
”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��
2010. ’. 41. ‚›�. 7

Šˆ�…’ˆ—…‘Šˆ… “��‚�…�ˆŸ ‚ ’…��ˆˆ
��‹Ÿ���� ‚ ‘‹“—�… ���‘’���‘’‚…���‰

�…�„����„��‘’ˆ
�.�. �μ£μ²Õ¡μ¢ (³².)1, ∗, �. �. Š § ·Ö´2, ∗∗

1Œ É¥³ É¨Î¥¸±¨° ¨´¸É¨ÉÊÉ ¨³. ‚. �. ‘É¥±²μ¢  ���, Œμ¸±¢ 
2Œμ¸±μ¢¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ¨³. Œ. ‚. ‹μ³μ´μ¸μ¢ , Œμ¸±¢ 

�μ¸É·μ¥´¨¥ ±¨´¥É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¤²Ö ¤¨´ ³¨Î¥¸±μ° ¸¨¸É¥³Ò, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸ ¡μ-
§μ´´Ò³ ¶μ²¥³, ¢ ¸²ÊÎ ¥ ¶·μ¸É· ´¸É¢¥´´μ° ´¥μ¤´μ·μ¤´μ¸É¨ μ¸´μ¢ ´μ ´  ³¥Éμ¤¥, ¶·¥¤¸É ¢²¥´´μ³
¢ [1Ä3]. ‚ ´ ¸ÉμÖÐ¥° ¸É ÉÓ¥ ¶μ± § ´μ, ÎÉμ ¶μ¤Ìμ¤Ò, · ¸¸³μÉ·¥´´Ò¥ ¢ [1, 2], ³μ£ÊÉ ¡ÒÉÓ μ¡μ¡Ð¥´Ò
¤²Ö ¸²ÊÎ Ö ¶·μ¸É· ´¸É¢¥´´μ° ´¥μ¤´μ·μ¤´μ¸É¨. �·μ¨§¢μ²Ó´ Ö μ¶¥· Éμ·´ Ö ËÊ´±Í¨Ö, § ¢¨¸ÖÐ Ö
μÉ ¨³¶Ê²Ó¸  ¨ ¶·μ¸É· ´¸É¢¥´´μ° ¶¥·¥³¥´´μ°, ¶·¨³¥´Ö¥É¸Ö ¤²Ö ¢Ò¢μ¤  ±¨´¥É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö.
� ¸¸³ É·¨¢ ¥É¸Ö ³¥Éμ¤ ¨§ÊÎ¥´¨Ö Ô²¥±É·μ´-Ëμ´μ´´μ° ¸¨¸É¥³Ò ¸ ¶μ³μÐÓÕ ¨¸±²ÕÎ¥´¨Ö ¡μ§μ´´ÒÌ
μ¶¥· Éμ·μ¢ ¨§ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¶¥· Éμ·´ÒÌ Ê· ¢´¥´¨°. ‚ Î ¸É´μ¸É¨, ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´ 
¸ ¡μ§μ´´Ò³ ¶μ²¥³ μ¶¨¸Ò¢ ¥É¸Ö ¸ ¶μ³μÐÓÕ ±¨´¥É¨Î¥¸±μ£μ Ê· ¢´¥´¨Ö ¤²Ö ¶μ²Ö·μ´  ¢ ¸²ÊÎ ¥
¶·μ¸É· ´¸É¢¥´´μ° ´¥μ¤´μ·μ¤´μ¸É¨. ‚ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ ¶·¥¤¥²¥ ¨§ ÔÉμ£μ Ê· ¢´¥´¨Ö ¶μ²ÊÎ ¥É¸Ö
Ê· ¢´¥´¨¥ 	μ²ÓÍ³ ´  ¤²Ö ¶μ²Ö·μ´ .

PACS: 71.38.-k; 74.20.Mn

‚‚…„…�ˆ…

� ¸¸³μÉ·¨³ ¤¨´ ³¨Î¥¸±ÊÕ ¸¨¸É¥³Ê S, ¢§ ¨³μ¤¥°¸É¢ÊÕÐÊÕ ¸ Ëμ´μ´´Ò³
¶μ²¥³ Σ. �¡μ§´ Î¨³ Î¥·¥§ XS ¸μ¢μ±Ê¶´μ¸ÉÓ  ·£Ê³¥´Éμ¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°
¤²Ö μ¤´μ° ¨§μ²¨·μ¢ ´´μ° ¸¨¸É¥³Ò S ¨  ´ ²μ£¨Î´Ò³ μ¡· §μ³ μ¡μ§´ Î¨³ Î¥·¥§
XΣ = (. . . nk . . .) ¸μ¢μ±Ê¶´μ¸ÉÓ Î¨¸¥² § ¶μ²´¥´¨Ö ¶μ²Ö Σ. ’μ£¤  ¤¨´ ³¨Î¥-
¸±¨¥ ¸μ¸ÉμÖ´¨Ö ¸¨¸É¥³Ò (S, Σ) ³μ¦´μ Ì · ±É¥·¨§μ¢ ÉÓ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨
É¨¶ 

