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Äu��DÑ�Ú��þf'A�pÍÜ�>´þf>ÄåÆ (quantum Electrodynamics, QED) XÚ, ´8c
��þf&E+�����É'5�ÔnXÚ, �´ïÄþfÿþÚþf���n�¢�²�. duÙ¥�9�°
Ä|Ú��DÑ���n|±�1fªÇÑ3�Å«, 3þfÿþÚþf��ïÄ¥  ���þ1fêÚå�
G��m�êL��5�ê��[�¡�(J.�
;�ù�(J,  æ� “�Ø” 1fgdÝ��{, ïá��
��3þf'AG�gdÝ�k�£ã�Y. �©ÏLéü'A�þfÿþÄåÆ�ê��[, u�
 “ý9�Ø”

Ú “4zfC�” ü«�Y�·^^�. (JL², 3þf�»� (quantum non-demolition, QND) ÿþ�¹e, 4z
fC�°(·^u?¿°ÄrÝÚ?¿ (1f) �¦�Ç�n; �3� QND ÿþ�¹e, 4zfC��éÏ~�ý
9�Ø�Y, ¿Ã`³. 3r�¦�nÚfÍÜ�¹e, ü«�Ø1fgdÝ��{Ñ�±�Ð/£ãÿþÄåÆ;

�XJ�n1f�¦�ÇØ´é�½þf'A��nÍÜ�r, KI�B\1fgdÝ����[, d��þfÿ
þá5´��ÿ�ïÄ��K.

'�c: >´ QED, ý9�Ø, 4zfC�, QND ÿþ

PACS: 03.67.Bg, 32.80.Qk, 42.50.Lc, 42.50.Pq

1 Ú ó

duä�ûÐ�þf�Z5Ú�8¤5, Äu
��DÑ�Ú�� Josephson (ÍÜ�¤���
�>´´8c�ÉÀ���þf&E?nXÚ
��, Ó�§�äkÙ¦p<�þfì�A^d
�. ù����>´Ï~�¡�>´þf>Äå
Æ (circuit quantum electrodynamics, {¡ cQED) X
Ú [1,2], Ï�§�±w¤´Äu�f�1Æ Cavity-
QED XÚ���éAÔ [3], =Äu�� Joseph-
son (�þf'A (qubit) éA<ó�f, ��ÍÜ
� (��) ��DÑ�éA1Æ�n, �ã 1 ¤«.
Äuù���þf>´XÚ, Cc5�ïÄ��

�X��?Ð, ~X, *	�
�Å1f� “a -
âf” A5 [4]; ¢y
ü1f� [5] Ú Fock � [6] �

�); *	�
 Berry � [7]; ¢y
<óü�f-
1 [8]; ïÄ
þfÿþÚò�Z�m�Ä�þf4
�¯K [9,10]; ¢y
�Å1fp��Vþf'A�
m�k�ÍÜÚÄ�þfÜ6�ö� [11]; ��.

,��¡, ±þ�>´ QED XÚ, du��þ
f'AÚDÑ��m�±¢yrÍÜ, ±9�f
XÚ`�����5U, ¦TEÜ(�AO·Ü^
uþfÿþÚþf���¡�ïÄ [12−14]. �

¢yk��þfÿþ, ù�XÚI��r��Å
°Ä, l3��ÿþL§¥, �n¥�3X��
ê8�1fê. 3nØïÄ¥, ùòÚåG��m
�êL��5�ê��[�¡�(J.�
{zO
�, ;�ù�(J,  æ� “�Ø” 1fgdÝ�
�{, ïá����3þf'AgdÝ�k�£ã
�Y. �Ø1fgdÝ��{kü«, �«´'�
DÚ� “ý9�Ø” �Y [15], ,�«K´#CuÐ
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� “4zfC�” �Ø�{ [16,17].
�©�8�´ÏLéü'A�þfÿþÄå

Æ�ê��[, XÚu� “ý9�Ø” Ú “4zfC
�” ü«�Ø�Y�·^^�. (JL², 3þf�
»� (QND) ÿþ�¹e, 4zfC�°(·^u
?¿°ÄrÝÚ?¿ (1f) �¦�Ç�n; �3
� QND ÿþ�¹e, 4zfC��éÏ~�ý9
�Ø�Y, ¿Ã`³. 3r�¦�nÚfÍÜ�¹
e, ü«�Ø1fgdÝ��{Ñ�±�Ð/£ã
ÿþÄåÆ; �XJ�n1f�¦�ÇØé�½þ
f'A��nÍÜ�r, KI�B\1fgdÝ�
���[, d��þfÿþá5´��ÿ�ïÄ�
�K.

