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� ¸¸³μÉ·¥´  ¸¤¢¨£μ¢ Ö ¢Ö§±μ¸ÉÓ ¢ ´¥· ¢´μ¢¥¸´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ϕ4 ¢ · ³-
± Ì ±² ¸¸¨Î¥¸±μ£μ ¸É É¨¸É¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö. ˆ¸¸²¥¤μ¢ ´  § ¢¨¸¨³μ¸ÉÓ μÉ ´ Î ²Ó-
´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶μ Ô´¥·£¨Ö³ ¸¨¸É¥³Ò. �μ²ÊÎ¥´μ μ¡μ¡Ð¥´¨¥ Ëμ·³Ê²Ò ƒ·¨´ ÄŠÊ¡μ
´  ¸²ÊÎ ° ¸É Í¨μ´ ·´μ° ´¥· ¢´μ¢¥¸´μ° ¶μ²¥¢μ° ¸·¥¤Ò.

Shear viscosity of a nonequilibrium quantum ˇeld ϕ4 is considered in the framework
of the Classical Statistical Approximation. The dependence on the initial energy distrib-
ution is investigated. The generalization of the GreenÄKubo relation to the case of the
stationary nonequilibrium ˇeld is obtained.
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•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¶·¨ ¸Éμ²±´μ¢¥´¨¨ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÉÖ¦¥²ÒÌ
Ö¤¥· ¢μ§´¨± ¥É ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´ Ö ´¥· ¢´μ¢¥¸´ Ö ±¢ ´Éμ¢ Ö ¸·¥¤  [1Ä3].
�¤¨´ ¨§ ´ ¨¡μ²¥¥ ¶μ¶Ê²Ö·´ÒÌ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸¶μ¸μ¡μ¢ Î¨¸²¥´´μ£μ ³μ-
¤¥²¨·μ¢ ´¨Ö ´ Î ²Ó´μ£μ ÔÉ ¶  É ±¨Ì ¸Éμ²±´μ¢¥´¨° μ¸´μ¢ ´ ´  ¶·¥¤¶μ²μ¦¥-
´¨¨, ÎÉμ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ (¨²¨ ¡μ²ÓÏ¨Ì Î¨¸² Ì § ¶μ²´¥´¨Ö) ¤¨´ ³¨± 
±¢ ´Éμ¢ÒÌ ¶μ²¥° ¸É ´μ¢¨É¸Ö ±¢ §¨±² ¸¸¨Î¥¸±μ°. ’μ£¤  Ô¢μ²ÕÍ¨Ö ¸·¥¤Ò ± · ¢-
´μ¢¥¸´μ³Ê ¸μ¸ÉμÖ´¨Õ ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´  c ¶μ³μÐÓÕ Ê¸·¥¤´¥´¨Ö ±² ¸¸¨Î¥-
¸±¨Ì É· ¥±Éμ·¨° ¸ ´¥±μÉμ·Ò³  ´¸ ³¡²¥³ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° [4Ä8]. ’ ±¨³
μ¡· §μ³, ³μ¦´μ ´ °É¨ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö · §²¨Î´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ [9,10] ¨
É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ [11]. ‚ ²¨É¥· ÉÊ·´ÒÌ ¨¸ÉμÎ´¨± Ì É ±μ° ³¥Éμ¤
Î ¸Éμ ´ §Ò¢ ÕÉ ±² ¸¸¨Î¥¸±¨³ ¸É É¨¸É¨Î¥¸±¨³ ¶·¨¡²¨¦¥´¨¥³.

ˆ¸¸²¥¤μ¢ ´¨¥ É· ´¸¶μ·É´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¸·¥¤Ò, ¢μ§´¨± ÕÐ¥° ¶·¨
¸Éμ²±´μ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢, Ö¢²Ö¥É¸Ö μ¤´μ° ¨§ ¢ ¦´¥°Ï¨Ì § ¤ Î μ¶¨¸ ´¨Ö
É ±¨Ì ¸Éμ²±´μ¢¥´¨°. ‡´ ´¨¥ É ±¨Ì ±μÔËË¨Í¨¥´Éμ¢, ± ± ¸¤¢¨£μ¢ Ö ¢Ö§±μ¸ÉÓ,
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´¥μ¡Ìμ¤¨³μ ¤²Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ ¶μ³μÐÓÕ £¨¤·μ¤¨´ -
³¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö. �¤´ ±μ ¡μ²ÓÏ¨´¸É¢μ · ¡μÉ ¶μ ¨¸¸²¥¤μ¢ ´¨Õ ¢Ö§-
±μ¸É¨ μ¸´μ¢Ò¢ ¥É¸Ö ´  ¶·¥¤¶μ²μ¦¥´¨¨ μ É¥¶²μ¢μ³ · ¢´μ¢¥¸¨¨ ¸·¥¤Ò. „ ´´μ¥
¶·¥¤¶μ²μ¦¥´¨¥ ´¥ ¢¸¥£¤  ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¨³μ ¢ ¸²ÊÎ ¥ ¸·¥¤Ò, ¢μ§´¨± Õ-
Ð¥° ¶·¨ ¸Éμ²±´μ¢¥´¨ÖÌ Ö¤¥·.

