Title: Entanglement renormalization and gauge symmetry
Date: May 25, 2010 02:45 PM
URL.: http://pirsa.org/10050066

Abstract: A lattice gauge theory is described by a redundantly large vector space that is subject to local constraints, and it can be regarded a
energy limit of a lattice model with a local symmetry. | will describe a coarse-graining scheme capable of exactly preserving local symmetrie
approach results in a variational ansatz for the ground state(s) and low energy excitations of a lattice gauge theory. This ansatz has built
symmetries, which are exploited to significantly reduce simulation costs. | will describe benchmark results in the context of Kitaev&rsquo;s
code with a magnetic field or, equivalently, Z2 lattice gauge theory, for lattices with up to 16 x 16 sites (16”2 x 2 = 512 spins) on a torus.
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Entanglement Renormalization and Gauge Symmetry

How to coarse-grain:

* a quantum spin model with a local symmetry
e.g. foric code with magnetic field h,
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How to coarse-grain:

* a quantum spin model with a local symmetry
e.g. foric code with magnetic field h,

» a lattice gauge theory (Hamiltonian formalism)
e.g. Z; lattice gauge theory
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Entanglement Renormalization and Gauge Symmetry

How to coarse-grain:

* a quantum spin model with a local symmetry
e.g. toric code with magnetic field h,

» a lattice gauge theory (Hamiltonian formalism)
e.g. Z; lattice gauge theory

=) tensor network variational ansatz for ground state(s)
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Entanglement Renormalization and Gauge Symmetry

Outline:
+ Introduction
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;renarmhzaﬁon | symmetry | | theory

» Coarse-graining scheme

exact transformation (CNQOTs)
numerical transformation
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Entanglement Renormalization and Gauge Symmetry

Outline:
» Introduction
entanglement local | | gauge
renormalization symmetry | °" | theory
» Coarse-graining scheme
exact transformation (CNOTs)
numerical transformation
 Benchmark results (toric code & Z, LGT)
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quantum spin system
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Entanglement Renormalization

quantum spin system

» Coarse-graining transformation
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Entanglement Renormalization

quantum spin system

» Coarse-graining transformation

» Preservation of locality
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quantum spin system

« Coarse-graining transformation
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Entanglement Renormalization

« Preservation of locality
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Entanglement Renormalization
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* Preservation of locality
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Entanglement Renormalization

» fensor network ansatz
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» tensor network ansatz
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» tensor network ansatz
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Entanglement Renormalization

» tensor network ansatz
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Entanglement Renormalization

* fensor network ansatz with built-in coarse-graining

large
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scale
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Entanglement Renormalization

» tensor network ansatz
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Entanglement Renormalization

* tensor network ansatz corresponding to a quantum circuit
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Entanglement Renormalization

« tensor network ansatz corresponding to a quantum circuit
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Entanglement Renormalization

Examples of application in 2D lattices (beyond quantum Monte Carlo):
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Entanglement Renormalization

Examples of application in 2D lattices (beyond quantum Monte Carlo):
» frustrated antiferromagnets

Heisenbergantiferromagnet
on Kagome lattice

&Glen Evenbly, 5. Vidal,
PRL 104, 187203 {2010)
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Entanglement Renormalization

Examples of application in 2D lattices (beyond quantum Monte Carlo):
» frustrated antiferromagnets

Heisenbergantiferromagnet
on Kagome lattice

&len Evenbly, & Vidal,
PRL 104, 187203 (2010)

» interacting fermions

Interacting fermions an
square lattice

Philippe Corbez 5. Vicd, i~ 1 _I- | F |

: PRE 80 165129 (2009) { ._: | ': 4
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« Global symmetry

&. Vidal, ar Xn-0907 2994
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Entanglement Renormalization

« Global symmetry
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&. Vidal, arXn-0890T 2994
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Entanglement Renormalization

« Global symmetry
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Entanglement Renormalization

« Global symmetry
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S. Singh, R. Pfeifer,
&. Videl, arXn:0907 2994
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Entanglement Renormalization

« Global symmetry
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Entanglement Renormalization

« Global symmetry
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S. Singh, R. Pfeifer,
&. Vidal, arXpe:0907 2994
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Entanglement Renormalization

« Global symmetry
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» Preserving a global symmetry during coarse-graining

Advantages of using symmetry tensors: | A
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Entanglement Renormalization

* Global symmetry

{(r@r@---Qr) ; 1
H > (r@r@---@r)H(r@r®--8r) =H

5. Singh, R. Pfeifer,
. Vidal, arXiv:Q907 2994
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* Preserving a global symmetry during coarse-graining

Advantages of using symmetry tensors:
« exact preservation of symmetry " A:A
- target specific symmetry sectors
symmetric
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Entanglement Renormalization

* What about local symmetries ?

Luca Tagliacozza,
&. Videl, in preperation
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Entanglement Renormalization

« What about local symmetries ?

