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Fig. 2. Four-rod trap: (a) Unsegmented four-rod trap re-

quires end cap electrodes to provide axial confinement 10

;
(b) segmented four-rod trap uses the segmented electrodes

to provide axial confinement12,
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N, UANSASEGEE T F 18 % 7E Macor Fij % 228 I,
¥ —A~J1 B, B RSE 347 mm. A )
— X 4 T AR Y s i PR A B AR ) F R (2
2000 V), ¥l [ 28t 0 [RE 4548 T DL 55 15 X0 4l
LB & SRR R, DA INR BRI B T
Y. SIRAE W ik, Horh—AR T
ELH7 I, D3 AMEE PR KT . B+57]
1A HE 0.8 mm, Ure i 1000 V 2247, TAEHF
23.5 MHz. X B R ARSI . PR LS
oA 7K, AR m S AR AT I8 24 MHz, RE
INERECF AN BT 0 R S5 (045 B ELA 5 5 138 '
PERE; BB b, REAEAMEE R+ 1Y iz 5));
R < 10 A5 FRRD. SO 7 BFh FHEA L
RAPE R RS T B KRB, #FK A Innsbruck
KBTI BE. T B R G 0 G R A ZE R
Rainer Blatt ZH7E 2011 4F A8 1 0K 2ieadk: ¥ 5+

6.0

................................. NFisg
................................. o 8

30.0

electrodes

[ 3 Innsbruck A9 JJ v BFOY  (a) 2H 26 J5 A9 1 B SE )
P (b) BB A&

Fig. 3. Innsbruck style blade ion trap: (a) Photograph of an
assembled blade trap; (b) dimensions and structure of the

trap.

55717181 FE4E 55 % 565 pm, Dh3RAS B AR 1)
FHIR FE v IE H A A A 0.5 mm AT
FLAR, DAEAE S ) BREPIOG, T1Ks s iE f Ak ] BE A
5 mm /N 4.5 mm; i H S L4 P4 RF
LB LR B e 4 1)) (Er 2 e e 23 77 A 28 Tk
WY, SR RegL. A1 R G i A Rk
IR EERT )2 R A A NS /-5 § P36
PG FE G DY) E 2017 4F Rainer Blatt 2H
TEJEA BT SEaE b SOUSCT an R et (A
AAER ST BRI Macor M8 M VLHEL S A1
PR Ik R K, (R4 IR T R B 48 SRR i AN 45
TIR; TR R m e 10 um 4)2, A F TN I F
AR A ) FRARER S 1001 A ) TR T 540
Hr= A RN (AR T 5.1 eV, AN
WA 4.4 eV, 435X 243 nm #1282 nm )T
fig 11 )00 i S Bl ) Iy 1.32(2) 2
37(2) MR FER. X — RS, Innsbruck
KT B —Fh 2 1h) g PERBIL R L BT it iR
FE M FBEEEHE. A1 F AQT Frig iy kAt
B BRI R R AL R E R A i, R
JIr s (O S, Sk | $E ] 3R G A AR B
A~ 19 Gt LR 48.100],

Maryland K 2% ) Christopher Monroe ZH 7£
2013 AF T T —Fhor BeaU 70 BBk, aniEl 4 Fos.
HATASEE VR 26 ol Y s F A, T2 DC T
B B, Hrp R AME R DC AR AT DA S B A )
dea. PN TIF R 500 pm JER Y, 8O
YIEIH UANSE 50 pm 4%, 761 I RY 250 pm /Y
FoB. ACRTYE 4, Je289% 10 nm BYEKERT 1 pm
B4 2, AT DR 4 r= AR R 4 )2 . Horp
RF J) 8885 4, F B B34, 1 DC HL
W g — 53, T8 B AN ST (A L. L ERT, P
AT R E R R 2R T BB DC HLRAR A —
A~ 820 pF WP & L 25 5 AR, LI/ DC J) R
OB () S A . 0 R B AR A A A X3
1215 um x 539 um , B85 FHL M2 660 pm. X
Pl ) R BIEEA A2 247 Il A e, AR TSR
[ BRI B & . 765 Rk eIt Mg
DC K M 250 pm #4H1E 10 mm, A T
753 RF ML el m 4 5), i/ RE By%tia) Hi 3743
G REE 3 1617, EX AN BB, Debnath
S5 B RUR T — A 4 7 1Y 0 b A T g i i T
ML

133701-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 13 (2022) 133701

[ 4 Maryland 4715 BF 2 (a) 23-BETT v BEES R 1EL. 23 BETT 3 8540 AN AURT DL B ALk SR 2, 3 BE A% S SR TR e 3, ST 2
S ESFIEER. (b) 18 75— D JT A BE, K DC A BAR B9 B2 250 wm 38N ZE 10 mm, I8/ RF 784 11 ) B 37 93 4 (11617

Fig. 4. Maryland style blade ion trapl?: (a) Structure of segmented blade ion trap. The segmented blade not only can provide axial

confinement, but also generate non-quadratic axial potential to achieve uniform ion distance; (b) in another blade ion trap, the out-

most segment is increased to 10 mm from 250 um in order to reduce the residual RF electric field along the axial direction

J1 R BFRESETE 24 T I S A R I B ALAR,
OO T B F Bk 28 G E . —Jy T 75 2t R4k
TEFLAE MY IR B 15, S A5 I A
B R B FLAR I S R A WSS R 3 5, 3
A NA>0.3 f5E, TAREEIAE 1040 mm (17,
37 T, X B B ka7 Sk R AU
LR RO R BBV T B FRBE. S EUE AL
P T AR R B 2R B S W] e M AE I 1 11
T Y 42 8 128 I R 48 H BB AE — sl
A ERAREREE. i, AT
I R L P R (Sl P AR A S S g (119121
RS g 122123 SER it ARG I B (i FLAR . HaX R
KGN T RGERYSE A, i LT A N A
IR R §e. 5000 I, &R AR T4 T .
e LS AW T4 R i & s
I FIBUCZ 1. 0 4 a2 I B D= 1
AT LI, HSCRBELLE— 40/, M2 T,
FEVR IR Z rh iy TR 30 2 s R A g g 4 it
o e LA PR (124200 A g 3 s s rh ] 250 J T
RER, DG S BCE G R A B AN  J FE A
HBE 2R AR LA R 126227) FErp [F R BOR K
) R BE RSB T 0 A BRI 5 S
546 QlE 5 TR, B 3RS A i R
30mm x 30mm x 100mm , JEE 4 mm, NFR N
22mm x 22mm x 92mm, BT 5 E oS fEAh A H
A 15 mm. B8 T] R b ala se LS, i
LA 8 um 4:)7. DC LR FHEOE DI R R 11 4 )%
SCL LB, A = BESERE D 250 pm, BB [E]
B% 20 wm. PN T) R AHABERTHIJE fA R 82.6° Fl1 37.4°
Xt R AUEFLAR S50 NA = 0.66 Fil NA = 0.32010%,

[116,117]

KRG PO AT L S22 BT A, —
I T 9O, 5 —AJ5 1Al LASEBEa] Sk
R R (128 1900, B I AL O B R A R ZS R T
ST T R RN 9%, I ARR BV TSR AR it
TR 2 1] 545699,

KT BE B R RS SRR AT A
SEADEEE, e B 7B bt a5 4 00, ek
Je— P e IR LA BE 125151 e I R G,
DR T LASE BT (8 — 23] = ZEfRg1) (126,125,120 152-134],
A CHEH] T8 7Bk, RERESEBLIAANES TRy 4D A
R 109.155.1561 36 G oy T ol Bl U AR ] A 0871581,

B 5 EBEREAR KT R (a) R T E
25 T P Y 0 R B, 7 EL I ) SR [ IS0 S NA |kl
0.32 A9 91 B3 AT A~ NA Sk 0.66 B4 BT ; (b) TJ A B A S5 44 .
IR R Rl A DE, RIEA 8 pm £ )2, DC IR &
T PO N TRk B

Fig. 5. The blade ion trap used in University of Science and
Technology of China [1%: (a) A blade ion trap is placed in a
glass vacuum cell. Two objectives with a maximum NA of
0.32 and another two objectives with a maximum NA of
0.66 are allowed to be used simultaneously. (b) The struc-
ture of the blade ion trap. The blades are made from fused
silica and coated with a 8 um gold layer. The surface gold
of the DC electrodes is segmented into five using laser cut-
ting.
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TN E R, SCEANAT DU T HE I 2 5 1Y
FasE P, M REfS SR — B FHE AN R E R T AT
e 39-192] AR T s B AT TRk

YL B A B B S ORAT IR R 4 A PRt
TR g Y A (] 1591145 199] 4B B 5O A FP O
55 AUH B THE T2 Ot I R 50 1) ik
REAS S22+ 5 B A ool & (1150 F T iR
L3l 7 2 B 5 BAT 10U BRI, D62 B 4R A E 15
FBE AR T RIME. BRI 3 A B I
K, AT 5 Ml T s s rh, 3T Bk
PN, (HIRE K K R EE KRR BRI/
MRS REL, M ADEEFRIER FP Rt A 3k
H /NIRRT LSRR A (A
e RGE A LA THOK, 2R R 2
X B F s AR KR P SR 1R T
— S B 5O IR A S IR SA S EL. B 6
JEoR T JLFh S BOGET I 1 B T B E5# . 18] 6(a) H,
Innsbruck F2FMADEEISILEE BT & Hi 17 854 nm
JF, i S 2 A5l 1550 nm BOGF, 7RG
L ERE T 50 km 1528 TR MM, % &
GEILIL T 50% BTSSR 25% B T4
BE. Sussex KA IRSEH T A T 5624 1%
R A 090 8] 6(b) k1 Sussex K2F 145 T Bk
T e, e s — il & mE B E i E T RF
FLAR PNER, P I 4 8 4 AT LUAG 3 62 I i L AT
e F it B R AT DA B i . ALY RE
FE AR 7 A ) A B AT LR SR RS 25 - [N AE TR DG 2 i

UGB AR B PUAR LR AT LRI I DC L
I RF #3, Hoip RF 375 A] DK B 74 1 R 2
B, UG oz Sl 92 B RS 1 RIS A 5
1901922020 4F, Aarhus R AT AT AL T
BT ARG R SRR, WA 6(c)—(e) BT,
AT A 11.8 mm By G2 ks, ] LI
i —AERS TR T R — ARy, TR i O IT
KA BT BIAH AR

4.3 ZHERERH

IR B R R R i, RAEE SR T
T NS, JOIkSEBL s F I B R 3l s LA S
It R TP RETI B AR R, R AR AY
S5k, AT IR T = 4Ets Fr B 57 =40
BB R SF A F 22 W (macroscopic) B - BIF FI
W (microscopic) BB ], a] LRI 24 W
(mesoscopic) B F-BF. 7548 2% R R R TH 9% 4
SO H AT U0 mT LAl o5t 43 Be it 44 22
J25r Be i S A B TE S =4 B, B RA
Bt A AR L RS 1 R AR A AL, RERSAR LS
H S B ES THE A 23 B L B RS R O 00161 {H X A
BT PRI R IR AR BN S AR, W ST TN T A
e, DR AL B A

SIS B TR 2 1) =4k ts BRG] 7
7N ZBEE 11 R R MRS, 43k TOURR B
B, #5721, FAMERRE, d)E 2, BaEdln
W2, dazg)z 3, THEHIHMZ, £%)E 4, T M

F 1 FOCEIES N SEL, R A SCHR [105)

Table 1. Structural parameters of capillary of different kind of fluid.

2% 3k PR JEK /um [T 242 /um B /nm R /um biEa )iy
[153] Walther 6000 10000 Ca-397 24 3000
[149] Blatt 21000 25000 Ca-729 54 35000

[146, 147] Walther 8000 10000 Ca-866 37 49000

[16, 154] Blatt 19980 10000 Ca-866 13 70000
[148] Chuang 50000 50000 Sr-422 57.9 25600
[145] Vuletic 22000 25000 Yb-369 38 12500
[155] Monroe 2126 25000 Yb-369 25 3790 — 1490

(93] Blatt 19900 9980 Ca-866 12.3 54000
[156] Kurtsiefer 11000 5500 Rb-780 2.4 603
[157] Kohl 230 390 Yb-935 7 1000
[158] Kohl 150 300 Yb-935 6.1 20000
[159] Kohl 150 200 Yb-935 3.1 1140 —207
[143] Keller 367 560 Ca-866 8.5 48000

133701-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 13 (2022) 133701
Sa) Ton cavity node (c) —— (d)
| y ..
Ton trap 100 pm)

100 pm

K6 JtEBEBE  (a) Innsbruck K2ZBOEE BB 0. B 7 % 1Y 854 nm J6 T4 50% HIMERGOL P WL, I Pl e i (5
P 1550 nm BIOE T, (b) Sussex KRG B, 2 B R T8 1 5 R A SR A5 149, () Aarhus RERITE FBF. —H 4
) Z Ot (RP) HI T Doppler ¥ IG5, &G B 70T LIFE CCD LR, St s (CM)W il il &, Il -F# & (PZT) ¥R
(CM) FiE 2 5 8l 1n) RP eItk (d) 046 A m RP OB, BB 7 B b Y K20 6,400 £ 200 1B T 28K = . (e) KHIAR 1A 7Y
RP )6, RAT G i ad RP OGHE, &b T HE P A9 536 + 18 AN T 1T LAIE &6, T 76 s A1 5 8 7 1 A 245 14

Fig. 6. Ton traps with integrated optical cavities: (a) Integrated optical cavity trap in University of Innsbruck . 50% of the 854-nm
photons emitted from the ion can be collected by the cavity, and are converted to a communication wavelength of 1550 nm. (b) In-
tegrated optical cavity trap in Sussex University. This trap demonstrated the first strong coupling between the ions and the cavity
mode. (c) Ion trap in Aarhus University. The cavity mirror (CM) is along the axial direction, A pumping beam in the radial direc-
tion is used to pump the ions back into the Doppler cooling cycle. These ions can be imaged on the CCD. A Piezo-electric Trans-
ducer (PZT) is used to actively lock the optical cavity in resonance with the RP laser. (d) When the radial RP laser is on, the en-
tire crystal of approximately 6,400 &+ 200 ions are all bright. (d) When the radial RP is off, only the 536 + 18 ions in the cavity

are bright. The ions outside the cavity are in dark state [14,

SO\ OO e
NN
S

dc electrodes

1 2 3 4 567 8 9101112 13 14 15
Load Exp s/s Exp s/s Exp Load
I rf electrode |

7 SRBEHICREL TR 1 = 4y Bk oy

Fig. 7. Three dimensional (3D) microfabricated ion Trap chip in ETH Zurich [64,

MR, 4822 5, IRERGRME . B— 2 R N
127 pwm PR Fr, TO0AS P a2 B A 9% 4 H e,
T HL T N /D S s ) S % R AR B 7
Yoo G )ZNRAE B, T HARRRES, 1 A2 ER
BEHEAYY 8 um B 42, L AMERZE 5
WEA 7AW, HT s sh M, BT ik
253 5% B —A~ RF ®A Al 15 4~ DC bk, H T
INZEFNFS Bl 5+, AR B BEAR KA 1, 1000 pm; 2
F1'3, 500 pm; 4, 300 um; 5 & 7, 155 um; 8, 300 um;
9 & 11, 155 pm; 12, 300 pm; 13 A1 14, 500 pum;

15, 1000 pm; HLAREIEERA R 20 pm. A~ =000
BIF BT — A P S G e Al L, 68 FH Fl 2 A e By
—4 DC HLBE . ZBF AT LA TR B [N 2% O Bet
TR 40Cat B . AN T = 4ET) B, X R B
R R AR S, DRI RE A S N 24 A T
AE. B -EAIIREIX, P2 X H T R
PPt s B SR H B IR AR, = AR KT TEOE S
BT AHEAER; WA 8h X AR TS0 s 7
M58 A ISR, ZPF—IEF 44 4> DC HLik,
For 7 X U FAME LA DI RE X a2 3, T e
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QCCD B EM e 2. B A 40 R A HEfE,
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1) A 1 I 0103 48
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Z ] B AR AR S, B850 E AR S S st
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AL AEBF D, AT LAIE 5 A8 0 2 A AL EOR A O 1R
[ R 1051 L Bifi 5 25— () B AR 384, 3 A s f8e il 8 25
AT NS . ph S B B AR A A 1 2
WA e AT R DX A ] L B8 A — PP X
WA S B AR s, B A S — X
BB AT DIAE XA XS HA 2 A B,
AT DLEE BT ]38 Jir ok (%) 2 ik b O S B TR Y
HE. S5 5 M T — 4k B TR 2 TR BRI, %)
T QCCD Z5# 4 2 CHEZEMIEN. % ILm
SEHCEA T B 06T X A 880y R 6] 45 R4
RN SETEAL, JRA 1 — LR PESS M B IR, gk I
YA L 7 5 AN, B TR IE L 4 r A 2
BN E S B, R S AU AR
SRR I, B A AR B A5G, DA N R

S R B R AT USRS B AR 2, H TS B
0T, NIST 1 =4k BERefe LI/ T—A 7
R T A A S B B 1 2 ek 4 R A (7880 YR RS T B
i SOOI E P 4 P A SRR, PR RF
FEL ARG Ao AT TR 5 P A T s rE AR S5 4. i
TR TR =4 B TR, BFEA
X UL AR EA “ri 254 160 anfsl 8 . 1S
TF-BEFI RO Z0 bl TIa Rl A 5, T L
SEEE 1 pm {9 SRS TORS BE 167 i T T
AT DA I PR 3R TH, FH TRG i b 4 26, A
R AR (FIKE) B BRSO E a2 )2
PRSI LSS e, HAR22/NT 2 pm,
AR T AR B AR T X BRI, % R R
E R, AR ARG AR 2 | 46202 A M LR
2, A WA X #lgh 3142 4> DC Hf. iz BFE
G IR0 = AR E5 Y, LR AR S AR Ak T D SE
PRS0 A BT AR 2540, X XL AR A B S8, AR+

TS A T4 T
5 N BE

AN T A A B 8 D 1 BIF 4 /N R A Rt
AR T FEE BT B, WA E THE
MUY AT RESR BT RE TiE R 22 TR0 N

300 pm

Shim

Exp zone 1 k __ z —_ __. Exp zone 3
msonlllllllﬂngm
e | RS

e Exp zone 2 9 B
B 9 mm i

P8 IR B IR BT O 2 ) = AR r AR s B 0 32 1 B by 2R I MR T, B AN X AU S5 i I S 4

Fig. 8. Three-dimensional junction trap in ETH Zurich (166

I. The ion trap consists of five wafers and has two X-shaped junctions.
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INTTZ0, P AR A28 R IG b 0T H 2 <6 s LA,
ESINTE ST THNULRIET S LG IR G IR &3
%t (micro-electromechanical system, MEMS) il
T B BT B R B) B E AR R, H
AR AR AT SR 3 it 68169 8~ B % ) ATt vl
DI ) 22 oK g, ATl DA R]— I Toad A rh
HERALE 7, 36T B T B P kA TR
REAR ) 1 il A B H 28 . MEMS T4 Af L)
A =S B BT B TR E 4R
BF. e B A AR ZS A S = LE R AN, B
A HARAL TR 1, I B =4 7B XFR
P, DT ™= AR A BHR BBk 8 1 i IN AR AR R
BRI R EIL B UA ORI AL E, I =4 T
IV, 22 T IS T o7 ™ P o sbA gt (1001wl L.
A SR INEE I A], PR WO CE T 10 K LR
AR R T, A R AR AR I G AT i ] 66,
ZEIRSCHR (95, 169] TRAIA 43 T 4685 7 BRRY T
2Py 1 B N B 1 | S T ) -3 i N
LU BAAERIER BT, A28 488 1 DR 4s

()

60 pm

400 pm

FRUR T Ih).

TE AR, B TREE B, B0t
AT TR EEAE. XHTICR A EOOEHR, LR
TR B L B DG B AR B WG I, Foe A0 B Y . X
PR T EREEAR A E— 2D AR, IR 1 57 - hk A
R HOCY R M. 2016 4F, TonQ A H &
i T HOA2.0 (High Optical Trap 2.0) 2576, EAT
P B9 PERE 631, Qs 9 Firzs. Sy 1 3 02T B Y i
e, HOA2.0 #485 H AZkt: IX 335 it HAT e i
ey T DX L R S AL, O FURR AR 5 — )2
O B, RSN DA TR IR 2 R,
BFIE T R TGEAL, B HE E TN R
T (5 SR AR HOL . S TR B A Y BIZ
Wz, (B R ARG B — L AR Tt ZER B
ST AR S B R 2, il &5 TR EH
PN THA, Bl o] LA iR 4 — 4Rk,
I BUERAFIRAL, 7T LA AR A5 AL A5 Al i 11
STy S de /I, B 2 Ak 2 P R R e o A
AR 7074 SR, iR B 4 R AR P R A 1

9 TonQ A HME TP HOA 3172 (a) HOA B T BHS A MR A (b) R B Y BIS5 Ak, IRk E &8tk
A A5 2 B I S0 L 3 G et )N 2SR RO B T AR 8] DX B 2R AR 1 AR s (o) B TR RIS A, % T RA A SR R
TOFR A 22 (M), BARMY &R A 222 (M1, M2 F1 M3); (d) 2 B F s ok g

Fig. 9. High-Optical-Access trap from IonQ Incl®: (a) Photo of HOA ion trap. It can be clearly seen that the linear trap is located

on a higher platform, and has a long and narrow through hole along the axis, and two Y-junction electrode structures. The trap has

94 control DC electrodes. (b) Y-junction of this surface trapl. The shape of the electrodes has been optimized to minimize the RF

electric field component along the axis. The red line shows the path the ions transporting between different regions. (¢) Inner struc-

ture of the ion trap. This ion trap has four metal layers, the top electrode layer (M4), and the lower metal layers (M1, M2 and M3).

(d) Optical diagram of the 11-qubit system/*].
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Fig. 10. Honeywell's Model H1 ion trap [: (a) Structure of cloud operation ionn trap system. (b) The structure of the trap. The

trap consists of 16 distinct zones, consisting of five gate zones (blue), two extended gate zones dedicated to ion storage (orange),

eight auxiliary zones (yellow), and one loading zone (violet). (¢) A quantum circuit for realizing a two-qubit gate operation between

two ions that are not adjacent, and its corresponding operation flow in the ion trap system.
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Fig. 11. Ion trap integrated with waveguides used by Massachusetts institute of technology (MIT) [64: (a) Lasers are propagating in
the Optical waveguide and focused to the ion by the grating coupler in SiO, substrate. (b) Lasers are coupled from the optical fiber
to the on-chip waveguide using the edge coupling method. (¢) Optical fibers are fed through the cryostat system using the fiber
feedthrough.The ion trap chip is located on the cold head at 7 K. (d) 8Sr and #Srt ion energy level diagram. (e) The scanning
electron microscope (SEM) image of the central region of the ion trap shows the square light-passing window on the electrode and

the distribution of RF electrode and DC electrode around it. Inset: A scanning electron microscope shows a grating coupler that en-

ables transverse focusing of a beam. (f) Photonic ion-trap chip packaged. Inset is an ion trap chip around 1 cm?.
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Fig. 12. NIST’s integrated current-carrying wire(CCW) ion
trap chip/®. RF electrodes (purple) and DC electrodes
(gray) are used to trap two 2*Mgt ions, 30 um from the
surface. RF currents at frequencies up to MHz are loaded
onto green (numbered 1 to 3) current-carrying electrodes,
generating RF magnetic fields and RF magnetic gradients
perpendicular to the axis near the ions. Using the forces
generated by this gradient, a two-ion entanglement gate can
be realized using microwaves. In the small figure on the up-
per left, two ions with different RF magnetic fields due to
their offset axes have different energy levels due to the AC
Zeeman frequency shift effect and can achieve independent

ion addressing.
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Abstract

Ton trap system is one of the main quantum systems to realize quantum computation and simulation.
Various ion trap research groups worldwide jointly drive the continuous enrichment of ion trap structures, and
develop a series of high-performance three-dimensional ion trap, two-dimensional ion trap chip, and ion traps
with integrated components. The structure of ion trap is gradually developing towards miniaturization, high-
optical-access and integration, and is demonstrating its outstanding ability in quantum control. Ton traps are
able to trap increasingly more ions and precisely manipulate the quantum state of the system. In this review, we
will summarize the evolution history of the ion trap structures in the past few decades, as well as the latest
advances of trapped-ion-based quantum computation and simulation. Here we present a selection of
representative examples of trap structures. We will summarize the progresses in the processing technology,
robustness and versatility of ion traps, and make prospects for the realization of scalable quantum computation

and simulation based on ion trap system.

Keywords: ion trap system, quantum computation, quantum simulation, quantum hardware
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Fig. 1. (a) Upper panel: Sketch of an electrical circuit simulating the nonreciprocal AA model. It includes N voltage nodes
Von (n=1,---,N) with elements Cp and INIC () simulating the intersite couplings, where INIC ) defined in panel (b) is the key
element to realize the nonrecprocity, and the grounded elements (Lo, Ro,Co,r,n) simulating the on-site potentials; X modules and
the switches control the simulation of boundary conditions. Lower panel: Definitions of X modules. (b) The internal circuit of the
INIC, constructed by the ideal operational amplifier (opamp), impedance elements Z+, and the targeted element Cf(without Xy ),
which can realize unequal effective input inductances from the two different ports Vj.; INICy is defined by adding an extra Xj
module in parallel with C; in INIC. (c¢) Modules of negative impedancel®?.. The internal circuits of the grounded one-port and the
floated two-port negative impedances — 7 for the left and right panels, respectively, where the labels of the ideal opamps represent
the relation of the output voltage to the input voltages. See relevant texts for the detailed description of each element.
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k. A =AM AT SRR Ay IR R (a) T A, B C =, B AR MBS E. DL BT I REBCE R R T N =21, H
BT B BB S WLAH R IE 3C.

