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Pat I: a RokhsaKivelson point of lattice bosons
1.relationship to standarmodels

2.loop representationthree noninteracting types of loops
3.rules br combining topological sectors

4.estimates of critical mperties from numerics

I (example oDcordrmal quantum criticalityO)

(with C. Xu, P Fendley,A.Vishwanath)

Pat Il: (time permitting)

1.Introduction to contiruum bosonsatomic BECs
2.Topological dedcts and topological phase transitions f
s=1 bosonsnalf-wrtex unbinding in 2D

(with S.Mukerjege, C. Xu)



Backgound:RK points

A standad goproach to construct model Hamiltonians in
2D to understand critical pointghase transitiontc.

Canonical examplguantum dimer model on squatattice

Hilbert space:

orthonormal basis of classical dimeneangs
Each site lies on exagtbne dimer

Hamiltonian:

H =1 t(Bip plaquettes with parallel dimers) + V (count Rippable plaquettes)

H=1t¢t \:"#ﬁﬁ+ \Hﬂ'#_|¢+ va ||+ ﬁﬂ#}gﬁ"’




Backgound:RK points

Resultingdrm of Hamiltonian matrix:

mV Lt 0 0 Lt ..~
vlt o ompVo 1t 0 0 ...Y%
0 0 &

H=4 0 1t na

Here the diagnal terms counts the uimber of [3ippable
plaguetteswhich is also the imber of nonzeo off-diagnal
elements

At t=V, equal-veight superposition is an exact E=0 eigenstate:
guantum critical waefunction with corelations gign by
classical critical model (dimer packings)

Degeneracy Iff mitiple topological sectors not connectey b
Hamiltonian.



Backgound:RK points

Resultingdrm of Hamiltonian matrix:
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Here the diagnal terms counts the uimber of Bippable plagquetteshich is also
the number of nonzeo off-diagnal elements

At t=V, equal-veight superposition
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guantum critical waefunction with corelations gign by classical critical model
(dimer packings)

Degeneracy iff mitiple topological sectors not connected tH{amiltonian.



Backgound:RK points

Such RK points turn out to be useful as gag points ér the
phase diagranfor exampleon the triangular lattice a gaed
Z2 spin liguid Is obtained near the RK point.

The RK point is a quantum critical point with dynamical critical
exponent z=2.

Mapping to a height model in dimer casentinuum

wavefunction Is g’
! = /(dh)e! < mT2|p

Goal of pat I:
understand hw to realize moe plysical RK points with mar interesting
structure -> possible nonabelian phases

(Most direct realization of dimer model is via lattice decoration->Klein H)



Step IdebPne Hilberspace fom classical model

Consider had-core bosons or Ising spins on the hgioemb
lattice with exacy 3 sites occupied per hexaqg.

Exampleantierromagnetic conbguration

Connection Ithree-color model has (B,6 per hexagn

The three-color model is a c=2 CFT with an SU(3) nonabelian symynetr
(ReadReshetikhinut construction of a useful RK point is made difbcuylt b
ergodicity problems.

S/ 1S3 = 0.379



Our model

Connection llfaithful dual epresentation as

half-integers on the sites of triangular lattiegth sum of half-
Integers aound each triangle equal to £1/2.

More restrictive than triangular Ising argrfomagnetwhich has
same constraint but each site canyble +1/2.

Gives entopy lower bound:

S/l > 0.323



Our model
Connection lllloop representation
(useful 6r anaysis of sectors in dynamics)
Draw bonds asdllows on the dual (triangular) lattice:

If original lattice bond isefromagneticdraw a crossing bond
If original lattice bond Is anéifromagneticdo not cross it



Loops

More precisey, there are three colors of loops on the dual
lattice:the triangular lattice has 3 sublatticasdA-B,B-C, and
A-C loops ae all closed.

Loops of diferent colors cartouch but not cross.

Equivalent to domain walls of 3 Ising models on the 3 sublatticesstraint



Loops

1.Symmetries of loopapresentation enable large-size traarsf
matrix studiesyhich suggest that the model is critical

S/ o~ 0.364 c! 2, 11 2/3

(Open questionis c=2=1+1 or c=2=4/5+6/57)

Il.Loop rules enable counting of sectors under the dynamics

which mores,annihilatesand ceates loopspbeying the nonanssing constraint.



Loops

Il.Loop rules enable counting of sectors under the dynamics
which moves,annihilatesand ceates loopspbeying the nononssing constraint.