Ψ = Ψ(XS , XΣ). (1)

“¸²μ¢¨³¸Ö μ¡μ§´ Î ÉÓ ¸¨³¢μ² ³¨ ¢¨¤ 

F (t, S), f(S) (2)

∗E-mail: nikolai bogolubov@hotmail.com
∗∗E-mail: 12rtu@mail.ru
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μ¶¥· Éμ·Ò, ¢μμ¡Ð¥ £μ¢μ·Ö, Ö¢´μ § ¢¨¸ÖÐ¨¥ μÉ ¢·¥³¥´¨ t, ¤¥°¸É¢ÊÕÐ¨¥ ´ 
Ψ(XS , XΣ) Éμ²Ó±μ ± ± ËÊ´±Í¨¨ μÉ XS . ‘¨³¢μ² ³¨ ¢¨¤ 

G(t, Σ), g(Σ) (3)

¡Ê¤¥³ μ¡μ§´ Î ÉÓ μ¶¥· Éμ·Ò, ¤¥°¸É¢ÊÕÐ¨¥ ´  Ψ ± ± ËÊ´±Í¨¨ μÉ (XΣ).
’ ±¨³¨ μ¶¥· Éμ· ³¨ Ö¢²ÖÕÉ¸Ö, ´ ¶·¨³¥·, ¡μ§¥- ³¶²¨ÉÊ¤Ò . . . bk . . . b+

k . . .
‘ÊÐ¥¸É¢¥´´μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¶μ¸±μ²Ó±Ê F (t, S), G(t, S) ¤¥°¸É¢ÊÕÉ ´  · §-
²¨Î´Ò¥ ¶¥·¥³¥´´Ò¥ ¢ ¢μ²´μ¢μ° ËÊ´±Í¨¨, μ´¨ ±μ³³ÊÉ¨·ÊÕÉ ³¥¦¤Ê ¸μ¡μ°. ‚
Î ¸É´μ¸É¨, F (t, S) ±μ³³ÊÉ¨·Ê¥É ¸μ ¢¸¥³¨ bk(t) ¨ b+

k (t). �·¨³¥·μ³ μ¶¥· Éμ· 
É¨¶  (3) ³μ¦¥É ¸²Ê¦¨ÉÓ ¨ ¸μ¡¸É¢¥´´Ò° £ ³¨²ÓÉμ´¨ ´ Ëμ´μ´´μ£μ ¶μ²Ö

H(Σ) =
∑

(k)
�ω(k)b+

k (t)bk(t), ω(k) > 0. (4)

‘¨³¢μ² ³¨ É¨¶  U(t, S, Σ) ¡Ê¤¥³ μ¡μ§´ Î ÉÓ μ¶¥· Éμ·Ò, ¤¥°¸É¢ÊÕÐ¨¥
± ± ´  ¶¥·¥³¥´´Ò¥ XS , É ± ¨ ´  ¶¥·¥³¥´´Ò¥ XΣ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°
Ψ(XS , XΣ). �μ¤Î¥·±´¥³, ÎÉμ · ¸¸³ É·¨¢ ¥³Ò¥ ¸¥°Î ¸ μ¶¥· Éμ·Ò ¸μμÉ¢¥É-
¸É¢ÊÕÉ μ¡ÒÎ´μ³Ê Ï·¥¤¨´£¥·μ¢¸±μ³Ê ¶·¥¤¸É ¢²¥´¨Õ ¤¨´ ³¨Î¥¸±¨Ì ¢¥²¨Î¨´.
‚μ§Ó³¥³ ¸²ÊÎ °, ±μ£¤  ¢ ¶·¨´ÖÉÒÌ μ¡μ§´ Î¥´¨ÖÌ ¶μ²´Ò° £ ³¨²ÓÉμ´¨ ´ ¸¨-
¸É¥³Ò (S, Σ) ¨³¥¥É ¢¨¤

Ht = H(t, S, Σ) = Γ(t, S)+
∑

(k)
[Ck(t, S)bk(t)+C+

k (t, S)b+
k (t)]+H(Σ), (5)

£¤¥ Γ(t, S) Å ¸μ¡¸É¢¥´´Ò° £ ³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò S,   ¸²¥¤ÊÕÐ¨° Î²¥´ ¢ (5)
¸ ¸Ê³³μ° ¶μ k Å £ ³¨²ÓÉμ´¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸¨¸É¥³ S ¨ Σ. � ¸¸³μÉ·¨³
¤¢  ¶·¨³¥·  ¶μ¤μ¡´ÒÌ ¸¨¸É¥³.

