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® 7>V I)igDIIAHEF(TRG)

[M. Levin, C.P. Nave arXiv:cond-mat/0611687]
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https://arxiv.org/abs/cond-mat/0611687
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@® Cause-graining by TRG
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https://arxiv.org/abs/cond-mat/0611687

[Z.Y. Xie, J. Chen, et al. arXiv:1201.1144]
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[S.lino, S.Morita, N.Kawashima arXiv:1905.02351]
@ Boundary-HOTRG
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[D. Adachi, T. Okubo, and S. Todo. arXiv:1906.02007]
@ Anisotropic TRG (ATRG)

— .}

o BN

D7 HET
A —5—
A —5—d+1 T TR

ZRET

TV ILD

7J
H

Rz Uic T > VL THER &

AN

/] ?‘%%ZT L) < o

B D =

st U TuWL <,

B =N

A~ ZEE(IC

SEtEEZHIR

0(D4dim—l) N O(DZdim+1)

20



@® Triad RG

[D. Kadoh and K.N. arXiv:1912.02414]
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Kicked Ising model on the Quantum computer
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@ IBM’s paper [Kim, Y etal. Nature 618, 500-505 (2023 June)]

Article

Evidencefor the utility of quantum
computing before fault tolerance

https://doi.org/10.1038/s41586-023-06096-3

Received: 24 February 2023
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Fig.1|Noise characterization and scaling for 127-qubit Trotterized
time-evolution circuits. a, Each Trotter step of the Ising simulationincludes
single-qubit Xand two-qubit ZZrotations. Random Pauli gates are inserted to
twirl (spirals) and controllably scale the noise of each CNOT layer. The dagger
indicates conjugation by theideal layer. b, Three depth-1layers of CNOT gates
suffice torealize interactions between all neighbour pairs onibm_kyiv.
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¢, Characterization experiments efficiently learn thelocal PaulierrorratesA,;
(colour scales) comprising the overall Pauli channel A,associated with the Ith
twirled CNOT layer. (Figure expanded in Supplementary Information IV.A).

d, Paulierrorsinserted at proportional rates can be used to either cancel (PEC)
oramplify (ZNE) theintrinsic noise.

Youngseok Kim'®*, Andrew Eddins*™, Sajant Anand?, Ken Xuan Wei', Ewout van den Berg’,
Sami Rosenblatt', Hasan Nayfeh', Yantao Wu®*, Michael Zaletel®*®, Kristan Temme' &
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Quantum

Classical

@ IBM’s paper/ /

O Unmitigated = ® Mitigated — MPS (y = 1,024; 127 qubits) — isoTNS (y = 12; 127 qubits) - Exact
2 ‘ Magnetization MZ ‘ b <X13,29,3‘I\/9,3028,12,17,28,32> = ‘ <X37,41,52,56,57,58,62,79Y75238,40,42,63,72,80,90,91>
1.0 — 10| + 1.0 ] 4
| - . (f | ' 0 0
| . <31 qubits | | |
06} Unmltlgated © | 06} :“ - 06}
‘ 1.0 : \ 37 qubits © §
0.4} 08 © 0.4 \ 1 04
] _M!t_'_g_???_?' . _'_E?S?‘_C_t_ _ 3
0.2¢ ?':::::::::::::::::: T 0.2 0.2}
____________ S ;
0 :'IIZIIIIIIIII Pt 300 300¢ 300¢ 0 0 _‘
0 /8 /4 3n/8 /2 0 /8 /4 3n/8 /2 0 /8 /4 3n/8 /2
R, angle 6, R, angle 6, R, angle 6,

Fig.3|Classically verifiable expectation values from127-qubit, depth-15
Clifford and non-Clifford circuits. Expectation value estimates for 6, sweeps
atafixed depth of five Trotter steps for the circuitin Fig.1a. The considered
circuits are non-Clifford exceptat 8, =0, 1i/2. Light-cone and depth reductions
of respective circuits enable exact classical simulation of the observables for all
6,.For all three plotted quantities (panel titles), mitigated experimental results
(blue) closely track the exact behaviour (grey).Inall panels, error barsindicate
68% confidenceintervals obtained by means of percentile bootstrap. The
weight-10 and weight-17 observablesinb and c are stabilizers of the circuit at

6, =m/2withrespective eigenvalues +1and —1; all valuesin chave been negated
forvisual simplicity. The lowerinsetinadepicts variation of (Z,) at 6, = 0.2
acrossthedevice before and after mitigation and compares with exactresults.

— Quantum supremacy!?

