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Overview: tensor networks in 1D and 2D
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1D MERA
Multi-scale entanglement renormalization ansatz

and more
‣ 1D tree tensor 

network 

‣ correlator 
product states

‣ ...

Matrix-product state 

Underlying ansatz of the 
density-matrix renormalization 

group (DMRG) method

PEPS
 projected entangled-pair state

and more
‣ Entangled-

plaquette states

‣ 2D tree tensor 
network 

‣ String-bond states

‣ ...

2D MERA
2D

1 2 3 4 5 6 7 8



‣ Part I: Tensor network ansätze
✦ Recap: main idea of a tensor network ansatz & area law of the entanglement entropy

✦ MPS, PEPS & iPEPS, Tree tensor networks, MERA & 2D MERA

✦ Classify tensor network ansatz according to its entanglement scaling  

‣ Part II: Contraction
✦ Contraction of MPS and the MERA

✦ Contraction of PEPS / iPEPS: MPS-MPO approach, corner-transfer-matrix (CTM) method,  
Tensor Renormalization Group (TRG), Tensor network renormalization (TNR)

✦ Simple example application: solving the 2D classical Ising model with the CTM method  

‣ Part III: Optimization

‣ Part IV: iPEPS application example

‣ Part V: Finite correlation length scaling

‣ Outlook & summary

Outline



PART I: 
Tensor network ansätze
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“Corner” of the Hilbert space

Ground states (local H)

Hilbert  
space

★ GS of local H’s are less entangled than a 
random state in the Hilbert space

★ Area law of the entanglement entropy



Area law of the entanglement entropy 

2D

Entanglement entropy S(A) = �tr[⇥A log ⇥A] = �
�
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1D S(L) = const � = const

2D S(L) � �L ⇥ � exp(�L)

General (random) state

(volume) S(L) ⇠ Ld

Ground state (local Hamiltonian)

(area law) S(L) ⇠ Ld�1

# relevant states
� ⇠ exp(S)

Critical ground states: 
(all in 1D but not all in 2D)

S(L) ⇠ log(L)

S(L) ⇠ L log(L)

1D

2D



MPS & PEPS

1 2 3 4 5 6 7 8

MPS
Matrix-product state 

1D

S. R. White, PRL 69, 2863 (1992)

Östlund, Rommer, PRL 75, 3537 (1995) 

Physical indices (lattices sites)

Fannes et al., CMP 144, 443 (1992)

Bond dimension D

✓ Reproduces area-law in 1D

S(L) = const



MPS & PEPS

MPS
Matrix-product state 

1D

Bond dimension D

A E

L

rank(⇢A)  D S(A)  log(D) = const

✓ Reproduces area-law in 1D

S(L) = const

➡ One bond can contribute  
at most log(D) to the 
entanglement entropy



MPS & PEPS

1 2 3 4 5 6 7 8

MPS
Matrix-product state 

1D

Bond dimension D

2D
can we use  

an MPS? 

L

S(L) � L

 !!! Area-law in 2D !!!

D ⇠ exp(L)
✓ Reproduces area-law in 1D

S(L) = const

S. R. White, PRL 69, 2863 (1992)

Östlund, Rommer, PRL 75, 3537 (1995) 

Physical indices (lattices sites)

Fannes et al., CMP 144, 443 (1992)



MPS & PEPS

1 2 3 4 5 6 7 8

MPS
Matrix-product state 

1D

S. R. White, PRL 69, 2863 (1992)

Östlund, Rommer, PRL 75, 3537 (1995) 

Physical indices (lattices sites)

Fannes et al., CMP 144, 443 (1992)

Bond dimension D

2D

F. Verstraete, J. I. Cirac, cond-mat/0407066
Nishio, Maeshima, Gendiar, Nishino, cond-mat/0401115 

 

DBond dimension 

S(L) � L

✓ Reproduces area-law in 2D✓ Reproduces area-law in 1D

S(L) = const

PEPS (TPS)
projected entangled-pair state

(tensor product state)



PEPS: Area law

S(L) � L

✓ Reproduces area-law in 2D

one “thick” bond of dimension

... ...

A B

DL

each cut auxiliary bond can 
contribute (at most) log D to 
the entanglement entropy

The number of cuts scales 
with the cut length

S(A)  L log D ⇠ L

DL

L



MPS & PEPS
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PEPS (TPS)
projected entangled-pair state

(tensor product state)



MPS & PEPS
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MPS
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S. R. White, PRL 69, 2863 (1992)
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2D

F. Verstraete, J. I. Cirac, cond-mat/0407066
Nishio, Maeshima, Gendiar, Nishino, cond-mat/0401115 

 

DBond dimension 

S(L) � L

✓ Reproduces area-law in 2D✓ Reproduces area-law in 1D

S(L) = const

PEPS (TPS)
projected entangled-pair state

(tensor product state)



A A A AA A

A A A AA A

A A A AA A

A A A A AA

A A A A AA

A A A A AA

iMPS
1D 2D

iPEPS
infinite projected entangled-pair state

Jordan, Orus, Vidal, Verstraete, Cirac, PRL (2008)

Infinite PEPS (iPEPS)

★ Work directly in the thermodynamic limit:  
No finite size and boundary effects!

infinite matrix-product state  
 

A A A A A A



iMPS
1D 2D

iPEPS
infinite projected entangled-pair state

Infinite PEPS (iPEPS)

★ Work directly in the thermodynamic limit:  
No finite size and boundary effects!

infinite matrix-product state  
 

B A B AB A

B A B AB A

B A B AB A

B A B A BA

B A B A BA

B A B A BA

Jordan, Orus, Vidal, Verstraete, Cirac, PRL (2008)
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B C

F G

D A

H

D A

H E

B C

F G

D A

H E

D A

H E

B C

F G

D A

H E

D A

H E

E

1D 2D
iPEPS

with arbitrary unit cell of tensors

PC, White, Vidal, Troyer, PRB 84 (2011) 

here: 4x2 unit cell

iPEPS with arbitrary unit cells

★ Run simulations with different unit cell sizes and 
compare variational energies 

iMPS
infinite matrix-product state  

 

C DBA A B



Hierarchical tensor networks (TTN/MERA)
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MERA

MPS

“flat”

tensors at different length scales

★ Powerful ansatz for critical systems! 
(reproduces S(L) ~ L logL scaling)



Real-space renormalization group transformation

microscopic 
lattice

coarse-
grained 
lattice

L0

L1

L2

coarse-
grained 
lattice

microscopic
model H0

effective
model H1

H2
effective
model

�



Tree Tensor Network (1D)

microscopic 
lattice

L0

L1

coarse-
grained 
lattice

�

coarse-
grained 
lattice

L2

1D systems (non-critical)

�� = const

S(L) = const

isometry

# relevant 
local states

�0 = d

�

�



Tree Tensor Network (1D)

microscopic 
lattice

coarse-
grained 
lattice

# relevant 
local states

�0 = d

�1

�2

L0

L1

L2

coarse-
grained 
lattice

�

isometry

1D critical systems

S(L) � log(L)
�� � poly(L)



The MERA (The multi-scale entanglement renormalization ansatz)

microscopic 
lattice

coarse-
grained 
lattice

# relevant 
local states

�0 = d L0

L1

L2

coarse-
grained 
lattice

�

�

�� = const

KEY: disentanglers reduce the 
amount of short-range entanglement

�

1D systems (critical)

S(L) � log(L)

isometrydisentangler

G. Vidal, PRL 101, 110501 (2008)
G. Vidal, PRL 99, 220405 (2007)



MERA: Properties

��|

Let’s compute ��|O|�⇥ O : two-site operator

|��

O two-site operator



Causal cone

MERA: Properties
��

|O
|�

⇥

Isometries 
are isometric

= I

u

u†

= I

w

w†

Disentanglers 
are unitary



MERA: Properties
��

|O
|�

⇥

Causal cone

Efficient computation of expectation values of observables!

Isometries 
are isometric

= I

u

u†

= I

w

w†

Disentanglers 
are unitary



Different types of MERA’s

�
��	������ �
3-to-1 blocking 

�
�	������ �
2-to-1 blocking 

��
���
�
	��������� �

2-to-1 blocking 

TRADEOFF: computational cost vs efficiency of coarse-graining

Figures by G. Evenbly

( )8O χ

( )9O χ

( )7O χ



MERA: Entanglement entropy

figures from Evenbly & Vidal, J Stat Phys 145 (2011)

S(A)  n(A) log(�)

n(A) = 2 ! S(A) ⇠ const

n(A) = 4L ! S(A) ⇠ L

T

S(A) ⇠ log(L)

Reproduces log(L) scaling of 1D critical systems

n(A) ⇡ 2T ⇡ 2 log2 L



Power-law decaying correlations

slide from Glen Evenbly

quantum XX model: 
(critical, c=1) ( )XX 1 1

X X Y Y
r r r r

r

H σ σ σ σ+ += +∑
-how accurately do MPS 
and MERA approximate 
ground states in terms of  
correlators? 

poly decay 

exp decay 



Scale invariant MERA

x

z

Translational invariance: same tensors along x

Scale invariance (at criticality): same tensors along z



2D MERA (top view)

Apply disentanglers

Apply isometries

Original lattice            

Coarse-grained lattice 

�� = const
S(L) � L

✓Accounts for area-
law in 2D systems

Evenbly, Vidal. PRL 102, 180406 (2009) 



Different structures of the 2D MERA...

Evenbly & Vidal, PRL 102, 180406 (2009)



2D MERA on the Kagome lattice

Evenbly & Vidal, PRL 104, 187203 (2010)



Branching MERA: beyond area law scaling in 2D

G. Evenbly and G. Vidal, Physical Review Letters 112, (2014).



PART I summary: Tensor network ansätze
MPS PEPS

2D MERA

1D MERA

➡ A tensor network ansatz is an efficient variational  
ansatz for ground states of local H where the 
accuracy can be systematically controlled with the 
bond dimension

★ MPS: area law in 1D
★ MERA: log L scaling in 1D (critical systems)
★ PEPS/iPEPS: area law in 2D
★ 2D MERA: area law in 2D
★ branching MERA: beyond area law in 2D (e.g. L log L scaling) (Evenbly & Vidal, 2014)

➡ Different tensor networks can reproduce different  
entanglement entropy scaling:

TN ansatz 
(variational)



Overview: Tensor network algorithms (ground state)

iterative optimization 
of individual tensors 

(energy minimization)
imaginary time 

evolution

Contraction of the 
tensor network 

exact / approximate

Find the best 
(ground) state

|�̃�

Compute 
observables
��̃|O|�̃⇥

MPS PEPS
2D MERA

1D MERA

TN ansatz 
(variational)



PART II: Contraction



Contracting a tensor network (repetition)



Pairwise contractions...



Pairwise contractions...



Pairwise contractions...



Pairwise contractions...



Pairwise contractions...



Pairwise contractions...

done!

the order of contraction matters for the 
computational cost!!!



Contracting a tensor network

★ Reshape tensors into matrices and multiply them with optimized routines (BLAS)

i

j

u

v
A B w =

u

v

wT

= wT(uv)

dimension D

★ Computational cost: multiply the dimensions of all legs (connected legs only once)

cost D5

B w(uv) A
(ij)

dimension D2



Contraction: Example from the 2D MERA

w1 w2 w3 w4

uux uy

� (lower half)

� (upper half)

H

What is the optimal 
contraction order?

Use program to find optimal  
contraction, e.g. NETCON:

Pfeifer, Haegeman, Verstraete,  
PRE 90 (2014)



Contracting an MPS
��

|�
⇥

= BAD!

��
|�

⇥

= Good!



MERA: Contraction

��|

Let’s compute ��|O|�⇥ O : two-site operator

|��

O two-site operator



Causal cone

MERA: Contraction
��

|O
|�

⇥

Isometries 
are isometric

= I

u

u†

= I

w

w†

Disentanglers 
are unitary



MERA: Contraction
��

|O
|�

⇥

Causal cone

Efficient computation of expectation values of observables!

Isometries 
are isometric

= I

u

u†

= I

w

w†

Disentanglers 
are unitary



Contracting the PEPS
��

|�
⇥

reduced tensors

D2



Contracting the PEPS

Problem: how do we contract this??

no matter how we contract, 
we will get intermediate 

tensors with O(L) legs

number of coefficients D2L 
Exponentially increasing with L!

NOT EFFICIENT

dimension D2



Contracting the PEPS
★ Exact contraction of an PEPS is exponentially hard!

use controlled approximate contraction scheme

MPS-MPO-based  
approaches

Corner transfer  
matrix method 

TRG  
Tensor Renormalization Group
(variants: HOTRG, SRG, HOSRG)  

Murg,Verstraete,Cirac, PRA75 ’07 
Jordan,et al. PRL79 (2008) 
Haegeman & Verstraete (2017) 
…

Nishino, Okunishi, JPSJ65 (1996) 
Orus, Vidal, PRB 80 (2009)
Fishman et al, arxiv:1711:05881
… 

Levin, Nave, PRL99 (2007) 
Xie et al. PRL 103 (2009)
Xie et al. PRB 86 (2012), …

★Accuracy of the approximate contraction is controlled by  
“boundary dimension” �

★Convergence in     needs to be carefully checked�

★Overall cost:                     with � ⇠ D2
O(D10...14)

TNR 
Tensor Network Renormalization

Loop-TNR:  
Yang, Gu & Wen, PRL 118 (2017)

Evenbly & Vidal, PRL 115 (2015)



Contracting the PEPS

0 0.02 0.04 0.06 0.08 0.1
−0.6695

−0.669

−0.6685

1/χ

E s

 

 

D=4
D=5
D=6

Example: 2D Heisenberg model (CTM)

★ Be careful with 
“variational” energy!!!

★ Fast convergence

★ Effect of finite D is 
much larger!



Contracting the PEPS
★ Exact contraction of an PEPS is exponentially hard!

use controlled approximate contraction scheme

MPS-MPO-based  
approaches

Corner transfer  
matrix method 

TRG  
Tensor Renormalization Group
(variants: HOTRG, SRG, HOSRG)  

Murg,Verstraete,Cirac, PRA75 ’07 
Jordan,et al. PRL79 (2008) 
Haegeman & Verstraete (2017) 
…

Nishino, Okunishi, JPSJ65 (1996) 
Orus, Vidal, PRB 80 (2009)
Fishman et al, arxiv:1711:05881
… 

Levin, Nave, PRL99 (2007) 
Xie et al. PRL 103 (2009)
Xie et al. PRB 86 (2012), …

★Accuracy of the approximate contraction is controlled by  
“boundary dimension” �

★Convergence in     needs to be carefully checked�

★Overall cost:                     with � ⇠ D2
O(D10...14)

TNR 
Tensor Network Renormalization

Loop-TNR:  
Yang, Gu & Wen, PRL 118 (2017)

Evenbly & Vidal, PRL 115 (2015)



this is an MPO (matrix product operator)

this is an MPS

Contracting the PEPS using an MPS
dimension D2

Verstraete, Murg, Cirac, Adv. in Phys. 57, 143 (2008)



Contracting the PEPS using an MPS

this is an MPS with bond dimension D2 xD2

dimension D2xD2

truncate the bonds to  �

there are different techniques for the 
efficient MPO-MPS multiplication  
(SVD, variational optimization, zip-up 
algorithm...)
Schollwöck, Annals of Physics 326, 96 (2011)
Stoudenmire, White, New J. of Phys. 12, 055026 (2010).
 

Verstraete, Murg, Cirac, Adv. in Phys. 57, 143 (2008)



Contracting the PEPS using an MPS

dimension �

proceed... 

★ We can do this from several directions
★ Similar procedure when computing an expectation value

Verstraete, Murg, Cirac, Adv. in Phys. 57, 143 (2008)



Compute expectation values

Figure taken from Corboz, Orús, Bauer, Vidal, PRB 81, 165104 (2010)

environment

compute environment approximately 

Connect two-body operator

Contract this network!



Contracting the iPEPS using the corner transfer matrix method

‣ Environment tensors account for infinite system around a bulk site

‣ CTM: Compute environment in an iterative way

‣ Accuracy can be systematically controlled with �

CTM
a

C1

T3

T4

T1

C3

T2

C4

C2

�

Nishino, Okunishi, JPSJ65 (1996) 



figure taken from Orus, Vidal, PRB 80 (2009) 

Nishino, Okunishi, JPSJ65 (1996) 
Orus, Vidal, PRB 80 (2009) 

★ Let the system grow in all 
directions.  

★ Repeat until convergence 
is reached

★ The boundary tensors 
form the environment

★ Can be generalized to 
arbitrary unit cell sizes

Corboz, et al., PRB 84 (2011) 

dimension �

Contracting the iPEPS using the corner transfer matrix method



C’ T’

T’ a

� D2
C’

T’

C’C’ T’

Simplest case: rotational symmetric tensors 
Nishino, Okunishi, JPSJ65 (1996) 

C T

T a

� D2
C

T

CC T

C

T

T

T T

T

T

a a

aa

� D2

C

C

T

T

a

a

aa

C

TaT

C T T T

T

C

T

T T

T a a

C

Ta

T aa Ta

CC T T T

T

T aa Ta

Ũ

Ũ †
⇡

Approximate 
resolution of the  
identity (in the 
relevant subspace)



Simplest case: rotational symmetric tensors 

C

C C

C

T

T

TT

T T

T

T

cut 

”⇢left”

Nishino, Okunishi, JPSJ65 (1996) 

a a

aa

Relevant subspace? 

C C

T

T T

T

{

aa

�

DMRG: Eigenvectors with largest eigenvalues of ⇢left

D2 D2� �

How can we best truncate from

                               

D2

�D2 ! �

[Simpler: EIG/SVD of one corner]

C T

T
= =

a

U

s
U †

�

C’ ⇡

Renormalized tensors: keep only     states with largest weight 

⇡T’ T a

Ũ

Ũ †

C T

T a

Ũ †

Ũ s̃
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=



General case: Renormalization step (left move)

R

U

V †

s
R

€ 

≈
SVD$

R−1

R−1 V

U †

s−1

€ 

≈

cut ! cut !

T1 C2C1 T1

a T2T4 a

a T2T4 a

T3 C3C4 T3

€ 

= QRupper half!

€ 

= Qlower half! R

QR#

QR#

C1 '

€ 

=
C1 T1

P

€ 

=T4 '
T4 a

P

P

€ 

=C4 '
C4 T3

P

R

R

R−1

R−1

identity

R

R

V

U †

s−1/2

s−1/2

€ 

≈

approx. identity

P

P

=

=

projectors onto  
relevant subspace

Wang, Pižorn & Verstraete, PRB 83 (2011)  
Huang, Chen & Kao, PRB 86 (2012)
PC, Rice, Troyer, PRL 113 (2014)

alternatively: only use upper 
left and lower left corners



General case: Renormalization step (left move)

R

U

V †

s
R

€ 

≈
SVD$

R−1

R−1 V

U †

s−1

€ 

≈

cut ! cut !

T1 C2C1 T1

a T2T4 a

a T2T4 a

T3 C3C4 T3

€ 

= QRupper half!

€ 

= Qlower half! R

QR#

QR#

C1 '

€ 

=
C1 T1

P

€ 

=T4 '
T4 a

P

P

€ 

=C4 '
C4 T3

P

R

R

R−1

R−1

identity

R

R

V

U †

s−1/2

s−1/2

€ 

≈

approx. identity

P

P

=

=

projectors onto  
relevant subspace

Wang, Pižorn & Verstraete, PRB 83 (2011)  
Huang, Chen & Kao, PRB 86 (2012)
PC, Rice, Troyer, PRL 113 (2014)

QR is actually not required!  
T. Okubo, private comm.

simpler!



CTM with larger unit cells PC, White, Vidal, Troyer, PRB 84 (2011) 

★ Each tensor has coordinates with respect to the unit cell: A[x,y]

x
y 1 2 3 1 23

1

2

1

2

| i ⇡
=

A[x,y]

A†[x,y]

a[x,y]

★ Keep a copy of every environment tensors C1, ... C4, T1, ..., T4  for each coordinate

C1 C2

C3C4

T1

T2

T3

T4 a

xx� 1 x+ 1

y

y + 1

y � 1

x

y



CTM with larger unit cells

Left move for                cell: do for all x and y!  Lx ⇥ Ly

=C 0[x,y]
1

T [x,y]
1

P̃ [x�1,y]

C [x�1,y]
1

C 0[x,y]
4 =

T [x�1,y]
3C [x�1,y]

4

P [x�1,y�1]

=

P̃ [x�1,y]

a[x,y]

P [x�1,y�1]

T 0[x,y]
4

T [x�1,y]
4

• Do for all x 2 [1, Lx]

– Do for all y 2 [1, Ly]

⇤ Compute projectors P [x�1,y], P̃ [x�1,y]

– Do for all y 2 [1, Ly]

⇤ Compute updated environment

tensors: C 0[x,y]
1 , C 0[x,y]

4 , T 0[x,y]
4

C1

C4

T1

T3

T4 a

xx� 1 xx� 1

C1 · T1

T4 · a

C4 · T3

C 0
1

T 0
4

C 0
4

x

y

y � 1

y + 1

x
y



2

C 0
1

T 0
4

C 0
4

CTM with larger unit cells

Left move for                cell: do for all y and x!  Lx ⇥ Ly

1 2 33 1
x

1

2

2

1
C1

C4

T4

2

3

1

2

x
y

y

C1

C4

T4

3

1

2

1

C 0
1

T 0
4

C 0
4

1

C 0
1

T 0
4

C 0
4

1

2

C 0
1

T 0
4

C 0
4

C 0
1

T 0
4

C 0
4

3

C 0
1

T 0
4

C 0
4

3

Completed left 
move of entire 

unit cell!

T1

T3

a

1

T1

T3

a

1

2

T1

T3

a

2

T1

T3

a

3

T1

T3

a

3

T1

T3

a

x
y



CTM with larger unit cells

Other shapes than rectangular cell possible:

All 9 tensors different:

Only 3 different tensors:

Unit cell with 30 tensors (60 sites)

(example: Shastry-Sutherland model)



Contracting the PEPS/iPEPS using TRG Gu, Levin, Wen, B78, (2008) 
Levin, Nave, PRL99 (2007) 
Xie et al. PRL 103, (2009) 

★ Contract PEPS with periodic boundary conditions
★ Finite or infinite systems
★ Related schemes: SRG, HOTRG, HOSRG, ...

