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This work continues our studies of nonlinear evolution of a system of wavepackets.
We study a wave propagation governed by a nonlinear system of hyperbolic PDE’s
with constant coefficients with the initial data being a multi-wavepacket. By def-
inition, a general wavepacket has a well-defined principal wave vector, and, as we
proved in previous works, the nonlinear dynamics preserves systems of wavepack-
ets and their principal wave vectors. Here we study the nonlinear evolution of
a special class of wavepackets, namely particle-like wavepackets. A particle-like
wavepacket is of a dual nature: on one hand, it is a wave with a well-defined
principal wave vector, on the other hand, it is a particle in the sense that it
can be assigned a well-defined position in the space. We prove that under the
nonlinear evolution a generic multi-particle wavepacket remains to be a multi-
particle wavepacket with high accuracy, and every constituting single particle-
like wavepacket not only preserves its principal wave number but also it has a
well-defined space position evolving with a constant velocity which is its group
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velocity. Remarkably the described properties hold though the involved single
particle-like wavepackets undergo nonlinear interactions and multiple collisions in
the space. We also prove that if principal wavevectors of multi-particle wavepacket
are generic, the result of nonlinear interactions between different wavepackets is
small and the approximate linear superposition principle holds uniformly with
respect to the initial spatial positions of wavepackets. Bibliography: 41 titles.

1. Introduction

The principal object of our studies here is a general nonlinear evolutionary
system which describes wave propagation in homogeneous media governed
by hyperbolic PDE’s in R, d = 1,2,3, ..., is the space dimension, of the
form

0,U = —;L(—iV)U +F(U), U(r,7)|,_, = h(r), r e R%, (1.1)

where (i) U = U(r,7), r € RY U € C*¥ is a 2J-dimensional vector;
(if) L(—iV) is a linear selfadjoint differential (pseudodifferential) operator
with constant coefficients with the symbol L(k), which is a Hermitian 2J x
2J matrix; (iii) F is a general polynomial nonlinearity; (iv) o > 0 is a
small parameter. The properties of the linear part are described in terms of
dispersion relations w,, (k) (eigenvalues of the matrix L(k)). The form of the
equation suggests that the processes described by it involve two time scales.
Since the nonlinearity F(U) is of order one, nonlinear effects occur at times
7 of order one, whereas the natural time scale of linear effects, governed
by the operator L with the coefficient 1/p, is of order p. Consequently,
the small parameter p measures the ratio of the slow (nonlinear effects)
time scale and the fast (linear effects) time scale. A typical example of an
equation of the form (1.1) is the nonlinear Schréodinger equation (NLS) or a
system of NLS’s. Many more examples including a general nonlinear wave
equation and the Maxwell equations in periodic media truncated to a finite
number of bands are considered in [7, 8].

As in our previous works [7, 8], we consider here the nonlinear evolu-
tionary system (1.1) with the initial data h(r) being the sum of wavepackets.
The special focus of this paper is particle-like localized wavepackets which can
be viewed as quasiparticles. Recall that a general wavepacket is defined as
such a function h(r) that its Fourier transform h(k) is localized in a §-
neighborhood of a single wavevector k., called principal wavevector, where
(3 is a small parameter. The simplest example of a wavepacket is a function
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of the form
k — k.
B

where g, (k,) is an eigenvector of the matrix L(k,) and h(k) is a scalar
Schwarz function (i.e., it is an infinitely smooth and rapidly decaying one).
Note that for h (3, k) of the form (1.2) we have its inverse Fourier transform

h(3;r) = h(B(r —r,))e g (k,), r e R (1.3)

B(g:k) = gl M h (57 g (k) ke RY, (1.2)

Evidently, h(3,r) described by the above formula is a plane wave
e*-rg (k,) modulated by a slowly varying amplitude h(3(r —r.)) obtained
from h(z) by a spatial shift along the vector r, with a subsequent dilation
with a large factor 1/3. Clearly, the resulting amplitude has a typical spatial
extension proportional to 5! and the spatial shift produces a noticeable
effect if |r.| > B~'. The spatial form of the wavepacket (1.3) naturally
allows us to interpret r, € R? as its position and, consequently, to consider
the wavepacket as a particle-like one with the position r, € R?. But how
one can define a position for a general wavepacket? Note that not every
wavepacket is a particle-like one. For example, let, as before, the function
h(r) be a scalar Schwarz function, and let us consider a slightly more general
than (1.3) function

B(Bir) = [h(B(r — 1)) + h(B(r — ra2))le™ g, (k.), r €Y, (L4)

where r,; and r,o are two arbitrary, independent vector variables. The wave
h(8,r) defined by (1.4) is a wavepacket with the wave number k, for any
choice of vectors r,; and r.o, but it is not a particle-like wavepacket since it
does not have a single position r,, but rather it is a sum of two particle-like
wavepackets with two positions r,; and r,o.

Our way to introduce a general particle-like wavepacket h(j, k.,
r.o;r) with a position r,o is by treating it as a single element of a family
of wavepackets h(3, k,,r,;r) with r, € R? being another independent pa-
rameter. In fact, we define the entire family of wavepackets h(3, ks, r.; 1),
r. € R% subject to certain conditions allowing us to interpret any fixed
r. € R? as the position of h(3, ks, r.;r). Since we would like of course
a wavepacket to maintain under the nonlinear evolution its particle-like
property, it is clear that its definition must be sufficiently flexible to ac-
commodate the wavepacket evolutionary variations. In light of the above
discussion, the definition of the particle-like wavepacket with a transparent
interpretation of its particle properties turns into the key element of the
entire construction. It turns out that there is a precise description of a
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particle-like wavepacket, which is rather simple and physically transparent
and such a description is provided in Definition 2.2 below, see also Remarks
2.4, 2.5. The concept of the position is applicable to very general functions,
it does not require a parametrization of the whole family of solutions, which
was used, for example, in [25, 20, 21].

As in our previous works, we are interested in nonlinear evolution not
only a single particle-like wavepacket h(3, ks, r.;r), but a system {h(S, k.,
r.; )} of particle-like wavepackets which we call multi-particle wavepacket.
Under certain natural conditions of genericity on k,;, we prove here that un-
der the nonlinear evolution: (i) the multi-particle wavepacket remains to be
a multi-particle wavepacket; (ii) the principal wavevectors k,; remain con-
stant; (ii) the spatial position ry; of the corresponding wavepacket evolves
with the constant velocity which is exactly its group velocity :)an(k*l).
The evolution of positions of wavepackets becomes the most simple in the
case, where at 7 = 0 we have ry; = ;rg, i.e., the case, where spatial posi-
tions are bounded in the same spatial scale in which their group velocities
are bounded. In this case, the evolution of the positions is described by the
formula

1
r(7) = Q[rg + 7Vwy, (kia)], 7= 0. (1.5)

The rectilinear motion of positions of particle-like wavepackets is a direct
consequence of the spatial homogeneity of the master system (1.1). If
the system were not spatially homogeneous, the motion of the positions
of particle-like wavepackets would not be uniform, but we do not study that
problem in this paper. In the rescaled coordinates y = or, the trajectory
of every particle is a fixed, uniquely defined straight line defined uniquely
if o/ — 0 as 9,3 — 0. Notice that under the above-mentioned generic-
ity condition, the uniform and independent motion (1.5) of the positions of
all involved particle-like wavepackets {h(3, k., r.«;r)} persists though they
can collide in the space. In the latter case, they simply pass through each
other without significant nonlinear interactions, and the nonlinear evolu-
tion with high accuracy is reduced just to a nonlinear evolution of shapes
of the particle-like wavepackets. In the case, where the set of the principal
wavevectors {k.; } satisfy certain resonance conditions, some components of
the original multi-particle wavepacket can evolve into a more complex struc-
ture which can be only partly localized in the space and, for instance, can
be needle- or pancake-like. We do not study in detail those more complex
structures here.
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Now let us discuss in more detail the superposition principle intro-
duced and studied for general multi-wavepackets in [8] in the particular
case, where initially all r,; = 0. Here we consider multi-particle wavepack-
ets with arbitrary r,; and develop a new argument based on the analysis
of an averaged wavepacket interaction system introduced in [7]. Assume
that the initial data h for the evolution equation (1.1) is the sum of a finite
number of wavepackets (particle-like wavepackets) hy, 1 =1,... N, i.e.,

h=h; +...+hy, (1.6)

where the monochromaticity of every wavepacket h; is characterized by
another small parameter 3. The well-known superposition principle is a
fundamental property of every linear evolutionary system, stating that the
solution U corresponding to the initial data h as in (1.6) equals

U=U;+...+Uyforh=hy+...+ hy, (1.7)

where Uj is the solution to the same linear problem with the initial data h;.

Evidently, the standard superposition principle cannot hold exactly as
a general principle for a nonlinear system, and, at the first glance, there is
no expectation for it to hold even approximately. We show though that, in
fact, the superposition principle does hold with high accuracy for general
dispersion nonlinear wave systems such as (1.1) provided that the initial
data are a sum of generic particle-like wavepackets, and this constitutes
one of the subjects of this paper. Namely, the superposition principle for
nonlinear wave systems states that the solution U corresponding to the
multi-particle wavepacket initial data h as in (1.6) satisfies

U=U;+...4+4 Uy +Dforh=h;+...+ hy, where D is small.

A more detailed statement of the superposition principle for nonlinear evolu-
tion of wavepackets is as follows. We study the nonlinear evolution equation
(1.1) on a finite time interval

0 <7 < 7., where 7, > 0 is a fixed number (1.8)

which may depend on the L norm of the initial data h but, importantly,
T« does not depend on o. We consider classes of initial data such that wave
evolution governed by (1.1) is significantly nonlinear on time interval [0, 7]
and the effect of the nonlinearity F(U) does not vanish as o — 0. We
assume that 0, o satisfy

0<B<1,0<0<1, #?/o<C; with some C; > 0. (1.9)
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The above condition of boundedness on the dispersion parameter 32/¢ en-
sures that the dispersion effects are not dominant and they do not suppress
nonlinear effects, see [7, 8] for a discussion.

Let us introduce the solution operator S(h)(7) : h — U(r) relating
the initial data h of the nonlinear evolution equation (1.1) to its solution
U(t). Suppose that the initial state is a system of particle-like wavepack-
ets or multi-particle wavepacket, namely h = > h; with h;, I =1,... N,
being “generic” wavepackets. Then for all times 0 < 7 < 7, the following
superposition principle holds:

N N
S(Dom)(r) =3 Sthu)(r) + D), (1.10)
=1 =1

ID(F)||p= sup |D(r)|L= < 05519% for any small § > 0. (1.11)

Obviously, the right-hand side of (1.11) may be small only if o < C10.
There are examples (see [7]) in which D(7) is not small for o = C16. In
what follows, we refer to a linear combination of particle-like wavepackets
as a multi-particle wavepacket, and to single particle-like wavepackets which
constitutes the multi-particle wavepacket as component particle wavepack-
ets.

Very often in theoretical studies of equations of the form (1.1) or ones
reducible to it, a functional dependence between ¢ and ( is imposed, re-
sulting in a single small parameter. The most common scaling is 0 = 32.
The nonlinear evolution of wavepackets for a variety of equations which can
be reduced to the form (1.1) was studied in numerous physical and mathe-
matical papers, mostly by asymptotic expansions of solutions with respect
to a single small parameter similar to (3, see [10, 12, 16, 18, 22, 24, 26,
32, 34, 36, 37] and references therein. Often the asymptotic expansions
are based on a specific ansatz prescribing a certain form to the solution.
In our studies here we do not use asymptotic expansions with respect to a
small parameter and do not prescribe a specific form to the solution, but
we impose conditions on the initial data requiring it to be a wavepacket or
a linear combination of wavepackets. Since we want to establish a general
property of a wide class of systems, we apply a general enough dynami-
cal approach. There is a number of general approaches developed for the
studies of high-dimensional and infinite-dimensional nonlinear evolutionary
systems of hyperbolic type, see [9, 11, 17, 19, 23, 29, 33, 36, 38, 40, 41]
and references therein. The approach we develop here is based on the intro-
duction of a wavepacket interaction system. We show in [8] and here that
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solutions to this system are in a close relation to solutions of the original
system.

The superposition principle implies, in particular, that in the process
of nonlinear evolution every single wavepacket propagates almost indepen-
dently of other wavepackets (even though they may “collide” in physical
space for a certain period of time) and the exact solution equals the sum
of particular single wavepacket solutions with high precision. In particular,
the dynamics of a solution with multi-wavepacket initial data is reduced
to dynamics of separate solutions with single wavepacket data. Note that
the nonlinear evolution of a single wavepacket solution for many problems
is studied in detail, namely it is well approximated by its own nonlinear
Schrodinger equation (NLS), see [16, 22, 26, 27, 36, 37, 38, 7] and ref-
erences therein.

Let us give now an elementary physical argument justifying the super-
position principle which goes as follows. If there would be no nonlinearity,
the system would be linear and, consequently, the superposition principle
would hold exactly. Hence any deviation from it is due to the nonlinear
interactions between wavepackets, and one has to estimate their impact.
Suppose that initially at time 7 = 0 the spatial extension s of every involved
wavepacket is characterized by the parameter 37! as in (1.3). Assume also
(and it is quite an assumption) that the involved wavepackets evolving non-
linearly maintain somehow their wavepacket identities, including the group
velocities and the spatial extensions. Then, consequently, the spatial ex-
tension of every involved wavepacket is proportional to 8! and its group
velocity v; is proportional to o~!'. The difference Av between any two dif-
ferent group velocities is also proportional to ¢~'. Then the time when
two different wavepackets overlap in the space is proportional to s/|Av| and
hence to ¢/0. Since the nonlinear term is of order one, the magnitude of
the impact of the nonlinearity during this time interval should be roughly
proportional to o/8, which results in the same order of the magnitude of
D in (1.10)—(1.11). Observe that this estimate is in agreement with our
rigorous estimate of the magnitude of D in (1.11) if we set there § = 0.

The rigorous proof of the superposition principle presented here is not
directly based on the above argument since it already implicitly relies on the
principle. Though some components of the physical argument can be found
in our rigorous proof. For example, we prove that the involved wavepackets
maintain under the nonlinear evolution constant values of their wavevectors
with well defined group velocities (the wavepacket preservation). Theorem
6.12 allows us to estimate spatial extensions of particle-like wavepackets
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under the nonlinear evolution. The proof of the superposition principle for
general wavepackets provided in [8] is based on general algebraic-functional
considerations and on the theory of analytic operator expansions in Banach
spaces. Here we develop an alternative approach with a proof based on
properties of the wavepacket interaction systems introduced in [7].

To provide a flexibility in formulating more specific statements re-
lated to the spatial localization of wavepackets, we introduce a few types of
wavepackets:

e asingle particle-like wavepacket w which is characterized by the follow-
ing properties: (a) its modal decomposition involves only wavevectors
from (-vicinity of a single wavevector k., where 3 > 0 is a small para-
meter; (b) it is spatially localized in all directions and can be assigned
its position ry;

e a multi-particle wavepacket which is a system {w;} of particle-like
wavepackets with the corresponding sets of wavevectors {k.;} and po-
sitions {r.};

e a spatially localized multi-wavepacket which is a system {w;} with w,
being either a particle-like wavepacket or a general wavepacket.

We would like to note that a more detailed analysis, which is left for
another paper, indicates that, under certain resonance conditions, nonlin-
ear interactions of particle-like wavepackets may produce a spatially localized
wavepacket w characterized by the following properties: (i) its modal decom-
position involves only wavevectors from a [-vicinity of a single wavevector
k., where § > 0 is a small parameter; (ii) it is only partly spatially localized
in some, not necessarily all directions, and, for instance, it can be needle-
or pancake-like.

We also would like to point out that the particular form (1.1) of the
dependence on the small parameter ¢ is chosen so that appreciable nonlinear
effects occur at times of order one. In fact, many important classes of prob-
lems involving small parameters can be readily reduced to the framework
of (1.1) by a simple rescaling. It can be seen from the following examples.
The first example is a system with a small nonlinearity

Ov=—iLv+of(v), v|,_o=h, 0<a<1, (1.12)

where the initial data is bounded uniformly in . Such problems are reduced
to (1.1) by the time rescaling 7 = ta. Note that here o = a and the finite
time interval 0 < 7 < 7 corresponds to the long time interval 0 < t < 7/
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The second example is a system with small initial data considered on
long time intervals. The system itself has no small parameters, but the
initial data are small, namely

Oyv = —iLv +f4(v), v|,_, = aoh, 0 < a9 < 1, where (1.13)
fo(v) = 5™ (v) + 85" P (v)

where «q is a small parameter and f (m)(v) is a homogeneous polynomial
of degree m > 2. After rescaling v = ayV we obtain the following equation
with a small nonlinearity:

OV = —iLV + o (V) + aof? (V) +...], V|,_, =h, (1.14)

which is of the form (1.12) with a = aj'~'. Introducing the slow time

variable 7 = tozg“l, we get from the above an equation of the form (1.1),
namely
0.V =— ' IV+[MV)+af™(V)+...], V]|, =h, (115)

@

where the nonlinearity does not vanish as oy — 0. In this case, o = agL—l

and the finite time interval 0 < 7 < 7, corresponds to the long time interval
0<t< T*/ag“l with small ag < 1.

The third example is related to a high-frequency carrier wave in the
initial data. To be concrete, we consider the nonlinear Schrodinger equation

0.U —i02U +ia|U|?U,
Ul,_o = hi(MBz)eME® 4 hy(MBx)eME2* +cc.,

where c.c. stands for the complex conjugate of the prior term and M > 1
is a large parameter. Equation (1.16) can be readily recast into the form
(1.1) by the change of variables y = Mr yielding

(1.16)

1
0,U = —iga,%U +ia|U*U,
Ul,_y = hi(Br)e™1" + ha(Br)e*=2" + c.c., (1.17)

L 1
where g9 = M2 < 1.
Summarizing the above analysis, we list below important ingredients
of our approach.

e The wave nonlinear evolution is analyzed based on the modal decom-
position with respect to the linear part of the system. The significance
of the modal decomposition to the nonlinear analysis is based on the
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following properties: (i) the wave modal amplitudes do not evolve un-
der the linear evolution; (ii) the same amplitudes evolve slowly under
the nonlinear evolution; (iii) modal decomposition is instrumental to
the wavepacket definition including its spatial extension and the group
velocity.

Components of multi-particle wavepacket are characterized by their
wavevectors k,;, band numbers n;, and spatial positions r,;. The
nonlinear evolution preserves k,; and n;, whereas the spatial positions
evolve uniformly with the velocities ;anl (ksi).

The problem involves two small parameters § and g respectively in
the initial data and coefficients of the master equation (1.1). These
parameters scale respectively (i) the range of wavevectors involved in
its modal composition, with 3~ scaling its spatial extension, and (ii)
o scaling the ratio of the slow and the fast time scales. We make no
assumption on the functional dependence between (§ and g, which are
essentially independent and are subject only to inequalities.

The nonlinear evolution is studied for a finite time T, which may de-
pend on, say, the amplitude of the initial excitation, and, importantly,
T, is long enough to observe appreciable nonlinear phenomena which
are not vanishingly small. The superposition principle can be extended
to longer time intervals up to blow-up time or even infinity if relevant
uniform in 8 and p estimates of solutions in appropriate norms are
available.

In the chosen slow time scale there are two fast wave processes with
typical time scale of order o which can be attributed to the linear oper-
ator L: (i) fast time oscillations resulting in time averaging and conse-
quent suppression of many nonlinear interactions; (ii) fast wavepacket
propagation with large group velocities resulting in effective weaken-
ing of nonlinear interactions which are not time-averaged because of
resonances. It is these two processes provide mechanisms leading to
the superposition principle.