‚ ÔÉμ° · ¡μÉ¥ ´  ¶·¨³¥·¥ ¸± ²Ö·´μ£μ ¶μ²Ö ¢ · ³± Ì ±² ¸¸¨Î¥¸±μ£μ ¸É É¨-
¸É¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö · ¸¸³μÉ·¥´  ¸¤¢¨£μ¢ Ö ¢Ö§±μ¸ÉÓ ¤²Ö ¶·μ¨§¢μ²Ó´μ£μ
 ´¸ ³¡²Ö ´ Î ²Ó´ÒÌ Ê¸²μ¢¨°. �·¨¢¥¤¥´Ò Î ¸É´Ò¥ ¶·¨³¥·Ò ± ´μ´¨Î¥¸±μ£μ ¨
³¨±·μ± ´μ´¨Î¥¸±μ£μ  ´¸ ³¡²¥°.

1. Š‹�‘‘ˆ—…‘Š�… ‘’�’ˆ‘’ˆ—…‘Š�… ��ˆ�‹ˆ†…�ˆ…

�μ²´μ¥ ·¥Ï¥´¨¥ § ¤ Î¨ ¶μ ±¢ ´Éμ¢μ° Ô¢μ²ÕÍ¨¨ ¸¨¸É¥³Ò ¨§ ´ Î ²Ó´μ£μ
´¥· ¢´μ¢¥¸´μ£μ ¸μ¸ÉμÖ´¨Ö ¢¥¸Ó³  ¸²μ¦´μ¥ ¤ ¦¥ ¤²Ö Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ -
´¨Ö, ÎÉμ ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨³μ¸É¨ ¤¥² ÉÓ · §²¨Î´Ò¥ ¶·¨¡²¨¦¥´¨Ö. �¤´¨³
¨§ ´ ¨¡μ²¥¥ ¨¸¶μ²Ó§Ê¥³ÒÌ ¶·¨¡²¨¦¥´¨° Ö¢²Ö¥É¸Ö É ± ´ §Ò¢ ¥³μ¥ ±² ¸¸¨Î¥-
¸±μ¥ ¸É É¨¸É¨Î¥¸±μ¥ ¶·¨¡²¨¦¥´¨¥. ‘ÊÉÓ ¤ ´´μ£μ ¶·¨¡²¨¦¥´¨Ö ¸μ¸Éμ¨É ¢ Éμ³,
ÎÉμ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±¢ ´Éμ¢μ£μ ¸·¥¤´¥£μ μÉ ´¥±μÉμ·μ° ´ ¡²Õ¤ ¥³μ° ´¥μ¡Ìμ-
¤¨³μ · ¸¸³μÉ·¥ÉÓ ¥¥ ±² ¸¸¨Î¥¸±ÊÕ Ô¢μ²ÕÍ¨Õ ¨§ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö, ¶μ¸²¥
Î¥£μ ¸²¥¤Ê¥É Ê¸·¥¤´¨ÉÓ ¶μ²ÊÎ¥´´μ¥ §´ Î¥´¨¥ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ¨¸Ìμ¤´Ò³
±² ¸¸¨Î¥¸±¨³ ¸μ¸ÉμÖ´¨Ö³ ¸ ´¥±μÉμ·μ° ¢¥¸μ¢μ° ËÊ´±Í¨¥°, ±μÉμ· Ö μ¶·¥¤¥²Ö-
¥É¸Ö ³ É·¨Í¥° ¶²μÉ´μ¸É¨ ¸¨¸É¥³Ò ¢ ¨¸Ìμ¤´Ò° ³μ³¥´É ¢·¥³¥´¨.

� ¸¸³μÉ·¨³ ¸± ²Ö·´μ¥ ¶μ²¥ φ̂(x) ¸ £ ³¨²ÓÉμ´¨ ´μ³

Ĥ =
1
2

∫
d3x

(
π̂2(x) + (∇φ̂(x))2 + m2φ̂2(x) +

g

2
φ̂4(x)

)
, (1)

±μÉμ·μ¥ ¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ tin ´ Ìμ¤¨É¸Ö ¢ ¸μ¸ÉμÖ´¨¨, ±μÉμ·μ¥ μ¶¨-
¸Ò¢ ¥É¸Ö ³ É·¨Í¥° ¶²μÉ´μ¸É¨ ρ̂0, π̂(x) Å ¶²μÉ´μ¸ÉÓ ± ´μ´¨Î¥¸±μ£μ ¨³¶Ê²Ó¸ 
¶μ²Ö.

‚ · ³± Ì ±² ¸¸¨Î¥¸±μ£μ ¸É É¨¸É¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö ±¢ ´Éμ¢μ¥ ¸·¥¤´¥¥
¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ [4,12,13]

〈O[φ̂(x)]〉t ≡ tr (O[φ̂(x)]ρ̂(t)) =
�→0

=
�→0

∫
Dπin(x)Dφin(x) O[ϕc(t,x)]W [πin(x), φin(x)] ≡ 〈O[ϕc(t,x)]〉i.c, (2)

£¤¥ ϕc(t,x) Å ·¥Ï¥´¨¥ ±² ¸¸¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö

∂2
t ϕc(t,x) −∇2ϕc(t,x) + m2ϕc(t,x) + gϕ3

c(t,x) = 0 (3)

¸ ´ Î ²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨

ϕc(tin,x) = φin(x), ∂tϕc(tin,x) = πin(x), (4)
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£¤¥ tin Å ´ Î ²Ó´μ¥ ¢·¥³Ö. ‚¥¸, ¸ ±μÉμ·Ò³ ¶·μ¨¸Ìμ¤¨É Ê¸·¥¤´¥´¨¥, Å ÔÉμ
ËÊ´±Í¨μ´ ² ‚¨£´¥· , ±μÉμ·Ò° ¸¢Ö§ ´ ¸ ³ É·¨Í¥° ¶²μÉ´μ¸É¨ ¸μμÉ´μÏ¥´¨¥³

