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OBJECTIVES

To carry out fundamental and wide ranging research investigations involving the nonlinear
wave propagation that arise in physically significant systems. Applications include modelling
and computational studies of wave phenomena in nonlinear optics, solutions of physically
significant nonlinear equations, direct and inverse scattering, and the development of new

computational methods for investigation of physical systems.

STATUS OF EFFORT

The research program of the PI in the field of nonlinear wave propagation is broad based
and very active. There have been a number of important research contributions carried
out as part of the effort funded by the Air Force. During the period 1 July 2003 — 30
June 2006, 8 papers were published or accepted for publication in refereed journals, 2 book
chapters/conference proceedings were published and 19 invited lectures were given. The key
results and research directions are described below in the section on accomplishments/new
findings. Full details can be found in our research papers which are also given at the end
of this report. Specific research investigations carried out by the PI and colleagues included

the following studies.



The dynamics and properties of mode locked lasers that produce ultrashort pulses were
investigated. Titanium:sapphire (Ti:sapphire or Ti:s) lasers are often used to produce ul-
trashort pulses, typically on the order of a few femtoseconds. There are other mode locked
lasers which produce ultrashort pulses, such as Sr-Forsterite and fiber lasers, but Ti:s lasers
have better stability characteristics. These mode-locked lasers generate a regularly spaced
train of ultrashort pulses separated by one cavity round-trip time. A Ti:s laser consists
of a Ti:sapphire crystal which exhibits a nonlinear Kerr response and has a large normal
group-velocity dispersion (GVD). The Ti:s laser systems also have a set of prisms and/or
mirrors specially designed to have large anomalous GVD in order to largely compensate for
the normal GVD of the crystal. Recent experiments conducted at the University of Col-
orado, in collaboration with our group demonstrated that such lasers are well approximated
by dispersion managed (DM) systems and the intra-cavity pulse was found to be described
by a dispersion managed soliton. An important characteristic of short pulse lasers analyzed
in our work is the carrier-envelope phase (CEP) slip. The CEP slip is the change of the phase
offset between carrier and envelope from pulse to pulse in the pulse train. This slip is equal
to the phase slip that the intra-cavity pulse accumulates over one cavity round-trip before
being emitted from the output coupler. The intra-cavity slip is induced by the nonlinearity
and dispersion of the cavity. Control of the phase slip allows researchers to stabilize trains
of ultrashort pulses which are very useful in applications. Noise effects due to spontaneous
emission were also studied. Improved understanding of the phase slip and noise character-
istics will help experimentalists improve the characterisitcs/stabilization of the pulse train.
Applications of Ti:sapphire laser systems include new and enhanced methods for optical
signal processing and greatly improved timing and measuring devices.

Investigations of pulse propagation in photonic lattices were carried out. In recent years
there has been important experimental research on discrete optical wave-guides and the prop-

agation of their nonlinear modes. Nonlinear waves in waveguide arrays have attracted special



attention due to their experimental realizability. Early experimental observation of nonlin-
ear lattice modes in optical waveguide arrays demonstrated that at sufficiently high power,
a laser beam could be self-trapped inside the waveguide. This demonstrated the formation
of a lattice soliton. Importantly, these waveguides can be constructed on extremely small
scales. Experimentalists now have been able to construct one and two dimensional lattices
by interference of laser beams. This is a significant advantage since the background lattice
structure does not need to be mechanically fabricated. Lattice nonlinear Schrodinger equa-
tions provide excellent models. We developed new asymptotic and computational methods
which describe observed phenomena and found localized pulse solutions to two-dimensional
optical lattices with both regular and irregular lattice backgrounds. Applications of pho-
tonic lattices include all-optical switching, steering, blocking and routing of lattice-discrete
solitons in two-dimensional networks.

Research involving quadratic, or so-called x?, nonlinear optical materials has led to new
asymptotic systems of equations. Detailed calculations indicate that in certain parameter
regimes there are stable localized pulse solutions and in other cases the equations have
unstable and singular solutions. The possibility of such singular solutions indicates situations
when extreme damage to the underlying optical crystal is possible.

New numerical schemes to compute localized states, or solitary waves to a broad class
of nonlinear systems have been developed. The essential steps involve renormalizing the
unknown variables, transforming the underlying nonlinear equation into Fourier space and
determining nonlinear algebraic equations which couple to the nonlocal integral equation in
Fourier space. The coupling prevents the numerical scheme from diverging. The nonlinear
mode is determined from a convergent fixed point iteration scheme. The computational

methods allow us to find mutidimensional localized pulse solutions to the governing systems.



ACCOMPLISHMENTS/NEW FINDINGS

Dynamics of ultra-short laser pulses and frequency combs

Research breakthroughs over the past few years with mode locked lasers, such as Ti:sapphire
lasers, have enabled scientists to generate regularly spaced trains of ultrashort pulses, sep-
arated by one cavity round-trip time. Fig. 1 below shows a schematic of a mode locked
Ti:sapphire laser and the emitted pulse train. Typical values for a Ti:sapphire mode locked
laser are pulse width: 7 =10 fs = 107 sec and repetition time: Tpo, = 10 ns = 1078 sec.

pulse train

prism pair

pulse train

Ti:sapphire crystal

Figure 1: Ti:sapphire laser (left) and the emitted pulse train (right).
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Figure 2: Schematic of a pulse train (left) and its spectrum —frequency comb (right).

Associated with the spectrum of the pulse train is a frequency comb, whose frequencies

are separated by the laser’s repetition frequency frep, = = 100 MHz; wyep = 27 frep; se€

1
Trep
Figure 2 above. In this figure T,,, ¢,, are the center time and phase of the nth pulse. In the

absence of noise, the pulse’s spectrum determines the bandwidth, while the repetition-time,

4



Trep = Thi1 — T),, and overall phase slip, Ap = ¢,41 — ¢, determine the comb function
in frequency space. The frequency of the £’'th comb line (enumerated around the center
frequency) is wy = kwyep + Wo, Where wyep = 27/ Tep and w, = A¢uwiep /27 are the repetition
and offset frequencies which are indepicted in Fig. 2. The linewidth (w; /2 in the inset) is
the FWHM (full width half maximum) of the comb function around each comb frequency.
In the deterministic case, for a large number of pulses N >> 1, the linewidth can estimated
to be wy/; = O(ﬁrep) Additional noise leads to jitter in the center time 7},, and phase ¢,,
which in turn, broadens the FWHM of the comb lines.

As indicated above, modelocked lasers such as Ti:sapphire (Ti:s) laser systems (see Fig. 1)
generate trains of optical pulses, whose spectrum consists of frequency comb lines (see Fig. 2).
Important progress in the development of extremely stable optical oscillators has been made
possible by the use of controlled femtosecond frequency combs. To date the most stable
frequency combs have been generated by Ti:s laser systems, but other less expensive lasers
such as Sr:Forsterite lasers are also being intensively studied. We have been working with
faculty in the Department of Physics at the University of Colorado on this research.

i) Carrier-envelope phase slip

Ti:s lasers produce pulses as short as a few femtoseconds; typically 10 fs. These mode-
locked lasers generate a regularly spaced train of ultrashort pulses separated by one cavity
round-trip time The phase slip is the change of the phase offset between carrier and enve-
lope from pulse to pulse in the pulse train which accumulates over one cavity round-trip,
before being emitted from the output coupler. Fig. 3 depicts the physical origin of the
carrier envelope phase (CEP) shift. The intra-cavity slip is induced by the nonlinearity and

dispersion of the cavity.

A typical Ti:s laser, such as the one depicted in Fig. 1, consists of a Ti:sapphire crystal

that has a nonlinear Kerr response as well as large normal group-velocity dispersion (GVD),



Figure 3: The carrier-envelope phase, Apcr = A¢, changes during propagation, because
the envelope propagates at the group velocity while the carrier wave propagates at the phase

velocity.

and a set of prisms and mirrors specially designed to have large anomalous GVD. The pump
laser excites the Ti:Sapphire crystal, causing it to lase and the pulse undergoes large changes
inside the Ti:sapphire cavity . The combined contributions to the phase slip depends on the
nonlinear phase and nonlinear dispersion in the cavity.

This crystal induces a nonlinear effect as well as large normal GVD. On the other hand,
the mirror and prisms induce large anomalous GVD that nearly balances the normal GVD
of crystal. Therefore, the cavity has a small net-GVD (average dispersion) over one round-
trip. The pulse bounces between the mirrors and output coupler and is “sampled” every
round-trip at the output coupler (which transmits only 6% of the energy). When the laser is
mode-locked a regularly-spaced ultrashort pulse train is emitted from the cavity. To model
the intra-cavity pulse dynamics we employed the following perturbed NLS equation (after

non-dimensionalization) for the pulse-envelopes wu(z,t):

D(¢)

5 Ut 9(QO)ulu = —ieg(¢)(ful*u). (1)

1, +

where the normalized linear dispersion coefficient is given by D(z) =< D > +I71A(z/1.),

with ¢ = z/l., < D > the average dispersion (net GVD), A the deviation from the average,
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and [. the laser-design map length. Typically for mode-locked Ti:Sapphire lasers [, < 1.
Nonlinearity-management means that ¢ = 1 inside the Ti:sapphire crystal and g = 0 outside
the crystal, i.e., we have linear propagation inside the prisms and mirrors. It is useful to
define the map strength s = A; /4 (for a symmetric map), where A; is the GVD of the crystal
after subtracting the net GVD. This map strength thus measures the variation of the intra-
cavity GVD. The term on the right-hand side, often called the “shock” term, corresponds
to small nonlinear dispersion arising form the Kerr effect. We focus on the shock term,
first because it is particularly important for shorter pulses. In addition, the shock term
induces a nonlinear change in the phase slip, an intriguing phenomenon that is consistent
with observed experimental dependence of the slip on pulse energy (pump power).

The nonlinear contribution to the phase slip is the difference between the nonlinear phase
and timing shifts accumulated over one cavity round-trip. We found the nonlinear slip, i.e.,
the slip induced by nonlinear phase and nonlinear dispersion effects, to be well-approximated
by

St ~ 3k"L/13s,

where k" is average-cavity GVD and L is the optical cavity length. This result shows that
the phase slip that is induced by nonlinear-dispersion reduces to zero with strong dispersion-
management, which is consistent with the insensitivity of the slip to pulse energy with strong
dispersion management. We also considered additional effects on the slip such as third-order
dispersion (TOD), which can be modeled by adding [ik"” /(6 P*7$)|uw: (normalized) to the
right-hand side of Eq. (1), where k" is the average TOD coefficient, i.e., the net TOD per
round-trip of the cavity. For TOD we found that drop ~ —wk" L/7¢s.

Thus the laser cavity is modeled by a dispersion and nonlinearity managed nonlinear
Schrédinger equation (perturbed NLS), that takes nonlinear phase (self-phase modulation)
and small nonlinear dispersion into account. In our paper: “Carrier-envelope phase slip of

ultra-short dispersion managed solitons”, M.J. Ablowitz, B. Ilan and S. Cundiff, Optics Let-



ters, 29 (2004) 1808, we developed a detailed asymptotic theory which gave analytic results
that described the carrier-envelope phase shift in this dispersion-managed NLS equation.

Control of the carrier envelope phase shift is important in applications. It is a key aspect
to obtain highly stable optical oscillators.

ii) Comparison of theory with recent experiments

Motivated by the theory we developed, experiments were performed in the Dept. of
Physics at the University of Colorado. It was found that the theory agrees with experiments
remarkably well. In Fig. 4 the full width half maximum (FWHM) is plotted vs. the average
pulse energy for various values of the net group delay dispersion (GDD). The dashed lines are
the theoretical values. This experimental research validates the model we have introduced
and demonstrates that dispersion management concepts are broadly applicable. The above
work was published in: “Dynamics of Nonlinear and Dispersion managed Solitons” , Q.

Quraishi, S. Cundiff, B. llan and M.J. Ablowitz, Physical Review Letters 94 (2005), 243904.
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Figure 4: Fundamental pulse parameters in a modelocked Titanium:sapphire laser. The
points are the measured temporal FWHM at four values of the average cavity GDD. The
curves are the solutions of the Dispersion Managed NLS equation. The legend states the
GDD values in fs?. The errors for the GDD are approximately 1% and the errors for the 7

values are negligible on the scale shown. Inset shows the breathing dynamics of a dispersion

managed soliton |u|? as it propagates along z.



iii) Noise induced linewidth in frequency combs

As mentioned earlier, modelocked Ti:s lasers generate trains of optical pulses, whose
spectrum consists of frequency comb lines. These combs are represented by evenly-spaced
frequencies and an offset frequency that is proportional to the carrier envelope phase (see
Fig. 2). The conversion between optical and microwave frequencies requires stabilization of
the carrier envelope phase slip which is usually carried out by a feedback mechanism. We
investigated the effect of random processes on these frequency combs.

Random physical effects can induce a linewidth, or uncertainty, in a comb line frequency.
Some random effects, such as thermal fluctuations, can, in principle, be minimized. However,
as far back as 1958 Schawlow and Townes discovered that the linewidth, or monochromaticity,
of a single-mode continuous-wave (cw) laser is fundamentally limited by the random process
of amplified spontaneous emission (ASE) in the lasing medium. We studied the limits
of frequency combs associated with modelocked lasers in the presence of ASE noise and
obtained a remarkable scaling law result. In particular, we analyzed the frequency combs
generated by trains of pulses emitted from mode-locked lasers when the center-time and
phase of the pulses undergo noise-induced random walk, which in turn broadens the comb
lines. Detailed asymptotic analysis and computation of the ensemble-averaged spectrum
has revealed a time-frequency duality, whereby the increase of the standard deviation of the
center-time with pulse number, and the increase of the linewidth with frequency, occur with
inversely proportional exponents. More precisely, when the standard deviation of the center-
time jitter of the n’th pulse scales as n?/2, where p is a jitter-exponent, the linewidth of the
k’th comb line scales as k*?. The linear-dispersionless system (p = 1) and pure nonlinear
soliton (p = 3) dynamics in lasers are found as special cases of this time-frequency duality
relation. This work was published in: “Noise induced linewidth in frequency combs”, M.J.
Ablowitz, B. llan and S. Cundiff, Optics Letters 31 (2006) 1875.

Although this result was derived for mode locked lasers, the general nature of the result
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indicates that it can be applied to the stochastic dynamics associated with other frequency

combs as well.

Nonlinear Optics in Waveguide arrays and photonic lattices

Nonlinear light wave propagation in photonic lattices, or periodic optical waveguides,
is an active and interesting area of research. This is due, in part, to the realization that
photonic lattices can be constructed on extremely small scales of only a few microns in size.
Hence they allow the possibility of manipulation and navigation of lightwaves on small scales.
Localized nonlinear optical pulses which occur on one and two dimensional backgrounds have
been investigated. These backgrounds can be either fabricated mechanically such as those
comprised of AlGaAs materials or all-optically using photo-refractive materials where the
photonic structures are constructed via interference of two or more plane waves.

An array of coupled optical waveguides is a setting that is a convenient laboratory for
experimental observations. Such a system, as depicted in Figure 5, is typically composed
of three layers of AlGaAs material: a substrate with refractive index ng, a core with higher
index (n;) and surface with index ng. By etching the surface of the waveguide, one forms
a periodic structure which is called a waveguide array. Self-trapping of light in the “y”(i.e.,
vertical) direction is due to total internal reflection. On the other hand, the beam will diffract
in the lateral “z” direction unless it is balanced by nonlinearity. Typically, such a waveguide
array is composed of 40-60 single-mode individual waveguides each being 4-5 microns in
width and 4-6 millimeters in length. Such small scale structures could be embedded in a

large scale environment and can be used to guide light in a controllable manner.
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E

Focused Laser Beam

Figure 5: One-dimensional AlGaAs waveguide structure. It is composed of three layers of
AlGaAs material: a substrate with refractive index ng, a core with higher index (n;) and
surface with index ng. By etching the surface of the waveguide, one forms a periodic structure

which is called a waveguide array.
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Motivated by these experiments we undertook wide ranging studies of discrete scalar and
vector nonlinear Schrodinger (NLS) systems. From first principles, employing asymptotic
analysis, new equations governing discrete systems in nonlinear optical arrays as well as dis-
crete diffraction managed systems have been derived. In particular we derived the following

vector diffraction-managed discrete NLS equation

0A, «

i 4 D) (At + Ant) + (AP +Bo?) A, + eBIA; =0

aBn 2 2 2

i~ + D(2)(Bpy1 + Bn-1) + (b|A,|* + |Bu|?)Bn + cAZB: =0 (2)

where A,, B, are the slowly varying envelopes of the two underlying polarization fields at
site m; b, c are cross-phase and four-wave-mixing coefficients respectively and D(z) is the
varying diffraction term in the array. The, concept of diffraction management means that
the waveguide array is alternately directed “positively” and “negatively” as a function of
waveguide number over the propagation distance of the fiber.

In general, it is difficult to find solutions to discrete equations. New and effective methods
have been developed in the Fourier domain to find localized and stationary and travelling
wave pulse solutions to the governing both continuous and discrete equations. These meth-
ods are described in detail later in this report. The methods are robust and apply to a variety
of equations; there is no need for the equations to be integrable. Travelling wave solutions
pose certain difficulties in discrete problems. Unlike continuous equations, in general one
does not expect to be able to find “uniformly” travelling soliton wave solutions to discrete
equations. But over short scales we find that approximate travelling optical pulses can be
obtained; they persist and are stable over the experimental regime. We have applied the
above analysis to a waveguide array which is a discrete diffraction managed system. Us-
ing discrete Fourier methods we have obtained a nonlocal integral equation which governs
the wave propagation in the discrete system and have found a class of discrete diffraction

managed solitons as special solutions of this system. The theory has also been extended to
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include vector discrete systems and the interaction effects of travelling discrete solitons have
been analyzed. We have found that discrete constant and diffraction managed NLS equa-
tions and their vector analogues exhibit novel soliton propagation and interaction properties.
By appropriately modifying the waveguide properties, one can change the control properties
of soliton interactions and switching characteristics. This work was pulished in: “Discrete
spatial solitons in a diffraction managed nonlinear waveguide array: a unified approach”,
M.J. Ablowitz and Z. Musslimani, Physica D, 184, (2003) 276; “Discrete scalar and vector
diffraction-managed nonlinear Schrodinger equations”, M. J. Ablowitz, Z. Musslimani, Non-
linear Physics: Theory and Experiment. II, Eds. M.J. Ablowitz, M. Boiti, F. Pempinelli and
B. Prinari, 319, World Scientific, Singapore, 2003 and “Nonlinear waves and (interesting)
applications”, M.J. Ablowitz, T.Hirooka, and Z. Musslimani, Nonlinear dynamics from lasers
to butterflies, Eds. R. Ball and N. Akhmediev, World Scientific, 2003.

When the lattice system varies slowly in the transverse direction (y, below), we have
derived new asymptotic multidimensional systems from Maxwell’s equations. When the
wavelength of the transverse modulation is much larger than the period of the longitudinal
grating, the dynamics of wave propagating in such media was found to be governed by a
semi-continuous NLS equation with the addition of an anomalous/normal bulk diffraction

term and an external “optical trapping potential”. The equation is given by

0A, 0*A,
i, T D(Apy1+ Apa) + o2

+ Vi (y)An + al A, |2 A, =0 (3)

where A, is the slowly varying envelope of the electromagnetic field fields at site n, D is
the diffraction coefficient, 7 is constant, V,,(y) is related to the varying transverse index of
refraction and a is the self-phase coefficient. Equation (3) describes wave propagation in
a multidimensional transversely modulated optically induced waveguide array. Using our
new numerical techniques (described later in this report) we find localized modes and we
established that they are stable. This work was published in: “Wave dynamics in optically

modulated waveguide arrays”, M.J. Ablowitz, K. Julien, Z. Musslimani and M. Weinstein,
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Physical Review E 71 (2005), 055602.

In two-dimensional photonic lattice applications, a nonlinear Schrédinger equation with
an external potential, derivable from Maxwell’s equations, is the governing equation. Re-
cently we have begun a collaboration with faculty in the Electrical Engineering Department
at the University of Colorado. They have been constructing defect and dislocated photonic
lattice systems in the laboratory. By a defect we mean that only one or two lattice sites
are affected by either removing a small number of sites or enhancing the amplitude of these
sites. On the other hand a dislocated photonic lattice system has one line of sites merging
with another (see e.g. Fig. 6 -left) or a row pinching off etc. These dislocation structures
are typical of what is often seen in nature. Remarkably, using our newly developed numer-
ical methods we can find localized modes to the underlying nonlinear systems. It strongly

suggests that localized pulses can propagate in complex lattice environments.

<

Figure 6: Left: contour plot of a dislocated two-dimensional lattice: the center vertical array

of lattice cells splits into two separate arrays (“edge dislocation”). Right: contours of a
soltion solution on this dislocated lattice.

In our recent work: “Solitons in two-dimensional lattices possessing defects, dislocations

and quasicrystal structures”, M. J. Ablowitz, B. Ilan, E. Schonbrun, and R. Piestun, 2006,
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which was recently accepted by Physical Review E, Rapid Communications, we constructed
by computational means, nonlinear localized pulses for a range of photonic lattices. The
contours of a typical soliton solution on a dislocated lattice is depicted in Fig. 6 -right. To
date most investigators have considered regular lattices. In our research we have considered
irregular background lattices which have localized defects, edge dislocations such as the one
mentioned above where two sequences of lattice maximum merge into one, and quasi-crystal
lattice backgrounds. Our calculations show that we can obtain localized modes in all these
cases. Potential applications involve beam management, pulse shaping, optical switching

and the development of logic devices.

Nonlinear optics: multi-dimensional pulse propagation in y(® optical materials

In many applications the leading nonlinear polarization effect in an optical material is
quadratic; they are referred to as “x(®” materials. We have found that in multidimensional
nonresonant y?) materials, the nonlinear equation governing the slowly varying envelope of
quasi-monochromatic wave trains is not the NLS equation but rather a coupled nonlinear
system involving both the optical field and mean terms. We call these equations NLSM
systems (M stands for the mean contribution). In water waves similar scalar systems were
derived in 1969 by Benney and Roskes. A few years later, a special case of this system was
found to be integrable. The latter system is frequently referred to as the Davey-Stewartson
(DS) system.

In x® optical materials, we derived both scalar and a vector NLSM systems directly
from Maxwell’s equations. The vector NLSM systems generalize to multidimensions the
well known 1+1 vector NLS equations. Such vector multidimensional systems are new in
mathematical physics; there is no analog in water waves. Investigations of the scalar NLSM
system has shown that localized optical pulse solutions can be constructed. These localized
pulses are induced by their interaction with mean terms that have nontrivial boundary

values. Hence the localized pulses are boundary induced. Such solutions are similar to the
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ones that are known to exist for the Davey-Stewartson system; however in the optics problem
the system is not integrable. These findings suggest that stable localized multidimensional
pulses are a reproducible feature of these NLSM systems. In the future we will extend
our analysis to spatial nonlinear optics where the boundary behavior can be more readily
controlled. Potential applications using such pulses include beam steering, pulse shaping,
terrahertz imaging and spatio-temporal light bullets.

In our recent published research,“Wave collapse in nonlocal nonlinear Schrédinger sys-
tems”, M.J. Ablowitz, I. Bakirtas, and B. Ilan, Physica D 207 (2005), 230, we found that
the Y@ optical system could admit wave collapse for a suitable ranges of parameter and ini-
tial data. This indicates that intense optical pulses can occur in these systems. We believe
that experimentalists will be able to observe this phenomena since the analagous situation
was recently observed in cubic nonlinear media. These theoretical results indicate that in
this range of parameters researchers must be careful in their experiments not to damage the
underlying optical crystal.

The NLSM system of equations possesses nonlocal-nonlinear coupling between a dynamic
field that is associated with the first harmonic (with a “cascaded” effect from the second har-
monic), and a static field that is associated with the mean term (i.e., the zero’th harmonic).
The general NLSM system that we analyzed can be written in the following non-dimensional

form,

, 1
it + 5 (01ttar + ) + oauluf* — puy = 0, (4)

Gow + 10y = (Ju?),
where u(z,y, z) corresponds to the field associated with the first-harmonic, ¢(z,y, z) corre-
sponds to the mean field, oy and oy are +1, and v and p are real constants that depend on

the physical parameters. It can be proven that the system (4) can admit collapse of localized

waves when 01 = 05 = 1 and v > 0. In that case, the above governing equations reduce to
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1
i, + iAu + |u*u — pug, =0, (5a)

Gz + vy = ([ul)z (5b)

where v > 0 and p is real, and the initial conditions are u(z,y,0) = uo(x,y), ¢(x,y,0) =
¢o(z,y), such that equation (5b) is satisfied at z = 0, i.e., @4z + VP04, = (Juol?)s-

It is important to note that our numerical solutions indicate that the solution tends to the
steady state mode found from the above NLSM system (5). The steady solution is obtained
by assuming a solution of the form u(z,y,2) = F(x,y)e* and ¢(z,y,2) = G(z,y), where
F and G are real functions and X is a positive real number. Substituting this ansatz into
equations (5) gives

—\F + %AF + F? —pFG, =0, (6a)
Gow +VGyy = (F?), . (6b)

We are currently investigating whether localized optical pulses can be obtained when we
have an underlying optical lattice. We are also investigating the possibility of light navigation

and optical switching.

New numerical methods to find localized solutions to nonlinear equations

Localized states, or solitary waves, in nonlinear media are of considerable interest to the
scientific community and are especially important in optical sciences and fluid mechanics.
They have been demonstrated to exist in a wide range of physical systems both in continuous
and discrete setting. Such nonlinear modes usually form due to balance between diffraction or
dispersion and nonlinearity. A central issue for these types of nonlinear guided waves is how
to compute the localized states which generally involve solving nonlinear partial differential
or difference equations.

To date, various techniques have been used such as shooting and relaxation techniques

and methods to find nonlinear modes (fundamental and higher order excited states) which
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utilize the concept: a solitary wave forms when the optical field induces a waveguide structure
or self-induced potential well via the nonlinearity and “self-traps”.

Another method, introduced by Petviashvili in 1976, constructs localized solutions to
nonlinear systems by transforming to Fourier space and determining a “convergence factor”
based upon the homogeneity of the nonlinearity. It was first used to find solutions of the two-
dimensional Korteweg-deVries equation (usually referred to as the Kadomtsev-Petviashvili
equation). Recently we have significantly extended this method to find localized solutions
in a wide variety of interesting systems — e.g. dispersion managed and diffraction managed
discrete systems (see discussion earlier in this report and “Discrete spatial solitons in a
diffraction managed nonlinear waveguide array: a unified approach”, M.J. Ablowitz and
Z. Musslimani, Physica D, 184, (2003) 276-303). However, Petviashvili’s method usually
converges only when underlying equation has a fixed power nonlinearity; i.e. when it has a
fixed homogeneity. But, many problems involve nonlinearities with different homogeneities,
such as for example, saturable nonlinearity in nonlinear Schrédinger type systems or many
types of coupled nonlinear systems.

In recent work we have developed a new numerical scheme to compute localized states,
or solitons, in nonlinear waveguides for more general systems than those with a single fixed
nonlinear term. The idea behind the method is to transform the underlying equation gov-
erning the soliton, such as a nonlinear Schrodinger-type equation, into Fourier space and
determine a nonlinear nonlocal integral equation coupled to an algebraic equation. The al-
gebraic equation is solved by numerical nonlinear equation root finding techniques and the
integral equation is solved iteratively. The coupling prevents the numerical scheme from
diverging. The nonlinear guided mode is then determined from a convergent fixed point
iteration scheme. The method works when we have relatively simple nonlinearities as in the
NLS equation and more difficult systems where the nonlinearity arises in a complex man-

ner. We have considered numerous cases such as the defect and dislocated photonic lattices
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and optically modulated wave guide arrays mentioned above. The method has proven to
be extremely powerful. This work was published in: “A spectral renormalization method
to compute nonlinear self-localized solutions to nonlinear systems”, M.J. Ablowitz and Z.
Musslimani, Optics Letters 30 (2005), 2140.

The essence of the method is to: i) transform the underlying equation governing the soli-
ton into Fourier space (this part is the same as Petviashvili (1976); ii) re-normalize variables
and iii) determine an algebraic system which is coupled to a nonlinear integral equation. This
leads to a nonlinear nonlocal integral equation (or system of integral equations) coupled to
an algebraic equation (or system). The coupling is found to prevent the numerical scheme
from diverging. We have found the method of coupling to be effective and straight forward
to implement. The localized pulse is determined from a convergent fixed point iteration
scheme.

We describe the method using the following scalar nonlinear Schrodinger like equation

zg—g +V2U+V(X)U+N<|U|2,a(x)>U: 0, (7)

where z is the propagation direction; N is the nonlinearity that can depend on both intensity
and inhomogenieties a(x) and V(x) models an optical lattice. Here, V? = aa_;z + g—;z. A
special class of soliton solution can be constructed by assuming U(x, z) = u(x; u)e** where

1 is the propagation constant or the soliton eigenvalue. Substituting the above ansatz into

equation (7) we get
—,uu+V2u+V(X)u+N<|u|2,a(x)>u =0. (8)

This is a nonlinear eigenvalue problem for u and p which is suplemented with the following
boundary conditions:

u—0as |r| — +o0

where r? = 22 +4?. The spectral renormalization (SPRZ) scheme is based on Fourier analysis

which transforms equation (8) into nonlocal equation which is solved using an iteration

20



scheme. First we define the Fourier transform F and its inverse F !

i) = Flu(x)
_ /_+OO /_+Oou(x)e—i(kmx+kyy)dX’ (9)

u) = Ffadk)
_ (2;)2 /_ ” /_ e g (10)

where dx = dzdy and dk = dk,dk,. Applying the Fourier transform on equation (8) leads

to
F[Vu] + FIN(Jul?, a(x))u]

o
(k) e

(11)
The idea underlying this method is to construct a condition which limits the amplitude

under iteration from either growing without bound or tending to zero. This is accomplished

by introducing a new field variable (i.e. renormalizing the field variable)
u(x) = Mw(x), d(k) = Mi(k) (12)

where A # 0 is a constant to be determined. Then function w satisfies

_ 1FAVw] + FINOwl|?, alz))w)

vk
() =3 ENE

= u[(k)] - (13)

Multiplying equation (13) by w*(k) and integrating over the entire (k,, k,) space we find the
relation

| htopac= [ i@ a ol (14)

[e.e] —0o0

Equation (14) provides an algebraic condition on the constant A which, in general we denote
by
G(A)=0. (15)

To obtain the desired solution, we iterate Egs. (13) and (15) as follows:

) 1 FANuVwn] + FINOZ w2, a(x) Apwn,
b = L P 0 FINCRl ] )
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G(A\m) =0, (17)

where a localized initial function wg(x) begins the iteration procedure. The scheme is rela-
tively insensitive to the initial function.

Note that it is possible that the algebraic equation (17) can admit more than one “root”
or even complex solutions. In that case, one might need to exclude some solutions depending
upon the physics at hand. Knowing the weakly nonlinear limit is very useful in this regard.

Thus the idea behind the method is to transform the underlying equation governing the
localized mode, such as a nonlinear Scrédinger-type equation, into Fourier space, renormalize
variables and then determine a nonlinear nonlocal integral equation coupled to an algebraic
equation. The coupling is found to prevent the numerical scheme from diverging. The
nonlinear guided mode is then obtained from a convergent fixed point iteration scheme.
This method has already found wide applications in nonlinear optics, water waves, internal

waves and related fields such as Bose-Einstein condensation.
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Discrete spatial solitons in a diffraction-managed nonlinear
waveguide array: a unified approach

Mark J. Ablowitz*, Ziad H. Musslimani

Department of Applied Mathematics, University of Colorado at Boulder, Campus Box 526, Boulder, CO 80309-0526, USA

Abstract

Localized, stable nonlinear waves, often referred to as solitons, are of broad interest in mathematics and physics. They
are found in both continuous and discrete media. In this paper, a unified method is presented which is used to describe the
propagation of linearly polarized light as well as two polarization modes in a diffraction-managed nonlinear waveguide array.
In the regime of normal diffraction, both stationary and moving discrete solitons are analyzed using the Fourier transform
method. The numerical results based on a modified Neumann iteration scheme as well as renormalization techniques, indicate
that traveling wave solutions are unlikely to exist. An asymptotic equation is derived from first principles which governs the
propagation of electromagnetic waves in a waveguide array in the presence of both normal and anomalous diffraction. This
is termed diffraction management. The theory is then extended to the vector case of coupled polarization modes.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Nonlinear waves; Discrete spatial soliton; Diffraction

1. Introduction

Dynamics of discrete nonlinear systems dates back to the mid-fifties when Fermi, Pasta and Ulam (FPU) studied
dynamics of nonlinear springs [1]. Apart from the fact that the work of FPU motivated the discovery of solitons,
it also stimulated considerable interest in the study of discrete nonlinear media which possesses self-confined
structures (discrete solitary waves). Such waves are localized modes of nonlinear lattices that form when “discrete
diffraction” is balanced by nonlinearity. In physics a soliton usually denotes a stable localized wave structure, i.e.,
solitary wave. We shall use the term soliton in this broader sense (i.e., they do not necessarily interact elastically).
Discrete solitons have been demonstrated to exist in a wide range of physical systems [2-5]. For example, atomic
chains [6,7] (discrete lattices) with an on-site cubic nonlinearities, molecular crystals [8], biophysical systems [9],
electrical lattices [10], and recently in arrays of coupled nonlinear optical waveguides [11,12]. An array of coupled
optical waveguides is a setting that represents a convenient laboratory for experimental observations.

The first theoretical prediction of discrete solitons in an optical waveguide array was reported by Christodoulides
and Joseph [13]. Later, many theoretical studies of discrete solitons in a waveguide array reported switching, steering
and other collision properties of these solitons [14-19] (see also the review papers [20,21]). In all the above cases, the
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localized modes are solutions of the well known discrete nonlinear Schrédinger (DNLS) equation which describes
beam propagation in Kerr nonlinear media (according to coupled mode theory). Discrete bright and dark solitons
have also been found in quadratic media [22], in some cases, their properties differ from their Kerr counterparts
[23].

In fact, the DNLS equation (and its “cousins” such as diffraction-managed discrete nonlinear Schrédinger
(DM-DNLS) or DNLS with a potential such as discrete BEC) is “asymptotically universal”. Namely it is the
discrete equation which emerges from either a weakly nonlinear Helmholtz equation with a suitable “potential” or
a weakly nonlinear continuous NLS equation with a suitable potential where the following terms are in balance:

(i) Slow variation in either distance (waveguide array) or time (for BEC);
(ii) linear terms induced by a potential which can be viewed as asymptotically separated localized potentials
(sometimes called the “tight binding approximation”);
(iif) nonlinearity.

It took almost a decade until self-trapping of light in discrete nonlinear waveguide array was experimentally
observed [11,12]. When a low intensity beam is injected into one or a few waveguides, the propagating field spreads
over the adjacent waveguides hence experiencing discrete diffraction. However, at sufficiently high power, the beam
self-traps to form a localized state (a soliton) in the center waveguides. Subsequently, many interesting properties
of nonlinear lattices and discrete solitons were reported. For example, the experimental observation of linear and
nonlinear Bloch oscillations in: AlGaAs waveguides [24], polymer waveguides [25] and in an array of curved
optical waveguides [26]. Discrete systems have unique properties that are absent in continuous media such as the
possibility of producing anomalous diffraction [27]. Hence, self-focusing and defocusing processes can be achieved
in the same medium (structure) and wavelength. This also leads to the possibility of observing discrete dark solitons
in self-focusing Kerr media [28]. The recent experimental observations of discrete solitons [11] and diffraction
management [27] have motivated further interests in discrete solitons in nonlinear lattices. This includes the newly
proposed model of discrete diffraction-managed nonlinear Schrodinger equation [29,30] whose width and peak
amplitude vary periodically, optical spatial solitons in nonlinear photonic crystals [31-33] and the possibility of
creating discrete solitons in Bose—Einstein condensation [34]. Also, recently, it was shown that discrete solitons in
two-dimensional networks of nonlinear waveguides can be used to realize intelligent functional operations such as
blocking, routing, logic functions and time gating [35-38]. In addition, spatiotemporal discrete solitons have been
recently suggested in nonlinear chains of coupled microcavities embedded in photonic crystal structures [39].

In this paper, we introduce the Fourier transform method to analyze both stationary and moving solitons in
nonlinear lattices. The essence of the method is to transform the DNLS equation governing the solitary wave into
Fourier space, where the wave function is smooth, and then deal with a nonlinear nonlocal integral equation for which
we employ a rapidly convergent numerical scheme to find solutions. A key advantage of the method is to transform a
differential-delay equation into an integral equation for which computational methods are effective. Mathematically,
the method also provides a foundation upon which an analytic theory describing solitons in nonlinear lattices can
be constructed. We shall consider in this paper two important models: the DNLS equation and the DM-DNLS
equation. Applying this method to the first model, shows that approximate traveling solitons possess a nontrivial
nonlinear “chirp”. Moreover, our results (both numerical and analytical) indicate that, unlike the integrable case
[40], a continuous exact traveling wave (TW) solution is unlikely to exist [41]. In the limit of small velocity,
we develop a fully discrete perturbation theory and show that slowly but not uniformly moving discrete solitons
are indeed “chirped”. An asymptotic equation is derived from first principles which governs the propagation of
electromagnetic waves in a waveguide array in the presence of both normal and anomalous diffraction. This is
related to the second model of DM-DNLS equation. The theory is then extended to the vector case of coupled
polarization modes.
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The new results of this paper can be summarized as follows:

e The derivation of the DNLS equation based on asymptotic multiple scale theory starting, e.g., from the Helmholtz
equation.

e The derivation of the scalar DM-DNLS equation from first principles. Using multiple scale asymptotic theory it
is found that the most general equation that governs the dynamics of light propagating in a diffraction-managed
waveguide array is

oE
8; 4+ C(2)Ent1 4 C*(2) En—1 + V| E4|*E, = 0,

where E,, is the slowly varying envelope of the electric field at site n, v a constant that measures the nonlinear
refractive index, C(z) a complex periodic function and x the complex conjugate.

e The derivation from first principles of the vector DM-DNLS equation which includes self and cross-phase
modulation as well as four-wave mixing (FWM) terms:

L0A
1 8; + ngAn + C(Z)An+l + C*(Z)An—l + (|An|2 + bl|Bn|2)An + nlBﬁA; =0,
.0B
i azn + kwgBn +C(2)Bpy1 + C*(z)Bp—1 + (|Bn|2 + b2|An|2)Bn + WZAELB:; =0,

where A,,, B, are the slowly varying envelopes of the two polarization fields at site n, b the cross-phase modulation
coefficient and n the strength of FWM term. We note that even the derivation of the constant diffraction case is
new.

e Anumerical scheme based on renormalization of suitable norms to solve the nonlinear integral equation governing
solitons is proposed.

e Based on asymptotic and numerical evidence, we conclude that it is unlikely that a uniformly moving TW exists
for the DNLS equation.

e The derivation of a new discrete nonlinear Schrédinger type equation.

The paper is organized as follows. In Section 2 we formulate the basic physical model and describe the asymptotic
analysis that leads to the DNLS equation. Linear propagation is discussed in both normal and anomalous regimes.
In Section 3 we introduce the discrete Fourier transform method to find soliton solutions and show how one can
obtain approximate TW solutions. Two numerical schemes are introduced. The first is based on modified Neumann
iteration and the second on renormalization. Analytical analysis of TWs based on asymptotic theory is provided in
Section 4 which further support our conjecture that exact TWs may not exist. Next, we set up in Section 5 a physical
model that describes the propagation of two interacting optical fields in a nonlinear waveguide array with varying
diffraction. Moreover, the general scalar as well as vector equation governing diffraction management is derived
from first principles based on asymptotic theory.

