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ÏL�	ÑÑ1Æn¥�1fêU\�� Wigner ¼ê��m�Cz1�, �«Ù�²;A5�ÄåÆüz.

(JL², Ð©� Wigner ¼ê�K��1fêU\�, 3ÑÑL§¥ÙK5Åì~�����, ¿������
½���. �ù¿Ø¿�XÑÑþf��²;A5�����. ¢Sþ, ���²;A5�,���ëþ, 1f�
��'é¼ê g(2)(0) (g(2)(0) < 1 ¿�X1f´�²;/�àå) ´��ÑÑÄåÆØC�Ônþ. ·�y², 1
f����'é¼ê g(2A)(0) %´���XÑÑUC�Ônëþ, l�±^u£ã1Æ�n¥1þf��Ñ
ÑÄåÆ1�. ��, ·��Ñ��3¢�þXÛ���1fêU\�¿éÙ Wigner ¼ê?1&ÿ��Y.

'�c: �1fêU\�, ÑÑ1Æ�n, Wigner ¼ê, �àå

PACS: 42.50.Dv

1 Ú ó

¯¤±�, þf��ÿþ���É<�'5.

y8é1|þf��¢�ÿþÌ�´ÏLÿþ�
Å¼ê½�ÝÝ
�d� Wigner ¼ê5�¤� [1].

ù´Ï� Wigner ¼ê´��½Â3��mþ�¢
¼ê, §äkOVÇ©Ù¼ê�5�, �¹
¤é
Aþf���Ü&E. Ïd, þf� Wigner ¼ê�
�ÿþ31þf1��ïÄ¥åX���^.

��(½
 Wigner ¼ê, þf��¤k�&E (�
X,
�²;5�) Ò�±�� [2,3]. ~X, ù�O
VÇ©Ù�K5 [4] ��/éAuþf��,
�
²;5� [5−10]. ,, ¢SXÚ¥þf�1|Ø�
;�/��±��¸u)�p�^, lE¤ò�
Z. �u1|ò�Zy�3�[1þf&EL§Ú
1þfO��ïÄ¥���^, ÑÑ1Æ�n¥
þf���müz1��ïÄÒw�c�'�. ¢
Sþ, 8c�NõïÄÌ��åuïÄU\þf�
�ò�ZÚP~��N1�, ��Ñ
Ù[! (X

ÑÑüz�"�±9ÑÑL§¥þf�Ôn�A
�UC�) �&Ä [11−14].

1Æ�n¥��1fêU\�3�8�1þ
f&EïÄ¥kX��¿Â. ��¡, duî�
�ü1fu�¢Sþ´éJ¢y� [15], Ïd�õ
ê��ü1f�¢�¢Sþ¤���1fË�E
,�)ký��Úü1fêD��p1fê� (�
ØL§��VÇ��); ,��¡, =¦é1Æ�n
¥°(�ü1f�ó, ���3Xn|ÑÑ¤�
��ÄåÆüz, ÏXÛéÙÑÑA5?1L�
�´��7L¡é�¯K. �©±��¢S��1
fêU\��~, ÏLO�Ù¤éA Wigner ¼ê
�ÑÑÄåÆ5ïÄù�;.þf�¥�«Ôn
5�, AO´Ù�²;A5�üC. �,�©�ï
Ä´±;.��1fþf��~?1�, �éN´
í2�Ù¦1|þf�±9Ù¦ÑÑþfXÚÄ
åÆ1��ïÄ.

�©äNSüXe: 1�Ü©�Ñ1Æ�n¥
�1fêU\� Wigner ¼ê�)ÛL�ª, ¿ï
ÄÙXÛ�n�ÑÑüC; 31nÜ©, ÏLê
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�ïÄ��{äN?Ø Wigner ¼ê�K5XÛ�
�müC. (JL², Ð©� Wigner ¼ê�K��
1fêU\�3ÑÑL§¥ÙK5Åì~���
��, ¿������½���. ù�y�q�
¿�Xù�þf���²;5òÅì��. ,,

ÏLäN/O�Ù��'é¼ê g(2)(0) �ÑÑÄ
åÆüzA5, ·�uy1|���'é¼ê´�
�ÑÑÄåÆØC�Ônþ. ��, 1|����
'é¼ê g(2A)(0) %´���XÑÑUC�Ô
nþ. I��Ñ�´, é1Æ�nó, ¿§e�9
Þá¿Ø� (��w�"§þfXÚ), ÏÑÑ
�"�7½´1|�ý��. �,, é�"§þf
1ÆXÚó, ÙÑÑ�"�ò´��9|�. 3
1oÜ©·�ò�Ñ��3¢�þ���1fê
U\�¿é Wigner ¼ê?1&ÿ��Y. ���
!´�©ó��o(.

