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The U(1) quantum link model



෠𝜓 𝑥 → 𝑒𝑖𝑒𝛼 𝑥 ෠𝜓 𝑥  , 𝛼(𝑥) ∈ (0,2𝜋]

Local U(1) gauge transformation

෡𝐻QED Invariant

෠𝜓 (𝑥)of fermionic fields෡𝐻QED

෡𝐻QED = න 𝑑𝑥 𝑖 ෠𝜓†(𝑥)𝛾0 𝛾1 𝜕𝜇 + 𝑖𝑒 መ𝐴𝜇
෠𝜓(𝑥) + H. c. + 𝑚 ෠𝜓† 𝑥 𝛾0

෠𝜓 𝑥 +
1

2
෠𝐸2

Rest massKinetic

Gauge 
field

መ𝐴 → መ𝐴 − 𝜕𝜇𝛼

෠𝜓 𝑥 → 𝑒𝑖𝑒𝛼 𝑥 ෠𝜓 𝑥  , 𝛼(𝑥) ∈ (0,2𝜋]
𝜕𝑥𝐸 − 𝑒 ෠𝜓†𝛾0 ෠𝜓 Ψphy = 0

Lattice QED ෠𝐺𝑙 Ψ = ( ෠𝐸𝑙,𝑙+1 − ෠𝐸𝑙,𝑙−1 − 𝑒 ෠𝜓𝑙
† ෠𝜓𝑙) Ψ = 0 , ෡𝐻lat−QED, ෠𝐺𝑙 = 0

Local gauge invariance

(∇ · 𝐸 − 𝜌) Ψph𝑦 = 0Gauss’s Law

Hauke. et al. Phys. Rev. X (2014)

Wiese Ann. Phys. (2013)

Kogut, Susskind, Phys. Rev. D (1975) 

𝛼

Gauge invariance: Gauss’s Law



The quantum link model

𝐻lat−QED =
𝜅

2
෍

𝑙

෠𝜓𝑙
† ෡𝑈𝑙,𝑙+1

෠𝜓𝑙+1 + H. c. + 𝑚 ෍

𝑙

−1 𝑙 ෠𝜓𝑙
† ෠𝜓𝑙 +

1

2
𝐸𝑙,𝑙+1

2

Kinetic

෡𝑈𝑙,𝑙+1 = exp(𝑖𝑎𝑒 መ𝐴𝑙,𝑙+1) ෠𝐸𝑙,𝑙+1 = −𝑖𝜕0(𝑎𝑒 መ𝐴𝑙,𝑙+1)

[ ෠𝐸𝑙,𝑙+1, ෡𝑈𝑙,𝑙+1] = ෡𝑈𝑙,𝑙+1

Dynamical gauge fields couple 
Fermionic matter fields by “spin flip”

𝜅

· · · · · ·

෠𝜓𝑙
෠𝜓𝑙+1

෡𝑈𝑙,𝑙+1 ෡𝑈𝑙,𝑙+1 → 𝑒𝑖𝑒𝛼𝑙 ෡𝑈𝑙,𝑙+1𝑒−𝑖𝑒𝛼𝑙+1መ𝐴 → መ𝐴 − 𝜕𝜇𝛼

መ𝑆𝑙,𝑙+1
𝑧 , መ𝑆𝑙,𝑙+1

+ = መ𝑆𝑙,𝑙+1
+

· 
· 

·
· 

· 
·

0

−1

−2

1

2

𝑆

−𝑆

“Quantum link model”

෠𝐸𝑙,𝑙+1 𝜖 = 𝜖

෠𝐸𝑙,𝑙+1 → መ𝑆𝑙,𝑙+1
𝑧

෡𝑈𝑙,𝑙+1 𝜖 = 𝜖 + 1

෡𝑈𝑙,𝑙+1 → ൗመ𝑆𝑙,𝑙+1
+ 𝑠(𝑠 + 1)

Hauke. et al. Phys. Rev. X (2014)

Wiese Ann. Phys. (2013)

