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1 Ú ó

Ì�§´ÚOÔn¥^5ïÄXÚ��mü
zL§�Ì�óä. Cc5, §�²~�^5ïÄ
ò�ZL§, �Xò�Z¤�þf1Æ!þfO�
Úþf&E�+�¥�9:�K, Ì�§��5�
NyÙ3ù
+�¥��^. Ì�§�¦)��
Ñ´|^ Q L«!P L«½ Wigner ¼êòÙ=C
� C ê�§5¢y [1−6], Ó�|^ Langevin �§
½ Fokker - Planck �§ [7−12]. �©K´|^9Å
�� [13] L��B¯$/¢yd8�, l
U
�
�õE,Ì�§�¦)Jøë��â.

2 9Å��

� ) û X Ú Ú 9 ¥ � m � þ f Å � A 5,

Takahashi Ú Umezawa1975 cMï
9|ÄåÆ
nØ [14−18], 3­#�E
��J[|�^�e,

TnØU
ò��åÆþ A �ÚO²þU��T
åÆþ�9ý�� |0(β)〉 Ï"�

〈0(β)|A|0(β)〉 = Tr(A e−βH)/Tr(rβH), (1)

ª¥ H ´M�îþ. éu��gdÀÚíNXÚ,

9ý��

|0(β)〉 = sech θ exp[a+ã+ tanh θ]|0, 0̃〉, (2)

Ù¥ tanh θ = exp
(
− ~ω

2kT

)
, ã+ ´J Fock �m�

¥��)�Î. AO/, �§Ýª�Ã¡��,

|0(β)〉|T→∞ = exp(a+ã+)|0, 0̃〉

=
∞∑

n=0

|n, ñ〉 = |I〉. (3)

Äu |I〉 Ú EPR �þfÅ�g�, �öÂ�|JÑ

�«#�9Å�� (�¡��Z9�)[14−17], Ù
½Â�

|η〉 = exp
(
− 1

2
|η|2 + ηa+ − η∗ã+

+ãã+
)∣∣∣0, 0̃

〉
, (4)

Ù¥ ã+ Ú ã ÷v [ã, ã+] = 1, ã|0̃〉 = 0. � η = 0 �,

|η〉 =�4àp§e�4�9ý�� |I〉, � ã+!ã

�^©O��

a|I〉 = ã+|I〉,

a+|I〉 = ã|I〉,

(a+a)n|I〉 = (ã+ã)n|I〉. (5)

9Å���ù
5��¦)�'�.�Ì�§J
ø
�B¯$��{, �©ÛXÚ�A�üzL§
Jø
�«�#�À�.
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3 � *ÑÏ�¥��Ý�Î�müz

·�3 Heisenberg �§
dρ

dt
= −iω[a+a, ρ] �

Ä:þ, ïá���äk�L5�U
�N� *
Ñ�Ì�§

dρ

dt
= (−i)2γ[a+a, [a+a, ρ]], (6)

^ |I〉 = |η = 0〉 �^u (6) ª�ü>, Ó�5¿
� |ρ〉 = ρ|I〉, �±��

d
dt

|ρ〉 = γ[2a+aρa+a − ρ(a+a)2 − (a+a)2ρ]|I〉

= γ[2a+aã+ã − (ã+ã)2 − (a+a)2]|ρ〉

= −γ(ã+ã − a+a)2|ρ〉, (7)

�§ (7) �IO)�

|ρ〉 = exp
{
− γt[(a+a)2 − 2a+aã+ã

+(ã+ã)2]
}
|ρ0〉

=
∞∑

n=0

(2γt)n

n!
e−γt(a+a)2(a+a)n

×ρ0(a+a)n e−γt(a+a)2 |I〉, (8)