2 ÑÑ1Æn¥��1fêU\�
� Wigner ¼ê

Ï ~ � Wigner ¼ ê ´ Ï L é A � ¼
ê C(λ, λ∗)[16] �Fp�C�5½Â�:

W (α, α∗) =
1
π2

∫
d2λC(λ, λ∗)

× exp(αλ∗ − α∗λ). (1)

ùp λ Ú α ´��m¥�Eëê, éAA�¼ê
�½Â�

C(λ, λ∗) = Tr[ρ exp(â†λ − âλ∗)], (2)

Ù¥ ρ ´¤?Øþf���ÝÝ
, â† Ú â ©O�
1|��)�ÎÚ�«�Î.

Ø���5, ùp·�?Øü1f� |1〉 Úý
�� |0〉 9V1f-u� |2〉 ��ZU\. 3vkÑ
Ñ�n|¥, §�L«�Xe�Å¼ê/ª:

|ψ(0)〉 = C0|0〉 + C1|1〉 + C2|2〉, (3)

Ù¥ C0 = |C0| e iφ, C1 = |C1| Ú C2 = |C2| e iϕ ´
�ê��E�Ì. 3 Fock �L�e, ·�k [17]:

〈n|∆(α, α∗)|m〉

=
(−1)m

π

√
m!
n!

(2α)n−m e(−2|α|2)Ln−m
m (4|α|2),

n,m = 0, 1, 2, · · · , (4)

Ù ¥ ∆(α, α∗) ´ Wigner � Î: ∆(α, α∗) =∫
d2z exp[z(â† − α∗) − z∗(â − α)]/2π2, ¿ � ÷

v n > m, α = |α| e iθ. Ïd, éN´/��ù�
�1fêU\X�� Wigner ¼ê:

W (α0, α
∗
0, 0)

=
2
π

[|C0|2 − |C1|2L0
1(4|α0|2)

+ |C2|2L0
2(4|α0|2)]

× exp(−2|α0|2) +
8
√

2
π

× exp(−2|α0|2)|C0C2||α0|2

× cos(2θ − ϕ + φ)

− 4
√

2
π

exp(−2|α0|2)

× |C1C2||α0| cos(θ − ϕ)L1
1(4|α0|2)

+
8
π

exp(−2|α0|2)|C0C1||α0|

× cos(θ + φ). (5)

ùp,

L(J)
n (x) =

n∑
k=0

(−1)k (n + J)!
(n − k)!(J + k)!

xk

k!
(6)

´ë�.X�õ�ª [18].

y3·�?Ø1Æ�n¥¢S�3X�Ñ
Ñ, XÛK��1fêU\� (3) � Wigner ¼ê
©ÙA5. 31ÆÅã, ¿§9Þá´�~��
� (〈n〉th = 1/[exp(~υ/κBT ) − 1 → 0, ~υ/κBT >

1]), Ï·���n�±w¤´§Ý�"!vk9
1f�X�³1Æn. ÏÙ¥�þf�üz�d
Xe�Ì�§ [19,20]

dρ

dt
= −κ(â†âρ + ρâ†â − 2âρâ†) (7)

5 £ ã, Ù ¥ κ ´ � ³ Ñ Ñ X ê. ? , þ f
� Wigner ¼ê�üz�§�L«�

d
dt

W (α, α∗)

=
1
π2

∫
d2λ

dC(λ, λ∗)
dt

exp(αλ∗ − α∗λ), (8)

¤±,

dC(λ, λ∗)
dt

=Tr
[

dρ

dt
exp(λâ† − âλ∗)

]
=κTr[(2âρâ† − â†âρ − ρâ†â)

× exp(λâ† − âλ∗)]. (9)
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,��¡, �§ (8) �U��
d
dt

W (α, α∗) = 2κW [âρâ†](α, α∗) − κW [â†âρ]

