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ˆ§ÊÎ ÕÉ¸Ö ±¢ ´Éμ¢ ´´Ò¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö “¨²¥·  Ä ¤¥ ‚¨ÉÉ , μ¶¨¸Ò¢ ÕÐ¨¥
§ ³±´ÊÉÒ° ³¨· ”·¨¤³ ´ Ä�μ¡¥·É¸μ´ Ä“μ±¥·  ¸ Λ-Î²¥´μ³ ¨ ´ ¡μ·μ³ ¡¥§³ ¸¸μ¢ÒÌ
¸± ²Ö·´ÒÌ ¶μ²¥°. �μ± § ´μ, ÎÉμ ¢ ¸²ÊÎ ¥, ±μ£¤  Λ � 1 ¨ · ¸¸³ É·¨¢ ¥É¸Ö ¸É ´¤ ·É-
´μ¥ ¢ ±ÊÊ³´μ¥ in-¸μ¸ÉμÖ´¨¥ ¤²Ö ±¢ ´Éμ¢ ´´μ£μ ·¥Ï¥´¨Ö, ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ‚¸¥²¥´´μ°
¢¥¤¥É ¸¥¡Ö ± ± ¸ÉμÌ ¸É¨Î¥¸±μ¥ ±¢ §¨±² ¸¸¨Î¥¸±μ¥ ¶μ²¥ ¶·¨ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì §´ -
Î¥´¨ÖÌ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  a, ±μ£¤  1 � a � exp (2/3Λ) [1].

We study quantized solutions of the WheelerÄDeWitt equation describing a closed
FriedmannÄRobertsonÄWalker universe with a Λ term and a set of massless scalar ˇelds.
We show that when Λ � 1 in the natural units and the standard in-vacuum state is
considered, wave function of the Universe, Ψ, behaves as a random quasi-classical ˇeld at
sufˇciently large values of a. It is realized when 1 � a � exp (2/3Λ).

PACS: 03.65.Pm; 04.60.Ds
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�¤¨´ ¨§ ¢μ§³μ¦´ÒÌ ³¥Éμ¤μ¢ ±¢ ´Éμ¢ ´¨Ö £· ¢¨É Í¨¨ μ¸´μ¢Ò¢ ¥É¸Ö ´ 
± ´μ´¨Î¥¸±μ³ ±¢ ´Éμ¢ ´¨¨ Ê· ¢´¥´¨° �°´ÏÉ¥°´  ¨  ´ ²¨§¥ ¸¢μ°¸É¢ ¢μ§´¨-
± ÕÐ¥£μ Ê· ¢´¥´¨Ö “¨²¥·  Ä ¤¥ ‚¨ÉÉ  (“¤‚) ¤²Ö ¢μ²´μ¢μ£μ ËÊ´±Í¨μ´ ²  ‚¸¥-
²¥´´μ°, Ψ [2, 3]. Šμ£¤  Ψ · ¸¸³ É·¨¢ ÕÉ ± ± c-Î¨¸²μ, ¢μ§´¨± ÕÉ ´¥±μÉμ·Ò¥
¶·μ¡²¥³Ò. � ¶·¨³¥·, § É·Ê¤´¨É¥²Ó´  ¢¥·μÖÉ´μ¸É´ Ö ¨´É¥·¶·¥É Í¨Ö,   É ±¦¥
¸ÊÐ¥¸É¢Ê¥É ËÊ´¤ ³¥´É ²Ó´ Ö ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ ¢Ò¡μ·  ´ Î ²Ó´ÒÌ (¨²¨ £· -
´¨Î´ÒÌ) Ê¸²μ¢¨° ¤²Ö ·¥Ï¥´¨° “¤‚. � ¨¡μ²¥¥ ¶μ¶Ê²Ö·´Ò¥ ¶· ¢¨²  ¢Ò¡μ· 
£· ´¨Î´ÒÌ Ê¸²μ¢¨° ¶·¨¢μ¤ÖÉ ²¨¡μ ± ÉÊ´´¥²¨·ÊÕÐ¥° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ‚¨-
²¥´±¨´  [4], ²¨¡μ ± ¢μ²´μ¢μ° ËÊ´±Í¨¨ • ·É²ÖÄ•μ±¨´£  ®¡¥§ £· ´¨Î´ÒÌ Ê¸²μ-
¢¨°¯ [5].
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�¥±μÉμ·Ò¥ ¶·μ¡²¥³Ò ³μ¦´μ Ê¸É· ´¨ÉÓ, · ¸¸³ É·¨¢ Ö Ψ ± ± μ¶¥· Éμ·,
Ψ → Ψ̂. �Éμ · ¸¸³μÉ·¥´¨¥ μ¸´μ¢Ò¢ ¥É¸Ö ´  Éμ³, ÎÉμ “¤‚ ¨³¥¥É ¸É·Ê±-
ÉÊ·Ê £¨¶¥·¡μ²¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¸ ¶¥·¥³¥´´μ°, μ¶·¥¤¥²ÖÕÐ¥° Ô²¥³¥´É μ¡Ñ-
¥³  ´  ¶·μ¸É· ´¸É¢¥´´μ° £¨¶¥·¶μ¢¥·Ì´μ¸É¨, ¨£· ÕÐ¥° ·μ²Ó ®¢·¥³¥´¨¯. �μ-
ÔÉμ³Ê ¸ ³μ “¤‚ ³μ¦¥É ¡ÒÉÓ ± ´μ´¨Î¥¸±¨ ±¢ ´Éμ¢ ´μ. �É  ¶·μÍ¥¤Ê·  ´ §Ò¢ -
¥É¸Ö ®É·¥É¨Î´Ò³ ±¢ ´Éμ¢ ´¨¥³¯. „²Ö ³μ¤¥²¥° ”·¨¤³ ´ Ä�μ¡¥·É¸μ´ Ä“μ±¥· 
(”�“) ¢μ²´μ¢μ° ËÊ´±Í¨μ´ ² ¸É ´μ¢¨É¸Ö ËÊ´±Í¨¥°, § ¢¨¸ÖÐ¥° μÉ ³ ¸ÏÉ ¡-
´μ£μ Ë ±Éμ·  a ¨  ³¶²¨ÉÊ¤ ¸μ¤¥·¦ Ð¨Ì¸Ö ¢ ”�“ ‚¸¥²¥´´μ° ¶μ²¥°. ‘ ³μ
Ê· ¢´¥´¨¥ “¤‚ ¸¢μ¤¨É¸Ö ± Ê· ¢´¥´¨Õ Š²¥°´ Äƒμ·¤μ´  ¸ § ¢¨¸ÖÐ¨³ μÉ ³ ¸-
ÏÉ ¡´μ£μ Ë ±Éμ·  ¶μÉ¥´Í¨ ²μ³, ±μÉμ·Ò° ¨¸Î¥§ ¥É ¢¡²¨§¨ ¸¨´£Ê²Ö·´μ¸É¨, ¶·¨
¸É·¥³²¥´¨¨ a ± ´Ê²Õ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¸É ´¤ ·É´μ¥ ¢ ±ÊÊ³´μ¥ ¸μ¸ÉμÖ´¨¥ ¤²Ö
¡¥§³ ¸¸μ¢μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö μ¡ÒÎ´μ ¢Ò¡¨· ¥É¸Ö ± ± ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥
¸¨¸É¥³Ò. �´μ ´ §Ò¢ ¥É¸Ö in-¸μ¸ÉμÖ´¨¥³ ¶μ  ´ ²μ£¨¨ ¸ Ëμ·³ ²¨§³μ³ ±¢ ´Éμ-
¢ÒÌ ¶μ²¥° ¢ ¨¸±·¨¢²¥´´ÒÌ ¶·μ¸É· ´¸É¢ Ì-¢·¥³¥´ Ì [6]. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò,
¸ÊÐ¥¸É¢Ê¥É ¥¸É¥¸É¢¥´´μ¥ ¢ ±ÊÊ³´μ¥ out-¸μ¸ÉμÖ´¨¥, ±μÉμ·μ¥ ¸¢Ö§ ´μ ¸ μÉ¸ÊÉ-
¸É¢¨¥³ ±¢ §¨±² ¸¸¨Î¥¸±¨Ì ·¥Ï¥´¨° “¤‚ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ a. ’μÉ Ë ±É,
ÎÉμ ¢ ´¥±μÉμ·ÒÌ ³μ¤¥²ÖÌ ÔÉ¨ ¸μ¸ÉμÖ´¨Ö ´¥ ¸μ¢¶ ¤ ÕÉ, ¨´É¥·¶·¥É¨·Ê¥É¸Ö ± ±
·μ¦¤¥´¨¥ ¢¸¥²¥´´ÒÌ ¨§ ´¨Î¥£μ.

