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In spite of the huge progress in studies on solitary waves in the seventies and eighties of
the XX century as well as their practical importance, the theory of solitons is far from being
complete. Only in 1989, Longuet-Higgins in his numerical experiments discovered one-
dimensional solitons for gravity—capillary waves in deep water. These solitons essentially
differed from those in shallow water where the KDV equation could be used. Being
localized, these solitons, unlike the KDV solitons, contain many oscillations in their shape.
The number of oscillations was found to increase while approaching the maximal phase
velocity for linear gravity-capillary waves and simultaneously the soliton amplitude was
demonstrated to vanish. In fact, it was the first time ever that the bifurcation of solitons
was observed.

This review discusses bifurcations of solitons, both supercritical and subcritical, with
applications to fluids and nonlinear optics as well. The main attention is paid to the
universality of soliton behavior and stability of solitons while approaching supercritical
bifurcations. For all physical models considered in this review, solitons are stationary
points of the corresponding Hamiltonian for the fixed integrals of motion, i.e., the total
momentum, number of quasi-particles, etc. Two approaches are used for the soliton
stability analysis. The first method is based on the Lyapunov theory and another one is
connected with the linear stability criterion of the Vakhitov-Kolokolov type. The Lyapunov
stability proof is maintained by means of application of the integral majorized inequalities
being sequences of the Sobolev embedding theorem. This allows one to demonstrate the
boundedness of the Hamiltonians and show that solitons, as stationary points, which
realize the minimum (or maximum) of the Hamiltonian, are stable in the Lyapunov sense.
In the case of unstable solitons, the nonlinear stage of their instability near the bifurcation
point results in the distraction of the solitons due to the wave collapse.
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1. Introduction

After their discovery in the nineteenth century on the surface of fluids (see [1]) solitary waves (or solitons) remained
for a long time of interest only to a small number of specialists in hydrodynamics and mathematics who tried to prove
their existence. In the late 1950s the soliton concept penetrated into plasma physics. Here, due to the work by Sagdeev [2],
Gardner and Morikawa [3] and others, solitons were successfully used to construct the theory of a fine structure of shock
waves under the conditions of rare collisions. Then solitons started to be used widely in all branches of physics. In the
late sixties the interest to solitons grew tremendously with the discovery in 1967 of the Inverse Scattering Transform (IST)
suggested by Gardner et al. [4]. They applied this method to integrate the Korteweg-de Vries (KDV) equation. This equation
describes the propagation of one-dimensional (1D) acoustic waves in nonlinear media with weak dispersion; in particular,
it can be applied to shallow water gravity waves. In this paper it was first demonstrated that solitons in the KDV equation
occur to be structurally stable entities: they collide elastically between each other as well as with the non-soliton part of
the spectrum so that the asymptotic states are defined by solitons only. The next equation of great physical importance to
which the IST can be applied turned out to be the 1D nonlinear Schrédinger (NLS) equation which was integrated in 1971
by Zakharov and Shabat [5]. Like the KDV equation, the NLS equation is a universal model. It describes the propagation
of wave envelopes in nonlinear media with cubic nonlinearities; in particular, it can be used for the description of pulse
propagation in nonlinear fiber optics when the main nonlinearity is connected with the Kerr effect. At the beginning of the
seventies, when solitons in the NLS equation were shown to be structurally stable [5] and when, a bit later, Hasegawa and
Tappet [6] suggested to use optical solitons as the information bit in fiber communications, solitons became a very popular
object for study in optical fibers. Interest in optical solitons increased enormously in the last decades, stimulated by practical
applications of the use of solitons in modern communications systems [7,8] (see the book [9] for recent progress in this area),
coupled with the availability if advanced techniques for characterizing their evolution [10]. Soliton dynamics have also been
shown to play a central role in the nonlinear propagation dynamics of supercontinuum generation and other phenomena in
new generation optical fibers [11].

In spite of the huge progress connected with the development of IST (this is now a whole branch of mathematical physics,
often called “mathematical theory of solitons”, see, e.g., [ 12-14]) as well as the practical importance of solitons, their theory
is far from being complete. For instance, in 1989, Longuet-Higgins [15] in his numerical experiments discovered 1D solitons
for gravity-capillary waves in deep water. These solitons essentially differed from those in shallow water when the KDV
equation can be used. Being localized, these solitons, unlike the KDV solitons, contain many oscillations in their shape. The
number of oscillations was found to increase while approaching the maximal phase velocity for linear gravity—capillary
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Fig. 1. The solid line corresponds to the dispersion relation w = /gk + ok3 for gravity-capillary waves. The dashed (straight) line corresponds to the
soliton velocity. The arrows show the direction of increase of the soliton velocity. At the point wyg, ko, the straight line @ = kV touches the dispersive
curve.

waves and simultaneously the soliton amplitude was demonstrated to vanish. In fact it was the first time ever that the
bifurcation of solitons was observed. This bifurcation was first explained by Iooss and Kirchgdssner [ 16] and independently
by Akylas [17].

The physical reason for such a bifurcation can be easily understood. According to the usual definition, solitons are
nonlinear localized objects propagating uniformly with a constant velocity (see, for example, [12,13]). Thus, the soliton
velocity V represents the main soliton characteristics which often defines the soliton shape, in particular its amplitude and
width.

It is well known that if the velocity V of a moving object is such that the equation

o =K-V, (1.1)

where w = wy, is the dispersion law for linear waves and Kk is the wave vector, has a nontrivial solution, then such an object
will lose energy due to Cherenkov radiation. This also pertains, to a large extent, to solitons as localized stationary entities.
They cannot exist if the resonance condition (1.1) is satisfied. Hence follows the first, and simplest, selection rule for solitons:
the soliton velocity must be either less than the minimum phase velocity of linear waves or greater than the maximum phase
velocity. Mathematically it can be formulated also as the condition of positiveness for the function Ly = w, — k -V > 0if
the touching of the plane w = k - V with the dispersive surface w = wj happens from below and respectively negativeness
for Ly for the touching from above. The boundary separating the region of existence of solitons from the resonance region
(1.1) determines the critical soliton velocity V.

As it is easily seen (Fig. 1), this velocity coincides with the group velocity of linear waves at the touching point where
the straight line @ = kV (in 1D) is tangent to the dispersion curve @ = wy (in the multi-dimensional case—the point of
tangency of the plane w = k - V to the dispersion surface). If touching occurs from below, then the critical velocity V,,
determines the maximum soliton velocity for this parameter range and, conversely, for touching from above V,; coincides
with the minimum phase velocity. Two regimes are possible in crossing this boundary: they correspond to supercritical or
subcritical bifurcations (soft or rigid excitation regimes).

While approaching the supercritical bifurcation point from below or above, the soliton amplitude vanishes smoothly
according to the same-Landau-law (o |V — V,|'/?) as for phase transitions of the second kind (see, for instance, Ref. [18]).
The behavior of solitons in this case is completely universal, both for their amplitudes and their shapes. AsV — V., solitons
transform into oscillating wave trains with the carrying frequency corresponding to the extremal phase velocity of linear
waves V. The shape of the wave train envelope coincides with that for the soliton of the standard cubic NLS equation. The
soliton width happens to be proportional to |V — V.| ~"/2. Thus, the pulse monochromaticity improves as V — V,,, becoming
complete at the bifurcation point.

As already mentioned above, bifurcations of solitons were first observed for gravity-capillary waves in numerical
simulations by Longuet-Higgins [ 15] and explained later in [16,17]. Then a bifurcation - a transition from periodic solutions
to a soliton solution - was studied in Refs. [ 16,19] using normal forms (see also the review paper [20]). The stationary NLS
equation for gravity-capillary wave solitons was derived in Ref. [21]. In Ref. [22] it was shown that this mechanism can be
extended to optical solitons. In fact this paper provided the first demonstration of the universality of soliton behavior near
a supercritical bifurcation for waves of arbitrary nature. It is worth noting that the universal character of solitons allows not
only to find their shapes but also to investigate their stability. This analysis, as shown in Ref. [23], demonstrates that near
supercritical bifurcation solitons are stable only in the 1D case. This means that in two (2D) and three (3D) dimensions the
soliton may be stable for velocities smaller or larger than the critical velocity depending on whether the touching occurs
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from below or above. For instance, such a situation arises for 3D solitons in three-wave systems [24,25] where, following the
paper by Kanashev & Rubenchik [26], it is possible to estimate the region of stable solitons using the Lyapunov approach. This
region turns out to be separated from the surface in the soliton parameter space where supercritical bifurcation happens [27].

The question of whether the bifurcation is supercritical or subcritical depends on the character of the nonlinear
interaction. In the 1D case, the supercritical bifurcation occurs for a focusing nonlinearity when the product »”"T < 0,
where " = 3%w/3k? is the second derivative of the frequency with respect to the wave number, evaluated at the touching
point k = ko, and T is the value of the matrix element Ty k,k,k, Of the four-wave interaction for k; = ko,i = 1,2, 3, 4.
Here the tilde means that the matrix element is renormalized due to three-wave interactions; in the present case this is the
interaction with the zeroth and second harmonics. If ®”T > 0, which corresponds to a defocusing nonlinearity, then there
are no solitons - localized solutions - with amplitude vanishing gradually as V — V,,. In the theory of phase transitions this
corresponds to a first-order phase transition, and in the theory of turbulence, using Landau’s terminology [28], it corresponds
to arigid regime of excitation. The transition through the critical velocity is accompanied by a jump in the soliton amplitude.
For Hamiltonian systems such as those considered in the present paper, the magnitude of the jump is determined by the next
higher-order nonlinear terms in the expansion of the Hamiltonian. Like for first-order phase transitions, the universality of
soliton behavior is no longer guaranteed in this situation. When the amplitude jump at this transition is small, it is enough to
keep a finite number of next order terms in the Hamiltonian expansion to describe such a bifurcation. In phase transitions this
corresponds to a first-order phase transition close to a second-order transition, which occurs, for example, near a tricritical
point. As shown in Ref. [29], this situation arises for 1D internal wave solitons propagating along the interface between two
ideal fluids with different densities in the presence of both gravity and capillarity. According to Ref. [29] the matrix element
T in this case vanishes for a critical value 6, of the density ratio p;/p, equal to (21 — Sﬁ)/ll ~ 0.2828, where p;
are mass densities for upper and lower fluids, respectively. In particular, it follows that the bifurcation for gravity-capillary
waves in the deep water case is supercritical (when p;/p, = 0); this case corresponds to the first numerical experiments
by Longuet-Higgins [15], followed by the numerical experiments of Vanden-Broeck and Dias [30]. Subcritical bifurcations
can also be met for gravity water waves with finite depth when the matrix element T = 0 at kgh & 1.363. In nonlinear
optics, as shown in [23], a decrease of T (Kerr constant) can be provided by the interaction of light pulses with acoustic
waves (Mandelstamm-Brillouin scattering). If the jump in the soliton amplitude is of order one then we need to keep all
the remainder terms in the Hamiltonian expansion. The situation in nonlinear optics, however, is different from that for
internal waves propagating along the interface between two fluids. First of all, the difference is connected with the nonlocal
character of the Hamiltonian expansion beyond the classical cubic NLS nonlinearity for the fluid case [31,32]. In both cases,
however, in order to find the Hamiltonian expansion the most simple way is to use the Hamiltonian formalism [33]. In this
review we will keep mainly the Hamiltonian description as the most adequate for this problem; the alternative method of
normal forms will be used for comparison. It is clear that the method of normal forms demonstrates its efficiency for the
analysis of bifurcations for ordinary differential equations. The method of normal forms has some advantages and weak
points as well. For instance, unlike the Hamiltonian formalism, the introduction of envelopes by means of the normal form
method is not unique. This is due to the fact that the original Hamiltonian equations lose their initial Hamiltonian structure
after they are averaged. In the Hamiltonian description, the introduction of the envelope is natural: it is constructed from
the inverse Fourier transform from normal wave amplitudes and can be used for the description of any nonlinear waves.
The difference in such a case will be in different constants, first of all in the nonlinear coupling coefficients.

The above approach based on the Hamiltonian perturbation technique assumes renormalization of the four-wave matrix
element due to three-wave interactions. As mentioned above, for the case of a wave train with carrying frequency w, and
carrying wave vector ky, it accounts for the non-resonant interaction of a wave packet with its zeroth and second harmonics.
If the interaction between the fundamental harmonics and the second harmonics becomes resonant,

2w(k0) ~ w(2ko) y

the renormalization of the four-wave matrix element breaks down. As a result the one-envelope approximation can no
longer be applied. In this situation one needs to consider two equations for the two independent envelope amplitudes
related to the first and second harmonics. In the simplest case, the corresponding system can be obtained as the reduction
of the three-wave system [24] when two amplitudes are identified. It is well known that three wave packets with carrier
frequencies satisfying the triad resonant condition can form bound states - solitons — due to their mutual nonlinear
interaction [25]. In nonlinear optics the three-wave system describes spatial solitons as well as spatial-temporal solitons
in x? media [25,34]. This system couples amplitudes of three quasi-monochromatic waves due to quadratic nonlinearity.
The familiar results about the existence of bound states - solitons — due to their mutual nonlinear interaction is also valid
for the interaction of the first and second harmonics. The soliton family is characterized by two independent parameters, a
soliton potential and a soliton velocity. It can be shown that this system, in the general situation, is not Galilean invariant.
As a result, the family of movable solitons cannot be obtained from the rest soliton solution by applying the corresponding
Galilean transformation. In Ref. [27] the region of soliton parameters was found analytically and confirmed by numerical
integration of the steady equations. On the boundary of the region the solitons bifurcate. For this system there exist two
kinds of bifurcations: supercritical and subcritical. In the first case, the soliton amplitudes vanish smoothly as the boundary
is approached. Near the bifurcation point the soliton form is universal, determined from the NLS equation. For the second
type of bifurcations the wave amplitudes remain finite at the boundary. In this case the Manley-Rowe integral increases
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indefinitely as the boundary is approached, and therefore according to the Vakhitov-Kolokolov type stability criterion, the
solitons are unstable [27].

In this review we will discuss all the above problems dealing with the bifurcations of solitons and their stability. All
systems which are considered in this review belong to the Hamiltonian type and soliton solutions are stationary points of
the Hamiltonian, for fixed other integrals of motion, such as the momentum, the number of particles, the Manley-Rowe
integrals. In all the systems under consideration solitons are possible as a result of a balance between nonlinear interaction
and dispersive effects. In this review we follow two approaches for the analysis of soliton stability. The first approach
to soliton stability is based on the Lyapunov theorem. In the conservative case, if some integral, say the Hamiltonian, is
bounded from below (or above), the soliton realizing this extremum will be stable in the Lyapunov sense. Because soliton
solutions represent stationary points of the Hamiltonian for certain fixed other integrals of motion, they correspond to a
conditional variational problem, and so to prove stability one needs to demonstrate the boundedness of the Hamiltonian
for these fixed integrals. One should note, however, that without these fixed integrals, the Hamiltonians of such systems
are usually unbounded due to the nonlinear contribution; in other words, one can say that the Hamiltonians of these
systems do not possess a vacuum. This is an essential part of Derrick’s arguments [35]. But fixing other integrals of motion
causes significant changes. It provides the Hamiltonian boundedness that establishes stability for solitons realizing the
corresponding extremum. First, this approach was applied to KDV solitons in 1972 by Benjamin [36] and two years later
to three-dimensional solitons for ion-acoustic waves in magnetized plasma with low pressure [37]. Then this method was
applied to the NLS equation and its generalizations (for more details see the review [38]). Now it is one of the most powerful
tools in soliton stability analysis. In this paper we would like to pay a special attention to the use of the embedding theorems,
and to demonstrate how with their help it is possible to construct an estimate for the Hamiltonian for a lot of models
considered here.

Another method used in this paper is the linear stability analysis which for the NLS equation gives the so-called
Vakhitov-Kolokolov (VK) criterion [39]. This criterion says that if dN;/dA2 > 0 then the soliton is stable and respectively
unstable if this derivative is negative, where Nj is the total number of waves for the soliton. This criterion has a simple
physical meaning. The value —A? for the NLS soliton can be interpreted as the energy of the bound state. If we add one
particle to the system and the energy of this bound state decreases then one has a stable situation. If by adding one particle
the level —A? is pushed toward the continuous spectrum, then such a soliton is unstable.

It is important to point out that establishing the Lyapunov stability for solitons is often a problem which is solved
more easily than that for linear stability. The linear stability analysis assumes linearization of the equations of motion on
the background of the soliton solution and leads to an eigenvalue problem for some differential operators. The proof of
linear stability includes the establishment of completeness of the eigenfunctions. This in itself is a hard problem, let alone
determining the linear stability as a whole. However, while being effective for the stability study of ground-state solitons,
the Lyapunov method is hardly applicable to the stability study of local stationary points. In this case linear analysis should
be used to draw a conclusion about their stability.

The main attention in this review will be paid to the universality of behavior of solitons while approaching the
supercritical bifurcation point. The first three sections are devoted to this topic. We consider first the simplest model where
all effects concerning supercritical bifurcation can be analyzed easily. This is the KDV equation with fifth-order dispersion,
i.e. it also has, besides the third-order spatial derivative, a fifth-order derivative relative to x. This model can be derived for
shallow water waves in the presence of surface tension when the Bond number o / (pgh?) is close to 1/3. Here o is the surface
tension coefficient, p the water density, g the acceleration due to gravity and h the water depth. When the Bond number is
close to 1/3, the coefficient of the third-order dispersion term is small, and one needs to keep the next (fifth) order dispersion
term. In Section 2, we demonstrate how soliton solutions transform into NLS envelope solitons while approaching the critical
velocity for solitons. We show also that for the fifth-order KDV equation the Hamiltonian is bounded from below for fixed
momentum. If there exists a solitary wave solution which realizes this minimum, then the soliton is stable with respect to
not only small perturbations but also finite ones. The proof is based on both the Lyapunov theorem and an integral estimate
of the Sobolev-Gagliardo-Nirenberg inequalities [40,41]. These inequalities follow from the general embedding theorems
first proved by Sobolev. In this section we also demonstrate that the supercritical bifurcation takes place for movable solitons
for the 1D NLS equation.

In Section 3, following Ref. [22], optical solitons and quasisolitons are examined relative to the Cherenkov radiation.
Both solitons and quasisolitons are shown to exist if the linear operator defining their asymptotics at infinity is sign definite.
In particular, applying this criterion to the stationary optical solitons yields the soliton carrying frequency where the first
derivative of the dielectric permittivity vanishes. At this point the phase and group velocities coincide. Both solitons and
quasisolitons are absent if the third-order dispersion is taken into account. By means of the sign definiteness of the operator
and by use of integral estimates of Sobolev type the soliton stability is established for the fourth-order dispersion for all
dimensions. This proof again is based on the boundedness of the Hamiltonian in the case of fixed pulse power. Besides,
in this section we develop the Hamiltonian expansion for nonlinear optics beyond the classical cubic NLS equation. As is
well known in optics (see, e.g. [42]), the spatial dispersion effects are small in comparison with the temporal dispersion
ones (their ratio is a small relativistic factor, ~v/c where v is the characteristic electron velocity in atoms and c the light
velocity, thus, this ratio is of order « = 1/137). Therefore the expansion of the electric induction D(t, r) in terms of the
electric field E(t, r) represents an infinite set with respect to powers of the electric field, evaluated at the same point as the
electric induction. Each term of this set contains only time convolutions. This is why in nonlinear optics the NLS equation,
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for example, is usually written for the electric field envelope, where the spatial coordinate z plays the role of time in the
usual NLS equation and t represents the analog of coordinate (see, e.g., [9]). Note that the nonlinear optics NLS equation is
also used in hydrodynamics for the wavemaker problem [43,44].

Section 4 is devoted to stationary solitons for arbitrary nonlinear wave media and their properties near the supercritical
bifurcation. The stability of solitons is based on the Lyapunov theorem and the Hamiltonian approach. It is shown by means
of integral estimates of Sobolev type in their multiplicative variant (Gagliardo-Nirenberg inequalities [40]) that only 1D
solitons are Lyapunov-stable. It is worth noting that, in contrast to the method of normal forms, which is extensively
used in Refs. [16,30,29,45] to study bifurcations of solitons, the Hamiltonian approach is fundamental for investigating
soliton stability. It is necessary to add also that in the method of normal forms, the introduction of envelopes is not
unique. Consequently the Hamiltonian equations of motion lose their initial Hamiltonian structure after averaging. In the
3D geometry solitons near the supercritical bifurcation undergo modulation instability that follows directly from the VK
criterion [39]. In 3D, the derivative dN;/dA? is negative (here the subscript s means that N is evaluated on the soliton
solution) and therefore such solitons are unstable. From the Hamiltonian point of view such soliton solutions viewed as
stationary points of the Hamiltonian for fixed N represent saddle points and this is why they are unstable. Moreover, it is
possible to establish that the Hamiltonian in this case will be unbounded from below and therefore the nonlinear stage of
this instability will be collapse of the soliton when the field intensity blows up and its size shrinks. This compression will
happen at least up to the scale of the wavelength of order k; ! The final stage of this instability depends on whether the
primitive Hamiltonian is bounded from below (or above).

In Section 5, we consider which nonlinear effects must be taken into account near the transition from supercritical
to subcritical bifurcations and how they change the shape of solitons and their stability. As examples of such transition
we consider internal waves, surface gravity waves at finite depth near koph =~ 1.363 and short optical pulses when the
Kerr constant becomes small enough. In order to describe the behavior of solitons and their bifurcations, a generalized
NLS equation describing the behavior of solitons and their bifurcations is derived. In comparison with the classical NLS
equation this equation takes into account three additional nonlinear terms: the so-called Lifshitz term responsible for pulse
steepening, a nonlocal term analogous to that first found by Dysthe [46] for gravity waves and the six-wave interaction
term. Near the transition point, the soliton family from the supercritical branch, which is defined from the solution of the
generalized NLS equation, changes noticeably, but at V = V,, these solitons vanish smoothly. All 1D solitons corresponding
to the family of supercritical bifurcations are shown to be stable in the Lyapunov sense. Above the transition point, solitons
from the subcritical branch undergo a jump at V = V,, (for interfacial waves, this jump is proportional to /60 — 6, where
6 = p1/p2). At large distances their amplitude decays algebraically. Secondly, the soliton family of this branch turns out
to be unstable. The development of this instability results in the collapse of solitons. Near the time of collapse, the pulse
amplitude and its width exhibit a self-similar behavior with a small asymmetry in the pulse tails due to self-steepening.

Section 6 deals with solitons involving the interaction between the fundamental and second harmonics. The soliton
family for this system is characterized by two independent parameters, a soliton chemical potential and a soliton velocity.
It is shown that this system, in the general situation, is not Galilean invariant. As a result, the family of movable solitons
cannot be obtained from the rest soliton solution by applying the corresponding Galilean transformation. The region of
soliton parameters is found analytically and confirmed by numerical integration of the steady equations. On the boundary
of the region the solitons bifurcate. For this system there exist two kinds of bifurcations: supercritical and subcritical. In the
first case the soliton amplitudes vanish smoothly as the boundary is approached. Near the bifurcation point the soliton form
is universal. It is determined from the NLS equation. For the second type of bifurcations the wave amplitudes remain finite
at the boundary. In this case the Manley-Rowe integral increases indefinitely as the boundary is approached, and therefore
according to the VK type stability criterion, the solitons are unstable.

In the last section, Section 7, we obtain the VK type criterion for NLS type models. The crucial point in its derivation for the
scalar NLS equation is based on the oscillation theorem for the stationary Schrédinger operator. This theorem establishes
the one-to-one correspondence between a level number and a number of nodes of the eigenfunction. As is well known,
this theorem is valid only for scalar (one-component) Schrédinger operators and cannot be extended, for example, to
the analogous matrix operators. This means that the Vakhitov-Kolokolov type of criteria, as a rule, defines only sufficient
conditions for soliton instability and cannot necessarily determine the stability of solitons. The three-wave system can be
used as such an example. For this system the linearized operator represents a product of two (3 x 3)-matrix Schrédinger
operators for which the oscillation theorem cannot be applied. We discuss this situation in detail for solitons describing a
bound state of the fundamental frequency and its second harmonics [47].