1. ’…��ˆŸ ��‹Ÿ����

�·μ¸É¥°Ï Ö ³μ¤¥²Ó ¶μ²Ö·μ´  μ¶¨¸Ò¢ ¥É ¤¢¨¦¥´¨¥ Ô²¥±É·μ´  ¢ ¨μ´´μ³
±·¨¸É ²²¥. ‘¨¸É¥³  S ¸μ¸Éμ¨É ¨§ μ¤´μ£μ Ô²¥±É·μ´ , ´ Ìμ¤ÖÐ¥£μ¸Ö ¢μ ¢´¥Ï´¥³
Ô²¥±É·¨Î¥¸±μ³ ¶μ²¥ ε:

Γ(t, S) =
p2

2m
+ eεtE(t)r,

E(t) = −eεt, (6)

Ck(t, S) =
eεt

V 1/2
L̃(k)

(
�

2ω(k)

)1/2

eikr,

£¤¥ e Å § ·Ö¤ Ô²¥±É·μ´ ,
L̃∗(k) = L̃(k),
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r, p Å ¶μ²μ¦¥´¨¥ ¨ ¨³¶Ê²Ó¸ Ô²¥±É·μ´ , L̃(k), ω(k) Å · ¤¨ ²Ó´μ-¸¨³³¥É·¨Î-
´Ò¥ ËÊ´±Í¨¨ ¢μ²´μ¢μ£μ ¢¥±Éμ·  k. ‘Ê³³¨·μ¢ ´¨¥ ¶μ k ¶·μ¢μ¤¨É¸Ö ¶μ μ¡ÒÎ-
´μ³Ê ±¢ §¨¤¨¸±·¥É´μ³Ê ¸¶¥±É·Ê:

k =
(

2πn1

L
,
2πn2

L
,
2πn3

L

)
,

£¤¥ L3 = V , n1, n2, n3 Å Í¥²Ò¥ Î¨¸² ; Ë ±Éμ· eεt (ε > 0), ± ± μ¡ÒÎ´μ,
¢¢μ¤¨É¸Ö ¤²Ö ·¥ ²¨§ Í¨¨ ¶·¥¤¸É ¢²¥´¨Ö μ¡  ¤¨ ¡ É¨Î¥¸±μ³ ¢±²ÕÎ¥´¨¨ ¢§ ¨-
³μ¤¥°¸É¢¨Ö. ‡ ³¥É¨³, ´ ±μ´¥Í, ÎÉμ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¢³¥¸Éμ ¢Ò· ¦¥´¨Ö p2/2m
´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¡μ²¥¥ μ¡ÐÊÕ Ëμ·³Ê Ô´¥·£¨¨ Ô²¥±É·μ´  T (p). ’μ£¤ 
¢³¥¸Éμ (6) ¡Ê¤¥³ ¨³¥ÉÓ

Γ(t, S) = T (p) + eεtE(t)r. (7)

2. ”…�Œˆ����Ÿ ‘ˆ‘’…Œ�

‘¨¸É¥³  S Ö¢²Ö¥É¸Ö ¸¨¸É¥³μ° ¸¢μ¡μ¤´ÒÌ Ë¥·³¨μ´μ¢, Ì · ±É¥·¨§Ê¥³ÒÌ
Ë¥·³¨- ³¶²¨ÉÊ¤ ³¨ a+

f , af , ¶·¨Î¥³

Γ(t, S) =
∑
(f)

Λ(f)a+
f af , Ck(t, S) =

eεt

V 1/2
L̄k

∑
(f)

a+
f+kaf ,

(8)

C∗
k(t, S) =

eεt

V 1/2
L̄∗

k

∑
(f)

a+
f af+k =

eεt

V 1/2
L̄∗

k

∑
(f)

a+
f−kaf ,

L̄k, L̄∗
k Å ®c-¢¥²¨Î¨´Ò¯.

‚ · ¡μÉ¥ �.�. 	μ£μ²Õ¡μ¢  ¨ �.�. 	μ£μ²Õ¡μ¢  (³².) [2] ¡Ò²μ ¶μ¸É·μ¥´μ
¸²¥¤ÊÕÐ¥¥ μ¡μ¡Ð¥´´μ¥ ¸μμÉ´μÏ¥´¨¥:

Sp(S)

(
f(S)

∂ρt(S)
∂t

+
Γ(t, S)f(S) − f(S)Γ(t, S)

i�
ρt(S)

)
=

=
1
�2

∑
(k)

t∫
t0

dτ Sp(S,Σ) e−iω(k)(t−τ){NkC+
k (τ, Sτ )[f(St), Ck(t, St)]+

+ (1 + Nk)[C+
k (t, St), f(St)]Ck(τ, Sτ )}Dt0+

+
1
�2

∑
(k)

t∫
t0

dτ Sp(S,Σ) eiω(k)(t−τ){(1 + Nk)Ck(τ, Sτ)[f(St), C+
k (t, St)]+

+ Nk[C+
k (t, St), f(St)]Ck(τ, Sτ )}Dt0 , (9)
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£¤¥
Dt0 = ρ(S)D(Σ)

¨

Nk =
e−β�ω(k)

1 − e−β�ω(k)
.

