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e BRI ER T S 4. SRR, e Tk
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R IR Bl 5 AR O 1) it R e (A
I QND JERE I T, A 522 He AR H 1 4
THER TS, FFICHE S, A6 o s Bl i 0 55 1 15 17
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DB J7 5 AR ARG 6 7 R AROK B
T LRy S TR R A A, W5 EE O 1 A
SERERLIY, BRI 00 R P — S AT

M1 &F PMALEFRIHE QED £ty M, i
AL i e 7 By, 5 2 R BRI 2 — AN e kst
YR AL I PRI

2 AR GEA

AR QED R4 1 frow, I

o TR T R N TR e R T, B AR

ety B R IE AR E IR, X RE T HW R
f) Jaynes-Cummings (JC) FAY ik 20211
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{EARFE Y, i g2l I B (i) i
B A 4 1 I B 3 e R A, BTEL, A
BT af (o) REACT L TS R
T OET) AR (EK) HAT. wr A wg 2 IR
Je IR N T B I ERIE AR, iR (1) PSS
— JGURES T 73 531 Do W 4 A L £ o e
i 5 IR R IS, Ko e = ¢ e 71Ot tcoc,
€m H BN IRE, wp A YRS KA (eI
5 R AL, B — iR e 7 H R T
Fr Z A AR T AR ] (JC B8, g D AR E A ] 9t 2,

o (07) J& qubit FPRESTE (FF) HAT.

% RGP qubit W7 S, R A% UL
[X (dispersive regime) I . FT il 4 HLIX, J2 §5 i
PR lE 5 I 1 Z 1A ) 2k % & (detuning) 2 K T4 &
SREE, B Al = |wg — wr] > g FEMAMET, 7]
LT JC W % 6 OE W AR e Heg = UTHU,
H U = exp[Malo™ —ao™)], K A = g/A. 2 g
)= LA b, AR B DL w,,, e IR AH B
YEHIZR S, WIRGE A R0 2 i o

Heg =Aqata + %O’Z + Xafaaz
+ (€5,a + epal), ()

K, A = w, —wy, GEFEIE A, =0),0 =w, + X
X = ¢%/A R G W IR 6 A qubit (A
RO R . T CAE W, 7 R () AR AR
T g(o~al + ota) TEAESG AN xatao,. XTI,
FELUHLX, qubit 5P 637 A AR & 5800
W BT qubit IR &S ISR B 5. X AR
B, 4% 51 3% S i 1 54 AR Ak BT AR RS B, Btk
)R] 47 qubit (RPRAS. X IE S % % QED R4
OREN: S F LN

78 DAL B I R R R R, B e T R BE AL
i K 5 | 7S DN R 0] 7 LU R I S A - (backac-
tion), B Tk R AN W ORE 4 FR IR AH TR 1 R
F| qubit A Bt 52 HABIRET ) 5w, A REHRE
BT BRI R O R

0 = — i[Hes, 0] + kDlajo + 11 Dlo " ]o

+ ”Q—Q’D[az]@, 3)

HL 7 ) Lindblad #8577 52 X4 Dlale = aga’ —
1/2{a'a, o}. (3) X[ EE = U A e 1 Ml 3= i
() BE B, o A v s 0 230 55 = TR 55 Y Tl
B qubit 52 HARFAETFE WA IR AT, v1 Al g 20500
il (relaxation) FIE A (dephasing) %K.

3 EFEHEHHERTE

DA B & E T8 (3) & qubit ARG #
ANT RGN R 206 TR, BUEBTT
P2 (3) B ARAENT, I HNT REAR 5 AN 5 &
I FEXT qubit 1) backaction RN, W1 BEA BT B
PE Ry DA — BB 2 I TE G 7 B R, W] B
SR LA PRI THI AN AL
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3.1 EHRERGHBR

6T e e R BORI, 3l H R
PUR H <A Pam bR O .

D) H5ER BT 3) MOt AL pP (1) =
D [ag]e(t) Dlewg], it Dlg] = eoe'~ie Jy g
HAT, et &

i€,
TIA /2 “)
HWIEAEAE qubit 155N, 29K 5 TE KA Fa A
HTAZH MRS AT |ao). MBS K
TITREH

pP =LpP —iA,[ata, pP)

Qg =

+ rDlalp” — ixlatao-, p”]

— ix[(aga + agal)a, pP], 5)
P rBEEART £ E N
Lp? =~ i%[%ﬂD] — ixlaol*[o=, p”]
+mDlo"]p” + 77(257?[%]/)[’- ©)

