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Extreme events such as rogue waves are often associated
with the merging of coherent structures. We report on experimental results in the physics of extreme events emerging
in a liquid-crystal light valve subjected to optical feedback,
and we establish the relation of this phenomenon with the
appearance of spatiotemporal chaos. This system, under
particular conditions, exhibits stationary roll patterns that
can be destabilized into quasi-periodic and chaotic textures
when control parameters are properly modified. We have
identified the parameter regions where extreme fluctuations
of the amplitude can emerge and established their origin
through its direct relation with the experimental largest
Lyapunov exponents, the proportion of extreme events,
and the normed kurtosis. © 2016 Optical Society of America
OCIS codes: (190.0190) Nonlinear optics; (190.3100) Instabilities
and chaos; (030.6600) Statistical optics; (230.3720) Liquid-crystal
devices.
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A time record generated by a natural system may consist of
well-defined periods, where a relevant variable undergoes small
variations around a well-defined level provided by its long-time
average, with the occasional appearance of abrupt excursions to
higher values that differ significantly from the average level;
these excursions are usually called extreme events [1]. Extreme
and rare events are ubiquitous in nature; these kinds of phenomena can appear in a wide variety of contexts, including hydrodynamics [2], plasma physics [3], optics [4,5], earthquakes
[6], and weather [7]. The study of extreme and rogue events has
been motivated in analogy to rogue waves in hydrodynamics
[8]; these rogue waves are giant waves that have been observed
in the ocean and whose mechanisms are not yet fully established. One well-established approach states that the creation
of these extreme events is caused by the collision of coherent
structures, mainly modeled by the nonlinear Schrödinger
equation [4]. Recently, most of the studies in this way have
been performed in optical fibers, where the interplay between
nonlinearity, noise, and dispersion generates extreme pulses,
reinforcing that the creation mechanism is based on the merging dynamics of coherent structures [9–12]. More recently,
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extreme events have been reported in nonlinear optical cavities
[13,14], solid-state lasers [15], photorefractive crystals [16],
laser diodes with phase-conjugation [17], and extended microcavity lasers [18]. Experimental observations of extreme events
in optics are mainly concentrated in the statistical characterization of this phenomenon. Few studies are concentrated in
the determination of the undergoing mechanisms of creation
that cause these events. One different approach states that extreme events are created by the interplay of stochastic processes
in systems presenting multistability; pointing the noise creates
intermittence, noise-induced transition, and acts as a switch
between coexisting non-chaotic states [19]. A deterministic
mechanism in non-extended systems has been established based
on the emergence of chaos through a crisis [20]. For extended
systems, it has recently been established numerically that the
emergence of spatiotemporal chaos expedites the appearance
of extreme events [18]. More precisely, the statistical characterization is based on experimental observation. Nevertheless, the
spatiotemporal chaos is established by its Lyapunov spectrum
which is obtained through numerical simulations in a generic
model.
In this Letter, we experimentally show that the emergence of
extreme events in the amplitude fluctuations is directly related
to the emergence of spatiotemporal intermittency of stripe patterns. Based on a liquid crystal light valve subjected to optical
feedback, which exhibits a transition from stationary roll patterns to spatiotemporal chaotic textures, we study the dynamics
of the amplitude fluctuations. The presence of intermittency
between different dynamical regimes, i.e., spatiotemporal chaos
and quasi-periodicity, allows a huge energy exchange, giving rise
to extreme and giant events.