Ù¥ |ρ0〉 = ρ0|I〉, ρ0 ´=¹¢�Î�XÚÐ©�
Ý�Î, d (8) ª�� ρ(t) �L�/ª

ρ(t) =
∞∑

n=0

(2γt)n

n!
e−γt(a+a)2(a+a)n

×ρ0(a+a)n e−γt(a+a)2 . (9)

XJ·����#�Î Mn =
√

(2γt)n

n! e−γt(a+a)2

(a+a)n, K ρ(t) �±L«�

ρ(t) =
∞∑

n=0

Mnρ0M
+
n , (10)

Ï�
∞∑

n=0
M+

n Mn = 1, y²Xe:

∞∑
n=0

M+
n Mn =

∞∑
n=0

(2γt)n

n!
(a+a)n

× e−2γt(a+a)2(a+a)n

=
∞∑

n=0

(2γt)n

n!
(a+a)n(a+a)n

× e−2γt(a+a)2

=
∞∑

n=0

[2γt(a+a)2]n

n!
e−2γt(a+a)2

= e2γt(a+a)2 e−2γt(a+a)2 = 1, (11)

ùp^�
 [ e−2γt(a+a)2 , (a+a)n] = 0, ¤±��

Trρ(t) = Tr
∞∑

n=0

Mnρ0M
+
n = Trρ0. (12)

w,, �Î ρ(t) �,Ø��mCz, l
 ρ(t) �±
�����Ý�Î, Mn �·¶� Kraus �Î. Ïd,

��XÚ�Ð©��Ý�Î ρ0 �½, �±éN´
O�Ñ?¿����Ý�Î ρ(t).

3.1 ÐÐÐ©©©������âââfffêêê���eee������ÝÝÝ���ÎÎÎüüüzzz

�©ÛXÚ3ØÓÐ©G�e��«üz(
J, ·��Ð©�©O�âfê�!9�Ú�Z�
?1ïÄ. Äkb�Ð©��âfê�

ρ0 = |m〉〈m|, (13)

ò (13) ª�\ (9) ª, �

ρ(t) =
∞∑

n=0

(2γt)n

n!
e−γt(a+a)2(a+a)n|m〉

×〈m|(a+a)ne−γt(a+a)2

=
∞∑

n=0

(2γt)n

n!
e−γt(a+a)2mn|m〉

×〈m|mn e−γt(a+a)2

= e2γtm2
e−2γtm2

|m〉〈m|

= |m〉〈m| = ρ0. (14)

3.2 ÐÐÐ©©©������999���eee������ÝÝÝ���ÎÎÎüüüzzz

�Ð©��9��,

ρ0 =
∞∑

m=0

n̄m
0

(1 + n̄0)m+1
|m〉〈m|, (15)

ò (15) ª�\ (9) ª, �

ρ(t) =
∞∑

n=0

(2γt)n

n!
e−γt(a+a)2(a+a)n

×
∞∑

m=0

n̄m
0

(1 + n̄0)m+1
|m〉〈m|(a+a)n e−γt(a+a)2

=
∞∑

n=0

∞∑
m=0

n̄m
0

(1 + n̄0)m+1

(2γt)n

n!

× e−γt(a+a)2mn|m〉〈m|mn e−γt(a+a)2

=
∞∑

m=0

n̄m
0

(1 + n̄0)m+1

∞∑
n=0

(2γtm2)n

n!

× e−γtm2
|m〉〈m| e−γtm2

=
∞∑

m=0

n̄m
0

(1 + n̄0)m+1
e2γtm2

e−2γtm2
|m〉〈m|
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=
∞∑

m=0

n̄m
0

(1 + n̄0)m+1
|m〉〈m| = ρ0. (16)

3.3 ÐÐÐ©©©���������ZZZ���eee������ÝÝÝ���ÎÎÎüüüzzz

�Ð©���Z��,

ρ0 = |α〉〈α|, (17)

�\ (9) ª, �

ρ(t) =
∞∑

n=0

(2γt)n

n!
e−γt(a+a)2(a+a)n|α〉

×〈α|(a+a)n e−γ〈t(a+a)2

=
∑

j,k=0

e−|α|2 αjα∗k

√
j!k!

e−γt(j2+k2)

×
∞∑

n=0

(2γtjk)n

n!
|j〉〈k|

= e−|α|2
∑

j,k=0

αjα∗k

√
j!k!

e−γt(j−k)2 |j〉〈k|

= e−|α|2
∑

j,k=0

|α|j+k eiθ(j−k)

√
j!k!