ã 1 ¹k��<ó�f�>´ QED (�«¿ã, Ù¥�
<ó�f���þf'A, ��ÍÜ��n´��É�Å
°Ä���DÑ���n

2 XÚ��.

�©¤ïÄ�>´ QED XÚXã 1 ¤«, Ù
¥���þf'A�<óüU?�f, ��DÑ
��¤��nÚJøþfÿþ. TXÚ�^Xe
� Jaynes-Cummings (JC) �.£ã [20,21]:

H =ωra
†a +

ωq

2
σz + ε(a† + a)

+ g(σ−a† + σ+a). (1)

���Ñ, du��DÑ�´ÏLÙþ� (�6) >
Ø�����>Ø���þf'AÍÜ, ¤±, ±
þM�îþ¥� a†(a) ´�6>Øþfz��þ
f (1f) �) (�«) �Î. ωr Ú ωq ©O´�Ån
1fªÇÚþf'A��[ªÇ. �§ (1) ¥�1
��Ú1��©O���nÚþf'A�M�î
þ; 1n�£ã�Å°Ä, Ù¥ ε = εm e−iωmt +c.c,
εm �°ÄrÝ, ωm ´°Ä�Å�ªÇ (§Ï~
���nªÇ�C); ����£ã1f�þf'
A�m��p�^ (JC �.), g ��p�^rÝ,

σ+(σ−) ´ qubit �G�, (ü) �Î.
TXÚ¥� qubit ÿþ�Y, Ï~À�ÚÑ

« (dispersive regime) ÿþ. ¤¢ÚÑ«, ´��
�n��f�m���þ (detuning) ��uÍÜ
rÝ, = |∆| = |ωq − ωr| À g. 3d^�e, �
±é JC M�îþ��KC�: Heff = U†HU , Ù
¥ U = exp[λ(a†σ− − aσ+)], ª¥ λ = g/∆. �Ñ g

���±þ�þ, ¿C��± ωm ªÇ^=��p
�^L�, KXÚ�k�M�îþ�

Heff =∆ra
†a +

ω̃

2
σz + χa†aσz

+ (ε∗ma + εma†), (2)

ª¥, ∆r = ωr − ωm (Ï~À ∆r = 0), ω̃ = ωq + χ.
χ = g2/∆ ´ C � � � � n 1 | Ú qubit � k
�ÍÜrÝ. �±wÑ, �§ (1) ¥��p�^
� g(σ−a† + σ+a) 3C��C� χa†aσz . ùL²,
3ÚÑ«, qubit ���n1|��p�^¬��1
|�)�6u qubit G��ªÇ£Ä. ù�ªÇ£
Ä, ¬Úåß��Å�rÝCz½ �£Ä, âd
K��ä qubit �G�. ù��´T>´ QED XÚ
�ÚÑÿþ�n.

3±þ�þfÿþL§¥,�n1f��Å�
¦òÚåÿþL§éþf'A���^ (backac-
tion), =ÿþL§Ø�;��ò�Z�A. 2�Ä
� qubit ��ÉÙ¦�¸�K�, ��XÚ�G�
üz�de¡�þfÌ�§£ã:

%̇ = − i[Heff , %] + κD[a]% + γ1D[σ−]%

+
γφ

2
D[σz]%, (3)

Ù¥� Lindblad ��Î½Â� D[a]% = a%a† −
1/2{a†a, %}. (3) ª�1��£ã1fl��n
��Å�¦, κ ��¦�Ç; 1n�Ú1o�£
ã qubit ÉÙ¦�¸K��ò�Z, γ1 Ú γφ ©O�
µþ (relaxation) Úò� (dephasing) �Ç.

3 1fgdÝ��Ø�Y

±þ�þfÌ�§ (3) ¹ qubit Ú�n1fü
�fXÚ�gdÝ. �1fê���, ê��[�
§ (3) òéÑ�, ¿�l�§���ØN´wÑÿ
þL§é qubit � backaction �A. XJUÜn�Ø
�� “ÿþ¤ì” �Ü©��n1fgdÝ, K�±
�Ñ±þü�¡�Øv.
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3.1 ~~~555���ýýý999���ØØØ���{{{

�1fl��n¦Ñ�Ç κ ���, Ï~æ^
±e� “ý9�Ø” �Y.

1) ÄkéÌ�§ (3) �1| £C�: ρD(t) =
D†[α0]%(t)D[α0], Ù¥ D[α0] = eα0a†−α∗

0a � £
�Î, 1| £þ

α0 = − iεm

i∆r + κ/2
(4)

��n3Ø¹ qubit �¹e, É°Ä�/¤��
�Z�ëê (=���Z� |α0〉).  £C���
Ì�§�

ρ̇D =LρD − i∆r[a†a, ρD]

+ κD[a]ρD − iχ[a†aσz, ρ
D]

− iχ[(α∗
0a + α0a

†)σz, ρ
D], (5)

Ù¥���Î L ½Â�

LρD = − i
ω̃

2
[σz, ρ

D] − iχ|α0|2[σz, ρ
D]

+ γ1D[σ−]ρD +
γφ

2
D[σz]ρD. (6)

2) ²Lþ¡� £C��, 1fêòC�é
�, u´·��±ò�ÝÝ
U1fê Fock ��
XeÐm:

ρD =ρ00|0〉〈0| + ρ10|1〉〈0| + ρ01|0〉〈1|

+ ρ11|1〉〈1| + ρ20|2〉〈0| + ρ02|0〉〈2|, (7)

�\�§ (5), �±����ÝÝ
� ρnm �üz
�§. ?�Ú, é1fgdÝ¦,, ½Â�¹ qubit
gdÝ��z�ÝÝ
 ρ = Tr[ρD] = ρ00 + ρ11, �
�Xe'u ρ �k�Ì�§:

ρ̇ = Lρ +
Γd

2
D[σz]ρ, (8)

Ù¥

Γd =
2κ|α0|2χ2

∆2
r + κ2/4

(9)

�x
ÿþ���ò�Z�Ç.
3) �þ¡�G��§ “ý9�Ø” 1fgdÝ

�éA,·���±éÿþ (1) >6L�ª�1f
gdÝ�ý9�Ø. 3ÚÑÿþ¥, Ï~^ homo-
dyne �Yÿþ�n¥�1fG� (líÿ qubit
�G�), �A�ÑÑ>6� [24]

J(t) =
√

κ〈a e−iφ + a† e iφ〉t + ξ(t), (10)

Ù¥ φ��/ë�1 (local oscillator) ���n¥
¦Ñ1f��é �, 〈· · · 〉t ½Â�é�n1f�

�²þ. duùpL��´ügÿþ¢y (ü^þ
f´») �(J, ¤±Ù¥� “�n1f�” ´�6
ÿþ(J�^�þf� (§��Xn²þ´þ¡
� “�^�þf�”). ª¥ ξ(t) ´pdxD(, u
ügÿþ¥þf���Å¥  (collapse), §�²þ
� E[ξ(t)] = 0, 'é¼ê E[ξ(t)ξ(t′)] = δ(t− t′). |
^þ¡��{, �Ø1fgdÝ, ÿþ>6�#
L��

J(t) = −
√

Γci〈σz〉t + ξ(t), (11)

Ù¥ Γci =
4κχ2X2

∆2
r + κ2/4

, X = Re[α∗
0 e i(φ−θ)], θ =

arctan(κ/2∆r). Γci �Ôn¿Â�þfÿþ�&E
¼��Ç.

3.2 444zzzfffCCC������ØØØ���{{{

þ¡�ý9�Ø�Y, 1| £C�¥� “ 
£þ” Ø�6 qubit G�. éù�":����U
U?´, 4 “ £þ” �6 qubit G�, =æ^¤¢
� “4zfC�” �Ø�Y. 4zfC��Ø1fg
dÝ�Ì�Ú½Ú(JXe.

1) é Ì � § (3) � £ C �, ρP = P †%P ,
Ù¥

P (t) = ΠeD[αe(t)] + ΠgD[αg(t)], (12)

ùp� £�Î D[α] �c¡�Ó, ½Â� D[α] =
eαa†−α∗a. ��§ (12) ¥ü� £þ�6 qubit
G�, äNLy�� qubit G�ÝK�Î Πj =
|j〉〈j|(j = e, g) �'é. ¹� £þ αe(g)(t) é
A qubit ?u |e〉(|g〉) ���n1|�Z�ëê, Ù
üz�§÷v

α̇e(t) = − iεm − i(∆r + χ)αe(t) − καe(t)/2,

α̇g(t) = − iεm − i(∆r − χ)αg(t)

− καg(t)/2. (13)

²Lþ¡� £C��, Ì�§�

ρ̇P = − i
ω̃ + B̃

2
[σz, ρ

P ] − i(∆r + χσz)[a†a, ρP ]

+ γ1D[σ−D†(αg)D(αe)]ρP

+ (γφ + Γm/2)D[σz]ρP /2

+ κD[a]ρP +
κβ

2
[σz, ρ

P ]a†

+
κβ∗

2
a[ρP , σz], (14)
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Ù¥, Γm(t) = κ|β|2, B̃(t) = (βε∗m + β∗εm)/2 +
κIm[αgα

∗
e], β(t) = αe(t) − αg(t).

2) ò £���ÝÝ
é1fgdÝ¦,, ,
�2U qubit Ä¥Ðm:

ρ =Tr[ρP ]

=
∑

n

[ρP
n,n,e,e|e〉〈e| + ρP

n,n,g,g|g〉〈g|]

+
∑
n,m

[λn,m,m,n|e〉〈g| + λ∗
m,n,n,m|g〉〈e|], (15)

Ù¥ λn,m,p,q = ρP
n,m,e,g〈p|D(β)|q〉 exp(−iIm[αgα

∗
e]).

(Ü�§ (14) Ú (15), ¿AO�Ä� £C��1
fê®²�", ���Ø1|gdÝ�þf'A�
k�Ì�§:

ρ̇ = − i
ω̃ + B(t)

2
[σz, ρ] + γ1D[σ−]ρ

+ γφD[σz]ρ/2 + Γd(t)D[σz]ρ/2, (16)

ª ¥ Γd(t) = 2χIm[αg(t)α∗
e(t)] �ÿ þ back-

action Ú å � þ f ' A ò � Z � Ç, B(t) =
2χRe[αg(t)α∗

e(t)] £ã
 ac-Stark �AÚå�þf
'AU?£Ä.

3) é homodyne >6L�ª (10) E±þ�
4zfC��Ø�Y, (J�

J(t) = −
√

Γci〈σz〉t + ξ(t), (17)

ª¥ Γci(t) = κ|β(t)|2 cos2(φ − θβ) �x
&E¼
��Ç.

� (: ± þ ü « � Ø � Y � � � k � Ì �
§ (8) Ú (16) /ª�Ó, �Ù¥�ÿþ backaction
Úå�ò�Z�ÇØÓ; �A/, ÿþ>6¥�&
E¼��Ç�Ø�Ó.