2. Waveguide array

As mentioned above, an array of coupled optical waveguides is a setting that represents a convenient laboratory
for experimental observations and theoretical predictions. Such system (see Fig. 1) is typically composed of three
layers of AlGaAs material: a substrate with refractive index ng, a core with higher index (n1) and surface with
index ng. By etching the surface of the waveguide, one forms a periodic structure which is called a waveguide

array. Self-trapping of light in the “y” (i.e., vertical) direction is possible (even in the linear regime) by virtue of

the principle of total internal reflection. On the other hand, the beam will diffract in the “x”-direction unless it is
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4

n

Fig. 1. AlGaAs waveguide structure. It is composed of three layers of AlGaAs material: a substrate with refractive index ng, a core with higher
index (n1) and surface with index ng. By etching the surface of the waveguide, one forms a periodic structure which is called a waveguide array.

balanced by nonlinearity. In the following we describe the propagation of light in such a periodic structure both in
the linear and nonlinear regimes.

2.1. Linear and nonlinear propagation

If the full width at half maximum (FWHM), t, of the optical field is small compared to the distance, d, between
adjacent waveguides, then the propagating beams across each single waveguide do not “feel” each other. Therefore,
the amplitude of each beam evolves independently according to the linear wave equation:

d2y

g2 TIBR@ =gl =0, .1)

where kg is the wavenumber of the optical field in vacuum, f02 the refractive index of a single waveguide and
Ao the lowest eigenvalue (propagation constant) that corresponds to the ground state v (a bell shape eigenfunc-
tion). In this respect we have assumed that a single waveguide supports only a single mode. The more intricate
situation of multimode waveguide is also possible in which case g — ; and /o — 1; where j is the number
of modes occupied by a single waveguide. On the other hand when t is on the order of d or larger, then there
is a significant overlap between modes of adjacent waveguide (see Fig. 2). In either case, the beam’s amplitude
is not constant in z anymore. Moreover, when the intensity of the incident beam is sufficiently high then the
refractive index of the medium will depend on the intensity which for Kerr media is proportional to the inten-
sity. In this case, the evolution of the total field’s amplitude ¥ follows from Maxwell equations (see details in
Section 5.3):

¥? P
( + —) W+ (kp f2(x) + 8|W )W =0, (2.2)

g ax?

where f2(x) represents the refractive index of the entire structure and § a small parameter to be determined later.
If the overlap between adjacent modes is “small”, which is valid in the regime © = t/d <« 1, we expect the
power exchange to be slow. By introducing a slow scale Z = ¢z (e is a small parameter to be determined later) we



280 M.J. Ablowitz, Z.H. Musslimani / Physica D 184 (2003) 276-303
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Fig. 2. Cross-section of the waveguide array and mode overlap.

approximate the solution to Eq. (2.2) as a multiscale perturbation series:

+00
V=) En(Z)Ymx) exp(~iroz). (2.3)

m=—0oQ

In this notation, ¥, (x) = ¥o(x — md) and f,f,(x) = foz(x — md). Substituting the ansatz (2.3) into Eq. (2.2), we
find

+00 2 2
. OE &?E, d
D | —2eroym— Yy + < df;" A A%wm) En
m=—o0
+8 EmEp EX jYm ¥, | 71402 = 0. 2.4
m m
ml’m//

Using Eg. (2.1) in the above equation, multiplying Eq. (2.4) by v exp(itoz) and integrating over x yields the
following:

= . OE,  ,0%En\ [*® , . [t )
Z (—ZISKOE +é& W) / dx wmwz + koEm/ dx Afm‘/fmw:
—00 —00

m=—0oQ

m/’m//

+o00
+8 > EmEwE}, / dx z/f;wmwmn/f;,} =0. (2.5)
oo

Here, A f,f, = f2— f,ﬁ which measures the deviation of the total refractive index from each individual waveguide.
As mentioned earlier, the overlap integral between adjacent waveguides is an important measure in determining the
dynamic evolution of the modes. With this in mind we shall assume that the overlap integrals appearing in Eq. (2.5)
can be approximated by

/ dx Y ¥y = ane®, / dx Af21Ym|? = coe, / dx Af2 Y Ymar = c1e. (2.6)

In order to understand the idea behind this scaling, we will assume that the mode at waveguide m can be modeled
by
Y (x) = sechx(x —md), 2.7
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where ¥k = 1/t and t is the FWHM. The reason for this choice is only to simplify the analysis. In fact, the real
modes of a step index waveguide has exponential behavior which is close to a sech-like mode. Other choices of
eigenfunctions with different exponential decays are possible, e.g., ¥, (x) = exp[—(x — md)2/72] but the basic
ordering mechanism remains the same. A straightforward calculation shows that

+00
/ dx Yyt = celnmml/n (2.8)
—o0

with ¢ being a constant of order 1. Since u <« 1, then the choice ¢ = exp(—1/w) provides a measure for the order of
magnitude for the overlap integral. Restricting the sum in Eq. (2.5) to nearest neighbors, i.e., m = n, n = 1 (which
contribute to the order ¢ equation) and assuming that the only order 1 contribution comes from the nonlinear term
iswhenm = n = m’ = m” and that

400 4
/ dx [¥ul* = gu.
—00

we find that to O(e) the nonlinear evolution of E,, is given by
. oF
_2|)\0a08_zn + k(z)COEn + k(z)cl(En+l +E;—1) + gn||En|2En =0, (29)
where we have taken § = ¢ to ensure maximal balance. By defining a new variables 7 = Z/(2Agag), kécl =C,
E, = E} exp(—ik3coZ) we find that E,, satisfies (dropping the tilde)

LOE,

i—2 + C(Ens1 + En_1) + gnil E4|*E, = 0. (2.10)

0z

To put the DNLS equation in dimensionless form, we define
Z

E, = /Pippexp2iCs), 7 =— (2.11)
Znl

with P, and zp being the characteristic power and zp the nonlinear length scale. Then ¢, satisfies

.do, 1
D Gra Gt — 200) + 160y = O (212)

with znC = 1/h% and zy = 1/(gn1 Px). In the DNLS equation there are two important length scales: the diffrac-
tion and nonlinear length scales, respectively, defined by Lp ~ 1/C and zn = 1/(gn Ps). Solitons which are
self-confined and invariant structures are expected to form when Lp ~ zp).

2.2. New discrete nonlinear Schrodinger type equation
We begin as before with the nonlinear Helmholtz equation with modulated Kerr coefficient:

9 & 2 22 2
(@ + ﬁ> W+ (kG f2(x) + 8(x)|¥|9)W =0, (2.13)
where £2(x) is defined before, and 5(x) measures the local change of nonlinear refractive index along the transverse
direction. Importantly, note that as compared to Eq. (2.2), we now assume the nonlinear coefficient to be a spatially
dependent function. Moreover, we shall assume here, that the nonlinear index change §(x) is an odd function
relative to each waveguide (i.e., (x) — §(x — nd) = —8(—x + nd)). Following the reasoning outlined before, we
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approximate the solution to Eq. (2.13) via a multiscale perturbation series given in Eq. (2.3). In this case, the linear
part remains the same but the nonlinear contribution changes to

+00
N= 3" > EnEwELS(0)YmYm b, e 1. (2.14)

m=—00 m’ ,m"

Multiplying Eq. (2.14) by ¥ exp(itoz) and integrating over x yields the following:

+00 o
dx S(x)wzl/fml/fm/w:;”- (2-15)

+o0 +
I:/ dx Ny exp(iroz) = Z Z EmEm/E;;U/

—00 = _
m=—00 m’,m"

Since §(x) is an odd function then there is no on-site contribution, i.e.:

2 400 .
Ln=m'=m"=n = |Ep| En/ dx(s(x)h&nl =0.
—00
Therefore, the leading order contribution comes by settingm =n+1,m' =m" =n;m=m" =n,m' =n + 1,
m =m' =n,m” = n % 1. The nonlinearity in each of the cases is

+00
2 2
Z-mznil,m’:m”:n = Lm=m"=n,m'=n+l = L|Ey| Enil/ dx S(X)meIﬂnl Ynt1,

—0o0
+0oo

oy emmmit = £EZES 4 f A 800 Y 2P sy
o0

The linear portion follows the same derivation as in Section 2.1 and we shall assume that the waveguide function
£2(x) is O(e), and Z = €2z, 8(x) = O(e). Combining all the linear and nonlinear terms, we find
. oE
—2|K0a0828—zn + k3cocEy + kic16?(Ent1 + En—1) + 20162 En|*(Ent1 — En—1)
+ Q2e® EA(E} 1 — E} 1) =0, (2.16)

where
400 +o0
ao=/ dx 9 ()12, co8=/ A (% — 22,

+00 +oo
c16? = / dr (2 = f2, U@ Unsa().  Qre? = / A 800 ¥ ()12 (0) Y10,

—00

+o00
Q282=/ dx 8(0) [ ()PP (W1 (2).

—0o0
By defining new variables z = Z/(2Agao), k3c1 = C, E, = E} exp(—ikZcoZ/¢), we find that E,, satisfies
OFE

8; + C(Ent1 + En1) + 2011 En|?(Eng1 — En—1) + Q2EX(EX . — Ef_) =0, (2.17)

2.3. Diffraction properties of a waveguide array

In this section we consider the basic properties of discrete diffraction of a linear array of waveguides emphasizing
the recent discovery of anomalous diffraction [11]. However, we consider first propagation of light in bulk linear
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and homogeneous media which is governed by the linear Helmholtz equation:

2 92
+ (2.18)

VZE4+KE=0, V= _— ,
+ ox? 972

where E is the amplitude of the electric field. If we assume a solution of the form E = aexp[i(k,z + k.x)] then
we find k, = \/k? — k2. In the paraxial approximation (k./k < 1), the diffraction relation reads k, ~ k — kf/Zk.
Then the group velocity is defined by 0k, /0k, ~ —k,/k which says that each transverse component k, travels at
different rates hence beam will diffract. A measure for the rate of diffraction is 82k,/dk2 which for plane waves
is ~—1/k < 0. Since all plane waves have this definite negative sign for diffraction, it is referred to as normal
diffraction regime. Note that this is exactly the opposite from dispersion in which the normal regime is positive.
Next, we discuss linear propagation of light in a waveguide array. As mentioned in Section 2.1, the dynamics of
the beam’s amplitude E,, (z) at waveguide number n follows Eqg. (2.10). In this case, when an extended state or cw
mode of the form

En(z) = Aexplitk;z — nked)] (2.19)
is inserted into Eq. (2.10) it yields the following diffraction relation:
k, = 2C cos (kyd). (2.20)

In close analogy to the definition of dispersion, discrete diffraction is given by k! = —2Cd? cos (kyd). Since
the diffraction relation is periodic in Fourier space, we shall restrict the discussion for wavenumbers in the in-
terval |kyd| < m. In that region, the diffraction is normal for wavenumbers k, satisfying —7/2 < k,d <
m/2 (k! < 0) and is anomalous in the range 7/2 < |k,d| < m. Moreover, contrary to the bulk case, diffrac-
tion can even vanish when k,d = +/2. In practice, the sign and value of the diffraction can be controlled and
manipulated by launching light at a particular angle y or equivalently by tilting the waveguide array. The rela-
tion between k,, k. and the tilt angle is given by siny = k,/k. This in turn allows the possibility of achieving
a “self-defocusing” (with positive Kerr coefficient) regime which leads to the formation of discrete dark soli-
tons [28]. To understand more about diffraction management we consider three typical cases for which light
enters the central waveguide array at different angles, say, kxd = 0, 7/2 and 7. When k,d = 0 then light tun-
nels between adjacent waveguides giving rise to discrete diffraction. The phase front in this case has a concave
(negative) curvature. On the other hand, if k,d = =, then diffusion of light still occurs but this time the phase
front has convex (positive) curvature. Finally, at k,d = /2 the diffraction vanishes (even though light can cou-
ple to different waveguides) and in the absence of any higher order diffraction the phase front looks almost flat
(see Fig. 3).

3. Stationary and moving solitons. Fourier transform method

In this section, we introduce a new method to obtain both stationary and moving solitons for the DNLS equation.
The essence of the method is to transform the DNLS equation governing the solitary wave into Fourier space, where
the wave function is smooth, and then deal with a nonlinear nonlocal integral equation for which we employ a rapidly
convergent numerical scheme to find solutions. A key advantage of the method is to transform a differential-delay
equation into an integral equation for which computational methods are effective (see also Refs. [42,43]). Math-
ematically, the method also provides a foundation upon which an analytic theory describing solitons in nonlinear
lattices can be constructed. Moreover, the method is applicable to continuous problems.
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Phase Front
B: Vanishing Diffraction

k d
X

Phase Front Phase Front
A: Normal Diffraction

C: Anomalous Diffraction

Fig. 3. Diffraction relation (top left) showing three typical examples of diffraction scenarios: (A) Normal in which the phase front is concave;
(B) vanishing diffraction in which the phase front is almost flat; (C) anomalous diffraction with convex phase front.

\~/

3.1. Stationary solutions

We look for a stationary solution to Eq. (2.12) in the form
¢n = Fn exXp(iwz) (3.1)
with F;, being real valued function and w a real eigenvalue. Then F,, satisfies
1
—0Fy + 15 (Faid + Fa1 = 2F) + F3=0. (3.2)

Eqg. (3.2) can be solved using Newton iteration scheme by which one gives initial values for Fy and F; and then
iterate. However, our aim here is to provide a different approach based on the Fourier transform method in which a
discrete equation is transformed into an integral equation. To this end, we use the transform defined by

+00
u(w, 1) = Z upw " (3.3)
n=—oo
with the inverse transform given as
1
u, () = —% a(w, Hw" dw, (3.4)
2ri Co

where w is a complex number and Co the unit circle. If we let w = e!9" then Eq. (3.4) coincides with the discrete
Fourier transform

+o00 ) h 7/ h )
i@ = Y wpe g, = / i (q) €™ dg. (35)
27 J _q/n

m=—00

Applying the discrete Fourier transform in Eqg. (3.2) leads to the following nonlinear integral equation:

. h? . n . R
F(g) = 229 / - dg1dg2F(q1) F(g2) F (g — g1 — q2) = Ku[F(@)]. (3.6)
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where D> = D x D and D = [—n/h, w/h]. Here, 2(g9) = o + 2(1 — cos (hq))/h? corresponds to the fre-
quency of the linear excitations. The important conclusion is that the soliton can be viewed as a fixed point of an
infinite-dimensional nonlinear functional. To numerically find the fixed point, one might start with an initial guess
for F(¢) and iterate Eq. (3.6) using

Fui1(9) = Ko[Fu(@)], n>0. (3.7)

However, if the norm of F(g) is “large” then the iteration based on Eq. (3.7) will diverge while it will converge
to zero for small norm. This is because the right hand side of Eq. (3.7) has degree 3 whereas the left hand side is
suggested of degree 1. To overcome this difficulty, we employ instead, a modified Neumann iteration scheme and
consider a new equation

. A \32
o an Fn T
Fut1(q) = (%) KolFa(@)], n >0, (3.8)

where the inner product (-) is defined by
G = [ Forod (3.9

The factor 3/2 is chosen to make the right hand side of Eqg. (3.8) of degree 0 which yields convergence of the scheme
[42,43]. When F,, is real and even, it implies that £'(g) is also real. Clearly when F,(¢) — Fy(g) asn — oo then
(Fy, Fy)/(F,, Ko) — 1and in turn Fy(q) will be the solution to Eq. (3.6). Fig. 4 shows a typical solution to (3.6)
both in the Fourier domain (Fig. 4a) and in physical space (Fig. 4b) for different values of lattice spacing 4. The
proposed scheme converges linearly as can be seen in Fig. 5 where the relative error between successive iterations
EF defined by

Ef =log|E, — E,_1] (3.10)

is plotted for different values of lattice spacing % and typical parameter value w = 1. In order to shed more light on
the property of the solution, we will consider for comparison the IDNLS given by [40]

. ou 1
|a—t” + ﬁ(unﬂ + n—1 = 2up) + i |? Ung1 + Un—1) = 0, (3.11)
45 2
7\
I\\
N
;Y
3 ' c
N \ LL
hF ! .
] \
15 ! !
/ \\
/
//// \\\\
o==" == 0
4 -2 0 2 4 -8 8
@ q ()

Fig. 4. Mode profiles obtained with w = 1 in Fourier space (a), for » = 0.5 (solid), » = 1 (dashed) and # = 1 (dashed-dotted) for the integrable
case. (b) Soliton shape in physical space for # = 0.5 (solid), # = 1 (dashed) and for the integrable case at 2 = 1 (dashed-dotted).
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Fig. 5. Plot of the relative error EF" between successive iterations for 7 = 0.5 (solid) and & = 1 (dashed) with & = 1.

which possesses an exact TW solution of the form
sin (h)

uy(t) = sech(nh — Vt) exp[—i(8nh — wi)], (3.12)

w= h—zz[cos (Bh) cos (h) — 1], V= —% sin (Bh) sin (h). (3.13)

Consider first the case when the soliton is stationary (V = 0). The method of discrete Fourier transform rapidly
converges when applied to Eq. (3.11) and agrees with Eq. (3.12) (see Fig. 4). What is also remarkable about
the solution (3.12) is that it forms a continuous function, i.e., the solution is not only defined at the grid pints
n =0,41,£2,... butalso it can be defined off the grid points (e.g., n = 1.234). This suggests that Eq. (3.11)
can be embedded in a larger class of differential-delay equations in which the discrete variable n can be consid-
ered as a continuous variable without affecting the solution. With this extension in mind, we could search for a
stationary solutions for Eq. (3.11) (with n = & being a continuous variable) by applying the continuous Fourier
transform:

+00 . 1 +00 .
i = [ w@etd uw =5 [ a@ewds 319

which can be obtained from Eq. (3.5) by taking the limit # — 0 with fixed nh = &. The important question we ask
is: does a continuous stationary solution exist for the DNLS equation as well? To partially answer this question we
applied the continuous Fourier transform in Eg. (3.2) (to find stationary solution). The only change from Eg. (3.6)
is that D? — R2. We found that the numerical scheme based on (3.8) does not converge which indicates that a
continuous stationary localized solution to the DNLS may not exist. On the other hand we did find numerically that
a continuous Fourier transform solution to Eq. (3.11) converged rapidly. As we will see later, this will have a direct
impact on the TW problem.

3.2. Remarks

Below we make some comments on the proposed scheme for discrete systems outlining its usefulness.

e The numerical scheme based on Eq. (3.8) can be replaced by one in which the convergent factors belong to L?:

1Flly = fD F(g) d. (3.15)



M.J. Ablowitz, Z.H. Musslimani/Physica D 184 (2003) 276-303 287

In this case, the iteration scheme takes the form

. 3/2
R o R
F,Hl(q):("",C '|'|11) KolFu@], n > 0. (3.16)

e Finding stationary solutions for multidimensional continuous partial differential equations (PDESs) using the
above scheme is straightforward.

e Applying the Fourier transform technique to higher order continuous or discrete systems only results in a modi-
fication of the linear dispersion relation from, e.g., cos (gh) — cos (gh) + cos (2gh).

e The proposed technique is natural for diffraction-managed systems in which an infinite-dimensional nonlinear
integral equation must be solved. Applying direct methods such as Newton iteration would be difficult on such
diffraction-managed equations.

3.3. Numerical iteration based on energy renormalization

We next highlight a different approach based on energy renormalization to solve Eq. (3.6). As we have seen
before, one reason why simple iteration scheme does not converge is because the right and left hand side of (3.6)
have different homogeneity. An alternative method is to renormalize the wave function F(q) at each iteration stage
by its L> (maximum) or L2 norm, respectively, defined by

IFlloe = max|F(g)l, (3.17)
qeD
R . 1/2
IFl, = ( /D |F(q)|2dq> . (3.18)

In this case the beam amplitude remains always finite. For discrete problems, the choice of the maximum norm is
particularly natural since the problem is restricted to a finite domain in ¢ space. To implement this scheme, we start
with a localized guess, Fo(q) and compute |ts norm ||F0|| (by || - || we mean either || - || OF || - ||2). We then define
the renormalized function ]-‘o(q) = Fo(q)/||Fo|| Then from Eqg. (3.6) we compute Fl(q) and, in general, the mth
iteration takes the form

. h? . N N
Fni1(@) = ;55— [ / dg1 dg2Fm (q1) Fn(q2) Fim (g — g1 — q2), (3.19)
ne$2(q) JJ p2

Fu(g)

Fnlg) = 21 (3.20)
1Pl

Note that as m — oo the scheme based on Eq. (3.20) converges, i.e.:
lim | Fn — Fll =0, (3.21)
m— o0

where F; and IES = ||IA:s||]A-} is the exact solution to Eq. (3.20). Importantly, Eg. (3.6) admits the following scaling
property: if F'(q) = »F'(q) then F'(q) = 2K ,[F’(¢)] is also a solution. In light of this scaling property we find
that %, and IES are also solutions to Eqg. (3.6). We have compared the solution obtained by this method with the
previous technique and with the IDNLS solution and found excellent agreement.

3.4. Do discrete TWs exist or not?

Finding analytical TW solutions for a continuous PDE and for differential-delay equations in particular, is a
challenging problem. For some PDEs, TWs can be readily obtained by making use of either Galilean or Lorentz
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invariance. However, for general discrete systems, such a symmetry does not exist. An additional source of difficulty
that arises when dealing with differential-delay systems is the lack of quadrature. In this section, we describe a
method to obtain TW solutions for discrete systems which is applicable to many discrete models such as FPU
lattice, sine-Gordon to name a few. However, here we will focus our attention to TW of the DNLS model. Unlike
the IDNLS in which exact continuous traveling solitons are known, there are no known explicit solutions for DNLS
solitons. Previous studies of TWs for the DNLS equation employed various techniques and ansatz [44—-46]. One
method is to write the DNLS as a perturbed IDNLS [47] and use perturbation theory, based on inverse scattering,
to gain some insight to the solution. However, this method is limited to moderately confined wave functions and
cannot be used as a constructive method. Another technique is to use the “exact” stationary solutions discussed in
Section 3.2 and, based on what we know from continuous NLS theory, employ a linear phase tilt:

én = Fnexp(ipnh) (3.22)

with F;, being the stationary solution found before and g the beam “velocity” or phase tilt. However, by doing so,
we do not obtain a uniformly moving solitary wave (as can be seen in Fig. 6 where the top of the beam oscillates).
This is even more clear when we zoom in on small amplitude where radiation modes are seen to be emitted during
propagation (see Fig. 7). Our analysis, which is based on the discrete Fourier methods, reveals another fundamental
distinction from the IDNLS traveling solitons: there are approximate TW solutions which are “multimode” discrete
solitons, i.e., a single mode (sech-like shape) does not propagate without significant radiation [48]. In fact the modes
we found are characterized by having a nonlinear “chirp”. To formulate the analysis, we look for traveling localized
modes in the form

¢n(z) = u(§) exp[—i(Bnh —wz)], & =nh—Vz (3.23)

with V and w being the soliton velocity and wavenumber shift, respectively. Assuming u is complex, i.e., u(§) =
F(&) + iG (&) (with F, G being real), then Eq. (2.12) takes the form

dG dF
Vd—g + DiF + DoG + (F? + G*)F = oF, —Vd—g + D1G — DyoF + (F? + G*)G = oG, (3.24)

M\ } Ll ”

‘,‘M ’ |

—so o

Fig. 6. Evolution of the stationary solution in physical domain for « = 1 and 4 = 0.5 obtained by direct numerical simulation by employing a
linear phase tilt (or velocity) with 8 = 0.5.
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o)

Fig. 7. The same as in Fig. 6 but zoomed to small amplitude. Radiation modes are clearly seen which leads to a nonuniform moving beam.

where the linear operators D1 and D, are defined by

1 i h
Dif = Sloos(B(Es + E)f~2fl,  Dag=""0P(E, —E ) (3.25)

with ELS(&) = S(& + h). To find the mode shapes and soliton velocity, we proceed as before by taking the discrete
Fourier transform of Eqg. (3.24) which yields the following iteration scheme:

N 22 ~
Fria(g) = Qig Gulq) + (“1

2 . o = 2:(q) - w\? . -
Fu, Gnl, Gy = F, - Fy, G,],
,31> [ ] +1(q) @) (@) + ( ﬂz) Qo[ ]

(3.26)
where F(g) and G(q) = —iG(q) are the Fourier transforms of F(¢) and G (&), respectively, and

o 2 2
Q1[F, G] =

— (FxFxF—-GxGxF), — (FxFxG-GxGxG),
472 821(q) ( ) 472821(q) ( )

Q,[F,G] =

(3.27)
where % denotes a convolution:
fxg= fD fk)g(q — k) dk.

The convergence factors «j and g, j = 1, 2 are given by

A oA 2,G -~ 2 F A
(X1=<Fn,Fn_ an>7 O‘2:<Gnan__n>v BL=

Q]_ (Fns Ql)a /32 = (GYH QZ)

with

21(q) =w+ :—2[1 — cos (hq) cos (Bh)], 22(q) = h—zz sin (hg) sin (Bh) + VQ. (3.28)
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Fig. 8. Mode shapes in physical space for @ = 1 and 8 = 0.5. Solid line corresponds to # = 0.5 and velocity V = —0.25 whereas dashed line
forh =1and V = —0.155.

The next stage would be to iterate Eq. (3.26). However, Eq. (3.26) form a system of two equations with three
unknowns, F, G and V. Therefore, we need to add an extra condition to match the number of variables with the
number of equations. By doing so, we proceed as follows. For a given set of parameters z, w and g > 0, the
mode shapes and soliton velocity are found by iterating Eq. (3.26) with an initial guess, e.g., Fo(q) = sech(g),
Go(q) = sech(g) tanh (¢) and V =V, < 0. The iterations are carried out until the condition |£;| = |o; — Bj| < €
(j = 1, 2) is satisfied with € > 0 being a prescribed tolerance. However, unlike the stationary case, here, the soliton
velocity is still to be determined. For any choice of V. < 0if |£;| ¢ ¢, we seek a different value of V, at which &;
changes sign. Then, we use the bisection method to change V, in order to locate the correct velocity V and modes
F, G for each w, B and h. Typical soliton modes are shown in Fig. 8.

At this stage it is useful to make some further comments on the Fourier transform. Since & is a continuous variable
it implies that Eq. (3.24) are continuous equations in &. Therefore it seems natural to use the continuous Fourier
transform rather than discrete. However, when we apply the continuous Fourier transform in Eq. (3.24), we find that
the numerical scheme based on Eq. (3.26) with 7/ h — oo does not converge to a solution. This is a strong indication
that, as opposed to the integrable case, a true continuous stationary or TW solutions to the DNLS model does not
exist. By continuous solution we mean a solution that can be defined off the lattice points which is necessary when
discussing TWSs on lattices. In fact, the perturbation analysis presented below supports this observation as it fails to
give consistent results off the grid points. To support these founding, let us take the continuous limit on the DNLS
which yields

.0

|8_(f + ¢xx + dadxxx + |¢|2¢ =0, (3.29)
where a4 = h?/12. Importantly, it was shown in [49] that Eq. (3.29) with a4 > 0 lacks exact soliton solutions
whereas it possess closed form solution for «s < 0 [50]. Moreover, in this case the asymptotic behavior of the
solution to Eq. (3.29) inthe limit 0 < a4 <« 1is [49]

¢ ~ sech(£) + O~ 7" P&, 7),

with & = x — Vz and 7" being a positive constant with P(&, z) being a concrete function of both & and z (see Eq. (16)
of Ref. [49]). This means that for » = 0.1 (as an example), the nonstationary correction to the exact solution (when
a4 = 0) is exponentially small and cannot be captured in numerical simulations. These results differ from those of
[51,52] in which a “continuous” traveling solitary waves were reported using Fourier series expansions with finite
period L while assuming convergence as L — oo.



M.J. Ablowitz, Z.H. Musslimani/Physica D 184 (2003) 276-303 291

2.0

Fig. 9. Evolution of a moderately localized soliton in physical domain for 8 = 0.5, V = —0.25, » = 1 and & = 0.5 obtained by direct numerical
simulation.

Fig. 10. Evolution of a strongly localized soliton in physical domain for 8 = 0.5, V = —0.2, @ = 2 and h = 0.5 obtained by direct numerical
simulation.

Although Eq. (3.26) can be solved numerically with high accuracy, the resulting solutions are only obtained at
the discrete locations & = nh, while all real values of & are called upon in a TW solution. So the question we want to
ask is: what happen to the modes found above when they propagate across the arrays? To answer this question, we
simulated Eq. (2.12) using ¢, (z = 0) = u(nh) e"#" as an initial condition with «(nh) = Frw(nh) + iGtw(nh)
being the solutions obtained from (3.26). When a moderately localized mode? is launched, the beam moved across the

1 Moderate localization obtains when the FWHM of the intensity is 4-6 lattice sites; strong localization occurs when FWHM = 1-3 lattice
sites.
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2.0

Fig. 11. Evolution of a strongly localized soliton in physical domain for large distance. Contrary to Fig. 10, in which the beam travels for short
distance, here after some distance, the beam starts to decelerate. Parameters are: 8 = 0.5, V = —0.2, w = 2 and h = 0.5.

waveguides undistorted (Fig. 9) over 100 normalized z-units. This corresponds, according to the experimental data
reported in [11], to 120 mm (recall that the waveguides used in [11] were 6 mm in length). On the other hand, strongly
localized modes travel essentially undistorted for shorter distances (around 20 normalized z-units, see Fig. 10)
which corresponds to 24 mm. Noticeably, during propagation there was a change of 0.0133%/mm(0.245%/mm) in
the soliton velocity for moderately (strongly) localized modes in which case strongly localized mode slows down
and eventually relaxes to a stationary state (see Fig. 11). This behavior depends crucially on the initial amplitude.
Higher amplitude solitons are less “mobile” than lower amplitude beams. The discrete Fourier transform yields a
useful, but nonuniform TW solution.

4. Asymptotic theory for discrete TWs
4.1. Perturbation expansion around stationary solutions

We have seen in Section 3.4, that TWs with nonuniform speed can be numerically constructed by means of the
Fourier iteration method. These solutions can move over short distances without drastic change in their shape or
speed. However, strongly localized modes will immediately start decelerating and emitting radiation. Our conclusion
from Section 3.4 was that uniform TWs for the DNLS equation are unlikely to exist. To give further support to
this belief, we consider the case in which the solitons move slowly. We develop a fully discrete perturbation theory
for finite amplitudes. It is important to note that our perturbative approach is fundamentally different than the
perturbation methods based on inverse scattering theory (cf. [47]). We begin by taking 8 = €81 + O(€?), € < 1,
and expand the soliton velocity, frequency and the wave functions in a power series in e:

F = Fo+ €F1 4+ € F> + O(€%), G = e¢G1 + €2Gy + 0(ed), (4.1)

V=€Vi+ €2V2 + 0(63), w = ws + w1 + 62602 + 0(63). 4.2)
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Substituting Eqgs. (4.1) and (4.2) into Eq. (3.26), we find that to leading order (¢°), Fy satisfies the stationary equation
and is evenin &:;

L1Fy(¢) =0. 4.3)
The order € equations for F1 and Gy are given by
L1F1 = w1 Fy, (4-4)
dF
LG =i P e E R (4.5)
dc ' h
and the order €2 system is
dF dF
L2Gy = 01G1 + Vi—— + Vo—2 — 2FyF1Gy + ﬂ(ﬂu — E_)F1, (4.6)
dg dg h
dG 2
L1F2 = o1 F1 + wp Fy — Vld_gl — FoG2 —3FyF? + %(m +E_)Fy— %(E+ — E_)G1, (4.7)
where the linear operators £1 and £, are defined by
1 1
LS =08+ 5 (Ey + E- —2)S+ 3FZS, LoS=—0sS+ 5 (Ey + E- —2)S+ FZS. (4.8)

Next we solve the system of equations at each order in €. By taking w19/dwy in Eq. (4.3) we find that solution to Fy
is given by

JdFy dFp
F = —_— 4.9
1 wlaws—i-q % (4.9)
To solve equation in (4.5), we make the ansatz:
G1 = V1A + 1EFy + c2 Fo, (4.10)
where ¢1 and ¢, are arbitrary constants and A satisfies
dFy
L2A = —, 4,11
207 o (4.12)

which can be solved either numerically by Fourier transform method or by reduction of order method. Note that
A(&) is an anti-symmetric function.

4.2. Solvability conditions at O(e)

The velocity Vi(B1) and frequency shift w1, are determined by a solvability condition at order €2 which is
the discrete analog of Green’s identity. We start first with the order e equations. Let W(&) be a solution to the
homogeneous equation, £1W(§) = 0. Multiplying Eq. (4.4) by W(§) and subtracting F1(£) L1 W(&) = 0 we find

A[Y(®)] = hPor W(E) Fo &), (4.12)

where Y(&) = W(& — h)F1(§) — F(& — h)W(&) and Ag is defined by A¢[S(§)] = S(& + h) — S(§). An important
identity which will be used frequently is the discrete analog of Green’s identity

+oo
> [SGE+eh) — SE+ (€ — D] =0

{=—00
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with ¢ € Z. Since W = d Fp/d&, summing over all integers in Eq. (4.12) and using the discrete Green’s identity we
find

=2 dF,
- £ ()

{=—00

_o. (4.13)
E+Lh

Importantly, if & is not restricted to the grid points then the sum in Eq. (4.13) is generally not zero. We shall consider
the case in which & € Z otherwise, as we will see below, no TW solution is obtained. With this assumption in mind,
the solvability condition at order ¢ is satisfied and at this stage w1 is an arbitrary constant. Similarly, we find that
the solvability condition for Eq. (4.5) reads

+ % (Fo(§+ (£ + Dh) — Fo(§+ (£ — 1)h))} =0. (4.14)

= dF,
> Fo +eh) {vld—;

t=—00 E1h

As before, if we are off the grid points then the sum in (4.14) does not necessarily vanish and as a result the velocity
will depend on &. Therefore, we restrict the sum to the lattice points which is consistent with the discrete Fourier
transform.

4.3. Solvability conditions at O(?)

Next we consider the solvability conditions to the O(e?) equations which will determine the velocity V; and
frequency w1. The solvability conditions for Egs. (4.6) and (4.7), respectively, read

= dFy dFp B1
Y FoE+th [vld— Vo | AEF D) = A+ (@ = D)
= —oo § lesen § e
+w1G1(§ 4+ Lh) — 2Fo(§ + Lh)F1(§ + Lh)G1(§E + Eh)} =0, (4.15)

+00 dG]_
> Fo(6+th) [wlFl(S +£h) + w2 Fo(§ + €h) — Vi——

i — Fo(E+ th)G3 (& + th)

E+Lh

{=—00

2
—3Fo(& + Lh)F{ (& + th) + %(Fo(if + (€ +Dh) + Fo(§ + (£ —Dh))

—%(Gl(é + €+ Dh) -G+ (£ - l)h))} =0. (4.16)

Substituting the expressions for F; and G [see Egs. (4.9) and (4.10)] in Egs. (4.15) and (4.16) and using the fact
that the function A (&) is anti-symmetric we find

A A
11 A |:cl] _o. 417)
Apy Ay L2
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where
+00 2
d“ F dF dF
Ar=V1 Y Fo(§+th) on +% d—; - d—;
=m0 E+th s+(z+1)h SHE=Dh
dF dF
—2vi Y AGHEWFGE+th) =2  — 2B Z (€ + Lh)F3 (€ + th) —
d& E+Ch d¢ +(Zh
{=—00 (=
+00 Too
A= Z F2(€ 4 th) — 2an Z F3(&
{=—00 {=—00
+00 I
dF dF dF
Arp =w1 Z < O) — bw1 Z < 0) Fo(E+¢h q 0
E+Ch t=—00 &+h s
+00 d 0
Ap=— Y ——|  [2B1G + Lh)F§(& + th) + 2VIA(E + L) F§ (€ + £h)]
{=—00 dg E+Lh

,31 400 dFo 400 dFo 2
=Y | (RE+ U+ D) - P+ —-Dh)y - Y (==
h d& |epon dé
t=—00 &+ f=—00 E+0h
The dependence of the velocity on g1 will be determined by requiring that the determinant of the matrix
equation (4.17) vanish. By restricting the sum to the lattice points, § = & = ¢h, which is consistent with the
discrete Fourier transform we find that the results are consistent if w1 = 0 in which case the velocity is given by

a1 dFo 3 1 }
Vi=——81, h) = —_— 2& F, —(EL — E_)F ,
1= B ai(h) ZZZ P &[ §1Fg (&) + - (B4 ) Fo(&)
dF dFy
a)y =Y =2 | 2AE)FE) + — (4.18)
LeZ dé & d%'
&

We compared these semi-analytical results with direct numerical simulation for the fully discrete case and found a
good agreement for distances z of order 1. However, for longer distances, the theory needs to be modified. Moreover,
in the limit 2 — 0 we retrieve the known result V1 = —281, G1(§) — 0.

5. Nonlinear diffraction management
5.1. Heuristic approach

Let us begin the analysis by considering an infinite array of weakly coupled optical waveguides with equal
separation d. We have seen that the equation which governs the evolution of a singly polarized beam in a nonlinear
waveguide array follows the discrete NLS equation. A natural generalization to two interacting electric fields E(l)
and E,(l ) is given by [13,29,30,53,54]

dED
dz
where k is a 2 x 2 matrix with «j and «ji, j # [ the self and cross-phase modulation coefficients, respectively, that
result from the nonlinear index change, &, = (EY 2, |E? )T, € a coupling constant, z the propagation distance

_ iC(E(])l + E(J)l) + Ik(J)E(J) i(kE, )]E(J ji=1,2, (5.1)
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and kévl’z) the propagation constants of the waveguides. When a cw modes of the form

ELD(2) = Appexpli(k.z — nk.d)] (5.2)
is inserted into the linearized version of Eq. (5.1) it yields

k, = ki+? +2Ccos (kyd), k! = —2Cd? cos (k.d), (5.3)

where, as mentioned earlier, discrete diffraction is given by k. An important consequence of Eq. (5.3) is that k/’ can
have a negative sign if 7/2 < |kyd| < 7, hence, a light beam can experience anomalous diffraction. Experimentally,
the sign and local value of the diffraction can be controlled and manipulated by launching light at a particular angle
with respect to the normal to the waveguides or equivalently by tilting the waveguide array. To build a nonlinear
model of diffraction management, we use a cascade of different segments of the waveguide, each piece being tilted
by an angle zero and 4, respectively. The actual physical angle . (the waveguide tilt angle) is related to the
wavenumber k, by the relation [27] sin yw = ky/k where k = 27ng/ Ao (Ao = 1.53 pm is the central wavelength
in vacuum and we take ng = 3.3 to be the linear refractive index). In this way, we generate a waveguide array with
alternating diffraction. Next, we define the dimensionless amplitudes U (UY = U,,, U? = v,) by

EY = J/PUW el +20z Zi ’ (5.4)

*

where P, = max(|Un|r2naX, [V |ﬁ1ax) is the characteristic power and z, the nonlinear length scale. Substituting these
quantities into Eq. (5.1) yields the following (dropping the prime) diffraction-managed vector DNLS equations
[29,30]:

.du D(z/zw)
i— /2w (Unt1 + Un—1 = 2Uy) + (U2 + 0|V |H)U, =0,

dz 2h?
.dv, D(z/zw)
I dZn ﬁ(vnﬂ + Vi1 — 2Vn) + (77|Un|2 + |Vn|2)Vn = 09 (5-5)

wheren = k12 /k11 (Wetake k11 = k22, k12 = k21)and z, = 1/(x11 Py). We choose z,.C cos (kyd) = D(z/zw)/(2h?)
where D(z/zw) is a piecewise constant periodic function that measures the local value of diffraction. Here zy, =
2L /z, with L being the physical length of each waveguide segment (see Fig. 12(a) for schematic representation).
Eq. (5.5) describe the dynamical evolution of coupled beams in a Kerr medium with varying diffraction. When
the “effective” nonlinearity balances the average diffraction then bright vector discrete solitons can form. The
dependence of the coupling constant C on the waveguide width (¢) and separation (d) is given by (for AlGaAs
waveguide) C = (0.00984/¢) exp(—0.22d) (see Eq. 13.8-10, pp. 523 of Ref. [55]). Therefore, the coupling constant
C that corresponds to the experimental data reported in [28] (for 2.5 wm waveguide separation and width) is found

A©)

2L 9/2

@ (b)

Fig. 12. Schematic presentation of the waveguide array (a) and the diffraction map (b).
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to be C = 2.27 mm~L. For typical power P, ~ 300 W; typical nonlinear Kerr coefficient k1 = 3.6 m~*W~1 and
typical waveguide length L ~ 100 um we find z, &~ 1 mm and z,, &~ 0.2, which suggests the use of asymptotic
theory based on small zy,. Such asymptotic analysis was developed in [29,30] for both the scalar and vector cases
where the diffraction function D = 1 + A /zy with A being a piecewise constant function (see Fig. 12(b)). Model
(5.5) admits stationary soliton solution even when z, is of order 1.