The rest of the paper is organized as follows. In the following Subsec-

tion 2.1, we introduce definitions of wavepackets, multi-wavepackets, and
particle wavepackets. In Subsection 2.1, we also formulate and briefly dis-
cuss some important results of [7] which are used in this paper, and, in Sub-
section 2.2, we formulate new results. In Section 3, we formulate conditions
imposed on the linear and the nonlinear parts of the evolution equation (1.1)
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and also introduce relevant concepts describing resonance interactions inside
wavepackets. In Section 4, we introduce an integral form of the basic evolu-
tion equation and study basic properties of involved operators. In Section
5, we introduce a wavepacket interaction system describing the dynamics of
wavepackets. In Section 6, we first define an averaged wavepacket interac-
tion system which plays a fundamental role in the analysis of the dynamics
of multi-wavepackets and then prove that solutions to this system approxi-
mate solutions to the original equation with high accuracy. We also discuss
there properties of averaged nonlinearities, in particular, for universally and
conditionally universal invariant wavepackets, and prove the fundamental
theorems on preservation of multi-particle wavepackets, namely Theorems
6.13 and 2.10. In Section 7, we prove the superposition principle using an
approximate decoupling of the averaged wavepacket interaction system. In
the last subsection of Section 7, we prove some generalizations to the cases
involving nongeneric resonance interactions such as the second harmonic
and third harmonic generations.

2. Statement of Results

This section consists of two subsections. In the first one, we introduce basic
concepts and terminology and formulate relevant results from [7] which are
used latter on, and in the second one, we formulate new results of this paper.

2.1. Wavepackets and their basic properties.

Since both linear operator L(—iV) and nonlinearity F(U) are translation
invariant, it is natural and convenient to recast the evolution equation (1.1)
by applying to it the Fourier transform with respect to the space variables
r, namely

8,0 (k) = —;L(k)ﬁ(k) ROk, Uk)| _ =h),  (21)

where U(k) is the Fourier transform of U(r), i.e.,
U(k) = / U(r)e "k dr, U(r)
R4

= (27T)_d/ﬁ(k)eir'k dr, where r,k € R?, (2.2)

Rd
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and F is the Fourier form of the nonlinear operator F(U) involving con-
volutions, see (3.9) for details. Equation (2.1) is written in terms of the
Fourier modes, and we call it the modal form of the original equation (1.1).
The most of our studies are conducted first for the modal form (2.1) of the
evolution equation and carried over then to the original equation (1.1).

The nonlinear evolution equations (1.1), (2.1) are commonly inter-
preted as describing wave propagation in a nonlinear medium. We assume
that the linear part L(k) is a 2J x 2J Hermitian matrix with eigenvalues
wn,c(k) and eigenvectors g, ¢ (k) satisfying

L(k)gn ¢ (k) = wn.c(K)gnc(k), ¢ =+,

2.3
wn7+(k)>0a wn,f(k)<0a n:]-v'”a*]a ( )

where wy, ¢(k) are real-valued, continuous for all nonsingular k functions
and vectors g;, (k) € C2/ have unit length in the standard Euclidean norm.
The functions wy, ¢(k), n =1,...,J, are called dispersion relations between
the frequency w and the wavevector k with n being the band number. We
assume that the eigenvalues are naturally ordered by

witk)Z ... 2wk 202w (k) >...>w;_(k) (2.4)

and for almost every k (with respect to the standard Lebesgue measure)
the eigenvalues are distinct and, consequently, the above inequalities be-
come strict. Importantly, we also assume the following diagonal symmetry
condition:

wn,—¢c(=k) = —wn k), (=%, n=1,...,J, (2.5)

which is naturally presented in many physical problems (see also Remark
3.3 below) and is a fundamental condition imposed on the matrix L(k).
Very often we use the abbreviation

wn.+ (k) = wp (k). (2.6)
In particular, we obtain from (2.5)
wn,— (k) = —wn(=k), wnc(k) = Cwn(Ck), ¢ ==+ (2.7)

In addition to that, in many examples we also have
gn.c(k) =g, _(—k), where 2" is complex conjugate to z. (2.8)

We also use rather often the orthogonal projection II,, ¢ (k) in C?’ onto the
complex line defined by the eigenvector g, ¢(k), namely

I, ¢ (k)a(k) = @y c(k)gnc(k) =0, k), n=1,...,J, (==£. (2.9)
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As it is indicated by the title of this paper, we study the nonlinear
problem (1.1) for initial data h in the form of a properly defined particle-
like wavepackets or, more generally, a sum of such wavepackets to which we
refer as multi-particle wavepacket. The simplest example of a wavepacket w
is provided by the following formula:

w(Bit) = &1 (B(r —r.))e™ g, L (k,), T eRY (2.10)

where k, € R? is a wavepacket principal wavevector, n is a band number,
and 3 > 0 is a small parameter. We refer to the pair (n,k,) in (2.10) as a
wavepacket nk-pair and r, as a wavepacket position. Observe that the space
extension of the wavepacket w(3;r) is proportional to 37! and it is large
for small 3. Notice also that, as § — 0, the wavepacket w(3;r) as in (2.10)
tends, up to a constant factor, to the elementary eigenmode eik*'rgmg(k*) of
the operator L(—iV) with the corresponding eigenvalue w;, ¢ (ks). We refer
to wavepackets of the simple form (2.10) as simple wavepackets to underline
the very special way the parameter (3 enters its representation. The function
O (r), which we call wavepacket envelope, describes its shape, and it can be
any scalar complex-valued regular enough function, for example, a function
from Schwarz space. Importantly, as  — 0, the L*> norm of a wavepacket
(2.10) remains constant. Hence nonlinear effects in (1.1) remain strong.

Evolution of wavepackets in problems which can be reduced to the
form (1.1) was studied for a variety of equations in numerous physical and
mathematical papers, mostly by asymptotic expansions with respect to a
single small parameter similar to 3, see [10, 12, 16, 18, 22, 24, 26, 32,
34, 36, 37| and references therein. We are interested in general properties
of evolutionary systems of the form (1.1) with wavepacket initial data which
hold for a wide class of nonlinearities and all values of the space dimensions
d and the number 2J of the system components. Our approach is not
based on asymptotic expansions, but involves two small parameters 3 and
o with mild constraints (1.9) on their relative smallness. The constraints
can be expressed in the form of either certain inequalities or equalities, and
a possible simple form of such a constraint can be the power law

6= Cp”, where C > 0 and s > 0 are arbitrary constants. (2.11)

Of course, general features of wavepacket evolution are independent of par-
ticular values of the constant C. In addition to that, some fundamental
properties such as wavepacket preservation are also totally independent of
the particular choice of the values of s in (2.11), whereas other properties
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are independent of ¢ as it varies in certain intervals. For instance, disper-
sion effects are dominant for » < 1/2, whereas the wavepacket superposition
principle of [7] holds for » < 1.

To eliminate unbounded (as ¢ — 0) linear term in (2.1) by replacing
it with a highly oscillatory factor, we introduce the slow variable t(k, ) by
the formula

Uk, 7) =e ¢ "®i(k, ) (2.12)

and get the following equation for t(k, 7):
0.t = PF(e ¢ “a), 0| _, = h, (2.13)

which, in turn, can be transformed by time integration into the integral

form
-

i = F(a) +h, Fa)= /e‘l Lie Y Tatr)dr  (2.14)
0
with an explicitly defined nonlinear polynomial integral operator F = F(p).
This operator is bounded uniformly with respect to ¢ in the Banach space
E = C([0,7.], L'). This space has functions ¥(k, 7), 0 < 7 < 7, as elements
and has the norm

¥k, 7)lle = IV, T)llcqo,r),0t) = bup /|v (k, )| dk, (2.15)

\T\T*

where L! is the Lebesgue space of functions ¥(k) with the standard norm

9Oz = / (k)| dk. (2.16)
Rd

Sometimes, we use more general weighted spaces L with the norm

([¥]1a = /(1 + k)¢ [¥ (k)| dk, a > 0. (2.17)
Rd
The space C([0, 7], L1®) with the norm
[v(k, 1)z, = sup /(1 + [k))*[v(k, 7)[dk (2.18)
Ogrgr*Rd
is denoted by FE,, and, obviously, Fy = E.

A rather elementary existence and uniqueness theorem (Theorem 4.8)
implies that if h € L', then for a small and, importantly, independent of
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o constant 7, > 0 this equation has a unique solution
a(r) = G(F(o),h)(7), 7 €[0,7], ae C([0,7.], L"), (2.19)

where G denotes the solution operator for Equation (2.14). If i(k,7) is a
solution to Equation (2.14), we call the function U(r, 7) defined by (2.12),
(2.2) an F-solution to Equation (1.1). We denote by L' the space of func-
tions V(r) such that their Fourier transform V (k) belongs to L' and define
IVilz2 = [Vl Since

[V|gee < (2m)"¢||V||z2 and L' € L™, (2.20)
F-solutions to (1.1) belong to C1([0,7.], L") € C'([0, 7], L™).
We would like to define wavepackets in a form which explicitly allows

them to be real valued. This is accomplished based on the symmetry (2.5) of
the dispersion relations, which allows us to introduce a doublet wavepacket

w(Bir) = @y (B(r —r.))e™ g, | (K,)
+ @ (B(r —r,))e delrrIg (k). (2.21)

Such a wavepacket is real if ®_(r), g, —(—k.) are complex conjugate re-
spectively to @ (r), g, +(k), ie., if

O_(1) = V(). gos (k) = go (ko). (2.22)

Usually, considering wavepackets with nk-pair (n,k,), we mean doublet
ones as in (2.21), but sometimes we use the term wavepacket also for an
elementary one as defined by (2.10). Note that the latter use is consistent
with the former one since it is possible to take one of two terms in (2.21) to
be zero.

Below we give a precise definition of a wavepacket. To identify char-
acteristic properties of a wavepacket suitable for our needs, let us look at
the Fourier transform w(3; k) of an elementary wavepacket w((3;r) defined
by (2.10), ie.,

W(Bik) = 5% R (B (k — ki))gn.¢ (i) (2.23)

We call such w(3;k) a wavepacket too, and assume that it possesses the
following properties: (i) its L! norm is bounded (in fact, constant) uniformly
in 8 — 0; (ii) for every € > 0 the value W(8;k) — 0 for every k outside a
B'~¢-neighborhood of k,, and the convergence is faster than any power of
0 if ® is a Schwarz function. To explicitly interpret the last property, we
introduce a cutoff function ¥(n) which is infinitely smooth and such that

W(n) 20, ¥(n) =1 for | <1/2, ¥(n) =0 for [n| =1, (2.24)
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and its shifted/rescaled modification
(B ki k) = U(B7 ) (k —k.)). (2.25)

If an elementary wavepacket w((;r) is defined by (2.23) with ®(r) being a
Schwarz function, then

(1= W3 ks ))W(B; )| < CesfB®, 0< B <1, (2.26)

and the inequality holds for arbitrarily small € > 0 and arbitrarily large
s > 0. Based on the above discussion, we give the following definition of a
wavepacket which is a minor variation of [8, Definiton §].

Definition 2.1 (single-band wavepacket). Let € be a fixed number,
0 < e < 1. For a given band number n € {1,...,J} and a principal
wavevector k, € R? a function ﬁ(ﬂ;k) is called a wavepacket with nk-
pair (n,k,) and the degree of regularity s > 0 if for small 8 < [y with
some By > 0 it satisfies the following conditions: (i) h(8;k) is L*-bounded
uniformly in 3, i.e.,
Ih(8;)||Lr < C, 0< B < S for some C > 0; (2.27)
(ii) ﬁ(ﬂ; k) is composed essentially of two functions ﬁg(ﬂ; k), ¢ = 4, which
take values in the nth band eigenspace of L(k) and are localized near (k.,
namely

h(B;k) = h_(3;k) + hy(8;k) + D, 0< B < Bo, (2.28)
where the components hy (8; k) satisfy the condition
he (8 k) = (5'7/2, (ks WM ¢ (K)o (85 k), ¢ = =, (2.29)

where U (-, Ck., 817°) is defined by (2.25) and D, is small, namely it satisfies
the inequality

Dyl <C'B%, 0 < B < By, for some C’" > 0. (2.30)

The inverse Fourier transform h(j3;r) of a wavepacket h(3; k) is also called
a wavepacket.

Evidently, if a wavepacket has the degree of regularity s, it also has
a smaller degree of regularity s’ < s with the same . Observe that the
degree of regularity s is related to the smoothness of ®¢(r) as in (2.10) so
that the higher is the smoothness, the higher s/e can be taken. Namely, if
<i>< € L% then one can take in (2.30) any s < ae according to the following
inequality:

/ (1 = ()b (n)ldn < 8|9 1.0 < CB°. (2.31)
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For example, if we define }Alg similarly to (2.29) and (2.23) by the
formula

he(Bik) = w(5~07 (k —k))B @ (57! (k — k) (W), (232)
where <i><(k) is a scalar Schwarz function and g is a vector, then, according
to (2.31), the estimate (2.30) holds and h¢(3;k) is a wavepacket with
arbitrarily large degree of regularity s for any given € such that 0 < e < 1.

Now let us define a particle-like wavepacket following to the ideas
indicated in the Introduction.

Now let us define a particle-like wavepacket following to the ideas
indicated in the Introduction.

Definition 2.2 (single-band particle-like wavepacket). We call a func-
tion fl(ﬁ;k) = fl(ﬁ, r.;: k), r. € R a particle-like wavepacket with the posi-
tion r., nk-pair (n,k,) and the degree of regularity s > 0 if (i) for every r.
it is a wavepacket with the degree of regularity s in the sense of the above
Definition 2.1 with constants C, C’ independent of r, € R?; (ii) flC in (2.28)
satisfy the inequalities

/|Vk(e"*kf1<(57r*; k))|dk < C16717¢, ( =+, r. €RY, (2.33)
Rd
where C'; > 0 is an independent of § and r, constant, £ is the same as
in Definition 2.1. The inverse Fourier transform h(3;r) of a wavepacket
fl(ﬂ; k) is also called a particle-like wavepacket with the position r.. We
also introduce the quantity

a(r, Be(r.)) = [[Vi(e™ b (8,12 K)) | (2.34)
\yhich we refer to as the position detection function for the wavepacket
h(3,r.; k).
Note that the left-hand side of (2.33) coincides with a(r., ﬁg(r*))

Remark 2.3. If h(8; k) =h(8, r.; k) is a particle-like wavepacket with

a position r,, then, applying the inverse Fourier transform to h¢(8,r.;k)
and kalc(ﬁ, r.; k) asin (2.2), we obtain a function h(j3, r,; r) which satisfies
v~ 1B (8, r.im)] < (27) “a(r.. o) (2.35)

implying that |he(3;r)] < a(r.,he)lr — r.|~'. This inequality is useful
for large |r — r.|, whereas for bounded |r — r,| (2.27) implies the simpler

inequality A
[he (8, 1)] < (20) ]2 < C (2.36)
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The inequalities (2.35) and (2.33) suggest that the quantity a(r*,ﬁc(r*))
can be interpreted as a size of the particle-like wavepacket flC (B,r.; k).

Evidently a particle-like wavepacket is a wave and not a point. Hence
the above definition of its position has a degree of uncertainty, allowing, for
example, to replace r, by r, + a with a fized vector a (but not allowing
unbounded values of a). The above definition of a particle-like wavepacket
position was crafted to meet the following requirements: (i) a system of
particle-like wavepackets remains to be such a system under the nonlin-
ear evolution; (ii) it is possible (in an appropriate scale) to describe the
trajectories traced out by the positions of a system of particle-wavepackets.

Remark 2.4. Typical dependence of the inverse Fourier transform
h(G,r.;r) of a wavepacket h(3,r.;k) on r, is provided by spatial shifts by
r, as in (2.21), namely

h(ﬂa I'*;I‘) = (I)(ﬂ(r _ r*))eik*~(r_r*)g

with a constant g. For such a function h and for any r’, € R?

a(r’, h(r,)) = | V(8 %*"h(3, r.; kK))| 1
= || Vi (B~ e ek (k) || 11 | ]|

. / i(r, — v )B(K) + 5vk/ (1) i

Hence, taking for simplicity ||g|| = 1, we obtain
- 1 N ~
vl —ra|[[ |z, + PLAR a(r}, h(r.))
A 1 -
2 Il =@z, - glIVellzal- (2:37)

For small |r}, —r.| < é we see that the position detection function a(r’,, h) is
of order O(B~1), which is in the agreement with (2.33). For large |r/ —r.| >
é, the a(r),,h) is approximately proportional to |r/, — r,|. Therefore, if we
know a(r},h(r,)) as a function of r’, we can recover the value of r, with
the accuracy of order O(3717¢) with arbitrary small . Namely, let us take
arbitrary small € > 0 and some C' > 0 and consider the set

B(f) = {r. : a(rl,h(r,)) < CH 1} c RY, (2.38)
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which should provide an approximate location of r.. According to (2.37),
r, lies in this set for small 3. If r/, lies in this set, then

e - . 1.
CB™7° > a(rl, h(ry)) > Irl — v ® 2, — ﬂIIV‘PIILll

and |r}, —r.| < C18717° + 02871, Hence the diameter of the B(f) is
of order O(B3717%). Observe, taking into account Remark 2.3, that the
accuracy of the wavepacket location obviously cannot be better than its
size a(r*,flg(r*)) ~ 71, The above analysis suggests that the function
h(G8,r.;r) can be viewed as pseudoshifts of the function h(3,0;r) by vec-
tors r, € R? in the sense that the regular spatial shift by r, is combined
with a variation of the shape of h(3,0;r) which is limited by the funda-
mental condition (2.33). In other words, according Definition 2.2, as a
wavepacket moves from 0 to r, by the corresponding spatial shift, it is
allowed to change its shape subject to the fundamental condition (2.33).
The later is instrumental for capturing nonlinear evolution of particle-like
wavepackets governed by an equation of the form (1.1).

Remark 2.5. The set B(f) defined by (2.38) gives an approximate
location of the support of the function ﬁ(ﬁ,r*;k) not only in the spe-
cial case considered in Remark 2.4, but also when h(8,r.;r) is a general
particle-like wavepacket. One can apply with obvious modifications the
above argument for ¢***h(, r,; k) in place of ®(k) using (2.33). Here we
give an alternative argument based on (2.35). Notice that the condition
a(r.0,h(r,)) < CB~17¢ can be obviously satisfied not only by r.g = r,.
But one can show that the diameter of the set of such r,q is estimated by
O(B717¢). Indeed, assume that a given function h(3,r) does not vanish at
a given point rg, i.e., |h(8,ro)| = ¢o > 0 for all 8 < By. The fulfillment
of (2.33) for the function h(f,r) with two different values of r,, namely
r. =r, and r, = r” implies that

a(r’,,h) <C 87178 a(” h) < Cof™ 8,
and, according to (2.35), for all r
v —rl|lh(3,r)] < (2m)77C187F, | —rf||h(B,r)| < (2m) " IC2B7 .
Hence

T N T

ro — 1| <
Co Co

*

and
/ " —1—¢
r,—r. | <Csp .



72 Anatoli Babin and Alexander Figotin

Note that if we rescale variables r and r, as in Example 2.13, namely
or =y and gr, = y. with o = (32, the diameter of the set B(3) in the
y-coordinates is of order 4'~¢ < 1, and hence this set gives a good ap-
proximation for the location of the particle-like wavepacket as 8 — 0. It is
important to notice that our method to locate the support of wavepackets is
applicable to very general wavepackets and does not use their specific form.
This flexibility allows us to prove that particle-like wavepackets and their
positions are well defined during nonlinear dynamics of generic equations
with rather general initial data which form infinite-dimensional function
spaces. Another approaches to describe dynamics of waves are applied to
situations, where solutions under considerations can be parametrized by a
finite number of parameters and the dynamics of parameters describes the
dynamics of the solutions. See for example [25], [20], [21], where dynamics
of centers of solutions is described.