‚ ¸É ÉÓ¥ ¶·¥¤² £ ¥É¸Ö ¤·Ê£ Ö ¨´É¥·¶·¥É Í¨Ö ¶μÖ¢²¥´¨Ö ®±² ¸¸¨Î¥¸±¨Ì¯
¸¢μ°¸É¢ ¸¨¸É¥³Ò ¢ · ³± Ì Ëμ·³ ²¨§³  É·¥É¨Î´μ£μ ±¢ ´Éμ¢ ´¨Ö. � ¸¸³μ-
É·¥´  ³μ¤¥²Ó ”�“, ¸μ¤¥·¦ Ð Ö Λ-Î²¥´ ¨ n ¡¥§³ ¸¸μ¢ÒÌ ¸± ²Ö·´ÒÌ ¶μ²¥°,
ϕi, 2 � i � n. �μ± § ´μ, ÎÉμ ¢ ¤¨ ¶ §μ´¥ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì ³ ¸ÏÉ ¡-
´ÒÌ Ë ±Éμ·μ¢ ±¢ ´Éμ¢ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢¥¤¥É ¸¥¡Ö ± ± ¸ÉμÌ ¸É¨Î¥¸± Ö
±² ¸¸¨Î¥¸± Ö ¶¥·¥³¥´´ Ö.

‚¥§¤¥ ´¨¦¥ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ¶μ¸ÉμÖ´´ Ö �² ´± , £· ¢¨É Í¨μ´´ Ö ¶μ-
¸ÉμÖ´´ Ö ¨ ¸±μ·μ¸ÉÓ ¸¢¥É  · ¢´Ò ¥¤¨´¨Í¥.

1. �‘��‚�›… ���…„…‹…�ˆŸ ˆ “��‚�…�ˆŸ

‚ ¸²ÊÎ ¥ ´ Ï¥° ³μ¤¥²¨ Ê· ¢´¥´¨¥ “¤‚ ¶·¨´¨³ ¥É ¢¨¤ [8](
∂2

∂t2
− Δn +

Λ
3

exp (6t) − exp (4t)
)

Ψ̂ = 0, (1)

£¤¥ t = ln a ¨ a Å ³ ¸ÏÉ ¡´Ò° Ë ±Éμ·, Δn =
n∑

i=1

∂2

∂ϕ2
i

¨ Ψ̂ Å ¢μ²´μ¢ Ö

ËÊ´±Í¨Ö ‚¸¥²¥´´μ°. ‘μ£² ¸´μ ¶·μÍ¥¤Ê·¥ É·¥É¨Î´μ£μ ±¢ ´Éμ¢ ´¨Ö ³Ò É· ±-
ÉÊ¥³ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ± ± μ¶¥· Éμ·, ¶μ¤Î¨´ÖÕÐ¨°¸Ö ¸É ´¤ ·É´Ò³ ±μ³³Ê-
É Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³:[

Ψ̂(t, x),
∂

∂t
Ψ̂†(t, x′)

]
= iδn(x − x′), (2)
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£¤¥ [..] Å ±μ³³ÊÉ Éμ·, x ¶·¥¤¸É ¢²Ö¥É n-³¥·´Ò° ¢¥±Éμ· ¸ ±μ³¶μ´¥´É ³¨ ϕi,
δn(x) Å n-³¥·´ Ö ËÊ´±Í¨Ö „¨· ±  ¨ §´ ± ®†¯ §¤¥¸Ó ¨ ¤ ²¥¥ μ¡μ§´ Î ¥É
Ô·³¨Éμ¢μ ¸μ¶·Ö¦¥´¨¥. “· ¢´¥´¨¥ (1) ¶·¥¤¸É ¢²Ö¥É ¨§ ¸¥¡Ö Ê· ¢´¥´¨¥ Š²¥°´ Ä
ƒμ·¤μ´  ¸ ¶μÉ¥´Í¨ ²μ³, § ¢¨¸ÖÐ¨³ μÉ ¢·¥³¥´¨:

V (t) =
Λ
3

exp (6t) − exp (4t). (3)

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (1) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¸É ´¤ ·É´μ° Ëμ·³¥

Ψ̂ =
∫

dnk
(
Uω eik·x âk + U∗

ω e−ik·x b̂†k

)
, (4)

