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‘ ´±É-�¥É¥·¡Ê·£¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, ‘ ´±É-�¥É¥·¡Ê·£, �μ¸¸¨Ö

ŒÒ · ¸¸³ É·¨¢ ¥³ ¢μ§³μ¦´μ¸ÉÓ ·¥Ï¥´¨Ö ¶·μ¡²¥³ ±μ¸³μ²μ£¨¨ Ë ´Éμ³´ÒÌ ¶μ²¥° ¶·¨ ¶μ-
³μÐ¨ PT-¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨. �·¨¡²¨¦¥´¨¥ 	μ·´ Ä�¶¶¥´£¥°³¥·  ¶·¨³¥´Ö¥É¸Ö
± Ê· ¢´¥´¨Õ “¨²¥·  Ä„¥ ‚¨ÉÉ  ¤²Ö ¨§ÊÎ¥´¨Ö ´¥μ¤´μ·μ¤´ÒÌ Ë²Ê±ÉÊ Í¨° ¢¡²¨§¨ μ¤´μ·μ¤´μ£μ ³¨´¨-
¸Ê¶¥·¶·μ¸É· ´¸É¢ . �¢μ²ÕÍ¨Ö ¶·μ¤μ²Ó´ÒÌ ´¥μ¤´μ·μ¤´ÒÌ ³μ¤ ¢ ‚Š	-¢·¥³¥´¨ μ¶¨¸Ò¢ ¥É¸Ö ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ § ¢¨¸ÖÐ¥£μ μÉ ¢·¥³¥´¨ ¶¸¥¢¤μÔ·³¨Éμ¢  ÔËË¥±É¨¢´μ£μ £ ³¨²ÓÉμ´¨ ´ .

We consider the possibility to solve the issues of the phantom ˇeld cosmology by means of the
PT-symmetric quantum theory. The BornÄOppenheimer approximation is applied to the WheelerÄ
DeWitt equation to study the inhomogeneous 
uctuations over the homogeneous minisuperspace. The
evolution of the longitudinal inhomogeneous modes in WKB-time is described using a time-dependent
pseudo-Hermitian effective Hamiltonian.

PACS: 98.80.Qc; 04.60.Ds
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�·¨·μ¤  É¥³´μ° Ô´¥·£¨¨ Ö¢²Ö¥É¸Ö μ¤´μ° ¨§ ¸ ³ÒÌ ¨´É¥·¥¸´ÒÌ ¶·μ¡²¥³ ¸μ¢·¥³¥´´μ°
±μ¸³μ²μ£¨¨. �¤¨´ ¨§ ¢μ§³μ¦´ÒÌ ¢ ·¨ ´Éμ¢ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ μ´  ¶μ·μ¦¤¥´  É ± ´ §Ò¢ -
¥³μ° Ë ´Éμ³´μ° ³ É¥·¨¥°, ¤²Ö ±μÉμ·μ° w = p/ε ´¨¦¥ −1 ¶μ ±· °´¥° ³¥·¥ ´  ´¥±μÉμ·μ°
¸É ¤¨¨ ±μ¸³μ²μ£¨Î¥¸±μ° Ô¢μ²ÕÍ¨¨. � ¶·¨³¥·, ³μ¦´μ · ¸¸³μÉ·¥ÉÓ ¤¢ÊÌ¶μ²¥¢ÊÕ ³μ¤¥²Ó
¸ μ¤´¨³ ¨§ ¸± ²Ö·´ÒÌ ¶μ²¥° ξ, ¨³¥ÕÐ¨Ì ´¥¶· ¢¨²Ó´Ò° §´ ± ±¨´¥É¨Î¥¸±μ£μ Î²¥´  [1],

L =
1
2
∂μφ∂μφ − 1

2
∂μξ∂μξ − V (φ, ξ). (1)

�¤´ ±μ, ¶μ¸±μ²Ó±Ê Ô´¥·£¨Ö ´¥ μ£· ´¨Î¥´  ¸´¨§Ê, ÔÉμ ¶·¨¢μ¤¨É ± ¸¨²Ó´Ò³ ´¥¸É ¡¨²Ó´μ-
¸ÉÖ³,   ±μ¸³μ²μ£¨Î¥¸± Ö Ô¢μ²ÕÍ¨Ö ¢ É ±¨Ì ³μ¤¥²ÖÌ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ § ± ´Î¨¢ ¥É¸Ö ´¥-
μ£· ´¨Î¥´´Ò³ · ¸Ï¨·¥´¨¥³ §  ±μ´¥Î´μ¥ ±μ¸³¨Î¥¸±μ¥ ¢·¥³Ö (É ± ´ §Ò¢ ¥³Ò° 	μ²ÓÏμ°
· §·Ò¢).

