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» This construction generalizes to more complex states with
non-Abelian braid statistics (Fendley and Fradkin, 2005)
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» Massive relativistic free field theories obey an “area law”
S = const. LP~1 4 ... (Srednicki, 1993).
This the non-universal area law is the leading generic behavior in all
dimensions.
» Universal behavior in d =1 critical systems (CFT):
> Generic scaling behavior in d =1 (CFT)

S= % log <§) +finite terms Wilczek et al, Calabrese and Cardy

> Also obeyed by random fixed points (Refael and Moore, 2004).
> Away from criticality, the correlation length ¢ is finite and

— g (& i
S = 3 log (a) + finite terms

» Universal subleading terms at QCP for d > 17

» Universal O(1) term in topological phases in 2D
S=al-—y+0(L™), Kitaev and Preskill, Levin and Wen

Physics )

a is non universal and v depends only on topological invariants llinois
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» For a large bounded region of linear size L and smooth boundary, F
obeys the ‘Mark Kac law’' (‘Can you hear the shape of a drum?’)

F=al?+p8L— %Xm L+ 0(1), (Cardy and Peschel)

« and (3 are non-universal constants, c is the central charge of the
CFT, and x is the Euler characteristic of the region:

x =2—2h—b, h=+# handles, b = # boundaries

Cc

AS 5

(xa+ x8 — xaus)logL

» The O(1) correction has a universal piece proportional to log g, the
“boundary entropy” of Affleck and Ludwig
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» The FQH wave functions represent topological fluids with a finite
correlation length & o ¢ (¢ is the magnetic length).

» The entanglement entropy of FQH states has be computed
numerically (K. Schoutens and coworkers, 2007).

» One can compute the entanglement entropy directly from the
effective field theory of all FQH states: Chern-Simons gauge theory.

» This result can be applied directly to all known FQH states.

» It computes only the topological invariant piece of the entanglement
entropy.

> It is given in terms of the modular S-matrix of the effective
Chern-Simons theory and of its conformal blocks
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The partition functions depend on the matrix elements of the
modular S-matrix, e.g. the partition function on S with a Wilson
loop in representation p; is

Z(S% pj) = 4

Modular S-matrix: defines how the degenerate ground states on a Ip}f—\

torus transform under a modular transformation
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> If we begin with a pure state |¢) = a|¢1) + b|p2),

Ib,>

I, >
Two states represented by Wilson lines connecting punctures.

Reduced density matrix:  pa = aa*p11 + ab*p12 + a* bpa1 + bb* pao

Entanglement Entropy: Sa = InSo® — A1 ln Ay — (d2 —1)Az2ln Xy

|ads + b2 b2
)\1 = > , )\2 - 5 .
lads + b|? + (d5 — 1)|b|? lada + b|? + (dg — 1)|b[2
IPEysics.‘
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v

Orthogonal Basis,

(1) - 1 (VETT o) (%)
62)) da/So®\/dE — 1 -1 da ) \|$2)
|p1) and |@5) : conformal blocks associated with the trivial and

adjoint representation 0, respectively, which appear in & x &*.
') and |#5) are the conformal blocks in one channel, ——
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v

v

and ——21 ——
dar/So% /a2 -1
S

)2 —
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o
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» We discussed the behavior of the entanglement entropy near
quantum phase transitions and in topological phases.

» The entanglement entropy of 2D QCPs with conformally invariant
wave functions has a universal logarithmic terms

> If the logarithmic term is absent the O(1) term is universal

» In a topological phase the finite term in the entanglement entropy is
a universal property of the phase, which may or may not agree with
that of the QCP.

» We computed the topological entanglement entropy for
Chern-Simons gauge theories

» The entanglement entropy of abelian and non-abelian FQH states is
given in terms of the modular & matrix for the effective CS theory

» This requires to glue U(1) charge sector and the coset
(SU(2)/U(1)), neutral sector.
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quantum dimension and on the state on the torus.

» The entropy for a simply connected region on the sphere with 4
quasiparticles (punctures) depends on the conformal block

» The entropy depends on the quantum dimensions and on the

particular state that is chosen. The change of basis depends on the
fusion matrix and on the conformal weights as well

» It may be possible to determine the structure of the topological field
theory by means of entanglement entropy measurements
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