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ﬂ/T or /J\=)LrZ

VIBFROSFIERNE (1974)

Lattice 2024

50 years of lattice QCD

Aug 1, 2024, 3:45 PM
® 45m

Speakers

2 Jan Smit (University of Amsterdam)
2 John Kogut (USDOE and University of Maryland)

Description

VI ?

John Kogut: How was Lattice Gauge Theory born? What was it like in the "early days" of ~1975? How did High Energy Physics
and Condensed Matter Theory get together? What were the BIG physics problems and technical challenges of the day? This

short talk looks at these topics from one person's recollections and perspective.

Jan Smit: Recalling early years of Lattice Gauge Theory
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VIEmOSFIEANE (1974)

M.Creutzic X5 E>T7AHILOEIC

Monte Carlo, SU(2) gauge, 10* lattice
M.Creutz, PRD21 (1980) 2308
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FIG. 6. The cutoff squared times the string tension
as a function of 8. The solid lines are the strong- and

weak-coupling limits,
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25053772 VI or JI\=J)LRZ P VT ?

. K.WilsonlC &35 —IIEmDIBF1EAIE (1974)
M.Creutzic K5V T HILOEKIC K D EESTE(1979)

- J.Kogut and L.Susskindlc&d/\Z)LZ77 VR (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 e

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 o
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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. K.WilsonlC &35 —IIEmDIBF1EAIE (1974)
M.Creutzic K3 EVTHILEIC KD EEETE(1979)

- J.Kogut and L.Susskindlc&d/\Z)LZ77 VR (1975)

512IC. WilsonDX D3| FBEIL -

Citations per year

PHYSICAL REVIEW D VOLUME 10, NUMBER 8 15 OCTOBER 1974

%
Confinement of quarks 200

Kenneth G. Wilson

Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14850
(Received 12 June 1974) 150 ©

A mechanism for total confinement of quarks, similar to that of Schwinger, is defined which requires
the existence of Abelian or non-Abelian gauge fields. It is shown how to quantize a gauge field theory
on a discrete lattice in Euclidean space-time, preserving exact gauge invariance and treating the gauge
fields as angular variables (which makes a gauge-fixing term unnecessary). The lattice gauge theory has
a computable strong-coupling limit; in this limit the binding mechanism applies and there are no free
quarks. There is unfortunately no Lorentz (or Euclidean) invariance in the strong-coupling limit. The 50
strong-coupling expansion involves sums over all quark paths and sums over all surfaces (on the lattice)
joining quark paths. This structure is reminiscent of relativistic string models of hadrons.

100

0
1973 1986 1999 2012 2024
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Schwinger model + 6 term (Nf=1)

Kogut and Susskind (1975)

2U02VI7Y Shaw et al. Quantum 4, 306 (2020)
1 ) .
L =— ZF” FH* i—;e F¥H tpy* (0, + igA )y — myy Gauge fixing

Gauss' law
Open BC
Jourdan-Winger trans.

l 2 N-2 N—1
= JZ |:Z ( 1) | ‘/2‘/2 [Xan+1+YnYn+l] | m;at. Z(_l)nZn

AEVI\Z IV =T Y

n=0 =0
B
(BIZHAEVEHTEITS!) .
(90 (& g&jbﬁmi@j J=g%al2, w=1/2a, m, = m :

Dempsey, Klebanov, Pufu, Zan:arXiv:2206.05308

ZDall-to-all B E1EMA
Nf=1DE(Emasslessi®im THgapped system, Nf=2T(EmassiveDEFgapped (4 = g\/Nf/ﬂ)
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JI\Z )L ZP VERICKDIRR ISR

Nf=1 Schwinger model

. Schwinger effect, C.Muschik et al. NJ of Physics 19 103020
° EEE% ﬁﬁ%@ Martinez et al.,.Nature 534, 516-519 (2016)
L.Nagano et al., arXiv:2302.10933
70y 9T —T717IlckBETEEME | K.Sakamoto, H.Morisaki, J.Haruna, El, K.Fujii, K.Mitarai
arXiv: 2407.11391