‚ Ê± § ´´μ° · ¡μÉ¥ ¡Ò² É ±¦¥ μ¸ÊÐ¥¸É¢²¥´ ¶¥·¥Ìμ¤ ± ³μ¤¥²¨ ¶μ²Ö·μ´ 
¶ÊÉ¥³ ¶μ¤¸É ¢²¥´¨Ö Ëμ·³Ê² (6) ¨ (7) ¢ (9). ˆ ¡Ò²μ ¶μ²ÊÎ¥´μ

Sp(S)

(
f(S)

∂ρt(S)
∂t

+
eεtE(t)[rf(S)−f(S)r]+T (p)f(S)−f(S)T (p)

i�
ρt(S)

)
=

=
1
V

e2εt
∑
(k)

L̃2(k)
2�ω(k)

t∫
t0

dτ e−ε(t−τ)
[
Nk e−iω(k)(t−τ) + (1 + Nk) eiω(k)(t−τ)

]
×

× Sp(S,Σ){e−ikrτ f(St) eikrt − e−ikrτ eikrtf(St)}Dt0+

+
1
V

e2εt
∑
(k)

L̃2(k)
2�ω(k)

t∫
t0

dτ e−ε(t−τ)
[
(1 + Nk) e−iω(k)(t−τ) + Nk eiω(k)(t−τ)

]
×

× Sp(S,Σ)

{
eikrtf(St) e−ikrτ − f(St) eikrt e−ikrτ

}
Dt0 . (10)

� ´¥¥ ¶·¨ ¨¸¸²¥¤μ¢ ´¨¨ Ô²¥±É·μ´-¡μ§μ´´ÒÌ ¸¨¸É¥³ ³¥Éμ¤μ³ ¨¸±²ÕÎ¥´¨Ö
¡μ§μ´´ÒÌ μ¶¥· Éμ·μ¢ · ¸¸³ É·¨¢ ²¸Ö Éμ²Ó±μ ¶·μ¸É· ´¸É¢¥´´μ-μ¤´μ·μ¤´Ò°
¸²ÊÎ °. �·¨ ÔÉμ³ ËÊ´±Í¨Ö f(S) ¢Ò¡¨· ² ¸Ó ¢ ¢¨¤¥ f(p) ¨ ¢Ò¢μ¤¨²¨¸Ó μ¡μ¡-
Ð¥´´Ò¥ ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤²Ö ¶·μ¸É· ´¸É¢¥´´μ-μ¤´μ·μ¤´μ£μ ¸²ÊÎ Ö.
‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ ¸¶¥Í¨ ²Ó´Ò° ¶·μ¸É· ´¸É¢¥´´μ-´¥μ¤´μ·μ¤´Ò° ¸²ÊÎ ° ¨
¢Ò¢¥¤¥³ ¢ ÔÉμ³ ¸²ÊÎ ¥ μ¡μ¡Ð¥´´μ¥ ±¨´¥É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥. ‚Ò¡¥·¥³ ËÊ´±-
Í¨Õ f(S) ¢ ¢¨¤¥

f(S) = f(p, r) = e−iqr/2φ(p) e−iqr/2. (11)

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¸´ Î ²  ¶·μ¢¥¤¥³ ¢¸¥ ¢ÒÎ¨¸²¥´¨Ö ¤²Ö ²¥¢μ° Î ¸É¨
Ê· ¢´¥´¨Ö (10),   ¶μÉμ³ ¤²Ö ¶· ¢μ° Î ¸É¨. �μ¤¸É ¢¨¢ (11) ¢ ²¥¢ÊÕ Î ¸ÉÓ (10),
¨³¥¥³

Sp(S)

{
e−iqr/2 φ(p) e−iqr/2 ∂ρt(S)

∂t
+

+
eεtE(t) e−iqr/2[rφ(p) − φ(p)r] e−iqr/2ρt(S)

i�
+

+
(T (p) e−iqr/2 φ(p) e−iqr/2 − e−iqr/2 φ(p) e−iqr/2T (p))ρt(S)

i�

}
. (12)



1884 	�ƒ�‹
	�‚ �.�. (Œ‹.), Š�‡��Ÿ� �.�.

‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ

rφ(p) − φ(p)r = i�
∂φ(p)
∂(p)

,

¢Éμ·μ° Î²¥´ ¢ (12) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Sp(S)

{
eεtE(t) e−iqr/2 ∂φ(p)

∂(p)
e−iqr/2ρt(S)

}
=

= Sp(S)

{
eεtE(t)

∂φ(p)
∂(p)

e−iqr/2ρt(S) e−iqr/2

}
.

‚¢¥¤¥³ ËÊ´±Í¨Õ ρ
(q)
t (p) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Sp(S)f(S)ρt(S) = Sp(S) e−iqr/2φ(p) e−iqr/2ρt(S) =

= Sp(S)φ(p) e−iqr/2ρt(S) e−iqr/2 =
∫

dpφ(p)ρ(q)
t (p),

£¤¥

ρ
(q)
t (p) = Sp(S)δ(p − p0) e−iqr/2ρt(S) e−iqr/2. (13)

’μ£¤  ¢Ò· ¦¥´¨¥ ¤²Ö ¢Éμ·μ£μ Î²¥´  ¢ (12) ¶·¨³¥É ¢¨¤

Sp(S)

{
eεt E(t)

∂φ(p)
∂p

e−iqr/2ρt(S) e−iqr/2

}
=

=
∫

dp eεt E(t)
∂φ(p)

∂p
ρ
(q)
t (p). (14)

“Î¨ÉÒ¢ Ö μ¶·¥¤¥²¥´¨¥ (13) ËÊ´±Í¨¨ ρ
(q)
t (p), ¤²Ö ¶¥·¢μ£μ Î²¥´  (12) ¶μ-

²ÊÎ¨³

Sp(S)

{
e−iqr/2φ(p) e−iqr/2 ∂ρt(S)

∂t

}
=

∫
dpφ(p)

∂ρ
(q)
t (p)
∂p

. (15)
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’¥¶¥·Ó ¶·¥μ¡· §Ê¥³ É·¥É¨° Î²¥´ ¢ Ê· ¢´¥´¨¨ (12). ˆ³¥¥³

Sp(S)

{
(T (p) e−iqr/2φ(p) e−iqr/2 − e−iqr/2φ(p) e−iqr/2T (p))ρt(S)

i�

}
=

= Sp(S)

{
e−iqr/2eiqr/2T (p) e−iqr/2φ(p) e−iqr/2 ρt(S)

i�

}
−

− Sp(S)

{
e−iqr/2φ(p) e−iqr/2T (p) eiqr/2 e−iqr/2 ρt(S)

i�

}
=

= Sp(S)

{
T

(
p − �q

2

)
φ(p) e−iqr/2 ρt(S)

i�
e−iqr/2

}
−

− Sp(S)

{
φ(p)T

(
p +

�q
2

)
e−iqr/2 ρt(S)

i�
e−iqr/2

}
=

= Sp(S)φ(p)
[
T (p− �q/2) − T (p + �q/2)

i�

]
e−iqr/2ρt(S) e−iqr/2 =

=
∫

dpφ(p)
[
T (p− �q/2) − T (p + �q/2)

i�

]
ρ
(q)
t (p). (16)

‚ ¸²ÊÎ ¥ T (p) = p2/2m ¤²Ö É·¥ÉÓ¥£μ Î²¥´  μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ¨³∫
dpφ(p)

iqp
m

ρ
(q)
t (p). (17)

‘μ¡¨· Ö (14), (15), (17) ¨ ¨´É¥£·¨·ÊÖ ¢Éμ·μ° Î²¥´ ¶μ Î ¸ÉÖ³, μ±μ´Î -
É¥²Ó´μ ¤²Ö ²¥¢μ° Î ¸É¨ Ê· ¢´¥´¨Ö (10) ¢ ¸²ÊÎ ¥ T (p) = p2/2m ¶μ²ÊÎ¨³

∫
dpφ(p)

{
∂ρ

(q)
t (p)
∂(t)

− eεtE(t)
∂ρ

(q)
t (p)
∂p

+
iqp
m

ρ
(q)
t (p)

}
. (18)

’¥¶¥·Ó μ¡· É¨³¸Ö ± ¶· ¢μ° Î ¸É¨ Ê· ¢´¥´¨Ö (10). ‘´ Î ²  ¢¢¥¤¥³ ¸²¥¤Ê-
ÕÐ¨¥ μ¡μ§´ Î¥´¨Ö:

ε1 = Sp(S,Σ)A1Dt0 ; ε2 = Sp(S,Σ)A2Dt0 , (19)

£¤¥

A1 = e−ikrτ f(St) eikrt − e−ikrτ eikrtf(St), (19 )

A2 = eikrtf(St) e−ikrτ − f(St) eikrt e−ikrτ . (19¡)

‚ · ³± Ì ³μ¤¥²¨ ”·¥²¨Ì  ¨´É¥´¸¨¢´μ¸ÉÓ Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¶ · ³¥É·μ³ α, ¢Ìμ¤ÖÐ¨³ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¢ L̃(k) (6).
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�·¨ ³ ²ÒÌ α μ£· ´¨Î¨³¸Ö  ¶¶·μ±¸¨³ Í¨¥° ®´Ê²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö¯ ¨ § ³¥-
´¨³ ¸²μ¦´ÊÕ § ¢¨¸¨³μ¸ÉÓ rτ · ¢´μ³¥·´Ò³ ¤¢¨¦¥´¨¥³

rτ = rt −
pt

m
(t − τ).

