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a ˆ´¸É¨ÉÊÉ É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢  ���“, Š¨¥¢
¡ ˆ´¸É¨ÉÊÉ É¥µ·¥É¨Î¥¸±µ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨§¨±¨, Œµ¸±¢ 

�µ²ÊÎ¥´  µÍ¥´±  ¸·¥¤´¥° Ô´¥·£¨¨ ¥¢±²¨¤µ¢a ´¥ ¡¥²¥¢a ÉµÎ¥Î´µ£µ ¨¸ÉµÎ´¨±  ¢ ¨´¸É ´Éµ´´µ°
¦¨¤±µ¸É¨, ²¨´¥°´µ · ¸ÉÊÐ Ö ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¡¥§ ÊÎ¥É  ÔËË¥±Éµ¢ Ô±· ´¨·µ¢ ´¨Ö. ‚
¸²ÊÎ ¥ ¤¨¶µ²Ö ¢ ¸¨´£²¥É´µ³ ¶µ Í¢¥ÉÊ ¸µ¸ÉµÖ´¨¨ Ô´¥·£¨Ö µ± §Ò¢ ¥É¸Ö ²¨´¥°´µ° ËÊ´±Í¨¥° · ¸¸Éµ-
Ö´¨Ö ³¥¦¤Ê ¨¸ÉµÎ´¨± ³¨, ¸ ±µÔËË¨Í¨¥´Éµ³ ®´ ÉÖ¦¥´¨Ö¯, ¢¶µ²´¥ ¸µ£² ¸ÊÕÐ¨³¸Ö ¸ ¨³¥ÕÐ¨³¨¸Ö
³µ¤¥²Ó´Ò³¨ ¨ ·¥Ï¥ÉµÎ´Ò³¨ µÍ¥´± ³¨. ‚ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° · ¸¸³µÉ·¥´ ¸²ÊÎ ° ¶·µ¨§-
¢µ²Ó´µ° µ·¨¥´É Í¨¨ ¨¸ÉµÎ´¨±µ¢ ¢ Í¢¥Éµ¢µ³ ¶·µ¸É· ´¸É¢¥.

Estimate of average energy of the non-abelian dipole in the instanton medium is calculated. This
energy for the dipole in colour singlet state escalates linearly with the separation increasing for the
point-like sources unscreened. And its ®tension¯ coefˇcient develops the magnitude pretty similar to
that from the lattice QCD exploration and other model approaches. The case of arbitrary oriented
sources in the colour space are considered in the framework of corresponding perturbation theory.

…Ð¥ ¢ ¶¨µ´¥·¸±¨Ì · ¡µÉ Ì ¶µ ®¨´¸É ´Éµ´µ°¯ Ë¨§¨±¥ [1] · ¸¸³ É·¨¢ ²¸Ö ¢µ¶·µ¸ µ
¢§ ¨³µ¤¥°¸É¢¨¨ ¶¸¥¢¤µÎ ¸É¨ÍÒ (PP) (¨´¸É ´Éµ´ ,  ´É¨¨´¸É ´Éµ´ ) ¸ ¢´¥Ï´¨³ ¶µ²¥³ ¢
±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¨ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥. ‚Ò¢µ¤
¸µµÉ¢¥É¸É¢ÊÕÐ¥° Ëµ·³Ê²Ò ¡ §¨·Ê¥É¸Ö ´  ¸Ê¶¥·¶µ§¨Í¨µ´´µ³  ´§ Í¥ ¤²Ö ¶·¨¡²¨¦¥´´µ£µ
·¥Ï¥´¨Ö Ê· ¢´¥´¨° Ÿ´£ ÄŒ¨²²¸ 

Aa
µ(x) = Aa

µ(x) + Ba
µ(x). (1)

‡¤¥¸Ó ¶¥·¢µ¥ ¸² £ ¥³µ¥ µ¡µ§´ Î ¥É ¶µ²¥ ( ´É¨)¨´¸É ´Éµ´  (¤²Ö µ¶·¥¤¥²¥´´µ¸É¨ ¢§ÖÉµ¥ ¢
¸¨´£Ê²Ö·´µ° ± ²¨¡·µ¢±¥)

Aa
µ(x) =

2
g

ωabη̄bµν
ρ2

y2 + ρ2

yν

y2 (2)

¸ · §³¥·µ³ ρ, ¸ ±µµ·¤¨´ Éµ° Í¥´É·  z ¨ ³ É·¨Í¥° µ·¨¥´É Í¨¨ ¢ Í¢¥Éµ¢µ³ ¶·µ¸É· ´¸É¢¥
ω, y = x − z; η̄bµν Å ¸¨³¢µ² 'É •µµËÉ  (¤²Ö  ´É¨¨´¸É ´Éµ´  η̄ → η); g Å ±µ´¸É ´É 
¸¢Ö§¨ ´¥ ¡¥²¥¢a ¶µ²Ö. ‚Éµ·µ¥ ¸² £ ¥³µ¥ µ¶¨¸Ò¢ ¥É ¢´¥Ï´¥¥ ¶µ²¥. „²Ö ¶·µ¸ÉµÉÒ ³Ò ¡Ê-
¤¥³ · ¸¸³ É·¨¢ ÉÓ ¢´¥Ï´¥¥ ¶µ²¥, ¸µ§¤ ¢ ¥³µ¥ ¢´ Î ²¥ ´¥¶µ¤¢¨¦´Ò³¨ ¥¢±²¨¤µ¢Ò³ ÉµÎ¥Î-
´Ò³ Í¢¥Éµ¢Ò³ ¨¸ÉµÎ´¨±µ³ eδ3a ¨ ¥¢±²¨¤µ¢Ò³ Í¢¥Éµ¢Ò³ ¤¨¶µ²¥³ ±eδ3a, ¨ µ£· ´¨Î¨³¸Ö
Éµ²Ó±µ ¸²ÊÎ ¥³ £·Ê¶¶Ò SU(2). ˆ¸¶µ²Ó§ÊÖ ÔÉ¨ µ¡µ§´ Î¥´¨Ö, ³µ¦´µ ¸± § ÉÓ, ÎÉµ · ´¥¥
µ¸´µ¢´µ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö²µ¸Ó Î²¥´ ³ ¢§ ¨³µ¤¥°¸É¢¨Ö É¨¶  e/g. –¥²Ó ´ ¸ÉµÖÐ¥° ¸É ÉÓ¨
§ ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ¡Ò Ê± § ÉÓ ´  µÎ¥´Ó ¨´É¥·¥¸´µ¥ ¶µ¢¥¤¥´¨¥ µÍ¥´±¨ ¶·µ¨§¢µ¤ÖÐ¥£µ
ËÊ´±Í¨µ´ ²  ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨ (IL) (µ¡µ§´ Î¥´¨Ö ¸³. ¢ [2])

Z =
∑
N

1
N !

N∏
i=1

∫
(dγi/ρ5

i )CNc β̃
2Nc e−S (3)
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¶·¨ ´ ²¨Î¨¨ ¥¢±²¨¤µ¢ÒÌ ¨¸ÉµÎ´¨±µ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ´¥ ¡¥²¥¢a ¶µ²Ö. ‚ Î ¸É´µ¸É¨,
´ ¸ ¡Ê¤¥É ¨´É¥·¥¸µ¢ ÉÓ  ¸¨³¶ÉµÉ¨±  ¸·¥¤´¥£µ ¤¥°¸É¢¨Ö (Ô´¥·£¨Ö) ¥¢±²¨¤µ¢ÒÌ ¨¸ÉµÎ´¨±µ¢
¢ IL, É. ¥. ³Ò ¡Ê¤¥³ ¸É·¥³¨ÉÓ¸Ö ¶·µ ´ ²¨§¨·µ¢ ÉÓ ¢±² ¤Ò É¨¶  e2. …¢±²¨¤µ¢Ò ¨¸ÉµÎ´¨±¨
¡Ê¤ÊÉ £¥´¥·¨·µ¢ ÉÓ ¶µ²Ö Éµ° ¦¥ ¸ ³µ° ¶·¨·µ¤Ò, ÎÉµ ¨ ¶µ²Ö, ¢¸É·¥Î ÕÐ¨¥¸Ö ¶·¨ ·¥Ï¥´¨¨
§ ¤ Î¨ µ ±¢ ´Éµ¢ ´¨¨ ¶µ²Ö ¨´¸É ´Éµ´  Ai, £¤¥, ´ ¶µ³´¨³, A = Ai +aq, a aq Å £²Õµ´´Ò¥
¶µ²Ö Ë²Ê±ÉÊ Í¨°.

„²Ö ¥¢±²¨¤µ¢a ÉµÎ¥Î´µ£µ ¨¸ÉµÎ´¨±  ¨ ¤¨¶µ²Ö, µÉ¢¥Î ÕÐ¥£µ ®¨§µ¸¨´£²¥É´µ³Ê¯ ¸µ¸Éµ-
Ö´¨Õ, ¸µµÉ¢¥É¸É¢¥´´µ ¨³¥¥³:

Ba
µ(x) = (0, δa3 ϕ), ϕ =

e

4π

1
|x − ze|

,

Ba
µ(x) = (0, δa3 ϕ), ϕ =

e

4π

(
1

|x − z1|
− 1

|x − z2|

)
,

(4)

£¤¥ ze Å ±µµ·¤¨´ É  ¶µ±µÖÐ¥£µ¸Ö ÉµÎ¥Î´µ£µ ¨¸ÉµÎ´¨± ,   z1, z2 Å ±µµ·¤¨´ ÉÒ, Ì -
· ±É¥·¨§ÊÕÐ¨¥ ¤¨¶µ²Ó. � ¶µ³´¨³, ÎÉµ ¸µ§¤ ¢ ¥³µ¥ Î ¸É¨Í ³¨ ¶µ²¥ ¢ Î¥ÉÒ·¥Ì³¥·´µ³
¶·µ¸É· ´¸É¢¥, ¢µµ¡Ð¥ £µ¢µ·Ö, ¢Ò£²Ö¤¨É ±µ´Ê¸µ¶µ¤µ¡´Ò³ µ¡· §µ³ ¸ µ¸É·¨Ö³¨, ²¥¦ Ð¨³¨
¢ ³¥¸É Ì ¢µ§´¨±´µ¢¥´¨Ö Î ¸É¨Í. �µ ³¥·¥ Ê¤ ²¥´¨Ö µÉ ´¨Ì, ¢ ¡²¨¦´¥° ± Î ¸É¨Í ³ §µ´¥,
¶µ²¥ ´µ¸¨É ± ± ¡Ò Ê¸É ´µ¢¨¢Ï¨°¸Ö Ì · ±É¥·. ‚ ¤ ²Ó´¥° §µ´¥ ¶µ²¥ ¶·µ´¨± ¥É ¢ ¶¥·¢µ-
´ Î ²Ó´µ ¸¢µ¡µ¤´ÊÕ µÉ ¸¨£´ ²µ¢ µ¡² ¸ÉÓ ¨ ¤²Ö ¥£µ µ¶¨¸ ´¨Ö ¸²¥¤Ê¥É ¶·¨³¥´ÖÉÓ § ¶ §-
¤Ò¢ ÕÐ¥¥ ·¥Ï¥´¨¥, Ê¤µ¢²¥É¢µ·ÖÕÐ¥¥, ¢ Î ¸É´µ¸É¨, ²µ·¥´Íe¢¸±µ° ± ²¨¡·µ¢±¥ ∂µBa

µ = 0
(¸¶· ¢¥¤²¨¢µ° ¨ ¤²Ö ·¥Ï¥´¨Ö (2)). ŒÒ ¡Ê¤¥³ ¨´É¥·¥¸µ¢ ÉÓ¸Ö ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ Éµ²Ó±µ ¢
µ¡² ¸É¨ Ê¦¥ Ê¸É ´µ¢¨¢Ï¥£µ¸Ö ¶µ²Ö, ¨ Éµ£¤  µ¡· §µ³ ¶µ²Ö ¡Ê¤¥É ¸²Ê¦¨ÉÓ Í¨²¨´¤·¨Î¥¸±¨-
¸¨³³¥É·¨Î´µ¥ ±Ê²µ´µ¢¸±µ¥ ¶µ²¥, ´¥ § ¢¨¸ÖÐ¥¥ µÉ x4, ± ± ¢ (4). ’ ±µ° ¢Ò¡µ· ·¥Ï¥´¨°
¢ ¸Ê¶¥·¶µ§¨Í¨µ´´µ³  ´§ Í¥ (1) ¶µ§¢µ²Ö¥É ¸µÌ· ´¨ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¸ÉµÌ -
¸É¨Î¥¸±µ° ±µ³¶µ´¥´ÉÒ.