Fig. 2. (a) Referenced phase diagram of the non-reciprocal AA model, where phase boundaries (solid red lines) are obtained by cal-
culating the winding number , with Eq. (B6) in the Appendix of Ref. [27]. The dashed lines are for the plots in Fig. 3. (b), (¢) The
eigenfrequencies of the circuit at v = 0 (left panels) and the eigenvalues of A/Cp at @ = 0(right panels). Solid red dots and solid
blue squares represents the theoretical results under PBCs and OBCs, respectively. The hollow diamonds in left panels label the
driving frequency, and those in right panels are the simulated results under PBCs via SPICE. (d) 8(®) = Indet[A(P)/Co] versus ¢
based on the simulated A(®) via SPICE, where left-pointing triangles, right-pointing triangles, and solid diamonds represent points
A, B, and C in panel (a), respectively. The dashed lines are the corresponding theoretical results. All figures are calculated in a fi-

nite size N = 21. See relevant texts for the specific setting of the circuit's elements.
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Fig. 3. (a), (b) Node distributions of voltages (normalized) simulated by SPICE along dashed lines of & = 0.5 and A = 0.5 in Fig. 2(a),
respectively. The AC current source with w = wp/+v/6 is connected to the 11 th node. (c), (d) IPRs of the voltage distributions in
panels (a) and (b), respectively, calculated by Eq. (26), where diamonds (dashed lines) are the simulation (theoretical) results. The

arrows indicate the minima of simulated IPRs, while the dashed lines indicate the phase transition points in theory.
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SPECIAL TOPIC —Recent advances in hardware, algorithms and software of
quantum computers

Electrical circuit simulation of nonreciprocal
Aubry-André models”

Cheng En-Hong!  Lang Li-Jun 1?1
1) (Guangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials, School of Physics and
Telecommunication Engineering, South China Normal University, Guangzhou 510006, China)
2) (Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China
Normal University, Guangzhou 510006, China)

( Received 30 January 2022; revised manuscript received 24 March 2022 )
Abstract

The introduction of non-Hermiticity into traditional Hermitian quantum systems generalizes their basic
notions and brings about many novel phenomena, e.g., the non-Hermitian skin effect that is exclusive to non-
Hermitian systems, attracting enormous attention from almost all branches of physics. Contrary to the quantum
platforms, classical systems have the advantages of low cost and mature techniques under room temperature.
Among them, the classical electrical circuits are more flexible on simulating quantum tight-binding models in
principle with any range of hopping under any boundary conditions in any dimension, and have become a
powerful platform for the simulation of quantum matters. In this paper, by constructing an electrical circuit, we
simulate by SPICE the static properties of a prototypical non-Hermitian model —the nonreciprocal Aubry-
André (AA) model that has the nonreciprocal hopping and on-site quasiperiodic potentials.

The paper is organized as follows: Following the introduction, in Sec. II we review in detail the Laplacian
formalism of electrical circuits and the mapping to the quantum tight-binding model. Then, in Sec. III, an
electrical circuit is proposed with resistors, capacitors, inductors, and the negative impedance converters with
current inversion (INICs), establishing a mapping between the circuit's Laplacian and the non-reciprocal AA
model's Hamiltonian under periodic boundary conditions (PBCs) or open boundary conditions (OBCs).
Especially, the nonreciprocity, the key of this model, is realized by INICs. In Sec IV, based on the mapping, for
the proposed circuit under PBCs, we reconstruct the circuit's Laplacian via SPICE by measuring voltage
responses of an AC current input at each node. The complex spectrum and its winding number p can be
calculated by the measured Laplacian, which are consistent with the theoretical prediction, showing v = +1 for
non-Hermitian topological regimes with complex eigenenergies and extended eigenstates, and v =0 for
topologically trivial regimes with real eigenenergies and localized eigenstates. In Sec V, for the circuit under
OBCs, a similar method is used for measuring the node distribution of voltage response, which simulates the
competition of non-Hermitian skin effects and the Anderson localization, depending on the strength of
quasiperiodic potentials; the phase transition points also appear in the inverse participation ratios of voltage
responses.

During the design process, the parameters of auxiliary resistors and capacitors are evaluated for obtaining
stable responses, because the complex eigenfrequecies of the circuits are inevitable under PBCs. Our detailed
scheme can directly instruct further potential experiments, and the designing method of the electrical circuit is
universal and can in principle be applied to the simulation for other quantum tight-binding models.

Keywords: nonreciprocal Aubry-André model, non-Hermitian skin effect, non-Hermitian topology, quantum

simulation

PACS: 03.65.Vf, 71.23.—k DOI: 10.7498 /aps.71.20220219
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Fig. 1. Classic bit (left) and qubit (right). Qubit presents
the superposition of |0) and [1).
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@ Py =} 57,
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N . 1 . R R
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. 1
= 4E.n% + §EL<,02 — 2Ejcos By

cosp

1
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AL A2

K2 ERALSREA.

Fig. 2. The schematic of Josephson Junction.
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MR TR YE > BN, Biigea b
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BEEE TR M E > E, AT LIZNE,
FE IS Y LB 2 SR R ARG 2 AN, 38 R R 3781 258k
RERGE I (B A BT BE | USSR R ARG, W i S BIF
M AR RE M BRATE, 77 A PS8 L I [, 9 Sl o)
IO 3 1 AR A 9 |0) A1) 12, X FR SR A A
- HOA R i 1 LU AR

MR TR 4E > EN, S
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Fig. 3. (a) A sketch of entanglement connection (swapping) in the quantum repeater protocol®; (b) the whole experimental set-upl*9.
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Fig. 4. Experimental set-up for multiphoton boson-sampling!?7.
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PRGN B &, B> a3 AL TR R TN kL
T In R R R AR R R TR R IE L, 259X
RUTCIHOAR T T, PRI, 8 S A i SR R 2k
FRITTIHOR F2s R TTiOR AR T It 2
P, Wk — i B AR T2 SO0 R (PHS). AL
T2 O R 3 Mk T R SR AN o
T, AR AE— . R = 4EER R A A R A NE T R Y
N SRR TR R, THEe % R4
Ry A SR B AF 9 A OO b 5t I K ¥ Zhao
4 DOL1021 ) Jing 45 D03 B 5% T AR B % Kitaev £,
AT & BLAR JE 2% Rk 2 e TR 23 7O R, A
M TR R RS D AP F e 3 X 5 T
JEE RS, WUIA T S ARNERERLISE. T Ik
TTTRT SR Bty o B A (% R ) kLT
25 ORI
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N2 L TR R Y 22K 2R 45 T L DL A 2%
IR

H= 3" G, (ero0+gi-o+ush-o), o,

k,s1,s2

33 Ve

kK" 51,82,53,84
N at sfoa 4
x (k, k') € ks Chsy Ok s3C—k's4> (6)

O S — T2 FL T I R P 0T, A FE BN RE e (AN
AR e = BPK?/2m*, m* O HL AR |
H JiE #LIE #5300, g - o (spin-Orbit coupling, 401
YR AW Rashba B kyoy + kyoy ), UL KW
h 5 I ZE 2 BESE; B IR 1 T 2 E A AL
MR EAE M, BAT A4S o = Z TRl Y RS AR EAE T
H A 4R Bl LA R S il ok 7 25 5 RS A 280 A
HAEHAE. 7F BCS B, BRI RN #5255 ,
VX35 UK AR B HERA, 1531 Nambu R T 1)
A4 7

R 1 R .

H=3 Zk: 1 Hpaa (k) r. (7)
BB dp = [ehy hyo ok 6oxy], BAG Y 8 151 Gt
Hpao (k) J: Nambu £ T4 x 440 100,

Hosa(k) = e(k)  Ak) ]

—~

At(k) —e(—k) 8)

i AR HRIE 2 x 2 BYSERE. T3 TR A RO
DRF, A A =-AL,,
A5152 (k) = - Z Z V5152,5334 (k’ k/) <ék’ssé—k’54> )

k' s3,54

(9)

- RIE R R RERS AN B A, Hpag (K) [u; (K),
v (k)T = Ej (k) [y (), v;(=k)] B, HAAE
R Ej (k). 28 SURLF-25 78,

¢ = l 0 e ]/c (10)

laxo 0

P 100 J2 2 < 2PN, A2 JE B LHE A
Hpac (k) FEIZRLT-25 7B F IR 5,
CHpag(k)C' = —Hpac(—k). (11)
B, Hada (k) € [u; (k). v; (k)] = —E;(—k)Cluyx
(=k),v; (k)] BIE4E, BAG WA ST 1Y Bk 1-BE
T2 IE B RE A 3 WA HH BRI BIDRE -2 5
Btk (PHS). BRI T dm, 0 = Yl (k) ést

Vi (ke MIREVOR T, W dp, ) = &1 ),
TR E K T BB T IR 5 28 Otk AR T
B I RIS B AR EHERG, B
Bbr s B [ e S RIS SRR, B sy — (n.s;).
SR 1 B S ST < R T R T
Bk N2 SR TR AR TR, AL A T
W] HETE IR (0B S A A B B 5 i 9 T 24
RISk T, T AR Ay B b HLAT )
PR35

4.2 HINBESESARMER T

ARG — NI, 7 REIRXTRRPE (AN
B[R] SO AR | P SO R MRS ) DL T, —
LN = AT ANREAE SR MR IR M I 104,
R, ISR T-28 SO AR E R B, B A T
NS TS, fEIRTE— . N =4EHFREAE i L
INETF A, n, 4T, Kitaev
T 2001 AF4R T — AN MR TC FBE p iR A
B CYSRETER, AR THRINEF RS, 1%
FEFNIRAS G SREL Z, H 3R, 1M 7 44 K 28 73 i Y
P28 (6] 37 AR AN R, B2 B R Y
VRIS I FREMAET R, ASSZ R 23 5T 255 e [109),

H TR B R -4 S ORAR T, B B RE
IR, T IE BT RS 1, SHGARA,
IER N, g2 AR HF NI 2Bt ARSI
FIXHE G SRR TN, IR HE S AT
R T HBRZ KNG SR, b S AT AR
KARENZ T, — A EE RS T RS AR
HAAERTDUR ST T, {E 8T (anyon) ¥
MR A T RE S iz F TR AR T A4
FIHE. AR NS - R OC R, HHENEF
Ji¥ (R AR LA TERE BRI TR, 1ZTIUR I B
S R AEREA S S BHE AR AR LMY s RIS, e AR
PR IX g — e g X BRS E, 0 I KOS5, Ot
KR AE, PR TTHUR 1 PR 25 7Ot
KB PREAI: ol = oY W&, = a6, W%ERE
HERL T (1 BORL T2 0 F 5, R RER R By 294t
PIEREAL (Majorana zero mode, MZM), J&—Fh4F
BRIN T 23R 98 ek T (Majorana Fermion). 763
AR T B, DN 3K T Dirac JrRESE
B, B KR R S b — i = 4R
TREEH, Z AR A BN ANEAKL T S 29 r
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YR T HE, IEANRT A, SRS,
B BRI T R A T RE R S AR R R,
EHAERO RS METRGY, BB HEHT )= Ik
P, PIBLREE F FHrBAH T A bt - 145 (106,107,

H AT, SN T 10 = ZEHLE A PR %
—, A HSHOHILE 10, =, Ak S 101
MAZHARFNE S MR, A AR NE AR
PNy R e by SN ST N v i s
S5 NATTAE 3 L PRD A S 2 h gy Rt T 4
WIFR LSRR -5, WG| T et R AR5/
ZH TR AR 2001 4E, Kitaev $2H—4E
To ABER p R T A EE RE % 7 P i - A S 2 hr N
FReE, LS Ah N Rz BIASAEFRHRFME
PP PR TR 5 ) R S 3 B g, AR RUTE AR 22 S
S E R, PR X B S FER . 1999 4F
Read Fl Green #& i 7E p, + ip, TG F i — 48 1k
6 T3 e T BE A% 77 A MZMIN2! 78 2 J5 By K I 1]
B AF5E N B — EOA R B — A HL A Py AT R S
Pz + ipy JC F e i v SR A, ELF] 2008
AEAHSE A Kane A BH AR B S /H0 N 2R 5
SEREME AR AL 13, B | Sato A5 1 LR
H—~H A 3 1Y Rashba HHEHEHEA KR R B
RESFT T pe + ip, 0 F E AR SRR A (WAL 5), H
BdG W2 AT,

Hpac (k) =

< ey —ho, +gr-o iYsoy )

—1)s0y —€p+ho, + g -o*

(12)
XHL, gi, = 2 (sin (k,d) , — sin (k. d))$& Rashba [
TEBERE G BIRE, o= (04, 0y) R WFIHERE, 12k
WE M ES YR e 2 PR T I AU
. Sato ¢ N WLEL R - A 5 25 i o 6% 38 5 —
A LIRS U AR 40 5 — A W5 3 i 1 Hig (k) =
UHgpqs (k) UT,

s — ho, —iegoy — gy - OOy
HlladG(k) =1. .
legoy + 1gK0y 0 —s + ho,
(13)
X H
1 1 oy
U=—— 14
V2 ( o, 1 ) (14)

BT s PO p PO FECOR SRR, By s 3
PSRN e Ml p PP SR di KB gr,

4 gy SEEBRA, BB F po + ip, T
SR, A L %02 1 2(0,0)% < h2 <
U2+ 2(0, )2 B, IEHESNRAS RRECE T 1, i
S 36 26 Bk £ B A TE R B 1 R, 0 T
IR R, Hpy (k) —ERERE, A = / drugy’+
Vo4, Up =V = i(Teig)_l/Qe_(h_ws)r/z’\, Wi =
o, BT AR YRR, R, i TR S B
7, Sato 24 AR 7R Rl 97 0 38 2 B 7
S I BV ST I BT S R (L
{22 F Kane., LA Sato N TAEE A T3S
AR — AR T g Jy ), RS e
LR A 6 S ST i = T AR

) E

5 (a), (b), (c) IR T 12 o J7 ) A BRSA SR y J7 161
AU i S BB AE R, N (a) B (c) B HGINRE S b
KN, I 92+ (0,007 < b2 < 92 4 (0,m) W, B (c),
AR EL T AT RE B A FURE R AR T M AR 1)
Fig. 5. (a), (b), and (c¢) The band energy of the lattice
Hamiltonian with edges at x direction. The magnetic field
increases from Figure (a) to Figure (c). The red thin line in-
dicates a gapless chiral edge mode localized on the one side
and green thick line a gapless chiral edge mode on the oth-
er side. They appear forv?2 + (0, 0)2 < h? <2+ (0,1t)2

at Figure (c), which indicates the occurrence of topological

phase transition!'4,

4.3 SeoddER TRV AER IU/R St

NSRS BAT PR M, 724 ]
FFMIS I SE FAL B R BCL SR B A 1 AT AR
B TEREBR B0 AL d AN AEE RS S
(d-1) 430 FL35 Z 8] 9 3 X I G 3R B R R AAR-320
XNEFR. YRS IR, BR800
Pk, JCRERR Y0 AR R BN D A Fi 90 % fk
B, Hetn, TEHETE HIE p O AR e Ot
A BLHIAFRERL, R e Ml S8 5 15w
AT AR, WA I — B b SRR Sk
) B RN A, B d 24 B3 MR AR S
WA (d—n) ERRHAES (n>1). 78 2016 4F3) 2017 4F
], Jef A/ N AN R A 7 S 1 Bt
NS BOME S, Feln, =4Edn N AT — 4R
B B AR TCRE BRI AR Lo 18 B R F A A
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WESAR DA B B h FhF 4 8 F s B h F i
SR FIAHRAHES, W0 sHid BSHXT, (HREETE
HA Rashba FBERIERE G AR I /2 T8/
o ek R A S B 8 TS T L R O AR A 1
FIFH 5 B M A 2 AR /s I8 AR S i 4, AE TS Ak
IS L T (ERERS S B R F N R, T 52
PLANFREAR 120421 AR HF G TR dh
IR SRR SR AL TR B B 122, (B2, C T by
PN T A 1 BRI RN S B0 bt 5% B0l 1) A g
REMTERE 1B 7 1)

M T S H N RER I AEAE, T AR
SHEA VERIFE (2N NS AH TR
), - HSMASEARRI/NRERT. BT 2K
T (B F) RFECFEFRSFE (Fermion number pari-
ty), BE— S ] R 2R R T (S 2R
HERL T Z R AHIE R 05 DL 2 T ez el f
M) #RREAS A bk % 2, LG —A~ H 241
PRI — . iz AT AR 2 R B R i
BT AL (worldline, BIR s W i il ) 76 i
SRS, Fer Rl o (T) =Upt;, Uy,
R e LAEFFNE SRR T RS e L B
W, Upi (1) = Te od 0 T Sy 55, h T
PRUEAE IR AL, ZOREAERIEI T > h/|Agey|, Uypi i
TEIAFRE Bon WIHETT, — e, AR B9 TT 2 AT
Sy, SO LRAR IR fi AR AERA DL R GE i (106:107.123]
T HEFERATLL—2E S 2 h kA

BRREA 2N A S A hi gk -, B K
WHSH: 55 =40 = 1, 2, 3, --2N), FFARABIA
AP TE L—AE KT ] = (Fan1—
921)/2, ex = (k-1 + 192k) /2. ELEREIL U, (T),
B DLRINPOK T3, = UL (1) AU (7). I T R
b, W UL (T) R A 5 30 28 () P AS B 23R kL
TIHHE RIS D71 (T UL (7)), R’
A M k1, FTLL, Ay = a1 Yt AL = a1
(oo Al a1 BT 41). PR TARRFEUCF RSP IE Y
BRI, 991 = dnsr, FTEL, apongr =1, AR
— ek, AT o = 1R gy = =1, XBFRATA
Y = =Ah1 1Y = Y, BIAED AR oK+
WA T — M5 M I SRR ER A, —
A EARI RS DA B

L4 kYt = By
\/i k+

Uy = e%’?k’ykﬂ —

(15)

Y ZEH PN [A] B A 4B Ey 2 h g ek R, 53
MR IER, ik — 1] = 28, By xr1Biit1 = Bt
By 15 T PRIRACH P 2 7] — > 2R g k1~
B, PRIRACHAKT 5, TR T3 B

Bi—1,kBk k+1 — Bek+1Br—1k = Yo—1Yk+1 # 0.
(16)

X S Ay R )RR DR GE o, 2R
AHEB Y = A S AR g R+ 384 =k (k-1 = 1),
A Yang-Baxter J7F¢:
Bi k+1B1i41Bi k+1 = Bris1Br k1B (17)
T RN . AR AR (1)
TH AR G 2132 2 5 25 0 it A # A B R A, (R,
A 3y 3 ) 1 553 AR A T BIL TR R AS BB A A IR 2
YRR, DI SR & B b L
K, OB MR F ORI N A X B TR
HAph 8T B s s s KRR, —H
SEEL TR R M T LR, SEIAH R
T R RO B Y B AR EOR W DT
HA AN PR &, kiR E it
BAG. Wi, iR E IR - HEE IR
AR ATV BRI ELA i M S A5 7 ).

5 WHETFIHHEWNIEIE KL L
B BT M By K

WG LR NSRBI RIS, ATLAS
— SO [6] B TSR A S SRR S B
MR, B e R I LE G ST LA ok
ESRAEI RS

51 LDARNNFERINFRERSIE (zero-

bias conductance peak)

R g R N AR T A R SR
AR, EMRALFELAS. fEh Y,
LR IER X N T S AR KT ERER
FIP PR R4 - S AR T 1937 4420, A HE
Wit Z 5, BPREEZRA T BRI R TR 2
FAERL -, R oA S R gi kL TG S 7E LR 5
M2 W FHA SR A TR B S, BT AR AR BT DLIR S
Th, AT R S HE Y H Fh i 1153 2008 4, i
ZLHN Charles Kane il HS 15, TS fEdF a2
TRFIER SRR S _L AT e s R LS 2R gk 1),
FFNE PR HE ARRER AT, T 52540
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g e R - 1 28 ) B st S0 60 AR 7545 1) 1A
M, — AR RN A A 1) 187 2 T ELE I
BEHCSE W 4 AT, AR ERM R, D2
YRR LEFh MG b B AR K A 2 1 A
PR R, Xt SAR PTG, XT 214> S 2hi g
TR AT S I 2 A E BB TP B+ LU R
Dh—4EFINE T AOKRL A ], FEKR L W
Ui — NS ARI R T, BRSBTS N
dl 2e? 1
&V " h 14 (ev)2r)®
Horp TRERZEEG; VRMERE; TEErviE.
F LA =CAT DL, 76 R S R R, A — N H
Sl WS AR E B (STM) MR E, &
FEHLFREIE TS O 2 7R F R AT L g, RIR
e B S0 7E 0 K REERT, H295 g & & L
DR 11 v B T A FEL R (262 /b )24, PR i e 52
5 B LI 247 0 2 i PR 0 R B 20T 22 /B
SRS Hh A h N AR R ORI 2 —. it )L
AEZARRMA AR S2 50 I 2 TR B T
SR 2 P 08 (B DR 6 B9, T 288 i
P2, XF =g ibE Sk, e b, BRI R
TR R S 1) FE S I B AR
it BB Y H A R L IE A 2 O L ) R
B AT — UL R 800200 1) RRZER 2K
2) Ly hr MR T 5 IEH SAEAE T 3R A AP v
Pk F B RE = EHLZ 98 ; 3) RM R S RER
BT L 4) TELXSERE DL L, SR
PR E T MR T

(18)

52 MEMEBFURERYMMA (quantized
thermal Hall conductivity)

BT STM 4k, fivia I [FRE r] LD S 25 hi gl
WAL B ME SRR AT R SC g . oh TAE
SO, Hbiris ok R IE ST 2 25 A i
G RNNTF % irpeae] B o << B N N L N0 =i D)
Tkt e T, RYErh A SRR T BA
IRREST, M S 2SI R G R
REAR A AOIE S T L kL5 H A7 7E.

RSO3, 7E = 4Rl AR Gih, ik
LI 281 P e, PRI MRS — 4R R SR VR AR
WAUEAT FAM A SRR Fh S 2N TR A £
SR, FEAZAN IS e = dedn N AR T e i

FALR PR AU [126:127,

FHEZ AT T A 6 s ’ASEMA R, 78
YN PR R R TR LS s PO TR T
UEARRON, = e AR BA T s SRR A
FAGL Ry w0 WY 2RI ARG, AT LATE S 20 Ak
T RIIKBL ST AL FTITRERS.

T-invariant SC

6 ZLEHME SR TR RN Y SE B ] 12
Fig. 6. Illustration of the experimental setting for the meas-
urement of quantum thermal Hall effect in the 3D topolo-

gical superconductor!!?7,

6 P 2Lt Sk 07 In] O T B AR g ks T
B S50 J7 a4 B0 AW R, BEe R
/N
nk§T2

24k
Hrp Nh=4uR MRt A, BT S
A hr R AR A OC, THRBEIET 0 K Wil
BE. TT R (19) AT DAHES BRIV 0k
I k2T
Ry = 70 = N
PRI > S b U0 381 3 AR 1Y) A AR JR 00 [
FERT DIIESEAE = e AR F N AR Th A AE S 2R g v
K. HETAIXA A BB 3 M AR AR 22 L.

Ig=N

(19)

(20)

5.3 REHBRRUN

AN BB A, Fhf M S AR B AR 37 RO BE
ASWIRRFRNE, WA B S AT, Radae
FRE B8 1 DA 1 ML 2 2R e )30 LR 128 ey
LT AT T 1 IR AR A 240528 R AR A SR WL
B AR AR P BN B a] iz
AR PN R T H AL s -T2 3
ARG 2 AR T 2SR AR T BCXE RS
PRYEASTR], 4 b MU 2 R AR IR w19 55,
H B AR AR A 2 HE— DR B LR AR
o 129, SR 22 BB A L A S AR (1261290,
TE AR FIM BT R F0 AL s P IR B 22 o A
0 B m BB, 52 ) S Xt AR R 37, S 2 e
IS RFFRERL; fEARNLZE o AN 0 803 Y
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I, ELAH AR TSR RERTTIT MR AR 5 (129,
AR AR LA ARG o 2R
AT LA R 2y [126.130]
J (p) = Z(Jnsinmp + I,cosny), (21)
n=1
Horp J, ML BEAE n AR R/ H T e ) iz 78
XK, J(p) = =T (=), BT, =0, TEIEAL T,
J () ~ sinep. (22)
FIEFNVBAARFR, S IH AR EM: T (o) =
J(m+ ), HILAT PIHE L Jonir = Iont1 = 0. FE3X
FEBL T, T (p) ~ sing 2R T, HIL T 5% fL Ui -
IS
J () ~ sin2¢p. (23)
(RN, 249 358 9 AR 435 1) R It - A G 2R 0 T A T
X S FERR 180152 SR EE RS TR A, TR
SEEAWEME; Sz, ARECRT A R A, T
RO R HTME.
PRIk s 1) R - AR 5C 28 AT T 4 4 R
RIS RRE, S5 AT LU 3 540 4 M
SR — L.

5.4 EFIEIART (odd-frequency Cooper-
pairs)

SRR IAR AL S Berezinskiil'3 T 1974 4
P, T A 3 AR L R . AR
AR AR FAR T | R S GBI RN BT
BT S 2R T 1 A A A e B4 B3 U
T Ml L HL U

L PR R kL 55 A AR BT Y OC ZR AT L
HEET p, WO AR 2935 R ARG AR PR R BSOR 53
Br. 4| B| < A(BCXS ), MR ET LUE 1E:
wo (&) u§ () + v§ (2) w0 ()

g(E;z,2') ~ ToIT; ,
£

(24)

uo () vg (') + vg (2) uo (2')
E +ié, ’
Hopr g (z) =C(2)x, vo(z)=Cx)x*, Clx)=
V2/Epe "/ % 0sin (ka), x =™/ (R M T K
. Xt T AR R R, BB OB TR A
B, Filhvo () = uf (), HULAT A P48 AR eR
IR N
g(Byz,.a') = () f (Bsz,2') = 1(Byz,2). (26)
I 7 2 R R A A 2R BT 3 e X A o6 R Uk

f(E;z 2 ~ (25)

Rk, ()f (B2, o) SEHE LT B AT
B, AR T EHIR AR, () f (B, 2) i
T B, 1 T SRR TR
A

AR R AT, U TR LR 0 M
2R 1), s A SR 1 - RS A g kR T
NS %5 F1 SNS 25 [ (W& 7 fioR), i F U480,
Gk AR IERDS, MRS, 17
Pk LR NS 45853 SNS 45.

<a>/
j=1 L

B

Insulator Superconductor
Disordered segment
(b)
=1 L
Superconductor| Insulator Superconductor

7 (a) POREAEEE AR /RS (NS) LR =& 18
(b) YKRLAE K /G0 48 /AR 2R RS, (SNS)
SR 184

Fig. 7. Schematic pictures of NS (a) and SNS (b) junctions!'34.

XFF NS 5, B f ] DU AR O R
hk:

e2 ee |2 he |2
Gns = h z;; [50‘,/3 - |ra,6| + |7"a,,6 Lﬂ:ev7 27

Forrese Al ee ) LA 1 IE RS RBORIZH S I
A e RS bon] DL i T G B R
BHE eV IASLRZE (A0l 8 FR). K 8(a) &4
HARIMEMIRL R Gyg-e V T, K 8(b) 2&H
AARIMERGIKRL T Guge VIlZ, FTLIE T, B
A FME R GOR AR Z A R 5, A BH S iy
EMﬂaggﬁi%wﬁﬁﬁf3.

XTF SNS 4, BATHHMER G K L AE AL
il A p, WO AR ) LR RIR S, $Rdh
YKLy SNS 25 295 R AR LRI T 4350
HL-FHOL DGR (AN1E 9 FT7R): J o sin (Ag/2), H
< Ap <.