Luca Tagliecozzo,
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Entanglement Renormalization

« What about local symmetries 2
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Lacal symmetiry and gauge theory

Toric code A. Kitaev, Annals Phys. (2003)
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Local symmetry and gauge theory

Lx Liattice L. oma'torus (PBC
Toric code A Kitaev, Annais Phys. (2003) attice L. on atorus (PBC)

Pirsa: 10050066




Lacal symmetry and gauge theory

L x Llattice £ on a torus (PBC)

Hoe :_JEZA@_JMZBF
s 2
A#EHG-_:: BPEH(T;

J=P
star plaguette
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Lacal symmetry and gauge theory

L x Llattice ﬁ on a torus (PBC)
TOI"iC CUdE. A. Kitaev, Anncals Phys. (2003)

Hi = _JEZAE'_JMZBF
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« Ground state(s)?




Laocal symmetry and gauge theory

Toric code A. Kitaew, Annals Phys. (2003)
Hoe = _JEZAm _JMZBF
* r
- = 3 .
A’ v H s BF 15 H 9;
Jes

JEp
star plaguette
operators operators

+ Ground state(s)?

four-fold degenerate
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L x Llattice £ on a torus (PBC)

symmetry: non-contractible loops
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Local symmetry and gauge theory

L x L lattice ﬁ on a forus (PBC)
T{jric cgdg A. Kitaev, Annals Phys. (2003)

He.=-JYd&-J > B

A= H o; @-ll=

star plaquette
cperators operators

» Excitations?




Local symmetiry and gauge theory

L % L lattice IC on a torus (PBC)

Tgr'ic CUdE. A. Kitaev, Annals Phys. (2003)

He.=-JYd-J > B
4 = Ho‘ B, EUG

star plaquette

operators operators

» Excitations? \
4,|8)=—1&)

energy ~ .J :
. electric charges

Pirsa: 10050066




Lacal symmetry and gauge theory

L x Llattice E on a torus (PBC)
Toric code A. Kitaev, Anncls Phys. (2003)
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=11 &-]]-
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operators operators

» Excitations?
4l6)=1)

o
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energy ~ : energy ~
electric charges ™ magnetic vortices
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Local symmetry and gauge theory

: _ L % L |attice E on a torus (PBC)
Deformation of toric code: s Trebsterdi,

PRL 38, 070602 (2007)




Local symmetry and gauge theory

L x Llattice £ on a torus (PBC)

Deformation of toric code: s Trebsterai,
PRL 98 070602 (2007)
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Local symmetry and gauge theory

L x Llattice £ on a torus (PBC)

Deformation of toric code: s Trebsteta,
PRL 98, 070602 (2007)

Hi.=-JYd-J. > B i Y o)
5 z J

A‘I_HG—J BP_HO—J'
jes

JEP
star plaguette
operators operators

« Ground state(s)?
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Local symmetry and gauge theory

L x Llattice £ on a torus (PBC)

=

Deformation of toric code: s Trebsterai,
PRL 28 070602 (2007)
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* Ground state(s)?
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Local symmetry and gauge theory

| _ L x Llattice E on a torus (PBC)
Deformation of toric code:

Hi.=-J Y& J > B i Yo}
§ z J
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Local symmetry and gauge theory

| ] L x L lattice £ on a torus (PBC)
Deformation of toric code:

H.=——JI @108 1) o
§ P J

Local symmetry:

AHL(A) =H:. Vse£




Local symmetry and gauge theory

. : L % L lattice £ on a torus (PBC)
Deformation of toric code:

Hic=-1.Y - 1.Y8 Yo,
S z J

Local symmetry:

AHZ(A) =H.. Vse£




Local symmetry and gauge theory

| s L x Llattice £ on a torus (PBC)
Deformation of toric code:

Hy.=-JYd&-J. > B —i Y o)
5 z J

Local symmetry:

ASH;C(As)T:H;C Vsel

Can we incorporate this local symmetry into a
coarse-graining scheme?




Local symmetry and gauge theory

| J L x Llattice E on a torus (PBC)
Deformation of toric code:

Hy.=-JY#&-J. > B, —h Y o’
s z J

Local symmetry:

AHL(A) =H:. VseL

Can we incorporate this local symmetry info a
coarse-graining scheme?

+ exact preservation of local symmetry
« significant reduction in simulation costs
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Lacal symmetry and gauge theory )| = +_E
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Local symmetry and gauge theory ) = +;
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Local symmetry and gauge theory ) 5 +_E
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Lo — low energy equivalent to
S et _J p  Lolattice Gauge Theory
ONLY — i i F. Wegner, J_ Marh. Phys. (1971)
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Local symmetry and gauge theory
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Local symmetry and gauge theory | = +;
P
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Coarse-graining scheme

without local symmetry with local symmetry
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Coarse-graining scheme

without local symmetry with local symmetry
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Coarse-graining scheme

without local symmetry with local symmetry
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Coarse-graining scheme

without local symmetry with local symmetry
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Coarse-graining scheme

without local symmetry with local symmetry
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Coarse-graining scheme

» Exact transformation W/ sequence of CNOTs
€xact & projections on states |+)
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Coarse-graining scheme

without local symmetry with local symmetry
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Coarse-graining scheme

- Exact transformation W/ sequence of CNQOTs
exac & projections on states |-:
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Coarse-graining scheme

- Exact transformation sequence of CNOTs |
exact & projections on states ‘-{:
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Coarse-graining scheme

- Exact transformation W/ sequence of CNOTs 1
cxact & projections on states !*!-f.'e
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