2) &k b AL RS AR e ), 6 T UK AR 1SR
B TR RATT AT DU B R B 42 % 18 Fock 24
s I

PP =poo|0)(0] + p10|1)(0] + po1]0)(1|

+ p11[1) (1] + p20(2) (0] + po2[0){2[,  (7)

RN TTFE (5), T LA 3 252 BEHPE TC pom ITE AL
JiRE. B0, MO B SR IE, A qubit
A HE LM LR p = Tr[pP] = poo + p11, 1T
AU T p AR TR

_ I
p=Lp+ fD[Uz]p, ®)
Horp
_ 2"<J|Oéo\2)<2
¢ AT k24 ©

Z w7 SRR AR TR

3) 5 LIRS T RE <A Ot 1 Al JE
FHRERE, A T3k ] LRI R o) R IE oL 7
1 e (1 2 R B A5 (RN B, 38 % ) homo-
dyne J S I B GlE 9O TARES AT HEDN qubit
(RPIRAS), AH R Fy 6t ity (2]

J(t) = VElae ' +alel®), +£(1), (10)

Horp ¢ A2 (local oscillator) 5 18 4 Jiss
T G IARXHAE AR, (- ) 8 AT T2

(P2, H T LR I Sl S B (P4
TEEAR) AL, T DAL IR TR0t T 2
W R AR T CEMM RGP R Bl
) AR ). P g(n) il A, T
BRI & rh o AT BEALER AR (collapse), & #1133
B E[E(t)] = 0, KB EL E[€(1)E(t)]) = 6(t—t'). A
F LT 53, W RO 1 el B, 00 HL I T R

J(t)zf\/[‘cz'<0'z>t+€(t)v (11)
4rx?X? % i(d—

arctan(k/2A4,). I, WAELE SCh &7 & 145 B
AR A

32 WMUAFTHERTZE

T A HGE BRTT SR, G A AR e ) i
B AU qubit IR AR, RHX AN B 5 — AN 7T RE
SOk, Ak S BB R RO qubit ARAS, RIER T IS
(1) b1 AR ¥ T4 557 6. Ak AR s B 1 H
FHRE IR 2 B RR 45 R

D XFE TR ) ML B A, pf = PioP,
Hrp

P(t) = H.D[o.(t)] + yDagy(t)], (12)

X B 545 Do) SRTTHARIE, & Xk Dla] =
eaa’—a’a  (H 7R (12) AN RS B K L qubit
KA, FAEFILN 5 qubit RSB E K 1T, =
DNGIG = e g) MKBE SRR B gy (t) X
I qubit 4T [e)(|g)) A It Ye T A5, 1
A
i(Ar + X)ae(t) - Hae(t)/2a
ag(t) = — i€ — 1(Ar = X)ay(t)

— kag(t)/2. (13)

et B AR S, TR

.p__.(:J—FB
p=—1 B)

+ 'YlD[U—DT(O‘g)D(O‘e)]pP
+ (7¢ + Fm/2)D[0z]pP/2

+wDlalp” + ?
Q*a[p’”,az}, (14)

Oe(t) = — i€y —
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o, Tu(t) = slB1% B(t) = (Be;, + B7em)/2 +
klmlagal], B(t) = ae(t) — ay(t).

2) 4 8 5 10085 BE SRR T 1 Pl E SR, A%
J&i FF% qubit F5 % i TT

p =Tr[p"]

= (o necledel + ok, 4 4l9) (gl

+ Z[)‘n,m,m,n|e> (9] + /\;knm,n,mlg><e|]’ (15)

n,m

HH N mpig = Ph me.g (PID(B)|q) exp(—ilm[aya]).

G557 RE (14) M (15), FFR 50 7% 18 B AL F AR 4 J
THCARE, AN B RS & EER
AT
o+ B(t
p=— 12 20 Do

+74Dlo:]p/2 + Ta(t)Ploz]p/2,  (16)

X Lit) = 2xdmlag(t)ai(t)] A W & back-
action 5| /& i & 7 A IR M T &, B(t) =
2xRe[ay, (t)ak(t)] #iA T ac-Stark BN 5| 1) 5 1
FURF REZAL 5)).

3) %t homodyne i % iE X (10) EELL L
WAL T AR B TT 5, 4 RN

J(t) = —/Tei{o:)e + £(2), (17)

K I(t) = k|B(E)|% cos? (¢ — 05) ZIHE T 15 B3k

NG DL R RO BR T R R DT
& (8) #1 (16) JE X AHIA], (H I (1)l & backaction
A PR AR AH 3 R A [ AH Y b, 05 F O P IR A
SR FE A ANAH [F].