4 �¹1fgdÝ�ÿþÄåÆ©Û

3[�u�±þü«�Ø1fgdÝ�Y�
°(5�c, �!k�	 qubit Ú�n1|3ÿþ
L§¥�ÍÜüzÄåÆ.·�òAOéX “Å½
�c�¸” ��
?Ø, Ï�ù´��éÐ�©Û
XÚ, U�«Å½�c�¸¥��
'�¯K.

3ÚÑÿþ�¹e, qubit ��n1f�k�
�^/ª� χa†aσz , ùò�� qubit ?uG� |e〉
(½ |g〉) �, 1fªÇk χ (½ −χ) �£Ä. 3�Å
°ÄÚ�n1f�¦��Ó�^e, �A��n
1|�Z� |αe(g)(t)〉 ¥��Z�ëê÷v�©�

§ (13). Ù)�

αe(g)(t) = α
(s)
e(g)[1 − W (t)] + αe(g)W (t), (18)

Ù ¥ W (t) = e−i(∆r±χ)t−κt/2, α
(s)
e(g) =

−iεm/[i(∆r ± χ) + κ/2]��).
y3�Ä, XJ qubit �Ð�� ce|e〉 + cg|g〉,

Uì{ü�þfÍÜ�p�^e�Å�üz5K,
ÍÜXÚ�ª�q�A�: ce|e〉 ⊗ |α(s)

e 〉 + cg|g〉 ⊗
|α(s)

g 〉. �±wÑ, T��´ “Å½�c�¸” ¥Ñy
�Å��, = |α(s)

e(g)〉 éAc� “k (¹)” G�. �O
3u, “Å½�c�¸” ¥c� “k (¹)” G�J±k
(��þf�x, ùp� “¤ìA��”(�Z�)
¿ÂK�~²(.

e¡©Û`²ÍÜüz�(JØ¬´þ¡�
Å�X�. ¯K�'�3u: �n1f� “�¦”, ¿
�X�n1f� “	.” kÍÜ, �ù� “	.” ´
��Ã¡gdÝ�ëYÌXÚ; ·�3£ã qubit
Ú�n1|�éÜüz�, vkO\ù
 “Ã¡g
dÝ”. ù��u3 “Å½�c�¸” ¥, ·�vk
O\Øc� “k (¹)” A�±	� “(Ã¡)�*gd
Ý”. ù«éÃ¡õ�*���Ñ, ´��þfU\
�ò�Z����Ï. Äu±þ@£, é�©��
.XÚ, 3 qubitÃ�=�¹e,·�é�¹�n1
fgdÝ��ÝÝ
�Xeî�Ðm:

%(t) =cee|e〉〈e| ⊗ |αe(t)〉〈αe(t)|

+ cgg|g〉〈g| ⊗ |αg(t)〉〈αg(t)

+ ceg(t)|e〉〈g| ⊗ |αe(t)〉〈αg(t)|

+ cge(t)|g〉〈e| ⊗ |αg(t)〉〈αe(t)|. (19)

�\�§ (3), ��)Û)

ceg(t) = cegBeg(t) e−iω̃t−D(t), (20)

Ù ¥ Beg(t) = [〈αg(t)|αe(t)〉]−1, D(t) =
2iχ

∫ t

0
αe(s)α∗

g(s)ds. w,, cge(t) = c∗eg(t). 3±
þ(J¥, cee = |ce|2, cgg = |cg|2, ceg = c∗ecg ±
9 cge = c∗gce. �â (18) ª�Ñ�)Û), �±?�
Ú��

D(t) =
2iχε2m

(iχ + κ/2)2

×
[
t − 3

4

(
2 − 4ν(t) + ν2(t)

iχ − κ/2

)]
, (21)

Ù¥ ν(t) = e−iχt−κt/2. N´u�, ReD(t) > 0,
L²�Nþf�Z5��é�� ceg(t) ò��m
P~. '�c¡�²4zfC��Ø1fgdÝ
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��k�Ì�§ (16), Ù¥�ò�Z�Ç Γd(t) =
2χIm[αg(t)α∗

e(t)] A�ùp� ReD(t) kÄ��Ó
�Ôn¹Â. �±y², 3��m4�e, üö�
��Ó, %C���Ó�ò�Z~ê�Ç. �3á
�mºÝþ, duc� αe(t) Ú αg(t) �pØ��,
���z qubit G�Ú'éc��éÜG�3p
Ý�ê��Åò�ZL§¥, 1�¿Øî��Ó.
� (ÿþ) �mv
��, XÚ�ªò�Z�·Ü�:
% = cee|e〉〈e| ⊗ |αe〉〈αe| + cgg|g〉〈g| ⊗ |αg〉〈αg|. ù
�(Jw�·�, “Å½�c�¸¥” ¹k “k”“¹”
�Å�X�3�Ñ�þ�*gdÝ��¹e´Ø
�3�.