× (α, α∗) − κW [ρâ†â](α, α∗), (10)

ùp W [x](α, α∗) ½Â�

W [x](α, α∗) =
1
π2

∫
d2λC [x](λ, λ∗, t)

× exp(αλ∗ − α∗λ), (11)

C [x](λ, λ∗) = Tr[x exp(λâ† − âλ∗)].

du

W [ρ](α, α∗) = W (α, α∗),

C [ρ](λ, λ∗) = C(λ, λ∗),

�:

C [ρâ†â](λ, λ∗)

=
[
1
2

+
∂

∂λ

(
− ∂

∂λ∗

)]
C(λ, λ∗)

=
(

∂

∂λ
+

λ∗

2

)(
λ

2
− ∂

∂λ∗

)
C(λ, λ∗), (12)

±9
1
π2

∫
d2λ exp(αλ∗ − α∗λ)

∂

∂λ
C(λ, λ∗)

=α∗W (α, α∗),

1
π2

∫
d2λ exp(αλ∗ − α∗λ)

∂

∂λ∗C(λ, λ∗)

= − αW (α, α∗),
1
π2

∫
d2λ exp(αλ∗ − α∗λ)λ∗C(λ, λ∗)

=
∂

∂α
W (α, α∗),

1
π2

∫
d2λ exp(αλ∗ − α∗λ)(−λ)C(λ, λ∗)

=
∂

∂α∗W (α, α∗). (13)

¤±,

W [ρâ†â](α, α∗)

=
1
π2

∫
d2λC [ρâ†â](λ, λ∗) exp(αλ∗ − α∗λ)

=
1
π2

∫
d2λ

[
αα∗ +

1
2
− α∗ ∂

∂α∗ − 1
4

∂

∂α

∂

∂α∗

+
α

2
∂

∂α

]
C(λ, λ∗) exp(αλ∗ − α∗λ)

=
1
π2

∫
d2λ

[
α∗ +

1
2

∂

∂α

][
α − 1

2
∂

∂α∗

]

× C(λ, λ∗) exp(αλ∗ − α∗λ)

=
[
α∗ +

1
2

∂

∂α

][
α − 1

2
∂

∂α∗

]
W (α, α∗). (14)

aq/,

W [âρâ†](α, α∗)

=
[
α +

1
2

∂

∂α∗

][
α∗ +

1
2

∂

∂α

]
W [ρ](α, α∗),

W [â†âρ](α, α∗)

=
[
α∗ − 1

2
∂

∂α

][
α +

1
2

∂

∂α∗

]
W [ρ](α, α∗).

(15)

r (14) ªÚ (15) ª�\ (10) ª, �:

dW (α, α∗)
dt

=κ

[
∂2

∂α∂α∗ +
∂

∂α
α +

∂

∂α∗α∗
]
W (α, α∗), (16)

Ù��)� [11]

W (α, α∗, t)

=
2

1 − e−2κt

∫
d2α0

π
exp

[
− 2

1 − e−2κt

× |α − α0 e−κt|2
]
W (α0, α

∗
0, 0). (17)

éu·�¤?Ø�Ð©� |ψ(0)〉, rÐ©��
� Wigner ¼ê (5) �\ (17) ª=��Xe��m
üz Wigner ¼ê:

W (α, α∗, t)

=
2
π

exp(−2|α|2)[|C0|2 − |C1|2

× (2 e−2κt − 1)]L0
1

[
− |2α e−2κt|2

1 − 2 e−2κt

]
+

2
π

exp(−2|α|2)|C2|2

× (2 e−2κt − 1)2L0
2

[
− |2α e−2κt|2

1 − 2 e−2κt

]
+

8
√

2
π

|C0C2| exp(−2|α|2 − 2κt)

× |α|2 cos(2θ − ϕ + φ)

+
8
π
|C0C1| exp(−2|α|2 − κt)|α| cos(θ + φ)

+
8
√

2
π

|C1C2| exp(−2|α|2 − κt)|α|

× cos(θ − ϕ)[2(|α|2 − 1)

× e−2κt + 1]. (18)
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�nL§¥^�
'Xª [21]:∫
d2z

π
znz∗m exp[x1|z|2 + x2z + x3z

∗]

