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what are LGT?



theory with a local
(gauge) symmetry
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Ising lattice gauge theory

Wenger |97/
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G;|V) = |¥) Gauss' law

phase transition: deconfined / confined



promoting a global symmetry to local
gauging the symmetry

fundamental role in HEP



QED

L= izﬁvuaﬂw — ma) Dirac fermion

olobal U(1) symmetry  (x) — "¢ (z)
olobal phase

local U(1) U(z) — e @y ()

Yo'y — 1 (0% +1i0"0) 1)

solution ot — DF = ! + 1A
AP — AM + 99  gauge field

invariant - . 1 3
gauge Invarian £:Z¢VMDM¢_W¢¢_ZFMVFM

dynamical term



Wilson’s LGT

Wilson 1974

discretized action — loses gauge Invariance

discrete derivatives Un Un,u Yn+4
A A O -
Yrti = Vnis lbn% Un,,uwn—l-/l
2a .

Un.., — etdn Unjue_zgo‘”w

dynamics of gauge dof i i Tr (Ug) + h.c.
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a— 0 continuum QFT



gauging PEPS




gauging PEPS

state (globally) invariant <

Pérez-Garcia et al., PRL 2008
Sanz et al., PRA 2009

Schuch et al,, Ann. Phys. 2010
Singh et al,, NJP 2007, PRA 2010



gauging PEPS
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gauging PEPS




gauging PEPS




gauging PEPS




gauging PEPS




gauging PEPS




why LGT?2?



Motivation for LGT: QCD
Wilson, 1974

non perturbative at low energy

LQCD
successful spectral calculations

imrtations: time, finite density

Temperature T [MeV]

Nuclei

Net Baryon Density



why with TNS?



a hatural connection

non-perturbative for

Hamiltonian systems

extremely successful for
D systems (MPS)

consistent developments
for higher dimensions

oround states
ow-lying excrtations
thermal states
time evolution

LGT

non-perturbative way of

solving QFT (QCD)

mostly path-integral
formalism & MC

4

D |attice

spectrum

finite T

big 3+ | dimensional
chemical potential
time evolution



how TNS FOR LGT???



using TNS for QMB

a formal approach
Chen et al PRB 201 |

classitying tensors Schuch et al PRB 201 |
@ | Wahl et al PRL 2013;Yang et al PRL 2015
CQnS‘tI"UC‘Ung states Haegeman et al, Nat. Comm. 2015

oreat descriptive power: phases,

topological chiral states, anyons...

no sign problem

numerical algorithms

tensor networks describe /
partition functions (observables)

need to contract a TN
TRG approaches

Nishino, JPS] 1995
Levin & Wen PRL 2008
Xie et al PRL2009: Zhao et al PRB 2010




using TNS for QMB

a formal approach
Chen et al PRB 201 |

classitying tensors Schuch et al PRB 201 |
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using TNS for QMB

a formal approach
Chen et al PRB 201 |

classitying tensors Schuch et al PRB 201 |
@ | Wahl et al PRL 2013;Yang et al PRL 2015
COnS‘tI"UC‘Ung states Haegeman et al, Nat. Comm. 2015

oreat descriptive power: phases,
topological chiral states, anyons...

no sign problem

numerical algorithms

tensor networks describe / * T ¢ WC W
partition functions (observables)  TNS as ansatz for the state

need to contract a TN efficient algorithms for GS, low
_.] . ]
Y | TRG approaches excited states, thermal, dynamics
S R - Nishino, JPS] 1995 White PRL 1992; Scholiwéck RMP 201 |
Levin & Wen PRL 2008 Vidal PRL 2003;Verstraete et al PRL 2004

Xie et al PRL2009; Zhao et al PRB 2010 Verstraete et al Adv Phys 2008; Ords Ann Phys 2014



using TNS for LGT

formal approach

gauging the symmetry

explicit

senera

numerical simulations  |no sign problem

-

£ E

Tagliacozzo et al PRX 2014
Haegeman et al PRX 2014

>/ invariant states Zohar et al Ann Phys 2015
prescriptions, U(1), SU(2)

. TN describe partition functions (observables)

