
k∈Λ∗,k �=0

v (k) |c|2
[
a∗

kak + a∗
−ka−k

]
+

+
1
2

∑
k∈Λ∗,k �=0

v (k)
[
c2a∗

ka∗
−k + c2aka−k

]
−

−μ |c|2 V +
1
2
v (0) |c|4 V. (7.27)

�μÔÉμ³Ê ¶μ¸²¥ ¤¨ £μ´ ²¨§ Í¨¨ ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ (7.26) ¢ Ö¢´μ³ ¢¨¤¥:

p̃B
Λ

(
β, μ; c#

)
= ξΛ (β, μ; x) + ηΛ (μ; x) ,

ξΛ (β, μ; x) =
1

βV

∑
k∈Λ∗,k �=0

ln
(
1 − e−βEk

)−1
,

ηΛ (μ; x) = − 1
2V

∑
k∈Λ∗,k �=0

(Ek − fk) + μx − 1
2
v (0)x2,

(7.28)

£¤¥ Ek ¨ fk Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ x = |c|2 � 0 ¨ μ � 0:

fk = εk − μ + x [v (0) + v (k)] ,

hk = xv (k) , Ek =
√

f2
k − h2

k.
(7.29)

’¥¶¥·Ó ¸É· É¥£¨Ö μ¶·¥¤¥²¥´¨Ö μ¡² ¸É¨ D ¸É ´μ¢¨É¸Ö ¶μ´ÖÉ´μ°: ¡² £μ-
¤ ·Ö (7.9) ¨ (7.25) ´¥μ¡Ìμ¤¨³μ · ¸¸³μÉ·¥ÉÓ ³´μ¦¥¸É¢μ  ·£Ê³¥´Éμ¢ (θ, μ) ∈ Q
É ±μ¥, ÎÉμ

pPBG
(
β, μ

)
< lim

Λ

[
sup
c∈C

p̃B
Λ

(
β, μ; c#

)]
. (7.30)

�·¥¤²μ¦¥´¨¥ 7.14 [50]. �Ê¸ÉÓ v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ 1), 2) ¨

v(0) � 1
2 (2π)3

∫
R3

d3k
[v(k)]2

εk
. (7.31)
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’μ£¤ , ¸·. (7.6),

sup
c∈C

p̃B
Λ

(
β, μ; c#

)
= p̃B

Λ (β, μ; 0) = p̃PBG
Λ (β, μ) .

�μÔÉμ³Ê ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ (¸³. (7.7)) ³Ò ¶μ²ÊÎ ¥³

lim
Λ

[
sup
c∈C

p̃B
Λ

(
β, μ; c#

)]
= pPBG (β, μ) . (7.32)

‹¥³³  7.15. �Ê¸ÉÓ v (k) Ê¤μ¢²¥É¢μ·Ö¥É 1), 2) ¨

3): v(0) <
1

2 (2π)3

∫
R3

d3k
[v(k)]2

εk
. (7.33)

’μ£¤  ¸ÊÐ¥¸É¢Ê¥É §´ Î¥´¨¥ μ0 < 0 É ±μ¥, ÎÉμ

lim
Λ

(
sup
x�0

ηΛ (μ; x)
)

= η (μ; x (μ) > 0) > 0 ¤²Ö μ ∈ (μ0, 0) . (7.34)

„μ± § É¥²Ó¸É¢μ. 	² £μ¤ ·Ö Ö¢´Ò³ Ëμ·³Ê² ³ (7.28) ¨ (7.29), ³Ò ²¥£±μ
¶μ²ÊÎ ¥³, ÎÉμ ¶·¨ μ � 0:

 ) ηΛ (μ; x = 0) = 0 ¨ ηΛ (μ; x) � const − v (0)x2/2;
¡) ∂xηΛ (μ; x = 0) = μ ¨

∂2
xηΛ (μ; x = 0) =

1
2V

∑
k∈Λ∗,k �=0

[v(k)]2

(εk − μ)
− v (0).

’ ± ± ±

lim
Λ

1
2V

∑
k∈Λ∗,k �=0

[v(k)]2

(εk − μ)
=

1
2 (2π)3

∫
R3

d3k
[v(k)]2

(εk − μ)
,

Ê¸²μ¢¨¥ (7.33) μ¡¥¸¶¥Î¨¢ ¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥ μ̃0 < 0 É ±μ£μ, ÎÉμ

lim
Λ

∂2
xηΛ (μ > μ̃0; x = 0) > 0.

	² £μ¤ ·Ö  ), ¡) ¨ lim
Λ

∂xηΛ (μ = 0; x = 0) = 0 ÔÉμ μ§´ Î ¥É, ÎÉμ

lim
Λ

(
sup
x�0

ηΛ (μ = 0; x)
)

= η (μ = 0; x (μ = 0) > 0) > 0. (7.35)

�μÔÉμ³Ê ¨§ ´¥¶·¥·Ò¢´μ¸É¨ (7.35) ´  ¨´É¥·¢ ²¥ (μ̃0, 0] ¸²¥¤Ê¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥
μ0: μ̃0 � μ0 < 0 É ±μ£μ, ÎÉμ ¢¥·´μ (7.34).
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’¥μ·¥³  7.16. �Ê¸ÉÓ v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ 1), 2) ¨ 3). ’μ£¤ 
¤²Ö ²Õ¡μ£μ μ ∈ (μ0, 0] ¸ÊÐ¥¸É¢Ê¥É θ0 (μ) > 0 É ±μ¥, ÎÉμ ¢¥·´μ (¸³. ·¨¸. 4):

pPBG (β, μ) < pB (β, μ) , ¢ D0 = {(θ, μ) : μ0 < μ � 0, 0 � θ < θ0 (μ)} ,
(7.36)

£¤¥ μ0 μ¶·¥¤¥²¥´μ ¢ ²¥³³¥ 7.15, ¨ μ¡² ¸ÉÓ D0 ´  ¸ ³μ³ ¤¥²¥ ¸μ¢¶ ¤ ¥É ¸

D0 :=
{

(θ, μ) : lim
Λ

sup
c∈C

p̃B
Λ

(
β, μ; c#

)
> pPBG (β, μ)

}
.

„μ± § É¥²Ó¸É¢μ. ‘´ Î ²  ³Ò § ³¥É¨³, ÎÉμ ¸μ£² ¸´μ (7.28), (7.29) ¢¥·´Ò
· ¢¥´¸É¢  ξΛ (β, μ; x = 0) = p̃PBG

Λ (β, μ) ¨

1)∂xξΛ (β, μ; x) � 0 ¨ lim
x→+∞

ξΛ (β, μ; x) = 0 ¤²Ö ²Õ¡ÒÌ Λ;

2)∂θξΛ (β, μ; x) � 0 ¨ lim
θ→0

ξΛ (β, μ; x) = 0 ¤²Ö ²Õ¡ÒÌ Λ.
(7.37)

‘²¥¤ÊÕÐ¥¥: ¶μ ²¥³³¥ 7.3 ¶·¨ μ = μ0 < 0 ³Ò ¨³¥¥³

lim
Λ

(
sup
x�0

ηΛ (μ0; x)
)

= η (μ0; 0) = η (μ0; x (μ0) > 0) = 0. (7.38)

‘²¥¤μ¢ É¥²Ó´μ, ¸μ£² ¸´μ (7.37) ¨ (7.38):

3) θ > 0 : lim
Λ

[
sup
c∈C

p̃B
Λ

(
β, μ0; c#

)]
= sup

x�0

[
ξ
(
β, μ0; x

)
+ η (μ0; x)

]
=

= p̃B
(
β, μ0; c# = 0

)
= pPBG (β, μ) , (7.39)

¨§ ´¥· ¢¥´¸É¢ (7.37), 2) ¨ (7.38) ¶μ²ÊÎ ¥³

4) θ = 0 : lim
Λ

[
sup
c∈C

p̃B
Λ

(
β = ∞, μ0; c#

)]
= p̃B

(
β = ∞, μ0; c# = 0

)
=

= p̃B
(
β = ∞, μ0; c#

)
||c|2=x(μ0)>0 = 0.

ˆ§ ¸μμÉ´μÏ¥´¨° (7.28), (7.37) ¨ ²¥³³Ò 7.15 ¸²¥¤Ê¥É, ÎÉμ ¶·¨ μ0 < μ � 0

lim
Λ

[
sup
c∈C

p̃B
Λ

(
β, μ > μ0; c#

)]
� η (μ > μ0; x (μ) > 0) > 0. (7.40)

’ ± ± ± ¸μ£² ¸´μ ´¥· ¢¥´¸É¢Ê (7.37), 2) ¤ ¢²¥´¨¥ pPBG (β, μ � 0) ³μ´μÉμ´´μ
Ê¡Ò¢ ¥É ¶·¨ θ ↘ 0, ¸ÊÐ¥¸É¢Ê¥É É¥³¶¥· ÉÊ·  θ0 (μ) É ± Ö, ÎÉμ ¶·¨ θ <
θ0 (μ > μ0) ¨§ ´¥· ¢¥´¸É¢ (7.40) ³Ò ¶μ²ÊÎ ¥³

pPBG (β > β0 (μ) , μ > μ0) < η (μ > μ0; x (μ) > 0) <

< lim
Λ

[
sup
c∈C

p̃B
Λ

(
β > β0 (μ) , μ > μ0; c#

)]
. (7.41)

’μ£¤  ´¥· ¢¥´¸É¢  (7.25) ¨ (7.41) ¤ ÕÉ (7.36) ¶·¨ (θ, μ) ∈ D0.
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‘²¥¤¸É¢¨¥ 7.17. �Ê¸ÉÓ

D :=
{
(θ, μ) : pB (β, μ) > pPBG (β, μ)

}
. (7.42)

’μ£¤ , ¡² £μ¤ ·Ö ÊÉ¢¥·¦¤¥´¨Ö³ (7.25) ¨ (7.36), μÎ¥¢¨¤´Ò³ μ¡· §μ³ ¶μ²Ê-
Î ¥É¸Ö

D ⊇ D0 = {(θ, μ) : μ0 < μ � 0, 0 � θ < θ0 (μ)} .

‡¤¥¸Ó μ0 < 0 μ¶·¥¤¥²¥´μ ¢ ²¥³³¥ 7.15 ¨ θ0 (μ) ¢ É¥μ·¥³¥ 7.16.
‡ ³¥Î ´¨¥ 7.18. “¸²μ¢¨¥ (7.33) Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´Ò³ ¤²Ö £ · ´É¨·μ¢ -

´¨Ö Éμ£μ, ÎÉμ μ0 < 0, É. ¥. D ⊇ D0 �= {∅}. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶·μÉ¨¢μ¶μ²μ¦-
´μ¥ Ê¸²μ¢¨¥ (7.31) ¢²¥Î¥É Éμ²Ó±μ É·¨¢¨ ²Ó´μ¸ÉÓ (7.32) ´¨¦´¥° £· ´¨ (7.25)
¤²Ö ¤ ¢²¥´¨Ö pB (β, μ), ´μ ´¥ D = {∅}, ¸³. ²¥³³Ê 7.3.

�μÔÉμ³Ê ¢ ¤ ´´Ò° ³μ³¥´É ³Ò ´¥ §´ ¥³, Ö¢²Ö¥É¸Ö ²¨ Ê¸²μ¢¨¥ 3) ¢ (7.33)
´¥μ¡Ìμ¤¨³Ò³ ¤²Ö Éμ£μ, ÎÉμ¡Ò D �= {∅}. ŒÒ μÉ±² ¤Ò¢ ¥³ · ¸¸³μÉ·¥´¨¥ ÔÉμ£μ
¢μ¶·μ¸  ¤μ · §¤. 3. ‡¤¥¸Ó ¦¥ ³Ò μ¡¸Ê¦¤ ¥³ ¸¢Ö§Ó Ê¸²μ¢¨° (7.31), (7.33), ¢ÒÉ¥-
± ÕÐ¨Ì ¨§ μÉ´μ¸¨É¥²Ó´μ μ£· ´¨Î¥´´μ£μ  ´ ²¨§  ¢Ò¶Ê±²μ¸É¨ ¨ ³μ´μÉμ´´μ¸É¨
p̃B
Λ

(
β, μ; c#

)
¢ μ±·¥¸É´μ¸É¨ x = 0, ¨ Ê¸²μ¢¨Ö (7.15), μ¶·¥¤¥²ÖÕÐ¥£μ É·¨¢¨-

 ²Ó´μ¸ÉÓ ¢¥·Ì´¥° £· ´¨ÍÒ (7.13) ¶·¨ pB (β, μ) ¤²Ö ¢¸¥Ì É¥³¶¥· ÉÊ·.
‡ ³¥Î ´¨¥ 7.19. �Ê¸ÉÓ v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ 1), 2) ¨ 3). ’μ£¤ 

¸ÊÐ¥¸É¢Ê¥É μ̃0 < 0 É ±μ¥, ÎÉμ ¶·¨ μ � μ̃0 ¢¥·´μ

v (0) � 1
2 (2π)3

∫
R3

[v (k)]2

(εk − μ)
d3k, (7.43)

¨, ± ± ¸²¥¤¸É¢¨¥, ∂2
xη (μ � μ̃0; x = 0) � 0, ¸³. ²¥³³Ê 7.15. �¥· ¢¥´¸É¢μ (7.43)

³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥∫
R3

d3k

(2π)3
v (k)

{
v (k)

2 (εk − μ)
− v (0)

ϕ (0)

}
� 0. (7.44)

�μ¸±μ²Ó±Ê, ¡² £μ¤ ·Ö É·¥¡μ¢ ´¨Ö³ 2) ¨ μ � 0:

v (k)
2 (εk − μ)

� v (0)
(−2μ)

,

Ê¸²μ¢¨¥ μ < (−1/2)ϕ (0) := μ∗ (7.15) ¢²¥Î¥É (7.44), É. ¥. μ∗ � μ̃0. �μÔÉμ³Ê
²μ± ²Ó´μ¥ Ê¸²μ¢¨¥ ¢Ò¶Ê±²μ¸É¨ (7.43) ´¥· §·Ò¢´μ ¸¢Ö§ ´μ ¸ Ê¸²μ¢¨¥³, μ¡¥¸-
¶¥Î¨¢ ÕÐ¨³ pB (β, μ) = pPBG (β, μ). ‚ Î ¸É´μ¸É¨, ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ,
ÎÉμ ¶·¨ Ê¸²μ¢¨¨ (7.31) ´¥· ¢¥´¸É¢μ (7.43) ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö ²Õ¡ÒÌ μ < 0.
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ŒÒ § ¢¥·Ï ¥³ ÔÉμÉ · §¤¥² ´μ¢μ° ¶·μ¸Éμ° ¨ ¢ ¦´μ° ¤²Ö ¤ ²Ó´¥°Ï¥£μ
¨§²μ¦¥´¨Ö Ì · ±É¥·¨¸É¨±μ° μ¡² ¸É¨ D (¸·. (7.42)).

’¥μ·¥³  7.20. �Ê¸ÉÓ

ρB
0 (β, μ) := lim

Λ

〈
a∗
0a0

V

〉
HB

Λ

(β, μ) (7.45)

μ¡μ§´ Î ¥É ¶²μÉ´μ¸ÉÓ ¡μ§¥-±μ´¤¥´¸ É  ¤²Ö ¡μ£μ²Õ¡μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ -
´  (6.4). ’μ£¤ 

D =
{
(θ, μ) ∈ Q : ρB

0 (β, μ) > 0
}

. (7.46)

„μ± § É¥²Ó¸É¢μ. �μ²μ¦¨³

ĤB
Λ := HB

Λ +
1
2
ϕ (0) a∗

0a0. (7.47)

’μ£¤  ¸μ£² ¸´μ § ³¥Î ´¨Õ 7.4 ³Ò ¶μ²ÊÎ ¥³

lim
Λ

pΛ

[
ĤB

Λ

]
� sup

ρ0�0

{
G (ρ0, μ) − 1

2
ϕ (0)ρ0

}
= pPBG (β, μ) . (7.48)

	² £μ¤ ·Ö ´¥· ¢¥´¸É¢Ê 	μ£μ²Õ¡μ¢  ¤²Ö HB
Λ ¨ ĤB

Λ ¨³¥¥³

pΛ

[
HB

Λ

]
− ϕ (0)

2

〈
a∗
0a0

V

〉
HB

Λ

� pΛ

[
ĤB

Λ

]
. (7.49)

’¥¶¥·Ó, ¨¸¶μ²Ó§ÊÖ (7.9), (7.48) ¨ (7.49), ³Ò ¶μ²ÊÎ ¥³ ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³
¶·¥¤¥²¥

pPBG (β, μ) − ϕ (0)
2

ρB
0 (β, μ) � pB (β, μ) − ϕ (0)

2
ρB
0 (β, μ) � pPBG (β, μ) .