- AREZEE(FHHRRECNAFRREZF TFA. UFBUIRTFFRFD N CEEIRREZERK)

Variational algorithm, A. Yamamoto Phys. Rev. D 104, 014506 (2021), Tomiya arXiv:2205.08860
Entanglement entropy, K.lkeda et al. arXiv:2305.00996

. ~AROYAHILeIE

Phase structure (DMRG): M.C.Banuls et al, PRD 93,094512 (201 6)

N1 2)b ﬁfﬂﬁ L.Funcke et al. PRD 101, 054507 (2020)
== Adiabatic state preparation: B.Chakraborty et al., PRD 105, 094503 (2022
saBmT Yy v Il prep y (2022)

M.Honda, El, et al. PRD105, 014504 (2022)

'?E_F"_r_ -g Schwinger model ('t Hooft 77/ ¥ U —) MHonda, ElI, YKikuchi,Y.Tanizaki, PTEP (2022)
M.Honda, El, Y.Tanizaki, JHEP (2022)

M.C.Banuls et al., JHEP 11 (2013)158
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% J L—J\— Schwinger model: 2 DD\ [Ez8

+ Dirac7 TIL=AY -> B F 7 T IL=AY (staggered fermion)

2ZndflavorDirac o @ @ @ M.C. Banuls et al, PRL 118, 071601 (2017)
. K RDempsey et al., arXiv:2305.00437
1 st flavor Dirac

O 1 2 3 El-Matsumoto-Tanizaki, JHEP11(2023)231
M.Rigobello et al., arXiv:2308.04488

WFI7TILZIAY-> AEVZEE (Jordan-Wigner Zi)

17


https://doi.org/10.1007/JHEP11(2023)231

% J L—J\— Schwinger model: 2 DD\ [Ez8

+ Dirac7 TIL=AY -> B F 7 T IL=AY (staggered fermion)

2ZndflavorDirac o @ @ @ MG Banuls etal, PRL 118, 071601 (2017)
: RD t al., arXiv:2305.00437
1st flavor Dirac ripsey e A

O 1 2 3 El-Matsumoto-Tanizaki, JHEP11(2023)231
M.Rigobello et al., arXiv:2308.04488

Flavor ordering (n=k+N(f-1)) Staggered ordering (n=2k+(f-1))

—O0—0—0—0—0—0—0—0— N

WFI7TILZIAY-> AEVZEE (Jordan-Wigner Zi)
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%L —)\—

+ Dirac7 z)L=AY >BFI7TILAY

2nd flavor Dirac

Schwinger model: 2 DD/ N7 [ERE

1 st flavor Dirac

Flavor ordering (n=k+N(f-1))

0

D eff

102;

flavororder:a=0.2, m=0.1,6=0

1

- —8— N=8
- —— N=10

—— N=12
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N sweep
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% 300}
Q

19

2

o000

3

(staggered fermion)

M.C. Banuls et al, PRL 118, 071601 (2017)
R.Dempsey et al., arXiv:2305.00437
El-Matsumoto-Tanizaki, JHEP11(2023)231
M.Rigobello et al., arXiv:2308.04488

Staggered ordering (n=2k+(f-1))
_—  — — — — — — N
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% J L—J\— Schwinger model: 2 DD\ [Ez8

+ Dirac7 TIL=AY -> B F 7 T IL=AY (staggered fermion)

2ndflavorDirac @ @ @ @ M.C. Banuls et al, PRL 118, 071601 (2017)
. K R.Dempsey et al., arXiv:2305.00437
1 st flavor Dirac

0O 1 2 13 El-Matsumoto-Tanizaki, JHEP11(2023)231
M.Rigobello et al., arXiv:2308.04488

Staggered ordering (n=2k+(f-1))

N
s BFI7TILZAY-> AEVEE (Jordan-Wigner Zia)
Nf -#&F 7 )L A D xR DED 7
m1c 9 SR1F (El-Matsumoto-Tanizaki, 2023)
{)(;:na)(f,m} — 5ﬁf5n,m * Ain = L ; O-Lng(_aijglz,j) HlJ'_'_' v 7'1_ \J\fli%f He& 7'3\
6% — o il DIEWINT UITHRETHONT B8