W [π(x), φ(x)] =
∫

Dϕ(x) exp
(

i

∫
d3xϕ(x)π(x)

)
×

×
〈
φ(x) +

1
2
ϕ(x)

∣∣∣ρ̂0

∣∣∣φ(x) − 1
2
ϕ(x)

〉
, (5)

£¤¥ |φ(x)〉 Å ¸μ¡¸É¢¥´´μ¥ ¸μ¸ÉμÖ´¨¥ μ¶¥· Éμ·  ¶μ²Ö.
‚ · ¡μÉ Ì [12Ä14] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ±² ¸¸¨Î¥¸±μ¥ ¸É É¨¸É¨Î¥¸±μ¥ ¶·¨-

¡²¨¦¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ²¨¤¨·ÊÕÐ¨° ¢±² ¤ ±¢ §¨±² ¸¸¨Î¥¸±μ£μ · §²μ-
¦¥´¨Ö ¢ É¥Ì´¨±¥ Š¥²¤ÒÏ . 	μ²¥¥ Éμ£μ, μ± § ²μ¸Ó, ÎÉμ ¶μ¶· ¢±¨ ± ±¢ ´Éμ¢μ°
Ô¢μ²ÕÍ¨¨ ´ Î¨´ ÕÉ¸Ö Éμ²Ó±μ ¸ �

2. �Éμ μ§´ Î ¥É, ÎÉμ ¢ · ³± Ì ¤ ´´μ£μ ¶·¨-
¡²¨¦¥´¨Ö ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´ ´¥ Éμ²Ó±μ ²¨¤¨·ÊÕÐ¨° ±² ¸¸¨Î¥¸±¨° ¢±² ¤, ´μ
¨ ¶¥·¢ Ö ±¢ ´Éμ¢ Ö ¶μ¶· ¢±  ¶μ �, ±μÉμ· Ö ¢μ°¤¥É ¢ μÉ¢¥É Î¥·¥§ ËÊ´±Í¨μ´ ²
‚¨£´¥·  W [π(x), φ(x)] [7, 15].

2. ‚Ÿ‡Š�‘’œ ‚ ��ŒŠ�• Š‹�‘‘ˆ—…‘Š�ƒ� ‘’�’ˆ‘’ˆ—…‘Š�ƒ�
��ˆ�‹ˆ†…�ˆŸ

Š ± ¨ ²Õ¡μ° ¤·Ê£μ° É· ´¸¶μ·É´Ò° ±μÔËË¨Í¨¥´É, ¢Ö§±μ¸ÉÓ ¸·¥¤Ò ¢Ò-
· ¦ ¥É¸Ö Î¥·¥§ § ¶ §¤Ò¢ ÕÐ¨¥ ±μ··¥²ÖÉμ·Ò ±μ³¶μ´¥´Éμ¢ É¥´§μ·  Ô´¥·£¨¨
¨³¶Ê²Ó¸  (x = (t,x)):

Rμν
αβ(x; x′) = −iθ(t − t′)〈[T̂ μν(x), T̂αβ(x′)]〉. (6)

‚ ¸¨¸É¥³¥ ¶μ±μÖ ¸·¥¤Ò ¸¤¢¨£μ¢ Ö ¢Ö§±μ¸ÉÓ ¸¢Ö§ ´  ¸ ËÊ´±Í¨¥° μÉ±²¨± 

R12
12(p) =

∫
d4(x − x′) eipμ(xμ−x′

μ)R12
12(x; x′)

± ±
η = i lim

p0→0
lim

pi→0
∂0R

12
12(p). (7)

„²Ö ´¥· ¢´μ¢¥¸´μ£μ ¸²ÊÎ Ö, ±μ£¤  ¸¨¸É¥³  ¸² ¡μ´¥μ¤´μ·μ¤´  ¨ ¢ ´¥° ¶·¨¸ÊÉ-
¸É¢Ê¥É ¶μÉμ± Ô´¥·£¨¨, μ¶¨¸Ò¢ ¥³Ò° 4-¸±μ·μ¸ÉÓÕ uμ, ¢Ò· ¦¥´¨¥ (7) μ¡μ¡Ð -
¥É¸Ö [13,16]:

η(x) = − 1
10

Δμν
αβ

∫
d4y uρyρR

αβ
μν (x + y; x), (8)

£¤¥

Δμν
αβ =

1
2

(
Δμ

αΔν
β + Δν

αΔμ
β − 2

3
ΔμνΔαβ

)
,

Δμν = gμν − uμuν .
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‚ · ¡μÉ¥ [13] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¢ · ³± Ì ±² ¸¸¨Î¥¸±μ£μ ¸É É¨¸É¨Î¥¸±μ£μ
¶·¨¡²¨¦¥´¨Ö ¢Ìμ¤ÖÐ¨° ¢ ¢Ò· ¦¥´¨¥ (8) ±μ··¥²ÖÉμ· ¤²Ö ¸± ²Ö·´μ° É¥μ·¨¨ (1)
³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ± ±

R(x; x′) = −4Δαβ
μν 〈∂μϕc(x)∂′

αϕc(x′)∂ν∂′
βΦ(x; x′)〉i.c. (9)

‡¤¥¸Ó ϕc Å ·¥Ï¥´¨¥ ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¸ § ¤ ´´Ò³¨ ´ Î ²Ó-
´Ò³¨ Ê¸²μ¢¨Ö³¨, ¢ Éμ ¢·¥³Ö ± ± Φ(x; x′) Ö¢²Ö¥É¸Ö § ¶ §¤Ò¢ ÕÐ¨³ ·¥Ï¥´¨¥³
Ê· ¢´¥´¨Ö (

∂μ∂μ + m2 + 3gϕ2
c(x)

)
Φ(x; x′) = δ(x − x′). (10)

�·¨ ÔÉμ³ Ê¸·¥¤´¥´¨¥ 〈. . .〉i.c ¶·μ¨¸Ìμ¤¨É ¶μ ¢¸¥¢μ§³μ¦´Ò³ ¸²ÊÎ °´Ò³ ´ -
Î ²Ó´Ò³ Ê¸²μ¢¨Ö³, ±μÉμ·Ò¥ Ë¨±¸¨·ÊÕÉ¸Ö ¢ ³μ³¥´É ¢·¥³¥´¨ tin, ¸ ¢¥¸μ³
W [πin(x), φin(x)].