�μÔÉμ³Ê pB (β, μ) = pPBG (β, μ) Éμ£¤  ¨ Éμ²Ó±μ Éμ£¤ , ±μ£¤  ρB
0 (β, μ) = 0,

ÎÉμ ¤ ßÉ (7.46).
‡ ³¥Î ´¨¥ 7.21. ‘ ³ Ë ±É, ÎÉμ pB (β, μ) �= pPBG (β, μ) Éμ²Ó±μ ¶·¨

ρB
0 (β, μ) �= 0, μÎ¥´Ó ¶μÌμ¦ ´  Éμ, ÎÉμ ¨§¢¥¸É´μ ¥Ðß ¸μ ¢·¥³ß´ ¡μ£μ²Õ¡μ¢-

¸±μ° ³μ¤¥²¨ ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ [47], ¶. 1.2. ‘ÊÐ¥¸É¢¥´´ Ö · §´¨Í  ¸μ¸Éμ¨É
¢ Éμ³, ÎÉμ ¢ ¡μ£μ²Õ¡μ¢¸±μ° ³μ¤¥²¨ ¡¥¸Ð¥²¥¢μ° ¸¶¥±É· ¨³¥¥É ³¥¸Éμ ¶·¨
¶μ²μ¦¨É¥²Ó´μ³ Ì¨³¨Î¥¸±μ³ ¶μÉ¥´Í¨ ²¥ μ = v (0)ρ, ¶·¨ ±μÉμ·μ³ ¸¨¸É¥³ ,
¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¡μ£μ²Õ¡μ¢¸±μ³Ê £ ³¨²ÓÉμ´¨ ´Ê ¤²Ö ‘��ƒ, Ö¢²Ö¥É¸Ö ´¥-
Ê¸Éμ°Î¨¢μ°. „ ²Ó´¥°Ï¨¥ μ¡¸Ê¦¤¥´¨Ö ¸³. ¢ · ¡μÉ Ì [47, 65, 66] ¨ · §¤. 10.
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8. ’�—��‘’œ ��ƒ�‹
��‚‘Š�‰ �����Š‘ˆŒ�–ˆˆ

�μ¸±μ²Ó±Ê pB (β, μ) �= pPBG (β, μ) Éμ²Ó±μ ¢ μ¡² ¸É¨ D, ¢ ±μÉμ·μ° ¡μ§¥-
±μ´¤¥´¸ É ρB

0 (β, μ) > 0, Í¥²Ó ´ ¸ÉμÖÐ¥£μ · §¤¥²  ¸μ¸Éμ¨É ¢ ¢ÒÎ¨¸²¥´¨¨
pB (β, μ) ¢ ÔÉμ° μ¡² ¸É¨. �¨¦¥ ³Ò ¶μ± ¦¥³, ÎÉμ

pB (β, μ) = lim
Λ

[
sup
c∈C

p̃B
Λ

(
β, μ; c#

)]
= sup

c∈C

p̃B
(
β, μ; c#

)
(8.1)

¨ ÎÉμ ´  ¸ ³μ³ ¤¥²¥ (¸·. (7.36), (7.42)) ¢¥·´μ

D = D0. (8.2)

�μ ÔÉμ° ¶·¨Î¨´¥ Ê¸²μ¢¨¥ 3) (7.33) Å ´¥μ¡Ìμ¤¨³μ ¤²Ö D �= {∅}, ¸·. ¸ § ³¥Î -
´¨¥³ 7.18. �μ μ¶·¥¤¥²¥´¨Õ p̃B

(
β, μ; c#

)
, ¸³. (7.25)Ä(7.28), ÊÉ¢¥·¦¤¥´¨¥ (8.1)

μ§´ Î ¥É, ÎÉμ ¡μ£μ²Õ¡μ¢¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ‘�	ƒ Ö¢²Ö¥É¸Ö ÉμÎ´Ò³. ’ ±
± ± p̃B

Λ

(
β, μ; c#

)
Ö¢´μ ¨§¢¥¸É´μ, ÊÉ¢¥·¦¤¥´¨¥ (8.1) ¤ ßÉ ÉμÎ´μ¥ ·¥Ï¥´¨¥ ÔÉμ°

³μ¤¥²¨ ´  Ê·μ¢´¥ É¥·³μ¤¨´ ³¨±¨.
‘μ£² ¸´μ ·¥§Ê²ÓÉ É ³ · §¤. 7 ¨³¥´´μ ´¥¤¨ £μ´ ²Ó´ Ö Î ¸ÉÓ UΛ (6.7) £ -

³¨²ÓÉμ´¨ ´  	μ£μ²Õ¡μ¢  (6.4) ¶·¨¢μ¤¨É ± pB (β, μ) �= pPBG (β, μ) ¢ μ¡² ¸É¨
D �= {∅} ¤²Ö (7.33). ’ ± ± ± ¶·¨ Ê¸²μ¢¨¨ 3) (7.33) ¨§¢¥¸É´μ, ÎÉμ ¢§ ¨-
³μ¤¥°¸É¢¨¥ UΛ ÔËË¥±É¨¢´μ Ö¢²Ö¥É¸Ö ¶·¨ÉÖ£¨¢ ÕÐ¨³ (5.28), ÎÉμ¡Ò ¤μ± § ÉÓ
· ¢¥´¸É¢μ (8.1), ³Ò ¨¸¶μ²Ó§Ê¥³ ³¥Éμ¤  ¶¶·μ±¸¨³¨·ÊÕÐ¥£μ £ ³¨²ÓÉμ´¨ ´ ,
¨§´ Î ²Ó´μ ¨§μ¡·¥Éß´´μ£μ ¤²Ö ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³ ¸ ¶·¨ÉÖ£¨¢ ÕÐ¨³¨ ¢§ ¨³μ-
¤¥°¸É¢¨Ö³¨ (¸³., ´ ¶·¨³¥·, [46]).

‡ ³¥Î ´¨¥ 8.1. �ÉμÉ ³¥Éμ¤ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ †¨´¨¡·μ³ [67] ¤²Ö ¤μ-
± § É¥²Ó¸É¢  ÉμÎ´μ¸É¨ ¶·¨¡²¨¦¥´¨Ö �μ£μ²Õ¡μ¢  ¤²Ö ´¥¨¤¥ ²Ó´μ£μ ¡μ§¥-
£ §  (6.2) ¸μ ¸¢¥·ÌÊ¸Éμ°Î¨¢Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³, ÎÉμ ¨³¥¥É ³¥¸Éμ, ¥¸²¨
v (q) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ 2). �¤´ ±μ ¶μ¸²¥ ·¥¤Ê±Í¨¨ (6.2) £ ³¨²ÓÉμ´¨ ´
HB

Λ (6.4) ¡μ²ÓÏ¥ ´¥ Ö¢²Ö¥É¸Ö ¸¢¥·ÌÊ¸Éμ°Î¨¢Ò³. ‘¨¸É¥³  (6.4) ´¥Ê¸Éμ°Î¨¢ 
¶·¨ μ > 0, ¶·¥¤²μ¦¥´¨¥ 6.2. �¨¦¥ ³Ò ¸²¥¤Ê¥³ ³¥Éμ¤Ê  ¶¶·μ±¸¨³¨·ÊÕÐ¥£μ
£ ³¨²ÓÉμ´¨ ´  ¶μ †¨´¨¡·Ê, ¶·¨¸¶μ¸μ¡²¥´´μ³Ê ± ‘��ƒ-³μ¤¥²¨.

�μ¸±μ²Ó±Ê ¢ ¶·¨¡²¨¦ ÕÐ¥³ £ ³¨²ÓÉμ´¨ ´¥ HB
Λ

(
c#, μ

)
(7.27) ± ²¨¡·μ-

¢μÎ´ Ö ¸¨³³¥É·¨Ö ´ ·ÊÏ¥´ , ³Ò ¢¢μ¤¨³

HB
Λ

(
ν#

)
= HB

Λ −
√

V (νa0 + νa∗
0) ,

(8.3)
HB

Λ

(
μ, ν#

)
= HB

Λ

(
ν#

)
− μNΛ

¸ ¨¸ÉμÎ´¨± ³¨ ν ∈ C, ´ ·ÊÏ ÕÐ¨³¨ ¸¨³³¥É·¨Õ HB
Λ , §¤¥¸Ó ν# = (ν, ν).

’μ£¤ , ¸μ£² ¸´μ ¶·¥¤²μ¦¥´¨Õ 7.12 ¨ ¡μ£μ²Õ¡μ¢¸±μ³Ê ´¥· ¢¥´¸É¢Ê ¤²Ö £ -
³¨²ÓÉμ´¨ ´μ¢ HB

Λ

(
μ, ν#

)
¨ HB

Λ

(
c#, μ, ν#

)
, ¶μ²ÊÎ ¥³

0 � ΔΛ

(
β, μ; c#, ν#

)
:= pΛ

[
HB

Λ

(
ν#

)]
− p̃B

Λ

(
β, μ; c#, ν#

)
�

� 1
V

〈
HB

Λ

(
c#, μ, ν#

)
− HB

Λ

(
μ, ν#

)〉
HB

Λ (ν#)
. (8.4)
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�Ê¸ÉÓ A := a0 −
√

V c, A∗ := a∗
0 −

√
V c. ’μ£¤  · §²μ¦¥´¨¥ ’¥°²μ·  μ±μ²μ a#

0

¤ ßÉ

HB
Λ

(
c#, μ, ν#

)
− HB

Λ

(
μ, ν#

)
= −A∗[a0, H

B
Λ

(
μ, ν#

)]
+ h. c. +

+
1
2
A∗2[

a0,
[
a0, H

B
Λ

(
μ, ν#

)]]
+ h. c. + A∗[a0,

[
HB

Λ

(
μ, ν#

)
, a∗

0

]]
A −

−1
2
A∗2[

a0,
[
a0,

[
HB

Λ

(
μ, ν#

)
, a∗

0

]]]
A + h. c. +

+
1
4
A∗2[

a0,
[
a0,

[[
HB

Λ

(
μ, ν#

)
, a∗

0

]
, a∗

0

]]]
A2. (8.5)

‡ ³¥Î ´¨¥ 8.2. Ÿ¢´Ò¥ μÍ¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ Î²¥´Ò É·¥ÉÓ¥£μ ¨ Î¥-
É¢¥·Éμ£μ ¶μ·Ö¤±μ¢ ¢ (8.5) μ£· ´¨Î¥´Ò ¸¢¥·ÌÊ:

−v (0)√
V

(cA∗AA + cA∗A∗A) − v (0)
2V

A∗2
A2 = 2v (0) |c|2 A∗A −

−v (0)
2V

(
A2 + 2

√
V cA

)∗(
A2 + 2

√
V cA

)
� 2v (0) |c|2 A∗A. (8.6)

‡ ³¥Î ´¨¥ 8.3. �μ¸²¥ Ô²¥³¥´É ·´ÒÌ ¶·¥μ¡· §μ¢ ´¨° Î²¥´Ò ¶¥·¢μ£μ ¨
¢Éμ·μ£μ ¶μ·Ö¤±μ¢ ¢ (8.5) ³μ£ÊÉ ¡ÒÉÓ ¸±μ³¡¨´¨·μ¢ ´Ò:

−1
2
[
A∗A,

[
HB

Λ

(
μ, ν#

)
, A∗A

]]
+ 2A∗[A,

[
HB

Λ

(
μ, ν#

)
, A∗]]A −

−3
2
A∗[A, HB

Λ

(
μ, ν#

)]
− 3

2
[
HB

Λ

(
μ, ν#

)
, A∗]A. (8.7)

‹¥³³  8.4. ˆ³¥¥É ³¥¸Éμ ¸²¥¤ÊÕÐ¥¥ ´¥· ¢¥´¸É¢μ:〈[
A∗A,

[
HB

Λ

(
μ, ν#

)
, A∗A

]]〉
HB

Λ (ν#)
� 0. (8.8)

„μ± § É¥²Ó¸É¢μ. �¡μ§´ Î¨³ (·, ·)HΛ
¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²ß´´μ¥ ¸± ²Ö·-

´μ¥ ¶·μ¨§¢¥¤¥´¨¥ 	μ£μ²Õ¡μ¢ Ä„Õ ³¥²Ö ¤²Ö £ ³¨²ÓÉμ´¨ ´  HΛ:

(X, Y )HΛ
:=

1
β ΞΛ (β, μ)

β∫
0

dτ TrFΛ

(
e−(β−τ)HΛ(μ)X∗ e−τHΛ(μ)Y

)
. (8.9)

’μ£¤  (1, Y )HΛ
= 〈Y 〉HΛ

¨

β ([X, HΛ (μ)] , [X, HΛ (μ)])HΛ
= 〈[X, [HΛ (μ) , X∗]]〉HΛ

. (8.10)

�·¨³¥´ÖÖ (8.10) ± HΛ (μ) = HB
Λ

(
μ, ν#

)
¨ X = A∗A, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ´¥· -

¢¥´¸É¢μ (8.8).
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‹¥³³  8.5. ˆ³¥¥É ³¥¸Éμ ¸²¥¤ÊÕÐ Ö μÍ¥´± :

− 2
〈
A∗[A, HB

Λ

(
μ, ν#

)]〉
HB

Λ (ν#)
�
〈[

A∗,
[
HB

Λ

(
μ, ν#

)
, A

]]〉
HB

Λ (ν#)
+

+
〈[

A∗,
[
HB

Λ

(
μ, ν#

)
, A

]]∗〉
HB

Λ (ν#)
+ 2β−1 〈{A, A∗}〉HB

Λ (ν#) , (8.11)

£¤¥ {X, Y } = XY + Y X.

„μ± § É¥²Ó¸É¢μ. �μ²Ó§ÊÖ¸Ó ¸¶¥±É· ²Ó´Ò³ · §²μ¦¥´¨¥³ £ ³¨²ÓÉμ´¨ ´ (
HB

Λ

(
μ, ν#

)
ψn = Enψn

)
, ¶μ²ÊÎ ¥³

〈{
A∗,

[
HB

Λ

(
μ, ν#

)
, A

]}〉
HB

Λ (ν#)
=

=
1

ΞB
Λ (β, μ, ν#)

∑
m,n

|(ψm, Aψn)|2 (Em − En)
(
e−βEn + e−βEm

)
. (8.12)

�μ¸±μ²Ó±Ê

1
2

(ex + ey) − 1
2
|ex − ey| � ex − ey

x − y
� 1

2
(ex + ey) , (8.13)

¨³¥¥³

β (Em − En)
(
e−βEn + e−βEm

)
�

� 2
(
e−βEn − e−βEm

)
+ β (Em − En)

∣∣e−βEn − e−βEm
∣∣ �

� 2
(
e−βEn + e−βEm

)
+ β (Em − En)

(
e−βEn − e−βEm

)
. (8.14)

�μ¤¸É ¢¨¢ μÍ¥´±Ê (8.14) ¢ (8.12), ³Ò ¶μ²ÊÎ ¥³〈{
A∗,

[
HB

Λ

(
μ, ν#

)
, A

]}〉
HB

Λ (ν#)
�

� 2β−1 〈AA∗ + A∗A〉HB
Λ (ν#) +

〈[
A∗,

[
HB

Λ

(
μ, ν#

)
, A

]]〉
HB

Λ (ν#)
. (8.15)

‡ ³¥É¨³, ÎÉμ

− 2
〈
A∗[A, HB

Λ

(
μ, ν#

)]〉
HB

Λ (ν#)
=

=
〈[

A∗,
[
HB

Λ

(
μ, ν#

)
, A

]]〉
HB

Λ (ν#)
+
〈{

A∗,
[
HB

Λ

(
μ, ν#

)
, A

]}〉
HB

Λ (ν#)
. (8.16)

’μ£¤ , ±μ³¡¨´¨·ÊÖ ¸μμÉ´μÏ¥´¨Ö (8.15) ¨ (8.16), ¶μ²ÊÎ ¥³ (8.11).
‘²¥¤¸É¢¨¥ 8.6. �μ¸±μ²Ó±Ê〈

A∗[A, HB
Λ

(
μ, ν#

)]〉
HB

Λ (ν#)
=
〈[

HB
Λ

(
μ, ν#

)
, A∗]A〉

HB
Λ (ν#)

,
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Éμ ¡² £μ¤ ·Ö ´¥· ¢¥´¸É¢Ê (8.11) ¸·¥¤´¥¥ §´ Î¥´¨¥ ¤¢ÊÌ ¶μ¸²¥¤´¨Ì Î²¥´μ¢ ¢
¢Ò· ¦¥´¨¨ (8.7) μ£· ´¨Î¥´μ ¸¢¥·ÌÊ:

− 3
〈
A∗[A, HB

Λ

(
μ, ν#

)]〉
HB

Λ (ν#) �
3
2
〈[

A∗,
[
HB

Λ

(
μ, ν#

)
, A

]]
+ h. c.