5.2. Asymptotic theory for diffraction management

5.2.1. Renormalization

We have seen in the preceding section how can we build, based on physical heuristic arguments, a model that
incorporate both normal and anomalous diffraction. The key idea in formulating a model of diffraction management,
is to use a cascade of different segments of waveguide, each piece being tilted by an angle zero and y, respectively.
Here, we give a derivation of the model, in the scalar case, based on asymptotic theory. Two approaches are given.
The first is based on perturbation expansion using a renormalized eigen-mode of each single waveguide, whereas
in the second we expand around eigenfunction of an untilted waveguide. It is clear from Fig. 12(a) that each single
waveguide is not stationary. As a result, the evolution of the beam’s amplitude is governed by

2P a [?
(@ + ﬁ) VK AOW =0, X=ux-— ;/O D(z)dZ', (5.6)

whereas before, Z = ¢z; « is a small parameter to be determined later and D(Z) a piecewise constant periodic
function that measures the local value of diffraction. When the waveguides are well separated then the dynamics of
each mode v, in waveguide f,,% is decoupled and is given by

a2y,
dx?2

However when the waveguides are at close proximity, we approximate the solution to Eq. (5.6) as a multiscale
perturbation series:

(@®D?(Z) + 1) + (k3 f2(X) — A3)Ym = 0. (5.7)

“+o00

v= Y En (Z) Y (X) e~ 1402, (5.8)

m=—0oQ

Substituting the ansatz (5.8) into Eqg. (5.6), we find

~+00 5 )
i _3E 2 9°E, 22 dy, 2 2 2
m;oo [—2l8k01/fm 5y TV + ((a D2 + 1)o7 + kS Ym — A5¥m ) Em

d¥m IE v, g dD dl//m} e—itoz _ (5.9)

2iaAgDE,, ™ _ 2gep oo SVm &
FelohoDbn gy T LD 0 T Yz ax

Using Eq. (5.7) in the above equation, multiplying Eq. (5.9) by v exp(iAgz) and integrating over X yields the
following:

+00 ) 9E,, ) 32Em +00 ) +00 )
> [(—Zm,\oa—z e )/ dXx/fmw;‘+koEm/ dX Af2Ymvr
—00 —00

. 20 dyn, OE dD\ [+ dym
2iaroDE,, dx s oo (2D 4B, dx¥m oy | o, 5.10
+elato /_oo ax /n 8“( 0z dZ) /_oo dx w”] (5.10)

m=—00
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Similar to the arguments we presented before, we shall assume that the overlap integrals follow the scaling given
in Eq. (2.6) and that « = O(w). In close analogy to the calculations given before, we find that for a sech-like mode
(Eq. (2.7)) profile we have

+o00 dw b
dx m — _e—\n—m|/u, 5.11
/—oo dx ax U 2 G-11)

where b is a constant. Restricting the sum in Eq. (5 10) to the nearest neighbors, i.e., m = n, n = 1 and by defining
7= 27Z/(2x ca0), k2c1 C1,20:bD = D; E, = E* exp(— |k2c0z) we find that E,, satisfies (dropping the tilde)

a1+ En—1) +iD()(Ey41 — E4—1) = 0. (5.12)

The constant diffraction case, i.e., EQ. (2.10) is recovered when D = 0. Eq. (5.12) is the general dynamical equation
that governs the evolution of optical beam in a diffraction-managed linear waveguide array. However, when the
intensity of the incident beam is sufficiently high then the refractive index of the medium will depend on the
intensity which for Kerr media is proportional to the intensity. Therefore, by following the same procedure outlined
in Section 2.1 we find that the general evolution equation for the optical field in a diffraction-managed nonlinear
waveguide array is governed by

n+1 + E.—1) + iD(Z)(En+1 —Ep-1) + gn||En|2En =0. (5-12)

In the case of strong diffraction for which max |D(z)| > |C1]| (recall that D(z) is a piecewise constant function) and
by defining E,, = E, exp(—inn/2), Eq. (5.12) reduces to

nt1 + En1) + gnil En|°En = 0. (5.13)

5.2.2. Direct approach
In this section, we give a different approach to derive a model for diffraction management. We approximate the
solution to Eq. (5.6) again as a multiscale perturbation series:

+00 )
Y En(2)ym(X)ellon@—r0], (5.14)
m=—00
where the the phase ¢, (z) will be chosen later. Substituting the ansatz (5.14) into Eq. (5.6), we find

+00
i _ A2, (o[ E)Em dwm
ilom@—202] | E 1+ o?D?) + K2 FPE, ¥ + 2i [ —2 — A m —aD——=FE,,
2 e [ a2 L DY K B 20 "5 =0 ) (€70 — D

dgm 2 IEm dm dD dys | .d®pn 5 0Ey,
(2 _50) Emtm — 20D geE,, T E 4 2L | = 0.
(dz 0) Ym = 20eD=0m " TGz ax T gz BV T e Ym | =0

m=—00

(5.15)

Using Eq. (2.1) and multiplying Eq. (5.15) by v exp[—ig,(z)] and integrating over —oo < X < oo yields the
following equation (ignoring the order €2 term):
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= . d d d
Z gilom (D —en(2)] { /dX Yy |: 2DZ()\O kgfnzl) +k§A ,,21 — (%) + 2X0 % +i d_(p’":|
m=—00 Z 72

dem dD aE
—oz|: <2I(dz >D+ﬁ)+z 82]
dvm dem _
/dX—I/f + 2ie (d——)\> /dxwm }—0.

Until now the phase factor ¢, is arbitrary. Therefore, we shall choose the phase in such a way that

22 oo 2 2 42 2 doy 2 don, oo 2
% D/ dX(Ag — kg S ¥ml® = (—d ) — 20— / dX [Ym|°. (5.16)
o b4 dz | J_w

Eqg. (5.16) implies that

dom
dz

dom \ 2 d2
= 0@, < t;pz ) =06, d(pz = Olae). (5.17)

The localized nature of the waveguides indicates that ¢,, is independent of m, i.e., it is the same for all waveguides.
With this scaling in mind and by taking as before @ = O(w), we recover Eq. (5.12).

5.3. Asymptotic theory for vector diffraction management

In this section we present a derivation of the vector DM-DNLS equation starting from the nonlinear vector
Helmholtz equations which is obtained from Maxwell’s equations. The propagation of an intense laser beam in a
Kerr medium is described by the vector Helmholtz equations:

2 9
(— + ) E 4 8V(V - PaL) + k3 f2(x)E + 8PyL = 0. (5.18)
ax? 972

The nonlinear polarization Py can be expressed in terms of the electric field as
Pne = (E-E")E + y(E-E)ET, (5.19)

where y is a constant related to the third order nonlinear susceptibility [56]. Since we are interested in interac-
tion between two coupled laser beams, we shall assume that each one is initially linearly polarized and mutually
orthogonal, i.e.:

E(x,2) = &1(x, X + E2(x, 2)¥ + E3(x, 2)Y. (5.20)

In this case, the nonlinear polarization takes the form

PnL = PULk + P9 + P2, (5.21)
where

P = (L + D& + &1 + yE3E + yELES, (5.22)

PO = (&1 + L+ YIE&1D)E + yEIE + yELES, (5.23)

P = (18117 + &P + A+ 1)|E12)E + vELES + yESES. (5.24)
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Substituting the expression for E in Eqg. (5.18) and taking into account the nonlinear polarization, leads to the
coupled system:

2 9 2pl) )

<ﬁ * @) a+é Bxgu_ + kg f2 ()€ + 8Py =0, (5.25)
¥ 2,2 @
@ + @ 82 + kof (X)gz + SPNL - 0, (526)
82 82 32 P(l) 2P(3)

<@ + @) €3 b=t +o— 3k + K2 f2(x)E + 8P, = 0. (5.27)

In this work, we are interested in interaction of two mutually orthogonal beams. However, if we initially assume that
&3 = 0, then the source term 92 Pﬁ,lﬁ/axaz appearing in Eq. (5.27) will eventually generate a nonzero £ component.
In fact, this additional term (due to nonlinear polarization) is of order 8. Hence, we are justified in neglecting &3 as
compared to &1 and &£. Next we follow the same expansion as mentioned earlier and let

~+00 +00
E1= Y An@DYn(X)e™% &= )" Bu(Z)Ym(X)e "7, (5.28)

where X has been defined in Eq. (5.6). The expansion of the linear terms is already given in (5.12) with the addition
of on-site terms kwgA, and kwgB,,. Therefore, we focus the attention below solely on the nonlinear terms and in
particular give an estimate on the order of magnitude of 82 P,E,l,_) /0x?. Substituting the ansatz (5.28) into Egs. (5.25)
and (5.26); multiplying by v exp(itoz) and integrating over X yields the following result for the nonlinear terms:

+00 00
oo
/ AXPRL Y e = (1 +1) Y AnAw AL, / AX Y Y Vi Vi
—0o0 m,m',m” —0o0

+

(ed] +00
+ > BjB;f,Aj/// AX Yy +v Y BIBZ/A;,/ dX Yy v,
—0o0 L —o0

B J"

(5.29)
+o00 ) _ +00
f AXPR v €T = D" A, AL By / AX Y Y Vi Vi + (L+7) Y BjBy B
—o0 m,m’ ,m" —o0 G
+00 +00
X / dx leﬁj/lﬂjf//lﬁ:: +vy Z AZAIIB;;// AX Yy vy (5.30)
—0oQ —0o0

Ll

Due to the assumption of widely separated waveguides, the only order 1 contribution comes from the nonlinear
term when m = m’ = m” = n. We therefore find that to O(¢) the nonlinear evolution of A,, and B, is given by

(taking § = ¢)
L0A - ~ -
=+ kugAn + C@Ans1 + C7 (D An-1 + @LlAn |2+ b1|Ba|*) An + 1 Bi A} =0, (5.31)
.0B, - ~ -
i BZ” + kwg By + C(2) Buy1 + C*(2) Bu—1 + (@2|Bul? 4 b2| Ay|?) By + 12 A2 BE =0, (5.32)

where the coefficients a1, a, b1, b, 71, 72 are given by

a=Q+Ymi+va, br=nutya, d=A+Y, ba=mnn,  T1=ymi+ v, 02 = Vil
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and
400 4 400 32 )
/ dX [yal™ = nni, / dxmuw Y)Y, = Yl
—0 —00
By rescaling the field amplitudes, i.e., A, = A,/~/a1, B, = B, /+/@2 we find the system (dropping the tilde):
0A

8zn + ngAn + C(Z)An+1 + C*(Z)An—l + (|An|2 + bl|Bn|2)An + ﬂlBﬁA; =0,

.0B
] BZn + kwan + C(Z)Bn+l + C*(Z)anl + (|Bn|2 + b2|An|2)Bn + n2A}%B: =0,

with b = l~)1/(~12, by = l;z/él, n1 = n1/az, n2 = n2/a1 (see also Section 1).

6. Conclusions

Localized, stable nonlinear waves, often referred to as solitons, are of broad interest in mathematics and physics.
They are found in both continuous and discrete media. In this paper, a unified method is presented which is used to
obtain soliton solutions to discrete problems. In recent experiments, discrete solitons were observed in an optical
waveguide array. The fundamental governing system is the scalar DNLS equation. A suitable modification of this
system describes diffraction-managed solitons.

In this paper we have derived and investigated scalar and vector discrete diffraction-managed systems. The
proposed vector model describes propagation of two polarization modes interacting in a waveguide array with Kerr
nonlinearity in the presence of varying diffraction. The coupling of the two fields is described via a cross-phase
modulation coefficient. In the regime of normal diffraction, both stationary and moving discrete solitons are analyzed
using the Fourier transform method. The results indicate that a continuous stationary solution and a TW solutions
with uniform velocity are unlikely to exist. In the presence of both normal and anomalous diffraction a model is
developed from first principles that governs the propagation of two polarization modes interacting in a nonlinear
waveguide array via cross-phase modulation coupling.
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The carrier-envelope phase slip of an ultrashort pulse circulating in a mode-locked Ti:sapphire laser is ana-
lyzed. The laser cavity is modeled by a dispersion- and nonlinearity-managed nonlinear Schriédinger equation.
The combined contributions to the phase slip induced by nonlinear phase and nonlinear dispersion are found

to approach zero for strong dispersion maps.
well.
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Mode-locked Ti:sapphire lasers generate a regularly
spaced train of pulses separated by one cavity round-
trip time. The carrier-envelope phase slip (CEPS)
is the change from pulse-to-pulse of the phase offset
between the envelope and the carrier waves. Con-
trolling the phase slip has been the subject of recent
experimental efforts in optical frequency metrology,
carrier-envelope phase coherence, and extreme non-
linear optics.'™* In a recent seminal contribution
Haus and Ippen® studied the CEPS for classical and
dispersion-managed (DM) solitons, the latter being
waveguide solutions of a perturbed DM nonlinear
Schriodinger equation. DM solitons are a key element
to describing Ti:sapphire lasers.® In this Letter an
asymptotic theory governing the propagation of DM
and nonlinearity-managed solitons is applied to a
model of the laser. Applying multiple-scales analysis
yields a relation for the nonlinear change of the phase
velocity over one cavity round trip. In our model
we treat nonlinear dispersion (the shock term) and
third-order dispersion (TOD) as small perturbations.
They induce changes in the group velocity that are
found using conservation-law methods. The non-
linear slip induced by the combined effects is found to
approach zero as O(1/s), where s is the cavity’s map
strength. In addition, it is found that the CEPS can
be controlled by changing the average group-velocity
dispersion (GVD) and TOD in the laser. Our ana-
lytical results agree with numerical simulations and
display the explicit dependence of the phase slip on
physical parameters.

Typically, the electromagnetic field of a pulse is
decomposed into a rapidly oscillating carrier wave
expli(kz — wt)] = expli(1/v, — t/z)wz] that is modu-
lated by a slowly varying envelope. Here z is the
propagation direction, ¢ is time, k(w) = wn(w)/c
is the center wave number, where o is the center
frequency, n(w) is the linear index of refraction,
and ¢ is light speed in vacuum. During propaga-
tion the carrier slips through the envelope, because
the carrier propagates at phase velocity v, = w/k

0146-9592/04/151808-03$15.00/0

The dependence of the slip on third-order dispersion is found as
The analytical results are verified using numerical simulations.
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while the envelope propagates at group velocity
vg = 1/k/(w). Thus the linear contribution to the slip
of the carrier-envelope phase offset is given (mod 27)
by Stinear = (v, 1 — v, HwL = —c¢ lw?n/(w)L, where
L is the propagation distance. In addition, when
an intense pulse propagates in a Kerr medium (such
as sapphire) there is a nonlinear contribution to the
phase slip. To study the nonlinear slip we recall that
the propagation of the envelope is well described by
the classical nonlinear Schriédinger (NLS) equation

1!
A= AL+ yIAPA= —io (AP, (O

where A(z, 7) is the slowly varying envelope, 7 = ¢ —
z/vg is the retarded-time frame, £’ is the GVD coeffi-
cient, v = naow/cAesr is the nonlinear coefficient, where
ne is the Kerr (nonlinear) refractive index, and A
is the effective cross-sectional area of the pulse, and
the term on the right-hand side, often called the shock
term, corresponds to nonlinear dispersion arising from
the Kerr effect. We focus on the shock term first be-
cause it becomes larger with shorter pulses. Indeed,
the shock term scales as €|A|3, where € = 27 /w7y and
7o is the pulse width. For example, at A = 800 nm and
70 = 20 fs one has w/27 = 400 THz and € = 0.13. In
addition, the shock term induces a nonlinear change
in the CEPS, a phenomenon that is consistent with
the dependence of the CEPS on pulse energy (pump
power)."* Without the shock term and when &" is a
negative constant, Eq. (1) has the soliton solution

A(z,7) = Ag sech(r/79 — T)expli¢(2)],

b (2) = ylAol*2/2, (2)
where Aj is amplitude and 7' corresponds to a time
shift of the pulse center. Self-phase modulation is de-
scribed by ¢(z), which, in turn, induces a nonlinear

change in the phase velocity as A(1/v,) = ¢'(2)/w =
v|Agl?/2w. The timing shift corresponds to a change

© 2004 Optical Society of America
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in the group velocity as A(1/vg) = T'(2)79. The nor-
malized nonlinear contribution to the CEPS was de-
fined in Ref. 5 as
— /
Sap = A(1/vp) — A(1/vg) 1 T'(z) @)
A(1/vp) €d’'(2)

For classical solitons the shock term gives® T'(z) =
eylAp|?2. Thus 6y, = —1, which means that for clas-
sical solitons the nonhnear change in v, ! is twice as
large that of v, !

For a regularly spaced train of pulses, such as those
emitted from a mode-locked Ti:sapphire laser, the
CEPS refers to the change of the phase offset between
carrier and envelope from pulse to pulse, which is
the phase slip that each pulse accumulates over one
cavity round trip, before being sampled at the output
coupler. The linear contribution to the CEPS is thus
Stinear = —¢ @2y, ny/(w)L,,, where the summation
is carried over all the cavity elements (crystal, prisms,
etc.). In addition, the nonlinear contribution to the
CEPS is the difference between the nonlinear phase
and the timing shifts accumulated over one cavity

round trip. In normalized form it is given by the
average of Eq. (3):
(T'(2))
ONL = 4)
MU g

where () stands for the average over one cavity
round trip. A typical Ti:sapphire laser consists of a
Ti:sapphire crystal that has a Kerr response as well
as large normal GVD and a set of prisms and (or)
mirrors especially designed to have large anomalous
GVD. Hence such lasers are well described as DM
systems,® which have been heavily studied in telecom-
munications. Let us recall some of the results of
these studies. For further analysis we normalize the
variables as 2 = z/™, T = 7/70, D(z) = —k"({)/R",
and u(z,t) = A, 1)/ JVP* , where P* is the character-
istic pulse peak power, {* = 1/yP* is the (average)
nonlinear length, and 2"* = 7¢2//*. After dropping
the tildes, we can describe the pulse propagation using
the perturbed NLS":

D)
2

iuy(z,t) + uy + 8(0) lulPu = —ieg(?) (lulPw),,

(5)

where ¢ = z/I. is the fast variable, /. is the normal-
ized (with respect to g *) optical length of the cavity,
D) =D + I,71A({) is the d1spers1on map, where D
is the average dispersion and A(¢)/I. is the large and
rapidly varying dispersion with zero average path,
and the right-hand side corresponds to the shock
term. A lumped model of a cavity consists of a sym-
metric two-step dispersion map, i.e., A({) = A; > 0
for £ € {[0,%2),[1 — 92,1)} and A() = Ay < 0 for
L € [%2,1 — /), subject to A16 + As(1 — 8) = 0, with
period extension for { > 1. To model a Ti:sapphire
laser we choose 6 = 0.75 and a managed nonlinearity:
g(z) = 1in the normal GVD section and g(z) = 0 in the
anomalous GVD sectlon [see Fig. 1(a)l. It is useful to
deflne C@) = f o A({")d{" as well as to map strength

= A16/2. Classical NLS equation (1) corresponds

1809

tos =0 and C({) =0. Ti:sapphire systems, however,
operate in the strong DM regime, which corresponds to
large-variance GVD (s) and small average GVD (D).
The two small parameters in Eq. (5) are € (weak
nonlinear dispersion) and /. (short nonlinear length).
Let us treat the shock term perturbatively by first
considering the unperturbed model, i.e., when € = 0.
Since [ << 1 one can apply the method of mul-
tiple scales to Eq. (56). With this method it was
previously shown’ that, to leading order, 4(z, ) ~
U(w, 2)exp[—il2w?C({)], where h(w) = F{h(@t)} =

[ h(t)exp(iwt)dt. A solvability condition for O(l.)
leads to the DMNLS (averaged) equation:
i£—2w2f]+<J[a]>=0, (6)
0z 2

where J[i]=g({)exp[/202C (¢)]F{lul?u}. Equation (6)
is a nonlocal (integral) equation that governs the av-
eraged dynamics of the solutions of Eq. (5). Looking
for a DM soliton of the form U(z, ») = f(w)exp(idz),
where ¢ (z) = A%z/2, leads to the following equation:

A2, D , o
—;f(w) -5 f + (J[fhexp(—iA?z/2)=0. (7)

Taking the inverse Fourier transform, multiplying by
(f + tft) and integrating leads to

2 D
B [ Fraipns + ooar) - 22 [ (o,
(8
where W = [f2dt is energy. With strong disper-

sion management f(¢) can be approximated with a
Gaussian,” which is helpful for gaining insight into
the physics, by assigning specific pulse parameters.
Thus, substituting f(t) = a(27b) /2exp(—t2/2b) into
Eq. (8) gives the result that

133 ’r | 1’
| Sk g : fenams
D of : ! g
o
! I
! |
! |
-400 : ......... :
0 0375 0.625 ¢ 0
02
c £
T © F
--- <D>=0.5
- <D>=1
/] " 1 " 1 "
% 2 ) 20 40 60
z s
Fig. 1. (a) Dispersion [D(¢{), dotted lines] and nonlinearity

maps [g(¢), dashed lines] used in (b) and (c). (b) Numeri-
cal phase [Eq.(6), solid curvel, A%2z/2 (dotted curve)
and Ag?z/2 (dashed curve). (c) Numerical timing shift
[Eq. (6), solid curve], average slope with Eq. (10) (dot-
ted curve), and with Eq. (11), below (dashed curve).
(d) Normalized CEPS (12) with A = V2, 6 = 0.75, for three
values of D.
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2 g2 (1 - 6)g(x) 3D ing these results with Eq. (4) we arrive at
/ = —e— = —— = ——,
@en="75 =~ e T wm @ 1 1
Snr ~ _ ~ .
where T 1-V2a2(1 - 6)q(x)/37D 1 — A2s/6D
(12)
_ sinh '(x/2) 2 _ 25 i
q(x) = x (4 + x2)1/2 ’ =% Hence SN approaches zero monotonically as O(1/s)

Equation (7) can be solved numerically using a
fixed-point method,” which for strong dispersion man-
agement gives the result that x grows monotonically to
7.9. Therefore, g(x) decreases monotonically to 0.51,
b ~s/3.95, and a = 1.46A[s/(1 — 0)]*/2. Equation (9)
thus shows that with strong dispersion management
the average nonlinear phase shift decreases to a
(energy-dependent) constant.

To find the timing shift induced by the shock term
we use the conservation law for timing corresponding
to Eq. (5), which, after averaging, gives us, to leading
order,

(T'(2)) = ——<A(§)Im [ f luluus* dtdz>

3e 4 >
+ oW <[ |w|*dt (10)

where u(z,t) = F Y f(w)exp[—iw2C(¢)/2]}. Note that
the shock term conserves energy, i.e., W = constant.
Using the Gaussian ansatz leads to

(1 — 0)qx)
J8mb

which shows that the average timing shift decreases
to a constant with strong dispersion management. We
note that the shock term induces an O(l.) phase change
as well, which, however, is negligible compared with
Eq. (9).

To verify the analytic results we solve Eq. (5)
numerically with e = 0.1, [. = 0.2, D = 0.1, s = 10,
¢ = 0.75, and initial conditions 2(0, ») = f (@), where
f(w) is the solution of Eq. (7) with D = 0.1, s = 10,
and A = /2. Figure 1(b) shows that the slope of
the numerically recovered phase (after unwrapping),
ie., ¢(z) = arg[ii(z,0)], is almost indistinguishable
from A2/2 during propagation and agrees well with
Ag2/2 calculated using Eq. (9). Figure 1(c) shows
that the averaged slope of the numerical timing shift
[T(z) = W [t|ul?] is precisely that obtained with
Eq. (10) and is in good agreement with Eq. (11). Note
that the CEPS (4) depends on the phase and timing
shifts accumulated over one round trip and hence on
the average slopes of ¢(z) and T'(z).

Remarkably, the first term on the right-hand side of
Eq. (9) times € is the same as Eq. (11). Thus, combin-

(T'(2)) =~ (11)

[see Fig. 1(d)]. This means that, unlike classical soli-
tons, the combined contributions of the nonlinear phase
and the shock term to the phase slip nearly cancel each
other with strong dispersion management. We note
that Ref. 5 obtained SNL_approaches —0.1, presumably
because a rather large D was used. Indeed, Fig. 1(d)
shows that with larger values of D the slip saturates
at larger s, whereas with smaller D the slip becomes
roughly independent of map strength, a conclusion that
may be useful for controlling the slip. The unnormal-
ized form of the shp equatlon (12) is 6NL = (¢) —

e NT")yP*L ~ —3k"L/7o%s, where k' is the aver-
age-cavity GVD and L is the cavity length. This result
is consistent with the insensitivity of the slip to pulse
energy with strong dispersion management.* In that
case, however, one should consider additional effects on
the slip. One such effect is TOD, which can be modeled
by adding [Lk / (67P*To )]us to the right-hand side of
Eq. (5), where " is the average TOD coefficient. Us-
ing a similar analysis leads to dtop = —kaL/ T0°S.

We remark that the asymptotic methods used here
on a nonlinear DM model are different from the analy-
sis in Ref. 5, which was based on a linear DM model
with effective parameters. Our methods are accurate
and display an explicit dependence of the CEPS on
physical parameters.

To conclude, our results indicate that for stronger
dispersion management the nonlinear phase slip be-
comes insensitive to map strength and tends to zero.

This research was partially supported by the
U.S. Air Force Office of Scientific Research under
grant F-49620-03-1-0250. B. Ilan’s e-mail address is
boaz@colorado.edu.
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The relation between the fundamental parameters of energy and temporal duration of ultrashort pulses,
under the condition of varying the average dispersion, are demonstrated both theoretically and experi-
mentally in a solid-state femtosecond mode-locked laser. An asymptotic theory for nonlinear and
dispersion managed solitons agrees well with the experimental data and demonstrates that the dominant
factor in the pulse dynamics arises from the equilibrium established between the nonlinear Kerr effect and

linear dispersion.

DOI: 10.1103/PhysRevLett.94.243904

Solitons are fascinating nonlinear phenomena that arise
widely in physics. Solitons have a finite, localized energy
and propagate unchanged. They form from the competi-
tion between linear dispersion and the nonlinear index of
refraction. Surprisingly, when the sign of the linear disper-
sion periodically varies, as in long distance fiber commu-
nications, a new breed of soliton forms. The change in the
sign of the dispersion causes these so-called dispersion
managed (DM) solitons to temporally broaden and recom-
press or “‘breathe’ as they propagate [1]. The prevalence of
DM solitons has generated significant research toward
understanding their behavior [2-5].

To experimentally characterize the propagation dynam-
ics of DM solitons, a medium amenable to systematic
changes in the linear dispersion is required. Such charac-
terization has proven difficult partly because of the com-
plexity in systematically varying the linear dispersion. The
ultrashort optical pulses propagating in solid-state mode-
locked lasers are also dispersion managed. However, the
method by which these pulses are dispersion managed
allows for systematic control over the cavity dispersion
and thus, provides a near ideal environment to undertake
such studies. In addition, these pulses experience a period-
icity in the nonlinear refractive index, known as nonlinear
management. Recent theoretical work in understanding
their dynamics has shown novel behavior that is distinct
from that of classical solitons [4]. Here, we report the first
experimental demonstration of the systematic varying of
the group velocity dispersion for a nonlinear and dispersion
managed soliton. We show remarkable agreement between
experiments and the DM theory of solitons for the scaling
of the fundamental pulse properties of energy and temporal
duration for the ultrashort pulses in a mode-locked laser.
This study advances the understanding of the dynamics of
the DM system in ultrashort pulsed mode-locked lasers,
which have numerous important applications that rely
upon pulse stability [6—10].

0031-9007/05/94(24)/243904(4)$23.00
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In the classical theory of solitons, the nonlinear
Schrodinger equation (NLS) governing the pulse envelope
u(z, t) in an optical fiber is

(e, 1) = (e 0+ yolute DPute ) =0, (1)

where B is the group velocity dispersion (GVD) co-
efficient, ¢ is the retarded time (with respect to the group
delay), and y, = nyw/cA. is the nonlinear coefficient
for an effective transverse area A.; of the beam, with
center frequency w, propagating in the z direction
through a medium with a Kerr nonlinear refractive index
n,, where c is the speed of light [11]. The soliton solution
for constant anomalous dispersion, 8" <0, is u(z, t) =
Asech (C—f)e"’/fJ'A'ZZ/Z, where ¢, = 2sech™! (1/+/2), A is the
real-valued amplitude, and 7 is the temporal FWHM. The
intensity is |A|> = P/A.4, where P = E/7 is the pulse
power with energy E = [ |u|*dt. For the theory of classi-
cal solitons (CS), the relation between these fundamental
parameters is

= 2¢0lB |‘ ?)

YoE

This scaling for classical solitons was observed in optical
fibers [12]. No such relation has been experimentally dem-
onstrated for DM solitons.

In the nonlinear and dispersion managed theory, u(z, t)
satisfies Eq. (1) with periodically varying GVD and non-
linear coefficients. Using a dispersion managed model, it
was shown that stable pulses can form in a mode-locked
laser [4]. A mode-locked laser is a pulsed laser that emits a
periodic sequence of optical pulses where the pulses are
spaced by the cavity round-trip time (the group delay, 7,).
Figure 1(a) is a schematic of a 92.8 MHz repetition-rate
Kerr-lens mode-locked (KLM) Ti:sapphire laser pumped
by a solid-state frequency-doubled Nd:YVO, laser.

© 2005 The American Physical Society
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FIG. 1. (a) Schematic of a mode-locked Ti:sapphire laser, with
the measurement setup. The position of the slit near prism P, is
computer controlled to set the center frequency of mode-locked
operation. (b) Schematic of the nonlinear normal GVD propa-
gation due to the Kerr nonlinearity in the crystal and linear
anomalous GVD propagation in the prism sequence. (c) Spectral
profiles at four positions of the prism P; resulting in four
different GDD values. The dash-dotted line S; corresponds to
the most prism insertion. The spectrum narrowed as the prism
was pulled out of the beam. The solid line S4 corresponds to the
least prism insertion. The sharp feature at 900 nm may be the
result of the cavity mirror reflectivity characteristics.

Since such a laser can generate ultrashort pulses
(=20 fs), the average dispersion in the cavity must be rela-
tively small to sustain this pulse [13]. In one cavity round-
trip, the pulse propagates through cavity elements with
different signs of dispersion. The most significant contri-
butions to the linear dispersion come from the normal
dispersion B! in the region of length [, in the Ti:sapphire
crystal, and the compensating anomalous dispersion 82 in
region of length /, in the prism sequence. For sustained,
stable mode locking, the intensity of the pulse at the crystal
center, after it has experienced this linear dispersion com-
pensation, is now sufficiently high for the nonlinear Kerr
effects (self- focusing and self-phase modulation) to occur
so that the mode-locked operation is preferred over the
continuous wave operation. For such a dispersion map the
GVD, averaged over one round-trip in the cavity, (8"), is
used to define the round-trip group delay dispersion
(GDD); that is, {B"), = BIl, + B"1,, where [, = [, + I,
is the total optical length of the cavity, as seen in Fig. 1(b).
Indeed, by this definition of the round-trip GDD, the two

shaded regions in Fig. 1(b) are of equal area. All other
cavity elements, including air and the cavity mirrors, irre-
spective of their sign of GDD, only contribute to the net
linear dispersion compensation provided by the cavity
prism sequence and so, for simplicity, we take [, = [,.

To model this dispersion map, 8" in Eq. (1) is replaced
by the local GVD, B(z). It is convenient to introduce the
GDD variance of the dispersion map. This variance is
known as the map strength s where s = |B//l; — 1(B")1,],
which is independent of the replacement of i with n or a. In
the DM theory, s arises naturally as a physically relevant
and theoretically important parameter [14,15]. The re-
duced map strength M = s/({8")1,) is the relative strength
of the GDD variance with respect to the round-trip GDD.
The nonlinearity must also be managed in the theory, with
the replacement y = vy, in the crystal and y = 0 else-
where, so now y = y(z). This nonlinear and dispersion
managed equation is referred to as the perturbed NLS
(PNLS),

in (a0~ B w0+ v @l 0Pz 0 =0 )

Figure 1(b) shows the nonlinear and dispersion maps of the
laser in one cavity round-trip. For the DM theory, three
experimental input parameters, {8")l,, y,, and s, are re-
quired to model the fundamental propagation dynamics.
To characterize the experimental relation between the
fundamental pulse properties, we recorded E as a function
of 7 for various values of the average cavity GDD, (8",.
In the mode-locked laser, dispersion causes the group delay
of the pulse (7, = 1/fe,, Where f, is the repetition rate)
to depend upon the center frequency w of the mode-locked
spectrum. Actively controlling the center frequency
through the use of a slit in the cavity, positioned after the
prism P;, permits one to map 7,(w) and thus, to measure
the round-trip GDD [Fig. 1(a)] [16]. For a given prism P,
insertion, the slit near P, was situated in the cavity beam
with the slit opening adjusted to reduce the bandwidth
while still permitting mode locking. The slit was then
translated transversely to the beam and at each slit position
the spectrum was recorded with an optical spectrum ana-
lyzer and f,,, was measured by an RF frequency counter.
The center frequency was calculated from the first moment
of the recorded optical spectrum. The GDD is given by the
linear coefficient of a least-squares fit to these data. From
this measured value of the GDD, the anomalous GDD of
the prism sequence and s are calculated. Since the non-
linearity occurs in a small region (within the Rayleigh
range of the beam focus) in the Ti:sapphire crystal (length
of 2.3 mm), we set [, = 0.5 mm so 3//1, = +30 fs>(Bl =
+60 fs>/mm). To minimize the cavity GDD for more
stable mode locking, we use dispersion compensated mir-
rors (DCM) [17]. Since the prism sequence (and DCMs)
provide dispersion compensation up to second order,
higher order contributions are minimized by using prisms
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made of CaF,. Drift of the repetition rate arising from
cavity length fluctuations can disturb or even prohibit the
measurement of the GDD. This drift has been observed to
vary linearly with time and was minimized by isolating the
laser in a plexiglass enclosure. Additionally, the data ac-
quisition was automated so that the GDD was measured in
less than 60 sec and corrected for the drift.

To systematically change the cavity GDD, the first prism
P, was successively translated into the beam [Fig. 1(a)].
The (fixed) separation between the prisms determines the
amount of anomalous compensation, while each prism’s
individual differential insertion into the beam determines
the added normal dispersion [Fig. 1(c)]. For each GDD
setting, the pump laser power was used to control the
intracavity pulse energy E and was ramped through the
full stability range of mode locking.

To gain insight into the fundamental governing dynam-
ics, an asymptotic analysis may be undertaken. The quan-
tity 1,/ly, where I, = 1/(voP), is a measure of the length
over which the nonlinearity causes a 277-phase shift in the
pulse. A perturbative expansion of the PNLS [Eq. (3)] to
first order in [,,/ [, yields the dispersion managed nonlinear
Schrédinger equation (DMNLS)

iU,(z, w) +-—- <'8N> w20 ff“" sin(w, wys)

(OFROLNS
X Ulz, w + a)l)U(z, o+ w,)
X U*(z, 0 + ) + wy)dw,dw, = 0. (4)

The nonlinear management yields the factor of 1/2 in the
nonlocal term and so doubles the pulse energy as compared
to the usual DM solitons with a constant nonlinear coeffi-
cient. The DMNLS is a nonlocal equation and admits
localized stable solutions known as DM solitons,

U(z, w) = /22 f(w), (5)

where A2 is a constant and f (w) is real and symmetric [14].
When these solutions seed the PNLS, they remain local-
ized and stable while acquiring an additional phase term.
This frequency dependent phase introduces a chirp in the
pulse, with a period related to the periodicity of the dis-
persion map. As the DM soliton propagates from the center
of the normal region, it temporally broadens and then
recompresses until it reaches the center of the anomalous
region, whereupon it begins to broaden again, thereby
breathing, as seen in the inset in Fig. 2, whereas the
classical soliton does not breathe. The full (PNLS) solu-
tion, written in terms of the DM soliton is

ulz, t) = j‘ﬁil[U(z, w)e—i(w2/2) fé[ﬁ;’(Z)—wN}]]' (6)

The DMNLS, unlike the PNLS, has constant coefficients.
Another significant advantage of the DMNLS is that the
rapidly varying phase associated with the breathing is
removed and the DM soliton solution is readily obtained.
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FIG. 2 (color online). Scaling of the fundamental pulse pa-
rameters in a mode-locked Ti:sapphire laser. The points are the
measured temporal FWHM at the four values of the average
cavity GDD. The curves are the solutions of Eq. (4), where one
data point (54.4 nJ, 14.6 fs) was used to fit y,. The legend states
both the GDD values in fs?> (and the corresponding M values).
The errors for the GDD are approximately 1% and the errors for
the 7 values are negligible on the scale shown. The spectra in
Fig. 1(c) correspond to each of the highest E values (S, corre-
sponds to the point at 54.2 nJ). The inset shows the breathing
dynamics of a dispersion managed soliton |u|?> [Eq. (6)] propa-
gating along z.

Thus, the energy E and the temporal FWHM 7 are calcu-
lated from Eq. (5).

The experimental data for the temporal FWHM depen-
dence upon the intracavity pulse energy for four values of
the GDD are plotted in Fig. 2. Since the theoretical model
predicts the pulse duration at the crystal center (z = 0), the
width 7 for each E setting was determined assuming a
transform-limited optical spectrum. In this regime, as the
GDD becomes more anomalous, the pulse requires higher
energies to remain stably mode locked. The theoretical
curves are plotted in Fig. 2 where each is distinguished
by the value of the reduced map strength, M. Given that the
mechanisms for mode locking are not included in the
model, the curves show remarkable agreement with the
data and accurately predict the pulse dynamics over a
broad range of parameters.

In generating the theoretical nonlinear and dispersion
managed solutions, only one fitting parameter is used. The
experimental uncertainty in the effective area Ay of the
beam at the center of the crystal requires that the nonlinear
coefficient 7y, be fit to match the data (n, = 3.2 X
1078 mm?/MW). Fitting one experimental data point,
we find A = 200 wm? and so y, = 1.26(mm - MW) !,
Since our model uses only one fitting parameter, here we
have explicitly determined 7, for an ultrashort pulsed
mode-locked laser.

