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Quantum simulations of lattice
gauge theories
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Quantum simulations of lattice
gauge theories
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Quantum simulations of lattice
gauge theories: time evolution
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Quantum simulations of lattice
gauge theories: time evolution
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How do we detect and suppress errors?

Abelian LGT:
* Post-selection: check if the final state satisfies local symmetries;
* Effective Hamiltonian: energy penalty
* Engineered dissipation: stochastic driving;

Non-Abelian LGT:
* Local symmetry generators do not commute
* Post-selection?



Z, LGT in one dimension and coherent error

Three-body interaction
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Measurement-induced gauge protection in digital
guantum simulations
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Equation for the density matrix in the continuous time limit
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Measurement-induced gauge protection in digital
guantum simulations

Possible implementations:
* Engineered dissipation[1]
« Random gauge transformations [2]
 Continuous measurements
‘ e Continuous limit for DPS

[1] Stanningel et al. PRL112 (2014)
[2] Lamm et al. arxiv:2005.12688



Measurement-induced gauge protection in digital
guantum simulations Quantum Ze}n\o regime

Possible implementations:
* Engineered dissipation[1]
« Random gauge transformations [2] 105
 Continuous measurements
‘ e Continuous limit for DPS
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Measurement-induced gauge protection in digital
guantum simulations Quantum Ze}n\o regime
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Possible implementations:
* Engineered dissipation[1]
« Random gauge transformations [2] 105
 Continuous measurements
‘ e Continuous limit for DPS
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Measurement-induced gauge protection in digital

Quantum Zeno regime

guantum simulations .
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Measurement-induced gauge protection in digital

guantum simulations

Possible implementations:
* Engineered dissipation[1]
« Random gauge transformations [2]
 Continuous measurements
‘ e Continuous limit for DPS

Quantum Zeno transition between
protected and chaotic phases

Importance of unraveling: same ensemble
average, different stochastic trajectories

[1] Stanningel et al. PRL112 (2014)
[2] Lamm et al. arxiv:2005.12688
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Nonabelian LGT: benchmark on D4

D3 gauge symmetry group
Smallest discrete nonabelian group = “fits” Ca trapped ion qudit
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Nonabelian LGT: benchmark on D4

D3 gauge symmetry group
Smallest discrete nonabelian group = “fits” Ca trapped ion qudit
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D5 Dynamical post-selection

What do we measure?

Computational basis
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D5 Dynamical post-selection

What do we measure”?
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D5 Dynamical post-selection

What do we measure? U BT
Computational basis U R
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D5 post-Processed Symmetry Verification (PSV)

[I; = projector on gauge-symmetry sector
PSV
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Numerical Results

Two plaquettes with PBC
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Numerical Results

Two plaquettes with PBC
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Conclusions & outlook

Abelian: PhysRevB.111.094315 non-Abelian:

Two post-selection approaches general symmetries, tested for
non-Abelian systems

* Dynamical post selection
* Mid-circuit measurements -

* Entangling gates
* Measurements and reset are slow

* Post-processed symmetry verification
* “Cheap” extra circuitry -
* Exponential number of observables

Quantum 9 (2025) 1802

Optimize measurement strategies
Local observable may not require full
gauge invariance

Identify commensurate observables

22
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Measurement-induced gauge protection in digital
guantum simulations
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we apply small random rotations around the x and z
axes.
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Numerical Results
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Measurement-induced gauge protection in digital

guantum simulations

Possible implementations:
 Continuous measurements
e Continuous limit for DPS

Digital vs Analog: same ensemble
average, different stochastic trajectories
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Measurement-induced gauge protection in digital

guantum simulations
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Possible implementations:
 Continuous measurements
e Continuous limit for DPS

Digital vs Analog: same ensemble
average, different stochastic trajectories
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Measurement-induced gauge protection in digital
guantum simulations
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Non-Abelian LGT: post-Processed Symmetry Verification (PSV)

The projection of a noisy outcome p of a simulation onto the
symmetry-preserving subspace (defined by Il;) is

B [1;pll, PSV
Ps = Tr[M,p] U— O\ —H
The expectation value of an observable w.r.t. the symmetry-projected [ — £
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Tr(Op) = = ,with O, = I, 0TI, Uy — £
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Ry T . —1Rg g is a reflection
B RtARpR _ g
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RE —[RR @ @ @)\ @ g is a rotation
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Lattice QCD

T T T * QCD Lagrangian on a discrete spacetime grid, Wick rotation
to Euclidean time;

* Observables are calculated using the Path Integral formalism;

* Monte Carlo methods for probability distribution of gauge
configurations.

+
gluon quark

Credit: Lattice QCD GPU Inverters on ROCm Platform
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Gauge configuration
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Lattice QCD

Temperature T [MeV]
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Lattice QCD

/ Hamiltonian Formulation \

(0()) = (0]e™HtO(0)e~Ht|0)
1. No sign problem
2. Both real- and imaginary-time evolution
3. Many-body processes and scattering
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Quantum simulations of lattice |
gauge theories DA RIFARE Gauge flelds
@

How we store information
) =|...U,U,U Ug @y ... )

A
U

The dimension of the Hilbert space grows exponentially, butitis
partitioned in gauge sectors described by local gauge
symmetries.

®
F\i
S L |

Symmetry group g € G, group elements represent Gauge fields Zohar and Burrello, PRD, 2015

on lattice links.

Form of local symmetries

0, = I®I...0% 0% 08 0F ;07 ..I®I, g € G, unitary, not
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Measurement-induced gauge protection in digital

guantum simulations

Quantum Zeno regime
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Possible implementations:
* Engineered dissipation [1]
* Random gauge transformations [2]
‘  Continuous measurements

* Continuous limit for DPS 10 A=02J
25
Quantum Zeno transition between
protected and chaotic phases
0

measure
ments

[1] Stanningel et al. PRL112 (2014)

By JozumBjada - Own work, CC BY-SA 4.0
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[2] Lamm et al. arxiv:2005.12688 35



Measurement-induced gauge protection in digital
guantum simulations
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Non-Abelian LGT: D5 and a qudit approach

D3 gauge symmetry group

 Smallest discrete nonabelian group = “fits” Ca trapped ion qudit
platform.

* LGTs: natural application for qudit quantum hardware. Qudits
efficiently represent high-dimensional gauge fields: local
operations act on a single gauge field (|G| < d);

37



Non-Abelian LGT

D3 gauge symmetry group

2+1-dimensional square lattice, pure gauge:
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Non-Abelian LGT: Dynamical Post Selection (DPS)

f)
What do We measure’ U R —o RFTL
Computational basis = °T
|U2>_ _Rg * Rq B

v/ Plaquette operator » exp(—iltH)| == < e

x Local gauge charge 1Us " errors Rg ? Rg I
Eigenbasis of ©,, [UaH_ HRE RET -

< Plaquette operator

v Local gauge charge |aux) ORO0HORO s

Digital post-selection auxiliary qudit



Non-Abelian LGT: post-Processed Symmetry Verification (PSV)

PSV
P —
The projection of a noisy outcome p of a simulation onto the Uy — £
symmetry-preserving subspace (defined by Il;) is Uy y— , s
|U5)— (U(80)) A
_ splls Uy — £
Ps = TF[HSp] : \—.:‘E L

[15(0991,,,,1 egm,,n)Jv 91, e G

We can find the following expression

TI‘(Op ) = TF[OHSp] _ z:gEGXnv Tr[pOHvEVva,v]
> Tr[sp] deGXnv Tr[pHvEVG)gv,v]
The projection onto the gauge sector is computed by sampling
several observables to construct the ratio.
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