A flexible experimental setup that exhibits pattern formation
in nonlinear optics is the liquid-crystal light valve (LCLV)
with optical feedback [21]. Particularly, in this setup, regular
patterns such as hexagonal, stripe and zig-zag structures, super
lattices, localized structures, dislocations, disclinations, spiral
states, domain walls between patterns, front propagation, and
quasi-crystals, have been reported (see [21] and references
therein). This setup contains a LCLV inserted in an optical
feedback system (see Fig. 1). The LCLV is composed of a
nematic liquid-crystal film sandwiched between a glass and a
photoconductive plate over which a dielectric mirror is
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Fig. 1. Schematic representation of the experimental setup. LCLV,
L, two lenses with a focal distance f ! 25 cm; M, mirror; FB, optical
fiber bundle; PBS, polarizing beam splitter cube; BS, beam splitter;
FP, Fourier plane; PC, photoconductor layer; DM, dielectric mirror;
SLM, spatial light modulator driven by a computer. V 0 external voltage applied across the LCLV. F and B represent the forward and the
backward beams, respectively.

deposed. The liquid-crystal film is planar aligned (nematic
director n⃗ parallel to the walls), with a thickness d ! 15 μm.
The liquid-crystal (LC) filling our LCLV is a nematic LC-654,
produced by NIOPIK (Moscow) [22]. It is a mixture of
cyano-biphenyls, with a positive dielectric anisotropy Δϵ !
ϵ‖ − ϵ⊥ ! 10.7 and large optical birefringence, Δn ! n‖ −
n⊥ ! 0.2, where ϵ‖ and ϵ⊥ are the dielectric permittivities ‖
and ⊥ to n,⃗ respectively; n‖ and are n⊥ are the extraordinary
(‖ to n)
⃗ and ordinary (⊥ to n)
⃗ refractive index [23].
Transparent electrodes over the glass plates permit the application of an electrical voltage across the LC layer. The photoconductor behaves like a variable resistance, which decreases for
increasing illumination. The feedback is obtained by sending
back onto the photoconductor, through a fiber bundle (FB),
the light which has passed through the liquid-crystal layer
and has been reflected by the dielectric mirror. This light beam
experiences a phase shift which depends on the liquid crystal
orientation and, on its turn, modulates the effective voltage that
locally applies to the liquid crystal sample. Transparent electrodes deposited over the cell walls allow an external voltage
application V 0 across the LC layer. Over a critical voltage, molecules tend to orient along the direction of the applied electric
field, which, on its turn, changes locally and dynamically by
following the illumination spatial distribution present in the
photoconductor wall of the cell. When LC molecules reorient,
due to their birefringent nature, they induce a refractive index
change. Thus, the LCLV acts as a manageable Kerr medium,
causing a phase variation ϕ ! 2kd Δn cos2 θ in the reflected
beam proportional to the intensity of the beam I w incoming
on the photoconductive side, where θ is the longitudinal average of molecular reorientation. Here, k ! 2π∕λ is the optical
wave number. A schematic picture of the performed experiment is depicted in Fig. 1.
The LCLV is illuminated by an expanded He–Ne laser
beam, λ ! 633 nm, with 1 cm transverse diameter and power
I in ! 6.5 mW∕cm2 , linearly polarized along the vertical y-axis.
The dielectric mirror (DM)—located in the rear part of the
cell—reflects the incident light in the LCLV and sends it back
to the polarizing beam splitter (PBS). The PBS will send the
x-polarized light into the feedback loop. To close the feedback
loop, a mirror (M) and an optical FB are used; these elements

assure the light to reach the back part (photoconductor, PC)
of the valve. The PBS samples and combines on the x-axis
the ordinary and the extraordinary waves propagating in the
LC layer, thus introducing interference between them. This
produces a ϕ dependent amplitude modulation of the reflected
beam which, sent on the feedback loop, ensures bistability
between differently orientated states of the LC molecules.
