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‘ ¶μ³μÐÓÕ ¶·¨¡²¨¦¥´´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì ³¥Éμ¤μ¢ ¨ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¨¸¸²¥¤μ¢ ´Ò
¸¢μ°¸É¢  ¸É É¨¸É¨Î¥¸±μ£μ  ´¸ ³¡²Ö ¶μÎÉ¨ ¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ  ¡¥²¥¢ÒÌ ( ´É¨)¸ ³μ¤Ê ²Ó´ÒÌ ¶μ²¥°,
¶·¥¤¸É ¢²¥´´μ£μ ¢ Ëμ·³¥ ¸¥É¥° ¤μ³¥´´ÒÌ ¸É¥´μ±. ‚  ´ ²¨É¨Î¥¸±μ³ ¶μ¤Ìμ¤¥ ¢ ¶·¨¡²¨¦¥´¨¨ ´¥-
¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ± ¶μ²ÊÎ¥´Ò ¤¢ÊÌÉμÎ¥Î´Ò¥ ±μ··¥²ÖÍ¨μ´´Ò¥ ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨
Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¨ ´ °¤¥´  Éμ¶μ²μ£¨Î¥¸± Ö ¢μ¸¶·¨¨³Î¨¢μ¸ÉÓ. �μ± § ´μ, ÎÉμ · ¸¸³ É·¨¢ ¥-
³Ò¥ ¢ ±ÊÊ³´Ò¥ ¶μ²Ö μ¡¥¸¶¥Î¨¢ ÕÉ ¢Ò¶μ²´¥´¨¥ § ±μ´  ¶²μÐ ¤¨ ¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´ . ‘ ¶μ³μÐÓÕ
¶·Ö³μ£μ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ²ÊÎ¥´  ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨
Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¢ μ¤´μ³¥·´μ° ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ´  ¢Ò¸μ± Ö ÉμÎ-
´μ¸ÉÓ ¶·¨¡²¨¦¥´¨Ö ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸É¥´μ± ¤²Ö ¸²ÊÎ Ö Éμ´±¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ±. �μ± § ´μ,
ÎÉμ ¢ ¡μ²ÓÏ¥³ Î¨¸²¥ ¨§³¥·¥´¨° ¶·¨¡²¨¦¥´¨¥ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸É¥´μ± ´¥¶·¨³¥´¨³μ, É ±
± ± ´¥ ÊÎ¨ÉÒ¢ ¥É ¢μ§³μ¦´μ¸ÉÓ  ´´¨£¨²ÖÍ¨¨ ±¨´±μ¢ ¨  ´É¨±¨´±μ¢ ¢ ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ±. � 
μ¸´μ¢¥ ¨³¥ÕÐ¨Ì¸Ö μÍ¥´μ± § ¢¨¸¨³μ¸É¨ Ô´¥·£¨¨ ¤μ³¥´  μÉ ´ ¶·Ö¦¥´´μ¸É¨ ¢ ±ÊÊ³´μ£μ ± ²¨¡·μ-
¢μÎ´μ£μ ¶μ²Ö ¢´ÊÉ·¨ ¤μ³¥´  ¨ ¥£μ · §³¥·  ¶μ¸É·μ¥´  ´¸ ³¡²Ó ¤μ³¥´´ÒÌ ¸É¥´μ± ¸ ÔËË¥±É¨¢´Ò³
¶μÉ¥´Í¨ ²μ³ μÉÉ ²±¨¢ ´¨Ö ³¥¦¤Ê ¤μ³¥´ ³¨. ‚ Î ¸É´μ¸É¨, ¶μ± § ´μ, ÎÉμ ¶²μÉ´ Ö Ê¶ ±μ¢±  ¤μ³¥´μ¢
¢ É¨¶¨Î´μ° ±μ´Ë¨£Ê· Í¨¨ ¢¥¤¥É ± ¶μÖ¢²¥´¨Õ μ¸Í¨²²ÖÍ¨° ¤¢ÊÌÉμÎ¥Î´μ° ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨
¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ .

The properties of statistical ensemble of almost everywhere homogeneous Abelian (anti-)self-dual
ˇelds represented in the form of domain wall network are investigated using analytical methods and
numerical modeling. Two-point correlation functions of the topological charge density are obtained
and the topological susceptibility of the domain wall network is found in the analytical approach in
the approximation of non-interacting domain walls. It is shown that the considered vacuum ˇelds
ensure the implementation of the area law for the Wilson loop. Two-point correlation function of the
topological charge density in one-dimensional domain wall network is obtained and the high accuracy
of the approximation of non-interacting domain walls for the case of thin domain walls is demonstrated
using numerical simulation. It is shown that the approximation of non-interacting domain walls is not
applicable in more dimensions, because it does not take into account the possibility of annihilation of
kinks and anti-kinks in domain wall network. An ensemble of domain walls with an effective repulsion
potential between domains is constructed based on the available estimates of the dependence of the
domain energy on the strength of the vacuum gauge ˇeld inside the domain and its size. In particular,
it is shown that the dense packing of the domains in a typical conˇguration leads to the appearance of
oscillations of the two-point correlation function of the topological charge density.
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�¶·¥¤¥²¥´¨¥ ¸¢μ°¸É¢ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°, ´¥μ¡Ìμ¤¨³ÒÌ ¤²Ö μ¤´μ¢·¥³¥´´μ£μ μ¶¨-
¸ ´¨Ö ±μ´Ë °´³¥´É , ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´μ° ¨ UA(1)-¸¨³³¥É·¨°, Å § ¤ Î , ¶·¥¸²¥¤Ê¥³ Ö
¢μ ³´μ£¨Ì ¶μ¤Ìμ¤ Ì ± μ¶¨¸ ´¨Õ ¢ ±ÊÊ³  Š•„. ‚ Î ¸É´μ¸É¨, ¢ ±ÊÊ³ Š•„ ¸É·μ¨É¸Ö ¸ ¶μ-
³μÐÓÕ ¸Ê¶¥·¶μ§¨Í¨¨ Éμ¶μ²μ£¨Î¥¸±¨ ¸É ¡¨²Ó´ÒÌ ±μ´Ë¨£Ê· Í¨°, É ±¨Ì ± ± ¨´¸É ´Éμ´Ò,
³μ´μ¶μ²¨, ¢¨Ì·¨ ¨ ¤¨μ´Ò (μ¡§μ· ÔÉ¨Ì ¶μ¤Ìμ¤μ¢ ³μ¦´μ ´ °É¨ ¢ [1]).

ˆ´¸É ´Éμ´Ò Å ±² ¸¸¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ¥¢±²¨¤μ¢ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö É¥μ·¨¨ Ÿ´£ Ä
Œ¨²²¸  [2], ±μÉμ·Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ÉÊ´´¥²¨·μ¢ ´¨Õ ³¥¦¤Ê ¢Ò·μ¦¤¥´´Ò³¨ ±¢ ´Éμ¢Ò³¨
¸μ¸ÉμÖ´¨Ö³¨ ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ. ‚ · ¡μÉ¥ [3] · §¢¨É  ³μ¤¥²Ó ¨´¸É ´Éμ´-
´μ° ¦¨¤±μ¸É¨, ±μÉμ· Ö ¶·¥¤¶μ² £ ¥É, ÎÉμ ¤μ³¨´¨·ÊÕÐ¨³¨ ¢ ±ÊÊ³´Ò³¨ ±μ´Ë¨£Ê· Í¨Ö³¨
Ö¢²ÖÕÉ¸Ö ¸Ê¶¥·¶μ§¨Í¨¨ ¨´¸É ´Éμ´μ¢ ¨  ´É¨¨´¸É ´Éμ´μ¢. Œμ¤¥²Ó ¶μ§¢μ²¨²  ·¥Ï¨ÉÓ ¶·μ-
¡²¥³Ê ´ ·ÊÏ¥´¨Ö UA(1)-¸¨³³¥É·¨¨, ¨¸¸²¥¤μ¢ ÉÓ ·μ²Ó ¢±² ¤μ¢ ¨´¸É ´Éμ´μ¢ ¢  ¤·μ´´Ò¥
±μ··¥²ÖÍ¨μ´´Ò¥ ËÊ´±Í¨¨ ¨ · ¸¸Î¨É ÉÓ ³ ¸¸Ò ²¥£±¨Ì ´¥¢μ§¡Ê¦¤¥´´ÒÌ  ¤·μ´μ¢. �¤´ ±μ
¨´¸É ´Éμ´Ò ´¥ μ¡¥¸¶¥Î¨¢ ÕÉ ±μ´Ë °´³¥´É, É ± ± ± ¶·¨¢μ¤ÖÉ ± ¶μÉ¥´Í¨ ²Ê ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¸É É¨Î¥¸±¨Ì ±¢ ·±μ¢, ±μÉμ·Ò° ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¶·¨¡²¨¦ -
¥É¸Ö ± ±μ´¸É ´É¥ [4]. Œμ¤¥²¨, ¶μ§¢μ²ÖÕÐ¨¥ ¨§ÊÎ ÉÓ ±μ´Ë °´³¥´É ¸É É¨Î¥¸±¨Ì ±¢ ·±μ¢,
μ¸´μ¢ ´Ò ´   ´¸ ³¡²ÖÌ ¤¨μ´μ¢ [5,6] ¨ ³μ´μ¶μ²¥° [1].

‚ μÉ²¨Î¨¥ μÉ ¨´¸É ´Éμ´μ¢, ¢¨Ì·¨, ¸¢Ö§ ´´Ò¥ ¸ Í¥´É·μ³ £·Ê¶¶Ò Z3, ´¥ Ö¢²ÖÕÉ¸Ö
·¥Ï¥´¨¥³ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö. ‚ ³μ¤¥²¨ ¢ ±ÊÊ³ , μ¸´μ¢ ´´μ° ´  ¸É É¨-
¸É¨Î¥¸±μ³  ´¸ ³¡²¥ ¢¨Ì·¥°, ¢Ò¶μ²´Ö¥É¸Ö § ±μ´ ¶²μÐ ¤¨ ¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´  [7].

„μ³¥´´Ò¥ ¸É¥´±¨ ¨£· ÕÉ ¢ ¦´ÊÕ ·μ²Ó ¢ É¥μ·¨¨ ±μ´¤¥´¸¨·μ¢ ´´μ£μ ¸μ¸ÉμÖ´¨Ö, μ¤´ ±μ
μ´¨ ¨¸¸²¥¤μ¢ ´Ò ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨ ¢ ¶·¨³¥´¥´¨¨ ± ¢ ±ÊÊ³Ê Š•„. �´¸ ³¡²Ó ¤μ³¥´´ÒÌ
¸É¥´μ± μ¡¥¸¶¥Î¨¢ ¥É ±μ´Ë °´³¥´É ± ± ¸É É¨Î¥¸±¨Ì (§ ±μ´ ¶²μÐ ¤¥° ¤²Ö ¶¥É²¨ ‚¨²Ó-
¸μ´ ), É ± ¨ ¤¨´ ³¨Î¥¸±¨Ì ±¢ ·±μ¢ (μÉ¸ÊÉ¸É¢¨¥ ¶μ²Õ¸  ¢ ¶·μ¶ £ Éμ·¥), ¸¶μ´É ´´μ¥ ´ ·Ê-
Ï¥´¨¥ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¨ ·¥Ï¥´¨¥ ¶·μ¡²¥³Ò UA(1). �¶·¥¤¥²ÖÕÐ¨³¨ ¸¢μ°¸É¢ ³¨
É ±μ£μ ¸É É¨¸É¨Î¥¸±μ£μ  ´¸ ³¡²Ö ¤²Ö ³¥Ì ´¨§³μ¢ ±μ´Ë °´³¥´É  ¨ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´μ°
¸¨³³¥É·¨¨ Ö¢²ÖÕÉ¸Ö ( ´É¨)¸ ³μ¤Ê ²Ó´μ¸ÉÓ,  ¡¥²¥¢μ¸ÉÓ ¨ ¸ÉμÌ ¸É¨Î´μ¸ÉÓ.

�μ¤Ìμ¤ ± μ¶¨¸ ´¨Õ ¢ ±ÊÊ³  Š•„, μ¸´μ¢ ´´Ò° ´  ¸É É¨¸É¨Î¥¸±μ³  ´¸ ³¡²¥ ¶μÎÉ¨
¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ  ¡¥²¥¢ÒÌ ( ´É¨)¸ ³μ¤Ê ²Ó´ÒÌ £²Õμ´´ÒÌ ¶μ²¥°, ¨£· ÕÐ¨Ì ·μ²Ó ¸·¥¤-
´¥£μ ¶μ²Ö, ¢ Í¥²μ³ μ¸´μ¢ ´ ´  ±¢ ´Éμ¢μ³ ÔËË¥±É¨¢´μ³ ¤¥°¸É¢¨¨. � ¸¸³μÉ·¥´¨¥ ³μ¦´μ
´ Î ÉÓ ¸ ¶·μ¨§¢μ¤ÖÐ¥£μ ËÊ´±Í¨μ´ ²  ¤²Ö ¶μ²Ö Ÿ´£ ÄŒ¨²²¸  ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´-
¸É¢¥ [8,9]:

Z[J ] = eW [J] = N

∫
DA exp

{
−S[A] +

∫
d4xJa

μAa
μ

}
,

S[A] =
∫

d4x
(
F a

μν

)2
, F a

μν = ∂μAa
ν − ∂νAa

μ + ifabcAb
μAc

ν .

‡¤¥¸Ó S[A] Å ±² ¸¸¨Î¥¸±μ¥ ¤¥°¸É¢¨¥ Ÿ´£ ÄŒ¨²²¸ ; fabc Å ¸É·Ê±ÉÊ·´Ò¥ ¶μ¸ÉμÖ´´Ò¥
£·Ê¶¶Ò SU(3). �μ¢¥¤¥´¨¥ ¨´É¥£· ²  Z[J ] μ¶·¥¤¥²Ö¥É¸Ö ³¨´¨³Ê³μ³ ±² ¸¸¨Î¥¸±μ£μ ¤¥°-
¸É¢¨Ö S[A]. �¤´ ±μ ¤²Ö É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  ´¥²Ó§Ö § · ´¥¥ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ³¨´¨³Ê³
±² ¸¸¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö ¸μ¢¶ ¤ ¥É ¸ μ¸´μ¢´Ò³ ¸μ¸ÉμÖ´¨¥³ ±¢ ´Éμ¢μ° É¥μ·¨¨ [8]. �μÔÉμ³Ê
´¥ ¨¸±²ÕÎ¥´μ, ÎÉμ ±¢ ´Éμ¢μ¥ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ Ì · ±É¥·¨§Ê¥É¸Ö ´¥´Ê²¥¢Ò³¨ §´ Î¥´¨-
Ö³¨ ¨´¢ ·¨ ´Éμ¢, É ±¨Ì ± ± 〈g2F 2〉, 〈ψ̄ψ〉. �Éμ μ§´ Î ¥É, ÎÉμ ±¢ ´Éμ¢μ¥ ÔËË¥±É¨¢´μ¥
¤¥°¸É¢¨¥ μ¡² ¤ ¥É ´¥É·¨¢¨ ²Ó´Ò³ £²μ¡ ²Ó´Ò³ ³¨´¨³Ê³μ³.

�μ¸É ´μ¢±Ê § ¤ Î¨ μ ±¢ ´Éμ¢μ³ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ³μ¦´μ ´ °É¨ ¢ · ¡μÉ Ì ‹¥ÊÉ¢¨²-
²¥·  [10] ¨ ” ¤¤¥¥¢  [11]. ‚ ËÊ´±Í¨μ´ ²Ó´μ³ ¨´É¥£· ²¥ ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ
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¤²Ö ±¢ ´Éμ¢ ´¨Ö ¶μ²Ö A

eiW [Ain,Aout] =
∫

A→
Ain,t→−∞

Aout,t→+∞

eiS[A]dA (1)

´¥μ¡Ìμ¤¨³μ μ¶·¥¤¥²¨ÉÓ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¤²Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨° [11]. ‚Ò¤¥-
²¨³ £ Ê¸¸μ¢Ê ³¥·Ê ¢ (1) ¤²Ö Qμ ¶ÊÉ¥³ ¸¤¢¨£  ¶¥·¥³¥´´μ° ¨´É¥£·¨·μ¢ ´¨Ö

Aμ = Bμ + gQμ

¨ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Qμ ± ± ±¢ ´Éμ¢Ò¥ Ë²Ê±ÉÊ Í¨¨ [11]. �μ²¥ Bμ μ¶·¥¤¥²Ö¥É  ¸¨³¶-
ÉμÉ¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥ Ain, Aout.

‚ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ ³μ¦´μ ´ Î ÉÓ ¸ § ¶¨¸¨ ËÊ´±Í¨μ´ ²Ó´μ£μ ¨´É¥£· ²  ¢ ¢¨¤¥

Z = N

∫
F

DA

∫
Ψ

DψDψ̄ exp {−S[A, ψ, ψ̄]},

(2)

F =

⎧⎨
⎩A : lim

V →∞

∫
V

d4x

V
g2F a

μνF a
μν = B2

⎫⎬
⎭ .

”¥´μ³¥´μ²μ£¨Ö ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° É·¥¡Ê¥É ¸ÊÐ¥¸É¢μ¢ ´¨Ö ´¥´Ê²¥¢ÒÌ £²Õμ´ÒÌ,
±¢ ·±μ¢ÒÌ ¨ ¸³¥Ï ´´ÒÌ ±μ´¤¥´¸ Éμ¢ ¢ ¢ ±ÊÊ³¥ Š•„. ‚μ§³μ¦´μ¸ÉÓ ¨Ì Ëμ·³¨·μ¢ ´¨Ö,
¢ Î ¸É´μ¸É¨ ´¥´Ê²¥¢μ£μ £²Õμ´´μ£μ ±μ´¤¥´¸ É  〈g2F 2〉, ¤μ²¦´  ¡ÒÉÓ μ¡¥¸¶¥Î¥´  ¢Ò¡μ·μ³
¶μ¤Ìμ¤ÖÐ¨Ì Ê¸²μ¢¨° (2) ´  ËÊ´±Í¨μ´ ²Ó´μ¥ ¶·μ¸É· ´¸É¢μ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°. ”Ê´±-
Í¨μ´ ²Ó´μ¥ ¶·μ¸É· ´¸É¢μ F ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¸μ¤¥·¦¨É ¶μ²Ö ¸ ´¥´Ê²¥¢μ° ¶μÎÉ¨ ¢¸Õ¤Ê
¢ R4 ´ ¶·Ö¦¥´´μ¸ÉÓÕ,   ¶·μ¸É· ´¸É¢μ Ψ ¸μ¤¥·¦¨É ±¢ ¤· É¨Î´μ ¨´É¥£·¨·Ê¥³Ò¥ ±¢ ·±μ-
¢Ò¥ ¶μ²Ö.