�·¨ ÔÉμ³ ¢Ò· ¦¥´¨Ö (19a) ¨ (19¡) ¶·¨³ÊÉ ¢¨¤

Aapp
1 = e−ikrt+(ikpt/m)(t−τ)f(St) eikrt−

− e−ikrt+(ikpt/m)(t−τ) eikrtf(St) = F1(St, (t − τ));

Aapp
2 = eikrtf(St) e−ikrt+(ikpt/m)(t−τ)−

− f(St) eikrt e−ikrt+(ikpt/m)(t−τ) = F2(St, (t − τ)).

‘μμÉ¢¥É¸É¢¥´´μ, ¤²Ö ¢Ò· ¦¥´¨° (19) ¡Ê¤¥³ ¨³¥ÉÓ

εapp
1 = Sp(S,Σ)A

app
1 Dt0 = Sp(S,Σ)F1(St, (t − τ))Dt0 =

= Sp(S)F1(S, (t − τ))ρt(S); (20 )

εapp
2 = Sp(S)F2(S, (t − τ)). (20¡)

�É³¥É¨¢, ÎÉμ ¢ ´ Ï¥³ ¸¶¥Í¨ ²Ó´μ³ ¶·μ¸É· ´¸É¢¥´´μ-´¥μ¤´μ·μ¤´μ³ ¸²Ê-
Î ¥ ³Ò ¢Ò¡· ²¨ ËÊ´±Í¨Õ f(S) ¢ ¢¨¤¥ (11), ¨, ÊÎ¨ÉÒ¢ Ö ¨§¢¥¸É´Ò¥ · ¢¥´¸É¢ 

eikrφ(p) = φ(p − �k) eikr;

φ(p) eikr = eikrφ(p + �k),

¨³¥¥³

F1(S, (t − τ)) = e−ikr+(ikp/m)(t−τ)e−iqr/2φ(p) e−iqr/2eikr−
− e−ikr+(ikp/m)(t−τ)eikre−iqr/2φ(p) e−iqr/2 =

= e−ikr+(ikp/m)(t−τ)eikre−iqr/2 {φ(p + �k) − φ(p)} e−iqr/2.

„ ²¥¥, ¨¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ò

eAeB = e[A,B]/2 eA+B,

[
kr − kp

m
(t − τ),kr

]
=

i�k2

m
(t − τ),

¤²Ö F1 ¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

F1(S, (t − τ)) = ei�k2(t−τ)/2m eikp(t−τ)/m e−iqr/2{φ(p + �k) − φ(p)}e−iqr/2.
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�´ ²μ£¨Î´μ ¤²Ö F2 ¶μ²ÊÎ¨³

F2(S, (t−τ)) = e−iqr/2 {φ(p − �k) − φ(p)} e−iqr/2e−i�k2(t−τ)/2m eikp(t−τ)/m.

—Éμ¡Ò ¶·¨¢¥¸É¨ F1 ¨ F2 ± ¡μ²¥¥ Ê¤μ¡´μ³Ê ¤²Ö ´ ¸ ¢¨¤Ê, ¸¤¥² ¥³ ¥Ð¥
´¥¸±μ²Ó±μ ¶·¥μ¡· §μ¢ ´¨°. ˆ¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ê eAeB = e[A,B]eBeA ¨ ¢¢μ¤Ö
μ¡μ§´ Î¥´¨¥ (t − τ) = ζ, § ¶¨Ï¥³

eikpζ/me−iqr/2 = e−i(kq)�ζ/2m e−iqr/2 eikpζ/m,

e−iqr/2 eikpζ/m = ei(kq)�ζ/2m eikp/m e−iqr/2.

’μ£¤  ¤²Ö F1 ¨ F2 μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ¨³

F1(S, ζ) = ei�k2ζ/2m e−i(kq)�ζ/2m×
×

{
e−iqr/2 eikpζ/m[φ(p + �k) − φ(p)] e−iqr/2

}
,

F2(S, ζ) = e−i�k2ζ/2m ei(kq)�ζ/2m×
×

{
e−iqr/2[φ(p − �k) − φ(p)] eikpζ/m e−iqr/2

}
.