TN KR 1 NS 451 SN'S &5 (1) 574 B iz i
G R AT R FR T 3 DR O, PR LG P LA 4 2 FA
XS S B S AR g RN AT B sk Y, dnT DIAE R
FAE SRR T — D EE TR
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MR AR L AT L 139 (b) HAIRFMER AR il 2 034
Fig. 8. The differential conductance of NS nanowires is plot-
ted as a function of the bias voltage for nontopological

nanowire in (a) and for the topological nanowire in (b)!!34.
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Fig. 9. Current-phase relationship in SNS junctions of topo-

J/(e-A-h—1)
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Ap/n

logical wire. For comparison, the results for nontopological
wire is plotted with a solid linel’34.
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Fig. 10. Superconductivity at 3.8 K in Cu,Bi,Se;'%.
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Fig. 11. Zero-bias conductance plateau observed on Fe, Se,Te; ,: (a) Schematic of variable tunnel coupling STM/S method!'*;
(b) a line-cut intensity plot along the dashed white arrow in the inset!'"*"; (c) an overlapping plot of dI/dV spectral®; (d) 3D plot
of tunnel coupling dependent measurement, dI/dV (E, Gy) "*3; (e) color-scale plot of Figure (c) *; (f) horizontal line-cut at the

zero-bias from Figure (e)*¥); (g) horizaontal line-cuts at high-bias from Figure (e)!*3.
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Fig. 12. Distinctive edge features in susceptometry of Fe,,,Se,Te; , flake: (a) Optical image of the samplel'™; (b), (c) the suscepto-

metry and magnetometry images of the sample, respectively!™; (d)—(g) susceptometry images of the sample at various 71" (h)

line cuts of the susceptometry images at various T along the vector direction () as labeled by the arrow in Figure (d) [%; (i) inter-

polated image from the line cuts in Figure (h) '"l; (j) superfluid densities as a function of T extracted from point 1 and 2 in Figure (d)!'*!].
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Fig. 13. Electronic structure of Li(Fe, Co)As: (a) Crystal structure of Li(Fe, Co)As!'™]; (b) zoomed-in view of the LiFeAs band dis-
persion along I'M and I'Z'; (c) in-plane band structure at Cut D in Figure(b) 1 (d) (001) surface spectrum of LiFeAs!!;
(e) ARPES intensity plot of LiFe, ,Co,As (z = 3%) at 15 KI®!; (f) ARPES intensity plot of LiFe, ,Co,As (z = 9%) at 10 KI'51l.
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Fig. 14. Quantized zero-bias conductance peak in (Li, Fe)
OHFeSel'.
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Fig. 15. Zero-bias conductance peak in Sn; JIn,/Te: (a) Dif-
ferent temperatures at B = 0 TI"5%); (b) different magnetic
fields at T'= 0.37 K170,
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Fig. 16. Electronic structure of TaSes!!%.
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Fig. 17. Topological surface states of 2M-WS,/161,
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Fig. 18. Two topological surface states in PbTaSe,/!6%],
6.1.9 B-BiPd

BT Lo AR O AR TR B O I
AR TRENE, O AR AR B A L

160302-18


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022)

160302

20F

1.5 F

1.0 F

0.5 F

dI/dV/arb. units

0

-6 —4 -2
Sample bias/mV

2 4 6

1.4 H(d)
1.2 F
1.0

0.8 F

Normalized dI/dV

0.6 |

MZM

Normalized dI/dV
]

Away from vortex core

19 JrTFRAME B-Bi,Pd WA HHINEL S H PRI ) 29 4 2 R

-6 —4 -2
Sample bias/mV

-6 -4-20 2 4 6
Sample bias/mV

2 4 6

(a) FIFHBETE WABERIFIIE 1) (b) B-BioPd AN HL G109

(c) H— ALY 2 i B Fi 5 04 23 A J&T 1090; () % 2 Pl 3% 1090; () 34 BEAZ L BRI A9 V3 — AL 3043 H 52 31 1169
Fig. 19. Topological superconductivity and MZM in 3-Bi,Pd film grown by MBE: (a) STM topography!'®”; (b) Differential conduct-

ance dI/dV spectrum!'®; (c) normalized zero-bias conductance map!

169; (d) tunneling conductance dI/dV spectrum!'”; (e) normal-
[169]

ized dI/dV spectra measured at location with radial distance r from the vortex center!!%.
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Fig. 20. Gate-tuned superconductivity in monolayer WTe,[!7.
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Fig. 21. (a) A series of dI/dV curves'™!]; (b) the color image of Figure (a) '®!; (c)—(g) the experimental results for 2-6QL samples,
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Fig. 23. The differential conductance curves as a function of the bias voltage at different magnetic fields!'’l.
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SPECIAL TOPIC—Recent advances in hardware, algorithms and software of
quantum computers
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topological superconductors for quantum computing”
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Abstract

Since the physical limit of Moore's law is being approached, many alternative computing methods have
been proposed, among which quantum computing is the most concerned and widely studied. Owing to the non
closeability of quantum system, the uncontrollable external factors will lead to quantum dissipation and
decoherence. In order to avoid the decoherence of quantum superposition state, the fabrication of robust
quantum bits has become one of the key factors. Majorana zero mode (MZM) is a quasi-particle emerging in the
topological and superconducting hybrid system. It has non-Abelian statistical properties. Therefore, the
topological qubit constructed by MZM has natural robustness to quantum decoherence. Despite the arduous
exploration by various experimental groups, the experimental verification of MZM is still lacking. This paper
reviews the history and main technical routes of quantum computing, focusing on the theory of topological
superconductors, observable experimental phenomena, and the latest experimental progress. Furthermore we
discuss and analyze the present status of the topological superconductor research. Finally, we prospect the

future experiments and applications of topological superconductors in quantum computing.

Keywords: quantum computing, topological superconductor
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Fig. 1. Schematic diagram of four-mode entangled states generated by cascading three four-wave mixing processes with asymmetric

structure. apy1, apre and apgg are seed beams of FWMI1, FWM2 and FWMS3, respectively. ayi, ave and ay3 are vacuum input

modes. aci, acz, acs and apy are the final four output modes. Pumpl, pump2 and pump3 denote the pump light of three four-

wave mixing processes. LO denotes the local oscillator for balanced homodyne detection (HD).
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Fig. 2. The covariance matrix of the four-mode state in the case of G1 = G2 = G3 = 1.2: (a) The covariance of amplitude quad-

ratures (X; X 3); (b) the covariance of phase quadratures <17137]>
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Fig. 3. The smallest symplectic eigenvalues of four-mode
state for different gains. Bar chart with different colors rep-
resent the smallest symplectic eigenvalues at gains of 1.2,

1.5 and 1.8, respectively.
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Fig. 4. The supermodes of the four-mode entangled state generated based on the cascade four-wave mixing process and their corres-

ponding squeezing levels for different gain values G. The bars represent the relative weight of the modes ac1, acs, acs and apyy , re-

spectively. The number above the figure represents the squeezing levels. Figures (a)—(d), Figures (e)—(h) and Figures (i)—(1) corres-

pond to the eigenmode decomposition when the gain values G are 1.2, 1.5 and 8, respectively.
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Fig. 5. The structure diagram and corresponding adjacency matrix of four-mode linear, T-type, and square cluster states.
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Table 1. Normalized variances of the four-mode
linear cluster state nullifiers for different intensity

gains.

Nullifier Nullifier Nullifier Nullifier
1 2 3 4

Gi=G2=G3=12 0.59 0.62 0.59 0.69

R

G =G2=G3 =15 0.68 0.56 0.48 0.49
Gy =G2=G3=18 051 0.52 0.47 0.34
G1=G2=G3=3 059 2.14 0.68 5.6
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Table 2.  Normalized variances of the four-mode T-
type cluster state nullifiers for different intensity

gains.
TR 2% Nullifier Nullifier Nullifier Nullifier
1 2 3 4
Gi=Ga2=G3 =12 047 0.37 0.51 0.47
Gi1=G2=G3 =15 0.36 0.26 0.4 0.4

Gr=G2=G3=18 0.34 0.21 0.34 0.38
Gi=G2=G3=3 263 0.56 0.56 3.79

=

£ 3 X TR R B G £, DUy AL S
Nullifier BJIH—1k )5 2%

Table 3. Normalized variances of the four-mode
square cluster state nullifiers for different intensity

gains.

Nullifier Nullifier Nullifier Nullifier
1 2 3 4

Gy =G2=G3=12 0.36 0.54 0.36 0.34
Gy =G2=G3=15 0.24 0.31 0.24 0.38
G =G2=G3=18 0.8 0.20 0.38 0.64

I

Gi1=G2=G3=3 087 0.51 4.67 4.38
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Abstract

As a crucial quantum resource for quantum computing and quantum information processing, cluster state

has attracted extensive attention due to its unique entanglement properties and rich structures. In this work, we

theoretically propose a scheme for generating four-mode entangled states based on cascaded four-wave mixing

(FWM) process. The internal entanglement characteristics are studied by using the positivity under partial

transposition criterion and eigenmode decomposition. In addition, the output entangled states are reconstructed

and optimized by adjusting the relative phase of balanced homodyne detection and postprocessing the signal

noise, and finally three four-mode cluster states with different structures are generated. Such a method can

effectively reduce the excess noise induced by finite squeezing. Our theoretical results provide a reliable way of

generating scalable continuous variable cluster states based on FWM process in atomic ensemble.

Keywords: four-wave mixing, eigenmode, cluster states
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(b) the preparation of the cubic phase statel*".
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Fig. 8. Scheme of CV quantum error correction with five-wave-packet code ['18],
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Fig. 9. The codeword for the GKP qubit[™.
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Fig. 10. Scheme of topological error correction with CV a Gaussian cluster state: (a) The graph structure of the topological eight-

partite CV cluster state; (b) the beam-splitter network for the preparation of the cluster statel!3.
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Abstract

Quantum computation presents incomparable advantages over classical computer in solving some complex
problems. To realize large-scale quantum computation, it is required to establish a hardware platform that is
universal, scalable and fault tolerant. Continuous-variable optical system, which has unique advantages, is a
feasible way to realize large-scale quantum computation and has attracted much attention in recent years.
Measurement-based continuous-variable quantum computation realizes the computation by performing the
measurement and feedforward of measurement results in large-scale Gaussian cluster states, and it provides an
efficient method to realize quantum computation. Quantum error correction is an important part in quantum
computation and quantum communication to protect quantum information. This review briefly introduces the
basic principles and research advances in one-way quantum computation based on cluster states, quantum
computation based on optical Schrodinger cat states and quantum error correction with continuous variables,

and discusses the problems and challenges that the continuous-variable quantum computation is facing.
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TR T SR B AN AR, R s R MO LA SR T R RE T O TR — R R AL
R, BAT A i R, AR e MO T I T A O A, RSB R TR — A B B B RO R
THAR, A3 FATFE R S5 K L BE A5 A2 H S B IR T 28 A A AR BRATERIN. ST ARR, BEE BT R AR RO
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TR TREL. O, AR ZRIR MEE T AR R AR O E T I EOR B AR A KR MU T 5, e T
ST HEBOCE TF BB T4 E SR, Fn, TATIRFE R T T8 74778 W52 B A 5750k i

RSN

KR LROCR TR, BE, TR, B yo

PACS: 03.67.-a, 03.67.Ac, 42.50.-p, 42.82.Et

1 5
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61734005, 11761141014, 11690033). i Rl2E 8 AR Z: 512 (#HEiES: 20JC1416300, 2019SHZDZXO01) M R HF 2 2 (it

S 2017-01-07-00-02-E00049) %% Bh (1)1
# RS DT
t BIEVE#E . E-mail: yung@sustech.edu.cn
1 BIEYE#E. E-mail: xianmin.jin@sjtu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

240302-1


http://doi.org/10.7498/aps.71.20221782
mailto:yung@sustech.edu.cn
mailto:yung@sustech.edu.cn
mailto:xianmin.jin@sjtu.edu.cn
mailto:xianmin.jin@sjtu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 71, No. 24 (2022) 240302

PPR it ARG ) 45T R R & IR
JE T 0] A F8 BOm s i pe . PRtk AATAH
G AR BIE AR @& ML A
R RE].

— e, TSR R AT DL A ol A
(quantum circuit)P & 48 #4571+ 5 (adiabatic
quantum computation)®, &4 FEIR AL —
K i F 115 (one-way quantum computing)” 1
HFMETFITH (topological quantum computing)[®!
[LESSIVES

B LR R e A, BT
LIS TGN Z LB, IR E R T —Fh
LRI SRR AN E I 107 AR 2 4
YELL AR o . AE i F A EDE A, 38
B AT LOR R 0L, I AR ICAE LAl AT
FRFR IR LA E R KRR UL FER R
LR BE IR, g SO IE] (G B A Sy AR IO [R] 2P
KA WA s, 4Bk a] DA L AR
e U —F & F 1] (quantum gates) £
1B, IS SRR iR o ee, bR+ 11
il A AL AL AR 2 By L

— K & F 1154 H Raussendorf il Briegel™
2001 4E42 %7 R AR (cluster state)
{14 ) B RO S AR AR 0 i 2 o, 3K e oy
X AN ] i iR R L b TR R T
AR 5, RV W) B 2 il R 2 iR, BT
AR FIER— R Bm i m AL, H
DS 45 SR A J - 22 L

b IR NDE RS e SRS 5
FAT R REUERL TR, I — 2D R AR R
AT TER TN I, HlS D ARl
EHE (Majorana zero mode) F& SZEAE BT D1 /R AT 2
FIEL T2 —, (AR ERAR RAEEP A
eI —Z k1, X7ED & S A hi gl
FR 2 I, JF SO TR 45, 2552
e AR AR 5 LR A SR MR T
38 1) R MR SE 5 SR SR
Y PRI

ERFEHOR R A=Al B A1 BA 1) R A&
TRUAS SCRAER] T TR 9K T (parafermions)
()38 ] AR O . W98 N D1 B S ad 45
YOCFIRE, SEH TR TP 9K FSE Y Cliff-
ord-operator Berry . 5, fb 738 i 3k B fp

PORF IS 10 &S ESCHE (contextuality), B
WESE T AN RGP I 1 B OSCHR. Wi
G PR I T i S oK A G L G
FFMIURE T, AT SR MR T
B

RN, aimHita et TR R
KL FE (quantum annealing) F14fa #4E BRER H 19,
P e o Ji i - AR o v B AR 1) Ei BT
F. demirEE Y, B E RS R
ARSI i Hy I BEIS R 2245 Hh ) 5K A B A
AR H E, RENEFSSRIFIERER K
RS, BT RFREZER, KRGS SRR iR
KTNSO BAE Ry S U N, REAS 38 o % 25
B8O BB T S e 1) 4 S B LA Tl i AL

RAECEAH RKENHEE MR TAERARIA
A &R N A S sk p A v, (H @
F I8 (universal quantum computation) [ 55
AThERIEAR B RDERY, X B TICie LMl R R B 2k
S S F AL, ARFT 2 2 DiVincenzol ')
£ 2001 4F Sy 3 1S PR Hh i TR AR A%
P 1) =AY RAYE R G L) T R 2) ]
DL 5 51 LR RIS 3) 7 AR HoA R g I
AR TE], AN SR AR T 4) RERS S ] & 1%
BEUTHRE; 5) REREIN R W i LY.

B T3k AR 20, AL
T 1T PR AR SR T IFAS B, S AEFT IR F
TR, AR ER 55U, HABXT 2 ) 58
PRI T (analog quantum computation)
PIT2 Y T R TS py e 8. A ilE T, il
RE A E AR ] 114 28 S e 285 06 R X I A 1 )
PRI, AWK, @B, 7Rt
FEE 3Rl ST RN 2 B T )
R, QU AL O AR R 12)(Sycamore)
I AL BITE YL € R A (Boson sampling) F
Fiti ILLE % R AE (random circuit sampling) X P2
[F)/ b AR A T M AL R, X — LR
KR R AR S U PE (quantum adv-
antage) NPT B 7E RIS 1 TN B B, 2830
TSR BB

Bl B BOR Y & e, 8 F i AR
TIPS IE N ) — AR, M Preskill'?) 7
2018 AR T A M R B R (NISQ) BYHE
&, X B MR R AT R LR AN
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T, BIUnXs T TR A S8 LI SRR R R
FE, X TR RGUM 52— Mg AL AE A
R fs R TR AT LURP RO SR 7E 100 D2ty B
SEPIE P TR TR BT R ROA A
XSSP iz, R TR R
AL TR B, IR LASS A it DR B — 5 e W) B
(R 3=, B8 IR S T AT A —E Y
PR

WAL T IA PR Z O M TR LR K
1, IR A Y 5206 S A i ALY

REAE. AT B TR A R AR AR

BBE T AR IRSE M, T i T A
T F AR E, OF HRA ZA A
SEOLHY, A TR A T R R B
ROF6, 7E8E FRAGE Sy, B RIT /e G AR Ot i
TR MO TR T7 AT ST .

2 HtETFITHE

R R R A TR T R R B
FRS, 76T 5T AR E e R S i Al
T o T R R G rh M St i T A SR M
LB 5 TR SR RO R A T L
o BEAE AR 19181, 55— 5w, DL T A S 53
B AR E DAL T AR, R PR T T2
[IARMEA A EAE ], A e it Ze o a1k S8
MERAE A T2 AR, SO0 TR E B TR
Rt — O A ) it 7). B AR B S
AT IRAFAE RN, AEUZ O TVE 0 AR O RBAEL 1
TR E TR T — R, S R s
TR P LR S, n] LUk S SR 2R T
IR RSN BT A5 R AL

2.1 EFITEMR

TR E A, & F17E (quantum walk)
JE— R IZ B R, B A 2 B BE LA T
FERE TR, FEEN AT B E RSB
LTI MAFR R R .

FEMLATAE (random walk) BYAEA AT LA 36 1 )
1905 4F, i Pearson™ #2 1, 7EFES 100 241
S ZBBELATE — B E— R A A

He Bl SR it DR A2 2R T TR AL AL, JFAE WD L fhoe |

G B A A SR A T — A e SR R

H. S BENLITE IR AL, 1993 4F Aharanov,
Davidovich fl Zagury = A\ 9 4 T & F17E X
— W&, HARFORIET Feynman HYFR S A4S FEIE
IGIAT KT Z BB I IAE.

HATEH TR MR E (quan-
tum superposition) 4, T AR LR 5
EHIE T RT, PR (2 M R A F5 40
P o A R PR A S PR A ) thaR B TR
A ] b A hn ek PO FEE i JLARE T, A kR
RO T —FE R AR, Rl 2
2 TSR A R RS, 55 2 R0 i) 25 LA
AR 2R B s AT E]. i 4n: Childs 55 21
TE 2003 AF42 T —Ff ] T 1 il i ) A8 ) i 2R ek ]
WAER T, ML T AR rf g imk, B

R BTN, IER AL, AT S
AR A TE R BT 40,

2.2 EFITENEREM

BT R A7 M FE X 2 U Y i R
SR T T Z BT SHER, RN T 2 5 HAl
B2 28 Y, ik PR T
FRILEAEH IR R TR K. 52 L
FIESAL, BEFA7E T AR S RS B [a]
T ATE P2 ORISR (A1 P,

WA 1(a) Frzs, 7EBSHON a4 7E o, I
JEETHULR) . BRI R B FAE A T ¢ R2E K
ZIEREENE ¢ FAER TR RERIR . X B
AT AL 7T DL —#E 7 (quantum coin),
FEAR ELAII LR T BTSSR AR, B AT IE
TS T ) 8 AR S

o=t b 1
ﬂ<i1>' 0

R R TEAT (coin operator) b, 75 & 5A [A] i
TATE, ibTT I AFEILT (translation operator)
R SEMATE R AT E RN B AL, P
BT PR

Tla,+) =T |z, +) = |z +1,4),

Tle,=y=T |z,=) =]z —1,-). (2)
B4 WA MERT CMEBER T HIRKER,
ATLARE n 20 2 J5 AT E MRS IR AS

[1n) = [TC]"[¢0). (3)
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(a) Intput modes

2N output modes

B 1 (a) BEBOSEEEFA75E, B2k B SCHR [22]; (b) 3% ZEa a5 14758, B R 2k B SCik (23]

Fig. 1. (a) Discrete-time quantum walks, the picture is reproduced from the Ref. [22]; (b) continuous-time quantum walks, the pic-

ture is reproduced from the Ref. [23].

TIAEE] 1(b) H AT 7R i 2 22 i 1] 517 2 )
TCARETAAT, WAL KIS, BELRGHPIRE
4 IE S s % i i (Hamiltonian) SRAA, £
Gizeid 1 ¢ WAL, FTE R BIRERIEST R
A0 2855 oSO 2R G 2 i AR B T A O R BT R -

[ () = e}y (0)). (4)

T8 2 5 447 7 3 S B i i

58, HATHE BT AR, 24k,
KWK TATEC ATELMTA LSS,

23 ZMBFTENRBRTA

TESE I & TATE IR ZHOREERL T, A1GEF M
2% 202 R R G PO G HR R e 12T INAR RS
JRF R G5 252, T A T B 7R S IR S
LRI E. R AT E R SR S,
WAAFEARI L6 L, i gt2e & e
5 UUSGE A B &R B O BT 5 55

e N N EEBUR (5 Blne o0 IS B e Bt I LS SO
Bl F177E. 7E 2005 4, Roldan Fl1 Sorianol" &
7N TS G A vT LSS B — 4k e+
TR SERS . i Sl JE T e e AR
SR LUSEIRANR] ) 2 IR A8 $e, I SE B A TE.

TECEFh, WA LI UE T &A1 e gy nl
BEME. 7F 2012 4F, Schreibe 45 BU & T —A4> 4k
HATEN R IESLE T . E R T AR LK
SR B AT R T TE. A FDRET R 45 S
T 12 KA 169 & SA T F17E. BT a
FHEMAESE, R RS EA A RN 0 R
gr PR 2] g ) e AR L 2l T | A A,
X T AR A LA ] T 9 s Al Ze Pk B0 2 BURL
RN CIE YA

AR PRSI AT B 7 SRR R T A
HEE AR SE Y, 22 A B TR s R AT
PR R R SRR 1 5 B S T R AR S 1y
W E LA, ) — 5T, Bl SC 5 RUEE
K, AR R 23 Bl 67 28 1 S R BE AN
Wi, XS FE— R EE L BHAR S0 R G fa e v
FUAER IS, A X TS 02 i 1)/ N AL RN AR LAk
Wt P E R LB MEEBDCE THORT
K&, TATE M HAERB AR BOEZ (lithography)
HARR S H— T F, XL R SRl
LTS,

2008 4F, Politi 55 P2 75 fif 3 — bk 6
25 TOU 4, JFL8 T | W mzEdE
I'T(CNOT) '], SEoags a5 IR TR0
T IRRUE PR, X OE AR OG- 5 AR
KW TAE. BLfE, 20 s+ RS LUREAY
b A A AR A A AR AT £ 8
DL SHOEE A A bRk Bo-ss BAR DISEER. Bl
L ZFBARAIK R T, 18 2015 4, Carolan
4 09 3 o I T SR R R T — AT g R
S It TSR R T —RINLME62E 07
Z,EEEFEE . E O] PR ES
5. AT S ORI — 2P R T AT e TE
FHAR TR EZEH.

245 H, —RIBDGE G2 LpN 1T
LD E T RGN, FEAFELIT L i
FHF-5 (silicon-on-insulator); fif: FE — A fb it F
B (silica-on-silicon)*; "RFMNEEHE & 1; UV
HEY5 B AemREET5.

it 3£ F £ (silicon-on-insulator) J& — R %1 #
BE (i, #ERBR AL M EALY) SRR, anlEl 2(a)
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Fig. 2. Different integrated optical quantum platforms: (a) Silicon-on-insulator platform, the picture is reproduced from the Ref. [40];

(b) silica-on-silicon platform, the picture is reproduced from the Ref.

[41]; (c) femtosecond laser direct writing platform, the picture

is reproduced from the Ref. [42]; (d) UV direct writing platform, the picture is reproduced from the Ref. [43].
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1K [56]; (d) “+77 PRSI, R SR [57).

Fig. 3. Different waveguide structures: (a) One-dimensional waveguide array, the picture is reproduced from the Ref. [53]; (b) ellipt-

ical waveguide array, the picture is reproduced from the Ref. [55]; (c) three-dimensional waveguide structure, the picture is repro-

duced from the Ref. [56]; (d) “cross” waveguide array, the picture is reproduced from the Ref. [57].
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Fig. 4. Two-dimensional quantum walks on a photonic chip, the picture is reproduced from the Ref. [58].
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Fig. 5. Two-dimensional quantum walks of correlated photons, the picture is reproduced from the Ref. [59].
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Fig. 6. Using polarization as an additional synthetic dimension. The picture is reproduced from the Ref. [60].
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Fig. 7. Quantum walks in photosynthetic energy transfer, the picture is reproduced from the Ref. [66].
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Fig. 8. Nand tree problem, the picture is reproduced from the Ref. [73].
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SPECIAL TOPIC —Recent advances in hardware, algorithms and software of
quantum computers

Research progress of integrated optical quantum computing”

Zhou Wen-Hao V#  Wang Yao# Weng Wen-Kang?  Jin Xian-Min V31

1) (School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China)
2) (Shenzhen Institute for Quantum Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, China)
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( Received 12 September 2022; revised manuscript received 11 October 2022 )

Abstract

Quantum computing, based on the inherent superposition and entanglement properties of quantum states,
can break through the limits of classical computing power. However, under the present technical conditions, the
number of qubits that can be manipulated is still limited. In addition, the preparation of high-precision
quantum gates and additional quantum error correction systems requires more auxiliary bits, which leads to
extra cost. Therefore, it seems to be a long-term goal to realize a universal fault-tolerant quantum computer.

The development of analog quantum computing is a transition path that can be used to simulate many-
body physics problems. Quantum walk, as the quantum counterpart of classical random walks, is a research
hotspot in analog quantum computing. Owing to the unique quantum superposition characteristics, quantum
walk exhibits the ballistic transport properties of outward diffusion, so quantum walk provides acceleration in
computing power for various algorithms. Based on quantum walk, different computing models are derived to
deal with practical physical problems in different fields, such as biology, physics, economics, and computer
science.

A large number of technical routes are devoted to the experiments on realizing quantum walk, including
optical fiber networks, superconducting systems, nuclear magnetic resonance systems, and trapped ion atom
systems. Among these routes, photons are considered as the reliable information carriers in the experiments on
quantum walking due to their controllability, long coherence time. and fast speed.

Therefore, in this review, we focus on different quantum walk theories and experimental implementations in
optical versions, such as traditional optical platforms, optical fiber platforms, and integrated optical quantum
platform. In recent years, the rapid development of integrated optical quantum platforms has driven the
experiments on quantum walk to move towards the stage of integration and miniaturization, and at the same
time, the experimental scale and the number of qubits have gradually increased.

To this end, we summarize the technological progress of integrated optical quantum computing, including
various integrated optical quantum experimental platforms and their applications. Secondly, we specifically
discuss the experiment on quantum walk and practical applications based on integrated optical quantum
platforms. Finally, we briefly describe other quantum algorithms and corresponding experimental

implementations.

* Project supported by the National Key R&D Program of China (Grant Nos. 2019YFA0308700, 2019YFA0706302,
2017YFA0303700), the National Natural Science Foundation of China (Grant Nos. 11904229, 61734005, 11761141014,
11690033), the Science and Technology Commission of Shanghai Municipality, China (Grant Nos. 20JC1416300,
2019SHZDZXO01), and the Shanghai Municipal Education Commission, China (Grant No. 2017-01-07-00-02-E00049).