.l — [T T — n— O,
{)(f,na)(f,m} — {)(f,n,)(f,m} =0 Non = : 5 = (—lo-Zn)H(_o.z .O'Z,.
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https://arxiv.org/abs/2210.14109v1

DMRG®D5RE kS

Density Matrix Renormalization Group(DMRG), White(1992)

JI\Z )L Z7 Y DOEBARREZ TS (Matrix Product State, MPS) T3

54705 —HFZE : ITensor written in C++, Julia, Fishman et al. 2022
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Nf=2MDiZE : BERNRY ~LDEHE;

u,d quark mass ~ 2-oMeV - NI EZP VAN TESIREDANRD ML
proton mass ~ 938MeV =185k El-Matsumoto-Tanizaki, JHEP11(2023)231

\UAULD, ¢ L (1) 2RBEHRF—L

(2) 1 REH-RAF—LA
OBCTOSPTHDEEZHIH

(3) D EIEARAF—LA

Nf=1 Schwinger model
M.C.Banuls, K. Cichy, J.l. Cirac, K. Jansen

BFQCDOEE X JHEP 11 (2013)158
° o PS(B=0.80.k=01590)]  °m C(7) = <0(T)O(O)> + Nf=2 SCthnger m0d6|0)?‘§/\4k,m

o V (B=0.80k=0.1590) | . ®m
m C(7) ~ ™™ INACA Y 2= —i (5177w —orw), JO= 177

T— 00

pion: O = yysy XV Y 6=y + iy, IO =01

rho meson: O = yy,w n A =—i (1/717,51//1 1/72;/51//2) JPG =0~
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EFEERE T, 71V ALV EEFDRAE VR
BZEEBEEF (flavortkez, [k, H] # 0)

1st flavor P E(Sl_,n—lZQ,n—lzl,nZQ,nSii:n+l — Stn-1Z2.n-1Z1nZ2.nS1 ni1);

,\ : .
2nd flavor ko = E(SQ,n—lZl,nZQan21,n+1S;:n+l A AR A AT o |

Note: [K,H] # 0 In OBC (even in cont.lim.), [K, H] = O(a) In PBC

74V REV;ERF(flavor SU(2) sym.), J2,J,

N—

N-1 1 1]V 1
[133 g]é] — () LL:::EE:jZ ji:‘&%lnXin, :X2nXQn) = EE: 2%41_'Z&n
n=>0 n=0

n=0

p_x
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Iso-triplet JRRE (pionD{&+H)
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Iso-singlet JKRE (eta,sigmadD &)
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1+1 %70 U)o —Y 18R - Gauss law at each vertex
G, =E; - Ei+1 — éi’ éi | lehys> — & ‘ lehys)

(Gi — O)
- ﬁaﬁﬁ?@ﬂ#
i HEDBISDE £, = 0B
g electron (+1)
positron (-1) ’ ﬂﬁﬂﬂﬁiﬁi’?ﬁl#?&ﬂyé - %HZD:E—
(EESYAVANAN(0) RAHE S
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2+ 1Rkt U )T — Vi8R - Gauss law at each vertex
G, =E;- Ezj +E;—E,,—q,

. FERFEOT THORAUERLTH
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HDZNZNDIEDOBB/IARED £ L)L ~ZEEZ
truncate (I < L)
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Paulson et al. (2020)
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https://arxiv.org/abs/2008.09252
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HEBHREZRF DOV —Viga ESBDIKRSH?
(1) EJIRNJLREEICHY KA DTZEEA
(1-1) g-BF(C KBIELE, Zache et al., Hayata and Hidaka

Sin <k-|—_31>
()

SFE(CE SUNN) = SUN),, truncationZz";/B8S5HMT" [I] =

(1-2) loop-string-hadron approach Raychowdhury et al.

(2) ¥tz UEZ D ([Hy, Hy] = 0)

(2-1) plaquette chain model(ZiT{il
(2-2) Zy, DT —V185m Cirac, Zohar et al.

