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Kawai-Nio-Okamoto(1992)
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Lagrangian vs Hamiltonian 7
- Lattice reqgularization of gauge theory by K.Wilson (1974)

+  Hamiltonian formulation by J.Kogut and L.Susskind (1975)

PHYSICAL REVIEW D VOLUME 11, NUMBER 2 15 JANUARY 1975 Citations per year

Hamiltonian formulation of Wilson’s lattice gauge theories

120

John Kogut*
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853 100
Leonard Susskind' 20

Belfer Graduate School of Science, Yeshiva University, New York, New York
and Tel Aviv University, Ramat Aviv, Israel
and Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 60

(Received 9 July 1974)

Wilson’s lattice gauge model is presented as a canonical Hamiltonian theory. The structure of the 49

model is reduced to the interactions of an infinite collection of coupled rigid rotators. The

gauge-invariant configuration space consists of a collection of strings with quarks at their ends. The 20

strings are lines of non-Abelian electric flux. In the strong-coupling limit the dynamics is best described @
in terms of these strings. Quark confinement is a result of the inability to break a string without 0

producing a pair. 1975 1987 1999 2011 2023
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https://www2.yukawa.kyoto-u.ac.jp/~hhiqcd2024/

Nature isn't classical, ....and
IT you want to make a simulation of nature,
you'd better make it quantum mechanical, and
golly it's a wonderful problem
because It doesn't look so easy.

ANEIETHEPTIERWDOT. . BRZI 2L —Y =
vyUullThnld, EFAFEORFREBTCIOVYEL1—5%
ES R TR SR

(R.Eeynman, 1982)
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https://link.springer.com/article/10.1007/BF02650179

SFIVE21—5&EF7

SFHED 'FEREHLEDRIE,
WEeI\—kD 7

EREHOEDRE

\!
l B

HeottFoigs - - - ETFNHFETIE

44

EFHDO2N(TY

5 5 2
TEmE ) oA
A
&)
W
-

VIILXY

~)) Z=H




SFIVE21—5&EF7

SFHED 'FEREHLEDRIE,
WEeI\—kD 7

gHEIOYE1—4

FEY MMIOXLRT1ZHFS
AER(RULE - BMIE)

JFBEE (AND - OR - NOT)
T—%JIE—URDERLED

S ZNIBT B ET 518, 958835

=]UL ~
| r

m

INSDMEPT—Y LRI AT —%BE

ZOftt. ABNDEKE. HEHEBERE

45

' EFHEDODN(ITVYVIILAV RN, Z=FH

EF1vE1—%

ZFEYRCOETDERENLEIREZHS

1=9 Y —1T5 TR TEDENIE (TN T DIR/E)
O 1DRREDEREHLEZLOE=EED

NOTY — K (0Z1(CL7=D)

2 DDqubitDZPhzEBRULIED

HfE T — S (BEDqubitDiRF 2 A TEDDIRREZZE X
7zD)
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Moore's law for quantum devices

# of qubits

Quantum
Computational
Supremacy

22222222222222

Hello quantumworld! Google publishes
landmark quantum supremacy claim

The company says thatits quantum computer is the first to performa
calculation that would be practically impossible for a classical machine.

....................................................................

lonQ 32qubit
QV: 4x1068

106 IBM released
i 5 cloud QC.

https://www.forbes.com/sites/moorinsights/

2020/10/07/ ong-releases-a-new-32-qubit-tra pped
ion-quantum-com puter-wi ith-massive -quantum-

volume-claims/?sh=632a 87163b39

104 Google started QC
| device

development.

........................................................

103§

102 720@g?;oogle

| _ i el @ 53Q@IBM
| 19Q . | 53Q@goo¢ 2
10 9Q@google @ngettl vHQ@Allbaba |

@
5Q@goog|e 5Q@IBM

201 4 201 o 201 6 201 7 201 8 201 9 2020 2021 2022 2023 2024

Figure given by Keisuke Fujii @QIQB, Osaka U.
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>100 qubits

Breakthrough-127-Qubit-Quantum-
Processor?Iink=jphpv18I1&Ink2=learn

.......................................