‹Õ¡μ¶ÒÉ´μ, ÎÉμ ´¥±μÉμ·Ò¥ ´  ¶¥·¢Ò° ¢§£²Ö¤ ´¥¸É ¡¨²Ó´Ò¥ ¨ ¤ ¦¥ ±μ³¶²¥±¸´Ò¥
±² ¸¸¨Î¥¸±¨¥ £ ³¨²ÓÉμ´¨ ´Ò, μ¡² ¤ ÕÐ¨¥ PT-¸¨³³¥É·¨¥°, ³μ£ÊÉ ¢¸¥ ¦¥ μ¡² ¤ ÉÓ Î¨-
¸Éμ ¢¥Ð¥¸É¢¥´´Ò³ ¶μ²μ¦¨É¥²Ó´Ò³ ¸¶¥±É·μ³ Ô´¥·£¨° [2]. ‘ ³Ò³ ¨§¢¥¸É´Ò³ ¶·¨³¥·μ³
Ö¢²Ö¥É¸Ö

Ĥ = p2 + x2(ix)ε, ĤPT = Ĥ. (2)
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�± §Ò¢ ¥É¸Ö, ÎÉμ ¤²Ö μ¶·¥¤¥²¥´´μ° ´¥¸É ´¤ ·É´μ° ´μ·³Ò (ψ, ψ̃) É ±¨¥ £ ³¨²ÓÉμ´¨ ´Ò
¶·μ¨§¢μ¤ÖÉ Ê´¨É ·´ÊÕ Ô¢μ²ÕÍ¨Õ. �É¨ PT-¸¨³³¥É·¨Î´Ò¥ £ ³¨²ÓÉμ´¨ ´Ò Ö¢²ÖÕÉ¸Ö Î ¸É-
´Ò³ ¸²ÊÎ ¥³ É ± ´ §Ò¢ ¥³ÒÌ ¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ μ¶¥· Éμ·μ¢, ¸¢Ö§ ´´ÒÌ ¸ Ô·³¨Éμ¢Ò³¨ ¸
¶μ³μÐÓÕ ´¥Ê´¨É ·´μ£μ μ¶¥· Éμ·  ¸¶²¥É ´¨Ö η,

Ĥ = η−1ĥη, ĥ = ĥ†, (ψ, ψ̃) = 〈ψ|η†η|ψ̃〉. (3)

’¥³ ´¥ ³¥´¥¥, Ô·³¨Éμ¢  Ëμ·³  μ¡ÒÎ´μ μ± §Ò¢ ¥É¸Ö ±· °´¥ ¸²μ¦´μ°, ¨ ´ ³´μ£μ ¶·μÐ¥
¨§ÊÎ ÉÓ ¶μ¤μ¡´Ò¥ ³μ¤¥²¨ ¢ ´¥Ô·³¨Éμ¢μ° Ëμ·³¥.

‚ [3,4] ¡Ò²μ ¶·¥¤²μ¦¥´μ ¶·¨³¥´¨ÉÓ ¤ ´´ÊÕ ¨¤¥Õ ± ±μ¸³μ²μ£¨¨, § ³¥´¨¢ (1) ±² ¸¸¨-
Î¥¸±¨ Ô±¢¨¢ ²¥´É´μ° ³μ¤¥²ÓÕ ¸ ¶μ²¥³ φ̃ = −iξ.

L =
1
2
∂μφ∂μφ +

1
2
∂μφ̃∂μφ̃ − V (φ, iφ̃). (4)

