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The Area Law of Entanglement
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Tensor Network States

Matrix Product States (MPS)

o efficient approximation of local L

Hamiltonians in 1D
F. Verstraete, and J. |. Cirac, Phys. Rev. B 73, 094423 (2006)

o
o
o
&

@ classification of all phases in 1D

F. Pollmann, A. M. Turner, E. Berg, and M. Oshikawa, Phys. Rev. B 81, 064439 (2010)
X. Chen, Z.-C. Gu, and X.-G. Wen, Phys. Rev. B 83, 035107 (2011)
N. Schuch, D. Pérez-Garcia, and J. I. Cirac, Phys. Rev. B 84, 165139 (2011)

2D: Projected Entangled-Pair States (PEPS)

@ presumably efficient approximation in

2D, proven for finite temperatures
M. B. Hastings, Phys. Rev. B 76, 035114 (2007)

@ no sign problem
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Previous topological PEPS

Resonating valence bond states String net models
P. W. Anderson, Mater. Res. Bull. 8, 153 (1973) M. A. Levin, and X.-G. Wen, Phys. Rev. B 71, 045110 (2005)
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O. Buerschaper, M. Aguado, and G. Vidal,
Phys. Rev. B 79, 085119 (2009)

Toric code
A. Kitaev, Ann. Phys. 303, 2 (2003)
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Topologically ordered chiral PEPS

Resonating valence bond states
P. W. Anderson, Mater. Res. Bull. 8, 153 (1973)

|

String net models
M. A. Levin, and X.-G. Wen, Phys. Rev. B 71, 045110 (2005)

A. Kitaev, Ann. Phys. 303, 2 (2003)

Toric code l

R 2y TR 1) O 1) AR 11 AR 11
e D il e G v N YN v
ol ey LT T
o8 BRGNS
FATTan 0w o= w A R R R
o L PYPORRed
$2cailand i

O. Buerschaper, M. Aguado, and G. Vidal,
Phys. Rev. B 79, 085119 (2009)

Magnetic field

D. Kong, and Y. Cui, Nature Chemistry 3, 845 (2011)
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Tensor Network States - Overview

W) = (A, L)

ViVa...Vz

e in 1D: Matrix Product State (MPS): Al (/,r=1,...,D)
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@ in 2D: Projected Entangled Pair States (PEPS): A},
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MPS construction
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MPS construction
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MPS construction
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MPS construction

Topologically ordered chiral PEPS
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MPS construction
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MPS construction
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MPS construction

d D
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A" EaVAVALK* EaVAVAN* RaVAVAN* RaVAVA* RaVAVAN* RaVAVAN"* Raw

|\UMPS> = Z tr (AilAi2 ... AiN) |i1i2 - iN>

D. Pérez-Garcia, F. Verstraete, M. M. Wolf, and J. I. Cirac, Quantum Inf. Comput. 7, 401 (2007)
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PEPS construction
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PEPS construction
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PEPS construction
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PEPS construction
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PEPS construction
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PEPS construction

‘\UPEPS>: F. Verstraete and J. I. Cirac, Phys. Rev. A 70, 060302(R) (2004)
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PEPS vs. Quantum Hall Effect
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D. Kong, and Y. Cui, Nature Chemistry 3, 845 (2011)
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H = Z Tkjakaj —|—Akjak —|—Akjajak
k.j

Free fermionic chiral PEPS

o all chiral PEPS with one Majorana
mode

» general properties for more Majorana
modes
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The simplest chiral PEPS

Ve, o
W) = cLO@@CR

cp ]
Parameterization of simplest chiral PEPS
[W1) = (1+ afbl) [vac) Im(%)
b= al(c, +icr) + p(cy £ icp)
Virtual Symmetry: + =1

di|W1) =0 » Re(9)

di = —B(C[_ =+ iCR) =+ a(CU + iCD) B i |

T. B. Wahl, H.-H. Tu, N. Schuch, J. I. Cirac, PRL '13
T. B. Wahl, S. T. HaBler, H.-H. Tu, J. I. Cirac, N. Schuch, PRB '14
see also: J. Dubail and N. Read, PRB '15
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Local vs. global Symmetries
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Free fermionic chiral PEPS

