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Abstract: We present some recent results on the development of efficient unconstrained tree tensor networks algorithms and their application to
high-dimensional many-body quantum systems. In particular, we present our results on topological two-dimensional systems, two-dimensional
Rydberg atom systems, and two- and three-dimensional lattice gauge theories in presence of fermonic matter. Finally, we present their application
to the study of open many-body quantum systems and in particular to the computation of the entanglement of formation in critical many-body
guantum systems, resulting in the generalization of the Calabrese-Cardy formulato open systems.
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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
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UNCONSTRAINED TREE TENSOR NETWORKS

P. Silvi et al. SciPost Phys. Lect. Notes 8 (2019)

irsa: 20110034 Page 5/52



VARIATIONAL MINIMIZATION
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VARIATIONAL MINIMIZATION
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VARIATIONAL MINIMIZATION
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PERFORMANCE
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INTERACTING HOFSTADTER MODEL
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INTERACTING HOFSTADTER MODEL
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RESULTS

Correlations and Edge Currents
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TN REPRESENTATION OF MIXED QUANTUM STATES
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ENTANGLEMENT OF MIXED QUANTUM SYSTEMS
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TREE TENSOR OPERATORS
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L. Arceci, P. Silvi, and S. Montangero arXiv:2011.01247
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CONFORMAL SCALING OF ENTANGLEMENT OF FORMATION
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AREA LAWS AND TENSOR NETWORKS
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AREA LAWS AND TENSOR NETWORKS
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AUGMENTED TREE TENSOR NETWORKS
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RYDBERG QUANTUM SIMULATOR
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LATTICE GAUGE THEORIES
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LATTICE GAUGE TENSOR NETWORKS
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QUANTUM LINK AND RISHON REPRESENTATION
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QUANTUM LINK AND RISHON REPRESENTATION
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U(1) LATTICE GAUGE THEORY IN 1+1D
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Space

Real time

MESONS SCATTERING

T. Pichler, E. Rico, M. Dalmonte, P. Zoller, and SM, PRX (2016)
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Space
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T. Pichler, E. Rico, M. Dalmonte, P. Zoller, and SM, PRX (2016)
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TWO DIMENSIONAL SIMULATION OF A LGT AT FINITE DENSITY
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16x16 lattice sites

PHASE DIAGRAM

Hilbert space of ~80x80 qubits
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FINITE DENSITY
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FINITE DENSITY
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3D TREE TENSOR NETWORK
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3D QUANTUM-LINK FORMULATION OF QED

H= —tz (d;l Uzﬂu zﬁIﬂL + H.c.)

T, p
2
e g2 X
+m I (-1 + S B2,
o T
2
B g?’rn (D’J"r’uy + D“"-’ﬂauz + D”yaﬂz + HC)

X m 1—(-1)* =
Gz:wj:lbm_#_ZEm,u
"

Local dimension 267, up to 12288 Hamiltonian operators

Up to 5 weeks x 64 cores of computational time

Matter Field

L (*L)’“**':H:{ 2=j
(71)“‘14‘:71:{ O=90

o
R

bog

o
e

®=-9
Gauge Field
s — =)
E, = =@}
«— =|<)
(c) Even Sites Odd Sites
1 4 UTy 0] ' OT 3
L@ L@l L@ L@
1, 2/' 1 2/’
1 1 QI 1
Hpen=v> (1-0,1,,)
T, L]
(©
10! —2.80
P -]
poeooe |y g — i
. *
10 —2.82
10'3hq 55 o
e ¥ '
i —2.81 ;
10-5 —2.85 g"

(a) (b)
16 10° 16
14 ." po0000 14]0
\ E. 10-1 '
12 i 12 1
. L3 [ 4 102
o, s v 104
L10 .“ ;e k) o N Lo
3 ® o 10-3 8
6 oyt 6
. '000“06@ ®e0v0000000 |10 )
Ly o
Chd °®
2 5 10 5 w0 2

Iteration

5

000000000
1 15
Iteration

000000 € _ogpleae e’
20 0= : Eﬁ_‘(]gz 0.004 0.006 0.008 0.010

1/x

Page 39/52



Hilbert space of

~64x64x64 qubits!
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CONFINEMENT

Coulomb phase
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MACHINE LEARNING WITH TENSOR NETWORKS
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Q (@) = Z ........ V(@1) B(x2)%2 ... p(an)*™

W 1 weight tensor

* f(x) : decision function

f(X) Stoudenmire, Advances in Neural IPS 29,4799 (2016),
arXiv:1605.05775 [stat.ML]
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P-P SCATTERING

Typical event in LHC
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MACHINE LEARNING BASED CLASSIFICATION
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In collaboration with A. Gianelle, D. Lucchesi, L. Sestini, D. Zuliani
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BINARY B BBAR CLASSIFICATION

This kind of events are used to measure asymmetries between the charge of b and b.

AN
Easier problem: 8

® 16 selected features (most physically relevant)
® ~1076 data samples

i @0 e @

|charge i momenta |»direction I
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LHCB DATA ANALYSIS

Etag - Tagging Power
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CORRELATIONS
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FINAL RESULT

£tag - Tagging Power
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« 4.7 times faster
* Only 0.4% less precise
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TAKE HOME MESSAGES

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

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

» Entanglement of mixed many-body states can be quantified
» Scalability to HPC is necessary to produce relevant results
» Interaction with HEP is becoming more and more relevant

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

» Tensor network machine learning is competitive with DNN
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