�É³¥É¨³, ÎÉμ μ¡ÒÎ´μ ¶·¨ Î¨¸²¥´´μ³ ³μ¤¥²¨·μ¢ ´¨¨ ¢Ö§±μ¸É¨ · ¸¸³ -
É·¨¢ ¥É¸Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö, μÉ²¨Î´ Ö μÉ ¢Ò· ¦¥´¨Ö (9) (¸³., ´ ¶·¨-
³¥·, [11,17]),   ¨³¥´´μ ¨¸¶μ²Ó§Ê¥É¸Ö  ¢Éμ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö ¢¨¤  (Ëμ·-
³Ê²  ƒ·¨´ ÄŠÊ¡μ [18])

K(x, x′) ∼ Δαβ
μν 〈∂μϕc(x)∂νϕc(x) ∂′

αϕc(x′)∂′
βϕc(x′)〉i.c. (11)

‚ ¸μ¸ÉμÖ´¨¨ É¥¶²μ¢μ£μ · ¢´μ¢¥¸¨Ö ¢Ò· ¦¥´¨Ö (9) ¨ (11) Ô±¢¨¢ ²¥´É´Ò ¡² -
£μ¤ ·Ö Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ É¨¢´μ° É¥μ·¥³¥, ±μÉμ· Ö ¸¢Ö§Ò¢ ¥É ËÊ´±Í¨Õ
μÉ±²¨±  ¸  ¢Éμ±μ··¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¥°. �¤´ ±μ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¸·¥¤Ò,
¢μ§´¨± ÕÐ¥° ¶·¨ ¸Éμ²±´μ¢¥´¨¨ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÉÖ¦¥²ÒÌ ¨μ´μ¢, ¶·¥¤-
¶μ²μ¦¥´¨¥ μ É¥¶²μ¢μ³ · ¢´μ¢¥¸¨¨ ¸²¨Ï±μ³ ¸¨²Ó´μ. ‚¶μ²´¥ ¢μ§³μ¦´μ, ÎÉμ ¢
·¥§Ê²ÓÉ É¥ Ô¢μ²ÕÍ¨¨ É ±μ° ¸·¥¤Ò μ¡· §Ê¥É¸Ö ¸É Í¨μ´ ·´μ¥, ´μ ´¥· ¢´μ¢¥¸´μ¥
¸μ¸ÉμÖ´¨¥, ´¥ μ¡Ö§ É¥²Ó´μ É¥¶²μ¢μ¥ [19]. �μ ¤ ¦¥ ¢ ´¥· ¢´μ¢¥¸´μ³ ¸²ÊÎ ¥ ¢Ò-
· ¦¥´¨¥ ¤²Ö ¢Ö§±μ¸É¨ Î¥·¥§ § ¶ §¤Ò¢ ÕÐ¨° ±μ··¥²ÖÉμ· (9) ¸¶· ¢¥¤²¨¢μ, Éμ£¤ 
± ± Ë²Ê±ÉÊ Í¨μ´´μ-¤¨¸¸¨¶ É¨¢´ÊÕ É¥μ·¥³Ê ¨ ¸μμÉ´μÏ¥´¨¥ ƒ·¨´ ÄŠÊ¡μ (11)
´¥μ¡Ìμ¤¨³μ μ¡μ¡Ð¨ÉÓ.

�·μ¤¥² ¥³ É ±μ¥ ¢ÒÎ¨¸²¥´¨¥ ¢ · ³± Ì ±² ¸¸¨Î¥¸±μ£μ ¸É É¨¸É¨Î¥¸±μ£μ
¶·¨¡²¨¦¥´¨Ö. ‚ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢, ± ±μÉμ·Ò³ μÉ´μ¸¨É¸Ö ¨ ¸²ÊÎ ° ±² ¸-
¸¨Î¥¸±μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö (1), ¸¨¸É¥³  ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¶·¨Ìμ¤¨É ± ´¥±μ-
Éμ·μ³Ê ¸É Í¨μ´ ·´μ³Ê ¸μ¸ÉμÖ´¨Õ, ¶·¨ ±μÉμ·μ³ ËÊ´±Í¨μ´ ² · ¸¶·¥¤¥²¥´¨Ö

P [π(x), φ(x); t] ≡

≡
∫

Dπin(x)Dφin(x) δ[φ(x)−ϕc(t,x)]δ[π(x)−∂tϕc(t,x)] W [πin(x), φin(x)]

(12)