4 BT 8 E WIS F oA

TEA0 BRI L BRI B+ A ETT R
FEHPE 217, AN 5% %2 qubit R a3 70 &
R RS A B ) 2. AR R AR <A
T MR 28R, DR IR 2 — MR R 40 B
ARG, feti iy g A E b ) — e G i) .

FE B B 5L, qubit 55U T I A R
EREAR N xalao,, X¥ T qubit kb TARZE |e)
(B |g)) I, ST HURA x (3 —x) 3. 7R
K ) A O -ttt s L (R VE R, A R B
HIAHTAS |ve(q) (8)) T HIAT-25 2 005 2 003 7

2 (13). Hfdh
Ol () = ol L= W(B)] + ey W (), (18)

o W) = e i(@Arm0t-st/2) a((;z)g) _
—lem /[i(Ar £ x) + /2] HEEEM.

PLAE % L&, WL qubit MHIZ N cole) + ¢4lg),
o FECTRT TR = 1R A A A R 1 2 s Ak R D
A RAEMEELTRN: cle) @ [al?) + ¢glg) @
a8y, FTLAE Y, AR I A e VA A o B
o2 g, B [als)) kLR <3 () AR, 223
10T, “BEE AR TP “BE (i) RS HE LA
A D) 1A ) T I TR AR IE A (T 2S)
B B .

T2 AT U B R A A 2 IR AN S R BT
LGP, ) ORBEAE T s 1 it
WA MECT 5 <M ARG, HiXAS /b5 2
—ANJES5 H ISR R4 FRATTERTIA qubit
RO Y63 e Ay AL I, A T N IR <595 |
FHEE”. XA Y TAE B A A b, AT
TENBRAE “TE (i) FFAE CLAME “OOE55) T A
F7. X6 TE 95 2 O AS 1) 2, & 3 EUE 1S
AIRAHT HAR AR JEU AL JE 1 DA 3R, R AR ST A
MRGE, E qubit LEEE DL T, AT
- T R R B A PR R T

o(t) =ceele)(e] ® |ae(t))(ae(t)]

+ €4g19) (9] @ lag (1)) (g (t)

+ ceg(t)]e)(g] ® |ae(t)) (g (t)]

+ cge(t)]g) (el @ lag () (ae®)].  (19)
RNTTRE (3), AT AT i

Ceg(t) = CegBeg(t) e <P, (20)

Lo Bey(t) = [ag@®ac@®)]™!, D(t) =
2ix [7 ae(s)ak(s)ds. AR, che(t) = ¢ty (t). ELL
EERP, e = |Ce|2’ Cgg = |Cg‘2> Ceg = CeCq LA
B cqe = chee. U (18) 20 tHIRUARAT A, 7 BALE—
e

)
)N

o) o

Hot u(t) = e X=m2 K G KK, ReD(t) > 0,
U s W AH PR B RS S I ceq (¢) H4 BE IS [R]
TP PERCHT I 2 Ak AR B BROG - E R
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Ja A R TR (16), A PR AH TR Ty(t) =
2xIm[ay, (t)ak (¢)] W5 X B ReD(t) A1 2 A [F]
(4 B SC.m) AR B, AR I TR A BT, P 58
A A, 38 AT — A3 [ R R AH R O L (B A
IS TR ROBE B, T ae () 1 ag (¢) AHEANIEAL,
FHE LA qubit RS ROCHAM S BCAIRESTE S
FEE D IR BFR B A I RE vh, AT R I AN b A TR,
() BRSBTS, RA R T ARG
0 = ceele)(e] ® |ac)(ae| + cgglg) (9] ® |ag)(ayl. X
A RS RERA, B R T S TR
1) 21 2 40 2 7 2% K EEOUE 1 EH RS PR 155 0 A2 A
FELE).

T T VM Z, 0 R HE (1 1) A T
WUROR B PO B B, IS OL o B ? 7Rk, 3k
AR AR B PE BEAR . JESE, <095 BN (&
TUE) 5 GED) SR EE, ATE <R LS
KRG TA, LT g R 20 (86 3 2R
AN HZE ) ARAE S <l G A —> “HETE
KRG TA, WA ZER, RaiEaET T8N, gt
RESNEA. KT TN, v LA W2
filt: X TR REE, FEARZ A <81 K (3R
By A WIS REFRE A Z [R], W TG RO
15 CBR32). AR 1) “IEiIREs” &% HiE LA
75 F L) “HABDIRE” J5, 18 T R W It
I, RBERRASTCIENT NV, 45 Rl S BT FEAZ (7]
) - OCHE CBR32) i 2. FRATTIA A, iXml L2
fift “HE VSRR 10— AT

