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Outline

e Kibble-Zurek (KZ) Problem
® Set up in Landau transition
® Scaling limit
® Universal content
® Port to non-Landau transition
® /) gauge theory in (2+1)
® |rrelevant = dangerously irrelevant in KZ

® Analogies in Levin-VWen models
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Universal scaling of defects
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Universal scaling of defects
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Universality, scaling
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Observables
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Comments

® Dynamical scaling hypothesis + protocol
® KZ universality class
® Content :scaling functions, exponents ..
® (Coarsening
® Finite temperature ordered phase
® Model C
® Order parameter relaxes

® Energy density conserved

Hohenberg & Halperin, RMP 49, 435 (1977)
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lLandau = Non-Landau

® Wegner lets us cheat!

® |sing gauge theory on the dual lattice

Thursday, August 30, 12



lLandau = Non-Landau

® Wegner lets us cheat!

® |sing gauge theory on the dual lattice

Transverse field FM interaction

~H=K) B,+I') o}

Thursday, August 30, 12



lLandau = Non-Landau

® Wegner lets us cheat!

® |sing gauge theory on the dual lattice

Transverse field FM interaction
~H=KY B,+T'Y of
p [
of = —1 B, = H o
. lep
Electric field |

Thursday, August 30, 12



Landau = Non-Landau

® Wegner lets us cheat!

® |sing gauge theory on the dual lattice

Transverse field FM interaction

~H=K) B,+I') o}
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Electric field

® Domain wall &< Electric field
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e 7,7, < String order parameter H o
leC
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Wilson loop

Charge confined o Charge deconfined PM

>
Area law Perimeter law K/F

Vortices condense
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Wilson loop

Charge confined o Charge deconfined PM>
Area law Vortices condense Perimeter law K/F

Wilson loop = H o
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Electric field coarsening

Creates a pair of vortices at ends of C

. 1 String length ¢
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Topological degeneracy!?

Confined/Trivial

Topological degeneracy / §

Charge-flux statistics

-Banksey
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Topological degeneracy!?

Confined/Trivial

o >K/F

Topological degeneracy
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® FEach topological sector >different TFIM

® Deconfined phase : exp(-A/L) energy splitting
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Topological degeneracy!?

Confined/Trivial

e » K/T

Topological degeneracy

- " -

® FEach topological sector >different TFIM

® Deconfined phase : exp(-A/L) energy splitting

o L >»Iklo..

® Window for O(L) term to beat O(L?)
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/£ lattice gauge theory
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Phase diagram (T=0)
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Phase diagram (T=0)

No finite T transition
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Moving inwards

® Coupling to matter RG irrelevant to T=0 transition

Hastings, Wen PRB 72, 045141 (2005)

Thursday, August 30, 12



Moving inwards

® Coupling to matter RG irrelevant to T=0 transition

Energy
A

[1o)
Confined, =0

(Wol 75 [¥o) = 1

Hastings, Wen PRB 72, 045141 (2005)

Thursday, August 30, 12



Moving inwards

® Coupling to matter RG irrelevant to T=0 transition
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Moving inwards

® Coupling to matter RG irrelevant to T=0 transition

Energy Energy
A A
__Quasi-adiabatic
continuation : U
Ulo) = |1
1) e Yo =) N )
Confined, =0 J#0

(Wol73 o) = 1 (ol @72 U0} = 1

® Defines local dressed operators : “charge”,“vortex” ..

Hastings, Wen PRB 72, 045141 (2005)
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Excited states?
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Excited states?
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Excited states?

Energy Energy
(@lrslo) =1 JeL?
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I“

® Freedom in U = different local “charge”
® No finite T transition

e “Charge” density ~ exp(-A/¢)
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Dangerously irrelevant

® Coupling to charge irrelevant for T=0
® T=+0 :destroys confined phase

® Ramp through transition
e Charge on scale £ ~ exp(A I/ (t/tk)*)
® (Coarsening stops when I ~ €. Thermalization?

® //lk infinite. Outside scaling limit

e KZ story identical!
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Frendenhagen-Marcu (FM)

® Observables Hamiltonian dependent

® FM order parameter - Hamiltonian independent

' L) 1o
LD

< > |

® | 4
® Deconfined : 0

® Confined : Non-zero
Gregor et al, NJP, 13, 025009 (2011)
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Confined — Deconfined

Deconfined E
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Confined — Deconfined

- 'X
.-.-t'X
N : X | X
% | Deconfined
l\:/ ) Vortex condensate
A> | Confined
=ML  ~Exp(-t/t,) T
AV ~1 _ o
String Iength/IK

® Vortex pairs of length > Ix at t = -tk

® t > tk :annihilate leaving behind contractible strings
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Levin-VWen Models

® ‘String net’ lattice Hamiltonians &8:8

e Hilbert Space : Edge labels I, y, o

® Allowed vertices (“V.E = 0”)

(1,1,1) (1,,9) (o,0,1) (0,0,1)

e Allowed label flips (in “B?” term)

0-U+U

Levin, Wen PRB 71, 045110 (2005)
A. Kitaev, Ann. Phys. 303 (2002)
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Map to (2+1)-d TFIM

| I EE— |

deconfined QCP confined
(SU(2)2 x SU(2), ) ( Toric Code )




Map to (2+1)-d TFIM

| I EE— |

deconfined QCP confined
(SU(2)2 x SU(2), ) ( Toric Code )

e Condensation of y vortex

® Identify O jg
SES
-




Map to (2+1)-d TFIM

| I EE— |

deconfined QCP confined
(SU(2)2 x SU(2), ) ( Toric Code )
Toric Code Trivial

e Condensation of y vortex

® Identify O j®
SES
-




Conclusions

e Kibble-Zurek Problem
® Set up in Landau transition
® Scaling limit
® Universal content
® Scaling theory in non-Landau transition
® /, gauge theory in (2+1)
® |rrelevant = dangerously irrelevant in KZ

® Analogies in Levin-VWWen models
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