¶¥·¥¸É ¥É § ¢¨¸¥ÉÓ μÉ ¢·¥³¥´¨ t. � ¸¸³μÉ·¨³ ¨³¥´´μ É ±ÊÕ ¸¨ÉÊ Í¨Õ ¨
¶·¥¤¶μ²μ¦¨³, ÎÉμ ± ³μ³¥´ÉÊ ¢·¥³¥´¨ t = 0 ¸¨¸É¥³  ¶¥·¥Ï²  ¢ ¸É Í¨μ´ ·´μ¥
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¸μ¸ÉμÖ´¨¥. ’ ±¦¥ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ³Ò ´ Ìμ¤¨³¸Ö ¢ ¸¨¸É¥³¥ ¶μ±μÖ · ¸¸³ -
É·¨¢ ¥³μ° ¸± ²Ö·´μ° ¸·¥¤Ò. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¥¤¨´¸É¢¥´´μ° ¸μÌ· ´ÖÕÐ¥°¸Ö
¢¥²¨Î¨´μ° ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö Ö¢²Ö¥É¸Ö ¶μ²´ Ö ±² ¸¸¨Î¥¸± Ö Ô´¥·£¨Ö
¸¨¸É¥³Ò, ±μÉμ· Ö ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

H[π(x), φ(x)] =
1
2

∫
d3x

(
π2(x) + (∇φ(x))2 + m2φ2(x) +

g

2
φ4(x)

)
. (13)

ˆ´¢ ·¨ ´É´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö (12) ¶·¨ ¨§³¥´¥´¨¨ ¢·¥³¥´¨ μ§´ Î ¥É, ÎÉμ μ´μ
Ö¢²Ö¥É¸Ö ²¨ÏÓ ËÊ´±Í¨¥° ¸μÌ· ´ÖÕÐ¨Ì¸Ö ¢¥²¨Î¨´, ¢ ¤ ´´μ³ ¸²ÊÎ ¥ Ô´¥·£¨¨:

Pst[π(x), φ(x)] = F (H[π(x), φ(x)]). (14)

‚ ¸²ÊÎ ¥, ±μ£¤  ¸É Í¨μ´ ·´μ¥ · ¸¶·¥¤¥²¥´¨¥ μ¶¨¸Ò¢ ¥É¸Ö ±² ¸¸¨Î¥¸±¨³ ± -
´μ´¨Î¥¸±¨³  ´¸ ³¡²¥³, ËÊ´±Í¨Ö ¨³¥¥É ¢¨¤ F (E) ∼ e−E/T , £¤¥ T Å É¥³¶¥-
· ÉÊ· . �É³¥É¨³, ÎÉμ § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ (  §´ Î¨É, ¨ · ¸¶·¥¤¥²¥´¨¥
±² ¸¸¨Î¥¸±μ° ¶μ²¥¢μ° ¸¨¸É¥³Ò ¶μ Ô´¥·£¨Ö³) ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¶μ§¢μ-
²Ö¥É ¸¢Ö§ ÉÓ F (E) ¸ ¨¸Ìμ¤´Ò³ ËÊ´±Í¨μ´ ²μ³ ‚¨£´¥· :

F (E) =
∫

Dπin(x)Dφin(x) δ (E −H[πin(x), φin(x)])W [πin(x), φin(x)]∫
Dπin(x)Dφin(x) δ (E −H[πin(x), φin(x)])

. (15)

‘μ¡¨· Ö ¢¸¥ ¢³¥¸É¥ ¨ ÊÎ¨ÉÒ¢ Ö ¸É Í¨μ´ ·´μ¸ÉÓ ¨ É· ´¸²ÖÍ¨μ´´ÊÕ ¨´¢ ·¨-
 ´É´μ¸ÉÓ ±μ´¥Î´μ£μ · ¸¶·¥¤¥²¥´¨Ö, ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ¢Ö§±μ¸É¨ ¸·¥¤Ò
¢ · ³± Ì ±¢ §¨±² ¸¸¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö

η =
1
5

∞∫
0

dt t

∫
d3x

∫
Dπ(x)Dφ(x) F (H[π(x), φ(x)])×

×
(

δikδjl + δilδjk − 2
3
δijδkl

)
∇iϕc(t,x)∇kφ(0)∇j∇′

lΦ(t,x; 0,x′)
∣∣∣∣
x′→0

,

(16)

¶·¨Î¥³ ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö ´  ±² ¸¸¨Î¥¸±μ¥ ·¥Ï¥´¨¥ ϕc ´ ±² ¤Ò¢ ÕÉ¸Ö ´¥
¢ ´ Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨,   ¢ ³μ³¥´É ¢·¥³¥´¨ t = 0 ± ± ϕc(0,x) =
φ(x), ∂tϕc(0,x) = π(x). „ ´´μ¥ ¢Ò· ¦¥´¨¥ ¸μ¢¥·Ï¥´´μ μ¡Ð¥¥, μ¤´ ±μ ¢Ìμ-
¤ÖÐ¨° ¸Õ¤  ËÊ´±Í¨μ´ ²Ó´Ò° ¨´É¥£· ² ¢ ¶· ±É¨Î¥¸±¨ ¢ ¦´ÒÌ ¸²ÊÎ ÖÌ ³μ¦¥É
¡ÒÉÓ · ¸¸Î¨É ´ ²¨ÏÓ Î¨¸²¥´´μ, ÎÉμ É·¥¡Ê¥É ´¥ Éμ²Ó±μ ³μ¤¥²¨·μ¢ ´¨Ö ±² ¸¸¨-
Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, ´μ ¨ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ´  Φ(x, x′) (10). �¤´ ±μ
¢ ¤ ´´μ³ ¸²ÊÎ ¥ ·¥§Ê²ÓÉ É ³μ¦¥É ¡ÒÉÓ Ê¶·μÐ¥´ ¡² £μ¤ ·Ö Ëμ·³¥ ËÊ´±Í¨μ-
´ ²  · ¸¶·¥¤¥²¥´¨Ö. �μÔÉμ³Ê μÉ³¥É¨³, ÎÉμ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (10) ³μ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ± ± ¢ ·¨ Í¨μ´´ Ö ¶·μ¨§¢μ¤´ Ö ¶μ ´ Î ²Ó´Ò³ Ê¸²μ¢¨Ö³