„²Ö ¶μ¸É ´μ¢±¨ § ¤ Î¨ μ ¸ ³μ¸μ£² ¸μ¢ ´´μ³ ¸·¥¤´¥³ ¶μ²¥, μÉ¢¥É¸É¢¥´´μ³ §  ±μ´¤¥´-
¸ É, ¶·¥¤¸É ¢¨³ μ¡Ð¥¥ ± ²¨¡·μ¢μÎ´μ¥ ¶μ²¥ ¢ ¢¨¤¥ ¸Ê³³Ò Ëμ´μ¢μ£μ ¸·¥¤´¥£μ ¶μ²Ö Ba

μ,
Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ Ê¸²μ¢¨Õ (2), ¨ ±¢ ¤· É¨Î´μ ¨´É¥£·¨·Ê¥³ÒÌ Ë²Ê±ÉÊ Í¨° Qa

μ, Ê¤μ¢²¥-
É¢μ·ÖÕÐ¨Ì Ëμ´μ¢μ³Ê ± ²¨¡·μ¢μÎ´μ³Ê Ê¸²μ¢¨Õ

Aa
μ = Ba

μ + Qa
μ, Dab

μ (B)Qb
μ = 0. (3)

ˆ¸¶μ²Ó§μ¢ ´¨¥ Éμ¦¤¥¸É¢ 

1 =
∫
B

DBΦ[A, B]
∫
Q

DQ

∫
Ω

Dωδ[Aω − Qω − Bω]δ[D(Bω)Qω]

¤²Ö Ë¨±¸ Í¨¨ ± ²¨¡·μ¢±¨ ¶μ²¥° Ë²Ê±ÉÊ Í¨° ¨ · §¤¥²¥´¨Ö (3) ¢ ËÊ´±Í¨μ´ ²Ó´μ³ ¨´É¥-
£· ²¥ μ¶·¥¤¥²Ö¥É ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥ Seff [B] ¤²Ö ¸·¥¤´¥£μ ¶μ²Ö

Z = N ′
∫
B

DB

∫
Ψ

DψDψ̄

∫
Q

DQ det [D(B)D(B + Q)]×

× δ[D(B)Q] exp {−SQCD[B + Q, ψ, ψ̄]} = N ′′
∫
B

DB exp {−Seff [B]},

£²μ¡ ²Ó´Ò° ³¨´¨³Ê³ ±μÉμ·μ£μ μ¶·¥¤¥²Ö¥É μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò.
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„μ¸ÉÊ¶´Ò¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö ¤²Ö
¶μ²¥° Ba

μ ¸ ¶μ¸ÉμÖ´´μ° ´ ¶·Ö¦¥´´μ¸ÉÓÕ [8, 10, 12Ä16] Ê± §Ò¢ ÕÉ ´  ±μ¢ ·¨ ´É´μ ¶μ-
¸ÉμÖ´´μ¥  ¡¥²¥¢μ ( ´É¨)¸ ³μ¤Ê ²Ó´μ¥ ¶μ²¥ ± ± ±μ´Ë¨£Ê· Í¨Õ ¸·¥¤´¥£μ ¶μ²Ö, ³¨´¨³¨§¨-
·ÊÕÐÊÕ ÔËË¥±É¨¢´μ¥ ¤¥°¸É¢¨¥. ‚ Î ¸É´μ¸É¨, ¡Ò²μ ¢ÒÎ¨¸²¥´μ ÔËË¥±É¨¢´μ¥ ±¢ ´Éμ¢μ¥
¤¥°¸É¢¨¥ ¤²Ö μ¤´μ·μ¤´μ£μ  ¡¥²¥¢  ( ´É¨)¸ ³μ¤Ê ²Ó´μ£μ £²Õμ´´μ£μ ¶μ²Ö ¢ μ¤´μ¶¥É²¥¢μ³
¶·¨¡²¨¦¥´¨¨ [10, 12], ¢ ·¥´μ·³£·Ê¶¶μ¢μ³ ¶μ¤Ìμ¤¥ [8] ¨ ´  ·¥Ï¥É±¥ [16] ¨ ¨¸¸²¥¤μ¢ ´Ò
±μ´Ë °´³¨·ÊÕÐ¨¥ ¸¢μ°¸É¢  É ±μ° £²Õμ´´μ° ±μ´Ë¨£Ê· Í¨¨ [9, 10, 17]. ‚ ÔÉ¨Ì · ¡μÉ Ì
¶μ²ÊÎ¥´Ò Ê± § ´¨Ö ´  Éμ, ÎÉμ  ¡¥²¥¢Ò ( ´É¨)¸ ³μ¤Ê ²Ó´Ò¥ £²Õμ´´Ò¥ ¶μ²Ö ³μ£ÊÉ μ¡¥¸¶¥-
Î¨¢ ÉÓ £²μ¡ ²Ó´Ò° ³¨´¨³Ê³ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö Š•„.

‚ · ¡μÉ¥ [13] ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² ¡Ò² · ¸¸Î¨É ´ ¢ · ³± Ì ¸ÊÐ¥¸É¢¥´´μ ´¥-
¶¥·ÉÊ·¡ É¨¢´μ£μ ³¥Éμ¤  ËÊ´±Í¨μ´ ²Ó´μ° ·¥´μ·³£·Ê¶¶Ò, ÎÉμ ¶μ¤É¢¥·¦¤ ¥É ·¥§Ê²ÓÉ ÉÒ
μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨°

Ueff =
B2

2
+

11
48π2

(gB)2
[
log
(

B

μ2

)
− 1

2

]

μ ³¨´¨³Ê³¥ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  [10,14,15] ¶·¨ ¶μ¸ÉμÖ´´ÒÌ  ¡¥²¥¢ÒÌ ( ´É¨)¸ ³μ-
¤Ê ²Ó´ÒÌ ¶μ²ÖÌ.

‚³¥¸É¥ ¸ ÔÉ¨³ ‹¥ÊÉ¢¨²²¥· μ¡· É¨² ¢´¨³ ´¨¥ [12], ÎÉμ ¤²Ö  ¡¥²¥¢  ( ´É¨)¸ ³μ¤Ê ²Ó-
´μ£μ ¶μ²Ö ¶·μ¶ £ Éμ· § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ Ö¢²Ö¥É¸Ö Í¥²μ°
ËÊ´±Í¨¥°

G(p2) ∼ 1
p2

(
1 − e−p2/B

)
.

�É¸ÊÉ¸É¢¨¥ ¶μ²Õ¸  ¡Ò²μ ¨´É¥·¶·¥É¨·μ¢ ´μ ± ± ¤¨´ ³¨Î¥¸±¨° ±μ´Ë °´³¥´É. Œ¨²ÓÏÉ¥°´
¨ �¨´¥²¨¸ § ³¥É¨²¨ [17], ÎÉμ ¤²Ö ±μ¢ ·¨ ´É´μ ¶μ¸ÉμÖ´´μ£μ ¶μ²Ö ¶μ²Ö·¨§ Í¨μ´´Ò° μ¶¥-
· Éμ· ËμÉμ´μ¢ ´¥ ¨³¥¥É ³´¨³μ° Î ¸É¨, ÎÉμ μ§´ Î ¥É ±μ´Ë °´³¥´É ¤¨´ ³¨Î¥¸±¨Ì ±¢ ·±μ¢
¢ ÔÉμ³ ¶μ²¥.

Š ± ¡Ò²μ § ³¥Î¥´μ ‹¥ÊÉ¢¨²²¥·μ³ [10, 12], ¢±² ¤ ´¥´Ê²¥¢ÒÌ £²Õμ´´ÒÌ ¨ ±¢ ·±μ¢ÒÌ
³μ¤ ¢ ËÊ´±Í¨μ´ ²Ó´Ò° ¨´É¥£· ² ¶·¨¢μ¤¨É ± ¥¸É¥¸É¢¥´´μ° ·¥£Ê²Ö·¨§ Í¨¨ ´Ê²¥¢ÒÌ ³μ¤.
�Éμ μ¡¥¸¶¥Î¨¢ ¥É ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ £ Ê¸¸μ¢Ê ³¥·Ê ¤²Ö ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ´Ê²¥¢Ò³ ³μ¤ ³
¢ ËÊ´±Í¨μ´ ²Ó´μ³ ¨´É¥£· ²¥. �¤´ ±μ ¢ ±μ´¥Î´μ³ μ¡Ñ¥³¥ ÉμÎ´Ò¥ ´Ê²¥¢Ò¥ ³μ¤Ò ¶·¥¢· -
Ð ÕÉ¸Ö ¢ ±¢ §¨´Ê²¥¢Ò¥ ³μ¤Ò ¨ ´¥μ¡Ìμ¤¨³μ μÉ¤¥²Ó´μ¥ · ¸¸³μÉ·¥´¨¥ ± ± ´¥´Ê²¥¢ÒÌ, É ±
¨ ±¢ §¨´Ê²¥¢ÒÌ ³μ¤. ‚ ¦´Ò³ Ï £μ³ Ö¢¨²μ¸Ó ¨¸¸²¥¤μ¢ ´¨¥ (¸³. · ¡μÉÊ [18]) ÔËË¥±Éμ¢
±μ´¥Î´μ£μ · §³¥·  ¤²Ö ¶²μÉ´μ¸É¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ ( ´É¨)¸ ³μ¤Ê ²Ó´μ£μ  ¡¥²¥¢  ¶μ²Ö.
	Ò²μ ¶μ± § ´μ, ÎÉμ ¢²¨Ö´¨¥ ±¢ §¨´Ê²¥¢ÒÌ ³μ¤ £²Õμ´´ÒÌ ¨ ±¢ ·±μ¢ÒÌ Ë²Ê±ÉÊ Í¨° ³μ¦¥É
μ¡¥¸¶¥Î¨¢ ÉÓ ³¨´¨³Ê³ ¶²μÉ´μ¸É¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ ± ± ¶μ ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö B, É ±
¨ ¶μ · §³¥·Ê R μ¡² ¸É¨ μ¤´μ·μ¤´μ¸É¨ Ëμ´μ¢μ£μ ¶μ²Ö, ÎÉμ μ§´ Î ¥É ¢μ§³μ¦´μ¸ÉÓ Ëμ·³¨-
·μ¢ ´¨Ö Ê¸Éμ°Î¨¢ÒÌ ¤μ³¥´μ¢ ±μ´¥Î´μ£μ · §³¥· . �μ± § ´μ, ÎÉμ ¢±²ÕÎ¥´¨¥ ¶μ¸ÉμÖ´´μ°
ÔËË¥±É¨¢´μ° ³ ¸¸Ò, ¶μ²ÊÎ¥´´μ° ‹¥ÊÉ¢¨²²¥·μ³ ¤²Ö ¡¥¸±μ´¥Î´μ£μ μ¡Ñ¥³  [10], ¶·¨¢μ¤¨É
± £²μ¡ ²Ó´μ³Ê ³¨´¨³Ê³Ê ¶²μÉ´μ¸É¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ ¶·¨ ´¥´Ê²¥¢μ° ±μ´¥Î´μ° ´ ¶·Ö-
¦¥´´μ¸É¨ ¶μ²Ö B ¨ R → ∞. �Éμ μ§´ Î ¥É, ÎÉμ ¢ Î¨¸Éμ° £²Õμ¤¨´ ³¨±¥ · §³¥· μ¡² ¸É¨
μ¤´μ·μ¤´μ¸É¨ Ê¢¥²¨Î¨¢ ²¸Ö ¡Ò ¤μ ¡¥¸±μ´¥Î´μ¸É¨. ‚ ¸²ÊÎ ¥ ¨¸Î¥§´μ¢¥´¨Ö ÔËË¥±É¨¢´μ°
³ ¸¸Ò ¶·¨ R → 0, ÎÉμ μ¦¨¤ ¥É¸Ö ¨§-§  ¡Ò¸É·μ£μ ·μ¸É  ¢¸¥Ì ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨°
¶·¨ ³ ²μ³ R, ¢μ§´¨± ¥É £²μ¡ ²Ó´Ò° ³¨´¨³Ê³ ¶²μÉ´μ¸É¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ ¶·¨ ±μ´¥Î-
´ÒÌ B ¨ R.
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� §²¨Î´Ò¥  ¸¶¥±ÉÒ  ¤·μ´¨§ Í¨¨ ¨ ¸¢μ°¸É¢  ¡¥¸Í¢¥É´ÒÌ  ¤·μ´μ¢ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¶μÎÉ¨
¢¸Õ¤Ê μ¤´μ·μ¤´μ£μ  ¡¥²¥¢  ( ´É¨)¸ ³μ¤Ê ²Ó´μ£μ ¶μ²Ö ¨¸¸²¥¤μ¢ ²¨¸Ó ¢ [19Ä23]. ‚ · ¡μ-
É Ì [20Ä23] ¶μ¸É·μ¥´μ ÔËË¥±É¨¢´μ¥ ³¥§μ´´μ¥ ¤¥°¸É¢¨¥ ¨ ´  ¥£μ μ¸´μ¢¥ · ¸¸Î¨É ´Ò ³ ¸¸Ò
¢¸¥¢μ§³μ¦´ÒÌ ³¥§μ´μ¢, ¢±²ÕÎ Ö ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¨ ·Ö¤ Ëμ·³Ë ±Éμ·μ¢. �ÉμÉ ¶μ¤-
Ìμ¤ μ± § ²¸Ö Ê¸¶¥Ï´Ò³ ¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö. ‘ ³¨´¨³ ²Ó´Ò³ ´ ¡μ·μ³
¶ · ³¥É·μ¢ (± ²¨¡·μ¢μÎ´ Ö ±μ´¸É ´É  ¸¢Ö§¨ ¨ ³ ¸¸Ò ±¢ ·±μ¢ ¢ ¨´Ë· ±· ¸´μ³ ¶·¥¤¥²¥,
¸± ²Ö·´Ò° ±μ´¤¥´¸ É £²Õμ´´μ£μ ¶μ²Ö 〈g2F 2〉 ¨ ¸·¥¤´¨° · §³¥· μ¡² ¸É¨ μ¤´μ·μ¤´μ¸É¨
¢ ±ÊÊ³´μ£μ ¶μ²Ö) ³ ¸¸Ò ¨ ±μ´¸É ´ÉÒ · ¸¶ ¤μ¢ ³¥§μ´μ¢ ¨§ ¢¸¥Ì μ¡² ¸É¥° ¸¶¥±É·  (²¥£-
±¨¥, ÉÖ¦¥²μ-²¥£±¨¥ ¨ ÉÖ¦¥²Ò¥ ±¢ ·±μ´¨¨) ¡Ò²¨ μ¶¨¸ ´Ò ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ. ’ ±¨³
μ¡· §μ³, ¡Ò²μ ¶μ± § ´μ, ÎÉμ · ¸¸³ É·¨¢ ¥³Ò° ±² ¸¸ ¢ ±ÊÊ³´ÒÌ ¶μ²¥° ¶μ§¢μ²Ö¥É · §¢¨ÉÓ
Ëμ·³ ²¨§³ ¸·¥¤´¥£μ ¶μ²Ö ¤²Ö μ¤´μ¢·¥³¥´´μ£μ μ¶¨¸ ´¨Ö ±μ´Ë °´³¥´É , ·¥ ²¨§ Í¨¨ ±¨-
· ²Ó´μ° ¸¨³³¥É·¨¨ ¨  ¤·μ´¨§ Í¨¨. ‚¨¤ ¶·μ¶ £ Éμ·μ¢ £²Õμ´μ¢ ¨ ±¢ ·±μ¢ ¢ É ±μ³ ¸·¥¤´¥³
¶μ²¥ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥Ï¥´¨Ö³¨ ¤²Ö ËÊ´±Í¨μ´ ²Ó´μ° ·¥´μ·³£·Ê¶¶Ò ¨ ·¥Ï¥ÉμÎ´μ° Š•„
¢ ± ²¨¡·μ¢±¥ ‹ ´¤ Ê [22].

„ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ÔÉμ£μ ¶μ¤Ìμ¤  É·¥¡Ê¥É ¡μ²¥¥ ¤¥É ²Ó´μ£μ μ¶¨¸ ´¨Ö ¸¢μ°¸É¢  ´-
¸ ³¡²Ö ¢ ±ÊÊ³´ÒÌ ¶μ²¥°, ¢ Î ¸É´μ¸É¨ ¶μ¸É·μ¥´¨Ö Ö¢´μ£μ Ëμ·³ ²¨§³  ¤²Ö ¢ÒÎ¨¸²¥-
´¨Ö ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° ¢ ±ÊÊ³´ÒÌ ¶μ²¥°. ‚ μ¸μ¡¥´´μ¸É¨ ¶·μÍ¥¸¸Ò ¸ ÊÎ ¸É¨¥³
η′-³¥§μ´μ¢ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢¨¤Ê ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ
§ ·Ö¤  [23]. ‚ · ¡μÉ Ì [24, 25] ¢ · ³± Ì ¶μ¤Ìμ¤  ƒ¨´§¡Ê·£ Ä‹ ´¤ Ê ± ÔËË¥±É¨¢´μ³Ê
±¢ ´Éμ¢μ³Ê ¤¥°¸É¢¨Õ Š•„ ¤μ³¥´´Ò¥ ¸É¥´±¨ ¢μ§´¨± ÕÉ ¢¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö ¢Ò·μ¦¤¥´-
´ÒÌ ¤¨¸±·¥É´ÒÌ ³¨´¨³Ê³μ¢ ¢ ÔËË¥±É¨¢´μ³ ¶μÉ¥´Í¨ ²¥, ¸¢Ö§ ´´ÒÌ ¶·¥μ¡· §μ¢ ´¨Ö³¨
Î¥É´μ¸É¨ ¨ μÉ· ¦¥´¨Ö³¨ ‚¥°²Ö.

‚ ¶·μ¸É¥°Ï¥³ ¸²ÊÎ ¥ ·¥Ï¥´¨¥ ±¢ ´Éμ¢ÒÌ ÔËË¥±É¨¢´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Ö¢²Ö-
¥É¸Ö ¸É ´¤ ·É´Ò³ ±¨´±μ³ ³μ¤¥²¨ ¸¨´Ê¸-ƒμ·¤μ´  ¤²Ö Ê£²  ³¥¦¤Ê Ì·μ³μÔ²¥±É·¨Î¥¸±¨³
¨ Ì·μ³μ³ £´¨É´Ò³ ¶μ²Ö³¨. ‘É¥´±  · §¤¥²Ö¥É μ¡² ¸É¨ ¸ ¶μÎÉ¨ μ¤´μ·μ¤´Ò³¨ ¸ ³μ¤Ê-
 ²Ó´Ò³ ¨  ´É¨¸ ³μ¤Ê ²Ó´Ò³  ¡¥²¥¢Ò³¨ £²Õμ´´Ò³¨ ¶μ²Ö³¨. ‘ ¶μ³μÐÓÕ ¸É ´¤ ·É´ÒÌ
³¥Éμ¤μ¢ [26] ¨§ ¤μ³¥´´ÒÌ ¸É¥´μ± ³μ¦´μ ¶μ¸É·μ¨ÉÓ  ´¸ ³¡²Ó ¶μÎÉ¨ ¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ
 ¡¥²¥¢ÒÌ ( ´É¨)¸ ³μ¤Ê ²Ó´ÒÌ £²Õμ´´ÒÌ ¶μ²¥° ¢ Ö¢´μ³ ¢¨¤¥. �μ ¸ÊÉ¨ ¥¤¨´¸É¢¥´´μ¥ ¶·¥¤-
¶μ²μ¦¥´¨¥ ¶·¨ ÔÉμ³ ¸μ¸Éμ¨É ¢ ¶μ¸ÉÊ²¨·μ¢ ´¨¨ ´¥´Ê²¥¢μ£μ ¸± ²Ö·´μ£μ ±μ´¤¥´¸ É  〈g2F 2〉
¢ Ë¨§¨Î¥¸±μ³ ¢ ±ÊÊ³¥ Š•„.