= exp
(
− x2x3

x1

)

×
min(m,n)∑

k=0

n!m!
k!(n − k)!(m − k)!(−x1)m+n−k+1

× xm−k
2 xn−k

3 ,Re(x1) < 0 (19)

Ú�ë�.X�õ�ª Lm(x, y) ±9��õ�
ª Hm,n(x, y)[22,23] �L�ª:

Lm(x, y) =
(−1)m

m!
Hm,n(x, y),

Hm,n =
∂m+n

∂TmTn
exp[−TT ′ + Tx

+ T ′y]|T=T ′=0. (20)

3 �1fêU\��²;A5�üz

|^þ!��m�' Wigner ¼ê, ·��±
�B/ïÄ�1fêU\��²;A5 (X Wigner

¼ê�K5Ú1f��àå�A�) �k��
m κt C�ÑÑÄåÆ1�. �ê�O�{B
å �, · � r Ð � (3) ¥ � E ë ê ä N / À �:

|C1| =
1
3
, |C2| =

√
2

2
, θ = ϕ = π, φ = 0. ã 1

�Ñ
 Wigner ¼ê�k��mëê κt Cz�A
5, ã¥�n�ã´ Wigner éA���m: (x, p)
� κt �'Xã, éA���ãK´ p = 0 �,

W (x, t) � κt �CzA5. ã¥À���m:©O
´: κt = 0(a, a′), 0.2(b, b′), 0.35(c, c′), 3(d, d′). ùp
r¹� Wigner ¼ê{P� W (x, p, t): 3(x, p)- �
�m¥, x = (α + α∗)/2 Ú p = (α − α∗)/(2i). l
ã 1 �±wÑ:

(1) Ð©���, Wigner ¼ê²ww«ÑK
� (=3,
��m: W (x, p) < 0), ù¿�X3�
Ð��ã�mp, 1Æ�n¥��1fêU\�ä
kwÍ��²;A5;

(2) ��m�üz, =ÑÑ�L§u), Wigner

¼ê�K�ÅìC���C���, ù¿�XÑÑ
n|��²;�A3Åì~f, ������, X
ã 1(c) ¤«, � κt > 0.35 �, Wigner ¼ê�K��
�, = W (x, p) > 0;

(3) �XÑÑ�m�O�, n|���ò½

uý�� (½ö´²þ1fê� 0 �9|�), d�
� Wigner ¼ê÷vpd©ÙÆ. ¯¢þ, l (17) ª
·�N´��:

W (α, α∗,∞) =
2
π

exp(−2|α|2)[|C0|2

+ |C1|2L0
1(0) + |C2|2L0

2(0)]

=
2
π

exp(−2|α|2)[|C0|2

+ |C1|2 + |C2|2]

=
2
π

exp(−2|α|2). (21)

1|þf���²;A5kéõ, ~X, � 
��©þ�þfÞáØ !1f��àå�AÚ
æÑt©Ù�. é1|þf��²;�A�ïÄ�
�´þf1Æ¥�9:¯K, �«þf1|���
²;�AÑ��
����« [24]. Cc5, Biswas

Ú Agarwal ?Ø
ÑÑ1Æn¥~1fØ �
� Mandel Q Ïf�ÑÑ�¸C�PC1� [11].

¦��(JL², Q Ïf�k��m (κt → ∞) �
üCÅì��. ·�þ¡�©Û��±w�, �
��²;A5��� Wigner ¼ê�K5, �´�
Xn|�ÑÑÅÚ���. @o��g,�¯
K´, �1fêU\�¥�,	�
�²;A5,

X1f��àå�A, qòXÛ�Xn�ÑÑ
CzQ?

1|����'é¼ê g(2)(0) ´£ã1fþ
fÚO5�����Ônþ, Ù½Â�

g(2)(0) =
〈â†2â2〉
〈â†â〉2

, (22)

ùp, 〈X〉 L«¤À1|þf�e1f�'�Î X

�²þ�. XJ g(2)(0) < 1, KT1|�¥�1f
¥y�àå��²;1�; ��, � g(2)(0) > 1 �,

1fK´�²;âf��´àå�. |^þ!�
Ñ� Wigner ¼ê�ÑÑÄåÆüz, N´�	�
½�1fêU\�¥1|��'é¼ê�ÄåÆ
üC. ��/, éu Wigner ¼ê W (α, α∗, t) �þf
�, 1|�Î [16]