Φ(t,x; 0,x′) =
δϕc(t,x)
δπ(x′)

, (17)
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  §´ Î¨É, ¢Ò· ¦¥´¨¥ ¤²Ö ¢Ö§±μ¸É¨ ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´μ ± ±

η =
1
10

∞∫
0

dt t

∫
d3x

∫
Dπ(x)Dφ(x) F (H[π(x), φ(x)])×

×
(

δikδjl + δilδjk − 2
3
δijδkl

)
∇kφ(0)∇′

l

δ(∇iϕc(t,x)∇jϕc(t,x))
δπ(x′)

∣∣∣∣
x′→0

. (18)

’¥¶¥·Ó ³μ¦´μ ¢§ÖÉÓ ËÊ´±Í¨μ´ ²Ó´Ò° ¨´É¥£· ² ¶μ π(x) ¶μ Î ¸ÉÖ³

η = − 1
10

∞∫
0

dt t

∫
d3x

∫
Dπ(x)Dφ(x)F ′(H[π(x), φ(x)])×

×
(

δikδjl + δilδjk − 2
3
δijδkl

)
∇iϕc(t,x)∇jϕc(t,x)∇kφ(0)∇lπ(0), (19)

¶μ¸²¥ Î¥£μ μ¸É ¥É¸Ö ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö É· ´¸²ÖÍ¨μ´´μ° ¨´¢ ·¨ ´É´μ¸ÉÓÕ ¶μ
¢·¥³¥´¨ ¨ ¶·μ¨´É¥£·¨·μ¢ ÉÓ ¶μ t ¶μ Î ¸ÉÖ³, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ¨Éμ£μ¢μ¥ ¢Ò-
· ¦¥´¨¥

η = − 1
10

∞∫
0

dt

∫
d3x

(
δikδjl −

1
3
δijδkl

)
×

×
〈
∇iϕc(t,x)∇jϕc(t,x)∇kϕc(0,0)∇lϕc(0,0)

F ′(H[πin(x), φin(x)]
F (H[πin(x), φin(x)]

〉
i.c

.

(20)

„ ´´Ò° μÉ¢¥É ¸μ¤¥·¦¨É Éμ²Ó±μ ·¥Ï¥´¨Ö ±² ¸¸¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö,
Ê¸·¥¤´¥´´Ò¥ ¶μ ´ Î ²Ó´Ò³ Ê¸²μ¢¨Ö³. �É³¥É¨³, ÎÉμ ³Ò μ¦¨¤ ¥³μ ¶μ²ÊÎ¨²¨
¢Ò· ¦¥´¨¥, ¶μÌμ¦¥¥ ´  ¸μμÉ´μÏ¥´¨¥ ƒ·¨´ ÄŠÊ¡μ (11), ´μ ¸ ¤μ¶μ²´¨É¥²Ó´Ò³
¢¥¸μ¢Ò³ ³´μ¦¨É¥²¥³, ÊÎ¨ÉÒ¢ ÕÐ¨³ ´¥· ¢´μ¢¥¸´Ò° Ì · ±É¥· ¸É Í¨μ´ ·´μ£μ
· ¸¶·¥¤¥²¥´¨Ö. �ÉμÉ ³´μ¦¨É¥²Ó § ¢¨¸¨É μÉ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¨ ³μ¦¥É ¸Ê-
Ð¥¸É¢¥´´μ ¢²¨ÖÉÓ ´  Ê¸·¥¤´¥´¨¥. „ ²¥¥ ±· É±μ μ¡¸Ê¤¨³ ¤¢  ¸²ÊÎ Ö, ¶μ± §Ò-
¢ ÕÐ¨Ì ¢ ¦´μ¸ÉÓ ÊÎ¥É  É ±μ£μ ¢¥¸μ¢μ£μ Ë ±Éμ· .

3. Š����ˆ—…‘Šˆ‰ ��‘�Œ�‹œ

Š ´μ´¨Î¥¸±¨°  ´¸ ³¡²Ó μÉ¢¥Î ¥É £¨¡¡¸μ¢¸±μ³Ê · ¸¶·¥¤¥²¥´¨Õ ¶μ Ô´¥·-
£¨Ö³ FT (E) ∼ e−E/T . �´ ¸μμÉ¢¥É¸É¢Ê¥É É¥¶²μ¢μ³Ê · ¢´μ¢¥¸¨Õ ¨ ¨¸¶μ²Ó-
§Ê¥É¸Ö ¢ ¡μ²ÓÏ¨´¸É¢¥ · ¡μÉ ¸  ´ ²¨É¨Î¥¸±¨³¨ ¢ÒÎ¨¸²¥´¨Ö³¨ [20Ä22] ¨ Î¨-
¸²¥´´Ò³ ³μ¤¥²¨·μ¢ ´¨¥³ [11, 17, 23]. Š ´μ´¨Î¥¸±¨°  ´¸ ³¡²Ó ¸μμÉ¢¥É¸É¢Ê¥É
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³ É·¨Í¥ ¶²μÉ´μ¸É¨ ¢¨¤  ρ̂0 ∼ e−Ĥ/T ¢ ¶·¥¤¥²¥ � → 0. �μ²ÊÎ¥´´μ¥ ¸μμÉ´μ-
Ï¥´¨¥ ¤²Ö ¢Ö§±μ¸É¨ (20) ¶·¨ ÔÉμ³ Ê¶·μÐ ¥É¸Ö