‚ · ¡μÉ¥ [27] ¡Ò² Ö¢´Ò³ μ¡· §μ³ ¶μ¸É·μ¥´  ´¸ ³¡²Ó ¤μ³¥´´μ ¸É·Ê±ÉÊ·¨·μ¢ ´´ÒÌ ¶μ-
ÎÉ¨ ¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ  ¡¥²¥¢ÒÌ ( ´É¨)¸ ³μ¤Ê ²Ó´ÒÌ ¢ ±ÊÊ³´ÒÌ £²Õμ´´ÒÌ ¶μ²¥° ¢ Ëμ·³¥
£¨¶¥·¸Ë¥·¨Î¥¸±¨Ì ¤μ³¥´μ¢, ¤²Ö ±μÉμ·μ£μ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶μ± § ´μ ¢Ò¶μ²´¥´¨¥ § ±μ´ 
¶²μÐ ¤¨ ¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´ .

�´¸ ³¡²Ó ¤μ³¥´´μ ¸É·Ê±ÉÊ·¨·μ¢ ´´ÒÌ ¶μÎÉ¨ ¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ  ¡¥²¥¢ÒÌ ( ´É¨)¸ -
³μ¤Ê ²Ó´ÒÌ ¢ ±ÊÊ³´ÒÌ £²Õμ´´ÒÌ ¶μ²¥° ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° £¥É¥·μË §´ÊÕ ¸¨¸É¥³Ê, £¤¥
· §²¨Î´Ò³ Ë § ³ μÉ¢¥Î ÕÉ ¤μ³¥´Ò ¸ ¸ ³μ¤Ê ²Ó´Ò³ ¨  ´É¨¸ ³μ¤Ê ²Ó´Ò³ £²Õμ´´Ò³¨
¶μ²Ö³¨, ¨³¥ÕÐ¨³¨ · §´ÊÕ ¢ · §´ÒÌ ¤μ³¥´ Ì μ·¨¥´É Í¨Õ ¢ ¶·μ¸É· ´¸É¢¥ ¨ ¨§μÉμ-
¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥. ‚¸¥ ÔÉ¨ ±μ´Ë¨£Ê· Í¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ Ë § ³ ¸ ±μ´Ë °´³¥´-
Éμ³ ¤¨´ ³¨Î¥¸±¨Ì ±¢ ·±μ¢. „μ³¥´´Ò¥ ¸É¥´±¨ ¶·¨ ÔÉμ³ ¸μμÉ¢¥É¸É¢ÊÕÉ Ë §¥ ¤¥±μ´Ë °´-
³¥´É  [25]. „²Ö Ë¨§¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨  ´¸ ³¡²Ö ¶μÎÉ¨ ¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ  ¡¥²¥¢ÒÌ
( ´É¨)¸ ³μ¤Ê ²Ó´ÒÌ ¶μ²¥° ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ³¥Éμ¤Ò, ¶·¨³¥´Ö¥³Ò¥ ¤²Ö μ¶¨¸ ´¨Ö
£¥É¥·μË §´ÒÌ ¸¨¸É¥³ [28,29].

�·¥¤¸É ¢²¥´¨¥ ¶μÎÉ¨ ¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ ¶μ²¥° ± ± ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¶μ§¢μ²Ö¥É
¶μ¸É ¢¨ÉÓ § ¤ ÎÊ ¨¸¸²¥¤μ¢ ´¨Ö ¸¢μ°¸É¢  ´¸ ³¡²Ö É ±¨Ì ¢ ±ÊÊ³´ÒÌ ¶μ²¥° ¶μ¸·¥¤¸É¢μ³
Ö¢´ÒÌ Î¨¸²¥´´ÒÌ ¨, ¢ μ¶·¥¤¥²¥´´ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ,  ´ ²¨É¨Î¥¸±¨Ì · ¸Î¥Éμ¢. ‚ μ¡Ð¥³
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¸²ÊÎ ¥ ·¥Ï¥´¨¥ ÔÉμ° § ¤ Î¨ É·¥¡Ê¥É Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ³´μ£μ³¥·´ÒÌ,   ¢ É¥·³μ¤¨-
´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ ¡¥¸±μ´¥Î´μ±· É´ÒÌ ¨´É¥£· ²μ¢ ¶μ ¢¸¥³ ±μ´Ë¨£Ê· Í¨Ö³ ¸¥É¨ ¤μ-
³¥´´ÒÌ ¸É¥´μ±. ‚ ¶·¨¡²¨¦¥´¨¨ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ± (¢ μ¤´μ³¥·´μ°
¸¨¸É¥³¥) ¨²¨ ¤μ³¥´μ¢ (¢ ³´μ£μ³¥·´μ³ ¸²ÊÎ ¥), ±μÉμ·μ¥ ¶·¥¤¸É ¢²Ö¥É¸Ö μ¡μ¸´μ¢ ´´Ò³
¤²Ö ¡¥¸±μ´¥Î´μ Éμ´±¨Ì ¸É¥´μ±, ³´μ£μ³¥·´Ò¥ ¨´É¥£· ²Ò ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò  ´ ²¨-
É¨Î¥¸±¨.

„²Ö Î¨¸²¥´´μ£μ · ¸Î¥É  ³´μ£μ³¥·´ÒÌ ¨´É¥£· ²μ¢ ¶·¨³¥´Ö¥É¸Ö ³¥Éμ¤ Œμ´É¥-Š ·²μ.
‚ ¸É É¨¸É¨Î¥¸±μ° Ë¨§¨±¥ ´ Ï¥² ¶·¨³¥´¥´¨¥ ³¥Éμ¤ Œμ´É¥-Š ·²μ ¶μ ¸Ì¥³¥ ³ ·±μ¢¸±¨Ì
Í¥¶¥°, ¨§¢¥¸É´Ò° É ±¦¥ ± ±  ²£μ·¨É³ Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸ , ±μÉμ·Ò° ¨ ¶·¨³¥´Ö¥É¸Ö
¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥. �μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥  ²£μ·¨É³  ¤ ´μ ¢ · §¤. 2.

‚  ´ ²¨É¨Î¥¸±μ³ ¶μ¤Ìμ¤¥ ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ± ¶μ-
²ÊÎ¥´Ò ¢ Ö¢´μ³ ¢¨¤¥ ¤¢ÊÌÉμÎ¥Î´Ò¥ ±μ··¥²ÖÍ¨μ´´Ò¥ ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ
§ ·Ö¤  ¨ ´ °¤¥´  Éμ¶μ²μ£¨Î¥¸± Ö ¢μ¸¶·¨¨³Î¨¢μ¸ÉÓ ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ± ± ËÊ´±Í¨Ö
¶²μÉ´μ¸É¨. �μ± § ´μ, ÎÉμ · ¸¸³ É·¨¢ ¥³Ò¥ ¢ ±ÊÊ³´Ò¥ ¶μ²Ö μ¡¥¸¶¥Î¨¢ ÕÉ ¢Ò¶μ²´¥´¨¥ § -
±μ´  ¶²μÐ ¤¨ ¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´  ¢ ËÊ´¤ ³¥´É ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨ Í¢¥Éμ¢μ° £·Ê¶¶Ò,
É. ¥. ¶·¨¢μ¤ÖÉ ± ±μ´Ë °´³¥´ÉÊ ¸É É¨Î¥¸±¨Ì Í¢¥É´ÒÌ § ·Ö¤μ¢. ‘ ¶μ³μÐÓÕ ¶·Ö³μ£μ Î¨-
¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ²ÊÎ¥´  ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ-
¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¢ μ¤´μ³¥·´μ° ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ´  ¢Ò¸μ-
± Ö ÉμÎ´μ¸ÉÓ ¶·¨¡²¨¦¥´¨Ö ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸É¥´μ± ¤²Ö ¸²ÊÎ Ö Éμ´±¨Ì ¤μ³¥´´ÒÌ
¸É¥´μ±. �μ± § ´μ, ÎÉμ ¢ ¡μ²ÓÏ¥³ Î¨¸²¥ ¨§³¥·¥´¨° ¶·¨¡²¨¦¥´¨¥ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì
¸É¥´μ± ´¥¶·¨³¥´¨³μ, É ± ± ± ´¥ ÊÎ¨ÉÒ¢ ¥É ¢μ§³μ¦´μ¸ÉÓ  ´´¨£¨²ÖÍ¨¨ ±¨´±μ¢ ¨  ´É¨-
±¨´±μ¢ ¢ ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ±. �  μ¸´μ¢¥ ¨³¥ÕÐ¨Ì¸Ö μÍ¥´μ± § ¢¨¸¨³μ¸É¨ Ô´¥·£¨¨
¤μ³¥´  μÉ ´ ¶·Ö¦¥´´μ¸É¨ ¢ ±ÊÊ³´μ£μ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö ¢´ÊÉ·¨ ¤μ³¥´  ¨ ¥£μ · §-
³¥·  ¶μ¸É·μ¥´  ´¸ ³¡²Ó ¤μ³¥´´ÒÌ ¸É¥´μ± ¸ ÔËË¥±É¨¢´Ò³ ¶μÉ¥´Í¨ ²μ³ μÉÉ ²±¨¢ ´¨Ö
³¥¦¤Ê ¤μ³¥´ ³¨. ˆ¸¸²¥¤μ¢ ´Ò ¸¢μ°¸É¢  ÔÉμ£μ  ´¸ ³¡²Ö ¤μ³¥´μ¢ ¢ · §²¨Î´ÒÌ ·¥¦¨³ Ì.
‚ Î ¸É´μ¸É¨, ¶μ± § ´μ, ÎÉμ ¶²μÉ´ Ö Ê¶ ±μ¢±  ¤μ³¥´μ¢ ¢ É¨¶¨Î´μ° ±μ´Ë¨£Ê· Í¨¨ ¢¥¤¥É
± ¶μÖ¢²¥´¨Õ μ¸Í¨²²ÖÍ¨° ¤¢ÊÌÉμÎ¥Î´μ° ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨-
Î¥¸±μ£μ § ·Ö¤ .

� ¡μÉ  μ·£ ´¨§μ¢ ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ · §¤. 1 μ¡¸Ê¦¤ ¥É¸Ö ±¢ ´Éμ¢μ¥ ÔËË¥±É¨¢-
´μ¥ ¤¥°¸É¢¨¥ Š•„ ¨ ¥£μ £²μ¡ ²Ó´Ò¥ ³¨´¨³Ê³Ò. �·¨¢¥¤¥´Ò ·¥Ï¥´¨Ö ¢ ¢¨¤¥ ±¨´±μ¢ ¤²Ö
ÔËË¥±É¨¢´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¢ ¶μ¤Ìμ¤¥ ƒ¨´§¡Ê·£ Ä‹ ´¤ Ê ± ÔËË¥±É¨¢´μ³Ê ² £· ´-
¦¨ ´Ê. ˆ§ ¶μ²ÊÎ¥´´ÒÌ ·¥Ï¥´¨° ¶μ¸É·μ¥´  ¸¥ÉÓ ¤μ³¥´´ÒÌ ¸É¥´μ±. ‚ · §¤. 2 μ¶¨¸Ò¢ -
¥É¸Ö ³¥Éμ¤ Œμ´É¥-Š ·²μ ¶μ ¸Ì¥³¥ ³ ·±μ¢¸±¨Ì Í¥¶¥°. ‚ · §¤. 3 ¨§ÊÎ ¥É¸Ö μ¤´μ³¥·´Ò° ¨
Î¥ÉÒ·¥Ì³¥·´Ò°  ´¸ ³¡²¨ ¸¥É¥° ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ±. �´ ²¨É¨Î¥¸±¨
¶μ²ÊÎ¥´  ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¨
´ °¤¥´  Éμ¶μ²μ£¨Î¥¸± Ö ¢μ¸¶·¨¨³Î¨¢μ¸ÉÓ ¸¥É¨ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ±
± ± ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨. ‚ · §¤. 4 ¶·μ¢¥¤¥´ Î¨¸²¥´´Ò°  ´ ²¨§ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³  ²£μ-
·¨É³  Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸  ¤²Ö μ¤´μ³¥·´μ° ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ±: ¶μ²ÊÎ¥´  ¤¢ÊÌ-
ÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ . „¢Ê³¥·´ Ö ¸¥ÉÓ
¤μ³¥´´ÒÌ ¸É¥´μ± ¶·¥μ¡· §μ¢ ´  ¢  ´¸ ³¡²Ó  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢, ¨ ¢ ´¥³ ¨¸¸²¥¤μ-
¢ ´Ò: ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¨ ¶¥É²Ö
‚¨²Ó¸μ´ . � §¤. 5 ¶μ¸¢ÖÐ¥´ ¢ÒÎ¨¸²¥´¨Õ ¶μÉ¥´Í¨ ²  ³¥¦¤Ê ¸É É¨Î¥¸±¨³¨ ±¢ ·± ³¨ ¤²Ö
 ´¸ ³¡²Ö £¨¶¥·±Ê¡¨Î¥¸±¨Ì ¤μ³¥´μ¢. �·μ¤¥³μ´¸É·¨·μ¢ ´μ ¢Ò¶μ²´¥´¨¥ § ±μ´  ¶²μÐ ¤¨
¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´ . ‚ § ±²ÕÎ¥´¨¨ ¶·¨¢¥¤¥´Ò μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´ ¸ÉμÖÐ¥° · ¡μÉÒ ¨
μ¡¸Ê¦¤ ÕÉ¸Ö ´ ¶· ¢²¥´¨Ö ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤μ¢ ´¨°.
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1. ‘…’œ „�Œ…��›• ‘’…��Š Š�Š ‚�Š““Œ Š•„

� ¸¸³μÉ·¨³ ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ¢ ¶μ¤Ìμ¤¥ É¨¶  ƒ¨´§¡Ê·£ Ä‹ ´¤ Ê:

Leff = − 1
4Λ2

(
Dab

ν F b
ρμDac

ν F c
ρμ + Dab

μ F b
μνDac

ρ F c
ρν

)
− Ueff ,

Ueff =
Λ4

12
Tr
(

C1f̂
2 +

4
3
C2f̂

4 − 16
9

C3f̂
6

)
, f̂ =

F̂

Λ2
,

(4)

£¤¥ Λ Å ´¥±μÉμ·Ò° ³ ¸ÏÉ ¡,  ¸¸μÍ¨¨·ÊÕÐ¨°¸Ö ¸ ΛQCD ¨ ¸¢Ö§ ´´Ò° ¸μ ¸± ²Ö·´Ò³
£²Õμ´´Ò³ ±μ´¤¥´¸ Éμ³. ’¥´§μ· ´ ¶·Ö¦¥´´μ¸É¨ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ³μ¦¥É
¡ÒÉÓ § ¶¨¸ ´ ¢ É¥·³¨´ Ì ¸É·Ê±ÉÊ·´ÒÌ ¶μ¸ÉμÖ´´ÒÌ fabc  ²£¥¡·Ò ‹¨ su(3) ± ±

F a
μν = ∂μAa

ν − ∂νAa
μ + ifabcAb

μAc
ν .

Šμ¢ ·¨ ´É´ Ö ¶·μ¨§¢μ¤´ Ö § ¶¨¸Ò¢ ¥É¸Ö ¢ ¶·¨¢ÒÎ´μ³ ¢¨¤¥

Dab
μ = δab∂μ − iÂab

μ = ∂μ − iAc
μ(T c)ab, F̂μν = F a

μνT a, T a
bc = −ifabc,

Tr(F̂ )2 = −3F a
μνF a

μν � 0, F a
μνF a

μν = 4b2
vacΛ

4 > 0, C1 > 0, C2 > 0, C3 > 0.

‡´ ±¨ ±μ´¸É ´É C1, C2, C3 ¢Ò¡¨· ÕÉ¸Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ³¨´¨³Ê³ Leff

¶·¨ ´¥´Ê²¥¢μ³ §´ Î¥´¨¨ ¸± ²Ö·´μ£μ £²Õμ´´μ£μ ±μ´¤¥´¸ É . �ËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ²
¡Ò² ¶·¥¤²μ¦¥´ ¢ · ¡μÉ¥ [27] ¨ ¤¥É ²Ó´¥¥ ¨¸¸²¥¤μ¢ ´ ¢ · ¡μÉ¥ [24].

‹ £· ´¦¨ ´ (4) Ê¤μ¢²¥É¢μ·Ö¥É ¢¸¥³ ¸¨³³¥É·¨Ö³ Š•„, §  ¨¸±²ÕÎ¥´¨¥³ ³ ¸ÏÉ ¡´μ°
¨´¢ ·¨ ´É´μ¸É¨. ƒ²μ¡ ²Ó´Ò° ³¨´¨³Ê³ ¤μ¸É¨£ ¥É¸Ö ¤²Ö ¶μ²¥° ¸ ¶μ¸ÉμÖ´´μ° ´ ¶·Ö¦¥´-
´μ¸ÉÓÕ, · ¸¸³μÉ·¥´¨¥ ±μÉμ·ÒÌ ¶μ± §Ò¢ ¥É [23, 24], ÎÉμ  ¡¥²¥¢Ò ±μ¢ ·¨ ´É´μ ¶μ¸ÉμÖ´-
´Ò¥ ¶μ²Ö

Âμ = −1
2
n̂Fμνxν , n̂ = T 3 cos (ξ) + T 8 sin (ξ) (5)

μ¡¥¸¶¥Î¨¢ ÕÉ ³¥´ÓÏ¥¥ §´ Î¥´¨¥ ² £· ´¦¨ ´ , ´¥¦¥²¨ ´¥ ¡¥²¥¢Ò ¶μ²Ö ¸ ¶μ¸ÉμÖ´´Ò³
¢¥±Éμ·´Ò³ ¶μÉ¥´Í¨ ²μ³ Aa

μ = const. �μ¤¸É ¢²ÖÖ  ¡¥²¥¢μ ¶μ²¥ (5) ¢ ² £· ´¦¨ ´ ¨
μ¡μ§´ Î Ö Ì·μ³μÔ²¥±É·¨Î¥¸±μ¥ e ¨ Ì·μ³μ³ £´¨É´μ¥ h ¶μ²Ö ± ±

ei =
F4i

Λ2
, hi =

1
2
εijk

Fjk

Λ2
, e2 + h2 = 2b2,

¶μ²ÊÎ ¥³

Ueff = Λ4

{
−C1b

2 + C2b
4(1 + sin2 ω) +

1
9
C3b

6(10 + cos 6ξ)(1 + 3 sin2 ω)
}

. (6)

� ¸¸³μÉ·¨³ ¸²ÊÎ ° e2 = h2 = b2, ¤²Ö ÔÉμ£μ ¶ · ³¥É·¨§Ê¥³ ¢¥±Éμ·Ò e ¨ h ¢ ¸²¥¤ÊÕ-
Ð¥³ ¢¨¤¥:

h = b{sin θ cosφ, sin θ sin φ, cos θ}, (7)

e = O

(
h
b
, ψ

)
O

(
k × h
|k × h| , ω

)
h, ki = δi3, (8)

£¤¥ ³ É·¨Í 
Oij(m, α) = mimj + (δij − mimj) cos α − εijkmk sin α
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�¨¸. 1. �ËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² Ueff

± ± ËÊ´±Í¨Ö Ê£²  ω ³¥¦¤Ê Ì·μ³μÔ²¥±É-
·¨Î¥¸±μ° ¨ Ì·μ³μ³ £´¨É´μ° ±μ³¶μ´¥´-

É ³¨ £²Õμ´´μ£μ ¶μ²Ö ¨ Ê£²  ξ. Œ¨´¨-

³Ê³Ò, μ¡μ§´ Î¥´´Ò¥ É¥³´μ-¸¥·Ò³ Í¢¥-
Éμ³, μ¡· §ÊÕÉ ¶¥·¨μ¤¨Î¥¸±ÊÕ ¸É·Ê±-

ÉÊ·Ê (·¨¸Ê´μ± ¨§ · ¡μÉÒ [23])

μ¶¨¸Ò¢ ¥É ¶μ¢μ·μÉ ¢μ±·Ê£ ¥¤¨´¨Î´μ£μ ¢¥±Éμ·  m
´  Ê£μ² α. ‚ É ±μ° ¶ · ³¥É·¨§ Í¨¨ eh = b2 cosω.