The formation of a mode-locked pulse in a Ti:sapphire
laser requires gain and loss mechanisms that have so far
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FIG. 3 (color online). Plot of the scaling of the asymptotic
parameter with the normalized GDD, where the reduced map
strength M is fixed for each of the theoretical curves. The solid
line corresponds to the CS theory using Eq. (2) where one data
point was used to fit y,. The curves are from the nonlinear and
dispersion managed theory [Eq. (4)] and correspond to the same
M values (with their respective colors and line types) as those
given in Fig. 2. The experimental data are those from Fig. 2, with
the appropriate scaling each pair of E and GDD with 7.

been neglected in the model. Such effects typically include
saturable absorption, saturable gain, and spectral filtering
and, when included in the theoretical model, the governing
equation is called the master equation for mode locking
[18]. We have included saturable absorption and gain in the
theoretical model (in the PNLS) and have confirmed that
the predictions are largely insensitive to these processes.
Consequently, this simplifies the theory for the understand-
ing of the propagation of pulses in mode-locked lasers,
establishing that though these gain and loss processes are
necessary to generate the pulse, the pulse’s subsequent
dynamics is well governed by the DM theory [Eq. (4)].
Hence, the pulse’s behavior is dominated by the competing
mechanisms of the Kerr nonlinearity and linear dispersion.

For the CS theory (s = 0) there is a fixed relationship
between [,/l, and the normalized GDD, [{8")|l,/7°, as
seen in Eq. (2). In the DM theory, the additional parameter
of s changes this relation and predicts the separation be-
tween the curves observed experimentally, as seen in
Fig. 3. The CS line was obtained by fitting y, in Eq. (2)
to one data point. As the energy E vanishes, the soliton is
not sustained, and hence, the DM (and CS) curves con-
verge to zero (not shown). We also note that the Ti:sapphire
laser is in a regime where [,,/[, is O(1). Nevertheless, our
asymptotic theory for this regime still agrees with the
direct numerical simulations to the PNLS equation.

In summary, for the solitons propagating in mode-locked
Ti:sapphire lasers, the agreement between the PNLS and
the experimental data demonstrates that the dominant fac-
tor in the pulse dynamics is the equilibrium established
between the Kerr nonlinearity and the linear dispersion.
We have used an asymptotic theory developed for the
PNLS to predict the dynamics of these solitons using
only one fitting parameter in the model to generate the
theoretical curves. This study shows that the dispersion
management concepts originally developed in fiber com-
munications apply in a much broader context.
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A new numerical scheme for computing self-localized states—or solitons—of nonlinear waveguides is pro-
posed. The idea behind the method is to transform the underlying equation governing the soliton, such as a
nonlinear Schridinger-type equation, into Fourier space and determine a nonlinear nonlocal integral equa-
tion coupled to an algebraic equation. The coupling prevents the numerical scheme from diverging. The non-
linear guided mode is then determined from a convergent fixed point iteration scheme. This spectral renor-
malization method can find wide applications in nonlinear optics and related fields such as Bose—Einstein
condensation and fluid mechanics. © 2005 Optical Society of America
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Optical spatial or temporal solitons in nonlinear me-
dia have attracted considerable attention in the sci-
entific community. They have been demonstrated to
exist in a wide range of physical systems in both con-
tinuous and discrete settings.lf Such nonlinear
modes can form as a result of a balance between dif-
fraction or dispersion and nonlinearity. A central is-
sue for these types of nonlinear guided waves is how
to compute localized, i.e., soliton, solutions, which
generally involve solving nonlinear ordinary or par-
tial differential equations or difference equations.
Various techniques have been used, e.g., shooting and
relaxation techniques and the self-consistency
method, to find nonlinear modes that utilize the con-
cept that a soliton forms when the optical field in-
duces a waveguide structure via the nonlinearity and
self-traps itself (see, e.g., Refs. 4-6). Another method,
introduced by Petviashvili,” for constructing localized
solutions of a nonlinear system is based on trans-
forming to Fourier space and determining a conver-
gence factor based upon the degree (homogeneity) of
a single nonlinear term (e.g., |U|PU has homogeneity
p+1). While it was first used to find localized solu-
tions in the two-dimensional Korteweg—deVries equa-
tion (usually referred to as the Kadomtsev—
Petviashvili equation®®), the method has been
significantly extended and has been used to find lo-
calized solutions in a wide variety of interesting sys-
tems, e.g., dispersion—managed10 and discrete
diffraction-managed " nonlinear Schriédinger equa-
tions, dark and gray solitons,'® and lattice vortices.
This method often is successful only when the under-
lying equation contains nonlinearity with fixed homo-
geneity. However, many physically interesting prob-
lems involve nonlinearities with  different
homogeneities, such as cubic—quintic, or even lack
any homogeneity, as in saturable nonlinearity.

In this Letter we describe a novel spectral renor-
malization scheme with which we can compute local-
ized solutions in nonlinear waveguides. The essence
of the method is to transform the underlying equa-

0146-9592/05/162140-3/$15.00

tion that governs the soliton (e.g., nonlinear
Schrodinger type) into Fourier space and find a non-
linear nonlocal integral equation (or system of inte-
gral equations) coupled to an algebraic equation (or
system). The coupling prevents the numerical
scheme from diverging. The nonlinear guided mode is
then obtained from an iteration scheme, which in the
cases we have investigated converges rapidly. The ad-
vantages of the present method are that (i) it can be
applied to a large class of physically interesting prob-
lems including those in which the self-consistency
method fails, as is the case for second-harmonic gen-
eration, (ii) it is relatively easy to implement (e.g.,
compared with relaxation methods), (iii) it can
handle higher-order nonlinearities with different ho-
mogeneities, and (iv) it is spectrally efficient. More-
over, this method can find wide applications in non-
linear optics, Bose—Einstein condensation, and fluid
dynamics. We begin by considering a scalar nonlinear
Schrodinger-like equation:

oU
i(9—+V2U—V(x)U+N(|U|2)U=O, (1)
z

where U is the envelope proportional to the electric
field, z is the propagation direction, N is a nonlinear-
ity that depends on intensity, V(x) models an optical
lattice, x=(x,y), and V2=*/ox%+*/d9y%. A special
class of soliton solution can be constructed by assum-
ing that U(x,z)=u(x;u)exp(iuz), where u is the
propagation constant or the soliton eigenvalue. Sub-
stituting the above ansatz into Eq. (1), we get

—pu+Viu - V(x)u +N(|ju*u=0. (2)

This is a nonlinear eigenvalue problem for z and u
that is supplemented with the boundary condition u
—0 as |r|—+», where r?=x2+y2. The scheme is
based on Fourier analysis, which transforms Eq. (2)
into a nonlocal equation that will then be solved us-
ing a convergent iteration. Define the Fourier trans-
form F by

© 2005 Optical Society of America
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u(k) = Flu(x)] = J J u(x)expli(kx + kyy)ldx,
3)

where dx=dxdy. First, consider the case with no op-
tical potential or external defect (V=0), for which u
>0. Applying the Fourier transform to Eq. (2) leads
to

_FIN(uPu]

kP @

u(
The idea is to construct a condition that limits the
amplitude under iteration from either growing with-
out bound or tending to zero. This is accomplished
by introducing of a new field wvariable, u(x)
= w(x), a(k)=\w(k), where A #0 is a constant to be
determined. Then the function w satisfies
AN wPw] 0.1 -
wk)=—""—"—=@Q,[w .
p+ k[ '
Multiplying Eq. (5) by @"(k) and integrating over
the entire k space, we find the relation

G\ = f |t (k) [Pd ks ~ f " (k)Q\[(k)]dk =0, (6)

providing an algebraic condition on the constant \.
Finally, the desired solution is obtained by iterating
Eq. (5):

FIN(N P lw P wy,]
w+ k[

for m=1; \,, denotes the solution to G(\,,)=0 at it-
eration m. Other variants of Eq. (6) are possible. But
what is crucial is to solve Eq. (7) coupled to an
algebraic-type equation that is obtained from Eq. (5)
by imposing an integral identity such as Eq. (6). We
name this method spectral renormalization. It is
straightforward to implement Eq. (7): Initially we
guess a function w(x) [e.g., a Gaussian or sech-like
profile], which from Eq. (6) yields \; that satisfies
G(\1)=0. Then, from Eq. (7), we obtain w,(k), which
from the inverse, Fourier transform leads to wo(x).
The iteration continues wuntil convergence is
achieved. The procedure described above reproduces
the results presented elsewhere.’? Knowing the
weakly nonlinear limit is very useful in this regard.
Before presenting specific examples, we explain how
to construct localized solutions in the presence of an
external defect (V#0). In this case, u<0(u=-|ul).
But dividing by the expression |u|-|k|? leads to a sin-
gularity. To avoid this, we add to and subtract from
Eq. (2) the term ru(x), where r is a positive constant,
and then take the Fourier transform. This leads to

X (r+luha  FAVu]- FAN(u)u]
a(k) = 2 2
r+ K| r+ K|

(7)

wm+1(k =

=R[u(k)]. (8)

Following the change of variable u(x)=Aw(x) the it-
eration scheme takes the form w,,.(k)=R[\,,w,,(k)],

2141

with \,, given by the relation

f i 1) Pl - f WL 0B, (0]dk=0.  (9)

—o0 -0

To illustrate the method in a prototypical problem
we consider photorefractive lattice solitons in self-
focusing saturable nonlinearity, for which V(x)
=I,[cos?(x)+cos?(y)] and N(|u|?)=-1/(1+|u|?). These
photorefractive solitons were observed experimen-
tally for the first time by Segev’s group.'® The lattice
modes were originally found using the self-
consistency method.'® The reason for our showing
this example is to delineate a situation in which the
nonlinearity does not have a well-defined homogene-
ity. For the fully saturable case, the iteration scheme
reads as

(r+lul) — FVw,]

e
r+|k2 " r+|k?

1 W,
+ F . 10
e ]

where \,, are obtained from iterating Eq. (9) by using
standard nonlinear algebraic equation solvers, e.g.,
the Newton method. A typical example of a funda-
mental discrete soliton that corresponds to the pa-
rameters Ip=1 and ©=0.8 is shown in Fig. 1. We have
verified the stationarity of the mode by using direct
numerical simulation in Eq. (1). We can readily gen-
eralize the above method to include more than one
field. In that case, Eq. (2) is replaced by M coupled
stationary nonlinear Schridinger-like equations that
are solvable using the same idea outlined above.

Another interesting case that arises in many appli-
cations is that of second-harmonic generation. The
system of equations governing stationary soliton
states™ " is

wm+1( =

-vA+W(x)A+V?A+AB=0, (11)
AZ
—4vB+4W(x)B+VZB+E=O, (12)

Fig. 1. Fundamental lattice soliton obtained by iterating
Eq. (10) for Iy=1 and |u|=0.8.
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Fig. 2. Fundamental harmonic |A| for Wy=2 and »v=2.

-10 10

Fig. 3. Second harmonic |B| for Wy=2 and v=2.

where v>0 is the soliton propagation constant and
the lattice potential is given by W(x)
=W, cos(2x)cos(2y). Following a similar procedure,
we adopt the change of variables A=\;¢, B=N\y¢b. In
this case the iteration scheme takes the form

A f[Wlpm] + )\2m]:[¢m¢m]

Y1 = bt |k|2 s

(13)

. AFIW b, ]+ (A3 /o) FL/2]

1= 4v + |k|?

(14)

The convergence factors \;,, and \,, satisfy the
coupled system

f AKL(v-+ [kl = o FTW ]

)\2m == +o0 )
f Ak, FL iy ]
Nom j dk[(4v+ k)| ¢ - 4¢,, FAW, 1]
N = =

f - dk ¢, FLy2/2]
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Typical examples of quadratic lattice solitons are
shown in Figs. 2 and 3.

In conclusion, we have developed a novel numeri-
cal scheme with which to compute self-localized
states of nonlinear waveguides that is flexible and
can be applied to many nonlinear systems. As proto-
typical examples, we considered photorefractive satu-
rable nonlinearity, which lacks the property of homo-
geneity and second-harmonic generation. We have
shown how to find lattice solitons by using this spec-
tral renormalization method.

This research was partially supported by the U.S.
Air Force Office of Scientific Research under grant
F-49620-03-1-0250 and by National Science Founda-
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Wave dynamics in optically modulated waveguide arrays
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A model describing wave propagation in optically modulated waveguide arrays is proposed. In the weakly
guided regime, a two-dimensional semidiscrete nonlinear Schrddinger equation with the addition of a bulk
diffraction term and an external “optical trap” is derived from first principles, i.e., Maxwell equations. When
the nonlinearity is of the defocusing type, a family of unstaggered localized modes are numerically con-
structed. It is shown that the equation with an induced potential is well-posed and gives rise to localized
dynamically stable nonlinear modes. The derived model is of the Gross-Pitaevskii type, a nonlinear
Schrédinger equation with a linear optical potential, which also models Bose-Einstein condensates in a mag-

netic trap.

DOI: 10.1103/PhysRevE.71.055602

Wave propagation in nonlinear periodic structures dis-
plays unique phenomena that are absent in homogeneous
media. The interplay between periodicity and nonlinearity
can lead to the formation of discrete or lattice solitons, which
were predicted theoretically in the context of optical wave-
guide arrays [1] and then experimentally observed in [2].
Until recently, discrete solitons were considered experimen-
tally in one-dimensional geometry [2]. However, by making
use of the photorefractive screening nonlinearity one can
“write” either one- or higher-dimensional optical waveguide
arrays by interfering pairs of plane waves [3]. Indeed, such
localized structures were experimentally observed in two-
dimensional geometries [4].

In this paper we study wave propagation in optically
modulated waveguide arrays, starting from the full time-
harmonic three-dimensional Maxwell’s equations. For the
case where the periodic modulation along the y direction is
much larger than the periodic modulation along the x direc-
tion we derive, using multiscale asymptotic analysis, a semi-
discrete nonlinear Schrodinger equation with the addition of
bulk diffraction term and an external “optical trap.” When
the nonlinearity is of the defocusing type (where in the ab-
sence of modulation no finite energy solitons are known)
unstaggered localized modes are numerically constructed.
The fundamental properties such as the well-posedness of
the equation, existence, and the dynamical stability associ-
ated with a special class of localized wave solutions, i.e.,
stationary wave, or ground state, are discussed. The semidis-
crete model is derived from the scalar nonlinear Helmholtz
equation. Below we briefly outline the justification for ne-
glecting vectorial effects under certain physical assumptions.
A more general and detailed study of scalar and vector semi-
discrete nonlinear Schrodinger (NLS) type models will be
given elsewhere.

We begin by considering the three-dimensional Maxwell
equations governing time-harmonic solutions of frequency
o

PACS number(s): 42.65.Wi

Here, V:axi+ayf+&zk, E=E(X; wg) denotes the complex en-
velope of the electric field, P=P(E(X); wg) denotes the po-
larization field, containing both linear and nonlinear re-
sponses; we further assume the nonlinear polarization to be
of Kerr type [5] where the second component of the polar-
ization is given by

Py = xEy+ S(([Eo2 + (1 + y)[E,* + [Es)E, + W(EL + EDED);
(2)

where v is a constant, & is proportional to the nonlinear index
change of refraction, and y is a function of x and y; the other
polarization components are found by cyclically changing
the indices (1—2—3—1). We consider propagation in the z
direction through a photonic structure (invariant in z) having
nontrivial spatial variations in the (x,y) plane due to y. A
schematic of the kind of transverse structure we consider is
given in Fig. 1. This structure has a rapid periodic variation
in x and a slow modulation in y. In nondimensional terms,
this corresponds to the assumed form y= x(x, £'?y), where &
is a small dimensionless parameter. The period in x is of
order 1 whereas a typical distance in y is of order £ 2. We
further assume that the nondimensional nonlinear index of
refraction is small in size [O(e)]. Then, analysis of
Maxwell’s equations (1) shows that E;/E,=O(e) and
E,/E,=0(£%?) and to leading order

ﬁZEg == ﬁyEz. (3)

Then the second component of Maxwell’s equations (1)
leads to the following nonlinear Helmholtz equation

V2 + f2(x,y)W + e W2V = 0, (4)

where ¥ is the envelope wave function, which is propor-
tional to the optical field E, (sza§+(9§+a§). f2(x,y)=1+x
is the linear refractive index of the waveguide structure, 7 is

VE- V(V E)+KAE+P)=0, ko= Yo 1 proport_ional to sand sgnn=+1 and §gnn:—l correspond_to,
( ) +kal ) 07 ¢ @ respectively, the cases of self-focusing and self-defocusing
1539-3755/2005/71(5)/055602(4)/$23.00 055602-1 ©2005 The American Physical Society
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FIG. 1. A typical modulated waveguide array.

nonlinearity. We assume that the linear refractive index ap-
pearing in (4) takes the form

f2(x,y) = F4(x) + & aFo(x,e¥2y), (5)

where a=+1. F2(x) is the refractive index of a grating struc-
ture in the x longitudinal coordinate, which may be viewed
as a superposition of spatial translates of a basic waveguide
with index profile F3(x), which we assume to be single
moded. Thus, F%(x)~2=nF2(X), Fn(X)=Fo(x—-mD). Here,
8]_-2()( e2y) is a weak modulatlon of refractive index (slow
iny and fast in x). One can create a photonic structure of this
type by illuminating a photorefractive crystal with a pair of
interfering one-dimensional plane waves weakly modulated
along the y direction with a wavelength larger than the wave-
length along the x direction. We now analyze wave propaga-
tion in a nonlinear optical two-dimensional array and discuss
the physical phenomena that result.

We exploit the weak nonlinearity (small ) in (4) and (5)
to construct a multiple scale expansion of the envelope,
W, We seek ¥ as a superposition of x— translates of the
isolated single mode wave function with slowly varying am-
plitudes [6]

+o

V= D AnZY)dn(x)e, (6)

m=-o

where Z=¢z and Y =&'2y are slow propagation and modula-
tion scales, respectively. Here, (x) is the single waveguide
mode and w its corresponding eigenvalue

2

dy
precl +(F x) - ))y=0, @)

and i, (x)=¢(x—mD). Substituting the expansion (6) into
the Helmholtz equation (4) and making use of (7), we find

PHYSICAL REVIEW E 71, 055602(R) (2005)

that the corrections to (6) are small provided the projections
of

+oo

S, | et 0 + (P00 ~ FE DA oty

m/ m'’=—

+00
tasFyx VimAnten 2 ¢m¢m, U AnAn A ]

=0, ®)

onto all ¢; are of order g% 6>1. This yields (see also [6])

T+ aV,(Y)A, + k|AA, =0,
9)

where  £C=1/Cof (F*(X) ~Fhuy () puathpdx,  Vo(Y)
=1cof Fox Nlynldx,  w=nicof|yp*dx, and ¢
—2,u,f|¢n|2dx y=1/(2u). Note that we are considering the
regime where only nearest neighbor waveguides contribute
to order . Equation (9) governs the slow evolution of A, in
a weakly modulated optically induced waveguide array. Next
we examine linear propagation and then highlight some
physical nonlinear phenomena that are predicted by the
model (9). For the ideal one-dimensional waveguide array
[y=x=V,(Y)=0], the propagating field experiences discrete
diffraction due to optical tunneling to adjacent sites and ex-
hibits a typical discrete diffraction pattern with the intensity
mainly concentrated in the outer lobes [7]. However, in the
presence of modulation (y#0 and V,,#0), and in the quasi-
two-dimensional configuration (when modulating along the y
direction), the waveguide action prevents the beam from dif-
fracting. It should also be noted that a similar derivation in
the case when two fields are initially present, i.e., nontrivial
E,,E, leads to a vector system whose first component
satisfies,

9A, A,
|E + C(An+1 + AL 1) + y&Y

JAWD ENG)
i+ CARL+ A + v

+aVy(Y)AY

k(L4 Y AT + [APPIAD + A AR =0,
(10)

and the second equation is obtained by cyclically changing
the indices (1—2—1). In a future publication we will give
the derivation in detail. We now discuss the results obtained
for the model (9) which are depicted in Figs. 2—4. First, in
both self-focusing and self-defocusing cases, propagating
beams of any finite power do not collapse or filament. This is
in contrast to the continuum analog, the two-dimensional
cubic-focusing NLS equation, whose solutions with suffi-
cient initial power are well known to develop singularities at
a finite distance into a bulk Kerr propagation medium [8].
That the semidiscrete character inhibits collapse, (see Fig. 4),
can be understood by an argument based on the conserved
integrals of (9)

055602-2
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-20 -20

FIG. 2. Localized semidiscrete, two-dimensional soliton solu-
tion to Eq. (12) in the presence of a semidiscrete two-dimensional
trap (e=B=1/2) for the defocusing nonlinearity. The parameters
are C=2, v=4, y=1, and «=-1.

N=2 J|An|2dY

K
H=CS [ s A+ A 2Vl Sla .
n

That no singularity can form as the wave form propagates
through increasing Z is a direct consequence of the Z— inde-
pendence of A and H and the semidiscrete Sobelev-
Gagliardo-Nirenberg inequality (dSNG) for functions f,(Y)
defined on the integer lattice times the real continuum

[9-11]: Let f=(f,(Y)), 7f=(frua(Y)) and [[fIR=2,[|f,[PdY.
Then, there is a universal constant C«>0 such that for all f

£l < Cullon flalif = 7l (11)
In particular, the Z independence of A and H and the in-
equality (11) together imply upper bounds on ||éyf(Z)||, and

|F(Z,Y)| in terms of H and A (which are independent of Z
and Y). These bounds break down when passing to the
continuum limit. It should be remarked that in the de-
focusing case, yk <0, when V,(Y) =0, there are no localized
nonlinear modes. In this case, a finite energy concentration
diffractively spreads and attenuates in amplitude. However,
the optical trapping potential, V,(Y), introduces the possibil-
ity of stable bright solitonlike states. Indeed, the existence
and importance of such nonlinear defect modes has been
studied in the context of a plasma model [12] and in the
trapping of nonlinear pulses in fiber gratings with localized
defects [13]. Such nonlinear defect modes are solutions to
Eq. (9) of the form A,=B,e™""* and satisfy

#B, )
vBy+ C(Bpyy +Byg) + ')’W - Vn(Y)B, + K|Bn| B,=0,

(12)

where v>0 is the propagation constant. In the above, we
took a=-1 and »=-1. The existence and stability of these
states follows from their variational characterization as local
minima of the energy functional H subject to fixed total
power, N. Here too, the inequality (11) plays a role in that it
implies the boundedness from below of the constrained en-
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FIG. 3. Localized semidiscrete, two-dimensional soliton solu-
tion to Eq. (12) in the presence of a one-dimensional “discrete trap”
(w=1/2; B=0.1) for the defocusing nonlinearity. The parameters
are C=2, v=4, y=1, and «=-1.

ergy. For simplicity, in our numerics we consider a perturbed
index, which is locally parabolic (which can be induced by a

weak sinusoidal refractive index), J—'FZ)(X,Y):?&XZ+EY2 lead-
ing to the induced potential

V,o(Y) = an?+ BY2. (13)

To numerically construct the bound states solutions to Eq.
(12) we first define the Fourier transform I and its inverse
F_l

400

B(k,q) =F[B,(Y)]= > | By(Y)e@dy, (14)

n=—o J -0

1
(2m)?

B,(Y) = F Bk, )] = f f Bk @) @ didq.

(15)

The idea of the method (see also Ref. [14]) is to make the
change of variables: B,(Y)=6Q,(Y), B(k,q)=6Q(k,q),
where ## 0 is a constant to be determined from a consis-
tency condition. Taking the Fourier transform on Eq. (12)
and using the above change of variables we get

-20 -20

FIG. 4. Localized semidiscrete, two-dimensional soliton solu-
tion to Eq. (12) without a trap [V,(Y)=0] for the focusing nonlin-
earity. The parameters are C=2, v=1, y=1, and k=+1.
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Qk)Q(K,q) - FIV,(Y)Qn(Y)]= - PF[x]Q,[2Qu1,
(16)

where Q(k,q)=v+2C cos(q) - yk?. Multiplying Eq. (16) by
Q"(k,q) and integrating over the (k,q) space, we find

-jQ*(k,Q){Q(k,Q)@(k,Q)-F[Vn(Y)Qn(Y)]}dkdq

s
f@*(k,Q)F[Klinan]dkdq

(17)
Since Q(k,q) vanishes for »=-2C cos(q)+ yk?, we add and

subtract (r+ZC)Q(k,q) in Eq. (16) where r is an arbitrary
positive number. Then the iteration will take the following

form:
r+v+2C A
r+2C[1 - cos(q)] + ykZQ
FIV,(V)QIM ()] - (6™)?F[< Q" QL™
r+2C[1-cos(q)] + vk '
(18)
where #™ is defined by the right-hand side of (17) with Q

set equal to Q™. Typical examples of self-localized beams
are shown in Figs. 2-4. In Fig. 2 we have a trap in both n

é(m+1) - (m)(k,Q)

PHYSICAL REVIEW E 71, 055602(R) (2005)

and Y and the mode is localized equally in both directions. In
Fig. 3, we depict a trap with «=1/2 and B8=0.1, which is
much longer in the Y direction than the discrete n. We also
note that when the trap is only a function of n (8=0), the
corresponding mode is only localized in the n direction;
similarly it turns out that when the trap is localized in the y
direction (e.g., «=0) then the mode is only localized in the Y
direction. Finally we find that when the trap is “turned off”
V,=0—then we find a new localized mode in the focusing
nonlinear case when yx=1 (see Fig. 4).

In conclusion, a model describing wave propagation in
optically modulated waveguide arrays is derived from Max-
well’s equations. In the weakly guided regime, a discrete
nonlinear Schrddinger equation with the addition of a bulk
diffraction term and an external “optical trapping potential”
is derived. In the defocusing regime, where in the absence of
modulation no finite energy solitons are known, the induced
optical trap prevents the beam from defocusing, resulting in
a stable unstaggered localized mode. These results also es-
tablish a connection to the modeling of Bose-Einstein con-
densation where discrete optical lattices with a potential in-
duced by a magnetic trap have been studied (cf. [15]).
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Abstract

Wave collapse is investigated in nonlocal nonlinear Schrodinger (NLS) systems, where a nonlocal potential is coupled to an
underlying mean term. Such systems, here referred to as NLS-Mean (NLSM) systems, are also known as Benney—Roskes or
Davey-Stewartson type and they arise in studies of shallow water waves and nonlinear optics. The role of the ground-state in
global-existence theory is elucidated. The ground-state is computed using a fixed-point method. The critical-powers for collapse
predicted by the Virial Theorem, global-existence theory, and by direct numerical simulations of the NLSM are found to be in
good agreement with each other for a wide range of parameters. The ground-state profile in the water-wave case is found to
be generically narrower along the direction of propagation, whereas in the optics case it is generically wider along the axis of
linear polarization. In addition, numerical simulations show that NLSM collapse occurs with a quasi self-similar profile that is
a modulation of the corresponding astigmatic ground-state, which is in the same spirit as in NLS collapse. It is also found that
NLSM collapse can be arrested by small nonlinear saturation.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Blowup; Singularity formation; Modulated nonlinear waves

1. Introduction

Nonlinear waves problems are of wide physical and mathematical interest and arise in a variety of scientific fields
such as nonlinear optics, fluid dynamics, plasma physics, etc. (cf. [7,36]). The solutions of the governing nonlinear

* Corresponding author. Tel.: +1 303 492 4543; +1 303 492 4066.
E-mail address: boaz@colorado.edu (B. Ilan).
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doi:10.1016/j.physd.2005.06.001



M. Ablowitz et al. / Physica D 207 (2005) 230-253 231

waves equations often exhibit important phenomena, such as stable localized waves (e.g., solitons), self-similar
structures, chaotic dynamics and wave singularities such as shock waves (derivative discontinuities) and/or wave
collapse (i.e., blowup) where the solution tends to infinity in finite time or finite propagation distance. A prototypical
equation that arises in cubic media, such as Kerr media in optics, is the (2+1)D focusing cubic nonlinear Schrodinger
equation (NLS),

iuz(x, y,2) + 3Au + [uPu =0,  u(x,y,0) = uo(x, y), @)

where u is the slowly-varying envelope of the wave, z is the direction of propagation,! (x, y) are the transverse
directions, Au = uy, + uyy, and ug is the initial conditions. Remarkably, in 1965 Kelley [23] carried out direct
numerical calculations of (1) that indicated the possibility of wave collapse. In 1970, Vlasov et al. [34] proved that
solutions of Eq. (1) satisfy the following “Virial Theorem" (also called Variance ldentity)

d? 1
@/(szryz)lulz —4H, H= 5[(|Vuo|2 — luol*), )

where V = (d,, d,), the integrations are carried over the (x, y) plane, and H, which is a constant of motion, is the
Hamiltonian of Eg. (1). Using the Virial Theorem, Vlasov et al. concluded that the solution of the NLS can become
singular in finite distance (or time), because a positive-definite quantity could become negative for initial conditions
satisfying H < 0. On the other hand, Weinstein [35] showed that when the power (which is also conserved)
is sufficiently small, i.e., N = [ luo|? = constant < N¢ ~ 1.8623, the solution exists globally, i.e., for all z > 0.
Therefore, a sufficient condition for collapse is H < 0 while a necessary condition for collapse is N > N¢. Weinstein
also found that the ground-state of the NLS plays an important role in the collapse theory. This ground-state
is a “stationary” solution of the form u = R(r) €%, such that R is radially-symmetric, positive, and monotonically
decaying. Papanicolaou et al. [27] studied the singularity structure near the collapse point and showed asymptotically
and numerically that collapse occurs with a (quasi) self-similar profile. The readers are referred to [30] for a
comprehensive review of related studies. Recent research by Merle and Raphael [26] further elaborated on the
collapse behavior of NLS Eqg. (1) and related equations, allowing for detailed understanding of the self-similar
asymptotic profile. Furthermore, Gaeta and coworkers [24] recently carried out detailed optical experiments in
cubic media that reveal the nature of the singularity formation and showed experimentally that collapse occurs with
a self-similar profile.

On the other hand, there are considerably fewer studies of wave collapse that arises in nonlinear media, whose
governing system of equations have quadratic nonlinearities, such as water waves and x@ nonlinear-optical media.
Here we discuss a class of such systems, denoted as NLS-Mean (NLSM) systems, which are sometimes referred to
as Benney and Roskes [8] or Davey and Stewartson [13] type. The physical derivation of NLSM systems in water
waves and nonlinear optics is reviewed in Section 2. Broadly speaking, the derivation of NLSM systems is based on
an expansion of the slowly-varying (i.e., quasi-monochromatic) wave amplitude in the first and second harmonics
of the fundamental frequency, as well as a mean term that corresponds to the zeroth harmonic. This leads to a system
of equations that describes the nonlocal-nonlinear coupling between a dynamic field that is associated with the first
harmonic (with a “cascaded” effect from the second harmonic), and a static field that is associated with the mean
term (i.e., the zeroth harmonic). For the physical models considered in this study, the general NLSM system can be
written in the following non-dimensional form,

i, + %(Uluxx + uyy) + 02u|u|2 —pupy =0, e+ Voyy = (|u|2)x7 (3)

where u(x, y, t) corresponds to the field associated with the first-harmonic, ¢(x, y, ) corresponds to the mean
field, o1 and o7 are £1, and v and p are real constants that depend on the physical parameters. It is well-known

L In this study z plays the role of the evolution variable (i.e., like time).
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that System (3) can admit collapse of localized waves when o7 = 02 = 1 and v > 0. In that case, the governing
equations are

iu, + %Au + |ulu — pupy =0, (4a)

Oxx + V¢yy = (|u|2)x’ (4b)

where v > 0 and p is real, and the initial conditions are u(x, y, 0) = ug(x, y), ¢(x, y, 0) = ¢o(x, y), such that
Eq. (4b) is satisfied at z = 0, i.e., ¢orx + Vg0, yy = (|uo|?)x. The goal of this study is to further investigate the
collapse dynamics in the NLSM System (4).

We note that System (4) reduces to the classical NLS Eq. (1) when o = 0, because in that case the mean field
¢ does not couple to the harmonic field u in Eq. (4a). In addition, when v = 0 Eq. (4b) gives that ¢, = |u|? and,
therefore, Eq. (4a) reduces to a classical NLS Eq. (1) with the cubic term (1 — p)|u|%u. As we shall see, in optics
p > 0, whereas in water waves p < 0. In either case, i.e., when p # 0, the NLSM System (4) is a nonlocal system
of equations. Indeed, since v > 0, Eq. (4b) can be solved as

o0
d
P(x. y.2) = / Gx—x,y—y)—u,y, 2)?dx' dy,
00 ox’

where G(x, y) is the usual Green’s function. For Eq. (4b) G(x, y) = (4)~tlog(x? + y2/v), which corresponds to
a strongly-nonlocal function ¢. While one might have expected the strong-nonlocality in the NLSM to arrest the
collapse process, generally speaking, that is not the case for System (4). Moreover, there is a striking mathematical
similarity between collapse dynamics in the NLS and NLSM cases.

The paper is organized as follows:

(1) In Section 2 NLSM systems in water waves and in nonlinear optics are discussed.

(2) In Section 3 the theory of collapse and global existence in NLS and NLSM equations is reviewed. In addition,
the Hamiltonian is used to explain why collapse in the case of water waves (p < 0) is relatively easier to attain,
and also occurs more quickly, than in the case of nonlinear optics (p > 0).

(3) Using global existence theory and numerical calculations of the ground-state, in Section 4 the necessary con-
dition for collapse is explored in terms of the parameters v and p in the NLSM System (4). Using the Virial
Theorem and the Hamiltonian, a sufficient condition for collapse is found for Gaussian input beams, explic-
itly in terms of v, p, and the input power. These theoretical results are found to be consistent with numerical
simulations of the NLSM System (4) and are also consistent with the numerical results of Crasovan et al. [12]
for nonlinear optics (o > 0). In addition, the effect of input astigmatism in the initial conditions on the critical
power for collapse is studied (Section 4.1]). Furthermore, in Section 4.2 it is shown that the NLSM can admit
collapse even without the cubic term [i.e., without |«|2u in Eq. (4a)].

(4) In Section 5 the astigmatism of the NLSM ground-state is explored in the (v, p) parameter space. It is found
that the ground-state is relatively more astigmatic for nonlinear optics (o > 0) than for water waves (o < 0). In
addition, the dependence of the astigmatism of the ground-state on v is found to be weaker than its dependence
on p.

(5) In Section 6 simulations of the NLSM System (4) show that the collapsing solution is well described by a quasi
self-similar profile that is given in terms of a modulation of the corresponding ground state, a result that is in
the same spirit as for the NLS equation and also strengthens the results of Papanicolaou et al. [28]. However,
in [28] the ground-state itself was not computed and, in turn, it was not shown numerically that the asymptotic
profile approaches the corresponding ground-state. In this study numerical simulations directly show that the
collapsing wave approaches a quasi self-similar modulation of the corresponding ground-state. To calculate the
ground-state a fixed-point algorithm is used, which has been previously applied in dispersion-managed NLS
theory (see Appendix C).
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(6) In Section 7 numerical simulations are used to show that NLSM collapse can be arrested by a small saturation
of the cubic nonlinearity, a phenomenon that can be explained using the results of Fibich and Papanicolaou [19]
for the the perturbed NLS.

2. NLSM systemsin water waves and nonlinear optics
Below we review some of the main results from the derivations of NLSM systems, with an emphasis on collapse.
2.1. Water waves

In the context of free-surface gravity-capillary water waves, NLSM equations result from a weakly-nonlinear
guasi-monochromatic expansion of the velocity potential as

B(x, y, 1) ~ e[Ae'® ) 4 e+ @] + 2 [AeP* ) L ce]+ -, (5)

where x is the direction of propagation, y the transverse direction, t the time, ¢ <1 a measure of the (weak)
nonlinearity, A, A2, and @ are slowly varying functlons of (x, y, ), which correspond to the coefficients of the
first, second, and zeroth harmonics, respectively, “c.c.” denotes complex conjugate of the term to its left, and the
frequency w satisfies the dispersion relation w?(x) = (g« + Tk®) tanh(xh), where g is the gravity acceleration, T
is the surface tension coefficient, and « = +/k2 + 2, where (k, [) are the wave-numbers in the (x, y) directions,
respectively. Substituting the wave expansion (5) into the water-wave equations (i.e., Euler’s equation with a free
surface) and assuming slow modulations of the field in the x and y directions results in a nonlinearly-coupled
system for A and @. After non-dimensionalization, i.e., (A, ®) = (A, ®)k?/./gh, one finds the general NLSM
system [6]

iA; + A Age + Ay, = x| AIPA + 1 Ads, (6a)
a®g + By = —B(A), (6b)

where & = gk(x — cgt), n = elyand t = 2. /gk t are dimensionless coordinates, and cg = 0w/ dk is group velocity.
The coefficients A, u > 0, x, x1 > 0,wand g > 0 are suitable functions of h, T, k,  Cgs and the second-order dispersion
coefficients 3w/ 3k2 and 92w /312, We note that in the derivation of System (6) Aj is expressed in terms of A, which
accounts for the fact that A, does not appear explicitly in the resulting system.?

NLSM equations were originally obtained by Benney and Roskes [8] in their study of the instability of wave
packets in water of finite depth h, without surface tension. In 1974, Davey and Stewartson [13] studied the evolution
of a 3D wave packet in water of finite depth and obtained a different, although equivalent, form of these equations.
In 1975 Ablowitz and Haberman [4] studied the integrability of systems such as (6). These integrable systems
correspond to the Benney—Roskes equations in the shallow water limit. In 1977, Djordevic and Reddekopp [14]
extended the results of Benney and Roskes to include surface tension. Subsequently, Ablowitz and Segur [6] inves-
tigated System (6) or, equivalently, System (3). They showed that the shallow water limit, i.e., » — 0, corresponds
to o1 > —v ==+1, and p — 2 in System (3). The resulting equations agreed with those obtained by Ablowitz
and Haberman [4]. Hence, the shallow-water limit of System (6) is integrable and can be obtained from an associ-
ated compatible linear scattering system. In [21] these reduced equations were linearized by the inverse scattering
transform (see also [3]).

Subsequently, Ablowitz and Segur [6] studied the NLSM System (6) in the non-integrable case. In this parameter
regime, System (6) can be transformed by a rescaling of variables to System (3) withoy =02 =1and v > 0, i.e,,

2 A similar observation holds in the optics case mentioned below.
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the so called focusing elliptic—elliptic case, which, physically speaking, requires sufficiently large surface tension.
They found that System (6) preserves the Hamiltonian

9A 21 1
= [A o } -3/ [(—x)mr‘ + 2+ %@n)ﬂ , @)

2
where the first and second integrals correspond to the second-derivative and the nonlinear terms in Eq. (6a), respec-
tively, and the integrations are carried over the (&, n) plane. When, in addition to the physical requirements p > 0,
B >0,and x1 > 0,onehasthat A > 0, —x > 0,and « > 0, the first and second integral terms in (7) are positive and
negative-definite, respectively. This corresponds to the self-focusing regime. Clearly, in that case H < 0 is possible
for sufficiently large initial conditions.® Furthermore they proved that the following Virial Theorem holds

32 EZ 772 )
(=) a2 =8
8r2/</\+ﬂ>||

As can be seen, if H < 0, the moment of inertia vanishes at a finite time. In that case, as for the NLS case mentioned
above, this indicates finite-distance singularity formation. We note that in the same study collapse solutions with the
sslf-silTilar profile were also investigated, i.e., with |A| ~ L‘lf(%, +), where L = L(r) approaches zero during
the collapse.