ηT =
1

10T

∞∫
0

dt

∫
d3x

(
δikδjl −

1
3
δijδkl

)
×

× 〈∇iϕc(t,x)∇jϕc(t,x)∇kϕc(0,0)∇lϕc(0,0)〉i.c (21)

¨ ¶·¥¢· Ð ¥É¸Ö ¢ ¸É ´¤ ·É´μ¥ ¸μμÉ´μÏ¥´¨¥ ƒ·¨´ ÄŠÊ¡μ. �É³¥É¨³, ÎÉμ ¢μ
³´μ¦¥¸É¢¥ · ¡μÉ, ¶μ¸¢ÖÐ¥´´ÒÌ Î¨¸²¥´´μ³Ê ³μ¤¥²¨·μ¢ ´¨Õ ±² ¸¸¨Î¥¸±μ°
¸± ²Ö·´μ° ¸·¥¤Ò, ¨³¥´´μ ÔÉμ ¸μμÉ´μÏ¥´¨¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢Ö§-
±μ¸É¨. �μ, ± ± ¢¨¤´μ ¨§ ¶·μ¢¥¤¥´´μ£μ ´ ³¨  ´ ²¨§ , ¤²Ö Éμ£μ ÎÉμ¡Ò ¤ ´-
´μ¥ ¸μμÉ´μÏ¥´¨¥ ¡Ò²μ ¶·¨³¥´¨³μ, ´¥μ¡Ìμ¤¨³μ ¡ÒÉÓ Ê¢¥·¥´´Ò³ ¢ Éμ³, ÎÉμ
· ¸¶·¥¤¥²¥´¨¥ ¸¨¸É¥³Ò ¶μ Ô´¥·£¨Ö³ Ö¢²Ö¥É¸Ö ¨³¥´´μ £¨¡¡¸μ¢¸±¨³. �  ´ Ï
¢§£²Ö¤, ¤ ´´μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ ³μ¦¥É μ± § ÉÓ¸Ö ´¥¶·¨³¥´¨³Ò³ ¤²Ö ¸²ÊÎ Ö
¸¨²Ó´μ´¥· ¢´μ¢¥¸´μ° ¸·¥¤Ò, ¢μ§´¨± ÕÐ¥° ¶·¨ ¸Éμ²±´μ¢¥´¨¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢.

4. ŒˆŠ��Š����ˆ—…‘Šˆ‰ ��‘�Œ�‹œ

‚ · ¡μÉ¥ [19] ¨¸¸²¥¤μ¢ ²¨¸Ó · §²¨Î´Ò¥  ´¸ ³¡²¨ ¶μ ´ Î ²Ó´Ò³ Ô´¥·£¨Ö³.
	Ò²μ ¶μ± § ´μ, ÎÉμ ¶μ¢¥¤¥´¨¥ ±μ··¥²ÖÍ¨μ´´ÒÌ ËÊ´±Í¨° ¸ÊÐ¥¸É¢¥´´μ § ¢¨-
¸¨É μÉ ¢¨¤   ´¸ ³¡²Ö. „²Ö μ¶¨¸ ´¨Ö ¸Éμ²±´μ¢¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¥¸É¥¸É¢¥´´μ
¢Ò¡· ÉÓ  ´¸ ³¡²Ó, ¢ ±μÉμ·μ³ ´ Î ²Ó´ Ö Ô´¥·£¨Ö ¶· ±É¨Î¥¸±¨ Ë¨±¸¨·μ¢ ´´ Ö
¨ μ¶·¥¤¥²Ö¥É¸Ö ¶μ²´μ° Ô´¥·£¨¥° ¸Éμ²±´μ¢¥´¨Ö. �·¥¤¥²Ó´Ò³ ¸²ÊÎ ¥³ É ±μ£μ
 ´¸ ³¡²Ö Ö¢²Ö¥É¸Ö ³¨±·μ± ´μ´¨Î¥¸±¨°. Œ¨±·μ± ´μ´¨Î¥¸±¨°  ´¸ ³¡²Ó μ¶¨-
¸Ò¢ ¥É¸Ö ËÊ´±Í¨¥° F E(E) ∼ δ(E − E) ¨ μÉ¢¥Î ¥É Éμ³Ê Ê¸²μ¢¨Õ, ÎÉμ ¢ ´ -
Î ²Ó´Ò° ³μ³¥´É ¢·¥³¥´¨ ¶·μ¨¸Ìμ¤¨É Ê¸·¥¤´¥´¨¥ Éμ²Ó±μ ¶μ ±μ´Ë¨£Ê· Í¨Ö³
¸ ´¥±μÉμ·μ° Ë¨±¸¨·μ¢ ´´μ° Ô´¥·£¨¥° E . ’ ± Ö ËÊ´±Í¨Ö ‚¨£´¥·  ´¥ ³μ¦¥É
¸μμÉ¢¥É¸É¢μ¢ ÉÓ ´¨± ±μ° ³ É·¨Í¥ ¶²μÉ´μ¸É¨, ¶μ¸±μ²Ó±Ê ¶·¨ ÔÉμ³ ´ ·ÊÏ ¥É¸Ö
¸μμÉ´μÏ¥´¨¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨. ’¥³ ´¥ ³¥´¥¥ ¤ ´´Ò° ¸²ÊÎ ° ¨´É¥·¥¸¥´,  
É ±¦¥ ¢ ¦¥´ ¤²Ö μ¶¨¸ ´¨Ö μ¡Ð¥° ¸¨ÉÊ Í¨¨ ¡² £μ¤ ·Ö Éμ³Ê, ÎÉμ ¢ ¸¨²Ê ¸μ-
Ì· ´¥´¨Ö ±² ¸¸¨Î¥¸±o° Ô´¥·£¨¨ ¸μ¸ÉμÖ´¨Ö ¸ · §´Ò³¨ Ô´¥·£¨Ö³¨ Ô¢μ²ÕÍ¨μ-
´¨·ÊÕÉ ´¥§ ¢¨¸¨³μ. ‚¢¥¤¥³ ¶μ´ÖÉ¨¥ Î¨¸²  ¸μ¸ÉμÖ´¨° ¸ ¤ ´´μ° Ô´¥·£¨¥°

