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Three of  the key challenges for robust and reliable 
quantum simulation of  gauge theories

ØState preparation of gauge theory Hamiltonian – why so challenging? What are
effective ways?

Ø Dealing with a large Hilbert space for gauge theories in contrast to quantum spins
§ We choose to work with a matter-free non-Abelian SO(3) lattice gauge 

theory in 2+1D 
§ We impose the non-Abelian Gauss Law in the Rishon representation of the 

quantum link operator
§ Significantly reduces the degrees of freedom for gauge theories

Ø Sensitivity to errors and noise - an effective scheme for quantum error mitigation 
(QEM) using symmetry constraints and post-selection.
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Challenge 1: State preparation for gauge theories

Adiabatic state preparation (ASP) for Schwinger Model 
Hamiltonian with theta term in 1+1D

However, ASP requires unfeasibly large circuit 
depth for near term Digital quantum computation 
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More feasible State preparation methods for NISQ era

Variational quantum eigen solver
(VQE) 

E. Farhi, J. Goldstone and S. Gutmann, A 
quantum approximate optimization algorithm, 
2014

Quantum Approximate Optimisation Algorithm
(QAOA)

Puruzzo et al. (2014) Nat Commun 5, 4213

Further on this for U(1) 1+1D: Poster by Alex Tomlinson
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Challenge 2: Large Hilbert space of  gauge theories

We demonstrate the ability of Variational 
algorithms and QAOA to prepare ground states 
and excited states in a matter free non-Abelian 
SO(3) lattice gauge theories on 2+1 D

So
on to

 be arxi
ve

d

SO(3) shares fundamental properties with QCD

Rico et. al., Annals Phys. 393, 466-483 (2018)

Additionally, we handle the exponentially 
decreasing mass gap due to the spontaneously 
broken global charge conjugation symmetry

Many groups have been working on
various gauge theories in 2+1D and 3+1D  
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An SO(3) Quantum Link Model

Model, symmetries and gauge invariant states:

Rico et. al., Annals Phys. 393, 466-483 (2018)

where

Non-Abelian Gauss Law

Choose a gauge invariant basis by 
directly projecting onto 

D. Horn, Phys. Lett. 100B, 149 (1981) 

Brower, Chandrasekharan, Wiese, Phys. Rev. D 60, 094502 (1999)
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An SO(3) Quantum Link Model (continued…)

N2 + 2N Hermitian operators needed to represent fields SO(6) embedded algebra

Simplest representation in terms of spin 1/2 bilinear operators

Formation of gauge invariant states for four spins:
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An SO(3) Quantum Link Model (continued…)

N2 + 2N Hermitian operators needed to represent fields SO(6) embedded algebra

Simplest representation in terms of spin 1/2 bilinear operators

Hamiltonian in gauge invariant basis

Charge conjugation symmetry is
expected to break spontaneously

smallest energy gap decreases 
Exponentially with volume

to demonstrate with VQE and QAOA
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VQE: Minimize the cost functions  

Variational quantum algorithms: VQE and VQD

to obtain ground state energy

Similarly, use VQD by enforcing orthogonality to all previous states

For k-th state:

Choose β for first excited state to be ΔE + !ΔE  and tune ! to get closer to 
the exact energy difference
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Variational algorithms: VQE and VQD

VQE ansatz with 6-qubits and 2 layers

We witness the discrete symmetry breaking > exponential decrease of mass gap with volume
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Variational algorithms: results



Results
from real 
Hardware
IonQ
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Variational algorithms: results
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Quantum Adiabatic Algorithm and QAOA

Gauge invariant states of 4-spins on 2 x 2 lattice:

QAOA ansatz:
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Spontaneous symmetry breaking with VQE and QAOA
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We show that using VQE/VQD, and QAOA in a novel way spontaneous 
symmetry breaking in SO(3) in 2+1D has been achieved

Next talk by Dr. Graham Van Goffrier – SO(3) on 2+1D with fermions
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Third challenge: QEM via symmetry constraints and 
post selection 

Ø Imperfections in near-term quantum devices degrade the desired output information.
Ø A QEM protocol will aim to minimize this degradation. 
Ø Although for scalability long term solution is QEC which needs fault tolerant qubits
Ø QEM is also feasible for NISQ era vs. QEC due to large overhead demand of QEC

One simple but effective QEM technique: 
Use symmetry verification to identify errors that break the symmetries of the 
ideal quantum state and remove them via post-selection [Gottesman 1997, Tehral 2015]
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QEM via symmetry constraints and post selection 

Identify inherent symmetry of the circuit

Ø We chose Schwinger Model Hamiltonian in 1+1D to work with 

Ø We chose a common symmetry : Parity 

Ø We The input state, time evolution, output state – all should hold the symmetry ideally 

and 

Lets consider a Single Pauli symmetry operator S and where the ideal state lives within 

the +1 eigenspace of S defined by the projector 

Post-selected state

The symmetry-verified expectation value for 

the target observable O is given by 
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QEM implementation and outcome

[Ongoing work]

Preliminary

Preliminary
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Summary

q VQE and QAOA prepared ground state 
and excited state with novel implementation for SO(3)  
in 2+1D

q A matter-free SO(3) gauge theory Hamiltonian in 2+1D
has be written in gauge invariant basis using Quantum 
Link Model, and the Hilbert space was heavily reduces

q The spontaneous discrete symmetry breaking in SO(3)   
in 2+1D was established via quantum simulation

q A simple but effective way of QEM is using symmetry  
constraints and post selection
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