2

9A
+ |

on

2.2. Nonlinear optics

The electric polarization field of intense laser beams propagating in optical media an be expanded in powers of
the electric field as

P=xOXE4+ O XEXE+ O XEXEXE+---, 8)

where E = (E1, E», E3) the electric field vector and x{/) are the susceptibility tensor coefficients of the medium.
In isotropic Kerr media, where the nonlinear response of the material depends cubically [i.e., through x® and
when x@ = 0] and instantaneously on the applied field, the dynamics of a quasi-monochromatic optical pulse is
governed by the NLS Eq. (1) (cf. [9,23,31]). It turns out that NLSM type equations also arise in nonlinear optics
when studying media with a non-zero x@ [even when x® = 0], i.e., materials that have a quadratic nonlinear
response. Such materials are anisotropic, e.g., crystals whose optical refraction has a preferred direction.

Ablowitz et al. [1,2] found, from first principles, that NLSM type equations describe the evolution of the elec-
tromagnetic field in such quadratically [i.e., x(?] polarized media. Both scalar and vector (3+1)D NLS systems
were obtained. Briefly, in this derivation one assumes a quasi-monochromatic expansion of the x component of the
electromagnetic field (which is primarily linearly-polarized), with the fundamental harmonic, second-harmonic,
and a mean term as

E1~ s[Ae® =0 oo+ e2[Ap 2 =) L e+ ]+ -, ©)

where A, Az, and ¢ are slowly varying functions of (x, y, r), which correspond to the first, second, and zeroth
harmonics, respectively. Using a polarization field of the form (8) in Maxwell’s equations leads to the system of
equations

[2ikdz + (1 — ax.1)dxx + dyy — kk" 77 + My 1|A|? + My 0¢x]A = 0, (10a)
2
[(1 — ax,0)3xx + dyy + sx077]d0x — @y,00xv Py = (Nx, 1077 — Nx20xx)IA[, (10b)

3 Note that from Eq. (6b) & scales as |A[?, so all the terms in the second integral of (7) scale like |A[*.
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where oy 0, oy 1, oy 0, and s, depend on the linear polarization term X( ): M, 0, Ni.1, and Ny depend on the
nonlinear polarization terms x® and x®; and M, depends on products of x@ and x®. Physically speaking,
the dependence of M, 1 on x®@ and x® corresponds to the fact that the second-harmonic (| e., Ay) is coupled to
the first harmonic (i.e., A1), a process that is sometimes referred to as “optical rectification” or “cascaded” optical
effect. However, as in the water-wave case, here too A, is expressed in terms of A, Which is why A; does not
appear explicitly in the resulting system (10). In addition, similar to the water-wave case, the term with M, ¢ in
System (10a) couples the mean field to the first-harmonic field. Interestingly, when the time dependence in these
equations is neglected (37 = 0) and for media with a special symmetry class such that oy o = 0, it can be seen that,
after proper rescaling, the governing system of equation is given by System (4). In [32] these equations were further
elucidated and the coefficients described in terms of the electro-optic effect.

From the point of view of perturbation analysis, it is interesting to remark that in the expansion of the field in the
case of water-waves [i.e., Eq. (5)], the mean term @ appears as an O(¢) term, whereas in the in the case of optics
[i.e., Eq. (9)], the mean term ¢, appears as an 0(82) term. However, the physically measurable quantity in water
waves is @,, which scales like O(¢2), because @ is slowly-varying. Therefore, the expansions in the water-wave
and optics cases are, in fact, analogous from the viewpoint of perturbation analysis.

Wave collapse in such NLSM systems was recently investigated numerically by Crasovan et al. [12]. They solved
the following normalized system of equations,

iU, + 3AU + |U?U — pUV =0, (11a)
Vix + VVyy = (|U|2)xx’ (11b)

where U is the normalized amplitude of the envelope of the electric field, V the normalized static field, p a coupling
constant that comes from the combined optical rectification and electro-optic effects, and v corresponds to the
anisotropy coefficient of the medium. They solved System (11) numerically with Gaussian initial conditions for U.
The regions of collapse were investigated for various values of the parameters p and v. We note that System (11) is
a simple mathematical modification of the NLSM System (4). Indeed, starting with the NLSM System (4), taking
the derivative of Eq. (4b) with respect to x, and defining the new variable (potential) V = ¢,, one finds that the
resulting system is identical to (11).

3. Global existence, collapse, and the ground-state

We begin by briefly outlining some of the known results for the NLS and NLSM equations. Two conserved
quantities for the NLS Eq. (1) and NLSM System (4) are the power, i.e.,

N(u) = / u|? = N(uo), (12)

where the integrations (here and below) are carried over the (x, y) plane, and the Hamiltonian, i.e.,

1 1
Hnis(u) = 3 / |Vu|? — 7 / lul* = Hnis(uo),

1 1
Hnism(u, ¢) = 5 / |Vul? — 5/ ul* + g /(45)2( + vg3) = Hyism(uo. ¢o). (13)

where Hyis and Hysm correspond to Eqg. (1) and System (4), respectively, and ¢ in (13) is obtained from Eq. (4b).
In addition, the Virial Theorem holds (cf. [6]),

82
- / (2 + D) uf? = 4H, (14)
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where H is the corresponding Hamiltonian, i.e., either Hyy s or HyLsm. We are interested in the localized-decaying
case, when uand ¢ vanish sufficiently rapidly at infinity to be in the Sobolev space Hy, i.e., [ lu)? + [1Vu |2 < coand
similarly for ¢. We note that within the context of the water-wave problem (i.e., p < 0), existence and well-posedness
of solutions of System (4) were studied in [22]. Singularity formation corresponds to finite-time (or finite-distance)
blowup in Hi. Since the L, norm is conserved (12), blowup in Hy amounts to lim,_, z, [ |Vu|? = oo, where Z is
the collapse distance. In fact, it is well-known in NLS and NLSM theories that when a singularity occurs, the peak
amplitude of the wave blows-up as well, i.e., lim,_, 7. max. ) lu(x, y, z)| = oc.

When H < 0 it follows from the Virial Theorem (14) that the solution becomes singular in finite time. This gives
a sufficient condition for collapse. On the other hand, a necessary condition for collapse can be obtained using the
associated ground-state, as reviewed below. We note that the Hamiltonian (13) is comprised of three integrals, the
first of which is positive definite, the second negative definite, and, when v > 0, the third integral is definite with a
sign that is determined by p. Generally speaking, NLS (and NLSM) theory shows that the positive-definite terms
correspond to defocusing mechanisms, while the negative-definite terms correspond to focusing mechanisms. Thus,
it follows that when p > 0, i.e., in the optics case, the coupling to the mean field corresponds to a self-defocusing
mechanism, while when p < 0, i.e., the water-wave case, it corresponds to a self-focusing effect in addition to the
cubic term in the NLS Eq. (1). In other words, loosely speaking, one can expect that self-focusing in the water-wave
case is “easier” to attain than in the optics case (see Sections 4 and 6 for details).

A stationary solution of the NLSM System (4) is a solution of the form u(x, y, z) = F(x, y) e and ¢(x, y, z) =
G(x, y), where F and G are real functions and A is a positive real number. Substituting this ansatz into System (4)
gives

—AF + 3AF + F® — pFG, =0, (15a)
Grx + VGyy = (F?),. (15b)

Similarly, the NLS stationary solutions, which are obtained by substituting u = R(x, y) e** into the NLS Eq. (1),
satisfy

—AR+1AR+ R =0. (16)

The ground-state of the NLS* can be defined as a solution in Hy of Eq. (16) for a given A having minimal power
of all the nontrivial solutions. The existence and uniqueness of the ground state have been proven, as also the fact
that it is radially-symmetric, positive, and monotonically decaying (see [30]). Since R(r; 1) = vAR(vV/Ar; 1), it
suffices to consider the case A = 1, for which the solution is henceforth denoted by R. Furthermore, Weinstein [35]
proved that the NLS ground-state is a minimizer of a Gagliardo-Nirenberg inequality that is associated with the
NLS Hamiltonian. To be precise, the functional

llull3 [ Vull3

4
llully

attains its minimum for u € H; when u(x, y) = R(r), where R is the ground-state of Eq. (16) and J(R) = 2/ N,
where N¢ = [ R?. Moreover, Weinstein proved that when N < N, the NLS solution exists globally (i.e., for all
z > 0) in Hj. In addition, it is not difficult to show (cf. Appendix A) that any stationary solution, in particular the
ground-state, admits a zero Hamiltonian, i.e., HnLs(R) = 0. These results can be used to explain why the ground-
state may be considered to be on the borderline between existence and collapse. Indeed, consider the initial conditions
ug = (1 + €)R(r) with ¢ = constant. When ¢ < 0 then N < N and, therefore, the solution exists globally. On the
other hand, when ¢ > 0 then H < 0 and, therefore, finite-distance collapse is guaranteed by the Virial Theorem

4 R, the NLS ground-state, is sometimes referred to as the Townes profile.
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(cf. [35]). We note that N > N is only a necessary condition for collapse, i.e., there are solutions with N > N that
exist globally.

Similarly to the NLS case, the ground-state of System (15) can be defined as the nontrivial solution (F, G) in
Hi, such that F has minimal power. Cipolatti [10] proved the existence of the ground-state. In the same spirit as for
the NLS, Papanicolaou et al. [28] defined the ground-state as the minimizer the associated functional®

leel13 1| Vael13
JTul® + Blu)u*2]’

2
Blu) = 71 [p—""fnmz]} ,

J =
) K2 + k2

where F and F! denote the Fourier Transform operator and its inverse, respectively (see Appendix B). They
extended global existence theory to the NLSM and proved the following.

Theorem 3.1. Consider System (4) with initial conditions ug € Hj. Let F be the nontrivial minimizer of J(u)
above, and let N be defined as

Ne(v. p) = / F2(x, yi v, ). 17)

Then F is a positive function and, therefore, N¢ > 0. In addition, if [ luo|?> < N¢ the solution of System (4) exists
in Hy forall z > 0.

In other words, solutions of the NLSM System (4) exist globally when their power is smaller than the power of the
corresponding ground-state.

On the other hand, since the ground-state is a stationary solution, in analogy to Hy.s(R) = 0, one has also (see
Appendix A)

Proposition 3.2. Let (F, G) be a solution of System (15). Then
1 1

Husu(r.6)= 5 [(r2 =5 [ 42 [w.67 =0, (19)
where (V,G)? = G2 + vG?2.
Therefore, it follows from Theorem 3.1, the Virial Theorem (14), and Proposition 3.2 that, as in the NLS case, the
NLSM ground-state is neutrally-stable and may be considered to be on the borderline between global existence and
collapse.
4. Collapse and global-existenceregions

In this section System (4) is considered with the Gaussian initial conditions

2N
uf (r3) = || = e P, (19)

where N = N(G) is the input power of uOG The collapse and global-existence regions in the NLSM System (4)
are explored in the (N, v, p) parameter space using the results obtained from the Virial Theorem (14), the global-
existence Theorem (3.1), and direct (2+1)D numerical simulations of the NLSM System (4).

5 Note that from Eq. (4b) ¢, = p~1B(u).
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The critical power N¢(v, p) is calculated from the ground-state [see Eq. (17)], which is found by using a numerical
method that is explained in Appendix C. For the NLSM simulations a standard fourth order accurate Runge-Kutta
integration is used, with a fourth order accurate spatial finite-difference stencil. The computational domain is a
truncation of the (x, y) plane with Dirichlet boundary-conditions at |x| = L and |y| = L, where L is taken sufficiently
large, so to assure that the results are independent of reflections from the outer boundaries.

Substituting the initial-conditions (19) into the NLSM Hamiltonian (13) gives (see Appendix B)

HuS, ¢S) = N — (1 - L) N2 (20)
070 1+v) 2n°

It follows from (20) and the Virial Theorem (14) that for the Gaussian initial conditions (19) there is a threshold

power for which H = 0, given by

21
1-p/Q+ )

such that when N > N¥ then H < 0 and, therefore, the solution collapses at finite distance. We note that this
condition makes sense only when 0 < Ny < oo, which implies p < 1 + /v. Conversely, when either p > 1 +
/v (no matter how large N) or N < N, then H > 0, in which case collapse is not guaranteed by the Virial
Theorem.

Fig. 1 compares the critical power for collapse, N; (17), the threshold-power N/ (21), and the “actual” power
for collapse found from numerical simulations of the NLSM System (4), where the latter is obtained by gradually
increasing the input power (or amplitude), i.e., N in the initial conditions (19), until the solution undergoes collapse.
This figure also shows that for v = 0.5 and —1 < p < 1, N/ (21) is quite close to N¢, which, in turn, is very
close to the numerically obtained threshold power for collapse in the NLSM System (4). For example, for the
classical NLS (i.e., p = 0) the discrepancy between N¢(R) ~ 1.867 and N/'(R) = 2 is approximately 7% (see
also [16]). In addition, in this entire parameter regime the discrepancy between N and the numerically-obtained
threshold power is less than 2%. Furthermore, this figure shows that the change in the critical power with p
is more pronounced for p > 0 than for p < 0. Similarly, Fig. 2 shows that for a wide range of the parameters,
NH (21) is a good approximation of N¢, which, in turn, is a good approximation of the numerically-obtained
power for collapse. Furthermore, this figure shows that the critical power is weakly-dependent on v, for either
sign of p.

Ngi(v, 0) = (21)

15

collapse

GE _ _ _N

= 0 1
P

Fig. 1. The critical power for collapse as a function of o for v = 0.5 (o < 0 for water-waves and p > 0 for optics). N¢ is obtained from the power
of the ground-state [i.e., Eq. (17), dashes], N corresponds to H = 0 [i.e., Eq. (21), dotted], and the threshold power for collapse obtained by
numerically integrating the NLSM [i.e., System (4) with (19), solid]. “GE” denotes global existence and “NLSM?” denotes numerical simulations
of System (4).
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Fig. 2. Same as Fig. 1 with: (a) p = —0.2 and varying v; (b) p = 0.2 and varying v.

An alternative way of using Eq. (20) is to fix N and allow v and p to vary. Thus, for a fixed N there is a separatrix
curve in the (v, p) plane for which H = 0, given by

PN, v) = (1 - %”) L+ V9, (22)

such that when p < pf then H < 0 and collapse is guaranteed by the Virial Theorem. These separatrix curves are
depicted in Fig 3, which is consistent in the case of p > 0 with the results of Crasovan et al. [12].

As discussed in Section 3, larger (more positive) values of p correspond to more defocusing. In fact, the results
in this section show that when p < 0, or when p > 0 and sufficiently small, the defocusing effect induced by the
coupling to the mean field is weaker than the focusing effect induced by the cubic term in Eg. (4a). In that case,
collapse is guaranteed by the Virial Theorem for sufficiently large input power. On the other hand, when p > 0 and
is sufficiently large, the defocusing effect induced by the coupling to the mean field can overcome the focusing effect
induced by the cubic term in Eq. (4a). In that case, the NLSM can effectively behave as a defocusing NLS-type
equation, i.e., like Eq. (1) with a negative sign before the cubic term.

We emphasize that H# > 0 does not imply GE, because H < 0 is only a sufficient condition for collapse, not
a necessary one. Nevertheless, owing to their explicitness and apparent accuracy, conditions (21) and (22) can
be useful for predicting for the boundary in the (&, v, p) space between the regions of collapse and GE. On the

0
1 = — = N(G)=N¢(v,p)
—— NLSM
p
057 collapse
-1 collapse
4
0 0.7 1.4 0 0.7 1.4
(a) v (b) v

Fig. 3. The regions in the (v, p) plane corresponding to collapse and global-existence (GE). Equating the power of the ground-state, N¢(v, p)
[i.e., Eq. (17)], to the power N(G) of the initial conditions (19) [dashes, denoted by N(G) = N(v, p) in the legend], pZ obtained from H = 0
[i.e., Eq. (22), dotted, denoted by H(G) = 0 in the legend], and using numerical simulations of the NLSM [i.e., System (4), solid] for: (a)
nonlinear optics (i.e., p > 0) and the initial conditions (19) with the fixed input power N(G) = 10; (b) water waves (i.e., p < 0) and the initial
conditions (19) with N(G) = 4n/3.
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other hand, the condition derived from GE theory appears to be more accurate in the following sense: the actual
(numerical) critical power appears to be slightly closer to N; than to NX7. We note that in [16] a similar conclusion
was reached for the NLS Eq. (1) when using Gaussian as well as other types of initial conditions.

4.1. Input astigmatism

It is interesting generalize the results above to the case when the initial conditions are astigmatic. To do that,
consider the astigmatic Gaussian initial conditions

2EN
uf(r,y) = | = e (B, (23)

where N is the input power and E is input ellipticity. Here £ = 1 corresponds to radial symmetry, whereas0 < E < 1
and E > 1 correspond to relative elongation along the x and y axes, respectively.
Similar to Eq. (20), one arrives at (see Appendix B)

1+ E? ) EN?
H{ug, #6) = —5— —( ‘1+ﬁ/5> o (24)
Thus, denoting
E+1/E
N (v, p, By = — EX BT (25)

1 p/(L+ Jv/E)

it follows that when N > N/’ then H < 0 and, therefore, the solution collapses at finite distance. This condition
makes sense only when 0 < Ny < oo, which implies that p < 1+ /v/E.

Generally speaking, N/ increases with astigmatism. For example, let us consider the optics case with 0 < p <
1+ /v/E with an input beam (23) that is “focused” along the x direction, i.e., has E > 1. As E increases it will
approach the value E¢ = /v/(p — 1), for which N!T = co. Physically speaking, this results suggests that as the
input beam becomes narrower along the x-axis, the critical power for collapse increases, making the collapse more
difficult to attain. This conclusion is consistent with the numerical observations of Crasovan et al. [12] in the optics
case, and is in the same spirit as the results of Fibich and Ilan [17] for the NLS case (i.e., p = 0).

In addition, for a given power N, the separatrix curve in the (v, p) plane for which H# = 0 is given by

PH(N, v, E) = [1 - W} (1 + %) , (26)

such that when p < pff then H < 0 and, therefore, collapse is guaranteed by the Virial Theorem.
4.2. Related NLSM-type system
Consider the NLSM System (4) without the cubic term, i.e.,
i, + %Au — pug, =0, (272)

Pxx + Vd)yy = (|u|2)x (27b)

One might expect that the nature of collapse in the NLSM-type System (27) would be similar to the NLSM
System (4). Indeed, the analysis of System (27) is quite similar to that in Sections 3 and 4. The only difference is
that the Hamiltonian corresponding to (27) is like (13), but without the second “self-focusing” integral, that is,

1
H ) =5 [ 1vul + 2 [0+ ).
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Since the Virial Theorem (14) remains unchanged, collapse is possible in System (27) whenever p < 0 and the
initial conditions are sufficiently large. Furthermore, substituting the initial-conditions (19) into the Hamiltonian
above gives

Huo, oy = N+ —2
uo, = _—
0,0 1+ Jvon

It follows that the threshold power for which H = 0 is given by

Nf (v, p) = i+ V) ﬁ)~

Thus, similar to the NLSM case, the Virial Theorem guarantees that the solution of System (27) undergoes finite-
distance collapse when N > NH. To conclude, although the cubic term in the NLSM System (4) is self-focusing,
its presence is not necessary for collapse to occur. In other words, collapse can occur even in the case when the
nonlinearity is strictly and strongly nonlocal.

5. Astigmatic ground-states

Below we study how the astigmatism of the ground-state depends on p and v. The astigmatism is recovered from
the ground-state as

_ JIF?)]
G

It follows from (28) that ¢ = 1 corresponds to a radially-symmetric ground-state, and e < 1 and e > 1 correspond
to a ground-state that is relatively wider along the x and y axes, respectively. In other words, e =~ L /L., where L,
and L, are the full-widths at half-max of the function.

Fig. 4(a) and (b) shows the on-axes amplitudes of the ground-state for p = 0 (i.e., the radially-symmetric R
profile); (v, p) = (0.5, —1); and (v, p) = (0.5, 1). The contour plots in Fig. 4(c) and (d) correspond to the p =
—1 and p = 1 cases, respectively. These plots clearly show that the ground-states with p # 0 are astigmatic. In
addition, Fig. 5 shows the 3D plots and corresponding contour plots of the ground-state for (v, o) = (4, —4),
which has e &~ 1.5. Both F(x, y) and the corresponding mean field G(x, y) are clearly astigmatic. Furthermore, the
mean field G is strongly nonlocal (see also Fig. 5d), as can be expected from the Poisson-type Eq. (15b) that is
solves.

Fig. 6a shows that (i) the NLS ground-state (o = 0) is radially-symmetric, (i.e., e = 1); (ii) when v = 0.5 and
o < 0 (water-waves) F is wider along the y-axis (i.e., e > 1); and (iii) when v = 0.5 and p > 0 (optics) F is wider
along the x-axis (i.e., e < 1). We note that the parameter space explored in Figs. 1 and 6a is the same. Comparing
these two figures, one sees that as p is changed from p = 0 (in either direction), the deviation from the NLS ground
state is accompanied by a significant deviation in the critical power, as well as by a deviation from radial-symmetry.
Therefore, as | N¢(v, p) — Nc(v, 0)] increases with p, so does the astigmatism of the ground-state (along the x or y
axes). On the other hand, Figs. 2 and 6b show that the critical power and the astigmatism are only weakly dependent
on v, for either sign of p. In addition, Fig. 6a shows that, for the same values of v, the function F is relatively more
astigmatic for p > 0 (i.e., for optics) than for p < 0 (i.e., for water waves).

In summary, one has the following generic picture:

e(F) (28)

(1) The ground-state profile in the water-wave case is narrower along the direction of propagation (i.e., e > 1),
whereas in the nonlinear optics case it is wider along the axis of linear polarization (i.e., e < 1).
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Fig. 4. Top: The on-axes amplitudes of the ground-state (a) along the y-axis and (b) along the x-axis for (v, p) = (0.5, 1) (dashes), p =0
(solid), and (v, p) = (0.5, —1) (dotted). Bottom: Contour plots of F(x, y) for: (c) p = —1 (corresponding to dotted above) with astigmatism
[i.e., Eq. (28)] e ~ 1.17; (d) p = 1 (corresponding to dashes above) with ¢ ~ 0.59.

(2) The ground-state is relatively more astigmatic for nonlinear optics (o > 0) than for water waves (o < 0).
(3) Whereas the astigmatism of the ground-state changes significantly with p, it depends only weakly on v.

6. Quas self-similar astigmatic collapse

Asymptotic analysis and numerical simulations strongly suggest that when collapse occurs in NLS Eqg. (1),
under quite general conditions, it occurs with a quasi self-similar profile that is a modulation (up to a phase) of the

ground-state (cf. [30]), i.e.,

1 r
e~ 758 (175) @9
where (x, y) are in some region surrounding of the collapse point (which typically shrinks during the self-focusing
process), R(r) isthe NLS ground-state (see Section 3), and L(z) isamodulation function, such thatlim,_, z, L(z) = 0,
where Z. is the collapse distance (or time). In the NLS case, the ground-state R(r) is radially-symmetric and, to the
best of our knowledge, all the NLS-collapse simulations to date have shown that collapse occurs with a radially-
symmetric profile. The quasi self-similar collapse has received much theoretical attention since the contribution
of Merle and Tsutsumi [25]. However, it is very difficult to justify (29) rigorously. Only very recently did Merle
and Raphael [26] provide a sharp result explaining this quasi self-similar behavior in the case of the NLS Eq. (1).
Furthermore, on the experimental side, Gaeta and coworkers [24] recently carried out detailed measurements in
optical Kerr media showing that the collapse process occurs with a self-similar profile, in consistency with Eq. (29).
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Fig. 5. The ground-state [i.e., solution of System (15)] for (v, p) = (4, —4). (a) and (b) are 3D plot of F(x, y) and G(x, y), respectively; (c) and
(d) are contour plots corresponding to (a) and (b), respectively.

In contrast to the NLS case, when p # 0 and v > 0 the NLSM System (4) is not rotationally invariant and
the stationary solutions of (15) are not radially symmetric. Moreover, with this choice of parameters the stationary
solutions cannot be transformed into radially-symmetric functions by any rescaling of x and y. Therefore, the NLSM
ground-state, F(x, y), is inherently astigmatic, which makes the analysis and numerical simulations more difficult.
The asymptotic analysis of Papanicolaou et al. [28] indicates that, similar to the NLS collapse, NLSM collapse
occurs with a modulated profile, i.e.,

1 X y
lu(x, y, 2)| ~ L(Z)P (L(z)’ L(Z),b(z)> : (30)

12 : 12

0.9
e
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21 0 1 0 0.5 1
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Fig. 6. The astigmatism (28) of the ground-state F(x, y) of System (4) for: (a) v = 0.5 with —1 < p < 1 (i.e., same as Fig. 1); (b) p = —0.2
(dashes) and p = 0.2 (solid) with 0 < v < 1 (i.e., same as Fig. 2a and b, respectively).
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for certain functions P(x, y, z), L(z), and b(z), such that as z — Z¢, L(z) and b(z) approach zero and P(x, y, z)
asymptotically approaches the corresponding ground-state F(x, y). Numerical simulations of the NLSM using
“dynamic rescaling” suggested that, indeed, the collapsing solution approaches a modulated profile. However,
in [28] the ground-state itself was not computed. Since it was not computed, it was not shown (numerically) that the
asymptotic profile approaches the corresponding ground-state. The numerical results in this section suggest that,
down to moderately small values of L(z), the amplitude of the collapsing solution behaves as

1 X y
o9~ 1057 (5 ) &
where F(x, y) is the ground-state of System (4). Therefore, the results of this study strengthen those of [28],
because the collapsing wave is directly compared to the corresponding ground-state and is shown to approach a
quasi self-similar modulation of the ground-state itself.
To study NLSM collapse numerically, System (4) is solved with the Gaussian initial conditions (19). The self-
focusing dynamics are recovered from the simulations using the focusing factor, |«(0, 0, z)|/u0(0, 0), as a function
of the propagation distance z. The astigmatism of the solution is recovered in accordance with (28) as

_[1QuP)
~ 1Qul?)yl (2

We begin by presenting several numerical simulations of collapse, that also serve to verify some of the results
of the previous sections. As noted in Section 3, the Hamiltonian of the NLSM suggests, loosely speaking, that the
water-wave case (p < 0) is “more focusing” than the optics case (o > 0). Indeed, Fig. 7 shows that when the same
initial conditions are used for all cases, collapse with o = —1 precedes collapse with o = 0, which, in turn precedes
collapse with p = 1. For this figure, the input power is taken as 1.2N¢(v = 0.5, p = 1) &~ 12.2. We note that this
value of N¢ is approximately twice as large as N¢(R) and approximately 3.3 times larger than N¢(v = 0.5, p = —1)
(see Fig. 1).

Since p < 0 and p > 0 correspond water waves and optics, respectively, and since critical power depends on p,
a more “balanced” comparison between the water-wave and optics cases requires using the same initial conditions
with an input power chosen with respect to the corresponding critical power (which is different for water-waves
and optics). Therefore, the rest of the simulations below [i.e., Figs. 8-13] use the input power N = 1.2Nc(v, p),
i.e., 20% above the corresponding critical power for collapse. Fig. 8a shows the dynamics of the focusing factor for
v = 0.5 with: p =0 (NLS), p = 1 (optics), and p = —1 (water waves). Similarly to Fig. 7, the collapse distance
with p > 0 is greater than with p < 0. Surprisingly, the collapse distance inthe p = 0 and p < 0 cases is almost the

e(z2)

10 : 1.6
— — — v=05 p=1 ‘[
= v=0.5 p=0 ||
o . s I
< v=0.5 p=-1 |, e
= ! 1F
o] l |
5 / ~
=1 4 \
— 7/
- = \ A el
; e 7 T T -
e 0.4
0 1 1 10

(a) z (b) u(0,0,2)|/u,(0.0)

Fig.7. (a) The focusing factor the NLSM solutions [i.e., System (4)] with v = 0.5 and three values of p (see legend) using the initial conditions (19)
with the same input power N = 1.2N.(v = 0.5, p = —1) ~ 12.2. (b) The corresponding astigmatism (32) of the solution as a function of the
focusing factor.
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Fig. 8. Same as Fig. 7, but with the input power N = 1.2N¢(v, p), i.e., 20% above the corresponding critical power.

same. Although one might have expected the collapse with p < 0 to precede collapse with o = 0 (as in Fig. 7), this
is not the case here, because N(p = —1) is approximately 1.6 times smaller than N(p = 0) (see Fig. 3). Thus, in
Fig. 8 the collapse distances of the p = —1 and p = 0 simulations are close, because the input power inthe p =0
simulation is much larger than the input power in the o = —1 one.

In addition, Fig. 8b shows the corresponding astigmatism plots. The astigmatism is plotted as a function of the
focusing factor (rather than as a function of z) in order to “blow up” the dynamics near the collapse point, where the
interesting changes in the astigmatism are expected to occur. While the NLS solution remains radially-symmetric
(i.e., e = 1), the NLSM solutions become astigmatic during propagation. Furthermore, o < 0 and p > 0 correspond
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Fig. 9. Same as Fig. 8 with [(a) and (b)] o = —0.2 and v = 0 (solid), v = 0.2 (dashes), and v = 1 (dotted, on top of the dashes); [(c) and (d)]
same as above with p = 0.2.
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Fig. 10. Convergence of the modulated collapse profile (dashes) to the NLSM ground state (solid) along the x-axis (top) and the y-axis (bottom)
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with (v, p) = (0.5, 1). The initial conditions are (19) with N = 1.2N¢(v, p).

to e > 1and e < 1, respectively, which is consistent with in Figs. 4 and 6. As can be seen from this figure, at the
initial stage of the propagation the astigmatism of the NLSM solutions becomes large, in a direction that depends
on p. Based on these simulations it appears that the astigmatism approaches a (more or less) constant value at the
collapse point, a value that depends on v and p (such that e # 1). This is consistent with the results in [28], as well

as with the results presented below.

Figs. 7-9 indicate that NLSM collapse is astigmatic, however, they do not show that the collapse process is quasi
self-similar. In order to study the self-similarity of the collapse process, in accordance with Eq. (31), the modulation

function is recovered from the solution as

L(z) =

z=0.94 1=0.22
3 ]
F(x,0)
— — — Lu(Lx,0)
0 _
-6 6

F(0,0)
(0,0, z)|’
z=0 L=1 z=0.5 L=0.58 z=0.84 L=0.19
2 2 2
\ =

0 0 oE== ==
-6 6 -6 6 -6

X X X
2 2 2
0 0 == == 0 = =
-6 6 -6 6 -6

y y y

Fig. 11. Same as Fig. 10 with (v, p) = (0.5, —1).
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Fig. 12. Same as Fig. 10 with (v, p) = (4, —4).

where F(x, y) is the corresponding ground-state. The rescaled amplitude of the solution of the NLSM, i.e.,
Llu(L%, LYy, 7)|, is compared with F(x, y), where F(X, ) is the ground-state and (, y) = (7, %). In order to show
that the collapse process is, indeed, quasi self-similar with the corresponding ground-state, the rescaled amplitude
is shown to converge pointwise to F near the origin as z — Z¢ (i.e., near the collapse point).

Fig. 10 shows that the NLSM collapse is indeed self-similar with the ground-state for v = 0.5 and p = 1. The
rescaled on-axis amplitude is compared separately on the x and y axes (top and bottom plots, respectively). One can
see that, as the solution is undergoing self-focusing [i.e., as L(z) approached zero], its rescaled profile approaches
that of the astigmatic ground-state near the origin.

Fig. 11 shows the same picture with p = —1, whose ground-state is somewhat less astigmatic than with p = 1
(as mentioned above). In order to observe self-similar collapse with p < 0 and a more astigmatic profile, Fig. 12

z=0 L=1 z=0.5 L=057 z=0.9 L=0.17

Fig. 13. Same as Fig. 12 on a semi-log plot.
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compares the solution and the ground-state with v = 4 and p = —4. The ground-state in this latter case is clearly
astigmatic and, in turn, the collapse process is quasi self-similar with the ground-state. Fig. 13 further demonstrates
the local nature of the self-similar collapse process. While the spatial region in the vicinity of the collapse point is
self-similar to the ground-state, the outer “wings” of the solution do not approach the ground-state. This phenomenon
is well-known in the NLS case as well [30], and can be understood as follows: in accordance with Eq. (31), exactly
one critical power enters the collapse region. More precisely, as z — Z, the power of u(x, y, z) contained in a
“ball” of radius L(z) around the collapse point is just slightly above N (cf. [25]). Since the input power is 20%
above N, the residual 20% radiates into the outer wings in a process that is not self-similar with the ground-
state.

7. Collapse arrest

As mentioned in Section 2.2, within the context of nonlinear optics, the self-focusing mechanism in the NLSM
is due to a quadratic effect [1,2]. However, it is well-known that collapse with an infinite amplitude does not occur
in physical situations. In reality, there are always physical mechanisms that arrests the collapse. Such mechanisms
have been studied extensively in nonlinear optics, e.g., nonlinear saturation [11,33], beam nonparaxiality [15], and
vectorial effects [18]. In order to investigate the arrest of collapse in NLSM in the optics case, we consider the
NLSM with a small nonlinear saturation of the cubic nonlinearity as

. 1 |ulu — pudy

“Au+—— T, 33
S e RSP 3%
Pxx + V¢yy = (|u|2)x, (33b)

where ¢ is the small nonlinear-saturation parameter.

When p « 1 and ¢ <« 1 System (33) is a small perturbation of the NLS Eq. (1). In that case, the asymptotic
analysis of Fibich and Papanicolaou [19] for the perturbed NLS can be used. Their analysis is based on the asymptotic
and numerical observations that the collapsing solution in the NLS case is self-similar with the ground-state (Townes
profile), i.e., as in Eq. (29). The asymptotic analysis predicts that, to leading order, the dynamics of the focusing
factor in the solution of System (33) is given by the following ODE (see [19, 5.3-5.4])

_ 4Ho (wy — w)(w — wy)

M w ’ (34)

(wz)z =

where w(z) = L?(z), L(z) is the focusing-factor in Eq. (29), M ~ 0.55, and Hp, wyy, and w,, are constants that
depend only on & and the initial conditions, such that wy; > w,,. It follows from this nonlinear-oscillator-type
equation that for generic initial conditions the intensity of the solution initially focuses [i.e., L(z) decreases] until L ~
VW = O(y/¢), thendefocuses [i.e., L(z) increases] until L ~ ,/wy, followed by focusing—defocusing oscillations,
such that \/w,, < L(z) < J/wy .

Fig. 14 shows the on-axis amplitude of the numerical solution of System (33) for p = 0.5, v = 1, ¢ = 0.0025,
and the initial conditions (19) with N = 1.5N¢, where N is the critical power corresponding to ¢ = 0. The nu-
merical solution of System (33) agrees qualitatively with the predictions based on Eq. (34). Indeed, one sees
that collapse is arrested by the small nonlinear saturation, followed by a series of focusing—defocusing oscilla-
tions.

It should be mentioned that the physical mechanisms that arrest the collapse in water waves are not understood
to the same level as in optics, in part because of the scarce experimental results on water waves with large surface
tension.
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Fig. 14. Collapse in the NLSM [i.e., System (4) with (v, p) = (1, 0.5), dashes] is arrested by small nonlinear saturation [i.e., System (33) with
(v, p) = (1, 0.5) and ¢ = 0.0025, solid] leading instead to focusing—-defocusing oscillations.

8. Summary and final remarks

The results of this study show that nonlinear-wave systems that admit a quadratic—cubic type interaction, such as
in nonlinear optics and in nonlinear free-surface water waves, lead to the NLSM System (4). The NLSM can admit
finite-distance collapse in a certain parameter regime. The regions of collapse and global-existence is explored in a
relevant parameter space and the consistency between global existence theory, the Virial Theorem, and numerical
simulations the NLSM System (4) is established. Furthermore, numerical simulations of the NLSM show that the
collapse process occurs with a quasi self-similar profile, which is a modulation of the ground-state profile. The
ground-state profile is found using a numerical algorithm that was recently used in dispersion-managed NLS theory.
Generically, the ground-state profile is astigmatic and, therefore, the collapse profile is astigmatic as well.

These results are in the same spirit as for the NLS Eq. (1). However, NLSM theory is more difficult and not
as advanced as NLS theory. There are several remaining questions and problems. For example, it remains an open
problem to extend the sharp theoretical results on the self-similar nature of the singularity to the NLSM case. From the
numerical perspective, while our simulations indicate that NLSM collapse occurs with a self-similar ground-state,
we only resolve moderate focusing factors [i.e., O(10)] near the collapse point. Using more specialized numerical
methods (cf. [28,20]), much larger focusing factors (e.g., greater than 10%) could furnish more convincing evidence
of this self-similar collapse. From the experimental perspective, self-similar collapse in quadratic—cubic type media
remains to be demonstrated in either free-surface water waves or nonlinear optics.
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Appendix A. Proof of Proposition 3.2

Following Weinstein [35], if one substitutes the stationary solution (15) into the Virial Theorem (14), one finds
that the variance, i.e., the integral on left-hand side, is independent of z. Therefore, its second-z derivative is zero,
which implies that the right-hand side, i.e., the Hamiltonian of the stationary solution (15), is zero as well. |
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Below an alternative constructive proof is given. Multiplying Eq. (15a) by F and Eqg. (15b) by G and integrating
gives

—k/ F? +%/(FFXX + FFyy)+/F4 —,0/ F’G, =0, (A.1a)

/ (GGyx +VGGyy) = / (F?),G. (A.1b)
Using integration by-parts (IBP) on (A.1b) gives

/ F°G, = f (V,G)?, (A.2)
where (V,G)? = GZ + vG2. Combining (A.1b) and (A.1a) leads to

)\/F2+%/(VF)Z—/F“JF,O/(VVG)?:O. (A.3)

On the other hand, multiplying Eq. (15a) by (xF, + yF)) gives that
A 1
> [R5+ g [+ 3D+ 5 [y R+ yFR)

43 [BE - 2 [1.6. 450,60 =0

Using IBP several times on the first four terms we arrive at
1
A / P2 = / F*— g f [x(F?)xG. + y(F?),Gx] = 0. (A4)
Similarly, multiplying Eq. (A.1b) by (xG, + yG,) and using IBP leads to
.6, 457,61 =
Using IBP and Eq. (A.2) gives

/ [(F?),Gx + ¥(F),G] = — / F2G, = — / (V,GY2. (A5)

Substituting (A.5) into (A.4) we obtain that

1
)\/FZ—E/F‘Urg/(VUG)Z:o.

Subtracting from Eqg. (A.3) gives Eq. (18). O

Appendix B. Derivation of the Hamiltonians (20) and (24)

The derivation of Eq. (24) is outlined below. Substituting the astigmatic Gaussian initial conditions (23) into the
first two terms of the Hamiltonian (13) gives

(1+E2)N EN?
/IVuoI ——/I o (B.1)
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It remains to calculate the third term in Eq. (13). To do that it is convenient to use the Fourier Transform. Below we
denote

Flke ky) = FLf1 = / fl e ™ y) = F A = / Fllex, Ry)etrc 16,

(2m)?

as the direct and inverse 2D Fourier Transforms, respectively, where (k,, k,) are the Fourier frequencies in (x, y)
directions and the integrations are carried over the (x, y) and (k,, k,) planes, respectively. Therefore, it follows from
Eqg. (4b) that

ik, ’\2

= Flé(x, y,0)] = m 0

Using Parseval’s identity and substituting the Gaussian initial conditions (19) leads to

1 kz(;;z))z N2 [ K2 o (G+E%K3)/(AE?)
/(¢x+”¢y K2 + k2 —m/ K2+ k2

Transforming to the cylindrical coordinates defined by (., k,) = (r cos6, E~1rsin6) yields

2 00 2
—r2/4E2 d / d9 ,ON 27'[
/(‘b +vo0) = g ZE/ " 1+ (WE2)co20  4n? 1+ JJE

Combining with Eq. (B.1) and the Hamiltonian (13) yields Eq. (24). Note that Eq. (20) is a special case of Eq. (24)
with £ = 1.