‚Ò· ¦¥´¨Ö ¤²Ö ¶µÉ¥´Í¨ ²µ¢ ¶·¨¢µ¤ÖÉ¸Ö §¤¥¸Ó ¢ ¥¢±²¨¤µ¢µ³ ¢¨¤¥. � Ï ¢Ò¡µ· ¶¥·¥-
³¥´´ÒÌ ¤²Ö ¶µ²Ö ¨ ¥¢±²¨¤µ¢  ¨¸ÉµÎ´¨±  ¶·¨ ¶¥·¥Ìµ¤¥ µÉ ¶·µ¸É· ´¸É¢  Œ¨´±µ¢¸±µ£µ
¤ ¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ § ³¥´ ³¨: B0 → iB4, e → −ie. �·¨ ÔÉµ³, ´ ¶µ³´¨³, ¶µ¸²¥¤´ÕÕ § -
³¥´Ê ¶¥·¥³¥´´ÒÌ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¸²¥¤¸É¢¨¥ ¶·¥µ¡· §µ¢ ´¨°, ¶·µ¨§¢µ¤¨³ÒÌ ¸µ
¸¶¨´µ·´Ò³¨ ¶µ²Ö³¨ ψ → ψ̂, ψ̄ → −iψ̂†, γ0 → γ4, £¤¥ ¸¶¨´µ·Ò ¸µ Ï²Ö¶± ³¨ · ¸¸³ É·¨-
¢ ÕÉ¸Ö ¢ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥. ŒÒ ¶µ¸ÉÊ¶ ¥³ ¢ ÉµÎ´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ ·¥§Ê²ÓÉ É ³¨
Ô²¥±É·µ¤¨´ ³¨±¨, £¤¥ Ê¤µ¡´Ò³ ¸¶µ¸µ¡µ³ ¶µ²ÊÎ¥´¨Ö ¸µ¤¥·¦ É¥²Ó´µ° É¥µ·¨¨ ¢ ¥¢±²¨¤µ¢µ³
¶·µ¸É· ´¸É¢¥ Ö¢²Ö¥É¸Ö ¶¥·¥Ìµ¤ ± ³´¨³µ³Ê § ·Ö¤Ê.

� ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö

Ga
µν = ∂µAa

ν − ∂νAa
µ + gεabcAb

µAc
ν (5)

(§¤¥¸Ó εabc Å ¶µ²´µ¸ÉÓÕ  ´É¨¸¨³³¥É·¨Î´Ò° É¥´§µ·) ¤²Ö ¸Ê¶¥·¶µ§¨Í¨¨ ¶µ²¥° (1) ³µ¦´µ
§ ¶¨¸ ÉÓ Éµ£¤  ¢ ¢¨¤¥

Ga
µν = Ga

µν(B) + Ga
µν(A) + Ga

µν(A, B),

Ga
µν(A, B) = gεabc(Bb

µAc
ν + Ab

µBc
ν),

(6)

  Ga
µν(A) ¨ Ga

µν(B) µ¶·¥¤¥²¥´Ò, ± ± ¢ (5). Š¢ ¤· É ´ ¶·Ö¦¥´´µ¸É¨ £²Õµ´´µ£µ ¶µ²Ö
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¶·¥¤¸É ¢²Ö¥É¸Ö ± ±

Ga
µνGa

µν = Ga
µν(B)Ga

µν(B) + Ga
µν(A)Ga

µν(A) + Ga
µν(A, B)Ga

µν(A, B)+

+ 2Ga
µν(B)Ga

µν(A) + 2Ga
µν(B)Ga

µν(A, B) + 2Ga
µν(A)Ga

µν(A, B). (7)

Šµ³¶µ´¥´ÉÒ ÔÉµ° ¸Ê³³Ò ¤ ÕÉ ¢±² ¤Ò · §´ÒÌ É¨¶µ¢ ¢ ¶µ²´µ¥ ¤¥°¸É¢¨¥ ¸¨¸É¥³Ò ¨¸ÉµÎ-
´¨±µ¢ ¨ PP

S =
∫

dx

(
1
4

Ga
µνGa

µν + ja
µAa

µ

)
= Se(B) + β + Si. (8)

’ ±, ¶¥·¢µ¥ ¨ ¢Éµ·µ¥ ¸² £ ¥³Ò¥ ¢ (7) ¤ ÕÉ ¸µ¡¸É¢¥´´ÊÕ Ô´¥·£¨Õ ¨¸ÉµÎ´¨±  (Se) (¢ ¸²Ê-
Î ¥ ¤¨¶µ²Ö ¤µ¶µ²´¥´´ÊÕ É ±¦¥ ±Ê²µ´µ¢¸±¨³ ¶µÉ¥´Í¨ ²µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨¸ÉµÎ´¨±µ¢),
±µÉµ· Ö ·¥£Ê²Ö·¨§¨·Ê¥É¸Ö ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¢¢¥¤¥´¨¥³ · §³¥·  Î ¸É¨ÍÒ, ¨ ¤¥°¸É¢¨¥

¨´¸É ´Éµ´  β =
8π2

g2 . �É¨ Î²¥´Ò ¶·µ¶µ·Í¨µ´ ²Ó´Ò e2 ¨ g−2 ¸µµÉ¢¥É¸É¢¥´´µ. —¥É¢¥·Éµ¥ ¨

¶µ¸²¥¤´¥¥ ¸² £ ¥³Ò¥ ¢ (7),   É ±¦¥ Î²¥´ ja
µAa

µ ¢ (8) ¤ ÕÉ ¢±² ¤Ò É¨¶  e/g, ¨ ²¨ÏÓ É·¥É¨°
Î²¥´ ¸Ê³³Ò (7) ¶·¨¢µ¤¨É ± ¸² £ ¥³Ò³ É¨¶  e2, ¶µ¸±µ²Ó±Ê ¶ÖÉµ¥ ¸² £ ¥³µ¥ ¢ ¸¨²Ê ¢Ò-
¡µ·  ¢¨¤  ·¥Ï¥´¨Ö (4) · ¢´µ ´Ê²Õ. �¥´Ê²¥¢Ò¥ ¢±² ¤Ò ³Ò µ¡µ§´ Î¨³ ± ± Si ¨, ¶·µ¤¥² ¢
¢ÒÎ¨¸²¥´¨Ö, ¶µ²ÊÎ¨³

Si =
e

g
η̄k4iω

3kIi +
( e

4π

)2

J +
( e

4π

)2

Kklω
3kω3l. (9)

Šµ´±·¥É´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ËÊ´±Í¨¨ Ii ´ ³ ¢ ÔÉµ° · ¡µÉ¥ ´¥ ¶µ´ ¤µ¡¨É¸Ö, ¶µ¸±µ²Ó±Ê ¢
¶·¨²µ¦¥´¨¨ ± ³µ¤¥²¨ IL ¸²¥¤Ê¥É ¶·µ¢µ¤¨ÉÓ Ê¸·¥¤´¥´¨¥ ¶µ Í¢¥Éµ¢µ° µ·¨¥´É Í¨¨ PP, ¨
Éµ£¤  ¢±² ¤ ¤¨¶µ²Ó´µ£µ Î²¥´  ¨¸Î¥§ ¥É. „¢  ¤·Ê£¨Ì ¸² £ ¥³ÒÌ µ¡Ê¸²µ¢²¥´Ò ¨´É¥·Ë¥·¥´-
Í¨µ´´µ° ±µ³¶µ´¥´Éµ° ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö

Ga
4i(A, B) = 2

e

4π
εa3cωckη̄kiα

yα

y2

ρ2

(y2 + ρ2)
1

|y + ∆| ,

Ga
4i(A, B) = 2

e

4π
εa3cωckη̄kiα

yα

y2

ρ2

(y2 + ρ2)

(
1

|y + ∆1|
− 1

|y + ∆2|

) (10)

¤²Ö ÉµÎ¥Î´µ£µ ¨¸ÉµÎ´¨±  ¨ ¶µ²Ö ¤¨¶µ²Ö, µÉ¢¥Î ÕÐ¥£µ ®¨§µ¸¨´£²¥É´µ³Ê¯ ¸µ¸ÉµÖ´¨Õ,
¸µµÉ¢¥É¸É¢¥´´µ, £¤¥ ∆ = z − ze, ∆1,2 = z − z1,2. ‚ ¸¨²Ê ¢Ò¡µ·  ¢¨¤  ·¥Ï¥´¨Ö (4)
¤·Ê£¨¥ ¢±² ¤Ò ¢ Ga

µν(A, B) µÉ¸ÊÉ¸É¢ÊÕÉ. ‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥É Ê¤µ¡´µ ¶µ²Ó§µ¢ ÉÓ¸Ö ¡¥§-
· §³¥·´Ò³¨ ¶¥·¥³¥´´Ò³¨, § ³¥´¨¢ ¢¸¥ ±µµ·¤¨´ ÉÒ ¶µ ¶· ¢¨²Ê x/ρ → x. ‚ ¸²ÊÎ ¥
µ¤´µ£µ ¨¸ÉµÎ´¨±  ËÊ´±Í¨Ö J ¨ É¥´§µ· K ¤ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨

J = 2
∫

dy
2y2 − y2

y4(y2 + 1)2|y + ∆|2 ,

Kkl = 2
∫

dy
ykyl

y4

1
(y2 + 1)2|y + ∆|2

¨ ´¥ ¨´É¥£·¨·ÊÕÉ¸Ö ¢ Ô²¥³¥´É ·´ÒÌ ËÊ´±Í¨ÖÌ. � ³ ¶µ´ ¤µ¡ÖÉ¸Ö Éµ²Ó±µ ¨Ì  ¸¨³¶ÉµÉ¨±¨
¶·¨ ∆ → ∞

J � 5π2

2
1

∆2 ,
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  ¤²Ö ±µ³¶µ´¥´É É¥´§µ·  2-£µ · ´£  ¢¨¤ 

Kij = δijK1 + ∆̂i∆̂jK2

¨³¥¥³

K1 � π2

2
1

∆2 , K2 � 0.