TRG approaches to classical and quantum models

Liu et al PRD 201 3: Shimizu, Kuramashi, PRD
2014: Kawauchi, Takeda 2015:
review Meurice et al. RMP 2022

® ® ® o | N describe states
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early works with DMRG/TNS

Byrnes PRD2002; Sugihara NPB2004
Tagliacozzo PRB201 |; Sugihara JHEP2005
Meurice PRB2013

Schwinger model
U in ID
precise equilibrium
simulations,
feasibility of QSIm
MCB et al JHEPI 1(2013)158;

Rico et al PRL 2014; Buyens et al. PRL 2014;

3+ 1 dimensions
Magnifico et al. Nat. Comm. 202 |

2+ | dimensions

Felser et al. PRX 2020
Robaina et al. PRL 202 |
Emonts et al. PRD 2020

Non-Abelian in D

string breaking dynamics

S.Kuhn et al., JHEP 07 (2015) 1 30;
Silvi et al,, Quantum 2017/
S.Kihn et al. PRX 2017

Kihn et al., PRA 90, 042305 (2014);
MCB et al PRD 2015, Buyens et al. PRD 201 6;
Pichler et al. PRX 201 6;
review Dalmonte, Montangero, Cont. Phys. 2016

MCB, Cichy, Cirac, Jansen, Kuhn, arXiv:1810.12838

SU(3)QLM
Silvi et al, PRD 2019

finite densrty

S.Kuehn et al, PRLT 18 (2017) 071601
MCB, K. Cichy 1910.00257
QTFLAG Collab.1911.00003
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TNS = entanglement based

ansatz

area law PEPS
200000000 MPS
200000000
208 ®® 0000
2000200 ®00
®00000 000 29292999
@ 9;:0 @ 0 ¢l®:0 0 .
200000000 Schollwdck Ann.Phys. 201 |
2000000RO
200000000

Verstraete et al. Adv. Phys. 2008

other TNS

TTN

Shi et al PRA 2006

Swingle PRD 2012

suggested connection o1 X ot Molina JHEP 2013
Nozaki et al JHEP 2012

to AdS/CFT VAT Bao et al PRD 2015



in principle, they can all be used for
LGT simulations




general strategy

Hamiltonian formulation

acting on a Hilbert space
— choose proper basis

Finite dimensional degrees of freedom

fermions
— ¥V no sign problem

gauge bosons require attention
— truncating, integrating out (also QLinks)

* Common Ingredients for quantum simulation

/Zohar et al. PRL 2010, 2012, Rico et al. PRL 2014
Tagliacozzo et al., Nat. Comm. 2013 Pichler et al, PRX 2016
Banerjee et al,, PRL 2012 Zohar, Burrello, PRD 2015



early works with DMRG/TNS

Byrnes PRD2002; Sugihara NPB2004
Tagliacozzo PRB201 |; Sugihara JHEP2005
Meurice PRB2013
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/'Schwinger model.
BRI D <N
[ precise equilibrium
simulations,
| feasibility of QSIm

| MCB et al J[HEP T [(2013)158; |
Rlco et al PRL 2014; Buyens et al. PRL 208 4;
Kihn et al., PRA 90, 042305 (2014);
A\ B et al PRD 2015, Buyens et al. PRD 20 16;
: Pichler et al. PRX 2016;

revieWDalmonte, Montangero, Cont. Phys. 2016

MCB, L\ Cirac, Jansen, Kuhn, arXiy/ 8 10.12838
A\ 7

\ S A ¥
MCB, K. Cichy 1910.00257
QTFLAG Collab. 191 1.00003

2+1 dimensions

Falsek etal-arXiv 1 71100605
Robaina et al. arXiv:200/.1 1630
Emonts et al. PRD 102, 0/450| (2020)

Non-Abelian in D

string breaking dynamics

S.Kuhn et al., JHEP 07 (2015) 1 30;
Silvi et al,, Quantum 2017/
S.Kihn et al. PRX 2017

SU(3)QLM
Silvi et al, PRD 2019

finite density
S.Kuehn et al, PRLI 18 (2017) 07160/
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start with the simplest case: |D
|+1) LGT



