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Entanglement
- Measure of entanglement
- entanglement in many body systems

Quantum vs Classical Phase Transitions
- Long range correlations
- Ising model in a transverse field
- Entanglement scaling & universality

Dynamics of entanglement in spin chains




Non local correlations without a classical analog

If>=1]00>+ |11>

v Entanglement cannot be created locally

v'Absence of entanglement IS NOT absence of
correlations. A separable state (e.g. |00>) Is
highly correlated




- Two state systems are coupled to an environment

- M any bOdy states O’Connor and Wootters ‘00

Arnesen, Bose and Vedral '01
Gunlycke, Bose, Kendon and Vedral ‘01
Wang '01

Wang and Zanardi '02

Osborne and Nielsen '02







Classical Phase Transitions

e.g. Ferromagnet

- Long range correlations (x diverges at T)
sUniversality




» T=0 phase transition driven by a coupling constantof the

system
 Correlations diverge as

* The phase transition reflects ina change of the ground state
wavefunction

?? Change in the entanglement properties of the ground state ?7?




o Separable state  Entangled state
|a>=|00> If >=|00>+|11>

o uNOtn ° Not
|b>=|11> If >=|00>+|11>

<a|b>=0 <f|[f>=1




*Measure of the entanglement between two spins
* r ISthe reduced density matrix

e Construct

| >1,>| ;> ,arethe sgarerootsof the
elgenvalues of

Wootters ‘98




|_ong range correlations and entanglement?

Critical properties (and critical exponents)?

eUniversality?




Ising model In a transverse field

Pfeuty ‘70




L=infinity, A=1

C.=0for n>2




critical region




Properties of dc (L= ¥)

d

Log singularity




Properties of j_lc

Position of the minimum

41

=>

=
-
=
=
=
<)
=
5
Q
-]
=
>




Log divergence in the
thermodynamic limit

Log divergence of the minimum
as a function of the system size
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min{dC/dA}

—- =.270181*In(1.)+.208912
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For the infinite system it diverges as

*The value of the minimum diverges as




L=2701,2401,2000,1501,1001
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Universality
Check for the model

H=- J(;)“é (1- g)s’s: ., +é (1+0)s;’s iilg_ héS .
e i

1] i

All the critical properties of concurrence C(l ) are the same
for these models







Prepare a Bell state at t=0 In a system
described by

H=- J% (1'®)S iXS i)-(|-1 T é (1+9g)s in iilg' hé S iz
e i | i

9

and study the evolution of the entanglement as
a function of time and the position of the spins




0=0 - XY model

Entropy for symmetric sites
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g=0 - XY model

Entropy for sites (-6,7)
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Nearest neighbors
Symmetric sites