ˆ´É¥·Ë¥·¥´Í¨µ´´ Ö ±µ³¶µ´¥´É  ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö ¨³¥¥É Î¨¸Éµ ´¥ ¡¥²¥¢µ ¶·µ¨¸-
Ìµ¦¤¥´¨¥, ¨, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ µ´  ¶µ¸É·µ¥´  ¨§ ¶µ²Ö ¨´¸É ´Éµ´  ¨ ¶µ²Ö § ·Ö¤ , ¥¥
¢±² ¤ ¢ ¤¥°¸É¢¨¥ ¢¸¥° ¸¨¸É¥³Ò (¨¸ÉµÎ´¨±µ¢ ¨ PP) ¨³¥¥É ¢¨¤ ¸ ³µ¤¥°¸É¢¨Ö ¥¢±²¨¤µ¢a ¨¸-
ÉµÎ´¨±  ∼ e2. �Éµ³Ê ¶·µ¸Éµ³Ê ¨ ¢¸¥ ¦¥ ¤µ¸É ÉµÎ´µ Ê¤¨¢¨É¥²Ó´µ³Ê Ë ±ÉÊ, ¶µ-¢¨¤¨³µ³Ê,
´¥ Ê¤¥²Ö²µ¸Ó ¤µ²¦´µ£µ ¢´¨³ ´¨Ö. �µ¤·µ¡´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¶µ¢¥¤¥´¨Ö PP ¢ ¶µ²¥ ¥¢±²¨-
¤µ¢a ´¥ ¡¥²¥¢a ¨¸ÉµÎ´¨±  ¶·µ¢¥¤¥´µ ´ ³¨ ´  µ¸´µ¢¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¸¢Ö§ ´´µ° ¸
¸ ³µ° PP. �¶¨¸Ò¢ ÕÐ¨¥ ¥¥ ¶ · ³¥É·Ò ¸Î¨É ÕÉ¸Ö ËÊ´±Í¨Ö³¨ ¢´¥Ï´¥£µ ¢µ§¤¥°¸É¢¨Ö, É. ¥.
ρ → R(x, z), ω → Ω(x, z), ¶·¨Î¥³ ÔÉ¨ ´µ¢Ò¥ ¶µ²Ö-¶ · ³¥É·Ò ´ Ìµ¤ÖÉ¸Ö ¶µ¸·¥¤¸É¢µ³
³Ê²ÓÉ¨¶µ²Ó´µ£µ · §²µ¦¥´¨Ö, ´ ¶·¨³¥·, ¤²Ö · §³¥·  ( ´É¨)¨´¸É ´Éµ´ 

Ri(x, z) = ρ + cµyµ + cµνyµyν + . . . , |y| � L,

R0(x, z) = ρ + dµ
yµ

y2 + dµν
yµ

y2

yν

y2 + . . . , |y| > L,
(11)

 ´ ²µ£¨Î´µ ¤²Ö µ·¨¥´É Í¨¨ ¨´¸É ´Éµ´  ¢ ®¨§µÉµ¶¨Î¥¸±µ³¯ ¶·µ¸É· ´¸É¢¥ Ω(x, z), £¤¥ L Å
´¥±µÉµ·Ò° ¶ · ³¥É·, µ¶·¥¤¥²ÖÕÐ¨° · ¤¨Ê¸ ¸Ë¥·Ò, ´  ±µÉµ·µ³ · ¸ÉÊÐ¥¥ ¸ · ¸¸ÉµÖ´¨¥³
³Ê²ÓÉ¨¶µ²Ó´µ¥ · §²µ¦¥´¨¥ § ³¥´Ö¥É¸Ö ¶ ¤ ÕÐ¨³, ¨¸Ìµ¤Ö ¨§ É·¥¡µ¢ ´¨Ö ·¥£Ê²Ö·´µ¸É¨
¤¥Ëµ·³ Í¨°. ŠµÔËË¨Í¨¥´ÉÒ ³Ê²ÓÉ¨¶µ²Ó´µ£µ · §²µ¦¥´¨Ö cµ, cµν , . . . ¨ dµ, dµν , . . . ³µ-
£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¨ Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ ¢´¥Ï´¥£µ ¢µ§¤¥°¸É¢¨Ö. �± §Ò¢ ¥É¸Ö, ÎÉµ
³µ¦´µ ´¥ Éµ²Ó±µ ¶·µ¸²¥¤¨ÉÓ Ô¢µ²ÕÍ¨Õ ¶·¨¡²¨¦¥´´µ£µ ·¥Ï¥´¨Ö ¤²Ö ¤¥Ëµ·³¨·µ¢ ´´µ£µ
(®¨§³ÖÉµ£µ¯) ( ´É¨)¨´¸É ´Éµ´ , ± ± ËÊ´±Í¨¨ · ¸¸ÉµÖ´¨Ö, ´µ ¨ ¶·¥¤²µ¦¨ÉÓ ¸¶µ¸µ¡ ¸ ³µ-
¸µ£² ¸µ¢ ´´µ£µ µ¶¨¸ ´¨Ö ¶µ²¥° ¨¸ÉµÎ´¨±  ¨ PP, µ¸É ¢ Ö¸Ó ¢ · ³± Ì ¶·¨¡²¨¦¥´¨Ö ¸Ê¶¥·-
¶µ§¨Í¨µ´´µ£µ  ´§ Í  (1) (³ É¥·¨ ² ¶µ ÔÉµ³Ê ¢µ¶·µ¸Ê ¶µ¤£µÉµ¢²¥´ ± ¶¥Î É¨). �µ²Ö ¤¥Ëµ·-
³ Í¨° µ± §Ò¢ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¢¡²¨§¨ ¨¸ÉµÎ´¨± , ´  · ¸¸ÉµÖ´¨ÖÌ ¶µ·Ö¤±  ∆ � 2ρ,
¨ ¶·¨¢µ¤ÖÉ ± § ³¥É´µ³Ê ·µ¸ÉÊ ¤¥°¸É¢¨Ö PP.

�·¨ ¢ÒÎ¨¸²¥´¨¨ Ô´¥·£¨¨ ÉµÎ¥Î´µ£µ ¨¸ÉµÎ´¨± , ¶µ³¥Ð¥´´µ£µ ¢ IL, ´ ¶µ³´¨³, ÎÉµ
¸²¥¤Ê¥É · ¡µÉ ÉÓ ¸ Ì · ±É¥·´µ° ´ ¸ÒÐ ÕÐ¥° ±µ´É¨´Ê ²Ó´Ò° ¨´É¥£· ² ±µ´Ë¨£Ê· Í¨¥° ¢
¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ ¶µ²¥° ( ´É¨)¨´¸É ´Éµ´µ¢, ¤µ¶µ²´¥´´µ° ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¥Ð¥ ¨ ¶µ²¥³
¨¸ÉµÎ´¨±  Ba

µ(x)

Aa
µ(x) = Ba

µ(x) +
N∑

i=1

Aa
µ(x; γi), (12)

£¤¥ γi = (ρi, zi, ωi) µ¡µ§´ Î ÕÉ ¶ · ³¥É·Ò, µ¶¨¸Ò¢ ÕÐ¨¥ i-° ( ´É¨)¨´¸É ´Éµ´. �  ¡µ²Ó-
Ï¨Ì · ¸¸ÉµÖ´¨ÖÌ µÉ ¨¸ÉµÎ´¨±  ¶²µÉ´µ¸ÉÓ IL ¶· ±É¨Î¥¸±¨ · ¢´  ¸¢µ¥³Ê  ¸¨³¶ÉµÉ¨Î¥¸±µ³Ê
§´ Î¥´¨Õ n(∆) ∼ n0 eβ−S � n0, ¶µ¸±µ²Ó±Ê ¢ ÔÉµ° §µ´¥ ¤¥°¸É¢¨¥ ± ¦¤µ° PP ¶·¨³¥·´µ
¸µ¢¶ ¤ ¥É ¸ β. ˆ´É¥·¥¸ÊÕÐ Ö ´ ¸ ¢¥²¨Î¨´  ¤ ¥É¸Ö Ê¸·¥¤´¥´¨¥³ S ¶µ Í¢¥Éµ¢Ò³ µ·¨¥´É -
Í¨Ö³ ¨ ¶µ ¶µ²µ¦¥´¨Ö³ PP (¤²Ö ¶·µ¸ÉµÉÒ · ¸¸³µÉ·¨³ PP µ¤¨´ ±µ¢µ£µ · §³¥· )

〈S〉 =
N∏

i=1

∫
dzi

V

∫
dωiS =

e2

4π

1
a
X4 + Nβ + N

∫
d∆
L3

( e

4π

)2
(

J +
Kii

3

)
, (13)



’µÎ¥Î´Ò¥ ¨¸ÉµÎ´¨±¨ ¥¢±²¨¤µ¢a ´¥ ¡¥²¥¢a ¶µ²Ö ¢ ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨ 115

£¤¥ L Å ´¥±µÉµ·Ò° Ëµ·³ ²Ó´Ò° ¢¥·Ì´¨° ¶·¥¤¥² ¨´É¥£·¨·µ¢ ´¨Ö; V = L3X4 Å µ¡Ñ¥³,
§ ´¨³ ¥³Ò° IL; X4 Å ¢¥·Ì´¨° ¶·¥¤¥², µÉ¢¥Î ÕÐ¨° ®¢·¥³¥´¨¯; N Å ¶µ²´µ¥ Î¨¸²µ PP,  
a Å · ¤¨Ê¸ ¨¸ÉµÎ´¨±  ¶µ ¸¨²Ó´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ. �·µ¸É ¢²ÖÖ  ¸¨³¶ÉµÉ¨±¨ ËÊ´±Í¨°
J ¨ K ¨ ¢µ§¢· Ð Ö¸Ó ± · §³¥·´Ò³ ¶¥·¥³¥´´Ò³, § ¶¨Ï¥³ µ¤´µ¨´¸É ´Éµ´´Ò¥ ¢±² ¤Ò ¢
¸·¥¤´¥¥ ¤¥°¸É¢¨¥ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

