Tensor Network methods for real-time
dynamics of lattice gauge theories
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Tensor Networks
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tensor quantum state
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Wave function is Network pattern directly
described by a network represents the amount of
of interconnected tensors entaglement of the state

Annals of Physics 349 (2014) 117-158
SciPost Phys. Lect. Notes 8 (2019)



d-level
RN |iN> systems

Tensor (multidimensional array
of complex numbers)
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0(d™) representation,
exponentially large in the
system size. Inefficient.




d-level
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d-level
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bond index with

Tensor (multidimensional array dimension i P e
of complex numbers)
Cil Doialiciiiisis replacement : . O\f \13
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e physical index
(local basis)
0(d") representation, The number of parameters is
exponentially large in the O(poly(N)poly(x)).

system size. Inefficient. Efficient!




bond index with

dimension y - . Tensor Network
L
_—Q

Low-Energy States
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| > Area law states
product X strongly
state Tunable between entangled o
mean field and exact state

Hilbert space

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



Tensor Network structures

Matrix Product States (MPS) Tree Tensor Networks (TTN)

T

Projected Entangled Pair States (PEPS)




Tensor Network algorithms

Energy minimisation: m\I}H{E(\P)} = mq}n{<\11|7-[|\11>}

At the end: F \Pgs> and low-energy states

gs

SciPost Phys. Lect. Notes 8 (2019)



Tensor Network algorithms

Real-time dynamics (and simulation of quantum circuits) :
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compression
to truncated ~
MPS form
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Direct access to real-time evolution:
observables and entanglement dynamics




LGT are almost everywhere in physics!

ﬁs emergent theories in condenseh /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 (quantum
matter + quantum fields + gauge symmetries).

« 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: no sign-problem!




The Schwinger model: 1+1D QED

* Field on the links;

p—

{ Matter on lattice sites; } l'[,i'l (/ji ¢i+1




The U(1) original symmetry is replaced by a Z,, discrete symmetry

= —tZ¢ xm+1¢x+1 +h.c. +mz ‘”Wzbm Z z,2+1

Viax+1 Vxx+l

Discretization of the
electric field levels 0 R—

with spacing € = /2n/n .




Real-time dynamics of pair production

(&
Dynamical creation of matter, Y Y
particle-antiparticle pairs,
from the vacuum.
€—|—
Typically studied in the presence
/ \ of a strong external electric field.
« Paradigmatic Pair proliferation is expected at
phenomenon in QFT.
: 2 18
« Non-perturbative FEert =m°/e~ 1.3 x10°° V/m
effect in the coupling
expansion.

out of reach of the most
powerful lasers, such as the
extreme light infrastructure ELI.




Real-time dynamics of pair production

Dynamical creation of matter,
particle-antiparticle pairs,
from the vacuum.
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Quantum 4, 281 (2020)



Spontaneous Pair Production

Density profile for
each value of m.

In the region around
m = —0.50, pair
production is clearly
dominant in the
dynamics
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Quantum 4, 281 (2020)



Pair Production in external field

p =

constant external field
Eq
| >
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From the theory we have the Schwinger’s formula.
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Z3 — model: Pair Production
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We choose a point in which the 0.7f] == =02
bare vacuum is stable, m = 4.5. T e=04
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—e ¢=0.8
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Evolution for different values of
the external field (i.e. the ratio €):
qualitative agreement with the 0.3l
Schwinger’s formula/’
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Real-time dynamics of String Breaking

4 N

String breaking:

a consequence  of V(R) x R

confinement, and one
fundamental aspects of
gauge theories

\_ J ® O

o - @ o O
the potential increases
linearly with charge’s
distance, as for quarks ¢

in higher dimensional _ ~

Qe y —e +e —e +e




Real-time dynamics of String Breaking
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Real-time dynamics of String Breaking
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Real-time dynamics of String Breaking
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String Breaking

Considering the minimum 3.0
value reached by the
electric field of the string, 2.5
a “phase-diagram» of the
string breaking effect is 2.0
obtained.
=15
Lines correspond to 10% 1.0
and 50% of the initial
value. 0.5 Lo

Quantum 4, 281 (2020)



Scattering

incoming ‘free’ particles outgoing ‘free’ particles

- S—-matrix :
experiment > > experiment

perturbative
expansion
Monte Carlo

TN real-time dynamics




Scattering: simulation scheme with MPS

variational vacuum MPS via DMRG ‘ . . ‘ ‘ ’ . '

initial state via

wave packet creation MPOs o0 09O ‘—A‘

time evolution via TEBD

& monitor 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

Y(tr))

overlap of final state with
pair of meson wave packet

[ ~ S-matrix elements }

)]
©
-
-
e
S
©
C
o
:l:l
wn
c
(©
| -
-

Phys. Rev. D 104, 114501 (2021)




Talks on TN at QuantHEP 2023
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Advances in Lattice (2+1)D SU(2) Yang- Hadrons in (1+1)D

Gauge Theories Mills Lattice Gauge Hamiltonian
with Tensor Theory at finite hardcore lattice
Networks density via tensor QCD
networks
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Quantum Sign-problem-free

Many-Body algorithms for
Physics High-Energy Physics
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Real-time dynamics ..
: Optimization
of non-perturbative
problems

phenomena
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