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TIHNBEEF HFHIE,

e & % 421935: | would not call that one but rather
the characteristic trait of quantum mechanics, the
one that enforces its entire departure from classical
lines of thought . By the interaction the two
representatives become entangled.
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SLUEL SR,

filan, EMETFRRE, 53— ANERE, A R 98 1E OB T
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1GeV: ¢IIR, FEAEK. K, B, D. /
10GeV: yJE4R, = /EB. "
3.773GeV: 3L, 77 2ED. /'

ISR A M) i 4E =5 [R],  ZRALE e sl ik -

af LA W50 0 e PRYE . Blan: YS and JC Yang, Time reversal
symmetry violation in entangled pseudoscalar neutral charmed mesons,
Physical Review D g8, 075079 (2018).

Leggett AN4530idi ;2 : YS and JC Yang, Particle physics violating crypto-
nonlocal realism, European Physical Journal C 8o, 861 (2020).

- H ey 28 FBellA~2850:  YS and JC Yang, Entangled baryons:
violation of inequalities based on local realism assuming dependence of
decays on hidden variables, European Physical Journal C 80, 116 (2020).
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7% (polynomial time) : #] LAZ2 TR [R] A A4
NP (nondeterministic polynomial time) 28: mJ L%
TN TH] N AGE . W BEE i

P € NP

HEM: P+ NP

NP5E4 (NPC) : ARINP o] AR AT 2 T ML 240 oy
Bl W: HEEH OO Al

BR RSB TNPC,
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BQP

e BPP (bounded-error probabilistic polynomial time,
A PR ZERIMER Z TN 8] = A7AE 22 TN [A] Y
Bk, 1 IERBEE R TS + 6,6 > 0

e BQP (bounded-error quantum polynomial time,
fR:Z BT MER Z TN TR o £77E 2 T [A]
T, R ERRE AT +6,6 >0

e Cf1: P C BPP C BQP <€ PSPACE

o RtbE FitHE T, [HZBPP5SNP. BQP5NPH]
KAWL AHIE
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e 19854, David Deutschig =+ K R LA
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e 1989%F, David Deutsch X 32 HE T 114
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* Peter Shor1994: A7 XUMEIR R ENIA T (5
AR 7D HETHIE.

o Z£HL (NP) :exp (0 (n3(logn)§))

o n: HHIHIEL

e Shorf= T i%: 0(n?lognloglogn)
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TN A2 @ = 4

£ AETT(CNOT)

o WMETIuAF: |o) = l00) + ]01) + v|10) + §|11).
o HEMES, FEET T MMMEIER, N FIALRZ T4
7.
o A KEMET: CNOT|x)|y) = [x)|x D y).
CNOT|00) = |00), CONT|01) = |01), CNOT|10) = |11), CONT]|11) = |
A
00) = ,101) =

,]10) = ,|11) =

OO o
O O = O
— O O O

0
0
1
0
0
CNOT = (1’
0

0
0
0
1

OOI—'O

1
0
0
0
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CNOT &y Jn

TFIIE 5 THERIEZEEME. 4
CNOT (a|00) + b|01) + c|10) + d|11)) = a|00) + b|01) + c|11) + d|10).

THAE: (CNOT)? =1. 528 —#H (B AMEET L REHZH). LT
JAAE E B
CNOT T > & 2| 42:

CNOT (a|0) + 8]1))[0) = &|00) + B|11).
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B ST AR R b fe T AT,

o LMt H T AAE B S Lb AF Ao b 4F VT 58 [ M ak B 4R .

o TXAMEH: EFHHEY, T bl nE T roaray ik
IT(CNOT) 28 % i R 115 &

o ML VAIERR: AEAT & -F b 4F ] T xA s Hadamard ]
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o f:{0,1}" — {0,1}, (Xp—1...%0) = f(Xn—1-..%0), BFx — f(x)
o EETHIET: Urlxy) =[x,y & f(x)),

PRUf|[Xp—1 ... x0)|Y) = [Xn—1--.x0)|y @& F(Xn—1...X0))-
o TTVALERR, UsA A EH) (FTAT AR Z-FiEA25 )

o T HAT:
2"—1 2n—1
Ur Y adX)ly) = Y adx)ly @ £(x)).
x=0 x=0
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o RFMETHXR BT ETHHMRKAS.
o F jE— AN rbAd R
f:{0,1} — {0,1}.
° 4%‘17‘2,&}{[ fba fla FZ) f;’:

x|fo|h|h|HK
oloj0|1]|1
110|101

o fofefz 2 % 4 #9(constant).

o fifnfr & -FH#769(balanced): FHEAEIO FrBR1 &9xh9 N —4F % (AR
A1 AN).