YecaLL. "

MPS properties

MPS

osood approximation of ground states
Verstraete, Cirac, PRB 2006
Hastings, J. Stat. Phys 2007/

capped finite range

amiltonian =

area law (ground state)
Cramer; Eisert, Plenio, RMP 2009

efficient calculation of expectation values

exponentially decaying correlations

can be prepared efficiently



eoaLL... . .
‘ basic algorithms

variational minimization of energy

local
Hamiltonian

H= —-i-E-yum

oround state

Eo)~ -9 000000 excitations

apply local operators = simulate time evolution

imaginary time — ground state
IR thermal state

660666606 bbb bbb




eoaLL... . .
‘ basic algorithms

variational minimization of energy

local
Hamiltonian

H= —-i-E-yum

oround state

Eo)~ -9 000000 excitations

apply local operators = simulate time evolution

imaginary time — ground state
IR thermal state

S HBBE S bbb bbb

alternatively: TDVP




regarding dynamics



BEall... basic time evolution
algorithms

initial MPS

TEBD, t-DMRG

Vidal, PRL 2003, 2004
Verstraete, Garcia-Ripoll, Cirac, PRL 2004



BEall... basic time evolution
algorithms

initial MPS

discrete time
U(t) — [U5)]"

TEBD, t-DMRG

Vidal, PRL 2003, 2004
Verstraete, Garcia-Ripoll, Cirac, PRL 2004



BEall... basic time evolution
algorithms

inrtial MPS

discrete time
U(t) — [U5)]"

Suzuki- Trotter expansion

! l l l l U(5) ~ e—iHeée—iHO(S

TEBD, t-DMRG

Vidal, PRL 2003, 2004
Verstraete, Garcia-Ripoll, Cirac, PRL 2004




BEall... basic time evolution
algorithms

time evolved state
approximated by MPS

™™\
E l
TEBD, t-DMRG

Vidal, PRL 2003, 2004
Verstraete, Garcia-Ripoll, Cirac, PRL 2004

alternative: TDVP Haegeman et al, PRL 201 |

inrtial MPS

discrete time
U(t) — [U5)]"

Suzuki- Trotter expansion
U(5) ~ e—iHe5€—iHo5
truncate bond dimension

terate

compute observables



eoaLL“. .
f mixed states

MPO = Matrix Product Operator

Similar problems can be attacked

equilibrium — thermal states | |
Imaginary time evolution

time-dependent = real time evolution

unitary — p(t) = U(t)p(0)U(t)T
C o o B Bl St dp(t) L)

non-unitary g

Verstraete et al., PRL 2004
Prosen, Znidaric PRL 2008
Cal, Barthel, PRL 201 3,...
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In this talk. ..

Why using TNS/MPS for LGT? Y

spectral calculations

testbench:;

| finite temperature
Schwinger model

real-time

chemical potential

higher dimensional problems



Schwinger model as
laboratory



Schwinger model

Schwinger '62

Simplest gauge theory with matter

QED In [+ 1 dimensions

electrons & photons

Shows some of the features of full QC

D

confinement — bound states (massive bosons)

fermion condensate

A testbench for lattice techniques



Schwinger model

_ |
L= W(iy,0"* — gy, A¥ —m)¥ — 2 F,, F*
in I+1 D single adimensional parameter m/g

U(l) gauge invariance

U(z) — 6—’6'9915(90)\11(33)
v — 5,MV
{1V} =2 A, (z) = Ay (x) — 0,0 ()

F = 0,A, —0,A,

equations of motion

oL _6’_£:O for & =A4,, ¥

Oc od, 0P

(V"0 — gv" Ay —m) ¥ =0
0, F* = gU~"¥



Schwinger model

L =U(iy,0" — gy, A" —m)¥ — 1+ F,, FH

A’ =0
E=-Al
H = [dx [—i\ff*yl@l\lf + gU~y AT + mUU + %Ez]

/ fermiors hoton \ . elec%?ostatic
fermion P fermion
energy

kinetic term Mass

Hamiltonian formulation

coupling
plus a constraint: 01 F = g0~ W Gauss' law

quantization  {¥i(2), ¥}(y)} = ;;6(z — y)
{U,(z), W ()} = 0
A (), E(y)] = 10(z — y)