2. Bifurcations of gravity-capillary solitary waves in shallow water

We start from the 2D capillary-gravity waves for shallow water. For arbitrary water depth h the linear dispersion for
gravity—capillary waves is given by the expression

o
w= \/(gk + k3) tanh kh,
0




E.A. Kuznetsov, F. Dias / Physics Reports 507 (2011) 43-105 49

where o is the surface tension coefficient, p is the water density, and g is the acceleration due to gravity. In the long wave
limit the expansion of this dispersion has the form

ke _1+](kh)2 B ! (kh)* lB 1+] B 1’ +
= : _Ny g~ (g2t e
s 2 3 6 15 8 3

where ¢; = +/gh is the velocity of long gravity waves and B = o /(pgh?) is the Bond number. The cubic dispersion vanishes
at B = B, = 1/3.In a small vicinity of the critical Bond number this expansion is simplified:

kes |1+ AB(kh)z + ! (kh)*
w = — —
ol 2 90

where AB = B — B,,. Hence one can see that the sign of the cubic dispersion coincides with the sign of AB. If AB < 0 this
dispersion curve has a saddle point, it is similar to that for the deep water case (compare with Fig. 1). At AB > 0 both third
and fifth dispersions are positive definite.

To describe weakly nonlinear waves for the shallow water case with small | AB| < B we can use the KDV equation with
both third and fifth-order dispersions. In dimensionless variables this equation can be written in the form

Up + Slyyy + Uyxexx + 6UL, = 0, (2.1)

where s = —sign(AB). Recall that the KDV equation is written in the system of reference moving with the “sound” velocity
¢s. In this equation both the nonlinear and dispersive terms are assumed to be much smaller in comparison with the rapid
propagation at the “sound” velocity (see, e.g. [12-14]). However, these terms may be comparable to each other.

The dispersion relation for linear waves in (2.1),

wk) = —sk> + &, (2.2)
looks quite similar to the classical KDV dispersion relation close to k = 0, depending strongly on s. For negative s, their phase
velocity

!
@ = —sl® + K, (2.3)
K

has the minimum value c,;;, = 0 at k = 0. Therefore the soliton velocity V must be negative in order to exclude the

Cherenkov resonance between soliton and linear waves.!
Fors < 0and V < 0 the function

L(k)y =c(k) -V
is positive and the corresponding linear operator
L(=idy) = c(—idy) — V

is positive definite. Not surprisingly, it was shown that classical solitary waves with speed V < 0 bifurcate from the trivial
solution u = 0 (see for example [48]). At small V(V — 07) the fifth-order dispersion in (2.2) can be neglected. As a result,
we arrive at the classical KDV soliton:

K2

* 2cosh?(x + 4k2t)
where V = —4«? < 0. This is an asymptotic soliton solution of Eq. (2.1) for s = —1. According to [48] these solitary waves

are orbitally stable, at least when the speed V is between —1/4 and 0. When the speed crosses —1/4, the real eigenvalues
V of

c(k) =

—Uyy + Uxxxx = VU

become complex. It was shown in [49] that this transition leads to a plethora of multi-modal homoclinic orbits.

For s = +1(AB < 0) the dispersion curve (2.2) has a minimum cp,;;, = —1/4, which is attained at ko = :I:l/ﬁ. The
corresponding linear operator

L(—it) =02+ 02 =V = (2 + k) + cnin — V (2.4)

is positive definite if the soliton velocity V is less than the minimal phase velocity cpmin = Vr (see, e.g. [50,19,22]). Above this
critical value, the horizontal line V = const always intersects the dispersion curve (2.2) and therefore solitons are impossible
for V. > V., due to Cherenkov resonance (1.1). Thus, in the present case the touching V = const occurs from below, which
corresponds to the bifurcation point for solitons.

1 Itis worth noting that Eq. (1.1) in the present case always has one root k = 0, but as it will be shown later this root represents the removable singularity
for the KDV type equations.
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2.1. Behavior of solitons near bifurcation point

Before finding soliton solutions to Eq. (2.1) ats = +1, we first recall some general features of the fifth-order KDV equation.
This equation, like the classical KDV equation, belongs to the Hamiltonian equations:

S6H 0

u =J—, = —, 2.5
e =J 5 J ™ (2.5)
where the Hamiltonian H is given by the expression
+o00 1 1
H= / [ufx - —ul - u3] dx, (2.6)
oo L2 2

or in the equivalent form
Up + Uyxx + Ugorxx + 6UL, = 0. (27)

Besides the Hamiltonian H, this equation has another integral of motion, the momentum

1
P= f/uzdx.
2

Consider now solitary wave solutions u = us(x — Vt) with condition u — 0 as |x| — o0, assuming velocities V < Cpn. After
one integration the equation for the soliton shape is written by means of the positive definite operator L (2.4):

Tu= —Vu + gy + e = —30% (2.8)

Sign positiveness of the operator L plays an essential role, not only for the existence of solitary waves but also for their
stability [22].

First of all, we demonstrate how the soliton shape can be found near the critical velocity V; assuming that the difference
between the solitary wave velocity and V., is small enough:

V,—V

2
="K 1. (2.9)
[Ver
Taking the Fourier transform of Eq. (2.8) yields
T 5
Uy = —— (U,
K L(k)( Dk
where
L(k) = (K = k§)* + (Ve — V) (2.10)

is the expression for the operator L in k-space. Hence one can see that when V approaches V.. the Fourier spectrum of uy,
is concentrated near k = ko with the characteristic width 8k ~ €. On the other hand, the quadratic nonlinearity in (2.7)
produces all combined harmonics with k = +nk, where n is an integer. If one assumes now that the amplitude of the main
harmonics vanishes (this assumption is later verified), then one should seek for a solitary wave solution of the Eq. (2.7) in
the form of the sum of harmonics nky:

u=uy+ Z (Yn(e™0* 4 c.c.). (2.11)
n=1

In this expression we introduced the slow coordinate X = ex and assumed that v, ~ €" and uy ~ €2. Applying the standard
procedure of multi-scale expansion (see, for instance, [51,52]), one arrives at the equation

Ver €91 — 26> Yrixx = —6(uo¥1 + Y21r)). (2.12)
The amplitudes of the zeroth and second harmonics are given by
2 4 2
up = —24{Ynl°, Yo = —gwl. (2.13)

Substitution of (2.13) into (2.12) yields for the fundamental harmonic amplitude the stationary nonlinear Schrédinger (SNLS)
equation

[Ver |€231 — 2910 — 152091 |*Yry = 0. (2.14)
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Hence one can see that the nonlinearity as well as the dispersion provide the existence of localized solutions in the form of
solitary waves of the focusing NLS equation. After rescaling, this equation is written as

— Y + Y+ 21Y Py =0. (2.15)

Its solution is given by the classical NLS soliton

cel?
=), (2.16)
cosh(ex)
which depends on one free parameter, i.e. the phase ¢.

Thus, as V — V,, solitons undergo the supercritical bifurcation: the soliton amplitude is proportional to & ~ (V. —V)!/?
and its width increases like e ' ~ (V. — V)~'/2, and while approaching the critical velocity the soliton solution transforms
into the wave train: the train envelope coincides with the NLS soliton. As shown later (Section 4), the behavior of solitons
near the supercritical point found here indeed is universal: it happens not only for shallow gravity—capillary solitary waves
but for all solitary waves in conservative media.

In order to investigate the stability of the envelope solitary waves described by the SNLS Eq. (2.14), one needs to introduce
the time dependence. It is easy to see that the expansion of the dispersion relation in the coordinate system moving with
the solitary wave

2 = k(c(k) — V) = kL(k)
near k = kg has the form
2 ~ ko[2(k — ko)? + (Ver — V). (2.17)

Assuming further that the amplitudes of the harmonics in the expansion (2.11) depend on the slow time T = €%t and
taking into account the approximation (2.17) for frequency, one can easily obtain the time-dependent nonlinear Schrédinger
equation for the fundamental harmonic

i
W - [Ver | W1 4 2Wixx + 1529 2@, = 0. (2.18)
0
After rescaling this equation can be written in the canonical form
oY
o — XY + Y + 21 P = 0. (2.19)

It should be noted that, unlike the fifth-order KDV Eq. (2.5), the NLS Eq. (2.19) has one additional symmetry, namely,
the gradient symmetry: i/ — e, that appears as a result of the averaging applied over rapid oscillations. Therefore the
envelope solitary wave solutions form a broader class than the solitary wave solutions of the Eq. (2.5). As shown in [53] and
discussed above, this has nontrivial consequences on the solutions of (2.7) and on their stability. Just as an illustration of
the method that will be used in the next subsection, we proceed with looking at the stability of envelope solitary waves
described by the SNLS equation.

2.2. Stability of envelope solitons

It is not difficult to see that the solitary wave solution (2.16) represents a stationary point of the Hamiltonian

+o00
H =/ (> = ¥ dx=1; — b, (2.20)

o0

for fixed number of particles N = f [y]?dx. In other words,

8Fnis = 0, where Fyis = H + €2N. (2.21)

According to the Lyapunov theorem, a stationary point will be stable if it realizes a minimum (or a maximum) of the
Hamiltonian.

In order to prove the stability of the soliton (2.16), it is enough to show that this solution realizes a minimum of the
Hamiltonian according to the Lyapunov theorem.

Consider first the scaling transformations that preserve the number of particles:

V() — a 'y (x/a). (2.22)
Under this transform the Hamiltonian takes a dependence on the scaling parameter q,
I I
H=1_-2 (2.23)

a? a
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The function H(a) has a minimum at a = 1, which corresponds to the soliton solution (2.16):

2¢3 4¢3
HS == _? and 21]3 = 125 = 7 (2.24)

The soliton also realizes a minimum of H with respect to another simple transformation, i.e., the gauge one,

Vo(x) = Yo(x) explix ()], (2.25)
which also preserves N,

H =H; + /(XX)ngdx.

Thus, both simple transformations yield a minimum for the Hamiltonian, thus indicating soliton stability.

Now we give an exact proof of this fact, following [38,22]. The crucial point of this proof is based on integral estimates of
the Sobolev type. These inequalities arise as sequences of the general embedding theorem first proved by Sobolev.

The Sobolev theorem states that the space L, can be embedded into the Sobolev space W, if the dimension of R,

2
D<-(p+4).
p

This means that between norms

1/p 1/2
||u||,,:[ / |u|Pde] L 00, ully, = [ / <M2|u|2+|w|2)dnx] >0,
there exists the following inequality (see, e.g., [41]):
llull, < My, (2.26)

where M is some constant > 0. For the particular case D = 1 and p = 4 the inequality (2.26) can be rewritten in the form

o) o0 2
/ ly|*dx < M, [/ Wyl + walz)dX] . (2.27)

Hence one can easily obtain a multiplicative variant of the Sobolev inequality, the so-called Sobolev-Gagliardo-Nirenberg
inequality [40] (see also [41,54,38]).
Let us apply in Eq. (2.26) the scaling transform x— «x. Then instead of (2.27) we have

o [e’e) 00 .l 2
/ |1/f|4dX§M1[u2/ |¢|2dx-a+/ |wx|2dx-a}.

This inequality holds for any (positive) « including a minimal value for the r.h.s. Calculating its minimum yields the desired
inequality:

00 00 1/2
/ |1/f|4dstN3/2U |1/fx|2dxj| , (2.28)

oo

where C is a new positive constant. One can arrive at the same inequality by considering the following set of inequalities [41]:

e’} 4 ) [ee) ) B Xmax d|w|2 [ee] )
[¥|"dx < max|y| Y| "dx = dx [V |“dx
—00 X —00 —o0 dx —o0

N /m 1 ldx < 2N/°c W lvalde < 2N [/

—00 —00 —

IA

00 1/2
|1//x|2ar] (2.29)

where C = 2. This inequality can be improved by finding the best constant C in (2.28). Evidently, the maximum value of the
functional
Gly) = —2
vl= N3/2 111/2
yields the best constant. In order to find the maximum of G[y] it is sufficient to consider all stationary points of this
functional and among all of them we must choose the one which realizes the needed maximum. It is easy to check that
all stationary points of G[v/] are defined by the equation which coincides with that for the solitary wave solution (2.16):

—22Y + Y + 2|12 = 0.
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Hence one can see that the maximum of G[v/] is attained on the real solitary wave solution (2.16) which, moreover, is unique
up to a constant phase multiplier:

o= A
* 7 cosh(ix)’
Then all integrals contained in G[y] are easily calculated:

2 3 43
N =2, 11525)L P 12325)‘- P

and the inequality (2.28) finally reads:

” 4d <LN3/2 ” 24 v 2.30
[¥] x_ﬁ [Yul“dx| . (2.30)

o]

Substituting now this inequality into (2.20) we obtain the following estimate:

H > H;+ (VI — V)2, (2.31)

where Hy = —%33 < 0 is the value of the Hamiltonian on the solitary wave solution. This estimate becomes precise on

the solitary wave solution. That, according to the Lyapunov theorem, proves the solitary wave stability. It is necessary to
remind that the 1D NLS equation can be integrated by means of the inverse scattering transform (IST) [5]. For many models
integrable by the IST such as the 1D NLS equation, solitons are structurally stable entities which retain their shape after
scattering with another solitons or with waves from continuous spectra.

Thus, we have demonstrated that the envelope solitary wave (2.16) is stable with respect to partial-modulation type
perturbations described by the NLS equation (2.19). However we have no answer about the stability for the original model
(2.5). We repeat here that the purpose of this Section is to illustrate the method based on Lyapunov’s theory to obtain some
stability results on the solitary wave solutions of (2.1).

2.3. Solitary wave stability

Let us now come back to the stationary KDV equation (2.8) for the solitary wave shape. It is easy to see that this equation
is nothing more than the Euler-Lagrange equation for the functional

F=H+ VP,

where H is given by the formula (2.6) and P is the momentum for (2.5). In other words, any solitary wave solution is a
stationary point of the Hamiltonian H for fixed momentum P. The soliton velocity V in this case plays the role of Lagrange
multiplier. So if we now show that the Hamiltonian (2.6) is bounded from below (its unboundedness from above is obvious)
then the stationary point (solitary wave) corresponding to its minimum value will be stable according to the Lyapunov
theorem. It is interesting to note that in the NLS limit the functional F reduces to the corresponding functional Fys (2.21).
First note that the functional F can be written through the mean value of the operator L and the integral of u®:
1/~ +o00
F=- <L(—i8x)> - / widx.
2 —o0
In the region V < V. the mean value of the operator L is always positive. This is a key point to demonstrate that the
functional F is bounded from below. R
Consider the mean value of the operator L

(i=io0) = /

—0o0

+o0 +o0
u(d? + k3)*udx + (Vg — V) / u?dx.
—00

Our aim now will be to estimate the integral f u3dx through two other integrals in the functional F, namely through

+o0 +0o0
I :/ u(d? + k3)’udx and N :/ u’dx = 2P.

o] —0o0

We first estimate the integral I through I; = f u2dx and N. The needed estimate is given by the Sobolev-Gagliardo-
Nirenberg inequality (see, for instance, [38]):

+00
/ uldx < CI/*N/4, (2.32)

o]

where the best constant C can be found similarly to that for (2.30). Simple calculations give
Cbest = Jé M 573/4.



54 E.A. Kuznetsov, F. Dias / Physics Reports 507 (2011) 43-105

The integral I; can be expressed through the integral I if one integrates by parts the integral fj;o uf(dx, and uses the Schwartz
inequality (see [22]):

+00 +o00 +00
f uldx = —/ Uty + ku)dx —I—/ kou?dx

o0 o0 —0oQ

+00 1/2
< N2 U u(d; + kg)zudx] + k2N, (2.33)

—00
and then substitutes this result into (2.32):
+oo
f Wdx < Coest (NI 4 IRN)VANS/4, (2.34)
—0oQ

By means of this inequality the functional F can be estimated as follows:

1
F>fd) = 5[(VC, — V)N + 1] — Coest(N'/21'% - I2N)V/AN>/4, (2.35)

As can been seen easily, the function f (I) is bounded from below so that the final answer for F takes the form:
F > minf ().

This estimate completes the proof [55].

Thus, we have demonstrated that the Hamiltonian for (2.5) is bounded from below for fixed momentum P = 1/2N.
If the solitary wave solution yielding the minimum of H is not a separate stationary point, then this minimum can be
achieved by means of continuous deformations of some initial distribution with finite norms N and I, as was established
in [56] in a small vicinity of solitary wave solutions. As was shown in [50] two branches of symmetric solitary waves
with exponentially decaying oscillatory tails bifurcate from infinitesimal periodic waves at the minimum phase speed.
At this point, unfortunately, we cannot conclude which one of the two branches of solitary wave solutions found in [50]
realizes the minimum of H. Probably, the branch which was found to be linearly stable in [57] realizes the minimum of
the Hamiltonian. It remains to be justified numerically. As seen above, in the small amplitude limit, the solitary waves
can be viewed as modulated wave packets. Using a two-scale perturbation expansion near the maximum of the phase
speed, one sees that in a frame moving with the wave, the envelope is governed to leading order by a steady version of
the nonlinear Schrédinger (SNLS) equation [52]. But here arises an apparent contradiction: while in [50] only two branches
were found, a one-parameter family of (generally asymmetric) solutions arises from the SNLS equation since the envelope of
a solitary wave can be shifted relative to its carrier oscillations by an arbitrary amount. In trying to understand this apparent
contradiction, Yang & Akylas [53] discovered that the actual structure of solitary wave solution branches near the maximum
phase speed is quite complex. They carried out the two-scale expansion underlying the NLS equation beyond all orders using
techniques of exponential asymptotics. Out of the one-parameter family of solitary waves solutions of the SNLS equation,
only the symmetric branches arising when the phase-shift parameter is such that the maximum of the envelope coincides
with either a crest or a trough of the carrier are true solutions of the fifth-order KDV Eq. (2.1). For all other values of the
phase shift, there are in fact growing oscillations of exponentially small amplitude in the tails and the resulting wave is
not locally confined. Nevertheless, two or more of these nonlocal wave packets can be pieced together if a certain selection
criterion is satisfied [53]. The asymptotic results are in agreement with the numerical results in [58], where it was shown
that a plethora of multi-pulse solitary wave solutions, including symmetric as well as asymmetric waves, exist.

At the end of this Section it is necessary to underline once more that the Lyapunov stability of the solitary wave solution
reaching the minimal value of H for fixed P implies the stability of this solitary wave not only with respect to small
perturbations but also relative to finite ones. This stability criterion can in fact be considered as an energy principle. For
continuous media as considered here, the solitary wave state corresponding to the minimum of the Lyapunov functional
can be achieved by means of radiation of small amplitude waves which provide the relaxation process to the ground solitary
wave. This is quite different from the behavior for Hamiltonian systems with a finite number of degrees of freedom.

3. Optical solitons and their bifurcations

3.1. Introducing remarks

In this section we consider how the mechanism of soliton bifurcations discussed in the previous Section for gravity-
capillary waves is modified in nonlinear optics, mainly following the paper by Zakharov and Kuznetsov [22].

Solitons propagating in nonlinear optical media, especially in optical fibers, have been a very popular research topic
since the beginning of the seventies when solitons in the KDV equation [4] and in the NLS equation [5] were shown to be
structural stable and when, a bit later, Hasegawa and Tappet [6] suggested to use optical solitons as the information bit
in fiber communications (for a recent review of this field see, e.g. [9]). For optical fibers these solitons are considered as
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1D pulses which can be described by the 1D Maxwell equations. This Section mainly deals with 1D optical solitons. The
multi-dimensional solitons and their stability will be considered in the next sections.

As is well known in optics (see, e.g. [42]), the spatial dispersion effects are small in comparison with the temporal
dispersion ones (their ratio is a small relativistic factor, ~v/c where v is the characteristic electron velocity in atoms and ¢
the light velocity, thus, this ratio is of order « = 1/137). Therefore the expansion of the electric induction D(t, r) in terms of
the electric field E(t, r) represents an infinite set with respect to powers of the electric field, evaluated at the same point as
the electric induction. Each term of this set contains only time convolutions. This is why in nonlinear optics the NLS equation,
for example, is usually written for the electric field envelope, where the spatial coordinate z plays the role of time in the
usual NLS equation and t represents the analog of coordinate (see, e.g., [9]). As shown in this Section, this peculiarity also
changes the Hamiltonian formulation of the equations of motion, and introduces some pure optical features for solitons,
their bifurcations and stability.

When one talks about optical solitons, the soliton spectrum is assumed to be concentrated inside some transparency
window where linear damping is small enough and dispersion effects are prevalent. Typically, the soliton spectrum width
dw is supposed to be small enough compared to the frequency band Aw of this window: §w < Aw. Inreal systems, however,
the frequency band Aw is narrow relative to the mean window frequency o, Aw < w. Thus, we have the following hierarchy
of the characteristic inverse times:

dw K Aw L . (3.1)

Each of these criteria allows one to consider a slow (7 ~! ~ §w) dynamics of soliton propagation in terms of the amplitude
envelope as well as more rapid but still slow pulse dynamics with times ~1/Aw. In particular, to derive the NLS equation,
a basic model for the description of optical envelope solitons, one has to approximate the wave number by a quadratic
polynomial

] 1 1
Sk = —dw — — = (5w)*. (32)
Vgr 2vg,

Here 6k = k — ko and dw = w — wg, vy = ad—‘,? is the group velocity, ko and wg are the wave number and the frequency
of the soliton carrier wave. On the frequency interval Aw, however, the wave dispersion can differ significantly from the
quadratic approximation (3.2) remaining still small in the sense of the criterion (3.1). It should also be noted that the current
experimental situation (see, for instance, [59,9]) makes it possible to generate very short optical pulses such that i—“; < 1.
On the other hand, the efficiency of optical fibers as a transmission medium for information is inversely proportional to
soliton length. Hence, the needs of practice dictate using solitons that are as short as possible. The properties of “short” and
“long” solitons of course will be quite different. For “short” solitons the expansion (3.2) is no longer valid and it has to be
replaced by a more general formula

8k — L(Sw = —F($w). (3.3)
Vgr

Here the function F must be taken from the microscopic consideration or extracted from experimental data. In spite of the
fact that the function F may be far from the parabolic dependence (3.2), averaging over the rapid time 1/wq can be performed
nevertheless, leading to the description of a slow soliton dynamics by means of the generalized nonlinear Schrédinger (GNLS)
equation. This average results in the appearance of a new integral of motion, i.e., the adiabatic invariant, which is related to
the pulse energy. Due to this invariant, the GNLS equation admits a soliton solution for the envelope of the electromagnetic
field E(x, t) in the form of a propagating pulse with an additional phase multiplier e?*:

E(X, t = x/vg) = €™ Y (t — X/vg + BY), vy > B.

As seen in the previous Section, solitons can exist if the function L(¢) = A — B¢ + F(¢) is positive (or negative) definite for
all ¢. This criterion coincides with the familiar one for the gravity-capillary solitons in shallow water: it is the main selection
rule for optical solitons also. If these criteria are not satisfied, the soliton radiates its energy due to the Cherenkov effect and
ceases to exist after a certain time. This phenomenon takes place, in particular, if F(¢) is a third-order polynomial. Even if
L(¢) > 0 and solitons exist, the question about their stability is far from being trivial. In this section we establish that the
soliton is stable if L(¢) is a positive definite fourth-order polynomial when the main nonlinearity is connected with the Kerr
effect. The stability proof is based on the boundedness of the Hamiltonian for the fixed adiabatic invariant. This proof'is valid
for all physical dimensions including d = 3.

