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Why quantum computing
Some weaknesses of alternatives

 degrees of freedom

of dimension , 


N
d

dim(ℋ) = dN

Exact diagonalization Monte Carlo Tensor networks

Exponential increase in


bond dimension with time,


D ∼ et

Sign problem with

topological terms or 

chemical potential,


𝒩Samples ∼ eN/T



Why topological terms
Strong CP problem

• Why does QCD preserve CP symmetry (Charge conjugation - Parity)?


• Experimentally CP within QCD interactions is conserved


• Theoretically we can have a CP violating topological term


• Gives a neutron electric dipole moment


• Experimentally


• Range  raises the strong CP problem of fine-tuning to θ ∈ [0,2π] θ < 10−10

ℒ = −
1
4

FμνFμν + ψ̄ (iγμDμ − m) ψ + θ
g2

32π2
FμνF̃μν

dN = (5.2 × 10−16e ⋅ cm) θ

dN < 10−26e ⋅ cm ⟹ θ < 10−10



Some related work in the field from 2024

• Scalable Circuits for Preparing Ground States on Digital Quantum Computers: 
The Schwinger Model Vacuum on 100 Qubits, Farrell et al, PRX Quantum 5, 
020315


• Concurrent VQE for Simulating Excited States of the Schwinger Model, Guo 
et al, arXiv:2407.15629


• Digital Quantum Simulation for Spectroscopy of Schwinger Model, Ghim et al, 
arXiv:2404.14788 



Schwinger model theory
Staggered and Wilson fermions

H = ∫ dx (−iψ̄(x)γ1 (∂x − igA1) ψ(x) + mψ̄ψ +
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Schwinger model theory
Hamiltonians with spin operators
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Schwinger model theory
Observables
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Schwinger model theory
Phase diagram
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Methods for quantum computing
Goal outline

• Find ground states with noiseless variational quantum 
eigensolver (VQE) around 1st order phase transition (PT) 
line testing different ansatz and gates


• 6, 8, 10, 12 qubits for both fermion discretizations


• For 


• Prepare these states on IBM’s quantum devices


• Measure the EFD and PN to demonstrate the PT
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Results for quantum computing
VQE performance

• Brick ansatz performed better than ladder ansatz


• SO(4) gate  performed better than  


• Achieved fidelities over 0.99


• 1 layer for  and 2 layers for 


• Number of layers consistent for all system sizes between 6-12 qubits

(λ ≠ 0) RXX+YY (λ = 0)

mlat
g

= 10
mlat

g
= 0



Results for quantum computing
First order phase transition
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Results for quantum computing
Error mitigation

• Dynamical decoupling


• Readout error mitigation


• Pauli twirling


• Zero noise extrapolation (ZNE) 
 
Noise factors: 1, 3, 5
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• Compute ground states as matrix product 
states with DMRG and compare to continuum 
mass perturbation theory for EFD observable 
 


• Fixed volume 


• Fixed 


• Therefore need the mass shift for each 
 in steps of 10

N/ x = 30

mr /g = 0.01

N ∈ [70,100]

Methods for tensor networks
Goal outline
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Results for tensor networks
Continuum extrapolation
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Summary and outlook

• Analyzed different ansatz and gate performance with VQE


• Remnants of 1st order phase transition with QC


• Variety of error mitigation techniques proved helpful


• Continuum extrapolation comparison of staggered and Wilson fermions


• Explore capabilities of quantum devices in continuum extrapolations


• Looking into topological terms in 2+1 QED


• Investigate the Schwinger model within open quantum systems
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Variational quantum eigensolver
How it works

...

|0⟩

|0⟩

Initial

state


preparation

unitary

U ( ⃗θ)
Measure


cost

function

gradient

w.r.t. ⃗θ

Update parameters  

to minimize cost function

⃗θ



Variational quantum eigensolver
Details of how algorithm was used

• L-BFGS-B optimizer


• Initial states either generic or representing what is expected from left and right 
of the phase transition


• Warm up stage with 2k iterations while each layer has 1 free parameter then 
100k iterations where all gates have their own free parameter


• When adding a layer, the existing layers’ initial parameters are the optimized 
ones


• Usually only a few thousand iterations were sufficient for convergence with 
high fidelity



Error mitigation techniques
Dynamical decoupling

• During idle periods of qubits, the qubits interact with their environment and 
decoherence occurs (inability of qubits to exhibit quantum behaviour)


• Applying externally controlled gates that amount to the identity operation can 
suppress this decoherence, e.g. X gate twice 

Phys. Rev. A 58, 2733

Qiskit library



Error mitigation techniques
Zero noise extrapolation

Qiskit library



• The MPS ansatz decomposes a quantum state into a set of rank-3 tensors:  
 




• Physical indices: 


• Bond indices: 
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. . . AσN
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Continuum extrapolation
Mass shift measurement
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and references therein
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