ˆ§ ¢Ò· ¦¥´¨Ö (6) ¢¨¤´μ, ÎÉμ ³¨´¨³Ê³ ¶μÉ¥´Í¨-
 ²  ¤μ¸É¨£ ¥É¸Ö ´  ¸ ³μ¤Ê ²Ó´ÒÌ ¶μ²ÖÌ (ω = kπ)
¶·¨ ξ = (2l + 1)π/6 ¤²Ö l = 0, 1, . . . , 5, ÎÉμ ¶·μ-
¨²²Õ¸É·¨·μ¢ ´μ ´  ·¨¸. 1. �·¥¤¶μ²μ¦¥´¨¥ μ ¸ÊÐ¥-
¸É¢μ¢ ´¨¨ ´¥´Ê²¥¢μ£μ ¸± ²Ö·´μ£μ £²Õμ´´μ£μ ±μ´-
¤¥´¸ É  ¢¥¤¥É ± ¸ÊÐ¥¸É¢μ¢ ´¨Õ ¶¥·¨μ¤¨Î¥¸±μ° ¸¨-
¸É¥³Ò ¢Ò·μ¦¤¥´´ÒÌ ³¨´¨³Ê³μ¢ ÔËË¥±É¨¢´μ£μ ¶μ-
É¥´Í¨ ² , ¢ ± ¦¤μ³ ¨§ ±μÉμ·ÒÌ ´ ·ÊÏ¥´  ¶·μ¸É· ´-
¸É¢¥´´ Ö Î¥É´μ¸ÉÓ ¨ ¤¨¸±·¥É´ Ö £·Ê¶¶  ¢¥°²¥¢¸±¨Ì
μÉ· ¦¥´¨°.

�·¨ ¨§ÊÎ¥´¨¨ ¸É·Ê±ÉÊ·Ò ¶μ²Ê¶·μ¸Éμ°  ²£¥¡·Ò
‹¨ ¨ ¥¥ ²¨´¥°´ÒÌ ¶·¥¤¸É ¢²¥´¨° ¢ ¦´ÊÕ ·μ²Ó
¨£· ¥É ¸¨³³¥É·¨Ö ¢ ±² ¸¸¥ ±μ·´¥° ¨ ±μ·´¥¢ÒÌ ¢¥±-
Éμ·μ¢ [30]. 	μ²¥¥ ¤¥É ²Ó´μ¥ ¨§ÊÎ¥´¨¥ ÔÉμ° ¸¨³³¥-
É·¨¨ ¶μ§¢μ²Ö¥É ¸¢Ö§ ÉÓ ¸ ± ¦¤μ° ¶μ²Ê¶·μ¸Éμ°  ²-
£¥¡·μ° ‹¨ ´¥±μÉμ·ÊÕ ±μ´¥Î´ÊÕ £·Ê¶¶Ê ¸¨³³¥É·¨°,
´ §Ò¢ ¥³ÊÕ £·Ê¶¶μ° ‚¥°²Ö. �Ê¸ÉÓ G Å ¶μ²Ê¶·μ-
¸É Ö  ²£¥¡·  ‹¨ ¨ H Å ¥¥ ± ·É ´μ¢¸± Ö ¶μ¤ ²£¥¡· .
„²Ö ± ¦¤μ° ¶ ·Ò ¢¥±Éμ·μ¢ α, γ ∈ H ¶·¥μ¡· §μ-
¢ ´¨¥

σα(γ) = γ − 2
α, γ

α, α
α

Ö¢²Ö¥É¸Ö §¥·± ²Ó´Ò³ μÉ· ¦¥´¨¥³ μÉ´μ¸¨É¥²Ó´μ £¨¶¥·¶²μ¸±μ¸É¨ Hα, μ·Éμ£μ´ ²Ó´μ° ¢¥±-
Éμ·Ê α. ƒ·Ê¶¶ , ¶μ·μ¦¤¥´´ Ö μÉ· ¦¥´¨Ö³¨ σα ¢ ±μ·´¥¢μ³ ¶·μ¸É· ´¸É¢¥, £¤¥ α ¶·μ¡¥£ ¥É
¸¨¸É¥³Ê ¢¸¥Ì ¶·μ¸ÉÒÌ ±μ·´¥°  ²£¥¡·Ò G, ´ §Ò¢ ¥É¸Ö £·Ê¶¶μ° ‚¥°²Ö. ƒ¨¶¥·¶²μ¸±μ¸É¨ Hα

¤¥²ÖÉ r-³¥·´μ¥ ±μ·´¥¢μ¥ ¶·μ¸É· ´¸É¢μ ´  ´¥¶¥·¥±·Ò¢ ÕÐ¨¥¸Ö ±μ´Ê¸Ò, ± ¦¤Ò° ¨§ ±μÉμ-
·ÒÌ ´ §Ò¢ ¥É¸Ö ± ³¥·μ° ‚¥°²Ö. „·Ê£¨³¨ ¸²μ¢ ³¨, £·Ê¶¶  ‚¥°²Ö ¶¥·¥¢μ¤¨É μ¤´Ê ± ³¥·Ê
‚¥°²Ö ¢ ¤·Ê£ÊÕ, ¨, ¸²¥¤μ¢ É¥²Ó´μ, £·Ê¶¶  ‚¥°²Ö ¤¥°¸É¢Ê¥É ´  ³´μ¦¥¸É¢¥ ± ³¥· ‚¥°²Ö.

‚ · ¡μÉ¥ [31] ¶μ± § ´μ, ÎÉμ ÔËË¥±É¨¢´Ò° ¶μÉ¥´Í¨ ² ¢ ¶μ¤Ìμ¤¥ ƒ¨´§¡Ê·£ Ä‹ ´¤ Ê [24]
¤²Ö F̂μν = n̂Fμν ¢±²ÕÎ ¥É μ£· ´¨Î¥´¨¥ ¶μ²´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ SU(3) ´   ¡¥²¥¢μ
¶μ¤¶·μ¸É· ´¸É¢μ U(1)×U(1), £¤¥ £¥´¥· Éμ·Ò ¤ ÕÉ¸Ö ²¨´¥°´μ° ±μ³¡¨´ Í¨¥° ¤¨ £μ´ ²Ó-
´ÒÌ ³ É·¨Í ƒ¥²²-Œ ´´ 

n̂ = χ1T
3 + χ2T

8.

Œ¨´¨³Ê³Ò ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²  ¨³¥ÕÉ ³¥¸Éμ ¶·¨

χ =
(

cos
(2n + 1)π

6
, sin

(2n + 1)π
6

)
, n ∈ {0, . . . , 5}

¨ ¸¢Ö§ ´Ò ¤¨¸±·¥É´Ò³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨ ‚¥°²Ö. Šμ´Ë¨£Ê· Í¨¨ ¤μ³¥´´ÒÌ ¸É¥´μ± Ëμ·-
³¨·ÊÕÉ¸Ö ± ²¨¡·μ¢μÎ´Ò³¨ ¶μ²Ö³¨, ¨´É¥·¶μ²¨·ÊÕÐ¨³¨ ³¥¦¤Ê · §²¨Î´Ò³¨ ³¨´¨³Ê³ ³¨.

‘ ÉμÎ´μ¸ÉÓÕ ¤μ ¶¥·¨μ¤¨Î´μ¸É¨, ¤²Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(3) ¨³¥¥É¸Ö Ï¥¸ÉÓ
· §²¨Î´ÒÌ §´ Î¥´¨° Ê£²  ξ ¨ ¤¢  §´ Î¥´¨Ö Ê£²  ω, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢¥´ ¤Í É¨ · §²¨Î-
´Ò³ ¢Ò·μ¦¤¥´´Ò³ £²μ¡ ²Ó´Ò³ ³¨´¨³Ê³ ³ ÔËË¥±É¨¢´μ£μ ¤¥°¸É¢¨Ö. Œ¨´¨³Ê³Ò ¸¢Ö§ ´Ò
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¤¨¸±·¥É´Ò³¨ ¶·¥μ¡· §μ¢ ´¨Ö³¨ Î¥É´μ¸É¨ ¨ μÉ· ¦¥´¨Ö³¨ ‚¥°²Ö, ¶μÔÉμ³Ê ¤²Ö ² £· ´-
¦¨ ´  (4) Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ´  Ê£²μ¢Ò¥ ¶¥·¥³¥´´Ò¥ ω ¨ ξ ¨³¥ÕÉ ·¥Ï¥´¨Ö ¢ Ëμ·³¥
¸μ²¨Éμ´μ¢ (¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ) ¨ ±¨´±μ¢ (¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥).

…¸²¨ ¶μ²μ¦¨ÉÓ θ = 0, φ = 0, ψ = π/2 ¢ ¢Ò· ¦¥´¨ÖÌ (7) ¨ (8), Éμ ¶μ²ÊÎ¨³ Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö ¤²Ö ² £· ´¦¨ ´  (4) ´  ¶¥·¥³¥´´Ò¥ b, ω, ξ (¸³. · ¡μÉÊ [32])

−6b′ω′ + b3 sin 2ω
(
C3b

2(cos 6ξ + 10) + 3C2

)
− 3bω′′ = 0,

−15b′′ + 3b
(
−4C1 + 2ω′2 + 5ξ′2

)
− 12C2b

3(cos 2ω − 3)−
−2C3b

5(3 cos 2ω − 5)(cos 6ξ + 10) = 0,

2C3b
6(3 cos 2ω − 5) sin 6ξ − 15b (2b′ξ′ + bξ′′) = 0.

(9)

�¥Ï Ö Î¨¸²¥´´μ ¸¨¸É¥³Ê Ê· ¢´¥´¨° (9) ¸ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨

b′(xmin) = −b′(xmax), ω(xmin) + ω(xmax) = π, ξ(xmin) + ξ(xmax) =
2π

3
,

¶μ²ÊÎ¨³ ·¥Ï¥´¨Ö ¤²Ö ¶¥·¥³¥´´ÒÌ b, ω, ξ, ¨§μ¡· ¦¥´´ÒÌ ´  ·¨¸. 2.
‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¨¸¸²¥¤μ¢ ´ ¸²ÊÎ °, ±μ£¤  §´ Î¥´¨¥ ´ ¶·Ö¦¥´´μ¸É¨ £²Õμ´´μ£μ

¶μ²Ö b ¨ Ê£μ² ξ ¶·¨´¨³ ÕÉ ¢ ±ÊÊ³´Ò¥ §´ Î¥´¨Ö,   Ê£μ² ³¥¦¤Ê Ì·μ³μÔ²¥±É·¨Î¥¸±¨³ ¨
Ì·μ³μ³ £´¨É´Ò³ ¶μ²Ö³¨ ³μ¦¥É ³¥´ÖÉÓ¸Ö μÉ ÉμÎ±¨ ± ÉμÎ±¥ ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥Ä
¢·¥³¥´¨ ω = ω(x), ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¨§³¥´¥´¨Õ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  Q(x),
±μÉμ·Ò° ¶·μ¶μ·Í¨μ´ ²¥´ cos (ω),

Q(x) =
g2

32π2
F̃μνFμν =

Λ4

32π2
b2
vac cosω(x). (10)

‚ ÔÉμ³ ¸²ÊÎ ¥ ² £· ´¦¨ ´ ¶·¨´¨³ ¥É ¢¨¤

Leff =
1
2
Λ2b2

vac

(
∂νω∂νω + μ2sin2 ω

)
.

“· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¤²Ö ¶μ²Ö ω(x) Ö¢²Ö¥É¸Ö Ìμ·μÏμ ¨§ÊÎ¥´´Ò³ Ê· ¢´¥´¨¥³ ¸¨´Ê¸-
ƒμ·¤μ´ 

∂2ω =
μ2

2
sin 2ω, μ2 = 2b2

vacΛ
2
(
C2 + 3C3b

2
vac

)
,

�¨¸. 2. �¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (9). �·¨ x � 0 b = bvac, ω = 0, ξ = π/6; ¶·¨ x � 0

b = bvac, ω = π, ξ = π/2 (·¨¸Ê´μ± ¨§ · ¡μÉÒ [32])
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¨³¥ÕÐ¨³ ·¥Ï¥´¨¥ ¢ ¢¨¤¥ ±¨´± 

ω(x) = 2 arctan (exp (μ(ηνxν − q))), (11)

μ¶¨¸Ò¢ ÕÐ¥£μ ¶²μ¸±ÊÕ ¤μ³¥´´ÊÕ ¸É¥´±Ê, μ·Éμ£μ´ ²Ó´ÊÕ ¥¤¨´¨Î´μ³Ê 4-¢¥±Éμ·Ê η ¨ · ¸-
¶μ²μ¦¥´´ÊÕ ´  · ¸¸ÉμÖ´¨¨ q (¢¤μ²Ó η) μÉ ´ Î ²  ±μμ·¤¨´ É ¢ ´¥±μÉμ·μ° ¸¨¸É¥³¥ μÉ¸Î¥É .
‡ ³¥É¨³, ÎÉμ ¢ Î¥ÉÒ·¥Ì³¥·´μ³ ¶·μ¸É· ´¸É¢¥ ÔÉμ ·¥Ï¥´¨¥ ¸ ³μ ¶μ ¸¥¡¥ ´¥ Ì · ±É¥·¨§Ê-
¥É¸Ö Éμ¶μ²μ£¨Î¥¸±μ° ¸É ¡¨²Ó´μ¸ÉÓÕ, ´μ ³μ¦¥É ¸É ¡¨²¨§¨·μ¢ ÉÓ¸Ö Éμ¶μ²μ£¨Î¥¸±¨³¨ ¤¥-
Ë¥±É ³¨ ¡μ²¥¥ ´¨§±μ° · §³¥·´μ¸É¨,   É ±¦¥ ¨§-§  ¢²¨Ö´¨Ö ±¢ §¨´Ê²¥¢ÒÌ Ë¥·³¨μ´´ÒÌ
(±¢ ·±μ¢ÒÌ) ³μ¤. „ ²¥¥ ¡Ê¤ÊÉ · ¸¸³μÉ·¥´Ò ¸¢μ°¸É¢  ¸¥É¥° ¤μ³¥´´ÒÌ ¸É¥´μ±  ´ ²μ£¨Î´μ
Éμ³Ê, ± ± ÔÉμ ¤¥² ¥É¸Ö ¢ Ë¨§¨±¥ ¸¶²μÏ´ÒÌ ¸·¥¤ (¸³. [26]).

‘¥ÉÓ N ¤μ³¥´´ÒÌ ¸É¥´μ± ¶·¥¤¸É ¢¨³ ± ±  ¤¤¨É¨¢´ÊÕ ¸Ê¶¥·¶μ§¨Í¨Õ ±¨´±μ¢, ¨³¥Õ-
Ð¨Ì ¢¸¥¢μ§³μ¦´Ò¥ μ·¨¥´É Í¨¨ ηi ¨ ¶μ²μ¦¥´¨Ö qi

ω(x|N) =
N∑

i=1

ωi(x),

ωi(x) =2 arctan exp (μ(ην
i xν − qi)),

(12)

£¤¥ μ Å μ¡· É´ Ö Ï¨·¨´ , μ¤¨´ ±μ¢ Ö ¤²Ö ¢¸¥Ì ¤μ³¥´´ÒÌ ¸É¥´μ± ¢ ¸Ê¶¥·¶μ§¨Í¨¨. „ -
²¥¥ ¢¸¥ · §³¥·´Ò¥ Ë¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ¶·¨¢μ¤ÖÉ¸Ö ¢ ¥¤¨´¨Í Ì ¸É¥¶¥´¥° ³ ¸ÏÉ ¡  Λ.
‚ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥

N → ∞, V → ∞, ρ =
N

V
= const

¸É É¨¸É¨Î¥¸± Ö ¸Ê³³  ¤²Ö ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¨³¥¥É ¢¨¤

Z = N lim
N,V →∞

N∏
j=1

∫
V

d4qj

V
exp
{
−S(N)(q)

}
.

„¥°¸É¢¨¥ ¤²Ö ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¸Ê³³Ò

S(N) = S
(N)
0 + S

(N)
int , S

(N)
0 =

N∑
i=1

∫
V

d4xLi(x),

S
(N)
int =

∫
V

d4x

[
L(x) −

N∑
i=1

Li(x)

]
,

Li =
b2
vac

2
(
[∂νωi (x)]2 + μ2 sin2 ωi(x)

)
,

L =
b2
vac

2
(
[∂νω (x|N)]2 + μ2 sin2 ω(x|N)

)
,

£¤¥ ω (x|N) μ¶·¥¤¥²¥´  ¢ (12).

�¥É·Ê¤´μ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ ¤²Ö μÎ¥´Ó Éμ´±¨Ì ¸É¥´μ± (μ � 1) Î ¸ÉÓ ¤¥°¸É¢¨Ö S
(N)
int

μÎ¥´Ó ³ ²  ¶μ ¸· ¢´¥´¨Õ ¸ S
(N)
0 ¤²Ö ±μ´Ë¨£Ê· Í¨° ¸¥É¨, ¢ ±μÉμ·μ° ±μμ·¤¨´ ÉÒ qi ´¥

¸μ¢¶ ¤ ÕÉ ¤²Ö ²Õ¡ÒÌ ¤¢ÊÌ ¨ ¡μ²¥¥ ¤μ³¥´´ÒÌ ¸É¥´μ±. ‚ ¶·¥¤¥²¥ ¡¥¸±μ´¥Î´μ Éμ´±¨Ì
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¸É¥´μ± S
(N)
int ¶μ ¸ÊÉ¨ ¤¥²  μ¶¨¸Ò¢ ¥É ±μ´É ±É´μ¥, É. ¥. μÉ²¨Î´μ¥ μÉ ´Ê²Ö Éμ²Ó±μ ¶·¨

¸μ¢¶ ¤¥´¨¨ ¨Ì ±μμ·¤¨´ É, ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¸É¥´± ³¨,   S
(N)
0 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°

¤¥°¸É¢¨¥ ¤²Ö ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸¨¸É¥³Ò N ¤μ³¥´´ÒÌ ¸É¥´μ±. „ ²¥¥, S
(N)
int ¢ ¸¢μÕ

μÎ¥·¥¤Ó ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ± ± ¸Ê³³  ¤¥°¸É¢¨°, μ¶¨¸Ò¢ ÕÐ¨Ì Éμ²Ó±μ ¶ ·´μ¥,
É·μ°´μ¥ ¨ É. ¤. ¢§ ¨³μ¤¥°¸É¢¨¥ ¸É¥´μ±. ’ ± Ö ¨¥· ·Ì¨Ö ³μ¦¥É ¡ÒÉÓ ¶μ²μ¦¥´  ¢ μ¸´μ¢Ê
¸Ì¥³Ò  ´ ²¨É¨Î¥¸±μ£μ ¢ÒÎ¨¸²¥´¨Ö ¸É É¨¸É¨Î¥¸±μ° ¸Ê³³Ò ¨ ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨°
¢ ¸É É¨¸É¨Î¥¸±μ° ¸¨¸É¥³¥ ¸¥É¥° ¤μ³¥´´ÒÌ ¸É¥´μ±.