’μ£¤  ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¶μ²μ¦¨É¥²Ó´ , ´μ ¶μÉ¥´Í¨ ² ±μ³¶²¥±¸´Ò°. —Éμ¡Ò μ¡² ¤ ÉÓ
¢¥Ð¥¸É¢¥´´Ò³¨ ¶²μÉ´μ¸ÉÓÕ Ô´¥·£¨¨ ¨ ¤ ¢²¥´¨¥³, ±² ¸¸¨Î¥¸±μ¥ ·¥Ï¥´¨¥ ¤²Ö φ̃ ¤μ²¦´μ
¡ÒÉÓ Î¨¸Éμ ³´¨³Ò³. ‚ ¶·μÉ¨¢μ¶μ²μ¦´μ¸ÉÓ ÔÉμ³Ê ¢μ§³ÊÐ¥´¨Ö · ¸¸³ É·¨¢ ÕÉ¸Ö ¢¤μ²Ó
¢¥Ð¥¸É¢¥´´μ° μ¸¨ φ̃ = iξclass + δφ. �± §Ò¢ ¥É¸Ö, ÎÉμ É ±¨¥ ¢μ§³ÊÐ¥´¨Ö μ±μ²μ ±² ¸¸¨Î¥-
¸±μ° É· ¥±Éμ·¨¨ μ¡² ¤ ÕÉ ¶μ²μ¦¨É¥²Ó´μ-μ¶·¥¤¥²¥´´Ò³ ÔËË¥±É¨¢´Ò³ £ ³¨²ÓÉμ´¨ ´μ³.
—Éμ¡Ò μÉ²¨Î¨ÉÓ ¶μ¤μ¡´Ò¥ ¶μ²Ö μÉ μ¡ÒÎ´ÒÌ Ë ´Éμ³μ¢, ³Ò ¢¢μ¤¨³ ´μ¢μ¥ ´ §¢ ´¨¥ Å
�’μ³. �¥ ²¨§ Í¨Ö ÔÉμ° ¨¤¥¨ ¢ ¶μ²´μ° ±¢ ´Éμ¢μ° ³μ¤¥²¨, μ£· ´¨Î¥´´μ° μ¤´μ·μ¤´Ò³
³¨´¨-¸Ê¶¥·¶·μ¸É· ´¸É¢μ³, ¡Ò²  · ¸¸³μÉ·¥´  ¢ [5]. ‚ ÔÉμ° ´¥¡μ²ÓÏμ° · ¡μÉ¥ ³Ò ±· É±μ
¨§²μ¦¨³, ± ± ¤ ´´Ò° ¶μ¤Ìμ¤ ³μ¦¥É · ¡μÉ ÉÓ ¤²Ö ¶·μ¤μ²Ó´ÒÌ ´¥μ¤´μ·μ¤´ÒÌ ³μ¤.

1. Œ�„…‹œ Š‚ˆ�’�‘‘…�–ˆˆ ˆ ”��’�Œ��ƒ� ��‹Ÿ

„²Ö ¸μ£² ¸¨Ö ¸ ´ ¡²Õ¤¥´¨Ö³¨ ´¥μ¡Ìμ¤¨³Ò ¸μ¢³¥¸É´μ ¤¢  ¸± ²Ö·´ÒÌ ¶μ²Ö: ±¢¨´ÉÔ¸-
¸¥´Í¨Ö ¨ �’μ³. � ¸¸³μÉ·¨³ ¸²¥¤ÊÕÐÊÕ ³μ¤¥²Ó [5]:

S =
∫

d4x
√
−g

(
− 1

2κ2
R +

1
2
MΦΦ ∂μΦ ∂μΦ +

1
2
MΦ̃Φ̃ ∂μΦ̃ ∂μΦ̃ +

+ iMΦΦ̃ ∂μΦ ∂μΦ̃ − V (Φ, Φ̃)
)

, (5)

£¤¥ κ2 = 8πG = M−2
Pl . ŒÒ ¶μ² £ ¥³ ¢¸¥ ¶ · ³¥É·Ò ¢¥Ð¥¸É¢¥´´Ò³¨ ¨ ¸Î¨É ¥³, ÎÉμ

(V (Φ,−Φ̃))∗ = V (Φ, Φ̃) ¤²Ö ¸μÌ· ´¥´¨Ö ¸¨³³¥É·¨¨

PT : t �→ −t, i �→ −i, Φ �→ Φ, Φ̃ �→ −Φ̃. (6)

‚ ±¢ ¤· É¨Î´μ³ ¶μ·Ö¤±¥ ¶μ¶¥·¥Î´Ò¥ (3-³¥·´Ò¥ É¥´§μ·´Ò¥ ¨ ¢¥±Éμ·´Ò¥) ³μ¤Ò μÉ-
Ð¥¶²ÖÕÉ¸Ö μÉ ¶·μ¤μ²Ó´ÒÌ (3-³¥·´ÒÌ ¸± ²Ö·´ÒÌ.) ‚ ÔÉμ° · ¡μÉ¥ ³Ò μ£· ´¨Î¨³¸Ö · ¸-
¸³μÉ·¥´¨¥³ Éμ²Ó±μ ¶·μ¤μ²Ó´μ£μ ´¥μ¤´μ·μ¤´μ£μ ¸¥±Éμ· . � ¸¸³μÉ·¨³ ¸²¥¤ÊÕÐ¨°  ´§ Í
¤²Ö ³¥É·¨± ¨ ¶μ²¥°:

ds2 = (N2(t) + s(t, x)) dt2 + 2(∂kv(t, x)) dt dxk−

− e2ρ(δij + h(t, x)δij + ∂i∂jE(t, x)) dxi dxj , (7)
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Φ(t,x) = Φ(t) + φ(t,x), Φ̃ = Φ̃(t) + φ̃(t,x). (8)