£¤¥ k Å n-³¥·´Ò° ¢¥±Éμ·; ∗ Å ±μ³¶²¥±¸´μ¥ ¸μ¶·Ö¦¥´¨¥ ¨ ω =
√

k · k.
”Ê´±Í¨Ö Uω Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ

Üω + (ω2 + V )Uω = 0, (5)

£¤¥ ÉμÎ±  μ§´ Î ¥É ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ¶μ ¢·¥³¥´¨¶μ¤μ¡´μ° ¶¥·¥³¥´´μ° t.
�Î¥¢¨¤´μ, ÎÉμ Uω = U−ω ¨ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨ ¨³¥ÕÉ ¢¨¤

UωU̇∗
ω − U̇ωU∗

ω =
i

(2π)n
. (6)

�¶¥· Éμ·Ò âk ¨ b̂k ¶μ¤Î¨´ÖÕÉ¸Ö ¸É ´¤ ·É´Ò³ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥-
´¨Ö³ ¤²Ö μ¶¥· Éμ·μ¢ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö

[âk, â†
k′ ] = δn(k − k′), [b̂k, b̂†k′ ] = δn(k − k′). (7)

�¸É ²Ó´Ò¥ ±μ³³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö · ¢´Ò ´Ê²Õ.
� ¶μ³´¨³, ÎÉμ ¢¡²¨§¨ ¸¨´£Ê²Ö·´μ¸É¨, ¶·¨ t → −∞, ¶μÉ¥´Í¨ ² V ¸É·¥-

³¨É¸Ö ± ´Ê²Õ ¨ Ê· ¢´¥´¨¥ (1) Ëμ·³ ²Ó´μ μ¶¨¸Ò¢ ¥É ¡¥§³ ¸¸μ¢μ¥ ¸± ²Ö·-
´μ¥ ¶μ²¥ ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ. ’ ±¨³ μ¡· §μ³, ±μ£¤  Uω Ö¢²Ö¥É¸Ö
¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° ¢·¥³¥´¨¶μ¤μ¡´μ£μ ¢¥±Éμ·  Š¨²²¨´£  ¢ ÔËË¥±É¨¢´μ³
(n + 1)-³¥·´μ³ ¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨ Uω ∝ e−iωt, ¢ ±ÊÊ³´μ¥ ¸μ¸ÉμÖ´¨¥ |0〉,
μ¶·¥¤¥²¥´´μ¥ É ±¨³ ¸¶μ¸μ¡μ³, ÎÉμ âk|0〉 = 0 ¨ b̂k|0〉 = 0 ¤²Ö ¢¸¥Ì k, Ö¢²Ö-
¥É¸Ö ¸É ´¤ ·É´Ò³ ¢ ±ÊÊ³´Ò³ ¸μ¸ÉμÖ´¨¥³ ¤²Ö ¡¥§³ ¸¸μ¢μ£μ ¸± ²Ö·´μ£μ ¶μ²Ö ¢
ÔÉμ³ ¶·¥¤¥²¥. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ´ Ï  ¸¨¸É¥³  ´ Ìμ¤¨É¸Ö ¢ ÔÉμ³ ±¢ ´Éμ¢μ³
¸μ¸ÉμÖ´¨¨.

’ ±¦¥ ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¤·Ê£μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶μ²Ö Ψ̂, μ¶·¥¤¥²¥´-
´μ¥ ¸ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö ”Ê·Ó¥:

Ψ̂ =
∫

dnk eik·x Ψ̂ω, Ψ̂ω =
1√
2

(
Uω(ĉ1,k + iĉ2,k) + U∗

ω(ĉ†1,k + iĉ†2,k)
)

, (8)
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£¤¥ ¢¢μ¤ÖÉ¸Ö μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö

ĉ1,k =
1√
2
(âk + b̂−k), ĉ2,k =

i√
2
(b̂−k − âk), (9)

±μÉμ·Ò¥, μÎ¥¢¨¤´μ, ¶μ¤Î¨´ÖÕÉ¸Ö ¸É ´¤ ·É´Ò³ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥-
´¨Ö³.

ƒ ³¨²ÓÉμ´¨ ´ ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§ Ψ̂ω ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Ĥ = (2π)n

∫
dnk

(
P̂ωP̂ †

ω + (ω2 + V )Ψ̂ωΨ̂†
ω

)
, P̂ω =

∂

∂t
Ψ̂†

ω. (10)

� §¤¥²¨³ ¶μ²¥ Ψ̂ω ´  ¤¥°¸É¢¨É¥²Ó´ÊÕ ¨ ³´¨³ÊÕ Î ¸É¨: Ψ̂ω =
1√

2(2π)n
×

(q̂1,ω + iq̂2,ω), £¤¥ q̂1,ω ¨ q̂2,ω Å Ô·³¨Éμ¢Ò μ¶¥· Éμ·Ò, ±μ³³ÊÉ¨·ÊÕÐ¨¥ ¤·Ê£ ¸
¤·Ê£μ³. ’μ£¤ 

Ĥ =
∑

α=1,2

1
2

∫
dnk

(
p̂2

α,ω + (ω2 + V )q̂2
α,ω

)
, p̂α,ω =

∂

∂t
q̂α,ω. (11)

‚Ò· ¦¥´¨¥ (11) £μ¢μ·¨É ´ ³ μ Éμ³, ÎÉμ § ¤ Î  ³μ¦¥É ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ¢ ´ 
¶μ¸·¥¤¸É¢μ³ · ¸¸³μÉ·¥´¨Ö ¡¥¸±μ´¥Î´μ£μ ´ ¡μ·  μ¸Í¨²²ÖÉμ·μ¢ ¸ Î ¸ÉμÉμ°,
§ ¢¨¸ÖÐ¥° μÉ ¢·¥³¥´¨. �¸´μ¢Ò¢ Ö¸Ó ´   ´ ²μ£¨¨ ¸ μ¸Í¨²²ÖÉμ· ³¨, ¢¢μ¤¨³
´μ¢Ò¥, § ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨ ®μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö¯, d̂k(t) ¨
d̂†k(t), ¸μ£² ¸´μ ¶· ¢¨²Ê

d̂k(t) =
1√
2

(√
Ω(t0)q̂k +

i√
Ω(t0)

p̂k

)
, Ω(t0) =

√
ω2 + V (t0), (12)