�·¨ · ¸¸³μÉ·¥´¨¨ ¸Ê¶¥·¶μ§¨Í¨¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¢ É¥·³¨´ Ì ¢¥±Éμ·´μ£μ ¶μÉ¥´Í¨-
 ²  ´  ¶¥·¥¸¥Î¥´¨ÖÌ ¤μ³¥´´ÒÌ ¸É¥´μ± ´¥¨§¡¥¦´μ ¢μ§´¨± ÕÉ ¸¨´£Ê²Ö·´Ò¥ μ¡² ¸É¨, £¤¥
div H 	= 0, div E 	= 0. �Éμ μ§´ Î ¥É, ÎÉμ Í¢¥Éμ¢μ° ¢¥±Éμ· n̂ ¢ ÔÉ¨Ì μ¡² ¸ÉÖÌ ¤μ²¦¥´ μÉ-
±²μ´ÖÉÓ¸Ö μÉ ¸¢μ¥£μ ¶μ¸ÉμÖ´´μ£μ §´ Î¥´¨Ö, ¨ ¸ ³μ ¶μ²¥ ¤μ²¦´μ ¸É ´μ¢¨ÉÓ¸Ö ´¥ ¡¥²¥¢Ò³,
ÎÉμ ³μ¦¥É ¸¢¨¤¥É¥²Ó¸É¢μ¢ ÉÓ μ ´ ²¨Î¨¨ ¤¨μ´μ¢ ´  ¶¥·¥¸¥Î¥´¨¨ ¤μ³¥´´ÒÌ ¸É¥´μ±. �¶¨-
¸ ´¨¥ ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± (12) ¢ É¥·³¨´ Ì ¢¥±Éμ·´μ£μ ¶μÉ¥´Í¨ ²  É·¥¡Ê¥É ¶·¨³¥´¥´¨Ö
¶ · ³¥É·¨§ Í¨¨ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö, ¶·¥¤²μ¦¥´´μ° ¢ ¸¥·¨¨ · ¡μÉ [33Ä40]. ‚ ÔÉμ°
¶ · ³¥É·¨§ Í¨¨  ¡¥²¥¢  Î ¸ÉÓ V̂μ(x) Ö¢´μ μÉ¤¥²¥´  μÉ ´¥ ¡¥²¥¢  ¶μ²Ö Âμ(x) É ±, ÎÉμ

Âμ(x) = V̂μ(x) + X̂μ(x), V̂μ(x) = B̂μ(x) + Ĉμ(x),

B̂μ(x) = [naAa
μ(x)]n̂(x) = Bμ(x)n̂(x),

Ĉμ(x) = g−1∂μn̂(x) × n̂(x),

X̂μ(x) = g−1n̂(x) × (∂μn̂(x) + gÂμ(x) × n̂(x)),

£¤¥ Âμ(x) = Aa
μ(x)ta, n̂(x) = na(x)ta, nana = 1, ¨

∂μn̂ × n̂ = ifabc∂μnanbtc, [ta, tb] = ifabctc.

�μ²¥ V̂μ(x) · ¸¸³ É·¨¢ ¥É¸Ö ± ±  ¡¥²¥¢μ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ [V̂μ(x), V̂ν (x)] = 0. ‘¨´-
£Ê²Ö·´Ò¥ μ¡² ¸É¨ μÌ¢ ÉÒ¢ ÕÉ ¢¥¸Ó ¸¶¥±É· Éμ¶μ²μ£¨Î¥¸±¨Ì ¤¥Ë¥±Éμ¢ Å ¢¨Ì·¥°, ¤¨μ´μ¢,
¨´¸É ´Éμ´μ¢.

‚ ´¥¤ ¢´¥° · ¡μÉ¥ [18] ¶μ± § ´μ, ÎÉμ ¶²μÉ´μ¸ÉÓ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ (ÔËË¥±É¨¢´Ò°
¶μÉ¥´Í¨ ²) ¤²Ö ¸²ÊÎ Ö Î¥ÉÒ·¥Ì³¥·´μ° μ¡² ¸É¨ · ¤¨Ê¸  R, § ¶μ²´¥´´μ°  ´É¨¸ ³μ¤Ê ²Ó-
´Ò³  ¡¥²¥¢Ò³ ¶μ²¥³, ¨³¥¥É £²μ¡ ²Ó´Ò° ³¨´¨³Ê³ ¶·¨ ±μ´¥Î´μ³ §´ Î¥´¨¨ ´ ¶·Ö¦¥´´μ¸É¨
Ëμ´μ¢μ£μ £²Õμ´´μ£μ ¶μ²Ö B ¨ · §³¥·  μ¡² ¸É¨ R, μ¡Ê¸²μ¢²¥´´Ò° ¶·¨¸ÊÉ¸É¢¨¥³ ±¢ §¨-
´Ê²¥¢ÒÌ ³μ¤ ±¢ ·±μ¢.

2. Œ…’�„ Œ��’…-Š��‹� �� ‘•…Œ… Œ��Š�‚‘Šˆ• –…�…‰

Œ¥Éμ¤ Œμ´É¥-Š ·²μ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¢ÒÎ¨¸²¥´¨° ËÊ´±Í¨μ´ ²Ó´ÒÌ ¨´É¥£· ²μ¢ ¢¨¤ 

Z = N
∫
V

Dx e−S[x].

�·¨ ÔÉμ³ μ± §Ò¢ ¥É¸Ö ´¥¢Ò£μ¤´Ò³ ¨´É¥£·¨·μ¢ ÉÓ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¶μ ±μμ·¤¨´ É ³ x,
  Ê¤μ¡´μ § ³¥´¨ÉÓ ³´μ£μ±· É´Ò° ¨´É¥£· ² ¸Ê³³μ° ¶μ ¸μ¸ÉμÖ´¨Ö³ ¸¨¸É¥³Ò ¨ ¢ÒÎ¨¸²ÖÉÓ
ÔÉÊ ¸Ê³³Ê ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ.
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�Ê¸ÉÓ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò, μ¡μ§´ Î ¥³μ¥ ¡Ê±¢μ° X , Ì · ±É¥·¨§Ê¥É¸Ö ´ ¡μ·μ³ ±μμ·-
¤¨´ É

X = {x0, x1, . . . , xm}.
�μ¸²¥¤μ¢ É¥²Ó´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ x ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ¸Ê³³Ê ¶μ ¢¸¥³ ¸μ¸ÉμÖ´¨Ö³
¸¨¸É¥³Ò ∫

V

Dx =
∑
X

.

’ ±¨³ μ¡· §μ³, ¸·¥¤´¥¥ μÉ ´¥±μÉμ·μ° ¢¥²¨Î¨´Ò O(x) ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

〈O〉 =
∑
X

O(X) e−S[X]

/∑
X

e−S[X], (13)

£¤¥ O(X) ¨ S[X ] ¶·¥¤¸É ¢²ÖÕÉ §´ Î¥´¨Ö Ê¸·¥¤´Ö¥³μ° ¢¥²¨Î¨´Ò O ¨ ¤¥°¸É¢¨Ö S ¢ ¤ ´´μ³
¸μ¸ÉμÖ´¨¨ X ¸μμÉ¢¥É¸É¢¥´´μ.

‚ ¸²ÊÎ ¥ ¥¸²¨ ¶μ²´μ¥ Î¨¸²μ ¸μ¸ÉμÖ´¨° ¸¨¸É¥³Ò ¢¥²¨±μ, Éμ ¶¥·¥¡· ÉÓ ¨Ì ¢¸¥ ´¥ ¶·¥¤-
¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³, ¨ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸·¥¤´¥° ¢¥²¨Î¨´Ò (13) ¨¸¶μ²Ó§Ê¥É¸Ö ¸É ´¤ ·É-
´Ò° ³¥Éμ¤ Œμ´É¥-Š ·²μ. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¸Ê³³Ò (13) ¸²ÊÎ °´Ò³ μ¡· §μ³ £¥´¥·¨·Ê¥É¸Ö
¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¸μ¸ÉμÖ´¨° ¸¨¸É¥³Ò

A = {X0, X1, . . . , Xn}. (14)

…¸²¨ ¸μ¸ÉμÖ´¨¥ Xi ¸¨¸É¥³Ò ¢¸É·¥Î ¥É¸Ö ¢ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ¸μ¸ÉμÖ´¨° ¸¨¸É¥³Ò A
¸ ¢¥·μÖÉ´μ¸ÉÓÕ p (Xi), Éμ ¸·¥¤´¥¥ (13) ¶·¨¡²¨¦¥´´μ ³μ¦´μ § ¶¨¸ ÉÓ

〈O〉 ≈
n∑

i=0

O(Xi) p−1(Xi) e−S[Xi]

/ n∑
i=0

p−1(Xi) e−S[Xi]. (15)

‚Ò£μ¤´μ £¥´¥·¨·μ¢ ÉÓ ¸μ¸ÉμÖ´¨¥ Xi ¸ ¢¥·μÖÉ´μ¸ÉÓÕ

p (Xi) ∝ e−S[Xi], (16)

ÎÉμ¡Ò ¢Ò· ¦¥´¨¥ (15) ¶·¨´Ö²μ ¢¨¤ ¸·¥¤´¥£μ  ·¨Ë³¥É¨Î¥¸±μ£μ

〈O〉 ≈ 1
n

n∑
i=0

O(Xi).

�μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¸μ¸ÉμÖ´¨°, ±μÉμ·Ò¥ £¥´¥·¨·ÊÕÉ¸Ö ¸ ¢¥·μÖÉ´μ¸ÉÓÕ (16), ´ §Ò¢ ¥É¸Ö
· ¢´μ¢¥¸´μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓÕ ¸μ¸ÉμÖ´¨°. �μ¸É·μ¨ÉÓ · ¢´μ¢¥¸´Ò°  ´¸ ³¡²Ó ¸μ¸ÉμÖ-
´¨° ´¥ É ±-Éμ ¶·μ¸Éμ, ¶μÉμ³Ê ÎÉμ § · ´¥¥ ´¥¨§¢¥¸É´μ §´ Î¥´¨¥ ¢¥·μÖÉ´μ¸É¨ (16). ‘ ÔÉμ°
Í¥²ÓÕ Ê¸É· ¨¢ ¥É¸Ö ³ ·±μ¢¸±¨° ¶·μÍ¥¸¸, ¸ ¶μ³μÐÓÕ ±μÉμ·μ£μ ± ¦¤μ¥ ´μ¢μ¥ ¸μ¸ÉμÖ´¨¥
¢ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ (14) ¸É·μ¨É¸Ö ¨§ ¶·¥¤Ò¤ÊÐ¥£μ. Œ ·±μ¢¸±¨³ ¶·μÍ¥¸¸μ³ ´ §Ò¢ -
¥É¸Ö É ±μ° ¸²ÊÎ °´Ò° ¶·μÍ¥¸¸, ±μÉμ·Ò° ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É¸Ö ³ É·¨Í¥° ¶¥·¥Ìμ¤ 
P (X → X ′) ¨§ ¸μ¸ÉμÖ´¨Ö X ¢ ¸μ¸ÉμÖ´¨¥ X ′, ¶·¨Î¥³ ÔÉ  ¢¥·μÖÉ´μ¸ÉÓ ´¥ § ¢¨¸¨É μÉ
¨¸Éμ·¨¨ ¸¨¸É¥³Ò. Œ É·¨Í  ¶¥·¥Ìμ¤  P (X → X ′) Ê¤μ¢²¥É¢μ·Ö¥É ¶·¨´Í¨¶Ê ¤¥É ²Ó´μ£μ
· ¢´μ¢¥¸¨Ö

e−S[X]P (X → X ′) = e−S[X′]P (X ′ → X) . (17)
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�²¥³¥´ÉÒ ³ É·¨ÍÒ ¶¥·¥Ìμ¤  P ´ §Ò¢ ÕÉ¸Ö ¢¥·μÖÉ´μ¸ÉÖ³¨ ¶¥·¥Ìμ¤ 

P (X → X ′) = {p(i, j); i, j = 0, 1, . . . , m}.

Šμ´±·¥É´Ò¥  ²£μ·¨É³Ò, ¶μ ±μÉμ·Ò³ ¶·μ¢μ¤ÖÉ¸Ö ³μ´É¥-± ·²μ¢¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö, · §²¨-
Î ÕÉ¸Ö ¢Ò¡μ·μ³ ³ É·¨ÍÒ ¶¥·¥Ìμ¤  P (X → X ′), μ¤´ ±μ ´¥¶·¥³¥´´μ ¢Ò¶μ²´Ö¥É¸Ö ¸¢μ°-
¸É¢μ (17).

‘ÊÐ¥¸É¢Ê¥É ´¥±μÉμ·μ¥ ±μ²¨Î¥¸É¢μ  ²£μ·¨É³μ¢, μ¸´μ¢ ´´ÒÌ ´  ³ ·±μ¢¸±¨Ì Í¥¶ÖÌ. �¤-
´¨³ ¨§ ¸ ³ÒÌ ¶μ¶Ê²Ö·´ÒÌ ¨ ¶·μ¸ÉÒÌ  ²£μ·¨É³μ¢, ¶·¨³¥´Ö¥³ÒÌ ± Ï¨·μ±μ³Ê ±² ¸¸Ê § -
¤ Î, Ö¢²Ö¥É¸Ö  ²£μ·¨É³ Œ¥É·μ¶μ²¨¸ . 	μ²¥¥ ¶μ¤·μ¡´μ μ¡ ÔÉμ³  ²£μ·¨É³¥ ³μ¦´μ ¶·μÎ¥¸ÉÓ
¢ · ¡μÉ¥ [41]. �¡μ¡Ð¥´¨¥  ²£μ·¨É³  Œ¥É·μ¶μ²¨¸  ¡Ò²μ ¤ ´μ ¢ 1970 £. ƒ ¸É¨´£¸μ³ [42].
ƒ ¸É¨´£¸ ¶·¥¤²μ¦¨² ¨¸¶μ²Ó§μ¢ ÉÓ ¶·μ¨§¢μ²Ó´ÊÕ ³ É·¨ÍÊ ¶¥·¥Ìμ¤  P , ±μÉμ· Ö ¢ μ¡Ð¥³
¸²ÊÎ ¥ ´¥ ¸¨³³¥É·¨Î´ , É. ¥. p(i, j) 	= p(j, i). �¸É ´μ¢¨³¸Ö ¡μ²¥¥ ¶μ¤·μ¡´μ ´   ²£μ·¨É³¥
Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸ .

�·¥¤¶μ²μ¦¨³, ÎÉμ ´ Ï  Í¥²Ó Å ¸£¥´¥·¨·μ¢ ÉÓ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¸μ¸ÉμÖ´¨° ¶μ ´¥-
±μÉμ·μ³Ê · ¸¶·¥¤¥²¥´¨Õ π(X) = z−1f(X), £¤¥ z ¥¸ÉÓ ´μ·³¨·μ¢μÎ´ Ö ±μ´¸É ´É , ±μÉμ· Ö
¢ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥¨§¢¥¸É´  ¨ É·Ê¤´μ μ¶·¥¤¥²Ö¥³ . � ¶μ³´¨³, ÎÉμ Xi ={xi0 , xi1 , . . . , xim}.

Œ ·±μ¢¸± Ö Í¥¶Ó ¸É·μ¨É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

1. ‡ ¤ ¥É¸Ö ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò X0.

2. ˆ¸¶μ²Ó§ÊÖ É¥±ÊÐ¥¥ ¸μ¸ÉμÖ´¨¥ X , ¢Ò¡¨· ¥³ ´μ¢μ¥ ¸μ¸ÉμÖ´¨¥ X ′ ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ ³ É·¨Í¥° ¶¥·¥Ìμ¤  P (X → X ′).

3. ‚ÒÎ¨¸²Ö¥³ μÉ´μÏ¥´¨¥

r =
π(X ′)P (X ′ → X)
π(X)P (X → X ′)

=
f(X ′)P (X ′ → X)
f(X)P (X → X ′)

.

4. …¸²¨ μÉ´μÏ¥´¨¥ r > 1, Éμ ¸μ¸ÉμÖ´¨¥ X ′ ¶·¨´¨³ ¥É¸Ö ¨ ¢μ§¢· Ð ¥³¸Ö ± ¶.2.

5. …¸²¨ μÉ´μÏ¥´¨¥ r < 1, Éμ £¥´¥·¨·Ê¥³ ¸²ÊÎ °´μ¥ Î¨¸²μ U ´  ¨´É¥·¢ ²¥ (0,1) ¨
¶·¨´¨³ ¥³ ¸μ¸ÉμÖ´¨¥ X ′ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ min (r, 1), ¥¸²¨ U � r. ‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥
μ¸É ¥³¸Ö ¢ ¸μ¸ÉμÖ´¨¨ X .

’ ±¨³ μ¡· §μ³, ¢ ·¥§Ê²ÓÉ É¥ k Ï £μ¢ ³Ò ¶μ²ÊÎ¨³ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¸μ¸ÉμÖ´¨°
A = {X0, X1, . . . , Xk}, £¤¥ ¢¥·μÖÉ´μ¸ÉÓ ¶¥·¥Ìμ¤  ¨§ ¸μ¸ÉμÖ´¨Ö Xi ¢ ¸μ¸ÉμÖ´¨¥ Xi+1

§ ¢¨¸¨É Éμ²Ó±μ μÉ ¸μ¸ÉμÖ´¨Ö Xi ¨ ´¥ § ¢¨¸¨É μÉ {X0, . . . , Xi−1}. �μ¸²¥ ¤μ¸É ÉμÎ´μ
¡μ²ÓÏμ£μ Î¨¸²  Ï £μ¢ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¸μ¸ÉμÖ´¨° {Xk, Xk+1, . . .} ¡Ê¤¥É ¢ ÉμÎ´μ¸É¨
μ¶¨¸Ò¢ ÉÓ ¨¸Ìμ¤´μ¥ · ¸¶·¥¤¥²¥´¨¥ π(X).

3. ‘ˆ‘’…Œ� �…‚‡�ˆŒ�„…‰‘’‚“�™ˆ• „�Œ…��›• ‘’…��Š:
„‚“•’�—…—�›… Š���…‹Ÿ–ˆˆ

‘É É¨¸É¨Î¥¸± Ö ¸Ê³³a N ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ± ¨³¥¥É Ë ±Éμ·¨§μ-
¢ ´´ÊÕ ¶μ μ¤¨´μÎ´Ò³ ¸É¥´± ³ Ëμ·³Ê

Z0(N, V ) =
N∏

j=1

∫
V

d4qj

V
exp {−SV (qj)}.
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„¥°¸É¢¨¥ μ¤¨´μÎ´μ° ¸É¥´±¨ ²¥£±μ ¢ÒÎ¨¸²Ö¥É¸Ö ¨ ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ ´¥ § ¢¨-
¸¨É μÉ ¥¥ ±μμ·¤¨´ É. ‚ ¨Éμ£¥ ¶μ²ÊÎ ¥³

Z0(N, V ) = exp
{
−2b2

vacρμV
}
,

£¤¥ ρ Å ¶²μÉ´μ¸ÉÓ ¤μ³¥´´ÒÌ ¸É¥´μ±; V Å Î¥ÉÒ·¥Ì³¥·´Ò° μ¡Ñ¥³.
� ¸¸³μÉ·¨³ ¤¢ÊÌÉμÎ¥Î´ÊÕ ±μ··¥²ÖÍ¨μ´´ÊÕ ËÊ´±Í¨Õ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ

§ ·Ö¤ 

G(x − y) = lim
N,V →∞

Z−1
0 (N, V )

N∏
j=1

∫
V

d4qj

V
Q (x|N) Q (y|N) e−S

(N)
0 .

