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Abstract: Many-body entanglement, the special quantum correlation that exists among a large number of quantum particles, underlies intc
topics in both condensed matter and quantum information theory. On the one hand, many-body entanglement is essential for the exist
topological order in condensed matter systems and understanding many-body entanglement provides a promising approach to understand i
what topological orders exist. On the other hand, many-body entanglement is responsible for the power of quantum computation and findil
experimentally stable systems is the key to building large scale quantum computers. In this talk, | am going to discuss how our understan
possible many-body entanglement patterns in real physical systems contributes to the development on both topics. In particular, | am going

that based on simple many-body entanglement patterns, we are able to (1) completely classify topological orders in one-dimensional

systems, (2) systematically construct new topological phases in two and higher dimensional systems, and also (3) find an experimentally mor
scheme for measurement-based quantum computation. The perspective from many-body entanglement not only leads to new results
condensed matter and quantum information theory, but also establishes tight connection between the two fields and gives rise to exciting nev
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Outline

* Background and question

J Topological Order

J What topological orders exist
* Results

O Classification of 1D gapped topological order

J Systematic construction of 2D topological order
* Approach

O Many-body entanglement

O Relation to quantum computation

* Outlook
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Phase and Order: classical

Liquid < Solid
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Phase and Order: classical
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Phase and Order: quantum

Paramagnet < Ferromagnet
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Phase and Order: topological

Quantum Hall System v=1-v=2
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Phase and Order: topological

Quantum Hall System v=1-v=2

Momentum
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Topological Order

Generic Features

* No symmetry breaking

_.@
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Topological Order

1D Haldane chain

— Theoretical proposal: Haldane, 1983; Affleck, Kennedy, Lieb,
Tasaki, 1987

— Experimental realization: Hirakawa et al, 1986...

e 2D Quantum Hall

— Experimental discovery: von Klitzing, 1980; Tsui, Stromer, 1982

— Theoretical understanding: Laughlin, Halperin, Jain, Reed...

« 2D topological insulator

— Theoretical proposal: Mele, Kane, 2005; Bernevig, Hughes, Zhang,
2006

— Experimental realization: Konig et al, 2007
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Topological Order

All Topological orders in interacting
systems

Free Fermion
Topological
orders
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Topological Order

Young, Lee, Kallin,
2008; Levin & Stern,
2009; Maciejko, et al
2010; Swingle et al,
2011; Levin et al,
2011;Lu & Ran,
2011; Neupert et al,
2011

Fidkowski,
Kitaev, 2009
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Topological Order

Young, Lee, Kallin,
2008; Levin & Stern,
2009; Maciejko, et al
2010; Swingle et al,
2011; Levin et al,
2011;Lu & Ran,
2011; Neupert et al,
2011

Fidkowski,
Kitaev, 2009

What topological orders exist in general
Interacting systems?
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Outline
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 Topological Order

J What topological orders exist

Results

O Classification of 1D gapped topological order
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Classification of 1D topological order

Fannes, Nachergaele, Werner, 1992; Verstraete, Cirac, Latorre, Rico, Wolf, 2004; Hasti
Verstraete, Cirac, 2006
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Classification of 1D topological order

Gapped system, finite correlation length
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Fannes, Nachergaele, Werner, 1992; Verstraete, Cirac, Latorre, Rico, Wolf, 2004; Hasti
Verstraete, Cirac, 2006
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Classification of 1D topological order

Gapped system, finite correlation length

e e e e
U U U U

Matrix Product State Representation

Fannes, Nachergaele, Werner, 1992; Verstraete, Cirac, Latorre, Rico, Wolf, 2004; Hastings, 2007;
Verstraete, Cirac, 2006
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Classification of 1D topological order

Gapped system, at large length scale
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Classification of 1D topological order

Gapped system, at large length scale
°e pe po po e
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Classification of 1D topological order

Gapped system, at large length scale
°e pe pa g s
U U U U
2 22 2 2C >3 27 >2 a< > a
00 00 00 00 60

* (Can be mapped to a classical state
* No intrinsic topological order in 1D
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Classification of 1D topological order

If symmetry exist

| | Haldane chain,
Example: spin rotation symmetry SO(3) AKLT model
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Haldane, 1983; Affleck, Kennedy, Lieb, Tasaki, 1987
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Classification of 1D topological order