〈S〉 � e2

4π

1
a
X4 +

N

V
βL3X4 +

N

V

6π3

β

e2

g2 ρ̄2LX4,

£¤¥ ρ̄ Å ¸·¥¤´¨° · §³¥· ( ´É¨)¨´¸É ´Éµ´µ¢ ¢ IL. �¡Ð¨° ³´µ¦¨É¥²Ó X4 ³µ¦¥É ¡ÒÉÓ
¢Ò¤¥²¥´, ¶µ¸±µ²Ó±Ê, ± ± µ¡¸Ê¦¤ ²µ¸Ó ¢ ´ Î ²¥ · ¡µÉÒ, ³Ò · ¸¸³ É·¨¢ ¥³ ¨´¸É ´Éµ´Ò
¢ ¶µ²¥ ¨¸ÉµÎ´¨±  ¢ Ê¸É ´µ¢¨¢Ï¥°¸Ö §µ´¥, ¨ § ¤ Î   ¢Éµ³µ¤¥²Ó´  ´  ± ¦¤µ³ x4-¸²µ¥.
”µ·³ ²Ó´µ ¶µ¸²¥¤´¥¥ ¸² £ ¥³µ¥ ¶·¨¢¥¤¥´´µ° ¢ÒÏ¥ Ëµ·³Ê²Ò ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì N, V →
∞, ¶·¨ Ë¨±¸¨·µ¢ ´´µ° ¶²µÉ´µ¸É¨ IL n = N/V , ¢Ò£²Ö¤¨É ± ± ¶·¥´¥¡·¥¦¨³µ ³ ² Ö
¶µ¶· ¢±  ± £²Õµ´´µ³Ê ±µ´¤¥´¸ ÉÊ (¢Éµ·µ¥ ¸² £ ¥³µ¥). �¤´ ±µ ÔÉµÉ ²¨´¥°´µ · ¸ÉÊÐ¨°
¸ L ¢±² ¤ ¶·µ¶µ·Í¨µ´ ²¥´ e2 ¨ ¨³¥¥É ¨´µ° Ë¨§¨Î¥¸±¨° ¸³Ò¸², É¨¶  ¤µ¶µ²´¨É¥²Ó´µ£µ
¸² £ ¥³µ£µ ± ¸µ¡¸É¢¥´´µ° Ô´¥·£¨¨ ¨¸ÉµÎ´¨± 

E � σL, σ = n
6π3

β

e2

g2 ρ̄2.

‚ ¸²ÊÎ ¥ £·Ê¶¶Ò SU(Nc) ¢ §´ ³¥´ É¥²¥ ¶µ¸²¥¤´¥£µ ¸² £ ¥³µ£µ ¢ Ëµ·³Ê²¥ (13) ¸²¥¤Ê¥É
§ ³¥´¨ÉÓ 3 ´  N2

c − 1, µ¤´ ±µ ÔÉµ ´¥ ¸± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´  ±µÔËË¨Í¨¥´É¥ ®´ -

ÉÖ¦¥´¨Ö¯ σ. �·¨ Ì · ±É¥·´ÒÌ ¤²Ö IL ¶ · ³¥É· Ì:
ρ̄

R̄
� 1

3
; R̄ Å ¸·¥¤´¥¥ · ¸¸ÉµÖ´¨¥

³¥¦¤Ê PP; n = R̄−4; β � 12; ρ̄ � 1 ƒÔ‚−1 [2, 3] Å ¨³¥¥³ σ � 0,6 ƒÔ‚/Ë³ (¥¸²¨ ¤²Ö
µÍ¥´±¨ ¶µ²µ¦¨ÉÓ ¨¸ÉµÎ´¨± É ±µ° ¸¨²Ò, ÎÉµ e � g). “Î¨ÉÒ¢ Ö ± Î¥¸É¢¥´´Ò° Ì · ±É¥·
³µ¤¥²¨ IL, ÔÉµ §´ Î¥´¨¥ ¸²¥¤Ê¥É ¶·¨§´ ÉÓ ¸µ¢¸¥³ ´¥¶²µÌµ ¸µ£² ¸ÊÕÐ¨³¸Ö ¸ µÍ¥´± ³¨,
±µÉµ·Ò¥ ¨³¥ÕÉ ³¥¸Éµ ¢ · ³± Ì ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥° ¤²Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢. …¸²¨
· ¸¸³µÉ·¥ÉÓ ¸·¥¤´¥¥ ¢¨¤  〈Si[, e−Si〉, ³µ¤¥²¨·ÊÕÐ¥¥ ÔËË¥±É ¶µ¤ ¢²¥´¨Ö ¢±² ¤  PP ¢¡²¨§¨
¨¸ÉµÎ´¨± , ¢§Ö¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨´É¥£· ²Ò Î¨¸²¥´´µ, Éµ ³µ¦´µ Ê¢¨¤¥ÉÓ, ÎÉµ ²¨´¥°´µ
· ¸ÉÊÐ¨° ¢±² ¤ ´ Î¨´ ¥É ´ ¡¨· ÉÓ¸Ö £¤¥-Éµ ¶·¨ ∆/ρ̄ ∼ 3Ä4. �µ¸É Ô´¥·£¨¨ ¸ · ¸¸ÉµÖ-
´¨¥³ ³µ¦´µ ¶·¥¦¤¥ ¢¸¥£µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ± ± ¤¥³µ´¸É· Í¨Õ ´¥¢µ§³µ¦´µ¸É¨ ¢´¥¸¥´¨Ö
£µ²µ£µ Í¢¥Éµ¢µ£µ § ·Ö¤  ¢ IL. �¥§ ÊÎ¥É  ÔËË¥±Éµ¢ Ô±· ´¨·µ¢ ´¨Ö ³ ¸¸  ¨¸ÉµÎ´¨± ,  
¨³¥´´µ É ± ¶µ§¢µ²¨É¥²Ó´µ É· ±Éµ¢ ÉÓ ´ °¤¥´´Ò° ´ ³¨ ¤µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤, ´¥µ£· ´¨-
Î¥´´µ · ¸É¥É. �·¨¢¥¤¥´´ Ö ´ ³¨ µÍ¥´±   ¸¨³¶ÉµÉ¨±¨ ¤²Ö Ô´¥·£¨¨ ¥¢±²¨¤µ¢a ¨¸ÉµÎ´¨± 
¢ IL Ö¢²Ö¥É¸Ö £² ¢´Ò³ ¢±² ¤µ³ ¢ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨-
¡²¨¦¥´¨¨, ±µ£¤ , ± ± ¶·¥¤¶µ² £ ¥É¸Ö, ¢¸¥ ±µ´¸É ´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö Ë¨±¸¨·ÊÕÉ¸Ö ´ 
³ ¸ÏÉ ¡¥ ¸·¥¤´¥£µ · §³¥·  ¨´¸É ´Éµ´  ρ̄.

’¥¶¥·Ó µ¡· É¨³¸Ö ± ¸²ÊÎ Õ Í¢¥Éµ¢µ£µ ¤¨¶µ²Ö ¢ ®¨§µ¸¨´£²¥É´µ³¯ ¸µ¸ÉµÖ´¨¨ ¨ ¥Ð¥ · §
Ê¡¥¤¨³¸Ö, ÎÉµ ³Ò ¨³¥¥³ ¤¥²µ ¸ ·¥ ±Í¨¥° IL ´  ¶µ²¥. ˆ´É¥·¥¸ÊÕÐ¨° ´ ¸ ¤µ¶µ²´¨É¥²Ó-
´Ò° ± ±Ê²µ´µ¢¸±µ³Ê ¢±² ¤ ¢ ¸·¥¤´ÕÕ Ô´¥·£¨Õ E ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö
¨´É¥£· ²µ³, ¶µÌµ¦¨³ ´  ¸²ÊÎ ° µ¤´µ£µ ¨¸ÉµÎ´¨± , ¸ É¥³ ¦¥ ±µÔËË¨Í¨¥´Éµ³, ´µ ¤·Ê£¨³
¸·¥¤´¨³ ¶µ ¶µ²µ¦¥´¨Ö³ ¨´¸É ´Éµ´ , ¢¨¤ 

Id =
∫

d∆1

(
1

∆2
1

− 2
1

|∆1||∆2|
+

1
∆2

2

)
.
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Šµ£¤  · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¨¸ÉµÎ´¨± ³¨ l = |z1 − z2| ¸É·¥³¨É¸Ö ± ´Ê²Õ, ¶µ²¥ ¨¸Î¥§ ¥É ¨
³Ò ¤µ²¦´Ò ¨³¥ÉÓ ¢ µÉ¢¥É¥ ´µ²Ó. ‚ ´ Ï¥³ · ¸¶µ·Ö¦¥´¨¨ ¥¸ÉÓ Éµ²Ó±µ ¤¢  ¶ · ³¥É· , µÉ
±µÉµ·ÒÌ ¨´É¥£· ² ³µ¦¥É § ¢¨¸¥ÉÓ, ÔÉµ L ¨ l. �µ ¸µµ¡· ¦¥´¨Ö³ · §³¥·´µ¸É¨ ¨´É¥£· ²
¥¸ÉÓ ²¨´¥°´ Ö ËÊ´±Í¨Ö µÉ ´¨Ì, ´µ Éµ²Ó±µ § ¢¨¸¨³µ¸ÉÓ µÉ l Ê¤µ¢²¥É¢µ·Ö¥É É·¥¡µ¢ ´¨Õ
µ¡· Ð¥´¨Ö ¨´É¥£· ²  ¢ ´µ²Ó ¶·¨ l → 0. „²Ö µ¶·¥¤¥²¥´¨Ö ¦¥ ±µÔËË¨Í¨¥´É  ²¥£±µ
¶µ²ÊÎ¨ÉÓ

Id

4π
= L − 2

(
L − l

2

)
+ L = l

(§¤¥¸Ó ¶µ µÉ¤¥²Ó´µ¸É¨ ´ ¶¨¸ ´Ò ¢±² ¤Ò É·¥Ì ¨´É¥£· ²µ¢). �±µ´Î É¥²Ó´µ ¤²Ö ¤µ¶µ²´¨-
É¥²Ó´µ£µ ¢±² ¤  ± ¸·¥¤´¥° Ô´¥·£¨¨ ¤¨¶µ²Ö ¢ IL ¨³¥¥³

E � σl.

�¥¸±µ²Ó±µ ´¨¦¥ ³Ò µ¡¸Ê¤¨³ ¶µ²ÊÎ ÕÐ¨¥¸Ö ·¥§Ê²ÓÉ ÉÒ, ´µ ¶µ±  ¶·¨¢¥¤¥³ ¥Ð¥ µ¤´µ
µ¡µ¡Ð¥´¨¥.

