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LGT are almost everywhere in 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
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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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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#)
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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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Ĝx =  ̂†
x ̂x � 1� px

2
�

X

µ

Êx,µ Ĝx|�i = 0 8x

dimHx = 267

Local Basis

just for comparison, the 8×8×8 system 
corresponds to 64×64×64 qubits
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x Ûx,µ  ̂x+µ +H.c.

⌘

+m

X

x

(�1)
x
 ̂
†
x ̂x +

g
2
e

2

X

x,µ

Ê
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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. 

Phys. Rev. D 104, 114501 (2021)
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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 
(ongoing project: 1+1D QCD)

High-Energy 
Physics
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Quantum
Many-Body 

Physics
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We just released
some optmised
TN codes and 

libraries!




