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Unified explanation for rogue
waves in optical fibers

Fabio Biancalana, Andrea Armaroli, and Claudio Conti

The concept of an ‘energy landscape’ is used to model the formation of
rogue solitons.

So-called rogue waves (also known as ‘freak’ or ‘killer” waves)
are waves with extremely large amplitudes. They appear from
nothing and then suddenly disappear. The rogue wave concept
has it origins in the field of oceanography, but it has also been
studied in many different branches of physics (e.g., optical
guided waves and plasma waves), and in complex dynamic sys-
tems (e.g., social sciences and financial marke’ts).1 The nature
and origin of rogue waves, however, are not fully understood.

Large nonlinearities within photonic crystal fibers (i.e., a form
of light-matter interaction) cause intense incoming light pulses
to break up into trains of short pulses, which are known as
solitons. These solitons exhibit particle-like behavior, and their
shape tends to be preserved during propagation. When the soli-
tons are sufficiently short (typically less than 1ps), a cascade
of high-order linear and nonlinear phenomena results in the
generation of a broad optical spectrum, which is known as a
supercontinuum.? During this process, rare events can occur in
unpredictable manners. For instance, an unusually high inten-
sity soliton can appear at the fiber output.® Such an event is
considered as a fiber-optical analogue of oceanic rogue waves.
Several numerical and experimental studies have been con-
ducted to characterize and control optical rogue waves* and
rogue solitons. The main theoretical explanation derived from
these investigations is that these phenomena correspond to
exact solutions of universal mathematical models, e.g., the non-
linear Schrodinger (NLS) equation.® The solutions of these mod-
els are of fundamental theoretical interest and have applications
in many contexts. However, they cannot be used to explain the
statistical properties of rogue solitons in optical fibers, nor the
observed variety of peak amplitudes.

We developed a new model that can explain the properties
of rogue solitons in optical fibers. We used statistical physics
methods, borrowed from the field of spin glasses,6 to model
the weak interactions between fiber solitons. We were thus able
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Figure 1. (a) and (b) Illustration of the potential energy landscape.
The trajectories of two different potential energy levels are shown.
(c) Construction of the equivalent energy landscape for the weak
interactions of nonlinear Schrodinger solitons (in terms of a list of
numerically computed values). H: Depth of enerqy minima.

to build a model of an ‘energy landscape,” which is generated
by the weak interaction between adjacent solitons.” We took
this concept of an energy landscape from the physics of com-
plex systems (e.g., glass phase transitions, protein folding, and
chemical reactions).® The interaction of many degrees of free-
dom gives rise to the complex behavior, i.e., the system is in-
trinsically unpredictable. Our energy landscape consists of many
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Figure 2. Characteristics of the equilibria of the weak interaction soli-
ton model. The solution that exhibits an exceptionally large peak is
shown in (al) and in (a2), where it is surrounded by smaller peaks with
mismatched velocity. The corresponding temporal profiles of intensity
and phase are shown in (b). The statistical distribution of the numeri-
cally computed amplitudes of the equilibria is shown in (c). The inset
shows the data fit to a Weibull distribution (on a logarithmic scale).
t: Time. u: Electric field amplitude.

10.1117/2.1201507.006035 Page 2/4

(@) typelevent

output collision

% 5 o 5 10

(b) type Il event

Figure 3. Light propagation simulations reveal two different dynamical
processes that give rise to extreme amplitude peaks at a fiber output.
(a) During a type I event, a collision occurs at the fiber output after
a sequence of minor collisions. (b) In a type II event, a major early
collision transfers a large amount of energy to a strong soliton, which
is then red-shifted. The most important collision events are highlighted
with circles. z: Propagation distance along the optical fiber.

minima with different depths, as illustrated in Figure 1(a) and
Figure 1(b). Different initial conditions led to completely dif-
ferent evolutions of our system, i.e., the energy is free to hop
between different minima and explore a variety of permitted
configurations. We used our model to identify the equilibria
of weak soliton interactions. We found that the equilibria

Continued on next page
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Figure 4. Evolution of the potential energy of the simulated system.
Blue and red lines correspond to type I and II events illustrated in
Figure 3. Hyp,: Nonlinear height. Hy: Initial height. z: Propagation
distance along the optical fiber.

corresponded to the collisions that originally generated the
rogue solitons in optical fibers.