Appendix C. Calculating the ground state

The NLSM ground state is obtained in this study using a fixed-point numerical procedure similar to that recently
used in dispersion-managed soliton theory (cf. [5,29]).
Below we use the following formulation. Let u(x, y, z) and v(x, y, z) be solutions of the system

g + %(uxx + uyy) + |M|2” — puv =0, (C.1a)
Uyx + DUy, = (|M|2)xx' (Clb)

We note that Systems (4) and (C.1) are mathematically equivalent under the transformation v = ¢,. A stationary
solution of system (C.1) has the form u(x, y, z) = e F(x, y) and v(x, y, z) = V(x, y), where F and V are real
functions and A is an arbitrary real number. Substituting this ansatz into system (C.1) gives

— hF 4 L (Fox + Fyy) + F* — pFV =0, (C.2a)
Vix +vVyy = (Fz)xx~ (C.2b)

When the stationary solutions are known to be radially-symmetric, e.g., when p = 0 or v = 0, one can write this
system as a single ODE in the radial variable. In that case, one can solve the ODE using a “shooting” method. This
technique, however, does not work well for a “true” PDE, i.e., when F and G are not radially-symmetric, which is
the case in this study when both p and v are nonzero. Therefore, in order to solve this system we use a fixed-point
method as explained below.



252 M. Ablowitz et al. / Physica D 207 (2005) 230-253
Taking the Fourier Transform (see Appendix B) of System (C.2) gives

- |k|? 4 R
—\F — %F + FIF? — pFV] =0, (k2 + vk2)V = K F[F?],
where F(ky, ky) and Viky, ky) are the Fourier transforms of F(x, y) and V(x, y), respectively, and k|? = k§ + k§.
This system can be re-written as

1

F=——__F[F3—pFV], C.3a
A+ |k|2/2‘7:[ pFV] ( )
- k2 )
V=—-2"FF] C.3b
e 1] (C.3b)
The idea is to use the fixed-point iterative method
A 1
A+ [k|2/2 A PEV

where the right-hand side is evaluated using V) found using Eq. (C.3b). This procedure is then supplemented with
an initial guess FO(x, y) = fo(x, y), which is typically chosen to be a Gaussian, i.e., fo(x, y) = e ", However,
this approach fails, because the right-hand side of Eq. (C.2) is nonlinear and, as a result, the iterations either converge
to the trivial solution or diverge to infinity. To rectify this problem, one can “homogenize” the right-hand side of
Eq. (C.3) as follows. Multiplying (C.3a) by F* and integrating over the (k.. ky) plane yields the equation SL = SR,
where

- 1 -
SL= | |F]?, SRE/— F3 — pFV]F*.
/|| e 1 Y]

Here SL and SR are two scalar quantities that can be efficiently calculated using Fast-Fourier Transforms. Since
SL = SR when F and V are solutions of (C.2), one can use instead the modified iterative method

FOo+D) — R (%)a FF3 — pFV]®™ (C.4)

=+ k22 \SR p ’ '
where SL and SR are calculated using F and V at step n and V) is found using Eq. (C.3b). Here « is an arbitrary
constant that is chosen to make the right-hand side of (C.4) have homogeneity zero with respect to F, which is to be
expected to prevent the aforementioned divergence. In our case the right-hand side of (C.4) scales like (SL/SR)* F3 =
F3~2_This observation suggests using « = 3,/2, which, indeed, allows the fixed-point method (C.4) to converge.
The convergence can be monitored using error := |(SL/SR) — 1|, which should approach zero. Typically, 20-40
steps suffice for obtaining error < 108, In addition, when the solution obtained by this method is substituted for
the initial conditions of the NLSM System (4), the NLSM solution is confirmed to be stationary, i.e., its amplitude
remains (approximately) constant for a propagation distance of z = O(10).
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Frequency combs generated by trains of pulses emitted from mode-locked lasers are analyzed when the cen-
ter time and phase of the pulses undergo noise-induced random walk, which broadens the comb lines.
Asymptotic analysis and computation reveal that, when the standard deviation of the center-time jitter of
the nth pulse scales as n”’2, where p is a jitter exponent, the linewidth of the 2th comb line scales as £2?. The
linear-dispersionless (p=1) and pure-soliton (p=3) dynamics in lasers are derived as special cases of this
time-frequency duality relation. In addition, the linewidth induced by phase jitter decreases with power P,

as (Poye) P, © 2006 Optical Society of America
OCIS codes: 190.5530, 140.4050.

Frequency combs are a ubiquitous tool in time and
frequency metrology. They are generated by trains of
evenly spaced pulses, whose spectrum consists of a
comb of oscillators with evenly spaced frequencies, or
comb lines. Advanced ultrafast mode-locked lasers
can generate broad optical frequency combs with un-
precedented stability. This breakthrough has revolu-
tionized the field of frequency metrology, since it al-
lows for bidirectional conversion between high
(optical) and low (radio, microwave) frequencies.!”
However, noise sources in the lasing medium broaden
the comb lines.>* Schawlow and Townes (S-T) de-
rived a formula for the linewidth of cw lasers.’ With
the advent of pulsed mode-locked lasers, quantum-
noise theory developed by Haus and collaborators has
been useful for studying the stability of the ensuing
modes.® Many theoretical studies have since been de-
voted to the understanding of the pulse dynamics
(see Ref. 4 and references therein). It is known that
many physical mechanisms can broaden the comb
lines; see, for example, Takushima et al.® and Kirt-
ner et al.,* who recently studied the linewidth experi-
mentally and theoretically in passively and actively
mode-locked lasers. In this Letter, the pulse’s jitter is
treated as a generalized random walk, from which
the induced linewidth is derived. Asymptotic analysis
reveals that, when the standard deviation of the nth
pulse’s time-jitter scales n?’?, where p is a jitter expo-
nent, the linewidth of the kth comb line scales like
k%P The S-T (linear-dispersionless) and pure-soliton
(nonlinear-dispersive) dynamics are derived as two
special cases of this scaling law. These results have
potential implications for current research in
ultrafast spectroscopy.m’

A mode-locked laser emits an ultrashort pulse each
time the intracavity pulse arrives at the output cou-
pler. The spectrum of N successively emitted pulses
is
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Fy D E(t-T,e%ne ' +c.c. p = E(&)S(®) + c.c.,
n=1
(1)
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where E(t-T,)e!%n is the complex, slowly varying
electric-field envelope of the nth pulse, where T, and
¢, are the arrival time and overall phase of the nth
pulse, respectively, and w, is the carrier frequency;
we define w=w-w,, c.c. stands for the complex con-
jugate, @ =Fu]=Ju(t)e’dt denotes the Fourier
transform, E(E)) is the single-pulse spectrum, and the
comb function is
N
S((T)) — E el OTntidy,

n=1

(2)

In the absence of noise, the time between successive
pulses is Tyep=T,,1—T,; the repetition frequency is
wyep=27/T\ep; and the pulse-to-pulse (overall) phase
change is A¢=¢,,1—¢,, which is related to the
carrier-envelope phase change, A¢cr, as Ap=Adcg
+®.Tyep. Therefore apart from absolute time and
phase offsets, T),=nT\e,, ¢,=nA¢, and the measure-
ment time is NT,¢p. In the limit of an infinite number
of pulses, the comb function approaches the ideal fre-
quency comb (see Fig. 1), i.e., |S'(Zo)| =3y No-ay)
as N—«, where & w) is the Dirac delta function, and
the kth comb line’s frequency is given by
A¢

a’o == 5 Wrep (3)

E)k=kwrep+ (7)0, o
where @, is the offset frequency and, for convenience,
the comb lines are enumerated around w,.

When noise is considered, let 7, =nT,.,+x and ¢,
=nA¢+y be the center time and phase of the nth

© 2006 Optical Society of America
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Fig. 1. (Color online) Schematic of a pulse train (left) and
its spectrum (right). In the absence of noise, the pulse’s
spectrum determines the bandwidth, while the repetition
time, Tyep=T,.1—T,, and overall phase change, Ap=d,,;
- ¢, determine the comb function [Eqs. (1)—-(3)]. The fre-
quency of the kth comb line (enumerated around w,) is @
=k wyep+ ®,, Where w,e, and @, are the repetition and offset
frequencies. Noise induces a random jitter in the center
time and phase, T, and ¢,, which broadens the comb lines.
The linewidth (wy/ in the inset) is the FWHM of the comb
function [Eq. (2)] around a comb frequency [Eq. (7)].

pulse, respectively, where T\, and A¢ are the aver-
age repetition time and phase change, and x=AT),
and y=A¢, correspond to zero-mean random jitter.
The probability density of the nth center-time and
phase jitter is assumed to be joint Gaussian®:

g,(x,y) = Ae—[1/2(1—rz)][(x/o‘x)z—(2r2xy/Cx,y)+(y/ay)2]’ (4)
where o, and o, are the standard deviations of the
center-time and phase jitter, respectively; the covari-
ance is C, ,=(AT,A¢,)=ro,0,, where r is the correla-
tion coefficient; and A =(270,0,,\1-r?)~1. We consider
pulses that undergo generalized random walks; i.e.,
their center-time and phase jitter satisfy

o2 =c(o7)?nP, C.y=cyomP, 0'3 = cyo2np, (5)

where c,,c,,c,, are O(1) constants, ¢ is nondimen-
sional noise strength, 7is the pulse temporal FWHM,
and p is the jitter exponent. Our analysis holds for all
p=1; however, we focus on two physically special
cases:

Linear-dispersionless dynamics (p=1). This corre-
sponds to cw laser beams, whose dynamics are gov-
erned by a linear-dispersionless wave equation.
Spontaneous emission leads to a random jitter of the
phase of the carrier wave, which, in turn, broadens
the spectrum.’ It can be shown that the phase jitter
is a first integral of the noise along the intracavity
propagation distance, z, which leads to a (standard)
random walk of the phase. Therefore considering a
wave train that is emitted from the laser cavity at ev-
ery z,=nL, for cavity length L, the standard devia-
tion of the phase of the nth wave packet scales as
0y~ \z,~n; ie., Eq. (5) with p=1. We note that this
scaling law has also been found to describe center-
time jitter of certain mode-locked lasers.>*

Pure-soliton dynamics (p=3). Pulse propagation in
mode-locked lasers is described by the master equa-
tion; i.e., a nonlinear Schrodinger equation for the
electric field in the laser cavity that takes gain and
loss mechanisms into account.” In many types of
mode-locked lasers, the dispersion and nonlinear co-
efficients vary along z, generating dispersion and
nonlinear managed solitons.”!® SE occurs in the gain
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medium, e.g., a Ti:sapphire crystal. These models re-
semble soliton propagation in amplified telecommu-
nication fibers, which have been studied extensively.
Based on such models, Gordon and Haus" and Gor-
don and Mollenauer'? showed that the center-time
and phase jitter of solitons scale as z%?; i.e., Eq. (5)
with p=3. This is because the frequency jitter is a
first integral (along z) of the noise, and, therefore, a
standard random walk, whereas nonlinearity and
dispersion cause the center-time and phase jitter to
be integrals of the frequency jitter.

Taking the average of the comb function Eq. (2) as

S(@)=[J8(®)g,(x,y)dxdy, and using Eqgs. (4) and (5),
yields the averaged comb function as
N
@)= S ell@Twgtddn p=(U2)@n?

n=1" geterministic averaged noise

2

(@) = (c,PD° + 20, 7@ + ¢,) 0%, (6)

where e€(@) is dimensionless.

Our goal is to find the linewidth of the 2th comb
line, defined as the FWHM of |S(@)|? around &,. It is
convenient to normalize this linewidth with respect
to wyep, in which case the normalized dwy/(k) satisfies
2

1
S( E)k + Ewrepé(x)l/z)

1_
= §|S(C~’)k)|2- (7)

We first analyze the broadening induced solely by
center-time jitter; i.e., when c,,=c,=0, c,=1, and
e(@)=(or®)%. Recalling that @=w-w,, the averaged
comb function [Eq. (6)] admits the following fre-
quency regimes. Near the carrier frequency, i.e., for
|- w,| <(o7NP"?)~1 [or NPe(@)<1], the broadening is
due only to the finite number of pulses. This gives the
time-measurement-limited (TML) linewidth that
scales like the inverse of the measurement time; i.e.,
w19~ IV Tmp)‘1 (see Fig. 2A). On the other hand, for
|o—w.| > (7)1, the noise-induced exponent in Eq. (6)
is so large that the noise smears out the comb lines.
In between there is an asymptotic frequency regime,
which is characterized by weak noise, i.e., €(®)
=(07@)?<1, and many pulses (or long measurement
time); i.e., NPe(w)>1. These asymptotic conditions
bound the frequency as

W<|w—wc|<;. (8)

Within this range, careful asymptotic analysis of Eq.
(6) reveals that the linewidth scales as Jwqp
~ eP(®). Since @), ~kwye, it follows that the funda-
mental relation between center-time jitter and line-
width is given by

2 2p1,2
0, ~ omP? = Swy ~ (OTWrep) Ipp2p 9)

where n is pulse number and % is comb-line number.
Equation (9) shows that the standard deviation of
center-time jitter and the broadening of the comb
lines have reciprocal exponents. Since %, is enumer-
ated with respect to w,, the broadening Eq. (9) is the



largest at the outer edges of the spectrum. Of par-
ticular interest are the linear-dispersionless (p=1)
and pure-soliton (p=3) dynamics, which yield
S'inear ~ 12 and Swn ~ k3, respectively (see Fig.
2A). To generate Fig. 2, the averaged comb function
[Eq. (6)] is summed in the vicinity of a given comb
line [Eq. (3)], and the FWHM [Eq. (7)] of the resulting
function is calculated to obtain the linewidth of that
comb line. This is repeated for many comb lines to
generate the graphs. It follows that the linear-
dispersionless linewidth increases parabolically
around ., whereas the soliton linewidth increases as
(0-w,)?? (see Fig. 2B). We note that Eq. (9) gives the
limiting value of the linewidth for long measurement
time; i.e., after N(w)>|or(w—-w,)|"?P pulses. All sub-
sequent pulses have a negligible effect on the line-
width. Indeed, we verified that the asymptotic line-
width in Fig. 2 is almost the same with 10% and 10*
pulses.

Returning to the averaged comb function [Eq. (6)],
for pure phase jitter, c,=c,,=0, and e=cyo2 is inde-
pendent of w. Thus phase jitter causes all the comb
lines to drift together, maintaining their relative
spacing. Using similar analysis as above yields
Swye~ 0P, when N P2<¢g<1. Since o2 scales as the
ratio of lasing-threshold power, Py, to mode power,
P,., the fundamental relation between phase jitter
and linewidth is given by

Py, Py, \ P
0’2~P—np=>5w1/2~(— .

(10)
7 Pout

out

For p=1 the well-known S-T scaling law is recov-
ered, i.e., 5w§,‘2T~ (P,.)"t, whereas for solitons we ob-
tain that wS% ~ (Pyyy) ™2 Since Poy; > Py, this sug-
gests that phase-jitter broadening is more sensitive

A
10° o
on: O X
B0, | soliton: 22
107 X -
<°®\\7:,’
N
-7
T™MLE-=--~ £
10° 10’ 10°
comb line k Hw-w )/(2n)
Fig. 2. (Color online) Relative linewidth [i.e., Eq. (7)] in-

duced solely by center-time jitter [i.e., Eq. (6) with c,,=c,
=0 and c,=1] with w,,=27[GHz], ®,=0, pulse width =
=100 fs, N=10* pulses, and noise strength o=1. A, Log-log
plot, where £=0 corresponds to w.. Within the asymptotic
regime [Eq. (8)], the linewidths computed for the linear dis-
persionless (p=1, dashes) and pure-soliton (p=3, solid) dy-
namics obey the scaling law [Eq. (9)]; i.e., they fit the power
laws S0 R ~£20 and Swim~ k067, respectively. Near
the center frequency for p=1, the TML linewidth scales as
1/N. B, Same as A using normalized absolute frequency.
The linear-dispersionless and soliton linewidths increase
as (w-w,)? and (w-w,)?3, respectively. For reference, a
single-pulse spectrum with a dimensional FWHM of
1/(107) is depicted.
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to power changes with soliton dynamics than with
linear-dispersionless dynamics.

When both center-time and phase jitter are consid-
ered, it follows from the comb function [Eq. (6)] that
the contribution from center-time jitter dominates at
the outer edges of the spectrum, i.e., when |w-w,]
>1/7; the phase-jitter contribution dominates near
w,, i.e., when |w—w,| <1/7; while center-time, phase,
and cross-correlation jitter can have comparable ef-
fects when |w—w,|=1/7.

In summary, the broadening induced by center-
time jitter of linear-dispersionless waves increases
parabolically around the center frequency, whereas
for solitons, it grows as (w—w,)%3. In general, the
center-time jitter and linewidth have reciprocal expo-
nents. This result can be understood as a noise-
induced manifestation of time-frequency duality. In
addition, phase jitter induces a linewidth that scales
like P77, which yields a P;1/3 scaling law for solitons.
We remark that due to the wide range of operating
regimes of mode-locked lasers,>*® one should not rule
out any value of the jitter exponent from consider-
ation. In addition, technical noise could change the
carrier-envelope phase (instead of the overall phase),
which would call for a different choice of random
variables.
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with C. R. Menyuk. This research was partially sup-
ported by the U.S. Air Force Office of Scientific Re-
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Solitonsin two-dimensional lattices possessing defects, dislocations and quasicrystal structures
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Localized nonlinear modes, or solitons, are obtained for the two-dimensional nonlinear Schrédinger equation
with various external potentials that possess large variations from periodicity, i.e., vacancy defects, edge dislo-
cations, and quasicrystal structure. The solitons are obtained by employing a spectral fixed-point computational
scheme. Investigation of soliton evolution by direct numerical simulations shows that irregular-lattice solitons

can be stable, unstable or undergo collapse.

PACS numbers: 05.45.Yv: Solitons; 63.20.Pw: Localized modes in Lattices; 61.44.Br: Quasicrsytals; 42.65.Tg: Optical

solitons; nonlinear guided waves

Solitons are localized nonlinear waves that occur in many
branches of physics and their properties have provided a deep
and fundamental understanding of complex nonlinear sys-
tems. In recent years there has been considerable interest in
the study of solitons in systems with periodic potentials or
lattices, in particular those that can be generated in nonlinear
optical materials. [1-5] In periodic lattices, solitons can form
when their propagation constant, or eigenvalue, lies within
certain regions, often called gaps, a concept that is borrowed
from Floquet-Bloch theory for linear propagation. However,
the external potential of complex systems can be much more
general and physically richer than a periodic lattice. For ex-
ample, atomic crystals can possess various irregularities, such
as defects and edge dislocations, as well as quasicrystal struc-
tures, which have long-range orientational order but no trans-
lational symmetry [6, 7]. In general, when the lattice’s peri-
odicity is slightly perturbed, the band-gap structure and soli-
ton properties become slightly perturbed as well, but other-
wise solitons are expected to exist in much the same way as
in the perfectly periodic case [8, 9]. However, the existence
and properties of multidimensional solitons when the exter-
nal potential possesses large variations from periodicity has
remained largely unexplored.

In this Letter, we find two-dimensional (2D) solitons in lat-
tices possessing vacancy defects, edge-dislocations, and qua-
sicrystal structures. This is achieved using a fixed-point spec-
tral method for computing the ground-states of the underly-
ing Nonlinear Schrodinger (NLS) equation. A comparative
study of the power-eigenvalue dependence leads to important
observations regarding soliton power, gap edge and stability
properties. Evolution is investigated by direct numerical sim-
ulations, showing that slightly-perturbed solitary waves in ir-
regular lattices can either undergo small or large amplitude
oscillations or collapse. We note that the physical proper-
ties of optically generated quasicrystal potentials have gen-
erated significant interest and that vortex waves have recently
been employed in the generation of localized defects within
optical lattices [10, 11]. Our results also have application to
photonic band-gap systems, wherein novel experimental tech-
niques have recently been used to fabricate irregular lattice
structures [11-14].

We study the nonlinear system governed by the focusing
(2+1)D NLS equation (in nondimensional units) with an ex-
ternal potential,

iy + Au A+ |u)®u — V(z,y)u=0. (1)

In optics, u(z,y, z) corresponds to a complex-valued slowly-
varying amplitude of the electric field in the (x,y) plane that
is propagating along the z direction, Au = wuyy + uy, COI-
responds to diffraction, the cubic term in w« originates from
the nonlinear (Kerr) change in the refractive index, and the
potential V' (z,y) corresponds to a modulation of the linear
refractive index of the medium. Equation (1) also governs
the dynamics of certain Bose-Einstein Condensates (BEC),
where u(x,y, z) represents the wave function of the mean-
field atomic condensate that is trapped in a potential [15].

We look for localized solutions of Eq. (1) in the form
u(x,y,2) = f(x,y) e~*=, where y is the propagation con-
stant (or eigenvalue) and f(x,y) is a real-valued localized
function that, following Eq. (1), satisfies the nonlinear eigen-
equation

Af+ [+ IfP = V()] f=0. O]

In this study we consider potentials that can be written as the
intensity of a sum of IV phase-modulated plane waves, i.e.,

N-1 2

E eiﬁn-F+i0,1(x,y)

n=0

Viz,y) = 20

—

where V5 > 0 is constant, ¥ = (z,vy), k, is a wavevector,
0. (x,y) is a phase function through which irregularities are
introduced, and the normalization by N2 gives that V; is the
potential’s peak-depth, i.e., V) = max, , V(x,y). Such 2D
potentials can be physically realized in optics by interference
of plane waves and phase functions [11]. In some situations,
they are invariant in the third dimension [16]. For example,
these phase functions can be composed from different config-
urations of vortices [17], which, in turn, can be created using
computer-generated holograms [11].

In order to solve Eq. (2), we use a fixed point spectral com-
putational method [18], as explained below. Applying the



Fourier transform of to Eq. (2) and adding and subtracting a
term r4, where r > 0 is constant, leads to

(r+w)f + F{lIfP -

r+ P

V(z,y)lf}

)

fv)=RIf] =

where v = (v, ;) are the Fourier variables, F stands for the
Fourier transform, and the role of the constant r is to avoid a
singularity in the denominator (we use » = 5). A new field
variable is introduced as f(x,y) = Aw(x,y), where A # 0 is
a constant to be determined. The iteration method takes the
form w41 = A, R[/\mwm] m = 0,1,2,... , where \,,
satisfies the assomated algebraic condition

I sz ] it

It has been found that this method prevents the numerical
scheme from diverging. Thus, the soliton is obtained from
a convergent iterative scheme (see also [19] for an alterna-
tive procedure in case there is a well-defined homogeneity).
The initial “starting point”, wq(x,y), is typically chosen to
be a Gaussian. The iterations are stopped when the relative
A;\"“ — 1/ , reaches 10710, We

m
note that convergence is reached quickly, but slows down as
the mode becomes more extended, i.e., as p approaches the
(nonlinear) gap edge. We also note that the convergence of
a similar method has been proven under suitable assumptions
on the potential. [20]

The first case of the potential (3) we study is an irregular
2D square lattice with a vacancy defect [see Figure 1(a)], i.e.,

convergence factor, § =

Vi(z,y) ’2 cos(kp) + 2 cos(kyy) + €@ y)‘

where the phase function 6(z, y) is given by

O(x,y) = tan~! (y — yo) —tan™! (y—!—yo) .
x x

Physically, 6(z, y) corresponds to two first-order phase dislo-
cations displaced in the y-direction by a distance of 2yy. A
vacancy defect can thus be obtained using yo = 7/ K, where
K =k, = k,. Note that the “vacancy” in the origin is created
from a continuous function and that far from the origin the po-
tential (4) is locally a square lattice with period 27/ K. Using
the computational method outlined above, localized modes
(solitons) of Egs. (2) and (4) are found, centered around the
vacancy as shown in Fig. 1(b). In certain respects, they resem-
ble solitons centered around a minimum of a periodic square
lattice. In further investigations, it is found that as the soliton’s
center is moved farther from the vacancy, its profile and band-
gap structure converge to those of the corresponding periodic
lattice [i.e., Eq. (4) with 6(z,y) = 0].

In a similar manner, a lattice with an edge dislocation, anal-
ogous to those that can be found in atomic crystals [7, 11], can
be obtained from Eq. (3) using

V(z,y) = ;/—g{Z coslkyx + 0(x, y)] + 2 cos(kyy) + 132 (5)
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FIG. 1: (Color online) (a) Contour image of a lattice with a vacancy
defect, i.e., Eq. (4) with K = k, = k, = 27 and Vp = 12.5. Spots
correspond to local maxima. (b) Contour plot of the soliton with
© = 0.5 superimposed on the lattice. For visibility, only a small
portion of the [—10, 10]?> computational domain is presented.

with the phase-dislocation function 6(z,y) = 32 —

tan—! (£) . Figure 2(a) shows that this dislocation is unlike
a point defect, insofar as the density of lattice sites changes
vertically across the lattice. Despite this strong irregularity,
solitons are found to exist in the vicinity of the phase dislo-
cation. Figure 2(b) shows that the soliton has an asymmetric
shape. The soliton’s center is situated above the phase dislo-
cation, in between neighboring local maxima of the lattice. In
this respect, it is like a soliton on a lattice minimum. It should
be noted that the starting point of the computational method
is around the origin and, during the iterations, the solution
moves upward along the y axis, until convergence is reached.

FIG. 2: (Color online) Same as Fig. 1 for a lattice with an edge dis-
location [Eq. (5)], using the same lattice parameters and 1 = 0.5 as
in Fig. 1. The soliton’s peak is located at (0, 0.68).

Next we investigate solitons on quasicrystal lattices. Such
lattices appear naturally in certain molecules [6, 7], have been
investigated in optics [21-23], and studied in BEC [24]. Im-
portantly, Freedman et al. recently predicted and observed
solitons in Penrose quasicrystals, which were generated using
the method of optical induction [25]. In this study, the opti-
cal potential is formed by the far-field diffraction pattern of a
mask with point-apertures that are located on the NV vertices



of a regular polygon. The corresponding potential is given by

N—-1 2

E ei(kmm"‘kyy)

n=0

where (k;, ky) = (K cos(2mn/N), K sin(2mn/N)). The po-
tential (6) with N = 2.3, 4,6 yields periodic lattices, which
correspond to the standard 2D crystal structures. All other
values of NV correspond to quasicrystals, which have a local
symmetry around the origin and long-range order, but, un-
like periodic crystals, are not invariant under spatial transla-
tion [26]. Below we focus on the case N = 5 [see Fig. 3(a)],
whose lattice is often referred to as a Penrose quasicrystal.

We find solitons on the Penrose lattice [see Fig. 3(b)], cen-
tered around the origin, which is the global maximum of the
lattice potential. Similar to solitons centered at the maximum
of a periodic square lattice, these Penrose solitons have a dim-
ple (see Fig. 4). Further investigations reveal that Penrose
solitons centered around local minima do not have a dimple,
similar to their periodic-lattice counterparts.

Vo

Vi(z,y) = N2

(6)

FIG. 3: (Color online) Same as Fig. 1 for a Penrose lattice [Eq. (6)
with N = 5] and corresponding soliton centered around the center
(maximum), using the same lattice parameters and p = 0.5 as in
Fig. 1.

(a) (b)
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FIG. 4: (Color online) Similar to solitons on the maxima of periodic
lattices, Penrose solitons can have a dimple, which becomes more
pronounced for large values of p, i.e., near the gap edge. (A) Cross-
section along the y axis of a Penrose soliton (6u?(z, 0), solid) with
= 2, superimposed on the underlying lattice (dashes). (B) 3D view
of a soliton’s intensity showing the dimple.

It is noteworthy that in the limit of waves impinging from
all directions (i.e., N — oo) the quasicrystal lattice (6)

approaches the Bessel lattice, i.e., limy oo Viz,y; N) =
VoJZ(Kr), in which solitons have recently been studied
(cf. [27]). In fact, as IV increases, at any given radius the
angular distance between the lattice maxima (and minima) de-
creases and the limiting Bessel lattice has continuous rings of
maxima.

We note that some of the previous studies of Penrose lat-
tices considered a different definition of the lattice, whereby
cylinders of Kerr material were located at vertices of a (vir-
tual) Penrose tile surrounded by air [21-23, 28, 29]. In con-
trast, the medium considered here is homogeneous, with a
constant Kerr coefficient and continuous modulation of the
linear refractive index (6).

To compare the different lattice solitons, in Fig. 5 we plot
the soliton power, P = [ |u|? dzdy, as a function of eigen-
value p, for all the lattices studied above as well as for
the corresponding periodic square-lattice [i.e., Eq. (4) with
O(x,y) = 0] centered around either local minima and max-
ima. We remark that all the above lattices share a common
peak-depth, V, = 12.5, as well as periodicity far from the ir-
regularity, K = 2m, where, for the Penrose lattice, K can be
thought of as a “local” wavenumber [see Eq. (6)].

We define the first nonlinear gap edge, fimax, as the mini-
mal eigenvalue beyond which the numerical method does not
converge to a localized state. The comparison shows that all
the lattices above have a semi-infinite gap, i.e., the numeri-
cal method converges to a localized state when i < pmax,
for some lattice-dependent p.x. When the eigenvalue ex-
ceeds pmax, the numerical method typically converges to
an extended state (but see below for exceptions). In addi-
tion, the comparison reveals that (see Fig. 5): (i) The power
of vacancy-defect, edge-dislocation, and Penrose-quasicrystal
lattice solitons is lower than their periodic counterparts for a
considerable range of eigenvalues. In particular, of all the lat-
tices studied here, the lowest power is obtained for vacancy
and edge dislocation solitons. (ii) A vacancy defect has lit-
tle effect on the gap size (umax = 2), but it significantly
reduces the power threshold, i.e., the minimal soliton power
throughout the gap. However, it is noteworthy that the power
threshold is positive for all these potentials, i.e., the irregular-
ities do not allow the formation of linear (zero-power) modes
within the gap. (iii) An edge-dislocation reduces the gap size
(note: pmax = 0.95), whereas, (iv) a Penrose soliton has a
slightly larger gap size (umax ~ 2.2) compared to a solitons
on a periodic square lattice. However, solitons on the maxima
of periodic-square and Penrose lattices have a similar power
behavior, which is a somewhat unexpected result, since these
lattices have a very different structure.

A striking observation in Fig. 5 is that the gap edge with
an edge-dislocation occurs at 0.9 < fimax < 0.95, which is
considerably smaller than for the other lattices. In fact, during
the computation, an interesting phenomenon occurs as g is in-
creased. When p = 0.9, a reliable convergence (§ = 10710)
is reached and, in this case, the solution is between the lo-
cal maxima shown in Fig. 2(b). When p = 0.95, the solu-
tion initially converges at the same location (with § = 10~°).
However, this “convergence” is misleading, since with further
iterations the solution moves upward along the y axis, “slid-



ing” up in between two local maxima and eventually converg-
ing (with 6 = 10719) in between the four local maxima that
are one lattice cell above the edge dislocation. The resulting
soliton is therefore similar to one on a periodic square lattice,
insofar as the nearest four lattice maxima are approximately
symmetric and equi-spaced. In fact, further investigations re-
veal that for 0.95 < p < 2 the soliton remains one lattice cell
above the dislocation and its power-eigenvalue dependence is
very similar to that of on a periodic lattice. Thus, the edge-
dislocation clearly shrinks the size of the nonlinear gap.

EEme=z 2T ord, gn min

FIG. 5: (Color online) Soliton power as a function of eigenvalue
within the semi-infinite band-gap, for the same lattices as in the pre-
vious figures, as well as solitons on the maximum and minimum of
a periodic (“prd”) square lattice. All lattices share a common peak
depth, Vo = 12.5, and background periodicity, K = 2.

The question of soliton evolution under perturbations is im-
portant for applications. To study this, we perform direct com-
putations of Eq. (1) using the various potentials, where the ini-
tial conditions are the soliton with 1% random noise in ampli-
tude and phase. Generically, it is found that: (i) solitons cen-
tered around lattice minima (e.g., of periodic, vacancy, edge-
dislocation and quasicrystal lattices) undergo small-amplitude
oscillations when dP/dyp < 0 and large-amplitude oscilla-
tions when dP/du > 0; (ii) solitons centered around lattice
maxima (e.g., of periodic and quasicrystal lattices) can un-
dergo collapse after finite propagation distance.

In conclusion, the existence of stable 2D solitons is demon-
strated in self-focusing media with irregular lattice poten-
tials possessing vacancy defects, dislocations, and quasicrys-
tal structures. Fig. 5 shows that these Penrose solitons are sim-
ilar to solitons on periodic-lattice maxima; whereas, there are
significant differences between vacancy and edge-dislocations
solitons as compared to their periodic-lattice counterparts.

This work was partially supported by US Air Force under
grant F-49620-03-1-0250.
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DISCRETE SCALAR AND VECTOR
DIFFRACTION-MANAGED NONLINEAR SCHRODINGER
EQUATION

MARK J. ABLOWITZ AND ZIAD H. MUSSLIMANTI

Department of Applied Mathematics, University of Colorado at Boulder
Campus Box 526, Boulder, CO 80309-0526, USA

In this paper, an asymptotic equation is derived from first principles which governs
the propagation of electromagnetic waves in a waveguide array in the presence of
both normal and anomalous diffraction. This is termed diffraction management.
The theory is then extended to the vector case of coupled polarization modes.

1. Introduction

Dynamics of discrete nonlinear systems dates back to the mid fifties when
Fermi, Pasta and Ulam (FPU) studied dynamics of nonlinear springs 1.
Apart from the fact that the work of FPU motivated the discovery of soli-
tons, it also stimulated considerable interest in the study of discrete nonlin-
ear media which possesses self-confined structures (discrete solitary waves).
Such waves are localized modes of nonlinear lattices that form when “dis-
crete diffraction” is balanced by nonlinearity. In physics a soliton usually
denotes a stable localized wave structure, i.e., solitary wave. We shall use
the term soliton in this broader sense (i.e., they do not necessarily interact
elastically). Discrete solitons have been demonstrated to exist in a wide
range of physical systems 27°.
lattices) with on-site cubic nonlinearities, molecular crystals 8, biophysical

For example, atomic chains %7 (discrete

systems ?, electrical lattices 19, and recently in arrays of coupled nonlinear
optical waveguides 112, An array of coupled optical waveguides is a setting
that represents a convenient laboratory for experimental observations.
The first theoretical prediction of discrete solitons in an optical waveg-
uide array was reported by Christodoulides and Joseph '3. Later, many
theoretical studies of discrete solitons in a waveguide array reported switch-
ing, steering and other collision properties of these solitons 14~ (see also
the review papers 2%21). In all of the above cases, the localized modes are
solutions of the well known discrete nonlinear Schrodinger (DNLS) equa-

1



tion which describes beam propagation in Kerr nonlinear media (according
to coupled mode theory). Discrete bright and dark solitons have also been
found in quadratic media 22, in some cases, their properties differ from their
Kerr counterparts 23,

In fact, the DNLS equation (and its “cousins” such as diffraction man-
aged DNLS or DNLS with a potential such as discrete BEC) is “asymptot-
ically universal”. Namely it is the discrete equation which emerges from
either a weakly nonlinear Helmholtz equation with a suitable “potential”
or a weakly nonlinear continuous NLS equation with a suitable potential
where the following terms are in balance:

i) slow variation in either distance (waveguide array) or time (for
BEC);

ii) linear terms induced by a potential which can be viewed as asymp-
totically separated localized potentials (sometimes called the “tight
binding approximation” );

iii) nonlinearity.

It took almost a decade until self-trapping of light in discrete nonlinear
waveguide array was experimentally observed (Eisenberg et. al. 11:12),
When a low intensity beam is injected into one or a few waveguides, the
propagating field spreads over the adjacent waveguides hence experiencing
discrete diffraction. However, at sufficiently high power, the beam self-traps
to form a localized state (a soliton) in the center waveguides. Subsequently,
many interesting properties of nonlinear lattices and discrete solitons were
reported. For example the experimental observation of linear and nonlinear
Bloch oscillations in: AlGaAs waveguides 24, polymer waveguides 2° and
in an array of curved optical waveguides 26. Discrete systems have unique
properties that are absent in continuous media such as the possibility of
producing anomalous diffraction 27. Hence, self-focusing and defocusing
processes can be achieved in the same medium (structure) and wavelength.
This also leads to the possibility of observing discrete dark solitons in self-
focusing Kerr media 28. The recent experimental observations of discrete
solitons ' and diffraction management 27 have motivated further interest
in discrete solitons in nonlinear lattices. This includes the newly proposed
model of discrete diffraction managed nonlinear Schrédinger equation 29-30
whose width and peak amplitude vary periodically; optical spatial solitons
31-33 and the possibility of creating discrete
solitons in Bose-Einstein condensation 34. Also, recently, it was shown
that discrete solitons in two-dimensional networks of nonlinear waveguides
can be used to realize intelligent functional operations such as blocking,

in nonlinear photonic crystals



routing, logic functions and time gating 3°~38. In addition, spatiotemporal
discrete solitons have been recently suggested in nonlinear chains of coupled
microcavities embedded in photonic crystal structures 3. Additional useful
references could be found in 49—56,

In this paper, an asymptotic equation is derived from first principles
which governs the propagation of electromagnetic waves in a waveguide
array in the presence of both normal and anomalous diffraction. This is re-
lated to the second model discussed above, i.e., diffraction managed DNLS
equation. The theory is then extended to the vector case of coupled polar-

ization modes.

2. Linear and Nonlinear Propagation

If the full width at half maximum (FWHM), 7, of the optical field is small
compared to the distance, d, between adjacent waveguides, then the propa-
gating beams across each single waveguide do not “feel” each other. There-
fore, the amplitude of each beam evolves independently according to the
linear wave equation:
d*yo
da?
where kg is the wavenumber of the optical field in vacuum; f2 is the refrac-
tive index of a single waveguide and )¢ is the lowest eigenvalue (propagation
constant) that corresponds to the ground state 1y (a bell shape eigenfunc-
tion). In this respect we have assumed that a single waveguide supports
only a single mode. The more intricate situation of multimode waveguide
is also possible in which case \g — A; and ¥y — 9; where j is the num-
ber of modes occupied by a single waveguide. On the other hand when
7 is on the order of d or larger, then there is significant overlap between
modes of adjacent waveguides. In either case, the beam’s amplitude is not
constant in z anymore. Moreover, when the intensity of the incident beam
is sufficiently high then the refractive index of the medium will depend on
the intensity, which for Kerr media is proportional to the intensity. In this
case, the evolution of the total field’s amplitude ¥ follows from Maxwell

+ | £3() = AF|wo = 0, (2.1)

equations
0? 0?

where f2(z) represents the refractive index of the entire structure and § is
a small parameter to be determined later. If the overlap between adjacent
modes is “small”, which is valid in the regime p = 7/d < 1, we expect



the power exchange to be slow. By introducing a slow scale Z = ez (e is
a small parameter to be determined later) we approximate the solution to
Eq. (2.2) as a multiscale perturbation series:

+oo
U= )" En(Z2)tm(@)exp(—iro2) . (2:3)
In this notation, ¥, (x) = ¥o(z —md) and f2 (z) = fZ(x —md). Substitut-
ing the ansatz (2.3) into Eq. (2.2), we find

+oo
, OE,, O?E,, d*Yp,
> [-maxowmaz + %y, 577+ ( d;ﬂ + kg f2hm — Agwm) E,,

+ 0 EmBoy By thm by Vi | €707 =0 (2.4)

Using Eq. (2.1) in the above equation, multiplying Eq. (2.4) by ¥ exp(iAgz)
and integrating over z yields the following

+00 2 +o00 —+00
E E
§ [(—2@08 UL 528 ’”) / Az, + kSEm/ dx A f2 i

e 0z 072 ) J_
“+oo
+6 Y EnEnE}. Az b | =0 . (2.5)

m’,m’’

Here, Af2 = f? — f2 which measures the deviation of the total re-
fractive index from each individual waveguide. As mentioned earlier, the
overlap integral between adjacent waveguides is an important measure in
determining the dynamic evolution of the modes. With this in mind, we
shall assume that the overlap integrals appearing in Eq. (2.5) can be ap-
proximated by

[ demt, = ane® | [ deAf2 | = coe

fdfo%wm¢1*nil = C1€ .