‡¤¥¸Ó Q(x|N) μ¶·¥¤¥²Ö¥É¸Ö ¢ (10) ¸ § ³¥´μ° ω(x) ´a ¸Ê¶¥·¶μ§¨Í¨Õ ω(x|N).
�μ²Ó§ÊÖ¸Ó É¥³, ÎÉμ ¶·¨ μ → ∞

cosω(x, N) cosω(y, N) ≈
N∏

j=1

cosωj(x) cos ωj(y),

¶μ²ÊÎ ¥³ ¢ ¶·¥¤¥²¥ μ → ∞

G(x − y) = lim
N,V →∞

⎛
⎝∫

V

d4q

V
Q(x) Q(y)

⎞
⎠

N

.

ˆ´É¥£· ² ¶μ ±μμ·¤¨´ É ³ q ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ  ´ ²¨É¨Î¥¸±¨, ¶μ¸²¥ Î¥£μ, ¶μ¤¸É ¢²ÖÖ ¸μ-
μÉ´μÏ¥´¨¥ N = ρ ∗ V ¨ ¶μ²Ó§ÊÖ¸Ó ¢Éμ·Ò³ § ³¥Î É¥²Ó´Ò³ ¶·¥¤¥²μ³ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö
É¥·³μ¤¨´ ³¨Î¥¸±μ£μ ¶·¥¤¥² , ´ Ìμ¤¨³ ±μ··¥²ÖÍ¨μ´´ÊÕ ËÊ´±Í¨Õ.

ˆ´É¥·¥¸´μ ¶·¨¢¥¸É¨ ·¥§Ê²ÓÉ É ¤²Ö μ¤´μ³¥·´μ£μ ¸²ÊÎ Ö, ±μ£¤  ¢¸¥ ¤μ³¥´´Ò¥ ¸É¥´±¨
¶ · ²²¥²Ó´Ò ¤·Ê£ ¤·Ê£Ê:

G(x) = C exp {−2ρx coth (μx)}.

ƒ· Ë¨± ´μ·³¨·μ¢ ´´μ° ¢ ´Ê²¥ ¤¢ÊÌÉμÎ¥Î´μ° ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ G(x) ¤²Ö μ¤-
´μ³¥·´μ Ê¶μ·Ö¤μÎ¥´´μ° ¸¨¸É¥³Ò ¸É¥´μ± ¶·¨¢¥¤¥´ ´  ·¨¸. 3,   ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¶²μÉ´μ-
¸É¨ ρ ¶·¨ Ë¨±¸¨·μ¢ ´´μ° Ï¨·¨´¥ ¤μ³¥´´μ° ¸É¥´±¨.

�·¨ μ|x| � 1 ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö G(x) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ê¡Ò¢ ÕÐÊÕ Ô±¸¶μ-
´¥´ÉÊ

G(x) ∝ exp {−2ρ|x|}.

„²Ö μ¡Ð¥£μ ¸²ÊÎ Ö ´¥Ê¶μ·Ö¤μÎ¥´´ÒÌ ¸É¥´μ±  ´ ²μ£¨Î´μ¥ ¢ÒÎ¨¸²¥´¨¥ ¤ ¥É ¸²¥¤ÊÕÐ¨°
·¥§Ê²ÓÉ É ¤²Ö ±μ··¥²ÖÉμ·  ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ :

G(r) = C exp

⎧⎨
⎩− ρ

480πμ4

1∫
−1

dt
√

1 − t2 coth (μrt)
[
720Li4

(
−e−2μrt

)
+ 7π4

]⎫⎬⎭, r = |x− y|.

ƒ· Ë¨± ´μ·³¨·μ¢ ´´μ° ¤¢ÊÌÉμÎ¥Î´μ° ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ G(r) ¨§μ¡· ¦¥´
´  ·¨¸. 3, ¡ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¶²μÉ´μ¸É¨ ρ ¶·¨ Ë¨±¸¨·μ¢ ´´μ° Ï¨·¨´¥ ¤μ³¥´´μ° ¸É¥´±¨.
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�¨¸. 3. �μ·³¨·μ¢ ´´ Ö ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 

¤²Ö μ¤´μ³¥·´μ° (a) ¨ Î¥ÉÒ·¥Ì³¥·´μ° (¡) ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¤²Ö ¶²μÉ´μ¸É¥° ρ = 1 (¸¶²μÏ´ Ö
²¨´¨Ö) ¨ ρ = 2 (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ μ¡· É´μ° Ï¨·¨´Ò ¤μ³¥´´μ° ¸É¥´±¨ μ = 10

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ Éμ¶μ²μ£¨Î¥¸±μ° ¢μ¸¶·¨¨³Î¨¢μ¸É¨ χ μÉ ¶²μÉ´μ¸É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ρ ¶·¨

μ¡· É´μ° Ï¨·¨´¥ ¤μ³¥´´μ° ¸É¥´±¨ μ = 10

‘ ·μ¸Éμ³ ¶²μÉ´μ¸É¨ ¤²¨´  ±μ··¥²ÖÍ¨¨ Ê³¥´ÓÏ ¥É¸Ö. �·¨ μr � 1 ÔÉ  ±μ··¥²ÖÍ¨μ´´ Ö
ËÊ´±Í¨Ö μÎ¥´Ó ¡Ò¸É·μ Ê¡Ò¢ ¥É, ¡Ò¸É·¥¥ Ô±¸¶μ´¥´ÉÒ μÉ ²Õ¡μ° ¸É¥¶¥´¨ · ¸¸ÉμÖ´¨Ö r:

G(r) ∝ exp
{
− ρ e2μr

1920
√

πμ11/2r3/2

[
1 + O

(
1
μr

)]}
.

’μ¶μ²μ£¨Î¥¸± Ö ¢μ¸¶·¨¨³Î¨¢μ¸ÉÓ ¸¨¸É¥³Ò μ¶·¥¤¥²Ö¥É¸Ö ¨´É¥£· ²μ³

χ =
∫
V

d4x G(x).

�  ·¨¸. 4 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ Éμ¶μ²μ£¨Î¥¸±μ° ¢μ¸¶·¨¨³Î¨¢μ¸É¨ μÉ ¶²μÉ´μ¸É¨ ¤μ³¥´´ÒÌ
¸É¥´μ±. �·¨ ¸É·¥³²¥´¨¨ ¶²μÉ´μ¸É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ± ´Ê²Õ Éμ¶μ²μ£¨Î¥¸± Ö ¢μ¸¶·¨¨³Î¨-
¢μ¸ÉÓ ´¥μ£· ´¨Î¥´´μ · ¸É¥É, ÎÉμ ¸¢Ö§ ´μ ¸μ ¸É·¥³²¥´¨¥³ ¢ ÔÉμ³ ¶·¥¤¥²¥ ±μ··¥²ÖÍ¨μ´´μ°
¤²¨´Ò ± ¡¥¸±μ´¥Î´μ¸É¨.

4. —ˆ‘‹…��›‰ ���‹ˆ‡ �„��Œ…���‰ ˆ „‚“Œ…���‰ ‘…’ˆ
„�Œ…��›• ‘’…��Š

‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¡Ò²  ¶μ²ÊÎ¥´  ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ-
¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¤²Ö μ¤´μ³¥·´μ° ¸¥É¨ ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì
μÎ¥´Ó Éμ´±¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ±.
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‚μ¸¶μ²Ó§Ê¥³¸Ö  ²£μ·¨É³μ³ Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸  ¤²Ö  ´ ²¨§  ¶μ²´μ£μ ¤¥°¸É¢¨Ö
S(N) μ¤´μ³¥·´μ° ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ±. � ¶μ³´¨³, ÎÉμ ¶μ²´μ¥ ¤¥°¸É¢¨¥ ¸¥É¨ ¤μ³¥´´ÒÌ
¸É¥´μ± μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

S(N) =
b2
vac

2

l̃∫
−l̃

dx
(
[∂νω (x|N)]2 + μ2 sin2 ω(x|N)

)
.

‘·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¨ ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö
¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò ¶μ ±μ´Ë¨£Ê· Í¨Ö³ ¤μ-
³¥´´ÒÌ ¸É¥´μ±

〈Q(x)〉 = Z−1
N∏

j=1

l∫
−l

dqj

2l
Q (x|N) e−S(N) ≈ 1

n

n∑
i=1

Q (x|N) ,

G(x − y) = Z−1
N∏

j=1

l∫
−l

dqj

2l
Q (x|N)Q (y|N) e−S(N) ≈ 1

n

n∑
i=1

Q (x|N)Q (y|N) ,

£¤¥ Q(x|N) μ¶·¥¤¥²Ö¥É¸Ö ¢ (10) ¸ § ³¥´μ° ω(x) ´a ¸Ê¶¥·¶μ§¨Í¨Õ ω(x|N), ±μÉμ· Ö, ¢ ¸¢μÕ
μÎ¥·¥¤Ó, μ¶·¥¤¥²¥´  ¢ (12). ‡¤¥¸Ó ¨´¤¥±¸ i ¶·μ¡¥£ ¥É ¶μ ´μ³¥· ³ ±μ´Ë¨£Ê· Í¨° ¤μ³¥´-
´ÒÌ ¸É¥´μ±, É. ¥. qi = (qi1 , qi2 , . . . , qiN ).

�·¥¤¥²Ò ¨´É¥£·¨·μ¢ ´¨Ö ¤μ²¦´Ò Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Õ l̃ > l, ÎÉμ ¤¥² ¥É ´¥¢μ§³μ¦-
´Ò³ j-° ¤μ³¥´´μ° ¸É¥´±¥ ¤μ¢μ²Ó´μ ¡²¨§±μ ¶μ¤μ°É¨ ± £· ´¨Í¥ μ¡² ¸É¨ ¨´É¥£·¨·μ¢ ´¨Ö
¢ ¤¥°¸É¢¨¨.

‚ÒÎ¨¸²¥´¨Ö ¶μ ¸Ì¥³¥ Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸  ¶·¨¢¥¤¥´Ò ´  ·¨¸. 5. ‘·¥¤´ÖÖ ¶²μÉ-
´μ¸ÉÓ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  (·¨¸. 5, a) ¢ ¸·¥¤´¥³ ¶μ  ´¸ ³¡²Õ · ¢´  ´Ê²Õ. �μ·³¨·μ-
¢ ´´ Ö ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¨§μ-
¡· ¦¥´  ´  ·¨¸. 5, ¡.

�¥¸³μÉ·Ö ´  ¶·μ¸ÉμÉÊ μ¤´μ³¥·´μ° ³μ¤¥²¨, ¤μ¡ ¢²¥´¨¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò Ê ¤μ³¥´´μ°
¸É¥´±¨ (¶μ¢μ·μÉ ¤μ³¥´´μ° ¸É¥´±¨ ´  ¶²μ¸±μ¸É¨) ¶·¨¢μ¤¨É ± ¢Ò·μ¦¤¥´¨Õ ¸¥É¨ ¤μ³¥´´ÒÌ

�¨¸. 5. ‘·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  (a) ¨ ´μ·³¨·μ¢ ´´ Ö ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²Ö-

Í¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  (¡), ¢ÒÎ¨¸²¥´´Ò¥ ¶μ ¸Ì¥³¥ Œ¥É·μ¶μ²¨¸ Ä
ƒ ¸É¨´£¸ . �²μÉ´μ¸ÉÓ ¤μ³¥´´ÒÌ ¸É¥´μ± ρ = 1,0 ¨ μ¡· É´ Ö Ï¨·¨´  ¤μ³¥´´μ° ¸É¥´±¨ μ = 10.

Šμ²¨Î¥¸É¢μ μÉμ¡· ´´ÒÌ ±μ´Ë¨£Ê· Í¨° ¶μ ¸Ì¥³¥ Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸  n = 106
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�¨¸. 6 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). „¢Ê³¥·´ Ö ¶·μ¥±Í¨Ö ¤²Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 

Q(x): a) ±μ´Ë¨£Ê· Í¨Ö ±¨´±  ¨  ´É¨±¨´± , ´ Ìμ¤ÖÐ¨Ì¸Ö ´  ´¥±μÉμ·μ³ · ¸¸ÉμÖ´¨¨ ¤·Ê£ μÉ ¤·Ê£ ;
¡) ¸¨ÉÊ Í¨Ö ¸Éμ²±´μ¢¥´¨Ö ±¨´±  ¨  ´É¨±¨´± . ‡¥²¥´Ò° (¸¢¥É²μ-¸¥·Ò°) Í¢¥É ¸μμÉ¢¥É¸É¢Ê¥É ± ²¨-

¡·μ¢μÎ´μ³Ê ¶μ²Õ ¸ ¡¥¸±μ´¥Î´μ ³ ²μ° ¶²μÉ´μ¸ÉÓÕ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ . ‘¨´¨° (É¥³´μ-¸¥·Ò°)
¨ ±· ¸´Ò° (¸¥·Ò°) Í¢¥É  ¸μμÉ¢¥É¸É¢ÊÕÉ  ¡¥²¥¢Ê ¸ ³μ¤Ê ²Ó´μ³Ê ¨  ´É¨¸ ³μ¤Ê ²Ó´μ³Ê £²Õμ´´Ò³

¶μ²Ö³ ¸μμÉ¢¥É¸É¢¥´´μ

¸É¥´μ± ¢ μ¤¨´ ¡μ²ÓÏμ° ¤μ³¥´. „μ³¨´¨·ÊÕÐ¨³¨ ±μ´Ë¨£Ê· Í¨Ö³¨, ³¨´¨³¨§¨·ÊÕÐ¨³¨
¤¥°¸É¢¨¥, Ö¢²ÖÕÉ¸Ö  ´´¨£¨²ÖÍ¨Ö ±¨´±  ¨  ´É¨±¨´±  ¸ μ¡· §μ¢ ´¨¥³ μ¤´μ·μ¤´μ£μ ¸ ³μ¤Ê-
 ²Ó´μ£μ ¨²¨  ´É¨¸ ³μ¤Ê ²Ó´μ£μ ¶μ²Ö. ’ ± Ö ¸¨ÉÊ Í¨Ö ¶μ± § ´  ´  ·¨¸. 6, £¤¥ ´  ·¨¸. 6, a
¶μ± § ´Ò ±¨´± ¨  ´É¨±¨´±, ´ Ìμ¤ÖÐ¨¥¸Ö ´  ´¥±μÉμ·μ³ · ¸¸ÉμÖ´¨¨ ¤·Ê£ μÉ ¤·Ê£ . � 
·¨¸. 6, ¡ ¶μ± § ´μ ¢Ò·μ¦¤¥´¨¥ ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¢ μ¤¨´ ¡μ²ÓÏμ°  ´É¨¸ ³μ¤Ê ²Ó´Ò°
¤μ³¥´. ‘¨´¨° (É¥³´μ-¸¥·Ò°) ¨ ±· ¸´Ò° (¸¥·Ò°) Í¢¥É  ¸μμÉ¢¥É¸É¢ÊÕÉ  ¡¥²¥¢Ê ¸ ³μ¤Ê ²Ó-
´μ³Ê ¨  ´É¨¸ ³μ¤Ê ²Ó´μ³Ê £²Õμ´´Ò³ ¶μ²Ö³ ¸μμÉ¢¥É¸É¢¥´´μ.

‘²ÊÎ ° μ¤´μ·μ¤´μ£μ ¶μ²Ö ´¥ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸, ¶μÉμ³Ê ÎÉμ ¤¥°¸É¢¨¥ μ¤´μ·μ¤´μ£μ
¶μ²Ö ¢¸¥£¤  · ¢´μ ´Ê²Õ. ‚Ò°É¨ ¨§ ÔÉμ£μ ¶μ²μ¦¥´¨Ö ³μ¦´μ ¶ÊÉ¥³ ¶μ¸É·μ¥´¨Ö ±μ´¥Î-
´μ° μ¡² ¸É¨ μ¤´μ·μ¤´μ£μ ¶μ²Ö. �·μÍ¥¤Ê·  ¶μ¸É·μ¥´¨Ö ¡Ò²  ¶·μ¤¥² ´  ¢ · ¡μÉ¥ [25]
± ± ³Ê²ÓÉ¨¶²¨± É¨¢´ Ö ¨  ¤¤¨É¨¢´ Ö ¸Ê¶¥·¶μ§¨Í¨Ö ¤μ³¥´´ÒÌ ¸É¥´μ±, ±μÉμ· Ö ¢ ¸²ÊÎ ¥
±¢ ¤· É´ÒÌ ¤μ³¥´μ¢ ¸ ·¥¡·μ³ a ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥

ω(x | q) = π

N∑
i=1

4∏
j=1

ζ
(
(x − qi) ηij +

a

2

)
,

ζ
(
(x − qi) ηij +

a

2

)
=

2
π

arctan exp
{

μ
(
(x − qi)ν ηij

ν +
a

2

)}
, ν = 1, 2.

(18)

‚ ¶μ²Ö·´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¶μ²μ¦¥´¨¥ i-° ¤μ³¥´´μ° ¸É¥´±¨ ¢Ò£²Ö¤¨É ± ±

qi = (zi cosφi, zi sin φi),

¨ ³ É·¨Í 

ηij =
(

cos (αi + π/2(j − 1))
sin (αi + π/2(j − 1))

)

μ¶¨¸Ò¢ ¥É ¶μ¢μ·μÉ ¤μ³¥´  ¢μ±·Ê£ ¸μ¡¸É¢¥´´μ£μ Í¥´É· .
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‚Ò· ¦¥´¨Ö ¤²Ö ¸·¥¤´¥° ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¨ ¤¢ÊÌÉμÎ¥Î´μ° ±μ··¥²Ö-
Í¨μ´´μ° ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¶·¨³ÊÉ ¢¨¤

〈Q(x)〉 =
1
Z

N∏
i=1

l∫
0

dzi zi

2π∫
0

dφi

2π∫
0

dαi Q(x|z, φ, α)×

× exp

⎧⎪⎨
⎪⎩−

l̃∫
0

dr r

2π∫
0

dγ L(r, γ|z, φ, α)

⎫⎪⎬
⎪⎭ ,

G(x − y) =
1
Z

N∏
i=1

l∫
0

dzi zi

2π∫
0

dφi

2π∫
0

dαi Q(x|z, φ, α) Q(y|z, φ, α)×

× exp

⎧⎪⎨
⎪⎩−

l̃∫
0

dr r

2π∫
0

dγ L(r, γ|z, φ, α)

⎫⎪⎬
⎪⎭ .

‚ÒÎ¨¸²¥´¨Ö ¶μ ¸Ì¥³¥ Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸  ¸  ´¸ ³¡²¥³  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢
¶·¨¢μ¤ÖÉ ± ±² ¸É¥·¨§ Í¨¨ ¤μ³¥´μ¢ ¢ μ¤¨´ ¡μ²ÓÏμ°  ´É¨¸ ³μ¤Ê ²Ó´Ò° ¤μ³¥´, ÎÉμ Ô´¥·-
£¥É¨Î¥¸±¨ ¢Ò£μ¤´μ. �  ·¨¸. 7 ¶·¥¤¸É ¢²¥´  É¨¶¨Î´ Ö ¸¨ÉÊ Í¨Ö ±² ¸É¥·¨§ Í¨¨ ¤μ³¥´μ¢
¢ μ¤¨´ ¡μ²ÓÏμ°  ´É¨¸ ³μ¤Ê ²Ó´Ò° ¤μ³¥´.

