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1 Ú ó

þfÅ�´þfåÆ¥���Û©y�. §3
�yþfåÆÄ��n�¡äk­���^, �
´ Bell Ä��!þfÛ/D�!þf��©�!
þfÅ��þf&E?nÚþfO��­�Ä:.
Å����!ÝþÚ�±®¤�þf&E?n�
'�¯K, Úå
<��2�'5. 3�NÅ��
Å�Ýþ�¡, <�®JÑ|^ Von Neumann �!
Å��é� [1]!�Ý�Î�m�ål [2]!Renyi
Å�Ý [3] Ú�)Å�Ý [4] �Ônþ5°(/£
ã�NÅ���Å�Ý. ~X Yang � [5] ïÄ

ü��f§B3ÍÜnXÚ¥�þfÅ�; Zeng
Ú Fang[6] ïÄ
�U?�f�ü�ý�|�p�
^XÚ¥�þfÅ�; �©�öïÄ
�f�ÍÜ
n�p�^XÚ¥�Å�A5 [7]. �dunN½
õNXÚ�E,5, éunN½õNXÚÅ��Å
��Ýþ��3&?�¥ [8−13]. ~X, �ÔSÚ
g�#ïÄ
 Tavis-Cummings �.¥nNÅ��
Å�þ�üzA5 [8]; Tong Ú Kuang JÑ
nN
Å��Å�þ [9]; Wong Ú Christensen JÑ
õN
Å��Å�þ [10]; Thapliyal ?Ø
õâfX�Å
� [11].

,��¡, �C�õc5, ÍÜnXÚdu§
3þf&E?nÚþfO�¥�d3A^d�,
Úå
<��2�'5 [14−20]. ~X, Yang[14] ï
Æ|^�f�ÍÜn�p�^XÚ¢yþf� 
�; Zheng � [15] JÑ�«|^�f�ÍÜn�p
�^XÚ�)V�Ø ���Y; Peng Ú Li[16]

�Ñ
|^nU?�fÚ1né��V�n�
¤�XÚ���fÅ����Y. �é�f�Í
Ün�p�^XÚ¥nNÅ���ïÄÿ��
��. ©z [9] �âÅ�Üþ�{, JÑ
£ãn
NÅ��Å�§Ý�Å�þ. �©�âTÅ�þ
�½ÂïÄ
�U?�f�ÍÜn�p�^X
Ú¥ü��f�n�¤�nNXÚ�Å�þ, ?
Ø
�f�n|m�ÍÜXêénNÅ�üz�
K�.

2 XÚ�¥�üz

�©ïÄo��Ó��U?�f�ÍÜn�
p�^�XÚ, Xã 1 ¤«. �f 1 Ú�f 2 §
B3ÍÜn A ¥, 
�f 3 Ú�f 4 §B3ÍÜ
n B ¥, �fÏLü1f�[�ü�n|u)�
��p�^. �Ñ�fm�ó4�p�^, 3^Å
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Cqe, 3�p�^±µ¥�fÚnXÚ�M�
î�

Hac =f1(aAs+
1 + a+

As−1 ) + f1(aAs+
2 + a+

As−2 )

+ f2(aBs+
3 + a+

Bs−3 )

+ f2(aBs+
4 + a+

Bs−4 ), (1)

ª¥ a+
L , aL (L = A,B) ©OL«n|��)Ú�

v�Î, s+
l Ú s−l (l = 1, 2, 3, 4) �1 l ��f��

[�Î. f1 Ú f2 ©OL«n A Ún B ¥�f�n
|�ÍÜXê.