Bl BIASCHEIFE R G, T 3 B oR <l
A7 BFEZ qubit &M m, RATEE 2 4
T BRI o = Trqubislo(t)] fEAHT
BSERETIMHEM Z k%, B Q ML Qo) =
(a|plar)/mc B IS (] 1) A2 4015 B, AR E P12
H1/V2(le)+g)) @] ao), HH o) B A qubit
LN A C IS, T &S a0 HTTHE 4)
. ¥ 2(a) 5 T IEMIGAAH T Q BT R4
Bl B 2(b) FH 2(c) W43k ¢ = 26~ Fl ¢ = k™!
(10637 73 A bR A B 2(d) ARG oA R KR B
XNA Jag) F jae) BITERGTHEEA.

5 EF RN E

IR <R B AR 2 b B RS I
qubit HIAAL T B BINA, AEN R, qubit
WAETCRIRE. IXSbr b — P BB ] ) 1

RIS A2, T 1T FRATT LU e 23 B 2 PV Bk RN
A7 4 Y T 7 AR T R T ) A R
75 QND M=% 5L T, qubit 145 S A
I35 1 JLEAAR (qubit RS TCEIFL), Wl & 5]
PN Z I or  Z M RAH T, B DAFRATT L7 A
8 qubit 2940235 B FEAE XS A1 70 peg IINEE K. B
5E qubit HIZH (le) + |g9))/V2, B 2 A0 7%
TSI B R 3 7 R RS A g5 L, R
P BR IR R, LRI T AL A 4 1)+ 1 i
EREIS P ES N

—4 —4
= =
b
s @ | )
—2 0 2 —2 0 2
Rela] Rela]
—4 —4
= =
£° E° @
. © | @
—2 0 2 —2 0 2
Rela] Re[a]

2 TG BRI Q RRECTEANIR] N I 45 = 22 18
@t=0;0b)t=2x"1(c)t =3s~1; (d) Fa&; RESH
Ar=0,x=01k=1.0€en =3.0,71 =0,74 = 0; 1%
WIS B8 AT qubit SEMNARS GHT&)|ao); HEIEILL I
S T B BB 45 3, BRI LA e D BT R 24 A SR o

0.5 h
1
\ ,\_
(A
V1L A
A A
/1 \ /
|\ \/
| |
\f
v
-0.5
0 2 4

K3 & HRr (Zfl) BRI TT peg BN THIEAL
XFEEE, Hrh @R EO6 T B B TR AR (R L),
BT AR e BRO6 T 18 B S IS TR R (RUR 2,
DA 2 RVE W06 T B R BEJS I A5 T R R (k) =
THAIEBN (le) +19))/vV2 RASHBN: Ay = 0,
x=01,k=1.0en=30,71=0,7 =0

B R EATE 2, AP SHEAE T, 488
T R 7 104 20 010 2 2R g 7 A9 A 0L 5 2R O 5 AR
FORA S RAE T, AW 4 PO BR 7 K, 4
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AT 480 s e 105 5 8 e i, AT % 1 qubit
[ 3, M JE38 qubit AT le) B [g) A, BB A&
e P RLRS B 2R = —ﬁ. R
SR AEWIG, Fe AR LA |0).
T 25 459 TR0 /N R TR LR R
W, ST E 3 TR KR . kT
b T A 33 A 1] B, % R T 00 L B R e Lk 40 Y
BRI L A W a0 XN o, SR #
Jr qubit AT Je) DR (o) KT ES

¥ () _ _ lem DLSER. 255
B, W0 e i(AT+X)+H/2.ﬂ11EB,,lL_

P AN BROL T A S, (BT % 4E) AL 11
HL A RN
o 2xRe(ag e~ 19) B
0= T
+ 2Re(aw), 22)

K 0 = arctan[k/2(A, + x)]; HAEHES T, T4
CIAHOEZ E AL ¢ = 0. ATTF 2, 24 qubit
WbT |e) I, J(t) = 2Rela.], 5ET H BT
PR AL BEES B T2 AR AH 2 qubit 40T B N 2
i 1/vV2(|e) + |g)) B, 7EIH IR 430 B 7 %,
TR BN TR B, BB ao B2 o)) #R
bt JF HLIE A AETS B RS Z 2 i 1 BE N 1) A2 46 47
AR 8. PrATIXLe s [, ST B 3 PR
KZESt.

