
Introduction

• Topologically stable vector texture
• Characterized by a topological invariant

Revealing Hopfion topology

Skyrmion

Ψ 𝐴𝐵𝐶 = 𝐻ℓ1𝑉 + 𝑉ℓ2𝐻

Projecting photon A onto 𝑃 prepares photon B and C in a conditional entangled state from which a quantum skyrmion texture can be extracted
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Approach

Phase-controlled helicity Hopfion fibers Fibration

Hopfion number
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Topological invariant

𝐻 = 𝑝𝑞

Three-photon entanglement

𝑞 = ±1 ∶ fiber winding direction
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Project photon A Conditional quantum skyrmion

Beyond two photons
Extending two-photon topology to three-photon entanglement

We propose a framework to reveal topological structures in three-photon entangled states
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Hybrid entanglement Polarization entanglement
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[Ornelas et al., Nat. Photonics 18(3), 258–266 (2024)]

𝑞 = +1 𝑞 = −1

Conclusion

𝑝: skyrmion number of each slice

❑ Demonstrated skyrmion and hopfion topologies in a three-photon entangled state
❑ Established the tunability of the skyrmion texture 
❑ Reconstruction of Hopfion topology in synthetic space
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OAM-Polarization entanglement Polarization-Polarization entanglement

The helicity of the skyrmion can be 
controlled by the phase of 𝑃

Connecting the vectors across 
varying 𝜙 traces out Hopfion fibers

Photon A Photon B Photon A Photon B

Photon A Photon B Photon C

𝑝 > 0𝑝 < 0

𝑥, 𝑦, 𝜙
𝑟0 + 𝑥 cos𝜙 , 𝑟0 + 𝑥 sin 𝜙 , 𝑦

[Shen et al., Nat. Photonics 18(1), 15–25 (2024)]
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     | Ψ ⟩  A B C =  |  H  ℓ 1 V ⟩ +  |  V  ℓ 2 H ⟩


   | P ⟩


  N = ∫   S → ∙  (    𝜕  S →  𝜕 x ×   𝜕  S →  𝜕 y ) d x d y


  𝜙 = 0


  𝜙 =  𝜋 2


  Δ h e l i c i t y =  𝜋 2


  𝜙 : 0 → 2 𝜋


  H = p q


  q = ± 1   :


     | Ψ ⟩  A B C =  1   2  (   |  H  ℓ 1 V ⟩ +  |  V  ℓ 2 H ⟩ )


   | P ⟩ =   cos ⁡   (   𝜃 2 )  | H ⟩ +   sin ⁡   (   𝜃 2 )  e  i 𝜙  | V ⟩


   | Ψ ⟩ =  1   2  (   |  H V ⟩ +  |  V H ⟩ )


  q = + 1


  q = − 1


  p :


     | 𝜓 ⟩  B C =   cos ⁡   (   𝜃 2 )  |   ℓ 1 V ⟩ +   sin ⁡   (   𝜃 2 )  e  i 𝜙  |   ℓ 2 H ⟩


   | Ψ ⟩ =  1   2  (   |   ℓ 1 H ⟩ +  |   ℓ 2 V ⟩ )


   | P ⟩


  𝜙


  p > 0


  p < 0


   (  x , y , 𝜙 )


   (   r 0 + x   cos ⁡ 𝜙 ,  r 0 + x   sin ⁡ 𝜙 , y )