Remark 2.6. Note that for a single wavepacket initial data h(8,r —
r,) one can make a change of variables to a moving frame (x,7), namely
(r,7) = (x+v7,7), where v = éVw(k*) is the group velocity; this change
of variables makes the group velocity zero. Often it is possible to prove that
dynamics preserves functions which decay at infinity, namely if the initial
data h(3,x) decays at the spatial infinity, then the solution U(S3, x, 7) also
decays at infinity (though the corresponding proofs can be rather technical).
This property can be reformulated in rescaled y variables as follows: if ini-
tial data are localized about zero, then the solution is localized about zero
as well. Then, using the fact that the equation has constant coefficients,
we observe that the solution U(3,y — y., 7) corresponding to h(3,y — y?)
is localized about y, provided that h(3,y) was localized about the ori-
gin. Note that, in this paper, we consider the much more complicated case
of multiple wavepackets. Even in the simplest case of the initial multi-
wavepacket which involves only two components, namely the wavepacket
h(g,r) = hi(8,r —r}) + hao(B,r — r!) with two principal wave vectors
k1. # ko,, it is evident that one cannot use the above considerations based
on the change of variables and the translational invariance. Using other
arguments developed in this paper, we prove that systems of particle-like
wavepackets remain localized in the process of the nonlinear evolution.

Note that similarly to (1.2) and (1.4) a function of the form

k -k,

ﬁ—d(e—ikr*1+e—ikr*2)|:il( 5

)}gn(k*),
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defined for any pair of r,; and r,o, where h is a Schwarz function and all
constants in Definition 2.1 are independent of ry1,r.o € Rd, is not a single
particle-like wavepacket since it does not have a single wavepacket position
r,, but rather it is a sum of two particle-like wavepackets with two positions
ry1 and ryo.

We want to emphasize once more that a particle-like wavepacket is de-
fined as the family ﬁ(ﬁ7 r.; k) with r, being an independent variable running
the entire space R?, see, for example, (1.2), (1.3), and (2.21). In particular,
we can choose a dependence of r, on § and p. An interesting type of such
a dependence is r. = r0/p, where o satisfies (2.11) as we discuss below in
Example 2.13.

Our special interest is in the waves that are finite sums of wavepackets
which we refer to as multi-wavepackets.

Definition 2.7 (multi-wavepacket). Let S be a set of nk-pairs:

S={(n,ka), l=1,..., N Cc X ={1,...,J} x R,

2.39
(ni,kar) # (nur, k) for 1 # 1, (259

and let N = |S| be their number. Let Kg be a set consisting of all dif-
ferent wavevectors k,; involved in S with |Kg| < N being the number of
its elements. Kg is called a wavepacket k-spectrum and, without loss of
generality, we assume the indexing of elements (n;,k.;) in S to be such
that

Ks={ku,i=1,...,|Ks|}, ie., | =ifor 1 <i<|Ks|. (2.40)

A function h(8) = h(8;k) is called a multi-wavepacket with nk-spectrum S
if it is a finite sum of wavepackets, namely

hy(B;k), 0 < B3 < f for some [y > 0, (2.41)

] =

h(3k) =

—~

1

where hy, [ = 1,...,N, is a wavepacket with nk-pair (k.,n;) € S as in
Definition 2.1. If all the wavepackets hy(8; k) = hy(3, r.;; k) are particle-like
ones with respective positions r,;, then the multi-wavepacket is called multi-
particle wavepacket and we refer to (r.1,...,r.yv) as its position vector.
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Note that if fl(ﬂ; k) is a wavepacket, then ﬁ(ﬂ;k) + O(B%) is also a
wavepacket with the same nk-spectrum, and the same is true for multi-
wavepackets. Hence we can introduce multi-wavepackets equivalence rela-
tion “~” of the degree s by

by (6:k) ~ ha(0:k) if [ (5: k) — he(8: K)o < OF° (2.42)

for some constant C' > 0. '
Note that the condition (2.33) does not impose restrictions on the term Dy,
in (2.28). Therefore, this equivalence can be applied to particle wavepackets.

Let us turn now to the abstract nonlinear problem (2.14), where (i)
F = F(o) depends on p and (ii) the initial data h = h(8) is a multi-
wavepacket depending on . We would like to state our first theorem on
multi-wavepacket preservation under the evolution (2.14) as 3, 0 — 0, which
holds provided its nk-spectrum S satisfies a natural condition called reso-
nance invariance. This condition is intimately related to the so-called phase
and frequency matching conditions for stronger nonlinear interactions, and
its concise formulation is as follows. We define for given dispersion rela-
tions {wn(k)} and any finite set S C {1,...,J} x R? another finite set
R(S) C {1,...,J} x R% where R is a certain algebraic operation described
in Definition 3.8 below. It turns out that for any S always S C R(S), but
if R(S) =S we call S resonance invariant. The condition of resonance
invariance is instrumental for the multi-wavepacket preservation, and there
are examples showing that if it fails, i.e., R(S) # S, the wavepacket preser-
vation does not hold. Importantly, the resonance invariance R(S) = S
allows resonances inside the multi-wavepacket, that includes, in particular,
resonances associated with the second and third harmonic generations, res-
onant four-wave interaction, etc. In this paper, we use basic results on
wavepacket preservation obtained in [7], and we formulate theorems from
[7] we need here. Since we use constructions from [7], for completeness we
provide also their proofs in the following subsections. The following two
theorems are proved in [7].

Theorem 2.8 (multi-wavepacket preservation). Suppose that the non-
linear evolution is governed by (2.14) and the initial data h = h(B;k) is a
multi-wavepacket with nk-spectrum S and the regularity degree s. Assume
that S tis resonance invariant in the sense of Definition 3.8 below. Let p([3)
be any function satisfying

0 < p(B) < CB° for some constant C > 0, (2.43)
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and let us set 0 = p(B). Then the solution U(t,5) = G(F(p(B)),h(B))(r)
to (2.14) for any T € [0, 7] is a multi-wavepacket with nk-spectrum S and
the regularity degree s, i.e.,

Tﬁ? ZulTﬁv ) (244)

where 0y is a w(wepacket wzth nk-pair (n;, ki) € S.

The time interval length 7, > 0 depends only on the L'-norms of Iy (6;k)
and N. The presentation (2.44) is unique up to the equivalence (2.42) of
degree s.

The above statement can be interpreted as follows. Modes in nk-
spectrum S are always resonance coupled with modes in R(S) through the
nonlinear interactions, but if R(S) = .S, then (i) all resonance interactions
occur inside S and (ii) only small vicinity of S is involved in nonlinear
interactions leading to the multi-wavepacket preservation.

The statement of Theorems 2.8 directly follows from the following
general theorem proved in [7].

Theorem 2.9 (multi-wavepacket approximation). Let the initial data
h in the integral equation (2.14) be a multi-wavepacket h(B;k) with nk-
spectrum S as in (2.39), regularity degree s, and parameter € > 0 as in
Definition 2.1.  Assume that S is resonance invariant in the sense of Defi-
nition 3.8 below. Let the cutoff function W(3'~%,k.; k) and the eigenvector
projectors I, 1 (k) be defined by (2.25) and (2.9) respectively. For a solution
U of (2.14) we set

(k) = [ 3 (O, G )Ly (k)| (5 7. k),
(=% (2.45)

I=1,...,N.

Then every such 0 (5;7,k) is a wavepacket and

sup
07T

‘5’”‘ EN: 5»TkH1 Cro+Caf°, (2.46)

where the constants C, Cy do not depend on €, s, p, and 3 and the constant
Cs does not depend on p and 3.

We would like to point out also that Theorem 2.8 allows us to take val-
ues U(7y) as new wavepacket initial data for (1.1) and extend the wavepacket
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invariance of a solution to the next time interval 7. < 7 < 741. This ob-
servation allows us to extend the wavepacket invariance to larger values
of 7 (up to blow-up time or infinity) if some additional information about
solutions with wavepacket initial data is available, see [7].

Note that the wavepacket form of solutions can be used to obtain
long-time estimates of solutions. Namely, very often the behavior of every
single wavepacket is well approximated by its own nonlinear Schréodinger
equation (NLS), see [15, 30, 16, 22, 26, 27, 34, 36, 37, 38] and references
therein, see also Section 6. Many features of the dynamics governed by
NLS-type equations are well understood, see [13, 14, 31, 35, 39, 40] and
references therein. These results can be used to obtain long-time estimates
for every single wavepacket (as, for example, in [27]) and, with the help of
the superposition principle, for the multi-wavepacket solution.

2.2. Formulation of new results on particle wavepackets.

In this paper, we prove the following refinement of Theorem 2.8 for the case
of multi-particle wavepackets.

Theorem 2.10 (multi-particle wavepacket preservation). Assume that
the conditions of Theorem 2.9 hold and, in addition to that, the initial
data h = h(B;k) is a multi-particle wavepacket of degree s with positions

Ty1,...,Can and the multi-particle wavepacket is universally resonance in-
variant in the sense of Definition 3.8. Assume also that
p(B) < CB*°,s50 > 0. (2.47)

~

Then the solution 4(B;7) = G(F(p(B)), h(B))(T) to (2.14) for any T € [0, 7]
is a multi-particle wavepacket with the same nk-spectrum S and the same
POSItions ry1, ..., run. Namely, (2.46) holds, where 1 is a wavepacket with
nk-pair (n;,k.) € S defined by (2.45), the constants C,Cy,Cy do not
depend on vy, and every 1 is equivalent in the sense of the equivalence
(2.42) of degree s1 = min(s, sg) to a particle wavepacket with the position
Ty.

Remark 2.11. Note that in the statement of the above theorem the
positions ryq, ..., r.y of wavepackets which compose the solution a(3; 7, k)
of (2.13) and (2.14) do not depend on 7 and, hence, do not move. Note
also that the solution U(3;7,k) of the original equation (2.1), related to
a(0; 7,k) by the change of variables (2.12), is composed of wavepackets
U,(B;1,r) corresponding to w;(5;7,r), have their positions moving with
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respective constant velocities Viw(ky) (see for details Remark 4.1, see also
the following corollary).

Using Proposition 4.2, we obtain from Theorem 2.10 the following
corollary.

. Corollary 2.12. Let the conditions of Theorem 2.10 hold, and let
U(8;71,k) be defined by (2.12) in terms of 4(f;1,k). Let

2 1 1
i < C, with someC’,O<6<2,0<Q<2. (2.48)

Then ﬂ(ﬁ;ﬂ k) is for every 7 € [0,7] a particle multi-wavepacket in the
sense of Definition 2.2 with the same nk-spectrum S, regularity degree si,
and T-dependent positions v + ;kan(k*l).

In the following example, we consider the case, where spatial positions
of wavepackets have a specific dependence on parameter g, namely r, =

/0.

Example 2.13 (wavepacket trajectories and collisions). Let us rescale
the coordinates in the physical space as follows:

or=y (2.49)

with the consequent rescaling of the wavevector variable (dual with re-
spect to Fourier transform) k = gn. It follows then that under the evo-
lution (1.1) the group velocity of a wavepacket with a wavevector k, in
the new coordinates y becomes Vjiw(k,) and, evidently, is of order one. If
we set the positions ry = r? /o with fixed 1Y), then, according to (2.35),
the wavepackets |h(83;r)| in y-variables have characteristic spatial scale
y — 19 ~ ga(r.;, h) ~ g3~ which is small if g/f is small. The positions of
particle-like wavepackets (quasiparticles) ﬂ(y/ 0,7) are initially located at
y: = 1Y, and propagate with the group velocities Vjw(k,;). Their trajecto-
ries are straight lines in the space R% described by

y = 7Viw(ka) + 1Y, 0< 7 <7y

(compare with (1.5)). The trajectories may intersect, indicating “collisions”
of quasiparticles. Our results (Theorem 2.10) show that if a multi-particle
wavepacket initially was universally resonance invariant, then the involved
particle-like wavepackets preserve their identity in spite of collisions and the
fact that the nonlinear interactions with other wavepackets (quasiparticles)
are not small; in fact, they are of order one. Note that r?, can be chosen
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arbitrarily implying that up to N(N — 1) collisions can occur on the time
interval [0, 7] on which we study the system evolution.

To formulate the approximate superposition principle for multi-particle
wavepackets, we introduce now the solution operator G mapping the initial
data h into the solution U = G(h) of the modal evolution equation (2.14).
This operator is defined for ||h| < R according to the existence and unique-
ness Theorem 4.7. The main result of this paper is the following statement.

Theorem 2.14 (superposition principle). Suppose that the initial data
h of (2.14) is a multi-particle wavepacket of the form

N
h= ;hl, N max [y < R, (2.50)
satisfying Definition 2.7 and its nk-spectrum is universally resonance in-
variant in the sense of Definition 3.8. Suppose also that the group velocities
of wavepackets are different, namely

vkwnll (k*ll) 7é kamz (k*l2) Zf Iy 7é l2 (251)

and that (2.48) holds. Then the solution . = G(h) to the evolution equation
(2.14) satisfies the following approximate superposition principle:

Ny, Ny, 5
(3 b)) =Y G(h) +D, (2.52)
=1 =1
with a small remainder D(1) such that

= 0
oSup D)l < 0551+6 |n ], (2.53)
where (1) € is the same as in Definition 2.1 and can be arbitrary small; (ii)
T« does not depend on 3, o, vy, and ¢; (iii) C. does not depend on (3, o,
and positions r;.

A particular case of the above theorem in which there was no depen-
dence on r,; was proved in [8] by a different method based on the theory of
analytic operators in Banach spaces. The condition (2.51) can be relaxed
if the initial positions of involved particle-like wavepackets are far apart,
and the corresponding results are formulated in the theorem below and in
Example 2.13.

Theorem 2.15 (superposition principle). Suppose that the initial
data h of (2.14) is a multi-particle wavepacket of the form (2.50) with a
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universally resonance invariant nk-spectrum in the sense of Definition 3.8

and (2.48) holds. Suppose also that either the group velocities of wavepackets

are different, namely (2.51) holds, or the positions v, satisfy the inequality
0

20:»,261_5 (2.54)

Zf kanll (k*ll) = kamQ (k*b); I 75 lg,

where the constant C, o is the same as in (3.2). Then the solution G =

~

T*|r*l1 - r*lz|71 <

G(h) to the evolution equation (2.14) satisfies the approximate superposition
principle (2.52), (2.53).

We prove in this paper further generalizations of the particle-like
wavepacket preservation and the superposition principle to the cases, where
the nk-spectrum of a multi-wavepacket is not universal resonance invari-
ant such as the cases of multi-wavepackets involving the second and third
harmonic generation. In particular, we prove Theorem 7.5 showing that
many (but, may be, not all) components of involved wavepackets remain
spatially localized. Another Theorem 7.7 extends the superposition prin-
ciple to the case, where resonance interactions between components of a
multi-wavepackets can occur.

3. Conditions and Definitions

In this section, we formulate and discuss all definitions and conditions under
which we study the nonlinear evolutionary system (1.1) through its modal,
Fourier form (2.1). Most of the conditions and definitions are naturally
formulated for the modal form (2.1), and this is one of the reasons we use
it as the basic one.

3.1. Linear part.

The basic properties of the linear part L(k) of the system (2.1), which is
a 2J x 2J Hermitian matrix with eigenvalues w, ¢(k), has been already
discussed in the Introduction. To account for all needed properties of L(k),
we define the singular set of points k.

Definition 3.1 (band-crossing points). We call kg a band-crossing
point for L(k) if wy,41,¢(ko) = wn,¢(ko) for some n, ¢ or L(k) is not contin-
uous at kg or if wy +(ko) = 0. The set of such points is denoted by opc.
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In the next condition, we collect all constraints imposed on the linear
operator L(k).

Condition 3.2 (linear part). The linear part L(k) of the system (2.1)
is a 2J x 2J Hermitian matriz with eigenvalues wy, ¢(k) and corresponding
eigenvectors g, ¢ (k) satisfying for k ¢ onc the basic relations (2.3)-(2.5). In
addition to that, we assume:

(i) the set of band-crossing points oy is a closed, nowhere dense set in
R? and has zero Lebesque measure;

(ii) the entries of the Hermitian matriz L(k) are infinitely differentiable
in k for all k ¢ ope that readily implies via the spectral theory, [28],
infinite differentiability of all eigenvalues wy, (k) in k for all k ¢ oy;

(iii) L(k) satisfies the polynomial bound

ILK)|| < C(1+ |kP), k € R, for some C >0 and p > 0. (3.1)

Note that since wy, ¢(k) are smooth if k ¢ oy, the following relations
hold for any (n, k)-spectrum S:

max |Viwn, ¢| < Cua,
|k+k.;[<mo, I=1,...,N,

) (3.2)
max |Viewn, ¢c| < Cuz2,
|ktk,;|<mo, I=1,...,N,
where C,, 1 and C,, 2 are positive constants and
1
=, rlninN min(dist{£Kku, obc}, 1). (3.3)

Remark 3.3 (dispersion relations symmetry). The symmetry con-
dition (2.5) on the dispersion relations naturally arise in many physical
problems, for example, the Maxwell equations in periodic media, see [1]-
[3], [5], or when L(k) originates from a Hamiltonian. We would like to
stress that this symmetry conditions are not imposed to simplify studies,
but rather to take into account fundamental symmetries of physical media.
The symmetry causes resonant nonlinear interactions, which create non-
trivial effects. Interestingly, many problems without symmetries can be put
into the framework with the symmetry by a certain extension, [7].

Remark 3.4 (band-crossing points). Band-crossing points are dis-
cussed in more detail in [1, Section 5.4], [2, Sections 4.1, 4.2]. In particular,
generically the set op. of band-crossing point is a manifold of dimension
d — 2. Notice also that there is a natural ambiguity in the definition of
a normalized eigenvector g, ¢(k) of L(k) which is defined up to a complex
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number ¢ with || = 1. This ambiguity may not allow an eigenvector g, ¢ (k)
which can be a locally smooth function in k to be a uniquely defined con-
tinuous function in k globally for all k ¢ oy, because of a possibility of
branching. But, importantly, the orthogonal projector II,, ¢ (k) on g ¢(k)
as defined by (2.9) is uniquely defined and, consequently, infinitely differen-
tiable in k via the spectral theory, [28], for all k ¢ o},.. Since we consider
fJ(k) as an element of the space L' and oy, is of zero Lebesgue measure,
considering k ¢ oy, is sufficient for us.

We introduce for vectors @t € C27 their expansion with respect to the
orthonormal basis{g, ¢(k)}:

J

i) = > dncgnclk)

n=1¢(=+

J
=D D (k) (k) =g (k)a(k) (3-4)

n=1(=+

and we refer to it as the modal decomposition of (k) and to @, ¢ (k) as the
modal coefficients of G(k). Evidently,

Z Z HmC(k) = Iz, (35)

n=1¢(=+
where I is the 2J x 2J identity matrix.

Notice that we can define the action of the operator L(—iV,) on any Schwarz
function Y(r) by the formula

L(“iV,)Y (k) = L(k) ¥ (k), (3.6)
where, in view of the polynomial bound (3.1), the order of L does not exceed
p. In a special case, where all the entries of L(k) are polynomials, (3.6) turns
into the action of the differential operator with constant coefficients.

