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

Qutline:
* Introduction
entanglement local | | 9auge
renormalization symmeiry | theory
» Coarse-graining scheme
exact transformation (CNQOTs)
numerical transformation
« Benchmark results (toric code & Z, LGT)
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« Coarse-graining transformation
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» tensor network ansatz
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Entanglement Renormalization

* tensor network ansatz with built-in coarse-graining
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Entanglement Renormalization

» tensor network ansatz
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Entanglement Renormalization

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

Heisenbergantiferromagnet
on Kagome lattice

Glen Evenmbly, 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

Glen Evenbly, 5. Vidal,
PRL 104, 187203 (2010)

» interacting fermions

Interacting fermions on
square lattice

Philippe: Carbiaz. 6. Vidai, I
PRE 80, 165122 (2009)

I | II
Pirsa: 10050066 r | i Page 35/146




Entanglement Renormalization

« Global symmetry

& Vidal, arXn-0907 2994
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* Global symmetry
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* Global symmetry
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« Global symmetry

(r@r@-- @r)
H r@r@ @r} (r®r® ®r] —H

S. Singh, R. Pfeifer,
& Vidal arXe:0907 2994

r®r®®r§++++++}l Lt
S 13iXZX

BN E R EE]
» Preserving a global symmetry during coarse-graining

A H_H
e

symmefric
Tensorsg




Entanglement Renormalization

* Global symmetry
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* Global symmetry
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« Global symmetry
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* Global symmetry
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« What about local symmetries ?
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* What about local symmetries 2

(e -
gmmp 1144441
$ERTTTT  TTae481]

4I LHmI] [Immﬁ
[TT#4#¢  S4TTIT4

Pirsa: 10050066




Local symmetiry and gauge theory

Toric code 4 Kiteev, Anncis Phys. (2003)

Pirsa: 10050066 Page 48/146




Local symmetiry and gauge theory

L x L lattice ﬁ an a torus (PBC)
Toric code A Kitcev, Anncis Phys: (2003)

Pirsa: 10050066




Local symmetiry and gauge theory

L x L lattice E an a torus (PBC)
Tgr'ic CUdE A. Kitaev, Annals Phys. (2003)

Hoe :_JEZA;_JMZBF
s 2
AfEHJ; BFEHG}E

=

star plaquette
operators operators




Local symmetry and gauge theory

L x L lattice E on a torus (PBC)
TUI"iC CUdE A. Kitaev, Anncis Phys. (2003)
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s P
A’EHJ; BFEI—[J;

=
star plaquette
operators operators

« Ground state(s)?




Lacal symmetry and gauge theory

L x Llattice £ on a torus (PBC)
Toric code A. Kitaev, Annals Phys. (2003)
Hie=-1.) &-J.) B,
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JE=

JEp
star plaquette
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+ Ground state(s)?

symmetry: non-contractible loops
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L« L lattice £ an a torus (PBC)

Heo =1, Y- 1.8,
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L % L lattice L: an a torus (PBC)

Toric code A Kitcev, Anncis Phys. (2003)

H.=-JYd&-J > B
Ayfnﬁf' BFEUGT

star plaguette
operators operators

» Excitations?

Al5)=-1¢) @

electric charges

energy ~
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Local symmetry and gauge theory

L % L lattice £ on a torus (PBC)
TDI"iC CUdE’- A. Kitaev, Annals Phys. (2003)
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» Excitations?
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| : L x L lattice £ an a torus (PBC)
Deformation of toric code: s Trebstetd,

PRL 98, 070602 (2007)
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star plaguette
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* Ground state(s)?
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L x Llattice £ an a torus (PBC)

Deformation of toric code: s Trebsterd,
PRL 28 070602 (2007)
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. : L x Llattice E an a torus (PBC)
Deformation of toric code:

Hy.=-JYd&-J.> B, —h. Y o
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Local symmetry and gauge theory

| : L x Llattice £ an a forus (PBC)
Deformation of toric code:

Hry.=-JYd#&-J.> B, —h. Y o’
] F d

Local symmetry:
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Local symmetry and gauge theory

| _ L x Lattice £ an a torus (PBC)
Deformation of toric code:

Hry.=-JYd®&-J.> B, —h. Y o’
4 F ¥

Local symmetry:

AHZ(A) =H:X. VseL

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




Local symmetiry and gauge theory

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

Hi.=-JYM&-J. > B, —h Y o
s P J

Local symmetry:

AHZ(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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without local symmetry with local symmetry
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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 C(NOTs
s & projections on stafes |+
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Coarse-graining scheme

without local symmetry with local symmetry
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Coarse-graining scheme

» Exact transformation |/ sequence of CNQTs |
c=ac & projections on states |+)
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» Exact transformation W/ sequence of CNQTs
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e=aa & projections on states |+)
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Coarse-graining scheme

» Exact transformation W/ sequenceof C(NOTs
exac & projections on states |+)

constramed free
‘ VTC ® VT’C
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Coarse-graining scheme

» Exact transformation W sequenceof C(NOTs
cxacl & projections on states |+)

toric code on irreqular lattice
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Coarse-graining scheme