Here the optical axis of the LCLV is oriented at 45° with respect
to the y-axis (x–y plane) such that the modulation depth is
maximized [21]. In the feedback loop, a 4-f array is placed to
obtain a self-imaging configuration and access to the Fourier
plane (FP); this array is constructed with two identical lenses
(L) with a focal length f ! 25 cm placed in such a way that
both sides of the LCLV are conjugated planes. Thanks to this
configuration, the free propagation length in the feedback loop
can be easily adjusted. For the performed experiments, a length
of d ! −4 cm was used. A spatial light modulator (SLM) was
placed in the input beam optical path with a 1∶1 imaging
between the SLM and the frontal part of the LCLV to homogenize the illuminated area and to control the boundary conditions. The SLM is a LC display with 1 inch diagonal size and
1024 × 768 pixel resolution; each pixel is coded in 8 bits of
intensity level, and the whole system is controlled through
an external computer. With the aid of specialized software, a
square mask was produced in the SLM, which acts as a programmable filter able to impose arbitrary border conditions to
the input beam. For a uniform mask of 160 gray value, the
typical input intensity would be I w ! 0.83 mW∕cm2 . To
obtain the shape used in the experiments, a two-dimensional
mask, I "x; y#, was created with an adequate shape. The system
dynamics is controlled by adjusting the external voltage V 0
applied to the LCLV.
In brief, the dynamics exhibited by the LCLV with
optical feedback, is that the liquid-crystal molecular orientation
changes the phase of light emerging from the LCLV which, due
to the optical feedback, induces a voltage that reorients the
liquid-crystal molecules (see details in [21,24]). Therefore,
thanks to the optical circuit, the LC molecular orientation
self-induces a non-local spatiotemporal dynamics.
To explore the conditions where extreme events can occur
in the proposed system, the LCLV was illuminated with the aid
of an intensity mask of zero-level intensity everywhere, except
for a central square part with a length 2.5 mm. The SLM
output intensity is spatially modulated as I in ! I 0 "x; y#, where
I 0 can be controlled by changing the mask values and fx; yg are
the transverse coordinates. I 0 is measured when a given gray
value is imposed to the illuminated area; that is,
!
I 0 jxj ≤ a0 ; and jyj ≤ a0
.
I 0 "x; y# !
0 else:
In the used configuration, I 0 ! 0.9 mW∕cm2 . This
average intensity was constant along all the conducted experiments. V 0 varies between 0 and 7V rms . The critical voltage,
V 0 ! 3.5V rms , corresponds to the destabilization threshold
for stationary roll patterns. In the performed experiments, 5000
images, each one of 640 $ 480 pixels weighted by 256 gray intensity levels, were recorded for each V 0 value. An adequate
algorithm has been created to detect and save spatial peaks
in each image. According to the literature, to consider an event
as extreme, the adopted statistical criterion is through the
abnormality index (AI). This criterion was defined to study
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Fig. 2. Experimental extreme events. The left panel PDF as a
function of the abnormality index (AI). The small insets show tails
versus a Gaussian fit represented by the solid line (green). In the
right panel, snapshots for three different voltages V 0 are presented.
(a) and (b) correspond to V 0 ! 3.60V rms , (c) and (d) stand for
V 0 ! 4.35V rms , and (e) and (f ) stand for V 0 ! 5.90V rms. The gray
(blue) dots stand for non-extreme events, i.e., with AI ≤ 2; the black
(red) dots show the extreme events, which AI > 2.
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largest Lyapunov exponents, λ0 , a bifurcation diagram can be
constructed to show the different dynamical regimes, as can
be seen in the upper panel of Fig. 4; in the lower panel, two
additional measurements are plotted, the normed kurtosis, γ,
and the proportion of extreme events, P EE . It can be noted that
the P EE is directly correlated with γ.
The highest kurtosis (and P EE ) regime is located in the
quasi-periodic window; this is due to the fewer quantity of
modes existing in a quasi-periodic regime compared with a chaotic one, i.e., the energy is split into few possible peaks with
bigger amplitudes. Nevertheless, the classical L-shape associated
to rogue events is, in our case, produced by intermittency
behaviors, as can be seen in Fig. 2(e), due to the energy
exchange caused by the jumps between different dynamical
regimes that the system is visiting. Note that the spatiotemporal
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Fig. 3. Location of maxima. The position of the maximum value for
each frame is spatially distributed along the texture, V 0 ! 4.7V rms . The
circles correspond to AI ≤ 4.5, the points stand for 4.5 < AI < 5.5,
and the stars stand for values in the range AI ≥ 5.5. The background
image is an arbitrary frame only for spatial reference.