Tensor Renormalization Group

SVD dimension �
sublattice A:

SVD
sublattice B:



More recent: Tensor network renormalization

★ Additional ingredient: Disentanglers
★ Remove short-range entanglement at each 

coarse-graining step (key idea of the MERA) 
★ Faster convergence with chi
★ Especially important for critical systems
★ Another variant: Loop-TNR:  

Yang, Gu & Wen, PRL 118 (2017)

Evenbly & Vidal, PRL 115 (2015)



Contracting the PEPS
★ Exact contraction of an PEPS is exponentially hard!

use controlled approximate contraction scheme

MPS-MPO-based  
approaches

Corner transfer  
matrix method 

TRG  
Tensor Renormalization Group
(variants: HOTRG, SRG, HOSRG)  

Murg,Verstraete,Cirac, PRA75 ’07 
Jordan,et al. PRL79 (2008) 
Haegeman & Verstraete (2017) 
…

Nishino, Okunishi, JPSJ65 (1996) 
Orus, Vidal, PRB 80 (2009)
Fishman et al, arxiv:1711:05881
… 

Levin, Nave, PRL99 (2007) 
Xie et al. PRL 103 (2009)
Xie et al. PRB 86 (2012), …

★Accuracy of the approximate contraction is controlled by  
“boundary dimension” �

★Convergence in     needs to be carefully checked�

★Overall cost:                     with � ⇠ D2
O(D10...14)

TNR 
Tensor Network Renormalization

Loop-TNR:  
Yang, Gu & Wen, PRL 118 (2017)

Evenbly & Vidal, PRL 115 (2015)



MPS

Structure 
Variational 

ansatz

iterative optimization 
of individual tensors 

(energy minimization)
imaginary time 

evolution

Contraction of the 
tensor network 

exact / approximate

Find the best 
(ground) state

|�̃�

Compute 
observables
��̃|O|�̃⇥

PEPS
2D MERA

1D MERA

✓

✓

Summary: Tensor network algorithm for ground state



Simple example / exercise



Example: CTM method for the classical 2D Ising model

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

β=1/T

m

H =
X

hi,ji

Hb(si, sj) = �
X

hi,ji

sisj ,

. . .

. . .. . .

. . .
ordered phase
(ferromagnetic)

�c = log(1 +
p
2)/2 ⇡ 0.44069

disordered  
phase

si 2 {+1,�1}

Z(�) =
X

{c}

exp(��H(c)) =
X

{c}

Y

hi,ji

exp(��Hb(si, sj))

Partition function:

GOAL: Compute 
m using tensor 

network methods
Magnetization per site:

m(�) =

P
{c} sr exp(��H(c))

Z

Exact solution:

= (1� [sinh(2�)]�4)1/8, for � > �c



Represent partition function as a 2D TN

Z(�) =
X

{c}

exp(��H(c)) =
X

{c}

Y

hi,ji

exp(��Hb(si, sj))

Figure taken from  
Orús & Vidal, PRB 78,  

155117 (2008).
 

gijkl = �ijkl

aijkl =
X

s

⇣p
Q
⌘

is

⇣p
Q
⌘

js

⇣p
Q
⌘

ks

⇣p
Q
⌘

ls

m(�) =

P
{c} sr exp(��H(c))

Z

=

a a a a

a a a a

a a a a

a a a a

a a a a

a a a

a a a a

a a a a

b

bijkl =
X

s

s
⇣p

Q
⌘

is

⇣p
Q
⌘

js

⇣p
Q
⌘

ks

⇣p
Q
⌘

ls

b
=

g0ijkl = si�ijkl

. . . . . .

. . . . . .

Qsisj = exp(��Hb(si, sj)) =

✓
e� e��

e�� e�

◆



Use CTM to contract the 2D network

m(�) =

P
{c} sr exp(��H(c))

Z
a a a a

a a a a

a a a a

a a a a

a a a a

a a a

a a a a

a a a a

b

=

. . . . . .

. . . . . .

⇡
C

C

T

T

T C

T

C

a

C

C

T

T

T C

T

C

b

�

‣ Compute environment tensors C and T iteratively (CTM)

‣ Here: symmetric case: all corner/edge tensors the same and

Cij = Cji T k
ij = T k

ji

‣ Start with random (symmetric) C and T, e.g. with �0 = 2



CTM for rotational/mirror symmetric tensors 
Nishino, Okunishi, JPSJ65 (1996) 

Renormalized tensors: keep only     states with largest weights �

Eigenvalue decomposition of corner

C T

T
= =

a

U

s
U †

Keep numbers 
bounded:  

e.g. divide each tensor by its 
largest element

C’ ⇡

⇡T’ T a

Ũ

Ũ †

C T

T a

Ũ †

Ũ s̃
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=



CTM algorithm summary

‣ Start with random (symmetric) C and T, e.g. with �0 = 2

‣ Do CTM renormalization steps, keeping (at most) a boundary dimension 

✦ The method is converged once the change  
 

where sk (truncated & normalized) are the singular values of corner C 

✦ Due to round-off errors the tensors might not be perfectly symmetric anymore.  
For better numerical stability, symmetrize matrix before doing svd/eig.

X

k

|sk � s0k| < tol

�

‣ Once convergence is reached, quantities of interest (e.g. m) can be computed 
using the converged environment tensors C and T

‣ Try it out: this is an ideal starting point to get into 2D TN!

‣ See MATLAB solution code: https://tinyurl.com/ybtpqoeq



Contracting TNs using NCON

‣ NCON: Network contractor to conveniently contract TNs

‣ Written by R. N. C. Pfeifer, G. Evenbly, S. Singh, and G. Vidal, arXiv:1402.0939  

=
C

a

T

T

C’

i1

i2

i3 i4

1

2 3
4

�1

�2

�3 �4

‣ Example: 

‣ Code:         Cp = ncon({C, T, T, a},{[1 2], [-1 1 3], [2 -3 4], [-2 3 4 -4]});

‣ Complicated networks can be contracted in an easy way in a single line!



Results 
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‣ Remember PEPS/iPEPS contraction:
��

|�
⇥

reduced tensors

D2

a

Ex 2: CTM for the symmetric quantum case (D=2)



Ex 2: CTM for the symmetric quantum case (D=2)

‣ Consider an iPEPS tensor from a translational+rotational invariant system

a D2

D2

D2

D2

=
A

A†

Aijkl
p = Ajkli

p = Aklij
p = Alijk

p = Akjil
p = Ailkj

p

‣ For D=2: 12 free parameters c

hOi = h |Ô| i
h | i‣ Compute expectation values: ⇡

C

C

T

T

T C

T

C

a

C

C

T

T

T C

T

C

b

�

‣ Compute environment tensors as in the classical case



Compute expectation values (2-site operators)

Figure taken from Corboz, Orús, Bauer, Vidal, PRB 81, 165104 (2010)

compute environment approximately 

Connect two-body operator

or leave physical indices 
open to compute 2-site 
reduced density matrix

C

CT

T C

T

C T

T

T

= E2 = E5



Play around with the D=2 quantum case...

‣ Consider 2D transverse Ising model:   H = �
X

hi,ji

�
i
z�

j
z � �

X

i

�
i
x

�c ⇡ 3.0444‣ Critical point: 

‣ Write a function to compute the energy for a given iPEPS tensor A(c) 

‣ You can try different random guesses and see how the energy changes...

‣ Try a brute-force minimization (works fine here since “only” 12 parameters) 
using some standard routine (e.g fmincon from MATLAB).  
Since the norm does not matter we can limit the search [-1,1] for all parameters

x1 = ones(1,12); 
opts.TolFun=1e-8; 
opts.MaxFunEvals=10000; 
[cres,Eres] = fmincon(@get_E,c,[],[],[],[],-x1,x1,[],opts); 1    -1.06283

2    -1.25565
3    -1.59727
4    -2.06688

� Ebond

Example values:



‣ Part I: Tensor network ansaetze

‣ Part II: Contraction

‣ Part III: Optimization (PEPS + iPEPS)
✦ Imaginary time evolution: simple vs full optimization

✦ Variational optimization (energy minimization)

‣ Part IV: iPEPS application example
✦ Shastry-Sutherland model

‣ Part V: Finite correlation length scaling
✦ Accurate study of continuous phase transitions and order parameter extrapolation

‣ Outlook & summary 

Outline



PART III: Optimization



MPS

Structure 
Variational 

ansatz

iterative optimization 
of individual tensors 

(energy minimization)
imaginary time 

evolution

Contraction of the 
tensor network 

exact / approximate

Find the best 
(ground) state

|�̃�

Compute 
observables
��̃|O|�̃⇥

PEPS
2D MERA

1D MERA

✓

✓

Summary: Tensor network algorithm for ground state



Optimization via imaginary time evolution

• Idea: 

exp(�⌧Ĥb)

• At each step: apply a two-site operator to a bond and truncate bond back to D 

Keep D largest 
singular values

U
p
s̃

p
s̃V

SVD s
U V †

Time Evolving Block Decimation (TEBD) algorithm

Note: MPS needs to be in canonical form

...

...

exp(��Ĥ)| ii
� ! 1

| GSi
⌧ = �/n

exp(��Ĥ) = exp(��

X

b

Ĥb) =

 
exp(�⌧

X

b

Ĥb)

!n

⇡
 
Y

b

exp(�⌧Ĥb)

!n

Trotter-Suzuki 
decomposition: 

• 1D: 



Optimization via imaginary time evolution

• Idea: 

exp(�⌧Ĥb)

• At each step: apply a two-site operator to a bond and truncate bond back to D 

infinite Time Evolving Block Decimation (iTEBD)

exp(��Ĥ)| ii
� ! 1

| GSi
⌧ = �/n

exp(��Ĥ) = exp(��

X

b

Ĥb) =

 
exp(�⌧

X

b

Ĥb)

!n

⇡
 
Y

b

exp(�⌧Ĥb)

!n

Trotter-Suzuki 
decomposition: 

• 1D: 
�A �BsA sB �A sAsB �B sB

......
�A sA

SVD�A �BsA sBsB sBsB�̃A �̃B

extract  
weights �0

B�0
A

truncate

s0A s0A



Optimization via imaginary time evolution

Cluster update Wang, Verstraete, arXiv:1110.4362 (2011)

• 2D: same idea: apply  
to a bond and truncate bond back to D

exp(�⌧Ĥb)

• However, SVD update is not optimal (because of loops in PEPS)! 

simple update (SVD) 

★ “local” update like in TEBD

★ Cheap, but not optimal  
(e.g. overestimates magnetization 
in S=1/2 Heisenberg model)

Jiang et al, PRL 101 (2008)
full update 

★ Take the full wave function into 
account for truncation

★ optimal, but computationally more 
expensive

★ Fast-full update [Phien et al, PRB 92 (2015)]

Jordan et al, PRL 101 (2008)



Optimization: simple update

• iPEPS with “weights” on the bonds (takes environment effectively into account)
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Jiang, et al., PRL 101, 090603 (2008)

• Update works like in 1D with iTEBD (infinite time-evolving block decimation)
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G. Vidal, PRL 91, 147902 (2003)



Trick to make it cheaper

• Idea: Split off the part of the tensor which is updated
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˜ λ 1
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keep only D  
largest singular  
values



Optimization: full update

• Approximate old PEPS + gate with a new PEPS with bond dimension D

€ 

g
€ 

A

€ 

B
Environment

| ̃i = g| i

Environment

€ 

A'

€ 

B'

⇡

| 0i⇡

Jordan, Orus, Vidal, Verstraete, Cirac, PRL (2008)
Corboz, Orus, Bauer, Vidal, PRB 81, 165104 (2010)

• Minimize  

• Iteratively / CG / Newton / ...

|| | ̃i � | 0i ||2 = h ̃| ̃i+ h 0| 0i � h ̃| 0i � h 0| ̃i



Full-update: details

• Split off the part of the tensor  
which is updated

€ 

=
X pA

€ 

=
YqB

=
Environment 
of p and q  
tensors

U (sV)

d(p0, q0) = h ̃| ̃i+ h 0| 0i � h ̃| 0i � h 0| ̃i
“Cost-function”

+ - -

qp qpp0 q0 p0 q0

g g

p† q†

g†

qp

p† q†

⇡ find new p’, and q’ to minimize: || | ̃i � | 0i ||| ̃i = g| (p, q)i | 0(p0, q0)i
2



Finding p’ and q’ through sweeping

• Initial guess with SVD: =

p00 q00qp

• Keep q’ fixed and optimize with respect to p’ 
@

@p0⇤
d(p0, q0) = 0

Mp0 b=• Solve linear system: new p’

SVD

= 0[ [@

@p0⇤
+ - -

p0† p0†

p0

=
p0

g



Finding p’ and q’ through sweeping

• Initial guess with SVD: =

p00 q00qp

• Keep q’ fixed and optimize with respect to p’: 
@

@p0⇤
d(p0, q0) = 0

Mp0 b=• Solve linear system: new p’

• Keep p’ fixed and optimize with respect to q’: 
@

@q0⇤
d(p0, q0) = 0

=• Solve linear system: new q’M̃q0 b̃

• Repeat above until convergence in        d(p0, q0)

SVD

g

• Retrieve full tensors again:

€ 

=
X p 'A '

€ 

=
Yq 'B '



Optimization: full update

• Approximate old PEPS + gate with a new PEPS with bond dimension D

€ 

g
€ 

A

€ 

B
Environment

| ̃i = g| i

Environment

€ 

A'

€ 

B'

⇡

| 0i⇡

• The full wave function is taken into account for the truncation!

• At each step the environment has to be computed! expensive... but optimal!

Jordan, Orus, Vidal, Verstraete, Cirac, PRL (2008)
Corboz, Orus, Bauer, Vidal, PRB 81, 165104 (2010)

• Minimize  

• Iteratively / CG / Newton / ...

|| | ̃i � | 0i ||2 = h ̃| ̃i+ h 0| 0i � h ̃| 0i � h 0| ̃i



Optimization: simple vs full update

simple update 
★ “local” update like in TEBD

★ Cheap, but not optimal  
(e.g. overestimates magnetization 
in S=1/2 Heisenberg model)

full update 
★ Take the full wave function into 

account for truncation

★ optimal, but computationally more 
expensive
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Simple update
Full update

exact result

Example: 2D Heisenberg model

• Combine the two: Use simple update to get an initial state for the full update

• Don’t compute environment from scratch but recycle previous one  
    fast full update Phien, Bengua, Tuan, PC, Orus, PRB 92 (2015)



1. Select one of the PEPS tensors A

Variational optimization for PEPS

E =
h |H| i
h | i

tensor A reshaped as a vector

tensor network including  
all Hamiltonian terms tensor network from norm term

2. Optimize tensor A (keeping all the others fixed) by minimizing the energy:

Hx = ENx

solve generalized eigenvalue problem

minimize

Verstraete, Murg, Cirac, Adv. Phys. 57 (2008)

in 1D: Ĥ

H = N =



1. Select one of the PEPS tensors A

Variational optimization for PEPS

E =
h |H| i
h | i

tensor A reshaped as a vector

tensor network including  
all Hamiltonian terms tensor network from norm term

2. Optimize tensor A (keeping all the others fixed) by minimizing the energy:

Hx = ENx

solve generalized eigenvalue problem

minimize

Verstraete, Murg, Cirac, Adv. Phys. 57 (2008)

3. Take the next tensor and optimize (keeping other tensors fixed)

4. Repeat 2-3 iteratively until convergence is reached 



Variational optimization for iPEPS

E =
h |H| i
h | i

tensor A reshaped as a vector

tensor network including  
all Hamiltonian terms tensor network from norm term

Hx = ENx
minimize

B C

F G

D A

H

D A

H E

B C

F G

D A

H E

D A

H E

B C

F G

D A

H E

D A

H E

E

| i ⇡
u

d

l r

p
A

(a) MPS

(b) iPEPS

A

i1

B

i2

C

i3

D

i4

E

i5

F

i6

j1 j2 j3 j4 j5

i1 i2 i3 i4 i5 i6

ci1i2i3i4i5i6 ⇡

Aldru
p

Cj2j3
i3

Main challenges:

1. Need to take into account infinitely many Hamiltonian contributions

✦ Solution: use corner-transfer matrix method [PC, PRB 94 (2016)] 
✦ Alternative: use “channel-environments” [Vanderstraeten et al, PRB 92; PRB 94 (2016)]

✦ Or: Use PEPO (similar to 3D classical) [cf. Nishino et al. Prog. Theor. Phys 105 (2001)]

2.  Tensor A appears infinitely many times! (Min. problem highly non-linear)

✦ Take adaptive linear combination of old and new tensor [PC, PRB 94 (2016)]  
[see also Nishino et al. Prog. Theor. Phys 105 (2001), Gendiar et al. PTR 110 (2003)]

✦ Alternative: use CG approach [Vanderstraeten, Haegeman, PC, Verstraete, PRB 94 (2016)]



H-environment

E =
h |H| i
h | i

tensor network including  
all Hamiltonian terms tensor network from norm

Hx = ENx
minimize

✓      .
C1 C2

C3C4

T1

T2

T3

T4 a

‣ Need additional H-environment tensors: C2

C3C4

T1

T2

T3

T4 a

C̃1

..

..

.. ..

+ . . .
..
..

.. ..

..

..

.. ..

..

..

.. ..

+++=C̃1

➡ taking into account all Hamiltonian contributions in the infinite upper left corner

But how about H ??



H-environment
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Local terms

Terms between a corner 
and an edge tensor

Corner terms



H-environment: bookkeeping

CTM left move:

= +
+

+

+

+

= +++

+ = +

= + +

=
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=
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˜TT 0
4
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T 0o
4

=+

... and similarly for right-, top-, bottom-move

‣ We can sum up all Hamiltonian contributions in an iterative way
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=
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Practical scheme

E =
h |H| i
h | i

tensor A reshaped as a vector
Hx = ENx

minimize

‣ However, the solution A of the GEVP is NOT the optimum
~

� 2 [0.5, 1.5]‣ Find                          which minimizes              (using only a few steps) 

A0(�)[x,y] = Ã[x,y] sin�⇡ �A[x,y] cos�⇡.

‣ Make ansatz for solution A’ see also [Nishino et al. PTR 105 (2001)]

E(�)

‣ Repeat iteratively for all tensors in the unit cell



Comparison: Heisenberg model
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‣ Energy and order parameter are substantially improved  
with the variational optimization

‣ Highest accuracy (D=6):  -0.66941

‣ Extrapolated QMC result:   -0.66944  [Sandvik&Evertz 2010]  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Summary: optimization in iPEPS

‣ Imaginary time evolution 

✦ Simple update:  
Jiang et al, PRL 101 (2008)

✦ Cluster update:  
Wang et al, arXiv:1110.4362

✦ Full update:  
Jordan et al, PRL 101 (2008)

✦ Fast-full update:  
Phien et al, PRB 92 (2015) 

cheap and simple, but not accurate

improved accuracy

high accuracy, more expensive

‣ Energy minimization / variational optimization  

✦ DMRG-like sweeping:  
PC, PRB 94 (2016)

✦ CG-approach:  
Vanderstraeten, Haegeman, PC, and Verstraete, PRB 94 (2016) 

✦ See also variational optimization in the context of 3D classical models 
Nishino et al. Prog. Theor. Phys 105 (2001), Gendiar et al. Prog. Theor. Phys 110 (2003)

✦ ... more to explore...!

higher accuracy, similar cost as FFU

higher accuracy, similar cost as FFU

high accuracy, cheaper than FU

+ COMBINATIONS!



MPS

Structure 
Variational 

ansatz

iterative optimization 
of individual tensors 

(energy minimization)
imaginary time 

evolution

Contraction of the 
tensor network 

exact / approximate

Find the best 
(ground) state

|�̃�

Compute 
observables
��̃|O|�̃⇥

PEPS
2D MERA

1D MERA

✓

✓

Summary: Tensor network algorithms (ground state)



Part IV: iPEPS application example



Overview: iPEPS simulations

• interacting spinless fermions
‣ honeycomb & square lattice 

• t-J model & Hubbard model
‣ square lattice 

• SU(N) Heisenberg models
‣ N=3 square, triangular, kagome & honeycomb lattice
‣ N=4 square, honeycomb & checkerboard lattice
‣ N=5 square lattice
‣ N=6 honeycomb lattice 

• frustrated spin systems 
‣ Shastry-Sutherland model
‣ Heisenberg model on kagome lattice
‣ Bilinear-biquadratic S=1 Heisenberg model
‣ Kitaev-Heisenberg model
‣ J1-J2 Heisenberg model  

• and many more... 

iPEPS is a very 
competitive 

variational method! 

Find new physics 
thanks to (largely) 

unbiased simulations 



SrCu2(BO3)2
Spin-gap system (~35K)

Kageyama et al. PRL 82 (1999)
 

C

B

O

carries  
S=1/2

The Shastry-Sutherland model

same lattice!

Shastry & Sutherland, Physica B+C 108 (1981).

Ĥ = J
0
X

hi,ji

Si · Sj + J

X

hhi,jiidimer

Si · Sj + h

X

i

S
z
i



The Shastry-Sutherland model
SrCu2(BO3)2
Spin-gap system (~35K)

Kageyama et al. PRL 82 (1999)
 

C

B

O

carries  
S=1/2

Shastry & Sutherland, Physica B+C 108 (1981).

Ĥ = J
0
X

hi,ji

Si · Sj + J

X

hhi,jiidimer

Si · Sj + h

X

i

S
z
i



The Shastry-Sutherland model
SrCu2(BO3)2
Spin-gap system (~35K)

Kageyama et al. PRL 82 (1999)
 

Néel phaseDimer phase

0

?
helical?  

columnar-dimer?  
plaquette?  
spin-liquid?

... 

C

B

O

carries  
S=1/2

J 0/J

Ĥ = J
0
X

hi,ji

Si · Sj + J

X

hhi,jiidimer

Si · Sj + h

X

i

S
z
i



Plaquette phase

0.765(15)0.675(2)

The Shastry-Sutherland model
SrCu2(BO3)2
Spin-gap system (~35K)

Néel phaseDimer phase

0

C

B

O

carries  
S=1/2

Corboz and Mila, PRB 87 (2013)

J 0/J
previously found in:
Koga and Kawakami, PRL 84 (2000)
Takushima et al., JPSJ 70 (2001)
Chung et al, PRB 64 (2001)
Läuchli et al, PRB 66 (2002)

Kageyama et al. PRL 82 (1999)
 

Ĥ = J
0
X

hi,ji

Si · Sj + J

X

hhi,jiidimer

Si · Sj + h

X

i

S
z
i



Magnetization plateaus
SrCu2(BO3)2 in a magnetic field exhibits several magnetization plateaus

Oninzuka, et al.  

1/8 plateau

1/4 plateau

1/3 plateau

Onizuka, et al.,  
JPSJ 69 (2000)

The SSM has almost localized triplet  
excitations [Miyahara&Ueda’99, Kageyama et al. ’00]

Common belief: The magnetization 
plateaus corresponds to crystals of 
localized triplets! (Mott insulators)

Triplets repel each other  
(on the mean-field level)

S=0S=0S=0



Magnetization plateaus
SrCu2(BO3)2 in a magnetic field exhibits several magnetization plateaus

Oninzuka, et al.  

1/8 plateau

1/4 plateau

1/3 plateau

Onizuka, et al.,  
JPSJ 69 (2000)

The SSM has almost localized triplet  
excitations [Miyahara&Ueda’99, Kageyama et al. ’00]

Common belief: The magnetization 
plateaus corresponds to crystals of 
localized triplets! (Mott insulators)

Triplets repel each other  
(on the mean-field level)

S=0S=0S=0

Onizuka, et al., JPSJ 69 (2000)

1/8

1/4 1/3

1/8

Crystals of localized triplets



Magnetization plateaus

• Many experiments and theoretical  
works over the last 15 years

• Experiments: 1/8, 2/15, 1/6, 1/4, 1/3, 1/2 

• Theory: 1/9, 2/15, 1/6, 1/4, 1/3, 1/2  
     

• What about the 1/8 plateau?