'u “Å½�c�¸”, �\(J�¯K3u:
XJ�3 “�*gdÝ”, �¹¬N�Qº3d, ·
�Jø�«Á&5n). Ù¢, “k”“¹” U\� (þ
fX�) � (��) ÚO·Ü�, =3 “�©” �k¹
L�ew, ¿Ã�*	¿Âþ��O (½ö`w«
ØÑ�O); �3,« “^=” ��,	�� “k¹”
L�ew, Kk�O, =X�kþfZ��A, ÚO
·Ü�Kvk. 'uþfZ��A, �±kXen
): éuþfÚOXn, ���mk “þf'é (%
ê)”; ²;�ÚOXn����m, KÃù«'
é (%ê). ��©� “k¹G�” �gÍÜþ��Ã
¡gdÝ� “�¸G�” �, 3 “^=L�” *	 “k
¹” �, �¸G�Ã{éA, (JÒ��
���m
� “þf'é (%ê)” ��.·�@�, ù�±´n
) “Å½�c�¸” ����{.

£��©ïÄ�XÚ, �
?�Úü« “c
�” N�É qubit G��K�, ·�3ã 2 ¥£
±
�n1|�ÝÝ
 ρ̃ = Trqubit[%(t)] 3�Z
�L�e�OVÇ©Ù¼ê, = Q ¼ê Q(α) =
〈α|ρ̃|α〉/π � � m � C z � ¹. ·� b ½ Ð �
� 1/

√
2(|e〉+|g〉)⊗|α0〉, Ù¥ |α0〉�vkÍÜ qubit

�¹e��n1|�, �Z�ëê α0 d�§ (4)
�Ñ. ã 2(a) �Ñ
TÐ©�Z�� Q ¼ê�p�
ã; ã 2(b) Ú 2(c) K©O� t = 2κ−1 Ú t = 3κ−1

�1|©Ù¼ê; ã 2(d)��1|©Ù¼ê, §
éAX |αg〉 Ú |αe〉 ���ÚO·Ü�.

5 þf�»�ÿþ

þ¡� “Å½�c�¸” ©Û¥¤�Ä�ÿþ,
qubit Ð�?uþfU\�, 3ÿþL§¥, qubit
G�Ã�=. ù¢Sþ´�«'�{ü�þf�

»�ÿþ�ª. e¡·�'�©Ûý9�ØÚ4
zfC�ü«�{3ù«ÿþ�¹e�O(§Ý.
du3 QND ÿþ�¹e, qubit Ð©U\��ü�
©þ�ÓâAÇØC (qubit G�Ã�=), ÿþ�Ú
åü�U\©þ�m�ò�Z, ¤±·��I©Û
'� qubit �z�ÝÝ
�é�� ρeg �üz. b
½ qubit Ð�� (|e〉 + |g〉)/

√
2, ã 2 ©O�Ñ
¹

�n1fgdÝ�Ì�§î�üz(J, ~5�ý
9�Ø�{(J, ±9Äu4zfC��1fgd
Ý�Ø�Y�(J.

ã 2 �n1|�ÝÝ
� Q ¼ê3ØÓ����p�ã
(a) t = 0; (b) t = 2κ−1; (c) t = 3κ−1; (d)�; XÚëê:
∆r = 0, χ = 0.1, κ = 1.0, εm = 3.0, γ1 = 0, γφ = 0; 1|
Ð��½�vk qubit K��� (�Z�)|α0〉; dã±9
�¡�ã�ê�(J, Ñæ^± κ�ü ��zü �

� � �−

� � ��
� � �

� � � � 	 
 �� �
ã 3 þf'A (�z) �ÝÝ
�é�� ρeg ��müz
é'ã, Ù¥�)¹1fgdÝ�Ì�§O�(J (¢�),
4zfC��Ø1fgdÝ����Ì�§(J (:J�),
±9ý9�Ø1fgdÝ����Ì�§(J (J�); þ
f'AÐ��� (|e〉 + |g〉)/

√
2; XÚëê��: ∆r = 0,

χ = 0.1, κ = 1.0, εm = 3.0, γ1 = 0, γφ = 0

Äk·�w�, 3¤^�ëê^�e, ý9
�Ø�{���(J�î��[(J lé�.
Ù���Ï3u, 3Ï~�ý9�Ø�Y¥, �
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·�é�n1|� £C��, vk�Ä qubit
�K�, =ÃØ qubit ?u |e〉 ½ |g〉 �,  £C

�¥� £þ©ª´ α0 = − iεm

i∆r + κ/2
. ùò

�� £C��, 1|¿Ø�©�Cý�� |0〉.
u ´ � � U 1 f ê � “� þ” Ð m C q § Ý Ø
Ð, � � 
 ã 3 ¤ « � � �   �. �
 � � Ù
/n)ù�¯K, �Ä#� £C�: 4ý9�
Ø¥1| £C�� £þ α0 U� α

(s)
e , �ö

� qubit ?u |e〉 ��1|� |α(s)
e 〉 ��Z�ë

ê, = α
(s)
e = − iεm

i(∆r + χ) + κ/2
. �±y², ²L

 £C��Ø1fgdÝ�, (þf´») Xn²þ
>6(J�

J̄(t) = − 2χRe(α∗
e e−iθ)√

(∆r + χ)2 + κ2/4
[〈σz〉 − 1]

+ 2Re(αe), (22)

ª¥ θ = arctan[κ/2(∆r + χ)]; �3í�¥, ·�
®��/1ë��  φ = 0. ·�w�, � qubit
?u |e〉 �, J̄(t) = 2Re[αe], �¹1fgdÝ�
î�?n(J Js

e �Ó. �� qubit ?uU\�~
X 1/

√
2(|e〉 + |g〉) �, 3Ï~�ý9�Ø�Y¥,

Ã{é�Ü·� £þ, =ÃØ α0 �´ α
(s)
e(g) ÑØ

Ð, ¿�nS1|3����c���mCz1
�����Ä. ¤kù
"�, ��
ã 3 ¥��
��É.