# These authors contributed equally.

1 Corresponding author. E-mail: yung@sustech.edu.cn

1 Corresponding author. E-mail: xianmin.jin@sjtu.edu.cn

240302-13


mailto:yung@sustech.edu.cn
mailto:yung@sustech.edu.cn
mailto:xianmin.jin@sjtu.edu.cn
mailto:xianmin.jin@sjtu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 71, No. 24 (2022) 240302

These quantum computing schemes provide computational speedups for specific physical problems. In the
future, with the further development of integrated optical quantum technology, along with the increase in the
number of controllable qubits and the realization of the supporting quantum error correction system, a larger-
scale many-body physical system can be constructed to further expand these algorithms and move towards the

field of optical quantum computing, a new stage.
Keywords: integrated optical quantum computing, quantum walks, quantum algorithms, quantum advantage
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TER P R GU S AR R | AR AR EK
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ARSCRTEN A T I ARAR R R SR T
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2.3 PT X#R.PT R3IFR.P EJE KX FRF0
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KT X AT A UL E
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App = 2\/w2 + 52 —r2sin 6, (5)
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1 FR G0 1 I B A ME R TE PT X FREAT
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FEN L A SR b SEE e 380 %o J T A s %o o s 425 Wt £ 1)
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7 PPH Fl APPH R4 B b 8L 17 48
AR 5 B Appy Rl Apppn 6T 0 FUIEOC. VIAHAE 550
YA, AL PPH 24t 5 APPH ZR4:4: S hEM
25 TS REAR 25 P AH A [ 1680 Fn ] 288 45 i T
PT X[ F%. APT, PPH I APPH R4 =424
Myzs[A], 53R T RGMAAE 51 EPs. AHZS A DL Je 2
B R B R

(a)

™3 Hermitian
Inside: PT
(broken/
imaginary)
3n/4 | A
Surface:
EPs .
< n/2 A

(b)

1 PTX# A PPH RE RIS H AN (w,s,0 Flv,u, 0,
WHr=2) (a) PTXHAL; (b) PPH R

Fig. 1. Parameter spaces of PT-symmetric and P-pseudo-

Hermitian systems (w, s,0 and v, u, 6 with setting r = 2):

(a) PT-symmetric systems; (b) PPH systems/s.
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KRGz —. /- FIHE L e FEmE
FlE 2] 9055 PR TG S TR B, HA R
KEIEAT I REME 43T B PR P . AR, &
TR RET 2 i 5 ok K. Benioff®
T 1980 AF4R T IR ARSI X LRI T
7%, Feynman*!! F 1982 4F- & ) H & T 11 A AL
BFRR, Deutsch®l T 1985 4F5¢% T & FIHHM
4. {HEH] 1994 4F Shorls 48 H KEH# . 1996 4
Grover® #¢ h i RELE, 2R A SRR
SR TR, U HREE 2 A [ BRIFSE R 69,
g m R DR S RS L BB TE B AL
B R R T T T IR E R 5
1A, I AR A Rl OGAE L IE IR E ALY T
Peltisl BB 00T AR PR PRI LMEH A (linear
combinations of unitaries, LCU)M 77 kg i i £k,
AL E AR 3k (0 i i ik 17778,

(@) my

Inside: anti-PT
(broken/real) __
3n/4 o

£

Surface: EPs

S /2 se——— oo N
/ ~— Hermitian

n/4

Kl 2  APT #1 APPH R G 1S s I (w,s,0 Flv,u,6,
Wi r=2) (a) APT £%; (b) APPH R4

Fig. 2. Parameter spaces of APT-symmetric and anti-P-
pseudo-Hermitian systems (w,s,6 and v,u,0 with setting
r =2): (a) APT-symmetric systems; (b) APPH systems/s.
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T4, 204 A i o 550 1) JEL B AR 1k
b5, LCU kA5 2 P & Jg M-8 HETc 20
It TR RA M T R —, IR R
I 1891,

3.2 ETFLCUMSHBEEEREFRS
3.2.1 J X PT XARZRELR R Gty=-FA L

A TR, PT X AR T R I RE AR
Py REC A AR T —LER5R A PT XK
T RGP 1740900 AR S Fh AT S B 1T,
{ER M T AU R PT X AR AR e K &
T RGN — DL SR [51] WBIE EAFSE T
J7SCH) PT XFR REHE T R4, BEEHT PT X
MRARGE (ARXH AT oA Z L), Bik T PPH X
MRARGE (ARX A ICEIE L), HFFE AU LCU
YRR, B RAE A R (A e 25 18] TP AR T PT X AR
W R AT, A MTARADUHC I Ta] 384k Y. e S0 A
F SCPT X FRme it LA LA B Y qubit, HES)
TAF qubit KA, SEBL T X PT &5~k [a)
R PR (A1 3 Bz BY). ik — A48 7 vk
TER R T RGO RGP L) X
PT Xk “RER R G0 TR T BB S0
BEAh, BN LR T U 35l LA qutrit F1 qudit
VR BB 7 LR Se B L PT M AR RER RS
(Un1&l 4(a) FIE 4(b) Fras BY), FERLEG B0, X
L8R GELE LA qubit 71 S 4 Bl i1 LR A AR
PLEA L.

[0)a ,J_‘ E
[0)e U, U.

I I il

B3 )X PT XHR RS E T RE & T L Y

Fig. 3. Quantum circuit for a general PT-symmetric two-

level system[,
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a 0-controled 1-controled  2-controled
“ o Vi Vi A0
[0)e Uso Usi Usz /_/\ e~ 1H10),

O-controled 1-controled 2-controled 3-controled

‘O>a Vi ]

Vo A 10k

|0)e Ui

Un

Uy

Uss /)—e*%m\o)e

[l 4

FH 4 B qutrit AR B qudit 35 ) X PT SR e g F R G0 i s 1

(a) F B qutrit; (b) % B quditP!

Fig. 4. Quantum circuit for a general PT-symmetric two-level system by ancillary qutrit or ancillary qudit: (a) Ancillary qutrit;

(b) ancillary quditP.

HAEEI I APT N 24 0, HA APT PF
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JREE. B AR E RS 73T LOU 4
L APT —RER ARG ELS R DL R i 11
LS %, BEEHT APT R4 (AEX Ao NE
), Wik HF APPH 248 (AEXT M T2 5050).
W R I, %7 T B B/ N /AR 2 [ 4R R
N4k, Al H—A> qutrit Fl— qubit ZH 5% &= F i
EHE T — AT 5. R IR 3503k (72738081,
Wit T — qubit-qutrit IR & RAE M & T, ©
A LLSEEE LCU. qutrit /E AT X APT F R4
(5 B FAE. Y qutrit 7R |0) o TRl i, )
SCPT SOk o ey 288 540 1 4 2 AR LlRe %) e £k
(anlE 5 s By, eAk, BFSE N AT R T LY
RGOk PR, 451 T & RrE
FALR R R R (A& 6 R BY), i
P il - H R 2 o — - AL T,
A5 A H ARG TS5 SR P fE.

0-controled 2-controled

1-controled

5 BUUAL TAERAR PT RAFR RER R GeRY 7L 0ol
Fig. 5. Quantum circuit for a generalized APT-symmetric

two-level system in arbitrary phasel5.
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— ARk =, #7533 T PT XK
1 PT KX FRIS B i & Hpr Ml Hapr = iHpr, {§115
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i 45 TAE qubit Ph— & BER 4 B A LK G 25 10 i
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K6 i EALIRARE R T (o) BT L APT RERFALEL; (b) BT L APT REMLEKIE; (o) 4 — Wt
ZJE B0 G A 2 [ A 0 e TR IR (d) B TR e 2 R e ] B

Fig. 6. Flow chart and quantum circuit for a qubit computer: (a) Flow chart of quantum simulation of the generalized APT-symmet-
ric system; (b) quantum circuit to simulate the evolution of the generalized APT-symmetric system; (¢) quantum circuit for space

preparation and initialization after the first measurement; (d) quantum circuit for initialization after the second measurement!".

Construction of the PT-¢p-symmetric system

______________________________________________________

| O-controlled  1l-controlled  2-controlled  3-controlled i
[0)a — Ur {— . — H,®H, A 10)a
Qudit ! 1 |
G&“Z;ﬂ‘; ! H i Superpose Measurement
E F'l"n i
[¥)e T i o0 i o1 10 o3 L el Ht/ ),
Qubit H [ ! NH-system evolution

I 7 Qubit-qudit {iA 52 (11— AR 7~ AR 0 4 il B 4 He R LR A AR )1
Fig. 7. Qubit-qudit hybrid quantum circuit (The hybrid system consists of a work qubit and a four-dimensional ancillary qudit) .

Construction of the
PT-p-symmetric system
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I ®n ] ] ! 1 1 ] | ]
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= T T T ag ¢ Uy U, iHt/h

i W)){’: ! R L L E NH-system evolution N [¥)e

| S L

8 ZHE T LURREEE (AR USRS G B T LR T R SR )

Fig. 8. Three-qubit quantum circuit(consists of a work qubit and a two-qubit ancillary subsystems)®).
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Fig. 10. (a) Quantum circuit for a qubit-qudit hybrid computer; (b) quantum circuit designed for a quantum computer of three

qubits using the full Hilbert spacell?!,
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Fig. 11. Three-qubit quantum circuit to simulate a T-anti-pseudo-Hermitian two-level system!57.
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Fig. 12. Three-qubit quantum circuit to simulate a general PT-anti-pseudo-Hermitian two-level system/®”.
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Fig. 13. Experimental configuration includes three modules: the preparation module, the evolution and the detection part!
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Fig. 14. Experimental results of information flow measured
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Fig. 15. Quantum spacetime and tetrahedra: (a) A static 4D quantum spacetime; (b) a dynamical quantum spacetime with a num-
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ber of five valent vertices; (c) the local structure of S% (d) quantum geometrical tetrahedral'®.
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SPECIAL TOPIC —Recent advances in hardware, algorithms and software of
quantum computers

Recent progress of quantum simulation of
non-Hermitian systems”

Gao Xue-Er# Li Dai-Li# Liu Zhi-Hang  Zheng Chaof

(College of Science, North China Universty of Technology, Beijing 100144, China)

( Received 19 September 2022; revised manuscript received 18 October 2022 )

Abstract

Quantum simulation is one of the main contents of quantum information science, aiming to simulate and
investigate poorly controllable or unobtainable quantum systems by using controllable quantum systems.
Quantum simulation can be implemented in quantum computers, quantum simulators, and small quantum
devices. Non-Hermitian systems have aroused research interest increasingly in recent two decades. On one hand,
non-Hermitian quantum theories can be seen as the complex extensions of the conventional quantum mechanics,
and are closely related to open systems and dissipative systems. On the other hand, both quantum systems and
classical systems can be constructed as non-Hermitian systems with novel properties, which can be used to
improve the precision of precise measurements. However, a non-Hermitian system is more difficult to simulate
than a Hermitian system in that the time evolution of it is no longer unitary. In this review, we introduce
recent research progress of quantum simulations of non-Hermitian systems. We mainly introduce theoretical
researches to simulate typical non-Hermitian quantum systems by using the linear combinations of unitaries,
briefly showing the advantages and limitations of each proposal, and we briefly mention other theoretical
simulation methods, such as quantum random walk, space embedded and dilation. Moreover, we briefly
introduce the experimental quantum simulations of non-Hermitian systems and novel phenomena in nuclear
magnetic resonance, quantum optics and photonics, classical systems, etc. The recent progress of the
combinations of quantum simulation and non-Hermitian physics has promoted the development of the non-
Hermitian theories, experiments and applications, and expand the scope of application of quantum simulations

and quantum computers.
Keywords: non-Hermitian systems, quantum simulation, linear combinations of unitaries
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HTARIR | BB LSRR A 5k S5 S50 T L
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T LR BAT B A TR T T LR )
FAE ] — B LT 10100 ns, 522X, %
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FET A HM R transmon 1+ HCAR B9 AH ) AT
5 10100 ps fE %, 1 =458 I IR s 09 A5
SRS 1 msB HEE AT DLARI MRS . BT, 8
SRGEA RS EEYE. FSE ST LT
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FURE 22 ] A A5 AL 4 O BRIL=Z Ah, St 7T
DLt — 5 A FE TS, L
AR PR 2R 2 (8] B 15 B AR .

H i R o i SR i LR TR A
R TE. FEATFEARIE SCHRE H, E AN A
(Google) , EIPRiETHLERA A (IBM) B4R e 508t
T 72 B HREE R 27 SRR SN A =

AR TR AL Tz, BRI A 10

WL A: M rh R B B SEr 12 de i
Bie 13 S5 B A0 LAY 50 B AR AE A
B A 5 SR AERE

T YT S 0 B R, A G RHIT
G ST Tl M ) R AR AR B (noisy
intermediate-scale quantum, NISQ) [7] &1 AH 5 1
R, st 7 0wl JF7EX — i fi vk
— KT BB (quantum approxi-
mate optimization algorithm, QAOA) . 2853 i F
ARAER fift 4 (variational quantum eigensolver) 4
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FHFRENKIE, EENA T TN
JE.H 2N A TS RENIEA R, S
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53 WA TS R A E A5, fH5 R
fih (surface code) 7E PN B —REZ dmhth DL S AL TR
TR OGS, IR T A8 115 0 AH A
5 A TR TR A BT R R OCHE
TR, 55 5 e TR E F A8 e R &
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SEE T T A B ST T I Y 7 A DGR .

2 BRETARAMNEARE

SRR S Y AN E S U A P
4% (Josephson junction), Huafy > i 9E £k Ml 1568
IR L AT AR TR R RES A, AT DA
RE Z A BRIE . 3X A i1 LU Zmth | 458 LA 2L

ANTa) 5 AR Z ] A ELAE R 1 it
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F T LC H %, TS EE T AR S5 8] RE 2 A5
e LA T D g A P B I I S BEER |
i A H A B AT DA X A BB 5 5 UL fE
G0 PR 2H BE 0 22 il LR, DT 52 B 4 B 4 (] 5
HAth—2s Bl Z [ BRES. HAG, KER8 S
B BB HR R AR TR GHz 1. A T S
SHLEEFR ARG, TFMH GHz MBI, —
PR T B0 S R RN LR T e J B 2
10 mK AR

I BT R ARG 5 MR B 2 LA S
JEAT DAASR B A [F) A6 Y %) o LR, QAL i L
T RO R ARG B R 081 J T,
FH FEL ey 2 LA O TR Y transmon FURETE [EIBR
BRI, O 2R AR P R — S RS
PRI, N 1(a)) PR, AT AR 2055
ARG I RO PR L far ik Y A BURE, T EAT K
2 11 = T ES P P 3 0 RS R VAN (T R EE S
£5:% NYNE I N (78 o A N RSy N N S
B Py BT B2 YRy g R 2 IR T
B 231 A AN w) B s s P BILA 2 ) ) DR AR
AL T 2 Bt P AR SRR TR 2% P9 S 4 R e T
transmon AR ST

15 Bl U ) e FL - B AT LA S BN R
FRGE ARG TR . 3 I ) T e i AN [ 451 3
AEAE AR Bk i mT LSBT B transmon AR
PR LR THAE. MRS, P LOARR 1] A S AL
RIS, T B R Z A A AR A, i ELH T
[ 22 PR R S R UL RRIRS R E AR B,
AT A TE R B PEEE DR, PRI R B TS 2
UERT DASE I 1 fl G o B . IR B e A B I
Horpr—Fh 5 2R 50 2 P 8 T LU Re 22 8] 1) 2R B
HURSCI 3RS, JFo I A R T4 (super-
conducting quantum interference device, SQUID)
SR LU AR AT I BV A AT LR, ROV e
A PP AL R DA T A L AR R ) Y 2R
IEECE ARG BB, SEM SN LR G RS X
J5 2T R TG R R (R 25 5 52 B IR B
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(d)

Bl 1 (a) 4k transmon ¥ HRREE H7R B (B3R I SCHK [15]). 2547 300 B €0 Ha 6 43 S 3R 7R — A transmon it HA, 22
SRR FARG,, Wi T I A5 s i 2, T e [RD Y R €0 v i SRR A IR, T A T LR Z M T RS (b) =4S
IR 5 transmon 1 T HLAFHE A 45 7 =R (R A SCHk [45]). 48 (0 R 4% (0 X 3h 8 2040 i 44 1 = 4 4R i, 79 T i ot
R AL 5 5 B R LR EA TR G (o) 25T 4k transmon T HURRY AL (] A& 0 SOk [30]). I (R 2R B O i
TROTVRGBE A i 2, AR s 2 W 5 i A1 29 R R AR S b O, T T 32 BT 5 10 P o 2 i AR O 5 46 €0 IX A 32 TR A s 9 € DX 0k
Sy ] JE A transmon ¥ LAF, ft - LU AR 2 R it — AL R B9 f B B #E A 40N transmon & F WA RO SR B 2R, #E
2% 154 transmon & LURF IR SR S 2k . (d) = 4RI 4R s 2200 40 e 7 B R 09, 21 (gt € )y B R transmon 12 7 LU AR, 0k (035
Sy QI IRIE (T TE ), RO HK QB RIEIRIE (T T transmon it F L RFAY ). IR E S transmon #E
T RRE S A HHEA S

Fig. 1. (a) Structure of coupled two dimensional (2D) transmon qubits (Reprinted with permission from Ref. [15]). The left and
right circuits (yellow) represent two transmon qubits, where each cross represents a Josephson junction and its two ends are coupled
with a large capacitor. The middle black circuit represents the auxiliary mode for adjustable coupling between the two qubits.
(b) Structure of 3D superconducting cavities coupled with transmon qubits (Reprinted with permission from Ref. [45]). The orange
and green parts are the three dimensional (3D) superconducting cavities made of high-purity aluminum, and the two cavities are
coupled to the auxiliary superconducting qubits through trenches on the sides of the aluminum block. (¢) Architecture based on 2D
transmon qubits (Reprinted with permission from Ref. [30]). The yellow lines in the figure are the microwave transmission lines for
readout, and are connected with an isolator and a Josephson parametric amplifier, which are used for one-way transmission and
amplification of the readout signal. The green parts are the readout resonators. The light blue parts are the tunable transmon
qubits, which are coupled by a common auxiliary mode B. The red and the blue lines are the microwave drive and the flux drive
lines for the transmon qubits respectively. (d) Architecture based on 3D superconducting resonatorsi’. The red and green squares
are transmon qubits, the light green parts are the high-@Q superconducting resonators (for storing quantum information), and the
gray parts are the low-(@Q) superconducting resonators (for readout of transmon qubits). The resonator is directly coupled to the

transmon qubit through a capacitor.

A e P PR (8190, 7y — b 5 Ut e o Ay B ST
i, A B R B iR nl 8 H AT —2 R

Py A RE , XU 1T ] LSS i o MK,
FOP A ORI — SR TE A LU Z IR f 7 B 42

S, BORT DI 15 G B R R SE B LUy
FRA IR 2029 (AR E R AR, — M B AT
PIEREZAS LR, SR SEI A AR [a) Ik 139,

Hil, BFRAEMWRILRFINTIREZCLKE
0.092% B T 7E B —8 B 4R &M transmon 11
FUARRIA] AR ) e e P ELBE A AT LA L 99% . A

AR R S RYTEOC T, R DR 2 07 L A 5 4
LA REL, X PP RS CZ T TR EE AT LAA
#99.7%—99.9% 12832331 55— N JZ ANE T FURFAE
G, B A I S, T aE i se 3k AR
(cross resonance) RN 5% B A M LR CNOT ],
HAREE AT LIIAF 99.4%—99.7% 1934,
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H TR 5 2 LU AR A9 32 B R FH 8 s R
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PR 5 — AU R T R &, Y LURRAL TR
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TP . X EBUE B 5 R &
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PEN & (quantum non-demolition measurement,
QND). i T 4 =y SR, 5 B U 5 I
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PR, — IR TR E AR R ES B
K4+ (Josephson parametric amplifier, JPA)M0 X
BEHUE S AT ORISR AR R 20 B8 e R 25
AYAELRPERN, AT SEEE 20 dB WY RS Fid i &
TR PR A L (4420, R B3 P55 IO B 1
By, BRI DASEBLER L D i (single shot) fRIFLJE
KT 99% , FEHUIT[E] /N TF 100 ns B3] {UAH 4 T 404~
BALLEARET TR BRE ], PRI T S T A S A
B LU SRR

UNRTSCrIR, &7 H AT DL B S AE trans-
mon GAELMELEAIBEDL I, eAh, I AT DAFE L
fili_ 14 transmon i LA 8 i T R () 2 1R
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223 38 S AL T A Ak 2 220 ik T 20 1) R ) e
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FHLE, 45 transmon 1= T i K AH A ] £
F+28 500 pst; 55— 75 1 A] DAL el AR FAR i) B E
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Fig. 2. Diagram of quantum error correction. The blue

circles represent the code space, the green circles represent
the error space, and the yellow arrows represent the
quantum states to be protected.
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Fig. 3. (a) Schematic of d = 8 surface code and the corres-
ponding logical operators Zy and X . The white dots on
each edge of the grid represent data qubits. The yellow dia-
monds and the blue circles represent A and B types of sta-
bilizers, respectively. The blue and red shaded lines repres-
ent the logical Zy, and X operators, respectively. The
green shaded line represents the operator corresponding to
the blue shaded line multiplied by a stablizer operator,
which is also the logical Zp operator. (b) and (c) are
quantum circuits that measure the stabilizer operators of
type A and B, respectively. This figure is adapted from
Ref. [76].
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Fig. 4. Schematic of error syndromes and error correction
operations of surface codes. The red cross in the figure in-
dicates a bit-flip error occuring in the corresponding physi-
cal qubit, while the blue circle indicates the position of the
B type stabilizer with abnormal measurement results, i.e.,
the position of the defect, and the shaded lines indicate an
X operation performed on each of the physical qubit on the
line. The four areas correspond to the following situations:
(a) A single bit-flip error in the grid results in two adjacent
defects. (b) Several consecutive bit-flip errors in the grid
result in two defects located at the two ends of the error
chain. Both the blue and green shaded lines can correct
these errors. (c) The error chain containing a qubit on the
left boundary of the grid results in a single defect, and the
operations corresponding to either the light green or the
yellow shaded line can orrect these errors. (d) The error
chain containing a qubit on the left boundary of the grid
results in a single defect. The operation corresponding to
the red shaded line can correct these errors, but the opera-
tion corresponding to the purple shaded line causes a logic

error that cannot be identified by the error syndrome.
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Fig. 5. (a) Architecture of the superconducting circuit used to

prepare the initial state of the surface code in Google’s experiment®!

and the corresponding stabilizer measurement results. The white crosses are data qubits, the purple and blue regions represent sta-

bilizer measurement results of type Bjp and As, respectively.

The values in the figure are the average values of the stabilizer meas-

urement results corresponding to the initial state. (b) Operation circuit to prepare the initial state of the surface code.

#1 HERRZH

TRES AL ALY SR S AR B LU T R, /R SCHK B R AR SRR

Forp, Sk 72, 90, 91] BRI TE [ PR L&A R B IBMQ F & _EitT

Table 1.

Experimental progress on quantum error correction with two-level codes in superconducting systems. Datas with

* refer to the optimal datas among the physical qubits. / indicate that the relevant datas are not directly given in the docu-

ments. The experiments in the Refs. [72, 90, 91] were implemented on IBMQ.
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2021 sG] SEPFR S / /
2021 i EBREH AR B (19,1, 3] i 137.8(36.6") /
2021 SRR IR T 2 e o4 (9, 1, 3]) &t 16.4(32.5) 18.2(37.5)
P (11,1, 11| R ML K
2021 [ ONGIIE (14, 1, 2)) K Hi#S / /
2022 IR T e (4, 1, 2]) K f / /
. [[9, 1, 3]]Heavy-
2022 IBMF hexagonZfi% / /
P 25, 1, 5] R MM LI &
2022 NIl l (25, 125] FTH / /

Ui R AR KA BRI TE /N A T8 R S
117 HARRY (9, 1, 3| AR A AR AS i &, HREAT T
11 SR BIHRIZINT, 755 B P B SRl B i
|00) B9 754 (1) RIFBEEAR T2 137.8 ps, HZ AL,
FOE F Ll m B LU 73 i A 36.6 s . TTIARHC

DN AR S P o3 ] % HLARAE T d = 5L K
d =3 MFRMS, FHUEW T RTHLE 25 R a4+
HAT AR AT DR, X E YRR T 2 BRCR
& A LS M 2 P . X LE SRR R T
TARE I E R ST. BRI, 52 BT 40 BH HC R R B

240305-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 71, No. 24 (2022) 240305

FA | BT B A ER I LB TR A o e A e R
PIE, H I 28 25 5475 R RE A Sk b o 12 B A 7 i,
HIRIAEI & 7 0 i, BRI RS2 I 5 B AE
J5 PRI ERR F AT T B 0 S B SR R R DG
B FHBHRER . AER, BEE R BOR | SRRl LA & 2
FEARASELIE R SE, AR AR T .

3.2 IWEEBHEA

H T R G0 o) — P 0 280 5024 8
AR LR S SR IR T A & ARy
) EIR IE — R T gt B LR, TR S B
FEARE DU T DR iR s ) 1P R it By 4R 2
Pk, B TIEIRIEEEAA B E— - EAA 095 21 ik
Ry s, KA S5t BA B R ITTR %S [,
F AN gARAL T 2R %, —JriH, PR
A A BRAS et T gt ; 53— 7T, da] LA
FIFHHTCT A Re PG A T i 2028 R D . FiT#
BRI — I 0465 (binomial code), 1A #4
LAY 1 1) 7R A A St (cat code) DL M GKP %
i} (Gottesman-Kitaev-Preskill code). {53 —#2 )
=, PRI TIE TS R R INAE TR T
B DL BOG2HE ET-5

321 =X

I G 5 f AR 2016 A R HRE K2 SC
(Girvin) PGS PO 32 1, a2 825 A BRI 5T
(Fock) REZMNALE i i, PHAUE R ECh — X
FAEOmAA . BT HAL B @ A, — g i 1
AR L BERE ST T BA /NIRRT 2 AT,
Fod BA AR IE S 2 3R A5 L b £ B I 2 B AR
SERE AR TGRS AT DIAE Z TR IT T S8 2l
IR . A RAR ST L SGRARALERS  RIVAT L 5E 56
A IEME RS

N N o A\ 2
€:{I7a7a2a"'7aLaaTa(aT) sy
(dT)G,ﬁ,sz’,,, 7ﬁ’D}>

Forp 10 @53 i 2 22 e ) B0 I LA SR K A
iiin = ata. 55X A I g2

[0,N+1]

1

) =—= > /Chlp(S+1)),
2N p= even
1 [0,N+1]

) =——= > /Chilp(S+1),
2N p=odd

HS=L+G, N=max{L,G,2D}, MiCk_ , A
IR N EARFRIAAT LUE i g B
A FIR I TR, B RS 3E 728 ) o, Horb IT,, =
Zk:n od 41 (- Kl 6 Bl — 30X g i |OL) =
(10) + V314)) /2, [1L) = (V312) +16)) /2 i) 4E 4% 24
(Wigner) pR%A].

