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Concept and history
Topological photonics
Integrated optical frequency combs

Integrated nonlinear topological photonics

(Theory + Exp) Topological Frequency Combs (TFC)

(Exp)  Multi-timescale mode locking of TFC

(Exp)  Nested phase matching for high yield nonlinear optics

(Theory + Exp) The dispersive tight-binding framework.

(Theory) Exotic nonlinear solutions with Quantum Metamorphosis

Outline
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1985: Integer Quantum Hall 
effect

1998: Fractional Quantum 
Hall effect

2016: (Haldane) Anomalous 
Quantum Hall effect
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Can topology emerge with neutral particles?

How about optical domain? 
(wavelength: 200 nm – 2500 nm)

Photons don’t interact with 
magnetic fields!

Artificial Gauge Fields needed!Haldane and Raghu. PRL (2008)
Wang Zheng, Marin Soljacic, et al. Nature (2009)

Microwave (wavelength 1 mm - 1 m)

M Hafezi. PRA (2007) 
(Image: NIST)

Atoms

ZJ Yang, BL Zhang et al. PRL (2008)

Phonons



 Artificial Gauge Field in micro-resonators
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Integer Quantum Hall effect (IQH)
𝐻𝐻𝐼𝐼𝐼𝐼𝐼𝐼
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Anomalous Quantum Hall effect (AQH)
𝐻𝐻𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
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Two resonator case:
Imaging photonic topological edge states
Nature Photonics 7, 1001 (2013)

Photonic Quantum Anomalous Hall effect 
PRL 123, 043201 (2019)

Topological laser
Khajavikhan & Segev’s group  Science 359 (2018)

Reconfigurable topological states
Feng group (UPenn) Science 365, 1163 (2019)

Demonstration of spectral flow/Chern number 
PRL 112, 210405 (2014)
Nature Photonics 10, 180 (2016)

Energy

Photonic quadruple topological phases 
Nature Photonics 13, 692 (2019)

For waveguides see Rechtsman et al. Nature (2013)



Tobias J. Kippenberg, Ronald Holzwarth, and Scott A. Diddams. Science (2011) 

Can we miniaturize the frequency comb generator ?

2005: optical frequency combs
How? Phase-stabilized, mode-locked femtosecond lasers.

Tobias J. Kippenberg, Alexander L. Gaeta, Michal Lipson, Michael L. Gorodetsky. Science (2018) 
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Tobias J. Kippenberg, Ronald Holzwarth, and K.J.Vahala. Science (2016) 



Theoretical description of microcombs: Lugiato–Lefever Equation (LLE)
A nonlinear Schrödinger equation (NLSE)

𝐀𝐀 𝛉𝛉, 𝒕𝒕 = �
𝐥𝐥

𝑨𝑨𝒍𝒍 𝒕𝒕 𝒆𝒆
𝐢𝐢 𝝎𝝎𝒍𝒍−𝝎𝝎𝒍𝒍𝟎𝟎 𝐭𝐭−𝐢𝐢 𝐥𝐥−𝒍𝒍𝟎𝟎 𝜽𝜽

𝜅𝜅𝑖𝑖𝑖𝑖

𝜅𝜅𝑒𝑒𝑒𝑒

𝝏𝝏
𝝏𝝏𝝏𝝏
𝑨𝑨𝒍𝒍 = − 𝜿𝜿𝒊𝒊𝒊𝒊 + 𝜿𝜿𝒆𝒆𝒆𝒆 𝑨𝑨𝒍𝒍 + 𝐢𝐢𝐢𝐢𝑨𝑨𝒍𝒍 + 𝟐𝟐𝜿𝜿𝒆𝒆𝒆𝒆𝐅𝐅 + 𝐢𝐢𝒈𝒈𝟎𝟎 𝑨𝑨𝒍𝒍 𝟐𝟐𝑨𝑨𝒍𝒍

𝛔𝛔 = 𝝎𝝎𝒍𝒍 − 𝝎𝝎𝒍𝒍𝟎𝟎, 
detuning

Different nonlinear states arises from Kerr frequency combs, depending on 
different parameters and sweeping techniques. 