One more point that we would like to emphasize is that the objects traditionally called “solitons” in nonlinear optics
are not solitons in the rigorous meaning of this word. These are “quasisolitons”—approximate solutions of the Maxwell
equations, depending on four arbitrary parameters. Real “stationary” solitons which propagate at a constant velocity without
change of their shapes are exact solutions of the Maxwell equations depending at most on two parameters. The latter exist if
the dielectric permittivity &(w) has a maximum in a considered frequency range for focusing nonlinearities and a minimum
if the medium is defocusing. In pure conservative media quasisolitons exist only for a finite amount of time and radiate due
to multi-photon processes. In practice, however, this time happens to be much larger than the lifetime due to the linear
damping, and a difference between solitons and quasisolitons is not significant.
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3.2. Stationary solitons

Now we demonstrate how soliton solutions can be found directly from the Maxwell equations. We consider the simplest
model for one-dimensional pulse propagation assuming that the polarization is linear and perpendicular to the propagation
axis. In this case the Maxwell equations, which read (c denotes the speed of light)

OE _ 10B 9B _ 14D

s T (34)
ox c dt ox c ot

can be reduced to the wave equation for the electric field E(x, t):
3’D L 9% 0 (35)
— —C— = .
ot? ox?

where the electric induction D is assumed to be connected with the electric field through the relation
D(x,t) = E()E(x, t) + xE3(x, ©). (3.6)

In this expression ¢ is the integral operator; the Fourier transform of its kernel, e (w), is the dielectric permittivity. The second
term in (3.6) corresponds to the Kerr effect; x is the Kerr constant.

The function ¢(w) is extended analytically to the upper half-plane of w (see, for instance, [42]). For real values of w, £ (w)
obeys the Kramers-Kronig relations. In particular, it follows from these relations that on the real axis the imaginary part
of ¢, ¢”, responsible for the dissipation of electromagnetic waves, cannot be equal to zero for all frequencies. Moreover we
will suppose that there exists some frequency band, Aw, where the imaginary part of the permittivity is small enough and
inside this band &” will be neglected.

Consider the propagation of the wave packet with spectra within this transparency window, assuming that the frequency
width of the pulse spectrum is small compared with Aw. Only under such conditions can one expect a soliton solution.
As mentioned above, two kinds of solitons are possible. The first type of solitons is a stationary soliton which propagates
at a constant velocity without change of its shape. Another kind of soliton is the quasi-soliton. Quasisolitons have some
internal dynamics and only on average do they propagate with a constant velocity. The classical examples of quasisolitons
are breathers in the sine-Gordon equation (for details see, e.g., [12,14,13]).

Stationary solitons are exact solutions of the Eq. (3.5) of the form

E=E(x—Vb), (3.7)

where V is a constant velocity and E is assumed to vanish at infinity. Substituting (3.7) into Eq. (3.5) allows the equation to
be integrated twice:
R v?
[E(X) = aE’(X), a=x— (3.8)
c

where the operatori is equal to
L=1- =& (3.9)

In the Fourier representation the operator L can be written in the form:
V2e(w)

c2
where the frequency w and the wave number k are linked through the relation w = kV. The second term in (3.10) is the
square of the ratio between V and the phase velocity for an electromagnetic monochromatic wave of small amplitude,

Lw) =1-— (3.10)

Cc

Von = . 3.11
m= e G0
Hence it is easy to see that the operator 1 becomes positive definite if and only if for all w
Vi (w) > V? (3.12)
and, respectively, negative definite in the opposite case:
V(@) < V2 (3.13)

Only in the case when conditions (3.12) or (3.13) are fulfilled a soliton solution is possible. Suppose that the conditions (3.12)
and (3.13) are not satisfied, i.e., the equation

V2e(w)
2

1 (3.14)
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has a solution (for simplicity suppose that this solution is unique: w = wyp). Then the Eq. (3.7) can be rewritten as follows

E(x — Vt) = Eg(x — Vt) + L' (1 = P)aE> (x — V). (3.15)
Here
Eo(x — Vt) = Re (Aexp[—iwo(t — x/V)])

is a solution of the homogeneous linear equation

IEp=0 (3.16)

and P is the projector to the state Eq(x — Vt) so that (1 — ﬁ)xE3(x — Vt) is orthogonal to Ey and therefore on this class of
functions the operator L is invertible. To find an explicit solution of the Eq. (3.15) one can apply, for instance, the iteration
scheme by taking E, as a zeroth approximation. As a result of such an iteration the solution will be a nonlinear periodic
wave with period corresponding to the frequency wy. Its Fourier spectrum will be a set of delta functions § (w — nwy) with
integer n. Of importance is that by so doing we will necessarily come to a nonlocalized solution which will depend on two
parameters, i.e. the imaginary and real parts of the complex amplitude A. Hence one can make the following conclusion:
The stationary Eq. (3.7) can have a soliton solution if the operator Lis sign definite. If Eq. (3.16) has a nontrivial (real) solution,
which is equivalent to stating that the phase velocity V,; and the velocity V coincide,

Von =V, (3.17)

a stationary soliton solution is absent. Note that this conclusion is based on the fact that the singularity in the right hand
side of Eq. (3.15) (E®),,/L(w) cannot be removed. As shown below, such singularities can be removed if the matrix element
of the four-wave interaction (in the given case—x ) has some dependence on frequencies.

Eq. (3.17) is nothing more than the condition (1.1) for the Cherenkov radiation for a moving object. And it does not matter
what is the nature of this object. It may be a charged particle, a ship, or, for instance, a soliton. In any case this object will
lose its energy. In the given case this means that an electromagnetic soliton (or better to say—a pulse) which moves with
the velocity V satisfying the condition (3.13) will necessarily radiate waves and, consequently, such a pulse cannot exist as
a stationary object. Thus, we arrive at the following criterion for the soliton existence: a soliton solution in some model can
exist when the equation

w(k) = kV (3.18)
has no (real) solution. Here w = w(k) is the dispersion relation. For electromagnetic waves w(k) is determined from the
equation

k2 2

o = ¢ .

e(w)

The relation (3.18) has a simple interpretation in the w — k plane (see Fig. 1). The r.h.s. of (3.18) corresponds to the straight
line going through the origin and, respectively, the velocity V in this plane is equal to the tangent of the slope angle ¢,

V =tan¢.

The existence of a solution to Eq. (3.18) means an intersection of the curve @ = w(k) with the straight lines that define the
whole cone of angles §2 where the stationary soliton solutions are impossible. Possible soliton solutions correspond to the
cone complementary to £2, £2. In this case, 02, straight lines @ = kV touch the dispersive curve w = w(k) on the boundaries
of the cones. At the touching points k;, the group and phase velocities coincide:

(3.19)

k daw(k
ol _ o (3.20)
ko, ok 1y,
For the dispersion law (3.19) this relation yields
d
s@i (3.21)
do |,

At these critical points solitons undergo bifurcation, since outside the cone §2 stationary soliton solutions are absent.
For supercritical bifurcations, it is shown below that the behavior of the optical soliton solutions near these critical points
is universal, like for the capillary-gravity solitons in shallow water considered in the previous Section. We demonstrate
this fact by using the example of the stationary Eq. (3.7) but it is important to emphasize that the proof is quite general
and can be extended to many other models. It is necessary to repeat that this fact was first investigated for capillary-gravity
solitons in deep water [60,16,19]. For capillary-gravity waves the dispersion law has a minimum phase velocity in the region
connecting the gravity and capillary spectrum ranges (see Fig. 1). _

Suppose for simplicity that Eq. (3.21) has only one solution @ = wg and the cone of angles £2 lies below the critical
velocity,
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c
v e(wo)
namely, the function &(w) has two equal maxima at two symmetric points so that
d?e(Fawp)
— <0
dw?

V<V, =

In this case the operator L is invertible and Eq. (3.8) can be written as

1 3

E, = L(w)a(E eo- (3.22)
Near the critical velocity, V,, — V < Vg, L(w), which is an even function of w, is close to zero near two symmetrical
points w = =wy. Therefore, according to Eq. (3.22), the distribution of E(w) will follow, to a large extent, that for the
function 1/L(w). This means that in the t-representation a solution should be closed to the monochromatic wave. The wave
monochromaticity increases as V approaches V. Secondly, we will assume that the soliton amplitude vanishes smoothly
while approaching the critical velocity V. In fact this assumption means that the bifurcation we expect is supercritical.
Therefore, E(t') (t' = t — x/V) can be sought as an expansion over the harmonics nwy (compare with (2.11)):

o0
E(t) = Y [Eanpa(z)e 00" 4 cc ). (323)

n=0

Here we formally introduced the small parameter

%
ce= [1— — (3.24)
Ver

and the slow time t = et’ so that the coefficients E;,1(t) are the amplitude envelopes for each harmonics. Such
representation means also that the frequency width of each harmonics, w ~ ¢, is small in comparison with the frequency
wy, i.e., the Fourier spectrum of (3.23) represents a set of narrow peaks. Two main peaks correspond to the first harmonics.
Therefore the action of the operator Lon (3.23) can be also expanded into a series with respect to €. Assuming the amplitude
Ezny1 to be of order €21 and substituting (3.23) into the stationary Eq. (3.8) together with (3.21), leads to the stationary
NLS equation at leading order:

5 9’E; 3 ,
€’E; —S rea 5o:|E]| E;=0 (3.25)
where
V2 d?
s=_Vadel@) 4 (3.26)

4c?2  dw?
Eq. (3.25) has a soliton solution only if « > 0:

2 —x/V —
Ei(t) = \/% sech [W] .

This solution is unique up to a constant phase multiplier. It follows the universal asymptotics for stationary solitons: its
amplitude vanishes like /V., — V as V approaches V., and the soliton duration At grows inversely to the factor At = \/§/e.
Thus, near the bifurcation point, optical solitons have the same behavior as the capillary-gravity solitons in the shallow water
case.

For times larger than At it is necessary to take into account the next terms in the expansion, in particular the third-order
dispersion and corrections to the cubic nonlinearity. Already the soliton behavior becomes non-universal in this temporal
region,

It is important to note that for €2 = 1 — V/V, < 0 Eq. (3.25) has no soliton type solutions. When the touching of the
dispersive curve occurs from above and the parameter S becomes negative, solitons exist only for defocusing media (x < 0).

(3.27)

3.3. Quasisolitons and higher-order dispersion

In this subsection which deals with the example of the generalized nonlinear Schrédinger (GNLS) equation we discuss
what is the difference between the solitons considered in the above subsection and quasisolitons. The GNLS equation has
a wider class of soliton solutions than the original Maxwell equations. Unlike stationary solitons (3.27), these solutions
are approximate, and depend on four parameters. However, as shown below, the selection rule for quasi-soliton solutions
remains the same as for the stationary solitons considered previously. Let the transparency window Aw be small compared
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with the mean value of frequency wy : wy > Aw. In this case one can introduce the envelope E;(x, t) for the whole
region. In order to derive the equation for envelopes the most convenient approach is the one based on the Hamiltonian
formalism [33].

Consider Eq. (3.5) which can be conveniently represented as a system of two equations:

Ip 3% p 1/, ATy
L4+~ =0, Ty =0. 3.28
8x+8t2 8x+c2 e+ czp ( )
The potential ¢ and the “density” p are related to the electric (E) and magnetic (B) fields as follows:
V54 a
E=——p, B= \/47r—¢. (3.29)
c at
The Eq. (3.28) can be written in the Hamiltonian form:
0 8 H ad 5 H
dp _ o 99 oK (3.30)
ox 5o dax ép
where x plays the role of time and the Hamiltonian is the integral over time
1/ag\* 1 . =y, 1 2 g 1
H = | = — — dt = — B® + EEE + —xE” ) dt. 3.31
f{2<3r>+2c2pw+c4p 871/ HEEE X (331)

The quadratic part of # yields the linear dispersion law k = k(w), which coincides with (3.19). The transition to the normal
variables a,,(x) is obtained through the change

= -2 @+ o — i/ * ) (3.32)
Po = k(@) a, +a_y); G = —1 0 a, —a_y,), .

where p,, and ¢,, are the Fourier images of the “density” p and the potential ¢. In these formula k(w) is understood as a
positive root of the dispersive relation (3.19). Substituting these relations into Eq. (3.30) gives the equations of motion in
terms of a,:

da, .6H
=i (3.33)
ax sax
where the Hamiltonian # takes the standard form (compare with [33]):
2 1 ko
# = [ k@)aoPdo+ 2 | Torososon0s, @, G Goydor +0r-03-0n [ [ deo. (3.34)
i
The matrix element T is given by the formula
3x a)%a)%a)%a)i /2
Tw1w2(u3w4 =54 (335)
4c* | k(w1)k(wr)k(ws)k(ws)

If the susceptibility x depends on frequencies then the constant x in the matrix element (3.35) must be changed into
X (w1, wy, w3, wg) With the necessary symmetry properties (see, for instance, [42,24]). Consequently the matrix element
T has the following symmetry relations:

—_ — — *
Tw1w2w3w4 - Twzw1w3w4 - Tw1w2w4w3 = Tw3w4w1w2' (3.36)

In the Hamiltonian (3.34) we kept only the terms responsible for wave scattering and neglected all other processes which
contribute at next (sixth) order in the wave amplitude.

The Hamiltonian formulation of the equations of motion (3.33) guarantees “conservation” (independence on x) of the
Hamiltonian # and also of the “momentum”

pP= /w|aw|2da), (3.37)

which exactly coincides with the integration over time of the Pointing vector

o0 o0
d
P=i/ EBdt / 024,
4 J_ oo Ot
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Let us now derive the equations for the envelopes by introducing the envelope amplitude for the wave packet

Y(t,x) = b / a, e (@me0)t=iko@ox gy,

V2

Here we assume that the spectrum of a,, is concentrated in the narrow interval dw near the frequency wg, wy > dw. The
amplitude 1 (t, x) is a slowly varying function of coordinate and time.

Next one expands k(w) and T, w, w30, iD Series with respect to £2 = @ — wg near the point wy,

1
K (82) = k(w) — k(wp) = V—Q —koS2?2 —y 22 48024 + -+, (3.38)
ar

T, —T+8T(.Q +2,+ 0 +9)+182T(92+92+92+92)
wjwyw3wg — 10 32601 1 2 3 4 230)% 1 2 3 4

oT
(82182, + §23824) + 3 (821823 + 21824 + §22823 + 2,24) + - - -. (3.39)

w1 0w, w10ws3
We kept all terms up to fourth order in £2 in the expression for k(w) and all terms up to second order in £2 in the matrix
element T. For the expansion of the matrix element we assumed T to be real for the sake of simplicity and used its symmetry
properties (3.36). In this case the coefficients are equal to

3x a)‘ll.

To = Twowowowg = E kz(a)l) s

oT _ aTwlwzwsw4 _ aTw1w2w3w4 _ 3x 9 w%w%w%wi ks
o1 01 |y 001 Actdon |:k(a)1)k(w2)k(w3)k(a)4)]
azlaw_ _ 82Twlwzwsw4 i w1 _ 1 |: _ Von ]

doi 0wy |,y d01 k(@)1 k(wr)1/? 2V, |

Taking the Fourier transform with respect to §2 yields the generalized NLS equation for v :
(oY 1 9Y ) .
i o= 4+ o ) + koSVu + BilY PV = —iy Y — 4iBs|¥ PV
ox Vg ot

— 8% + (B3 — Ba) [(W2 YU — (WU *] + (Bs + BV () — Bslv . (3.40)

The left hand side of this equation corresponds to the classical NLS equation: the second term in this part describes the
propagation of the wave packet as a whole and therefore can be excluded when going to the moving system of coordinates.
The next term (~S) is responsible for the quadratic dispersion. In the case de(wg)/dwy = 0 the coefficient S coincides with
the expression (3.26). The last term in this group defines the nonlinear frequency shift for a monochromatic wave. The first
two terms in the right hand side are proportional to (Sw/wg)>. It is important that there are only two such terms and that the
coefficient 8, = 27 3—5) is not equal to zero, even for a constant susceptibility x. At x = const the coefficient 8, can vanish
only if k ~ w?. All the other terms are proportional to (5o/w)*. Among them there is the term ~|/|*y which possesses the
same order of magnitude.
The coefficients §; in Eq. (3.40) have a simple form for the matrix element (3.35):

3 Vor \* B1 %
= 21k -~ ; = (1-22 ; 3.41
B 3 oX( c ) B2 o < Wy (341)
K2 82w B Von \°
= —_—— —_— , = = —_— 1 _ p .
bs=Fr wy dw} <k1/2) Pa=Ps w} ( 2Vgr>
Eq. (3.40) has an Hamiltonian formulation:
a 8
2V 3 (3.42)
0x Syt

Here the Hamiltonian #¢ is represented as a sum of Hamiltonians #¢;:
H=H1+Hy+Hs+Hy+---,

where

F = Vifw*l//fdt, (3.43)
ar
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== [ (st = 2101 ar, (349
ot = [liyy™ s+ igaw e = 0PI (3.45)
sa= [ | = Biwrvi+eer - Bdw v cer - Butaryt 4 e (3.46)

J, corresponds to the classical NLS equation, and the next ones to the complex MKDV equation. It is important that
each Hamiltonian is small compared to the previous one. However, such a situation can change if, for some reason, some
coefficients have an additional smallness. As seen from (3.27), the soliton width decreases with the coefficient of quadratic
dispersion S. So, at small S (such situation occurs near the so-called zero dispersion point) it is necessary to take into account
only the cubic dispersion (~y) and to neglect all higher-order terms, and also the term proportional to ,. On the opposite,
if the coefficient B; is small, one needs to take into account the nonlinear dispersion ~f, and to neglect the cubic linear
dispersion. As shown in the next sections, one also needs to keep the last term in (3.46) in the latter case.

Let us now analyze the solutions for the generalized NLS equation. We start from the NLS equation with quadratic
dispersion (corresponding to the Hamiltonian (3.44))

9
i%+w+2|w|2w =0 (3.47)

to illustrate how the mechanism (3.27) presented above works. Here the dimensionless variables are used and the nonlin-
earity is assumed to be focusing: Sy > 0.

It should be noted that, unlike the wave Eq. (3.5), the general NLSE (3.40) and, in particular, the NLSE with quadratic
dispersion has one additional symmetry, namely, the gauge symmetry: ¢ — e, that appears as a result of the averaging
over rapid oscillations. Therefore the envelope soliton solutions form a broader class than solutions to the wave equation
(3.5) and, according to our definition, they must be related to quasisolitons. To find the corresponding solution one should
put ¥ (x, t) = ey (t + Bx) where 1/, obeys the equation:

L)Y = —ifYe + A — Yo = 21¥|*Y, (3.48)

where the subscript s is omitted. Here the parameter 8, which corresponds to an inverse velocity for the Eq. (3.40) in
dimensional variables, is equal to the difference between the soliton and the group velocities divided by vér.
According to (3.18), the condition for Cherenkov radiation will be written as follows:

B2 =k(2) or L(2) =0, (3.49)

where the dispersion law for the Eq. (3.48) takes the form:

k(2) = A+ 2% (3.50)
Hence one can see that for & < 0 the resonance condition (3.49) is satisfied for all values of the “velocity” 8 ! (see Fig. 2) and
consequently solitons do not exist in this case. This can be checked directly by solving the Eq. (3.48): for A < 0 all solutions
are periodic or quasi-periodic. Soliton solutions are possible for A > 0. Their velocities lie in the range —2+/A > 8 > 2/A

(see Fig. 3). At the points £2 = £+/A the dispersive curve k = k(£2) touches the straight line k = B, £2. At these points the
solution must vanish in agreement with the general theory. It directly follows from the exact solution of (3.48):

Y?) ———
— ele , AR = A — 2 4. 351
v cosh(A£2t") Y ( )
Solitons exist only for A > B2 /4. The upper boundary in this inequality defines the critical velocity:
B = £24/A.

Note also that at A > $2/4 the operator L in Eq. (3.48) is positive definite.
Now let us consider the case of third-order dispersion. Suppose as before that the desired solution depends on x
exponentially:

Y 1) = eMYs(t), ' =rt+px. (3.52)
The corresponding operator L(id;) has the form
L(R2)=—BR2+1+S2* +y2°. (3.53)

This operator for any values A, 8, S and y # 0 is not sign definite. This means that the equation L(£2) = 0 or its equivalent
form

BR =r+5S2°+y2°
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A

Ao

Fig. 2. The dispersive curve (3.50) for negative A. Any straight lines leaving the origin always intersect the curve.

Q

Fig. 3. The dispersive curve (3.50) for positive A. Dashed lines tangent to the curve correspond to the critical velocities 8 = £2+/A. The soliton velocity
cone is limited by these two dashed lines.

Fig.4. The third-order dispersion k = D$2? 4y £23. The straight line dispersive curve (3.50) for positive A. The straight line (dashed) touches the dispersive
curve at the point £2 = £2, but intersects the curve at 2 = 0.

has at least one real solution: any straight line going through the origin always intersects the dispersive curve k(§2) =
A+ S22 + y 23 Forexample, at A = 0and 8 > By = —S?/(4y) all straight lines k = B2 intersect twice the curve
k = k(£2). At B < Pp straight lines have one intersection, and touching takes place at 8 = Sy (see Fig. 4). However,
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one intersection is enough to exclude solitons. From a different point of view, the example of the KDV equation, which
simultaneously has cubic linear dispersion and solitons, would seem to be in contradiction with what we just said. But there
are no contradictions. The reason is the dependence of the matrix element on wave vectors that provides the cancelation of
singularities in the equation of type (3.22).

Let us show on the example of the KDV equation

U + Upx + 6UU; = 0, (3.54)
how such a cancelation of singularities occurs. For solitons moving with velocity v
L(k) = ik(v + k).
If v > 0 the equation L(k) = 0 has one real root k = 0. In this case the analog of (3.22) reads
_ 3ik(U?)
TN

which, evidently, does not contain a singularity at k = 0. A similar situation occurs for other equations of the KDV type (see,
for instance, [61]). It is necessary to mention the papers [62] where the soliton type solutions were found for the GNLSE
with third-order dispersion and the corresponding nonlinearity ((3.44), (3.45)). Being formally correct these solutions have
a spectrum concentrated in the frequency range £2 ~ 1/y, 1/8,, comparable with the frequency wy. In other words they
have parameters which are not compatible with perturbation theory. The existence of such solitary waves indicates that
the cancelation of singularities also takes place. The soliton spectrum is shifted by a small value when there is the following
relation between the coefficients S, y, 81 and S,:

3

koS _ 3)/
B 4B
This situation is quite special: Eq. (3.40) (written in dimensionless variables)
iV + Vi + 2012 = ie (e + 619 *90) (3.55)

allows the application of the inverse scattering transform (see, for instance, [12]). In this case the Hamiltonians (3.44)
and (3.45) are conserved separately. Both Hamiltonians are generated by the same auxiliary operator, namely the
Zakharov-Shabat operator [5]. The parameter ¢ in this equation is of order w/w and v takes values of order one. The
soliton solution for this equation was first presented in the papers [63]. The simplest solution among them is

m

— i/sz
V= shlnt — el

which transforms at € = 0 into the stationary NLS soliton (3.51).

From the above results one can make the following conclusion: the existence of soliton solutions for the operators L
of third order is linked to presence of the derivative in the nonlinear term or, in another words, to the matrix elements
dependence on frequencies. If such dependence is absent or not essential (as it is, for instance, near a zero dispersion point)
then there are no reasons for the cancelation of singularities in equations of type (3.22).

In the following we restrict ourselves to the case where the nonlinearity dispersion is absent or not essential. In such a
situation the third-order dispersion cannot provide soliton existence—one needs to take into account the next order terms.

For the fourth-order dispersion the corresponding operator L reads

L(2)=—BR+r+S2*+y2°® +502% (3.56)

The sign definiteness of L will now be defined by the sign of the parameter §: at § > 0 the function L will be positive for
large £2 and, respectively, negative in the opposite case.