ˆ§¢¥¸É´µ, ÎÉµ ¢ ¸²ÊÎ ¥ £·Ê¶¶Ò SU(2) § ¤ Î  µ ¤¢ÊÌ ÉµÎ¥Î´ÒÌ ¨¸ÉµÎ´¨± Ì ±² ¸¸¨-
Î¥¸±µ£µ Ö´£-³¨²²¸µ¢¸±µ£µ ¶µ²Ö ·¥Ï ¥É¸Ö ¨ ¤²Ö ¶·µ¨§¢µ²Ó´µ° µ·¨¥´É Í¨¨ ¨¸ÉµÎ´¨±µ¢ ¢
Í¢¥Éµ¢µ³ ¶·µ¸É· ´¸É¢¥ [4, 5], ¨ ¡µ²¥¥ Éµ£µ, ± ± ¨ ¢ ¸²ÊÎ ¥ Ô²¥±É·µ¤¨´ ³¨±¨, ³µ¦´µ
¢Ò· ¡µÉ ÉÓ ¸ ³µ¸µ£² ¸µ¢ ´´ÊÕ ´¥¶·µÉ¨¢µ·¥Î¨¢ÊÕ ¸Ì¥³Ê ¶·¨¡²¨¦¥´´µ£µ µ¶¨¸ ´¨Ö ¤¨´ -
³¨±¨ ¨¸ÉµÎ´¨±µ¢ (Î ¸É¨Í) ¨ ¶µ²¥° ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ¶µ ¸É¥¶¥´Ö³ v/c [5]. �£µ¢µ·¨³¸Ö,
ÎÉµ, Ëµ·³Ê²¨·ÊÖ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¨¸ÉµÎ´¨±µ¢ Í¢¥Éµ¢µ£µ ¶µ²Ö, ³Ò, ´  ¸ ³µ³ ¤¥²¥, ¡Ê¤¥³
¨³¥ÉÓ ¢ ¢¨¤Ê ¨¸¸²¥¤µ¢ ´¨¥ ¸¢µ°¸É¢ ´¥±µÉµ·ÒÌ ±µ´±·¥É´ÒÌ ·¥Ï¥´¨°, µ¸É ¢²ÖÖ ¢ ¸Éµ·µ´¥
¶·µ¡²¥³Ê Ë¨±¸ Í¨¨ ·¥Ï¥´¨Ö (¢ Î ¸É´µ¸É¨, ¢Ò¤¥²¥´¨Ö ®Ë¨§¨Î¥¸±¨Ì¯ ±µ³¶µ´¥´É) ¸ ¶µ³µ-
ÐÓÕ ´ ²µ¦¥´¨Ö ± ²¨¡·µ¢µÎ´µ£µ ¨ ´ Î ²Ó´µ£µ (±· ¥¢µ£µ) Ê¸²µ¢¨°. ‚ ´¥ ¡¥²¥¢µ° É¥µ·¨¨,
± ± ÔÉµ ´ £²Ö¤´µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ ´  ¶·¨³¥·¥ É·¨¢¨ ²Ó´µ£µ ·¥Ï¥´¨Ö Aa

µ = 0 [6], ÔÉ 
¶·µÍ¥¤Ê·  ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ´¥ ³µ¦¥É ¡ÒÉÓ ¨¸¸²¥¤µ¢ ´  ¸ Éµ° ¦¥ ¸É¥¶¥´ÓÕ ¶µ²´µÉÒ,
± ± ÔÉµ ¨³¥¥É ³¥¸Éµ, ´ ¶·¨³¥·, ¢ Ô²¥±É·µ¤¨´ ³¨±¥. �¥ ¡Ê¤¥³ ³Ò É ±¦¥ µ¸É ´ ¢²¨¢ ÉÓ¸Ö
´  µ¸É·µÊ³´µ° ±µ´¸É·Ê±Í¨¨ ¸¨´£Ê²Ö·´µ£µ ¨¸ÉµÎ´¨±  ¸ Ô±· ´¨·µ¢ ´´Ò³ Í¢¥Éµ¢Ò³ § ·Ö-
¤µ³, ¸ Ô´¥·£¨¥° ´¨¦¥ ±Ê²µ´µ¢¸±µ° [7] (¢ É¥·³¨´ Ì Í¨É¨·Ê¥³µ° · ¡µÉÒ ´ ¸ ¨´É¥·¥¸Ê¥É

Éµ²Ó±µ ¸²ÊÎ ° β = 0, Ia = δa3q

(
1 − 2

3
β

)
, £¤¥ q Å § ·Ö¤ ®¨¸ÉµÎ´¨± ¯; Ia Å ®¶µ²´Ò°¯

§ ·Ö¤).
ŒÒ ´ ¶µ³´¨³ ¸¥°Î ¸ ´¥±µÉµ·Ò¥ ´¥µ¡Ìµ¤¨³Ò¥ ´ ³ ·¥§Ê²ÓÉ ÉÒ, Ì · ±É¥·¨§ÊÕÐ¨¥

¨´É¥·¥¸ÊÕÐ¥¥ ´ ¸ ·¥Ï¥´¨¥. �Ê¸ÉÓ ¢ ÉµÎ± Ì z1,2 ¶µ³¥Ð¥´Ò ¨¸ÉµÎ´¨±¨ ¨´É¥´¸¨¢´µ¸É¨

eP̃1 ¨ eP̃2 ¸µµÉ¢¥É¸É¢¥´´µ, £¤¥ §´ ± É¨²Ó¤  ´ ¤ ¡Ê±¢µ° µ¡µ§´ Î ¥É ¢¥±Éµ· ¢ Í¢¥Éµ¢µ³
¶·µ¸É· ´¸É¢¥ P̃ = (P 1, P 2, P 3), ¸ ¥¤¨´¨Î´µ° ´µ·³µ° |P̃ | = (PαPα)1/2 = 1. ‚¥±Éµ·Ò
¨¸ÉµÎ´¨±µ¢ ¸²Ê¦ É ¢ ± Î¥¸É¢¥ Ê¤µ¡´µ£µ ¡ §¨¸ , ´  ±µÉµ·Ò° ´ ÉÖ£¨¢ ¥É¸Ö ·¥Ï¥´¨¥ Ê· ¢-
´¥´¨° Ÿ´£ ÄŒ¨²²¸ 

B̃4 = ϕ1P̃1 + ϕ2P̃2,

B̃ = aP̃1 × P̃2.
(14)

…¸²¨ ¶µÉ·¥¡µ¢ ÉÓ, ÎÉµ¡Ò ¶µ²Ö ¸É·¥³¨²¨¸Ó ± ´Ê²Õ ¢¤ ²¨ µÉ ¨¸ÉµÎ´¨±µ¢, Éµ É ±µ³Ê ¢Ò-
¡µ·Ê ± ²¨¡·µ¢±¨ µÉ¢¥Î ¥É ¡ §¨¸ ¢¥±Éµ·µ¢-¨¸ÉµÎ´¨±µ¢, ¢· Ð ÕÐ¨°¸Ö ¢µ±·Ê£ ¶µ¸ÉµÖ´´µ£µ

¢¥±Éµ·  Ω̃ =
∗
ϕ1 P̃1+

∗
ϕ2 P̃2

˙̃
P 1 = gB̃4(z1) × P̃1,

˙̃
P 2 = gB̃4(z2) × P̃2

(15)
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¸ Î ¸ÉµÉµ° g|Ω̃|, £¤¥
∗

ϕ1= ϕ1(z2),
∗

ϕ2= ϕ2(z1). ’µÎ±  ´ ¤ ¢¥±Éµ·µ³ µ¡µ§´ Î ¥É ¤¨ËË¥·¥´-
Í¨·µ¢ ´¨¥ ¶µ x4. ’ ±µ° ¦¥ Ì · ±É¥· ·¥Ï¥´¨Ö µ¸É ¥É¸Ö ¨ ¶·¨ ¶¥·¥Ìµ¤¥ ± ¶·µ¸É· ´¸É¢Ê
Œ¨´±µ¢¸±µ£µ. ”Ê´±Í¨¨ ϕ1,2 ¨ ¢¥±Éµ·-ËÊ´±Í¨Ö a § ¢¨¸ÖÉ Éµ²Ó±µ µÉ x ¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§
¸²¥¤ÊÕÐ¥° ¸¨¸É¥³Ò Ê· ¢´¥´¨°:

DD(ϕ−
∗
ϕ) = −eδ,

∇ × ∇ × a = j,
(16)

£¤¥ Dkl = ∇δkl + gaCkl, k, l = 1, 2,   Éµ± ¨³¥¥É ¢¨¤

j = g(ϕ−
∗
ϕ)JD(ϕ−

∗
ϕ).

‘Éµ²¡ÍÒ, ±µÉµ·Ò¥ § ¤¥°¸É¢µ¢ ´Ò ¸ µ¶¥· Éµ·µ³ D, ¶·¥¤¸É ¢²ÖÕÉ¸Ö ± ±

ϕT = ‖ϕ1, ϕ2‖,
∗

ϕT = ‖ ∗
ϕ1,

∗
ϕ2 ‖, δT = ‖δ(x − z1), δ(x − z2)‖.

Œ É·¨ÍÒ C ¨ J µ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

C =

∥∥∥∥∥ −(P̃1P̃2) −(P̃2P̃2)
(P̃1P̃1) (P̃1P̃2)

∥∥∥∥∥ , J =
∥∥∥∥ 0 1

−1 0

∥∥∥∥ .

Š ± ¸²¥¤¸É¢¨¥ ¸¨¸É¥³Ò (15), ³µ¤Ê²¨ ¢¥±Éµ·µ¢ P̃1,2,   É ±¦¥ ¨Ì ¸± ²Ö·´µ¥ ¶·µ¨§¢¥-

¤¥´¨¥ (P̃1P̃2) ´¥ ¨§³¥´ÖÕÉ¸Ö ¢µ ®¢·¥³¥´¨¯. ‘¨¸É¥³  Ê· ¢´¥´¨° (16) ¨³¥¥É Ö¸´Ò° Ë¨§¨-
Î¥¸±¨° ¸³Ò¸². �µ·µ¦¤¥´´µ¥ ¤¢Ê³Ö ÉµÎ¥Î´Ò³¨ ¨¸ÉµÎ´¨± ³¨ Í¢¥Éµ¢µ¥ ¶µ²¥ ¸ ³µ ¸²Ê¦¨É
¨¸ÉµÎ´¨±µ³ § ·Ö¤ , ¶µ¸±µ²Ó±Ê £²Õµ´Ò ´¥ ´¥°É· ²Ó´Ò. ‚ ¶·µ¸É· ´¸É¢¥ ³¥¦¤Ê § ·Ö¤ ³¨
Ê¸É ´ ¢²¨¢ ¥É¸Ö ¸ ³µ¸µ£² ¸µ¢ ´´ Ö ± ·É¨´  § ·Ö¤µ¢ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Éµ±µ¢. �¥Ï¥´¨Ö
ÔÉµ° ¸¨¸É¥³Ò ¡Ò²¨ ¶µ¤·µ¡´µ ¨¸¸²¥¤µ¢ ´Ò ± ±  ´ ²¨É¨Î¥¸±¨, É ± ¨ Î¨¸²¥´´µ. �± § ²µ¸Ó,
ÎÉµ ¶·¨ ²Õ¡µ° ±µ´¸É ´É¥ ¸¢Ö§¨ g ¨¸ÉµÎ´¨±¨, ¢ Í¥²µ³, ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ±Ê²µ´µ¶µ¤µ¡´Ò³

µ¡· §µ³,   ¥¸²¨ ±µ´¸É ´É  ¸¢Ö§¨ ´¥¢¥²¨± 
g

4π
<

√
2, Éµ ·¥Ï¥´¨¥ Ìµ·µÏµ  ¶¶·µ±¸¨³¨·Ê-

¥É¸Ö ¶·µ¸ÉÒ³¨ ±Ê²µ´µ¢¸±¨³¨ ¶µÉ¥´Í¨ ² ³¨

ϕ1,2 =
e

4π

1
|x − z1,2|

¸ ¢¥±Éµ·´Ò³ ¶µ²¥³ a, µ¶·¥¤¥²Ö¥³Ò³ ¶µ ¶²µÉ´µ¸É¨ Éµ± , £¥´¥·¨·Ê¥³µ° ÔÉ¨³¨ ¶µÉ¥´Í¨-
 ² ³¨. ‚ Í¥²µ³ ¢¥±Éµ·´µ¥ ¶µ²¥ ¢Ò£²Ö¤¨É ± ± ¶µ²¥ ¶µ¸ÉµÖ´´µ£µ ³ £´¨É  ¸ ¶µ²Õ¸ ³¨,
· ¸¶µ²µ¦¥´´Ò³¨ ¢ ÉµÎ± Ì z1, z2. �  µÉ·¥§±¥ ¶·Ö³µ°, ¸µ¥¤¨´ÖÕÐ¥° ¨¸ÉµÎ´¨±¨, ¶µ²¥
¨³¥¥É Éµ²Ó±µ ¶·µ¤µ²Ó´ÊÕ ±µ³¶µ´¥´ÉÊ ¶µ¸ÉµÖ´´µ° ¢¥²¨Î¨´Ò

|a‖| =
e

4π

eg

|z1 − z2|
.

