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Bosons:

Motivation: Anyons

- Fractional Exchange Statistics: exotic physics in flatland

Fermions:
Anyons:
Non-Abelian:

- Proposed hardware for topological quantum computation

1. Create many-body state with anyonic excitations
     - fractional quantum Hall (FQH) states
2. Create quasiparticles
3. Move them around one another
4. Measure accumulated phase

Challenge:

(A. Kitaev ’03; C. Nayak et al. ’08) 



Platforms
• Interacting 2D fermions in a magnetic field

• Interacting 2D bosons in an effective magnetic field

Multimode optical cavity

pros: driven state preparation
        versatile in/out coupling

cons: photon loss
        weak interaction
        (matter mediated)

RMP ‘99
RMP ‘99

PRB ‘05

Cold atoms

PRL ‘03

PRL ‘13

Coupled 𝜇-wave cavities

Nat. Phys. ‘17

PRA ‘18 PRA ‘18
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Experimental setup
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Model

Ĥ=
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M — polariton mass (M ⇠ 10�4me)

2!B — cyclotron frequency (!B ⇠ 1 GHz)

!T — trap frequency (!T ⇠ 0� 10 MHz)

l — magnetic length (l ⇠ 20 µm)

V0 — two-particle interaction energy (V0 ⇠ 5 MHz)

� — inverse polariton lifetime (� ⇠ 0.1 MHz)

| {z }| {z } | {z }
kinetic trap interaction

!T , V0, � ⌧ !B =) Lowest Landau Level physics

+F (~r, t) ̂† + F ⇤(~r, t) ̂ + U(~r, t) ̂† ̂
| {z } | {z }

drive potential



Single-particle spectrum

• Single-particle Hamiltonian:

Landau
levels



Single-particle spectrum

• Single-particle Hamiltonian:

Lowest Landau level

�m(z) / zme�|z|2/2

-5 -4 -3 -2 -1 0 1 2 3 4 5
m

E

ωB/ωT = 4.0



Laughlin states

• Many-body spectrum:

• Many-body eigenstate: ν=1/2 Laughlin state

�N (z1, z2, . . . , zN ) / Y
j<k

(zj � zk)
2 e�

P
i |zi|

2/2

- has total angular momentum LN = N(N � 1)

• Drive                         by pumping at|�N i ! |�N+1i m = LN+1 � LN = 2N
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Creating Laughlin state

Idea: inject photons one-by-one such that                                    |�0i ! |�1i ! . . . |�N i

Going from         to            :|�ni |�n+1i

(Laguerre-Gauss laser beams:                          )
• Pump photons with angular momentum 2n : �L = Ln+1 � Ln = 2n

m = 2n



• Sweep frequency thru resonance :

Creating Laughlin state

Idea: inject photons one-by-one such that                                    |�0i ! |�1i ! . . . |�N i

Going from         to            :|�ni |�n+1i

(Laguerre-Gauss laser beams:                          )
• Pump photons with angular momentum 2n : �L = Ln+1 � Ln = 2n

�E = En+1 � En = !B + n!2
T /!B

(Rapid Adiabatic Passage)

m = 2n

!(t)��E

t



Creating Laughlin state
Polariton density

m = 0

t
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Creating Laughlin state
Polariton density
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m = 0
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Creating Laughlin state
Polariton density

t

m = 0 m = 2
!(t)

m = 4 m = 6



Creating Quasiholes

Idea: insert strong localized potentials adiabatically to bind holes

Û(t) = ⇡l2U0

Z
d2r [�(~r�~r0(t))+ �(~r+~r0(t))] ̂†(~r) ̂(~r)Potentials:

�oo
N ({zj}) /

YN
i=1

(zi � z0)(zi + z0)�N ({zj})Quasiholes:

Polariton density

[z0 ⌘ r0e
i�0/l]



Braiding Quasiholes

Idea: move the potentials to drag quasiholes around each other

Û(t) = ⇡l2U0

Z
d2r [�(~r�~r0(t))+ �(~r+~r0(t))] ̂†(~r) ̂(~r)Potentials:

�oo
N ({zj}) /

YN
i=1

(zi � z0)(zi + z0)�N ({zj})Quasiholes:

Polariton density

[z0 ⌘ r0e
i�0/l]



Idea: compare with a reference      which is unaffected by drives

Measuring braiding phase

 (e.g., a Rydberg excitation with large interaction range)

|Ri

Steps: 1. Use π/2-pulse to prepare              
         : zero-polariton state,       : one atom Rydberg excited

2. Create Laughlin, create holes, braid holes, then repeat backwards
     

3. Apply π/2-pulse to recombine      and  

4. Read out     by measuring ground-state occupation

5. Repeat under different experimental conditions to extract
      statistical phase      from 

|0i+ |Ri
|0i |Ri

|0i |Ri
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Idea: compare with a reference      which is unaffected by drives

Measuring braiding phase
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Steps: 1. Use π/2-pulse to prepare              
         : zero-polariton state,       : one atom Rydberg excited

2. Create Laughlin, create holes, braid holes, then repeat backwards
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dynamical geometric Aharonov-Bohm statistical

Repeat experiment at different rates to separate       from  



Measuring statistical phase

Experiment I Experiment IIExperiment 1
Rotate a single quasihole by 2π
                      Aharonov-Bohm

Experiment II
Rotate two quasiholes by π
                             exchange

                 

�II
g = �1 + �s

�I
g = �1

Idea: compare geometric phases from two different experiments

r0 2r0
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Adiabaticity and Coherence

1. Sweeps must be slow enough to prevent unwanted excitations

2. Sweeps must be fast enough to prevent polariton loss

Laughlin creation Hole generation Hole braiding

Examples of non-adiabatic sweeps (no loss) :

-  Adiabaticity: rates limited by excitation gap ~ V0 (t ≫1/V0)

-  Polariton loss set by decay rate 𝛾 (t ≪1/𝛾) |
{z

}

requires V0 
much bigger

than 𝛾

(more precise estimates on next slide)

(Laughlin creation most time consuming)



Cumulative error during Laughlin creation:

Adiabaticity and Coherence
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Big improvement over existing protocols (less demanding, high fidelity)

Still very hard to achieve (current experiments have                 )V0/� ⇠ 50

 τ — sweep duration

Net polariton loss:

Nloss ⌧ 1 =) V0/� � 10N2 lnN

Nloss ⇡
XN�1

n=0
(n�)(⌧) ⇡ N2�⌧/2



Summary
• Use rapid adiabatic passage to create Laughlin state
• Move pinning potentials to create and braid quasiholes
• Interferometrically measure fractional exchange statistics

• Adiabaticity and coherence require 
• Realize few-particle Laughlin states and perform
    externally controlled anyon braiding

V0/� � 10N2 lnN

S.D. and Erich Mueller
PRA 97, 033825 (2018)
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