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Measurement

< Mapping to Classical Stat. Mech.

= Wavefunction & Norm
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Norm is Partition function of Classical Stat. Mech.!




Measurement

< Mapping to Classical Stat. Mech.

= Wavefunction & Norm
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Measurement

< Corner Transfer Matrix Renormalization Group

> Environment tensors etfectively represent Infinite Tensor Network

omae s [Okunish, Nishino (1996)]
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Measurement

< Corner Transfer Matrix Renormalization Group

> Environment tensors etfectively represent Infinite Tensor Network
[Okunish, Nishino (1996)]
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Measurement

< Corner Transfer Matrix Renormalization Group

> Environment tensors etfectively represent Infinite Tensor Network
[Okunish, Nishino (1996)]
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Measurement

% HOTRG Implementation [Satoshi, Naoki (2018)]

= “Impurity” tensor at which the operator is inserted

> Utilize the same isometry for both normal and impurity tensors

: v @ AU®
; 7@

s =9 - - = | HOTRG step

y ‘T(f)

..-> normal tensor
( 5
1
: . | impurity ¢
(1+1) impurity tensor
SY | 4 By

- tTI‘( S{) (Higher—order moments also available! )
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Corner Transfer Matrix Renormalization Group

< Algorithm in details

™ Left-direction RG [Corboz et al. Phys. Rev. Lett. 113, 046402 (2014)]

Left env. tensors are updated



Corner Transfer Matrix Renormalization Group

< Algorithm in details

> How to obtain Projector for Left-RG

truncation! .
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Corner Transfer Matrix Renormalization Group

< Algorithm in details

> Complete RG procedure

Iterate until converged

Now, we have environment!

Larger unit-cell is possible.
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Corner Transfer Matrix Renormalization Group

< Algorithm in details

= Tip to reduce complexity
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Corner Transfer Matrix Renormalization Group

< Extracting Correlation Length

= Who delivers the information(or correlation)?
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Corner Transfer Matrix Renormalization Group

< Extracting Correlation Length

> Example: Gapless and Gapped Kitaev Spin Liquid

Gapped phase

0.1

1/¢

Gapless phase

0.08 |
- 006
0.04

0.02;

0.04 005 - 0.12
1/x

Gap nature can be extracted from Edge tensors in CTMRG

14



Outline

=== Algorithms for Optimization

e Numerical Optimizations

19



Numerical Optimization

23 : . 1
% Imaginary Time Evolution /\ TN representation?

Y
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Numerical Optimization

23 : . 1
% Imaginary Time Evolution /\ TN representation?
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Numerical Optimization

< Imaginary Time Evolution

= Applying ITE operator e~ Th d

(NOTE: ITE requires at least 2-site unitcell)

/f/)/ o

e.g.) Heisenberg
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/V /V > H Bond dimension increases!




Numerical Optimization

< Imaginary Time Evolution

A

= Applying ITE operator e~ ™"

(NOTE: ITE requires at least 2-site unitcell)

1-step

R

y%

y%

ﬁ Truncation //)

Truncation is required!




Numerical Optimization

< Imaginary Time Evolution

o How to truncate?

(a) Simple update - Easy and cheap O(D’) | o4 |uFulupdgate | ©

[P. Corboz (2016)]

040 Example: 2D Heisenberg model
O Simple update %
038 O
o 00 O
—(0.36 O
= @}% L |
0.34} u
u [ |
0.32| "
L _______exactresult _|
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1/D

[Jiang at al. (2008)]

(b) Full update - Better accurate but heavy O(D'")

[P. Corboz (2016)]
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Numerical Optimization

< Imaginary Time Evolution
= Simple update: Averaged “Entanglement”
contract ( N
>

ITE

)

w—: > env Vectcp
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K singular values J
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Numerical Optimization

< Imaginary Time Evolution

o> Tip to reduce complexity

“

ITE

| svo

f| |\

v much cheaper! -
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Numerical Optimization

2 Sample
= ITE flow

control parameter : 7, D

0 500 1000 1500 2000
ITE Step
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Numerical Optimization

< Examplel

= Gapless Spin Liquid on Kagome [Liao et al. (2018)]