(2-3) Orbifold lattice gauge theory Hanada et al.

(3) Quantum link model (D -theory) Wiese et al. Montangero et al.
(HBDBRZERDET—VIBRFERIUAZI/I\—TUF s OSRICEITRAEVR)
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— e Akira Matsumoto (YITP, Kyoto U.)
o . Yukawa Insiitute forlflfﬁlegf;d_c;?tﬁhggiéﬁﬁiito University, Japan ,‘ ® Indr akShl RaYChOWdhury (B ITS o Pllanl)
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® Pietro Silvi (Universita di Padova)

1st and 2nd weeks: Hadron interactions, scattering  *Judah Unmuth-Yockey (Fermilab)
e Uwe-Jens Wiese (Bern U.)

31‘(1 Week . SympOSium f()l‘ all S“bjeCtS ¢ Arata Yamamoto (U T()ky())
. Xi1aojun Yao (U. Washington)
4th week : hot and dense QCD © AIA0)
Q e Torsten V. Zache (Innsbruck U.)
... and more

Sth week : Formal aspect and quantum computations


https://www2.yukawa.kyoto-u.ac.jp/~hhiqcd2024/
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# of qubits

22222222222222

IBM released
cloud QC.

Google started QC
device
development.
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102 720@g?;oogle

22Q@google
19Q
@ngettl .

9Q@google Q 11Q@Alibaba

5Q@goog|e 5Q@IBM

2020

2014 2015 2016 2017 2018 2019

Quantum
Computational
Supremacy

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

@ 53Q@IBM
53Q@goo¢ 2!
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classical machine.

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

IBM
>100 qubits

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

lonQ 32qubit
QV: 4x1068

https://jp.newsroom.ibm.com/
2021-11-17-IBM-Unveils-
Breakthrough-127-Qubit-Quantum-
Processor?Iink=jphpv18I1&Ink2=learn

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

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

volume-claims/?sh=632a 87163b39

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

IBM
>400 qubits

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

2021 2022 2023 2024

Figure given by Keisuke Fujii @QIQB, Osaka U.



sFIYVEa21—YR"L—7 DFEAl"

# of qubits

Quantum ;. =
Computational | | | | |
Supremacy

NEWS . 23 OCTOBER 2019

Hello quantumworld! Google publishes
landmark quantum supremacy claim
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IBM Quantum Eagle (1272 FEw )
hh=EFHEFRELE Y Y — (KBIC)
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Lagrangian in continuum

8‘90

4

Hamiltonian in continuum

Hamiltonian on lattice (staggered fermion, link variable)

Remove gauge d.o.f. (OBC and Gauss law constraint)

N 1—( by N (o
<)( “ ) 2ﬂ> n=0<

— W 2 )(n)(n+1 _)(Z_'_l)(n) +m 2 (_ l)n)(:l_)(n

H = JZ(

dx

€_ 1+Z

Spin Hamiltonian using Pauli matrices(Jordan-Wigner trans.)

N=21 n

szz

2

=0 L =0

gHO

i

Z+ (-1

2

27

0
) — iy (0, + igA )y + my'n//]

—iw Y (tiUnZns1 = 2, Ui ) +m2( D" 2 2

.

_|__”
272’

+—2[ n+1+YYn+1]+—Z( 1y'Z,
n=0

e, "M + wpy'(0, + igA )y — mpy
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Ex) Schwinger model with open b.c.

g@

Canonical momentum: I1=9,A' + ;
T

Link variable: L, < —TI(x)/g, U, < ¢~asA'®),
w,(X) n:even

Staggered fermion: 4= <—>{

Va

w,(x) n:odd

Gauss law: [ —(=1)"
0=0Il+gy'y— L, —L,,=xx-

2

- Xn o Yn o :
Jordan-Wigner trans.: 1, = H(_lzi)
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Honda, El, Tanizaki(2022) ..



https://arxiv.org/abs/2210.04237

charge-qg Schwinger model ('t Hooft anomaly matching)

