
Entanglement spectrum
-

write PA Eoge-
MA

,
HA

is
called entanglement

Hamiltonian
.

for topological phases with chiral edge

modes Ce - g . quantum Hall systems ) ,
there is an

interesting relation due to kitaer - Pres kill C 2006 ) and

Haldane
.

Li 120087 that states that physical edge

Hamiltonian = HIA .

Cut and Glue intuition C Qi
,

Katsura ,Ludwig 2011 ) :

-

- s
.

where Haters
consider Hat# fist AHAB

denote Hamiltonian of A. B and HAB

A T B Couples them .

At D= O we have

HAB

two physical edges C right and left moving ) .

At A =L
,

one obtains a system without  edge modes along the

Support  of HAB .

The main point  B that any

A > O will gap out the edge modes ,
therefore A =L

is smoothly connected to infinitesimal ha* Since

the bulk is gappeds the problem maps to coupling
Counter - propagating edge modes of a CFT Coonforwal

field theory ) .



An example :Integer AH

-

H .  = He THR t Hint } This is a ITI - d

- Hamiltonian
.

Hedge

He
.

= EkCtr Ck Hr =
- Ekdtkdk

flint  = Eg § ftp.dkth.c .
]

. Eg
-

-
bulk

gale .

Since this is  a free fermion Hamiltonian ,
it

Can be diagonalized exactly .

One obtains the

following ground stale a

- Hedge
167 = e Fg 16*7

16*7 = e- Ifctkdktdtkc -kg
I Get Ox I Gr>

where

where 16ps >
,

I Gr > are the ground States of

HL
, Hr respectively .

16*7 B on equal

weight superposition of all quasi particle

excitation States .

-PL = Trp 167561 EEe-
H l

KEGf)



This discussion generalizes to interacting systems
.

one finds
. '

- zotledse
167 = e 46*7

where 16*7 B a state that satisfies conformably

invariant boundary condition . ,
and has the Arm :

a daca )
16*7 = I E Ikea ,n ) , j ; ahh

j=s
no

I - kla.nl
, j ,

-a ) R

where Kca ,n ) = It Chat n ) denotes the
-

L

momentum in topological sector
'

a
' with conformal

oieeeight ha . I denotes the conjugate

Sector with Katha . j= I , 2
, .  -

- doin )

labels the elements of orthonormal basis in the

Subspace of fixed momentum Klan )
.

⇒ f , Irr 163cal E e

- to Heese .



More general discussion : C Peschel
, Chung 2011 )

-

Consider H =

HiaTHBTHAB
Assuming His to be the dominant term with unique

ground state

1%7
,

lets calculate the charge in

the ground state due to

HA
,

HB
:Iyo

' > = Iyo > - I 14k >
l

YKIHATHBI

Yo )

KI o
-

( Ek - Eo )

Lets assume that for States which contribute to

this sum
,

Ek - Eo I D =  indep .  of k
. .

Let's

also assume thatspritesyo > = CarlHeiko> Ce -

g .

due to a Sym . betweenA, B
.

⇒ 146 > = too > -q2Fs ,
Hk > 94ktHalloo>

1407 - IHis1407

b

where tia
=

this-(40111*140)
⇒

Density matrix for the whole system

to
OC '

g )

P'= to 'o > cool

= too > Colo I I [ H too > Lolol
*

t 14075401

Hf
'T



= Po - If [ H'
a pot Poti ] where

Po = Ko > CHOI

Reduced density matrix for A :ftp.= Trpsf

= go ,
-

relief
pg too Na 'T

D

where pop = Trps 1487481 .

finally ,

let's assume that POA = 1A .
This

is equivalent to
saying

that He state bio > B

maximally entangled between A and B
.

This B

indeedthe case for slate 16*7 discussed above in the

case of coupled edges .

If so
, pts = Ip - deH' A

-

-

- If H' A

⇒

S'a=÷eEt]



Ground State dependence of TEE :

-
-

Consider ton code on cylinder :

Two ground States ?

.

.

Hot =

, # qfqetgykae.org> 147%037

+ tudou.es> 147am
,

.es >

Main diff . :

131 ) =
correlation

-  -

. between A and

B
.

Consider to > = Co 130 > tczksyy

= Cates ) 1475147 >Furay:{
a. c.suave '

- hi



Sn =

¥n nor "L¥aI )
"

oooh

gag ]I co - ah←
Rt

n = dog Cz ) - In dog I PF t Pt ]

TEE vanishes for electric field winding

eigenstates 130
,

s > where co = O or I

⇒ Pt =L
.

Max
.

when Pt =o on

2

B- = f ⇒ magnetic Eigenstates

Strong svbahhikny

:::S: . .

Y Bet RAB

S My



Modular S - matrix

I Ya ) = argon a along non - contractible

path .

I 2 C SIX D2
,

a )

TIE .

[ Ex , Ay ] = 0

( Ya tub > =

22g
C S3

, glued along S
'

xs
' )

Contractible direction  of one tons

B glued to non-contract
. ble cycle

MES : of  other
.

R
I Es

!
= ¥211300 >

±
13oz >

'

T

se

Izzy = I 13% ± Bss >
' I

3,4 T2

1%7
't

= 13
so > t

130*7
= Eg t 24 t IES > +1227

IED
't

E EL t

EGRET
, -34=

-13207 t 13007Izzy 't
= Es - Ez t Ez - 34

( East = Zs - Zz - Ez +24



2 . The diagram is topologically equivalent to

cis

I '
I

I

Clearly , if a # b
,

then amplitude vanishes .

Therefore ,
the two possibilities are a -_ b =L

,

And a = b = Z
.

Applying F move to shaded red box above
,

( i ) = F
sea # ' TbIV.

= F
sa

RE
/ I I

# ik
.

- I
= f

za
R } Fap

Ty
Z

¥jE-Tb
Z I

Clearly , a -_ B = b for the diagram to

he non - zero .



⇒ prob . for a = b = B = I

= I ( F R2 F
-

1)
is 12

I 0 . 2459 .

prob . for a = b= B = z

= I ( F R2 F
-1)se 12

I
O .8541 .

Recall the braiding matrix derived in lecture 13 was

F R f
- 2

. Here
,

we are braiding twice
,

hence

the corresponding unitary is F R2 F - L
.