By an appropriate frequency shift, 2 — 2 4 v, one can always exclude the cubic term from the operator L. Secondly,
with the help of simple rescaling and sign change, L(§2) can be transformed to the two following canonical forms:

L(2) = —BR + k() = —B2 + A+ (2° — v5)*, (3.57)
L(2) = —BR + k() = B2 + A+ (2% + v))*. (3.58)

Applying the criterion (3.49) to the dispersion law (3.57) for A < 0 yields satisfaction of the resonance condition (3.49)
for all values of 8 and, thus, in this parameter region solitons are impossible. For positive . = u* > 0 solitons are possible
at the region —f, < B < B where

1
Bor = 4520(28 — %) or 2§ = 5 <2u§ + 4/ 16v8 + 12u4> : (3.59)

Near the critical velocity (3.59) the dispersion is positive and therefore localized solitons can only exist for the focusing
(8x > 0) nonlinearity, which in contrast, would be defocusing in the case of quadratic dispersion.
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Fig. 5. The soliton shape at /vy = 1/3. The soliton amplitude and time are measured in units vé and vo’l' respectively. The soliton envelope has a form
which is close to the sech form.

The soliton shape is determined from the equation:

L(id) ¥ = 20|y [Py, (3.60)

where L(id;) is given by formulas (3.57) and (3.58); o = sign(§ x ) defines the character of the nonlinear interaction: focusing
for o = 1and, respectively, defocusing for negative o . Soliton solutions are possible only for the focusing case. The simplest
solutions of (3.60) are standing solitons (they have zero speed). Their form for L (3.58) is found by integrating the equation

1Y+ 37 + vy =21y Py =0 (3.61)

It is important that a moving soliton with fourth-order dispersion has a shape which is different from that of the soliton
for the NLSE with quadratic dispersion and cannot be distorted into a standing soliton through phase transform and simple
rescaling.

In order to find solutions, Eq. (3.61) should be supplemented by the boundary conditions:

Y, ¥ — 0 ast — Foo.

The symmetry of Eq. (3.61) with respect to t allows one to look for real symmetric solutions: ¥ (t) = ¥ (—t) = ¥*(t). At
infinity (t — =00) these solutions must vanish exponentially, ¥» ~ e"* — 0, where the exponents v are defined from the
equation

/L4 + (= \)3)2 =0.

The roots of this equation are given by the expressions

1 1/2 1 1/2
u::l:[z (,/,u“—i—vé—i—vé)] ii[z (,/u“—i—vé—vé)] . (3.62)

Namely, all the roots are complex. In particular, this means that standing soliton solutions must have an oscillating structure.
If u ~ vy, the ratio between the imaginary and real parts of the exponents is of the same order. The critical touching takes
place at ; = 0. Near this point the real part v’ vanishes, but the imaginary part remains:

v & £u? /v £ ivg. (3.63)

Only in this limit one can obtain the envelope soliton with the sech form (3.27).
For large n(u > vg) the roots have the asymptotic behavior

+1+i
V=Uu .
V2
Figs. 5-7 show solitons for different values of x« and vy. In the limit & — 0 (Fig. 5), the soliton shape has the form of the
envelope soliton (3.27).

As u increases, the number of oscillations decreases on the soliton size (Fig. 6) and at large u(u >> vg) the soliton has
only one oscillation on this scale (Fig. 7). At a large distance all solitons possess exponentially decreasing oscillating tails.
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Fig. 6. The soliton shape at ;/vo = 1. The soliton amplitude (in units vZ) grows and its duration (in units vo’1 ) decreases. On the soliton size there are still
some oscillations.
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Fig. 7. The soliton shape at /vy = 10. The oscillating tail is no longer visible.

When the ratio i/ vy increases, the soliton amplitude increases and its duration decreases. The solitons obtained here as real
solutions of Eq. (3.61) are simultaneously solutions in the form of stationary solitons for the wave Eq. (3.5) with dielectric
permittivity:

2

e(®) = g — a(@* — wj)* and xa > 0.

As for the case of second dispersion (3.58), the situation is familiar to the one for solitons with quadratic dispersion (3.50).
Solitons here are possible only for A > —y(f, the only difference with the quadratic dispersion solitons is connected with a
change in the critical velocity value. Near these points the structure of solitons has the universal form (3.27).

3.4. Stability of solitons
Consider the stability of solitons found in the previous subsection. As already demonstrated in Section 2 the standing

soliton (2.16) for the NLSE with quadratic dispersion is stable. We first show that the propagating solitons are also stable.
The Hamiltonian for this equation is of the form

H= f(lwtl2 —lyhdt =1 — b, (3.64)
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and soliton solutions (3.52) represent stationary points of the Hamiltonian H for fixed momentum P = —i f Y idt and
number of particles (power) N = [ |y|dt:
8(H+ BP +AN) =0. (3.65)

To prove the stability of the soliton let us demonstrate, following [38], that the soliton realizes the minimum of the
Hamiltonian for fixed P and N. In order to do that, it is convenient to represent the parameter A as the sum of 82/4 and
the positive quantity u? and then consider the functional F = H + 8P + (82/4)N which has the meaning of a Hamiltonian
in the moving system of reference. Through the change of the wave function ¢ — e'#/? F is transformed into H (3.64)
and respectively the variational problem (3.65) is written as

8[H + (» — B*/4N] = 0;

it corresponds to the moving soliton solution (3.51). Thus, we reduce the stability of the moving NLS solitons to the stability
of the standing one; that proves their stability.

Let us now consider the fourth-order dispersion. The corresponding functional F = H 4+ 8P + AN can be represented as
the sum of the mean value of the positive definite operator L(id;) (3.56) and the nonlinear term:

F= f VL3I0, ) wdt — / |y *dt. (3.66)
In order to obtain the stability proof for solitons one needs to find the analog of the estimate (2.30) for the mean value
of the operator L(id;).

Let L(£2) be a positive definite polynomial of £2 € (—o00, 0c0) of even degree N = 2I:
Li(2) = G2 + G127 + - + G
Then L(§2) can be expanded as follows

1 p—1
La(2) = ) La2p(2p) [ [ (2 — 207 (3.67)
p=0 i=1

where £2; and polynomials Ly_»,(£2) are constructed from Ly (§2) by the following way.
Let £2 = £2¢ be the minimal point of L;(£2) : min Ly (§2) = Ly (£2p). The latter means that L,;(§2) can be written as

Loi(£2) = Ly(£20) + (82 — £20)*Lo1—2(£2)

where Ly,_,(£2) is the nonnegative polynomial of degree 2/—2. Expanding the polynomial L,,_, (£2) yields a new nonnegative
polynomial with degree 21 — 4. Further recursion leads us to the formula (3.67). What is important is that all coefficients in
this expansion are nonnegative: Ly;_,,(£2,) > 0. Note that Ly(£2)) = Cy.

The expansion (3.67) generates the following expansion for the mean value of the operator Ly;(id;):

(La(i3) = / W L0 e

= L(£20)Ng + Ly—2(§21)N1 + - - - + Lo ($2)N; (3.68)

where
p—1
— 2 s, _ : . —
Np-/|¢p| dt; ¢p—l_[(13f+9q)xlf, p=1 Yo=.
q=0

This representation exhibits how the square norm of the positive definite polynomial operator can be expanded through
the norms N, with nonnegative coefficients Ly;_5,(£2,).
The expansion (3.67) to fourth-order positive definite dispersion (3.56)

L(2) =1 — B2 + D%+ y2° + 2*
reads

L(2) = p* + 17 (2 — 20)° + (2 — 20°(2 — 217, (3.69)
where u? replaces L (£20) and L, (£2;) is replaced by 5. Without loss of generality, in Eq. (3.69) one can put 2y = —£2; = v,
(it corresponds to the change v — exp{—i%((zo + £21)t}) so that the formula (3.69) takes the form

L(2) = u* 4+ n*(2 — v)? + (2% —vD)2 (3.70)

The difference between dispersions (3.57) and (3.58) is in the sign of the quantity 2v3 — »? positive or negative (212 > n?
for (3.57) and 2v§ < n? for (3.58). The integral expansion for the norm of the operator L corresponding to (3.70) is written
as follows

(L(i30)) = u*N + n’J1 + )2, (3.71)
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where
I =/|<iat+vo)w|2dr, b =/|(83+u§>w|2dt.

This representation means that moving solitons can be considered as stationary points of a new Hamiltonian

H =n’Ji +J; — / |l |*dt (372)
for fixed number of particles N:

S(H + w*N) =o0. (3.73)

If the Hamiltonian H' is bounded from below for a fixed N and its lower boundary corresponds to the soliton, then one has
soliton stability. In terms of the new Hamiltonian the soliton solutions obey the equation

s+ 0 (@0 + v0)*Ys 4 (07 + v5) s — 2|y = 0. (3.74)
Multiplying this equation by ¥, and integrating over t leads to the following relation between integrals contained in H':
N5+ 0°fis + Jas — 2 f sl *dt = Hy + u*N; — / |5l *de = 0.

Another relation follows after multiplying Eq. (3.74) by t9;y," and integrating:

(1 4+ n°v + vNs + 2v5 — nz)/ |9 s 2dt — 3f |02 s dt — / [s|*dt = 0.
Combining both relations yields

H. = (n*vg + vg)Ns + (215 — ) / ERVAR: 3/ ERVAR:S

For both dispersions the Hamiltonian H on the soliton solution is bounded from above by the number of particles Ny mul-
tiplied by some positive coefficient: for (3.57) we have

1
H. < [E(z\)g — )2+ + v;}] N
and for (3.58)

H! < (0*v3 + vg)N;.

We now prove the boundedness from below of the Hamiltonian H’ for fixed N. In order to do that we first estimate two
integrals J; and J, through two other integrals N and I, = f [y|*dt. It is easy to see that, for the first integral J;, the following
estimate (2.30) holds:

oY) 00 1/2
/ |1/f|“dts}3N3/2[/ I(iat+vo)w|2dt] . (3.75)

o0 oo

Using again the inequality (2.30) leads to the desirable estimate for J,: one first integrates by parts the integral f |y |?dt,
then uses the Schwartz inequality

/ ARG

_ / (W + V2PdE + f V1 Pt

IA

1/2
N1/2 [/ 187 + v§)1/1|2dt] + 2N

and finally substitutes this result into (2.30):

1032 5\
h=— (=2 -wN) . (3.76)

Through the inequalities (3.75) and (3.76), the Hamiltonian H’ can be estimated as follows:

, 321 /32, 0\’
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Continuing this inequality, one can write
V3l (312
) = 2= (N—§ — vgN) — 1.
Hence we finally arrive at the desired inequality, i.e., at the boundedness of the Hamiltonian:
3/2
43N V3N
- T ] + .

2
6v;

H >

(3.78)

According to the Lyapunov theorem this proves the stability of the stationary point of the Hamiltonian corresponding to its
minimum. This minimum point is some soliton solution of Eq. (3.74) which, in principle, is unique. Also important is that
according to the estimate (3.78) the Hamiltonian can take negative values. If initially the Hamiltonian H' < 0, one can use
the mean value theorem to obtain an estimate from below for the maximum value of |1/ |> (compare with [38])
/
max |E|*> > @

t N
Thus the maximum of intensity which existed initially cannot disappear as distance grows. The radiation of small amplitude
waves must provide, due to the boundedness of the Hamiltonian from below, relaxation of such initial conditions to the
soliton state.

We conclude this section with a few words about the stability of stationary solitons (3.27). Near the critical velocity this
question can be considered in the framework of the parabolic NLS Eq. (3.50) for which we already know the answer. In order
to investigate the stability of solitons far from the critical velocity, the next order terms in the dispersion must be included. As
seen above, the fourth-order terms which provided the positiveness of the corresponding operator L also provide stability for
solitons. We guess that the positive definite polynomial operators of even order must provide the soliton stability. Probably
solitons will be unstable only for operators growing proportionally to 4/|§2| and slowly at infinity, |$2| — oc.

Note that the analysis for solitons based on the criteria (3.12) and (3.13) is valid for any dimension. It is essential that the
requirement for soliton existence remains correct: the corresponding operator L must be sign definite. Moreover, fourth-
order dispersion in all physical dimensions d provides the existence of stable solitons of the GLNS equation with cubic
nonlinearity. This follows by estimating the fourth-order dispersive term in the Hamiltonian through the integrals I and N.
In this case the inequality (2.30) reads

D/4 2-D/4

f [y |4dPx < C U |Aw|2de] [/ |1/f|2de:| ) (3.79)
Substituting this estimate into the Hamiltonian

H= / | Ay [2dPx — f [y |*dPx

provides its boundedness from below:

D/4 2-D/4
H > /|Aw|2d0x—c[f|A¢|2de] |:/|1//|2de:|
4/(D—4)
> —@4/D-1)(=— NE-D/@E=D),
-~ (%)

Besides soliton stability, this proves also that for media with Kerr nonlinearity wave collapse is stopped by fourth-order
dispersion in all physical dimensions.

4. Supercritical bifurcations: general consideration

In the two previous sections we have examined two types of solitons undergoing supercritical bifurcations and demon-
strated that solitons behave similarly near the bifurcation point. Now we will show that such behavior of solitons near their
supercritical bifurcation point is intrinsic for any type of solitons.

Let us consider a purely conservative nonlinear wave medium which can be described by the Hamiltonian

H= / olaPdk + Ha. (4.1)

where wy is the dispersion law of small amplitude waves, a; are the normal amplitudes of the waves and the Hamiltonian
Hi,: describes the nonlinear interaction of the waves. The expansion of the interaction Hamiltonian H;,, in powers of a, and
a*

k*

Hine = Hy + -+,
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starts from the cubic term
1
H{ = f(vkhb aza,q Ak, + C.C.)Sk_k1 —ky dkdk] dkz + § /(Uqukz a;’;a,fz a:Z + C.C.)(Sk+k1+k2 dl(dl(1dk2 (42)

which describes the three-wave interaction. Here the matrix elements Vi, and Uk, have symmetry properties in
accordance with the definition of Hy:

Videyk, = Yoy » Urkiky = Ukioky = Ukiy -

Since the variables a; and their complex conjugates aj are classical analogs of the quantum annihilation and creation
operators, one can classify all nonlinear processes corresponding to each term in the interaction Hamiltonian. For instance,
the first term proportional to Vi, is responsible for the process of decay of one wave into two waves and the second term
in (4.2) is responsible for the process 0 — 3 (creation of three waves from a “vacuum”). Among the fourth-order terms the
most important one is the Hamiltonian

1

H; = 3 / Thykykska Oy Gy Oy Qg Sky ey —ke3 —kg TT K (4.3)

responsible for the processes of scattering of waves, 2 — 2.
The equations of motion of the medium can be written in terms of the amplitudes a; in the standard Hamiltonian
form [33]

day . . OHin
W + oy = —1 (3(1?: ,

so that in the absence of interactions the system consists of a collection of noninteracting oscillators (waves):
a(t) = ax(0)e .

Eq. (4.4) describes the dynamics in wave number space. To go back to the physical space one needs to perform the inverse
Fourier transform

(4.4)

v, t) = /ak(t)eik"dk. (4.5)

1
(zﬂ)d/z

Originally, the function ¥ (x, t) is related to the characteristics of the medium (fluctuations of the density and velocity of
the medium, electric and magnetic fields, and so on) by a linear transformation (see, for example, Ref. [33]). It is important
thatif ¢ (x, t) is a periodic function of the coordinates, then its spectrum a;(t) consists of a sum of §-functions. For localized
distributions ¥ (x,t) — 0 as [x|] — oo. The Fourier amplitude a,(t) being a localized function of k, it does not contain
S-function singularities.

Let us now consider the solution of Eq. (4.4) in the form of a soliton propagating with constant velocity V:

YX £ = ¥ (x— V).
In this case the whole dependence of a; on time t is contained in the oscillating exponent:
a(t) = ce ™V,

where by virtue of Eq. (4.4) the amplitude c; satisfies the equation

(a)k —k- V)Ck = Efk. (46)

TS
¢,

The difference wy, — k- V appearing in this equation is positive for all k if the soliton velocity is less than the minimum phase
velocity

IV| < min(wg/k). (4.7)
Conversely, the difference is negative for all k if the soliton velocity is greater than the maximum phase velocity:
V| > max(wy/k). (4.8)

We show that a soliton solution is possible if the condition (4.7) (or (4.8)) is satisfied. Let us assume the opposite to be true—
let both conditions (4.7) and (4.8) be violated, i.e. equation (1.1) has a solution. For simplicity, we assume that it is unique:
Kk = Kq. Then, since xé(x) = 0, the homogeneous linear equation

(o —k-V)C, =0
possesses a nontrivial solution in the form of a monochromatic wave
G = AS(k — ko).
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In this case, the Fredholm alternative allows us to write Eq. (4.6) as

c = AS(k — ko) + fik with fy, =0 (4.9)
wr—k-V
(compare with (3.15)). This equation, in contrast to Eq. (4.6), contains a free parameter — the complex amplitude A. It can
be solved iteratively, for example, taking A§(k — Kg) as the zeroth term. It is important that because of the nonlinearity
one obtains multiple harmonics with k = nky where n is integer as a result of iterations. The solution consists of a sum of
8-functions. In physical space the solution is a periodic function of the coordinates, i.e., it is nonlocalized. Hence the first
selection rule for solitons follows: the difference w, — k - V must be sign definite,which is equivalent to the (4.7) or (4.8). In
other words it means that Cherenkov radiation is absent.
In this whole scheme, there is however an important exception. Having represented Eq. (4.6) in the form (4.9), we have
in fact assumed that the singularity in the expression

fi

4.10
Wi —k-V ( )

is nonremovable. This may not be the case—the singularity in the denominator of Eq. (4.10) could be canceled with the
numerator, i.e., it could be removable [22]. As seen in the previous section, this happens for the classical soliton of the KDV
equation, for equations which are generalizations of the KDV equation [61], for the combination of the 1D NLS and MKDV
equations integrated by the same Zakharov-Shabat operator [5] and so on. In all of these cases cancelation occurs as a result
of the k dependence of the matrix elements. However, even in these cases, the selection rule for solitons remains the same:
after the resonance (1.1) is removed—the part remaining in the denominator must be sign definite.

In what follows the singularities in Eq. (4.10) are assumed to be nonremovable in the forbidden region, and we study the
behavior of the soliton solution as the soliton velocity approaches the critical value. For definiteness, it is assumed that the
plane w = Kk - V is tangent to the dispersion surface w = wy from below, i.e., the criterion (4.7) holds. Let touching occur at
the point k = Kq. Then, instead of Eq. (4.9), in the allowed region

f
a)k—k-V'

As the velocity V approaches the critical value V., the denominator in this expression becomes small near the touching
point, so that ¢, exhibits a sharp peak at this point

Ci =

1 1
Ck = [2wa,sl<a/€ﬁ + ko(Ver — V)] fie- (4.11)
Here wep = 0w/ ok, dkg is a symmetric, positive definite tensor of the second derivatives, evaluated at k = Ko, and
k=k— k().

It is evident from Eq. (4.11) that as V approaches the critical velocity the width of the peak narrows as +/V., — V, and
the distribution corresponding to the main peak k = ko approaches a monochromatic wave. Accounting for nonlinearity,
the spectrum contains harmonics which are multiples of k = K. If it is assumed that the amplitude of the soliton vanishes
gradually asV — V,, (which would correspond to a second-order phase transition), then the solution ¥ (X) (or, equivalently,
k) can be sought as an expansion in terms of harmonics:

)= > YaXeox, X =x—vt. (4.12)

n=—oo

Here the small parameter

A=/1=V/V, (4.13)

and the slow coordinate X = AX’ are formally introduced, so that v,,(X) is the amplitude of the envelope of nth harmonic.
The assumption that the soliton amplitude vanishes continuously at V = V., means that the leading term of the series in
Eq. (4.12) corresponds to the first harmonic, and all other harmonics are small in the parameter A. This is the condition under
which the NLS equation is derived (see, for example, Refs. [22,64,13]). In the present case, we arrive at the stationary NLS

¥y

——— + By’ =0 414
8Xaaxﬁ+ K212 (4.14)

1
_kOVcr)VZWl + iwaﬁ

at leading order in A, where B is related to the matrix Tk1 kyksk, OF four-wave interactions as

B = —(27) Tigkokoko - (4.15)
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In this approximation the leading term in the interaction Hamiltonian has the form
Tkokokoko
2

and the tilde means renormalization of the four-wave matrix elements due to the three-wave interaction—in the present
case the interaction with the zeroth and second harmonics. According to [22] Ty kyk,k, 1S given by the following expression:

B
Hipe = /C;:] lezCk3Ck46k1+k27k3fl<4dk1dk2dk3dk4 = _Ef |1/f1|4dX, (4-]6)

|U—2k0’<0’<0|2 ) |V2’<0’<0’<0|2 _ 41im |Vkoko'f|2

) (4.17)
2wy, + wak, Waky — 2y, k=0 W — K Vg

Tkokokoko = Tkokokoko —2

Here the second and third terms represent the contribution from the interaction with the second harmonic. The last term,
in the form of a limit as k — 0, accounts for the interaction with the zeroth harmonic where vy, = dw/0Kk is the group
velocity taken at k = K. According to Goldstone’s theorem (cf. [65]) the frequency w, can vanish or tend to a constant value
as k — 0. The same statement is valid for the matrix element V,, if one of the wave vectors K, k; or k; tends to zero.

Thus, in the expression (4.17) for the matrix element of T, there are indeterminacies when k; = Ko. As a result we arrive at
the limit
[Viegkor |
k=0 (k) — Kvg
For example, for surface waves on the deep water

oK) = (gK)'"?,  Vigkge ~ &>

and all the indeterminacies vanish. For finite depth one has Vi« ~ k12, w(k) ~ K, so that this limit is finite in each

direction, however, the quantity Tkokokoko remains undetermined due to the angular dependence between the vectors Ky and
k. Indeterminacies of this type are related to the excitation of induced motion of the medium as a whole. Such a situation
occurs for all waves whose dispersion laws w; become linear as k — 0. In addition to the surface waves considered above,
such waves include ion-acoustic waves in plasma, sound waves in a solid, etc. The additions to the four-wave matrix element
T will be finite far from the resonances

Zwko — W2y = 0 (4]8)
and
w(k) — kv = 0. (4.19)
The first resonance corresponds to the excitation of the second harmonics, while the second one relates to the resonant inter-
action of wave packets with low-frequency waves. In nonlinear optics the latter corresponds to the Mandelstamm-Brillouin
scattering.
As already noted, wqp in Eq. (4.14) is a symmetric positive definite tensor. For this reason, performing a rotation to its

principal axes and carrying out the corresponding extensions along each axis, Eq. (4.14) can be transformed into the standard
form

=2+ Ay = 2uly Py =0, (4.20)

where u = sign(fa)o,a). Hence it follows, in the first place, that solitons are possible only if @ is negative (focusing
nonlinearity when the product Tw,, is negative) and, in the second place, that the amplitude of the solitons is proportional

to
r=1-V/V,, (4.21)

i.e,, the amplitude vanishes according to a square-root law, the size of the soliton increases as 1/ as the velocity approaches
the critical value. This is in complete correspondence with both examples considered in the previous sections.

4.1. Stability of solitons in multi-dimensions

It is obvious that for soliton stability the most dangerous disturbances will be those having wave numbers close to k = kg
moving together with the soliton, i.e., modulation type disturbances. In order to include these perturbations one needs to
introduce the time dependence in the averaged equations. In this case the amplitudes v, in the expansion (4.12) must
be assumed to depend not only on the “slow” coordinate X but also on the slow time T = A?t. Then using multi-scale
expansions, we obtain the nonstationary NLS equation instead of the stationary NLS equation (4.20):

e — Ay + AY = 2uly Py =0 (4.22)
(compare with Eq. (2.19)).
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The problem of the stability of solitons solution to this equation has been well studied (see, for example, Refs. [22,38]).
We recall the basic points in the investigation of stability. Eq. (4.22) as an equation for envelopes inherits the canonical
Hamiltonian form (4.4)

9 SH
AL (4.23)
at sy
where the Hamiltonian
H=VN+/MWP—WWM (nw=-1) (4.24)

arises as a result of averaging the initial Hamiltonian. Eq. (4.22) preserves, besides H, the total number N of particles
(adiabatic invariant), so that solitons are stationary points of the functional H = H — A*>N (which we also call Hamiltonian)
with a fixed number of particles:

8(H+ A2N) = 0. (4.25)

The number of particles (or intensity) on the soliton solution as a function of A has the form

szw#mzﬁ*/MQW& (4.26)

where d is the dimension of the space, s = Ag(Ax) and g(&) satisfies the equation
—g + Ag +2|gl’g = 0.