3.2. Nonlinear part.

The nonlinear term F in (2.1) is assumed to be a general functional poly-
nomial of the form

FO)y= 3 Fm@m),
meMp (37)
where F(™) is an m-homogeneous polylinear operator,
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Mp = {ma,...,mp} C {2,3,...} is a finite set,

3.8
and mp = max{m : m € Mp}. (8:8)

The integer mp in (3.8) is called the degree of the functional polynomial F.
For instance, if Mz = {2} or My = {3}, the polynomial F' is respectively
homogeneous quadratic or cubic. Every m-linear operator F(m) in (3.7) is
assumed to be of the form of a convolution

FM (O, 00 (K, 7)

_ / ) (1, BYEL () 6, (k0 (k, §)) A DA, (3.9)
Do
- - dk'...dk(mD
where D,,, = Rm=Dd_ qim-Ndp — d d ,
(27T)(m71)d
KMk k) =k—K —...— k"D k=%, ... kM), (3.10)
indicating that the nonlinear operator F(™ (U, ... U,,) is translation in-

variant (it may be local or nonlocal). The quantities x (™ in (3.9) are called
susceptibilities. For numerous examples of nonlinearities of the form sim-
ilar to (3.7), (3.9) see [1]-[7] and references therein. In what follows, the
nonlinear term F in (2.1) will satisfy the following conditions.

Condition 3.5 (nonlinearity). The nonlinearity F(U) is assumed to
be of the form (3.7)-(3.9). The susceptibility x™ (k, k', ..., k™) is infin-
itely differentiable for all k and kY9) which are not band-crossing points, and
is bounded, namely for some constant C'

™ = (2m)=m=D4 - sup X (K, k)
kk,....k(m) €Rd\ oy
gcxa memF7 (311)

where the norm |x™ (k, k)| of the m-linear tensor x(™ : (C27)ym — (C2/)m
for fized k, k is defined by

X (k)| = sup [ (I, k) (e,
Ix;1<1 (3.12)
where |x| is the Euclidean norm.
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Since X(”i)(k7 K',...,k™) are smooth if k ¢ o}, the following rela-

¢,¢
tion holds:

VA (kK kM) < O (3.13)

max
[tk |<mo, I=1,....N SIS

if ky; & obe, mo is defined by (3.3), gradient is with respect to k. The case,
where X(m)(k, k) depend on small g or, more generally, on g9, ¢ > 0, can
be treated similarly, see [7].

3.3. Resonance invariant nk-spectrum.

In this section, being given the dispersion relations w, (k) > 0,n € {1,...,J},
we consider resonance properties of nk-spectra S and the corresponding k-
spectra Kg as defined in Definition 2.7, i.e.,

S={(n,ka), l=1,..., N} Cc¥={1,...,J} x R,

(3.14)
Ks ={k., [=1,...,|Ks|}.

We precede the formal description of the resonance invariance (see Defin-
ition 3.8) with the following guiding physical picture. Initially, at 7 = 0,
the wave is a multi-wavepacket composed of modes from a small vicinity of
the nk-spectrum S. As the wave evolves according to (2.1) the polynomial
nonlinearity inevitably involves a larger set of modes [S]ous 2 S, but not
all modes in [S]out are “equal” in developing significant amplitudes. The
qualitative picture is that whenever certain interaction phase function (see
(4.23) below) is not zero, the fast time oscillations weaken effective nonlin-
ear mode interaction, and the energy transfer from the original modes in S
to relevant modes from [S]out, keeping their magnitudes vanishingly small
as (3,0 — 0. There is a smaller set of modes [S]:% which can interact with

out
modes from S rather effectively and develop significant amplitudes. Now,

if [S]i €S, then S is called resonance invariant. (3.15)

In simpler situations, the resonance invariance conditions turns into the
well-known in nonlinear optics phase and frequency matching conditions.
For instance, if S contains (ng, ks,) and the dispersion relations allow for
the second harmonic generation in another band n; so that 2wy, (ks,) =
Wn, (2kyy, ), then for S to be resonance invariant it must contain (ni, 2k, )
too.

Let us turn now to the rigorous constructions. First we introduce
the necessary notation. Let m > 2 be an integer, | = (I1,...,ln), |; €
{1,...,N} be an integer vector from {1,..., N}™ and ¢ = (C,...,¢(™),
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¢Y9) € {41, -1} be a binary vector from {+1,—1}". Note that a pair
(¢, 1) naturally labels a sample string of the length m composed of elements
(¢Y),ny,, k) from the set {+1,—1} x S. Let us introduce the sets

A={(¢D):lefl,...,N}, Ce{+1,~1}}, (3.16)
A" ={X=(1,. A m), Ny €A, j=1,...,m}.

There is a natural one-to-one correspondence between A™ and {—1,1}" x
{1,..., N}, and we write, exploiting this correspondence,

X=((¢ ), (€™ 1)) = (C1), J € {~1,1}™,

. . (3.17)
le{l,....N}™ for e A™.
Let us introduce the linear combination
s (X) = 3 (G 1) = Y (Wkyy, with ¢V € {+1,-1}, (3.18)
j=1

and let [S]k out be the set of all its values as k., € Kg, = A™  namely

[S]Kput = U U {%m(x)} (319)

meMp XcAm
We call [S]k out output k-spectrum of Kg and assume that
[Slk.out [ )obe = 2. (3.20)
We also define the output nk-spectrum of S by
[Slout = {(n, k) € {1,...,J} xR :ne {1,...,J}, k€ [S]kou} (3.21)

We introduce the following functions:

QN = S D, (k).
1 ]; . (3.22)

E* = (k*h. .. 7k*|Ks\)7 where k*lj € Kg,

Q1 X) (Ko, F) = =Cun(ker) + Q1 (V) (), (3.23)

where ( = +£1, m € My as in (3.7). We introduce these functions to apply
later to phase functions (4.23).

Now we introduce the resonance equation

Q¢ n, N)(Cotm(N), k) =0, Te{1,...,N}™ (e {-1,1}"™, (3.24)
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denoting by P(S) the set of its solutions (m,(,n, X). Such a solution is
called S-internal if

(n, Cam(N) € S ice., n=nyy, Com(X) =k, lo € {1,...,N}, (3.25)

and we denote the corresponding Iy = I(X). We also denote by P.(S) C
P(S) the set of all S-internal solutions to (3.24).

Now we consider the simplest solutions to (3.24) which play an impor-
tant role. Keeping in mind that the string [ can contain several copies of a
single value [, we can recast the sum in (3.22) as follows:

QX)) = Qi (1) = Z5zwl 1)

> CW i ) £ o,
where §; = { jei~1(1) (3.26)

0 it I7Y() =2,
Fy={e{l,....om}:l; =0}, T=(1,...,Im), 1<I<N.

Definition 3.6 (universal solutions). We call a solution (m, ¢, n, X) €
P(S) of (3.24) universal if it has the following properties: (i) only a single
coefficient out of all §; in (3.26) is nonzero, namely for some Iy we have
01, = £1 and 6; = 0 for [ # Ip; (ii) n = ng, and ( = Jy,.

We denote the set of universal solutions to (3.24) by Puniv(S). 4
justification for calling such a solution universal comes from the fact that if
a solution is a universal solution for one k. it is a solution for any other
k.. Note that a universal solution is an S-internal solution with I(X) = I
implying
Pt (5). (3.27)

umv(

) €
Indeed, observe that for §; as in (3.26)

m N
s (N) = 26m (G 1) =D Wk, =) dika (3.28)
j=1 =1
implying s, (X) = dg, kg, and (4, (X) = 62 K.z, = kug,. Then Equation
(3.24) is obviously satisfied and (n, Csm (X)) = (n1,, Kez,) € S.
Example 3.7 (universal solutions). Suppose there is just a single

band, i.e., J = 1, a symmetric dispersion relation wi(—=k) = wi(k), a
cubic nonlinearity F' with 9Mp = {3}. We take the nk-spectrum S =
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{(1,ks), (1,=ks)}, i.e., N = 2 and k. = ki, ko = —k,. This example
is typical for two counterpropagating waves. Then

913X k) ZC wi, ( = (01 + 02)w1(ky)

and

X) = Zc(j)k*l] = 51k*1 + 52k*2 = (51 - 52)1{*7
Jj=1

where we use the notation (3.26). The universal solution set has the form
Poiv(S) = {3, 1,X) = X € A¢,( = £}, where Ay consists of vectors
(A1, A2, Ag) of the form (-, 1), (— 1), (+,1)), ((+: 1), (=, 1), (+,2)), ((+2),
(—,2),(+ 1)), (+,2),(—,2), (+,2)), and vectors obtalned from the listed
ones by permutations of coordinates A1, A2, \3. The solutions from P, (S5)
have to satisfy |6 — 2] = 1 and |1 + 2| = 1, which is possible only if
86105 = 0. Since ¢ = 81 +63, we have Cren (X) = (62—62)k, and Crem(X) = kuy
if |01] = 1 or (36m(X) = ko if |2] = 1. Hence Ppi(S) = Puniv(S) in this
case. Note that if we set S1 = {(1,ks)}, S2 = {(1, —k,)}, then S = S, USs,
but P (S) is larger than P, (S1) U Pt (S2). This can be interpreted as
follows. When only modes from S; are excited, the modes from S5 remain
nonexcited. But when both S; and S; are excited, there is a resonance
effect of 1 onto Sy, represented, for example, by X = ((+, 1), (—, 1), (+,2)),
which involves the mode 2, (X) = Kyo.

Now we are ready to define resonance invariant spectra. First, we
introduce a subset [S]55 of [S]out by the formula

out

[S]res _ {(n7k**) c [S]out ki = C(O)%m(X)7 m e WFa

out T
where (m,¢,n, X) is a solution of (3.24)} , (3.29)
calling it resonant output spectrum of S, and then we define
the resonance selection operation R(S) = S U [S].7 . (3.30)

Definition 3.8 (resonance invariant nk-spectrum). The nk-spectrum
S is called resonance invariant if R(S) = S or, equivalently, [S] o, C S. The
nk-spectrum S is called universally resonance invariant if R(S) = S and

Puniv(S) - Rnt(S)

Obviously, an nk-spectrum S is resonance invariant if and only if all
solutions of (3.24) are internal, i.e., Pyt (S) = P(95).
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It is worth noticing that even when an nk-spectrum is not resonance
invariant, often it can be easily extended to a resonance invariant one.
Namely, if R7(S) N ope = @ for all j, then the set

R>®(S) = GRJ'(S)CZ:{17...7J}><RCZ

is resonance invariant. In addition to that, R*°(S) is always at most count-
able. Usually it is finite, i.e., R°°(S) = RP(S) for a finite p, see examples
below; also R>*(S) =S for generic Kg.

Example 3.9 (resonance invariant nk-spectra for quadratic non-
linearity). Suppose there is a single band, i.e., J = 1, with a symmet-
ric dispersion relation, and a quadratic nonlinearity F, i.e., Mp = {2}.
Let us assume that k. # 0, ks, 2k,,0 are not band-crossing points and
look at two examples. First, suppose that 2w (k.) # w1(2ks) (no sec-
ond harmonic generation) and wq(0) # 0. Let the nk-spectrum be the
set S1 = {(1,k.)}. Then S; is resonance invariant. Indeed, Kg, = {k.},
[S1] K ous = 10, 2ks, =2k}, [S1],, = {(1,0), (1, 2k.), (1, —2k,)} and an el-
ementary examination shows that [S1].- = @ C S implying R(S;) = Si.
For the second example let us assume w(0) # 0 and 2w;(k.) = wi(2k.),
i.e., the second harmonic generation is present. Here [S1] = {(1,2k.)}
and R(S1) = {(1,k), (1,2k,)} implying R(S1) # S1 and hence S; is not
resonance invariant. Suppose now that 4k, 3k, ¢ ope. and w;(0) # 0,
wi1(4ky) # 2w1(2k.), w1(3ks) # wi(ks) + wi(2ks), and let us set Sy =
{(1,k.),(1,2k,)}. An elementary examination shows that S is resonance
invariant. Note that So can be obtained by iterating the resonance selec-
tion operator, namely Sy = R(R(S51)). Note also that Pupniv(52) # Pint(S52).
Notice that w1 (0) = 0 is a special case since k = 0 is a band-crossing point,
and it requires a special treatment.

out

Example 3.10 (resonance invariant nk-spectra for cubic nonlinear-
ity). Let us consider the one-band case with a symmetric dispersion relation
and a cubic nonlinearity that is Mp = {3}. First we take S1 = {(1,k.)}
and assume that k., 3k. are not band-crossing points, implying [S1] Kout =

— — 3 .
{k., k., 3k, —3k.}. We have Q; 3(\)(ks) = 3. (Wwy (k) = G (ks)

Jj=1

—

and s, (\) = d1k., where we use the notation (3.26), d; takes the val-
ues 1,—1,3,—3. If 3wi(k.) # w1(3ky), then (3.24) has a solution only if
|01] = 1 and §; = (. Hence (3, (\) = k. and every solution is internal.

Hence [S1] = @ and R(S;) = Si. Now consider the case associated with
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the third harmonic generation, namely 3w (k.) = w1(3k,) and assume that
w1 (3k*) + 2w1(k*) 7é w1 (51(*)7 3(4)1 (Sk*) 7é w1 (91(*)7 2&)1 (Sk*) + wq (k*) 75
w1(7ky), 2w (3ks) — w1 (ks) # wi(bks). An elementary examination shows
that the set Sy = {(1,3ks), (1, k), (1, —k.)(1, —3k,)} satisfies R(S4) = S4.
Consequently, a multi-wavepacket having Sy as its resonance invariant nk-
spectrum involves the third harmonic generation and, according to Theorem
2.8, it is preserved under nonlinear evolution.

The above examples indicate that, in simple cases, the conditions on
k., which can make S noninvariant with respect to R have a form of several
algebraic equations, Hence for almost all k, such spectra S are resonance
invariant. The examples also show that if we fix S and dispersion relations,
then we can include S in a larger spectrum S’ = RP(S) using repeated
application of the operation R to S, and often the resulting extended nk-
spectrum S’ is resonance invariant. We show in the following section that
an nk-spectrum S with generic Kg is universally resonance invariant.

Note that the concept of a resonance invariant nk-spectrum gives a
mathematical description of such fundamental concepts of nonlinear optics
as phase matching, frequency matching, four wave interaction in cubic me-
dia, and three wave interaction in quadratic media. If a multi-wavepacket
has a resonance invariant spectrum, all these phenomena may take place in
the internal dynamics of the multi-wavepacket, but do not lead to resonant
interactions with continuum of all remaining modes.

3.4. Genericity of the nk-spectrum invariance condition.

In simpler situations, where the number of bands J and wavepackets N are
not too large, the resonance invariance of an nk- spectrum can be easily
verified as above in Examples 3.9, 3.10, but what one can say if J or N
are large, or if the dispersion relations are not explicitly given? We show
below that, in properly defined nondegenerate cases, a small variation of
Kg makes S universally resonance invariant, i.e., the resonance invariance
is a generic phenomenon.

Assume that the dispersion relations wy (k) > 0, n € {1,...,J} are
given. Observe then that Q,,,(¢, 1, A) = Qn (¢, 1, ) (Kat, - . -, Ky kg|) defined
by (3.23) is a continuous function of k.; ¢ oy, for every m, ¢, n, X.

Definition 3.11 (w-degenerate dispersion relations). We call disper-
sion relations wy,(k), n = 1,...,J, w-degenerate if there exists such a point
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k. € R4\ oy, that for all k in a neighborhood of k. at least one of the follow-
ing four conditions holds: (i) the relations are linearly dependent, namely

J
> Cphwn(k) = cg, where all C, are integers, one of which is nonzero, and
n=0

the co is a constant; (ii) at least one of wy(k) is a linear function; (iii)
at least one of wy, (k) satisfies the equation Cw,, (k) = w,(Ck) with some
n and integer C' # =£1; (iv) at least one of w, (k) satisfies the equation
wn (k) = wpr(—k), where n # n.

Note that the fulfillment of any of four conditions in Definition 3.11
makes impossible turning some non resonance invariant sets into resonance
invariant ones by a variation of k,;. For instance, if M p = {2} as in Example
3.9 and 2w (k) = w;(2k) for all k in an open set G, then the set {(1,k.)}
with k, € G cannot be made resonance invariant by a small variation of k..
Below we formulate two theorems which show that if dispersion relations
are not w-degenerate, then a small variation of k,; turns non resonance

invariant sets into resonance invariant; the proofs of the theorems are given
in [7]

Theorem 3.12. If Q,,,(C, 10, \)(K.,,. .. K jxs)) =0 on a cylinder G
in (R\ ope ) Ksl which is a product of small balls G; € (R?\ op.) then either

(m, ¢, n0,N) € Punin(S) or dispersion relations wy (k) are w-degenerate as
in Definition 3.11.

Theorem 3.13 (genericity of resonance invariance). Assume that dis-
persion relations wy, (k) are continuous and not w-degenerate as in Defini-
tion 3.11. Let Kyiny be a set of points (K1, ..., Ky kg|) such that there exists
a universally resonance invariant nk-spectrum S for which its k-spectrum
Kg = {k*l7 .. .,k*‘KS‘}. Then Ky is open and everywhere dense set in
R4\ ope) K5,

4. Integrated Evolution Equation

Using the variation of constants formula, we recast the modal evolution
equation (2.1) into the following equivalent integral form:

.
~ icr

Uk, 7) = / e oL pO)(k,r)dr +e ¢ YOhk), 7 >0, (4.1)
0
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Then we factor U(k, 7) into the slow variable i(k, 7) and the fast oscillatory
term as in (2.12), namely

Uk, 7) = e s M0a(k, ), U, ek, ) = ek, m)e s <0 (4.2)
where 1, ¢(k,7) are the modal components of G(k,7) as in (3.4). Notice
that @, ¢(k,7) in (4.2) may depend on p and (4.2) is just a change of
variables and not an assumption.

Remark 4.1. Note that if @, ¢(k,7) is a wavepacket, it is localized
near its principal wavevector k.. The expansion of (w, (k) near the prin-
cipal wavevector Ck, (we take ¢ = 1 for brevity) takes the form

wn(k) = wky) + Viwn (k) (k — ki) + ;viw(k*)(k —k)2 ...

To discuss the impact of the change of variables (4.2), we make the change
of variables k — k, = ¢ . The change of variables (4.2)

ﬁn,+(k, 7) = Up,+(k,7)e” G wn (k)
— o (k, e T T Vhwa (k) (k) o= T (3 VEun () (k)

=G4 (Ko + &, 7)o ¢ Sn )= T Viwn(k)go =T RE), (4.3)

R(&)=wn (k) — wn(ks) — Viwn (ki) (k — ki) = ;Viwn(k*)(é)Q—F o (44)
has the first factor e~ e “n(k+) responsible for fast time oscillations of
U,.c(k,7) and U, ¢(r,7). The second factor e~ o Viwn (k)€ g responsible
for the spatial shifts of the inverse Fourier transform by 7Viwn (k.). Since
the shifts are time dependent, they cause the rectilinear movement of the
wavepacket U,, ¢(r, 7) with the group velocity ;kan (ky), the third factor
is responsible for dispersion effects. Hence the change of variables (4.2) ef-
fectively introduces the moving coordinate frame for fjmg(k, 7) for every k
and in this coordinate frame i, ¢(k, ) has zero group velocity and does
not have high-frequency time oscillations. The following proposition shows
that if @, ¢(k,7) is a wavepacket with a constant position, U,, 4 (k,7) is
a particle wavepacket in the sense of Definition with position which moves
with a constant velocity.