Schwinger model

L =U(iy,0" — gy, A" —m)¥ — 1+ F,, FH

A’ =0
E=-Al
H = [dx [—i\ff*yl@l\lf + gU~y AT + mUU + %Ez]

/ fermiors hoton \ . elec%?ostatic
fermion P fermion
energy

kinetic term Mass

Hamiltonian formulation

coupling
plus a constraint: 01 F = g0~ W Gauss' law

quantization {Wi(z), ¥i(y)} = 6;56(x — ) . |
(W), ,(y)} =0 discretize

Ar(z), E(y)] = id(x — y)



Schwinger model
on the lattice

discrete Hamiltonian (staggered) formulation




Schwinger model
on the lattice

discrete Hamiltonian (staggered) formulation

L
fermionic operators
{®,,,P,} =0
{q)’ma q);fz} — 5mn (I)Qn (I)Qn—l—l

@ O @ O



Schwinger model
on the lattice

discrete Hamiltonian (staggered) formulation

X

U(z,x+¢€) = etged1(@)

fermionic operators

{(I)ma (I)n} =0
{q)ma (I);fz} — 5mn (I)Q’n, (I)Qn—l—l
€ O € O



Schwinger model
on the lattice

discrete Hamiltonian (staggered) formulation

fermionic operators

{(I)ma (I)n} = 0
{q)’ma q);fz} — 5mn (I)Qn (I)Qn—l—l
1 1
20 OO0 ® 0 O g—&en%—A(x)
b
Jnntl = € gLy — E(x)

[9n7 Lm] a ig5nm



Schwinger model

discretized on the lattice

:__Z ng w”qbnﬂ hc _l_mz ¢T¢n ag ZLQ

plus constraint: Gauss' Law

. . 1
spinless fermions Ly, —Lp_1=0¢! ¢, — 5 1—(=1)"]

|D spins « fermions: Jordan-Wigner — ¢n = H (0% )0p

k<n

notice: not strictly
necessary for TNS




Schwinger model
on the lattice

Jordan-Wigner = spin model

1 . .
H—% E (O’ne O'n 1—|—O'n_|_1€ O'n)

+21+ ”3'agZL2

1
2000000 —0,——A(x)
10, G

gLy, — E(.CE)



Schwinger model
on the lattice

Jordan-Wigner = spin model
+— Z (14 (=1)"03) A 19° ZLQ

® 0(0)0 O 0, ——Alx)

. 94
popping  Unet =€ 0L iy




Schwinger model

continuum QED on the lattice

|+ 1| space-time . .
P discrete space-time

continuum limit

fermions lattice spacing ag — 0

bhotons

spin Hamiltonian

fermion mass m/g

adimensional | i
XY IOX Xe

Hamiltonian
. 140,  —
+ Gauss law hopping o0,€7 "0, 4




Schwinger model

continuum QED on the lattice

|+ 1| space-time . .
P discrete space-time

\[
(ZE) A(CIZ’) H | (Tj;,n 9%

continuum limit

fermions lattice spacing ag — 0

bhotons

spin Hamiltonian

fermion mass m/g + Gauss law

adimensional
200® ® ®O

Hamiltonian

+ Gauss law



for a TNS we need a basis



Schwinger model

200®0® 09O

basis o Se ¥ So b Se ¥ So-..)

but Gauss' law fixes photon content

1
Ly = Lot = 503+ (=1)")



basls

Schwinger model

but Gauss' law fixes photon content

1
Ln:zo+§;a§;+...

= eliminate gauge dof

introducing long range interactions



Schwinger model

MPS representation for OPEN BOUNDARIES
MO ... Se Sp Se S . - > non-local

terms
1
Ln :€O‘|‘ 5 E O'i

kE<n
| ong range
INteractions
T k<n

can be written as a MPO of D=5



both possibilities



basis ‘ ,

Schwinger model
on the lattice

all terms
--Seg SOZ Seg 80"°> are local

iNnfinite dimensional: truncation

Gauss' law needs to be imposed

works by Buyens et al., PRL 2014; arXiv:1509.00246
Rico et al, PRL 2014; NJP 2014

or Integra

basls

ing out the gauge dof
o...Sc Sy Se So - ..