, � � ¡, n � � 1 n � � � p � ^ M
�î� [21]

Hcf =
∞∑

j=1

Jj(bj(a+
A + (−1)j e iθa+

B) + H.C), (2)

ª¥ bj �1n���v�Î, θ �n|ÏL�� l

�1nDÂ�)� �, θ = 2πωl/c. 3÷vá1
n�^� lυ̃/(2πc) 6 1 ��¹e [21] (υ̃ �n|?
\1n�P~�Ç), 1n¥�k����n|u)
���p�^, ù�n��1n���p�^M�
îCq�

Hcf = J(b(a+
A + a+

B) + H.C), (3)

ª¥ J �n��1n�m�ÍÜXê. @o3�p
�^±µ¥��XÚ�M�î�

HI = Hac + Hcf . (4)

ã 1 XÚ�«¿ã

½ Â X Ú o - u ê � Î N̂ =
4∑

l=1

|e〉l〈e| +

a+
AaA + a+

BaB, Ï [N̂ ,HI ] = 0, ¤±3XÚüz
L§¥o-uêÅð. b�XÚ�-uê�u 1, @
o3üzL§¥, XÚò�33e�Ä¥�¤�f

�m¥
|ϕ1〉 = |eggg〉1234|000〉f ,

|ϕ2〉 = |gegg〉1234|000〉f ,

|ϕ3〉 = |ggeg〉1234|000〉f ,

|ϕ4〉 = |ggge〉1234|000〉f ,

|ϕ5〉 = |gggg〉1234|100〉f ,

|ϕ6〉 = |gggg〉1234|010〉f ,

|ϕ7〉 = |gggg〉1234|001〉f .

(5)

3 |ϕl〉 L « � � ¥ e I 1, 2, 3 Ú 4 © O L «
é A � f � G �, |lmn〉f L « n A ? u |l〉 �,
n B ?u |m〉 �Ú1n�?u |n〉 �, |e〉l Ú |g〉l
(l = 1, 2, 3, 4) ©OL«1 l ��f�-u�ÚÄ�.

3�p�^±µ¥, XÚ��¥üz÷vÅ½
��§

i~
∂|ϕ(t)〉

∂t
= HI |ϕ(t)〉, (6)

� ~ = 1. �{üå�, � f1 = f2 = f . �XÚÐ©
��?u |ϕ1〉 �, )�§ (6) ��Ñ?¿�� t X
Ú��¥�

|ϕ(t)〉 =
7∑

l=1

Al|ϕl〉, (7)

ª¥

A1 =
2 + 3r2

4(1 + r2)
+

1
4

cos(
√

2ft)

+
1

4(1 + r2)
cos(

√
2(1 + r2)ft),

A2 = − 2 + r2

4(1 + r2)
+

1
4

cos(
√

2ft)

+
1

4(1 + r2)
cos(

√
2(1 + r2)ft),

A3 =A4 =
r2

4(1 + r2)
− 1

4
cos(

√
2ft)

+
1

4(1 + r2)
cos(

√
2(1 + r2)ft),

A5 = − i
2
√

2
sin(

√
2ft)

− i
2
√

2(1 + r2)
sin(

√
2(1 + r2)ft),

A6 =
i

2
√

2
sin(

√
2ft)

− i
2
√

2(1 + r2)
sin(

√
2(1 + r2)ft),

A7 = − r

2(1 + r2)
(1 − cos(

√
2(1 + r2)ft)). (8)
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ëê r =
J

f
.

3 �f 1 Ú�f 2 �n A �¤�nN
XÚ�nNÅ�þ�üz

�â©z [9] énNÅ��Å�þ�½Â, n
NÅ�þÚnN¥üüm�Å�þ½Â�

E3 =
1
4

3∑
i,j,k=1

Mijk(1, 2, 3)Mijk(1, 2, 3),

E2(m,n) =
1
3

3∑
i,j=1

Mij(m,n)Mij(m,n), (9)

Ù¥

Mij(m,n) = Kij(m,n) − λi(m)λj(n),

Mijk(1, 2, 3) = Kijk(1, 2, 3)

− λi(1)Mjk(2, 3) − λj(2)Mik(1, 3)