Ô(â, â†)(t) =
∑
n,m

Cn,mâ†n(t)âm(t) (23)

�²þ��ÏLeªO�:

〈Ô(â, â†)(t)〉 = Tr[O(â, â†)ρ(t)]

=
∫

d2αOS(α, α∗)W (α, α∗, t), (24)
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ã 1 ÑÑ�1fêU\� Wigner ¼ê� κt �Czã
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ùp� W (α, α∗, t) d (17) ª�Ñ,  OS(α, α∗) K
� C- ê (��Î) ¼ê. N´y²:

〈â†〉(t) =
[

∂

∂λ
+

λ∗

2

]
C(λ, λ∗, t)|λ=λ∗=0,

〈â〉(t) =
[
− ∂

∂λ∗ − λ

2

]
C(λ, λ∗, t)|λ=λ∗=0. (25)

Ï,

〈O(â, â†)〉(t)

=
∑
n,m

Cn,m

[
∂

∂λ
+

λ∗

2

]n[
− ∂

∂λ∗ − λ

2

]m

× C(λ, λ∗, t)|λ=λ∗=0

=
∫

d2α
∑
n,m

Cn,m

[
∂

∂λ
+

λ∗

2

]n

×
[
− ∂

∂λ∗ − λ

2

]m

C(λ, λ∗, t)

× exp(−αλ∗ + αλ∗)|λ=λ∗=0W (α, α∗, t)

=
∫

d2αOS(α, α∗)W (α, α∗, t). (26)

¤±,

OS(α, α∗) =
∑
n,m

Cn,m

[
∂

∂λ
+

λ∗

2

]n

×
[
− ∂

∂λ∗ − λ

2

]m

× exp(−αλ∗ + α∗λ)|λ=λ∗=0. (27)

AÏ/, � Ô = â†â �,

OS(α, α∗)|Ô=â†â = |α|2 − 1
2
, (28)

l,

〈â†â〉(t) =
∫

d2αW (α, α∗, t)OS(α, α∗)|Ô=â†2â2

= exp(−2κt){4|C2|2 exp(−2κt)

+ 2|C2|2[1 − 2 exp(−2κt)]

+ |C1|2}. (29)

aq/, � Ô = â†2â2 �,

OS(α, α∗)|Ô=â†2â2 = |α|4 − 2|α|2 +
1
2
, (30)

�,

〈â†2â2〉(t) =
∫

d2αW (α, α∗, t)OS(α, α∗)|Ô=â†â

= 2|C2|2 exp(−4κt). (31)

ò (29) Ú (31) ª�\ (22) ª, ·��±��:

g(2)(0; t) =
〈â†2â2〉
〈â†â〉2

=
2|C2|2 exp(−4κt)

[exp(−2κt)]2{4|C2|2 exp(−2κt) + 2|C2|2[1 − 2 exp(−2κt)] + |C1|2}2

=
2|C2|2

(|C1|2 + 2|C2|2)2
= g(2)(0). (32)

ùL², ��'é¼ê g(2)(0; t) ´�ÑÑ�m
Ã'���ÄåÆØCþ. ù¿�X, XJÐ©n
|��1f´�àå� (g(2)(0; t) < 1), @o=¦
Ù|� Wigner ¼êC��K�1f�©ÙE,�
´�²;��àå. ã 2 ��*/�Ñ
d(J:

ã 2(a) L²��'é¼ê g(2)(0; t) ´��Ø�Ñ
ÑC�ÑÑÄåÆØCþ; ã 2(b) �Ñ
���
'é¼ê� g(2A)(0; t) �ÑÑÅìüz�L§. ã
¥¤���ëê´: θ = ϕ = π, φ = 0,  |C1| =
√

6/6, |C2| =
√

6/3 (¢�), |C1| = 1/3, |C2| = 1/3

(J�) ±9 |C1| = 1/5, |C2| = 1/3 (:x�). �,,

·�5¿�, éý�� |0〉 ó, 〈â†â〉 � 0, ù��
��'é¼êÒ´ÛÉÃ½Â�
.