In the 1D case, g = +/2 sech & and, correspondingly, Ny = 4. In the 2D case N; is independent of A for the entire family of
solitons, while in the 3D case N; decreases as A increases. The dependence of Ny on A? is crucial from the point of view of
soliton stability. The (linear) instability of 3D solitons follows from the so-called Vakhitov-Kolokolov (VK) criterion [39].

4.1.1. Vakhitov-Kolokolov criterion

Now we will give the derivation of this criterion, following the review [38] for the NLSE solitons. The crucial point in its
derivation is based on the oscillation theorem for the stationary Schrédinger operator. This theorem establishes the one-to-
one correspondence between a level number and a number of nodes of the eigenfunction. As well known, this theorem is
valid only for scalar (one-component) Schrodinger operators and cannot be extended, for example, to the analogous matrix
operators. This means that the Vakhitov-Kolokolov type of criteria, as a rule, define only sufficient conditions for soliton
instability and cannot necessarily determine the stability of solitons.

As known, the NLSE is invariant with respect to a Galilean transformation. Therefore it is enough to consider only the
rest soliton solution ¢ = v (r)e’“zf. where the function (r) is assumed to be radial symmetric without no nodes (ground
soliton solution). Letting,

Y(r, 6) = (Yo(r) + u+ )e™, P> uv

in the Eq. (4.22) and linearizing on the background of the soliton solution leads to coupled linear equations for real-valued
functions u and v. These equations are Hamiltonian:

18H® 18H®
U = - s V= —— . (427)
2 dv 2 bu
Here H® represents the second variation of H + A%N:
H = (v|Lo|v) + (ulL;|u) (4.28)

with
Ly=A—A=-2y;, Li=)—A-6yg,
where (v|Lo|v) = [ v(r)Lov(r)drand (u|Li|u) = [ u(r)Lou(r)dr, respectively.

The first term in (4.28), the mean value of the operator Ly, can be interpreted as a kinetic energy and the second one,
(u|Ly|u), as a potential energy. Thus, soliton stability or instability are determined by the properties of the operators Ly and
L.

The first property of Ly follows directly from the soliton equation (4.20):
Lows = A%y — Ayrs — 292 = 0, (4.29)

which shows v is an eigenfunction of the operator Ly. Moreover, v is the ground state, i.e., it has no nodes. Thus, due
to the oscillation theorem, Ly as a Schrédinger operator has no energy levels with negative values and so the mean value
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(v|Lp|v) > 0. Hence the question about soliton stability or instability will define by a sign of the potential energy (u|L|u).
If we will find such perturbations u for which this mean value will be negative then we shall have instability and vice versa.
The (Schrodinger) operator L; has also the eigenfunction with zero eigenvalue corresponding to the s-state:

LV =0

which can be checked by differentiation of Eq. (4.20) with respect to r. The function ¢y = Vi, represents a neutral mode
corresponding to the soliton shift as a whole. Unlike 5 for Ly, this eigenfunction has one node (at r = 0) and therefore
according to the oscillation theorem below the level E = 0 we have one (ground) state ¢y. Hence, we could make a conclusion
about instability because for u ~ ¢, the mean value of the L, operator is negative. However, it is a fictitious instability
because on u there exists the constraint,

(ulyrs) = / uysdr =0 (4.30)

and therefore the minimal mean value of the operator L; must be sought in the class of functions orthogonal to . The
condition is a direct consequence of the conservation law for particle number N = f [¥|?dr : SN = 2 (u|/s) = 0. For the
linearized system (4.27) this restriction serves as a solvability condition. Thus, the stability problem reduces to solution of
the following eigenvalue problem:

Lil¢) = El¢) + Clo) (4.31)

where C is the Lagrange multiplier which should be found from the solvability condition (4.30) (¢ |¥9) = 0. If we shall show
now that this eigenvalue problem contains one negative eigenvalue E < 0 then this means a soliton instability. If in the
spectrum of (4.31) there are no states with negative energies then the soliton solution is stable.

Expanding |¢) over the complete set of eigenfunctions {¢,} of the operator Li(L1¢, = E;¢n),

¢ = chdhh

from (4.31) for the coefficients C, we get
(Pnl¥s)

E,—E’
The solvability condition (4.30) gives the dispersion relation

G =C ¢ =0.

f(E)EZM

=0. 4.32
E _E (4.32)

n
Prime here means that in the sum the state withn = 1(¢y; = V1);) is absent due to the orthogonality condition (¢4 |ys) = O.
Consider now the energy interval between the ground-state energy E; < 0 and the first positive level E,. In this interval
the function f (E) monotonically (df /0E > 0) increases from minus infinity at E = Ey up to plus infinity at E = E,. If the
function f (E) at E = 0 takes negative values then the dispersion equation has no negative eigenvalues and, thus we have a
stable situation. If f(0) > O then the eigenvalue problem (4.31) contains negative E and the soliton undergoes instability.
In order to find f (0) first note that

foy = 32 WP VO] _ ity

Next, by differentiating the soliton Eq. (4.20) with respect to A? one can get
Li(@v0/92%) = —o

or
10N,
(YolL1lo) = — (Woldy /02%) = ~3a"

Hence we have the following (Vakhitov-Kolokolov) linear stability criterion for solitons [39]:
if
ON
>
o2
then the soliton is stable and respectively unstable if this derivative is negative.
This criterion has a simple physical meaning. The value —A? for stationary nonlinear Schrodinger Eq. (4.20) can be
interpreted as the energy of the bound state soliton. If we add one “particle” to the system and the energy of this bound

state will decrease then we will have a stable situation. If by adding one “particle” the level —A? will be pushed toward the
continuous spectrum, then such a soliton will be unstable.

(4.33)
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At d = 3 the derivative dN;/dA? is negative and therefore 3D solitons are unstable (the modulational instability). For
the 2D case the Vakhitov-Kolokolov criterion (4.33) provides an absence of linear exponential instability. A more detailed
analysis in this case yields the power type instability (for details see the survey [38] and Ref. [66]). At d = 1 the derivative
dN;/d1% > 0 and 1D solitons occur linearly stable in the full agreement with the Lyapunov stability considered above.

It is necessary to mention that the VK criterion (4.33) is valid for a more general NLS equation than (4.22), for instance,
for the case when one changes || by arbitrary function f (|y|?) (for more details see [38]).

4.1.2. Lyapunov stability

The VK stability criterion for the NLS equation has another interpretation. According to (4.25) the envelope solitons are
stationary points of the energy E for a fixed number of waves N. Therefore such solutions will be stable in the Lyapunov
sense if they realize a minimum (or a maximum) of the energy for fixed N.

Under the scaling transformations leaving N unchanged,

1 X
V00 = —5vs (). (4:34)
where ; is the solitonic solution, the Hamiltonian H becomes a function of the scaling parameter a:
I I
Ha = - — =, (4.35)
a a
where ;s = f |V |2dX, I = f |s|*dx and . = —1. Hence, as already demonstrated for solitons in the 1D case, the energy
(4.35) is bounded from below and has a global minimum at a = 1 corresponding to the soliton solution with
223 4)3
Hs = —T and 2115 = 125 = T

In the 3D case, the opposite occurs: the function H(a) in (4.35) has a maximum, corresponding to the soliton solution,
and is unbounded from below as a — 0. The gauge transformation (2.25) gives a minimum of E and therefore all soliton
solutions at d = 3 represent saddle points of the energy. This indicates a possible instability of solitons in this case.

4.2. About collapses

The nonlinear stage of this instability for d > 2 leads to wave collapse, i.e., the formation of singularity in a finite time.
One of the main criteria for wave collapse is connected with the unboundedness of H (or E) which takes place asa — 0 [67]
(see also [68]). In such a case wave collapse can be understood as the process of some particle falling in the unbounded
self-consistent potential.

To clarify the latter we apply the variational approach and take a trial function for the NLSE (4.22) in the form

W, ) = a2y, (2) exp(i22t + iur?),

where a = a(t) and u = u(t) are assumed to be unknown functions of time. After substitution of this ansatz into the action

S = %f(wp* — c.c.)dtdr — /Hdt
and integration over spatial variables we arrive at Newton's equation for a:
oH
—o
where C = f £2|10(£)|2d¢ plays the role of a particle mass and the function (4.35) has a meaning of potential energy. The
behavior of a(t) depends on the total energy,

(-12
E=C—+H@

Ci= (4.36)

and the dimension d. For d = 1 the soliton realizes the minimum value of the potential energy H(a) and it is one of the
reasons why 1D solitons are stable. For d = 3 if a “particle” stands at the maximum point of H(a) initially, then depending
on the its direction of motion (toward or away from the center a = 0) the system will collapse (¥ — ©0) or expand
(¥ — 0). For the collapsing regime (falling at the center) a(t) behaves like

a(t) ~ (to — t)*° (4.37)
near the singularity, where tj is the collapse time. As shown in [67], this asymptotic behavior for a(t) near the singular time
coincides with that following from the exact semi-classical collapsing solution which asymptotically (as t — ty) tends to
the compact distribution:

W] = Av/1—E2 foré =r/a(t) <1
with A ~ (t — £)73/5.
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Hence we can make a few conclusions. First, the influence of nonlinearity grows with increasing spatial dimension d. As
a consequence, stable solitons are intrinsic for low-dimensional systems while for higher dimensions instead of solitons we
expect blow-up events. Secondly, one of the main criteria of collapse is the unboundedness of the Hamiltonian. In this case,
the collapse can be interpreted as the fall of a particle to an attracting center in a self-consistent potential [67].

Thus, the Hamiltonian unboundedness can be considered as one of the main criteria of the existence of wave collapse, and
the collapse in such systems can be represented as a process of falling down of some “particle” in a self-consistent unbounded
potential. However the global picture is more complicated. From the very beginning we have a spatially distributed system
with an infinite number of degrees of freedom and therefore, rigorously speaking, it is hardly feasible to describe such a
system by its reduction to a system of ODEs like (4.36). The NLS equation is a wave system and we deal primarily with
waves. Waves may propagate, radiate and so on. To illustrate the importance of this point, let us try to understand the
influence of wave radiation on wave collapse.

Let £2 be an arbitrary region with a negative Hamiltonian H, < 0. Then using the mean value theorem for the integral
I,

/Il/fl“drsmaXIwIZ/ [y |*dr,
Q XeR o

we have
H
max ||? > m (4.38)
xeR Ng

This estimate shows that wave radiation promotes collapse: far from the region £2 radiative waves can be considered almost
linear, nonlinear effects are small for them. These waves carry out the positive portion of Hamiltonian making H, more
negative with simultaneous vanishing of the number of waves N, that results in growth of the r.h.s. of (4.38) [69,64,70].
This is why we can say that wave radiation promotes collapse, which plays the role of friction in nonlinear wave dynamics.
Simultaneously radiation turns out to accelerate the compression of the collapsing area with the self-similar behavior

T~ (to—0"2, (4.39)
different from that given by the semi-classical answer (4.37).

4.3. Virial theorem

The exact criterion for singularity formation within the NLS equation can be obtained from the virial theorem. In classical
mechanics the virial theorem requires first the calculation of the second time derivative of the moment of inertia and then its
averaging. It gives the relation between mean kinetic and potential energies of particles if the interaction between particles
is of power type.

In 1971 Vlasov, Petrishchev and Talanov [71] found that this theorem can be applied also to the 2D NLS equation. The
resulting relation is written for the mean square size (r*) = N~! [ r?|y|dr of the distribution as follows:

@ 21y |%dr = 8H (4.40)
— | = 8H. .
dt?
This equality can be verified by direct calculation. In this relation N (r?) has the meaning of the inertia moment.

Since H is a conserved quantity, Eq. (4.40) can be integrated twice to yield

f 2|y |2dr = 4Ht? 4 Cit + Gy, (4.41)

where C; , are the additional integrals of motion. The existence of these integrals is explained by two Noether symmetries:
the lens transform (this fact was established by V.I. Talanov [72]) and the scaling transformation [73,74].
Hence one can easily see that the mean square size (r?) of any field distribution with negative Hamiltonian

H <0, (4.42)

vanishes in a finite time independently on C; ,, which, with the conservation of N, means the formation of a singularity of
the field ¥ [71]. This is the famous Vlasov-Petrishchev-Talanov (VPT) criterion, which is nowadays a cornerstone in the
theory of wave collapse. This was the first rigorous result for nonlinear wave systems with dispersion, which showed the
possibility of the formation of a wave field singularity in finite time, despite the presence of the linear dispersion of waves,
an effect impeding the formation of point singularities (focii) in linear optics.

One can make the following two concluding statements:

(i) Solitons near supercritical bifurcation are stable only in the 1D case, while in the 2D (critical) and 3D cases solitons are
unstable and can be considered as separatrix solutions separating collapsing solutions from the dispersive ones [75].

(ii) This is probably the simplest method for explaining the well-known empirical fact that solitons, as a rule, exist only
in 1D systems. For multi-dimensional systems stable solitons are rare and can only appear as a result of topological
constraints or of a mechanism that removes Cherenkov singularities (which is discussed in the previous Section). The
latter, as can be easily understood, is due to the existence of a certain symmetry class.
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5. From supercritical to subcritical bifurcations

For subcritical bifurcation at the critical velocity the soliton undergoes a jump in its amplitude. In this case the
corresponding theory can be developed near the transition point between subcritical and supercritical bifurcations (in
analogy with the tricritical point for phase transitions) when one can use the finite set of terms in the Hamiltonian expansion.
This happens when the coefficient u in Eq. (4.22) changes its sign taking positive values. In this case Eq. (4.22) no longer
possesses stationary localized (vanishing at infinity) solutions. In order for them to exist it is necessary to take into account
the next higher-order terms in the expansion of the Hamiltonian in terms of the parameter Ak/ky, where Ak is the width
of the main peak. If the jump in the soliton amplitude at V = V., is large (of the order of 1), then the entire series must
used and it is no longer possible to count on a systematic theory based on an expansion of the Hamiltonian. Only if the
matrix element Tkokokoko = To is small, i.e., there is an additional smallness compared with the supercriticality (and as a
result the jump is also small), it is sufficient in this case to retain several of the next terms in the expansion. We shall study
only one-dimensional solitons, since, as we have seen above, multi-dimensional solitons are unstable for a soft transition
(supercritical bifurcation). This same tendency also remains for subcritical bifurcations (hard regimes). It is easy to see thatin
this situation two additional terms make the main contribution to the interaction Hamiltonian. The first term is a correction
to the local four-wave Hamiltonian, —B/2 f || dx. It arises because a term linear in k; = k; — kg is retained in the expansion

of the matrix element fk1k2k3k4

- ~ aT
Tiykgksky = To + Re(am) (k1 + K2 + K3 + K4), (5.1)

where
aT aTk1 kzk3 ’(4

dkq okq

k,‘ =k0

Note that this expansion coincides, up to notations, with Eq. (3.39) of Section 3. It is necessary to underline that Eq. (5.1)
assumes analyticity of fk]km K, Telative to k; (i = 1, 2, 3, 4). As we will see later for the interfacial waves (propagating along
the interface between two ideal fluids in the presence of gravity and capillarity) in the expansion (5.1) in this expansion
there exists the nonlocal (non-analytical) contribution proportional to |«;].

As a result of (5.1), the Hamiltonian of the four-wave interaction in the envelope approximation can be written in the x
representation as

“4) __ T 4 . BT * * 2
HY =7 | {Tol¢|" + 2iRe 7 W — Y)Y | ¢ dx. (5.2)

The expression i(y; — ¥x¥*) in this integral is well known in the theory of phase transitions (see Ref. [18]) — it is the
so-called Lifshitz invariant.
The second term - local in ¢ - is a six-wave interaction

H® = —c/ |y |Cdx. (5.3)

As will be evident from what follows, the interaction constant C can be both negative and positive — the combination of
both contributions (5.2) and (5.3) will be important.
The total Hamiltonian in dimensionless variables will depend on three constants u, 8, and C

H=2N +/ [l + St + B — vl = Cly ] dx. (54)

The constant u is assumed to be small, and the constants 8 and C do not contain any additional smallness.
The equations of motion for v that correspond to this Hamiltonian can be written according to Eq. (4.23) as

e — A2 + Y — ¥ PW + 3CIY | + 4By 2y = 0. (5.5)

This equation can be used for description of the envelope solitary water waves (WW) in finite depth h when the coefficient
w changes its sign at 6, = koh ~ 1.363 [76] while wy is always negative. Thus the nonlinearity belongs to the focusing type
for 8 (= kh) > 6. and respectively becomes defocusing in the region 6 < 0., [76,77]. (Here k is the carrying wave number.)
According to [77], for dimensionless variables (when p = sign(6., — 6)) the coefficients 8 and C for the WW case equal

B~ —0397, C=~0.176. (5.6)

In nonlinear optics, as shown in [23], a decrease of u (Kerr constant) can be provided by the interaction of light pulses with
acoustic waves (Mandelstamm-Brillouin scattering).
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5.1. Soliton solutions for local nonlinearity

The stationary (independent of t) soliton solutions of Eq. (5.5) will be determined from the following ordinary differential
equation:

— MY 4 Y — Y Y+ 3CIY 'Y + 4iBlY [P = 0. (5.7)

We recall that by construction these solitons move with a constant velocity. The Eq. (5.5) itself, however, contains a larger

class of localized solutions. However, these solutions are all nonstationary—their phase and group velocities are different.
Eq. (5.7) can be integrated easily, if the amplitude r = || and phase ¢ = arg v are introduced instead of v: ¢ = re.

Next, substituting ¥ in Eq. (5.7) and separating real and imaginary parts we obtain an equation for the imaginary part

ox = —pr. (5.8)
After eliminating the phase, the equation for r reduces to Newton’s equation
2r = —oU/or (5.9)

with the potential
U=—Ar?— %r“ + 18,
where the interaction constant C is renormalized as C; = C + 2. Then Eqs. (5.8) and (5.9) can be integrated using the
energy integral:
; 4)?
re = (5.10)

V16A2C; + u? coshQAx) — j1
B |:\/16)L2C1 + pZet — u}

(5.11)

= ———=tan"
v VCi 4x+/C

This soliton type solution exists only if C; > 0. It is interesting to note that the renormalization of the interaction constant
C is due to the 8 term in the Hamiltonian. This can be seen directly from Eq. (5.4), rewriting H in terms of the amplitude and
phase as

H =N+ f (72 + 2@+ B + %r“ — (C+ B dx. (5.12)

It is also easy to see that the soliton solution (5.10) is a stationary point of H. Indeed, the variation of H with respect to ¢
leads to Eq. (5.8), and Newton’s equation (3.3) arises as a result of varying H with respect tor.
The solutions (5.10) and (5.11) with A = 0 and © > 0 degenerate into a soliton that decays in a power-law fashion [45]

2 X
2 @lim = _B tan™! ®

Ty , —
lim szz + 4C, /Cl 2 /52 +C
Thus, as the velocity passes through V., the soliton undergoes a jump. The amplitude of the soliton has its maximum
value at the jump

(AA? =
2C4
For negative y, as A increases, the amplitude of the soliton increases according to a square-root law, and the soliton size
decreases as A~ !, in accordance with the general behavior (4.21) for supercritical bifurcations.
An important feature of the solution (5.10) is the existence of a nonlinear coordinate dependence (called a chirp in optics)
of the phase ¢. The maximum change in phase (from —oo to 400 in x)

B
VB +C
is reached at the jump for V = V,,. It can be both greater and less than 7z, depending on the sign of the constant C.

The solution (5.10) can also be used for negative but small values of w. In this case, as should be, the soliton solution
softly splits off zero at the point V = V... Its amplitude then grows for large A exactly in the same manner as for > 0.

The integral characteristics of both solutions (with © > 0 and u < 0) are different. Thus, the total number of particles
on the soliton solution for © > 0,

2 1622C; + 42 —
N=—|Z _tan? et 4 (5.14)
7G| 2 W

(5.13)

Ap = —
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A

Fig. 8. The dependence (5.14) of the number of particles N versus A for two soliton families: ;+ < 0 (lower curve) and p > 0 (upper curve).

reaches its maximum value

T
2Ny = — (5.15)

N

at A = 0 and decreases smoothly to N, as . — oo (see Fig. 8). For negative y the number of particles N for small A increases
as A and then asymptotically approaches N = N, from below. It is important that the derivatives dN /9 X has different signs:
for solitons with a jump this derivative is negative, while for solitons with . < 0 it is positive. For both branches at large A
the number of waves N = f |y |dx approaches from below and above the same value N, which coincides with the number
of waves N on the solitons with u = 0. This property for solitons in fibers, with large enough Mandelstamm-Brillouin
scattering, means that the energy of optical pulse saturates, tending to the constant value with a decrease of the pulse
duration.

5.2. Lyapunov stability of solitons with local nonlinearity

As noted above, both types of solitons (with 4 > 0 and p < 0) are stationary points of energy E with a fixed number of
particles,

S(E4+A*N)=68H =0, (5.16)

where the energy in accordance with Eq. (5.12) is given by the expression

E= f (12 4+ 5t = €+ BOr® + P2+ Br)? . (5.17)

As we see in the previous sections (see also Ref. [38]), in the case of Hamiltonian systems a stationary point will be
Lyapunov-stable if it provides a minimum or maximum of the energy.

In the case at hand, if one can find soliton solutions for which the energy will be bounded from below for a fixed number
of particles (E is obviously the unbounded from above functional), then the stationary point corresponding to the minimum
of E will be stable. Since the solution of the variational problem (5.16) is unique (up to a constant phase factor) for fixed A2,
which is equivalent to fixing N, the soliton solution (5.10) will be Lyapunov-stable in this case.

Under the scaling transformations of the soliton solution that preserve the number of particles the energy E as a function
of the scaling parameter a takes the form:

1 /J,I3
E=(— Cllz)CT2 + v

where

I = /rfdx, L :erdx, I; = /r“dx.

(We note that the last integral in the expression for the energy (5.17) is identically zero in the soliton solution.) By virtue of
Eq. (5.16)

oF
da

n
=0 or I]—C112:—ZI3.

a=1
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Hence it follows, in the first place, that the soliton energy likewise depends strongly on the constant j:
7
Es = 2135 (I3s > O)

This quantity is positive for solitons with weak repulsion (i« > 0) and negative for solitons with weak attraction (u < 0).
In the second place, for i > 0 the energy E as a function of the scaling parameter q,

o Fp (L 2 (5.18)
T a7 \@ d) ’
is unbounded from below as a — 0, but for weak attraction (1 < 0) it possesses a minimum corresponding to the soliton
solution.
We shall now show that the energy E for 4 < 0 has a lower bound for all possible deformations that leave N unchanged.

Let us consider the integral f r8dx = I,. This integral can be estimated using the Sobolev-Gagliardo-Nirenberg inequality
in terms of the integral I; = [ r2dx and the number of the particles N:

/rde < MNZ/rfdx. (5.19)

This inequality can be obtained from the Sobolev embedding theorem (2.26) by the same scheme as the inequality (2.28)
was derived. The inequality (5.19) can be also improved by seeking the smallest value of the constant M. To find this best
constant one needs to consider the minimum value of the functional

I

M1 = 55

Namely, among all stationary points of the functional M[vr] one needs to choose the point with minimal value of M[v/]. It
is easy to see that this variational problem, $M = 0, is equivalent to finding the soliton solutions for the ¥® model with real

v
—y + Y + 397 = 0.

