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Lattice Gauge Theories (LGT) 

1) Quantum Matter and Quantum Fields

2) Local symmetries, e.g. Gauss’s law in QED
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LGT are almost everywhere in theoretical physics!

As emergent theories in condensed
matter: high-Tc superconductors, 
frustrated systems, spin liquids.

As fundamental description in 
particle physics: Standard Model

• They are extremely demanding from a numerical point of view.

• Powerful numerical methods, such as Monte Carlo, fail in several regimes
of finite-density or for non-equilibrium phenomena (sign-problem). 

• Ideal goal for quantum-inspired efficient algorithms and quantum 
simulation/computation!



Eur. Phys. J. D 74, 165 (2020)

Nature 534, 516–519 (2016).

First implementation of U(1) LGT on 
digital quantum computer

Efficient quantum-inspired algorithms:
Tensor Networks (no sign-problem)

Quantum 4, 281 (2020)

Quantum Technologies for LGT



𝑂(𝑑!) representation, 
exponentially large in the 
system size. Inefficient.

d-level
systems

bond index with 
dimension 𝜒

𝑂(𝑁𝑑𝜒#) representation, 
polynomial in the system 

size. Efficient.



bond index with 
dimension 𝜒
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Low-Energy States

Rev. Mod. Phys. 82, 277 (2010)

Tunable between
mean field and exact



Matrix Product States (MPS)

Tree Tensor Networks (TTN)
(a) (b)

(c)
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- strong connectivity
- distance between two lattice sites

scales logarithmically within the 
network
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Projected Entangled Pair States (PEPS)

Tree Tensor Networks (TTN)

- they automatically
reproduce the area-law 
of entanglement

- the optimization has a 
complexity 𝑂(𝜒!")

- they do not automatically
reproduce the area-law 
of entanglement

- the optimization has a 
complexity 𝑂(𝜒#)

(a) (b)

(c)



(a) (b)

(c)

Tree Tensor Networks in 3D 

Sign-problem-free 
approach! 

The optimization still
has a complexity 𝑂(𝜒#)
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Quantum Link Model 
discretization of Gauge Fields

Êx,µ ! Ŝz
x,µ

Ûx,µ ! Ŝ+
x,µ/s,
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Local Basis

just for comparison, the 8×8×8 system 
corresponds to 64×64×64 qubits

(−1)i+j = + 1 : {
(−1)i+j = − 1 : {

i

j

1 2 3

1

2

3

Matter Field

= q

= − q
= ∅

= ∅

Gauge Field

Ex,μx
=

= | → ⟩
= |∅⟩
= | ← ⟩

= |0, 2i
= |1, 1i
= |2, 0i

������

k5
k1 � k4

k2

+k6

k3

=
k2

k3

k4

k5
k6

k1 �

Even Sites Odd Sites

Gauge-invariant SiteGauge Field

0 1 1 002

1

1

1

1

0

02

2

0

1

2

2

0

0
1

1

2

2

2

0

0

1

(a) (b)

(c)



x
1

2
3

4

y

1
2

3
4

z

1

2

3

4

0

1

n
x°

even

0 1nx°odd

Local configurations of matter and gauge fields

Vacuum phase: no particles, no 
field excitations

g2e/2 � 2|m|
Charge-Crystal Phase: 

particle-antiparticle dimers

x
1

2
3

4

y

1
2

3
4

z

1

2

3

4

0

1

n
x°

even

0 1nx°odd

�2m � g2e/2 > 0



Ground state properties for 𝑔$% = &
'!"
= 4

⇢ =
1

L3

X

x

hGS|n̂x|GSi ⇢L
�
⌫ = �

⇣
L

1
⌫ (m�mc)

⌘

� = 0.16 ⌫ = 0.22

°3 °2 °1 0 1 2 3
m

0.0

0.2

0.4

0.6

0.8

1.0

Ω

L = 2

L = 4

L = 8

x
1

2
3

4

y

1
2

3
4

z

1

2

3

4

0

1

n
x°

even

0 1nx°odd

x
1

2
3

4

y

1
2

3
4

z

1

2

3

4

0

1

n
x°

even

0 1nx°odd

(b)(a) (c)

⇢

m

x
1

2
3

4

y

1
2

3
4

z

1

2

3

4

0

1

n
x°

even

0 1nx°odd

x
1

2
3

4

y

1
2

3
4

z

1

2

3

4

0

1

n
x°

even

0 1nx°odd

(f)(d) (e)

°3 °2 °1 0 1 2 3
m

0.0

0.2

0.4

0.6

0.8

1.0

Ω

L = 2

L = 4

L = 8

m

g2m = 0

g2m = 4
⇢

<latexit sha1_base64="Y8ZAcy4c7xFA3z78o7ntVVASKwk=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0UQhJAURTdC0Y3LCvYhbSiT6W0dOpOEmRuhhH6FW125E7d+jAv/xSRmoa1ndTjnXu65x4+kMOg4n1ZpaXllda28XtnY3Nreqe7utU0Yaw4tHspQd31mQIoAWihQQjfSwJQvoeNPrjO/8wjaiDC4w2kEnmLjQIwEZ5hK92rAL08cu14fVGuO7eSgi8QtSI0UaA6qX/1hyGMFAXLJjOm5ToRewjQKLmFW6ccGIsYnbAy9lAZMgfGSPPCMHsWGYUgj0FRImovweyNhypip8tNJxfDBzHuZ+J/Xi3F04SUiiGKEgGeHUEjIDxmuRdoE0KHQgMiy5EBFQDnTDBG0oIzzVIzTaippH+7894ukXbfdM9u5Pa01ropmyuSAHJJj4pJz0iA3pElahBNFnsgzebFm1qv1Zr3/jJasYmef/IH18Q2oxJO2</latexit>

mc = +0.22



Confinement Properties
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interacting vacuum MPS  via DMRG 

initial state via wave packet creation MPOs

time evolution via TEBD & observables
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scaling relation
𝑚 ⁄! #𝑆%&' 𝑚,𝑔/ 𝑚 = 𝑆%&'(1, 𝑔)

is 𝑚 independent

two regimes 
𝑔 ≶ 𝒈⋆ ≈ 0.06/ 𝑚

appearance of new effective 
d.o.f. 
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~ S-matrix elements 

overlap of final state with 
pair of meson wave packet
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• Tensor networks can be used to develop, 
support, validate, quantum simulation and 
quantum computation protocols.

• Relevant interactions with High-Energy 
Physics.

• Long-term goal: tensor networks and 
quantum simulation of QCD.
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