Comb 
envelope 

power 
distribution

pump

Soliton Chaotic Turing Roll

Yanne Chembo and Curtis Menyuk. PRA (2013)

Wikipedia: 
Lugiato–Lefever 

equation
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Topological 
photonics 

Topological 
Nonlinear 
Photonics

Micro
combs

Topological frequency combs 
Science 2024

Multi-timescale mode-locking 
Science Advances 2025

Nested phase matching
Science 2025

Quantum Metamorphosis and 
infinitely nested soliton

Under review in Nature

Ultrabroadband artificial gauge 
fields

In preparation

New physics!
New applications!
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S. Mittal et al., Nature Physics (2021)

Free Spectral 
Range ~c/L

≈ 𝐽𝐽

Mittal et al., PRL, 123, 043201 (2019)
Leykam et al., PRL, 121, 023901 (2018)

Solve driven-dissipative mean field dynamics

 Topological comb model
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Nested 
soliton

Fast time L/c
Slow time N/J
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C. Flower, M. J. Mehrabad, L Xu et al. Science (2024)
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 Experimental realization of topological frequency combs

Linear drop spectrum



40pm grating based Optical Spectrum Analyzer 
(OSA): bandwidth ~1000nm. Can resolve single ring 

FSR of 6 nm but not super ring FSR of 20 pm.
0.04pm heterodyne based OSA: yay! 

Pump the edge modes vs. pump the bulk modes vs. 
pump a single ring
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Probing the photonic 
synchronization 

• Nested comb spectrum
• RF beat note
• Temporal pulses
• Quadratic linewidth distribution

L Xu , M.J. Mehrabad, C.J. Flower et al. Science Advances (2025)
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 20 GHz Oscilloscope

 Nesting on OSA and RF beat note

 Quadratic linewidth distribution for both time scales

All measurements highly suggests 
mode locking for two timescales 

on topological edge combs
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L Xu , M.J. Mehrabad, C.J. Flower et al. Science Advances (2025)



•First-ever observation of fourth harmonic in SiN
•Results with no optimized design or post-fabrication tuning
•100% wafer-scale device yield

Surprising generation of harmonics

M.J. Mehrabad, L Xu et al. Science (2025)

Wavelength (nm) Wavelength (nm)

Optical Spectrum

𝝎𝝎𝟐𝟐𝟐𝟐𝟑𝟑𝟑𝟑Same design, 6 copies
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Pump: 1550 nm
Red →          SHG:  775 nm
Green →          THG:  517 nm
Blue →          THG:  388 nm

Imaging the harmonics

All generated harmonics 
are confined to the edge 
of the system 
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M.J. Mehrabad, L Xu et al. Science (2025)



Is this a new phase matching mechanism? 

𝜔𝜔harmonic

𝜔𝜔pump

𝜔𝜔harmonic

2𝑘𝑘pump = 𝑘𝑘harmonic

𝜔𝜔pump
𝜔𝜔pump

𝜔𝜔harmonic

𝜔𝜔pump
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M.J. Mehrabad, L Xu et al. Science (2025)



Slide #16/19New theoretical framework for nonlinear topological photonics

The integer quantum Hall lattice

L Xu, A Padhye et al. In prep

Narrow-band
Three parameters:
Onsite potential 𝝎𝝎𝟎𝟎
Hopping strength 𝑱𝑱
Gauge field 𝐀𝐀 = (𝒚𝒚𝒚𝒚,𝟎𝟎,𝟎𝟎)



Broadband multimodal tight-binding approximation?

Previous narrow-band 
topological photonics works

Previous broad-band 
multimodal works

This work: new tight-binding 
framework

L Xu, A Padhye et al. In prep
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Multi-shot probing of the dispersive tight-binding Hamiltonian

L Xu, A Padhye et al. In prep
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Nonlinearity to single-shot probing the dispersive tight-binding model

L Xu, A Padhye et al. In prep

Nonlinear simulation: 
Lugiato-Lefever equations 
with the dispersive tight-
binding model.
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 Topological protection survives with strong nonlinearity! Slide #20/21

L Xu, A Padhye et al. In prep



AQH Lattice

Single AQH 
Plaquette

2nd Order Lattice
 Infinite layers of quantum hall topologies? Slide #19/19

More than simple addition! New topological bands: isolated flat bands, 
magic flat edge bands etc…

Exotic higher-order 
topological solitons

M.J. Mehrabad, A. Parhizkar, L Xu et al. Submitted



Thank you for 
your time!

Contact: lidaxu66@umd.edu



The elastic tape model
• The frequency of a soliton comb line is:

• Therefore, a fluctuation of each teeth is:

• The power spectral density of any comb teeth is:

• Linewidth becomes quadratic as a function of \mu.

• If not soliton comb:

• Then:
Victor Torres-Company, Nature Communications (2022)



L Xu, A Padhye et al. In prep

The dispersive tight-binding Hamiltonian
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 Nested solitons






 Robustness against defects



1 2

3 4 Can photons dance 
in synchronization 
on multiple scales?

 Topological mode-locking: a fairy tale
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