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Abstract: <p>Many-body entanglement can lead to exotic phases of matter beyond conventional symmetry breaking paradigm. Those exotic phases
may contain fractionalized quasiparticles and emergent gauge fields. In this talk,&nbsp; |1 will focus on a wide class of long-range entangled
phases&€” quantum spin liquid. In quantum spin liquids, the spins are entangled in some intricate fashion giving rise to interesting physics such as
emergent topological field theory and QED3 theory. | will show in detail how such exotic physics can emerge in simple spin systems.</p>
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Part |: Introduction

* Phase of matter and phase transition
+ Many-body entanglement

* Numerical simulation: using entanglement
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Phases of matter

Universal feature
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Spontaneous symmetry breaking

Landau’s paradigm

Phases “are classified by symmetry breaking”
Captured by an order parameter

superconductor Ferromagnet

i
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Phase transition

Superfluid Mott insulator
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Spontaneous symmetry breaking
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Quantum entanglement

Product states: |0) ® |0),[1) @ |1)

Loy ®10) + 1) ® 1))

.

EPR pair:

S
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Quantum entanglement

Product states: |0) ® |0),[1) ®|1)

1
EPR pair: ﬁ(“)) ® [0) + 1) ® [1))
] = -
~(|0) @ 10) + 1) @ [1) +]0) ® 1) + [1) @ |0))

Product state — ®
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Symmetry breaking phase

Entanglement pattern is "trivial"
Ferromagnet Superfluid

DN InNe[NHR[1)
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Symmetry breaking phase

Entanglement pattern is "trivial"
Ferromagnet Superfluid
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Many entangled electrons

U = H ,/'I_|()) Fermi liquid
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Many entangled electrons

3 zg |2
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Fractional quantum Hall state
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Fractional quantum Hall state

. 9
M

_ 213 _
e {H(:’ — ':-’).iil e Ap 2k = Tk + WYk
_ 3
Emergent topological field theory: l—u.du.
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Topological quantum
computation

Fractionalization Fractional statistics
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Exotic emergent phenomena from
many-body entanglement

Many entangled fermions

Sachdev-Ye-Kitaev model Quantum gravity?
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Complexity from Entanglement

The Hilbert space dimension of N qubits: 2V

Typical condensed matter system: N ~ 10

Example: memory cost
N~32 N~48

B

.....

laptop supercomputer observable universe
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Entanglement area law

.
A ~<pg Entanglement entropy
- S(B) = —Tr(p” In p?)

pP = Tr, (| UAB) (WAB)) Generic volume law: S(B) ~ L”

Area law

Groundstate of a local, gapped |
 S(B) ~ |0B| ~ LP!

Hamiltonian in D spatial dimension

A gapless system may have S(B) ~ L” 'log L
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Matrix product state

‘LD> — Z(i“;l"”'hf\f}"’.lt .. ‘-""N>

{si}
) . N
Csy. sy - A complex numbers
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Matrix product state

A B
= § NI IAN * & & & #16 & & & & & &
{si} _
g;g l;g) = const
k. U
T o complex numbers s
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Matrix product state

A B
‘LI,> — Z("'Hl.--'..‘ﬁf\,’l""l:”' ‘."-"N> uuuuuv L L L L

N SH -l;g) = const
sy : d" complex numbers (

o =TT 4% g} )\ )\n,ﬂé
.

Matrix product states

DMRG (density matrix Ndx* complex numbers

renormalization group)
Physical index: s; = 1,--- ,d

Virtual index: v, = 1,---, Y
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Tensor network state
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Part |l: Spin liquid on kagome lattice

|. Introduction of spin liquid
2. Numerics: Dirac spin liquid and chiral spin liquid

3. Theory: emergent gauge field and Dirac fermions
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Spins on a lattice
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Spins on a lattice

Magnetic order
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Spins on a lattice

TH =14 —_—

Valence bond solid
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Spins on a lattice

Resonating valence bond state—A spin liquid




Spins on a lattice

Resonating valence bond state—A spin liquid

|.What is its property!?