If symmetry exist

| | Haldane chain,
Example: spin rotation symmetry SO(3) AKLT model
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Haldane, 1983; Affleck, Kennedy, Lieb, Tasaki, 1987
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Classification of 1D topological order

If symmetry exist :
| | Haldane chain;
Example: spin rotation symmetry SO(3) AKLT model
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Turner, Pollimann, Berg, 2010; Polimann, Berg, Turner, Oshikawa 2009
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Classification of 1D topological order

If symmetry exist :
| | Haldane chain;
Example: spin rotation symmetry SO(3) AKLT model

00 00 00 00 00

s

Turner, Polimann, Berg, 2010; Pollmann, Berg, Turner, Oshikawa 2009
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Classification of 1D topological order

If symmetry exist :
| | Haldane chain;
Example: spin rotation symmetry SO(3) AKLT model

00 00 00 00 o0

¢

Spin-1/2 Spin 1/2°
Degenerate T $ Degenerate
Boundary State Boundary State

T T

Turner, Polimann, Berg, 2010; Pollmann, Berg, Turner, Oshikawa 2009
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Classification of 1D topological order

If symmetry exist :
| | Haldane chain;
Example: spin rotation symmetry SO(3) AKLT model

00 00 00 o0 00

¢

Spin-1/2 Spin 1/2°

Degenerate T $ Degenerate

Boundary State Boundary State
T Symmetry Protected Topological Order T

Turner, Polimann, Berg, 2010; Pollmann, Berg, Turner, Oshikawa 2009
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Classification of 1D topological order

Different boundary degrees of freedom
correspond to different topological phases

00 00 00 o0 00

spin rotation symmetry SO(3) Spin 172"'

| & ,: "/ W W v W A W\

\

X
Turner, Pollmann, Berg, 2010; Pollmann, Berg, Turner, Oshikawa 2009 Spln 1
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Classification of 1D topological order

Chen, Gu, Wen, PRB, 83,025107, 2011

None 1 SO(3) 2
Time reversal 2 Parity 2
D, 2 Translation 1
Transla.tion + 4 Time reversal + e
Parity D,
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Generalization to 2D: AKLT model

e Spin1/2
% o0 o0 o0 e o Singlet
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Affleck, Kennedy, Lieb, Tasaki, 1988; Schuch, Perez-Garcia, Cirac, 2010; Chen, Gu, Wen 2011
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Generalization to 2D: AKLT model

e Spin1/2
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Affleck, Kennedy, Lieb, Tasaki, 1988; Schuch, Perez-Garcia, Cirac, 2010; Chen, Gu,
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Generalization to 2D: AKLT model

e Spin1/2
A AA AA AR e o Singlet
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T o SO(3) symmetry
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Spin 1/2 2D AKLT model

Affleck, Kennedy, Lieb, Tasaki, 1988; Schuch, Perez-Garcia, Cirac, 2010; Chen, Gu, Wen 2011
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Comparison with topological insulator

Topological
Insulator
Gap in the bulk YES YES
Gapless excitation on boundary YES YES

Boundary modes can be destroyed by

breaking symmetry YES YES

Boundary modes can be destroyed by

YES NO
disorder
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Generalization to 2D
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Generalization to 2D
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Generalization to 2D
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Generalization to 2D: CZX model

Chen, Liu, Wen, arxiv:1106,4752 ( 2011)
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Chen, Liu, Wen, arxiv:1106,4752 ( 2011)

Generalization to 2D: CZX model
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Generalization to 2D: CZX model

Chen, Liu, Wen, arxiv:1106,4752 ( 2011) ® 2level particle |0) | 1)
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Generalization to 2D: CZX model

Chen, Liu, Wen,

°0—0

arxiv:1106.4752 ( 2011)
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Generalization to 2D: CZX model

Chen, Liu, Wen, arxiv:1106,4752 ( 2011) ® 2level particle |0) | 1)
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Generalization to 2D: CZX model

Chen, Liu, Wen, arxiv:1106.4752 ( 2011)
@ 2 level particle [0),]1)
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Chen, Liu, Wen, arxiv:1106.4752 ( 2011)

Generalization to 2D: CZX model
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