X 3.2 mÞ¤ã, 3 QND ÿþ�¹e, 4zf
C��{�±�Ñ±þ":. du4zfC�¥�
1| £�Î� P (t) = ΠeD[αe(t)] + ΠgD[αg(t)],
Ù¥ qubit ÝK�Î Πe(g) = |e(g)〉〈e(g)|, §ïá

1| £C�� £þ αe(g)(t) � qubit G� |e(g)〉
�'é; Ó�, Ù¥� £ëê��6�m, äNd
�§ (18) û½. òXd�O� £C�A^u¤�
Ä� QND ÿþ, =òC��Î P (t) �^u�ÝÝ

 (19) þ:

P%(t)P † =cee|e〉〈e| ⊗ D[αe(t)]

× |αe(t)〉〈αe(t)|D†[αe(t)]

+ cgg|g〉〈g| ⊗ D[αg(t)]

× |αg(t)〉〈αg(t)|D†[αg(t)]

+ ceg(t)|e〉〈g| ⊗ D[αe(t)]

× |αe(t)〉〈αg(t)|D†[αg(t)]

+ cge(t)|g〉〈e| ⊗ D[αg(t)]

× |αg(t)〉〈αe(t)|D†[αe(t)]. (23)

dd��, ��¥�1|�Z�þ� £�î��
ý�� |0〉, £�m¥�1fê� 0, Ï���
1fgdÝ�ØØ2k?ÛCq, ´��î��.
ùÒ´ã 3 ¥4zfC�(J�¹1fgdÝ�
Ì�§î��[(J��ÎÜ��Ï.

Ïd,·��±��Xe(Ø: éu qubitÃ�
=� QND ÿþ, |^4zfC��±î��Ø1
fgdÝ, ��î�� qubit �zÄåÆ�§ (16).
AO��´, dd¼��ÿþ backaction Úå�
ò�Z�Ç Γd(t) = 2χIm[αg(t)α∗

e(t)] �6�m, k
;.��ê��ÅA5. Ï~�ý9�Ø�Y,
=¦3 QND ÿþe�ØO(, d§¤�Ñ� qubit
�zÄåÆ�§� qubit �¢SÿþÄåÆké�
 �, Ù¥¤�N�ÿþ backaction Úå�ò�Z
�Ç�~ê, ��mÃ', éAXpÝ�ê��Å
Cq. de¡��[©Û�±wÑ, �k31f�
¦�Ç κ ��½ qubit ��nÍÜ�f��¹e,
�n¥1|ÄåÆÃ²w “(�”, d�Ï~�ý9
�Ø�Y¥� “~ê £” C��±�Ð/�Ø1
fgdÝ, ���O(� qubit �z�ÝÝ
�§.

6 þf�Z���ÿþ

e¡?�Ú�Ä qubit þf�Z�� (Rabi �
�) �ÿþÄåÆ. �daq���C�, ´^0*
Ñ$¤ìXþf:�> (quantum point contact, {
¡ QPC) ½ü>f¬N+ (single electron transistor,
{¡ SET), é>Öþf'A?1ÿþ. 3L���
�Êc¥, éù�XÚ?1ïÄ���Ø%¯K´
ÿþ qubit ��Z��, Ï�§3 QPC ½ SET �
Ñ$>6õÇÌ¥kA�(�. <�éù�¯K
�
4Ù[��\�ïÄ, ¼�
NõkÃ�@
£ [20−23]. �©¤ïÄ�>´ QED XÚ, Ùé qubit
�ÿþ�nÚ±þü�0*Ñ$¤ì�~aq,
�é§�ÿþÄåÆÚÿþ�Ç�
)��Ø
X QPC/SET �\. Ïd, ��ïÄ�1�Ú, k7
�é qubit þf��ÿþÄåÆ�Ñ£ã. �Kþ,
3ÿþÄåÆ��[ïÄ¥, Aé qubit Ú�n1
fgdÝ��¡£ã. �ØÓu QPC ½ SET, ùp
��n1fk�U�9ã�� Hilbert �m, ò�ÿ
þÄåÆAO´þf´»�[±9þf�"��
ïÄ�5(J. Ïd, <��©F"U�Ø�n1
fgdÝ, ïá=¹ qubit gdÝ�{z£ã. e¡
©O�	Ï~�ý9�Ø�YÚ4zfC��{
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3ù�¯K¥�A^, '�§��î��[O�(
J��O, ¿dd�ÑeZ(Ø.

c¡¤?Ø� QND ÿþL§, qubit G�vk
�=. y3Ú\ qubit �þf�Z�� (Rabi ��)
� ΩRσx/2, §äN�±ÏLö��� qubit ¥�
eZÔn��ëþ5¢y. 3ê��[¥, ©Oò
d�\\c¡��gdÝþfÌ�§ (3)!ý9�
Ø1fgdÝ��þfÌ�§ (8)!±94zfC
��Ø1fgdÝ��þfÌ�§ (16) =�. ã 4
´�'�(J'�, Ù¥Ì�'�
ØÓ Rabi �
�ªÇe qubit �z�ÝÝ
é��Ú�é���
(J. ·�uy, � qubit ���¯�, ÃØ´Ï~
�ý9�Ø�Y, �´c¡ QND ÿþ¥�JéÐ
�4zfC��Ø�{, ÑØUT�/£ãþfÿ
þe qubit ��zÄåÆ1�. �k3 qubit ���
ú�, ùü��{â�±�Ñ�Ð�(J. Ù¥�
�Ï´� qubit ���¯�, �n1|�Cz�Ø
þ qubit G�Cz.