This equation has a unique solution ¥ = 1/+/cosh 2x, whence the best constant is simply found as
Mpest = (2/7)°.

As the result, the inequality (5.19) reads

N 2
/ r8dx < (ﬁ) / ridx, (5.20)
1

where Ny = 7 /2.
Next, substituting this inequality into Eq. (5.17) we obtain for the energy E the estimate

2
E> [1 —q (11\]\]) ]/rjdx+fr2(<px+ﬁr2)2dx+’z‘/r‘*dx. (521)
1

Hence for 4 > 0 follows that the energy E is bounded from below by zero if the coefficient in front of the integral I; = f rfdx
is positive, i.e. when

N\ 2
1—-G <) > 0.
Ny

This defines an upper bound on the number of particles

T
N<—— =Ng. (5.22)

T 2/C+p?

We recall that N is the lower limit for the family of solitons (5.10) with i > 0. Therefore for such solitons it is impossible
to draw any conclusion about their stability. However, for soliton solutions with i < 0 the inequality (5.22) holds and, as
will be seen from the estimates made below, it is possible to prove stability of such solutions.

Thus, let 4 < 0in Eq. (5.21). According to (2.30), we have

1 1/2
/r4dx < ﬁ </ rfdx) N3/2,



80 E.A. Kuznetsov, F. Dias / Physics Reports 507 (2011) 43-105

Next, substituting this estimate into Eq. (5.21) one can obtain

N 2 [l 3/2,1/2
E>|1-¢(—) |1 ——==N321Y /2 2)24x
_|: ](N1> :| 1 3 1T+ r(ex + Bro)

2N3 N 2
Z_IMI 1—&(—) .
83 Ny
The latter inequality holds only if the criterion (5.22) is satisfied. This means that the energy E has a lower (negative)

boundary if
N < N,

which is compatible with the entire region of existence of solitons with u < 0. It should be noted that for © = 0 the NSE
(5.4) is, as is said, a critical equation of the NLS type. For this nonlinearity (~|v|® in H) collapse becomes possible if 8 = 0
and the energy E is negative, as it follows from the virial theorem (4.40).

If N < Ng, dispersion completely spreads out the solution. However, a small negative correction to the Hamiltonian
significantly changes the situation. A relatively weak four-wave interaction against the background of strong attraction
(~ |¥%), leading to collapse (see, for example, Ref. [74]), is responsible for the existence of stable bound stationary states—
solitons. Weak localization appears [78].

5.3. Linear stability criterion

The preceding analysis has answered the question about stability only for solitons with weak attraction. From this answer
it is impossible to draw any conclusion about the stability of solitons with weak repulsion (. > 0). In this subsection we
shall consider this question, investigating the linear stability problem.

We shall seek for the solution of Eq. (5.4) in the form

Y = (r+ @)% x~ (r + a+ira)e?, (5.23)

where r and ¢ are the soliton solution (5.10) and (5.11), and a and « are small deviations of the amplitude and phase of the
soliton, respectively.

Linearizing Eq. (4.5) it is easily found that the dynamics of the perturbations a and « is determined by the Hamiltonian
equations

da  SH da SH
pTSS P (5.24)
at  da at sa

Here H = §2H is the second variation of the Hamiltonian (5.10)

H = (a|L|a) + / r2 (ot + 2Bra)’dx, (5.25)
where the (Schrédinger) operator L is given by the expression
82
L=—— 4+ A% 42ur? — 15G;r* (5.26)
0x?

and (a|L|a) is the mean value of the operator L for the given state |a),
(alLla) = / a(x)La(x)dx.

If the quadratic form §2H is sign definite, then the soliton solution will be stable. We note that the second term in (5.25) is
positive. Then the positiveness of the entire quadratic form H is determined by the average value of the operator L, {(a|L|a).
In this expression the average is taken not with respect to arbitrary states |a) but only with respect to those states that are
orthogonal to |r):

(rla) = 0. (5.27)

This orthogonality condition is a consequence of the conservation of the number of particles N and is one of the solvability
conditions for the linear system (5.24). In this case, finding the stability criterion for solitons (5.4) is identical to the derivation
of the VK criterion (4.33) (see also [39,38]) for the NLSE. Positiveness of

AN/9AE > 0 (5.28)

guarantees stability of solitons. This situation occurs for solitons with weak attraction, and as a result they are stable. This
conclusion is in complete agreement with the results of the preceding subsection.
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For solitons with weak repulsion (i« > 0) the criterion (5.28) gives a sign indefiniteness for the quadratic form H. This
is a necessary condition for instability. This criterion becomes necessary and sufficient only in the case § = 0, where the
average value of L in Eq. (5.25) can be interpreted as a potential energy, and the integral f rza,fdx can be interpreted as the
kinetic energy (compare with the derivation of the VK criterion (4.33) in the previous section).

Certain arguments can be given in support of the fact that a soliton with weak repulsion is nonetheless unstable for § # 0
also. The average value of L can be made negative by taking for a the eigenfunction & with E < 0. For a given value of £ it is
always possible to find a phase « such that the integral

/ % (o + 2Bra)’dx

vanishes. Thus the Hamiltonian H can be made negative, which can be regarded physically as necessary for instability.
However, strictly speaking, this still requires a definite proof. An example that refutes the above argument is well known.
The Hamiltonian H = —p?/2 —q?/2 gives the equation of motion for an ordinary stable oscillator even though H is negative.
However, it can be asserted absolutely that instability will remain for small values of 8. Whether or not a threshold with
respect to 8 exists is still unknown, but it is likely.

But despite the uncertainty with the linear stability, it should be noted that a soliton with weak repulsion is always
unstable with respect to finite disturbances. This follows, specifically, from the fact that under scaling transformations
leaving the number of particles N unchanged the energy E (5.18) as a function of the scaling parameter a for solitons with
N > N is unbounded as a — 0. The latter, as we have mentioned already (see, Section 4 and the reviews [79,80] as well),
is a criterion for wave collapse.

5.4. Interfacial waves

As an example of bifurcations for solitons first we consider the interfacial deep water waves (IW) which propagate along
the interface (z = n(x, t)) between two ideal incompressible fluids with respective densities p; and p,, in the presence of
gravity (with the acceleration g acting down the vertical z-axis) and capillarity with interfacial tension o. We shall assume
that the lighter fluid with density p, occupies the region co > z > n(x, t), and respectively the heavier fluid occupies the
region —oo < z < n(x, t). Flows of both fluids are considered to be potential and two-dimensional. The fluid velocities are
given by

Vi2 = Vo,
where the velocity potentials ¢; and ¢, satisfy Laplace’s equation

Ap12 = 0. (5.29)
These equations are subject to the following boundary conditions. Far from the interface as z — +o0

¢, — 0.
On the interface z = n(x, t) the kinematic conditions hold:

an

T (—vxnx + v2)12- (5.30)

The dynamic condition reduces to the discontinuity of pressures across the interface due to capillarity:

L
1= D2 o\ 1)

The use of Bernoulli equations in each fluid allows to rewrite the latter equation in terms of potentials and their derivatives:

o (222 4 29627 +n) — o2 (22 4 29907 +en) =0 (e (5.31)
o "2077 Noce "2 x\/m+1) '

The Eqs. (5.29)-(5.31) conserve the total energy:
H=K+U, (5.32)

where the kinetic energy is equal to

V,)? V)2
K=/ p2(Vé) dr+/ p1(Vé1) dr
z>n 2 z<n 2

and the potential energy is given by the expression

g’ [
U=/(p1—p2)7dx+/0< n,%—i—l—l)dx.
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As shown first in [81] (see also [82,83,33,84]), the equations of motion (5.30) and (5.31) together with the Laplace
equations (5.29) represent a Hamiltonian system. The Hamiltonian coincides with the energy (5.32). The new variables
¥ = (p1¥1 — p2y2) and the interface shape 7 are canonical conjugate variables:

dn _ éH 0¥ SH
a sw’ a8y’
where Y1 5 = ¢1,2],—,. The given Hamiltonian form generalizes Zakharov’s canonical form for free surface hydrodynamics
[85]. A Hamiltonian formulation of the problem of a free interface between two ideal fluids, under rigid lid boundary con-
ditions for the upper fluid, was also given by Benjamin and Bridges [86]. Craig and Groves [87] give a similar expression, by
using the Dirichlet-Neumann operators for both the upper and lower fluid domains (see also [88]).
The Hamiltonian can be expanded in series with respect to powers of the canonical variables. In this case the steepness

of the interface plays the role of a small parameter of expansion. The normal variables qy for interfacial waves are given by
the following formulas:

_ [+ pay .
vk =i T(ak —a’,), (5.34)
(k) = |qu( +a*,)
M=V 20+ pyay T

where p = p,/p;. In these formulas

(5.33)

Ik| 1/2
Wi = (m[gﬂ -p)+ sz]) (5.35)

is the dispersion relation for linear internal waves and k is the wave vector directed along the x-axis (1D case). At p = 0 the
interfacial waves transform into the gravity—capillary waves for the deep water case with

1/2

w = (gk + k) 7.

For the internal wave dispersion (5.35) the maximum solitary wave velocity V coincides with the minimum phase velocity
of linear waves:

. Wk
Vo = min T
It occurs when
1— 1/2
k=ky = [g(p)] . (5.36)
o
At this point the values of the linear frequency and critical velocity are
2
wo = w(ky) = /2Agk, and V, = % - /Iﬁ, (5.37)
0 Ko
where
1—
A=_—"F
1+p
is the Atwood number.

The transformation (5.34) diagonalizes the quadratic part of the Hamiltonian,

Ho = / oladk,

and the equations of motion in the new variables a; take the standard form (4.4):

Bak 3 SH
= —1

at say’

(5.38)

In the case of internal waves the expansion of Hj,: in the wave amplitude starts with the cubic terms. According to [32], the
three-wave matrix elements are given by the expressions
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Une — A kswiwy \ kiks -+ [Ky ko]
123 = 4 Tn(] L) 2 kys 1K2 111K2
kiwows \ /2 kowswr \ /2
(5 [lkellks] + Kkl + (== ) [lksllkal + kska] { . (5.39)
2](2](3(1)] 2]{3]{10)2
A k3a)1a)2 12
Vis = — k1 |lk kik
123 RIS {<2k1k2a)3 [—Ik1llkz| + k1ka]
kiwws \ kowswr \
22 ) [[kallks| + kaks] + (o ) [=lksllkel + kski] (5.40)
2k2k3w1 2](3](1602
where k; = 1, k, = 2, and k3 = 3. Hence the values of Uy, —2k, and Vo, k,k, are equal
U Akoa)ko ( ko >1/2 V. Akoa)ko < ko )1/2 (5 41)
koko—2ko = — 77— — - | — ) kokokp = —F— = . .
oko—2ko 9 T]‘[(l-ﬁ-p)l/z Wakg 2kokoko 2 /*27_[(]4_/))1/2 Wk,
Respectively the “bare” four-wave constant T i, kok, iS
T, _ 0 kg (5.42)
kokolkoko = 327 (p + ])' .
Substituting expressions (5.41) and (5.42) into (4.17) gives
~ k3
To=—0 (A2 —a%) =L
27 (14 p) b4
where the square of the critical Atwood number Afr is equal to 5/16. This gives for the critical value of p
4-— /5
Pa = ———=,
cr 4 + ﬁ

in agreement with the paper [29]. For p < p., the four-wave coupling coefficient is negative, and the corresponding
nonlinearity is of the focusing type. In this case, solitary waves near the critical velocity V,, are described by the stationary
NLSE (4.20) and undergo a supercritical bifurcation at V = V. [29]. For p > p, the coupling coefficient changes sign and
the bifurcation becomes subcritical. In the particular case of the deep water waves (when p = 0) the solitons undergo only
a supercritical bifurcation.

Now we will give the general structure of the Hamiltonian expansion corresponding to interfacial waves near the critical
density ratio assuming the following two dimensionless parameters are small:

A=y1-V/V, and 60 =1-—p/ps.

In this case the expansion of the four-wave matrix element ﬁ<1,(2k3,<4 linear in x; = k; — kg contains, besides the local terms
proportional to 8, the nonlocal ones:

*
2
The constants 8 and y have different parity relative to reflection kg — —kq. The coefficient 8 changes its sign, but the

coefficient y retains its sign under this transform. The difference in parities between g8 and y gives different contributions
to the averaged four-wave Hamiltonian:

~ B 14
Tiikoksky = + =K1 + k2 + k3 +Kkg) — —— (k1 — k3] + |k2 — k3] + |k — Ka| + |K1 — Ka4l). (5.43)
2 8

— 1
Y = 3 / [lW1* + 20O Y — v WP — y 1Y PRI ] dx. (5.44)

Here k is the positive definite integral operator
k= —0,H,

and H is the Hilbert transform:

©f (x’)dx’)

!
oo X —X

ﬁ®=lGM
s

The Fourier transform of the kernel of the operator'lzis equal to |k|.
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Due to this nonlocal interaction the equation of motion (5.5) for i takes the form

P 7 —~
ia—‘f — Mooy + %wxx — WY + 4B 1Y + y YklY | + 3CIY [y = 0. (5:45)

The nonlocal term in this equation is analogous to that found first time by Dysthe for gravity waves [46]. The existence of
the nonlocal contribution in the expansion (5.43) is connected with non-analytical dependence of the matrix element T in
its arguments. For interfacial deep water waves (IW) this non-analyticity originates from the solution of Laplace equation
for the hydrodynamic potential and its reduction to the moving interface. For instance, for water waves (WW) with a finite
depth the nonlocal term is absent [77] as well as for electromagnetic waves in nonlinear dielectrics [23] because of the
analyticity of matrix elements with respect to frequencies, which is a consequence of causality (see, for example, Refs.
[42,23]). In the latter case the spatial dispersion effects are relativistically small and can be neglected.
As before, the solitary wave shape in this case will be defined from the solution of the variational problem (5.16),

8(E 4+ woA®’N) =0, (5.46)
where the energy E (5.17) gets the nonlocal addition
—g / rZkr2dx. (5.47)

Thus, in order to solve the variational problem (5.46), we need to know three coefficients: 8, y and C. One can easily see that

S . . —(4 . N . .
the contributions from terms proportional to 8, y inH @ and the six-wave Hamiltonian can be determined independently,
which makes calculations more simple. According to [32] for IW

3k2 16 MK§
b=——"— v=—B  C=_— (5.48)

16(1 4 p) 3 3wp
where M = %ﬁlﬁ) ~ 0.685961. Thus, the nonlocal (~y) and six-wave (~C) interactions correspond to an attraction

between waves (focusing nonlinearity).

For p < p., the four-wave coupling coefficient u is negative, and the corresponding nonlinearity is of the focusing type.
In this case, solitary waves near the critical velocity V., are described by the stationary (d/dt = 0) NLSE and undergo a
supercritical bifurcation at V = V,; [29]. For p > p.- the coupling coefficient changes sign and, as a result, the bifurcation
becomes subcritical.

5.5. Soliton families for IW and their stability

For IW near the transition point, [#] < 1, the product wygC is positive; moreover y is also positive for IW, and therefore
the corresponding nonlinearities are focusing, thus providing the existence of localized solutions. As for the local case,
depending on the sign of w there exist two branches of solitons. For IW they were found numerically [31,32] using the
Petviashvili scheme [89]. Explicit solutions for both kinds of IW solitons can be obtained in the limiting case only when
V — V.. For negative u these are the classical NLS solitons with a sech shape. For the subcritical bifurcation at V = V,, the
soliton amplitude remains finite with algebraic decay (~1/|x|) at infinity [31,32] (compare with (5.13)). Like for the local
nonlinearities both soliton families for positive and negative values of ;+ asymptotically tend to the same state at A — o0
which can be related to solitons for the critical NLS type equation. As the result both dependences of N at large A converge
to the critical value N, for the family with © < 0 from below and from above for the family with « > 0 (but here N,
differs from the value (5.15) because of nonlocalities). Thus, these dependences are familiar to those depicted in Fig. 9.
From this point of view influence of the nonlocal nonlinearity, being of focusing, is not of principle if it concerns solitonic
behavior. More or less the same conclusion can be made for stability of solitons. As shown in [23,31,32,77], for N < N
solitons corresponding to the supercritical branch realize the minimum values of the energy and therefore they are stable
in the Lyapunov sense, i.e. stable with respect to not only small perturbations but also against finite ones. In particular, the
boundedness of E from below can be viewed if one considers the scaling transformation ¥ = (1/a)"/?v(x/a) retaining the
number of waves N where 1 = /;(x) is the soliton solution. Under this transform E = E(a) has the same form as Eq. (5.18):

1 1
E(a) = (a - 2a2) %/ || *dx. (5.49)

It is worth noting that the dispersion term and all nonlinear terms in E, except f % [y |4dx, have the same scaling dependence
oc a~2. The latter means that at ;1 = 0 Eq. (5.45) can be related to the critical NLS equation like the two-dimensional cubic
NLS equation. From Eq. (5.49) it is also seen that for u < 0 E(a) has a minimum corresponding to the soliton. Unlike the
supercritical case, the scaling transformation for the other soliton branch with i > 0 gives a maximum of E (a) on solitons
and unboundedness of E as a — 0. Under the gauge transformation ¢ = 1/e'X, on the contrary, the energy reaches a
minimum on soliton solutions and consequently the solitons with i« > 0 represent saddle points. This indicates a possible
instability of solitons for the whole subcritical branch, at least with respect to finite perturbations.
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Fig. 9. Initial (solid line) and final (dashed line) at t = 1.18 distributions for ||, interfacial waves, self-similar variables. The soliton amplitude was
increased by 1%, © = 1, . = 1. The ratio between final and initial soliton amplitudes in the physical variables is about 11.

We consider this question in more details with the main emphasis to the nonlinear stage of the instability following
to [90]. This problem, indeed, is not trivial in spite of a closed similarity with the critical NLSE. It is worth noting that
Eq. (5.45)at u = y = C = 0 represents an integrable model (the so-called derivative NLSE) [91] and exponentially
decaying solitons in this model are stable. It is more or less evident also that small coefficients y, C cannot break the stability
of solitons. This means that in the space of parameters we may expect the existence of a threshold. Above this threshold
solitons must be unstable and the development of this instability may lead to collapse, i.e. the formation of a singularity in
finite time.

Consider the energy (5.17) with account of the nonlocal addition (5.47) written in terms of amplitude r and phase

(Y =re?):
1
E= / |:rf + %r”‘ - grz/k\r2 - ng + 1 (ox + ﬂrz)z} dx, (5.50)

where by an appropriate choice of the new dimensionless variables the renormalized constant C = C + 2 can be taken
equal to 1/3. Hence one can see that the energy takes its minimum value when the last term in (5.50) vanishes, i.e. when

Ox + ﬂrz =0. (551)

Integrating this equation gives an x-dependence for the phase, called chirp in nonlinear optics. It is interesting to note that
the remaining part of the energy does not contain the phase at all.

First investigate the local model when y = 0. Let the energy be negative in some region £2 : E; < 0. Then, following
Refs. [64,80], one can establish that due to radiation of small amplitude waves E, < 0 can only decrease, becoming more
and more negative, but the maximum value of ||, according to the mean value theorem, can only increase:

3|E
max [y |* = el

52
xef2 Ngo (5.52)

This process is possible only for energies which are unbounded from below. In accordance with (5.49) such a situation is
realized when & > 0. In this case the radiation leads to the appearance of infinitely large amplitudes r. However, it is
impossible to conclude that the singularity formation develops in finite time.

For y > 0 the estimations on the maximum value of |y| are not as transparent as they are for the local case. Instead of
(5.52), it is possible to obtain a similar estimate,

3|E|
N

However, it is expressed through the total energy E and the total number of waves N. Besides, two inequalities must be
satisfied: E < 0and N < 22 For interfacial waves, N, ~ 1.39035 > N, =~ 1.3521. Thus, the maximum amplitude in
this case is bounded from below by a conservative quantity and this maximum can never disappear during the nonlinear
evolution.

Now we consider the situation where the self-steepening process can be neglected ( = 0).In this case Eq. (5.45) becomes

Ve + Y — 220 — wlY Py + yukly 2+ 3Cly [ty = 0.

max [y|* >
X
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It is possible to obtain a criterion of collapse using the virial equation, compare with (4.41) (for details, see also [71,92,64]).
This equation is written for the positive definite quantity

R= /x2|x//|2dx,

which, up to the multiplier N, coincides with the mean square size of the distribution. The second derivative of R with respect
to time is defined by the virial equation

Ry =8 (E - %/ |Iﬁ|4dx> . (5.53)

Hence, for i > 0 one can easily obtain the following inequality:
Rt[ < SE,

which yields, after double integration, R < 4Et? 4+ at + «y. Here o are constants which are obtained from the initial
conditions. Hence, it follows that for the states with negative energy, E < 0, there always exists such moment of time
to when the positive definite quantity R vanishes. At this moment of time the amplitude becomes infinite. Therefore the
condition E < 0 represents a sufficient criterion of collapse (compare with [71,92]). However, it is necessary to add that this
criterion can be improved by the same way as it was done in Refs. [93,75] for the three-dimensional cubic NLS equation.
From Eq. (5.53) one can see that for the stationary case (on the soliton solution) E; = % f |s|*dx, in agreement with
Eq. (5.49). As we demonstrated before for i > 0 the soliton realizes a saddle point of E for fixed N. It follows from (5.49)
that for small a the energy becomes unbounded from below, but for a > 1 it decreases (this corresponds to spreading).
Therefore in order to achieve a blow-up regime the system should pass through the energetic barrier equal to E;. Thus, for
this case the criterion E < 0 must be changed into the sharper criterion: E < E;. This criterion can be obtained rigorously
using step by step the scheme presented in [93,75] and therefore we skip its derivation.

5.6. Numerical results of the soliton collapse

In order to verify all the theoretical arguments about the formation of collapse presented above a numerical integration
of the NLSE (5.45) for . > 0 was performed by using the standard fourth-order Runge-Kutta scheme. The initial conditions
were chosen in the form of solitons but with larger amplitudes than for the stationary solitons. The increase in initial
amplitude was varied in the interval from 0.1% up to 10%. The initial phase was given by means of Eq. (5.51). In all runs
with these initial conditions we observed a high increase of the soliton amplitude up to a factor 14 with a shrinking of its
width. In the peak region pulses for both IW and WW cases behaved similarly. Near the maximum the pulse peak was almost
symmetric: anisotropy was not visible. The difference was observed in the asymptotic regions far from the pulse core where
the pulses had different asymmetries for IW and WW because of the opposite sign for 8 (see Egs. (5.48), (5.6)). For the given
values of 8 we did not observe the simultaneous formation of two types of singularities with blowing-up amplitudes and
sharp gradients as it was demonstrated in the recent numerical experiments for the three-dimensional collapse of short
optical pulses due to self-focusing and self-steepening in the framework of the generalized NLS equation [94] and equations
of the Kadomtsev-Petviashvili type [95].

In our numerical computations we found that the amplitude and its spatial collapsing distribution develop in a self-
similar manner. Near the collapse point in the equation (with # > 0) one can neglect the term proportional to w. In this
asymptotic regime Eq. (5.45) admits self-similar solutions,

— (fn — )1/ X
r(x,t) = (to — )" °f ((fo — t)1/2>’ (5.54)
where tg is the collapse time.

To verify that we approached the asymptotic behavior given by Eq. (5.54), we normalized at each moment of time the
Y —function by the maximum (in x) of its modulus max |v/| = M and introduced new self-similar variables,

Y, 1) =My (¢, 1), &=M(X—Xnx), T=InM. (5.55)

Here X iS the point corresponding to the maximum of |1/ |. In comparison with those given by Eq. (5.54), such new variables
are more convenient because they do not require the determination of the collapsing time t;.