-0.420

-0.435

-0.440

—@— 3-PESS simple update (a)
—O— 3-PESS full udpate

—bP— 9-PESS simple update

—%*— SU(2)-symmetric 3-PESS, Mei et al (2016)
—-—-- DMRG upper bound, Yan et a/ (2011)
—— VMC+Lanczos, Igbal ef al (2013)

—— Coupled Cluster Method, Gotze et al (201 1)
—— DMRG, Yan ei al (2011)
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Numerical Optimization

< Examplel

= Gapless Spin Liquid on Kagome [Liao et al. (2018)]

0.20+5% —a— 3-PESS Husimi :

: O\A —=e-— 3 PESS simple update |

0151 D\°\K —o— 3-PESS full update  °

E 0.10 \§§°\KA\A —>— 9-PESS simple udpate |
- e e s

d— S
_ \8\ g\°\° A__p A

0.05+1 e e SRR AR

- SU(2) symmetry is broken 5

T ET s e
D

0.00

Magnetization is not exactly Zero, even though it is decreasing



Numerical Optimization

< Symmetric Simple Update

= Degeneracy in Singular Values

>

tSVD

g i is symmetrlc
u o
> Symmetric meaning {u—.— —H—

> Keeping all degenerate SVs not breaks Symmetry

are degenerates
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Numerical Optimization

< Example2 - Symmetric SU

= Z2 Gapped Spin Liquid on Kagome [Mei et al. (2017)]

-0.39

Variational energy
© o
P ~ =
N — N

o
~
w

o
N
N

" - B -data

\ —— MERA, Evenbly et al (2010)
— Series expansion, Singh et al (2008)
\ —— DMRG rigorous upper bound, Yan et al (2011)
! —— DMRG estimation, Yan et al (2011)
\ —— (Non-symmetric) TNS, Xie et al (2014)
: — — - Lanczos+VMC, Igbal et al (2013) ]
————— Coupled Cluster, Gotze et al (2011) .
“ —— DMRG, Depenbrock et al (2012) ]

27



Numerical Optimization

< Example3 - Symmetric SU

= Gapless Spin Liquid on Kagome IS. Jiang et al. (2019)]

D=6 kagome PEPS

E/J

- 0.36
- 0.38 -
-0.40 -

-0.42 -

0.02 0.04 0.06 0.08 0.10 0.12 Deut
e zero-flux|l, a=2.0 ¢ zero-fluxll, a=1.25

emm-fluxl,a=128 < m-fluxll,a=1.0



Numerical Optimization

< Example4 - Symmetric SU

= Kitaev Spin Liquid cannot be obtained from Random state

0.4

—-Random —-Random
—+Loop Gas —+Loop Gas

20 1000 2000 0 500 1000 - 1500 « 2006
ITE Step ITE Step



Numerical Optimization

< Exampleb - Symmetric SU

> Quantum Phase Diagram of K-G-G” model [H.-Y. Lee et al. (2019)]

7 Magnetization




Numerical Optimization

< Imaginary Time Evolution

= Full Update

» before started

S



Numerical Optimization

< Imaginary Time Evolution

= Full Update W [
> [97) = e T yP) 7%

» Goal: WD /> L2 - [”) suchthat |V WD

» (Cost function:

e =|| [¥n ) — ) |

= (WD WD) + WP |wD) — (W




Numerical Optimization

< Imaginary Time Evolution
= Full Update

> Minimizing Cost function:

(Env. should be computed at each step\

— expensive, but accurate

— Fast FU algorithm [Orus et al. (2015)]

_J

s A(l07u07T07d07p0)|(l17u17r17d17p1)[Tred] (llaularladlapl) i B(lO,’LLO,TO,dO,pO)

Matrix

Vector Vector

» Solve linear equation A0 — B

= B

lrud o U(l,’r,u,d,p) 5 Replace Tred by red

new
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Numerical Optimization

< Imaginary Time Evolution

= Full Update

%o

 Step2: Solving linear equation

Stepl: Calculating environment tensors

P
s
:«‘V%f/f

« Step3: Replace all tensors by solution tensor
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Thank you very much!
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