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Duality of Forms ⑭
* Electromagnetic duality is grometric

-

* In Differential Geometry a rector field An is

A
a dtensor Fur is a 2-form

* The ducl field F
*

is also
ad-form

ur

* In d-dimanios a p-form (antisymmetric

tenfor of rack p) is dud to a d-p form

* In d = 4 dimensions a 2-form is dud to a Inform

* En d = 2 dimensions a 1-form is
dud to a --form

6 p = En24 Cauchy-Riemann !
u



-

Qualityin Iring Models ⑤

* ID : the Ising Model is (1941) ↑ 44TY
self-dual (Kramers-Wannier

↓ ↓ ↓ 4
* Low T : Z is an expansion

+

zin closed domain wall ↑ h ↓ ↑

loops Weight ~e-Tx
length

T ↓ ↓ TY3

*Night :
E is an expansio ↑ 445T high T

in closed loops domain walls
expansion

weight~ tanh() * length diagrams
(lowT)

[f(x)0(x)

* maps high t - low i
z = ze

F
(y

,
x X

disorder se order
[C]

* self-and :
e-2/tc

=
tank (+)

-> # =E h( + 1) Oncager
,
1944)
Ze = Zops[ta

-





Field Theory Interpretation ⑰
*

We can regard the P .

F
. E as a sum over

histories of

spir configurations from
one row

to the next row

Path integral in a discretized imaginary
time

*

=> processes
in which

-

*
Hish T expansi loops

->

pairs of particles
are

I &
-

--------

-

created and destroyed time
-

-

↑
Low T expansion

loops
5 processes

in which
-

fairs of
Comai

walls are created

and destroyed

* Analog of
the Cimaginary) time evolution operator

is the transfer matrix

The classical d-dimensional Ising
Model is equivalent

-

*

to a quantum Fing
Model in d-1 dimensions











(EFDL .
Susskind

,

' 78) Quantum
Version [2+ 1 dimensions) ⑫
-

I sing Model D , gange Theory
- -

H = - [U() -XIEITIES H
[ Hink) ·g[50, 0353

) links plaquettes
Global I

, syminting Local (guuse) I symmeting
TQ = Sites t, (sites) Q (* ) = #T (links)

links
that
Share X

("star")#Y
[Q(E) ,
Q('] = 0

[Q() , HJ = 0

Gange Invariant
States

I Q( & ) (Phys) = 1Phys) Gauss





































Chiral Anomaly ⑳
* The massless Dirac theory has two globalsymmetries
coheres the microscopic model has my me : gauge invariance.

* In the maseless Direc thog 4p andi are separatelyconserved

*
Two currents : the senge current t = ↑Vet , GEM = 0 and

the Chinal current = TU4 : ar = o

In = (r + 3
, 13 - 3) , 6 = (S - 3r(3p +11)

* If we couple the theory to an unform electric field E

=>

ANR=
E and =-E electric change is moda

2π

But &Q5 =E chird change is not conserved
It

(following H .
Nielsen and Y

. Ninomiya1982)
This is

theIn anomaly



















































Generalization : Read-Reyayi states (RR) (1998) ⑮
Based on 4 - Parafernious (and SU(2)2)

(2 - z1)0n + 0m - Dam
Y

,

m(z) +... Fradkin & Kadanoff
Yn(z) *Tm(z)- (1980) ( !)

&
n

= n(k - n)
,

n
, m = 1

,...,
k - 1

k

RR states we
the Parafermion CFT (Zamolodchikov & Fateer , 1985)

Gepner & Qin
,
1987

↓ ~
~m

E (Stis) ~ (4( ...) -zjgaussians/ranicheweis
r

come together

M & 7 divisible by M ;
Meven : boss

,

Modd : fermions ; v =
h 11 clusteringMk + 2

The most interesting case is h = > (Tg) (v = (B) ,
(F)

In addition to the L ,
paraternion ,

it has a Fibonaci anyon
I

SU(z)

Fusion rule:= I + 4 =
its unitary braiding matrices

cover

->
Universal quantum computer

(Fibonacci sequence)
-













* Alternatively we can attach (t) flux to layers 13 ⑮
and EC to layer 2

before clustering
(trivial)

=> layersm
layer 2 = Halperin (2 ,

2
,
1) state

Transition (2
,
2

, 1) 2) Fibonacci

V = - 2

- (2 ,
2

,
1) = Fibonacci U(2)s

,
I

(2,
2

, 1) Halperin

L

V = -2 [imn) #0 < ↑mn) = 0

One can use this construction to

derive the Fibonacci wave function !