Proposition 4.2. Let t;(k,7) be for every 7 € [0,7.] a particle
wavepacket in the sense of Definition 2.2 with nk-pair (n,k.), regularity
s, and position r. € R which does not depend on 7. Assume also that the
constants C1 in (2.33) and C,C" in (2.27) and (2.30) do not depend on .
Let Uy(k,7) be defined in terms of @(k,7) by (4.2). Assume that (2.48)



Particle-Like Wavepackets 91

holds. Then le(k, T) for every T € [0,7.] is a particle wavepacket in the
sense of Definition 2.2 with nk-pair (n, k), reqularity s, and 7-dependent
position r, + ;kan(k*) e R4,

PRrROOF. The wavepacket @;(k,7) involves two components 1, ¢ (k, 7),
¢ = +1 for which (2.29) holds

¢ (k, 7) = V(B 7%/2, (ks )M ¢ (K) T ¢ (K, 7)), (4.5)

By (4.2),
f)’mg(k, T) =y (k,7)e” 5 Cwn(lo),

According to Definition 2.1, the multiplication by a scalar bounded continu-
ous function e~ ¢ ¢r () may only change the constant C’ in (2.39). There-
fore, it transforms wavepackets into wavepackets. To check that U;(k, ) is
a particle-like wavepacket, we consider (2.33) with flc (8, r; k) replaced by
Uy, c(k,m)e” Tn and r, replaced by 1, 4 7 Viwn(ks). We consider for
brevity @, (k,7) = ¢ (k, 7) with ¢ = 1, the case ( = —1 is similar,

/|v it} Viwn (el (1, 7)e™ 2 90 ()| dk

= / |Vi(el e Vewn kg, (1, 7)o ¢ «n (e’ wnlled)| gk
R4
_ / Vi (™ ity (k, 7)o s RO ke < Iy + I,
R4
where R(§) is defined by (4.4),

L = / | o~ TRUCkI g, (kg (k, 7)) dk,
Rd

L = / | (€1, (K, 7)) Vice ™ ¢ 0K gk,
Rd

The integral I; is bounded uniformly in r, by C;8717¢ since i, ¢(k,7T)
satisfies (2.33). Note that

1—2 /| zr*kA T))Vke_i;R(k_k*) dk

< / [ay, (k, T)| 0 |[VkR(k — k.)|dk.

Rd
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Note that, according to (4.5) and (2.25), @, ¢(k,7) #0 only if |k — k.| <
2=, and for such k — k. we have the Taylor remainder estimate

IViR(k — k,)| < OB,
Therefore, I, < C’'3'7¢ /0 and
L+, <C'B /o
Using (2.48), we conclude that this inequality implies (2.33) for U;(k, 7).

Therefore, it is a particle-like wavepacket. O

From (4.1) and (4.2) we obtain the following integrated evolution equa-
tion for @ = t(k,7), T > 0:

a(k,7) = F(a)(k,7) + h(k), F(a)= > F™@m"(k7),  (46)
meMp

Fm (@) (k, 7) = / T L ((e7F MOa)my(k, ') dr, (4.7)
0

where Fy, are defined by (3.7) and (3.9) in terms of the susceptibilities (",
and F(") are bounded as in the following lemma.

Recall that the spaces L1 are defined by formula (2.17). Below we
formulate basic properties of these spaces. Recall the Young inequality

e 9L < [l 1]l e (4.8)

This inequality implies the boundedness of convolution in L™®, namely the
following lemma holds.

Lemma 4.3. Let Hy, Hy € LY be two scalar functions, a > 0. Let
Hs(k) = / Hi(k — X')Hy (K )dK'.
R4

Then
[ Hz(k) || Lra < [[Hi(K)|[L1a|[Hi(k)| L1 (4.9)

PROOF. We have

R (1—|—|kl—|—k”|)a
1+ kD) Hz(k)| < s
( | |) | 3( )| 1:17118, (1 + |kl|)a(1 + |k//|)a

x / (1 -+ [k — K H (k — K)[(1+ [K])? | (')

Rd
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Obviously,
LK+ K7 (4 K]+ (k7))
L+ DA+~ @+ DA +[k])
Applying the Young inequality (4.8), we obtain

/(1 + [K]) (k)‘ dk
]Rd
< /(1+|k’|)‘H1(k’) dk’/(1+|k”|)’f12(k”) K",
Rd R4
Using (2.18), we obtain (4.9). O

Using Lemma 4.3, we derive the boundedness of integral operators
Fm,

Lemma 4.4 (boundedness of multilinear operators). Operator F (m)
defined by (3.9), (4.7) is bounded from E, = C([0,7.],L%*) into
CL([0,7.], L), a >0, and

IFO (@ )2, < 7l ] T 105112 (4.10)
Jj=

8- (@ )|, < XN T T 19516, (4.11)
i

Proor. Notice that since L(k) i —iL(k) n }H =1.
0
Using the inequality (4.9) together with (3.9), (4.7), we obtain
[F (@) (5 7)1

<sup|X(m kk| ///|1+|k/ iy (K] ..

Rd 0 D,

‘( + K], (k) (K, k))‘dk’...dk(m_l)dﬁdk

< ™| / a0l - - [ (72) [ el

<™ Nle, - 8l e,

proving (4.10). A similar estimate produces (4.11). O
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Equation (4.6) can be recast as the following abstract equation in a
Banach space:
= F(a)+h, a,hekE,, (4.12)
and it readily follows from Lemma 4.4 that F (1) has the following proper-
ties.

Lemma 4.5. The operator F () defined by (4.6), (4.7) satisfies the
Lipschitz condition
[F(01) — F(az)l|z, < 7Cr|tn — 02|z, (4.13)

where Cr < C,C(R), C(R) depends only on mp and R, if |01 g, , ||G2]| 5, <
2R, with Cy as in (3.11).

We also use the following form of the contraction principle.

Lemma 4.6 (contraction principle). Consider the equation
x=F(x)+h, x,h € B, (4.14)
where B is a Banach space, F is an operator in B. Suppose that for some
constants Ry >0 and 0 < g < 1
]| < Ro, IF()]l < Ro if [Ix]| < 2R, (4.15)
1 (x1) — Flxca)| < allxs — sl i 10l %2 < 2Ro. (4.16)

Then there exists a unique solution x to Equation (4.14) such that ||x|| <
2Ry. Let |hy]], |ha]| < Ro. Then two corresponding solutions X1, Xg satisfy

][, lIx2ll < 2Ro, flx1 — %2l < (1~ ¢)~"[hy — hy. (4.17)

Let x1,%5 be two solutions of correspondingly two equations of the form
(4.14) with F1, hy and Fz, hy. Assume that Fi(u) satisfies (4.15), (4.16)
with a Lipschitz constant ¢ < 1 and that | F1(x)—Fa(x)|| < J for ||x|| < 2Ro.
Then

1 — x|l < (1 —q)7H(0 + [[h1 — ha]). (4.18)

Lemma 4.5 and the contraction principle as in Lemma 4.6 imply the
following existence and uniqueness theorem.

Theorem 4.7. Let |h||z, < R, and let 7. < 1/Cp, where Cp is a
constant from Lemma 4.5. Then Equation (4.6) has a solution G € E,
C([0, 7], LY®) which satisfies ||u||E < 2R, and such a solution is umque
Hence the solution operator & = G(h) is defined on the ball |h| g, <

The following existence and uniqueness theorem is a consequence of
Theorem 4.7.
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Theorem 4.8. Let a > 0, (2.1) satisfy (3.11) and h € L“*(R%),
||f1||L1,a < R. Then there exists a unique solution 0 to the modal evolution
equation (2.1) in the function space C([0,7.], LY?), |||z, + [|07d] g, <
R (R). The number 1. depends on R and C,.

Using (2.20) and applying the inverse Fourier transform, we readily
obtain the existence of an F—solution of (1.1) in C*([0, 7], L>°(R%)) from
the existence of the solution of Equation (2.1) in C1([0,7.], L'). The ex-
istence of F-solutions with [a] bounded spatial derivatives ([a] being an
integer part of a) follows from the solvability in C1([0, 7..], L19).

Let us recast now the system (4.6), (4.7) into modal components us-
ing the projections II, ¢(k) as in (2.9). The first step to introduce modal
susceptibilities x( )ﬂ having one-dimensional range in C2/ and vanishing if

one of its arguments 1, belongs to a (2J — 1)-dimensional linear subspace
in C%/ (the jth null-space of X:r?g ) as follows.

Definition 4.9 (elementary susceptibilities). Let

=@ e{l,... . J}Y" x {~1,1}" =2, (n,() € &, (4.19)

and let x(™ (k, k) [@1(K'), ..., @n(k"™)] be m-linear symmetric tensor
(susceptibility) as in (3.9).

We introduce elementary susceptibilities X(m) ( ,E) :(C?ym — c?/

as m-linear tensors defined for almost all k and k = (K,..., k™)) by the
following formula:

A" e ) (1), - (k)
E:Vz)n C(k /;) [ty (K), .. ,ﬁm(k(m))] _ Hn7§(k)X(m) (k, E)
* [(Mpy o (KA1 (K), - L, com (k™ (K, k)i (k™)) (4.20)

Then using (3.5) and the elementary susceptibilities (4.20), we get
X (e, B[ (K, ()
= szn“ B)[ag(K), ..., a, (k™). (4.21)

Consequently, the modal components F (m C)q of the operators F(™) in (4.7)

are m-linear oscillatory integral operators defined in terms of the elementary
susceptibilities (4.21) as follows.
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Definition 4.10 (interaction phase). Using the notation from (3.9),
we introduce for £ = (77, () € =™ the operator

(m)
fnqg( )(k,T) //exp 1cpC£kk) }

X 1R [ (K ), (KO (), )| A D (4.22)
with the interaction phase function ¢ defined by
ek R) =6, ek F)
= Gwn(Ck) = ('wn, (('K) = ... = ¢y, ((™MK), (4.23)
k(™ = k(™ (k, k),
where k(™) (k, k) is defined by (3.10).

Using .7:(“2)5 in (4.22), we recast F(™ (u™) in the system (4.6)-(4.7)

n7 )

as follows:
F) [ay .. ] (k1) = fff?g [y ... 1G] (K, 7) (4.24)
neE

yielding the following system for the modal components @, ¢(k,7) as in
(2.9):

k)= Y > fn":_)g (K, 7) + Dy e (K), (n,0) €. (4.25)

mEMp & fezm

5. Wavepacket Interaction System

The wavepacket preservation property of the nonlinear evolutionary sys-
tem in any of its forms (1.1), (2.1), (4.6), (4.12), (4.25) is not easy to
see directly. It turns out though that dynamics of wavepackets is well de-
scribed by a system in a larger space E?V based on the original equation
(4.6) in the space E. We call it wavepacket interaction system, which is
useful in three ways: (i) the wavepacket preservation is quite easy to see
and verify; (ii) it can be used to prove the wavepacket preservation for
the original nonlinear problem; (iii) it can be used to study more sub-
tle properties of the original problem, such as the NLS approximation.
We start with the system (4.6), where h(k) is a multi-wavepacket with



Particle-Like Wavepackets 97

a given nk-spectrum S = {(k.,n), I=1,...,N} as in (2.39) and a k-
spectrum Kg = {k.;, i =1,...,|Kg|} as in (2.40). Obviously, for any 1
(kiiyny) = (Kuiy, ) with i < |Kg| and indexing ¢; = | for [ < |Kg|
according to (2.40).

When constructing the wavepacket interaction system it is convenient
to have relevant functions to be explicitly localized about the k-spectrum
K of the initial data. We implement that by making up the following cutoff

functions based on (2.24), (2.25):
i) =l i, 77) = WDk — i),
k., € Kg,i=1,...,|Kg|, 0 =4, ’

with € as in Definition 2.1 and 8 > 0 small enough to satisfy

1
1/2 < = =
3% < g, where my = mo(S) ) k*rflel?(s dist {Kui, Obe } - (5.2)

In what follows, we use the notation from (3.16) and
U= (l,....ln) €{1,...,N}Y",
. (i )e{ . }# : (5.3)
I= ..., 0™) e {-1,1}" X=(I,d) € A",
i=(n1,....,nm) €{1,...,J}", Ce{-1,1}", (5.4)
E=@) ek =(K,...,k™) eR™ where 2" as in (4.19).

Based on the above, we introduce now the wavepacket interaction system

VAVl)ﬁ(-) (191(*” ng,0 f( Z Wl/ﬂl)

(BN
(-, 9Ki ), (), (1,9) € A, (5.5)
W=Wi, Wi _,..., Wy, Wy _) € EN W 9B,

with U(-, k), 11, » being as in (5.1), (2.9), F defined by (4.6), and the
norm in E2N defined based on (2.15) by the formula

IWllg2x =) IWiolle, E=C([0,n],L"). (5.6)
1,0
We also use the following concise form of the wave interaction system (5.5):
W=ZF,(W)+h,, where (5.7)
= (\I/'Ll +Hn1 +h \1111 — nl —h 'LN +HnN +h \IJ'LN —HnN —h) € E*N.

The following lemma is analogous to Lemmas 4.4 and 4.5.

h

v
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Lemma 5.1. The polynomial operator Fy(W) is bounded in E*V,
Fw(0) =0, and satisfies Lipschitz condition

| Fo(W1) — Fu(Wa)||panv < C7||[W1 — Wal[ o, (5.8)

where C' depends only on Cy as in (3.11), on the degree of F, and on
W1 g2v + || W2 gen, and it does not depend on 3 and o.

PRrROOF. We consider any operator Fim CE( w) defined by (4.22) and
prove its boundedness and the Lipschitz property as in Lemma 4.4 using
the inequality ’exp {upn cE o H < 1 and inequalities (2.24), (3.11). Note

that the integration in 7y yields the factor 7, and consequent summation
with respect to n, (, £ yields (5.8). O

Lemma 5.1, the contraction principle as in Lemma 4.6, and the esti-

mate (4.11) for the time derivative yield the following statement.

Theorem 5.2. Let ||h,|gev < R. Then there exists 7. > 0 and
Ri(R) such that Equation (5.5) has a solution W € E*V which satisfies

Wl g2x + (|07 W[ p2nv < Ri(R), (5.9)
and such a solution is unique.

Lemma 5.3. Every function Wi ¢(k,T) corresponding to the solution
of (5.7) from E?N is a wavepacket with nk-pair (k.«,n;) with the degree
of regularity which can be any s > 0.

PrOOF. Note that, according to (5.1) and (5.7), the function
Wik, 7) = Uk, Ok, B ), 0 F(k,7), || F(T)|lpr <O, 0< 7 < 7

involves the factor ¥; y(k) = U(3~179)(k — ¥k,;)), where ¢ is as in Defini-
tion 2.1. Hence

Hnﬂg/ﬁ/l,g(k, T) =0ifn 7é n; or 19/ 7é 19, (510)
Wik, 7) = Uk, Vk.;,, B )W,
Lok, ) = ¥( . Be) ( ), (5.11)
Wl)ﬁ(k, 7)=0if |k —dky| >0
Since
U (k, 9Kk.i,, B )0 (k, Ok, , 175 /2) = U(k, Ok,q,, B4F), (5.12)

Definition 2.1 for Wy g is satisfied with Dj, = 0 for any s > 0 and C' =0 in
(2.30). O
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Now we would like to show that if h is a multi-wavepacket, then the
function

wk)= Y Wkt =) Wik (5.13)

(L9)EA AeA

constructed from a solution of (5.7) is an approximate solution of Equation
(4.12) (see the notation (3.16)). We follow here the lines of [7]. We introduce

|Ks|

=1- 3 vk =1-% 3 q/(kgflj”). (5.14)

9=+ i=1 Y=t k.;eKs
Expanding the m-linear operator F (m) ((Zv‘vlﬂo ) and using the nota-
1,0
tion (3.16), (3.17), we get

ﬂm)((%avw)m) = Y F(wy), where (5.15)

XEAT"
Wi =Wa W, A= (A, M) €A™, (5.16)

The next statement shows that (5.13) defines an approximate solution to
the integrated evolution equation (4.6).

Theorem 5.4. Let h be a multi-wavepacket with resonance invariant

nk-spectrum S and regularity degree s, let W be a solution of (5.7), and let
w(k, 7) be defined by (5.13). Let

~

D(w)=w— F(w) — h. (5.17)
Then there exists By > 0 such that
ID(W)llp <Co+CB°, if0<o<1, B<fo (5.18)

PROOF. Let

FW) = (1= Wi oThy o) F (W),
b (5.19)

fli = fl — Z \I/ihﬂl_.[nl)ﬁfl.
)

Summation of (5.5) with respect to 1,9 yields
= Wi, oy, 9 F(W) + > i, 9Ty, oh.
1,0 1,0

Hence from (5.5) and (5.17) we obtain

D(W)=h" — F~(w). (5.20)
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Using (2.28) and (2.30), we consequently obtain
T, ol 0 < CB° if ny # s

193, 0|1 < OB if ki, # ks, (5.21)
Ih™ ||z < C13°
To show (5.18), it suffices to prove that
|7~ (W)lle < Cao. (5.22)
Obviously,
Fo(w) = (1 -3 \Ifil,ﬂﬂm,ﬂ) > Fm(w™). (5.23)
1,9 m
Note that

Z\Iz“,mmﬂ_z > (-, ik.) (5.24)

=+ (n,k.)ES
Using (3.5) and ( 5.14), we consequently obtain

ST Uk )y + Voo = 1, (5.25)

V== (n,k.)ES
(1= Wiolluo) =+ > > W0k (5.26)
10 d== (n,k.)ES\S

with the set ¥ defined in (3.14). Let us expand now F ™ (%™) using (5.15).
According to (5.23) and (5.26), to prove (5.22) it suffices to prove that for
every string A € A™ the following inequalities hold:

|V IT,, ﬂf(m)(wA)H Csp for (n,9) € A, (5.27)
(-, 9k )L, 9 F ™) (W) | < Cso if (n,k.) € 2\ S. (5.28)

We use (5.10) and (5.11) to obtain the above estimates. According to
(4.24),

Fm (%] Z Z . C g% W, (k7). (5.29)
Note that, according to (5.10), 1f Ai = (1,79), then
Wy, =1L, yWy, if n =n; and ¥ = 9. (5.30)
Let us introduce the notation
i) = (nuy,...,m), EX) = @), ) for X = (I,J) € A™. (5.31)
Since

Hn/ﬂgnnﬂg/ =0ifn 7é n' or 19/ 7é 19, (532)
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(5.30) implies
_7-'(m)q[vAv>\1 LW, ] =0if €= (77, () # €(X), and hence

n)C)£ m
. e e (5.33)
F w3k, 7) = ;Fn)c)u) (W, - W, (0, 7),
where we used the notation (3.17), (5.31). Note also that
1, ﬂﬂ”?g 0ifn’ #£nord #(, (5.34)
and hence we have nonzero I, 3 F (m C) £( 5) only if
E=EN), n'=n, 9= (5.35)
By (4.22),
m) ~ _ . . > T1 (m)
P @) = [ [ e {ie, ¢ am B ] g5 0B
0 Dy
X W, (K, 71), . W, (KO (k, ), m)]d D ed i (5.36)

Now we use (5.11) and notice that, according to the convolution identity in
(3.9),

[ (K, 7)o W, (K (K, B), 1) | = 0
if [ k= 3" ok | > mpt (5.37)
Hence the integral (5.36) is nonzero only if (k, k) belongs to the set
B = {(k, B): kD -9k, | <A i=1,...m,
‘ k-3 ik < mﬁH}. (5.38)

We prove now that if (n,k,;) ¢ S, then for small 3 the following alternative
holds:

cither W(-, 0k, )T,y o F" 4)5( 5) =0 (5.39)

or (5.35) holds and |¢p,,  #(k, k)| > ¢ > 0 for (k, k) € Bg. (5.40)

Since ¢, . #(k, k) is smooth, in the notation (3.18) we get

- (5.41)

m“(k k) = ¢, ¢ eKew, k)| < CB'F for (k, k) € B,
= (W1, 0m), Kaw = C Y Vikay, = Coem (9, 1),