£¤¥ ¶μÉ¥´Í¨ ² V ¡¥·¥É¸Ö ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ ³μ³¥´É¥ ¢·¥³¥´¨, t0, ¨, É ±¨³
μ¡· §μ³, Ω(t0) ´¥ § ¢¨¸¨É μÉ ¢·¥³¥´¨ t. ’ ±¦¥, ¤²Ö ¶·μ¸ÉμÉÒ, ¢¥§¤¥ ¤ ²¥¥ ³Ò
¡¥·¥³ t0 É ±, ÎÉμ ω2 + V (t0) > 0, ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ω(t0) ¤¥°¸É¢¨É¥²Ó´μ¥.
�¶¥· Éμ·Ò (12) ¶μ¤Î¨´ÖÕÉ¸Ö ¸É ´¤ ·É´Ò³ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³.
’ ±¨³ μ¡· §μ³, μ´¨ ³μ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¸ μ¶¥· Éμ· ³¨ ĉk ¶μ¸·¥¤¸É¢μ³ ¶·¥-
μ¡· §μ¢ ´¨Ö 	μ£μ²Õ¡μ¢ :

d̂k(t) = αω ĉk + βω ĉ†k, |αω|2 − |βω|2 = 1. (13)

Ÿ¢´ Ö Ëμ·³  ±μÔËË¨Í¨¥´Éμ¢ 	μ£μ²Õ¡μ¢  ¨³¥¥É ¢¨¤

αω =

√
(2π)n

2

(√
Ω(t0)Uω +

iU̇ω√
Ω(t0)

)
,

βω =

√
(2π)n

2

(√
Ω(t0)U∗

ω +
iU̇∗

ω√
Ω(t0)

)
.

(14)

�μ¢μ¥ ¢ ±ÊÊ³´μ¥ ¸μ¸ÉμÖ´¨¥ μ¶·¥¤¥²Ö¥É¸Ö Ê¸²μ¢¨¥³ dk(t0)|0〉ad = 0. �Éμ
É ± ´ §Ò¢ ¥³μ¥  ¤¨ ¡ É¨Î¥¸±μ¥ ¢ ±ÊÊ³´μ¥ ¸μ¸ÉμÖ´¨¥ |0〉ad (¸³. [6]).
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‚ μ¡Ð¥³ ¸²ÊÎ ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (5) ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ  ´ ²¨É¨Î¥¸-
±¨, Éμ²Ó±μ ±μ£¤  ²¨¡μ ¶¥·¢Ò°, ²¨¡μ ¢Éμ·μ° Î²¥´ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¶μÉ¥´Í¨ ² 
V ¢ Ê· ¢´¥´¨¨ (3) ¶·¥´¥¡·¥¦¨³. �Éμ ¸μμÉ¢¥É¸É¢Ê¥É ¶·¥´¥¡·¥¦¥´¨Õ ¢²¨Ö´¨Ö
²¨¡μ Λ-Î²¥´ , ²¨¡μ ¶·μ¸É· ´¸É¢¥´´μ° ±·¨¢¨§´Ò. ‚ μ¡Ð¥³ ¸²ÊÎ ¥ ·¥Ï¥´¨¥
³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ ²¨¡μ Î¨¸²¥´´μ, ²¨¡μ ¶·¨¡²¨¦¥´´Ò³¨ ³¥Éμ¤ ³¨. ‚ ¶·¥-
¤¥²¥ Λ � 1 ³μ¦´μ ´ °É¨ ¶·¨¡²¨¦¥´´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ³¥Éμ¤μ³,
μ¸´μ¢ ´´Ò³ ´  ‚Š	-¶·¨¡²¨¦¥´¨¨, ±μÉμ·Ò¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ´¨¦¥. —¨¸²¥´´Ò¥
·¥Ï¥´¨Ö ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö Éμ²Ó±μ ¤²Ö ¶·μ¢¥·±¨ ¸¶· ¢¥¤²¨¢μ¸É¨ ´ Ï¨Ì
 ´ ²¨É¨Î¥¸±¨Ì ³¥Éμ¤μ¢.

� ¸¸³μÉ·¨³ ¸²ÊÎ °, ±μ£¤  Î ¸ÉμÉ  ω � ωcr, £¤¥ ωcr =
√
−Vmin(tmin) =

2√
3

1
Λ

, ¨ Vmin(tmin) = − 4
3Λ2

Å ³¨´¨³ ²Ó´μ¥ μÉ·¨Í É¥²Ó´μ¥ §´ Î¥´¨¥ ¶μ-

É¥´Í¨ ²  V , ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¢·¥³¥´¨ tmin = (1/2) ln (2/Λ). ˆ¸¶μ²Ó§ÊÖ
‚Š	-¶·¨¡²¨¦¥´¨¥, ¶μ²ÊÎ ¥³, ÎÉμ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (5) ¶·μ¶μ·Í¨μ´ ²Ó´μ

1√
Ṡ

eiS(t), S = ±
∫

dt
√

ω2 + V , |S| 	 1. (15)

‚ § ¶·¥Ð¥´´μ° μ¡² ¸É¨ Ë §  S ³´¨³ Ö, ¸²¥¤μ¢ É¥²Ó´μ, ·¥Ï¥´¨¥ ¨³¥¥É · -
¸ÉÊÐ¨¥ ¨ Ô±¸¶μ´¥´Í¨ ²Ó´μ ¸¶ ¤ ÕÐ¨¥ ¢¥É¢¨. ‚ · §·¥Ï¥´´μ° μ¡² ¸É¨ Ë §  S
¤¥°¸É¢¨É¥²Ó´ Ö ¨ ·¥Ï¥´¨¥ ¨³¥¥É μ¸Í¨²²¨·ÊÕÐ¥¥ ¶μ¢¥¤¥´¨¥. ‚Š	-¶·¨¡²¨-
¦¥´¨¥ ´ ·ÊÏ ¥É¸Ö, ±μ£¤  ¢·¥³Ö t ¤μ¸É ÉμÎ´μ ¡²¨§±μ ± ³μ³¥´ÉÊ ¢·¥³¥´¨
t∗ = (1/2) ln (3/Λ) É ±, ÎÉμ V (t∗) = 0. �¤´ ±μ ¢ μ±·¥¸É´μ¸É¨ ÔÉμ£μ ³μ³¥´É 
¢·¥³¥´¨ ³μ¦´μ Ê¶·μ¸É¨ÉÓ Ê· ¢´¥´¨¥ (5) ¨ ´ °É¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ÉμÎ´μ¥
·¥Ï¥´¨¥ Ê¶·μÐ¥´´μ£μ Ê· ¢´¥´¨Ö.