F TR A R B A S e 7 R 2 U R SR
FERR, PR R A A R 2 AT DL i 5 | A B AR
K5 HIBh LR Z B A9 58 LFEIR (cross Kerr) RN
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R A T IR AN,

SEYO IR T T, TR ) SRR IR E RS
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—'4 —2 (') 2 4 —'4 —2 (') 2 4
4] |+1) " - | [1°
2] 2. v
=4 W e
0 _— 01 .
.
74- 74-

& 6

— b I G 3 RS I A A AN R RO R . 2 B RS |Ou) = (10) + vB4))/2; A7 b 1) = (VB]2) 4 16))/2; AT

L) = (I0L) + [1L))/V25 A F 2 |—1) = (|00) — [10))/V2 . B F 26 F 80/ i RS IE#5 R4 & {1, a, ala} iy — 04
0, AT LAE B |0/10) A B BT /4 BIBERE XS FRVE, T | + /—L) FEAHZS ] 3 30T 1E 52

Fig. 6. Wigner functions of the logical states of one binomial code. Upper left: Logical state |0L) = (]0) + v/3]4))/2; Upper right:
Logical state |11) = (v/3]2) + |6))/2; Lower left: |+) = (|OL) + |11))/v/2 ; Lower right: |—1) = (|0r) — |11))/v/2 . This is the bi-

nomial code that has the minimal average photon number and can correct the error set {I, @, ata}. The logical state [0/1.) has

a rotational symmetry of n/4 and |+ /—r) are almost orthogonal in phase space.

Cphase [] ), eSWAP [] 199 f&3% CNOT [] [100)
SRS, AT IS ) R RE (error
transparent) 2 45[ JHLBE L6IE 101,
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M. HAIE N
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X RAS AT LA ZHEHTE R B A &
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k=1 k=1

MBI i, (0/10) HOE A FAHAL AR+
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n/2 = 16T AR AR 5 I g A 2 A,
TR 25 2 i L A R IR B TR, (EE M AR T TT
FFARGERELL L. 5 A AARSTDE T RUN T /2 - 1
I, 225 2 TP A AR 25 23 T 22 2t — A,

aelen/n> )

FLRSEAIR TR 22 R S, R 2 B E 4T
5L AT LI RO R T RIS, I
M BT S AL S . £
T, BT R A SR TS 1T L T
OO I, BT LU ST TR I A e
i, B SR B R SRS B e
CEOEY

ATBTR 7 TSEI R RE B, —
8 FERE 6 2 B R B i P =
L[Vr (@™ —a™)] p, Hh s HFERGRE. B5iHEE
PR HIEE S L TN L TIRE), SR Wi
TSRS BT B RERC T LLB A 5 A5
I 8 5 R 3 22 6 1 & 4 2
b+ . BB A TR A S T
B €gbe " + ho LR L. U EFIIR
i, HCHPIL R LA 7B

%p - [g;; (@ — o™ b +he., p} +ruLy (p) .-

BEH A T2 [aeR7/m), k=1, 2, -+, n, Hipam =
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&/ K, VIRRGIIFIFANMEL, h ThaPEMR RS
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i 2 — e o Bl g 104, AT DR A 2 A 7R
{10), 11)} BIR FCRELL, SRS D218 M1 wik 2206 3K 3
SHBE, FR G0 IR IR 25 e 2 AR b A B X N 1) 2 A
A& b, e AR K Sl B A 7 A T AT LA
W R INEAE. J)—FIRTCERAT (transitionless) il
£ 003 St G | ARHBI SR HY =[] (t)) (v (t)|—
() (b (t) || (15 R G2 1 — B 20 RS [0 (1) #P 02
() (AT A%, AT T LA SR A5 4, o
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FER L, X TR n = 2B g TRAT— B
I3 2 5% |0) = |a) + O [exp(=2[a*)] , 1) =
|—a) + O [exp(—2|a|?)]. By Hgmis%as 8] B P4,
BA R E B IR IEAT 2. X T X Fh g i3,
BT R S 7 A | e B 4 ] 7 FL R

FAL B AR, HASIRRRHE 3 o O3 R IR LL
PEIGR, (HAR AR M P S B0 Ao R iR A5 214
AN IXRRRERR M i R A A G
Aef% 5 5 A X R AR () A7 SR Y —RE M SR A A T
RER, LA

MARZS B R, — It (K 6) RS
Gty (1] 7) BILEA% AN eRECER ELA e TR, R )E
TFHEE X R B (95 (rotation-symmetric bosonic
code) FRFERMGF- 1051, 25402 [8] o A9 e X R
PEFECT HAEMR A BA —& TR, B
G A 11 = 2 A A AT LA 2 1E 5 & R S s A
PR MRS FE T R AR K, PR 6 i X 25
|4/ —L) FEARZS ) A A H X 43T F, T AT LA a7 B
H 17 %E 2 (homodyne) I £ B¢ # J& M 2 (hetero-
dyne) & gt A] DL SE I Xy FE R N 5. e i
XTFRYE A 7E 21 55 5 T B A BOR R g, {H B i
HAEEAHOC I R EAT 5 2t — DY, A Al
FHTTERAE R SZI . 258 B DL KA BRI FE .

SCu I FEITTH, no= AP A g A RS —
S H FTME——ANFESC 5 E S A A R
%5 -5 5. (break-even point) H A% 1061 R
S A5 21 (8RR T s E) 2P T B4l R (0 /1) 48 o

4 [OL) 4 [1L)
F/ N ] h
2 7 NN 2 r/ ) N
O O
0 'o’o' 01 ..:'.
2 NN o] N
0.2
—44 —4 4
24 22 0 2 4 4 22 0 2 4
0
4 [+1) 4 - . [—1L)
2 - 2 -
— —0.2
= W I
-
—24 —2 4
N i .

B 7
AR |—u) = (joL) — [1L))/v?2

WS Z S AR W REER, Kb a=25 n=4. 7 L: BEAE0L); 47 [: 1) £ F: [4) = (J0L) + [10))/v2;

Fig. 7. Wigner functions of the logical states of the cat code with o = 2.5, n = 4. Upper left: Logical state |0p); Upper right: Lo-
gical state |1L); Lower left: |[+1) = (|OL) + |1L))/v/2 ; Lower right:|—1) = (|0L) — |1L))/v/2.
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BAPFBM PR 72, HR TP PR (5
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N SRENIETI R NG

Ochoc D [2svm)g, [Lhoc Y 1(2s + Dva)g,

240305
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T v/ 20 F R BR A S FR2 R A Z M A ] Xy
P X —f W AT LU GKP Sl A T8 38R e
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|OL) o ) r;ooe*i“m" Qm\/g—i— 1\/§n> ,
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EORSING
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m,n=—00

T
MAESRE TR BT, X —
Gt it Jir %ot L RS E 5 M

S, = D (ivax) =2V,

+i

BHA R R FRPE R

5, = D (VaR) = e,

Hoh D (o) = e*@' —"a Ry (i BB, T GKP g
S 7 P TR T T Sy

S=—00 §=—00
4 |OL) 4 - [1r)
- . . & - w
2 1 ™ . . 21 L] - -
. 9 » . & »
0 . & » 0 . ® »
. » . ® »
9] . 8 » o . 8 »
- - . - -
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74. 74.
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0
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21 TIIIEE 21 TI1IIEE —-0.2
0 - T 11118 0 faeBeEs

A Al LR R

& 8
AR |—u) = (joL) — [1L))/v?2

W GKP 4l 38 525 M0 e b5 9 B B R, Hop A = 0.3, 78 1 A oL) s A7 be |10); 2 F: |+0) = (J00) + 1) /V2;

Fig. 8. Wigner functions of the logical states of an approximate GKP code with A = 0.3. Upper left: Logical state |0p); Upper
right: |1L); Lower left: |4+1) = (JOL) + |11))/v/2 ; Lower right: |—r) = (JOL) — |1L))/v2.
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gic state distillation) [ 77 2015 2] & - BB RIS
BiS, X — 7 A5 3] T MR A ST AL 123124,
—FBOR WD 25 25 10y SR B W BEIR, LAk
TGS FEIR 2 5 x 1075 1 3% [ i o) ib 245 7%
TR L BB 10751 T 15 %
HE3E 104 AN B LR 1201, PR, Anfef ik — 25 ek 2 b
A A A B TR AR M R T BRI AL S R A T
A E A — 120,

(a)

[=1[<]

[<]
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Fig. 9. (a) Schematic of the transversal logical operation;

fany

(b) logical T gate implemented through one-bit teleporta-
tion. The slash in the figure indicates that the logical qubit
is encoded with several physical qubits, and the red shaded
area is equivalent to initializing the auxiliary qubit as |©).

All logical gates outside the red shaded area are transversal.

4 MEHERWETEREAR

UTAER, S T AR R G I A b
T, A OC I RIBOAR WA 3 TR A BIESE 5 5%
Wk, Ha4E A sh 4% (autonomous QEC) ., 255
FEf AT LB AL RAT 7 A AT

TR A EOR. — M=, TR
A5 (measurement-based QEC) 77\ B /e T
Bz Wr, RV o 5 B RS B R GRS B I
i, JFRIEZ A A, FEXF R GEPRA TR 1Y 2 5452
VE. DIERIE A0, SRS ST 25 E FPGA
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FLJ#% (field programmable gate array circuit) i A
Jok e B 45 1 transmon H 4S5 HE S A0 AH AR
H, RJE X transmon RS HEA T I £ I8 I £ 45 2R
K% FPGA WL 7B AW, Z 5 A 2%t
S AT b S A B BRI 3 2
FEEREIIM], RGPy T IR | P g A
T AR BAE SRR T B S e AR A—
AN B R RO IE OO T R B 2D A R R AT 58
B, B
U |ye) |g) = |v) |e),

Ulyu) lg) = lve) l9),
i), [ve) 70 )2 JOM e LR ke A W 7 2 I #Y)
AR TS, |9), ) 70 B4 B FURF A SRS AU
A, 10 U X L IE LR, S0 T4 R G
FEERFEA BB LR b, RO R SR oy i B
FERRE AL, SIS AT DI S AT TR A 3

WU MBI AT S G, R R ALK
BRI AESR ; 2) FEAIR T SOBHi ERT R R BEK . S0
D7, T I Gnht Y A Sh 2R C gk 10,

HURAEE R H AR . BRI
AR I 2k R G 3 i i 1 B A B2 TS BT
MAFS S L. BN, feik e T 6 B RR B A
DNt [127) gl e 3 ) ) 3 R R T R I S BRI
LA (lg) s ley, [f)REZR) Z B i AH B AE H Hi =
xata(le)(e| + /) (f)FBLRY. MZAAT LI H, Je)
| f) RES 5 8 T I 2 ) R 5 B — 3, SOTE )
VB AR i i B A B L ARR DAL ) 3 e) I A
U R 2 2 — > R AL 2, T M Je) 3]
lg) A SE IR T s B RNz, AT A2, PRl AT DA St
X Bl LU P Mg s () 25 8, T ads B 1) D)2 5k
LHITHE T (AC Stark shift) R0 A4 (1552 45 A1
iR g i A (A AR ) AR T TTE A Y e 2 i, X
FEAE R A AR HAR R IE 2 I, AL T2 52
M (101, 3 L2 B T HR AR B FH 25 0 L 3T 2,
H i BT B S8 B A H 2 T TR AR AT R T —SeAH or
IR, SRR REME) R T EA e — T
Ji IR] .

RIG BB L IEE LR SEI. RT3 - 605
HBR (Solovay-Kitaev) x I A] [, (&M £ 1E# L
BT LA BR A T 4R AR G DT 2 ARG B2 I AL 5
B, i {H,S,CNOT,T}. HHl, /ST REH

AT PRI AT DA b S AT 3 L I Ak, —Fh
JE 1 i A B R AE N L SNAP (selective number-
dependent arbitrary phase) [ ] 12871300 55 —Ffi g A
FE BRI T ik 0697 3k A7 2k 1 %]
PRAEIEAT KR A, Wb T RS TR BE, OF o AniF
T e e 0 7 2R R RS 1 O T AT G
o, IR T4 AE O ELRE . SNAP 152 S (6) =
Z:;O ¢ |n)(n|, AT £ IEE LT LI B SNAP
RN B R 1 28 B T SR S b i ), BRI U ~
D (a;)8(6,) --D(an) S (8y). HHEH a,, 0,11
DA BUE A7 3. B SNAP [T 1 1 # 4
RS, — e FRRE BRI 7 HOREL R AR
FHBIEAA T T LU S Rax — BRG], 75 T#HAE
[ AT /b AR o A2 3 e A B R B
BH LA Wi H (1) = Ho + Zn un (t) Hy, P HY
ARS8, (), AR R TS BT
BAEZ BB PR ELEEHET 1.

E R R R R EAL. XHMEERTEIEN
B, T 2 X P R G B4 1 15 B A 3
AR EENE S, W, F 2 T RAE,
i B TEGR S, AT E IR
FRYAH R BYHERAE; D3 — 5T, g R M RS {3 1 AR
LFRATHE U8 00 4 b PR A R GE MR A . BRI,
ST B EE Y AT LR i 57 B E (p) =
SV BB, U B EEELY BB,
[Fi] — {5 38 AN [F] 19 5 57 B 34 22 18] ) DUAH 22 — 4>
AL U, WS {F R F =) Uni B,
HAGE 5 {E.} T FnmfFiE—3%. ARIMFRRT
S/ INY B 57 W SRLAT R BSCER:  BPR hy o o5 AR I Y
B (rank). & 48 AT 20 r B B9 58 4 0E € {0
(completely positive and trace preserving, CPTP)
FIEAT LGE A G A RS r R RS (WA
H104)(04]) G L IEWEAL U, I B XTI R SGE
HEAT [na) (na| 0 2 92 B 180134 gl 2 € (p) =
> _EupBl=)"_ (nalUp®[04)(04[U"|na) .
E, = (na|U [04). Zid BT Lhid i S A0 H—A>
YRR B R m YORSEBL, Horhm = [log,r], RI

Ep)= > EBimorm

T1,725

By, pEl - Elrm-1em),

Ly ) Emr,

Horbrr, € {0, 11255 n 20 X4 Bl He AR 2 1 45 2R
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B\ = (U (0) S5 0 ALY
SEAFEAT, WU RARYR AT 0 — 1AL
BT AR o 2 SRR T 00 & TE S A S 1R R — A
TR T AR B B 1E 2log,d HUA I o B IR
TOMMMER T d 4T R G R T 150,

5 NHHEFRARETHEN N

T, PR T RGO 20T DA S5 0R Y
YUEE Ry 0E A T L) 8 A ), (U 2 R ASCRATS
ZBRT AR | ORI A R P DA S s S . B
B B3 e 2 At S 0 11 B L E AR R SR A
TV A, RS X — K HARZEE
SRt BRLZ Ah, BATER AR R P H A
(R FHTE 7, AR AR FAE T R D T
HAE S5 T 1R .

HrERYERE T FERECEMN Y RZ
— . TERCKIMEASAE T, Y03 2R G RIS BE L fE
K B BOR R R BR, B oc 1/V/NT , Hodp N 2R
RGP PR TR AR HU R
T EE AR AT DR R T B A T R DO 42
FHEM RS RE, IF 0T LIS B #R1A (Heisenberg)
BRSO RIORSRE o 1/(N'T). 85 ZR GEAE S B b i
TR I A A R e — T, H S
RGBSR T, AT LI TR
I AT PR ITRE A A A DA S, AT
PETHERM ARG BE. 53— 7T, BT R 5 A Jainl L
ARG | SRS, FEENERS
RGARE S HAD Y B R I TR R AR A, A
LT AT BT (Axion) 0 & HETT AT T £
PS5 A3 (EJ2, S R G0 RIS X
M A RURK, AN Y 1 A & RS LA SGR AH
o SN PR I D] S iR R e M | B v 0 R
JE YT B F BRI BRI . 8 LU WA ROy
2o 1) B0 T I 0 A B D X DL & R e s
AV PR 8 SRS BRI, A5 Bl s A R (A s ]
X 5 55 AU AL 2 T M 75 R X AS R 1) T 4[]
e HE R IEAS BE . 2) il FHASS A, 15 Bh R e 7
IRAAREZS [ A TUAR, (ARG B R A e P 75 31) 1
Fsp 2 1F 37139 A 2 gl vkl vl LAt — 2
R B ZBHUGTTA EE R n f 10),

BTM% A E TSR AR T
T15 BAE 2% P AT S Z R AL 4, RV 250

G (HR, PR S Rl S 52 B
B0, T 8UE 5 Bl E B 8N kA B0
W, JEHOEXS TR+, AR R T S AR
[l 7/ W O v N1 G R R R [ 52 7 N e =
o B P 4K (quantum repeater) 2K v il g
R EARE, B &3 v N R B4 ) 5 rh ki
SEEN Y A rh A g ) Je S AR R AT DA A ST 2
9. X — T 8 AT Dkt G0 e B S 0 BB i T AL
HR TG 2R A R A T 2 23S 4R 210 (purifica-
tion), AT BN BN 28 MAE B AL M. FEXTIX—
(], AR OGRS 3R 0 T PIRR ekt 7 58 1) fif il
S Ak I AF I BOL TR S L 5 B
UK, HAL 4 AB MK BU TR RE ook, 5 B
o i T B AT a0 LAY B a7/ W = R 1]
O 2 A DG SE B X e R A7 Bk 4. 2) i i 2
BEROR. YT R AR R s, A n i
25 LA (A S 4t 10%) b AT AR, HRbcom
Wz 5, RFEE T Rie W DL S A e sk ]
DSBS R B BARE. X— &k 7 RER
2 g SRl DL K B e el A, I EAT R Y
TR A, X AMPEFR A S A rhgh 102142,
YA BARTT U HE TR GH# (quan-
tum error mitigation, QEM) AR FH F42 w5 1] &=
FEEAEER. GHT, AT TH7Me R iy rh A s
HY#E¥ (noisy intermediate-scale quantum, NISQ)
AR 1481, RN R S 300 e Ot ) M RS A, (B
SEARAT T RE A L e S s [n) R rp R BT HOR AR
e, U R RN g i IR AR L, filan AR
or i TR 4 (variational quantum eigenso-
lver, VQE)' FliE i ML (quantum app-
roximate optimization algorithm, QAOA)I. #H
BT A, XAk N R B Rk
) 2 B I T AR B 22 LA T HLR 43 BT 12k
Mk A R SR A SRR, XLt 47
BHRAVE DL KA. H Fis S5 52 3 e 7S i B
TEVHA S B RO LA TR R 423 Al &t
X—IE L, RZ MR RRORER T 04 455
7k (extrapolation) . MR 34 7% (quasi-proba-
bility method) . & FF =5 [A] - (quantum sub-
space expansion) 5. X SEH AN T EAE 528 1Y
AR, (R ICR N RS A S HAT—
RE X R U AT DA R M A b B A DR 2 R
BRI 5 BT, X IE XS FRPER SR (symmetry
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verification) H AR M9 Fil 4N RGEA B BA R FEF
fE . [ BEsF AR FREE, TP 2Bl — X R,
AR R, X ERE RGUIRE A6 T Ay
IRAR AR 2 (] R A 7243 (1], e P g HAR o R
BIEAS T E]h, Wi RS T Rz W i i T )5
PERRAL P 45 SR AT . H i 2 L AR G
HOR M0 BEE BRI L JE, FATHETEAZ L)
FERAEAT T/ NS B 15 60 T 38 v) LAtk — 20
FETHHCE AR,

6 Wik5REZ

Bl T AR AH D PR BOR AU & i, S
FIHEE & O R B BRI IE o B
A A B AR TR/ 22— AL
R ERE S=NA T BTN,
FLAE LT RS LA S L T A AR Y 2
BRI B SC RS T BOR . AR B T BIF . Dt
LSRRG B AR REOR IS
T4 NIE B kR, BARARCRETBSREN
R (EJR AR G PN 538 sl v] DUE ) R gk
/PN

T SCHTIR, AN R T RR A SR 7 AR
BEAE) 1 M 8 AR 1) s Rk AR A T A i — 20 1
25 A ) 3R LR R DA R A v 2 A AR Y
TRERE. FRE , T 2R G0 4 o X R A 1Y)
HIRE Sy, I R B2, DA I3 o 2 SR 3 4 5
g s, LI E T (quantum advantage), Hf
fEfR IR AR RS s
IO I G S B R T R AR RE IR R I R
g5, R B AR N SR AS A 4, By
KRG 2 AR S EUE R/, i, 34T
A B NFRE DL R S 30 5 T gt LA ) A

S, VT AR e 2 e R S B A
P LR i 2 A 7

Yr T R A D R R IR —. A
A B A FHAE BE ™ ety R 0 TUAR X e A 1 52

Wi X ALELAR =i B 5 g Y R R A

PrB LR AR SO HERE A EAERIRIE S BRI &
X ZRER B A SIS C 2T THCONRAR
5T, JEHOEARZE L IR M, AR R e | Bl
B A5 X O 2 A 2 el 1) B EL, (LI s i s 2
AR PR LR R F ORI Sk, T L o i

FAREAE R RIS (i fe i/ PR Y ELAR R A IR
KA EAE ) SRIB/NGIRIEHE, a0 =48 UL
E et sl A R X 4 PN R A R i — 2R 1Y
WFFE. BLAh, BT AR 1K F RS 5  qudit i TE
RN AE, (AR EIE— 058, 10X Bl (o
AT, X TR A2 gR i I A 484K
R, ARR AN T T R A BRI
I R TR B — . BRTE 2
FHEBIARZ, ISCHR [46, 63— 65, 66], 152 B IF-HY
75 % LI K BAR B P He T B B R ARIBIFSE.

o, WM S A 2T A R AR 7

LR S RGE, Z R T RAE AR
T AR T2 e 2 ) B R, AR 1o TG PR b 154 e
AR R B H se I At 8 7. B —
1A, R AN H W B AR &
S AT ] 98 5 K D R A . R, AR
B BRG0S0 i A B4 BFR 2%
JERG AT RGN T AL, TS N
Fo =22 1A AR A R, T LA S i L (1) 32
BT TR, 9 2 TR AT HOARR A T O R IR
MR EAEH, Jfl it a4l | 2] 4260 A5y 20
SN T A T ) e PR BB M . SRR B R
IR T A2 PRI ) ) LA B e 07 P ] i 25 (1471,

5=, TS BR A R T gL

SEPRA [ B 5 22 1) B9 0 8 A 2 A
FeAk, BNSTERIR AT O G T U R A
ARG R, Kok —Jrm, X FRF R
AN, TN ARG A —E 25
HRGRNE BACHEE S, RIS 2E 5 E
TR R T B I FR G0 DA U7 5 4 ) 2 A
EARFR. Sy — Ty T, TR N4 DL R SE By
R TN E, MR s S E TN
(LA B AT EU AR T 05 B, M T4%
Sy 58S R TR A, (H AR ) 2 B PR Ha g
P, FEHIR R 32 2R R 75 (1 BR 1 Tk
Frim e e, ik, 7520t F g i 2 1
SR ALY B L, s BOL 7, Hoxt
T () 25 B RE 1R, SRR R A . bR T
WG EEARA, T T DL — 252 BRI - D e
XA T B FE I VLA [ W B 2R 45 2 ) A LA
FIE R, 7 B NRID R 25 A% 84 R G0
(1 L2585 A 1o e 1 1 2 A

SV, AT S B R I R 1 T i
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R OE Gy TR IR DO AN ECE e DN El
. FERIVEREA IR TR ZENPIT AT, — M
JEHE SRR E MR, O — e AR e D g
PRI X T T RES IR G LA S B (o e A
E A MARHTFE AT LU [ e — S0l ps | [y
Y BT RGO A HI SRR AR TO G SNAP
I T AT Bl HARR AR LA B S BR8N 2 027,
FH GBI R ZRA G TS RE AR IE T T 3 R MU A 2R
Gt RETHE) BN B R RS | BB I —
A BE T ARG RS ML % s
BRI RS T P AR R NS A4, AR TR 5 IR
HEEIE AR MRS AR B RS, b
B BRI RSB RIAERNE. H RN BH 45
KPP B AR H, — SIS b AT g
I A SR 2R

I, B BT IRIHAER RO T e A EY S
TP FETEREPEN FE bR

S T A A AR BORR Y B L by
T gt — 24 LU, R 5 FeT TS 2 ok
TE T2 48 R 15 R 5 A i A K BE R AT
PR LIRS BT 2 B RO RSCR, . (BRI , al it
VeI A58 T7 22 W I, FAT 75 2 25 Fh 2
TSRS, PRI 2 U1 5 SE PR AR bRk A
B AR GRS 2 5 LU T RESE B A (5 AL BEAE
BCH AP R IR AR 4 (R] | B R] A BEUR, TR
AR B LG AR S0 L R S 2 B 4R A Bl AR g
[ 45

SN, I SE R 2 B A L E

FI R A8 31 ZR GE R AL Tl I 7 1) rp S R Y
1 (NISQ) RS FEixi[a], &5 R g n] LUK
JRCTL BV R R LR, el
SR REBLAI R, ALFAEA 5 I8 25y

LT, WAl BE7E R IR K (quantum annealing) .

B FIRE 2] (quantum deep learning) %577 A 5
P PUR. MAEAR R —BEi[a] Py 24 5 B s o
HAEE A LI, BRI A B TR A
— B R, (E2 AT DARULAE XA B Bt SRR 2
Wrim g | AR T BT R E—Lk
o I B 20 R R G PR RE.

Sk, ARTE S I PR R IR AR BT T] 2

YR IR B T VA 1 T A R RS I A S
fRIE, TS b Al e T AR A AT B e 2
T T AR Y T RAE R IR B Y T

R — R T ), R SIS A
(A28 2 1. ST JLAF 3K T 11 RS R S B8 A
RE T H 2R, AT A4 — & n H
A AL Goe 1) T TR B, R, A XA
T B R B, e Y RS R AS R T
R — B A A T L A R 2R G 0 A R R AR
PR, SR, 7R T L0, E S A, BIE AE N
Ty BA Pl FRATTN S — 250 R A A AR
&, IR/ NIBINY RGP R R A L ) — eI
AFEAE IH42 0 2 BT EE T Z A0 B4 SE o () A (1481, 3]
SRR KRR MR LR (flag qubit) 1) 45
D5 T LA B AR AR By =2 T 3 3
ST 255 S P LR AR T HRAE, DL
T 412 3] 14 25 T MR P S e S AR TG O 190 sl 5 iR
B 10 [y B R .

e, TATHU R 25 7E e eSS i
TA5 8 Z MY HADATIRSE, &, db— 2 14 &7 2 4
D5 EE NG 1. i, Bl & IR A S
BERAZIR RS | = REd HH 4= J8 6H JRUBE A e 2R
S A AR B 2y 192158, —J7 i, W LA
B S T R G0 1 A B T R I B SR A R i 3
FNIAS, B A TERAARA B A1 JEF (Fracton) 94,
J3—J7 1, AT LA B A R0 ) — AT R A
T S Ry S P 1 M B 3 TR R B AT T S
il 4n HaPPY #5193 F1 L T 55 B 18 3 1 2 (Ising)
TR (1 S5 P - 2 i 119,
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SPECIAL TOPIC —Recent advances in hardware, algorithms and software of
quantum computers
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Abstract

Information processing technology based on the basic principle of quantum mechanics shows great potential
applications in computing, sensing and other fields, and is far superior to classical technology. With the advance
of experimental technology, quantum control technology develops rapidly. Compared with other quantum
information processing platforms, the superconducting system based on solid materials has the advantages of
accurate quantum controllability, excellent quantum coherence and the potential for large-scale integration.
Therefore, superconducting quantum system is one of the most promising platforms for quantum information
processing. The existing superconducting circuits, which can integrate about one hundred qubits, have already
demonstrated the advantages of quantum systems, but further development is limited by system noise. In order
to break through this bottleneck, quantum error correction technology, which is developed from the classical
error correction technology, has attracted extensive attention. Here, we mainly summarize the research progress
of quantum error correction in superconducting quantum systems including the basic principles of
superconducting quantum systems, the quantum error correction codes, the related control techniques and the

recent applications. At the end of the article, we summarize seven key problems in this field.