〉
HB

Λ (ν#)+

+ 3β−1 〈AA∗ + A∗A〉HB
Λ (ν#) . (8.17)

’ ± ± ± ³Ò ¨Ð¥³ μÍ¥´±Ê ¢Ò· ¦¥´¨Ö (8.5) (¨, ¸²¥¤μ¢ É¥²Ó´μ, (8.7)) ¸¢¥·ÌÊ,
´¥· ¢¥´¸É¢  (8.8) ¨ (8.17) ¶μ± §Ò¢ ÕÉ, ÎÉμ μ¸É ¥É¸Ö μÍ¥´¨ÉÓ ¸·¥¤´¥¥ §´ Î¥-
´¨¥ Éμ²Ó±μ ¢Éμ·μ£μ Î²¥´  ¢ (8.7). ‡¤¥¸Ó ³Ò Ëμ·³Ê²¨·Ê¥³ Éμ²Ó±μ ·¥§Ê²ÓÉ É,
¸³. ¤μ± § É¥²Ó¸É¢μ ¢ · ¡μÉ¥ [25, ¶·¨²μ¦¥´¨¥ A].

’¥μ·¥³  8.7. �Ê¸ÉÓ (θ, μ) ∈ D. ’μ£¤  ¢ D ¸ÊÐ¥¸É¢ÊÕÉ ´¥μÉ·¨Í É¥²Ó-
´Ò¥ ËÊ´±Í¨¨

a = a
(
θ, μ, ν#

)
,

b = b
(
θ, μ, ν#

)
,

(8.18)

É ±¨¥, ÎÉμ ¶·¨ |ν| � r0, r0 > 0, ¸¶· ¢¥¤²¨¢μ ´¥· ¢¥´¸É¢μ〈
A∗[A,

[
HB

Λ

(
μ, ν#

)
, A∗]]A〉

HB
Λ (ν#)

� a 〈A∗A〉HB
Λ (ν#) + b. (8.19)

’¥¶¥·Ó, ¤²Ö Éμ£μ ÎÉμ¡Ò ¤μ± § ÉÓ μ¸´μ¢´μ¥ ÊÉ¢¥·¦¤¥´¨¥ ÔÉμ£μ · §¤¥² 
(É¥μ·¥³  8.14), ´ ³ ¥Ðß ´¥μ¡Ìμ¤¨³Ò ¸²¥¤ÊÕÐ¨¥ ¤¢¥ ²¥³³Ò.

‹¥³³  8.8. �·¨ (θ, μ) ∈ Q ¨ ν ∈ C ¨³¥¥É ³¥¸Éμ ´¥· ¢¥´¸É¢μ

pΛ

[
HB

Λ

(
ν#

)]
� p̃PBG

Λ (β, μ)+

+

{
1

βV

∞∑
n0=0

exp
{

β

2
[
(ϕ (0) + 2)n0 − v (0)n2

0/V
]}}

+ |ν|2. (8.20)

„μ± § É¥²Ó¸É¢μ. 	² £μ¤ ·Ö ´¥· ¢¥´¸É¢Ê

−
√

V (νa0 + νa∗
0) � −a∗

0a0 − |ν|2 V,

ÔÉμ ÊÉ¢¥·¦¤¥´¨¥ ´¥³¥¤²¥´´μ ¸²¥¤Ê¥É ¨§ μÍ¥´±¨ (¸·. (7.11), (7.12))

HB
Λ

(
ν#

)
− μNΛ �

∑
k∈Λ∗,k �=0

(
εk − μ − v(k)

2V

)
nk+

+
v(0)
2V

n2
0 −

(
μ +

1
2
ϕ (0) + 1

)
n0 − |ν|2 V.

‘²¥¤¸É¢¨¥ 8.9. �² £μ¤ ·Ö μÍ¥´±¥ (8.20), ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥
¨³¥¥³

pB
(
β, μ; ν#

)
� pPBG (β, μ) +

1
2

sup
ρ�0

[
(ϕ (0) + 2) ρ − v (0) ρ2

]
+ |ν|2 (8.21)

¶·¨ (θ, μ) ∈ Q, ν ∈ C.
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‹¥³³  8.10. „²Ö ²Õ¡ÒÌ μ < 0 ¨ ν ∈ C ¨³¥¥É ³¥¸Éμ μÍ¥´± 〈
NΛ

V

〉
HB

Λ (ν#)

� gΛ

(
β, μ; ν#

)
< ∞. (8.22)

„μ± § É¥²Ó¸É¢μ. „²Ö ²Õ¡ÒÌ μ < 0 ¸ÊÐ¥¸É¢Ê¥É δ > 0 É ±μ¥, ÎÉμ μ+δ < 0.
’μ£¤ , ¨¸Ìμ¤Ö ¨§ ¡μ£μ²Õ¡μ¢¸±μ£μ ´¥· ¢¥´¸É¢  (¢Ò¶Ê±²μ¸É¨), ³Ò ¶μ²ÊÎ ¥³

δ

〈
NΛ

V

〉
HB

Λ (ν#)

� pΛ

[
HB

Λ

(
ν#

)
− δNΛ

]
− pΛ

[
HB

Λ

(
ν#

)]
. (8.23)

�μÔÉμ³Ê, ¡² £μ¤ ·Ö ²¥³³¥ 8.8, ¨³¥¥³ (8.22) ¤²Ö

gΛ

(
β, μ; ν#

)
:=

1
δ

(
pB
Λ

(
β, μ + δ; ν#

)
− pB

Λ

(
β, μ; ν#

))
. (8.24)

‘²¥¤¸É¢¨¥ 8.11. ‚ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ ¸μμÉ´μÏ¥´¨¥ (8.22) ¤ ßÉ

ρB
(
β, μ; ν#

)
= lim

Λ

〈
NΛ

V

〉
HB

Λ (ν#)

� 1
δ

(
pB

(
β, μ + δ; ν#

)
−

−pB
(
β, μ; ν#

))
:= g

(
β, μ; ν#

)
. (8.25)

‚ ¸ ³μ³ ¤¥²¥, ¸μ£² ¸´μ ²¥³³¥ 4.1 (· §¤. 4.2), ¢ μ¡² ¸É¨ D ³Ò ¨³¥¥³

ρB
(
β, μ; ν#

)
= ∂μpB

(
β, μ; ν#

)
, μ < 0, ν ∈ C. (8.26)

‘²¥¤¸É¢¨¥ 8.12. �² £μ¤ ·Ö μÍ¥´±¥ (8.22) μÎ¥¢¨¤´Ò³ μ¡· §μ³ ¨³¥¥³〈
a∗
0a0

V

〉
HB

Λ (ν#)

� gΛ

(
β, μ; ν#

)
,∣∣∣∣∣

〈
a∗
0√
V

〉
HB

Λ (ν#)

∣∣∣∣∣ =

∣∣∣∣∣
〈

a∗
0√
V

〉
HB

Λ (ν#)

∣∣∣∣∣ �
√

gΛ (β, μ; ν#). (8.27)

‡ ³¥Î ´¨¥ 8.13. „²Ö μ¶É¨³¨§ Í¨¨ μÍ¥´±¨ (8.4) ´ ³ ´¥μ¡Ìμ¤¨³μ μÍ¥´¨ÉÓ
§´ Î¥´¨¥ sup

c∈C

p̃B
Λ

(
β, μ; c#, ν#

)
. ’ ± ± ± ¶μ μ¶·¥¤¥²¥´¨Õ 7.11 ¨ (8.3)

HB
Λ

(
c#, μ, ν#

)
= HB

Λ

(
c#, μ

)
− V (νc + νc) � HB

Λ

(
c#, μ

)
− V

(
|ν|2 |c|2 + 1

)
,

(8.28)
¶μ Ëμ·³Ê² ³ (7.28) ³Ò ¶·¨Ìμ¤¨³ ± ¢Ò¢μ¤Ê, ÎÉμ ¤²Ö ²Õ¡ÒÌ (θ, μ) ∈ Q ¨ ¤²Ö
Ë¨±¸¨·μ¢ ´´ÒÌ ν# ¸ÊÐ¥¸É¢Ê¥É A � 0 É ±μ¥, ÎÉμ

p̃B
Λ

(
β, μ; c#, ν#

)
� A − 1

2
v (0) |c|4 . (8.29)



�…‘’��„��’��Ÿ „ˆ��Œˆ—…‘Š�Ÿ 	�‡…-Š��„…�‘�–ˆŸ 435

�μÔÉμ³Ê μ¶É¨³ ²Ó´μ¥ §´ Î¥´¨¥ |c| μ£· ´¨Î¥´μ ¶μ²μ¦¨É¥²Ó´μ° ¶μ¸ÉμÖ´´μ°
M < ∞.

’¥¶¥·Ó ³Ò ¢ ¸μ¸ÉμÖ´¨¨ ¤μ± § ÉÓ μ¸´μ¢´μ¥ ÊÉ¢¥·¦¤¥´¨¥ ÔÉμ£μ · §¤¥² 
(¸³. (8.1)) μ ÉμÎ´μ¸É¨ ¡μ£μ²Õ¡μ¢¸±μ°  ¶¶·μ±¸¨³ Í¨¨ ¤²Ö ‘�	ƒ.

’¥μ·¥³  8.14. �Ê¸ÉÓ (θ, μ) ∈ D. ’μ£¤ 

lim
Λ

{
pB
Λ

(
β, μ, ν#

)
− sup

c∈C

p̃B
Λ

(
β, μ; c#, ν#

)}
= 0 (8.30)

¶·¨ |ν| � r0, r0 > 0.
„μ± § É¥²Ó¸É¢μ. ‘μ£² ¸´μ ´¥· ¢¥´¸É¢Ê (8.4) ¨³¥¥³

0 � inf
c∈C

ΔΛ

(
β, μ; c#, ν#

)
:= ΔΛ

(
β, μ; ĉ#

Λ

(
β, μ, ν#

)
, ν#

)
�

� 1
V

〈
HB

Λ

(
c#, μ, ν#

)
− HB

Λ

(
μ, ν#

)〉
HB

Λ (ν#)
. (8.31)

	² £μ¤ ·Ö (8.5)Ä(8.7), μÍ¥´± ³ (8.6), (8.8), (8.11), (8.17), (8.19) ¨ § ³¥Î -
´¨Õ 8.13, ¸ÊÐ¥¸É¢ÊÕÉ ¶μ²μ¦¨É¥²Ó´Ò¥ ¶μ¸ÉμÖ´´Ò¥ u ¨ w, ´¥ § ¢¨¸ÖÐ¨¥ μÉ
μ¡Ñß³  V , É ±¨¥, ÎÉμ

1
V

〈
HB

Λ

(
c#, μ, ν#

)
− HB

Λ

(
μ, ν#

)〉
HB

Λ (ν#)
�

� u +
w

2
〈{(

a∗
0 −

√
V c∗

)
,
(
a0 −

√
V c

)}〉
HB

Λ (ν#)
. (8.32)

�μ²μ¦¨³ c =
〈
a0/

√
V
〉

HB
Λ (ν#)

, ÎÉμ Ö¢²Ö¥É¸Ö μ£· ´¨Î¥´´μ° ¢¥²¨Î¨´μ°,

¸³. (8.27). ’μ£¤ 

ΔΛ

(
β, μ; ĉ#

Λ , ν#
)

� ΔΛ

(
β, μ;

〈
a#
0 /

√
V
〉

HB
Λ (ν#)

, ν#
)
,

¨ μÍ¥´±¨ (8.31), (8.32) ¤ ÕÉ

0 � inf
c∈C

ΔΛ

(
β, μ; c#, ν#

)
� u

V
+

w

2V
〈{(a∗

0 − 〈a∗
0〉) , (a0 − 〈a0〉)}〉HB

Λ (ν#),

(8.33)
£¤¥ ¤²Ö ±· É±μ¸É¨ ¶·¨´ÖÉμ μ¡μ§´ Î¥´¨¥ 〈a#

0 〉 := 〈a#
0 〉HB

Λ (ν#). �Ê¸ÉÓ δa#
0 :=

a#
0 − 〈a#

0 〉. ’μ£¤ , ¶μ²Ó§ÊÖ¸Ó ´¥· ¢¥´¸É¢μ³ • ··¨¸  [68], ¶μ²ÊÎ ¥³

1
2
〈{δa∗

0, δa0}〉HB
Λ (ν#) �

� (δa∗
0, δa0)HB

Λ (ν#) +
β

12
〈[

δa∗
0,
[
HB

Λ

(
μ, ν#

)
, δa0

]]〉
HB

Λ (ν#)
. (8.34)
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’ ± ± ± ¡² £μ¤ ·Ö Ê¸²μ¢¨Õ 2) ´  ¢§ ¨³μ¤¥°¸É¢¨¥ ¨ ²¥³³¥ 8.10 ³Ò ¨³¥¥³〈[
δa∗

0,
[
HB

Λ

(
μ, ν#

)
, δa0

]]〉
HB

Λ (ν#)
=〈

v (0)
V

NΛ − μ +
1
V

∑
k∈Λ∗

v (k) a∗
kak

〉
HB

Λ (ν#)

� 2v (0) gΛ

(
β, μ; ν#

)
− μ,

(8.35)

Éμ ¸μ£² ¸´μ μÍ¥´±¥ (8.25) ¨ · ¢´μ³¥·´μ° μ£· ´¨Î¥´´μ¸É¨ gΛ

(
β, μ; ν#

)
¶μ-

¸ÉμÖ´´μ° g0 ´  D ¶·¨ |ν| � r0, μÍ¥´±  (8.33) ´  ÔÉμ³ ±μ³¶ ±É´μ³ ³´μ¦¥¸É¢¥
¶·¨´¨³ ¥É ¢¨¤

0 � inf
c∈C

ΔΛ

(
β, μ; c#, ν#

)
� 1

V

[
ũ + w (δa∗

0, δa0)HB
Λ (ν#)

]
. (8.36)

’¥¶¥·Ó ³Ò ³μ¦¥³ ¸²¥¤μ¢ ÉÓ ¸É ´¤ ·É´Ò³  ·£Ê³¥´É ³ ³¥Éμ¤   ¶¶·μ±¸¨-
³¨·ÊÕÐ¥£μ £ ³¨²ÓÉμ´¨ ´  [46]. �·¥¦¤¥ ¢¸¥£μ μÉ³¥É¨³, ÎÉμ

(δa∗
0, δa0)HB

Λ (ν#) =
1
β

∂ν∂νpΛ

[
HB

Λ

(
ν#

)]
. (8.37)

ˆ¸¶μ²Ó§ÊÖ (± ´μ´¨Î¥¸±μ¥) ± ²¨¡·μ¢μÎ´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ a0 → a0 eiϕ, ϕ =
arg ν, ³μ¦´μ ´  ¸ ³μ³ ¤¥²¥ Ê¢¨¤¥ÉÓ, ÎÉμ

pΛ

[
HB

Λ

(
ν#

)]
= pB

Λ (β, μ; |ν| := r) .