�·¨ Ê¤ ²¥´¨¨ µÉ µÉ·¥§±  ¶µ²¥ ·¥§±µ ¶ ¤ ¥É. �µ²´ Ö Ô´¥·£¨Ö, ¸µ¸·¥¤µÉµÎ¥´´ Ö ¢ Í¢¥Éµ¢µ³
¶µ²¥, µÍ¥´¨¢ ¥É¸Ö ± ±

Et =
∫

dx
Ẽ2 + H̃2

2
∼ e2 (P̃1P̃2)

l
+ g2e4I

(P̃1 × P̃2)2

l
,
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£¤¥ I = π(6 − π2/2),   Î²¥´Ò ¸ ³µ¤¥°¸É¢¨Ö ¨¸ÉµÎ´¨±µ¢ §¤¥¸Ó ¶·µ¸Éµ ´¥ ¶·¨¢¥¤¥´Ò.
Šµ£¤  · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¨¸ÉµÎ´¨± ³¨ ¢¥²¨±µ, Éµ Î ¸ÉµÉ  ¶·¥Í¥¸¸¨¨ ¡Ò¸É·µ ¸É·¥³¨É¸Ö
± ´Ê²Õ ∼ 1/l, É ± ÎÉµ ¶·¨¡²¨¦¥´´µ ³µ¦´µ ¸Î¨É ÉÓ ¡ §¨¸, ¸µ¸É ¢²¥´´Ò° ¨§ ¢¥±Éµ·µ¢
P̃1, P̃2, P̃1 × P̃2, ¶µ±µÖÐ¨³¸Ö. ‚±² ¤µ³ ¢µ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ¨´¸É ´Éµ´µ³ ´¥¸¨´£Ê²Ö·´µ£µ
¢¥±Éµ·´µ£µ ¶µ²Ö (¶µ ¸· ¢´¥´¨Õ ¸ ±Ê²µ´µ¢¸±¨³ ¶µ²¥³, ¸³. (10)) ¶· ¢µ³µÎ´µ ¶·¥´¥¡·¥ÎÓ.
’µ£¤  ¢ ± Î¥¸É¢¥ ¶·¨¡²¨¦¥´´µ£µ ·¥Ï¥´¨Ö ¶µ¤µ°¤¥É ¶·µ¸É Ö ¸Ê¶¥·¶µ§¨Í¨Ö

B̃4 = ϕ1P̃1 + ϕ2P̃2.

�µ´ÖÉ´µ, ÎÉµ ¢±² ¤ É ±µ£µ ¤¨¶µ²Ö ¢ ¸·¥¤´ÕÕ Ô´¥·£¨Õ IL ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ¡Ê¤¥É
Ê¦¥ ¶·µ¶µ·Í¨µ´ ²¥´

Id

4π
= (P̃1P̃1)L + 2(P̃1P̃2)

(
L − l

2

)
+ (P̃2P̃2)L = (P̃1 + P̃2)2L − (P̃1P̃2)l. (17)

�  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ, É ³ £¤¥ ±Ê²µ´µ¶µ¤µ¡´Ò¥ ¶µ²Ö ¨ ¢¥±Éµ·´µ¥ ¶µ²¥ a ¢¥²¨±¨, ¢±² ¤
¨´¸É ´Éµ´µ¢, ¶µ-¢¨¤¨³µ³Ê, ¸¨²Ó´µ ¶µ¤ ¢²¥´, ¨ ÔÉµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¤µ²¦´µ ¡ÒÉÓ ÊÎÉ¥´µ
¶·¨ ´ Ìµ¦¤¥´¨¨ ¸·¥¤´¥° Ô´¥·£¨¨ ¤¨¶µ²Ö. �µ ¢ ÔÉµ° · ¡µÉ¥ ³Ò ¤²Ö ¶·µ¸ÉµÉÒ µ£· ´¨Î¨³¸Ö
Éµ²Ó±µ ¶·¨¢¥¤¥´´µ° µÍ¥´±µ°. �µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¤¥³µ´¸É·¨·Ê¥É, ÎÉµ ¢ IL ±· °´¥
§ É·Ê¤´¨É¥²Ó´µ µ¡´ ·Ê¦¨ÉÓ ¸µ¸ÉµÖ´¨Ö ¸ µÉ±·ÒÉÒ³ Í¢¥Éµ³ ¨ ÎÉµ ¢ § ¤ Î¥ ¨³¥¥É¸Ö ³ ²Ò°
¶ · ³¥É·, ¶µ¸±µ²Ó±Ê µÉ±²µ´¥´¨Ö µÉ  ´É¨¶ · ²²¥²Ó´µ° µ·¨¥´É Í¨¨ ¢¥±Éµ·µ¢-¨¸ÉµÎ´¨±µ¢
´¥ ³µ£ÊÉ ¡ÒÉÓ ¡µ²ÓÏ¨³¨, É ± ± ± ·¥§µ´´µ ¶µ²µ¦¨ÉÓ, ÎÉµ L ∼ RD · ¤¨Ê¸  Ô±· ´¨·µ¢ ´¨Ö,
¤²Ö ±µÉµ·µ£µ, ¥¸É¥¸É¢¥´´µ, ¢ ´ Ï¥° ± ·É¨´¥ ¨³¥¥³: RD � mp/σ, £¤¥ mp Å ³ ¸¸ 
²¥£Î °Ï¥° (´¥ £µ²¤¸ÉµÊ´µ¢¸±µ°) ¸É ¡¨²Ó´µ° ¶µ ¸¨²Ó´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ Î ¸É¨ÍÒ.

�Í¥´±  ¢±² ¤  ¶µ²¥¢ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ ¶·µ¨§¢µ²Ó´Ò³¨ ¶µ²µ¦¥´¨Ö³¨ ¨¸ÉµÎ´¨±µ¢
z1, z2 ¨ ¨Ì ¶·µ¨§¢µ²Ó´Ò³¨ µ·¨¥´É Í¨Ö³¨ P̃1, P̃2 ¢ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² (3) ³µ¦¥É
¡ÒÉÓ µ¸ÊÐ¥¸É¢²¥´  ¸ ¶µ³µÐÓÕ ¢ ·¨ Í¨µ´´µ£µ ¶·¨´Í¨¶  ³ ±¸¨³Ê³ , ¶·¨ ÔÉµ³ ´ °¤¥´´ Ö
´ ³¨ ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¥¢±²¨¤µ¢ÒÌ ¨¸ÉµÎ´¨±µ¢ ¶µ¶ ¤¥É ¢ Ô±¸¶µ´¥´ÉÊ ¨ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ
´¥¸ÊÐ¥¸É¢¥´´ÒÌ §¤¥¸Ó Î²¥´µ¢ ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥ Ë ±Éµ·  ¶µ¤ ¢²¥´¨Ö ¸µ¸ÉµÖ´¨°
¸ µÉ±·ÒÉÒ³ Í¢¥Éµ³

Z � e−EX4

(¢±² ¤ ±µ´¤¥´¸ É  ¨ µ¸É ¢Ï Ö¸Ö ±Ê²µ´µ¢¸± Ö ¸µ¸É ¢²ÖÕÐ Ö §¤¥¸Ó ´¥ ¶·¨¢¥¤¥´Ò). �·µ-
¸É¥°ÏÊÕ µÍ¥´±Ê Ô¢µ²ÕÍ¨¨ É ±µ° ¸¨¸É¥³Ò ³µ¦´µ ¤ ÉÓ, ¶µ² £ Ö ¨¸ÉµÎ´¨±¨ ´¥·¥²ÖÉ¨-
¢¨¸É¸±¨³¨ Î ¸É¨Í ³¨ ¡µ²ÓÏµ° ³ ¸¸Ò m1,2 ¨ · ¸¸³ É·¨¢ Ö ±µµ·¤¨´ ÉÒ ± ± ËÊ´±Í¨¨
®¢·¥³¥´¨¯ x4, · ¢´µ ± ± ¨ ¨Ì ¸µ¸ÉµÖ´¨Ö ¢ ¨§µÉµ¶¨Î¥¸±µ³ ¶·µ¸É· ´¸É¢¥, ±µÉµ·Ò¥ ¡Ê¤¥³
µ¶¨¸Ò¢ ÉÓ ¸ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ®¨§µ¸¶¨´µ·µ¢¯ uT = (1, 0) ¨ ūT = (0, 1). �µ² -
£ Ö, ÎÉµ ¨§³¥´¥´¨Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ´¥§´ Î¨É¥²Ó´Ò, µ¶¨Ï¥³ ¨Ì ¶·¥¤¶µ² £ ¥³ÊÕ Ô¢µ²ÕÍ¨Õ
¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¸ ¶µ³µÐÓÕ ³ É·¨Í U � 1 + iσλ/2, V � 1 + iσµ/2 ¤²Ö ¶¥·¢µ°
¨ ¢Éµ·µ° Î ¸É¨Í ¸µµÉ¢¥É¸É¢¥´´µ, £¤¥ σ Å ³ É·¨ÍÒ � Ê²¨. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ¢¥±Éµ·µ¢-
¨¸ÉµÎ´¨±µ¢ ¨³¥¥³ P a

1 � δ3a − ε3abλb, ¤²Ö ¶¥·¢µ° Î ¸É¨ÍÒ, ¨ P a
2 � −δ3a − ε3abµb Å ¤²Ö

¢Éµ·µ°.