� � � � � � � � � � � � � �� �� � �	

 � � � 
 � � �

 � � � � �
 �  


 � � � � � 

 � � � � �
 � � �
 �  


 � � � � �
ã 4 þf'A�Z��ÿþe, �ÝÝ
é��Ú�é
����müzé'ã Ù¥�)¹1fgdÝ�Ì�
§O�(J (¢�), 4zfC��Ø1fgdÝ����
Ì�§(J (:J�), ±9ý9�Ø1fgdÝ����
Ì�§(J (J�); þf'AÐ��� 1/

√
2(|e〉 + |g〉);

XÚëê�� ∆r = 0, χ = 0.1, κ = 1.0, εm = 1.0,
γ1 = 0, γφ = 0; ã (a)—(c) Ú (d)—(f) ©OéA Rabi ��
ªÇ ΩR = 2.0, 0.2, 0.02

�
��Ù/`²ù�¯K, XJ·�b½�
n1|�±�þ qubit G��Cz, K�±^ qubit
�z�ÝÝ
�E��J[��n1|, ,�Ú¢
S1|é', '��ö�m��O. Ï�4zfC
��Ø%g�´4 £C�¥� £ëê “ÓÚ”
/�6 qubit G�¤û½��n1|�Z�, Ï
3ù« “n�ÓÚ” ��¹e, ��éÜXÚ�G
�AT÷v�§ (19). 3ã 5 ¥, ÏLd�n1|
û½� homodye 1>6 Tr[(a + a†)%(t)], ©O�Ñ


ý¢1|Ú “n��E1|” ¤éA�1>6(
J.·�uy, �ö¿Ø�Ó, Ù¥n���E1|
;� qubit � Rabi ����, �¢S1|(¿Ø
²w��, L²¢S1|ØUÓÚ/�þ qubit �
G�Cz. ù«�O�X qubit ��ªÇ�O�
O�, Ó��L²4zfC��Ø1fgdÝ��
{�ò�\��.

��, ·� (ê�) y², ��n1f�¦�Ç
ÅìO��, �©¤?Ø�ü«�Ø1fgdÝ�
�{ÑòÅÚ¤á. ã 6 �Ñ
�Ø1fgdÝ�
���Ì�§Ú¹1fgdÝÌ�§�(J�1
f�¦�Ç κ �Cz�¹. l¥�±wÑ, �X κ

�O�, ý9�Ø�{Ú4zfC��{�(JÑ
Åì�î�(JÎÜ. Ù¥�Ôn�Ï´Ï��1
f�¦�Ç κ ���, �n1|�6 qubit Cz�
¹� “ÄåÆ” òÅÚ��,�n1|Ä�?u�
�Z� |α0〉 NC; ,	, |αe(t)〉 Ú |αg(t)〉 �� |α0〉
�~�C. 3ù«�¹e, ²L £C��,�n1
fêÑ�C", Ïdü«�Ø1fgdÝ��{Ñ
éÐ. �duÏ~�ý9�Ø�{�\{ü, 4
zfC�3 qubit G�k���qÃ²w`³, ¤
±d�æ^Ï~�ý9�Ø�{=�.

� � � � � � �−

� �� � 	 �
−

� �� � 
 �� ��� ���������� � � � � � � �−

� ��� � � �
ã 5 ^ ¢ S�n 1 | (J �) Ú � E 1 | (¢ �) O
� � homodyne > 6 X Ú ë ê: ∆r = 0, χ = 0.1,
κ = 1.0, εm = 1.0, γ1 = 0, γφ = 0. þ f ' A Ð
��� 1/

√
2(|e〉 + |g〉); ã (a)—(c) ©O� Rabi ��ª

Ç ΩR = 2.0, 0.2, 0.02 e�(Jé'

±þ¤?Ø�1f�¦�Ç κ é��ÿþ, ¢
SþéAX�«þf “fÿþ”, Ï�Ù¥��n1
|é�f/�6 qubit �G�. dd�±aí, XJ
1f�¦�Ç κ ¿Øé�, �XJ qubit ��n1
|ÍÜéf, ù�´�«þffÿþ, d�ü«�
Ø1fgdÝ��{�Ñ·^. ���Ñ, “þff
ÿþ” �´�«�~k^�ÿþÃã [24]. éu�©
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¤?Ø�>´ QED XÚ, 3é qubit ?1þffÿ
þ��¹e,·��±éÐ/�Ø�n1fgdÝ,
������¹ qubit gdÝ�þf´»�§, ¿
3dÄ:þ¢yé qubit þf�Z���þf�"
��, �'����{�±ë�©z [25,26]. ,	,
|^¤���{zþf´»�§, ��±?1Ù¦
kÃ�þf�"��, ~X¢yõ� qubit Å��
���Ú½ [13,14].