Upperinsetsinall panelsillustrate causal light cones, indicating in blue the
final qubits measured (top) and the nominal set of initial qubits that can
influence the state of the final qubits (bottom). M, also dependson126 other
conesbesides the example shown. Althoughin all panels exactresults are
obtained from simulations of only causal qubits, we include tensor network
simulations of all 127 qubits (MPS, isoTNS) to help gauge the domain of
validity for those techniques, as discussed in the main text.isoTNSresults

for the weight-17 operatorincare notaccessible with current methods (see
Supplementary Information VI). Allexperiments were carriedoutforG=1,1.2,
1.6 and extrapolated asin Supplementary InformationIl.B. Foreach G, we
generated1,800-2,000 random circuitinstancesforaandband2,500-3,000
instances forc.
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(b)

[arX|v 2309. 15642]

= (X13,2031Y9.3028,12,17,28 32)

1.007 MPS, y = 1024
isoTNS, y =12
0.791 & TNS(BP), y = 128
Exact-127
0.501 ©O Eagle Processor
X  gPEPS, x =32
0254 X gPEPS, x =64
X  gPEPS, xy = 128
0.00 A QXQKW%“&W
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[arX|v 2306.17839]
—— MPS (y=1024) LCDR
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[arXiv:2306.14887]
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[H.H.Zhao et al. arXiv:1002.1405]
[Z.Y.Xie et al. arXiv:1201. 1144] [Y.Liu et al. arXiv:1307.6543]
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® BEH1T5IIC

IC KBERTE

o M1V N ERZESHS
- BRERILY Y VEF

[K. Nakayama, M.Schneider arXiv:2407.14226]
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@ —i{bD—Hl: J1-J2+a
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@® J1-J2+a: Frustrated system with 12 parameters.
1-spin

e h (O-x,y+0x+ Iy+1 +0x+2,y+ 1 +ax+ 1 ,y+2)

2-spin (J1)

(%) ()
eJ 1Ot 1 341054234171 Okt 1 3410541 342
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N,
/ N\

/-
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2-spin (g1,92)

e 81 Gx,yo-x+2,y+ 1 +8 20x,y0x+ 1,y4+2
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@® J1-J2+a: Frustrated system with 12 parameters.

3-spin 1

e 4 1 Ux,y6x+2,y+ 10%+1 Y+2 //

3-spin 12

e t20x,y6x+l,y+16x+2,y+l //

3-spin {3

e t36x,y6x+ 1 ,y+10-x+ 1,y+2 /

3-spin t4

€ (405341 y+10x+2,y+10x+1,y+2 ‘ \
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@® J1-J2+a: Frustrated system with 12 parameters.

e elgx,y6x+ 1 ,y+10-x+2,y+16x+ 1,y+2

4-spin
4— — //
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@ Note: Steiner/<[EizE.
o Steiner/N[&jRE:
REDERD (K) OEETETOAZES (FR/I\2IEXK)
+ FTUWEZINZTH LI

o Rectilinear Steiner/<[E&&: (NP-complete)
T D SteinerA<fE2E [M. Hanan, SIAM Appl. Math, 14, 2, p255, (1966)]
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- FUYVILOFRFORE SARHORS (CBE D Lo et
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- RIFEEMEBEHTIEIREFORESINKEL<L A>TV,
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Steiner < Rectilinear Steiner




@ Note: (Rectilinear) Steiner K&

o Rectilinear Steiner tree problem: Find shortest
line segment on the lattice between dots with additional dots.
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® ZRTZ, V—IBROTVVILER

[Y.Liu et al. arXiv:1307.6543] [Y.Kuramashi, Y.Yoshimura, arXiv:1808.08025]

o CGommon method: (Taylor) expansion. and o> =1

7 — 2—3V2 H —P0,4 0 O+, 4O

o n,u>rv
M _ﬁd H#On+,yOn+o.uOny = COShﬁZ (tanhﬂ)p( 01.u%n+4,0%n+0,uCn, v)p
-0
l Ars =mod(1 +p F g +r+52)

B, = (tanhp)P+a+*98s 5 5,

> T
~ F<72 I /) YOO 172 NSO 17 IS 1 NN <} NN
g’ ’l’.]’ o n

(exp) 3
T[xX] (X' X'NyY 1YY 1zZ][Z'Z'] (COShﬁ ) Z AcyZeAfszAdYXaB bx’y’cB aX’Z’eB f7’Y'd
a,b,c.d,e,

o —iRICIFE ABRERTH L,

(Character for gauge theory, Orthogonal function, Taylor...) ,.




® =ZRTZ, F—VEBROTVYVILEE

o MFEDTT N BITHIT,
Z 2—3‘/2 H _ﬂan,uo-nﬂM/ n+o,uCny — Z H _ﬂ(xxyyyx_i_xx L5 +yyZZZ )/8
G Nu>U c NnU>v
— X, y, < ﬁm@//_l\\_jr j:E\!\ (_3'EEI\T'_O i Z/‘

Kix v yy.yaez, = Booibblly e fzallzal,

— K" hasonly4 X4 X4 X4 x4 X4 indices.
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7 (D MHER TS

alljl

@ E;AjTE Zz 73_ :/\\E__

o Numerical calc. by (modified) ATRG + impurity method

9

s13-dim Z2 gauge

V=2x2x21>
o shifted ATRG D=112
X shifted ATRG D=64

From initial tensor
by Tayler expansion

Y.Kuramashi et al.
arXiv:1808.08025]

~
1

o
—:ﬁﬂ&-ﬂ*-o—o-o-h—-

Ul
1

Specific heat

W
1

N

X

X
X

™,

0.62 0.64 0.66 0.68 0.70

— Our method produces correct result for critical temperature.
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@ Initial tensor dependence

o BBICRXYNT—IZBDIoNsdLDIcEo !
- THRBEMNMREICHE-STEED LGN ?