102 Anatoli Babin and Alexander Figotin

Hence (5.40) holds if
Pn.c, g(k**a k. ) #0, (5.42)

and, consequently, it suffices to prove that either (5.39) or (5.42) holds.
Combining (5.38) with ¥(k,¥k,;) = 0 for |k — dk.;| > 817, we find that
W, 9 F (m) [V?IX] can be nonzero for small 8 only in a small neighborhood of
a point g‘%m(ﬁ,lj € [S]k out, and that is possible only if

Kyw = Cotm (0,1) = 9Ky, ki € Kg. (5.43)
Let us show that the equality

P c ke F) =0 (5.44)

is impossible for k.. as in (5.43) and n’ = n as in (5.34), keeping in mind
that (n,k.) ¢ S. From (3.23) and (4.23) it follows that Equation (5.44)
has the form of the resonance equation (3.24). Since the nk-spectrum S is
resonance invariant, in view of Definition 3.8 the resonance equation (5.44)
may have a solution only if k.. = k., ¢ = 4;, n = ny, with (n;, k) € S.
Since (n, ky;) ¢ S, that implies (5.44) does not have a solution. Hence (5.42)
holds when (n,k,;) ¢ S. Notice that (5.9) yields the following bounds

B < Ry,

r <C. (5.45

)
These bounds combined with Lemma 5.5, proved below, imply that if (5.42)
holds, then (5.28) holds. Now let us turn to (5.27). According to ( 5.14)
and (5.37), the term W oIL,/ yF (™) (W) can be nonzero only if (54, (A \) =
k.. ¢ Kg. Since the nk-spectrum S is resonance invariant we conclude as
above that the inequality (5.42) holds in this case as well. The fact that the
set of all 5, () is finite, combined with the inequality (5.42), imply (5.40)
for sufficiently small 8. Using Lemma 5.5, as above we derive (5.27). Hence
all terms in the expansion (5.23) are either zero or satisfy (5.27) or (5.28)
implying consequently (5.22) and (5.18). O

Here is the lemma used in the above proof.
Lemma 5.5. Let assume that
(Wi T X" e, B)[Wr, (I, 71), - W, (KO (e, ), 7)) = 0

Jor (k,k) € Bs and (5.46)
0, ¢ ek, k)| = w, > 0 for (k, k) ¢ Bg, where By as in (5.38).
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Then

19 (-, ks )T nmcf(m) AW3)lle ||X(m IIHIIWA (k2

2@7'* m
X ( )IIZH@ W,

e (5.47)
J#i

PRrOOF. Notice that the oscillatory factor in (4.22) is equal to
. A\ T1 o . A T1
exp {up k, k } = o Or exp {up k, k }
(k) ip(k, k) ( )9

(m) _ X&m) and integrating (4.22) by parts

Denoting Ppce =¥ \I’m'HnGCX CE 7

with respect to 71, we obtain

W (I, 9k Ly L (5 (I, 7)

io(k,k) 7 .
- / U0k 0 R)
ip(k, k)

B
X Wi, (K, 7). W, (k) (k, k), 7) dm D

vk ¢ Mk
/ T R A
B
X ‘ANAI (k/7 0) e ‘ANAnl (k(m) (kﬂ E)7 0) a(mil)d];

1<p(k7E) 1 (m) N
— U (k, 'k ki) Xﬂm k, k
/B/ 1cp(k k) "7 (ke £)

X On [W, (K) ... W, (K™ (k, k)] A DiEdr,  (5.48)

where B is the set of k® for which (5.38) holds. The relations (3.11) and

(2.24) imply |X£7m)(k, k)| < |[x‘™||. Using then (5.46), the Leibnitz formula,
(5.9) and (4.8), we obtain (5.47). O

The main result of this subsection is the next theorem which, com-
bined with Lemma 5.3, implies the wavepacket preservation, namely that
the solution @, y(k, 7) of (4.25) is a multi-wavepacket for all 7 € [0, 74].

Theorem 5.6. Assume that the conditions of Theorem 5.4 are ful-
filled. Let Gy, 9(k,T) for n = ny, let Wi 9(k,7) be solutions to the respective
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systems (4.25) and (5.5), and let W be defined by (5.13). Then for suffi-
ciently small By > 0

10,9 — W, oWl|p < Co+C'B°, 0<B< By, L=1,...,N. (5.49)

PrOOF. Note that G, 9 = II, y0, where @ is a solution of (4.6) and,
according to Theorem 4.7, ||d||z < 2R. Comparing Equations (4.6) and
(5.17), which are @t = F (i) + h and W = F(W) + h + D(W), we find that
Lemma 4.6 can be applied. Then we notice that, by Lemma 4.5, F has the
Lipschitz constant Cp7, for such &i. Taking Cp7. < 1 as in Theorem 4.7,
we obtain (5.49) from (4.17). O

Notice that Theorem 2.9 is a direct corollary of Theorem 5.6 and
Lemma 5.3.

An analogous assertion is proved in [7] for parameter-dependent equa-
tions of the form (2.1) with F(U) = F(U, p).

The following theorem shows that any multi-wavepacket solution to
(4.6) yields a solution to the wavepacket interaction system (5.5).

Theorem 5.7. Let ti(k, 7) be a solution of (4.6). Assume that t(k, 7)
and h(k) are multi-wavepackets with nk-spectrum S = {(n;, k), 1=1,...,
N} and regularity degree s. Let also U;, 9 = U;, » be defined by (5.1). Then
Wi 9k, 7) = W, 91l wi(k,7) is a solution to the system (5.5) with h(k)
replaced by h'(k,T) satisfying

[h(k) — B'(k, 7)1 < CB*, 0< 7 < 7, (5.50)
and, if W9 are solutions of (5.5) with original h(k), then

[Wi,9(k, 7) =Wl <CB°, 0< 7 < T (5.51)

PrOOF. Multiplying (4.6) by ¥;, ¢IL,, ¢, we get

VAVZ,ﬁ = \I/(, ﬁk*iz)nﬂzﬂ}—(ﬁ)(kv T) + qj('vﬁk*il)nnlﬂﬁ(k)v (5 52)
W;ﬂ = \I}('vﬁk*il)nnl,ﬁﬁc .

Since t(k, 7) is a multi-wavepacket with regularity s, we have

la(-,7) —va’(- )| < C.p%,
where W'( Z\Il UKy, )a(e, 7). (5.53)
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Let us recast (5.52) in the form
VAV2719 = \I/('v 19k*il)Hnl7'l9F(W/)(k7 T)
+ U (-, 0k, )T, 9[0(K) + 07 (k, 7)], (5.54)
h'(k,7) = [F(a) — F(&)](k, 7).

Denoting h(k) + h”(k,7) = h/(k, 7), we observe that (5.54) has the form
of (5.5) with h(k) replaced by h'(k,7). The inequality (5.50) follows then
from (5.53) and (4.13). Using Lemma 4.6, we obtain (5.51). O

6. Reduction of Wavepacket Interaction System
to an Averaged Interaction System

Our goal in this section is to substitute the wavepacket interaction system
(5.5) with a simpler averaged interaction system which describes the evolu-
tion of wavepackets with the same accuracy, but has a simpler nonlinearity,
and we follow here the approach developed in [7]. The reduction is a
generalization of the classical averaging principle to the case of continuous
spectrum, see [7] for a discussion and further simplification of the averaged
interaction system. In the present paper, we do not need the further sim-
plification to a minimal interaction system leading to a system of NLS-type
equations which is done in [7].

6.1. Time averaged wavepacket interaction system.

Here we modify the wavepacket interaction system (5.5), substituting its
nonlinearity with another one obtained by the time averaging, and prove
that this substitution produces a small error of order p. As the first step, we
recast (5.5) in a slightly different form by using the expansions (5.15), (5.29)
together with (5.33) and (5.34) and writing the nonlinearity in Equation
(5.5) in the form

@('77-91(*1’1)1_-[711,19?("7-)
= YD U ka)E) G (W), X= (100, (6.1)

meEMp XcAm

(m) e _ (m) X )
F e T m) = F L foay o %067 iy ey (6:2)
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with ]-"( )ﬁ g as in (4. 22) and 7i(1) as in (5.31), and we call }"( 1)95()\)( 5)a

decorated monomial F™ 19 ) evaluated at wy. Consequently, the wavepacket
ng,

interaction system (5.5) can be written in the equivalent form

Wi = Z Z (-, 9k.s,) f(m) g(X)(‘X'X) + U(-, 0K, ), oh,
mEMr Xenm (6.3)
l=1,...N, ¥ = +.

The construction of the above-mentioned time averaged equation reduces
to discarding certain terms in the original system (6.3). First we introduce
the following sets of indices related to the resonance equation (3.24) and
Q,, defined by (3.23):

Ay = {X= (@0 € A7+ (0, m, %) = 0}, (6.4)
and then the time—avemged nonlinearity Fav by
(m) =
Favaa (W)= D Fl Fily= 30 F) e (), (6.5)
meMp )\EAZLl 9

(m)
where ]—'nm &5 are defined in (6.2).

Remark 6.1. Note that the nonlinearity ]—"é:,n 2”)19(\7v) can be obtained

from ]:T(L:n% by an averaging formula using an averaging operator Ar acting
on polynomial functions F : (C2)N — (C2)V as follows:

T
1 Cicos
(ArF)jc = T/e et
0
x Fjc(eruy e ity o eV iy e TN Ty ) dt. (6.6)

Using this averaging, we define for any polynomial nonlinearity G : (C2)
(C%)N the averaged polynomial

Gav,jc(@) = lim (A7G);¢(d@). (6.7)

If the frequencies ¢; in (6.6) are generic, Gay (@) is always a univer-
sal nonlinearity. Note that Fay n, (W) defined by (6.5) can be obtained
by formula (6.7), where Ar is defined by formula (6.6) with frequencies
©;j = wn, (ksi;) (it may be conditionally universal if the frequencies ¢; are
subjected to a condition of the form (6.22), see the following subsection for
details, in particular for definitions of universal and conditionally universal
nonlinearities).
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Finally, we introduce the wave interaction system with time-averaged
nonlinearity as follows:
V1,0 = U(-, 9Kai,) Faviny,0 () + U (-, 0K, )L, oh, 1=1,...N,9 = £. (6.8)
Similarly to (5.7) we recast this system concisely as
V= Favu(¥) +h,. (6.9)
The following lemma is analogous to Lemmas 5.1, 4.5.
Lemma 6.2. The operator Fay v (V) is bounded for bounded v € E*N

Fav,w(0) = 0. The polynomial operator Fay w(V) satisfies the Lipschitz
condition

| Fav,w (V1) — Fav,w (Vo) || g2y < CTi|| V1 — Vo pon (6.10)

where C' depends only on Cy in (3.11), on the power of F and on ||V1|| gz~ +
([V2 || g~ , and, in particular, it does not depend on 3, o.

From Lemma 6.2 and the contraction principle we obtain the following
theorem similar to Theorem 5.2.

Theorem 6.3. Let |hy| gov < R. Then there exists Ry > 0 and 7, >
0 such that Equation (6.9) has a solution v € E*V satisfying ||V|| p2n < R,
and such a solution is unique.

The following theorem shows that the averaged interaction system
introduced above provides a good approximation for the wave interaction
system.

Theorem 6.4. Let ¥;9(k,7) be the solution of (6.8), and let
wi9(k,T) be the solution of (5.5). Then for sufficiently small 3 ¥ 9(k, T)
is a wavepacket satisfying (5.10), (5.11) with W replaced by V. In addition
to that, there exists By > 0 such that

||{71719 —VAVlﬂgHE g OQ, | = 1,...,N, Y= :|:7

6.11
Jor0< o<1, 0< < fo. (6.11)

ProOF. Formulas (5.10) and (5.11) for ¥; y(k,7) follow from (6.8). We
note that W is an approximate solution of (6.8), namely we have an estimate
for Dy, (W) = W — Fav,w — hy which is similar to (5.17), (5.18):

[ Dy (W)|| = [|[W — Fayw — D gen <Cp if0<0<1,8< 8. (6.12)

The proof of (6.12) is similar to the proof of (5.22) with minor simplifications
thanks to the absence of terms with ¥,,. Using (6.12), we apply Lemma
4.6 and obtain (6.11). O
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6.1.1. Properties of averaged nonlinearities. In this section, we dis-
cuss elementary properties of nonlinearities obtained by formula (6.5). A
key property of such nonlinearities F} ¢ is the following homogeneity-like
property:

ijc(eigaltul,-iﬂ eii(‘oltul,—7 L) ei(PNtuN,-H eii(PNtuN,—)

icost (6.13)
=e>"7 Fj7<(u1+,u1,,...7uN+,uN,).

The values of ¢;, i = 1,... N, for which this formula holds depend on the

resonance properties of the set S which enters (6.5) through the index set

Affﬁ. First, let us consider the simplest case, where ; are arbitrary. An

l
example of such a nonlinearity is the function

Foc(ui y,un,— ug y,uz, ) = uy pug, Uz .

We call a nonlinearity which is obtained by formula (6.5) with a universal
resonance invariant set S a universal nonlinearity.

Proposition 6.5. If F ¢ is a universal nonlinearity, then (6.13) holds
for arbitrary set of values p;, i =1,...,N.

PrOOF. Note that the definition (6.5) of the averaged nonlinearity es-
sentially is based on the selection of vectors X = ((¢',1'),...,(¢C"™) 1,,)) €
Alr 5 as in (6.4), which is equivalent to the resonance equation (3.24) with

l
n = ny, ( = 9. This equation has the form

N
—Cwn(Kaw) + Y drwi(Kur) =0 (6.14)
=1
with
N
ke = —( ) Gk, (6.15)
=1

where 6, are the same as in (3.26). If X € AT and

L
GVX = (W)\l .. -‘X’Am) = (WC/Jl .. .‘x’q(nz)Jm)
it o iy
= (6 i« WllVC/Jl ... € i« ¢lmV<(m)7lm)’
then, using (6.2) and the multi-linearity of 7(™) we get

(m) ) — o i (D p(m) <.
F oy (Ws) = 1 0.8 (V5)
and
m N

> Do, = dir, (6.16)
=1

Jj=1
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where §; are the same as in (3.26). If we have a universal solution of (6.14),
all coefficients at every w;(ky;) cancel out (w,, (k. ) also equals one of w;(ky;),
namely wp(Kix) = wn, (Kir,)). Using the notation (3.26), we see that
a universal solution is determined by the system of equations on binary
indices

=3 W=01#15, 6,= Y ¢W=¢ (6.17)
JET() JE1(Io)

Obviously, the above condition does not involve values of w; and hence if
d1, ¢ correspond to a universal solution of (6.14), then we have the identity

N
—Cpr, + 2514;?1 =0, (6.18)
=1
which holds for any (p1,...,¢n) € CV. O

Consider now the case, where the nk-spectrum S is resonance invari-
ant, but may be not universal resonance invariant. Definition 3.8 of a reso-
nance invariant nk-spectrum implies that the set P(.S) of all the solutions of
(3.24) coincides with the set Py (S) of internal solutions. Hence all solutions
of (6.14), (6.15)) are internal, in particular k.. = Kuz,, wn (Kux) = wny (Kary )
with some Ij.

If we have a nonuniversal internal solution of (6.14), w;(k.;) satisfy
the following linear equation:

N

N
Cwngy (Kery) + > S1wi(ka) =0, CKugy + Y 61Kur =0 (6.19)
=1 =1

where at least one of b; is nonzero. Note that if (6.19) is satisfied, we have
additional (nonuniversal) solutions of (3.24) defined by

S W=s, 140, Y W =¢+a,. (6.20)

Jei=1() JEI=1(Io)

Now let us briefly discuss properties of Equations (6.20). The right-hand
sides of the above system form a vector b= (b1,...,by) with by = &, 1 # I,
and by, = ¢ + dz,. Note that [ = (l1,...,ly) is uniquely defined by its level
sets [1(1). For every [ the number 8,; of positive () and the number J_,;
of negative ) with j € lil(l) in (6.20) satisfy the equations

6p1—0 =0, 6406 ="11), (6.21)
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where |I71(I)| = ¢ is the cardinality (number of elements) of I~1(1). Hence
841,0_; are uniquely defined by &;, |I~1(1)|. Hence the set of binary solutions
¢ of (6.20) with a given b and a given [ = (I1,...,1,,) is determined by sub-
sets of lil(l) with the cardinality 64; elements. Hence every solution with
a given b and a given [ can be obtained from one solution by permutations
of indices j inside every level set lil(l). If b is given and the cardinali-

ties [I(1)| = ¢; are given, we can obtain different [ which satisfy (6.20)
by choosing different decomposition of {1,...,m} into subsets with given
cardinalities ¢;. For given b and ¢ = (c¢1,...,¢,,) we obtain this way the set

(may be empty for some b, &) of all solutions of (6.20). Solutions with the
same b and ¢ we call equivalent.

When for a given wavepacket there are several nonequivalent nonuni-
versal solutions, the number of which is denoted by N., we obtain from
(6.19) a system of equations with integer coefficients

N
Zbuwz(k*z) =0,i=1,...,N,, (6.22)
=1

and solutions to (3.24) can be found from
Z = by i, for some i, 0 <1 < N, (6.23)
JEF1 (1)
where to include universal solutions, we set b; g = 0.

Hence when a wavepacket is universally resonance invariant, we con-
clude that all terms in (6.5) satisfy (6.17). Since (6.18) holds, we get (6.13)
for arbitrary (p1,...,¢n) € CV. If the wavepacket is conditionally univer-
sal with conditions (6.23), then,using (6.16) and (6.23), we conclude that
(6.18) and (6.13) hold if (¢1,...,¢n) satisfy the system of equations

N
sz,wz =0,i=1,...,N,. (6.24)
=1

Now we wold like to describe a special class of solutions of averaged
equations. The evolution equation with an averaged nonlinearity has the
form

a-,—Uj7+ = 0 Ej(—IV)Uj7+ + Fj)+(Ul7+7 UL,7 ey UN)Jr7 U]\]ﬁ)7

i . 2
aTUjv_ - Qﬁj(lv)UJW‘r + F‘7_(U17+7 Ul,—a sy UN,+7 UN,—)a (6 5)

j=1,...,N,
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where £(—iV) is a linear scalar differential operator with constant coeffi-
cients. The characteristic property (6.13) implies that such a system admits
special solutions of the form

Ujc(r,m) = e 97/V; (1), (6.26)
where Vi ¢(r) solve the time-independent nonlinear eigenvalue problem
—ip; V4 = —1L;(—=iV)V; 4 +oF; s (Vi 4, Vi, .., Vs, Vo),
ip; Vi - =1L,;(iV)V 4 + oF; - Vi, Vi—,.... VN4, VN,—), (6.27)
j=1,....,N.

6.1.2. Examples of universal and conditionally universal nonlin-
earities. Here we give a few examples of equations with averaged nonlin-
earities. When the multi-wavepacket is universal resonance invariant, the
averaged wave interaction system involves NLS-type equations.

Example 6.6. The simplest example of (6.25) for one wavepacket
(N =1) and one spatial dimension (d = 1) is the nonlinear Schrédinger
equation

i i .
8TU1,+ = — a26§U17+ — a0U17+ + alawUl,Jr — 1qU1,,U127+7
1Q iQ (6.28)
0-Uy,- = agaﬁUj7, + aoUi,— +a10;U; - + iqU1,+U12_.
o o ’

Note that, by setting y = x + a17/0, we can make a; = 0. Obviously, the
nonlinearity

Fe(U) = —iCqU, Ut ¢
satisfies (6.13):
iCqe P Uy _ (€91 U, ¢)? = eP1iCqUy,—¢(Ur ¢)?.