° I‘ﬂf‘@; A IR ) B RF R IR TR

o Btk TMAAEN. (BE0) =7 Ff(l) =7)

° ﬁ%ﬁ'ﬁ— P& —REW R FHBIT— KT H
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Deutsch B ik J 3] 89 * 42

Ur[x)ly) = [x)]y @ f(x)).
L f(x) =08, yIRE&, B Urx)|y) = [X)|y).
Lf(x) =18, y&%, BP: |x)[0) — [x)[1)3k|x)[1) — |x)]0).
B 35T VA% — 5 Ak
Ur|x)(10) — 1)) = (=1)"™|x)(|0) — |1)).
iX R Deutsch ik 89 % 4%,
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0)[1) "2 210y + 1)) @ L5(10)) — 1)) =

32100 ® 500) = 1) + 1) © 35010~ 1)) <5 L,
L1000y © 1(10) 1)) + H(-1) (1) @ L(|0) -
LD @(0) + (-1 D)) & L(jo) — 1) "

5 1

~1)fMj0) + (=)@ — (-1 W)} & &
{i!()) ® %(|O> — 1), if £(0)=1(1)

£|1) ® (|0> 1)), if £(0) # f(1)
/ﬂ'lé%l/\kbﬁ% 4o fF2]|0), W BLAAF(x)— % &% H8Y9; 2= i3 2][1), ML
B (x)— % 2Ty,
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J& 2 KR 5 B 4 fE 9] A2 89 Shor B &

o Shorf xR F Tt H L ayE XK KA. P& BF 18] & Poly(log N).

o & T H kP& utia & Poly(log N). Shor #9% -
#: O(n?lognloglog n)k kM. B HR# A %A K.

o NG T 5 R AT AR Kf(x) = a¥ mod (N) 49 # (alEt
BIBA0 < a< N) , EANHAT AR B EZHT FEMET R

o HLXMAKS(x) WAMrsETFHiko f(x+r)=f(x)e
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Bldm: PLAFEIH MR R e,

Alice I3/NNE A b K &R kagrb4d (000 K&0, 111K %1) .
BobAx 2|3 & & K | £ HOR W« 24N R348 B % F K AR R A9
Fo 4010 %0

0 KIMHBEERe, =3 +3c%(1—€) =3 - 263, e <1/2 B, e < eco
LRI, 29 H) et 3ef.
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Bl: raFEEAe3-2 T AF 2 4 A

o VALK A AR,
o %a: |0) — [0.) =[000), |1) — [1,) = |111).

1) = al0) + B1) — al0L) + BILL) = a]000) + |111).

[w)

10>

0) ————

A quantum circuit encoding a single qubit into three.
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Bobd& 2] 89 &5

a|000) + 8|111),
a|100) 4 4]011),
a/010) + 3]101),
a|001) + 8]110),
a|110) + B|001),
a|101) + 3]010),
a|011) + 3]100),
a|111) + $3]000),

(1-op
e(1—e€)?
e(1—e€)?
e(1—e€)?
(1 —¢)
(1 —¢)
(1 —¢)
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° fm‘]g?_o'( 02)7%10 )0(3)

10 Do} xq
10 D, | x,

— 0 Follol® =1, xo=1 32 FoMe® = _1.

— 02 Follol® =1, xy =132 FoMol® = _1.
@ 4 (a]100) + £]011))[00) — (/100 + B|011))[11)
WG B2 T A 9 E# R xgFrxy, MRAFSERIER . xo = 1L
H— Ao —AETIIEZ -8, = 1ANSE —FF AT
ez —E4E, Eitxg = x3 = 1L % — /2 T o584,
o B — = TFuaF Mo, #iE, HIFRRKRGKRS,
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xo = 0,x1 = 0, L,

xo=0,x1 =1, 3% A AHMNOTIRAE,
xo = 1,x =0, 5 AN L4 MNOTH#AE,
xo=1,x1 = 1,3 % — AL 4FINO TR 1E.

ta P I R

3 3 S, S
(UL !

meee

ol c ool
-0 = O

fi
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AR 3 AL R IR e,

©3bAF ()
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(@]000) + £]111))|00), (1 —¢)3
(]000) + B[111))|11), (1 —€)?
(000) + B]111))|10), (1 — €)?
(]000) + B]111))|01), (1 — €)?
(a|111) + 5]000))|01), €3(1 —¢)
(a111) + ]000))|10), €*(1 —¢)
(a111) + B|000Y)|11), €*(1 —¢)
(a|111) + 3|000))|00), €

HAec =362(1—€) + ¢ 9ME, HRRETEF(0)F|1) E#,
EAEEAARNREAN L R AR, 225 <1/2, ec <e
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AERSZ ZRFRAEAETHHE, KA THEEFLHLMRS
R, @ WA ETILARR; RRRITIE R ILE LA Ao b 4%
17, JFReapidgAe sk, AR FRARTEE,; KA TN
= R EIRSLHETFILE,

RERGA: M AR (o FFRETERFOHET AR, 2FF
WA, @RERAER) ; RTRET AL, #-F Josephson
@, 5555

—ANE R AT GREaF) .

