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The quantum way for gauge theory: experiments

e 1D QED on a lattice: Schwinger model
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The quantum way for gauge theory: experiments

e 1D QED on a lattice: Schwinger model

1D Chiral BF theory in the continuum

2D: Chern-Simons theory ;
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A. Frolian®, C. S. Chisholm®, E. Neri, C. R. Cabrera, R. Ramos, AC, and L. Tarruell, Nature 608, 293 (2022)



The quantum way for gauge theory: experiments

String breaking in small 2D lattice Digital: Superzconduc)ting Qubits
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Munich, Zurich, Paris, Harvard,
Barcelona...

M.C. Bafiuls et al., Eur. Phys. J. D 74, 165 (2020)
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E. Zohar, J.1. Cirac, and B Reznik, Rep. Prog. Phys. 79, 014401 (2015)



GAUGE TH EORY & QUANTUM SYSTEMS
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Hamiltonian lattice gauge theory [Kogut,Susskind ‘75]

2D Maxwell: Dynamical gauge field = operator on electro-magnetic quanta
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Hamiltonian lattice gauge theory [Kogut,Susskind ‘75]

2D Maxwell: Dynamical gauge field = operator on electro-magnetic quanta

[E S0y /* The anisotropy between time and space reflects in the opposite 7
behavior with respect to the coupling bra
5= e g>>1 Electric term dominates, strong coupling (as 1D)
-| * g<<1 Magnetic term dominates, weak coupling, (perturbative) s
A& deconfinement 0

 Competition between the two terms, characteristic feature D>1 = 1), Va

S
 Consequence: Running coupling (dimensional transmutation)
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Running coupling on a torus
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b= (D=7

Renormalization of the coupling  [Creutz’80]

< > 1/ To be determined by the simulator

/ ~\ Weak coupling hard to approach
. | with MonteCarlo

AT

Strong coupling expansion Weak coupling expansion

Alternative short-distance observables: G. Clemente, A. Crippa, K. Jansen, Phys. Rev. D 106, 114511 (2022)



Running coupling with finite resources?
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Electric-basis truncation inefficient



Running coupling with finite resources?
ROADMAP FOR QUANTUM(-INSPIRED) LGT SIMULATION

3. arXiv:2407.03058 [pdf, other]
cond-mat.str-el hep-th physics.cc

Tensor Networks for Lattice Gauge The
Roadmap

Authors: Giuseppe Magnifico, Giovanni Cataldi, M. g
Pietro Silvi, Simone Montangero
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a d

(2 4+ 1)-dimensions (3 + 1)-dimensions

U(1) SU(2) SU(3) uQ) SU(2) SU(3) £,
1| 35 30 164 267 178 3096
2| 165 168 752 3437 3670 52476
3| 455 600 3738 | 18487 35280 813438 100k , S,
4| 969 1650 19878 | 64953 214958 17490134 107! 10° 10°
51771 3822 43698 | 177155 967466 69232482 g2
62925 7840 82128 | 408421 3509062 228461186
7|4495 14688 212496 | 835311 10828494 1245755754
8| 6545 25650 333538 | 1561841 29473038 2782999996

FIG. 4. Exact diagonalization of a QED plaquette for a grid
of masses and couplings, m € [1072,10'] and ¢g° € [10~*,10"].
TABLE 1. Dressed site Hilbert space dimension d for in- (a,b) Minimal gauge truncation £ required to reach a preci-
creasing number £ of allowed electric energy density levels Sion €erune = 102 in the magnetic energy (Re 0|:|)- (c) Cor-
in some 2- and 3-dimensional paradigmatic LGTs with dy- responding entanglement entropy S associated with a sym-
namical matter and gauge groups U(l)a SU(2): and SU(3) motrie hinartitinn nf the nlanneatte




Running of the coupling
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Dual Rokhsar-Kivelson Hamiltonian
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AC et al., PRX 10, 021057 (2020)

1D: Chiral BF theory
E.=An

Experimental demonstration of chiral BF theory L=

Energy, EkVE,  ~
N = O = N Was& o,

A} k/k, =6 J(4E,)

/
2} Chiral BF meory/*

e o Schwinger model T e,

= Ll_’al.LZ_’gz L3_,03. ,LN;ﬂNJ. ‘ ' ‘

& & & 5 o 8 B B & 8 A E.A. Martinez et al., Nature 534 (7608), 516-519 (2016)
+ nearest neighbour interactions

+ long - range interactions C. Muschik et al., New J. Phys. 19 (10), 103020 (2017)




Running of the coupling

e 2D QED on small tori

EnCOdlng F. Haase*, L. Dellantonio®, AC*, D. Paulson, A. Kan, K. Jansen, C.A. Muschik, Quantum 5, 393 (2021)
+
Coupling
dependent
basis e 2D pure SU(2) on small tori

P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025)

C e . . M. Miranda-Riia P. Fontana, Ph.D
* 2D QED on large/infinite lattices

M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)/in progress



Running of the coupling

e 2D QED on small tori

EnCOdlng F. Haase*, L. Dellantonio®, AC*, D. Paulson, A. Kan, K. Jansen, C.A. Muschik, Quantum 5, 393 (2021)