� ¸¸³μÉ·¨³ ¶μ²´μ¸ÉÓÕ ¸²ÊÎ °´Ò°  ´¸ ³¡²Ó  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢, É. ¥.  ´-
¸ ³¡²Ó, ¢ ±μÉμ·μ³ ¸É É¨¸É¨Î¥¸±¨¥ ¢¥¸   ¡¸μ²ÕÉ´μ ¢¸¥Ì ±μ´Ë¨£Ê· Í¨° · ¢´Ò ¤·Ê£ ¤·Ê£Ê.
‚ ÔÉμ³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ · ¢¥´¸É¢μ ´Ê²Õ ¸·¥¤´¥° ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 

�¨¸. 7 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). „¢Ê³¥·´ Ö ¶·μ¥±Í¨Ö ¤²Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 

Q(x). �·¥¤¸É ¢²¥´  ±² ¸É¥·¨§ Í¨Ö ¤μ³¥´μ¢ ¢ μ¤¨´ ¡μ²ÓÏμ°  ´É¨¸ ³μ¤Ê ²Ó´Ò° ¤μ³¥´. ‡¥²¥´Ò°

(¸¢¥É²μ-¸¥·Ò°) Í¢¥É ¸μμÉ¢¥É¸É¢Ê¥É ± ²¨¡·μ¢μÎ´μ³Ê ¶μ²Õ ¸ ¡¥¸±μ´¥Î´μ ³ ²μ° ¶²μÉ´μ¸ÉÓÕ Éμ¶μ²μ-
£¨Î¥¸±μ£μ § ·Ö¤ . ‘¨´¨° (É¥³´μ-¸¥·Ò°) ¨ ±· ¸´Ò° (¸¥·Ò°) Í¢¥É  ¸μμÉ¢¥É¸É¢ÊÕÉ  ¡¥²¥¢Ê ¸ ³μ¤Ê ²Ó-

´μ³Ê ¨  ´É¨¸ ³μ¤Ê ²Ó´μ³Ê £²Õμ´´Ò³ ¶μ²Ö³ ¸μμÉ¢¥É¸É¢¥´´μ
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�¨¸. 8. ‘·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ( ) ¨ ´μ·³¨·μ¢ ´´ Ö ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥-

²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  (¡) ¤²Ö ¶μ²´μ¸ÉÓÕ ¸²ÊÎ °´μ£μ  ´¸ ³¡²Ö
 ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢ ¸ ¶²μÉ´μ¸ÉÓÕ ¤μ³¥´μ¢ ρ = 1,3. �¡· É´ Ö Ï¨·¨´  ¤μ³¥´´μ° ¸É¥´±¨

μ = 10

¶μ  ´¸ ³¡²Õ, ÎÉμ ¶μ± § ´μ ´  ·¨¸. 8, a, ¨ ´μ·³¨·μ¢ ´´ÊÕ ¤¢ÊÌÉμÎ¥Î´ÊÕ ±μ··¥²ÖÍ¨μ´´ÊÕ
ËÊ´±Í¨Õ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ , ¨§μ¡· ¦¥´´ÊÕ ´  ·¨¸. 8, ¡.

�¥É²Ö ‚¨²Ó¸μ´  ¤²Ö £·Ê¶¶Ò SU(2) ¨³¥¥É Ëμ·³Ê

W (L, T ) =
1
Z

N∏
i=1

l∫
0

dzi zi

2π∫
0

dφi

2π∫
0

dαi cos

⎛
⎜⎝b2

vac

2

L/2∫
−L/2

T/2∫
−T/2

d2x cosω(x|z, φ, α)

⎞
⎟⎠×

× exp

⎧⎪⎨
⎪⎩−

l̃∫
0

dr r

2π∫
0

dγ L(r, γ|z, φ, α)

⎫⎪⎬
⎪⎭ .

�·¨ ¡μ²ÓÏ¨Ì T ¨ L ¶¥É²Ö ‚¨²Ó¸μ´  ¢¥¤¥É ¸¥¡Ö ± ±

W (L, T ) ≈ e−TU(L).

„²Ö ¸²ÊÎ °´μ£μ  ´¸ ³¡²Ö  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢ ¶μÉ¥´Í¨ ² U(L) ¨§μ¡· ¦¥´
´  ·¨¸. 9.

‘³μ¤¥²¨·μ¢ ÉÓ ¢±² ¤ ±¢ §¨´Ê²¥¢ÒÌ ³μ¤ ±¢ ·±μ¢ ¤²Ö  ´¸ ³¡²Ö  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ-
³¥´μ¢ ³μ¦´μ ¢¢¥¤¥´¨¥³ ËÊ´±Í¨¨ F (z2), ¸¶μ¸μ¡´μ° μ¡¥¸¶¥Î¨¢ ÉÓ μÉÉ ²±¨¢ ´¨¥ ³¥¦¤Ê
¸μ¸¥¤´¨³¨ ¤μ³¥´ ³¨, ¢ Éμ ¢·¥³Ö ± ± · §³¥· ¸ ³μ£μ ¤μ³¥´  μ¸É ¢ ²¸Ö ¡Ò Ë¨±¸¨·μ¢ ´´Ò³
¨ · ¢´Ò³ a. ”Ê´±Í¨Ö F ³μ¦¥É ¡ÒÉÓ, ´ ¶·¨³¥·,

F (z2) =
2
π

arctan exp (−κ(z2 − 2a2)).

�μ¸É·μ¨³ ¶μÉ¥´Í¨ ² μÉÉ ²±¨¢ ´¨Ö V , § ¢¨¸ÖÐ¨° Éμ²Ó±μ μÉ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ¤¢Ê³Ö
¤μ³¥´ ³¨ ± ±

V =
N−1∑
k=1

N∑
j=k+1

F ((zk − zj)2).
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�¨¸. 9. �μÉ¥´Í¨ ² U(L) ¢§ ¨³μ¤¥°¸É¢¨Ö ¸É É¨Î¥¸±¨Ì ±¢ ·±μ¢ ¤²Ö ¶·Ö³μÊ£μ²Ó´μ£μ ±μ´ÉÊ·  ¶¥É²¨

‚¨²Ó¸μ´  · §³¥·  L × T , £¤¥ T = 2. �²μÉ´μ¸ÉÓ ¤μ³¥´μ¢ ρ = 1,3, μ¡· É´ Ö Ï¨·¨´  ¤μ³¥´´μ°

¸É¥´±¨ μ = 10

ˆÉμ£μ¢Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸·¥¤´¥° ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¨ ¤¢ÊÌÉμÎ¥Î´μ°
±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¡Ê¤ÊÉ ¨³¥ÉÓ ¢¨¤

〈Q(x)〉 =
1
Z

N∏
i=1

l∫
0

dzi zi

2π∫
0

dφi

2π∫
0

dαi Q(x|z, φ, α)×

× exp

⎧⎪⎨
⎪⎩−

l̃∫
0

dr r

2π∫
0

dγ L(r, γ|z, φ, α) + V

⎫⎪⎬
⎪⎭ ,

G(x − y) =
1
Z

N∏
i=1

l∫
0

dzi zi

2π∫
0

dφi

2π∫
0

dαi Q(x|z, φ, α) Q(y|z, φ, α)×

× exp

⎧⎪⎨
⎪⎩−

l̃∫
0

dr r

2π∫
0

dγ L(r, γ|z, φ, α) + V

⎫⎪⎬
⎪⎭ .

‚  ´¸ ³¡²¥  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢ μ¡Ñ¥³Ò ¸ ³μ¤Ê ²Ó´μ° ¨  ´É¨¸ ³μ¤Ê ²Ó´μ° ¸μ-
¸É ¢²ÖÕÐ¨Ì ¶μ²Ö ³μ£ÊÉ · §²¨Î ÉÓ¸Ö. �Éμ ³μ¦¥É ¶·¨¢¥¸É¨ ± ´¥´Ê²¥¢μ° ¸·¥¤´¥° ¶²μÉ´μ¸É¨
Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ , ÎÉμ μ§´ Î ²μ ¡Ò ´ ·ÊÏ¥´¨¥ Î¥É´μ¸É¨ ¢ Í¥²μ³ ¶μ  ´¸ ³¡²Õ. � -
¢¥´¸É¢μ ¸ ³μ¤Ê ²Ó´μ° ¨  ´É¨¸ ³μ¤Ê ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¨Ì ¶μ²Ö ´ ±² ¤Ò¢ ¥É μ£· ´¨Î¥´¨¥
´  ¶·¥¤¥² ¨´É¥£·¨·μ¢ ´¨Ö l̃, ±μÉμ·Ò° ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§

2Na2 = πl̃2.

�  ·¨¸. 10, ¡ ¶μ± § ´  ¨¤¥ ²¨§¨·μ¢ ´´ Ö ¸¨ÉÊ Í¨Ö ¸ ´¥±μÉμ·Ò³ Ì · ±É¥·´Ò³ · §³¥·μ³
¤μ³¥´  a ¨ ¢¢¥¤¥´´Ò³ ¶μÉ¥´Í¨ ²μ³ μÉÉ ²±¨¢ ´¨Ö V . �μ³¨³μ ¨¤¥ ²¨§¨·μ¢ ´´μ° ¸¨ÉÊ -
Í¨¨ ¢μ§³μ¦´  ¸¨ÉÊ Í¨Ö, ¨§μ¡· ¦¥´´ Ö ´  ·¨¸. 10, a. ’ ±μ¥ · ¸¶μ²μ¦¥´¨¥ ¤μ³¥´μ¢ ¨³¥¥É
³¥´ÓÏ¨° ¸É É¨¸É¨Î¥¸±¨° ¢¥¸ ¶μ ¸· ¢´¥´¨Õ ¸ · ¸¶μ²μ¦¥´¨¥³ ¤μ³¥´μ¢, ± ± ´  ·¨¸. 10, ¡,
ÎÉμ ¶μ¤É¢¥·¦¤ ¥É¸Ö ¢ÒÎ¨¸²¥´¨¥³ ¤¥°¸É¢¨Ö μÉ¤¥²Ó´μ ¤²Ö ± ¦¤μ° ±μ´Ë¨£Ê· Í¨¨.
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�¨¸. 10 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). „¢Ê³¥·´ Ö ¶·μ¥±Í¨Ö ¤²Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § -

·Ö¤  Q(x). ‡¥²¥´Ò° (¸¢¥É²μ-¸¥·Ò°) Í¢¥É ¸μμÉ¢¥É¸É¢Ê¥É ± ²¨¡·μ¢μÎ´μ³Ê ¶μ²Õ ¸ ¡¥¸±μ´¥Î´μ ³ ²μ°

¶²μÉ´μ¸ÉÓÕ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ . ‘¨´¨° (É¥³´μ-¸¥·Ò°) ¨ ±· ¸´Ò° (¸¥·Ò°) Í¢¥É  ¸μμÉ¢¥É¸É¢ÊÕÉ
 ¡¥²¥¢Ê ¸ ³μ¤Ê ²Ó´μ³Ê ¨  ´É¨¸ ³μ¤Ê ²Ó´μ³Ê £²Õμ´´Ò³ ¶μ²Ö³ ¸μμÉ¢¥É¸É¢¥´´μ

�¨¸. 11 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). � ¸¶·¥¤¥²¥´¨¥ ¤μ³¥´μ¢ ¸μ ¸² ¡Ò³ ( ) ¨ ¸¨²Ó´Ò³ (¡) ¢§ ¨-

³μ¤¥°¸É¢¨¥³. Œ ·±¥· ³¨ ¶μ± § ´Ò Í¥´É·Ò ¤μ³¥´μ¢

�¨¸. 12. ‘·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ( ) ¨ ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö

¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  (¡) ¤²Ö ¶²μÉ´μ Ê¶ ±μ¢ ´´μ° ¸¨¸É¥³Ò  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢
¸ ¶²μÉ´μ¸ÉÓÕ ¤μ³¥´μ¢ ρ = 0,5. �¥¡·μ ¤μ³¥´  a = 1 ¨ μ¡· É´ Ö Ï¨·¨´  ¤μ³¥´´μ° ¸É¥´±¨ μ = 10
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�¸² ¡²¥´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ¤μ³¥´ ³¨ ¶·¨¢μ¤¨É ± ¨Ì ±² ¸É¥·¨§ Í¨¨ ¨ · ¢´μ-
³¥·´μ³Ê § ¶μ²´¥´¨Õ μ¡² ¸É¨ ¨´É¥£·¨·μ¢ ´¨Ö ¤μ³¥´ ³¨, ÎÉμ ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ
´  ·¨¸. 11, a, £¤¥ ³ ·±¥· ³¨ ¶μ± § ´Ò Í¥´É·Ò ¤μ³¥´μ¢. �μ ¶·¨ Ê¸¨²¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
(·¨¸. 11, ¡) ¤μ³¥´Ò ³ ²μ μÉ±²μ´ÖÕÉ¸Ö μÉ ´ Î ²Ó´μ° ±μ´Ë¨£Ê· Í¨¨, ¶·μ¨¸Ìμ¤¨É ¶μ¢μ·μÉ
¸¨¸É¥³Ò ¤μ³¥´μ¢ ± ± Í¥²μ£μ. „²Ö ¤¢ÊÌ ¸²ÊÎ ¥¢ ¢Ò¶μ²´Ö¥É¸Ö · ¢¥´¸É¢μ ¸ ³μ¤Ê ²Ó´μ° ¨
 ´É¨¸ ³μ¤Ê ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¨Ì ¶μ²Ö.

ˆ§ μ¶¨¸ ´´μ£μ ¢ÒÏ¥ ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ  ´¸ ³¡²Ó  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢
³μ¦¥É ¡ÒÉÓ ¶μ¸É·μ¥´ ± ± ¢¸¥¢μ§³μ¦´Ò¥ É· ´¸²ÖÍ¨¨ ¨ ¶μ¢μ·μÉÒ ¶²μÉ´μ Ê¶ ±μ¢ ´´μ°
¸¨¸É¥³Ò ¤μ³¥´μ¢, ´ ¶·¨³¥·, ¨§μ¡· ¦¥´´μ° ´  ·¨¸. 10, ¡. Œμ¤¥²¨·μ¢ ´¨¥ É ±μ° ¸¨¸É¥³Ò
¶μ± §Ò¢ ¥É, ÎÉμ ¢ Í¥²μ³ ¶μ  ´¸ ³¡²Õ Î¥É´μ¸ÉÓ ´¥ ´ ·ÊÏ¥´ , ÎÉμ μ§´ Î ¥É · ¢¥´¸É¢μ ´Ê²Õ
¸·¥¤´¥° ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ , ± ± ¶·¥¤¸É ¢²¥´μ ´  ·¨¸. 12. �μ ¢ ¤¢ÊÌÉμÎ¥Î-
´μ° ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¢¨¤´  ¶¥·¨μ¤¨Î´μ¸ÉÓ,
¶·¨Î¥³ ³¨´¨³Ê³Ò ¨ ³ ±¸¨³Ê³Ò ¸μμÉ¢¥É¸É¢ÊÕÉ Í¥´É· ³ ( ´É¨)¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢.
�μÌμ¦¥¥ ¶μ¢¥¤¥´¨¥ ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ´ ¡²Õ¤ ¥É¸Ö ¢ · ¡μÉ¥ [43] ¤²Ö É¥μ·¨¨
ƒ·μ¸ Ä�¥¢ß ¸ ±¨· ²Ó´Ò³ ±μ´¤¥´¸ Éμ³.

5. ‡�Š�� �‹�™�„ˆ „‹Ÿ �…’‹ˆ ‚ˆ‹œ‘���

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¶¥É²¨ ‚¨²Ó¸μ´  ³¨´¨³ ²Ó´Ò³ Ô²¥³¥´Éμ³ Ö¢²Ö¥É¸Ö ´¥ μ¤¨´μÎ´ Ö ¤μ-
³¥´´ Ö ¸É¥´± ,   ¸Ê¶¥·¶μ§¨Í¨Ö ¢μ¸Ó³¨ ¸É¥´μ±, Ëμ·³¨·ÊÕÐ Ö Î¥ÉÒ·¥Ì³¥·´Ò° ¤μ³¥´. �μ
 ´ ²μ£¨¨ ¸ ¢Ò· ¦¥´¨¥³ (18), ¶μÎÉ¨ £¨¶¥·±Ê¡¨Î¥¸± Ö Î¥ÉÒ·¥Ì³¥·´ Ö μ¡² ¸ÉÓ  ´É¨¸ ³μ-
¤Ê ²Ó´μ£μ ¶μ²Ö ¸ Í¥´É·μ³ ¢ ÉμÎ±¥ z ¨ μ±·Ê¦¥´´ Ö ¸ ³μ¤Ê ²Ó´Ò³ ¶μ²¥³ ³μ¦¥É ¡ÒÉÓ
¶μ¸É·μ¥´  ¢ ¢¨¤¥

ω(x, z) = π
4∏

ν=1

ζ(−xν + zν + a)ζ(xν − zν + a),

ζ(x) =
2
π

arctan exp (μ(ηνxν − q)).

�´¸ ³¡²Ó N £¨¶¥·±Ê¡¨Î¥¸±¨Ì ¤μ³¥´μ¢ ¸μ¸Éμ¨É ¨§ ¢¸¥¢μ§³μ¦´ÒÌ ¸Ê¶¥·¶μ§¨Í¨° ¢¨¤ 

ω(x, z) = π

N∑
i=1

4∏
ν=1

ζ
(
−xν + zi

ν +
ai

2

)
ζ
(
xν − zi

ν +
ai

2

)
. (19)

�  ·¨¸. 13, a ¶·¥¤¸É ¢²¥´  ¤¢Ê³¥·´ Ö ¶·μ¥±Í¨Ö cosω(x, z), É. ¥., ¶μ ¸ÊÉ¨, ¶²μÉ´μ¸É¨ Éμ¶μ-
²μ£¨Î¥¸±μ£μ § ·Ö¤ , ¤²Ö ¸Ê¶¥·¶μ§¨Í¨¨ ¤μ³¥´μ¢. ‘¨´¨° (É¥³´μ-¸¥·Ò°) ¨ ±· ¸´Ò° (¸¥·Ò°)
Í¢¥É  ¸μμÉ¢¥É¸É¢ÊÕÉ ¸ ³μ¤Ê ²Ó´μ³Ê ¨  ´É¨¸ ³μ¤Ê ²Ó´μ³Ê ¶μ²Ö³ ¸μμÉ¢¥É¸É¢¥´´μ.

„ ²Ó´¥°Ï¥¥ ¢ÒÎ¨¸²¥´¨¥ ¡Ê¤¥É ¶·μ¢¥¤¥´μ ¤²Ö ¨¤¥ ²¨§¨·μ¢ ´´μ£μ  ´¸ ³¡²Ö ¤μ³¥´μ¢,
¶μ± § ´´μ£μ ´  ·¨¸. 13, ¡, Å ¢¸¥ ¤μ³¥´Ò ¨³¥ÕÉ Ëμ·³Ê μ¤¨´ ±μ¢ÒÌ £¨¶¥·±Ê¡μ¢.