’μ£¤ , ¶¥·¥Ìμ¤Ö ¢ (8.37) ± ¶μ²Ö·´Ò³ ±μμ·¤¨´ É ³ (r, ϕ), ³Ò ¶μ²ÊÎ ¥³

(δa∗
0, δa0)HB

Λ (ν#) =
1

4βr
∂r

(
r∂rp

B
Λ

)
. (8.38)

�Ê¸ÉÓ c = |c| eiψ, ψ = arg c. ’μ£¤ , ¡² £μ¤ ·Ö (8.3), (8.4), ¨³¥¥³

inf
c∈C

ΔΛ

(
β, μ; c#, ν#

)
= inf

|c|,ψ
ΔΛ

(
β, μ; |c| e±iψ, r e±iϕ

)
=

= inf
|c|

Δ̂Λ

(
β, μ; |c| e±iϕ, r

)
:= inf

|c|
Δ̃Λ (r) . (8.39)

�μÔÉμ³Ê ¸μ£² ¸´μ μÍ¥´±¥ (8.36)

R+ε∫
R

r inf
|c|

Δ̃Λ (r) dr � 1
V

{
ũ

(R + ε)2 − R2

2
+

w

4β

(
r∂rp

B
Λ

) ∣∣∣∣R+ε

R

}
(8.40)

¤²Ö [R, R + ε] ⊂ [0, r0]. ‡ ³¥É¨³, ÎÉμ ¡² £μ¤ ·Ö μÍ¥´±¥ (8.27), ³Ò ¨³¥¥³

∂rp
B
Λ = 2

∣∣〈a0/
√

V
〉

HB
Λ (ν#)

∣∣ � 2g
1/2
0 , (θ, μ) ∈ D, |ν| � r0. (8.41)
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�μÔÉμ³Ê ´¥· ¢¥´¸É¢μ (8.40) ¶·¨´¨³ ¥É ¢¨¤

R+ε∫
R

r inf
|c|

Δ̃Λ (r) dr � 1
V

{
ũ

(R + ε)2 − R2

2
+

w

2β
g
1/2
0 (2R + ε)

}
. (8.42)

’ ± ± ± ¸μ£² ¸´μ ¸²¥¤¸É¢¨Õ 8.12 ¨ § ³¥Î ´¨Õ 8.13∣∣∂r inf
|c|

Δ̃Λ (r)
∣∣ � 2g

1/2
Λ + 2 |ĉΛ| � 2

(
g
1/2
0 + M

)
,

¤²Ö r ∈ [R, R + ε] ³Ò ¶μ²ÊÎ ¥³

inf
|c|

Δ̃Λ (R) � inf
|c|

Δ̃Λ (r) + 2 (r − R)
(
g
1/2
0 + M

)
.

‘²¥¤μ¢ É¥²Ó´μ,

inf
|c|

Δ̃Λ(R)
(R + ε)2− R2

2
�

R+ε∫
R

r inf
|c|

Δ̃Λ (r) dr+2
(
g
1/2
0 +M

)(r3

3
− R

r2

2

)∣∣∣∣R+ε

R

.

’μ£¤  ¨§ ´¥· ¢¥´¸É¢  (8.42) ¶μ²ÊÎ ¥³

inf
|c|

Δ̃Λ (R) � 1
V

{
ũ +

w

β
g
1/2
0 ε−1

}
+
(
g
1/2
0 + M

)
ε
R +

2
3
ε

R +
1
2
ε
. (8.43)

‡ ³¥É¨³, ÎÉμ ε > 0 ¢¸¥ ¥Ðß μ¸É ¥É¸Ö ¶·μ¨§¢μ²Ó´Ò³. Œ¨´¨³¨§¨·ÊÖ ¶· ¢ÊÕ
Î ¸ÉÓ (8.43), ³μ¦´μ Ê¢¨¤¥ÉÓ, ÎÉμ ¤²Ö ¡μ²ÓÏ¨Ì V μ¶É¨³ ²Ó´μ¥ §´ Î¥´¨¥ ε ∼
1/

√
V . ‘²¥¤μ¢ É¥²Ó´μ, ¶·¨ V → ∞ ¨§ (8.43) ¶μ²ÊÎ ¥³  ¸¨³¶ÉμÉ¨Î¥¸±ÊÕ

μÍ¥´±Ê

0 � inf
c∈C

ΔΛ

(
β, μ; c#, ν#

)
� δΛ = const

1√
V

, (8.44)

¸¶· ¢¥¤²¨¢ÊÕ ¶·¨ (θ, μ) ∈ D ¨ |ν| � r0.
‘²¥¤¸É¢¨¥ 8.15. ’ ± ± ± ¢ ·¨ Í¨μ´´μ¥ ¤ ¢²¥´¨¥ p̃B

Λ

(
β, μ; c#, ν#

)
¨§-

¢¥¸É´μ ¢ Ö¢´μ³ ¢¨¤¥ (¸³. (7.27)):

p̃B
Λ

(
β, μ; c#, ν#

)
= p̃B

Λ

(
β, μ; c#

)
+ 2 |ν| |c| , (8.45)

³Ò ¶·¨Ìμ¤¨³ ± ¢Ò¢μ¤Ê, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÉ É¥·³μ¤¨´ ³¨Î¥¸±¨¥ ¶·¥¤¥²Ò

p̃B
(
β, μ; c#, ν#

)
= lim

Λ
p̃B
Λ

(
β, μ; c#, ν#

)
,

p̃B
(
β, μ; ĉ#

(
β, μ; ν#

)
, ν#

)
= lim

Λ

[
sup
c∈C

p̃B
Λ

(
β, μ; c#, ν#

)]
= (8.46)

= sup
c∈C

p̃B
(
β, μ; c#, ν#

)
.
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’μ£¤ , ¶μ²Ó§ÊÖ¸Ó · ¢´μ³¥·´μ° μÍ¥´±μ° (8.44), ³Ò ¶μ²ÊÎ ¥³

pB
(
β, μ; ν#

)
= lim

Λ
pΛ

[
HB

Λ

(
ν#

)]
= sup

c∈C

p̃B
(
β, μ; c#, ν#

)
(8.47)

¶·¨ (θ, μ) ∈ D, |ν| � r0 ¨ (¸·. (8.1)) ¶·¥¤¥² |ν| → 0:

pB (β, μ) = sup
c∈C

p̃B
(
β, μ; c#

)
. (8.48)

‘²¥¤¸É¢¨¥ 8.16. �¥· ¢¥´¸É¢  (7.25) ¨ (7.30) ¤ ÕÉ

pPBG (β, μ) � lim
Λ

[
sup
c∈C

p̃B
Λ

(
β, μ; c#

)]
� pB (β, μ) .

’μ£¤  μ¶·¥¤¥²¥´¨Ö (7.36), (7.42) μ¡¥¸¶¥Î¨¢ ÕÉ ¢±²ÕÎ¥´¨¥ D0 ⊆ D, ¢ Éμ ¢·¥³Ö
± ± (8.30) £ · ´É¨·Ê¥É, ÎÉμ D0 = D, ÎÉμ ¤μ± §Ò¢ ¥É (8.2). ‘²¥¤μ¢ É¥²Ó´μ,
³Ò ¨³¥¥³

pB (β, μ) = sup
c∈C

p̃B
(
β, μ; c#

)
¶·¨ (θ, μ) ∈ Q\∂D. (8.49)

‡ ³¥Î ´¨¥ 8.17. �μ¸±μ²Ó±Ê Ëμ·³Ê²Ò (7.28) Ê¸É ´ ¢²¨¢ ÕÉ, ÎÉμ

p̃B
Λ

(
β, μ; c# = 0

)
= pPBG

Λ (β, μ) , (8.50)

¶μ²Ó§ÊÖ¸Ó ´¥· ¢¥´¸É¢ ³¨ (7.36), (7.46) ¨ (8.2), ³Ò ¶μ²ÊÎ ¥³

D0 = {(θ, μ) : |ĉ (β, μ; ν)| > 0} =
{
(θ, μ) : ρB

0 (β, μ) > 0
}

= D. (8.51)

�μÔÉμ³Ê (¸³. § ³¥Î ´¨¥ 7.18, Ê¸²μ¢¨¥ 3), (7.33), Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´Ò³ ¨
´¥μ¡Ìμ¤¨³Ò³ ¤²Ö D �= {∅}.

9. �…‘’��„��’�›‰ Š��„…�‘�’
‚ ‘‹��� �…ˆ„…�‹œ��Œ ��‡…-ƒ�‡…

’ ± ± ± ¤ ¢²¥´¨¥ p̃B
Λ (7.28) ¨ lim

Λ
p̃B
Λ = p̃B ¨§¢¥¸É´Ò ¢ Ö¢´μ³ ¢¨¤¥:

p̃B
(
β, μ; c#, ν#

)
=

1
β (2π)3

∫
R3

d3k ln
(
1 − e−βEk(|c|2))−1−

− 1

β (2π)3

∫
R3

d3k
[
Ek

(
|c|2

)
− fk

(
|c|2

)]
+ μ |c|2 − 1

2
v (0) |c|4 + (νc + νc) ,

(9.1)
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�¨¸. 4. �²μÉ´μ¸ÉÓ ´¥¸É ´¤ ·É´μ£μ ¤¨´ ³¨Î¥¸±μ£μ ±μ´¤¥´¸ É  ρB
0 (θ, μ) ± ± ËÊ´±Í¨Ö

Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  μ ¨ É¥³¶¥· ÉÊ·Ò θ ¤²Ö ‘�	ƒ

É¥μ·¥³  8.14 ¨ ¸²¥¤¸É¢¨Ö 8.15, 8.16 ¤ ÕÉ ÉμÎ´μ¥ ·¥Ï¥´¨¥ ³μ¤¥²¨ (6.4) ´ 
Ê·μ¢´¥ É¥·³μ¤¨´ ³¨±¨. �μÔÉμ³Ê · ¢¥´¸É¢μ (8.49) ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ É¥·-
³μ¤¨´ ³¨Î¥¸±¨¥ ¸¢μ°¸É¢  ¸² ¡μ ´¥¨¤¥ ²Ó´μ£μ ¡μ§¥-£ §  ¤²Ö ¢¸¥Ì (θ, μ) ∈ Q,
§  ¨¸±²ÕÎ¥´¨¥³ ²¨´¨¨ ¶¥·¥Ìμ¤μ¢ ∂D (·¨¸. 4).

–¥²ÓÕ ´ ¸ÉμÖÐ¥£μ · §¤¥²  Ö¢²Ö¥É¸Ö μ¡¸Ê¦¤¥´¨¥ É¥·³μ¤¨´ ³¨Î¥¸±¨Ì
¸¢μ°¸É¢ ³μ¤¥²¨ (6.4) ¨, ¢ Î ¸É´μ¸É¨, ¡μ§¥-±μ´¤¥´¸ É , ¢μ§´¨± ÕÐ¥£μ ¢ μ¡² -
¸É¨ D. �¥·¢μ¥ ÊÉ¢¥·¦¤¥´¨¥ ± ¸ ¥É¸Ö ´ ·ÊÏ¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨
¢ μ¡² ¸É¨ D.

’¥μ·¥³  9.1. �Ê¸ÉÓ D �= {∅}. ’μ£¤  ±¢ §¨¸·¥¤´¨¥

lim
{ν→0:arg ν=ϕ}

lim
Λ

〈
a#
0 /

√
V
〉

HB
Λ (ν#)

= e±iϕ |ĉ (β, μ)| =
{

�= 0, (θ, μ) ∈ D
= 0, (θ, μ) /∈ D

}
.

(9.2)
„μ± § É¥²Ó¸É¢μ. ’ ± ¦¥ ± ± ¨ ¢ ¤μ± § É¥²Ó¸É¢¥ É¥μ·¥³Ò 8.14 ¸ ¶μ³μÐÓÕ

± ²¨¡·μ¢μÎ´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö

Uϕa0U∗
ϕ = a0 e−iϕ = ã0, ϕ = arg ν

³Ò ¶μ²ÊÎ ¥³

H̃B
Λ (μ, r) = UϕHB

Λ

(
μ, ν#

)
U∗

ϕ = H̃B
Λ − μÑΛ −

√
V r (ã0 + ã∗

0) ,

pΛ

[
HB

Λ

(
ν#

)]
= pΛ

[
UϕHB

Λ

(
μ, ν#

)
U∗

ϕ

]
= pB

Λ (β, μ; r = |ν|) .
(9.3)

	² £μ¤ Ö · ¢¥´¸É¢ ³

0 =
〈[

H̃B
Λ (μ, r) , ÑΛ

]〉
H̃B

Λ (r)
= r

√
V 〈ã0 − ã∗

0〉H̃B
Λ (r)
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¨ (¸·. (8.10))

0 �
〈[

ÑΛ,
[
H̃B

Λ (μ, r) , ÑΛ

]]〉
H̃B

Λ (r)
= r

√
V 〈ã0 + ã∗

0〉H̃B
Λ (r) ,

§ ±²ÕÎ ¥³, ÎÉμ
〈ã0〉H̃B

Λ (r) = 〈ã∗
0〉H̃B

Λ (r) � 0. (9.4)

’ ± ± ± (¸·. (8.9))

∂2
rpB

Λ (β, μ; r) =

= β
(
{(ã0 + ã∗

0) − 〈ã0 + ã∗
0〉H̃B

Λ (r)}, {(ã0 + ã∗
0) − 〈ã0 + ã∗

0〉H̃B
Λ (r)}

)
H̃B

Λ (r)
�

� 0, (9.5)

¶μ É¥μ·¥³¥ 8.14 ¨ ¸²¥¤¸É¢¨Õ 8.15 ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¢Ò¶Ê±²ÒÌ (¶·¨ r � 0)
ËÊ´±Í¨°

{
pB
Λ (β, μ; r)

}
Λ

¸Ìμ¤¨É¸Ö ± (¢Ò¶Ê±²μ° ËÊ´±Í¨¨)

p̂B (β, μ; r) := sup
c∈C

p̃B
(
β, μ; c#, ν#

)
= sup

|c|�0
ψ=arg c

p̃B
(
β, μ; |c| e±iψ, |ν| e±iϕ

)
=

= p̃B
(
β, μ; |ĉ (β, μ; r)| e±iϕ, |ν| e±iϕ

)
(9.6)

(¸³. (8.38) ¨ (9.1)), · ¢´μ³¥·´μ ´  D × [0, r0]. �·μ¢¥¤Ö Ö¢´Ò¥ ¢ÒÎ¨¸²¥´¨Ö,
³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ¶·μ¨§¢μ¤´Ò¥

0 � ∂rp̂
B (β, μ; r) = 2 |ĉ (β, μ; r)| � C1,

0 � ∂2
r p̂B (β, μ; r) = 2∂r |ĉ (β, μ; r)| � C2

(9.7)

´¥¶·¥·Ò¢´Ò ¨ μ£· ´¨Î¥´Ò ¢ D × [0, r0]. �μÔÉμ³Ê ¶μ ²¥³³¥ 4.1

lim
Λ

∂rpΛ

[
H̃B

Λ (r)
]

= lim
Λ

〈
ã0 + ã∗

0√
V

〉
H̃B

Λ (r)

= 2 |ĉ (β, μ; r)|

¨²¨ ¶μ Ëμ·³Ê²¥ (9.4):

lim
Λ

〈
ã0/

√
V
〉

H̃B
Λ (r)

= |ĉ (β, μ; r)| ,
lim
Λ

〈
ã∗
0/
√

V
〉

H̃B
Λ (r)

= |ĉ (β, μ; r)| . (9.8)

‚μ§¢· Ð Ö¸Ó ¢ (9.8) ± μ·¨£¨´ ²Ó´Ò³ μ¶¥· Éμ· ³ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö,
¶μ²ÊÎ ¥³

lim
Λ

〈
a0/

√
V
〉

HB
Λ (ν#)

= e+iϕ |ĉ (β, μ; r)| ,
lim
Λ

〈
a∗
0/
√

V
〉

HB
Λ (ν#)

= e−iϕ |ĉ (β, μ; r)| . (9.9)
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’μ£¤  ¶¥·¢ Ö Î ¸ÉÓ ÊÉ¢¥·¦¤¥´¨Ö (9.2) ¸²¥¤Ê¥É ¨§ (9.9) ¨ ´¥¶·¥·Ò¢´μ¸É¨ ·¥Ï¥-
´¨Ö ĉ (β, μ; r) ¢ ÉμÎ±¥ r = 0, ¢ Éμ ¢·¥³Ö ± ± ¢Éμ· Ö Î ¸ÉÓ ¸²¥¤Ê¥É ¨§ (8.51).

‘²¥¤¸É¢¨¥ 9.2. ‡ ³¥É¨³, ÎÉμ ¸μ£² ¸´μ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨〈
a#
0√
V

〉
HB

Λ (ν#=0)

= 0. (9.10)

�μÔÉμ³Ê ³Ò ¨³¥¥³ ´ ·ÊÏ¥´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨:

lim
ν→0

lim
Λ

〈
a#
0√
V

〉
HB

Λ (ν#)

�= lim
Λ

lim
ν→0

〈
a#
0√
V

〉
HB

Λ (ν#)

, (9.11)

± ± Éμ²Ó±μ μ¡· §Ê¥É¸Ö ¡μ§¥-±μ´¤¥´¸ É ρB
0 (β, μ) �= 0.