‘²¥¤μ¢ É¥²Ó´μ, ¤²Ö ¢Ò· ¦¥´¨° (20a) ¨ (20¡) ³μ¦¥³ § ¶¨¸ ÉÓ

εapp
1 = Sp(S)F1(S, ζ)ρt(S) = Sp(S) ei�k2ζ/2m e−i(kq)�ζ/2m×

×
{

e−iqr/2 eikpζ/m[φ(p + �k) − φ(p)]e−iqr/2
}

ρt(S) =

= Sp(S) ei�k2ζ/2m e−i(kq)�ζ/2m eikpζ/m[φ(p + �k) − φ(p)]×

× e−iqr/2ρt(S) e−iqr/2 = ei�k2ζ/2m e−i(kq)�ζ/2m×

×
∫

dp eikpζ/m [φ(p + �k) − φ(p)]ρ(q)
t (p), (21 )

εapp
2 = e−i�k2ζ/2mei(kq)�ζ/2m

∫
dpeikpζ/m[φ(p − �k) − φ(p)]ρ(q)

t (p). (21¡)

‡¤¥¸Ó ³Ò ¨¸¶μ²Ó§μ¢ ²¨ μ¶·¥¤¥²¥´¨¥ (13). �μ¤¸É ¢¨³ É¥¶¥·Ó ÔÉ¨ ¸μμÉ´μ-
Ï¥´¨Ö ¢ ¶· ¢ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨Ö (10). �¥·¥Ìμ¤Ö ¶·¨ ÔÉμ³ ± ¶·¥¤¥²Ê V → ∞,
§ ³¥´¨³ ¸Ê³³Ò 1/V

∑
(k)

(. . .) ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨´É¥£· ²Ò 1/(2π3)
∫

dk,  

É ±¦¥ Ê¸É·¥³¨³ t0 → −∞. ’μ£¤  ¶· ¢ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨Ö (10) ³μ¦´μ § ¶¨-
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¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

e2εt

(2π)3

∫ ∫
dk dp

L̃2(k)
2�ω(k)

∞∫
0

dζ e−εζ [Nk e−iω(k)ζ + (1 + Nk) eiω(k)ζ ]×

× ei�k2ζ/2m e−i(kq)�ζ/2m eikpζ/m[φ(p + �k) − φ(p)]ρ(q)
t (p)+

+
e2εt

(2π)3

∫ ∫
dk dp

L̃2(k)
2�ω(k)

∞∫
0

dζ e−εζ [(1 + Nk) e−iω(k)ζ+

+ Nk eiω(k)ζ ] e−i�k2ζ/2m ei(kq)�ζ/2m eikpζ/m [φ(p − �k) − φ(p)]ρ(q)
t (p). (22)

„²Ö Éμ£μ ÎÉμ¡Ò ´¥ ¶·¨¢μ¤¨ÉÓ ¢ Ö¢´μ³ ¢¨¤¥ £·μ³μ§¤±¨¥ ¢ÒÎ¨¸²¥´¨Ö, μÉ³¥-
É¨³, ÎÉμ ³¥Éμ¤μ³,  ´ ²μ£¨Î´Ò³ ¨§²μ¦¥´´μ³Ê ¢ [1, 2], ¢Ò· ¦¥´¨¥ (22) ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ∫

dpφ(p)ξ,

£¤¥

ξ =
e2εt

(2π)3

∫
dk

L̃2(k)
2�ω(k)

{
ρ
(q)
t (p + �k)(1 + Nk)×

×
+∞∫

−∞

e−ε|ζ| eiζ(kp/m+�k2/2m−ω(k)) ei|ζ|(�kq/2m) dζ + ρ
(q)
t (p + �k)Nk×

×
+∞∫

−∞

e−ε|ζ| eiζ(kp/m+�k2/2m+ω(k)) ei|ζ|(�kq/2m) dζ

}
−

− e2εt

(2π)3

∫
dk

L̃2(k)
2�ω(k)

ρ
(q)
t (p)×

×
{

Nk

+∞∫
−∞

e−ε|ζ| eiζ(kp/m+�k2/2m−ω(k)) e−i|ζ|(�kq/2m) dζ+

+ (1 + Nk)

+∞∫
−∞

e−ε|ζ| eiζ(kp/m+�k2/2m+ω(k)) e−i|ζ|(�kq/2m) dζ

}
. (23)

‚¢¥¤¥³ ËÊ´±Í¨¨ D±
ε (z; y):

D±
ε (z; y) =

+∞∫
−∞

e−ε|ζ|+iζz±i|ζ|y dζ. (24)
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‡ ³¥É¨³, ÎÉμ

lim
ε→0

D±
ε (z; 0) = 2πδ(z).