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extreme events in the ocean [2]. The AI is defined as the significant peak height corresponding to the average peak height
among one-third of the highest peaks of the whole temporal
series. An event is considered extreme if its amplitude is larger
than twice the AI. Figure 2 presents the probability density
function (PDF) as a function of the AI and snapshot for three
different control parameter V 0 values. Figure 2(a) shows the
PDF for the case when V 0 forces the system to enter in a regime
where destructive interference starts, meaning that the maximum reached value will be small, around 50 in a 256 scale,
as can be seen in Fig. 2(b). In Figs. 2(c) and 2(e), the PDF
for two different V 0 values are plotted, and their respective
snapshots are depicted in Figs. 2(d) and 2(f ). From the insets
in Figs. 2(c) and 2(e), a difference between PDF shapes can be
noted; in Fig. 2(c), an L-shape curve is observed, meaning the
curve presents a clear deviation from a Gaussian distribution,
while in Fig. 2(e) a Gaussian decay is observed. The L-shape
curve has been associated with the existence of rogue waves, i.e.,
waves that posses an extremely high amplitude respect to the
average [4]. One important fact is that extreme events appear
randomly across the illuminated area; Fig. 3 shows the spatial
location of the highest peak for each frame, always being an
extreme event. The most common AI for the highest peak of
each frame is between 4.5 and 5.5. The dynamics of the system
under study has been recently experimentally characterized
by the authors [25,26], who found that this system exhibits
different dynamical regimes, including quasi-periodicity, intermittency, and spatiotemporal chaos. Using the experimental
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Fig. 4. Experimental largest Lyapunov exponents (λ0 ) plotted in
the upper part. The lower part, in gray (blue), shows normed kurtosis
(γ); the black (red) portion shows the proportion of extreme events
(P EE ) versus control voltage (V 0 ). As the voltage V 0 is increased, the
dynamical behavior of the system changes, passing through intermittency, chaos, and quasi-periodicity.
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intermittency is a consequence that a region of phase space
becomes hyperbolic, allowing the system exhibits long excursions, events of large amplitude fluctuations, which return to
the hyperbolic region, ghost region, staying in these regions
for long periods, before making a new great excursion. Such
intermittent behavior fundamentally contributes to extreme
events. A mechanism that generates spatiotemporal intermittent behaviors is a crisis, that is, a stabilization of a strange
object. The characteristic signature of a crisis is the appearance
of the largest positive Lyapunov exponent discontinuously (see
Fig. 4). This type of dynamic behavior is robust or structurally
stable due to the hyperbolic nature of the strange object.
Hence, one expects a large region of parameters where this
phenomenon is observed.
In summary, we have reported on rare and extreme fluctuations of the amplitude in a 2-D pattern forming optical system
based on a LCLV subjected to simple optical feedback. In a
highly nonlinear regime, where the system exhibits intermittency and spatiotemporal chaos, this system presents high localized intensity peaks. Using well-established criteria, as normed
kurtosis, proportion of extreme events, and abnormality factor,
we proved that these peaks possess the signature of spatial rogue
waves. Using the experimental largest Lyapunov exponents of
the system, we can explain the high kurtosis windows, and we
can define the role of intermittency and spatiotemporal chaos
in the appearance of extreme events. Finally, relating the formation of freak waves with a well-defined dynamical regime,
e.g., spatiotemporal chaos, intermittency, or quasi-periodicity,
makes it easy to understand the mechanism of creation of extreme and rogue waves, suggesting that a valid way to generate
these events is deterministic instead of stochastic; nevertheless,
the control of these kinds of structures remains challenging.
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