- Exact transformation W/ sequence of CNOTs
cxacl & projections on states |+)

toric code on irreqular lattice  stabilizer formalism and basic moves
D. Gottesman, Ph.D. thesis, 1997
E.Denniset al., J. Math. Phys. 43, 44524505 (2002)
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Coarse-graining scheme
» Exact transformation W sequence of CNOTs

& projections on states |+)

toric code on irreqular lattice stabilizer formalism and basic moves
D. Gottesman PhD. thesis 1997
E Denmiset al., J. Math. Phys. 43, 44524505 (2002)
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Coarse-graining scheme

* Exact transformation W/ sequenceof C(NOTs
cxact & projections on states |+)

toric code on irreqular lattice  stabilizer formalism and basic moves
D. Gottesman PhD. thesis 1997
E Demmisetal, J. Math. Phys. 43 44524505 (2002)
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Coarse-graining scheme

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

exact & projections on states |+)

toric code on irreqular lattice  stabilizer formalism and basic moves
D. Gottesman, Ph.D. thesis, 1997
E. Denmiset al., J. Math. Phys. 43, 44524505 (2002)

Pirsa: 10050066 Page 87/146




Coarse-graining scheme

* Exact transformation W/ sequenceof CNOTs
exact & projections on states |+)

toric code on irreqular lattice  stabilizer formalism and basic moves

S

E.Denmsetal , J. Math.Phys. 43 4452-4505(2002)
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sequence of CNOTs
& projections on states |+

irsa: 10050066 Page 89/146




Coarse-graining scheme

sequence of CNQOTs &0
& projections on states |+)
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Coarse-graining scheme

sequence of CNQOTs ..
& projections on states |+)

irsa: 10050066 Page 91/146




Coarse-graining scheme

sequence of C(NOTs
& projections on states |+
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Coarse-graining scheme

sequence of CNQOTs ——
& projections on states |+)
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Coarse-graining scheme

sequence of CNOTs
& projections on states |+)
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Coarse-graining scheme

sequence of CNQOTs ===
& projections on states |+)
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Coarse-graining scheme
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Coarse-graining scheme

sequence of CNOTs
& projections on states |+)
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Coarse-graining scheme
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Coarse-graining scheme
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Coarse-graining scheme

O constrained spins
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Coarse-graining scheme
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Coarse-graining scheme

O constrained spins

O “free” spins
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Coarse-graining scheme

He=-J Y@ 1.0 h))
§ F 7

- How do plaquette operators transform under W___ 2
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Coarse-graining scheme

e — JZA, JZB hZa'

« How do plaqueﬁe opera?or*s ‘rr*cmsfor*m under W___ 2

2 ok o 0 0 LZZZ
e el enlarged plagquette coupling
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Coarse-graining scheme

[ i JZA, JZB hZo'

« How do plaqueﬂ'e operm‘ors Tr*ansfor*m under W___ 2

o magnetic field o0 o LLIZ

enlarged plaquette coupling
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Coarse-graining scheme

e —J Z/L J, ZB —h, Zcr

- How does the rnagne.hc field transform under N__ 2
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Coarse-graining scheme

He=—J Y@ 1. @ 1)

« How does the magnetic field transform under -3

o 0" Ising couplings
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Coarse-graining scheme

e —J ng z ZB —h, Za

- How does the rnagnehc field transform under /}

el

P,
cXact

X X . -
0 0 Ising couplings 0" X0~ “gauge-matter”couplings
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Coarse-graining scheme

oy —J ZAS &, ZB —h, Zcr

- How does the rnagnehc field transform under / i

o " Ising couplings

0" Xo" "gauge-matter”couplings
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Coarse-graining scheme

» Exact transformation J}/
exact

- Numerical transformation |}/
um
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Coarse-graining scheme

In this work, for simplicity:

» Exact transformation J}/
exact

- Numerical transformation [}/
um
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Coarse-graining scheme

In this work, for simplicity:

» Exact transformation J}/
exact

- Numerical transformation |}/
Im

|
=
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Coarse-graining scheme

2222 variational ansatz
variational ansatz

(without local symmeiry) e 7
- : 2
£ e [: "
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Coarse-graining scheme = +++ =
» BP
o 1o
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» Extreme cases?
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Coarse-graining scheme s = +_E
o>

1
Hp. = —-],_-ZA, —~f,;;z B, —fl..,ZO'_:" J >J h - + =
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h |J_
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« Extreme cases?

h_<«J_ (topological/deconfined phase)

“free” spins are close to a product state

10)[0)]0)---0) unentangled -> cheap
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« Extreme cases?

h_<«J_ (topological/deconfined phase) h =0 exactground state
. - We recover toric code
free” spins are close to a product state M. Aquado, & Vidal,
10)[0)|0)---{0) PRL 100, 070404 (2008)
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unentangled -> cheap
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h_>J_ (spinpolarized phase)

“free” spins are close to a product state
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“free” spins are close to a product state
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Benchmark results (provisional)
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Benchmark results (provisional)
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8x8 (=128 spins) 16x167(=512 spins)

From optimized ansatz one can extract many properties:
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Benchmark results (provisional)
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Benchmark results (provisional)
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Entanglement Renormalization and Gauge Symmetry
* Summary
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exact transformation (CNQOTs)
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« Summary
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» Benchmark results
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«add numerical disentanglers: infinite systems, recover RG fixed points

» toric code + arbitrary perturbation (no local symmetry)
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