Keywords: quantum error correction, superconducting circuits, fault-tolerant quantum computation, bosonic

codes
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Fig. 1. Several integrated optical platforms for quantum si-
mulation: (a) Coupled optical waveguide array*!; (b) ph-
otonic crystal; (c) array of coupled ring resonators*’l; (d) mul-

tiport interferometer(!”.
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Fig. 2. Arrays of coupled ring resonators for simulations of topological insulators: (a) Quantum spin Hall effect?; (b) Floquet topo-

logical insulators/”; (c) anomalous quantum Hall effect/?). The upper panel in (a)—(c): periodic coupled resonator arrays; lower pan-

el: basic units in the periodic structures.
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Fig. 3. Multiport interferometer for quantum simulation: (a) Realizing arbitrary unitary operator using triangular (left)/! and rect-

angular (right)/”) mesh of beam splitters; (b) two-photon Anderson localization in discrete-time quantum random walk circuits!¥;

(c) multiport interferometer in a silicon-on-insulator platform!®8!, which is consist of tunable Mach-Zehnder interferometers.
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Fig. 4. (a) Anderson localization in a two-dimensional photonic lattice™); (b) simulation of one-dimensional quasicrystals in femto-
second-laser-written (FLW) optical waveguides®™}; (c) realization of photonic Floquet topological insulators in a FLW helical wave-
guide array®; (d) realization of an effective magnetic field and simulation of Aharonov-Bohm effect using curved waveguide arrays®;
generation of (e) topological insulator laser® and (f) multiphoton quantum sourcel’l in coupled resonator arrays; (g) design of a
1:1 topological beam splitter in valley photonic crystals and realize the two-photon quantum interference®; (h) photonic topologic-
al Anderson insulator®”; (i) generation of biphoton state in a SSH photonic lattice”; (j) topological pumping in a system described

by a time-varying Hamiltonian®"; (k) topological edge state in a photonic lattice at the interface between the structures with and

without parity-time symmetry!®; (1) nonlinear tuning of PT symmetry and non-Hermitian topological states
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FEAE O] IR I RGN 32 S5 0 Bk 152
e, Al iR B R R B B S5 48 5 T 18] 2(a) T i
T HBEE/RRG. [F4FE Mittal 45 102 JEFfE PO
TRV AEZAA R S5 H rh (REPRERES) SE B T ¢
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IRAGEARY DL e S B AR TR AR PR R 1) v 7 A A 3
ARG X8, 77 AR 16 X B A BE & - (] 24 26
bk, ISP TR TP SCES. 2022 4F Dai % P BT
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1EA BT 5 SO A BT RERE S G T i
IRZER TR B RN T4 LAy SRR S5 (4
Bl 4(g) FiR), HTEZait b5l 7 a1 T bl 2.
BT AR X 2 S g T S b
WO MO TR TG RS, R E5 1
R LR PRI B9 22 G2 3 IS ik

{E15— 2102, 2018 4F Stutzer &5 02 | 41
7S A A 250 B T BB SE IR T O F N
AU, S A TR DG A 3 — 4
S5 [ B I S R 400 1 o B ke A2 TR 5 a0E 475 A
& U BES Th Y RE IR/, DT SE AL T B e
IR & (AN 4(h) BTR ). AT e IR 25 (1]
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DL SOL S RS SL g se 9L T 3% U O+
BOM 3, B2 6 121517 2019 4 Paesani
S 98] R [a]— AN RE O R B SEIE T ARIESE LU | B
SR, DL R i AU (8 0, 124500
2, T B ORE 0 AR I A 3T LA A 5] SC
ik [139].

P ANET b T OB Atk
Kt AR, TEREED S A BRI ARG
THLA S 3 AR SR it oy RS R o (1981401,
XTEA nAEF R E A, kRGN
WA I ERE N 2 x 27, FE R T FER RGN
e H O] LR O T R GRS BA 2010
MR AR RS e I, X T4 i
B, BAF H AT LR 5 1 2 A R B AT
I ERE A Lt D)) R A B H Tk AR A I
SR AT DASE 6 B E R R I AR 2 X
TR H AR R 1) 85, JHL fe /INARAEAELGT J

HOAAE 450575 Rayleigh-Ritz 74K %ﬁp';“

BRI AT LAVA 25 R A8 Ay 1) . 36X FlUEAR ) AR
SPAAEAE SR AL T LU T 00 F IS Re | i ok i &
Sel B PIAEFA, FIHE A A T
A S I BB AE, E—25 7158 Rayleigh-Ritz i
£, AR S 20 AR A KNS I G A A R
TEFREE T8 Rayleigh-Ritz Fi%R/N. 78 2014 4F
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Abstract

Quantum simulation is to use a controllable quantum system to simulate other complicated or hard-to-
control quantum system, and to deal with some complex unknown quantum systems that cannot be simulated
on classical computers due to the exponential explosion of the Hilbert space. Among different kinds of physical
realizations of quantum simulation, integrated optical systems have emerged as an appropriate platform in
recent years due to the advantages of flexible control, weak decoherence, and no interaction in optical systems.
In this review, we attempt to introduce some of the basic models used for quantum simulation in integrated
photonic systems. This review article is organized as follows. In Section 2, we introduce the commonly used
material platforms for integrated quantum simulation, including the silicon-based, lithium niobate-based
integrated circuits, and the femtosecond laser direct writing optical waveguides. Several integrated optical
platforms such as the coupled waveguide arrays, photonic crystals, coupled resonator arrays, and multiport
interferometers are also introduced. In Section 3, we focus on the analog quantum simulations in the integrated
photonic platform, including Anderson localization of light in disordered systems, various kinds of topological
insulators, nonlinear and non-Hermitian systems. More specifically, in Subsection 3.1, we present the integrated
photonic realizations of disordered and quasi-periodic systems. In Subsection 3.2, we review the integrated
photonic realizations of the topological insulators with and without time-reversal symmetry, including Floquet
topological insulators, quantum spin hall system, anomalous quantum hall system, valley hall system, Su-
Schrieffer-Heeger (SSH) model, and photonic topological Anderson insulators. Besides, topological insulator
lasers and topologically protected quantum photon sources are briefly reviewed. In Subsection 3.3, we review the
nonlinear and non-Hermitian integrated optical systems. In Section 4 we present the integrated digital quantum
simulations based on the multiport interferometers, including the discrete-time quantum random walk, Boson
sampling, and molecular simulation. In Section 5, we summarize the content of the article and present the
outlook on the future perspectives of the integrated photonic quantum simulation. We believe that the
integrated photonic platforms will continue to provide an excellent platform for quantum simulation. More
practical applications will be found based on this system through combining the fields of topological photonics,

laser technologies, quantum information, nonlinear and non-Hermitian physics.

Keywords: quantum simulation, integrated photonic circuits, simulation of condensed matter physics,

multiport interferometer
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Fig. 1. Each particle emitted from the particle source is
measured by P or @, and the choice of measurement is ran-
dom. The uncertainty relation indicates that we cannot pre-
dict the outcomes of both P and Q.
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Fig. 2. A guessing game between players Alice and Bob.
First, Bob prepares pa and sends A to Alice. Then, Alice
performs measurement Q or R with equal probability on
A, and stores the measurement options in @. Third, Alice
stores the measurement result in the K bit and tells Bob

about her option ©. Bob’s task is to guess K (given ©).
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Ar = \[(r2) = (r)* (r = w,p), WIEWWITEH B %
ANHA 22 5 Z A H AT G T2k [ el S b R A5 54 r
T BN S RS AR R 2 SR A LSRR B X
FAEEWAEXT BT Q Fl R, Robertsonl?!
e A53) T— A AR

QAR [(Q. Rl 2
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XHM[Q, R = QR — RQ, () = (¥|r[y) & n] W
HrEE AN TMMEME. EmTlE T,
(2) ATFARTEREM, BRBLEE Y REMER IS
1 P A AT SO S ) A A IR, 38 a5 AT
M1, Robertson ANAEA I H 19 T A (R
) B R, SRS B AR T, R
RVEXMASER R T AU T RGN, $8 Schro-
dinger ™ 3@ i fHI—A> SOk uisRA (2) A5

AQ* AR > |10, B+ |504@. R)) - @)
Q
SR, (2) A1 (3) A F RIS RAA KR, IR
Rt Qi R IR AEAS IS, IRAS AR
(@, BY =0, |5(Q R) — (@B =0, 1 (2) ¢
UIDES AT PIC ey SRt e N
M 20 T A i 4 04T L B
Maccone F1 Patil'? iy TIHER T XMk f2 it 17—
AR SR
AQ? + AR? > max {By, B>}, (4)
L) B: = +i[(Q, B)| +1(01Q + iRlu )P, Bs =
SHWbLRlQ + RO, B W) ER 1), (4) A&
AR X B AE98 919 10 T R

2.2 ETHBHAHEXR

MAEAR FJE, BT E R R 2= LUNA R 5
— PP AR L R R AN e RO R, /D
JiH. Everett®) il Hirschman/® B7RE | ABEIFHATIIA
WEJEFE . Bl )5, Biatynicki-Birula A1 Mycielskil'o /™
FEUER T OC T B 5 i i B AN B DG R
hQ) + h(R) = log,(em), (5)
b h FOR RIS, B8 — A AR T (q)
FERIAEILE B Q, UM LAFRR N

Q) =~ [ rover@u  ©

TBBX A T R RS, D 2

1 —(¢-9)
F = X 9

@ 21A(Q)° o [24(62)2 1 "
XL g 2o g B, ST e X A
DU NSRRI XA B 2E AQ), (7) R
AL R 2015 (6) b i AL, X — U]
FHAAR B F ARE A8 53 S vT AR k.

W (7) URA (6) ZORITR R 2 A AR5 T

W, AT 2

h(Q) = log, \/21eA(Q), (®)
S TR AR A R R R AL, BT LI T — A —
B AR A REAILAZ B, T T A AN S AR 2T

h(Q) < log, V2eAQ). (9)
A KL 145 H R B R T2, Bl
AL BRI R R RENLE QI P, RIS 1S Ry
ZERAERCAZR] (5) Af5

log, (2ne A(Q)A(R))

= log, \/271'6A(Q)2 log, \/21:6A(R)2 (10)
> h(Q) + h(R) (11)

> log, (en). (12)
RJA, a (10) 200 (11) AR 2R S el Hh 2 G
TOIE S5EhEETR Ac - Ap > h/2.

ARFIT AL, A Al 17 7R AR BAe i 4 LAl
SORHERIPER], e Sy P2 AL T 20 7€ R S8
WRETRFEE. W5 AFLA, Deutsch 421
T—AERR,

H(Q)+ H(R) > 2log ( (13)

2
1+/¢(Q, R) ) ’
Hrp, HQ) = —Zi Pq logy pg WL AT ARG 1 115
NI, pg=Tr(|Qy)(Qqlp) & KT QY I i 45
MR c &2 QN RNk KREZE, c=
maxi;{ci;} = (WP [pf)[2, [P ) FEATT I R Q By
AIER, [t —FE.

BiJ5, 2T Deutsch A1 TAFE, Maassen
N Utfink® 351§ Kraus (T (13) k17 70
b, SHMEERE pa,

H(Q) + H(R) > log, m = qMU- (14)
HE (13) M (14) b R FEGE MRS TG
B, X — s Fll Robertson 42 H B~ R BT X .
Korzekwa M HPAIBA S KoK, 38 18 75 1S A ANH
P, B R 4019 Maassen-Uffink AN 452 A] DAk
#Hh

H(Q)+ H(R)

1

> logs gy +HAR+ lom (@ R)L. (15)
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AN, N K&, Rényil'? $2 4 —~ 40 %t
T AR AR, AT AR EA R AR R S
PEUETE R AALEE . o T A AR TR, X SR
RS AR A I AT DAAR - b 1 FH T i 25 A 2= AL R
. — R, © BYEY Rényi i LR

HAQ) = lom Y m (g
q

o T FE 2 [0, 00]. 24 = = 1B}, Rényi Mmt 2Pk 2
#| Shannon 4%, Shannon /& ] VL Ji /& Reényi # 19
— Fh R I 2. Maassen F1 Uffink® 4 48 ), M
Rényi MR & (14) SRS EE, SHMERE
Moy > T+~ =2 HUFRA:
Hy(Q) + Hy(R) > quu- (17)
My =y =10, (17) A (14) HL—3, Y — oo,
y = oM, TS AT (17) S M
SN i S BUN LR N e
Hyin(Q) + Hrax(R) = quru- (18)
M T i/ MERAE T IERASIZE R Q M, Rt
AP RRUAH 2 ¢ R T H a5 Bt
H ATz
B b TR =R ASER R B OC R AN, A
e 0 TR ] -fE RS B B O & PO L
Rastegin?'il i Peggl?? 1 7y L HE S T R /& -A
(B RS AN 2 FE G AR

2.3  Majorization ANAE X &

T3 A —FIARAT 50 B AR OGBSI E OC R Y
7 55k J& Majorization ¥, 10 E: 2Z i B9 45 R
ZM, 5 R AR A SR A XA R
Partovil® B &, $R )5 /1 Friedland /N4H 24 Fil
Puchata /N 29} gk — 204 FUR e A P2
1E % B F{H (positive operator-valued measures,
POVM) X = {X*}, M Z = {Z?},, FIX P-4 %ot
ARG padE AT, HR 4R 3 8L WO AT A4S B AR S
A5 73 39 N Px (x) = Tr(paX®) il Pz(2) = Tr(paZ?).
] LU Py i Py s 2R ML B0 F B HE R (4 1), 7
ERE AL IR FN/ NI HEF.

AL T BAR B — A 1) i 15 Py 1 Py ik BT
R, WHLRE LT Z AR R — R0 p = {n(1),
u(2), - n(1X]|12))} 565

Py x Py < p (19)
XFVp € S(H) BI A SRAR e 25 [ # AT . XA G &R
KGR mamfprRrgE 17—, — ke
(19) =X 1Y HE 2 53 A wn] LU HE R 3, 5 & 2
(19) I AR A1 A R R
p1 = P)i( 'Pé = Pguess(X) - Pguess(2)- (20)
FRATVAITE Q2R p A AN AR, B4 py R 2s
B 1, AN AT RPN A — B 45 2R
24, [FIAH—F Deutsch B9Z55R, 7T LIS 3]
Pauess(X) - Pauess(Z) < 0% =2, (21)
R b= [+ Ve, i, R e = (o,
1— 1,0, YRR (19) 2K, HAY R T —Afaf i
A LA E R FR
BRI AN, Friedland /N4H A Puchata /)N 2H #R
FER) T H—EA 800 J7 ok 1 1 — A a5 7 571
T 2w
p* = {1, e — pa, o 1= pm—1,0,-+- 0}, (22)
[ A b < =1 (19) 20T Bk T — 4ok
HEBEIATE KR, pf B FRIEXERIE Majori-
zation [MEZ5 1Y, Jf H2sBEE & WHG I AR 15 i
SR HERXE.
X L ULIH A S, Renyi 65 A0 A 00 2 B¢ &R
J& H % H Majorization & R IR A MR 11, X /2
F Rényi M /& Schur YAy, HEA k. xR
xT
Py x Py < p= Ho(X)+ Ho(Z) > Hy(V), (23)
P VR MR A LR &, 524
# (7) H# Maassen-Uffink R AL, (23) 2R
AE R REAARRPER, By Eshih 7 AR
SR Rényil B T A /E—A>2 — oo %R
], XAKREZF| T Deutsch £ H AW A0 2 B C &R
HQ) + H(R) > H™(Q) + H™(R) (24

> log 13 =4, (2)
B—ITIAERE T L, o ASEH Rényi 1Y
FAPEPEHE Y, 2o =1, FRARYE (23) X, WTLATS 3

H(X)+ H(Z) > Hpin(b*) =: gmajorization; (26)
X HLY Hyin(A) = —Alog A — (1 — A)log(1 — A)F5
JCHE.
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3 ETHFBETHEAHELKZ
3. B =

FETHR A5 FAEAE TR A EE LR Z
HE, b T A B AR TORINE, T2 g AJL
A AT BB 2A 2550, B4 von Neumann 20!
R T AR R R AR T R s, B
iR, BT DR R AE & T B A 2
A IR

S(p) = =Tr(plogp) == Ajlogh;, (g7

N IREETFE p WATEE. X T — XG0 a 48
pap, B TEREW . & TR LR T BAR AT
PIFR R
S(AB) = —Tr(paglogpar); (28)
S(A|B) = S(AB)— S (B): (29)
I(A:B)=S(A)+S5(B) - S(AB)

— S(A)— S(A|B). (30)

12346 AT LA w0 X R 14 OCHK C (BIA)
298 D (B|A):

C(pas) =S (ps) - {%i)?n}S (B| {EI?}) ) (31)

D (B|A) =1 (paB) — C(B|A), (32)

I(pap) XA REDMEAG B, SBHES}) =
ZkPkS(PmE,f), Horb ppipp = Tra(Bf pas)/peds
R4t POVM EL RIS INES, pe = Tr(Ef'pas)
FORMF LR kL.

Hi ALk, b R B AN e R A A
PR 9, A AR Ao i g 4 3R A5 A BR A e L5
S, T A 0 Xk P 4 Y IR, B AnSR Bob R
T 2 MUF B Z AN BE AR 4 P DGR R RE - SR R
KyTE R, 2] LI4E R Bob X Alice Il 45
RIGHERIE? Renes Fll Boileaul'® ZE i/ [o) /0 I {8
T2 HAR B T AHCRYZE R, WO AN
KRZWFEATIF T — A s i, TR R m A ERb
R X A Z A58 TR ARSER

S(X|B) + S(Z|B) > log, d + S(A|B),

S(X|B)+ S(Z|E) > log, d, (33)
d 3R A RF4ERE, ERRGIVTE Eve RS

1%, Berta %5 ) £ Renes #1 Boileau H94% 18

g T AT SR, K (33) it HET B TAE
RS ATULIN , PUAE R Berta S84 H A E
e AT S IR . 5 Z R DN R AS [F] ), X
AR HL U f2F Bob 14 B FAE4 R G0k 46
B Ah A0 Alice I E 4558, anl&l 3 frs. PNl
IR LRSI Q FI R, Bob S
— MK F RGED pap, ABRLFHIH 2|4, Bob
Fki T BE T, BkiT A Kik% Alice, Alice[EHL
TEFEXPRLF A FHA T, JF B A C p9 I ik e
7F Bob, Bob 4TS5 A/558 2 I Alice 525
R AT Bob X LA FRL T A f7AE 2 48 1) i 11
ki B, Bob AT LA3E 3 i FA T2 i) 28 LA 2,
XK BT, S(Q|B) &R & Bob X
T Alice HIAT WL & @ Yl £ 45 SR AN 1 1 2
S(R|B) b & FIFER & . Berta 25 ) $EH T HF1F
S T BRI E G AR

S(QIB) + S(RIB) > log, - + S(AB),  (34)

S(QIB) + S(RIE) > log, - (3)

Hot S(AIB) = S(pap) — S(pp) & 32 I 1 7 i 4
pap 1R, S(Q|B) = S(pos) — S(ps) &R
25t QM LIS IS por I AR, 7T L
AT B8 Tk H 285 I s

PQB :Z(HiQ®IB)pAB(HiQ®IB)7 (36)
Hrh 12 = [0 (W@ RAEFETF 25 A 1l &
BT [0 SRR AT WLIN  Q WA AE 2K . BLAE K
B (36) 2, AT B QA R 5% 4 HOAM HRL T

H 8
K <« K?
T A

1
[l
[

: . ““ }

Alice

=)

Bob

K3 T T R E IR, 5T, Bob HEE A pas,
RIEH T RYE A K% % Alice. 55 =, Alice X A #E17 Q
R W, #XJ5 W Bob 4 1 4 £ ©. Bob HYAE 45 2 IE A
B K

Fig. 3. The guessing game with a quantum memory system.
First, Bob prepares pap and sends A to Alice, Then, Alice
performs measurement Q or R on A, and stores the meas-
urement options in ©. Third, Alice tells Bob about her op-
tion ©. Bob’s task is to guess K correctly.
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A Y BAbF R iR, 8 i v ] LIS A
c=1/d, S(A|B) = —log,d, Al LKA T At
BT AET 0, WU, HE Berta nl LU Ui
T Alice XPRLT A SATINE Q Al R (4

Berta SFAUEE R ARG & iP R 2I50IE 2728
WA NHEH T I 4 NI S D O R RiE AT 5
UE PO B SE LISk, A0 T RSB B O R
RIS AE AR R R | 03, ik Lo SR A
ToRMEE TR,

3.2 # E

3.1 W EENHE T B TI4E NRATEE LR
FIRF SRR, 35 TR RN AR I SR S T R
T AN A B O 2R 1 R T Tm) S AR

321 METAARETAETOMIHR L
£ 7
P A PTRL T i T AR RN 2 R
i, 4k Berta 2 J5, 15 %2 % W AW IR,
(T % T SR T A, B IO - 560, 7T LAAS
S 1 (34) R R AR AL F R Pati % 90 L0 T
(34) 3T L5 B

S(Q|B)+ S(R|B) > log% + S(A|B) 4+ max {0,6 },
(37)

Hip 61 =D (pap) — C(pan), Clpan)it LM
B, D(pap) e Ri1E B Fegkih A (31) X

A (32) 2. E B 7 R B G2 S(X|B) = S(X)—
I(pxp)(X #RME Q,R), I(pxp) < C(B|A)FI
H(Q)+ H(R) > quu, XERW Y wmFRIFERTLIM
KHRIT, Pati 5542 H O ASHA 2 B T A48 (34) i)
TARENE. MRF RS E T E paplaifl
[Vapc), BT IIERIZEHICHR 2 (] Y 22 5 18005 HA il
I@éj\@a [32,33]. .

§p = D(BC|A) — D(B|A) — D(C|A), (38)
WA ERTE pap 4k Y apc) 6 B
AR D (BC|A) > D (B|A) + D (C|A)I, Berta %5
PN E BN A i &

[FIRERY, (35) =T Al Igh it hy

S(Q|B) + S(RIE) > logé +max{0,0)},  (39)

Hrh, 61 = C(B|A) - D(BE'|A), D(BE'|A)EE
A4 A M BEZ BB EFRIE, B8 ABE 4l
ARG, Bl page = Trp (|V) appe (Y]).

|13 (34) 20 F SRR |-, 2014 4, Coles
1 Pianil® 78 B BOR 5 A T8, AT A
{cij} HEE ZRINS L co St T 0 TR AN 2 i
KR
S(Q|B) + S(R|B)

1 1-
> log— + Ve log£ + S(A|B), (40)
c 2 Co

It —BUE] T T T R E AN E S AR A
S(QIB) + S(RIB) = q(pa) + S(A|B),  (41)

iﬁ: EF‘ E/‘J q(pA) = maX{Q(f’A? Qa R)7 q(pA7 R7 Q)}) )L_l»
BT

q(pa, Q. R) = Zp? log e (42)

9(pa, R, Q) = Zp C o (43)

ﬁ¢ﬁn@1thQmmaéwmﬁﬁ
pRASE—FE. AFHDREAT LUK, R RS A 4k
r;:d =2, (41) ST RIR A € BE G RTR FHA
Berta (1 N30, (B2URAEREd > ¢2, (41) 20
FIZE R T BB EL Berta [ F FU8E R EL
BT LITERER pa ot /MY g(pa) , Wil
g =min,,q(pa), Coles Fl Piani #&H X Ff e/ Mb AT
PLIE i LR AP BRI
¢ = max Amin[A(p)], (44)

0<p<l

)\min[A(p)] i“:‘éi_\‘ %E %VarA(p)
R/ NAIEE, o

1
Agr = ;l()gQ(man. Cjk) ‘%QH 'RE

=pAgr + (1 —p)Arg

A = Y togy (e BN WE], (49
k

[, (40) AN (41) AT & T FaT Dl 7E
ANGFEAL M N0 MY —I max {0, 61 } AR5
HE

Adabi 435 L)% Haseli 1 Ahmadil8 )\ Holevo
HAEF RN &, fE T A FRsA

S(QIB)+ 8 (RIB) > log , + 5 (A|B) + max {0,xa}
—I(pge) — I(prB), (46)

VACFHE Bob X} Alice Bl Q T FRHL
I(prp) L RE—FE, LY EAFEB I(pan)

x2 =I(paB)
H I(pos
HfE B,
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KT Bob A 3KHUAMF B Z A, (46) XA HET
ks H Berta 25 H B T SR AL, X TR T
7S, KIFEA 6 = xo, WL, (46) XGHIT
FEHg 2 (34) 2R (37) 2R AR 3L, BRIk
Z 4k, Adabi 45 B 381518 T X Werner 2%, (46) 2
T (37) X TR EA, (FEXF IR
XTSI 7 HURE X2, Adabi A9 F S 11
VAT (34) LA (37) .

1 Berta % 1§ H A0 R B 2 B 6 RaE T
PHAN ORI 8 A I O, SEBR_ B S E R T LU
FITHE— R, R 2 R B, TRE XA
Rk, R WA XA Jr ) B T o P R
I 25 KK s — R PEAY A OE T A, Berta 4542
B A S T X R PRI (Q N R), R4 2
LR EARE? AR Liu % B8 42 H A 3
TAF T A B B O &R, B X 1 S T A
N AW (M e, B4

S SOIB) > g + (V- DS, (D)

i=1

N—1
b:max{ Z max c (v, vh)] Hc(w’” Zﬂ)}’

N lig~in 1 m=2

(48)
Fop bRBH e (opvn) = max | )],
{|vr ) 451 M,y E’JZL‘{E% S (47) KA,
BN =2, WEREMWIER, b=c, ¢c=max;;{c;},
(47) K T FHE 2R B H (36) X —FE G L.
Bl JE K e Fem il { M} BRI, B el R
R Mo SR HE e NFHEF AR SR, FEBLSERT L
Zhang 55 P 158 T —ANHHXT (47) XA BN T
B, BrEak LT

N
> S(M;i|B) > max{L:} + (N —1)S(4|B),  (49)

=1
A
- Zpsg\]N log Z
in

in, N>k>

n+1
Zn+1

pey, = Tr([e)(EX] ©T8) pan

W Ah, o ay DL H A 7 Ok AEAE (49) 2
T, Dolatkhah %5 10 5% H Adabi 45 7F X s (3
Hh— R A

N
1
;S(MilB) > log o + (N —1)5(4[B)

+ max {0, xn}, (50)
Hpxny = (N =1)I(panp) - 211 I(pm;B), R
E (50) AN (49) a1, 24 C(BIA) < I(pw, )T,
(50) BT FARXT T (49) X EBP T A LA
BRULLASR, R Pati 5 BHON S0 7 2 U,
WA FEMET N TIERA & TAE S L T 2
D2 (R AN o 3 DG AR B8

Zs >1ogb+(N—1)S(A), (51)

AR

N N
ZS(MAB) = ZS(M,) —> I(pu,B)

> 10g% + (N —1)S(A) — NC(BJA)
_ log% +(N=1)S(AB)
+ (N —1)D(B|A) - C(B|A). (52)
B (52) Kt TG WAL, 7T LIS 2] —A e Liu %
BIF S ((47) 2R) B EEF 5, #manh:

N
"5 (Mi|B) > log g + (N ~1)5 (4]B)

i=1
+ max {0,0n}, (53)

Xy = (N —1)D(B|A) - C(B|A).