’¥¶¥·Ó, ¸μ¡¨· Ö ¢μ¥¤¨´μ (18), (23) ¨ (24), ÊÎ¨ÉÒ¢ Ö, ÎÉμ φ(p) Å ¶·μ¨§-
¢μ²Ó´ Ö ËÊ´±Í¨Ö, ¨ Ê¸É·¥³²ÖÖ ε → 0, ¤²Ö ´ Ï¥£μ ¶·μ¸É· ´¸É¢¥´´μ-´¥μ¤´μ·μ¤-
´μ£μ ¸²ÊÎ Ö ³μ¦¥³ ¢Ò¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¥¥ ±¨´¥É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥:

∂ρ
(q)
t (p)
∂t

− E(t)
∂ρ

(q)
t (p)
∂p

+
iqp
m

ρ
(q)
t (p) =

∫
dk

(2π)3
L̃2(k)
2�ω(k)

ρ
(q)
t (p + �k)×

×
{

(1 + Nk)D+
0

(
kp
m

+
�k2

2m
− ω(k);

�kq
2m

)
+

+ NkD+
0

(
kp
m

+
�k2

2m
+ ω(k);

�kq
2m

)}
−

∫
dk

(2π)3
L̃2(k)
2�ω(k)

ρ
(q)
t (p)×

×
{

NkD−
0

(
kp
m

+
�k2

2m
− ω(k);

�kq
2m

)
+

+ (1 + Nk)D−
0

(
kp
m

+
�k2

2m
+ ω(k);

�kq
2m

)}
. (25)

‘· ¢´¨³ ¶μ²ÊÎ¥´´μ¥ ±¨´¥É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ (25) ¸ ±¨´¥É¨Î¥¸±¨³ Ê· ¢-
´¥´¨¥³ ¢ μ¤´μ·μ¤´μ³ ¸²ÊÎ ¥, ¶μ²ÊÎ¥´´Ò³ ¢ [2]. ‚μ-¶¥·¢ÒÌ, ¢ ´ Ï¥³ ¸²ÊÎ ¥

ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ρ
(q)
t (p) § ¢¨¸¨É μÉ ¶ · ³¥É·  q ¨ ¶·¨ q = 0 ¶¥·¥Ìμ-

¤¨É ¢ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¢ μ¤´μ·μ¤´μ³ ¸²ÊÎ ¥. ‚μ-¢Éμ·ÒÌ, ¢ ²¥¢μ° Î ¸É¨
Ê· ¢´¥´¨Ö (25) ¶μÖ¢²Ö¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò° É·¥É¨° Î²¥´. „ ²¥¥, ¢ ¶· ¢μ° Î -
¸É¨ Ê· ¢´¥´¨Ö (25) ¶μÖ¢²ÖÕÉ¸Ö ËÊ´±Í¨¨ D±

0 , ±μÉμ·Ò¥ ¶·¨ q = 0 ¶¥·¥Ìμ¤ÖÉ ¢
δ-ËÊ´±Í¨¨, μ¶¨¸Ò¢ ÕÐ¨¥ μ¤´μËμ´μ´´μ¥ ¶μ£²μÐ¥´¨¥ ¨ ¨§²ÊÎ¥´¨¥. ˆ ¢¨¤´μ,
ÎÉμ ¶·¨ q = 0, É. ¥. ¢ ¶·μ¸É· ´¸É¢¥´´μ-μ¤´μ·μ¤´μ³ ¸²ÊÎ ¥, Ê· ¢´¥´¨¥ (25)
¶¥·¥Ìμ¤¨É ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Ê· ¢´¥´¨¥, ¶μ²ÊÎ¥´´μ¥ ¢ [2].

‡�Š‹�—…�ˆ…

‚ ´ ¸ÉμÖÐ¥° ¸É ÉÓ¥ ¡Ò²¨ · ¸¸³μÉ·¥´Ò ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¢ É¥μ·¨¨
¶μ²Ö·μ´ . ˆ§ μ¡μ¡Ð¥´´ÒÌ ±¨´¥É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¢ ¸²ÊÎ ¥ ¶·μ¸É· ´¸É¢¥´-
´μ° ´¥μ¤´μ·μ¤´μ¸É¨ ¶μ²ÊÎ¥´Ò ±¢ ´Éμ¢Ò¥ ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö 	μ²ÓÍ-
³ ´ . ‚ ¸²ÊÎ ¥ ¶·μ¸É· ´¸É¢¥´´μ° μ¤´μ·μ¤´μ¸É¨ ¶μ¸²¥¤´¨¥ ¸μ¢¶ ¤ ÕÉ ¸ ·¥-
§Ê²ÓÉ Éμ³, ¶μ²ÊÎ¥´´Ò³ ¢ · ¡μÉ¥ �.�. 	μ£μ²Õ¡μ¢  ¨ �.�. 	μ£μ²Õ¡μ¢  (³².) [2].
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