
1 1 . S o m e comments o n t h e general
class i f icat ion o f topologicalsystems

withinterachdes-
topologiedsystemw i t h interactions a r e a u ffullyunderstood.
I n t h e following w e w i l l S a k h a classification scheme

%
Xia-Gang Wen e t a t . P R B 82,155138Kolo)

phase transit ions

{

!"

Äg

→

topological

1 1 . 1 Symmetry-breaking phase transitions
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i s a products t a t e !
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n = m i n (d i r Heat , d i m Hes))

note t h a t Is') * a n d b ) B c a n have completely different

representations i n t e rm s o f local states
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von -Neumann entropy of halfsystem a s
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I r i s {man} ↳ = TRA{moot}

i n S c h m i d t representation
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⇒ v o n Neumann entropy
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I n general

n ← p
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p : local d i m e n s i o n ; L : t o t a l # o f latticesites

Thus i n general

S#=-EII-enj.IE-Effekt ± l e r n ± hup4 2

(5/6) S "volume" l a w
(here i n 1D )

T h i s i s t o b e expected i n general since t h e entropy

i s a n extensive thermodynamic quantity



F o r gaped many-bodystates o n e finds however i n
general a a r e a l a w
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{D=1 const!

D = 2 S v L

A t t h e crit ical point o n e geh a n ex t ra f a d e r luv.

⇒ bo t h phaser of Isingmodel havemuch less
entropy t h a n maximally possible!

This i s b e c a u s e the re a r e only short-range
c o r r e l a t i o n s i n t h e System
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n o t entangled

only wavefunction dose t o c u t contribute t o entanglement

short-range entanglement

C-
regappedapoundstatatateaube

characterized by a spontaneously
b ro ke n symmetry a r e short-range
entangled

precisedefinition o f " s h o t range entanglement" w i l l fol low
l a te r



1 1 . 2 Q u a n t u m phasetransitions, loca l unitary

eudutionandtopdogi-quank.vn
phase transition grounds t a t e :

⇐8 ) H = H I N 0 E R E 1 110I N )

I f a l oca l observable exists which h a s a non-analytic
behav i o r a t s o m e v a l u e d e i n t h e thermodynamic
l i m i t ↳ •

⑤i s t <Ö ) I N = <toastÖ 1 dm )

then t h e system i s s a i d t o have a quantum phase
transition. The thdgn.lim i t i s important s ince infinite
sjshteemsstatrelaoela-adoaaadnalgofiati.es#eaerstaiidto
pabtehdonitahlenosna-mgeeepnhaseasfrdqaivale.nu dass) i f
w e c a n f i n d a s m o o t h deformation o f t h e
l o c a l Ham i l t o n i a n H → H I N s u c h t h a t I ( a )

a n d I d c ) a r e ground states o f H H ) a t E o
a n d 7 = 7 a n d t h e r e w a s n o gap closing o n, , p



I -e . : 15201khDE-ldcodiff.to/hD=Te-iIdzHtYq

Here

(521) q=Te_iÄH
i s c a l l e d alocalunitavgm-LUKI.HN

i s c a l l e d l oca l i f i t c a n b e written a s a

s u m o f t e rm s t h a t connect only l oca ls i tes
o r decay exponentially w i t h separation
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W i t h t h i s w e c a n n o w formally definew h a ts h o r t - -entangled m e a n s

D e f A many-bodystate i s short-range entangled
i f a n d only i f i t c a n b e transformed i n t o

SREaproductstahebgafi
nitenambevd.LUtransformations

s e to fa l lS R ES e t o f a l l products t a t e s s t a t e s
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Def: Quan t um many-body states t h a t canno t b e
c o n n e c t e d t o product s ta tes by a finite
n u m b e r o f L u ' s a r e ca l l ed

lohg-rangeento.mg/
edL

Long-range entangledstates haveX-G-hkni-inhins.ec/-
opologicd0rd
O n e c a n s h ow t h a t grounds ta tes of local Hamiltonian,
i n 1 D a r e a l l S R E (see d i s c u s s i o n o n Ising chain)

⇒ n o i n t r i n s i c topological o r d e r i n 1 D

b u t t h e r e i s a s e c o n d class o f states w i t h topological
o r d e r i f w e require c e r t a i n symmetries

10ssymmetrugproteckdtopolo
gicalordelohDElocodifflohD-
Terifättaloco
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auf [HIN,S ] = 0

⇒ restriction t o a l lowed transformation



The states 1/04=01) a n d I ( ⇐ D) a r e s a i d t o
b e i n t h e s a m e symmetryprotected phase leg. dass)i f
w e c a n f i n d a s m o o t h deformation o f # → H I N s

s u c h t h a t [ H IN ,

$

=
0 a n d t h a t I ( a )

a n d I d c ) a r e ground states o f H H ) a t t o
a n d 7 = 7 a n d t h e r e w a s n o gap closing o n, , p
exampte I D R i c e -Me l e mo d e l
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t o i , 102) n o t i n t h e s a m e symmely-protected phase

b u t i f w e l ift symmetry protection they a r e i n t h e
s a m e phase