�¥·¥³¥´´Ò¥ {QA} ≡ {N, ρ, Φ, Φ̃} Ö¢²ÖÕÉ¸Ö ±μμ·¤¨´ É ³¨ μ£· ´¨Î¥´´μ£μ ³¨´¨-¸Ê¶¥·-
¶·μ¸É· ´¸É¢ , ¢ Éμ ¢·¥³Ö ± ± {χa} ≡ {s, v, h, E, φ, φ̃} ¸Î¨É ÕÉ¸Ö ³ ²Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨.
� ²μ¦¨³ ¸²¥¤ÊÕÐÊÕ Î ¸É¨Î´ÊÕ ± ²¨¡·μ¢±Ê:

h = E = 0. (9)

„ ²¥¥ ³Ò ¶·μ¨§¢μ¤¨³ ˆŠ-·¥£Ê²Ö·¨§ Í¨Õ ´  ±μ´¥Î´Ò° μ¡Ñ¥³ V . � §²μ¦¨³ μ¸É ¢Ï¨-
¥¸Ö ¶¥·¥³¥´´Ò¥ Ë²Ê±ÉÊ Í¨° ¢ ¸Ê¶¥·¶μ§¨Í¨Õ μ·Éμ´μ·³¨·μ¢ ´´ÒÌ ¸μ¡¸É¢¥´´ÒÌ ËÊ´±Í¨°
μ¶¥· Éμ·  ‹ ¶² ¸ , ¤¥°¸É¢ÊÕÐ¥£μ ´  ·¥£Ê²Ö·¨§μ¢ ´´μ³ ¶·μ¸É· ´¸É¢¥,

χa(t,x) =
∑

n

χ(n)
a (t)fn(x), −Δfn(x) = Ω2

nfn(x),
∫
V

d3xfn(x)fm(x) = δnm. (10)

�¥·¥³¥´´Ò¥ N , v ¨ s Ö¢²ÖÕÉ¸Ö ´¥¤¨´ ³¨Î¥¸±¨³¨ ¨ ¶μ·μ¦¤ ÕÉ ¸¢Ö§¨. Š ± μ¡ÒÎ´μ ¢
μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨, μ¤´  ¨§ ¸¢Ö§¥° Å ÔÉμ £ ³¨²ÓÉμ´¨ ´, ±μÉμ·Ò° ¸ ÉμÎ´μ¸ÉÓÕ
¤μ ±¢ ¤· É¨Î´μ£μ ¶μ·Ö¤±  ¶μ Ë²Ê±ÉÊ Í¨Ö³ ¶·¨´¨³ ¥É ¢¨¤

H = VH0 +
∑

n

H
(n)
2 � 0, (11)

H0 = − κ2

12V2
p2

ρ +
MΦ̃Φ̃

2V2D p2
Φ +

MΦΦ

2V2D p̃2
Φ − i

MΦΦ̃

V2D pΦp̃Φ + V (Φ, Φ̃),

D = MΦΦMΦ̃Φ̃ + M2
ΦΦ̃

,

(12)

H2 =
MΦ̃Φ̃

2VD (p(n)
φ )2 +

MΦΦ

2VD (p̃(n)
φ )2 − i

MΦΦ̃

VD p
(n)
φ p̃

(n)
φ +

κ2

48V2
s2p2

ρ +

+
s

2

[
MΦ̃Φ̃

VD pΦp
(n)
φ +

MΦΦ

VD p̃Φp̃
(n)
φ − i

MΦΦ̃

VD (pΦp̃φ + pφp̃Φ) + e6ρ ∂V

∂Φ
φ(n) + e6ρ ∂V

∂Φ̃
φ̃(n)

]
+

+
e6ρ

2
∂2V

∂Φ2
(φ(n))2 +

e6ρ

2
∂2V

∂Φ̃2
(φ̃(n))2 + e6ρ ∂2V

∂Φ∂Φ̃
φ(n)φ̃(n). (13)

