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Lattice Gauge Theories
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E 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!

ﬁs emergent theories in condensem /As fundamental description in\
matter: high-Tc superconductors, particle physics: Standard Model
frustrated systems, spin liquids.
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« 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).

« ldeal goal for quantum-inspired efficient algorithms and quantum
simulation/computation!




Quantum Technologies for LGT

Efficient quantum-inspired algorithms: First implementation of U(1) LGT on
Tensor Networks (no sign-problem) digital quantum computer
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Nature 534, 516-519 (2016).
Quantum 4, 281 (2020)

Simulating Lattice Gauge Theories within Quantum Technologies

M.C. Banuls'?, R. Blatt3#4, J. Catani®®", A. Celi®%, J.I. Cirac’?, M. Dalmonte®1°, L. Fallani®%", K. Jansen'!,
M. Lewenstein®1%:13 S. Montangero”* 2 C.A. Muschik®, B. Reznik!®, E. Rico!®!7 P L. Tagliacozzo!'®, K. Van
Acoleyen'®, F. Verstraete'®?°, U.-J. Wiese?!, M. Wingate??, J. Zakrzewski?>?*, and P. Zoller?

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



Tensor Networks

d-level
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bond index with
dimension y

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



Examples

Matrix Product States (MPS)
minimize E = (¢ |H| )

O(x°)

Tree Tensor Networks (TTN)
4
O(x™)

strong connectivity

distance between two lattice sites
scales logarithmically within the
network




Projected Entangled Pair States (PEPS)

- they automatically
reproduce the area-law

of entanglement
- the optimization has a
complexity 0(x1?)

Tree Tensor Networks (TTN)

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

- the optimization has a i,
complexity 0(x*) A




Tree Tensor Networks in 3D

Sign-problem-free
approach!

The optimization still
has a complexity 0(x*)



Lattice QED in (3+1)D
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Lattice QED in (3+1)D
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Quantum Link Model
discretization of Gauge Fields
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- _ just for comparison, the 8x8x8 system
[ dzmHﬂ? = 267 1 corresponds to 64x64x64 qubits




Local configurations of matter and gauge fields

—2m > g2/2 > 0

Charge-Crystal Phase:
particle-antiparticle dimers

gz /2> 2|m|
Vacuum phase: no particles, no
field excitations
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E Confinement Properties }

Plaquette terms Electric Field Energy
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| Plaquette terms Electric Field Energy
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Vi(r)ocl/r V(r) ocr

Deconfined phase Confined phase

Kei-Ichi Kondo, Phys. Rev. D 58, 085013 (1998)




Confinement Properties
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Finite Density

L=4,0Q=16,p=1/4 L=8,0=128,p=1/4
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Tensor Networks - Scattering dynamics
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MARCO RIGOBELLO
W University of Padua

interacting vacuum MPS via DMRG

initial state via wave packet creation MPOs

time evolution via TEBD & observables

Phys. Rev. D 104, 114501 (2021)




Tensor Networks - Scattering dynamics
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Tensor Networks - Scattering dynamics
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Tensor Networks - Scattering dynamics

mass m

scaling relation

MY 4 (m, g/vm) = Sine (1, 9)
is m independent

. R two regimes
i i i i i i gs g~ 0.06/y/m

0.00 005 010 000 005 0.10 appearance of new effective
coupling g gm?*/? dof

Phys. Rev. D 104, 114501 (2021)




Tensor Networks - Scattering dynamics

overlap of final state with
pair of meson wave packet

[ ~ S-matrix elements }

transition amplitude

Phys. Rev. D 104, 114501 (2021)




What’s next?

Quantum
Many-Body —
Physics

« Tensor networks can be used to develop,
support, validate, quantum simulation and
guantum computation protocols.

« Relevant interactions with High-Energy
Physics.

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

High-Energy
Physics
domain
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