× e−γt(j−k)2 |j〉〈k|, (18)

Ù ¥ ^ � ú ª |α〉 = e−|α|2/2
∑
j=0

αj

√
j!
|j〉, α =

|α| e iθ. (18) ªÐy
�Å�, ¿Ny
� *Ñ(
J.

(18) ª�(J�±�Ï·��±©Û3 (6) ª
��e�Ð©�Ý�Î��Z��� *ÑL§
¥� F �, = Fano Ïf.

Tr[ρ(t)a+a] = e−|α|2
∑

j,k=0

|α|j+k eiθ(j−k)

√
j!k!

× e−γt(j−k)2〈k|a+a|j〉

= e−|α|2
∑

j,k=0

j|α|j+k eiθ(j−k)

√
j!k!

× e−γt(j−k)2δj,k

= e−|α|2
∑
j=0

j|α|2j

j!
= e−|α|2 |α|2

×
∑
j=1

(|α|2)j−1

(j − 1)!
= |α|2, (19)

Tr[ρ(t)(a+a)2] = e−|α|2
∑

j,k=0

|α|j+k eiθ(j−k)

√
j!k!

× e−γt(j−k)2〈k|(a+a)2|j〉

= e−|α|2
∑
j=0

j2|α|2j

j!

= e−|α|2
∑
j=1

j|α|2j

(j − 1)!

= e−|α|2
∑
j=1

|α|2 ∂

∂|α|2
|α|2j

(j − 1)!

= e−|α|2 |α|2 ∂

∂|α|2

×
(
|α|2

∑
j=1

(|α|2)j−1

(j − 1)!

)
= e−|α|2 |α|2

(
e|α|2 + |α|2 e|α|2)

= |α|4 + |α|2, (20)

Tr[ρ(t)(a+a)2] − Tr[ρ(t)a+a]2

Tr[ρ(t)a+a]
= 1. (21)

4 ( Ø

�©Äu9ÄåÆnØ, |^9Å���B¯
$/¦)
� *ÑÌ�§, �Ñ
¿©Û
� 
*ÑÏ�eXÚ�Ý�Î��müzA�, (JL
²: �Ð©���Ý�Î ρ0 �âfê�Ú9��,

?¿����Ý�Îþ�±ð½ØC, 
�Ð©�
Ý�Î�X�Z��, � *ÑL§¥� Fano Ï
fð�u 1, 1|¥Ñt©Ù, l
y²
3���
 *ÑL§¥, ��Ð©�Ý�Î�X�Z�, K
XÚ©ª��Z��A5.
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The time evolution of relative density operator in
phase diffusion channels∗
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Abstract

By virtue of the properties of thermal entanglement, we successfully obtain the solution to the representative phase diffusion

master equation and give the operator sum representation of density operator. Having analyzed the time evolution process of density

operator in different initial states, we find out that the density operators keep invariable during the initial state turning into Fock state

or thermal state. But the system always maintains coherence during phase diffusion when the initial state is coherent state.

Keywords: master equation, thermo-entangled state, density operator

PACS: 03.65.−w

* Project supported by the National Natural Science Foundation of China (Grant Nos. 10775097, 10874174) and the Talent Project of the Anhui

Province for Outstanding Youth, China (Grant Nos. 2009SQRZ190, 2011SQRL147).

† E-mail: zhj0064@mail.ustc.edu.cn.

030302-4