+
Coupling
dependent
basis



Running coupling of 2+1 QED on a minimal torus

H® =AY + HY,
. 0 e ae e A g-a
Ay =29 | R} + RS+ R} — Ro(Ra + Ry))| (O) = -

ﬁg) — —292[12 [ﬁ’l + ﬁ’z + pg + ﬁ’lﬁgpg + HC]

J.F. Haase*, L. Dellantonio®, AC*, D. Paulson, A. Kan, K. Jansen, C.A. Muschik, Quantum 5, 393 (2021)



Efficient representation at all couplings

L = L(p) variational parameter for optimizing resources
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Varying L allows to avoid freezing while minimizing the truncation
J.F. Haase*, L. Dellantonio®, AC*, D. Paulson, A. Kan, K. Jansen, C.A. Muschik, Quantum 5, 393 (2021)

See also C. W. Bauer and D. M. Grabowska, Phys. Rev. D 107, L031503 (2023)



Variational simulations with trapped ions

Gauge dof: spin [= qudit =) 2[4+ 1 qubits (ions)
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Feasible for moderate truncations in current trapped ions experiments!

D Paulson, L Dellantonio, JF Haase, AC,...PRX Quantum 2 (3), 030334 (2021)



Simulating 2D lattice gauge theories on 4 qudit quantum computer

Michael Meth,! Jan F. Haase.>®? Jinglei Zhang.>? Claire Edmunds,’ Lukas Postler,

Andrew J. Jena,?? Alex Steiner,! Luca Dellantonio,>*® Rainer Blatt," %7 Peter Zoller,®©

Thomas Monz.*™ Philipp Schindler,® Christine Muschik*,>° and Martin Ringbauer*"

2D-QED Hybrid qubit-qutrit

Quantum computation results
variational circuit
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M. Meth et al., Nature Phys. 21, 570-576 (2025)




Running of the coupling

e 2D QED on small tori

EnCOdlng F. Haase*, L. Dellantonio®, AC*, D. Paulson, A. Kan, K. Jansen, C.A. Muschik, Quantum 5, 393 (2021)
+
Coupling
dependent : ,
_ Open questions:
basis

* Non-Abelian gauge theories? No equivalent of Z,, subgroups...

* Scalability: performance on larger tori/lattices?



Running of the coupling

Encoding
+
Coupling
dependent

basis e 2D pure SU(2) on small tori
P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025)

. e . . M. Miranda-Riia P. Fontana, Ph.D
* 2D QED on large/infinite lattices

M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)/in progress



Renormalized dual basis

Optimal local basis through the single-plaquette Hamiltonian: divide and conquer
O 0

P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025), M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)



Renormalized dual basis

Optimal local basis through the single-plaquette Hamiltonian: divide and conquer
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P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025), M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)



Renormalized dual basis

Optimal local basis through the single-plaquette Hamiltonian: divide and conquer
O 0

V(6|

20.0
17.54
15.0+
12.54
10.0

P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025), M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)



Renormalized dual basis

Optimal local basis through the single-plaquette Hamiltonian: divide and conquer
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rDB||,

P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025), M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)




Renormalized dual basis for SU(2)
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Renormalized dual basis for SU(2)
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Renormalized dual basis for SU(2)
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Renormalized dual basis for U(1)
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M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)



RDB for U(1): Comparison
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RDB for U(1): Scaling to larger lattices
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RDB for U(1): o< lattices A\ |

»VARIPEPS for infinite (2+1)D (E. Weerd and M. Rizzi, PRB 109, L241117 (2024))
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RDB for U(1): == lattices A\ |

»VARIPEPS for infinite (2+1)D (E. Weerd and M. Rizzi, PRB 109, L241117 (2024
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Running of the coupling A |

Renormalization through the Wilson loops: g = g(a)
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Creutz Phys Rev. D 23 (1981)




Running of the coupling

Renormalization through the Wilson loops: g = g(a)

Step scaling

Fla=1-jpis =
L W(4,4) & a— -
G(g0) - W (2,6) o : é |

i T T
golg) gol5) gola

FIG. 1. The “staircase” construction of Sec. II for an
asymptotically free theory.

Creutz Phys Rev. D 23 (1981)



Running of the coupling

Renormalization through the Wilson loops: g = g(a)

Step scaling

[N B

P 7 T

R S —

B

t 1
90(‘%‘) Qo(%‘)

FIG. 1. The “staircase” construction of Sec. II for an

asymptotically free theory.

Creutz Phys Rev. D 23 (1981)
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RDB Summary: Formulation matters!

SU(2): P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025)

3 Standard truncation Reformulation Variational
(electric basis) (interpolating basis) (interpolating basis)
0.01 1 1 1
1 2744 64 64
100 >2744 125 1

Total # of states to achieve <1% infidelity in the ground state of pure SU(2) on a minimal torus

 U(1): M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)
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RDB Outlook: ab-initio continuum limit
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