k¿g�´, XJ�	���'é¼ê�éA
����'é¼ê

g(2A)(0; t) =
〈â2â2〉t
〈ââ〉2t

=
〈â†2â2〉t + 4〈â†â〉t + 2

[〈â†â〉t + 1]2
(33)

�ÑÑÄåÆ1�, ·���:

g(2A)(0; t) =
〈â†2â2〉t + 4〈â†â〉t + 2

[〈â†â〉t + 1]2

=
[2|C2|2 exp(−4κt)] + 4 exp(−2κt){4|C2|2 exp(−2κt) + 2|C2|2[1 − 2 exp(−2κt)] + |C1|2} + 2

{4|C2|2 exp(−4κt) + 2|C2|2 exp(−2κt)[1 − 2 exp(−2κt)] + |C1|2 exp(−2κt) + 1}2

=
exp(−2κt){4|C1|2 + 8|C2|2 + 2|C2|2 exp(−2κt)} + 2

{|C1|2 exp(−2κt) + 2|C2|2 exp(−2κt) + 1}2
. (34)
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a

ã 2 ÑÑ�1fêU\����'é¼ê��m�Cz

lã 2(b) ·��±wÑ, ���'é¼ê��
�Xk�ÑÑ�m3ÅìP~; ��m t ªuÃ¡
��, Ø+Ð©��õ�, �ª g(2A)(0; t) Ñòª
u 2, =

g(2A)(0; t) → ∞ = 2. (35)

ù`², ���'é¼êØÓ, ���'é¼ê�
±^5£ã1þf�ÚOA5�ÑÑÄåÆ.

4 �1fêU\����9Ù Wigner
¼ê�&ÿ�Y

y3·�5?Ø�©¤ïÄ¯K�¢��1
5. �d, ·�æ^ã 3 ¤«���{zC�: �
�pQ- �1Æ�n�p-u Rydberg �f [25] �
p�^�n QED XÚ. Xã¤«: b½lu� O

?u�Ñ���f, �gBL��þfnÚ��²
;�Ån, ��3&ÿì I ¥�&ÿ. ùp, ��
fÏLþfn�, §�n|���p�^d Jaynes-

Cummings �.£ã: 3^ÅCqÚó4Cqe, M
�îþ�L«� (~ = 1)

H = ωaSz + ωaâ†â + g(âS+ + â†S−), (36)

Ù¥ ωa Ú ωb ©O´üU?�f��[ªÇÚ
n|���ªÇ, Sz, S± ´�f�Î: [S+, S−] =
2Sz, [Sz, S±] = ±S±;  â+ ÚâK©O´þfz
n|���)�ÎÚ�«�Î; g´�f - |�Í
ÜrÝ.

b��fÐ©�?uÄ� |g1〉, þfzn�
?uý�� |0〉, = |ψ(0)〉 = |0, g1〉. ��f5\þ

fzn|�, �f - n�þf�üz�

|ψ(t)〉1 = cos(gt1)|0, g1〉 − i sin(gt1)|1, e1〉. (37)

��fBLþfn��m� t1, K�§ëYB
Le��²;�Å|�, þf�òÉ�Xe�N�:

|g1〉 → cos(θ1/2)|g1〉

+ i exp(−iϕ1) sin(θ1/2)|e1〉,

|e1〉 → cos(θ1/2)|e1〉

+ i exp(iϕ1) sin(θ1/2)|g1〉,

(38)

Ù¥, θ1 Ú ϕ1 ��1�mk'��Nëþ. Ïd,

3�f��&ÿì I c, �f - nXÚ�þf��

|ψ(t)〉1 =
[

cos(gt1) cos
(

θ1

2

)
|0〉 + exp(iϕ1)

× sin(gt1) sin
(

θ1

2

)
|1〉

]
|g1〉

+
[
i exp(−iϕ1) cos(gt1) sin

(
θ1

2

)
× |0〉 − i sin(gt1) cos

(
θ1

2

)
|1〉

]
× |e1〉. (39)� �� � �

ã 3 �� |0〉, |1〉 Ú |2〉 U\��{z¢�C�ã
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·��8�´��� |0〉, |1〉 Ú |2〉 �U\�, Ïd
·�7L4,���f (Úc��f�Ó) 2�g
BLnÚ�Å|. ��fBLþfn��m� t2,