ˆ´É¥·¢ ² −∞ < t < +∞ · §¤¥²¨³ ´  Î¥ÉÒ·¥ ¶¥·¥±·Ò¢ ÕÐ¨¥¸Ö μ¡² ¸-
É¨: 1) μ¡² ¸ÉÓ ³ ²ÒÌ t, £¤¥ ¤μ³¨´¨·Ê¥É Î²¥´ ¸ ±·¨¢¨§´μ°, 2) ±² ¸¸¨Î¥¸±¨
§ ¶·¥Ð¥´´ÊÕ μ¡² ¸ÉÓ, 3) μ¡² ¸ÉÓ ¢ μ±·¥¸É´μ¸É¨ t = t∗ ¨ 4) ±² ¸¸¨Î¥¸±¨
· §·¥Ï¥´´ÊÕ μ¡² ¸ÉÓ. �É¨ μ¡² ¸É¨ ¸μ¢³¥¸É´μ ¸ ¶μÉ¥´Í¨ ²μ³ ¶μ± § ´Ò ´ 
·¨¸. 1.

� ¸¸³μÉ·¨³ ·¥Ï¥´¨¥ ¢ ± ¦¤μ° μ¡² ¸É¨ μÉ¤¥²Ó´μ.
‚ μ¡² ¸É¨ 1) ·¥Ï¥´¨¥ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥

Uω ≈ CωI−i ω
2

(
e2t

2

)
, Cω = 2−iω

Γ
(

1 − iω

2

)
√

2(2π)nω
, (16)

£¤¥ Iν(x) Å ³μ¤¨Ë¨Í¨·μ¢ ´´ Ö ËÊ´±Í¨Ö 	¥¸¸¥²Ö ¶¥·¢μ£μ ·μ¤ ; Γ(x) Å
£ ³³ -ËÊ´±Í¨Ö. � ¸¸³ É·¨¢ Ö ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨¥ ¢·¥³¥´  t ¨ · ¸±² ¤Ò¢ Ö
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�¨¸. 1. ƒ· Ë¨± § ¢¨¸¨³μ¸É¨ ¶μÉ¥´Í¨ ²  μÉ ¢·¥³¥´¨ ¶·¨ Λ = 3 · 10−3. ‚¥·É¨± ²Ó´Ò¥
¸¶²μÏ´ Ö, ¶Ê´±É¨·´ Ö, ÏÉ·¨Ìμ¢ Ö ¨ ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨¨ ¶μ± §Ò¢ ÕÉ £· ´¨ÍÒ
μ¡² ¸É¥°

ËÊ´±Í¨Õ 	¥¸¸¥²Ö ¢ ·Ö¤, ¶μ²ÊÎ ¥³ ¨§ (16)

Uω ≈ Cω√
π

e−t

(
exp

(
e2t

2

)
+ i sinh

(πω

2

)
exp

(
−e2t

2

))
. (17)

�¥Ï¥´¨¥ (17) ³μ¦¥É ¡ÒÉÓ ¸μ£² ¸μ¢ ´μ ¸ ‚Š	-·¥Ï¥´¨¥³ (15) ¢μ ¢·¥³¥´-
´μ³ ¨´É¥·¢ ²¥ μ¡² ¸É¨ 2), £¤¥ ¢·¥³Ö t ³¥´ÓÏ¥ t < tmin, ´μ ¤μ¸É ÉμÎ´μ ¡μ²Ó-
Ïμ¥, ÎÉμ¡Ò ¢Ò¶μ²´Ö²μ¸Ó Ê¸²μ¢¨¥ ω �

√
−V .

‘Ï¨¢ Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥Ï¥´¨Ö, μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³ ·¥Ï¥´¨¥ ¢
μ¡² ¸É¨ 2)

Uω ≈ Cω√
π

e−t

φ
1/4
−

(
exp

[
1
Λ

(1 − φ
3/2
− )

]
+

+ i sinh
(πω

2

)
exp

[
− 1

Λ
(1 − φ

3/2
− )

])
, (18)

£¤¥ φ− = 1 − Λ2ω2

9
− Λ

3
e2t.

� ¸¸³μÉ·¨³ μ¡² ¸ÉÓ 3), £¤¥ t ∼ t∗. ‚¢μ¤¨³ ´μ¢ÊÕ ¶¥·¥³¥´´ÊÕ z =
181/3

Λ2/3

(
t∗ −

ω2Λ2

18
− t

)
¨ ¶μ¸²¥ Ê¶·μÐ¥´¨Ö (5) ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ �°·¨

d2

dz2
Uk − zUk = 0. (19)
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�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (19) ¸Ï¨¢ ¥É¸Ö ¸ (18) ¢ μ¡² ¸É¨, £¤¥ ¢Ò¶μ²´ÖÕÉ¸Ö μ¡ 

Ê¸²μ¢¨Ö:

(
t∗ −

ω2Λ2

18
− t

)
/t∗ � 1 ¨ z 	 1. �Éμ ¤ ¥É ·¥Ï¥´¨¥ ¢ ¢¨¤¥

Uω = Cω2−1/6

(
Λ
3

)1/3 (
2e

1
Λ Ai(z) + i sinh

(πω

2

)
e−

1
Λ Bi(z)

)
, (20)

£¤¥ Ai(z) ¨ Bi(z) Å ËÊ´±Í¨¨ �°·¨ ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ ·μ¤  ¸μμÉ¢¥É¸É¢¥´´μ.

�¥Ï¥´¨¥ ³μ¦¥É ¡ÒÉÓ  ´ ²¨É¨Î¥¸±¨ ¶·μ¤μ²¦¥´μ ¢ μ¡² ¸ÉÓ z < 0. „μ¶Ê¸-
± Ö, ÎÉμ z1 ≡ −z 	 1, ¶μ²ÊÎ ¥³

Uω =
2−1/6Cω
√

πz
1/4
1

(
Λ
3

)1/3(
2e

1
Λ sin

(
2
3
z
3/2
1 +

π

4

)
+

+ i sinh
(πω

2

)
e−

1
Λ cos

(
2
3
z
3/2
1 +

π

4

))
. (21)

‘μ£² ¸μ¢Ò¢ Ö ·¥Ï¥´¨¥ (21) ¸ ·¥Ï¥´¨¥³ (15) ¢ ±² ¸¸¨Î¥¸±¨ · §·¥Ï¥´´μ°
μ¡² ¸É¨ 4), ¨¸¶μ²Ó§ÊÖ ÉÊ ¦¥ ¸ ³ÊÕ É¥Ì´¨±Ê, ÎÉμ ¨ ¢ (20) ¨ (21), ¨ ¶·¨´¨³ Ö

¢μ ¢´¨³ ´¨¥, ÎÉμ S =
1
Λ

(
Λ
3

e2t +
Λ2ω2

9
− 1

)3/2

, ¶μ²ÊÎ ¥³

Uω =
Cω√

π

e−t

φ
1/4
+

(
2e

1
Λ sin

(
φ

3/2
+

Λ
+

π

4

)
+

+ i sinh
(πω

2

)
e−

1
Λ cos

(
φ

3/2
+

Λ
+

π

4

))
, (22)

£¤¥ φ+ ≡ −φ− =
Λ
3

e2t +
Λ2ω2

9
− 1.

