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LATTICE GAUGE THEORIES
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TENSOR NETWORKS STATES
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Tree Tensor Network

Tensor networks states are a compressed description of the system
tunable between mean field and exact



ENTANGLEMENT OF PURE MANY-BODY QUANTUM SYSTEMS

For pure states:
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AREA LAWS AND TENSOR NETWORKS

™ N\ W W Smax X Nlinks X logm
Y R Oy By
B IO T TS
A TSN T 1S

Ninks X L

Nlinks = 1
Tensor Network Complexity Area law in 2D Typical Bond dimensions Exact contractable
MPS / DMRG O {x° No (Only in 1D) > 10.000 Yes (O {*})
TTN O gx‘l% No (Only in 1D) ~ 1.000 — 2.000 Yes (O }x‘%)
PEPS O {x'"} Yes ~ 10 No (O {XL%)
MERA O{x*} (1ID), 0 {x'°} (2D) Yes ~ 10 Yes (O {x*})




AUGMENTED TREE TENSOR NETWORKS
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FIG. 2: Relative error € of the 2D Heisenberg ground-
state energy as a funciotn of the system linear size L
compared with the best available estimates obtained
by MC [21] for the TTN, aTTN, NNS [59], EPS [60],
PEPS [61], 2D-DMRG [57]. Depending on the method
open (obc), cylindrical (cbc) or periodic (pbc) bound-
ary conditions have been chosen. For each datapoint, we
compare the Monte Carlo result with the same boundary
conditions.
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2D RYDBERG QUANTUM SIMULATOR
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RYDBERG QUANTUM SIMULATOR 32332 sites
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LATTICE GAUGE TENSOR NETWORKS

Local degrees of freedom Uz 15
b
[ :%7 U:?,:c—i—,uw] .
Matter field Gauge field Ui“',—:?:c; =
Gauge symmetry generator Us .
(Gauss’ law) Y
Galpphys) =0
Yys .
Kogut-Susskind
Gauge invariant dynamics Hamiltonian formulation of LGT

H=J)Y ($lUsatr1tas1 +hec)

abelian Dynamics commutes with symmetry generator

{Hl[t(l%cED]aGa:} =0 Vux

H =t [0l +hel

x,a,b

non abelian



QUANTUM LINK AND RISHON REPRESENTATION

r r Local projection on a gauge
H = gt = T . .
Link operator sy = Say = ey invariant base
Electric field o3 L
[U(1) generator] Zew = Smy = 3 [y — el +

Projection on rishon number
{Cm, CL} = 5:1:,y Schwinger fermions (rishons)

[Cm, C;[/] = 5:1:,y Schwinger bosons —

Matrix product operator
Spin representation:




U(1) LATTICE GAUGE THEORY IN 1+1D

= —tz [w x+1¢x+1 + ¢;I;+1 z x+1¢x]

—|—mz x@bwa-l-—ZE:%erl

g Z < xx+1>

> Quantum link and rishon representation

> Staggered fermions

> [sing universality class

07 (1/6)logy L] 4 > Central charge ¢ = 0.49 £0.01

09 095 1 1.05 11 115

0 20 40 60 80 100 : : : :
z > Confirmed by higher-link representation

E. Rico, T. Pichler, M. Dalmonte, P. Zoller, and SM, PRL (2014)
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STRING BREAKING DYNAMICS
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MESONS SCATTERING
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ENTANGLEMENT GENERATION IN QED SCATTERING PROCESSES

S(T97x)
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1+1D SU(2) LGT WITH QUDITS IN TRAPPED IONS
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TWO DIMENSIONAL SIMULATION OF A LGT AT FINITE DENSITY

‘ | Matter Field
Hz_tZ(l//)jUx,,ul//xﬁu_'_h'c') 3 ! r.- _____ (=1) 1:{2 f
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Even number of fermions =

No Jordan-Wigner strings!



16x16 lattice sites

PHASE DIAG RAM Hilbert space of ~80x80 qubits
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FINITE DENSITY
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3D TREE TENSOR NETWORK

T. Felser;, P Silvi, M. Collura,
. S. Montangero
/> 2 PRX (2020)

G. Magnifico, T. Felser, P. Silvi, and S. Montangero
Nat. Comm. (2021)



3D QUANTUM-LINK FORMULATION OF QED
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Hilbert space of
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SCREENING
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CONFINEMENT
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FINITE DENSITY
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2+1D NON-ABELIAN LGT
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1+1D SU(3) 2-FLAVOURS LATTICE GAUGE THEORY
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CONFINEMENT IN 2D ISING MODEL

2 4 6 8

(d

FIG. 2. Spectrum of ¢*, given by the Fourier transform F(o?).
(a) Spectrum of magnetization for two cases of g/J. Dashed vertical
lines correspond tow/J = 4, 8, and 12. (b) Heatmap of the spectrum
for a range of g/J. Black dashed lines correspond to the transition
energies obtained by perturbation theory.

lattice site
N o O 00

FIG. 1. Confinement in the 2D quantum Ising model. (a) Short

time dependence of magnetization (c*(t)) for a set of g/J. (b) 2

(0*(t)) for longer times and small g/J. (c) Time dependence of En = N2 + 0( )

entanglement entropy S for a bipartition of two neighbouring spins 0 &]

and the rest of the system. Smax is the maximal entanglement 2

entropy of the bipartition (in this case Smax = 21In2). (d) Time E, =8J — Z— N2 6 )
dependence of a horizontal cut of the connected correlation function 1 8] ( T ) T ( )

C;; where i = 4 for aset of g/J.