The eigenvalue problem in this case takes the form

ip1 Vi 4 = —1a202Vy 4 —iaoVi 4 + @10,V 4 — quV17J/12,+, (6.29)

—ip Vi - = iagaﬁVj,, +iagVi— +a10, V1, + ing17+V127_. '
If a; = 0 and we consider real-valued V; + = Vi _, we obtain the equation

(p1+a0)Vi,y = —a202Vi 1 — 0qV7

or, equivalently,

+ a a
(e 0)V1,+ + QZ@%VLJF + V137+ =0.
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If
2= 0, (1 +ao)
oq oq
the last equation takes the form
V14 + B2V + VP =0
with the family of classical soliton solutions

b
Vi =212 :
b cosh(b(z — m)/c)

Note that the norm of the Fourier transform ||[V; y||,1 = Cb, where C' is an

=-b? <0, (6.30)

absolute constant. Hence to have V; ; bounded in L! uniformly in small o
according to (6.30), we should take 1 = —ag — b?pq with bounded b.

If the universal resonance invariant multi-wavepacket involves two
wavepackets (N = 2) and the nonlinearity F is cubic, i.e., Mp = {3},
the semilinear system PDE with averaged nonlinearity has the form

Uz, 4 = —iLy(iV)Uz 4 + Uz 1 (Q2,1,4 U1 4. U, - + Q224U 1 Uz ),

WUz, =iLy(—iV)Uz, - + Uz, (Q2,1,-U1,4 U1, + Q2,2,-Us, 1 Us ),

OUL+ = =il (iV)U1 4 + Ur, +(Q1,1,4+U1,+ U1 - + Q1,1,4U2,+ Uz ),

UL, =il (—iV)Ur,— + Uy —(Q1,1,- Ui 4+ U - + Q1,1,-Us 4 Us ).
Obviously, (6.13) holds with arbitrary o1, ¢a.

Now let us consider quadratic nonlinearities. In particular, let us
concider the one-band symmetric case wy, (k) = w1 (k) = w1 (=k), i.e., J =1,
Mp = {2}, and m = 2. Suppose that there is a multi-wavepacket involving
two wavepackets with wavevectors ki1, k., i.e., N = 2. The resonance
equation (3.24) takes now the form

—Cw1(Ckut, + Katy) + Cwi(kag,) 4 ¢ wi (k) = 0, (6.31)

where l1,1lo € {1,2}, (,{’,¢" € {—1,1}. All possible cases, and there are
exactly four of them, correspond to the four well-known effects in the
nonlinear optics: (1) I = la, ¢/ = ¢” and ¢’ = —¢” correspond respectively
to second harmonic generation and nonlinear optical rectification; (ii) iy #
la, ¢ = ¢("and ¢’ = —(" correspond respectively to sum-frequency and
difference-frequency interactions.

Let us suppose now that k., k.o # 0 and wq(ks1) # 0, wi(ksa) # 0,
where the last conditions exclude the optical rectification, and that k,; # 0
and Kky;, 2Kk, 0, k1 + ko are not band-crossing points. Consider first the
case, where the wavepacket is universally resonance invariant.
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Example 6.7. Suppose there is a single band, i.e., J = 1, with a
symmetric dispersion relation, and a quadratic nonlinearity F', i.e., Mp =
{2}. Let us pick two points ks and k.o # £k, and assume that k,; # 0
and k,;, 2k,;, 0, £k, + k.o are not band-crossing points. Assume also
that (1) 2wi(kei) # w1(2ks;), 4,74,0 = 1,2, so there is no second harmonic
generation; (i) wi(ks) + wi(kse) # wl( «1 £ ki2), (no sum/difference-
frequency interactions); (iii) w1(0) # 0, w;(ks1) £ wi(ks2) # 0. Let set
the nk-spectrum be the set S1 = {(1,k.1), (1,ks2)}. Then S; is resonance
invariant.

In this case, (6.31) does not have solutions. Hence A} ; = @ and the
averaged nonlinearity equals zero.

Now let us consider the case, where the wavepacket is not universal
resonance invariant, but conditionally universal resonance invariant. In the
following example, the conditionally resonance invariant spectrum allows
for the second harmonic generation in the averaged system.

Example 6.8. Suppose there is a single band, ie., J = 1, with a
symmetric dispersion relation, and a quadratic nonlinearity F', i.e., Mp =
{2}. Let us pick two points k,; and k,s such that k.o = 2k,; and assume
that k,; # 0 and k., 2k,;, 0, tk,; + ks are not band-crossing points.
Assume also that (i) 2wi(ks1) = wi(2ks1) (second harmonic generation);
(i) wi(ki1) £ wj(kso) # wilksr £ kio), 4,75,0 = 1,2 (no sum-/difference-
frequencies interaction); (iii) wi(0) # 0, w;(ks1) £ wi(ks2) # 0. Let set
the nk-spectrum be the set S = {(1,ks1), (1,k.2)}. Then S is resonance
invariant. The condition (6.19) is takes here the form

2w (ki1) —wi(ki2) = 0, 2ki1 —kio =0,
and the condition (6.24) turns into
2w1 (ky1) — wi(ksa) = 0.
The wavepacket interaction system for such a multi-wavepacket has the form

0:Us + = —iLa(iV)Us  + Q2,2+ U1 + Ui 4,
OUs,— = iLo(—iV)Us - + Q22 Ur _Un —,
B4 = —iLy(iV)U1s + QuosUs s Uy,
Uy - =il (—iV)U1 - + Q12U Uy 4.
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6.2. Invariance of multi-particle wavepackets.

The following lemma shows that particle wavepackets are preserved under
action of certain types of nonlinearities with elementary susceptibilities as
n (4.20). In the following section, we show, in particular, that universal
nonlinearities are composed of such terms.

Lemma 6.9. Let the components Wi, c = Wy, of Wy =Wy, ... Wy,
be particle-like wavepackets in the sense of Definition 2.2, and let

(m) ~ .
Fnl,ﬁ,E(X)(WA) be as in (6.5). Assume that
Wik, ) =0if [k—Ckas| >8'7°, (==, i=1,...,m.  (6.32)

Assume that the vector index X € Am 9 is such a vector which has at least
one component \; = ((;,1;) such that

Vwn, (ka) = Vn,, (Kat;)- (6.33)
Then for any r, € R?

—ir.k 1—¢ (M)
9™ "R R, 890 F) o )l

i k@)
<O ||Vke ir.k Jle ”EH ||Wl_7'7<j ||E'
i#]
B\ M
+Cry (@—1+s+ ) H||le7<j||E, (6.34)
o /3
where C' does not depend on r,. and small 3, 0.

ProoF. Note that
r.k=r, (kK +...+kM).
We have by (4.22)

Vkefir*kfiréﬁd)( Vk/ /exp 1g0 0.0k, k) }

[y ' 7r]2d
X \I/eiir*kx(ni)(k, k')wll,{’ (k ) e Wlm,C(m)( m) (k7 E)) a(mil)dEdTl. (635)
Without loss of generality, we assume that in (6.33) I; = [, (the general

case is reduced to this one by a re-enumeration of variables of integration).
By the Leibnitz formula,

—ir,k (m) = _
ViWe TEET s (Wl T) = L+ I+ I, (6.36)



Particle-Like Wavepackets 115

where
I = Vi exp {igp (kB - ir*k}xyx“@(k k)oK
0.0\ 0.0
0 [ m)(m—1)d
—ir k(™)

xwi, o (K)...e wy, com (K™ (k, B))d™ D edr

I = / / U exp {i%f(k, W™ —ir*k}
0 [—7,7](m—1)d ¢
— m 7 —ir.k’ —ir, k(™)
X (Vi e, 890 (I, B)) e M w, o (K) ek
x wy com (K™ (k, k))d™ Dy,

I3 —/ / exp 1<p9 ik, k) —ir, }\I!Xé"?(k, k)e ik
[_ﬂ- ﬂ. (Tn 1)d
x Wi, (K)o Vie R 0B w ) (K0 (i B)))A Dy,

7n)

Since w; ¢ are bounded, we have
—ir, [€))] : . .
le™ ™ Wy o (K91 < [wy, con (K9 < C1y j=1,...,m. (6.37)
Using (4.8) and (6.37), we get

m —ir, k(™)
AR )||H||wl],<<]>||E / [Vie mK Ry lpdr. (6.38)
Jj=1

From (6.37), (2.25), (3.13) and the smoothness of W (k, k., 317%) we get
|| < Cof™ e [T Iwi, e (6.39)
j=1
Now let us estimate I;. Using (4.23), we obtain

T

]

0 [_ﬂ.yﬂ.](nl—l)d

x Tgl [ = 0Viwn, (k) + (™ Viwn,, (k™ (k, k)]

exp {igpef(h 12)7; }]

X xé’f? (k, k)ywi, oo (K) ... Wy com (K™ (K, k))A™ D¥dr. (6.40)
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The difficulty in the estimation of the integral I; comes from the factor 7 /o
since ¢ is small. Since (6.32) holds, it is sufficient to estimate Iy if

k) — ¢Wk,, | < 57 for all j. (6.41)
According to (3.18), since X € A . we have
k"™ (Kup, ki) = Ky, -
Hence, using (6.33) and (4.23), we obtain

—

Vitg e (Kany» F) = [=0Vicwn, (Kan,) + ¢ Viewn, (KT (Ko, K2 )))] =0.
(6.42)
Using (3.2), we conclude that, in a vicinity of k. defined by (6.41), we have
t][~0Viw(k) + ™ Viw(k™ (k, k))]| < 2(m + 1)Cy 265
This yields the estimate
|| < C38' ¢ /o. (6.43)
Combining (6.43), (6.39) and (6.38), we obtain (6.48). O

We introduce a (-dependent Banach space E' of differentiable func-
tions of variable k by the formula

Wl g1y = B4 Viele ™ W) | + || W] - (6.44)

We use for 2N-component vectors with elements w;(k) € E? the following
notation:

w(k) = (wi(k),...,wy(k)),
r, = (I'*l, ey I‘*N)7 Wl(k) = (Wi7+(k)7 Wiy_(k))7 (645)
e TG (k) = (e T kwy (k), ..., e TV Rw (K)),
Similarly to (5.6) we introduce the space (E1)?M(¥,) with the norm
1% mryew ey = D IWeoll et (e- (6.46)
1,9

The following proposition is obtained by comparing (6.44) and (2.33).

Proposition 6.10. A multi-wavepacket W is a multi-particle one with
POSItIONS Ty1,. .., T«n if and only if

Wll(g1y2n ) < C,

where the constant C' does not depend on 3,0 < 5 < 1/2, and T..
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In view of the above, we call E'(r,) and (E')?V(%,) particle spaces.
We also use the notation

\:[12‘;(’5: = (\Il(v k*l1aﬁ178/2)w>\1 PR \I}(v k*lmvﬁlie/2)w)\m)’

F1'(LTLV,L’()9,X7\112(€VW) - ( *l;ﬁl 6) -'(X)(\I}2V-(7X)

Lemma 6.11. Let w,v € (E1)*N(F,) and ,7-'( 1)9€X)( 5) be as in
(6.5). Assume that the vector index Xe AT g s such a vector which has at
least one component A\; = (¢;,1l;) with l; = 1. Assume that (1.9) holds
and V(- Ky, 51 7°) is defined in (2.25). Let |W|| g1y~ g,y < 2R. Then

[Fag

) o)) < OTall ] E)2N||w||<E1>w< ) (6.47)

where C' does not depend on §, 0 < f < 1/2, and on Ty, ry and T. is
defined by (6.45). If |[V||(g1y2~(z,) < 2R the following Lipschitz inequality
holds:

[F g, () = F o Dmiry < CTull& = ¥ move,).  (648)

where C' does not depend on 3, 0 < < 1/2, and on ¥y, ry.
Proor. Note that Wowy and WoVs are wavepackets in the sense of

Definition 2.2. To obtain (6.47), we apply the inequality (6.34) and use
(1.9); for the part of the E*-norm without k-derivatives we use (4.10). Using

multilinearity of ]:T(L 1)9 Swy Ve observe that
Ly 2
(m) =\ _ r(m) =
’I’LL,’(9 X ,Wo (w) fnl7197xx\D2 (V)
— Z m,i? )\ O, W>\17° . .,W)\j - V)\j7V)\j+1, ce 7V)\m). (6.49)

We can apply to every term the inequality (6.34). Multiplying (6.34) by
e and using (1.9), we deduce (6.48). O
Now we consider a system similar to (6.8),
V1.0 = Favwang,0(¥) + (o, 0k )Ly, oh, 1=1,...N,9 =+,  (6.50)
where Fuy,w.n,,9 is defined by a formula similar to(6.5):

Fovamo(@) = > FU Fil= >0 FM @) (651)

meMp XeAm 9
nys
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The system (6.50) can be written in the form similar to (6.9)
V = Fav,u,(¥) + hy. (6.52)

Theorem 6.12 (solvability in particle spaces). Let the initial data
h in the averaged wavepacket interaction system (6.52) be a multi-particle
wavepacket fl(ﬂ, k) with the nk-spectrum S as in (2.39), reqularity degree s,
and positions vy, | =1,...,N. Let ||B||(E1)2N(f*) < R. Assume that S is
universally resonance invariant in the sense of Definition 3.8. Then there
exists Ty > 0 which does not depend on Ty, 3, and o such that if T < Tes,
Equation (6.52) has a unique solution v in (EY)?N(¥,) such that

IVIl(g1yen ) < 2R, (6.53)

where R does not depend on 9,3, and ¥.. This solution is a multi-particle
wavepacket with positions ry;.

PROOF. Since S is universally resonance invariant, every vector index
X € A7 o has at least one component \; = ((j,1;) with [; = [. Hence
Lemma 6.11 is applicable and, according to (6.48), the operator Fuy v,
defined by (6.51) is Lipschitz in the ball [[V|| g1y~ s,y < 2R with a Lip-
schitz constant C’7,, where C’ does not depend on g, 3,, and T,.. We choose
Tex S0 that C'7y < 1/2 and use Lemma 4.6. According to this lemma,
Equation (6.52) has a solution v which satisfies (6.53). This solution is a
multi-particle wavepacket according to Proposition 6.10. (]

Theorem 6.13 (particle wavepacket approximation). Let the initial
data b in the integral equation (2.14) with solution (r, 5;k) be an multi-
particle wavepacket ﬁ(ﬁ, k) with the nk-spectrum S as in (2.39), regularity
degree s, and positions vy [ =1,..., N, and let the components of fl(ﬁ,k)
satisfy the inequality ||f1||(E1)2N(;*) < R. Let 7 < Tyw. Assume that S is
universally resonance invariant in the sense of Definition 3.8. We define
(7, B;k) by the formula

N
V(r,B:k) =YY wo(r.Bk), I=1,....N, (6.54)
=1 ¢=+
where ¥y 9(7, B;K) is a solution of (6.8). Then every such vi(k;7,03) is a
particle-like wavepacket with position r. and
[ Sup [a(r, B;k) — ¥(7, B: k)|l < Cro+ C2f°, (6.55)
where the constant Cy does not depend on o, s, and 3 and the constant Cy
does not depend on o, 3.
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PROOF. Let v € (E')2N(F,) be the solution of Equation (6.52) which
exists by Theorem 6.12. It is a particle-like wavepacket. Note that

\Ij('a k*l“61_5/2)\11(-71{*11’[31_6) = qj('7k*llaﬂ1_s)
and a solution of (6.52) has the form ¥, (7, 3;k) = V(- ky, 379)[.. .

. ~ o~ . . (m) ~
Consequently, for such solutions Wov; = vy the nonlinearity }—m, 950 (V)

coincides with the equation ¥(-, k;, 5175)7:(7“39 &0 (v5) and Equation (6.50)
ny,v,
coincides with (6.8). Hence ¥ is a solution of (6.8). The estimate (6.55)

follows from the estimates (6.11) and (5.49). O

Now, we are able to prove Theorem 2.10.

Corollary 6.14 (proof of Theorem 2.10). If the conditions of Theorem
2.10 are satisfied, the statement of Theorem 2.10 holds.

Proor. Note that the functions v‘vgﬂ(k, T) = U, 91, vl(k,7), 6 = %,
in Theorem 5.7 are two components of @;(7, 8;k) in (2.45). Hence (5.51)
implies that

[y — Wi — Wy || <C'B°, 0< B < B, (6.56)

where Wy » are solutions to (5.5). According to (6.11), if ¥; 9(k, 7) is the
solution of (6.8), we have

V19 —Wiolle <Co, I=1,...,N; 0 ==+ (6.57)
Hence
G — V14 — ¥, |lg < Co+C'B°, 0 <3< Po. (6.58)

This inequality implies (2.46). We have proved that ¥,y is a particle-
like wavepacket as in Theorem 6.13. The estimate (6.58) implies that @
is equivalent to ¥; = ¥; 4 + ¥;_ in the sense of (2.42) of degree s; =
min(s, sg). O

7. Superposition Principle and Decoupling
of the Wavepacket Interaction System

In this section, we give the proof of the superposition principle of [8] which
is based on the study of the wavepacket interaction system (6.8). We
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show that when we omit cross-terms in the averaged wavepacket interac-
tion system, the resulting error is estimated by ﬁﬁg [ln G|, i.e., compo-
nent wavepackets evolve essentially independently and the time averaged
wavepacket interaction system almost decouples.

