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Overview

< Applications of Tensor Network in Manybody systems

(1) Classical Statistical Mechanics (60s)

e.g.) Corner Transfer Matrix Renormalization Group (CTMRG)
Tensor Renormalization Group (TRG)
Tensor Network Renormalization Group (TNR)
Loop-optimization TNR (Loop TNR)

(2) Quantum Manybody States

e.g.) Matrix Product States (MPS) - Y.-J Kao & Miles
Multiscale Entanglement Renormliation Ansatz (MERA)

Projected Entangled Pair States (PEPS)
= (in geral) Tensor Product States (TPS)

(3) Machine Learning, Classical Field Theory, AdS/CFT, etc...
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Frustration in Spin System

% Competing configurations by geometrical frustration

> Antiferrtomagnetic model: 5 — Z a0 g — =1
(i7)
> Square > Triangle
Deg. =2 Deo. - 4
N 06 N oo
Deo Deg. ~ ¢V

> Frustration leads to Macroscopic Degeneracy! Exotic Quantum

Ground State?

: Enormous quantum fluctuation and entanglement
8



Frustration in Spin System

% Novel Phases of Matter

2 Quantum Spin Liquids on Frustrated Lattice

» No spontaneous symmetry-breaking down to Zero temperature

[Yamashita et al. (2010)]
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Novel Phases of Matter

Ex3) Kagome Antiferromagnets

o

VBS/VBC

Marston ef al., J.A.P. 1991
Zeng et al., PRB 1995
Nikolic ef al., PRB 2003
Singh ef al., PRB 2008
Poilblanc et al., PRB 2010
Evenbly ef al., PRL 2010
Schwandt ez al., PRB 2011
Igbal ef al., PRB 2011
Poilblanc ef al., PRB 2011
Igbal et al., New J. Phys. 2012

Gapped SL

Jiang, et al., PRL 2008
Yan, et al., Science 2011
Depenbrock, ef al., PRL 2012

Jiang, et al., Nature Phys. 2012
Nishimoto, Nat. Commu. (2013)

Gong, et al., Sci. Rep. 2014
L1, arXiv 2016
Mei, et al., PRB 2017

Gapless SL

Hastings, PRB 2000
Hermele, et al., PRB 2005
Ran, ef al., PRL 2007
Hermele, ef al., PRB 2008
Tay, et al., PRB 2011
Igbal, ef al., PRB 2013
Hu, et al., PRB 2015
Jiang, et al., arXiv 2016
Liao, ef al., PRL 2017
He. etal, PRX-2017
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% Novel Phases of Matter

> Minimal models for Quantum Spin Liquids

Ex2) Quantum Dimer Liquid [Rokhsar, Kivelson (1988)]
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Frustration in Spin System

% Novel Phases of Matter

> Minimal models for Quantum Spin Liquids

Ex2) Quantum Dimer Liquid [Rokhsar, Kivelson (1988)]
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(or Kinetic)
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Frustration in Spin System

% Novel Phases of Matter

> Minimal models for Quantum Spin Liquids

VA

‘ Ex2) Quantum Dimer Liquid [Rokhsar, Kivelson (1988)] ‘

(or Kinetic)

A — —Z |D><D‘ o ‘D><D = “Resonance”

_|_Z |D><D‘_|_ |D><D => “Diagonal”

r RKK) = EF:.}:">+
B 3 B

)

(or potential)
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Step1l) Find Tensors suitable for purpose
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Optimization - Exact Construction

< Strategy

Step1l) Find Tensors suitable for purpose

e.g.) L /2/ . /

Step2) Mix tensors, and find best superposition

) T(c) /2/ : /z/

EA

. optimal solution!