‚Ò· ¦¥´¨Ö (16), (18), (20) ¨ (22) ¶·¥¤¸É ¢²ÖÕÉ μ±μ´Î É¥²Ó´Ò¥ ·¥Ï¥´¨Ö
Uω ¢ μ¡² ¸ÉÖÌ 1)Ä4) ¸μμÉ¢¥É¸É¢¥´´μ.

3. Š�—…‘’‚…��›… ‘‚�‰‘’‚� ��˜…‰ Œ�„…‹ˆ

‚ ÔÉμ³ · §¤¥²¥ ³Ò Ö¢´μ ¢ÒÎ¨¸²¨³ ±μÔËË¨Í¨¥´É 	μ£μ²Õ¡μ¢  (14) ¢ ¶·¥-
¤¥² Ì t0 → ±∞ ¨, ¸²¥¤ÊÖ · ¡μÉ¥ [9], ËÊ´±Í¨Õ ‚¨£´¥·  ´ Ï¥£μ ±¢ ´Éμ¢μ£μ
¸μ¸ÉμÖ´¨Ö.
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3.1. ‚ÒÎ¨¸²¥´¨¥ Î¨¸²  ·μ¤¨¢Ï¨Ì¸Ö ¢¸¥²¥´´ÒÌ. Šμ²¨Î¥¸É¢μ ¢¸¥²¥´´ÒÌ,
¶·μ¨§¢¥¤¥´´ÒÌ ¶·¨ ¢·¥³¥´ Ì t → ∞ ¸ § ¤ ´´Ò³¨ ¨´É¥£· ² ³¨ ¤¢¨¦¥´¨Ö,
μ¶·¥¤¥²Ö¥³Ò³¨ ¢¥²¨Î¨´μ° k, ¶·μ¶μ·Í¨μ´ ²Ó´μ ±¢ ¤· ÉÊ ±μÔËË¨Í¨¥´É  	μ-
£μ²Õ¡μ¢  β,

|βω|2 =
(2π)n

2

(
Ω(t0)UωU∗

ω + Ω−1(t0)U̇ωU̇∗
ω

)
− 1

2
, (23)

£¤¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó (6) ¨ (14).
„²Ö Éμ£μ, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ |β|2 Ö¢´μ, ¶·¥¤¶μ²μ¦¨³, ÎÉμ t = t0 → ∞.

’μ£¤  Ω(t0) ≈
√

Λ
3

e3t ¨ φ+ ≈ Λ
3

e2t. �μ¤¸É ¢²ÖÖ ÔÉμ ¢ (22) ¨ ·¥§Ê²ÓÉ É ¢

(23), μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³

|βω|2 =
1

8 sinh
(πω

2

) (
2 e

1
Λ − sinh

(πω

2

)
e−

1
Λ

)2

. (24)

“· ¢´¥´¨¥ (24) ¶μ± §Ò¢ ¥É, ÎÉμ |βω|2 ∝ e
2
Λ , ±μ£¤  ω � ωcr. �ÉμÉ ·¥§Ê²Ó-

É É ¡Ò² ¶μ²ÊÎ¥´ ¢ [7] ± Î¥¸É¢¥´´Ò³¨ ³¥Éμ¤ ³¨. �  ·¨¸. 2 ¶μ± § ´ £· Ë¨±
§ ¢¨¸¨³μ¸É¨ |βω|2 μÉ Î ¸ÉμÉÒ. Œμ¦´μ ¢¨¤¥ÉÓ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ Î¨¸²¥´´ÒÌ
¨  ´ ²¨É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¶·¨ ³ ²ÒÌ ω. Šμ£¤  ω ∼ ωcr, Î¨¸²¥´´Ò¥ ¨
 ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ μÉ²¨Î ÕÉ¸Ö ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢.

�¨¸. 2. Š¢ ¤· É ±μÔËË¨Í¨¥´É  	μ£μ²Õ¡μ¢  βω ¢ § ¢¨¸¨³μ¸É¨ μÉ Î ¸ÉμÉÒ ω/ωcr ¤²Ö
Λ = 3 · 10−3. ‘¶²μÏ´ Ö ¨ ÏÉ·¨Ìμ¢ Ö ²¨´¨¨ ¶μ± §Ò¢ ÕÉ Î¨¸²¥´´Ò¥ ¨  ´ ²¨É¨Î¥¸±¨¥
(24) ·¥§Ê²ÓÉ ÉÒ ¸μμÉ¢¥É¸É¢¥´´μ
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3.2. ”Ê´±Í¨Ö ‚¨£´¥· . „μ¶Ê¸É¨³, ÎÉμ ±¢ ´Éμ¢μ¥ ¶μ²¥ Ψ† ±¢ ´ÉÊ¥É¸Ö ¢
ÖÐ¨±¥. �Éμ ¤μ¶ÊÐ¥´¨¥ ´¥ ¢²¨Ö¥É ´  ¢Ò¢μ¤Ò. ’μ£¤  ¢Ò· ¦¥´¨¥ (11) ¶μ-
± §Ò¢ ¥É, ÎÉμ ´ Ï  ³μ¤¥²Ó ¸¢μ¤¨É¸Ö ± ¤¨¸±·¥É´μ³Ê ´ ¡μ·Ê μ¸Í¨²²ÖÉμ·μ¢ ¸
Î ¸ÉμÉμ°, § ¢¨¸ÖÐ¥° μÉ ¢·¥³¥´¨, ¨ · §²¨Î´Ò³¨ §´ Î¥´¨Ö³¨ k ¨ α. ”Ê´±Í¨Ö
‚¨£´¥· , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¢μ²´μ¢Ò³ ËÊ´±Í¨Ö³ ± ¦¤μ£μ ¨§ ÔÉ¨Ì μ¸Í¨²²ÖÉμ-
·μ¢, ¨³¥¥É ¢¨¤

W (p, q) =
1
π

∞∫
−∞

dy Ψ∗
S(q + y)ΨS(q − y) e2ipy, (25)

£¤¥ c-Î¨¸²  p ¨ q Ö¢²ÖÕÉ¸Ö ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´Ò³¨ ¨³¶Ê²Ó¸μ³ ¨ ±μ-
μ·¤¨´ Éμ°. �É³¥É¨³, ÎÉμ ±μμ·¤¨´ É  ¨³¥¥É Ë¨§¨Î¥¸±¨° ¸³Ò¸²  ³¶²¨ÉÊ¤Ò
μÉ¤¥²Ó´μ° £ ·³μ´¨±¨ ±¢ ´Éμ¢ ´´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ‚¸¥²¥´´μ°. ΨS(q) Å
¢μ²´μ¢ Ö ËÊ´±Í¨Ö μÉ¤¥²Ó´μ£μ μ¸Í¨²²ÖÉμ·  ¢ ¶·¥¤¸É ¢²¥´¨¨ ˜·¥¤¨´£¥· , ¨´-
¤¥±¸Ò k, α ¨ ω μ¶ÊÐ¥´Ò.

