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Anyons
“Exchange Statistics” of identical particles:

Swap two particles — what happens to wavefunction?

Bosons Fermions

Only cases in 3D

ψ → ψ ψ → − ψ

(photon, Higgs,…) (electron, proton,…)

⇒ light, sound, heat… ⇒ chemistry, biology…

Swap twice — same state

Anyons

ψ → eiϕ ψ ψ → ψ′�

More possibilities in 2D!

(semion, Ising, Fibonacci,…)

⇒ new physics, quantum computing

Swap twice — different state

⇒ Encode information in swaps
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Creating anyons
As point-like excitations (“holes”) over certain 2D quantum states

— Fractional Quantum Hall (FQH) states

— formed by interacting particles in a magnetic field

⃗B

FQH states realized in semiconductor films

— anyons not observed (imperfections, low tunability)

— more promising: engineered platforms



Creating anyons
Engineered platforms:

Optical cavityCold atoms

PRL ‘03

Microwave cavities

PRA ‘18 PRA ‘18

Programme:

1. Create FQH states

2. Generate anyon excitations (“holes”)

3. Move them around one another

4. Measure exchange phase

⇒ need particles in 2D, magnetic field, interactions 
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Non-planar geometry — effective magnetic field

z

x

y

Analogous to seeing a harmonic oscillator
 from a uniformly rotating frame

Magnetic field for photons 
Nature ‘16

~FCentrifugal = M?!
2
rot~r?

<latexit sha1_base64="sfM9T+QMgIyokHNba7ksX7VO/wg="></latexit>

(anti-trap)
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Atom-photon coupling — interactions

long lived

cavity photon

control laser

strong dipole interactions

“Dressed” photons
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Dynamics
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Atomic energy levels
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Drive
Laser
Potential

Loss

Cavity setup
Simon lab — Chicago

2D trapped 
interacting photons
in a magnetic field

+
Drive,  Potential,  Loss



Creating FQH state
   -photon ground state is an FQH state:

�N (z1, z2, . . . , zN ) / Y
j<k

(zj � zk)
2 e�

P
i |zi|

2/2

How do you inject photons to create this state? Laughlin

Properties:

Angular momentum LN = N(N − 1)ℏ Energy EN ≈ NℏωB

Idea: transition from        to           by|Φn⟩ |Φn+1⟩

(i) pumping photons with angular momentum Ln+1 − Ln = 2nℏ

(ii) sweeping frequency thru resonance, ω ≈ ωB

Lagurre-Gauss
laser beams

N

|�0i ! |�1i ! . . . |�N i



Creating FQH state
Photon density

m = 0

t
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Creating FQH state
Photon density

t

m = 0 m = 2!(t) m = 4 m = 6

ωB



Creating anyons (“holes”)
Holes should act like anyons with exchange phase ϕ = π/2

Wilczek
ψ → eiπ/2ψExchange:



Creating anyons (“holes”)

Idea: insert strong localized off-resonant lasers to pierce holes

Photon density

Holes should act like anyons with exchange phase ϕ = π/2

Wilczek
ψ → eiπ/2ψExchange:



Photon density

Braiding anyons (“holes”)

Idea: rotate pinning lasers to drag anyons around each other

Holes should act like anyons with exchange phase ϕ = π/2

Wilczek
ψ → eiπ/2ψExchange:



Measuring exchange phase
Idea: compare with a reference      which is unaffected by drives|Ri

(e.g., using Rydberg blockade)

RF
pulse

|0⟩ |0⟩ + |R⟩ Create FQH, create holes, braid, 
remove holes, remove photons

eiϕ |0⟩ + |R⟩

eiϕ |0⟩ + |R⟩ RF
pulse

(1 − eiϕ) |0⟩ + (1 + eiϕ) |R⟩ Measure |R⟩
population

cos2(ϕ/2)



Measuring exchange phase
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Constraints
1. Sweeps must be slow enough to prevent unwanted excitations

FQH creation Hole generation Hole braiding

- Rates limited by interaction strength V
- Fast sweeps:

II. Sweeps must be fast compared to photon loss rate γ
⟹ V/γ ≳ 10 N2 ln N

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

Still hard to achieve (current experiments have                )V/γ ∼ 50



Summary
• Inject photons one-by-one to create Laughlin state
• Move pinning lasers to create and braid anyons (holes)
• Interferometrically measure exchange statistics

• Realize few-particle FQH states and perform externally
    controlled anyon braiding

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

https://doi.org/10.1103/PhysRevA.97.033825