• Complicated structures for the 2/15 plateau...

• Big puzzle for many years...  

★ Ideal problem for iPEPS: simulating large unit cell embedded in infinite 
system and compare variational energies of the proposed crystals 

Kageyama et al, PRL 82 (1999)
Onizuka et al, JPSJ 69 (2000)
Kageyama et al, PRL 84 (2000)
Kodama et al, Science 298 (2002)
Takigawa et al, Physica  27 (2004)
Levy et al, EPL 81 (2008)
Sebastian et al, PNAS 105 (2008) 
Isaev et al, PRL 103 (2009)
Jaime et al, PNAS 109 (2012)
Takigawa et al, PRL 110 (2013)
Matsuda et al, PRL 111 (2013)
Miyahara and K. Ueda, PRL 82 (1999)
Momoi and Totsuka, PRB 61 (2000)
Momoi and Totsuka, PRB 62 (2000) 
Fukumoto and Oguchi, JPSJ 69 (2000)
Fukumoto, JPSJ 70 (2001) 
Miyahara and Ueda, JPCM 15 (2003)
Miyahara, Becca and Mila, PRB 68 (2003) 
Dorier, Schmidt, and Mila, PRL 101 (2008)
Abendschein & Capponi, PRL 101 (2008) 
Takigawa et al, JPSJ 79 (2010). 
Nemec et al, PRB 86 (2012). 
Lou et al, arXiv:1212.1999. 
...



BUT!
SURPRISE!



iPEPS simulations of the SSM in a magnetic field

spin structure of 1 
localized triplet  

in a 4x4 cell

expected spin structure 
of 2 localized triplets 

in a 4x4 cell
small D  

(mean-field result)

Bound state of two triplets!

spin structure of a Sz=2 
excitation in a 4x4 cell

obtained with iPEPS 
for D>4

• The assumption that plateaus correspond to crystals of triplets is wrong! 
(for the plateaus below 1/4) 

• Crystals of bound states instead of crystals of triplets!!

PC, F. Mila, PRL 112 (2014)



Example: 1/8 plateau

• All the proposed triplet crystals have a higher 
energy than the crystals made of bound states!

• Similar results found for other plateaus below 1/4
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2/15 plateau

Unit cell with 30  
tensors (60 sites)

Regular pattern of 
bound states!



Computing the energies of all possible crystals
1/8 rhomboid : (4,2),(0,4) 2/15 : (3,-3),(8,2)

1/6 rectangular : (6,0),(0,4) 1/5 : (1,-3),(3,1) 1/4 : (1,-1),(4,0)



Computing the energies of all possible crystals
1/7 : (4,-2),(2,6) 1/8 square : (4,0),(0,4) 1/6 rhomboid : (3,1),(0,4)

2/13 : (1,-5),(5,1) 2/11 : (1,-7),(3,1)



Computing the energies of all possible crystals
1/12 : (1,-5),(5,-1) 1/11 : (2,-4),(5,1) 1/10 : (2,-4),(10,0)

2/19 : (8,2),(1,5) 1/9 : (2,-4),(3,3) 2/17 : (5,3),(2,8)



Magnetization curve obtained with iPEPS
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J 0/J = 0.63

★ Sizable plateaus found at: 1/8, 2/15, 1/6, 1/5, 1/4, 1/3, 1/2  
[1/5 plateau vanishes upon adding a small (but realistic) DM interaction]

★ Sequence in agreement with experiments 

PC, F. Mila, PRL 112 (2014)

• see also related work: SSM in high fields: Matsuda et al. PRL 111 (2013)

★New understanding of the magnetization process in SrCu2(BO3)2



SU(N) Heisenberg models
SU(3) honeycomb: Plaquette state

Zhao, Xu, Chen, Wei, Qin, Zhang, Xiang, 
PRB 85 (2012);  

PC, Läuchli, Penc, Mila, PRB 87 (2013)

 

SU(3) kagome:  
Simplex solid state

PC, Penc, Mila, Läuchli, PRB 86 (2012)

 

SU(3) square/triangular:  
3-sublattice Néel order

3-color quantum Potts: 
superfluid phases

(a)

(b)

Bauer, PC, et al., PRB 85 (2012)

 

Messio, PC, Mila, PRB 88 (2013) 
 

PC, Lajkó, Läuchli, Penc, Mila, PRX 2 (‘12)

SU(4) honeycomb:  
spin-orbital (4-color) liquid

PC, Läuchli, Penc, Troyer,  
Mila, PRL 107 (‘11) 

SU(4) square:  
Dimer-Néel order



Stripe order in the 2D Hubbard model

  
iPEPS  

+  DMRG  +  AFQMC  +  DMET

U/t = 8

� = 1/8

Ground state:  
Stripe state

Boxiao Zheng, Chia-Min Chung, PC, Georg Ehlers, Ming-Pu Qin, Reinhard Noack,  
Hao Shi, Steven White, Shiwei Zhang, Garnet Chan, Science 358, 1155 (2017)



Part V
Finite correlation length scaling:  
study of continuous phase transitions + 

extrapolation of order parameters



Motivation: study of quantum phase transitions
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<latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit>

g =
�� �c

�c
<latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit>

Critical coupling?
Universal critical exponents?

Challenging!

• Strong finite size effects in the vicinity of the critical point

• Powerful approach: finite size scaling: m(g, L) = L��/⌫F(gL1/⌫)
<latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit>
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gL1/⌫
<latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit><latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit><latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit><latexit sha1_base64="bVRnLBWMNhplxDleIE13Ku0GL9U=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ERwXxAcoa9zV6yZG/v2J0TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesBxwv2IDpQIBaNopc6A3D1m3llXpZNeueJW3RnIMvFyUoEc9V75q9uPWRpxhUxSYzqem6CfUY2CST4pdVPDE8pGdMA7lioaceNns5Mn5MQqfRLG2pZCMlN/T2Q0MmYcBbYzojg0i95U/M/rpBhe+ZlQSYpcsfmiMJUEYzL9n/SF5gzl2BLKtLC3EjakmjK0KZVsCN7iy8ukeV713Kp3f1GpXedxFOEIjuEUPLiEGtxCHRrAIIZneIU3B50X5935mLcWnHzmEP7A+fwBbjSQsA==</latexit>

Motivation: study of quantum phase transitions

m ⇠ |g|�
<latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit><latexit sha1_base64="I4Lr6uHVJKLd4mqcg3CSFVwQLE0=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoCcpePFYwX5AE8tmu2mX7iZhdyOWNH/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0tr6xuVXeruzs7u0f2IfVtopTSWiLxDyW3QAryllEW5ppTruJpFgEnHaC8c3M7zxSqVgc3etJQn2BhxELGcHaSH27KpCnmEDT4fQh8wKqcd63a07dmQOtErcgNSjQ7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTvOKlyqaYDLGQ9ozNMKCKj+b356jU6MMUBhLU5FGc/X3RIaFUhMRmE6B9UgtezPxP6+X6vDKz1iUpJpGZLEoTDnSMZoFgQZMUqL5xBBMJDO3IjLCEhNt4qqYENzll1dJ+7zuOnX37qLWuC7iKMMxnMAZuHAJDbiFJrSAwBM8wyu8Wbn1Yr1bH4vWklXMHMEfWJ8/7v2UWg==</latexit>

⇠ ⇠ |g|�⌫
<latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit><latexit sha1_base64="Obve8aqTu5bgWMRFx0QTP9QqQkA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURQVdScOOygn1AE8tkOmmHTiZhZiKGtP6KGxeKuPVD3Pk3Th8LbT1w4XDOvdx7T5BwprTjfFuFldW19Y3iZmlre2d3z94/aKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYDlYrF4k5nCfUj3BcsZARrI3XtsvfIkKdYhEb90X1+6ol03LUrTtWZAi0Td04qMEe9a395vZikERWacKxUx3US7edYakY4HZe8VNEEkyHu046hAkdU+fn0+DE6NkoPhbE0JTSaqr8nchwplUWB6YywHqhFbyL+53VSHV76ORNJqqkgs0VhypGO0SQJ1GOSEs0zQzCRzNyKyABLTLTJq2RCcBdfXibNs6rrVN3b80rtah5HEQ7hCE7AhQuowQ3UoQEEMniGV3iznqwX6936mLUWrPlMGf7A+vwBgjSUqA==</latexit>

g =
�� �c

�c
<latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit><latexit sha1_base64="hb9TOyxrxTGOgK7Vb5224ke6tAM=">AAACDnicbVDLSgMxFL3js9bXqEs3wVJwY5kRQTdKwY3LCvYB7TBkMpk2NJMZkoxQhn6BG3/FjQtF3Lp259+YtgNq64GQwzn3kNwTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0Mryd++55KxRJxp0cp9WLcFyxiBGsj+Xa1f9mLJCZ5j5tQiE+K2yfj/If6dsWpOVOgReIWpAIFGr792QsTksVUaMKxUl3XSbWXY6kZ4XRc7mWKppgMcZ92DRU4psrLp+uMUdUoIYoSaY7QaKr+TuQ4VmoUB2Yyxnqg5r2J+J/XzXR04eVMpJmmgsweijKOdIIm3aCQSUo0HxmCiWTmr4gMsGlHmwbLpgR3fuVF0jqtuU7NvT2r1K+KOkpwCEdwDC6cQx1uoAFNIPAAT/ACr9aj9Wy9We+z0SWryBzAH1gf38eTnI0=</latexit>

• Need an accurate method to obtain data for sufficiently large system sizes

• Powerful approach: finite size scaling: m(g, L) = L��/⌫F(gL1/⌫)
<latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit>

• Strong finite size effects in the vicinity of the critical point



Goal:
use iPEPS to study 2D  

quantum phase transitions

L ! ⇠D
<latexit sha1_base64="zcSev8dVZamr0N70Jw/OELTR2Bw=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9FjUgwcPFewHtCFstpt26SYbdjdqCPWvePGgiFd/iDf/jds2B219MPB4b4aZeUHCmdKO820tLa+srq2XNsqbW9s7u/befkuJVBLaJIIL2QmwopzFtKmZ5rSTSIqjgNN2MLqc+O17KhUT8Z3OEupFeBCzkBGsjeTblRvUk2ww1FhK8YB6j8y/8u2qU3OmQIvELUgVCjR8+6vXFySNaKwJx0p1XSfRXo6lZoTTcbmXKppgMsID2jU0xhFVXj49foyOjNJHoZCmYo2m6u+JHEdKZVFgOiOsh2rem4j/ed1Uh+dezuIk1TQms0VhypEWaJIE6jNJieaZIZhIZm5FZIglJtrkVTYhuPMvL5LWSc11au7tabV+UcRRggM4hGNw4QzqcA0NaAKBDJ7hFd6sJ+vFerc+Zq1LVjFTgT+wPn8ANu2Ueg==</latexit><latexit sha1_base64="zcSev8dVZamr0N70Jw/OELTR2Bw=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9FjUgwcPFewHtCFstpt26SYbdjdqCPWvePGgiFd/iDf/jds2B219MPB4b4aZeUHCmdKO820tLa+srq2XNsqbW9s7u/befkuJVBLaJIIL2QmwopzFtKmZ5rSTSIqjgNN2MLqc+O17KhUT8Z3OEupFeBCzkBGsjeTblRvUk2ww1FhK8YB6j8y/8u2qU3OmQIvELUgVCjR8+6vXFySNaKwJx0p1XSfRXo6lZoTTcbmXKppgMsID2jU0xhFVXj49foyOjNJHoZCmYo2m6u+JHEdKZVFgOiOsh2rem4j/ed1Uh+dezuIk1TQms0VhypEWaJIE6jNJieaZIZhIZm5FZIglJtrkVTYhuPMvL5LWSc11au7tabV+UcRRggM4hGNw4QzqcA0NaAKBDJ7hFd6sJ+vFerc+Zq1LVjFTgT+wPn8ANu2Ueg==</latexit><latexit sha1_base64="zcSev8dVZamr0N70Jw/OELTR2Bw=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9FjUgwcPFewHtCFstpt26SYbdjdqCPWvePGgiFd/iDf/jds2B219MPB4b4aZeUHCmdKO820tLa+srq2XNsqbW9s7u/befkuJVBLaJIIL2QmwopzFtKmZ5rSTSIqjgNN2MLqc+O17KhUT8Z3OEupFeBCzkBGsjeTblRvUk2ww1FhK8YB6j8y/8u2qU3OmQIvELUgVCjR8+6vXFySNaKwJx0p1XSfRXo6lZoTTcbmXKppgMsID2jU0xhFVXj49foyOjNJHoZCmYo2m6u+JHEdKZVFgOiOsh2rem4j/ed1Uh+dezuIk1TQms0VhypEWaJIE6jNJieaZIZhIZm5FZIglJtrkVTYhuPMvL5LWSc11au7tabV+UcRRggM4hGNw4QzqcA0NaAKBDJ7hFd6sJ+vFerc+Zq1LVjFTgT+wPn8ANu2Ueg==</latexit><latexit sha1_base64="zcSev8dVZamr0N70Jw/OELTR2Bw=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIR9FjUgwcPFewHtCFstpt26SYbdjdqCPWvePGgiFd/iDf/jds2B219MPB4b4aZeUHCmdKO820tLa+srq2XNsqbW9s7u/befkuJVBLaJIIL2QmwopzFtKmZ5rSTSIqjgNN2MLqc+O17KhUT8Z3OEupFeBCzkBGsjeTblRvUk2ww1FhK8YB6j8y/8u2qU3OmQIvELUgVCjR8+6vXFySNaKwJx0p1XSfRXo6lZoTTcbmXKppgMsID2jU0xhFVXj49foyOjNJHoZCmYo2m6u+JHEdKZVFgOiOsh2rem4j/ed1Uh+dezuIk1TQms0VhypEWaJIE6jNJieaZIZhIZm5FZIglJtrkVTYhuPMvL5LWSc11au7tabV+UcRRggM4hGNw4QzqcA0NaAKBDJ7hFd6sJ+vFerc+Zq1LVjFTgT+wPn8ANu2Ueg==</latexit>

finite correlation length scaling
PC, P. Czarnik, G. Kapteijns,  
L. Tagliacozzo, PRX 8 (2018)

see also: M. Rader and A. M. Läuchli, PRX 8 (2018)



• iMPS with finite D can only represent states with a  
finite correlation length

Finite correlation length scaling in 1D (iMPS)

Tagliacozzo, de Oliveira, Iblisdir & Latorre, PRB 78 (2008) 
Pollmann, Mukerjee, Turner & Moore, PRL 102 (2009)
Pirvu, Vidal, Verstraete & Tagliacozzo, PRB 86 (2012)

m(g, L) = L��/⌫F(gL1/⌫)
<latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit><latexit sha1_base64="qHM2th2lrCVGTTIz31BfgMfUZz4=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoQWsigm6UgiAuuqhgH9DEMplO0qGTSZiZCCX0L9z4K25cKOJWd/6N07QLbT1w4XDOvdx7jxczKpVlfRu5hcWl5ZX8amFtfWNzy9zeacooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/dYDEZJG/E4NY+KGKODUpxgpLXXNSlgKDmtleAFr9+mR4xGFjh2ejGDqYMTg9agUjB07E8uwaxatipUBzhN7SopginrX/HJ6EU5CwhVmSMqObcXKTZFQFDMyKjiJJDHCAxSQjqYchUS6afbXCB5opQf9SOjiCmbq74kUhVIOQ093hkj15aw3Fv/zOonyz92U8jhRhOPJIj9hUEVwHBLsUUGwYkNNEBZU3wpxHwmElY6yoEOwZ1+eJ82Tim1V7NvTYvVyGkce7IF9UAI2OANVcAPqoAEweATP4BW8GU/Gi/FufExac8Z0Zhf8gfH5A4YjnQU=</latexit>

Finite size scaling ansatz Finite correlation length scaling ansatz

m(g,D) = ⇠��/⌫
D M(g⇠1/⌫D )

<latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit>

m
<latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit><latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit><latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit><latexit sha1_base64="gPCcXEYifA5NXylbqmyz+5BFSqM=">AAAB6HicbVDLSgMxFM3UV62vqks3wSK4GhLxuZGCG5ct2Ae0Q8mkmTY2yQxJRihDv8CNC0Xc+knu/BvTdhCtHrhwOOde7r0nTAQ3FqFPr7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjm6nfemDa8Fjd2XHCAkkGikecEuukuuyVK8hHM0DknyF8dY7ht4JzUgE5ar3yR7cf01QyZakgxnQwSmyQEW05FWxS6qaGJYSOyIB1HFVEMhNks0Mn8MgpfRjF2pWycKb+nMiINGYsQ9cpiR2aRW8q/ud1UhtdBhlXSWqZovNFUSqgjeH0a9jnmlErxo4Qqrm7FdIh0YRal03JhYAXX/5Lmic+Rj6un1aq13kcRXAADsExwOACVMEtqIEGoICBR/AMXrx778l79d7mrQUvn9kHv+C9fwH0LY0D</latexit>

⇠
<latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit><latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit><latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit><latexit sha1_base64="1xSc7WvGzxzh1O1Pn1jAk/Mb7nU=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZnN05MEvHiMaEwgWcLsZDYZMvtgZlYMSz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lxYIrjfGHlVtZXVvfyG8WtrZ3dveK+we3KkokZW0aiUh2PaKY4CFra64F68aSkcATrONNLjK/c8ek4lF4o6cxcwMyCrnPKdFGuu7f80GxhG1cr5erNZSRSgVXDGnUag4uI8fGc5Rgidag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN52fOkMnRhkiP5KmQo3m6veJlARKTQPPdAZEj9VvLxP/8nqJ9s/clIdxollIF4v8RCAdoexvNOSSUS2mhhAqubkV0TGRhGqTTsGE8PUp+p/clm0H285VtdQ8X8aRhyM4hlNwoAFNuIQWtIHCCB7gCZ4tYT1aL9brojVnLWcO4Qest0+uzY4L</latexit>

�
<latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit><latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit><latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit><latexit sha1_base64="u1iNYKfD41J0lBESsQHd8XIpz60=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi1JUU3LisYB/QhjKZTNqhk0mYuRFK6Ee4caGIW7/HnX/jtM1CWw8MHM45l7n3BKkUBl332yltbG5t75R3K3v7B4dH1eOTjkkyzXibJTLRvYAaLoXibRQoeS/VnMaB5N1gcjf3u09cG5GoR5ym3I/pSIlIMIpW6g6kjYZ0WK25dXcBsk68gtSgQGtY/RqECctirpBJakzfc1P0c6pRMMlnlUFmeErZhI5431JFY278fLHujFxYJSRRou1TSBbq74mcxsZM48AmY4pjs+rNxf+8fobRjZ8LlWbIFVt+FGWSYELmt5NQaM5QTi2hTAu7K2FjqilD21DFluCtnrxOOld1z617D9e15m1RRxnO4BwuwYMGNOEeWtAGBhN4hld4c1LnxXl3PpbRklPMnMIfOJ8/O5GPeQ==</latexit>

�c
<latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit><latexit sha1_base64="zIcW3Qz3OvOg/F3fUmnkWbsmaxo=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0JUU3LisYB/SDiWTybShSWZIMkIZ+hVuXCji1s9x59+YtrPQ1gOBwznnkntPmApurOd9o9La+sbmVnm7srO7t39QPTxqmyTTlLVoIhLdDYlhgivWstwK1k01IzIUrBOOb2d+54lpwxP1YCcpCyQZKh5zSqyTHvvCRSMyoINqzat7c+BV4hekBgWag+pXP0poJpmyVBBjer6X2iAn2nIq2LTSzwxLCR2TIes5qohkJsjnC0/xmVMiHCfaPWXxXP09kRNpzESGLimJHZllbyb+5/UyG18HOVdpZpmii4/iTGCb4Nn1OOKaUSsmjhCqudsV0xHRhFrXUcWV4C+fvEraF3Xfq/v3l7XGTVFHGU7gFM7BhytowB00oQUUJDzDK7whjV7QO/pYREuomDmGP0CfP7FjkE8=</latexit>

Nishino, Okunishi, Kikuchi, Phys. Lett. A 213 (1996)

• Similar idea for 2D tensor networks for 2D classical partition functions

m(g,�) = ⇠��/⌫
� M(g⇠1/⌫� )

<latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit><latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit><latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit><latexit sha1_base64="hkrPHHk+VsNiUmxyN7FrbB8bXA4="></latexit>

: bond dimension for contraction �
<latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit><latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit><latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit><latexit sha1_base64="CGF6uMy/Ig84HXzOkVIP5rEKZEc=">AAAB63icbVDLSgMxFM3UV62vqks3wSK4GhLxCS4KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2kG0euDC4Zx7ufeeMBHcWIQ+vdLS8srqWnm9srG5tb1T3d1rmTjVlDVpLGLdCYlhgivWtNwK1kk0IzIUrB2Ob3K//cC04bG6t5OEBZIMFY84JTaXenTE+9Ua8tEMEPlnCF+dY/it4ILUQIFGv/rRG8Q0lUxZKogxXYwSG2REW04Fm1Z6qWEJoWMyZF1HFZHMBNns1ik8csoARrF2pSycqT8nMiKNmcjQdUpiR2bRy8X/vG5qo8sg4ypJLVN0vihKBbQxzB+HA64ZtWLiCKGau1shHRFNqHXxVFwIePHlv6R14mPk47vTWv26iKMMDsAhOAYYXIA6uAUN0AQUjMAjeAYvnvSevFfvbd5a8oqZffAL3vsXHcCOQg==</latexit>

• Correlation length at the critical point: ⇠D
<latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="jiUM733FUXS++wRHuhOmCdMIUso=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhS0IXLCk4rtEPJpLdtaCYzJHfEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTElLvv/tlTY2t7Z3yruVver+wWHtqNqyaW4EhiJVqXmMuUUlNYYkSeFjZpAnscJ2PL6Z5e0nNFam+oEmGUYJH2o5kIKTs8Lus+zd9mp1v+HPxdYhWEIdlmr2al/dfiryBDUJxa3tBH5GUcENSaFwWunmFjMuxnyIHYeaJ2ijYj7slJ05p88GqXFHE5u7v18UPLF2ksTuZsJpZFezmflf1slpcBUVUmc5oRaLjwa5YpSy2easLw0KUhMHXBjpZmVixA0X5PqpuBKC1ZXXoXXRCPxGcO9DGU7gFM4hgEu4hjtoQggCJLzAG7x72nv1PhZ1lbxlb8fwR97nD3qNjTU=</latexit><latexit sha1_base64="jiUM733FUXS++wRHuhOmCdMIUso=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhS0IXLCk4rtEPJpLdtaCYzJHfEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTElLvv/tlTY2t7Z3yruVver+wWHtqNqyaW4EhiJVqXmMuUUlNYYkSeFjZpAnscJ2PL6Z5e0nNFam+oEmGUYJH2o5kIKTs8Lus+zd9mp1v+HPxdYhWEIdlmr2al/dfiryBDUJxa3tBH5GUcENSaFwWunmFjMuxnyIHYeaJ2ijYj7slJ05p88GqXFHE5u7v18UPLF2ksTuZsJpZFezmflf1slpcBUVUmc5oRaLjwa5YpSy2easLw0KUhMHXBjpZmVixA0X5PqpuBKC1ZXXoXXRCPxGcO9DGU7gFM4hgEu4hjtoQggCJLzAG7x72nv1PhZ1lbxlb8fwR97nD3qNjTU=</latexit><latexit sha1_base64="7gVIaWkTZXc1fOZ5S5NXNXddkgE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86LGoB48VTFtoQ9lsN+3SzSbsTsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6W19Y3NrfJ2ZWd3b/+genjUMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fjm5nffuTaiEQ94CTlQUyHSkSCUbSS33sS/dt+tebW3TnIKvEKUoMCzX71qzdIWBZzhUxSY7qem2KQU42CST6t9DLDU8rGdMi7lioacxPk82On5MwqAxIl2pZCMld/T+Q0NmYSh7Yzpjgyy95M/M/rZhhdBblQaYZcscWiKJMEEzL7nAyE5gzlxBLKtLC3EjaimjK0+VRsCN7yy6ukdVH33Lp379Ya10UcZTiBUzgHDy6hAXfQBB8YCHiGV3hzlPPivDsfi9aSU8wcwx84nz+ea46I</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit><latexit sha1_base64="mEXVRBPiXnym9ddsRsxlp9rSAOQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmFpoQ9lsJ+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkorq2vrG+XNytb2zu5edf+gpZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+Hoeuo/PKLSPJH3ZpxiENOB5BFn1FjJ7z7x3k2vWnPr7gxkmXgFqUGBZq/61e0nLItRGiao1h3PTU2QU2U4EzipdDONKWUjOsCOpZLGqIN8duyEnFilT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6OelzhcyIsSWUKW5vJWxIFWXG5lOxIXiLLy+T1lndc+ve3XmtcVXEUYYjOIZT8OACGnALTfCBAYdneIU3RzovzrvzMW8tOcXMIfyB8/kDn6uOjA==</latexit>

•      acts as a cut-off on the diverging correlation  
length, similarly to a finite L    
⇠D

<latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit><latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit><latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit><latexit sha1_base64="Embyg55PwzuCTspBdM9Tpgtjbn4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUDwV9OCxgqmFNpTNdtIu3WzC7kYsob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/O4T7930qjW37s5AlolXkBoUaPaqX91+wrIYpWGCat3x3NQEOVWGM4GTSjfTmFI2ogPsWCppjDrIZ8dOyIlV+iRKlC1pyEz9PZHTWOtxHNrOmJqhXvSm4n9eJzPRZZBzmWYGJZsvijJBTEKmn5M+V8iMGFtCmeL2VsKGVFFmbD4VG4K3+PIyaZ3VPbfu3Z3XGldFHGU4gmM4BQ8uoAG30AQfGHB4hld4c6Tz4rw7H/PWklPMHMIfOJ8/nUOOhA==</latexit>



How about in (2+1)D with iPEPS?