…¸²¨ ¨´É¥·¶·¥É¨·µ¢ ÉÓ Ë ±Éµ· ¶µ¤ ¢²¥´¨Ö ´  Ö§Ò±¥ ¶µÉ¥´Í¨ ²Ó´µ° ³µ¤¥²¨, Éµ ¤²Ö
 ¤¥±¢ É´µ£µ µ¶¨¸ ´¨Ö ³µ£ ¡Ò ¸²Ê¦¨ÉÓ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¤²Ö ±¢ ´Éµ¢µ-³¥Ì ´¨-
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Z =
∫

D[λ]D[z1] D[µ]D[z2] e−S ,

(18)

S �
∫

dx4

(
p2

1

2m1
+

p2
2

2m2
+ σ(P̃1 + P̃2)2RD − σ(P̃1P̃2)|z1 − z2| + e2 (P̃1P̃2)

|z1 − z2|

)
,

µ¶¨¸Ò¢ ÕÐ¨° Ô¢µ²ÕÍ¨Õ ¸µ¸ÉµÖ´¨° Ψ(x4; z1, z2; λ, µ), §¤¥¸Ó pi Å ¨³¶Ê²Ó¸Ò Î ¸É¨Í
(¸¶¨´ Î ¸É¨Í ´¥ ÊÎ¨ÉÒ¢ ¥³). ‚ µ±µ´Î É¥²Ó´µ³ ¢¨¤¥ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¤µ²-
¦¥´ ¢Ò· ¦ ÉÓ¸Ö ¢ Ëµ·³¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ®¨§µ¸¶¨´µ· ³¯. �µ ¢Ò· ¦¥´¨¥ (18), ¶µ-
¢¨¤¨³µ³Ê, ¢¸¥ ¦¥ ´¥¤µÊÎ¨ÉÒ¢ ¥É Ë ±Éµ· Ô¢µ²ÕÍ¨¨ ®¨§µ¸¶¨´µ· ¯. „¥²µ ¢ Éµ³, ÎÉµ §´ -
Î¨³Ò³¨ ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ µ± §Ò¢ ÕÉ¸Ö Éµ²Ó±µ ¶¥·¢Ò¥ ¨ ¢Éµ·Ò¥ ±µ³¶µ´¥´ÉÒ ¢¥±Éµ·µ¢
λµ, É. ¥. Ëµ·³Ê²Ê (18) ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ¢ ± Î¥¸É¢¥ ¶·¨¡²¨¦¥´´µ£µ ¢Ò· ¦¥´¨Ö.
ŠÊ²µ´µ¢¸± Ö Î ¸ÉÓ ¢Ò£²Ö¤¨É  ´ ²µ£¨Î´µ Ô²¥±É·µ¤¨´ ³¨±¥. ‚ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥, ±µ£¤ 
¶²µÉ´µ¸ÉÓ IL ¸É·¥³¨É¸Ö ± ´Ê²Õ, ³Ò ¤µ²¦´Ò ¶· ¢¨²Ó´Ò³ µ¡· §µ³ ¢µ¸¶·µ¨§¢µ¤¨ÉÓ µÉ¢¥ÉÒ
¤²Ö ( ´É¨)¶ · ²²¥²Ó´ÒÌ ¨¸ÉµÎ´¨±µ¢. ’¥³ ´¥ ³¥´¥¥, ¤ ¦¥ ¢ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ Ëµ·³Ê² 
(17) ¨ ËÊ´±Í¨µ´ ² (18) ¤¥³µ´¸É·¨·ÊÕÉ, ÎÉµ ¸¨¸É¥³  ¶·¥¤¶µÎ¨É ¥É Ô¢µ²ÕÍ¨µ´¨·µ¢ ÉÓ
Éµ²Ó±µ Î¥·¥§ ¡¥¸Í¢¥É´Ò¥ ¸µ¸ÉµÖ´¨Ö. ‚¥·µÖÉ´µ¸ÉÓ ¨§³¥´¥´¨Ö µ·¨¥´É Í¨¨ ¨¸ÉµÎ´¨±µ¢ µÉ
 ´É¨¶ · ²²¥²Ó´µ£µ ¶µ²µ¦¥´¨Ö ¸¨²Ó´µ ¶µ¤ ¢²Ö¥É¸Ö Ë ±Éµ·µ³ σRD. �µ´ÖÉ´µ, ÎÉµ Î¨¸²µ
Î ¸É¨Í ¢ § ¤ Î¥ ³µ¦¥É ¡ÒÉÓ Ê¢¥²¨Î¥´µ, ÎÉµ ³µ¦´µ µ¡µ¡Ð¨ÉÓ § ¤ ÎÊ ´  ¸²ÊÎ ° Éµ¦¤¥-
¸É¢¥´´ÒÌ Î ¸É¨Í, ´µ ¸ÊÐ¥¸É¢¥´´Ò³, ¶µ-¢¨¤¨³µ³Ê, µ± ¦eÉ¸Ö ¨´É¥£·¨·µ¢ ´¨e Éµ²Ó±µ ¶µ
¡¥¸Í¢¥É´Ò³ ¸µ¸ÉµÖ´¨Ö³, É. ¥. ¶·µ¸³ É·¨¢ ¥É¸Ö ¸¢µ¥£µ ·µ¤  ¤Ê ²Ó´µ¸ÉÓ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ
®¨§µ¸¶¨´µ· ³¯ ¨ ¶µ ¡¥¸Í¢¥É´Ò³ ( ¤·µ´´Ò³) ¸µ¸ÉµÖ´¨Ö³.

‘Ê³³¨·ÊÖ ¢¸¥ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¸·¥¤´¥£µ ¤¥°¸É¢¨Ö (Ô´¥·£¨¨) IL ¢ ¶·¨¸ÊÉ-
¸É¢¨¨ ¨¸ÉµÎ´¨±µ¢, ³Ò ¢¨¤¨³, ÎÉµ ¸µ¸ÉµÖ´¨Ö ¸ µÉ±·ÒÉÒ³ Í¢¥Éµ³ ¸¨²Ó´µ ¶µ¤ ¢²¥´Ò. „²Ö
±¢ §¨±² ¸¸¨Î¥¸±µ° ±µ´Ë¨£Ê· Í¨¨, µÉ¢¥Î ÕÐ¥° ¨§µ¸¨´£²¥É´µ³Ê ¸µ¸ÉµÖ´¨Õ ¨¸ÉµÎ´¨±µ¢,
¢ÒÎ¨¸²¥´¨¥ ²Õ¡µ° ´ ¡²Õ¤ ¥³µ° (´¥ Éµ²Ó±µ ¶¥É²¨ ‚¨²Ó¸µ´ ) Ëµ·³ ²Ó´µ ¶·¨¢µ¤¨É ±
Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ²¨´¥°´µ · ¸ÉÊÐ¥° ¸ Ê¢¥²¨Î¥´¨¥³ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ¨¸-
ÉµÎ´¨± ³¨. Š § ²µ¸Ó ¡Ò, ¶·µ¤¥³µ´¸É·¨·µ¢ ´´µ¥ ¸¢µ°¸É¢µ Å ± ± · § Éµ, ÎÉµ É·¥¡Ê¥É¸Ö
¤²Ö ±µ´Ë °´³¥´É . �¤´ ±µ ÔÉµ ¢·Ö¤ ²¨ ¸¢Ö§ ´µ ¸ Ëµ·³¨·µ¢ ´¨¥³ ¸É·Ê´Ò ¨ ¨³¥¥É ¸±µ·¥¥
¨´µ° Ë¨§¨Î¥¸±¨° ¸³Ò¸². �µ¤·µ¡´¥¥ ³Ò µ¸É ´µ¢¨³¸Ö ´  ÔÉµ³ ¢ µÉ¤¥²Ó´µ° ¶Ê¡²¨± Í¨¨.
•µ·µÏµ ¨§¢¥¸É´µ¥ ÊÉ¢¥·¦¤¥´¨¥ µ¡ µÉ¸ÊÉ¸É¢¨¨ ±µ´Ë °´³¥´É  ¢ IL µ¸´µ¢Ò¢ ¥É¸Ö ´  É ±µ³
¢ÒÎ¨¸²¥´¨¨ ¶µÉµ±  £²Õµ´´µ£µ ¶µ²Ö Î¥·¥§ ±µ´ÉÊ·, ¢ ±µÉµ·µ³ ³µ²Î ²¨¢µ ¶·¥¤¶µ² £ ¥É¸Ö,
ÎÉµ Ê¸·¥¤´¥´¨¥ ¶µ ¶µ²µ¦¥´¨Ö³ ¶¸¥¢¤µÎ ¸É¨Í ¶·µ¨§¢µ¤¨É¸Ö µ¤´µ·µ¤´µ. �·¨ ÔÉµ³ Ê¶Ê¸± -
¥É¸Ö ¨§ ¢¨¤  ´¥É·¨¢¨ ²Ó´µ¥ ¶µ¢¥¤¥´¨¥ ¤¥°¸É¢¨Ö, ¸ÉµÖÐ¥£µ ¢ Ô±¸¶µ´¥´É¥ ¶·µ¨§¢µ¤ÖÐ¥£µ
ËÊ´±Í¨µ´ ² . �Ò¸É·µ¥ Ê¡Ò¢ ´¨¥ (∼ ∆−4) ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µ··¥²ÖÉµ·µ¢ ¢ IL ¨ ´¥¤µ-
¸É ÉµÎ´Ò° ¢±² ¤ ¨´¸É ´Éµ´µ¢ ¡µ²ÓÏµ£µ · §³¥·  ¶·¨¢µ¤ÖÉ ± ¸² ¡µ³Ê ¤²Ö ±µ´Ë °´³¥´É 
¶µÉµ±Ê ´¥ ¡¥²¥¢a ¶µ²Ö [8]. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ¢¨²Ó¸µ´µ¢¸± Ö ¶¥É²Ö Éµ¦¥ É·¨¢¨ ²Ó´ , ¥¸²¨
¨³¥ÉÓ ¢ ¢¨¤Ê ¶·µ¸Éµ ¶µÉµ± £²Õµ´´µ£µ ¶µ²Ö Î¥·¥§ ±µ´ÉÊ·. —Éµ ¦¥ ± ¸ ¥É¸Ö ¢ÒÎ¨¸²¥´¨°
´  ·¥Ï¥É±¥, £¤¥ ¢¸¥ ¤¥² ¥É¸Ö ´  µ¸´µ¢¥ ®¶¥·¢ÒÌ ¶·¨´Í¨¶µ¢¯, Éµ ¢ Î¨¸Éµ° £²Õµ¤¨´ -
³¨±¥ ¨§³¥·¥´¨Ö ¶·µ¢µ¤ÖÉ¸Ö ¡¥§ ¢²¨Ö´¨Ö ¢´¥Ï´¥£µ ¶µ²Ö, ¶µ¸±µ²Ó±Ê ´¥µ¡Ìµ¤¨³ Ö ¢ ÔÉµ³
¸²ÊÎ ¥ Ë¨±¸ Í¨Ö ± ²¨¡·µ¢±¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢¸¥ ¥Ð¥ ´¥· §·¥Ï¨³ÊÕ ¶·µ¡²¥³Ê. Œµ-
¤¥²¨·µ¢ ´¨¥ ¶µ¢¥¤¥´¨Ö ³ ¸¸¨¢´ÒÌ Ë¥·³¨µ´µ¢ (Î¨É °, ¨¸ÉµÎ´¨±µ¢ £²Õµ´´µ£µ ¶µ²Ö) ¢
¨´¸É ´Éµ´´µ³  ´¸ ³¡²¥ ´  ·¥Ï¥É±¥ µ£· ´¨Î¥´µ ¸µ¢·¥³¥´´Ò³¨ ¢ÒÎ¨¸²¨É¥²Ó´Ò³¨ ¢µ§-
³µ¦´µ¸ÉÖ³¨. �É³¥É¨³ É ±¦¥, ÎÉµ É¨¶¨Î´Ò¥ ¤²Ö ·¥Ï¥ÉµÎ´ÒÌ ¢ÒÎ¨¸²¥´¨° ±µ´Ë¨£Ê· Í¨¨
¤²Ö ±µ´¸É ´É ¸¢Ö§¨ ¢ µ¡² ¸É¨ ±·µ¸¸µ¢¥·  (Ë §µ¢µ£µ ¶¥·¥Ìµ¤ ) ¨³¥ÕÉ ³ ²µ µ¡Ð¥£µ ¸
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¨´¸É ´Éµ´´Ò³¨. ˆ´¸É ´Éµ´Ò ¶·µÖ¢²ÖÕÉ¸Ö, ± ± ¨§¢¥¸É´µ, ¶·¨ · ¸¶ ¤¥ ±µ´Ë °´¨·ÊÕÐ¨Ì
¶µ²¥° ¢ ¶·µÍ¥¸¸¥ µÌ² ¦¤¥´¨Ö. ƒµ¸¶µ¤¸É¢ÊÕÐ Ö ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ÉµÎ±  §·¥´¨Ö ´ 
·µ²Ó ¨´¸É ´Éµ´µ¢ ¢ ¢ ±ÊÊ³¥ ¸¢µ¤¨É¸Ö ± É¥§¨¸Ê, ÎÉµ ÔÉ¨ ±µ´Ë¨£Ê· Í¨¨ µÉ¢¥É¸É¢¥´´Ò § 
¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨ ¨ ÎÉµ ¶µ³¨³µ ´¨Ì ¨³¥ÕÉ¸Ö ¤·Ê£¨¥, µÉ-
¢¥É¸É¢¥´´Ò¥ §  ±µ´Ë °´³¥´É. ‚ ÔÉµ° ¤¢ÊÌ±µ³¶µ´¥´É´µ° ³µ¤¥²¨ ¨´¸É ´Éµ´Ò ¶µ¤Î¨´¥´Ò
¢µ§¤¥°¸É¢¨Õ ¤²¨´´µ¢µ²´µ¢µ° ±µ´Ë °´¨·ÊÕÐ¥° ¸µ¸É ¢²ÖÕÐ¥°. ˆÌ ¶µ²¥ µ± §Ò¢ ¥É¸Ö ¤¥-
Ëµ·³¨·µ¢ ´´Ò³ ¨ Ô±¸¶µ´¥´Í¨ ²Ó´µ ¸¶ ¤ ¥É ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ [9]. �µ²ÊÎ ÕÐ Ö¸Ö
¶·¨ ÔÉµ³ ± ·É¨´  · ¸¶·¥¤¥²¥´¨Ö ¨´¸É ´Éµ´µ¢ ¶µ · §³¥· ³ µÉ¢¥Î ¥É ¨³¥ÕÐ¨³¸Ö Ë¥´µ-
³¥´µ²µ£¨Î¥¸±¨³ ¤ ´´Ò³. ‚ ÔÉµ³ ¸³Ò¸²¥ · ¸¸³ É·¨¢ ¥³Ò° ´ ³¨  ´§ Í ´¥¶µ²µ´. �¤´ ±µ,
± ± ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ ¢ ÔÉµ° · ¡µÉ¥, ³Ò ¤µ¢µ²Ó´µ ´¥µ¦¨¤ ´´µ µ¡´ ·Ê¦¨¢ ¥³, ÎÉµ ¨ ¢
É ±µ° Ëµ·³¥ ¸Ê¶¥·¶µ§¨Í¨Ö ¸¨´£Ê²Ö·´ÒÌ ¨´¸É ´Éµ´µ¢ ¨ ¢´¥Ï´¥£µ ¶µ²Ö Ëµ·³ ²Ó´µ ³µ¦¥É
· §¢¨¢ ÉÓ ±µ´Ë °´¨·ÊÕÐ¨° ¶µÉ¥´Í¨ ². ‘² ¡Ò³ ¶Ê´±Éµ³ ¢ ´ Ï¥³ ¶·¥¤¶µ²µ¦¥´¨¨ µ ¢¨¤¥
¸Ê¶¥·¶µ§¨Í¨µ´´µ£µ  ´§ Í  ³µ¦¥É µ± § ÉÓ¸Ö ¢Ò¡µ· ·¥Ï¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¥£µ ¨¸ÉµÎ´¨±, ¨
³Ò ´ ³¥·¥´Ò ¨¸¸²¥¤µ¢ ÉÓ ÔÉµÉ ¢µ¶·µ¸ ¸¶¥Í¨ ²Ó´µ.