1072 5

1. V = 220 ] L
= ' er TRGORE:
P o 2-dimIsing oo ren e — Oy
= ' ;‘ X x HOTRG Kdelta) ;F)J,HT/ /)I/(IL-
3 10 o XX x
; e AT
= X X X x % X XXX % X X
Q w0 ° L
o
= HOTRG D5
| 1g-s ‘QQ““ Bil=.
®e
— o0 — < _
10~7
IKEI %o
108 .
5 10 15 20 25 30

D

- DRI ET ENRBIICE DI 5N 3. i




@ Boundary TRG

[S.
K.

lino et al. arXiv:1905.02351]
N., M.Schneider arXiv:2407.14226]

o Original HOTRG: U DNV &= / JL LD KR E X TES

K

Cv = K —

[71(HOTRG)

- &

[7(HOTRG)

o HOTRG with boundary TRG:

PP, % U&VhH5k3,

CPl,Pz —

K

K

2
K 1/ (HOTRG)
K| —>»-C
VT(HOTRG)
2
p(PHOTRG)

PQ(bHOTRG)

S UDV BRIFENS P, & P, #ERT 3 &5

MDOTRGD

1A

= CHHERBEIR S B]gE,



@ Boundary HOTRG

1072 5

V =220
+ : : b-HOTRG K(exP)
10-3 + 2-dim Ising + b-HOTRG Kdelta)
T § .
% 10 +
+ ]
= +,  HOTRG with P, and P,
Q 10> *
I * +
| -6 T+
|_|1o te
10-7 rraa,
+ 4+ * 4y
10_8 1 1 1 1
5 10 15 25 30
D

— HOTRG with P, and P, [Z#JHAT >V ILICRFE LR U,
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@ Boundary TRG for ATRG and MDTRG

. V=220
e® @ KATRG) from Kiexp)
10-3 ° o KWATRG) from K(delta)
= ]
% 104 AT R G
E [ ]
aj 1 ‘.0?
= | *° ith P
= with and
— [ )
Q 10 5 ‘Q ) 1 2
~— .'
L .?..‘
I 10 ° %
— o° o® o
5 ° ”
10 ; ....
$66%00%0,
10_8 T T T T T T
0 10 20 30 40 50

D

[D. Adachi et al. arXiv:1906.02007]
[D. Kadoh, K.N. arXiv:1912.02414][K.N. arXiv:2307.14191]

o Many method (ATRG, TriadTRG, MDTRG) can use
isometry (U or V') or P; and P,.

|1 _ F(D)/Fexact|

=
9
()]

2-dim Ising

'—l
o
&

'—I
<
I

'—I
o
&

l—l
o
4

1078 4

[K. N., M.Schneider arXiv:2407.14226]

1 *
1 %

V=22

%  K(.MDTRG) from g(exp)
T

RG)
K(b,MD RG)

MDTRG

‘- with P;and P,

ks i ok -'ﬂ‘-

.
aaaaaaaa
ddddddd
" A
e

aaaaaaaa
llllll

G from K(delta

)

10 20 30 40 50

— TRG methods with P, and P, are initial tensor independent.

— Qur construction can also produce compatible result.
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® F &6

[main]

o MILY N VERFRENHNIX.
BEICTVYILRY NT—ORBICEBTE S,

o #HAT >V IUIKEMEIEboundary TRGIE TIEE %,

[detalls]
o Xw NTJ—2UE A EIFSteinerKEREIC TR > TUWLW 5,

o —RITTP=RILCTTAKUTc,

o (RFMHEZ R I AERIILEREDLZ W,

- ZDHED. BEEHNDODRFEDODRVBIRICENDE S,



backup
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@ boundary HOTRG [S. lino et al 1905.02351]
o EIIFUVZEEE '(ﬂétﬂ DRAN b’é‘)gf’ﬁ@'%o

> W'( >'W><

o UVZemASEZAHFDDSVD ITEY)D T
VAVVIDN Y = R R, ~ UPAB YR

Y
~ 00

(JL— R ZEBDE. HOTRGIEMM D &S ICEEEN RSN TVBENE, )

<>P1,P2 '_I_IE

P, = U\/}L(U VR A<R = R,VB/\/AB
P, = (WA U®/A® ) (RTU@/\/A(R )
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@ boundary HOTRG [S. lino et al 1905.02351]
y/

| TT = A/ 1Oy = g/ Nyt
Xy=——B=— X, /i /i
|V = Vo =g ¢ = RVWI = yVIR,

Y
— T r— TL [/I(U)] — TL T S [/1(‘/)]
| | =Db=« | =D
s | s | e e (e
| ||
Rl R2 UR gy VIO
/i | = = ‘= VAVVIUV AW = R R, ~ UPARY®T

(R) [A(R)]_l UT(R) V(R) [A(R)]—l UT(R)

>...p< — >R2=V> R = >>=0=> <<

P, = UVAOVR AR = RVB /AR
P, = (V I U<R>/\/A<R>)T — (RITU(R)/\/A(R)y 54