In order to understand the idea behind this scaling, we will assume that
the mode at waveguide m can be modeled by

(2.6)

m(x) = sechk(z — md) , (2.7)

where k = 1/7; 7 is the FWHM. The reason for this choice is only to
simplify the analysis. In fact, the real modes of a step index waveguide has
exponential behavior which is close to a sech like mode. Other choices of



eigen-functions with different exponential decay are possible, e.g., ¥, (x) =
exp|—(x — md)?/72] but the basic ordering mechanism remains the same.
A straightforward calculation shows that

+oo
/ Az = ce~In—ml/p , (2.8)

—00
with ¢ being a constant of order one. Since p < 1, then the choice ¢ =
exp(—1/p) provides a measure for the order of magnitude for the overlap
integral. Restricting the sum in Eq. (2.5) to nearest neighbors i.e., m =
n,n = 1 (which contribute to the order € equation) and assuming that the
only order 1 contribution comes from the nonlinear term is when m =n =

—+oo
/ dfﬂ|¢n|4 = 9gnl

— 00

m’ = m' and that

we find that to O(e) the nonlinear evolution of F,, is given by
. OF
—ZZAOaOTZn + k%coEn + k§c1(En+1 +E, 1)+ gnl\En|2En =0, (29)
where we have taken § = ¢ to ensure maximal balance. By defining new
variables Z = Z/(2\oao), kic1 = C, E,, = E exp(—ik3coZ) we find that E,
satisfies (dropping the tilde)

ok,
i+ C(Eni1+ En_1) + gulEn?E, =0. (2.10)
To put the DNLS equation in dimensionless form, we define
E, = \/Pi¢,exp(2iCz) , 2 =2z/zn (2.11)

with P, and z,; being the characteristic power and z,; the nonlinear length
scale. Then ¢,, satisfies

dé¢, 1
P9 g (6ner + Dur —260) + 16060 =0, (2.12)

with 2,;C = 1/h? and z, = 1/(gnP:). In the DNLS equation there are
two important length scales: the diffraction and nonlinear length scales
respectively defined by Lp ~ 1/C and z,; = 1/(gni Px). Solitons which are
self-confined and invariant structures are expected to form when Lp ~ z,;.

3. Asymptotic Theory for Diffraction Management
3.1. Renormalization

We have seen in the preceding section how can we build, based on physical
heuristic arguments, a model that incorporate both normal and anomalous



diffraction. The key idea in formulating a model of diffraction manage-
ment, is to use a cascade of different segments of waveguide, each piece
being tilted by an angle zero and  respectively. Here, we give a deriva-
tion of the model, in the scalar case, based on asymptotic theory. Two
approaches are given. The first is based on perturbation expansion using
a renormalized eigen-mode of each single waveguide, whereas in the second
we expand around eigenfunction of an untilted waveguide. It is clear that
each single waveguide is not stationary. As a result, the evolution of the
beam’s amplitude in the linear approximation is governed by
Rl U+ REAX)T =0, X=z-2 " oziz . (313
(322 5332) 0 =Y =7 E/0 (2" , (3.13)
where as before, Z = ¢z; « is a small parameter to be determined later and
D(Z) is a piecewise constant periodic function that measures the local value
of diffraction. When the waveguides are well separated then the dynamics
of each mode v, in waveguide f2 is decoupled and is given by

(azDQ(Z) + 1) d;;?g“ + (kgffn(x) - Ag)zpm —0. (3.14)

However when the waveguides are at close proximity, we approximate the

solution to Eq. (3.13) as a multiscale perturbation series:
+oo

U= " En(Z)tm(X)e 0% (3.15)

m=—0oo

Substituting the ansatz (3.15) into Eq. (3.13), we find

+oo
. OE,. O%E,,
Z —215)\01/)m87 + 52¢mﬁ

m=—

n ((a2D2 i 1) P, k2 f2h, — )\(2)’(/Jm> E,

dXx?

, dm OE, i, dD dip,y,
+ 2ZQAODEmd7 — 20[5D87d7 - aEEmd7d7

Using Eq. (3.14) in the above equation, multiplying Eq. (3.16) by
¥ exp(iXoz) and integrating over X yields the following

+o0
. OE,  ,8%E,\ [t .
m; <—215A08Z+a = ) / AX Pt

} e~ = () (3.16)
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Similar to the arguments we presented before, we shall assume that the
overlap integrals follow the scaling given in Egs. (2.6) and that o = O(p).
In close analogy to the calculations given before, we find that for a sech-like
mode [Eq. (2.7)] profile we have

dX =2yt = ZemIn—ml/n 3.18
[ , (3.18)
where b is a constant. Restricting the sum in Eq. (3.17) to nearest neighbors
i.e., m =n,n=+1 and by defining z = Z/(2\ca0), kte1 = C1, 220D = D;
E, = B} exp(—ikdcoZ) we find that E,, satisfies (dropping the tilde)

OE, ) B

’Lg + Cl (En+1 + Enfl) + ’LD(Z) (En+1 - Enfl) =0. (319)

The constant diffraction case, i.e., Eq. (2.10) is recovered when D = 0.
Eq. (3.19) is the general dynamical equation that governs the evolution of

— 00

optical beam in a diffraction-managed linear waveguide array. However,
when the intensity of the incident beam is sufficiently high then the refrac-
tive index of the medium will depend on the intensity which for Kerr media
is proportional to the intensity. Therefore, by following the same procedure
outlined in Sec. 2 we find that the general evolution equation for the optical
field in a diffraction-managed nonlinear waveguide array is governed by

2'88% el (En+1 + En,l) +iD(2) (En+1 — En,l) + gut|En|?E, = 0.(3.20)
In the case of strong diffraction for which max|D(z)| >> |Cy| (recall that
D(z) is a piecewise constant function) and by defining E,, = E,, exp(imn/2),
Eq. (3.20) reduces to
OE,
"oz

+D(2) (E,LJrl + En_l) + gt En2E, = 0. (3.21)

3.2. Direct Approach

In this section, we give a different approach to derive a model for diffrac-
tion management. We approximate the solution to Eq. (3.13) again as a
multiscale perturbation series

—+o0
U= )" En(Z)pm(X)elem =202 (3.22)

m=—0o0

where the the phase ¢,,(z) will be chosen later. Substituting the ansatz
(3.22) into Eq. (3.13), we find

O ilon() o] [2 PPUm 22 5 2
T eflen@n [Ede2 (1+aD)+k0f Evnthm

m=—0oo



+2i (d;D;n )\0> (Ea;—;@[}m aDdX;(nE ) (%— 0>2Em¢m

OE., A, dD di,, d2<pm OEm B

Using Eq. (2.1) and multiplying Eq. (3.23) by ¥ exp[—ip,(z)] and inte-
grating over —oo < X < oo yields the following equation (ignoring the
order €2 term)

+oo

T cilen()mpnte) {Em / AX i

m=—0oo

x[a?D2(003 — KR f2) + KEASE - (d;p;”) + 2%

[E (m(dd‘pm AO)D + 32) + 2eD88Eg’}

/dX—w + 2ie (dd‘pm Ao)aaE;/dxwmw;;} ~0.

Until now the phase factor ¢, is arbitrary. Therefore, we shall choose the
phase in such a way that

d<P7n . d2 Pm :|
+1 722

+oo dQO 2 d(P +oo
212 2 1202 2 _ m\"_ m 2
a“D /_Oo dX(/\O kofm)\wm| [( o ) 20 o }/_OO dX |m|® .(3.24)
Eq. (3.24) implies that
dom 9 dpm\2 4 d>¢.,
o O(a?), ( i ) O(a™), e = O(ag) . (3.25)

The localized nature of the waveguides indicates that ,, is independent of
m, i.e., it is the same for all waveguides. With this scaling in mind and by
taking as before o = O(u), we recover Eq. (3.19).

4. Asymptotic Theory for Vector Diffraction Management

In this section we present a derivation of the vector diffraction managed
DNLS equation starting from the nonlinear vector Helmholtz equations
(which is obtained from Maxwell’s equations). The propagation of an in-
tense laser beam in a Kerr medium is described by the vector Helmholtz
equations:

0x? 922
The nonlinear polarization Py, can be expressed in terms of the electric
field as

2 2
(6 + 8) E+ 5V(V PNL) + k5 f*(2)E + 6PN = 0. (4.26)

Py = (E-EY)E+~(E-E)E*, (4.27)



where « is a constant related to the third order nonlinear susceptibility °°
Since we are interested in interaction between two coupled laser beams,
we shall assume that each one is initially linearly polarized and mutually
orthogonal, i.e.,

E(z,2) =& (z, 2)x + E(x, 2)y + E3(2,2)2 . (4.28)
In this case, the nonlinear polarization takes the form
Pai = Pk + Py + PYa (4.29)
where
P = ((L+IEP + (&) € + €367 +7E2ET | (4.30)
P = (&2 + (1 + 7)) & + €285 + €385 (4.31)
PG = (16112 + & + (1 +)IEs2) & + €283 +9€385 . (432)

Substituting the expression for E in Eq. (4.26) and taking into account the
nonlinear polarization, leads to the coupled system:

82 82 82 (1)
(3:52"'3 2)51+5 oz 2 L+ k(2 )51+5P1£11]3=0, (4.33)
62 62
(axz b 2> & + K f2(2)E + 0P =0, (4.34)

0x? 022 0xdz 022
In this work, we are interested in interaction of two mutually orthogonal
beams. However, if we initially assume that & = 0, then the source term
82P1§L /0xdz appearing in Eq. (4.35) will eventually generate a nonzero &
component. In fact, this additional term (due to nonlinear polarization) is
of order . Hence, we are justified in neglecting &3 as compared to £ and
&y. Next we follow the same expansion as mentioned earlier and let

& = :;1020_00 Am(Z)wm(X)eiMoz

&= :T_Lojfoo Bm(Z>¢m(X)e_MOZ ’

where X has been defined in Eq. (3.13). The expansion of the linear terms
is already given in (3.19) with the addition of onsite terms ky4A, and
kwgBr. Therefore, we focus the attention below solely on the nonlinear

2 2 92P 92pB)
(a 0 )53+5 Php 0 NL 4 k212(2)E5 + 6P = 0. (4.35)

(4.36)

terms and in particular give an estimate on the order of magnitude of
92P{Y) /922, Substituting the ansatz (4.36) into Eqs. (4.33) and (4.34);
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multiplying by ¥} exp(iAgz) and integrating over X yields the following
result for the nonlinear terms:
+oo

+o0 .

— 00 mm m// — o0

400
+ Y B;B; A/// AX 5T
_7_]/ j//
+oo

+7 Y BiBrA;, / AX by . (4.37)

L o

+oo

+o0
/ AXPGYre™ = 3" Ay Al B AX Y Vi
— 00

m,m’,m’ >

+oo
+(14+7) Y B;B; B/,/ AX b0

A

53,3757
+oo

+9 Y AdBy [ dXusesiu . (439)
LU,1 —o0
Due to the assumption of widely separated waveguides, the only order one
contribution comes from the nonlinear term when m = m’ = m’” = n. We
therefore find that to O(e) the nonlinear evolution of A, and B, is given
by (taking 6 =€)

(9A "
5' wg ( ) nt1 +C(2)Ana
@A + By BuP) Ay + B2, =0, (4.39)
0B

za—; + kygBn+ C(2)Bpt1 +C*(2)Bp1
+(a2|Bn|? 4 ba| An|?) B + 12 A2BE =0, (4.40)
where the coefficients aq, ao, l~)1, l~)2, 71,72 are given by:
a1 = (1490 + Ynr s b1 =0t + Yot »
= (L+ V)t s b2 =1,

771 = YNni + Ynl » ﬁQ =Y"nl

/+OO dX|"/}n|4 =1Tnt » /+OO X2 <|wn‘ "/}n> =nl -

—00

and
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By rescaling the field amplitudes, ie., A, = A, /vai, B, = B,/Vaz we
find the system (dropping the tilde):

0A,,
0z
OB

i g B +C(2) Buia +C" (2) By +(| Bl 40| An[*) By +12 47 B, = 0.

with b1 = Bl/dQ,bQ = 52/61,771 = 771/&2,772 = 772/&1 ( see also the in-
troduction). Finally, we would like to comment on the FWM term in
Egs. (4.39) and (4.40). In case that k.4 > 1 then by defining new fields
A, = Ay exp(kwgz) and B, = By, exp(kygz) the FWM term BZAY be-
comes B2A,, exp(kygz) which averages to zero due to the rapid variation in
z. Similar arguments hold for A2 B. However, if k,,, is of order one, then
it is necessary to study the effect of FWM on the discrete vector solitons.

1

+kw9An+C(Z)An+1+C*(z)An—1+(|An‘2+b1|Bn‘2)An+nlB2AZ =0,

5. Conclusions

In this paper we have derived and investigated scalar and vector discrete
diffraction managed systems. The proposed vector model describes prop-
agation of two polarization modes interacting in a waveguide array with
Kerr nonlinearity in the presence of varying diffraction. The coupling of
the two fields is described via a cross-phase modulation coefficient.
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Fig. 57 The steady state bistable plane wave characteristic together with “in-resonator”
intensities for various resonator input field intensities
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Fig. 58 Model calculation reproduces the sw1tch1ng of Fig. 10. The shown field struc-
tures are stable

Chapter 9

Nonlinear Waves and (Interesting)
Applications

Mark J. Ablowitz, Toshihiko Hirooka, and Ziad H. Musslimani

Department of Applied Mathematics, University of Colorado at Boulder,
Boulder, Colorado 80309-0526, USA

Abstract. This paper consists of three self contained chapters. They
are a summary of lectures given by MJA in the conference: Dynamic
Summer in Canberra, Australia, January, 2002. The three chapters are:
1. Waves Everywhere

2. Nonlinear Waves in High Bit- R,ate Communications

3. Discrete solitons

1 Waves Everywhere

This chapter begins with a discussion of John Scott Russell’s remarkable
discovery of the “Great Wave of Translation”, which many scientists now
often refer to as a solitary wave or soliton. Many years after Russell’s dis-
covery, Boussinesq and Korteweg-deVries showed that solitary waves could
be obtained from the water wave equations. In recent years researchers
have been able to effectively study a class of nonlinear evolution equations
which admit multi-soliton solutions and a linearization procedure termed
the Inverse Scattering Transform (IST). Some of the types of equations for
which the IST procedure can be applied are discussed.

1.1 Introduction

Waves are of interest to anyone who looks at the sea or even a pond of
water. Many of us have sat beside beach watching waves roll in and even-
tually break as they become “too heavy” to support the relatively smooth
hump of water they once were. John Scott Russell (1808-1882), a Scottish
Naval architect, was intrigued by waves, and was especially concerned about
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whether there were some special wave forms that could help him improve
the design of boats and ships. In 1834 he made a remarkable discovery. He
described it in his “Report on Waves” in 1844 [1]

“I was observing the motion of a boat which was rapidly drawn along
a narrow channel by a pair of horses, when the boat suddenly stopped-not
so the mass of water which it had put into motion; it accumulated round
the prow of the vessel in a state of violent agitation, then suddenly leaving

it behind, rolled forward with great velocity, assuming the form of a large

solitary elevation, a rounded, smooth and well-defined heap of water, which
continued its course along the channel apparently without change of form or
dimuntion of speed. I followed it on horseback, and overtook it still rolling
on at a rate of some eight or nine miles an hour, preserving its original figure
... Its height gradually diminished, and after a chase of one or two miles I
lost it in the windings of the channel. Such in the month of August 1834,
was my first chance interview with that singular and beautiful phenomenon
which I have called the Wave of Translation.”

In his paper, Russell did experiments on these solitary waves, the main
one which he called the Great Wave of Translation. He also called for
mathematicians to study this phenomena:

“ it now remained for the mathematician to predict the discovery after
it had happened...”.

Unfortunately it took many years for this to occur. In 1871 Boussinesq
[2] and later in 1895 Korteweg and deVries [3] showed that solitary waves
indeed resulted from the known equations of water waves. The work of
Korteweg and deVries was devoted to the detailed approximations involving
long waves and small amplitude which led them to the equation:

e 3 2 -
\/Z;E + Nz + 2h77"7=c + h Nz = 0, (1.1)

where 7 is the elevation of the wave, h is the height of the undisturbed
fluid, and g is gravity. Equation (1.1) can be put in dimensionless form by

using: t' = \/ght/6h,z' = (z — \/ght)/h,n = 2hu/3 to find (after dropping
primes for convenience),

Uz + 6ulUg + Uzze = 0. (1.2)

Equation (1.1) or (1.2) is called the Kortweg deVries (KdV) equation It
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is straight forward to verify that KdV has the speciai solitary wave solution,
u(z, ) = 2k%sech’k(z — 4k%t — xo). (1.3)

Between 1895 and 1960 virtually all applications of the KdV equation
and solitary waves were in the area of water waves. It found application
in coastal engineering and from a theoretical point of view held the fasci-
nation of mathematical hydrodynamicists. With the development of more
sophisticated singular perturbation methods, notably the method of multi-
ple scales, the KdV equation was shown to arise in other important fields;
e.g. plasma physics [4], internal waves [5], and as an approximation to
lattice dynamics [6]. Indeed the work of Fermi, Pasta, Ulam in lattice
dynamics motivated Kruskal and Zabusky to computationally study the
KdV equation [7]. From the computations they observed the remarkable
fact that solitary waves interacted elastically. Namely their amplitude and
speed were asymptotically unchanged from before to after an interaction.
Based on this observation they renamed these solitary waves to be soli-
tons. The term soliton has become widely used in science today. Most
researchers now use the term to denote any localized, stable structure (i.e a
solitary wave). When the interaction of solitary waves possess the remark-
able “elastic property” this usually indicates that there is considerably more
mathematical structure that underlies the equations of motion. This was
found to be the case for the Korteweg-deVries equation; in 1967 Gardner
et al [8] showed that the KdV equation could be linearized by using certain
inverse scattering methods, developed earlier by Gel’fand and Levitan [9].

It turned out that the KdV equation was no fluke. In 1972 Zakharov
and Shabat [10] showed that inverse scattering could be applied to linearize
the nonlinear Schrddinger equation

ius + ugzt2\u?u =0, (1.4)

which had already begun to become a well known nonlinear equation (cf.
[11; 12)).

In the 1970’s the method was significantly generalized and shown to ap-
ply to certain classes of interesting nonlinear evolution equations including
the modified KdV equation

ug + 6uug + Uggs =0, (1.5)
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and the sine-Gordon equation
Ugt = SinU. (1.6)

Central to whether one can apply inverse scattering at all is to show that
the nonlinear evolution equation can be written as the compatibility of two
(or possibly more) linear operators. One of the linear operators usually
plays the role of the scattering problem. From a conceptual point of view

the technique was shown to be analogous to the method of Fourier trans-

forms but now applied to certain classes of nonlinear problems where the
direct and inverse Fourier transform are replaced by direct and inverse scat-
tering. The solution contains “N-soliton” solutions, which are connected to
the discrete spectrum of the scattering problem plus a radiation tail which is
due to the continuous spectrum. The method was termed the Inverse Scat-
tering Transform (IST) (cf. [13; 14]). Amongst other results it was shown
* that the long time asymptotic structure could be obtained (cf. [14]) and this
uncovered that there was a deep connection to Painlevé equations (cf. [14;
15)).

Importantly the IST method was applied to other classes of physi-
cally important nonlinear evolution equation. In 1976 Ablowitz and Ladik
showed that the method extended naturally to semi-difference nonlinear
evolution equation. The following integrable semi-discrete NLS equation is
one important case:

iun,t + (un+1 + Up—1 — zun)/h2i|un|2un =0, (17)

where h is the grid size. Clearly Eq. (1.7) reduces to the continuous
NLS equation as h tends to 0 (cf. [14] for a review). It was also found
that there were classes of nonlinear partial difference equation to which
the IST method applied, including examples of integrable doubly-discrete
NLS equation Interestingly, the IST method also applies to certain singular
integral evolution equation such as the Benjamin-Ono equation

ug + 6ulug + (Hugg) =0, (1.8)

where
'
Hu = lf y—(rwdz,,
) -z

(f denotes Cauchy Principal value integral; see [15] for a review of this
work). Indeed equations such as the the KdV equation and Benjamin-
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Ono equation and another equation that “interpolates” between these two,
the so called intermediate long wave equation, all describe long stratified
internal waves with small amplitude, in different parameter regimes. These
equations all have N-soliton solutions, but the Benjamin-Ono equation has
algebraic solitons (of “Lorentzian” form).

In 1980 Osborne and Burch [16] reported on their oceanic observations
near Indonesia of “giant” internal soliton waves some 300 feet in amplitude
and 5000 feet in length. They also showed that the KdV equation was a
good approximation to the dynamics. These solitons are formed because
of the lunar tides. Subsequently many researchers have reported on similar
observations in different ocean locations. Thus solitons are “real, living”
everyday creatures!

It turns out that there are multidimensional nonlinear wave equations
which too are solvable by IST. The paradigm equation two space-one time
(2+1) dimensional equation is the so-called Kadomtsev-Petviashvili equa-
tion [17]

Ugt + (3u2)zz + ua::ca::c:t3uyy =0, (19)

which is derived under similar circumstances as the KdV equation but with
the additional proviso that the waves are slowly varying in the transverse
(i.e. y) direction. This equation also applies to water waves [18], possesses
N-line soliton solutions and, for a choice of sign in (1.9), has lump type
solutions (cf. [14; 15]). In [15] other 241 equations are also discussed
including an integrable 2+1 NLS type equation, often called the Davey-
Stewartson equation.

There is also a four dimensional system that fits into the IST frame-
work, called the self dual Yang-Mills (SDYM) system. The SDYM sys-
tem can be obtained as the compatibility of two linear operators each
of which contains two independent variables. Therefore it is natural to
consider the SDYM system as an equation in “2+2” dimensions. It is

»not natural to consider SDYM as an evolution equation The compati-

bility of SDYM shows that there is significant freedom in the resulting
SDYM system. Namely one may choose the underlying group containing
the dependent variables in a virtually arbitrary manner. With this enor-
mous flexibility, researchers showed that SDYM could be reduced/related
to virtually all the 1+1 (cf. [15]) and 2+1 dimensional [19] PDE’s men-
tioned above plus interesting nonlinear ODE’s, including all six classical
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Painlevé transcendents [20] and other important nonlinear ODE’s which
contain unusual singularity structure, such as the Chazy equation (see [15;
21]).

The first two of the Painlevé equation and the Chazy equation are given

by:
d*w/dz? + 6w? + 2z =0, (1.10a)
d?w/dz? — 2w — 2w® —a =0, (1.10b)
dw/dz® - 2wd?w/dz? + 3(dw/dz)? = 0, (1.10c)

where o i$ an arbitrary constant, and z is a complex variable.

Egs. (1.10a-1.10b) have solutions which are meromorphic in the z-
plane; the location of their poles (double and simple respectively) depends
on initial conditions. The solution of (1.10c) is analytic in the z-plane apart
from a natural boundary of singularities which consists of a circle whose
radius depends on initial conditions. In cases (1.10a~1.10b) the solutions
can be obtained by a modification of the IST procedure, sometimes referred
to as the inverse monodromy transform (cf. [15]). The solutions of (1.10c)
can be obtained by an implicit change of variables (cf. [15; 22]).

In the study of integrable systems, the SDYM system plays the role of a
master “integrable” system from which most, if not all, integrable systems
can be obtained by reduction.

At this time, there are no known physically significant or even reason-
ably simple nonlinear evolution equation in 3+1 dimensions to which the
IST procedure applies. This is a major open problem in the study of the
Inverse Scattering Transform.

1.2  Fully Discrete Waves

It is extremely interesting that nonlinear waves which are “fully” discrete
exist. One well known case is the so called “game of life” developed by J.
Conway [23]. In its simplest form one considers 2 discrete spatial dimensions
plus discrete “time” with the dependent variable z(i, j, t) taking values in
the finite field GF(2); i.e. « has two states 0,1. Usually such finite state
systems are referred to as cellular automata (CA). In the game of life one
associates 0 with a “dead cell” and 1 with a “live cell”. The rule of evolution
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depends on the 8 element neighborhood N of z(3, j,t); i.e. z(i + 1,7 + k,t)
where [, k can be 0,1,~1 but not both 0.

The rule is:

A z(i,j,t+1)=1if

i. z(4,4,t) = 0 and there are exactly 3 living cells in N (i.e we have a
“birth” from N)

or

ii. x(¢,4,t) = 1 and there are 2 or 3 living cells in N (i.e a “living cell
remains lii}ing”) _

B. z(i,j,t+1) = 0if (3, j,¢) = 0 or 1 and there are less than 2 or more
than 3 living cells in N (i.e. “death due to loneliness or overpopulation”)

This simple rule is shown to contain a number of localized structures
including states which are stationary, have periodic oscillation, and states
which move with internal oscillation—i.e solitary waves!

Let us turn our attention to one dimensional cellular automata. The
study of one dimensional cellular automata is covered extensively in the
book by S. Wolfram [24]. Explicit 1-d rules take the form:

(i, t+ 1) = Fla(i — 1,8), ., 8(0, 8), .., 50 + 1, 8)], (1.11)

where the “radius” r is given as are the values z{(i + j,t) for j = —r,...7.
Despite the interesting and varied nature of such 1-d explicit cellular au-
tomata, none of them appear to yield a soliton type solution. However if
we consider a “filter”, or implicit, cellular automata then it turns out that
there is a soliton CA. More precisely, consider the 1-d “filter” automata

z(i,t+1) = Flz(i —r,t + 1), ...,zG — 1,1), (3, t), ..., z(f + 1,8)], (1.12)

supplemented with the additional proviso that we assume all values suffi-
ciently far to the left are zero (i.e we assume “compact support to the left)
and “sweep” left to right to obtain new values.

One such filter automata, termed the parity rule filter automata, was
proposed in [25). It is:

z(i,t+1) = 1 if S;is even and nonzero,

= 0 if S;is odd or zero, (1.13)

where S; = 3 7_o (i +j,t) + 37, o(i — j,t + 1)
This rule is found to have a wide class of particle-like solutions. Some
of these particles are found to interact elastically, hence possess the “strict




376 M. J. Ablowitz, T. Hirooka, and Z. H. Musslimani

soliton property”. In addition the rule can be rewritten in another way
to analytically show “stability” and this particle-soliton property [26], and
cf. [15]. However the rule is not reversible! For example the initial states
of all zeros or the state of one 1.surrounded by all zeroes both evolve to
zero-hence there is no unique predecessor.

Subsequently in [27] it was shown that this rule could be modified to be
reversible . The idea is to write the above rule as a difference equation:

x(z‘,tJr 1) = S; + 6(z(5,t))P; — 1, . (1.14)

where 6(z(i,t)) is 1 if z(¢,t) =0,mod2, 0 otherwise, and P; = o7, 6(z(i +
51t)8(z(é - j,t + 1))
Indeed the reversible rule is found to be:

z(i,t+1)=8;+ P, -1, (1.15)

which clearly is reversible. It possesses a symmetry which says “forward”
evolution corresponds to a left to right sweep, while “backward” evolution
corresponds to a right to left sweep.

The reversible rule has a large class of particle-like solutions including
all previously obtained elastic “reversible” solitons obtained from the parity
rule automata plus many others, including the “elementary particle” of 1
followed by r zeros. This rule can be generalized to be “k-state”, put on
a finite interval and the coefficients of the rule can be easily modified. For
example, the term S; can be taken to be S; = 3°7_ a(i + 5,£)z(i + j,¢) +
i1 a(i—j,t+1)z(i — j,¢t + 1) with a(i,) = 1, the others arbitrary. This
allows us to connect the linear part of (1.15) with linear feedback shift
registers, which have been heavily studied in the literature. This reversible
rule can take data at a given time, transform it via this nonlinear feedback
shift register (NLFSR), to another state, and then one can exactly reverse
the scenario. This situation has been recently discussed in detail in [28].

1.3 Conclusions

In this first chapter, of this three part manuscript, a discussion of a class
of nonlinear wave problems was presented. We began with the famous
observations of John Scott Russell (1834-44) and mentioned the work of
Korteweg and deVries (1895). The “modern” history of the KdV equation
was described including the concept of a soliton and the method of solution
via the inverse scattering transform. While solitons were originally defined
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to have the property of interacting with each other elastically, most sci-
entists today use the term more broadly, and often call a localized, stable
wave structure (i.e. a solitary wave) a soliton. In subsequent sections we
shall use the term soliton in this latter, more general context.

We also mentioned that there were other classes of nonlinear equations
beyond PDE’s in 141 and 2+1 dimensions to which the inverse scatter-
ing transform could be applied. These include certain classes of: semi-
difference, partial difference, singular integral evolution equations and non-
linear ODE’s such as the Painlevé equations. It was mentioned that the
self dual Yang-Mills system occupies a special place in the study of inte-
grable systems. In a sense it is a master system from which many important
integrable systems can be derived.

2 Nonlinear Waves in High Bit-Rate Communications

This chapter describes an unexpected encounter of applied mathematics
(solitons and nonlinear waves) with a state-of-the-art technology (optical
fiber communications). Propagation of optical pulses in fibers in the pres-
ence of dispersion and nonlinearity is governed by the nonlinear Schrédinger
(NLS) equation — an integrable equation which is mentioned in chapter 1
and has been well studied in applied mathematics. The NLS equation has
a special solution called a “soliton”. A soliton is a stable localized pulse
propagating in a dispersive and nonlinear media without change of shape.
This motivates the use of solitons for an information carrier (soliton com-
munications). The most recent transmission systems employ a technique
called “dispersion management” to improve system performance. The idea
and motivation of dispersion management is discussed, and the analyti-
cal tools to study the behavior of dispersion-managed pulses are developed.
Based on a unified analytical framework, two different formats of dispersion-
managed pulses: “dispersion-managed solitons” where nonlinearity balances
dispersion and “quasi-linear pulses” where nonlinearity is managed, are
studied.

2.1 Introduction

Optical fiber communications have made enormous progress in recent years.
Long-haul high-speed transmission over transoceanic distances with total
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capacity in excess of tera (10'2) bits per second has already been achieved.
Behind the success of these achievements, there have been significant tech-
nical advances such as the development of optical amplifiers and extensive
fundamental studies of signal transmission in optical fibers. Indeed, in such
a complex transmission system, signal deformation during propagation due
to various properties of optical fibers such as dispersion and nonlinearity
becomes one of the major limitations to transmission speed and distance.
In order to design a transmission system and optimize system performance,
it is crucial to understand the fundamental physical properties of optical
fibers and investigate carefully their impact on signal transmission.

2.2 Dispersion and Nonlinearity in Optical Fibers

Among the physical properties of optical fibers, group-velocity dispersion
(GVD) and nonlinearity are the main source of signal deformation. (Fiber
loss, which used to be the major limitation, is now overcome by the use of
optical amplifiers.)

GVD is the frequency dependence of the group velocity and originates
from the frequency dependence of the refractive index of the fiber. In
the presence of GVD, different spectral components of an optical pulse
propagate at different group velocities and thus arrive at different times.
This leads to pulse broadening, resulting in signal distortion.

Fiber nonlinearity responsible for signal deformation is the Kerr effect,
where the refractive index changes in proportion to the intensity of the
optical pulse. The Kerr effect brings about an intensity dependent phase
shift and results in spectral broadening during propagation. In the presence
of GVD and Kerr nonlinearity, the refractive index is expressed as

n(w, E) = no(w) + na]E|? | 2.1

where w and E represent the frequency and the electric field of the light-
wave respectively, no corresponds to the linear refractive index, and ny (the
Kerr coefficient) has a value ~ 10722m? /W. Although fiber nonlinearity is
small, the nonlinear effects accumulate over a long distance and can have
a significant impact because of low loss and high 1nten31ty of the lightwave
over a small area of fiber cross section.
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2.8 Nonlinear Schridinger Equation and Optical Solitons

When one transmits information using lightwaves as a carrier, the infor-
mation is usually modulated on the amplitude of the envelope £ of the
lightwave, which is a slowly varying function of the distance along the fiber
Z and time 7. A modulated lightwave E is written as

E(Z,7) = £(Z,7) exp(ikoZ — iwoT) + C.C.. (2.2)

Hasegawa and Tappert [29] derived the equation which describes the evo-
lution of the modulated amplitude £ along the axis of the fiber z. This
can be obtained most conveniently from the dispersion relation k(w, E) =
(w/c)n(w, E) where c is the speed of light. (A detailed approach to derive
it from the Maxwell’s equation by means of the multiple scale method can
be found in [30].)

A Taylor series expansion of k(w, E) around the carrier frequency w =
wp yields

WoTl2

F— ko = K(un)w - wn) + (s —w)? + L2Ep, (23)

where the prime represents the derivative with respect to w. By replacing
k — ko and w — wg by the operators i0/0Z and —id/0T respectively and
letting them operate on £, we have

9c  0E\ KISE .,
—) -2 EI*€ =0, 24
(az”"af) 2 572 T Ve (24)

where v = wna/cAes With Aeg being the (effective) area of the cross section
of the fiber (the factor 1/Aeg is required to take into account the variation
of the field intensity in the cross section). If we introduce a retarded time
coordinate Trey = T — khZ moving at the group velocity 1/ky and normalize
the variables by the characteristic parameters (denoted by the subscript )
t = Toet/Tus 2 = Z/Z4, u = £/+/Ps such that Z, = 1/vP. = 72/|kg|, the
envelope equation can be written as

;21 2 2.5
'Laz Sg (kO atz +|ql q'_ ( )

This is known as the nonlinear Schrédinger (NLS) equation and is special
in the mathematical literature, since the NLS equation can be integrated
by the inverse scattering transform (IST). The NLS equation has a special
solution called a (bright) soliton for ki < 0 [10]. A soliton is a stationary
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and stable pulse, where the stationarity originates from the balance between
dispersion and nonlinearity, and the stability is attributed to the integrabil-
ity of the equation (via IST), allowing special interaction properties. In a
technical context, solitons preserve their shape during propagation in a fiber
even in the presence of dispersion and nonlinearity. Thus using solitons as
an information bit allows us to overcome signal distortion due to dispersion
and nonlinearity. Interestingly, the NLS equation also frequently appears
in a wide variety field of science such as water waves, plasrha physics, and
magnetics (cf. [14]).

2.4 All Optical Soliton Transmission Systems

It took seven years from the theoretical prediction of optical solitons by
Hasegawa and Tappert in 1973 until they were observed experimentally in
optical fibers [31]. Since then, as a result of technical advances in lightwave
systems such as the development of high power semiconductor lasers, fibers
with low loss, and optical fiber amplifiers, there have been a large number of
theoretical and experimental contributions aimed toward the development
of all optical soliton transmission systems. By “all optical” one means
that no optical-to-electrical (O-E) or E-O conversion of signals is employed
in processing signals such as amplification in the middle of transmission.
O-E/E-O conversion requires complicated processes and becomes a major
limitation to transmission speed. The development of optical amplifiers, in
particular, made a remarkable contribution by increasing the transmission
capacity by the use of wavelength division multiplexing (WDM); namely by
allowing the transmission of multiple signals having different wavelengths .

One important theoretical discovery is that the averaged dynamics of
optical pulses in the presence of periodic perturbations such as weak vari-
ation of GVD or non-adiabatic loss and lumped amplification can also be
described within the framework of the NLS equation, as long as the peri-
odicity is short enough. In the presence of GVD variation d(z), loss ' and
periodic lumped amplifiers G(z), the NLS equation is modified as

.0g d(z) 8%q ) .

it et |q|2q-= —il'g + iG(z)q. (2.6)
By introducing a new amplitude u through ¢(z,t) = A(2)u(z,t) where A(z)
satisfies dA/dz = (-T' + G(2))A, we have the perturbed NLS equation of
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the form

Ou  d(z) 8%u
to—+ V55
’ Oz 2 Ot2
where g(z) = A?(z). Hasegawa and Kodama [32] showed that the perturbed
NLS equation with d(z) and g(z) assumed to be O(1) can be reduced to
the standard NLS equation in the lowest order by means of a Lie trans-
formation, where the GVD and nonlinear coefficients are replaced by the
average of d(z) and g(z) respectively over a period. Thus the perturbed
NLS equation (2.7) still supports the NLS equation and soliton solutions
at the leading order in a perturbation theory. They referred to this as the
guiding center soliton. Hereafter we generally refer to the soliton solution
of the NLS equation as a “classical” soliton, when it is either the solution
of the original NLS equation or in the perturbed sense of the guiding center
soliton. '

Soliton based communications also suffers technical difficulties unique
to solitons. One of the most serious problems is the phenomenon referred
to as the Gordon-Haus effect [33]. Gordon-Haus effect is the fluctuation
of the temporal position of the soliton pulse which originates from random
modulation of the carrier frequency of the soliton caused by the interaction
with amplifier noise. The Gordon-Haus effect crucially limits the available
transmission speed and distance in soliton based systems.

The nonlinear interaction between two neighboring solitons in the same
time series also leads to fluctuations of their temporal position, where two
solitons attract or repel each other during' propagation depending on their
relative phase [34]. Moreover, in WDM transmission, solitons in different
wavelengths also suffer from strong interaction [35; 36; 37]. The situation
becomes much worse in the presence of loss and lumped amplification.

Because of these difficulties in soliton transmission, all optical trans-
mission systems in an early stage did not adopt solitons but employed the
non-return-to-zero (NRZ) format. In the NRZ format a continuous wave is
transmitted over the total time slot of successive “1” digits, whereas in the
RZ format including solitons an individual pulse is transmitted for each “1”
digit regardless of the sequence. NRZ pulses were popular in those systems
because their intensity is allowed to be lowered compared with RZ pulses
having the same average power within one bit slot and thus they were con-
sidered to suffer less nonlinearity. It should be noted, however, that the
peak intensity must be enhanced as the bit rate increases and the pulse

+ g(2)|ul*u = 0, (2.7)
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width decreases accordingly, since the average power within one bit slot
must be maintained at a certain level so that the signal is not buried by the
amplifier noise. Thus NRZ pulses also suffer from nonlinearity especially
for high bit-rate transmission. :

The effects of dispersion and nonlinearity in NRZ systems can also be
analyzed in the framework of the perturbed NLS equation (2.7) [38]. The
NLS equation (2.5) or (2.7) is now widely recognized as a fundamental
equation to describe the evolution of optical pulses regardless of the trans-
mission format. Indeed commercial software packages developed recently
to simulate optical signal transmission are, in principle, based on the nu-
merical calculations of the NLS equation. It is not feasible to numerically
simulate Maxwell’s equations over distances over thousands of kilometers.