N (E) =
∫

Dπin(x)Dφin(x) δ (E −H[πin(x), φin(x)]) , (22)

²μ£ ·¨Ë³ ±μÉμ·μ£μ ¥¸ÉÓ ³¨±·μ± ´μ´¨Î¥¸± Ö Ô´É·μ¶¨Ö S(E) = log (N (E)).
‚ ¨Éμ£¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¢Ö§±μ¸É¨ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥

ηE =
1

10T (E)

∞∫
0

dt

∫
d3x

(
δikδjl −

1
3
δijδkl

)
×

× 〈∇iϕc(t,x)∇jϕc(t,x)∇kϕc(0,0)∇lϕc(0,0)〉E +
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+
1
10

∞∫
0

dt

∫
d3x

(
δikδjl −

1
3
δijδkl

)
×

× ∂E 〈∇iϕc(t,x)∇jϕc(t,x)∇kϕc(0,0)∇lϕc(0,0)〉E , (23)

£¤¥ T (E) = N (E)/N ′(E) Å ³¨±·μ± ´μ´¨Î¥¸± Ö É¥³¶¥· ÉÊ· ; 〈. . . 〉E Å Ê¸·¥¤-
´¥´¨¥ ¶·¨ Ë¨±¸¨·μ¢ ´´μ° Ô´¥·£¨¨ E . �É³¥É¨³, ÎÉμ ¶¥·¢Ò° ¢±² ¤ ¢ ¤ ´´μ³
¢Ò· ¦¥´¨¨ ¢Ò£²Ö¤¨É É ± ¦¥, ± ± ¨ μÉ¢¥É ¤²Ö ± ´μ´¨Î¥¸±μ£μ  ´¸ ³¡²Ö. �μ
ÔÉμ ²¨ÏÓ Î ¸ÉÓ ¢±² ¤  ¢ μÉ¢¥É. �μ²´Ò° μÉ¢¥É ¸μ¤¥·¦¨É ¥Ð¥ ¨ ¶·μ¨§¢μ¤´ÊÕ
¶μ Ô´¥·£¨¨. —¨¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¢Ö§±μ¸É¨ ¢ § ¢¨¸¨³μ¸É¨ μÉ ´ Î ²Ó´μ£μ
· ¸¶·¥¤¥²¥´¨Ö ¶μ Ô´¥·£¨Ö³ ¢¨¤¨É¸Ö ´ ³ ¨´É¥·¥¸´μ° § ¤ Î¥° ¨ ¡Ê¤¥É · ¸¸³μ-
É·¥´μ ¢ ¤ ²Ó´¥°Ï¥³.

‡�Š‹�—…�ˆ…

‚ · ³± Ì ±² ¸¸¨Î¥¸±μ£μ ¸É É¨¸É¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö ¶μ²ÊÎ¥´μ ¢Ò· -
¦¥´¨¥ ¤²Ö ¸¤¢¨£μ¢μ° ¢Ö§±μ¸É¨ ´¥· ¢´μ¢¥¸´μ° ¸± ²Ö·´μ° ¶μ²¥¢μ° ¸·¥¤Ò ¤²Ö
¸²ÊÎ Ö ¶·μ¨§¢μ²Ó´μ£μ ´ Î ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶μ Ô´¥·£¨Ö³ F (E). �¥§Ê²Ó-
É É (20) μ¡μ¡Ð ¥É Ìμ·μÏμ ¨§¢¥¸É´μ¥ ¸μμÉ´μÏ¥´¨¥ ƒ·¨´ ÄŠÊ¡μ, μ¡ÒÎ´μ ¨¸-
¶μ²Ó§Ê¥³μ¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢Ö§±μ¸É¨ ¶·¨ Î¨¸²¥´´μ³ ³μ¤¥²¨·μ¢ ´¨¨ ±² ¸-
¸¨Î¥¸±μ° ¶μ²¥¢μ° ¸·¥¤Ò. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¥´Ò ± ´μ´¨Î¥¸±¨°
É¥¶²μ¢μ°  ´¸ ³¡²Ó, ¶·¨¢μ¤ÖÐ¨° ± ¸É ´¤ ·É´μ° Ëμ·³Ê²¥ ƒ·¨´ ÄŠÊ¡μ, ¨ ³¨-
±·μ± ´μ´¨Î¥¸±¨°  ´¸ ³¡²Ó, ¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨° ¤²Ö μ¶¨¸ ´¨Ö ¸Éμ²±´μ¢¥´¨Ö
ÉÖ¦¥²ÒÌ ¨μ´μ¢.

„ ´´ Ö · ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´Éμ³ �””ˆ º18-02-40131 ®³¥£ ¯.
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