‘²¥¤¸É¢¨¥ 9.3. ’ ± ± ± ¸μ£² ¸´μ ¸μμÉ´μÏ¥´¨Ö³ (9.5), (9.7)

∂2
r

(
inf
|c|

Δ̃Λ (r)
)

= ∂2
r

(
pB
Λ (β, μ; r) − p̂B (β, μ; r)

)
� −C2,

²¥³³  Šμ²³μ£μ·μ¢  [69] £ · ´É¨·Ê¥É, ÎÉμ∣∣∣∣∣
〈

ã0√
V

〉
H̃B

Λ (r)

− |ĉΛ (β, μ; r)|
∣∣∣∣∣ � 2

√
δΛC2 (9.12)

¶·¨ r ∈ [lΛ, r0 − lΛ], lΛ = 2
√

δΛ/C2, ¸³. (8.44) ¨ (9.8).
�É³¥É¨³, ÎÉμ ´¥· ¢¥´¸É¢μ ŠμÏ¨Ä˜¢ ·Í  ¶·¨¢μ¤¨É ±〈

a∗
0√
V

〉
HB

Λ (ν#)

〈
a0√
V

〉
HB

Λ (ν#)

�
〈

a∗
0a0

V

〉
HB

Λ (ν#)

.

‘²¥¤μ¢ É¥²Ó´μ, ¨§ Ëμ·³Ê² (7.45) ¨ (9.2) ¢ÒÉ¥± ¥É

|ĉΛ (β, μ)|2 � lim
ν→0

lim
Λ

〈
a∗
0a0

V

〉
HB

Λ (ν#)

= ρB
0 (β, μ) , (9.13)

ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ μ¶·¥¤¥²¥´¨Ö³¨ μ¡² ¸É¥° D0 ¨ D, ¸·. ¸ É¥μ-
·¥³μ° 7.16 ¨ ¸²¥¤¸É¢¨¥³ 7.17. „²Ö ¤μ± § É¥²Ó¸É¢  · ¢¥´¸É¢  ¢ (9.13) ³Ò ¡Ê¤¥³
¤¥°¸É¢μ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³.

’¥μ·¥³  9.4. �Ê¸ÉÓ

HB
Λ,α = HB

Λ + αa∗
0a0,

HB
Λ,α

(
ν#

)
= HB

Λ,α −
√

V (νa∗
0 + νa0)

(9.14)
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¶·¨ α ∈ R1. ’μ£¤ 

pB
α

(
β, μ; ν#

)
= lim

Λ
pΛ

[
HB

Λ,α

(
ν#

)]
= lim

Λ

[
sup
c∈C

p̃B
Λ,α

(
β, μ; c#, ν#

)]
(9.15)

¶·¨ |ν| � r0, r0 > 0 ¨ (θ, μ) ∈ Q\∂Dα, £¤¥ μ¡² ¸ÉÓ

Dα :=
{
(θ, μ) : pB

α

(
β, μ; ν# = 0

)
> pPBG (β, μ)

}
. (9.16)

‡ ³¥Î ´¨¥ 9.5. ’ ± ± ± HB
Λ,α=ϕ(0)/2 = ĤB

Λ , ¸³. (7.47), ¶μ²Ó§ÊÖ¸Ó É¥μ·¥-
³μ° 7.20, ³Ò ¶·¨Ìμ¤¨³ ± ¢Ò¢μ¤Ê, ÎÉμ Dα=ϕ(0)/2 = {∅}.

�¨¦¥ ´ Ï  ¸É· É¥£¨Ö ¸μ¸Éμ¨É ¢ ¶¥·¥´μ¸¥ ´¥±μÉμ·ÒÌ ·¥§Ê²ÓÉ Éμ¢ · §¤. 7
¨ 8 ´  ¢μ§³ÊÐß´´Ò° £ ³¨²ÓÉμ´¨ ´ HB

Λ,α ¶·¨ ³ ²ÒÌ α.
‹¥³³  9.6. …¸²¨ ¶μÉ¥´Í¨ ² v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ 1), 2) ¨ 3), Éμ

D0α :=
{

(θ, μ) : sup
c∈C

p̃B
α

(
β, μ; c#

)
> pPBG (β, μ)

}
�= {∅} (9.17)

¶·¨ α < −μ0, £¤¥ μ0 μ¶·¥¤¥²¥´μ ¢ ²¥³³¥ 7.15.
„μ± § É¥²Ó¸É¢μ. ’ ± ± ± ηΛ,α (μ; x) ¤²Ö £ ³¨²ÓÉμ´¨ ´  (9.14) (¸·. (7.28))

¨³¥¥É Ëμ·³Ê

ηΛ, (μ; x) = − 1
2V

∑
k∈Λ∗,k �=0

(Ek − fk) + (μ − α) x − 1
2
v (0)x2, (9.18)

³μ¦´μ ¶μ¸²¥¤μ¢ ÉÓ  ·£Ê³¥´É ³ ²¥³³Ò 7.15 ¨ É¥μ·¥³Ò 7.16 ¤²Ö Éμ£μ, ÎÉμ¡Ò
¤μ± § ÉÓ (9.17) ¶·¨ μ � 0 É ±μ³, ÎÉμ (μ − α) > μ0. �μÔÉμ³Ê §´ Î¥´¨¥ μ0 + α
¤μ²¦´μ ¡ÒÉÓ μÉ·¨Í É¥²Ó´Ò³.

ˆ§ ´¥¶·¥·Ò¢´μ¸É¨ (9.18) ¶μ ¶ · ³¥É·Ê α μÎ¥¢¨¤´μ ¢ÒÉ¥± ¥É lim
α→0

D0α =
D0. ’¥¶¥·Ó ¢¥·´¥³¸Ö ±

„μ± § É¥²Ó¸É¢Ê É¥μ·¥³Ò 9.4.
1) ’ ± ± ±  ¶¶·μ±¸¨³ Í¨Ö 	μ£μ²Õ¡μ¢  (7.24) ¤ ßÉ μÍ¥´±Ê ¤ ¢²¥´¨Ö

pΛ

[
HB

Λ,α

(
ν#

)]
¸´¨§Ê (¸³. ¶·¥¤²μ¦¥´¨¥ 7.12):

sup
c∈C

p̃B
Λ,α

(
β, μ; c#, ν#

)
� pΛ

[
HB

Λ,α

(
ν#

)]
,

¨§ ´¥· ¢¥´¸É¢  	μ£μ²Õ¡μ¢  ³Ò ¶μ²ÊÎ ¥³ (¸·. (8.4))

0 � ΔΛ,α

(
β, μ; c#, ν#

)
:= pΛ

[
HB

Λ,α

(
ν#

)]
− p̃B

Λ,α

(
β, μ; c#, ν#

)
�

� 1
V

〈
HB

Λ,α

(
ĉ#, μ, ν#

)
− HB

Λ,α

(
μ, ν#

)〉
HB

Λ,α(ν#)
. (9.19)
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2) „²Ö μ¶¥· Éμ·μ¢ A# := a#
0 −

√
V c# ¨ · §²μ¦¥´¨Ö ¢ ·Ö¤ ’¥°²μ·  ¤²Ö

HB
Λ,α

(
ĉ#, μ, ν#

)
μ±μ²μ a#

0 ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μÍ¥´±Ê

0 � inf
c∈C

ΔΛ,α

(
β, μ; c#, ν#

)
= ΔΛ,α

(
β, μ; ĉ#

Λ,α

(
β, μ; ν#

)
, ν#

)
� uα+

+
wα

2
〈{(

a∗
0 −

√
V c

)
,
(
a0 −

√
V c

)}〉
HB

Λ (ν#)
(9.20)

¶ÊÉß³ ¤μ¸²μ¢´μ£μ ¶μ¢Éμ·¥´¨Ö  ·£Ê³¥´Éμ¢, ¶·¨¢¥¤ß´´ÒÌ, ´ Î¨´ Ö ¸ § ³¥Î -
´¨Ö 8.2 ¨ § ± ´Î¨¢ Ö § ³¥Î ´¨¥³ 8.13. …¤¨´¸É¢¥´´ Ö · §´¨Í  ¸μ ¸²ÊÎ ¥³
α = 0 ¶·μ¨¸É¥± ¥É ¨§ · ¢¥´¸É¢ [

A,
[
HB

Λ,α

(
μ, ν#

)
, A∗]] =

[
A,

[
HB

Λ

(
μ, ν#

)
, A∗]]+ α,

¸·. (8.35) ¨ § ³¥Î ´¨Ö, ÎÉμ lim
α→0

uα = u ¨ lim
α→0

wα = w.

3) �Ê¸ÉÓ c# =
〈
a#
0 /

√
V
〉

HB
Λ,α(ν#)

¢ ²¥¢μ° Î ¸É¨ · ¢¥´¸É¢  (9.20). ’¥ ¦¥

¸ ³Ò¥  ·£Ê³¥´ÉÒ, ÎÉμ ¨ ¢ É¥μ·¥³¥ 8.14 ¤ ÕÉ  ¸¨³¶ÉμÉ¨Î¥¸±ÊÕ μÍ¥´±Ê

0 � inf
c∈C

ΔΛ,α

(
β, μ; c#, ν#

)
� δΛ,α = const

1√
V

, (9.21)

¸¶· ¢¥¤²¨¢ÊÕ ¶·¨ (θ, μ) ∈ Q\∂Dα, |α| < −μ0 ¨ |ν| � r0, ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É
¤μ± § É¥²Ó¸É¢μ (9.15) ¤²Ö Dα �= {∅}.

‘²¥¤¸É¢¨¥ 9.7. �μ¸±μ²Ó±Ê

∂2
αpΛ

[
HB

Λ,α

(
ν#

)]
=

=
β

V

(
(a∗

0a0 − 〈a∗
0a0〉HB

Λ,α(ν#)), (a
∗
0a0 − 〈a∗

0a0〉HB
Λ,α(ν#))

)
HB

Λ,α(ν#)
� 0,

ËÊ´±Í¨¨
{
pΛ

[
HB

Λ,α

(
ν# = 0

)]}
Λ

Ö¢²ÖÕÉ¸Ö ¢Ò¶Ê±²Ò³¨ ¤²Ö α ∈ R1. �Î¥¢¨¤´μ,
ÎÉμ Éμ ¦¥ ¸ ³μ¥ ¢¥·´μ ¤²Ö (¸·. (9.1), (9.14) ¨ (9.15))

lim
Λ

pΛ

[
HB

Λ,α

(
ν# = 0

)]
= sup

c∈C

p̃B
α

(
β, μ; c#, ν# = 0

)
=

= p̃B
α

(
β, μ; ĉ#

α (β, μ) , 0
)

= p̃B
(
β, μ; ĉ#

α (β, μ) , 0
)
− α |ĉα (β, μ)|2 . (9.22)

‘ ¶μ³μÐÓÕ ´¥¸²μ¦´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ

∂αp̃B
α

(
β, μ; ĉ#

α (β, μ) , 0
)

= − |ĉα (β, μ)|2 < const (9.23)

¤²Ö (θ, μ) ∈ Q ¨ |α| � −μ0. �μÔÉμ³Ê ¶μ ²¥³³¥ 4.1 (¶. 4.2) ³Ò ¶μ²ÊÎ ¥³

lim
Λ

∂αpΛ

[
HB

Λ,α

(
ν# = 0

)]
= lim

Λ

(
−
〈

a∗
0a0

V

〉
HB

Λ,α(ν#=0)

)
= − |ĉα (β, μ)|2 .

(9.24)
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‘²¥¤¸É¢¨¥ 9.8. �² £μ¤ ·Ö ´¥¶·¥·Ò¢´μ¸É¨ ¶μ α → 0, Ê· ¢´¥´¨Ö (9.2) ¨
(9.24) £ · ´É¨·ÊÕÉ, ÎÉμ

ρB
0 (β, μ) = lim

Λ

〈
a∗
0a0

V

〉
HB

Λ

= lim
Λ

〈
a∗
0√
V

〉
HB

Λ

lim
Λ

〈
a0√
V

〉
HB

Λ

= |ĉ (β, μ)|2 .

(9.25)
ŒÒ § ¢¥·Ï ¥³ ÔÉμÉ · §¤¥²  ´ ²¨§μ³ ¶μ¢¥¤¥´¨Ö ´¥¸É ´¤ ·É´μ£μ ¡μ§¥-

±μ´¤¥´¸ É  ρB
0 (β, μ). ‘μ£² ¸´μ · ¢¥´¸É¢ ³ (9.25) μ´ ¸¢μ¤¨É¸Ö ± ¨§ÊÎ¥´¨Õ

¶μ¢¥¤¥´¨Ö |ĉ (β, μ)|, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ sup
c∈C

¨¸Ìμ¤´μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö ¤ ¢²¥-

´¨Ö (9.1):

p̃B
(
β, μ; c#, ν# = 0

)
= ξ

(
β, μ; x := |c|2

)
+ η

(
μ; x := |c|2

)
:= p̃B

(
β, μ; c#

)
,

(9.26)
£¤¥ (¸·. (7.28), (7.29))

ξ (β, μ; x) =
1

(2π)3 β

∫
R3

d3k ln
(
1 − e−βEk

)−1
,

η (μ; x) =
1

2 (2π)3

∫
R3

d3k (fk − Ek) + μx − 1
2
v (0)x2, (9.27)

fk = εk − μ + x [v (0) + v (k)] , hk = xv (k) , Ek =
√

f2
k − h2

k.

�¨¦¥ ³Ò μ¶¨Ï¥³ ´¥±μÉμ·Ò¥ ¸¢μ°¸É¢  ¨¸Ìμ¤´μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö ¤ ¢²¥-
´¨Ö (9.26).

1) �·¨ μ � 0 ËÊ´±Í¨Ö (9.26) Ö¢²Ö¥É¸Ö ¤¨ËË¥·¥´Í¨·Ê¥³μ° ¶μ x = |c|2 � 0
¨

lim
|c|2→∞

p̃B
(
β, μ; c#

)
= −∞. (9.28)

‘²¥¤μ¢ É¥²Ó´μ, sup
x�0

(ξ + η) (β, μ; x) ¤μ¸É¨£ ¥É¸Ö ²¨¡μ ¶·¨ x = 0, ²¨¡μ ´ 

¶μ²μ¦¨É¥²Ó´μ³ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö

0 = ∂x (ξ + η) (β, μ; x) =
1

(2π)3

∫
R3

d3k
(
1 − eβEk

)−1
∂xEk−

− 1
2 (2π)3

∫
R3

d3k
(
∂xEk − ∂xfk

)
+ μ − xv (0). (9.29)

2) �μ μ¶·¥¤¥²¥´¨Õ (9.27) ¨ ¸¢μ°¸É¢ ³ 1) ¨ 2) ¶μÉ¥´Í¨ ²  v (k) ³μ¦´μ
¶μ± § ÉÓ, ÎÉμ

∂xfk = v (0) + v (k) , ∂xEk = E−1
k (fkv (0) + (fk − hk) v (k)) � 0
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¶·¨ μ � 0, x � 0 ¨ ²Õ¡ÒÌ k ∈ R3. �μÔÉμ³Ê ¨§ Ê· ¢´¥´¨Ö (9.29) ³Ò ¨³¥¥³

∂xp̃B
(
β, μ; c# = 0

)
� ∂xη (μ; x = 0) := ∂xp̃B

(
β = ∞, μ; c# = 0

)
= μ. (9.30)

3) ‘ ¶μ³μÐÓÕ Ö¢´ÒÌ ¢ÒÎ¨¸²¥´¨° ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ∂μ∂xη (μ; x) � 0
¶·¨ μ � 0 ¨ x � 0. ‘²¥¤μ¢ É¥²Ó´μ,

∂xη (μ; x) � ∂xη (μ = 0; x) (9.31)

¨ ∂xη (μ = 0; x) Ö¢²Ö¥É¸Ö ¢Ò¶Ê±²μ° ËÊ´±Í¨¥° ´  (0,∞).
4) �Ê¸ÉÓ É¥¶¥·Ó ¶μÉ¥´Í¨ ² v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ 3), (7.33). ’μ£¤ 

∂2
xηΛ (μ = 0; x) = −v (0) +

1
2 (2π)3

∫
R3

[v(k)]2

εk
d3k � 0. (9.32)

’ ± ± ± ηΛ (μ = 0; x = 0) = 0, · ¢¥´¸É¢μ (9.32) μ§´ Î ¥É, ÎÉμ É·¨¢¨ ²Ó´μ¥
¤ ¢²¥´¨¥

p̃B
(
β = ∞, μ; c#

)
= ηΛ (μ = 0; x)