"%

exact physical subspace

X does not generalize to bigger dimensions

ocal

MS


http://arxiv.org/abs/1509.00246

finite density
spectrum

\ entropy

[+ 1D RESULTS

thermal equilibrium time evolution



computing the low energy levels

Efficient algorithms to find ground state and
excrtations

Eo) ~ —@ > o0
variational, Imaginary time.. .

work directly in the TD limit
(n)

2. o b0 000

n

Different strategies possible for LGT

excltation
ansatz

truncate the gauge dof, integrate out
explicit symmetries in tensors



How to do the continuum calculation!?

discrete system — finite lattice spacing

reduce lattice spacing = need larger size (N)
alternative: infinite size

L

?
©00000000000000



How to do the continuum calculation!?

discrete system — finite lattice spacing

reduce lattice spacing = need larger size (N)
alternative: infinite size

extrapolate to vanishing spacing = possible
divergences

L




computing continuum quantities

Scan parameters

mass gaps and GS energy density

m/g . |
N the continuum z — oo

LT — OO \

r < 600
finite-size

N x v/z (up to ~850)

\ alternative: infinite size

convergence D ~ 0(100)

MCB, Cichy, Cirac, Jansen JHEP| 1(2013) 158
Buyens et al. PRLI 13 (2014) 091601



dispersion relation

ample

culation

8

X — OO

after the

m/g

X

continuum finite-size K

infinite chain

limit

better precision than any earlier numerics

—2476*
scalar . °
—2478 ®
% 2482T/GCJ[OI” - D=100 |
—2484 ]
S
—2486 l
ground state ca
248 @ 02 03 04 5 05 06 07 0
MPS with
m/is  DMRG OBC [1]
0 05641859  0.56414(26)
125 0.53950(7)  0.53946(20)
025 051918(5) 051915(14)
05  048747(2)  0.48748(6)

SEE % o
0.56418(2) 1128379  1.1283(10)
0539491(8)  1.22(2) 1.2155(28)
0.51917(2) 1.24(3) 1.2239(22)
0487473(7)  1.20(3) 1.1998(17)

N

convergence K

D

gauge Inv.
uMPS [2]

1222(4)
12282(4)

| 2004(1)

[I'] MCB, Cichy, Cirac, Jansen JHEP| [ (2013) 158
[2] Buyens et al. PRLI 13 (2014) 09160



MPS give us access to observables:
expectation values




MPS states — observables

chiral condensate in the G>: order parameter v (9¥)

for chiral symmetry breaking (m/g=0) g g

w1+ on
2

- - v
n the spin language =~ Zn:(—l)

0.195

0.19-m/g — () \+\\\\+ )

0.185} \+‘+
0.18 +
' +

0.159930(8)
et /7 exact 0.159929

0.16
0 0.05 0.1 0.15 0.2 0.25
1/\T




MPS states — observables

chiral condensate in the G>: order parameter v (9¥)

for chiral symmetry breaking (m/g=0) g g
. - e w1t oy
n the spin language =~ Zn:(—l) 5

no exact value known for m/g#0

only estimations de Forcrand et al. 97
Hosotani 97/

logarithmic divergence = same as In hon-interacting case



MPS states — observables

: -0.6 _
chiral conde —{ Y ()
. -0.7f — “free — =
for chiral sy E) g g
-0.8
-0.9
in the spin | 0042
~0.046
-1.1
~0.05
NO exact va -1.2
~0.054
-1.3} 0,058 -orcrand et al. 97/
14 70 0.04 0.08 0.12  sotani 97
| 1/Vz
logarithmic « 1 002 004 006 008 01 012 racting case

/v
from Buyens et al. arXiv:1411.0020



MPS states — observables

- -0.6 _
chiral conde —{ Xy (D)
- -0.7f— “free — =
for chiral sy E) g g
-0.8
-0.9
in the spin | ~0.042
-0.046
~1.1
~0.05
NO exact va -1
0065 ————r————————— —-0.054
-+ L
'm/g=0.5 ++ 7 ) -orcrand et al. 97
- ++ 0055 004 0.08 0.12  s0tani 97
0.055} -t ) 1/vz
ol |  Too04 o/.i)? 008 01 o012 racting case
' 1//x
0.045} OO42383<22) from Buyens et al. arXiv: 141 1.0020
L T oy alternative: substract exact non-

Y axivizioalls interacting condensate



uMPS: how important is the
truncation of gauge dof!



uniform MPS (uMPS)

cannot integrate out gauge | ...Sc £ Sol Sc b s, .. .)