D ! ⇠D
<latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit>

• All simulations suggest:                    despite that these states obey an area law! 

• Example of a state with an area law which cannot be represented with finite D

• iPEPS: There exist critical states with a finite D
see e.g. Kraus et al. PRA 81 (2010), Verstraete et al. PRL 96 (2006)

• However, these are 2D classical states or ground states of generalized  
Rokhsar-Kivelson Hamiltonians at the critical point which can effectively be  
described by a (2+0)D CFT

see e.g. Henley, JPCM 16 (2004); Ardonne, Fendley & Fradkin, Ann. Phys. 310 (2004); 
Castelnovo, Chamon, Mudry & Pujol, Ann. Phys. 318 (2005); Isakov, et al. PRB 83 (2011)

• For Lorentz-invariant critical points (2+1D): no example of a critical iPEPS is known

Dynamical critical exponent:  z = 1
<latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit><latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit><latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit><latexit sha1_base64="Sr7+Tcs5ns/vFPfqy+60EP2/FPI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUASh4MVjRfsBbSib7aZdutmE3YlQQ3+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1ybUSsHnCccD+iAyVCwSha6f7p2uuVK27VnYEsEy8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5JNSNzU8oWxEB7xjqaIRN342O3VCTqzSJ2GsbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiuGlnwmVpMgVmy8KU0kwJtO/SV9ozlCOLaFMC3srYUOqKUObTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowS3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8A2JuNeA==</latexit>

⇠time ⇠ ⇠zspace ⇠ ⇠space
<latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit><latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit><latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit><latexit sha1_base64="Ss6OHhQKpaBmDHYGxCy0Y3x65Us=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKEBANDJRbGItGH1JTKcW9aq3YS2Q6iRPkLFn6FhQGEWGHjb3DTDtByJEvH59x77XuChDOlXffbKi0tr6yuldcrG5tb2zv27l5Txamk0KAxj2U7IAo4i6ChmebQTiQQEXBoBaPLid+6A6lYHN3ocQJdQQYRCxkl2kg92/HvWS/TTECOfcUELu4qIRTy24cFqWdXXcctgBeJNyNVNEO9Z3/5/ZimAiJNOVGq47mJ7mZEakY55BU/VWAmj8gAOoZGRIDqZsVeOT4ySh+HsTQn0rhQf3dkRCg1FoGpFEQP1bw3Ef/zOqkOz7sZi5JUQ0SnD4UpxzrGk5Bwn0mgmo8NIVQy81dMh0QSqk2UFROCN7/yImmeOJ7reNen1drFLI4yOkCH6Bh56AzV0BWqowai6BE9o1f0Zj1ZL9a79TEtLVmznn30B9bnD0eGoJY=</latexit>

★ We can apply finite correlation length scaling also in 2D!



Intuitive argument why D ! ⇠D
<latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit>

Consider imaginary time evolution:

Lorentz invariance: ⇠space ⇠ ⇠time
<latexit sha1_base64="IVBENz82AI9pwIUoJuZ0EulHp68=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9Fj04rGC/YA2hM120i7dTcLuRiwhBy/+FS8eFPHqj/Dmv3Gb5qCtDwYe780wMy9IOFPacb6tldW19Y3NylZ1e2d3b98+OOyoOJUU2jTmsewFRAFnEbQ10xx6iQQiAg7dYHI987v3IBWLozs9TcATZBSxkFGijeTbtcED8zOVEAo5HigmcCFoJiD37brTcArgZeKWpI5KtHz7azCMaSog0pQTpfquk2gvI1IzyiGvDlIFZtOEjKBvaEQEKC8rnsjxiVGGOIylqUjjQv09kRGh1FQEplMQPVaL3kz8z+unOrz0MhYlqYaIzheFKcc6xrNE8JBJoJpPDSFUMnMrpmMiCdUmt6oJwV18eZl0zhqu03Bvz+vNqzKOCqqhY3SKXHSBmugGtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdOz5iB</latexit><latexit sha1_base64="IVBENz82AI9pwIUoJuZ0EulHp68=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9Fj04rGC/YA2hM120i7dTcLuRiwhBy/+FS8eFPHqj/Dmv3Gb5qCtDwYe780wMy9IOFPacb6tldW19Y3NylZ1e2d3b98+OOyoOJUU2jTmsewFRAFnEbQ10xx6iQQiAg7dYHI987v3IBWLozs9TcATZBSxkFGijeTbtcED8zOVEAo5HigmcCFoJiD37brTcArgZeKWpI5KtHz7azCMaSog0pQTpfquk2gvI1IzyiGvDlIFZtOEjKBvaEQEKC8rnsjxiVGGOIylqUjjQv09kRGh1FQEplMQPVaL3kz8z+unOrz0MhYlqYaIzheFKcc6xrNE8JBJoJpPDSFUMnMrpmMiCdUmt6oJwV18eZl0zhqu03Bvz+vNqzKOCqqhY3SKXHSBmugGtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdOz5iB</latexit><latexit sha1_base64="IVBENz82AI9pwIUoJuZ0EulHp68=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9Fj04rGC/YA2hM120i7dTcLuRiwhBy/+FS8eFPHqj/Dmv3Gb5qCtDwYe780wMy9IOFPacb6tldW19Y3NylZ1e2d3b98+OOyoOJUU2jTmsewFRAFnEbQ10xx6iQQiAg7dYHI987v3IBWLozs9TcATZBSxkFGijeTbtcED8zOVEAo5HigmcCFoJiD37brTcArgZeKWpI5KtHz7azCMaSog0pQTpfquk2gvI1IzyiGvDlIFZtOEjKBvaEQEKC8rnsjxiVGGOIylqUjjQv09kRGh1FQEplMQPVaL3kz8z+unOrz0MhYlqYaIzheFKcc6xrNE8JBJoJpPDSFUMnMrpmMiCdUmt6oJwV18eZl0zhqu03Bvz+vNqzKOCqqhY3SKXHSBmugGtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdOz5iB</latexit><latexit sha1_base64="IVBENz82AI9pwIUoJuZ0EulHp68=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwVBIR9Fj04rGC/YA2hM120i7dTcLuRiwhBy/+FS8eFPHqj/Dmv3Gb5qCtDwYe780wMy9IOFPacb6tldW19Y3NylZ1e2d3b98+OOyoOJUU2jTmsewFRAFnEbQ10xx6iQQiAg7dYHI987v3IBWLozs9TcATZBSxkFGijeTbtcED8zOVEAo5HigmcCFoJiD37brTcArgZeKWpI5KtHz7azCMaSog0pQTpfquk2gvI1IzyiGvDlIFZtOEjKBvaEQEKC8rnsjxiVGGOIylqUjjQv09kRGh1FQEplMQPVaL3kz8z+unOrz0MhYlqYaIzheFKcc6xrNE8JBJoJpPDSFUMnMrpmMiCdUmt6oJwV18eZl0zhqu03Bvz+vNqzKOCqqhY3SKXHSBmugGtVAbUfSIntErerOerBfr3fqYt65Y5cwR+gPr8wdOz5iB</latexit>

D ! ⇠space
<latexit sha1_base64="0NKTq1KTfSgd9lmizkLwAShDflw=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyURQZdFXbisYB/QhDCZTtqhk0mYmagl1I2/4saFIm79C3f+jdM2C209cOFwzr0z954w5Uxpx/m2FhaXlldWS2vl9Y3NrW17Z7epkkwS2iAJT2Q7xIpyJmhDM81pO5UUxyGnrXBwOfZbd1QqlohbPUypH+OeYBEjWBspsPevPMl6fY2lTO6R98CCXKWY0FFgV5yqMwGaJ25BKlCgHthfXjchWUyFJhwr1XGdVPs5lpoRTkdlL1PUvDzAPdoxVOCYKj+fXDBCR0bpoiiRpoRGE/X3RI5jpYZxaDpjrPtq1huL/3mdTEfnfs5EmmkqyPSjKONIJ2gcB+oySYnmQ0MwkczsikgfS0y0Ca1sQnBnT54nzZOq61Tdm9NK7aKIowQHcAjH4MIZ1OAa6tAAAo/wDK/wZj1ZL9a79TFtXbCKmT34A+vzBw2Il0Q=</latexit><latexit sha1_base64="0NKTq1KTfSgd9lmizkLwAShDflw=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyURQZdFXbisYB/QhDCZTtqhk0mYmagl1I2/4saFIm79C3f+jdM2C209cOFwzr0z954w5Uxpx/m2FhaXlldWS2vl9Y3NrW17Z7epkkwS2iAJT2Q7xIpyJmhDM81pO5UUxyGnrXBwOfZbd1QqlohbPUypH+OeYBEjWBspsPevPMl6fY2lTO6R98CCXKWY0FFgV5yqMwGaJ25BKlCgHthfXjchWUyFJhwr1XGdVPs5lpoRTkdlL1PUvDzAPdoxVOCYKj+fXDBCR0bpoiiRpoRGE/X3RI5jpYZxaDpjrPtq1huL/3mdTEfnfs5EmmkqyPSjKONIJ2gcB+oySYnmQ0MwkczsikgfS0y0Ca1sQnBnT54nzZOq61Tdm9NK7aKIowQHcAjH4MIZ1OAa6tAAAo/wDK/wZj1ZL9a79TFtXbCKmT34A+vzBw2Il0Q=</latexit><latexit sha1_base64="0NKTq1KTfSgd9lmizkLwAShDflw=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyURQZdFXbisYB/QhDCZTtqhk0mYmagl1I2/4saFIm79C3f+jdM2C209cOFwzr0z954w5Uxpx/m2FhaXlldWS2vl9Y3NrW17Z7epkkwS2iAJT2Q7xIpyJmhDM81pO5UUxyGnrXBwOfZbd1QqlohbPUypH+OeYBEjWBspsPevPMl6fY2lTO6R98CCXKWY0FFgV5yqMwGaJ25BKlCgHthfXjchWUyFJhwr1XGdVPs5lpoRTkdlL1PUvDzAPdoxVOCYKj+fXDBCR0bpoiiRpoRGE/X3RI5jpYZxaDpjrPtq1huL/3mdTEfnfs5EmmkqyPSjKONIJ2gcB+oySYnmQ0MwkczsikgfS0y0Ca1sQnBnT54nzZOq61Tdm9NK7aKIowQHcAjH4MIZ1OAa6tAAAo/wDK/wZj1ZL9a79TFtXbCKmT34A+vzBw2Il0Q=</latexit><latexit sha1_base64="0NKTq1KTfSgd9lmizkLwAShDflw=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyURQZdFXbisYB/QhDCZTtqhk0mYmagl1I2/4saFIm79C3f+jdM2C209cOFwzr0z954w5Uxpx/m2FhaXlldWS2vl9Y3NrW17Z7epkkwS2iAJT2Q7xIpyJmhDM81pO5UUxyGnrXBwOfZbd1QqlohbPUypH+OeYBEjWBspsPevPMl6fY2lTO6R98CCXKWY0FFgV5yqMwGaJ25BKlCgHthfXjchWUyFJhwr1XGdVPs5lpoRTkdlL1PUvDzAPdoxVOCYKj+fXDBCR0bpoiiRpoRGE/X3RI5jpYZxaDpjrPtq1huL/3mdTEfnfs5EmmkqyPSjKONIJ2gcB+oySYnmQ0MwkczsikgfS0y0Ca1sQnBnT54nzZOq61Tdm9NK7aKIowQHcAjH4MIZ1OAa6tAAAo/wDK/wZj1ZL9a79TFtXbCKmT34A+vzBw2Il0Q=</latexit>

The best finite D state tries to reproduce Lorentz invariance

Channel in the time-direction 
has an MPS structure: D ! ⇠time

<latexit sha1_base64="IWikXMuR1TeMXEYbYClqHdEvCJg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKDHoh48VrAf0Iaw2W7apbtJ2J2oJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/OCRHANjvNtlZaWV1bXyuuVjc2t7R17d6+l41RR1qSxiFUnIJoJHrEmcBCskyhGZCBYOxhdTfz2PVOax9EdjBPmSTKIeMgpASP59sF1T/HBEIhS8QPuPXI/Ay5Z7ttVp+ZMgReJW5AqKtDw7a9eP6apZBFQQbTuuk4CXkYUcCpYXumlmiWEjsiAdQ2NiGTay6YP5PjYKH0cxspUBHiq/p7IiNR6LAPTKQkM9bw3Ef/zuimEF17GoyQFFtHZojAVGGI8SQP3uWIUxNgQQhU3t2I6JIpQMJlVTAju/MuLpHVac52ae3tWrV8WcZTRITpCJ8hF56iOblADNRFFOXpGr+jNerJerHfrY9ZasoqZffQH1ucPUjOW3Q==</latexit><latexit sha1_base64="IWikXMuR1TeMXEYbYClqHdEvCJg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKDHoh48VrAf0Iaw2W7apbtJ2J2oJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/OCRHANjvNtlZaWV1bXyuuVjc2t7R17d6+l41RR1qSxiFUnIJoJHrEmcBCskyhGZCBYOxhdTfz2PVOax9EdjBPmSTKIeMgpASP59sF1T/HBEIhS8QPuPXI/Ay5Z7ttVp+ZMgReJW5AqKtDw7a9eP6apZBFQQbTuuk4CXkYUcCpYXumlmiWEjsiAdQ2NiGTay6YP5PjYKH0cxspUBHiq/p7IiNR6LAPTKQkM9bw3Ef/zuimEF17GoyQFFtHZojAVGGI8SQP3uWIUxNgQQhU3t2I6JIpQMJlVTAju/MuLpHVac52ae3tWrV8WcZTRITpCJ8hF56iOblADNRFFOXpGr+jNerJerHfrY9ZasoqZffQH1ucPUjOW3Q==</latexit><latexit sha1_base64="IWikXMuR1TeMXEYbYClqHdEvCJg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKDHoh48VrAf0Iaw2W7apbtJ2J2oJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/OCRHANjvNtlZaWV1bXyuuVjc2t7R17d6+l41RR1qSxiFUnIJoJHrEmcBCskyhGZCBYOxhdTfz2PVOax9EdjBPmSTKIeMgpASP59sF1T/HBEIhS8QPuPXI/Ay5Z7ttVp+ZMgReJW5AqKtDw7a9eP6apZBFQQbTuuk4CXkYUcCpYXumlmiWEjsiAdQ2NiGTay6YP5PjYKH0cxspUBHiq/p7IiNR6LAPTKQkM9bw3Ef/zuimEF17GoyQFFtHZojAVGGI8SQP3uWIUxNgQQhU3t2I6JIpQMJlVTAju/MuLpHVac52ae3tWrV8WcZTRITpCJ8hF56iOblADNRFFOXpGr+jNerJerHfrY9ZasoqZffQH1ucPUjOW3Q==</latexit><latexit sha1_base64="IWikXMuR1TeMXEYbYClqHdEvCJg=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKDHoh48VrAf0Iaw2W7apbtJ2J2oJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/OCRHANjvNtlZaWV1bXyuuVjc2t7R17d6+l41RR1qSxiFUnIJoJHrEmcBCskyhGZCBYOxhdTfz2PVOax9EdjBPmSTKIeMgpASP59sF1T/HBEIhS8QPuPXI/Ay5Z7ttVp+ZMgReJW5AqKtDw7a9eP6apZBFQQbTuuk4CXkYUcCpYXumlmiWEjsiAdQ2NiGTay6YP5PjYKH0cxspUBHiq/p7IiNR6LAPTKQkM9bw3Ef/zuimEF17GoyQFFtHZojAVGGI8SQP3uWIUxNgQQhU3t2I6JIpQMJlVTAju/MuLpHVac52ae3tWrV8WcZTRITpCJ8hF56iOblADNRFFOXpGr+jNerJerHfrY9ZasoqZffQH1ucPUjOW3Q==</latexit>



Finite correlation length scaling with iPEPS

• Complication: there are two bond dimensions:

D ! ⇠D
<latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit><latexit sha1_base64="6hRB0vbYTIV4zqSp3WXbaMGb0F4=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBIR9CQFe/BYwX5AG8Jmu2mXbrJhd6KGUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb2tldW19Y7O0Vd7e2d3btw8O21qmirIWlUKqbkA0EzxmLeAgWDdRjESBYJ1gfD31O/dMaS7jO8gS5kVkGPOQUwJG8u1KA/cVH46AKCUfcP+R+w3frjo1Zwa8TNyCVFGBpm9/9QeSphGLgQqidc91EvByooBTwSblfqpZQuiYDFnP0JhETHv57PgJPjHKAIdSmYoBz9TfEzmJtM6iwHRGBEZ60ZuK/3m9FMJLL+dxkgKL6XxRmAoMEk+TwAOuGAWRGUKo4uZWTEdEEQomr7IJwV18eZm0z2quU3Nvz6v1qyKOEjpCx+gUuegC1dENaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AEpCZRu</latexit>

Bond dimension of the TN ansatz: Boundary dimension in contraction:

� ! ⇠�
<latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit><latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit><latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit><latexit sha1_base64="VZ0vksdobytwOMwPKvV1ns4tR8c=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURQVdScOOygn1AE8JkOmmGTmbCzEQtobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+8JU0aVdpxvq7K0vLK6Vl2vbWxube/Yu3sdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0VfjdOyIVFfxWj1PiJ2jIaUQx0kYK7AMPxxR6kg5jjaQU99B7oEEhBnbdaThTwEXilqQOSrQC+8sbCJwlhGvMkFJ910m1nyOpKWZkUvMyRVKER2hI+oZylBDl59MXJvDYKAMYCWmKazhVf0/kKFFqnISmM0E6VvNeIf7n9TMdXfg55WmmCcezRVHGoBawyAMOqCRYs7EhCEtqboU4RhJhbVKrmRDc+ZcXSee04ToN9+as3rws46iCQ3AEToALzkETXIMWaAMMHsEzeAVv1pP1Yr1bH7PWilXO7IM/sD5/ACrLl0I=</latexit>

• Simplify: eliminate     dependence by taking                 limit � ! 1
<latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit><latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit><latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit><latexit sha1_base64="Ssk0rzsqluFk4qRGxJtepvpO4bs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAnKXjxWMF+QBPKZrtplm42YXeihNCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLUsE1OM63VVlZXVvfqG7WtrZ3dvfs/YOOTjJFWZsmIlG9gGgmuGRt4CBYL1WMxIFg3WB8M/W7D0xpnsh7yFPmx2QkecgpASMN7COPRhx7io8iIEolj9jjMoR8YNedhjMDXiZuSeqoRGtgf3nDhGYxk0AF0brvOin4BVHAqWCTmpdplhI6JiPWN1SSmGm/mD0wwadGGeIwUaYk4Jn6e6IgsdZ5HJjOmECkF72p+J/XzyC88gsu0wyYpPNFYSYwJHiaBh5yxSiI3BBCFTe3YhoRRSiYzGomBHfx5WXSOW+4TsO9u6g3r8s4qugYnaAz5KJL1ES3qIXaiKIJekav6M16sl6sd+tj3lqxyplD9AfW5w/SppaI</latexit>

�
<latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit><latexit sha1_base64="O/heh9FTly6hT5N8DI0SDxBHcyk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoCcpePFYwdZCu5Rsmu2GJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmhangxnreN6qsrW9sblW3azu7e/sH9cOjrkkyTVmHJiLRvZAYJrhiHcutYL1UMyJDwR7DyW3hPz4xbXiiHuw0ZYEkY8UjToktpAGN+bDe8JreHHiV+CVpQIn2sP41GCU0k0xZKogxfd9LbZATbTkVbFYbZIalhE7ImPUdVUQyE+TzW2f4zCkjHCXalbJ4rv6eyIk0ZipD1ymJjc2yV4j/ef3MRtdBzlWaWaboYlGUCWwTXDyOR1wzasXUEUI1d7diGhNNqHXx1FwI/vLLq6R70fS9pn9/2WjdlHFU4QRO4Rx8uIIW3EEbOkAhhmd4hTck0Qt6Rx+L1goqZ47hD9DnD/53ji4=</latexit>

m(g,D) = ⇠��/⌫
D M(g⇠1/⌫D )

<latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit><latexit sha1_base64="2PimHuK+ox0U0EN3i6q1PyWfj28=">AAACH3icbVDLSsNAFJ3UV62vqks3g0VoQWsiom6Ugl24ESrYBzQ1TKaTdOhkEmYmYgn5Ezf+ihsXioi7/o3Th6DWAxcO59zLvfe4EaNSmebQyMzNLywuZZdzK6tr6xv5za2GDGOBSR2HLBQtF0nCKCd1RRUjrUgQFLiMNN3+5chv3hMhachv1SAinQD5nHoUI6UlJ38SFP39agmeQ/uBOtW75MB2iUKHNo9TmNgYMXidFv1v1xobJejkC2bZHAPOEmtKCmCKmpP/tLshjgPCFWZIyrZlRqqTIKEoZiTN2bEkEcJ95JO2phwFRHaS8X8p3NNKF3qh0MUVHKs/JxIUSDkIXN0ZINWTf72R+J/XjpV31kkoj2JFOJ4s8mIGVQhHYcEuFQQrNtAEYUH1rRD3kEBY6UhzOgTr78uzpHFUtsyydXNcqFxM48iCHbALisACp6ACrkAN1AEGj+AZvII348l4Md6Nj0lrxpjObINfMIZfA0egfA==</latexit>

• Now same as in MPS (1D) case:

m(g,D,�) = ⇠��/⌫
D M(g⇠1/⌫D , ⇠D/⇠�)

<latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit><latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit><latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit><latexit sha1_base64="VfV1Pq/yONov5xznAPm8IxU0VA4="></latexit>

• Scaling ansatz:



Benchmark example: spinless fermions on honeycomb lattice

Ĥ = �t
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<latexit sha1_base64="SZN/Y9ZfKkHTfLBY3Seq/hBsVVQ="></latexit><latexit sha1_base64="SZN/Y9ZfKkHTfLBY3Seq/hBsVVQ="></latexit><latexit sha1_base64="SZN/Y9ZfKkHTfLBY3Seq/hBsVVQ="></latexit><latexit sha1_base64="SZN/Y9ZfKkHTfLBY3Seq/hBsVVQ="></latexit>

• No sign problem in Quantum Monte Carlo!