Free fermionic chiral PEPS

» general properties for more Majorana
modes
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General properties of chiral free fermionic PEPS

Rigorously shown in:

10° 1 J. Dubail and N. Read,
ol | PRB 92, 205307 (2015)
10° 16‘ 162
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General properties of chiral free fermionic PEPS

Rigorously shown in:
i 1 J. Dubail and N. Read,
» PRB 92, 205307 (2015)

10 :
r—r

Flat band Hamiltonian Frustration free Hamiltonian

@ long-range

@ stable to perturbations H=2h

@ local

@ gapless
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General properties of chiral free fermionic PEPS

insert string operators ), Cy:

@ long-range

@ stable to perturbations

@ local

@ gapless
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Summary: chiral free fermionic PEPS

PEPS with one Majorana mode

Im(%)

@ chiral cases: |VWi(«, 3)) - B

@ virtual symmetry d;|W;) =0 1 Re(ﬁ)
-1 +1

any chiral free fermionic PEPS

@ polynomially decaying correlations
@ critical local Hamiltonians

@ long range gapped topological Hamiltonians
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(2015)



Motivation Construction of Tensor Network States Free fermionic chiral PEPS Topologically ordered chiral PEPS

Gutzwiller projection

non-interacting chiral PEPS
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GutszIer prOJectlon
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Gutzwiller projection

non-interacting chiral PEPS
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Gutzwiller projection

interacting chiral PEPS
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Topologically ordered chiral PEPS

Topologically ordered chiral PEPS

|®1) = (a%bl + aij|vac>
dpi|®1) =0
0l 0r 01 0p|P1) = —|®1)
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Topologically ordered chiral PEPS

|®1) = (#bi 1 aibD|vac) > °P ¢
dr | |®1) =0 ¢ % ?
1 P1) Pt
o{ 0ROy 0D|P1) = —|®1)

Properties:

@ algebraically decaying correlations

@ H =), h has 5 ground states — Topological degeneracy?

pa = trp(|®) (&) oc & Hom
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Area Law and Entanglement Spectrum
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S. Yang, T. B. Wahl, H.-H. Tu, N. Schuch, and J. I. Cirac, PRL '15
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Area Law and Entanglement Spectrum

Properties:
@ algebraically decaying correlations

@ 1 =", h has 5 ground states — (4 topological, 1 gapless)

@ SO(2); CFT with c =1
topological correction to area law S(A) = cdA —v; v = In(2)
entanglement specta with the primary fields:
hl = O hv = 1/2
[ T T TR T F 5
8 s = 8 b 3 = -
E [ i },g b
s “JdsfF i 16F _
‘:"-,'4-— ~ JafF JdaF JafF 4
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S. Yang, T. B. Wahl, H.-H. Tu, N. Schuch, and J. I. Cirac, PRL '15



Motivation Construction of Tensor Network States Free fermionic chiral PEPS Topologically ordered chiral PEPS

Conclusions

Conclusions:

@ PEPS can represent Quantum Hall systems

@ non-interacting chiral PEPS have long range correlations

(gapless local Hamiltonians, long range flat band Hamiltonians)

@ also true for example of interacting chiral PEPS
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Conclusions

Conclusions:

@ PEPS can represent Quantum Hall systems

@ non-interacting chiral PEPS have long range correlations

(gapless local Hamiltonians, long range flat band Hamiltonians)

@ also true for example of interacting chiral PEPS

Outlook:
@ disprove existence of short range chiral PEPS

@ numerical simulations of chiral systems
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Frustration free Hamiltonian

insert string operators >, Cy:

4 n\“ O
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