Figs. 9 and 10 show typical dependences of || as a function of the self-similar variable £ at t = 0 (solid line) and at the
final time (dashed line) for both the IW and WW cases. In both figures one can see a fairly good coincidence between the
initial soliton distribution and the final one at the central (collapsing) part of the pulse and asymmetry of the pulse at its
tails due to self-steepening. The latter demonstrates that collapse has a self-similar behavior. The form of the central part
of the pulse approaches the soliton shape because asymptotically the NLS model (5.45) tends to the critical NLS system. It
is necessary to mention that this has been well known for the classical two-dimensional NLS equation since the paper by
Fraiman [96].

Fig. 11 shows how 1/ max |/ |* depends on time. This dependence is almost linear in the correspondence with the self-
similar law (5.54). If the initial amplitudes were less than the stationary soliton values, then the distribution would spread
in time dispersively, in full correspondence with qualitative arguments based on the scaling transformations (5.49).
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Fig. 10. Initial (solid line) and final (dashed line) at t = 2.7192 distributions for ||, WW solitons, self-similar variables. The soliton amplitude was
increased by 1%, u = 1, A = 1. The ratio between final and initial soliton amplitudes in the physical variables is about 11.
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Fig. 11. Dependence of 1/ max ||* on time. Interfacial waves.
6. Bifurcations for the interacting fundamental and second harmonics

In Section 4 we saw that the renormalized four-wave interaction constant T, (4.17) becomes infinitely large while
approaching the resonance (4.18)

20(ke) = w(2ko). (6.1)

In this case the perturbation theory for (4.17) breaks down and we should consider this resonance separately by introducing
two envelopes ¥/, for the fundamental frequency (FF) and v, for its second harmonic (SH). These envelopes satisfy two
equations coupled due to quadratic nonlinearity (~Va .k, )- As well known, such system represents a partial case of the
so-called three-wave system [24] when carrier frequencies of three wave packets satisfy the triad resonant condition. It
is known also that such wave packets can form bound states - solitons — due to their mutual nonlinear interaction (see
e.g. [25]). The three-wave system describes spatial solitons as well as spatial-temporal solitons in x ® media [25,34]. This
system couples amplitudes of three quasi-monochromatic waves due to quadratic nonlinearity (see also [97] for the study
of the interactions between the fundamental wave and its second harmonic in the presence of symmetries).

When the difference in group velocities between these first and second harmonics is small enough (which is typical for
nonlinear optics) it is necessary to take into account wave dispersion. In this case this model can be considered as a vector
nonlinear Schrédinger system but with quadratic nonlinearity. The balance between nonlinear interaction and dispersion
results in the existence of solitons. If the difference in group velocities is large enough, then each wave packet propagates
away with its group velocity, and the system cannot form a bound state between the first and second harmonic. Moreover,
in this case this system is close to being integrable. For zero dispersion it can be integrated by means of the inverse scattering
transform [98,12].
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As it was shown in Section 4, when the soliton velocity V is close to the minimum phase velocity of linear waves,
Ve = min(w(k)/k), the Fourier spectrum of the stationary pulse represents a set of peaks. Their positions in the frequency
domain correspond to the frequency related to the minimal phase velocity (fundamental harmonic) and to its multiple
harmonics. The width of these peaks vanishes when the critical velocity V, is approached. This allows us to introduce an
envelope for each peak, and apply a standard multi-scale expansion. In the case when the carrier frequency, corresponding to
the critical velocity does not satisfy the resonance condition (6.1), then near the supercritical bifurcation point the envelope
of the fundamental harmonic obeys the stationary (focusing) nonlinear Schrédinger equation (2.14). If the carrier frequency
for the fundamental harmonic is close to the resonance condition (6.1) then the corresponding equations for a steady pulse
transform into the steady (time-independent) equations for the interacting fundamental and second harmonics. The stability
of these soliton solutions with respect to modulation perturbations can be described in the framework of the unsteady
system for fundamental and second harmonics.

With account of dispersion (plus diffraction in the multi-dimensional case) the system of interacting fundamental
and second harmonics contains three free parameters: the phase mismatch §2, which characterizes how far the carrier
frequencies of the first and second harmonics are from resonance, and two dispersion coefficients &/ and @} where 1, 2 stand
for FF and SH respectively, and prime means derivative with respect to k; , where k; = 2k;. In the multi-dimensional case,
instead of dispersion coefficients two dispersion tensors arise. All other parameters can be excluded by simple rescaling. The
behavior of solitons depends significantly on these three parameters. In the simplest variant soliton solutions are determined
by one internal parameter A2, which can be considered as a “chemical potential”. Until now, mainly such solutions have been
treated. We would like to pay attention to the fact that the system of interacting fundamental and second harmonics (as well
as the three-wave system) is not Galilean invariant in the general situation. In particular, this means that the system must
have a more broad soliton family than could be considered before. The velocity of the soliton, together with the “chemical
potential” are two inner independent parameters of the soliton family. In this Section, following [27], we analyze this
two-parameter family both analytically and numerically. These two parameters are not arbitrary indeed: there are some
restrictions imposed on them which follow from the conditions for soliton existence. This yields a two-dimensional region
in the parameter space. Passing across the boundary of this region, a soliton undergoes bifurcations. In this section we show
that for this system two types of bifurcations are possible. The first is a supercritical bifurcation, when the first harmonic
amplitude yr; for the soliton solution vanishes smoothly while the second harmonic amplitude depends on /; quadratically.
Near such a bifurcation a soliton solution transforms into the soliton of the nonlinear Schrédinger equation (NLS) that is
embedded in the general scheme considered in Section 4. As we showed, such solutions are stable for the one-dimensional
case.

Another possibility is a subcritical bifurcation which takes place when the characteristic size for the second harmonic
becomes infinite as the soliton parameters approach the boundary. In this case near the boundary the amplitude of the
second harmonic remains finite, but the amplitude 1 vanishes. Correspondingly, close to the boundary the Manley-Rowe
integral in this case becomes infinite. The derivative of this integral relative to the parameter A? becomes negative, so that, in
accordance with the Vakhitov-Kolokolov (VK) type of criteria [39,47], there is soliton instability. In this case, however, this
criterion is only a sufficient criterion for instability : it cannot be used to establish stability. The original VK stability criterion
for the NLS equation [39] is simultaneously necessary and sufficient. The difference in the stability criteria between the NLS
and the FF-SH system (being a two-component NLS system), is connected with the vector character of the latter (for details
see the next Section and also [47]). Just for this reason, it is impossible to generalize the criterion (4.33) to the FF-SH system
completely.

6.1. Basic equations

The equations of motion describing the interaction of the first (fundamental) and second harmonics can be written as
follows:

L e = —29a9, (62)
ot 2 1 1

8 1 »

'7;?2 — v, + 56021/’2“ = —%2 (6.3)

where the parameter £2 in (6.2) characterizes the phase mismatch and the matrix element Vo k, is chosen to be equal —1.
Here, for simplicity, we consider only the one-dimensional case. The corresponding generalization to the multi-dimensional
case is straightforward. In particular, in the multi-dimensional case one needs to change the 1D operators a);/af (1=1,2)
in (6.2) and (6.3) to
32601(’(1) 32
dkioky 9x;9xj
The system under consideration (6.2) and (6.3) is Hamiltonian:
Y _ 6H

i
ot Syr
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with the Hamiltonian
2 1 2 *2
H= [ Qupnld+) o VdPdx = [ (@729 + c.c)dx (6.5)
[
Besides the Hamiltonian, this system conserves also the Manley-Rowe integral

N = /(|1/f1|2 + 2[yn|*)dx (6.6)

which is a consequence of gauge invariance of the system. This integral has also be regarded as an adiabatic invariant which
appears as a result of average of the original system over fast oscillations corresponding to the carrier frequencies of two
resonant wave packets. From the definition (6.6), the Manley-Rowe integral is a positive quantity.

Another integral of motion for Egs. (6.2) and (6.3) is the momentum,

P= —% Z f (Wi — Wi,

which is a consequence of the invariance of the system to spatial translations. The latter, however, does not guarantee that
the equations of motion will be Galilean invariant. To check this, let us perform two transformations. The first is passing to
the coordinate system moving with velocity V,

X =x—-Vt, t' =t, (6.7)
and another is a simple gauge transform:

w] — 1//] e*i&)H»ikX’ 1102 — 1//29712wt+12kx. (68)

Then we require that the obtained equations have a similar form to the original system. Simple calculations show that this
demand can be satisfied if and only if

2p1 =2 (6.9)

where p; = 1/w/. Under this condition only, we have Galilean invariance. In all other cases the system (6.2) and (6.3) is not
Galilean invariant. The same situation occurs for the three-wave system which describes the interaction of three resonant
wave packets (compare with [47]).

The absence of Galilean invariance in the general case for the system (6.2) and (6.3) means that movable soliton solutions
cannot be transformed by means of the transformations (6.7) and (6.8) to the rest soliton. In other words, the soliton velocity
V itself is a new independent parameter, which together with the energy of solitons (as bound states) s = —\? defines a
two-parameter soliton family. This family is given as follows:

Y106 ) = Yrsx— VO, Y, ) = Yaux — VDY,

where the amplitudes v, and ¥, satisfy the equations:
. 1 "
=32 = VO + S0y = —2y9], (6.10)

. ] "
=202, — iV, — 2V, + szafllfz = —y;. (6.11)

Here and below the index s for 15 and ¥/, is temporarily omitted.
It is easy to verify that a solution of the stationary equations is a stationary point of the Hamiltonian H for fixed N and
momentum P: Egs. (6.10) and (6.11) follow from the variational problem

S(H+ AN —VP) = 0. (6.12)

In order to have localized solution of the stationary system it is necessary to require that two operators

"

1
Ay = =22 — iV, + @ a2,

] "
Ay =222 — iV, — 2 + szaf

must be sign (negative or positive) definite to provide exponentially decreasing behavior at infinity. Physically, this re-
quirement means absence of Cherenkov radiation by solitons. Indeed, the condition on the signature of the operators is
more restrictive: the operators A; and A, must be simultaneously negative (or positive) definite. This follows from the two
integral relations which can be obtained from the variational principle (6.12) and directly from the stationary equations
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(6.10) and (6.11) after multiplying the first equation by v}, the second one by 2+, with summation of the obtained results,
followed by their integration over x (for details, see [47]).
In the case when the operators are negative definite, the following conditions must be fulfilled:

w5 > 0, (6.13)
,  1V?
-2+ -— <0, (6.14)
2 w)
5 1Vv2
22 -Q2+-— <O (6.15)
2w,

These requirements guarantee absence of Cherenkov radiation by stationary propagating solitons (for details, see papers
[22,23]).

The conditions (6.13)-(6.15) define the region of parameters where soliton solutions are possible. To find this region it
is convenient to introduce instead of A> a new quantity A> = A? — p;V?/2 which in accordance with (6.14) has to be a
positive quantity. As a result, the last inequality (6.15) reads as

VZ
2A% 4+ (2py — pz)7 +02>0. (6.16)

Depending on the signs of «k = 2p; — p, and £2 we have four possibilities:

(1) k > 0, £2 > 0.In this case the inequality (6.16) is satisfied automatically. The allowed region for the soliton parameters
is the quarter-plane A3 > 0,V? > 0.

(2) k > 0, 2 < 0. The allowed region for the soliton parameters is the quarter-plane A> > 0 and V2 > 0 except the
triangular region near origin bounded by the straight line 24% 4+ xV?/2 = |£2]|.

(3) k < 0, 22 > 0. The allowed region for the parameters is the quarter-plane A% > 0 and V? > 0 except the region below
the straight line 242 = |k|V?/2 — L.

(4) k < 0, 2 < 0. The allowed region is the quarter-plane A?> > 0 and v?> > 0 except the region below the straight line
2A% = |k|V?/2 + |£2]. In this case A? cannot reach zero value.

It is interesting to note that k = 0 recovers Galilean invariance of the Egs. (6.2), (6.3). In this case both criteria (6.13) and
(6.16) when expressed through A2 do not contain the velocity:

A’ >0, 2424+ 02 >0.

6.2. Solitons

Next we shall analyze the soliton solutions which are defined from the system (6.10), (6.11). By the transformation,

Y — Y1, Yy — Y1,

and rescaling the amplitudes v, this system can be rewritten as follows:
— AT+ Y = —2¥y, (6.17)
— AP + (O — i)Yy = —y] (6.18)

where k = «V and
A3 =2p A%, A3 =2p,(2A% +kV?/2 4+ 2).
The ordinary differential equations (6.17) and (6.18) have two integrals. The first is

Vi — ViU 4 205 Vax — V) — 4iklyn | = M, (6.19)
which has a meaning of “angular momentum” for the system (6.17), (6.18). Another integral, “energy”, is:
[Yil® + [Wul* = A 1? — (A5 + KDY ? + Y3 ¥7 + vayi? = E. (6.20)

For a soliton solution (1, — 0 as |x] — o0) both integrals are equal to zero. Here we have two cases k = 0 and k # 0.
In the first case a soliton solution can be taken purely real and so the first integral becomes equal to zero identically. Thus,
in this case only the “energy” integral survives, which can be used to reduce the order of the system of ordinary differential
equations. In the second case the solution remains complex.

It is worth noting that the conditions (6.13)-(6.15) for localized solutions of the system (6.17), (6.18) correspond simply
to the positivity of Af and A%. Thus, the boundary of the soliton parameter region is given by the two equations A% = 0
(when A% > 0) and A% = 0 (when A% > 0). Accordingly, we have two variants of soliton degeneracy.
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Fig. 12. The dependence of N on A; for the case k = 0 and A3 = 1 (near the supercritical bifurcation boundary). The straight (dashed) line corresponds
to the analytical result (6.23).

6.3. Supercritical bifurcations

Consider first how the soliton family looks like near the parameter boundary A% = 0 (when A% > 0). First, note that in
Eq.(6.17) 1 near this boundary changes on the scalel ~ 1/ A;.In this limit the wave function v, has the same characteristic
scale,i.e,| ~ 1/ A;. Therefore in Eq. (6.18) we can neglect the derivatives and, as a result, obtain a local relation between v,
and vr,:

(A3 + ) = ¥if.
Substitution of this expression into (6.17) leads to the stationary nonlinear Schrédinger equation (NLS):

2
— A3y + 32y + mWﬂzl/fl =0. (6.21)
2

Its solution is the NLS soliton:

Ay
Y1 = ———= sech(Ax). (6.22)

VAR + K2

In this case the second harmonic amplitude is given by the expression

2

Yy = # sech?(A1x)
(A3 + k)2 )

In this asymptotic regime, the main contribution in the Manley-Rowe integral is given by the first harmonic (6.22):

24,

N~ ——. 6.23
A2+ k2 (6.23)

In Fig. 12 we show the dependence of the Manley-Rowe integral N on A, for the case k = 0 and A% = 1, obtained by
numerical integration of the system (6.17), (6.18).

For small AN changes linearly in accordance with the analytical dependence (6.23). For larger A; we have a positive
deviation from this linear dependence. In all our numerical work we also checked that for A% < 0, as well as for A? < 0,
soliton solutions are absent, which is in complete agreement with the definition of the soliton region given by (6.13)-(6.15).

Thus, while approaching the boundary A% = 0 the first harmonic amplitude undergoes a supercritical bifurcation:
max [¢1| ~ A; and y, vanishes like A%. For A3 < 0 Eq. (6.21) has no localized solution at all. Note that this case is
completely embedded in the general situation for this type of bifurcations of solitons (cf. [22,23]).

To conclude this subsection, we would like to point out that the reduction of the FF-SH system to the NLS was first
obtained in the paper [25] at the case when the phase mismatch parameter is large enough. Later it was discussed in many
other papers (see, for instance, the paper [99] and the review [100]).

6.4. Subcritical bifurcations

Consider now how solitons behave near the other boundary A% = 0(when A% and k are not equal to zero). In the special
case k = 0 the system (6.17), (6.18) takes the form:
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— AP+ Y = =29, (6.24)
— A2y + 02y, = —y. (6.25)

Here without lose of generality we put ¥; = ¥ so that Eq. (6.24) transforms into the stationary Schrédinger equation for
Y1 and U(x) = 2, (x) there serves as a potential. The latter quantity is found from the second Eq. (6.25) by means of a
Green'’s function:

1

Va= 5o e 42Xy 2 (X )dx. (6.26)

Thus one can see that v, (x) decreases exponentially for large x and the small parameter A, defines the largest scale L = A5 1
in this problem:

e~ A2l

Yo & Ve

/ Y ()dx for [x] ~ L. (6.27)

On the other hand, in the stationary Schrédinger equation (6.24) the value A% can be considered as the energy of the bound

state and will yield the smallest scale | = A]’1 <« Lin this problem. Further, as we show below, the characteristic scale a of
Y1(x) lies between [ and L:

L>a> L. (6.28)

This allows one to neglect the second derivative term in (6.24) and so estimate the maximum value of ¥, (attained atx = 0):

max(y,) ~ A?/2. (6.29)

Comparing (6.27) and (6.29) we arrive at the following estimate for the integral
o0
/ Yidx ~ A3 A,,
—00

Thus, this integral vanishes as A, — 0. At the same time the integral of wzz becomes infinitely large: the maximum value
remains constant and the characteristic scale becomes infinite as A, tends to zero. By this argument, the corresponding
Manley-Rowe integral will diverge as

4
N ~ 2[ Yadx ~ ﬁ. (6.30)
24,

The main contribution to this integral is given by the second harmonic, and correspondingly the contribution from the first
harmonic is small.

Let us next consider the behavior of 11 (x). To estimate its amplitude and to find its characteristic size we shall assume
that

Y1(x) = Adq(§), where§{ = awx and o = %. (6.31)

Substituting (6.31) into the integral (6.26) and taking into account the relations between the scales (6.28) we find that
2

Yy = exp( A2|X|)+ ¢2(§) where Gy = / $1(E)dE and e ~ —7.

200 A,
For large |x|(~ L), this expression has the same asymptotic behavior as (6.27). For small |x| ~ a the first term can be
expanded so that the potential (U = 2v/,) can be represented as follows

AZ
UG = Up + = V&),
o

where
ACy
U=——, and V(¢)=[—[&|+2¢:(5)].
aAz

Here Uy gives the constant background and the potential V (£§)(« Up) provides the bound state for ;. In this case Uy is
approximately equal to A% which coincides with (6.29) for the maximum value of v,. The small difference between A2 and
2 max(v¥,) is just o?, so that:

A2C
A2 = a—AO-l—oz and A? =a’.
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As a result, for these scales Eq. (6.24) takes the form:

—1 + Zd1 4+ V(E)pr = 0.
We now see that the scaling of the small parameters yields the relations:

A%G,
A

from which it follows that:
Coa® &~ A% Ay, (6.32)
and the amplitude of v/ is of the order:

4/3 2/3
A~ Ay A
~ 23
0

Thus, we have shown that for the case k = 0 the amplitude of the second harmonic (SH) remains constant at the bifurcation
point, but its size becomes infinitely large. In contrast to SH, the FF amplitude vanishes as Ag/ ? but its size grows as A, 173,
This means that we have in this case a subcritical bifurcation.

In spite of this behavior for i, the main contribution to the Manley-Rowe integral comes from the SH, since the input
from the FF is small. This statement holds also at k # 0. To establish this fact it is not necessary to know the solution for vy,
it is enough to estimate contributions from the FF and SH in the Manley-Rowe integral.

At k # 0 it is possible to arrive almost at the same conclusion as for k = 0.

Assuming that the amplitude v/, has a characteristic scale larger than Al_l and k~!, one can get an estimate for v, at
x = 0 (analogous to (6.29)):

max |y,| = (AT 4+ k*/4) /2, (6.33)

so that it remains finite at A, = 0. As in the case k = 0, the characteristic size of |y;| grows like Az_l. From this point of
view, the type of bifurcation remains the same as it was at k = 0: this is the subcritical bifurcation. As far as ¥ is concerned,
its contribution to the Manley-Rowe integral becomes infinitely small with respect to that from SH:

/|¢n|dx~ s,

This follows from comparison of Eq. (6.27) at x = 0 and Eq. (6.33). The latter indicates that the FF amplitude must vanish at
Ay =0.
Thus, for both cases (k = 0 and k # 0) the Manley-Rowe integral diverges like 1/ A, for small A;:

N mzf [ |2dx ~ 1/ A,.

Thus, the function N(A;) has a negative derivative near A, = 0, which, due to the VK type criterion (see the next section
and [47]), corresponds to instability of solitons. At k = 0 it is possible to prove. For k # 0 it is an open problem, but it looks
very reasonable to expect instability also in this case because the instability holds for small k.

In Fig. 13 we show the dependence of N on A, for the case A7 = A3 + 1and k = 0, obtained from our numerical
solutions. It was found that such behavior of N with respect to A, is typical for all cases including k = 0: for small values of
AN diverges, for intermediate values it has a minimum at A, = Ay, and grows for larger A,. When N — oo as A, — 0,
the dependence N(A,) can be approximated by the function

a
f(Az) = e +b (6.34)

where for A2 = 1+ A2 and k = 0,a = 0.537, b = 3.33. So we can see a nice correspondence with theoretical formula
(6.30) wherea = 1/2.

In Fig. 14 we show the dependence of N(A,) for this case, where the dashed line corresponds to the approximation (6.34).
The same dependence N(A,) is displayed on Fig. 15for k = 1 with the same value of A; = 1 (in this case a = 0.763 and
b = 4.299).

As A, — 0our numerics demonstrate that the maximum amplitude of the second harmonic tends to a constant (Fig. 16)
but its width grows (Fig. 17) which causes the divergence of N for small A,. Simultaneously the first harmonic amplitude
vanishes and its width increases slightly as A, approaches zero (see also Fig. 18). We note that such a tendency was also
observed numerically in [101] for the FF-SH solitons in one particular case, but the authors did not give any explanation of
this fact. As aresult, the contribution of the first harmonic to N becomes small compared with that from the second harmonic.
Thus, the function N (A,) for the soliton solution has a negative derivative in the band 0 < A, < Ay Where, according to
the VK type criterion [47], the considered soliton solutions should be expected to be unstable against small perturbations. It
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16

Fig. 14. The curve N(A,) for A2 = A% + 1 and k = 0 near the subcritical bifurcation boundary (A, = 0); the dashed line displays the approximation
f(Ay) witha = 0.537 and b = 3.333.

0.05 0.1 0.15 0.2 0.25 0.3 0.35
A

Fig. 15. The curve N(A,) for A; = 1and k = 1 near the subcritical bifurcation boundary (A, = 0); the dashed line corresponds to the approximation
f(Ay) witha = 0.7630 and b = 4.299.
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Fig. 16. The maximum value of |, | near the subcritical bifurcation boundary versus A, (A3 = A% + 1and k = 1).
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Fig. 17. The width of |1/, |? near the subcritical bifurcation boundary versus A, (A? = A% +landk = 1).

can be proved rigorously for k = 0.For A, > Asni, the sign of the derivative changes and therefore we should expect a stable
soliton branch. However, the VK criterion cannot be applied to this case. It is connected with very fine details in the proof
for the VK type criteria (for details see [47]). For the NLS case the proof is based on use of the oscillation theorem for scalar
Schrédinger operators, which appear after linearization of the NLS on the background of the soliton. However, for the linear
stability problem for the FF-SH solitons, instead of scalar operators, we have a matrix (2 x 2) Schrédinger operators for which
the oscillation theorem does not hold. Recall that the oscillation theorem for the scalar Schrédinger operator establishes a
correspondence between a number of nodes of the wave function and a level number. Therefore the VK type criterion, being
a sufficient criterion for instability, cannot be used for stability. Thus we can expect instability for the region of the negative
derivative of N (A%). In the region of positive derivative, nevertheless, one can make a conclusion about stability by using a
combination of the (incomplete) VK criterion and the Lyapunov approach. As first shown in [26] (for details see also [47])
the Hamiltonian of the FF-SH system is bounded from below for a fixed Manley-Rowe integral. A key point for stability is to
consider the dependence H(N, P) for soliton solutions. If this dependence is monotonic and unique then the soliton solution
will be stable. Indeed, the boundedness of the Hamiltonian from below means that solutions realizing its minimum will be
stable in accordance with the Lyapunov theorem. In the case of a unique surface H(N, P) this minimizer will belong to this
surface. Strictly speaking, the latter needs also compactness of the considered functionals, which can be proved by standard
methods for such systems. If the function H(N, P) is not monotonic, then there exist several branches for fixed N and P,
i.,e. H = H(N, P) represents a set of separate surfaces. Then the solitons from the lower branch, or from the lower surface,
will be stable only in the Lyapunov sense.