Let  Fayn,,0 be defined by (6.5), and let a decoupled nonlinearity
Fav,ni,0,diag e defined by

Favn0.diag(W) = Fm, 77(:,739@1%(‘7")

meMp

_ (m) =

- Zd, Fo o (W3 (7.1)
AEATE

ny,9

where the set of indices AZ’%iag is defined by the formula

AT = {X=([L0) e Ayl =1, j=1,....m}. (7.2)
Note that Fﬁ:’?}miag in (7.1) depends only on w;  and w; _:
FU) tiag (%) = Fyl (W), wi = (wi o, wi ). (7.3)

The coupling between different variables v; in (6.8) is caused by nondi-
agonal terms

Favni9,coup(W) = Fav,ng,0 (W) — Fav,ng,0,diag(W)- (7.4)
Obviously, Equation (6.9) can be written in the form
V = Favw.ding(V) + Fav.w.coup(¥) + by . (7.5)
The system of decoupled equations has the form
Vdiag = Fav, v, diag(Vdiag) + h, (7.6)
or, when written in components,

Vdiag,l = Fi\??\)lhdiagl(vdiagvl) + h\p,zal =1,...,N. (7.7)

We prove that the contribution of Fuy w coup int (7.5) is small. The proof is
based on the following lemma.
Lemma 7.1 (small coupling terms). Let ]:(m; ) (Wy) be as in (6.5),
ny,v,
let all the components wy, of Wy satisfy (6.32) and be wavepackets in the
sense of Definition 2.1, and let (1.9) hold. Assume also that: (i) the vector
index X has at least two components N; = (Ci,l;) and Ajo= (¢, 1) with
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li # lj; (i) both wy, and wy,; are particle wavepackets in the sense of
Definition 2.2; (iii) either (2.51) or (2.54) holds. Then for small 8 and o

m ~ 0
1F Ty <O p . I f. (7.8)
n;,9,E(X) 5

PRrROOF. Since k,; are not band-crossing points, according to Definition
3.1 and Condition 3.2 the inequalities (3.2) and (3.13) hold. According to
the assumption of the theorem, at least two W, are different for different
j. Let us assume that [, = li, l;, = L, l1 # I, (the general case can be
easily reduced to this one by relabeling variables). Since w;,and w;  are
particle wavepackets, they satisfy (2.33) with r replaced by r;, and ry,,
respectively. Let us rewrite the integral with respect to 71 in (4.22) as

(m) W — s e YT A (m) e G (m—1)d T
Fnlvﬂvg(X) (WA)(k’ T) / / <P {1(,0<7<(k, k) % }AC‘:‘ (k’ k)d dela
0D
(7.9)
where
A (i ) = X Fyw, () v, (7)), (7.10)
and then rewrite (7.9) in the form

(m) = _ (m)
fm,ﬁ,f(i) (w)\)(kv T) = JTQQT (VV[1 . Wlm)(k7 T)

://expw(k, k71, 0,v1,,10, ) Ak, K1y, g, )d T DEd (7.11)
0 Dy,

where

engo(k7 Ea T1,0,Y, rlm) = €xXp {upC 5(k7 E) n - irllk/ - irlm k(m) }a
’ 0

Ak, 1y, 10,) = ei‘"llk/ei”mk(m)Aé"? (k, k). (7.12)
According to (3.10), k(™ (k, k) = k — k' — ... — k(™= Hence, picking a
vector p with a unit length, we obtain the formula

- - Vi ex k,E,T, Ty, Ty
eXP¢(k, k.mi,0,11,,10,) = oD pwf b0 E Ty ) (7.13)
i[p-Viep, sk k)1 —op - (r;, —10,,)]
If we set
¢ = Viep, #(ke, k) = View(('kL) — Vi w(CmKm™), (7.14)

p=p-¢,qp=0p"(r, —11,),
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pT1 — dp)

o (C
90(k7k7977'1) = -
p- Vo, ek k)m —p-(r, —10,)]

7 (7.15)

then (7.13) can be recast as

op - Vi eXPW(ka k7 T1, 0,1y, rlm)

) 0o(k, K, 0,71).
I(CpTl_qP) of &)

eXp(p(k7 Ea T1,0,T, rlm) =

(7.16)
If (2.51) holds, then ¢ # 0, and to get |c,| # 0, we can take
~1
p=Il¢l ¢ el =po>0. (7.17)
If (2.54) holds, we have ¢’ = 0, and we set
p = (v, —r,)| " (i, — 1) (7.18)

Let consider first the case, where (2.51) holds. Notice that the denominator
in (7.16) vanishes for
o= . (7.19)
Cp
We split the integral with respect to 7; in (7.11) into the sum of two
integrals, namely

Fé?(wll coowy, (k) = Fy + Fo, (7.20)

-

I = /eXp@(kavahQ’rll’rlm)
‘T10,7—1|20061*E|1n6‘ D,

X A(k7 /;7 r;,,r, )a(mil)d/;dTh

-

Iy = /eXp@(kavahQ’rll’rlm)
‘T10*71|<006175|1n6‘ D,

X A(k7 /;7 r;,,r, )a(mil)d/;dTh

where ¢g is a large enough constant which we estimate below in (7.28).
Since w; are bounded in E and (2.48) holds, we obtain similarly to (4.10)
the estimate

o|ln |

1B < Ceo8 = I B| [T Iwi, |2 < Ca(R) gite -

Jj=1

(7.21)
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To estimate the norm of Fy, we use (7.13) and integrate by parts the
integral in (7.20) with respect to k’. We obtain

F1 = / I(k, Tl)dTl, (722)

[T10—71|=8~¢|In G|

R
U i(cpm1 — 04p)
Dnz
X p- Vg [eoA(k, E, r;, I‘lm)] &(m‘l)d/?,

According to (7.10) and (3.10), the expansion of the gradient Vy in the

k k(™)

. . . 1 ’ N
above formula involves the derivatives of x, 6y, 1% w;, and e™'m W

To estimate 0y and V6,, we note that

m*

/
R o —
90(k7k7g77-1) = , (p o qp) e ’
(P91 —q) + 1P Vg, ¢k, k) — ¢]
1

_ ) . (1.23)
1+ 7p- [V z(k k) —¢']/(cpm1 — qp)

Since |10 — 71| = 0B [In B, from (7.19) we infer
lepT1 — qp| = cpcoBt | In . (7.24)
From (6.32) we see that in the integral (7.22) the integrands are nonzero
only if
KO — ¢CORP | < moB8, [k — (k.| < mmote, (7.25)

where 9 < 1. Using the Taylor remainder estimate for Vk/goC ¢ at I;*, we
obtain the inequality

Ve, ek k) — ¢| < 2mCy 2. (7.26)
Hence in (7.23)
71D+ [View ok, ) = &)/ (em1 — ay)] < 2mr.Cuz/(cyeol mBI).  (7.27)
Suppose that 5 < 1/2 is small and ¢y satisfies

mT*Cw72 mT*Cw72
Ingl =  In2

Then it follows from (7.23) with the help of (7.28), (3.2), (7.24) and (7.27)
that

1
< lepleo. (7.28)

100(k, k. 0,71)] < 2. (7.29)
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Obviously,
_Tlvk/[ (vk’@q C( E) - 30/)]

(epm1 — @)1+ 71P- [Vie g 2k, F) =]/ (cpm1 = q)]*
(7.30)

Viebo(k, k, 0,71)=

Using (7.27), (7.28), and (3.2), we obtain

4 - 47'*6’0J 2
Vi Vi, =k, k)— )] < o

- _qp|| p- (Vi gk, k) — )] P
(7.31)

To estimate Vi x, we use (3.13). We conclude that the absolute value of

the integral (7.22) is not greater than

|Vk/90(k ]ﬂ 0, 7'1)|

407.C,,.
I(k, )| < 07+ Co2 /|Ak kg, )dmDeE

IT1ep — gpl?
207 /[|vk,A(k k1, 1y,,)[]dm Vg
men = a5l o
4Cw 20T« 20T
et (7JH+WT o 1T = Tam X0
P
m 2@7—* X(m) 7. ; ,
x [T Iwlles + | e H 1w, [ [ Vacre™ < w, |0
j=1 T1Cp — Gy i
s (m)
+ I Iwill e (1 Vicem e Wm““} (7.32)

j=1

Note that ||w;||11 are bounded according to (2.27) and Vkm)ei”mk(m)wl

Viee™ 1 ¥ w; by (2.33). Hence we obtain

m?

CooB~ 172 C
(k)| < ©29P o (7.33)
T1Cp — dp [T1¢p — Gp]
Obviously,
T«—dp/Cp d
-
|T1ep — qp|_1d7'1 = !
P 1
[T1—qp/cp|ZcoBr 2| In 3] Coﬁl’g\lnﬂ\
1 _
- I G/ (C+|ln[ﬁl | 3[)|)

Cp 6061 €|ln6|

1 1
< [C+|1n5|+|1n|1n5||]< [C +2|In[].
Cp Cp
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Similarly, using (2.48), we get

|T10p — qp|72d7'1

|T1—ap/cp|ZcoBr—¢|In 3|

T« —dp/Cp

1 dn 1 { 1 1
p T2 cp LeoBr e npl T —qp/cp
coB1—=|In |
1 < ng

< < .
cpcoB' | In B~ 71| In G

Hence we obtain for small 3
|77 (wr e (e, 1) < ﬂHE

Now let us consider the case, where (2.54) holds, ¢’ = 0 and p is defined
by (7.18). Turning to expression (7.23), we notice that

[In 3|. (7.34)

1
o — qp = —olr, — 11, |, Telepm — g Tt < 51+5
and, according to (7.26),

Viep ek k) = ¢| < Cu a8

Then we estimate the denominator in (7.23) and (7.30) using (2.54):

b [Vies o005 F) = 1/ (epm — )| < 7. Cun (bt ~ 0, ) <

If 3 is so small that (7.28) holds, we again get (7.29) and (7.31). Hence we
obtain (7.34) in this case as well (in fact, in this case, the logarithmic factor
can be omitted). Finally, we obtain (7.35) from (7.34) after summing up
over all X, f O

Lemma 7.2. Let the nk-spectrum S be universally resonance invari-
ant. Let the operators Fayn, 9(W), Fav.n,,o,diag(V), and Fay n, 9,coup D€
defined respectively by (6.5), (4.7), and (7.4). Let v, ||[Vv|]gy < 2R, be a
multi-wavepacket solution of (6.9) with the nk-spectrum S. Then for small
G and o

[ Fav,ni,9,coup(V) ] v < 61+5 [ In 3]. (7.35)

PROOF. According to (6.5), (7.1), and (7.4), Favn,.9,coup iVOlves only
terms with X € Am’l9 \ A 4198 and it is sufficient to prove the estimate

(7.8) for indices X € ALy \ ALY 928 Such indices involve at least two
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components \; = ((;, ;) and \j = ({j,1;) with ; # [; since the nk-spectrum
is universally invariant, see (3. 26) According to Theorem 6.13, the solution
Vv is a particle-like wavepacket. Therefore, all the components of V5 are
particle-like; (6.32) holds according to (5.11). Hence all the conditions of
Lemma 7.1 are fulfilled and (7.35) follows from (7.8). O

Note now that every equation (7.7) is an approximation of Equation
(4.6) with single-wavepacket initial data h;, namely

y(k, 7) = F(iy)(k, 7) + hy(k). (7.36)

One can apply to this equation Theorems 5.6 and 6.4 formally restricted to
the case N =1 of a single wavepacket. Based on this observation and above
lemma, we prove the following theorem which implies previously formulated
Theorems 2.14 and 2.15.

Theorem 7.3. Assume that the multi-wavepacket h= > hy is particle-
like and its nk-spectrum is universally resonance invariant. Assume also
that either (2.51) or (2.54) holds. Let @ be asolution of Equation (4.6). Let
W be solutions of (7.36). Then the superposition principle holds, namely

Hﬁ—zN:ulH ﬁ1+5|1n5| Ielid (7.37)
=1

PROOF. Let Vgiag,; be a solution of the decoupled system (7.7). We
compare the systems (7.5) and (7.6). The difference between the systems
is the term Fay n,.9,coup(V). According to Theorem 6.12, the solution v is
a particle-like wavepacket and we can apply Lemma 7.2. According to this
lemma, (7.35) holds. Applying Lemma 4.6 to Equations (7.5) and (7.6) and
using (7.35), we conclude that the difference of their solutions satisfies the
inequality

lvi — Vdiag,l”E ﬁlJrE [In G| + B, (7.38)

According to Theorem 6.13, the inequality (6.55) holds, where v is a solu-
tion of (6.9) which can be rewritten in the form of (7.5). From (6.55) and
(7.38) we infer

N
o= > vausa| < C L grye | B+ G (7.39)

=1
Note that Equation (7.7) for Vgiag,; coincides with the averaged equa-

tion (6.9) obtained for the wave interaction system derived for (7.36). There-
fore, applying Theorems 5.6 and 6.4 to the case N = 1 and h = h;, we
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deduce from (5.49) and (6.11) the estimate
[0 — Vaiag,i|| & < Ca0 + C55°. (7.40)
Finally, from (7.39) and (7.40) we infer (7.37). O

7.1. Generalizations.

In this section, we show that the particle-like wavepacket invariance can
be extended to the case, where nk-spectra S are not universally resonance
invariant. So, suppose that an nk-spectrum S is resonance invariant and
consider nonlinearities of the form similar to (6.5)
=\ ( (m) _ (m) ~
Fresmo(W) = > F), Fi) = F e anWs), o (741)

ny,9,6(X)

memF )\EA;” 9

where A’ 9 C An 9 1s a given subset of A™. Obviously, F,, defined by
(6.5) has the form of (7.41) with A}, = A" ;. Let us introduce a multi-
wavepacket

W= (Wny +, Wny,—y o, Wny 4, Wny =) (7.42)
with the nk-spectrum S = {(n;,0), I =1,...,N;0 = +}.

We call a subset S C S sign-invariant if when it has (n;,0) as an
element, then (n;,—60) is also its element. Suppose that S’ C S is sign-
invariant. It is easy to see that if a set S’ C S is sign-invariant, then it
is uniquely defined by a subset of indices I’ = I'(S") ¢ I = {1,...,N},
namely

S' = {(n,0): 1€ I'(S), 6 =+}.

Definition 7.4. We call an index pair (m7 *l) Group Velocity Matched

(GVM) with Fregn, 0 if every nonzero term .7-' 19 0 in the sum (7.41) has

an index X such that for at least one component \; = (Q(j)7lj) of this
index the following equality holds:

Vwn, (k) = Vwmj (kat;)- (7.43)
We call S” a GVM set with respect to the nonlinearity Fres defined by (7.41)
if 8" C S is sign-invariant and every (n;, k) € S” is GVM.

Obviously, if S is universally resonance invariant and Aj, , = A" ; as
in (6.5), then S is a GVM set and, in this case, {; = I as in Definition 3.6. If
S’ C S is sign-invariant, we call a multi-wavepacket W as in (7.42) with the
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nk-spectrum S = {(n;,0),l =1,...,N;0 = £} partially S’-localized multi-
wavepacket if for every (n;,0) € S’ the wavepacket w,, ¢ is a spatially
localized with position r,;. Note that, according to Definition 2.7, if S” = S
and w is a partially S’-localized multi-wavepacket, then it is a multi-particle
wavepacket.

Theorem 2.10 on the particle-like wavepacket preservation can be gen-
eralized as follows.

Theorem 7.5 (preservation of spatially localized wavepackets). As-
sume that the conditions of Theorem 2.9 hold, in particular the initial datum
h = h(B,k) is a multi-wavepacket with an nk-spectrum S. Assume also that
S’ C S is a GVM set, h = h(8,K) is partially S'-localized wavepacket with
positions ., 1 € I'(S"), and (2.47) holds. Then the solution G(r,3) =
G(F(p(B)),h(B3))(1) to (2.14) for any T € [0,7.] is a multi-wavepacket with
the nk-spectrum S and it is an S'-localized wavepacket with positions T,
1 eI'(S"). Namely, (2.46) holds, where W is a wavepacket with the nk-pair
(ny,ke) € S defined by (2.45), the constants C,Cy,Cy do not depend on
r., and every 0y, 1 € I'(S"), is equivalent in the sense of the equivalence
(2.42) of degree s; = min(s, sg) to a spatially localized wavepacket with po-
S1EI0N Ty

PROOF. The proof of the theorem is the same as the proof of Theorem
2.10 since it used only the fact that a universally resonance invariant set
is a GVM one, that allows us to apply Lemma 6.9. One also have to use
the space (E1)2V(¥,,S’) with the norm defined by the formula similar to
(6.46):

IWll(E1yen . ,s) = Z IWeolle + 675> Y (Ve %) 5.
D=+ el (S")
(7.44)
After replacing (F1)*V(F,) with (E1)*V(F,,5’) we can literally repeat all
the steps of the proof of Theorem 2.10 and obtain the statement of Theo-
rem 7.5. U

Below we prove that the superposition principle can hold not only for
universal resonance invariant multi-wavepackets, but for other cases allow-
ing resonant processes such as the second and third harmonic generations,
three-wave interaction, etc. Here we prove a theorem applicable to such
situations, which is more general than Theorem 2.14.
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Let us consider a multi-wavepacket with a resonance invariant nk-
spectrum

S={(ni,ka), I=1,...,N}
as in (3.14), and assume that is the union of spectra Sy:

S=8U...USk, S,NS, =@ if p#q. (7.45)

Recall that resonance interactions are defined in terms of vectors X € A™
(see (3.16), (3.17)). We call a vector X = ((¢',11),...,(C™) 1)) € A™ a
cross-interacting (CI) if there exist at least two indices (¢(¥,1;) and (¢4, 1;)
such that (((V,1;) € Sp,, ((9),1;) € S,, with p; # p;.

Definition 7.6 (partially GVM decomposition). We call the decom-
position (7.45) partially GVM with respect to Fres defined by (7.41) if the
following two conditions are satisfied: (i) every spectrum S;, j =1,..., K,
is resonance invariant; (i) a solution (m,¢,n, X) € P(S) of the resonance
equation (3.24) with CI vector X = ((¢',11), ..., (C(™,1,,)) has at least two
indices (¢(V,1;) € Sy, and (¢\9),1;) € S, with p; # p; such that both I; and
l; are GVM with respect to Fres and

|vk‘*’nu (k*li) - kanlj (k*lj)| 75 0. (7.46)

Now we use Lemma 7.1 for small coupling. Being given a partially
GVM decomposition (7.45), we introduce the set of coupling terms between
Sp; and S, as follows:

AT — {“ (I:0) € A™ - 3 i # j such that I; € Sp,.1; € sp]},
(7.47)
We also introduce a set of interactions reducible to every S, (block-diagonal)
which is similar to (7.2):

Am ,red _ Zﬁ)ﬂ \ A;n[,:;oup7 (748)

ng, 9
and the reduced operator

SN E: (m) = (m) =
favml,i?,red(w) - ‘Fnl,ﬂ,red ’ ‘Fnl,ﬂ,red(w)
meMp

(m)
F" e (W), (7.49)

m,red
XeAr's

where AZﬁ;’d is defined by (7.48). Note that if the set S is universal res-
onance invariant and every S, is a two-point set {(+,%;), (+,1;)}, then
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AZLL’E,f’d = A:Z:f;ag . We introduce also a partially decoupled, reduced system
similar to (7.6)
{’red = fav,\ll,red({}red) + h\p7 (750)

which can be rewritten in the decoupled form similar to (7.7):

Viedp = F) (Veedp) + By s p=1,... K. (7.51)

av,¥ red,p
Now Vyeq,p may include more than one wavepacket, namely

Vred,p = Z ({’red)nlxoﬂ hrcd,\p,p = Z (h\ll)nl79’ p=1..K
(n;,0)€Sp (n1,0)€Sp

(7.52)
The following theorem is a generalization of Theorem 2.14 on the superpo-
sition.
Theorem 7.7 (general superposition principle). Suppose that the
initial data h of (2.14) is a multi-wavepacket of the form

K
h=> ey, (7.53)
p=1

where h is a multi-wavepacket in the sense of Definition 3.8 with a resonance
invariant nk-spectrum S, ﬁredm 1s a multi-wavepacket with a resonance in-
variant nk-spectrum Sy, and the decomposition (7.45) is a partially GVM
in the sense of Definition 7.6 with respect to the nonlinearity F,, defined by
(6.5). Suppose also that (2.48) holds. Then the solution @ = G(h) to the
evolution equation (2.14) satisfies the approzimate superposition principle

K K
g( Z flred,p) = Z g(ﬁred,p) + f)a (754)
p=1 p=1

with a small remainder f)(T) satisfying the following estimate:

= 0
sup D7)l < Ce gy [, (7.55)

0<T<7y

where € is the same as in Definition 2.1 and can be arbitrary small, T, does
not depend on 3,0, and €.

PROOF. The proof of Theorem 7.7 is similar to the proof of Theorem
7.3. The averaged system (6.9) can be written similarly to (7.5) in the form
v = fav7\11,red({’) + ‘/Tav,\lhcoup({’) + fl\p (756)

Comparing now the systems (7.56) and (7.50), we find that the difference
between them is the term Fay n,,9,00up(V). According to Theorem 7.5, the
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solution v is a spatially localized wavepacket and hence we can apply Lemma
7.2 getting the inequality (7.35). Applying Lemma 4.6 to Equations (7.56)
and (7.50) and using (7.35), we conclude that the difference of their solu-
tions satisfies the inequality

1V — Veedpll s < C’ﬁig g +C'3Fp=1,....K (7.57)

According to Theorem 6.13, the inequality (6.55) holds, where v is a solu-
tion of (7.56), and we infer from (7.57)

K
Hu_ § Vred,p
p=1

Similarly to (7.36) we introduce equation for Gyed,p = G(red p)

<O ﬂis |In B + C13°. (7.58)

fired p(k, 7) = F(fired,p) (k. 7) + hreq p(k). (7.59)

Applying Theorems 5.6 and 6.4, we infer similarly to (7.40) the inequality
[Gred.p — Vieapllz < C20 + C38°. (7.60)

Finally, from (7.58) and (7.60) we infer (7.55). O
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