¤μ¸É¨£ ¥É sup
x�0

¶·¨ x̂ (θ = 0, μ = 0) > 0, ¨ ¶μ ´¥¶·¥·Ò¢´μ¸É¨ ¶·¨ (θ � 0 ,

μ � 0) μ¡² ¸ÉÓ
D0 = {(θ, μ) : x̂ (θ, μ) > 0} �= {∅} ,

¸³. ²¥³³Ê 7.15, É¥μ·¥³Ê 7.16.
5) ‡ Ë¨±¸¨·Ê¥³ μ ∈ D0 ¨ θ = 0. ’μ£¤ , ¸μ£² ¸´μ ´¥· ¢¥´¸É¢Ê (9.30),

∂xηΛ (μ; x = 0) = ∂xp̃B
(
β = ∞, μ; c# = 0

)
= ηΛ (μ = 0; x) < 0,

´μ ∂2
xp̃B

(
β = ∞, μ; c#, ν# = 0

)
> 0 μ¡¥¸¶¥Î¨¢ ¥É |ĉ (β = ∞, μ)|2 = x̂ (θ = 0,

μ) := x (μ) > 0 (¸³. ·¨¸. 5), É. ¥.

p̃B
(
β = ∞, μ; c# = 0

)
< p̃B

(
β = ∞, μ; |ĉ (β = ∞, μ)|2

)
. (9.33)

6) ’ ± ± ± ∂xξ (β, μ; x) < 0 (¸³. (9.29)) ¨

∂θ∂xξ (β, μ; x) =
(−1)
(2π)3

∫
R3

d3k
β2Ek eβEk

(1 − eβEk)2
∂xEk < 0, (9.34)

¸ÊÐ¥¸É¢Ê¥É θ0 (μ) (¸·. É¥μ·¥³Ê 7.16) É ±μ¥, ÎÉμ ¶·¨ μ ∈ D0 ¨³¥¥³

sup
x�0

[ξ (β0 (μ) , μ; x) + η (μ; x)] = ξ (β0 (μ) , μ; 0) + η (μ; 0) =

= ξ (β0 (μ) , μ; x̂ (θ0 (μ) , μ) > 0) + η (μ; x̂ (θ0 (μ) , μ) > 0) , (9.35)
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�¨¸. 5. ˆ²²Õ¸É· Í¨Ö ¶μ²´μ° ¶²μÉ´μ¸É¨ Î ¸É¨Í ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥ ¤²Ö
³μ¤¥²¨ HB

Λ ± ± ËÊ´±Í¨¨ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  μ ¶·¨ Ë¨±¸¨·μ¢ ´´μ° É¥³¶¥· ÉÊ·¥
θ = β−1: a) ¶·¨ θ > θ0 (0) Å £· Ë¨± ρB (β, μ) = ρPBG (β, μ) , £¤¥ ρPBG

c (θ) μ¡μ-
§´ Î ¥É ±·¨É¨Î¥¸±ÊÕ ¶²μÉ´μ¸ÉÓ ¤²Ö ˆ	ƒ (§¤¥¸Ó ρB

c (θ) = ρPBG
c (θ) := ρPBG (β, 0));

¡) ¶·¨ θ < θ0 (0) Å £· Ë¨± ρB (β, μ) � ρPBG (β, μ) , § ³¥É¨³, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥
ρB

c (θ) > ρPBG
c (θ)

¢ Éμ ¢·¥³Ö ± ± ¶·¨ θ < θ0 (μ) ¸Ê¶·¥³Ê³ ¤μ¸É¨£ ¥É¸Ö ¶·¨ x = x̂ (θ, μ) > 0 ¨
¶·¨ θ > θ0 (μ) μ´ ®¶¥·¥¶·Ò£¨¢ ¥É¯ ´  §´ Î¥´¨¥ x̂ (θ, μ) = 0.

‡ ³¥É¨³, ÎÉμ ¶μ μ¶·¥¤¥²¥´¨Õ x̂ (θ, μ) ¨ Ëμ·³Ê²¥ (9.25) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ

x̂ (θ, μ) = |ĉ (β, μ)|2 = ρB
0 (β, μ) .

�μÔÉμ³Ê ³Ò Éμ²Ó±μ ÎÉμ ¤μ± § ²¨ ¸²¥¤ÊÕÐ¥¥ ÊÉ¢¥·¦¤¥´¨¥.

’¥μ·¥³  9.9. …¸²¨ ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö v (k) Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ-
¢¨Ö³ 1), 2) ¨ 3), Éμ Éμ£¤  μ¡² ¸ÉÓ D �= {∅} ¨ ¤¨´ ³¨Î¥¸±¨° ±μ´¤¥´¸ É
¶·¥É¥·¶¥¢ ¥É ¸± Îμ± ´  £· ´¨Í¥ ∂D:

ρB
0

(
β = θ−1, μ

)
=
{

> 0, (θ, μ) ∈ D
= 0, (θ, μ) ∈ Q\D

}
. (9.36)

�μ¢¥¤¥´¨¥ ´¥¸É ´¤ ·É´μ£μ ¤¨´ ³¨Î¥¸±μ£μ ±μ´¤¥´¸ É  (9.36) ¶μ± § ´μ ´ 
·¨¸. 4, £¤¥ ¥£μ ¶²μÉ´μ¸ÉÓ μ¡μ§´ Î¥´  ± ± ρB

0 (θ, μ).

10. ‘’��„��’�›‰ �	Š ‚ ‘‹��� �…ˆ„…�‹œ��Œ ��‡…-ƒ�‡…

‘´ Î ²  ³Ò ¶μ± ¦¥³, ÎÉμ ( ´ ²μ£¨Î´μ ˆ	ƒ) μ¡Ð Ö ¶²μÉ´μ¸ÉÓ Î ¸É¨Í
ρB (θ, μ) ¢ ‘�	ƒ ´ ¸ÒÐ ¥É¸Ö ¶·¨ μ → −0 (¨²¨ μ ↑ 0), É. ¥. ÎÉμ ¸ÊÐ¥¸É¢Ê¥É
±·¨É¨Î¥¸± Ö ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ρB

c (θ) = lim
μ ↑ 0

ρB (θ, μ). „¥°¸É¢¨É¥²Ó´μ, ¨¸¶μ²Ó-

§ÊÖ ²¥³³Ê ƒ·¨ËË¨É¸  (¶. 4.2, ²¥³³  4.1) ¨ É¥μ·¥³Ò 8.14, 9.9, ³Ò ¶μ²ÊÎ ¥³
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¤²Ö μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ¢ ¡μ²ÓÏμ³ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥ ‘�	ƒ:

ρB (θ, μ) ≡ lim
Λ

ωB
Λ

(
NΛ

V

)
= lim

Λ

1
V

∑
k∈Λ∗

ωB
Λ (Nk) =

= lim
Λ

∂μpB
Λ (β, μ) = ∂μp̃B (β, μ; 0) =

=
1

(2π)3

∫
R3

(
eβ(εk−μ) − 1

)−1
d3k (10.1)

¶·¨ (θ, μ < 0) ∈ Q\D, ¢ Éμ ¢·¥³Ö ± ± ¶·¨ (θ, μ < 0) ∈ D ¨³¥¥³

ρB (θ, μ) = ∂μp̃B
(
β, μ; ĉ# (θ, μ) �= 0

)
=

=
1

(2π)3

∫
R3

[
fk

Ek

(
eβEk − 1

)−1 +
h2

k

2Ek (fk + Ek)

]
c=ĉ(θ,μ)

d3k + |ĉ (θ, μ)|2 .

(10.2)

’μ£¤  ¨§ (10.1) ¨ (10.2) ³Ò ¢¨¤¨³, ÎÉμ μ¡Ð Ö ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ρB (θ, μ) ¤μ-
¸É¨£ ¥É ¸¢μ¥£μ ³ ±¸¨³ ²Ó´μ£μ (±·¨É¨Î¥¸±μ£μ) §´ Î¥´¨Ö ρB

c (θ) ≡ ρB (θ, μ = 0)
¶·¨ μ = 0:

1) ¶·¨ θ > θ0 (μ = 0) ¶μ²ÊÎ ¥³

ρB
c (θ) =

1

(2π)3

∫
R3

(
eβεk − 1

)−1
d3k = ρP

c (θ) < +∞, (10.3)

2) ¶·¨ θ < θ0 (μ = 0) ¨³¥¥³

ρB
c (θ) =

1
(2π)3

∫
R3

[
fk

Ek

(
eβEk − 1

)−1 +
h2

k

2Ek (fk + Ek)

]
c=ĉ(θ,0)

μ=0

d3k+

+ |ĉ (θ, μ = 0)|2 < +∞, (10.4)

¶μ¸±μ²Ó±Ê ¶²μÉ´μ¸ÉÓ ´ ¸É ´¤ ·É´μ£μ ±μ´¤¥´¸ É  ρB
0 (θ, μ) ´ ¸ÒÐ ¥É¸Ö ¶·¨

μ = 0 §´ Î¥´¨¥³ |ĉ (θ, μ = 0)|2, ¸³. É¥μ·¥³Ê 9.9 ¨ ·¨¸. 5.
�É³¥É¨³, ÎÉμ ¢Ò¶Ê±²μ¸ÉÓ pB (β, μ) ¶μ μ μ¡¥¸¶¥Î¨¢ ¥É ³μ´μÉμ´´μ¸ÉÓ

ËÊ´±Í¨¨ ρB (θ, μ) ¨

lim
μ ↑μ0(θ)

ρB (θ, μ) =: ρB
inf (θ) < lim

μ ↓μ0(θ)
ρB (θ, μ) =: ρB

sup (θ) , (10.5)

£¤¥ μ0 (θ) Ö¢²Ö¥É¸Ö μ¡· É´μ° ËÊ´±Í¨¥° θ0 (μ) ¨

lim
θ ↓ θ0(0)

ρB
c (θ) < lim

θ ↑ θ0(0)
ρB

c (θ) . (10.6)
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ƒ· Ë¨± μ �→ ρB (θ, μ) ¤²Ö μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ¢ ¸² ¡μ ´¥¨¤¥ ²Ó´μ³
¡μ§¥-£ §¥ ¶·¨¢¥¤ß´ ´  ·¨¸. 5.

’¥¶¥·Ó ³Ò · ¸¸³μÉ·¨³ ‘�	ƒ-³μ¤¥²Ó ¤²Ö É¥³¶¥· ÉÊ· ¨ μ¡Ð¨Ì ¶²μÉ´μ¸É¥°
Î ¸É¨Í ± ± § ¤ ´´ÒÌ ¶ · ³¥É·μ¢. ‡ ³¥É¨³, ÎÉμ ¤²Ö ²Õ¡μ£μ μ£· ´¨Î¥´´μ£μ
¸μ¸Ê¤  Λ ¸ÊÐ¥¸É¢Ê¥É

εΛ,1 ∈
[
inf
k �=0

(
εk − v (k)

2V

)
, ε̂Λ,1 = inf

k �=0
εk = ε‖k‖= 2π

L

]
(¸³. ¶. 6.1) É ±μ¥, ÎÉμ ¶·¨ μ < εΛ,1 < ε‖k‖=2π/L ¨³¥¥³

ωB
Λ

(
NΛ

V

)
< +∞,

ÌμÉÖ ¶·¥¤¥²

lim
μ ↑ εΛ,1

ωB
Λ

(
NΛ

V

)
= +∞, (10.7)

¸³. ²¥³³Ê D.1 ¢ [26]. �μÔÉμ³Ê ¶·¨ ²Õ¡ÒÌ ρ > 0 ¸ÊÐ¥¸É¢Ê¥É ¥¤¨´¸É¢¥´´μ¥
§´ Î¥´¨¥ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  μB

Λ (θ, ρ) < εΛ,1, ±μÉμ·μ¥ Ê¤μ¢²¥É¢μ·Ö¥É
Ê· ¢´¥´¨Õ 〈

NΛ

V

〉
HB

Λ

(
β, μB

Λ (θ, ρ)
)

= ωB
Λ

(
NΛ

V

)
= ρ. (10.8)

‡ ³¥É¨³, ÎÉμ ¶·¨ ρ < ρB
c (θ) ³μ´μÉμ´´μ¸ÉÓ ρB (θ, μ) ¶·¨ μ � 0 £ · ´É¨-

·Ê¥É, ÎÉμ Ê· ¢´¥´¨¥ (10.8) ¨³¥¥É ¥¤¨´¸É¢¥´´μ¥ ·¥Ï¥´¨¥

μB (θ, ρ) = lim
Λ

μB
Λ (θ, ρ) < 0,

´¥ § ¢¨¸ÖÐ¥¥ μÉ ´ ²¨Î¨Ö ´¥¸É ´¤ ·É´μ£μ ±μ´¤¥´¸ É , ¸³. (10.1) ¨ (10.2). �μ-
ÔÉμ³Ê ´¨¦¥ ¶μ·μ£  ´ ¸ÒÐ¥´¨Ö ρB

c (θ) ¢μ§³μ¦¥´ Éμ²Ó±μ ´¥¸É ´¤ ·É´Ò° ±μ´-
¤¥´¸ É (9.36).

‚ μ¸É ¢Ï¥°¸Ö Î ¸É¨ ÔÉμ£μ · §¤¥²  ³Ò · ¸¸³μÉ·¨³ ¸²ÊÎ ° ρ � ρB
c (θ).

‚ μ¡Ð¥³ ¸²ÊÎ ¥, ¤²Ö ²Õ¡ÒÌ ρ � ρB
c (θ), ¨§ ¸μμÉ´μÏ¥´¨° (10.7) ¨ (10.8)

³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ μB
Λ (θ, ρ) ≷ 0 ¨

lim
Λ

μB
Λ

(
θ, ρ � ρB

c (θ)
)

= 0. (10.9)

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¶μ² £ ¥³ ¤²Ö £¨¡¡¸μ¢¸±μ£μ ¸μ¸ÉμÖ´¨Ö ¶·¨ Ë¨±¸¨·μ¢ ´´μ°
¶²μÉ´μ¸É¨ ρ:

ωB
Λ,ρ (−) := ωB

Λ (−) |μ=μB
Λ (θ,ρ) . (10.10)

‘μ£² ¸´μ · §¤. 9 ´¥¸É ´¤ ·É´Ò° ±μ´¤¥´¸ É ¢ ‘�	ƒ ´  ³μ¤¥ k = 0 ´ ¸Ò-
Ð ¥É¸Ö ¶·¨ μ ↑ 0 ²¨¡μ |ĉ (θ, 0)|2 > 0 (¶·¨ θ < θ0 (0)), ¨²¨ |ĉ (θ, 0)|2 = 0
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(¶·¨ θ > θ0 (0)), ¸³. (9.36) ¨ ·¨¸. 4. �μÔÉμ³Ê ¸μμÉ´μÏ¥´¨Ö (10.1)Ä(10.4) ¨
´ ¸ÒÐ¥´¨¥ μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ρB (θ, μ) ¶·¨ μ ↑ 0 ¤ ÕÉ ¸É ´¤ ·É´ÊÕ
¡μ§¥-±μ´¤¥´¸ Í¨Õ ´  ³μ¤ Ì, ¸²¥¤ÊÕÐ¨Ì §  k = 0.

„²Ö μ¡¸Ê¦¤¥´¨Ö ¸μ¸ÊÐ¥¸É¢μ¢ ´¨Ö ÔÉ¨Ì ¤¢ÊÌ É¨¶μ¢ ±μ´¤¥´¸ É  ¢ · ³± Ì
´ Ï¥° ¨£·ÊÏ¥Î´μ° ³μ¤¥²¨ ¸³. · §¤. 3.

„²Ö ±μ´É·μ²Ö ¸É ´¤ ·É´μ£μ ±μ´¤¥´¸ É  ¶·¨ k �= 0 ³Ò μ¶·¥¤¥²Ö¥³ ¢¸¶μ-
³μ£ É¥²Ó´Ò° £ ³¨²ÓÉμ´¨ ´

HB
Λ,α = HB

Λ − α
∑

k∈Λ∗, a<‖k‖<b

a∗
kak

¶·¨ 0 < a < b. �μ²μ¦¨³

pB
Λ (β, μ, α) ≡ 1

βV
ln TrFΛe−βHB

Λ,α(μ) (10.11)

¨
ωB,α

Λ (−) := 〈−〉HB
Λ,α

(β, μ)

¤²Ö £¨¡¡¸μ¢¸±μ£μ ¸μ¸ÉμÖ´¨Ö ¡μ²ÓÏμ£μ ± ´μ´¨Î¥¸±μ£μ  ´¸ ³¡²Ö, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¥£μ HB

Λ,α (μ).
� ¶μ³´¨³, ÎÉμ μ0 (θ) Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° (μ¡· É´μ° ± θ0 (μ)), ±μÉμ· Ö

μ¶·¥¤¥²Ö¥É £· ´¨Î´ÊÕ ±·¨¢ÊÕ μ¡² ¸É¨ D (¸³. ·¨¸. 4).
�·¥¤²μ¦¥´¨¥ 10.1. �Ê¸ÉÓ α ∈ [−δ, δ], £¤¥ 0 � δ � εa/2 ¨ εa = inf

‖k‖�a
εk.