Huffman, Chandrasekharan, PRB 89 (2014); Wang, PC, Troyer, NJP 16 (2014); 
Li, Jiang, Yao, NJP 17 (2015); Wang, Iazzi, PC & Troyer, PRB 91 (2015); Wang, 
Liu, Troyer PRB 93 155117 (2016); Hesselmann & Wessel, PRB 93 (2016)

• Model:

• Continuous PT between a semi-metal phase and charge-density wave phase (CDW)  
(Chiral Ising Gross-Neveu universality class with z=1)

Wang, PC, Troyer, NJP 16 (2014)at half filling
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m = |nA � nB |
<latexit sha1_base64="yNksTk6efJkH1df2L2xr//ZG3Mw=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyURQS9CrRePFewHtCFstpt26WYTdjdCTftLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLyd+q1HKhWLxYMeJdSLcF+wkBGsjeTbpQhdo7Hwb9AZEn5t7Ntlp+LMgJaJm5My5Kj79le3F5M0okITjpXquE6ivQxLzQink2I3VTTBZIj7tGOowBFVXjY7fIJOjNJDYSxNCY1m6u+JDEdKjaLAdEZYD9SiNxX/8zqpDq+8jIkk1VSQ+aIw5UjHaJoC6jFJieYjQzCRzNyKyABLTLTJqmhCcBdfXibN84rrVNz7i3K1lsdRgCM4hlNw4RKqcAd1aACBFJ7hFd6sJ+vFerc+5q0rVj5zCH9gff4AfyWRrQ==</latexit><latexit sha1_base64="yNksTk6efJkH1df2L2xr//ZG3Mw=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyURQS9CrRePFewHtCFstpt26WYTdjdCTftLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLyd+q1HKhWLxYMeJdSLcF+wkBGsjeTbpQhdo7Hwb9AZEn5t7Ntlp+LMgJaJm5My5Kj79le3F5M0okITjpXquE6ivQxLzQink2I3VTTBZIj7tGOowBFVXjY7fIJOjNJDYSxNCY1m6u+JDEdKjaLAdEZYD9SiNxX/8zqpDq+8jIkk1VSQ+aIw5UjHaJoC6jFJieYjQzCRzNyKyABLTLTJqmhCcBdfXibN84rrVNz7i3K1lsdRgCM4hlNw4RKqcAd1aACBFJ7hFd6sJ+vFerc+5q0rVj5zCH9gff4AfyWRrQ==</latexit><latexit sha1_base64="yNksTk6efJkH1df2L2xr//ZG3Mw=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyURQS9CrRePFewHtCFstpt26WYTdjdCTftLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLyd+q1HKhWLxYMeJdSLcF+wkBGsjeTbpQhdo7Hwb9AZEn5t7Ntlp+LMgJaJm5My5Kj79le3F5M0okITjpXquE6ivQxLzQink2I3VTTBZIj7tGOowBFVXjY7fIJOjNJDYSxNCY1m6u+JDEdKjaLAdEZYD9SiNxX/8zqpDq+8jIkk1VSQ+aIw5UjHaJoC6jFJieYjQzCRzNyKyABLTLTJqmhCcBdfXibN84rrVNz7i3K1lsdRgCM4hlNw4RKqcAd1aACBFJ7hFd6sJ+vFerc+5q0rVj5zCH9gff4AfyWRrQ==</latexit><latexit sha1_base64="yNksTk6efJkH1df2L2xr//ZG3Mw=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyURQS9CrRePFewHtCFstpt26WYTdjdCTftLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLyd+q1HKhWLxYMeJdSLcF+wkBGsjeTbpQhdo7Hwb9AZEn5t7Ntlp+LMgJaJm5My5Kj79le3F5M0okITjpXquE6ivQxLzQink2I3VTTBZIj7tGOowBFVXjY7fIJOjNJDYSxNCY1m6u+JDEdKjaLAdEZYD9SiNxX/8zqpDq+8jIkk1VSQ+aIw5UjHaJoC6jFJieYjQzCRzNyKyABLTLTJqmhCcBdfXibN84rrVNz7i3K1lsdRgCM4hlNw4RKqcAd1aACBFJ7hFd6sJ+vFerc+5q0rVj5zCH9gff4AfyWRrQ==</latexit>

CDW order parameter:

• Finite size effects get 
weaker with increasing D

Benchmark example: spinless fermions on honeycomb lattice

Vc
<latexit sha1_base64="kiG+YcKCqK/yeDzNvmEI9JBUwJc=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchUQUXbgouHFZ0T6gDWUynbRDJ5MwcyOU0E9w40IRt36RO//GSVvB54FhDufcy733hKkUBj3v3VlYXFpeWS2tldc3Nre2Kzu7TZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6LLwW3dcG5GoWxynPIjpQIlIMIpWumn2WK9S9dxTrwD5TXx3+ntVmKPeq7x1+wnLYq6QSWpMx/dSDHKqUTDJJ+VuZnhK2YgOeMdSRWNugny66oQcWqVPokTbp5BM1a8dOY2NGcehrYwpDs1PrxD/8joZRudBLlSaIVdsNijKJMGEFHeTvtCcoRxbQpkWdlfChlRThjadsg3h81LyP2keu77n+tcn1drFPI4S7MMBHIEPZ1CDK6hDAxgM4B4e4cmRzoPz7LzMShecec8efIPz+gE3uY25</latexit><latexit sha1_base64="kiG+YcKCqK/yeDzNvmEI9JBUwJc=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchUQUXbgouHFZ0T6gDWUynbRDJ5MwcyOU0E9w40IRt36RO//GSVvB54FhDufcy733hKkUBj3v3VlYXFpeWS2tldc3Nre2Kzu7TZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6LLwW3dcG5GoWxynPIjpQIlIMIpWumn2WK9S9dxTrwD5TXx3+ntVmKPeq7x1+wnLYq6QSWpMx/dSDHKqUTDJJ+VuZnhK2YgOeMdSRWNugny66oQcWqVPokTbp5BM1a8dOY2NGcehrYwpDs1PrxD/8joZRudBLlSaIVdsNijKJMGEFHeTvtCcoRxbQpkWdlfChlRThjadsg3h81LyP2keu77n+tcn1drFPI4S7MMBHIEPZ1CDK6hDAxgM4B4e4cmRzoPz7LzMShecec8efIPz+gE3uY25</latexit><latexit sha1_base64="kiG+YcKCqK/yeDzNvmEI9JBUwJc=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchUQUXbgouHFZ0T6gDWUynbRDJ5MwcyOU0E9w40IRt36RO//GSVvB54FhDufcy733hKkUBj3v3VlYXFpeWS2tldc3Nre2Kzu7TZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6LLwW3dcG5GoWxynPIjpQIlIMIpWumn2WK9S9dxTrwD5TXx3+ntVmKPeq7x1+wnLYq6QSWpMx/dSDHKqUTDJJ+VuZnhK2YgOeMdSRWNugny66oQcWqVPokTbp5BM1a8dOY2NGcehrYwpDs1PrxD/8joZRudBLlSaIVdsNijKJMGEFHeTvtCcoRxbQpkWdlfChlRThjadsg3h81LyP2keu77n+tcn1drFPI4S7MMBHIEPZ1CDK6hDAxgM4B4e4cmRzoPz7LzMShecec8efIPz+gE3uY25</latexit><latexit sha1_base64="kiG+YcKCqK/yeDzNvmEI9JBUwJc=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchUQUXbgouHFZ0T6gDWUynbRDJ5MwcyOU0E9w40IRt36RO//GSVvB54FhDufcy733hKkUBj3v3VlYXFpeWS2tldc3Nre2Kzu7TZNkmvEGS2Si2yE1XArFGyhQ8naqOY1DyVvh6LLwW3dcG5GoWxynPIjpQIlIMIpWumn2WK9S9dxTrwD5TXx3+ntVmKPeq7x1+wnLYq6QSWpMx/dSDHKqUTDJJ+VuZnhK2YgOeMdSRWNugny66oQcWqVPokTbp5BM1a8dOY2NGcehrYwpDs1PrxD/8joZRudBLlSaIVdsNijKJMGEFHeTvtCcoRxbQpkWdlfChlRThjadsg3h81LyP2keu77n+tcn1drFPI4S7MMBHIEPZ1CDK6hDAxgM4B4e4cmRzoPz7LzMShecec8efIPz+gE3uY25</latexit>
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<latexit sha1_base64="XOQD1VTkP/Rhq+wfjNZLZVRVptY=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgqiTic1d047KCfUAbymQ6aYbOTMLMRCihv+DGhSJu/SF3/o2TNkIVPXDhcM693HtPkHCmjet+OqWl5ZXVtfJ6ZWNza3unurvX1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+R+54EqzWJ5byYJ9QUeSRYygk0u9UnEBtWaW3dnQAvkzPWuzj3kFUoNCjQH1Y/+MCapoNIQjrXueW5i/Awrwwin00o/1TTBZIxHtGepxIJqP5vdOkVHVhmiMFa2pEEzdXEiw0LriQhsp8Am0r+9XPzL66UmvPQzJpPUUEnmi8KUIxOj/HE0ZIoSwyeWYKKYvRWRCCtMjI2nYkP4/hT9T9ondc+te3entcZ1EUcZDuAQjsGDC2jALTShBQQieIRneHGE8+S8Om/z1pJTzOzDDzjvXx7Ijkg=</latexit><latexit sha1_base64="XOQD1VTkP/Rhq+wfjNZLZVRVptY=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgqiTic1d047KCfUAbymQ6aYbOTMLMRCihv+DGhSJu/SF3/o2TNkIVPXDhcM693HtPkHCmjet+OqWl5ZXVtfJ6ZWNza3unurvX1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+R+54EqzWJ5byYJ9QUeSRYygk0u9UnEBtWaW3dnQAvkzPWuzj3kFUoNCjQH1Y/+MCapoNIQjrXueW5i/Awrwwin00o/1TTBZIxHtGepxIJqP5vdOkVHVhmiMFa2pEEzdXEiw0LriQhsp8Am0r+9XPzL66UmvPQzJpPUUEnmi8KUIxOj/HE0ZIoSwyeWYKKYvRWRCCtMjI2nYkP4/hT9T9ondc+te3entcZ1EUcZDuAQjsGDC2jALTShBQQieIRneHGE8+S8Om/z1pJTzOzDDzjvXx7Ijkg=</latexit><latexit sha1_base64="XOQD1VTkP/Rhq+wfjNZLZVRVptY=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgqiTic1d047KCfUAbymQ6aYbOTMLMRCihv+DGhSJu/SF3/o2TNkIVPXDhcM693HtPkHCmjet+OqWl5ZXVtfJ6ZWNza3unurvX1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+R+54EqzWJ5byYJ9QUeSRYygk0u9UnEBtWaW3dnQAvkzPWuzj3kFUoNCjQH1Y/+MCapoNIQjrXueW5i/Awrwwin00o/1TTBZIxHtGepxIJqP5vdOkVHVhmiMFa2pEEzdXEiw0LriQhsp8Am0r+9XPzL66UmvPQzJpPUUEnmi8KUIxOj/HE0ZIoSwyeWYKKYvRWRCCtMjI2nYkP4/hT9T9ondc+te3entcZ1EUcZDuAQjsGDC2jALTShBQQieIRneHGE8+S8Om/z1pJTzOzDDzjvXx7Ijkg=</latexit><latexit sha1_base64="XOQD1VTkP/Rhq+wfjNZLZVRVptY=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgqiTic1d047KCfUAbymQ6aYbOTMLMRCihv+DGhSJu/SF3/o2TNkIVPXDhcM693HtPkHCmjet+OqWl5ZXVtfJ6ZWNza3unurvX1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+R+54EqzWJ5byYJ9QUeSRYygk0u9UnEBtWaW3dnQAvkzPWuzj3kFUoNCjQH1Y/+MCapoNIQjrXueW5i/Awrwwin00o/1TTBZIxHtGepxIJqP5vdOkVHVhmiMFa2pEEzdXEiw0LriQhsp8Am0r+9XPzL66UmvPQzJpPUUEnmi8KUIxOj/HE0ZIoSwyeWYKKYvRWRCCtMjI2nYkP4/hT9T9ondc+te3entcZ1EUcZDuAQjsGDC2jALTShBQQieIRneHGE8+S8Om/z1pJTzOzDDzjvXx7Ijkg=</latexit>

• Weak    dependence�
<latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit><latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit><latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit><latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit>

Order parameter
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• Stronger    dependence�
<latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit><latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit><latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit><latexit sha1_base64="e5SuZwr3CaK+DQAFDwNWrJZn1RI=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgqmRKW124KLhxWcE+oB1KJs10QjOZIckIZegvuHGhiFt/yJ1/Y6atoKInBA7n3Mu99/iJ4Npg/OEU1tY3NreK26Wd3b39g/LhUVfHqaKsQ2MRq75PNBNcso7hRrB+ohiJfMF6/vQ693v3TGkeyzszS5gXkYnkAafE5NKQhnxUruAqxq7bqCNcdRv5Q7lSa+Imci3JUYEV2qPy+3Ac0zRi0lBBtB64ODFeRpThVLB5aZhqlhA6JRM2sFSSiGkvW+w6R2dWGaMgVvZLgxbq946MRFrPIt9WRsSE+reXi395g9QEl17GZZIaJulyUJAKZGKUH47GXDFqxMwSQhW3uyIaEkWosfGUbAhfl6L/SbdWdW1Et/VK62oVRxFO4BTOwYULaMENtKEDFEJ4gCd4diLn0XlxXpelBWfVcww/4Lx9Ajvkjlc=</latexit>

1/�
<latexit sha1_base64="G5Vv1prVZqmkiPmV8ilctO6wfuY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4qklpqwsXBTcuK9gHtEPJpJk2NpMMSUYoQ//BjQtF3Po/7vwbM20FFT0hcDjnXu69J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2kYlmrIWVULpbkAME1yyluVWsG6sGYkCwTrB5CrzO/dMG67krZ3GzI/ISPKQU2Kd1MZnfTrmg2IJlRHCuFaFqIxr2YOZUqmjOsSOZCiBJZqD4nt/qGgSMWmpIMb0MIqtnxJtORVsVugnhsWETsiI9RyVJGLGT+fbzuCJU4YwVNp9aeFc/d6RksiYaRS4yojYsfntZeJfXi+x4YWfchknlkm6GBQmAloFs9PhkGtGrZg6QqjmbldIx0QTal1ABRfC16Xwf9KulLGL6KZaalwu48iDI3AMTgEG56ABrkETtAAFd+ABPIFnT3mP3ov3uijNecueQ/AD3tsnGPqOyw==</latexit><latexit sha1_base64="G5Vv1prVZqmkiPmV8ilctO6wfuY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4qklpqwsXBTcuK9gHtEPJpJk2NpMMSUYoQ//BjQtF3Po/7vwbM20FFT0hcDjnXu69J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2kYlmrIWVULpbkAME1yyluVWsG6sGYkCwTrB5CrzO/dMG67krZ3GzI/ISPKQU2Kd1MZnfTrmg2IJlRHCuFaFqIxr2YOZUqmjOsSOZCiBJZqD4nt/qGgSMWmpIMb0MIqtnxJtORVsVugnhsWETsiI9RyVJGLGT+fbzuCJU4YwVNp9aeFc/d6RksiYaRS4yojYsfntZeJfXi+x4YWfchknlkm6GBQmAloFs9PhkGtGrZg6QqjmbldIx0QTal1ABRfC16Xwf9KulLGL6KZaalwu48iDI3AMTgEG56ABrkETtAAFd+ABPIFnT3mP3ov3uijNecueQ/AD3tsnGPqOyw==</latexit><latexit sha1_base64="G5Vv1prVZqmkiPmV8ilctO6wfuY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4qklpqwsXBTcuK9gHtEPJpJk2NpMMSUYoQ//BjQtF3Po/7vwbM20FFT0hcDjnXu69J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2kYlmrIWVULpbkAME1yyluVWsG6sGYkCwTrB5CrzO/dMG67krZ3GzI/ISPKQU2Kd1MZnfTrmg2IJlRHCuFaFqIxr2YOZUqmjOsSOZCiBJZqD4nt/qGgSMWmpIMb0MIqtnxJtORVsVugnhsWETsiI9RyVJGLGT+fbzuCJU4YwVNp9aeFc/d6RksiYaRS4yojYsfntZeJfXi+x4YWfchknlkm6GBQmAloFs9PhkGtGrZg6QqjmbldIx0QTal1ABRfC16Xwf9KulLGL6KZaalwu48iDI3AMTgEG56ABrkETtAAFd+ABPIFnT3mP3ov3uijNecueQ/AD3tsnGPqOyw==</latexit><latexit sha1_base64="G5Vv1prVZqmkiPmV8ilctO6wfuY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4qklpqwsXBTcuK9gHtEPJpJk2NpMMSUYoQ//BjQtF3Po/7vwbM20FFT0hcDjnXu69J4gFNxahDy+3srq2vpHfLGxt7+zuFfcP2kYlmrIWVULpbkAME1yyluVWsG6sGYkCwTrB5CrzO/dMG67krZ3GzI/ISPKQU2Kd1MZnfTrmg2IJlRHCuFaFqIxr2YOZUqmjOsSOZCiBJZqD4nt/qGgSMWmpIMb0MIqtnxJtORVsVugnhsWETsiI9RyVJGLGT+fbzuCJU4YwVNp9aeFc/d6RksiYaRS4yojYsfntZeJfXi+x4YWfchknlkm6GBQmAloFs9PhkGtGrZg6QqjmbldIx0QTal1ABRfC16Xwf9KulLGL6KZaalwu48iDI3AMTgEG56ABrkETtAAFd+ABPIFnT3mP3ov3uijNecueQ/AD3tsnGPqOyw==</latexit>

➡ extrapolate in

Correlation length
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Scaling ansatz at the critical point, 

1.2 1.4 1.6
0

0.1

0.2

0.3

0.4

0.5

D=4
D=5
D=6
D=7

0 0.005 0.01

2

2.5

3

3.5

4

4.5

0 0.005 0.01

0.2

0.25

0.3

2 3 4

0.2

0.25

0.3

(a)

(c)

(b)

(d)

m(g = 0, D) = ⇠��/⌫
D M(0 · ⇠1/⌫D ) ⇠ ⇠��/⌫

D
<latexit sha1_base64="vUgxcT10OcQNaYQSY+gyC664q4Q="></latexit><latexit sha1_base64="vUgxcT10OcQNaYQSY+gyC664q4Q="></latexit><latexit sha1_base64="vUgxcT10OcQNaYQSY+gyC664q4Q="></latexit><latexit sha1_base64="vUgxcT10OcQNaYQSY+gyC664q4Q="></latexit>