IBM

https://jp.newsroom.ibm.com/
2021-11-17-IBM-Unveils-

IBM
>400 qubits

https://newsroom.ibom.com/2022-11-09-IBM-
Unveils-400-Qubit-Plus-Quantum-Processor-and-
Next-Generation-IBM-Quantum-System-Two



Moore's law for quantum devices

# of qubits
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landmark quantum supremacy claim
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>100 qubits
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N qubits = 2" Hilbert space
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Figure given by Keisuke Fujii @QIQB, Osaka U.
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IBM Quantum
https://quantum-computing.ibm.com/

52



5 iV E1—%
ZFEY MIOXLEEFNZHS
aERE (e UE - BHIT)
i EE (AND - OR - NOT)
FERH 0 BeXRIEINn ") L5 InNz=ETULSAB)
— V7% IeE—ULIEDE&;’ULEED
D ZNIBT B ET 518, 95 EEES

INSDRTRPT —FZiLEIDAEY —EE

ZDftE. ABNEE. FHHIRERE

53



EFEE(V— M) OEARN R E IS

= F[E#& (quantum circuit)

n=>0> ® H ¢ Rz(z&) ® H ¢

n=1 — S— Rz(—2a) —OD S
e

FRF ]

FEDRRITqubitZz iR (FRDED qubitDE)
NPT —NEEAZKS

54



s3IV E 21— (qubit)

qubit (quantum bit, 22XITRXD KL TS (FB)

== ()

Bl) 1/2 spin system :[0) = | 1), [1)=]])

v V2

EREAEY TRZEAEY

—RZBYIRqQUbItDIREE
0& 1 DERGHEIRRE

al0)y+ B 1), |al*+ |8 =1 (a, BIFERE)

55




SFIVE1—YT—RKER)
1 =59 J—88F(\TH)ZIRRE(qubit) (CEMF B

v Errersan]

Bl) 75~ —ILT—(H), H=$ (1 _1>

Ay EOREICIERAS D &
H|0) = = —(|0) +|1)))

1
H|1)=——=(]0)—]1)))
7 o @

56

[w) :




O W \ I/
sFIVE1—5(%T—NEE)
. 2 qubits : 42k7T EILAN)L ~ZEfE;

W)=Y Cylip), 1i)=1i)®|))

i.ji=0,1

[00) = [01) = [10) = [11) =

OCDuOH
OCDgP—*O
O*—:OO
—_— O O O

- A bkO—-JLF-X:
1 DEHDqubith' 14 51X, 2 DB Dqgubitic X-gateZ= # T3
CX|00) = [00), CX|01) = |01), CX|10) = |11), CX|11) = | 10)

TR CX =

—_— O O O

1 0O 0
0 1 0
0 0 1
0 0 0

57



sFsTE0I— |~

= F[E & (quantum circuit)

n=>0

o— [/ —o Rz (2a) o— [/ —e
D D— Rz(—2a) —O D
BT — (8T — )
! H— 7 ‘(%W%Zé:?‘qubitd)éné\b TIRENZRL<CIE ST
D L 10) RTzlE | 1) DIREN"HEERPICT"ESNS
) 1ESNfcqubitDIREED | 0) + B 1)1 o Tl
H A
|OYDMESR | a|* T
D A

YW | TRENS

58



sFsTE0I1—k

PEIN—=ILT A (2
H5qubitz&HI L. £ &z

N

\l

N

\l

/7

T Zqubit |0) —

T Squbit |0) —

TV VT)LXA Y NOFA)

VT TWBqubitDIER=ZFSD I EHTES

/////////7y>

| YE>TeBUZAE

T H N
[/
Rz (m/2) H AN

%)

ks

> Zqubitht |0V e > T 5fH L7

T5

» Re ((w|Uly) )= Py — P, & LTKE

/11

/11



S FTR(CH(TRETERIED}

IR
E,xn’rﬁd)‘fi‘:ﬂ%

ST R DR

1/2’ ‘1/2 1/2’ xl/z

|0) 1) [0) | 1) 10) | 1)
fE=RT /4 EET /4 HEEXT/4 i 79:1/4 fE=RT/2 R1/2 WEXR1/2  HER-1/2
RZICIIHESEKRT/27T|0), HEEXR1/2T| 1) =585 =ZICIE

1T 0)

IS B TcFIC

| DHICTR DRSS HI T B
2TV L — 9T B2DEKRE)




S 7)LJ) X L7Z{E 2> 1E35DIBmDIAST

 |n Hamiltonian formalism, different calculation method is available
Ex.) g — g potential

Lagrangian formalism: Wilson loop . Hamiltonian formalism (for Schwinger model)
ground state energy w/probe charges system
(W) me ™ =1r | [ U,

Py Measure E(¢) = (Q|H(Z)| Q) with several ¢

T — o

potential V(¢) = E(¢) — E(0)

G.Bali, Phys.Rept.343:1 (2000) M.Honda, E.I., Y.Kikuchi, L.Nagano, T.Okuda,

3 F Phys.Rev.D 105 (2022) 1, 01450
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"Negative string tension of higher-charge Schwinger model
via digital guantum simulation”
M. Honda, E. [tou, Y. Kikuchi, Y. Tanizaki

https:

//academic.oup.com/ptep/article/
2022/3/033B01/6507570
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