*
.
.
.
.
----
amus

e
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

+

_|_

H

0 .

absence

). presence
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» Constraints:

SCEP ek

[ a. one dimer at each vertex

b. equal weight superposition

| c. orthogonality <D |D> = {)

O> . absence

). presence
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid orthogonality

e
e PSS e - d =2

Index
0: absence

1: presence
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Optimization - Exact Construction

orthogonality

< Examplel: Quantum Dimer Liquid Index
e 0: absence
» TPS (d, = d, = 2) » Tensors (non-zero elements) 1: presence
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

e PSS e - d =2
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

Index
0: absence

1: presence

> TIPS (dp = dy = 2) > Tensors (non-zero elements)
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

e IS e - d =2
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

E iP5 d 2 » Tensors (non-zero elements)
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Index
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

E iP5 d 2 » Tensors (non-zero elements)
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Index
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid Index
0: absence
» TPS (d, = d, = 2) » Tensors (non-zero elements) 1: presence
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid Index
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» TPS (d, = d,

2)

¢

Bl

64

Exact RK wavetunction in D=2 TPS representation!
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization

i p@ 100 O@ 0o 1@ 1 =
{ 0 I 0 0
k_+_ 0—+—1:0—+—o= 1—+—0:0—+—0:1
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization

~
mﬁ
o
s
,'\'O
)
|
p—t
’I\L_\
[
|
[S—

Add

O—+—O = C

20



Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization

p 0
(
e 2

O Aoy

» [MD) =c ﬁ%&

1
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0 I 0 0
4 odm=o g o-apo-0go=1 !
\ 0 0 0 1

Add
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization

37 ] L)
) |ER
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid A

» (Generalization 0

p 0 1
. % 0 ia 0

s @%(9 @%CB ﬁ%
> |Quer) = ¢ ﬁ%? ﬁ>*53 @%




Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» ex) Monomer-Dimer model [Sazi, Wei, Ziyu (2015)]

MD) = 3 e+ | B

config
(no Monomer) (Monomer 1ncluded)
1. 0.4
1 KT-transition -&-fully packed q second—order transition —e—M 0

0.3}
1l .
E critical L 02 disorder
0.5t symmetry breaking 0.1t symmetry breaking
0 090807-06-0504030201 0 0 09080706-0504-030201 0

\Y \Y



Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» ex) Monomer-Dimer model [Sazi, Wei, Ziyu (2015)]

MO > e d

config
(no Monomer) (Monomer 1ncluded)
1. 0.4
1 KT-transition -&-fully packed q second—order transition —e—M 0

\ 0.3}

0.5} symmetry breaking

critical 20 2F disorder -

0.1} symmetry breaking

07 0908070605040302-01 0 0 090807-060504030201 0

\Y \Y

General problems are defined by adding simple configurations
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Optimization - Exact Construction

< Example2: SU(2) Resonating Valence Bond - e

» |RVB) = EF:F, . 1 -
BE B B




Optimization - Exact Construction

< Example2: SU(2) Resonating Valence Bond ey
» RVB) = | § 4 b b | 1 | Db ab | & +
] f
(a. SU(2) symmetry Index
» Constraints: 0 0 9 &
b. equal weight superposition : i
n 1 T}S:}
2
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Optimization - Exact Construction

< Example2: SU(2) Resonating Valence Bond — ien

’\RVB>=FI—3_§ + E% I ad bug i

B B B il

(a. SU(2) symmetry

: Index
» Constraints: | 00 0 9
b. equal weight superposition 1' T 7 :
E PS4, — 3 2. ¢} -
—J—D—‘LD—‘LD—& , : i 7 i
[] [] [1 [] %L : O%T = 0% =1 (Cyclic)
0 0

|...» generates singlet!
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization

o e |
Add: TJFLT(U =l ¢4FL¢(¢) = | (cyclic)
T
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization

pa |
i%ﬂi) — | (cyclic)
T

» Long-range RVB appears!

1

- |
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Optimization - Exact Construction

< Examplel: Quantum Dimer Liquid

» (Generalization

o L
adi: 1—¢Cth =1 140t =1
! I
» Long-range RVB appears! > Variational ansatz
T(C) = Tshort -+ Cﬂong

EA

e
— 1
J
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%
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