�/⌫ = 0.64(2)
<latexit sha1_base64="Oz3em5W31Q1KK+7A859BooPPUks=">AAACMHicbVBNSwMxEM36bf2q9eglWIR6qbulqBehqAePClYL3VKy2WkbmmSXJKuWZf+KVz37a/QkXv0Vpu0etPpghsd7M8zwgpgzbVz33ZmbX1hcWl5ZLaytb2xuFbdLtzpKFIUmjXikWgHRwJmEpmGGQytWQETA4S4Yno/9u3tQmkXyxoxi6AjSl6zHKDFW6hZLfgCGHPoywadu9aheqR10i2W36k6A/xIvJ2WU46q77Sz5YUQTAdJQTrRue25sOilRhlEOWcFPNMSEDkkf2pZKIkB30snzGd63Soh7kbIlDZ6oPzdSIrQeicBOCmIGetYbi/957cT0Tjopk3FiQNLpoV7CsYnwOAkcMgXU8JElhCpmf8V0QBShxuZV8CU80EgIIsPUf2RhNu7di2zWoFPDpwOW2eS82Zz+ktta1XOr3nW93DjLM1xBu2gPVZCHjlEDXaIr1EQUPaIn9IxenFfnzflwPqejc06+s4N+wfn6Budap+0=</latexit><latexit sha1_base64="Oz3em5W31Q1KK+7A859BooPPUks=">AAACMHicbVBNSwMxEM36bf2q9eglWIR6qbulqBehqAePClYL3VKy2WkbmmSXJKuWZf+KVz37a/QkXv0Vpu0etPpghsd7M8zwgpgzbVz33ZmbX1hcWl5ZLaytb2xuFbdLtzpKFIUmjXikWgHRwJmEpmGGQytWQETA4S4Yno/9u3tQmkXyxoxi6AjSl6zHKDFW6hZLfgCGHPoywadu9aheqR10i2W36k6A/xIvJ2WU46q77Sz5YUQTAdJQTrRue25sOilRhlEOWcFPNMSEDkkf2pZKIkB30snzGd63Soh7kbIlDZ6oPzdSIrQeicBOCmIGetYbi/957cT0Tjopk3FiQNLpoV7CsYnwOAkcMgXU8JElhCpmf8V0QBShxuZV8CU80EgIIsPUf2RhNu7di2zWoFPDpwOW2eS82Zz+ktta1XOr3nW93DjLM1xBu2gPVZCHjlEDXaIr1EQUPaIn9IxenFfnzflwPqejc06+s4N+wfn6Budap+0=</latexit><latexit sha1_base64="Oz3em5W31Q1KK+7A859BooPPUks=">AAACMHicbVBNSwMxEM36bf2q9eglWIR6qbulqBehqAePClYL3VKy2WkbmmSXJKuWZf+KVz37a/QkXv0Vpu0etPpghsd7M8zwgpgzbVz33ZmbX1hcWl5ZLaytb2xuFbdLtzpKFIUmjXikWgHRwJmEpmGGQytWQETA4S4Yno/9u3tQmkXyxoxi6AjSl6zHKDFW6hZLfgCGHPoywadu9aheqR10i2W36k6A/xIvJ2WU46q77Sz5YUQTAdJQTrRue25sOilRhlEOWcFPNMSEDkkf2pZKIkB30snzGd63Soh7kbIlDZ6oPzdSIrQeicBOCmIGetYbi/957cT0Tjopk3FiQNLpoV7CsYnwOAkcMgXU8JElhCpmf8V0QBShxuZV8CU80EgIIsPUf2RhNu7di2zWoFPDpwOW2eS82Zz+ktta1XOr3nW93DjLM1xBu2gPVZCHjlEDXaIr1EQUPaIn9IxenFfnzflwPqejc06+s4N+wfn6Budap+0=</latexit><latexit sha1_base64="Oz3em5W31Q1KK+7A859BooPPUks=">AAACMHicbVBNSwMxEM36bf2q9eglWIR6qbulqBehqAePClYL3VKy2WkbmmSXJKuWZf+KVz37a/QkXv0Vpu0etPpghsd7M8zwgpgzbVz33ZmbX1hcWl5ZLaytb2xuFbdLtzpKFIUmjXikWgHRwJmEpmGGQytWQETA4S4Yno/9u3tQmkXyxoxi6AjSl6zHKDFW6hZLfgCGHPoywadu9aheqR10i2W36k6A/xIvJ2WU46q77Sz5YUQTAdJQTrRue25sOilRhlEOWcFPNMSEDkkf2pZKIkB30snzGd63Soh7kbIlDZ6oPzdSIrQeicBOCmIGetYbi/957cT0Tjopk3FiQNLpoV7CsYnwOAkcMgXU8JElhCpmf8V0QBShxuZV8CU80EgIIsPUf2RhNu7di2zWoFPDpwOW2eS82Zz+ktta1XOr3nW93DjLM1xBu2gPVZCHjlEDXaIr1EQUPaIn9IxenFfnzflwPqejc06+s4N+wfn6Budap+0=</latexit>

• Linear fit to log-log plot yields

• In agreement with QMC:  

�/⌫ = 0.65(4)
<latexit sha1_base64="8yF7ysFL8Un7Nn7751dJoRa8NBY="></latexit><latexit sha1_base64="8yF7ysFL8Un7Nn7751dJoRa8NBY="></latexit><latexit sha1_base64="8yF7ysFL8Un7Nn7751dJoRa8NBY="></latexit><latexit sha1_base64="8yF7ysFL8Un7Nn7751dJoRa8NBY="></latexit>

Wang, PC, Troyer, NJP16 (2014)

g = (V � Vc)/Vc
<latexit sha1_base64="qK4kVz6FkGxyfsQajl6Hu1kc0OY=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBahHqyJCHoRil48VrBpoQ1ls920SzebuLsplNDf4cWDIl79Md78N27bHLT1wQyP92bY2RcknCntON9WYWV1bX2juFna2t7Z3bP3DzwVp5LQBol5LFsBVpQzQRuaaU5biaQ4CjhtBsO7qd8cUalYLB71OKF+hPuChYxgbSS/f1PxzrwuOT03rWuXnaozA1ombk7KkKPetb86vZikERWacKxU23US7WdYakY4nZQ6qaIJJkPcp21DBY6o8rPZ0RN0YpQeCmNpSmg0U39vZDhSahwFZjLCeqAWvan4n9dOdXjtZ0wkqaaCzB8KU450jKYJoB6TlGg+NgQTycytiAywxESbnEomBHfxy8vEu6i6TtV9uCzXbvM4inAEx1ABF66gBvdQhwYQeIJneIU3a2S9WO/Wx3y0YOU7h/AH1ucP1AKQ0w==</latexit><latexit sha1_base64="qK4kVz6FkGxyfsQajl6Hu1kc0OY=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBahHqyJCHoRil48VrBpoQ1ls920SzebuLsplNDf4cWDIl79Md78N27bHLT1wQyP92bY2RcknCntON9WYWV1bX2juFna2t7Z3bP3DzwVp5LQBol5LFsBVpQzQRuaaU5biaQ4CjhtBsO7qd8cUalYLB71OKF+hPuChYxgbSS/f1PxzrwuOT03rWuXnaozA1ombk7KkKPetb86vZikERWacKxU23US7WdYakY4nZQ6qaIJJkPcp21DBY6o8rPZ0RN0YpQeCmNpSmg0U39vZDhSahwFZjLCeqAWvan4n9dOdXjtZ0wkqaaCzB8KU450jKYJoB6TlGg+NgQTycytiAywxESbnEomBHfxy8vEu6i6TtV9uCzXbvM4inAEx1ABF66gBvdQhwYQeIJneIU3a2S9WO/Wx3y0YOU7h/AH1ucP1AKQ0w==</latexit><latexit sha1_base64="qK4kVz6FkGxyfsQajl6Hu1kc0OY=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBahHqyJCHoRil48VrBpoQ1ls920SzebuLsplNDf4cWDIl79Md78N27bHLT1wQyP92bY2RcknCntON9WYWV1bX2juFna2t7Z3bP3DzwVp5LQBol5LFsBVpQzQRuaaU5biaQ4CjhtBsO7qd8cUalYLB71OKF+hPuChYxgbSS/f1PxzrwuOT03rWuXnaozA1ombk7KkKPetb86vZikERWacKxU23US7WdYakY4nZQ6qaIJJkPcp21DBY6o8rPZ0RN0YpQeCmNpSmg0U39vZDhSahwFZjLCeqAWvan4n9dOdXjtZ0wkqaaCzB8KU450jKYJoB6TlGg+NgQTycytiAywxESbnEomBHfxy8vEu6i6TtV9uCzXbvM4inAEx1ABF66gBvdQhwYQeIJneIU3a2S9WO/Wx3y0YOU7h/AH1ucP1AKQ0w==</latexit><latexit sha1_base64="qK4kVz6FkGxyfsQajl6Hu1kc0OY=">AAAB9HicbVBNS8NAEJ3Ur1q/oh69LBahHqyJCHoRil48VrBpoQ1ls920SzebuLsplNDf4cWDIl79Md78N27bHLT1wQyP92bY2RcknCntON9WYWV1bX2juFna2t7Z3bP3DzwVp5LQBol5LFsBVpQzQRuaaU5biaQ4CjhtBsO7qd8cUalYLB71OKF+hPuChYxgbSS/f1PxzrwuOT03rWuXnaozA1ombk7KkKPetb86vZikERWacKxU23US7WdYakY4nZQ6qaIJJkPcp21DBY6o8rPZ0RN0YpQeCmNpSmg0U39vZDhSahwFZjLCeqAWvan4n9dOdXjtZ0wkqaaCzB8KU450jKYJoB6TlGg+NgQTycytiAywxESbnEomBHfxy8vEu6i6TtV9uCzXbvM4inAEx1ABF66gBvdQhwYQeIJneIU3a2S9WO/Wx3y0YOU7h/AH1ucP1AKQ0w==</latexit>

log-log plot

Vc/t = 1.356
<latexit sha1_base64="JDgLlmpoApOcG1IW4BI39M+Xd4A=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapxxqnYjFHThsoJ9QDuUTJq2oZnMmGQKZeh3uHGhiFs/xp1/YzqtoKIHAodzzuXenCDmTGnH+bByS8srq2v59cLG5tb2TnF3r6GiRBJaJxGPZCvAinImaF0zzWkrlhSHAafNYHQ185tjKhWLxJ2exNQP8UCwPiNYG8lvdMmJRpfItb2z826x5NhOBpQR1ykb4nkVr1I2kblVggVq3eJ7pxeRJKRCE46VartOrP0US80Ip9NCJ1E0xmSEB7RtqMAhVX6aHT1FR0bpoX4kzRMaZer3iRSHSk3CwCRDrIfqtzcT//Laie5X/JSJONFUkPmifsKRjtCsAdRjkhLNJ4ZgIpm5FZEhlpho01PBlPD1U/Q/aZzarmO7t+VS9XpRRx4O4BCOwYULqMIN1KAOBO7hAZ7g2Rpbj9aL9TqP5qzFzD78gPX2CQ8bkFU=</latexit><latexit sha1_base64="JDgLlmpoApOcG1IW4BI39M+Xd4A=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapxxqnYjFHThsoJ9QDuUTJq2oZnMmGQKZeh3uHGhiFs/xp1/YzqtoKIHAodzzuXenCDmTGnH+bByS8srq2v59cLG5tb2TnF3r6GiRBJaJxGPZCvAinImaF0zzWkrlhSHAafNYHQ185tjKhWLxJ2exNQP8UCwPiNYG8lvdMmJRpfItb2z826x5NhOBpQR1ykb4nkVr1I2kblVggVq3eJ7pxeRJKRCE46VartOrP0US80Ip9NCJ1E0xmSEB7RtqMAhVX6aHT1FR0bpoX4kzRMaZer3iRSHSk3CwCRDrIfqtzcT//Laie5X/JSJONFUkPmifsKRjtCsAdRjkhLNJ4ZgIpm5FZEhlpho01PBlPD1U/Q/aZzarmO7t+VS9XpRRx4O4BCOwYULqMIN1KAOBO7hAZ7g2Rpbj9aL9TqP5qzFzD78gPX2CQ8bkFU=</latexit><latexit sha1_base64="JDgLlmpoApOcG1IW4BI39M+Xd4A=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapxxqnYjFHThsoJ9QDuUTJq2oZnMmGQKZeh3uHGhiFs/xp1/YzqtoKIHAodzzuXenCDmTGnH+bByS8srq2v59cLG5tb2TnF3r6GiRBJaJxGPZCvAinImaF0zzWkrlhSHAafNYHQ185tjKhWLxJ2exNQP8UCwPiNYG8lvdMmJRpfItb2z826x5NhOBpQR1ykb4nkVr1I2kblVggVq3eJ7pxeRJKRCE46VartOrP0US80Ip9NCJ1E0xmSEB7RtqMAhVX6aHT1FR0bpoX4kzRMaZer3iRSHSk3CwCRDrIfqtzcT//Laie5X/JSJONFUkPmifsKRjtCsAdRjkhLNJ4ZgIpm5FZEhlpho01PBlPD1U/Q/aZzarmO7t+VS9XpRRx4O4BCOwYULqMIN1KAOBO7hAZ7g2Rpbj9aL9TqP5qzFzD78gPX2CQ8bkFU=</latexit><latexit sha1_base64="JDgLlmpoApOcG1IW4BI39M+Xd4A=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapxxqnYjFHThsoJ9QDuUTJq2oZnMmGQKZeh3uHGhiFs/xp1/YzqtoKIHAodzzuXenCDmTGnH+bByS8srq2v59cLG5tb2TnF3r6GiRBJaJxGPZCvAinImaF0zzWkrlhSHAafNYHQ185tjKhWLxJ2exNQP8UCwPiNYG8lvdMmJRpfItb2z826x5NhOBpQR1ykb4nkVr1I2kblVggVq3eJ7pxeRJKRCE46VartOrP0US80Ip9NCJ1E0xmSEB7RtqMAhVX6aHT1FR0bpoX4kzRMaZer3iRSHSk3CwCRDrIfqtzcT//Laie5X/JSJONFUkPmifsKRjtCsAdRjkhLNJ4ZgIpm5FZEhlpho01PBlPD1U/Q/aZzarmO7t+VS9XpRRx4O4BCOwYULqMIN1KAOBO7hAZ7g2Rpbj9aL9TqP5qzFzD78gPX2CQ8bkFU=</latexit>



Finding     with fixed 
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•                        , consistent with QMC: 

y = m(g = 0, D) ⇠�/⌫D = const
<latexit sha1_base64="lVDUDyH7BFGRCeevv6dtIIZVPWE="></latexit><latexit sha1_base64="lVDUDyH7BFGRCeevv6dtIIZVPWE="></latexit><latexit sha1_base64="lVDUDyH7BFGRCeevv6dtIIZVPWE="></latexit><latexit sha1_base64="lVDUDyH7BFGRCeevv6dtIIZVPWE="></latexit>

m(g,D) ⇠�/⌫D = M(g⇠1/⌫D )
<latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit><latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit><latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit><latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit>

Vc/t = 1.356(4)
<latexit sha1_base64="t6vm2Iz1QiR/mvKPyC/QTm+uTzo=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzVb2+pBoeDFYwX7gHZZsmnahmazS5ItlKX/xIsHRbz6T7z5b8y2FVR0QmCYmY98mSDmTGmEPqzcyura+kZ+s7C1vbO7Z+8ftFSUSEKbJOKR7ARYUc4EbWqmOe3EkuIw4LQdjG8yvz2hUrFI3OtpTL0QDwUbMIK1kXzbbvnkTMNr6Drn1VqpcurbReQg5LrVCkSOW80OzJRyDdVMCs1RBEs0fPu9149IElKhCcdKdV0Uay/FUjPC6azQSxSNMRnjIe0aKnBIlZfON5/BE6P04SCS5goN5+r3iRSHSk3DwCRDrEfqt5eJf3ndRA8uvZSJONFUkMVDg4RDHcGsBthnkhLNp4ZgIpnZFZIRlphoU1bBlPD1U/g/aZUd11R0VynWr5Z15MEROAYl4IILUAe3oAGagIAJeABP4NlKrUfrxXpdRHPWcuYQ/ID19gnVIZEq</latexit><latexit sha1_base64="t6vm2Iz1QiR/mvKPyC/QTm+uTzo=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzVb2+pBoeDFYwX7gHZZsmnahmazS5ItlKX/xIsHRbz6T7z5b8y2FVR0QmCYmY98mSDmTGmEPqzcyura+kZ+s7C1vbO7Z+8ftFSUSEKbJOKR7ARYUc4EbWqmOe3EkuIw4LQdjG8yvz2hUrFI3OtpTL0QDwUbMIK1kXzbbvnkTMNr6Drn1VqpcurbReQg5LrVCkSOW80OzJRyDdVMCs1RBEs0fPu9149IElKhCcdKdV0Uay/FUjPC6azQSxSNMRnjIe0aKnBIlZfON5/BE6P04SCS5goN5+r3iRSHSk3DwCRDrEfqt5eJf3ndRA8uvZSJONFUkMVDg4RDHcGsBthnkhLNp4ZgIpnZFZIRlphoU1bBlPD1U/g/aZUd11R0VynWr5Z15MEROAYl4IILUAe3oAGagIAJeABP4NlKrUfrxXpdRHPWcuYQ/ID19gnVIZEq</latexit><latexit sha1_base64="t6vm2Iz1QiR/mvKPyC/QTm+uTzo=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzVb2+pBoeDFYwX7gHZZsmnahmazS5ItlKX/xIsHRbz6T7z5b8y2FVR0QmCYmY98mSDmTGmEPqzcyura+kZ+s7C1vbO7Z+8ftFSUSEKbJOKR7ARYUc4EbWqmOe3EkuIw4LQdjG8yvz2hUrFI3OtpTL0QDwUbMIK1kXzbbvnkTMNr6Drn1VqpcurbReQg5LrVCkSOW80OzJRyDdVMCs1RBEs0fPu9149IElKhCcdKdV0Uay/FUjPC6azQSxSNMRnjIe0aKnBIlZfON5/BE6P04SCS5goN5+r3iRSHSk3DwCRDrEfqt5eJf3ndRA8uvZSJONFUkMVDg4RDHcGsBthnkhLNp4ZgIpnZFZIRlphoU1bBlPD1U/g/aZUd11R0VynWr5Z15MEROAYl4IILUAe3oAGagIAJeABP4NlKrUfrxXpdRHPWcuYQ/ID19gnVIZEq</latexit><latexit sha1_base64="t6vm2Iz1QiR/mvKPyC/QTm+uTzo=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzVb2+pBoeDFYwX7gHZZsmnahmazS5ItlKX/xIsHRbz6T7z5b8y2FVR0QmCYmY98mSDmTGmEPqzcyura+kZ+s7C1vbO7Z+8ftFSUSEKbJOKR7ARYUc4EbWqmOe3EkuIw4LQdjG8yvz2hUrFI3OtpTL0QDwUbMIK1kXzbbvnkTMNr6Drn1VqpcurbReQg5LrVCkSOW80OzJRyDdVMCs1RBEs0fPu9149IElKhCcdKdV0Uay/FUjPC6azQSxSNMRnjIe0aKnBIlZfON5/BE6P04SCS5goN5+r3iRSHSk3DwCRDrEfqt5eJf3ndRA8uvZSJONFUkMVDg4RDHcGsBthnkhLNp4ZgIpnZFZIRlphoU1bBlPD1U/g/aZUd11R0VynWr5Z15MEROAYl4IILUAe3oAGagIAJeABP4NlKrUfrxXpdRHPWcuYQ/ID19gnVIZEq</latexit>

Vc/t = 1.356
<latexit sha1_base64="7rGYi1WOhxq1lHwJVY1SQtPg0Xo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXY6a21YVCwY3LCvYB7VAyaaYNzTxM7hTK0O9w40IRt36MO//GTFtBRU8IHM45l9wcL5ZCAyEf1tLyyuraem4jv7m1vbNb2Ntv6ihRjDdYJCPV9qjmUoS8AQIkb8eK08CTvOWNrjO/NeZKiyi8g0nM3YAOQuELRsFIbrPHTgFfYcc+q1R7hSKxCXGcShkT26lkB2dKqUqqJkJmKKIF6r3Ce7cfsSTgITBJte44JAY3pQoEk3ya7yaax5SN6IB3DA1pwLWbzpae4mOj9LEfKXNDwDP1+0RKA60ngWeSAYWh/u1l4l9eJwH/wk1FGCfAQzZ/yE8khghnDeC+UJyBnBhCmRJmV8yGVFEGpqe8KeHrp/h/0izZjqnotlysXS7qyKFDdIROkIPOUQ3doDpqIIbu0QN6Qs/W2Hq0XqzXeXTJWswcoB+w3j4BGo2QVg==</latexit><latexit sha1_base64="7rGYi1WOhxq1lHwJVY1SQtPg0Xo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXY6a21YVCwY3LCvYB7VAyaaYNzTxM7hTK0O9w40IRt36MO//GTFtBRU8IHM45l9wcL5ZCAyEf1tLyyuraem4jv7m1vbNb2Ntv6ihRjDdYJCPV9qjmUoS8AQIkb8eK08CTvOWNrjO/NeZKiyi8g0nM3YAOQuELRsFIbrPHTgFfYcc+q1R7hSKxCXGcShkT26lkB2dKqUqqJkJmKKIF6r3Ce7cfsSTgITBJte44JAY3pQoEk3ya7yaax5SN6IB3DA1pwLWbzpae4mOj9LEfKXNDwDP1+0RKA60ngWeSAYWh/u1l4l9eJwH/wk1FGCfAQzZ/yE8khghnDeC+UJyBnBhCmRJmV8yGVFEGpqe8KeHrp/h/0izZjqnotlysXS7qyKFDdIROkIPOUQ3doDpqIIbu0QN6Qs/W2Hq0XqzXeXTJWswcoB+w3j4BGo2QVg==</latexit><latexit sha1_base64="7rGYi1WOhxq1lHwJVY1SQtPg0Xo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXY6a21YVCwY3LCvYB7VAyaaYNzTxM7hTK0O9w40IRt36MO//GTFtBRU8IHM45l9wcL5ZCAyEf1tLyyuraem4jv7m1vbNb2Ntv6ihRjDdYJCPV9qjmUoS8AQIkb8eK08CTvOWNrjO/NeZKiyi8g0nM3YAOQuELRsFIbrPHTgFfYcc+q1R7hSKxCXGcShkT26lkB2dKqUqqJkJmKKIF6r3Ce7cfsSTgITBJte44JAY3pQoEk3ya7yaax5SN6IB3DA1pwLWbzpae4mOj9LEfKXNDwDP1+0RKA60ngWeSAYWh/u1l4l9eJwH/wk1FGCfAQzZ/yE8khghnDeC+UJyBnBhCmRJmV8yGVFEGpqe8KeHrp/h/0izZjqnotlysXS7qyKFDdIROkIPOUQ3doDpqIIbu0QN6Qs/W2Hq0XqzXeXTJWswcoB+w3j4BGo2QVg==</latexit><latexit sha1_base64="7rGYi1WOhxq1lHwJVY1SQtPg0Xo=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXY6a21YVCwY3LCvYB7VAyaaYNzTxM7hTK0O9w40IRt36MO//GTFtBRU8IHM45l9wcL5ZCAyEf1tLyyuraem4jv7m1vbNb2Ntv6ihRjDdYJCPV9qjmUoS8AQIkb8eK08CTvOWNrjO/NeZKiyi8g0nM3YAOQuELRsFIbrPHTgFfYcc+q1R7hSKxCXGcShkT26lkB2dKqUqqJkJmKKIF6r3Ce7cfsSTgITBJte44JAY3pQoEk3ya7yaax5SN6IB3DA1pwLWbzpae4mOj9LEfKXNDwDP1+0RKA60ngWeSAYWh/u1l4l9eJwH/wk1FGCfAQzZ/yE8khghnDeC+UJyBnBhCmRJmV8yGVFEGpqe8KeHrp/h/0izZjqnotlysXS7qyKFDdIROkIPOUQ3doDpqIIbu0QN6Qs/W2Hq0XqzXeXTJWswcoB+w3j4BGo2QVg==</latexit>

Vc/t = 1.356(1)
<latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit><latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit><latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit><latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit>

Vc
<latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit><latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit><latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit><latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit>

