
QuantHEP, 5 September 2024

Efficient simulation of lattice gauge 
theories with qudit quantum computers

Jinglei Zhang 
Institute for Quantum Computing

University of Waterloo



Outline 

• Motivation


• Using qudits to simulate matter and gauge fields


• Using qudits to refine truncation effects


• Summary & Outlook



Motivation 

Quantum simulation of QCD in (3+1)D

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

QED in (1+1)D
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QED in (2+1)D with dynamical matter

Abelian LGT in (1+1)D with dynamical matter 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Qudits for LGT simulation
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Fermionic matter
Bosonic gauge fields

The model: 2D-QED 

• Approximate U(1) with 


• Truncate to  relevant states to be 
included in the simulation, we choose 



• Map the gauge field onto a d-level qudit 

ℤ2L+1

d = 2l + 1

L = l + 1

Use Jordan-Wigner 
transformation to map to 
two-level qubit 


D. Paulson et al., PRX Quantum 2, 030334 (2021)




Fermionic matter
Bosonic gauge fields

The model: 2D-QED 

Experimental setup



The model: 2D-QED 

D. Paulson et al., PRX Quantum 2, 030334 (2021)


Gauss’ law:



• Gauss Law can be used to eliminate three gauge field 
degrees of freedom


• Variational circuit inspired by the form of the 
Hamiltonian


• Study expectation value of □̂ = −
1
V

ĤB

D. Paulson et al., PRX Quantum 2, 030334 (2021)
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Hybrid qubit-qudit circuit 

One-hot encoding that uses d qubits for a d-level system 
|0,…,010,…,0⟩
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Hybrid qubit-qudit circuit 

One-hot encoding that uses d qubits for a d-level system 
|0,…,010,…,0⟩



Can we see experimentally the improvements 
with refining the discretisation?



J. F. Haase et al., Quantum 5, 393 (2021)


Pure gauge system with periodic boundary condition

Pure gauge U(1) with PBC 



• 8 gauge fields

• 3 can be eliminated with Gauss Law

• 2 dof are zero for the ground state

• 3 independent rotors describe the system

J. F. Haase et al., Quantum 5, 393 (2021)


Pure gauge system with periodic boundary condition

Pure gauge U(1) with PBC 



J. F. Haase et al., Quantum 5, 393 (2021)


Two representation are used:

- electric basis

- magnetic basis


Each more efficient in different regimes of , but more 
truncation error in the opposite regime


g−2

Electric and magnetic representations 



Hybrid qubit-qudit circuit 

Experimental 
VQE solution for 
d=3 and d=5


By changing the 
qudit dimension 
we can study 
systematically 
truncation effects



Summary

• Successful experimental VQE with qutrits and ququints with trapped ions


• Qudits can be a natural implementation of LGT degrees of freedom


• Flexibility in realising systems with mixed dimensions, and in adjusting 
truncation 
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• Realize time evolution


• Study higher dimensions or non-Abelian theory


• Qudits also available on other platforms 
(Rydberg atoms, microwave photons, 
superconducting circuits, ultracold atoms…)


• Extension of e.g. error mitigation techniques to 
qudit systems, efficient measurement 
protocols,…


• Applications of qudit to other field theory, 
quantum chemistry, etc.
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Thank you for your attention! 

Martin RingbauerMichael Meth



• Amplitude fluctuations: error in the 
variational parameter


• Phase error for qudit entangling gates:

• Imperfect compensation of AC stark 

shifts on spectator states 