− λk(3)Mij(1, 2) − λi(1)λj(2)λk(3),

λi(1) = Tr(ρ̂ · σ̂i ⊗ Î ⊗ Î),

λj(2) = Tr(ρ̂ · Î ⊗ σ̂j ⊗ Î),

λk(3) = Tr(ρ̂ · Î ⊗ Î ⊗ σ̂k),

kij(1, 2) = Tr(ρ̂ · σ̂i ⊗ σ̂j ⊗ Î),

kik(1, 3) = Tr(ρ̂ · σ̂i ⊗ Î ⊗ σ̂k),

kjk(2, 3) = Tr(ρ̂ · Î ⊗ σ̂j ⊗ σ̂k),

kijk(1, 2, 3) = Tr(ρ̂ · σ̂i ⊗ σ̂j ⊗ σ̂k), (10)

ª¥ ρ̂ �nNXÚ��Ý�Î, σ̂i, σ̂j , σ̂k ��|Ý

, Î �ü Ý
.

| ^ (7) ª, é n | B, � f 3 Ú � f 4
� � ¦,, ± |ee〉12|1〉A, |ee〉12|0〉A, |eg〉12|1〉A,
|eg〉12|0〉A, |ge〉12|1〉A, |ge〉12|0〉A, |gg〉12|1〉A,
|gg〉12|0〉A �Ä¥, ����f 1, �f 2 Ún A
�¤�nNXÚ��ÝÝ
�

ρ =



0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 |A1|2 0 A1A
∗
2 A1A

∗
5 0

0 0 0 0 0 0 0 0

0 0 0 A2A
∗
1 0 |A2|2 A2A

∗
5 0

0 0 0 A5A
∗
1 0 A5A

∗
2 |A5|2 0

0 0 0 0 0 0 0 |A3467|2



, (11)

ª¥ |A3467|2 = |A3|2 + |A4|2 + |A6|2 + |A7|2. |
^ (10) Ú (11) ª, ÏLO����

λx(l) = 0(l = 1, 2, 3),

λy(l) = 0(l = 1, 2, 3),

λz(1) = −1 + 2|A1|2,

λz(2) = −1 + 2|A2|2,

λz(3) = −1 + 2|A5|2. (12)

�"Üþ�

Mxx(1, 2) = Myy(1, 2) = A1A
∗
2 + A2A

∗
1,

Mxy(1, 2) = −Myx(1, 2) = −i(A1A
∗
2 − A2A

∗
1),

Mzz(1, 2) = −4|A1|2|A2|2,

Mxx(1, 3) = Myy(1, 3) = A1A
∗
5 + A5A

∗
1,

Mxy(1, 3) = −Myx(1, 3) = −i(A1A
∗
5 − A5A

∗
1),

Mzz(1, 3) = −4|A1|2|A5|2,

Mxx(2, 3) = Myy(2, 3) = A2A
∗
5 + A5A

∗
2,

Mxy(2, 3) = −Myx(2, 3) = −i(A2A
∗
5 − A5A

∗
2),

Mzz(2, 3) = −4|A2|2|A5|2,

Mxxz = Myyz = −2|A5|2(A1A
∗
2 + A2A

∗
1),

Mxyz = −Myxz = i2|A5|2(A1A
∗
2 − A2A

∗
1),

Mxzx = Myzy = −2|A2|2(A1A
∗
5 + A5A

∗
1),

Mxzy = −Myzx = i2|A2|2(A1A
∗
5 − A5A

∗
1),

Mzxx = Mzyy = −2|A1|2(A2A
∗
5 + A5A

∗
2),

Mzxy = −Mzyx = i2|A1|2(A2A
∗
5 − A5A

∗
2),

Mzzz = 16|A|2|B|2|C|2. (13)

Ù¦Üþþ�u 0. ò (13) ª�< (9) ª��Ñ
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n A ¥�nNÅ�þÚnN¥üüm�Å�þ�

E3 =8|A1|2|A2|2|A5|2(|A1|2 + |A2|2

+ |A5|2 + 8|A1|2|A2|2|A5|2),

E2(1, 2) =
8
3
|A1|2|A2|2(1 + 2|A1|2|A2|2),

E2(1, A) =
8
3
|A1|2|A5|2(1 + 2|A1|2|A5|2),

E2(2, A) =
8
3
|A2|2|A5|2(1 + 2|A2|2|A5|2). (14)