���)ü��fÚþfzn��XÚ�þf�
üC�

|ψ(t)〉2 =|0, g1〉
[

cos(gt1) cos(gt2)

× cos
(

θ1

2

)
cos

(
θ2

2

)
|g2〉

+ i exp(−iϕ2) cos(gt1) cos(gt2)

× cos
(

θ1

2

)
sin

(
θ2

2

)
|e2〉

]
+ |1, g1〉

[
exp(iϕ1) sin(gt1) cos(gt2)

× sin
(

θ1

2

)
cos

(
θ2

2

)
|g2〉

+ exp(iϕ2) cos(gt1) sin(gt2)

× cos
(

θ1

2

)
sin

(
θ2

2

)
|g2〉

+ i exp(iϕ2 − iϕ1) sin(gt1) cos(gt2)

× sin
(

θ1

2

)
× sin

(
θ2

2

)
|e2〉

− i cos(gt1) sin(gt2) cos
(

θ1

2

)
× cos

(
θ2

2

)
|e2〉

]
+ |2, e1〉

[
exp(iϕ2 + iϕ1) sin(gt1) sin(gt2)

× sin
(

θ1

2

)
sin

(
θ2

2

)
|g2〉

− i exp(iϕ1) sin(gt1) sin(gt2)

× sin
(

θ1

2

)
cos

(
θ2

2

)
|g2〉

]
, (40)

��ÏL�ÀJì, ·�Ò�±��Ñ¤I���
1fU\�. ~X, XJ�f��ÀJìÀJ3�
f�ª3 |g1〉|g2〉 �þ, @on�Ò¥ �:

|ψ(t)〉2 =
1√
N



|0〉 cos(gt1) cos(gt2) cos
(

θ1

2

)
cos

(
θ2

2

)
+|1〉

[
exp(iϕ1) sin(gt1) cos(gt2) sin

(
θ1

2

)
cos

(
θ2

2

)
+cos(gt1) sin(gt2) cos

(
θ1

2

)
sin

(
θ2

2

)]
+|2〉

[
exp(iϕ2 + iϕ1) sin(gt1) sin(gt2) sin

(
θ1

2

)
sin

(
θ2

2

)]


|g1〉|g2〉, (41)

ùp

N =
[

cos(gt1) cos(gt2) cos
(

θ1

2

)
cos

(
θ2

2

)]2

+ [sin(gt1) sin(gt2) sin
(

θ1

2

)
sin

(
θ2

2

)]2

+ [sin(gt1) cos(gt2) sin
(

θ1

2

)
cos

(
θ2

2

)]2

+
[

cos(gt1) sin(gt2) cos
(

θ1

2

)
sin

(
θ2

2

)]2

+
1
8
[cos(ϕ1 − ϕ2) sin(2gt1) sin(2gt2) sin(θ1) sin(θ2)] (42)

´8�zXê. XJ�'�ëê��Xe ϕ1 =
π, ϕ2 = 0, gt1 = gt2 = θ2/2 = π/4, ±9 θ1/2 =
7π/4, @o·�Ò�±����;.��1fêU
\�:

|ψ(t)〉2 =
√

6
6

|0〉 +
√

6
3

|1〉 +
√

6
6

|2〉. (43)

ÿþ Wigner ¼ê��{�é´'�¤Ù�.

'X, Lutterbach Ú Davidovich[26] Ò|^�f Ram-

sey Z�¤ÒU���äÑ Wigner ¼ê´Ä�K

�. ¯¢þ, éu��m: α, |�� Wigner ¼ê�
�±{üL«� [27]

W (α) = 2Tr[D(−α)ρD(α)P ] = 2〈P 〉, (44)

ùp P = exp(iπâ+â) Ú D(α) = exp(αâ+ − α∗â).
��:

P e(φ, α) =
1
2
[1 + 〈P 〉 cos φ]. (45)

dd, Wigner ¼ê�O��

W (α) = 2[P e(0, α) − P e(π, α)]. (46)
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w,, XJ

P e(0, α) < P e(π, α), (47)

K Wigner ¼êÒ�K�.

5 ( Ø

ÄuÑÑ1Æ�n¥þf1|� Wigner ¼ê
��müz, �©ïÄ
�1fêU\��ÑÑÄ
åÆ1�. (JL², Wigner ¼ê�K��n|�
ÑÑÅì��, �1|���'é¼ê g(2)(0) %E

,�±ØC.