‚Ò· ¦¥´¨¥ ¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´  § ¶¨Ï¥³ ¢ ¢¨¤¥

W (L, T ) =
N∏

i=1

∫
V

d4zi

V

∞∫
0

dai ξ(ai)
∫

dσi Tr exp

⎡
⎣i ∫

Σ

dσμν(x)B̂μν(x)

⎤
⎦,
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�¨¸. 13 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). „¢Ê³¥·´ Ö ¶·μ¥±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 
Q(x): a) ¸Ê¶¥·¶μ§¨Í¨Ö ±¨´±μ¢ (11); ¡) ¨¤¥ ²¨§¨·μ¢ ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ÔÉμ° ¸Ê¶¥·¶μ§¨Í¨¨. ‡¥-

²¥´Ò° (¸¢¥É²μ-¸¥·Ò°) Í¢¥É ¸μμÉ¢¥É¸É¢Ê¥É ± ²¨¡·μ¢μÎ´μ³Ê ¶μ²Õ ¸ ¡¥¸±μ´¥Î´μ ³ ²μ° ¶²μÉ´μ¸ÉÓÕ

Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ . ‘¨´¨° (É¥³´μ-¸¥·Ò°) ¨ ±· ¸´Ò° (¸¥·Ò°) Í¢¥É  ¸μμÉ¢¥É¸É¢ÊÕÉ  ¡¥²¥¢Ê
¸ ³μ¤Ê ²Ó´μ³Ê ¨  ´É¨¸ ³μ¤Ê ²Ó´μ³Ê £²Õμ´´Ò³ ¶μ²Ö³ ¸μμÉ¢¥É¸É¢¥´´μ

£¤¥ ¸£² ¦¨¢ ÕÐ Ö ËÊ´±Í¨Ö ξ(a), ´ ¶·¨³¥·

ξ(a) = exp
{
−κ(a − ā)2

}
,

¢¢¥¤¥´  ¸ Í¥²ÓÕ ³μ¤¥²¨·μ¢ ´¨Ö μÉ±²μ´¥´¨Ö Ëμ·³Ò ¤μ³¥´μ¢ μÉ ¸É·μ£μ £¨¶¥·±Ê¡¨Î¥¸±μ°.
‡¤¥¸Ó ¶ · ³¥É· ā § ¤ ¥É Ì · ±É¥·´Ò° · §³¥· ¤μ³¥´ . Œ¥·  ¨´É¥£·¨·μ¢ ´¨Ö dσi ¸Ê³³¨·Ê¥É
¢¸¥¢μ§³μ¦´Ò¥ ±μ´Ë¨£Ê· Í¨¨ ¶μÎÉ¨ μ¤´μ·μ¤´μ£μ ¶μ²Ö ¢´ÊÉ·¨ ¤μ³¥´μ¢,

∫
dσi =

1
24

π∫
0

dωi

1∑
k=0

δ(ωi − πk)

2π∫
0

dξi

5∑
l=0

δ
(
ξi − (2l + 1)

π

6

)
.

’¥´§μ· ´ ¶·Ö¦¥´´μ¸É¨ ¤²Ö ¤ ´´μ° ±μ´Ë¨£Ê· Í¨¨ ¨³¥¥É ¢¨¤

B̂μν(x) =
N∑

k=1

n̂(k)B(k)
μν χ(x − zk). (20)

• · ±É¥·¨¸É¨Î¥¸± Ö ËÊ´±Í¨Ö χ(x − zk) ¸μμÉ¢¥É¸É¢Ê¥É £¨¶¥·±Ê¡¨Î¥¸±¨³ ¤μ³¥´ ³. Šμ´-
ÉÊ· Σ ¢Ò¡¨· ¥É¸Ö ¶·Ö³μÊ£μ²Ó´Ò³ ¢ ¶²μ¸±μ¸É¨ (x3, x4) · §³¥·μ³ ¶μ ¢·¥³¥´´μ° μ¸¨ x4,
· ¢´Ò³ T , ¶μ ¶·μ¸É· ´¸É¢¥´´μ³Ê ¨§³¥·¥´¨Õ Å L.

� ¸¸³μÉ·¨³ ¸²ÊÎ ° Í¢¥Éμ¢μ° £·Ê¶¶Ò SU(2), ¤²Ö ±μÉμ·μ° n̂(k) = τ3. ‚ÒÎ¨¸²¥´¨¥
¸²¥¤  Í¢¥Éμ¢ÒÌ ³ É·¨Í ¤ ¥É

1
2
Tr exp

⎛
⎝i

∫
Σ

dσμν(x)B̂μν(x)

⎞
⎠ = cos

⎛
⎝1

2

N∑
k=1

∫
Σ

dσμν(x)B(k)
μν χ(x − zk)

⎞
⎠ .

“¤μ¡´μ μ¡μ§´ Î¨ÉÓ

Jμν(zk) =
∫
Σ

dσμν(x)χ(x − zk).
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’ ± ± ± ±μ´ÉÊ· ¶¥É²¨ ‚¨²Ó¸μ´  ²¥¦¨É ¢ ¶²μ¸±μ¸É¨ (x3, x4), ´¥´Ê²¥¢Ò¥ ±μ³¶μ´¥´ÉÒ Jμν

¨³¥ÕÉ ¢¨¤

J34(z) = −J43(z) =

L/2∫
−L/2

dx3

T/2∫
−T/2

dx4 χ(x − z).

• · ±É¥·¨¸É¨Î¥¸± Ö ËÊ´±Í¨Ö χ(x − z) ¢ ¶·¨¡²¨¦¥´¨¨ ¡¥¸±μ´¥Î´μ Éμ´±¨Ì ¤μ³¥´´ÒÌ
¸É¥´μ± ¢ ¢Ò· ¦¥´¨¨ (19):

χ(x − z) = θ
(
−z1 +

a

2

)
θ
(
z1 +

a

2

)
θ
(
−z2 +

a

2

)
θ
(
z2 +

a

2

)
×

× θ
(
x3 − z3 +

a

2

)
θ
(
−x3 + z3 +

a

2

)
θ
(
x4 − z4 +

a

2

)
θ
(
−x4 + z4 +

a

2

)
.

’μ£¤ 
BμνJμν(z) = 2bvacJ34(z) cosω

¨ ∫
dσ cos {bvacJ34(z) cosω} =

1
2

cos {bvacJ34(z)} .

�¥É²Ö ‚¨²Ó¸μ´  ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ ¶·¥¤¥²¥ ¶·¨´¨³ ¥É ¢¨¤

W (L, T ) = lim
V,N→∞

⎡
⎣∫

V

d4z

V

∞∫
0

da ξ(a) cos {bvacJ34(z)}

⎤
⎦

N

.

� §³¥· ±μ´ÉÊ·  ¶¥É²¨ ‚¨²Ó¸μ´  ¤μ²¦¥´ ¶·¥¢ÒÏ ÉÓ ³ ±¸¨³ ²Ó´Ò° · §³¥· ¤μ³¥´ . ‚ ¸¢Ö§¨
¸ ÔÉ¨³ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ z ¶·μ¨¸Ìμ¤¨É ¶μ ¤μ³¥´Ê, μÌ¢ Î¥´´μ³Ê ±μ´ÉÊ·μ³ ¶¥É²¨ ‚¨²Ó-
¸μ´ , ¨ ¶μ μ¡Ñ¥³Ê ¢´¥ ¤μ³¥´ . ˆ´É¥£·¨·μ¢ ´¨¥ ¢´¥ μ¡Ñ¥³  ¤ ¥É ¥¤¨´¨ÍÊ ¸ ÊÎ¥Éμ³ ´μ·-
³¨·μ¢±¨, ¨ ³Ò ¶μ²ÊÎ ¥³

W (L, T ) = lim
N→∞

[
1 − T

N
U(L)

]N
= e−TU(L),

U(L) =
1

a4T

∞∫
0

da ξ(a)

a/2∫
−a/2

dz1

a/2∫
−a/2

dz2 ×

×
(L+a)/2∫

−(L+a)/2

dz3

(T+a)/2∫
−(T+a)/2

dz4 sin2

(
bvac

2
J34({z})

)
.

�·μ¥±Í¨Ö ¤μ³¥´ , ²¥¦ Ð Ö ¢ ¶²μ¸±μ¸É¨ ±μ´ÉÊ·  ¶¥É²¨ ‚¨²Ó¸μ´ , ³μ¦¥É ± ± Î ¸É¨Î´μ
¶¥·¥¸¥± ÉÓ ±μ´ÉÊ·, É ± ¨ ¡ÒÉÓ ¶μ²´μ¸ÉÓÕ μÌ¢ Î¥´´μ° ¨³. ’ ±¨³ μ¡· §μ³, ¢Ò¶μ²´¨¢
´¥μ¡Ìμ¤¨³Ò¥ ¨´É¥£·¨·μ¢ ´¨Ö, ¶μ²ÊÎ¨³ ¤²Ö ¶μÉ¥´Í¨ ²  U(L) ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

U(L) = σ(ā)L + const

¸μ ¸É·Ê´´μ° ±μ´¸É ´Éμ°

σ(ā) =

∞∫
0

da

a2
sin2

(
1
2
a2bvac

)
e−κ(a−ā)2 ,
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�¨¸. 14. ‡ ¢¨¸¨³μ¸ÉÓ ¸É·Ê´´μ° ±μ´¸É ´ÉÒ σ μÉ Ì · ±É¥·´μ£μ · §³¥·  ¤μ³¥´  ā ¤²Ö bvac = 1,

κ = 10

ÎÉμ ¤¥³μ´¸É·¨·Ê¥É ¢Ò¶μ²´¥´¨¥ § ±μ´  ¶²μÐ ¤¨ ¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´  ¨, ¸²¥¤μ¢ É¥²Ó´μ,
±μ´Ë °´³¥´É ¸É É¨Î¥¸±¨Ì Í¢¥É´ÒÌ § ·Ö¤μ¢ ¢ ËÊ´¤ ³¥´É ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨. �  ·¨¸. 14
¨§μ¡· ¦¥´  § ¢¨¸¨³μ¸ÉÓ ¸É·Ê´´μ° ±μ´¸É ´ÉÒ σ μÉ Ì · ±É¥·´μ£μ · §³¥·  ¤μ³¥´  ā ¤²Ö
bvac = 1, κ = 10.

‡�Š‹�—…�ˆ…

‚ · ¡μÉ¥ ¨¸¸²¥¤μ¢ ´  ´¸ ³¡²Ó ¶μÎÉ¨ ¢¸Õ¤Ê μ¤´μ·μ¤´ÒÌ  ¡¥²¥¢ÒÌ ( ´É¨)¸ ³μ¤Ê ²Ó´ÒÌ
¶μ²¥°, ¶·¥¤¸É ¢²¥´´Ò° ¸¥ÉÓÕ ¤μ³¥´´ÒÌ ¸É¥´μ±. �É  ¸É É¨¸É¨Î¥¸± Ö ¸¨¸É¥³  ¨§ÊÎ¥´ 
¸ ¶μ³μÐÓÕ  ´ ²¨É¨Î¥¸±¨Ì ¶·¨¡²¨¦¥´´ÒÌ ¨ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢.

‚  ´ ²¨É¨Î¥¸±μ³ ¶μ¤Ìμ¤¥ ¢ ¶·¨¡²¨¦¥´¨¨ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ±
¶μ²ÊÎ¥´  ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ . „²Ö
μ¤´μ³¥·´μ° ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨
Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¶·¥¤¸É ¢²¥´  Ê¡Ò¢ ÕÐ¥° Ô±¸¶μ´¥´Éμ°, ¢ Éμ ¢·¥³Ö ± ± ¢ Î¥ÉÒ-
·¥Ì³¥·´μ° ¸¥É¨ ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö Ê¡Ò¢ ¥É ¡Ò¸É·¥¥ Ô±¸¶μ´¥´ÉÒ μÉ ²Õ¡μ° ¸É¥¶¥´¨.
� °¤¥´  Éμ¶μ²μ£¨Î¥¸± Ö ¢μ¸¶·¨¨³Î¨¢μ¸ÉÓ ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ±, ±μÉμ· Ö ´¥μ£· ´¨Î¥´´μ
· ¸É¥É ¶·¨ ¸É·¥³²¥´¨¨ ¶²μÉ´μ¸É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ± ´Ê²Õ, ÎÉμ ¸¢Ö§ ´μ ¸μ ¸É·¥³²¥´¨¥³
¢ ÔÉμ³ ¶·¥¤¥²¥ ±μ··¥²ÖÍ¨μ´´μ° ¤²¨´Ò ± ¡¥¸±μ´¥Î´μ¸É¨. �μ± § ´μ, ÎÉμ ¢Ò¶μ²´Ö¥É¸Ö
§ ±μ´ ¶²μÐ ¤¨ ¤²Ö ¶¥É²¨ ‚¨²Ó¸μ´  ¤²Ö £¨¶¥·±Ê¡¨Î¥¸±¨Ì ¤μ³¥´μ¢, ÎÉμ ¤¥³μ´¸É·¨·Ê¥É
±μ´Ë °´³¥´É ¸É É¨Î¥¸±¨Ì ±¢ ·±μ¢ ¢ ¢ ±ÊÊ³¥ Š•„. ‹¨´¥°´Ò° ¶μÉ¥´Í¨ ² U(L) ¶μ²ÊÎ¥´
¤²Ö ¶·Ö³μÊ£μ²Ó´μ£μ ±μ´ÉÊ·  ¶¥É²¨ ‚¨²Ó¸μ´ . ‘É·Ê´´ Ö ±μ´¸É ´É  ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨
´¥±μÉμ·μ³ Ì · ±É¥·´μ³ · §³¥·¥ ¤μ³¥´ . �μÌμ¦ Ö § ¢¨¸¨³μ¸ÉÓ ¸É·Ê´´μ° ±μ´¸É ´ÉÒ ¡Ò² 
¶μ²ÊÎ¥´  ¢ · ¡μÉ¥ [27], £¤¥ · ¸¸³ É·¨¢ ² ¸Ó ¤μ¸É ÉμÎ´μ £·Ê¡ Ö ³μ¤¥²Ó £¨¶¥·¸Ë¥·¨Î¥¸±¨Ì
¤μ³¥´μ¢,   ±μ´ÉÊ· ¶¥É²¨ ‚¨²Ó¸μ´  ¡Ò² ¢§ÖÉ ¢ Ëμ·³¥ μ±·Ê¦´μ¸É¨.

‘ ¶μ³μÐÓÕ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¡Ò²  ¶μ²ÊÎ¥´  ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´-
´ Ö ËÊ´±Í¨Ö ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤  ¢ μ¤´μ³¥·´μ° ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ±,
±μÉμ· Ö ¸μ£² ¸Ê¥É¸Ö ¸  ´ ²¨É¨Î¥¸±¨³ · ¸Î¥Éμ³ ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¨ ¢ ¶·¨¡²¨¦¥-
´¨¨ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤μ³¥´´ÒÌ ¸É¥´μ±. ‚ ¤¢ÊÌ ¨ ¡μ²¥¥ ¨§³¥·¥´¨ÖÌ ¶·μ¨¸Ìμ¤¨É
¢Ò·μ¦¤¥´¨¥ ¸¨¸É¥³Ò ¢ μ¤¨´ ¡μ²ÓÏμ° ¤μ³¥´, ÎÉμ Ô´¥·£¥É¨Î¥¸±¨ ¢Ò£μ¤´μ. �¸´μ¢ ´¨¥³
¤²Ö ¢¢¥¤¥´¨Ö  ´¸ ³¡²Ö  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢ ¶μ¸²Ê¦¨²  · ¡μÉ  [18], ¢ ±μÉμ·μ°
¶μ± § ´μ, ÎÉμ ±¢ §¨´Ê²¥¢Ò¥ ³μ¤Ò ³μ£ÊÉ μ¡¥¸¶¥Î¨¢ ÉÓ ³¨´¨³Ê³ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨-
 ²  ¶μ ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö ¨ · §³¥·Ê μ¡² ¸É¨ μ¤´μ·μ¤´μ¸É¨, ÎÉμ μ§´ Î ¥É ¢μ§³μ¦´μ¸ÉÓ
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Ëμ·³¨·μ¢ ´¨Ö Ê¸Éμ°Î¨¢ÒÌ ¤μ³¥´μ¢ ±μ´¥Î´μ£μ · §³¥· . Œμ¤¥²¨·μ¢ ´¨¥  ´¸ ³¡²Ö  ´É¨-
¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢ ¶μ± § ²μ, ÎÉμ ¶·μ¨¸Ìμ¤¨É ±² ¸É¥·¨§ Í¨Ö ¤μ³¥´μ¢. ‚¢¥¤¥´¨¥ ¶μ-
É¥´Í¨ ²  μÉÉ ²±¨¢ ´¨Ö ³¥¦¤Ê ¸μ¸¥¤´¨³¨ ¤μ³¥´ ³¨ ¶μ§¢μ²¨²μ ¨§¡¥¦ ÉÓ ±² ¸É¥·¨§ Í¨¨,
´μ ¨¸¸²¥¤μ¢ ´¨¥ ¸¨¸É¥³Ò ¸ μÉÉ ²±¨¢ ´¨¥³ ¶μ ¸Ì¥³¥ Œ¥É·μ¶μ²¨¸ Äƒ ¸É¨´£¸  ¸É ²μ § -
É·Ê¤´¨É¥²Ó´Ò³. �μ ÔÉμ° ¶·¨Î¨´¥ ¡Ò² ¶μ¸É·μ¥´  ´¸ ³¡²Ó  ´É¨¸ ³μ¤Ê ²Ó´ÒÌ ¤μ³¥´μ¢ ± ±
¢¸¥¢μ§³μ¦´Ò¥ É· ´¸²ÖÍ¨¨ ¨ ¶μ¢μ·μÉÒ ¸¨¸É¥³Ò ¤μ³¥´μ¢, ¨³¥ÕÐ¥° ´ ¨¡μ²ÓÏ¨° ¸É É¨¸É¨-
Î¥¸±¨° ¢¥¸. „²Ö É ±μ° ¸¨¸É¥³Ò ¡Ò²  ¶μ²ÊÎ¥´  ¤¢ÊÌÉμÎ¥Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö
¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ , ¢ ±μÉμ·μ° ¶·μ¸²¥¦¨¢ ¥É¸Ö ¶¥·¨μ¤¨Î¥¸± Ö ¸É·Ê±ÉÊ· 
· ¸¶μ²μ¦¥´¨Ö ¤μ³¥´μ¢.

ˆ§ ¨§²μ¦¥´´μ£μ ¸²¥¤ÊÕÉ ¤ ²Ó´¥°Ï¨¥ § ¤ Î¨ ¤²Ö · §¢¨É¨Ö ¤μ³¥´´μ° ³μ¤¥²¨. �ËË¥±-
É¨¢´Ò° ² £· ´¦¨ ´ É¨¶  ƒ¨´§¡Ê·£ Ä‹ ´¤ Ê, ±μÉμ·Ò° ¶·¥¤²μ¦¥´ ¢ · ¡μÉ¥ [24, 27], ´¥
ÊÎ¨ÉÒ¢ ¥É ÔËË¥±ÉÒ ±μ´¥Î´μ£μ · §³¥·  μ¡² ¸É¨ μ¤´μ·μ¤´μ¸É¨ ¢ ±ÊÊ³´μ£μ ¶μ²Ö. �É¨ ÔË-
Ë¥±ÉÒ ¶·¨¢μ¤ÖÉ ± ± Î¥¸É¢¥´´μ³Ê ¨§³¥´¥´¨Õ Ì · ±É¥·  ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´ , ¨,
± ± § ³¥Î¥´μ ¢ ¸É ÉÓ¥ [18], ³μ£ÊÉ μ¡¥¸¶¥Î¨ÉÓ ¸É ¡¨²¨§ Í¨Õ ¸¥É¨ ¤μ³¥´´ÒÌ ¸É¥´μ± ¶μ
μÉ´μÏ¥´¨Õ ± ±² ¸É¥·¨§ Í¨¨ ¨/¨²¨  ´´¨£¨²ÖÍ¨¨ ±¨´±μ¢ ¨  ´É¨±¨´±μ¢.

—¨¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¸¨¸É¥³Ò ¸ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³ É ±¨³¨ ÔËË¥±É ³¨ ¤¥°-
¸É¢¨¥³ Å  ±ÉÊ ²Ó´ Ö § ¤ Î .
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