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• 1D QED on a lattice: Schwinger model

; 

B. Yang et al., Nature 587, 392 (2020); Z.-Y. Zhou et al., Science 377, 311 (2022);
H. Wang et al., Phys. Rev. Lett. 131, 050401 (2023)

E. A. Martinez et al., Nature 534, 516 (2016)
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• 1D QED on a lattice: Schwinger model

The quantum way for gauge theory: experiments 

• 1D Chiral BF theory in the continuum

Chiral solitons

Self-generated electric field

A. Frölian*, C. S. Chisholm*, E. Neri, C. R. Cabrera, R. Ramos, AC, and L. Tarruell, Nature 608, 293 (2022)



String breaking in small 2D lattice

D. González-Cuadra et al., Nature 642, 321–326 (2025) 

Z2:  T.A. Cochran et al., Nature 642, 315–320 (2025)
       J. Cobos et al., arXiv:2507.08088  (see Enrique’s talk)
                                                         

The quantum way for gauge theory: experiments 

Analog: Schwinger model with Rydberg

Digital: Superconducting Qubits

Meth et al., Nat. Phys. 21 (2025)

See Simran’s and Jad’s talk

Trapped Ion Qudits



M.C. Bañuls et al., Eur. Phys. J. D 74, 165 (2020)
M. Dalmonte and S. Montangero, Cont. Phys. 57 388 (2016)
E. Zohar, J.I. Cirac, and B Reznik, Rep. Prog. Phys. 79, 014401 (2015)
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2D Maxwell: Dynamical gauge field = operator on electro-magnetic quanta  

Kinetic term preserves Gauss law 

Hamiltonian lattice gauge theory             [Kogut,Susskind ‘75]

Hilbert space: U(1) group algebra 

+ Electro-magnetic energy 



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

Kinetic term preserves Gauss law 

Hamiltonian lattice gauge theory             [Kogut,Susskind ‘75]

Hilbert space: U(1) group algebra 

+ Electro-magnetic energy 

• The anisotropy between time and space reflects in the opposite 
behavior  with respect to the coupling

• g>>1 Electric term dominates, strong coupling (as 1D)

• g<<1 Magnetic term dominates, weak coupling, (perturbative)  
deconfinement 

• Competition between the two terms, characteristic feature D>1 

• Consequence: Running coupling (dimensional transmutation)



Running coupling on a torus

[Creutz’80]Renormalization of the coupling

Strong coupling expansion  Weak coupling expansion  

To be determined by the simulator

Weak coupling hard to approach 
with MonteCarlo

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

Experimental demonstration of chiral BF theory 

E.A. Martinez et al., Nature 534 (7608), 516-519 (2016)

C. Muschik et al., New J. Phys. 19 (10), 103020 (2017)

Dual Rokhsar-Kivelson Hamiltonian

Running of the coupling

AC et al., PRX 10, 021057 (2020) 

Encoding
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P. Fontana, M. Miranda-Riaza, and AC, PRX 15 (2025) 
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F. Haase*, L. Dellantonio*, AC*, D. Paulson, A. Kan, K. Jansen, C.A. Muschik, Quantum 5, 393 (2021)

• 2D QED on large/infinite lattices 
M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026)/in progress
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Running coupling of 2+1 QED on a minimal torus

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



variational parameter  for optimizing resources

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)

Efficient representation at all couplings



Variational simulations with trapped ions

Variational preparation of the ground state convenient for long range interactions

Feasible for moderate truncations in current trapped ions experiments!

Gauge dof: spin    =  qudit qubits (ions)

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



M. Meth et al., Nature Phys. 21, 570–576 (2025)



Running of the coupling

Encoding
+ 

Coupling
dependent 

basis 

• 2D QED on small tori
F. Haase*, L. Dellantonio*, AC*, D. Paulson, A. Kan, K. Jansen, C.A. Muschik, Quantum 5, 393 (2021)

• Non-Abelian gauge theories? No equivalent of ZN subgroups… 

• Scalability: performance on larger tori/lattices?

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

Renormalized dual basis for SU(2)

Variational optimization of states and Hamiltonian representation
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Renormalized dual basis for SU(2)
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Renormalized dual basis for U(1)

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



RDB for U(1): Comparison

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



➢MPS with DMRG (TeNPy)

➢Square/ladder latices in OBC

➢Single variational parameter 𝑔

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

RDB for U(1): Scaling to larger lattices



➢VARiPEPS for infinite (2+1)D   (E. Weerd and M. Rizzi, PRB 109, L241117 (2024))

                      

RDB for U(1):  ∞ lattices

𝑊
1
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Creutz ratio 𝜒𝑖×𝑗 = − ln
𝑊𝑖×𝑗𝑊𝑖−1×𝑗−1

𝑊𝑖×𝑗−1𝑊𝑖−1×𝑗
→ 𝜎

➢VARiPEPS for infinite (2+1)D   (E. Weerd and M. Rizzi, PRB 109, L241117 (2024))

                      

Creutz, Phys. Rev. Lett. 45 (1980)Wilson, Phys. Rev. D 10 (1974)

RDB for U(1):  ∞ lattices

𝑊𝑛×𝑛

𝑊
𝑛
×
𝑛



Running of the coupling

Creutz Phys Rev. D 23 (1981)

Renormalization through the Wilson loops: 𝑔 = 𝑔(𝑎)
𝑊
𝑛
×
𝑛



Running of the coupling

Creutz Phys Rev. D 23 (1981)

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

Step scaling



Running of the coupling

𝑑 = 2 𝜒 = 𝑑2
Creutz Phys Rev. D 23 (1981)

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

lmax = 4

Step scaling



RDB Summary: Formulation matters!

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

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

•  U(1): M. Miranda-Riaza, P. Fontana and AC, PRD 113 (2026) 
 



RDB Outlook: ab-initio continuum limit 

Ongoing: Scaling the infrared cutoff 𝑑
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