We applied our approach to the universal NLS equation,
which describes the propagation of light in an optical fiber
within the anomalous dispersion regime.” We were able to
simply derive the necessary system of ordinary differential
equations’ with the use of a variational ansatz and an equation
that relates the amplitude, speed, temporal delay, and phase of
each soliton. We used a numerical root finding technique—for a
large soliton number (N)—to calculate the equilibria of the
resulting system. We repeated this same procedure for many
different initial random guesses, and we were thus able to find
a large number of equilibria. The resultant family of solutions
represents the energy landscape of the soliton interaction.

We also examined the statistical distribution of the amplitudes
in our model. We searched for exceptional solutions that
exhibited extreme amplitudes. Among these solutions, we found
an intense pulse that exhibited a very large peak and was sur-
rounded by smaller oscillations, as illustrated in Figure 2(a) and
Figure 2(b). Although this solution appears to be similar to the
well-known Akhmediev breather (nonlinear wave) and Pere-
grine soliton,® this perception is misleading because we also
found solutions with multiple peaks. In addition, the amplitude
ratio of the main soliton to its neighbors does not coincide with
the prediction for these exact solutions. Interestingly, we found
that high-intensity isolated peaks corresponded to minima of
the integrated Hamiltonian density—see Figure 1(c)—which is
equivalent to the total energy of the system.!? Moreover, the sta-
tistical distribution of the amplitudes is a Weibull distribution,*
which exactly matches our experimental observations: see
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Figure 2(b). Furthermore, the moments of this distribution are
in the same range as those that are measured for rogue solitons
in optical fibers.!!

In addition, we simulated light propagation in a realistic pho-
tonic crystal fiber.” As expected,'?> we observed the generation
of rogue events as collisions between solitons in the proximity
of the fiber output—see Figure 3(a)—or as large amplitude soli-
tons at the red edge of the spectrum—see Figure 3(b)—because
of Raman self-frequency shift. We found the collision events that
occurred during supercontinuum generation (SCG) matched the
temporal profile of the energy landscape equilibria: see
Figure 2(b). The red-shifted pulses originated from extreme early
collisions, whereas the SCG collisions resulted from a sequence
of many minor collisions. Each collision corresponds to a mini-
mum
in the interaction energy between solitons, which we calculated
by integrating the nonlinear terms of the Hamiltonian density
(see Figure 4).10 This provides the strongest indication that colli-
sions inside the pulse train are the equilibria of the energy land-
scape and are generated by the interactions of adjacent solitons.

We have proposed an explanation for the appearance of
extreme peaks at the output of an optical fiber, i.e., rogue
solitons. Our approach is based on a simplified interaction
model for the behavior of neighboring solitons.® Our method
allows us to build an energy landscape. The equilibria of this
landscape correspond to the collisions between the light pulses
that are generated during the initial propagation stages. We have
mathematically proven that the interaction energy represents lo-
cal minima at those points and that the peak statistical distribu-
tion corresponds to the amplitude distribution of equilibria. The
generality and universality of our concept makes it particularly
useful to scientific and engineering communities involved in the
study and control of freak waves. In our future studies, we will
investigate if the energy landscape can be used to explain other
types of rogue waves (e.g., freak waves that are generated by
modulational instabilities in optical fibers or in water) and the
rogue waves that are observed in the chaotic regime of microring
resonators. We eventually hope to obtain a unified understand-
ing of all natural rogue wave phenomena.

Fabio Biancalana and Andrea Armaroli acknowledge the support of the
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