’μ£¤  ¸ÊÐ¥¸É¢Ê¥É μ¡² ¸ÉÓ Dδ ⊂ D:

Dδ ≡ {(θ, μ) : μ0 < μ0 (δ) � μ � 0, 0 � θ � θ0 (μ, δ) < θ0 (μ)} (10.12)

É ± Ö, ÎÉμ ∣∣∣∣pB
Λ (β, μ, α) − sup

c∈C

p̃B
Λ

(
β, μ, α; c#

)∣∣∣∣ � K (δ)√
V

(10.13)

¤²Ö ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì V , · ¢´μ³¥·´μ ¶μ α ∈ [−δ, δ] ¨ ¤²Ö:

a) (θ, μ) ∈ Dδ, ¥¸²¨ μB
Λ

(
θ, ρ � ρB

c (θ)
)

� 0; ¨²¨

¡) (θ, μ) ∈ Dδ ∪
{
(θ, μ) : 0 � μ � μB

Λ

(
θ, ρ � ρB

c (θ)
)
, 0 � θ � θ0 (μ = 0, δ)

}
,

¥¸²¨ μB
Λ

(
θ, ρ � ρB

c (θ)
)

� 0.
(10.14)

„μ± § É¥²Ó¸É¢μ. ‘ÊÐ¥¸É¢μ¢ ´¨¥ μ¡² ¸É¨ Dδ ¸²¥¤Ê¥É ¨§ ¤μ± § É¥²Ó¸É¢ 
É¥μ·¥³Ò 8.14. �Éμ μ§´ Î ¥É, ÎÉμ μÍ¥´±  (10.13) ¸É ¡¨²Ó´  ¶μ μÉ´μÏ¥´¨Õ
± ²μ± ²Ó´Ò³ ¢μ§³ÊÐ¥´¨Ö³ ¸¶¥±É·  ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í: εk → εk−αχ(a,b) (‖k‖)
¶·¨ |α| � δ � εa/2 ¢ ³¥´ÓÏ¥° μ¡² ¸É¨ Dδ ⊂ D. ‡¤¥¸Ó χ(a,b) (‖k‖) Ö¢²Ö¥É¸Ö
Ì · ±É¥·¨¸É¨Î¥¸±μ° ËÊ´±Í¨¥° ¨´É¥·¢ ²  (a, b) ⊂ R. � ¸Ï¨·¥´¨¥ μ¡² ¸É¨
¢ (10.14) ¶·μ¨¸Ìμ¤¨É ¡² £μ¤ ·Ö ´¥¶·¥·Ò¢´μ¸É¨ ¤ ¢²¥´¨Ö pB

Λ (β, μ, α) ¨ ´ Î ²Ó-
´μ£μ ¤ ¢²¥´¨Ö p̃B

Λ

(
β, μ, α; c#

)
¶μ ¶ · ³¥É· ³ α ∈ [−δ, δ] ¨ μ � μB

Λ (θ, ρ �
ρB

c (θ)
)
, ¸³. (10.8), (10.9).
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‘²¥¤¸É¢¨¥ 10.2. �Ê¸ÉÓ ρ � ρB
c (θ), ¸³. (10.3), (10.4). ’μ£¤  ¶·¨ θ < θ0 (0)

¨³¥¥³

lim
Λ

1
V

∑
k∈Λ∗, a<‖k‖<b

ωB
Λ,ρ (Nk) =

=
1

(2π)3

∫
a<‖k‖<b

d3k

[
fk

Ek

(
eβEk − 1

)−1 +
h2

k

2Ek (fk + Ek)

]
c=ĉ(θ,0)

μ=0

, (10.15)

¢ Éμ ¢·¥³Ö ± ± ¶·¨ θ > θ0 (0) ¶μ²ÊÎ ¥³

lim
Λ

1
V

∑
k∈Λ∗, a<‖k‖<b

ωB
Λ,ρ (Nk) =

1
(2π)3

∫
a<‖k‖<b

d3k
(
eβεk − 1

)−1
. (10.16)

„μ± § É¥²Ó¸É¢μ. � ¸¸³μÉ·¨³ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ËÊ´±Í¨°{
pB
Λ

(
β, μB

Λ (θ, ρ) , α)}Λ, μ¶·¥¤¥²ß´´ÒÌ ¢ (10.11), ¢ ±μÉμ·ÒÌ Ì¨³¨Î¥¸±¨° ¶μ-
É¥´Í¨ ² Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö (10.8) ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ £ ³¨²Ó-
Éμ´¨ ´  ¨ α ∈ [−δ, δ]. ’ ± ± ± ¸μ£² ¸´μ (10.11)

∂αpB
Λ

(
β, μB

Λ

(
θ, ρ

)
, α
)

=
1
V

∑
k∈Λ∗,a<‖k‖<b

ωB,α
Λ,ρ (Nk) (10.17)

¨
{
pB
Λ

(
β, μB

Λ (θ, ρ) , α
)}

Λ
Ö¢²ÖÕÉ¸Ö ¢Ò¶Ê±²Ò³¨ ËÊ´±Í¨Ö³¨ α ∈ [−δ, δ], ¶·¥¤-

²μ¦¥´¨¥ 10.1 ¨ ²¥³³  4.1 ¤μ± §Ò¢ ÕÉ, ÎÉμ

lim
Λ

∂αpB
Λ

(
β, μB

Λ (θ, ρ) , α
)

= lim
Λ

1
V

∑
k∈Λ∗,a<‖k‖<b

ωB,α
Λ,ρ (Nk) =

= ∂α lim
Λ

sup
c∈C

p̃B
Λ

(
β, μB

Λ (θ, ρ) , α; c#
)

(10.18)

¶·¨ α ∈ [−δ, δ]. ˆ¸¶μ²Ó§ÊÖ Ö¢´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢ ¶· ¢μ° Î ¸É¨ (10.18), ³μ¦´μ
¶μ²ÊÎ¨ÉÓ ¶·¨ α = 0 · ¢¥´¸É¢  (10.15) ¨ (10.16).

‡ ³¥Î ´¨¥ 10.3.‡ ³¥É¨³, ÎÉμ §´ Î¥´¨Ö ¸·¥¤´¥£μ Î¨¸²  Î ¸É¨Í ωB
Λ (Nk)=

〈Nk〉HB
Λ

(β, μ) (¨  ´ ²μ£¨Î´μ ωB
Λ,ρ (Nk) = 〈Nk〉HB

Λ

(
β, μB

Λ (θ, ρ)
)
) μ¶·¥¤¥²¥´Ò

´  ¤¨¸±·¥É´μ³ ³´μ¦¥¸É¢¥ Λ∗ (6.3). �¨¦¥ ³Ò μ¡μ§´ Î ¥³
{
ωB

Λ (Nk)
}

k∈R3

´¥¶·¥·Ò¢´ÊÕ ¨´É¥·¶μ²ÖÍ¨Õ ÔÉ¨Ì §´ Î¥´¨° ¸ ³´μ¦¥¸É¢  Λ∗ ¢ R
3.

’¥¶¥·Ó ³Ò ¢ ¸μ¸ÉμÖ´¨¨ ¤μ± § ÉÓ μ¸´μ¢´μ¥ ÊÉ¢¥·¦¤¥´¨¥ ÔÉμ£μ · §¤¥² 
μ ´¥¸É ´¤ ·É´μ³ ¨ ¸É ´¤ ·É´μ³ ±μ´¤¥´¸ É Ì, ¶μÖ¢²ÖÕÐ¨Ì¸Ö ¢ ‘�	ƒ ¶·¨
¶²μÉ´μ¸ÉÖÌ ρ > ρB

c (θ).
’¥μ·¥³  10.4. �Ê¸ÉÓ ρ > ρB

c (θ). ’μ£¤  ³Ò ¨³¥¥³
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1)

ρB
0 (θ, 0) = lim

Λ
ωB

Λ,ρ

(
a∗
0a0

V

)
=
{

|ĉ (θ, 0)|2 , θ < θ0 (0)
0, θ > θ0 (0)

}
; (10.19)

2) ¤²Ö ²Õ¡ÒÌ k ∈ Λ∗ É ±¨Ì, ÎÉμ ‖k‖ > 2π/L,

lim
Λ

ωB
Λ,ρ

(
Nk

V

)
= 0; (10.20)

3) ¶·¨ θ < θ0 (0) ¨ ¤²Ö ¢¸¥Ì k ∈ Λ∗ É ±¨Ì, ÎÉμ ‖k‖ > δ > 0

lim
Λ

ωB
Λ,ρ (Nk) =

[
fk

Ek

(
eβEk − 1

)−1
+

h2
k

2Ek (fk + Ek)

]
c=ĉ(θ,0)

μ=0

, (10.21)

¢ Éμ ¢·¥³Ö ± ± ¶·¨ θ > θ0 (0)

lim
Λ

ωB
Λ,ρ (Nk) =

1
eβεk − 1

; (10.22)

4) ¤¢μ°´μ° ¶·¥¤¥²

ρ̃B
0 (θ) := lim

δ→0+
lim
Λ

1
V

∑
{k∈Λ∗,0<‖k‖�δ}

ωB
Λ,ρ (Nk) = ρ − ρB

c (θ) , (10.23)

μ§´ Î ÕÐ¨°, ÎÉμ ¢ ‘��ƒ μ¡· §Ê¥É¸Ö ¸É ´¤ ·É´Ò° (μ¡μ¡Ðß´´Ò°) ¡μ§¥-±μ´-
¤¥´¸ É ρ̃B

0 (θ) > 0 ¢ ³μ¤ Ì, ¸²¥¤ÊÕÐ¨Ì §  ´Ê²¥¢μ° ³μ¤μ°, ¡² £μ¤ ·Ö ´ ¸ÒÐ¥-
´¨Õ ¶²μÉ´μ¸É¨ Î ¸É¨Í.

„μ± § É¥²Ó¸É¢μ. 1) ’ ± ± ± ¸μ£² ¸´μ (10.9) ³Ò ¨³¥¥³

lim
Λ

μB
Λ (θ, ρ) = 0, (10.24)

É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶·¥¤¥² (10.19) ¸²¥¤Ê¥É ¨§ É¥μ·¥³Ò 3.4 ¨ ¸²¥¤¸É¢¨Ö 3.8
· ¡μÉÒ [25], ¸³. (9.36) ¶·¨ μ = 0.

2) �μ¸±μ²Ó±Ê ‖k‖ > 2π/L ¨ Λ = L × L × L Å ÔÉμ ±Ê¡, ÎÉμ ¨¸±²ÕÎ ¥É
μ¡μ¡Ðß´´ÊÕ ±μ´¤¥´¸ Í¨Õ 	μ§¥Ä�°´ÏÉ¥°´ , ¶·μ¨¸Ìμ¤ÖÐÊÕ ¨§-§   ´¨§μÉ·μ-
¶¨¨ (¸³. ¶. 4.2), É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶·¥¤¥² (10.20) ¸²¥¤Ê¥É ¨§ μ£· ´¨Î¥´¨Ö
μB

Λ (θ, ρ) < ε‖k‖=2π/L ¨ μÍ¥´±¨ (D.10) ¢ ²¥³³¥ D.2 · ¡μÉÒ [26].
3) � ¸¸³μÉ·¨³ gθ (k), μ¶·¥¤¥²ß´´ÊÕ ¶·¨ k ∈ R3, ‖k‖ > δ > 0 ¸²¥¤ÊÕÐ¨³

μ¡· §μ³:
gθ (k) := lim

Λ
ωB

Λ,ρ (Nk) , (10.25)

£¤¥ ¸μ¸ÉμÖ´¨¥ ωB
Λ,ρ (−) μ¡μ§´ Î ¥É ωB

Λ (−) ¸ μ = μB
Λ (θ, ρ), ¸·. (10.10). ‡ ³¥-

É¨³, ÎÉμ ¡² £μ¤ ·Ö ²¥³³¥ D.2 · ¡μÉÒ [26] ¨ Éμ³Ê Ë ±ÉÊ, ÎÉμ

μB
Λ (θ, ρ) < εΛ,1 < inf

k �=0
εk = ε‖k‖=2π/L,
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É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶·¥¤¥² (10.25) ¸ÊÐ¥¸É¢Ê¥É ¨ μ´ · ¢´μ³¥·´μ μ£· ´¨Î¥´
¶·¨ ‖k‖ > δ > 0. 	μ²¥¥ Éμ£μ, ¤²Ö ²Õ¡μ£μ ¨´É¥·¢ ²  (a > δ, b) ³Ò ¨³¥¥³

lim
Λ

1
V

∑
k∈Λ∗,‖k‖∈(a,b)

ωB
Λ,ρ (Nk) =

1
(2π)3

∫
‖k‖>δ

d3k gθ (k)χ(a,b) (‖k‖) ,

£¤¥ μ¶ÖÉÓ χ(a,b) (‖k‖) μ¡μ§´ Î ¥É Ì · ±É¥·¨¸É¨Î¥¸±ÊÕ ËÊ´±Í¨Õ (a, b). ’μ£¤ 
¸²¥¤¸É¢¨¥ 10.2 ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ

1
(2π)3

∫
‖k‖>δ

d3kgθ (k)χ(a,b) (‖k‖) =
1

(2π)3

∫
‖k‖>δ

d3k fθ (k)χ(a,b) (‖k‖) ,

(10.26)
£¤¥ fθ (k) Å ´¥¶·¥·Ò¢´ Ö ËÊ´±Í¨Ö k ∈ R3, μ¶·¥¤¥²ß´´ Ö · ¢¥´¸É¢ ³¨ (10.15),
(10.16), É. ¥.,

fθ (k) :=
1

(2π)3

[
fk

Ek

(
eβEk − 1

)−1 +
h2

k

2Ek (fk + Ek)

]
c=ĉ(θ,0)

μ=0

(10.27)

¶·¨ θ < θ0 (0) ¨

fθ (k) :=
1

(2π)3
(
eβεk − 1

)−1
(10.28)

¶·¨ θ > θ0 (0). ’ ± ± ± ¸μμÉ´μÏ¥´¨¥ (10.26) ¸¶· ¢¥¤²¨¢μ ¤²Ö ²Õ¡μ£μ ¨´É¥·-
¢ ²  (a > δ, b) ⊂ R, ¶μ²ÊÎ ¥³

gθ (k) = fθ (k) , k ∈ R
3, ‖k‖ > δ > 0.

	² £μ¤ ·Ö ÔÉμ³Ê ¨ ¸μμÉ´μÏ¥´¨Ö³ (10.25)Ä(10.28), ³Ò ¶μ²ÊÎ ¥³ · ¢¥´¸É-
¢  (10.21) ¨ (10.22).

4) ’ ± ± ± μ¡Ð Ö ¶²μÉ´μ¸ÉÓ ρ Ë¨±¸¨·μ¢ ´ , ¶μ μ¶·¥¤¥²¥´¨Õ (10.10) ³Ò
¨³¥¥³

1
V

∑
{k∈Λ∗,0<‖k‖�δ}

ωB
Λ,ρ (Nk) = ρ − ωB

Λ,ρ

(
a∗
0a0

V

)
− 1

V

∑
{k∈Λ∗:‖k‖>δ}

ωB
Λ,ρ (Nk) .

(10.29)
	² £μ¤ ·Ö ¸²¥¤¸É¢¨Õ 10.2 ¶·¨ a = δ ¨ b → +∞ ³Ò ´ Ìμ¤¨³ ¶·¨ θ < θ0 (0)

lim
Λ

1
V

∑
{k∈Λ∗:‖k‖>δ}

ωB
Λ,ρ (Nk) =

=
1

(2π)3

∫
‖k‖>δ

d3k

[
fk

Ek

(
eβEk − 1

)−1 +
h2

k

2Ek (fk + Ek)

]
c=ĉ(θ,0)

μ=0

(10.30)
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¨ ¶·¨ θ > θ0 (0)

lim
Λ

1
V

∑
k∈Λ∗,‖k‖>δ

ωB
Λ,ρ (Nk) =

1
(2π)3

∫
‖k‖>δ

d3k
(
eβεk − 1

)−1
. (10.31)

’¥¶¥·Ó ¨§ · ¢¥´¸É¢ (10.3), (10.4), (10.19), (10.29)Ä(10.31) ³Ò ¶μ²ÊÎ ¥³ Ëμ·³Ê-
²Ê (10.23), ¶¥·¥°¤Ö ± ¶·¥¤¥²Ê δ ↓ 0.