. 9 a2
L. Pavesi¢ et al. arxiv: 2406.11979 By =12J SJN +0(g )



INTERFACE PHYSICS IN 2D ISING MODEL

0.0+

g/J =10 g/J—lo

e
| —

FIG. 3. Spread of correlations near an interface. (a) Sketch of the
initial state, with blue representing 1 and red | spins. Black lines
indicate the cuts shown in (d). (b) Sketch of the resonant process
along the interface. (c) Heatmap of the spectral density of (o*) ()
for a spin at the interface for a range of g/J. White dashed lines
correspond to the transition energies of a freely propagating edge
mode. (d) Horizontal (x) and vertical (y) cuts of the connected
correlations function C;; with respect to the spin at (4,4) (white
square in (a)). Blue dashed lines are -4gt, showing that the interface
mode carries the correlations.

(b) diagonal (c) vertical

0 2 460 2 4 6

L. Pavesié et al. arxiv: 2406.11979



ENTANGLEMENT OF MIXED MANY-BODY QUANTUM SYSTEMS

For pure states:
Area law

S x 7y

S=-Trplogp S o N(D-D

Von Neumann Entropy

1D critical systems:
S = logN

For mixed states: P = Z pily;) ;|

Ep(p) = inf {Zpg (05) s p = > piltbs )yl |
) -7' Er(p,T) gcloch/?’

Entanglement of formation

C.H. Bennet et al. PRA 1996



TREE TENSOR OPERATORS

10! 102

Hrging=J Y (6%6%, + ho? .
g Z 3 %i+1 Thermal equilibrium state

(Mixture of KoBoltzmann factors )

Hxxz—e]z (676541 + 667, +£6565,1) K
X = L0 BTy

L. Arcect, P. Silvi, and S. Montangero PRL (2022)



CONFORMAL SCALING OF ENTANGLEMENT OF FORMATION

0 5 10 15 20

Numerical complexity depends

on entropy, not entanglement!

L. Arcect, P. Silvi, and S. Montangero PRL (2022)
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RYDBERG ARRAYS AT FINITE TEMPERATURE
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N. Reinic et al. arxiv: 2405.18477



ROADMAP FOR LGT QUANTUM SIMULATION

/*
0| System size x Factor Estimated walltime
(2 + 1)-dimensions 64 x 64 450 Tvase 4.16 days
U(1) SU(2) SU(3) 1 64 x 64 900 16 - Thase 66.6 days
1 35 30 164 256 x 256 450 28 - Thase 116.5 days
2 165 168 752 : 256 X 256 900 448 - Tbase 5.1 years
3| 455 600 3738 1¢ 16 X 16 x 16 450 4 Tyase 16.6 days
4| 969 1650 19878 | 6¢ 16 x 16 x 16 900 64 - Thase 266 days
51771 3822 43698 | 17 64 X 64 X 64 450 1984 - Thase 23 years
612925 7840 82128 | 40 64 X 64 x 64 900 31744 - Tyase 362 years 10~} 10° 10
714495 14688 212496 | 83! 2
8| 6545 25650 333538 | 156 9

TABLE I1. Estimated simulation time. We derive the baseline
TABLE I Dressed site Hilber from a single-tensor optimization of a 64 x 64 quantum Ising
creasing number £ of allowed simulation with Zo symmetry taking 7192s on a A100 GPU.
in some 2- and 3-dimensional Further, we assume that single-tensor update, one tensor and —®— m =0.1

namical matter and gauge grou one GPU per MPI thread, and 50 sweeps for the baseline.

To extrapolate to larger systems, we assume a scaling with

O(x*NP~1) as well as seven (thirty-one) tensors per MPI

thread for 256 x 256 (64 x 64 x 64) systems. The empirical :a QED plaquette for a grid
scalings are approximately a factor of 2.3 for doubling the ;7101],5‘2‘152 € [11?_1’101]-
system size and 13 for doubling the bond dimension, which 22?;;6 (RZ (r]ea;' (i)pg;l:
we obtain from smaller simulations with x = 225 and for y g associated with & sym-
32 x 32 qubits. The times are valid for any d < x. te.

1

—— Ng_

G. Magnifico et al. arxiv:2407.03058



TAKE HOME MESSAGES

» Tensor network algorithms will benchmark, verify, support
and guide quantum simulations/computations development

» High-dimensional tensor network simulations are becoming
more and more available (PEPS, aTTN,...)

» Entanglement of mixed many-body states can be quantified

» Scalability to full HPC will be necessary to produce
quantitative results

» Interaction with HEP is becoming more and more relevant

> Interesting developments also in other directions (classical
optimisers/annealers, machine learning)
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