>0 0000

but physical states have to satisty Gauss' law

= symmetries

¢
Ays




uniform MPS (uMPS)

cannot integrate out gauge | ...Sc £ Sol Sl So ...

> 0 00 O e o truncate

but physical states have to satisty Gauss' law

= symmetries

1 4
Za ] — - fﬁ Az’é a:(ﬁaa)
a — — b af B = (Lgh)
—1)% 4 1)
R S TR ]




symmetric MPS has block structure

| (=) + (=1)"
= | =4 (g =Ly A
. N 2
g\r ... p—1 p p+1
( | | )
0 0 |0 0 |0 0
p L
0 O 10 ... 0 |0 ... O
1 0 0 q,l 0 ... 0
Al'p: p+11}... R (1,1 ST,
0 ... 0 4 0 ... 0
o ... 00 . 0 |0 ... O
p+2 ... | . 2 N S
o ... 0 j]0/... O |0 ... O

a maximum bond /

dimension per block from B. Buyens



decay of Schmidt values required D towards cont

O’ ~
0, Lt D
10 o 7 120 | 3
O @ T
° 8 g 100 | | 25
: S : oo | [EH1100
i 2 : ®
1010t © 400
© H E O 60 | )
@ ; : = @ 40
0O O O o
10-20.O 20t
O
0 | .
e 4 -32-1012 3 4
4 -3-2-1012 3 4 g

' 1/2
Buyens et al PRD 95 (2017) 094509 D increases as x



finite density
spectrum

\ entropy

[+ 1D RESULTS

v

thermal equilibrium time evolution



thermal properties with MPO

combining real time

| | | | | |
evolution can compute Q Q |O Q |O 9 oun (8)
I
thermal response O—0—0-0-0-=0

functions

Barthel, NJP 2013 |
Karrasch et al NJP 2013 alternative method: MET TS

White, PRL 2009
Binder; Barthel, PRB 2015



thermal properties with MPO
Scan parameters; perform extrapolations for each 3

chiral condensate as a function of
temperature, In the continuum x — oo

m/g

T — OO \
T
finite-size \

N N x vz (up to ~300)

z € ]9, 1024]

extrapolation | |
0 sufficiently small for resolution

convergence \
D D € [80, 160

PRD 92,034519 (2015); PRD93, 094512 (2016)
Buyens PRD 94,085018 (2016)



thermal properties schwinger

chiral condensate at finrte I: analytical for m/g=0
_— [ smooth Sachs, Wipf 92
q restoration of
< | "= chiral symmetry
%(8)/g

0.01p

Of=

[ -0.01¢
0.06F
[ -0.02¢
0.04¢ -0.03}
i -0.04}
0.02f
I -0.05¢
O- -0.06F| « Buyens
e Sachs & Wipf
-0.07 - i : . . . .
0 0 025050.75 1 12515 1.75 2

B-g
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finite density with MPS

Several fermion flavors, different chemical potentials

oround state density changes (first order PT)

Montecarlo has sign problem

10

AN

0 05 1 15 2 2.5 3 3.5 4 0 0.125 0.25 0.5
m/g

S. Kuehn et al, PRLII8 (2017) 071601
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Entropy can be efficiently computed from MPS state

gauge constraints not purely local = not all entropy physical

Casini et al 2014; Gosh et al JHEP 2015
Soni, Trivedi JHEP 2016; van Acoleyen et al PRL 2016
SU(2) '

| c : 2 earlier for Schwinger

Sq(x)
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basic evolution algorithms