Hu F1 Fan™ ]\ 55 401 £ B2 ok 73 B7 2 1176k
T HR AT E R, AT Berta 5542 ) 19 45
W ((34) ) i, AT E WA AE B T XA
o, A NIRRT pas, ByByy, ITH
DU AE XA S EAIE R T, Iu Alice, JF
LBK B1By -+ By Z B8 B A2, TR 4T 55
SCRT Y Alice 1 FITERLT A LRSI E52R, ﬁ’i
T R 2 A R I AR A AR A T A
LA

N
> S(AB) =0, (54)

i=1

M (54) 2 ZR BB AT )T B0, T LA RE g,
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Alice Xf L 1 A B & 25 R A GE P H R IL K
BiBy -+ By [F] I HERG TN, XA £ BE 0 A 4%
HHY (54) ABEAE IR FFP B AT E R

322 ZETRAETAMTORIHZTEL
2009 4F Renes #l Boileaul! 25 H{ T =k T &
S AEA TR B R B

1
S(X|B)+5(Z|C) > log, = = quw,  (5))

X AT DA R RO TR S . AT 4 PR, Rk
MR —NH =R T RAEE papc FWEFTHE, 3
HFHRG A, B C515llki%4, Alice, Bob il Charlie
=N\, ¥#, Alice X R4 A #H17 X o Z0H:, Wi
PERE XA, % £E4E IR Bob, Bobf4T 555k 2 LA
e /N AN 8 A R A R TRIRE, AN Rk R
Z &, B EEE & UF Charlie, Charlie s 2 DAf /N
ANHS E AR I I 2 R R AR L B
% Bob Ml Charlie 5B K Alice &% T, 7E Alice
REM LR K IR RS0 Bob Ml Charlie
Ja, RAEXPA BRI AR KB, ]
PN AR T B Alice. (H2M (55) AT LAF H,
il e X F1 Z 9 E M4, Bob A1 Charlie X}
T I 285 5 AN i MR — Rl R AR B DE &R, Bidn
RIEDK Alice WHEEZESE N X 1], Bob e HSE I
TSN K, IB4 Charlieslt 7 Alice | £

VA

- @

Bob

K4 =RFEFAAERRE R 5% MRS pase,
I ¥ A K 7 4R Alice, B &% i% %4 Bob, C% Charlie. #% %5 ,
Alice 78 A it 47 X3 Z0 &, SR J5 75 & & 43 Bob kL T
BIWEBL T, #117) Bob 3¢ F Alice 1 X I i 25 1 1 AT o
P, 75 B & % Charlie B2 T C 9 1% i T ¥ 7] Charlie 47 3¢
Alice 1 Z M 25 R BOAHHE M. BA MATH A 5 i 5% 1 45
B K XA A BEH Bob 1 Charlie JH:F

Fig. 4. The tripartite quantum memory setup. First, the
particle source prepares papc, and sends A to Alice, B to
Bob, and C to Charlie. Next, Alice performs measurement
X or Zon A, and asks Bob about the uncertainty of Alice’s
X measurement outcome, ask Charlie about the wuncer-
tainty of Alice’s Z measurement outcome. Only both of
them guessed that the output is K, the game can be con-
sidered a victory for Bob and Charlie.

WPy Z ), IERSEIN RIS R K, 2K,
X F Renes 4518, 2 BT FAEMASA]
WL BB 2 R R — A, XA —E R
FRYE. Fitt, Ming 45 %1 £ Renes F1 Boileau ) 45
WEE b, 53] T AR TR A, AR
R
S(X|B)+ S(Z|C) = qmu + max{0, A}, (56)
Hp, A=quu +25(pa) — [I(A: B) + I(A: O)]+
[1(Z;B) + 1(X;O) = H(X), I(A: B)EHFE,
I(X;C) = S(p”) =Y piS(p/) /& Holevo ik, EAL
Y& Bob Xf T Alice Wl i 25 R Al AR BUE By 1
Ft, Alice PR A AT X I, 75355 i &
st oo pe=Tewn (1T pan T ). s
w7 pasir s of = (T pan ).
H(X) ARRIEX A B FHATI R X TR,
H(Z) W2 R E S, el BT A TR M
LTI T BRI E R
S(X|B)+ 5(Z|B) = S(A|B) + quu, (57)
S(X1C) + 5(2|C) = S(AIC) + quu, (58)
WP S AT 15 3] — A SE
S(X|B)+S(Z|C) = 2qmu+S(A|B)+S(A|C) (59)
~S(Z|B) - S(X|C). (60)
F ¥ S(A)=I(A: B)+S(A|B), S(A)=I(A:C)
S(A|C), H(Z)=I(Z; B)+S(Z|B)FH (X )=I(X; O}
S(X|C) B, BPATHE Ming R85 8. TR
M2, TEJLFRR TGO T AW AR fRTf: 1) 24 7T
W X Z 2w HANH T REG A REKIREG
AW, AN GHZ 255 2) 24 A WL 2 2 1 A1 £ B
oz, 0. M, FRGSGEIEM T80, #lin GHZ 28
T XH W B H Werner 2525 ; 7EX R T
AT ISR H(X) + H(Z) = S(pM)+ quu, B4 A
AL b A = S(pa) — [I(A: B)+I(A: O)]+
1(Z;B) + I(X;0).
Ffi J5 , Dolatkhah 45 4 £ Ming 55 43 ) T 4E
HEfil EERR TR AL, B
S(X|B) + S(2|C)
S(AIB) + S(A[C)
2

A:B)+1(A:C)
2

= qmu + max{0,0},  (61)

g o — 1L

—[I(X:B)+I(Z:C)],
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5 Ming 25 9 T FAHLL, 2T AL X W 25 KR
B R RS T O BE A 5 TR,

2.0

@ e
1.9¢r SO
~
~
1.8} AN
N
N
1.7 \
\
\
16} .
\

1.5 — Our result \

= = Ming et als result iu Ref.[44] \\
LAT mee S(X|B)+5(2(C) |

1.3

0 0.2 0.4 0.6 0.8 1.0

p
1.5
(b) = Our result
14 = = Ming et al.s result iu Ref.[44]
=T === S(X|B)+5(Z|C)

5 XISk G HZH SO [44] RIS =, TO6R E
Bl R R T Ming % FZ5 5 (B LY Ref. [45]) #iie A X S%
SOk (43]) A Dolatkhah 2825 5 i 5 1, 3 5 P60 9 W0 i J2e
WHME: X =0, Z =0, B #EZER (61) £, 402k
Xbpi A, AR N R A RS A E R ES.
(a) I7 X W it F A7 AR 1 E B2 AR AL R
(b) A = H RS T A7 T AR B 58 BE BT ARy IR

Fig. 5. These two pictures are quoted in the third and
fourth pictures in the reference [44].The picture shows the
comparison of the results of Ming et al. (Ref. [45] on the
picture is the reference [43] in this text) and Dolatkhah et
al.. The measurement selected here is the Pauli measure-
ment: X = 04,72 = 0,. The blue line in the figure is the
left side of the formula (61), and the red line corresponds to
the right side. Their overlap indicates the corresponding
quantum state, and the bounds coincide with the uncer-
tainty. (a) Different lower bounds of the tripartite
quantum-memory-assisted entropic uncertainty relation
(QMA-EUR) for the generalized W state; (b) Different
lower bounds of the tripartite QMA-EUR for symmetric

family of mixed three-qubit states.

3.3 BAHEEXRHIAZE

AAL AT AT AN 78 O RAN B R A e AN 1)
KF T WA & B 56 R I WF 28 12 7% 52 3 AR Y 1=
FRGe sk, Fr AR A FIRAHE ORI
K| T ARGl fi2EE .

3.3.1 BRARAEDLRAAKSRE

MSEBRI A BE &, T RGEE 2T R
40, HL RS VR AH RN 2 52 5D ML AN
Bl 8 FE R/ XA T S 1, 7 Bl
T B 0] 5 e AN 2 PR A R /NS A5 AN AT Bl
Mz xEE. B HETCH L, fEAFRAREE S T 1 &
T T AN E B O R A9 T i TR
I TAE, — kUi, IREEA AT DLy ok B /R B
TR LRBERIAEE. W —A RS 5 B DL )
7 N R G I AEE, A (5 B, sh s
SR AR M, RS E D R G I E
SUBTE RGNS 2 RIOAUR] i s Y, e fe (s
SEFE RO, MIFRIZIRE AR L /R ] IR

AN O FEWFSR T 1R =T AEE AR T
OUTF, M— T R D7 SRR R AR B R B
HIAC B, AN E M Bl 1% X R G — 1
BEMR T H—1MEAHE (— RN — 122
AT FA A, 3B ST R B, IR P A
XoF s i AR A 5 B AT DAV AN e . B 5 1
Z AR 4 i (A R 5 B A R R B Y
BRI T 555 R 5 e B ) 2 S 3 R AT R R s
Arom R, {5 Bt S R R R T, HAREREY
W H AN 28 B 3R . (EA T B, YR
P50 B2 0 T I R & 5l BE R, ANHff o BE AR DA
FANE A2 BE AT R N IR, YR T IR A /N T
I S 5t BE IS, AN R AN BT/, A R s ]
FRU I P 21 T 5t

BitiJe , 75 SRR AR B R BHR 2 AR LT
VHE T PSR & B S5/ % 66 %2 i R 1
PO RGP R AR T AR B C R 1T
AN 22 O ZR FH A IS R A B S50 B 61 2
) AR O = e A T v iE0: I R N WAER i A D) A e o 2
R AN B R ] Rl B AR AR s ZIryaE
Ly R AT R 2 S B0 B N 0 B AR B 9 R R
KSR . AR, X F SR AT il B AN E
PR BR 23 Bl 2 s (B B HE RS S 35 I 8% s s 2 31—
A EE. Bk, iR —2 T AE M50 Sk Az 4k
Ly 7R AT KA 5 ] B B AN 2 PR 1 801 ) 2= E
332 JLMHERMAGFTHRIAARE,E

7%

T2 F &4, Feng 55 P AE 2015 4F IR
WL 3 7E Schwarzschild BAJRAEZL A A & T4 T
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B AN 8 S 2R, 3X 1> Schwarzschild 22 # I
AR Al B S ) — A, WA DU, AR
SR DAXEANER 8 VE T SR T B . X T A R
RRMER 5 A S50 T RGP AE
1) A i RS B AR 2 8] AN PR
IR T8 4 R A A5 B 25 AT s A b 5 BUR
FE PR B3 AN AN PR R A B i A
fiti i RS A DL SO S 2 5 R T 2R 1T ) R B AR
UG, BEAR, A T S A B G kR N
EE S HAMAH & B, Bl Aharonov-Anandan
Al BEREANERE BE T T HUER.

7 83 A S B 5K =2 A AN M TR
Alice F5A 19 & 245 A Fil Bob 7t 4 & T 1A ifi#%
1 B 38 AT DL o — % W g g 5 R IR A B
(1) JC 5T i -t A AR SR AU, 28 A qul T
DERRE A RERASIRBTE. 5L 0, F5
4t A Wi 5 B R e A i 2 kAL
A T AR T Y. (EA R, AT
it S(A|B) < 024k Hfi 3.

iz it , Huang % P 5¢ T 78 Schwarzschild
PR ML, A B BEFIIE A BER Dirac 377 19111
WA E B S 2R, UEBH T H 3 B nT LU Holevo &
HE. EREE, 5HGEAMLI, Holevo AL
R b, M A TR B, ANER P
TR T A2 ()i 22 A8, IF HORKGS T 22
TR AR . ek, S %3 P R T 1
Garfinkle-Horowitz-Strominger 75 5= I T Dirac
R R B AT R AN DG &R

FATECTE T A TesE R G0 b iAo e B G
%, Heisenberg H iEEE A L2728, —4E Heisen-
berg #) X Y7Z HEMG i 1] LR A

n

1 X T z __Z
HZ§Z(Jz0k0k+1+JyUzUZ+1+Jz0k‘7k+1)v (62)
k=1

op(y =y, 2) 840 kAL E AR BAF, T, BT
I E- E AR FAE IR SEPral & o . sk J. =0,
H J. =J,, ¥ 1) Heisenberg §% FR Ky XX A5 A
B — I A T RSB S B O R N B
R XX AR Huang 55 PO b AITHYSE R
B, WIS F e B~ ) A S R BB 25 A
NHRE BE , R T ARXT R R R A R AL, Ao E i
HELRBNE. Mif5, fFHAM Heisenberg H BEREARL
I FIEL A Dzyaloshinski-Moriya (DM) #H H.4E i

Y Heisenberg FERI A7 — 2656 F i F A& T
TANH R B2 OC R A5 5759,

AR, HIBAERT T FEAE Y 2G5 vh— i A%
18 XY Z R PRSI E B S i DK Z A O
F WL EAEENE, RATER A4
(55) X FRI T A AT Lk S

1
Ur = S(pas) — S(ps) + logzg

1 .
= 10g25 + ggi[s{nf}(pMB)} - D(pap), (63)

M (63) AT LU, TR S 8T D(pas) &
AR BRI . L Ah, Zheng 4 [ Fl Huang 45 (01
R T RGPS TR ZAOCR, Heisenberg
B R EA DM A EA FH P AN B B 1) SRk
Ming % 2 A T DM AH B AR H A [R]350 20 %)
TR AT B B2, IF HOR AN 2 SRR 5
HE T, (B 208 T8 AT
Yang 5 01 i 55 7 B A DM A B AE 9 — ik
Heisenberg X YZ A AR ANEA 1 BE (1) 8 1 2R
Zhang 55 [ F1 Shi 55 5 iff 5% T &) 4k Heisenberg
TRV A4l DA E B OC R, Al Li 45 00 J¢
Ju ZE O HFSE T A TR A HE T R AT E LR,
Br T LIV PR RS, A AR bR R 08, 4
NI H g B G a L Hpos 29 ) AR g (6970148 R g v
AN 2 DG R T AL

SEPR B AR B TE AR AR TR T RS
HRAN AT ik kb 2 55 ] FRI A AH BAEFH, AT B0R
AT BRAEHL, XX ANH = A e (1) 25
FX— i, FEP T AT 55 75 2 RO i R A
T W0 T ARAS ORI B A AR, — BB  5
O B SRR 25 R AR QA AR 4 270 5
UEHERAE 077 R LK FRAE 75-51 SR AN ff o 32 i
TR,

4 A E K RAE LT H LA
4.1 =ETFREES

(34) A i TAEAH T AR A L SC Rl
PARIARPUNAR £ SRR AL 45 B2 Bk 2T
TR SR

11
Fo =5+ cTVTIT, (64)

SE SRR AR S, WA T LR SRR
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TRAIER), JUT R, 58 i fE TR
TEOUAH L, AEREXTRE T Berta 5542 H AN & B A
IS pap X T T RIEA R U A . dt
S, M — A ANWEE ] — TR 26 1R S(A|B)
I, ] DR E ORI BE R R AR R 2/3.

4.2 S3|RERK

TE 1935 H Schrodinger® 1 /¢8I, 55| )&
— P S A AR T REM S (REATS
FHAD). FIEAP NS5 Alice Al Bob W J7 #YiL
R A, RS A EIREE RS A B.
SHIFRR—INT ARG A NIRRT —
NFRG B FIIAFREES. HAZIA N E
FRHEZETTRTH, 28061+, 7B S EAT]
FH1 . AN R BRI I DR SR 2T
S0, DURAS G5 R MR A Jay 0 B A s A A 4 1Y)
Wiseman 55 B 55 [ A SIE AR LA 72
VFJR B B S AR (LHS) 2 pap, LHS B AT L
XHAMRE, RS BA— MRS, E58R%
A AR DU Py 2 B AR O . X FPIE A R A
IR A RSB T R5IA%K, 5IURASE
AL

Walborn 45 8] I Schneeloch 5 86 Ji& 75 T 11
AT AR AN 2 PR O ok HE S 2 IR A R
B —JRRaAs, A2 10 I AR 201 i DA B
REWIATEER, B EATZDL A 1R a2
R AR, AR UL, LHS BEAIE R E A Ml
B L RYESHOTIRN & Xa, Xp BIERA RS0 H

P(X4,Xp) =

D P(A=NP(Xa|A=\NPo(Xp|A=)), (65)
A

X HL AR IR E Bob HRARIRAS R &, N ZixX
AR ] DU — MR RE(E, T Po(Xp| A =X) LAY
AR QERIA TR AR A TR T KA
Gl

H(Xp|Xa) > H(Xp|Xad) (66)
=Y P(A=MNH(Xp|XsAd=)) (67)
A
=Y P(A=NH(Xp|A=N), (68)
A

X B H(Xp|XaA = N) Al LSO B2 DL Xk 46
8, LLA = A 55 R Xp 0. (R, XTI

B AT 5 X g F Zp AP TE A W]
NI 5 X o F1 Z 4, WT LA E]
H(Xp|Xa)+ H(Zp|Za)
> ZA P(A=N[H(Xp|A= )\ + H(Zp|A=))].
(69)
B H 5 Maassen-Uffink BYAHHE R (31) HH
54, MR 35 AN L
H(Xp|Xa)+ H(Zp|Za) Z quu, (70)
Hr, quo XN Bob BRI, £ 21 LHS
BERIPAPRAS pap 200 /2 (70) 2. Ak, (70) =iy
S SOAT LAKE B 5 | R s . R TR S AR ) Al
AT DS U T 5 AN A L
Zhen 5% 7 3@ 3 JRy OB 2 R BRAIE R T EPR
(Einstein-Podolsky-Rosen) S:5|. i 48 H Wf T
A GE T, A2 LU S pap A& AT
S50 (A ATLLR5] B), AT

252(%.41' + B;) = Cp, (71)

e, 8(M)=(M?)—(M)?, Cp=min,, )  6°(Bj),
{ai} BN

4.3 [EHIEL

BEMLECRVF 2 B # {5 B AL BT 55 o i ST
U5, N HIVE Rl =2 ) AT LA FEZR I T 2 R 240 Fn
T, DR TSI 8 SR S A 7 e PEHRAE, Ir LA
FEAILECE: — R Bge R . 2 iy A e PR Ay,
ATERUL, ANSRIREE XYL 2E R G R AR A R
LR G L HATERAEAR 58009 T i, 52 M 2
R S0 ) B — 45 SRS AT DA A S T
T DR FREATL A BT 5% e 1 0 A ) (1] AT (881,

1 A N E A RV AT %
REMLIE B O ME A, BIZEAR B U2 i Fok 5, Bl
MR L. A L, AEN— 1 REYLAS & L A]
DA S) e e K | LT AE LR {0, 1} L.
AN, FRATIE A B X ABEMLAS Tl S, TS T RE
WA AR E B TS L B AT fr
RIRHESR L WBEYLRD . S TR

2[
1 N
e = o > iyl @ g, (72)
i=1

fild T SL T HA S SGAE B8 LAY B
Bl BA TR AR R XA, Wt
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PR EES

<6, (73)

Tr

2l
1 N
PLE ~ 5 E [i)(ilL ® pE
i=1

AT LI pre ik T —A L 6 1L 1%
BEMLEL H AN, T E R, X A ||, AR 4L
BB LATHL (1 + ) BRI M
— N B ST A BEAILAS B Pl XA TR XL
SR AT G R HESR A% 0 B0 o PRI T
SECE YRR T L2 Ak AT e AR s
DL

A A B2 OC 2R T LA B 3RATT S B LR Y B
PUEL BT T 00 i ™ A i B LA
ANHERY. SR, A T IG5 At 57 i B AL
B, FTE DRI, Wi TREN 4R

ST AR MBI . R MBTER Y
2 ) FE B A0 VA D T R R A R B (leftover
hashing lemma)l®'=%] % JFHFE | 774 — AR %K
16 { fsts (fs o x = [2']), MUASCNS 5 BRER, XA, 24790
BRI S5/ IV AR S DRI, ik IO 25 A 2 ST BEHL IR 3%
FP 5 SRR AL f AR BB B L = fo(X) 4%
ISIRENLEL, HYS S TEK.

HIEC R U, Renner™ 1 Konigl®! J@7R T
PO ER. X TR Hon(X|E) > k4
M2

pxp =Y Px(@)|z) (z]x ® pf , (74)

HAEAE —ZH A A5 BB, A3 B FH R BN fs Z SR &
M -2 M pres N

pres = 3 O fs(a) o)l @ 0 15) ol

s,z

(75)
TR AT L 6 BT IR AT RE AL
$EAS T E RS, X6 =25
TETFEHURR | 3IREE BT FLI Rk 11
FHAT T2 e, BT A R g s i
T, AT R R 10 B A B 2 AR MG 1, L
AT A T S XA — R T
RARLSL . 2T, SR B A
TS B BAE e T TAERE B R IS 2T A 7T
AR AN CL Y, RIS, AR W] A% LTS B

il TAE R 2 (5 B, BRG] UL Gavinsky 45 9
B SCEE

il 15 % J& e — smooth Fe/Mili (I8 h HE,, (X |E),
Hrpe > 2)pya8 4k, 7T LIXF X —45 Rk T, X
S T I RARAS B B/ IV R 7 S, ik BE AR AL 7
FIZEAs p JEIRRIEAR A e ROERD. HET IS RORIAIA A
|17 Wi AR PR { £}, AR XA
B HLL(XIE) 2k A pxe, K L= fs(z) 2
O+ e ik I HEPLEC H A S, T EAL S, X AL
B & FC75) e O —HE. 3E) 5 i Es RAE D
TR R EE, AR L = fo(z) ST E AR
O { fs s 2 e BRI BENIECH B, T EFlS,
IR 2k T AR 2] He (X|E) > 1, XH e = V2e.
XA BB ISR, A B UL, ST R MR A
T (BRI 5HIRE EACHREALE X Fa]
DASEER Z /D34 5 BEHLEL.

SEBR B AR AT LIS S He (X TE)VAR K, R4
YUE TR TR TEENLE U ok, B M
T I AN A B DG R AR F X AR 55, HE
AT DABHIE R BT 5. AR 2 0 R R XA~
1155, i 2355050 K 128 e PEBO T4 3 ol
fiiHHIRE J1. 26401, Vallone %5 DL T THFSE T
B KM AR/ M AN 2 5 2R

Hpyin(X|B) + Humax(Z|C) = qmu, (76)
IR

Huin(X|E)p = logyd — Huax(2), (77)
XA X HZ 02 d A R AR R 23 6] vodE B G I 55
Wi, BRI R GRS, 5 KW Ha(2) =
Hy »(Z) Al LRSS Gt 2R Al AT 1, S 80T %)
Huin(X|E) T 5O IEWTHSBIREE, FIAWA A
SIERARVF X RIS S BERLEL.

Miller 1 Shil'® #E 5 H THE T 20T 5L, 1
AJEEAE, B X T Z R —A R R B AR
) e, 84T A 5E R AR 2R T :

H,(XB), — Ho(B) > q(a,8) ac(1,2], (78)
XHAY 6 i T RS Y
Tr[(2°Ipas| 2°)°] = 6Trlp3].  (79)

g A lim q(a,6) =1 — 2h(0) Y BREL. IR 4k
i X A5 SRR FR A2 smooth F5e/IMVii, -4k 2L R
B SRR A | L
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44 ERIZKRME

PR — R BT RGBT IR
WrAT R, AT DA R VAT S i SR A 2
To i it BE NS [F] B s B FP AT A A T 5. 3X
— W5 A58 Feynman EPEHLHE T, B Wooter
F1 Zurek'™  Jaeger 192 Englert!'%] F1 Bergou!'!
F A2z NS AT T JE e, X sese
HRAZUERT 1) N RN BORL — P 2 RANE LW
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Fig. 6. This picture is from the 18 th picture in the refer-
ence [105]. The picture shows a Mach-Zehnder single
photon interferometer. A photon hits the beam splitter, and
then we pass the ground state of Z (]0),|1)) to mark these
two possible paths. The photon may be related to an envir-
onment in the interferometer F Interaction. Then apply a
phase ¢ to the lower path, and then recombine the two
paths on the second beam splitter. Finally, a photon is de-
tected at Dg or Dj.
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Abstract

The Heisenberg uncertainty principle is one of the characteristics of quantum mechanics. With the vigorous
development of quantum information theory, uncertain relations have gradually played an important role in it.
In particular, in order to solved the shortcomings of the concept in the initial formulation of the uncertainty
principle, we brought entropy into the uncertainty relation, after that, the entropic uncertainty relation has
exploited the advantages to the full in various applications. As we all know the entropic uncertainty relation
has became the core element of the security analysis of almost all quantum cryptographic protocols. This review
mainly introduces development history and latest progress of uncertain relations. After Heisenberg's argument
that incompatible measurement results are impossible to predict, many scholars, inspired by this viewpoint,
have made further relevant investigations. They combined the quantum correlation between the observable
object and its environment, and carried out various generalizations of the uncertainty relation to obtain more
general formulas. In addition, it also focuses on the entropy uncertainty relationship and quantum-memory-
assisted entropic uncertainty relation, and the dynamic characteristics of uncertainty in some physical systems.
Finally, various applications of the entropy uncertainty relationship in the field of quantum information are

discussed, from randomnesss to wave-particle duality to quantum key distribution.

Keywords: entopic uncertainty relation, quantum memory, quantum correlation
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Table 1. 1. Radiations from the atomic ensemble when interacting with light.
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SPECIAL TOPIC—Recent advances in hardware, algorithms and software of quantum
computers

“Quantum memory” quantum computers and
. %
noiseless phton echoes

Zhou Zong-Quan VT

1) (CAS Key Laboratory of Quantum Information, University of Science and Technology of China, Hefei 230026, China)
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Abstract

One of the most important applications of quantum computing is to crack classical cryptosystem. Previous
studies showed that the number of qubits required to crack the widely used 2048-bit RSA cipher is about 20
million, which is far beyond the current technology for quantum computing. Recently, E. Gouzien and N.
Sangouard of the French Alternative Energies and Atomic Energy Commission proposed a quantum computing
architecture based on a two-dimensional grid of superconducting qubits and a three-dimensional multimode
quantum memory. They showed that only 13k qubits are required to crack a 2048-bit RSA integer with the help
of a long-lived quantum memory with 28 million spatial modes and 45 temporal modes. Their results clearly
demonstrate the values of quantum memories in quantum computing and provide an alternative approach for
building practically useful quantum computers. Quantum computers require quantum memories to work at
microwave band, which remains an outstanding challenge. Based on a detailed analysis of atomic radiations
during the quantum storage process, we recently proposed a noiseless-photon-echo protocol which can
successfully eliminate the spontaneous emission noise in photon echoes. This protocol is expected to further

enable microwave quantum storage and the construction of “quantum memory” quantum computers.