As for the stability of solitons near a supercritical bifurcation, this problem has some peculiarities. As shown before
the soliton family near the boundary A; = 0 transforms into NLS solitons, generally speaking, independently of the
problem dimension. In this case the most dangerous perturbations will be disturbances of the modulation type. Their
dynamics will be described by the time-dependent nonlinear Schrédinger equation. It we saw above (see, e.f., [38]) that only
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one-dimensional solitons are stable with respect to perturbations with the same dimension. For instance, the solutions
(6.22) will be stable with respect to one-dimensional modulation perturbations, guaranteed, in particular, by the criterion
(4.33). Thus, in the one-dimensional case the soliton boundary in the parameter space coincides with the stability boundary.
However, for dimensions D > 2 the NLS solitons are unstable (see Section 4). From another perspective, the boundedness
of the Hamiltonian for fixed N provides stability of solitons realizing the minimum of H. This means that for D > 2, in the
parameter space the stability region is separated from the soliton boundary.

6.5. Concluding remarks

It is necessary to emphasize that the results presented in this section about the behavior of solitons near both the
supercritical and subcritical bifurcations are in complete agreement with a general theory given in Sections 4 and 5. It is
interesting to note that if the phase mismatch parameter §2 is negative for stationary solitons (V = 0) only the supercritical
bifurcation is possible; the subcritical bifurcation is forbidden. For propagating solitons we have another possibility. For
instance, if

K\ 2
(1 — 5) V242 <0
which can be satisfied if

Kk <0, or p;>2p; (6.35)

and then necessarily £2 < 0, the only possible bifurcation is the subcritical one. Note, that equality in (6.35) recovers the
Galilean invariance of the FF-SH system. Thus, the soliton family significantly depends on the phase mismatch £2 and
k (i.e. po — 2pq) with a large asymmetry with respect to these parameters. The latter will be interesting to observe in
experimentally, for instance, in nonlinear optics.



E.A. Kuznetsov, F. Dias / Physics Reports 507 (2011) 43-105 97

We would like to underline once more that the results of this section can be easily extended to the multi-dimensional
case. In particular, the main conclusion about the character of solitons near subcritical and supercritical bifurcations holds
in the multi-dimensional case. For a dimension D > 2 solitons near a supercritical bifurcation for the FF amplitude will
coincide with D-dimensional NLS solitons, and the SH amplitude will be proportional to square of the FF amplitude as it
is in 1D case. When approaching a subcritical bifurcation point in the multi-dimensional case, the Manley-Rowe integral
diverges which results in instability of solitons.

7. Stability of the NLS type solitons

The main aim of this section is to demonstrate how two methods discussed in the previous sections, i.e. the Lyapunov
approach and linear stability analysis, can be applied to investigating the stability of solitons in the three-wave system.

As was mentioned, the three-wave system describes spatial solitons as well as spatial-temporal solitons in x ® media
[24,25]. This system couples amplitudes of three quasi-monochromatic waves due to quadratic nonlinearity. As we saw
in the previous section in a special case this system describes the interaction of fundamental and second harmonics.
When the difference in group velocities of three wave packets is large enough this system coincides with the Bloembergen
equations [24] which can be integrated by the inverse scattering transform [98,12]. For close group velocities in the system
one needs to take into account both dispersion and diffraction terms [25,26]. In this case this model can be considered as
a vector NLS system but with quadratic nonlinearity. Solitons in this system are possible as a result of a balance between
nonlinear interaction and dispersive effects. For this system soliton solutions are stationary points of the Hamiltonian, for
fixed momentum and the Manley-Rowe integrals. In this section we give the proof of the Lyapunov stability of such ground
solitons based on the Sobolev embedding theorem. This proof [47] generalizes all results about application of this approach
to the three-wave system starting from the first results obtained by Kanashev and Rubenchik [26] and those obtained
later by Turitsyn [102] and Berge et al. [103]. The linear stability criterion given in this section is also the generalization
but of the VK criterion. We would like to remind that the crucial point in its derivation for the NLSE solitons is based on
the oscillation theorem for the stationary Schrédinger operator. This theorem establishes the one-to-one correspondence
between a level number and a number of nodes of the eigenfunction. As well known, this theorem is valid only for scalar (one-
component) Schrodinger operators and cannot be extended, for example, to the analogous matrix operators. This means
that the Vakhitov-Kolokolov type of criteria, as a rule, define only sufficient conditions for soliton instability and cannot
necessarily determine the stability of solitons. For three-wave system the linearized operator represents a product of two
(3 x 3)-matrix Schrodinger operators to which the oscillation theorem cannot be applied. We discuss this situation in detail
for solitons describing a bound state of the fundamental frequency and its second harmonics.

7.1. The three-wave system

Consider the three-wave system, written in the form (see, for instance, [26,33]):

9 . 1,

l% — oY1 + i)y + §w1ﬁ3§ﬂ1ﬁl = Vs, (7.1)
9 . 1,

,thz — gy + V)2 + S0b g0 = Vinys, (7.2)
9 , 1

s i) 08 05 = Vs, (7.3)

Here ¢ (x, t) (I = 1,2, 3) are amplitudes of three wave packets, slowly varying with respect to x, so that values of their
wave vectors K; satisfy restrictions kjL; > 1 where L, is a characteristic size of Ith packet. The frequencies w; = w;(K;) are
supposed to be close to the resonance condition:

w1(Ky) = wr(ky) + w3(ks), (7.4)
1(1 = 1(2 + k3. (75)
v; = dw(Kk;) /9K is the group velocity for the Ith packet,
o 9’on(k)
a), =
ak[a 8/([5

is the dispersion tensor, and V is a three-wave matrix element which can be taken as real, without loss of generality. Like
the NLSE, this system is Hamiltonian
0y 6H
i— = ,
ot Sy
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where
H = Hp + Hy,
3 1
Ho=) [ / il dr—i / Y7 V) ydr+ / Yoy’ Vw:dr} , (76)
=1
Hy =V / W30S + Yivays)dr. (7.7)

Here the Hamiltonian Hy relates to the linear characteristics of the three wave packets: the first term in (7.6) is the main
contribution to their energy, the next term describes propagation of the wave packets with the group velocities v;, while the
last term accounts for the effect of the finite width Ak, of each wave packet, responsible for their dispersion broadening. It
is worth to noting that the dispersion term is small compared with respect to the second one through the parameter Ak, /k;.
Therefore it is necessary to take this term into account only if the difference in the group velocities is small enough.

If the carrier frequencies w; and wave vectors K; satisfy exactly the resonant conditions (7.4) then the terms proportional
to wy can be excluded by the transformation: vy, — ¥, exp(—iwyt).

In the 1D case the general system (7.1)-(7.3) can be simplified. By introducing new variables

Y= Yix — vt 0" kg =Ky + K3, (7.8)
one can exclude the first derivatives in the equations if one chooses the velocity v and wave numbers «; as follows?
U]d] - U2d2 — U3d3 1
— , =dw—v), d=—. 7.9
R —, K = di( D, d o (7.9)
As aresult, in the 1D case the system (7.1)-(7.3) takes the form (tilde above 1/, is omitted and V is put equal to —1):
I//'] 1 4
W — 1Y + *wﬂ/flxx = =23, (7.10)
iV g = : 7.11
8[’ 2V + szZxx—_Wlwg,s (7.11)
Y 1
=2 = @3y + oy se = Y. (7.12)
where
21 = o + Kk + o]k}t /2. (7.13)
Here, as before, the new frequencies are close to resonance:
21~ 2y + §25
or, in other words, the mismatch is assumed to be small enough.
At the next step £2, and £23 are excluded with the help of the transformation:
Yi(x, 1) > Yr(x, e P s (x, 1) > Yo(x, e, Y3(x, t) — P3(x, H)e ¥
As a result, the Egs. (7.10)—(7.12) take the form
81#1 1
=~ Y1 + Ewlllflxx = =3, (7.14)
81# N
8t2 + szZxx = —y1v3, (7.15)
3 s
3t + w3w3xx = 10111/2* (7.16)

where 2 = 27 — £2, — £25 is the phase mismatch characterizing how far the carrying frequencies of the three wave packets
are from the resonance (7.4).
The resulting system (7.14)-(7.16) keeps a Hamiltonian structure. A new Hamiltonian is of the form

1 "
= /Q|1//1|2dx—|— Z/ @ [¥i|*dx — /(wwzwg + c.c.)dx. (7.17)
l

2 When di = d, + d; the equations become invariant relative to the Galilean transformations.
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Besides H, the system (as well as the old one) has two other conservative quantities, the so-called Manley-Row integrals,

N, =/(|w1|2+|w2|2>dx, N2=/(|1/f1|2+|1/f3|2)dx~ (7.18)

These invariants appear as a sequence of the averaging procedure excluding all other non-resonant processes except three-
wave interaction.

The three-wave system (7.14)-(7.16) in the partial case of the interaction of fundamental and second harmonics
transforms into the system (6.2), (6.3) and, respectively, the Hamiltonian (6.5) transforms into (7.17)

For an arbitrary dimension d all the above transformations for system (7.10)-(7.12) can be performed. In this case a)l” Vi
for both systems transforms into w;’ﬂ 802( ) Y, with a familiar change in all integrals of motion. In the transformations (7.9)

instead of d; it is necessary to substitute the matrix inverse to wf‘ﬁ , the velocities v; there have meaning of vectors.

These changes allow us to restrict our consideration to the one-dimensional three-wave system only. Some difference
between one-dimensional and multi-dimensional cases is not too basic for this system, at least as far as soliton stability
concerns.

7.2. Soliton solutions of the three-wave system

Consider soliton-like solutions of the system (7.14)-(7.16) in the form,

Y (x, 1) = Yrig (e P12 (7.19)
Ya(x, ) = Yos (e,
Y3(x, ) = Ps(x)e 2,

where functions 15(x), ¥2s(x), ¥35(x) are supposed to be real and decay at the infinity. They obey the equations:

Livris = —Yasrss, Li=—M+A+2)+ w182 (7.20)
Lyas = —Yis¥s, L= —i + wzaz (7.21)
L3vr3s = Yrisipas, =—A+ w332 (7.22)

The solutions to this system yield extremums of the Hamiltonian for two fixed Manley-Row invariants:
8(H + ANy + AoN,) = 0, (7.23)

that is soliton solutions are stationary points of the Hamiltonian for fixed Nj .
Soliton solutions of this system will be exponentially decreasing at the infinity if simultaneously three inequalities are
satisfied:

ui=di(h+ A2+ 2) >0, w3 =dyr; >0, w3 =dsr; > 0. (7.24)

where d; = 1/}’

It is possible to come to the this result also if one analyzes integrals consisting of the Hamiltonian and N ; on the soliton
solution (for more details see the review [104]). For this purpose multiply Eq. (7.20) by 115 and then integrate over x. As a
result, one gets

An analogous procedure applied to Egs. (7.21) and (7.22) gives
—Mia + Dy = —I, (7.26)
—Aans + D3 = —I (727)

where

dWIs 2

1 "
nz=f|1ﬁzs|2dX, D = 5/“’1 x

These integral relations should be completed by the condition following from the variational problem (7.23) after applying
scaling transformation to be remaining N ;:

Yis(x) — a ' yi(x/a).

dx, IZ/‘/’ls‘/’Zs‘/’3sdx~
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Under this transformation the Hamiltonian becomes a function of the scaling parameter a:

1 2
H@ =) / (mwz + 53 |wzsx|2) dx— 7 / Yrsthasasdx.
I

By using both this relation and Eq. (7.23), one gets
dH

da

=0 or Z/w;/ll[flsdeX_fw1sw2$w3sdx:0~ (7-28)
I

a=1

Combining the integral relations (7.25)-(7.28) and using the positive nature of n; (by definition) we get to the conditions
(7.24). Thus, it turns out that all operators L; must simultaneously have the same sign definiteness. Note, that this latter

requirement holds for all physical dimensions D < 3, and so the matrices a)f’ﬂ must also have the same sign definiteness.

7.3. Nonlinear stability

Next we demonstrate how Lyapunov stability can be established for solitons in this three-wave system. As for the NLS
solitons, for demonstration of the Hamiltonian boundedness we used the embedding theorems. The difference with the NLSE
case, consists, first of all, in that, instead of one complex field v», now we have three fields v, ¥, and 3, while, instead of
cubic nonlinearity, we have a quadratic one. This means that one should consider two spaces L3 3 and W21 with the norms

1/3
llull; s = [/(IIIMP + |2 + |1//3|3)dDX] ,

12
~ ~ 1 .
Iy = [m Jawe s e T [ + s 5 3 [ aral ﬁa,mmde}
1

B

where %,2 > 0 and the tensors a);’ are assumed positive definite. Then the Sobolev inequality reads as follows:

llulls 5 < MlluIIW;. (7.29)

It is worth noting that between the norm ||ul|;,, and the interaction Hamiltonian for the three-wave system, here is the
following simple inequality:

3 *
jutd,, = 5 f Wiaws + c.c)dx. (7.30)
A multiplicative variant for the Sobolev inequality (7.29) can be obtained by the same manner as for the NLSE. We present
here only the analog of (6.28) for the one-dimensional case:
J < Mi[XiNy + JoNo /414

where

1
J= /(WT%% +ccyd’, 1= 5 Z/awl*w{’aw:dx.
1

In this expression xu are still arbitrary positive constants. By minimization over both these parameters we have

J < C(N1N,)>/31'/4, (7.31)
The next step is to find the best constant C as a minimal value of the corresponding functional

J
- (N]N2)5/811/4'

It is easy to check that this minimum is attained on the ground soliton solution, namely, on the solution of the system
(7.20)-(7.22) without nodes>:

Chest = F[¥s]. (7.32)

Analogously to (2.31), with the help of the inequality (7.31) where instead of C stands the best constant (7.32), it is easy to
get the estimate for the Hamiltonian (7.17) for the case when the phase mismatch is absent (2 = 0):

H>1-22*1"* > Hy(2 = 0).

Chest = minF[y],
best ] [1/f]

3 1tis possible to show that for the ground soliton all functions s can be considered as positive quantities.
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This proves stability of the ground-state soliton in one dimension for a zero phase mismatch. Again, this inequality becomes
precise for the soliton solution. By the same scheme stability of the ground-state solitons for all other physical dimensions
can be proved.

Now consider how a finite phase mismatch effects soliton stability. The answer which will be obtained is that the
Hamiltonian is always bounded from below, independently of both the value and the sign of £2. Consider the Hamiltonian
(7.17) in which it is convenient to separate the phase mismatch term:

H= 9f|1/f1|2dx+ﬁz
so that the remainder coincides with the Hamiltonian with 2 = 0:

Iy 1 "
i3 [ gounlo [+ e

There are two possibilities: 2 > 0 and £2 < 0. In the first case we have the following evident estimate:
H > H;(£2 = 0). (7.33)

Thus, the Hamiltonian is bounded from below by its value on the ground soliton solution with zero phase mismatch.
The second case gives

H > Hy(2 = 0) — |22 / [y |2 dx. (7.34)

The integral | |y1|%dx is always bounded from above by min(Ny, N,). Therefore the estimate (7.34) can be written as follows
H > Hy(£2 = 0) — |£2| min(N7, Np). (7.35)

The resulting inequality completes the proof of Hamiltonian boundedness for an arbitrary phase mismatch. Importantly,
this result takes place for all physical dimensions D < 3. In the general situation the Hamiltonian is majorized by its value
with zeroth phase mismatch taken on the ground soliton solution and some additional term proportional to the minimal
Manley-Row integral. The constant of proportionality is O or |§2|.

The fact of the Hamiltonian boundedness for the three-wave system (7.1)-(7.3) was first demonstrated by Kanashev and
Rubenchik [26] when the dispersive operators were there for an isotropic media. Later, Turitsyn [ 102] showed for the partial
case - interaction between fundamental frequency (FF) and second harmonics (SH) - under assumption that the second-
order operators in the system are Laplacians in each equation that for zero phase mismatch the Hamiltonian reaches its
minimum at the ground-state soliton. Then, in the paper [ 103] the boundedness of the Hamiltonian for the FF-SH interaction
was demonstrated in the presence of a nonzero phase mismatch. Here we gave the stability proof for ground solitons in the
three-wave system in the general case for arbitrary dispersion tensors a)f’g having the same sign definiteness, for instance,
being positive. It should be noted also that both inequalities (7.33) and (7.35) demonstrate different criteria at £2 > 0 and
£2 < 0, in the correspondence with the conditions (7.24) for soliton existence which are not symmetric under the change
2 - —52.

7.4. Linear stability for the system with FF-SH interaction

Let us turn to the linear stability problem for the solitons in the three-wave system. For the sake of simplicity we shall
consider the partial case of the three-wave system, namely, the FF-SH interacting system (6.2), (6.3) and show how the VK
type criterion can be obtained in this case.

Soliton solutions for the FF-SH interacting system are defined from the Egs. (6.2), (6.3). They are of the form

L N
1//] (X, t) = wls(x)e')t f7 1//2(X, t) — ,(/IZS(X)EZI)L t,
where the amplitudes v/1; and v satisfy the equations:

1 4
—22Y + Sov = =2y, (7.36)

1 "
=202y, — 2y, + szafllfz = —y;. (7.37)

Here the solution ;s and v, are assumed to be real and without nodes, i.e. they can be regarded as a ground-state soliton,
where the index s for 1s and Y, is temporarily omitted.
Consider small perturbations on the background of this soliton solution, putting

Y1(x, ) = (s + U + iU])eikzt, Yo(x, t) = (Pas + Uz + ivz)emzt-
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Linearization of the system (6.2), (6.3) leads to the linear (Hamiltonian) equations:

16H 18H
Uy=-—, U=-—c-— (7.38)
2 v 2 8u

where H is also the second variation of F = H + A2N,
H = (vlLo|v) + (ulL;u), (7.39)

u and v are vectors with two components u, u; and vy, vy, respectively, and N is given by the expression (6.6). Now the
second-order differential operators Ly and L; are the (2 x 2)-matrix operators:

1
2 — 5w/{83 F 2, —29
Lo1 = 1
-2 202 — w32 — 2

Both operators remain self-adjoint. From the quantum mechanics point of view such operators correspond to the
Schrodinger operators for a nonrelativistic particle with spin S = 1/2 moving in an inhomogeneous magnetic field. For
such operators, as known, the oscillation theorem is not completely valid. The ground eigenfunction has no node, but
correspondence between node number and level number is already absent. The lack of such correspondence, as will be
seen below, does not allow us to make certain conclusions about soliton stability. The VK type criteria for this matrix system
can give only sufficient conditions for instability. The same statement holds for the three-wave system.

As far as properties of the operators Ly and L; are concerned, they are similar to those for the NLSE case. The operator Ly
is nonnegative. This follows if instead of v; and v, one introduces new functions x; and x, by means of the formulas

v1 = Y1x1, vy = Y2 x2.

As a result of such changes (v|Lg|v) can be rewritten as follows:

1
Wlolo) = 5 [ 10wl + apuidite+ [ wivan - it
Hence the nonnegativeness of Ly becomes evident and the ground-state eigenvector is simply defined:

X1 =C1, X2 = C2, 261 =0

Vg = [;01102] .

This eigenfunction, as for the NLSE case, provides conservation of N and consequently

or

SN =2 /(Wﬂl] + ZWZUZ)dX =2 (v0|u) =0. (740)

As for the NLSE this relation represents a solvability condition for the linear system (7.38).
The next analysis is closely analogous to that for the NLSE. It is necessary to consider the eigenvalue problem for the
operator L;:

Lile) = Elg) + Cltpo) (7.41)

and then to expand |¢) over the complete set of eigenfunctions {|¢,)} of the operator L;. As a result, the solution of Eq. (7.41)
is given by the expression:

|¢n) (Pnlvo)
=C . 7.42
D (7.42)
Analogously to (4.32), applying the solvability condition (7.40)-(7.42) leads us to the dispersion relation
- <U0|¢n> <¢n|UO>
E) = ——— =0. 7.43
FEY=)" E (7.43)

n

A prime here means, as before, absence in the sum of the state with E = 0 because (¥|vg) = 0, L{|¥,) = 0 where

(lI/xl = (wlx, 1ﬁ2x)~

Up to this point, everything looks similar to the NLSE case. The difference appears when we begin to analyze the function f (E).
Now the oscillation theorem does not hold. This means that below the level E = 0 a few levels are possible. Therefore the
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dispersion relation may have negative roots E < 0 independently on whether the derivative dN;/dA? is positive or negative.
As a result, we can formulate only sufficient criterion for instability which has the same form as for the NLS solitons:

ON;s
o2
But we cannot say anything in general about stability. The stability criterion

dN;
A2

holds only if below E, = 0 the operator L; has the only (ground) level, but it is not a generic case. Thus, the Vakhitov-
Kolokolov type of stability criteria when applied to the vector models provides only sufficient conditions for instability of
solitons.

Nevertheless, a combination of the (incomplete) Vakhitov-Kolokolov criterion and the Lyapunov approach can give
a complete answer to the stability problem. At the end of this section we discuss such an example when based on this
combined method, and with the help of numerical integration of the FF-SH interacting system (7.36), (7.37), it is possible
to make more or less certain conclusion about soliton stability. The dependences of H and N (on 1D soliton solutions) found
numerically in [27] as functions of A for £2 < 0 show monotonic behavior: N grows with increasing A but H decreases.
As a result, it was found that there is only a soliton branch with one-to-one dependence H(N). For £2 > 0, however, N
contains two branches. The first branch lies in the region 0 < A < Apin. N(A) increases monotonically as A approaches
origin. At A = A, this function has minimum. All of this branch will be unstable in accordance with the criterion (7.44).
For A > Amin N grows monotonically but the linear criterion cannot be applied to this branch. However, the dependence of
H()) helps us to get a conclusion. This function has maximum at the point A = A, S0 that H as a function of N has at this
point a cusp which separates two branches. The upper branch has larger values of H than the lower branch. If one assumes
that for this given interval of N there are no other soliton solutions (numerically this is not too simple a task) then one can
say that the lower branch represents a stable soliton family.

To conclude this section, it is worth noting that the linear stability criterion of the Vakhitov-Kolokolov type for these
vector NLS systems can be considered only as a sufficient criterion for soliton instability. However, its combination with the
Lyapunov approach represents a powerful tool for investigation of soliton stability. Another important point of this section
is the embedding theorems which play a very essential role in proof of the Lyapunov stability for solitons. This method
allows to demonstrate stability of solitons for the three-wave system. Although we have applied this approach to the 1D
solitons, it can be successfully used in the general multi-dimensional case also. Let us recall, that, when we speak about
x2 media, we mean, first of all, crystals without reflection symmetry. Electromagnetic waves propagating in such crystals
have anisotropic dispersion relation. This means, for instance, that in the general situation the dispersion tensors weg for
each wave packet coupled by three-wave interaction cannot be reduced simultaneously to diagonal form. However, the
method presented here does not require any diagonalization of the dispersion tensors, and the only condition needed is a sign
definiteness of all dispersion tensors (simultaneous positiveness or negativeness). Only in such a case do solitons exist. Sign
definiteness of dispersion tensors, in turn, permits to introduce the corresponding Sobolev space and then to get the desired
integral estimates for the Hamiltonian. It is also important that solitons realizing minimum of the Hamiltonian establish their
stability not only with respect to small perturbations, but also against the finite ones. In this sense the Lyapunov stability
criterion is equivalent to an energy principle.

< 0. (7.44)

>0
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