� � � � � � � � � � � � � ��� � 	
 � � � � ��� � 	 � � �� 	 
 ��� � 	 �  � −
� � 	� � � �

−
� � 	� � � �� 	 
 �−
� � �� � � �� �� � ��

ã 6 �n1fäkØÓ�¦�Ç (κ) �¹e�þf'
A�Z��ÿþ Ù¥�): ¹1fgdÝ�Ì�§O�
(J (¢�), 4zfC��Ø1fgdÝ����Ì�§
(J (:J�), ±9ý9�Ø1fgdÝ����Ì�§
(J (J�); XÚëê� ∆r = 0, χ = 0.1, ΩR = 2.0,
εm = 1.0, γ1 = 0, γφ = 0; ã (a)—(c) Ú (d)—(f) ©O��
n1f�¦�Ç κ = 0.5, 1.0, 2.0, �ÝÝ
é��Ú�é
����A(J

7 ( Ø

ÏLéþfÿþÄåÆ�ê��[, �©ï
Ä
d��DÑ�Ú��þf'AÍÜ�¤�>
´ QED XÚ¥'u�n1fgdÝ�ü«�Ø�
Y�·^^�. (JL², 3 QND ÿþ�¹e, 4
zfC�°(·^u?¿°ÄrÝÚ?¿1f�
¦�Ç�n. �´, 3 qubit k�=~X�Z��

�¹e, 4zfC��éÏ~�ý9�Ø�Y, ¿
Ã`³. 3r�¦�n½fÍÜ (=þfÿþ�f
ÿþ) �¹e, ü«�Ø1fgdÝ��{Ñ�±
�Ð/£ãÿþÄåÆ, �ý9�Ø�Y�\�B
·^. ,	, (Ü�©�ÿþXÚ, ·��©Û

� QND ÿþ�éA�Å½�c�¸¯K.

XJ�n1f�¦�ÇØ´é�½þf'A
��nÍÜ�r, 3¢SA^¯K�ïÄ¥, KI
�B\�n1fgdÝ���ÄåÆ�[. du
¤�9�°Ä|Ú��DÑ���n|±�1f
ªÇÑ3�Å«, ò���þ1fêÚå�G��
m�êL��5�ê��[�¡�(J. Ïd, 3
�5�ïÄ¥, k7�uÐ��k��nØ�{
�Ñù�¡�(J, ~X31|�Z�L�¥ï
á Fokker-Planck �§, ,�^Ù¦'uëYCþ�
 �©�§©ÛÚê��[�{¦)�'¯K. �
��Ñ, 3ù«�/e, �©¤?Ø�>´ QDE X
Ú�þfÿþá5�´�����\ïÄ��K.

��{��Ñ, �©?Ø�ü«1f�Ø�Y
¥¤^�1| £C�ÑáN�C�. N�C�Ø
¬UCÔn��, ØÓ�C�A�Ñ�Ó�Ôn(
J. ¤±, éu·��¯K, ü« £C�����
�§ (5) Ú (14) Ñ´î��. XJÒ^ùü��§
��[O�, ò�Ñ���Ó� qubit ÄåÆ. �©
¥, ü« £C�3�
ëê�¹e���5�(
Jké���O, �ÏØ3C���´ÄkCq,
3uù��3Ì�§¥�� “�Ø1fgdÝ”
��Y?n. �I5¿, duü«1| £C�Ñ
�¹1f�Î, Ø¹ qubit �Î, ¤±�±��3ü
«ØÓ� “C�L�” ¥'� qubit �G�üzÄ
åÆ. ,	, ·�¤?Ø�ü�C�3Ð©��Ù
¢´�Ó�, ¤±C���)�n1|3S���
XÚ�Ð�´�Ó�.
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Abstract

The solid-state superconducting circuit-QED (quantum electrodynamics) system is a promising candidate for quantum computing

and quantum information processing, which serves also as an ideal platform for quantum measurement and quantum control studies.

In this context, a large number of cavity photons may be involved in the quantum dynamics and will degrade the simulation efficiency.

To avoid this difficulty, it is helpful to eliminate the degrees of freedom of the cavity photons, and obtain an effective master-equation

description which contains only the qubit states. In this work, we examine two such schemes, the adiabatic elimination (AE) and the

more recently proposed polaron transformation (PT) approaches, by comparing their results with exact numerical simulations. We find

that in the absence of qubit-flip, which is a specific quantum nondemolition (QND) measurement, the PT scheme is superior to the AE

method. Actually, in this case the PT scheme catches the measurement dynamics exactly. However, in the presence of qubit-flip such

as for qubit oscillation measurement, the PT scheme is no longer better than the AE approach. We conclude that both schemes, in the

weak measurement regime, can work almost equally well. This corresponds to strong cavity damping or weak coupling between the

qubit and cavity photons. Out of this regime, unfortunately, one has to include the cavity photons into numerical simulations and more

advanced methods/techniques are waiting for their exploration in this field.

Keywords: circuit-QED, adiabatic elimination, polaron transformation, QND measurement
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