„²Ö Éμ£μ, ÎÉμ¡Ò ´ °É¨ Ô¢μ²ÕÍ¨Õ ΨS(q), § ³¥É¨³, ÎÉμ ¢ ¶·¥¤¸É ¢²¥´¨¨

˜·¥¤¨´£¥·  μ¶¥· Éμ·Ò p̂ ¨ q̂ ¨³¥ÕÉ ¢¨¤ p̂ = −i
∂

∂q
¨ q̂ = q. ‘ ¤·Ê£μ°

¸Éμ·μ´Ò, ΨS(q) ¸μμÉ¢¥É¸É¢Ê¥É ¢ ±ÊÊ³´μ³Ê ¸μ¸ÉμÖ´¨Õ ¨ ĉΨS(q) = 0. �μ²μ¦¨¢
Ω(t0) = ω ¢ (12), (13), ¢Ò· §¨³ ĉ Î¥·¥§ p̂ ¨ q̂. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³(

d

dq
+ Dq

)
ΨS(q) = 0, D = ω

(
α∗ − β

α∗ + β

)
. (26)

’μ ¦¥ ¸ ³μ¥ Ê· ¢´¥´¨¥ ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ [9]. Šμ£¤  t → −∞, ΨS(q) ¸É·¥³¨É¸Ö
± ¢ ±ÊÊ³´μ³Ê ¸μ¸ÉμÖ´¨Õ μ¸Í¨²²ÖÉμ·  ¸ Î ¸ÉμÉμ° ω. ’μ£¤ 

ΨS(q) =
(

K

2π

)1/4

exp
(
−Dq2

2

)
, K = D + D∗, (27)

¨, ¶μ¤¸É ¢²ÖÖ (27) ¢ (25), ¶μ²ÊÎ ¥³

W (p, q) =
1
π

exp
[
−

(
Kq2

2
+

(2p + Rq)2

2K

) ]
, R = i(D∗ − D). (28)

Šμ£¤  K → 0, · ¸¶·¥¤¥²¥´¨Ö (28) ¨³¥ÕÉ ·¥§±¨° ¶¨± ¢μ§²¥ 2p + Rq = 0.
Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¤²Ö a 	 1 Ê¸²μ¢¨¥ 2p + Rq = 0 ¶·¨¡²¨§¨É¥²Ó´μ

¢Ò¶μ²´Ö¥É¸Ö ´  ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¨, É ±¨³ μ¡· §μ³, ËÊ´±-
Í¨Ö ‚¨£´¥·  μ¶¨¸Ò¢ ¥É ¶ÊÎμ± ±¢ §¨±² ¸¸¨Î¥¸±¨Ì É· ¥±Éμ·¨° ¸ · ¸¶·¥¤¥²¥´-
´μ° ¶μ § ±μ´Ê ƒ Ê¸¸  ±μμ·¤¨´ Éμ°. �± §Ò¢ ¥É¸Ö, ÎÉμ ¢ ¸²ÊÎ ¥ 1 � t � tcr
³μ¤Ò ¶μ²Ö Ψ ´ Ìμ¤ÖÉ¸Ö, ¢ μ¸´μ¢´μ³, ¢ ·¥¦¨³¥, ¢ ±μÉμ·μ³ 2p + Rq ∼= 0,
¨, É ±¨³ μ¡· §μ³, ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ±¢ §¨±² ¸¸¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ¸μ ¸²Ê-
Î °´Ò³ §´ Î¥´¨¥³ ±μμ·¤¨´ ÉÒ, ¶·¨Î¥³ ¶²μÉ´μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ´ Ìμ¦¤¥´¨Ö
μ¶·¥¤¥²¥´´μ£μ §´ Î¥´¨Ö ±μμ·¤¨´ ÉÒ ¶μ¤Î¨´Ö¥É¸Ö £ Ê¸¸μ¢μ³Ê § ±μ´Ê.
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4. Š‚�‡ˆŠ‹�‘‘ˆ—…‘Š�Ÿ ‘’�•�‘’ˆ—…‘Š�Ÿ
‚�‹��‚�Ÿ ”“�Š–ˆŸ ‚‘…‹…���‰

Š ± μ¡¸Ê¦¤ ²μ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ±μ£¤  1 � t � tcr, Ψ̂ ³μ¦¥É
¡ÒÉÓ ¶·¨¡²¨§¨É¥²Ó´μ ¶·¥¤¸É ¢²¥´  ± ± ¸²ÊÎ °´μ¥ c-Î¨¸²μ:

Ψqc =
∫

dnk
(
Uω eik·xak + U∗

ω e−ik·xb∗k
)
, (29)

£¤¥ ¢¸¥ ¢¥²¨Î¨´Ò Ö¢²ÖÕÉ¸Ö c-Î¨¸² ³¨. ‚¥²¨Î¨´Ò ak ¨ bk Ö¢²ÖÕÉ¸Ö ¸²ÊÎ °-
´Ò³¨, μ´¨ ¨³¥ÕÉ £ Ê¸¸μ¢μ · ¸¶·¥¤¥²¥´¨¥ ¸μ ¸É É¨¸É¨Î¥¸±¨³¨ ¸·¥¤´¨³¨

〈aka∗
k′〉 = δn(k − k′), 〈bkb∗k′〉 = δn(k − k′), (30)

£¤¥ 〈. . . 〉 μ¡μ§´ Î ¥É ¸É É¨¸É¨Î¥¸±¨ ¸·¥¤´¥¥,   ¢¸¥ μ¸É ²Ó´Ò¥ ±μ··¥²ÖÉμ·Ò
· ¢´Ò ´Ê²Õ.