‚ ¤μ¶μ²´¥´¨¥ ¸²¥¤ÊÕÐ¨¥ ¸¢Ö§¨ ¤μ²¦´Ò ¢Ò¶μ²´ÖÉÓ¸Ö ¤²Ö ± ¦¤μ° ´¥μ¤´μ·μ¤´μ° ³μ¤Ò:

H(n)
s =

κ2

12V2
sp2

ρ +
MΦ̃Φ̃

VD pΦp
(n)
φ +

MΦΦ

VD p̃Φp̃
(n)
φ − i

MΦΦ̃

VD (pΦp̃φ + pφp̃Φ)+

+ e6ρ ∂V

∂Φ
φ(n) + e6ρ ∂V

∂Φ̃
φ̃(n) � 0, (14)

H(n)
v =

s

6
pρ +

MΦ̃Φ̃

D pΦφ(n) +
MΦΦ

D p̃Φφ̃(n) − i
MΦΦ̃

D (pΦφ̃ + φp̃Φ) � 0. (15)

‘¢Ö§¨ H(n)
s ¨ H(n)

v μÉ¢¥Î ÕÉ ´¥μ¤´μ·μ¤´Ò³ £ ³¨²ÓÉμ´μ¢Ò³ ¨ ¨³¶Ê²Ó¸´Ò³ ¸¢Ö§Ö³ �„Œ-
Ëμ·³ ²¨§³  ¸μμÉ¢¥É¸É¢¥´´μ.
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2. Š‚��’�‚�Ÿ ’…��ˆŸ ”‹“Š’“�–ˆ‰

’¥¶¥·Ó ¶·μ¨§¢μ¤¨³ ¤¨· ±μ¢¸±μ¥ ±¢ ´Éμ¢ ´¨¥ ¸¨¸É¥³Ò ¸¢Ö§¥°, ¶μ²ÊÎ¥´´μ° ¢ÒÏ¥.
ˆ³¥¥³ ¸¨¸É¥³Ê Ê· ¢´¥´¨° “¨²¥·  Ä „¥ ‚¨ÉÉ  (“„‚) ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:(

VĤ0 +
∑

n

Ĥ
(n)
2

)
Ψ({QA}, {χa}

)
= 0, (16)

Ĥ(n)Ψ({QA}, {χa}
)

= 0, ˆ̃H(n)Ψ({QA}, {χa}
)

= 0. (17)

„ ²¥¥ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·¨¡²¨¦¥´¨¥ 	μ·´ Ä�¶¶¥´£¥°³¥·  [6Ä13] ¨ · §¤¥²Ö¥³ ¶¥·¥³¥´´Ò¥
Ë²Ê±ÉÊ Í¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · §²¨Î´Ò³ ´¥μ¤´μ·μ¤´Ò³ ³μ¤ ³,

Ψ({QA}, {χa}
)
� Ψ0({QA})

∏
n

Ψ(n)
2 ({QA}, {χ(n)

a }). (18)

� §² £ Ö Ê· ¢´¥´¨Ö “„‚ ¶μ · §²¨Î´Ò³ ¶μ·Ö¤± ³ κ3/V , ¸´ Î ²  ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ “„‚
´  μ£· ´¨Î¥´´μ³ ³¨´¨-¸Ê¶¥·¶·μ¸É· ´¸É¢¥,

Ĥ0Ψ0 =
(

κ2

12V2
∂2

ρ − MΦ̃Φ̃

2V2D∂2
Φ − MΦΦ

2V2D∂2
Φ̃

+ i
MΦΦ̃

V2D ∂Φ∂Φ̃ + V (Φ, Φ̃)
)

Ψ0 = 0. (19)

�¡· Ð ¥É ¢´¨³ ´¨¥ ÉμÉ Ë ±É, ÎÉμ ¶·¥¤¥² ¡μ²ÓÏμ£μ μ¡Ñ¥³  V/κ3 → ∞ ¨£· ¥É ·μ²Ó ±¢ -
§¨±² ¸¸¨Î¥¸±μ£μ ¶·¥¤¥² . �·¥¤¶μ² £ Ö, ÎÉμ · ¸¸³ É·¨¢ ¥³ ±¢ §¨±² ¸¸¨Î¥¸±¨° ¢μ²´μ¢μ°
¶ ±¥É ¢¤ ²¨ μÉ ÉμÎ¥± ¶μ¢μ·μÉ , ³Ò ³μ¦¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ‚Š	-¶·¨¡²¨¦¥´¨¥ ¤²Ö ³¨´¨-
¸Ê¶¥·¶·μ¸É· ´¸É¢¥´´μ° Î ¸É¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨,

