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“Light sciences are a cross-cutting 
discipline in the 21st century” 
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Ban Ki Moon



But there was one that we could not get in … 



This talk

This Talk 

Solitons

Solitons in nonlinear optics

Insights into extreme events in other systems



•When studying barge speed and hull design 
on the Union Canal Edinburgh … 

The soliton was discovered in 1834

1834:  “The happiest day of my life”

“the boat suddenly stopped –
not so the mass of water in the 
channel which it had put in motion  

… 
a large, solitary, progressive wave” 

Bridge 11 
Hermiston Walk
Heriot Watt University

John Scott Russell 
(1808-1882) 

O. Darrigol, The Spirited Horse, the Engineer, and the Mathematician … Arch. Hist. Exact Sci. 58, 21-95 (2003)



Waves usually disperse (diffract) with propagation

Definition of a soliton

A physical structure that does not change during propagation 

Nonlinear self-compression (self-focussing) balances the usual linear 
tendency of a wave to disperse (or diffract)

Why this is unusual – a modern example with light

n = n0 + n2 I(x)I(x)



1865: Henri Bazin
1871: Joseph Boussinesq
1895: Korteweg – de Vries

1953: Fermi-Pasta-Ulam recurrence

1965: Zabusky & Kruskal “solitons”
1967: Lorentz

Deterministic nonperiodic flow

1972: Zakharov & Shabat
Nonlinear Schrödinger equation 
solitons

•Confirmation and Theory

•Solitons in Nonlinear Science

A soliton timeline



The laser enabled study of solitons using light 

19601953

Townes Gordon Maiman

Maser Laser



Optical spatial solitons

…..

Charles H. Townes
(1915 - Jan 27 2015)

Townes et al. 
Pub Astro. Soc Pac. 
123 1370-1373 (2011)



Observation of filamentation in a Kerr medium

Self-trapping of optical beams  

Observation of spatial optical solitons

1964: Chiao, Garmire and Townes

Optical spatial solitons

1964: Hercher

1974: Ashkin and Bjorkholm
1985: Barthelemy, Froehly
1992: Photorefractive solitons
2004: Self similar collapse & the Townes profile



• Reliable techniques for fabricating small-core waveguides yielded the 
birth of optical fibre communications

Low-loss optical waveguide development



Optical temporal solitons 

Theory of solitons in optical fibres

Laboratory demonstrations

EDFAs, Dispersion control

Today: nonlinearity is “managed”

1973: Hasegawa & Tappert

1980: Mollenauer, Stolen, Gordon (bright) 
1987: Emplit et al. (dark)

1990’s: Doran, Mollenauer
1989: Desurvire, Payne 



A well-known example is the self-modelocked Ti:Sapphire laser

• Temporal soliton dynamics                  Spatial soliton dynamics
• dispersion management                 diffraction management

W Sibbett et al. The development and application of femtosecond laser systems
Optics Express Focus Issue on Modular Ultrafast Lasers 20 6989-7001 (2012)

Solitons in modelocked lasers …   



• The dissipative soliton concept expands the mathematical definition of 
solitons to include energy exchange, opening up new applications

• In this sense, nearly everything can be considered as a soliton!

Relaxing the definition of a “soliton” opens new theory 



A solitary laser meets fiber soliton dynamics



Understanding the supercontinuum dynamics

Linear dispersion SPM, FWM, RamanSelf-steepening

Modelled using a generalized nonlinear Schrödinger equation (NLSE)

Dudley, Genty, Coen, RMP 78 1135 (2006)



Understanding the supercontinuum dynamics

Dudley, Genty, Coen, RMP 78 1135 (2006)

1. Input pulse is a high-order soliton
2. Perturbation due to higher-order dispersion
3. Fission into fundamental solitons
4.  Raman self-frequency shift (RED)
5.  Dispersive wave generation (BLUE)



Basic description of ultrashort pulses 

An octave-spanning spectrum allows 
comb position to be readily stabilized  

We can bridge the gap between a known
optical frequency locked to definition of 
the second and any optical frequency

Immediate interest and impact



Immediate interest and impact

Molecular fingerprinting S. Diddams et al. Nature 445, 627 (2007)
Human breath analysis M. J. Thorpe et al. Opt. Express 16, 2387 (2008)
Above 10 µm C. R. Petersen et al. Nature Photon. 8, 830 (2014)



Modelling reveals that the supercontinuum can be highly unstable

5 individual realisations,
identical apart from quantum noise

Successive pulses from a laser pulse train 
generate significantly different spectra

We measure an artificially smooth
spectrum, but the noise is still present

Stochastic simulations

J. M. Dudley, G. Genty, S. Coen, Rev. Mod. Phys. 78 1135 (2006)

Unstable solitons in supercontinuum generation



Measuring soliton noise on a shot-to-shot basis

• New measurement techniques provide new opportunities to study noisy 
processes in nonlinear optics via direct statistical characterisation 

• Dispersive Time Stretching 

P.M. Duffieux « L’intégrale de Fourier et 
ses applications à l’optique » (1946) G. V. Grigoryan et al., OPN 11 (2000)
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Far field diffraction and Fourier optics

• This is the time-domain equivalent of the fact that the far field diffraction pattern 
of an aperture is the Fourier transform of the diffracting mask

•
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Rare soliton events are optical rogue waves

Experiments reveal that these instabilities yield long-tailed statistics

• Also: 
• Wetzel et al. 

Scientific Reports  2,  882 (2012)
• Godin et al. 

Optics Express  21 18452-18460 (2013)



Rogue waves on the ocean

Draupner Wave
1995

Long tails in the wave height distribution 
are claimed to be rogue wave signature  



Envelopes and analogies in the NLSE



One of the most fundamental nonlinear processes in NLSE systems is the 
exponential growth of a periodic perturbation on a plane wave solution

Modulation instability - a nonlinear resonance allowing energy transfer 
from a background to amplify an initial modulation perturbation

This noise emerges from another kind of soliton

T. B. Benjamin and J. E. Feir, J. Fluid Mech. 27, 417 (1967)                              

Peregrine, J. Austral. Math. Soc. Ser. B 25, 16-43 (1983)
Akhmediev & Korneev, Theor. Math. Phys. 69, 1089-1093 (1986)

Solitons on Finite Background



We can excite families of solitons on finite background using appropriate
input conditions into an optical fibre

Experiments

Frequency



Solitons on Finite Background (SFB)

SFBs have been excited in optics using multi-frequency fields

Akhmediev 
breather (AB)

Peregrine 
soliton (PS)

Kuznetsov-Ma 
soliton (KM)

Higher-order
AB

Hammani et al., 
OL (2011)

Kibler et al., 
Nat. Phys. (2010)

Kibler et al., 
Sci. Rep. (2012)

Frisquet et al., 
PRX (2013)

0 < a < 1/2 a = 1/2 1/2 < a

t t t t
z z z z
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Motivating experiments in hydrodynamics

1/70 scale



Nonlinear wave enhancement in hydrodynamics

After the first experiments in optics, nonlinear effects are now being 
studied and observed in a range of hydrodynamic contexts

Extreme wave run up on a vertical cliff
Geophysics Research Letters 
DOI: 10.1002/grl.50637 (2013)

Hydrodynamic Supercontinuum 
Phys. Rev. Lett. 111, 054104 (2013)

Hydrodynamics of periodic breathers
Phil. Trans. Roy. Soc. A 372 20140005 (2014) 
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