‚ÒÎ¨¸²¨³ ¸É É¨¸É¨Î¥¸±μ¥ ¸·¥¤´¥¥ ±¢ ¤· É  Ψqc, P = 〈ΨqcΨ∗
qc〉:

P∗ = Cn exp
(

2
Λ

− 3t

)
sin2 φ, Cn =

(2n − 1)
2n−3π

3
2n

(n − 1)!ζ(n)

Γ
(n

2

) (
3
Λ

)1/2

, (31)

£¤¥ ζ(n) Å ¤§¥É -ËÊ´±Í¨Ö �¨³ ´ . ‚Ò· ¦¥´¨¥ (31) ¸μ¢¶ ¤ ¥É ¸ ±¢ ¤· Éμ³
³μ¤Ê²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ § ³±´ÊÉμ° ‚¸¥²¥´´μ°, ¸μ¤¥·¦ Ð¥° ²Ö³¡¤ -Î²¥´,
¶μ²ÊÎ¥´´μ° ¢ ¶μ¤Ìμ¤¥ • ·É²ÖÄ•μ±¨´£  [5], ¸³. [3].

‚ · ¡μÉ¥ [1] ¶μ± § ´μ, ÎÉμ § ¤ ´¨¥ ¸ÉμÌ ¸É¨Î¥¸±μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ (29)
Ëμ·³ ²Ó´μ Ô±¢¨¢ ²¥´É´μ μ¶¨¸ ´¨Õ ¸¨¸É¥³Ò ¢ É¥·³¨´ Ì ³ É·¨ÍÒ ¶²μÉ´μ¸É¨,
¨, É ±¨³ μ¡· §μ³, ¢ ´ Ï¥³ ¶μ¤Ìμ¤¥, ¶·¨ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì, ´μ ´¥ Ô±¸¶μ-
´¥´Í¨ ²Ó´μ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ³ ¸ÏÉ ¡´μ£μ Ë ±Éμ·  ¸μ¸ÉμÖ´¨¥ ‚¸¥²¥´´μ°
μ¶¨¸Ò¢ ¥É¸Ö ³ É·¨Í¥° ¶²μÉ´μ¸É¨ ¸ ¤¨ £μ´ ²Ó´Ò³¨ Ô²¥³¥´É ³¨, Ö¢²ÖÕÐ¨³¨-
¸Ö c-Î¨¸² ³¨.

‡�Š‹�—…�ˆ…

�μ± § ²¨ ¢ · ³± Ì É·¥É¨Î´μ£μ ±¢ ´Éμ¢ ´¨Ö ³μ¤¥²¨ § ³±´ÊÉμ£μ ³¨·  ”�“,
¸μ¤¥·¦ Ð¥° ³ ²Ò° ²Ö³¡¤ -Î²¥´ ¨ n ¡¥§³ ¸¸μ¢ÒÌ ¸± ²Ö·´ÒÌ ¶μ²¥°, ÎÉμ μ¶¥-
· Éμ· ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¶·μÖ¢²Ö¥É ¸¢μ°¸É¢  ±² ¸¸¨Î¥¸±μ° ¸²ÊÎ °´μ° ËÊ´±-
Í¨¨ ¶·¨ a 	 1, ´μ a � exp (2/3Λ), ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ¸¨¸É¥³  ´ Ìμ¤¨É¸Ö ¢
¥¸É¥¸É¢¥´´μ³ ¢ ±ÊÊ³´μ³ in-¸μ¸ÉμÖ´¨¨. ˆ³¥´´μ, ±μ£¤  1 � a � exp (2/3Λ),
μ¶¥· Éμ· ¢μ²´μ¢μ° ËÊ´±Í¨¨ ³μ¦´μ É· ±Éμ¢ ÉÓ ± ± ±² ¸¸¨Î¥¸±μ¥ ¸²ÊÎ °´μ¥
¶μ²¥ ¸μ ¸·¥¤´¥° ¢¥²¨Î¨´μ°, ¶·μ¶μ·Í¨μ´ ²Ó´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ • ·É²ÖÄ
•μ±¨´£ . �É³¥É¨³, ÎÉμ ±μ£¤  a 	 exp (2/3Λ), ± ± ±² ¸¸¨Î¥¸±μ¥ ¸²ÊÎ °´μ¥
¶μ²¥ ³μ¦´μ É· ±Éμ¢ ÉÓ ¶·μ¨§¢μ¤´ÊÕ ¢μ²´μ¢μ° ËÊ´±Í¨¨, ¸³. [1].
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‡ ¤ ´¨¥ ¸²ÊÎ °´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ëμ·³ ²Ó´μ Ô±¢¨¢ ²¥´É´μ μ¶¨¸ -
´¨Õ ¸¨¸É¥³Ò ¢ É¥·³¨´ Ì ³ É·¨ÍÒ ¶²μÉ´μ¸É¨, ¨, É ±¨³ μ¡· §μ³, ¢ μÉ²¨Î¨¥ μÉ
¶·¥¤Ò¤ÊÐ¨Ì ¨¸¸²¥¤μ¢ ´¨°, ´ Ï ¶μ¤Ìμ¤ ¶·¨¢μ¤¨É ± ¸³¥Ï ´´μ³Ê ¸μ¸ÉμÖ´¨Õ
‚¸¥²¥´´μ°.

ŒÒ ¶·¥¤¶μ² £ ¥³, ÎÉμ ¸Ìμ¤´Ò¥ ¸¢μ°¸É¢  ¡Ê¤ÊÉ ¶·μÖ¢²ÖÉÓ ·¥Ï¥´¨Ö É·¥-
É¨Î´μ ±¢ ´Éμ¢ ´´μ£μ “¤‚ ¢ ²Õ¡μ° ³μ¤¥²¨ ¢ ³¨´¨-¸Ê¶¥·¶·μ¸É· ´¸É¢¥, ¤²Ö
±μÉμ·μ° ¨³¥¥É ³¥¸Éμ Ô±¸¶μ´¥´Í¨ ²Ó´μ ¡μ²ÓÏμ¥ ®·μ¦¤¥´¨¥ ¢¸¥²¥´´ÒÌ ¨§ ´¨-
Î¥£μ¯.

� ¡μÉ  ¡Ò²  ¶μ¤¤¥·¦ ´  £· ´Éμ³ �·¥§¨¤¥´É  �” ¤²Ö £μ¸Ê¤ ·¸É¢¥´´μ°
¶μ¤¤¥·¦±¨ ¢¥¤ÊÐ¨Ì ´ ÊÎ´ÒÌ Ï±μ² �˜-6595.2016.2.
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