Ψ0({QA}) = ψ0({QA}) exp (iVS({QA})). (20)

ŒÒ ¶·¥´¥¡·¥£ ¥³ μ¡· É´Ò³ ¢²¨Ö´¨¥³ ´  Ëμ´, ¶μ² £ Ö Ĥ0Ψ
(n)
2 = 0. ’μ£¤  ¤²Ö Ë²Ê±-

ÉÊ Í¨μ´´μ° Î ¸É¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¶μ²ÊÎ ¥³,

Ĥ(n)Ψ(n)
2 = 0, ˆ̃H(n)Ψ(n)

2 = 0,
i

V ∂τΨ(n)
2 = Ĥ

(n)
2 Ψ(n)

2 , (21)

£¤¥ ∂τ Å ÔÉμ ¶·μ¨§¢μ¤´ Ö ¶μ É ± ´ §Ò¢ ¥³μ³Ê ‚Š	-¢·¥³¥´¨, ´ ¶· ¢²¥´´ Ö ¢¤μ²Ó ±² ¸-
¸¨Î¥¸±μ° É· ¥±Éμ·¨¨ [6],

1
V ∂τ = GAB(∂AS)∂B, (22)

¶·¨Î¥³ GAB Å ³¥É·¨±  ¢ ³¨´¨-¸Ê¶¥·¶·μ¸É· ´¸É¢¥ {QA},

GABXAYB ≡ κ2

12
∂2

ρ − MΦ̃Φ̃

2D XΦYΦ − MΦΦ

2D XΦ̃YΦ̃ + i
MΦΦ̃

2D (XΦYΦ̃ + XΦ̃YΦ). (23)

Š¢ ¤· É¨Î´Ò° Î²¥´ H
(n)
2 ³μ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·μ¢ ´ ± ± ÔËË¥±É¨¢´Ò° £ ³¨²Ó-

Éμ´¨ ´, ¶μ·μ¦¤ ÕÐ¨° Ô¢μ²ÕÍ¨Õ Ë²Ê±ÉÊ Í¨μ´´μ° Î ¸É¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢¤μ²Ó ¸¥-
³¥°¸É¢  ±² ¸¸¨Î¥¸±¨Ì É· ¥±Éμ·¨°, μ¶·¥¤¥²Ö¥³μ£μ ‚Š	-¤¥°¸É¢¨¥³ S. ŒÒ ³μ¦¥³ É¥¶¥·Ó
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¶μ¶·μ¡μ¢ ÉÓ · ¸¸³μÉ·¥ÉÓ ¥£μ ± ± § ¢¨¸ÖÐ¨° μÉ ¢·¥³¥´¨ ¶¸¥¢¤μÔ·³¨Éμ¢ £ ³¨²ÓÉμ´¨ ´,
μ¡μ¡Ð¨¢ (3), ± ± ÔÉμ ¤¥² ¥É¸Ö ¢ [14],

Ĥ
(n)
2 = (ηn({QA}))−1ĥ(n)({QA})ηn({QA}) − i(ηn({QA}))−1∂τ (ηn({QA})), (24)

£¤¥ ± ± ĥ(n), É ± ¨ ηn Å Ô·³¨Éμ¢Ò μ¶¥· Éμ·Ò. ‡ ³¥É¨³, ÎÉμ ¨§-§  ¢Éμ·μ£μ ¸² £ ¥³μ£μ ¢
§ ¢¨¸ÖÐ¥³ μÉ ¢·¥³¥´¨ ¸²ÊÎ ¥ ¶μ²ÊÎ ÕÐ¨°¸Ö ´¥Ô·³¨Éμ¢ £ ³¨²ÓÉμ´¨ ´ ³μ¦¥É ¢ ¤¥°¸É¢¨-
É¥²Ó´μ¸É¨ ´¥ ¡ÒÉÓ ´ ¡²Õ¤ ¥³μ° ¨ μ¡² ¤ ÉÓ ±μ³¶²¥±¸´Ò³¨ ¸μ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨, ´μ
¢¸¥ ¦¥ μ¶¨¸Ò¢ ÉÓ ´¥±μÉμ·ÊÕ Ê´¨É ·´ÊÕ Ô¢μ²ÕÍ¨Õ ¶μ μÉ´μÏ¥´¨¨ ± ´μ·³¥ 〈ψ|η†η|φ〉.