Reliable for moderate times, or in some
setups

Useful for quantum simulation

S.Kihn et al,, Phys. Rev. A 90, 042305 (2014)

S. Kiihn et al., JHEP 07 (2015) 130

Buyens et al., PRL 2014; PRX 2016
Rico et al, PRL 2014; NJP 2014; PRX 2016

Many results for finite lattices/discrete
models (scattering, vacuum decay...)



http://arxiv.org/abs/1509.00246

quench scenario

Interacting vacuum (T1)

switch on background electric field a
= palr production

' TEBD evolution

B. Buyens et al, PRD96, | 14501 (2017)



quench scenario

01 E(t)/g (o =0.1) N(t) (o = 0.1)
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B. Buyens et al, PRD96, | 14501 (2017)



quench scenario

nt . E(®)/g - N ()

05}
Ot ; \“ I
! ’ ,I ! ~ l'
- ! / I . / \' b 1 I
05 \\ / —0.75 o~ 01 - ', ‘/' “ :‘
11 \~ 7 —1.25 ' )
1.5 .
1S %0 3 6 9 12 15 18
0 3 6 9 12 15 18
strong field

Not a continuum extrapolation, but
results near the continuum limit B. Buyens et al, PRD96, | 14501 (2017)



PDF in Schwinger model

LAT TICE24 arXiv:2409.16996
arXiv:2504.07508

Krzysztof Cichy C.-). David Lin Manuel Schneider
(Poznan) (NYCU) e



parton distribution functions

internal structure of hadrons (e.g. probed in DIS)

probability to find a
constituent carrying a certain
momentum fraction

scattering amplitude factorizes:
perturbative part and PDF

[Schwartz 2014]

dz= oo -
fu(€) = [ G=e (P We 07 L (0)|P)

integral along light front direction

in LOQCD only indirect access (Euclidean time)



fermionic PDF

(Pl (27 )W(o- 0)7 T (0)|P)

attice version (staggered fermions)

(h|leH 3 1] (iof) ok e ot g7 sttt hAL T T (—io},) g | )

k<Az k’<0

Jordan-Wigner spin mapping

elgenstate

Trotterized evolution

zigzag light cone

O—REEEE—O
O—ENEEE—O
O— - E B3O

O EEE—O
O—HEERE O

MCB, Cichy, Lin, Schneider; arXiv:2504.0/7508
preliminary results presented in LAT TICE24 arXiv:2409.16996



fermionic PDF

m = 10; V = 100; D = 80; N, = 100

[

l

A

x

x = 50
x = 100
x = 1000

PDF (Fourier transform)

m = 10; V &~ 100; D = 80; N, = 100
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basic matrix element

convergence with very
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moderate size of tensors

MCB, Cichy, Lin, Schneider; arXiv:2504.0/7508
preliminary results presented in LAT TICE24 arXiv:2409.16996



fu (§)

fermionic PDF

=40V =320
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convergence with very
moderate size of tensors

fu (€)

PDF (Fourier transform)

M = 103 V &~ 100; D = 80; N, = 100
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MCB, Cichy, Lin, Schneider; arXiv:2504.0/7508

preliminary results presented in LAT TICE24 arXiv:2409.16996



beyond Schwinger

non-Abelian |D models



SU(2) model

SU(Z) matrices

1 b Trrbe anb ag’ 2
H_%Zb(¢ U q5+1—|-hc)+mz S o+ - > T

Kogut-Susskind 75
plus non-Abelian Gauss' Law G”\\prhys> — 0

G, =1L — , — Q7

n— no

Q; T Z ¢bTO-ch

a proper tensor product basis for MPS. ..