H B ¥ AEE T F %(noisy intermediate scale quantum systems) &
BATEIATIE, JLELE AN ST A T8 TR, RIS T
AR o
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AL
o /EANMIEAMEETTOR (Noisy

intermediate-scale quantum technology)

UL R LA E TR, =

F 1A

o EHTRERAE I, XAk

ARER TR
o ] DU HHAR A L HE L

| BRI

o BlUNkE VB (B HIAR TSR, A
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=T AR A P AR,

e Analog (B23L) : physical mapping.

e Digital (%) : F5E H =T A A A
M%;  4F1EH 2 Trotter decomposition:

Sia+B)L Al gl
e n ~ ne n
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1 LG8t

o LG b, FERIART RS, £ E analogifsk.
— (2+2)D QED or U(z) theory using trapped ions and cold
atoms.

— Gauge invariance in a 71-site quantum simulator of an
extended U(1) LGT.

— Etc.
e Digital B kAR 2R E H bR = T 115

Oftifl: = itH
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Graphics processing unit (GPU)
parallel computing

architecture

o AT H AL 28 Quantum Exact Simulation Toolkit
(QUEST).

e Based on Nvida’s CUDA (software platform allowing
development of GPU-based parallel program).

e Designedasa Clibrary.

e We use it for our pseudoquantum simulation of
quantum Z: LGT.

e Nvidia V100 GPU: 7.834TFLOPS, double precisions, T:
FVTi4l.. Nvida GeForce RTX 3090: 35.7TFLOPS, single
precision; 0.556 TFLOPS, double prevision.

Oftifl: ETiIH



Quantumz, LGT

Simplest quantum LGT. Discretization of U(1) theory,
also a spin model in condensed matter.

/2 toric code is a variant of quantum Z2 LGT.

In two spatial dimensions, dual to quantum Ising
model in a transverse field.

Generalization of Ising model, elevating the global up-
down symmetry to a local symmetry, but without
spontaneous symmetry breaking.

No local order parameter.

Oftifl: = itH



Demanding in present experiments

2 X 2 X 2 lattice: 24 links; 3 X 3 lattice: 18 links.
Tens of thousands steps in Trotter decomposition.

Demanding requirements on the qubit number,
error rate and coherence time.

We will use 25 qubits and 19 qubits.
S B A TR
& A GPURLAL.

* Xiaopeng Cui, YS, Jichong Yang, Circuit-based digital adiabatic

quantum simulation and pseudoquantum simulation as new
approaches to lattice guage theory, Journal of High Energy Physics 08,
160 (2020) .



Local Z2 symmetry,

Quantum Z2 Gauge Theory miﬁgncannot be

22V HLF: Gi=

Hz, ==K ) HJE’_QZJE~ G =1

O ¢fe0 [H,Gi] =0
- Wegner-Wilson loop
o* i . (gauge inv operator)

: 1.No Local We = H o Wc does not commute
Sym met ry C C with H unless g=0
Breaking

2.T0 PO | Og|Ca| Deconfined phase Confined phase —Log We
O r‘d e r in I"LTC ~ PEI‘ill]EtEl‘ LELW I"VC ~ Area Law propo rtlonal
deconfined Gc g tothe

perimeter or

Otfl: =il the area.

phase



Vison and low-lying states

1. Low-lying particle-like excitations of the topological |
phase in the infinite lattice, cannot be created by
any local operator (visons).

2. Low-lying eigenstates on a torus that cannot be

created by local operators.
't hooft loops

R

L \ o
] my Commutes with

RN

= Hamiltonian

(c) (d) (&)

Oftifl: &1 itH

(a) (b)




quantum phase transition

1.The quantum phase transition is present, the
deconfined phase has topological order, while
the confined phase is trivial

2.There are stable low-lying excitations of the topological
phase in the infinite lattice model which cannot be
created by the action of any local operator on the
ground state

Deconfined phase. .
Pl Confined phase.

Unique ground state

= 22 4-fold degenerate ground state: V, = £1, V,, = 1.

‘r/ ) Can take linear combinations to make has Vo — 1. V. — 1

\ . . r 3 - - s 1 J

o o eigenstates with W, = +1, W, = +1. No ton logic: ]” der
e No topological order

Zi5 flux expelled.
| Zz topological order.