�©�?ØÛ�u1Æ�n¥�þf�, ù�
¿§e�²þ9|1fê�±�Ñ, Ïd��u"
§ÑÑ, ��n�ÑÑ"�ò´ý��. �,, �
©�?Ø�±í2�é�"§n|¥�þf�Ñ
ÑÄåÆ1�ïÄ. �´�"§�n|�ÑÑ1�
�E,�
, �ÙÑÑ��A´²(�9|�. ä
N�?Øò,©�Ñ.

a�uHnó�Æ§�Ç�kÃ?Ø.

[1] Wigner E P 1932 Phys. Rev. 40 749
[2] Buzek V, Knight P L 1995 Progress in Optics in: Wolf E ed

Vol. XXXIV, Edited by (Amsterdam: North Holland), and Refs.
Therein.

[3] Yang Y, Li F L 2009 J. Opt. Soc. Am. B 26 830
[4] Hillery M, O′ Connell R F, Scully M O, Wigner E P 1984 Phys.

Rep. 106 121
[5] Wei L F, Wang S J, Jie Q L 1997 Chin. Sci. Bull. 42 1686
[6] Yang Q Y, Sun J W, Wei L F, Ding L E 2005 Acta Phys. Sin. 54

2704 (in Chinese) [�¶, �¹©, �é4, ¶û� 2005 Ôn
Æ� 54 2704]

[7] Li S B, Zou X B, Guo G C 2007 Phys. Rev. A 75 045801
[8] Zhang M, Jia H Y 2008 Acta Phys. Sin. 57 880 (in Chinese) [Ü

�, _�� 2008 ÔnÆ� 57 880]
[9] Hu L Y, Fan H Y 2010 J. Opt. Soc. Am. B 27 286
[10] Lan H J, Pang H F, Wei L F 2009 Acta Phys. Sin. 58 8281 (in

Chinese) [7°ô, 
u¹, �é4 2009 ÔnÆ� 58 8281]
[11] Biswas A, Agarwal G S 2007 Phys. Rev. A 75 032104
[12] Xu X X, Hu L Y, Fan H Y 2010 Opt. Commun. 283 1801
[13] Hu L Y, Xu X X, Wang Z S, Xu X F 2010 Phys. Rev. A 82 043842

[14] de Queiros I P, Cardoso W B, de Alemida N G 2007 J. Phys. B:
At. Mol. Opt. Phys. 40 21

[15] Buller G S, Collins R J 2010 Meas. Sci. Technol. 21 012002

[16] Scully M O, Zubairy M S 1997 Quantum Optics (Cambridge:
Cambridge University Press)

[17] Fan H Y, Hu L Y 2009 Opt. Commun. 282 4379

[18] Gradshteyn I S, Ryzhik I M 1965 Table of Integrals, Series and

Products (New York: Academic)

[19] William L H 1973 Quantum Statistical Properties of Radiation

(New York: John Wiley)

[20] Gardiner C W, Zoller P 2000 Quantum Noise (Berlin: Springer)

[21] Puri R R 2001 Mathematical Methods of Quantum Optics (Berlin:
Springer-Verlag)
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Dissipative dynamics of few-photon superposition
states in optical microcavity∗
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Abstract

Detections and manipulations of quantum optical state at single-photon level have received much attention in the current exper-

iments. Here, by numerically calculating the time-evolved Wigner functions, we investigate the dynamics of the typical non-classical

state, i.e., few-photon superposition states in a dissipating optical microcavity. It is shown that the negativity of their Wigner function

vanishes with dissipation. But this does not imply that all the non-classical features of the dissipative quantum state disappear. In

fact, it is shown that the value of the second-order correlation function g(2)(0) (which serves usually as the standard criterion of a

typical non-classical effect, i.e., the anti-bunching of photons, if g(2)(0) < 1) for the few-photon superposed states is dissipatedly-

dynamical invariant. We find that the anti-normal-order correlation function g(2A)(0) varies with the cavity dissipation and thus could

be used to describe the physical effects of the dissipative cavity. Finally, we discuss the experimental feasibility of our proposal with a

practically-existing cavity QED system.

Keywords: few-photon superposition states, Wigner function, dissipative optical microcavity, anti-bunching
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