�μÔÉμ³Ê, ¸μ£² ¸´μ ¶·¥¤¥²Ê (10.23) ¶·¨ θ > θ0 (0) ¨ ρ > ρB
c (θ), ‘�	ƒ

¤¥³μ´¸É·¨·Ê¥É Éμ²Ó±μ μ¤¨´ É¨¶ ±μ´¤¥´¸ Í¨¨,   ¨³¥´´μ ¸É ´¤ ·É´ÊÕ ±μ´-
¤¥´¸ Í¨Õ 	μ§¥Ä�°´ÏÉ¥°´ , ±μÉμ· Ö ¶·μ¨¸Ìμ¤¨É ´  ³μ¤ Ì k �= 0, ¢ Éμ ¢·¥³Ö
± ± ¶·¨ θ < θ0 (0) ÔÉ  ³μ¤¥²Ó ¤¥³μ´¸É·¨·Ê¥É ¶·¨ ρ > ρB

c (θ) ÔÉμÉ É¨¶ ±μ´¤¥´-
¸ Í¨¨ ´  ¢Éμ·μ³ ÔÉ ¶¥, ¶μ¸²¥ ´¥¸É ´¤ ·É´μ° ¡μ§¥-±μ´¤¥´¸ Í¨¨ |ĉ (θ, 0)|2,
¸³. (10.19). Š² ¸¸¨Ë¨± Í¨Ö · §²¨Î´ÒÌ É¨¶μ¢ ±μ´¤¥´¸ Éμ¢ ¶·¨¢¥¤¥´  ¢ ¶. 4.1.

‡ ³¥Î ´¨¥ 10.5. ‚ μ¡² ¸É¨ θ < θ0 (0), ρ > ρB
c (θ), ¨³¥¥É ³¥¸Éμ ¸μ¸ÊÐ¥-

¸É¢μ¢ ´¨¥ ÔÉ¨Ì ¤¢ÊÌ É¨¶μ¢ ±μ´¤¥´¸ É ,   ¨³¥´´μ:
Å ´¥¸É ´¤ ·É´Ò° ±μ´¤¥´¸ É, ¶μÖ¢²ÖÕÐ¨°¸Ö, ±μ£¤  ρ ¸É ´μ¢¨É¸Ö ¡μ²Ó-

Ï¥ ρB
sup (θ), ¸³. (10.5) ¨ ·¨¸. 2, ¡ ¨ ¤μ¸É¨£ ÕÐ¨° ¸¢μ¥£μ ³ ±¸¨³ ²Ó´μ£μ §´ -

Î¥´¨Ö ρB
0 (θ, 0) ¶·¨ ρ � ρB

c (θ) > ρB
sup (θ);

Å ¨ ¸É ´¤ ·É´Ò° ¡μ§¥-±μ´¤¥´¸ É ρ̃B
0 (θ), ¢μ§´¨± ÕÐ¨° ¶·¨ ρ > ρB

c (θ),
¸³. (10.23).

�μ¸±μ²Ó±Ê ±μ´¤¥´¸ É 	μ§¥Ä�°´ÏÉ¥°´  (10.23) ¢μ§´¨± ¥É ´  ³μ¤ Ì k �= 0,
μ´ ¤μ²¦¥´ ¡ÒÉÓ ±² ¸¸¨Ë¨Í¨·μ¢ ´ ± ± μ¡μ¡Ðß´´Ò° ±μ´¤¥´¸ É. ‘μ£² ¸´μ ±² ¸-
¸¨Ë¨± Í¨¨ ¢ ´ ¤¥´ 	¥·£ Ä‹ÓÕ¨¸ Ä�Ê²¥ (¸³. ¶. 4.1), ¨§ (10.20) ¨ (10.23) ³Ò
Éμ²Ó±μ ³μ¦¥³ § ±²ÕÎ¨ÉÓ, ÎÉμ μ¡μ¡Ðß´´Ò° ¸É ´¤ ·É´Ò° ±μ´¤¥´¸ É ¢ ‘�	ƒ
³μ¦¥É ¡ÒÉÓ ²¨¡μ ±μ´¤¥´¸ Éμ³ É¨¶  I ´  ³μ¤ Ì ‖k‖ = 2π/L, ²¨¡μ ±μ´¤¥´¸ Éμ³
É¨¶  III, ¥¸²¨ ³μ¤Ò ‖k‖ = 2π/L ³ ±·μ¸±μ¶¨Î¥¸±¨ ´¥ § ¶μ²´¥´Ò (´¥Ô±¸É¥´-
¸¨¢´ Ö ±μ´¤¥´¸ Í¨Ö), ¨²¨, ´ ±μ´¥Í, μ´ Ö¢²Ö¥É¸Ö ±μ³¡¨´ Í¨¥° ¤¢ÊÌ.

‘²¥¤¸É¢¨¥ 10.6. �·¨ ρ > ρB
c (θ) ¨ ¶¥·¨μ¤¨Î¥¸±¨Ì £· ´¨Î´ÒÌ Ê¸²μ¢¨ÖÌ ´ 

∂Λ, (μ¡μ¡Ðß´´Ò°) ¸É ´¤ ·É´Ò° ±μ´¤¥´¸ É (10.23) μÉ´μ¸¨É¸Ö ± É¨¶Ê I ¤²Ö
¶¥·¢ÒÌ 2d(= 6) ³μ¤, ¸²¥¤ÊÕÐ¨Ì §  ´Ê²¥¢μ° ³μ¤μ° k = 0, É. ¥.

ρ̃B
0 (θ) = lim

Λ

1
V

∑
{k∈Λ∗,‖k‖=2π/L}

ωB
Λ,ρ (a∗

kak) = ρ − ρB
c (θ) . (10.32)

„μ± § É¥²Ó¸É¢μ. ’ ± ± ± ¤²Ö δ > 0

1
V

∑
{k∈Λ∗,‖k‖=2π/L}

ωB
Λ,ρ (Nk) = ρ − ωB

Λ,ρ

(
a∗
0a0

V

)
−

− 1
V

∑
{k∈Λ∗,2π/L<‖k‖<δ}

ωB
Λ,ρ (Nk) − 1

V

∑
{k∈Λ∗:‖k‖�δ}

ωB
Λ,ρ (Nk) ,



454 ‡�ƒ�…	��‚ ‚.A.

¶μ ²¥³³¥ D.2 [26] ³Ò ¶μ²ÊÎ ¥³

1
V

∑
{k∈Λ∗,‖k‖=2π/L}

ωB
Λ,ρ (Nk) � ρ − 1

V

∑
{k∈Λ∗,2π/L<‖k‖<δ}

1

eBk(μB
Λ (θ,ρ)) − 1

−

− ωB
Λ,ρ

(
a∗
0a0

V

)⎡⎣1 +
β

2V

∑
{k∈Λ∗,2π/L<‖k‖<δ}

v (k)

1 − e−Bk(μB
Λ (θ,ρ))

⎤⎦−

− 1
V

∑
{k∈Λ∗:‖k‖�δ}

ωB
Λ,ρ (Nk) , (10.33)

£¤¥

Bk

(
μ = μB

Λ (θ, ρ)
)

= β

[
εk − μB

Λ (θ, ρ) − v (k)
2V

]
.

�μ¸±μ²Ó±Ê ¸μ£² ¸´μ ²¥³³¥ D.1 [26] ¢¥·´μ

μB
Λ (θ, ρ) < εΛ,1 < inf

k �=0
εk = ε‖k‖=2π/L,

¨§ ¸μμÉ´μÏ¥´¨° (10.3), (10.4) ¨ (10.30) ³Ò ¢Ò¢μ¤¨³

lim
Λ

1
V

∑
{k∈Λ∗,‖k‖=2π/L}

ωB
Λ,ρ (a∗

kak) � ρ − ρB
c (θ) (10.34)

¶¥·¥Ìμ¤μ³ ± ¶·¥¤¥²Ê δ ↓ 0 ¢ ¶· ¢μ° Î ¸É¨ ´¥· ¢¥´¸É¢  (10.33) ¶μ¸²¥ É¥·³μ-
¤¨´ ³¨Î¥¸±μ£μ ¶·¥¤¥² . ‘²¥¤μ¢ É¥²Ó´μ, ±μ³¡¨´¨·ÊÖ ´¥· ¢¥´¸É¢μ

lim
Λ

1
V

∑
{k∈Λ∗,‖k‖=2π/L}

ωB
Λ,ρ (Nk) � lim

Λ

1
V

∑
{k∈Λ∗,0<‖k‖<δ}

ωB
Λ,ρ (Nk)

¸ ¸μμÉ´μÏ¥´¨Ö³¨ (10.23) ¨ (10.34), ³Ò ¶μ²ÊÎ ¥³ (10.32).
�μÔÉμ³Ê ¤²Ö É¥³¶¥· ÉÊ·Ò θ ¨ μ¡Ð¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ρ, · ¸¸³ É·¨¢ ¥-

³ÒÌ ± ± ¶ · ³¥É·Ò, ³Ò ¶μ²ÊÎ ¥³ É·¨ ·¥¦¨³  É¥·³μ¤¨´ ³¨Î¥¸±μ£μ ¶μ¢¥¤¥´¨Ö
‘�	ƒ ¶·¨ θ < θ0 (0) (¸³. ·¨¸. 4 ¨ 5):

1) ¶·¨ ρ � ρB
inf (θ) ±μ´¤¥´¸ Í¨Ö μÉ¸ÊÉ¸É¢Ê¥É;

2) ¶·¨ ρB
sup (θ) � ρ � ρB

c (θ) ¸ÊÐ¥¸É¢Ê¥É ´¥¸É ´¤ ·É´ Ö ±μ´¤¥´¸ -
Í¨Ö (9.36) ´  ³μ¤¥ k = 0, ¢μ§´¨± ÕÐ Ö ¡² £μ¤ ·Ö ´¥¤¨ £μ´ ²Ó´μ³Ê ¢§ ¨-
³μ¤¥°¸É¢¨Õ ¢ ¡μ£μ²Õ¡μ¢¸±μ³ £ ³¨²ÓÉμ´¨ ´¥, ¸³. ·¨¸. 5;

3) ¶·¨ ρB
c (θ) � ρ ¸ÊÐ¥¸É¢Ê¥É ¢Éμ·μ° É¨¶ ±μ´¤¥´¸ É : ¸É ´¤ ·É´Ò° ±μ´-

¤¥´¸ É 	μ§¥Ä�°´ÏÉ¥°´  É¨¶  I, ±μÉμ·Ò° ¶μÖ¢²Ö¥É¸Ö ¶μ¸²¥ ´¥¸É ´¤ ·É´μ£μ;
μ´ ¢μ§´¨± ¥É ¡² £μ¤ ·Ö ¸É ´¤ ·É´μ³Ê ³¥Ì ´¨§³Ê ´ ¸ÒÐ¥´¨Ö μ¡Ð¥° ¶²μÉ´μ-
¸É¨ Î ¸É¨Í (¸²¥¤¸É¢¨¥ 10.6).

�·¨ θ > θ0 (0) ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ ¤¢  É¨¶  É¥·³μ¤¨´ ³¨Î¥¸±μ£μ ¶μ¢¥-
¤¥´¨Ö: μ´¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ρ � ρB

c (θ) ¡¥§ ±μ´¤¥´¸ Í¨¨ ¨ ρB
c (θ) < ρ ¸μ

¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¥°, ± ± ¢ 3). ‘²¥¤μ¢ É¥²Ó´μ, ¶·¨ θ > θ0 (0) ±μ´-
¤¥´¸ Í¨Ö ¢ ‘�	ƒ ¸μ¢¶ ¤ ¥É ¸μ ¸É ´¤ ·É´μ° μ¡μ¡Ðß´´μ° ±μ´¤¥´¸ Í¨¥° 	μ§¥Ä
�°´ÏÉ¥°´  É¨¶  I ¢ ˆ	ƒ ¸ ¨¸±²ÕÎß´´μ° ³μ¤μ° k = 0, ¸³. É¥μ·¥³Ê 10.4 3).
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„ ´´ Ö ¸É ÉÓÖ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¡§μ· ·¥§Ê²ÓÉ Éμ¢ ¶μ ´¥¸É ´¤ ·É´μ°
¤¨´ ³¨Î¥¸±μ° ±μ´¤¥´¸ Í¨¨ ¢ ¸μ¶μ¸É ¢²¥´¨¨ ¸μ ¸É ´¤ ·É´μ° ±μ´¤¥´¸ Í¨¥°
	μ§¥Ä�°´ÏÉ¥°´ , ¢±²ÕÎ Ö μ¡μ¡Ðß´´ÊÕ 	�Š ¶μ É¨¶ ³ ¢ ´ ¤¥´ 	¥·£ Ä‹ÓÕ¨¸ Ä
�Ê²¥. �´  μ¸´μ¢Ò¢ ¥É¸Ö ´  μ¡¸Ê¦¤¥´¨¨ ¤¢ÊÌ ³μ¤¥²¥°: ´  ¶·μ¸Éμ° ¨£·ÊÏ¥Î-
´μ° ³μ¤¥²¨ ¨ ³μ¤¥²¨ ¸² ¡μ ´¥¨¤¥ ²Ó´μ£μ ¡μ§¥-£ §  	μ£μ²Õ¡μ¢ , ±μÉμ· Ö ¡Ò² 
¶·¥¤²μ¦¥´  ¤²Ö μ¡ÑÖ¸´¥´¨Ö ¸¢¥·ÌÉ¥±ÊÎ¥¸É¨ 4He, ´μ É ±¦¥ ¶μ²¥§´  ¤²Ö  ´ -
²¨§  ´¥¸É ´¤ ·É´μ° ¤¨´ ³¨Î¥¸±μ° ±μ´¤¥´¸ Í¨¨ ¢ ¸¢¥É¥ ´¥¤ ¢´¥£μ ¶¥·¥¸³μÉ· 
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¸³. [63, 62].

ŒÒ ¶·¥¤Ê¶·¥¦¤ ¥³ Î¨É É¥²Ö μ ¤·Ê£μ³ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢Ò· ¦¥´¨Ö ®´¥¸É ´-
¤ ·É´ Ö 	�Š¯, ´ ¶·¨³¥·, ¢ ¶·¥¶·¨´É¥ Œ ·±μ Šμ·£¨´¨ ®New Scenario for the
Emergence of Non-Conventional BoseÄEinstein Condensation. Beyond the Notion
of Energy Gap¯ (arXiv:200101315v1).

�² £μ¤ ·´μ¸É¨. „ ´´Ò° μ¡§μ· ¢μ§´¨± ¢ ·¥§Ê²ÓÉ É¥ ³μ¥° ²¥±Í¨¨ ´  ¸¥-
³¨´ ·¥ (‹ ¡μ· Éμ·¨Ö É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨ ¨³. �.�. 	μ£μ²Õ¡μ¢  �ˆŸˆ,
„Ê¡´ , 10 ¸¥´ÉÖ¡·Ö 2019 £.), ¶μ¸¢ÖÐß´´μ³ ¸¢¥É²μ° ¶ ³ÖÉ¨ ‚ÖÎ¥¸² ¢  	μ-
·¨¸μ¢¨Î  �·¨¥§¦¥¢ .

Ÿ £²Ê¡μ±μ ¡² £μ¤ ·¥´ μ·£ ´¨§ Éμ· ³: ‚ÖÎ¥¸² ¢Ê ‘¶¨·¨¤μ´μ¢Ê ¨ �²¥±¸ ´-
¤·Ê �μ¢μ²μÍ±μ³Ê §  ¶·¨£² Ï¥´¨¥ ¨ £μ¸É¥¶·¨¨³¸É¢μ.

Ÿ É ±¦¥ ¶·¨§´ É¥²¥´ ·¥Í¥´§¥´ÉÊ §  ¢´¨³ É¥²Ó´μ¥ ÎÉ¥´¨¥ ·Ê±μ¶¨¸¨ ¨ § 
·Ö¤ ¶μ²¥§´ÒÌ § ³¥Î ´¨° ¨ ¶·¥¤²μ¦¥´¨° ¶μ Ê²ÊÎÏ¥´¨Õ É¥±¸É .
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