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What is topological Order?

O A system with a gap tn the bulk

O A degenerate ground state whose
degeneracy depends on topology

O the degenerate ground states are Locally
indistingutshable




symmetry vs non symmetry breaking
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For A1 > Ay the GS is Zy symmetry broken
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They can be distinguished locally — local order parameter
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O Topologically ordered states cannot be
described by a local order parameter: no
“magwnetization”

O Perturbing with any symmetry
breaking term does not select any
ground state

O (ndeed, the splitting of degenerate
ground states due to perturbations is

e)qsowewtia Ly smalll




The mechantsm for TO Ls the
condensation of closed
string-like objects

The Rinetie term makes
strings fluctuate, the
potential term is a string
tenston

the ground state is a
guantum liquid of Large
strings

Normal

String-net condensed
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/U << 1

/U >> 1




The Hilbert space is such that
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This is the low energy theory of the toric code on the full Hilbert space
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topological entanglement in Z2 theory

O We need something that s
nowlocal

S(pa) = L —log, | Z]

A. H., R. lonicioiu, and P. Zanardi, PRA 71, 022315 (2005)

Perhaps topologieal order Ls
a pattern of lLong-range MiRrseTEaaE

entang lement | O 8,  HrL32
] S /3 rL32

j o v _pr for1.18

we can compute the
] P=20) htersect .
entanglement entropy of a | Vv B, 0rLI8 5 L org

P
between 1

subsystem A - A0 e -
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pa =1rpp

S(pa) = —Trpalogpa

A.H., W. Zhang, S. Haas, D. Lidar PRB 77, 155111 (2008)



http://link.aps.org/abstract/PRB/v77/e155111
http://link.aps.org/abstract/PRB/v77/e155111

General lattice gauge theories
the N types of
strings corresponol

to the different Hop = Z e Z =

elements of the

gaunge group G Z H Lg j

the quantum geqG jEs
dimension D Ls the

4
order of the group B.(p) = Z H T (G, P)
= Zd2 h1h2h3h4:e m=1

O S_top =logp

A. Kitaev and J. Preskill, PRL 96, 110404 (2006).
M. Levin and X.-G. Wen, PRL 96, 110405 (2006).




we describe pari’ca anod time
reversal topologieally ordered
states: string-nets

il
Rl

we have a trivalent Lattice

e
ST

We specify the number N of
differewt striwg tgpes and the
“branching rules”

the Hilbert space s made of string

configurations
M. Levin, X.G. Wen, Phys.Rev. B71 (2005) 045110




The amplitudes respect some
topologieal rules

()

)
= ( ) This tensor F Ls
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—Y Fims < I ) L the gauge ’cheorg

These rules for the
amplitudes specify a fuxed-
point wavefunction for some
RG procedure

M. Levin, X.G. Wen, Phys.Rev. B71 (2005) 045110




In this setting, we have D = Z d;

this number does not classify all the topological
phases

we need fimer tnvariants
ldea: we could wse the Rcwgi entropy

This s a family of quantities -> entanglement
spectrum
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O we find that the
reduced olewsitg

mLatrix LS proportiowaL
to a proj ector

0O Thew Lts
entanglement
spectrum Ls flat!




What happens in string-net
models?

O powers of the reduced
density matrix are

DOé
obtained using the Fripir— Dan Z Fegy H dg,,

fuston rules F {q} m

O Llengthy calculation of
the Rﬁwgi entropy 5Lchs

S 1og<<da‘d>Da>—1ogD
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S.Flammia, A.H., T. Hughes, X.G. Wen PRL 103, 261601 (2009)

The topologieal part is independent of o




The origin of the topological term

O the entanglement is
completely contarned

L the bouwdarg

O the area law is B B
corrected bU a

topological p=QaQps® pPNQAQ5
constraint

(area) __

= to n ]. O
PA —pA@pfqp):®'_1pj®<O 1)

S.Flammia, A.H., T. Hughes, X.G. Wen PRL 103, 261601 (2009)




Conclusions

O Topologieal order can be detected by
entanglement

O ALL the entanglement Lives on the
bouwdarg

0 TO Ls a constraint on the states on the

bouwnda ry

O The entanglement spectrum is flat, we
need finer tnvariants to classify all To