2.5 Dispersion Management

After numerous of attempts to overcome the limitations mentioned above, a
significant breakthrough for both soliton and non-soliton systems has come
about. It is referred to as dispersion management. In a dispersion-managed
system, the fiber is made up of alternating sections of positive and negative
GVD in such a manner as to create a transmission line with high local GVD
and low average GVD.

Dispersion management was originally proposed as a way to suppress
nonlinear effects in non-soliton transmission. Since the local GVD is made
large, the pulse experiences large broadening. This helps suppress certain
nonlinear effects because of reduced peak intensity associated with large
pulse broadening. At the same time, since the average GVD is close to
zero, the pulse recovers its original shape periodically. Such observations
led to recent successful experimental demonstrations of dense WDM trans-
mission over transoceanic distances [39]. In dispersion-managed systems,
however, nonlinearity is still not entirely avoided, and indeed residual non-
linearity can lead to serious penalties due to nonlinear interactions between
neighboring pulses which are strongly overlapped locally as a result of their
large pulse width broadening. For this reason, such a system is commonly
referred to as “quasi-linear”. Quasi-linear systems and their penalties are
analytically studied in Sections 8 and 9.

Dispersion management is also found to be a powerful scheme for soliton
systems but in a different context. Suzuki et al. [40] proposed the employ-
ment of dispersion management in soliton transmission in order to overcome
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the Gordon-Haus effect. Their motivation was to reduce the Gordon-Haus
effect by compensating for the GVD accumulation periodically by alternat-
ing the sign of GVD. Since the Gordon-Haus effect is proportional to the
accumulated GVD, they expected the Gordon-Haus effect to be reduced by
lowering the average GVD, and indeed demonstrated it experimentally.

It should be noted that an ideal soliton solution does not exist in a
dispersion-managed fiber because of the large variation of GVD. However,
Smith et al. [41] showed numerically that there exists a nonlinear sta-
tionary solution in a dispersion-managed system whose shape is close to
Gaussian rather than hyperbolic secant for classical solitons. Whereas the
pulse width changes locally because of the periodic variation of GVD, their
original shape is recovered exactly at every period even in the presence of
nonlinearity. For this reason, this nonlinear pulse, which is; on average,
stationary, is referred to as a dispersion-managed (DM) soliton.

The DM soliton is found to have enhanced energy compared with the
energy of the classical soliton in a fiber with constant GVD equal to the
average GVD of the dispersion-managed line. The energy enhancement is
a particularly important property, since it allows the suppression of the
Gordon-Haus effect by reducing the average GVD without sacrificing the
degradation of the signal-to-noise ratio (SNR). In classical solitons, on the
other hand, when the GVD is reduced the peak power must be lowered
accordingly in order to maintain the balance between GVD and nonlin-
earity, which leads to the degradation of the SNR. DM solitons and their
properties are analytically studied in Section 7.

2.6 Dispersion Managed Nonlinear Schrédinger Equation

The evolution of optical pulses in dispersion managed systems is also gov-
erned by the perturbed NLS equation (2.7), where d(2) is now given by a
large, rapidly varying function whose sign is alternating periodically. Be-
cause of the large perturbation, the pulse dynamics in dispersion-managed
systems is expected to be completely different from that of the NLS equa-
tion. In this section, we derive a reduced model which describes long scale
pulse dynamics in strongly dispersion-managed systems from the perturbed
NLS equation by introducing multiple scales and thus eliminating fast dy-
namics due to the large and periodically varying GVD [42]. The obtained
equation, referred to as the dispersion managed NLS (DMNLS) equation,
elucidates the role of nonlinearity in dispersion-managed transmission, in-
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dependently of the transmission format (DM soliton or quasi-linear).

In order to model strong dispersion management, we decompose the
GVD d(z) into two parts: a path-average constant &, and the rapidly vary-
ing function A corresponding to local GVD:

d(z) = 6, + f;A(z/za), (2.8)

where 2,(< 1) is the map period. Note that A/z, represents a large vari-

ation about the average due to strong dispersion management and thus
the proportionality factor 1/z, is required in front of A(z/z,) so that both
0, and A are quantities of order one. Since the perturbed NLS equation
with d(z) given by (2.8) contains both slowly and rapidly varying terms,
it is convenient to introduce the fast and slow scales as ( = z/z, and 2
respectively. We also expand the field u in powers of z,:

u(€7 Z, t) = u(O) (C) 2, t) + zau(l) (Cv Z’t) +eee (29)

The perturbed NLS equation is now broken into a series of equations corre-
sponding to the different powers of z,. At the leading order in the expansion
0O(1/z,), we have

Ou®  A(C) 82ul®
“ac T2 a2 =0

(2.10)

namely the evolution of the pulse is determined solely by the large variations
of d(z) about the average, and nonlinearity and residual dispersion represent
only a small perturbation to the linear solution. Eq. (2.10) can be solved
by the Fourier transform

A9(¢,2,0) = 70 = [ " uO(C, 2, 1) exp(—iwt)dt,

-0

and the solution is given by
<
20 ((, z,w) = U(z,w) exp[-iC(Q)w? /2], C(() = /0 A(¢hd¢',  (2.11)

where U (z,w) is the integration constant in terms of ¢ and represents the
slowly evolving amplitude of @#(®), whose exact form is determined from the
higher order in the expansion.
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At the next order in the expansion O(1), we have (in the frequency
domain)

a1 (0
iag(c)_AéC) W@ = —p) p) = iagz __%‘lw2ﬁ(0)+g(z)}'[lu(0)|2u(0)],
(2.12)

which is written in a more convenient form as
i(—% [aﬂ) exp(iCw? /2)] = —PW exp(iCw?/2). (2.13)
In order to remove secularities, namely to avoid resonant growth of u(!)

so that the expansion of u in powers of z, in (2.9) is remained to be well
ordered, we require the following condition:

L .
/ P®M) exp(iCuw?/2)d(¢ = 0. (2.14)
0
This condition yields the following equation for U:
i——'-?w2ﬁ+/°° / r(wiwa)U (2, w+w YU (2, w+we)U* (2, wtw; +ws ) dwy dwe = 0,

(2.15)
where the kernel r(z) = (1/(27)?) fol 9(¢) exp(iC(¢{)x)d¢ represents the

‘structure of GVD profile.
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Let us consider two special cases. First, when there is no loss and
amplification (g(z) = 1), the kernel r(z) of a piecewise constant dispersion
map (see Fig. 1) is given by r(z) = (1/(2n)?) sin sz/sz, where s = [§A; —
(1 — 0)A2]/4 is a measure of dispersion map strength. Secondly, if the
dispersion has no periodic variations (A = 0 and thus s = 0), then r(z) =
1/(27)? and the DMNLS equation reduces to the standard NLS equation,
which was obtained via the guiding center soliton theory [32] when d(2) is
assumed O(1).

2.7 Dispersion Managed Solitons

Special stationary solutions of the DMNLS equation are obtained by look-
ing for solutions of the form U(z,w) = F(w)exp(iA2z/2) which yields the
following nonlinear integral equation for F(w):

(246,02 F(w) = 2 / / r(w1002) F(w-w1 ) F(w-Fw3) F* (w-eon -+ ) duon dusy.

(2.16)
A rapidly convergent procedure to solve this numerically is described in
[43]. The obtained solution is the stationary DM soliton pulses. Some typ-
ical pulses are depicted in Fig. 2. We note that (2.16) contains a parameter
A which characterizes the mode, corresponding to the energy. The main
features of the DM solitons for large s are a Gaussian like center with expo-
nentially decaying and oscillating tails. For small s, the mode approaches
the classical soliton profile. DM solitons have also been found to exist when
the average GVD is zero or even positive, where no (bright) solitons exist
for the standard NLS equation.

The fast scale evolution (i.e., with respect to ¢) can be reconstructed
by multiplying exp(—iCw?/2) with the slowly varying Fourier amplitude
U. When observed in this scale the pulse shape is changing periodically
because of the local GVD variation, whereas the pulse propagates without
changing its shape on a slow scale which is characterized by nonlinearity and
the average dispersion. Thus DM soliton is considered to be a stationary
pulse where nonlinearity balances the average dispersion.

2.8 Quasi-Linear Pulses

The evolution of pulses in the quasi-linear regime (s > 1) can also be
studied based on the DMNLS equation [44]. To analyze the behavior of
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Fig. 2 The shape of the stationary pulses for o = 1, A = 1 and various values of s.

quasi-linear pulses, we assume that U (z,w) depends only weakly on s and
compute an asymptotic expansion of the nonlinear nonlocal term in (2.16)
for s > 1.
When g(z) = 1 (i.e., in a lossless system), we have
U 4,

— — 220 + 9[|URU =0, 2.17
igs — WU+ U] | (2.17)

[o o]

0P = 5 |Gogs = DTG - [ WP -w)|, @18)

where v = 0.57722 is Euler’s constant and f(w) = (1/7) ffzo log || exp(iwt)dt.
Eq. (2.18) can be solved explicitly as

U(z,w) = U(0,w) exp[—id,w?z/2 + i ¥[|U(0,w)|?]2]. (2.19)

From these results, we note the following important observations in terms
of pulse dynamics in the quasi-linear regime. First, nonlinearity is mitigated
by O(log s/s) and vanishes in the limit s — co. In other words, the quasi-
linear system is in the regime where nonlinearity is managed. Secondly,
nonlinearity is responsible only for phase shift ¢y (z,w) = €[|U(0,w)|?]2
in frequency domain, and thus the spectral intensity |U(z,w)| is preserved
during propagation, as opposed to the self-phase modulation in standard
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fibers. Finally we also note that the quasi-linear pulse can be viewed as de-
generate limit of a DM soliton. The DM soliton satisfies the DMNLS equa-
tion with U(z,w) = F(w) exp(iX2z/2), where F(w) is the solution of (2.17)
and can be approximated by a Gaussian F(w) ~ a(X) exp(=B(\)w?/2). A
quasi-linear Gaussian pulse has the same structure but is independent of
the “eigenvalue” A. The quasi-linear pulse can thus be looked at as a limit
A — 0 in DM solitons. Importantly, both types of transmission format can
be described with the same analytical framework.

When g(2) # 1 (i.e., in the presence of loss and amplification), the
kernel r(z) depends not only on s but also on the relative location of the
amplifier within one dispersion map period, and the asymptotic analysis
must be modified accordingly [45]. In all cases, the nonlinearity is again
mitigated by O(logs/s). However, the spectral characteristics of the pulse
evolution depends strongly on the amplifier locations. When the amplifiers
are placed at the locations where the sign of GVD changes, the spectral
intensity is found to be still preserved in the evolution. Otherwise, the
spectral intensity varies as O(1/s) and spectral compression or broadening
is observed.

2.9 Transmission Penalties in Quasi-Linear Systems

We have seen in Section 8 that nonlinearity is mitigated by the factor
O(log s/s) in the quasi-linear regime. This suggests the employment of
strong dispersion management with large map strength s. Indeed disper-
sion management with large s is found to be effective in suppressing cer-
tain nonlinear interactions between pulses in different wavelength in WDM
transmission (cf. [46]).

As s increases, however, different forms of nonlinear interactions take
place and result in the main source of signal deformation [47]. In a strongly
dispersion managed system, quasi-linear pulses in neighboring bit slots in-
. teract with each other because of their large overlap which is as a result of
large pulse width broadening associated with high local GVD. This overlap
induces nonlinear mixing (crosstalk) between pulses such as their frequency
modulation and energy exchange, and leads to the fluctuation of the tem-
poral position and amplitude of the pulses in “1”bits and the generation of
“ghost” pulses in “0” bits [48; 49; 50]. The timing and amplitude jitter and
the ghost pulse growth impose a major limitation to system performance
in the quasi-linear regime with large s.
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Let us analyze the growth of a ghost pulse ¢ generated at the 0th bit slot
by the interplay between the signals u;, 4, and u,, where ug, k =1,m,n
is the signal at the k-th bit [48]. Assuming that » in the perturbed NLS
equation (2.7) is written as the sum of the signals and the ghost pulses
© = Uy + Uy + Up + ¢ and linearizing the equation, we have

Og  d(z)d% _ «
Z-a—Z‘ + TW = g(z) Z Uy U Uy« (220)

I,m,n

We note that the signals which contribute to the growth of ghost pulse at
the Oth bit slot must satisfy the condition —! + m + n = 0; so the sum in
(2.21) is taken for all the possible integers satisfyingl = m+n (e.g. I = —1,
m = —2, n = 1, if there are “1” bits in —2, —1, and 1st slots). We solve
(2.21) by the Fourier transform. After some manipulation [48], we find

4(z,w) exp(iCw?/2) = Py(w)z + (periodic), (2.21)

where Py = (1/20) [5° iF[Y ufumun]g(2) exp(iCw?[2)dz. The first term
on the right-hand side is the dominant cause of the resonant growth of the
ghost pulse. The energy of the ghost pulse increases in proportion to 22:
W (2) = (22/2) [, |Po(w) Pdv.

It should be noted that nonlinear pulse interactions in optical ﬁbers are
analogous to the so called quartet interactions which are responsible for en-
ergy changes between wavetrains in water waves, except for the interchange
between time and distance. The condition ! = m+n necessary for the ghost
pulse to grow resonantly corresponds to the wave number matching con-
dition of the quertet interaction in water waves. The condition that the
amplifier period equals the period of dispersion management corresponds
to the frequency matching condition in quartet resonance.

2.10 Conclusion

We briefly reviewed the history and recent progress in the development of
the mathematical theory of pulse propagation in optical fibers, including
classical solitons, dispersion-managed solitons, and quasi-linear pulse trans-
mission. Nonlinearity plays a crucial role in pulse dynamics of high-bit rate
optical communication systems. The fundamental equation governing pulse
propagation is the perturbed NLS equation. Solitons were originally pro-
posed as a way to combat dispersion by the balance with nonlinearity, but
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today in dispersion-managed systems, dispersion is positively utilized to
manage nonlinearity.

Because of its rich applications and underlying mathematics, engineers,
physicists and applied mathematicians have contributed to the development
of modeling and analysis of high-bit rate optical fiber communications.
We hope this stimulates students and researchers with a wide variety of
backgrounds to study this exciting and interesting scientific field.

3 Discrete Solitons

Localized, stable nonlinear waves, often referred to as solitons, are of broad
interest in mathematics and physics. They are found in both continuous
and discrete media. In this section a unified method is presented which
is used to obtain soliton solutions to both discrete and continuous prob-
lems. In recent experiments discrete solitons were observed in an optical
waveguide array. The fundamental governing system is the discrete nonlin-
ear Schrédinger equation. A suitable modification of this system describes
diffraction managed solitons. Mathematically speaking, in the continuous
limit these solitons reduce to the dispersion managed solitons described in
chapter 2 of this paper.

3.1 Introduction

In physics and applied mathematics certain fundamental equations arise
frequently. One such set of equations are the nonlinear Schrodinger (NLS)
systems-continuous and discrete. NLS equations in continuous media have
been studied since the 1960’s. In 1967[11] it was shown that the NLS
equation (see eq. (2.5)) governs the slowly varying wave amplitude of a
carrier wave in dispersive weakly nonlinear media. In 1972 Zakharov and
Shabat[10] showed that the NLS equation was solvable by the inverse scat-
tering transform (IST). As such they showed that it possesses soliton so-
lutions which have special elastic interaction properties (see also Ref.[14]).
Shortly thereafter, and as mentioned in ch. 2, Hasegawa and Tappert [29]
showed that the NLS equation governs long distance pulse propagation of
nonlinear waves in optical fibers. In 1974 Manakov [51] showed that a
vector extension of the NLS equation was also solvable by IST.

P
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Two well known discretizations of the NLS equation are:

.dun(z 1
jun(z) | = (Ung1 + Uno1 = 2up) + [unffun =0,  (3.1)
o dz h
dun(2) 1

7 dz + ﬁ(unﬂ + Up—q — 2un) + Iun|2(un+1 + un_l)/2 =0, (32)

Eq. (3.1) is often called the discrete nonlinear Schrédinger (DNLS)
equation. It has been found to be a useful model in many applications
(eg biophysics [56], discrete self trapping [57], optical waveguide array [64;
65]). On the other hand eq. (3.2), has been shown to be integrable by the
inverse scattering transform method properly extended to discrete problems
[75]. It too has been useful in the study of physical problems. Like the con-
tinuous problem there is a useful integrable vector extension of eq. (3.2)
(84].

In this section we will concentrate on eq. (3.1) above. The physical
context we shall describe herein is that of coupled optical waveguides which
also is a convenient setting for laboratory experiments.

The first theoretical prediction of discrete solitons in an optical waveg-
uide array was reported by Christodoulides and Joseph[58). Later on, many
theoretical studies of discrete solitons in a waveguide array reported switch-
ing, steering and other collision properties of these solitons[59; 60] (see also
the review paper[61]). In all of the above cases, the localized modes are
solutions of the discrete nonlinear Schrédinger (DNLS) equation which de-
scribes beam propagation in Kerr nonlinear media (according to coupled
mode theory). Discrete bright and dark solitons have also been found in
quadratic media[62]. In some cases, their properties differ from their Kerr
counterparts[63].

It took almost a decade until self-trapping of light in discrete nonlinear
waveguide array was first experimentally observed by Eisenberg et. al.[64;
65). When a low intensity beam is injected into one or a few waveguides, the
propagating field spreads over the adjacent waveguides hence experiencing
discrete diffraction. However, at sufficiently high power, the beam self-traps
to form a localized state (a soliton) in the center waveguides. Subsequently,
many interesting properties of nonlinear lattices and discrete solitons were
reported. For example the experimental observation of linear and nonlinear
Bloch oscillations in: AlGaAs waveguides[66], polymer waveguides[67] and
in an array of curved optical waveguides[68]. Discrete systems have unique
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properties that are absent in continuous media such as the possibility of
producing anomalous diffraction[69]. Hence, self-focusing and defocusing
processes can be achieved in the same medium (structure) and wavelength.
This also leads to the possibility of observing discrete dark solitons in self-
focusing Kerr media[70].

The recent experimental observations of discrete solitons[64] and diffrac-
tion management[69] have motivated further interests in discrete solitons
in nonlinear lattices. This includes the newly proposed model of discrete
diffraction managed nonlinear Schrédinger equation[71] whose width and
peak amplitude vary periodically; optical spatial solitons in nonlinear pho-
tonic crystals[72] and the possibility of creating discrete solitons in Bose-
Einstein condensation[73]. Also, very recently, it was shown, for the first
time, that discrete solitons in two-dimensional networks of nonlinear waveg-
uides can be used to realize intellegent functional operations such as block-
ing, routing, logic functions and time gating[74].

In this section, we introduce the Fourier transform method to ana-
lyze stationary solitons in nonlinear lattices. The essence of the method
is to transform the DNLS equation governing the solitary wave into Fourier
space, where the wave function is smooth, and then deal with a nonlinear
nonlocal integral equation for which we employ a rapidly convergent numer-
ical scheme to find solutions. A key advantage of the method is to transform
a differential-delay equation into an integral equation for which computa-~
tional methods are effective. Mathematically, the method also provides a
foundation upon which an analytic theory describing solitons in nonlinear
lattices can be constructed. We shall consider in this chapter two impor-
tant models: the discrete nonlinear Schrédinger (DNLS) equation and the
diffraction-managed discrete nonlinear Schrodinger (DM-DNLS) equation.
Applying this method to the first model, shows that stationary solitons
can readily be constructed. For the second model, we derive in the limit
of strong diffraction, averaged equations governing the slow dynamics of
the beam’s amplitudes. Stationary solutions (in the form of bright-bright
vector bound state) are obtained.

3.2 Waveguide Array

As mentioned above, an array of coupled optical waveguides is a setting
that represents a convenient laboratory for experimental observations and
theoretical predictions. Such system (see Fig. 3) is typically composed of
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Fig. 3 AlGaAs waveguide structure. It is composed of three layers of AlGaAs material:
a substrate with refractive index ng, a core with higher index (n;) and surface with
index ng. By etching the surface of the waveguide, one forms a periodic structure which
is called a waveguide array.

three layers of AlGaAs material: a substrate with refractive index ng, a

core with higher index (n;) and surface with index ng. By etching the

surface of the waveguide, one forms a periodic structure which is called a
waveguide array. Self-traping of light in the “y” (i.e., vertical) direction
is possible (even in the linear regime) by virtue of the principle of total
internal reflection. On the other hand, the beam can diffract in the “z”
direction unless it is balanced by nonlinearity. In the following we describe
the propagation of light in such a periodic structure both in the linear and
nonlinear regime.

3.3 Linear Propagation: Anomalous Diffraction

If the distance, d, between the waveguides is “large” then the propagating
beams across each single waveguide do not “feel” each other. Therefore, the
amplitude of each beam evolves independently. On the other hand when
d is small then there is an overlap between modes in adjacent waveguides.
As a result, the beam’s amplitude is not constant anymore (see Fig. 4).
Assuming linear coupling between nearest neighbors, the dynamics of
the beam’s amplitude E,(z) at waveguide number n follows from coupled-
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Fig. 4 Cross section of the waveguide array and mode overlap.
mode theory

OE,
0z
where C is the coupling constant between adjacent waveguides which is
given by an overlap integral of the two modes in such waveguides; z is
the propagation distance. To facilitate understanding, we first recall basic
properties of discrete diffraction of a linear array. When a mode of the form

+C(Eny1 + En1) =0, (3.3)

i

E,(2) = Aexpli(k,z — nk,d)], (3.4)
is inserted into Eq. (3.3) it yields the following diffraction relation
k. = 2C cos(k.d) . (3.5)

In close analogy to the definition of dispersion, discrete diffraction is given

by k! = —2Cd? cos(k,d). We consider |k;d| < 7. In that region, the diffrac-

tion is normal for wavenumbers k, satisfying —7/2 < k.d < 7/2 (k) < 0)
and is anomalous in-the range /2 < |kyd| < 7. Moreover, contrary to
the bulk case, diffraction can even vanish when k,d = £7/2. In practice,
the sign and value of the diffraction can be controlled and manipulated by
launching light at a particular angle or equivalently by tilting the waveguide
array. This in turn allows the possibility of achieving a “self-defocusing”
(with positive Kerr coefficient) regime which leads to the formation of dis-
crete dark solitons[70]. To understand more about diffraction management
we consider three typical cases for which light enters the central waveguide
array at different angles, say, kyd = 0,7/2 and w. When k,d = 0 then light
tunnels between adjacent waveguides giving rise to discrete diffraction. The
phase front in this case has a concave (negative) curvature. On the other
hand, if k,d = 7, then diffusion of light still occurs but this time the phase
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front has convex (positive) curvature. Finally, at k,d = w/2, diffraction
vanishes (even though light can couple to different waveguides) and in the
absence of any higher order diffraction the phase front looks almost flat
(see Fig. 5).

Phase Front
B: Vanishing Diffraction

A

A
VARV, ==

kd
x

Phase Front

Phase Front

A: Normal Diffraction on

' C: Anomalous Diffracti
— ——
=) =

Fig. 5 Diffraction relation (top left) showing three typical examples of diffraction: (A)
Normal in which the phase front is concave, (B) vanishing diffraction in which the phase
front is flat, (C) anomalous diffraction with convex phase front.

3.4 The Discrete Nonlinear Schrodinger Equation

In the preceding section, we addressed the physical manifestation of prop-
agation of light in a discrete linear medium. However, when the intensity
of the incident beam is suffeciently high then the refractive index of the
medium will depend on the intensity. The equation which governs the evo-
lution of the electric field E,,, according to nonlinear coupled mode theory
is given by

OFE,
Oz

i +C(EBnt1 + En—1) + K|Ep?E, =0, (3.6)
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where C is the coupling constant between adjacent waveguides, k is a con-
stant describing the nonlinear index change, z is the propagation distance.
First we put the NLS equation in a dimensionless form. To do so, we define

E,=+/P.pn ex'p(ZiC’z) , 2' = z/z (3.7)

with P, and 2] being the characteristic power and 2y the nonlinear length
scale. Then ¢, satisfies '

.d 1

Z—csléz2 + h2 (Pn+1 + dn-1 — 2¢n) + |¢n|2¢n =0, (3.8)
with z,C = 1/h? and 2y = 1/(kP,). In the NLS equation there are two
important length scales: the diffraction and nonlinear length scales respec-
tively defined by Lp ~ 1/C and zn = 1/(kP.). Solitons which are self-
confined and invariant structures are expected to form when Lp ~ 2.

3.5 Stationary Solitons: Fourier Transform Method

In this section, we introduce a new method to obtain stationary solitons
for the DNLS equation. The essence of the method is to transform the
DNLS equation governing the solitary wave into Fourier space, where the
wave function is smooth, and then deal with a nonlinear nonlocal integral
equation for which we employ a rapidly convergent numerical scheme to find
solutions. A key advantage of the method is to transform a differential-delay
equation into an integral equation for which computational methods are
effective (see also refs.[80; 42]). Mathematically, the method also provides
a foundation upon which an analytic theory describing solitons in nonlinear
lattices can be constructed.

3.6 Stationary Solutions

We look for a stationary solution to Eq. (3.8) in the form
¢n = Fpexp(iwz) , (3.9)

with F, being real valued function and w is a real eigenvalue. Then F,
satisfies

1
~whFp + 35 (Faps + Faoy = 2Fa) + F = 0. (3.10)
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Equation (3.10) can be solved using Newton iteration scheme by which one
gives initial value for Fy and F; and then iterate. However, our aim here
is to provide a different approach based on Fourier transform method. We
introduce the discrete Fourier transform

. = — B[
= —igm = — igm
Flg= > Fpe » Fm=oo _W/hF(q)e dg. (3.11)
m=—0Q
Then, the above equation, transforms into the following nonlinear integral
equation

A 2 ~ ~ -~ A
F(g) = ;17—;@ /dqldQ2F(QI)F(Q2)F(q -q—q2) =K,[F ()], (3.12)

where Q(q) = w + 2(1 — cos(hg))/h?. The important conclusion is that
soliton can be viewed as a fixed point of an infinite dimensional nonlinear
functional. To numerically find the fixed point, we employ a modified
Neumann iteration scheme and write

.\ 3/2
Fopi(@) = (gg;) Kuolfa(@)], 020, (3.13)

with o and § defined by

o= / F2(qdg; B= / Fo (@)Kl Fn())dg (3.14)

The factor 3/2 is chosen to make the right hand side of Eq. (3.13) of de-
gree zero which yields convergence of the scheme[80; 42]. When F,, is real
and even, it implies that F(q) is also real. Clearly when F,(q) — F,(q) as
n — 0o then a/f — 1 and in turn F,(q) will be the solution to Eq. (3.12).
The factors o and § are introduced to stabilize an otherwise divergent sim-
ple Neumann iteration scheme. Note that when we apply the continuous
Fourier transform on Eq. (3.10) (to find stationary solution), then the nu-
merical scheme based on (3.13) does not converge which indicates that a
continuous stationary solution to the DNLS may not exist. Fig. 6 shows a
typical solution to (3.12) both in the Fourier domain (Fig. 6a) and in phys-
ical space (Fig. 6b) for different values of lattice spacing h. Importantly,
with suitable modification of Eq. (3.13) this method yields new breathing

localized modes: “discrete diffraction managed solitons”[71].
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Fig. 6 Mode profiles obtained with ws; = 1 in Fourier space (a), for h = 0.5 (solid),
h =1 (dashed) and h = 1 (dashed-dotted) for the integrable case. (b) Soliton shape in
physical space for b = 0.5 (solid), h = 1 (dashed) and for the integrable case at h = 1
(dashed-dotted).

3.7 Nonlinear Diffraction Management

We begin our analysis by considering again an infinite array of weakly
coupled optical waveguides with equal separation d. The equation which
governs the evolution of the electric field E,,, according to nonlinear coupled
mode theory[58; 79; 64], is given by

OF,
0z

= iC(Bns1 + En-1) + tkw By + 16| Ep|* By (3.15)

where C is the coupling constant between adjacent waveguides which is
given by an overlap integral of the two modes of such waveguides; & is a
constant describing the nonlinear index change, z is the propagation dis-
tance and k,, is the propagation constant of the waveguides. Similar to[69],
we use a cascade of different segments of waveguide, each piece being tilted
by an angle zero and < respectively. The actual physical angle « (the
waveguide tilt angle) is related to the wavenumber k; by the relation[69)
siny = k; /k where k = 27no/Xo (Ao = 1.53 pm is the central wavelength in
vacuum and ng = 3.3 is the linear refractive index). In this way, we gener-
ate a waveguide array with alternating diffraction. To model such a system,
we define E, = v/Prneit»+20)z and 2' = z/2, with P, and 2, being the
characteristic power and nonlinear length scale respectively. Substituting
these quantities into Eq. (3.15) yields the following (dropping the prime)
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diffraction-managed discrete nonlinear Schrédinger (DM-DNLS) equation

dén _ .D(2/2w
_H%— = (;fif ) (¢"+1 + ¢""1 - 2¢n) + Z|¢n|2¢n (3.16)

with 2, = 1/(xP.) and 2z,C cos(k.d) = D(z/z,)/(2h*) where D(z/z,)
is a piecewise constant periodic function that measures the local value of
diffraction. Here, z, = 2L/z, with L being the actual length of each
waveguide segment (see Fig. 7(a) for schematic representation). Eq. (3.16)
describes the dynamical evolution of a laser beam in a Kerr medium with
varying diffraction. When the “effective” nonlinearity balances the average
diffraction then bright discrete solitons can form.

The coupling constants that correspond to the experimental data re-
ported in[69] (for 2.5 pm waveguide separation and width) are found to be
C =227 mm™1{77], k = 3.6 m~*W~1. For typical power P. =~ 300 W and
waveguide length L =~ 100 ym we find 2, = 1 mm and 2,, = 0.2. Hence,
it is natural to construct an asymptotic theory based on small z,. It is
in this parameter regim that diffraction managed spatial solitons can be
experimentally observed. To this end, we consider the case in which the
diffraction takes the form

D(z/20) = 6o + ziA(z/zw) , (3.17)

where 4, is the average diffraction (taken to be positive) and A(z/zy) is a
periodic function. Since in this case, Eq. (3.16) contains both slowly and
rapidly varying terms, we introduce new fast and slow scales as ( = z/zw
and Z = z respectively and expand ¢, in powers of z,,

b = 60((, 2) + 2P (¢, Z) + O(22) . (3.18)

Substituting Eqs. (3.18) and (3.17) into Eq. (3.16) we find that the leading
order in 1/z,, and the order 1 equations are respectively given by

T =0, JT@P)=-Fa, (3.19)
where
B4, A
j(An) =1 ac + % (An+1 + An—l - 2An) ’
398 | ba () , 40 ©) (0)12 4(0
Fo =it o2 (60 + 0001 = 260) + 4D P90
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Fig. 7 Schematic presentation of the waveguide array (a) and of the diffraction map (b).

To solve at order 1/z,, (see Eq. (3.19)), we introduce the discrete Fourier
transform

+00
&0(‘1: CJ Z) = Z ¢£?) (C’ Z)e—iqnh ’
n=—oo (3:20)

& h nfh ok
GD =5 | bo(a, D)y
™ ~x/h N

The solution is therefore given in the Fourier representation by

¢0(q, ¢, Z) = (2, q) exp[~i:qg)C(C)] , (3.21)

with Q(g) = (1 — cos(gh))/h? and C(¢) = foc A(¢")d¢'. The amplitude
@Z(Z, g) is an arbitrary function whose dynamical evolution will be deter-
mined by a secularity condition associated with Eq. (3.19). In other words,
the condition of the orthogonality of F, to all eigenfunctions &, of the
adjoint linear problem which, when written in the Fourier domain, takes
the form

1
/0 &7 (0,¢, 2)8(a,¢,2) = 0, (3.22)

where F , & are the Fourier transform of {Fn, ®,, respectively. Here, Jté=0
with J7 being the adjoint operator to J = id/d¢ — A({)Q(q). Substituting
(3.21) into F and performing the integration in condition (3.22) yields the
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following nonlinear evolution equation for (Z, q):

Z@# = aaQ(Q)'lﬁ(Z, q) - R["/;(Z5 q)] ’ (3 23)

R= / daki(g, a1, 2@ )b(a)P" (@ + g2 — @),

where dq = dg,dg, and the kernel X is defined by

Rz [t
’C(qa ¢hﬂ12) = H/o dC exP[zC(C)X(qa th2)] )

X = o (h(q1 2‘*"12)) f_[sin (h(qj2— q)) .

Jj=1

Equation (3.23) governs the evolution in Fourier space of an optical beam
in a coupled nonlinear waveguide array in the regime of strong diffraction.
In the special case of two-step diffraction map shown in Fig. 7(b), i.e., when
two waveguide segments are tilted by angle zero and +y alternatively, we have
A(¢) = A; for 0 < |¢] < 6/2 and A, in the region /2 < (| < 1/2 where
6 is the fraction of the map with diffraction A;. In this case, the kernel K
takes the simple form K = h?sin(sx)/(4n2sx) with s = [#A; —(1~8)Az]/4.
Importantly, these parameters can be related to the experiments reported
in[69]. To achieve a waveguide configuration with alternate diffraction,
we use two values of k,d = 0 and 27/3 (h = 1) which corresponds to
waveguide tilt angles v = 0 and 3.43°. In this case we find, for § = 0.5,
Ay = ~Ay = 0.681, §, = 1.135 and s = 0.17. Different sets of parameters
with a smaller angle  are also realizable. Next, we look for a stationary
solution for Eq. (3.23) (for the particular kernel given above) in the form
B(Z,q) = s(q) exp(iws Z )- Inserting this ansatz into (3.23) leads to

90 = 5o RIB (@) = M@, (320

which implies that the mode 1, (g) is a fixed point of the nonlinear func-
tional M. To numerically find the fixed point, we employ a modified Neu-
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mann iteration scheme[80; 81; 82] and write Eq. (3.24) in the form

P+ (q) = (-—(——(T—)l) " MM (@), m>0
B5™) ’ =

a= [Wm@Pd; 6= [Hm@ M @

The factors a and § are introduced to stabilize an otherwise divergent
Neumann iteration scheme. This method is used to find stationary soliton
solutions to the integral equation (3.23) which in turn provides an asymp-
totic description of the diffraction-managed DNLS Eq. (3.16). It should be
also noted that we can obtain periodic diffraction-compensated soliton so-
lutions directly from Eq. (3.16). The technique is similar to that originally
proposed for finding periodic dispersion-managed solitons in communica-
tions problems(85; 86; 87]. The averaging procedure does not require that
the map period, zw, be small. To implement the method, initially we start
with a guess, say ¢\) = sech(nh) with & = Z°° sech?(nh). Over one

n=—0o0
period this initial ansatz will evolve to ¢ " which in general will have a
chirp[88]. We then define an average: ¢(°) = (¢ + O ”e") /2 where
¢$? Y = |¢£,0)I|exp (i©,) which has power £f. Then ¢$,1) (0) V&L is
the new guess and in general the m®® iteration takes the form

oD = e e, Em= Y 6. (3.25)

n=-—od

In Fig. 8 the mode profiles associated with a stationary solution are depicted
for two typical parameter values. The profiles are obtained by using both
the integral equation approach as well as the averaged method. The evolu-
tion of these discrete diffraction managed solitons are illustrated in Figs. 9
and 10 for the same two set of parameter values as in Fig. 8 respectively.
We note that initially the beam has zero chirp[88]. During propagation a
chirp develops and the peak amplitude of the beam begins to decrease and,
as a result, the beam becomes wider (due to conservation of power). A full
recovery of the soliton’s initial amplitude and width is achieved at the end
of the map period. This breathing behavior is shown in Figs. 9 and 10 for
both strongly and moderately confined beams respectively.

To establish the relation between the two approaches and to highlight
the periodic nature of these new solitons, we calculate the nonlinear chirp
by both the integral equation approach and the averaging method. It-is
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Fig. 8 Mode profile in physical space obtained from Eq. (3.24) (solid line) and from
the average method (dashed line). Parameters are: (a) ws = 1, h = 1, s = 0.17,
Ay = ~A3=0.681,8, =1.135and 2oy = 0.2; b)ws =1, h=0.5,s =1, A; = —As =4,
da =1 and z, = 0.2.

b

2
o |

o
o1

20.1

=0
g -10 P

Fig. 9 Beam propagation over one period using Eq. (3.21) as initial condition obtained
by a direct numerical simulation of Eq. (3.16). Parameters are the same as used in
Fig. 8(a).
clear that for small values of the map period, z,, the asymptotic analysis
is in good agreement with the averaging method, as shown in Fig. 11.

We also mention briefly that the method of analysis associated with
Eq. (3.16) can be modified to account for situations where the average

diffraction is small, i.e., 4, < 1. In such a situation we write §, = €D,,
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Fig. 10 Beam propagation over one period (a) and stationary evolution (b) obtained
by a direct numerical simulation of Eq. (3.16) evaluated at end map period. Parameters
are the same as used in Fig. 8(b).

D = €D, + A(2), z = /¢, and ¢, = +/€¥,. Then it is found that ¥,
satisfies:

av D
ngﬁ = z—éih/;l (g1 + Upy — 28,,) + 4|0, |20, | (3.26)

where D({/€) = D, + LA(£/€). The model (3.26) is valid in parameter
regimes which applies to physical situation where the average diffraction is
small.

3.8 Conclusion

A discrete nonlinear wave equation has been investigated by the discrete
Fourier transform. We have constructed a discrete equation governing the
evolution of an optical beam in a waveguide array with varying diffraction.
This equation has a novel type of discrete spatial soliton solution which
breathes under propagation and, as a result, gains a nonlinear chirp. A full
recovery of the soliton initial power is achieved at the end of each diffraction
map. This open the possibility of fabricating a customized waveguide array
which admits spechialized diffraction managed spatially confined solitary
waves. A nonlocal integral equation governing the slow evolution of the
soliton amplitude is derived and its stationary solutions are obtained.
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Fig. 11 Periodic evolution of the beam chirp versus maximum peak power. Solid line
represents the leading order approximation, i.e., Eq. (3.21); dashed line represents nu-
mierical solution of the DM-DNLS. Parameters are the same as used in Fig. 8(b) with
zw = 0.2 (2) and 0.1 (b).
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Chapter 10

Global Description of Patterns Far
from Onset: A Case Study

N. Ercolani!, R. Indik!, A.C. Newell!, and T. Passot?

! Department of Mathematics, University of Arizona,
Tucson, AZ 85721
2 CNRS, Observatoire de la Céte d’Azur, B.P. 4229,
06304 Nice Cedex 4, France

Abstract. The Cross-Newell phase diffusion equation 7(k)Or =
-V - kB(k),k = VS, |k| = k, and its regularization describe patterns
and defects far from onset in large aspect ratio systems with transla-
tional and rotational symmetry. In this paper we show how director field
solutions of this equation can be used to describe features of global pat-
terns. The ideas are illustrated in the context of a nontrivial case study
of high Prandtl number convection in a large aspect ratio, shallow, ellip-
tical container with heated sidewalls, for which we also have the results
of simulation and experiment.

1 Introduction

A macroscopic description of convection patterns far from the onset of the
convective instability still presents a considerable challenge for both physi-
cists and mathematicians. The path we have followed to tackle this problem
is to study the phase diffusion equation that results from the elimination
of the complex three-dimensional structure of the microscopic roll pattern
and that focuses on the large-scale dynamics of the phase gradient, which
is perpendicular to the rolls. '

We recently established [1] rigorous proofs for the existence and form
of solutions to the regularized phase diffusion equation in the limit where
the inverse aspect ratio € (ratio of the roll wavelength to the typical size
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