�/⌫ = 0.64
<latexit sha1_base64="QjWhVKWo/soPfBGRl44C6YXTZ2M=">AAAB9XicdVDLSsNAFL2pr1pfVZduBovgKiZSqy6EgpsuK9gHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnD6EKnrgwuGce7n3niDhTGnH+bRyS8srq2v59cLG5tb2TnF3r6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHg98Vv3VCoWi1s9Sqgf4b5gISNYG+nOC6jGJ55Irxy7Uu4WS47tTIEWyJnjXlZc5M6VEsxR7xY/vF5M0ogKTThWquM6ifYzLDUjnI4LXqpogskQ92nHUIEjqvxsevUYHRmlh8JYmhIaTdXFiQxHSo2iwHRGWA/Ub28i/uV1Uh1e+BkTSaqpILNFYcqRjtEkAtRjkhLNR4ZgIpm5FZEBlphoE1TBhPD9KfqfNE9t17Hdm3KpWpvHkYcDOIRjcOEcqlCDOjSAgIRHeIYX68F6sl6tt1lrzprP7MMPWO9fBJORjQ==</latexit><latexit sha1_base64="QjWhVKWo/soPfBGRl44C6YXTZ2M=">AAAB9XicdVDLSsNAFL2pr1pfVZduBovgKiZSqy6EgpsuK9gHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnD6EKnrgwuGce7n3niDhTGnH+bRyS8srq2v59cLG5tb2TnF3r6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHg98Vv3VCoWi1s9Sqgf4b5gISNYG+nOC6jGJ55Irxy7Uu4WS47tTIEWyJnjXlZc5M6VEsxR7xY/vF5M0ogKTThWquM6ifYzLDUjnI4LXqpogskQ92nHUIEjqvxsevUYHRmlh8JYmhIaTdXFiQxHSo2iwHRGWA/Ub28i/uV1Uh1e+BkTSaqpILNFYcqRjtEkAtRjkhLNR4ZgIpm5FZEBlphoE1TBhPD9KfqfNE9t17Hdm3KpWpvHkYcDOIRjcOEcqlCDOjSAgIRHeIYX68F6sl6tt1lrzprP7MMPWO9fBJORjQ==</latexit><latexit sha1_base64="QjWhVKWo/soPfBGRl44C6YXTZ2M=">AAAB9XicdVDLSsNAFL2pr1pfVZduBovgKiZSqy6EgpsuK9gHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnD6EKnrgwuGce7n3niDhTGnH+bRyS8srq2v59cLG5tb2TnF3r6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHg98Vv3VCoWi1s9Sqgf4b5gISNYG+nOC6jGJ55Irxy7Uu4WS47tTIEWyJnjXlZc5M6VEsxR7xY/vF5M0ogKTThWquM6ifYzLDUjnI4LXqpogskQ92nHUIEjqvxsevUYHRmlh8JYmhIaTdXFiQxHSo2iwHRGWA/Ub28i/uV1Uh1e+BkTSaqpILNFYcqRjtEkAtRjkhLNR4ZgIpm5FZEBlphoE1TBhPD9KfqfNE9t17Hdm3KpWpvHkYcDOIRjcOEcqlCDOjSAgIRHeIYX68F6sl6tt1lrzprP7MMPWO9fBJORjQ==</latexit><latexit sha1_base64="QjWhVKWo/soPfBGRl44C6YXTZ2M=">AAAB9XicdVDLSsNAFL2pr1pfVZduBovgKiZSqy6EgpsuK9gHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnD6EKnrgwuGce7n3niDhTGnH+bRyS8srq2v59cLG5tb2TnF3r6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHg98Vv3VCoWi1s9Sqgf4b5gISNYG+nOC6jGJ55Irxy7Uu4WS47tTIEWyJnjXlZc5M6VEsxR7xY/vF5M0ogKTThWquM6ifYzLDUjnI4LXqpogskQ92nHUIEjqvxsevUYHRmlh8JYmhIaTdXFiQxHSo2iwHRGWA/Ub28i/uV1Uh1e+BkTSaqpILNFYcqRjtEkAtRjkhLNR4ZgIpm5FZEBlphoE1TBhPD9KfqfNE9t17Hdm3KpWpvHkYcDOIRjcOEcqlCDOjSAgIRHeIYX68F6sl6tt1lrzprP7MMPWO9fBJORjQ==</latexit>



Data collapse

• In agreement with QMC:  

m(g,D) g�� = M̃(g⇠1/⌫D )
<latexit sha1_base64="a93tBAHyyHGaTqFSeTbpNJIdVLk="></latexit><latexit sha1_base64="a93tBAHyyHGaTqFSeTbpNJIdVLk="></latexit><latexit sha1_base64="a93tBAHyyHGaTqFSeTbpNJIdVLk="></latexit><latexit sha1_base64="a93tBAHyyHGaTqFSeTbpNJIdVLk="></latexit>
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=0.51, =0.78 =0.51, =0.8(a) (b)

m(g,D) ⇠�/⌫D = M(g⇠1/⌫D )
<latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit><latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit><latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit><latexit sha1_base64="YTN+iqs2F8kCaAUBZ/uh51AevsY="></latexit>
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=0.51, =0.78 =0.51, =0.8(a) (b)

� = 0.51(1)
<latexit sha1_base64="pFdWtasmqSICUyaZPzyIBaNGuOY=">AAACKXicbVDLSsNAFJ34qLW+Wl26CRahbkoiim6Eoi5cVrAPaEKZTG7boTOTODNRS8h3uNW1X+NO3fojTh8LbT1wL4dz7uVeThAzqrTjfFpLyyurubX8emFjc2t7p1jabaookQQaJGKRbAdYAaMCGppqBu1YAuYBg1YwvBr7rQeQikbiTo9i8DnuC9qjBGsj+V4AGl841VO34h51i2Wn6kxgLxJ3Rspohnq3ZOW8MCIJB6EJw0p1XCfWfoqlpoRBVvASBTEmQ9yHjqECc1B+Ovk6sw+NEtq9SJoS2p6ovzdSzJUa8cBMcqwHat4bi/95nUT3zv2UijjRIMj0UC9hto7scQR2SCUQzUaGYCKp+dUmAywx0SaogifgkUScYxGm3hMNs3HvXmfzBpkaHhnQzCTnzue0SJrHVdepurcn5drlLMM82kcHqIJcdIZq6AbVUQMRdI+e0Qt6td6sd+vD+pqOLlmznT30B9b3D97mpfc=</latexit><latexit sha1_base64="pFdWtasmqSICUyaZPzyIBaNGuOY=">AAACKXicbVDLSsNAFJ34qLW+Wl26CRahbkoiim6Eoi5cVrAPaEKZTG7boTOTODNRS8h3uNW1X+NO3fojTh8LbT1wL4dz7uVeThAzqrTjfFpLyyurubX8emFjc2t7p1jabaookQQaJGKRbAdYAaMCGppqBu1YAuYBg1YwvBr7rQeQikbiTo9i8DnuC9qjBGsj+V4AGl841VO34h51i2Wn6kxgLxJ3Rspohnq3ZOW8MCIJB6EJw0p1XCfWfoqlpoRBVvASBTEmQ9yHjqECc1B+Ovk6sw+NEtq9SJoS2p6ovzdSzJUa8cBMcqwHat4bi/95nUT3zv2UijjRIMj0UC9hto7scQR2SCUQzUaGYCKp+dUmAywx0SaogifgkUScYxGm3hMNs3HvXmfzBpkaHhnQzCTnzue0SJrHVdepurcn5drlLMM82kcHqIJcdIZq6AbVUQMRdI+e0Qt6td6sd+vD+pqOLlmznT30B9b3D97mpfc=</latexit><latexit sha1_base64="pFdWtasmqSICUyaZPzyIBaNGuOY=">AAACKXicbVDLSsNAFJ34qLW+Wl26CRahbkoiim6Eoi5cVrAPaEKZTG7boTOTODNRS8h3uNW1X+NO3fojTh8LbT1wL4dz7uVeThAzqrTjfFpLyyurubX8emFjc2t7p1jabaookQQaJGKRbAdYAaMCGppqBu1YAuYBg1YwvBr7rQeQikbiTo9i8DnuC9qjBGsj+V4AGl841VO34h51i2Wn6kxgLxJ3Rspohnq3ZOW8MCIJB6EJw0p1XCfWfoqlpoRBVvASBTEmQ9yHjqECc1B+Ovk6sw+NEtq9SJoS2p6ovzdSzJUa8cBMcqwHat4bi/95nUT3zv2UijjRIMj0UC9hto7scQR2SCUQzUaGYCKp+dUmAywx0SaogifgkUScYxGm3hMNs3HvXmfzBpkaHhnQzCTnzue0SJrHVdepurcn5drlLMM82kcHqIJcdIZq6AbVUQMRdI+e0Qt6td6sd+vD+pqOLlmznT30B9b3D97mpfc=</latexit><latexit sha1_base64="pFdWtasmqSICUyaZPzyIBaNGuOY=">AAACKXicbVDLSsNAFJ34qLW+Wl26CRahbkoiim6Eoi5cVrAPaEKZTG7boTOTODNRS8h3uNW1X+NO3fojTh8LbT1wL4dz7uVeThAzqrTjfFpLyyurubX8emFjc2t7p1jabaookQQaJGKRbAdYAaMCGppqBu1YAuYBg1YwvBr7rQeQikbiTo9i8DnuC9qjBGsj+V4AGl841VO34h51i2Wn6kxgLxJ3Rspohnq3ZOW8MCIJB6EJw0p1XCfWfoqlpoRBVvASBTEmQ9yHjqECc1B+Ovk6sw+NEtq9SJoS2p6ovzdSzJUa8cBMcqwHat4bi/95nUT3zv2UijjRIMj0UC9hto7scQR2SCUQzUaGYCKp+dUmAywx0SaogifgkUScYxGm3hMNs3HvXmfzBpkaHhnQzCTnzue0SJrHVdepurcn5drlLMM82kcHqIJcdIZq6AbVUQMRdI+e0Qt6td6sd+vD+pqOLlmznT30B9b3D97mpfc=</latexit>

⌫ = 0.79(2)
<latexit sha1_base64="MZKm4EWgO72dnmjI5GeNyBFHUgE=">AAACJ3icbVDLSsNAFJ1UrbW+Wl26CRahbkpShOpCKOrCZQX7gCSUyWTaDp1HmJmoJeQz3Orar3EnuvRPnD4W2nrgXg7n3Mu9nDCmRGnH+bJya+sb+c3CVnF7Z3dvv1Q+6CiRSITbSFAheyFUmBKO25poinuxxJCFFHfD8fXU7z5gqYjg93oS44DBIScDgqA2kufz5NKpNS6q9dN+qeLUnBnsVeIuSAUs0OqXrbwfCZQwzDWiUCnPdWIdpFBqgijOin6icAzRGA6xZyiHDKsgnf2c2SdGieyBkKa4tmfq740UMqUmLDSTDOqRWvam4n+el+jBeZASHicaczQ/NEiorYU9DcCOiMRI04khEElifrXRCEqItImp6HP8iARjkEep/0SibNr7N9mygeaGj0YkM8m5yzmtkk695jo19+6s0rxaZFgAR+AYVIELGqAJbkELtAECAjyDF/BqvVnv1of1OR/NWYudQ/AH1vcPYGilNQ==</latexit><latexit sha1_base64="MZKm4EWgO72dnmjI5GeNyBFHUgE=">AAACJ3icbVDLSsNAFJ1UrbW+Wl26CRahbkpShOpCKOrCZQX7gCSUyWTaDp1HmJmoJeQz3Orar3EnuvRPnD4W2nrgXg7n3Mu9nDCmRGnH+bJya+sb+c3CVnF7Z3dvv1Q+6CiRSITbSFAheyFUmBKO25poinuxxJCFFHfD8fXU7z5gqYjg93oS44DBIScDgqA2kufz5NKpNS6q9dN+qeLUnBnsVeIuSAUs0OqXrbwfCZQwzDWiUCnPdWIdpFBqgijOin6icAzRGA6xZyiHDKsgnf2c2SdGieyBkKa4tmfq740UMqUmLDSTDOqRWvam4n+el+jBeZASHicaczQ/NEiorYU9DcCOiMRI04khEElifrXRCEqItImp6HP8iARjkEep/0SibNr7N9mygeaGj0YkM8m5yzmtkk695jo19+6s0rxaZFgAR+AYVIELGqAJbkELtAECAjyDF/BqvVnv1of1OR/NWYudQ/AH1vcPYGilNQ==</latexit><latexit sha1_base64="MZKm4EWgO72dnmjI5GeNyBFHUgE=">AAACJ3icbVDLSsNAFJ1UrbW+Wl26CRahbkpShOpCKOrCZQX7gCSUyWTaDp1HmJmoJeQz3Orar3EnuvRPnD4W2nrgXg7n3Mu9nDCmRGnH+bJya+sb+c3CVnF7Z3dvv1Q+6CiRSITbSFAheyFUmBKO25poinuxxJCFFHfD8fXU7z5gqYjg93oS44DBIScDgqA2kufz5NKpNS6q9dN+qeLUnBnsVeIuSAUs0OqXrbwfCZQwzDWiUCnPdWIdpFBqgijOin6icAzRGA6xZyiHDKsgnf2c2SdGieyBkKa4tmfq740UMqUmLDSTDOqRWvam4n+el+jBeZASHicaczQ/NEiorYU9DcCOiMRI04khEElifrXRCEqItImp6HP8iARjkEep/0SibNr7N9mygeaGj0YkM8m5yzmtkk695jo19+6s0rxaZFgAR+AYVIELGqAJbkELtAECAjyDF/BqvVnv1of1OR/NWYudQ/AH1vcPYGilNQ==</latexit><latexit sha1_base64="MZKm4EWgO72dnmjI5GeNyBFHUgE=">AAACJ3icbVDLSsNAFJ1UrbW+Wl26CRahbkpShOpCKOrCZQX7gCSUyWTaDp1HmJmoJeQz3Orar3EnuvRPnD4W2nrgXg7n3Mu9nDCmRGnH+bJya+sb+c3CVnF7Z3dvv1Q+6CiRSITbSFAheyFUmBKO25poinuxxJCFFHfD8fXU7z5gqYjg93oS44DBIScDgqA2kufz5NKpNS6q9dN+qeLUnBnsVeIuSAUs0OqXrbwfCZQwzDWiUCnPdWIdpFBqgijOin6icAzRGA6xZyiHDKsgnf2c2SdGieyBkKa4tmfq740UMqUmLDSTDOqRWvam4n+el+jBeZASHicaczQ/NEiorYU9DcCOiMRI04khEElifrXRCEqItImp6HP8iARjkEep/0SibNr7N9mygeaGj0YkM8m5yzmtkk695jo19+6s0rxaZFgAR+AYVIELGqAJbkELtAECAjyDF/BqvVnv1of1OR/NWYudQ/AH1vcPYGilNQ==</latexit>

� = 0.52(3)
<latexit sha1_base64="oI/k7qxP1btyUQAub3m//YB8qTc=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdmNil6EoBePEcwDkiXMTmaTIbMPZ3oDIeQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/EQKjY7zba2srq1vbOa28ts7u3v7hYPDuo5TxXiNxTJWTZ9qLkXEayhQ8maiOA19yRv+4G7qN4ZcaRFHjzhKuBfSXiQCwSgayWv7HOmNY1+WS+dnnULRsZ0ZyDJxM1KEDNVO4avdjVka8giZpFq3XCdBb0wVCib5JN9ONU8oG9Aebxka0ZBrbzw7ekJOjdIlQaxMRUhm6u+JMQ21HoW+6Qwp9vWiNxX/81opBtfeWERJijxi80VBKgnGZJoA6QrFGcqRIZQpYW4lrE8VZWhyypsQ3MWXl0m9bLuO7T5cFCu3WRw5OIYTKIELV1CBe6hCDRg8wTO8wps1tF6sd+tj3rpiZTNH8AfW5w9QIJB6</latexit><latexit sha1_base64="oI/k7qxP1btyUQAub3m//YB8qTc=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdmNil6EoBePEcwDkiXMTmaTIbMPZ3oDIeQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/EQKjY7zba2srq1vbOa28ts7u3v7hYPDuo5TxXiNxTJWTZ9qLkXEayhQ8maiOA19yRv+4G7qN4ZcaRFHjzhKuBfSXiQCwSgayWv7HOmNY1+WS+dnnULRsZ0ZyDJxM1KEDNVO4avdjVka8giZpFq3XCdBb0wVCib5JN9ONU8oG9Aebxka0ZBrbzw7ekJOjdIlQaxMRUhm6u+JMQ21HoW+6Qwp9vWiNxX/81opBtfeWERJijxi80VBKgnGZJoA6QrFGcqRIZQpYW4lrE8VZWhyypsQ3MWXl0m9bLuO7T5cFCu3WRw5OIYTKIELV1CBe6hCDRg8wTO8wps1tF6sd+tj3rpiZTNH8AfW5w9QIJB6</latexit><latexit sha1_base64="oI/k7qxP1btyUQAub3m//YB8qTc=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdmNil6EoBePEcwDkiXMTmaTIbMPZ3oDIeQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/EQKjY7zba2srq1vbOa28ts7u3v7hYPDuo5TxXiNxTJWTZ9qLkXEayhQ8maiOA19yRv+4G7qN4ZcaRFHjzhKuBfSXiQCwSgayWv7HOmNY1+WS+dnnULRsZ0ZyDJxM1KEDNVO4avdjVka8giZpFq3XCdBb0wVCib5JN9ONU8oG9Aebxka0ZBrbzw7ekJOjdIlQaxMRUhm6u+JMQ21HoW+6Qwp9vWiNxX/81opBtfeWERJijxi80VBKgnGZJoA6QrFGcqRIZQpYW4lrE8VZWhyypsQ3MWXl0m9bLuO7T5cFCu3WRw5OIYTKIELV1CBe6hCDRg8wTO8wps1tF6sd+tj3rpiZTNH8AfW5w9QIJB6</latexit><latexit sha1_base64="oI/k7qxP1btyUQAub3m//YB8qTc=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiZdmNil6EoBePEcwDkiXMTmaTIbMPZ3oDIeQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/EQKjY7zba2srq1vbOa28ts7u3v7hYPDuo5TxXiNxTJWTZ9qLkXEayhQ8maiOA19yRv+4G7qN4ZcaRFHjzhKuBfSXiQCwSgayWv7HOmNY1+WS+dnnULRsZ0ZyDJxM1KEDNVO4avdjVka8giZpFq3XCdBb0wVCib5JN9ONU8oG9Aebxka0ZBrbzw7ekJOjdIlQaxMRUhm6u+JMQ21HoW+6Qwp9vWiNxX/81opBtfeWERJijxi80VBKgnGZJoA6QrFGcqRIZQpYW4lrE8VZWhyypsQ3MWXl0m9bLuO7T5cFCu3WRw5OIYTKIELV1CBe6hCDRg8wTO8wps1tF6sd+tj3rpiZTNH8AfW5w9QIJB6</latexit>

⌫ = 0.80(3)
<latexit sha1_base64="EhE1Qu/wLbL5uUb7qscc6+Nsqyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahXpasCvYiFL14rGA/YLuUbJptQ7PJkswKpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeVEquAGMv53C2vrG5lZxu7Szu7d/UD48ahmVacqaVAmlOxExTHDJmsBBsE6qGUkiwdrR6G7mt5+YNlzJRxinLEzIQPKYUwJWCroyu8FeDVcvz3vlCvbwHO4q8XNSQTkavfJXt69oljAJVBBjAh+nEE6IBk4Fm5a6mWEpoSMyYIGlkiTMhJP5yVP3zCp9N1balgR3rv6emJDEmHES2c6EwNAsezPxPy/IIK6FEy7TDJiki0VxJlxQ7ux/t881oyDGlhCqub3VpUOiCQWbUsmG4C+/vEpaF56PPf/hqlK/zeMoohN0iqrIR9eoju5RAzURRQo9o1f05oDz4rw7H4vWgpPPHKM/cD5/AObAj64=</latexit><latexit sha1_base64="EhE1Qu/wLbL5uUb7qscc6+Nsqyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahXpasCvYiFL14rGA/YLuUbJptQ7PJkswKpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeVEquAGMv53C2vrG5lZxu7Szu7d/UD48ahmVacqaVAmlOxExTHDJmsBBsE6qGUkiwdrR6G7mt5+YNlzJRxinLEzIQPKYUwJWCroyu8FeDVcvz3vlCvbwHO4q8XNSQTkavfJXt69oljAJVBBjAh+nEE6IBk4Fm5a6mWEpoSMyYIGlkiTMhJP5yVP3zCp9N1balgR3rv6emJDEmHES2c6EwNAsezPxPy/IIK6FEy7TDJiki0VxJlxQ7ux/t881oyDGlhCqub3VpUOiCQWbUsmG4C+/vEpaF56PPf/hqlK/zeMoohN0iqrIR9eoju5RAzURRQo9o1f05oDz4rw7H4vWgpPPHKM/cD5/AObAj64=</latexit><latexit sha1_base64="EhE1Qu/wLbL5uUb7qscc6+Nsqyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahXpasCvYiFL14rGA/YLuUbJptQ7PJkswKpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeVEquAGMv53C2vrG5lZxu7Szu7d/UD48ahmVacqaVAmlOxExTHDJmsBBsE6qGUkiwdrR6G7mt5+YNlzJRxinLEzIQPKYUwJWCroyu8FeDVcvz3vlCvbwHO4q8XNSQTkavfJXt69oljAJVBBjAh+nEE6IBk4Fm5a6mWEpoSMyYIGlkiTMhJP5yVP3zCp9N1balgR3rv6emJDEmHES2c6EwNAsezPxPy/IIK6FEy7TDJiki0VxJlxQ7ux/t881oyDGlhCqub3VpUOiCQWbUsmG4C+/vEpaF56PPf/hqlK/zeMoohN0iqrIR9eoju5RAzURRQo9o1f05oDz4rw7H4vWgpPPHKM/cD5/AObAj64=</latexit><latexit sha1_base64="EhE1Qu/wLbL5uUb7qscc6+Nsqyw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahXpasCvYiFL14rGA/YLuUbJptQ7PJkswKpfRnePGgiFd/jTf/jWm7B219MPB4b4aZeVEquAGMv53C2vrG5lZxu7Szu7d/UD48ahmVacqaVAmlOxExTHDJmsBBsE6qGUkiwdrR6G7mt5+YNlzJRxinLEzIQPKYUwJWCroyu8FeDVcvz3vlCvbwHO4q8XNSQTkavfJXt69oljAJVBBjAh+nEE6IBk4Fm5a6mWEpoSMyYIGlkiTMhJP5yVP3zCp9N1balgR3rv6emJDEmHES2c6EwNAsezPxPy/IIK6FEy7TDJiki0VxJlxQ7ux/t881oyDGlhCqub3VpUOiCQWbUsmG4C+/vEpaF56PPf/hqlK/zeMoohN0iqrIR9eoju5RAzURRQo9o1f05oDz4rw7H4vWgpPPHKM/cD5/AObAj64=</latexit>

Wang, PC, Troyer, NJP16 (2014)

iPEPS:

QMC:



How to determine      directly? Vc
<latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit><latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit><latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit><latexit sha1_base64="TwcsAh6hkdKZu16P0VdnIaH2ldM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hV3xeQt4yTGieUCyhNnJbDJkdnaZ6RXCkk/w4kERr36RN//GSbJCFC1oKKq66e4KEikMuu6ns7S8srq2Xtgobm5t7+yW9vabJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXBtRKzucZxwP6IDJULBKFrprtljvVLZrbgzkAVy7nrXFx7xcqUMOeq90ke3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2anTsixVfokjLUthWSmLk5kNDJmHAW2M6I4NL+9qfiX10kxvPIzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2hC+PyX/k+ZpxXMr3u1ZuVrL4yjAIRzBCXhwCVWoQR0awGAAj/AML450npxX523euuTkMwfwA877F0SIjcw=</latexit>

iPEPS:

QMC:
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Vc/t = 1.356(2)
<latexit sha1_base64="4lJVcxoIt9JuF5fJTqG1p5FZHs0=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0Wom5jU50YounFZwT6gDWEynbRDJw9mbgol9E/cuFDErX/izr9x2mahrQcuHM65l3vv8RPBFdj2t1FYWV1b3yhulra2d3b3zP2DpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+8H7qt0ZMKh5HTzBOmBuSfsQDTgloyTPNpkfPAN9ixzq/vKpUTz2zbFv2DHiZODkpoxx1z/zq9mKahiwCKohSHcdOwM2IBE4Fm5S6qWIJoUPSZx1NIxIy5Wazyyf4RCs9HMRSVwR4pv6eyEio1Dj0dWdIYKAWvan4n9dJIbhxMx4lKbCIzhcFqcAQ42kMuMcloyDGmhAqub4V0wGRhIIOq6RDcBZfXibNquXYlvN4Ua7d5XEU0RE6RhXkoGtUQw+ojhqIohF6Rq/ozciMF+Pd+Ji3Fox85hD9gfH5A5XtkQM=</latexit><latexit sha1_base64="4lJVcxoIt9JuF5fJTqG1p5FZHs0=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0Wom5jU50YounFZwT6gDWEynbRDJw9mbgol9E/cuFDErX/izr9x2mahrQcuHM65l3vv8RPBFdj2t1FYWV1b3yhulra2d3b3zP2DpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+8H7qt0ZMKh5HTzBOmBuSfsQDTgloyTPNpkfPAN9ixzq/vKpUTz2zbFv2DHiZODkpoxx1z/zq9mKahiwCKohSHcdOwM2IBE4Fm5S6qWIJoUPSZx1NIxIy5Wazyyf4RCs9HMRSVwR4pv6eyEio1Dj0dWdIYKAWvan4n9dJIbhxMx4lKbCIzhcFqcAQ42kMuMcloyDGmhAqub4V0wGRhIIOq6RDcBZfXibNquXYlvN4Ua7d5XEU0RE6RhXkoGtUQw+ojhqIohF6Rq/ozciMF+Pd+Ji3Fox85hD9gfH5A5XtkQM=</latexit><latexit sha1_base64="4lJVcxoIt9JuF5fJTqG1p5FZHs0=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0Wom5jU50YounFZwT6gDWEynbRDJw9mbgol9E/cuFDErX/izr9x2mahrQcuHM65l3vv8RPBFdj2t1FYWV1b3yhulra2d3b3zP2DpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+8H7qt0ZMKh5HTzBOmBuSfsQDTgloyTPNpkfPAN9ixzq/vKpUTz2zbFv2DHiZODkpoxx1z/zq9mKahiwCKohSHcdOwM2IBE4Fm5S6qWIJoUPSZx1NIxIy5Wazyyf4RCs9HMRSVwR4pv6eyEio1Dj0dWdIYKAWvan4n9dJIbhxMx4lKbCIzhcFqcAQ42kMuMcloyDGmhAqub4V0wGRhIIOq6RDcBZfXibNquXYlvN4Ua7d5XEU0RE6RhXkoGtUQw+ojhqIohF6Rq/ozciMF+Pd+Ji3Fox85hD9gfH5A5XtkQM=</latexit><latexit sha1_base64="4lJVcxoIt9JuF5fJTqG1p5FZHs0=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0Wom5jU50YounFZwT6gDWEynbRDJw9mbgol9E/cuFDErX/izr9x2mahrQcuHM65l3vv8RPBFdj2t1FYWV1b3yhulra2d3b3zP2DpopTSVmDxiKWbZ8oJnjEGsBBsHYiGQl9wVr+8H7qt0ZMKh5HTzBOmBuSfsQDTgloyTPNpkfPAN9ixzq/vKpUTz2zbFv2DHiZODkpoxx1z/zq9mKahiwCKohSHcdOwM2IBE4Fm5S6qWIJoUPSZx1NIxIy5Wazyyf4RCs9HMRSVwR4pv6eyEio1Dj0dWdIYKAWvan4n9dJIbhxMx4lKbCIzhcFqcAQ42kMuMcloyDGmhAqub4V0wGRhIIOq6RDcBZfXibNquXYlvN4Ua7d5XEU0RE6RhXkoGtUQw+ojhqIohF6Rq/ozciMF+Pd+Ji3Fox85hD9gfH5A5XtkQM=</latexit>

Vc/t = 1.356(1)
<latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit><latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit><latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit><latexit sha1_base64="NuGsggxL6Kc0AcCl2dr0u8Abf5E=">AAAB+XicdVBLSwMxGMzWV62vVY9egkWolzWpbfWgUPDisYJ9QLss2TRtQ7MPkmyhLP0nXjwo4tV/4s1/Y7atoKITAsPMfOTL+LHgSiP0YeVWVtfWN/Kbha3tnd09e/+gpaJEUtakkYhkxyeKCR6ypuZasE4sGQl8wdr++Cbz2xMmFY/Cez2NmRuQYcgHnBJtJM+2Wx490/AaYue8WivhU88uIgchjKsViBxczQ7MlHIN1UwKzVEESzQ8+73Xj2gSsFBTQZTqYhRrNyVScyrYrNBLFIsJHZMh6xoakoApN51vPoMnRunDQSTNDTWcq98nUhIoNQ18kwyIHqnfXib+5XUTPbh0Ux7GiWYhXTw0SATUEcxqgH0uGdViagihkptdIR0RSag2ZRVMCV8/hf+TVtnBpqK7SrF+tawjD47AMSgBDC5AHdyCBmgCCibgATyBZyu1Hq0X63URzVnLmUPwA9bbJ9CSkSc=</latexit>

Wang, PC, Troyer, NJP16 (2014)

• Derive ansatz including derivative of m:

m0(g,D) = ⇠�(��1)/⌫
D M0(g⇠1/⌫D )

<latexit sha1_base64="n+zkOT1BuCYrKEdWo/sxxNRpE5s="></latexit><latexit sha1_base64="n+zkOT1BuCYrKEdWo/sxxNRpE5s="></latexit><latexit sha1_base64="n+zkOT1BuCYrKEdWo/sxxNRpE5s="></latexit><latexit sha1_base64="n+zkOT1BuCYrKEdWo/sxxNRpE5s="></latexit>

m(g,D) = ⇠��/⌫
D M(g⇠1/⌫D )

<latexit sha1_base64="ukIhpakIZ7x4R1oISM9GWxnyGqM="></latexit><latexit sha1_base64="ukIhpakIZ7x4R1oISM9GWxnyGqM="></latexit><latexit sha1_base64="ukIhpakIZ7x4R1oISM9GWxnyGqM="></latexit><latexit sha1_base64="ukIhpakIZ7x4R1oISM9GWxnyGqM="></latexit>

m0
c(D)

mc(D)
:=

m0(g = 0, D)

m(g = 0, D)
⇠ ⇠1/⌫D

<latexit sha1_base64="rzx9d59aPt78Ehebpt5kbshkYp8="></latexit><latexit sha1_base64="rzx9d59aPt78Ehebpt5kbshkYp8="></latexit><latexit sha1_base64="rzx9d59aPt78Ehebpt5kbshkYp8="></latexit><latexit sha1_base64="rzx9d59aPt78Ehebpt5kbshkYp8="></latexit>

M(g⇠1/⌫D ) ⇠ P
✓
g
m0

c(D)

mc(D)

◆

<latexit sha1_base64="wN07GjIatAVHDkhNjJdrm8EUpTo="></latexit><latexit sha1_base64="wN07GjIatAVHDkhNjJdrm8EUpTo="></latexit><latexit sha1_base64="wN07GjIatAVHDkhNjJdrm8EUpTo="></latexit><latexit sha1_base64="wN07GjIatAVHDkhNjJdrm8EUpTo="></latexit>

g
m0(g,D)

m(g,D)
= P

✓
g
m0

c(D)

mc(D)

◆

<latexit sha1_base64="dCWjNCOyARpVXgqxvdRBTeEmVRc="></latexit><latexit sha1_base64="dCWjNCOyARpVXgqxvdRBTeEmVRc="></latexit><latexit sha1_base64="dCWjNCOyARpVXgqxvdRBTeEmVRc="></latexit><latexit sha1_base64="dCWjNCOyARpVXgqxvdRBTeEmVRc="></latexit>

m’/m - approach



Extrapolation of order parameter: 2D Heisenberg model

• Use FCL scaling to extrapolate the order parameter in gapless system0 0.005 0.01 0.015 0.02
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Extrapolation in 1/⇠D
<latexit sha1_base64="x2JUM0hIUycWE0XEFA2UEKT1RX4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2A9oQ9lsN+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFKLe+s+yR6t71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7zuMowhEcwyl4cAk1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx99JY8A</latexit><latexit sha1_base64="x2JUM0hIUycWE0XEFA2UEKT1RX4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2A9oQ9lsN+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFKLe+s+yR6t71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7zuMowhEcwyl4cAk1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx99JY8A</latexit><latexit sha1_base64="x2JUM0hIUycWE0XEFA2UEKT1RX4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2A9oQ9lsN+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFKLe+s+yR6t71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7zuMowhEcwyl4cAk1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx99JY8A</latexit><latexit sha1_base64="x2JUM0hIUycWE0XEFA2UEKT1RX4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2A9oQ9lsN+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+65FrI2L1gOOE+xEdKBEKRtFKLe+s+yR6t71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7zuMowhEcwyl4cAk1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx99JY8A</latexit>

                 extrapolation1/D
<latexit sha1_base64="ETzIWNb0iLJK+3/3Et1VxPpP16Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD97Zba9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu/qNSu8ziKcATHcAoeXEIN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNzU408</latexit><latexit sha1_base64="ETzIWNb0iLJK+3/3Et1VxPpP16Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD97Zba9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu/qNSu8ziKcATHcAoeXEIN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNzU408</latexit><latexit sha1_base64="ETzIWNb0iLJK+3/3Et1VxPpP16Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD97Zba9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu/qNSu8ziKcATHcAoeXEIN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNzU408</latexit><latexit sha1_base64="ETzIWNb0iLJK+3/3Et1VxPpP16Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01E0GNRDx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD97Zba9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu/qNSu8ziKcATHcAoeXEIN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QNzU408</latexit>

iPEPS:

QMC: m = 0.30743(1)
<latexit sha1_base64="oygZyRiDPNfaP2PaJ0+Fo6xsGD8=">AAAB9XicbVDLSgMxFM3UV62vqks3wSLUzZCxhboRim5cVrAPaMeSSTNtaJIZkoxShv6HGxeKuPVf3Pk3pu0stPXAhcM593LvPUHMmTYIfTu5tfWNza38dmFnd2//oHh41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN/M/PYjVZpF8t5MYuoLPJQsZAQbKz0IeAWRW0G1aqXsnfeLJeSiOeAq8TJSAhka/eJXbxCRRFBpCMdadz0UGz/FyjDC6bTQSzSNMRnjIe1aKrGg2k/nV0/hmVUGMIyULWngXP09kWKh9UQEtlNgM9LL3kz8z+smJrz0UybjxFBJFovChEMTwVkEcMAUJYZPLMFEMXsrJCOsMDE2qIINwVt+eZW0LlwPud5dtVS/zuLIgxNwCsrAAzVQB7egAZqAAAWewSt4c56cF+fd+Vi05pxs5hj8gfP5A2AZj9E=</latexit><latexit sha1_base64="oygZyRiDPNfaP2PaJ0+Fo6xsGD8=">AAAB9XicbVDLSgMxFM3UV62vqks3wSLUzZCxhboRim5cVrAPaMeSSTNtaJIZkoxShv6HGxeKuPVf3Pk3pu0stPXAhcM593LvPUHMmTYIfTu5tfWNza38dmFnd2//oHh41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN/M/PYjVZpF8t5MYuoLPJQsZAQbKz0IeAWRW0G1aqXsnfeLJeSiOeAq8TJSAhka/eJXbxCRRFBpCMdadz0UGz/FyjDC6bTQSzSNMRnjIe1aKrGg2k/nV0/hmVUGMIyULWngXP09kWKh9UQEtlNgM9LL3kz8z+smJrz0UybjxFBJFovChEMTwVkEcMAUJYZPLMFEMXsrJCOsMDE2qIINwVt+eZW0LlwPud5dtVS/zuLIgxNwCsrAAzVQB7egAZqAAAWewSt4c56cF+fd+Vi05pxs5hj8gfP5A2AZj9E=</latexit><latexit sha1_base64="oygZyRiDPNfaP2PaJ0+Fo6xsGD8=">AAAB9XicbVDLSgMxFM3UV62vqks3wSLUzZCxhboRim5cVrAPaMeSSTNtaJIZkoxShv6HGxeKuPVf3Pk3pu0stPXAhcM593LvPUHMmTYIfTu5tfWNza38dmFnd2//oHh41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN/M/PYjVZpF8t5MYuoLPJQsZAQbKz0IeAWRW0G1aqXsnfeLJeSiOeAq8TJSAhka/eJXbxCRRFBpCMdadz0UGz/FyjDC6bTQSzSNMRnjIe1aKrGg2k/nV0/hmVUGMIyULWngXP09kWKh9UQEtlNgM9LL3kz8z+smJrz0UybjxFBJFovChEMTwVkEcMAUJYZPLMFEMXsrJCOsMDE2qIINwVt+eZW0LlwPud5dtVS/zuLIgxNwCsrAAzVQB7egAZqAAAWewSt4c56cF+fd+Vi05pxs5hj8gfP5A2AZj9E=</latexit><latexit sha1_base64="oygZyRiDPNfaP2PaJ0+Fo6xsGD8=">AAAB9XicbVDLSgMxFM3UV62vqks3wSLUzZCxhboRim5cVrAPaMeSSTNtaJIZkoxShv6HGxeKuPVf3Pk3pu0stPXAhcM593LvPUHMmTYIfTu5tfWNza38dmFnd2//oHh41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GN/M/PYjVZpF8t5MYuoLPJQsZAQbKz0IeAWRW0G1aqXsnfeLJeSiOeAq8TJSAhka/eJXbxCRRFBpCMdadz0UGz/FyjDC6bTQSzSNMRnjIe1aKrGg2k/nV0/hmVUGMIyULWngXP09kWKh9UQEtlNgM9LL3kz8z+smJrz0UybjxFBJFovChEMTwVkEcMAUJYZPLMFEMXsrJCOsMDE2qIINwVt+eZW0LlwPud5dtVS/zuLIgxNwCsrAAzVQB7egAZqAAAWewSt4c56cF+fd+Vi05pxs5hj8gfP5A2AZj9E=</latexit>

m = 0.307± 0.002
<latexit sha1_base64="0xL7ed8848fe/hJPq8qTpvx4Rx4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgashUoW6EohuXFewD2qFk0kwbmmSGJKOU2k9x40IRt36JO//GTDsLbT1wuYdz7iU3J0w40wahb6ewtr6xuVXcLu3s7u0fuOXDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Cbz2w9UaRbLezNJaCDwULKIEWys1HfL4gp556gGe4mAyEOo2ncrWc8AV4mfkwrI0ei7X71BTFJBpSEca931UWKCKVaGEU5npV6qaYLJGA9p11KJBdXBdH76DJ5aZQCjWNmSBs7V3xtTLLSeiNBOCmxGetnLxP+8bmqiy2DKZJIaKsnioSjl0MQwywEOmKLE8IklmChmb4VkhBUmxqZVsiH4y19eJa2q5yPPv7uo1K/zOIrgGJyAM+CDGqiDW9AATUDAI3gGr+DNeXJenHfnYzFacPKdI/AHzucPOrqRYA==</latexit><latexit sha1_base64="0xL7ed8848fe/hJPq8qTpvx4Rx4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgashUoW6EohuXFewD2qFk0kwbmmSGJKOU2k9x40IRt36JO//GTDsLbT1wuYdz7iU3J0w40wahb6ewtr6xuVXcLu3s7u0fuOXDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Cbz2w9UaRbLezNJaCDwULKIEWys1HfL4gp556gGe4mAyEOo2ncrWc8AV4mfkwrI0ei7X71BTFJBpSEca931UWKCKVaGEU5npV6qaYLJGA9p11KJBdXBdH76DJ5aZQCjWNmSBs7V3xtTLLSeiNBOCmxGetnLxP+8bmqiy2DKZJIaKsnioSjl0MQwywEOmKLE8IklmChmb4VkhBUmxqZVsiH4y19eJa2q5yPPv7uo1K/zOIrgGJyAM+CDGqiDW9AATUDAI3gGr+DNeXJenHfnYzFacPKdI/AHzucPOrqRYA==</latexit><latexit sha1_base64="0xL7ed8848fe/hJPq8qTpvx4Rx4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgashUoW6EohuXFewD2qFk0kwbmmSGJKOU2k9x40IRt36JO//GTDsLbT1wuYdz7iU3J0w40wahb6ewtr6xuVXcLu3s7u0fuOXDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Cbz2w9UaRbLezNJaCDwULKIEWys1HfL4gp556gGe4mAyEOo2ncrWc8AV4mfkwrI0ei7X71BTFJBpSEca931UWKCKVaGEU5npV6qaYLJGA9p11KJBdXBdH76DJ5aZQCjWNmSBs7V3xtTLLSeiNBOCmxGetnLxP+8bmqiy2DKZJIaKsnioSjl0MQwywEOmKLE8IklmChmb4VkhBUmxqZVsiH4y19eJa2q5yPPv7uo1K/zOIrgGJyAM+CDGqiDW9AATUDAI3gGr+DNeXJenHfnYzFacPKdI/AHzucPOrqRYA==</latexit><latexit sha1_base64="0xL7ed8848fe/hJPq8qTpvx4Rx4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgashUoW6EohuXFewD2qFk0kwbmmSGJKOU2k9x40IRt36JO//GTDsLbT1wuYdz7iU3J0w40wahb6ewtr6xuVXcLu3s7u0fuOXDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+Cbz2w9UaRbLezNJaCDwULKIEWys1HfL4gp556gGe4mAyEOo2ncrWc8AV4mfkwrI0ei7X71BTFJBpSEca931UWKCKVaGEU5npV6qaYLJGA9p11KJBdXBdH76DJ5aZQCjWNmSBs7V3xtTLLSeiNBOCmxGetnLxP+8bmqiy2DKZJIaKsnioSjl0MQwywEOmKLE8IklmChmb4VkhBUmxqZVsiH4y19eJa2q5yPPv7uo1K/zOIrgGJyAM+CDGqiDW9AATUDAI3gGr+DNeXJenHfnYzFacPKdI/AHzucPOrqRYA==</latexit> Strong improvement 

compared to “naive” 
1/D extrapolation! 

QMC result

QMC result

Sandvik & Evertz (2010) 



Summary: finite correlation length scaling with iPEPS

✓ Study quantum phase transitions (Lorentz-invariant QCP) using  
finite correlation length scaling with iPEPS 

✓ Benchmark: Critical coupling and exponents in agreement with QMC

✓ m’/m approach: determine critical coupling

✓ Use      to extrapolate order parameters in gapless systems

✓ Promising approach for critical systems out of reach by QMC

⇠D
<latexit sha1_base64="WppQ/jgFZaRJs9HIrQ6CY/Ve12I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHgh48VjC10Iay2U7apZtN2N2IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEquDau++2UVlbX1jfKm5Wt7Z3dver+QUsnmWLos0Qkqh1SjYJL9A03AtupQhqHAh/C0fXUf3hEpXki7804xSCmA8kjzqixkt994r2bXrXm1t0ZyDLxClKDAs1e9avbT1gWozRMUK07npuaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezYCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugxyLtPMoGTzRVEmiEnI9HPS5wqZEWNLKFPc3krYkCrKjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgFprgAwMOz/AKb450Xpx352PeWnKKmUP4A+fzB53djoY=</latexit><latexit sha1_base64="WppQ/jgFZaRJs9HIrQ6CY/Ve12I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHgh48VjC10Iay2U7apZtN2N2IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEquDau++2UVlbX1jfKm5Wt7Z3dver+QUsnmWLos0Qkqh1SjYJL9A03AtupQhqHAh/C0fXUf3hEpXki7804xSCmA8kjzqixkt994r2bXrXm1t0ZyDLxClKDAs1e9avbT1gWozRMUK07npuaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezYCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugxyLtPMoGTzRVEmiEnI9HPS5wqZEWNLKFPc3krYkCrKjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgFprgAwMOz/AKb450Xpx352PeWnKKmUP4A+fzB53djoY=</latexit><latexit sha1_base64="WppQ/jgFZaRJs9HIrQ6CY/Ve12I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHgh48VjC10Iay2U7apZtN2N2IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEquDau++2UVlbX1jfKm5Wt7Z3dver+QUsnmWLos0Qkqh1SjYJL9A03AtupQhqHAh/C0fXUf3hEpXki7804xSCmA8kjzqixkt994r2bXrXm1t0ZyDLxClKDAs1e9avbT1gWozRMUK07npuaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezYCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugxyLtPMoGTzRVEmiEnI9HPS5wqZEWNLKFPc3krYkCrKjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgFprgAwMOz/AKb450Xpx352PeWnKKmUP4A+fzB53djoY=</latexit><latexit sha1_base64="WppQ/jgFZaRJs9HIrQ6CY/Ve12I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0IOHgh48VjC10Iay2U7apZtN2N2IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEquDau++2UVlbX1jfKm5Wt7Z3dver+QUsnmWLos0Qkqh1SjYJL9A03AtupQhqHAh/C0fXUf3hEpXki7804xSCmA8kjzqixkt994r2bXrXm1t0ZyDLxClKDAs1e9avbT1gWozRMUK07npuaIKfKcCZwUulmGlPKRnSAHUsljVEH+ezYCTmxSp9EibIlDZmpvydyGms9jkPbGVMz1IveVPzP62QmugxyLtPMoGTzRVEmiEnI9HPS5wqZEWNLKFPc3krYkCrKjM2nYkPwFl9eJq2zuufWvbvzWuOqiKMMR3AMp+DBBTTgFprgAwMOz/AKb450Xpx352PeWnKKmUP4A+fzB53djoY=</latexit>

PC, P. Czarnik, G. Kapteijns, L. Tagliacozzo, PRX 8 (2018)
M. Rader and A. M. Läuchli, PRX 8 (2018) 



Outlook & summary



Extensions of 2D tensor networks methods

Finite temperature

Real-time evolution

Ground states

Excitation spectra

3D 
Open systems

2D Tensor networks



Summary

✓ 1D tensor networks: State-of-the-art (MPS, DMRG) 

✓ 2D tensor networks: A lot of progress in recent years!

★ iPEPS has become a powerful tool to study challenging problems

★ Shastry-Sutherland model: new understanding of the magnetization process  
in SrCu2(BO3)2

★ Finite correlation length scaling: systematic study of 2nd order phase transitions

✓ Big room for improvement & many possible extensions!

It’s an exciting time to work on tensor networks! 

Thank you for your attention!