Example:Consider topological sectors on the cylinder (equivakgath anmlus)
circled by loops

Two loops of the same color can annihilate

o

but not if separated pa loop of a difrent color

Can debne nonabelianogip action ly concatenatlon of cylinder segments:
free goup on three elementanodulo CL bz =~ cc=1



Defects

At criticality, expect logarithmic (Coulomb) conbPnement of
defects (ends of loopshased on 3-color model example

Stying within simple local Hamiltonia®es the systemainto an inteesting
topological phase describable in terms of loops?

Conclusion of parl:

a local lattice Hamiltonian that generates an RK point
(probab critical accoding to rumerics)

that I1s a non-fujl-pacled superposition of loops,

with sectors determined Y topological éatures



Interlude:critical entanglement enbpy

How much entanglement is therat theseDcordrmal quantum
critical pointsO?

Patitioning a pue quantum state into subsysteisand B generates an
entanglement entapy:away from criticality expect that ifA is Pnite and B
inPnite there is arDagea lavO: d—1

S! L

For clean(Holzhey et al.Vidal)and randomRefael and Moa) critical points in 1D
and br fermions in higher dimensioriglich and Giog;Wolf), there Is a logarithmic
multipler.

Adwvertisement br talk of E.Fradkin next veek:

For conformal quantum critical point$here is an aga lav term determined ly
the CFT bounday enery;,

plus a possible subleading logarithmic term determingdhe CFT central
charge and topologof the patition.



What about bosons in the contuum?

Motivation:QHE topological phasegpear in the continum

(Bosonic analogues intated systemsCooper, ReadRezg1)
Are there other topological phases of bosons in the coatim?

Lattice models of bosons can in principle lealized using BECs in optical
lattices put achieing signibcant intersite interactions is difpcult.

Goal Dr this patt:
show that even the simplest phases of natated s=1 bosons ha some

nontrivial topological defcts and associated phase transitions

2 ,
H = dr — 112 & 1, +U@! i,
2M H
LR R 2 R ARy
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s=1 bosons

h2
= dr DA U@,
CO|+|+|| C2|+|+ A I I#
—I—E.a.b.b.a—|‘§-a-a!FabaFa!b!'b!'b
!:'n_oll

Two simpleT=0 mean-Peld phases (H®98)

c2>0 polat " " " " " ¢2<0 trromagnetic
| O” . : 1..

Gp=e'U" 1%, G =€'U" 0% .
0 0

Here theta is a phase and U Is a spatmation matrix (SO(3)).



s=1 bosons

What are the order parameter mamids in these phases?

Need to bnd cosets

= S G=U(1g! SO(3r, H = resdual symmetry
ResultsM " ="SO(3) " (which also ppears in 3He)
A= S Z, = identify (!,8) < (! + ", —0)
P 7
Lsmﬁ
o= ol 3 fcosﬁ % M) = M) = (M) = Z
€ _sinp
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s=1 bosons

Concentrate on the polar state in 2D:

Localy the manibld looks lilke a spin paron the sphee (which 3avs to high
temperatue),and a phase pawith no 3ow in perturbation theoty.

Thus at small bPnite temperaithe system is in @nematic superRuidO
phasethe spin paris disodered,and the phase pars only debPned
modulo #.

1 2
Mo = S%S Z, = identify (1,8) < (1 + ", —)
2

This phase suppts half-v ortices (vortices with half the total boson
circulation of a @rtex in a single-component superf3uid).

It has paver-law correlations

<62i6’(0) e! 2i9(r)> N

4




s=1 bosons
Concentrate on the polar state in 2D:

Localy the manibld looks lile a spin paron the sphee (which Bavs to high
temperatue),and a phase pawith no 3ow in perturbation theoty.

Thus at small bnite temperaithe system is in @nematic superRuidO

phasethe spin paris disodered,and the phase pars only debPned
modulo #.

1 2
Mo = S%S Z, = identify (1,8) < (1 + ", —)
2

This phase suppts half-v ortices (vortices with half the total boson

circulation of a vrtex in a single-component superf3uia$, if bosons had
paired.

It has paver-law correlations

<62z'8(0) e! 2i9(r)> N
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Smoking gurof numerics (and possKlexperiments)

The transition out of this phase should be asterlitz-Thouless
transition driven by unbinding of halfertices.

If sq there is a uniersal stiffness jumpdr times the usual value:
(cf.cond-mat/0605102)
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THE END
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