Kogut, Susskind, Phys. Rev. D (1975) 

Yang. et al. Nature (2020)



Realization on the quantum simulator



Mapping onto Bose-Hubbard quantum simulator

· · · · · ·

෠𝜓𝑙
෠𝜓𝑙+1

෠𝜓𝑙−1
෠𝜓𝑙+2

෡𝑈𝑙−1,𝑙 ෡𝑈𝑙,𝑙+1
෡𝑈𝑙+1,𝑙+2

෠𝜓𝑙−2

෡𝑈𝑙−2,𝑙−1

Staggered Fermions
|1⟩

|0⟩

Map

Single atom/hole

|2⟩

|0⟩
Gauge links Doublon/hole

Map

Bosons in staggered 
optical superlattice

𝜅

2
෠𝜓𝑙

෡𝑈𝑙,𝑙+1
෠𝜓𝑙+1 + H. c.Kinetic

𝜅 =
8 2𝐽2

𝑈
෠𝐺𝑙 Ψphy = 0

Gauss’s Law

𝛿 = U/2

U J

Second-order 
correlated hopping

Yang. et al. Nature (2020)

Hauke. et al. Phys. Rev. X (2014)

Wiese Ann. Phys. (2013)

Kogut, Susskind, Phys. Rev. D (1975) 
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The particle propagates both ways

Su. et al. arXiv:2401.05489 
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“Build the wall”
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Confinement dynamics



𝐻lat−QED =
𝜅

2
෍

𝑙

෠𝜓𝑙
† ෡𝑈𝑙,𝑙+1

෠𝜓𝑙+1 + H. c. + 𝑚 −1 𝑙 ෠𝜓𝑙
† ෠𝜓𝑙 +

1

2
𝐸𝑙,𝑙+1

2

· 
· 

·
· 

· 
·

0

−1

−2

+1

+2

𝑆

−𝑆

Spin-S Quantum link model

0 000 +1 +1 +1

String tension from the 
gauge coupling term

Spin-1/2 Quantum link model+
1

2

2

= −
1

2

2
Gauge coupling is a 
overall energy shift 

No string 
tension!

But...
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Confinement in (1+1)D QED



Gauge theory

Spin Model

𝜒Staggered potential

“background field”

String energy 𝐸~𝜒𝐿

Break degeneracy 
between the two vacua!

𝐻Lat−QED = ෍

𝑙

−
𝜅

2𝑎
෠𝜓𝑙

መ𝑆𝑙,𝑙+1
+ ෠𝜓𝑙+1 + H. c. + 𝑚 ෠𝜓𝑙

† ෠𝜓𝑙 + 𝑎𝜒 −1 𝑙 መ𝑆𝑙,𝑙+1
𝑧
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(1+1)D QED
Toy model

Quark confinement
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Su. et al. arXiv:2401.05489



| ⟩↑ = F = 2, mF = −2

| ⟩↓ = F = 1, mF = −1

Addressing tweezer at 
magical wavelengthMicrowave

Microwave

Experimental observation of confinement

“Meson”

Zhang. et al. arXiv:2306.11794 
(Accepted in Nature Physics)



Experimental observation of confinement

𝐻Lat−QED = ෍

𝑙

−
𝜅

2𝑎
෠𝜓𝑙

መ𝑆𝑙,𝑙+1
+ ෠𝜓𝑙+1 + H. c. + 𝑚 ෠𝜓𝑙

† ෠𝜓𝑙 + 𝑎𝜒 −1 𝑙 መ𝑆𝑙,𝑙+1
𝑧

Zhang. et al. arXiv:2306.11794 
(Accepted in Nature Physics)



Particle acceleration
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Particle acceleration
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String inversion
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Full (1+1)D QEDSpin-1 quantum link model

String inversion
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Meson collisions
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Summary

• A cold-atom quantum simulator for lattice QED

• Preparation of moving wave packet in the quantum simulator

• Low-energy collisions and confinement dynamics

• String inversion in the strong coupling limit

• Probing meson band structure via collision dynamics
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