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Introduction

how to verify quantum simulation?

small lattice large lattice

exact diagonalization tensor networks etc.

quantum field theory

???

∞
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Introduction

how to verify quantum simulation?

✓ exact answer is known

✓ non-trivial (interacting) theory

✓ calculable on present small devices

✓ scalable to future large devices
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Chiral anomaly

chiral anomaly in 1+1 dim.

chiral anomaly in 1+3 dim.

©︎ CRC Press
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Chiral anomaly

“exact” in all orders

chiral anomaly in 1+1 dim.

chiral anomaly in 1+3 dim.

©︎ CRC Press
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Chiral anomaly

𝐿 (periodic)

vacuum
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Chiral anomaly

𝑄 = # of right-handed electrons − # of left-handed electrons

exact number

external electric field

𝑑

𝑑𝑡
𝑄 =

1

𝜋
𝐿𝑒𝐸ex

𝐸ex

𝐿 (periodic)
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Chiral anomaly

output data

input parameter

𝑑

𝑑𝑡
𝑄 = 𝐶𝐿𝑒𝐸ex

fitting result

if 𝐶 =
1

𝜋
± (statistical error) ⟹ simulation is correct

𝐸ex

𝐿 (periodic)
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Lattice gauge theory

Nielsen-Ninomiya no go theorem Nielsen, Ninomiya (1981)

“chiral symmetry (or one of basic properties) is violated on lattices”

𝑑

𝑑𝑡
⟨𝑄⟩ =

𝑑

𝑑𝑡
න 𝑑𝑥 ⟨𝜓+𝛾5𝜓⟩ = 𝑂 𝑎 → 0 no anomaly???

lattice perturbation Ambjorn, Greensite, Peterson (1983)
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Lattice gauge theory

nonconserved chiral charge

𝑄 = න 𝑑𝑥 𝜓+𝛾5𝜓 + 𝑂 𝑎

s. t. [𝑄, 𝐻fermion] = 0

conserved chiral charge

𝑄 = න 𝑑𝑥 𝜓+𝛾5𝜓
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Lattice gauge theory

nonconserved chiral charge

𝑄 = න 𝑑𝑥 𝜓+𝛾5𝜓 + 𝑂 𝑎

s. t. [𝑄, 𝐻fermion] = 0

anomaly is reproduced by infinitesimal time evolution = a single Trotter step

conserved chiral charge

Hidaka, Yamamoto (2025)

𝑄 = න 𝑑𝑥 𝜓+𝛾5𝜓
𝑑

𝑑𝑡
𝑄 =

1

𝜋
𝐿𝑒𝐸ex

𝑑

𝑑𝑡
𝑄 = 0

𝑄

classical simulation of free fermion 
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Circuit

1. initial state preparation 2. time evolution 3. measurement

free electron vacuum

momentum

energy

𝑄 𝑡=𝛿𝑡 > 0

photon

Trotter step  𝛿𝑡𝑄 𝑡=0 = 0

electron anti-electron

external electric field

R
L
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Circuit

𝑓1(0)

𝑓2(1)

𝑓2(0)

𝑓1(1)

⋮

𝑔(0) QFT QFT†𝑒−𝑖𝐻𝑔𝛿𝑡 basis
rotation

FFT1
† FFT2

†

initial state preparation

fermion
qubits

gauge
register

plane
wave

plane
wave

𝑒−𝑖𝐻𝑓
𝛿𝑡
2 𝑒−𝑖𝐻𝑓

𝛿𝑡
2

time evolution measurement

𝑒−𝑖𝐻𝑚𝛿𝑡

𝑒−𝑖𝐻𝑚𝛿𝑡fermion
qubits

𝑒
−𝑖𝐻𝑓

𝛿𝑡
2 𝑒

−𝑖𝐻𝑓
𝛿𝑡
2
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Circuit

𝑓1(0)

𝑓2(1)

𝑓2(0)

𝑓1(1)

⋮

𝑔(0) QFT QFT†𝑒−𝑖𝐻𝑔𝛿𝑡 basis
rotation

FFT1
† FFT2

†

fermion
qubits

gauge
register

plane
wave

plane
wave

time evolution measurement

drastic circuit simplification !!

fermion
qubits

initial state preparation
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Quantum simulation

“Reimei”

✓ deployed at RIKEN in Japan

✓ Quantinuum System Model H1

✓ all-to-all connectivity

✓ 20 qubits
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Quantum simulation

𝑍𝑁 gauge theory on a finite lattice 

1. U(1) gauge               𝑍4, 𝑍8, 𝑍16 → 𝑍∞

2. infinitesimal time  𝛿𝑡 → 0

3. infinite volume       𝐿 = 3, 4, 5 → ∞

4. continuum limit     𝑒 → 0

U(1) gauge theory in infinite continuous space
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Quantum simulation

𝑍𝑁 gauge theory on a finite lattice 

1. U(1) gauge               𝑍4, 𝑍8, 𝑍16 → 𝑍∞

2. infinitesimal time  𝛿𝑡 → 0

3. infinite volume       𝐿 = 3, 4, 5 → ∞

4. continuum limit     𝑒 → 0

U(1) gauge theory in infinite continuous space

𝑒2𝛿𝑡 = 0.3, 0.2, 0.1 → 0

for a single Trotter step
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Quantum simulation

an
o

m
al

y 
co

ef
fi

ci
en

t  
𝐶

simulation on Reimei (no error mitigation)

good agreement !!
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Summary

chiral anomaly has been reproduced on a quantum computer
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