..on'n? G0 n'n® L)



SU(2) model

SU(Z) matrices

1 bTrrbe (c anb ag’ 2
H_%Z(¢ U q5+1—|—hc)+mz S o+ - > T

n,b,c
| Kogut-Susskind /5
plus non-Abelian Gauss' Law G”\\prhys> — 0

G Ll/ ! QV

n— no 1 bT

be

a proper tensor product basis for MPS. ..
.ontn® 00 ntn® L)

__—" truncate gauge dof

—~—, Integrate out gauge
also R Sala et al, PRB 98, 034505 (2018)



SU(2) model

e.g. vector meson mass gap

N 10 =y 1 1 1 1 1
critical exponent .o
5F —.,.—" ’_-.
,—"/—’— .- ‘ Lyt
o =1/92  ~0639 - 0®
Jn.lax / _ .__’—0 g %
Jmax = 1 | 0.781(93)(75) @ AAL -
: 4 1O ‘ ,,—ﬁ"gf? -
Jmax = 3/2 | 0700029)(I 1) éé :
: _ o5k A BET % -
Jmax = 2 0700(29)(1 1) SIS ~ (m/g)
"I | ] ] ] ] ] ]
0.1 0.15 0.2 0.3 04 0.8 1.6
m/g

MCB, Cichy, Cirac, Jansen, Kihn arXiv:1 707.06434



beyond ID



PEPS for 2+1 D LGT

' Tagliacozzo,Vidal PRB 201 |
some results with other TNS e e 5000

Magnifico et al. Nat. Comm. 2022

exp||C|t|y 24uge invariant PEPS Tagliacozzo et al PRX 2014
Haegeman et al PRX 2014
restricted ansatz calculations Zohar et al Ann Phys 2015

Emonts et. al,, PRD 102,074501 (2020)

standard PEPS toolbox contains all ingredients
for full variational computation et B e

0
computational cost, required D 94g e _Kze‘f
D 6, \

1
Zapp, Oruds PRD 2017/

plaguette terms



PEPS for 2+1 D LGT

Nno continuum extrapolations yet

results with IPEPS imaginary time evolution

use It to study the phase diagram of /3 pure
LG

D. Robaina, MCB, |. I. Cirac, PRL126,050401 (2021)

recent results with finite PEPS

WU, Lio, arXiv:2503.20566



another approach



restricted ansatzes

MERA: study of Z» 2+ 1D model
Tagliacozzo,Vidal PRB83, [15127 (2011)

Tree TN U(1) 2+ 1D model at finite density
Felser et al. PRX10, 041040 (2020)

sauged Gaussian PEPS: Z3 on 2+ | D finite PBC lattice
Emonts, MCB, Cirac, Zohar, PRD 102, 074501 (2020)

Trees: first 3+ 1D simulations for U(l) LGT
Magnifico et al. Nat. Comm. 2, 3600 (2021)



related topics...



Related, but | didn't talk about. ..

TNS for other field theories

Thirring model, PRD 100, 094504 (2019)
Thermal QFT dynamics, PRR2, 033301 (2020)

continuous TNS for QFT

Verstraete, Cirac PRL104, 190405 (2010)
Tilloy, Cirac PRX9, 021040 (2019)

proposals for quantum simulation of LG T with

ultracold atoms

Zohar et al. PRL 2010, 2012, Rico et al. PRL 2014
Tagliacozzo et al, Nat. Comm. 2013 Pichler et al, PRX 2016
Banerjee et al,, PRL 2012 Zohar, Burrello, PRD 2015
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e

other TNS TIN

N

f efficient algorithms can be also used to find thermal 2
states, evolve master equations and more

Vidal PRL 2007

simulating time evolution/arbitrary quantum circuits
requires truncation = limited!

C )
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[ feasibility of TNS for LQFT demonstrated in |+1D
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finite density
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ftime evolution

thermal equilibrium

(

strong connections to quantum simulation proposals
already results with PEPS for 2+1D LGT

with restricted ansatzes 3+I1D
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Review on novel methods for lattice gauge theories, MCB, K. Cichy, Reports on Progress in Physics 83,
024401 (2020),arXiv:1910.00257

Simulating lattice gauge theories within quantum technologies, MCB, R. Blatt, Catani et al., Eur. Phys. J.
D 74, 165 (2020), arXiv:1911.00003

Quantum Simulation for High-Energy Physics, C. Bauer, Z. Davoudi et al., PRX Quantum 4, 027001
(2023).

Cold-atom quantum simulators of gauge theories, J. C. Halimeh, M. Aidelsburger, F. Grusdt, P. Hauke, and
B. Yang, arXiv:2310.12201
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