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



TENSOR NETWORK ALGORITHMS

> State of the art in 1D (poly effort)

> No sigh problem

> Extended to open quantum systems
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Smax X Mlinks X logm

Tensor Network Complexity Area law in 2D Typical Bond dimensions Exact contractable
MPS / DMRG O {x’ No (Only in 1D) > 10.000 Yes (O {x°})
TTN O Ix* No (Only in 1D) ~ 1.000 — 2.000 Yes (O }x%)
PEPS O {x"} Yes No (O {x"})
MERA O {x®} (1D), O {x'°} (2D) Yes Yes (O {x°})
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Tensor Network Complexity Area law in 2D Typical Bond dimensions Exact contractable
MPS / DMRG O {x’ No (Only in 1D) > 10.000 Yes (O {x°})
TTN O Ix* No (Only in 1D) ~ 1.000 — 2.000 Yes (O }x%)
PEPS O {x"} Yes ~ 10 No (O {x"})
MERA O {x*} (1ID), O {x'°} (2D) Yes ~ 10 Yes (O {x°})
aTTN O {x*} Yes* ~ 500 Yes (O {x*})
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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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For pure states:
Area law

S oy

S =—-Trplogp

S oc NP1

Von Neumann Entropy

1D critical systems:
S = glogN

For mixed states: P = ij ANA

Er(p _{pmi}{ng (1)) p=;pjwj><w}

Entanglement of formation

C.H. Bennet et al. PRA 1996



ENTANGLEMENT OF MIXED MANY-BODY QUANTUM SYSTEMS

For pure states:
Area law

S oy

S =—-Trplogp

S oc NP1

Von Neumann Entropy

1D critical systems:
S = glogN

For mixed states: P = ij ANA

Ep(p) = inf {Zpg (3)) o = > 3w}
e j Ep(p,T)g(loch/?’

Entanglement of formation

C.H. Bennet et al. PRA 1996
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CONFINEMENT IN 2D ISING MODEL
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FIG. 1. Confinement in the 2D quantum Ising model. (a) Short
time dependence of magnetization (o*(t)) for a set of g/J. (b)
(oc*(t)) for longer times and small g/J. (c) Time dependence of
entanglement entropy S for a bipartition of two neighbouring spins
and the rest of the system. Spax i1s the maximal entanglement
entropy of the bipartition (in this case Smax = 21n2). (d) Time
dependence of a horizontal cut of the connected correlation function
Ci; where i = 4 forasetof g/J.

L. Pavesié¢ et al. arxiv: 2406.11979, PRB (2025)
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0 5 10 15 20
w/J

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 to w/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.

FIG. 1. Confinement in the 2D quantum Ising model. (a) Short
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Ci; where i = 4 forasetof g/J.
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INTERFACE PHYSICS IN 2D ISING MODEL

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) (t)
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.

L. Pavesié¢ et al. arxiv: 2406.11979, PRB (2025)
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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) (t)
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 (z) 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.
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FIG. 3. Scattering in the false vacuum. (a) A sketch of the energy landscape of a true vacuum bubble with radius r. (b) The evolution of the
energy density during scattering with A/J = 0.1 and h/J = 0.3, both with g/J = 1.5 and k = (%, 5 ). (c) The change in magnetization per
site with varying h forg/J = 1.5and k = (%, %) (d) The dependence of the threshold value h* on g/J. The gray dashed line corresponds to
the threshold h™* expected for g — 0. See text for details. (¢) The evolution of the radius of the true vacuum bubble in log-log scale for varying
g, with some longitudinal field larger than the threshold value. We subtract the time ¢o when the radius reaches 7o = 3 on the horizontal, and
ro on the vertical axis. The black dashed line corresponds to linear growth and acts as a guide to the eye. (Inset) The evolution of the radius in
lin-lin scale. In (c) and (e), the curves with different shades of the same color correspond to simulations with different bond dimension, darker

is bigger. Here we use 150 and 200.
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FIG. 4. Exact diagonalization of a QED plaquette for a grid
of masses and couplings, m € [1072,10'] and g* € [10~*, 10"].
(a,b) Minimal gauge truncation £* required to reach a preci-
sion €grune = 107° in the magnetic energy (Re ﬁD). (c) Cor-
responding entanglement entropy S associated with a sym-
metric bipartition of the plaquette.
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FIG. 4. Exact diagonalization of a QED plaquette for a grid
of masses and couplings, m € [10~2,10'] and g* € [10~*, 10%].
TABLE 1. Dressed site Hilbert space dimension d for in- (a,b) Minimal gauge truncation £* required to reach a preci-
creasing number £ of allowed electric energy density levels
in some 2- and 3-dimensional paradigmatic LGTs with dy-
namical matter and gauge groups U(1), SU(2), and SU(3).

sion €grune = 107° in the magnetic energy (Re (J'D). (c) Cor-
responding entanglement entropy S associated with a sym-
metric bipartition of the plaquette.
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TAKE HOME MESSAGES

» Tensor network algorithms can be used to benchmark, verity,
support and guide quantum simulations/computations

» High-dimensional tensor network simulations are becoming
increasingly efficient and able to investigate interesting physics

» Entanglement of mixed many-body states can be quantified

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

» Interesting developments also in other directions (classical
optimisers/annealers)

» Tensor network machine learning is competitive with DNN
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