ëê f ©O� 0.5J Ú 2f �, Å�þ E3 Ú E2 �5
��m Jt �üz Xã 2 ¤ «. ã¥ (a), (b), (c), (d)

ã 2 Å�þ E3 Ú E2 �5��m Jt �üz (2.1) f = 0.5J ; (2.2) f = 2J
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©OéAu E3, E2(1, 2), E2(1, A) Ú E2(2, A) �ü
z. lã 2 ¥U
wÑ: E3 Ú E2 ��m�Ø5K
��, ��ªÇ��f�n|m�ÍÜXêO�

O�; ��f�n|m�ÍÜXê�u�½�
�, Å�þ E3 Ú E2 �üz¥yÑ�¥Ú¡E�
A. Ù�¥Ú¡E±Ï��f�n|m�ÍÜXê
O�
O�; E2(1, A) Ú E2(2, A) þ�u E2(1, 2),
ùL², �f�n|m�üNÅ�ruü�fm
�üNÅ�. ,��¡, Å�þ E3 �¸�, Ñy
3 E2(1, 2), E2(2, 3) Ú E2(1, 3) Ó���½�C¸

�� �. ùL²nNÅ�´üNÅ��ZU\
�(J.

�
ïÄ�f�n|m�ÍÜXê f Czé
nNÅ�üz�K�, ëê f ©O� 0.2 J , 0.5 J ,
2 J Ú 4 f �, Å�þ E3 �5��m Jt �üzX
ã 3 ¤«. lã 3 ¥��: E3 ��m�Ø5K�
�, ��ªÇ��f�n|m�ÍÜXêO�
O
�, ��f�n|m�ÍÜXê�u�½��, Å
�þ E3 �üz¥yÑ�¥Ú¡E�A, Ù�¥Ú
¡E±Ï��f�n|m�ÍÜXêO�
O�.

� � � � � � ��� � � �� � � �� � � �� � � � � � ��� � � �� � � �� � � � � � � � � � ��� � � �� � � � � � � � � � ��� � � �� � � �
� �

	 
 �
� �

	 � �� �
	 
 �

� �
	 � �� � � �

� � � �
ã 3 Å�þ E3 �5��m Jt �üz (a) f = 0.2J ; (b) f = 0.5J ; (c) f = 2.0J ; (d) f = 4.0J

4 ( Ø

�©æ^©z [9] JÑ�£ãnNÅ��Å�
§Ý�Å�þ, ïÄ
o��U?�f�ÍÜn�
p�^XÚ¥�nNÅ�. �Äo��füü©O
§B3ü�n¥, ¿��fÏLü1f�[�n|
���p�^��¹, |^ê�O��{ïÄ
z

�n¥ü��fÚn|�¤�nNXÚ�nNÅ
�þ�üz. ïÄ(JL²: nNÅ�þ�Ø5K
��, ��ªÇ��f�n|m�ÍÜXêO�

O�; ��f�n|m�ÍÜXê�u�½��,
nNÅ�þüz¥yÑ�¥Ú¡E�A. ,��¡,
'�nNÅ�þÚnN¥üüm�Å�, ��Ñn
NÅ�´üNÅ��ZU\�(J.
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The evolution of three-body entanglement in the
system of atoms interacting with coupled cavities∗

Lu Dao-Ming†
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Abstract
In this paper we consider the situation that four identical two-level atoms are separately trapped in coupled single-mode optical

cavities and each atom resonantly interacts with cavity via a one-photon hopping. The three-body entanglement dynamics in each cavity
is studied. The influences of atom-cavity coupling constant on the three-body entanglement are discussed. The results obtained using
the numerical method show that the three-body entanglement displays the collapse-revival phenomena when atom-cavity coupling
constant is larger than a fixed value. On the other hand, the three-body entanglement is the result of the coherent superposition of the
two-body entanglements.

Keywords: quantum optics, two-level atom, coupling cavities, three-body entanglement
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