w1 3.2 FFL PR, 7 QND Wl A AT, AT
AR TP LA I LB 5l AR AL AR e
WP ERTA P(t) = II.D]ae(t)] + II;D[ay(t)],
Hrf qubit BEEFLAF 11e(g) = le(g))(e(g)], EHENL T
IR BN o () (t) 55 qubit IRZS [e(g))
I RN, e rp (245 2 B04 ORI T, RAR
JiRE (18) YRiE. Ktk v vt A A% AR N 1 1 i 2%
JEH) QND &, BUREAZ AT P(t) #1118 AR
B (19) f:

Po(t)PT =cecle)(e| ® Dlac(t)]

X Jae (1)) e ()| D [ere (£)]
+ ¢ggl9) (9] ® Dlarg(?)]

X Jag (1)) {arg (1) DT g (#)]
+ ceg(t)|e)(g| @ Dla(t)]
X Jove (t)) (ag () DT oy (2)
+ cge(t)|g) (€] ® Dlay(t)]
X |ag () (e ()| D ac(t)].  (23)

]

FH AT WL, & 300 RO I7 AH T A A A8 22 7 4% 1)
B 10), MR R ARG 120k 0, BRI 2 5 1
e H I BEW BRAS B A AT AT TR, 2 58 4 A 1.
X2 3 il AR A R S SO B BB
F= 05 RS 45 R 8 A A 1 AL

Rk, FeArTmr LAAS 20 a0 T 4518 X T qubit JoHE
1) QND I, A B AL AR 4w DL A RO
T H HE, #3281 qubit 204630 1125 7 FE (16).
FERE S A, RIS I & backaction 5| ]
BAFI8E Ty(t) = 2xImag () (¢)] MBI TA], A
B ) AR By BRI A ) 4 B BR T &,
RIAf7E QND Wl & F W AHER, e B 3 H 1 qubit
29403l 12 7 RS qubit 1 SEBRINE B 1 ATIR K
P 22, Horp Py e i ¥ I = backaction 5| #) IR AH T
TN E, S IR G oG, 6 N A B ) KRR
AL R T BB B T LA, R ARGt
TRk KB qubit 50 R G B89 I DL T,
TR F 637 8)) 02 oW S <G Aa, I IS ) 48 A
BRI ST BB B AR n] DU T H s ROt
+ H B, 15 B RHERA ) qubit £0405% BERE FE T F2.

6 EFATIHRGHIME

NIEE— % & qubit A TR (Rabi 4
i) BB I35 IR — R E, 2 A
Hris A A8 i S i (quantum point contact, i
X QPC) B HL /il /A& (single electron transistor,
fai K% SET), % HLfiy & LURFREAT I . 7Eid 5 K2
AR, XA RGEEAT I A% L )
M qubit BIAH T35, A EAE QPC 8¢ SET 1)
fyis Wi D e i AT REAE S5 . A AT I A )
T BRI BRI, $RAG T VR 2 A f 1A
P RO RSCFTAF AT L QED R 4L, HXT qubit
(%) W) £ Jir BEEORT A AN A 0 i o A R 2R,
R0 1D By ) 27 R0 R Ak R ) TR I A
4 QPC/SET ¥R WK, AE A WIS — 2, A b
L0 qubit f 1P I B ) A an k. Rk,
TEM = B 7 27 AU 5T, N6 qubit AU
+ B A A, HA AT QPC B SET, iX H
R G 1A T RS K EUKH Hilbert 25[8), 45450
T8 5)) ) 5 R R B AR DA R 1 e e
50T >k PR AE. DALk, AT 23 Ay 52 eV B ikl D't
T A M, A qubit [ R LR,
3 ) 2 SR R 4 TG B 7 R A 1 AR R T
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FEIXA o) (R, A e AT T R B T B
RI 2R, JF I TS

HU T T ¥ QND Wl &3 7%, qubit IRE&EA
B, PAAESIN qubit [ T A0 T-9%3% (Rabi 3 %)
Wi Qroy /2, &2 ARTT DUE I #4E8-S qubit H1 1)
T L S R S L. ERE R, 43 K
PEIUI N R TH 4 E SR 7 5 FE (3) 6y
BReT H R EF TR (8)y DL ARk AR
BBt A BT E TR (16) BT, & 4
JEAR I 45 R, b EE S T N[ Rabi #g
ViR T qubit 29408 B RE R 1 oo RS £ 6T
gEL BRATEIL, 24 qubit R, Bl H
(1) £ AR Bk 75 %8, 0 BT THT QND I 35 R AR 4
(AR AT 0 30 B 7 2%, #RAS B > A - U
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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.
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