� ¸¸³μÉ·¨³ É¥¶¥·Ó ±μ´±·¥É´Ò° ¶μÉ¥´Í¨ ² ¨ ³ É·¨ÍÊ ±¨´¥É¨Î¥¸±μ£μ Î²¥´ , ±μÉμ·Ò¥
¤μ¶Ê¸± ÕÉ ÉμÎ´Ò¥ ±² ¸¸¨Î¥¸±¨¥ ¨ ±¢ ´Éμ¢Ò¥ μ¤´μ·μ¤´Ò¥ ·¥Ï¥´¨Ö [5,15]:

V (Φ, Φ̃) = V eΦ − Ṽ eiΦ̃,
MΦΦ̃

D = 6κ2, D =
MΦ̃Φ̃

D − 6κ2, D̃ =
MΦΦ

D + 6κ2. (25)

‚ ¶·¥¤¥²¥ ¸² ¡μ° £· ¢¨É Í¨¨ κ → 0 ¶μ¸²¥ ·¥Ï¥´¨Ö ¸¢Ö§¨ H(n)
s ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉμ-

´¨ ´ ¸ÊÐ¥¸É¢¥´´μ Ê¶·μÐ ¥É¸Ö ¸ · ¸Ð¥¶²¥´¨¥³ ¶¥·¥³¥´´ÒÌ φ ¨ φ̃,

Ĥ
(n)
2 = Ĥ

(n)
φ,2 + Ĥ

(n)

φ̃,2
+ O(κ), (26)

Ĥ
(n)
φ,2 =

D

2
(p(n)

φ )2 +
V

2
e6ρ+Φ(φ(n))2, Ĥ

(n)

φ̃,2
=

D̃

2
(p̃(n)

φ )2 +
Ṽ

2
e6ρ+iΦ̃(φ̃(n))2. (27)

�μ¸±μ²Ó±Ê ³Ò ¸Î¨É ¥³ Φ ¨ φ μ¡ÒÎ´Ò³¨ Ô·³¨Éμ¢Ò³¨ ¶μ²Ö³¨, Ĥ
(n)
φ,2 Ö¢²Ö¥É¸Ö Ö¢´μ Ô·³¨-

Éμ¢Ò³,   ηn ¤μ²¦¥´ ¡ÒÉÓ ´¥É·¨¢¨ ²Ó´Ò³ Éμ²Ó±μ ¶μ μÉ´μÏ¥´¨Õ ± ¸¥±Éμ·Ê φ̃. �¸É ¢Ï Ö¸Ö
Î ¸ÉÓ Ĥφ̃,2 Ö¢²Ö¥É¸Ö § ¢¨¸ÖÐ¨³ μÉ ¢·¥³¥´¨ ´¥Ô·³¨Éμ¢Ò³ μ¸Í¨²²ÖÉμ·μ³ (¨²¨, ¢ ¡μ²¥¥
μ¡Ð¥³ ¸³Ò¸²¥, £ ³¨²ÓÉμ´¨ ´μ³ ‘¢μ´¸μ´ ), ¸Ìμ¦¨³ ¸ § ¤ Î¥°, · ¸¸³μÉ·¥´´μ° ¢ [16,17].
‚³¥¸Éμ Éμ£μ ÎÉμ¡Ò  ¶¥²²¨·μ¢ ÉÓ ± ¨Ì · ¡μÉ ³, ³Ò ¶·¥¤² £ ¥³ ´¥¸±μ²Ó±μ ¨´μ° ¶μ¤Ìμ¤.
ŒÒ ´ Î¨´ ¥³, § ³¥É¨¢, ÎÉμ ¤²Ö Î¨¸Éμ ³´¨³μ£μ ·¥Ï¥´¨Ö Φ̃ = iξclass ÔÉμ ¶·μ¸Éμ Ô·³¨Éμ¢
μ¸Í¨²²ÖÉμ· ¸ § ¢¨¸ÖÐ¥° μÉ ¢·¥³¥´¨ Î ¸ÉμÉμ°. ‡ É¥³ · §² £ ¥³ Φ̃ � iξclass + δΦ̃ ¨ ¨Ð¥³
·¥Ï¥´¨¥ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥;

ĥ
(n)

φ̃
= Ĥ

(n)

2,φ̃

∣∣∣
Φ̃=iξ0

, ηn ≡ eXn = exp
[
αn(δΦ̃)p2

φ̃
+ βn(δΦ̃)φ̃2 + γn(δΦ̃)(p̃φφ̃ + φ̃p̃φ)

]
. (28)

—Éμ¡Ò ¸μ¸Î¨É ÉÓ Ĥ
(n)