A J

e g



e H(g=0)=2Z — H(gr=2).
e \We generalize Trotter decom

nosition to the

case of adiabatic variation of H.
e H various in each substep of the Trotter
decomposition) Him = Z + gimX,
T
H e‘iH*’%m% Irm = (k— 1)gs +m4,
m=1 o—tHem<E o —Z% —igrmXiE
- symmetric decomposition
. W, T W, The evolution pauses after
Error: a step, calculations or
aymm: % measurements are done

t: ot BTIE
symm: 7



B = F &3 55 P48 ik
(T F &% 2 L b4 fa UL 4 T H) R

n

e~ 0T — ALge (—QE> A,

0 0 0

A=]]cNoTy,
tel]

L”

wed [E)l—e—e—H

Figure 3. The quantum circuit realizing e #20%/m or ¢i%0t:/" depending on whether the initial
or |1).

iK% — H gy H R (—%"tﬁ)
n
i N !
Here, as Zp and o are gauge invariant operators, the evolution operators are gauge

invariant in every substep of the digital decompositions.
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46, I S
dH g.

gt _t ' should be smaller than the square of the

S

energy gap. In our simulation, it varies from 0.005
to 0.1,

When g —0, the excited energy of a pair of
visons=4.

When g — © the gap =8g.
For general g, gap v 1/L «0.5.

V's are conserved, so the vanishingness between
the differences between V sectors, In the case
Infinite L, does not matter.

Oftifl: = itH



Wegher-Wilson loops

d=32x2x2

0.00204 06 08 101214 16 18 20 00020406081012141618 20
1 1 1 I 1 1 1 1 1 I 1 3_0 Il 1 1 1 1 1 1 1 1 1 i 3_0
1.0 O— W 1.0 (O—— Log(<W,,>)Log(<W,>)
1 @ <wu? + 1@ L°9(<Wcs>)"-°9(<wa1>)
0.8- @— W o8 25 L25
A, 0.8 @ 06 o
2 w® 20 2.0
V 0.4 04 ’_—@)’_/'
0.2- @ 0.2 1.5 115
@ ) ) 0.0 0.0 - 5
0.0 0.2 04 06 0.8 1.0 1.2 14 16 1.8 2.0 0.00.204 0608101214 16 1.8 20
g g
PY | | 1 t (a) (b)
g small, perimeter
I 0.00204 06 08101214 16 18 20 a5 00020406081012141618 20 .
aW /" L1.0 | |@—— Log(<W>)Log(<W,,>)
304 @—— Log(<W5>)VLog(<W,,>) 30
0.8 ) )
e glarge, arealaw. f | 2
0.6 o 251 -2.5
. . I F-
e Adipin3D case. o i 0
0.2 5. _/f——_— | 4%
0.0 1
10-+——7T——T17 7T 1.0
0.00204 06 08 101214 16 18 20 00020406081.0121416 18 20
g g
(c) (d)

Ojitifl: = 11t d=23x3



Critical points

e From the lowest point of the second derivative
of <H>, gc=0.986,d =3; gc=0.380,d = 2,

d=32x2x?2

0 5 5 0 - 4

80 80 Ck. 0 5 .b 2
p e——rrp - e 0.0 B 0 1.5 20
60 4 <z | 60 1 — - p—— e
==DNErA 104 10 20 m——Tr :
" —xgoitg 45 4 — e .
10 —a<g
20 < - A4
20 20 20 20
— 2 0 an an 0 P
. 30 30 2
201 — -20 T 10 30 30
q i -40 4 40 . .

A0 1 40 20 e ——
60 L-60 50 -0 %0

" [ an 50 50
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e The thermal phase transition in the classical
Z>LGT is first-order in 4d, second-order in
3d. This suggests: QPT is first-order in d=3,
and is second-order in 2d.

e Compare d=3 and d=2, sharper and deeper

in d=3:

Order of QPT
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Absence of local symmetry
breaking

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0 0.0- 0.0
.05 -0.5- .05
10 1.0 1.0
‘-1-5 '1.5' e <x'> "1-5
—_— <°'lz>
2.0 20| |—~<h> 2.0
0.0 0.2 0.4 06 0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
g g
(a) (b)

Figure 15. (o7), (21), (z1) and (h;) of one qubit I, as functions of g. (a) d=3 2 X 2 x 2 lattice. (b)
d=2 8 x 3 lattice.

Oftifl: &1 itH



Energy splitting between
different topological sectors

For d=2, simulation result:
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Digital quantum simulation and pseudoquantum simulation
of the Z, gauge-Higgs model
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Thank you for your
attention!
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