BOIANYYTTFI UM
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k' -th sector

Pseudo-Scalar condensate

O
N

o
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O
o

0.2 04 0.6
free

-06 -04 -02 O
Scalar condensate - S

! Scalarcond. ©O
| Peudo-Scalarcond. X

Order parameter: S(x) + iP(x) = py(x) £ Prpy(x) EEERRE A & B & =S
Wison loop® 1Al & AMEI T

A1 ZILDERS-

.27rp

z 5 —
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charge-q Schwinger model ('t Hooft anomaly matching)
Staggered fermion®massfiiE

- » - 1
masslessOFElogREITIEOTIFARW?  sree=— T )
m/1+ (ua) /1 + (ua)?

INZ )L ZTF7 VERICE T Bstaggered fermionDEFEIR R & DXL IC O@) DHEIENEL B

Dempsey, Klebanov, Pufu, Zan:arXiv:2206.05308

Scalar cond.
Peudo-Scalar cond.

Condensates
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q gar potential
J\Z )L Z7 VX TIERERK E(Lattice QCD)E 2R DEIEENTED

29 27 VR Wilson loop

(W(O)) = e TV =1r [H Ui]

T — oo ieC

AEE T VY I REDIA
'’z 2 2 C1aeElin 7z s S
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g-qbar potential
s N\ZIILZ P VR TIEREFR L (Lattice QCD)EERBEHAEBEENTED
29 27 I Wilson loop

(W(O)) = e TV =1r [H Ui]

eC

T — o

G.Bali, Phys.Rept.343:1 (2000)

%

[V(r)-V(rg)] r

A DO N A O a4 N W
L D D
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g-gbar potential
- N\ZI)LEZ 7 VA TERER E(Lattice QCD)EERDEHBENTED

>0 5> I7 VR Wilson loop JINZ )L k=77 U (Schwinger model)
BN D DRFOHDRRFHED S EZRIE
(W(O)) = e TV =1r [H Ui]

s BOICHITBEY) = (Q|H®) | Q)= HITE

T — o

G.Bali, Phys.Rept.343:1 (2000) MT2 2wl V(€)= E(¢) - E(0)
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| 1 ‘ 1 1 1 | 1 1 ¢ | 1 I
1 dp —4p
o < Prd >I< >
= 0t £o E 4 : 40
= LR . :
S '1 (] :
-3 |* ' "
| | ' 1
/ | | |
4 U

50



q gar potential
J\Z )L Z7 VX TIERERK E(Lattice QCD)E 2R DEIEENTED

595 I7 VR Wilson loop INZ )L Z77 V230 (Schwinger model)
BRI HDBRFOHDIAFHEN S EERIE
(W(O)) = e TV =1r [H Ui]

ieC BOICBTBEY) = (Q|H(Y) | Q) Z AlITE

T — o

G.Bali, Phys.Rept.343:1 (2000) M7 22yl V(&) = E£) - EQ0)

3T | | I I . - M.Honda, E.l., Y.Kikuchi, L.Nagano, T.Okuda,
- Phys.Rev.D 105 (2022) 1, 01450
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Qiskit simulator results
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Pseudo-Scalar cond.
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04

0
“ecalar cond.

N~8OODDMRGETE THESE.
M.Honda, El, Y.Tanizaki, JHEP (2022)

T.Misumi, Y.Tanizaki, M.Unsal,
JHEP 07 (2019)018

& 1a1-q Schwinger model > 9S>V I 7Y
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U(1) Tform symmetry (pure Maxwell)
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Condensates

Condensates

Scalarcond. ©O
X

: Peudo-Scalar cond.

- NI RZPVEHICETD
staggered fermion D EHIEm & DX
i O(@)DFELNEL D

- massless®DiF¥H Scalar condensate®
lOgREEDINE

free m 1
§hee = - —————— K(——)

55



Nf=2D

—2382

—2384
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Nf=1 Schwinger model

M.C.Banuls, K. Cichy, J.l. Cirac, K. Jansen

JHEP 11 (2013)158

" scalar state (P=+1)
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