2,φ̃
, ³Ò § ³¥Î ¥³, ÎÉμ μ¶¥· Éμ·Ò {p2

φ̃
, φ̃2, p̃φφ̃+ φ̃p̃φ} μ¡· §ÊÕÉ ±μ´¥Î-

´ÊÕ  ²£¥¡·Ê A. ’μ£¤  ³μ¦¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö μ¶¥· Éμ·´ÒÌ
Ô±¸¶μ´¥´É [18]:

e−Xn ĥ
(n)

φ̃
eXn = e−adXn ĥ

(n)

φ̃
, e−Xn∂τ (eXn) =

1 − e−adXn

adXn

∂τXn, (29)

£¤¥ ¶·¨¸μ¥¤¨´¥´´Ò° μ¶¥· Éμ· adXY ≡ [X, Y ] ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ±μ´¥Î´μ³¥·´μ°
³ É·¨Í¥°, ¤¥°¸É¢ÊÕÐ¥° ´   ²£¥¡·¥ A.

—Éμ¡Ò Ê¶·μ¸É¨ÉÓ § ¤ ÎÊ, ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ¸ ÉμÎ±¨ §·¥´¨Ö ¢¥·μÖÉ´μ¸É´μ° ³¥·Ò ´ 
³¨´¨-¸Ê¶¥·¶·μ¸É· ´¸É¢¥ (±μÉμ· Ö Ö¢²Ö¥É¸Ö ¢μ¶·μ¸μ³ §  · ³± ³¨ ¤ ´´μ° · ¡μÉÒ) Ψ0 Å
ÔÉμ ¢μ²´μ¢μ° ¶ ±¥É, ¸ÊÐ¥¸É¢¥´´μ ¸±μ´Í¥´É·¨·μ¢ ´´Ò° μ±μ²μ Φ̃ = iξclass. ’μ£¤  δΦ̃,
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αn, βn ¨ γn ³μ£ÊÉ ¡ÒÉÓ · ¸¸³μÉ·¥´Ò ± ± ³ ²Ò¥ ¶ · ³¥É·Ò. ˆ§ ¸²¥¤ÊÕÐ¥£μ §  £² ¢-
´Ò³ ¶μ·Ö¤±  · §²μ¦¥´¨Ö (24) ³Ò ¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê μ¡Ò±´μ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
Ê· ¢´¥´¨°:

∂ταn = 2γnD̃, ∂τγn = 2βD̃ − 2αṼ e6ρ−ξclass ,

∂τβn =
Ṽ

2
e6ρ−ξclassδΦ̃ − 4γnṼ e6ρ−ξclass .

(30)

�¥Ï¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò Î¨¸²¥´´μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÉμÎ´ÒÌ ±² ¸¸¨Î¥¸±¨Ì ·¥Ï¥´¨°
ξclass, ¶μ²ÊÎ¥´´ÒÌ [5].

�μ·³  Ë²Ê±ÉÊ Í¨μ´´μ° Î ¸É¨, ¸μÌ· ´ÖÕÐ Ö¸Ö ¢ ‚Š	-¢·¥³¥´¨, ¸É·μ¨É¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

(Ψ2|Ψ̃2){QA} = 〈Ψ2|η†η|Ψ̃2〉{QA}, (31)

〈Ψ2|Ψ̃2〉{QA} =
∏
n

⎛
⎝ ∫

R2

dφn dφ̃n

⎞
⎠ Ψ∗

2({QA}, {χ(n)
a })Ψ̃2({QA}, {χ(n)

a }). (32)

‘²ÊÎ ° Ï¨·μ±μ£μ ¢μ²´μ¢μ£μ ¶ ±¥É  ¨ ¸²¥¤¸É¢¨Ö ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö § ¤ Î¨
¶μ¸É·μ¥´¨Ö ¶μ²´μ° ¢¥·μÖÉ´μ¸É´μ° ³¥·Ò ¡Ê¤ÊÉ · ¸¸³μÉ·¥´Ò ¢ ¡Ê¤ÊÐ¥° · ¡μÉ¥.

�² £μ¤ ·´μ¸É¨. � ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ £· ´Éμ³ �””ˆ,
¶·μ¥±É 16-02-00348,   É ±¦¥ £· ´Éμ³ ‘�¡ƒ“ 11.41449.2017. �¢Éμ· ¡² £μ¤ ·¥´ �.�.�´-
¤·¨ ´μ¢Ê, —¥´Ó ‹ ´Õ, �. ‚. ƒμ²μ¢´¥¢Ê ¨ ‹.� ·¨§¨ §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö.
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