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Abstract: <p>Many-body entanglement can lead to exotic phases of matter beyond conventional symmetry breaking paradigm. Those exotic
may contain fractionalized quasiparticles and emergent gauge fields. In this talk,&nbsp; | will focus on a wide class of long-range ente
phasesa€’quantum spin liquid. In quantum spin liquids, the spins are entangled in some intricate fashion giving rise to interesting physics
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

Pirsa: 17050011 Page 4/67



Spontaneous symmetry breaking

Landau’s paradigm
Phases “are classified by symmetry breaking”

Captured by an order parameter

superfluid superconductor Ferromagnet
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Phase transition

Superfluid Mott insulator
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Quantum entanglement

Product states: |0) ® |0),[1) @ |1)

L0y ®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
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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

Eflg\-lg
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Fractional quantum Hall state
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Fractional quantum Hall state
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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: 2

Typical condensed matter system: N ~ 10

Example: memory cost
N~32 N~48

.....

observable universe

laptop supercomputer
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Entanglement area law

.'\\\
A ~<pg J Entanglement entropy
- S(B} = —Tr(p° In p”)

pP = Tr, (|48 (pAB|)  Generic volume law: 5(B) ~ EY

Area law

Groundstate of a local, gapped
Hamiltonian in D spatial dimension } S(B) ~ |0B]| ~ LP-1

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

Pirsa: 17050011 Page 17/67



Matrix product state
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Matrix product state

A B

s1,--+ 5 sn)  CRRIRED GIOICICIOIOC

N Sp(lg) = const
.. sy - d" complex numbers (
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Matrix product state

A B
{si} L

| N Sp(lp) = const
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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 S

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?
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Quantum spin liquid

“Yspinon, 5=1/2

_/ Fractionalization
S=1 \ g Uy

Emergent gauge field

) spinon, 5=1/2
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Quantum spin liquid

""“__f;spinon, S=1/2

—/ Fractionalization
5= \ %”“ Emergent gauge field

Topological field theory o 9

i spinon, S=1/2

Z2 gauge theory

QED3 theory
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Example: Toric code
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Finding a spin liquid
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Finding a spin liquid

Frustration

|
H=JY §;-5;, J>0 A/+\?
|
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Finding a spin liquid

i = ,]Z S . S’_}.? F 55 i Frustration
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Finding a spin liquid

H— ] 5 b 750 Frustration
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Spin liquids on kagome lattice

Kagome Heisenberg model

H=J) §;-5, J>0
(i)

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

R R RN, Kagome Heisenberg model

% Y I AN H:JZS{,;-S'}., J >0
| (i)

{ Y ¥ ¥ ¥ What is the ground state?

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

R R R AR, Kagome Heisenberg model

I\ AN AN N A H:JZE-Q, J >0
(i7)

AN VAR VAR VAR ¥4 What is the ground state!?

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

R R R A, Kagome Heisenberg model

A NN NS H=J) §;-5, J>0

{ M Mo ¥ ¥ What is the ground state?

Kagome spin liquid Spin liquid! But which one!?

Herbersmithite ZnCu3(OH)CL; & \J' ‘/w) ®
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Kagome spin liquid candidate

Short-range RVB, Z2 spin liquid, gapped
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Spin liquids on kagome lattice

AR R R A ) Kagome Heisenberg model
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Y Y ¥ ¥ 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
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Kagome spin liquid candidate

Long-range RVB, gapless spin liquid

Dirac spin liquid L = Dili* (8, — iay) |

Emergence of Dirac fermions in
a bosonic system!!

AN NN
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Spin liquids on kagome lattice

H = J, Z§ .S; + J2 Z S;-S; + Ja Z S; - §;
- [ st

2nd 3rd

Jo=Js=J

00 0.3 | 08,1,
Dirac Chiral
Spin Liquid Spin Liquid
y 9
AW AW aT Chern-Simons l?T”d”
) i A (,m/'é":

.9

Pirsa: 17050011 Page 43/67



Numerics for the chiral spin liquid

Hall conductance DMRG results
Flux insertion 0.0 A
: - rr‘,.g., =172
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Fractional statistics from DMRG
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Spin liquids on kagome lattice
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—InA; = 1/&

InA; = 1/&;

Spectrum of triplet excitation

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