2.Where to find such state?

irsa: 17050011 Page 27/67



Quantum spin liquid

spinon, S=1/2

—/ : Fractionalization
S=1 \ g A

Emergent gauge field

| J spinon, S=1/2
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Quantum spin liquid

Nspinon, S=1/2

w \ gu“ Emergent gauge field

_ spinon, S=1/2

Fractionalization

Topological field theory o ©

Z2 gauge theory

QED3 theory
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Example: Toric code
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Finding a spin liquid

irsa: 17050011 Page 31/67



Finding a spin liquid

Frustration

|
H=JY §-58;, J>0 4/*\,,
|
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Finding a spin liquid

Frustration

H=J) Si-5;. J>0
(i3)
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Magnetic ordered
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Finding a spin liquid

H— ] 7{ 5_1 750 Frustration

. |
AN AN ANV A N A/L\’?
|
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Spin liquids on kagome lattice

Kagome Heisenberg model

H=J7Y S-S, J>0
(i)

What is the ground state!?
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Spin liquids on kagome lattice

RO R/ Kagome Heisenberg model

/. I\ JI\. I\, ./ H:,ng?;fgj, J >0
(27)

N Y MY What is the ground state?
NS AN N IN L

Every possible candidate has been proposed?!
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Spin liquids on kagome lattice

R R R AR, Kagome Heisenberg model

AN AN ANV 4 W H:]ZS,S, J >0
(i3)

;NN Y Y What is the ground state?

Kagome spin liquid Spin liquid! But which one!?
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Spin liquids on kagome lattice

AR R AR/ Kagome Heisenberg model

AN AN A NV 4 W H:,_IZQ-S‘T.}_, J >0

;N N N/ What is the ground state?
N AN SN AN S

Kagome spin liquid Spin liquid! But which one!?

&}f

Herbersmithite ZnCu3(OH)CL,

Pirsa: 17050011 Page 38/67



Kagome spin liquid candidate

Short-range RVB, Z2 spin liquid, gapped

\f\l«.\ -\/\ /\ \I
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A A A A \“7“‘\“

Toric code topological order

fractional quasiparticle spinon vison

Cro e G
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Spin liquids on kagome lattice
AN A N . N A W Kagome Heisenberg model

I\ AN N N [[—.lzkg,-kg.,, J >0
(i5)

A VAR VAR VAR V4 What is the ground state?

Kagome spin liquid Spin liquid! But which one?
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Kagome spin liquid candidate

Short-range RVB, chiral spin liquid, gapped

VYV XX LYYYR,
/m-“-ﬁ “+(f ok i' +(( Au,.\ ,

. .S /4
A 7V
|/2 Laughlin state, breaks time-reversal symmetry )
Chern-Simons —ada
A
. . Semionic o ;.'“"__,_ﬁ'/‘:;';.
spinon © /2 spin ctaticticet @ I o9
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Kagome spin liquid candidate

Long-range RVB, gapless spin liquid

N,
\
N
.

Dirac spin liquid

Emergence of Dirac fermions in
a bosonic system!!
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Spin liquids on kagome lattice

H =, Z ;g,‘_ : 5,‘ + Ja Z g;‘ ‘ gfj + J3 Z gi ' g}

[ st 2nd 3rd

Jo=Jz3=J

00 0.3 | 08,1/,
Dirac Chiral
Spin Liquid Spin Liquid
y, 9
AU VAN Chern-Simons l?fmm
CFT A (J,-W/'fj:-

.9

L= Z Pilin* (O — i)
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Numerics for the chiral spin liquid

Hall conductance

Flux insertion

o L &

7 flux

27 flux pumps one spinon

2
Chern-Simons lu.du
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Fractional statistics from DMRG

Modular Matrix V;; = (¢i|Ray/3/005) ~ TS
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Spin liquids on kagome lattice

H =, Z g.,‘_ : 5,‘ + Ja Z g;‘ ‘ 5;‘ + J3 Z gi ' g}

[ st 2nd 3rd
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Spectrum of triplet excitation