Keywords: quantum computing, quantum memory, RSA, photon echoes
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RO ZEERG K (B — 1> 9K 2l J& S AR A 7 3 1<
2m, S TR — KSR T = 2n Jw, A
PEANAR). S b, SRR R 5 L 3R B
T RGN Floquet 2. S T 7 T ST XAl “Jiff 7€

M BATGIA =B A, 0=0"—wt, J7 2
(13) 78 i
dz ) =
o =2 (1—2%) +2v\/1— Z2sin6,
do Z
@ =2y —w—2v % cos 6. (15)
XRE, 40 E R e oy ST (15) Y SE
dz do
g9
weog =0 g =0

B, B EIR (RN RES 091545 T-Hh 7 0K
A, 270 = w) WHOLHE K. 8 T OT I,

FAFPR B, A OB % < 1, sina = 21
%> 1A, cosha = . fEdk LARHLR, )7 (15)

R A AT LSRR T =260 1) 4 1 < 1, £
Tﬂﬁ/\féﬁ(Zfﬁf) (0,2r — ), (Zf,0f) = (0, a+
n), ;."ﬂ_smcu—ﬂ )é[v1 10}F, HAFE—1

ER(Z5,05) = ( ,2); 3) én% > LI, FAEmA
sinha 3n

B (Z,00) = [+———, =), % ha = 1L
Em(Zy,0f) < wosha’ 2 ),Licos a=—

K, HIEARSER (230 # w) 0. 7R (15)
a, IR, 7 0. 45 =0, &

t a7
BT Z B PR JT FE,

1\2
(70—260) +v7 =i

1 2
+ <’)/0 - 2w> =0.

SKIGTTRE (16), #3217 55 BT TR0

—’Y%Z;‘?—

(16)

1 2
—’712 + (’Yo - 2w) + 12

2

TXRETE iR AR P T LASE ek AR P LR

|
1
Zy=+ | ——
! \l%?{

2vZysind
—AnZs — w2y sinby 2v\/1 — Z3 cos Oy
1/l—Z2
oy cos Oy 2wZysinby

njw

(1 _ ZJ%) WJ1— Z}
(18)

R A Ay o 4B 01 ST T L AR T AR
BISE BH N TR 25T 0, WA SE R 1, 75
T, i AR ARERE . ZE3EDR (290 = w) WL F, 24
% < LI, PAER (Z5,05) = (0,21 — ), (Zy,05) =
(0,04 ) A8 06 e HL 2 G 0 A =
Loiy 1( T H SR A 25, DAL,

XA E 51%%%EE’\J. élﬂ = LI}, 585 (Z5,05) =
(0 )XTT“E’JH‘ET%E%E’JZJMMEA — 0, xR

== . sinha 3n
e, #% > 10, PIAERL(Zy,05) = (j: )

cosha’ 2
X o A HE T FE AR B AR M = =27 Zy, Ao =
2I/Zf

\/ﬁ o XTI AT L

smh «

T R P AR D D) SIS, AR RE Y46 A
I3 A0~ RE sk L ER A AT HG B ) A ANk fE
HP M IE B SR, D ANERE Y4 AL [ B AR 3R R

(270 # w) I BLAAE AT HCHE M 0 Al 40, X FAE TS

FNHEEARSE 7, — D E FRTER, — 1N E
FUBEARRRE .
Bl 145 T (Z,0) MK, K 1(a)—(c) 45

BT R (270 = w) #9 3 FIESL, 1 1(d) i Tk
AR (290 # w) L. P IOLL S R A AL SO
%ﬁ%ﬁ%aﬁ%%%k

K 1(a)ﬁﬁ/%,,‘£: < 1B, PAE AR T
Z; = 08, AT F B R LA, P
FRRRE IO A (R0, TR AR TR 28
iR, P AR, (20,00 = (0. )
IR B, (5 2 = 0. 4 1L — = L, P
W T AN (Z7.67) = ( ).t 1(b) B
é’ﬂl > 1A, H08 1(c) BiR, Wi/\ HEBETF O, =
Swhb, F. 7y # 0, BEORA PIRESL L R HCR A
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PR (—RE b5 A BB EOHXT T 53 S — BB Y
KRR, 12l TR K 25U A INEE (i
JEBCRRIFR) B2, X, Hoh—ANE S (2 > 0)
DL, (sink), SBIAY AT AT A e AR B AL I
TN =AM (Zy <0) MR S BUK B (source),
AR b I A AR B . SRR SRS AR K
SR WIR L, XA H INEE (TR EORRXFR) 1Y
AT Oy = Sn B, — I 7y =1, B
ASHaI Zp = —1, TSR H INESRLV SR, 5] 1(d)
TR (290 # w) THOL, X, BUE R/
FRIEA S Y, PR ER T FEECERAARAE, Z5 # 0,
ARG WAE— P RENKA (Z;>0), — A
T WA (Zr <0), BTAE#EHA & B IR S m]
W

1.0

0.5 \

N 0

)

ﬁjf—\

—-0.5

—-1.0
1.0

(d

0.5
N 0

—-0.5

—-1.0 L

0 1 2 1
0/n 0/n

o
]

1 ARIRGESE I EHE (w =2,v=1) (a) y0 =
Lm=05; (b) =1, m=1; (¢) =1 m=2;
(d) =2 11=05

Fig. 1. Phase-space trajectories with different system para-
meters(w =2,v=1): (a) vo=1, v1 =0.5; (b) v0o=1,
Mm=1)wv=1m1=2;(d =2 m=05.

3.3 Floquet #5FEREE

AT K AR S [ I 5 s 3E RS2 Floquet
SHMERERE. AR REE TS TR (10) FE7EH—
LY Floquet 5 |¢') = |¢') e =t |/ (t +T")) =
o' (t)), XH, T" = 2n fw, BT MR MAE
K e R EEL. Floquet 25 |¢) il R ASHEH )5 F2 (H' —
i0:) ') =€ |¢'). HE K (Zy,0p) ] LA 3 )7 —
AL Floquet 25 |v') :

ql/l o lel e_is’t
V) @5
/1 +7£Zf644wt
2 —ig’t—imwt

= e . (19)

1_Zf i
- 4 f
1/ 2 e

WK, B E TR o AT RSN Zy, A 2E R
O — 01 = 0 + wt , XN 2 A ZS [B] B 1% 52 . =Xrpr
AR, —rwt BT HE BB T 1 2 AL A HEL K XA )
WSS R . A SCrh i TE AR IR UL B m = 0, 8 7fERE
PR ATE— 0 I .
i (9) AT RI R Aa A1) Floquet 25
) = Va ') =] @) ¢ e = HmE (20)
WA R R n=(p]| )™ ¢ =Re(e)+
iIm(c). (20) 2 FIE G Floquet 25 |¢) = |¢) et
AL, ATAS R EA I ] JEHPERY Floquet AR
Bilo) = V{e | ) l¢'), LB e =Re(e), LRI,
JH—1E1% Floquet 25 FIHERE & /25 A Floquet 2%
fiff A R o ) SR, HYEDR A an R
¢ = (| H ) ~ (g & I¢)
=0Zf + /1= ZjvcosOy —w/2 — Zw/2 + mw.
(21)
i (8) AT, JEL AR S % 1 i Floquet & f# (1)
155 (FER) Bt (] () Ak R TG A2
n(t) = n(0)e*"%st, (22)
K n(0) FoRPIRIN 2t = 0 YIRS B i Flo-
quet ZfRAIFL (FE%0). (22) XEn = (p | p) 2mE?
Hedss, mT LIS 3] E LR Floquet 257 A9 HERE & 1Y HEHR,
Im(e) = 71 Zy, (23)
AR,
(¢ | ) =n(0). (24)
RUNEE n(0) = 1, W FASIG 2515 Y Floquet
A (20) ATLATRIAE A
) = |y e, (25)
fERER M

e=¢ +ilm(e)

= (o +im) Zy + /1 = Z}vcos by

1 1
oW §wa—|—mw. (26)
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B (26) AT SR Floquet 57 P REZL I
AR (iR M55, Zp = 0, IR AUEREIE 2
S, WP RE L AR (R D) A
S, Zp # 0, HEREIE st A B0

AT G R KSR e ok R 48, fEIH—1k
R A 25 ] BRI A 0% A 107, B X AN AR
(] P A7 i 2 AL T Bsf (] AR A G AR . (L& XS T
By EIHIK AR JE K R EE, I — i 2 JUAH
25 (A, Floquet 25 A AIE A5 L 12 X 1 P i Si€ 8 THT
(e P 30K 2 J 0T ) B R ) 1R o B, A e s —
S I E Y L e, Z = Za+ Za (1), XL, Zg

T
R (Zo= 7 [ Zar ), RIS
RALE, Zo ()2 FHE R 0 By a) 30 R 45 X
I, Floquet A AR (FEEK) Fifi isf [] 14 78 £ 5 A i
fEn(t) = n(())e“ I ZadteInZat | Ep — ) e2Im(e)t
L, Al LR3I, dERE s 1 BN, In(e) = 1 Zq,
PLK (| @) = n(0)e?r Jo Zedt S5cbE T B i ik
FIMEFASFER Floquet 20T aRE R, B |¢) =
Vi) = /e ] @) |@/) e tHm@t RTLURIGE, Jiih
I i Floquet A M ERE T T Za DUE .

4h4 (19), (25), (26) 20, AT LAHHEBEE 15 7
(1) B9 Floquet &S FHERE &, FIEAEILIR (270 # w)
0L, HOE R (17) Zy # 0, 4G vy /1 — Zjcosby =

27 —w 9 A Ll Y Sk B _ N
27; (1—Zf)aénm/ﬁﬁbi(m—o)7"7-

_ 279 —w
27,

AR, FEARHIRIEN T, BT Z; 40, X FAEEAE
TR KGR 1, HUERE AR R AL

FET R, AU E TR (270 = w) 1HL
M ANERB RT3l )24k, K50 45 SR 0
=2RE XTI Y Floquet A FIMERE &=
1)7—1/1 < 1. 3XBF, R (15) AP EEOT R E
M. B (Zy,0f) = (0,2 — ) X B Floquet 2%
i Ay

. 1

e=— (v —vcosa). (29)

FHIN—DRE M (Zs,05) = (0, + 1 ) X} N ) Floquet
SR

—1\/ z€
2
HERE ALY
e=—(y+vcosa). (31)
2) 2 = 1. BCI, A A A O A A
3n

<4¢m:<q:)ﬁﬁ@mmem§%w;

2
() a7 o

HERER N e = —y0. X, PI Floquet A ATEARLE
45 —A, XS EOS RN 55 (exceptional
point). RELAEHETE AT S a5 B A AR R F A5 14,
B RV 2B 8T B S RN, AN A5 8 R
R (2728500 JE X BRBE A A RN T A% 4 1) 4.

3)% > 1. B, P JE B R A 2 A
B S (2, 07) = (S e
i Floquet 2/ -

1/}1 1 iefiwt .
(%) B Vite ( e > o )

MR

cosha’ 2

e = ivsinho — 7. (34)
sinha 3n
== —(_ S
I3 — A 8 (Zy, 05) ( wosha’ 3 )XTM

Y Floquet /% -

Y1\ _ 1 ie Wt i
(1/}2) VIfem (ea )e 39
e -

€ = —ivsinha — 7q. (36)

K 2 g5ih TAEJE KR RS (1) fERBEKE) (7) 1E
AT AR (290 = w) 1 OL IR B9 HE BE 5 19 S5 (W
E 2(a)) FIEEHE (WA 2(b)) BESE v /v B K &R
CLL N 2 AR B FA 46 — > 9K 3l i 19 1) ik ]
BALTEATREUE SR, 15 Pl QR 2 UM & TP i 7
XN PV BE B A BT 45 5. AN TR BB 45 SRR
b R e fr A RS (1) EHT,
V(to+1) # V(to —t), NTHAEJE KRS (1) ARA
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PT XFRIE, [H, PT] # 0, {HA] &3, B PT XFR
ARG —FE, fAAE— M ERE TS SO 3142 5500 i A1
Ap L MAEJEK RS (1) ERETE R S5t % P
BLFVE FAE SERHERE TS € = — (70 — v cos a) XTI 1)
Floquet 4R o (to + t)) = %(e’i‘*’(to“)7 —el)T
b, ATRABGHIE, X AT R AR 2 5 o
(sm (to + t))
T
w2 (to + 1)
1 [ e e1(to +1)
= — . C , 37
\/i (elw(tot)> 7é <<p2 (to —|—t)> ( )

A, COMIERE TR XU I SEERE 1 X 1
[ Floquet 7 | (to + ) AN J& PT B 45 () A MF
[RIFRATIE, 53 /h— S S BERE S € = — (v + v eos )
XL Floquet 2 ANE PT B AT ASAEARL. X i
—AU A, ZEJEIER SN (7) 1R I AE)EK Floquet

ARG (1) BAIHEREE, (xR EABA PT X
PRVE.

1.0 =

0.5F 2

—0.5

—-1.0

(b)
1k

L
°
®
)
© 4

Re(e)
=
=} T
/‘q
o R

Im(e)
o

0 0.5 1.0 1.5 2.0
Mn/v

K2 dRJEkFRGE (1) 7EJA W8S (7) FE R 35 4R (290 =
w ) T8 B0 BT () 7 BE 1% 1 S5 () FNHEFR (b) FES 5L 41 /v 1
RFR . LLLRHE LA ELHET A A — A~ B Bl J5 401 1 e [ 3
PRSEAT I BB 45 2R, 150 BBl AR 3 2 M AR 1] i R 7 0o I 1 e
B EITA . ZHM N v =1, w=2

Fig. 2. Real (a) and imaginary (b) parts of the quasiener-
gies as a function of /v for the non-Hermitian system (1)
subject to a periodic modulation (7) in the resonant (2vyo =
w ) case. The red and blue lines denote the numerical res-
ults of quasienergies computed through direct diagonaliza-
tion of the time-evolution operator over one period of the
driving, while the circles denote exact analytical results of
quasienergies corresponding to the pseudo fixed points in
phase space. The system parameters are set as

Yo =1, w=2.

4 BETAWIEZESNFEMN

FESS 31 HR, E Gl e AR 2 [ v ) 5 A
Mg iE T R4 Floquet AARNMERAIEREE. HiX
26 Floquet AFIERE S, FATT LUR AT E 2 T8
(YR ) AL ZE SRR LR, B AR SOt 5 1Y
Floquet R4 A BA PT XFRME, tAEFERETE 3K
ok 2 HOE S, B4, — BT AR Bh 2%
B S BA AR i PR ? 4 3 R
PSR IRTESEAR (270 = ) H LT I — it T
IAESE LA

1)15 < 1. PAEASY Floquet 25 (28) 0
(30), 4o fi:

1/}1 (t) _ Clel('yo—u cos a)te—iwt + OQei('yo—i-u cos a)te—iwt’

¢2 (t) _ Clel('yg—ucos a)te—la _ C2e1(’yg+ucosa)tela’

(38)
K BIMRELCL, Co HPISIE .
B E t = OB ZIAAS R4, [4(0)) = [¥1(0),
P2 (0)]", WTRIEAL AT E ISR b, Al A
Y1 (t) = U1 (t,0) 91 (0) + Us2 (t,0) 12 (0),
Y2 (t) = Uz (£,0) 91 (0) + U2z (£,0) 2 (0) . (39)

HIRIZ [0 (0)) g (38) KB MARELCr, Co )7, 1
B (38) 1 (39) 2, ATLAG At = OFF IR IAE L IE
P TR A ST (Y A I A P 2

U (1.0 = Un1(t,0)  Ua(t,0) 1
U\ Un(6,0) Usa(t,0) ) 14¢%e

) < edioa* () +b(t) e[a* (t) —b(t)] >
e b (1) —a ()] b () —c¥ea(t) )

(40)
e, a(t) = Vet p (1) = oD,
PIWIIA £ 1 (0) = 1,45 (0) = 0 K44, i (39)
A (40) AT
w1 (t) _ : +lezm {e2io<—i('yo+ucoso<)t + ei(ucosaf%)t} :
(41)
,(/)2 (t) _ 1j1:2ia [e—i(ucosa—%)t _ ei(ucosa-&-%)t} )
(42)
2 J—
WA ) = cos” (o ytcosa), (D)2 =

) cos?a
i t
w, 01(t) = Ly arg[cos(a — vEcos a)],
cos“a 2
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Oa(t) = %t + gn + arg[sin(vt cos )], HiHr, arg{t3%
SR B A, 2 R BUBUE Y (B SR i AH AR
0, 25 PR BCBUE o S S Bt A M . Mo =
% (e SRR 1NF, TTLIAE, [46n (Fo+1)[2 =
lha(to — )|, 01 (to +1) + Oa(to — t) = € —wt, Hrfr,
E=101(to) + 02 (to) = gn + arg [cos (o — vig cos )] +

arg [sin (vtg cos )].

Php1(0) = 1,42(0) = 0 A RIS B EEUEAIR
HREEE S ITRE (1), 8 3450 T e IE BT, 24
% < 1B R G Bh J1%. MK 3 AT LIA ), PIRES
B o A AR o P (oo B B D R 5, Y
to= S UDT gy ok, P2 E A
A A [ = vl Bt = ~0.605
FBIUEEE T X AN REME. K 3 B, M to B 2T IR,
SR IE 11 (07 161) RIS 25 B AL (—t 7
] ) 76 FRREAT (SCHR M A FL 0 1) F12), 25 (8] )
) BRAE T, MRS AR, By (o + 1)) =
Wato — t)|°. THAMILLZ H1, 01(to +t) + Oa(to — 1),
HANEE T to Y ZIIME € = 01(to) + 02(to), S i B

1.5

@
o 10F N
N 7
= 05t
0 ,
-3 —2
<
74 1
—10 -5 0 5 10
2
,j_;\;'r\ ok (c)
+ o —2t
SE
=& —4r
® —6

3 RO TR RZEN % (L <1) (a) PifiEY
LB AT [P | (n = 1, 2) BERHEREAL; (b) A 05 (n =
1,2) B I 18] 38 1L 5 () BA to = —0.605 N I 8] [Z 78 55 1Y
01(to +t) + 02(to — t) L. RESHEH N v =1, 1 = 0.5,
w=2, v=1H%ERHY1(0) =1,¢2(0) =0

Fig. 3. System dynamics for the resonance case with the
non-Hermitian parameters 771 <1, starting the system
with the state 1(0) =1, 92(0) = 0: (a) Time evolutions
of the occupation probabilities |¢1]? and |tpa|?; (b) time
evolutions of phases 61(t) and 62(¢); (¢) time evolution of
the sum of phases, 01 (to + t) + 02(to — t). Here we choose
the time-inversion point tg9 = —0.605. The system para-

meters are 0 =1, v1 =05, w=2, v=1.

] ¢ 2B fb. o, 7E8UE T, AR 2n A4
BER. B EUESS R e M G EIe TS .
m/v=1. i, RGEL TAa5HFH, RA—
A~ Floquet Z5# (32), {HA] LI H o5 Ah—A~ 2tk
TCR B A
A ite it
<w2>e (t—lll>' (43)
PRI, H X PNt e G A, T DL
FEE TS TR (1) By
Y1 (t) = (C1 + Oat) ie!0=)t, (44)

Yo (t) = {Cl +Cy (t — i)] elnt, (45)

APEMERLLC,, Co MWIASIGE. h (44) F1 (45) 3,
ALAARE], Mt = 0 THRIYAE Z IERT AT N

( (14 wt) e Tt _ipe i3t )
U (t,0) = - e

—ivte'2! (1—uvt)e'2?

(46)

Mt = 0 2SI 1 (0) = 1,42 (0) = O,
RS ALEAT (46) MEHTEL = 0 9SSR b, mlE:

1 () = (1+vt)e '3, (47)
ba (1) = —ivte 3t (48)

TN, %ft0=— 51, [ (to-+0)| = b (g0,
01(tg +t)+602(to —t) = /2—wt.

By (0) = 1,4p2 (0) = 0 MHIE, 4T ELHEELE
BB R aE E 15 TR (1), 4 45 T SR
THOT, My /v =10 RS 80 1 2# k. K 4
ATRLVE Y, PIBEZ L A HER M o = —0.5FF 4f
WA IE M AL (+e07m)), IR 5 i K.
AERE Y — K, BUE LS R BR, [t + 1) =
[a(to —t)|°, FABEZH, O1(to + ) + O2(to — t), &)
ANE LT to BT 2 AR =2 1, 17 2 P A TR] ¢ 2P
AR, FEBUE T, AL EERE 2n A7 S BRER.

m/v>1. HAGEMPAFEAM Floquet &
fif (33) A1 (35), Al LIAGIEFEX AL T Ao fi

¥ (t) = Ciglo—w)t+vsinhat | o ei(o—w)t—vsinhat
(49)
¥o (t) = Cye@einttvsinhat o agivt—vsinhat, (50)
K BIMREC,, CompIHE. [FEE, i (49) F
(50) =X, ATLATE R, Mt = O TFEA AR L TE a1k
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AN
HAEH ) )
e—i§t+utsinho¢ e—igt—vtsinha

1—e 22 1—e2@

e 2

1—e 2 1—e2@

(eaei‘gt-&-utsinha e i% ¢ ytsinha
—i

it = O Z 1 2580 4 4 101 (0) = 1,42 (0) = 0
I, SEWREAEAT (51) METRIZAR & L, Wi

e—i%t + vt sinh o e—i%t—ut sinh o

t)= 52
Vi) 1—e 2« 1 — g2 (52)
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Quasi-parity-time symmetric dynamics in periodically driven
two-level non-Hermitian system”
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1) (Department of Physics, Zhejiang Sci-Tech University, Hangzhou 310018, China)
2) (School of Mathematics and Physics, Jinggangshan University, Ji’an 343009, China)
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Abstract

In recent years, there have been intensive studies of non-Hermitian physics and parity—time (PT) symmetry
due to their fundamental importance in theory and outstanding applications. A distinctive character in PT-
symmetric system is phase transition (spontaneous PT-symmetry breaking), i.e. an all-real energy spectrum
changes into an all-complex one when the non-Hermitian parameter exceeds a certain threshold. However, the
conditions for PT-symmetric system with real energy spectrum to occur are rather restrictive. The
generalization of PT-symmetric potentials to wider classes of non-PT-symmetric complex potentials with all-real
energy spectra is a currently important endeavor. A simple PT-symmetric two-level Floquet quantum system is
now being actively explored, because it holds potential for the realization of non-unitary single-qubit quantum
gate. However, studies of the evolution dynamics of non-PT-symmetric two-level non-Hermitian Floquet
quantum system are still relatively rare.

In this paper, we investigate the non-Hermitian physics of a periodically driven non-PT-symmetric two-
level quantum system. By phase-space analysis, we find that there exist so-called pseudo fixed points in phase
space representing the Floquet solutions with fixed population difference and a time-dependent relative phase
between the two levels. According to these pseudo fixed points, we analytically construct a non-unitary
evolution operator and then explore the dynamic behaviors of the non-PT-symmetric two-level quantum system
in different parameter regions. We confirm both analytically and numerically that the two-level non-Hermitian
Floquet quantum system, although it is non-parity-time-symmetric, still features a phase transition with the
quasienergy spectrum changing from all-real to all-complex energy spectrum, just like the PT symmetric
system. Furthermore, we reveal that a novel phenomenon called quasi-PT symmetric dynamics occurs in the
time evolution process. The quasi-PT symmetric dynamics is so named in our paper, in the sense that the time-
evolution of population probabilities in the non-PT-symmetric two-level system satisfies fully the time-space
symmetry (PT symmetry), while time-evolution of the quantum state (containing the phase) does not meet
such a PT symmetry, due to the fact that time-evolution of the phases of the probability amplitudes on the two
levels violates the requirement for the PT symmetry.

Keywords: parity-time symmetry, periodically driven two-level systems, non-Hermitian physics, dynamical

evolution
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Fig. 1. Schematic diagram of the four qubit circuit struc-
ture. In this diagram, a qubit is composed of a capacitor, an
inductance and a Josephson junction, while a coupler is
composed of a loop consisting of an inductance and a
Josephson junction. The coupling between two adjacent
qubits is realized by a coupler, where the external magnetic
flux can be tuned to achieve adjustable coupling. Here, Q;
stands for a qubit, L; and Lt;(j= 1, 2, 3, 4) stand for
Josephson junction inductance, C; stands for the capacit-
ance, Lo stands for the inductance, My denotes the mutu-

al inductance between adjacent inductances.
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Abstract

In this paper, we study the transport properties of quantum states in the square-lattice quantum bit model
by using inductive couplers to generate the artificial gauge potential (effective magnetic flux). It is found by
theoretical calculation that the eigenstates of single particle and single hole have the same eigen energy
spectrum, and the average particle and hole currents, sinusoidally modulated by the effective magnetic flux, are
opposite to each other with respect to the same eigen energy. For an initial single-particle or single-hole state
where only one lattice site is occuplied, if the time-inversion symmetry is preserved (the effective magnetic flux
is an integral multiple of 4x), the components of the time-dependent wave functions of the single particle and
the single hole are equal, otherwise they are not equal. The analysis demonstrates that the above calculation
results are due to the fact that the particle-hole operation for the system Hamiltonian is equivalent to the time
inversion. In addition, it is found that when the effective magnetic flux is m, a single particle or a single hole is
only transported between the initial bit and two adjacent bits, and when the effective magnetic flux is 0, a
single particle or a single hole is transported to the diagonal bit through two adjacent bits, and then
transported in reverse. Regardless of the value of effective magnetic flux, both the single-particle and single-hole

states share the same average (particle or hole) current and lattice site occupation probability.
Keywords: gauge potential, quantum state transport, quantum state preparation
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Abstract

Dynamical decoupling refers to a family of techniques that are widely used to suppress decoherence in
various quantum systems, caused by quasi-static environmental noise. They have broad applications in the field
of quantum information processing. Conventional dynamical decoupling targets at noise in two-level system
such as qubits and often consists of specifically engineered sequences of n pulses that swap between two
different states. On the other hand, researchers do not limit their study within simple two-levels systems any
more, but go and seek for even more efficient quantum hardware. A variety of quantum algorithms and schemes
of quantum control using multi-level systems, such as qutrits and qudits, for quantum information processing
have been proposed and implemented successfully. However, decoherence in such a multi-level system is
inherently more sophisticated than that in two-level systems. So far there has been little systematic research on
how to tackle decoherence problems in such systems.

In this work, we propose several sequences of dynamical decoupling for multi-level systems that only rely
on n pulses linking neighboring levels, which is easy to implement experimentally. Our results show that these
sequences can efficiently suppress quasi-static noise presented in multi-level systems. In addition, by calculating
the corresponding filter functions of these sequences, we are able to further analyze their effect on generic
Gaussian noise that may not be quasi-static. We also give a physical explanation of the noise filtering
mechanism of these sequences by considering their control functions. Other topics discussed in our work include
power spectral density and correlation of noise in multi-level systems. Our work may be regarded as a first step

towards a more systematic investigation of dynamical decoupling techniques applicable to multi-level systems.
Keywords: multi-level system, noise, decoherence, dynamic decoupling, filter function
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