‚µµ¡Ð¥ £µ¢µ·Ö, ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¨´É¥·¥¸ÊÕÐ¥£µ ´ ¸ ¶µ¢¥¤¥´¨Ö
¸·¥¤´¥° Ô´¥·£¨¨ ´¥µ¡Ìµ¤¨³Ò ¤¢¥ ¸µ¸É ¢²ÖÕÐ¨¥ Å ¤²¨´´µ¢µ²´µ¢µ¥ ¶µ²¥ ¨ ¸ÉµÌ ¸É¨Î¥-
¸± Ö ±µ³¶µ´¥´É . �¡  ÔÉ¨Ì ¸¢µ°¸É¢  ³Ò ´ Ìµ¤¨³ ¢ ¸Ê¶¥·¶µ§¨Í¨¨ ·¥£Ê²Ö·´ÒÌ ¨´¸É ´Éµ-
´µ¢,   É ±¦¥ ³¥·µ´µ¢. ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ · ¡µÉ¥ [10]  ´µ´¸¨·µ¢ ´ ±µ´Ë °´³¥´É.
�± §Ò¢ ¥É¸Ö, ¥¸²¨ ¶µ¢Éµ·¨ÉÓ ´ Ï¥ · ¸¸³µÉ·¥´¨¥ ¸ ¢´¥Ï´¨³ ¶µ²¥³ ¢  ´¸ ³¡²¥ ·¥£Ê²Ö·-
´ÒÌ ¨´¸É ´Éµ´µ¢, Éµ ¸¨ÉÊ Í¨Ö ¸ ±µÔËË¨Í¨¥´Éµ³ ´ ÉÖ¦¥´¨Ö ¥Ð¥ ¡µ²¥¥ Ê¸Ê£Ê¡¨É¸Ö Å
±µÔËË¨Í¨¥´É ´ ÉÖ¦¥´¨Ö ¡Ê¤¥É ±¢ ¤· É¨Î´µ · ¸Ìµ¤¨ÉÓ¸Ö σ ∼ L2. ”µ·³ ²Ó´µ ÔÉµ ¢Ò£²Ö-
¤¨É ± ± ¸Ê¶¥·±µ´Ë °´³¥´É, ÌµÉÖ ¶µ´ÖÉ´µ, ÎÉµ ¸Ê¶¥·¶µ§¨Í¨Ö ·¥£Ê²Ö·´ÒÌ ¨´¸É ´Éµ´µ¢ ¢
¢Ò¸Ï¥° ¸É¥¶¥´¨ ¨¸±Ê¸¸É¢¥´´ Ö ±µ´Ë¨£Ê· Í¨Ö.

‚ § ±²ÕÎ¥´¨¥ ³Ò ÌµÉ¥²¨ ¡Ò µÉ³¥É¨ÉÓ, ÎÉµ ¶·¥¤²µ¦¥´´Ò° ¸¶µ¸µ¡ ¶·¨¡²¨¦¥´´µ£µ
¢ÒÎ¨¸²¥´¨Ö ¶·µ¨§¢µ¤ÖÐ¥£µ ËÊ´±Í¨µ´ ²  ¤²Ö ÉÖ¦¥²ÒÌ ¨¸ÉµÎ´¨±µ¢ ¥¢±²¨¤µ¢  ´¥ ¡¥²¥¢a
¶µ²Ö ¢ · ³± Ì ±¢ §¨±² ¸¸¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¶·¨¢µ¤¨É ´ ¸ ± ¤µ¢µ²Ó´µ ¨´É¥·¥¸´µ°
± ·É¨´¥ ¤¨´ ³¨±¨ ¶µ¤µ¡´ÒÌ µ¡Ñ¥±Éµ¢, ¸µ ¸¢µ°¸É¢ ³¨, ¢¶µ²´¥ µÉ¢¥Î ÕÐ¨³¨ Ë¥´µ³¥´µ-
²µ£¨¨ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í.

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Callan C. G., Dashen R., Gross D. J. // Phys. Rev. D. 1978. V. 17. P. 2717;
Callan C. G., Dashen R., Gross D. J. // Phys. Lett. B. 1977. V. 66. P. 375.

2. Diakonov D. I., Petrov V. Yu. // Nucl. Phys. B. 1984. V. 245. P. 259;
Diakonov D. I., Petrov V. Yu. // Conf. ®Hadronic Matter under Extreme Conditions¯. Kiev, 1986.
P. 192;
Diakonov D. I., Petrov V. Yu., Pobylitsa P. V. // Phys. Lett. B. 1989. V. 226. P. 471;
Ilgenfritz E.-M., Méuller-Preussker M. // Nucl. Phys. B. 1981. V. 184. P. 443;
Schéafer T., Shuryak E. V. // Rev. Mod. Phys. 1998. V. 70. P. 323.

3. Molodtsov S. V., Snigirev A. M., Zinovjev G. M. // Phys. Rev. D. 1999. V. 60. P. 056006;
Molodtsov S. V., Snigirev A. M., Zinovjev G. M. // Lattice Fermions and Structure of the Vacuum.
Dordrecht, 2000. P. 307;
‡¨´µ¢Ó¥¢ ƒ. Œ., Œµ²µ¤Íµ¢ ‘. ‚., ‘´¨£¨·¥¢ �. Œ. // Ÿ”. 2000. ’. 63. ‘. 975.

4. •·¨¶²µ¢¨Î ˆ. �. // †�’”. 1978. ’. 74. ‘. 37.



’µÎ¥Î´Ò¥ ¨¸ÉµÎ´¨±¨ ¥¢±²¨¤µ¢a ´¥ ¡¥²¥¢a ¶µ²Ö ¢ ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨ 121

5. ƒµ²µ¢¨§´¨´ ‚. ‚., Œµ²µ¤Íµ¢ ‘. ‚., ‘´¨£¨·¥¢ �. Œ. // Ÿ”. 1993. ’. 56. ‘. 123.

6. ‹µ£ Î¥¢ Œ. �. // ’Œ”. 1978. ’. 70. ‘. 412.

7. Sikivie P., Weiss N. // Phys. Rev. D. 1979. V. 20. P. 487.

8. Chen D. et al. // Nucl. Phys. Proc. Suppl. 1999. V. 73. P. 512;
Diakonov D. I., Petrov V. Yu. // Phys. Lett. B. 1989. V. 224. P. 131;
Diakonov D. I., Petrov V. Yu., Pobylitsa P. V. // Ibid. V. 226. P. 372.

9. Dorokhov A. E. et al. // Eur. Phys. J. C. 2000. V. 13. P. 331.

10. Negele J. W., Lenz F., Thies M. hep-lat/0409083.