Kagome Heisenberg Free fermion (parton pi-flux)
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Entanglement entropy as a probe

| : L ml
I+ID CFT S(B) = %log ( sin {W H]) + const
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Entanglement entropy as a probe

2+1D CFT

\_
——

Free Dirac fermions:

1 _
S =——log(2sin(0/2)) + AL. + - --

[
L]

B

Other probe: e.g.
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Entanglement entropy as a probe

2+1D CFT Kagome spin liquid: QED3
— 34—
S = —log(2sin(6/2)) + 3.51
3.2+
Free Dirac fermions: S
1. . ‘
S =—-log(2sin(0/2)) + AL. + - --
3 30..
28 L 1 1 L L L
Other probe: e.g. 1.0 0.8 06 04 02 0.0

0/
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Spin liquids on kagome lattice

H:JlZS"}-E,+.JBZ§z-§;;+oJ:=Z§z.-§-;
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Spin liquids on kagome lattice

H:']lzga'g,‘ +J32§;"§,‘+J;;Z§r§j

lst 2nd 3rd
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Exotic emergent phenomena from
many-body entanglement

Topological field theory

A.
e.g.Chern-Simons l ada
4

Many entangled
bosonic spins

s / m A4 -
(/ LAAA

Electrodynamics

QED3: Dirac fermions

Various CFTs
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Exotic emergent phenomena from
many-body entanglement

Topological field theory

A.
e.g.Chern-Simons —ada

Many entangled Am

boso o o
Theoretical understanding? -

) Ci /3R
A AT
/2/ ,m’,\f.h},‘a )

QED3: Dirac fermions

Various CFTs
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Emergent Dirac fermions

A set up: two species of bosons

Bosonic integer quantum Hall
B
A

Relation with spin liquid:
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Emergent Dirac fermions

A set up: two species of bosons

Bosonic integer quantum Hall

A B

2 a gab
1.AdA A, A" Probe field of A, B

Relation with spin liquid:
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Emergent Dirac fermions

A®. A" Probe field of A, B

E 0
— A*dA° —A%dA°

41 47

Bosonic integer

quantum Hall Trivial state
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Emergent Dirac fermions

A® A" Probe field of A, B

9 0
= A%d AP — A%dAb — A%dA°

Bosonic integer

quantum Hall Trivial state
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Emergent Dirac fermions

>, [°)
A% A" Probe field of A, B €b/2

0
— A%qA°

47

Bosonic integer

quantum Hall Trivial state
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Emergent Dirac fermions

_D)
A%, A" Probe field of A, B €b/2
Qe,/2

0
—A%dA°

47

Bosonic integer

quantum Hall Trivial state
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Emergent Dirac fermions

.. /9
A%, A" Probe field of A, B €b/2
Qe,/2

0
—A%dA®

47

Bosonic integer

quantum Hall Trivial state
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Dualities
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Summary

Exotic phenomena can emerge from many-body entanglement.

Spin liquids are prominent examples of the long-range entangled
states.

We discuss the spin liquid phases on the kagome lattice.

11
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Composite fermi liquid from
Wilson-Fisher critical point

L= l(‘)’,q’b"‘) Fm|ol? + Ao|*

|
+ —¢€,,00,0,a)
8 FFATHT Dual

. CRL

L = (‘(() — f'.(l.‘;,a )'(,4"";? + \%Cﬂ.i/)\”f!-(‘)i/”‘)\

o7

P .?xj('"] /1
0 Superfluid Mott insulator
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Summary

Exotic phenomena can emerge from many-body entanglement.

Spin liquids are prominent examples of the long-range entangled
states.

We discuss the spin liquid phases on the kagome lattice.

a,,
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Thanks for your time!
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Summary

Exotic phenomena can emerge from many-body entanglement.

Spin liquids are prominent examples of the long-range entangled
states.

We discuss the spin liquid phases on the kagome lattice.
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